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JAepee’siuko LB., 2Kadanoc 0.B., 3a6010mcuKux €.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. [MidsuweHuli iHmepec 0o Kkapbidy KpeMHito, w0 criocmepieacmbCcs 0CmMaHHiM YacoMm, obymoerneHul He nuwe
lio2o 8UCOKUMU abpa3usHUMU erracmugocmsimu, a U yHiKarnbHUMU hi3uKo-XiMiyHUMU xapakmepucmukamu. Mamepianu
ma eupobu, ompuMaHi 3 8UKopucmaHHsM Kapbidy KpemHito, Matomb piOKicHi enacmueocmi. BoHu Maomb 8UCOKY Me-
XaHi4YHy MiyHicmb ma menonposioHicmb, HU3bKUU KoeghiyieHm mepMiYHO20 pOo3WUpPEeHHS], cmiliki 00 XiMiYHO azpecus-
Hux cepedosuw; ma abpa3ugHO20 3HOWYB8aHHS y WUPOKOMY iHmepsarni memnepamyp. YHikanbHi enacmugocmi SiC eu-
3Ha4Yaromb Hadwupwy cgepy Uo2o 3acmocysaHHs: 8i0 supobHuymea abpa3usHux iHCMpyMeHmig, 8ucoKkomemMrepa-
mypHUX Haepisadie, soeHempuesKoi kepamiku 0o memansnypeii. OcHogHa maca kapbidy KpeMHito supobrissembcsi y nevax
ornopy no memody AdecoHa. OOHUM i3 numaHb fpouecy supobHuymea kapbidy KpeMHito € HU3bKUl 8uxid mosapHoi
npodykuii wo cmaHosums 15-19% 6i0 macu 3asaHmaxeHHsl. Tomy 3abesrneyeHHs1 MakcumarbHO20 8uxody rnpodykmy
ma 3HUWXEHHS umpam CUPOBUHHUX Mamepiarie € 8aXnueum 8UpobHUYUM 3a80aHHSIM.

Memoduka. lNMposedeHo nabopamopHi eunpobyeaHHs: Ons 8USHa4YeHHsI i3UKO-MeXaHiYHUX eracmusocmel ompuma-
HO20 KapbidkpemHitismiujyto4o2o npodykmy. BukoHaHo peHmeeHogha3osuli aHani3a 0ns ideHmudbikauii gpas, wo exo-
0smb Ao cknady docnidxysaHo2o 008IOHO8IEHO20 Mamepiarny.

Pe3ynbmamu ma Haykosa HosusHa. [JocnidxeHo MoXnusocmi ompumaHHsi kapbily KpeMHito memarypeiliHoi skocmi 3
8MOPUHHUX Mamepiarsie enekmpomepmidHux supobHuuyme. posedeHi MikpocmpykmypHi i ¢pasosi docnidxxeHHs 008i0-
HosrneHoeo KapbidkpemHilismiwyro4oeo Mamepiany. 3a pesynbmamamu OOCMiOKEeHb 8U3Ha4YeHO HarpsiMu 8UKOopUC-
MaHHS 3a3Ha4eHo20 rPoOyKmy.

lpakmuyHa YiHHICMb. 3any4eHHs y 8UpOBHUYMEO 8MOPUHHUX Mamepianie dacmpb 3HayHe 3HUXEHHS eumpam Ha Wu-
Xmosi Mamepianu ma 2o5108He — 3HU3UMb cobigapmicmb 20moeoi MPoOyKuii, @ makox 00380/1UMb 8UPILIUMU €KOs102i-
YHi npobniemu pezioHie, e HaKOMUYUIIUCS mexHo2eHHi podosuuja 8ioxodis.

Knoqoei crniosa. Kapbid kpemHito, niy ornopy, mexHoeeHHi podosuwia, memnepamypHi 30HU, ppOHM 8iOHOB/IH8aTbHUX
peakuili, 8mopuHHi Mamepiasnu.

The goal. The increased interest in silicon carbide observed recently is due not only to its high abrasive properties but
also to its unigue 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.

JIleopis i NPaKMUKg Memarypeii

Bcryn. Kapb6ig KpemHilo € ogHUM 3 HanmBaXnuBi-
LIMX LWTYYHUX HeopraHiyHuxX matepianis, SKUA LLNPO-
KO BMKOPWCTOBYETLCH AN BUPOOHMLUTBa abpa3nBHmX
iHCTPYMEHTIB, BMCOKOTEMMNEPATYPHUX HarpiBavis, BO-
rHeTpuBKol kepamiku Ta B Metanyprii [1]. Binbwictb
BMPOOEHOro CBITOBOI NPOMMCIIOBICTIO kKapbigy kpe-
MHil0 OTPUMYIOTb CMOCOOOM, 3anponoHoBaHUM Adye-
COHOM HanpuKiHUi nosamuHynoro cronitta [2]. CyT-
HIiCTb cnocoby nonsirae y ByrneLeBOTEPMIYHOMY Bif-
HOBIEHHI KpEeMHe3eMy 3a paxyHOK [HKOYneBoro Ten-
na, LWo BUAINSAETLCA MPU MPOXOXKEHHI eNeKTPUYHOro
CTPyMy 4Yepes KepH neudi. Tennosui MNoTiK, WO YTBO-
pUBCS B KEPHi, NMOLUMPIOETLCS i3 BHYTPILIHIX 30H nedi

BiJ KepHa Yy 30BHILUHi 30HW. 3a paxyHOK nporpiBaHHA
peakuiiHoi WNXTKM npouec KapbigoyTBOpPeHHS no4u-
HaeTbCA B MPUKEPHOBOMY LUAPi, @ NOTIM NOLLNPIOETb-
Csl Ha cyMixHi 30HM [3]. CyMapHa peakLis ByrneLeBo-
ro npoLecy B3aeMO/ii KBapLIOBOro mMicky 3 Byrneuem
HaTOBOrO KOKCY Mae BUrnsa;

SiO2+3C=SiC+2CO Q)

AG=555615-322,11T

AG=0,npnT=1725K
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lMpyHUMnoOBa cxema NEepPeTUHy camMoXigHOl nedi
ornopy nicrs enekTpoTepMiYHOro npouecy npeacras-
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neHa puc. 1.

Puc. 1. Cxema nepemuHy camoxiOHoI ennekmponeyi oriopy 0nsi o0epxaHHS Kapbidy KpeMHito:
1 — cmiliku KpinneHHs1 6okosux wumie; 2 - 3HIMHI 6oko8i wumu;
3 — enekmpokoHmakmHi 8y3nu (6510k epaghimosaHux enekmpodis); 4 - mopuyesi CmiHKU 3 802HeMpPUBKOI ye-
enu; 5 — noduHa eamaqyHo20 mury guknadeHa 802HeEMPUBKOIO yearot; (A — kepH; b - kapbid kpemHito; B —
amopep; I — 3pocmku; [ — cunokcukoH; E - wuxma, wo He npopeazysarna).

Mpouec BMpobHuLTBa SiC ayXe eHeproMiCTKUM i
notpebye BenukMx eHepreTndHux sutpat 7300-7600
kBterog/t. 3a gaHumu [4, 5], yacTka eneKkTpuU4Hoi
eHeprii B CTPYKTypi cobiBapTocTi abpa3nBHoro kapoi-
Oy KpeMHito ctaHoBuTb 50-60%. Mpn 3aBaHTaXKEeHHI
wunxToBnx MaTtepianis 60-70 T, BMxig TOBapHOI Npo-
aykuii cknagae 10,5-11,5 1 (15-19%). 3oHanbHuM po-
3BUTOK BiQHOBMOBANbHUX MPOLIECIB 3yMOBIIOE YTBO-
PEHHS, KpiM LiNbOBOro NPOAYKTY Kapbigy KpemHito,
HM3Ky nobBiyHMx maTtepianis (puc. 1), aki xapakrepu-
3YHOTbCA Pi3HMM BMICTOM SiC Ta KifbKiCTHO JOMILLKO-
BMX okcuAiB. LLnxTa BepXHix roOpuU3OHTIB 3aBaHTaXeH-
Hs1 (Tak 3BaHa 3BOPOTHA LUMXTA), sIka He npopearysa-
na, nicna po3bopy BMICTy nedi Ta BigNoBigHOI migro-
TOBKM BUKOPWUCTOBYETLCSI B MOEQHAHHI 3 BUXIOHUMMU
YACTUMWU KOMMOHEHTAMW LUUXTW LIS YeproBux nna-
Bok SiC. lNpu HakoMMYeHHi y 3BOPOTHIW LUNXTi LUKiA-
NMBUX ANsi OTpUMaHHA abpasvBHOro kapbigy kpew-
Hito okemais (CaO + AlOs3 + Fe203 > 2%) yactuHa it
nepioaMyYHO BUBOAMTLCH 3 MpoLecy i € BigBanbHUM
npogykTom 6e3 1oro ytunisadwii.

B cyyacHux ymoBax 3aranbHOro BUpILLEHHSA pe-
cypcos0bepiraloumx 3agay B enektpoMeTanyprii npea-
CTaBnsie NPakTUYHWUI IHTEpPeC BUKOPUCTaHHA BigBa-
NbHOI 3BOPOTHOI LUMXTWM AN OTpUMaHHA Kapbigy
KpeMHito MeTanyprinHoi akocTi [6].

AHanis nitepaTypHux [aHMX Ta NOCTaHOBKa
npobnemu. [ocnigkKeHHO cknagy npOMUCIOBOroO
KapOigy KpeMHilo Ta MonyTHUX NpoAyKTiB BiAHOBMNEH-
Hs1 MPUCBSAYEHO psia pobiT, 3okpema [7], y sIkux HaBe-
OEeHO MeTOAOoNOriio Ta NpUBEAEHI NPaKTUYHI pesynb-
Tatn gocnigpkeHb. OgHaK OOCHiAKEHHIO NiggaBaBcs
NepBUHHMIA NPOMWUCIIOBUIA MaTepiarn, a He OOBIAHOB-
NEHN TEXHOTEHHWIA MPOAYKT.

Meta i 3aBgaHHA pocnigkeHb. MeToio AaHoi
po6OTK € MIKPOCTPYKTYPHI i (ha3oBi gocnigkeHHs Oo-
BIAHOBNEHOro KapOiAKPEMHINBMILLYOHOrO MaTtepiany
Ta ouiHKa Moro nofansbLIoro BUKOPUCTaAHHS B NPOMU-
CNOBOCTiI.

TexHi4yHa ouiHKa KapOGigoKpeMHieBoro marepi-
any. Y 3B’d3Ky 3 30HanbLHMM PO3MNoainoM Temnepary-
pu B TOBLL LUMXTK enekTponeyi onopy AuyecoHa [3,4],
nopsi4 3 TOBapHUM MPOAYKTOM — kapbigoM KpemHito
rekcaroHanbHoi mogudikauii (a-SiC), yTBoproloTbCH
3BOPOTHI MaTepianu, wo Mmictatb B-SiC KyBiyHOT MO-
andpikauii.

Hocnign wono otpumaHHA kapbigy KpewmHio 3
BTOPUHHUX MaTepianis NpoBOAUIUCH 3 BUKOPUCTaH-
HSIM BigBanbHOI LUMXTU OCHOBHOIo BUPOOHULTBA ab-
pa3uBHOro kapbigy KpeMHito XiMiYHWI cknag siKoi Ha-
BeJeHo y Tabn. 1.

Tabn. 1 — XimiyHun cknag maTepiany NpoMUCIIOBKX BigBsanis

BwmicTt komnoHeHTiB, % Mmac.

Marepian SiC C Sio2 Fez0s Al203 CaO
BiABanbHa LWNxTa BUpOOHMLTBA 15 20 48 6.1 35 12
abpa3snBHOro kapbigy KPpeMHIK ' ' '

Ak nokasye aHani3 marepiany, BiH He BignoBigae ©Oigy KpeMmHil0 3Ha4YeHHIO BYIMELeBOro Moayns

NPUAHATOMY AOMs BiGHOBNEHHSA NpU BUPOOHULTBI Kap-

(Mc=37,5)
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M =3C /(ZC +3SiO ) @) [OKNaHO NPOBEAEHHS eKCMNEepPUMEHTY OMUCaHO B My-
¢ 2 Gnikauii [8].
ne, 2C — cymapHuii BmiCT Byrrewto B LnxTi; OTpuMaHuii OoChigHWA OOBIOHOBNEHUA NPOAYKT

3SiO. — cymapuwii BMICT mIOKCMAV KpeMuilo B 3@ CBOIM XiMiYHUM cknaaom 6nm3bkuin oo amopadyy, Ta
T2 T oyvap AIOKCMRY kP MICTWTb, % Mac.: 76,36 SIC, 6,3 SiOz, 5,6 AkOs, 2.9
wnxti; - _ _ _ Fe20s, peluTa - AOMiLLKW. Bumip MiKpoTBepaocTi npo-
Ta NIANAraioTe KOPUryBaHHIO BIAMOBIAHO [0 PIB-  gonynn mMeToaoM BiAHOBMEHOrO BiAGWTKA 3a TeXHiy-
HAHHA (2). KopuryBaHs Cknady NXTV 3AIACHIOBANN vy sumoramn ICTY ISO 6507-1:2007 3 Bukopuc-
rpacitom. _ TaHHAM npunagy Zeiss MHP 160 (HaBaHTaxeHHs 1,6
_ BocrimxeHHs  TEPMOKIHETUMHNX  XapaKTepUCTUK 1) Oxpemi dhoTorpachii 3 BiABUTKaMM iHAEHTOPA Ha-
BIHOBHOrO NPOLiECy OAEPXaHHs MeTanyprifiHoro ka-  paneuo Ha puc. 2.
pbigy KpemHito 3 BUKOPUCTAHHSM BigBanbHUX MaTepi-
anis, nposefeHi B nedi TammaHa noTyxHicTio 60 kBT,

a §)
Puc. 2. BigbuTku ingeHTOpa B pisHMX dhasax JOBIAHOBIEHOMO KapOidoKpeMHIEBOro martepiany: a-cknosugHa
asa, 6,B-kapbia KpemHito.

PesynbTaTv BUNpobyBaHb HaBeAeHo y Tabn. 2

Tabn. 2 — PesynbtaTtv BUMipIOBaHHS MIKPOTBEPAOCTi PisHNX dha3 AOBIAHOBEHOMO
KapbigokpeMHieBoro marepiany

MosHavyeHHs | dasa dcp, MKM HV HV, IMa
a CcKnoBugHa asa 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

HocnimpkeHHs dasoBoro cknagy [oBigHoBreHoro  HioBaHHi Cu-Ka npu U=30 kB, 1=20 MKA. Pe3ynbTatu
KapbigokpeMHieBOro MaTepiany MNpPOBOAUNNCS HA  PEHTreHiBCbKOro hasoBOro aHanidy npeactaBreHi Ha
ycraHoBui JPOH-3 y xapakrepuctuyHomy BWUMPOMi-  puc. 3.
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Puc. 3 PeHTreHorpama JoBigHOBNEHOro kapbigokpeMHieBoro marepiany

AHani3 BULLIEHABELEHOI PEHTreHorpaMu Nokasye,  BHICTHO NiHin SiO2 - B-TpnanmiTy, WO He NpopearyBas,
LLIO OOBIOHOBMEHWI MPOOYKT XapakTepudyeTbes Has-  SiC npeacTtaBneHnii B OCHOBHOMY KyBivyHOK Moavdi-
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Kauieto B-SiC a Takox a-SiC 4H. Y gocnigHomy npo-
OYKTi Y HE3Ha4HIil KinbKOCTi NpucyTHI NiHiT 6H, 15R Ta
51R nonitunis. Po3mMuTiCTb AesKnx nikiB CBig4YMTb Npo
HasiBHICTb y 3pa3ky nceBgomMopdo3 kapbigy KpemHito
no ByrneLto.

30.00kV__ x50.0

WD=69.4mm

e \"h A
30006V
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3 MeTo BCTaAHOBIEHHST hopMu KpucTanis kapbi-
Oy KpeMHito B AOBIAHOBEHOMY NPOAYKTI NpoBeaeHO
¢oTorpacpyBaHHA MaTepiany 3a OOMOMOrow ernekT-
POHHOrO CKaHyr4oro Mikpockony, doTorpacdii npu-
BeOeHo Ha puc.4

x100

500}

Puc. 4. Mikpogpbomoepaabii penbeghy nogepxHi 008idHo81eHHO20 KapbiOoOKpeMHie8020 Mamepiary 3 PisHUM
36inbweHHsAM; a) x50; 6)x100; 8)x200

Ak BMOHO 3 puc 4 martepian npeacTaensie coboro
MOPOLLIOK 3 YacTMHKaMW HenpaBusbHOI hopMmu nepe-
BakHO posmipamu Big 0,05 go 0,2 mm. AHanisdytoun
BULLE HaBedeHe 3as3Ha4YeHUn OO0 BiAHOBEHWN MaTe-
pian MoXe BMKOPUCTOBYBaTWUCb B ckragi kapbigokpe-
MHIVBMILLytOYMX BOTHETPUBIB Takux K LUaMOTOKap-
6opyHAoBI Ta AMHacokapbopyHosi [8].

BucHoBku: npoBeaeHi MIKPOCTPYKTYPHi i ¢ha3osi
OOCNIMKEHHs1 OOBIAHOBNEHOrO KapOiaKpeMHINBMILLy-

Bi6niorpaciuHui onuc

to4oro martepiany. NokasaHo, Wo oTpMMaHUA NPOaYKT
3a CBOIM XiMiYHUM CKnagom Onm3bkuin 4o amopdy Ta
He BianoBigae BMMOram, Lo npea'sasnsawTbes Jo ab-
pa3vBHOIO Kapbigy KpeMHIo 3a NOMiTUNHUM CKIagom,
npoTe MOXe BMKOPUCTOBYBaTWUCA B MeTanyprii, Ans
BMpOOHULUTBa BOrHeTpuBiB. B noganbwunx pobotax
nepeabadeHo gocnign no 36arayeHHo OOBiAHOBMNEH-
HOro kapOigKpeMHIMBMILLYO4Oro MaTepiani 3 MeTot
nigeueHHst BmicTy SiC.
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BB TemMneparypu HarpiBy Ta HIBUAKOCTI 0X0JI0[AKeHHA HA (hopMYy-

BAHHSI CTPYKTYPHMX CKJIQJ0BHX CTAaJIell NPHU 3aTBepAiBaHHI

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

Influence of heating temperature and cooling rate on the formation of

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 OXO/IO0XeHHS)) Ha (hopMyeaHHS CMpPyKmypHUX ckiadosux, fikeauito enemeHmis, Mopgorioeio
OdeHOpumie. Memoduka. [Insi susHadyeHHsi ocobnusocmell CmpyKmypHO20 cmaHy cmarnel 8ukopucmosysaiu MiKpo-
cmpyKkmypHUU, MiKpopeHmaeHocrnekmpanbHUl, PeHMa2eHoCmpyKmypHUl aHanidu ma mpasrieHHs1 M08EPXHi 3paskie Hi-
marnem ma 2apsyuM PO34YUHOM rfiKpamy Hampito. Pe3y.nbmamu. B pobomi nposedeHe docnidxeHHs1 3paskie cma-
neti 6nu3bkoeo ximivHoeo cknady: bJ13 ma nicnsa Hagpigy suwe niHii nikeidycy Ha 50 °C ma 150 °C, ma 0X0/00XeHHs
3i weudkocmsamu 10-10*°C/c. IMopieHtosarnu Mopghosiozito ma po3mipu OeHOpumie 3ariza, cmpykmypHi cknadoei cma-
neli BJ13 ma nicnisi Haepigy euwje niHii nikeidycy Ha 50 °C ma 150 °C ma oxonodxeHHsi 3i weudkocmsmu 10-10%°C/c.
Haykoea Hoeu3Ha. BcmaHoerneHo, wo Haepig suwie niHii nikgidycy Ha 50 °C ma 150 °C ma oxor00eHHs1 3i weudKo-
cmsamu 10-10*°C/c ennusae Ha Mopghosiozito, po3mipu, MixdeHOPUMHUL npomixxok OeHOpumig 3ani3a. llicns Hazpisy Ha
50 °C, 150 °C ma oxonodxeHHs 3i weudkocmsamu 10 °C/c 8i0bysaembcsi 3MeHWeHHs1 po3mipie o 50—60 % deHOpu-
mie ma mixdeHOpumHoi g8idcmani do 30—40 %, y nopigHsiHHI 3 BJ13 8 ueHmparnbHit YyacmuHi. [pu Hazpiei Ha 50 °C ma
weudkocmi oxonodxeHHs 10°°C/c crocmepieanu ymeopeHHsi okpemux 0eHOpumie, Wo Manu MeHWi po3Mipu ma Mix-
OeHOpumHy eidcmaHb y ropieHsIHHI 3 BJ13 npu mux camux weudkocmsix oxonooxeHHs. [lpu memnepamypi Hazpigy 150
°C ymeopeHHsi okpemux OeHOpumis, wo He Marms 8ici Opy2020 nopsioKy, 8idbysaembcs exe rnpu WeudKocmi 0Xoso-
OxeHHs1 10%°C/c. Kpim ybo2o, criocmepiearnu 3MeHWeHHs 8 MiXXOeHOPUMHOMY poCcmopi eMicmy MapaaHuto ma Kpem-
Hito, y nopieHsiHHI 3 BJ13 npu ecix weudkocmsix oxonodxeHHs. Lle ceid4ump npo 6inbw pieHOMipHUU po3nodin mapaaH-
U0 ma KPEMHIt0 MK cmpyKmypHUMU ckrniadosumu. lMpakmu4Ha 3Ha4yumMicmeb. BUKOpucmaHHFI ompumaHux pe-
3ynbmamie 0038051UMb PoO3pobumu mexHonoaii ompumaHHsi cmanel 3 b6inbw O0OHOPIOHO

CMpYKmMyporo.
Knroyoei cnoea: besnepepsHo numi cmari, 0eHOpumu 3arisa, Mikpoceepezaujisi Map2aHuro ma KpeMHito, Hagpie suuje
TiHIT nikeidycy, weudKicmb 0X0N00XEHHS.

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-
TPYKUINHUX CTanen BNNuBaloTb MIKPOCTPYKTYPHI 3Mi-
HW nig 4Yac npouecy kpucTanidauii ctanen. BusHa-
YeHHs1 ha3oBOro ckragy, AUCMEePCHOCTI CTPYKTYPHUX
CKNagoBuX NpuW 3aTBepAiBaHHi cTanen € Oyxe Bax-
TNMBUM i KOPUCHUM AN1S1 OTPUMAaHHS OaXaHux BriacTu-
BOCTEN MaTtepiany.
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Ak BigoOMO, AeHAPUTHUIA TUN KpucTanisadii, oguH 3
HanbiNbLL PO3MNOBCIOAXEHMX BUAIB TBEPAHEHHS Me-
Tanis Ta cnnaeiB. 3 niTepaTypHUX [Dxepen BigoMmo,
IO MepLUi PUCYHKM OeHOpWTIB 3ari3a Oynu 3pobneHi
Zannichelli B 1713 poui, SkMin Hanucas y CBOI KHW3
«De Ferro Ejusque Nivis Praeparatione», wo mop-
donoris aeHaopuTiB 3anisa nogibHa go mopdornorii
neogy [1-2]. ABTopm pobiT [1-2] HaBoaATb pesynbTa-
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TW JOChigKeHb HayKOBUIB LWOOO YTBOPEHHS, POCTY
aeHaputie noymnHaroum 3 1800 ctonitta no 2018 pik.

Bigomo, L0 KpucTtanu B po3nnasi pocTyTb B Ha-
NPSIMKY, NepneHanKynsapHoMy 00 POHTY Kpuctani-
3auii [3]. B 3anexHocTi Big xiMiyHOro cknagy crtani Ta
LLIBUOKOCTI OXONOMKEHHS Mpu TBEpAiHHI BinOyBa€eTb-
Csl YTBOPEHHS: OeHOPWTIB, BY3riB, NOAOBXEHMX BY3-
niB, 4BOPO3MIpPHNX KOMIPOK, rekcaroHanbHUX KOMipoK,
HeperynsipHux Komipok [1-4].

MexaHiyHi Ta cneuianbHi BNAcTMBOCTI MeTanis
3HA4YHOIO MIpPOIO 3anexaTb Big po3MipiB Ta Mopdhosio-
rii aeHopuTiB, NikBauii xiMiyHMX enemeHTiB [4]. 30i-
NbLUEHHS OUCNEepCHOCTI  OEeHOPUTHOI  CTPYKTYpu
Crpu1sie NOMIMNWEHHI0 MiLHOCTI Ta NAacTUYHOCTI [4].

3 nitepaTypHuX mXepen BigOMO, WO LWBUAOKICTb
OXOSNOKEHHA BMNMBaE Ha Mopcdponorito aeHapuTis
[4—6]. MNMpu MeHWNX WBNOKOCTAX OXONOAXKEHHHA ¢ik-
cyBanu [OeHOPUTHY piBHOBaXKHY MOpOnorito, a npu
30iMbLUEHHi LIBMOKOCTI OXONOMKEHHS NEepeBaXHO yT-

JIleopis i NPaKMUKg Memarypeii

BOpPIOKOTbCA cToBnYacTi aeHaputn [4—6]. Kpim usoro,
npy 30iNblUEHHI LUBUAKOCTI OXONOMPKEHHST CrocTepi-
ranv 3MeHLLEHHs1 po3MipiB Ta 06’€MHOI YacTku nep-
BMHHUX aeHapwTis [4, 7-8].

AsTopn pobotu [9-10] nokaszanu, wWo 3i 36inb-
LWEeHHAM LWBMAKOCTI oxonomkeHHs Big 0,19 °C/c po
6,25 °C/c BigcTaHb MiX riflkamyM BTOPMHHOIO AeHapu-
Ty 3MeHLUyeTbes 3 68 Mkm o 20 MkMm, a o6’emHa yac-
TKa NEPBUHHOIO OEHAPUTY 3MEHLLYETLCS NPUBMN3HO
Ha 5 %. Kpim Toro, 36inblUeHHsI LWBWAKOCTI OXOMNo-
[PKEHHS CrpUsie 3MEHLLEHHIO po3MipiB Ta Ginblu piB-
HOMIpPHOMY PO3MOAISY BKNOYEHb.

MeToro po60oTu Gyno OOCNiMKEHHS 3aKOHOMIPHO-
CTeln BNANBY TEPMOKIHETUYHNX (haKTOPIB KpucTanisa-
Lii Ha mMopdonorito Ta po3Mipn AeHApuTIB 3anisa,
CTPYKTYpY CTanew.

Marepian gnsa gocnigxeHb. B gaHin po6oTi npo-
BOAMNMW AOCNIMKEHHS BYrneueBol cTani 3anisHUYHOro
npu3HayveHHs (tabn. 1).

Tabnuus 1
Bwmicm ximidHUX enemeHmig 8 docnidHux cmansax % (mac.)
YMOBHe no3HaveHHs | 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
0,58 | 0,27 | 0,67 | 0,016 | 0,0065 | 0,014 | <0,0015 | 0,0032
2

B 1abn. 1 HaBegeHo ximiyHui cknag 6esnepeps-
HonuTOI 3aroToBkn (ctani Ne 1), akun 6yB BU3HaYe-
HWA 3a kiBweBow npoboww B  nabopatopii
TOB «M3 «AHINMPOCTAIb».

LBmakicTe oxonomkeHHs1 3paskiB cknagana Big
103 °C/c y oxonomkyBanbHOMY BOAO KpucTanisaTtopi
B 30Hi NEPBUHHOIO OXONOMAXeHHS. LLBMAKICTL oxono-
[KEHHS B 30HI BTOPUHHOTO OXONOPKEHHS 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 (Tw=1650 °C) Buwe niHii nikBigycy Ta 3a-
nueanu B KNWHOBWOHY nuBapHy OpMy. YMOBHO
KNWHWM MOXHA PO34iNnTN Ha TpU YacCTMHMU, Lo MatoTb
Pi3Hi LIBWOKOCTI OXOMOMKEHHSA — «TOBCTY», LIO Mae
LUBMAKICTb oxonomkeHHs ~ 102 °C/c, cepeaHio ~ 102
°C/c Ta ToHKy ~ 103 °C/c.

LLnidown 3paskiB 3i ctanen 1 Ta 2 BUKOHanNW 3a cTa-
HOAPTHOK METOAMKOI, TPaBMEHHS NMOBEPXHi 3pa3kiB
30IACHUIM  rapsyMM PoO3YMHOM MiKpaTy HaTpito (4ns
BM3Ha4YeHHs Mopdpororii AeHApuWTIB Ta AiNsSHOK 3 ce-
rperauieto KpeMHilo Ta mapraHuto, siki opMyoTbCs
nig Yac KpvcTanisauii Ta po3TaloBaHi y MikgeHapuT-
HMX NPOCTOpax) Ta HiTanem.

MeTanorpadivHuii aHani3 BUKOHAHO Ha CBIiTIIOBO-
My (onTnyHOMy) Mmikpockoni «Axiovert 200 M MAT»
BMpoOHUUTBa dhipmun «Carl Zeissy.

MikpopeHTreHocnekTpanbHU aHania BUKOHaHO 3a
[0MOMOroK aHarniTM4HOro aBTOEMICIMHOMO PacTpOBO-
ro enekTpoHHoro mikpockona «Zeiss Ulrta PLus» Bu-
pobHuuTBa chipmu «Carl Zeiss» (HimevumHa) 3 npuc-
TaBkot Ansa mikpoaHanidy «INCA Penta FETx3» Bu-
pobHuuTBa komnaHii «OXFORD Instruments». PeHT-
reHOCTPYKTYPHUA aHani3 3gincHioBanu Ha gudpak-
TomeTpi OPOH-3 y MoHoxpomaTtusoBaHomy Fe-Ka
BMNPOMIHIOBaHHI.

3. PeaynbTatn Ta 06roBOpeHHA

HocnimpkeHHss geHOpuWTIB po3vuMHy 3anisa crani
Ne1, ki yTBOPUNMCb B LieHTpanbHin YactuHi BIN3 npu
weuakocTi oxonomkeHHa 10 °C/c npencTtasrieHi Ha
puc. 1, a. CepegHin po3amip geHaputis 6y 250-280
MKM, a BiACTaHb MiX geHaputamm 25-35 mkm. B cTa-
ni Ne2 nicng HarpiBy BuWLe TemnepaTtypu nikeigycy
Ha 5010 °C T1a oxonomkeHHsa 3i wBuakictio 10 °Clc
BiAOynocb yTBOPEHHS AeHApVTIB, Lo Manu Bici 1 Ta 2
nopsaky (puc. 1, 6).
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Puc. 1. Mikpocmpykmypa 3pa3kig: 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 Haepisi cmani
Ne2 na 150 °C suwe memnepamypu nikgidycy ma oxonodxeHHs 3i weudkicmio 10 °C/c, x100

36inbLeHHsA TemMnepaTypy HarpiBy BULLE MiHii Nik-
Bigycy 0o 50+10 °C Ta OXOnogXeHHs 3i LUBUAKICTIO
~10 °C/c npn3BoAuTb OO YTBOPEHHS AeHAPWTIB, BiAc-
TaHb MiX rinkamy sikmx 6yna 4-5 mkm, a po3mipu Ha
4045 % meHwWi, Hixx npu BJ13 3a Tux e ymoB oxo-
nomxkeHHs (puc. 1, 6). MNpw Harpisi BMLLEe NiHii Nikigy-
cy 8o 150+10 °C 3amMeHLyTbCs BiACTaHb MiX rifikamm
0o 3—4 MkM Ta poamipy geHgputie 4o 120-130 MKm,
y NOpPiBHAHHI 3 AeHapuTamu 3anisa bJ13 (pwuc. 1, B).

> '_A.T—'-“, PR

28
&

Ak BugHO 3 puc. 1, JOOATKOBMI HarpiB BULLE MiHil
niKBiQyCy CNpusie 3HAa4YHOMY 3MEHLLEHHIO PO3MIpiB Ta
MDKAEHAPITHOro NPOCTOPY MK AeHapuTamn TBepao-
ro 3anisa.

Mpn  30inNblUeHHI  LUBWOKOCTI  OXONOMKEHHS
~10%2°C/c gnsa crtani Ne1l BianOyBaeTbCH 3MEHLUEHHS
po3mipiB geHgpuTiB Ha 50-55 % Ta MixgeHApiTHOI
BiacTaHi Ha 30-35 %, y MOpPIBHSHHI 3i LUBUAKICTHO
oxonomxeHHsa 10 °C/c (puc.2, a).

Puc. 2. MikpocTpykTypa 3paskiB: a) bJ13 crtani Ne1 B ueHTpanbHin YactuHi; 6) npy Harpisi ctani Ne2 Ha
50 °C BuLLe TemnepaTypu NikBiaycy Ta oxonomkeHHs 3i wewugkictio 102 °C/c; B) npu Harpisi Ha 150 °C Bu-

12



No2, 2023 ISSN 1028-2335 & s sommemisriniiik

JIleopis i NPaKMUKg Memarypeii

LLle TeMnepaTypu NiKBigyCcy Ta oxonodkeHHs 3i weuakictio 102 °Clc, x100

Mpu Temnepartypi Harpiey go 50 °C ta 150 °C Bu-
we niHii niksigycy Ta LWBWAOKOCTI  OXOMOKEHHS
~102°C/c ctani Ne2 yTBOplOETLCA AeHOpUTH, ancnep-
CHICTb Ta MbKAeHApITHA BiACTaHb sknx 6yae MeHLLOo
y nopiHsHHI 3 BI13 (puc. 2, 6, B). [Micns HarpiBy Ha 50
°C Ta OXONnomKeHHs po3mip aeHapuTie cknagas 90—
100 MKM, a BiACTaHb MiX rinkamv OeHOPWTIB cknaga-
na 5—7 MKm.

B crani Ne2 nicns HarpiBy Ha 150 °C cnocTepiranu
YTBOPEHHSA OKpemux aenapuTie poamipom 100-130
MKM, a BijCTaHb MiX rinkamun geHapuTiB cknagana 4—
6 Mkm (puc. 2, 6, B). B geHaputax 6ynu BigCyTHi Tinku
OpYroro nopsigky.

B crani Ne1 npu 306inblUeHHI LIBWOKOCTI OXOJI0-
keHHst go 102 °C/c cnocTtepirany 3aMeHLLEHHS pO3Mi-
piB Ta MibKOEHAPITHOrO NpocTtopy AeHapuTie. Po3mip
neHapurie cknae 90—100 mMkm, a BigCTaHb MiX rinka-
mn 9—11 mkm. Mpn TemnepaTypi HarpiBy Ha 50 °C
BULLE MiHii NIKBIAYCY YTBOPIOETLCA AEHOPUTU Pi3HOIO
PO3MIpY, Y AKMX BIACYTHI MifIKM 2 NOPSIAKY.

36inblueHHs TeMmnepaTtypu Harpiy ctani Ne2 Bu-
e ninii niksigycy Ha 150 °C Ta wWBWAOKOCTI OXOno-
keHHst oo 10 3°C/c npu3BoanTb 40 YTBOPEHHS Apio-
HOOMCMEPCHOI CyMili AeHApWTIB, O Manu po3mipu

50-70 MKM, a BiACTaHb MK AeHApuUTamu ckragana
3—4 mkM. (puc. 3, B).

Cnig 3asHaunTu, Wo 36inblUeHHA TemnepaTtypu
HarpiBy Ha 50 °C T1a 150 °C Buwwe niHii niksigycy
nNpu3BoaMTb A0 36inblLUEHHS AUCNEePCHOCTI AeHOAPUTIB
3ari3a, 3MEHLLEHHS MibXXKAeHOPUTHOI BiACTaHi.

TakuM ynHOM, HarpiB cTani BuLle niHil niksigycy
Crpuse YyTBOPEHHIO HEOAHOPIOHOrO TemnepaTypHOro
Mons, yCKNagHIE YTBOPEHHS 30HU KPYMHMX AeHOpu-
TiB, WO NpU3BOANTb A0 (HOPMYBaAHHS OKPEMWX KPUC-
Tanis.

3 niTepaTypHuX [mxepen BigoMO, L0 MapraHeub
Ta KpeMHIin nig Yyac pocTy AeHAPUTIB HaKOMUYyHTbCA
B MixgeHgpuTHOMY npocTopi [11]. Ona pgeHgputie
BJ13 npun weuakocTi oxonomkeHHs 10 °C/c 6yB Bu-
3Ha4eHun BmicT mapraHuto 0,25 % (mac.), a KpemHito
- 0,42 % (mac.). B mixgeHgpuTHOMY NpoCTOpi BMICT
MapraHuto 3poctae o 0,75 % (mac.), a KpemHito o
0,62 % (mac.). Mikpocerperauis 6yna 6inbw Bupaxe-
Hoto ans ctani Ne1 npu LWBWAKOCTI OXONOMXKEHHST 0
102 °Cl/c, wo wmMoBipHO BiabyBaeTbCsA Yepes TpuBany
3BOPOTHY AMAy3ito, Ska Mae Micue npu MNoBiNIbHUX
LBMAKOCTAX OXONOMKEHHS [7].

P
BT

g

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

Ona ctani Ne2, ska mana Harpie Ha 50 °C Buie
TemnepaTtypu nikBigycy Ta LWBUAKICTb OXONOKEHHSA
10 °C/c B peHgpwtax BMicT MapraHuw 0y 0,34 %
(mac.), a kpemHito — 0,45 % (mac.); B MikgeHOpUTHO-
My npocTtopi mapraHuto o 0,42 % (mac.), a KpemHito
0o 0,48 % (mac.). 36inblueHHa TemnepaTypu HarpiBy

BULLE NiHil NikBigycy npmu3BoauTb A0 BinbLu piBHOMIP-
HOrO pO3MoAiny BMICTY MapraHuio Ta KpPEMHIil0 MK
CTPYKTYPHUMMU CKNagoBuUMu ctani. Takum YMHOM,
TepMOKiHETUYHMI pakTop (HarpiB Ha 50 °C Ta
150 °C BuLLe niHii nikBigycy) 36inbLlye rpagieHT Tem-
nepaTtypu y po3nnasi, 3MeHLUyt4M abo NOBHICTIO Nik-

13
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BiQylO4M KOHLEHTpaUiiHEe NepeoXOoSIOMKEHHA poa3n-
naBy, WO NpM3BOAUTL A0 3MEHLLEHHS MiKpocerpauil y
MiKOeHOPITHOMY NPOCTOPI.

9]
Puc. 5. MikpocTpykTypa gocnigHoi ctani Ne 2 nicnsi Harpisy go temnepatypu 150 °C BuLe niHii niksi-
Oycy Ta oxonomkeHHsi 3i wemakicTio 102 °C/c, x1000 (a), audpaktorpama (6)

a

OxonoaxeHHs 3paskiB ctani Ne2 nmicns HarpiBy Ha
150 °C Buwe niHii nikeigycy 3i weuakictio 10% °Clc
npu3BoAWTb OO0 3MEHLUEeHHS 06’EMHOI YacTku Tpooc-
TUTY Ta pO3MIpIB OKPEMMX BKMOYEHb, 30iMNbLUEHHI0
AndbepeHuiloBaHHA MapTEHCUTY, Y MOPIBHAHHI 3i 3pa-
3Kamy 3 MEHLLOK LUBUAKICTIO oxonomxkeHHs (10-102
°C/c) (puc. 5). BkntodyeHHsa po3mipamu <0,2-0,5 Mkm
pO3TaLloBYOTbCS Ginbll piBHOMIpHO. Cnig 3a3Hauun-
TW, WO CTPyKTypa cTani crana 6inblw ogHOpIgHOM, Y
nopiBHsHHI 3 BJ13.

BucHoBkuM

BcTaHoBneHo, Wo Harpie BuLe NiHii NikBigycy Ha
50 °C, 150 °C Ta oxonomkeHHs 3i wemnakoctamm 10—
10%°C/c BnnuBae Ha mopdponorito, po3Mipu, MixaeH-
OPUTHWUIA NPOMIKOK AeHAPUTIB.

Micnsa HarpiBy ctani Ha 50 °C BuLle niHii niksigy-
Cy Ta OXOnomKeHHs 3i wauakoctammu 10-102 °C/c Bi-
OOyBaeTbCA 3MEHLLEHHA po3MipiB AeHapuTiB Ha 50—

2000 +
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1000 +
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MikpocTpykTypa ctani Ne1 noBepxHeBoOi 30HM MicC-
TUINa MapTEHCUT Ta cnocTepirany yTBOPeHHs1 HacTyn-
HUx has: cknagHun kapbig — FeosMnzeC, FeSiC Ta
dasm — FesSis, Feo,ss Mne 4 Siz,1 (puc. 4)
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60 % Ta mbxgeHgpuTHOI BiacTaHi Ha 30—40 %, y no-
piBHSAHHI 3 BJ13.

Mpw Harpisi Ha 50 °C Ta WBMAKOCTI OXONOMHKEHHSI
103°C/c cnocTepiranu yTBOPEHHS1 OKpeMMUX AeHApW-
TiB, WO HE Maru rifiku Opyroro nopsiaky.

Harpis Ha 150 °C Buwe niHii nikeigycy Ta oxono-
[KeHHs 3i weuakoctammn 102-103 °C/c npuBoauTb A0
YTBOPEHHA OKPEMUX AEHAPUTIB, LLO He Manu Bici Apy-
roro nopsaky. Kpim usoro, cnocrepiranu 3mMeHLeHHs
po3MipiB AeHAPUTIB Ta  MiDKEHAPITHOI BiacTaHi. B
MDKOAEHOPUTHOMY MPOCTOPI 3MEHLUYETLCS BMICT Map-
raHUl Ta KpeMmHito, Yy nopiBHaAHHI 3 BII3 npu Bcix
LUBMOKOCTAX OXONnomkeHHs. Lle csigumtb npo GinbL
PIBHOMIpHMI PO3NOAiNT MapraHuio Ta KPeMHito MK
CTPYKTYPHMMU CKITA4oBMMM CTarni.

MokasaHo, Wwo HarpiB Ha 150 °C cnpusie yTBopeH-
HIO Binbl OOHOPIAHOI CTPYKTYpW Ta CTPYKTYPHUX
CKaZioBuX.
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Ky3Heyos €. B.
AHaJIi3 MexXaHi3My BUHMKHEHHS (PYHKI[IOHAJILHOTO BiATYKY NPH IJIa-
CTUYHOMY J1e(pOPMYBaHHI MeTAJIB Ta iX CIJIaBiB

Kuznetsow E. V.

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
WIsXoM 8CMaHO8/EHHs (QYHKUIOHaIbHO20 38’A3Ky MiX napamempamu CUiog8020 8rusy ma Xxapakmepucmukamu
rpupodHoi OeghopmauitiHoi noeediHKU 3a20MOBOK y MPOUECH iX hOPMOYMEBOPEHHS.

Memoduka. BukopucmaHo kombiHosaHull aHanimu4Hul nioxid, 3acHoeaHul Ha cuHmesi pesyrnbmamie ¢hyHOameHma-
NbHUX ma rpuknadHux OocrnioxeHb y 2any3i gisuku degpopmosaHo20 meepdo2o minia ma mexHosoeii 06pobku mema-
J1i8 MUCKOM, @ maKox y CYMIDKHUX 2asy3sx npupodo3Hascmea.

Pesynbmamu. lMoka3aHo, wo xapakmep adarnmueHo20 yHKUioHarbHo20 8id2yKy Memariie ma ix crinasie Ha deghop-
Myroqul 8MuU8 8U3Ha4YaemMbCs 8efIUYUHOK MOXIUBUX 3MiH mepMoOUHaMIiYHUX rnomeHuianie ob’emy peqosuHu. Hau-
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.
An integrated approach that takes into consideration
the results of both become already classical and the
most recent fundamental and applied researches in

16

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-
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
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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-
ters of force influence and the characteristics of the
natural deformation behavior of workpieces in the
process of their shape forming.

Ao = [[ paScdl = [[ pdScvdt,
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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—1;, external

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

1)

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 = dI /dt — the rate of changing of the linear dimension | during deformation.

According to the laws of dynamics [18] mechanical action of these forces

Ao At = [[[ pdSc ddt = [[d(mgv)dl = [(mg [dv +v[dmg )dl =
= p[(Va [d7 +9[dVq Jdl = oV [ (e[ dv +v[de)dT @

where My =de is the mass of the displaced
volume of the deformable substance; p - its densi-

ty; Vd =Ve - the displaced volume of substance;

V - the volume of body; € = |n(|/|0) — the true
degree of relative deformation when its linear dimen-
sion changes in the range from IO 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 fsn and tangential

fsr with respect to this section. Their specific values
will determine the magnitude, respectively, of the
normal G and tangential 7 components of the me-
chanical stress in the considered section. Taking this
into account, the resultant of the spatial system of ad-

ditional internal forces arising in the volume of the sol-
id crystalline body at its deformation,

vadv=Iaf—;dv:I@dV+I£dV:IGEdV+I§dV. -
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Then, in absolute value, the work that these forces will do in a unit of volume of the body, hindering its de-

formation,

lo
where & = (| — |0 )/| = A|/| is the conditional
degree of relative deformation of the body in the ex-
ternal force direction; fij 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

Ain Ij"fvdlzj-fs?ITfsdé':j:fsnd8+j‘fsrd8:j0d8+de€:Tfij de, 4
0 0 0 0 0 0

energy flow passing through the contact surface area
of the body over the time interval At :

AE
Dp=—"". (9
At
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

AE 4 =jq>ab dt:ljj pdS.dl = [dU + [dA, =[dU +ﬁ fide;dV. (o)
t Y, \Y; \Y; VO

IO Sc

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+ fijV is a measure of
the amount of energy that a substance, being in a

state of equilibrium with the environment, is capable

to convert into heat and work. Bound energy TS
characterizes part of the internal energy that cannot
be transferred to other bodies during the work per-
formed by the substance, provided that its tempera-

ture T and entropy S are constant. Free energy

F =U —TS reflects that part of the internal ener-
gy, due to the change in which the thermodynamic
system of the considered volume of substance is ca-
pable to make a work against external forces in a re-
versible isothermal process. Finally, the Gibbs energy

G =H-TS characterizes the ability of the con-
sidered volume of matter to make a work due to its in-
ternal 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 4 =.|” pdS.dl =J.dH=J.dF +J.d(TS)+jj. fide;dV . e
v v v V0

IO Sc
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:
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AEq = [ [ pdScdl=[d(TS)+[dG - [ [ fids;dV . ®)
lo S \Y v V0

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 fijd&‘ijdV that additional in-
ternal forces will do in it, hampering its deformation. If
dG > fj;dejjdV , the body will behave like plastic,

when dG ~ fijdé‘ijdV, its behavior will be low-

plastic, and if dG < fj;dej;dV , the body turns out

to be brittle.

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-
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 — fij dé‘ij dV on
the right-hand side of equality (8) as a quantity that

determines the kinetic energy and, consequently, the
intensity of plastic flow. Since the possibility of chang-
ing the value of the Gibbs energy, that characterizes
the natural ability of a solid body to deform, is restrict-
ed to some limiting value, which depends on the
physical nature and properties of the crystalline sub-
stance under 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 energy TS is also finite and also depends on
the physical nature and properties of the body. It can
change both at the expense of a change in body tem-

perature 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 thermo-
dynamics laws [20], provided constancy the aggrega-
tion state and preservation of the deformable volume
integrity, the possibility of changing its entropy during
heating or cooling are limited by the specific heat ca-
pacity of the substance:

T 0S
C=——,
m oT
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 fij d&‘ij dV can
increase only due to a decrease in the difference
dG - fij d&‘ij dv , that is due to a decrease in the

intensity of plastic flow. In combination with the condi-
tions of deformation, the interrelation of these factors
determines 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
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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 - fijdé‘ij dV deter-

Ain At = Jt‘J‘det—j.J‘j. fij dé'ijdth.

LV LV O

s %% ¢ ISSN 1028-2335 Ne2, 2023

mines the amount of the total, mechanical and ther-
modynamic, internal action that does in the volume of
a deformable 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

N :ﬂj pdS.dldt :sjdedHTHdeHjjdAndt.

to lo Sc LV LV

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)
LV
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:

AnAz= [ [dALdt = jjdet—Iijijdgijdth:—Sjdedt—Tjdedt, (11)

AtV ATV AtV 0

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

At =pV [ (e [dv+v[de Jdl, =—S [ [dTdt-T [ [dsdt.

AtV

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

AtV AtV

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)
AtV

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
Volodymyr Ihnatiev, Mikola Kolbin, Artem Holovachov, Yaroslav Yaroshenko

Features of vacuum-thermal production of lithium

Mema. AHani3 npakmu4HUx ma nimepamypHux 0aHux AocnidxeHb MexHosoaii 8aKyyMmepMidyHO20 ompuMaHHs 1imito
3 lio2o okcudy.

Memoduka docnidxeHb. O6pobka nimepamypHux daHux ma rMpoeedeHHs 8/1acHUX 1abopamopHUX eKCriepuMeHmIs.
Pe3ynbmamu. BcmaHoeneHo onmumarnbHi napamempu ma po3pobrieHO MEexXHOOo2iYHy CXeMy eaKyyMmepMiyHO20
ompumaHHs nimito.

Haykoea Hosu3Ha. [JocnidxeHo KiHemuKy 8i0HO8/1eHHS OKCUOY 11imito KpeMHieM ma arntoMiHieM y 8aKyyMi.

lpakmuyHa yiHHicmb. Po3pobrieHo mMexHOoei 8aKyyMmepMiYHO20 8i0HOB/EHHS 11imito 3 lio2o okcudy 3amicmb
MpUlHAMOI MexHoo02ii enekmponisy xmnopudy imito.

B nabopamopHux ymoeax npogedeHo O0CiOXeHHS 8aKyyMmepMiyHO20 Criocoby ompuMaHHs Memasneeozo fimito, 3a-
CHOB8aHO020 Ha 8IOHOBIIEHHI OKCUOY Iimito KDEMHIEM | antoMiHieM npu HaepieaHHi y eakyymi. BukoHaHo mepmoOuHamiyd-
HuUl aHarni3 npouyecy i Uo2o KiHemuky. BcmaHoeneHo, wo 8 sikocmi 8iOHO8HUKa MOXI/IUBO 8UKOPUCMO8Yy8amu MopOUOK
75 %-8020 ¢hepocurniyito U nep8uHHO20 ma 8MOpPUHHOZ0 aloMiHito, 8 sKocmi ¢hrocy — nopowok eanHa. lNpouec 3ditic-
Hroembcs Ha bpukemosaHil wuxmi y 8akyyMHil pemopi, wo Hazpieacmbcsi 2a3oM. Cupo8UHO Ors 00epKaHHS 1imito
cryKumb OKkcud imito, KUt ompuMarome WIISIXOM MepMiyHo20 po3knady kapboHamy rimito.

[MposedeHo aHari3a mexHoMo2iYHUX CXem 8aKyyMmepMidHO20 criocoby ompuMaHHs Memarneeoz2o Jlimito Cusiko- i amwo-
momepmidHUM ripouyecom. lNoka3aHo, Wo 8iOHO8NEeHHS antoMiHieM 3abesneydye binbwy MpodykmusHicms i binbw eucoke
8UITYYEHHST JTiMIt0.

BakyymmepmiyuHe ompumaHHs nlimito Mae maki nepesasu neped eneKkmporti3oM: 8UKOPUCMAaHHS SIK CUPOB8UHU binbui
Odewesoi cnonyku nimito — okcudy Li;O y cknadi eimyusHsHUX nimiegux pyd; 6inbw 8UCOKY rMPoOyKMuU8HICMb rpouecy;
3acmocysaHHs1 Ik 8iOHO8HUKI8 ma cbritocie He OeiyumHux Mamepianie 8imyu3HIHO20 8UpPObHUUMea; 8i0CymHicmb
€KO/102i4YHUX Pobriem i3 X/T0poMm.

Knroyoei cnoea: nimitl, okcud, kapboHam, cusiikomepmisi, aroMomepmisi, mexHoo2is.

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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Betyn. JliTin - XiMiYHWIA eneMeHT i3 cumBonom Li
Ta aToMHMM Homepom 3. Lle wm’sikmin cpibnsicto-
Oinun meTan, SKUA HaneXuTb 00 FPYNu MYXHUX Me-
Tanis. JliTin mae HarBuLLy NUTOMY TENMOEMHICTb 3
YCiX TBEpPOUX eNEeMEHTIB i € Hannerwmnm MeTanom.

JTiTin BUKOPUCTOBYETBLCA B PiI3HOMAaHITHUX cdepax
3aCTOCyBaHHS, 30Kpema B akyMynatopax, Kepamiui,
MacTuUnbHUX MaTepianax i dpapmaueBTUYHNX npena-
patax, y BUpPOOHMUTBI kepamikm Ta ckna. Okcupg i
aroMiHaT niTiio BUKOPWUCTOBYIOTb K dorrocn  Ans
3HWXKEHHA TeMnepaTypu MnaBneHHs Kepamikv i ckna.
HannowmpeHilmm BUKOPUCTaHHAM TiTi0 € akymyns-
TOpHi b6aTtapei.

BakyymTepMiyHMI crnocid oTpumaHHs MeTanis 3a-
CHOBaHO Ha peakLii BiAHOBNEHHA MeTany 3 Moro cro-
NyK iHWUMKW MeTanamu, akTUBHILLIMMMW, NpU HarpiBaH-

Hi. Y 3aranbHOMY BUMMAAi UA peakuis onucyeTbes pi-
BHSIHHAM:

MeX+Me' — Me,,, +Me'X 1)

ge - Me metan, wo sigHoBmoeTbea, Me' - metan
BIOHOBHMK, X - ioHW KuCHIO i ranoreHiB (Cl, F).

XapakTepHO 0COOMMBICTIO  BaKyyMTEPMIYHOIO
OTPYMaHHA MeTarniB € BUAiNeHHs meTany, Lo BigHO-
BMIOETLCSA, Y BUTNSAAI Napa, Y TOW Yac 9K BCi iHLI KOM-
MOHEHTU peakuii 3anvwarTbCad B KOHOEHCOBAHOMY
cTaHi. Lle no3Bonsie nerko po3ginuty NpoaykTy peak-
Uil WNaxoM BMNapOBYBaHHS i3 30HW peakLil BigHOB-
NeHoro metary i KOHAEeHcauji Moro napa B OXONO4XyY-
BaHiN 30Hi neui.
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BakyymTepmiyHuin npouec 6GyB 3anpornoHOBaHWMM
LLie B MUHYNIOMY CTORITTi i 3aCTOCOBYETLCS 3 TOrO Ya-
Cy B NpoMUCIOBOMY MacLuTabi Ans BMpoOHULTBa Ma-
rHito, KanbLito Ta iHWKX nerkmx metanis [1]. Nepesa-
raMy LbOro npouecy € npocToTa TEXHOMOrYHOI Ta
anapaTtypHoi cxeMu BUPOOHMLTBA, MOXNMBICTbL 3a-
CTOCYBaHHS AeLleBuX BUAIB CUPOBMHU Ta BiAHOBHU-
kiB. Mpouec oTpMMaHHA MeTaniB BakKyyMTEPMiYHUM
crnocobom BKIKOYAE HACTYMHi onepawii: nogpibHEHHS i
3MilLlyBaHHS CyMiLli BUXiOHOI CUPOBUHW i BiQHOBHUKA,
OpVKETYBAHHS LUNXTW, BiOQHOBINEHHSI MeTany B LUUXTI
npw HarpiBaHHi y BakyyMi B peTopTi, KOHAEHcauis na-
piB MeTany B KOHOAEHCTAOPI, KU OXONOMXKYETLCS.

MocTtaHoBKa npobnemu. MeTot LUiei poboTn €
aHarni3 NpakTYHMX OOCNigXeHb Ta niTepaTypHux aa-
HMX, WO CTOCYKTbCS BaKyyMTEPMIYHOrO npouecy
OTpUMaHHA MiTito 3 horo okcuay. lNposeneHi paHiwe
nabopaTopHi AocnimKeHHs Lboro npouecy [2, 3] no-
Kasanu, WO TepMOoAWHAMIYHO BiH MOXNMBURA, ane
anapaTtypHa TeXHOIOris cknagHa i TOMy Ha npakTuui
He 3acTocoByBarnacs.

B gaHun yac npomucnoBum cnocobom ogepkaHHs
METaneBoro nNiTito € enekTPosiTUYHUA, 3aCHOBaHWIN
Ha enekTponiTMYHOMY PO3KNnadi pPo3nsaBreHoro xro-
puay niTito [4]. B sKOCTi enekTponiTy BUKOPUCTOBYIOTb
eBTekTuYHy cymiw LIiClI — KCI (1:1) npu Temnepartypi
450-460 °C. OCHOBHi enekTpoxiMiyHi peakuii enekT-

ponisy niTito: Li* +e~ — Li, (xaton),

2ClI" —2e¢~ —Cl,_,, (avHop). EnekTponia apiiicHto-

€TbCA Y AiadparMOBOMY enekTponi3epi, B AKOMy Mno-
POXHIN LMNIHOPUYHWIA CTaneBui KaTog oToudye rpadi-
TOBUI aHofd. Pigkui niTin, WO YTBOPHOETLCA HaA KaTo-
4i, NigiMaeTbca Ha NOBEPXHIO ENEKTPONITY i HaKonu-
YyeTbCSA B YaBYHHOMY 30ipHMKY, 3Bigku Moro nepiogu-
YHO BUNYyYaOTb CITYACTUM YEPMaKoM.

MpoayKTMBHICTL enekTporisepa nNo niTiko CTaHo-
BuTb 100-200 kr/goBy, BUTpaTa eneKkTpoeHeprii Ha
enekTponia - 28 kBt-rog/kr niTito, a Buxig NiTito 3a
cTpyMmoM 85 %. EnekTponiTmyHuiA NiTin 3a3Bnyanm mic-
™Tb 97-98 % Li, 0,8-1 % Na, 0,2-0,3 % K.

EneKTponiTuyHnin cnocid oTpMMaHHs niTito BUMa-
rae 3acToCyBaHHA K BUXiAHOI CUPOBUHU HaNMOOPOX-
Yoi coni NiTito - Noro xnopuay; ay>xe BUCOKOI NUTOMOT
BUTPATK enekTpoeHeprii Ha enekTponis. OTpumaHuin
mMeTan 3abpygHeHun gomilikamu i noTpebye gopart-
KOBOro padpiHyBaHHsi. TOMy OCTaHHIM Yacom € rnepc-
MEKTUBHUM iHLWKWIA cnocib BMPOBHUUTBA MeTaneBoro
NiTit0 - BaKyyMTEPMIYHUI.

Llen meton pocnigxyBasca B nabopatopii kade-
apw enektpometanyprii HMeTAY (HuHi YOYHT). Oc-
HOBHi pe3ynbTaTu Uux AochigkKeHb BUKMageHo y Uin
cTaTTi.

CupoBuMHa gnsa oTpMMaHHA niTito. Y npupoai ni-
Tii KOHLLEHTPYETLCH B NErmMaTtuToBMX pyaax, Lo Mic-
TATb MiHepanu niTito (cnogymeH, Nenigonit, netanit
Ta iH.) i iX BngobyBaloTb y pyaHuKkax i waxTtax. Hanbi-
nblle NMPOMUCIIOBE 3HAYEHHS Mae MiHepan «crnoay-
MeH» - anomocunikat niTiko 3 ¢opMyno
Li2O-Al2034SiO2 abo (LiAI[Si20¢]). CnogymeHoBi py-
an mictatb oo 1-2 % Li2O i notpebytoTb 36araveHHs.
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Ons 36arayeHHs cnogyMeHOBMX pyn 3aCTOCOBYHOTb
TpU npouecu: TepMidHWIA (gekpunTadito), drnoTauito
Ta rpasiTauito y BaxKMx cycneHsisx [7]. OTpumaHui
KOHUEHTpaT MicTuTb 0o 7% Li2O i nigoaetbca ximiko-
mMeTanypriviHii obpobui 3 MeTol nepeBefeHHs MiTito
3 MiHepany crnogyMmeHy B XfopuA MiTito KUCIOTHUM
cnocobom. Llen cnoci6 3acHoBaHO Ha pO3KMNafaHHi
KOHLEHTpaTy MiTit0 CipyaHOK KUCMNOTOK 3 OTpUMaH-
HAM B po3uuHi cynbdaTty Li2SO4 i noganswmm oca-
OXeHHAM kapboHaty Li2COs 3a Aonomorow coaw.
KapboHaT niTito € BUXigHMM MaTepianom ans oTpu-
maHHst xnopuay LiCl npu obpobui consiHol Kucro-
Toto. [NoTiM 3 xnopuay enekTponizoMm OAepPXKyTb Me-
Tanesun NiTin.

3a posBigaHMMK 3anacamu pyg niTio — YkpaiHa
3anmae 3-e micue B €Bponi. [MpoMncnoBe 3Ha4YeHHs
MatoTb NerMaTuToBI yKpaiHCbKi pyan LLleByeHkiBCbKO-
ro Ta [NonoxiBcbKoro poAoBwuLL, L0 MICTSATb Y cepefn-
Hbomy 1,1-1,5 % Li. BugobyTok pya uux poaosuLy Lie
He po3noyaTo, ane BOHM MakTb CTpaTteriyHe 3Ha4eH-
HS Ans ManbyTHIX NignpuemcTB MiTiEBOI NPOMMCHO-
BOCTi YKpaiHu.

EnekTponiTnyHnin cnocié oTpuMMaHHA niTito, Lo
3aCTOCOBYIOTbCS Y CBIiTOBIM MpakTuLi, Mae Cepro3Hi
He[oMiKW, TONTOBHUM 3 SIKUX € BUKOPUCTaHHSA B SIKOCTI
BMXiOHOI CMPOBMHW OOpPOroro xmopugdy nitito. 3 eko-
HOMIYHOT TOYKM 30pY OOUISNIbHUM € BUKOPUCTAHHS OS1s
OTPMMaHHSA MeTaneBoro MiTilo crneuianbHO OAEpXy-
BaHOro 3'€¢4HaHHA LbOro MeTtany, OEeLUeBLIOro, Hix
xnopua. Takowo crnonyko € okewa niTito L0, wo
OTPUMYETBLCH LUMSAXOM TEPMIYHOro po3knagy kapbo-
HaTy niTito Li2COs. Okewa niTito nnaeutbes npu 1700
°C i BunapoByeTbCs npy TemnepaTypi Buwle 1000 °C,
Moro WinbHicTb aopisHioe 2,01 r/cms3,

TepmiyHe pos3knagaHHs (gucouiauis) kapOoHaty
NiTit0 ONUCYETLCA peakuieto:

Li,CO, — Li,0+CO, T @

Ller npouec novmMHaeTbca Ha NosiTpi (Npyn 1 aTm)
npu 600 °C i 3akiH4yeTbea npu 850 °C. Y Bakyymi (He
Ginbwe 1 Mm pT. cT.) Ancouiadis Li2COs 3aiNCHIOETb-
cs wBuawe i 3a Ginblw HU3BbKMX TemnepaTyp. Posn-
naBneHHsi kapboHaty (npu 782 ‘C) ycknagHwoe Buaj-
neHHs Byrnekucnoro rasy. LWo6 3anobirtu nnasnex-
HIO kKapboHaTy 40 HbOro AOAAlTb BanHO B MOMSPHO-
My cnisgigHowweHHi Li2COs/Ca0 = 1:1. [NpucyTHICTb y
cymiwi 3 kapboHatom cdntocie CaO, Al2Osz, SiOz iHTe-
HCcUdiKye npouec posknagy kapboHaty. Hawbinbia
LWBMAKICTb po3knagy B npucyTHocTi SiO2 cnocTepira-
eTbest npu 780-800 °C, 3 Li2CO3/SiO2= 2,0, y npucyT-
HocTi Al203 - npu 900 °C, 3 Li2COs/Al203 = 1,0, y npw-
cyTHocTi Al203 ancouiauia kapboHaTty nae 3 MEHLLOH
LLUBUAKICTIO, HiX 3a HasiBHOCTI SiO>.

BakyymTepmMiyHMM MeToAoM NiTi MOXHa oTpuma-
TW He TiNbKN 3 oKeuagy (Li2O), ane i 3 antomiHary
(Li2zOAl203).

Teopia Ta TexHosoria BaKyyMTepMi4yHOro
oTpuUMaHHA niTito. BakyymtepMmiyHui npouec mae
OBa pi3HOBUAMN: CUMIKO- i antoMiHOTEepMiYHUIA. B cuni-
KOTEPMIYHOMY MNPOLECI BiAHOBHUKOM CIYXWUTb KPEM-
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Hin (3a3Buyan y Burnagi 75 %-soro dpepocunidito), B
arntoMiHOTEPMIYHOMY - arnoMiHIEBMI MOPOLLOK (BTO-
PUHHMI ab0 eneKTPONITUYHUR).

BigHOBRNEHHs1 BUXigHOI cnonykx (ans nitito Le ok-
cua Li20O) kpeMHiem abo antoMiHieM TepMoguHaMidHe

4Li,0 +Si—6Li, +Li,SiO,

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

JIleopis i NPaKMUKg Memarypeii

MOXITMBE NMPU HOPMarnbHOMY TUCKY B 06nacTi BUCOKMX
Temnepatyp. MNpu ubomy yactnHa okcvay LizO 3B'a-
3YETHCS B CUMIKaT Ta antoMiHaT 3a peakuisgmu:

3)

(4)

o6 3HM3nTK BTpaTK MNiTilo y BUrNSAI cunikaTy Ta antoMiHaTy B LUMXTY A0AAK0Tb BarHO, siKe 3B'A3y€ OKCUAM

SiO, i Al,O; y kanbuiesui cunikar i antomiHaT, BUTICHSIOYN MPK LbOMY NiTiil 38 peakuismu:

Li,SiO, + Si+4Ca0 — 2Li, +2Ca,Si0,

()

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

Lli eHooTepmiyHi peakuii 060poTHi i npn atMocde-
PHOMY TWCKYy MpOTiKaloTb BNpaBO Npu TemnepaTypi
BULLE 3a TemnepaTtypy kuniHHs miTito (1370 °C). Op-
Hak y Bakyymi < 0,1 MM pT. CT. yTBOPEHHS nNiTit0 Bia-
byBaeTbes Bxe Hpkde 1000 °C. MpUCYTHICTb Y LUKNXTI
BarnHa CNpusie 3HWKEHHIO TemnepaTypyu YTBOPEHHS
NiTitO 32 paxyHOK LWNaKy 3 opTocunikaTy KanbLito i ka-
NbLIEBOroO antomiHaTy.

3HWKeHHs1 TemnepaTtyp peakui (5) Ta (6) 3ane-
XUTb Bif, 3aNM1LLIKOBOro TUCKY B CUCTEMI Ta Big cknagy
wnaky. MNpu ubOMy KOHCTaHTa piBHOBarn peakuii Big-
HOBMEHHS BM3HAYaETbCA NuLe TUCKOM napy iTito.
Mpw H. y. NiTiN Mae BIGHOCHO HEBENWKY NETKICTb, Npu

3(Li,0 Al,O,) + 2Al - 6Li +4Al,0,

Lis peakuis He BMMarae BBejeHHS B LUMXTY BanHa,
Wwo 3abesneyye OTPMMaHHA MiTi0 BUCOKOI YMCTOTW.
PiBHOBaxHMI TUCK Napa niTito Ans uiei peakuii cTa-
HoBUTb 100 MM. pT. cT. npu 1100 °C. MpakTn4Ho Big-
HOBMEHHS antoMiHieM MoXHa 3iicHATY npu 1250 ‘Ci
3anuwikoBomy Tucky 0,5 Mm pT. CT.

Hocsig, HakonuyeHuin B MeTanyprii MarHito Ta Ka-
NbLil0 Nokasas, Lo TEXHOMOoriYHa cxema BakyymTep-
MiYHOro npoLecy BKNOYaE HaCTYMNHI onepadii: noapi-
OHEHHS1 KOMMOHEHTIB LWMXTWN (OKCUA, BiOHOBHWK, Bam-
HO); MIAroToBKa LUMXTW Ta ii OpWKeTyBaHHs; BiOHOB-
NEeHHs MeTany y BakyyMHUX peTopTax; KoHAeHcaLlis
napa meTany B 30Hi OXONOKEHHA peTopTH; paddiHy-
BaHHA MeTany Ta Woro nepensias Ha 3nvBkW. Bci ui
onepauii HeobxigHi i AnNs BakyymMTepMiyHOro ogep-
YKaHHSA NiTito.

OCHOBHMM arperatoM BakyyMTEPMIYHOIo npolecy
€ ropusoHTanbHa BakyymMHa peTopTHa Mid, onantoBa-
Ha rasom. Y peTopTHii nedi B OOUH psig BCTAHOBIIO-
I0Tb AECATKM PETOPT.

PeTopTn BUroToBRAOTLCA 3 XKAPOCTIMKOI cTani i
BOHW CKNagarTbCA 3 4BOX YAaCTUH: OCHOBHA 4acTuHa,
B SKi BiabyBaeTbCA BiQHOBMNEHHS (peakuiiHa 30Ha),
3HaxXoaUTbCA BCepeauHi nedi i € nutoo Tpybor 3
npuBapeHumMm gHuwiem. o iHWoro KiHua npuBapeHa
BOJOOXOSOQKYBaHa royioBka peTopT (30Ha KOHAOEH-

HarpiBaHHi go 1000 °C - 40 mm pT. cT., go 1200 °C -

200 MM pT. cT. Y Bakyymi (< 0,04 MM pT. cT.) niTii no-
YynmHae BMnaposyBaTuch npu 600 °C.

[aHi npo piBHOBaxKHY NPYXHICTb Napa niTito noka-
3yl0Tb WO BigHOBNEHHs okcuay Li2O TepmognHamiy-
He moxnvee npu 1100-1150 °C. [Ons AOCArHEHHs
NPUAHATHOI LUBMAKOCTI peakuil 3anuliKoBUA TUCK B
cucteMi Mae ByTu HUK4Ye piBHOBaXHOro. Mpu 3anuLu-
KoBOMY TUCKy MeHwe 0,1 MM pT. CT. cunikoTepMivyHe
BioHoBneHHs Li>O 3gincHioeTbes npu 1200 °C.

JIiTin MOXXHa OTpMMaTK BiAHOBMEHHAM antoMiHaTy
MOPOLLKOM artoMiHilo 3a peakuieto:

@)

cauii). XonogHui KiHeub peTopTW 3aKkpyBaeTbCH rep-
METUYHO KPWLLKO, Ska AO03BONSE NPOBOAMTU 3aBaH-
TaXEHHs LWMXTU i BUTAryBaTU KOHAEHcaT MeTany.
Metan ocigae Ha cTiHkax KoHAeHcaTopa Yy BUrnsfi
winsHoro ocagy kpuctanis. Llen ocag nepennasns-
I0Tb Ha 3NMBKW. HeponikoM npouecy € noro nepioau-
YHICTb | NOPIBHAHO HEBENWKa NPOAYKTUBHICTb.

MeToauka pocnipgxeHHsA. [ns BM3HA4eHHs1 on-
TUMarbHUX napamMeTpiB BaKyyMTEPMIYHOrO BiOHOB-
NEeHHA oKcuAay NiTiko KPEMHIEM i antoMiHieEM BUKOpUC-
ToByBany nabopaTopHi 4OCMiAM Ha yCTaHOBL, cxema
AKOI nMpegcTaBneHa Ha puc. 1. YcraHoBka siBRsie€ co-
0ol BaKyymMHy peTopTy, WO ObirpiBaeTbCA rasoBuM
nansHWKOM. £K BUXiOHY CUPOBUHY 3acTOCOBYBanu

oKcupa i antomiHaT KpyrHicTio < 1 mm. BigHOBHMKaMW
crnyxunu nopouwkosi depocunigin mapkn ®C75 Ta
antoMiHieBmii nopoluok mapku MAI-1 3 poamipom Ya-

CTUHOK = 1 MM. B sikoCTi briocy BUKOPUCTOBYBany
nopowkose BanHo. CniBBIAHOWEHHA KOMMOHEHTIB
LUMXTM BUOUpanu 3rigHo 3 CcTexioMeTpieto peakuii Bia-
HOBINeHHs. MNMepea gocnigoM cyMmill KOMNOHEHTIB Opu-
KeTyBanu y BarnikoBoMy npeci 6e3 3B’a3ytouoro. bpu-
KeTn umniHgpumyHoi dopmmn manm macy 250-300 r.
HaBaxka wunxtn 3 GpukeTiB cknagana 3,5-5 kr. lNMa-
pameTpu BakKyymMTepMi4HOro npoLecy BapiloBanu B
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jocrnigax y Takmx Mexax: TemnepaTtypa HarpiBaHHS
peTtopT 900-1300 °C, 3anuLIKOBWUIA TUCK B PETOpPTI
0,01-1 mMm pT. CT., TPMBanICTb i30TEPMIYHOI BUTPUMKMN
wmnxtn B petopti 1-3 rog. MNoBHOTY npouecy BigHOB-
NeHHs NiTito (BMXi4 MeTaneBoro niTilo) BU3Havanm 3a

oo %% ¢ ISSN 1028-2335 Ne2, 2023

Macol Ta XiMiY4HUM CKNagoM NpoayKTy, OTPUMaHoro
B peTopTi. TpmBanicTb i NPOAYKTMBHICTbL NpoLecy Bu-
3HayanM 3a MakCMMaslbHOK Macol OfepXKyBaHOro
NiTit0 B KOHAEHCATOPI.

!

" Iositpa
Taz

PucyHok 1. Cxema nabopamopHoi ycmaHoeKu 0511 00epKaHHS [imito 8aKyyMmepMidHUM Crioco60Mm.
1 — mepmonapa; 2 — HazgpieasibHa ni4y; 3 — 2a308ull NasbHUK;
4 - pemopma 3 xapocmilikoi cmani; 5 — 6pukemosaHa wuxma; 6 — 3Mitlo8UK 800STHO20 OXOTOOKEHHS; 7 —

KoHOeHcamop; 8 —

02/151008€ BIiKHO;

9 — nampy6ok 0nsi NpueGHaHHS 8aKyyMMempy;
10 — mexaHiYHUl 8aKyyMHUU Hacoc.

Pesynbtatn pocnigxeHHA. [lepeq OCHOBHOMO
Nporpamoro AOCHiMKEHb, MPUCBAYEHNX BaKyyMTEpMi-
YHOMY BiQHOBIEHHIO OKCMAy NiTito, OynM npoBepeHi
nonepegHi OOCHIMKEHHA WOA0 BiGQHOBIEHHSA iHLUNX
conew niTito (xnopuay i dptopmay). BctaHoBneHo, wo
BigHoBneHHs xnopuay LiCl kpemHiem Ta antomiHiem
NPaKTUYHO HEMOXIMBE Yepe3 BENMKY NeTy4iCTb XIo-

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

6LiF +4Ca0+ 2Al =6Li+3CaF, + Ca0- Al,0,

BanHo gopaBanu B wmnxTy, Wwob 3B's3atn gTop y
cnonyky Cani MepeLUKOOUTM YTBOPEHHIO NETHOYMX

dTopm Ais SiF4 i AlFs. BigHoBneHHs LiF kpemHiem npu
1100 °C i sanuwkoBoMy TUCKy 1 MM pT. CT. 3abesne-
4nnNo BUMyYeHHs niTio nuwe Ha 25%. MNpu BigHOB-
neHHi LiF antomiHiem 3a TMX caMmyvx YMOB BUITyYEHHS
niTito 3pocno go 45-50 %. B 0box Bunagkax KOHOEH-
cat nitito 6yno 3abpygHeHo cinmio, Wo He npopeary-
Bana. Bpaxoytoun Bucoky Baptictb LiCl i LiF ix He

puagy Ta netydux cnonyk SiCls i AlFs. ®Topug niTito
LiF Mae MeHWy neTyJiCTb, HiXX Xxnopug, i BUNy4YeHHs
nitito He nepesuwwye 50 %.

BigHoBneHHs LiF npoBogunu y npucyTHOCTI BanHa
3a peakuiamu:

©)

9)

MOXHa pPEeKOMeHAyBaTu SIK CUPOBUHY NpU BakyymTe-
PMIYHOMY OflepXKaHHI NiTito.

OcHoBHa nporpama AocrifKeHb BKovana nabo-
paTopHi gocnigu LWoao BiAHOBNEHHA oKcuay niTito
KPEMHiEM Ta anoMiHieM BaKyyMTepMiYHUM Croco-
6om. [OpiBHAHHA MOKa3HMKIB BakyyMTEPMIYHOro Ta
€reKTPOoriTUYHOro oAepXaHHSA MiTiio NpeAcTaBneHo B
Tabn. 1.

Tabnuus 1. NopieHAAHHS MEeXHOMo2I4HUX MOKa3HUKIe eaKyyMmepMidHO20 ma enekmpornimu4yHo2o ompu-

MaHHs1 Memareso20 J1imito

MapameTpu Ta nokasHu- | BakyymTepmidHMIM npouec

EnekTponituiuHmin  npo-

Ky npouecy CunikoTepMivHWI

AntoMiHOTEPMIYHUI uec

MouaTkoBa CMPOBUHA o .
Okewg nitito - Li,O

Li,Oy

Okcnmpg niTito -

: i Xnopwug nitito - LiCl
cknagi anomiHaty

BigHoBHUK depocuniuin i 000, AV
(75% Si) Al - nopoLuok (98-99% Al) | MNocTinHni cTpym
Tun nevi BakyymHa peTopTHa BakyymHa peTopTHa Enektponisep

[xepeno Tenna

["a3oBa ropinka

[a3oBa ropinka

[xoynese Tenno

KoMNoHeHTn wnxtn Ta

Li,O +Si+Ca0 =1:1:4

Li,0-ALO, + Al =3:4

LiICIH+KCI = 1:1
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X CNiBBigHOLIEHHS
Bug wmnxtn BpukeTtun BpukeTtun MopoLuok
Temnepatypa, 'C 1200 1100 400-460
3anuwKoBni TUCK , MM <o1 0105 760
pT. CT. '
Tpueanictb npouecy, | , o 1-2 6
rogvHa
BunyyeHnns niTito, % 88-90 92-94 85
Bwmict gomiwok, % < 0,01 Si, Ca <0,04 Al, Si 0,8-1 Na, 0,2-0,3 K
MpoayKTMBHICTL npoue- 6.0 71 4.2
cy, kr/rog

3 paHux Tabn. 1 BMXOAUTb, LWLO CUIIKOTEPMIYHUN
npoLec MnOpiBHAHO 3 arntoMiHOTEPMIYHUM BUMarae
Ginblw BUcoKy Temnepatypy (Ha 100 °C Ginblue) i
MEHLUMIN 3anuwiKkoBun TucK (He OBinbwe 0,1 mMm pT.
ct.). OgHak anoMiHOTEpMiYHUI npouec 3abesnedyye
MEHLLY Tp1BanicTb NpoLecy, BULLE BUNYYEHHS NITitO i
BULLYY NPOAYKTUBHICTb.

Y NOPIBHSAHHI 3 eNeKTPOniTUYHMM CnocoboM Baky-
YMTEPMIYHNA NPOLEC BiAPI3HAETLCS AELUEBLLOK CU-
POBUWHO, BiNbLIMM BUIYYEHHSIM TiTito, Binbl BUCO-
KO NPOAYKTUBHICTIO.

OTpumaHi pesynbTaT gaTb 3mory obrpyHToBa-
HO 3pobuTun BUGIp TexHonorii BUpOOGHMLTBA NiTito Ans
ManbyTHIX NiGNPUEMCTB MiTiEBOI MPOMUCIOBOCTI YK-
paiHn. BakyymTepmiyHe OTpuMMaHHA niTilo Mae Taki
nepesaru nepep enekrponiaom:

BMKOPUCTaHHSA SK CUPOBWMHWU OELleBOi CMonykn ri-
Tito - okenay Li2O y cknagi BITYN3HAHUX NITIEBUX pyL;

OinbLU BUCOKA NPOAYKTUBHICTb MPOLIECY;

3aCTOCYBaHHS SIK BiGHOBHMKIB Ta dontociB HE AOpPO-
rx maTtepianiB BiTYN3HSAHOrO BUPOOHNLITBA;

BiACYTHICTb €KONMOriYHNX Npobnem i3 Xriopom.

PacpiHyBaHHA BakyyMTepMIYHOro niTito MOXIuBe
LUASAXOM AUCTURALIT y BakyyMi. OnctunauiviHi yctaHo-
BKM BUrOTOBMSAIOTL i3 MeTanis, siki He B3aeMogiloTh i3
niTiem (3aniso, TMTaH, MonibaeH).

CnoyaTky npu 450 ‘C BigraHsoTb OOMILLKN KpeMm-
Hito, KanbLito, kanito Ta HaTpito. MoTiMm npu 650-800 °C
BigraHsATb NiTiK nig Tuckom = 10 mMm pT. cT. MNpK
oxonopkeHHi napy nitito go 300-420 °C B KoHAeHcAT
nepexoautb 85-90 % niTito, BMICT AOMILLIOK B HEOMY
He nepesuLLye 102 %.

BucHoBKuU:

JliTin — nerkuin pigkicHU KONbOPOBMIA MeTars, Lo
BMKOPUCTOBYETLCS B [aHWA 4Yac Ans BUPOOHWMLTBA

IOHHUX NITIEBUX aKyMymnATOpIB Ans KOMM'IOTEPHOI Te-
XHikM Ta TaroBux 6atapen Ana enekTpoTpaHcnopTy, Yy
BMPOBHULITBI Kepamiku Ta ckna.

3a posBigaHuMm 3anacamu niTiEBUX pya YkpaiHa
nocigae 3-€ micue B €poni — 0,5 — 5 MIH. TOHH.

Y CBITOBIN NpakTULi MeTaneBuin NiTin OTPUMYIOTb
erneKkTponisom posnnaeneHoro xnopuay nitito LiCl —
HangopoX4oi coni niTito. [Jo Toro X gyxe BMcoka nu-
TOMa BUTpaTa enekTpOeHeprii Ha enekTponis, a me-
Tan, Wo oTpuMyIoTb, NOTpebye aogaTkoBoro padiHy-
BaHHA.

MpocTiwnm i gewesum cnocobom OTPUMaHHSA Me-
Tanesoro MiTit0 € BaKyyMTEPMIYHUIA, 3aCHOBaHWU Ha
BIOHOBMEHHI oKcuAdy niTil0 KPeMHiEM Ta antoMiHieM
MpW HarpiBaHHi y Bakyymi. Sk BiQHOBHWK BMKOPUCTO-
BYIOTb nogapibHeHnn 75% depocuniuiv i nopoLiok ne-
PBUHHOIO Ta BTOPUHHOIO antoMmiHito. CMpoBuHOO Ans
OLEPXKaHHA NITil0 CRYXWUTb OKCKA NiTito, WO OTPUMY-
IOTb LUMISIXOM TEpPMiYHOro posknagy kapboHaTty niTito
Li2COs. Ak dntoc 3acTocoBytOTb MOPOLLUOK BanHa.
Mpouec 3aiicHIoTb Ha OPUKETOBAHIN LWKXTI y BaKy-
YMHI peTopTi, WO HarpiBaeTbCs rasom.

Y nabopaTopHMX yMOBax NpoBeAeHO NOPIBHANbHE
DOCNIHKEHHS BIAHOBNEHHSA OKCUay MiTilo KpeMHIEM Ta
antoMiHieM BakKyymTepMiyHUM MeTogom. BctaHosne-
HO, LLO BiOHOBIEHHSI KPEMHIEM MOPIBHAHO 3 antoMiHi-
€M BuMmarae Bully Temnepatypy (1200 °C ) i MeHLuiA
3anuMwKkoBun TUCK (He Binbwe 0,1 mm pT. cT.). OgHak
antoMmiHin 3abesnevye MeHLWy TpuBanicTb BigHOBMEH-
Hs1, BiNbLUY NPOAYKTMBHICTD i BinbLl YNCTUI MeTan.

OTpvMaHi gaHi 34e6inbLIoro y3rompkyoTbes 3 pe-
3ynbTatamu nitepaTypHuUX OOCRiMKeHb Ta LO3BOMS-
I0Tb 3pOOMTUN OBr'pyHTOBaHWIA BMOIp TEXHOMOTII BUPO-
OHMUTBa niTit0 AN ManbyTHIX MigNpUMeEMCTB NiTieBOl
NPOMMUCNOBOCTI YKpaiHu.
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Jocaixxenns npoueciB TBepaAiHHs 205 TOHHOr0 KOBaJIbChbKOI'0 3JIUB-

Ka HA X0JI0AHiN QizuuHiil Moaesi

Protokovilov LV., Porokhonko V.B.

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

physical model

Mema. BusHa4yeHHs ernnusy napamempis enekmpouwiakogozo obiepigy (ELLIO) i nidxueneHHs npubymkosoi yacmuHu
351usKa pisHoi 2eomempii Ha rpouec meepdiHHA y sunusHuyi 205 MOHHO20 cManeso2o K08asibCbKO20 3/1U6Ka i po38u-
mok y HbomMy Oeghekmig ycadKo8020 MOXOOKEHHS.

Memoduka. [JocnidxeHHs1 nposoousnu wsxom izudHo20 ModesroeaHHs Ha X000Hil npo3opili Modeni sika imimye ro-
83008xHil nepepi3 snueka. Modernb sukoHaHa y macwmabi 1:15 3 dompumaHHsaIM 2eoMempuyHoi modibHocmi 0o Hamy-
pHO20 06'ekmy ma 3 ypaxysaHHsIM Kpumepiig no0ibHOCMI, SKi xapakmepu3sytomb OCHO8HI mernnogi3uyHi npouecu rnpu
modesoeaHHi ma 8 peasnbHUX yMosax. ExkcriepumeHmu npogodunu npu mpaduuiliHit cxemi meepoiHHS 31ueka 8 euru-
8HUUj, @ MaKoX 3 BUKOPUCMAaHHSIM pi3HOi eeomempii Mpubymkoeoi YacmuHu 3nueka i 3acmocysaHHsmM ELLIO ma nidxu-
8I1eHHSI.

Haykoea Hoeu3Ha. 3acmocysaHHsi ELLIO npu3eodums 0o rnepepo3nodiny 20puU3oHMarbHOI | eepmukanbHOI ckiadogux
rpocysaHHs1 ¢hpoHMy Kpucmarnisauii, 3MilyeHHs mernioeozo ueHmpy y npubymkosy YacmuHy 3r1ueka i 00 36inbWeHHs
Kyma Haxury V-nodibHoz2o ¢hpoHmy Kpucmarnidauii, 4epe3 wo CmeoproMmbCs Cripusamiusi ymosu Osi yCYHEHHST 0CbO-
801 nopucmocmi ma 3MeHUWeHHs fikeayitiHuUX rpouecis.

Pe3ynbmamu. Po3pobrieHo ¢hizuyHy Modenb 0n1d gusqeHHs npouecie meepdiHHa 205 MoHHO20 cmanegozo 35ueka y
8UIIUBHUUI 8 YMOBax e/1eKmpowiakogozo obiepisy ma nidxueneHHsl, sika 003607Isi€ 8i3yarlisygamu OCHOSHI rpouecu,
wo cynposodxyoms chopmysaHHs meepdoi ghazu. Ompumani Hosi ekcriepumeHmarnbHi 0aHHi wWodo napamempie mee-
POiHHS 3r1uekKa y sunusHuyi 8 ymosax ELLIO i npu pi3Hil 2eomempii npubymkoeoi yacmuHu 3rueka.

lMpakmu4Ha 3Havywjicmb. 3acmocysaHHs ELLIO i nidxueneHHs piOKuM memasiom 3abesrneqye yCyHeHHs ycaol-
KOB0I pakog8UHU 8 rpubymkosili YacmuHi 3/iusKka, Wo 8 ymoeax supobHuymea 205 moHHO20 3/ueka 00380/1UMb 3MEH-
wumu Ha 70% 06'em npubymkoeoi yacmuHu 31usKa i mum camum 3eKoHomumu 00 25 moH Memarny, skul ide Ha obpi3.

Knroyoei cnoea: 3nusok, gisudHe mModesntosaHHs, Kpucmanidauisi, cmpykmypa, enekmpouwsiakosul obiepie, enekm-
pouwnakose rioxuerneHHs

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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BcTtyn. OCHOBHMMUM CroXuBayaMy BENUKMX KOBa-
NbCbKMX 3MUBKIB € eHepreTuyHe Ta BaKKe MalUWHO-
OyaoyBaHHA. 3 Takux 3MMBKIB BUrOTOBMSIOTb POTOPM
TypbiH, OeTani KopnyciB peakTopiB, Banmu rpebHux
FBMHTIB Ta NPOKATHMX CTaHiIB, AeTani ximiyHoro obna-
OHaHHSA Towlo. Buxoasum 3 ymMOB ekcrninyaTauii Takux
aetanen (OMHamiyHi HaBaHTaXXEHHS, NiOBULLEHI TeM-
nepaTtypu, arpecvBHi cepefoBuwia) O iX meTtany
CTaBnATb BUCOKi BUMOTK [1-4].

YMOBWU TBEPAiIHHA BENUKUX KOBAarbCbKUX 3MMBKIB
(Benuknin 06'eM pigkoro metany i TpMBanumn Yac noro

TBEPAIHHSA) NPU3BOAATL A0 3HAYHOrO PO3BUTKY B Me-
TaneeBoMy poa3nnasi MikBaUiHWX i ycaaKoBKX mnpoLe-
CiB i, AK Hacnigok — isany4HoI Ta Ximi4HOT HeoaHopIa-
HocTi nutoro metany [5-8]. Npn noganbLwii Tepmo-
MeXaHiuHi 0b6poOLi HeOOHOPIOHICTb 3MMBKa ycnagko-
BYETbCH MOKOBKOI i HaniBabpukaTtamu, sKi oTpumy-
€Tbcs 3 Hboro [9-10]. Tomy npobnema BOOCKOHANEH-
HA TEXHOJOTi BUIOTOBIEHHS BENMKUX KOBAITbCbKUX
3MMBKIB A0CI 3an1LIaeTbCa akTyarnbHO.

LLle ogHieto 3 npobnem npu BUPOOHMUTBI BENNKMX
KOBamnbCbKMX 3MUBKIB € 3Ha4HWI 06'eM MpubyTKOBOI
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YacTVHM 3MMBKA, Ska Mae AedeKTn ycaakoBOro xapa-
KTepy, | SIKy BMAansiTb Npu noganbliuni obpobui
3nmeka. Hanpuknag gna 205-ToHOro 3nvBka Maca
NpubyTKOBOiI YacTMHU cTaHoBUTbL Gins 40...45 ToH.
Llen metan ige y Bigxogn. Tomy akTyanbHWM 3a-
BAAHHAM € MOLUYK LUMAXiB 3MEHLLEHHS 06'emy npuby-
TKOBOI YaCTUHW 3NMBKa, | BIANOBIgHO, MeTany, Wo ige
y Bigxoaw.

ExkcnepumeHTanbHi 4oCnigKeHHs1 NpoLeciB, SKi Bi-
ObyBaloTbCs MpU TBEPAiHHI BENUKUX 3MNUBKIB OyXe
cknagHi i 3aTpaTHi. B umx ymoBax AouinbHO 3aCTOCO-
ByBaTN MeToau (Pi3sMYHOro MOAESNOBAHHSI Ha XOnopa-

Mopgenb aBnse cobot NNOCKY EMHICTb, WO iMITYE
NOB3A0OBXHIN Nepepi3 3nvBka. Moaenb BUKOHaHa Y
mMacwTabi 1:15 3 gOTPUMaHHAM reomMeTpuU4HOi NoAIG-
HOCTi 0O HaTypHOro ob'ekty — 205-TOHOrO KoBarbChb-
KOro 3nvBka. Taki 3NUBKM BianMBalTb Ha OAHOMY 3
MeTanypriviux NignpuemcTB B YKpaiHi i npu ix Bupo-
OHMLTBI BMHMKaOTb NpobrnemMun y BUrNsAi OCboBOiI No-
pucTocTi Ta AedpekTiB nikBauinHOro xapakrepy. 3a-
3Ha4yeHUn macwTab Mogeni obpaHuii 3 ypaxyBaHHAM
HasiBHOro JOCBiQy MOAENoBaHHA MogibHMX npouecis
i 3 HeobXigHOCTI 30epeXeHHs1 SBULL, XapaKTepHUX
ONs NpoLeciB TBEPAIHHS BENUKNX 3NUBKIB.

HwxkHa Ta GiyHi CTiHKM Mogeni BUrOTOBMEHi 3 BO-
J00X0NoMKyBaHOro MeTarneBoro npodinto, a nepea-
Hsi Ta 3aQHA CTiHKM — 3 ONTUYHO MPO30POro mMarepia-
Ny 3 HU3bKOK TEMMOoNpPOoBIAHICTIO. Y BEPXHIN YaCTUHI
MoZeni BCTaHOBMEHi Haknagku 3 mniHonomnicTupony,
WO iMITYIOTb TEnmnoi3ontoYi BKMagku npubyTkoBol
HaCTaBKW. 3 METOK BWIYYEHHsI 3aTBEpAINIoro Mo-
OENbHOTO 3NMBKa EMHICTb BUKOHaHa po3bipHOL0.

Y AKOCTi MOOENbHOI PiAMHM 3aCTOCOBAHO PO34MH
Tiocynbdaty HaTpito (Naz2S203) Skuii TBepaie No AeH-
OpUTHOMY MeXaHiamy. Temnepartypa nnaBneHHs Ti-
ocynbdaty HaTtpito mae cknagae 48,3 °C i BiH 30epi-
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HUX MAPO30pPUX MOAensx 3 AOTPUMAHHAM KpuUTepiiB
nogdibHocTi [11-13].

MeToto gaHoi poboTy Byno BU3HAYEHHS BMIINBY
napamMmeTpiB enekrpownakooro obirpisy (ELLUO) i ni-
DKMBMEHHs1 NpUBYTKOBOI YaCTUHW 3MMBKa Pi3HOI reo-
MeTpil Ha npouec TBepAiHHA y BUNuBHULI 205 TOHHO-
ro CTaneBoOro KOBanbCbKOMo 3MMBKa i PO3BUTOK Yy
HbOMY AedEKTIB yCaOKOBOrO NOXOKEHHS.

MeToauka npoBefeHHA gocnigkeHb. [1na npo-
BeEHHA ekcnepumeHTiB 6yna po3pobneHa Ta BuUro-
TOBMEHa XOnoJdHa npo3opa Modenb, sfka [03BOMse
Bi3yari3yBaTu OCHOBHi MPOLIECH, LLO CYMPOBOLXKYIOTb
dopmyBaHHS TBEpAoi dasu (puc. 1).

[

Puc. 1. 3oBHiWwHin Burnag isnyHoi mogeni Ans AoChigKeHHs npouecy KpucTanidauii KoBanbCbKOro 3nmeka:
1 — BOOOOXONOAXYBaHMIN Npodinb; 2 — CTiHKa 3 ONTUYHO MPO30POro maTtepiany; 3 — TennOoi30NYI HakNaakwy;
4 — piguHa, WO MOAEeroe WNAKoBY BaHHy; 5 — TepMonapa; 6 — HarpiBanbHWN enemeHT; 7 — Tennosi3op; 8 — Bi-
Aeokamepa

rae onTU4HYy NPO30PICTb A0 MOBHOrO TBEPAiIHHSA, L0
003BONSE BidyanbHO criocTepiratu npouecu opmy-
BaHHSA KpucTaniyHoi 6ygosu 3nueka. [pu ubomy, 3a
AaHnmy poboTtun [13], TennodisnyHi BNacTMBOCTI Ti-
ocynbdary HaTtpilo cnisnagatoTb 3 yMoBaMu TBepLiH-
HA cTani.

BignoeigHicTe npouecie, wo BigbyBawTbcs npu
MOAENIOBaHHI Ta B pearibHUX YMOBax Npu po3nuBaHHi
Ta KpucTtanisauii NpoMUCNOBKX 3MUBKIB, OLIHIOETLCSA
3a OMOMOrO HAaCTYMNHWX KpuTepiiB nogidHocTi [13]:

- kputepin ®pyna (Fr), akun xapaktepusye cnis-
BiHOLUEHHS CUN iHepLil Ta TSHXKIHHS;

- kpuTepin PenHonbaca (Re), wo Bu3Hayae xapa-
KTep rigpoavHamiyHKX Tedi y posnnasi (namiHapHuit
U TypOYyneHTHUI);

- KpuTepii Bebepa (We), wo 6asyetbca Ha Bia-
HOLLUEHHI Cun iHepuii pigvHM OO CWil NOBEPXHEBOTrO
HaTary piguHm;

- kputepin bio (Bi), Skun BU3Ha4Yae xapakrep Ten-
NOOOMIHY MK HarpiTum po3nsiaBoOM i HaBKOJALLHIM
cepefoBuLLEM;

- KpuTepi roMoxpoHHocTi dyp'e (FO), KM Xapak-
Tepusye ChiBBIOHOLLEHHS MDK LUBUAKICTIO 3MiHW Ten-
NOBUX YMOB B OTOYYHOHOMY CEpefoBULLi i LWBUAKICTIO
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nepebynoBun nons Temnepatypy BCepeavHi poanna-
BY;

- KpuTepin TBepaiHHA (dasoBoro nepexogy) (N),
L0 ONWCYE BIQHOLIEHHSA TemnoTn a3oBOro Nepexo-
Ay 00 TennoTu OXONOMKEHHS.

3HayeHHs BiAnoBigHWMX KpuTepiiB NoaibHOCTI, po3-
paxoBaHi Anga isnyHoi Moaeni i HaTypHOro npowecy,

JIleopis i NPaKMUKg Memarypeii

HagaHi y Tabn. 1. AHani3 yux gaHux nokasye, Lo XO-
Ya BOHW i BiOpI3HAIOTLCA OOWH Big OAHOro, ane Big-
MIHHICTb HE MepeBuLLYE OOMH MOPSAOK, L0 AOonycKa-
€TbCS B AOCHIMAKEHHSX | rOBOPUTL MNPO NOPIBHSHHICTb
JocnimpKyBaHUX npolecis B Mogeni i HaTypHOMyY npo-
ueci [13].

Tabnuuga 1. 3HayeHHs kpuTepiiB nogibHOCTI Ans isnyHOI Mogeni | HaTypHOro npouecy

Kputepin nogibHocTi diznyHa mogenb HaTypHuii npouec
Kputepin Ppyaa (Fr) 2,8x105 3,67x10°
Kputepin PenHonbaca (Re) 28 260

Kputepin Bebepa (We) 7,56x10 5,83%10-3
kputepin bio (Bi) 1,02x10-8 1,73x10”7
Kputepin dyp'e (Fo) 1,083x10+* 6,34x10
KpuTepin TBepaiHHsA (N) 0,52 4,01

[Mepen npoBeaeHHSAM eKCcnepuMEHTIB Tiocynbdat
HaTpito po3nnaensany B MydernbHiin nedi, notiM poan-
naB nofgaBanu B MOAENbHY EMHICTb crnocoboM cu-
¢oHHOI 3anmBku. TemnepaTypa poO3NMBaHHA y BCiX
BUNagkax ctaHoBuna 68°C.

Mpn mMogentoBaHHi Npouecy Kpuctanisauil 3nmBka
3a TpaguuiiiHoo cxemoto, 6e3 ELLO, nicna 3anos-
HEHHs1 EMHOCTI B ii BEPXHi YaCTWHi BCTAHOBIOBaNM
TENmMoi30MoYy KPULWKY 3 miHononictupony (abo no-
AaBanu noAapibHeHUn MiHOMOMICTUPOST Ha MOBEPXHIO
BaHHMW), WO iMiTyBano yTenneHHs npubyTKoBOI 4Yac-
TWHW 3MKMBKa.

IOna mopentoBaHHs npouecy EWIO Ha noBepxHto
po3nnaBy 3anvBanu Onito, WO iMiTyBana LUfakoBy
BaHHy. Onito nigirpisanu 3a 4ONOMOroK 3aHYPEHOro B
Hel HarpiBanbHOro eniemeHTa. Temnepatypy onii pe-
rynioBany LUMSXOM 3MiHWM CUIW CTPyMy B HarpiBarib-
HOMY €efleMeHTi, a KOHTPOMBanu — 3a JOMoOMOro
TepMonapu, po3TalloBaHOi Ha 2..4 MM BULLE MEXi

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

[nsa imiTauii npouecy enekTpoLunakoBoro nigKme-
NEHHs, Y po3nfiaB, Ha 3akouHIN cTagii TBepAiHHA
3MMBKa, NepPioguYHO, HEBENMKNMIM MOPLISIMU BBOAWIU
nigirpitun go 60...65 °C Tiocynbdat Hatpito. O6'em
Tiocynbgarty HaTpilo, WO gofaBanM B €MHICTb, CTa-
HoBuB 6nm3bko 1...3 % Big 3aranbHoro.

®dikcauilo npouecy TBepdiHHA NpoBOAUNM 3a OO-
nomoroto ¢OTO- Ta BIOEO3WOMKM. TemnepaTtypy
po3nnaBy KOHTpontBanu Tepmonapamu. [ns
OL|iHKX TenrnoBKX NpoLeciB Npy KpucTanisauii 3nmeka
NpoBOAUNM TEPMOMETPYBAHHSA NOBEPXHI MOAeNi npo-
TArOM BCbOIO Yacy TBEPAIHHSA 3 BUKOPUCTaHHAM Ten-
nosizopa Wintact WT3160.

EkcnepmeHTn NpoBoaunu Npu TpaauuUinHin cxemi
TBEPAIHHA 3MUBKA, @ TaKOX 3 BUKOPUCTAHHSM Mpuby-
TKOBOT YaCTUHU 3NMBKa Pi3HOI reoMeTpil Ta 3acTocy-
BaHHAM ELIO i nimkueneHHs. OCHOBHI napameTtpwu
npoBegeHNX eKCrnepuMeHTIiB HadaHi B Tabn. 2.

Tabnuusa 2. OCHOBHI NapameTpu Ta pe3ynbTatu PisYHOro MogentoBaHHs

Ne | Metog snnusy | lNpubytkoBa |Temnepa- | Temne- Yac nosHoO- | HasiBHiCTb MmubuHa
n/m| Ha  TBEPAIHHA | YacTuHa Typa 3a-| patypa ro TBepaiH- | aedekTis yCaKoBOI
3nMBKa TNIBKM, nigirpisy, | HA 3nuBKa, | NO OCi 3MU- | PaKOBWHMU,
oC oC XB BKa MM
1 6e3 BBy CTaHgapTHa 68 - 280 € 110
2 6e3 BBy 3By)XeHa Ha |68 - 265 € 90
30 %
3 EWO + nimpku- | 3BykeHa Ha |68 57...62 285 € 100
BITEHHS 45 %
4 ELLIO + nigpku- | a3meHweHa no |68 52...60 302 BiOCYTHI 15
BIEHHS BUCOTI Ha
70 %

Pe3ynbTtatu eKCcnepuMMeHTIiB Ta OOroBOpPEHHS.
[aHi, Wwoao noBHOrO 4Yacy TBEPAIHHA MOAOeSbHUX
3MMBKIB, HASIBHICTb B HUX AedekTiB i rmmbuHy ycagko-
BOi paKkoOBMHW HaBedeHi B Tabn. 2. 30BHILLHIA BUrMSA

3MMBKIB MiCNA  MOBHOrO TBEPAiHHA MOKa3aHo Ha
puc. 2. inHamika npouecy TBepAiHHS 3MNUBKIB Ta Tep-
MOMETPYBaHHS! iX MOBEPXHi NpeAcTaBneHi Ha puc. 3-
4.
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Exkcn. Net Excn. Ne2

Ekcn. Ne3 Excn. Ne4

Puc. 2. 30BHIiLWLHIA BAMMSG MOAENbHUX 3NMBKIB MiCMsi MOBHOMO TBEPAHHS

AHani3 oTpMMaHux AaHuX BKasye Ha Te, Lo enek-
TpoLunakoBun obirpiB cnpusie 30inbLUEHHIO KyTa o,
SAKUA XapaKTepusye reomeTpito (OPOHTY KpucTanisauii
meTany (puc. 3). 3a BiACYTHOCTI €neKTpoLLIakoBOro
o6irpiBy (ekcn. Ne1-2) kyT o CTaHOBWB y cepeaHboMy
— 4,5..6,0°. Y pasi 3actocyBaHHs ELUO (ekcn. Ne4)
BiH 36inbwwueca go 7,0...9,0°. Lle BuknukaHo gopar-
KOBVM [HKepenom TennoBuaineHHs y npubyTkosin va-
CTMHI 3NMBKa, BHACIIAOK YOro TEMfoBMI LEHTP 3Mi-
WYETbC Y BEpPXH NpuUOYTKOBY 4YacTUHY
(puc. 3, Ekcn.Ne3-4). Taka 3miHa reomeTpii ppoH-
TY KpucTanisauii 3H/KyE NMOBIPHICTb YTBOPEHHS, Npun
TBEPAiHHI MeTany, 3aKpUTUX MOPOXHWH NO OCi 3NMBKa
3 po3nnaBoM, N030aBNEHNM MiMKMBMNEHHS, | TUM ca-
MUM 3anobirae yTBOPEHHIO OCbOBOi MOPUCTOCTI.

MpoTe, He3Baxatoum Ha 3actocyBaHHs ELLO, npu
3BYXeHin Ha 45 % npubyTKoBOi YacTUHW 3nvBKa 306i-

NbLUEHHS KyTa o He crnocTepiranocs. BHacnigok upo-
ro, sik B ekcriepumeHTax Ne 1-2 6e3 ELLO, Tak i B ekc-
nepumeHTi Ne 3, no oci mogenbHUX 3nuBekiB 6ynu Bu-
sABNeHi aedekTn y BUrnaai MikponopucTocTi (puc. 2).
YTBOPEHHST Taknmx OedeKTiB NOSICHIOTb AaHHI, OTpU-
MaHi Npy TepMOMETPYBaHHI MOBEPXHi 3MnvBKa. BoHu
nokasyloTb, WO npu 3actocyBaHHi ELLO i 3ByxeHin
NPUOYTKOBIM YaCTWHI 3nNnBKa TEMSIOBUN LIEHTP 3MiLLy-
€TbCS Y BEPXHIO YacTuHy 3nmBka. MpoTe no noro oci
YyTBOPIOETbCA OPYrMA  TennoBui UeHTp (puc. 3,
Ekcn.Ne3, 160 xB.). Came ue npm3Bogntb 0o opmy-
BaHHS MO OCi 3MMBKA 3aKPUTMX MOPOXHWH 3 PiaKUM
MeTanom i B noganbloMy — ycagkoBux AedpekTis.
AHanoriyHa cutyauis 3 yTBOPEHHsIM OpYyroro Temnso-
BOrMO LEHTPY MO OCi 3nuBKa crocTepiranacs i npu
TpaguuUiHIin  cxeMi TBepaiHHA 3nuBka (puc. 3,
Ekcn.Ne1, 210 xB.).

Ekcn. Ne 1 L3

30xB 90 xB

150 xB 180 xB

Ekcn.Ne 2

190 x8 240 xB

150 xB
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Q.30 =
C
=3

30 xB 60 xB

Ekcn. Ne3 o -

120 xB 160 xB

90 xB

Ekcn. Ned4 o

120 xB 160 xB 190 xB

Puc. 3. OnHamika npouecy TBepAiHHA (a) | TepMoMeTpyBaHHA NoBepxHi moaeni (6) nig Yac TBepAiHHA 3nmB-

KiB

B ekcnepumeHTi Ne4 3 BukopuctaHHsm ELLO i
3meHLweHoi Ha 70 % npmByTKOBOI YacTWHK MO iT BUCO-
Ti, OCbOBa MOPUCTICTb MO OCi 3nuBKka Byna BioCyTHA
(puc. 2, Ekcn.Ne4). Tennosun LeHTp OyB 3MieHnn y
npubyTKOBY YaCTUHY, YTBOPEHHS APYroro Temsno-
BOIO LIEHTPY He cnoctepiranock (puc. 3, Ekcn.Ne4).
Lle Bkasye Ha edhekTuBHICTb 3acTocyBaHHs ELLIO ans
YCYHEeHHs1 aedekTiB B OCbOBOI 30Hi 3MMBKa, BUKMMKa-
HWX PO3BUTKOM YCaOKOBUX ABULLL.

Takox cnig 3ayBaxuTu, WO 3actocyBaHHs ELLO
npu3BOaNTL A0 Nepepos3nofiny ropu3oHTanbHoI i Be-
pPTUKanNbHOI CKagoBUX NPOCYBaHHS (PPOHTY KpucTa-
nizauii (puc. 4). B unx ymoBax nocTtynoBo 306i-
NbLYETHCA BepTMKanbHa CKNagoBa NPOCyBaHHSA
TBepaoi asu (BM3HaAyaeTbCA KYTOM Haxuny
KpMBUX Ha puc. 4), dka Ha 3akn4vyHoMy eTani
TBEPAiHHA 3MUBKaA NMOYMHAE nepeBaxaTu Hapg
ropu3oHTanbHOW cknagosoto. Lle Tex 3abes-
neyye CnpuaTnNMBi YMOBU ANS YCYHEHHS1 OCLOBOI Mo-
PUCTOCTi Ta 3MEHLUEHHS NiKBaLiHMX NPOLECIB.

CTpyKTypy rONOBHWX YacTUH MOAENbHUX 3MNUBKIB
HaBefeHo Ha pwuc. 5. 3a BigcyTHocTi ELLIO B npubyT-

KOBI YaCTWHI 3MUTKIB € BENUKi yCagKoBi PakoBMHM,
Lo MatoTb KOHYCHY V-nogibHy dopmy
(puc. 5 Ekcn.Ne1,2). IxHa rnubuHa (BucoTa) cTaHo-
BuTb 110 Mm - ang ekcnepumeHTy Net i 90 mm - gns
ekcnepumeHTy N2 (y nepepaxyHKy Ha pearnbHui
npouec — 1,6 m i 1,3 m BignosigHo). B 06ox Bunagkax
YyCaAKOBi PAKOBUHW BUXOAMNN 3 NPUBYTKOBOI YacTNHU
B TifNO 3nuBKa.

B ymoBax EWO i 3ByxeHin Ha 45 % npubyTkoBOi
YaCTMHW 3MMBKa TaKOX CnocTepiranacs 3HayHa ycag-
KoBa pakoBuHa rnubuHoto 100 MM, sika BuMxoauna 3
NpubyTKOBOI YacTUHU B Tino 3rMBKa
(puc. 5 Ekcn.Ne3). BoueBuab, Lo Taka 3MiHa reomeT-
pii NpnBYTKOBOI YaCTWHWU 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-
noginy TensoBOro Mons 3nuBka, Lo NpM3BOAMTb A0
PO3BUTKY YCaOKOBUX NPOLIECIB.
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Puc. 4. mHamika npouecy TBepAiHHSA y ropm3oHTanbHoMy (1) i BepTuKanbHOMY (2) HanpsiMKkax

Exkcn. Ne?2

Ekcn. Nei
Puc. 5. CTpykTypa ronioBHOI YaCTUHWN MOAENbHUX 3ITMBKIB

KpaLlwui pesynbtati 6ynu otpumani B ymosax ELLO
Ta 3MEHLLUEHOI MO BUCOTi NPUOYTKOBOI YaCTUHW 3NNB-
ka. Y uboMy BMMagKy ycagkoBa pakoBMHA MOLUUPIO-
Banacsa nuwe Ha 15 MM, WO y nepepaxyHKy Ha pea-
NbHWIA  npouec  cTaHoBuTb nMwe 0,22 ™
(puc. 5 Exkcn.Ne4). Matepian ronoBHOI YaCTUHW 3M1B-
Ka XapakTepusyBaBCs LLIMbLHOK CTPYKTypoto 6e3 Ae-

34

Exkcn. Ne4

Exkcn. Ne3

dekTiB Npy Marixke Nockin opMi BEPXHBOT NOBEPXHI
anueka. Llen ecdhekt Byno 4ocarHyTo 3a paxyHok ene-
KTpoLUakoBoro obirpiBy i koMneHcawii ycagkv gopar-
KOBUMU MOpLissIMX po3nnasy, WO NogaBanu Ha A3ep-
Kano BaHHW Ha 3aKMiouYHin cTagil TBepAiHHA 3ruBKa.
Kpim Toro, MmimKkMBNeHHA Cnpusino 4o4aTKOBOMY OOir-
piBY rOMOBHOI YaCTUHMW 3MMBKa TEMOM, LIO BBOAUTb-
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cs 3 nopuismu nigirpitoro go 60...65 °C posnnasy, a
TakoX MepeMillyBaHHIO BaHHU, AKe iHilinoBaHe noTo-
KaMu LibOro po3nnasy.

Loao popmyBaHHS HMKHBOI YaCTUHU MOAENBHMX
3MMBKIB MOXHa BigsHauuTy, wo ELIO mano snnuHyBs
Ha X CTPYKTYpOYTBOPEHHsi B 0bnactax Big OOHHOT
yactnHm go Bucotn 0,5...0,6xHsn, ae Hsn — Bucota
anuBeka. Lle pae nigcrtasy BBaxatu, wo ELLO moxHa
noyvMHaT He Bigpasy nicnsd posnuBaHHA MeTany Yy
BUMMBHULIIO, @ Yepe3 AesKkuiA NpOMDKOK vacy. Y Town
e yac HeobXigHO BpaxoByBaTw, LUO B YMOBaXxX BiacCy-
THOCTI OBirpiBy rofIOBHOI YaCTUHM BXe Ha NO4aTKOBMX
eTanax y BEpXHill YaCTUHi 3MMBKa MOXe YTBOPUTUCS
ABodhaszHa 30HA, SKa 4YaCTKOBO MnepekpumBae 06csAru
pigKoro MeTany, Lo 3HaxoAsTbCA HWK4Ye, i ycknag-
HIOE MOro NiMKMBIEHHSA B Winomy, Yyac noyatky 3ginc-
HeHHs1 ELLIO i xapaktep 3MiHM NOTY)XXHOCTI, WO BBO-
ONTbCA NpY LbOMY, BUMaratoTb NOAANbLLOrO BUBYEH-
HA Ta OOrpYHTYBaHHS.

AHani3 ekcnepMMeHTanbHMX OaHUX MOKAa3ye, LUO
Yac MOBHOrO TBEPAIHHA MoaenbHoro 3nueka Ne4,
oTpMMaHoro 3 BukopuctaHHam ELLO, 36inbwmBea Ha
8%. MNpoTe 3acTtocyBaHHs B JAHOMY BUMagKy 3MeH-
weHoi Ha 70 % npuOYTKOBOI YaCTUHW, OO3BONUTL B
YMOBax pearnbHOro metanypriiHoro BupobHuuTea 3e-
KOHOMUTW A0 25 TOH meTary, sikuii ine Ha obpis.

B uinomy, pesynbtatn isn4HOro MoaentoBaHHSA
KpucTanisauii 205-TOHHOro KoBasnbCbKOro 3nmMTka CBi-
AyaTb Mpo MO3UTUBHWIA BMMVB €MEKTPOLUIaKoBOro
obirpiBy Ta nigpKMBNEHHSA Ha MOro kpuctanivyHy 6ygo-
BY Ta BigMNoBigalTb BiJOMUM YSBMEHHAM MPO KpuC-
Tanisawito 3nuBkiB B BUNMBHWLI. Lle roBopuTb Npo ski-
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CHY BIZ4NOBiOHICTb po3pobrieHoi gidnyHoi Moaeni Ha-
TYpHOMY npouecy.

BucHoBku.

1. Po3pobneHo oisauyHy mogenb Ans BUMBYEHHS
npouecis TBepAiHHA 205 TOHHOro cTaneBsoro 3numeka y
BUMMBHWLI B YMOBaXx €reKTpoLUnakoBoro obirpisy Ta
NiJKUBMNEHHA, SIka [O03BONSE BidyanidyBaT OCHOBHI
npouecu, Lo CynpoBOAXYOTb POPMyBaHHA TBEPOOI
dasn. OTpuMaHi ekcnepumeHTanbHi JaHHi niaTBep-
DKyHOTb SIKICHY BignoBigHICTb po3pobrieHoi didnyHol
MoZeni HaTypHOMY MpoLiecy.

2. BctaHoBneHo, wo 3actocyBaHHa ELIO
Npu3BOAWUTb OO 3MillEHHS TEnnOBOro LEHTPY
y NpubyTKOBY YacTUHY 3nuBKa i A0 36inbweH-
HS KyTa Haxuny V-nogibHoro dpoHTy Kpucta-
nisauii, yepes wo 3abesneyye CNpUATNNBI YMOBU
ONS1 YCYHEHHs1 OCbOBOI MOPUCTOCTI Ta 3MEHLUEHHS Ni-
KBaLiNHWUX MPOLECIB.

3. MNokasaHo, wo EWO i nigxmBneHHs pia-
KMM MeTanom 3abesnedvye yCyHeHHs1 yCaakoBOi pa-
KOBWHM B NMPUOYTKOBIN YacCTWHI 3MMBKa, LIO B yMOBAaX
BMpoOHMUTBA 205 TOHHOrO 3MMBKa A03BOMUTb 3MEH-
wutn Ha 70% o6'em MpubYTKOBOI YacTUHM 3nMBKA i
TUM CaMUM 3eKOHOMWUTW A0 25 TOH MeTany, sikui ige
Ha o0pi3. [Npu LuboMy 3aranbHUN Yac TBEPAIHHSA 3NMB-
Ka 30inblUyeTbCS B cepeHboMy Ha 8 %.

4. MowmitHoro BnnueBy EWIO Ha cTpykTypOyTBO-
PEHHSI HWKHLOI YaCTMHW MOAENbHMX 3MuBKIB (Big
poHHoi yactuHm go Bucotn 0,5...0,6xHan, ge Han —
BMCOTa 3NMBKa) BUSIBIIEHO He Byro.
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TOYHE JINTBO CILIABIB IIJIIXETHUX METAJIB Ta BU3HAYCHHSA CHelialib-

HHUX BJJACTUBOCTEH

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

AHomauyis. lpobrnema po3sumKy HO8IMHIX mexHosoeili O eu2omossieHHs1 8upobig 3i criiagie Konboposux Memariis
sidobpaxkae HUHIWHIO akmyarbHy nompeby 800CKOHaNEHHS MPOUecie supobHUUMEa 3 MemOK 3HUXEHHS KiflbKocmi
bpaKkosaHUX 3a20Mmo8OK, MOKpaweHHs i3u4HUX enacmusocmeti demariell, a MaKoX 3Hax0XeHHsI Ho8UX crisiasie ma
800CKOHareHHs1 enacmusocmeti HasigHUX. [TokpaweHHs1 enacmueocmeli crinasig nidsuwUMb 8Ci MOKa3HUKU 8UpO6-
Huymea, a came KifnbKicmb ma SKiCmb 8UMUSKI8, wo nidsuwye npodyKmueHiCmbe npayi ma eKOHOMIYHI MOKa3HUKU
nidnpuemcme.

Y npoueci 8uKoHaHHS1 HayKO80-meXHIiHHUX OOCITiOXeHb 3a Uieto meMoro nposedeHo o0erisid icmopil i docsizHeHb y 2arny3i
8U20MO8IIeHHS 8UIUBKIE 3i crinasis-imimamopie ma crinasie 651a2opodHUX Memariie, po3asiHymo 3006ymku i HeOoriKu,
a makox orucaHo Moxrnusi nepcriekmusu docnioxeHb. Ocobrnusy ysazy 3ocepedxeHo Ha crocobi nummsi 3a Moodersi-
MU, W0 8umonnms, adxe Ha Cb0200Hi ye HalnowupeHiuwuli Memo0 ompuMaHHs 8USIUBKIE MOYHUX ma H8eripHUX
8upobis. 3 pozsumkom mexHonoeili 3D-0pyKy ma gppesepysaHHs 3’18unacsi MOXJ/UGICMb CMEoPH8amu MOYHIi 80CKOBI
modeni 3a nid2omoeneHo y Komm'tomepHil npoepami 3D-modenno, wo dae Moxnusicms nepedbayumu pesynbmam
npouecy, a makox nonepedumu mMoxnusi Hedoniku. KiHyesuli pedynbmam 3anexums 8i0 bacambox ¢hakmopis.
Knroyoei cnoea: JINTBO 3A BUTOITIKOBAHUMW MOAEJISAMU (J11IBM), ®OPMA-MOHOJIIT, BUITMBOK, CI1/1AB-
IMITATOP, CIJIABU BITATOPOAHUX META/JIIB, 3D-APYK, ®PE3EPYBAHHA, BOCKOBA MOAEJIb, 3D-MOAEJIb

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
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BcTtyn

B YkpaiHi 6nn3bko gBOX TUCSAY BENUKMX Ta Manmx
HOBEMIpHMX MIANPUMEMCTB Ta MaNCTepPeHb, BINbLUICTb 3
SAKUX BMKOPUCTOBYIOTb AMS1 BUFOTOBMEHHSA MpoOAyKLil
MeTOo NUTTS 3aroTOBOK.

Cnoci6 To4HOro NUTTS, a came NUTTA 3a Moaens-
MU, LLIO BUTOMNSIIOKOTL, — Le YHiBepcanbHWUi i BUCOKO-
TOYHWUIA BUPOBHMYMI MPOLIEC, SKUA BUKOPUCTOBYETHCS
B Pi3HWX ranyssx MPOMWUCIIOBOCTI Arisi CTBOPEHHSA
CKMagHMX BUCOKOSIKICHUX MeTaneBux getanen. Llen
cnocib Havikpalle 3apekomeHayBaB cebe y BMroToB-
NeHHi  toBenipHMX BMpobIB, a TakoX LUMPOKO
PO3MOBCIOMKEHNN | Yy MalMHOOYyOyBaHHI, agke Oae
3MOry BUFOTOBMNATU AeTani npaktuyHo Byab-skol
CKITaHOCTi.

Ak i iHWi cnocobw ToyHoro NUTTS (NMUTTS Nig TUC-
KOM, y KOKiflb, 3a MOZEnsMK, Wo rasndikyoTbes),
cnocib nuTTa 3a mogensamu, Wwo ButonmooTb (JIBM)
Ma€e sK nepeBarn, Tak i Hegonikn. 3 iHWoro Ooky,
AKLWO AOTPUMAHO YCiX TEXHOMOrYHMUX YMOB Ta BUKO-
pUCTaHO KOHAWLINHY CUPOBUHY, B pesynbTaTti oTpu-
MYETbCS SIKICHUA BUNMBOK 3 OOHOPIAHOK CTPYKTYPOIO
Ta noepxHeto. Came TOMy MOLUYK HOBUX CMnasiB Jae
3MOry NiABULLIMTK LLIAHCKU NUTTS 3aroTOBOK i po3LwUnpu-

TV TBOPYi MOXITMBOCTI ANSA AM3anHepiB, ampKe cnnasu
MatoTb Pi3Hi KONbopW, a iX KOMBIHYBaHHSA Oae 3mory
CTBOPUTW BULLIYKaHi aBTOPCHKi NPUKpacu.

TpaguuinHi MeToay BUrOTOBIEHHS HOBEMIPHUX BU-
pobiB 3a3Buyaln nepenbavaTb BUKOPUCTAHHSA OOPO-
rouiHHMX mMeTanis, ane nporpec y marepiano3HaBCTBi
3anpoBaamB iMiTauirHi cnnaseu, Sk alTb 3MOry 3po-
6uTK BMPIO OelweBLMM, WO PO3LUUPIOE KOO CMNOXK-
BauiB, a TAKOX AOLINbHO Ha eTani TUpaXyBaHHA BU-
po6iB Ta aKTUBHO BUKOPUCTOBYETLCS HA CbOrOAHI ANs
BUrOTOBIEHHS Medarnen, OpAeHiB, Haropofd, cratye-
TOK ToLWO. Y Ui cTaTTi HaBeageHo ornsag cnocobis oT-
pyMaHHs BMPOGIB 3 iMiTauiiHMX cnnaeiB i cnna.iB
OOPOrouiHHMX MeTarniB MeTOAOM TOYHOMO NUTTS.

KopoTkui ornsig TexHonorii loBenipHoro nur-
Ba

Mepw Hixx 3arnmnbnoBaTNCS Y BiQOMOCTI NPO KOH-
KpeTHi cnnaeu Ta marepiann, siki BUKOPUCTOBYIOTb Y
MeTodi NUTTA 3a MOAEnNsiMU, LLO BUTOMMOKTD, BaX-
NMBO 3pO3yMiTK cam npouec. KopoTkuin ornsg Heob-
XiOHWX KPOKIB AN CTBOPEHHSI BUpODOY HaBe4eHO HUX-
ye:
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1. CTBOpEHHSI eckizy BMpPObY — MOXIMBUM € BUKO-
HaHHA Bpy4YHy Ha nanepi, abo X 3a [ornomorot
KOMM'IOTEPHMX MpOrpam, Ta Moro 3aTBepaXKEHHS.

2. BuWrotoBneHHss MancTep-MoAeni 3a ecki3om.
CTBOpIOETECA TOYHA BOCkOoBa abo nnacTukoBa Mo-
aenb BupoOy. Lle Mo)Ha 3pobuty 3a 4ONOMOTOH Pis-

PucyHok 1 —
dpesepoBaHa
wax.com.ua/]

BockoBa mogenb kKabnyuku,
Ha  Bepctati [http://jewel-

3. CknagaHHsa 6noky BuTONMIOBaHMX Mogenew. o
cTtosika (BOCKOBMI INMBHMK) MPUMAKTLCS BOCKOBI
MoZeni, CTBOPIOIOYM OepeBOnodibHy CTpPyKTypy, Ky
HasmBalwTb «ANUHKOW» [1]. Y npakTU4HUX ymoBax
30upatoTb Aekinbka BMpobiB 3a oguH pas, wob npo-
uec 6yB MakcnmarnbHO ePeKTUBHUM (puc. 2).

PucyHok 3 - POpMOYTBOPEHHSA
[https:/iwww.jportal.ru/upload/jportal/836/zchdin302mo.jp
o]

5. Bignan, npoxaptoBaHHs. DopMy-MOHONIT
HarpieatoTb, WOO pos3nnaBuMTK Ta BUOANUTM BicK i3
dopMu, WO6 HATOMICTb 3anuKUTU MOPOXHUHY Y
dopmi, gka nicng Lboro 3anoBHUTLCS cnnasom [3].

6. 3anuBaHHs. NonepeaHbLO poO3nNnaBneHni imiTa-
UinHMA crnnae abo cnnaB ©naropogHuMx MeTanis 3a-
NIMBAETLCH B NOPOXHUHY, Micns Yoro 3aTeepaiBac [4].
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HUX TexHiK, BKMovatoun 3D-gpyk, dpesepyBaHHs
(puc. 1) abo TpaguuiHe pyyHe pi3bbneHHsa. Ha
CbOroAHi py4YHe pi3bOreHHs1 ManonoLmpeHe, ane Bce
LLie € MaNCTPK, SKi MOXYTb 3 HYNSA BUTOTOBUTWN BOCKO-
BY MOZJENb MOBHICTIO BPYYHY.

PuckHok 2 — BockoBa «snvHkay, rotoea ans dopmMoBKu
[https://silver-ua.com/sozdanie-voskovoj-yolki/]

4. BwurotoBneHHa dopmn-moHoniTy. Bockosa
«SAMNMHKa» PO3MILLYETLCS Y cneLianbHOMY Lnninapi —
onoui. Onoka 3 MogenbHMM OrOKOM 3amnOBHIOETHCS
rinco-kpemMHe3eMucTo  cymiwwio  (puc.  3), ska
TBEpAHE, YTBOPIOKYM (POpPMY-MOHOMIT, SAKY Ni3Hie
nigoarTb npoXapioBaHH!o |2J )

& il
PucyHok 4 — Brnok BunmBkiB
[https://silver-ua.com/sozdanie-voskovoj-yolki/]

7. dopma-MOHONIT, yTBOpEeHa rinco-
KPEMHE3EMUCTOID CYMILLLLIO, PO3MUBAETLCH, LLIOO
BUIYYUTU BignuTi BUpobu.

8. OO6pobka. Bupobu 3HiMaloTbCst 3i CcTOsIka

(BigpisatoTbecst Nob3mkom abo BiacikatoTbCcsa cnewianb-
HUMKW  HCTPyMEHTamMn) i BUKOHYETbCS 0OpobKa.
3pi3alTbCs 3anMLLIKN JIMBHUKOBOI CUCTEMM, MPOBO-
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anTbcs wnidpyBaHH4, 3aKpinfeHHa KaMeHiB,
nonipyBaHHs, rarnbBaHiYHe NMOKPUTTSA 3a HEOOXIQHOCTI
[5].

Takox iCHye e cnocib TupakyBaHHS HOBENIPHUX
BMpoGiB. [ns ubOro BMrOTOBNSAETBHCA FymMOBa Mpec-
dopma 3a MancTep-mogennio. Y pigky rymy 3a-
HYPIOETLCA MancTep-Mmoaenb, ryma noniMepusyeTbes.
Micns uboro BMCOKOKBaniikoBaHMI cneuianict po-
3pisae rymy i gictae mamncrtep-mogens. BecepeauHi 3a-
NMIAETBCS MOPOXHUHA AN Moaeni, B SKy 3anu-
BaeTbCHA BOCKOBWUI cknag. BiH TBepgie i Buny4aerbes
3 rymoBoi ¢bopmun. Tak MOXKHa OTpUMaTU TUCAYI BOC-
KoBux mogenen [5]. MNicnsa uboro nayTh Ail, noYnHaro-
4n 3 NyHKTY 3. Tak MOXHa MiHiMi3yBaT BUTpaTK Ha
BMPOOHULITBO BMPOBIB Ta NpMCKOpPUTK NpoLiec.

Ornsp metanis Ta cnnasiB, WO BUKOPUCTOBY-
IOTb B TOYHOMY NUTBI

HannonynspHiwi ©6naropogHi meTanu, cnnasu
AKX BUKOPUCTOBYKOTb Y BWIOTOBMEHHI HOBEMIPHUX
BMpoObiB, Haropod, CyBeHipiB TOwo — 3onoTto (Au),
cpibno (Ag), nnaTtuHa (Pt), piawe — nanagin (Pd). Ta-
KOXX BMKOPMCTOBYHOTBLCHA i KOMNbOPOBiI CMfiaBu Ha Oc-
HoBi Migi (Cu), siki BigHOCSITb A0 iMiTAUiNHMX cnnaeiB
— OpoH3y, naTyHb, Menbxiop, Henaunbbep. JlaTyHb
HaWnKpalle iMiTye Konip Ta BNacTUBOCTI cnnaBiB 30510-
Ta, Menbxiop — cnnaeis cpibna [5].

IMiTauinHi cnnaBmM 4acTo BUKOPUCTOBYHOTb Y TOY-
HOMY NUTTI, WOO6 BiATBOPUTM 30BHILLHIN BUrNAS | BNa-
CTUBOCTI OOPOrOLiHHNX MeTaniB, Takux SK 30M10TO Ta
cpibno, ane npu UboMy € BinbLl EKOHOMIYHO OOLiNb-
HUMK. Bnupobu 3 imiTauiiiux cnnasiB BigHOCATLCA A0
BixyTepii. HanvacTilwe Haropogu Ta CyBeHipu BUro-
TOBNSAOTL i3 OPOH3M Ta NnaTyHi, agke Taki BUpobu 3a-
3BMYan MaloTb Benuky Bary. Lle osHauvae, wo uiHa
BMPOOY TOro XX po3Mipy, ane BUKOHAHOIO i3 cnnaBy Ha
OCHOBI 30510Ta byae BinbLUo Y COTHI pasiB.

BpoH3sa — cnnaB Mmigi 3 onoBom (Sn) 3 4acTKow
onoea Bia 1,25 oo 10% Ta HEBENUKUM BMICTOM
docdopy (P). JlaTyHb — cnnae migi 3 yuHkom (Zn) 3
YyacTkol UuHKY Ao 36%. Menbxiop — cnnas wmigi 3
Hikenem (Ni) 3 yacTkoto Hikento Big 5 0o 30%, a Takox
HeBenvknuMm BMiCTOM 3anisa (Fe) ta madraHy (Mn)
(6nnsbko 1% koxeH). Hensunbbep — cnnas migi 3
LIMHKOM i HikeneM 3 BMICTOM uUuHKy 13...45% i Hikento
5...35% [6].

3anexHo Big BMICTY OCHOBHOrO MeTarny y cnfnasax
©rnaropogHux MeTanis, BOHM MianopsgKkoByoTbea 3a-
KoHy YkpaiHu Ne 637/97-BP Big 18.11.1997 «[po
OEpXaBHE perynoBaHHs BUAOOYTKY, BUPOOHMUTBA i
BVKOPWUCTaHHA JOPOroLiHHMX MeTariB i JOpPOrouiHHO-
ro KamiHHS Ta KOHTPONb 3a onepauisgsMy 3 HAMK» 3
OOMOBHEHHsIMU. Mpoba — Lie BMICT OCHOBHOIO MeTany
B TUCAYHMX JONsX 3a Macol. HawnnonynspHiwui
cnnae cpibna — crepniHroe cpibno 925 npobu 3
BMicTOM cpibna 92,5% Tta wmigi 7,5%. Hannony-
NapHiwWi cnnaeu 3o5oTa — 3on0To 585 Ta 750 npob i3
BMiCTOM 30110Ta BignosiaHo 58,5% Ta 75% 3 npucaa-
KaMu y BUrnsai migi, cpidbna, Hikento, nanagito y pis-
HUX nponopuisx. HannonynapHiwi cnnasm nnaTtuH1 —
900 Ta 950 npobwu i3 BmicTom nnatuHn 90% Ta 95%

JIleopis i NPaKMUKg Memarypeii

Ta nanagin (Pd), kobanbT (Co), ipuain (Ir) i/abo ocmil
(Os) 3anexHo Big cnnaey.

Takox, 3anexHo Big BMICTY OCHOBHOIMo metany B
cnnaei, iMiTauiiHi Ta cnnaeu GraropogHux MeTanis
HabyBaloTb Pi3HMX KONbOpPIB. Komip MOXHa nporHo-
3yBaTW 3anexHo Bi4 Nponopuin meTanie y cnnasi, a
TaKkoXX KOHTPONIOBATM [OAaBaHHAM cheuianbHuX
niratyp y cnnas.

Cnocobu KoHTponi cknagy cnnaeiB OGnaro-
poAHUX meTtaniB

Bupobu 3i cnnagie 6naropogHux metaniB nigaa-
I0Tb BUMPOOYBaHHAM, MiCNS SKUX BCTAHOBIIHOETHCS
TOMHMW BMICT OCHOBHOFO [OPOrOLiHHOro Metany B
crnnaei, LWo 3acBigvyeTbecs Ha BUPOGi Npoboto. Mpoba
— Ue BaroBWi BMICT 3010Ta, Cpibna 4v nnaTtuHu B
oaovHWUi niratypHoro cnnasy [7]. Y 6inbwocTi KpaiH
CBIiTYy 3aranbHOMPUMHATOK € METpUYHa cuctema no-
3Ha4yeHHs npobu, B fAkin npoba — ue AepKaBHWN
CTaHOapT, SKMN BM3HAYa€E LiHHICTb crnasy i 3acBig-
4yye BMIiCT BaroBUX OAMHUL OCHOBHOIO OOPOrOLiHHO-
ro metany B OfHIA TUCAYI BaroBMX OAMHMLUb, MpuU
YoMy uumctomy MeTany Bignosigae 1000-Ha npoba,
ane MakcumarnbHa [JOCTynHa 4ucToTa 30J10Ta Ha
cborofieHHst € 999,9.

Mpoba BnpobiB rapaHTyeTbCA HAHECEHHSAM Ha HUX
BigOUTKa OepxaBHOro npobipHOro knemma — 3Haka
BCTAHOBMEHOIO €OWHOro 3paska, Lo 3acBigyvye
BiOMNOBIgHICTbL BMPOGIB i3 goporouiHHuX meTanis. Ha-
ABHICTb AepXaBHOro NpobipHOro krnemma Ha BUpPOGi €
rapaHTielo AepXKaBu, WO BMICT JOPOroLiHHUX MeTanis
y Bupobi Bignosigae npobi.

IcHytOTb pi3Hi MeToaM BMNPoByBaHHS cnnasis Jo-
POrOLiHHMX MeTaniB: XiMiYHWA aHani3, cnekTpanbHi
MeToaun, MeToan BUNpoOyBaHHA Ha NpobipHOMy Ka-
MEHi, KpanenbHuin metoa. XiMidHUA aHani3 — HanTou-
HilLWMA MeTod, ane Bede OO0 PYyWHyBaHHA BUpoOy.
CnekTpanbHi MeToaM [alTb PO3rOPHYTY KapTUHY
niraTypHoro cnnasy i HasiBHICTb AOMILLIOK, NpoTe Aa-
I0Tb XapaKTepUCTUKY IuLEe MOBEPXHEBOro Llapy
cnnaey.

MeToa BunpobyBaHHs Ha NpobipHOMY kameHi fae
TOYHICTb BCTAHOBMNEHHS (BiaAxuneHHs) Ao 2/ooo Npobu.
BusHayeHHs Npobu 3010TKX, CPIBHMX, NNATUHOBKX Ta
nanagieBnx cnnaeiB Ha NpPobipHOMY KameHi NpoBO-
antbcst 6e3 MOWKOMKeHb BMPOOY 3a J0OMOMOror
CTaHOapTHUX cnnasiB (NPOBIpHMX ronok) i NpodipHNX
peakTuBiB. KpiMm Toro, nepeBaramu LbOro Metoay €
LWBKAKE BM3HAYEHHS BMICTY OOPOroUiHHUX MeTaniB i
nopiBHAHA NPOCTOTa KOPUCTYBAHHSA LM MeToaoM [7].

MpoGipHi KameHi 3a CBOIM MiHEepanbHUM CKNaaoMm
HanexaTtb OO0 KPEMEHMCTUX CMaHUiB, MalTb Xapak-
TEPHUI YOPHUI KOMip 3aBOSAKN BMICTY B HUX BYrneuto.
BiH noBvHEH MaTu BenuKy XiMidHy CTIMKICTb [0
npobipHMX peakTuBiB, He MigdaBaTucs Aii MiHeparb-
HUX KWUCNOT (@30THOI, CipyYaHOoi, COMsHOI) Ta X
cymilwen, nobpe ounwaTucs Big HaHECEHNX HA HbOTO
peakTuBiB.

MpoBipHi ronkn — Ue eTanoHHi cnnaBuM O0OpPO-
FOLiHHUX MeTarniB, siki BUKOPUCTOBYIOTb Afsi BCTAHOB-
neHHsa npobu. Ha nigrotoBneHy noBepxHo NpobipHo-
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0O KaMeHK LWiNbHO HaHOCUTLCA AOCHigKYBaHUM
ChnaBoM AOPOrouiHHOrO MeTasny OfHOpiaHa CMYXKa
(wTpwmx) 15...20 mm 3aBaoBxkW. lNMopsg HaHOCUTLCSA
TaKoi X LWMbHOCTI CMyXKa NpobipHOK eTanoHHOK
rornkoto, ska 3a Npoboto i KONLOPOM BiAMNOBIAae cnna-
BY BUpPOBY. Ha cMyXku 3a OONOMOrot CKMsHOI na-
NNYKN  HaHOCUTbCA BignoBigHW peakTmB. [licns
HaHECEHHs1 peakTMBY YBaXHO CMocTepiralTb Ha
LWITpUxax 3a noro gieto i nepebirom peakuii. MNMoTim pe-
aKTVB 3HIMaloTb 3 NPOBIPHOro KamMeHIo 3a A0NOMOro
binbTpyBanbLHOro nanepy i, MOPIBHIOKYKN Oro Ao Ha
€TanoOHHUX | [OChiMKyBaHNX CMYXKaxX CnasiB,
BM3Ha4aloTb MpoOy AOCHimXyBaHOro cnnasy. HAKLWO
ocagn Ha CMYXKax OAHaKOBi 3a IHTEHCUBHICTIO, Le
CBiguMTbL NMPO OAHaKoBYy Mpoby crnnagiB. AKWO ocag,
AKUN YyTBOPMBCSI HA CMYXLUi 4OCHigXXyBaHOro crasy,
TEMHILLNIA 3a 0Caj Ha CMYXLi eTaroHHOro crnnaey, TO
npoba AocnigXyBaHOro CrnnaBy HWKYa €TanoHHOro i
HaBnakm [7]. Taki BUCHOBKM o4O Npobu cnnasy Ao-
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porouiHHOro MeTany BuMpoOy pobnsTtb nig Yyac BUNpoO-
OyBaHHs cnnagiB 30510Ta BCix Npob, cpibna, nnatuHm
Ta nanagito.

Cnocobu KOHTpON KONMbOopy chnnaeiB Gnaro-
poaHuX meTanie

CnnaBu cpibna i nnatmHM marTb CBITNNIA KOnip,
a[pKe OCHOBHI €eneMeHTW cnnasiB MaloTb CBITNWN
(6inMn) konip Ta MawTb AOCUTb BUCOKUA BMICT
(92,5% pna cpibna Ta 90...95% ana nnatuHn).
Cnnasu 30n0Ta MatoTb BifbLL LLMPOKY raMy KOnbopiB,
agKe BMICT 30roTa KONMMBAETbCA [OCUTb MOMITHO
(58,5...75%). 3anexHo Big NponopLin enemeHTiB, sKi
BXOAATb A0 ChfaBiB 3050Ta, HAa BUXOAi BOHU Haby-
BalOTb Pi3HNX KOMbOpIB: GinvK, CBITNO-XOBTUN, 3ene-
HWIA, )XOBTUIN, SICKPABO-XOBTUN, YEPBOHMI, POXKEBUI.
Bigoma noTpinHa giarpama 30n0To-cpidno-migb (puc.
5), 3a Ao MOXHa CMPOrHO3yBaTW KOrMip Cnnaey 3a-
NEXHO Big NpoMnopLin enemeHTiB.

Gold
(Au)

yellowish

reddish

copper
red

Y L 274 s

Silver 10 20 30 40 50 60 70 80 90 Copper
(Ag) Wi% Cu (Cu)
PucyHok 5 - MoTpinHa Diarpama 30510TO-Cpibno-migb

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

colours-english.svg.png]

Konboposa rama BigoMux toBenipHux cnnasis 375
npobu gocuTb po3mMaita: Big YepBOHYBAaTOroO BIiATIHKY,
BNacTMBOMY Mifi, 0O XOBTyBaTUX BIATIHKIB, @ Takox
Oinux, abo «ctaneBux» TOHIB. [leski OBTi crnnasu
MaloTb 3eneHyBaTui BiaTiHOK. Bigomo [8], wo konip
MeTanis (cnna.iB) BU3HA4Yae€TbCA XapakTepom 3a-
NEXHOCTi KoedpilieHTy BigOUTTA BiO LOBXWHW XBUII
cBiTna y suanmomy fianasoHi xsunb (0,8...0,4 Mkm).
Takum ynMHOM, BNacTMBI Mifj Ta 30M0Ty SAICKpaBi KOMb-
OpW CNPUYMHEH Pi3KMM cnagom koedilieHTy BiobunTTa
R npu 0,6 mkm (Cu) i 0,575 mkm (Au). B pesynbTari
Migb BiobvBae CBITNO nepeBaXHO YepBOHOro Aiana-
30HY XBWJIb. AHAIOM4HO 30510TO Mae rMNOOKUIA KO-
BTUW Komip, a cpibno — sackpaBo-6invn, Tak sk Bigbu-
BaETbCH BECH Aiana3oH BUANMOIO CMEKTPY.

OnTunyHi BNacTMBOCTI YnMCTUX 30510Ta, Migi, cpibna
Ha CbOrofHi HanbiNbL MOBHO OOCTMKEHI i OTpUManmu
PO3rOpHYTi MOSICHEHHS1 Yy psAAi HaykoBux pobiT. On-
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TWUYHi BMAcTMBOCTI cnnasiB 6naropogHux meTanis go-
cnigxeHi HegocTaTHBO [9].

Bxe 3apa3 sk cepepn BMpOBGHMWKIB, Tak i cepea
CMOXWBaYiB IOBEMIPHUX MPUKpPac 3aBOWMOBYIOTL MOMy-
NSAPHICTL CUHE Ta hioreToBe 30M0TO — CraBu 3 Tu-
TaHOM, HiobiemM Ta pigkicCHO3eMenbHUMU MeTanamu.
HoBuin cnoci6é iHKPEMEHTHOrO NUTTS, HelloAaBHO
npeactaeneHnn gokropom Cinbeoto 3 MinaHcbkoro
YHIBEPCUTETY, 4O3BOMUTL JOCAITM Lie Binblue pisHo-
MaHiTHOI naniTpy 3onoTux cnnaeie. CnpaeBennuneo
NpuUNycTUTK, WO BNPOBaXEHHSA LbOro BUHaxody Y
BMPOOHWULITBO 3HAYHOK MIpOK BMfMHE Ha npuBab-
NMBICTb HOBUX HOBEMIPHMX BUPOBIB Ha PUHKY B LiifTIOMY
[10].

BnakuTHe 30M0TO GynO CTBOPEHO 30BCIM HeaaB-
HO. Wloro TBOpUEM € apreHTUHCbKWIA toBenip AH-
TOHiacci. MoHaa BiciM poKiB BiH npautoBaB Hag TUM,
wob HagaTu 30M0Ty OGnakUTHUI Komip, i Momy ue
Boanocs. Ekcneptu BcTaHoBunK, WO cnnas bnakut-
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HOrO KONbOpPY, OTPUMaHUN ¢haxiBLem, Ma€ y CBOEMY
cknagi 90% w4uctoro 3onoTa i, BiANOBIAHO, € MOB-
HOLIHHUM tOBESMipHMM MaTepianoM. AHTOHIacCi He
ChilUMTb PO3KpUBATK TEXHOJOriI0 BUPOOHMLTBA Gna-
KATHOTO 30M0Ta, ane BYEHi NpuUNycKatThb, LLIO CEeKpeT
y AofaBaHHi y cnnas kobanbTy[11].

YopHe 30M0TO — Ue Tex HoBwuHKa. [aHui gopo-
rouiHHMM MeTan mae GnaropogHMN YOPHWUIA  KOMIp.
HoBuin maTepian p[a€e HOBiIi TBOPYI  MOXIMBOCTI
toBenipam. [1na oTpMMaHHS YOpPHOrO KONbOPY B CMMas
AOfaloTb KoDanbT, SKMA OKUCIIIOTb MPU BMCOKMX
Temnepartypax. [pouec oTpumaHHS YOpHOro 3o05ioTa
AocuUTb Aoporvii. ToMy HamyacTile BMpobu nokpu-
BaloTb LUIApPOM 3BUYAMHOIO YOPHOrO POAItD, PYTEHID
abo amopdHoro Byrneul. Ynm iHTEHCUMBHIWLWIA Yop-
HWWA BIATIHOK, TUM Oinblua MMOBIPHICTL TOrO, L0 Ha
BMpoGi Take nokputTa. Ona HagaHHA 30M0Ty TEMHO-
KOPUYHEBOr0 KOMbOpY BUKOPUCTOBYIOTb XpoM [12].

Takox icHye cbionetoBe 30m0T10. Lle ek3oTny-
HWIA 10BENIPHMI CNnaB aMeTUCTOBOro (MyprnypHOro)
KOMbOpy, Yy CKnag SIKOro BXOAMTb arnoMiHii Ta na-
nagin. Llen cnnaB BMXOOUTb AYXe KPUXKMM, TOMY 3
aMeTUCTOBOro 30510Ta piako pobnaTb UiNi toBENIpHI
npukpacu. YacTiwe 3a Bce hioneToBe 30510TO BUKO-
PUCTOBYIOTb SIK AEKOPaTHBHI BCTaBKU.

B 1999 poui npodecop Jlo MNeHr Yam npeseHTy-
BaB MOKpalleHWhn cnnaeB ioneTtoBoro 3onorTa.
KOBenipHWMin cnnae ioneToBoro Konbopy Mae nNpody
3onota 19 kapart, wo Bignosigae npubnusHo 800-n
npobi. BiH cknagaecsa 3 80% uwnctoro 3onota i 20%
anioMiHito Ta nanagito. Ha cborogHi uen 3onotum
dioneToBUN cnnaeB €auMHWN, WO Mae MoKpaLLeHy

Bi6niorpadiuyHunim onuc:
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MiLHICTb. TexHOmnorilo BUrOTOBMEHHSA (hioNeToBoro
3onoTa y Jlo lNMeHr Yama Bukynuna toBenipHa Kopno-
pauis "Aspial" [13].

Ha cborogHi TOYHMI NpoLeC BUFOTOBMIEHHA io-
neToBOro 3050Ta BigOMUM He GaraTbOM oBeripam.
LliHHy iHdopmaLito npo Te, sk 3pobutn 3onotun gio-
netoeun cnnas toeenipu 3 "Aspial Corporation
Limited" He posronowyioTb.

BucHoBku

ToyHe nUTTS — Ue YHiBepcanbHUA BUPOOHMYNIA
npouec, SK1iA Aae 3Mory CTBOPHOBaTW CKNagHi BUCO-
KOsIKiCHi mMeTaneBi getani. 3aBasku peTenbHOMYy BU-
Oopy BiOMNOBIgHMX cnnaBiB, BKIIOYAKYM  iMiTALNHI
CrnaBu Ta CyMillli AOPOrouiHHMX MeTaniB, BUPOOHMKN
MOXYTb OCAITM BakaHnX BriacTMBOCTEN Ta ECTETUKU
CBOiIX BMpobiB. IMiTaLiHi cnnaswu, Taki 9k cymilli 6ino-
ro Ta >KOBTOrO 30M0Ta, MNPOMOHYIOTb EKOHOMIYHO
BWriaHI BapiaHTu 6e3 KoM AN 9KOCTi, Wo pobuTb ix
0cobnMBO UIHHUMW B IOBENIPHIA Ta AEeKOPaTUBHIN
npomucnoBsocTi. | HaBnaku, cnpaexHi cnnasu AOPO-
FOLiHHUX MEeTariB 3anuwalTbCa BaXXNMBUMK ANs1 3a-
CTOCyBaHb, A€ MOTPIOHI yHikanbHi BMacTUBOCTI, Taki
SIK CTiIMKICTb 4O KOpO3il Ta AOBroBiYHICTb.

IcHye notpeba y nokpalleHHi MeTofiB KOHTPOIO
KOnbopy cnnaeiB 6naropogHnx meTarniB Ta BCTaHOB-
NEHHS1 3aKOHOMIPHOCTEN 3MiHM KONbOpPY 3arexHo Bia
Ccknagy cnnaeiB, pexvMMmiB TepMOoOBpObBNeHHs TOLLO.
Takoxx nokpaLLeHHs1 i3nYHUX BNacTUBOCTEN BiJOMUX
cnnasiB  30M0Ta  Pi3HWX  KONbOPIB  A03BONUTH
toBenipam BinbLU LWNMPOKO BUKOPUCTOBYBATM iX y CBOIN
po6oTi.
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llesuenko /. B.,, MeavHuk C. 0., [Ipuxodvko C. B., Akpees B. B., Oguapyk A. M.
Oco001MBOCTI BUILLIABKH (PePOHIKEII0 B YMOBAX BUCHAKEHHS JiaTe-
PUTHHUX PY/J 3 BUKOPUCTAHHAM B IKOCTI BIIHOBHUKIB BYTiJUIsl eHepre-

THYHHUX 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 later-

ite ores using coal of energy groups as reducing agents

AHomauyis. Hikenb € Haligaxxnusilwum riegyro4um efieMeHmom 8 aycmeHimHili Hepxasitoyili cmani ma iHwux crieyiarb-
Hux crninaseax. Piske 36inbuweHHs1 supobHUUMea makKux crisiagie npomsicoM ocmarHix 0ecsmusiims 3HavyHo 36inbuwiuecs
nonum Ha pepoHikesnb. LLjob 3adosonsHUMU 36ibWeEHHS MPOMUCIO8020 nonumy, HeobxiOHi Hosi ma egekmusHiwi
wnsxu Onsl 8UITyYeHHs Hikerto 3 6iOHUX | cknadHiwux pyd 3a yMo8 8UCHaXKeHHs1 3arnacie bazamux Hikenesux pyod. Y3a-
2anbHeHo 0oceid pobomu 8 2ary3i 0C80EHHS ma eKcrislyamauii mexHosnoeaii enekmponnasku hepoHikesnnto ma suknade-
HO Gocs2Hymi nokasHUKU pydomepmidHoi neydi nomyxHicms 40 MWA ma ocobnusocmi npoyecy mexHoao2ii HU3bK020
8i0HOB/1eHHS1 3ai3a ma eubip onmumarsibHO20 8iOHOBHUKA rPOUEecy.

BusyeHHs1 npouecie meepdoghazHo20 8iOHOBIEHHS 3arlida 3 OKcudie 3 8UKOPUCMAaHHSIM 8 sIKocmi 8i0HOBHUKa 8Yy2irsisi
aHmpayumosux ma eHep2emuy4HUX 2pyrn ma po3pobka eHepeoepeKkmueHUX MeXHO02ill ompuMaHHs ma 3acmocy-
8aHHs1 02apKy 3 Hikennesaux pyd, ompumMaHo20 8HacsiOOK surnanteaHHs1 8 mpybyacmili obepmositl neyi, € akmyanbHUM
HayKo8UM HarpsiMOM Yy Kosbopoeili Mmemarypeii. OmpumaHo 3anexHocmi criegiOHOWEeHHs1 8yeinsns (8i0HOBHUKI), Wo
sukopucmosytombcsi Hadarli Orisi 8i0HO8/IEHHS Memanie y pyOHOmMepMIYHil neyi. Y pesynbmami 8U84eHHs rnpoyecy 8io-
HOB/IEHHS 3ani3a 3 Hikenegoi pyou 8u3Ha4eHO onmumarbHi criegiOHoweHHs 8yainna mapok O i AC (75%/25%) npu
memnepamypi 850-950 °C, wio npu3sodums 00 3HUXEHHS sumpamu ranauea 3a paxyHoK e0piHHS NlemKux 3 8yeinss, a
MaKoX 3HUXEHHSI sumpamu efiekmpoeHepeii nid Yac riasneHHs1 o2apKy 8 pyOHomepMidHill rnedyi.

Knroyoei cnosa: namepumu, pydomepmiyHa nid, 02apoK, MexHOos0z2is HU3bKO20 8i0HO8/EHHS 3ani3a, meepdogha3He
8i0HOBIIEHHS 3ani3a 3 okcudie, cmyniHb Memanisauii, 8y2inss eHepeemu4Hux epyrn

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 3acTocyBaHHS Hikeno — meTa-
nypria, 67% BugobyTOro Hikeni wae Ha cnnasu
3anisa. [losACHIOETLCA Le TUM, Lo caM Hikenb npu
06pobui Hagae OTPMMAaHIN CUPOBUMHI Taki X aHTUKO-
pO3iViHi BMacTMBOCTI, AkMMU BiH Mae cam. Came 3 uiei
NpUYMHK e meTan ocobnuBo akTyanbHUI Anst BU-
rOTOBIEHHSA HepXaBitodol cTani. [JogaBaHHS Hikento
SIK NIerylo4oro enemMeHTa ansa crabinisauii cTtpykTypu
ayCTeHiTy NiABULLYE KOPOSiNHY CTIMKICTb cTani, BUCO-
KoTemnepaTypHi BracTUBOCTI, 3BaptoBaHiCTb, op-
MYBaHICTb i CTIKICTb 10 arpecuBHUX cepeoBuLL,.

Y 2022 poui CBITOBUA pPUHOK DEPOHIKENHO
ouiHioBaeca B 15170 minbioHie gonapis CLUA i, sk
ouikyeTbes, gocsarHe 21640 minbinoHie gonapie CLUA
0o 2029 poky [1], npu YoMy HaNBINbLWMM PUHKOM €
Kutaih 3 yactmHoto 6nmsbko 90 %, 3a HUM igyTb
€Bpona Ta AMepuka, obuasi MatoTb YacTKy noHapg, 2
%. Y 2022 poui UiHa Ha Hikenb y cepegHbOMy CKna-
nana 25 605 ponapie CLUA 3a TOHHy, wo Ha 38%
GinbLue, HiX y cepeagHboMy y 2021 poui.
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YkpaiHa Mae HeBenuKi 3anacu CunikaTiB Hikento,
MOB'AA3aHNX i3 KOPOIO BMBITPIOBAHHS yNbTpabasuTiB y
Mobyxoki Ta LeHTpanbHux perioHax Oxinpa. 12 pogo-
BULL, Hikento MicTtaTb 217,8 TuUc. TOH OanaHcoBux Ta
121,2 Tnc. ToH no3abanaHcoBux 3anacis. Y [2] BBa-
XaloTb, WO MNEePCNEKTUBHUMU ANs BUOOOYTKY Hikemnto
€ cynb(igHo MigHo-HiKenesi poaoBuLLa, 30Kpema
MpyTiBCbKa AinsiHKa, posTawoBaHa B XXUTOMUPCHKIN
obnacri.

Moby3bknin hepoHikeneBnin KOMOIHAT — eguHe B
YKpaiHi nignpnemcTBo, sike BUPOOSE Yy NPOMUCIOBMX
mMacwTabax cepoHikenb i3 GigHUX OKUCNEHUX pyAa,
O MIiCTATb HiKenb.

MpomucroBun iHTepec naTtepuTiB cknagawTb TpU
BMAM MiHepaniB: NIMMOHIT (BMICT HIiKerto, ik npaBuIio,
Bia 1,0 oo 1,5% macor, [OCUTb OOHOPIAHOIO CKra-
ay), canponit (BMIiCT Hikento y skux 6nm3eko 1,8 oo
2,5% 3a macoto), nepexigHi MmiHepanu.

Kpim TOro, nigBuLLEHUA NOMUT Ha Hikenb NpuU3Bo-
OWTb [0 TOro, WO B NepepobKy 3any4valoTbcs pyan 3
HebGaxaHummn  npobnemaTnyHMMn y  nipomeTa-
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NyprivHin - nepepobui  MOKasHUKaMM  KMCITOTHOCTI
(S/M), BMCOKMM BMIiCTOM TreTuTy, WO 30inbluye

cnieeigHoweHHs Fe/Ni. Lli pyan cTBOptoOTb NpakTuy-
Hi NpoGremMu Npu ekcnnyaTauii nevyen, Taknx, Hanpw-
Knag, sik:

- HasiBHICTb BENMKOI KifIbKOCTi BIiNIbHOr0 KpemHe-
3eMy Ta retuty OOMexyloTb TemnepaTtypy Bunany
orapka, Ans 3anobiraHHs MOro crnikaHH B TpybyacTin
nedi, i $K Hacnigok, 36inbluye nuUTOMi BUTPaTU
erneKkTpoeHeprii Npy NNaBMeHHi LWMXTU B eNeKTponeyi;

- 30inblUeHHs1 KucroTHocTi S/M npusBoanTb OO
HasBHOCTI NpobGriem, MOB'A3aHMX 3 ENEKTPUYHUMMU
pexumamm poboTM Mevyer, a TakoX KMMiHHSA
(cniHOBaHHA) po3nnasy LUMaKy, i KK HAcmMigokK, npus-
BOOUTb 4O aBapilHOCTI CAMOCNIKHUX eNeKTpoaiB.

OCHOBHMM ODOMeEXyH4YMM (PaKTOpoM € Te, Lo He
BCi MOTEHUiNHI pyan MOXyTb (abo noBuHHI) ByTn ne-
pennasneHi B JOBINbHI COPTU (DePOHIKEN!O.

Yci cbepoHikenesi 3aBoam noTpannsaoTb y ABi rpy-
nn, WO BIOPI3HAKTECA CTyNEHEM BigHOBMEHHSA 3anida
i3 pyaw:

HU3bKe BiAHOBIEHHS, sike BiaHoBMoe Bia 15% Ao
30% 3anisa 3 pyaw;

BWCOKe BiJHOBMEHHS, sike BigHoBntoe Bia 45% Ao
65% 3anisa 3 pyan. Y Tomy unicni BUpobHUKK Hikene-
BOro 4YaByHy. 3abesnevyloTb piBeHb BiAHOBIEHHS
3ani3a B gianasoHi Big 70% Ao 80%.

100 qoreeemseemsemneanns e RRRLETEEEEEED SERELEEE
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Taknum YMHOM, KOXEH npouec MOBMHEH MOYMHATU-
CSl 3 BU3HAYEHHS MOro onTMMarnbHOro CTyrneHs BigHO-
BMEHHSA 3ani3a i BignoBigHo copTy depoHikento [3].
Lle BM3HayeHHs BMMarae HaCTYMHWX KPOKIiB: BM3Ha-
YEHHS ONTUMANbHOIO COPTY (PEPOHIKENO Ta OLiHKA
MeTanyprinHoi  AOUINbHOCTI  LbOr0  OMNTUMAIIbHOMO
CopTy. 3yNUHMMOCS Ha KOXHOMY BinbLU AOKMaAHO.

OueBngHo TE, WO BUPOBHULTBO (PEpPOHikento 3
HWKYMM BMICTOM HIKEMO NPU3BOAUTL OO0 HWXKYOI
BTPaTW HIKEMNIO B LUNAKOBIA dasi 3 ABOX MPUYMH: Ye-
pe3 HM3bKUIA BMICT HIiKenNto B LUNakKy i MeHWnx obcsarie
BMacHe LUMaky.

Mpn ubomy Ginbll BMCOKE BiQHOBMEHHS BUMAarae
Oinblue BigHOBHMKA i BiNblUMX BUTPAT eHeprii Ha TOH-
Hy NPONaBfeHOro Hegorapka.

Takum 4mHOM, ansa Oyab-skoi 3agaHoi pyau Ta
NNaBuUIbHOI Neyi iCHye MakcumanbsHUIN piBeHb BUPOO-
HULTBA HIiKEmNto, Ae 3pOCTaHHS CTYMEeHs BiAHOBMEHHSA
BPIBHOBaXYETbCHA 3HMKEHHSIM 00CAriB nponnasy py-
an.

Ha pucyHky 1 HaBefeHi Ui kopensuii B 3anexHOoCTi
Bif, CTyneHsa BiQHOBMNEHHS 3anisa ang pyan 3 BMiCTOM
1,6% Ni, 16% Fe, ta 2,2 S/M [3]. Pi3ka 3miHa Haxuny
KPUBOi Macu LumnaKy, Ha piBHi 6nunsbko 45% BigHOB-
NeHHs 3ani3a, BiaOYyBaETLCA Yepe3 OKUCMEHHS KpeM-
Hito MpY BUPOBHNLITBI hepOHiIKerto.

afas

L)

i

MakcumansHe
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PucyHok 1 - 3anexHicTb cknagy Hikento, BUxXoay, BUpoOHULITBA DEPOHIKENtO Ta LWnaky Big CTyneHs BiAHOB-

neHHsa Fe

3 ppyroi cTopoHu, BUGIp cknagy depoHikento €
KOMMPOMICOM MiX ONTUManbHUM ANd JaHoi pyau
(nnaBunNbHOI Me4i) Ta MMOBIPHOK CTabinbHICTIO Ta
OOBrOBiYHICTIO PO6OTK 3a TaKoro CTyrneHsl BigHOBIEH-
HA. TakuM YMHOM, uen BUOIp He MoXxe ByTu OOBiNb-
HAM Ha OCHOBI igei Wopo 3aTpebyBaHOCTI MEBHOMO
copTy hbepoHikento.

TexHonoriyHa cxema BUPOOHMLUTBA (hepoHikento,
sKa MOCTIMHO yAoCKOoHanwBanacs [4], Bknto4ae: cy-
WiHHA pyaum 3 BMicToM Bororn 35 % fo sonorocTi 20-

23 %, Ay MOXHa [osdyBaTV Ta 3MillyBaTu 3 BYr-
NeubBMICHUM BiHOBHUKOM; OTPUMaHHSA Heporapka y
TpybuyacTux obeptoBux nedvax (TOIM) 3a Temneparty-
pu 700-900 °C. Ha ubomy eTani NigroToBKN CUPUHK
BMKOPUCTOBYBANWCS Pi3Hi €HEeproHocii — MasyT, npu-
pogHui ras, nunosyrneuese nanveo (MBI1). Enek-
TponnaeBka Hegorapka BUWKOHYETbCA B 2-X pydo-
TepmiyHMx nevax PTI1-1 ta PTI-2 3 ycTtaHosneHow
NOTYXHiCTIO TpaHcdopmaTtopis 42 MB.
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Y uih poboTi NpeacTaBneHo KOHTPOSb NapameTpiB
pyooTepMivHoi nedi noTyxHicTio 40 MWA npu 3MiHi
cknagy BupobneHoro depoHikento. NMoyatkoBun ne-
piog poboTu pyooTepMivHOI nedi BignosigaB ycrane-
Hil TexHonorii BUCOKOro BiAHOBMNEHHS 3ani3a 3 Aoda-
BaHHAM [0 PYAHOI CyMmiLli (oniociB y BUMMSAAI BanHaKy
Ta BIAHOBHWKA aHTpaULMTOBOI rpynu [5].

AHani3 3anexHocTi 3MiHM copTy hepoHikento 3i
3HKEHHAM BMICTY B HbOMY Hikento 3 20% po 10%
npu 30inblUeHHI nepepobkn NIMOHITIB 3 BinbLu BUCO-
KM BMICTOM 3ani3a Ta HWX4YMM BMICTOM HiKemno no-
KasaB, L0 30iNnbLUEHHS YaCTMHWN NIMMOHITIB B Nepepo-
GnoBaHMX pygax nNpu3Boauno Ao CTabinbHOI 3MiHK
COPTY (pepoHikento, 3MEHLUYYM YacTKy Hikeno B
depoHikeni i pobnayn npouec Ginbll eKOHOMIYHO He-
gouinbHum. MNpobnemaTtvka NigTPUMKNM CTabinbHOCTI
TEXHOMNOrMYHOro NpoLecy, NoripLeHHst cCopTy hepoHi-
KENo Ta 3HWXKEHHSI EKOHOMIYHOT edPeKTMBHOCTI BUPO-
BGHMLTBa 3yMOBMIW MOLUYK LUNSXIB NepeBeAeHHs neui
3 TEXHOMOrii BMCOKOrO BIOHOBIIEHHS Ha TEXHOOTri0
HU3bKOrO BiAHOBMNEHHSA 3ari3a.

Uepe3 HeMOXMMBICTb MNoganbLioro 36inbLUEHHS
MOTY>XHOCTI pyAOTEPMIYHOI Nedi Ha BENUYMHY Oinblue
25 MBT 4epes KpuTUYHY TemnepaTypy MeTany, Lo
MOITIO BKpaln HEraTMBHO NMO3HAYUTUCA Ha CTabinbHOC-
Ti KOHCTPYKUiMA nedi, BKNOYalo4nm BOrHETPUBKY doyTe-
POBKY, NnoAarblle TEXHOMOrYHe ynpaBriHHS pygoTe-
PMIYHOIO MiYY0 BYNO MOXMMBMM 3a TEXHOMOTIE HU-
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3bKOro BiAHOBMEHHSA. [1Ns 4Oro BUKOHAHO 3MiHY Tumny
BiQHOBHMKA, LIO BMKOPUCTOBYETLCS, 3 aHTPaLUTOBOI
MapKu BYTINs Ha eHepreTUYHi, NpMbIM3Horo HacTyn-
Horo cknagy: 3ona — 10,8%; netki — 34,5%; cipka —
0,5%; Ta KoHTponem hpakuinHoro cknagy.

Mepion Buxoay B pobouMin pexmMm HU3bKOro BiA-
HOBMEHHS pPyAHOTEPMIYHOT nedi ByB MoB'A3aHun 3i
crabinizauielo LINakoBOro pexmMmy Ta BUPILLEHHSM
NPaKTUYHWX 3aBAaHb:

BM3HAYEHHS ONTUMAanbHOI NUTOMOI BUTPATK enek-
TpOoeHeprir;

poboTa Ha eneKTPUYHMX pexumax, o 3abesne-
YyIOTb ONTMMarbHy TemnepaTypy YOpHOBOro hepoHi-
Kero Ta eneKkTpomniyHOro Lnaky;

3HWKEHHSA PiBHA LUMAKy, WO ChniHMBCH, B Mevi, Wwo
30iMbLUIYETBCA NpX BMICTi BYrfeL B orapky OinbLue
1% i 3HWKYETLCS NPV NagiHHI Byrmeuto B Hegorapky
meHwe 1%.

BmicT 3anuwkoBoro ByrmeL B orapky npu noc-
TiIVHOMY [03yBaHHi BigHOBHUWKa 3aneXuTb Big aKTUB-
HOCTI BiJHOBHMKa Ta MOro ¢opakuiiHoro ckragy, 4acy
3HaxomkeHHs1 maTepiany y TOIN Ta TemnepaTypHOro
npodinto TOI. MNepeBaxxHO BUKOPUCTaAHHSA «MOSOA0-
ro» BYFiNns, 3 BUCOKAM BMICTOM NETKMUX Ta (ppakLin-
HUM cknagoMm - 6 mm > 95% [6].

[ocarHyTi nokasHUKM poboTn pyooTEPMIYHOI nevi
Ha THB npeacrtasneHo B Tabnuui 1 [5].

Tabnuug 1 — MNMoka3Hukn poboTn pygoTEPMIYHOI Nevi 3a PisHMMKU TEXHOMOTIAMU

MokasHukn poboTun TexHonoris BUCOKOro BiAHO- | TexHonoris HU3bKOro BigHO-
BMNEHHSA 3ani3a BMNEHHSA 3ani3a
NOTYXHICTb Neyi no 41 MBrT; 37MBT
BiJHOBNEHHA 3ani3a 60-65%; 0o 15%
nMTOMa BMUTpaTa enekTpoeHeprii 620 kBTr/T orapka 583 kBTr/T orapka
nuTomMa BMUTpaTa BanHsKy 00 67 kr/T Okr/T
nuToma BUTpaTa BiJHOBHMKA 52-77,7 kr/t (3anexHo Big | 36,6 kr/T
TUNy BiGHOBHMKA)
BWXif orapka i3 pyam 4o 106 % 91,0%
BMICT HiKero B HOPHOBOMY (pepoHikeni 00 14%; 45%
BMICT BYrfeL0 B YOPHOBOMY ¢pepoHikeni 0o 3,5% 00 0,02%;
BMICT KPEMHIl0 B HOPHOBOMY (hepoHikeni 3,5-4,5%. 0,01%

3 ypaxyBaHHAM pob0oTM ABOX pyAOTEPMIYHUX Mne-
Yen, odHa 3 AKUX Mpautoe 3 BUCOKUM CTyneHeMm Bia-
HOBIEHHS 3ari3a, iHWa — 3 HU3bKUM CTyNneHeM BigHO-
BMEHHA 3anisa, JOCArHyTO MoTeHuiany BMpoOHULTBA
MOXITMBOIO MOBHOIO CNEKTPY copTiB dhepoHikento, 3
BMICTOM Hikernto B ToBapHoMy cepoHikeni Big 18 %
0o 70 %.

Ak roBopunock paHille, Ha eTani niaroToBKU cu-
puHn ans TOl BUKOPUCTOBYIOTLCS Pi3HI eHEepProHocii
— MasyT, NpUPOOHWA ra3, MUIOBYITELEeBE ManvBo
(MBI1). OgHMM i3 NOTEHUINHMX BiOHOBHWKIB, AKi MO-
XyTb ByTV BMKOpUCTaHi B TpybyacTii obepToBin neui,
€ BYrinNNa eHepreTuyHux rpyn. Byrinna mae sBucokui
BMICT Byrnew, WO O03BOMSE MOMY BUCTyNatu $K
BiIHOBHUK, 3abe3nevytoum npouec TBepAoda3Horo
BiHOBMEHHS 3ani3a 3 OKCMAIB HikeneBoi pyau.

HocnimpxkeHHs nposegeHo Ha TOl-1 B ymoBax Aai-
toqoro BupobHuuTBa TOB "ToByXCbkuin hepoHikene-
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BuIn kombiHaT". OcHoBHI xapakTepuctuku TOl-1: go-
BXuHa 70 M, pagiyc 4,5 m, kyT Haxuny 3° [7].

Y nepiog NpoBeAeHHA AO0CHigKeHb Ha KOXHOMY
eTani BigibpaHo npobu pyam Ta orapky A BUKOHaH-
HS XiMi4HOro aHanisy 3 Bu3HadeHHaAM Fe2Os, FeO,
Feosw, Fewer Ta Bonorn. XiMiyHuin cknag Byrinns Bu-
KOHaHW nepen MoYaTkoM MNpoBeAeHHS AochigkeHb
3anuiaBce MocTiMHUM NPOTAroM YCbOro nepiogy Bu-
npobyeaHb [8].

Onga syrinna mapkv O xapaktepHun nigsuLweHuin
BMIiCT neTkux 25 mac. %. [OpiHHA neTkMx pevyoBuH
3abesnedye HeoOxigHi ymoBuM Ond TBepaodasHoro
BiAHOBNEHHSA B npoueci obnany. 3a LmMx yMOB OCHOB-
Ha YacTuHa TpmMBaneHTHOro okcuay 3anisa BigHOBIIO-
€TbCA [0 [ABoBaneHTHoro. CrocTepiraeTbCa TakoX
BiQHOBNEHHSI okcuay 3anisa o metany. BigcotkoBui
BMIiCT FeO B orapky 3 BUKOPUCTAHHAM BYTiNns Mapku
O NopiBHSHO i3 3aBaHTa)xeHHsIM 6e3 nobaBku BYyrin-
nst mapku O 0o cknagy BiAHOBHWKIB 36inbLumMBCS 3
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1,29 po 1,70 pasu, B 3aneXHOCTI Bif CNiBBigHOLIEHHS
BmicTy Byrinns «AM» (25%, 50%, 75% Ta 100%) [8].

AK nokasaHo Ha PUCYHKY 2, 3i 36inbLUeHHAM Bia-
COTKOBOro BMICTYy BYyrinns mapku I y BigHOBHUWKY Bi-
AHoLWeHHs Fe(*?)/Fe(sar) MiaBULLYETHCS | BignoBigHO
BigHowWeHHS Fe(*3)/Fe(zar) 3HUXKYETLCS, L0 XapakTep-
HO AN NPOTiKaHHS NpoueciB TBepAodasHoOro BigHO-
BIEHHS.
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OCHOBHVMMM XapakTepucTMkamum npouecy TBep-
JodasHoro BiOHOBMEHHS OKCWUAIB 3ani3a € CTyniHb
BiOHOBIEHHS i CcTyniHb MmeTanisadii [8]. CTyniHb Bia-
HOBJIEHHSI - Lie BiJHOLWIEHHS KinbKOCTi BigibpaHoro B
npoueci BiOHOBIMEHHSA KUCHIO OO0 KinbKOCTi MOro y BUW-
XiOHIN CUPOBUHI, O XapakTepu3ye NOBHOTY BiAHOB-
neHHs. CTyniHb MeTanisauii - BiQHOLUEHHS BiACOTKO-
BOro BMICTY 3ani3a meTaneBoro i 3anisa 3aranbHoro B
npoaykTi [9].

Etan 5
100% Ar

Etan 3 Etan 4
50% Ar 75% Or

== Fo(2+)/Fesar

PucyHok 2 - 3miHa cniBBigHOLWEHb OKCMAIB 3arisa [0 3ani3a 3aranbHoro Bif BiACOTKOBOrO BMICTY BYrinms

mapku Al y BigHOBHWKY

CTyniHb BiAHOBMEHHS Orapky MpW 3aBaHTaXKEeHHi
Byrinna mapku A" 100% 3pocna B 1,65 pasis, CTyniHb
MeTanisadii BignoBiaHO B 2,22 pasiB NOPiBHAHO 3i 3a-
BaHTaXeHHAM 06e3 pobGasku Byrinns mapku O go
cKragy BiJHOBHMKA.

Ha npouecu TBepaodasHOro BigHOBIIEHHSA KpiM
XiMiYHOro ckrnagy BWXiQHOT CUPOBWMHW BESNMKWUIA BNIIMB
YMHUTb FPaHyNoOMETPUYHUIA cKknad i TemnepaTypHui
pexum npouecy [8].

3MEHLUEHHS NUTOMOI BUTPATU MPUPOOHOro rasy
BiAByBa€eTbCA 3a paxyHOK 36iNbLLUEHHS YacTKX BYTinns
mapku O y cknagi BigHoBHuKa. [MuToma BuTpata
nNpUpogHoOro rady 6e3 BUKOPWUCTAHHSA BYFNNS Mapku
Ar 3a gaHumm kombiHaTy ctaHoBUTbL 86,5 M3/T cyxoi
pyaun. CepeaHsa nUToMa BUTpaTa NpUpoaHOro rasy 3a
nepioa AocnigXeHb 3 BUKOPUCTaAHHAM BYFiNNA Mapku
Al cknana 83,090 m3/T cyxoi pyau. EkoHomis npupo-
OHOro rasy 3a paxyHOK BUKOPUCTaHHS BYrinNnsa mMapku
Ar y cknagi BigHoBHWKa cTaHoBWTb 3,41 M3/T cyxoi
pyan.

BucHoBku:

Y3aranbHeHo JocBig poboTy B ranysi OCBOEHHS Ta
eKkcnnyarawii TeXHOMorii eneKkTponnaeku hepoHikernto
Ta BUKNAAEHO [OCArHYyTi MOKa3HUKM PyAOTEPMIYHOI

nevi notyxHicte 40 MWA Ta ocobnmBocTi npouecy
TEXHOMOril HU3bKOro BIOHOBMNEHHS 3arniza Ta BuOIp
ONTMManbHOro BiHOBHMKA npoLecy. 3 ypaxyBaHHAM
poboT OBOX PYAOTEPMIYHMX MEYen, ofHa 3 SAKUX
npaule 3 BUCOKUM CTyNeHeM BiQHOBMEHHSA 3anisa,
iHWa — 3 HU3LKUM CTyMeHeM BiQHOBMEHHS 3ani3a, Ao-
CArHYTO NnoTeHLUiany BUpobHMLTBA MOXIMBOIO NOBHO-
ro CNnekTpy CopTiB PepOoHiKento, 3 BMICTOM Hikeno B
ToBapHoMy dhepoHikeni Big 18 % 0o 70 %.

BukopuctaHHs Byrinna mapku A y cknagi BigHoB-
HWKa Npy ObnantoBaHHI HiKeneBoi pyan 3 OoTpuMaH-
HAM orapky Nno3uTMBHO BMAIMBaE Ha Mpouec TBepao-
¢rasHoOro BigHOBIEHHA. HaredeKkTnBHiwuM anga no-
AanbLuoro nnaerneHHst orapky B PTI1 € 3aBaHTaXeHHSA
LUNXTOBMX MaTepianis 3 BigHOBHMKOM, O MICTUTb 75
% Byrinna mapku A i 25 % Byrinng Mapku aHTpauu-
ToBux rpyn (AC).

EkoHoMis npupoaHoro rasy 3a paxyHOK BUKOpUC-
TaHHA BYrinna mapkum Al y cknagi BiAHOBHUKA CTaHO-
BUTb 3,41 M3/T cyxoi pyaun abo ~4%.

EkoHOMisSi NnUTOMOT BUTpaTW enekTpoeHeprii Ha 1 T
OrapKy 3a paxyHOK MonepedHboro TeepaodasHoro
BiOHOBMEHHS CTaHOBUTL 5 KBT/T orapky abo ~1%.
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IHopiBHsJIbHE JOCJII/IKEHHS IPOTUHIB POJIHMKIB 30HU BTOPUHHOTO
0XO0JIOsKeHHS 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, suzomosgnieHux Memodom fummesl, y fOPISHSHHI 3 KOBaHUMU POsIUKamuU.

Memoduka. [ocnidunu numi ponuku sukoHarb 17X12M®J1-20/1 ma 20X25H19C2/1-20J/1 ma koeaHi ponuku. [o-
cnidxysaHi KosaHi ma numi cmanesi 6imemaresi ponuku b6ynu ecmaHoerneHi HernpusiOHUMU Ha Manomy paodiyci
MEeXHO02iYHOI MiHII M'AMo20 ma wocmoao MexaHi3Mie 30HU 8MOPUHHO20 OXONTOOXEeHHsT MawuH besnepepsHo20
ummsi 3a20mMoeokK. Y npoueci ekcrimyamauii eusHayanu MakcuMaribHy 6€enuyuHy Mpo2uHy 3a OO0rMnoMo2or
crieyjanbHOZ0 MpUCMpPOX0.

Pe3ynbmamu. Y nipoueci ekcrinyamauii npoeodunu 8uMipto8aHHs1 npo2uHie ma memrepamypu noeepxHi 604oK
pornukie. OmpumaHi 3Ha4eHHs1 8e/TUYUHU rPo2uHie bimemarnesux posnukie bynu Ha 15...20% HWX4YuMU, HiK y cepil-
HUX KosaHux ponukig. MakcumansHuli npoauH 6imemanesgux porukie cmaHosus 2,3 MM rpu weudkocmi po3nusy
0,2 m/xe nid yac 3amiHU cmakaHa po3nusy. BumiptogaHHs memnepamypu rnosepxHi Pornukie nokasanu, wo 00CnioHi
POMUKU ripaytosanu 8 HOPMarbHOMYy MmeMepamypHOMy pexumi. Benuka 6 MopieHsHHI 3 KosaHuMu nrouwa
8HYMmpIilWHbOI mernnosidsiOHOI nosepxHi 8 bimemarnesux ponukax 3abe3nedvysana egpekmusHe 8i0sedeHHs1 merna.
Haykoea Hoeu3Ha. Briepwe ompumarnu 8eniu4uHu rpoauHie numux bimemarnesux posnukie. Brnepwe 3anpornoHosa-
HO ma 0C80€HO MemoOUKY 8UMIPHOBaHHS ma BU3HaYeHHsI 8 MPOoUEecCi eKcrilyamauii npo2uHie ma memnepamypu
rnoeepxHi 6O4YOK poriuKie.

lMpakmu4Ha 3HaYywicmb. 3anpPoroHO8aHO MEXHOJIORI0 8U3HAYEHHS MPO_UHI8 KO8aHUX ma iumux cmasesux bi-
Memaregux PosiuKie npu 8CmaHO8MEeHHI iX HerpugiOHUMU Ha Manomy padiyci mexHOMoaiqHol MiHii m'amoz2o ma wo-
CMo20 MexaHi3Mi8 30HU 8MOPUHHO20 OXONOOXKEHHS MawuH besrnepepeHoO20 fUMmMs 3a20mo8oK 8 cmasomy i ne-
PEXIOHOMY pexXxumax po3ueaHHsi cmarii.

Knro4oei cnoea: 30Ha oxos100)XeHHs1, posiuK, cmarb, 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

BcTtyn

Y BiTYM3HSHINA NpakTuUi AnsS MawuH 6eane-
pepBHoro nuTTa 3arotoBok (MBJ13) 3acTtocoBytoTh-
CS1 KOBaHi pPONnuKK, 3a LbOro faHi Npo 3acTOCYBaHHSA
NUTUX CTaNeBUX NUTUX POSUKIB, O MICTATb TEXHO-
Norito iX BUPOOHULTBA Ta pauioHanbHi TEXHOMOMYHI
KOHCTPYKLUIT NMUTUX POSKUKiB, OOCHIIXEHHSA npoLeciB
3MEHLUEHHSI NMBApHUX Hanpyr i NiABULLIEHHSA €eKcC-
nrnyaTauiHux BracTMBOCTEW PONUKIB Oyxe obme-
XeHi, TOMy MNOPIBHAMNbHE OOCNIMHKEHHS ekcnnyaTauil
KOBaHWUX Ta cTanesBux BiAUEHTPOBONUTUX BimeTarne-
BMX POSMKIB, LLO NPaLIoioTb B YMOBAaX BENUKUX Me-
XaHiYHUX Ta TeMnepaTypHUX HaBaHTaXeHb € aKTya-
NbHUM, a 3aBOaHHS Mae BaXnvBe MpuknagHe 3Ha-
YeHHs. [laHa cTaTTs nNpucBsiYEHaA pILWEHHIO Npo-

6rnemu niaBuLLEHHA AkocTi ponukiB MBJ13, ski Buro-
TOBNSAOTb BiAUEHTPOBUM NIUTTSAM.

AHani3 nitepatypHux AaHUMX Ta NOcCTaHOBKa
3apadi

MepLlioyeproBMM 3aBOaHHAM PECTPYKTypu3auil
cTanennaBubHOro BMPOOHULTBA YKpaiHM B OaHU
yac € 3HauyHe 30inblUeHHs1 YacTku 6e3nepepBHOro
pO3rvBaHHA cTani, i 3aBOAKN LibOMY CyTTEBE 3MEH-
LLEHHSI MMTOMOI BUTPaTK MeTarly Ha TOHHY 3MNUTKIB
npy OAHOYacHOMY MiABULLEHHI AKOCTi 3aroToBOK. Y
HauioHanbHii  meTanypriviHin - Akagemii  YkpaiHu
(HMeTAY) nouunHatoum 3 1983 poky nposoaunmcs
poboTn 3 cucTemartumsalii 4OCBiOy BITYM3HSAHUX Ta
3apyOiKHUX DIpM LLOAO0 BAOCKOHANEHHS KOHCTPYK-
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Uil PONUKIB 30HN BTOPMHHOIO OXonomkeHHss MBJ13

[1].

OOHUM i3 HaMBaXkNUBILLMX NUTaHb AN LWK-
POKOro BMpoOBaKeHHs1 6€3nepepBHOr0 PO3NMBaHHS
ctani € 3abesneyeHHss MBJ13 pobounmM iHCTpyMeH-
TOM — ponuKamu, gKi €, BnacHe, eneMeHToM nmBap-
HOi popmmn (TEXHOMOrIYHOI niHii) UbOoro crnocoby
nMTTa. YMOBU pobOTM ponukiB, ocobnmBO B 30HI
BTOPUHHOrO oxonomkeHHa MBJI3, xapakrepusy-
HOTbCS BUCOKMMU 3HAKO3MIHHVMMW CUIOBUMU Ta Te-
PMIYHMMW HaBaHTaXKEHHSMM, SKi MOSICHIOTLCA Ma-
o WBKAKICTIO obepTaHHA ponukiB (4o 1 06/xB),
BESIMKOIO Pi3HMLED TemnepaTypu IXHbOI NOBEPXHI 3
Ooky cnaby (450...550 °C) Ta npoOTUNEXHOro
(80...120°C), nepenagom TemnepaTypu Mo nepepiay
(100...400 °C) i poxuHi 604km ponuka (go 220°C),
BENuKMM (4o 8 M) MeTanocTtaTiyHMM Hanopom 3 60-
Ky ©e3nepepBHONUTOI 3aroToBkW, WO TBepgie. Lis
«nmBapHa opma», 0cobnmeo, B 30Hi BTOPUHHOIO
OXONOPKEHHST 3aroTOBOK MOBMHHA MaTu Taki Oc-
HOBHi BRNACTMBOCTI $K BWCOKi MILHICTb i 3HOCO-
CTIMKICTb, SKHAVMEHLLI Hanpyru Ta iH.

PiBeHb TexHonorii 6e3nepepBHOro PoO3nMBaHHS
[03BOrISIE NPOBOAUTM 3aMiHy KOBLUIB NpakTU4HO 6e3
3HWKEHHS LUBMAKOCTI po3nmBaHHA. CepiliHicTb nna-
BOK 6e3 3amiHM koBLWiB csrae 6...8. ToMmy Hamnbinb-
WA BNAMB Ha PUTMIYHICTb | BUTPUMKY LUBUMAKOCTI
pO3nMBY BHOCUTb 3aMiHa CTakaHiB, LLO 3aHYpHOIOTb-
ca. lNpy 3amiHi CTakaHiB LWBMAKICTb PO3NMBAHHA
3HmKyeTbes 3 0,8 go 0,2 Mm/xB, WO CNpUYMHSIE
36inbLUeHHs TemMnepaTypHOro nepenagy Mo nepe-
TUHY ponuka. 3a Uboro 36inbLyeTbCa NPOrMHaHHS
POMKWKIB i MPOMIDKOK MDK HUMW, LLO BU3HA4Yae TOB-
LLMHY 3IMBKa NOB340BX TEXHOMOMNYHOT MiHil.

BueHi kadeapu nusapHoro BMpoOHMUTBa YKpa-
THCbKOrO [epXaBHOro YHIBEPCUTETY HayKu i TEXHO-
norii niaTBepAMnM OOUINbHICTL BUKOPUCTaHHSA Oi-
MeTaneBuX POSIUKIB 3aMiCTb KOBaHUX MO TEXHOMOTi-
YHin poBxumHi MBJ13, Wo no3anTuBHO BNNMBAaNo Ha
AKICTb CTaneBuMX 3aroTOBOK, LLO PO3nMBalTbCcA [2-
9.

Meta i 3aBaaHHA AoCAiMKEHHA Mondrae B
BCTaHOBIEHHI BMMMBY NapameTpiB NMBapHOI TEXHO-
norii 6e3nepepBHOro po3nMBaHHA Ha poboTy Ta
reomeTpuyHi napametpu ponukis MBI3, Burotos-
NEHNX METOAOM NUTTS, Y MOPIBHAHHI 3 KOBaHMMMU
ponvkKamMu.
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Matepianu Ta metoam pocnigkeHb. [ocnign-
nM T ponukn  BUKOHaHb  17X12M®J1-20/1 Ta
20X25H19C2/1-20/1 Ta koBaHi ponuku. lNepen Ta
nig 4Yac ekcnnyaTauii nNpoBOAWNN BUMIPHOBAHHS
nNporvHiB  gocnigHnx ponukie giametpom 300 mwm,
WO MpautoBany B YMOBaxX BEMUKUX MEXaHiYHuX Ta
TemnepaTypHuX HaBaHTaXeHb. BumipioBaHHSa npo-
TMHY CTaneBoro NUTOrO ponuKa [0 ekcnnyaTtauil
npoBoAMAM nNig BAIMBOM TiflbKM  MEXaHIYHOro
HaBaHTa)eHHSA. Tak, MNPOrMH NUTUX PONUKIB Big Aii
BaHTaxy macoto 10 T cknas 0,5 mm, wo Ha 5...10 %
GinblLEe NPOrMHY KOBaHUX POJMKIB LbOro giameTpa.
Y npoueci ekcnnyartauil BU3Ha4ann MakcumarbHy
BENMYUHY MPOrMHY 3a [JOMOMOrol CreLjianbHOro
MPUCTPOIO.

3anuc nporuHiB ponukis MBJI3 npotsirom Ginb-
we 300 XBUNWMH OO3BONWUMO BU3HAYUTU X BEMUYUHY
B CTanomy i nepexigHoMmy pexumax po3fnvBaHHS
ctani Ha MBI3, noB'a3aHux i3 3amiHOIO CcTakaHa, Lo
3aHyproeTbes. MNpu ekcnnyaTadii ponukis MBJ13 yac
X BMXody Ha TemnepaTtypHui pexunm ctaHosms 90
... 100 xB.

HocnimpkyBaHi koBaHi Ta nuTi cTanesi GimeTanesi
ponvKn Bynn BCTaHOBIEHI HENPUBIOHMMM HA Marlo-
My pagiyci TEXHOMNOrYHOI MiHIiT N'ATOro Ta LWOCTOro
MEXaHi3MiB 30HM BTOPUHHOIO OXOJIOXKEHHS MaLUVH
Ge3nepepBHOro NMTTS 3aroTOBOK [2].

Pe3ynbTatu gocnigxeHb Ta iXx 06roBopeHHs

[ns nporHodyBaHHA 3MiHW BEMWUYMHU NPOMIKKY
MDK pOfiMKamu npu 3amiHi KoBaHWX Ha GiMeTaniyHi, a
TAKOX OUIHKM  iXHbOI  KOHCTPYKLIMHOI  MIiLHOCTI
eKCMepuMMEHTanbHO BM3HA4Yanu 3MiHy BeNUYMHU
MPOTMHIB MOPIBHIOBAHMX POSIUKIB HACTYMHUM YNHOM:
[o ekcnnyaTtauil BenuYMHY NPOrMHY PONKUKIB
OLjiHIOBanu 3a 4OMOMOTOK CreLjianbHOro nNpucTpoto
3 JaTYMKOM rOAMHHUKOBOrO TUMy 3 ToyHicTio + 0,01
MM MNPV HaBaHTaXXEHHi KOHTPOSIbHUM BaHTaXeM Ma-
coto 10 1. Y npoueci ekcnnyaTauii BU3HaYanu mak-
cMManbHy BENWYMHY TMPOrMHY 3a  JOMOMOroH
creuianbHOro NpucTpoto (puc. 1) 3i WITOKOM i3 Ma-
Tepiany 3 Manum KoedilieHTOM TePMiYHOro po3Luu-
peHHs 3 TouHicTio £ 0,01 mm. MpucTpin 6yno BMOH-
TOBaHO y BOAOOXONIOOXKYyBarbHy pamy Kacetu ans
ponukis @ 300 MM BEPXHLOrO MOMOTHA M'ATOr0 Me-
XaHi3My 30HW BTOPMHHOIO OXOJTOKEHHS.
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Puc. 1. Cxema npucTporo AN BU3HAYEHHSA NPOrUHIB: 1 — KPOHLWITENH; 2 — WITOK; 3 — PONUK; 4 — NPYXMHA;
5 — kopnyc; 6 — npoknagku; 7 — bontoBe 3'egHaHHs; 8 — cTpyHa; 9 — 6nok; 10 — npyxuHa; 11 — gaTtynk ne-

pemileHHs; 12 — enekTponaHens; 13 — ocumnorpad

Ha pami ponukoBOi cekKuii BCTaHOBJEHi CTa-
LliOHapHi KPOHLITENHN 1, HA AKUX 3aKpinfeHo npu-
CTpii, WO CKNagaeTbes 3i WTOKa 2 3 ManMm posnu-
kom 3, npyxuHu 4 i kopnycy 5. [lonepegHe
HanalwTyBaHHA MPUCTPOK MPOBOAWMM 3a AO0MNOMO-
roto NPoKNagok 6, nicnsa 4Yoro NPUCTPIK 3akpinnoBa-
nn Ha KpoHwWTewHi 6ontoBum 3'egHaHHaM 7. [pu
BMMipax MOPOXHUCTUMA LUTOK 2 OXOMNOMKYETLCS
CTUCHEHNM noBITPAM. [lepemillleHHsa WToKa nepe-
OAa€ETbCs 3a JOMOMOrok CTpyHU 8 yepes 6ok 9 Ha
peoxopaHun gaTtumk nepemiweHHs 11. TlocTinHe
HaTAr cTpyHu 3abesnevyeTbes npyxuHot 10. [Me-
pPETBOPEHUN PEOXOPOHUM AaTYUKOM CUrHam Haaxo-
OWTb Ha naHernb 12, 3ibpaHy 3a MOCTOBO CXEMOIO i
Aani Ha caiTrnionpomeHesuin ocuunorpad 13.

PospobrieHa BuMiptoBanbHa cxema [O3BOMSE
BMBECTU PEOXOPAHUIA AATYUK NEPEMILLEHHS i3 30HM
BMMAMBY BUCOKMX TemnepaTyp, TOOTO Mexi 30HM
BTOPUHHOIO OXOMNOPKEHHS. TapyBaHHs
BMMIipIOBanbHOI cxemn nposoaunun 6esnocepenHbo
B8 MBJ13. ina BuMiptoBaHHs TemnepaTtypu noBepxHi
ponuKkiB Oynn BUIOTOBMEHI KOHTAKTHI Tepmonapu
Tvny XK 3 nepeHocHMM MiniBonsTMETpoM Ta npo-
TapoBaHi B iHTepBani Temnepatyp 20...500C. Ons
BMMIpPIOBaHHS MNPOrMHIB POMUKIB  3aCTOCOBYBanu
BUTpaTHI gatuukn Tuny JIX707 3i cneviansHumu ne-
pefaTtHUMKM NPUCTPOSIMK, LLO A03BOMSATb BUHECTU
OaTyuK i3 30HM BUCOKMX Temnepatyp. TapyBaHHS
OaTYMKIB NepeMilLleHHs npoBoannn 6esnocepeaHbo
Ha MBJI3 3a OOMOMOrow MIpHUX MNacTUH TOBLUU-
Hoto 0,1 MM, LLIO BBOAATHLCA MiXK MOBEPXHEID ponuka
Ta LUTOKOM JaTyuka. Y LubOMy BpaxoByBanu Temre-
paTypHi NOOOBXEHHS MeXaHi4YHMX 3B'A3KIB.

TemnepaTypHe none noBepxHi Go4YkM ponuka
aocnimkyBanu npu posnumBaHHi Ha MBJ13 Benuko-
rabaputHmMx 3arotoBok nepetuHom 300x1850 mm.
KoHTakTHi Tepmonapwu nigsoaunucs i3 TuneHoro 6o-
Ky ponuka. Lle 0o3BOnuMnio npoBecT! BUMIpHOBaHHS
TeMnepaTypu MOBEPXHi PONUKIB B PEXMMI, LWO
BCTaHOBUBCH.

IHTepBan TemnepaTyp, BCTaAHOBMEHWA MpK
BMMipax, ctaHosmB 120 ... 140C. BukopuctoByoum
Ui AaHi Ta pesynbTaTy NpoBefeHWX paHiwe [fo-
cnifkeHb TemnepaTypHUX MoriB CepiviHuX POruKiB,
MEeTOOOM anpokcumadii 6ynm oTpumaHi  Makcu-
MarnbHi 3Ha4YeHHs TemnepaTypu B 30Hi KOHTaKTy po-
nuka 3i 3anutkom - 470C. TemnepaTypHe NOLOBXEH-
HS nepefaBarnbHUX ernemMeHTiB BpaxoByBanu mnpu
00pobLi AaHWMX KIHLEBOTO PO3XOMKEHHS BENUYMH
curHany nicrns BMXOAy 3MMBKa i nepesipanocsa po-
3paxyHKOM, AfA YOro BW3Hayanu TemnepaTtypy
€reMeHTIB KOHCTPYKLii KOHTAKTHOIO TepMOonapoto.

BenuuuHy nporuHis BumiptoBanu 3a 4ONOMOroro
peoxopdHux patuukie Tuny JIX-705 3 TOuYHicTIO
+0,01 mMm. TlokasaHHs [OaTyukiB NepeMilleHHs
peecTtpyBanu ocuunorpagom H-115. OgHovacHo Ha
L0 X ocumnorpamy sanucysanu LUBWUAKICTb po3nu-
BaHHS, WO 3MIHIOETbCS MPUM 3MiHI KOBLUIB, 3aMiHi
CKISIHKM PO3MUBY, Ha NoYaTKy i KiHUi po3nuBy Ta iH.
3anuc nposogunu 6e3nepepBHo.

OpaHo4yacHO MpoBOAMAM BUMIPHOBAHHST MPOrMHIB
OBOX POJUKIB: eKCrepnMeHTanbLHoro GiMeTaniyHoro
2 Ta cepiiHoro koBaHoro 1 ponuka, BCTaHOBNEHWX
cepefHiMM y BEpPXHiX KaceTax BiAMNOBiOHO LLUOCTOro
Ta N'AToro MexaHiamis n'atoro crpymka MBJ13 Ne 3.
PesynbTatv BUMIptoBaHb peecTpyBanuca Ha OOHIN
ocuumnorpami, Wo A03BOSUIIO MOPIBHATM 3MiHY Npo-
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MHIB y npoueci ekcnnyatauii 3a BCiX LUBUOKICHMX
pexumMax posnmBaHHA. EkcnepumeHTanbHi faHi BU-
KOPUCTOBYBANUCS Mpu po3paxyHKy CriBBigHOLLEHHS
TOBLUMH LIApiB OiMeTany i Hanpyrn B HUX, a Takox
Ons BUBHAYEHHS HEODOXiAHOT XKOPCTKOCTI POSINKIB.
MporvH ponukiB y npoueci ekcnnyaTauii
OUiHIOBaNM 3a MaKCMMarlbHUM BIiOXWNEHHSIM KOH-
TponbHOro wyna 3 gikcatopom. LLlyn koHTakTyBaB 3
PONMKOM NepneHaMKYNsipHO A0 LUMPOKOI rpaHi cns-
Oy i BBOAMBCA B KOHTaKT 4yepes Tpyby, BBapeHy B
Nno3goBXHI Ganky ponukoBoi cekuii. [icna npo-
XOKEHHA  Ccepil  NnaBoOK  BiOXWNEHHA  wyna
BMMIpIOBanocs 3a [AOMOMOrOK  LUTAHIEHUUPKYIIS.
BumiptoBaHHS nokasanu, Wwo MakcMMarnbsHU NPOrnH
1 N
09
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PONKWKIB NPW 3MiHI MPOMIKHOMO KOBLUA i LUBMAKOCTI
po3nuBaHHsa 0,2 M/XB CknaB Ans AOCNIOHUX POSUKIB
BUKOHaHb 17X12M®J1-20J1 ta 20X25H19C2/1-20]1
2,5 1a 3,5 mm, BignosigHo. NeBHe 3Ha4YeHHs nporu-
Hy OAHOrO 3 AOCHIOHWX PONMKIB MNepeBuLLyBarno
NPOrMHN KOBAHMX POJUKIB, SIKi cTaHOBNATL 2,5...2,8
MM.

Ha puc. 2 i 3 HaBegeHo rpaduiyHi 300paxeHHs
LUBMAKOCTI PO3MMBaHHA, a TaKoX MpOruHiB Gime-
TaniyHoro (1) Ta koBaHoro (2) ponukis. Kpusi xapak-
Tepu3ytoTb 3MiHY NPOTrVHIB BiA NOYaTKy pO3NnBaHHSA
cTani 4o suxody 3nvBka. [pu ubomy Gyrna npose-
A€EHa 3aMiHa TPbOX CKIISHOK, L0 3aHYpPHOHTLCA.
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Puc. 2. 3miHa WBKAKOCTI po3nMBaHHS, a TakoX NporuHiB Gimetanesoro (1) i koBaHOro (2) ponukis y no-

yaTkoBoMy (a) Ta BctaHoBneHoMy (6) nepiogax
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Puc. 3. 3miHa LWBMAKOCTI po3nMBaHHS, a TakoX NporuHie Gimetanesoro (1) Ta koBaHoro (2) ponukie y 3a-

KMOYHOMY nepiogi

NnaBokK, WO NiATBEPAXKYE iXHIO CTabinbHy NpauesaaTtHiCTb

HocnigHnin ponuk 0o TPMAUSATOI XBUAMHK Big no-
YaTKy PO3NUBY BUMLLOB Ha BCTAHOBMEHUN PEXUM i
Jdarni BenuynHa 1noro nporuHy Gyna nocTinHo i piB-
HOlO 3 MM, 3i 3MiHamn o 0,5 MM NpU 3HWKEHHI
LUBWAKOCTI Mig Yac 3aMiHM CKIMSHOK, LLIO 3aHYPHOTb-
cs (am.. puc. 2).

KonueanbHa 3miHa MporvHiB npu LbOMY Mpak-
TM4HO Byna BiacyTHA. [INs NOpIiBHAHHA KOBaHWA po-
nvK oTpMmyBaB 36inbLUeHHs nporMHy npotarom 80
XB Big noyaTtky 3anvBku. 3MiHa LIBUOKOCTI BUKIUKa-
na y HbOMy KOmnuvBarnbHe 3MiHEHHSI NMPOrMHIB NPOTS-
rom 10...15 xB, 3i 30iMblIEHHAM MaKCUMyMy am-
nniTyau go 4 mm (ame. puc. 2). MNMpornHu BUMiptoBa-
nMm 3 METOK BCTAHOBMEHHS ICTUHHOIO 3HaYeHHs
3MiHM MixkponukoBoi BigctaHi B MBJ13 npu Bukopu-
CTaHHi BiMeTaniYHNX PONUKIB Ta MOXITMBOTO BMMBY
CTaHy pPONWKOBOI MNPOBOAKA Ha HAKICTb 3MUTKIB.
BcTaHoBNEHO, WO NporvHu GimeTaniyHux ponukie
BUKOHaHHA 17X12M®J1 — 22XM®J1 npu pexumi po-
oot MBJ13 (weuakicte posnuey 0,6...0,8 m/xB), Wwo
BCTaHOBMBCS, cTaHoBunn 2...2,8 mm. lNpu nepe-
XiOHUX pexumax, Hanpukrag, npu 3amiHi CKNAHKKU
PO3nMBY, KOMW LUBMAKICTb PO3NIMBAHHS 3MEHLUYBa-
nacs go 0,2 M/xB, BENWYNHA NPOrMHIB GiMeTaniuHmx
ponukiB 3poctana go 3,5...4 mm.

OTpumaHi 3Ha4YeHHsI BENUYMHU MNPOruHIB Bime-
TaniyHux ponukie 0ynu Ha 15...20% HUXYMMHK, HIX Y
CEpPINHNX KOBaHUX POJIMKIB.

Y npoueci ekcnnyarauii npoBognnu BUMIpOBaH-
HS1 NPOTWHIB Ta TemnepaTypu MoBepXHi GO4YOK po-
nukiB. BcTaHOBMEHO, WO MakCcUManbHUA NPOrvH
GimeTaniyHOro ponuka CTaHOBUTb 2,3 MM Mpu
wemakocTi posnuey 0,2 M/xB mig yac 3amiHu cTa-
KaHuunka posnuey. BumiptoBaHHs TemnepaTypu no-
BEPXHi POMWKIB Nokasanwu, WO BOHW npautoBanu B
HOpMarnbHOMYy TemnepaTypHOMY PEXUMi, He nepe-
rpitounchb. Takmm YMHOM, BENUKA B MOPIBHSHHI 3 KO-
BaHMMM Mrowa BHYTPIWHBOI TennoBiABiAHOI Mo-
BEpxHi B OimeTaniyHmx ponvkax 3abeanedvyBana
edeKkTBHE BiABeOEHHA Tenna.

BucHoBku

3acTtocyBaHHs GiMeTaneBmx PoNnuKiB MO3UTUBHO
BMNMMHE Ha CcTabiNbHICTb MIXKOCBOBOI BiACTaHi, K
NPOTSrOM YCi€i KaMnaHii, Tak i Npu 3MiHi LWBMAKICHWX
pexumiB nif Yac Po3NMBaHHSA cTarli OKpeMux cepin.

BcraHoBneHo, Wo npu BMKOpPUCTaHHI GimeTane-
BMX PONMKIB BigOyBamnocs 3MEHLUEHHS MPOMVHIB i
cTabinisyBanacsi MiKponukoBa BigcTaHb MO TEXHO-
norivyHin goxuHi MBJ13, Wo no3uTMBHO BNNMBano
Ha AKICTb CTaneBmnX 3aroTOBOK, LLO PO3NUBAIOTLCS.

Cnucok nitepatypu
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1. NpoBeneHHs1 BUNpoOyBaHb 3 METO BUSABIIEHHSA NPUYMH BIOMOB Ta po3pobka BapiaHTa NigLMMHUKOBOIrO
By3na ponukie MBJ13, wo 3abesnevye npaue3gaTHiCTb B yMOBax MiABULLEHMX HABAHTAXXEHb Ta TEM-
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