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MODELING THE DISTRIBUTION OF COMPONENTS
EMITTED FROM OILED SCALE BETWEEN WATER, GAS, AND DUST MEDIA
IN BLAST FURNACE DEDUSTING PLANT

A. S. Kharchenko %, V. I. Sysoev, S. K. Sibagatullin, A. V. Dzyuba,
A. S. Savinov, E. 0. Kharchenko

| Nosov Magnitogorsk State Technical University (38 Lenina Ave., Magnitogorsk, Chelyabinsk Region 455000, Russian Federation)

&) as.mgtu@mail.ru

Abstract. Distribution of oil from oiled scale between various types of waste from blast furnace dedusting plant: dust, sludge, and slime water was esti-
mated by physical modeling using a vertical tubular electric furnace. According to the mathematical modeling of thermal state of a metal container
with oiled scale, intensive evaporation of oil in a blast furnace begins after it is loaded and lowered along the shaft to a depth approximately corres-
ponding to three feeds. The oil was passed through a layer of sinter and pellets of the Mikhailovsky GOK heated to 500 °C with a mass of 0.6 kg and
a particle size of 10 — 12 mm. Together with oil vapors, finely ground material was injected into the layer of iron ore raw materials (IORM), which
imitated in component and fractional composition a mixture of blast furnace dust and sludge from a vacuum filtration plant (VFC) of blast furnace
shop, taken in a ratio of 36:64. The physical modeling ensured compliance with the actual gas-dynamic mode in the area of blast furnace ore ridge,
based on equality of the Reynolds criterion. The value of this criterion, equal to 215, was achieved in the laboratory model when argon was supplied
with a flow rate of 70 L/min. According to the experimental results, distribution of oil was, % of the initial amount: 74.8 % decomposed on the [ORM
layer corresponding to three feeds; 9.1 % turned into blast furnace dust; 15.9 % turned into VFC sludge; there was no oil in the wet gas purifica-
tion water; 0.2 % (30 mg) of the oil underwent wet dedusting in the form of an aerosol; a small amount of soot was observed on the pipeline walls.
Gas phase of oil decomposition contained: 70 —90 % H,; 1.5 % CO; 0.5 - 7.0 % CO,; 3.2 -22.2 % CH,; 0.1 - 2.5 % X(C,H,, C,H, C,H,, C;H,).
The content of benzo(a)pyrene controlled in Russia in oil vapor did not exceed 0.00058 %.
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MOAENNPOBAHUE PACNPEAENEHUA KOMMNOHEHTOB,
BbIAENUBLUMUXCA U3 3SAMACNEHHOW OKA/IUHBI,
MEXAY BOAO-TA30-NbINEBbIMU CPEAAMU CUCTEMDI
A3004YUCTKU AOMEHHOM NEYU

A. C. XapueHko %, B. H. Coicoes, C. K. Cu6araty/iLiuH,

A. B. /1310643, A. C. CaBuHOB, E. 0. XapuyeHKo

MarnuToropckuii rocyiapcrBeHHblii Texnudeckuii yausepeurer um. I.H. Hocoa (Poccus, 455000, YenssOunckas o0i1., Maruu-
TOTOpCK, Tp. JIeHuHa, 38)

&) as.mgtu@mail.ru

AHHOmayus. Ou3NYecKUM MOJICINPOBAHUEM C HCIIONB30BAHUEM BEPTUKAIBHON TPYOUaTol SJIEKTPOIEYH OLIEHWIIM paclpesielieHHe Macia U3 3amac-
JICHHOW OKaJIMHBI MEK/Ty Pa3IMYHBIMU BUAAMH OTXO/I0B I'a3004MCTKU JOMEHHOTO IPON3BOJICTBA: IIBUIBIO, IIIJTAMOM M IIUIAMOBOH Bojoi. CortacHo
MaTeMaTH4eCKOMY MOJEIUPOBAHHUIO TEIJIOBOTO COCTOSHMSI METAJUIMYECKOr0 KOHTEHHepa ¢ 3aMaciIeHHOW OKAaJIMHOM MHTEHCHBHOE HCIApeHHUe
Macja B JJOMEHHOI! ITe4l HAaYMHACTCS TIOCIIE €T0 3arpy3KH U OITyCKaHMs BJIOJIb IIAXTHl HAa TTyOHHY, IPUMEPHO COOTBETCTBYIOIIYIO TPEM I0a4yaMm.
Macno npomyckanu uepe3 Harpetbiii 1o 500 °C cnoii armomepata u okarbimeii Muxaitnosckoro 'OK maccoit 0,6 KT U KpyITHOCTBIO YaCTHIL
10 — 12 mM. Bmecre ¢ mapamu Macna B cioit skenezopyaHoro ceipbst (JKPC) mopmaBamu (BayBain) TOHKO M3MENBYCHHBIM Marepuall, HMUTHPO-
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BaBIINi IO KOMIOHEHTHOMY M ()paKIIHOHHOMY COCTaBaM CMECh KOJIOITHUKOBOM IBIIM U LIJJAMOB BaKyyMHOH (pUIBTpOBabHOM ycTaHoBkH (BDY)
JOMEHHOTO IPOHM3BOJCTBA, B3ATHIX B COOTHOIICHHH 36:64. du3nueckoe MOAEINPOBaHUE 00SCIICYHUBAIIO COOTBETCTBUE (HaKTUUECKOMY Ta30QMHA-
MHYECKOMY PEXHMMY B 30HE PYIHOTO I'peOHsl JOMEHHOH IeuH, UCXO/sl U3 paBeHCTBa KpuTepusi PeliHonbca. 3HaueHHe 3TOro KpUTEpHsi, paBHOE
215, O6bII0 JOCTUTHYTO B 1a0OPATOPHOI MOJIENH MU TToJaue aprona ¢ pacxogom 70 n/muH. [o pesynsraram SKCIIiepUMEHTa pacipeaeieHne Macia
cocTaBmio, % ot ucxoxHoro konmuectsa: 74,8 % pasnoxuinock Ha cioe JKPC, coorBeTcTBytomeM Tpem noxadam; 9,1 % mepenuio B KOJIOUIHU-
KOBYIO TIbLIB; 15,9 % mepemuno B nutam BOY; B Boge MOKpo# ra300uucTKH Macio orcyTcTBoBaiio; 0,2 % (30 Mr) macia npoXoauiao MOKPYIO
ra3004MCTKy B (popMe adpo30iisi; Ha CTEHKaX TPyOOIpoBosa HAOIIOAAI0Ch HE3HAUUTEIILHOE KOJIMYECTBO caxu. ['azoBast (aza mporueccos pasio-

JKeHHUs Macia cozepxana: 70 — 90 % H2;

1-5% CO0;0,5-7,0% CO,; 3,2-22,2 % CH,; 0,1 - 2,5 % X(C,H

C,H

4> 2lteo

C.H

JHg, C3H8). Coneprxanne

KoHTposmpyemoro B Poccun Gen3o(a)nupeHa B mapax macia He npesbiimano 0,00058 %.

Kawueswle cno8a: yTuausanusa TEXHOTCHHBIX OTXO/10B, 3aMacCJICHHAas OKaJInHa, METO/bI nepepaGOTKu, HcnapeHue Macia, 10OMCHHas 1e4b

Jlns yumupoeaHus: Xapuenko A.C., CeicoeB B.1., Cubararymmn C.K., [[3106a A.B., CaBunos A.C., Xapuenko E.O. MoxenupoBanue pacmpesie-
JICHUSI KOMIIOHCHTOB, BBIACIIMBIINXCS U3 3aMacJICHHOM OKaJIMHBI, MEXKAY BOAO-Ia30-IIbUIEBBIMU CpE€laMU CUCTEMBbI I'a3009HUCTKH L[OMGHHOI71 TICYH.

Hzeecmus 6y306. Yepnas memannypeus. 2025;68(4):332-338. https://doi.org/10.17073/0368-0797-2025-4-332-338

[ INTRODUCTION

Improving the environmental performance of ferrous
metals production and processing increasingly rely on
recycling technogenic waste back into production [1; 2].
Among the most valuable iron bearing waste products
generated at ferrous metallurgy plants is oiled scale from
rolling mills [3 — 5]. This material consists almost entirely
of'iron oxides (with an iron content of 69 — 72 %) and con-
tains virtually no gangue [6; 7]. Two main types of roll-
ing scale are distinguished, differing in particle size and
oil content. The coarse fraction (+2 mm), which accounts
for up to 70 — 80 % of the total scale, contains less than
3 % oil and can be effectively used in the sinter burden.
The fine fraction (particles smaller than 100 pm) con-
tains a much higher oil content (up to 20 — 30 %), which
makes its use in sintering more problematic. During sin-
tering of a burden with elevated oil content, unburned
oil residues evaporate, forming explosive mixtures in
the oxidizing zones of the sinter machine gas tract. After
condensation, the oil contaminates the exhauster blades,
reducing their service life [8].

Alternative utilization methods for oiled rolling
scale include preliminary chemical treatment (wash-
ing with alkali and surfactant solutions) [9; 10] or pre-
liminary thermal treatment (rotary kilns, thermostats,
mixers) [11; 12]. The de oiled product is then pro-
cessed through sintering [14; 15] or briquetting [16].
However, these approaches have not been implemented
on an industrial scale due to techno economic constraints,
and the problem remains unresolved.

A more recent alternative to the multistage and costly
preparation of oiled scale for blast furnace smelting — via
sintering or briquetting with prior de oiling — is the direct
charging of oiled scale into the blast furnace [17; 18].
According to a patented method [17], instead of using
low strength briquettes, oiled scale can be placed
in a metallic container designed to melt at temperatures
of at least 1500 °C. This approach requires minimal addi-
tional equipment, shortens preparation time, eliminates
the need for separate storage and disposal of extracted
organic compounds, and avoids the purification of con-

taminated circulating water. However, when granulated
oiled scale is charged into the blast furnace, incomplete
decomposition of oil vapors passing through the burden
may complicate the operation of the furnace dedusting
system [19]. Therefore, it is important to evaluate how
the oil contained in oiled scale affects the composition
of blast furnace dust, VFC sludge, slime water, and
the formation of the gas phase in blast furnace off takes.

[ MATERIALS AND METHODS

In this study, the distribution of oil among various
types of blast furnace dedusting wastes (dust, sludge,
and slime water) was investigated by physical model-
ing in a vertical tubular electric furnace. A heated layer
of sinter and pellets from the Mikhailovsky GOK, with
a particle size of 10 — 12 mm and a mass of 0.6 kg, was
successively charged together with a mixture that repro-
duced, in component and fractional composition, blast
furnace dust and sludge from the vacuum filtration plant
(VFC) in a ratio of 36:64.

The iron ore raw materials (IORM) were placed in
the isothermal zone of the furnace. Their mass was deter-
mined from calculations of the amount of material located
above the horizon of intensive oil evaporation in the fur-
nace. According to mathematical modeling of the thermal
state of a metal container with oiled scale, intensive oil
evaporation in the blast furnace begins after the container
is charged and lowered along the shaft to a depth cor-
responding to approximately three feeds. Consequently,
the oil vapors pass through a layer of IORM roughly
equal in height to three feeds [20 — 22].

To generate a gas flow in which mixing of dust and
oil occurred, high grade argon (99.987 %) in accor-
dance with GOST 10157-2016 was supplied at a rate
of 70 L/min. This provided a Reynolds criterion value
corresponding to the actual gas dynamic mode in the bur-
den ridge zone of the blast furnace. At the furnace outlet,
a bottle for “dry” dust collection was installed to simu-
late the cyclone dedusting unit, followed by a bottle with
water for “wet” sludge collection, representing wet gas
purification in scrubbers (see Figure).
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The parameters of gas and material movement in
the laboratory installation were modeled to reflect
the following blast furnace operating conditions:

— average daily IORM consumption — 6278 t;
— pellet share in IORM — 36 %;

—average daily consumption of oiled scale (1 %
of IORM mass) — 63 t;

— average daily pig iron production — 3798 t;

— average daily top gas generation — 7,139,563 nm?;
— oil content in oiled scale — 15 %;

— oil mass in oiled scale — 9.4 t;

— water content in oiled scale — 10 %;

— water mass in oiled scale — 6.3 t;

— IORM mass per feed — 39 t;

— blast furnace dust yield — 4.6 kg/t hot metal;

Gas inlet

|8 0(0l0,0(0/0 0/00 000 000000 |

Output
to the gas meter

Scheme of experimental installation for physical modeling of the effect
of oil on composition of blast furnace dust, sludge and water:
1 — dust bunker; 2 — oil bunker; 3 — laboratory electric tubular furnace;
4 — layer of iron ore raw materials; 5 — bottle for “dry” dust collection;
6 — bottle for “wet” sludge collection

CxeMma HSKCHepUMEHTaIbHOH YCTaHOBKHU JUlsl (PU3MYECKOTO
MOJICIIUPOBAHUS BIMSAHUA Macia Ha COCTaB KOJOUTHUKOBOM MBUIH,
1I1aMa v BOJbI:

1 — pe3epByap ¢ IbUIBIO; 2 — pe3epByap C MaclioM;

3 — naboparopHas JeKTpUUecKas TpyodaTas rnedb;

4 — cnoii )Kene30pyIHOTO ChIPbS;

5 — eMKOCTb JUISl «CYXOT'0» YIIaBIMBAaHUS TbLIH;

6 — €MKOCTb C BOJIOH /IS «MOKPOT0» YIaBIMBAHUSA HIIaMa
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— VFC sludge yield — 8.1 kg/t hot metal.

The component composition of dust used in the labo-
ratory experiments was as follows:

1. Blast furnace dust (36 % of total mass):

— fractional composition: 10 % of class 1 — 3 mm and
90 % of class 0 — 1 mm;

— component composition:

— 75 % IORM mixture (64 % sinter and 36 % pel-
lets);

— 25 % coke dust.
2. Sludge fraction (64 % of total mass):
— fractional composition: 100 % of class 0 — 0.2 mm;
— component composition:

— 75 % IORM mixture (64 % sinter and 36 % pel-
lets);

— 25 % coke dust.

During the study, gas samples were taken and analyzed
for the content of monoatomic, diatomic, and triatomic
gases, as well as light hydrocarbons, using a Chromatec
Crystal 5000 gas chromatograph system. For analysis,
a packed column HayeSep Q (3 m) and a packed column
NaX (3 m) with a Carboxen precolumn (0.5 m) were
employed.

Oil samples were also taken to determine the content
of seven polynuclear aromatic hydrocarbons (PAHs) —
fluorene, phenanthrene, anthracene, fluoranthene, pyrene,
chrysene, and benzo[a]pyrene — included in the list
of 16 PAHs classified by the US Environmental Pro-
tection Agency (US EPA) as priority pollutants. Chro-
matographic analysis of the oil was carried out using a
capillary column CR-5ms (5 % diphenyl/95 % dimethyl
(polysiloxane)), 30 m x 0.32 mm X 0.25 pm.

B ResuLts

Calculated parameters of the laboratory study:

Oil mass for simulating vapor filtration through

the IORM layer, corresponding to one feed, g 0.3
Gas volume required for one feed, based on the oil

vapor fraction in blast furnace top gas, L 228
Duration of oil injection corresponding to one feed, min 3
Dust mass loaded into the laboratory installation
corresponding to one feed, g 1.5
Reynolds number, Re 215
Number of feeds in the laboratory installation 50

To determine the oil content, thermogravimetric ana-
lysis was performed on the collected dust and sludge
samples by heating them in an argon atmosphere. Weight
losses were 5.2 % for dust and 4.9 % for sludge. With
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a dust-to-sludge ratio of 36:64, the overall oil content in
the samples after testing was 5.0 %.

Water evaporation from bottle 6 after the experiment
showed no significant oil in the aqueous phase. The oil
aerosol concentration after wet scrubbing was determined
from a vapor—gas sample collected with an NP ZM samp-
ling pump in accordance with GOST R 51945-2002,
using indicator tubes for oil aerosols.

Based on the laboratory experiments, the oil distribu-
tion was as follows (percent of the initial oil content):

—74.8 — decomposed in the IORM layer equivalent
to three batches;

— 9.1 — transferred to blast furnace dust;
— 15.9 — incorporated into vacuum filtration sludge;

—0.2 (30 mg) — passed through wet gas cleaning as
aerosol.

A small amount of soot was observed on the inner
walls of the pipeline during the experiments. No oil
was detected in the wet gas purification water, indica-
ting that nearly all of it was adsorbed by suspended fine
coke dust particles, which were subsequently filtered,
dried, and incorporated into the vacuum filtration sludge.
Under industrial conditions, this process would simplify
the treatment of recirculating water.

The chemical composition of the gas phase con-
taining oil decomposition products was also ana-
lyzed. Across different gas samples, the concentrations
of the main components were within the following
ranges: 70-90%H,; 1-5% CO; 0.5-7.0% CO,;

29
32-222%CH,; 0.1-2.5%%(CH,, CH, CH,

2ty
C,H). The formation of these gas components is asso-

ciated with three main oil decomposition pathways:

1 — (catalytic) dehydrogenation of oil hydrocarbons
with cleavage of C—H bonds, producing hydrogen gas
and unsaturated compounds prone to polymerization and
oxidation. This process is promoted by calcium, iron, and
manganese oxides;

2 — (catalytic) cracking of oil hydrocarbons with clea-
vage of C—C bonds, producing lower molecular weight
hydrocarbons, including gaseous hydrocarbons such as
methane, ethane, propane, and butane. This process is
strongly promoted by complex silicates and alumino-
silicates in the agglomerate binder, such as pyroxenes and
olivines.

3 — reduction of iron oxides with the formation of CO
and CO,, which is intensified at higher temperatures and
when using iron ore raw materials with higher reducibi-
lity.

Analysis of oil samples for polynuclear aromatic
hydrocarbons (PAHs) showed that the concentration
of benzo[a]pyrene, which is regulated in Russia, did not
exceed 0.00058 % in oil vapors.

- CONCLUSIONS

An experimental assessment was conducted to evalu-
ate the distribution of oil from oiled scale among diffe-
rent types of blast furnace dedusting plant — dust, sludge,
and slime water — through physical modeling in a verti-
cal tubular electric furnace. A mixture of sinter and pel-
lets of the Mikhailovsky GOK (particle size 10 — 12 mm,
mass 0.6 kg) was used to simulate, in terms of compo-
nent and particle-size composition, blast furnace dust
and vacuum filter sludge in a 36:64 ratio. When passing
through a layer of iron ore raw materials (IORM) heated
to 500 °C, 74.8 % of the oil decomposed within the [ORM
layer corresponding to three feeds; 9.1 % was transferred
to blast furnace dust; and 15.9 % entered the vacuum fil-
ter sludge. Only 0.2 % of the oil underwent wet dedusting
in the form of an aerosol, while no oil was detected in
the wet gas purification water.

The gas phase of oil decomposition con-
tained 70-90%H,; 1-5%CO; 0.5-7.0% CO,;
32-222%CH,; 0.1-25%ZX(CH,, CH, CH,

C;Hy). A small amount of soot was observed on the pipe-
line walls, suggesting the possibility of soot deposition in
blast furnace off-gas ducts.

Characteristics and content of polynuclear aromatic hydrocarbons in the oil vapor condensate sample

XapakTepHCTHKH U COep:KaHHe NOJUsIePHBIX ADOMATHYECKHX YIVIEBOAOPOOB B IIP00e KOHJeHCATa IapOB MACJIa

Substance Fluorene | Phenanthrene | Anthracene | Fluoranthene | Pyrene | Chrysene | Benzo[a]pyrene
Molecular formula CH,, C,H, C.H, C,H, C,H, CH,, C,H,,
Molecular weight, a.u. 166 178 178 202 202 228 252
Boiling point, °C 294 340 340 382 402 448 495
e IS N T O T
Content in sample, % 8.0-10° 5.6:1072 - 7.9-10° 7.2:107% | 3.0-107* 5.8-107*

“IARC — International Agency for Research on Cancer.

335



N3BECTUA BY30B. YEPHASA METAJIJIYPTUA. 2025;68(4):332-338.
Xapuenko A.C, Coicoes B.H. u dp. MoziepoBaHye pacnpezieseHns KOMIOHEHTOB, BbIZIEJIMBLUINXCS U3 3aMaCl€HHOW OKaJIUHBI ...

[ REFERENCES / CNUCOK IUTEPATYPbI

1.

336

Rovin S.L., Rovin L.E. New concept of recycling of dispersed
iron-containing waste. In: Proceedings of the X Int. Sci. and
Pract. Conf. “Progressive Casting Technologies”, Moscow,
November 9—13, 2020. Moscow: Maska; 2020;238-243. (In
Russ.).

Posun C.JI., Poun JI.E. HoBas koHuenuusi perukinHra
JTUCTIEPCHBIX JKEJIE30COACPIKAIINX OTX0M0B. B kH.: Tpyosl
X MeoswcoyHapoOHoll HayyHO-NPAKMU4eckol KoHghepeHyuu
«Ilpoepeccuenvie numetinvie mexnonoeuuy, Mockea, 9—13
Hos0ps 2020 2. Mocksa: Macka; 2020;238-243.

Bulatov K.V., Gazaleeva G.I. Prospects for development
of the technologies for recycling of ferrous metallurgy waste.
In: Fundamental Research and Applied Developments of Pro-
cesses of Processing and Utilization of Technogenic Forma-
tions: Proceedings of the V Congress with Int. Participation and
the Conf. of Young Scientists “TECHNOGEN-2021". Yekat-
erinburg: UB RAS; 2021:21-33. (In Russ.).
https://doi.org/10.34923/technogen-ural.2021.60.16.003

bynaroB K.B., T'azaneeBa I'U. IlepcnextuBsl pa3BuUTHS
TEXHOJIOTUH MepepabOTKH OTXOIOB YEPHOI METaJTyprHH.
B kH.: @yHoamenmanvuvie ucciedosanus u NPUKiaAod-
Hble pazpabomKu npoyeccos nepepadomku u Ymuiu3da-
yuu mexnoceHnvlx obpazosanuil: mpyovt V Komepecca ¢
mexcOyHapoonvim yuacmuem u Konghepenyuu monoowix
yuenvix « TEXHOI'EH-2021». Exarepun0Oypr: YpO PAH;
2021:21-33.
https://doi.org/10.34923/technogen-ural.2021.60.16.003
Leont’ev L., Ponomarev V., Sheshukov O. Recycling and
disposal of industrial waste from metallurgical production.
Ecology and Industry of Russia. 2016;20(3):24-27. (In
Russ.). https://doi.org/10.18412/1816-0395-2016-3-24-27

JleontreB JI., [lonomapes B., lllemyxo O. Ilepepaborka
M YTHIM3AIHs TEXHOTCHHBIX OTXOJ0B METAJLUTypPrHYECKOrO
NIPOM3BOICTBA. DKonocusi u npomvliuiiennocms Poccuu.
2016;20(3):24-27.
https://doi.org/10.18412/1816-0395-2016-3-24-27

Remus M., Monsonet M.A.A., Roudier S., Sancho L.D.
Best Available Techniques (BAT) Reference Document for
Iron and Steel Production. Luxemburg: Publications office
of the European Union; 2013:627.

Yessengaliev D., Mukhametkhan M., Mukhametkhan Ye.,
Zhabalova G., Kelamanov B., Kolesnikova O., Shyngys-
bayev B., Aikozova L., Kaskataeva K., Kuatbay Y. Studies
of the possibility of improving the quality of iron ores and
processing of technogenic composite iron-containing waste
of metallurgical production. Journal of Composites Science.
2023;7(12):501. https://doi.org/10.3390/jcs7120501
Furmanski L.M., Muller T.G., Nuernberg J.B., Martins M.A.,
Arnt A.B.C., da Rocha M.R., Zaccaron A., Peterson M. Effi-
cient production of ferrous sulfate from steel mill scale waste.
Journal of Sustainable Metallurgy. 2024;10(3):1783—-1794.
https://doi.org/10.1007/s40831-024-00900-8

Hryhoriev S., Petryshchev A., Sinyaeva N., Yurchenko A.,
Sklyar O., Kvitka S., Borysov V., Vlasiuk V., Tsymbal B.,
Borysova S. Studying the physicalchemical properties
of alloyed metallurgical waste as secondary resourcesav-
ing raw materials. Eastern-European Journal of Enterprise
Technologies. 2018;4(12(94)):43-48.
https://doi.org/10.15587/1729-4061.2018.140924

8.

10.

11.

12.

Shatokha V.., Gogenko 0.0., Kripak S.M. Utilis-
ing of the oiled rolling mills scale in iron ore sinter-
ing process. Resources, Conservation and Recycling.
2011;55(4):435-440.
https://doi.org/10.1016/j.resconrec.2010.11.006

Tanutrov 1., Sviridova M. Directions to improve the process-
ing methods of anthropogenic waste of the Ural Region. Eco-
logy and Industry of Russia. 2015;19(8):31-35. (In Russ.).
https://doi.org/10.18412/1816-0395-2015-8-31-35

TanyTtpoB WM., CBupunosa M. HanpasieHus coBeplIeHCT-
BOBaHHS CIOCOOOB TEPEepPaOOTKM TEXHOTCHHBIX OTXOIOB
VYpanbckoro pernona. Jkonoeusi u npomviuiieHHocms Poc-
cuu. 2015;19(8):31-35.
https://doi.org/10.18412/1816-0395-2015-8-31-35

Tanutrov IN., Sviridova M.N., Chesnokov Yu.A., Mar-
shuk L.A. Technological modeling of joint leaching of oily
rolling scale and red mud. Izvestiya. Ferrous Metallurgy.
2020;63(11-12):891-898. (In Russ.).
https://doi.org/10.17073/0368-0797-2020-11-12-891-898

Tanytpos W.H., CBupugosa M.H., UecnokoB 10.A., Map-
myk JILA. TeXHOJIOrHYecKkoe MOJICTMPOBAHUE COBMECTHOTO
BBIICTIAYMBAHUS  3aMACJICHHOM MPOKATHOW OKaJMHBI MU
KpacHOTo nuiama. Mseecmus 8y308. Uepnas memannypeusi.
2020;63(11-12):891-898.
https://doi.org/10.17073/0368-0797-2020-11-12-891-898
Nemenov A.M. Events in figures and facts. Metallurg.
2016;(9):108—112. (In Russ.).

HemenoB A.M. CoObiTust B iupax u daxrax. Memanype.
2016;(9):108-112.

Chesnokov Yu.A., Marshuk L.A., Tanutrov I.N., Sviridova
M.N. Pyro-metallurgical scheme of joint recycling of red
sludge and rolled scale. In: Fundamental Research and
Applied Developments of Processes of Processing and Uti-
lization of Technogenic Formations: Proceedings of the V
Congress with Int. Participation and the Conf. of Young
Scientists “TECHNOGEN-2021". Yekaterinburg: UB RAS;
2021:415-419. (In Russ.).

YecnoxoB 10.A., Mapmyk JI.A., TanytpoB U.H., CBupu-
moBa M.H. Ilupomeramryprudeckasi cxema COBMECTHOMN
nepepadOTKM KPACHBIX I[UIAMOB W TPOKATHOH OKaJIMHBI.
B kH.: @ynoamenmanvHbie ucciedo8anus U NPUKIAOHbIE
paspabomku npoyeccog nepepabomru u Ymunuzayuu mex-
HoeeHHbIX 00pazosanuil: mpyowl V Konepecca ¢ mesxcoyua-
poonvim yuacmuem u Konghepenyuu monoowvix yuenvix « TEX-
HOI'EH-2021». ExarepunOypr: YpO PAH; 2021;415-419.

13. Rostovskii V.I., Pliskanovskii S.T., Ivanov A.I., Ispolov V.B.,

14.

Gladush V.D., Ruchkin I.I., Zhunev A.G., Golubov A.F.,
Korop N.A. Certificate of authorship USSR no. 1086024 A1,
MPC C22B 1/16. Method of agglomeration of iron ore mate-
rials. Bulleten’izobretenii. 1984;14. (In Russ.).

A.c. 1086024 A1 CCCP, MIIK C22B 1/16. Cnoco6 ario-
MepanuH JKene30pynHbix Mmarepuano / B.. PocroBckuid,
C.T. Ilmuckanoeckmii, A.Jd. HMano, B.b. Hcmonaros,
B.A. Tnanym, M.U. Pyuxun, A.I. XKynes, A.®. TonyOos,
H.A. Kopom; 3asBi. 17.12.1981; omy6u1. 15.04.1984. Broi. 14.
Gurkin M.A., Tabakov M.S., Loginov V.N., Kashkarov E.A.,
Nevraev V.P., Nesterov A.S., Kuchin V.Yu., Detkova T.V.,
Yakushev V.S. Patent RF no. 2418079 C2, IPC C22B 1/16.
Method of sinter production for blast furnace smelting. Bul-
leten’izobretenii. 2011;13. (In Russ.).


https://doi.org/10.34923/technogen-ural.2021.60.16.003
https://doi.org/10.34923/technogen-ural.2021.60.16.003
https://doi.org/10.18412/1816-0395-2016-3-24-27
https://doi.org/10.18412/1816-0395-2016-3-24-27
https://doi.org/10.3390/jcs7120501
https://doi.org/10.1007/s40831-024-00900-8
https://doi.org/10.15587/1729-4061.2018.140924
https://doi.org/10.1016/j.resconrec.2010.11.006
https://doi.org/10.18412/1816-0395-2015-8-31-35
https://doi.org/10.18412/1816-0395-2015-8-31-35
https://doi.org/10.17073/0368-0797-2020-11-12-891-898
https://doi.org/10.17073/0368-0797-2020-11-12-891-898

I1ZVESTIYA. FERROUS METALLURGY. 2025;68(4):332-338.
Kharchenko A.S., Sysoev V.1, and etc. Modeling the distribution of components emitted from oiled scale between water, gas, and dust media ...

Iar. 2418079 C2 P®, MIIK C22B 1/16. Crioco6 mpowus-
BOJZICTBA arioMepara ajs foMeHHoW miaBku / M.A. I'ypkus,
M.C. Tabakos, B.H. Jlorunos, E.A. Kamkapos, B.I1. Hepaes,
A.C. Hectepos, B.1O. Kyuunn, T.B. Jlerkosa, B.C. flkymies;
3asBit. 06.07.2009; omy6s. 10.05.2011. Brom. 13.

15. Gotovtsev A.A., Efimenko Yu.G., Kabanov A.V., Koval Yu.l.,
Salnikov I.M., Stolberg E.Ya., Khvatov Yu.A.; Certificate
of authorship USSR no. 1407979 A1, MPC C22B 1.14.
Charge for disposal of oiled scale during agglomeration. Bul-
leten’izobretenii. 1988;25. (In Russ.).

A.c. 1407979 A1 CCCP, MIIK C22B 1/14. [lluxra [yis1 yTH-
JIM3aIMY 3aMaCICHHOW OKaJIMHBI Ipy aromepanun / A.A. To-
topues, FO.I. Edumenko, A.B. Ka6anor, FO.M. Kosais,
UM. CanpuukoB, E.SI. Cronsbepr, FO.A. XBaroB; 3asBil.
13.05.1986: omy6m. 07.07.1988. brom. 25.

16. Salekh A.I.Sh., Gritsishin A.M. Patent RF no. 2321647 C1,
IPC C22B 1.242, C22B 1.245. Method of briquetting iron-

containing waste in the form of scale for smelting. Bulleten’

izobretenii. 2006;10. (In Russ.).

ITar. 2321647 C1 P®, MIIK C22B 1/242, C22B 1/245. Cro-
€00 OpHKETHUPOBAHUS HKEJIC30COACPKAIINX OTXOJIOB B BHJIC
okanmuubl i mwaBku / AWM. Canex, A.M. I'puiunus;
3asBi1. 06.07.2006; omy6i. 10.04.2008. brom. 10.

17. Gubanov V.., Seifulov R.V., Selivanov V.N., Chernou-
sov P.I., Yusfin Yu.S. Patent RF no. 2131929 C1, IPC C21B
5/00. Method for producing pig iron using blast furnace pro-
duction at a metallurgical enterprise. Bulleten’ izobretenii.
1999. (In Russ.).

ITar. RU 2131929 C1 P®, MIIK C21B 5/00. Crioco6 nomyye-
HHUs 9yTYHa C UCIIOJIb30BAHUEM JOMCHHOT'O ITPOMU3BOJACTBA HA
MeTaiuryprudeckoM npennpusitun / B.U. T'ydanos, P.B. Ceii-
¢ynos, B.H. Cenupanos, I1.1. Yepnoycos, 10.C. HOcdus;
3as1BIL. 26.06.1998; omy06i. 20.06.1999.

18. Khusnutdinov 1.Sh., Khusnutdinov S.I., Alekseeva A.A.,
Bazhin V.Yu., Dubovikov O.A., Johann L.Sh. Patent RF
no. 2730304 C1, IPC F23G 7/05, F23G 5/027. Method of dis-
posal of oil- and oil-containing waste, oiled scale, waste from
coke production. Bulletenizobretenii. 2020;24. (In Russ.).
ITar. 2730304 C1 P®, MIIK F23G 7/05, F23G 5/027. Crioco6
YTHIIM3AIUN MAcI0-He(DTECOAEPIKAIINX OTXOIOB, 3aMACIICH-
HOW OKaJIMHBI, OTXOA0B KOKCOXMMHYECKOTO MTPOM3BOACTBA /
N.II. Xycaytnunos, C.1. Xycuytauaos, A.A. Anekceesa,

B.IO. Baxun, O.A. Jly6oBukos, JLII. Woraun; 3asBi.
19.03.2019; omy6u. 21.08.2020. Brom. 24.

19. Somova Yu.V., Sviridova T.V., Alekseeva P.A., Neke-
rov E.A., Schwabecher D. Analysis of methods for process-
ing oily mill scale and oily sludge for iron and steel pro-
duction. IOP Conference Series: Earth and Environmental
Science. 2021;839:042046.
https://doi.org/10.1088/1755-1315/839/4/042046

20. Savinov A.S., Kharchenko A.S., Sibagatullin S.K., Dzyu-
ba A.V., Sysoev V.I., Kharchenko E.O., Pavlov A.V. Fore-
casting the temperature of oiled scale packed in a metal con-
tainer when moving in a blast furnace from the blast-furnace
mouth to the iron receiver. Theory and technology of metal-
lurgical production. 2024;(4(51)):24-29. (In Russ.).

CasunoB A.C., Xapuenko A.C., Cubararymmun C.K., [3t0-
6a A.B., CeicoeB B.U., Xapuenko E.O., [TaBnor A.B. Ilpo-
THO3UPOBAHUE TEMIIEPaTypbl 3aMaciCHHON OKaJIWHBI, yma-
KOBaHHOW B METAJUIMUECKUN KOHTEWHEp, MpU JIBIKEHHH B
JIOMEHHOM TIeYH OT KOJIOIITHUKA K TOPHY. Teopust u mexHonoaus
Memannypeuuecko2o npouzsoocmea. 2024;(4(51)):24-29.

21. Molgaard J., Smeltzer W.W. Thermal conductivity of mag-
netite and hematite. Journal of Applied Physics. 1971;
42(9):3644-3647.
https://doi.org/10.1063/1.1660785

22. Dzyuba A.V., Savinov A.S., Kharchenko A.S., Sibagatul-
lin S.K., Sysoev V.I., Kharchenko M.V. Strength charac-
teristics of containers with oiled scale made approximately
to the size of coke. In: Heat Engineering and Computer
Science in Education, Science and Production: Proceed-
ings of the XII All-Rus. Sci. and Pract. Conf. of Students,
Postgraduates and Young Scientists (TIM’2024) with Inter-
national Participation. Yekaterinburg, May 16—17, 2024.
Yekaterinburg: UrFU; 2024:37—41. (In Russ.).

JI3i06a A.B., CaBunoB A.C., Xapuenko A.C., Cubararyin-
mua C.K., Ceicoes B.M., Xapuenko M.B. IIpounoctHbie
XapaKTEPUCTUKHU KOHTEHHEPOB C 3aMacJICHHON OKaJIHHOM,
W3TOTOBJICHHBIX MPUOIIKEHHO K KPYIHOCTH KOKca. B kH.:
Tennomexuuxa u ungopmamuxa 6 00paA3068aHuU, HAYKe U
npoussoocmee: coopuux 0okaados XII Bcepoccutickotl
HAyYHO-NPaAKMU4eckoll KOH@epeHyuu cnyoeHmos, acnupam-
mog u monoowix yuenvix (TUM’2024) ¢ mescoynapoonvim
yuacmuem. Examepunbype, 16-17 masa 2024 e. Exarepun-
oypr: Yp®V; 2024:37-41.

Aleksandr S. Kharchenko, Dr. Sci. (Eng.), Assist. Prof,, Head of the Chair
of Metallurgy and Chemical Technologies, Nosov Magnitogorsk State
Technical University

ORCID: 0000-0002-0454-6399

E-mail: as.mgtu@mail.ru

Victor I. Sysoev, Cand. Sci. (Eng.), Head of the Laboratory of the Chair
of Metallurgy and Chemical Technologies, Nosov Magnitogorsk State
Technical University

ORCID: 0000-0003-3537-7695

E-mail: v.sysoev@magtu.ru

Salavat K. Sibagatullin, Dr. Sci. (Eng.), Prof. of the Chair of Metallurgy
and Chemical Technologies, Nosov Magnitogorsk State Technical Uni-
versity

ORCID: 0009-0004-0220-0126

E-mail: 10tks@mail.ru

Anekcandp Cepzeesuu XapueHwko, 0.m.H, doyeHm, 3asedyrouwjuil
Kaghedpoll memannypauu u Xumu4eckux mexmo.102uif, Marauroropc-
KHH TOCyAapCTBEHHBIN TeXxHHYecKU# yHuBepcuteT uM. [LU. HocoBa
ORCID: 0000-0002-0454-6399

E-mail: as.mgtu@mail.ru

Bukmop HeaHosuu Cbvicoes, K.m.H, 3asedyrowull sa6opamopuetl
Kagedpul Memasiypauu U XUMUYeCKUX mexHo102utl, MarHUTOropcKuu
rocyZlapCTBEeHHbIN TexHu4eckui ynuBepcurteT UM. [LU. HocoBa
ORCID: 0000-0003-3537-7695

E-mail: v.sysoev@magtu.ru

Canasam Kamunosuu CuGazamynnut, 0.m.H., npogpeccop kageopwl
Memananypeuu U XuMu4eckux mexHos102uii, MarHUTOTOPCKUH Trocy-
JlapCTBeHHbIN TeXHUYeckul yHuBepcuTeT uM. M. HocoBa

ORCID: 0009-0004-0220-0126

E-mail: 10tks@mail.ru

337


https://doi.org/10.1088/1755-1315/839/4/042046
https://doi.org/10.1063/1.1660785
https://orcid.org/0000-0002-0454-6399
mailto:as.mgtu@mail.ru
https://orcid.org/0000-0003-3537-7695
mailto:v.sysoev@magtu.ru
https://orcid.org/0009-0004-0220-0126
mailto:10tks@mail.ru
https://orcid.org/0000-0002-0454-6399
mailto:as.mgtu@mail.ru
https://orcid.org/0000-0003-3537-7695
mailto:v.sysoev@magtu.ru
https://orcid.org/0009-0004-0220-0126
mailto:10tks@mail.ru

N3BECTUA BY30B. YEPHASA METAJIJIYPTUA. 2025;68(4):332-338.
Xapuenko A.C, Coicoes B.H. u dp. MoziepoBaHye pacnpezieseHns KOMIOHEHTOB, BbIZIEJIMBLUINXCS U3 3aMaCl€HHOW OKaJIUHBI ...

Andrei V. Dzyuba, Postgraduate of the Chair of Metallurgy and Chemi-
cal Technologies, Nosov Magnitogorsk State Technical University
ORCID: 0000-0002-7303-8208

E-mail: dzyuba.98@bk.ru

Aleksandr S. Savinov, Dr. Sci. (Eng.), Assist. Prof, Head of the Chair of
Mechanics, Nosov Magnitogorsk State Technical University

ORCID: 0000-0001-7440-5404

E-mail: savinov_nis@mail.ru

Elena 0. Kharchenko, Cand. Sci. (Eng.), Senior Lecturer of the Chair of
Metallurgy and Chemical Technologies, Nosov Magnitogorsk State Tech-
nical University

E-mail: eo.mgtu@mail.ru

AHdpeii Bukmoposuy /]3106a, acnupaHm kagedpvl memaanypauu u
XUMU4eckux mexHos102utl, MarHUTOrOPCKUH roCyZapCTBEHHBIN Tex-
Hudeckuil ynuBepcureT uM. [LU. Hocosa

ORCID: 0000-0002-7303-8208

E-mail: dzyuba.98@bk.ru

Anekcandp Cepzeesuy CaguHo8, 0.m.H., doyeHm, 3agedyrowjuli kageod-
poll mexaHuku, MarHUTOTOPCKUH TrOCYJapCTBEHHbIH TeXHUYeCKUN
yHuBepcuteT uM. ['M. HocoBa

ORCID: 0000-0001-7440-5404

E-mail: savinov_nis@mail.ru

Enena OaezoenHa XapueHko, kK.m.H, cmapwulli npenodasamesb
Kagpedpel Memasnypauu U XuMu4ecKux mexHos102uii, MarHUTOropcKui
rocyZlapCTBEeHHbIH TexHUYecKkni yHuBepcuTeT uM. ['M. Hocoa
E-mail: eo.mgtu@mail.ru

A. S. Kharchenko - problem statement, analysis of research results,
formulation of conclusions.

V. L. Sysoev - testing of samples on the gas chromatographic complex
“Chromatec Crystal 5000”.

S. K. Sibagatullin - carrying out calculations, obtaining results, obtai-
ning drawings and graphs.

A. V. Dzyuba - description of results, formulation of conclusions, criti-
cal analysis of literature.

A. S. Savinov - problem statement, analysis of research results, formu-
lation of conclusions.

E. 0. Kharchenko - establishing the rational composition of water,
gas, and dust media of blast furnace gas dedusting plant, analysis of
research results.

A. C. XapueHKo - IOCTaHOBKA 3a/lauH, aHa/IU3 pe3y/bTaTOB UCCIef0-
BaHUMH, POPMYIMPOBaHKE BbIBO/OB.

B. H. Cvicoes - vcnbITaHUsl 06paslioB Ha rasoxpomarorpaduieckoMm
koMIiekce «XpomaTak Kpucrtamwn 5000».

C. K. Cu6azamyaauH - npoBeJieHHe PacyeToB, oJy4YeHHe pe3y/bTa-
TOB, CO3/JaHHe PUCYHKOB U rpadUKOB.

A. B. /I3106a - onucaHue pe3y/bTaTOB, UCIbITaHUsA 06Pa3LoB B Bep-
THKaJbHOW TPyOGYaTOM 3/IeKTpONe4YH, KpUTHUECKUI aHAIU3 JIUTepa-
TYPBL

A. C. CaguH06 - I0OCTaHOBKA 3a/la4M, aHaJIU3 Pe3y/IbTaTOB UCC/Ie0Ba-
Hul, opMy/nMpoBaHHe BbIBOJOB.

E. 0. XapueHKo - ycTaHOBJIeHHE pallMOHa/bHON BOZO-Ia30-MblIeBOI
CpeAibl CUCTEMbl FA3004YUCTKH JJOMEHHOM NeyH, aHa/lu3 pe3y/1bTaToB
HCC/IeJOBaHU M.

Received 20.05.2025
Revised 09.06.2025
Accepted 16.06.2025

Ioctynmna B pemakiyro 20.05.2025
IMocne nopaborku 09.06.2025
Tlpunsita k myonukauuu 16.06.2025

338


https://orcid.org/0000-0002-7303-8208
mailto:dzyuba.98@bk.ru
https://orcid.org/0000-0001-7440-5404
mailto:savinov_nis@mail.ru
mailto:eo.mgtu@mail.ru
https://orcid.org/0000-0002-7303-8208
mailto:dzyuba.98@bk.ru
https://orcid.org/0000-0001-7440-5404
mailto:savinov_nis@mail.ru
mailto:eo.mgtu@mail.ru

I1ZVESTIYA. FERROUS METALLURGY. 2025;68(4):339-341.
Shkirmontov A.P. Modeling the operation of ferroalloy furnace with increased power and electrode diameters

UDC 669.168.3:621.365.2

DO0110.17073/0368-0797-2025-4-339-341

Short Report
Kpamkoe coo6ujeHue

MODELING THE OPERATION OF FERROALLOY FURNACE
WITH INCREASED POWER AND ELECTRODE DIAMETERS

A. P. Shkirmontov®

I Financial University under the Government of the Russian Federation (49/2 Leningradskii Ave., Moscow 125167, Russian Fede-
ration)

&3 aps-panor@yandex.ru

Abstract. Using an electrolytic model, the authors investigated the operation of a ferroalloy furnace with increased electrode diameters and power.
A traditional aqueous solution with a concentration of 0.2 % NaCl was used as the working fluid. Diameter of the electrodes was increased from 30
to 150 mm. The parameters of furnaces with a capacity from 7.5 — 10.5 to 81 MV-A during ferrosilicon smelting correspond to the results of simula-
tion experiments, which were confirmed during the smelting of 45 % ferrosilicon in industrial furnaces with similar relative technological parameters.
The type of dependence of the decrease in bath resistance on the increase in electrode diameter for industrial ferroalloy furnaces is similar to the depen-
dence obtained as a result of modeling experiments. The factor of a significant decrease in the bath resistance due to an increase in electrode
diameter for ferroalloy furnaces of different capacities during the smelting of a single alloy is very significant. With an increase in current strength
of the electrode, electrical efficiency, the furnace power factor and the share of active power in the bath decrease. Analysis of the furnace parameters
during smelting of 45 % ferrosilicon confirms the conclusions of electrolytic modeling of ferroalloy furnaces about the significant role of increasing
the diameter of furnace electrodes in reducing the bath active resistance.

Keywords: ferroalloy furnace, electric furnace models, electrode diameter, electrode decay, active bath resistance, power factor
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MOAENUPOBAHUE PAEOTblI EPPOCMNIABHOM MNEYU
nPU YBENUYEHUU MOLWHOCTU U AUAMETPA 3JIEKTPOAOB

A. II. lIkupmoHTOB ©
| ®unancoswiii ynusepcurer npu Ilpasureancree Poccuiickoii ®@enepauun (Poccus, 125167, Mocksa, Jlenunrpazckuii mp., 49/2)

&) aps-panor@yandex.ru

AnHomayus. Ha 31ekTponnTrieckoil MoJen aBTopbl UCCIen0Bald paboTy (heppOoCIIaBHOIM MeYr IPH yBEINUESHHH AUAMETpPa 3JIEKTPOJIOB U MOBbI-
MIEHUH MOIIHOCTH. B KkadecTBe paboyero Tena MCIONIB30BaIN TPAIUIIMOHHBIN BOAHBIN pacTBop ¢ KoHueHTpaiwei 0,2 % NaCl. luamerp amek-
Tponos ysenuuuBanu or 30 no 150 mm. ITapamerpsr neueit MomHocTsio ot 7,5 — 10,5 1o 81 MB-A npu BblIaBke (peppoCHINLNS COOTBETCT-
BYIOT pe3yJIbTaTaM OIBITOB MOJICIIMPOBAHHUS, KOTOPbIE ObIIM MOATBEPIKACHBI IPH BhITUIABKE 45 %-HOro (peppoCHIULus B IPOMBIIUICHHBIX MeYax
C QHAJIOTMYHBIMU OTHOCHUTEJIBHBIMU TEXHOJIOI'MYECKUMH NapaMeTpamMu. B 3aBUCUMOCTH CHMIKEHHUSI CONPOTHUBICHHS BaHHBI OT YBEIMYCHHS
JIMaMeTpa HIEKTPOJIOB JUIS TPOMBIIUICHHBIX ()epPOCIUIABHBIX MeUeii aHAIOTMYEH 3aBUCHMOCTH, OJIyYE€HHOH B Pe3yJIbTaTe ONBITOB MO MOJICIIHPO-
BaHM10. DAKTOP 3HAUMTEIBHOTO CHHIKEHHUS CONPOTHBIICHUS! BAHHBI OT YBEJIMUYEHHsS AUAMETPa dJIeKTposa i (eppoCIUIaBHBIX Ieuel pa3InuHoM
MOIIIHOCTH TTPYU BBIIUIABKE OJTHOTO CIUIABA UMEET BEChbMa CyLIeCTBEHHOE 3HadeHHe. [Ipy yBelIMUeHNN CHITbI TOKA DJIEKTPOA CHIKAIOTCS QJIEKTPHU-
yeckuit KI1/I, ko3 puunenT MOIHOCTH neyu 1 1011 aKTUBHOM MOIIHOCTH B BaHHE TEXHOJOTHUYecKoro npouecca. [IpoBeneHHslii ananu3 napa-
METpPOB TIeuell NPy BBIILIABKE 45 %-HOro (heppoCuuIs MOATBEPKIACT BHIBObI AIEKTPOIUTHYECKOTO MOJICTMPOBAaHUS (DePPOCIIABHBIX Meuei
0 3HAUUTENILHON POJIM YBEIMYEHHUs! {HaMeTpa dJIEKTPOIOB Ieueii B CHUKEHUH aKTHBHOT'O CONPOTHBIICHUS BAaHHBI.

Kaiouesvle cao08a: GpeppociuiaBHast 1eub, MOJIENb JIEKTPOIICUH, JHaMETpP SJIEKTPO/Ia, paca/l AIeKTPOIOB, aKTHBHOE CONPOTHUBIICHHE BaHHbI, KO HH-
[MEHT MOIHOCTH

Aas yumupoeanus: xupmontos A.Il. MonenupoBanue paboTsl GeppoCIUIaBHON TN MPH YBEIUYCHHH MOIIHOCTH U IHAMETPOB 3IEKTPOIOB.
Hzeecmust 8y306. Yepras memannypeus. 2025;68(4):339-341. https://doi.org/10.17073/0368-0797-2025-4-339-341
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llIkupmonmos A.Il. MosenmpoBaHue paboTel GeppociaBHOM evn Npy yBeJJMYeHUH MOIHOCTH 1 JMaMeTPOB 3J1eKTPO/I0B

- INTRODUCTION

Studies of ferroalloy electric furnace models have
a long history and continue in a number of research
works aimed at improving the arc model in three-phase
furnaces [1] and achieving effective heat distribution in
closed-arc baths [2]. In [3], comprehensive modeling
of furnace operation during ferronickel smelting was
carried out. Several domestic studies have investigated:
charge melting models in six-electrode furnaces [4]; fur-
nace control models with maintenance of slag bath resis-
tance [5]; and favorable current distribution in multi-
electrode furnaces [6]. A number of these models
adequately reproduce real processes, making it possible
to obtain reliable information on the parameters of fur-
nace operation and their interaction. Various simulation
models of furnaces are widely used, including electro-
lytic modeling of ferroalloy furnace baths.

Increasing the power of ferroalloy furnaces is accom-
panied by larger electrode diameters, which results in
higher capital and operating costs, greater consump-
tion of non-ferrous and ferrous metals, and techno-
logical challenges. For example, when furnace power
increases from 7.5-10.5 to 10° MV-A, the diameter
of self-baking electrodes grows significantly — from
900 to 1800—-2000 mm (a 2.0-—2.2-fold increase).
The electrode current rises from 32 — 37 to 160 kA and
above (a 4.3 — 5.0-fold increase). By contrast, the opera-
ting voltage increases far less significantly — from 130
to 230 —300 V (a 1.8 — 2.3-fold increase) [7]. This only
indirectly indicates a decrease in the active bath resistance
of the furnace and the power factor, leading to higher
power losses in the short network.

On an electrolytic furnace model, studies were car-
ried out to determine and evaluate changes in active bath
resistance (in the electrode—hearth section) as electrode
diameters increased. For comparison, an analysis
of the operating parameters of industrial ferroalloy fur-
naces with different capacities and electrode diameters
was also performed.

[ EXPERIMENTAL PROCEDURE

A traditional aqueous solution with a concentra-
tion of 0.2 % NaCl was used as the working fluid
in the model. The experiments followed a method similar
to that described in [7]. The diameter of the graphitized
electrodes was varied from 30 to 150 mm. The diame-
ter of the conducting hearth of the model was calcu-
lated using the expression D, . =d + 2a, where d, is
the electrode diameter, mm and a is the distance from
the electrode to the bath wall, mm. Typically, the electro-
de-to-wall distance in furnaces is (0.8 + 1.0)d,, with
an average value of 0.9d,. For all experiments, it was
assumed that D, . =2.8d . For ferroalloy smelting,
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the electrode—hearth distance corresponds to the range
of (0.6 ~0.8)d, [8] (expressed in electrode diameters).
The relative sub-electrode gap (h/d,) was set at 0.7
of the electrode diameter. The electrode immersion depth
Ah in the electrolyte was taken as equal to the electrode
diameter.

[ INSTALLATION DESCRIPTION

Alternating current at 50 Hz was supplied through
an autotransformer and an isolation transformer to a ver-
tically positioned electrode and the conducting hearth
of the furnace model. Bath resistance for each electrode
diameter was determined from current and voltage mea-
surements.

Conditions for modeling electrical parameters:
p = const — specific electrical resistivity of the model
bath, Q-cm; h/d, = const —sub-electrode gap, expressed in
electrode diameters; Ah/d, = const — electrode immersion
depth, in electrode diameters; ¢ = const =23 °C — electro-
lyte temperature during the experiments. The variation
in bath resistance of the model with increasing electrode
diameter is shown in Fig. a.

For comparison, parameters of 43 furnaces used for
ferrosilicon smelting (operating voltage, electrode cur-
rent, and power factor) were analyzed. The active bath
resistance of the furnace, R (m(), was determined
according to the relation

act

_ Uoper cos (P

R
“1T73L

where Uoper is the operating voltage at the transformer
stage, V, cos¢ is the furnace power factor, and 7, is
the electrode current, kA.

The processed data for industrial ferrosilicon fur-
naces, showing the change in active bath resistance with
increasing electrode diameter, are presented in Fig. b.

[l D1SCUSSION OF THE RESULTS

Increasing the electrode diameter in the ferroalloy
furnace model results in a marked decrease in bath
resistance. To validate this dependence, the parameters
of 43 furnaces were analyzed. The power of the furnace
transformers ranged from 7.5 — 10.5 to 81 MV-A, while
the diameter of self-baking electrodes increased from
750 — 900 to 1900 — 2000 mm.

Notably, in industrial ferroalloy furnaces, the reduc-
tion in bath resistance with increasing electrode dia-
meter follows the same trend as observed in the modeling
experiments.

The findings can be applied as a methodological basis
for laboratory training in ferroalloy production, particu-
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Change in the bath active resistance with an increase in the electrode
diameters on electrolytic model of a ferroalloy furnace (a)
and on 43 industrial furnaces (b) with a capacity of 7.5 - 81.0 MV-A
during smelting of 45 % ferrosilicon

VI3MeHeHHe aKTHBHOTO CONPOTUBIICHUS BAHHBI IIPH YBEIUYCHUI
JIMaMeTpa EKTPOIOB Ha EKTPOIUTHYECKOH Moaenu
(dheppocmaBHoii ieun (@) u Ha 43 POMBIIILICHHBIX Teuax (b)
Mol1HocThio 7,5 — 81,0 MB- A nipu BbiriaBke 45 %-Horo deppocununus

larly for studying the relationship between furnace power
and self-baking electrode diameter.

The significant reduction in bath resistance with
increasing electrode diameter across ferroalloy furnaces
of different capacities, when smelting the same alloy, is
of considerable importance. However, as electrode cur-
rent rises substantially, energy performance indicators
deteriorate: electrical efficiency, furnace power factor,
and the proportion of active power in the bath all decrease.

- CONCLUSIONS

Analysis of furnace parameters during the smelting
of 45 % ferrosilicon confirmed the results of electrolytic
modeling of ferroalloy furnace operation, highlight-
ing the significant role of increasing electrode diameter
in lowering active bath resistance. In this case, the use
of carbonaceous reducers with higher specific electrical
resistivity, along with additional reactive power compen-
sation, becomes necessary.
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Abstract. Gas analysis is one of the key methods for assessing the quality of atmospheric air in populated areas, as well as in the work area of produc-
tion facilities. Atmospheric air monitoring is especially necessary at facilities that have a significant negative impact on the environment, in parti-
cular, at ferrous metallurgy enterprises. The peculiarities of the gas analyzers used for air quality monitoring system are their sensitivity and
selectivity. To achieve these indicators, a properly selected sensing element is needed: a gas analyzer converter. Synthesized solid solutions
of semiconductor binary components, which proved themselves to be good adsorbents, are proposed as materials for the manufacture of converters.
In this paper, the authors examined semiconductor systems consisting of ZnTe and CdSe, conditions for synthesis of the solid solutions based
on them, and methods for their identification, which allowed the obtained materials to be certified as solid substitution solutions with cubic spha-
lerite and hexagonal wurtzite structures (depending on the composition). X-ray, micro-, electron-microscopic, and IR spectroscopic studies of solid
solutions made it possible to understand the surface structure of adsorbents. Results of the studies of the surface chemical composition, acid-base
properties of solid solutions and binary components of the system allow us to conclude that the Lewis and Brensted acid centers responsible for CO
adsorption on the surface are present on the surface. In the ZnTe—CdSe systems, there is a tendency to move from a slightly acidic region to a rela-
tive increase in the surface basicity with an increase in ZnTe content. When materials are placed in a CO atmosphere, gas adsorption on the surface
of solid solutions occurs in the same dependence, which was confirmed by the direct catalytic studies. The established patterns of changes with
the composition of bulk and surface properties allow us to recommend new obtained materials as primary converters of sensors.

Keywords: gas analyzer, carbon monoxide, semiconductor, new materials, solid solution, chemical composition, surface and bulk properties, regularities
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MEPCNEKTUBHbIE KOHCTPYKLUMN TASOAHA/ZIU3ATOPOB
Ana METANNYPIUN
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AnHomayus. I'a30BbIil aHAIN3 — OIMH M3 KIIFOYEBBIX METO/IOB OLICHKH KauecTBa aTMOC(EPHOTO BO3/yXa B HACEJICHHBIX MYHKTAaX, a TAK)Ke B paboyeid
30He TPOHM3BOACTB. OCOOEHHO HEOOXOAMM MOHHUTOPHUHI aTMOC()EPHOrO BO3IyXa Ha OOBEKTAaxX, OKA3bIBAIOIIMX 3HAYMTEILHOE HEraTHBHOE
BO3/ICHICTBHE HA OKPY)KAIOIIYIO CPEy, B YaCTHOCTH, Ha MPEANPUATHAX YepHOU MeTauryprur. OcoOEHHOCTh Ta30aHaIN3aTOPOB, HCIONIb3YEMbIX
JUISL CUCTEMBI HAOJFOICHHUS 38 Ka4eCTBOM BO3/1yXa, 3aKJII0UAETCS B UX YyBCTBUTEIBHOCTH U CEJICKTUBHOCTH. JJ1sl TOCTHIKEHUSI TAHHBIX MOKa3aTeseit
HEOoOXOIMM PaBUIIBHO TOI00paHHBIN YyBCTBUTEIBHBIN JJIEMEHT: IIpeoOpa3oBaTeib ra3oaHann3aropa. B kayecTBe MaTepHuaioB JJisi U3rOTOBICHHS
npeoOpazoBaresieil mpeuIaraloTcs CHHTE3UPOBAHHBIC TBEP/IbIE PACTBOPBI TTOIYIIPOBOJHUKOBBIX OMHAPHBIX KOMIIOHEHTOB, KOTOPBIE 3aPEKOMEH/I0-
BaJM ce0st Kak xopouue agcopOeHTbl. B HacToseil pabore aBTOpbl PACCMOTPENHN HOIYIPOBOJHUKOBBIE cHcTeMbl, coctosiue u3 ZnTe u CdSe,
YCIIOBHSI CHHTE3a TBEPABIX PACTBOPOB Ha MX OCHOBE, CIIOCOOBI MX UICHTH(HUKALNH, KOTOPHIE TO3BOJIMIIN aTTECTOBATH ITOTYyUCHHbBIC MAaTEPHUAIIbI KaK
TBEpbIC PACTBOPHI 3aMEIICHHUS C KyOHMUECKOH CTPYKTYpoii (cdanepura) u rekcaroHaabHOW CTPYKTypoi (BopuuTa) (B 3aBUCMMOCTH OT COCTaBa).
BeinosiHeHHBIE peHTreHorpaduueckue, MUKpO-, AJIEKTPOHHO-MUKpockonnueckue, MK-crnekrpockonnueckue UcclieoBaHus TBEPIbIX PACTBOPOB
MO3BOJIMJIM TIOHSITh CTPYKTYPY MOBEPXHOCTH aICOPOCHTOB. Pe3ysbTarsl HCClieIoBaHUH XUMUYECKOT0 COCTaBa MOBEPXHOCTH, KMCIOTHO-OCHOBHBIX
CBOIICTB TBEPBIX PACTBOPOB U OMHAPHBIX KOMIIOHEHTOB CHCTEM MO3BOJISIIOT C/IeNIaTh BBIBOJ] O IIPUCYTCTBUHU Ha MIOBEPXHOCTH JIBUCOBCKUX U OpeH-
CTEJIOBCKMX KHUCIIOTHBIX LIEHTPOB, OTBevaruux 3a aacopouuto CO Ha nosepxHocTH. B cucremax ZnTe—CdSe nabnronaeTcs TeHACHINS riepexoaa
0T cI1a0OKUCIION 001aCTH K OTHOCUTEIHHOMY TIOBBIIIEHUIO OCHOBHOCTH MOBEPXHOCTH ¢ yBenmueHneM conepxkanus ZnTe. [Ipu momemennn mare-
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puajoB B aTMocq)epy CO B TaKoif e 3aBUCUMOCTH IIpOUCXOAUT a;(cop6uml ra3a Ha INOBEPXHOCTH TBEPABIX paCTBOPOB, YTO NMOATBEPAUIIN IIPSAMBIC
KaTalIUTHYCCKUE HUCCICIOBAHUAA. ‘VcTaHOBIICGHHBIC 3aKOHOMCPHOCTH HM3MEHEHHWH ¢ COCTABOM OOBEMHBIX M TIOBEPXHOCTHBIX CBOMCTB ITO3BOJISIFOT
PEKOMEH0BATh HOBBIC IMOJIYYYEHHbIC MaT€pHalibl B KAUECTBE NICPBUIHBIX npe06pa3OBaTeneﬁ CCHCOPOB-AaTYUKOB.

Kawuesvle cano06a: razoanannzarop, yrapHslil ras, HoJIynpoBOAHHK, HOBbIE MaTepuallbl, TBEPIbIC PACTBOPHI, XUMUUECKHUI COCTAB, MOBEPXHOCTHBIEC H

00BEMHBIC CBOﬁCTBa, 3aKOHOMEPHOCTH

Jas yumupoeanus: Bacuna M.B., bamenko JLII. [lepcriekTHBHBIE KOHCTPYKINH T'a30aHAIN3ATOPOB JUI METAILTYpIruu. M3zeecmus 6y306. Uephnas
memannypeus. 2025;68(4):342-348. https://doi.org/10.17073/0368-0797-2025-4-342-348

- INTRODUCTION

In industrial zones of metallurgical enterprises, the con-
centration of carbon monoxide in the ambient air often
exceeds permissible limits, posing serious risks to both
employee health and the environment. To monitor air qua-
lity, gas analyzers are utilized; these devices rely on the bulk
and surface properties of their sensing elements, which
ensure high sensitivity, rapid response, and selectivity.
Timely detection of carbon monoxide in the workplace is
critical for preventing accidents, minimizing environmen-
tal damage, and safeguarding personnel health.

Semiconductor materials are commonly used as sens-
ing elements in gas analyzers due to their excellent adsorp-
tion properties [1]. Their sensitivity is primarily based
on gas molecule adsorption at the surface, the formation
of space-charge regions, and changes in the concentration
of charge carriers in the near-surface layer. The efficiency
of adsorption depends on the semiconductor’s structural
type, the nature and concentration of active surface cen-
ters, and its specific surface area [2]. Gas detection occurs
through changes in the electrical conductivity of the sens-
ing element (sensor signal) upon exposure to the target
gas [3]. Therefore, the choice of sensing material is a key
factor in analyzer performance. One promising approach
to enhancing the adsorption capacity of binary materials
involves the synthesis of diamond-like semiconductors
to produce novel multicomponent materials in the form
of solid solutions.

There is growing scientific and practical interest in
investigating the previously unexplored physicochemi-
cal properties of ZnTe—CdSe solid solutions. These
materials demonstrate favorable performance characte-
ristics combined with low production costs, making them
promising candidates for sensor applications [4]. Varying
the component ratio in the ZnTe—CdSe system allows for
the synthesis of solid solutions with tailored properties,
enabling their use in a wide range of applications.

The aim of this study is to synthesize and characte-
rize ZnTe—CdSe solid solutions and to determine poten-
tial areas of practical application based on their physico-
chemical properties.

To achieve this, the following objectives were set:

—to synthesize and characterize ZnTe—CdSe solid
solutions;

— to investigate the physicochemical surface proper-
ties of the system components;

— to evaluate the application potential of the resulting
materials in sensor technology as a cost-effective alterna-
tive.

[l MATERIALS AND METHODS

The study investigated fine powders of the binary com-
pounds ZnTe and CdSe, along with their solid solutions
(ZnTe) (CdSe), _, synthesized using a method specifi-
cally developed for this material system [5]. The powders
had specific surface areas ranging from 0.3 to 0.91 m?%/g.
Confirmation of successful synthesis, formation of solid
solutions, and structural characteristics was carried out
through X-ray diffraction (XRD), optical and electron
microscopy, and infrared (IR) spectroscopy. The molar
compositions of the synthesized solid solutions were
verified against elemental compositions derived from
scanning electron microscopy (SEM) images.

XRD analysis was performed using a D8 Advance
Powder X-ray diffractometer (Bruker AXS, Germany)
with CuK_ radiation (A=0.15406 nm) at 7'=293 K.
Measurements followed a wide-angle scanning proto-
col [6; 7], using a Lynxeye position-sensitive detector.
Data interpretation and refinement of the crystal lat-
tice parameters were conducted using the ICDD PDF-2
powder diffraction database and TOPAS 3.0 software
(Bruker) [8].

Microscopic examinations were carried out using
a KN 8700 microscope (Hilox, Japan) and a Micromed
POLAR 3 optical microscope with a resolution capa-
city of up to 7000* [9]. SEM analysis was performed
on a JCM-5700 scanning electron microscope equipped
with a JED-2300 energy-dispersive spectroscopy (EDS)
attachment [10].

Surface acid—base properties were analyzed using
hydrolytic adsorption (to determine the isoelectric point)
and non-aqueous conductometric titration [11]. Catalytic
properties were evaluated using a non-gradient flow-
circulation method, under conditions that minimized
the influence of mass and heat transfer. Tests were con-
ducted at temperatures ranging from 298 to 423 K and
a pressure of 101.3 kPa. The carrier gas (argon) was cir-
culated at a rate of 22 mL/min, and the pulse volume was
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set to 5 mL. Gas composition after reaction was assessed
by chromatographic analysis.

In the hydrolytic adsorption method, the pH value
was determined at which the amphoteric adsorbents
(ZnTe, CdSe, and their solid solutions (ZnTe) (CdSe), )
released equal and minimal amounts of H* and OH™ ions.
These materials exhibited distinct isoelectric points cor-
responding to their minimum solubility. The pH,  values
were used to assess the average strength and the ratio
of acidic to basic surface centers.

Reproducibility and measurement accuracy were
evaluated through parallel experiments, with data ana-
lyzed using standard methods of mathematical statistics
and quantitative analysis. Numerical processing, error
estimation, and the construction and analysis of graphical
data were performed using Stat-2, Microsoft Excel, and
Origin software.

[ RESULTS AND DISCUSSION

Synthesis of the solid solutions was performed in two
stages: heating of sealed ampoules from 573 to 1273 K,
followed by controlled cooling to 725K [12;13].
The synthesis parameters are presented in Table 1.

XRD analysis confirmed the formation of substi-
tutional solid solutions in the ZnTe—CdSe system.
In the diffraction patterns of the solid solutions, charac-
teristic peaks were shifted relative to those of the binary
compounds, indicating changes in the crystal struc-
ture [14]. Zinc telluride and solid solutions with excess
ZnTe exhibited a cubic sphalerite-type structure, while
cadmium selenide and solid solutions with excess CdSe
demonstrated a hexagonal wurtzite-type structure [15].

Lattice parameters (a, c¢), unit cell volume (Vp),
interplanar spacing (d,,,), and X-ray density (p,) varied
smoothly or linearly with composition [16]. The size
of the coherent scattering region was estimated using
the Scherrer equation.

The elemental distribution within the solid solutions
was assessed using scanning electron microscopy (SEM)
on a JCM-5700 microscope equipped with a nitrogen-free
energy-dispersive X-ray spectrometer.

SEM images of the powders of the binary compounds
and solid solutions of the studied system are shown in
Fig. 1.

In the phase-contrast SEM images of ZnTe—CdSe
solid solutions, bright CdSe inclusions smaller than 5 pm
were observed on the homogeneous background of ZnTe
grains. ZnTe binary compound is characterized by coarser
grains, a feature that persists in the solid solutions with
higher ZnTe content (Table 2).

The specific geometric surface area, surface-area
mean diameter, number-average diameter, volume-
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Table 1. Mode of obtaining solid solutions
based on the ZnTe—CdSe system components

Tabauya 1. Pexxum mo/1y4eHus1 TBepAbIX PACTBOPOB
HAa OCHOBEe KOMIOHEeHTOB cucTeMbl ZnTe—CdSe

iz temlile(;ﬁllﬁg, °C }tli(t)Illijrilg
300 21.0
500 19.0
600 10.0
Heating 700 37.0
800 29.0
900 20.5
1000 29.0
900 50.0
Cooling 700 25.0
500 111.0
Total 351.5

weighted diameter, and polydispersity index of the sys-
tems (Table 3) were calculated using the following for-
mulas:

pznidi pd,
ot
d

where S is the specific geometric surface area, m?*/kg;
d, is the mean diameter of particles in each fraction; 7 is
the number of particles in the system; p is the X-ray den-
sity of the particles; d, d , dq represent the surface-area,
number-average, and volume-weighted mean diameters,
respectively; K is the polydispersity index.

The chemical nature of the acid centers responsible
for gas adsorption was determined using conductometric
titration [17], which also allowed quantification of their
concentration on the surface of the ZnTe—CdSe system
components. The acid centers responsible for gas adsorp-
tion on the surface are as follows: surface atoms with
varying degrees of coordination unsaturation — namely,
Cd and Zn atoms (Lewis acid centers), as well as adsorbed
water molecules and hydroxyl groups OH™ (Brensted acid
centers) [18]. These conclusions were supported by mea-
surements of the isoelectric point (pH) and IR spectra
of the surface [19].

The total concentration of acid centers exhibits
an extremal dependence on composition, with maxima
observed for (ZnTe),,(CdSe), ,, and (ZnTe), (CdSe),, ,,
(Fig. 2). These compositions therefore demonstrate
the highest surface acidity, indicating a strong adsorption
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Fig. 1. SEM images of powders CdSe (a), (ZnTe),,(CdSe), ,, (b), (ZnTe), ((CdSe), ,, (¢) and ZnTe (d)
obtained at different magnifications (I —2)

Puc. 1. SEM u3o6paxenus nopoukos CdSe (a), (ZnTe)o,Z()(CdSe)o’74 (b), (ZnTe), ((CdSe), 5, (c) u ZnTe (d),
MOJTY4EHHBIX IIPU pa3HoM yBenndeHuH (/ — 2)

capacity of (ZnTe),,(CdSe), ., and (ZnTe)  (CdSe), ;,
toward basic gases.

The increased surface activity (ZnTe), . (CdSe),,,
and (ZnTe),,(CdSe),,, solid solutions is further sup-
ported by the results of acid—base property analysis.
The pH,  values of the studied semiconductors (Table 4),
measured after air exposure, increase steadily with rising
ZnTe content. Upon exposure to CO, extrema appear in
the ZnTe—CdSe system corresponding to the composi-

tions (ZnTe), (CdSe),,, and (ZnTe) ,(CdSe),.,, and
overall, a shift in pH values toward the alkaline region
is observed. This behavior is attributed to the high
electron density of the carbon and oxygen atoms and
the strong double bond between them. The lone electron
pairs of CO and its vacant orbitals partially neutralize
the coordinatively unsaturated surface atoms (Zn, Cd),
thereby enabling the interaction. These findings support
the donor—acceptor interaction mechanism [20].

Table 2. Results of particle counting by microscopic analysis

Ta6/1ul4a 2. Pe3y.]'leaTl>l moacyera 4aCTull MUKPOCKOIMUYECKUM aHAJIU30M

. Number of particles by size range, um
Composition
5-7110-14,5(15-17,5|18-20|21—-24|25-31|32-35|37—-40|41-43 |50-53|57-60
CdSe 2 2 4 3 2 5 — - - — _
(ZnTe), ,(CdSe) o | — 5 2 5 3 6 1 - - _ _
(ZnTe),,(CdSe),,, | - 4 9 6 4 3 - - - — _
(ZnTe), (CdSe), 5, | — 5 4 2 4 4 - - - — _
(ZnTe), ,s(CdSe),,s | — 3 2 4 6 4 2 - - — -
ZnTe - 1 - - 2 4 - 4 3 1 3
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3.1

3

C, 10" g-eq/g

24 1 1 1 1
0 20 40 60 80 100

CdSe content, mol. %

Fig. 2. Dependence of the total concentration of acidic centers
of the ZnTe—CdSe system components exposed to air

Puc. 2. 3aBUCUMOCTb 00I1Ie# KOHIIEHTPALINH KACIOTHBIX IIEHTPOB
KOMIOHEHTOB cucteMbl ZnTe—CdSe, S3KCITIOHMPOBAHHBIX Ha BO3yXe

The most pronounced difference in pH, = values was
observed between CdSe and the solid solutions contain-
ing 26 and 68 % ZnTe in CdSe, respectively. These two
compositions were selected as candidate sensing mate-
rials for carbon monoxide gas analyzers.

The pH,  behavior in a CO atmosphere, along with
IR spectroscopic data indicating enhanced CO adsorption

Table 3. Results of variance analysis

Tabauya 3. Pe3ynbTaThl JUCIIEPCHOHHOTO AaHAJIN32

Composition d,pm | S, m¥kg K
CdSe 19.0 47.3 0.76
(ZnTe), ,(CdSe), | 143 | 444 | 056
(ZnTe),,(CdSe),,, | 183 | 506 | 082
(ZnTe), ((CdSe),,, | 194 | 466 | 08I
(ZnTe), ((CdSe),,, | 17.5 | 426 | 0.66
ZnTe 38.5 22.9 0.78

Table 4. pH values of isoelectric state of the surface
of the ZnTe—CdSe solid solutions
(x — ZnTe mole fraction) exposed to air ()
and in the CO atmosphere (I1)

Tabauya 4. 3navenusi pH M3031eKTPUYECKOTO COCTOSTHUS
MOBEPXHOCTHU TBepAbIX pacTBopoB ZnTe—CdSe
(x — moJ1. o1 ZnTe) npu 3xcnonupoBannu Ha Bo3ayxe (1)

u B atMocepe CO (I1)
Surface isoelectric point (pH)
Equgure of ZnTe—CdSe solid solutions at x
conditions
0 12 26 68 75 100
I 7.87 7.21 7.15 7.12 7.01 6.84
1l 8.35 7.37 7.82 7.75 7.32 7.80
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in CO + O, mixtures [19], allows for a preliminary (pre-
adsorption testing) prediction of high catalytic activity in
(ZnTe),,(CdSe), ,, and (ZnTe), (CdSe),,,. This pre-
diction was subsequently confirmed through direct cata-
lytic testing under identical conditions (Fig. 3).

Analysis of the experimental data indicates a signifi-
cant degree of catalytic CO conversion ()., ) €ven at room
temperature. For the (ZnTe),,(CdSe),,, composition,
the CO conversion rate reaches 79 %. As the temperature
increases, ¥, values generally rise, with maximum con-
version observed at 373 K.

A comparison of the CO oxidation efficiency and CO
adsorption capacity shows that CdSe and the solid solu-
tion (ZnTe),,(CdSe),,, demonstrate higher catalytic
activity, which is consistent with their surface acid—base
characteristics. In contrast, ZnTe exhibits lower catalytic
activity and adsorption capacity.

In summary, substitutional solid solutions were suc-
cessfully synthesized from the binary components ZnTe
and CdSe. The solid solutions obtained exhibit a cubic
structure when zinc telluride is in excess and a hexagonal
structure when cadmium selenide predominates. Electron
microscopy confirmed the molar and elemental composi-
tion of the samples.

Among the synthesized materials the (ZnTe), ,(CdSe), .,
and (ZnTe), (CdSe),,, compositions demonstrated
the largest specific surface area. A similar trend was
observed in these samples when analyzing the nature
of active surface centers after exposure to air and car-
bon monoxide, using hydrolytic adsorption and non-
aqueous conductometric titration. These results indicate
that the surfaces of these solid solutions are highly active

//“_7\
78 -
2
76
/ 4
A
74 - ¥
1
72 Lgl 1 1 1 1 1 1
290 310 330 350 370 390 410 430
T, K

82

80

Yo Vo

Fig. 3. Dependence of transformation degree ()
on temperature (7) of the ZnTe—CdSe system components:
ZnTe (1), (ZnTe), (CdSe), ;, (2), (ZnTe),,(CdSe), ., (3), CdSe (4)

Puc. 3. 3aBucumocTu crenenu npespamenus (x )
ot temmneparypsi (1) komnoHenToB cucrembl ZnTe—CdSe:
ZnTe (1), (ZnTe), (CdSe), 5, (2), (ZnTe), ,4(CdSe), 4, (3), CdSe (4)
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toward carbon monoxide. Their enhanced adsorption
capacity in both CO and CO + O, atmospheres was fur-
ther confirmed by IR spectroscopy.

[ ConcLusiOoNs

The study of catalytic CO oxidation over samples

of the ZnTe— CdSe system made it possible to preliminar-
ily determine the temperature ranges at which CO oxida-
tion occurs, as well as the most catalytically active compo-
sitions. Catalytic tests confirmed the activity of the solid
solutions (ZnTe),,.(CdSe), ., and (ZnTe), . (CdSe),,,,
making them suitable for use in environmental diag-
nostics to detect carbon monoxide in the workplace air
of metallurgical enterprises.

[ REFERENCES / CNMUCOK NIUTEPATYPbI

1.

Fang X., Zhai T., Gautam U.K., Li L., Wu L., Bando Y., Gol-
berg D. ZnS nanostructures: From synthesis to applications.
Progress in Materials Science. 2011;56(2):175-287.
https://doi.org/10.1016/j.pmatsci.2010.10.001

Kirovskaya I.A., Nor P.E., Ekkert A.O., Ekkert R.V., Cher-
nous N.V. New materials based on the systems InP-CdTe and
CdS—CdTe; Their comparative properties. /norganic Mate-
rials: Applied Research. 2023;14(4):1075—-1081.
https://doi.org/10.1134/s2075113323040214

Peter Y.Yu., Cardona M. Fundamentals of Semiconductors.
Physics and Material Properties. Springer; 2010:775.
https://doi.org/10.1007/978-3-642-00710-1

Kirovskaya I.A., Nor P.E., Bukashkina T.L., Mironova E.V.
Surface properties of semiconductor analogs of CdBY! and
their solid substitution solutions. Russian Journal of Physi-
cal Chemistry A.2016;90(3):522-529.
https://doi.org/10.1134/S0036024416030213

Kirovskaya I.A. Physico-Chemical Properties of Binary and
Multicomponent Diamond-Like Semiconductors. Novosi-
birsk: SB RAS; 2015:368. (In Russ.).

Kuposckas 1.A. ®u3uko-XUMUUIECKUE CBOMCTBA OMHAPHBIX
U MHOTOKOMITOHCHTHBIX aJIMa30II0JI00HBIX MOJYIPOBOHU-
xoB. HoBocubupck: M3n-so CO PAH; 2015:368.

Smyslov E.F. Express X-ray method for determining the lat-
tice period of nanocrystalline materials. Industrial labora-
tory. Diagnostics of materials. 2006;72(5):33-34. (In Russ.).

CwmpiciioB E.®. DkcnpeccHbll peHTTeHOBCKUN METOJI OTIpe-
JICJICHMST MEPUO/ia PEIICTKH HAHOKPHCTAJIMYECKHX MaTe-
puainos. 3asodckas rabopamopus. /[uaeHocmuka mamepua-
n1086. 2006;72(5):33-34.

Gorelik S.S., Rastorguev L.N., Skakov Yu.A. Radiographic
and Electron-Optical Analysis. Moscow: Metallurgiya;
1970:366. (In Russ.).

Topemuk C.C., Pacropryes JI.H., CkaxoB }O.A. Penrreno-
rpadUuecKuil U SICKTPOHHOONTHYCCKUN aHaiau3. Mocksa:
Metammyprusi; 1970:366.

Fedyaeva O.A., Vasina M.V., Poshelyuzhnaya E.G. X-ray
powder diffraction and electron microscopic studies
of the ZnTe—CdSe system. Russian Journal of Inorganic
Chemistry. 2014;59(2):172—175. (In Russ.).
https://doi.org/10.7868/S0044457X14020068

10.

11.

12.

13.

14.

15.

16.

17.

18.

®densieBa O.A., Bacuna M.B., [omentoxkuas E.I. Pentre-
HOBCKHE M 3JIEKTPOHHO-MUKPOCKOIUUECKHE HMCCIISTIOBAHMUS
cucrembl ZnTe—CdSe. JKypHnan Heopeanuueckou Xxumuu.
2014;59(2):172—175.

https://doi.org/10.7868/S0044457X 14020068

Clarke A.R., Eberhardt C.N. Microscopy Techniques for
Materials Science. Elsevier; 2002:456.

Kmapx D.P., D6epxapnar K.H. Mukpockonuueckue meTo-
IIbI WCCIIeOBaHUS MaTepuanoB. MockBa: TexHocdepa;
2007:375.

Krishtal M.M., Yasnikov I.S., Polunin V.I. Scanning Electron
Microscopy and X-ray Spectral Microanalysis in Practical
Applications. Moscow: Technosfera; 2009:206. (In Russ.).

CkaHHUpYIOIIasi JIEKTPOHHAS MHUKPOCKOMHUS W PEHTTCHO-
CTEKTPaNbHBII MUKPOAHAIN3 B MPUMEPax MPaKTHUECKOTO
npumenenust / M.M. Kpumrran, 1.C. SIcuukos, B.U1. ITomy-
HuH. Mocksa: Texnocgepa; 2009:206.

Kirovskaya [.A. Catalysis. Semiconductor Catalysts. Omsk:
OmSTU; 2004:272. (In Russ.).

Kuposckas W.A. Karanmu3. [ToixynpoBOIHHKOBBIE KaTaln3a-
topbl. OMck: U3n-Bo OMI'TY; 2004:272.

Charbonnier M., Murat M. Sur la détermination des dia-
grammes de phases a température ambiante des sulfures
mixtes appartenant aux systémes Zn-Cd-S, Zn-Hg-S,
Cd-Hg-S. Comptes Rendus de 1’Académie des Sciences.
1974;278(4):259-261. (In French).

Cherin P, Lind E.L., Davis E.A. The preparation and crys-
tallography of cadmium zinc sulfide solid solutions. Journal
of the Electrochemical Society. 1970;117(2):233-236.
Kirovskaya I.A., Vasina M.V. Structure and acid-base pro-
perties of the surface of semiconductors of the ZnTe—CdSe
system. Zhurnal fizicheskoi khimii. 2014;88(10):1569—-1576.
(In Russ.). https.://doi.org/10.7868/S0044453714100227

Kuposckas M.A., Bacuna M.B. Crpykrypa U KHCIOTHO-
OCHOBHBIE CBOWCTBA MOBEPXHOCTH TOJYIMPOBOIHUKOB CHC-
tembl ZnTe—CdSe. JKypran pusuueckoui xumuu. 2014;88(10):
1569—1576. https://doi.org/10.7868/S0044453714100227
Capek R.K., Moreels 1., Lambert K., De Muynck D.,
Zhao Q., Tomme A.V., Vanhaecke F., Hens Z. Optical pro-
perties of zincblende cadmium selenide quantum dots. Jour-
nal of Physical Chemistry C.2010;114(14):6371-6376.
https.//doi.org/10.1021/jp1001989

Goldstein J.I., Newbury D.E., Echlin P, Joy D.C,
Lyman C.E., Lifshin E., Sawyer L., Michael J.R. Scanning
Electron Microscopy and X-ray Microanalysis. New York:
Plenum Press; 2003:708.
https://doi.org/10.1007/978-1-4615-0215-9

Kirovskaya [.A., Ekkert R.V., Umansky I.Yu., Ekkert A.O.,
Kropotin O.V. Comparison of the bulk and surface properties
of InBY-ZnS semiconductor solid solutions. Semiconduc-
tors. 2020;54(11):1459-1466.
https://doi.org/10.1134/S1063782620110147

Kirovskaya I.A., Vasina M.V., Mironova E.V., Brueva O.Yu.,
Ekkert A.O., Zhigarova O.Yu. Relative influence of binary
components on the bulk and surface properties of GaAs—
CdSe and ZnTe—CdSe solid solutions. Journal of Surface
Investigation. X-ray, Synchrotron and Neutron Techniques.
2021;15(2): 321-326. (In Russ.).
https://doi.org/10.1134/S1027451021020233

347


https://doi.org/10.1016/j.pmatsci.2010.10.001
https://doi.org/10.1134/s2075113323040214
https://doi.org/10.1007/978-3-642-00710-1
https://doi.org/10.1134/S0036024416030213
https://doi.org/10.7868/S0044457X14020068
https://doi.org/10.7868/S0044457X14020068
https://doi.org/10.7868/S0044453714100227%20
https://doi.org/10.7868/S0044453714100227
https://doi.org/10.1021/jp1001989
https://doi.org/10.1007/978-1-4615-0215-9
https://doi.org/10.1134/S1063782620110147
https://doi.org/10.1134/S1027451021020233

N3BECTUA BY30B. YEPHASA METAJIJIYPTUA. 2025;68(4):342-348.
Bacuna M.B., Bawenko JLII [lepcrieKTHBHbIE KOHCTPYKL MU ra30aHAIN3aTOPOB AJI1 MeTa/UIypruu

Kuposckas U.A., Bacuna M.B., Muponosa E.B., Bbpye-
Ba O.10., Dxkepr A.O., XKuraposa O.}O. OtHOCuTENBHOE
BIIUsIHIE OMHAPHBIX KOMIIOHCHTOB HA OOBEMHBIC U MTOBEPX-
HOCTHBIC CBOIMCTBa TBEp/IbIX pacTBopoB crcteM GaAs—CdSe
u ZnTe-CdSe. [losepxnocmo. Penmeenosckue, CuHxpo-
mpoHHble U Hellmponuvie uccredosanus. 2021;(4):12—18.
https://doi.org/10.31857/S1028096021040051

19. Kirovskaya I.A., Vasina M.V., Yuryeva A.V., Shalae-
va MLE., Eremin E.N., Matyash Yu.l., Korneev S.A. Chemi-
cal composition and acid-base surface properties of solid

solutions  (ZnTe) (CdSe), .. Omsk Scientific Bulletin.
2014;(1(127)):32-37. (In Russ.).
Kuposckas U.A., Bacuna M.B., FOpseBa A.B., Illanae-
Ba MLE., Epemun E.H., Marsimn }0.1., Koprees C.A. Xumn-
YEeCKUH COCTaB M KHCJIOTHO-OCHOBHBIC CBOWCTBA IMOBEPX-
HOCTH TBEpABIX pactBopoB (ZnTe) (CdSe), . Omcxuii
Hayunoil gecmuuk. 2014;(1(127)):32-37.

20. Aven M. Mobility of holes and interaction between accep-
tor defects in ZnTe. Journal of Applied Physics. 1967,
38(11):4421-4430. https://doi.org/10.1063/1.1709141

Marina V. Vasina, Cand. Sci. (Chem.), Assist. Prof. of the Chair of Indust-
rial Ecology and Safety, Omsk State Technical University

ORCID: 0000-0003-0236-8151

E-mail: 896099949132@mail.ru

Lyudmila P. Bashchenko, Cand. Sci. (Eng.), Assist. Prof. of the Chair
“Thermal Power and Ecology”, Siberian State Industrial University
ORCID: 0000-0003-1878-909X

E-mail: luda.baschenko@gmail.com

Mapuna BaadumuposHa BacuHa, k.x.H, doyeHm kagedpwl «lIpo-
MblUWAEHHAS 9K0102Usl U 6e3onacHocmby, OMCKUN TOCYAapCTBEHHBIH
TEeXHUYECKUH YHUBEPCUTET

ORCID: 0000-0003-0236-8151

E-mail: 896099949132@mail.ru

Jllodmuna Ilemposna baweHnko, k.m.H.,, doyeHm kagedpsl mensio-
aHepzemuKku U 3kos02uu, CHOUPCKUN TOCyAapCTBEHHBIH HHAYCT-
pUAJIbHBIA YHUBEPCUTET

ORCID: 0000-0003-1878-909X

E-mail: luda.baschenko@gmail.com

Received 18.04.2025
Revised 16.05.2025
Accepted 21.05.2025

Ioctynuna B penakuuio 18.04.2025
TTocne nopadotku 16.05.2025
Tpunsta k mybnukanuu 21.05.2025

348


http://orcid.org/0000-0003-0236-8151
mailto:896099949132@mail.ru
http://orcid.org/0000-0003-1878-909X
mailto:luda.baschenko@gmail.com
http://orcid.org/0000-0003-0236-8151
mailto:896099949132@mail.ru
http://orcid.org/0000-0003-1878-909X
mailto:luda.baschenko@gmail.com
https://doi.org/10.31857/S1028096021040051
https://doi.org/10.1063/1.1709141

I1ZVESTIYA. FERROUS METALLURGY. 2025;68(4):349-356.
Gromov V.E.,, Minenko S.S., and etc. Prospects for creation of high-speed high-entropy steels

UDC 669.017.15

DO0110.17073/0368-0797-2025-4-349-356

Original article

Opu2uHaabHass cmames

PROSPECTS FOR CREATION
OF HIGH-SPEED HIGH-ENTROPY STEELS
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Abstract. A new class of materials created at the beginning of the 21% century — high—entropy alloys — attracts the attention of researchers in the field
of physical materials science. Based on the analysis of recent literature data, the current state of the problem of creating and researching medium- and
high-entropy high-speed steels is considered. Due to solid-solution hardening and nano-precipitation hardening based on medium- and high-entropy
alloys of complex composition, it is possible to create high-speed steels with high hardness, thermal resistance and impact strength. The presented
results of studies of tribological characteristics and microhardness of high-speed steels indicate the dependence of these characteristics on entropy.
The lowest values of cutting forces and contact temperatures are typical for cutting tools made of high-speed steel with a high level of entropy. Thus,
when developing new high-speed grades, preference should be given to the compositions with a high level of entropy, since they provide better
tribological characteristics and higher wear resistance. The structural and phase state of surfacing of high-entropy high-speed molybdenum steel
of non-equiatomic composition on medium-carbon steel in a nitrogen medium was studied by the methods of modern physical materials science. X-ray
spectral analysis methods determined the elemental composition of surfacing outer layer, and X-ray phase analysis revealed that solid solutions based
on a-iron (88 wt. %) and y-iron (12 wt. %) are the main phases of the deposited layer material. The calculation of the configuration entropy of this
high-speed high-entropy steel gives a value of 1.93R (where R is the universal gas constant). The conclusion is made about the relevance and prospects
of the development and research of high-energy alloys.

Keywords: high-entropy high-speed steel, tribological properties, structure, phase composition, carbide phase, hardening mechanisms
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MEPCNEKTUBbI CO3AAHUA BbICTPOPEXYLLUX
BbICOKO3HTPOMUUHbBIX CTANIEU

B. E.'pomoB @, C. C. MuHeHKo, A. C. YanaikuH,
A.Il. Cemusn, 10. A. lllnaposa

Cubupckuii rocyiapcTBeHHbINH HHAYCTPpUAILHBII yHUBepcuTeT (Poccus, 654007, Kemeporckas 061. — Kysz6acc, HoBoky3Herlk,
yi1. Kupoga, 42)

&) gromov@physics.sibsiu.ru

Annomayus. Co3nannsiii B Hadane XX Beka HOBBIH KjlacC MaTepHalioB — BBICOKOAHTPOIMIHEIC CIUIABBI — IIPUBIICKACT BHUMAHUE MCCIIEA0BaTEICH
B o0nacTu ¢usnueckoro marepuaioneaeHus. Ha ocHOBe aHann3a IMTEpaTypHBIX JAHHBIX MOCIEIHUX JIET PACCMOTPEHO COBPEMEHHOE COCTOSIHUE
MpOOJIEMBI CO3JJaHUS U UCCIICIOBAHUS CPEIHE- U BHICOKO3HTPOIUIHBIX OBICTPOPEXYIIMX cTajel. biarogapst TBepJOpacTBOPHOMY yIPOYHECHHUIO
M yIIPOYHEHHUIO HAHOBBIJEICHUSIMU Ha OCHOBE CPEJIHE- U BBICOKOIHTPONHUIHBIX CIIJIABOB CIIOKHOTO COCTABA BO3MOKHO CO3/IaHUE OBICTPOPEIKYLIUX
CTaliel ¢ BBICOKMMH TBEPIOCThIO, TEPMUYECKOIM CTOMKOCTBIO M YJapHOH BA3KOCTHIO. [IpHBeieHHbIE pe3ylibTaThl HCCICI0BAHUI TPUOOIOTHYECKUX
XapaKTEePUCTHK U MUKPOTBEPJOCTH OBICTPOPEKYIIMX CTallel CBUJIETENIBCTBYIOT O 3aBUCMMOCTH 9THX XapaKTePUCTHUK OT dHTporuu. Hanmenblme
3HAUCHMSI CHJI PE3aHUsI U KOHTAKTHBIX TEMIIEPATyp XapaKTEpHBI JUI PEXYIIEro MHCTPYMEHTa N3 OBICTPOPEXKYIIEH CTaIN ¢ BBICOKHM YPOBHEM
sHTponuu. TakuM 00pa3zom, mpH pa3padoTKe HOBBIX OBICTPOPEXKYLIMX MApOK MPEANOYTEHHE CIIEAyeT OTaBaTh COCTABAM C BBICOKMM YPOBHEM
SHTPOIHH, MOCKOJIBKY OHM 00€CHEYHBAIOT JIy4IINe TPHOOIOTHYECKIE XapaKTEPUCTUKU U OoJiee BBICOKYIO H3HOCOCTOWKOCT. MeToaaMu coBpe-
MEHHOTO (PU3MYECKOro MaTepUaNoBEACHHs N3YUeHO CTPYKTYPHO-(a30BOE COCTOSIHUE HAIUIABKH B CPEZE a30Ta BHICOKOAHTPONMIHON ObIcTpOpe-
XKyILeld MOINOIEHOBOM CTaIM HEIKBUATOMHOIO COCTABA Ha CPEIHEYNIIEPOIUCTYIO CTallb. MeTOlaMi PEHTI€HOCHIEKTPAIbLHOIO aHAJIN3a OIPEIENIeH
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SHTPOITMU JaHHOW OBICTPOPEXKYIIEH BBICOKOIHTPONUIHON cTanu naer 3Hadenue 1,93R (rae R — yHuBepcalibHas ra3oBas rnoctosHHas). Cuenan
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[ INTRODUCTION

The emergence of a new class of materials — high-
entropy alloys (HEAs) and compounds — at the begin-
ning of the 21% century marked a significant milestone
in the development of metallic materials [1; 2]. The orig-
inal findings from research into the structural-phase
states and properties of a broad range of HEAs have been
summarized in several studies [3; 4], as well as in analyti-
cal reviews and monographs [5 — 8]. Subsequent reports
have described high-entropy carbides, borides, nitrides,
silicides, and thin films and coatings produced via mag-
netron sputtering. The number of HEAs and related com-
pounds synthesized to date is vast and continues to grow
steadily. The composition and properties of HEAs can be
predicted using thermodynamic calculations, particularly
through the CALPHAD software package [9]. However,
regardless of the design method used, it is ultimately
the data on the structural-phase states and resulting mate-
rial properties that determine potential areas of appli-
cation. For example, several HEAs demonstrate high
strength and ductility at low and even cryogenic tempera-
tures, making them promising candidates for use in Arctic
and Antarctic environments [9 — 11]. A review of recent
publications in materials science, condensed matter phy-
sics, metallurgy, and heat treatment shows that all major
types of HEAs with practical relevance are currently
under development and investigation. These include
structural, cryogenic-, and heat-resistant alloys, as well
as corrosion-, radiation-, and wear-resistant materials,
and those with specific magnetic or electrical properties.
Particularly noteworthy are medium- and high-entropy
high-speed steels [12; 13]. However, the number of pub-
lications dedicated to this topic remains limited.

High-speed steels are a subgroup of high-carbon mar-
tensitic steels that contain strong carbide-forming ele-
ments — primarily tungsten, molybdenum, vanadium,
and others. Over the past century, since the development
of the R18 high-speed steel grade, a range of tungsten—
molybdenum steel grades — including R6MS5, R7TM4KS,
and others — have been developed to meet the specific
needs of the metalworking, mechanical engineering, and
metallurgical industries. A major direction in the further
development of high-speed steels involves replacing tung-
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sten, which is both scarce and expensive, with molybde-
num. This substitution is well justified, as molybdenum
and tungsten are located in the same group and in adja-
cent periods of the Periodic Table of Elements developed
by D.I. Mendeleev, and thus have comparable effects
on the structure and properties of high-speed steels.

Inrecent years, researchers and practitioners alike have
shown increasing interest in the development of HSSs
based on high-entropy (HEAs) and medium-entropy
alloys (MEAs) with complex compositions. These mate-
rials exhibit high hardness, thermal stability, and impact
toughness as a result of solid-solution strengthening and
nano-precipitation hardening [4; 14; 15]. An innova-
tive HEA design strategy was proposed in [15], which
involves introducing ductile, multicomponent interme-
tallic nanoparticles with high density. This approach has
been shown to yield strength levels up to 1.5 GPa and
ductility of up to 50 %. The addition of alloying elements
such as aluminum, copper, cobalt, and nickel in equi-
atomic ratios increases the alloy’s configuration entropy,
thereby improving its performance characteristics [16].
A comparative analysis was conducted on the properties
of a newly developed MEA-based high-speed steel with
the composition Fe (Al, Co,Cr, Cu,Ni)g, ;Mo N.C ..
The results demonstrated that this alloy shows supe-
rior hardness after quenching and tempering compared
to the conventional R6MS high-speed steel. This improve-
ment is attributed to the alloy’s high degree of alloying,
which enhances both solid-solution hardening within
the martensitic matrix and dispersion strengthening.
Additionally, the transformation of Me,C-type carbides
contributes to compensating for the loss of hardness typi-
cally associated with a reduced total volume of carbides.

Ongoing research into the use of HEAs and MEAs for
high-speed steel developing also offers economic advan-
tages, particularly due to the use of low-cost base ele-
ments such as iron. When an alloy contains three or more
elements in equiatomic proportions, its configuration
entropy increases. For MEAs, the configuration entropy is
typically around 1.0R to 1.5R (where R is the universal gas
constant) [17 — 24]. In [25], laser surfacing was employed
to produce a coating of medium-entropy high-speed steels
with the composition Fe(Al, Co, Cr, Cu,Mo,Ni, V, W), .
The resulting coating exhibited a hard martensitic matrix
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with secondary hardening and a network of coherent
nanoscale Me,C carbides. The high concentration of alloy-
ing elements provided excellent wear and oxidation resis-
tance, with no formation of undesirable precipitates or
coarse carbides. The addition of aluminum and cobalt
was shown to improve strength and enhance secondary
hardening [26; 27], while copper contributed to the for-
mation of nanoscale carbide particles, helping to achieve
an optimal balance of strength and impact strength [28].
Notably, the incorporation of chromium, cobalt, alumi-
num, and other antioxidant elements led to significantly
lower thermal wear compared to laser-deposited coatings
based on conventional high-speed steel grade R6MS.
At the same time, the microstructure of the MEA-based
coating remained similar to that of traditional high-speed
steel and consists of a martensitic matrix with a finely
dispersed carbide phase [25].

The optimized carbide distribution achieved through
alloying and heat treatment, along with high hardness,
makes MEA- and HEA-based high-speed steels promi-
sing for industrial applications. First, in conventional
high-speed steel, increasing hardness typically requires
raising the carbon content, which leads to the formation
of a continuous network of primary carbides, thereby
reducing impact toughness. Second, the high hardness
and brittleness of conventional high-speed steels after
quenching often impair machinability. In contrast, MEA-
and HEA-based high-speed steels experience significant
strengthening during tempering, allowing for lower hard-
ness in the as-quenched state — an advantage that enhances
their suitability for machining.

The CALPHAD (Calculation Phase Diagram) ther-
modynamic modeling approach enables the predic-
tion of phase compositions in HEAs, as shown in stu-
dies [29 — 32]. However, this task remains challenging,
largely due to incomplete thermodynamic descriptions —
particularly for ternary systems [29].

A quantitative relationship between the entropy
of high-speed steels and their tribological proper-
ties under dry sliding against structural and stainless
steels was established in studies [12; 13; 33]. Focus-

ing on the practical outcomes of these investigations,
the authors interpret entropy primarily in terms of “ther-
mal entropy,” which likely reflects the vibrational cont-
ribution — in addition to configurational and electronic
components — to the total mixing entropy [34]. As shown
in [34], mixing entropy is a key thermodynamic parameter
for predicting the phase stability of HEAs. Using density
functional theory (DFT) calculations, the authors quanti-
fied the individual contributions of vibrational, configura-
tional, and electronic entropy. Accounting for all entropy
components is crucial for developing a robust theoretical
framework for the computational design of stable high-
entropy alloys.

The ability to predict certain performance characteris-
tics of experimental cutting tool materials in advance is
supported by the study of thermodynamic aspects of wear
processes under friction and cutting conditions. Wear
resistance, a key factor determining tool life, is largely
governed by the material’s tribological properties. Sig-
nificant reductions in wear rate during friction and cutting
can be achieved by creating a thermodynamic state charac-
terized by a low density of accumulated thermal entropy.
This effect can be achieved by using materials with inhe-
rently high entropy. High-entropy high-speed steels used
in cutting applications are characterized by low absolute
and relative thermoelectromotive force (thermo-EMF),
which improves their resistance to gas corrosion. Both
thermal entropy and thermo-EMF depend on the chemi-
cal composition of the material and can serve as inte-
grated indicators of its structure. Thermal entropy (S),
like other thermodynamic potentials, can be calculated
using the additivity rule, provided the chemical composi-
tion is known (see Table 1). In [12], a correlation between
the entropy of high-speed steel and its tribological pro-
perties as well as its elastic—strength characteristics in
surface layers was confirmed experimentally.

Studies on structural steel 30KhGSA have shown that
increasing the entropy of high-speed steel leads to a rise
in the microhardness and microelastic modulus of surface
layers, while the coefficient of friction decreases at a sli-
ding speed of 1 m/s.

Table 1. Composition and thermal entropy of high-speed steels [12; 13]

Tabauya 1. CocTaB M TepMUYECKasi FHTPONMSA ObICTPOPEKRYIIUX cTajeii [12; 13]

Steel S, J/(mol-K) Composition
R6M3 26.86 W (6 %) + Mo (3 %) + Fe
R6MS 27.26 W (6 %) + Mo (5 %) + Fe
R6MA4F4 27.46 W (6 %) + Mo (4 %) +V (4 %) + Fe
R8M3F4 27.53 W (8 %) + Mo (3 %) +V (4 %) + Fe
R18 28.04 W (18 %) + Fe
EP658 30.60 W (6 %)+ V (2 %)+ Co (8 %) + Mo (5 %) + Fe
EP657 30.78 W (12 %)+ V (2 %) + Co (8 %) + Mo (3 %) + Fe

351



N3BECTUA BY30B. YEPHASA METAJIJIYPTUA. 2025;68(4):349-356.
I'pomos B.E., Munenko C.C. u dp. llepcnieKTUBBI CO3/JaHUs GBICTPOPEKYIUX BEICOKOIHTPOIMUIHBIX CTaTeN

Analysis of the steady-state friction force indicates
a reduction in the adhesive component of friction in
high-entropy high-speed steels. This effect is attributed
to the lower tendency to form adhesive junctions and
the reduced shear strength of those junctions, resulting in
a lower friction coefficient.

The tendency of materials to form adhesive bonds
(weld bridges) is influenced by the surface properties
of low-entropy high-speed steels, such as R6M3 and
R6MS5 grades (Fig. 1). In these materials, lower hard-
ness and higher ductility promote faster degradation
of the protective surface film and more rapid formation
of adhesive junctions.

The most favorable friction characteristics have been
observed in steels with high entropy, which appears
to be linked to the formation behavior and composition
of the third body (transfer layer). In high-entropy high-
speed steel, the growth rate of the third body exceeds
its rate of breakdown, and the resulting third-body layer
thickness promotes separation of the contacting surfaces,
thereby reducing both the strength of adhesive bonds
and the coefficient of friction. These effects manifest
under conditions of sufficiently high thermomechanical
activation in the friction zone. It has been established
that deposited layers on samples of high-entropy high-
speed steel exhibit greater stability due to the high hard-
ness and low ductility of their surface layers. In [12],
the authors examined third-body formation during fric-
tion in high-speed steels with different entropy levels.
In the first approximation, this process is characterized
by two parameters: the maximum attainable thickness
of the transfer layer under given conditions and its rela-
tive growth rate. The study demonstrates that entropy,
as a structure-sensitive parameter, can be used to pre-
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Fig. 1. Dependence of microhardness (/) and microelastic modulus (£)
of surface layers on entropy of high-speed steel [12; 13]

Puc. 1. 3aBucuMocTb MUKpOTBEpAOCTHU (H) 1 Momyist
MUKPOYTPYrocTH (£) MOBEpXHOCTHBIX CIIOCB
OT 3HTpoNHUHU ObICTpopexyLIei cTamu [12; 13]
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dict the tribological behavior of both existing and newly
developed high-speed steel grades.

Tribological tests of standard high-speed steel grades
under dry sliding against 12Kh18N9T stainless steel
have shown that frictional interaction in high-entropy
high-speed steels is accompanied by a gradual thicke-
ning of the layer composed of dissipative structures
over time [13]. This intermediate layer serves a shiel-
ding function, protecting the surfaces of the contacting
bodies from damage. However, it also exhibits high shear
resistance, resulting in elevated coefficients of friction.
In contrast, the friction process in high-speed steels with
low thermal entropy is characterized by a gradual con-
vergence of the contacting bodies over time. This group
of steels demonstrated lower friction coefficients, along
with significant changes in surface microrelief compared
to the initial condition.

Study [33] addresses the pressing issue of how cut-
ting temperature and cutting forces relate to the entropy
of high-speed steels. While tool wear resistance is known
to be closely linked to the entropy of the material,
the specific relationship between entropy — particularly as
a structure-sensitive property — and cutting forces or tem-
peratures during machining remains poorly understood.
In machining, heat dissipation is the dominant energy
loss mechanism in the cutting zone, and its intensity can
be evaluated by monitoring temperature. Cutting tem-
perature is primarily influenced by process parameters
such as cutting speed, depth of cut, and feed rate — with
cutting speed being the most critical. Elevated tempera-
tures, driven by increased cutting forces, accelerate tool
wear and limit the maximum usable cutting speed due
to the heat resistance of the tool material.

Experimental studies of the same high-entropy high-
speed steels (Table 1) demonstrated that, across all cut-
ting speeds within the tested range, tools made from
high-speed steel with higher thermal entropy consis-
tently exhibited lower cutting forces and contact tem-
peratures. These findings suggest that in the development
of advanced high-speed steels, preference should be given
to compositions with high thermal entropy, as they offer
better tribological performance, greater wear resistance,
and support higher cutting speeds and productivity com-
pared to low-entropy alternatives.

In recent years, there has been growing interest in
developing resource-efficient and energy-saving tech-
nologies for plasma and electric arc surfacing using high-
hardness high-speed steels [35; 36]. The incorporation
of nitrogen as an alloying element in these processes
significantly improves wear resistance, strength, cor-
rosion resistance, and impact strength. These enhance-
ments are primarily attributed to increased microhard-
ness of the coating’s structural components, resulting
from the formation of carbonitrides. Electric arc surfac-
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ing in a nitrogen-rich shielding and alloying atmosphere
using a current-carrying flux-cored wire offers significant
advantages over alternative surfacing methods [35; 36].

However, there remains a notable lack of studies —
particularly those employing modern physical materials
science techniques — focused on elucidating the mecha-
nisms responsible for the enhanced functional properties
of M10-type high-speed steel surfacing. This knowledge
gap limits their broader industrial application.

The objective of the present study is to investigate
the structure, elemental composition, and phase compo-
sition of a non-equiatomic high-entropy M10-type high-
speed steel surfacing using methods of modern physical
materials science.

[l MATERIALS AND METHODS

The samples for investigation were fabricated by
plasma surfacing using a current-carrying flux-cored wire
in a nitrogen atmosphere on 30KhGSA structural steel.

20

1, imp./s/eV

5
10—
|

Fig. 2. Electron microscopic image of structure of the deposited layer
after polishing and etching (@)
and energy spectra (b) obtained from the surfacing section shown in a

Puc. 2. DneKTpOHHO-MUKPOCKOINYECKOE H300PAKEHHE CTPYKTYPEI
HaIJIaBJCHHOTIO CJI0Sl IIOCIe MOIMPOBAHMS U TPaBJIeHus (a)
U SHEPreTUYeCKHUe CIEKTpHI (D), MOIyUeHHbIE C y9aCcTKa HAIUIABKH,
1300pa)KEHHOTO Ha 1103, a

The chemical composition of 30KhGSA steel (wt. %):
C0.3; Cr0.9; Mn 0.8; Si0.9; balance — Fe. The chemi-
cal composition of the M10 surcacing alloy (wt. %):
Mo 11.87; Cr4.24; Co 3.48; V 1.77; Si0.94; Mn 0.50.
Technical-grade nitrogen (GOST 9293-74) was used as
the shielding gas at a flow rate of 20-22 L/min. The sur-
facing was performed on a UD-417 unit under the follo-
wing parameters: welding current 140 — 160 A, arc vol-
tage 50— 55V, surfacing speed 15— 18 m/h, and arc
length 20 mm. The coating was deposited in four layers,
with a total thickness of 9 mm.

The microstructure and elemental composition of the
deposited layer were examined using a KYKY-EM6900
scanning electron microscope equipped with a ther-
mionic tungsten cathode and an energy-dispersive X-ray
spectrometer (EDS) for elemental microanalysis. Phase
composition and structural parameters were analyzed
using an XRD-6000 diffractometer with CuK  radiation.
Phase identification was carried out using the PDF-4+
database in combination with full-pattern refinement via
POWDER CELL 2.4 software.

B RESULTS AND DISCUSSION

The etched cross-section of the layer formed by sur-
facing 30KhGSA steel with M9Yu flux-cored wire in
a nitrogen atmosphere revealed a polycrystalline den-
dritic structure, as shown in Fig. 2.

Energy-dispersive X-ray spectroscopy (EDS) analy-
sis of the deposited surface (Fig. 2, Table 2) confirmed
the presence of chemical elements matching the nominal
composition of the alloy.

Elemental mapping revealed localized enrichment
of several alloying elements — namely molybdenum,

Table 2. Results of micro-X-ray spectral analysis
of elemental composition of a section of the deposited layer,
electron microscopic image of which is presented in Fig. 1, a

Tabauya 2. Pe3yabTaThl MUKPOPEHTI€HOCIIEKTPAJIBLHOTO
AHAJIN32 3JIEMEHTHOI'0 COCTABA YYACTKA HAILIABJIECHHOIO
€J1051, 2JIEKTPOHHO-MHKPOCKONMUYeCKOe H300paKeHue
KOTOPOIo NnpeacTaBieHo Ha puc. 1, a

Element Content
wt. % at. %
C(K) 7.09 26.44
Al (K) 1.28 2.13
Si (K) 0.19 0.30
Cr (K) 3.26 2.81
Mn (K) 0.51 0.41
Fe (K) 79.46 63.75
Co (K) 1.09 0.83
Mo (L) 7.12 3.32
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chromium, and aluminum — within the surface layer
of the deposited material, indicating a non-uniform dist-
ribution of elements.

X-ray phase analysis identified the dominant phases
in the surfaced layer as solid solutions based on a-iron
(88 wt. %) and y-iron (12 wt. %). The formation of these
solid solutions is corroborated by notable deviations
of the measured lattice parameters — 0.28803 nm for a-Fe
and 0.36050 nm for y-Fe — from their standard reference
values [37]. In addition, the XRD patterns exhibited low-
intensity diffraction peaks attributed to carbide phases
present in the surfaced layer.

The configuration entropy of the high-entropy high-
speed steel investigated in this study, calculated follow-
ing the methodology outlined in [38], was found to be
1.93R.

This analysis of recent advances in the development
and characterization of medium- and high-entropy high-
speed steels, combined with the authors’ experimental
findings on the structural and phase composition of arc-
surfaced layers produced in a nitrogen atmosphere using
a non-equiatomic molybdenum-based high-entropy alloy,
underscores the scientific and practical relevance of this
research direction.

B ConcLusion

The article provides an overview of recent domestic
and international studies on medium- and high-entropy
high-speed steels. These steels exhibit superior hard-
ness after quenching and tempering compared to con-
ventional high-speed steel grade R6MS5. The underlying
strengthening mechanisms are examined, and correla-
tions between configuration entropy and tribological
performance under dry sliding conditions are discussed.
The study presents experimental data on the structure,
chemical composition, and phase constituents of a sur-
faced layer deposited onto medium-carbon steel using
a high-entropy molybdenum-based high-speed steel.
The findings support the conclusion that the development
of next-generation high-entropy high-speed steels rep-
resents a promising direction in advanced tool material
design.
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LIMITING ENERGY CHARACTERISTICS
DURING LASER PULSE TREATMENT
OF TUNGSTEN-COBALT HARD ALLOYS

S. I. Yaresko!®, S. N. Balakirov?, T. N. Oskolkova?

!Samara Branch of the Lebedev Institute of Physics, Russian Academy of Sciences (221 Novo-Sadovaya Str., Samara 443011,
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Abstract. The considered analytical method for determining the optimal mode of hardening pulsed laser treatment (LT) of tungsten-cobalt hard alloys
is based on the study of the patterns of temperature field formation during hardening of hard alloys, determination of thermal stresses occurring
in the laser exposure zone (LEZ) during laser pulse treatment, and their comparison with the stresses of fracture of the alloy individual structural
elements. The optimal modes of hardening LT of the alloys of WC group are considered to be modes that meet two criteria. First, the temperature
on the LEZ surface should be in the range of 1290 °C < T'< 1400 °C, when the alloy does not contain weakening it phases of the n-Co,W,C,
0-Co,W,C, or x-Co,W,C, types, and increase in grain size of the carbide phase is insignificant. Secondly, cracks of an arbitrary scale are unaccep-
table in the LEZ, that is, the thermal stresses resulting from the fracture should not exceed the stresses of fracture of the alloy structural elements.
The calculation of thermal stresses occurring in a hard alloy during LT within a single carbide grain was carried out in accordance with the Hooke’s
law. Calculations performed for both single and multiple treatments allow us to establish that for all the studied modes, with variations in the laser
energy density from 0.9 to 1.8 J/mm? and treatment multiplicity from 1 to 10, when the surface temperature is in the range of 1290 — 1400 °C,
the thermal stresses in the carbide phase are lower than minimum fracture stresses and do not exceed 80 MPa. The proposed analytical method for
determining the limiting energy characteristics makes it possible to establish pulsed LT modes that provide dispersion hardening of hard alloys
of the WC group in the absence of destructive changes in the material. The data obtained on defect-free LT modes are in good agreement with
the earlier results of measurements of acoustic emission signals during treatment of hard alloys (VK8 alloy).

Keywords: laser pulse treatment, tungsten-cobalt hard alloy, crack resistance, temperature field, thermal stresses, temperature gradient, carbide phase
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AHHOmayus. PaccmaTpuBaeMblil aHATUTHYECKUIT METO]I OTIPE/ICTICHHUS ONITUMAJIBHOTO PEKUMa YIIPOUHSFOIIEH HMITYIbCHOM JTa3epHoit 00padoTku (JIO)
BOJIb()PAMOKOOAIBTOBBIX TBEP/bIX CIIABOB OCHOBAH Ha HCCIIEJOBAHUHU 3aKOHOMEPHOCTEH (JOpMUpPOBAHHS TEMIIEPATYPHOTO OIS IPH YIIPOUHEHUH
TBEP/BIX CIUIABOB, OMPEACICHHN TEPMHUCCKUX HAMPSDKCHUH, BO3HUKAIOIINX B 30HE Ja3epHOro Bozaeiicteust (3JIB) mpu naszepHOil HMITYIbCHOM
00paboTke, U CPaBHEHHU MX C HANPSHKCHUSIMU Pa3pyLICHUsS] OTACIBHBIX CTPYKTYPHBIX JIEMEHTOB ciutaBa. ONTUMAJIbHBIMU PEKHUMaMH yIIpOY-
wsromeit JIO crmaBoB rpynmel BK cunTarotes pexxuMel, yIOBIETBOPSIONINE IBYM KpuTepusM. Bo-mepBrix, Temmeparypa Ha noBepxHocTu 3J1B
NOJDKHA Haxonuthest B untepsane 1290 °C <7< 1400 °C, korna B 3JIB He npucyTcTByioT pasynpounsiomue crias ¢assl tunos n-Co,W,C,
0-Co,W,C, x-Co,W,C,, a ykpynHeHue 3epeH kapOuaHoii (a3l He3sHaUNTENbHO. Bo-BTOpBIX, B 3JIB HENOMYCTUMO MOSBICHUE TPEIMH TTPOU3BOIIb-
HOT0 MacIiuTada, To eCTh TEPMUUECKUE HAIPSDKEHUs, BO3HUKAIOIIUE B pe3yiabTare JIO, He JOMKHBI IIPEBBIIIATh HAMPSHKEHUH pa3pyIieHust CTPyK-
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TYPHBIX 3JIEMEHTOB CIUIaBa. PacueT TepMHUUECKHUX HAIpPsHKEHUH, BOZHUKAIOIINX B TBEPAOM CIUIABE IIPH JIa3epHOH 00paboTKe B Ipejieax OJHOro
KapOHIHOTO 3€pHA, BBINOIHACTCS B COOTBETCTBHHU C 3aKOHOM ['yka. PacdeTsl, BHIONHEHHBIE KAaK UL OXHOKPATHOM, TaK M M MHOTOKPAaTHOH
00pabOTKH, MO3BOJISIIOT YCTAHOBHUTH, YTO JUIS BCEX HCCIIEIOBAHHBIX PEXKUMOB IIPH BapHAIMU IUIOTHOCTH SHEPIHH J1azepHOro uanydenus or 0,9
1o 1,8 Jlix/mm? u kparrocti o6pa6otku ot 1 g0 10, Korma Temmeparypa Ha IIOBEPXHOCTH HaxoauTes B quanasone 1290 — 1400 °C, repmuueckue
HAIIPSDKEHUs B KapOMIHON (paze MeHbIlle MUHUMAIIbHBIX HANPsDKeHUH paspyuenus u He npesocxonsat 80 MIla. IpeioskeHHbIH aHATUTHYESCKUH
METOJ OIpEZeICHNS NPEASIbHBIX SHEPIeTHUECKUX XapaKTEePHCTUK MO3BOIAECT YCTAHOBUTH PEKUMBI UMITylIbcHOM JIO, KoTophle 00ecIeunBaoT
JIICIIEPCHOHHOE YIIPOYHEHNE TBEP/bIX CIUIABOB BOJIb()PAMOKOOAIBTOBON TPYIIILI IIPU OTCYTCTBUHU JIeCTPYKTHBHBIX M3MeHeHuid B 3JIB. IMomy-
YeHHbIC JaHHBIC O PeXHMaX Oe3me(eKTHOH Jla3zepHol 0OpabOTKH XOPOIIO COIIACYIOTCS ¢ Golee paHHHMH Pe3ylbTaTaMU M3MEPEHHI CHrHala
aKyCTHUECKOH SMUcCHH 1Tpu 00paboTKe TBep/bIX cIuiaBoB (crurasa BKS).

Katoueswle ci08a: nazepHas UMIyabcHast 00paboTKa, BOJIb(HpaMoKoOaIbTOBBIH TBEPABIN CIUIAB, TPEIIMHOCTONKOCTh, TEMIIEPATYPHOE MOJIE, TEPMHYEC-

KHe HATIPsDKEHIS, TPaUeHT TeMIepaTypsl, KapOunHas (asa
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[ INTRODUCTION

In mechanical engineering production, the primary
tool materials are hard alloys, specifically WC—Co system
alloys with a cobalt content of 6 — 8 wt. %. Modern indust-
rial demands require enhanced wear resistance of hard-
alloy cutting tools (CT), primarily due to the expanding
range of workpiece materials — from heat-resistant and
high-temperature alloys to composite materials. Various
approaches have been proposed to address this issue by
modifying the composition and structure of hard alloys,
both in the bulk and at the surface. One such method is
hardening laser treatment (LT) of the rake face of the cut-
ting edge. This method has been shown to significantly
increase the service life of hard-alloy tools — by several
times [1 —3]. Nevertheless, in mechanical engineer-
ing practice, laser hardening of CTs is used much less
frequently than other methods, such as the application
of wear-resistant coatings [4; 5]. Wear-resistant coatings,
like the modified structures formed in the surface layer
of'the laser treatment zone, act as effective barriers against
diffusion interaction between the workpiece and tool
materials under high cutting speeds. After LT, increased
resistance to fracture of the cobalt binder phase — mani-
fested as reduced embrittlement of the surface layer
during tool operation — is attributed to the presence
of excess tungsten dissolved in cobalt, which inhibits iron
diffusion into cobalt and the formation of iron—tungsten
carbides during cutting [6].

Despite the advantages of laser hardening of hard
alloys, one of the key challenges in improving the per-
formance of CTs lies in determining the optimal LT modes.
This is due to the complex stress state formed in the laser
treatment zone, which arises from the differing thermo-
physical properties of the alloy phases and the limited
size of the heated area. The optimal LT mode must ensure
hardening of the alloy while preserving the continuity
of the surface layer. When selecting parameters for harde-
ning LT of hard alloys, it is essential to develop a prompt,
reliable, and well-substantiated methodology.
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The aim of this study is to develop a method for
determining the optimal pulsed laser treatment mode for
hardening tungsten—cobalt hard alloys.

[ PROBLEM STATEMENT

A major advantage of pulsed laser treatment of hard
alloys — when wear-resistant structures form in the laser
exposure zone (LEZ) — is that it can be performed
without compromising the integrity of the surface layer.
In such cases, no additional modification of the cutting
edge geometry is required, which significantly expands
the range of applications. In particular, this makes it pos-
sible to process replaceable polyhedral hard-alloy inserts
alongside brazed inserts.

However, the process of laser thermal treatment
of tungsten—cobalt hard alloys is highly specific due
to the material’s inherent heterogeneity and the charac-
teristics of its manufacturing process. As a result, treat-
ment often leads to destructive changes in the LEZ,
including carbide grain coarsening, porosity, crack for-
mation, and the development of complex (double) car-
bides [2; 7 — 13].

The requirements for laser irradiation (LI) parameters
that ensure defect-free processing of hard alloys have only
been established for a limited number of specific cases.
For instance, reference [2] describes single-pass irradiation
using a Gaussian intensity distribution. To obtain a compact,
fine-grained remelted layer at the surface, the use of a CO,
laser operating in pulsed mode is recommended [11].
However, for the most effective approach — repeated laser
irradiation [2] — the issue of selecting processing para-
meters that ensure defect-free laser exposure and achieve
actual hardening of the alloy remains unresolved.

Determining the appropriate parameters for LT of hard
alloys is challenging. At insufficient laser energy densi-
ties, alloy hardening does not occur, while excessively
high energy densities result in crack formation within
the laser treatment zone (Fig. 1).
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Cracks — regardless of their origin, location, or
depth — are the primary destructive factor during LT
and play a critical role in determining the performance
of hard alloys [7; 11 — 14]. Several causes of crack for-
mation in the LEZ can be identified. One major cause is
the non-uniform energy distribution across the laser beam
cross-section, which leads to cracks spanning the entire
treated area. This issue can be addressed, for example,
by using a focusing prismatic raster [2; 6; 15], which
ensures that the intensity variation in the LEZ does not
exceed 5 %. The limited heating depth also causes cracks,
resulting in a fine-meshed pattern on the surface (Fig. 1)
that penetrates to a depth comparable to the thickness
of the modified layer. Another type of cracking affects
the alloy microstructure itself, with cracks propagating
through primary a-WC grains or along WC—-WC grain
boundaries. The main contributing factors are the mis-
match between the thermal expansion coefficients
of WC and the cobalt binder phase (o, =4.4-10°°C™;
0., = 14.2:10°°C™" [1]), strain hardening, and phase
transformations during LT — particularly the formation
of brittle complex carbides along grain boundaries, which
deplete cobalt content in the alloy [2; 6; 15].

These mechanisms of crack formation result from
the redistribution of micro- and macro-stresses within
the LEZ. Under rapid heating during laser processing,
the thermal stresses induced in the LEZ at certain irradia-
tion doses may exceed the fracture stresses of individual
structural elements of the alloy [1]. This phenomenon
forms the basis for a method to determine the optimal LT
parameters for WC—Co group alloys.

Given these considerations, it is appropriate to define
the limiting energy characteristics of pulsed LT for tung-
sten—cobalt hard alloys based on the onset of microcrack
formation on the LEZ surface. LT parameters should

Fig. 1. Cracks on the surface of laser treatment
zone (VK8 alloy) at energy density 2.0 J/mm?,
treatment multiplicity 10

Puc. 1. TpeuuHbl Ha TOBEPXHOCTH 30HBI JIa3epHON 00paboTKH
(cinaB BKS) npu mmotnoctu suepruu 2,0 Jhx/mMm>2,
KpaTHOCTH 00padoTku 10

be selected to provide maximum surface temperature
and depth of the hardened zone while reliably preven-
ting the appearance of microcracks in the LEZ. This can
be achieved by optimizing both the energy density and
the number of laser pulses.

The laser treatment modes that lead to the onset
of crack formation can be experimentally determined by
gradually increasing the laser energy density and moni-
toring the integrity of the LEZ surface — either through
visual inspection at (50 — 60)* magnification or by detec-
ting acoustic emission (AE) signals [2]. However, this
method is labor-intensive and suitable only under labora-
tory conditions.

Therefore, there is a growing need to develop a method
for rapidly determining the limiting energy parameters
of pulsed LT that ensure effective hardening of WC—-Co
group alloys without crack formation. In this study, an ana-
lytical method is proposed based on modeling the tem-
perature field during LT, calculating the resulting thermal
stresses in the LEZ, and comparing them with the fracture
thresholds of the alloy’s structural components.

]l MATERIALS AND EQUIPMENT

The study focused on a two-phase hard alloy VK6
(WC -6 % Co), which, according to GOST 3882-74, is
primarily intended for use in cutting and drilling tools.
A methodology was developed and validated for calcula-
ting thermal stresses in the LEZ during pulsed laser treat-
ment of this alloy. The same approach can also be applied
to other alloys within the WC—Co group.

Irradiation was carried out using a laser system based
on a pulsed solid-state glass laser doped with neodymium.
The laser energy density (¢) ranged from 0.8 to 1.8 J/mm?,
with a pulse duration of t=(5-11)-107s and a pulse
repetition rate of 1 Hz. A focusing prismatic raster was
used to create a uniform distribution of energy density in
the LT zone at a area of 4x4 mm [2; 6; 15]. Several LT
schemes and irradiation modes were tested in this study —
both with and without the raster — and at different number
of laser pulses (N).

The alloy microstructure after LT was examined on
cross-sectional specimens using a Neophot-30 optical
microscope and a Jeol JSM 6390A scanning electron
microscope.

Temperature field distributions and temperature gra-
dients in the LEZ were calculated using the Mathcad soft-
ware package.

[ CALCULATION METHOD

According to a structural model commonly used
to describe the microstructure of tungsten—cobalt hard

359



N3BECTUA BY30B. YEPHASA METAJIJIYPTUA. 2025;68(4):357-365.
Apecwvko C.HU., banakupos C.H., Ockosnkosa TH. [IpesiesibHble SHEPTeTUYECKIE XapAaKTEPUCTUKH MTPU JIa3€PHON UMITYJIbCHOH ...

alloys [1; 16], the key structural elements in sintered hard
alloys include WC grains, the cobalt binder, WC-WC
grain boundaries, and WC-Co interfaces (Fig.2).
WC-Co group alloys are composite tool materials whose
performance under contact loading — such as during cut-
ting — is governed by the strength of each individual
structural component [17]. The fracture stresses (o)
of the structural elements in the VK8 alloy are as fol-
lows: cobalt binder layer (1.5 pm thick): .= 5000 MPa,
WC grain (2 um): o,= 180 MPa, WC-WC boundary:
6, =80 MPa, WC-Co boundary: o.= 100 MPa [18].
These values indicate that fracture in the alloy most often
initiates at the WC grain contacts, making the intergranu-
lar boundaries the weakest structural elements. In cont-
rast, the cobalt binder phase is the most mechanically
robust.

Finite element modeling of the stress state in VK8
alloy confirms [19] that the junctions of WC grains act
as stress concentrators under both thermal stresses and
mechanical loads, with local stress intensities several
times higher than the applied stress. These findings are
supported by [20], which showed that microcracks pri-
marily initiate at WC/WC grain contacts and WC/Co
phase boundaries. The sequence of weak links during
the propagation of a main crack typically follows the path:
WC/WC — WC — WC/Co — Co.

To model and calculate the thermal stresses induced
during laser treatment, a representative structure contai-
ning all the alloy’s key elements was analyzed (Fig. 2).
Within this structure, an individual tungsten carbide grain

Laser irradiation

Fig. 2. Structural elements of a tungsten-cobalt alloy
and the scheme of its laser treatment

Puc. 2. CTpyKTypHbIE 3JI€MEHTbI BOJIb(GPAMOKOOAIBTOBOTIO CILIaBa
U CXEMa ero Jla3epHOil 00paboTKu
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interacting with neighboring grains and the cobalt inter-
layer was isolated. It is assumed that the WC grain does
not undergo plastic deformation, although slip along basal
planes under external loading is possible [21]. The ther-
mal stress that develops within a single WC grain, in
accordance with Hooke’s law, can be calculated as:

6 =AToE, (1)

where AT is the temperature difference within the grain
depth during LT; a=4.9-10°°C™" is the coefficient
of linear thermal expansion [2]; £ = 628 GPa is Young’s
modulus [2].

The grain size of the carbide phase in hard alloys
ranges from 0.5 to 6.0 um [18]. For the purposes of vali-
dating the calculation methodology, an average carbide
grain size of 4 um was used in the modeling. This cor-
responds to the typical WC grain size in coarse-grained
VK6-V and VK8-V hard alloys [2; 22].

The temperature field during pulsed laser treatment
not only governs the structural and phase transforma-
tions in the LEZ [2; 6; 15] — which enhance interphase
bonding — but also plays a critical role in determining
the magnitude and distribution of residual stresses in
the LEZ and, ultimately, the crack resistance of the alloy
during processing. The selection of limiting energy
parameters for pulsed LT of WC—Co group alloys must
ensure dispersion hardening of the material without
compromising the surface integrity of the LEZ.

[l RESULTS AND DISCUSSION

The temperature distribution in the LEZ during pulsed
laser treatment was obtained using a one-dimensional
linear heat conduction model for a semi-infinite homo-
geneous body exposed to a uniform planar surface
heat source [2]. Fig. 3 presents the calculated tempera-
ture (7)) profiles of the carbide phase (WC) as a function
of depth (z) within the LEZ, under various values of laser
energy density (&) and number of laser pulses ().

Table 1 provides calculated surface temperature
values in the LEZ, which were used to estimate the ther-
mal stresses in those structural elements of the alloy most
susceptible to fracture.

Microstructural and compositional analysis of the LEZ
indicates that the most favorable conditions for pulsed LT
of WC—Co hard alloys occur when the local temperature
approaches the eutectic melting range of 1298 — 1357 °C
or lies slightly outside it — specifically within the range
of 1290 — 1400 °C — while the exposure time is maxi-
mized [2]. Under these conditions, grain coarsening in
the carbide phase remains minimal, and the solubility
of tungsten carbide in cobalt increases significantly com-
pared to its solid-state solubility.
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1900

Fig. 3. Temperature of VK6 alloy carbide phase as a function of LEZ depth under various irradiation
conditions using a raster:
@ N=1,A-N=5E-N=10;
1,7,12—e=08J/mm% 2,3,13—e=1.0J/mm? 8,9, 14 —e=12Jmm? 4, 10, 15— = 1.4 J/mm?;
5,11 —g=1.5]/mm? 6 —¢= 1.8 J/mm?; 16, 17 — without raster at N =1 and € 0.8 and 1.2 J/mm?

Puc. 3. Temnieparypa kapouaHOii (assl crutaBa BK6 B 3aBucuMocty 0T niryouus! 3/1B mpu pa3nuaHbIX
YCIIOBHAX OOTy4YCHHUS C HCIIOIB30BAHUEM PACTpa:
@ N=1,A-N=5E-N=10;
1,7,12-e=0,8 Ilx/mm?; 2, 3, 13 —e=1,0 Ix/mm>; 8, 9, 14 —e=1,2 Ix/mm?; 4, 10, 15 — & = 1,4 Jlx/Mm;
5,11 —e=1,5 Jl/mm?;, 6 — & = 1,8 Jlx/mm?; 16, 17 — Ge3 nipumenenus pactpa npu N =11 € 0,8 u 1,2 Jl/mm?

According to the simulation results, this optimal tem-
perature range corresponds to LT modes 4 (¢ = 1.4 J/mm?,
N=1), 5 (¢=1.5)/mm? N=1), 9 (¢=1.2Jmm?
N=35), and 13 (¢=1.0 J/mm?, N = 10) (Table 1), which
align well with durability test data for laser-irradiated
hard-alloy cutting tools [2; 6; 15]. Under these modes,
the coarsening of carbide grains is negligible, and no for-
mation of strength-degrading complex carbides such as

n-Co,W,C, 6-Co,W,C, or x-Co,W,C, is observed. These
phases reduce the content of metallic cobalt in the binder
by chemically bonding with it, weakening the retention
of the carbide framework, and ultimately leading to alloy
fracture.

The temperature rise dynamics on the LEZ sur-
face under repeated laser irradiation at &= 0.9 J/mm?
are shown in Fig. 4 (the optimal temperature range

Table 1. Calculated values of LEZ surface temperature (z = 0) under various heating conditions of LT

Ta6bauya 1. PacueTHble 3HAYeHHs] TeMIlepaTypbl Ha nosepxHoctH 3JIB (z = 0) npu pasianyHbIx pexxkumax JIO

Parameter Value
g, J/mm? 0.8 1.0 1.1 1.2
N 1 5 10 1 5 10 10 1 5 10
T,°C 806 (1) | 945(5) | 1117(12) | 987 (2) | 1159 (3) | 1371 (10) | 1486 (10) | 1145 (8) | 1349 (9) | 1606 (14)
g, J/mm? 1.4 1.5 1.8 0.8 1.2
N 1 5 10 1 5 1 without raster N =1
7,°C 1300 (4) | 1542 (10) | 1844 (15) | 1385 (5) | 1641 (11) | 1600 (6) 990 (16) ‘ 1350 (17)

N o te. The numbers in parentheses indicate the curve (mode) number in Fig. 3.
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Treatment multiplicity, pcs
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Fig. 4. Change in temperature of VK6 alloy surface under repeated irradiation (¢ = 0.9 J/mm?)

Puc. 4. VI3MeHeHune TeMreparypbl Ha oBepxHOCTH cruiasa BK6 npu Muorokparaom oGmnydenuu (€ = 0,9 Jlx/mm?)

of 1290 — 1400 °C is indicated by dashed lines). The LEZ
surface temperature exceeds 1290 °C only after
the twelfth pulse. Further increases in the number of laser
pulses lead to destructive changes in the LEZ.

The LT modes and corresponding surface tempera-
ture ranges in the LEZ are summarized in Fig. 5. When
the energy density exceeds 0.9 J/mm?, the target tempera-
ture range is reached with fewer pulses. For example,
at £ = 1.1 J/mm?, it is achieved by the 7" or 8" pulse, and
at € = 1.4 J/mm? — by the 1% or 2" pulse.

1500

1400

1300

1200

Temperature, °C

1100

1000

900 | | | | | |
0 2 4 6 8 10 12 14

Treatment multiplicity, pcs

Fig. 5. Temperature range of hardening of VK6 alloy
under repeated irradiation at J/mm?:
1-09;2-1.0;3-1.1;4-12;5-13;6-1.4

Puc. 5. [lnamna3oH TeMIeparyp yIpodHeHHs ciutaBa BK6
IPU MHOTOKPaTHOM 00IyueHuH , JIK/MM?:
1-09;2-1,0;3-1,1;4-1,2;5-13;6-14
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The temperature distribution in the LEZ not only
governs the structural and phase transformations during LT
but also determines the thermal stress field, thereby directly
influencing the mechanical strength of the material.

Assuming that the temperature gradient reaches
its maximum at time ¢= 0,51:p (i.e., at the midpoint
of the laser pulse duration), the temperature difference
AT required for calculating thermal stresses using equa-
tion (1) was obtained from the analytical temperature
distribution 7{(z, f) described in [2]. Thermal stresses in
the carbide phase — one of the structural elements most
prone to fracture under load — were calculated for each LT
mode by differentiating the 7(z, ¢) function and adjusting
the result to the typical WC grain size.

The optimal pulsed laser treatment modes for har-
dening WC—Co group alloys are those that meet two
criteria. First, the surface temperature in the LEZ must
lie within the range of 1290 °C < 7'< 1400 °C, where no
strength-degrading phases are formed and grain coar-
sening of the carbide phase remains minimal. Second,
no cracking of any scale should occur in the LEZ — that
is, the thermal stresses induced by LT must not exceed
the fracture strength of the alloy’s structural elements.
It was established that for all investigated modes where
the surface temperature remains within 1290 — 1400 °C
(Fig. 5), the calculated thermal stresses in the car-
bide phase remain below the critical fracture stresses.
The values of these stresses, calculated using equa-
tion (1), are presented in Table 2.

Exceeding the upper limit of the specified tempera-
ture range does not necessarily cause grain fracture, but it
typically promotes excessive grain growth and the forma-
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Table 2. Stresses in VK6 alloy carbide phase
under various heating conditions of LT

Tabauya 2. Hanpsikenus: B kapouaHoii ¢aze cniasa BK6
NpH pa3audHbIX pexumax JIO

g, J/mm? N tenlq\g:)r(zi$3§° c| o MPa
0.9 12 1331 58.2
1.0 10 1371 62.6
1.1 8 1387 66.7
1.2 5 1349 70.6
1.3 4 1388 74.2
1.4 2 1361 78.4
€, J/mm’

Defect
region
2.0

1.5

1.0 I I I
0 8 16 24

N, pcs
Fig. 6. Limiting values of € corresponding to appearance
of surface visually fixed cracks depending on the number of laser pulses
during VK6 alloy treatment with a raster (curve /),
and data obtained by the acoustic emission method:
Q@ N;=0;M-N;<4+6;,A-N;,>4+6

Puc. 6. IlpenenbHble 3HaYEHUS €, COOTBETCTBYIOIUE MOSIBICHUIO
HOBEPXHOCTHBIX BU3yaJIbHO (PUKCHPYCMBIX TPEIIHH,
B 3aBHCHMOCTH OT KPaTHOCTH 00Jy4eHust ipu 00padoTke crutaBa BK6
¢ pacTpoM (KpHBast /), ¥ JaHHbIE, I10TyYeHHbIE METOIOM AD:
Q@ N,=0;M-N;<4+6;,A-N;,>4+6

tion of complex carbides along grain boundaries, which
compromises the performance of the material as a cutting
tool.

The results correlate well with acoustic emission (AE)
signal measurements obtained during treatment of VK8
alloy (Fig. 6) [2]. As the total number of recorded AE
pulses increases, crack resistance decreases. Accord-
ing to the experimental data, the defect-free process-
ing region (Ny = 0) lies below the curve in Fig. 6 and
corresponds to the following LT conditions: N=10
ate=1.25and 1.30 J/mm*, N=9ate=1.5J/mm*, N=6
at ¢ = 1.25 J/mm?; N =1 at ¢ = 1.6 J/mm?>. Assuming that
VK6 and VK8 alloys are comparable in terms of thermo-

physical properties [23], the data presented in Fig. 6 can
be aligned with the calculated LT modes in Table 2. All
LT modes listed in Table 2 fall within the defect-free pro-
cessing region, where the stresses in the carbide phase
remain below the fracture stresses.

The proposed analytical method for determining limi-
ting energy parameters allows for identifying pulsed LT
modes that achieve dispersion hardening of the alloy
without introducing destructive changes in the LEZ.

[ ConcLusions

A methodology has been developed and validated for
determining the limiting energy parameters of pulsed
laser hardening of tungsten—cobalt hard alloys. It has
been shown that the optimal LT modes must satisfy two
conditions: first of all, the surface temperature in the LEZ
should remain within 1290 — 1400 °C, where no strength-
degrading phases are present and grain coarsening is
minimal; secondly, the thermal stresses induced by LT
must not exceed the fracture stress of the alloy’s struc-
tural components.

For all studied LT modes where the surface tempera-
ture lies within 1290 — 1400 °C, the calculated thermal
stresses in the carbide phase remain below the fracture
limit.

The identified defect-free laser treatment conditions
correspond well with acoustic emission data obtained
during processing of VK8 alloy.
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Original article

CALCULATION OF TEMPERATURE AND THERMOELASTIC STRESSES
IN STRIKERS DURING PRODUCTION OF HOLLOW STEEL BILLETS
IN A UNIT OF COMBINED CASTING AND DEFORMATION. PART 1

0. S. Lekhov®, D. Kh. Bilalov

| Russian State Vocational Pedagogical University (11 Mashinostroitelei Str., Yekaterinburg 620012, Russian Federation)

& MXlehov@yandex.ru

Abstract. The article solves the problem of determining the temperature of calibrated strikers in a unit of combined casting and deformation during
production of hollow steel billets. The authors substantiate the relevance of determining temperature fields and thermoelastic stresses in calibrated
strikers when compressing the wall of a hollow billet and at full speed when cooling the strikers with water, and describe the strength and thermo-
physical properties of the steel from which the strikers are made. Geometry of the striker for producing a hollow billet in one pass is shown. The paper
considers the initial data and temperature boundary conditions for calculating the temperature field of the striker during production of hollow billets
in a unit of combined casting and deformation. The boundary conditions are given to determine the striker temperature as well as the values of heat
flow and effective heat transfer coefficient. The results of calculating the temperature fields are performed in four sections and are presented for
characteristic lines and points located on the striker contact surface and in the contact layer at a depth of 5 mm from the working surface. Dimensions
of the finite element grid were used in calculating the temperature field of the strikers. The temperature field of the strikers with collars was determined
based on solution of the unsteady thermal conductivity equation with the corresponding initial and boundary conditions. The values and patterns
of temperature distribution in a calibrated striker are presented when the wall of a hollow billet is compressed and when a hollow billet is produced in
one pass in a unit of combined casting and deformation.

Keywords: installation, calibrated striker, casting, deformation, mold, hollow billet, temperature field, final element

For citation: Lekhov O.S., Bilalov D.Kh. Calculation of temperature and thermoelastic stresses in strikers during production of hollow steel billets in
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PACYET TEMMNEPATYPbl U TEPMOYMPYIUX HANPSAXEHUN
B BOMKAX NMPU NONYYEHUMU CTANbHbBIX MNONbIX 3ATOTOBOK
HA YCTAHOBKE COBMELLEHHOTO INTbA U AE®OPMALUU. YACTDb 1

0. C. JIexoB %, /1. X. BusiasoB

Poccuiickuii rocyiapcrBeHHblii npogeccuonanbHo-nenarorunyeckuii yausepeurer (Poccust, 620012, ExarepunOypr, ya. Mariu-
HOCTpoutenei, 11)

&3 MXlehov@yandex.ru

AHHOomayus. B crarbe peraercs 3aj1a4a OnpeeieHHs TeMIlepaTypbl KaTMOPOBaHHBIX OOWKOB YCTaHOBKH COBMELICHHOTO JINThS U Ie(OpMalIiH [IPH
MOJyYEHHHU CTaJBHBIX HOJBIX 3ar0TOBOK. ABTOPbI 0OOCHOBBIBAIOT aKTYaJIbHOCTH ONPEACICHUS TEMIIEPaTyPHbBIX MOJIeH U TepMOYNPYTUX Hampsi-
JKCHUH B KQJIMOPOBAHHBIX OOMKAX MPU 00XKATHN CTEHKH I0JI0H 3arOTOBKM M HA XOJIOCTOM X0y HPH OXJIQXKICHUH OOHKOB BOJIOH, MPUBOAST IPOU-
HOCTHBIE U TeIUIO(QU3HMYECKUE CBOICTBA CTAJIM, U3 KOTOPOil M3roToBIIeHb! Ooiiku. [loka3ana reomerpus Oolika [UIsl OIYYCHUS TOJIOH 3ar0TOBKH
3a oiuH 1poxo/1. IIpruBoIsSTCS MCXOAHBIC JAaHHBIC [UIs pacyeTa TEMIIEPaTypHOTO I10JIsl OOiKa yCTAaHOBKHM COBMELICHHOTI'O JINThS U JieopMauu pu
OJIyYCHHH TIOJIBIX 3aTOTOBOK, @ TAKXKE MPE/ICTABICHBI TEMIIEPATypPHbIC TPAHUYHbIC YCIOBHS JUIS pacueTa TeMIepaTypHbIX noiei 6oiikoB. Crarbs
OIKCHIBACT I'PAHUYHBIC YCIOBHS JUISl ONPEACIICHHs TEMIIEpaTypbl OOiKa M 3HAUCHHUS TEIUIOBOIO MOTOKa U 3ddexTrBHOrO Koddduimenra remio-
ota4u. Pe3yabTaThl pacyera TeMIepaTrypHbIX 10J1eil ObUIH BBIITOJHEHBI B YETBIPEX CEUCHUSX ISl XapaKTEPHbIX JTMHHUI U TOUEK, PACTIOI0KEHHBIX
Ha KOHTaKTHOM TIOBEPXHOCTH 0OIKa U B IPUKOHTAKTHOM CJIO€ Ha IIyOMHE 5 MM OT pabo4eil MoBepXHOCTH. Pa3Mephl CeTKM KOHEUHBIX JIEMEHTOB
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HPUBE/ICHBI JUIS CTIONIB30BAHMS TIPH pacdeTe TeMIepaTypHoro ot 6oiikos. TemmneparypHoe moie 60iHKoB ¢ OypTaMu Onpesessioch Ha OCHOBE
PeIIeHNs] ypaBHEHHs HECTALMOHAPHO! TEIUIONPOBOAHOCTH C COOTBETCTBYIOIINMI HAYaIbHBIMI U TPAHNYHBIME yCIOBUsMU. [Ipe/icTaBIeHbI BesH-
YHHBI 1 3aKOHOMEPHOCTH PACIIPE/ICIICHIS TEMIIEPATyPhl B KATMOPOBaHHOM OOIiKe MU 00KaTHH CTEHKH OJION 3arOTOBKH U HA XOJIOCTOM XOIy IPH
TOJTyI€HHUH 32 OJMH IPOXO]] MOJIOI 3arOTOBKU Ha yCTAHOBKE COBMEIICHHOTO JIUTHS U J1e(hOpMaInm.

Kawueswle cnosa: YCTaHOBKa, KaJ'II/I6pOBaHHHC 60ﬁKI/I, JINTBE, I[C(I)OpMaI_[I/ISI, KpHUCTAJIU3aTop, I10JIast 3aroToOBKa, TEMIIEPATypHOE I10JIC, KOHEYHBIH 3J1e-

MCHT

Jas yumuposaHus: Jlexos O.C., bunanos JI.X. Pacuer Temreparypbl U TepMOYIPYTUX HAMPsDKCHUH B OOMKaX MPU MOTYYEHHH CTAJIBHBIX MOJIBIX
3aroTOBOK HA YCTAaHOBKE COBMEILICHHOTO JIUThS 1 nepopmarmu. Yacts 1. Mseecmus 6y306. Yepnas memannypeus. 2025;68(4):366-371.
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[ INTRODUCTION

The technology for producing hollow steel billets at
pipe plants entails high capital, energy, and operating
costs, since it includes casting solid round billets on hori-
zontal continuous casting machines, heating them in fur-
naces, and piercing on presses or piercing rolling mills.
Note that this equipment is predominantly of foreign
manufacture, and under anti-Russian sanctions its supply
may be halted. Accordingly, a domestic unit of combined
casting and deformation has been developed that success-
fully replaces foreign equipment and can produce hollow
steel billets in one pass [1 — 3]. The most heavily loaded
elements of the unit during hollow-billet production are
calibrated strikers, which, during the working stroke,
simultaneously compress the wall of the hollow billet
and draw it out of the mold. In this case, calibrated stri-
kers experience combined stresses from the compression
force and the temperature load, which reduce the service
life of the strikers. To select the design parameters and
material of the calibrated strikers on a sound basis, it is
necessary to determine their stress state during the pro-
duction of hollow billets on the unit of combined casting
and deformation. To this end, the temperature field and
thermoelastic stresses in the strikers during compression
of the wall of the hollow billet must be determined [4 — 6].

Inclination angle of the working surface — 12.5°

Working
section
of the striker
AN
By symmetry,
one half
of the striker
(¥=0)
was used
for the calculation

]

758 28

Y X

196

Calibrating
section

Calibrating-section radius R = 50 mm

Fig. 1. Geometry of the striker with dimensions

Puc. 1. Teomerpust Ooiika ¢ pazmepaMu

This paper presents a procedure for calculating tem-
perature fields and thermoelastic stresses in the strikers
of a unit of combined casting and deformation. The pipe
billet material is steel grade 09G2S; the inner and outer
diameters of the pipe billet are 60 and 100 mm, respec-
tively. The angular speed of the eccentric shafts is 40 rpm.
At this speed, the striker contact time in the working
stroke is 0.375 s, and the pause time is 0.375-3 = 1.125 s.
The temperature of the pipe billet at the entry to the striker
is 1200 °C, and after exiting the strikers it is 1000 °C.

The striker material is forged tool steel 4Kh4VMFS.
For calculations for this steel in the temperature range
from 20 to 700 °C, the following were adopted: modu-
lus of elasticity £, density p, thermal conductivity A, heat
capacity ¢, coefficient of linear expansion a, and yield
strength o, [2].

The geometry of the striker with dimensions is shown
in Fig. 1.

By symmetry, the calculation was performed for one
half of the striker (Fig. 2). A part of visible lines is shown,
for which calculation results will be presented below.

The results of the temperature and stress calcula-
tions are given for three sections (/, 2 and 3), in each
section, results are presented for five lines. The positions
of the sections, the lines for each section, and the points

XZ plane
is the plane
of symmetry
Line YZ L1 _S1
Radial line R L1 S1
Line ¥Z 12 S2 Line XZ L1 .81
Radial line R L2 S2
Line XZ 12 S2
Line YZ L3 S3 o
Radial line R_L3 S3 Line XZ L3 S3

Fig. 2. Geometry of one half of the striker (part of the visible lines)

Puc. 2. TeomeTrpusi MOJOBUHBI OOiKa (YaCTh BUMMBIX JTHHHIA)
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Fig. 3. Position of points and lines in section 2
(sections are shown in Fig. 2)

Puc. 3. TlonoxeHue TOUEK U JTUHUHN B CCUCHUU 2
(cedyeHust yKazaHbl Ha pHC. 2)

through which the lines pass are shown in Fig. 3. Table 1
lists the names of all the lines and indicates the points
through which these lines pass.

Calculations of the thermal and stress states of the stri-
kers — for each thermal load (temperature boundary con-
ditions), the specified thermo-physical and mechanical
properties of the striker material, and the striker geo-
metry — were performed as follows:

1. Using the thermal element SOLID 70, with the given
temperature boundary conditions and thermophysical
parameters (density, thermal conductivity, heat capacity)
of the striker material, a quasi-steady-state (QSS) tempe-
rature field of the striker at the end of the working stroke
and at the end of the pause [7 — 9].

2. Using the structural element SOLID 185, together
with the modulus of elasticity and Poisson’s ratio and
the temperature field at the end of the working stroke
(from step /), the thermal stress state of the striker
at the end of the working stroke was determined along
the striker length [10 — 12].

The temperature field of the strikers is found by solv-
ing the unsteady thermal conductivity equation with
the corresponding initial and temperature boundary con-
ditions in the ANSYS package [10]:

dl &0 [, oT
Sy 22,
P ar Zax,{ ax,.j

i=1
All coefficients are taken as temperature-dependent
for the strikers.

The initial condition for T(X, ¢) is:

(1)

T(X, ) =T,(X). )

The initial temperature of the strikers is 20 °C.

For the working surface of the striker, boundary con-
ditions of the second kind have the form

oT
A— (t) =4,

3

on|g ®)
where ¢ is the density of heat flow from the metal in
the deformation zone.

During the pause, the boundary conditions of the third
kind for the working surface have the form

Ka—T:—al(T—Tk),
n

(4)

where o, is the effective heat transfer coefficient on
the working surface during the pause; 7, =60 °C is
the temperature of the water supplied to the working sur-
face of the strikers during the pause.

On the striker end face, the back wall, and the top and
bottom of the striker, the boundary conditions of the third
kind have the form

ka—T =-0,(T-T,),
on

©)

where o, is the heat transfer coefficient for cooling
the back wall and the top and bottom with water or air,

Table 1. Names of the lines for three sections, the points through which these lines pass

Ta6auya 1. HanmeHoBaHUS JUHUIL 1Sl TPeX ce4eHN I, TOUKH, Yepe3 KOTOPbIe MPOXOAAT 3TH JTHHUH
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Line Points Line Points Line Points
Section Section 2 Section 3
XZ L1 S1 1.S51,2 81,3 S1 XZ L2 S2 1.852,2 82,3 82 XZ L3 S3 1.853,2 83,3 53
XYZ L1 _S1 4 81,5 81,6 _S1 XYZ 12 S2 4 82,5 82,6 82 XYZ L3 S3 4 83,5 83,6 S3
YZ L1 S1 7 81,8 S1,9 S1 YZ L2 S2 7 82,8 52,9 82 YZ L3 S3 7 83,8 83,9 83
R L1 S1 1_S1,4 81,7 51 R L2 82 1.852,4 82,7 82 R L3 S3 3.83,4 83,7 83
R 5Smm L1 S1| 2 S1,5 S1,8 S1 | R Smm L2 S2| 2 82,5 §2,8 S2 | R Smm L3 S3 | 2 S3,5 S3,8 S3
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depending on the calculation case; 7, = 60 °C is the ambi-
ent temperature at the end face, back wall, and top and
bottom.

In this formulation, one assumption is that the radia-
tive heat flow from the metal is neglected in calculating
the striker temperature fields [13 — 15].

Equations (1) — (5) constitute an initial boundary-value
problem for the unsteady temperature field of the strikers
in the unit of combined casting and deformation [16 — 18].

This scheme for determining temperature and thermo-
elastic stresses in the strikers by the finite element method
is implemented in one of the modules of the ANSYS
package [19; 20].

Temperature values at all points along the lines are
given in Table 2.

[ ANALYSIS OF CALCULATION RESULTS

Under heat flow during wall reduction, the contact
surface of the striker reaches 370 — 451 °C (results shown
only for the portion between sections / —3; Table I,
points 7_S3 and 1_S1). The maximum temperature occurs
in section 1 on the plane of symmetry of the striker. Dur-
ing idle operation with water cooling, the contact-surface
temperature decreases to 289 —370 °C (points 7 _S3
and 1 _S1) while the maximum remains in section / on
the plane of symmetry.

Atadepth of 5 mm, the temperatures at the end of con-
tact and at the end of the pause in the QSS mode coincide
and depend only on location; they lie within 295 — 392 °C
(points 8 S3 and 2_S1). The maximum is again in sec-
tion / on the plane of symmetry.

450
a
S a5}
o) HF XZ 12 S2
=
s 400 |
g -
§ 375 |\
WC XZ L2 S2
350 | | | |
0 10 20 30 40 50 60
450
b
an 425 HF XZ 12 52
g
2
s 400
O
5 oasp T
T WC XZI2S2
350 1 1 1 1
0 1 2 3 4 5

Distance, mm

Fig. 4. Nature of temperatures along the XZ L2 S2 line due
to the effect of heat flow (HF) and cooling with water (WC)
on the striker along its thickness (@) and from the contact surface
to a depth of 5 mm (b)

Puc. 4. Xapaxrep Temiiepatyp Baojib JuHuu XZ L2 S2
B 3aBHCHMOCTH OT BO3/1eiicTBUsI Ha Ooek TertoBoro nmortoka (HF)
u oxnaxaenus Bogoit (WC) no tommune 6oiika (a) U OT IOBEPXHOCTH
KOHTaKTa Ha rryouHe 5 MM (b)

Temperature variation is similar through the thick-
ness and along the radius. The maximum tempera-
ture — at the end of contact and at the end of the pause —
at the working surface of the striker and at a depth
of 5 mm occurs in the part of the striker located closer
to the mold; toward the calibrating section the tempera-

Table 2. Temperature values at all points of the lines

Tabauya 2. 3Ha4eHUs TeMIIepaTyp BO BCeX TOUKAX JTHHUM

Section / Section 2 Section 3

_— Temperature, °C Point Temperature, °C _— Temperature, °C

WwC HF wC HF wC HF
1 51 370 451 1 .82 365 445 183 354 435
2 81 392 392 2 82 386 386 2 83 373 373
3 81 370 370 382 350 350 383 310 310
4 S1 368 448 4 82 360 441 4 83 348 429
5 81 389 389 582 381 381 583 366 366
6_S1 344 344 6 52 330 330 6 83 285 285
7 81 304 385 782 294 375 783 289 370
8 S1 314 314 8 82 302 302 8 83 295 295
9 51 286 286 9 82 252 252 9 83 221 221

Note. WC and HF denote the temperature at the end of the pause and at the end of the working
stroke (end of contact), respectively.
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Fig. 5. Nature of temperatures along the R L2 S2 line due to the effect
of heat flow (HF) and cooling with water (WC) on the striker

Puc. 5. Xapaxrep Temriepatyp Baojb JIMHUM R_L2 S2
B 3aBHCHMOCTH OT BO3/ieiicTBUsI Ha Ooek TertoBoro nmortoka (HF)
n oxnaxaeHus Boaoit (WC)

ture decreases. Radially, the temperature is highest on
the plane of symmetry and decreases toward the lateral
surface of the striker.

Through the thickness, the striker temperature
decreases: on the support side surface it is 285 — 370 °C
(points 6853 and 3_S1); on the lateral surface side it is
221 —286 °C (points 9 _S3 and 9_S1).

Temperature equalization occurs at a depth of 2 mm
from the contact surface, both through the thickness and
along the radius.

Figs. 4 and 5 show the temperature distribution along
characteristic lines of the calibrated striker in section 2
during wall reduction and during idle operation with
water cooling. Temperatures at characteristic points in
sections / and 2 differ only slightly (Table 2).

- CONCLUSIONS

A procedure has been developed for calculating tem-
perature fields and thermoelastic stresses in calibrated
strikers of a unit of combined casting and deformation
during the production of steel pipe billets. The tempera-
ture distribution along characteristic lines has been deter-
mined for both wall reduction and idle operation with
water cooling. It has been established that, under heat
flow during wall reduction, the temperature of the contact
surface of the striker is 370 — 451 °C.
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MODELING AND OPTIMIZATION OF THE EFFECT
OF TEMPERATURE SEAMS ON STRESS-STRAIN STATE
OF SPHERICAL METAL CASTING MOLDS

A. L. Evstigneev ©, D. V. Chernyshova, V. I. OdinoKkov, E. A. Dmitriev,
A. A. Evstigneeva, Yu. B. Koloshenko, D. A. Potyanikhin

Komsomolsk-on-Amur State University (27 Lenina Ave., Komsomolsk-on-Amur, Khabarovsk Territory 681013, Russian Federa-
tion)

&) diss@knastu.ru

Abstract. The objective of this theoretical study is to evaluate the effect of annular temperature seams in the inner surface of a spherical metal casting
mold on the level of stress-strain state (SSS) in it during crystallization of a steel casting. The specificity of this technological process consists
in the geometric shape (sphere) of the casting model, when the crystallizing metal creates significant compressive stresses in the inner surface
of the mold (in the first moments), which are enhanced by the mold curvature: the mold inner layer, heating up, tries to increase in volume, but
this is prevented not only by the cooler outer layers, but also by curvature of the surface layer itself. Two possible applications of the casting mold
are being considered: with and without seams. The problem of optimizing the design parameters of temperature seams (recesses) is formulated.
It depends on the magnitude of the normal stresses occurring in the casting mold at the initial stage of the steel casting crystallization. When solving
the problem, the equations of the linear theory of elasticity, the equations of thermal conductivity and the proven numerical method are used.
The paper presents a numerical scheme and a developed algorithm for solving the problem. Crack resistance was estimated based on the magnitude
of normal stresses in a spherical metal mold. The optimal design options (schemes) of a spherical metal casting mold found as a result of solving
the test problem depend on location of the temperature seams in the shell mold, the stress values in them under conditions of the min-max objective
function and the developed algorithm. The results of solving the problem are presented graphically in the form of plots of stresses and temperatures
in the studied area in different sections and periods of cooling of the shell mold and the metal growing crust. The obtained results of resistance
of a metal spherical casting mold were analyzed.

Keywords: metal casting mold, casting, stress-strain state, modeling, optimization
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MOAENUPOBAHUE U ONTUMUSALUA BNUAHUA TEMNEPATYPHDbIX LLBOB
HA HANPAXEHHO-AE®OPMWUPOBAHHOE COCTOAHMUE
COEPUYECKUX METANIZTMMECKUX NIUTEUHBIX ®OPM

A. . EBcturHeeB “, /1. B. YepHbioBa, B. . 0JUHOKOB, 3. A. /IMUTpHEB,

A. A. EBcturHeesa, 10. b. Kosiomienko, . A. [IoTAHUXUH

Komcomonbckuii-Ha-AMype rocynapcerBerHblii ynuBepeuret (Poceus, 681013, Xabaposckuii kpait, Komcomonbsck-Ha-Amype,
np. Jlenuna, 27)

&) diss@knastu.ru

AHHomauuﬂ. 33):[8'-16171 HACTOALICTO TCOPETUYCCKOTO UCCICAOBAHUS ABJISACTCSA OLCHKA BJIUSHUSA KOJIBIEBBIX TEMIIEPATYPHBIX IIBOB Ha BHyTpCHHeﬁ

MMOBEPXHOCTH JMTEHHON MeTandeckon chepudeckoir GopmMbl Ha ypoBeHb HampshkeHHO-AedopmuposanHoro cocrosiaust (HC) B Helt mpu
KpHCTAJUIN3ALMU CTalbHON oTnBKY. Crienuduka 1aHHOTO TEXHOJIIOIMYECKOro Ipolecca COCTOUT B reomeTpudeckoit hopme (cdepa) uteitHoit
MOJIEJIH, KOT/Ia KPUCTAJUTM3YIOIIMHCS METalUl CO3aeT BO BHYTPEHHEH MOBEPXHOCTHU JIMTEHHOI (OopMbI (B epBbIe MTHOBEHUS) 3HAUUTEIbHbBIC
C)KMMAIOINE HANPSDKEHUS,, KOTOPBIE YCHIIMBAIOTCS KPHUBU3HOW (OPMBI: BHYTPEHHHH CIIOW (OPMBI, HarpeBasich, IMBITACTCS YBEIMUUTHCS
B 00beMe, HO ITOMY HPENSATCTBYIOT HE TOJNBKO 0OJiee XOJIOAHBIC BHELIHHE CIOM, HO M KPHUBHM3HA CaMOT0 MOBEPXHOCTHOrO cios. Paccmar-
pUBaroTCs J[Ba BapuaHTa MPUMEHEHHS JTUTCHHOI GopMBI: co mBaMu u 0e3 HUX. PopMyIHpyeTcs 3a/1ada ONTUMHU3AIMH KOHCTPYKTHBHBIX Iapa-
METPOB TEMIIEPATypPHBIX IIBOB (BBITOUEK) OT BEIMYMHBI BO3HHKAIOIINX B JUTEHHOH (opMe HOPMaIbHBIX HANPSHKCHUH B HAYaJIbHOW CTaJUH
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[ INTRODUCTION

Metal casting molds are widely used in foundry pro-
duction across various casting methods, including per-
manent mold casting, centrifugal casting, die casting,
continuous casting, liquid forging, and others. A major
drawback of these casting methods is the limited ser-
vice life of metal molds due to the combined effects
of mechanical and thermal loads. These loads lead
to elevated stress—strain states (SSS) within the molds,
which can result in structural fracture or deformation
of the mold geometry due to thermal stresses. To mitigate
these effects, various technological and design solutions
are implemented in practice.

Both the analysis of the literature and practical expe-
rience indicate that the geometry of the casting produced
in the mold significantly affects mold resistance. Among
all geometries, the spherical (ball-shaped) casting is con-
sidered the most unpredictable in terms of mold resis-
tance.

In industrial production of spherical castings, different
types of casting molds are used, including expendable

sand—clay molds, ceramic molds, and split metal molds.
These molds are subjected to varying degrees of mecha-
nical and thermal loads, which may lead to structural deg-
radation or reduced operational life.

A theoretical concept and a fundamentally new tech-
nological solution' were proposed by the authors of [1]
to improve the resistance of spherical ceramic shell
molds (SMs) by introducing annular temperature seams
on the inner surface of the mold. This idea emerged from
the analysis of a well-known foundry technique used
to reduce thermal stresses in castings — namely, the use
of “stiffening ribs” [2]. In the context of this study, annu-
lar temperature seams (recesses) serve a similar purpose.
An annular temperature seam is a ring-shaped recess
located on the inner surface of the ceramic shell mold.

The evolution of the SSS in metal molds during per-
manent mold casting has been discussed in detail in artic-
les [3; 4].

! Pat. No. 2828801. Multilayer shell mold for casting / V.I. Odinokov,
A.l. Evstigneev, E.A. Dmitriev, D.V. Chernyshova, Yu.l. Tkacheva,
AN. Namokonov. Appl. 05.03.2024; publ. 21.10.2024. Bull. No. 30.
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The SSS of permanent molds is evaluated using
the finite element method [3] in two stages: first, sol-
ving the heat conduction problem; and second, solving
the elastoplastic deformation problem using the obtained
temperature fields. The simulation results enabled
the design and implementation of new, more durable cast
iron molds with reduced weight.

Reference [4] presents data on numerical modeling
of casting formation processes in metal molds. The finite
difference method was used as the computational foun-
dation, specifically in the form of an explicit difference
scheme. A rectangular spatial grid within the mold base
was employed to simulate heat transfer in the system.
Grid spacing in the solidifying casting, mold wall, and
insulation layer was coordinated with the thermophysical
properties of the base to ensure thermal uniformity. Com-
putational stability was maintained by choosing a time
step of At <30 s, under which the Fourier number did
not exceed its critical value. The problem was formulated
in two dimensions.

The modeling results for the SSS in a solidifying steel
casting [5; 6] made it possible to predict crack formation.
The development of these cracks depends not only on
temperature fields and the resulting thermal stresses and
strains but also on the localization of shrinkage porosity.

In [7], a general expression was derived for calcu-
lating shrinkage and thermal stresses in an elastoplastic
sphere caused by a spherically symmetric heat source.
The expression accommodates arbitrary nonlinear harde-
ning laws and includes elastic unloading of the elasto-
plastic sphere.

Study [8] examined elastoplastic and residual stresses
in a thick-walled spherical vessel subjected to external
hydrostatic pressure. The findings led to the development
of a process for inducing favorable compressive residual
stresses in the inner regions of cylindrical and spherical
vessels.

The subject of [9] was a functionally graded hollow
sphere with spherical isotropy under internal pressure.
The goal was to achieve a favorable stress distribution in
the hollow sphere subjected to internal pressure, accoun-
ting for both ductile and brittle material behavior.

In [10], a transient thermoelastic analysis was conducted
for a multilayered hollow cylinder with piecewise power-
law material inhomogeneity, subjected to asymmetric sur-
face heating. The study examined the influence of func-
tional grading on the development of thermal stresses.

A numerical simulation was carried out in ANSYS
Mechanical [11] for a two-layer thick-walled spherical
shell under combined thermal and mechanical loading [11].

Reference [12] presented the solution to a problem
involving stresses and displacements in a thick spherical
shell subjected to internal and external pressure [12].
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Based on plane elasticity theory [13] derived the dis-
placement and stress components in thick-walled spheri-
cal pressure vessels made of inhomogeneous materials
exposed to both internal and external pressure. The influ-
ence of material inhomogeneity on elastic deformations
and stress distribution was evaluated.

The structural optimization of a three-layer cylinder
assembled by thermal shrink-fitting from different mate-
rials and subjected to very high internal pressure was
investigated in [14].

In [15], axisymmetric modeling of a multilayer shell
was performed. A plane strain problem was solved for
a cylinder surrounded by concentric ring layers. A nume-
rical solution was provided to analyze how the distribu-
tion of residual stresses depends on the material proper-
ties during cooling.

Study [16] investigated the influence of the angle
of contact between a spherical ceramic SM and a support
filler (SF) on the mold’s SSS during the casting of a steel
spherical part. An optimization problem was formulated
to enhance the resistance of the spherical ceramic SM
by varying the angle of contact during the solidification
and cooling of the steel casting, using a min—max objec-
tive function. The crack resistance of SM was evaluated
based on magnitude of the normal stresses.

To model the evolution of the SSS in the mold at
the initial cooling stage, equations from linear elasti-
city theory, heat conduction, and a validated numerical
method were used [17]. This method has been widely
applied to similar problems in casting mechanics.

Modeling and optimization of related processes in
other domains were addressed in [18; 19].

The aim of study [18] was to develop an efficient
numerical algorithm for solving axisymmetric inverse
problems related to the design of thermal masking
devices, specifically multilayer spherical masking shells,
and to analyze the results of the corresponding computa-
tional experiments. As the numerical optimization proce-
dure for solving these problems, the authors used the par-
ticle swarm optimization method proposed in [20].

Study [19] examined the problem of plastic instabi-
lity in a thin-walled plastically orthotropic spherical
pressure vessel subjected to internal impulsive loading.
Using Mathematica software, the study identified how
strain rate and the orthotropic plasticity parameter affect
the critical deformation level at which instability occurs.

This study examines the resistance of a spherical cast-
ing mold during the crystallization of a steel casting.
It develops a previously proposed technological solution
originally applied to ceramic spherical SMs, which aimed
to reduce the magnitude of normal stresses in the mold’s
cross section by introducing an ordered arrangement
of recesses. The focus of the present work is to determine
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the optimal structural design of a spherical metal mold
capable of withstanding the thermal gradient that arises in
the mold during the initial stage of cooling after the mol-
ten steel is poured. Ensuring the resistance of such mold
configurations is critical for the production of spherical
castings used in a wide range of engineering applications
that demand high dimensional precision.

[ MATHEMATICAL FORMULATION OF THE PROBLEM

An axisymmetric body of revolution is considered
(Fig. 1), consisting in meridional section of the following
domains: 7 — liquid phase (steel); /1 — solid phase (solid
metal); /I] — metal casting mold with annular recesses on
its inner surface; IV — support structure (SS). The mold
is a split-type design with inner annular recesses. Molten
metal is poured into the mold cavity from the top through
a funnel. View 4 presents a sketch of an annular recess on

I
F
il 11 (MCM)
s, 11 (SM)
| S s
0\
— A
! R 1(LM) A
3 1 2
2 3 ‘
IV (SS) é@' s,
1 S.
S, }

Fig. 1. Calculation scheme of the system with indication
of the surface to the boundary conditions of the problem:
S, — contact surface of the liquid and solidified metal;
— inner contact surface of the solidified metal and the metal mold;
S — outer surface of the metal mold in contact
with the support structure (SS); S — outer surface
of the metal mold in contact with the environment;
1 —liquid metal (LM); I/ — solid metal (SM);
111 — metal casting mold (MCM);
1V — support structure (SS); F — funnel

S

2

Puc. 1. PacueTHasi cxeMa CHCTEMbI C YKa3aHUEM IIOBEPXHOCTH
K TPaHUYHBIM YCJIOBHSM 33/1auH:

S| — MOBEPXHOCTh KOHTAKTA KUJIKOTO M 3aTBEP/IEBLIEIO METAILIA;
S, — BHYTPEHHsISl TIOBEPXHOCThH KOHTAKTA 3aTBEPACBLIEI0 METasLIa
M MeTaJUINYeCKOil POPMBI; S; — BHEIIHsISI IOBEPXHOCTD
METaJUTMUECKOM ()OPMBI KOHTAKTa C OMIOPHON KOHCTpyKLuei (SS);
S} — BHELIHSIS TIOBEPXHOCTH METAILIMYECKON (POPMBI KOHTAKTA
C OKpyXKarolei cpesoi;

1 —xupaxuit meraiut (LM); /] — tBepapiit metamt (SM);

11l — nureiinas metamnyeckas popma (MCM);
1V — onophas xkoHcTpykuus (SS); F — nuTHHKOBas BOpOHKA

the inner surface of the mold, along with the correspon-
ding surfaces where boundary conditions are applied.

The computational scheme presented below closely
reflects the actual technological process used to produce
spherical steel castings in a metal mold.

Since the problem is formulated as a Cauchy problem,
the physical process of heat removal during cooling may
be implemented by any known technological method,
such as natural or forced cooling, etc.

A configuration with two recesses on the inner sur-
face of the mold is considered (Fig. 2). The objective is
to determine an optimal arrangement of these recesses
such that the maximum absolute values of the normal
stresses o,, are minimized.

The objective function for this condition is defined as:

F= min|022(y)|max

o205, 7) (M

with constrains
0<y,<120%
0<t<l155s;

@)

here, Q is the area of the meridional cross section of mold.

The constraint on 7 is based on the solution to a simi-
lar problem, where, during the cooling of liquid metal in
a mold without recesses, the magnitudes of the normal
stresses ©,,, and o, in cross sections begin to decrease
at T> 10 c. The constraint on the recess opening angle vy,

Fig. 2. Scheme of the system / (LM) — 11 (SM) — III (MCM)
for optimizing the structure with two recesses on the mold inner surface

Puc. 2. Cxema cuctemst / (LM) — I (SM) — 11l (MCM)
K ONTUMH3ALMH KOHCTPYKIIMHU C JIBYMs BBITOUKAMHU
Ha BHYTPEHHEH TIOBEPXHOCTH (POPMBI
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arises from the condition that the reduction in compressive
stress 6,, caused by the recess affects only a limited region.

The central part of the problem involves solving
a system of equations from the linear theory of elasticity
at a given time step At,,.

Using the equations of linear elasticity, we formulate
for each domain the corresponding system of equations in
Cartesian coordinates:

— domain / (liquid metal):

Gj =0y =033, =0=—1h;

. 3
0 =a,Ab; ®
— domains /7 and /1] (solid metal and mold):
S =0, &
1 .
6, —0d,; =2G 8,,, i =g _5861'/’
E=¢&;,
“

€; = 3kpc+3ap(6—9:);
g; =0.5(U,, +U,,);
GzapAO,

where U, is displacements; € is strain compo-
nents; o is hydrostatic stress; p =1, I1, [l — computa-
tional domains; Gp(e) is shear modulus in domain p
(p=1I,1II); G, (p =11, IlI) — shear modulus for solid
metal (p =1I) and mold material (p = III); 61‘/ is Kro-
necker delta; k& is bulk compression coefficients; a_is
coefficients of linear thermal expansion (p =11, II]);
a, is thermal dlffuswlty (p =111, II]); 0 is current tem-
perature T is time; 9 is initial temperatures in domains

A

p =111 1II; P, is pressure in the domain /; a,= L_.

cY

plp
A, is thermal conductivity; ¢, is specific heat capacity;
v, is specific weight; A is Laplace operator.

During the cooling of the liquid metal, provided
that 0 <0, (where 0_ is the metal temperature and
0, is the crystallization temperature), the thickness
of the solidified layer is determined from the phase tran-
sition solution:

do, do, dx

dn n dn P dt Lp. )
where 0, 0, are temperatures of the solid and liquid
phases; A, A, are thermal conductivities of the solid
and liquid phases; L is latent heat of fusion; p is density
of the solid phase; x is current thickness of the solidified
metal layer; n is normal to the phase boundary.

Assuming that the temperature in the solid phase
across the thickness dx, varies linearly, and the tempe-
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rature gradient in the liquid phase is zero, the solution
to equation (5) yields the following expression for deter-
mining the thickness of the solidified shell 6x, at a given
time step Zrn [21]:

s, = Cr; €= [FA0M, (6)
pL

where A@, is the temperature drop in the solid phase near
the crystallization front.
Initial conditions for problem (3), (4):

- 8x|r:0 =0 - no solid phase present in the metal;

- 61|T:0 =0, — temperature of the poured liquid metal
(1500 °C);

; =0 — initial temperature of the mold (20 °C).
=0

Initial stresses are assumed to be zero.

The system of equations (3), (4) is solved in an ortho-
gonal coordinate system. The problem is axisymmetric,
with the following symmetry conditions:

U,=0;0

. = 0.

51 =05, =085, = ¢,

Boundary conditions for equations (3), (4) (see Fig. 1):

— on the axis of symmetry

U,=0;0, =0; ¢, =0;
— on surfaces S, — S
onls ==R; oul;, =0 (i=1,5,6);
Ol =0 oyl =0 (=5, 6);
Oplg, =0 Oyl =0 (=7, 8); %
U1|s3' =0; U2|s4 =0 G21|s,- =0 (i=4,7,8);

9|s1 =0,; 9|S3 =0,

where ¢, is heat flux; S;=S;+S; — surfaces where
the mold is in contact with the support structure or
exposed to the surrounding environment.

To solve the system of equations (3), (4) with boun-
dary conditions (7), a numerical method was used,
as described in [17] and previously applied in stu-
dies [21; 22]. The computational domain is divided by
a system of orthogonal surfaces into finite-sized ele-
ments. For each element, the system (3), (4) is written
in finite-difference form using the stress and displace-
ment values on the element faces and the arc lengths
of the edges forming the element. The resulting equa-
tions are solved using the initial and boundary conditions
according to the algorithm and methodology developed
in. The solution outputs include: stresses and displace-
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ments on the faces of each element; the average tempera-
ture of each element at the given time step. The numeri-
cal solution was implemented using a custom-developed
program and the software package Odyssey?.

The finite-difference analogue of the heat conduction
equation for an orthogonal element is constructed based
on the principle of thermal balance [17]. It incorporates
the average temperature within the element, the tempera-
tures of the surrounding elements, and the arc lengths
that define the orthogonal elements. The resulting system
of equations is solved using a tridiagonal matrix algo-
rithm (Thomas algorithm).

[ SOLUTION ALGORITHM

The solution of problem (1) with constraints (2) is car-
ried out according to the following algorithm.

1. The computational domain is divided into a finite
number of orthogonal elements; geometric dimensions .S
and R are specified.

2. The total cooling time t° = 15 s in problem (1) with
constraints (2) is divided into a finite number of time
steps: T = ZArn, where 7 is the time step number.

3. The physical and mechanical properties of the mate-
rials are specified: liquid and solidifying steel, and
the mold material.

4. The geometric parameters of the recesses are speci-
fied: Ay, 0, 7, .

5. The increment step for the current parameter v is
specified: Ay.

6. Initial and boundary conditions are assigned
to the elements that form the computational domain,
including those forming the recesses.

7. Arc lengths of the elements within each domain are
calculated.

8. The temperature field at the current time step At is
determined by solving the heat conduction equation using
the initial and boundary conditions for that step.

9. If the temperature at surface S, in domain / satis-
fies 6| 5 < 0., the thickness of the solidified shell is calcu-

lated using equation (6); and the computational mesh is
reconstructed starting from step 7. If 9| 5> 0., proceed
to step 10.

10. The system of equations (4) (excluding the heat
conduction equations) is solved using the method
described in [17]. The stress fields o, and displacement
fields U, (i,j = 1, 2, 3) are determined.

2 Odinokov V.I., Prokudin A.N., Sergeeva A.M., Sevastyanov G.M.
Certificate of state registration of a computer program No. 2012661389,
Odyssey. Registered in the Register of Computer Programs on Decem-
ber 13, 2012.

11. Across domain Q on surface S, the maximum
absolute value of the nprmal stress o,, is identified and
entered into matrix {,.

12. A time step is performed. If ZZ’EH <1, return
to step 8. IfZZrn = 1", proceed to step 13.
13. From matrix {5, the value o,, = max{c,] is found

and recorded in matrix {o,|

14. The parameter is updated:y, =y, | — Ay; thent=0.
Ify, =0, proceed to step 15, if y > 0, return to step 6.

15. From matrix {02}" the minimum value of (5_22 =

=min {(53}l is selected along with the corresponding values
of tand y.

16. End of the solution procedure.

[l RESULTS AND DISCUSSION

Geometric parameters of the mold: §;= 50 mm, R =
=20 mm, ¢ = 150°.

Time intervals (s): Zrn: 0.01; 0.02; 0.03; 0.04; 0.05;
0.1;0.2;0.3;0.4; 0.5; 2.0; 5.0, 6.0; 8.0; 9.0; P, = 1 kg/cm?,

Domain discretization: N, XN, = 13x20.

According to the calculations, dividing the domain
into 13x20 elements along the first and second coordi-
nate axes for the mold without recesses is entirely sui-
table for the analysis performed. The same discretiza-
tion (13x%20 elements along the same coordinate axes) is
equally justified for the mold with recesses.

Parameters of the poured steel for 6> 1000 °C
(6, = 1000 °C):

G, =10* MPa; @ ,= 12-10°6 °C!;
A=0.0298 W/(mm-°C);
L, =270-10° J/kg (latent heat of fusion); (8)
C, ,=444J/(kg:°C); v, = 7.80-10°¢ kg/mm?;
0,= 1450 °C.

The physical properties of the metal mold are the same
as in equation (8), except that

2
G, = 81,000{1 —I.Z[Lj } MPa. ©)
1000

Initial values for the optimization process: Ag, = 23°,
Y, = 104°; recess dimensions 4,, 4, (7.1%2.6) mm along
axes / and 2 (Fig. 3). The recess dimensions correspond
to the dimensions of the mesh elements.

As a result of the calculations performed using
the above algorithm, the following parameters were
obtained:
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Fig. 3. Plots of normal stresses 6,,, 6,, and displacements U, , U, along the edges of the recesses 4, and 4, in the mold at t=8.6 s

Puc. 3. Drropel HOPMAJILHBIX HATIPSKEHUH G|, G,, U nepementennit U,, U, o rpansm BeiTouek 4, u 4, B Gopme 1ipu 1= 8,6 ¢

F=29.8 MPa; y=60° t=8.6s. (10)

Fig. 3 presents the distributions of 6,,, ,, and dis-
placements U, U, along the edges of recesses 4, and
A, in the mold. It can be seen that at the inner corners
of recesses 4, and 4, there are stress concentrations for
G,,, with values of —30.1 MPa and -30.2 MPa, respec-
tively. These values are slightly higher (in magnitude)
than the value of F obtained above. For comparison, Fig. 4
shows the o,, distribution (in MPa) across the section
of a mold without recesses at the same time (1= 8.6 s).
The o, distribution is not shown, as it is approximately

equal to o,,, differing by no more than £1 %.

A pronounced difference in o,, values is evident.

Fig. 5 shows the o, distribution for the parameters
given in equation (10).

Although o,, decreases (in magnitude) in many sec-
tions, a considerable portion of the mold still experiences
high compressive stresses (more than 60 MPa). This indi-
cates that optimization should be carried out for both ¢,
and c,,. The o,, stress was chosen for initial optimization
because the recesses in the mold effectively cut through
the regions ofhigh S, at the early stage of cooling (Fig. 4),
without disturbing axial symmetry. However, to achieve
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a more global reduction in compressive stresses o,, and
055, it would likely be necessary to introduce additional
recesses perpendicular to the existing ones.

M
-1,8
_— 60 MPa
Oy
—62
-1.6
/ 62 O
L 1 L _ -1.6
0,°C 1500 1000 500 0 ¢ 62
R
I -63 -1.6
3 64 1 02
2
R

Fig. 4. Plots of normal stresses 6,, along the mold section
without recesses at t=28.6 s

Puc. 4. Sopbl HOPMaJIbHBIX HANIPSKEHUH G, TI0 CEUEHUIO (POPMBI
6e3 BbITOUEK IPHU T = 8,6 C
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Fig. 5. Plots of normal stresses 6, in the mold
at optimal design parameters (10)

Puc. 5. Drropbl HOpMaJIbHBIX HANPSLKEHUH G4 B hopme
P ONTUMAJIBHBIX PacyeTHbIX napamerpax (10)

This, however, represents a different, non-axisymmet-
ric problem, requiring different equations and boundary
conditions.

Within the present study, an attempt was made to reduce
o;; (in magnitude) by introducing additional recesses
on surface §,. According to equation (10), the recesses
are arranged symmetrically on surface S, at an angle ¢,
with an opening angle y (Fig. 2). The highest o, values
(in magnitude) occur within this opening angle y (Fig. 5).
Therefore, two additional recesses were placed on sur-
face S, within the previously determined opening angle y.
The SSS of the shell-type steel mold with four recesses
on surface §, was then calculated using the above algo-
rithm for t = 8.6 s. In this case, the algorithm was signifi-
cantly simplified, as the recess configuration was fixed
and the cooling time predetermined. Fig. 6 shows the o,
and o, distributions across the mold section at the end
of the time step t° = 8.6 s. The results indicate a marked
reduction (in magnitude) in both c,, and o, stresses.

In summary, the novelty of this work lies in formula-
ting a problem aimed at determining the optimal arrange-
ment of temperature seams as technologically signifi-
cant areas, along with the corresponding stress values in
a spherical metal mold, within the framework of a min—
max objective function, as well as in developing a solu-
tion algorithm.

The proposed methodology, modeling algorithm, and
optimization approach for enhancing the crack resistance
of spherical metal molds can also be applied to numerical
solutions of other problems involving various functional
shells.

[ ConcLusions

The problem of optimizing the design parameters
of temperature seams in a spherical metal casting mold
during the pouring of molten metal has been formulated
and solved. The analysis of the SSS revealed structural
features of the spherical metal casting mold design.

The presence of temperature seams on the surface in
contact with the molten metal in the mold’s inner part sig-

1

Fig. 6. Plots of calculated values of normal stresses
o,, and 6, along the mold section at t° = 8.6 s:

T 0y, T 05

Puc. 6. Dnropbl pacyeTHBIX 3HAYCHUH HOPMaJIbHBIX HAMPSDKEHUH
*_ .
G,, U Gy, 110 ceveHuto popmbl npu T = 8,6 ¢:

——0,,;===—0

222 33
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nificantly reduces the effect of thermal stresses that arise
in the initial moments of casting cooling.

Rational regions for placing temperature seams in

the meridional section of the mold and the corresponding
stress values have been determined under the conditions
of a min—max objective function, using the developed
solution algorithm.
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METALLIZATION OF ORE-COAL BRIQUETTES
IN AN ANNULAR FURNACE HEATED BY GENERATOR GAS
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Abstract. The paper considers the features of producing granular pig iron using an annular furnace with a rotating hearth during implementation
of ITmk3 technology (/ronmaking Technology Mark Three). The design of a coal gasifier with a synthesized gas purification system and the cross-
section of an annular furnace are shown. The article briefly describes the process of industrial production of granular high-quality pig iron. The pros-
pects of using the technology in question on the territory of the Russian Federation were assessed. At the first stage of research on the metallization
of iron-ore concentrate (IOC) with coal, the thermogravimetric method of a complete factor experiment was used to determine the optimal metal-
lization conditions. In the experiments, the ratio of IOC was varied: coal, size of coal, lime additives as a percentage of the amount (IOC + coal).
As a result of thermogravimetric analysis, the authors obtained the curves of changes in mass of the samples, composition and amount of released
gas when the heating temperature changed during sintering of IOC with coal and lime. At the second stage, a laboratory chamber furnace with
a portable hearth, heated by generator gas from coal, was developed to test the ITmk3 technology. Ore-coal briquettes were made with a ratio
of IOC, coal, bentonite 80:20:5 and heat-treated in a chamber furnace with heating by generator gas from a coal gasifier. [ron-ore concentrate from
the Korshunovsky MPP and Kasyanovsky coal from the Cheremkhovsky deposit were used as experimental raw materials. Based on laboratory
studies, the authors determined the temperature-time firing mode of ore-coal briquettes, which ensures a high degree of metallization of iron-ore
materials of 80 — 87 % when firing briquettes in the temperature range of 1080 — 1424 °C for 40 min. The yield of briquettes after drying and
firing was determined to be 66.45 %. The mechanism of solid-phase reduction of iron-ore materials in annular furnaces with a rotating hearth and
liquid-phase separation of reduction products is considered. The composition of the gases released during calcination of ore and coal briquettes
was determined.

Keywords: metallization, briquettes, annular furnace, granular pig iron, generator gas, rotating hearth, heat exchange, gasifier
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METANNU3ALMNA PYAHO-YTOJIbHbIX BPUKETOB
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AHHomayus. PaccMOTpeHBI 0COOCHHOCTH IIPOIIECCa IIOIYYCHHS TPAaHYINPOBAHHOTO YyryHa ¢ IPUMCHEHHEM KOJIBLICBOIT IIEUX ¢ BPAIIAIOIIIMCS [OI0M
nipu peanuzarmu rexuonorun I Tmk3 (lronmaking Technology Mark Three). ABTOpbI TOKa3bIBalOT KOHCTPYKIIHIO YTOJIBHOTO ra3u(UKaTopa ¢ CHCTEMO
OYHCTKU CHHTE3MPYEMOIO ra3a M MOIEpeYHOe CeUeHHe KOMbIeBOH meun. CTaTbst KPaTKo OMHMCHIBAET MPOLECC IPOMBIIUIEHHOTO MOYYSHHs IPaHy-
JIMPOBAHHOTO BBICOKOKAYECTBEHHOTO 4yryHa. IIpoBeieHa OlleHKa IEpPCIEKTHBBI HCIONBb30BAHUS PACCMATPUBAEMON TEXHOIOTHU Ha TEPPHTOPUM
Poccuiickoit denepaunn. Ha nepBoM sTare uccienoBaHuil MeTaUIM3aMH kene3opyaHoro konuenrpara (XKPK) yrmiem npumenen tepmorpasu-
METPHUUECKHIT METOI TOTHOTO (haKTOPHOTO SKCHEPHMEHTA O ONpPEENICHUIO ONTUMANIBHBIX YCTIOBHIA MeTaIn3aluy. B skcnepuMenTax BappupoBaim
coorHomenue JKPK: yromb, kpynmHocTb yris, 100aBKH M3BECTH B IpoLeHTax oT cymmbl (JKPK + yroms). B pesysbsrare TepMorpaBUMETpHYECKOIO
aHaJIU3a aBTOPHI NOJTYYHIIN KPUBBIC H3MEHEHH MacChl 00pa31ioB, COCTAaBa M KOJIMYECTBA BBIICIHUBIIETOCS Ta3a IPH N3MEHEHUN TeMIIepaTyphl HarpeBa
B nporecce crekanus XKPK ¢ ymiem n n3Bectsio. Ha Bropom stame s orpadotku Texnonoruu ITmk3 paspaborana madoparopHast kKaMepHas IIedb
C BBIIBIDKHBIM TI0ZIOM, OTaIlIMBaeMasi TeHEPATOPHBIM Ia30M U3 KAMEHHOTO yIis. PynHO-yronpHble OPUKETHI OBLIH M3TOTOBICHBI C COOTHOIICHHEM
XKPK, yrons, 6errorut 80:20:5 1 TepMOOOPaOOTaHBI B KAMEPHOM IeUH C OTOILICHHEM TeHEePaTOPHBIM a30M U3 YTOJIBHOTO rasudukaropa. B kadecrse
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OITBITHOTO CBIPBsI OBLIIN HCIIOIB30BAHbI XKEJIE30PYAHbIH KOHIIEHTpAT KopIiryHOBCKOrO rOpHO-000TraTHTeIbHOrO KoMOMHAaTa 1 KachsHOBCKHI KaMEHHbIH
yromnb UepeMxoBCKoro MecTopoxaeHus. Ha ocHoBe 1a00paTopHBIX HCCIeIOBaHHIT ObLT OIPEIENICH TeMIIePaTyPHO-BPEMEHHON PEXXUM OOXKHTa PyIHO-
YTOJIBHBIX OPUKETOB, 00ECTICUUBAIONIHIT BBICOKYIO CTEHEHb METAIUIN3ALMH Kele30pyIHbIX Marepraiios (80 — 87 %) npu odxure OpUKETOB B JHara-
30He Temmeparyp 1080 — 1424 °C B Teuenne 40 MuH. BbIxon OpHKeTOB MOCTIE CYIIKH U 00kura cocTaBml 66,45 %. ABTOPBI H3YUHIIN MEXaHH3MBI
TBepA0(a3HOr0 BOCCTAHOBIICHHS HKEJIC30PYAHBIX MAaTEPHUAJIOB B KOJILLEBBIX I1€4aX ¢ BPALIAIOLIMMCS TTOOM U XKUJIKO(A3HOTO pas/ieleHust IPOIYKTOB
BOCCTAHOBIICHHS, a TAKXKE OIPEEIIIIN COCTAB BBIICIMUBIINXCS Ta30B IPU IPOKATNBAHUU PYIHO-YTONBHBIX OPHKCTOB.

Kawuesswlie caoea: METaJllIu3anus, 6pI/IKCTLI, KOJIbIICBas II€Yb, I‘paHyJ'IPIpOBaHHLIﬁ YyryH, FeHCpaTOpHI:IfI ras, Bpama}omnﬁcn nonm, TCHJ’IOO6MCH,

YTOJIbHBIN ra3u(uKaTop

Jlns yumupoeaHus: Kynukos b.I1., Ctopoxes F0.U., [Toranenko A.C. Meramiu3aiist pyIHO-yTOJIbHBIX OPUKETOB B KOJIBIEBOI €4, OTAITMBACMOM
TCHEPATOPHBIM ra3oM. Mzeecmust 6y306. Yepnas memannypeus. 2025;68(4):383-394. https://doi.org/10.17073/0368-0797-2025-4-383-394

- INTRODUCTION

Over the past 10 years, the production of direct
reduced iron (DRI) has increased by 18 % globally and
by 66 % in Russia, indicating rapid development in this
sector [1]. The widespread adoption of the direct reduc-
tion process was first observed in the 1980s, when natural
gas began to be used extensively as a reductant in the min-
ing and metallurgical industry. In addition to natural gas,
the use of coal gasification products also proved feasible
in the direct reduction of iron. Neither method requires
the use of expensive coke [2].

According to metallurgical thermal engineers,
the most advantageous option is to produce partially
metallized iron-ore materials with a metallization degree
of' 30 — 50 %, which are used in blast furnace production.
Highly metallized iron-ore products with a metallization
degree of 85 — 95 % are used for remelting in steelmak-
ing units to obtain high-quality steel [2]. The method
of direct reduction of iron-ore materials is particularly
suitable for regions that lack natural gas reserves but pos-
sess abundant coal deposits.

In the 2000s, more than a dozen inventions were
developed in Russia related to the production of granu-
lar pig iron using annular furnaces with a rotating hearth,
incorporating elements of well-known processes such
as FASTMET and ITmk3. One invention [3] describes
a method for producing granular pig iron by dos-
ing the components of the iron-ore burden to achieve
CaO/MgO and SiO,/Al,O, ratios within the ranges
of 2 -5 and 4 — 6, respectively, ensuring that the pri-
mary slag melting temperature does not exceed 1400 °C.
Several other patents [4 — 6] focus on the design features
of annular furnaces that allow for optimization of heat
exchange processes. In particular, patent [6] describes air-
cooled suspended screens with vertical movement capa-
bility in the briquette loading and unloading zones, and
the loading zone is additionally equipped with a device
for feeding protective material onto the hearth.

For Siberian conditions, developments using coal gasi-
fiers [7; 8] are especially attractive, as they enable annular
furnaces to operate on gasified fuel in the absence of natu-
ral gas. Based on these inventions, a process line was
developed for producing a metallized product in an annu-
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lar furnace with a rotating hearth, allowing for maximum
utilization of the heat from exhaust gases [9; 10].

One example of such implementation is the construc-
tion of a plant for producing granular pig iron in Cherem-
khovo, Irkutsk Region, using ITmk3 technology. The site
was selected based on the following factors:

— proximity to one of the main raw material sources —
coal (Cheremkhovsky coal basin);

—relatively close location of other key raw material
source — iron-ore concentrate (Korshunovsky MPP, Zhe-
leznogorsk, Irkutsk Region);

—a well-developed regional transportation network,
including both rail (Trans-Siberian Railway) and road
access (federal highway).

The project investor is NPO Khimiko-Metallurgiches-
kaya Kompaniya LLC. The plant’s design capacity is
100,000 tons per year of granular pig iron. This produc-
tion method, unique for Russia, is based on the reduc-
tion firing of briquetted mixture (iron-ore concentrate
(IOC) + coal + dolomite) at 1350 — 1450 °C in an annu-
lar hearth furnace heated by generator gas synthesized
from coal. The production complex includes the follow-
ing key facilities:

— I0C unloading section with raw material silos;

— open coal yard and coal preparation section;

— coal gasification section for generator gas produc-
tion;

— section for preparing the mixture (I0OC + coal + do-
lomite), briquetting, and drying the briquettes;

— ore—coal briquette metallization section;

— section for processing and separation of metalliza-
tion products;

— closed-loop water supply section;
— gas cleaning section.

The main process units of the plant under construction
include:

—two SM89 coal gasifiers manufactured in China,
each with an inner diameter of 3.6 m, a cross-sectional
area of 10.17 m?, and a height of 12.5 m, equipped with
a generator gas purification system (Fig. 1);
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—annular furnace with a rotating hearth (Fig. 2).
The outer diameter of the furnace is 20.99 m, the inner
diameter is 15.6 m, and the hearth width is 2.69 m. Four-
teen pairs of MS568 tuyeres are installed in the inner and
outer walls of the furnace, positioned directly opposite
each other so that the flame jets from opposing tuyeres
meet and dissipate in the center of the furnace. The hearth
rotation speed is variable: the time for one full revolution
of the hearth can range from 27 to 45 min.

Below is a brief description of the technological pro-
cess for producing granular pig iron at the plant currently
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under construction. Raw materials are delivered to the ore
yard by rail and truck. Coal and dolomite are transported
by road, while iron-ore concentrate is delivered in open
rail cars.

After crushing, the coal is screened on an inertial
screen with 12 mm mesh openings. This separates it into
two fractions: the oversize fraction, with particle sizes
over 12 mm, is directed to the coal gasifier for the pro-
duction of fuel synthesis gas. The undersize fraction,
with particle sizes under 12 mm, is sent to a mill for
further grinding to the particle size required for produc-
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Fig. 1. Gasifier with generator synthesis gas purification system:
1 —upper gas duct; 2 — lower gas duct; 3 — low-pressure gas collector; 4 — mixing box (gasification agent production);
5 — gasifier caisson; 6 — air duct; 7 — upper gas inlet into electrostatic precipitator No. 1 from hydraulic seal 1;
8 — purified upper gas outlet from electrostatic precipitator No. 1 into hydraulic seal H2; 9 — lower gas duct from the air cooler to the washer;
10 —upper gas duct from hydraulic seal H2 to the washer; // — mixed upper and lower gas duct;
12 — mixed gas inlet from hydraulic seal H4 to electrostatic precipitator No. 2; /3 — mixed purified gas duct to the annular metallization furnace;
14 — valves adjustment of lower gas; 15 — collector of increased gas pressure; /6 — sizing holes of gasifier; H1 — H9 — hydraulic seals

Puc. 1. 'azuduxatop ¢ CHCTEMOU OYHCTKU I'EHEPATOPHOTO CHHTE3 rasa:
1 — ra30xoj1 BEPXHETO0 rasa; 2 — ra30Xojl HIKHEro rasa; 3 — KOJUIGKTOP HU3KOTO JIaBJICHUs rasa;
4 — xopoOka cMemuBaHuA (IIOTy4YCHHE areHTa Ta3u(UKaInN); 5 — KECCOH ra3u(uKaTopa; 6 — BO3LYXOBOL;
7 — BBOJI BEpXHETo rasa B d1eKTpoduasTp / u3 ruaposarsopa H1; & — BbIXo1 0UHMIIEHHOrO BEpXHEro ra3a u3 anekTpodunstpa 1 B ruaposarsop H2;
9 — ra3oxofi H’KHETO I'a3a U3 BO3/YILIHOTO OXJIAAUTENs B OMbIBaTelb; /() — ra30Xo/] BEpXHEro rasa u3 ruaposarsopa H2 B ombIBaTelb;
11 — ra30XoJl CMEIIAHHOTO BEPXHET0 M HUIKHETO Ta30B; /2 — BBOJ CMEIIAHHOIO Ta3a U3 ruapo3arsopa H4 B anexrpodunstp 2;
13 —Ta30X0/] CMEIIAHHOIO OYMIIEHHOI'O Ta3a K KOJbLEBOH eYn MeTalIn3aluy; /4 — 3aIBUKKH PETyIIUPOBKH HIXKHETO ra3a;
15 — KOIIEKTOP TOBBIILIEHHOI'O JIaBJICHHs ra3a; /6 — ypoBouHble 0TBepcTHs rasudukaropa; H1 — H9 — rusposarsopsl
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Fig. 2. Annular furnace for production of granular pig iron:
a — appearance of the furnace under construction;
b — cross section; / — suspended arch; 2 — wall lining;
3 —rotating hearth; 4 — tuyers

Puc. 2. KonbuieBast edb A1 TPOM3BOJICTBA
IpaHyJIMPOBAHHOTO YyTyHa:
a — BHEITHUH BHJI CTPOSIIIICHCS TIeUH;
b — nonepeuHslii pa3pes; / — NOIBECHOI CBOJI;
2 — dyTepoBKka cTeH; 3 — BpaIlaomuiics mox;
4 — ropeno4Hble yCTPOUCTBA

ing ore—coal briquettes. Briquettes with the composi-
tion of 80 % IOC + 20 % coal + 5 % dolomite are pro-
duced using a roller press. The maximum throughput
of the press is 14 + 0.5 tons per hour of ore—coal bri-
quettes. To remove excess moisture and preheat the bri-
quettes, they are fed into a dryer, where the drying agent is
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air heated in a recuperator to 350 — 400 °C using exhaust
gases from the annular furnace.

Metallization of the iron-ore materials within ore—
coal briquettes is carried out in an annular furnace with
a rotating hearth. The furnace is divided into four techno-
logical sections:

— the coal bed loading section, where the “bed” serves
as a protective layer for the refractory hearth lining and as
a base for laying the briquettes;

— the briquette laying section, where briquettes are
placed on the hearth;

— the reduction firing section, where the briquettes are
metallized;

— the product discharge section, where the metallized
product is removed from the hearth.

The first step involves loading the hearth with a coal
“bed” using an apron feeder. The bed is evenly distributed
over the hearth in a 3 — 5 cm thick layer. After the bed
is in place, pre-dried and preheated ore—coal briquettes
(heated to ~250 °C on a conveyor grate) are laid evenly
on top of the bed in 1 — 2 layers.

As the hearth rotates, the briquette—bed “layer” is
carried into the reduction firing section. The fuel syn-
thesis gas, produced in the gasifier and preheated
to 200 — 250 °C, is automatically distributed to the tuyers
through a network of thermally insulated gas ducts, ensu-
ring the required temperature conditions in the metalliza-
tion zone. To improve combustion efficiency and reduce
energy consumption, the air supplied to the tuyers is pre-
heated to 400 — 450 °C in recuperators.

From the reduction firing zone, the metallized product
enters the cooling and discharge zone, where it is removed
from the hearth using water-cooled screw conveyors and
fed through a water-cooled chute into a drag-type cooler.
The cooled product is then transferred to a rotary screen,
where the coal “bed” is first separated. The remaining
agglomerated metallization product undergoes mechani-
cal treatment, resulting in its breakdown into slag and
granular pig iron. Next, the mechanical mixture of slag
and pig iron is transported by conveyor to a magnetic
separator, where the magnetic fraction is recovered —
the target product of the process: direct reduced iron in
the form of granules of pig iron.

Implementation of this innovative project began with
the purchase and installation of the main and auxiliary
equipment, and the construction of infrastructure. Along-
side the installation of the annular furnace, coal gasifi-
ers, and other systems, laboratory-scale studies were
conducted on the metallization of ore—coal briquettes.
The aim of these studies was to optimize briquette com-
position and refine the process of producing granular pig
iron using the ITmk3 technology. The results of these
studies are presented in this article.
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- EXPERIMENTAL STUDIES AND DISCUSSION
OF THE RESULTS

One of the advantages of metallizing ore—coal mate-
rials in an annular furnace using ITmk3 technology is
the formation of pig iron granules coated with a slag
shell. This feature facilitates the separation of pig iron
granules from the main slag mass [11 — 14] and reduces
the cost of subsequent processing. An important require-
ment of ITmk3 technology is the use of iron ore concent-
rates with a total Fe content exceeding 60 %, as well as
achieving a carbon content in the alloy within the range
of 2.5 — 4.5 % after complete iron reduction. If the residual
carbon content in the alloy is below 1.5 %, the melting point
of the iron does not decrease significantly, and in this case,
the furnace temperature must reach a maximum of around
1450 — 1550 °C. The guaranteed specifications for the final
product (granular pig iron), according to the technology,
are as follows (wt. %): >96 Fe; 2.0 — 4.0 C; 0.2 Si; 0.05 P;
0.04 —0.08 S [15 —20]. However, the processes described
in those publications are designed for high-calorific fuels,
particularly natural gas.

The first stage of this study — aimed at determining
the optimal conditions for metallizing IOC with coal —
was carried out using thermogravimetry and the full fac-
torial design method on a STA 449 Jupiter synchronous
thermal analysis system. Samples were prepared accord-
ing to the matrix of a full three-factor experimental design
(Table 1), with the following control factors:

- X, — I0C-to-coal ratio (-1 — (70:30) % = 2.333;
+1 — (80:20) % = 4).

— X, — coal particle size, pm (-1 — -50; +1 — -315).

— X, — lime additives, wt. % of the total (IOC + coal)
-1 —0;+1 — 5.

Iron recovery into the alloy was used as the optimiza-
tion parameter.

The experiments were conducted using sintering-grade
iron ore concentrate from the Korshunovsky MPP with
the following composition (wt. %, dry basis): 62.6 Fe,O,;
24.0 FeO; 3.95 Si0,; 2.654 AL,O,; 1.9 CaO; 4.0 MgO;
0.13 MnO; 0.255 TiO,; 0.04 SO,; 0.37 P,O,; 5.8 H,0;
and 1.65 loss on ignition (LOI). Kasyanovsky coal from

the Cheremkhovsky deposit was used as the reduc-
tant. Its composition (wt. %) was as follows: 77.3 total
carbon (C'); 1.2 total sulfur (S%); 16.5 ash (A%); 11.5
moisture (as received); 13.7 total oxygen (O'); 5.6 total
hydrogen (H); 1.1 total nitrogen (N'); and 45.6 volatile
matter (V'). The lower heating value of the coal was
23,028.5 kJ/kg. The ash fusion temperature ranged from
1310 to 1390 °C. The ash composition (wt. %) included:
67.1 SiO,; 19.2 A1,0,; 2.5 Fe,0; 2.2 CaO; 1.6 MgO;
0.7 K,0; 0.1 TiO,; 0.1 Na,0O; 4.4 SO,; 0.01 MnO,.

The prepared mixtures were pressed using a laboratory
press at a pressure of 80 — 100 kg/cm? to form briquettes
measuring 8 mm in diameter and approximately 5 mm
in height. The samples were heated from 40 to 1400 °C
at a rate of 30 °C/min in an argon atmosphere. Sample
masses ranged from 513 to 593 mg. Tests were carried
out in a corundum crucible shaped as a shallow dish.
During the experiments, the qualitative and quantitative
composition of the gases released during thermolysis was
monitored using an Aelos quadrupole mass spectrometer
with an electron impact energy of 70 eV. The degree
of iron metallization was calculated based on the compo-
sition of the released gases.

Eight experiments were conducted following a full
three-factor experimental design. The sintering derivato-
grams of the iron ore concentrate, coal, and lime — along
with the corresponding gas release profiles — were recorded
in 24 figures (three per sample). Due to the overall similar-
ity of the derivatograms, Fig. 3 presents the results of gas
release analysis for representative Sample 6: X = +1;
X, =-1; X;=+1, which contained 80 % iron ore con-
centrate, 20 % coal, and 5 % lime (in excess of 100 %).
The amounts of CO, CO,, and H,O were determined from
the derivatograms based on the area of the gas evolution
effects, by comparison with those obtained for reference
samples. The degree of IOC metallization was calculated
based on the following reactions:

Fe,O, +4C — 3Fe + 4CO; (D

Fe,0, +2C — 3Fe + 2CO,; 2)

Fe,O, +4H, — 3Fe + 4H,0. 3)

The temperature range up to approximately

550 — 600 °C — corresponding to the first sharp mass

Table 1. Levels of control factors and variation intervals

Ta6auya 1. YpoBHH (paKTOPOB yNpPaBJIeHUsS] M HHTePBAJIbl BAPbHPOBAHMS

Factor levels Variation
Factor .
| 0 +1 intervals
X, —10C-to-coal ratio 2.333 | 3.167 | 4.000 0.833
X, — coal particle size, pm -50.0 | -132.5|-315.0 82.5
X, — lime additives, wt. % of the total (IOC + coal) 0 2.5 5.0 2.5
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Fig. 3. Derivatogram of IOC reduction by coal with composition
of gas products of thermolysis and interaction (using the example
of sample 6); T, — curve of mass loss by the sample

Puc. 3. lepuBatorpamma BocctanoBnenust JKPK yrmem ¢ cocraBom
ra30BBIX IIPOAYKTOB TEPMOJIM3a U B3aUMO/ICHCTBUS (Ha TIpIMeEpe
obpasua 6); T, — KpuBas OTEPH MACChl 0OpasLOM

loss — was excluded from the metallization calculations,
as this process is associated with coal decomposition
without interaction with the IOC. This was confirmed
by the derivatogram of a separate sample of Cherem-
khovsky coal (not shown in the article). Upon heating,
the samples released CO, CO,, H,O, and methane.
The CO-to-CO, ratio in the gas phase is indicative
of the metamorphic grade of the coal. The calculations
also accounted for the amount of water formed via reac-
tion (3) within the 800 — 1000 °C temperature range.

Thermogravimetric analysis of the eight mixtures
(IOC + coal + lime) revealed that gas release from
the samples occurs in three distinct temperature intervals,
°C: 40-210; 210 - 685; and 685 —1400. In the first
zone (40 — 210 °C), the release of hygroscopic moisture

is observed, resulting in a mass loss ranging from 0.61
to 1.29 %.

In the second temperature interval (210 — 685 °C),
the release of volatile compounds was observed. During
this stage, sulfur was released predominantly in the form
of SO,, along with most of the CH,, H,, and H,O.
The associated mass loss ranged from 5.46 to 8.6 %.

In the third zone (685 — 1400 °C), chemical interac-
tions take place, leading predominantly to the formation
of CO and CO,. Mass loss in this range varies between
21.22 and 29.7 %. The mass of solid residue after firing
the briquettes ranges from 60.64 to 72.48 %.

Table 2 presents the component and quantitative com-
position of the gas phase, calculated based on thermo-
gravimetric data and used for computing the degree
of'iron metallization according to the experimental design
matrix.

Table 3 presents the results of iron metallization
degree calculations based on reactions (1) — (3).

Based on the obtained data, the coefficients were cal-
culated and a linear equation was derived to describe
the dependence of iron recovery from I0C (Y,) on
the I0C-to-coal ratio (X)), coal particle size (X,), and
lime additives (X;) expressed in coded coordinates.

Y, =66.83 - 8.82X —4.16X, +
+3.78X, + 1.77X. X, + 0.84X X, +
+0.0037X,X; + 1.29X X, X, . 4)
Statistical evaluation of the coefficients in the derived

equation showed that, ata 95 % confidence level, the coef-

ficients for X, X,, X; and the interaction term X, X,, are

statistically significant. As a result, Equation (4) is writ-
ten in the reduced form as follows

Y, = 66.83 — 8.82X, — 4.16X, + 3.78X, + 1L.77X,X,. (5)

In actual (uncoded) values, Equation (5) takes the form

X, -3.1 X, —132.
Y, =6.83-8.82-L = 3167 4 16821325
82.5
X,-2.5 X, -3.167 X, —132.
33Xz gy X0 23167 X, ~13 5, (6)
2.5 0.833 82.5

Table 2. Composition of the gas phase released during sintering of IOC with coal and lime

Tabauya 2. CoctaB ra3oBoii ¢asbl, BolgeauBIneiics npu cnexkanuy KPK ¢ yriiem n u3Bectbio

Sample (experiment) No.
Component, mg
1 2 3 4 5 6 7 8
CO 105.78 | 59.72 | 66.12 | 66.61 | 74.30 | 67.89 | 64.45 | 55.40
CO, 2.60 | 26.86 | 28.89 | 35.89 | 35.78 | 31.70 | 35.69 | 26.00
H)Oo0 1000°¢) | 0-61 1.75 | 2.38 1.28 1.91 0.39 1.44 1.40
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Table 3. Results of calculating the degree of samples metallization by reactions (1) — (3) of magnetite reduction

Tabauya 3. Pe3yabTaThl pacyeTa cTeNeHH MeTaJUIn3annu oopa3nos no peakuusim (1) — (3) BoccTaHOBJIEHHS MATHETHTA

Sample (experiment) No.
Parameter
1 2 4 5 6 7 8
Fe (1), mg 201.95 | 89.58 | 99.18 | 99.92 | 111.46 | 101.84 | 96.67 | 83.10
Fe (2), mg 497 | 51.28 | 55.15 | 68.52 | 68.31 | 60.52 | 68.14 | 49.64
Fe (3), mg 1.42 4.08 5.55 2.99 4.46 0.91 3.36 3.27
Total Fe in sample, mg 242.79 | 253.97 | 234.90 | 278.50 | 238.17 | 256.17 | 235.65 | 273.62
Fe recovery, % 85.81 | 57.07 | 68.06 | 61.55 | 77.35 | 63.73 | 71.36 | 49.70

Note: Fe (1) — amount of reduced iron with the formation of CO;

Fe (2) — amount of reduced iron with the formation of CO,;

Fe (3) — amount of reduced iron with the formation of H,O.

The average iron content in IOC from the Korshunovsky MPP is 62.6 %.

where the numerators represent the zero values of the fac-
tor levels, and the denominators correspond to the varia-
tion intervals of the respective factors as listed in Table 1.

Based on the conducted thermogravimetric analysis
of the samples, the following conclusions were drawn.

» The most significant factor affecting the degree
of IOC metallization is the IOC-to-coal ratio; the next
most influential factor is coal particle size.

* An increase in coal particle size (from -50
to =315 um) raises the final temperature of the iron reduc-
tion process from 1255 to 1367 °C.

* The addition of lime intensifies the reduction pro-
cess and shifts it to a lower temperature range (from 1367
to 1300 °C).

* The obtained results indicate that the metallization
reaction proceeds in two stages, as evidenced by at least
two sharp changes in the rate of mass loss (DTG), each
corresponding to CO release. This fact can be interpreted
as the direct reduction of iron oxides (the primary stage).
The second stage involves the aggregation of molten iron
droplets and the expulsion of gas from capillaries and
inter-droplet spaces. The first stage begins at 640 °C with
an increasing rate of mass loss, reaching up to 990 °C. This
is followed by a stabilization and subsequent decrease
in the rate of mass loss until about 1180 — 1250 °C.
The second reduction stage then begins and completes
within the temperature range of 1250 — 1360 °C.

* The relatively low degree of iron metallization
observed in this stage of the study (50 — 85 %) can be
attributed to the following factors:

— the analysis and calculations were based solely on
the gas phase;

— metallization occurred in an argon atmosphere;

—the Cheremkhovsky coal used in the experiments
had a high degree of metamorphism;

—partial iron metallization may have occurred in
the temperature range up to ~550 — 600 °C (correspon-
ding to the first major mass-loss event), but this was not
accounted for in the calculations;

e For effective reduction of iron oxides, it is advisable
to use coal with a low volatile matter content and a high
carbon content in briquette compositions.

To determine the operating conditions for the pig iron
plant under construction, the next stage of the study was
carried out, involving the preparation and firing of bri-
quettes composed of iron ore concentrate, coal, and lime
under laboratory conditions. A laboratory furnace with
a portable hearth (Fig. 4) was designed for this purpose.
The furnace is heated using gasified bituminous coal.
Its internal dimensions are 500500 mm in cross sec-
tion and 650 mm in length. The furnace is equipped with
a water-cooled flue gas duct and a forced gas extraction
system. A platinum—platinum-rhodium thermocouple
was installed to measure the furnace temperature. Before
loading the briquettes, the furnace was preheated for
1.5 h to a temperature of approximately 1100 °C.

Sintering-grade iron ore concentrate from the Kor-
shunovsky MPP and Kasyanovsky bituminous coal
from the Cheremkhovsky deposit were used to produce
the briquettes. The furnace was heated using steam-—air
generator gas with the following composition (wt. %):
5.0 CO,; 0.20,; 27.0 CO; 13.0 H,; 2.7 CH,; 0.3 C,H,;
51.8 N,. The lower heating value of the generator gas
was 5976 kJ/m3.

The briquettes, pressed to a height and diameter
of approximately 22 mm, were placed into ceramic pallets
on a coke bed and fired on the portable hearth of the fur-
nace (Fig. 5). The composition, mass before and after fir-
ing, and firing conditions are summarized in Table 4.

The briquettes were heated to a temperature of 1424 °C
(Fig. 6). The initial temperature drop in the furnace
to 1078 °C was due to the induction heating period after
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Fig. 4. Laboratory furnace with portable hearth on generator gas:
a — general view; b — scheme; / — furnace; 2 — portable hearth; 3 — water-cooled duct; 4 — door; 5 — generator gas supply;
6 — air; 7 — torch; 8 — platinum-platinum-rhodium thermocouple; 9 — ore-coal briquettes

Puc. 4. JlabopaTopHas Ieds ¢ BBIABIDKHBIM IIOJOM Ha TCHEPATOPHOM rase:
a — obumit BUa; b — cxema; / — neub; 2 — BBIJBUIKHOM HOJ; 3 — BOJOOXJIaXKAAaEMbIi Ia30X01; 4 — IBEPh; 5 — MOJIBOJI TEHEPATOPHOTO Ta3a;
6 —BO31yX; 7 — (haxern; § — MIATUHA-IIIATHHOPOAUEBAs TepMOMapa; 9 — pyIHO-yTOIbHbIE OPHKETHI

introducing the cold briquettes. In the second stage,
the briquettes were intensively heated to 1249 °C at a rate
of 21.4 °C/min over 8 min. The average gas temperature
in the furnace during this stage was 1163 °C.

In the third section of the temperature profile, within
the 1249 — 1277 °C range, the heating rate decreased
to approximately 2 °C/min. This segment effectively
formed a temperature plateau, attributed to the endother-
mic effect of iron oxide reduction. The average gas tem-
perature in the furnace during this stage was 1263 °C.

Fig. 5. Ore-coal briquettes during metallization in ceramic pallets

Puc. 5. PynHo-yronbHble OpPUKETHI B IIPOLECCE METaILTH3aLN
B KePaMHYECKHX MOJIOHAX
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Further heating up to 1424 °C was required to estab-
lish the thermal conditions necessary for the liquid-phase
separation of the metallic and slag phases [21]. The aver-
age heating rate over this 16 min interval was 9.2 °C/min.
The average furnace gas temperature in this stage was
1350 °C. After drying and firing the briquettes for 40 min,
the average yield of the final product was 69.3 = 2.01 %
(Table 4).

Fig. 7 shows the appearance of the briquettes after
the completion of the metallization process. The inner part
of the briquettes contains iron granules, while the outer
surface is covered with an ash—slag shell, which partially
protects the iron from oxidation.

1450 1a24]
1400
1350
Q
°. 1300
=
2
s 1250
Q
g 1200
=
1150
1100 |
1050 1 1 1 1 1 1 1 1 1

0 4 8 12 16 20 24 28 32 36 40
Time, min

Fig. 6. Temperature-time graph of metallization of ore-coal briquettes

Puc. 6. TemnepaTypHO-BpeMEHHON rpa)lik METaUTH3AIIH
PYIHO-YTOJIBHBIX OPUKETOB
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Table 4. Characteristics of
IOC briquettes + coal + lime before and after firing

Tabauya 4. XapakTepucTHKa OPHKeTOB
7KPK + yroub + u3BecTh /10 U nocJje 00:kura

Parameter, unit Batch / ‘ Batch 2 ‘ Batch 3
Briquette composition 80 % IO(.: 20 % coal +
+ 5 % lime (in excess of 100 %)
Pressing pressure, atm 100
Briquette mass, g:
1 21.8 22.8 22.2
2 22.8 254 20.8
3 23.6 24.0 22.0
4 23.8 23.6 21.0
5 24.0 21.4 21.0
6 21.4 21.4 22.4
7 22.6 22.8 21.8
8 232 22.8 21.0
9 21.0 - 22.0
10 25.4 - 21.2
Average briquette mass, g 22.960 23.025 21.540
Average mass after drying, g 21.77 21.95 21.00
Moisture content, % 5.17 4.67 2.51
Total mass after firing, g 150.6 117.7 151.0
Average mass after firing, g 15.06 14.71 15.10
Firing temperature, °C 1090 — 1425
Firing time, min 40

Briquette metallization proceeds according to the
mechanism described in [22;23]. The iron ore con-
centrate from the Korshunovsky MPP contains Fe,O,
and FeO oxides. Iron reduction from these oxides
occurs in a stepwise manner, following the scheme:
Fe,0, — Fe,0, — FeO — Fe.

Carbon monoxide acts as the primary reducing agent,
synthesized through the interaction of coal carbon with
carbon dioxide:

C+C0,=2CO, (7)

A portion of the iron becomes carburized, forming
iron carbide:

3Fe + C =Fe,C. (8)

When the carbon content in the reduced metal reaches
2 —4 %, the melting point of the alloy decreases from
1539 °C to 1170 — 1380 °C. This reduction in melting
temperature causes the carburized iron to transition into
the liquid state. Due to cohesive forces, fine droplets
of molten iron coalesce into larger ones, while the slag
components of the charge remain solid. As the tem-
perature of the charge increases to the ash fusion point

Fig. 7. Ore-coal briquettes after metallization
with separation of metal and slag

Puc. 7. PynHO-yronbHbIe OPUKETHI TTOCIIE METAUTH3AINT
C pa3zieNIeHueM MeTalla U [IaKa

(1310 — 1390 °C), the slag components also begin
to melt. In the molten state, metal and slag do not mix
due to their density difference and instead form separate
phases. Upon cooling, the melt crystallizes to produce pig
iron and slag.

As a result, the metallization process and formation
of granulated pigiron proceed as follows: pelletized charge
in the form of briquettes — reduction of iron oxides at
300 — 1200 °C — melting of iron at 1200 — 1300 °C with
molten Fe,C emerging on the surface of the porous bri-
quettes — slag melting at 1310 — 1390 °C and formation
of distinct metal and slag phases — separation of metal
and slag at ~1400 °C — cooling and solidification into
pig iron and slag.

Table 5 presents the average composition of the me-
tallization products from three batches of briquettes with the
following formulation: 80 wt. % IOC + 20 wt. % coal +
+ 5 wt. % lime (in excess of 100 wt. %), as characterized
in Table 4.

It should be noted that the generator gas used — puri-
fied from tar compounds — exhibits low emissivity,
approximately 0.2 — 0.3. At such low emissivity levels,
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Table 5. Composition of the products obtained as a result of metallization of IOC from Korshunovsky MPP

Ta6auya 5. CocTaB NPOAYKTOB, MOJTYy4YeHHBIX B pe3yabsrare Metaun3annu JKPK KopmyHosckoro F'OK

Batch Iron alloy Metallization Impurity content, wt. %
No. content in the bead, % degree, % carbon phosphorus sulfur
1 77.9+1.22 81.6 +1.46 1.73+£0.14 | 0.090+£0.02 | 0.117 +0.025
2 76.1 = 1.65 79.9 £1.60 1.78£0.18 | 0.135+0.02 | 0.182 +0.033
3 86.0 £2.11 87.8 +£1.89 2.59+£0.26 | 0.099+0.02 |0.144 =0.030

radiative heat transfer during the heating of ore—coal bri-
quettes is insufficiently effective. The radiative heat flux
from the tyuer flame to the surface of the heated mate-
rial can be significantly increased — by approximately
20 — 25 % — by enhancing the emissivity of the gas stream
through flame carburization [24]. This can be accom-
plished by injecting a small amount of finely ground,
low-ash dry coal or off-spec calcined petroleum coke
into the flame’s reduction zone. As a result, the emissi-
vity of the gas stream increases by a factor of 1.5 to 2.0,
leading to higher flame luminosity, improved heat trans-
fer to the briquettes, and a reduction in the time required
to reach the target temperature.

- CONCLUSIONS

Thermogravimetric analysis and laboratory-scale
metallization experiments on ore—coal briquettes in
a chamber furnace have demonstrated the feasibility
of producing granulated pig iron on an industrial scale
in a rotating hearth furnace using generator gas derived
from coal gasification as the fuel.

The required metallization temperatures (1450 — 1550 °C)
can be achieved by burning generator gas and recovering
heat from exhaust gases to preheat the incoming air, fuel,
and briquettes. If needed, heat transfer within the furnace
can be further intensified by carburizing the flame using
finely ground dry coal or calcined petroleum coke.

Key findings from the thermogravimetric studies are
as follows:

e the IOC-to-coal ratio is the most influential factor
affecting the degree of iron metallization.

e increasing the coal particle size raises the final
temperature of the iron reduction process from 1255
to 1367 °C.

* the addition of lime intensifies the reduction process
and shifts it to a lower temperature range (from 1367
to 1300 °C).

* to ensure effective reduction of iron oxides, the bri-
quette composition should include coal with minimal
volatile content and maximum fixed carbon content.

Based on the laboratory studies, a temperature—time
mode was developed for the firing of ore—coal bri-
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quettes that ensures a high degree of iron metalliza-
tion (80— 87 %) when firing at temperatures between
1080 — 1424 °C for 40 min. The yield of metallized bri-
quettes under these conditions was 66.45 %.

According to the design material balance, the annual
production of granulated pig iron for the considered fur-
nace setup will be 100,000 tons.

This coke-free method of producing granulated pig
iron is particularly suitable for small-scale applications,
especially where metallurgical and coal production facili-
ties are located within the same regional economic area,
allowing for simplified logistics and reduced transporta-
tion complexity.
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IMPROVING THE DESIGN AND THERMAL OPERATION
OF A ROTARY KILN FOR PRODUCTION
OF METALLURGICAL LIME FROM CHALK
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Abstract. The article is devoted to the topical issue of increasing the efficiency of rotary kilns used in the production of metallurgical lime from chalk.
Methods of improving the structures and thermal operation of these units are considered, which is especially important in modern production condi-
tions. The work begins with a description of the importance of lime in the metallurgical industry and the specifics of using rotary kilns as the main units
for its production. There is a need to increase productivity and reduce energy consumption. The article provides an overview of promising technical
solutions, such as: design changes, optimization of heat exchange devices, improvement of burner mechanisms, introduction of automatic control
and process control systems. The results of tests confirming the expediency of using chalk of certain brands are also considered. Attention is drawn
to the importance of factors such as the quality of raw materials and the qualifications of service personnel that affect the firing efficiency. The authors
proposed new technical solutions to increase the efficiency of roasting process and reduce energy consumption. The article discusses the main prob-
lems associated with the production of lime from chalk. The proposed improvements are aimed at solving the mentioned problems and improving
the quality of the final product. Special attention is paid to optimizing the thermal mode of the furnace; this will make it possible to use thermal energy
more efficiently and reduce fuel consumption, which in turn will lead to reduction in the cost of lime production. Implementation of the proposed
technical solutions will significantly increase the economic and environmental efficiency of lime production. The article emphasizes that continued
research in this area is promising for improving the performance of rotary furnaces and, consequently, the quality of the resulting product.

Keywords: lime, limestone, chalk, heater, rotary kiln, roasting, steel, Oskol Electrometallurgical Combine (OEMK), Lebedinsky Mining and Processing
Combine (LGOK)
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HANPABNEHWUA COBEPLUEHCTBOBAHUA KOHCTPYKLIUM
U TENJIOBOI PABOTbI BPALLAIOLLEMUCA MEYU
ANA PEANU3ALUMU TEXHONOTMU NPOU3BOACTBA
METANNYPIUYECKOWN U3BECTU U3 MENA
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AHHomayus. Ctarbs IIOCBSIICHA aKTyalIbHOM TeMe MOBBIIIECHNS (P ()EKTHBHOCTH BPAIAIOIIUXCS TTedeii, HCII0Ib3YEeMbIX IPH IPOU3BOICTBE METAILIYD-
I'MYECKON U3BECTH U3 Mela. PaccMOTpEeHbI METO/Ibl yCOBEPILICHCTBOBAHMSI KOHCTPYKIIMH U TEIUIOBOM pabOThI 3THX arperaTos, 4T0 0COOCHHO Ba)KHO
B YCIIOBHSIX COBPEMEHHOTO IIPOU3BOACTBA. PaboTa HaYMHAETCS C ONMUCAHUS 3HAYUMOCTH M3BECTU B METAJUTyPrUUECKOM OTpacin U 0COOCHHOCTEH
NPUMEHEHUS! BPALIAIOIIMXCS TTeuel KaKk OCHOBHBIX arperaroB JUIs ee mpou3BojacTBa. OTMeueHa He0OXOANMOCTh MOBBILIEHHS IPOU3BOUTEILHOCTH
U CHIDKEHUS 3Heprosarpar. B crarbe npencTasieH 0030p NepCIEKTUBHBIX TEXHUUECKHX PELICHUH, TAKMX KaK KOHCTPYKTUBHBIC H3MEHEHUSL, OIITU-
MH3aLHUs TEINIOOOMEHHBIX YCTPOKHCTB, COBEPLICHCTBOBAHUE TOPEJIOYHBIX MEXaHU3MOB, BHEPEHHE CUCTEM aBTOMATHYECKOr0 KOHTPOJIS U yIpaB-
JICHUS TEXHOJIOTUYECKIM MPOLeccoM. TakiKe pacCMOTPEHBI Pe3yIIbTaThl HCIIBITAHUH, TOATBEP K AAIOIINX 1IeJIeCO00Pa3HOCTh HCIIONb30BAaHUS MelIa
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ONPEACIICHHBIX MapOK. ABTOpBI 06pa1ua}0T BHUMaHHC Ha Ba)XHOCTb TAKHUX (baKTOpOB, KakK Ka4y€CTBO CBbIpbs U KBaJ’IPI(i)I/IKaLIHﬂ O6CJ'[y)KI/IBa}0H.ICT‘O
TIEpCoOHaJa, KOTOPBLIC BIIMAIOT Ha 3(1)(1)6KTI/IBHOCTI) obKHra. Hpe}momemﬂ HOBBIC TCXHUYCCKUC PCUICHUS, TTO3BOJISAIOIIME ITOBLIIMIATH S(b(i)eKTI/IB—
HOCTB IIpouecca 00KHIra U CHUXKATh OHEPro3arparsl. I/I3yquBI OCHOBHBIC HpOGJ’[eMBI, CBsI3aHHBIC C IMMPOU3BOACTBOM M3BECTH U3 MCJIa. l'lpe)lna-
Ta€MbI€ YCOBCPUICHCTBOBAHMS HAIIPABJICHBI HAa PCHICHUC YKA3aHHBIX B pa60Te HpO6HeM 1 yInydlICHHC KadeCTBa KOHCYHOT'O IPOAYKTA. Ocoboe
BHUMAHHUEC YACJICHO ONTUMH3ALUU TCIUIOBOTO pEXUMa IICYHU, YTO IO3BOJIUT Oosee 3(1)(1)6KTHBHO HCIIOJIb30BaTh TCIUIOBYIO SHEPTUIO U CHU3UTH
pacxon TomiMBa, 4TO B CBOIO OUCPE/ib NPUBCACT K CHUIKCHUIO ce0eCTOMMOCTH TIPpOU3BOACTBA U3BCCTH. PeaJ'II/IBaHI/I}I TIPEATOKCHHBIX TCXHUYCCKUX
pelHeHl/Iﬁ TIO3BOJIUT 3HAYUTEIIBHO ITOBBICUTH DKOHOMUYCCKYIO U DKOJIOIMYECKYIO 3(1)(1)6KTHBHOCTB €€ NPOU3BOACTBA. ABTOpI)I TIOAYCPKUBAIOT, YTO
TIPOAOJKECHHUEC I/ICCJ'ICL[OBaHI/Iﬁ B [[aHHOﬁ obmactu TICPCHCKTUBHO IJIS YIIyHIICHUS SKCINTYaTallMOHHBIX XapaKTCPUCTHK BPAIAOIUXCS euei u,

COOTBETCTBECHHO, KQY€CTBA I10JIy4acMOro IMpoaAyKTa.

Katoueswle c108a: n3BecThb, U3BECTHSK, MeJl, TIOJOrPEBaTelb, BpallaroNIascs neub, ookur, craib, OOMK, JITOK

Jns yumuposaHus: CuskoB A.C., Unbuszoa C.U., Anacosa A.J]. HampaBieHusi cOBepIICHCTBOBAaHHS KOHCTPYKIIMH M TEIJIOBOW paboOThl Bpa-
maronencs neyu Juls pealn3aly TEXHOJIOTMU MPOU3BOJACTBA METAITypPrUUecKOl U3BECTH M3 Mena. Mszgecmus 6y306. Yepnas memaniypausi.
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[ INTRODUCTION

In today’s world, lime is one of the key materials used
in the metallurgical industry, and the rotary kiln remains
one of the most efficient and widely adopted process units
for its production. The need to enhance the performance
of rotary kilns employed in the technology of producing
metallurgical lime from chalk is a pressing challenge.
Improving the design and thermal operation of these kilns
will enable increased productivity, reduced energy con-
sumption, and improved quality of the final product [1; 2].

An overview is provided of the most relevant and
promising technical solutions whose implementation
would enhance the efficiency of rotary kilns used for
the production of metallurgical lime from chalk, reduce
energy consumption, and improve the environmental per-
formance of the process [3].

- CLASSIFICATION AND MAIN DESIGN FEATURES
OF ROTARY KILNS

The rotary kiln is one of the most widely used types
of thermal units employed in metallurgy, as well as in
the production of cement, lime, ceramics, refractories,
and other materials [4; 5]. The design features and ope-
rating principles of rotary kilns account for their broad
application in carrying out high-temperature processes
such as drying, roasting, reduction, sintering, and more.
The key advantages of rotary kilns over other types
of thermal units include:

— continuous process operation (the material loaded
into the loading device at the upper end of the kiln gra-
dually moves along the inclined rotating drum toward
the discharge device at the lower end, thereby ensu-
ring continuity of the process and the ability to regulate
the material’s residence time within the working space);

— intensive heat and mass transfer (the rotation
of the drum, along with internal lifting blades mounted on
the inner surface, ensures thorough mixing of the mate-
rial, which promotes efficient heat and mass exchange
between the solid and gas phases);
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— fuel flexibility (rotary kilns can operate on solid,
gaseous, or liquid fuels), which enhances the adaptability
of the production process);

—relative simplicity of design and operation (com-
pared to other types of thermal units — such as shaft and
chamber kilns — rotary kilns have a simpler structure,
which facilitates maintenance and repair);

— high productivity (due to the continuous operation
and intensive heat and mass transfer, rotary kilns can
deliver production capacities reaching hundreds or even
thousands of tons per day).

The specific design solutions and configuration
of rotary kiln components are determined by the cha-
racteristics of the technological process, the physical
and chemical properties of the raw materials, the qua-
lity requirements for the final product, and energy and
environmental considerations. The rotary kiln design is
shown in Fig. 1 [6; 7].

[ KEY AREAS FOR IMPROVING ROTARY KILN DESIGN
FOR LIME PRODUCTION

Tests carried out on a laboratory-scale model at NUST
“MISIS” for the production of metallurgical lime from
chalk confirmed the feasibility and expediency of using
chalk from Lebedinsky Mining and Processing Com-
bine (LGOK) at Oskol Electrometallurgical Com-
bine (OEMK). Both enterprises are part of the Metallo-
invest holding company [8].

The rotary kiln is a heat exchange unit in the form
of an inclined rotating tube, in which hot gases flow counter-
current to the movement of limestone. The size of the mate-
rial loaded into the kiln ranges from 20 to 60 mm. The kiln
has a nominal capacity of 360 tons per day.

The main component of the rotary kiln is a steel
cylindrical drum, with a diameter of 3.6 m and a length
of 75 m. The diameter of the drum remains constant along
the entire length of the kiln.

An analysis of the operational characteristics of exis-
ting rotary kiln designs used for lime production makes
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Fig. 1. Rotary kiln design:
1 — drum; 2 — bandages; 3 — seal; 4 — kiln chamber (hot head); 5 — burner; 6 — discharge flow; 7 — support rollers;
8 — foundation; 9 — drum drive; /0 — exhaust chamber; // — loading device; /2 — ring gear

Puc. 1. YcTpoiicTBO Bpalarouieics neyun:
1 — 6apaban; 2 — 6aHnaxu; 3 — yIUIOTHEHHE; 4 — TOIOUHAs Kamepa (ropsiuasi roJI0BKa); 5 — ropeska; 6 — pasrpy3o4Has Teuka,
7 — omopHbIe ponuky; 8 — hyHmamenT; 9 — npuBoa Oapabdana; /() — ra300TBOIHAS Kamepa; [/ — 3arpy304HOE YCTPOUCTBO; /2 — BEHIIOBAs MIECTEPHS

it possible to identify several key areas for improvement
aimed at increasing the energy efficiency, environmental
performance, and economic viability of this technologi-
cal process. A number of foundational studies have been
devoted to enhancing the efficiency of technological pro-
cesses in lime roasting units, particularly in rotary kilns.

In the monograph Lime Production by A.V. Monas-
tyriev [9], the design features and thermal operating
modes of various types of firing kilns, including rotary
kilns, are examined in detail. The author identifies the key
factors influencing fuel efficiency in lime production: raw
material quality and preparation, kiln design solutions,
operation of auxiliary equipment, and qualifications
of service personnel. The book presents technical solu-
tions for improving rotary kiln design, such as the use
of in-kiln heat exchange devices, optimization of raw
material loading and discharge systems, and moderniza-
tion of burner mechanisms.

In the monograph Kilns for Lime Production by
A.V. Monastyriev and R.F. Galiahmetov [10], the struc-
tural features and operating modes of rotary kilns are con-
sidered in greater detail, particularly those affecting fuel
efficiency. The authors analyze the influence of factors
such as kiln drum length and inclination, the presence
of internal heat exchangers, and loading and unloading
modes of the raw materials.

Patent RF No. 2079785 Gas Burner [11], by L.V. Ka-
lashnikov and G.L. Kalashnikov, proposes a design for
a adjustable gas burner that allows regulation of the flame
parameters and the intensity of heat exchange within
the working space of the kiln. This innovation contributes
to more efficient fuel combustion in firing units (Fig. 2).

In the monograph by N.P. Tabunshchikov Lime
Production, the issues of proper kiln operation, maintain-
ing optimal process conditions, and monitoring the com-
position of off-gases are discussed. These factors are
noted to significantly affect fuel efficiency in lime pro-
duction.

One of the main factors limiting the efficiency
of rotary kilns is the uneven distribution and movement
of raw materials inside the kiln drum [12]. To address this
issue in the studied kiln, a promising direction is the deve-
lopment of advanced loading and discharge devices that
ensure optimal distribution and transport of raw material
along the kiln length. A key area for improving the energy
efficiency of rotary kilns used for lime production is
the enhancement of heat and mass transfer systems.
The kiln under consideration is characterized by signifi-
cant heat losses with exhaust gases, as well as insufficient
utilization of the thermal potential of calcined products
for preheating the raw materials [13].

The efficiency of heat exchange processes can be
increased by:

— installing high-efficiency regenerative or recupera-
tive heat exchange devices (such as rotary air preheaters
and tubular heat exchangers);

— implementing multi-stage heat exchange schemes
with recirculation and cascade utilization of thermal
energy.

The introduction of these technical solutions will
reduce fuel consumption, decrease heat losses, and
increase the temperature of the air supplied to the com-
bustion zone, ultimately leading to higher thermal effi-
ciency of the rotary kiln.
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Fig. 2. Single-channel adjustable cement burner [11]:
I —housing of the burner first stage; 2 — vortex stabilizer; 3 — mixing chamber of the first stage;
4 — mixing chamber of the second stage; 5 — housing of the second stage; 6 — burner mounting flange;
7 — fuel supply regulator of the second stage; 8 — fuel supply nozzle (or sprayer);
9 — nozzle or air supply blowpipe of the second stage

Puc. 2. T'openka ogHOKaHanbHas perynupyemas tumna ['PL] (ropenku perymupyemsie nementHsie) [11]:
] — xopryc nepBoii CTyIeH ropenku; 2 — BUXpEeBOH crabuin3zarop; 3 — kaMepa CMEILIEeHHs TIePBOi CTyNeHH!;
4 — KaMepa CMEIICHHS BTOPOH CTYNEHH; 5 — KOPITyC BTOPOH CTyHeHH; 6 — (iaHel] KpeIIeHUs TOPETIKH;
7 — peryJMpyroLuii oprat rnojayu TOIUIMBa BTOPOH CTyneHu; 8 — popcyHKa MojJauu TOIUIMBA (MJIM PACTIbLIUTENb);
9 — (hopCyHKa MU COILIO MOA4H BO3yXa BTOPOH CTyIICHH

Studying combustion processes and flame heat trans-
fer in the working space of kilns used for lime produc-
tion is a critical task, as it determines the size of the firing
zone, the intensity of thermal impact on the material, and
the condition of the lining.

A.A. Anisimov et al. [14] developed a mathematical
model and a calculation algorithm for evaluating the ther-
mal characteristics of limestone firing in a rotary kiln.
The authors established an empirical relationship for
determining the length of the gas burner flame, taking
into account parameters such as burner diameter, inner
kiln diameter, and fuel and air flow rates. A method was
proposed for calculating the average effective tempera-
ture of the gas stream in the contact zone with the surface
of the fired limestone.

Based on the developed model, a numerical study was
conducted on the influence of various factors on flame
heat transfer and the temperature state of the calcined
material. It was shown that the flame heat transfer is
significantly affected by the excess air ratio, preheated
air temperature, lining emissivity, and the lower hea-
ting value of the fuel [14]. At the same time, the thick-
ness of the lining has a lesser effect. To optimize the fir-
ing mode, an algorithm was proposed for calculating
the resulting thermal flux of the flame into the firing zone.
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This algorithm allows for achieving the required calcina-
tion temperature by adjusting the fuel flow rate, excess air
ratio, and air preheating temperature, thereby preventing
overheating of the kiln lining.

E.E. Merker et al. [15] also addressed the issue
of improving fuel combustion efficiency in rotary kilns
for lime production. The authors emphasize that key
factors determining heat transfer in the working space
of the kiln include the flame length and temperature.
Flame characteristics, in turn, depend on the design and
operating modes of the burner devices.

Studies have shown that optimizing fuel combustion
conditions and heat transfer in the firing zone of rotary
kilns used for lime production is a relevant and important
task. The developed mathematical models and calculation
algorithms make it possible to determine optimal opera-
ting parameters that ensure the required quality of lime
while minimizing energy consumption.

Existing kiln designs are characterized by high emis-
sions of nitrogen and sulfur oxides, as well as significant
heat losses with flue gases [16].

To address these issues, the following technical solu-
tions can be applied:

— use of staged or two-stage fuel combustion to reduce
NO, formation;
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— implementation of flue gas recirculation to limit
excess air and lower the temperature in the firing zone;

— application of low-emission burner mechanisms
equipped with automatic air and fuel control systems;

— introduction of catalytic or selective non-catalytic
treatment systems for removing nitrogen and sulfur
oxides from exhaust gases.

The integrated implementation of these measures will
help reduce fuel consumption during the roasting process
and significantly lower atmospheric emissions of harm-
ful substances. A key factor affecting the operational per-
formance of rotary kilns is the reliability and durability
of their main structural components, such as the drum and
lining [17].

The implementation of these technical solutions will
help extend kiln service life, reduce maintenance and
repair costs, and improve the overall reliability and eco-
nomic efficiency of lime production [18]. An important
direction for improving the performance of rotary kilns is
the introduction of automatic control and process mana-
gement systems. This will make it possible to maintain
optimal operating conditions, ensure stable firing con-
ditions, and thereby achieve high and consistent lime
quality. In addition to improving traditional rotary kiln
designs to enhance their performance characteristics,
a promising direction is the development and imple-
mentation of nontraditional technical solutions [19; 20].
The main directions for improving the design of rotary
kilns for lime production include:

— enhancing raw material loading and discharge sys-
tems;

— improving the efficiency of heat exchange processes;
— optimization of fuel combustion systems;

— improving the design of the drum and lining;

— automating process control;

— developing and applying nontraditional design solu-
tions.

The implementation of these measures will improve
the energy efficiency, environmental performance, and
cost-effectiveness of lime production in rotary Kkilns,
while also ensuring high and stable quality of the final
product.

- CONCLUSIONS

An analysis of the operational -characteristics
of the existing rotary kiln design with a diameter of 3.6 m
and a length of 75 m, used for producing 360 tons of lime
per day, revealed a number of deficiencies and issues
that negatively affect the technical, economic, and envi-
ronmental performance of this technological process.
The main problematic aspects include: limited potential

for increasing productivity, low energy efficiency, chal-
lenges in ensuring consistent quality of limestone firing,
accelerated wear of main structural components, and sig-
nificant emissions of carbon dioxide and other pollutants.

The main directions for improving the rotary kiln
design for lime production are identified. Their imple-
mentation will enhance the energy and economic effi-
ciency of lime production in rotary kilns, ensure high and
stable product quality, and support compliance with envi-
ronmental standards.

A review of the current state of lime production and
existing rotary kiln designs has confirmed the relevance
of improving kiln construction and thermal operation in
the context of lime production from chalk. Addressing
this challenge is of significant practical importance for
improving both the efficiency and environmental safety
of the production process.
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Abstract. The article discusses the development of an information modeling system for assessing the instability of a blast furnace. The presented
approach is based on the application of mathematical models and methods for analyzing the parameters of the blast furnace process, which makes
it possible to assess the impact of technological and organizational factors on the furnace stability. The developed system is designed for automated
collection, processing and analysis of data in real time, as well as forecasting technological deviations. The methodology is based on the use of inte-
gral stability indicators, including the technical and economic characteristics of smelting, the properties of raw materials, the parameters of blast,
gas dynamic, thermal and slag modes. To determine the integral indicators, a set of controlled and calculated features is used, ranked according
to the degree of significance. The main modules of the system include functional blocks for data collection, calculations, analysis and visualiza-
tion. The system architecture is implemented on the basis of a client-server approach, which provides the possibility of integration with existing
metallurgical production management systems. The practical implementation of the system makes it possible to improve the performance of blast
furnace smelting, reduce fluctuations in the parameters of the technological process and improve the quality of the resulting cast iron. The above
calculation examples confirm effectiveness of the developed tool. The presented results may be useful for the specialists in the field of blast furnace
production automation, as well as for the researchers involved in analysis and forecasting of instability of technological processes.
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AHHomayus. B cratbe paccMaTpuBaeTcs pa3paboTka HHPOPMAIOHHO-MOIEINPYIOIIEH CUCTEMBbI OLICHKH HECTaOMIbHOCTH (YHKIIMOHUPOBAHUS
TOMEHHO#1 eun. [IpeacTaBiIeHHbIH T0aX0 1 6a3upyeTcs: Ha MPHMCHCHUH MAaTEMAaTHIECKUX MOZICNIeH M METOIOB aHajn3a IapaMeTPOB TOMEHHOTO
mporiecca, 9To MO3BOISIET OLCHUBATH BIMSHNAC TEXHONOTHYSCKUX M OPraHU3allMOHHBIX (aKTOPOB Ha CTaOMIBHOCTH paboTh medn. Paspabo-
TaHHasl CHCTeMa MpeIHa3HaYeHa JJIsl aBTOMATH3HPOBAHHOTO cOopa, 00pabOTKH M aHAM3a JIAHHBIX B PEaJIbHOM BPEMEHH, a TAKKE IPOTHO3U-
pPOBaHUS TEXHOJIOTHYSCKUX OTKIOHEHHUH. B OCHOBE METONHMKH JICKUT MCIOJIH30BAHUE MHTEIPAIBHBIX MOKa3aTeell CTaOMIbHOCTH, BKIIOYAst
TEXHUKO-DKOHOMHYECKHUE XapaKTEPUCTHKH TUIABKH, CBOMCTBA CHIPhs, MApaMEeTPhl AyThEBOTO, Ia30JHHAMHUYECKOr0, TEIUIOBOTO U IITAKOBOTO
pexumoB. 1 pacueta HHTErPAIbHbIX TIOKa3aTeseil IPUMEHSIETCS COBOKYTHOCTh KOHTPOIHPYEMbIX H PACUCTHBIX IIPU3HAKOB, PAHXHPOBAHHBIX
10 CTeneHn 3HaunMOoCcTi. OCHOBHBIC MOY/IH CHCTEMbI BKIIOYAOT (yHKIINOHATIbHBIE O10KH cOOpa TaHHBIX, PACUCTOB, aHATN3A H BU3YaIH3allHH.
ADpXUTEKTypa CHCTEeMBI peajn30BaHa Ha OCHOBE KIHMEHT-CEPBEPHOTO MOAXOd, YTO 0OECIIEYMBACT BO3MOKHOCTh MHTETPALMH C CYIIECTBYIO-
LIMMH CHCTEMaMH YNpPAaBJICHHs METAJUTyprHYSCKUM IPOU3BOACTBOM. [IpakTHdeckas peann3aius CUHCTEMbI O3BOJSIET YIyUIIUTh ITOKa3aTeIH
[IPOU3BOUTEILHOCTH JOMEHHOM IUIABKH, CHU3UThH KOJICOAHHsSI apaMETPOB TEXHOJIOIMYECKOTo MPOIecca U MOBBICUTH Ka4€CTBO IOJIYyIaeMOro
gyyryHa. [IpuBeJieHHbIC MPUMEPHI PACUYETOB MOATBEPIKAAIOT P(PEKTHBHOCTH pa3pabOTaHHOrO HMHCTpyMeHTA. IIpe/cTaBieHHbIe Pe3yIbTaThl

402 © N. A. Spirin, L. A. Gurin, V. V. Lavrov, 2025


https://doi.org/10.17073/0368-0797-2025-4-402-410
https://fermet.misis.ru/index.php/jour/search/?subject=blast furnace
https://fermet.misis.ru/index.php/jour/search/?subject=modeling
https://fermet.misis.ru/index.php/jour/search/?subject=instability
https://fermet.misis.ru/index.php/jour/search/?subject=information system
https://fermet.misis.ru/index.php/jour/search/?subject=metallurgy
https://fermet.misis.ru/index.php/jour/search/?subject=mathematical model
https://doi.org/10.17073/0368-0797-2025-4-402-410
mailto:n.a.spirin%40urfu.ru?subject=
mailto:n.a.spirin%40urfu.ru?subject=

I1ZVESTIYA. FERROUS METALLURGY. 2025;68(4):402-410.
Spirin N.A., Gurin LA., Lavrov V.V. Information modeling system for assessing instability of blast furnace functioning

MOTYT OBITH TIOJIC3HBI JUId ClICHUaJIMCTOB B 00J77aCTH aBTOMaTH3AIUU JIOMCHHOTO TIPOU3BOACTBA, a TAKKE IJIs HccnenoaaTeneﬁ, 3aHUMAKOIIUXCA
AHaJIM30M U IIPOTrHO3UPOBAHUEM HECTaOMIBHOCTH TEXHOIOTHYECKHX IIPOLECCOB.
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- INTRODUCTION

The development of information and control systems
for blast furnaces aims to create an efficient management
framework that ensures stable production while minimiz-
ing costs. These systems must account for technological
requirements and the specific features of the equipment.
To support the advancement of an automated system for
analyzing the operating parameters of individual furnaces
and the blast furnace shop as a whole, an information
modeling system is being developed to assess process
instability in blast furnace operations [1].

Fluctuations in charge composition [2 — 4] and smelt-
ing parameters [5— 7] can significantly impact furnace
performance. These variations affect the composition and
temperature of the hot metal and lead to pressure losses
in the burden’s gas column. As a result, key parameters
may exceed the limits defined by hot metal quality require-
ments and the need to maintain steady furnace opera-
tion under varying counterflow conditions [8; 9]. Several
factors directly influence the furnace’s thermal state and
the resulting temperature and composition of the hot metal.
These include the iron content in the charge, moisture and
ash content of the coke, blast air temperature and humidity,
natural gas consumption, the ratio of iron-bearing materials
to coke, and their distribution at the furnace top [10 — 12].
Variations in these parameters lead to fluctuations in the fur-
nace’s thermal balance, causing deviations in the average
silicon content and temperature of the hot metal. Insta-
bility in the smelting process, especially when using
iron ore feedstock with variable chemical composition,
can significantly degrade the quality of the molten blast
furnace products. For example, reference data [5] show
that reducing fluctuations in sinter basicity (CaO/SiO,)
by +(0.075 — 0.100) units can increase blast furnace pro-
ductivity by 1.5 % and lower specific coke consumption
by 0.8 %.

The total potential benefit of reducing variability in blast
furnace parameters is estimated at a 5 — 6 % reduction in
coke consumption and a 9 —10 % increase in producti-
vity. Moreover, a 0.1 % reduction in the standard deviation
of iron content in the burden results in a 0.28 % decrease in
coke consumption and a 0.29 % increase in productivity [2].
Organizational factors that affect the process include furnace
downtime, idle running, regularities in burden charging,
and tapping schedules. The impact of some of these fac-
tors remains poorly studied and is proposed to be evaluated
using empirical data [13 — 15]. These include the mechani-

cal and physicochemical properties of raw materials and
coke, as well as gas distribution within the furnace. Assess-
ing their influence requires further research and develop-
ment of mathematical process models.

Existing systems often lack the precision or flexibility
to fully account for all factors affecting operational sta-
bility. This highlights the need for advanced information-
based modeling systems capable of handling multiple
variables and providing real-time analysis of blast fur-
nace instability.

] ALGORITHMIC SUPPORT OF THE INFORMATION
MODELING SYSTEM

To assess the smelting process stability, the following
key integral indicators (B, ) have been developed:

1. Technical, economic, and technological perfor-
mance indicators of smelting (B, ).

2. Indicators of raw material properties (iron ore
materials, coke, fluxes) (B,).

3. Indicators of blast and gas dynamic modes (B,).
4. Indicators of the thermal mode (B,).
5. Indicators of the slag mode (By).

6. An integral indicator of blast furnace operating sta-
bility based on B,, B,, B, characterizing the blast, gas-

dynamic, thermal, and slag modes (Bg;.).

7. Final stability indicator of raw material properties

and overall blast furnace operation (B, ).

The types and number of features used in the assess-
ment depend on the specific integral indicator being cal-
culated.

In addition to controlled (measured) parameters, the sta-
bility assessment incorporates a set of calculated para-
meters that describe the blast conditions, gas dynamics,
thermal and slag modes, and the technological parameters
of blast furnace smelting, as detailed in [16 — 18].

The approximate number of features used for evalua-
ting each integral indicator is provided in the Table.

For a given time interval of blast furnace operation,
the root mean square (RMS) deviations AX, of both cont-
rolled and calculated features are used as input data for
computing each integral indicator (B, ).

Under stable operating conditions, the RMS deviation
AX; of the i-th feature — used to characterize furnace sta-
bility during the specified period — must not exceed a pre-
defined threshold value AX ", which is a model setting:
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Number of features used to calculate the stability indicators of the furnace operation

KosinyecTBO Npu3HaKoB, HCMOJIb3yeMbIX AJIsl pacueTa nokasarejeil cTa0MIbHOCTH PadoThI ey

Designation Indicator Number of features
Controlled Calculated | Total
B, Technical, economic, and technological performance indicators 6 6 12
B, Raw material properties (iron ore materials, coke, fluxes) 16 0 16
Blast furnace stability indicators
B, Blast and gas dynamic modes 10 19
B, Thermal mode 4 11
B, Slag mode 10
Total features 41 27 68

AX, <AXP*. ©)

If condition (1) is satisfied (“True”), the i-th feature
identifier P, is assigned a value of 1; otherwise (“False”),
it is assigned a value of 0. All features are then ranked.
Each feature is assigned a normalized rank value R,
ranging from 0 to 1, determined using an expert evalu-
ation method.

The stability of blast furnace operation for each
of the integral indicators B, is calculated using the fol-
lowing relationship:

n R
B;=| Y P—|-100 %, @

i=1 Z; R,

where n is the number of features associated with
the given integral indicator B;.

If the resulting value of B; exceeds 80 % (according
to normative and reference data), the furnace operation is
considered stable with respect to that indicator.

If B, falls within the range of 60 — 80 %, the furnace
operation is assessed as unstable with respect to that indi-
cator.

If Bj is below 60 %, the blast furnace is considered
to have operated in an unstable mode for the correspon-
ding integral indicator.

To determine the overall stability criteria for furnace
operation and process conditions, the following integral
indicators are calculated:

— the integral indicator of blast furnace operating sta-
bility By, based on B,, B,, B, characterizing the blast,
gas-dynamic, thermal, and slag modes:

5
R,
Byp =| DB, —— {100 %, (3)

i=3 ZZ; Rj

— the final stability indicator of furnace operation:

404

B\R, + ByR, + Byp Ry

Bfinal =
R +R, +Rgp

[ KEY SYSTEM REQUIREMENTS

Key system requirements are as follows:

—automated data collection: the system must auto-
matically collect real-time data on blast furnace opera-
ting parameters;

—real-time visualization: the system must present
analysis results in the form of graphs, tables, and charts
that are easy for operating personnel to interpret;

— seamless integration: the system should integrate
smoothly with the plant’s existing process control sys-
tems.

- FUNCTIONAL MODELING OF THE INFORMATION
MODELING SYSTEM

The design of the information modeling system
is based on functional modeling methodology and
the IDEFO graphical notation for structured analysis
and design. The IDEF0 method is founded on the SADT
(Structural Analysis and Design Technique) [19 — 21].
The model, developed using the Ramus Educational
software package [21], consists of more than 50 blocks
across four levels of decomposition. These blocks define
the system’s key functions, the relationships among func-
tional units, the control inputs, and the execution mecha-
nisms for each function.

[ ARCHITECTURE OF THE INFORMATION MODELING
SYSTEM

The architecture of the developed information mode-
ling system for assessing blast furnace operation instabi-
lity is shown in Fig. 1. The system is divided into small,
independent blocks — modules — each implementing
a functionally complete segment of the program. This
modular approach allows the functionality of individual
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components to be updated without requiring changes
to the entire system, enhancing its reliability and sca-
lability. The modules are implemented using mathemati-
cal libraries and classes [22].

The information modeling system includes the fol-
lowing modules:

—input module for entering the permissible values
of the RMS deviations and the feature ranks (AX,”, R.);

— computation module for calculating the arithmetic
means and RMS deviations of parameters characteriz-
ing the technical, economic, and technological indica-
tors of smelting; the properties of raw materials (iron
ore materials, coke, and fluxes); as well as the blast, gas-
dynamic, thermal, and slag modes;

—module for calculating stability scores of blast fur-
nace operation for each integral indicator B,, the overall
stability indicator B,., and the final stability indicator
B

BF?

ﬁnal;
— analysis and output module for processing and pre-

senting the results.
The output from the calculation modules is analyzed
and presented in both numerical and graphical formats.

The system also provides the option to generate and
export reports in Microsoft Excel format.

[l SOFTWARE IMPLEMENTATION
OF THE INFORMATION MODELING SYSTEM

The software implementation of the information
modeling system is based on a client—server architec-
ture, designed to to enable seamless integration with
existing enterprise software and facilitate data exchange
via an API (Application Programming Interface) [23].
The client—server model follows a classic three-tier archi-
tecture consisting of the presentation layer, application
layer, and data layer.

The presentation layer is implemented using high-
level web technologies: JavaScript, HTMLS, and CSS
(Cascading Style Sheets). The visual design is built using
the Bootstrap framework, and the user interface is deve-
loped with the UmiJS and React libraries. Graph plotting
is handled by Ant Design Charts. This layer is supported
by the users’ computing resources — specifically, their
web browsers.

Blast furnace shop (BFS)
process control servers

External data sources

Corporate information
system (CIS) servers

Central plan control
room (PCR) servers

SQL Request HTTP Request
|§
SQL Response a HTTP Response Web browser
BFS database BFS web server Technologist

server

(application server,
API server)

works station (BFS)

4 3\ 4
Modeling and diagnostic
subsystems for blast furnace

Blast furnace stability analysis subsystem

smelting indicators

— blast and gas dynamic
mode modeling and diagnostic

of parameters
and their ranks

Input of permissible
RMS deviations

Calculation of integral
(dimensionless) indicators
and the final blast furnace

stability indicator

Analysis and
output module

— thermal mode modeling

subsystem; l

T

and diagnostic subsystem;
— slag mode modeling
and diagnostic subsystem.

— thermal mode;
— slag mode.

Calculation of mean values and RMS deviations for parameters characterizing:
— technical, economic, and technological performance indicators of smelting;
— raw material properties (iron ore materials, coke, fluxes);

— blast and gas dynamic modes;

.

Fig. 1. Architecture of the information modeling system for assessing the instability of a blast furnace

Puc. 1. Apxutexrypa HH()OPMAIIHOHHO-MOEITUPYIOIIEH CHCTEMbI OLICHKH HeCTAOMIBHOCTH (DyHKIHOHUPOBAHUS JOMEHHOH 1edn
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The application layer is developed in C# using
the ASP.NET Core MVC framework and the .NET 8 plat-
form [24]. ASP.NET Core handles user requests through
a middleware pipeline, which includes the following
components.

Error handling middleware, which enables the sys-
tem to signal software-related issues when exceptions
occur, and to continue functioning properly, including
correctly displaying web pages in cases such as database
connection failures, calculation algorithm errors, and
other similar situations.

Authentication middleware,  which integrates
the standard ASP.NET Identity mechanism for authenti-
cation and authorization into the information system and
manages user accounts.

Session middleware, which processes temporary user
data during system usage.

Web API middleware, which incorporates the routing
system, dependency injection, model binding, and data
validation.

The data layer consists of a database and software
components for managing read/write access. The system
uses PostgreSQL as the database management system.
Communication between the application and the data-
base is handled via Entity Framework Core, which uses

ORM (Object-Relational Mapping) technology. ORM
allows developers to work with data as objects or classes
in object-oriented programming languages and to build
virtual database schemas. Input of initial blast furnace
operation data for a given time period can be carried out
either through the API and integration with the blast fur-
nace process control systems (PCS) or manually.

- DESCRIPTION OF THE INFORMATION MODELING
SYSTEM SOFTWARE FUNCTIONS

The developed software module provides the follow-
ing capabilities:

1. Selection of operating periods via a calendar inter-
face, with the option to set the data averaging interval
(hour, shift, day, week, or hot metal tapping period).

2. Selection of one or more blast furnaces to be
included in the analysis.

3. Calculation of average values and RMS deviations
for a set of operational indicators.

4. Presentation of analysis results in an intuitive for-
mat, including tables and histograms; individual blast
furnaces can be assigned distinct colors for baseline and
comparison periods.

5. Notification of out-of-range values, with customi-
zable alerts configured for all or selected blast furnaces.

~ @ Blastfumace operating stabilty X 4 0_ X
| |
~ |
< e (G (/)
Parameter values Criterion values Reference data ~ [admin]  Log out
Blast furnace operating stability
Furnace: BF-1 v Period: By shift v From:  01.08.2024 to: 09.08.2024
e Permissible Actual Mean
performance indicators B L L
) Parameter (unit) Rank deviation deviation value
of smelting
Raw materials properties Specific productivity (t/m°) 0.7 0.1 0.03 2.5
Blast and gas dynamic .
modes Specific coke rate (kg/t) 0.5 15 10.58 437
Thermal mode Current downtime (%) 0.7 1 0.1 0.29
Slag mode
Idle running, % 0.7 1 0.1 0.35
Integral indicator of blast
furnace operating stability )
Number of charges (units) 0.8 5 4.2 62.8
Integral indicator of the stability Ore burden (units) 0.75 01 0.09 3.86
of raw material properties
and furnace operation
Hot metal production (by Fe balance) (t/period) 0.9 50 81.21 1266
Iron ore feed smelting (t/period) 0.75 150 134.7 2133

Fig. 2. Fragment of a web page for assessing the instability of technical, economic and technological indicators of a blast furnace
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v e Blast furnace operating stabilit X + O - X
« > @G 0O :
|
% Parameter values Criterion values Reference data ~ [admin]  Log out
Blast furnace operating stability
Furnace: BF-1 v~ Period: By shift ~ From: 01.08.2024 to:  09.08.2024
Technical and economic
- Permissible Actual Mean
performance indicators P " it Rank deviati deviati |
of smelting arameter (unit) an eviation eviation value
Raw materials properties Pellet share in the burden (%) 0.7 25 2.36 33.06
Blast and gas dynamic
modes Sinter share in the burden (%) 0.7 51 5.0 66.01
Thermal mode Fe content in the blast furnace burden (%) 0.9 1,0 0.57 57.03
Slag mode
Basicity of iron ore materials (CaO/SiO,) (units) 0.8 0.05 0.04 1.1
Integral indicator of blast
furnace operating stability
[34] Basicity of iron ore materials 0.8 0.05 0.04 1.3
84 - )
(CaO + MgO)/SiO, (units)
Integral indicator of the stability Basicity of iron ore materials 0.8 0.05 0.04 1.09
of raw material properties (CaO + MgO)/(Si0, + Al,O;) (units)
and furnace operation
Coke proximate analysis (ash content) (%) 0.5 0.4 0.13 11.45
Coke proximate analysis (sulfur content) (%) 0.5 0.05 0.02 0.45
Fig. 3. Fragment of a web page for assessing the instability of raw material properties (iron ore materials, coke, fluxes)
Puc. 3. ®parMeHT BeO-CTpaHMIIBI OLCHKN HECTAOMIBHOCTH CBOMCTB ChIPbs (JKEIE30PYyAHBIX MaTePHAIOB, KOKCA, (IFOCOB)
v @ Blast fumace operating stabilty X + 0 _ X
« > Q¢ G (]
% Parameter values Criterion values Reference data ~ [admin]  Log out

Blast furnace operating stability
Furnace: BF-1 v Period: By shift ~ From: 01.08.2024 to:  09.08.2024

Technical and economic

o Permissible Actual Mean
performance indicators . o L
) Parameter (unit) Rank deviation deviation value
of smelting
Raw materials properties Cold blast flow rate (m%min) 0.8 150 168.3 3161
Blast and gas dynamic
modes Blast pressure (atm) 08 0.15 0.14 2.83
Thermal mode Natural gas flow rate (m®/min) 0.6 40 31.55 406.5
Slag mode
O, content in the blast (%) 0.6 0.9 0.79 28.13
Integral indicator of blast
furnace operating stability
Blast temperature (°C) 05 25 5.09 1250
: :
Integral inditfator of the. stability Total pressure drop (atm) 075 04 0.086 139
of raw material properties
and furnace operation
Degree of burden balancing by gas 0.85 0.05 0.025 0.55
flow (units) : . . :
Degree of burden balancing by gas flow 0.8 0.02 0.016 0.35

in the upper part of the furnace (units)

Fig. 4. Fragment of a web page for assessing the instability of indicators of blast and gas dynamic modes of a blast furnace
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~ @ Biastfumace operating stability X  + o_ X
€ c (G (v}
% Parameter values Criterion values Reference data ~ [admin]  Log out

Blast furnace operating stability ‘

Furnace: BF-1 v Period: By shift v From:  01.08.2024 to:  09.08.2024

Technical and economic 3 teell

— Parameter (unit) Permissible Actual Mean
performance indicators Rank deviation deviation alue
of smelting an viatl viati valu
Raw materials properties [Si] content in hot metal (%) 1.0 0.1 0.12 0.56
Blast and gas dynamic
modes Theoretical combustion temperature (°C) 0.8 50 43.82 19.04
Thermal mode

Lower furnace thermal state index (units) 0.6 0.1 0.073 1.18

Slag mode
Integral indicator of blast Upper furnace thermal state index (units) 0.6 0.05 0.044 0.51
furnace operating stability
Average top gas temperature (°C) 0.5 25 21.05 190.6
Integral indicator of the stability
of raw material properties Average peripheral gas temperature (°C) 0.65 50 45.13 327.9

and furnace operation

Fig. 5. Fragment of a web page for assessing the instability of thermal mode indicators

Puc. 5. q)paFMBHT BC6—CTpaHI/ILU>I OLOCHKH HECTAOMIILHOCTH TI0Ka3aTeliei TEIIOBOTO pexnMa

| ~ @ Blastfumace operating stabilty X+ oO_ X
& ¢ (G 0 : |
% Parameter values Criterion values Reference data ~ [admin]  Log out

Blast furnace operating stability

Furnace: BF-1 v Period: By shift ~ From: 01.08.2024 to:  09.08.2024
Technical and economic
- Permissible Actual Mean
performance indicators . o o
of smelting Parameter (unit) Rank deviation deviation value
Raw material properties Basicity of final slag (CaO/SiO,) (units) 0.8 0.05 0.03 0.99
Blast and gas dynamic » . .
modes Basicity of slag (CaO + MgO)/SiO, (units) 0.8 0.05 0.034 1.2
Thermal mode Basicity of final slag 08 0.05 0,026 0.96
(CaO + MgO)/(SiO, + Al,0,) (units) ’ ’ ’ '
Slag mode
Integral indicator of blast Final slag viscosity at 1400 °C (P) 0.5 1.0 0.72 7.69
furnace operating stability
Final slag viscosity at 1500 °C (P) 0.6 0.5 0.41 3.33
Integral indicator of the stability
of raw material pro;.)erties Viscosity of final slag at its actual 0.6 05 0.46 3.44
and furnace operation final temperature (P)
Slag viscosity gradient in the range 0.65 0.06 0.024 0.19
from 25 to 7 P (P/°C)
Sulfur distribution coefficient (units) 0.55 5.0 6.46 37.14

Fig. 6. Fragment of a web page for assessing the instability of slag mode indicators

Puc. 6. ®parMeHT BeO-CTPaHHIbI OLICHKU HECTAOMIBHOCTH ITOKa3aTelel IJTAKOBOTO peKUMa

Figs. 2 — 6 show fragments of the system’s web inter- For the analyzed period, the modeling results indicated
face illustrating the modeling results of blast furnace stable operation with respect to technical, economic, and
instability assessment. technological indicators, raw material properties, blast
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and gas dynamic modes, and the slag mode. However,
instability was observed in the thermal mode. The values
of the integral indicators exceeded 80 %, indicating ove-
rall stable operation of the blast furnace.

- CONCLUSIONS

Using modern information technologies, an informa-

tion modeling system has been developed for evaluating
the instability of blast furnace operation. The system sup-
ports automated data collection and processing, and cal-
culates a set of parameters that characterize the technical,
economic, and technological performance of the smelting
process, raw material properties, and the thermal, blast,
and gas dynamic modes, as well as the processing of mol-
ten blast furnace products.
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MATHEMATICAL MODEL OF THE BLAST FURNACE
MAIN TROUGH LINING CONDITION
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Abstract. The main trough of a blast furnace represents a complex technological structure that plays a critical role in the ironmaking process by draining
molten cast iron and slag from the furnace hearth, thus ensuring the continuity and safety of the process. The reliable operation of the trough
directly impacts the blast furnace productivity. The trough must be designed to withstand extremely high temperatures and aggressive chemical
environments, and its proper functioning requires constant monitoring and maintenance. Selection of refractory materials and lining technology, as
well as the potential for enhancing the resistance of refractory linings in the main mining troughs and extending their service life, are contingent
on the timely acquisition of information regarding the thermal load on the refractory layers and casing, the operating conditions, design characte-
ristics, and destruction processes of refractories in interaction with cast iron and slag. The control systems of the blast furnace main mining trough
are designed to ensure its safe and efficient operation, by detecting deviations from normal mode in a timely manner and preventing emergency
situations. These systems include visual, instrumental and automatic control. The monitoring system of the main mining troughs heat-up will allow
the blast furnace technological personnel to control the condition of troughs, estimate their remaining life and make timely decisions on their
repair. The developed mathematical model of the blast furnace main trough lining condition takes into account real-time thermocontrol of the blast
furnace mining trough casings. It is aimed at obtaining operative information on the main mining troughs heat-up, and is based on the solution
of the problem of stationary heat conduction of a multilayer flat wall, each layer of which is a homogeneous wall.
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AnHomayus. I 1aBHbIM TOPHOBOII kKeI100 TOMEHHOM 11€4N — 3TO CIIOXKHASI TEXHOJIOTHYECKast KOHCTPYKIINS, UTPAIOIIasi KPUTHYECKYIO POJIb B IIpoIiecce
BBIIUIABKK 4yryHa. OH CIIyXHT JUISl OTBOAA PACIUIABJICHHOIO YyryHa M IIaKka M3 TOpHA MeyH, 00ecreynBasi HeNpepbIBHOCTh U 0E30MacHOCTh
nponecca. Hanexxnast pabora sxenoba HampsiMyro BIMSET HA IPOU3BOAUTEILHOCTH JOMEHHOM reun. KoHCTpyKius xkenoba JOIDKHA BBIICPKH-
BaTh HKCTPEMAJIBbHO BBICOKUE TEMIIEPATypbl U arpeCCHBHYIO XUMUUECKYIO CPEly, a €ro MpaBuibHOE (YHKIHOHMPOBAaHUE TPEOYeT MOCTOSIHHOTO
KOHTpOIIsL U 00ciykrBaHusi. KOPpeKTHBINH BBIOOP OTHEYHMOPHBIX MAaTepualioB, TEXHOIOIHH (DYTEPOBAHHUS, & TAKXKE BBISBICHUE BO3MOKHOCTH
MOBBIIIEHHUS CTOMKOCTH OTHEYNOPHOI ()yTEpPOBKH ITIABHBIX TOPHOBBIX JKEJI000B M TMPOUICHHUs CPOKA UX CIIyXKObI ONpeeeHbl CBOCBPEMEHHBIM
MoJTy4YeHHeM HH(OPMALUK O TEIUIOBOH HArpy3Ke Ha CIIOM OTHEYIIOPOB M KOXKYX, 00 YCIOBHUSIX IKCIUTyaTallui, KOHCTPYKTUBHBIX OCOOCHHOCTSIX H
nporeccax paspyllieHust OTHEYOPOB MPU UX B3aMMOJCHCTBUM C YyTYHOM U HITakoM. CHCTEMbI KOHTPOJISI paboThl NIABHOTO TOPHOBOTO Xkes100a
JIOMEHHOH MeYr MpHU3BaHbl 00ecreynBarh 0€30MacHy0 1 3(QPEKTHBHYIO ero KCILTyaTaliio, CBOCBPEMEHHO BBISBISISE OTKJIOHEHHUS! OT HOPMaJib-
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JAmumpues A.H., BumovkuH /].A. u dp. MaTeMaTu4yeckasi MOZeJIb COCTOSTHUS QYTEPOBKH [JIABHOTO XeJslo6a JOMEHHOH Medn

HOTO peXXMMa U NpeAoTBpalias aBapuiiHbie cutyannd. OHU BKIIIOYAIOT B ce0sl BU3yalIbHbBII, HHCTPYMECHTAJIBHBIA M aBTOMaTHUECKUH KOHTPOJIb.
CucreMa MOHUTOPHHTA pasrapa IJABHBIX TOPHOBBIX XKEJI0OOB MO3BOJIUT TEXHOJIOIMYECKOMY MEPCOHATY JOMEHHOM MeYd KOHTPOJINPOBATH COCTO-
SIHUE JKeJ00O0B, OIIEHMBATh UX OCTATOYHBIM pecypc W MPUHHMMATh CBOCBPEMEHHBIC pelleHust 00 nx peMoHTe. PazpaboraHHas mMareMarndeckas
MOJIeITb COCTOSTHUS (DY TEPOBKH IIIABHOTO JKeJI00a TOMEHHOI! TIeUH YIUTHIBAET TEPMOKOHTPOJIb KOXKYXOB TOPHOBBIX JKEIOOOB B pEalbHOM BPEMEHH.
OHa HalleJIeHa Ha MOJIy4eHHe OlepaTHBHON HH(OPMAIMH 10 pa3rapy ITaBHBIX TOPHOBBIX jkeJI000B M OCHOBAaHA Ha PELICHUH 33/1a41 CTallMOHAPHOI
TEIUIONIPOBOTHOCTH MHOTOCIOHHON TIJIOCKOM CTEHKH, KQXKIBIH CIIOH KOTOPOI! SBISIETCS OMHOPOIHON CTECHKOH.
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- INTRODUCTION

The blast furnace runner system usually includes
a main trough and pouring troughs, with the main trough
serving as the location where molten cast iron is sepa-
rated from slag. Consequently, it operates under the most
severe conditions. For this reason, the improvement of its
lining receives the greatest attention from both refractory
manufacturers and end users.

Available research on heat transfer in the lining
of the blast furnace main trough is far more limited com-
pared to studies on the furnace’s internal lining. Howe-
ver, in recent years, information from international pub-
lications has made it possible to assess the efforts made
to study this issue.

In scientific studies addressing molten cast iron — slag
separation in blast furnace main troughs, a wide range
of methods has been employed, combining experimental
and numerical approaches [1 — 3]. Experimental investi-
gations, such as those reported in [4; 5], relied on physi-
cal modeling in which analog fluids (e.g., oil and water
to simulate cast iron and slag) were used to examine
the influence of trough geometry (inclination angle, cross
sectional shape) and tapping velocity on phase separation
efficiency. In [5], in particular, a 1:10 scale model was
utilized to validate the results of numerical simulations.

Numerical modeling plays a central role in analy-
zing the complex heat and mass transfer processes in
the trough [6—9]. Researchers have adopted differ-
ent numerical approaches, including the finite volume
method [7] and the finite element method [8 — 11]), sol-
ving the Navier—Stokes equations to describe flow hydro-
dynamics and the heat conduction equation (with allow-
ance for radiation [11 — 13]) to simulate the temperature
field. Key factors influencing separation efficiency and
lining service life have been considered, such as flow
turbulence [7; 9], heat transfer between the melt and
the refractory [14 — 17], thermal radiation [10; 12; 13],
and refractory wear [10]. For example, in [7] a k—¢ tur-
bulence model was applied, while in [10; 13] nonlocal
boundary conditions were introduced to account for ther-
mal radiation. In [8], the authors focused on identifying
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critical isotherms to extend lining service life, employ-
ing a two dimensional heat transfer model and comparing
simulation results with experimental data. In [10], it was
demonstrated that an adaptive time step regulator could
be developed to improve the efficiency of long cycle blast
furnace simulations.

In most cases, numerical modeling results showed
good agreement with experimental data, making it pos-
sible to identify the regions of maximum temperature
and stress in the lining [14 — 17] — most frequently in
the sidewalls — and to predict its wear. Nevertheless, some
uncertainties remain, particularly concerning the precise
placement of thermocouples for temperature measure-
ment in an operating trough [18 — 20], which necessitates
the use of additional data processing techniques (e.g.,
the GRSA hybrid algorithm [10]) to refine the results.
Overall, the combination of experimental and numerical
methods has yielded a more comprehensive understanding
of the complex processes occurring in blast furnace main
troughs and has provided a foundation for developing
recommendations to optimize their design and operation.

- INPUT DATA

This study is devoted to the development of a mathe-
matical model of the refractory lining of the blast furnace
main trough, carried out at the Institute of Metallurgy
of the Ural Branch of the Russian Academy of Sciences.
An algorithm is presented for calculating the tempera-
ture field in the refractory lining of the trough based on
thermocouple readings obtained from the outer surface
of the trough’s metal casing.

Fig. 1 shows a general (schematic) top view of two
blast furnace main troughs.

The cross section of the refractory lining of the blast
furnace main trough is shown in Fig. 2.

- CALCULATION OF HEAT CONDUCTION THROUGH
A MULTILAYER FLAT WALL

The solution of this problem reduces to steady state
heat conduction in a multilayer flat wall, each layer
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Fig. 1. Main mining troughs of the blast furnace
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Fig. 2. Main trough lining layers in cross-section

Puc. 2. Criou pyTepOBKH IJIABHOT'O jKe100a B MOMEPEYHOM CCUCHHH

of which is homogeneous. It is assumed that the total
thickness of the multilayer wall, equal to the sum
of the thicknesses of the individual layers, is much smaller
than the wall’s height and width. In this case, the isother-
mal surfaces are planes parallel to the boundary planes,
including the planes of layer interfaces. The individual
layers of the wall are assumed to have smooth boundary
surfaces that fit tightly together, so that the temperatures
of the contacting surfaces are equal (Fig. 3).

When considering heat conduction in a single layer
wall, it is observed that the heat flux density does not
change when moving from one isothermal surface
to another along the x axis, i.e., from left to right.

The plane of the interface between the first and second
layers likewise represents an isothermal surface with
the same value of heat flux density as in the first layer.
However, this plane serves as the “initial” surface for
the second layer, in which a constant heat flux density ¢,
equal to that in the first layer, is also established across

the thickness 6,. The same reasoning applies to all sub-
sequent layers (J,, etc.).

The total heat flux, and hence its density, does not vary
across the thickness of the multilayer flat wall (Q # f(x)
and g # f(x)). Therefore, for any i-th layer of the multi-
layer flat wall, the following relation holds

AT,
q, = —— = const. (1)
5
?\‘i

This relation can be expressed sequentially for all
layers, beginning with the first:

Fig. 3. Multilayer flat wall:
3, 8,, 8, — thickness of the first, second and third layers, respectively;
L, 1, — temperatures of hot and cold fluids, respectively;
t,, t, — temperatures at the outer boundaries;

t,, t; — temperatures at the plane of the layers interface

29

Puc. 3. MHorocioiiHast mI0cKasi CTCHKa:
3, 8,, 8; — TOIMHA NEPBOTO, BTOPOTO U TPETHETO CIIOEB
COOTBETCTBEHHO; £ , I, — TEMIIEPATYPbI TOPAUETO H XONOJHOIO
(rOM10B COOTBETCTBEHHO; ¢, 1, — TEMIIEPATYPhI HA HAPYKHBIX

rpaHuIax; lz, [3 — TEMIIEpaTyphbl Ha IJIOCKOCTHU pas/iciia CJIOCB
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T,-T -1, ,-7, 1,-1T, T,-T,

=77 5, 5, 5 T

2

oy A E A 12%)

We then transform the obtained expressions into

1 . .
q— =T, —T, and sum them (combining left-hand sides

o
with left-hand sides and right-hand sides with right-hand

sides):
q L+i+8_2+6_3+L :Tf _T},.
o A Ay Ay b

These derivations remain valid for an arbitrary num-
ber of layers. Thus, in the general case, the expression for
the surface heat flux density (g, ) is written as:

h
g, = : ; (3)

1 SO, 1

o T\A
where o, and a, are the heat transfer coefficients from
the hot fluid to the wall and from the wall to the cold

fluid, respectively, W/(m?-K); X is the thermal conducti-
vity of the material, W/(m-K).

Fig. 4 shows a scheme of heat transfer in the blast fur-
nace main trough.

Fig. 4. Scheme of heat transfer of the main trough:
I — cast iron; 2 — slag

Puc. 4. Cxema Tenonepe/auy IJJaBHOIO Keno0a:
1 —4yryH; 2 — nuiak
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Temperature monitoring is performed using ther-
mocouples installed on the casing of the main trough.
The lining of the main trough consists of three refractory
layers and is enclosed by a steel casing; therefore, in this
case, the expression for the surface heat flux density takes
the form:

(4)

where 7). is the temperature of the hot fluid (cast iron,
slag), K; 7 is the casing temperature, measured by a ther-
mocouple (heat removal can be recorded with a sampling
interval from 10 s to 24 h), K; o, is the heat transfer coef-
ficient from the hot fluid to the inner wall of the trough,
W/(m?-K); 8, 3,, d,, 8, are the thicknesses of the refrac-
tory layers from the innermost to the outermost, m; A,,
A, Ay, A, are the thermal conductivities of the refractory
materials from the innermost to the outermost, W/(m-K).

In the interfacial regions, the thermophysical proper-
ties of the materials are averaged.

- BLOCK DIAGRAM OF THE CALCULATION ALGORITHM

A block diagram of the algorithm for calculating
the temperature variation across the lining layers is shown
in Fig. 5.

- CONCLUSIONS

The mathematical model developed for the blast fur-
nace main trough lining, based on the solution of the steady
state heat conduction problem in a multilayer wall, allows
for an efficient evaluation of the thermal load on each
refractory layer and the casing in real time (according
to the configured heat removal sampling interval). This
ensures continuous monitoring of the lining condition,
enables prediction of its residual service life (specifically,
the thickness of the inner layer), and supports timely
decision making regarding repair or replacement. Such
capabilities directly enhance the efficiency and safety
of blast furnace operation, reduce the risk of emergency
situations, and extend the service life of the lining. Future
research will aim to further refine the model, for instance
by incorporating transient thermal processes (introducing
time dependence into the calculations) and by accounting
for more complex geometric configurations of the trough.
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Abstract. A known cause of flat shape defects in finished cold-rolled steel strips is the inequality of the drawing ratios across the strip width. Difference
in the values of these ratios is affected by the roll barrel profiling parameters, energy-power parameters of rolling, operating parameters of the auto-
matic profile and strip shape control system. The impact of all technological factors on the strip shape is complex. The paper considers an approach
that takes into account the main operating parameters of rolling equipment allowing to estimate the type and amplitude of flatness defects in finished
steel strips. When implementing this approach, 6 calculation stages were performed: energy-power calculation of the cold rolling process; calculation
of elastic deformations of the working roll barrel surface; assessment of wear of the working roll barrel surface; calculation of the roll thermal profile;
assessment of convexity of the steel strip transverse profile; assessment of flatness indicators of the finished strip. To calculate the parameters affecting
the flatness of the rolled product, known calculation methods adapted to specific process conditions were used. The results of assessing the shape
indicators of the rolled strip obtained using the model were compared with the results of modeling in the Deform 3D program. The modeling results
demonstrated reliability of the proposed approach to assessing the rolled product quality.

Keywords: flatness of cold-rolled steel strips, continuous rolling, rolling mode, shape defects, roll barrel profiling, elastic deformation of roll barrel,
thermal profile of roll barrel, defect amplitude
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AnHomayus. V3BecTHOI NPUYMHON BO3HHKHOBEHUS J1e()EKTOB MIOCKON (POPMBI Ha TOTOBBIX CTAJbHBIX XOJOJHOKATAHBIX MMOJOCAX SIBISIETCS Hepa-
BEHCTBO KO3 (PHUIMEHTOB BBITSHKKH MO [IUPHHE MOJI0CHL. Ha pasHuily 3Ha4eHuit 3Tux K03 PUIUEHTOB OKa3bIBAIOT BIUSHUE MTapaMeTpbl IPOQHIU-
POBOK OOYEK BAJIKOB, SHEPrOCHIOBBIE APAMETPBI IIPOKATKH, TapaMeTphbl padOThl CUCTEMbl aBTOMATHYECKOTO PEryIMpoBaHUs MPpoduiist U hopMbl
MoJIoCkl. Bo3neiicTBie BceX TEXHONOrHuecknx (hakTopoB Ha (GopMy IOJOCH! OyleT MMETh CIOXKHBII Xapakrep. B pabore paccmorpen moaxon,
YUHMTBIBAIOIINKA OCHOBHBIE MAapamMeTpbl PabOThl MPOKATHOIO OOOPYIOBAHUS M MO3BOJISIONIMI OLEHUTh BHI M aMIUIUTYIY 1e(EeKTOB IIOCKOCT-
HOCTH TOTOBBIX CTaJbHBIX moyioc. [Ipu peayu3alu Takoro MOJAXOJa BBIIOIHEHbI MIECTh ITANOB pacyera: YHEProCHIOBOH pacyeT mporecca
XOJIOZIHOW MPOKATKH; pacyeT ynpyrux aedopmaruii moBepxXHocTH 004KKM pabodero Bajka; OlleHKa U3HOCA MOBEPXHOCTH 00YKH pabodero Balika,
pacyer TeIoBoro npoQuiis Bajika; OLEeHKa BBIMYKIOCTH MOMEPEYHOro NpOQHIst CTAILHON MMOJIOCKL; OLIEHKA ITOKa3aTesei UIaHIIETHOCTH TOTOBOM
1oJ0ChL. JIJ1st BBIYMCICHHS TapaMEeTPOB, BIUSAIOIIMX Ha IUIAHIIETHOCTD MIPOKATa, HCIIOIB30BaHbl M3BECTHBIE METOJMKHU pacyeTa, a/lalTHPOBAHHbIE
101 KOHKPETHBIC TEXHOJIOTMYECKHE yCIOBHUS. Pe3ynbTaThl OlEHKH Moka3areseil popMbl KaTaHO# MOIOCKI, HOIYYEHHBIE C TOMOILBIO MOJICIH, COTIO-
CTaBJICHBI C pe3ylbTaTaMu MojenupoBanus B nporpamme Deform 3D. Pe3synbrarel MogeanpoBaHus poAeMOHCTPUPOBAIN JI0CTOBEPHOCTD HPe-
JIOXKEHHOTO MOJIX0JIa OLICHKHU KadecTBa MpoKara.

Kaiouesvle c/108a: 110CKOCTHOCTD XOJNOJHOKATAHBIX CTAJBHBIX IMOJIOC, HEMPEPhIBHAS POKATKA, PEKUM MPOKATKH, 1e(eKThl GOopMbI, MPOGHUIHPOBKa
00uKH BaJKa, yrpyras aedopmaiius 60UKH Basika, TEII0BO# Mpoduib O0UKM Bajlka, aMILTUTY/Aa AeheKTa

s yumuposanus: llanaesckuii /1.JI. MeTtoauka pacdera IIIOCKOCTHOCTH CTATIbHBIX XOJIOIHOKATAHBIX MOJIOC. M38ecmus 8y306. Yepnas memannyp-

aus. 2025;68(4):417-423. https.//doi.org/10.17073/0368-0797-2025-4-417-423
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llanaesckuli /]./I. MeToArKa pacyeTa MJI0CKOCTHOCTH CTaJIbHbIX X0JI0AHOKATaHbIX 110J10C

- INTRODUCTION

The primary causes of flatness defects in cold-rolled
steel strips are non-uniform deformation across the strip
width and low sectional stiffness. The latter is a charac-
teristic feature of flat-rolled products.

Most established studies consider the variation in
drawing ratios across the strip width as the main criterion
for flatness loss. Among the influencing factors, some are
viewed as more critical than others [1 — 18].

Studies [2 —4] propose flatness criteria based
solely on drawing ratio values across the strip width.
The research findings reported in [5— 8] highlight
the potential to assess flatness defects through cross-sec-
tional characteristics of the strip.

Models that incorporate multiple technological
parameters for evaluating strip flatness are presented
in[9-11].

Approaches focusing on transverse profile charac-
teristics for identifying flat shape defects are described
in[12—14].

Further models, found in [15 — 18], attribute flatness
loss to post-rolling strip cooling processes.

The flatness evaluation method outlined in [9] enables
the calculation of defect amplitudes based on rolling
process parameters. This method accounts for nearly all
relevant factors, including roll barrel profiling, potential
work roll wear, roll axis misalignment, and several other
significant influences.

The aim of this study was to develop a method for
evaluating the amplitude of waviness and buckling in
cold-rolled strips based on the variation in drawing ratios
across the width, and to validate it by comparing calcu-
lated results with those generated using the DEFORM-
3D simulation software.

- PROBLEM STATEMENT AND RESEARCH METHODS

Calculating the amplitude of waviness or buckling
in cold-rolled steel strips, based on the variation in dra-
wing ratios across the strip width, requires comprehen-
sive input data. This includes the elastic deformations
of the work and backup rolls, the wear of their barrel
surfaces, and the non-uniform thermal expansion across
the width of the rolled strip.

Study [19] presents a regression-based model descri-
bing the elastic deformation of a four-high (“quarto’) mill
stand along the work roll barrel. This relationship was
derived through numerical simulation of elastic defor-
mations in the roll system and was previously applied
to model flatness formation in hot-rolled strips produced
on a continuous wide-strip mill. It is also applicable
to the integrated method proposed in the present study.
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Additional research [20 —22] offers methods for
evaluating barrel surface wear and non-uniform thermal
expansion along the roll barrel.

The type and amplitude of flatness defects in cold-
rolled strips can be assessed using the methodology
described in [23].

The reliability of the calculated results can be veri-
fied by evaluating strip shape quality indicators using
the DEFORM-3D simulation software.

[ RESULTS AND DISCUSSION

The procedure for calculating the type and amplitude
of flatness defects in cold-rolled steel strips included
the following stages:

— Stage 1: calculation of the energy—power parameters
of the cold rolling process;

— Stage 2: analysis of elastic deformation of the work
roll barrel surface;

— Stage 3: assessment of wear on the work roll barrel
surface;

— Stage 4: calculation of the roll thermal profile;

— Stage 5: evaluation of the convexity of the strip’s
transverse profile;

— Stage 6: assessment of flatness parameters of the fini-
shed strip.

The first stage was implemented using a model
of energy—power parameters that takes into account
elastic deformation zones along the deformation zone
length [24 — 25].

The second stage involved modeling elastic defor-
mations of the four-high (quarto) mill roll system using
a numerical simulation tool for analyzing process
mechanics.

To determine the deformation of the work roll barrel
surface, taking into account elastic flattening in the con-
tact zones with the backup roll barrel and the strip during
rolling, three-dimensional computational models were
developed for the work and backup roll sets of a five-
stand 1700 mm continuous cold rolling mill.

The roll set was imported into the MechanicalStruc-
ture module of ANSYS R1 (Fig. 1).

In the module’s pre-processor, a mesh was genera-
ted (Fig. 1). In ANSYS Workbench, high-carbon steel
with a yield strength of 900 MPa was assigned as the roll
material. To simulate support conditions, boundary const-
raints were applied to the backup roll necks along the X,
Y, and Z axes (vertical direction), and to the work roll
necks along the X and Y axes. In the vertical direction,
the work roll rested on the backup roll barrel.

During the creation of the solid model, a specific
region was defined on the surface of the work roll barrel
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Fig. 1. Model of the roll system of “quarto” stand

Puc. 1. Mogenb BaJIKOBOW CHCTEMBI KJIETH «KBapTO»

to represent the deformation zone, where contact pressure
would be applied. In this region, a pressure load equi-
valent to the normal stress in the deformation zone was
assigned. To enable this setup, the Static Structure solver
was launched in advance.

To simulate anti-bending force, concentrated verti-
cal loads were applied to the ends of the work roll necks
along the Y-axis.

During the simulation, the following parameters were
varied within defined ranges: the contouring of the work
and backup roll barrels, contact pressure in the deforma-
tion zone, strip width, and the anti-bending force applied
to the work rolls.

0.00 1000.00

500.00

A contour plot illustrating the results of elastic defor-
mation calculations is presented in Fig. 2.

The difference in elastic deformation of the work roll
barrel surface between the strip edge and center (elas-
tic deflection across the strip width) was generalized into
the following regression equation

Age = Dyege = 0.00001632:10736 + 0.007703P —

dc
—0.00000305P, , ,— 0.0200AD, . - 0.0169AD, ., (1)
en g.c. g.c.

where P is the rolling force in the i-th stand, MN; P, _ . is
the anti-bending force applied to the work rolls, kN; b is
the strip width, mm; AD, . is the ground crown of the work

I_‘.
2000.00 (m)
1500.00

Fig. 2. Example of the result of calculating elastic deformations in vertical axial plane of the rolls of “quarto” stand
in the MechanicalStructure module of the Ansys R1 program

Puc. 2. Ilpumep pesynbrara pacdera ynpyrux aedopmanuii B BEpTUKAIbHOI 0CEBOIl IIIOCKOCTH BaJIKOB KJIETH «KBAapTO»
B Mozayie MechanicalStructure nporpammsl Ansys R1
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Table 1. Results of checking the significance of coefficients of the equation for calculating elastic deformations

Tabauya 1. Pe3yabTraThl NPOBEPKH 3HAYUMOCTH K03(pPUIHEHTOB YPABHEHHUS /ISl pacyera ynpyrux aedopmanmii

Parameter — Statistical
significance level (p-value)
Strip width, mm 0.01
Rolling force in the i-th stand, MN 2.07-103
Anti-bending force applied to work rolls, kN 431107
Ground crown of the work roll barrel at its center, mm 0.02
Ground crown of the backup roll barrel at its center, mm 4.36°10°®
Note. A parameter is considered statistically significant if the p-value is less than 0.05.

roll barrel at its center, mm; ADg'C_b is the ground crown
of the backup roll barrel at its center, mm.

The coefficient of multiple determination R?> was 0.86,
indicating a high degree of reliability for the derived
equation.

The statistical significance of the coefficients in Equa-
tion (1) was assessed using p-values, based on a dataset
of forty simulation variants previously reported in [19].
The results of this evaluation are presented in Table 1.

The third stage — evaluation of wear on the work
roll barrel surface — was based on experimental data that
included roll operating parameters, surface hardness, and
barrel contour geometry [20].

As shown in Table 2, roll wear is influenced by
the rolling force, surface hardness of the roll barrel, bar-
rel diameter, and the total length of strip rolled. Initial
concavity was found to have a negligible effect.

A relationship was established to estimate roll bar-
rel wear at both the center and strip edges, depending on
the influencing parameters:

A =k P+klL,_, 2
where P is the average rolling force in the working stand
since the installation of the work roll, MN; L _ is the total
length of strip rolled on the work rolls in stand, m; k  is

the coefficient representing the influence of rolling force
on the wear of the work roll barrel surface; £, is the coef-

ficient representing the influence of the strip length rolled
on the work rolls in the stand on roll barrel wear.

The values of these coefficients, for example at the
center of the roll barrel (i.e., along the strip centerline),
were determined using the following regression equa-
tions

k,,=—0.00025HSD + 0.0000285D, 3)
where HSD is the Shore hardness of the roll barrel surface,
D is the diameter of the work roll barrel, mm. The coeffi-
cient of determination for this equation is R?> = 0.89, indi-
cating a high degree of reliability;

k, =—-0.0000011HSD + 0.00000011D. (@)

The forth stage was the calculation of the roll ther-
mal profile.

The thermal behavior of the continuous cold rolling
mill was analyzed by formulating and solving a system
of heat balance equations for the work rolls, backup rolls,
and strip. The application of this model for both cold and
hot continuous strip rolling has been discussed in prior
studies [21; 22].

The thermal crown of the roll barrel across the strip
width was calculated using the temperature distribution
determined from the system of equations, with particular
focus on the roll barrel center.

Table 2. Results of assessing the Pearson correlation coefficients of the rolls parameters
and technology with amount of the barrel surface wear

Tabauya 2. Pe3yabTaThl OlleHKH K03 duuuenTos koppensuun [Iupcona napaMmeTpoB BaJIKoB
M TeXHOJIOTHH € BEJIMYMHON H3HOCA NOBEPXHOCTH 00YKH

. Roll barrel | Roll barrel Length Initial concavity of the
Rolling . . .
Parameter hardness, diameter, of strip roll barrel surface at its
force, MN
HSD mm rolled, m center, mm
Correlation
. —0.4755 0.4277 —0.4055 0.4839 0.012

coefficient
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The fifth stage involved assessing the strip’s profile
using the components obtained in previous stages, which
define the cross-sectional shape of the flat-rolled product
at the roll gap exit:

— initial ground crown, adjusted for current wear, Agy;

— elastic deformation of the work roll barrel surface,

A s

— thermal profile (thermal crown) of the roll barrel
surface, Aty;

—nominal strip thickness, 4.

The strip thickness at any point along the width (coor-
dinate y) was calculated as:

Ay=h—-A +A, —A .

The six stage — evaluation of flatness parameters

of the finished strip — was performed using the relation-
ships described in [23].

By knowing the initial slab and final strip thickness
profiles across the width — and thus the drawing ratios
at the edges and center of the strip — it is possible to esti-
mate the most important flatness defect parameter defined
in GOST 19903-2015 — the defect amplitude:

— for “waviness” formed in the i-th stand of a conti-
nuous group of stands:

26, (A — 1)

hE
awi = 9 (5)

Ok

hE|1-cos

where /4 is the strip thickness, E is the strip’s Young’s
modulus, o, is the critical buckling stress, A, A  are

cr’

0000 ors

218 T T k

145
Timé (5e¢)

Fig. 3. Example of assessing flatness defect of the “wave” strip
(4 — amplitude of “wave” on the strip)

Puc. 3. TIpumep oLeHKH JeeKTa IIOCKOCTHOCTH HOJIOCHI «BOIHAY
(A — amMIUIUTY/Ia BOJIHBD) HA MOJIOCE)

the drawing ratios at the strip edge and center, respec-
tively, based on the entry and exit cross-sections;

— “buckling” formed in the i-th stand of the conti-
nuous rolling mill:

26, (A~ 1)
hE
a,; = . (6)

Gy

hE|1-cos

It has been confirmed [23] that flatness defects accu-
mulate as the strip passes from stand to stand. Therefore,
if the same type of defect occurs in subsequent stands, its
amplitude increases additively.

The accuracy of the calculated amplitude and type
of waviness using Equations (5) and (6) was validated
by simulating the rolling process in DEFORM-3D. For
this purpose, roll barrel models were created with longi-
tudinal profiles incorporating both elastic deformation
and thermal crown across the strip width. Non-uniform
roll barrel wear could also be taken into account. An entry
slab was modeled with a specified cross-sectional profile,
and the rolling process was simulated. In the post-proces-
sor, vertical displacement differences between the strip
center and edges were tracked across the width.

In Fig. 3, Line 3 represents the vertical displacement
at the strip edge, while Line / represents displacement
at the center. The difference between them was taken as
the defect amplitude.

An example of amplitude evaluation using DEFORM-
3D is shown in Fig. 4.

The validation results obtained from DEFORM-3D
simulations confirm the sufficient accuracy of the analyti-
cal model for predicting the flatness of cold-rolled steel.

- CONCLUSIONS

A well-known cause of flatness defects in finished
cold-rolled steel strips is the variation in drawing ratios

16
14

R =0.9561

Amplitude calculated
in DEFORM-3D, mm
[e¢]
T T

0 2 4 6 8 10 12 14

Amplitude calculated
using the analytical formula, mm

Fig. 4. Comparison of the results of calculating the non-flatness
amplitude

Puc. 4. CpaBHCHI/Ie PE3YNbTAaTOB pacuyeTa aMIUIMTY/Abl HEIIJIOCKOCTHOCTHU
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across the strip width. This variation is influenced by
the roll barrel contouring parameters, the energy—power
parameters of the rolling process, and the operating
parameters of the automatic profile and flatness con-
trol system. The combined effect of these technological
factors on strip shape is complex. This paper presents
an approach that incorporates the key operational para-
meters of rolling equipment and enables the evaluation
of the type and amplitude of flatness defects in finished
steel strips.
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ELECTROCHEMISTRY OF REDUCTION PROCESSES
AND PROSPECTS FOR THE DEVELOPMENT
OF REDUCTION TECHNOLOGIES
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| South Ural State University (76 Lenina Ave., Chelyabinsk 454080, Russian Federation)
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Abstract. Oxidation and reduction of metals consist in the loss of valence electrons by metal atoms with the conversion of an electromagnetic metallic

bond into an ionic bond during oxidation and the reverse transition of electrons from anions to metal cations with the conversion of an ionic bond into
a metallic bond during reduction. The electronic reduction theory developed by the authors describes the reduction process by the sequential opera-
tion of two electrochemical cells: a fuel cell, in which the chemical energy of the oxidized reducing agent is converted into electrical energy of “free”
electrons, and a solid electrolyte electrolyzer, which converts the electrical energy of these electrons into energy of the metal bond of the reduced
cations in the oxide. Since the stage of the actual reduction is the formation of a metallic bond between cations due to electrons coming from outside,
the shortest and therefore most effective supply of electrons to the reduced cations will be not from the fuel cell, but from the electrical network, that
is, electrolysis of the oxides of the metal being reduced. Known methods for producing iron by electrolysis of molten oxides, as well as possibly
alkaline solutions, are promising for extracting iron from rich ores. For the selective extraction of iron from ferromanganese, titanomagnetite, siderite,
chromite and other complex ores, relatively low-temperature reduction of iron with hydrogen or solid-phase electrolysis to produce, after separation,
a metallization product by melting carbon-free iron and a concentrate of active metal oxides is more promising.

Keywords: electrochemistry of reduction processes, electronic theory of reduction, electrochemical fuel cell, carbon selective reduction, hydrogen

reduction, electrolysis
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INEKTPOXUMMUA BOCCTAHOBUTE/IbHbIX MPOLLECCOB
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AHHomaqu OK#HCIICHHE U BOCCTAHOBJICHUE METAJUIOB 3aKIIOYAI0TCS B IOTEPE aTOMaMu METAJIJIOB BaJICHTHBIX 3JIEKTPOHOB C npeoGpasoBaHHeM
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ANIEKTPOMAarHUTHONH METAJUIMYECKOI CBS3M B MOHHYIO IIPU OKUCICHUH M OOPATHBIN MEpexoj AJIEKTPOHOB OT aHMOHOB K KAaTHOHAM MeTajia
C NpEBpaLICHUEM HMOHHOW CBS3M B METAJUIMYECKYIO IPH BOCCTAHOBICHHMHU. Pa3BuBaeMas aBTOpaMu DJICKTPOHHAs TEOPHUsS BOCCTAHOBIICHUS
OIHUCBHIBACT MPOIECC BOCCTAHOBICHUS IOCIIEIOBATEIBLHOM PaboTOMN BYX MEKTPOXUMUYECKUX IEMEHTOB: TOIUIMBHOTO, B KOTOPOM XHMHUUECKas
9HEPrus OKHCJIAEMOro BOCCTAHOBMTEIS IPEBPAIIACTCS B HIEKTPUUYECKYIO SHEPrUI0 «CBOOOAHBIX» DJIEKTPOHOB, U TBEPAOIEKTPOIUTHOIO
UEKTPONIN3EPA, MPEBPAIIAIONIETO AIEKTPUUECKYI0 SHEPTHIO 3THX 3JIEKTPOHOB B SHEPTHI0 METAJUIMYECKOM CBA3M BOCCTAHABIMBACMBIX KaTH-
oHOB B okcuJie. Tak kak cragueil coOCTBEHHO BOCCTAHOBJICHHS SBJIAETCS 00pa30BaHue METAJUIMUECKOM CBA3M MEX/ly KATHOHAMM 3a CUET HOCTY-
MAIOLIMX U3BHE MIEKTPOHOB, TO CAMBIM KOPOTKUM M ITOTOMY CaMbIM () ()eKTHBHBIM Oy/IET MO/ABO IEKTPOHOB K BOCCTAHABIMBACMbIM KaTHOHAM
HE OT TOIIMBHOTO 3JIEMEHTa, a U3 NIEKTPUUECKOH CETH, TO €CTb HIEKTPOJIU3 OKCHIO0B BOCCTAHABINBAEMOro MeTajia. M3BecTHble CriocoObl
MIOJYYEHHUS JKelle3a IEKTPOJIIN30M PaCIUIaBICHHBIX OKCHJIOB, a TaKKe, BO3MOXKHO, IEIOYHBIX PACTBOPOB SBIIAIOTCS MEPCHEKTHBHBIMH TIPH
M3BJICYCHUH JKelle3a U3 OoraTbix pya. s CeleKTHBHOTO M3BJICYCHHUS JKelie3a U3 HKEIe30MapraHIeBbIX, THTAHOMArHETUTOBBIX, CHJICPUTOBBIX,
XPOMHTOBBIX M JIPyTHX KOMIUICKCHBIX Py 0ojee MEepCIeKTHBHBIM SIBISICTCS OTHOCHUTENBHO HU3KOTEMIIEPAaTypHOE BOCCTAHOBJICHHE JKeJe3a
BOJIOPOZIOM MJIM TBEPAO(Da3HbIH NIEKTPOIN3 C MOIyYSHUEM MOCIIE Pa3/ieaeH s IPOIyKTa MeTaJUIN3aLMH IIaBJIeHHEeM 0e3yI1epoICTOro xKees3a
1 KOHIIGHTPAaTa OKCH/I0B AKTUBHBIX METAJIIOB.

© V. E. Roshchin, A. V. Roshchin, 2025
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- INTRODUCTION

Contemporary methods for reducing and extracting
metals from ores long predate the rise of science and took
shape through the gradual refinement of the craft of metal
production. In fact, the practice of turning ore into metal
largely motivated the emergence of a science of material
transformation — first as alchemy and later as chemistry.
Only at the end of the 19" century, with the development
of atomic—molecular concepts grounded in advances
in the science of chemical reactions, the first scientific
explanations of the mechanisms operating in metal reduc-
tion appear [1 — 3].

There is now little doubt that atoms and molecules
exist only in the gas phase: condensed metals contain
no discrete atoms, and ore oxides contain no mole-
cules. In both media, metals are present as cations and
the valence electrons “lost” by the atoms; these electrons,
by means of the electromagnetic field, bind the metal
cations into the condensed phase — metallic bonding in
metals and ionic bonding in oxides. It is likewise clear
that oxidation and reduction of metals amount to a redist-
ribution of atomic valence electrons. These processes
should therefore be viewed as reactions in which metal
atoms lose valence electrons to oxidizer atoms, with
metallic electromagnetic bonding giving way to ionic
bonding during oxidation (Me°= Me?>" +2¢), and
as the return of these electrons from oxidizer anions
to the cations during reduction, restoring metallic bon-
ding (Me* + 2e = Me"). Thus, reduction and oxidation
are electrochemical processes driven by the redistribution
of the valence electrons of metal atoms. Nevertheless,
in metallurgical science the description of ore-to-metal
reduction processes is still dominated by the atomic—
molecular approach [4; 5]. An obviously outdated atomis-
tic description of reduction at the atomic—molecular
level — for example, C + FeO =CO + Fe — does not,
by itself, support adequate improvement of industrial
technologies or their alignment with the current state
of science [6 — 8].

- ELECTRONIC THEORY OF REDUCTION

Developed in recent years by the authors and their
colleagues, the electronic theory of reduction [9; 10]
aims to describe the electrochemistry of electron
exchange between the oxidized atoms of the reductant
and the cations of the metal being reduced. The theory
rests on a large number of dedicated experiments con-

ducted by the authors and on a synthesis of published
results by others. It proceeds from the electrochemical
nature of reduction reactions, accounts for structural
changes in solid ores (formation of anion vacancies
under low oxygen partial pressure P, and high tempera-
ture 7'~ 2000 °C), and for composition of the gas phase
corresponding to these conditions (formation of a low-
temperature plasma) during heating in reduction units.
It is grounded in the physics of imperfect crystals and in
quantum-mechanical principles governing the distribu-
tion and motion of electrons in metals and ionic semicon-
ductors. The theory’s conclusions encompass all known
reduction outcomes: metal formation on the surfaces
of rich monomineralic ore lumps; metal precipitation
within complex and lean ores; oxide dissociation; forma-
tion and sublimation of suboxides; and metal production
by electrolysis from aqueous solutions and molten salts.

According to the theory, at high temperature and low
oxygen partial pressure in the gas phase of reduction units,
chemical reactions between solid ore oxides and the solid
carbon of coke do not even require direct contact between
the solid reagents. The plasma state of the gas phase
enables ions and electrons present both in the plasma and
on the surfaces of the solids in contact with it to interact
over a distance under electrostatic forces, approach one
another, and react in the gas phase. This, in turn, allows
solid-state reduction reactions to proceed rapidly in
the kinetic mode (Fig. 1, a).

A new and fundamentally important element
of the electronic theory of reduction — derived theoreti-
cally and confirmed repeatedly by dedicated experiments
with complex and lean ores — is the mechanism of elect-
ron transfer from the reductant to the cations of the metal
being reduced, i.e., the mechanism of solid-state reduc-
tion. It involves the formation and migration, within
the crystal lattice of each oxide lump, of anion vacan-
cies bearing “free” electrons (not bound to any specific
cation). These electrons originate in the chemical reac-
tion between the reductant and the oxygen of the oxide
in the gas phase. The low oxygen partial pressure in
the gas phase, established by chemical interaction with
the reductant, together with the high mobility of lattice
ions at elevated temperature, causes oxygen to leave
the oxide and enter the gas phase. As an oxygen atom
departs the oxide lattice and accepts two electrons from
the reductant in the gas phase, it leaves behind an anion
vacancy accompanied by two “free” electrons previously
taken by the oxygen anion from the metal cations.
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Fig. 1. Electrochemical processes in a blast furnace:
a — plasma formation in the gas phase and appearance of anion-electron conductivity in ore oxides;
b — conversion of chemical energy into electrical energy in a fuel cell and reverse conversion of electrical energy
into chemical energy in a solid electrolyte electrolyzer

Puc. 1. DnekTpoxuMH4ecKHe IIPOLECCH! B JOMEHHOM Ieun:
a — o0Opa3oBaHue IIa3Mbl B ra30Boi (a3e U MOsBICHHE aHUOH-YICKTPOHHOM IPOBOIMMOCTH B OKCUJIAX PYJBI;
b — npeoOpa3oBaHUEe XUMHYECKOH SHEPIHH B SIEKTPUUCCKYIO B TOIUIMBHOM 3JIEMEHTE ¥ OOPaTHBIIT IIepeX0/] AIEKTPUICCKOM SHEPTUH
B XMMHUUECKYIO B TBEPAO0IICKTPOIUTHOM JICKTPOIN3EPE

Owing to vigorous thermal motion of ions, these
anion vacancies and their associated “free” electrons dis-
perse through the lattices of complex oxides and migrate
until they encounter cations with high electron affinity
(as determined by their Fermi-level position) [11]. Owing
to vigorous thermal motion of ions, these anion vacancies
and their associated “free” electrons disperse through
the lattices of complex oxides and migrate until they
encounter cations with high electron affinity (as deter-
mined by their Fermi-level position) [11]. Where such
cations accumulate, the migration of the electron-charged
vacancies ceases, the vacancies coalesce, and metal-
lic bonding forms at those sites by virtue of the “free”
electrons carried with the vacancies; a metallic phase
then precipitates. Thus, removal of atomic oxygen from
the surface of one oxide phase can lead to selective reduc-
tion of cations with high electron affinity within the crys-
tal lattice of a different oxide. An example is shown in
Fig. 2, which presents the scheme and results of experi-
ments on solid-state reduction by solid carbon of iron and
chromium cations in crystals of chromspinelide (chro-
mian spinel) (Mg, Fe)[Fe, Al, Cr],0, embedded in olivine
(Mg, Fe),[SiO,].

The concerted migration of “free” electrons and anion
vacancies under reducing conditions proceeds without
an externally applied electric field because of gradients
in the chemical potentials of oxygen and electrons between
the surface and the bulk of the oxide phase. “Free” elect-
rons may also move via anion vacancies of other origin
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(thermal or impurity-related), provided that overall and
local charge neutrality is preserved.

Accordingly, the reduction process in industrial
reduction units should be viewed as the combined action
of two electrochemical cells operating in series: a car-
bon fuel cell, in which the chemical energy of the oxi-
dized reductant is converted into the electrical energy
of “free” electrons; and a solid electrolyte electrolyzer,
in which the electrical energy carried by electrons that
have migrated from the surface into the bulk of the oxide
is taken up by cations and converted into the chemical
energy of metallic bonding (Fig. 1, »). In reduction units,
the gas phase and each individual ore lump together form
such series-connected pairs of electrochemical cells (fuel
cells and electrolyzers). Because the number of these cell
pairs — one per ore lump — is enormous, reduction units —
and blast furnaces in particular — achieve exceptionally
high throughput.

- PROSPECTS FOR TRANSFORMING CARBON-BASED
REDUCTION TECHNOLOGIES

The electrochemical nature of oxidation/reduction
processes should no longer be a matter of debate. It fol-
lows that there must be a flow of electrons in reduction
units between the reductant and the cations of the metal
being reduced — that is, an electric current between them.
The electronic theory describes how this current arises
and is transformed as the result of two electrochemical
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Fig. 2. Scheme of the installation based on the Tammann furnace for conducting experiments
on solid-phase selective reduction of impregnated ores (a) and successive stages (b — d) of reduction
of iron and chromium in a chromspinelide (Mg, Fe)[Fe,Al, Cr],0, crystal impregnated in olivine (Mg, Fe),[SiO,]:
1 — graphite heater; 2 — container with crucibles; 3 — thermocouple; 4 — potentiometer

Puc. 2. Cxema ycTaHOBKH Ha 6a3e neur TaMmana st IPOBEACHHUS IKCIIEPUMEHTOB 110 TBEpAO(a3HOMY CEJICKTHBHOMY BOCCTAHOBJICHUIO
BKpAIJICHHBIX Py/ (@) 1 mocienoBaTebHbie ctaanu (b — d) BOCCTAaHOBICHHUS JKelie3a U XpoMa
B Kpucraiie xpomumnunenuna (Mg, Fe)[Fe, Al, Cr],O,, Bkpamiennom B onusun (Mg, Fe),[SiO,]:
1 — rpaduToBBIi HarpeBarelb; 2 — KOHTEHHEP ¢ TUIIISAME; 3 — TepMonapa; 4 — MOTEHIIHOMETP

cells operating in series: an electrochemical fuel cell
that converts chemical energy into electrical energy,
and an electrolyzer. This mechanism is consistent with
the operating practice of all types of industrial reduction
units and is supported by numerous dedicated experi-
ments using different ores and different reductants. From
this, one may conclude that the final stage of today’s
multistage metal-reduction technologies is invariably
the transfer of “free” electrons from atoms of the reduc-
tant to the cations of the metal being reduced, with atomic
oxygen being released at the interfaces — on the surfaces
of the oxide and of the metal within the oxide phase —i.c.,
solid-electrolyte electrolysis of the ore.

This raises the question of whether the many costly
preliminary and intermediate stages of the reduction pro-
cess are necessary, and whether it is sensible to generate
“free” electrons in the fuel-cell portion of ore-reduction
units at all. It is evidently far simpler and less expen-
sive to generate electrons not by burning the reductant
in metallurgical reduction units, but by modern methods
at power plants, transmit them through the electrical

grid, and use them directly at the final stage — the reduc-
tion of cations — in a specialized electrochemical unit
(an electrolyzer). Accordingly, the existing multistage,
energy-intensive process of extracting iron from ores
(Fig. 3, a — ¢) should be collapsed to a single concluding
stage — electrolysis (Fig. 3, d). In this light, extracting
metals from ores by electrolysis appears to be the ulti-
mate goal of transforming current metallurgical tech-
nologies.

Electrolysis of molten salts and oxides has long been
used to reduce and produce several metals at industrial
scale — for example, aluminum [12]. Work on develo-
ping units and processes for extracting iron by electro-
lysis from aqueous solutions of its salts has also been
under way for quite some time [13]. In recent years, seve-
ral companies have intensified research into units and
processes for producing iron by electrolysis of molten
oxides [14 — 16]. Overall, however, both practitioners —
and, more importantly, the scientific community — remain
not merely skeptical but largely negative about the pros-
pects of obtaining iron by electrolysis.
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Until now, the rationale for producing pig iron with
subsequent conversion to steel has been the enormous
throughput of blast furnaces and the availability and
relatively low cost of carbonaceous materials used both
as a heat source and as reductants. It is worth recalling
that this technology arose and evolved historically from
the need to rework “defective” product: as the tempera-
ture in the bloomery hearth increased and iron became
saturated with carbon, brittle cast iron was obtained
instead of low-carbon, ductile iron. Producing and then

Fuel cell

Oxygen is removed
from ore by carbon

/E

Generation of rejects

Sintering machine Br [BOf
1500 [

Coke oven battery

1000 | CS,Pp

Rejects!

500

reworking this “defect” proved expedient because carbo-
naceous reductants were accessible and relatively inex-
pensive (first wood, then charcoal, and later coal). Today,
however, the production of pig iron relies on the most
expensive solid fuel — coke, obtained from scarce coal
grades by a complex and environmentally hazardous
process. As high-quality coking coals become scarce,
coke prices keep rising, and meeting ever-stricter quality
requirements is increasingly difficult. Moreover, because
of how reduction proceeds in blast furnaces, no more than

Solid electrolyte electrolyzer

Cathodes

Casting and rolling

s removed
by oxygen
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emi-finished sreel by carbon

Rework of 1
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Coal  Fine Prepared Coke
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Fig. 3. Conversion and loss of energy when using a carbon fuel cell according to the existing technology (a — ¢)
and electricity from electric network (d)

Puc. 3. TIpeoOpa3oBaHust U MOTEPH SHEPIHH MIPU UCIIONB30BAHUH YIVIEPOJHOTO TOIIUBHOTO JIEMEHTA
0 CYIIECTBYOLICH TEXHOIOTHH (@ — €) U MEKTPOIHEPTUH U3 IEKTPUIECKOH ceTh (d)
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25 % of the calorific value of this scarce and costly reduc-
tant can be used directly: during iron reduction the coke
carbon is oxidized only to CO, and 75 % of the energy
is released later during non-target “afterburning” of CO
to CO, [17].

This extremely low targeted (for reduction) utiliza-
tion of coke is compounded by dissolution of a portion
of carbon in iron, producing pig iron. The dissolved car-
bon is not merely a loss — it becomes a harmful impurity
that must be removed when converting pig iron to steel
by oxygen blowing, which simultaneously oxidizes
an appreciable amount of iron that the coke had previ-
ously reduced in the blast furnace (Fig. 3, b). The oxi-
dized melt then requires deoxidation, including with
carbon. Taking into account the huge heat losses across
the multistage route of turning a “defect” into the final
product, the pig iron — steel process must be judged
extremely inefficient, fundamentally inconsistent with
energy and resource conservation, and out of step with
the current state of science. During steelmaking, in addi-
tion to removing the root cause of the “defect” (excess
carbon), it is also necessary to remove sulfur and phos-
phorus, introduced mainly at the pig-iron stage by coke
and flux additions. In essence, the modern scheme of pro-
ducing pig iron and then converting it to steel is a process
of producing and correcting a defect (Fig. 3, b, ¢).

Given the inconsistency of the existing production
chain — alternating reduction/oxidation, contamina-
tion/refining, and heating/cooling (Fig. 3, ¢) — together
with the costs of mining and transporting scarce cok-
ing coal and making coke, producing sinter and other
consumables, building modern, gigantic reduction units,
logistics, and environmental protection and compliance,
the costs of electrolysis are likely not substantially dif-
ferent from those of producing and reworking pig iron.
Producing iron by electrolysis of melts may already be
competitive for greenfield plants (Fig. 3, d). As noted
above, the enormous productivity of a blast furnace is
achieved by the simultaneous operation within its volume
of an immense number of solid electrolyte electrolyzers.
A similar electroreduction principle — using grid electri-
city — may be applicable at the metallization stage.

Concerns about excessively high electricity costs
for iron electrolysis also appear to be overstated. First,
producing 1 kg of iron by electrolysis requires roughly
four times less energy than producing the same mass
of aluminum. Second, reserves of high-quality cok-
ing coals are rapidly declining, whereas the availability
of comparatively inexpensive electric power is increa-
sing with the expansion of nuclear energy. Tellingly,
intensive research on the electrolytic production of iron
is underway in the United States and France, countries
with some of the highest shares of nuclear power genera-
tion [14 — 16].

[ HYDROGEN REDUCTION PROCESSES
AND TECHNOLOGIES

The prospect of producing iron by electrolysis of ore
melts appears entirely realistic for rich single-mineral
ores. At the same time, there are vast reserves of complex
and lean ores that are difficult or unsuitable for process-
ing by existing methods. The advisability of preparing
such ores for melt electrolysis also appears doubtful. Our
studies [18] have shown that, in these ores, iron can be
selectively reduced in the solid state, i.e., at relatively
low temperature; after separating the products of metal-
lization by melting, one can obtain carbon-free iron and
a concentrate of oxides of metals with lower electron
affinity than iron.

Accordingly, alongside producing iron by electrolysis
from rich ores, it is also promising to investigate selec-
tive reduction of iron in lean and complex sideritic, iron—
manganese, titanomagnetite, ilmenite, and other ores, fol-
lowed — after separation of the metallization products — by
obtaining iron and an oxide concentrate of reactive metals
(magnesium, manganese, titanium, chromium, and others).
The task is not only to maximize the reduction and reco-
very of iron, but also to maximize retention of valuable
oxides of reactive metals in the oxide phase. Our results
indicate that the most effective way to achieve this is to use
hydrogen rather than carbon as the reducing agent [19].

On a large industrial scale, the only truly realistic
alternative to carbon as a reducing agent for iron is hydro-
gen, the most abundant chemical element in the Universe.
It is also among the most effective energy carriers: burn-
ing 1kg of hydrogen releases about 140 MJ, whereas
1 kg of gasoline yields roughly 50 MJ, and 1 kg of coal
20 — 25 MJ. However, there is no free, concentrated
hydrogen on Earth; to use hydrogen as an energy carrier or
reducing agent, it must be produced by extracting it from
abundant compounds — water or hydrocarbons. Depen-
ding on the carbon footprint of its production, hydro-
gen is labeled by color, from “green” (lowest footprint),
obtained by electrolysis of water using renewable elect-
ricity, to “brown,” obtained by coal gasification. “Green”
hydrogen has the smallest carbon footprint, but it is also
the most expensive. Currently, the most accessible and
least costly routes of hydrogen production are processes
that split fossil hydrocarbons into hydrogen and carbon —
resources with which Russia is well endowed.

Because of several properties — its gaseous state; its
high affinity for oxygen at low temperature that decreases
as temperature rises; its negligible solubility in solid iron,
among others — hydrogen can in some cases be a more
effective reducing agent, particularly for selective solid-
phase reduction of iron in complex ores.

Gaseous hydrogen cannot replace solid fuel in a blast
furnace, but it can readily be used as a reducing agent
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in existing direct-reduction units in place of natural gas
(Fig. 4). As with carbon in the blast furnace, the chemi-
cal energy of hydrogen when oxidized by ore oxygen in
the fuel-cell stage of the reduction unit, is converted into
electrical energy, and that energy then drives metal reduc-
tion.

Analysis of the electrochemical processes based on
a hydrogen solid electrolyte electrochemical fuel cell
shows clear advantages of hydrogen over carbon for
waste-free processing of complex ores that are difficult
to treat by the blast-furnace route — ilmenite, titanomag-
netite, iron—manganese, sideritic, and others — yielding
new valuable products: carbon-free soft iron and valuable
concentrates of oxides of titanium, manganese, magne-
sium, and other active metals [18; 19]. At present, for
operating plants there is a commercially justified niche
for using comparatively inexpensive “gray” or “brown”
hydrogen to obtain carbon-free soft iron and valuable
oxide concentrates from complex ores (Fig. 5).

As for the reduction of iron with “green” hydrogen, —
produced by water electrolysis and often promoted as
a panacea for dangerous climate change [20 — 23], — its
role climate guarantor is doubtful, and its economic via-
bility is unlikely. This is because using “green” hydrogen

=

SACF Ay

as a reducing agent entails sequential double electrolysis:
first, electrolysis of the more stable oxide (water) using
renewable electricity; second, electrolysis of the less
stable iron oxide, driven by the electrical energy released
in the hydrogen electrochemical fuel cell. Moreover,
producing carbon-free iron via reduction with “green”
hydrogen would still require subsequent carburization
during melting in arc furnaces [24 —26]. Accordingly,
direct electrolysis of the less stable metal oxides remains
the more rational route.

- CONCLUSIONS

Metals do not contain discrete atoms, and ore oxides
contain no molecules: in both media, metals are present as
cations bound by the valence electrons of metal atoms —
by metallic bonding in metals and by ionic bonding in
ore oxides. Oxidation of metals is the loss of valence
electrons by metal atoms; reduction is the return of those
electrons to metal cations. In other words, oxidation and
reduction are electrochemical processes.

The electronic theory of reduction describes the trans-
fer of valence electrons from atoms of the reductant
to the cations of the metal being reduced. Under the con-

Fig. 4. Reasonable schemes for the use of hydrogen as a reducing agent for selective reduction of iron in complex ores in existing reducing units:
a — in tubular furnaces; b — in Midrex and Hill installations; ¢ — in multi-hearth furnaces

Puc. 4. LlenecooOpa3Hble CXEMbI HCIIONB30BaHUS BOIOPO/IA B KaUECTBE BOCCTAHOBUTEILS IS CEIEKTUBHOTO BOCCTAHOBICHHUS JKeIe3a
B KOMIUIEKCHBIX PyJax B CYIIECTBYIOLIHX BOCCTAHOBHUTEIIbHBIX arperarax:
a — B TpyOUYaThIX 1eyax; b — B ycTaHOBKax Mujipekc 1 Xt ¢ — B MHOTOIIOJIOBBIX Ie4ax
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ditions of industrial reduction units, the gas phase is
in a state of low-temperature plasma, while ore oxides
exhibit mixed electronic—anion conductivity. As a result,
electron exchange between reductants and metal cations
in ores does not even require physical contact between
the reductant and the ore.

The electronic theory of reduction describes the trans-
fer of valence electrons from atoms of the reductant
to the cations of the metal being reduced. Under the con-
ditions of industrial reduction units, the gas phase is
in a state of low-temperature plasma, while ore oxides
exhibit mixed electronic—anion conductivity. As a result,
electron exchange between reductants and metal cations
in ores does not even require physical contact between
the reductant and the ore.

In complex ores, the “free” electrons that form at
the surface can migrate together with anion vacancies
through the oxide crystal lattice until they encounter cati-
ons that, under the given conditions, have the highest
electron affinity. There they become trapped; at coalesced
anion-vacancy sites a metallic phase forms. In this way,

b _a
oo

Ilmenite FeO-TiO,

a

oxygen departing to the gas phase from one oxide can
lead to the reduction of cations within the crystal lattice
of a different oxide.

By their physical operating principle, reduction
units are electrochemical devices in which two familiar
electrochemical cells act in series: a fuel cell, which con-
verts the chemical energy of the reductant into the electri-
cal energy of “free” electrons, and a solid electrolyte
electrolyzer, which converts that electrical energy into
the chemical energy of metallic bonding in the cations
being reduced.

Since the final stage of any reduction reaction is
the uptake of “free” electrons by the cations being
reduced, the most direct route to reduction is to generate
these electrons at modern power stations and deliver them
to the cations via the electrical grid — that is, electrolysis.

Electrolysis of melts for the production of carbon-free
iron constitutes a promising pathway for processing rich,
single-mineral iron ores. A comparably promising avenue
for processing complex and lean ores is the selective,
low-temperature reduction of iron using hydrogen, with

Ilmenite FeO-TiO,

c

Fig. 5. Comparison of sequence and parameters (temperature (7) and time (¢))
of carbon (a) and hydrogen (b, ¢) solid-phase selective reduction of iron:
1-100 % Fe; 2—100 % TiO,

Puc. 5. CpaBHeHHE TOCIIEI0OBATEILHOCTH U apaMeTpoB (temreparypsl (7) u Bpemen# (1))
YIIEPOIHOTO (@) ¥ BOIOPOAHOTO (b, ¢) TBepAO]a3HOTO CEISKTUBHOTO BOCCTAHOBICHHMS JKee3a:
1—-100 % Fe; 2—100 % TiO,
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subsequent separation to obtain carbon-free iron together
with oxide concentrates of more active metals (e.g., man-
ganese, chromium, titanium).
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Modeling the distribution of components emitted from oiled scale between water, gas, and dust media in
blast furnace dedusting plant

Modeling the operation of ferroalloy furnace with increased power and electrode diameters
Promising designs of gas analyzers for metallurgy
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in a unit of combined casting and deformation. Part 1

Modeling and optimization of the effect of temperature seams on stress-strain state of spherical metal
casting molds

Metallization of ore-coal briquettes in an annular furnace heated by generator gas

Improving the design and thermal operation of a rotary kiln for production of metallurgical lime from chalk
Information modeling system for assessing instability of blast furnace functioning

Mathematical model of the blast furnace main trough lining condition

Methodology for calculating the flatness of cold-rolled steel strips

Electrochemistry of reduction processes and prospects for the development of reduction technologies
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