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Аннотация. Физическим моделированием с использованием вертикальной трубчатой электропечи оценили распределение масла из замас

ленной окалины между различными видами отходов газоочистки доменного производства: пылью, шламом и шламовой водой. Согласно 
математическому моделированию теплового состояния металлического контейнера с замасленной окалиной интенсивное испарение 
масла в доменной печи начинается после его загрузки и опускания вдоль шахты на глубину, примерно соответствующую трем подачам. 
Масло пропускали через нагретый до 500 °C слой агломерата и окатышей Михайловского ГОК массой 0,6 кг и крупностью частиц 
10 – 12 мм. Вместе с парами масла в слой железорудного сырья (ЖРС) подавали (вдували) тонко измельченный материал, имитиро-
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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 IORM 
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 % H2 ; 1.5 % CO; 0.5 – 7.0 % CO2 ; 3.2 – 22.2 % CH4 ; 0.1 – 2.5 % Σ(C2H4 , C2H6 , C3H6 , C3H8 ). 
The content of benzo(a)pyrene controlled in Russia in oil vapor did not exceed 0.00058 %. 
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 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 μm) 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).

вавший по компонентному и фракционному составам смесь колошниковой пыли и шламов вакуумной фильтровальной установки (ВФУ) 
доменного производства, взятых в соотношении 36:64. Физическое моделирование обеспечивало соответствие фактическому газодина-
мическому режиму в зоне рудного гребня доменной печи, исходя из равенства критерия Рейнольдса. Значение этого критерия, равное 
215, было достигнуто в лабораторной модели при подаче аргона с расходом 70 л/мин. По результатам эксперимента распределение масла 
составило, % от исходного количества: 74,8 % разложилось на слое ЖРС, соответствующем трем подачам; 9,1 % перешло в колошни-
ковую пыль; 15,9 % перешло в шлам ВФУ; в воде мокрой газоочистки масло отсутствовало; 0,2 % (30 мг) масла проходило мокрую 
газоочистку в форме аэрозоля; на стенках трубопровода наблюдалось незначительное количество сажи. Газовая фаза процессов разло-
жения масла содержала: 70 – 90 % H2 ; 1 – 5 % CO; 0,5 – 7,0 % CO2 ; 3,2 – 22,2 % СH4 ; 0,1 – 2,5 % Σ(C2H4 , C2H6 , C3H6 , C3H8 ). Содержание 
контролируемого в России бензо(а)пирена в парах масла не превышало 0,00058 %. 
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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 nm3;
– 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;

– 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 × 0.32 mm × 0.25 μm.

 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 

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

Схема экспериментальной установки для физического 
моделирования влияния масла на состав колошниковой пыли, 

шлама и воды:
1 – резервуар с пылью; 2 – резервуар с маслом; 
3 – лабораторная электрическая трубчатая печь; 

4 – слой железорудного сырья; 
5 – емкость для «сухого» улавливания пыли; 

6 – емкость с водой для «мокрого» улавливания шлама
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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 % H2 ; 1 – 5 % CO; 0.5 – 7.0 % CO2 ; 
3.2 – 22.2 % СH4 ; 0.1 – 2.5 % Σ (C2H4 , C2H6 , C3H6 , 
C3H8 ). 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 CO2 , 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 IORM 
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 % H2 ; 1 – 5 % CO; 0.5 – 7.0 % CO2 ; 
3.2 – 22.2 % СH4 ; 0.1 – 2.5 % Σ (C2H4 , C2H6, C3H6  , 
C3H8 ). 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

Характеристики и содержание полиядерных ароматических углеводородов в пробе конденсата паров масла

Substance Fluorene Phenanthrene Anthracene Fluoranthene Pyrene Chrysene Benzo[a]pyrene

Molecular formula C13H10 C14H10 C14H10 С16H10 С16H10 C18H12 C20H12

Molecular weight, a.u. 166 178 178 202 202 228 252

Boiling point, °С 294 340 340 382 402 448 495

IARC carcinogenicity 
classification*) 3 3 3 3 3 2В 1

Content in sample, % 8.0·10–5 5.6·10–2 – 7.9·10–5 7.2·10–5 3.0·10–4 5.8·10–4

*IARC – International Agency for Research on Cancer.
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Аннотация. На электролитической модели авторы исследовали работу ферросплавной печи при увеличении диаметра электродов и повы-

шении мощности. В качестве рабочего тела использовали традиционный водный раствор c концентрацией 0,2 % NaCl. Диаметр элек-
тродов увеличивали от 30 до 150 мм. Параметры печей мощностью от 7,5 – 10,5 до 81 МВ·А при выплавке ферросилиция соответст-
вуют результатам опытов моделирования, которые были подтверждены при выплавке 45 %-ного ферросилиция в промышленных печах 
с аналогичными относительными технологическими параметрами. Вид зависимости снижения сопротивления ванны от увеличения 
диаметра электродов для промышленных ферросплавных печей аналогичен зависимости, полученной в результате опытов по моделиро-
ванию. Фактор значительного снижения сопротивления ванны от увеличения диаметра электрода для ферросплавных печей различной 
мощности при выплавке одного сплава имеет весьма существенное значение. При увеличении силы тока электрода снижаются электри-
ческий КПД, коэффициент мощности печи и доля активной мощности в ванне технологического процесса. Проведенный анализ пара-
метров печей при выплавке 45 %-ного ферросилиция подтверждает выводы электролитического моделирования ферросплавных печей 
о значительной роли увеличения диаметра электродов печей в снижении активного сопротивления ванны. 
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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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 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  105 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 Dhearth = de + 2а, where de  is 
the  electrode diameter, mm and а  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)de , with 
an average value of  0.9de . For all experiments, it was 
assumed that Dhearth = 2.8de . For ferroalloy smelting, 

the  electrode–hearth distance corresponds to  the  range 
of  (0.6 ÷ 0.8)de  [8] (expressed in electrode diameters). 
The relative sub-electrode gap (h/de ) was set at 0.7 
of the electrode diameter. The electrode immersion depth 
Δh 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: 
ρ = const  – specific electrical resistivity of  the  model 
bath, Ω·cm; h/de = const – sub-electrode gap, expressed in 
electrode diameters; Δh/de = const – electrode immersion 
depth, in electrode diameters; t = 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, Ract (mΩ), was determined 
according to the relation

where Uoper  is the  operating voltage at the  transformer 
stage, V, cos φ is the  furnace power factor, and Ie  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. 

 Discussion 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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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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Аннотация. Газовый анализ – один из ключевых методов оценки качества атмосферного воздуха в населенных пунктах, а также в рабочей 

зоне производств. Особенно необходим мониторинг атмосферного воздуха на объектах, оказывающих значительное негативное 
воздействие на окружающую среду, в частности, на предприятиях черной металлургии. Особенность газоанализаторов, используемых 
для системы наблюдения за качеством воздуха, заключается в их чувствительности и селективности. Для достижения данных показателей 
необходим правильно подобранный чувствительный элемент: преобразователь газоанализатора. В качестве материалов для изготовления 
преобразователей предлагаются синтезированные твердые растворы полупроводниковых бинарных компонентов, которые зарекомендо-
вали себя как хорошие адсорбенты. В настоящей работе авторы рассмотрели полупроводниковые системы, состоящие из ZnTe и CdSe, 
условия синтеза твердых растворов на их основе, способы их идентификации, которые позволили аттестовать полученные материалы как 
твердые растворы замещения с кубической структурой (сфалерита) и гексагональной структурой (вюрцита) (в зависимости от состава). 
Выполненные рентгенографические, микро-, электронно-микроскопические, ИК-спектроскопические исследования твердых растворов 
позволили понять структуру поверхности адсорбентов. Результаты исследований химического состава поверхности, кислотно-основных 
свойств твердых растворов и бинарных компонентов систем позволяют сделать вывод о присутствии на поверхности льисовских и брен-
стедовских кислотных центров, отвечающих за адсорбцию СО на поверхности. В системах ZnTe – CdSe наблюдается тенденция перехода 
от слабокислой области к относительному повышению основности поверхности с увеличением содержания ZnTe. При помещении мате-
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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 Brønsted 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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 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.

 Materials and methods

The study investigated fine powders of the binary com-
pounds ZnTe and CdSe, along with their solid solutions 
(ZnTe)x(CdSe)1 – x , 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 m2/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 CuKα radiation (λ = 0.15406 nm) at Т = 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 

риалов в атмосферу СО в такой же зависимости происходит адсорбция газа на поверхности твердых растворов, что подтвердили прямые 
каталитические исследования. Установленные закономерности изменений с составом объемных и поверхностных свойств позволяют 
рекомендовать новые полученные материалы в качестве первичных преобразователей сенсоров-датчиков. 
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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)x(CdSe)1 – x ) 
released equal and minimal amounts of Н+ and ОН– ions. 
These materials exhibited distinct isoelectric points cor-
responding to their minimum solubility. The рНiso 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  725 K  [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 (а, с), unit cell volume (Vp ),  
interplanar spacing (dhkl ), and X-ray density (ρr ) 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 µm 
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-

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

where S is the  specific geometric surface area, m2/kg; 
di is the mean diameter of particles in each fraction; n is 
the number of particles in the system; ρ is the X-ray den-
sity of the particles; ds , dn , 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 ОН– (Brønsted 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)0.26(CdSe)0.74 and (ZnTe)0.68(CdSe)0.32 
(Fig. 2). These compositions therefore demonstrate 
the highest surface acidity, indicating a strong adsorption 

Table 1. Mode of obtaining solid solutions 
based on the ZnTe – CdSe system components

Таблица 1. Режим получения твердых растворов 
на основе компонентов системы ZnTe – CdSe

Mode Holding 
temperature, °С

Holding  
time, h

Heating

300 21.0
500 19.0
600 10.0
700 37.0
800 29.0
900 20.5
1000 29.0

Cooling
900 50.0
700 25.0
500 111.0

Total   351.5
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capacity of  (ZnTe)0.26(CdSe)0.74 and  (ZnTe)0.68(CdSe)0.32 
toward basic gases.

The increased surface activity (ZnTe)0.68(CdSe)0.32 
and (ZnTe)0.26(CdSe)0.74 solid solutions is further sup-
ported by the  results of  acid–base property analysis. 
The рНiso 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)0.68(CdSe)0.32 and (ZnTe)0.26(CdSe)0.74 , 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].

Fig. 1. SEM images of powders CdSe (а), (ZnTe)0.26(CdSe)0.74 (b), (ZnTe)0.68(CdSe)0.32 (c) and ZnTe (d) 
obtained at different magnifications (1 – 2) 

Рис. 1. SEM изображения порошков CdSe (а), (ZnTe)0,26(CdSe)0,74 (b), (ZnTe)0,68(CdSe)0,32 (c) и ZnTe (d), 
полученных при разном увеличении (1 – 2)

Table 2. Results of particle counting by microscopic analysis

Таблица 2. Результаты подсчета частиц микроскопическим анализом

Composition
Number of particles by size range, µm

5 – 7 10 – 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)0.12(CdSe)0.88 – 5 2 5 3 6 1 – – – –
(ZnTe)0.26(CdSe)0.74 – 4 9 6 4 3 – – – – –
(ZnTe)0.68(CdSe)0.32 – 5 4 2 4 4 – – – – –
(ZnTe)0.75(CdSe)0.25 – 3 2 4 6 4 2 – – – –

ZnTe – 1 – – 2 4 – 4 3 1 3
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The most pronounced difference in рНiso 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 рНiso behavior in a CO atmosphere, along with 
IR spectroscopic data indicating enhanced CO adsorption 

in CO + O2 mixtures [19], allows for a preliminary (pre-
adsorption testing) prediction of high catalytic activity in 
(ZnTe)0.26(CdSe)0.74 and  (ZnTe)0.68(CdSe)0.32 . 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 (χCO ) even at room 
temperature. For the  (ZnTe)0.26(CdSe)0.74 composition, 
the CO conversion rate reaches 79 %. As the temperature 
increases, χCO 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)0.26(CdSe)0.74 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)0.26(CdSe)0.74 
and (ZnTe)0.68(CdSe)0.32 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 

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

Рис. 2. Зависимость общей концентрации кислотных центров 
компонентов системы ZnTe – CdSe, экспонированных на воздухе

Table 3. Results of variance analysis

Таблица 3. Результаты дисперсионного анализа

Composition dn , µm S, m2/kg K

CdSe 19.0 47.3 0.76

(ZnTe)0.12(CdSe)0.88 14.3 44.4 0.56

(ZnTe)0.26(CdSe)0.74 18.3 50.6 0.82

(ZnTe)0.68(CdSe)0.32 19.4 46.6 0.81

(ZnTe)0.75(CdSe)0.25 17.5 42.6 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 (I)  
and in the CO atmosphere (II) 

Таблица 4. Значения рН изоэлектрического состояния 
поверхности твердых растворов ZnTe – CdSe  

(x – мол. доли ZnTe) при экспонировании на воздухе (I) 
и в атмосфере СО (II)

Exposure 
conditions

Surface isoelectric point (рН)  
of ZnTe – CdSe solid solutions at x 

0 12 26 68 75 100
I 7.87 7.21 7.15 7.12 7.01 6.84
II 8.35 7.37 7.82 7.75 7.32 7.80

Fig. 3. Dependence of transformation degree (χCO ) 
on temperature (T) of the ZnTe – CdSe system components: 

ZnTe (1), (ZnTe)0.68(CdSe)0.32 (2), (ZnTe)0.26(CdSe)0.74 (3), CdSe (4) 

Рис. 3. Зависимости степени превращения (χCO ) 
от температуры (T) компонентов системы ZnTe – CdSe:  

ZnTe (1), (ZnTe)0,68(CdSe)0,32 (2), (ZnTe)0,26(CdSe)0,74 (3), CdSe (4)
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toward carbon monoxide. Their enhanced adsorption 
capacity in both СО and СО + О2 atmospheres was fur-
ther confirmed by IR spectroscopy. 

 Conclusions

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)0.26(CdSe)0.74 and (ZnTe)0.68(CdSe)0.32 , 
making them suitable for use in environmental diag-
nostics to  detect carbon monoxide in the workplace air 
of metallurgical enterprises. 
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Аннотация. Созданный в начале XXI века новый класс материалов – высокоэнтропийные сплавы – привлекает внимание исследователей 

в области физического материаловедения. На основе анализа литературных данных последних лет рассмотрено современное состояние 
проблемы создания и исследования средне- и высокоэнтропийных быстрорежущих сталей. Благодаря твердорастворному упрочнению 
и упрочнению нановыделениями на основе средне- и высокоэнтропийных сплавов сложного состава возможно создание быстрорежущих 
сталей с высокими твердостью, термической стойкостью и ударной вязкостью. Приведенные результаты исследований трибологических 
характеристик и микротвердости быстрорежущих сталей свидетельствуют о зависимости этих характеристик от энтропии. Наименьшие 
значения сил резания и контактных температур характерны для режущего инструмента из быстрорежущей стали с высоким уровнем 
энтропии. Таким образом, при разработке новых быстрорежущих марок предпочтение следует отдавать составам с высоким уровнем 
энтропии, поскольку они обеспечивают лучшие трибологические характеристики и более высокую износостойкость. Методами совре-
менного физического материаловедения изучено структурно-фазовое состояние наплавки в среде азота высокоэнтропийной быстроре-
жущей молибденовой стали неэквиатомного состава на среднеуглеродистую сталь. Методами рентгеноспектрального анализа определен 
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Abstract. A new class of materials created at the beginning of the 21st 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 α-iron (88 wt. %) and γ-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. 
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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  21st 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 R6M5, R7M4K5, 
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-

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.

In recent 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 Fex(Al, Co, Cr, Cu, Ni)88.05Mo5N6C0.95 . 
The results demonstrated that this alloy shows supe-
rior hardness after quenching and tempering compared 
to the conventional R6M5 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 Me2C-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 Fe68(Al, Co, Cr, Cu, Mo, Ni, V, W)32 . 
The resulting coating exhibited a hard martensitic matrix 

элементный состав поверхностного слоя наплавки, а рентгенофазным анализом установлено, что твердые растворы на основе α-железа 
(88 мас. %) и γ-железа (12 мас. %) являются основными фазами материала наплавленного слоя. Проведенный расчет конфигурационной 
энтропии данной быстрорежущей высокоэнтропийной стали дает значение 1,93R (где R – универсальная газовая постоянная). Сделан 
вывод об актуальности и перспективах разработки и исследования высокоэнтропийных сплавов. 

Ключевые слова: высокоэнтропийная быстрорежущая сталь, трибологические свойства, структура, фазовый состав, карбидная фаза, меха-
низмы упрочнения
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with secondary hardening and a network of  coherent 
nanoscale Me2C 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 R6M5. 
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] 

Таблица 1. Состав и термическая энтропия быстрорежущих сталей [12; 13]

Steel S, J/(mol·K) Composition
R6M3 26.86 W (6 %) + Mo (3 %) + Fe
R6M5 27.26 W (6 %) + Mo (5 %) + Fe
R6M4F4 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
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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 
R6M5 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-

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-

Fig. 1. Dependence of microhardness (H) and microelastic modulus (E) 
of surface layers on entropy of high-speed steel [12; 13] 

Рис. 1. Зависимость микротвердости (Н) и модуля 
микроупругости (E) поверхностных слоев 
от энтропии быстрорежущей стали [12; 13]
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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. 

 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. 

The chemical composition of  30KhGSA steel (wt. %): 
C 0.3; Cr 0.9; Mn 0.8; Si 0.9; balance – Fe. The chemi-
cal composition of  the  M10 surcacing alloy (wt. %): 
Mo 11.87; Cr 4.24; Co 3.48; V 1.77; Si 0.94; 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 – 55 V, 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 CuKα radiation. 
Phase identification was carried out using the  PDF-4+ 
database in combination with full-pattern refinement via 
POWDER CELL 2.4 software.

 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, 

Fig. 2. Electron microscopic image of structure of the deposited layer 
after polishing and etching (a) 

and energy spectra (b) obtained from the surfacing section shown in a

Рис. 2. Электронно-микроскопическое изображение структуры 
наплавленного слоя после полирования и травления (а) 

и энергетические спектры (b), полученные с участка наплавки, 
изображенного на поз. a

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

Таблица 2. Результаты микрорентгеноспектрального 
анализа элементного состава участка наплавленного 

слоя, электронно-микроскопическое изображение 
которого представлено на рис. 1, а

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 α-iron 
(88 wt. %) and γ-iron (12 wt. %). The formation of these 
solid solutions is corroborated by notable deviations 
of the measured lattice parameters – 0.28803 nm for α-Fe 
and 0.36050 nm for γ-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.

 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 R6M5. 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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Аннотация. Рассматриваемый аналитический метод определения оптимального режима упрочняющей импульсной лазерной обработки (ЛО) 

вольфрамокобальтовых твердых сплавов основан на исследовании закономерностей формирования температурного поля при упрочнении 
твердых сплавов, определении термических напряжений, возникающих в зоне лазерного воздействия (ЗЛВ) при лазерной импульсной 
обработке, и сравнении их с напряжениями разрушения отдельных структурных элементов сплава. Оптимальными режимами упроч-
няющей ЛО сплавов группы ВК считаются режимы, удовлетворяющие двум критериям. Во-первых, температура на поверхности ЗЛВ 
должна находиться в интервале 1290 °С < T < 1400 °С, когда в ЗЛВ не присутствуют разупрочняющие сплав фазы типов η-Co3W3C, 
θ-Co3W2C, χ-Co3W9C4 , а укрупнение зерен карбидной фазы незначительно. Во-вторых, в ЗЛВ недопустимо появление трещин произволь-
ного масштаба, то есть термические напряжения, возникающие в результате ЛО, не должны превышать напряжений разрушения струк-
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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 η-Co3W3C, 
θ-Co3W2C, or χ-Co3W9C4 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/mm2 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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 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.

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 CO2 
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).

турных элементов сплава. Расчет термических напряжений, возникающих в твердом сплаве при лазерной обработке в пределах одного 
карбидного зерна, выполняется в соответствии с законом Гука. Расчеты, выполненные как для однократной, так и для многократной 
обработки, позволяют установить, что для всех исследованных режимов при вариации плотности энергии лазерного излучения от 0,9 
до 1,8 Дж/мм2 и кратности обработки от 1 до 10, когда температура на поверхности находится в диапазоне 1290 ‒ 1400 °С, термические 
напряжения в карбидной фазе меньше минимальных напряжений разрушения и не превосходят 80 МПа. Предложенный аналитический 
метод определения предельных энергетических характеристик позволяет установить режимы импульсной ЛО, которые обеспечивают 
дисперсионное упрочнение твердых сплавов вольфрамокобальтовой группы при отсутствии деструктивных изменений в ЗЛВ. Полу-
ченные данные о режимах бездефектной лазерной обработки хорошо согласуются с более ранними результатами измерений сигнала 
акустической эмиссии при обработке твердых сплавов (сплава ВК8). 

Ключевые слова: лазерная импульсная обработка, вольфрамокобальтовый твердый сплав, трещиностойкость, температурное поле, термичес
кие напряжения, градиент температуры, карбидная фаза
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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 α-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 (αWC = 4.4·10–6 °C–1; 
αCo = 14.2·10–6 °C–1  [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 

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.

 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 (ε) ranged from 0.8 to 1.8 J/mm2, 
with a pulse duration of  τ = (5 – 11)·10–3 s 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 4×4 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 

Fig. 1. Cracks on the surface of laser treatment  
zone (VK8 alloy) at energy density 2.0 J/mm2,  

treatment multiplicity 10

Рис. 1. Трещины на поверхности зоны лазерной обработки 
(сплав ВК8) при плотности энергии 2,0 Дж/мм2, 

кратности обработки 10
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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 (σf ) 
of  the  structural elements in the VK8 alloy are as fol-
lows: cobalt binder layer (1.5 µm thick): σf = 5000 MPa, 
WC grain (2 µm): σf = 180 MPa, WC – WC boundary: 
σf = 80 MPa, WC – Co boundary: σf = 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 

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:

		              σ = ΔТαЕ,	 (1)

where ΔT is the  temperature difference within the grain 
depth during LT; α = 4.9·10‒6 °С‒1 is the  coefficient 
of linear thermal expansion [2]; E = 628 GPa is Young’s 
modulus [2]. 

The grain size of  the  carbide phase in hard alloys 
ranges from 0.5 to 6.0 µm [18]. For the purposes of vali-
dating the  calculation methodology, an average carbide 
grain size of 4 µm 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.

 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 (Тm ) profiles of the carbide phase (WC) as a function 
of depth (z) within the LEZ, under various values of laser 
energy density (ε) and number of laser pulses (N).

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.

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

Рис. 2. Структурные элементы вольфрамокобальтового сплава 
и схема его лазерной обработки
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According to the simulation results, this optimal tem-
perature range corresponds to LT modes 4 (ε = 1.4 J/mm2, 
N = 1), 5  (ε = 1.5 J/mm2, N = 1), 9  (ε = 1.2 J/mm2, 
N = 5), and 13  (ε = 1.0 J/mm2, 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 

η-Co3W3C, θ-Co3W2C, or χ-Co3W9C4 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 ε = 0.9 J/mm2 
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

Таблица 1. Расчетные значения температуры на поверхности ЗЛВ (z = 0) при различных режимах ЛО

Parameter Value
ε, J/mm2 0.8 1.0 1.1 1.2
N 1 5 10 1 5 10 10 1 5 10
T, °С 806 (1) 945 (5) 1117 (12) 987 (2) 1159 (3) 1371 (10) 1486 (10) 1145 (8) 1349 (9) 1606 (14)
ε, J/mm2 1.4 1.5 1.8 0.8 1.2
N 1 5 10 1 5 1 without raster N = 1
T, °С 1300 (4) 1542 (10) 1844 (15) 1385 (5) 1641 (11) 1600 (6) 990 (16) 1350 (17)

N o t e. The numbers in parentheses indicate the curve (mode) number in Fig. 3.

Fig. 3. Temperature of VK6 alloy carbide phase as a function of LEZ depth under various irradiation 
conditions using a raster: 

 ‒ N = 1;  ‒ N = 5;  ‒ N = 10; 
1, 7, 12 – ε = 0.8 J/mm2; 2, 3, 13 – ε = 1.0 J/mm2; 8, 9, 14 – ε = 1.2 J/mm2; 4, 10, 15 – ε = 1.4 J/mm2; 

5, 11 – ε = 1.5 J/mm2; 6 – ε = 1.8 J/mm2; 16, 17 – without raster at N = 1 and ε 0.8 and 1.2 J/mm2

Рис. 3. Температура карбидной фазы сплава ВК6 в зависимости от глубины ЗЛВ при различных 
условиях облучения с использованием растра:

 ‒ N = 1;  ‒ N = 5;  ‒ N = 10; 
1, 7, 12 – ε = 0,8 Дж/мм2; 2, 3, 13 – ε = 1,0 Дж/мм2; 8, 9, 14 – ε = 1,2 Дж/мм2; 4, 10, 15 – ε = 1,4 Дж/мм2; 

5, 11 – ε = 1,5 Дж/мм2; 6 – ε = 1,8 Дж/мм2; 16, 17 – без применения растра при N = 1 и ε 0,8 и 1,2 Дж/мм2
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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/mm2, the target tempera
ture range is reached with fewer pulses. For example, 
at ε = 1.1 J/mm2, it is achieved by the 7th or 8th pulse, and 
at ε = 1.4 J/mm2 – by the 1st or 2nd pulse.

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 t = 0,5τp (i.e., at the  midpoint 
of  the  laser pulse duration), the  temperature difference 
ΔТ required for calculating thermal stresses using equa-
tion  (1) was obtained from the  analytical temperature 
distribution T(z, t) 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 T(z, t) 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 < T < 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-

Fig. 4. Change in temperature of VK6 alloy surface under repeated irradiation (ε = 0.9 J/mm2) 

Рис. 4. Изменение температуры на поверхности сплава ВК6 при многократном облучении (ε = 0,9 Дж/мм2)

Fig. 5. Temperature range of hardening of VK6 alloy 
under repeated irradiation at J/mm2:

1 – 0.9; 2 – 1.0; 3 – 1.1; 4 – 1.2; 5 – 1.3; 6 – 1.4

Рис. 5. Диапазон температур упрочнения сплава ВК6 
при многократном облучении, Дж/мм2:

1 – 0,9; 2 – 1,0; 3 – 1,1; 4 – 1,2; 5 – 1,3; 6 – 1,4
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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 (NΣ = 0) lies below the  curve in Fig. 6 and 
corresponds to  the  following LT conditions: N = 10 
at ε = 1.25 and 1.30 J/mm2; N = 9 at ε = 1.5 J/mm2; N = 6 
at ε = 1.25 J/mm2; N = 1 at ε = 1.6 J/mm2. 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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Аннотация. В статье решается задача определения температуры калиброванных бойков установки совмещенного литья и деформации при 

получении стальных полых заготовок. Авторы обосновывают актуальность определения температурных полей и термоупругих напря-
жений в калиброванных бойках при обжатии стенки полой заготовки и на холостом ходу при охлаждении бойков водой, приводят проч-
ностные и теплофизические свойства стали, из которой изготовлены бойки. Показана геометрия бойка для получения полой заготовки 
за один проход. Приводятся исходные данные для расчета температурного поля бойка установки совмещенного литья и деформации при 
получении полых заготовок, а также представлены температурные граничные условия для расчета температурных полей бойков. Статья 
описывает граничные условия для определения температуры бойка и значения теплового потока и эффективного коэффициента тепло-
отдачи. Результаты расчета температурных полей были выполнены в четырех сечениях для характерных линий и точек, расположенных 
на контактной поверхности бойка и в приконтактном слое на глубине 5 мм от рабочей поверхности. Размеры сетки конечных элементов 
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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
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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]. 

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 °С. 

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 E, density ρ, thermal conductivity λ, heat 
capacity c, coefficient of  linear expansion α, and yield 
strength σy [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 (1,  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 

Fig. 1. Geometry of the striker with dimensions

Рис. 1. Геометрия бойка с размерами

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

Рис. 2. Геометрия половины бойка (часть видимых линий)

приведены для использования при расчете температурного поля бойков. Температурное поле бойков с буртами определялось на основе 
решения уравнения нестационарной теплопроводности с соответствующими начальными и граничными условиями. Представлены вели-
чины и закономерности распределения температуры в калиброванном бойке при обжатии стенки полой заготовки и на холостом ходу при 
получении за один проход полой заготовки на установке совмещенного литья и деформации. 

Ключевые слова: установка, калиброванные бойки, литье, деформация, кристаллизатор, полая заготовка, температурное поле, конечный эле-
мент
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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  1), 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]:

 

		   	 (1)

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

The initial condition for T( , t) is: 

		          	 (2)

The initial temperature of the strikers is 20 °С.
For the working surface of the striker, boundary con-

ditions of the second kind have the form

		           	 (3)

where q 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

		      	 (4)

where α1 is the  effective heat transfer coefficient on 
the  working surface during the  pause; Тk = 60 °С 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

		      	 (5)

where α2 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

Таблица 1. Наименования линий для трех сечений, точки, через которые проходят эти линии

Line Points Line Points Line Points
Section 1 Section 2 Section 3

XZ_L1_S1 1_S1, 2_S1, 3_S1 XZ_L2_S2 1_S2, 2_S2, 3_S2 XZ_L3_S3 1_S3, 2_S3, 3_S3
XYZ_L1_S1 4_S1, 5_S1, 6_S1 XYZ_L2_S2 4_S2, 5_S2, 6_S2 XYZ_L3_S3 4_S3, 5_S3, 6_S3
YZ_L1_S1 7_S1, 8_S1, 9_S1 YZ_L2_S2 7_S2, 8_S2, 9_S2 YZ_L3_S3 7_S3, 8_S3, 9_S3
R_L1_S1 1_S1, 4_S1, 7_S1 R_L2_S2 1_S2, 4_S2, 7_S2 R_L3_S3 3_S3, 4_S3, 7_S3

R_5mm_L1_S1 2_S1, 5_S1, 8_S1 R_5mm_L2_S2 2_S2, 5_S2, 8_S2 R_5mm_L3_S3 2_S3, 5_S3, 8_S3

Fig. 3. Position of points and lines in section 2  
(sections are shown in Fig. 2) 

Рис. 3. Положение точек и линий в сечении 2  
(сечения указаны на рис. 2)
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depending on the calculation case; Тa = 60 °С 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 1 – 3; Table 1, 
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 1 on 
the plane of symmetry.

At a depth 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 °С 
(points  8_S3 and 2_S1). The maximum is again in sec-
tion 1 on the plane of symmetry.

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

Таблица 2. Значения температур во всех точках линий

Section 1 Section 2 Section 3

Point
Temperature, °С

Point
Temperature, °С

Point
Temperature, °С

WC HF WC HF WC HF
1_S1 370 451 1_S2 365 445 1_S3 354 435
2_S1 392 392 2_S2 386 386 2_S3 373 373
3_S1 370 370 3_S2 350 350 3_S3 310 310
4_S1 368 448 4_S2 360 441 4_S3 348 429
5_S1 389 389 5_S2 381 381 5_S3 366 366
6_S1 344 344 6_S2 330 330 6_S3 285 285
7_S1 304 385 7_S2 294 375 7_S3 289 370
8_S1 314 314 8_S2 302 302 8_S3 295 295
9_S1 286 286 9_S2 252 252 9_S3 221 221
N o t e. WC and HF denote the temperature at the end of the pause and at the end of the working 

stroke (end of contact), respectively.

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 (a) and from the contact surface 
to a depth of 5 mm (b) 

Рис. 4. Характер температур вдоль линии XZ_L2_S2 
в зависимости от воздействия на боек теплового потока (HF) 

и охлаждения водой (WC) по толщине бойка (а) и от поверхности 
контакта на глубине 5 мм (b)
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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 °С 
(points 6_S3 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 1 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 °С.
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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

Рис. 5. Характер температур вдоль линии R_L2_S2 
в зависимости от воздействия на боек теплового потока (HF) 

и охлаждения водой (WC)
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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. 
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Аннотация. Задачей настоящего теоретического исследования является оценка влияния кольцевых температурных швов на внутренней 

поверхности литейной металлической сферической формы на уровень напряженно-деформированного состояния (НДС) в ней при 
кристаллизации стальной отливки. Специфика данного технологического процесса состоит в геометрической форме (сфера) литейной 
модели, когда кристаллизующийся металл создает во внутренней поверхности литейной формы (в первые мгновения) значительные 
сжимающие напряжения, которые усиливаются кривизной формы: внутренний слой формы, нагреваясь, пытается увеличиться 
в  объеме, но этому препятствуют не только более холодные внешние слои, но и кривизна самого поверхностного слоя. Рассмат
риваются два варианта применения литейной формы: со швами и без них. Формулируется задача оптимизации конструктивных пара-
метров температурных швов (выточек) от величины возникающих в литейной форме нормальных напряжений в начальной стадии 
кристаллизации стальной отливки. При решении задачи используются уравнения линейной теории упругости, уравнения теплопро-
водности и апробированный численный метод. Приведена численная схема и разработанный алгоритм решения задачи. Оценка трещи-
ностойкости проводится по величине нормальных напряжений в металлической сферической форме. Найденные в результате решения 
тестовой задачи оптимальные конструктивные варианты (схемы) литейной сферической металлической формы зависят от располо-
жения температурных швов в оболочковой форме, значений напряжений в них в условиях целевой функции min-max и разработанного 
алгоритма. Результаты решения задачи представлены графически в виде эпюр напряжений и температур по исследуемой области 
в разных сечениях и временах охлаждения ОФ и нарастающей корочки металла. Дан анализ полученных результатов стойкости метал-
лической сферической литейной формы. 

Ключевые слова: металлическая литейная форма, отливка, напряженно-деформированное состояние, моделирование, оптимизация
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Моделирование и оптимизация влияния температурных швов 
на напряженно-деформированное состояние 
сферических металлических литейных форм

А. И. Евстигнеев , Д. В. Чернышова, В. И. Одиноков, Э. А. Дмитриев,
А. А. Евстигнеева, Ю. Б. Колошенко, Д. А. Потянихин

 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 solution1 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].

1 Pat. No. 2828801. Multilayer shell mold for casting / V.I. Odinokov, 
A.I. Evstigneev, E.A. Dmitriev, D.V. Chernyshova, Yu.I. Tkacheva, 
A.N. Namokonov. Appl. 05.03.2024; publ. 21.10.2024. Bull. No. 30.

https://fermet.misis.ru/index.php/jour/search/?subject=металлическая литейная форма
https://fermet.misis.ru/index.php/jour/search/?subject=отливка
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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  τ ≤ 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]. 

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: I – liquid phase (steel); II – solid phase (solid 
metal); III – 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 A presents a sketch of an annular recess on 

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 σ22 are minimized.

The objective function for this condition is defined as:

	         	 (1)

with constrains

		           	 (2) 

here, Q is the area of the meridional cross section of mold.
The constraint on τ 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 σ22 , and σ33 in cross sections begin to  decrease 
at τ > 10 с. The constraint on the  recess opening angle γ0 

Fig. 1. Calculation scheme of the system with indication 
of the surface to the boundary conditions of the problem: 

S1 – contact surface of the liquid and solidified metal; 
S2 – inner contact surface of the solidified metal and the metal mold; 

 – outer surface of the metal mold in contact 
with the support structure (SS);  – outer surface 
of the metal mold in contact with the environment; 

I – liquid metal (LM); II – solid metal (SM); 
III – metal casting mold (MCM); 

IV – support structure (SS); F – funnel

Рис. 1. Расчетная схема системы с указанием поверхности 
к граничным условиям задачи: 

S1 – поверхность контакта жидкого и затвердевшего металла; 
S2 – внутренняя поверхность контакта затвердевшего металла 

и металлической формы;  – внешняя поверхность 
металлической формы контакта с опорной конструкцией (SS); 

 – внешняя поверхность металлической формы контакта  
с окружающей средой; 

I – жидкий металл (LM); II – твердый металл (SM); 
III – литейная металлическая форма (MCM); 

IV – опорная конструкция (SS); F – литниковая воронка

Fig. 2. Scheme of the system I (LM) – II (SM) – III (MCM)  
for optimizing the structure with two recesses on the mold inner surface

Рис. 2. Схема системы I (LM) – II (SM) – III (MCM)  
к оптимизации конструкции с двумя выточками  

на внутренней поверхности формы
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arises from the condition that the reduction in compressive 
stress σ22 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  .

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

‒ domain I (liquid metal):

		  	 (3)

‒ domains II and III (solid metal and mold):

	     	 (4)

where Ui  is displacements; εij  is strain compo-
nents; σ  is hydrostatic stress; p = I, II, III  – computa-
tional domains; Gp(θ)  is shear modulus in domain p 
(p = II, III); Gp (p = II, III)  – shear modulus for solid 
metal (p = II) and mold material (p = III); δij  is Kro-
necker delta; kp  is bulk compression coefficients; αp  is 
coefficients of  linear thermal expansion (p = II, III); 
ap  is thermal diffusivity (p = I, II, III); θ  is current tem-
perature; τ  is time;  is initial temperatures in domains  
 

p = I, II, III; P1  is pressure in the  domain I;   

λp  is thermal conductivity; cp  is specific heat capacity; 
γp is specific weight; Δ is Laplace operator.

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

		  	 (5)

where θ1 , θ2  are temperatures of  the  solid and liquid 
phases; λ1 , λ2  are thermal conductivities of  the  solid 
and liquid phases; L is latent heat of fusion; ρ 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 δxn varies linearly, and the  tempe

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 δxn at a given 
time step  [21]:

	             	 (6)

where  is the temperature drop in the solid phase near 
the crystallization front.

Initial conditions for problem (3), (4):
–    – no solid phase present in the metal;

–    – temperature of the poured liquid metal 
(1500 °С);

–    – initial temperature of the mold (20 °С).

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:

U3 = 0; σ31 = σ32 = 0; ε31 = ε32 = 0.

Boundary conditions for equations (3), (4) (see Fig. 1):
– on the axis of symmetry

U2 = 0; σ21 = 0; qhf = 0;

– on surfaces S1 – S8

       (7)

where qhf  is heat flux;   – 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 Odyssey2. 

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 τ* = 15 s in problem (1) with 
constraints (2) is divided into a finite number of  time 
steps: τ* =   where n 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:  , φ, γ0 .

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

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  is 
determined by solving the heat conduction equation using 
the initial and boundary conditions for that step.

9. If the  temperature at surface S2 in domain I satis-
fies    ≤ θc , the thickness of the solidified shell is calcu-  

lated using equation (6); and the computational mesh is 
reconstructed starting from step 7. If    > θc , 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 σij and displacement 
fields Ui (i, j = 1, 2, 3) are determined.

11. Across domain Q on surface S2 the  maximum 
absolute value of  the normal stress σ22 is identified and 
entered into matrix .

12. A time step is performed. If  < τ*, return  
 

to step 8. If  = τ*, proceed to step 13.

13. From matrix  the value  σ22 = max  is found  
 

and recorded in matrix .

14. The parameter is updated: γn = γn – 1 –  ; then τ = 0. 
If γn = 0, proceed to step 15, if γn > 0, return to step 6.

15. From matrix  the  minimum value of    
 

 is selected along with the corresponding values 
of τ and γ.

16. End of the solution procedure.

 Results and discussion

Geometric parameters of  the mold: S0 = 50 mm, R = 
= 20 mm, φ = 150°. 

Time intervals (s): : 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; P1 = 1 kg/cm2.

Domain discretization: N1×N2 = 13×20.
According to  the  calculations, dividing the  domain 

into 13×20 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 (13×20 elements along the same coordinate axes) is 
equally justified for the mold with recesses.

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

G2 = 104 MPa; α1, 2 = 12·10–6 °С‒1; 

λ = 0.0298 W/(mm·°C); 

L1 = 270·103 J/kg (latent heat of fusion);         (8)

C1, 2 = 444 J/(kg·°C); γ1 = 7.80·10–6 kg/mm3;

θc = 1450 °C.

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

	       	 (9)

Initial values for the optimization process:  = 23°, 
γ0 = 104°; recess dimensions A1 , A2 (7.1×2.6) mm along 
axes 1 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: 

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.
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	        F = 29.8 MPa; γ = 60°; τ = 8.6 s.	 (10)

Fig. 3 presents the  distributions of  σ11 , σ22 and dis-
placements U1 , U2 along the  edges of  recesses A1 and 
A2 in the mold. It can be seen that at the  inner corners 
of recesses A1 and A2 there are stress concentrations for 
σ22 , 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  σ22 distribution (in MPa) across the  section 
of a mold without recesses at the same time (τ = 8.6 s). 
The σ33 distribution is not shown, as it is approximately 
equal to σ22 , differing by no more than ±1 %.

A pronounced difference in σ22 values is evident. 
Fig. 5 shows the  σ33 distribution for the  parameters 

given in equation (10).
Although σ33 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 σ22 
and σ33. The σ22 stress was chosen for initial optimization 
because the recesses in the mold effectively cut through 
the regions of high S3 , at the early stage of cooling (Fig. 4), 
without disturbing axial symmetry. However, to achieve 

a more global reduction in compressive stresses σ22 and 
σ33 , it would likely be necessary to introduce additional 
recesses perpendicular to the existing ones. 

Fig. 3. Plots of normal stresses σ11 , σ22 and displacements U1 , U2 along the edges of the recesses A1 and A2 in the mold at τ = 8.6 s

Рис. 3. Эпюры нормальных напряжений σ11 , σ22 и перемещений U1 , U2 по граням выточек A1 и A2 в форме при τ = 8,6 с

Fig. 4. Plots of normal stresses σ22 along the mold section 
without recesses at τ = 8.6 s

Рис. 4. Эпюры нормальных напряжений σ22 по сечению формы 
без выточек при τ = 8,6 с
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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 
σ33 (in magnitude) by introducing additional recesses 
on surface S2 . According to  equation (10), the  recesses 
are arranged symmetrically on surface S2 at  an angle φ, 
with an opening angle γ (Fig. 2). The highest σ33 values 
(in magnitude) occur within this opening angle γ (Fig. 5). 
Therefore, two additional recesses were placed on sur-
face S2 within the previously determined opening angle γ. 
The SSS of  the  shell-type steel mold with four recesses 
on surface S2 was then calculated using the above algo-
rithm for τ = 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 σ22 
and σ33 distributions across the  mold section at the  end 
of the time step τ* = 8.6 s. The results indicate a marked 
reduction (in magnitude) in both σ22 and σ33 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-

Fig. 5. Plots of normal stresses σ33 in the mold 
at optimal design parameters (10) 

Рис. 5. Эпюры нормальных напряжений σ33 в форме 
при оптимальных расчетных параметрах (10)

Fig. 6. Plots of calculated values of normal stresses 
σ22 and σ33 along the mold section at τ* = 8.6 s: 

 – σ22 ;  – σ33

Рис. 6. Эпюры расчетных значений нормальных напряжений 
σ22 и σ33 по сечению формы при τ* = 8,6 с: 

 – σ22 ;  – σ33
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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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Аннотация. Рассмотрены особенности процесса получения гранулированного чугуна с применением кольцевой печи с вращающимся подом 

при реализации технологии ITmk3 (Ironmaking Technology Mark Three). Авторы показывают конструкцию угольного газификатора с системой 
очистки синтезируемого газа и поперечное сечение кольцевой печи. Статья кратко описывает процесс промышленного получения грану-
лированного высококачественного чугуна. Проведена оценка перспективы использования рассматриваемой технологии на территории 
Российской Федерации. На  первом этапе исследований металлизации железорудного концентрата (ЖРК) углем применен термограви
метрический метод полного факторного эксперимента по определению оптимальных условий металлизации. В экспериментах варьировали 
соотношение ЖРК: уголь, крупность угля, добавки извести в процентах от суммы (ЖРК + уголь). В результате термогравиметрического 
анализа авторы получили кривые изменения массы образцов, состава и количества выделившегося газа при изменении температуры нагрева 
в процессе спекания ЖРК с углем и известью. На втором этапе для отработки технологии ITmk3 разработана лабораторная камерная печь 
с выдвижным подом, отапливаемая генераторным газом из каменного угля. Рудно-угольные брикеты были изготовлены с соотношением 
ЖРК, уголь, бентонит 80:20:5 и термообработаны в камерной печи с отоплением генераторным газом из угольного газификатора. В качестве 
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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 (Ironmaking 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. Iron-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. 
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 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 SiO2/Al2O3 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-

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:

– IOC 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 (IOC + 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 m2, and a height of 12.5 m, equipped with 
a generator gas purification system (Fig. 1);

опытного сырья были использованы железорудный концентрат Коршуновского горно-обогатительного комбината и Касьяновский каменный 
уголь Черемховского месторождения. На основе лабораторных исследований был определен температурно-временной режим обжига рудно-
угольных брикетов, обеспечивающий высокую степень металлизации железорудных материалов (80 – 87 %) при обжиге брикетов в диапа-
зоне температур 1080 – 1424 °С в течение 40 мин. Выход брикетов после сушки и обжига составил 66,45 %. Авторы изучили механизмы 
твердофазного восстановления железорудных материалов в кольцевых печах с вращающимся подом и жидкофазного разделения продуктов 
восстановления, а также определили состав выделившихся газов при прокаливании рудно-угольных брикетов. 
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угольный газификатор
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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 

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-

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; 11 – mixed upper and lower gas duct; 
12 – mixed gas inlet from hydraulic seal H4 to electrostatic precipitator No. 2; 13 – mixed purified gas duct to the annular metallization furnace; 

14 – valves adjustment of lower gas; 15 – collector of increased gas pressure; 16 – sizing holes of gasifier; H1 – H9 – hydraulic seals 

Рис. 1. Газификатор с системой очистки генераторного синтез газа: 
1 – газоход верхнего газа; 2 – газоход нижнего газа; 3 – коллектор низкого давления газа; 

4 – коробка смешивания (получение агента газификации); 5 – кессон газификатора; 6 – воздуховод; 
7 – ввод верхнего газа в электрофильтр 1 из гидрозатвора H1; 8 – выход очищенного верхнего газа из электрофильтра 1 в гидрозатвор H2; 

9 – газоход нижнего газа из воздушного охладителя в омыватель; 10 – газоход верхнего газа из гидрозатвора H2 в омыватель; 
11 – газоход смешанного верхнего и нижнего газов; 12 – ввод смешанного газа из гидрозатвора H4 в электрофильтр 2; 
13 – газоход смешанного очищенного газа к кольцевой печи металлизации; 14 – задвижки регулировки нижнего газа; 

15 – коллектор повышенного давления газа; 16 – шуровочные отверстия газификатора; H1 – H9 – гидрозатворы
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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 

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.

Fig. 2. Annular furnace for production of granular pig iron:
 a – appearance of the furnace under construction; 

b – cross section; 1 – suspended arch; 2 – wall lining; 
3 – rotating hearth; 4 – tuyers

Рис. 2. Кольцевая печь для производства 
гранулированного чугуна: 

а – внешний вид строящейся печи; 
b – поперечный разрез; 1 – подвесной свод; 
2 – футеровка стен; 3 – вращающийся под; 

4 – горелочные устройства
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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 С; 0.2 Si; 0.05 Р; 
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: 

– Х1  – IOC-to-coal ratio (–1 → (70:30) % = 2.333; 
+1 → (80:20) % = 4).

– Х2 – coal particle size, μm (–1 → –50; +1 → –315).
– Х3 – 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 Fe2O3 ; 
24.0 FeO; 3.95 SiO2 ; 2.654 Al2O3 ; 1.9 CaO; 4.0 MgO; 
0.13 MnO; 0.255 TiO2 ; 0.04 SO2 ; 0.37 P2O5 ; 5.8 H2O; 
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  (Ct ); 1.2 total sulfur (St); 16.5 ash (As); 11.5 
moisture (as received); 13.7 total oxygen (Ot); 5.6  total 
hydrogen  (Ht); 1.1 total nitrogen (Nt); and 45.6 volatile 
matter  (Vt). 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 SiO2 ; 19.2 Al2O3 ; 2.5 Fe2O; 2.2 CaO; 1.6 MgO; 
0.7 K2О; 0.1 TiO2 ; 0.1 Na2O; 4.4 SO3 ; 0.01 MnO2 .

The prepared mixtures were pressed using a laboratory 
press at a pressure of 80 – 100 kg/cm2 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: Х1 = +1; 
Х2 = –1; Х3 = +1, which contained 80 % iron ore con-
centrate, 20 % coal, and 5 % lime (in excess of 100 %). 
The amounts of CO, CO2 , and H2O 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:

	            Fe3O4 + 4C → 3Fe + 4CO;	 (1)

	             Fe3O4 + 2C → 3Fe + 2CO2 ;	 (2)

	            Fe3O4 + 4H2 → 3Fe + 4H2O.	 (3)

The temperature range up to  approximately 
550 – 600 °С  – corresponding to  the  first sharp mass 

Table 1. Levels of control factors and variation intervals

Таблица 1. Уровни факторов управления и интервалы варьирования

Factor
Factor levels Variation 

intervals– 1 0 + 1
Х1 – IOC-to-coal ratio 2.333 3.167 4.000 0.833
Х2 – coal particle size, µm –50.0 –132.5 –315.0 82.5
Х3 – lime additives, wt. % of the total (IOC + coal) 0 2.5 5.0 2.5
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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, CO2 , H2O, and methane. 
The  CO-to-CO2 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, 
°С: 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  SO2 , along with most of  the  CH4 , H2 , and H2O. 
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 CO2 . 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 IOC (Y1) on 
the  IOC-to-coal ratio (Х1), coal particle size (Х2), and 
lime additives (Х3) expressed in coded coordinates.

Y1 = 66.83 – 8.82Х1 – 4.16Х2 +

+ 3.78Х3 + 1.77Х1Х2 + 0.84Х1Х3 +

	           + 0.0037Х2Х3 + 1.29Х1Х2Х3 .	 (4)

Statistical evaluation of the coefficients in the derived 
equation showed that, at a 95 % confidence level, the coef-
ficients for Х1 , Х2 , Х3 and the interaction term Х1Х2 , are 
statistically significant. As a result, Equation (4) is writ-
ten in the reduced form as follows

Y1 = 66.83 – 8.82Х1 – 4.16Х2 + 3.78Х3 + 1.77Х1Х2 .   (5)

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

      (6)

Fig. 3. Derivatogram of IOC reduction by coal with composition 
of gas products of thermolysis and interaction (using the example 

of sample 6); TG – curve of mass loss by the sample

Рис. 3. Дериватограмма восстановления ЖРК углем с составом 
газовых продуктов термолиза и взаимодействия (на примере 

образца 6); TG – кривая потери массы образцом

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

Таблица 2. Состав газовой фазы, выделившейся при спекании ЖРК с углем и известью

Component, mg
Sample (experiment) No.

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
CO2 2.60 26.86 28.89 35.89 35.78 31.70 35.69 26.00

H2O(800 – 1000 °C) 0.61 1.75 2.38 1.28 1.91 0.39 1.44 1.40
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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 μm) 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 °С. 

• 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;

• 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 500×500 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 °С.

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 СО2 ; 0.2 О2 ; 27.0 СО; 13.0 Н2 ; 2.7 СН4 ; 0.3 С2Н4 ; 
51.8 N2 . 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 

Table 3. Results of calculating the degree of samples metallization by reactions (1) – (3) of magnetite reduction

Таблица 3. Результаты расчета степени металлизации образцов по реакциям (1) – (3) восстановления магнетита

Parameter
Sample (experiment) No.

1 2 3 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 4.97 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
N o t e: Fe (1) – amount of reduced iron with the formation of CO; 
Fe (2) – amount of reduced iron with the formation of СО2 ; 
Fe (3) – amount of reduced iron with the formation of Н2О. 
The average iron content in IOC from the Korshunovsky MPP is 62.6 %.
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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 °С. 

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 °С. 

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.

Fig. 4. Laboratory furnace with portable hearth on generator gas:
a – general view; b – scheme; 1 – 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

Рис. 4. Лабораторная печь с выдвижным подом на генераторном газе: 
a – общий вид; b – схема; 1 – печь; 2 – выдвижной под; 3 – водоохлаждаемый газоход; 4 – дверь; 5 – подвод генераторного газа; 

6 – воздух; 7 – факел; 8 – платина-платинородиевая термопара; 9 – рудно-угольные брикеты

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

Рис. 5. Рудно-угольные брикеты в процессе металлизации 
в керамических поддонах

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

Рис. 6. Температурно-временной график металлизации 
рудно-угольных брикетов
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Briquette metallization proceeds according to  the 
mechanism described in  [22; 23]. The iron ore con-
centrate from the  Korshunovsky MPP contains Fe2O3 
and FeO oxides. Iron reduction from these oxides 
occurs in a stepwise manner, following the  scheme: 
Fe2O3 → Fe3O4 → FeO → Fe.

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

		         С + СО2 = 2СО.	 (7)

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

		        3Fe + С = Fe3С.	 (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 

(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 pig iron 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 Fe3C 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, 

Table 4. Characteristics of 
IOC briquettes + coal + lime before and after firing

Таблица 4. Характеристика брикетов 
ЖРК + уголь + известь до и после обжига

Parameter, unit Batch 1 Batch 2 Batch 3

Briquette composition 80 % IOC + 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 25.4 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 23.2 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, °С 1090 – 1425
Firing time, min 40

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

Рис. 7. Рудно-угольные брикеты после металлизации 
с разделением металла и шлака
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Table 5. Composition of the products obtained as a result of metallization of IOC from Korshunovsky MPP

Таблица 5. Состав продуктов, полученных в результате металлизации ЖРК Коршуновского ГОК

Batch 
No.

Iron alloy  
content in the bead, %

Metallization 
degree, %

Impurity content, wt. % 
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:

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

• 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-

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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Аннотация. Статья посвящена актуальной теме повышения эффективности вращающихся печей, используемых при производстве металлур-

гической извести из мела. Рассмотрены методы усовершенствования конструкций и тепловой работы этих агрегатов, что особенно важно 
в условиях современного производства. Работа начинается с описания значимости извести в металлургической отрасли и особенностей 
применения вращающихся печей как основных агрегатов для ее производства. Отмечена необходимость повышения производительности 
и снижения энергозатрат. В статье представлен обзор перспективных технических решений, таких как конструктивные изменения, опти-
мизация теплообменных устройств, совершенствование горелочных механизмов, внедрение систем автоматического контроля и управ-
ления технологическим процессом. Также рассмотрены результаты испытаний, подтверждающих целесообразность использования мела 
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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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 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);

– 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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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.

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; 10 – exhaust chamber; 11 – loading device; 12 – ring gear

Рис. 1. Устройство вращающейся печи: 
1 – барабан; 2 – бандажи; 3 – уплотнение; 4 – топочная камера (горячая головка); 5 – горелка; 6 – разгрузочная течка; 

7 – опорные ролики; 8 – фундамент; 9 – привод барабана; 10 – газоотводная камера; 11 – загрузочное устройство; 12 – венцовая шестерня
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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. 

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 
NOx formation;

Fig. 2. Single-channel adjustable cement burner [11]:
1 – 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

Рис. 2. Горелка одноканальная регулируемая типа ГРЦ (горелки регулируемые цементные) [11]:
1 – корпус первой ступени горелки; 2 – вихревой стабилизатор; 3 – камера смешения первой ступени; 

4 – камера смешения второй ступени; 5 – корпус второй ступени; 6 – фланец крепления горелки; 
7 – регулирующий орган подачи топлива второй ступени; 8 – форсунка подачи топлива (или распылитель); 

9 – форсунка или сопло подачи воздуха второй ступени
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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 kilns, 
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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Аннотация. В статье рассматривается разработка информационно-моделирующей системы оценки нестабильности функционирования 

доменной печи. Представленный подход базируется на применении математических моделей и методов анализа параметров доменного 
процесса, что позволяет оценивать влияние технологических и организационных факторов на стабильность работы печи. Разрабо-
танная система предназначена для автоматизированного сбора, обработки и анализа данных в реальном времени, а также прогнози-
рования технологических отклонений. В основе методики лежит использование интегральных показателей стабильности, включая 
технико-экономические характеристики плавки, свойства сырья, параметры дутьевого, газодинамического, теплового и шлакового 
режимов. Для расчета интегральных показателей применяется совокупность контролируемых и расчетных признаков, ранжированных 
по степени значимости. Основные модули системы включают функциональные блоки сбора данных, расчетов, анализа и визуализации. 
Архитектура системы реализована на основе клиент-серверного подхода, что обеспечивает возможность интеграции с существую-
щими системами управления металлургическим производством. Практическая реализация системы позволяет улучшить показатели 
производительности доменной плавки, снизить колебания параметров технологического процесса и повысить качество получаемого 
чугуна. Приведенные примеры расчетов подтверждают эффективность разработанного инструмента. Представленные результаты 
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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. 

Keywords: blast furnace, modeling, instability, information system, metallurgy, mathematical model
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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/SiO2 ) 
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 (B1 ) have been developed:

1. Technical, economic, and technological perfor-
mance indicators of smelting (В1 ).

2. Indicators of  raw material properties (iron ore 
materials, coke, fluxes) (В2 ).

3. Indicators of blast and gas dynamic modes (В3 ).
4. Indicators of the thermal mode (В4 ).
5. Indicators of the slag mode (В5 ).
6. An integral indicator of blast furnace operating sta-

bility based on В3 , В4 , В5 , characterizing the blast, gas-
dynamic, thermal, and slag modes (ВBF ).

7. Final stability indicator of raw material properties 
and overall blast furnace operation (Вfinal ).

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 ΔXi of both cont
rolled and calculated features are used as input data for 
computing each integral indicator (B1 ). 

Under stable operating conditions, the RMS deviation 
ΔXi of the i-th feature – used to characterize furnace sta-
bility during the specified period – must not exceed a pre-
defined threshold value , which is a model setting:

могут быть полезны для специалистов в области автоматизации доменного производства, а также для исследователей, занимающихся 
анализом и прогнозированием нестабильности технологических процессов. 
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		             	 (1)

If condition (1) is satisfied (“True”), the  i-th feature 
identifier Рi 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 Ri , 
ranging from 0 to 1, determined using an expert evalu-
ation method.

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

	             	 (2)

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

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

If Bj 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 ВBF , based on В3 , В4 , В5 , characterizing the blast, 
gas-dynamic, thermal, and slag modes:

	             	 (3)

– the final stability indicator of furnace operation:

 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  IDEF0 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 

Number of features used to calculate the stability indicators of the furnace operation

Количество признаков, используемых для расчета показателей стабильности работы печи

Designation Indicator
Number of features

Controlled Calculated Total
В1 Technical, economic, and technological performance indicators 6 6 12
В2 Raw material properties (iron ore materials, coke, fluxes) 16 0 16

Blast furnace stability indicators
В3 Blast and gas dynamic modes 9 10 19
В4 Thermal mode 4 7 11
В5 Slag mode 6 4 10

Total features 41 27 68
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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 ( , Ri );

– 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 Bj , the overall 
stability indicator ВBF , and the  final stability indicator 
Вfinal ;

– 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.

 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, HTML5, 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.

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

Рис. 1. Архитектура информационно-моделирующей системы оценки нестабильности функционирования доменной печи
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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.

Fig. 2. Fragment of a web page for assessing the instability of technical, economic and technological indicators of a blast furnace

Рис. 2. Фрагмент веб-страницы оценки нестабильности технико-экономических и технологических показателей доменной печи
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Fig. 3. Fragment of a web page for assessing the instability of raw material properties (iron ore materials, coke, fluxes) 

Рис. 3. Фрагмент веб-страницы оценки нестабильности свойств сырья (железорудных материалов, кокса, флюсов)

Fig. 4. Fragment of a web page for assessing the instability of indicators of blast and gas dynamic modes of a blast furnace

Рис. 4. Фрагмент веб-страницы оценки нестабильности показателей дутьевого и газодинамического режимов доменной печи
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Fig. 5. Fragment of a web page for assessing the instability of thermal mode indicators

Рис. 5. Фрагмент веб-страницы оценки нестабильности показателей теплового режима

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

Рис. 6. Фрагмент веб-страницы оценки нестабильности показателей шлакового режима

Figs. 2 – 6 show fragments of the system’s web inter-
face illustrating the  modeling results of  blast furnace 
instability assessment.

For the analyzed period, the modeling results indicated 
stable operation with respect to technical, economic, and 
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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Аннотация. Главный горновой желоб доменной печи – это сложная технологическая конструкция, играющая критическую роль в процессе 

выплавки чугуна. Он служит для отвода расплавленного чугуна и шлака из горна печи, обеспечивая непрерывность и безопасность 
процесса. Надежная работа желоба напрямую влияет на производительность доменной печи. Конструкция желоба должна выдержи-
вать экстремально высокие температуры и агрессивную химическую среду, а его правильное функционирование требует постоянного 
контроля и обслуживания. Корректный выбор огнеупорных материалов, технологии футерования, а также выявление возможности 
повышения стойкости огнеупорной футеровки главных горновых желобов и продления срока их службы определены своевременным 
получением информации о тепловой нагрузке на слои огнеупоров и кожух, об условиях эксплуатации, конструктивных особенностях и 
процессах разрушения огнеупоров при их взаимодействии с чугуном и шлаком. Системы контроля работы главного горнового желоба 
доменной печи призваны обеспечивать безопасную и эффективную его эксплуатацию, своевременно выявляя отклонения от нормаль-
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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. 

Keywords: blast furnace, main mining trough, mathematical modelling, thermocouple, heating, lining, temperature, control, algorithm, heat transfer
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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–ε 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 

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 

ного режима и предотвращая аварийные ситуации. Они включают в себя визуальный, инструментальный и автоматический контроль. 
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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 q, 
equal to  that in the first layer, is also established across 

the thickness δ2 . The same reasoning applies to all sub
sequent layers (δ3 , etc.).

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

		        	 (1)

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

Fig. 1. Main mining troughs of the blast furnace

Рис. 1. Главные горновые желоба доменной печи

Fig. 2. Main trough lining layers in cross-section

Рис. 2. Слои футеровки главного желоба в поперечном сечении

Fig. 3. Multilayer flat wall:
δ1 , δ2 , δ3 – thickness of the first, second and third layers, respectively; 

tf1 
, tf2

 – temperatures of hot and cold fluids, respectively; 
t1 , t4 – temperatures at the outer boundaries; 

t2 , t3 – temperatures at the plane of the layers interface

Рис. 3. Многослойная плоская стенка:
δ1 , δ2 , δ3 – толщина первого, второго и третьего слоев 

соответственно; tf1 
, tf2

 – температуры горячего и холодного 
флюидов соответственно; t1 , t4 – температуры на наружных 
границах; t2 , t3 – температуры на плоскости раздела слоев
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  (2)

We then transform the  obtained expressions into  
 

 and sum them (combining left-hand sides  
 
with left-hand sides and right-hand sides with right-hand 
sides):

 

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

		    	 (3)

where α1 and α2 are the  heat transfer coefficients from 
the  hot fluid to  the wall and from the wall to  the  cold 
fluid, respectively, W/(m2·K); λ 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.

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   is the  temperature of  the  hot fluid (cast iron, 
slag), K; Т5 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; α1 is the heat transfer coef-
ficient from the hot fluid to the inner wall of the trough, 
W/(m2·K); δ1 , δ2 , δ3 , δ4 are the thicknesses of the refrac-
tory layers from the  innermost to  the outermost, m; λ1 , 
λ2 , λ3 , λ4 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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Аннотация. Известной причиной возникновения дефектов плоской формы на готовых стальных холоднокатаных полосах является нера-

венство коэффициентов вытяжки по ширине полосы. На разницу значений этих коэффициентов оказывают влияние параметры профили-
ровок бочек валков, энергосиловые параметры прокатки, параметры работы системы автоматического регулирования профиля и формы 
полосы. Воздействие всех технологических факторов на форму полосы будет иметь сложный характер. В работе рассмотрен подход, 
учитывающий основные параметры работы прокатного оборудования и позволяющий оценить вид и амплитуду дефектов плоскост-
ности готовых стальных полос. При реализации такого подхода выполнены шесть этапов расчета: энергосиловой расчет процесса 
холодной прокатки; расчет упругих деформаций поверхности бочки рабочего валка; оценка износа поверхности бочки рабочего валка; 
расчет теплового профиля валка; оценка выпуклости поперечного профиля стальной полосы; оценка показателей планшетности готовой 
полосы. Для вычисления параметров, влияющих на планшетность проката, использованы известные методики расчета, адаптированные 
под конкретные технологические условия. Результаты оценки показателей формы катаной полосы, полученные с помощью модели, сопо-
ставлены с результатами моделирования в программе Deform 3D. Результаты моделирования продемонстрировали достоверность пред-
ложенного подхода оценки качества проката. 

Ключевые слова: плоскостность холоднокатаных стальных полос, непрерывная прокатка, режим прокатки, дефекты формы, профилировка 
бочки валка, упругая деформация бочки валка, тепловой профиль бочки валка, амплитуда дефекта
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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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 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.

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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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.

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

Δdc – Δdedg = 0.00001632·10–5b + 0.007703P –

– 0.00000305Pbend – 0.0200ΔDg.c. – 0.0169ΔDg.c.b ,  (1)

where P is the rolling force in the i-th stand, MN; Pbend is 
the anti-bending force applied to the work rolls, kN; b is 
the strip width, mm; ΔDg.c. is the ground crown of the work 

Fig. 1. Model of the roll system of “quarto” stand

Рис. 1. Модель валковой системы клети «кварто»

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

Рис. 2. Пример результата расчета упругих деформаций в вертикальной осевой плоскости валков клети «кварто» 
в модуле MechanicalStructure программы Ansys R1
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roll barrel at its center, mm; ΔDg.c.b is the ground crown 
of the backup roll barrel at its center, mm.

The coefficient of multiple determination R2 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:

		        Δc = kw  P + kL Lm ,	 (2)

where P is the average rolling force in the working stand 
since the installation of the work roll, MN; Lm is the total 
length of strip rolled on the work rolls in stand, m; kw is 
the coefficient representing the influence of rolling force 
on the wear of the work roll barrel surface; kL 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

	       kw = –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 R2 = 0.89, indi-
cating a high degree of reliability;

	    kL = –0.0000011HSD + 0.00000011D.	 (4)

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 1. Results of checking the significance of coefficients of the equation for calculating elastic deformations

Таблица 1. Результаты проверки значимости коэффициентов уравнения для расчета упругих деформаций

Parameter Statistical 
significance level (p-value)

Strip width, mm 0.01
Rolling force in the i-th stand, MN 2.07·10–30

Anti-bending force applied to work rolls, kN 4.31·10–9

Ground crown of the work roll barrel at its center, mm 0.02
Ground crown of the backup roll barrel at its center, mm 4.36·10–8

N o t e . A parameter is considered statistically significant if the p-value is less than 0.05.

Table 2. Results of assessing the Pearson correlation coefficients of the rolls parameters 
and technology with amount of the barrel surface wear

Таблица 2. Результаты оценки коэффициентов корреляции Пирсона параметров валков 
и технологии с величиной износа поверхности бочки

Parameter Rolling 
force, MN

Roll barrel 
hardness, 

HSD

Roll barrel 
diameter, 

mm

Length 
of strip 
rolled, m

Initial concavity of the 
roll barrel surface at its 

center, mm
Correlation 
coefficient –0.4755 0.4277 –0.4055 0.4839 0.012
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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, Δgy ;
– elastic deformation of  the work roll barrel surface, 

Δdy ;
– thermal profile (thermal crown) of  the  roll barrel 

surface, Δty ; 
– nominal strip thickness, hi .
The strip thickness at any point along the width (coor-

dinate y) was calculated as:

Δiy = hi – Δgy + Δdy – Δty .

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: 

	       
w

k cr

	 (5)

where h is the  strip thickness, E is the  strip’s Young’s 
modulus, σk  is the  critical buckling stress, λcr ,  λc  are 

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:

	      

cr

b
	 (6)

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 1 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 

Fig. 4. Comparison of the results of calculating the non-flatness 
amplitude

Рис. 4. Сравнение результатов расчета амплитуды неплоскостности

Fig. 3. Example of assessing flatness defect of the “wave” strip 
(A – amplitude of “wave” on the strip) 

Рис. 3. Пример оценки дефекта плоскостности полосы «волна» 
(А – амплитуда «волны» на полосе)
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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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Аннотация. Окисление и восстановление металлов заключаются в потере атомами металлов валентных электронов с преобразованием 

электромагнитной металлической связи в ионную при окислении и обратный переход электронов от анионов к катионам металла 
с превращением ионной связи в металлическую при восстановлении. Развиваемая авторами электронная теория восстановления 
описывает процесс восстановления последовательной работой двух электрохимических элементов: топливного, в котором химическая 
энергия окисляемого восстановителя превращается в электрическую энергию «свободных» электронов, и твердоэлектролитного 
электролизера, превращающего электрическую энергию этих электронов в энергию металлической связи восстанавливаемых кати-
онов в оксиде. Так как стадией собственно восстановления является образование металлической связи между катионами за счет посту-
пающих извне электронов, то самым коротким и потому самым эффективным будет подвод электронов к восстанавливаемым катионам 
не от топливного элемента, а из электрической сети, то есть электролиз оксидов восстанавливаемого металла. Известные способы 
получения железа электролизом расплавленных оксидов, а также, возможно, щелочных растворов являются перспективными при 
извлечении железа из богатых руд. Для селективного извлечения железа из железомарганцевых, титаномагнетитовых, сидеритовых, 
хромитовых и других комплексных руд более перспективным является относительно низкотемпературное восстановление железа 
водородом или твердофазный электролиз с получением после разделения продукта металлизации плавлением безуглеродистого железа 
и концентрата оксидов активных металлов. 

  roshchinve@susu.ru
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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 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 19th 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 (Ме 

0 = Ме 
2+ + 2е), and 

as the  return of  these electrons from oxidizer anions 
to  the  cations during reduction, restoring metallic bon
ding (Ме 2+ + 2е = Ме 0 ). 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, С + 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 PO2

 and high tempera-
ture Т ≈ 2000 °С), 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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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]2O4 embedded in olivine 
(Mg, Fe)2[SiO4 ].

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 

(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, b). 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 

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

Рис. 1. Электрохимические процессы в доменной печи:
а – образование плазмы в газовой фазе и появление анион-электронной проводимости в оксидах руды; 

b – преобразование химической энергии в электрическую в топливном элементе и обратный переход электрической энергии 
в химическую в твердоэлектролитном электролизере
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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.e., 
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 – c) 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. 

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]2O4 crystal impregnated in olivine (Mg, Fe)2[SiO4]:
1 – graphite heater; 2 – container with crucibles; 3 – thermocouple; 4 – potentiometer

Рис. 2. Схема установки на базе печи Таммана для проведения экспериментов по твердофазному селективному восстановлению 
вкрапленных руд (а) и последовательные стадии (b – d) восстановления железа и хрома  

в кристалле хромшпинелида (Mg, Fe)[Fe, Al, Cr]2O4 , вкрапленном в оливин (Mg, Fe)2[SiO4]:
1 – графитовый нагреватель; 2 – контейнер с тиглями; 3 – термопара; 4 – потенциометр
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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 

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 

Fig. 3. Conversion and loss of energy when using a carbon fuel cell according to the existing technology (a – c) 
and electricity from electric network (d) 

Рис. 3. Преобразования и потери энергии при использовании углеродного топливного элемента 
по существующей технологии (a – c) и электроэнергии из электрической сети (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 СО 
to СО2 [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, c).

Given the  inconsistency of  the  existing production 
chain  – alternating reduction/oxidation, contamina-
tion/refining, and heating/cooling (Fig. 3, c)  – 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 1 kg 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 

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; c – in multi-hearth furnaces

 
Рис. 4. Целесообразные схемы использования водорода в качестве восстановителя для селективного восстановления железа 

в комплексных рудах в существующих восстановительных агрегатах:
a – в трубчатых печах; b – в установках Мидрекс и Хилл; c – в многоподовых печах
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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, 

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 

Fig. 5. Comparison of sequence and parameters (temperature (T) and time (t)) 
of carbon (a) and hydrogen (b, c) solid-phase selective reduction of iron: 

1 – 100 % Fe; 2 – 100 % TiO2

Рис. 5. Сравнение последовательности и параметров (температуры (Т) и времени (t)) 
углеродного (a) и водородного (b, c) твердофазного селективного восстановления железа: 

1 – 100 % Fe; 2 – 100 % TiO2
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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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