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Abstract. The goal of this study is to carry our detailed thermodynamic analysis of FeMn fluxless smelting process in 
submerged arc furnaces (SAF) using realistic plant data and compare the calculation results with industrial outcomes. 
Modern thermodynamic databases FactSAGE was deployed to assess equilibria inside separate phases and between 
them at 1400-1800°C for two FeMn78 alloys with different phosphorus content. Phases (metal, slag and gas) composi-
tions were calculated with metal recovery value for manganese as well as through-recovery of manganese in both work-
ing slag and metal. It was found that temperature of the process 1500-1525°C predicts maximal recovery of manganese 
into the alloy. The outcomes allowed combination of blended manganese agglomerates, ores, return tails to be efficient-
ly composed and converted into materials streams, which can be fed into the thermodynamic calculations. Such ap-
proach allows flexibility to optimize different scenarios in high-carbon ferromanganese fluxless smelting. The correlation 
of the calculations with industrial plant outcomes was found to be very good. The method gives a good basis to check 
behavior of different components and elements in the furnace, distribution of them between the phases (gas, metal, 
slag) and identify the pathways for improvement of the process leading to higher yield and quality. With the same ther-
modynamic database parameter similar approach can be used for other manganese ferroalloys. 
Keywords: ferromanganese, thermodynamics, slag, metal, equilibria, metal recovery. 
 
Анотація. Задачею роботи було проведення термодинамічного аналізу процесу виплавки високовуглецевого 
феромарганцю безфлюсовим методом у дугових печах з використанням реальних заводських даних і порів-
няння їх з результатами. Сучасна термодинамічна база даних FactSAGE була застосована для розрахунків рі-
вноваги окремих фаз і між фазами в інтервалі температур 1400-1800°С для двох типів феромарганцю ФМн78 
з різним вмістом фосфору. Склад окремих фаз і загалом всій системи було розраховано разом з виходом ме-
талу (прямого вилучення марганцю у стоп) і повного вилучення марганцю (металева і шлакова фази разом). 
Оптимальну температуру процесу було визначено у 1500-1525°С коли  вилучення марганцю у металеву фазу 
максимальне. Процес розрахунку дозволяє комбінувати різні суміші агломератів, руд, хвостів і зворотних ма-
теріалів для реалізації різних сценаріїв при виробництві феромарганцю. Отримані результати показали дуже 
добру кореляцію із даними заводського виробництва феромарганцю зокрема у хімічному складі металу, пря-
мого і загального вилучення марганцю. Метод таким чином дозволяє оцінку поведінки різних компонентів і 
елементів у печі, їх розподіл між фазами (газ, метал, шлак) і визначення шляхів покращення процесу щодо ви-
ходу металу і його якості. Така ж сама база термодинамічних даних може бути застосована і для оптимізації 
інших марганцевих феросплавів. Дана робота демонструє, що коректне використання термодинамічних баз 
даних дозволяє зробити досить вірну оцінку характеристик процесу і якості феросплаву. Такі розрахунки 
ефективно заміняють спрощені калькуляції балансу шихти і енергії, даючи гнучкість у оптимізації фероспла-
вного виробництва.   
Ключові слова: феромарганець, термодинаміка, шлак, метал, рівновага, вихід металу. 
 

 

Introduction. Manganese-based ferroalloys such 
as ferromanganese (FeMn) and silicomanganese 
(FeSiMn) are essential components of modern 
steelmaking [1-3]. They are commercially produced 
by the carbothermic reduction of manganese oxide 
ores in submerged arc furnaces (SAFs) having in 
three-phase submerged arc furnaces, which have a 
three-electrode (Søderberg or self-baking type) circu-
lar or a six-electrode rectangular geometry, rated from 

about 20 to 90 MVA power capacity [1-4]. High car-
bon ferromanganese, one of the most used ferroalloy, 
typically contains around 72-82% Mn and 6-7% C, 
balance being Fe, Si and impurities. As in other fer-
roalloys, phosphorus is such an impurity which needs 
to be carefully controlled due to its negative impact in 
steelmaking [3, 5]. 

Literature analysis. A typical charge for FeMn pro-
duction is composed of manganese ores, concen-

© Gasik M. M., 2026 
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trates, agglomerates and returned tails depending on 
the quality of these raw materials - blending Mn-
sources from different origins is a common practice 
for instance, to obtain a specific Mn/Fe ratio in the 
metal and limited phosphorus content [1, 3, 5, 6]. 
Manganese ores with a high content of phosphorus 
(0.18–0.22%) cannot be usually enriched by mechan-
ical methods with simultaneous phosphorus removal 
and it passes into manganese concentrates, agglom-
erates – and finally into the alloy, decreasing its quali-
ty [1, 2, 7]. Ukrainian standard DSTU 3547-97 limits 
phosphorus content in high-carbon FeMn78 alloy to 
0.10% (grade A) and 0.70% (grade B) [6]. 

Fluxes (dolomite, limestone) and carbonaceous 
agents (coke) and reusable waste (where applicable) 
are added according to expected desired composition 
of the alloy and the slag. These basic fluxes are com-
monly added to give the slag suitable chemical proper-
ties, smelting temperature, and viscosity to secure 
good furnace operation and a high manganese yield 
[3, 5]. High-carbon ferromanganese FeMn78 is com-
monly produced essentially by a flux-less process, 
which is more cost-effective over flux process [1, 3]. 
The resulting high-manganese slag (>35% Mn) is 
used at the next stage as the raw material in the 
charge for smelting silicomanganese with lower phos-
phorus content, which increases the through-recovery 
of manganese [1, 3, 5]. It is known that the phospho-
rus capacity of slags in this process is much depend-
ing not only on slag and metal compositions but also 
gas phase such as oxygen potential [8, 9]. Interactions 
between the slag, metal and gas phase are rather 
complex inside the SAF, depending on the location, 
temperature zones distribution and reaction and 
transport kinetics [10, 11]. Ferromanganese smelting 
practice therefore has accumulated engineering pa-
rameters linked to the core reactions of MnO reduction 
as the leading targeted force in the process [12]. 

Because many parameters of the smelting are not 
under direct observation, thermodynamic modeling 
was used to predict the process, mass and energy 
balances, and to correlate them with the experimental 
data. Earlier studies have used simplified schematics 
based on regular solution models [13]. This approach 
has limitations coming from the solution model itself 
as well as from the lack of parameters counting for 
multi-phase equilibrium. Later modeling was extended 
for application of thermodynamic databases allowed 
differences in mineral phase composition and specific 
interactions beyond the regular solution [14]. Also, re-
cently a similar thermodynamic analysis to produce 
high-carbon FeMn using a SAF process was com-
pared with the plant operation conditions to obtain a 
simplified simulation model [15]. Whereas being more 
detailed, this model was eventually limited to one 
temperature (1400°C) and charge composition. Such 
conditions are sufficiently replicable in the lab, but 
they do not reflect industrial practice. 

Objectives of this work. The goal of this study is to 
carry out detailed thermodynamic analysis of FeMn 
smelting process using realistic plant data and com-

pare the calculation results with industrial outcomes. 
If the correlation is sufficient, this gives a good basis 
to check behavior of different components and ele-
ments in the furnace, distribution of them between the 
phases (gas, metal, slag) and identify the pathways 
for improvement of the process leading to high yield 
and quality. 

Materials and methods. For calculations of the ex-
pected equilibria in the conditions of a SAF the follow-
ing assumptions have been made. First, only the 
thermodynamic equilibrium is considered, without ki-
netics of the process which imposes an ideally mixed 
reactor model. The temperature range was selected 
as 1400-1800°C and 1 atm of total pressure as it is 
typical for FeMn smelting. Charge materials mineral 
compositions (Table 1) were converted into oxides, in-
cluding those minerals present in coke ash, and the 
sum of oxides was normalized to 100% (Table 2). One 
exception was done for phosphorus – it was entered 
into calculations as apatite Ca3(PO4)2 because using 
P2O5 as a starting compound lead to immediate re-
moval of all phosphorus into gas phase. Volatile sulfur 
and moisture were ignored, and losses-on-heating 
(LOH) were assumed to be only due to presence of 
carbonates (when all CO2 is converted to the gas 
phase before melting but remained in the system). 
The composition of the briquettes from returns was 
approximated by ‘diluted’ ferromanganese adjusted to 
the experimental composition provided from the plant 
lab. Finally, the slag-metal waste (SMW) was repre-
sented by a mixture of ferromanganese scrap with 
RMS – re-workable manganese slag [1, 3] (Table 1). 

Four phases considered in these calculations are 
gas, liquid metal, slag (with oxides originating from 
the coke ash) and – at the entry – coke as carbona-
ceous reducing agent. Possible transfer of materials 
from the electrodes (carbon) and lining (oxides) was 
neglected. For these phases the activity parameters 
were used if known, and otherwise an approximation 
has been deployed (the gas is also assumed to be 
ideal, and dust contribution was not counted). 

The reaction between these phases was without 
restrictions on the transfer of elements from phase to 
phase (i.e., free mass exchange between all phases 
is assumed). Each analogous component (oxide or 
element) of the charge is combined (ore and non-ore 
components, Table 1) and converted into oxides and 
elements, Table 2. Phases (oxide, metal, gas) are 
first brought to equilibrium separately, assuming no 
interaction between them (i.e. testing for stability and 
the formation of metastable phases and immiscibility 
zones). After local phase equilibrium was calculated, 
all these phases are mixed as 4 streams at a constant 
temperature for calculations of the total equilibrium. In 
this work, thermodynamic software ‘FactSAGE 6.0’ 
(GTT Technologies GmbH, Germany) was used with 
the standard ‘FToxid’ (slag melt database) and au-
thor’s own ‘OptiDB09’ metal melt database with opti-
mized thermodynamic interaction parameters. Calcu-
lated data were obtained in tabulated form and as 
plots shown below. 
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Results. Numerical example for 1600°C for 
FeMn78P20 alloy is shown in Table 3. The total 
weight of all phases will be 3,310.8 kg (the initial 
mass in Table 2 is 3328 kg), i.e., with a discrepancy 
of only 0.52%. In this case, the coke carbon is com-
pletely consumed by reduction. The total mass of all 
components is 77800 mol, with a calculated enthalpy 
change of +114.48 kJ/mol, entropy of +78.72 kJ/mol, 
and free energy change of -51.637 kJ/mol (as it is 
negative it reflects the smelting process is thermody-
namically favorable). 

Figure 1 displays weight composition of the equi-
librium gas phase (only major constituents shown). It 
is seen that whilst CO is the leading compound (as 
expected), transfer of manganese into gas phase is 
significant over 1500°C. At higher temperatures 1700-
1800°C there is also increase of SiO and Mg(gas), 
but there is not much phosphorus compared to other 
species (note logarithmic scale). 

Figure 2 shows components of the slag phase, re-

flecting the dominance of MnO and SiO2 as major 
constituents, with the maximal MnO content to be 
reached around 1600°C. Increasing temperature low-
ers MnO content in the slag, but it does not improves 
Mn extraction into the metal phase (Fig. 3) - rather it 
accelerates manganese losses to the gas phase, de-
crease in C and an increase in Si in the alloy. Note-
worthy, the mass of silicon in the metal changes only 
slightly at higher temperatures, but due to Mn evapo-
ration losses, its mass fraction increases. Similar 
tendencies are also seen for FeMn78P70 alloy com-
position. 

Discussion. The recovery of manganese into the 
metal and overall (through) one have been calculated 
as ratios of Mn in metal to total manganese input in 
the system, and respectively for Mn in metal and slag 
vs. total entered manganese (Fig. 4 for both alloys). 
There are slight differences related to various input 
compositions (for FeMn78P70 there was more MnO 
in the raw materials), but the trends are similar.  

 

Table 1. Used original raw materials compositions including blended ores  
and agglomerates for smelting of ferromanganese. 

Raw materials SiO2 CaO MgO P Al2O3 MnO P2O5 Fe2O3 MnCO3 CaCO3 C Si Fe Mn 

Agglomerates               
AMNV-1 15 4.4 1.2  3 64.8 0.490 3.86       
AMNV-2 26.1 8 2.4  3 50.0 0.420 3.14       
AMNV-1А 10.1 3.6 0.7  3 65.4 0.327 5.43       
AMNV-2П 21.8 10.1 5.1  3 50.1 0.233 2.86       

Mn ores               
KK48NZh 9.3 0.8 0.5  1.2 48.9 0.098 6.14 24.88 2.00     
KK28 13.6 6.3 4.8  2.1 0.5 0.152 1.71 57.94 15.75     
KK37 5.5 13.3 3.1  0.3 44.9 0.058 9.43 6.46 33.25     

Slags               
RMS 30.3 8.5 2.3  10.6 43.5 0.007 0.34       
Waste slag 50.3 16.8 5.1  7.9 15.0 0.140        
SMW 9.09 2.55 0.69 0.126 3.18 13.05     4.55 0.63 10.09 54.6 

Coke 10% ash 5.14 1.41 0.22 1.67 1.28   1.75   85.46    
Limestone 1  1       98     
Iron ore 3.5 0.5 0.5  3.5   92       
Quarzite 97.8 0.5 0.2  1   0.5       
FeMn (0.18%P)           6.5 0.9 14.42 78 

 

Table 2. Normalized raw materials input (kg) used in calculations. Note that initial gas  
phase (mainly CO2) originates from the carbonate components decomposition. 

Ferroalloy type:  FeMn78Р20 FeMn78Р70 

Oxide phase (with coke ash oxides): 

SiO2 307.708 389.123 
CaO 45.826 106.311 
MgO 18.271 27.969 
Al2O3 63.121 93.097 
MnO 1524.963 1804.059 
P2O5 4.789 10.047 
Fe2O3 169.616 239.358 
MnCO3 452.187 127.554 
CaCO3 36.347 10.253 

Metal phase: 

Mn 256.130 256.130 
Fe 47.351 47.351 
P 0.591 0.591 
Si 2.955 2.955 
C 21.344 21.344 

Coke: C solid 376.801 358.858 

Total mass, kg 3328 3495 
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These data were compared with the real averaged 
ferroalloys plant numbers (Table 4). It is noteworthy 
that the calculated values surprisingly well match the 
plant data for Mn recovery, despite some differences 
in Si and C content, as well as the composition of the 
gas phase. Significant loss of manganese under in-

dustrial conditions is likely much compensated by Mn 
gas condensation or absorption in the layer of unre-
acted charge, where solid-phase reduction and ac-
cumulation of manganese in a new metallic phase 
can occur, subsequently entering the metal bath. 

 

Table 3. Example for equilibrium at 1600°C for FeMn78P20 alloy (in % wt.; for slag phase shown in % mol.) 

Phase Mass/volume Composition 

Gas 32204 mol, 
4950.2 m3, 
997.26 kg 

88.99 CO, 10.963 Mn, 1.736·10-2 CO2, 1.61·10-2 Mg, 1.21·10-2 SiO, 3.71·10-5 Fe,  
2.26·10-5 Ca, 4.4·10-7 Al, 1.33·10-7 Si, 9.72·10-9 P, 8.45·10-9 MgO, 1.75·10-9 Al2O,  
1.63·10-9 AlO, 2.43·10-10 CaO, 6.57·10-13 O2 

Metal 29126 mol,  
1174.8 kg 

14.128 Fe, 72.289 Mn, 0.233 P, 4.38 Si, 8.97 C 

Slag 16740 mol, 
1138.8 kg 

2.67 MgO, 2.95·10-4 FeO, 66.318 MnO, 20.25 SiO2, 7.05 CaO, 3.7 Al2O3, 1.71·10-7 Fe2O3, 
9.77·10-10 Ca3(PO4)2, 7.9·10-3 Mn2O3, 3.44·10-4 SiC 

 

 
Fig. 1. Gas phase components for FeMn78P20 smelting at different temperatures. 

 
Fig. 2. Slag phase major components for FeMn78P20 at different temperatures. 
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Fig. 3. Metal phase components for FeMn78P20 smelting at different temperatures. 

Table 4. Comparison of calculated and experimental plant data. 

Parameter C Si Mn P Fe Mn recovery into 
metal 

FeMn yield, 
kg 

Slag yield, kg/t 
alloy 

FeМn78Р20 
Calculated: 

 
7.3 

 
1.5 

 
73.9 

 
0.21 

 
17.1 

 
57.2 

 
1161 

 
1155 

Plant data: 6.5 0.9 78.0 0.18 12.6 62.1 1000 1254 

FeМn78Р70 
Calculated: 

 
6.8 

 
2.3 

 
72.6 

 
0.39 

 
17.9 

 
60.0 

 
1341 

 
1100 

Plant data: 6.1 1.9 78.6 0.41 14.5 60.2 1000 1540 
 

If this correlation validity is accepted, one can es-
timate the expected temperatures of the smelting pro-
cess when the manganese recovery is matched to 
the experimental data of Table 4. For Fig. 4 this leads 
to ~1525°C for FeMn78P20 and 1500-1520°C for 
FeMn78P70. The lower yield of the convertible man-

ganese slag in calculations compared to the plant da-
ta (Table 4) is related to the expected higher metal 
yield. This could also be explained due to the higher 
recovery of silicon, iron, and carbon into the melt, 
which somewhat reduces the fraction of manganese. 

 

   

a       b 
Fig. 4. Manganese recovery calculated by thermodynamic equilibration at different temperatures  

for FeMn78P20 (a) and FeMn78P70 (b). 
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Conclusions. The results of calculations with up-
dated thermodynamic data for ferromanganese smelt-
ing and their comparison with experimental (plant) 
values have demonstrated a very good correlation. 
They also show several variables that are hardly ob-
served directly in industrial practice (e.g. expected 
temperature in the reaction zone or immediate gas 
phase composition). Equilibration predicts a higher 
degree of carbon and silicon conversion into the met-
al and virtually almost complete removal of phospho-
rus from the slag in this fluxless process. Significant 
manganese loss at elevated temperatures and negli-
gible phosphorus loss were predicted but they could 
not be directly confirmed with experimental data. Very 
low concentrations of high-oxidation oxides (Fe2O3, 
Mn2O3) and SiC in the slag are consistent with litera-
ture and experimental practice. If manganese recov-
ery is taken as a target feature parameter, average 
temperature of 1500-1525°C looks being an optimal 
range for this process, as further temperature in-
crease will lead to more manganese losses. This 

range is higher than was previously analyzed 1400°C 
in alternative study [15]. 

Such calculations can be carried out excluding 
manganese as a component of the gas phase; how-
ever, to approximate the calculation to real conditions, 
a more accurate knowledge of air consumption as a 
reaction component is necessary (for example dilution 
of the gas phase with nitrogen can significantly shift 
the equilibrium of all reactions which involve gas 
products).  

This work proves that careful assessment of input 
parameters and use of proper thermodynamic data-
bases are valuable tools for estimation of the process 
features and resulting products quality, which could 
help smelting plants to manage better production. 
Embedded thermodynamic calculations are efficiently 
replacing manually set calculation procedures [3] or 
simplified models [13] for charge and energy de-
mands in the process without assumptions for losses 
or phase partition.  
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Abstract. This study investigates the influence of the degree of deformation during the drawing out forging operation on 
the distribution pattern of plastic strain in billets intended for manufacturing high-capacity lifting hooks. The primary ob-
jective is to determine the optimal deformation degree that enhances the uniformity of plastic strain distribution across 
the forging's cross-section. The research was conducted using numerical modeling of the sequential upsetting and 
drawing out processes, accounting for the continuity of the technological cycle. Drawing out was performed using the 
"ring" method (circumferential rotation) with a rotation angle of 15° and a relative feed of 0.5. Three deformation degrees 
per pass were analyzed: 10%, 15%, and 20%. To quantitatively assess strain uniformity, the nonuniformity coefficient Сn 
was employed, defined as the ratio of equivalent strain values at control points to the maximum equivalent strain within 
the cross-section. It was established that increasing the deformation degree from 10% to 20% raises the level of accu-
mulated plastic strain and improves its uniformity across the cross-section. The most uniform strain distribution was 
achieved at a deformation degree of 20%, where the minimum nonuniformity coefficient value was 0.54. This indicates a 
46% reduction in strain nonuniformity (since Cn=0.54 corresponds to nonuniformity reduced to 54% of the reference 
maximum difference). The obtained results can be applied in the development of rational technological regimes for forg-
ing high-capacity lifting hooks with enhanced requirements for quality and reliability. 
Keywords: drawing out, upsetting, degree of deformation, plastic strain, strain nonuniformity coefficient, high-capacity 
lifting hook forging. 
 
Анотація. У цьому дослідженні досліджується вплив ступеня деформації під час операції витяжного кування 
на характер розподілу пластичної деформації в заготовках, призначених для виготовлення великовантажних 
вантажопідйомних гаків. Основною метою є визначення оптимального ступеня деформації, який підвищує рі-
вномірність розподілу пластичної деформації по поперечному перерізу поковки. Дослідження проводилося з 
використанням числового моделювання послідовних процесів висадки та витяжки з урахуванням безперерв-
ності технологічного циклу. Витяжка виконувалася методом "кільця" (окружне обертання) з кутом повороту 
15° та відносною подачею 0,5. Було проаналізовано три ступені деформації за прохід: 10%, 15% та 20%. Для 
кількісної оцінки рівномірності деформації використовувався коефіцієнт нерівномірності Сn, який визначаєть-
ся як відношення значень еквівалентної деформації в контрольних точках до максимальної еквівалентної де-
формації в межах поперечного перерізу. Було встановлено, що збільшення ступеня деформації з 10% до 20% 
підвищує рівень накопиченої пластичної деформації та покращує її рівномірність по поперечному перерізу. 
Найбільш рівномірний розподіл деформації був досягнутий при ступені деформації 20%, де мінімальне значен-
ня коефіцієнта неоднорідності становило 0,54. Це свідчить про зменшення неоднорідності деформації на 
46% (оскільки Cn=0,54 відповідає неоднорідності, зменшеній до 54% від контрольної максимальної різниці). 
Отримані результати можуть бути застосовані при розробці раціональних технологічних режимів кування 
високовантажних вантажопідйомних гаків з підвищеними вимогами до якості та надійності. 
Ключові слова: витяжка, осаджування, ступінь деформації, пластична деформація, коефіцієнт неоднорідно-
сті деформації, кування високовантажного вантажопідйомного гака. 
 
 

Introduction. High-capacity lifting hooks are criti-
cal components in hoisting and transportation sys-
tems, operating under variable and impact loads. The 
operational reliability of such components is deter-
mined by a combination of factors, among which the 
structural homogeneity of the metal, the absence of 

internal defects, and a favorable orientation of the fi-
brous structure play a key role. These characteristics 
are primarily formed during the forging process. 

One of the key parameters influencing the for-
mation of the structure and quality of forged products 
is the pattern of plastic strain distribution throughout 
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the billet volume. Strain nonuniformity can lead to the 
formation of internal defects and premature failure of 
the component. For critical parts, particularly high-
capacity lifting hooks, achieving uniform deformation 
penetration (thorough working) of the metal is one of 
the primary technological challenges. 

In the technology for manufacturing single-horn 
(single-prong) lifting hooks, a combined forming 
scheme is employed, which includes preliminary up-
setting of the billet followed by drawing out [1]. Upset-
ting ensures the breakdown of the cast structure and 
a substantial reduction in internal porosity of the met-
al, while the drawing out operation imparts the re-
quired shape and length to the billet, creating a favor-
able fiber orientation [2, 3]. At the same time, the de-
gree of deformation during drawing out significantly 
affects the pattern of its distribution throughout the 
metal volume and can either improve or impair the 
structural homogeneity of the final product. 

Despite the considerable number of studies on 
metal forming processes, the specific influence of the 
degree of deformation during drawing out—performed 
after preliminary upsetting—on the nonuniformity of 
plastic strain in billets for single-horn high-capacity lift-
ing hooks remains insufficiently explored. Establishing 
quantitative relationships for the distribution of plastic 
strain will enable the justification of rational technolog-
ical forging regimes and improve the quality of the fin-
ished products. 

Literature Review and Problem. Upsetting is a 
fundamental operation in the forging of large critical 
forgings, as it ensures thorough working (penetration) 
of the metal. This process breaks down the cast 
structure, heals internal defects, and promotes the 
formation of a homogeneous microstructure, which is 
crucial for the strength of the final product. However, 
as demonstrated by the results in [4], the upsetting 
process is accompanied by significant nonuniformity 
in the stress-strain state (SSS), which directly de-
pends on the initial shape of the billet. Furthermore, 
work [5] has established that the pattern of metal flow 
is substantially influenced by friction conditions and 
the temperature-velocity regimes of processing.  

Therefore, to achieve uniform strain distribution, it 
is effective to use billets of special (profiled or con-
toured) shapes and intensified processing regimes. In 
particular, work [6] has demonstrated that the applica-
tion of profiled billets helps to distribute deformation 
more homogeneously and prevent the formation of in-
ternal cracks. Additionally, enhanced quality can be 
achieved through complex loading schemes. As 
shown in study [7], the combination of deformations 
and varying stresses ensures better working (penetra-
tion) of the metal structure throughout the entire billet 
volume. This not only improves its strength but also 
enables effective control of product quality in open-die 
forging. 

The primary formation of quality and strength in 
large forgings occurs during the drawing out forging 
operation. In study [8], based on numerical modeling, 
it was established that when processing large forg-

ings with flat dies, insufficient working (penetration) of 
the central zone in the billet's cross-section persists, 
necessitating improvements in the feed and reduction 
parameters. The relevance of seeking new technolog-
ical solutions to enhance the drawing out process is 
confirmed in work [9], which analyzes modern forging 
regimes from the perspective of improving metal qual-
ity and production energy efficiency. 

One of the most interesting approaches to improv-
ing metal quality is proposed by the authors of work 
[10]. They demonstrated that the use of dies with un-
conventional (asymmetric) shapes induces intense in-
ternal twisting of the metal, which significantly en-
hances the breakdown of coarse structures compared 
to conventional drawing out. A logical extension of 
this idea is presented in work [11], where the authors 
suggested replacing preliminary upsetting with billet 
profiling using wedge-shaped dies prior to drawing 
out. According to their findings, this approach enables 
through-working of the metal, reduces press force re-
quirements, and saves processing time. 

In modern practice, combined forging technologies 
are increasingly employed. For example, as demon-
strated in work [12], the application of a double "up-
setting–drawing out" cycle represents one of the most 
effective methods for eliminating internal defects. This 
combination of operations not only changes the 
shape of the billet but also enables targeted control 
over the restoration of the metal microstructure in the 
core of heavy forgings. 

At the same time, improving the forging process—
even when using special convex dies—always carries 
the risk of compromising the integrity of the product. 
Studies [14, 15] demonstrate that critical stresses 
arising at high degrees of deformation during drawing 
out can lead to crack formation. 

Thus, the analysis of global experience confirms 
that achieving high-quality and safe products, such as 
lifting hooks, requires finding an optimal balance be-
tween improving metal working and preserving the 
structural integrity of the material. This necessitates 
detailed computer modeling to determine rational de-
grees of deformation, which constitutes the primary 
objective of the present work. 

Purpose and objectives of the research. The 
objective of this work is to investigate the influence of 
the degree of deformation during the drawing-out 
forging operation—performed after preliminary upset-
ting of the billet—on the distribution of plastic strain 
and to evaluate the nonuniformity of deformation 
throughout the volume of the billet for high-capacity 
lifting hooks. 

Materials and Methods of Research. The object 
of the study was a cylindrical billet made of steel 1020 
(equivalent to Ukrainian grade steel 20), with an initial 
diameter of 470 mm and height of 940 mm. Steel 
1020 is a low-carbon steel commonly used for forging 
heavy-duty lifting hooks due to its good hot workabil-
ity, moderate strength, and suitability for subsequent 
heat treatment. 

Numerical simulation of the forging processes was 
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performed using the QForm UK software package 
[15] based on the finite element method (FEM). The 
modeling accounted for the sequential continuity of 
the technological cycle: preliminary upsetting followed 
by drawing out. 

The forging operations (upsetting and drawing out) 
were simulated under isothermal conditions at a con-
stant temperature of 1150°C. This temperature corre-
sponds to the typical hot forging range for low-carbon 
steels like 1020/20, ensuring high ductility, low flow 
stress, and effective deformation without excessive 
cracking risk. 

Upsetting was performed using flat upsetting 
plates (dies): the lower plate was fixed, while the up-
per plate moved vertically downward. 

The degree of deformation during upsetting was 
set at 50% reduction of the initial billet height (from 
940 mm to 470 mm). 

This stage aimed to achieve preliminary defor-
mation penetration (thorough working) of the metal 
structure prior to the subsequent drawing-out opera-
tion, thereby breaking down the initial cast microstruc-
ture, closing internal porosity, and promoting overall 
homogeneity. 

The results obtained after the upsetting stage 
were used as initial conditions for the subsequent 
modeling of the drawing-out processes. This ap-
proach ensured the continuity of the technological 
process and the accurate reproduction of real forging 
conditions. 

The 3D model of the initial billet, its position be-
tween the plates prior to upsetting, and the state after 
upsetting are presented in Figure 1. 

 

 

Figure 1 – 3D model of the upsetting 
operation: (a) initial cylindrical billet 
(D=470 mm, H=940 mm);  
(b) billet position before upsetting;  
(c) billet state after upsetting. 

 

Subsequently, numerical modeling of the drawing-
out forging operation was performed. The initial state 
for this stage was the billet with the already formed 
distribution of plastic strain obtained after the upset-
ting stage. This approach ensured the continuity of 
the technological process and the accurate reproduc-
tion of real forging conditions. 

The drawing out of the billet was carried out using 
flat dies with dimensions 400 × 1000 × 500 mm. The 

"ring" method (circumferential rotation drawing) was 
selected, which involves sequential reductions of the 
billet accompanied by rotation (canting) by an angle  
α = 15°. A relative feed s/h = 0.5 was applied only af-
ter a full rotation of the billet (i.e., after completing the 
360° circumferential pass). 

The schematic diagram and 3D model of the 
drawing-out process are presented in Figure 2. 

 

 

Figure 2 – 3D model of the drawing-out forging op-
eration: (a) initial state of the billet and canting 
scheme (α = 15°); (b) drawing-out stage and relative 
feed (s/h = 0.5). 

 

To investigate the influence of the degree of de-
formation during the drawing-out forging operation on 

the quality of lifting hook forgings, three modeling var-
iants were performed with different deformation de-
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grees per pass: 10%, 15%, and 20%. For each vari-
ant, three sequential drawing-out passes were carried 
out. After the third pass, the accumulated equivalent 
plastic strain was determined, and the pattern of its 
distribution in the cross-section—specifically in the 
central region of the billet — was analyzed. 

This approach enabled the establishment of the 
relationship between the degree of deformation after 
the third drawing-out pass and the uniformity of plas-
tic strain distribution. This uniformity is a decisive pa-
rameter in ensuring the quality of high-capacity lifting 
hook forgings. 

To evaluate the uniformity of plastic strain distribu-
tion, the method for predicting volumetric nonuniformi-
ty was applied, with detailed justification provided in 
work [16]. In each analyzed cross-section, four radial 
lines were drawn, positioned at 45° angles to one an-
other. Along each line, seven control points were 
marked, symmetrically arranged relative to the center 
of the section and the zones of maximum equivalent 
plastic strain (Figure 3). Within this approach, the 
nonuniformity coefficient Сn was determined for the 
strain distribution. 

 

 

Figure 3 – Schematic of radial lines and con-
trol points arrangement in the billet cross-
section during drawing out. 

 

The nonuniformity coefficient Cn was calculated as 
the ratio of the equivalent plastic strain value at each 
control point in the cross-section to the maximum 
equivalent plastic strain value within the correspond-
ing cross-section. This definition confines Cn to the 
range from 0 to 1. Values close to 1 indicate a more 
uniform distribution of plastic strain across the sec-
tion. 

Figure 4 illustrates the distribution of plastic strain 
in the central cross-section of the billet after the up-
setting stage. The maximum values of plastic strain 

are concentrated in the central zone, reaching 1, 
while a gradual decrease is observed toward the sur-
face zone, with minimum values of 0.6. Thus, the 
range of plastic strain variation across the cross-
section is 0.6–1 indicating the presence of nonuni-
formity in the deformation state. 

The plastic strain distribution formed after upset-
ting determines the initial state of the billet prior to 
drawing out and influences both the subsequent 
strain values and the uniformity of its distribution dur-
ing the drawing-out process. 

 

 

Figure 4 – Distribution of plastic strain in the cross-section of the bil-
let after upsetting. 

 

Figure 5 presents the distribution of plastic strain 
in the central cross-section of the billet after the third 
drawing-out pass for deformation degrees per pass of 
10%, 15%, and 20%. As can be seen from the con-
tour plots, increasing the deformation degree leads to 
a more uniform strain distribution across the section, 
with the most homogeneous pattern observed at 20% 
(Figure 5c). 

At a deformation degree of 10 % per pass (Fig-
ure 5a), the plastic strain values vary within the range 
of 2 to 8, indicating pronounced strain nonuniformity 

and insufficient working of the central zone.Increasing 
the deformation degree to 15% (Figure 5b) results in 
a rise of the minimum strain values to 3.1, while the 
maximum values remain around 8. This suggests im-
proved deformation penetration in the internal layers 
of the metal. The most thorough deformation working 
is observed at a deformation degree of 20% (Figure 
5c), where the minimum strain values reach 7.1 and 
the maximum values attain 13. At this level, the strain 
distribution along the radius becomes significantly 
more uniform. 
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Figure 5. Distribution of plastic strain in the billet cross-section after the third drawing-out pass at different deformation  
degrees per pass: (a) ε = 10%; (b) ε = 15%; (c) ε = 20%. 

 
The obtained results clearly demonstrate the sig-

nificant influence of the deformation degree during bil-
let drawing out and confirm the advisability of apply-
ing higher deformation degrees to achieve more 
complete working (penetration) throughout the billet 
volume. The summarized results of the numerical 

analysis are presented in Table 1, which includes the 
minimum and maximum values of plastic strain, as 
well as the calculated nonuniformity coefficient Cn for 
each variant of the deformation degree during draw-
ing out. 

Table 1. Plastic strain characteristics and nonuniformity coefficient after  
the third drawing out pass for different deformation degrees per pass. 

 

Figure 6 presents graphs of the nonuniformity co-
efficient Cn distribution along the measurement lines 
in the cross-section of billets with different defor-
mation degrees after the third drawing-out pass. 

Analysis of the graphs made it possible to estab-
lish the pattern of distribution of the deformation non-
uniformity coefficient Cₙ as a function of the billet de-
formation degree. For all variants, the curves exhibit a 
characteristic symmetric shape: the maximum Cₙ val-
ues are observed at the outermost (peripheral) points 

(points 1 and 7), while the minimum values occur in 
the central zone of the cross-section (points 3–5). 

It was established that increasing the deformation 
degree leads to a rise in the nonuniformity coefficient 
Cₙ values in the central zone of the billet. At a defor-
mation degree of 10% per pass (Figure 6a), the min-
imum Cₙ value in the central zone is 0.25. When the 
deformation degree is increased to 15% (Figure 6b), 
the coefficient rises to 0.38. At a deformation degree 
of 20% (Figure 6c), the Kₙ value reaches 0.54. 

 
Figure 6. Graphs of the deformation nonuniformity coefficient Cn distribution after the third drawing-out pass  

for billets with different deformation degrees per pass: (a) ε = 10%; (b) ε = 15%; (c) ε = 20%. 

Deformation degree per 
pass, ε (%) 

Minimum equivalent plastic 
strain, ε min 

Maximum equivalent plastic 
strain, ε max 

Nonuniformity coefficient, 
Cn 

10 2 8 0.25 

15 3.1 8 0.38 

20 7.1 13 0.54 
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In this case, the billet processed with a defor-
mation degree of 20% per pass (Figure 6c) exhibits 
the most uniform plastic strain distribution. The mini-
mum value of the nonuniformity coefficient is Cₙ = 
0.54. Since values of the coefficient close to unity cor-
respond to a more uniform strain distribution, the ob-
tained result indicates that the deformation nonuni-
formity is reduced to 54%. 

Conclusions. In this study, numerical modeling of 
the drawing out processes following preliminary billet 
upsetting was performed to investigate the influence 
of the deformation degree in the drawing out forging 
operation on the pattern of plastic strain distribution 
and to evaluate deformation nonuniformity throughout 
the volume of billets intended for high-capacity lifting 
hooks. 

It was established that after upsetting, the billet 
exhibits nonuniform plastic strain distribution, with 
values decreasing from the center to the surface with-
in the range of 0.6–1. This initial strain distribution is 
critical, as it determines the subsequent metal quality 

and the uniformity of structural working during the 
drawing-out stage. 

The key role of the deformation degree during 
drawing out has been demonstrated: increasing the 
deformation per pass from 10% to 20% ensures a 
transition from pronounced nonuniformity to stable 
and thorough working of the entire metal volume. In 
particular, the minimum strain values increase more 
than threefold (from 2.0 to 7.1). 

Analysis of the nonuniformity coefficient Cn con-
firmed that the central zone of the billet cross-section 
is the most difficult to deform. However, raising the 
deformation degree to 20% allows the uniformity in 
the central zone to increase from 0.25 to 0.54. This 
result indicates that the deformation nonuniformity is 
reduced to 54%. 

The obtained findings can be used to develop ra-
tional technological regimes for open-die forging of 
high-capacity lifting hooks with enhanced require-
ments for structural uniformity, mechanical properties, 
and operational reliability. 
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Abstract. This article discusses the developed technology for manufacturing a gearbox mounting bracket used on roll-
ing stock in domestic metro systems. The article also analyses the design of this bracket and the malfunctions that may 
occur during operation. The specific nature of metro rolling stock operation, characterised by high traffic intensity, fre-
quent acceleration and braking cycles, and significant dynamic loads, places increased demands on the reliability of 
each structural element of its running gear. Since a significant part of the bogie parts are manufactured using metal 
pressure processing methods, the issue of improving the quality of stamped forgings becomes a relevant technical task 
that affects the safety of passenger transport and the accident-free operation of vehicles. This article analyses other 
works related to improving the mechanical characteristics of products and increasing their quality, which depend on the 
parameters and methods of their production. The traditional forging technology discussed above usually involves a mul-
ti-stage process that includes the use of rolling grooves for preliminary distribution of metal along the axis of the blank. 
However, this approach increases the size of the stamping equipment and requires more passes, which leads to higher 
energy costs and production costs. The authors proposed abandoning the use of a rolling groove, since it is possible to 
manufacture this forging without changing the geometry of the blank before bending.The results of this work can be 
used by technologists and engineers in the machine-building industry as one of the promising ways to improve and ra-
tionalise the stamping of forgings with similar geometry, since by reducing the number of stamping passes, it is possible 
to reduce the cost of production and manufacture of dies without significantly affecting the stress-strain state of the re-
sulting forging. The expediency of using computer modelling in the design of production technology is also indicated, as 
it allows all stages of production to be investigated without significant financial costs and ways to improve and rational-
ise technological operations to be identified, which will have an impact on improving the quality of manufactured prod-
ucts in the future. 
Keywords: production technology, stamping, forging, stamping groove, underground railway, gearbox mounting brack-
et.  
 
Анотація. В даній статті розглянуто розроблену технологію виготовлення кронштейну кріплення редук-
тора, що експлуатується на рухомому складі вітчизняних метрополітенів. Також в роботі була проаналізо-
вана конструкція цього кронштейну та несправності, які можуть виникати при експлуатації. Адже специфіка 
роботи рухомого складу метрополітену, що характеризується високою інтенсивністю руху, частими цик-
лами розгону та гальмування, а також значними динамічними навантаженнями, висуває підвищені вимоги до 
надійності кожного конструкційного елемента його ходової частини. Оскільки значна частина деталей візка 
вагону виготовляється методами обробки металів тиском, питання покращення якості штампованих поко-
вок стає актуальним технічним завданням, що впливає на  забезпечення безпеки пасажирських перевезень 
та безаварійну експлуатацію транспортних засобів. У даній статті зроблено аналіз інших робіт, що стосу-
ються поліпшення механічних характеристик виробів та підвищення їх якості, що залежать від параметрів 
та методів їх виробництва. Традиційна технологія виготовлення поковки, що була розглянута, зазвичай пе-
редбачає багатостадійний процес, що включає використання підкатувальних рівчаків для попереднього роз-
поділу металу вздовж осі заготовки. Однак, такий підхід збільшує габарити штампового оснащення та ви-
магає більшої кількості переходів, що веде до зростання енерговитрат та собівартості. Авторами було за-
пропоновано відмовитися від використання підкатувального рівчака, оскільки для виготовлення даної поковки 
можливо не змінювати геометрію заготовки перед її згинанням. Результати даної роботи можуть бути ви-
користані технологами та інженерами машинобудівної галузі, як один із перспективних шляхів поліпшення та 

© Biriukov S.V., Chukhlib V.L., 2026 
© Бірюков С.В.,  Чухліб В.Л., 2026 

 

This is an Open Access article under the CC BY 4.0  
license https://creativecommons.org/licenses/by/4.0/ 

 

 

mailto:Serhii.Biriukov@mit.khpi.edu.ua
mailto:Serhii.Biriukov@mit.khpi.edu.ua
https://creativecommons.org/licenses/by/4.0/


ISSN 3083-7219 (Print), ISSN 3083-7227 (Online)  

Теорія і практика металургії, 2026, № 1 
Theory and Practice of Metallurgy, 2026, No. 1 

18 

 

раціоналізації штампування поковок схожої геометрії, оскільки за рахунок зменшення кількості штампуваль-
них переходів можливо зменшити витрати на виробництво та виготовлення штампів, без суттєвого впли-
ву на напружено-деформований стан отриманої поковки. Також вказано на доцільність застосування 
комп’ютерного моделювання в проектуванні технології виробництва, адже це дозволяє дослідити всі етапи 
виробництва без значних фінансових кладень та виявити шляхи покращення та раціоналізації технологічних 
операцій, що матиме вплив на покращення якості виготовляємої продукції в подальшому. 
Ключові слова: технологія виробництва, штампування, поковка, штампувальний рівчак, метрополітен, 
кронштейн кріплення редуктора.  
 

 

Introduction. The modern transport engineering 
industry requires new approaches to production, as 
scientific and technological progress moves forward, 
production processes are automated, and equipment 
is improved. The development and optimisation of 
production is also facilitated by the use of computer 
technology, which allows production processes to be 
simulated before they are implemented in the enter-
prise, making it possible to identify ‘weak’ points in the 
technological chain of operations. These studies, 
conducted using specialised software such as 
QForm, Abaqus, SolidWorks, and ANSYS Mechani-
cal, help specialists improve production efficiency, 
because the earlier an error is detected in the product 
life cycle, the cheaper it will be to correct it.  

When manufacturing running gear components for 
transport, they undergo many technological opera-
tions to get from a blank to a finished part that meets 
all the specified requirements, standards and toler-
ances. The running gear of rail transport, namely bo-
gies, consists of parts, most of which are manufac-
tured using metal pressure processing. Accordingly, 
by pre-modelling these processes, it is possible to 
predict ways to improve the technology for manufac-
turing these parts. In particular, the modelling of 
stamping processes has broad prospects in modern 
industry, allowing the analysis of product manufactur-
ing in the early stages of its life cycle. 

Analysis of literature data and problem state-
ment. The running gear of railway and metro rolling 
stock consists of many components, the details of 
which are manufactured using pressure processing 
technology, in particular, volumetric hot stamping. 
Since the transportation of passengers and cargo by 
rail accounts for a significant share of Ukraine's total 
passenger and freight traffic [1], it is appropriate to 
improve the quality of manufactured parts, as they af-
fect not only the reliability and strength of the entire 
structure, but also traffic safety. Specialists in the field 
of production offer various ways to improve and opti-
mise production processes in order to improve the 
characteristics of products, including their quality. 

In [2], the authors conducted a study aimed at as-
sessing the quality of forgings depending on the forg-
ing parameters. It was found that after manufacturing 
and heat treatment, surface cracks appeared in the 
forgings, which subsequently affected their reliability 
and mechanical properties. One of the causes of 
cracking is the wear of dies and damage during the 
forging process, which contributes to the formation of 
non-metallic oxide inclusions and the transfer of sur-
face defects to forgings. 

Work is also underway to optimise production pro-

cesses. In particular, in [3], the hot forging process 
was modelled in the QFORM software package, 
which allowed the authors to reduce material and en-
ergy costs for forming by using the minimum number 
of forming passes and a low-power forging hammer. 
Modelling showed that by combining the blanking and 
upsetting passes, it is possible to achieve a more fa-
vourable blank profile, which improves the metal 
forming conditions for the selected stamping dies 
used to produce the forging under study. 

In modern research on metal pressure treatment, 
the creation of new approaches to forging and the ra-
tionalisation of its modes are relevant. One of the 
ways to improve this process is the work [4-7] related 
to predicting the quality of forgings depending on the 
deformation mode during forging. This approach in 
the forging process allows not only to analyse the un-
evenness of metal deformation during pressure 
treatment, but also to establish more rational modes 
of this treatment in order to obtain a uniform distribu-
tion of mechanical properties in the product, which will 
undoubtedly improve its quality and reliability. 

Also, in [4], a method was proposed for predicting 
the unevenness of metal deformation during forging, 
which allows for a more uniform stress-strain state of 
the forging, affecting the uniformity of the distribution 
of mechanical properties in the metal. 

Thus, modern research in the field of mechanical 
engineering mainly concerns the optimisation and ra-
tionalisation of production processes, increasing their 
efficiency, as well as improving the mechanical char-
acteristics and quality of parts manufactured, in par-
ticular by stamping. The solution to these problems is 
greatly facilitated by the use of specialised computer 
programs, such as QForm [8], which allow the pa-
rameters of the manufacturing process to be re-
searched, analysed and improved at the technology 
development stage. However, the problem lies in find-
ing ways to improve production, as technologies are 
being modernised and technical progress is not 
standing still. Accordingly, the ‘classic’ production 
schemes that existed earlier are now being supple-
mented or revised in the context of modern ap-
proaches and production equipment. 

Purpose and objectives of the research. The 
purpose of this work is to develop a technology for 
manufacturing a gearbox mounting bracket used on 
rolling stock of domestic metros. The authors set 
themselves the task of investigating the possibility of 
simplifying the manufacture of this bracket by apply-
ing a technology that differs slightly from the classic 
technology for manufacturing forgings with a curved 
axis. 
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Materials and research methods. One of the 
main components of a rail transport trolley is its trac-
tion transmission, which is usually attached to the trol-
ley frame using brackets and suspension. According-
ly, the design of the mounting brackets must meet all 
the reliability and strength criteria established for them 

under operating conditions.  
For example, the rolling stock of the Kharkiv Metro 

uses a gearbox mounting bracket consisting of a cy-
lindrical part and an eyelet. This bracket is welded in-
to the crossbeam of the trolley frame [9], as shown in 
Figure 1. 

 

 

Fig. 1 – Bracket for mounting the gearbox of a 81-717 series carriage bogie. 
 

The eye of this bracket is tilted towards the hori-
zon at an angle of 18º, and the axle of the gearbox 
suspension is deflected at the same angle to ensure 
the smallest vertical deflection between the shafts of 
the traction motor and the gearbox gear when the ax-
le springs are loaded. 

This bracket is a very important element of the 
car's running gear and, accordingly, has high reliabil-

ity requirements, since its failure, as shown in Fig-
ure 2, will significantly affect traffic safety and is unac-
ceptable during operation [10, 11]. To prevent such 
cases, the bogie is equipped with a comprehensive 
safety device [12] that prevents the reduction gear 
suspension elements from falling onto the rail track in 
the event of their breakage or breakage of the mount-
ing bracket. 

 

 

Fig. 2 – Breakage of the gearbox mounting bracket on an E-type carriage. 
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Many elements of a railway carriage bogie are 
manufactured using metal pressure processing meth-
ods. The gearbox mounting bracket is no exception. 
The production technology for this bracket involves 
hot volumetric stamping [13]. A cylindrical blank is 

used to manufacture the forging for this part. 
Research results. The model of the bracket and 

its forging are shown in Figure 3. This forging belongs 
to the group of forgings with a curved axis [14]. 

 

  

a)        b) 

Fig. 3 – Model of bracket a) and its forging b). 
 

Such forgings are stamped using an appropriate 
combination of die grooves [15]. The classic technol-
ogy for manufacturing this forging, which has a 
curved axis, involves the following sequence of 
stamping passes: rolling groove – bending groove – 
preliminary groove – final groove. 

The authors propose simplifying the production 
technology for such a forging, namely, not using a 

roll-up groove, but deforming the cylindrical blank first 
in a bending groove, and then in the preliminary and 
final grooves. This decision was made in accordance 
with the calculated blank (diameter diagram) and its 
cross-section diagram. These diagrams, shown in 
Figure 4, were constructed after the forging was un-
folded, since its axis has an 18º bend in the area of 
the lug. 

 

 
 

Fig. 4 – Calculated blank and its cross-section diagram. 
 

Since the diameter profile is close to rectangular in 
shape, it was proposed to abandon the rolling groove 
for the production of this bracket. 

Discussion of results. The development of pro-
duction technology for any part involves a combina-
tion of die grooves that must be used to obtain the re-



 ISSN 3083-7219 (Print), ISSN 3083-7227 (Online) 

Теорія і практика металургії, 2026, № 1 
Theory and Practice of Metallurgy, 2026, No. 1 

21 

 

quired shape of the forging. The use of modern ap-
proaches to the development of forging manufactur-
ing technology, in particular computer modelling, al-
lows for a broader analysis of hot volumetric stamping 
processes and the identification of ways to improve 
production, which can have a positive impact on its 
cost-effectiveness, efficiency and quality. It is this 
analysis that is promising in the context of this work, 
which requires a more thorough consideration of the 
proposed production technology. 

This work proposes a way to rationalise stamping 
processes by minimising the number of passes, 
which reduces production costs while maintaining the 
required characteristics of the forging. The authors 
justify the feasibility of introducing digital modelling 
systems for virtual testing of technologies. This ap-

proach allows identifying the potential for improving 
operations without additional financial investments, 
ensuring high quality of products in the future. 

Conclusions. A technology has been developed 
for the production of a gearbox mounting bracket, 
which is manufactured by metal pressure treatment, 
namely hot volumetric stamping. Based on the ob-
tained calculated blank and its cross-section diagram, 
it is proposed to abandon the rolling groove, which is 
usually used, in particular, for the production of forg-
ings with a curved axis.  

Based on the developed technology, it is neces-
sary to conduct a more detailed analysis and model-
ling to study its impact on the quality characteristics of 
forgings. 
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Abstract. The paper addresses the problem of improving the technical and economic efficiency of heavily loaded vibra-
tory machines through optimization of the load-bearing frame of the screen box. The main elements providing the spatial 
stiffness of the box structure are tubular transverse tie-beams, which operate under conditions of intensive cyclic bend-
ing loads. Analysis of the available literature indicates that these elements belong to the most highly loaded and vulner-
able structural components, for which fatigue failure is the dominant failure mechanism. The traditional approach to in-
creasing the strength of structural elements, namely, enlarging the cross-sectional area, leads to an increase in the 
mass of the screen box and the associated inertial loads, which adversely affects the dynamic characteristics of the vi-
bratory machine. The objective of this study was to improve the structural efficiency of the screen box of a vibratory ma-
chine by optimizing the geometry of the tie-beams using a rational material distribution along the length of the element. 
An approach is proposed that involves varying the outer diameter of the tubular tie-beam according to a parabolic law 
while maintaining a constant inner diameter. Such an approach makes it possible to reduce the beam mass in regions of 
low bending moments while simultaneously maintaining or increasing stiffness in the most heavily loaded sections. To 
evaluate the effectiveness of the proposed solution, a series of numerical experiments was carried out using the finite 
element method. The simulations included calculations of axial compression, bending under transverse inertial loading, 
determination of the first natural frequency, and estimation of the critical buckling load for tie-beams with both baseline 
and parabolic profiles. The obtained results demonstrate that the use of a parabolic profile makes it possible to reduce 
the mass of the tie-beam by 41%, while the transverse acceleration corresponding to the onset of yielding increases by 
55%, and the first natural frequency increases by 18%. Stress distribution maps indicate a more uniform loading of the 
material in the tie-beam with the parabolic profile. The deformed state of the screen box was also modeled using both 
the baseline and the optimized tie-beams. The results show that the change in beam geometry has virtually no effect on 
the dynamic characteristics of the box. The first natural frequency of the structure changes only slightly, while the de-
formation pattern and the maximum displacement amplitude remain practically unchanged. The obtained results confirm 
the prospects of applying variable-section tie-beams for improving the energy efficiency and reliability of vibratory ma-
chines. 
Keywords: vibratory machine, screen box, reliability, structural optimization, stress–strain state, natural frequencies, vi-
bration resistance of structures. 
 
Анотація. У статті розглядається проблема підвищення техніко-економічної ефективності важко наван-
тажених вібраційних машин шляхом оптимізації несучої рами грохотної коробки. Основними елементами, що 
забезпечують просторову жорсткість конструкції коробки, є трубчасті поперечні балки, які працюють в 
умовах інтенсивних циклічних згинальних навантажень. Аналіз доступної літератури вказує на те, що ці 
елементи належать до найбільш навантажених та вразливих конструктивних елементів, для яких доміную-
чим механізмом руйнування є втомне руйнування. Традиційний підхід до підвищення міцності конструктивних 
елементів, а саме збільшення площі поперечного перерізу, призводить до збільшення маси грохотної коробки 
та пов'язаних з нею інерційних навантажень, що негативно впливає на динамічні характеристики вібраційної 
машини. Метою цього дослідження було підвищення конструктивної ефективності грохотної коробки вібра-
ційної машини шляхом оптимізації геометрії балок з використанням раціонального розподілу матеріалу по 
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довжині елемента. Запропоновано підхід, що передбачає зміну зовнішнього діаметра трубчастої балки за па-
раболічним законом при збереженні постійного внутрішнього діаметра. Такий підхід дозволяє зменшити масу 
балки в областях з низькими згинальними моментами, одночасно зберігаючи або збільшуючи жорсткість у 
найбільш навантажених перерізах. Для оцінки ефективності запропонованого рішення було проведено серію 
числових експериментів з використанням методу скінченних елементів. Моделювання включало розрахунки 
осьового стиску, згинання під поперечним інерційним навантаженням, визначення першої власної частоти та 
оцінку критичного навантаження на вигин для стяжних балок як з базовим, так і з параболічним профілями. 
Отримані результати показують, що використання параболічного профілю дозволяє зменшити масу стяж-
ної балки на 41%, тоді як поперечне прискорення, що відповідатиме початку текучості, збільшується на 55%, 
а перша власна частота збільшується на 18%. Карти розподілу напружень вказують на більш рівномірне на-
вантаження матеріалу в стяжній балці з параболічним профілем. Деформований стан ситового короба та-
кож було змодельовано з використанням як базового, так і оптимізованого стяжних балок. Результати пока-
зують, що зміна геометрії балки практично не впливає на динамічні характеристики короба. Перша власна 
частота конструкції змінюється незначно, тоді як картина деформації та максимальна амплітуда зміщення 
залишаються практично незмінними. Отримані результати підтверджують перспективність застосування 
анкерних балок змінного перерізу для підвищення енергоефективності та надійності вібраційних машин. 
Ключові слова: вібраційна машина, грохот, надійність, структурна оптимізація, напружено-деформований 
стан, власні частоти, вібростійкість конструкцій. 
 

 
Introduction 
Vibratory machines are widely used in continuous 

technological processes for the processing of bulk 
materials in the mining, metallurgical, and construc-
tion industries. Such equipment belongs to the class 
of units with increased requirements for reliability, du-
rability, and stability of technological performance in-
dicators [1, 2]. At the same time, under modern condi-
tions, improving their energy efficiency has become 
particularly important. This is associated both with the 
rising cost of energy resources and with the need to 
reduce the negative environmental impact of industri-
al activities. In particular, reducing the energy con-
sumption of technological equipment directly contrib-
utes to lowering emissions of fuel combustion prod-
ucts during electricity generation, including carbon 
monoxide (CO), which is an important environmental 
factor [3, 4]. 

One of the promising directions for improving the 
energy efficiency of vibratory machines is the en-
hancement of the design of their load-bearing ele-
ments and the application of new approaches to 
component shape formation. Traditionally, the 
strength of structural elements is increased by enlarg-
ing their cross-sectional area. However, for vibratory 
machines this approach has significant limitations. An 
increase in the mass of components leads to higher 
inertial loads, which in turn adversely affects the dy-
namic characteristics of the system. Thus, a contra-
diction arises between the need to improve the 
strength and reliability of the structure and the re-
quirement to reduce inertial loads. With increasing vi-
bration frequency of the working body, this contradic-
tion becomes even more pronounced. 

 
Analysis of published data and problem 

statement 
The main load-bearing elements of the screen box 

of a vibratory machine are the side plates and the tie-
beams. The side plates are manufactured from steel 
sheet blanks reinforced with stiffening ribs. They 
serve as the supporting base for the installation of 
screen panels and transmit the inertial forces gener-
ated by rotating unbalanced exciters mounted on the 

box. The spatial stiffness of the structure is ensured 
by tubular transverse tie-beams with a circular cross-
section that connect the side plates to each other. 
Since the side plates are located in the plane of vibra-
tion, the tie-beams are oriented perpendicular to it. As 
a result, they are subjected to significant periodic 
bending loads, the direction of which changes with 
the operating vibration frequency of the vibratory ma-
chine. Therefore, cyclic bending is the dominant load-
ing mode for these elements, whereas axial tensile 
and compressive forces mainly arise due to defor-
mation of the screen box and are not the governing 
loads [5]. 

In the study [6], performed using the ANSYS soft-
ware package, it was established that the tie-beams 
of a vibratory machine are among the most heavily 
loaded and structurally vulnerable components of the 
machine. The authors of [7] determined that fatigue 
failure is the primary mechanism of their destruction. 
The results of modal and harmonic analyses made it 
possible to clearly identify the most critical zones of 
the structure that are prone to crack initiation and 
propagation. 

In publication [8], an approach combining the 
analysis of vibratory machine dynamics with crack 
growth modeling was proposed. The dynamic behav-
ior of the vibratory machine was described using a 
two-dimensional model developed based on the finite 
element method, in which the tie-beam was repre-
sented by an Euler beam element with a local defect. 
To estimate the crack growth rate, the Paris model 
was applied, allowing the variation of system stiffness 
during damage evolution to be taken into account. It 
was shown that the amplitude of the excitation force 
is the dominant factor determining the fatigue life of 
the tie-beam, while cracks located near the joints with 
the side plates propagate significantly faster due to 
increased stress concentration. 

A number of studies address the problem of re-
duced durability of tie-beams associated with the ten-
dency to increase both their dimensions and the dy-
namic intensity of vibratory machines. In particular, 
study [9] demonstrated that an increase in productivi-
ty and vibration frequency leads to a significant rise in 
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dynamic loads, which results in the formation of 
cracks in tie-beams. To improve structural reliability, 
the use of beams with redundant constraints was 
proposed, providing additional stiffness and the ability 
to sustain loads even in the case of partial damage to 
structural elements. Experimental investigations have 
shown that such a design contributes to efficient dis-
sipation of vibration energy. It was found that in the 
improved beam the amplitude of the input power flow 
is manifested mainly in the low-frequency range and 
decays more rapidly at higher frequencies, which in-
dicates an increase in the vibration resistance of the 
structure. 

In [10], a mathematical model for calculating the 
dynamic stresses of tie-beams in a vibratory machine 
with linear oscillations was presented. The authors 
applied the finite element method integrated with the 
dynamic model of the vibratory machine, taking into 
account the influence of the material mass using the 
mass-flow method. It was demonstrated that tradi-
tional quasi-static calculation methods lead to signifi-
cant errors because they do not account for high-
frequency excitation components that may be close to 
the natural frequencies of the structure. It was estab-
lished that the tie-beam experiences complex bending 
vibrations in both horizontal and vertical planes, while 
the maximum dynamic stresses occur mainly in the 
end sections of the tie-beams, where fatigue cracks 
are most likely to form. 

The above considerations highlight the necessity 
of paying particular attention to the problem of fatigue 
failure of load-bearing elements in vibratory machine 
structures, especially tie-beams operating under long-
term cyclic loading. 

Considering the characteristics of spatially distrib-
uted inertial loads, improving the vibration resistance 
of the screen box of a vibratory machine can be 
achieved not by increasing the cross-sectional area of 
the transverse beams but, conversely, by rationally 

reducing their cross-section in the region of maximum 
deflection. Such an approach makes it possible to re-
duce the mass of the structure, decrease inertial 
loads, and improve the dynamic characteristics of the 
system. 

 
The purpose and objectives of research 
The objective of this study was to improve the 

technical and economic efficiency of vibratory ma-
chines through optimization of the load-bearing struc-
ture of their screen box by applying new approaches 
to the geometric design of tie-beams. This approach 
makes it possible to significantly reduce the mass of 
the structure while simultaneously improving its vibra-
tion and stiffness characteristics. 

 
Materials and methods 
The structure of the screen box of the vibratory 

screen GST-62.MF (Fig. 1) was selected as the ob-
ject of the study. The box consists of side plates 1, in-
terconnected by tie-beams 2 and two transverse 
beams 3, in which flange-mounted motor-vibrators 4 
are installed and connected to the side plates of the 
box by flanges. 

Considering their structural configuration, the tie-
beams of the box can be regarded as statically inde-
terminate elements clamped at both ends by the elas-
tic side plates. The most critical loading conditions 
occur when the operating frequency passes through 
their resonant frequencies. According to the analysis 
of the dynamic characteristics of vibratory screens 
[11], operating frequencies that significantly differ 
from the first natural frequencies of the structural ele-
ments of the screen box make it possible to avoid 
resonant excitation. Such resonant conditions can 
lead to large vibration amplitudes and significant de-
structive effects on the box structure and, conse-
quently, reduce the durability and operational reliabil-
ity of the machine. 

 
Figure 1 – Structure of the screen box of the vibratory screen GST-62.MF. 
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An increase in the operating frequency of the 
screen during the processing of metallurgical charge 
components generates additional dynamic loads, 
which necessitates the search for reserves to improve 
the structural stiffness of the working body and its 
components, primarily the tie-beams. 

One of the possible approaches to reducing the in-
fluence of vibration loads is a rational modification of 
the cross-section of the tie-beam, taking into account 
the distribution of bending moments along its length. 
Such an approach involves reducing the mass in re-
gions with small bending moments while maintaining 
or increasing stiffness in regions where the bending 
moments reach their maximum values. As a result, 
the mass of the beam can be reduced without a sig-
nificant decrease in its bending stiffness, which con-
tributes to an increase in the natural frequencies of 
the structure. One practical way to implement this ap-
proach is to reduce the cross-sectional area of the 
beam in its central part. Provided that technological 
manufacturing constraints and longitudinal strength 
requirements are satisfied, this makes it possible to 
reduce the amplitude of transverse vibrations of the 

beam. 
Taking this into account, the geometric shape of 

the surface of a tie-beam with a circular cross-section 
and a constant inner diameter d can be described as 
a circular paraboloid, provided that the outer diameter 
of the section varies from the maximum value Dmax at 
the junction with the side plate to the minimum value 
Dmin in the plane coinciding with the axis of symmetry 
of the box, depending on the longitudinal coordinate 
according to a parabolic law 

 𝐷(𝑥) = 2 ∙ 𝑅(𝑥) = 2 ∙ (𝑎 ∙ 𝑥2 + 𝑏). (1) 
Considering the specified boundary conditions im-

posed on the shape of the generating curve of the tie-
beam, the functional coefficients are determined by 
the following relationships: 

 

{
𝑎 =

𝐷max − 𝐷min

0,5 ∙ 𝐿2

𝑏 = 0,5 ∙ 𝐷min

, (2) 

where L – is the length of the tie-beam. 
Fig. 2 shows the baseline profile of the tie-beam 

and the profile obtained according to the parabolic 
law of diameter variation. 

 

 
Figure 2 – Baseline profile of the tie-beam and the profile obtained  

according to the parabolic law of diameter variation (dimensions in mm). 
 

Results of the Research and Their Discussion 
To investigate the influence of static and dynamic 

loads on tie-beams with baseline and parabolic pro-
files, a series of comparative numerical experiments 
was carried out. 

For each beam configuration, the following anal-
yses were performed in the simulation environment: 

axial compression until the stress corresponding to 
the yield strength of the material was reached at any 
point of the beam; 

bending under transverse inertial loading (maxi-

mum transverse acceleration) with clamped ends until 
the yield strength of the material was reached; 

determination of the first natural frequency of the 
beam with clamped ends; 

determination of the critical compressive load cor-
responding to the buckling of the beam with clamped 
ends. 

As a result of the numerical analysis, stress distri-
bution maps were obtained (Fig. 3), while the corre-
sponding quantitative characteristics are presented in 
Tab. 1. 
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Figure 3 – Stress distribution maps: a – axial compression; b – bending at maximum acceleration. 

Table 1 – Calculation results for tie-beams with different profiles. 

Parameter 
Profile 

Deviation, % 
baseline parabolic 

Axial compressive force at the yield limit, kN 1830 770 -58 

Transverse acceleration at the yield limit, m/s² 4600 7110 +55 

First natural frequency with clamped ends, Hz 218 258,06 +18 

Resonant vibration amplitude, mm 0,17 0,226 +33 

Critical buckling load for clamped supports, kN 1830 900 -51 

Mass of the tie-beam, kg 88,16 52,39 -41 
 

The stress distribution maps demonstrate a more 
uniform loading of the material in the tie-beam with a 
parabolic profile, reducing the extent of underloaded 
regions and increasing the vibration resistance of the 
structure. Such a distribution contributes to more effi-
cient utilization of the material and improves the op-
erational reliability of the structure. 

The analysis of the calculated characteristics of 
tie-beams with different profiles shows that the tie-
beam with a parabolic profile exhibits a significant 
mass reduction of 41% compared to the baseline de-

sign, which provides a potential reserve for reducing 
the overall mass of the working body. At the same 
time, the axial compressive force corresponding to 
the yield limit decreases by 58%, and the critical 
buckling load decreases by 51%. 

The analysis of transverse dynamics indicates that 
the acceleration corresponding to the onset of yield-
ing for the parabolic profile increases by 55%, while 
the first natural frequency of vibration increases by 
18%. At the same time, the resonant vibration ampli-
tude also increases by 33%. 

 
Figure 4 – Deformation distribution map of the screen box of the GST-62.MF vibratory screen:  

a – baseline profile of tie-beams; b – parabolic profile of tie-beams. 

 

Baseline profile Parabolic profile 

а) 

b) 

а) b) 
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In the real screen box structure, the boundary 
conditions of the tie-beams differ from those adopted 
in the simplified model. The elasticity of the side 
plates results in limited stiffness of the beam end re-
straints, while interaction with other beams through 
the side structural elements affects both the stress 
distribution and the dynamic characteristics of the 
system. This necessitates additional investigation of 
the frequency behavior of the tie-beams directly within 
the screen box structure. 

Fig. 4 presents the deformation map of the screen 
box of the GST-62.MF vibratory screen. 

The obtained results show that the first natural 
frequency of the screen box structure, compared with 
the baseline design, changes only slightly, increasing 
from 12.481 Hz to 12.662 Hz. The maximum resultant 
displacement amplitude of the box remains the same 
in both considered cases and equals 1.9·10⁻² mm. 
The configuration of the deformed state of the struc-
ture in both variants is practically identical. Analysis of 
the deformation distribution maps indicates that the 
character and spatial distribution pattern of the de-
formations for both screen box models are also es-
sentially the same. 

 

Conclusions 
The conducted study has shown that tie-beams 

are important load-bearing elements of the screen 
boxes of vibratory machines and are subjected to sig-
nificant cyclic loads. To improve their operational effi-
ciency, the use of tubular beams with a variable outer 
diameter following a parabolic law while maintaining a 
constant inner diameter has been proposed. Such a 
geometry ensures a more rational distribution of ma-
terial along the beam length in accordance with the 
distribution of bending moments. 

The results of numerical modeling demonstrate 
that the use of a beam with a parabolic profile makes 
it possible to reduce its mass by 41%, while simulta-
neously increasing the allowable transverse accelera-
tion and the first natural frequency of vibration. Analy-
sis of the stress–strain state indicates a more uniform 
distribution of stresses within the beam material.It has 
been established that the use of such beams practi-
cally does not change the dynamic characteristics of 
the screen box of the vibratory machine. This con-
firms the feasibility of their application for reducing the 
structural mass and improving the energy efficiency 
and reliability of vibratory machines. 
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Abstract. One of the main problems in the production of nickel-based alloy pipes by hot extrusion on horizontal hydrau-
lic presses is the high level of surface defects. A key factor influencing defect formation is the temperature variation of 
the billet throughout the technological process. The aim of this work is to establish the regularities of temperature 
changes in nickel alloy pipe billets during the main stages of production on presses with forces of 16.0 MN and 31.5 MN 
using glass lubricants. Methodology. The study is based on a systematic analysis of the industrial process of hot extru-
sion of pipes from nickel alloy 602CA. The main stages considered include billet transportation, application of glass lub-
ricant, transfer to the press, holding in the container, and extrusion. Temperature losses at each stage were determined 
using analytical and empirical equations based on thermographic measurements. Results. It was found that the total 
temperature drop of billets during auxiliary operations is inversely proportional to the wall thickness. Within the range of 
40–120 mm and heating temperatures of 1050–1250 °C, this dependence is close to linear. Scientific novelty. A 
methodology for calculating billet temperature at the main stages of preparation for extrusion has been developed for 
the first time. Practical utility. The proposed approach enables a justified selection of glass lubricants according to ac-
tual temperature conditions, which improves the surface quality of pipes, reduces rejection rates, and decreases the 
amount of subsequent machining. 
Keywords. hot extrusion, nickel-based alloys, pipe billets, heat balance, temperature field, cooling, glass lubricant, 
seamless pipes 
 
Анотація. Однією з основних проблем при виробництві труб із нікелевих сплавів методом гарячого пресу-
вання на горизонтальних гідравлічних пресах є високий рівень поверхневих дефектів. Ключовим чинником їх 
утворення є зміна температури заготовки протягом усього технологічного процесу. Метою роботи є 
встановлення закономірностей зміни температури трубних заготовок із нікелевих сплавів на основних ета-
пах виробництва труб на пресах із зусиллям 16,0 МН і 31,5 МН із використанням склозмазок. Методика. До-
слідження базується на системному аналізі промислового процесу гарячого пресування труб зі сплаву 602CA. 
Розглянуто основні етапи: транспортування заготовки, нанесення склозмазки, подача до преса, витримка в 
контейнері та пресування. Поетапні втрати температури визначали з використанням аналітичних і 
емпіричних залежностей, отриманих за результатами термографування. Результати. Встановлено, що 
сумарне зниження температури заготовок під час допоміжних операцій обернено пропорційне товщині їх 
стінок. У діапазоні товщин 40–120 мм і температур нагріву 1050–1250 °С ця залежність є близькою до 
лінійної. Наукова новизна. Вперше розроблено методику розрахунку температури заготовок на основних 
етапах їх підготовки до процесу пресування. Практична значущість. Запропонований підхід дозволяє 
обґрунтовано обирати склозмазки з урахуванням реальних температурних умов процесу, що забезпечує 
підвищення якості поверхні труб, зниження рівня браку та скорочення обсягів подальшої механічної обробки. 
Ключові слова: гаряче пресування, нікелеві сплави, трубні заготовки, тепловий баланс, температурне поле, 
охолодження, склозмазка, безшовні труби 
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Introduction. The rapid development of technolo-
gy, the mining industry, and nuclear energy is inextri-
cably linked to the use of pipes made of complex alloy 
steels and nickel- and iron-nickel-based alloys with 
enhanced operational properties (heat resistance, 
heat strength, fatigue strength, wear resistance, etc.) 
[1,2]. Today seamless pipes made of nickel alloys ac-
count for about 30% of the global market for such 
products. 

In the cast state, billets from such alloys, accord-
ing to the classification of the work [3], are classified 
as group B6. That is, in the cast state, these are ex-
tremely brittle alloys, the processing of which by pres-
sure can be performed in one or two types only in the 
hot state, only under certain conditions - at an ex-
tremely low speed and a small degree of one-time de-
formation of the billet of limited dimensions and sim-
ple configuration. 

This conclusion is confirmed by the results of 
many studies [4,5] and production practice of the 
product [6,7], from which it follows that with the im-
provement of technological and operational character-
istics, high alloying of alloys contributes to an in-
crease in their resistance to deformation and a de-
crease in technological plasticity. In turn, this contrib-
utes to a significant reduction in the temperature 
range of achieving maximum plasticity and high de-
formation heating [8,9], which leads to the impossibil-
ity of rolling these alloys. When producing pipes from 
such materials on roller pipe rolling plants, several 
technological problems arise, associated with the oc-
currence of violations of the continuity of the metal of 
the product [10,11]. 

Today, the only industrial method of manufacturing 
high-quality products from such alloys, in particular 
pipes, is the method of hot extrusion using glass lub-
ricants. At the same time, for the successful imple-
mentation of the process of hot extruded pipes and 
minimizing the level of their defects, it is necessary to 

select the temperature of maximum plasticity of the 
deformed alloy and maintain the optimal temperature 
balance at all stages of its implementation [12, 13]. 
The temperature of maximum plasticity when extrud-
ed pipes with high accuracy for a number of nickel al-
loys can be selected according to the results of work 
[14, 15], which are shown in Fig. 1-3. 

The alloys shown in Fig. 1-3 belong to the groups 
of nickel- and iron-nickel-based alloys according to 
GOST 5632-72 and standards DIN 2.4631, 2.4856, 
2.4858; AISI/SAE N07080, N 06625, N06626 
N08825. 

 
Figure 1 – Temperature ranges of maximum 
plasticity based on hot torsion test results 
for alloys: 1 – KhN78T (Ni–Cr alloy with Ti); 
2 – KhN77TYuR; 3 – 12Kh18N10T (similar 
to AISI 321 / EN 1.4541); 4 – KhN70V; 5  –
 KhN70Yu; 6 – KhN60VT. 

 
 

Figure 2 – Temperature ranges of maximum 
plasticity based on hot torsion test results for al-
loys: 1 – KhN45MKTYuB; 2 – 06Kh23N28MDT; 
3 – KhN45MBTs; 4 – KhN40MDTYu; 5 –
 KhN55MBTs;  6 – 03Kh20N32M3B. 

Figure 3 – Temperature ranges of maximum 
plasticity based on hot torsion test results for al-
loys: 1 – KhN45MKTYuB; 2 – 06Kh23N28MDT; 
3 – KhN45MBTs; 4 – KhN40MDTYu; 5 –
 KhN55MBTs;  6 – 03Kh20N32M3B. 
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Solving the problem of frequent shortages of pipes 
made of such alloys in production is usually hindered 
by the lack of data on the magnitude and nature of 
the change in the temperature of the sleeves at the 
preparatory and transport stages of the deformation 
process on press installations. Such problematic is-
sues arise on installations with presses with a force of 
16.0 MN and 31.5 MN, for which there is currently no 
information on the rational choice of glass lubricants 

for the surfaces of the workpiece. The need for these 
data is explained by the fact that the glass lubricants 
currently available “work” well only in a limited tem-
perature range (the temperature of heating the work-
piece for extrusion), which is not constant at different 
stages of the technological process and places of 
their use, which, in particular, follows from the analy-
sis of the data in Table 1 for glass lubricants “Pemco” 
[9]. 

 

Table 1 – Temperature conditions for Pemco glass lubricants. 

Glass lubricant Temperature of billet, С Use of glass lubricants in the technological process 

VP68/1688 1060-1085    Rolling of billets and sleeves 

VP68/1673 1135-1170    Rolling of billets and sleeves 

VP68/1754 1100±20    Rolling of billets and sleeves 

EG6800 1135-1170 Inside the sleeves, glass washers 

EG6809 1085-1135 Inside the sleeves, glass washers (mix 6809 і 6800) 

EG6826 1015-1085 Inside the sleeves, glass washers 

VP68/2900 
1080-1180 Into the cone of billet 

1080-1140 Inside the sleeves 

EG6807 1080-1180 Into the cone of billet 
 

As a result, unstable temperature conditions dur-
ing the cooling of the billet at the stages of its prepa-
ration for pressing and the use of an irrationally se-
lected glass lubricant for this purpose lead to defects 
in up to 80% or more of the pipes manufactured at the 
enterprises. 

In this regard, work devoted to establishing the 
patterns of temperature change in nickel alloy pipe 
billets during the main stages of pipe production, 
which are manufactured by extrusion them on press-
es with a force of 16.0 MN and 31.5 MN, allowing the 
selection of a rational glass lubricant, is relevant.  

State of the problem. Today, the only possible 
method of manufacturing pipes from hard-to-deform 
alloys, implemented in industrial conditions, is hot ex-
trusion with glass lubricant, which is implemented ac-
cording to the scheme of stress state of comprehen-
sive uneven compression. This method allows for a 
sharp increase in the plasticity of the alloy, which 
makes it possible to apply large single-stage defor-
mations of the material. 

Currently, the hot extrusion method is the basis for 
installations with a horizontal hydraulic press, the 
working unit diagram of which is shown in Fig. 4. 

Hot extrusion is mainly used to produce pipes from 
high-alloy steels and alloys; however, when the alloy 

lacks sufficient plasticity [6], defects appear on the 
pipe surfaces, the appearance of which is shown in 
Fig. 5. 

An analysis of the quality of pipes manufactured in 
industrial conditions shows that the most common de-
fects on the surface of pipes made from these alloys 
are transverse tears and cracks – typical defects on 
the outer and inner surfaces of pipes, which are local-
ized breaks in the metal, oriented across the pipe axis 
along its entire perimeter and length. At the same 
time, the degree of development of these defects is 
greater on the inner surface than on the outer sur-
face, which is due to the difference in deformation 
conditions [15]. 

Transverse tears and cracks are the result of re-
duced alloy plasticity due to its nature. To prevent this 
defect, the plasticity of the alloy is increased by: 

- selecting and maintaining the temperature range 
of maximum plasticity, reducing its initial temperature 
for this purpose;  

- limiting the degree of deformation; creating coun-
terpressure in the matrix by performing an elongated 
or conical (with a small taper angle) calibrating belt in 
it or installing plastic shells on the surface of the 
workpiece. 

 

Figure 4. Diagram of the working unit of the installation 
with a horizontal hydraulic press: 1 – press washer; 2 – 
mandrel; 3 – sleeve; 4 – glass lubricant on the contact sur-
face of the metal container; 5 – lubricating washer; 6 – die; 
7 – container. 
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а       b 
Figure 5. Appearance of defects (breaches in integrity) on the inner surface of the pipe:  

a – longitudinal cracks; b – rough ‘ripples’. 

 
As a result, achieving a positive result in terms of 

improving the surface quality of pipes in these cases 
is accompanied by a sharp increase in labour intensi-
ty, time and financial costs of production. 

Achieving high levels of performance characteris-
tics of alloy 602CA after hot extrusion is only possible 
when it is deformed in a relatively ‘narrow’ tempera-
ture range (1080...1100 °C) [6]. Fulfilling this condition 
is crucial for ensuring the homogeneity of the alloy 
microstructure and preventing defects that could af-
fect the performance characteristics of the products 
[9, 10]. In addition, maintaining the required tempera-
ture regime for hot extrusion minimizes the likelihood 
of surface defects such as cracks, porosity and local 
hardening, which improves the quality of the final 
product [11, 12]. 

Based on this, the rational temperature range for 
hot extrusion can be represented by the following in-
equality [16]: 

𝑇min ≤ (𝑇0 ± ∆𝑇) ≤ 𝑇max,   (1) 

where Tmin  is the minimum permissible temperature, 
which depends both on the load on the pipe extrusion 
equipment and on the susceptibility of the microstruc-
ture to dynamic recrystallisation, °C [13]; T0  is the 
heating temperature in the heating device; ∆T is the 
resulting temperature change caused by both heat 
generation due to deformation (+) and heat loss dur-
ing transportation of the sleeve from the heating de-
vice to the pipe press (-), °C; Tmax  – maximum sleeve 
temperature [14] at which grain boundaries in the al-
loy begin to melt, °C. 

The known data on nickel alloy 602CA during its 
deformation, presented from the point of view of mi-
crostructural transformations [15], raise doubts about 
their reliability with regard to the value of ∆T in ine-
quality (1). The development of finite element model-
ling of the extrusion process of nickel alloys is mainly 
focused on the deformation process from the moment 
the pipe begins to be pressed, which does not allow 
the value of ∆T in inequality (1) to be calculated [16,-
18]. 

Currently, there is no method for calculating the 

temperature of the sleeve during the preparatory pe-
riod of its extrusion on press installations with presses 
with a force of 16.0 MN and 31.5 MN. This circum-
stance does not allow determining rational thermo-
time parameters. That is, the solution to the problem 
of ensuring a consistently high quality of the surface 
of pressed pipes, while reducing labor, time and fi-
nancial costs of production, is to maintain a rational 
temperature of the sleeves at all stages of their prep-
aration for extrusion in order to select a rational glass 
lubricant for their surfaces.  

One way to achieve this goal is a comprehensive 
analytical step-by-step solution to the problem, which 
is currently lacking in relation to the technology of ex-
truded pipes on installations with presses with a force 
of 16.0 MN and 31.5 MN. 

The aim of the work is to establish the patterns of 
temperature change in nickel alloy pipe billets at the 
main stages of pipe production, as well as how they 
are manufactured by extrusion them on presses with 
a force of 16.0 MN and 31.5 MN with glass lubricant. 

Research methodology. The methodology in-
cluded a systematic analysis of the existing techno-
logical process to produce hot-extruded pipes from 
nickel alloy 602CA on press units with horizontal hy-
draulic presses with a force of 16.0 MN and 31.5 MN. 
The main technological stages included: 

1. transportation of the billet (sleeve) from the in-
duction heater to the glass lubricant application table; 

2. application of glass lubricant to the surface of 
the billet; 

3. transporting the workpiece with glass lubricant 
to the press; 

4. holding the workpiece in a container before 
pressing; 

5. pressing in a container. 
The duration of the above technological stages 

was determined by recording them with a stopwatch 
under real production conditions for hot-pressed pipes 
on the above-mentioned installations. 

The chemical composition of the billets was de-
termined using an Elvax plus spectrometer. 
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The thickness of the glass lubricant layer on the 
surface of the billet after completion of its expansion 
was determined after cooling the lubricant layer chips 
to room temperature using a vernier caliper with an 
accuracy of 0.01 mm. 

The temperature of the outer surface of the billet 
was determined by thermography using chromel-
alumel thermoelectrodes in combination with an elec-
tronic potentiometer. 

The quality control of the manufactured pipes for 
compliance with regulatory and technical documenta-
tion was carried out visually. 

For the analytical description of the process under 
consideration, both known and our own analytical and 
semi-empirical equations were used, which are given 
in [15]. 

Since the cooling of the billets in the technological 
chain under consideration occurs through heat trans-
fer by thermal conductivity and radiation into an envi-
ronment with a constant temperature, and the cooling 
time of the billets is relatively short, the heat transfer 
process does not have time to reach a steady state. 
In this regard, the change in the temperature of the 
workpiece during the preparatory stages of pressing 
can be calculated using the formula given in the work 
of Dzyuzer V. Ya. (2016): 

𝑚 ∙ 𝐶𝑚 ∙ 𝛥𝑇 = 𝐴 ⋅ 𝑞̅ ⋅ 𝜏 ,                       (2) 

where m is the mass of the workpiece, kg; Cm is the 
specific heat capacity of the alloy, in J/(kg·K); ΔT is 
the change in the temperature of the workpiece, °C; A 
is the cooling area of the workpiece, m2; 𝑞̅ is the av-
erage heat flux from the surfaces of the workpiece, 
W/m2; τ is the cooling time of the workpiece. 

Transportation of the workpiece (sleeve) from the 
induction heater to the glass lubricant application ta-
ble. 

The temperature change at this stage during its 

duration 1 was calculated using the following con-
verted equation: 

𝛥𝑇1 =
3,6𝐴⋅𝑞̅⋅𝜏1

𝑚∙𝐶𝑚
.        (3) 

Analysis of equation (3) shows that the change in 
body temperature during cooling is directly propor-
tional to the specific cooling surface area - A/m, which 
for a solid cylindrical body is inversely proportional to 
its radius. If cooling from the inner surface of a hollow 
cylinder can be neglected in this case, then to ac-
count for heat loss through its ends, the end radiation 
area (cross-sectional area of the cylinder opening) 
must be increased by 25%. In this case, equation (3) 
will look like this: 

 𝛥𝑇1 =
7,2⋅𝑘𝐺 𝑞̅⋅𝜏

𝐶𝑚⋅𝛾⋅𝑡
,                             (4) 

𝑘𝐺 =
1+0,625

𝑑

𝐷
⋅
𝑑

𝑙

1+
𝑑

𝐷

–, 

where γ is the density of the alloy; t is the wall thick-
ness of the billet D; d is the outer and inner diameters 
of the hollow billet, respectively; l is the length of the 
billet. 

The average heat flux, which is the amount of heat 
released per unit of surface area per unit of time, and 
the heat transfer coefficient from the surface of the bil-
let to the environment were calculated using the for-
mulas of Gusovsky V.L. (2004): 

𝑞̅ = 𝛼 ⋅ (𝑇0-20),   ( 5) 

𝛼 = 145.1 ⋅ (
Т0

1000
)

2

 .    (6) 

Based on the results of the measurements, it was 
established that the thickness of the glass lubricant 
layer on the billets is 0.1…0.2 mm. In this case, the 

heat transfer coefficient (GL) will be as follows: 

𝛼𝐺𝐿 =
1

𝑡𝐺𝐿
𝜆𝐺𝐿

+
1

𝛼

,                                  (7) 

where tGL is the thickness of glass lubricant on the 

surface of the workpieces after processing, m; GL is 
the specific thermal conductivity of glass lubricant, 

W/(m·K) (for calculations, GL=930 W/(m·K) was as-
sumed). 

Equations (4)...(7) are applicable in the case of 
glass lubricant on the surface of the workpiece.  

Application of glass paste to the surface of the 
workpiece. 

The calculation of the temperature decrease (T2) 
during contact of the workpiece with cold glass paste 
with a density of 1500 kg/m3, specific heat capacity of 
840 J/(kg K) and thickness of 0.5 mm was performed 
using the empirical equation: 

𝑇2 = 0.24 ⋅
Т0−𝛥𝑇1

𝑡
 .                               (8) 

In equation (8), the value Т1 is calculated using 
equation (4). 

Transporting the billet with glass lubricant to the 
press. 

At this stage, the temperature loss T3 was calcu-
lated using equation (4), considering the current 
thickness of the lubricant layer, calculated using 
equation (7). 

Holding the billet in the container before pressing. 
When the billet is placed in the container, air gaps 

are formed between the billet and the container, as 
well as the needle. In this case, the temperature loss 
ΔT4 can be calculated using equation (4), considering 
the current thickness of the lubricant layer in equation 
(7), and representing equations (5) and (6) in the fol-
lowing form: 

𝑞̅ = 𝛼 ⋅ (Т0 − 𝛥𝑇1 − 𝛥𝑇2 − 𝛥𝑇3-400),                (9) 

    𝛼 = 203.5 ⋅ (
Т0−𝛥𝑇1−𝛥𝑇2−𝛥𝑇3

1000
)

1.7

,                    (10) 

where 400 is the container temperature, °C; 203.5 
and 1.7 are empirical coefficients. 

Pressing in a container. 
During pressing, the air gaps between the outer 

surface of the workpiece and the inner sleeve of the 
container are filled with metal. Therefore, heat trans-
fer from the workpiece to the container is carried out 
only by thermal conductivity through the glass lubri-
cant layer. Assuming that under the action of normal 
contact stress during pressing, the thickness of the 
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glass lubricant layer will be 0.25 mm, the value of KG 
in equation (4) can be calculated using the equation: 

KG  =
𝜆sm

𝑙sm
=

0.93⋅1000

0,25
≈ 3720                        (11) 

The mass of the container relative to the mass of the 
shells can be considered infinite, so the temperature 
of the container will not change significantly during 
pressing, which allows it to be taken as constant and 
equal to 400 °C. In this case, there will be a heat flow 
from the outer surface of the shells equal to: 

 q =  KG(Т-400 )                          (12) 

To assess the effect of heat flow on the needle, 
we used the average calorimetric temperature of the 
system developed by A.I. Veynik (1975), which allows 
the heating and cooling of any bodies in the system to 
be considered independently of each other. In this 
case: 

𝑡𝑘𝑎𝑙 =
Тg+𝑤⋅Тi

1+𝑤
                                   (13) 

where Tg is the weighted average temperature of the 
sleeve before pressing; w is a coefficient that takes 
into account the ratio of the masses and heat capacity 
coefficients of the sleeve and needle; Ti is the initial 
temperature of the needle, let's assume Ti = 400°C. 

𝑤 =
𝑀𝑖∙𝐶𝑚𝑔

𝑀𝑔∙𝐶𝑚𝑦
,                                (14) 

where Mg, Mi are the masses of the sleeve and nee-
dle, respectively; Cmg, Cmy are the heat capacities of 

the sleeve and needle, respectively. 
If we assume that Cmg=Cmy, then 

𝑡kal = Т𝑔 −
𝑑𝑖

2

𝐷𝑘
2 ⋅ (Т𝑔 − 400).                         (15) 

The specific heat flux on the needle will be: 

𝑞𝑖 = 𝑘 ⋅ (𝑇𝑔 − 𝑡kal) = 𝑘 ⋅
𝑑𝑖

2

𝐷𝑘
2 ⋅ (𝑇𝑔 − 400).              (16) 

Summing up the specific heat fluxes on the con-
tainer and the needle, multiplying them by the cooling 
surface area and the time after the transformations, 
we obtain: 

Δt =
1.15⋅𝜏

𝑆𝑝
⋅ (Т𝑔 − 400) ,                      (17) 

де  – is the pressing time, s; Sp - is the wall thickness 
of the sleeve in the pressed state, mm. 

For generally accepted clearances with the con-
tainer and needle [9], the sleeve thickness is  
Sр=1.15 S. Then: 

Δt =
𝜏

𝑆
⋅ (Т𝑔 − 400),                       (18) 

where Tg is the sleeve temperature, taking into ac-
count cooling during previous technological opera-
tions.  

Research results.  
The chemical composition of nickel alloy 602CA in 

the analyzed billets is given in Table 2. 

Table 2 – Chemical composition of nickel alloy 602CA in billets. 

Mass content of chemical elements, % (N and others) 

Cr Fe C Mn Si Cu Al Ti Y Zr P S 

2
5

-2
6
 

9
-1

0
 

0
.2

0
-0

.2
3
 

0
.1

0
-0

.1
2
 

0
.4

-0
.5

 

0
.0

5
-0

.1
0
 

2
.0

-2
.2

 

0
.1

0
-0

.1
5
 

≤
0

.0
5
 

≤
0

.0
5
 

≤
0

.0
1
 

≤
0

.0
1
 

 
According to the timing results, it was established 

that the duration of all stages of cooling the billet be-
fore the start of the pressing process is 
30...37 seconds, in particular: 

- the time of transporting the billet to the glass lub-
ricant application table is 12...15 seconds; 

- transportation of the billet coated with glass lubri-
cant, 11...14 seconds; 

- cooling in the container before pressing, 
3...6 seconds; 

- cooling during the pressing process, 1...2 sec-
onds. 

To estimate temperature losses at all stages of 
cooling, the average mass temperature of the sleeves 
was calculated.  Changes in the specific heat capacity 
and thermal conductivity of nickel alloy 602CA in the 
temperature range of 1000... 1200 °C were assumed 
to be linear, which were within the range of 626...636 

J/kg-K and 28.2...30.6 W/(mK), respectively. For cal-
culations, the specific density of 602CA alloys was 

assumed to be 8000 kg. 
The results of calculations of the change in the 

temperature of the sleeves during cooling for 16.0 MN 
and 31.5 MN press installations are given in Table 3. 

Analysis of the data in Table 3 shows that the total 
change in the temperature of the sleeves during their 
cooling while performing auxiliary technological oper-
ations on the press units at the same initial heating 
temperature is inversely proportional to the wall thick-
ness of the sleeves. At the same time, this depend-
ence in the range of accepted sleeve wall thicknesses 
is practically linear, as shown by the dependencies in 
Fig. 6. 

The above dependencies make it possible to de-
termine the values of temperature changes in billets 
(sleeves) with wall thicknesses of 40... 120 mm dur-
ing their cooling at the stage of auxiliary technologi-
cal operations on 16.0 MN and 31.5 MN press instal-
lations in the range of their initial temperatures 
1050...1200 °C. 
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Table 3 – Change in the temperature of the sleeves during cooling on 16.0 MN and 31.5 MN presses. 

Т0, С 
Stages of cooling 

the sleeves 

t, оС 

Wall thickness of the billet (t), mm 

40 45 50 55 60 65 70 

1200 

1* 24.9 22.2 20.1 18.3 16.8 15.5 14.4 

2 7.1 6.0 5.4 4.9 4.3 4.2 3.9 

3 21.9 19.7 17.9 16.4 15.1 14.0 13.1 

4 6.0 5.4 4.9 4.5 4.2 3.9 3.6 

5 37.0 33.2 30.0 27.5 25.3 23.5 21.8 

t 96.9 86.5 78.3 71.6 65.7 61.1 56.8 

1150 

1* 22.0 19.6 17.7 16.1 14.8 13.7 12.7 

2 6.2 6.0 5.4 4.9 4.3 4.2 3.9 

3 19.5 17.5 15.9 14.6 13.4 12.4 11.6 

4 5.3 4.8 4.4 4.0 3.7 3.4 3.2 

5 34.8 31.2 28.3 25.8 23.8 22.0 20.5 

t 87.8 79.1 71.7 65.4 60.0 55.7 51.9 

1100 

1* 19.3 17.2 15.5 14.1 13.0 12.0 11.1 

2 6.5 5.8 5.2 4.7 4.3 4.0 3.7 

3 17.2 15.5 14.0 12.9 11.9 11.0 10.3 

4 4.7 4.2 3.8 3.5 3.2 3.0 2.8 

5 32.6 29.2 26.4 24.2 22.7 20.6 19.2 

t 80.3 71.9 64.9 59.4 55.1 50.6 47.1 

1050 

1* 16.8 15.0 13.5 12.3 11.5 10.4 9.6 

2 6.2 5.5 5.0 4.5 4.2 3.8 3.6 

3 15.2 12.9 12.4 11.3 10.4 9.6 9.0 

4 4.0 3.6 3.3 3.0 2.8 2.6 2.4 

5 30.3 27.2 24.6 22.5 20.7 19.2 17.8 

t 72.5 64.2 58.8 53.6 49.6 45.6 42.4 

Note* 1 – transporting the billet (sleeve) from the induction heater to the glass lubricant application table; 2 – applying 
glass lubricant to the surface of the billet; 3 – transporting the billet with glass lubricant to the press; 4 – holding the 
billet in a container before pressing; 5 – pressing in the container. 

 
 

 

Figure 6. Dependence of the change in sleeve 

temperature t during cooling while perform-
ing auxiliary operations on the sleeve heating 
temperature Tn. 

 

The obtained dependencies are recommended 
for use in the pipe extrusion shop to determine the 
rational values of the temperature-deformation pa-
rameters of extrusion from a heat-resistant nickel-
based alloy 602CA. The use of these temperature-
deformation parameters in the development and im-
provement of the technology for extruded pipes from 
heat-resistant nickel-based alloy 602CA in produc-
tion conditions, based on the results of the work [19] 
made it possible to select glass lubricants with opti-
mal viscosity in the range of 80-100 Pa s, thereby 
ensuring the production of pipes with high surface 
quality. Visual quality control of the pipes manufac-
tured at the enterprise shows that out of 120 pipes 
manufactured using the results of calculations based 
on the proposed methodology, there were no pipes 
with surface defects. The quality of the outer and in-
ner surfaces of the pipes is shown in Fig. 7. 
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Figure 7. External and internal surfaces  
of extruded pipes: a) external, b) internal. 

Conclusions 
1. A method has been developed for calculating 

the temperatures of sleeves at different stages of 
their preparation for the extrusion process, the use of 
which allows the selection of a rational glass lubri-
cant based on known dependencies of its viscosity 
on temperature.  

2. The change in temperature of sleeves with the 
same initial temperature during auxiliary and 
transport operations is inversely proportional to the 
thickness of their walls.   

3. For shells with wall thicknesses of 40...120 mm 
and initial temperatures of 1050...1250 °C, the de-
crease in temperature over the time spent on auxilia-
ry and transport operations can be described by a 
linear relationship.  

Acknowledgments. The research was conducted as 
part of the research project "Development of innovative 
technology for the production of heat-resistant pipes for the 
aviation industry of Ukraine" under the program "Scientific 
and scientific-technical activities of higher education institu-
tions and scientific institutions" of the Ministry of Education 
and Science (Order of the Ministry of Education and Sci-
ence No. 1572 of 27.12.2023). 

 
 

References 
1. Karimihaghighi, R., & Naghizadeh, M. (2023). Effect of alloying elements on aqueous corrosion of nickel‐based alloys at high 

temperatures: A review. Materials and Corrosion. https://doi.org/10.1002/maco.202213705 
2. Chyrkin, A., Sloof, W. G., Pillai, R., Galiullin, T., Grüner, D., Singheiser, L., & Quadakkers, W. J. (2015). Modelling csitional 

changes in nickel base alloy 602 CA during high temperature oxidation. Materials at High Temperatures, 32(1-2), 102–112. 
https://doi.org/10.1179/0960340914z.00000000082 

3. Kimstach, T. V., Uzlov, K. I., Repiakh, S. I., & Bilyi, O. P. (2025). Vyznachennia pryferentsiinoho sposobu vyhotovlennia vyrobiv z 
metaliv i splaviv. U Informatsiini tekhnolohii v metalurhii ta mashynobuduvanni. UDUNT. 56–60. https://doi.org/10.34185/1991-
7848.itmm.2025.01.009 

4. Wang, X., Liu, Z., Cheng, K., & Kong, Y. (2023). Chlorine-induced high-temperature corrosion characteristics of Ni-Cr alloy clad-
ding layer and Ni-Cr-Mo alloy cladding layer. Corrosion Science, 216, 111102. https://doi.org/10.1016/j.corsci.2023.111102 

5. Schwing, R., Linn, S., Kontermann, C., Neubert, S., & Oechsner, M. (2021). Isothermal and anisothermal creep behavior of the 
nickel base Alloy 602 CA. Materialwissenschaft und Werkstofftechnik, 52(2), 231–247. https://doi.org/10.1002/mawe.202000248 

6. Qin, X., Huang, D., Yan, X., Zhang, X., Qi, M., & Yue, S. (2019). Hot deformation behaviors and optimization of processing pa-
rameters for Alloy 602 CA. Journal of Alloys and Compounds, 770, 507–516. https://doi.org/10.1016/j.jallcom.2018.08.144  

7. Karsten, E., Gerstein, G., Golovko, O., Dalinger, A., Lauhoff, C., Krooss, P., Niendorf, T., Samsonenko, A., & Maier, H. J. (2019). 
Tailoring the Microstructure in Polycrystalline Co–Ni–Ga High-Temperature Shape Memory Alloys by Hot Extrusion. Shape Memory and 
Superelasticity, 5(1), 84–94. https://doi.org/10.1007/s40830-019-00208-7 

8. Liu, Z., Deng, G., Wang, Z., Zhou, W., Yu, Y., & Zhou, J. (2023). Numerical simulation and experiment study on hot extrusion 
process of 18Ni (250) maraging steel large fan shaft for aero-engines. The International Journal of Advanced Manufacturing Technolo-
gy. https://doi.org/10.1007/s00170-023-11301-8 

9. Medvediev, M., Frolov, Ya., & Bobukh, O. (2023). Presuvannia trub z nikelevykh i tytanovykh splaviv (pytannia teorii i tekhnolohii). 
Zhurfond. 

10.. Lu, X., Díaz, A., Ma, J., Wang, D., He, J., Zhang, Z., & Johnsen, R. (2023). The effect of plastic deformation on hydrogen diffu-
sion in nickel Alloy 625. Scripta Materialia, 226, 115210. https://doi.org/10.1016/j.scriptamat.2022.115210 

11. Amininejad, A., Jamaati, R., & Hosseinipour, S. J. (2021). Influence of Deformation and Post-Annealing Treatment on the Micro-
structure and Mechanical Properties of Austenitic Stainless Steel. Transactions of the Indian Institute of Metals. 
https://doi.org/10.1007/s12666-021-02277-8 

12. Carrozza, A., Lorenzi, S., Carugo, F., Fest-Santini, S., Santini, M., Marchese, G., Barbieri, G., Cognini, F., Cabrini, M., & Pas-
tore, T. (2023). A comparative analysis between material extrusion and other additive manufacturing techniques: Defects, microstructure 
and corrosion behavior in nickel alloy 625. Materials & Design, 225, 111545. https://doi.org/10.1016/j.matdes.2022.111545 

13. Mandal, M., Aashranth, B., Davinci, M. A., Samantaray, D., & Vasudevan, M. (2024). Mitigating manufacturing defects in seam-
less tubes: A failure analysis perspective. Procedia Structural Integrity, 60, 510–516. https://doi.org/10.1016/j.prostr.2024.05.070 

14. An, W., Liu, C.-z., Xiong, Q.-l., Li, Z., Huang, X., & Suo, T. (2023). Shear localization in polycrystalline metal at high-strain rates 
with dynamic recrystallization: Crystal plasticity modeling and texture effect. International Journal of Plasticity, 165, 103616. 
https://doi.org/10.1016/j.ijplas.2023.103616 

15. Medvedev, M. I., & Bobukh, O. S. (2024). Features of the technology of manufacturing pipes from heat-resistant steel and heat-
resistant alloys. Fundamental and applied problems of ferrous metallurgy, 38, 415-430. https://doi.org/10.52150/2522-9117-2024-38-
415-430 

16. Medvediev, M. I., Bobukh, O. S., Boiarkin, V. V., Konovodov, D. V., Samsonenko A. A., (2022). Osoblyvosti hariachoho pre-
suvannia trub z maloplastychnykh splaviv, lehovanykh nikelem. Teoriia i praktyka metalurhii, 6, 18-26. 
https://nmetau.edu.ua/file/zh_06_2022_vv2.pdf 

17. Song, Y., Li, Y., Li, H., Zhao, G., Cai, Z., & Sun, M. (2022). Hot deformation and recrystallization behavior of a new nickel-base 
superalloy for ultra-supercritical applications. Journal of Materials Research and Technology. https://doi.org/10.1016/j.jmrt.2022.06.141 

https://doi.org/10.1002/maco.202213705
https://doi.org/10.1179/0960340914z.00000000082
https://doi.org/10.34185/1991-7848.itmm.2025.01.009
https://doi.org/10.34185/1991-7848.itmm.2025.01.009
https://doi.org/10.1016/j.corsci.2023.111102
https://doi.org/10.1002/mawe.202000248
https://doi.org/10.1016/j.jallcom.2018.08.144
https://doi.org/10.1007/s40830-019-00208-7
https://doi.org/10.1007/s00170-023-11301-8
https://doi.org/10.1016/j.scriptamat.2022.115210
https://doi.org/10.1007/s12666-021-02277-8
https://doi.org/10.1016/j.matdes.2022.111545
https://doi.org/10.1016/j.prostr.2024.05.070
https://doi.org/10.1016/j.ijplas.2023.103616
https://doi.org/10.52150/2522-9117-2024-38-415-430
https://doi.org/10.52150/2522-9117-2024-38-415-430
https://nmetau.edu.ua/file/zh_06_2022_vv2.pdf
https://doi.org/10.1016/j.jmrt.2022.06.141


ISSN 3083-7219 (Print), ISSN 3083-7227 (Online)  

Теорія і практика металургії, 2026, № 1 
Theory and Practice of Metallurgy, 2026, No. 1 

36 

 

18. Jiang, H., Li, L., Dong, J., & Xie, X. (2018). Microstructure-based hot extrusion process control principles for nickel-base superal-
loy pipes. Progress in Natural Science: Materials International, 28(3), 391–398. https://doi.org/10.1016/j.pnsc.2018.04.009 

19. Medvedev, M., Shyfrin, Y., Frolov, Y., & Bobukh, O. (2022). Estimation of glass lubricant viscosity for hot extrusion of Cr-Ni steel 
and Ni alloy tubes. Naukovyi Visnyk Natsionalnoho Hirnychoho Universytetu, (1), 33–37.   https://doi.org/10.33271/nvngu/2022-1/033 

 
Надіслано до редакції / Received: 20.12.2025  
Прорецензовано / Peer-Reviewed: 01.02.2026 
Прийнято до друку / Accepted: 16.03.2026 
Опубліковано / Published: 30.03.2026 

 

https://doi.org/10.1016/j.pnsc.2018.04.009
https://doi.org/10.33271/nvngu/2022-1/033


 ISSN 3083-7219 (Print), ISSN 3083-7227 (Online) 

Теорія і практика металургії, 2026, № 1 
Theory and Practice of Metallurgy, 2026, No. 1 

37 

 

https://doi.org/10.15802/tpm.1.2026.06 

UDC 669.162.1.621.73.662.1/.5 

Mishalkin A. P.1, Ivashchenko V. P.2, Yaroshenko O. V.3,  
Petrenko V. O.4,*, Chumak D. D.5 

Improvement of pig iron production technology by using  
the useful properties of the potential of secondary  

resources of raw materials and fuels 
1 ORCID: 0009-0002-7206-1809. Ukrainian State University of Science and Technologies, Ukraine 
2 ORCID: 0009-0007-3674-0181. Ukrainian State University of Science and Technologies, Ukraine 
3 ORCID: 0009-0002-6959-7725. Ukrainian State University of Science and Technologies, Ukraine 
4 ORCID: 0000-0001-5017-1674. Ukrainian State University of Science and Technologies, Ukraine 
5 ORCID: 0000-0001-7174-1824. Ukrainian State University of Science and Technologies, Ukraine 
*Email: v.o.petrenko@ust.edu.ua 

 

Мішалкін А. П. 1, Іващенко В. П.2, Ярошенко О. В.3,  
Петренко В. О.4,*, Чумак Д. Д. 5 

Удосконалення технології виробництва чавуну  
шляхом використання корисних властивостей  

потенціалу вторинних ресурсів сировини та палива 
1 ORCID: 0009-0002-7206-1809. Український державний університет науки і технологій, Україна 
2 ORCID: 0009-0007-3674-0181. Український державний університет науки і технологій, Україна 
3 ORCID: 0009-0002-6959-7725. Український державний університет науки і технологій, Україна 
4 ORCID: 0000-0001-5017-1674. Український державний університет науки і технологій, Україна 
5 ORCID: 0000-0001-7174-1824. Український державний університет науки і технологій, Україна 
*Email: v.o.petrenko@ust.edu.ua 

 

Abstract. The scientific and technical relevance of the study lies in determining the directions for improving the ways of 
using the useful properties of secondary resources in order to intensify the blast furnace process, increase its energy ef-
ficiency and reduce pollutant emissions. At the same time, economic efficiency is achieved by reducing the cost of pur-
chasing primary raw materials and reducing waste generation, which corresponds to modern concepts of sustainable 
development on the way to "green"  metallurgy. Purpose of the study. Scientific and practical substantiation of direc-
tions for improving the technology of pig iron production through the use of useful properties of secondary resources of 
raw materials and fuels that have a man-made origin. It is aimed at increasing the level of energy efficiency and improv-
ing the slag regime of the blast furnace process, reducing the man-made load on the environment of industrially devel-
oped regions of Ukraine. To achieve this goal, the following theoretical and practical tasks will be solved in the study:  
1. The analysis of the current state of use of secondary resources of mineral raw materials and fuel in blast furnace pro-
duction in the conditions of world and domestic metallurgical enterprises has been carried out; 2. The physicochemical 
properties of the most common types of secondary resources (man-made wastes of metallurgical origin: dust, sludge, 
scale, production of metallurgical lime: fractions from gas cleaning devices and heat treatment products of waste of 
plant origin, which are sources of pyrocarbon) have been investigated. Further - determination of the spectrum of their 
probable purpose, impact on the features and indicators of the blast furnace process, as well as justification of rational 
ways of their preparation and use; 3. Rational shares of substitution of traditional raw materials and fuels with secondary 
materials in the blast furnace process are substantiated, the use of which will not reduce the quality of pig iron and will 
not increase the specific consumption of coke. Their influence on physicochemical and heat-gas-dynamic processes, 
which is reflected in the characteristic zones of the blast furnace, has been studied; 4. The optimal technological 
schemes and recommendations for the methods of introduction and rational specific consumption of innovative materi-
als based on man-made wastes have been determined, which will ensure the maximum level of use of their useful 
properties in the material and thermal balances of the blast furnace process; 5. The technological and environmental 
advantages of introducing into the blast furnace process a monomaterial, the composition, physicochemical features 
and spectrum of purpose of which are formed by heat treatment of a mixture of man-made industrial waste, are evaluat-
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ed and their prospects as a substitute for the corresponding part of pulverized coal fuel (PCF) and fluxes are deter-
mined. Research methods. When conducting a comprehensive study, the following methods will be used: analysis and 
generalization of materials of scientific and technical literature and patent sources, coordination of their results in ac-
cordance with modern trends and the best results of the practice of using secondary resources in blast furnace produc-
tion; physicochemical methods of analysis chemical, thermogravimetric, to determine the composition, structure, metal-
lurgical value, probable spectrum of purpose and reactivity of secondary resources of materials - substitutes for iron ore 
raw materials, coke and pulverized coal fuel (PCF); thermodynamic forecasting and kinetic modeling of the behavior of 
experimental materials of secondary origin under the conditions of their heat treatment to assess the influence of their 
properties on the course of physical and chemical processes and transformations to the thermal and gas-dynamic re-
gime of the blast furnace. The expected results of the study should also include: development of scientifically grounded 
recommendations for the effective use of useful properties of the initial potentials of secondary resources of raw materi-
als and fuel in blast furnace production; establishment of quantitative ratios regarding rational levels of substitution of 
traditional fuel and raw materials with secondary ones, without reducing the productivity of the furnace and the quality of 
pig iron while reducing the specific consumption of lime and PCF; development of a method for the implementation of a 
complex technological scheme for the preparation, heat treatment of experimental mixtures based on components of 
mineral raw materials and fuel, followed by the use of an innovative product in the conditions of blast furnace production 
of pig iron. Scientific novelty of the work. For the first time, systematically, on the basis of the results of an analytical 
and practical study, the energy efficiency of production and use in the blast furnace process of a two-component mono-
material based on dispersed waste from the production of lime and materials – waste of plant origin, obtained by imple-
menting the effect of their pyrolysis under conditions of joint heat treatment of the initial mixture layer, was substantiat-
ed, tested on high-temperature models, poured thermal, in an inclined rotary drum-type furnace. For the first time, a re-
source-efficient and results-efficient approach has been used to assess the efficiency of the use of materials based on 
secondary resources of metallurgical and plant origin, based on an integrated combination of the results of thermody-
namic forecasting, physical modeling and taking into account the provisions of the exergical methodology for assessing 
the energy efficiency of the objects of study. Methodological bases have been developed for the selection of rational 
schemes for the introduction of complex materials based on secondary materials into the blast furnace charge and in 
the air blast flow to stabilize gas-dynamic conditions in the charge layer, intensify recovery processes with a decrease in 
the specific consumption of coke per ton of liquid pig iron. The regularities of the influence of the composition and dis-
persion of secondary resources on the gas-dynamic and thermal parameters of blast furnace smelting have been re-
vealed, which makes it possible to increase the accuracy of predicting the furnace course. It has been proved that the 
use of materials based on secondary resources of mineral raw materials and fuels can provide the effects of increasing 
the energy efficiency of pig iron production and reducing the environmental burden, which meets the requirements of 
sustainable development and the concept of "green metallurgy". 
Keywords: pig iron, secondary materials, rational schemes, metallurgical lime, fuel, injection, pulverized coal, natural 
gas. 
 
Анотація. Науково-технічна актуальність дослідження полягає у визначенні напрямів удосконалення способів 
використання корисних властивостей вторинних ресурсів з метою інтенсифікації доменного процесу, підви-
щення його енергоефективності та зниження викидів забруднювальних речовин. Водночас економічна ефек-
тивність досягається за рахунок зменшення витрат на закупівлю первинної сировини та скорочення обсягів 
утворення відходів, що відповідає сучасним концепціям сталого розвитку на шляху до «зеленої» металургії. 
Мета дослідження. Науково - практичне обґрунтування напрямків удосконалення технології виробництва 
чавуну шляхом застосування корисних властивостей вторинних ресурсів сировини та палива, які мають те-
хногенне походження. Спрямована на підвищення рівню енергоефективності та поліпшення шлакового ре-
жиму доменного процесу, зниження техногенного навантаження на довкілля промислово розвинутих регіонів 
України. Для досягнення поставленої мети в дослідженні будуть вирішені наступні  теоретико-практичні за-
вдання: 1. Провести аналіз сучасного стану використання вторинних ресурсів мінеральної сировини та пали-
ва в доменному виробництві в умовах світових та вітчизняних металургійних підприємств. 2. Дослідити фі-
зико-хімічні властивості найбільш поширених видів вторинних ресурсів (техногенних відходів металургійного 
походження: пилу, шламів, окалини,  виробництва металургійного вапна: дріб’язок з апаратів газоочищення 
та продуктів теплової обробки відходів рослинного походження, що є джерелами піровуглецю). В подальшо-
му – визначення спектру їх вірогідного призначення, впливу на особливості та показники доменного процесу, 
а також, обґрунтування раціональних способів їх підготовки та використання. 3. Обґрунтовати раціональні 
частки заміщення в доменному процесі традиційної сировини та палива вторинними матеріалами, викорис-
тання яких не знизить якість чавуну та не підвищить питому витрату коксу. Досліджено їх вплив на фізико-
хімічні та тепло-газодинамічні процеси, що відбивається в характерних зонах доменної печі. 4. Визначено 
оптимальні технологічні схеми та рекомендації щодо способів введення та раціональних питомих витрат 
інноваційних матеріалів на основі техногенних відходів що забезпечать максимальний рівень використання їх 
корисних властивостей в матеріальному та тепловому балансах доменного процесу. 5. Оцінити технологі-
чні та екологічні переваги від впровадження в доменний процес мономатеріалу, склад, фізико-хімічні особли-
вості та спектр призначення якого формуються шляхом термічної обробки суміші техногенних промислових 
відходів та визначено їх перспективність як замінника відповідної частини пиловугільного палива (ПВП) та 
флюсів. Методи дослідження. При проведенні комплексного дослідження будуть застосовані наступні ме-
тоди: аналіз та узагальнення матеріалів науково-технічної літератури та патентних джерел, узгодження їх 
результатів у відповідності до сучасних тенденцій та кращих результатів практики використання вторин-
них ресурсів у доменному виробництві; фізико-хімічні методи аналізу - хімічний, термогравіметричний для ви-
значення складу, структури, металургійної цінності, вірогідного спектру призначення та реакційної здатно-
сті вторинних ресурсів матеріалів – замінників залізорудної сировини, коксу та пиловугільного палива (ПВП); 
термодинамічне прогнозування і кінетичне моделювання особливостей поведінки дослідних матеріалів вто-
ринного походження в умовах їх термічної обробки для оцінювання впливу їх властивостей на перебіг фізико-
хімічних процесів і перетворень на тепловий та газодинамічний режим доменної печі. До очікуваних резуль-
татів виконання дослідження доцільно віднести, також: розробку науково обґрунтованих рекомендацій щодо 
ефективного використання в доменному виробництві корисних властивостей вихідних потенціалів вторин-
них ресурсів сировини та палива; встановлення кількісних співвідношень щодо раціональних рівнів заміщення 
традиційних матеріалів палива та сировини вторинними, без зниження продуктивності печі та якості чаву-
ну при зменшені питомих витрат вапна та ПВП; розроблення способу впровадження комплексної технологіч-



 ISSN 3083-7219 (Print), ISSN 3083-7227 (Online) 

Теорія і практика металургії, 2026, № 1 
Theory and Practice of Metallurgy, 2026, No. 1 

39 

 

ної схеми підготовки, термічної обробки дослідних сумішей на основі компонентів мінеральної сировини та 
палива з наступним використанням інноваційного продукту умовах доменного виробництва чавуну. Наукова 
новизна роботи. Вперше, системно, на основі результатів аналітико – практичного дослідження обґрунто-
вано, апробовано на високотемпературних моделях, в умовах наближених до реальних та підтверджено ене-
ргетично-сировинна ефективність виробництва та використання в доменному процесі двокомпонентного 
мономатеріалу на основі дисперсних відходів виробництва вапна та матеріалів – відходів рослинного похо-
дження, що отримується шляхом реалізації ефекту їх піролізу в умовах сумісної термічної обробки шару вихі-
дної суміші, що пересипається термічної, в похилій обертовій печі барабанного типу. Використано вперше 
раціональний за витратою ресурсів та ефективний за результатами підхід для оцінювання ефективності 
застосування матеріалів на основі вторинних ресурсів металургійного та рослинного походження, що базу-
ється на інтегрованому поєднанні результатів термодинамічного прогнозу, фізичного моделювання та з 
урахуванням положень ексергійної методології оцінки енергоефективності об’єктів дослідження. Розроблено 
методичні основи для вибору раціональних схем введення комплексних матеріалів на основі вторинних мате-
ріалів у доменну шихту та в потоці повітряного дуття для стабілізації газодинамічних умов в шарі шихти, 
інтенсифікації процесів відновлення при зниженні питомої витрати коксу на тонну рідкого чавуну. Виявлено 
закономірності впливу складу та дисперсності вторинних ресурсів на газодинамічні та теплові параметри 
доменної плавки, що дозволяє підвищити точність прогнозування ходу печі. Доведено, що застосування ма-
теріалів на основі вторинних ресурсів мінеральної сировини та палива здатне забезпечити ефекти підви-
щення енергоефективності виробництва чавуну та зниження екологічного навантаження на довкілля, що ві-
дповідає вимогам сталого розвитку та концепції «зеленої металургії». 
Ключові слова: чавун, вторинні матеріали, раціональні схеми, чорне вапно, паливо, вдування, пиловугільне 
паливо, природний газ. 
 

 
Introduction. The modern development of the 

metallurgical industry is characterized by increased 
requirements for the efficiency of the use of raw mate-
rials and fuel and energy resources, as well as for the 
environmental safety of production. One of the most 
energy-intensive processes is the production of pig 
iron in blast furnaces, which requires the consumption 
of significant volumes of natural raw materials and 
coke. Reducing the negative impact on the environ-
ment leads to the search for new ways of develop-
ment and innovative solutions to improve the technol-
ogy of the domain process. 

One of its promising directions is the complex and 
rational use of the properties of the potential of sec-
ondary resources of raw materials and fuels. Such re-
sources include metallurgical waste (sinter and blast 
furnace dust, sludge, scale), carbon-containing waste 
from coke oven and coal production, dispersed waste 
from limestone preparation and lime production, as 
well as alternative reducing agents and energy mate-
rials. Their rational use allows not only to partially re-
place traditional types of raw materials and fuel, but 
also to increase the complexity of the use of mineral 
and fuel and energy resources on the scale of the en-
terprise.  

Thus, improving the technology of pig iron produc-
tion through the use of secondary resources of raw 
materials and fuel is an important task for both scien-
tists and industrial enterprises, because it combines 
economic feasibility, environmental responsibility and 
technological progress. 

Keywords: cast iron, secondary materials, rational 
schemes, black lime, fuel, injection, pulverized coal 
fuel, natural gas. 

Analysis of the results of the influence of ex-
ternal factors on the physical and chemical fea-
tures of processes in the characteristic zones of 
the furnace and the main indicators of the blast 
furnace process. Establishing the influence of com-
ponent and chemical composition, granulometry and 
ratio of components of the initial charge on physical 

and chemical processes in the characteristic zones of 
the furnace; determination of the rational composition 
of blast, specific costs and rational ratio of PCF and 
natural gas (NG) in it, as factors affecting the stability 
of the blast furnace operation, are relevant areas of 
research aimed at improving the technology of iron 
smelting. 

The energy efficiency of pig iron production, in the 
context of changes in the ratio of PCF and NG costs 
as components of the fuel and recovery potential of 
the process, is influenced by the consistency between 
the theoretical basis and the results of practical verifi-
cation of its main provisions: the rationality of the 
costs of the components of the initial potential and the 
efficiency of the results of the actual use of their use-
ful properties.  

Changes in the conditions of heat and gas-
dynamic processes, which is reflected in the increase 
in thermal loads on the air lances and the shaft, on 
their service life, the stability of the gas-dynamic melt-
ing mode, the evenness of the furnace and its tech-
nical and economic indicators, caused the need to ad-
just the physical properties of the charge. The latter 
affect the indicators of the slag regime, which re-
quires, in turn, neutralization of the negative impact of 
PCF ash, namely, its chemical composition on the 
course of blast furnace smelting. 

Therefore, in the conditions of blowing PCF into 
the blast furnace, ensuring cost-efficient production of 
mineral raw materials and energy is an urgent task. 
Its solution requires research aimed at determining 
the patterns and methods of controlling processes in 
the blast furnace furnace, which are characterized by 
a high level of uncertainty. Thus, according to the re-
sults of the study [1], when using the PCF injection 
technology, the volume of gases emitted during the 
combustion of its combustible components differs 
from similar conditions during the combustion of GHG 
by more than 150 times, and the density of PCF in the 
transport system before their introduction into the fur-
nace in air blast jets can vary by 2 or more times. In 
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the conditions of injection of pulverized coal fuel, it is 
obvious that it is becoming relevant to continue re-
search aimed at: 

1. To determine, for the conditions of variability of 
physical characteristics and chemical composition of 
the components of the blast furnace charge, the most 
rational ratios in the blast of PCF and NG. At the 
same time, it is necessary to take into account the 
change in gas-dynamic conditions in the blast furnace 
column and compare the contributions of thermal ef-
fects from their combustion to the energy balance of 
the smelting.  

2. Study of the influence of dispersion, moisture 
and chemical composition of PCF on combustion 
processes and features of the formation of reducing 
gases (CO, H₂) in the mure zone. 

3. Clarification of the gas dynamics of the blast 
furnace in case of changes in the volume of PCF in-
jection, the ratio of PCF and NG, including the distri-
bution of temperatures and concentrations of reduc-
ing gases in different areas of the mine. 

4. Study of the conditions for the formation and 
ensuring the stability of the interaction of hot blast 
with PCF, NG, coke and their carbon-containing sub-

stitutes of plant origin with the prediction of the ration-
al level of oxygen enrichment of the blast and the 
heating temperature.  

5. Clarification of the influence of PCF on the for-
mation, composition and properties of blast furnace 
slag and pig iron, especially on the results of its desul-
furization. 

6. Reduction of specific energy consumption and 
CO₂ emissions by replacing part of the coke with pul-
verized coal fuel without reducing the level of useful 
use of the properties of gases: their reducing capacity 
and physical heat of gaseous iron reduction products. 

7. Development of complex physical and chemical 
models of the thermal and material balance of the 
blast furnace, taking into account the injection of PCF 
and its alternative substitutes, to predict changes in 
the quality, efficiency and cost of pig iron. 

As a logical conclusion of the stages of research 
aimed at improving the domain process, a concise 
structured scheme has been developed in the format 
of a scientific and technical task, the use of the com-
ponents of which determines the expected effects of 
the implementation of the main areas of research 
(Table 1). 

Table 1 - Structured scheme in the format "main areas of research - expected technical and economic effects. 

No. Research areas Expected effect 

1 Optimization of the coke-PCF ratio in the domain 
process. 

Reducing coke consumption, saving fuel, reducing the 
cost of pig iron. 

2 Study of the thermal balance of the blast furnace 
during the introduction of PCF in the air blast flow. 

Stabilization of the temperature regime, increasing the 
thermal efficiency of the process. 

3 Determination of gas-dynamic conditions in the 
characteristic zones of the furnace (gas flow distri-
bution, pressure, gas permeability of the charge, 
etc.). 

Rational in terms of costs and efficient in terms of the re-
sults of using the components of the energy potential of 
gases (CO, H2): their chemical and physical heat as a 
condition for increasing the productivity of the process. 

4 Analysis of the influence of chemical composition 
and granulometry of the components of the base 
charge (iron ore components and fuel).  

Improving the gas permeability of the base charge layer, 
reducing energy costs for its purging, reducing the level of 
dust removal. 

5 Improvement of the technology of preparation and 
supply of PСF (drying, grinding, dosing, introduc-
tion of oxygen into the blast. 

Improving the gas permeability of the base charge layer, 
reducing energy costs for its purging, reducing the level of 
dust removal. 

6 Comprehensive environmental assessment of the 
level of CO₂, SOₓ, NOₓ emissions with/without the 
use of PСF and its replacement with pyrolyzed bi-
omass.  

Reduction of harmful emissions, increase of environmen-
tal safety of production. 

 

In our opinion, the consequences of the use of 
secondary iron-containing materials and pyrolyzed bi-
omass (pyro-biocarbon – hereinafter referred to as 
PBС) in the blast furnace process should be consid-
ered to establish their impact on the process, by im-
plementing the following step-by-step research algo-
rithm: improving the technology using these  
materials → determining specific technical require-
ments for their granulometry, physical properties, 
chemical composition → establishing particles and 
their rational ratio. The introduction of which will not 
increase/decrease the specific consumption of coke, 
will not worsen the gas permeability of the charge, the 
quality of pig iron and will not reduce the productivity 
of the blast furnace. 

According to the scheme of the previously devel-

oped algorithm, we will focus on the analysis of the 
probable consequences of the use of secondary iron-
containing resources, pyrolyzed biomass and materi-
als obtained by joint heat treatment of components of 
their mineral base and waste of plant origin containing 
carbon.  

1. Impact on the consumption of reducing agent 
(coke). Partial replacement of a certain proportion of 
PСF and PBC coke injected into the furnace in the 
blast stream by implementing PCI-like technology can 
reduce coke consumption. In this case, the real re-
placement factor depends on the origin of the material 
containing carbon, its composition and, especially, on 
the method of production, during the implementation 
of which the physical and chemical properties and 
functional spectrum of the purpose of the substitute 
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material are formed. And a change in gas composi-
tion, which provides a change in the growth of the 
value of the H₂/CO indicator, can, in turn, cause a 
change in the intensity and features of the reduction 
of the components of iron ore components of the blast 
furnace charge. 

Regarding the question of the essence and expe-
diency of using the terms "biochar" and "pyrucarbon". 
It refers precisely to the terminological distinction in 
modern thermochemical technology of carbon mate-
rials. 

Pyrolysis is the thermal decomposition of organic 
raw materials without access or with limited access to 
oxygen (αO2 < 1). That is, regardless of the tempera-
ture or type of furnace, this process is the basis of 
both biochar and pyrocarbon.  

Biochar is a solid product formed by the pyrolysis 
of biomass, usually at low or medium temperatures 
(300÷700 °C) [2]. The main characteristics of its pro-
duction process include the following: 

- preserves the structure of the initial biomass (po-
rosity, carbon matrix); 

- has a high content of fixed carbon (60÷90%), but 
still contains volatile substances; 

- it is used in metallurgical processes, in particular 

as a substitute for coke or anthracite, as well as ener-
gy as a fuel, ecology as a sorbent, CO₂ absorber; 

- in the future, the beneficial properties of carbon 
can significantly expand the range of its functional 
purpose in combination with other elements. 

As for pyrocarbon, according to [3], it is more tem-
perature-forming, which is formed during deeper py-
rolysis or carbonization, when volatile components 
are almost completely removed. Its important proper-
ties include: almost pure amorphous or graphite-like 
carbon; high electrical and thermal resistance; lower 
reactivity than biochar; used in composites, anodes, 
electrodes, metallurgical processes as a reactionally 
stable material.  reducing agent. The temperature 
range for obtaining pyrucarbon according to the data 
[3] is 800 -1300°C, the coefficient of excess oxygen 
ensures the production of volatile content ≤5 % in it, 
and together these parameters provide a compact, 
graphite-like structure of carbon and complete car-
bonization.   

Based on the analysis of the features of the rele-
vant technologies, the temperature criterion and their 
other differences, Table 2 was created, the data of 
which allow determining the limit in this issue   

Table 2 – Characteristic features and parameters of biochar and pyro-biocarbon production processes. 

No. Parameter Biochar Pyro-biocarbon 

1 Pyrolysis temperature 300÷700°C At 300 ÷ 450°C - low-, and in the range of 800÷1200°C - 
high-temperature biomass pyrolysis 

2 Degree of carbonation Partial Partial/full 

3 Volatile content, % 10÷40 min - ≤5, max ~40 

4 Structure Porous, organic Compact, porous/graphite 

5 Application Sorbent, energy 
(fuel/reducing agent) 

Reducing Agent/Fuel, Synthetic Materials for Metallurgy 

7 Process atmosphere αо2= 0,7÷0,9 (insufficient 
oxygen supply) 

αо2 = 0,3 ÷0,85- regulated by the type, conditions of the 
thermal unit and factors of external influence on them 

 
In the studies, the results of which are given in [4], 

a two-level technological scheme for the production of 
metallurgical materials - slag-forming materials for the 
purpose of production has been developed: protec-
tion against secondary oxidation and cooling of steel, 
protective for the crystallizer of continuous caster and 
ladle, refining, deoxidation, as well as the production 
of an effective reducing agent. The use of experi-
mental batches of materials, products of compatible 
pyrolysis of the initial mixture of components, in indus-
trial conditions confirmed their effectiveness.  

The characteristic features that determine the ad-
vantages of the technology of combined heat treat-
ment of mixtures based on materials - waste of plant 
origin as a source of pyrocarbon, and their mineral 
part, the properties of the components of which form 
the composition, physical properties and spectrum of 
their purpose, include the following: 

- technological flexibility and peculiarities of the 
behavior of the initial mixture in the conditions of an 
inclined rotary furnace ensure the production of pyro-
lyzed materials with a content of 5÷ 95% pyrocarbon 
in them by its heat treatment; up to 40% of pyrogases 

(CO, CH4, H2);  
- parameters that are regulators of heat treatment 

conditions, namely the coefficient of excess oxygen 
(αO2), the temperature of the furnace working space, 
the speed of rotation of the furnace, the angle of its 
inclination, the specific consumption of charge, fuel 
and cooling conditions ensure the receipt of materials 
of the expected quality and the required purpose.  

- the use of the secondary energy potential of py-
rolysis products (their physical and chemical compo-
nents) provided a reduction in the specific consump-
tion of fuel (natural gas) by 50-75%, depending on the 
ratio in the initial charge of waste materials of plant 
origin (lignin) and components that form the mineral 
base of the product, usually from several oxides. 

Therefore, in the future, in the study, pyrocarbon 
obtained under the conditions of a rotary inclined fur-
nace, by implementing the technology created by 
DMetI scientists, will be defined as pyro-biocarbon. 

Regarding the effect on the gas permeability of the 
charge layer [5].  

In blast furnace production, gas permeability 
(permeability [5]) is often expressed in conventional 
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units according to empirical dependencies of the type: 
K=a(dp)2/f, where: dp is the average diameter of the 
charge particles; f is the resistance factor (depends 
on the shape of the grains, humidity and their bulk 
density); a is the proportionality factor. The value of 
the permeability coefficient depends on the particle 
size distribution (small fractions reduce permeability; 
increased moisture reduces gas permeability;—  par-
ticles that are heterogeneous in geometry cause 
"channel formation"; embankment pressure - when 
compacted, the pores are compressed; The position 
of the melting zone of the melting zone of small parti-
cles sharply impairs the permeability. As for the prac-
tical significance of the coefficient: high permeability 
contributes to the stable movement of gases (CO, 
CO2, H2, H2O), uniform reduction of Fe₂O₃ → Fe. 
Low - leads to the formation of "hanging" zones, an 
increase in pressure, overconsumption of coke and 
can cause disruption of the furnace. Therefore, ensur-
ing optimal permeability is an important task in the 
formation of charge, granulation of agglomerate, 
preparation of pellets and coke and its substitutes 
(PCF, NG, PBC). 

The introduction of a large number of finely dis-
persed PCF fractions (<5–10 mm) according to data 
from [5] leads to clogging of the pore space: the gas 
permeability of the layer decreases, the pressure drop 
increases, and local zones of "suffocation" of the gas 
flow appear. The identified negative effects will lead 
to an increase in specific fuel consumption and insta-
bility of recovery coefficients. Therefore, a prerequi-
site before feeding into the furnace is the operation of 
agglomeration / handling of substitute materials, 
which form a secondary reserve resource base of raw 
materials and fuel [6]. They, for the most part, are 
dispersed materials that have, for the most part, a 
man-made origin 

3. To get a more complete picture of the likely 
consequences of the use of secondary resources, it is 
necessary to determine their impact on the behavior 
of the sintering zone. Their introduction into the 
charge will change its physical properties (tempera-
ture interval that determines the softening and melting 
temperatures, thickness of softening and melting 
zones in the characteristic zones of the blast furnace 

4. Chemical risks. Secondary materials often con-
tain an increased content of S, P, Cl, R, 2O, Zn, which, 
accordingly, increases the content of harmful impuri-
ties and their negative impact on the quality of the 
metal (S and P); leads to the accumulation of R2O in 
the slag/gas circuit, refractory furnace lining.  and 
their substitutes. The total content of R2O 
(Na₂O+K₂O) should be, according to [7], limited to 2–
3 kg/t of pig iron, depending on the characteristics of 
the blast furnace.  

5. Effects of mechanical and physical origin. If 
secondary materials have low strength, they are able 
to form large amounts of fines and dust during the 
transportation of bulk materials, which makes it diffi-
cult to evenly distribute materials on the blast furnace 
when they are loaded. In the study [6], it was found 

that pelletized (pellets), pre-sintered (agglomerate) or 
cold-bonded briquettes, which have additionally 
passed the stage of stabilization of their properties, 
work much better under the conditions of the blast 
furnace process.  

Thus, taking into account the consequences of the 
possible impact of the use of secondary materials in 
the form of the above effects and the occurrence of 
risks for the stability of the process, we can state the 
following. The creation and implementation of an al-
gorithm for improved blast furnace smelting technolo-
gy with their use is a step-by-step process, the suc-
cessful implementation of which requires control of 
external risks, the source of which is the physical and 
chemical properties of substitute materials. It is advis-
able to define the scheme of its implementation using 
an integrated approach as: (A) preparation of sec-
ondary raw materials → (B) laboratory experi-
ments/pilot tests → (C) phased introduction of exper-
imental materials in a real furnace with constant moni-
toring and control of the main indicators of the pro-
cess → (D) correction of technology parameters / 
specific consumption of coke, fluxes, etc., which will 
be determined by the test results as important.  

Regarding specific technical requirements and 
recommendations regarding the "safety" of bounda-
ries and quantitative ranges of parameters of second-
ary substitute materials. On the basis of the general-
ized and agreed upon the results of theoretical stud-
ies and the results of industrial practice adaptation of 
substitute materials to the conditions of blast furnace 
smelting (specific furnaces, technologies, coke con-
sumption, agglomeration properties of iron ore com-
ponents of secondary origin), the authors [7] define 
the following requirements-recommendations as im-
portant.  

Granulometry of substitute materials for iron ore 
components: 

- the target size of pellets/agglomerate is Ø 8÷16 
mm with a probable optimum of 9÷13 mm) for pellets 
[8]; 

- the content of fractions <5÷10 mm should be ≤ 
2–5 wt% of the total mass of iron ore materials. For 
"risky" stoves - aim for ≤2%. Fractions <1–3 mm 
should be minimized at the stages of control in the 
warehouse, when sorting materials) [9];  

- the fraction of large pieces, depending on the 
characteristics of the furnace, can be 20–40 mm, but 
changes in the size in the direction of their increase 
negatively affect the gas permeability of the layer of 
charge materials. Therefore, it is necessary to control 
the ratio of fractions (large/medium/small) to avoid lo-
cal "failures" in the course of the domain process. 

Physical characteristics, according to [10], are de-
termined by such indicators as: 

- strength (pellets) - (+6.3 mm) ≥ 90–92%;  
- abrasiveness - abrasiveness index ≤ 5–8% for 

typical classes; 
- porosity/impact strength of the pellet: must en-

sure the preservation of shape during transportation 
before loading and in the furnace to a temperature of 
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1250–1350 °C. 
Regarding the chemical composition of iron ore 

materials (pellets/agglomerate), the study [10] deter-
mines their rational chemical composition. For iron 
ore raw materials, it is desirable to have a Fe content 
of ≥ 60–65%. A lower iron content increases the 
amount of slag, which reduces iron yield [11]. 

Regarding (SiO₂), (S) and (P). For high-
performance smelting modes, according to stud-
ies[10], it is necessary to strive to ensure the total 
content of + and raw materials in the fuel: SiO₂ ≤ 3–
5%; sulfur (S) ≤ 0.02–0.06%, since most of it turns in-
to liquid cast iron; phosphorus (P) ≤ 0.03–0.05%  

For pyrolyzed biomass and biochar, the authors 
[12] requirements: 

- total carbon: the higher and more stable its con-
tent, the better the replacement of coke;  

- moisture - ≤ 5–10% (higher humidity worsens the 
quality of its introduction with blowing into the furnace, 
reducing the efficiency of coke replacement);  

- ash, which may include harmful impurities (Cl, S, 
P, Zn) - their content must be minimized, because an 
increase in Zn, Cl provokes problems when they con-
dense on furnace fires, corrosion, etc. 

In addition to the requirements for the physical and 
chemical properties of ferroraw materials, an im-
portant issue is to determine its rational share, which 
should replace traditional agglomerate and pellets. 
Based on the analysis, it can be argued that their val-
ues depend on the specific furnace, specific con-
sumption of coke, equipment, technology of their pel-
leting and other factors that have a theoretical basis 
and practical confirmation.  

Thus, the total share of the introduction of iron ore 
substitutes that have not passed the agglomeration 
stage, which meet the basic requirements given 
above, can probably be ≤ 5% of the total mass of iron 
ore components. In the future, when implementing a 
step-by-step algorithm, it is advisable to increase it to 
10–15%, which is confirmed by the results of the 
study [6]. 

It is advisable to increase the specific consumption 
of PBC (pyro-biocarbon) as a substitute for the coke 
fraction introduced into the furnace in blowing jets us-
ing PCI technology, replacing the corresponding 
share of PCF in it: initially from 10% of the coke 
equivalent; After successful tests, it is possible to in-
crease up to ~15–20% of the equivalent, depending 
on the reactivity capacity, mechanical resistance, and 
other important properties of pyro-pyrucarbon. It can 
also be expected that the implementation of the com-
bined method with the supply of PCF, PBC and NG in 
the air blast stream can become a factor that will con-
tribute to reducing the specific consumption of coke, 
stabilizing the thermal balance of smelting and reduc-
ing the level of CO2 emissions, as indicated by the 
authors [12]. 

Generalized according to the results of the re-
search and industrial practice, "safe" ranges of specif-
ic consumption of materials, substitutes for traditional 
components of blast furnace charge and blasting, it is 

necessary to adapt to the conditions of a particular 
furnace, which is noted in [13], only after pilot tests. In 
the future, based on the results obtained and after ad-
justing the main process parameters for new materi-
als, the process is examined in real conditions on a 
blast furnace.  

To create safe conditions for the introduction of 
the technology of introducing materials, which are de-
fined as substitutes for the VFR part, which are intro-
duced in the flow of air blast enriched with oxygen, 
the following practical measures have been defined. 
Achieving a significant level of energy efficiency of the 
combined heat treatment of the mixture of starting 
materials – waste in the conditions of pyrolysis of 
waste of plant origin is possible when monitoring the 
parameters of the current batches of raw materials 
and fuels: their chemical composition, humidity and 
granulometry, as well as compliance with the mass 
ratio of the components of the initial mixture.  

When implementing biomass pyrolysis in the con-
ditions of an inclined furnace [4], rotating, creates a 
spilling layer of charge, constantly updating the sur-
face of interaction of volatile (CO, CH4, H2) with oxy-
gen of the working atmosphere of a thermal reactor, - 
to control the temperature indicators, the duration of 
the initial mixture in the characteristic zones of 
change in its state: evaporation of moisture, drying, 
pyrolysis, and stabilization of the final product in terms 
of the content of pyrocarbon, C, volatile components,  
sulfur, phosphorus, SiO2. These indicators, together 
with its particle size distribution, determine the further 
spectrum of functional purpose of materials for heat 
treatment of the initial mixture.  

A promising method of heat treatment of dis-
persed materials of substitutes based on waste mate-
rials of plant origin (biomass), based on the results of 
high-temperature experiments and practical use of 
the material [4], it is necessary to recognize the com-
bined heat treatment of a number of materials of sec-
ondary mineral origin as its oxide part and waste of 
plant origin as a source of pyrocarbon. At the same 
time, the physical and chemical properties of the met-
allurgical product, which is based on secondary mate-
rials, were formed by transforming their initial proper-
ties under the influence of appropriate heat treatment 
conditions into an innovative material with the ex-
pected spectrum of functional purpose.  

In the conditions of blast furnace production, when 
using innovative materials based on materials that 
form its secondary resource and fuel base, it is rec-
ommended to gradually increase them when intro-
duced into the initial blast furnace charge or air-
blasted feeding, starting, according to [14], with 5–
10% of the coke equivalent, or the proportion of PCF, 
lime or iron ore component removed from the blast 
furnace before its sintering. The requirements, the ful-
fillment of which will ensure the effective use of mate-
rials of the secondary base of raw materials and 
fuel/reducing agent resources in the blast furnace 
process, are constant monitoring of the main parame-
ters of the process: conditions of their loading and 
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distribution, pressure drop, gas permeability of the 
charge material layer, coke consumption, changes in 
the composition of liquid pig iron and its productivity 
when introducing substitute materials into the charge 
(iron ore components) or into blasting. 

The transition of blast furnaces from blowing natu-
ral gas (BNG) to the use of pulverized coal fuel (PCF) 
changes the conditions for the flow of heat and gas 
dynamic processes (physical chemistry of the furnace 
as a whole). The implementation of this technological 
solution can have a number of consequences that will 
affect the following parameters that are important for 
the stability of the process in the blast furnace.  

1. Thermal balance of the process: decrease in 
the calorific value of the gaseous medium: PCF has a 
lower specific calorific value compared to BNG, which 
requires compensation due to increased oxygen con-
sumption when the blast parameters change; in-
creased thermal load on the tuture zone: PCF com-
bustion is more localized, which creates high temper-
ature gradients.  

2. Gas-dynamic state in the furnace: increase in 
the volume of gases from combustion: PCF gives 
more CO and N₂, which changes the distribution of 
gas flow in the mine; deterioration of the gas permea-
bility of the charge: small particles of coal and ash 
can accumulate in the intergranular space, increasing 
the hydraulic resistance of the layer; change in the 
nature of iron reduction: the ratio of CO/CO₂ and 
H₂/H₂O in gases on the furnace changes, which af-
fects the kinetics of iron, manganese, silicon reduc-
tion reactions. 

3. Chemical composition of products of chemical 
reactions and physicochemical transformations: an 
increase in the proportion of solid carbon in the reduc-
ing medium of the initial charge layer → enhances the 
carbonization of iron, affecting the composition of cast 
iron (an increase in carbon, sulfur is possible); in-
crease in ash removal, PCF impurities (SiO₂, Al₂O₃, 
Fe₂O₃, S) pass into slag, changing its composition, 
basicity and viscosity. 

4. Stability of the furnace running and controllabil-
ity of the iron smelting process: ensuring an increase 
in sensitivity to fluctuations in blow parameters re-
quires a more precise regulation of oxygen consump-
tion, pressure, temperature and humidity; minimiza-
tion of the likelihood of local "clogging" of the charge 
due to insufficient gas distribution; increased require-
ments for automated systems for control and regula-
tion of the main process parameters, including load-
ing and distribution of charge components. 

5. Economic and environmental aspects: reduction 
of the cost of pig iron due to cheaper fuel (PCF) com-
pared to coke and GHG; increase in specific emis-
sions of CO₂ and dust compared to the use of natural 
gas; substantiation of the feasibility of combined injec-
tion (PCF + NG + H₂) for further optimization of the 
blast furnace process in terms of its energy and envi-
ronmental indicators.  

Thus, the transition of blast furnaces from natural 

gas injection to the use of pulverized coal fuel (PCF) 
leads to changes in heat-gas-dynamic (physicochem-
ical) conditions in the furnace working space. This 
leads to certain consequences for the course of pro-
cesses, the stability of pig iron smelting and the effi-
ciency of its results. Table. 3 for the system "change - 
consequence - expected result" shows possible con-
sequences and physicochemical effects, the source 
of which can be the replacement of natural gas with 
PСF (Pulverized coal fuel). 

On the basis of analytical-theoretical analysis and 
scientific forecasting of the expected, when replacing 
the main components of the material and thermal bal-
ances of the blast furnace process (iron ore compo-
nents of the blast furnace charge and natural gas), 
the results summarized in (Table 1-2), it is advisable 
to make a scientifically - practically grounded and 
generalized conclusion on the expediency of using 
combined blasting (PCF + NG + H₂) in the form of 
recommendations on their rational ratios, conditions, 
features mechanism and analysis of restrictions on 
the use of hydrogen in blast. 

Regarding the mechanism of action and factors af-
fecting the level of application in the production of hy-
drogen pig iron: 

1. According to the data given in [15], which are 
consistent with the thermodynamic forecast, hydrogen 
(H₂) contributes to the shift in the development of iron 
reduction reactions to the upper part of the furnace, 
increasing the proportion of indirect reduction. This 
reduces the specific consumption of coke and CO₂ 
yield, but becomes a source of the cooling effect of 
the charge. The thermal level of the process decreas-
es: RAFT (raceway adiabatic flame temperature) falls, 
which requires compensation for heat losses by in-
creasing the temperature and enriching the blast with 
oxygen and preheating the gases - components of 
the blast) [16].  

RAFT (Raceway Adiabatic Flame Temperature) is 
the adiabatic flame temperature in the combustion 
zone near the blast furnace lances, i.e. the maximum 
temperature that is theoretically reached during the 
combustion of fuel (coke, PCI, gases) without taking 
into account heat loss. RAFT determines: 

heat dissipation intensity in the lance zone; 
FeO → Fe reduction conditions; 
combustion stability and thermal balance of the 

blast furnace process. 
The unit of measurement is degrees Celsius (°C) 

or Kelvin (K). 
Typical values: 2000–2300 °C (for coke), 1900–

2200 °C (at PCI). 
2. The use of NG (methane) gives a high reducing 

capacity and, according to data [17], has a significant 
potential for coke substitution, but its dissociation is 
an endothermic physicochemical transformation that 
requires heating of NG before its introduction into the 
blast or additional oxygen, which will ensure the level-
ing of the effect of "cooling" the endothermic reaction 
of methane decay and retains RAFT [16]. 
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Table 3 – Generalized table of the impact of the use of PCF as a substitute for natural gas  
on the results of the blast furnace process. 

No. Changing smelting conditions Consequence Expected result 

1 Replacing natural gas with PCF Increase in specific oxygen consump-
tion, change in the composition of the 
gas flow 

Accelerating iron recovery, reducing 
natural gas consumption 

2 Change in the ratio of gas vol-
umes in the furnace 

Increase in the proportion of CO, de-
crease in the content of H₂ in the gas 
phase 

Increasing the regenerative capacity of 
the gas flow 

3 Increase in the temperature of 
the torch in the combustion zone 

Growth of temperature gradients in the 
lance zone 

Intensification of heat exchange, im-
provement of charge melting 

4 Increase in slag mass from PVP Change in the composition and viscos-
ity of slag 

Improvement of cast iron desulfuriza-
tion conditions in slag optimization 

5 Reducing the gas permeability 
of the blast furnace with an ex-
cess of PCF 

Complication of the course of gases, 
increase in hydraulic resistance 

The need to optimize the granulometry 
of the charge and the flow rate of PCF 

6 Increasing the proportion of 
carbon potential in the furnace 

Intensification of FeO Reduction in 
Slag and Iron Ore Material 

Reduction of specific consumption of 
coke, fuel economy 

7 Increasing the amount of solid 
carbon in the combustion zone 

Intensification of CO generation, in-
crease in combustion temperature 

Increasing the recovery capacity of the 
gas flow, improving the reduction of 
FeO 

8 Reducing the volume of gases 
entering the furnace 

Change in gas dynamics, decrease in 
N₂ volumes in blast furnace gas 

Reduction of heat loss, increase in the 
concentration of reducing gases 

9 Increase in the proportion of ox-
ygen in the tuar's blow 

Improving the combustion conditions 
of PCF, stabilizing the temperature re-
gime 

Increasing process stability and blast 
furnace performance 

10 Change in the structure of the 
slag (introduction of additional 
sulfur and ash from coal) 

Complications of the cast iron desulfu-
rization regime 

The need to optimize the chemical 
composition of slag and the slag mode 
of smelting 

11 Increased heat load on the 
combustion zone 

Risk of overheating of the lances, une-
ven heat distribution in the charge layer 

Implementation of measures for cooling 
and control of the distribution of PCF 

 

Pulverized coal fuel (PCF) contributes to the pro-
vision of carbon "support" due to the positive effects 
of slag formation from PCF ash components and the 
preservation of the structure of the coke bed; high 
PCF consumption is possible only at RAFT ≈ 2150 – 
2300 °C when enriching blast O₂. ≈1200 °C and en-

richment O₂. Marginal modes of use of H₂ were de-
termined by the authors by the minimum permissible 
RAFT and the temperature of the furnace gases. The 
rational specific consumption of hydrogen injected in-
to the furnace in the stream of carrier gas together 
with PCF, theoretically justified, modeled and experi-
mentally confirmed by the authors in the study [19] in 
the absence of radical reconstructions of the furnace, 
is approximately 7÷20 kg of H₂/t of pig iron (~ 80 ÷ 
220 nm³/t of pig iron). The equivalent of coke substitu-
tion is approximately 1.9 kg of PCF per 1 kg of H₂. 
From an industrial perspective, the injection of heated 
H₂ in the test blast furnaces demonstrated a 33–43% 
reduction in CO₂ when carefully balanced with the 
thermal balance of the smelting.  This indicator, obvi-
ously, corresponds to the level of development of sci-
ence, technology and equipment, the technical limit of 
which in the conditions of pig iron production is not 
typical for modern process modes. 

As a summary based on the analysis of the results 
of the studies discussed above, it is necessary to give 
the following recommendations for the use of sec-
ondary materials - substitutes for iron ore components 
and coke in the blast furnace process: 

As for the introduction of secondary components, 
it should be noted that the exact values of rational 
particles will depend on a specific blast furnace, tech-
nological features of the process, physical and chem-
ical characteristics of coke, when operating them - 
from technologies and equipment for agglomeration 
and its other methods. Therefore, the recommenda-
tions below relate to the rational in terms of "starting" 
particles of substitute components, their chemistry 
and granulometry, the conditions of preparation for 
use at the stage of practical tests:  

- keep the content of <5–10 mm fraction in the ini-
tial charge of ferroraw materials ≤ 2–5%; 

- Fe content in pellets/agglomerate/pellets - ≥60–
65%; the content of S, P – minimize (S ≤0.02–0.06%); 

- Σ(Na₂O+K₂O) – to control their total content at 
the level of 2–3 kg/t of liquid pig iron;  

- biomass/materials of plant origin - must be pre-
pyrolyzed and mechanically stable;  

- pellets from secondary concentrates - 10-30% 
with optimization of the content of fluxes, coke, or 
other carbon source material. 

We believe that for the appropriate level of devel-
opment of blast furnace production technology, it is 
important to search for substitutes for traditional mate-
rials of its resource base, which will improve the pro-
cess in the direction of increasing its energy efficiency 
in accordance with the social and environmental re-
quirements of our time. And the rational use of the 
components of their physical and chemical potential 
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should become a benchmark of efficiency for re-
searchers when improving the process in the blast 
furnace. 

Scientific and technological forecasting of the 
practical application of materials of the secondary 
base of resources of raw materials, fuels in the 
conditions of blast furnace production. The main 
requirements that will contribute to their effective use 
include the following parameters and characteristics: 
granulometry, physical characteristics, chemical com-
position of iron ore materials and pyro-biocarbon, as 
well as determination of approximate shares of substi-
tute materials and practicalmeasures to ensure their 
safe implementation in blast furnace production.  

In the conditions of blast furnace production, when 
using innovative materials based on production 
waste, which form its secondary resource and fuel 
base, it is advisable to gradually introduce them into 
the initial blast furnace charge or air-blasted feed, 
starting according to [12], with 5–10% of the coke 
equivalent, or lime as a particle removed from the 
blast furnace before its sintering. The requirements, 
the fulfillment of which will ensure the effective use in 
the blast furnace process of materials of secondary, 
with signs of man-made origin, the base of raw mate-
rials and reducing fuel, are constant monitoring of the 
main parameters of the process: conditions of their 
loading and distribution, pressure drop, gas permea-
bility of the charge materials layer, coke consumption, 
changes in the composition of liquid cast iron and its 
productivity when introducing substitutes into the 
charge (iron ore components) or feeding into a blast 
furnace (PBV,  dispersed CaO, etc.). 

The operation of PCI blast furnaces can cause 
changes in the conditions of physicochemical and 
heat-gas-dynamic processes occurring in the reaction 
zone, which affect similar processes in other charac-
teristic zones of the furnace [1] during the transition to 
PCI technology. Therefore, in order to determine the 
peculiarities of pulverized coal injection and its impact 
on the processes implemented in the blast furnace, 
we will consider the essence, goals and probable re-
sults of the impact on the main indicators of the blast 
furnace process. The process of modern technology 
is based on replacing part of the coke with a cheaper 
and more energy-efficient type of fuel.  

Regarding the technological essence, goals and 
outcome of PCI. Dispersed coal dust (0÷75 μm) is 
supplied through the lances along with air directly to 
the coke carbon combustion zone of the blast fur-
nace. As a result, part of the coke in the charge is re-
placed by PVP, which is supplied by jets of gas to the 
carrier gas into the zone of interaction of air oxygen 
with coke carbon of the blast furnace charge. The 
main goals of the introduction of PCI technology are: 
reducing the consumption of coke, which is a source 
of economic effect, because coke is the most expen-
sive element of the charge - in the cost of pig iron it is 
~ 40%; providing flexibility in the choice of fuel 
through the use of anthracite and other types of coal) 
and, as a result, reducing total CO₂ emissions  

It is more expedient under the condition of heat 
treatment/preparation of dispersed materials - waste, 
which is proven by the results of high-temperature 
experiments and practice [4], is the implementation of 
combined heat treatment of a number of materials of 
secondary origin - mineral origin (oxide part) and 
waste of plant origin (sources of pyrolysis carbon). At 
the same time, the properties of materials based on 
secondary materials, the common feature of which is 
man-made origin, and their physical and chemical 
properties of the initial properties and composition of 
components, which, during combined heat treatment 
under the conditions of biomass pyrolysis, are trans-
formed into the properties of an innovative material. 
The latter determine the spectrum of functional pur-
pose of the material. The two-level closed circuit of 
regeneration of initial and secondary energy re-
sources of the process developed by the authors al-
lowed: to use the fuel and chemical energy of pyro-
gases in the thermal unit of the first level as much as 
possible; physical heat of gases generated during the 
combustion of pyrogas for pyrolysis of biomass in the 
second-level unit; chemical energy of pyrogas gener-
ated in the unit of the second level – as an additional 
source of fuel and chemical energy in the unit of the 
first level. A promising direction for improving the RSI 
technology is the replacement of a fraction of coke or 
PVP with materials based on pyro-biocarbon, which 
have undergone joint heat treatment [20].  

A modern method of replacing part of the coke 
with a cheaper and more energy-efficient type of fuel, 
which is currently PVP, is implemented by implement-
ing PCI technology) - injection of pulverized coal fuel 
into a blast furnace. The main goals of the implemen-
tation of the RSI are defined: reducing the consump-
tion of coke, the most expensive element of the 
charge, by using fine coal dust (0–75 microns), which 
is supplied through the lances along with air directly 
to the combustion zone; achieving a higher level of 
energy efficiency of the blast furnace process; the 
possibility of using less scarce types of coal.  

Regarding the reduction of CO₂ emissions, since 
less coke is burned (1 kg of PCI ≈ 0.85 kg of coke), 
according to [21], the coke replacement factor is not a 
direct indicator of the change in CO₂ emissions. The 
reduction in emissions is achieved by reducing the 
production of coke. In total, this gives a noticeable re-
duction in CO₂/t of pig iron [22]. The results of the 
study [23] also state that the coke replacement rate is 
not a direct indicator of changes in total CO₂ emis-
sions. 

The authors [21] refer to the optimal parameters of 
PCI technology that ensure the effectiveness of the 
use of VFR: 

- consumption of pulverized coal fuel 120÷200 kg/t 
of pig iron (the optimal value according to their defini-
tion is 150÷180 kg/t); 

- particle size: 0÷75 μm (average diameter 30-40 
μm); 

- humidity: ≤ 1.0 %; 
- ash content: ≤ 10 %; 
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- volatile substance content: 18–25%; 
- blast temperature: ≥ 1100 °C. 
The study also determined that when inflating 

150 kg/t, the coke savings are about 130 kg/t of  
pig iron.  

In our opinion, the determination of the coefficient 
of replacement of coke with pulverized coal fuel, 
which is introduced into the zone of interaction of ox-
ygen of air blast with the components of the charge, 
with the involvement of coke production and taking in-
to account its CO2 emissions, is not scientifically, 
technologically and economically justified. This ap-
proach neutralizes the individual contributions of coke 
production and its use in the blast furnace process, 
generalizing them, which calms and distracts from the 
search for more advanced schemes and innovative 
materials, the introduction of which will meet the chal-
lenges of our time and are aimed at improving blast 
furnace production.  

It is advisable to determine the following as com-
ponents of the overall integral effect of partial re-
placement of coke with materials such as PСF, NG, 
H₂, pyro-biocarbon by using PCI technology (Pulver-
ized Coal Injection): 

1. Reduction of coke oven consumption in kg of 
coke/t of pig iron as a direct positive effect created by 
the partial replacement of coke, PCFNG, H₂ / pyro-
biocarbon. It is determined by the substitution coeffi-
cient of each material introduced into the furnace [21]. 

2. Reduction of specific CO₂ emissions  

(kg CO₂ / t pig iron % of baseline values) as the total 
result of the reduction of carbon burned due to its re-

placement with H₂ or pyro-biocarbon [24]. At the 
same time, part of the hydrogen → H₂O, which re-

duces specific CO₂ emissions.  

3. The introduction of H₂ into the blast changes the 
kinetics of the reduction reactions and the tempera-
ture regime, which contributes to a moderate increase 
in the productivity of the furnace, but in order to obtain 
the effect, according to [25], thermal compensation of 
the thermal balance of the process is necessary.  

4. To guarantee the positive effects of the intro-
duction of H₂, it is necessary to reduce technological 
and operational risks due to the preliminary heating of 
H₂/NG before the introduction of H₂/NG into the blast, 
modernization of lances, control systems, ensuring 
stable properties of PVP, pyro-biocarbon, as well as 
ensuring appropriate levels of logistics and their cost, 
especially H₂ [26].  

Based on the generalization, systematization and 
coordination of the results of these works in a similar 
direction, an analysis of indicators for the system 
"Coke – PCI → PCF" for the conditions of the domain 
process was carried out (Table 4). Its use allows you 
to determine the difference in the use of materials 
(coke, PCF) according to the main energy, technolog-
ical, environmental and economic criteria, which, 
based on the achieved process indicators, will make it 
possible to predict the prospects of their application. 
In Table. Figure 4 presents the results of the influence 
of PCI technology on the indicators of the domain 
process, systematized according to the data from [21-
23, 27].  

 

Table 4 – Impact of VFR use on coke consumption and main parameters of the blast furnace process. 

No. Parameter Impact PCI 

1 Coke consumption It decreases (for every 1 kg of pulverized coal injected with the 
blast, approximately 0.8–0.9 kg of coke is saved). 

2 Combustion zone temperature It decreases, by about 80-100°C, so you need to increase the oxy-
gen supply 

3 Reducing capacity of gases (СО, Н₂) Increases, which has a positive effect on the level and time of metal-
lization 

4 Gas permeability of the charge It does not change, it deteriorates slightly if you increase the con-
sumption of PVP >200 kg/t of pig iron 

5 Cast iron quality Does not change at optimal melting mode 

6 Blow consumption Increases due to additional oxygen supply 

7 Total heat of the process It can decrease — partially compensated by an increase in the O₂ 
content in the blast 

 

Based on the coordination of the research data 
analyzed in the work, the following are established as 
the most probable, rational parameters of the PSI 
technology:  

- PСF consumption: 150–180 kg/t; 
- particle size: the average diameter is 20–80 mi-

crons; 
- humidity: ≤ 1.0 %; 
- ash content: ≤ 10% using PCF, for pyro-

biocarbon (PBC) - ≤ 5%; 
- volatile substance content: 18–25%; for PBC – 

regulated by pyrolysis conditions (time, temperature, 
ɑO2); 

- blast temperature: ≥ 1100 °C. 
The interchange of coke with PCF, according to 

data [21], is approximately:1 kg of pulverized coal fuel 
can replace ≈ 0.75 - 0.90 kg of coke. With an injection 
of 150 kg/t PCI, the coke savings are about 130 kg/t 
of pig iron. 

Coordination of the results obtained in the study, 
their systematization and generalization according to 
the main features, made it possible to coordinate 
them with the data of the analyzed works and on their 
basis to develop a comparative table. 5 the data of 
which, in our opinion, give an objective characteriza-
tion of the reducing agents of the blast furnace pro-
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cess: coke, PCF and pyro-biochar of plant origin. The 
choice of indicators in it is focused on the energy, en-
vironmental and technological aspects of the blast 

furnace process, which makes it possible to predict 
the prospects for their use in the conditions of modern 
pig iron production. 

Table 5 – Comparative data of indicators of carbon-containing materials  
and their impact on the parameters of the domain process. 

Indicator Coke PCI - pulverized coal fuel Pyro-biochar of plant origin 

Origin Primary product of coal 
coking 

Crushed coal (anthracite or 
other types of thermal coal 

Secondary resource with fuel and 
reducing agent properties obtained 
by biomass pyrolysis (wood, agricul-
tural waste, lignin) 

Filing form Solid lumpy particles of 
25÷80 mm, introduced in-
to the furnace from above 
as a component of the 
charge, according to the 
algorithm of the current 
technology of its loading 

Dusty, blown through the 
lance of the device in the 
flow of carrier gas (air blast) 

The device is blown through the 
lance by analogy with the introduc-
tion of PCF into the blast furnace  

Upper calorific value 
(HHV), MJ/kg 

28÷30 25÷28 20–25 MJ/kg (depending on biomass 
origin and pyrolysis conditions) 

Fixed carbon content, 
% 

85÷90 60÷75 60 ÷ 70; 90÷96 (depending on the 
conditions of pyrolysis, the type of 
biomass, and the purpose of the py-
rolyzed material 

Ash content, % 10÷12 8÷10 1–5 

Volatile content, % 1÷2 15÷25 20÷35 (at a humidity of ≤ 1.0, which 
is obtained in the process of drying 
biomass without the implementation 
of the pyrolysis stage, ~ 60) 

Humidity, % 1÷3 ≤1 initial for waste of plant origin 5÷10; 
lignin, which is a product of hydroly-
sis treatment of waste of plant origin 
48÷60 

Reactivity to СО₂ 
(CRI) / reactivity as a 
reducing agent 

Low (slow combustion) / 
significant, implemented in 
the blast furnace process 
in the form of C and CO 

High – burns quickly in the 
reaction zone when it is in-
jected with heated air blast 

Very high due to the porous structure 
of pyro-biocarbon/ higher than coke 
and PCF 

Mechanical strength High, which is necessary 
to maintain gas permea-
bility to the blast furnace 
charge layer) 

No requirements - it is in-
troduced into the furnace 
with a heated air blast 
through lances, used mainly 
as fuel  

There are no requirements for using 
PVP or GHG as a substitute. 
Medium – low strength requires ag-
glomeration of pyrocarbon with iron 
ore material  

CO₂ emissions from 
combustion, kg/GJ 

94÷96 92÷94 15–20 (neutral balance, because 
CO₂ is of biogenic origin) 

Coke substitution ef-
fect, kg/t of pig iron 

— 0,8÷0,9 kg of coke per 1kg 
PCI 

0,6–0,8 kg of coke per 1 kg of pyro-
biocarbon 

Optimal consumption, 
kg/t of pig iron 

350÷450 120÷200 According to some data, 40÷120; 
clarified by further research 

Effect on the tem-
perature of the com-
bustion zone 

Basic level (2200÷2300 
°C) 

Decrease (by 50÷100 °C) Decrease (by 50 - 100°C) - requires 
an increase in O₂ 

Gas permeability of 
the charge 

High Virtually unchanged May decrease with excess specific 
flow rate 

Impact on the quality 
of cast iron 

Stable Stable or slightly higher due 
to purity 

Improves due to less sulfur and ash 

Ash content 10÷12 % 8÷10 % 1÷5 % (depending on the type and 
raw material) 

Sulfur content, % 0,5÷0,7 0,3÷0,6 ≤0,1 

Phosphorus content 
(P) 

0,05÷0.1 % 0,03÷0,08 % < 0.02 % 

Impact on the quality 
of cast iron (S, P, Si) 

Basic level Slight decrease S і P Significant decrease S і P 

Equivalent of 
replacing coke 

- 1 кг PCI ≈ 0,85 kg of coke 
(as fuel) 

1 kg of pyro-biocarbon: 
as fuel ≈ 0.60÷0.85 kg of coke (de-
pending on the carbon content); as a 
reducing agent - 0,90÷1, 1 кг 
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Table 5 (continued) 

Indicator Coke PCI - pulverized coal fuel Pyro-biochar of plant origin 

Cost, % of coke 100 50÷70 40÷50 - due to the use of the heat of 
combustion of volatile and the use of 
physical heat of gaseous combustion 
products of volatile biomass under 
the conditions of its pyrolysis (CO2, 
H2O, NO2) and higher reactivity as a 
reducing agent 

Environmental 
assessment 

High values of CO₂ emis-
sions and environmentally 
harmful gases 

Less CO₂. With partial sub-
stitution with biocarbon, a 
decrease in CO₂ by 
10÷20% 

Minimal CO₂ emissions, renewable 

resource. Reduction of CO₂ by 
40÷60%; SOₓ < 0, 07. 

Основна перевага Стабільність властивос-
тей і міцність 

Reduced coke consump-
tion, cost-effective 

Environmental friendliness, higher 
reactivity as a reducing agent, re-
newability, low S and P content  

Main disadvantage High price, CO₂ emis-
sions, exhaustive source  

Requires blowing system, 
combustion control  

Lower heat of combustion, depend-
ence of chemical composition on the 
type of biomass  

The best application Base blast furnace charge 
(also agglomerated) 

120÷180 kg/t of pig iron 
through lances 

5–15% equivalent to coke; 20–30% 
replacement of PCF when imple-
menting PCI.  

Overall score Traditional and reliable 
reducing agent 

Cost-effective and flexible, 
requires further research 
and adaptation to the pro-
cess conditions in the blast 
furnace 

A promising substitute for the useful 
properties of PCF and NG (fuel, re-
ducing agent), and in the future coke 
Requires further research on adapta-
tion to existing technologies 

 

Based on the generalization of the data obtained 
in the work, it is necessary to determine the following: 

1. Coke is a basic, structural component of the 
charge, provides sufficient, regulated by external fac-
tors gas permeability and thermomechanical stability 
of the layer of components of the blast furnace 
charge. 

2. PCI as a technological solution is an optimal, 
under the conditions of the development of science 
and technology, an intermediate option that reduces 
coke consumption without losing process stability. 

3. Pyro-biocarbon is environmentally friendly, re-
quires minor thermal correction of blowing (increase 
in oxygen, temperature increase and their control). An 
effective substitute for the share of coke can be effec-
tive when it is administered in an amount of up to 20–
30% of the mass of coke. 

Thus, with a high probability, it can be stated that 
the integrated-integrated direction of blast furnace 
production improvement, which combines the tech-
nologies of pulverized coal injection with the introduc-
tion of pyro-biocarbon, the use of hydrogen reduction 
agents, as well as the involvement of secondary iron-
containing materials and fuel and energy resources of 
man-made origin, is a promising and strategically jus-
tified way of development of modern blast furnace 
metallurgy. 

Regarding the requirements for metallurgical quali-
ty indicators of components and basic blast furnace 
charge, as well as for the optimality of combined blast 
parameters, based on the coordination of the re-
search results analyzed above, the following was de-
termined. The components of the expected and most 
real integral effect from the use of hydrogen technol-

ogies on operating furnaces should be the following: 
- reduction of specific CO₂ emissions: approxi-

mately −10 – 15% in mode B, −20 – 30% in mode C 
(subject to careful thermal compensation of certain 
heat losses; 33–43% is currently confirmed in test 
furnaces with heated H₂ and special heat balance 
measures)..  

- coke oven consumption: up to ≤ 280–310 kg/t 
in modes B–C (actually recorded range of values) 
with high PCF/NG; H₂ injection allows you to reduce 
the carbon fraction, but requires optimization of 
O₂/Tsuv for RAFT).  

- performance: +2÷8% depending on gas perme-
ability limits and maintaining a rational thermal level - 
O₂ blast enrichment stabilizes the flame and the reac-
tion zone of combustion of fuel components.  

Theoretical analysis of the relevant sources and 
scientifically grounded forecasting of the physical and 
chemical features of the process in the blast furnace 
indicates the following.  

Combined injection  of PVP + GHG + H₂ is an ef-
fective way to increase energy efficiency and "green-
ing" of the blast furnace process, provided that the 
heat balance is controlled (RAFT, TCG) through 
the enrichment of O₂, a sufficiently high TDV. and 
heating of gases injected into the blast furnace . . 
with a consistent, phased increase in the flow rate H₂ 
and a corresponding correction of PVP/O÷₂ coke ≤ 
280 ÷ 310 kg/t. With such indicators, the stability of 
the blast furnace process is also maintained. 

Determining the prospects of technological solu-
tions for the efficiency of the use of VFR and GHG as 
substitutes for coke, increasing the level of use of 
useful properties of the initial potential of traditional 
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raw materials and fuels is a reserve for improving the 
blast furnace process.   

The reserves of the blast furnace process as a set 
of hidden or not fully realized technical and technolog-
ical capabilities of blast furnace smelting, allow, when 
they are involved in the process of iron smelting, to 
determine specific technical directions for its im-
provement by: 

- reduction of specific fuel consumption (coke, 
VFR, PCI, pyro-biofuel energy); 

- increasing the productivity and duration of the 
furnace campaign; 

- improving the quality of cast iron; 
- reduction of CO₂, CO, NOₓ, SOₓ and dust emis-

sions; 
- rational use of the properties of secondary and 

alternative resources of raw materials and fuel, which 
contributes to ensuring the stable operation of the 
furnace. 

Regarding the forecast for the development of 
blast furnace production in Ukraine, taking into ac-
count the resource base, the level of technology de-
velopment, the state of the environment and economy 
during the war.  

After a sharp decline in 2022 (due to the destruc-
tion of factories, changes in the quality of mineral raw 
materials, fuel, their sources and logistics supply 
routes), the recovery in 2024-2025 was partial, but 
the metallurgy sector as a component of the state's 
economic potential is still well below the pre-war level, 
and the total capacity remains reduced due to the 
failure of a significant part of the plants.  

Raw material and energy constraints (especially 
coking coal, ultra-high electricity prices) are a key bot-
tleneck for the sustainable recovery and further de-
velopment of carbon metallurgy. To compensate for 
them, manufacturers increase coke imports, which 
can cause risks in logistics and pricing. And the grow-
ing level of exports of iron ore intermediate products 
(enriched concentrate, pellets) significantly reduces 
the possible added value - the profit of the enterprise, 
industry, state. 

The resumption of exports remains dependent on 
the operation of ports and railways; Logistics tariffs 
and safety of transportation of metallurgical products 
affect their competitiveness.  

Environmental commitments and the global de-
carbonization trend are driving the transition from 
large blast furnaces to a steel production scheme us-
ing EAF/DRI solutions (direct reduced chipboard/iron) 
and the use of hydrogen technologies in the medium 
term.  

The combination of the technology of injection of 
pulverized coal fuel with the introduction of pyro-
biocarbon, the use of hydrogen, as well as with the 
involvement of secondary iron-containing materials 
and fuel and energy resources of man-made origin 
will make it possible to: 

- reduce specific coke consumption and CO₂ 
emissions due to partial substitution, artificially creat-

ed from fossil coal, coke for renewable bio-
pyrocarbon materials of plant origin;  

- to increase the resource and energy efficiency of 
the process through the utilization of by-products and 
secondary products of the metallurgical cycle; 

- provide flexibility in managing the material, ther-
mal and recovery balance of the furnace due to the 
combination of iron, carbon and hydrogen sources; 

- to bring the blast furnace process technology 
closer to the requirements of low-carbon ironmaking. 

Thus, the direction of further development indicat-
ed in the study is of high scientific and practical im-
portance, corresponds to modern trends in circular 
metallurgy, energy efficiency and decarbonization, 
and also creates the basis for a gradual transition to 
hydrogen-oriented processes of direct and partially 
restored pig iron production.  

The analysis of unused reserves of blast furnace 
production, and the development of innovative mate-
rials, including those based on man-made materials 
of metallurgical origin, made it possible to develop a 
method for the production and use of "black lime" as 
a monomaterial, which is advisable to introduce into 
the blast furnace in combination with other air blast 
components (PVP, NG), as a substitute for part of 
their specific costs.  

Fig. 1 shows the form of "black lime -CHV", which 
was obtained under the conditions of a pilot installa-
tion - a laboratory inclined drum-type furnace with a 
rotating drum at ɑo2 = 0.85; Tmax = 1150°C.  Materi-
al composition in % wt.: CaO = 88.2; C = 10.7. 

The results of the research, which were obtained 
when determining the features of the combined pyrol-
ysis of dispersed lime and lignin - the waste of agricul-
tural waste processing, indicate that the degree of fix-
ation of pyrocarbon on the particles of the mineral 
base (CaO) is 20 times higher than the similar indica-
tor of mechanical mixing of two dispersed materials. 

 

Fig. 1 – The appearance of "black lime" after carrying out 
compatible pyrolysis of components in the conditions of  

the spilled layer at temperature Тmax =1150°С, ɑО2 = 0,85. 
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Pyrucarbon is firmly fixed on the surface of lime 
particles, significantly increasing the size of mono-
material particles (2.5 ÷ 4.5 mm).  

Regarding the fractional and chemical composition 
of dispersed lime accumulated in gas cleaning cy-
clones during the production of metallurgical meta-
stable lime, it is necessary to determine the following. 
The typical fractional structure of pulverized lime is 
very variable and depends on the type of dust collec-
tor (cyclone/bag filter), combustion / calcination and 
grinding conditions. In the practice of metallurgical 
lime production, lime dust has the following fractional 
composition <10 μm-5–30 %; 10–63 µm - 30–60 %; 
63–125 µm-10–30 %; 125–250 µm-5–15 %; 
>250 μm - 0–5%. The given ranges of lime dust are 
often fixed in practice.  

Under the conditions of high-temperature pyrolysis 
of the initial charge based on a mixture of CaO and a 
material of plant origin containing carbon, at its initial 
moisture content ~ 17.8% and temperature of  
~ 1200°C, the following physicochemical processes 
and transformations are carried out:  

- at the stage of preparation - mixing of compo-
nents - primary enlargement of dispersed particles of 
the original mixture, which led to the hydration of lime 
(CaO → CaCO3); 

- under the conditions of heat treatment with the 
implementation of compatible pyrolysis of the mixture 
- final enlargement with the formation of a product - 
monomaterial CaO-Cpyro; dehydration of lime (CaCO3 
→ CaO); stabilization of fractional, chemical composi-
tion and properties of monomaterial; 

- cooling of "black lime", its accumulation, trans-
portation, quality control, functional purpose.  

In addition to pulverized lime, it is advisable to use 
a fraction of CaCO3, which is formed in sufficient for 
industrial use (recycling) as a component in the CaO-
C mixture. 

As for the methods of production of Ch. For the 
first time, on the basis of theoretical justification after 
experimental testing in laboratory conditions, the 
method of black lime production was implemented 
under the conditions of an inclined rotary kiln using 
the initial mixture of lignin (humidity ≈ 48%) + fineness 
CaO (dry). The result of the next stage of the study 
was the development of a method for obtaining HF 
without the use of external sources of thermal energy 
[28].  

The implementation of the process in the tempera-
ture range, which is 1150 ÷ 1200°C, made it possible 
to dehydrate lime using the thermal effect of the reac-
tion to heat the initial mixture before loading it into the 
furnace, as well as to exclude the development of the 
FexOy reduction reaction with pyrocarbon. The con-
tent of iron oxide in an innovative material - a product 
of heat treatment of the components of the initial mix-
ture, determining the level of its oxidation potential, 
expanded the range of functional purpose and physi-
cochemical capabilities of the pyrolyzed monomaterial 
(CaO + C + FeO) as a slag-forming material [4]. 

The calculation method established the optimum 
replacement of PVP in the composition of PVP blast-
ing with black lime, which is 10÷13 % of the specific 
consumption or energy contribution of PVP. At the 
same time, there is an objective possibility of reducing 
the modulus of the basicity of the agglomerate (and, 
accordingly, the basicity of blast furnace slag), which 
in the modern blast furnace process is the main iron 
ore component of the charge, to B ≈ 1.15, which re-
duces the melting point and viscosity of the blast fur-
nace slag. At the same time, we should expect an ac-
celeration of the dissolution of CaO in the furnace 
slag, which intensifies the desulfurization of cast iron. 

Thus, an additional advantage of the use of mon-
omaterial (FR) is the improvement of the agglomera-
tion process, the properties of the sintered material, 
the reduction of the specific consumption of limestone 
and fuel for sintering of the initial charge, and in the 
future, in the blast furnace process: increasing the 
stability of tuyere devices (coating CaO with pyrocar-
bon reduces abrasiveness/corrosion), reducing the 
specific consumption of PCF, coke and CO2 emis-
sions.  

The calculations determined that for the initial 
conditions (current PCF supply = 120 kg/t of pig iron; 
carbon content 85%; black lime: C content ≈ 25%, 
free CaO ≈ 75%) when replacing 10% of PCF with 
black lime by mass of PCF, approximately 30.6 kg of 
CaO/t of pig iron will be introduced into the reaction 
zone of interaction with the components of the 
charge. With the optimum replacement of PCF with 
black lime, which is 10–13%, the introduction of such 
an amount of CaO into the furnace is sufficient to sig-
nificantly affect the local balance of slag basicity in the 
lance zone. However, it is necessary to adjust the 
amount of fluxes to obtain the recommended limits of 
the basicity of furnace slag by reducing the corre-
sponding indicator of iron ore agglomerate to  
≈ 1.15. That is why, when implementing this techno-
logical solution, the optimal combination of adding 
CaO, which contains pyrolyzed monomaterial "from 
below" and reducing part of the fluxes included in the 
agglomerate fed from above, is achieved. 

Let us turn to the analysis of physicochemical 
mechanisms explaining the above data.  

1. Microcontact (CaO–C): Carbon is on the sur-
face of CaO. The result of the reaction of carbon with 
CO₂ is a local intense formation of CO near the sur-
face of CaO. This increases the partial pressure of 
CO, which contributes to rapid gasification, reduction 
of iron, that is, increases the efficiency of the fuel frac-
tion, which reduces the specific losses of coke. 

2. Faster dissolution of CaO in slag: dispersed 
CaO particles with a large reaction surface dissolve in 
the furnace slag faster, compared to the flux of ag-
glomerate fed from above. Therefore, at an early 
stage of the formation of furnace slag, a rapid local 
correction of its basicity occurs, which increases the 
effect of refining liquid drops of iron-carbon melt from 
sulfur. 
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3. Lowering the melting point of agglomerate at  
B ≈ 1.15: reducing the viscosity and melting point of 
the slag phase improves the conditions for its for-
mation, removal and facilitates the contact of metal 
with slag as a condition favorable for creating kinetic 
advantages of desulfurization. 

4. Protective coating of CaO - dust with pyrovchar: 
the layer of carbon on the surface of CaO reduces the 
abrasiveness and aggressiveness of materials sup-
plied through the lances, helps to prolong the opera-
tion of blowing lances. 

5. Improving the agglomeration conditions and 
strength of the agglomerate by reducing its modulus 
of basicity, which has a positive effect on the thermal 
balance of the process, reducing fuel consumption.   

It is advisable to implement the practical use of in-
novative material based on man-made materials – 
waste from relevant industries that have passed a 
joint stage of high-temperature or low-temperature py-
rolysis, according to two technological schemes. Ac-
cording to the first, the main goal is to improve the 
slag mode of smelting with a certain reduction of the 
modulus of the basicity of the agglomerate to  
B ≈ 1.15÷1.10, with obtaining an additional effect due 
to the use of the fuel component of the potential of py-
ro-biocarbon as a substitute of the corresponding 
share of PCF. For such a scheme, the rational range 
of the composition, which will provide the necessary 
properties and purpose of the CF, is defined:  
C = 10 ÷12%; CaO = 88 ÷90%. The second scheme 
is implemented in order to replace the maximum pos-
sible proportion of PVP with pyro-biocarbon (Cpyro → 
CO2 + Skox → CO), the reactivity of which as a fuel 
and reducing agent exceeds similar characteristics of 
graphite, coke and is on a par with charcoal. For this 
version of the technological solution, the content of 
PBC in the monomaterial is ≥ 85, and the effect of the 
presence of CaO in it is minimized. The possibility of 
its increase has been experimentally determined due 
to the introduction of 5÷7 % of dispersed waste of fine 
iron ore or metallurgical waste containing iron oxides 

into the initial mixture of components that are sources 
of C and CaO. In this case, in the tuyere zone of the 
furnace, the formation of the slag phase with the par-
ticipation of CaO, which is part of the monomaterial, 
proceeds along the ferritic path, which accelerates the 
creation of furnace slag with increased reactivity. 

Conclusions & recommendations 
The integrated-integrated direction of blast furnace 

production improvement, which combines the tech-
nologies of pulverized coal injection with the introduc-
tion of pyro-biocarbon, the use of hydrogen reduction 
agents, as well as the involvement of secondary iron-
containing materials and fuel and energy resources of 
man-made origin, is a promising and strategically jus-
tified way of development of modern blast furnace 
metallurgy.  

Replacement of PVPCF (full or its parts) with a 
monomaterial - "black lime", in comparison with the 
supply of a mechanical mixture (PCF+CaO), subject 
to segregation during transportation, should provide a 
technological advantage - a better microcontact com-
bination (CaO↔C) and less segregation in the supply 
path. The use of waste materials in the production of 
"black lime" also provides an economic advantage - a 
reduction in the cost of material and has an environ-
mental orientation - the disposal of man-made waste. 
When using it as a blast component, it is necessary to 
exclude the possibility of bringing the basicity of fur-
nace slag beyond the values recommended accord-
ing to the current technological instructions. 

The components of the direction of improvement 
of the blast furnace process, having a scientific justifi-
cation, correspond to modern trends in circular metal-
lurgy, energy efficiency and decarbonization, and 
their implementation contributes to the creation of a 
basis and conditions for a gradual transition to hydro-
gen-oriented processes of direct reduction of iron 
and, partially, carbon, recovered through the use of 
innovative solutions for the production of pig iron.  
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Abstract. The corrosion resistance of ferrosilides of the Fe-Si-Cr-Ni-Mo-Mn system in concentrated sulfuric acid in the 
temperature range of 25-200°C was investigated. The corrosion rate was calculated based on electrochemical 
parameters using passivation and temperature dependence models of the Arrhenius type. It was confirmed that the 
main factor determining corrosion resistance is the silicon content. The existence of a critical Si content threshold was 
shown, upon reaching which a continuous passive SiO₂ film is formed, which provides a reduction in the corrosion rate 
by 1-2 orders of magnitude. Characteristic temperature ranges of the corrosion process were identified: stable 
passivation (25-80°C), transitional regime (80-150°C) and degradation of the passive state (150-200°C). It has been 
shown that Cr and Mo in Fe-Si alloys enhance the stability of the passivated state, particularly at high sulfuric acid tem-
peratures, whereas Ni primarily affects the electrochemical characteristics, and Mn reduces the effectiveness of pas-
sivation. The effectiveness of adding chromium to Fe-Si alloys increases proportionally with the Si content; molybdenum 
stabilizes passivation at acid temperatures above 150°C and reduces the rate of localized corrosion; nickel is not a de-
termining factor at high acid temperatures. The influence of operational factors (turbulence, erosion, impurities) on the 
corrosion rate has been determined. The expected corrosion rates for the studied alloys in sulfuric acid have been cal-
culated, taking into account industrial operating conditions. The experimental data obtained can be used to develop new 
corrosion-resistant materials and optimize the composition of Fe-Si alloys for operation in high-temperature aggressive 
environments of concentrated sulfuric acid. 
Keywords: Fe-Si alloys; corrosion resistance; sulfuric acid; passivation; silicon dioxide; electrochemical corrosion; high-
temperature corrosion; alloying elements. 
 
Анотація. Досліджено корозійну стійкість феросилідів системи Fe-Si-Cr-Ni-Mo-Mn у концентрованій сірчаній 
кислоті в діапазоні температур 25-200°C. Виконано розрахунок швидкості корозії на основі електрохімічних 
параметрів із використанням моделей пасивації та температурної залежності типу Арреніуса. Підтвердже-
но, що основним фактором, який визначає корозійну стійкість, є вміст кремнію. Показано існування критич-
ного порогу вмісту Si, при досягненні якого формується суцільна пасивна плівка SiO₂, що забезпечує знижен-
ня швидкості корозії на 1-2 порядки. Виділено характерні температурні області корозійного процесу: стабі-
льна пасивація (25-80°C), перехідний режим (80-150°C) та деградація пасивного стану (150-200°C). Показано, 
що Cr і Mo у складі феросиліду підвищують стабільність пасивного стану, особливо при високих температу-
рах сірчаної кислоти, тоді як Ni впливає переважно на електрохімічні характеристики, а Mn знижує ефектив-
ність пасивації. Ефективність введення хрому до складу феросиліду зростає пропорційно вмісту Si, молібден 
стабілізує пасивацію при температурах кислоти вище 150°C і знижує швидкість локальної корозії, нікель не є 
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визначальним фактором при високих температурах кислоти. Визначено вплив експлуатаційних факторів 
(турбулентність, ерозія, домішки) на швидкість корозії. Розраховані очікувані швидкості корозії для досліджу-
ваних сплавів у сірчаній кислоті з врахуванням умов промислової експлуатації. Отримані експериментальні 
дані можуть бути використані для розробки нових корозійностійких матеріалів і оптимізації складу феросилі-
дів для роботи у високотемпературних агресивних середовищах концентрованої сірчаної кислоти. 
Ключові слова: феросиліди; корозійна стійкість; сірчана кислота; пасивація; діоксид кремнію; електрохімічна 
корозія; високотемпературна корозія; легувальні елементи. 

 
Introduction 
Corrosion of alloys in acidic environments remains 

one of the key challenges in modern metallurgy and 
chemical engineering [1, 2]. Operating conditions are 
particularly challenging at elevated temperatures in 
concentrated sulfuric acid, where traditional 
corrosion-resistant materials, notably stainless steels 
and nickel-based alloys, demonstrate limited 
suitability due to the intense destruction of passive 
protective films and the development of localized 
corrosion processes [3, 4]. 

In this regard, there is growing interest in 
ferrosilicides as promising materials with enhanced 
corrosion resistance. Fe-Si alloys demonstrate 
enhanced corrosion resistance in sulfuric acid; they 
are capable of forming a dense passive silicon 
dioxide film on the surface, characterized by high 
chemical inertness in strong acids [4, 5]. At the same 
time, the effectiveness of the passivation film’s 
preservation significantly depends on the silicon 
content, the acid temperature, and the presence of 
alloying elements in the alloy, such as chromium, 
molybdenum, nickel, and manganese [6, 7]. The 
issue of determining the critical silicon content and 
the effect of complex alloying of ferrosilicide on the 
kinetics of corrosion processes and the stability of the 
passive film, at which a stable passive state is 
ensured over a wide operating temperature range, 
remains insufficiently studied.  

It is also important to take into account not only 

laboratory conditions but also real-world operating 
conditions, including flow turbulence, erosion wear, 
and the presence of impurities, which can significantly 
alter corrosion mechanisms and lead to an increase 
in the rate of material degradation [8]. 

Classical studies [1, 4] have shown that even at 
silicon contents in the range of 14-16%, ferrosilicides 
undergo a transition from Fe-oxide to SiO2-controlled 
passivation, which is accompanied by a sharp 
decrease in corrosion current density and explains 
the high corrosion resistance of high-silicon cast irons 
and intermetallides. According to the phase diagram 
[9], at a Si content >14.37% Si, the Fe3Si intermetallic 
phase forms, and a Si content in the alloy exceeding 
15% defines a region where a mixture of iron and 
Fe3Si predominates; in this region, upon cooling of 
the melt, the formation of ordered intermetallics and a 
significant decrease in ductility are expected. 

During crystallization, the main final phases in an 
alloy containing >15% Si up to 99% of the total mass 
will be FeSi, Fe3Si, and Fe5Si3 (Fig. 1), with only up to 
1% of unbound Si (in the form of fine crystals and/or 
inclusions). The brittleness of such an alloy is 
explained by the virtually complete absence of ferrite 
and the acquisition of ceramic properties. At the same 
time, such an alloy acquires properties of thermal-
oxidative stability and corrosion resistance due to the 
formation, under appropriate heat treatment 
conditions, of a protective layer of SiO2. 

 

 

Fig. 1. Fe-Si phase diagram at 1 atm from Numakura and Tsugawa (1972). 
 

A mixture of FeSi, Fe3Si, and Fe5Si3 in sulfuric 
acid performs better than the individual phases, 
ensuring a long-lasting passive state of ferrosilicide 
[9-11]. The synergistic effect of resistance to H2SO4 is 
achieved through the following mechanism: Fe3Si 
(with an optimal Fe/Si ratio) promotes the formation of 

a passivation film (SiO2 + Fe oxides), Fe5Si3 promotes 
the formation of amorphous SiO2, and FeSi promotes 
less stable passivation. The formation of SiO2, which 
is poorly soluble in H2SO4, prevents ion diffusion.  

The interaction of Fe-Si with sulfuric acid over time 
is accompanied by active corrosion in the initial period 
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due to the anodic dissolution of iron: 
Fe → Fe2+ + 2e-                                  (1) 

followed by oxidation 
Fe2+ → Fe3+ + 2e-                                (2) 

cathodic reactions in acidic media 
2H+ + 2e- → H2↑                                   (3) 

Corrosion reaction upon contact with acid 
Fe + H2SO4 → FeSO4 + H2↑                  (4)  

this, in turn, is accompanied by the enrichment of the 
ferrosilicon surface with silicon (Si) and the formation 
of a passivation film of silicon dioxide (SiO₂) during its 
oxidation  

Si + 2H2O → SiO2 + 4H+ + 4e-                (5)  
or films of hydrated silicon dioxide 

Si + 2H2O → SiO2 . nH2O + 2H2↑               (6)  
chemically inert in H2SO4, followed by a transition to a 
passive state. 

When casting products from such Fe-Si alloys, it is 
necessary to cool them slowly along with the mold. 
Rapid cooling can cause metastable states to 
“freeze,” and the formation of the Fe₃Si intermetallic 
compound may be partially suppressed. In this case, 
part of the Si will remain in the solid solution (in α-Fe) 
or nanometric intermetallic precipitates will form. An 
excessive metastable structure can affect phase 
distribution, and there is a risk of hot or cold cracks 
forming in cast parts due to internal stresses. 
Conditions for machining are created by thermal 
tempering or controlled recrystallization, which in turn 
can lead to the formation of brittle intermetallides and 
an increase in brittleness over time or under the 
influence of temperature. 

The presence of impurities (Al, Mn, C, P, S, etc.) 
in Fe-Si alloys promotes the formation of secondary 
phases and the incorporation of some Si into complex 
complexes, which alters the phase distribution and 
structure of the alloy. At the same time, low S and P 
content (< 0.05%) prevents brittleness and 
intergranular corrosion of the alloy.  

Recent studies [1-7, 9, 11] have confirmed that 
ferrosilicides are one of the most promising classes of 
materials for use in aggressive acidic environments. 
However, the lack of comprehensive studies 
comparing the corrosion resistance of pure and 
economically alloyed ferrosilides under high-
temperature operating conditions in concentrated 
H2SO4 underscores the relevance of further research 
in this area. 

The purpose of the work.  
The aim of this study is to investigate the corrosion 

resistance of Fe-Si-Cr-Ni-Mo-Mn ferrosilicides in 
concentrated sulfuric acid over a temperature range 
of 25-200°C, to determine the effect of silicon content 
and alloying elements on the corrosion rate, and to 
examine the characteristics of passive film 
degradation. 

Analysis of recent studies and publications.  
The optimal composition of an Fe-Si alloy, in terms 

of casting properties, is as follows: 12-16% Si, up to 

2.5% C (S, P < 0.05%), with the remainder being Fe. 
The typical structure of such an alloy consists of a 
ferritic matrix (Fe + Si solid solutions), free graphite 
inclusions (fine plates or globules), and a minimum of 
cementite. Due to the silicon content of up to 16%, 
hardness increases (~250-350 HB and higher), with a 
simultaneous decrease in ductility, and corrosion 
resistance in acids (especially in H2SO4) increases 
due to the formation of a SiO2 film during heat 
treatment [12].  

Obtaining more ductile alloys is possible by 
reducing the silicon content to 6-10% Si or by alloying 
with elements that increase ductility. This approach is 
based on addressing the fundamental issue - the 
presence of an intermetallic, brittle Fe3Si matrix. The 
improvement in ductility is also partially achieved 
through process modifications or changes in the 
alloy’s chemical composition and structure.  

In the Fe-Si-C system, silicon sharply reduces the 
solubility of carbon in liquid and solid iron. For 
example, at a silicon content of >15%, the solubility of 
carbon in liquid Fe decreases to 0.1-0.2% at 1500°C. 
Excess carbon from the melt is converted into graphite 
(silicon “displaces” carbon from the metal into the 
graphite phase). When the alloy contains more than 
12–13% Si, the carbon activity aC increases, and the 
activity coefficient fC at 15% Si will be >10 (carbon 
becomes energetically “excessive”); the system’s 
attempt to minimize energy leads to the formation of a 
solid phase - graphite. The primary graphitizer in Fe-Si 
alloys is silicon itself. Already at >4% Si, silicon 
stimulates graphitization - it reduces the stability of 
cementite Fe₃C and promotes the precipitation of 
carbon as graphite. An excess of graphite reduces 
acid resistance but improves casting properties. 

To prevent graphite precipitation, it is advisable to 
reduce the carbon content in the charge (< 0.05% C), 
use CaO-SiO2 slag, and raise the melting 
temperature to 1580-1620°C, which temporarily 
increases the solubility of C, and deoxidize with Al. 
The effects of high S content on graphitization are 
mitigated by preliminary desulfurization of the melt.  

The addition of Ni, Mo, Co, and Cr to the 
ferrosilicide composition in limited quantities (1-5% Ni, 
1-2% Mo, 3-6% Cr) helps reduce brittleness [4], but 
does not ensure full ductility of the alloy.  

Nickel has high solubility in ferrite (α-Fe) and in 
Fe₃Si intermetallic compounds, contributing to the 
stabilization of the solid solution, which in turn 
ensures the presence of Si in supersaturated α-Fe 
during cooling. In addition, Ni slows down the 
ordering of Fe₃Si, resulting in the formation of finer 
intermetallic compounds and a reduction in 
brittleness.  

Molybdenum has limited solubility in solid Fe-Si 
alloys, but even a small amount of Mo significantly 
slows down diffusion. Mo tends to form carbides and 
silicides (MoSi₂ and FeMoSi₂, respectively), but at 
concentrations up to 1% Mo in alloys with <15% Si, 
these compounds will promote the formation of fine 



 ISSN 3083-7219 (Print), ISSN 3083-7227 (Online) 

Теорія і практика металургії, 2026, № 1 
Theory and Practice of Metallurgy, 2026, No. 1 

57 

 

precipitates. Overall, molybdenum acts as a solid 
solution hardener and promotes the formation of a 
fine-grained alloy structure and a reduction in brittle 
intergranular fracture. The impact toughness of such 
low-alloyed Fe-Si alloys can increase by ~10-20% 
from the base level. 

The presence of chromium in Fe-Si alloys will 
promote the formation and stabilization [13] of a 
passive oxide film, but in sulfuric acid, its stability will 

depend on concentration and temperature. It is known 
[1, 2, 5, 12] that an alloy containing 20-35% Ni, 15-
20% Cr, 2-5% Mo (analogous to Alloy 20) (Table 1). 
For high resistance in hot concentrated (90-98% 
H₂SO₄) acid, it is considered advisable to use high-
nickel alloys with a content of ≥50-60% Ni, 12-17% 
Mo, and 14-16% Cr (equivalent to Hastelloy C-276 / 
Alloy C-276) (Table 1). 

Table 1 - Chemical composition of selected H₂SO₄-resistant alloys, wt. %. 

Alloys Ni Cr Mo Fe Cu Si Mn W Co Other / Notes 

Hastelloy C-276 55-57 15-16 15-17 ≤5 - ≤0.08 ≤1 3-4.5 ≤2.5 C≤0.01%, 
others Ni 

Hastelloy C-22 56 20-22.5 12.5-14.5 2-6 - ≤0.08 ≤0.5 2.5-3.5 ≤2.5 Improved 
Cr/W balance 

Hastelloy B-2 bal - 26-30 ≤2 - ≤0.1 ≤1 - - Cr-free, for 
reducing acids 

Alloy 20 32-38 19-21 2-3 35-45 3-4 ≤1 ≤2 - - Ti=0.6-1.0%, 
Nb≈0.1% 

904L 23-25 19-23 4-5 bal 1-2 ≤1 ≤2 - - N≈0.1%, S low 

Monel 400 63-70 - - 2-3 28-34 ≤0.5 ≤2 - - High plasticity 

Inconel 718* 50-55 17-21 2.8-3.3 bal - ≤0.35 ≤0.35 - ≤1 Al 0.2-0.8,  
Ti 0.6-1.15 

Iron alloy with 
~14%Si 
(ferrosilide) 

≤1 ≤0.5 - bal - 13–15 ≤0.5 - - Hard Fe–Si 
phases, brittle 

* contains additionally 4.75-5.5% Nb 

 

It should be noted that Alloy 20 is significantly 
more resistant than 316L stainless steel in sulfuric 
acid, but this is true only for moderate concentrations 
of H2SO4; at high temperatures, degradation occurs 
and the corrosion rate increases significantly (M. 
Bazgir, K. Rahmanik, 2021). 

When using Hastelloy (C-276, C-22) in 
concentrated sulfuric acid, corrosion is higher than in 
HCl, and for C-276 it can reach 0.5-2 mm/year (S. 
Hastuty, A. Widiatmoko, T. Sudiro et al., 2023). 

Ferrosilicides (Duriron - Fe-Si alloys with 14-18% 
Si) have demonstrated high resistance in H2SO4 due 
to the SiO₂ surface passivation effect, and according 
to [9], the corrosion rate does not exceed 0.01 
mm/year. At the same time, in industrial applications, 
hydrodynamic factors (flow velocity, destruction of the 
passivation film, etc.) have a negative impact on the 
corrosion rate.  

In a study of the stability of Fe-Si (containing 6% 
Si) in boiling concentrated H2SO4, the authors [14] 
demonstrated a decrease in the corrosion rate 
(≈0.056 mm/year) over time (passivation of the alloy).   

The corrosion resistance of Fe-Si alloys with 8-
20% Si content in H2SO4 at 250°C was investigated in 
[15] using potentiometric polarization and potential 
decay analysis. It was shown that the passivity of 
alloys with 14% Si is controlled by the formation of a 
SiO₂ film with low electrical conductivity. At Si 
contents below 14%, the alloy’s behavior is 
determined by a passive iron oxide film. A restoration 
of passivity was observed at Si contents of 14% and 
16% following a potential drop, which was explained 
by self-passivation after the dissolution of the iron 

oxide film and the saturation of the surface with Si.   
A comparison of the corrosion resistance in 10% 

and 20% H2SO4 solutions of an alloyed intermetallic 
coating composed of Fe3Si, applied to the surfaces of 
AISI420 and AISI304 stainless steels containing Cr 
and Ni, and to the surface of A3 carbon steel, was 
conducted in the study [16] using an electrochemical 
method and static immersion tests. It was confirmed 
that, due to the presence of Cr and Ni alloying 
elements, the Fe3Si coating was dense, relatively 
thick, and had only a few defects, which helped 
ensure the protection of stainless steel against 
surface corrosion. The pronounced passivation of 
Fe3Si in sulfuric acid was confirmed. 

Changes in the phase composition, 
microstructure, and pore structure of porous pressed 
Fe-Si samples obtained by the synthesis of elemental 
powders, as well as corrosion resistance to a sulfuric 
acid solution (at a concentration of 160 g/l), were 
investigated in [17]. The following sequence of phase 

formation was established: α-Fe, Fe3Si, -Fe5Si3, and 
ɛ-FeSi during sintering. A two-phase nature of the 
corrosion kinetics of the Fe-Si alloy was revealed, 
with average corrosion rates of 0.00211 %/year and 
0.00118 %/year, respectively. 

The authors of a study on the corrosion resistance 
of Fe-Si alloys in boiling solutions of 95% and 50% 
sulfuric acid [18] found that the critical Si content for 
passivation lies in the range of 9-10% Si and 12-15% 
Si in 95% and 50% acid, respectively. The oxide film 
formed on the surface of passivated Fe-Si alloys was 
investigated using X-ray diffraction and scanning 
microscopy. It was found that the passivation film 
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consisted of an amorphous oxide with an Si/O atomic 
ratio of approximately 0.5, and its growth rate 
depended on the alloy composition and acid 
concentration. 

The feasibility of using Fe-Si alloy in boiling 
sulfuric acid and hydrogen iodide in the 
thermochemical hydrogen production process was 
investigated in [19]. It was confirmed that although the 
corrosion resistance of the Fe-Si alloy increases with 
increasing Si content, the material becomes brittle. 
Using the chemical vapor deposition method, a Fe-Si 
alloy with a graded composition (CG Fe-Si) was 
preliminarily prepared, containing 14% Si on the 
surface and 3% Si on the substrate. The resulting CG 
Fe-Si alloy exhibited corrosion resistance in boiling 
H₂SO₄ (at a concentration of 17.7 kmol/m3) equivalent 
to that of a Fe-Si alloy with 12% Si; however, after 
300 hours of immersion in the acid, the SiO2 film on 
the surface became prone to delamination around 
areas with microcracks caused by cooling during 
chemical deposition. 

Research results and discussion. The smelting of 
experimental Fe-Si alloys was carried out in an IST-
016 induction furnace at the laboratory of the 
Department of Metallurgy at DSTU according to the 
following procedure.  

In the first stage, in accordance with the 
theoretical rationale outlined above, the charge was 
properly prepared by refining the cast iron to remove 
sulfur to the specified levels (less than 0.05% S). 
Desulfurization of the molten cast iron was achieved 
by blowing dispersed magnesium (99.9% Mg, 
manufactured in China) through a submerged tuyere 
according to the method described in [20]. The 
resulting molten refined cast iron was poured into cast 

iron molds. In the next stage, by remelting the steel 
billet and refining the melt in the furnace, steel 
castings with the specified chemical composition were 
obtained.  

After forming a single charge from refined ingots of 
cast iron, steel, and ferroalloy (FeSi45) -used to 
produce a molten metal with a silicon content of 6-
15% Si - the charge was loaded into the crucible of 
the induction furnace. During the smelting process, 
slag was skimmed off the surface of the metal bath. A 
portion of the Fe-Si metal melt was left in the furnace 
crucible to form a “slurry” and increase the degree of 
incorporation of the alloying elements added in 
subsequent stages.  

In the second stage of melting, the calculated 
amount of refined cast iron was added to the resulting 
Fe-Si melt, and after its incorporation, FeSi45 and 
alloying elements (FeCr, Mo, Ni) were added. During 
the absorption of the alloying elements, the melt was 
protected from the effects of atmospheric oxygen by 
blowing argon (at a flow rate of 0.05 m³/min) onto the 
surface of the bath through a tube located under a 
graphite plug at the furnace throat. 

During the melting process and prior to pouring, 
the bath temperature was measured. A “Smotrich-5P” 
partial-emission pyrometer and TS360309 immersion 
thermocouple blocks with a “Heraeus” Digitemp DTK 
01-T-II digital temperature meter were used. The 
pouring temperature of the resulting melts was 
determined relative to the liquidus temperature of the 
expected composition; an excess temperature 
gradient of 83-96 degrees was maintained, taking into 
account heat losses during transfer to the ladle and 
during pouring into preheated (600-620°C) sand-clay 
molds. 

Table 2 – Results of elemental analysis of experimental Fe-Si alloys. 

№ 
alloy 

Conditional 
marking 

Contents, % 

Fe Mn Si Cr Ni Mo 

1 FS17Cr4 75.78 1.82 17.7 3.9 0.21 0.04 

2 FS19Cr3NМ 72.01 2.57 18.97 3.69 1.47 1.08 

3 FS24Cr6N2М 64.94 1.46 23.99 6.37 1.74 1.23 

4 FS27Cr6NМ 49.45 6.67 27.67 6.16 1.11 0.6 

5 FS12Cr8N2 74.26 1.43 12.38 7.85 2.15 0.05 

6 FS25Cr6NМ 66.1 1.32 24.3 6.1 1.62 1.1 

7 FS16Cr6N2М 77.2 1.2 15.9 6.2 1.9 1.05 

 
Data on the fluidity, linear shrinkage, shrinkage 

cavity volume, and porosity of the alloys were 
obtained using standard methods. To determine the 
casting properties of the experimental alloys, a 
standardized casting test with a constant cross-
section and central metal feed was used. The 
hardness of the alloys was determined using the 
Brinell method on a TSh-2M device. 

Prior to testing the obtained experimental alloys 
for corrosion resistance [10], a SiO2 passivation film 
was formed on their surfaces. According to the 
theory, film formation proceeds as follows: Si → SiO2 
(dense film); Fe → Fe2O3 (outer layer); Ni → NiO (in 
the presence of Ni, it reacts with Fe2O3); Cr → Cr2O3; 

carbon-oxidizes locally but burns off rapidly from the 
surface layer at 800-900°C.  

In this process, Si forms a dense layer of SiO2 that 
inhibits further oxidation, causing the surface to 
passivate rapidly, while the deeper alloy layers 
remain virtually unaffected by oxidation. To create a 
protective oxide film of SiO2 on the surface of the 
castings, controlled surface oxidation was ensured 
rather than oxidation of the entire volume, taking into 
account the following conditions:  

- the temperature during heat treatment in the 
furnace was maintained at 850-1000°C for 3-4 hours, 
with the castings held in the dry air atmosphere of the 
working space;  
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- a moderate heating rate (up to 5 °C/min) and 
cooling of the castings in the furnace to <200°C were 
intended to prevent cracking and destruction of the 
SiO2 passivation film. 

To calculate the thickness (x) of the SiO2 film on 
Fe-Si alloys (including those doped with Cr, Ni, and 
Mo) for a heat treatment duration (t), the parabolic 
oxidation law was used, in μm:  

x² = kP
 . t, where kP is the parabolic rate constant 

(μm²/h). This is due to the fact that at high heat 
treatment temperatures of ferrosilicide, the film growth 
rate is limited by the diffusion of ions through the 
already formed oxide layer. 

Figure 2 shows a graph of the increase in the 
thickness of the oxide passivation film during heat 
treatment for the studied alloys No. 1, 2, 3, and 7 at 
holding temperatures of 800°C (a) and 1100°C (b), 
respectively. 

  
a                                                                              b 

Fig. 2. The kinetics of the growth in thickness of the oxide passivation film during heat treatment  
for alloys No. 1, 2, 3, and 7 at holding temperatures of 800°C (a) and 1100°C (b), respectively. 

 

Annealing alloy No. 1 at 1100°C for 5 to 10 hours 
(Fig. 2, b) results in the formation of a film thick 
enough to protect the ferrosilicide surface. With 
longer aging, the film thickness reaches 11 μm, which 
can lead to cracking due to internal stresses in the 
oxide and the formation of microcracks. At 
temperatures of 1000-1100°C, SiO2 begins to 
crystallize into α-cristobalite, which may contribute to 
the formation of micropores at the oxide grain 
boundaries.  

The film growth rate slows down over time due to 
a diffusion barrier formed by the SiO2 layer, which 
blocks the influx of oxygen atoms into the metal. The 
critical film thickness, at which it retains plasticity, high 
strength, and does not delaminate, is 5-7 μm. If the 
thickness exceeds 10 μm, the accumulated stress 
energy can lead to spontaneous delamination of the 
film. 

The film’s density is determined by its ability to 
block oxygen from reaching the metal and is calculat-
ed using the Pilling-Bedworth ratio (PBR) [10], which 
is approximately 1.88 for SiO2. Under conditions 
where PBR < 2.5, the film is continuous and com-
pletely covers the metal surface without breaking 
away from its own volume. At heat treatment temper-
atures of 800-900°C, the film remains amorphous, 
ensuring ideal density.  

A positive effect of Fe-Si alloying elements on the 
formation of the passivation film has been observed. 
Thus, Ni improves the plasticity of the metal beneath 
the film, partially compensating for the brittleness of 
the high-silicon matrix, and enhances the film’s adhe-
sion (creating an “anchor effect” at the metal-oxide in 

\]terface), preventing its delamination during cool-
ing, mechanical loading, or vibrations. Mo increases 

the strength of the metal substrate itself at 800-900 
°C and resistance to pitting corrosion, which can oc-
cur if the acid contains chloride impurities. Cr 
strengthens the film itself by partially dissolving in it, 
which increases its fracture toughness. As a result, a 
multilayer structure forms instead of pure SiO2. Direct-
ly on the metal is a dense SiO2 film, and on the out-
side is a thin layer of iron chromites (FeCr2O4) or 
chromium oxide (Cr2O3), which makes the film less 
brittle. 

However, it is not the thickness but the chemical 
stability of the passivation film in an acidic liquid 
medium that plays the key role. Upon contact with 
sulfuric acid, the iron on the surface begins to 
dissolve, but the silicon remains. It reacts with water 
to form hydrated silicon dioxide (6). This layer 
becomes extremely dense, chemically inert, and 
insoluble in acid. 

To assess the tendency to form a stable 
passivation effect in Cr-, Ni-, and Mo-alloyed 
ferrosilicides (Table 2), the equivalent silicon content 
Sieq was calculated, which accounts for the influence 
of the alloying elements: 

Sieq = Si + kCr
.Cr + kMo

.Mo + kNi
.Ni                 (7) 

kCr, kMo та kNi - empirical equivalents adapted for SiO₂ 
passivation (Olssand and Landolf, 2023), which are 
0.4, 0.6, and 0.2, respectively. 

For example, for alloy No. 2 (Table 2), the 
calculated Sieq value is ≈ 22.85%, indicating a 1.2-
fold “increase” in the equivalent Si content upon 
alloying. In general, the oxidation of 3–6% Cr 
introduced into Fe-Si with 15-19% Si ensures the 
formation of a combined protective layer of SiO2 + 
Cr2O3 in concentrated H2SO4, but one that is less 
continuous than at >24% Si.  
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The corrosion rate of such complex 
multicomponent alloys in hot sulfuric acid depends 
heavily not only on its temperature but also on the 
acid concentration (diluted or concentrated), the 
presence of oxidizing agents, the formation of Fe3Si 
and Fe5Si3 phases, and the Fe-Si structure of the 
products, which depends on the manufacturing 
method and heat treatment, as well as the flow 
velocity of the medium (turbulence, erosion 
development, etc.). 

According to [9], when ferrosilicide is exposed to 
sulfuric acid, active corrosion is observed at Sieq < 
16%; at 16-20% Sieq, partial passivation occurs; at 20-
24% Sieq, an unstable passivation film forms; and as 
Sieq increases beyond 24%, stable passivation 
occurs.  

The characteristic temperature ranges of the 
corrosion process can be identified as follows: stable 
passivation (25-80°C), a transitional regime (80-
150°C), and degradation of the passive state (150-
200°C). At temperatures > 150°C, degradation of the 
passivation film is observed, with the corrosion rate of 
the Fe-Si alloy increasing by an order of magnitude 
compared to when Si content is > 24% and when  
Si < 15%. 

At a concentration of 98%, sulfuric acid acts as a 
passivator; it is a strong oxidizing agent that instantly 
forms a protective layer of SiO₂ enriched with 
chromium oxides on the surface of the high-silicon 
alloy. At the same time, while the passivation film is 
stable at an acid temperature of 25°C, at 200°C the 
acid is extremely aggressive, actively dissociates, and 
the kinetic energy of the molecules allows them to 
penetrate through the SiO₂ film layer. The film 
undergoes “chemical erosion.” The introduced dopants 
(Mo, Cr) stabilize the passive state and prevent 
catastrophic destruction of the passivation film.  

For X-ray diffraction analysis of the experimental 
alloys, a DRON-4M diffractometer with digital data 
acquisition and a Cu-Kα X-ray tube was used. The 
“Match! 4.2” software was used for the interpretation 
and calculation of the diffractogram.  

The phase and elemental compositions of the 
surfaces of experimental alloy samples No. 1, 2, 4, 
and 5 are shown in Fig. 3.  

Electrochemical corrosion tests were performed 
on samples of the experimental alloys (Table 2). 
Classical potential range from E(ref) to E₁, where  

E(ref) = -2.00 V; E₁ = 2.00 V. V = 0.74 mV/s - scan 
rate; current range ±45 mA.  

Using the results of the electrochemical corrosion 
test (corrosion current icorr, mA/cm²) and the 
Arrhenius equation  

icorr(T) = icorr
.exp(-Ea/(RT))                           (8) 

to account for the effect of changes in acid 
temperature in the range of 25-200°C, as given by [9] 

Vcorr = (3,27.10-3 . icorr 
. EW)/ρ                      (9) 

calculated the corrosion rate, mm/year, of the 
experimental alloys (Table 2) taking into account 
operation in “passive” (immersion in 98% H2SO4) and 

“industrial” (turbulent flows of 98% H2SO4, erosion) 
modes, with consideration of the stabilizing effect of 
Cr and Mo. In equation (9): EW - equivalent weight of 
the alloy, g/eq; ρ - density of the alloy, g/cm³. 

The dependence of the corrosion rate (material 
loss) on the acid temperature during operation of the 
alloys (Table 2) in the “industrial” mode is shown in 
Fig. 4. 

Alloys No. 4, 3, and 6 (Table 2) exhibit the best 
expected corrosion resistance (Fig. 4) within the 
studied temperature range (25-200°C). At the same 
time, an increase in the Si content in ferrosilicide to 
>15%, as shown above, is accompanied by increased 
brittleness, the development of microcracks, and a 
disruption in the density of the passivation film, and 
requires the development of a special casting 
technology and imposes limitations on operating 
conditions.  

Taking into account the results obtained, the 
following composition can be considered optimal for 
an economically alloyed ferrosilicon with increased 
resistance in H2SO4, suitability for machining, and 
“industrial” operating conditions, in %: 15.5-17.5 Si; 
4.5-6.0% Cr; 1.5-2.0% Ni; 1.2-1.5% Mo; 0.1-0.4% C.  

The experimental data obtained can be used to 
develop new corrosion-resistant materials and 
optimize the composition of ferrosilides for use in 
high-temperature, aggressive environments 
containing concentrated sulfuric acid. 

Conclusions 
(1) The casting and selected mechanical properties 

of experimental Fe-Si alloys containing 12-27% Si and 
alloyed with Cr, Ni, and Mo were investigated. 

(2) It was confirmed that the silicon content in Fe-
Si alloys is the primary factor determining the 
corrosion resistance of ferrosilicides in concentrated 
sulfuric acid. At Si contents below 15%, partial 
formation of a passivation film was observed; at 16-
20% Si, a partially stable SiO₂ film layer forms; and 
when the Si content increases to 24% or higher, a 
continuous protective SiO₂ film forms, which reduces 
the alloy’s corrosion rate by 1-2 orders of magnitude.  

(3) The following characteristic temperature 
regions of the corrosion process have been identified: 
stable passivation (25-80°C), a transitional regime 
(80-150°C), and degradation of the passive state 
(160-200°C). At temperatures >150°C, degradation of 
the passivation film is observed, with the corrosion 
rate of the Fe-Si alloy increasing by an order of 
magnitude when the Si content is > 24% compared to 
when Si < 15%. The corrosion rate was calculated 
based on electrochemical parameters using 
passivation models and Arrhenius-type temperature 
dependence. It was confirmed that the main factor 
determining corrosion resistance is the silicon 
content. The existence of a critical threshold for Si 
content was demonstrated; upon reaching this 
threshold, a continuous SiO₂ passive film forms, 
which reduces the corrosion rate by 1-2 orders of 
magnitude. 
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a                                                                              b 

  

c                                                                               d 

Fig. 3. Phase and elemental compositions of the surfaces of alloy samples No. 1 (a), No. 2 (b), No. 4 (c), and No. 5 (d) 

(Table 2): a) 64.8% Fe₂.₈₇Si₀.₉₉; 35.2% Fe₅Si₃ and Fe 82.3%; Si 17.7%; b) 87.8% Fe4MnSi3; 12.2% Fe0.91Si0.09 and Fe 
65.7%; Si 21.0%; Mn 13.3%; c) 84.2% Fe3Si; 10.0% Al5Mo; 5.8% Fe and Fe 77.9%; Si 12.1%; Al 5.9%; Mo 4.2%; d) 90.7% 

Fe0.91Si0.09; 6.7% Mn3.28Ni1.01Si0.71; 2.5% Fe3C and Fe 88.8%; Si 4.8%; Mn 4.7%; Ni 1.5%; C 0.2%, respectively. 

 
Fig. 4.. Calculated expected corrosion rates of the experimental  

Fe-Si alloys (Table 2) in concentrated acid (98% H2SO4)  
as a function of acid temperature. The curve for alloy No. 6  

practically coincides with the curve for alloy No. 3. 
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(4) It has been shown that the actual corrosion 
rate of ferrosilicide is determined not only by 
composition but also by the operating conditions of 
the alloys, namely, medium turbulence, erosion 
development, and the presence of H₂O and Fe³⁺; the 
difference in material mass loss between laboratory 
and industrial conditions can be 10-20 times.  

(5) It has been established that the formation of a 
continuous passive SiO₂ film, as well as the formation 
of Fe3Si and Fe5Si3, are key factors in ensuring the 
enhanced corrosion resistance of ferrosilicides in hot 
concentrated H2SO4. A critical silicon content of >24% 
Si can be identified, at which the transition to a stable 
passive state of the alloy occurs even when the acid 
temperature rises to 200°C in systems with 
aggressive hydrodynamics. At the same time, 
increasing the Si content in ferrosilicides beyond 15% 
is accompanied by increased brittleness, the 
development of microcracks with acid penetration, 
and a disruption of the passivation film density, and 
requires the development of special casting 
technologies and operating conditions.  

(6) Obtaining more ductile ferrosilides is possible 
through alloying with elements that enhance ductility 

by addressing the underlying issue - the presence of 
an intermetallic brittle matrix (Fe₃Si). It is advisable to 
introduce Ni, Mo, and Cr into the Fe-Si alloy in limited 
quantities, which reduces brittleness but still does not 
make the alloy fully ductile.  

(7) The addition of chromium to an Fe-Si alloy 
enhances surface passivation through the formation 
of Cr₂O₃, but is effective only with sufficient Si 
content; molybdenum stabilizes the passive state at 
acid temperatures above 150°C and reduces the rate 
of localized corrosion; nickel has a partial effect on 
electrochemical parameters but is not a determining 
factor at high acid temperatures. Oxidation of 3-6% Cr 
added to a Fe-Si alloy with 15–19% Si ensures the 
formation of a combined protective layer of SiO₂ + 

Cr₂O₃ in concentrated H2SO4, but one that is less 
continuous than at >24% Si 

(8) Based on the experimental results, the 
following composition can be considered optimal for 
an economically alloyed ferrosilicon with increased 
resistance in H2SO4, suitability for machining, and 
“industrial” operating conditions: 15.5-17.5% Si; 4.5-
6.0% Cr; 1.5-2.0% Ni; 1.2-1.5% Mo; 0.1-0.4% C. 
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Abstract. The paper considers thermodynamic and physicochemical regularities of phosphorus behavior in multicom-
ponent systems of Fe–Cr–P, Fe–Cr, Fe–P, Cr–P and Fe–Cr–P–O when using chromium-containing man-made raw ma-
terials, in particular substandard ores and leather industry wastes. The analysis of the current state of the raw material 
base of chromium in Ukraine is carried out and the expediency of attracting alternative sources of chromium-containing 
raw materials is substantiated. The literature data on phase equilibrium, thermodynamic properties and features of the 
formation of phosphide and oxide-phosphate phases in these systems is summarized. It has been established that the 
main problem of the use of man-made raw materials is the increased content of phosphorus, which negatively affects 
the properties of the metal. It is shown that solid-phase reduction creates favorable conditions for controlling the distribu-
tion of phosphorus between the metal and slag phases. The influence of temperature, charge composition and intera-
tomic interaction on the stability of phosphide phases and the efficiency of dephosphorization has been determined. 
Particular attention is paid to the role of the magnetic state of iron and the conditions for the formation of solid solutions 
and intermetallics in the Fe–Cr–P system. The results obtained can be used to develop energy-efficient technologies for 
the processing of chromium-containing waste and substandard ores in order to reduce import dependence and increase 
the environmental safety of metallurgical production. The purpose of the work is to study the thermodynamic and 
physicochemical patterns of phosphorus behavior in the Fe–Cr–P, Fe–Cr, Fe–P, Cr–P and Fe–Cr–P–O systems when 
using complex chromium-containing raw materials (substandard ores and leather industry wastes), as well as to sub-
stantiate the possibility of controlled phosphorus removal in order to improve the quality of the obtained metals and al-
loys.Research methodology: A systematic analysis of the scientific and technical literature on phase equilibrium and 
thermodynamic properties of Fe–Cr–P, Fe–Cr, Fe–P, Cr–P, Fe–Cr–P–O systems was carried out.  composition of the 
charge and reducing medium for the distribution of phosphorus between phases. Scientific novelty: The relationship 
between the parameters of the interatomic interaction (ZY, d, tgα, ρl) and the thermodynamic stability of phosphide 
phases has been established. Practical significance: The expediency of using leather industry waste as an alternative 
source of chromium for metallurgy has been substantiated. Approaches to reducing the phosphorus content in the pro-
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cessing of complex raw materials, which allows to improve the quality of steel and ferroalloys, have been proposed. The 
optimal temperature and thermodynamic conditions for the implementation of dephosphorization processes have been 
determined. The results can be used in the development of energy-efficient technologies for solid-phase recovery and 
recycling of waste. It helps to reduce Ukraine's import dependence on chromium-containing raw materials and increase 
the environmental safety of production. 
Keywords: waste recycling, leather industry, chromium-containing raw materials, Fe–Cr–P–O system, thermodynamic 
modeling, ferrochrome, chromium utilization, phase transformations. 
 
Анотація. У роботі розглянуто термодинамічні та фізико-хімічні закономірності поведінки фосфору в бага-
токомпонентних системах Fe–Cr–P, Fe–Cr, Fe–P, Cr–P та Fe–Cr–P–O при використанні хромовмісної техно-
генної сировини, зокрема некондиційних руд і відходів шкіряної промисловості. Проведено аналіз сучасного 
стану сировинної бази хрому в Україні та обґрунтовано доцільність залучення альтернативних джерел хро-
мовмісної сировини. Узагальнено літературні дані щодо фазових рівноваг, термодинамічних властивостей і 
особливостей утворення фосфідних та оксидно-фосфатних фаз у зазначених системах. Встановлено, що 
основною проблемою використання техногенної сировини є підвищений вміст фосфору, який негативно 
впливає на властивості металу. Показано, що твердофазне відновлення створює сприятливі умови для ке-
рування розподілом фосфору між металевою та шлаковою фазами. Визначено вплив температури, складу 
шихти та міжатомної взаємодії на стабільність фосфідних фаз і ефективність дефосфорації. Особливу ува-
гу приділено ролі магнітного стану заліза та умовам утворення твердих розчинів і інтерметалідів у системі 
Fe–Cr–P. Отримані результати можуть бути використані для розробки енергоефективних технологій пе-
реробки хромовмісних відходів і некондиційних руд з метою зниження імпортозалежності та підвищення еко-
логічної безпеки металургійного виробництва. Метою роботи є дослідження термодинамічних і фізико-
хімічних закономірностей поведінки фосфору в системах Fe–Cr–P, Fe–Cr, Fe–P, Cr–P та Fe–Cr–P–O при вико-
ристанні комплексної хромовмісної сировини (некондиційних руд і відходів шкіряної промисловості), а також 
обґрунтування можливості керованого видалення фосфору з метою підвищення якості отриманих металів і 
сплавів. Методика дослідження: Проведено системний аналіз науково-технічної літератури щодо фазових 
рівноваг і термодинамічних властивостей систем Fe–Cr–P, Fe–Cr, Fe–P, Cr–P, Fe–Cr–P–O. Застосовано ме-
тод оцифрування графічних даних (діаграм стану, залежностей) для формування репрезентативних вибірок. 
Виконано аналіз міжатомної взаємодії на основі концепції спрямованого хімічного зв’язку з використанням па-
раметрів (ZY, d, tgα, ρl). Проведено порівняльний аналіз впливу температури, складу шихти та відновлюваль-
ного середовища на розподіл фосфору між фазами. Наукова новизна: Встановлено взаємозв’язок між пара-
метрами міжатомної взаємодії (ZY, d, tgα, ρl) та термодинамічною стабільністю фосфідних фаз. Практична 
значимість: Обґрунтовано доцільність використання відходів шкіряної промисловості як альтернативного 
джерела хрому для металургії. Запропоновано підходи до зниження вмісту фосфору при переробці комплекс-
ної сировини, що дозволяє підвищити якість сталі і феросплавів.  Визначено оптимальні температурні та 
термодинамічні умови для реалізації процесів дефосфорації. Результати можуть бути використані при роз-
робці енергоефективних технологій твердофазного відновлення та рециклінгу відходів. Сприяє зменшенню 
імпортозалежності України щодо хромовмісної сировини та підвищенню екологічної безпеки виробництва. 
Ключові слова: рециклінг відходів, шкіряна промисловість, хромовмісна сировина, система Fe–Cr–P–O, тер-
модинамічне моделювання, ферохром, утилізація хрому, фазові перетворення. 
 

 
Introduction 
The current state of ferrous metallurgy is charac-

terized by the search for innovative solutions to in-
crease profitability and minimize man-made impact on 
the environment. The global market situation causes 
the transformation of the production structure and 
changes in the positions of key players in the seg-
ments of high-quality metal and pig iron [1-3]. 

One of the promising areas is the attraction of 
non-traditional materials, in particular waste from the 
leather industry, as well as substandard ores contain-
ing chromium. The choice of chromium is motivated 
by its irreplaceable role in the production of high-alloy 
and specialized steels - such as stainless, Cr–Mo al-
loys, heat-resistant materials and tool alloys, which 
are in demand in the domestic market. Chromium is 
one of the most important alloying elements in ferrous 
metallurgy, which increases the corrosion resistance, 
heat resistance, wear resistance and hardness of 
steel. Chromium-containing steels are widely used in 
power engineering, aviation and automotive indus-
tries, chemical engineering, as well as in the produc-
tion of stainless steels. Chromium-containing steels 
are of particular importance due to their advantages, 
namely: increased corrosion resistance in aggressive 
environments; stability of the structure at high tem-
peratures; increasing the durability of parts and struc-

tures; the possibility of reducing the weight of struc-
tures due to higher strength characteristics.  

Ukraine is experiencing a shortage of its own raw 
material base of chromium due to limited reserves of 
deposits [4]. The main manifestations of chromite 
mineralization are concentrated in the massifs of the 
Middle Buzhzhia (interspersed ores, lenses, chromi-
um-nickel weathering crusts). The development of the 
Kapitanovske deposit [5], which can partially meet the 
needs of metallurgy, with chromite ore is promising. 
At the same time, the deposits available in Ukraine (in 
particular, the Middle Buzhzhia) are characterized by 
a low content of Cr2O3 (9–25 %) and an increased 
amount of impurities of iron, nickel and silicates [5]. 
This creates significant technological barriers. In par-
ticular, traditional beneficiation methods (gravitational, 
magnetic) are effective only at a content of ≥30–35 % 
Cr2O3. An additional problem is the fine-grained struc-
ture of ores, which complicates separation even when 
using modern equipment. 

One of the promising wastes containing a signifi-
cant amount of chromium oxide, about 70%, is ash 
from leather production waste [6]. These wastes are 
considered as potential raw materials for the produc-
tion of ferrochrome [7, 8].  

It has been established [9, 10] that ash of leather 
production, due to its biogenic origin, is marked by a 
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high concentration of phosphorus-containing com-
pounds. The use of such raw materials within the 
framework of traditional ferroalloy production technol-
ogies will lead to the inevitable transition of phospho-
rus into the melt, which will lead to its increased con-
tent in finished alloys [11]. 

Despite the need to solve the problem of phospho-
rus removal, the involvement of leather production 
waste in recycling has a comprehensive positive ef-
fect. In particular, this contributes to increasing the 
level of occupational safety and health, reducing the 
environmental burden on industrial regions, as well as 
minimizing environmental pollution, which generally 
improves life safety indicators [12]. 

Thus, although waste  can replace part of the tra-
ditional raw materials, its use in classic smelting 
schemes has significant limitations. 

One of the most promising areas is the use of 
technologies for solid-phase reduction of complex 
charge containing waste. The essence of the technol-
ogy is that the reduction of chromium and iron oxides 
occurs not in melt conditions, but in the solid phase, 
at temperatures lower than the melting point of the 
charge. For iron oxides (Fe₂O₃ → Fe₃O₄ → FeO → 
Fe), the initial stages of transformation usually begin 
as early as ~300–400 °C (especially in hydrogen re-
duction), intensive conversion to metallic iron often 
occurs in the range of ~500–900 °C depending on the 
reducing agent (H2, CO or carbon agents), particle 
size, and charge porosity [13]. For chromium oxides 
(Cr2O3 and chromite), solid-phase (carbothermal or 
gas-phase) reduction usually requires higher temper-
atures: the initial stages of reduction and formation of 
chromium carbides/carbonitrides are observed at 
~800–1100 °C, and the complete reduction of Cr₂O₃ 
to metallic chromium in a "pure" carbothermal pro-
cess often begins to occur closer to 1200 °C and 
above [14]. The main advantages of solid-phase Re-
covery should be attributed [15-17]:  

- the ability to control diffusion processes and cre-
ate conditions for the oxidation of phosphorus; 

- reducing the transition of unwanted impurities, in 
particular phosphorus, to the metallic phase and di-
recting it to the slag phase; 

- reduced energy consumption due to lower pro-
cess temperature; 

- the possibility of processing substandard ores 
and leather industry waste. 

Thus, solid-phase recovery allows you to combine 
environmental and economic advantages – rational 
use of waste, reduce the burden on the environment 
and at the same time obtain a precursor, followed by 
the production of steel and ferroalloy. 

Materials and methods of research. A signifi-
cant number of scientific studies have been devoted 
to the study of multicomponent systems Fe–Cr–P, 
Fe–Cr–P, and Fe–Cr–P–O [18-25]. The accumulated 
array of data on phase equilibrium and physicochemi-
cal properties of these systems has become the basis 
for modern technology of steel smelting and optimiza-
tion of their chemical composition. 

At the same time, despite the in-depth study of the 
main phases, a number of complex compounds po-
tentially formed in such systems remain insufficiently 
studied. In particular, the study of their physical and 
chemical nature in the context of phosphorus removal 
from melts is of particular relevance, since a deep 
understanding of the mechanisms of formation of 
these compounds is critically important for the devel-
opment of effective methods of dephosphorization 
and obtaining high-quality metal products. 

As the accumulated scientific and practical experi-
ence of scientists [18-25] shows  , the study of com-
plex multicomponent systems in metallurgy, such as 
Fe–Cr–P, Fe–Cr, Fe–P, Cr–P, Fe–Cr–P–O, requires 
the use of a whole range of experimental and analyti-
cal methods. The main features and factors that are 
the key to successful experimental phosphorus reduc-
tion in these systems include: 

1. High temperatures and reactivity. Iron, chro-
mium and phosphorus in melts actively interact with 
oxygen, nitrogen and crucible materials. Experiments 
require the creation of an inert or reducing atmos-
phere (argon, vacuum, hydrogen), which complicates 
the design of equipment and increases the cost of re-
search. High temperatures (more than 1500 °C) lead 
to intensive evaporation of phosphorus and its com-
pounds, which makes it difficult to accurately deter-
mine concentrations [18, 19]. 

2. Fragility of phosphide phases. Compounds 
such as Fe₃P and (Fe,Cr)₃P often have a brittle struc-
ture and can be destroyed during machining of sam-
ples, and such fine phosphides are difficult to fix dur-
ing quenching due  to their tendency to dissolve dur-
ing rapid cooling [19, 20]. 

3. Problems of fixing the phase composition. 
To construct phase diagrams, it is necessary to fix 
equilibrium structures, but  metastable phases often 
occur in multicomponent systems. Slow cooling al-
lows to achieve equilibrium, but causes segregation 
of impurities and isolation of secondary phases. . In 
the work of Bernhard et al. [18] it has been shown 
that even for relatively simple binary and ternary Fe–
P and Fe–C–P systems, there are significant discrep-
ancies between experimental phase fields and predic-
tions from thermodynamic models. The authors note 
that with slow cooling, a coarse-crystalline structure is 
formed with pronounced segregation of phosphorus 
along the grain boundaries, which complicates the 
fixation of equilibrium phases. Rapid quenching, on 
the other hand, results in the preservation of meta-
stable phosphide phases (e.g. Fe3P or Fe2P), which 
should not be present in real equilibrium. Thus, the 
data obtained depend on the method of fixing the 
structure, which complicates the construction of relia-
ble phase diagrams. In a study by Cao et al. [19] it is 
emphasized that even when using CALPHAD model-
ing, the Fe-P system requires adjustment due to the 
difficulty of obtaining pure experimental data. The au-
thors note that equilibrium phase ratios are highly de-
pendent on the cooling rate and in a number of exper-
iments phases are recorded that are the product of 
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non-equilibrium crystallization. This confirms that 
thermodynamic optimization should take into account 
the possibility of fixing metastable structures and ad-
just experimental data using model calculations. 

 4. Complexity of working with oxygen in the 
Fe–Cr–P–O system. In the presence of oxygen, 
complex oxide-phosphide inclusions are formed, the 
composition of which is difficult to predict. When stud-
ying such inclusions in laboratory conditions, their 
change in the analysis process is often observed (es-
pecially in an electron microscope due to heating with 
an electron beam) [21-23]. 

5. Chromium in the Fe–Cr system forms solid so-
lutions in iron in a wide range of concentrations. Ex-
perimental difficulties are associated with the high 
temperature of liquidus and the tendency of 
chromium to oxidation, however, vacuum melting or 
melting in an inert gas atmosphere is necessary to 
obtain pure samples [24, 25]. 

6. Phosphorus in the Fe-P system is limited solu-
ble in α-iron, which leads to segregation at grain 
boundaries. In experiments, it is difficult to repro-
duce the uniform distribution of phosphorus, es-
pecially at high temperatures, due to its volatility 
[18, 19]. 

7. Chromium phosphides in the Cr-P system 
are characterized by high hardness and thermal 
stability. Their synthesis requires temperatures 
above 1300 °C and strict control of the atmosphere, 
otherwise Cr oxidation and the formation of Cr₂O₃ oc-
cur [20]. 

8. In the triple system Fe–Cr–P, complex inter-
actions between phases are observed, which de-
pend on the ratio of elements. Obtaining pure 
three-component alloys requires a complex technolo-
gy that excludes the ingress of carbon and oxygen 

[20]. In particular, in the Fe–Cr–P–O system, the for-
mation of multicomponent inclusions containing ox-
ides and phosphates requires complex analysis – op-
tical metallography, X-ray phase analysis, scanning 
electron microscopy. 

9. The problem is the instability of some inclu-
sions in contact with air or moisture [21-23]. 

Research results and discussions. The review 
of modern information on the behavior of phosphorus 
in Fe–Cr–P, Fe–Cr, Fe–P, Cr–P, Fe–Cr–P–O sys-
tems was aimed not only at collecting a theoretical 
scientifically grounded review, but also at forming re-
liable representative data samples, as an important 
component for modeling and predicting physicochem-
ical interactions with an appropriate focus on the re-
moval of phosphorus into the slag phase. As a result 
of the literature review, it was noted:  that a significant 
amount of information is not in an unconventional 
format (tables of chemical compositions), but in 
graphic representations, dependencies and state dia-
grams. That is why to create a representative sample 
of data, the method of digitizing data was used while 
maintaining their initial accuracy of fixation by re-
searchers (Table 3). 

Based on the concept of directed chemical bond-
ing [26, 27], the dependence of the standard enthalpy 
of formation (∆H) of the Fe-P alloy on the phosphorus 
content at temperatures of 298 K and 900 K accord-
ing to the data [28] was analyzed. This approach al-
lows to identify correlations between thermodynamic 
parameters and phosphorus concentration in the Fe-
P system, which is represented through the parame-
ter of the interatomic interaction tgα, which describes 
the gradient of change in the radius of the ion from its 
charge (Fig. 1). 

 

 
Figure 1 – Dependence of the standard enthalpy of formation (∆H) of an alloy of the Fe-P system  

according to data [28] on the parameter of the interatomic interaction tg(α). 
 

The high correlation between the results present-
ed in the paper [28] and the obtained calculation data 
confirms the expediency of using the parameters of 
the interatomic interaction as criteria for the reliability 
of the results. In particular, the tgα parameter  almost 
completely reproduces the course of the curves de-
scribed by the authors [28]. Similar trends and de-

pendencies persist at a temperature of 900 K. It has 
been established that an increase in the absolute val-
ue of the negative enthalpy of the formation of a com-
pound indicates its higher thermodynamic stability 
relative to the initial simple substances. 

With an increase in the phosphorus content, its 
charge increases, which is reflected by the parameter 
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tgα in Fig. 2, at the same time, the weighted average 
internuclear distance of ions in the system, repre-
sented by  the parameter d,  is minimal at its maxi-

mum content, which testifies in favor of the formation 
of strong interatomic bonds with the partner, in partic-
ular iron. 

 

  
Figure 2 – Relationship between changes in phosphorus content and parameters of interatomic interaction. 

 

The results obtained confirm that the regulation of 
the parameters of interatomic interaction in Fe–Cr–P–
O systems allows creating thermodynamically 
grounded conditions for the effective reduction of iron 
and phosphorus. The formation of stable phases in 
the reduction process creates the necessary prereq-
uisites for their further extraction from complex oxide 
systems. 

The relevance of further developments is rein-
forced by the lack of comprehensive research in this 
area. In particular, in domestic scientific practice, the 
issue of disposal of leather production waste is usual-
ly considered only in the environmental aspect, which 
neutralizes their value as a source of chromium-
containing raw materials for metallurgy. The analysis 
of world publications also confirms the lack of atten-
tion to the technological potential of such waste. 
Thus, the introduction of recycling of ash from leather 
production waste will not only partially provide enter-
prises with important chromium-containing raw mate-
rials, but will also lay the foundation for the formation 
of new global trends in the field of rational environ-
mental management. 

Conclusions 
The analysis of literature data of domestic and for-

eign scientists made it possible to find a promising 

way to obtain chromium, in particular, it is the use of 
leather production waste, but it should be noted a 
significant number of related issues that need to be 
solved for the successful implementation of the recy-
cling scheme. Namely, the removal of a significant 
phosphorus content by directing it to the slag phase. 

The limiting factors that should be taken into ac-
count for conducting experimental studies on phos-
phorus removal in Fe–Cr–P, Fe–Cr, Fe–P, Cr–P, Fe–
Cr–P–O systems (high temperatures and reactivity, 
fragility of phosphide phases, problems of fixation of 
phase composition, and others) have been described 
and systematized. 

A representative sample of data has been created, 
including data on Fe–Cr–P, Fe–Cr, Fe–P, Cr–P, Fe–
Cr–P–O systems using the technique of digitizing 
graphic data while maintaining their initial accuracy of 
fixation. 

The relationship between enthalpy at tempera-
tures of 298K and 900K and phosphorus content has 
been investigated through the prism of the concept of 
directed chemical bonding. A significant discrepancy 
between the presented authors and the dependen-
cies obtained by us was revealed, which testifies in 
favor of using the parameters of interatomic interac-
tion to assess the reliability of the data obtained. 
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Abstract. Modern technologies require state-of-the-art materials that meet their conditions, regardless of operating 
conditions. Alloys with high entropy can replace traditional materials, work under impacts, dynamic loads, elevated 
temperatures, etc. These alloys are used for the manufacture of tools, molds, dies, mold casting in parts that require 
high strength, resistance to oxidation and wear, can also be used in environments with high corrosion resistance 
parameters (plumbing, marine conditions), in aggressive conditions and in the chemical industry. High entropy alloys are 
quite easy to investigate and control, and can be obtained by the same methods as traditional alloys, such as: casting, 
rapid melt quenching, film sputtering, electrolysis, and mechanical alloying. Electroslag remelting (ESD) can greatly 
improve the purity, hardening structure, and transverse mechanical properties of steel. However, the increasing 
demands on the mechanical properties of steel are prompting metallurgists to make more efforts to eliminate defects in 
steel microstructures such as shrinkage and segregation. The combination of directional crystallization technology with 
electroslag melting technology effectively eliminates macrosegregation in the cast ingot through a shallow molten metal 
bath controlled by directional crystallization. Increasing the strength of alloys can be achieved either by alloying a solid 
solution (elements in the internodes) or by isolating the solidification phases or artificially introducing microparticles. 
Curing phases (carbides, nitrides, carbonitrides, intermetals) can be endogenous (formed from elements introduced into 
the melt in a liquid state or during its solidification and subsequent cooling) or exogenous (usually introduced into the 
melt just before crystallization begins, and there is also an increase in size and deterioration in the distribution of 
solidification phases.  
Keywords: high-entropy alloys, strength, hardening phases, electroslag remelting. 
 
Анотація. Сучасні технології потребують сучасних матеріалів, які відповідають їхнім умовам, незалежно від 
умов експлуатації. Сплави з високою ентропією можуть замінити традиційні матеріали, працювати під уда-
рами, динамічними навантаженнями, підвищеними температурами тощо. Ці сплави використовуються для 
виготовлення інструментів, форм, штампів, лиття у деталях, що потребують високої міцності, стійкості 
до окиснення та зношування, а також можуть застосовуватися в середовищах з високими параметрами 
стійкості до корозії (сантехніка, морські умови), у агресивних умовах та в хімічній промисловості. Сплави з 
високою ентропією досить легко досліджувати та контролювати, і їх можна отримати тими ж методами, 
що й традиційні сплави, такими як: лиття, швидке загартування плавом, розпилення плівки, електроліз і ме-
ханічне легування. Електрошлакове переплавлення (ESD) може значно покращити чистоту, структуру зага-
ртування та поперечні механічні властивості сталі. Однак зростаючі вимоги до механічних властивостей 
сталі спонукають металургів докладати більше зусиль для усунення дефектів сталевих мікроструктур, та-
ких як усадка та сегрегація. Поєднання технології напрямленої кристалізації з технологією електрошлаково-
го переплаву ефективно усуває макросегрегацію в литому злитку через неглибоку ванну з розплавленим ме-
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талом, контрольовану напрямленою кристалізацією. Підвищення міцності сплавів можна досягти або шля-
хом легування твердого розчину (елементів у міжвузлах), або шляхом ізоляції фаз затвердіння або штучного 
введення мікрочастинок. Фази затвердіння (карбіди, нітриди, карбонітриди, інтерметали) можуть бути ен-
догенними (утвореними з елементів, введених у розплав у рідкому стані або під час його затвердіння та по-
дальшого охолодження) або екзогенними (зазвичай вводяться в розплав безпосередньо перед початком кри-
сталізації, а також спостерігається збільшення розміру та погіршення розподілу фаз твердіння.  
Ключові слова: сплави з високою ентропією, міцність, фази загартування, переплавка електрошлаку. 

 
Introduction  
Alloying has long been used to give materials the 

desired properties. It usually involves the addition of 
small amounts of secondary elements to the primary 
element. However, in the last decade and a half, a 
new alloying strategy has become widespread, in-
volving the combination of several basic elements in 
high concentrations to create new materials called 
high-entropy alloys [1]. The multidimensional com-
positional space that can be explored with this ap-
proach is virtually limitless, and only tiny areas have 
been explored [2]. The materials science communi-
ty, which is no longer safe at the corners and edges 
of triple phase diagrams, now finds itself in unchart-
ed, hyperdimensional territory that is difficult to im-
agine, difficult to visualize, and difficult to systemati-
cally explore [3]. The concept of huge compositions 
and microstructures associated with alloys with sev-
eral basic elements did not lose its relevance in the 
first 12 years. Significant progress has been made, 
and it continues to motivate new research questions 
and inspire new important scientific topics. The 
combinatorial enormity of this idea also poses the 
greatest technical challenge that this industry offers. 
Of the literally hundreds of millions of possible com-
binations of elements, barely a hundred have been 
studied so far. 

Review of scientific information 
Due to the multiplicity of base elements and mul-

tiple effects, they have different organizational struc-
tures and unique properties compared to traditional 
alloys, which opens up unlimited development po-
tential and promising applications of wind farms. For 
almost 30 years of development, the methods for 
obtaining and studying wind farms have expanded 
significantly, the systems have been optimized, and 
the scope of their application has expanded. This ar-
ticle provides a comprehensive overview of the de-
velopment of manufacturing processes, including 
wind farms in the form of blocks, coatings, wire, 
powders, and additive technologies. In addition, a 
number of research results on the critical properties 
of wind farms, such as mechanical properties, corro-
sion resistance, wear resistance and oxidation at 
high temperatures, as well as new functional proper-
ties such as radiation resistance, hydrogen capabil-
ity and biocompatibility, etc., have been summarized 
[1]. 

Based on research on intermetallic structural ma-
terials [4, 5] and massive metallic glasses [6], the 
concept of "high-entropy alloys (HEA)" or "multiple-
core alloys (MPEA)" was introduced in two papers 
independently published by J.W. Yeh et al. [7, 8] and 

B. Cantor et al. [9] in 2004. Since then, there has 
been an explosive development in the field of mate-
rials. According to the composition, HEA are defined 
as alloys consisting of at least 5 elements and a 
maximum of 13 elements. To expand the scope of 
alloy development, the molar fractions of each major 
element were >5% and <35% [10]. 

H13 steel is a prime example of Cr-Mo-Si-V hot-
working tool steels known for their extreme strength, 
resistant red hardness, and extreme resistance to 
wear and thermal stress [11]. Its wide application in 
the manufacture of molds and dies can be explained 
by these exceptional properties. Traditionally, molds 
are made using casting and machining methods. 
However, these traditional production methods are 
characterized by low production rates and significant 
limitations in design flexibility. In recent years, laser 
powder cladding (LPBF), due to its unique ad-
vantages such as geometric design flexibility, the 
ability to create complex structures, which contrib-
utes to cost-effective product customization and pro-
vides excellent mechanical properties, has become 
a promising method for manufacturing metal com-
ponents and is widely used in the aerospace, medi-
cal, automotive, and mold manufacturing industries 
[11]. 

Tool steels must not only provide wear re-
sistance, but also have good toughness, which can 
guarantee a long service life under wear conditions 
[13, 14]. For example, tools for rolling panel ma-
chines, usually made of tool steels with a high chro-
mium content [15], have good mechanical properties 
characterized by impact toughness as well as high 
wear resistance [16]. The main reason is that when 
a rolling tool is used to roll rocks, it undergoes abra-
sive wear under high load, and a large amount of 
heat is released due to instantaneous friction, result-
ing in a rapid increase in the surface temperature of 
the tool [17]. After rotation, the surface of the tool is 
immediately cooled by spraying water. In this way, 
the tool not only withstands wear and tear [18], but 
also withstands cold and hot fatigue. However, for 
some tool steels with a specific composition, wear 
resistance and toughness are contradictory. Under 
the condition of high wear resistance, the impact 
strength of steels is usually low [19]. Therefore, it is 
necessary to balance impact strength and wear re-
sistance in order to improve tool life [25]. Broadly 
speaking, there are many methods to improve the 
conflicting mechanical properties of steel, such as 
ultra-pure cleaning, heat treatment, large forging ra-
tio, etc. [20, 21]. However, on a technical level, tool 
and stamped steel for cutting tools has reached a 
certain limit. Therefore, the development of a new 



 ISSN 3083-7219 (Print), ISSN 3083-7227 (Online) 

Теорія і практика металургії, 2026, № 1 
Theory and Practice of Metallurgy, 2026, No. 1 

71 

 

and effective method that can improve the impact 
strength and wear resistance of steels is of high 
practical importance and industrial application [22]. 
Traditional methods for improving the complex me-
chanical properties of steel include adding metal el-
ements to the steel die for alloying and optimizing 
the composition, developing new heat treatment 
processes, and developing new molding manufac-
turing processes. However, it is difficult to simulta-
neously increase the strength and strength of steel 
with these traditional methods [22]. The incorpora-
tion of trace ceramic particles into the steel matrix is 
an effective method to further improve the mechani-
cal properties of steel due to its low cost and high 
performance [23]. One of the most attractive meth-
ods for increasing the strength of tool steel is to add 
ceramic rebar to a steel-based die, which has a low 
density and a homogeneous microstructure with bet-
ter mechanical properties. Metal matrix composites 
have been developed due to their attractive proper-
ties such as high specific strength, modulus, thermal 
resistance and excellent wear resistance. Solid ce-
ramic particles such as TiC and TiB2 are used to 
improve mechanical properties, temperature stabil-
ity, and wear in steel composites. TiC is well known 
as a reinforcement in steel composites due to its de-
sirable characteristics such as high melting point, 
low density, high modulus of elasticity, and good 
wettability with iron and steel matrices. Stable car-
bides coarsen more slowly than cementite and are 
therefore much more efficient than cementite at 
higher temperatures. Together with the solid mar-
tensitic matrix, the addition of TiC, which is thermo-
dynamically stable in contact with the steel matrix 
[22, 25-27], there is a significant increase in stiff-
ness, hardness, and wear resistance.  

The paper [28] presents the results of a system-
atic study of the effect of the Cr/V ratio (0.2, 0.4, 0.6, 
0.8 and 1.0) on the microstructure and tensile 
strength of high-vanadium high-speed steel.  The 
results show that lower Cr/V ratios contribute to the 
formation of coarse block carbides of the MC type, 
which are gradually crushed and undergo spheroidi-
zation with an increase in the Cr/V ratio. The evolu-
tion of the matrix phase reveals a non-monotonic 
trend towards austenite content, peaking at approx-
imately 40% for a Cr/V ratio of 0.6, while the mar-
tensite content is inversely related. 

[29] The effect of the axial static magnetic field 
(ASMP) on carbides and mechanical properties of 
stamped H13 steel obtained by electroslag melting 
was investigated. An optical microscope (OM) and a 
scanning electron microscope (SEM) were used to 
analyze the solidification structure and morphology 
of carbides of electroslag melting ingots (ESD). To 
detect inclusions in ESP H13 ingots, the FEI Aspex 
Explorer device was used. Compared to conven-
tional ESP, the application of ASMP in this study 
made the molten metal bath more superficial and 
gentle, resulting in a reduction in local solidification 
time and uniform distribution of solute atoms, which 

reduced the degree of segregation of elements and 
further inhibited the formation of primary carbides. 
The magnetically controlled electroslag remelting 
(MC-ESR) process not only crushed the structure of 
dendrites (which tended to grow parallel to the ingot 
axis) and carbides, but also improved the inclusion 
removal efficiency and mechanical properties of H13 
steel ESP ingots. 

Authors  [30, 31] studies of microstructure and 
carbides in cast austenitic mold steel produced by 
traditional electroslag remelting (ESR) and continu-
ous directional electroslag remelting (ESR-CDS) 
methods have been performed. In addition, the 
growth pattern of carbides was also considered. A 
combination of optical microscopy (OM) and scan-
ning electron microscopy (SEM) was used to char-
acterize the microstructure and carbides. Segrega-
tion was analyzed using an initial position analyzer 
(OPA) and electron probe microassay (EPMA). Elec-
trolytically extracted carbides were analyzed using 
SEM and X-ray diffraction (XRD) to determine their 
three-dimensional microstructure and composition. 
The microstructure of the steel consisted of an aus-
tenitic matrix and primary carbides of the V8C7 and 
Mo2C types. Compared to traditional ESR, ESR-
CDS contributed to the formation of a finer micro-
structure in cast steel, a smaller amount and smaller 
size of carbides in melted steel. Meanwhile, the seg-
regation of alloying elements was reduced with 
ESR-CDS. Enrichment with carbide-forming ele-
ments was reduced due to directional solidification 
of ESR, resulting in a change in the morphology of 
V-rich carbides from rod-shaped to lamellar shape. 
The hardness and impact strength of the melted in-
got (made with ESR-CDS) after heat treatment (so-
lution temperature 1180°C for 2 hours, aging tem-
perature 720°C for 2 hours) increased by 3-5 HRC 
and 4-6 J/cm2, respectively, compared to the results 
obtained with conventional ESR. 

A thorough study is presented in the publication 
[32]. To analyze the curing and deposition behavior 
of primary carbides in H13 steel, the size, morpholo-
gy, distribution, and type of carbides from the cool-
ing edge to the center of H13 steel are studied using 
a scanning electron microscope (SEM), X-ray dif-
fractometer, and Thermo-Calc thermodynamic soft-
ware, and both carbide formation time under equilib-
rium conditions and non-equilibrium solidification are 
discussed. The results show that the primary car-
bides are distributed in the final curing of the steel, 
mainly including MC type V–Ti PC, V PC and M7C3 
type Mo–Cr PC. From edge to center, the average 
area of primary carbide increases by 620.22 μm², 
with an increase of 3.53%. From the edge to the 
¼ position, there are mainly V-rich and Mo–Cr car-
bides; at position 1/4, carbides rich in V-and Mo–Cr 
are interconnected; from position 1/4 to the center, 
there are three types of interrelated V–Ti PC, V-rich 
PC, and Mo–Cr PC carbides. Oxides promote MC-
type precipitation, while sulfides promote M7C3-type 
precipitation. Thermodynamics shows that the pri-
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mary carbide MC is not formed in equilibrium solidi-
fication, but is precipitated in a non-equilibrium state 
with a precipitation temperature of 1108°C at a solid-
ification fraction of 0.9987. 

Thermodynamic analysis of carbide formation 
with the participation of steel components H13 and 
D2. 

UNS T30402 Type D2 steel is intended for the 
manufacture of tools used for cold processing of 
metals and other materials. It is characterized by a 
high content of carbon and chromium, has high 

resistance to abrasion. The steel is used for the 
manufacture of punching dies, mandrels, rolling 
dies, tools with high mechanical strength and 
toughness. 

UNS T20813 Type H13 is intended for the 
manufacture of tools used for processing metals 
under pressure at temperatures above 300ºС. The 
steel is used for the manufacture of oil- and air-
cooled mandrels and mandrels of extrusion presses, 
molds for injection molding. 

Table 1 - Chemical composition of UNS T20813 Type H13 steel and the closest analogue 4X5MF1C. 

Chemical element, % 
UNS T20813 Type Н13  4X5MF1C  

Min.  Max. Min.  Max. 

С 0,32 0,45 0,37 0,44 

Mn 0,20 0,60 0,20 0,50 

Si 0,80 1,25 0,90 1,20 

Cr 4,75 5,50 4,50 5,50 

V 0,80 1,20 0,80 1,10 

Mo 1,10 1,75 1,20 1,50 

Ni  0,30 - 0,30 

W  - - 0,20 

Cu  0,25 - 0,30 

Ti  - - 0,03 

Р - 0,030 - 0,030 

S - 0,030 - 0,030 

Fe main element main element 

Table 2 - Chemical composition of UNS T30402 Type D2 nd the closest analogue X12MF. 

Chemical element, % 
UNS T30402 Type D2 X12MF 

Min.  Max. Min.  Max. 

С 1,40 1,60 1,45 1,65 

Mn 0,10 0,60 0,15 0,45 

Si 0,10 0,60 0,10 0,40 

Cr 11,0 13,0 11,0 12,5 

V 0,50 1,10 0,15 0,30 

Mo 0,70 1,20 0,40 0,60 

Ni - 0,30 - 0,35 

Ti - - - 0,03 

Cu - 0,25 - 0,30 

W - - - 0,20 

Р - 0,030 - 0,030 

S - 0,030 - 0,030 

Fe main element main element 

 
According to the chemical composition given in 

Tables 1 and 2, the main carbide-forming elements 
are: V, Cr, Mo, Mn, Fe. The sequence and intensity of 
the formation of carbides of these elements are 
determined by the magnitude of their chemical affinity 
for carbon, which is clearly confirmed by the mutual 
arrangement of the corresponding temperature 
dependences on the Ellingham diagram (Fig. 1, 2). 

The results showed that the primary carbides in 

cast H13 steel are mainly composed of Cr, Mo, V and 
Ti, and there are four types of primary carbides in the 
interdendritic zones of H13 steel: M2C type, enriched 
in Mo-Cr; eutectic M2C type, enriched in Mo-Cr; MC 
type, enriched in V, and MC type, enriched in V, with 
Ti and N. 

In H13 steel, primary carbides significantly affect 
the tool life. The precipitation of primary carbides 
reduces the solubility of Cr, Mo and V in the solid 
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state in the matrix, thereby reducing the precipitation 
of secondary carbides during tempering and affecting 
the homogeneity of the microstructure. Uniformly 
dispersed nanoparticles are vital for the secondary 
strengthening of H13 steel. However, due to the high 

temperature stability of primary carbides, they cannot 
be removed during heat treatment. Large primary 
carbides can become sources of cracks, leading to 
thermal fatigue failure and reduced tool life. 

  

Figure 1 - Ellingham diagram for carbides  
of the first transition series. 

Figure 2 - Ellingham diagram for second  
and third transition series carbides. 

 

Conclusions 
At present, high-entropy alloys are a promising 

direction for the development of innovative materi-
als. Modern technologies require the latest materials 
that will meet their conditions, regardless of the op-
erating environment.  

High-entropy alloys can replace traditional mate-
rials, they can work under shock, dynamic loads, el-
evated temperatures, etc.  

High entropy alloys are suitable for the manufac-
ture of tools, molds, dies, casting molds in parts that 
require high strength, oxidation resistance and wear 
resistance, can also be used in environments where 
high corrosion resistance parameters are required 
(plumbing, marine environments), in aggressive en-
vironments and in the chemical industry. High-
entropy alloys are quite simple to investigate and 
control, they can be obtained by the same methods 
as traditional alloys, i.e.: casting, rapid melt quench-
ing, film sputtering, electrolysis and mechanical al-

loying. 
Electroslag remelting (ESD) can greatly improve 

the purity, curing structure, and transverse mechani-
cal properties of steel. However, increasing de-
mands on the mechanical properties of steel are 
prompting metallurgists to put more effort into elimi-
nating steel microstructure defects such as shrink-
age and segregation. The combination of directional 
crystallization technology with electroslag melting 
technology effectively eliminates macrosegregation 
in the cast ingot due to a shallow bath of molten 
metal controlled by directed crystallization. 

An increase in the strength of alloys can be real-
ized either by alloying a solid solution (elements in 
the internodes) or by isolating hardening phases or 
artificial introduction of microparticles. Hardening 
phases (carbides, nitrides, carbonitrides, intermetal-
lics) can be endogenous (formed from elements in-
troduced into the melt in a liquid state or during its 
solidification and subsequent cooling), or exogenous 
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(usually introduced into the melt immediately before 
the start of crystallization, and there is also an in-

crease in the size and deterioration of the distribu-
tion of hardening phases. phases is 30-70% mass.  

References 
1. Yu, B., Ren, Y., Zeng, Y., Ma, W., Morita, K., Zhan, S., Lei, Y., Lv, G., Li, S., & Wu, J. (2024). Recent progress in high-entropy 

alloys: A focused review of preparation processes and properties. Journal of Materials Research and Technology, 29, 2689–2719. 
https://doi.org/10.1016/j.jmrt.2024.01.246  

2. George, E.P., Raabe, D. & Ritchie, R.O. (2019). High-entropy alloys. Nat Rev Mater 4, 515–534 https://doi.org/10.1038/s41578-019-
0121-4 

3. Miracle, D. B., & Senkov, O. N. (2017). A critical review of high entropy alloys and related concepts. Acta Materialia, 122, 448–511. 
https://doi.org/10.1016/j.actamat.2016.08.081  

4. Yang, T., Cao, B. X., Zhang, T. L., Zhao, Y. L., Liu, W. H., Kong, H. J., Luan, J. H., Kai, J. J., Kuo, W., & Liu, C. T. (2022). Chemically 
complex intermetallic alloys: A new frontier for innovative structural materials. Materials Today, 52, 161–174. 
https://doi.org/10.1016/j.mattod.2021.12.004  

5. Pasini, W. M., Polkowska, A., Nowak, R., Bruzda, G., Kudyba, A., Jawańska, M., Zajusz, M., Górniewicz, D., Dworecka-Wójcik, J., 
Łazińska, M., Karczewski, K., & Polkowski, W. (2023). Boron Enhanced Complex Concentrated Silicides – New pathway for designing and 
optimizing ultra-high temperature intermetallic composite materials. Journal of Materials Research and Technology, 27, 6182–6191. 
https://doi.org/10.1016/j.jmrt.2023.11.056  

6. Gao, K., Zhu, X. G., Chen, L., Li, W. H., Xu, X., Pan, B. T., Li, W. R., Zhou, W. H., Li, L., Huang, W., & Li, Y. (2022). Recent develop-
ment in the application of bulk metallic glasses. Journal of Materials Science &amp; Technology, 131, 115–121. 
https://doi.org/10.1016/j.jmst.2022.05.028  

7. Yeh, J. W., Chen, Y. L., Lin, S. J., & Chen, S. K. (2007). High-Entropy Alloys – A New Era of Exploitation. Materials Science Forum, 
560, 1–9. https://doi.org/10.4028/www.scientific.net/msf.560.1  

8. Yeh, J. ‐W., Chen, S. ‐K., Lin, S. ‐J., Gan, J. ‐Y., Chin, T. ‐S., Shun, T. ‐T., Tsau, C. ‐H., & Chang, S. ‐Y. (2004). Nanostructured 
High‐Entropy Alloys with Multiple Principal Elements: Novel Alloy Design Concepts and Outcomes. Advanced Engineering Materials, 6(5), 
299–303. https://doi.org/10.1002/adem.200300567  

9. Cantor, B., Chang, I. T. H., Knight, P., & Vincent, A. J. B. (2004). Microstructural development in equiatomic multicomponent alloys. 
Materials Science and Engineering: A, 375–377, 213–218. https://doi.org/10.1016/j.msea.2003.10.257  

10. Zhang, Y., Zhou, Y. J., Lin, J. P., Chen, G. L., & Liaw, P. K. (2008). Solid‐Solution Phase Formation Rules for Multi‐component 
Alloys. Advanced Engineering Materials, 10(6), 534–538. https://doi.org/10.1002/adem.200700240  

11. Wang, Q., Kong, D., Li, X., Zhou, S., & Zhang, Z. (2025). Additive manufacturing Cr-Mo-Si-V steel: Systematic parameter assess-
ments, precipitation behavior of in-situ VC-M23C6 and strengthening mechanisms. Materials Science and Engineering: A, 919, 147504. 
https://doi.org/10.1016/j.msea.2024.147504  

12. Stovpchenko, G., Medovar, L., Stepanenko, D., Jiang, Z., Dong, Y., & Liu, Y. (2023). Energy and environmental savings by and for 
steel lightweight. ISIJ Int., https://doi.org/10.2355/isijinternational.ISIJINT-2023-230  

13. Kou, S.-Q., Dai, J.-N., Wang, W.-X., Zhang, C.-K., Wang, S.-Y., Li, T.-Y., & Chang, F. (2022). Enhancement of Wear Resistance on 
H13 Tool and Die Steels by Trace Nanoparticles. Metals 12, 348. https://doi.org/10.3390/met12020348 

14. Qiu, F., Liu, Ts., Zhang, X. et al. (2020). Application of nanoparticles in cast steel: An overview. China Foundry 17, 111–126 
https://doi.org/10.1007/s41230-020-0037-z 

15. Saucedo-Muñoz, M.L. (2021). Precipitation kinetics of carbides during cyclical and isothermal aging of 2.25Cr–1Mo steel and its 
effect on mechanical properties. J. Iron Steel Res. Int. 28, 1282–1290 https://doi.org/10.1007/s42243-021-00610-5 

16. Huang, Y., Cheng, G., & Zhu, M. (2020). Effect of Ti Content on the Behavior of Primary Carbides in H13 Ingots. Metals 10, 837. 
https://doi.org/10.3390/met10060837  

17. Zhou, Y., & Jiang, W. (2021). Effect of sliding speed on elevated-temperature wear behavior of AISI H13 steel. J. Iron Steel Res. Int. 
28, 1180–1189. https://doi.org/10.1007/s42243-021-00644-9 

18. Zhao Yi., Liu N., Zheng X., & Zhang N.. (2015). Mechanical model for controlling floor heave in deep roadways with U-shaped steel 
closed support. International Journal of Mining Science and Technology, 25(5), 713-720. https://doi.org/10.1016/j.ijmst.2015.07.003 

19. Zhao, F., He, G., Liu, Y., Zhang, Z., & Xie, J. (2021). Effect of titanium microalloying on microstructure and mechanical properties of 
vanadium microalloyed steels for hot forging. Journal of Iron and Steel Research International, 29(2), 295–306. 
https://doi.org/10.1007/s42243-021-00629-8  

20. Zhu, J., Zhang, Z., & Xie, J. (2021). Relationship between martensite microstructure and ductility of H13 steel from aspect of crystal-
lography. Journal of Iron and Steel Research International, 28(10), 1268–1281. https://doi.org/10.1007/s42243-021-00595-1  

21. Zhou, J., Shen, Y., & Jia, N. (2021). Strengthening mechanisms of reduced activation ferritic/martensitic steels: A review. Interna-
tional Journal of Minerals, Metallurgy and Materials, 28(3), 335–348. https://doi.org/10.1007/s12613-020-2121-1  

22. Zhang, H., Wang, W.-X., Chang, F., Li, C.-L., Shu, S.-L., Wang, Z.-F., Han, X., Zou, Q., Qiu, F., & Jiang, Q. (2021). Microstructure 
manipulation and strengthening mechanisms of 40Cr steel via trace TiC nanoparticles. Materials Science and Engineering: A, 822, 141693. 
https://doi.org/10.1016/j.msea.2021.141693  

23. Cho, S., Jo, I., Kim, H., Kwon, H.-T., Lee, S.-K., & Lee, S.-B. (2017). Effect of TiC addition on surface oxidation behavior of SKD11 
tool steel composites. Applied Surface Science, 415, 155–160. https://doi.org/10.1016/j.apsusc.2016.11.164  

24. Wang, Z., Lin, T., He, X., Shao, H., Tang, B., & Qu, X. (2016). Fabrication and properties of the TiC reinforced high-strength steel 
matrix composite. International Journal of Refractory Metals and Hard Materials, 58, 14–21. https://doi.org/10.1016/j.ijrmhm.2016.03.013  

25. AlMangour, B., Grzesiak, D., & Yang, J.-M. (2016). Nanocrystalline TiC-reinforced H13 steel matrix nanocomposites fabricated by 
selective laser melting. Materials &amp; Design, 96, 150–161. https://doi.org/10.1016/j.matdes.2016.02.022  

26. Akhtar, F. (2008). Microstructure evolution and wear properties of in situ synthesized TiB2 and TiC reinforced steel matrix compo-
sites. Journal of Alloys and Compounds, 459(1–2), 491–497. https://doi.org/10.1016/j.jallcom.2007.05.018  

27. Yong Z.(2019). History of High-Entropy Materials. https://doi.org/10.1007/978-981-13-8526-1_1  
28. Du, Z., Tao, X., Wang, X., Li, H., Zhang, R., Zhou, Z., Zhang, S., Al-Hammadi, R. A., Zhou, Y., & Cui, C. (2025). Effect of Cr/V ratio 

on the microstructure evolution and tensile behavior of a high-vanadium high-speed steel. Materials Science and Engineering: A, 947, 
149227. https://doi.org/10.1016/j.msea.2025.149227  

29. Ma, C., Xia, Z., Guo, Y., Liu, W., Zhao, X., Li, Q., Qi, W., & Zhong, Y. (2022). Carbides refinement and mechanical properties im-
provement of H13 die steel by magnetic-controlled electroslag remelting. Journal of Materials Research and Technology, 19, 3272–3286. 
https://doi.org/10.1016/j.jmrt.2022.06.090  

30. Qi, Y., Li, J., & Shi, C. (2018). Characterization on Microstructure and Carbides in an Austenitic Hot-work Die Steel during ESR 
Solidification Process. ISIJ International, 58(11), 2079–2087. https://doi.org/10.2355/isijinternational.isijint-2018-370  

https://doi.org/10.1016/j.jmrt.2024.01.246
https://doi.org/10.1038/s41578-019-0121-4
https://doi.org/10.1038/s41578-019-0121-4
https://doi.org/10.1016/j.actamat.2016.08.081
https://doi.org/10.1016/j.mattod.2021.12.004
https://doi.org/10.1016/j.jmrt.2023.11.056
https://doi.org/10.1016/j.jmst.2022.05.028
https://doi.org/10.4028/www.scientific.net/msf.560.1
https://doi.org/10.1002/adem.200300567
https://doi.org/10.1016/j.msea.2003.10.257
https://doi.org/10.1002/adem.200700240
https://doi.org/10.1016/j.msea.2024.147504
https://doi.org/10.2355/isijinternational.ISIJINT-2023-230
https://doi.org/10.3390/met12020348
https://doi.org/10.1007/s41230-020-0037-z
https://doi.org/10.1007/s42243-021-00610-5
https://doi.org/10.3390/met10060837
https://doi.org/10.1007/s42243-021-00644-9
https://doi.org/10.1016/j.ijmst.2015.07.003
https://doi.org/10.1007/s42243-021-00629-8
https://doi.org/10.1007/s42243-021-00595-1
https://doi.org/10.1007/s12613-020-2121-1
https://doi.org/10.1016/j.msea.2021.141693
https://doi.org/10.1016/j.apsusc.2016.11.164
https://doi.org/10.1016/j.ijrmhm.2016.03.013
https://doi.org/10.1016/j.matdes.2016.02.022
https://doi.org/10.1016/j.jallcom.2007.05.018
https://doi.org/10.1007/978-981-13-8526-1_1
https://doi.org/10.1016/j.msea.2025.149227
https://doi.org/10.1016/j.jmrt.2022.06.090
https://doi.org/10.2355/isijinternational.isijint-2018-370


 ISSN 3083-7219 (Print), ISSN 3083-7227 (Online) 

Теорія і практика металургії, 2026, № 1 
Theory and Practice of Metallurgy, 2026, No. 1 

75 

 

31. Zhang, Y., Zuo, T. T., Tang, Z., Gao, M. C., Dahmen, K. A., Liaw, P. K., & Lu, Z. P. (2014). Microstructures and properties of high-
entropy alloys. Progress in Materials Science, 61, 1–93. https://doi.org/10.1016/j.pmatsci.2013.10.001  

32. Dengping Ji, Wang, Y., Zhu, H., & Fu, J. (2023). Precipitation Behavior of Primary Carbide in H13 Bloom Die Steel. Physics of 
Metals and Metallography, 124(13), 1482–1491. https://doi.org/10.1134/s0031918x23600902  

 
Надіслано до редакції / Received: 02.01.2025  
Прорецензовано / Peer-Reviewed: 04.03.2026 
Прийнято до друку / Accepted: 16.03.2026 
Опубліковано / Published: 30.03.2026 

 

  

https://doi.org/10.1016/j.pmatsci.2013.10.001
https://doi.org/10.1134/s0031918x23600902


ISSN 3083-7219 (Print), ISSN 3083-7227 (Online)  

Теорія і практика металургії, 2026, № 1 
Theory and Practice of Metallurgy, 2026, No. 1 

76 

 

 

CONTENT 

Gasik M. M.  

 
Thermodynamic equilibrium of high-carbon ferromanganese smelting 5 

Kolisnyk K. D.  

 

Effect of deformation degree during drawing out on the quality of heavy-duty hook 
forgings 11 

Biriukov S. V.,  Chukhlib V. L.  

 

Development of the technology for manufacturing the bracket for mounting the 
reducer of the metropolitane cars 17 

Popolov D. V., Shved S. V., Zaselskyi I. V., Velitchenko V. L.  

 

Modeling of the deformed state of the screen box of a heavily loaded vibratory ma-
chine 22 

Medvedev M. I., Bobukh O. S., Kuzmina O. M., Krasiuk A. D., Ivanova L. K.  

 
Heat balance of billets during hot extrusion of nickel alloy pipes 28 

Mishalkin A. P., Ivashchenko V. P., Yaroshenko O. V., Petrenko V. O., Chumak D. D.  

 

Improvement of pig iron production technology by using the useful properties of the 
potential of secondary 37 

Siharov Ye. M., Smirnov O. M., Pokhvalityi A. A., Orlov D. V., Skorobagatko Yu. P.  

 

Increasing the corrosion resistance of ferrosilide in hot sulfuric acid by alloying with 
chromium, nickel and molybdenum 54 

Stepanenko D. O., Togobytska D. M., Semiryagin S. V., Povorotnya I. R., Belkova A. I.  

 

Prospects for recycling leather industry waste as a source of chromium-containing raw 
materials: physicochemical analysis of the Fe–Cr–P–O system 63 

Kamkina L. V., Proidak Y. S., Mianovska Y. V., Guba R. M., Bezshkurenko O. G.  

 
High-entropy alloys. A new concept for the design of innovative structural materials 69 

CONTENT 76 

ЗМІСТ 77 

 
 
  



 ISSN 3083-7219 (Print), ISSN 3083-7227 (Online) 

Теорія і практика металургії, 2026, № 1 
Theory and Practice of Metallurgy, 2026, No. 1 

77 

 

 

ЗМІСТ 

Гасик М. М.  

 Термодинамічна рівновага процесу виплавки високовуглецевого феромарганцю 5 

Колісник К. Д.  

 Вплив ступеня деформації під час витяжки на якість важких поковок з гаком 11 

Бірюков С. В.,  Чухліб В. Л.  

 Розробка технології виготовлення кронштейну кріплення редуктора вагону мет-
рополітену 17 

Пополов Д. В., Швед С. В., Заселський І. В., Велитченко В. Л.  

 Моделювання деформованого стану грохотної коробки сильно навантаженої 
вібраційної машини 22 

Медведєв М. І., Бобух О. С., Кузьміна О. М., Красюк А. В., Іванова Л. Х.  

 Тепловий баланс заготовок під час гарячої екструзії труб з нікелевого сплаву 28 

Мішалкін А. П., Іващенко В. П., Ярошенко О. В., Петренко В. О., Чумак Д. Д.  

 Удосконалення технології виробництва чавуну шляхом використання корисних 
властивостей потенціалу вторинних ресурсів сировини та палива 37 

Сігарьов Є. М., Смірнов О. М., Похвалітий А. А., Орлов Д. В., Скоробагатько Ю. П.  

 Підвищення корозійної стійкості феросиліду у гарячій сірчаній кислоті при легу-
ванні хромом, нікелем та молібденом 54 

Степаненко Д. О., Тогобицька Д. М., Семірягін С. В., Поворотня І. Р., Белькова А. І.  

 Перспективи рециклінгу відходів шкіряної промисловості як джерела хромовміс-
ної сировини: фізико-хімічний аналіз системи Fe–Cr–P–O 63 

Камкіна Л. В., Пройдак Ю. С., Мяновська Я. В., Губа Р. М., Безшкуренко О. Г.  

 Високоентропійні сплави. Нова концепція проектування інноваційних конструк-
ційних матеріалів 69 

CONTENT 76 

ЗМІСТ 77 

 
 
 

 



 

 
 

ТЕОРІЯ І ПРАКТИКА МЕТАЛУРГІЇ 
науково-виробничий журнал 

 
Засновник: Український державний університет науки і технологій 

 
Видавець: Український державний університет науки і технологій 

 
Головний редактор – проф. Пройдак Ю.С. 

 
Комп'ютерна верстка – Безшкуренко О.Г. 

 
Адреса і місцезнаходження видавця:  

Український державний університет науки і технологій, 
вул. Лазаряна, 2, м. Дніпро, 49010, Україна. 

Тел.: +38-056-373-15-44, Email: office@ust.edu.ua 
 

Сайт наукового видання: https://tpm.ust.edu.ua/ 
 

Підписано до друку 30.03.2026 року. 
Формат 60х84 1/8. Тираж 100 примірників. 

 
 

 
 
 

THEORY AND PRACTICE OF METALLURGY 
Scientific and Production Journal 

 
Founder: Ukrainian State University of Science and Technologies 

 
Publisher: Ukrainian State University of Science and Technologies 

 
Editor-in-Chief – Prof. Proidak Yu.S. 

 
 

Page layout by O.H. Bezhkurenko 
 

Publisher's address and location:  
Lazariana Str., 2, Dnipro, 49010, Ukraine 

Phone: +38-056-373-15-44, Email: office@ust.edu.ua 
 

Journal website: https://tpm.ust.edu.ua/ 
 

Signed for printing 30/03/2026. 
Format 60х84 1/8. Edition of 100 copies. 


