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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.

AHomauyis. 3adayero pobomu 6yrno nposedeHHs mepMoOUHaMiHHO20 aHari3y npPouecy 8UrMNIasKu 8UCOKOBYarele8020
gepomapzaHyro besghrocosum memodom y Oy208ux neyax 3 8UKOPUCMAHHSIM pearibHUX 3a800ChbKUX OaHuX i rmopie-
HSIHHSA IX 3 pe3ynibmamamu. CyyacHa mepmoduHamiyHa 6asa daHux FactSAGE bysia 3acmocoeaHa 0rist po3paxyHkig pi-
8HOBaz2U OKpemMux ¢has i Mix ¢pazamu 8 iHmepsarni memnepamyp 1400-1800°C Onsa dsox murie ghepomapaaryo OMH78
3 pisHUM emicmom ¢pocgpopy. Cknad okpemux ¢has i 3azanom gcili cucmemu 6ysio po3paxoeaHo pa3oM 3 8UXO00OM Me-
maiy (MpsIMo20 8uUslyYEeHHS] MapaaHUro y Cmori) i Mo8HO20 8USTyYEHHSI Map2aHulo (Memarneesa i wnakosa ga3u pa3om).
OnmumanbsHy memnepamypy rpouecy byno gudHadyeHo y 1500-1525°C konu eusny4eHHs MapaaHuto y memarnesy ¢hasy
MmakcumarbHe. [lpouec po3paxyHKy 00380risie KOMbiHy8amu pi3Hi cymiwi aznomepamis, pyd, Xxeocmie i 360pOMHUX Ma-
mepianie 0ns1 peanisauii pi3HUX cueHapiie npu supobHuymei ghepomapzaHuyro. Ompumani pedynbmamu roka3sanu dyxe
00bpy Kopensuyito i3 daHUMU 3a800CbK020 8UPOBHUUMEBa chepoMapaaHyto 30Kpema y XiMidHoMy cknadi memarty, nps-
MO20 | 3a2anbHO20 8UIyYeHHs MapaaHyto. Memod makum YyuHom 00380115i€ OUIHKY NMO8ediHKU PI3HUX KOMMOHEHMI8 i
enieMeHmig y nedi, ix po3nodin M ghazamu (2a3, Memarl, WiaK) i BUSHaYEHHS WIIsIXie MOKpauwleHHs1 npoyecy w000 8u-
xo0y memany i toeo sikocmi. Taka x cama 6a3a mepMoOuHamidHUX OaHuX Moxe bymu 3acmocosgaHa i 051 onmumizauii
iHWux mapaaHyesux ¢hepocrinasis. [JaHa poboma 0eMOHCMPYE, W0 KOPEKMHe 8UKOPUCMAaHHS mepMoOuHaMidHUX 6a3
OaHux 0oseosisie 3pobumu documb 8iPHY OUIHKY Xapakmepucmuk rpouecy i skocmi ¢pepocrinagy. Taki po3paxyHKu
echeKmuBHO 3aMiHsIlOMb CrIPOWEHI KanbKynsyii 6anaHcy wuxmu i eHepeil, 0aroyu eHyykicmb y onmumidauii gpepocrina-
8HO20 8UPOBHUYMEA.

Knro4doei crosa: ghepomapzaHeupb, mepmoduHamika, wiiak, Mmemar, pisHogaza, 8uxio memariy.

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 (Sgderberg or self-baking type) circu-
lar or a six-electrode rectangular geometry, rated from

© Gasik M. M., 2026
© lNacuk M. M. , 2026
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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-

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

Obijectives 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 Cas(POa4)2 because using
P20s 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 CO:2 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.




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-
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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 Al203 MnO P20s Fe203 MnCO3 CaCOs C Si Fe Mn
Agglomerates

AMNV-1 15 44 1.2 3 64.8 0.490 3.86

AMNV-2 26.1 8 2.4 3 50.0 0.420 3.14

AMNV-1A 101 36 0.7 3 65.4 0.327 5.43

AMNV-2I1 218 101 5.1 3 50.1 0.233 2.86

Mn ores

KK48Nzh 9.3 0.8 05 1.2 48.9 0.098 6.14 24.88 2.00

KK28 136 63 438 21 0.5 0.152 171 5794 1575

KK37 5.5 133 3.1 0.3 449 0.058 943 6.46 33.25

Slags

RMS 303 85 23 106 435 0.007 0.34

Waste slag 50.3 16.8 5.1 7.9 15.0 0.140

SMW 9.09 255 0.69 0.126 3.18 13.05 455 0.63 10.09 54.6
Coke 10% ash 5.14 141 0.22 1.67 1.28 1.75 85.46

Limestone 1 1 98

Iron ore 35 05 05 35 92

Quarzite 978 05 0.2 1 0.5

FeMn (0.18%P) 6.5 09 1442 78

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

Ferroalloy type: [FeMn78P20 [FeMn78P70
Oxide phase (with coke ash oxides):

SiO2 307.708 389.123
CaO 45.826 106.311
MgO 18.271 27.969
Al203 63.121 93.097
MnO 1524.963 1804.059
P20s 4,789 10.047
Fe20s 169.616 239.358
MnCO3 452.187 127.554
CaCOs3 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, 88.99 CO, 10.963 Mn, 1.736:102 CO2, 1.61-102 Mg, 1.21-102 SiO, 3.71-10° Fe,
4950.2 m3, 2.26-10° Ca, 4.4-107 Al, 1.33-107 Si, 9.72:10° P, 8.45-10° MgO, 1.75-10° Al0,
997.26 kg 1.63-10° AlO, 2.43-10%° CaO0, 6.57-101% O2

Metal 29126 mol, 14.128 Fe, 72.289 Mn, 0.233 P, 4.38 Sj, 8.97 C
1174.8 kg

Slag 16740 mol, 2.67 MgO, 2.95-10* FeO, 66.318 MnO, 20.25 SiOz, 7.05 CaO, 3.7 Al203, 1.71:107 Fe20s,
1138.8 kg 9.77-101° Cas(POa)2, 7.9:10° Mn20s3, 3.44-10* SiC
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Fig. 1. Gas phase components for FeMn78P20 smelting at different temperatures.
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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 FeMn yield, Slag yield, kg/t
metal kg alloy
FeMn78P20
Calculated: 7.3 15 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
FeMn78P70
Calculated: 6.8 |23 | 726 0.39 17.9 60.0 1341 1100
Plant data: 6.1 |19 | 786 0.41 145 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-

100 % FeMn78P20
80 % 1
60 % +
40 % ~
20 % 1 —+—Mn recovery to metal
—=-Mn through-recovery
O U/D T T T
1400 1500 1600 1700 1800

Temperature °C

a

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.

FeMn78P70

100 %

80 %

60 % -

40 % +

20% | —Mn metal recovery

-=-Mn through-recovery

0% T T T
1400 1500 1600 1700 1800

Temperature °C

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 (Fe20s,
Mn203) 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.

References

Gasik, M. I. (1992). Manganese. Metallurgya

1.
2. Gasik, M. ., Lyakishev, N. P., & Gasik, M. M. (2009). Physical chemistry and technology of ferroalloys. Sistemnye Technologii
3. Gasik, M. I., Dashevskii, V. Ya., & Bizhanov A. (2020). Ferroalloys Theory and Practice. Springer, Cham (Switzerland).

https://doi.org/10.1007/978-3-030-57502-1

4. Gladkikh, V. A., Gasik, M. |., Ovcharuk, V. N., & Proydak, Yu. S. (2007). Ferroalloy electric furnaces. System Technologies

5. Olsen, S., Tangstad M., & Lindstad T. (2007). Production of manganese ferroalloys. Tapir Forlag

6.  Velichko, B. F., Gavrilov, V. A., Gasik, M. |, et al. (1996). Metallurgy of manganese of Ukraine. Technika

7. Gvelisiani, G. G., Baratashvili, I. B., & Tsagareishvili, D. Sh. (1982). Thermodynamics of the interaction of manganese with

phosphorus. Metsniereba

8. Maramba, B., & Eric, R. H. (2008). Phosphide capacities of ferromanganese smelting slags. Minerals Engin. 21, 132-137.

https://doi.org/10.1016/j.mineng.2007.07.012

9. Yuanchi, D., Shangxing, G., & Chen, E. (1997). Control of oxygen potential and its effect on dephosphorization in
ferromanganese. In: Proc. Eighth Intern. Ferroalloy Congr. INFACON 8, Bejing, China, 255—-258
10. Shaojun, C., & Kuangdi, X. (2023). Ferromanganese. In: Xu, K. (eds) ECPH Encyclopedia Mining & Metallurgy. Springer,

Singapore. https://doi.org/10.1007/978-981-19-0740-1_1023-1

11. Lee, Y. E., & Kolbeinsen, L. (2021). Behavior of slag in ferromanganese and silicomanganese smelting process. Metall.
Mater. Trans B52, 3142—-3150. https://doi.org/10.1007/s11663-021-02242-2

12. Coetsee, T. (2018) MnO reduction in high carbon ferromanganese production: practice and theory. Miner. Process. Extr.
Metall. Rev., 39, 351-358. https://doi.org/10.1080/08827508.2018.1459618

13. Li, H., Morris, A. E., & Robertson, D. G. C. (1998). Thermodynamic model for MnO-containing slags and gas-slag-metal equi-
librium in ferromanganese smelting. Metallurgical and Materials Transactions B, 29(6), 1181-1191. https://doi.org/10.1007/s11663-998-

0040-z

14. Kutsyn, V. S., Gasik, M. M., & Gasik, M. I. (2012). Thermodynamic computer modeling of phase transformations in complex
oxide systems, equivalent to manganese agglomerates made by existing and developed technologies. Metall. Mining Ind., 4(3), 16-24

15. Nam, J., van Ende, M-A., & Jung, |. H. (2022). Ferromanganese production in a submerged arc furnace: thermodynamic and
energy balance analysis. JOM, 74(4), 1624-1632. https://doi.org/10.1007/s11837-021-05121-y

10

HadicnaHo do pedakuji/ Received: 02.01.2026
lpopeueH3osaHo | Peer-Reviewed: 14.02.2026
lMputiHamo do dpyky / Accepted: 16.03.2026
Onyé6nikosaHo / Published: 30.03.2026


https://doi.org/10.1007/978-3-030-57502-1
https://doi.org/10.1016/j.mineng.2007.07.012
https://doi.org/10.1007/978-981-19-0740-1_1023-1
https://doi.org/10.1007/s11663-021-02242-2
https://doi.org/10.1080/08827508.2018.1459618
https://doi.org/10.1007/s11837-021-05121-y

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

Teopisi i npakmuka memanypeii, 2026, Ne 1
Theory and Practice of Metallurgy, 2026, No. 1

https://doi.org/10.15802/tpm.1.2026.02

UDC 621.771.014:621.7.019:672.6

Kolisnyk K. D.

Effect of deformation degree during drawing out on the quality
of heavy-duty hook forgings

ORCID: 0009-0004-2030-1123. National Technical University “Kharkiv Polytechnic Institute”, Ukraine

Email: kolesnik2195@gmail.com

KonicHuk K. /4.

BnnuB cTtyneHsa gecopmadii nig 4yac BUTAXKKU Ha SIKICTb
Ba)XXKUX MOKOBOK 3 rakom

ORCID: 0009-0004-2030-1123. HauioHanbHWn TEXHIYHWIA YHIBEPCUTET
«XapKiBCbKUI NOMITEXHIYHMI IHCTUTYTY, YKpaiHa
Email: kolesnik2195@gmail.com

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 C,
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 C,=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.

AHomauyis. Y ubomy docnioxeHHi 0ocnioxyembcs eriue cmyneHsi 0eghopmauii rnid yac onepauii UMSIXKHO20 Ky8aHHSI
Ha xapakmep po3nodiny nnacmu4Hoi deghopmauii 8 3a2omoekax, npu3HayeHux 011 8U20MOBIIEHHST 8E/TUKOBAHMAXHUX
gaHmaxonioliomHux 2akie. OCHOBHOIO MEMOI0 € BU3HAYEHHS ONMUMarnbHo20 cmyreHs deghopmauii, akuli nidsuwye pi-
8HOMIpHicmb po3nodiny nnacmu4yHoi deghopmayii no rnornepeyHoMy rnepepidy Mokoeku. LocrioxxeHHs1 nposoousnnocs 3
BUKOPUCMAaHHSIM 4UCI108020 MOOes1r08aHHS MOCTI008HUX Mpouecie sucadku ma 8UMSHKKU 3 ypaxysaHHsIM besrnepeps-
HOCMIi MexHOoo2iuHO20 UuKIy. Bumsixka eukoHysanacsi MemoOom "Kinbusi" (OKpyxHe obepmaHHs) 3 Kymom rogopomy
15° ma eidHocHoro nodayero 0,5. byno npoaHanisoeaHo mpu cmyneHi Oegpopmauii 3a npoxid: 10%, 15% ma 20%. Ans
KinbKiCHOT oyiHKU pieHoMipHOCmi eghopmauii sukopucmosysascsi koegbiyieHm HepigHomipHocmi Cn, sikul eu3Havyaemob-
CA1 AIK 8IOHOWEHHSI 3Ha4YeHb eKeiganeHmHoi 0eghopmauii 8 KOHMPOIbLHUX MoYKkax 00 MaKcuMarbHOI exgigareHmHoi de-
gopmauii 8 Mexax rnornepeyHo2o nepepisy. byno ecmaHosneHo, wo 36insweHHs cmyneHs degpopmauii 3 10% 0o 20%
nidsuulye piseHb HaKonu4yeHoi nnacmu4yHoi deghopmauii ma rnokpawyye ii pisHOMIpHICMb 10 MONEPEeYHOMY repepisy.
Hauibinbw pisHomipHut po3nodin deghopmavuii 6ys docsizHymuli npu cmyneri deghopmayii 20%, 0e MiHiMansHe 3Ha4eH-
Hs KoegbiyieHma HeoOHopiOHocmi cmaHosuno 0,54. Lle ceidyumpb npo 3MeHweHHs1 HeoOHopiOHocmi dechopmauii Ha
46% (ockinbku Cn=0,54 eidnosidac HeoOHOPIOHOCMI, 3mMeHweHili 00 54% 8i0 KOHMPOIMBbHOI MaKCUMarbHOI Pi3HUUi).
Ompumani pe3ynbmamu Moxymb 6ymu 3acmocoeaHi rnpu po3pobui pauioHarbHUX MEXHOMO2IYHUX PEXUMI8 Ky8aHHSs
BUCOKOBAHMAXHUX 8aHMaXonioloMHUX 2aKie 3 nidsuweHUMuU eumoaamu 00 sskocmi ma HadiliHocmi.

Knro4voei cnoea: sumsixka, ocadxyeaHHs, cmyniHb 0eghopmauii, nnacmuyHa degpopmayisi, koegbiieHm HeoOHOPIOHO-
cmi Oecbopmauii, KyeaHHsI BUCOKO8aHMAaXHO20 8aHMaxornioloMHO20 2akKa.

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

© Kolisnyk K. D., 2026
© KonicHuk K. [1., 2026

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

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



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).

///

Billet

—

H940

Lower plate

a) B)

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 x 1000 x 500 mm. The

1

s’/h=0,5
—

Forging
manipulator

a) b)

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

Lower die
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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.

Upper plate

Figure 1 — 3D model of the upsetting
operation: (a) initial cylindrical billet

(D=470 mm, H=940 mm);
(b) billet position before upsetting;
c) (c) billet state after upsetting.

"ring" method (circumferential rotation drawing) was
selected, which involves sequential reductions of the
billet accompanied by rotation (canting) by an angle
a = 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.

Upper die
Pho ool

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

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.

v

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

1.10
o
0.90
0.80
0.70
0.60
0.50
040

0.30

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 Cn 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.

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.

020 Figure 4 — Distribution of plastic strain in the cross-section of the bil-
0.10 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
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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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c)

Figure 5. Distribution of plastic strain in the billet cross-section after the third drawing-out pass at different deformation
degrees per pass: (a) € = 10%; (b) € = 15%; (c) € = 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.

Deformation degree per Minimum equivalent plastic Maximum equivalent plastic Nonuniformity coefficient,
pass, € (%) strain, € min strain, € max Cn

10 2 8 0.25

15 3.1 8 0.38

20 7.1 13 0.54

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 C,, as a function of the billet de-
formation degree. For all variants, the curves exhibit a
characteristic symmetric shape: the maximum C, val-
ues are observed at the outermost (peripheral) points
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(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
C, values in the central zone of the billet. At a defor-
mation degree of 10% per pass (Figure 6a), the min-
imum C, 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 K, value reaches 0.54.
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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) € = 10%; (b) € = 15%; (c) € = 20%.
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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 C, =
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.

AHomayis. B danili cmammi po3ansiHymo po3pobrieHy mexHOJI02it0 8U20mMOoB8IeHHST KPOHWMEUHY KpirneHHs pedyk-
mopa, Wo ekcrayamyembcsi Ha PyXoMoMy cknadi 8im4u3HsIHUX MemporonimeHie. Takox 8 pobomi 6yna npoaHariso-
8aHa KOHCMPYKUisl Ub020 KpOHWMeUHY ma HecripagHoCcmi, siKi MOXymb 8UHUKamu rnpu exkcrilyamauii. Adxe crieyudika
pobomu pyxomMoeo ckiiady MemporosimeHy, Wo xapakmepuayembCsl 8UCOKOK iHMEHCUBHICMIO pyXy, Yacmumu UYUK-
1laMu po320Hy ma 2arnbMy8aHHsl, a MaKoX 3Ha4YHUMU OUHaMIYHUMU HagaHMaXeHHsIMU, sucysae nidsuueHi sumoau 00
HadilIHoCMi KOXHO20 KOHCMPYKUiliHO20 enlemeHma (020 xo0080i yacmuHu. OCKiflbKu 3Ha4yHa YacmuHa Oemarnel giska
8a20Hy 8U20MO8JIIEMbCS Memodamu 06pobKU Memariie MUCKOM, NUMaHHS MOKPaW,eHHs1 IKOCmi WmamrnoeaHux rMoko-
80K CmMae akmyasnbHUM MeXHIYHUM 3ag0aHHsIM, WO 8riueae Ha 3abesnedyeHHs1 6e3reku nacaxupcbKux rnepese3eHb
ma 6e3asapiliHy eKcrilyamauito mpaHcriopmHux 3acobig. Y dawili cmammi 3pobrnieHo aHani3 iHwux pobim, wo cmocy-
oMbCS MONIMNWEeHHsT MexaHiYHUX Xxapakmepucmuk eupobige ma nidsuweHHs1 ix SsKkocmi, wo 3anexamsp 8i0 napamempie
ma memodis ix supobHuymea. TpaduuiliHa mexHosI02is 8U20MOBMEHHS MOKOBKU, W0 byna po3ansHyma, 3a3euyad ne-
pedbayae bazamocmadiliHuli IPOYEC, WO BKIIHOYAE BUKOPUCMaHHS MidkamyearbHUX pigyakie Onsi nonepedHb020 po3-
nodiny memarly 83008x oci 3azomosku. O0Hak, makuli ridxio 36inbwye 2abapumu WMamMno8oeo OCHaUWeHHs ma eu-
Mmaeae binbwoi kinbkocmi nepexodis, wo sede 0o 3pocmaHHs eHepeosumpam ma cobieapmocmi. Aemopamu 6byrno 3a-
MPONoOHOBaHO 8iOMOBUMUCS 8i0 8UKOPUCMAaHHS NMidkamyeasibHO20 pigdaka, OCKIilbKU Ol 8U20MOBsIeHHsT 0aHOI MOKOBKU
MOX/IUBO He 3MiHr8amu 2eoMempiro 3a2omoeku neped ii 3zuHaHHsIM. Pe3ynsmamu daHoi pobomu Moxyms 6ymu eu-
KopucmaHi mexHosiozamu ma iHxeHepamu MawuHobydieHoI eary3i, ik 0OUH i3 MepcrneKkmueHUX Wisixie MNoninWeHHss ma
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pauioHanizauii wmamrygaHHs1 MOKOBOK CXOXOI 2eoMempil, OCKIfIbKU 3a paxyHOK 3MEHWEHHS Kiflbkocmi wmamilysarib-
HUX nepexodig MOXI/IU80 3MEeHWUMU gumpamu Ha eupobHUUMBO ma 8u2omoesieHHs: wmamriie, 6e3 cymmegoeo ernu-
8y Ha HarpyxeHo-0eghopmosaHuli cmaH OmpuMaHOi MOKOBKU. TakoxX eKka3aHO Ha OOUiNbHICMb 3acmocyeaHHs
KOMIT’tomepHO20 MoOesto8aHHs 8 NMPoeKkmysaHHi mexHornoeaii aupobHuuymea, adxe uye 0o3eornse docnidumu eci emanu
supobHuuymea 6e3 3Ha4HuUX (hiHaHCO8UX KriadeHb ma 8usi8UMU WIISIXU MOKPaWeHHsI ma pauyjioHanizauii mexHonoaidHux
onepayil, Wo Mamume 8r/ue Ha MoKpaweHHs SKocmi eu2omoensaemoi npodyKuyii 8 Nodanbuwomy.

Knroyoei cnoea: mexHosnozis eupobHuymea, wmamMryeaHHsl, MOKO8Ka, WwmamriysasnbHul pig4ak, MemporosnimeH,

KpoHwmeUH KpirieHHs: pedykmopa.

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-
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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.



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
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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 crossheam 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 18°, 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

a)

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].

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

|
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|
|
|
|
|
|
|
|
|
|
|
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|
Bt
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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 18° bend in the area of
the lug.

unfolding the forging

dsr
average esfimate
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|
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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.
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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-



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-
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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.

AHomauyis. Y cmammi posensidaembcsi npobrniema nid8UUWEHHSI MEXHIKO-eKOHOMIYHOI eqheKmueHOCMIi 8aXKO HagsaH-
maxeHUX 8ibpauiliHux MawuH WsXxoM onmumisayii Hecy4oi pamu epoxomHoi Kopobku. OCHOBHUMU erleMeHmamu, U0
3abesneyyomb MPOCMOPO8Y XOPCMKICMb KOHCMPYKUii KOpobKu, € mpybyacmi nonepeyHi 6anku, siki npayrooms 8
yMo8ax IHMEeHCUBHUX UUKIIYHUX 32UHallbHUX HasaHmaxkeHb. AHaria docmyrnHoi nimepamypu eka3ye Ha me, wo ui
enemeHmu Hanexams 00 Halbinbw HagaHMa)XeHUX ma 8pasfueux KOHCMPYKMUBHUX eniemeHmis, 05si sKux OOMiHyH-
YUM MexaHi3MoM pyliHy8aHHS € 8MOMHe pyUHysaHHs. TpaduuiliHul nidxi0 0o Mid8UWEHHST MIUHOCMI KOHCMPYKMUBHUX
ernieMeHmis, a came 36inbWeHHS MIowWi MornepeyHo20 nepepidy, npu3soOums 00 3b6ifbWEHHST Macu 2pOXOMHOI KOPOOKU
ma noe'a3aHux 3 Heto iHepUiliHUX HagaHMaxeHb, WO He2amueHO 8rnaueac Ha OuUHaMIiYHi xapakmepucmuku gibpauiliHoi
mawuHU. Memotro uybo20 AocnidxeHHsT byno nid8uLUEeHHST KOHCMPYKMUBHOI eghbeKmusHOCMI 2pOXOMHOI KOpobKu 8ibpa-
UitiHOI MawuHU winsixoM onmumisayii eeomempii 6ar0K 3 8UKOPUCMAaHHAM pauyioHanbHO20 po3rnodiny Mamepiany rno
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doexuHi enemeHma. 3arnporoHosaHo nioxio, wo nepedbavae 3MiHy 308HiWHbO20 Jiamempa mpybyacmoi 6anku 3a na-
pabornidyHuM 3aKoHOM ripu 36epexeHHi MocmiliHo2o 8HympiwHboeo diamempa. Takull nioxid 0o3gornse 3MeHWUmuU mMacy
barnku 6 obnacmsx 3 HU3bKUMU 32UHallbHUMU MOMeHmamu, oOHovacHo 3bepizaroyu abo 36inbwyoyu xopcmkicms y
Halbinbw HasaHmMaxxeHuUx rnepepizax. [ns ouiHKu eghekmueHocmi 3arnpornoHo8aHo20 pilueHHs1 byno nposedeHo cepito
4ucriosux eKcriepuMeHmis 3 8UKOPUCMaHHAM Memooy CKiHYeHHUX enemeHmig. ModesntoeaHHs 8KIYano po3paxyHKu
0Cb08020 CMUCKY, 32UHaHHS Nid rnornepeyHUM iHepyiliHUM HagaHMaXeHHSIM, 8U3HaYeHHsI Mepuwioi 851acHoOI yacmomu ma
OUIHKY KPUMUYHO20 HagaHMaxeHHs Ha 8uauH Onsi CmsikHUX 6anok sk 3 6azosum, mak i 3 napabosniyHuUM rnpoginsamu.
Ompumati pe3ynbmamu nokasyrms, WO 8UKOPUCMaHHS napaboriyHoeo rnpoginto 603801sI€ 3MEHWUMU Macy CMmsix-
Hoi 6anku Ha 41%, modi sk nonepeyHe MPUCKOPEHHs, Wo gidnogidamume noyamky mexky4yocmi, 36inswyemscs Ha 55%,
a nepwa enacHa Yyacmoma 36inbwyemscsi Ha 18%. Kapmu po3nodiny HanpyxeHb eka3ytomb Ha bifibw pieHOMIipHe Ha-
8aHmMaxeHHs mamepiany 8 cmsikHil 6anyi 3 napaboniyHum rpogpinem. [JeghopmosaHuli cmaH cumogoeo Kopoba ma-
KOX 6yr10 3M00esIb08aHO 3 BUKOPUCMaHHSIM sik 6a308020, makK i 0IMuMi308aH020 CmsiXHUX 6arnoK. Pe3ynbmamu rnoka-
3yromb, WO 3miHa eeomempii 6anku npakmu4yHo He ernnueae Ha OUHaMidHi xapakmepucmuku Kkopoba. [lepwa enacHa
Yacmoma KoHCmpyKUii 3mMiHrembcs He3HaqyHo, modi ik KapmuHa Oeghopmauii ma makcumarnbHa amnnimyoa 3MiueHHs
3anuwaromscs NPakmu4yHo He3MmiHHUMU. Ompumani pe3ynbmamu nidmeepdxyoms nNepcreKkmusHicmb 3acmocy8aHHs
aHKepHux barok 3MiHHO20 repepisy 05 nidsuweHHs eHepaoeghekmusHocmi ma HadiliHocmi 8ibpayiliHUX MawuH.

Knro4yoei cnoea: sibpayilina mawuHa, 2poxom, HadiliHicmb, cmpykmypHa onmumidauis, HanpyxeHo-0eghopmosaHuli

cmaH, enacHi yacmomu, 8ibpocmitikicmb KOHCMPYKUiU.

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

7 Z o

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.

/ 2

4 J

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
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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-x?+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
05-1 2
b = 0,5 ) Dmin

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.

Baseline profile

l)l‘ﬂﬂx

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.

25



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

Teopis i npakmuka memanypeii, 2026, Ne 1
Theory and Practice of Metallurgy, 2026, No. 1

Baseline profile

\ {

ot

a)

b)

Parabolic profile

f

N

—

Figure 3 — Stress distribution maps: a — axial compression; b — bending at maximum acceleration.

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

it

Parameter Proflk_e - Deviation, %
baseline parabolic
Axial compressive force at the yield limit, kN 1830 770 -58
Transverse acceleration at the yield limit, m/s? 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-

a)

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%.

b)

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.
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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 1.9-1072 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.

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

Teopisi i npakmuka memanypeii, 2026, Ne 1
Theory and Practice of Metallurgy, 2026, No. 1

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.lt 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

AHomauisi. O0Hieto 3 0CHOBHUX npobnem npu supobHUUMei mpyb6 i3 Hikernesux criagie MemodoM eapsiHo20 rpecy-
BaHHS Ha 20pU3OHMasIbHUX 2i0pasriiqHUX fpecax € 8UCOKUU piseHb nosepxHesux Oeghekmig. Knoyosum YUHHUKOM ix
YMBOPEHHSI € 3MiHa memrepamypu 3a20moeKU MPOoMmsi20M yCb020 MEeXHOI02iYHo20 npouecy. Memotw pobomu e
8CcmaHo8 1eHHs1 3aKOHOMIipHOcmeU 3MiHU memnepamypu mpybHUX 3a20mO8OK i3 Hikereeux criiagie Ha OCHOBHUX ema-
nax eupobHuymea mpy6 Ha npecax i3 3ycunnsam 16,0 MH i 31,5 MH i3 sukopucmaHHsivM ckno3ma3ok. Memoduka. [o-
crnidxeHHs1 6a3yembCsi Ha CUCMEMHOMY aHarli3i MPOMUCII08020 MPOoYecy 2apsHoeo rnpecysaHHss mpyb6 3i crinagy 602CA.
Po3znsHymo ocHo8Hi emanu: mpaHcropmyeaHHs1 3a20mo8KU, HaHeCEeHHs CK/I03Ma3Ku, nodaya 0o rpeca, 8UMPUMKa 8
KoHmeliHepi ma npecysaHHs. [loemanHi empamu memnepamypu eu3Hadanu 3 6UKOPUCMAaHHSIM aHamimuyHux i
eMripuyHUX 3anexHocmel, ompuMaHuUx 3a pe3yfibmamamu mepmoepaghysaHHsi. Pesynbmamu. BcmaHoeneHo, wo
CyMapHe 3HUXEHHS memrepamypu 3a20moeokK rid Yyac OOMNOMiXHUX orepayili obepHeHo npornopyitiHe mMosuwuHi ix
cmiHok. Y Oiana3oHi mosuwjuH 40-120 mm i memnepamyp Haepigy 1050-1250 °C us 3anexHicmb € 61u3bkor 00
niHitiHoi. Haykoea Hoeu3Ha. Briepwe po3pobrieHo mMemoduKy pospaxyHKy memrepamypu 3a20MmO80K Ha OCHOBHUX
emanax ix nideomosku 0o npouecy npecysaHHs. [pakmuyHa 3Haqyuwjicmb. 3anporoHosaHull nioxid Ao3sosnsie
06rpyHmMosaHo obupamu CKI03MasKu 3 ypaxyeaHHsIM pearlbHUX memrepamypHUX yMos rfpouecy, ujo 3abeaneyye
nidsuwjeHHs sskocmi nogepxHi mpyo6, 3HUXEeHHS pisHs1 6paKy ma cKkopoyeHHs1 obcseie nodanblioi MexaHi4HOi 06pobKu.
Knro4oei cnoesa: 2apsde npecysaHHsi, Hikenesi crinasu, mpybHi 3aeomosku, mennosul 6anaHc, memnepamypHe rnore,
0X0/100XKeHHSI, CKrlo3mMasKa, 6e3wosHi mpybu
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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
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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 NO7080, N 06625, NO06626
N08825.
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Figure 1 — Temperature ranges of maximum
plasticity based on hot torsion test results
for alloys: 1 — KhN78T (Ni—Cr alloy with Ti);
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to AISI 321 / EN 1.4541); 4 — KhN70V; 5 —
KhN70Yu; 6 — KhN60OVT.

N
=]

n
£

n
S

-
(=

(= -}

&

W

0 .
1000 1050 1100 1150 1200 1250 1300
Temperature, °C

Turn before destruction (plasticity), n
~

Figure 3 — Temperature ranges of maximum
plasticity based on hot torsion test results for al-
loys: 1 — KhN45MKTYuB; 2 — 06Kh23N28MDT;
3 — KhN45MBTs; 4 — KhN4OMDTYu; 5-
KhN55MBTSs; 6 —03Kh20N32M3B.

29



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

Teopisi i npakmuka memanypeii, 2026, Ne 1
Theory and Practice of Metallurgy, 2026, No. 1

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, °C 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 1100420 Rolling of billets and sleeves

EG6800 1135-1170 Inside the sleeves, glass washers
EG6809 1085-1135 Inside the sleeves, glass washers (mix 6809 i 6800)
EG6826 1015-1085 Inside the sleeves, glass washers
1080-1180 Into the cone of billet
VP68/2900 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
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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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a

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 < (TO t AT) < Tmaxs (l)
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]; To is the
heating temperature in the heating device; AT 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 AT 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 AT 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-Cp,-AT =A-q 71, (2)
where m is the mass of the workpiece, kg; Cn is the
specific heat capacity of the alloy, in J/(kg-K); AT is
the change in the temperature of the workpiece, °C; A
is the cooling area of the workpiece, m?; g is the av-
erage heat flux from the surfaces of the workpiece,
W/m?; tis 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 t1 was calculated using the following con-
verted equation:

_ 36471

AT, = 22540, 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:

7,2°kgq-T

AT, = ——— 4
1 Cmey-t 4 ( )
dd
.= 1+0,6255'T
=—F
1+B

where y 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; | is the length of the
billet.
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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):

q = a- (T,-20), (5)

_ To \?
a=1451-(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 (acL) will be as follows:
1
AL = Tgp 1 )
AgL @«

where tg_ is the thickness of glass lubricant on the
surface of the workpieces after processing, m; AgL is
the specific thermal conductivity of glass lubricant,
W/(m-K) (for calculations, 1c.=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 (AT2)
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:

To—AT;

T, =024 -2 ®)

In equation (8), the value AT: is calculated using
equation (4).

Transporting the billet with glass lubricant to the
press.

At this stage, the temperature loss ATz 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
AT4 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:

g=a- (T, — AT, — AT, — AT;-400), 9)
a=2035 - (M)”, (10)

1000
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



glass lubricant layer will be 0.25 mm, the value of Ke

in equation (4) can be calculated using the equation:
_ Asm __ 0931000

Ko =30 = = —>o— ~ 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:

g = Ke-(T-400) (12)

To assess the effect of heat flow on the needle,

we used the average calorimetric temperature of the

system developed by A.l. Veynik (1975), which allows

the heating and cooling of any bodies in the system to

be considered independently of each other. In this
case:

Tg+w-Tj
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.

_ Mi-Cmg (14)

tkat =

" MgCmy'
where Mg, M; are the masses of the sleeve and nee-
dle, respectively; Cmg, Cmy are the heat capacities of
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the sleeve and needle, respectively.
If we assume that Cmg=Cmy, then

d?
bl = Ty — rrh (T, — 400). (15)
The specific heat flux on the needle will be:
d?
qi=k- (T, — tym) =k- D_;% (T, — 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:

1.15-
At ==

- (T, —400), 17

Sp
ne 1 — 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
Sp=1.15 S. Then:

At = < - (T, — 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
™ N o n
© o N ~ n — N — o) o) - -
N = Q < Q Q N < o o o o
Lo CID o o < n o o o o o o
3\ 3 — S o N — Vi Vi Vi Vi
o o o o

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
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

before pressing,

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.

Stages of cooling : At °C i
To, °C Wall thickness of the billet (t), mm
the sleeves

40 45 50 55 60 65 70
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
1200 4 6.0 5.4 4.9 4.5 4.2 3.9 3.6
5 37.0 33.2 30.0 27.5 25.3 235 21.8
TAt 96.9 86.5 78.3 71.6 65.7 61.1 56.8
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 14.6 134 12.4 11.6
1150 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
ZAt 87.8 79.1 71.7 65.4 60.0 55.7 51.9
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
1100 4 4.7 4.2 3.8 35 3.2 3.0 2.8
5 32.6 29.2 26.4 24.2 22.7 20.6 19.2
ZAt 80.3 71.9 64.9 59.4 55.1 50.6 47.1
1* 16.8 15.0 135 12.3 11.5 104 9.6
2 6.2 55 5.0 4.5 4.2 3.8 3.6
3 15.2 12.9 12.4 11.3 104 9.6 9.0
1050 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
ZAt 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.

At, °C I I
S=120 mm

100

80 : = S=70 mm

60

-—
-

P S=60 mm
-

40 = |
1050 1100 1150 1200 Tn, °C

Figure 6. Dependence of the change in sleeve
temperature At 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.




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

Teopisi i npakmuka memanypeii, 2026, Ne 1
Theory and Practice of Metallurgy, 2026, No. 1

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.
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Figure 7. External and internal surfaces and Science (Order of the Ministry of Education and Sci-
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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.

AHomauisi. Haykogo-mexHiyHa akmyaribHicmb 00CIOXKEeHHS1 101s52a€ y 8USHAYEHHI HarnpsiMie yOOCKOHaneHHs criocobie
8UKOpUCMAaHHSI KOPUCHUX griacmueocmeli 8MOPUHHUX pecypcie 3 Memoro iHmeHcudbikauii 0omeHHo20 npouecy, niosu-
WeHHs (1020 eHepaoetheKmusHOCMI ma 3HUXeHHsT 8UKUOi8 3abpyOHI08aibHUX peqyo8UH. BodHouac ekoHoMIYHa eghbek-
mugHicmb docs2aembCs 3@ PaxyHOK 3MEHWEHHSI aumpam Ha 3aKyriento nepeuHHOi CUPOBUHU ma CKoOpoYeHHs obcsizie
ymeopeHHsi 8ioxodis, Wo 8idnosidae cy4aCHUM KOHUENUisiM cmaso20 po38UMKY Ha wiisixy 00 «3efeHoi» memanypeii.
Mema OocnidxeHHs1. Haykoso - npakmu4He obrpyHmyeaHHs1 HarpsiMKie yOOCKOHaneHHs mexHomnoeii supobHuymea
yasyHy WIISIXOM 3aCmocCy8aHHsI KOPUCHUX griacmueocmeli 8MOPUHHUX pecypcie CUPOBUHU ma narnuea, siki Matoms me-
XHO2eHHe Noxo0XeHHs. CripsmoeaHa Ha MiOBUWEHHS PIiBHIO eHepaoegeKkmueHoCmi ma rosinuWeHHs Wiiakogozo pe-
JKUMY OOMEHHO20 MPOUECY, 3HUXEHHS MEXHO2EHHO020 HaBaHMaXXeHHs1 Ha QOBKIfsIsi MPOMUCII080 PO3BUHYMUX PE2iOHI8
YkpaiHu. [ns docsizHeHHs1 mocmaessieHoi Memu 8 0ociioeHHi 6yOymb gupilueHi HacmynHi meopemuKo-npPakmuyHi 3a-
80aHHsi: 1. [lposecmu aHani3 cy4acHoO20 cmaHy 8UKOpUCMaHHS 8MOPUHHUX pecypcie MiHepabHOI cCupo8UHU ma nanu-
8a 8 OomMeHHOMY 8UPOBOHUUMEI 8 yMO8ax C8iMo8uUX ma 8imYu3HAHUX MemarnypaitHux nidnpuemcms. 2. Jocnidumu cpi-
3UKO-XiMiYHI enacmueocmi Halbinbw nowupeHux sudie 8MOPUHHUX pecypcie (mexHo2eHHUX 8idxodie MemarlypailiHo2o
OXOOXEHHS: Nusy, wrnamie, oKanuHu, eupobHuuymea memarsypailiHo2o earnHa: Opib’a30K 3 arnapamie 2a3004UWEHHS
ma npodykmie mernogoi 06pobku 8i0x00ie pOCIUHHO20 MOXOAXKEHHs, WO € Oxepenamu niposyaneyro). B nodanbwo-
My — 8U3HaYEHHS CrieKmpy ix 8ip02idHO20 Mpu3HaYeHHs, 8nugy Ha ocobnusocmi ma rnokasHUKU OOMEHHO20 MPOUecCy,
a makox, obrpyHmysaHHs1 pauioHanbHuUx criocobig ix nideomosku ma sukopucmatHs. 3. ObrpyHmosamu pauyioHarnbHi
Yacmku 3amiweHHs1 8 OOMeHHOMY rpoueci mpaduyitiHoi cupoBUHU ma nanuea 8MOpPUHHUMU Mamepianamu, 8UKOpUC-
MaHHS IKUX He 3HU3UMb SKICMb YagyHy ma He nidsuwjums numomy eumpamy Kokcy. [locrioxeHo ix ennue Ha ¢hi3uko-
XimidHi ma menno-ea3o0uHamiyHi npouecu, wo 8idbusacmbCsl 8 xapakmepHUX 30Hax OOMEHHOI neui. 4. BusHayeHo
onmumarsibHi MexHosI02iuHi cxemu ma pekomeHoayii wodo criocobie 88edeHHsT ma pauioHasIbHUX MUMOMUX eumpam
iHHOBaUiliIHUX Mamepiarie Ha OCHO8I MexHO2eHHUX 8i0x00ie w0 3abe3rnevyamb MakcuMarbHUl pieeHb 8UKOPUCMAaHHS ix
KOPUCHUX eriacmusocmell 8 MamepiarnbHOMy ma mensogoMy banaHcax domeHHo20 ripoyecy. 5. OuiHumu mexHonoai-
YHi ma ekoroeidHi nepesaau 8id 8rposadxeHHss 8 OOMeHHUL Npouec MoHoMamepiany, cknad, ¢hisuko-ximidyHi ocobnu-
8ocmi ma crieKmp npu3HayeHHs1 SK020 POPMYHMbCS WIISIXOM MePMIYHOI 06pPObKU CyMilli MeXHO2eHHUX MPOMUCIO8UX
8i0x00i8 ma 8U3Ha4YeHO ix rnepcrnekmueHicmb siK 3aMiHHUKa 8i0rnosiOHoi yacmuHu nunosyeinsHoeo nanusa (MBl1) ma
rrocie. Memoou docnidxeHHs1. [Mpu nposedeHHi KOMMIEKCHO20 docnidkeHHs ByOymb 3acmocoeaHi HacmyrHi me-
modu: aHarni3 ma y3azanbHeHHs1 Mamepiarie HayKko8o-mexHi4HOI limepamypu ma nameHmHux 0xepers, y3200KeHHS iX
pe3ynbmamig y 8idrnogidHocmi 00 cydacHUX meHOeHUil ma Kpawux pe3dynbmamig npakmuku 8UKOPUCMaHHST 8MOPUH-
HUX pecypcig y oMeHHOMY 8upobHUYMEi; Qi3uKo-XiMiYHi MemoOdu aHari3dy - XiMmiyHul, mepmoepasiMmempuyHul Ons eu-
3Ha4yeHHs1 cknady, cmpyKkmypu, MemarlypailiHoi UiHHOCMI, 8ip02iOHO20 CreKmpy NPU3Ha4YeHHs ma peakyitiHoi 30amHo-
cmi BMOPUHHUX pecypcie Mamepiariie — 3aMiHHUKI8 3asi30py0HOI CUPOBUHU, KOKCY ma rnusnosyainbHozo nanusa (MBI1);
mepmoOuHaMiyHe npo2Ho3ysaHHs i KiHemuyHe mModerntoeaHHs ocobriueocmetli nosediHku AOcmiOHUX Mamepiarnie emo-
PUHHO20 MOXOOXEHHSI 8 yM0o8ax iX mepMiyHOi 06pobKu O ouiHo8aHHs ernnusy ix enacmueocmel Ha repebie hisuko-
XiMi4HUX rpouecie i nepemeopeHb Ha mennosuli ma 2a3o0uHamiyHUl pexxum OOMEHHOI nedi. [Jo odikysaHux pe3yrsib-
mamie 8UKOHaHHs1 0ocidXeHHs1 OoUinbHO 8IGHeCMU, MakoxX: po3pobKy Haykogo o0brpyHmosaHux pekoMeHoauit uj,000
egheKmueHoO20 8UKOPUCMaHHSA 8 OOMEHHOMY 8UPOBOHUUMSI KOpUCHUX enacmueocmel 8uxiOHUX rnomeHuianie 8mopuH-
HUX pecypcie cUpO8UHU ma fnanuea; 8CMaHOB/IeHHS KiflbKICHUX Crig8iOHOWEHb W0d0 pauioHannbHUX PieHi8 3aMilieHHsT
mpaduyitiHux Mamepiarsnie rnanuea ma cupo8UHU 8MOPUHHUMU, 6e3 3HUXEeHHST MPoOyKmueHOCMI rneyi ma sKkocmi Jyasy-
Hy Mpu 3MeHwWeHi numomux eumpam earnHa ma [1B[1; po3pobrneHHs crnocoby enpogadXeHHsI KOMIMIEKCHOI mexHooaiy-
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HoI' cxemu ni02omoeKu, mepmidHoi 06pobku AocriOHUX cymiwel Ha OCHO8I KOMIMOHEeHMI8 MiHepanbHOI cCUposuUHU ma
rnanuea 3 HaCmMynHUM 8UKOPUCMAaHHAM iHHo8auiliHo2o npodykmy ymosax 0oMeHHO20 8upobHuymea YasyHy. Haykoea
Hosu3Ha pobomu. Briepwe, cucmeMHo, Ha OCHO8i pe3yribmamig aHanimuko — NPakmu4Ho20 OOCTIOXEHHS 0bIpyHMo-
8aHo, anpobosaHo Ha guCOKomemMrepamypHUX MoOessiX, 8 ymosax HabnuxeHux 0o peasbHUX ma rnidmeepdxXeHo eHe-
p2emuy4HO-CUpPOBUHHa etheKmusHicmb 8upobHUYmMea ma uKkopucmaHHs 8 OOMEHHOMY rMpoyeci OBOKOMMOHEHMHOZ0
MOHOMamepiany Ha OCHo8i ducriepcHUX 8idxodie 8upobHuUYymMea earnHa ma mamepiasnie — 8i0x00ie pOCIUHHO20 MOXO-
OXXEHHS, W0 OMPUMYEMbCS WIISXOM peanizauii echbekmy ix niposnidy 8 ymosax cymicHoi mepmiyHOi 06pobku wapy euxi-
OHOI cymiwi, wjo nepecunaemscsi mepmidHoI, 8 noxuniti obepmoeiti neyvi 6apabaHHo2o mury. BukopucmaHo enepwe
pauioHanbHUl 3a sumpamor pecypcie ma egekmusHuli 3a pesynbmamamu nidxid 0ns ouiHo8aHHs eghekmusHocmi
3acmocysaHHs1 Mamepiarie Ha OCHO8i BMOPUHHUX pecypcie Memarlyp2iliHo20 ma POCITUHHO20 NMOXOOXEHHS, wo b6a3y-
€MbCA Ha iHMezaposaHoOMy MoeGHaHHI pe3yrbmamie mepMoOUHaMIYHO20 MPOoeHO3Yy, hidudHo20 MOOes8aHHs ma 3
ypaxysaHHsIM 0510)KeHb ekcepailiHoi Memodornoaii OUiHKU eHepaoeghekmusHocmi 06’ekmig docnidxeHHsi. Po3pobiieHo
MemoduyHi ocHo8U 01151 suUbOPY paujioHanbHUX CXeM 88e0eHHsI KOMIIIEKCHUX Mamepiarie Ha OCHO8i 8MOPUHHUX Mame-
piarnie y doMeHHy wuxmy ma & rnomoui nogimpsiHoeo dymmsi 0ns cmabinizayjii 2a300uHaMidHUX yMO8 8 wapi wuxmu,
iHmeHcuikauyii npouecie 8iOHOBMEHHSI NMPuU 3HUWXEHHI MUMOMOI 8umpamu KOKCYy Ha MOHHY pidko2o 4YagyHy. BuseneHo
3aKoHoMipHocmi ennusy cknady ma OucrepcHOCMi 8MOPUHHUX pecypcie Ha ea3o0uHamidHi ma mennosi napamempu
OoMeHHOI rnasku, wo 00380719€ Nid8ULLUMU MOYHICMb MPO2HO3y8aHHs1 Xo0y rneyi. [JoeeOeHo, w0 3acmocye8aHHs1 Ma-
mepianie Ha OCHO8i 8MOPUHHUX pecypcie MiHepanbHOi cupo8UHU ma nanuea 30amHe 3abesnequmu egekmu nidsu-
WEeHHs1 eHepeoeghekmusHoCcMi 8UPOBHUUMEa YagyHy ma 3HUXEHHST eKOJI02i4HO20 HagaHMaXXeHHs1 Ha 008Kirs, Wo 8i-
dnoeidae sumozam cmasoz2o po3gUMKY ma KOHUenuii «3eneHoi memarypeii».

Knroyoei cnoea: 4asyH, 8mopuHHi Mamepiarnu, pauioHarnbHi CXemu, YOpHe 8arlHo, rnasueo, 80ye8aHHs, nuosyainbHe

nanueo, npupodHull eas.

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

39



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

Teopisi i npakmuka memanypeii, 2026, Ne 1
Theory and Practice of Metallurgy, 2026, No. 1

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, H,) 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
CO, 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 PCF (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 CO,, SOx, NOx emissions with/without the
use of PCF 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
PBC) 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-
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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
PCF 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



material are formed. And a change in gas composi-
tion, which provides a change in the growth of the
value of the H,/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 (aO2 < 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
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as a substitute for coke or anthracite, as well as ener-
gy as a fuel, ecology as a sorbent, CO, 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 Reducing Agent/Fuel, Synthetic Materials for Metallurgy
(fuel/reducing agent)

7 Process atmosphere 0o2= 0,7+0,9 (insufficient do2 = 0,3 +0,85- regulated by the type, conditions of the
oxygen supply) 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
(a02), 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
DMetl 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)?/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, H20), uniform reduction of Fe,O; — 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, 20, 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 R20 in
the slag/gas circuit, refractory furnace lining. and
their substitutes. The total content of R20
(Na,O+K,0) should be, according to [7], limited to 2—
3 kgt 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
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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 & 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



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 (SiO;), (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: SiO, < 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
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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
fuellreducing 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 N,, 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/CO, and
H,/H,O 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 (SiO,, Al,O3,
Fe,03, 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-
guires 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 CO, and dust compared to the use of natural
gas; substantiation of the feasibility of combined injec-
tion (PCF + NG + H,) 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
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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
PCF (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 + H,) 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 CO,
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

Conseqguence

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 H, in the gas
phase

Increasing the regenerative capacity of
the gas flow

3 Increase in the temperature of Growth of temperature gradients in the | Intensification of heat exchange, im-
the torch in the combustion zone | lance zone provement of charge melting
4 Increase in slag mass from PVP | Change in the composition and viscos- | Improvement of cast iron desulfuriza-

ity of slag

tion conditions in slag optimization

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

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

cess of PCF

6 Increasing the proportion of Intensification of FeO Reduction in Reduction of specific consumption of
carbon potential in the furnace Slag and Iron Ore Material coke, fuel economy

7 Increasing the amount of solid Intensification of CO generation, in- Increasing the recovery capacity of the

carbon in the combustion zone

crease in combustion temperature

gas flow, improving the reduction of
FeO

8 Reducing the volume of gases
entering the furnace

Change in gas dynamics, decrease in
N, 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 O,.=1200 °C and en-
richment O,. Marginal modes of use of H, 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 H,/t of pig iron (~ 80 +
220 nm?/t of pig iron). The equivalent of coke substitu-
tion is approximately 1.9 kg of PCF per 1 kg of H..
From an industrial perspective, the injection of heated
H, in the test blast furnaces demonstrated a 33—-43%
reduction in CO, 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 hecessary 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%);

- 2(Na,O+K,0) — 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-
qguirements 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 pm) 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 CO, emissions
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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 CO, 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 CO, emissions. The
reduction in emissions is achieved by reducing the
production of coke. In total, this gives a noticeable re-
duction in CO./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 CO, 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 ym (average diameter 30-40
Hm);
- humidity: < 1.0 %;

- ash content: <10 %);



- 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 PCF, NG,
H,, 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, H, / pyro-
biocarbon. It is determined by the substitution coeffi-
cient of each material introduced into the furnace [21].

2. Reduction of specific CO, emissions
(kg CO, / t pig iron % of baseline values) as the total
result of the reduction of carbon burned due to its re-
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placement with H, or pyro-biocarbon [24]. At the
same time, part of the hydrogen — H,O, which re-
duces specific CO, emissions.

3. The introduction of H, 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 Hy, it is necessary to reduce technological
and operational risks due to the preliminary heating of
H./NG before the introduction of H,/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 H, [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 — PCl — 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 (CO, H,)
lization

Increases, which has a positive effect on the level and time of metal-

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

]

Blow consumption

Increases due to additional oxygen supply

7 Total heat of the process

It can decrease — partially compensated by an increase in the O,
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:

- PCF consumption: 150-180 kgft;

- 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,
a02);

- 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 Crushed coal (anthracite or | Secondary resource with fuel and
coking other types of thermal coal reducing agent properties obtained
by biomass pyrolysis (wood, agricul-
tural waste, lignin)
Filing form Solid lumpy patrticles of Dusty, blown through the The device is blown through the

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

lance of the device in the
flow of carrier gas (air blast)

lance by analogy with the introduc-
tion of PCF into the blast furnace

Upper calorific value 28+30 25+28 20-25 MJ/kg (depending on biomass

(HHV), MJ/kg 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 CO,
(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

CO, emissions from 94+96 92+94 15-20 (neutral balance, because
combustion, kg/GJ CO; is of biogenic origin)

Coke substitution ef- — 0,8+0,9 kg of coke per 1kg 0,6-0,8 kg of coke per 1 kg of pyro-
fect, kg/t of pig iron PCI biocarbon

Optimal consumption, | 350+450 120+200 According to some data, 40+120;

kg/t of pig iron

clarified by further research

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

Basic level (2200+2300
OC)

Decrease (by 50+100 °C)

Decrease (by 50 - 100°C) - requires
an increase in O,

Gas permeability of High Virtually unchanged May decrease with excess specific

the charge flow rate

Impact on the quality | Stable Stable or slightly higher due | Improves due to less sulfur and ash

of cast iron to purity

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 0,05+0.1 % 0,03+0,08 % <0.02 %

(P)

Impact on the quality Basic level Slight decrease Si P Significant decrease S i P

of castiron (S, P, Si)

Equivalent of
replacing coke

1 kr 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 kr
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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,
H20, NO2) and higher reactivity as a
reducing agent

Environmental
assessment

High values of CO, emis-
sions and environmentally
harmful gases

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

Minimal CO, emissions, renewable
resource. Reduction of CO; by
40+60%; SOx < 0, 07.

OcHoBHa nepesara

CT1abinbHicTb BNacTMBOC-
Ten i MiUHiCcTb

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, CO, emis-
sions, exhaustive source

Requires blowing system,
combustion control

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

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 CO, 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 H, 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; H, injection allows you to reduce
the carbon fraction, but requires optimization of
O,/Tsuv for RAFT).

- performance: +2+8% depending on gas perme-
ability limits and maintaining a rational thermal level -
O, 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 + H, 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 O,, a sufficiently high TDV. and
heating of gases injected into the blast furnace . .
with a consistent, phased increase in the flow rate H,
and a corresponding correction of PVP/O+, 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 CO,, CO, NOx, SO« 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 CO,
emissions due to partial substitution, artificially creat-
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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 ao2 = 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.

L

Fig. 1 — The appearance of "black lime" after carrying out
compatible pyrolysis of components in the conditions of
the spilled layer at temperature Tmax =1150°C, ao2= 0,85.



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 ym-5-30 %; 10-63 pym - 30-60 %;
63-125 pm-10-30 %; 125-250 um-5-15 9%;
>250 ym - 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 — CaCO03);

- 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
— CaO0); 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].
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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
CaOlt 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
CO, 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
CaoO 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.

o1



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

Teopisi i npakmuka memanypeii, 2026, Ne 1
Theory and Practice of Metallurgy, 2026, No. 1

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 SiO; 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.

Axomauis. [ocnioxeHo kopogiliHy cmilikicms ¢pepocurnidie cucmemu Fe-Si-Cr-Ni-Mo-Mn y koHueHmposawil cip4aHil
Kucriomi e Oiana3oHi memnepamyp 25-200°C. BukoHaHO po3paxyHOK weudKocmi KOpo3ii Ha OCHO8I efieKmpOoXiMiYHUX
napamempie i3 sukopucmaHHsiM modernell nacusauii ma memnepamypHoi 3anexHocmi murny Appediyca. 1idmeepdxe-
HO, W0 OCHOBHUM ¢hakmopoM, sIKUl eusHadyae KOpo3iliHy cmilikicmb, € emicm KpeMHito. [Toka3aHo icCHy8aHHs Kpumuy-
Ho20 riopoay emicmy Si, npu docsigHeHHI K020 hopMmyembcs cyyinbHa nacueHa rsieka SiO,, wo 3abe3neyye 3HUXEH-
Hs weudkocmi koposii Ha 1-2 nopsdku. BudineHo xapakmepHi memnepamypHi obracmi Kopo3itiHo2o rpoyecy: cmabi-
nbHa nacusayisi (25-80°C), nepexioHuli pexum (80-150°C) ma deepadaujisi nacusHozo cmaHy (150-200°C). Noka3saHo,
wo Cri Mo y cknadi gpepocunidy nidsuwyroms cmabinbHicmb MacugHo20 cmaHy, 0cobugo fpu 8UCOKUX memrepamy-
pax cipyaHoi kucriomu, modi sik Ni ernniueae nepesaxHo Ha efleKmpoximidHi xapakmepucmuku, a Mn 3Huxye egpekmus-
Hicmb nacusauji. EgpekmusHicmb 8eedeHHs1 xpomy Ao cknady ¢hepocusidy 3pocmae npornopuitiHo emicmy Si, Moni6deH
cmabinisye nacusaujito npu memnepamypax kucrnomu suuje 150°C i 3HUXye weudKicmb 510KasibHOI KOpOo3ii, Hikerb He €
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8u3HayYasibHUM (baKmopoM fpu B8UCOKUX memrepamypax Kucromu. BusHadeHo ennue ekcrinyamauitiHux ghakmopie
(mypbyneHmHicmb, epo3is, OoMilKu) Ha weudKicmb Kopo3il. Po3paxoeaHi ouikysaHi weudkocmi koposii 0515 docnioxy-
8aHUX crisiasie y cipyaHili Kucrnomi 3 epaxysaHHsIM yMO8 npomucsiogoi exkcrilyamauii. OmpumaHi ekcriepumeHmarbHi
OaHi Moxymb 6ymu sukopucmani 01151 po3pobKu HoBUX KOPO3iliIHOCMIUKUX Mamepianie i onmumidauii ckrnady ¢ghepocurii-
Oie Ansi pobomu y sucoKkomemrepamypHUX agpecusHUX cepedosullyax KOHUEeHmMpPOo8aHOI cipyaHoi Kucriomu.

Knroyoei cnoea: chepocunidu; kopositiHa cmilikicms, cipyaHa Kucroma;, nacusauis; 0ioKcud KpeMHito; enekmpoximiyHa
KOpO3isi; sUCOKomeMrepamypHa Kopo3sis; fieeysarbHi efleMeHmu.

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

Fe-5i Binary System

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 FesSi intermetallic
phase forms, and a Si content in the alloy exceeding
15% defines a region where a mixture of iron and
FesSi 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, FesSi, and FesSis (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 SiO-.
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Fig. 1. Fe-Si phase diagram at 1 atm from Numakura and Tsugawa (1972).

A mixture of FeSi, FesSi, and FesSis 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: FesSi
(with an optimal Fe/Si ratio) promotes the formation of

a passivation film (SiOz + Fe oxides), FesSis promotes
the formation of amorphous SiOz, and FeSi promotes
less stable passivation. The formation of SiO2, which
is poorly soluble in H2SOa, 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 — Fe?* + 2e (D)
followed by oxidation
Fe?* — Fed* + 2e- 2
cathodic reactions in acidic media
2H* + 2 — H21 (3)
Corrosion reaction upon contact with acid
Fe + H2SO4 — FeSO4 + H2t (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 (SiO,) during its
oxidation

Si + 2H20 — SiO2 + 4H* + 4e (5)
or films of hydrated silicon dioxide
Si + 2H20 — SiO2z - nH20 + 2H21 (6)

chemically inert in H2SOa, 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 Fe;Si intermetallic
compound may be partially suppressed. In this case,
part of the Si will remain in the solid solution (in a-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
H2S04 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
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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 H2SQOas) increases
due to the formation of a SiOz 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 FesSi 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 FesC 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-SiO: 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 (a-Fe) and in
FesSi intermetallic compounds, contributing to the
stabilization of the solid solution, which in turn
ensures the presence of Si in supersaturated a-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 (MoSi, and FeMoSi,, respectively), but at
concentrations up to 1% Mo in alloys with <15% Si,
these compounds will promote the formation of fine



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
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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%
H,SO,) acid, it is considered advisable to use high-
nickel alloys with a content of 250-60% Ni, 12-17%
Mo, and 14-16% Cr (equivalent to Hastelloy C-276 /
Alloy C-276) (Table 1).

Table 1 - Chemical composition of selected H,SO,-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 | =<1 345 <2.5 | C<0.01%,
others Ni
Hastelloy C-22 56 20-22.5 | 12.5-145 | 2-6 - <0.08 | <0.5 25-3.5 | £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 <1 <0.5 - bal - 13-15 | 0.5 - - Hard Fe-Si
~14%Si phases, brittle
(ferrosilide)

*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 H2S04; 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
HCI, 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 SiO, surface passivation effect, and according
to [9], the corrosion rate does not exceed 0.01
mml/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 H2SOa4, 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
SiO, 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 FesSi, applied to the surfaces of
AlSI420 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 FesSi 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
FesSi 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: a-Fe, FesSi, n-FesSis, and
e-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
H,SO, (at a concentration of 17.7 kmol/m?) 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-Il 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.

Ne Conditional Contents, %

alloy | marking Fe Mn Si Cr Ni Mo
1 FS17Cr4 75.78 1.82 17.7 3.9 0.21 0.04
2 FS19Cr3NM 72.01 2.57 18.97 3.69 1.47 1.08
3 FS24Cr6N2M 64.94 1.46 23.99 6.37 1.74 1.23
4 FS27Cr6NM 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 FS25Cr6NM 66.1 1.32 24.3 6.1 1.62 1.1
7 FS16Cr6N2M 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 — Fe20s (outer layer); Ni — NiO (in
the presence of Ni, it reacts with Fe203); Cr — Cr20s;
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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;



- 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 SiO:2 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 um:

x? = ke - t, where kp is the parabolic rate constant
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(um?#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.
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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 ym, 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 a-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 pym. If the
thickness exceeds 10 pm, 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 SiO.. 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 SiO:. Direct-
ly on the metal is a dense SiO: film, and on the out-
side is a thin layer of iron chromites (FeCr20a4) or
chromium oxide (Cr203), 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 + kerCr + kmoMo + kniNi ©)
ker, kmo Ta kni - empirical equivalents adapted for SiO,
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 +
Cr203 in concentrated H2SOa, 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 FesSi
and FesSiz 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 SiO, 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 SiO, 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-Ka 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 Egen to E;, where
Egen = -2.00 V; E; = 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/cm?) 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]

Veorr = (3,2710_3 . icorr' EW)/p (9)
calculated the corrosion rate, mm/year, of the
experimental alloys (Table 2) taking into account
operation in “passive” (immersion in 98% H2S04) and
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“industrial” (turbulent flows of 98% H2SOa, erosion)
modes, with consideration of the stabilizing effect of
Cr and Mo. In equation (9): EW - equivalent weight of
the alloy, g/eq; p - density of the alloy, g/cm?.

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 SiO, film layer forms; and
when the Si content increases to 24% or higher, a
continuous protective SiO, 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 SiO, passive fiim forms,
which reduces the corrosion rate by 1-2 orders of
magnitude.
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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% Fe,.g;Sig.99; 35.2% FesSi; and Fe 82.3%; Si 17.7%; b) 87.8% Fed4MnSis; 12.2% Feo.91Sio.00 and Fe

65.7%; Si 21.0%; Mn 13.3%; c) 84.2% FesSi; 10.0% AI5Mo; 5.8% Fe and Fe 77.9%; Si 12.1%; Al 5.9%; Mo 4.2%; d) 90.7%

Feo0.01Si0.00; 6.7% Mn3.28Ni1.01Sio.71; 2.5% FesC and Fe 88.8%; Si 4.8%; Mn 4.7%; Ni 1.5%; C 0.2%, respectively.
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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 H,O 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 SiO, film, as well as the formation
of FesSi and FesSiz, are key factors in ensuring the
enhanced corrosion resistance of ferrosilicides in hot
concentrated H2SOa4. 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 (Fe;Si). 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 Cr,03, 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 SiO, +
Cr,0O3 in concentrated H2SOa4, 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-0O 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, tga, pl) 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.

AHomauisi. Y pobomi po3ensiHymo mepmoOuHaMidHi ma ¢hi3uko-ximiyHi 3akoHomipHocmi nosediHku gpocghopy 6 baza-
moKoMrnoHeHmMHux cucmemax Fe—Cr—P, Fe—Cr, Fe—P, Cr—P ma Fe—Cr—P-0 npu sukopucmaHHi XpoMO8MICHOI mexHO-
2EHHOI CUPOBUHU, 30Kpema HeKoHOuuitiHux pyo i ei0xodie wkKipsiHOI mpomucniosocmi. [lposedeHo aHarni3 cy4yacHo20
cmaHy CupOBUHHOI 6asu xpomy 8 YkpaiHi ma obrpyHmosaHoO OOUiNbHICMb 3a5y4YeHHsI arnbmepHamusHUX Oxepesn Xpo-
MOBMICHOI CUPOBUHU. Y3azarnbHeHo niimepamypHi OaHi uj000 ¢hazosux pieHosae, mepmModuHamiyHUX enacmusocmedl i
ocobriusocmeli ymeopeHHs1 ¢hociOHUX ma okcudHo-¢hocchamHux ¢ha3 y 3a3HauyeHux cucmemax. BcmaHoeneHo, wjo
OCHOBHOIO PObIEMOI0 BUKOPUCMAHHSI MEXHO2EHHOI CupOo8UHU € nidsuujeHuli emicm ¢pocgopy, AKul He2amueHO
erniusae Ha enacmusocmi memary. [loka3aHo, w0 meepooghasHe 8iOHOBIIEHHS CIMBOPIOE CripusmMIIuei ymosu Or1si Ke-
pysaHHs1 po3rodinom ¢hocchopy MiXX Memarnego ma wakoeow ¢hazamu. BusHayeHo ernnue memnepamypu, cknady
wuxmu ma MixxamoMHoI 83aemMo0ii Ha cmabinbHicmb hochiOHUX ¢ha3 i egpekmusHicmb deghocghopauii. Ocobnugy ysa-
2y npudineHo porsi Ma2HimHO20 cmaHy 3aii3a ma yMosaM ymeopeHHsI meepOux po34uHie i iHmepmemanioie y cucmemi
Fe—Cr—P. Ompumati pe3ynbmamu mMoxymbs 6ymu sukopucmani 0rsi po3pobku eHepaoeghekmusHUX mexHosnoeill ne-
pPepPOobKU XpoMoBMICHUX 8i0Xx00i8 i HEKOHOUUIUHUX pyd 3 MEMOK 3HUXEHHS IMIMoOPMo3anexHocmi ma niod8uUWeHHsI eKo-
noeidHoi 6esneku memanypeiliHozo supobHuuymea. Memoro po6omu € OocrniOxeHHs mepmModuHaMiYHUX | ¢bi3uKo-
XiMidHUX 3aKoHoMipHocmel nosediHKu ¢hocghopy 8 cucmemax Fe—Cr—P, Fe—Cr, Fe—P, Cr—P ma Fe—Cr—P-O nipu 8uko-
pucmaHHi KOMIIEKCHOI XpOMOBMICHOI CUPOBUHU (HEKOHOUUItHUX pyd | 8i0x00i8 WKIPSHOI MPOMUC/IO80CMI), @ MaKoX
06rpyHmMy8aHHs1 MOX/1U80OCMI KepogaHo20 8udaneHHs1 hocchopy 3 Memoro Nid8UEHHS SKOCMi ompuMaHuUx memarie i
crnasis. Memoduka docnidxeHHs: [IposedeHo cucmeMHull aHari3 HayKo8o-mexHiYHoI nimepamypu wodo gha3osux
pigHo8az i mepmoduHamiyHUX enacmusocmel cucmem Fe—Cr—P, Fe—Cr, Fe—P, Cr-P, Fe-Cr—P-0. 3acmocosaHo me-
mod oyugpysaHHs epachiyHUx daHux (Giazpam cmaHy, 3anexHocmedl) Orsi popmyeaHHs1 perpe3eHmamueHuUx eubipok.
BukoHaHo aHani3 mixkamomHoi 83aemMo0ii Ha OCHO8I KOHUEenuii cripsiMo8aHo20 XiMiYHO20 383Ky 3 8UKOPUCMAaHHSM Mna-
pamempie (ZY, d, tga, pl). MpoeedeHo nopigHsANbHUL aHarnia ennugy memepamypu, cknady Wuxmu ma ei0Hoeoearb-
HO20 cepedosuwa Ha po3nodin ghocghopy Mix ¢hasamu. Haykoea HoeusHa: BcmaHO8/MeHO 83aEMO38’I30K Mix rnapa-
mempamu MixamomHoi 83aemodii (ZY, d, tga, pl) ma mepmoduHamiyHoro cmabinbHicmio pochidHux has. MpakmuyHa
3Hayumicmb: ObrpyHmosaHo AouyinbHiCMb 8UKOPUCMaHHS 8i0x00ie WKIpSHOI MpoMUCIo8oCMi K arbmepHamueHo20
Oxeperna xpomy 0151 memarnypeil. 3anpornoHosaHo nidxodu 00 3HUXeHHSI emicmy ¢hocghopy npu nepepobui KoMrieKc-
HOI cuposuHU, w0 do3eorsie nidsuwumu sikicms cmarsi i oepocnnasie. BudHayeHo onmumarnbsHi memnepamypHi ma
mepmoOuHamidHi ymosu 0nsi peanizauii npouecie deghocghopauyii. Peaynsmamu mMoxymbs 6ymu eukopucmaHi rnpu pos-
pobui eHepeoeghekmuBHUX mexHosoeili meepdoghasHO20 8iOHOBMEHHSI ma peyukriHey eidxodie. Cripusie 3MEHWEeHHIO
iMnopmo3sanex+Hocmi YkpaiHu wo0o XpoMOBMICHOI cUpO8UHU ma Mid8UUEHHIO eKorloeiyHOI be3neku supobHuuymea.
Knroyoei cnoea: peyukniHe 8idxodie, WKipsiHa MpoMuc/iosicmb, XpoMoeMicHa cuposuHa, cucmema Fe—Cr—P-0, mep-
MOOUHaMiYHe MOOerir8aHHs, hepoxpom, ymurizauis Xpomy, ¢ha3o8i mepemeopeHHs.

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-
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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 Cr20s (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 230-35 %
Cr203. 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



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 (Fe,O; — Fe;0, — 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 (Hz, CO or carbon agents), particle
size, and charge porosity [13]. For chromium oxides
(Cr203 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 Cr,03
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-0 [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.
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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-0, 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 Fe;P and (Fe,Cr);P 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 a-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 Cr,O3 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 (AH) 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 tga, which describes
the gradient of change in the radius of the ion from its
charge (Fig. 1).
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Figure 1 — Dependence of the standard enthalpy of formation (AH) of an alloy of the Fe-P system
according to data [28] on the parameter of the interatomic interaction tg(a).

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 tga parameter almost
completely reproduces the course of the curves de-
scribed by the authors [28]. Similar trends and de-
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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



tga 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-
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mum content, which testifies in favor of the formation
of strong interatomic bonds with the partner, in partic-
ular iron.
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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 prereg-
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-0O 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.

Anomauis. CyyacHi mexHonoeii nompebyroms cyyacHux mamepiaris, siki 8idrnosidaroms iXHiM ymoeaM, He3anexHo g8id
ymoe ekcrinyamauii. Criiagu 3 8UCOKOK eHMPOITEr MOXymb 3amiHumu mpaduuiliHi Mamepianu, npayrsamu nid yoa-
pamu, QUHaMIYHUMU HagaHMaxeHHsIMU, nidsuweHuUMu memrnepamypamu mowo. Li crnasu eukopucmosytomscs Ons
8U20MOBIIEHHS IHCMpYyMeHmis, ¢hopM, wmamnis, numms y demarnsix, wo nompebyroms 8ucokoi MiyuHocmi, cmilikocmi
00 OKUCHEHHSI ma 3HoWwyeaHHs, @ MakoX MOXymb 3acmocosysamucs 8 cepedosuwjax 3 8UCOKUMU napamempamu
cmitikocmi 0o Kopog3ii (caHmexHika, MOPCbKi yMO8U), ¥y a2pecusHUX ymosax ma 6 XiMiyHil npomucriosocmi. Crnasu 3
8UCOKOK eHmporiieto docums f1e2ko ocnidxysamu ma KOHmposoeamu, i ix MoXHa ompumMamu mumu X memodamu,
wo U mpaduyiliHi crinasu, makumMu siK: TUMMS, WeudKe 3a2apmyeaHHs Mi1agoM, pO3IUNeHHS Mi1ieKuU, efleKmpornis i me-
XaHiyHe neayeaHHs. Enekmpownakoee nepennasneHHs (ESD) Moxe 3Ha4yHO nokpawumu yucmomy, Cmpykmypy 3aza-
pmyeaHHs ma rnornepeyHi MexaHiyHi enacmusocmi cmani. O0Hak 3pocmarodi suMoau 00 MexaHiYHUX eracmueocmel
cmarnii crioHykaromb mMemariypaie 0oknadamu binbwe 3ycurb 071 yCyHeHHs1 0eghekmie cmarnesux MiKpocmpyKmyp, ma-
Kux sik ycadka ma cezpezauisi. [loeOHaHHS mexHosoaii HanpsiMIeHoi Kpucmanizauii 3 mexHosI0z2ielo eflieKmpowiakoeo-
20 nepennasy egheKmuUsHO ycysae Makpocezpe2auito 8 JIUMoMy 3[IUMKY Yepe3 He2iuboKy 8aHHy 3 po3riasieHuUM Me-
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marsoM, KOHMpPOIIbo8aHy HanpsIMIIEHO Kpucmanizayieto. lidsuweHHss MiyHocmi crinasie MoxHa docsizmu abo wins-
XOM rieaygaHHsi meepdoe0 po34yuHy (eremeHmis y Mixeysnax), abo wisixom isonauii gpaz sameepdiHHA abo wmy4yHo20
88edeHHs1 MikpodacmuHok. ®a3u 3ameepdiHHA (kapbidu, Himpudu, kapboHimpudu, iHmepmemarnu) Moxyms 6ymu eH-
doeeHHUMU (ymeopeHUMU 3 erleMeHmis, 88e0eHUX y po3rias y piokoMy cmaHi abo nid Jac (io2o 3ameepdiHHA ma rno-
Oarnblwozo 0xor00xeHHs)) abo ek302eHHUMU (3a3suyall 8800siMbCs 8 po3riiag besnocepedHbOo neped MoYamKkoM Kpu-
cmarnizauji, a makox criocmepieaemscs 36inbWeHHs po3mMipy ma rnozipweHHs po3nodiny a3 meepOiHHS.

Knro4oei crnioea: crinasu 3 8UCOKOKO eHMPOi€eto, MiyHicmb, ¢ha3u 3a2apmyeaHHs, reperiaska eekmpouwsnaky.

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
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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



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
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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/icm2, 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 pym?
with an increase of 3.53%. From the edge to the
Ya 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 300°C. 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 H13 4).(5MFlC

Min. Max. Min. Max.
C 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
VvV 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
P - 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.

. UNS T30402 Type D2 X12MF

Chemical element, % Min. NMax Nin. Nax.
C 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
\% 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
P - 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
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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
Tiand 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



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

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

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 crease in the size and deterioration of the distribu-
the start of crystallization, and there is also an in- tion of hardening phases. phases is 30-70% mass.
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