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OnepskaHHsA KOHLIEHTPATY XpoMy 3 npec-QiibTPauiiHOT0 3aJIMIIKY 32

JA0MOMOT 0K TEPMIYHOI 00POOKHU
Semiriagin S.V., Smirnov 0.M., Skorobagatko Yu.P., Semenko A.Yu.

Production of chromium concentrate from press-filtration residue by

means of heat treatment

BupobHuuymeo wkipsiHux eupobie € 8axugoto ay33to MpoMUCI080CMI, WO CYrPO8OOXYEMbCS YMBOPEHHAM 3HaYHUX
obcseis 8idxodis, 30kpema meepdoi hpaKuii, Ka 8KIHOHYaE 3anuliKu, Wo MiCmsame XpomMosi crionyku. Teepdi 3anuwku
8upobHuUuUMea WKipu, Wo Micmsimb XpOM, € YiHHUM Oxepesiom Orisi 00epxaHHsT XpPOMOBUX Crifiasie, 30Kpema crijiasie Ha
OCHO8I XpOoMy, SIKi BUKOPUCMOBYIOMbCSI 8 Memaiypeii, a maKkoxX 8 pi3HUX 2ary3six O CMEOPEeHHsI Hepxasitouux cmarnel
ma Kopo3itiHocmilikux mamepiarnie. Mema pobomu ronsizae 6 iHmezpauii npoyecy nepepobku npomucriosux 8idxodig y
8UpobHUUMEO, Wo 003801UMb 3HU3UMU HE MINbKU eKoo2iyHul crid, a makox 00HOYacHO Ccmeoproeamu Mamepianu 3
8UCOKUMU MeXHOo2iYHUMU eriacmugocmsmu 01si n1odasnbuio20 8UKOPUCMAaHHS 8 pisHux 2any3six. Memoduka supob-
Huymea crisiasie Xxpomy 3 meepd020 3anulKy supobHUUmMea wWkKipsHux supobie € cknadHum i bazamocmyneHeguM fpo-
uecom, wo eKrroyae nid2omosky, mepmiyHy o6pobKy, 8iOHOBMEHHSI XPOMY, 8U20MOBIIEHHSI Crislagie ma ymuriisauiio 8io-
xo0ig. B pe3ynbmami makoeo nioxo0y MOXHa He /luie 3MeHWUMU eKoslo2ivHe HagaHMaXxeHHs1 Ha HaBKoIUWHE cepedo-
suuwje, a U eghekmugHO 8UKOpUCMO8y8amu 8MOPUHHI pecypcu Orisi 8UPObHUUMEa 8UCOKOSIKICHUX Memaris i crinasis. B
pe3yrnbmami makoz2o 8upobHuUymea MoxHa 00Cs2HymuU 3Ha4YHUX eKOI02iYHUX ma eKOHOMIYHUX repesae, o 00380/1UMb
He nuwe 3HUXysamu sumpamu, a U 3abesnevyysamu cmarsnuli po38UMOK MPOMUC/IO80CMI 3 MiHIManbHUM 6r/iu8oM Ha
HagsKonuwHe cepedosulye. Haykoea HosusHa 0aHOi MemoOuKuU ronseae 8 iHmeapauii Cyd4acHux mexHosnoeil nepepobku
WKipsiHUx 8idxodie 011 8UPOBHUUMEa 8UCOKOSIKICHUX Memariesux criiasis, wo 8idrnosidarome eumMoaam Cy4acHo20 po-
38UmKy npomucsiogocmi. [MpakmuyHa 3Ha4ywicme 0aHo20 MemoOy 8upobHUYMEea criiasie Xxpomy 3 meepooeo 3aauliKy
8upobHuumea WKipsiHUX 8upobie ronsieae 8 eKoOHOMIi MPUPOOHUX pecypcie, MOKpawleHHi ekonoeaiyHoi cumyauii, nidsu-
WeHHIi eKOHOMIYHOI eghekmueHoCmi ma CripusiHHi cmarsiomy po38UmKy sIK MemaJsiypeiliHoi, makK i WKipsiHOI npomucsio-
socmi. L{e do3eosisie 3pobumu 3Ha4YHUll 8HECOK y 3abe3rneyeHHs cmaro2o eKOHOMIYHO20 pocmy 3 MiHiMarnbHUM 8ninueom
Ha do8Kinns.

Knroyoei criosa: ¢binbmpokek, mepmidHa 06pobka, Oughpakmoezpadbisi, okcud xpomy, 2asnim

The production of leather goods is an important industry that generates significant amounts of waste, including solid
residues containing chromium compounds. Solid residues of leather production containing chromium are a valuable
source for the production of chromium alloys, in particular chromium-based alloys used in metallurgy, as well as in various
industries to create stainless steels and corrosion-resistant materials. The goal is to integrate the process of industrial
waste recycling into production, which will reduce not only the environmental footprint but also create materials with high
technological properties for further use in various industries. The methodology for producing chromium alloys from the
solid residue of leather goods production is a complex and multi-stage process that includes preparation, heat treatment,
chromium recovery, alloy manufacturing, and waste disposal. This approach not only reduces the environmental footprint,
but also allows for the efficient use of secondary resources to produce high-quality metals and alloys. As a result of such
production, significant environmental and economic benefits can be achieved, which will not only reduce costs but also
ensure sustainable industrial development with minimal environmental impact. The scientific novelty of this methodology
is the integration of modern technologies for processing leather waste to produce high-quality metal alloys that meet the
requirements of modern industrial development. The practical significance of this method for the production of chromium
alloys from the solid residue of leather products production is to save natural resources, improve the environmental situ-
ation, increase economic efficiency and promote sustainable development of both the metallurgical and leather industries.
This allows us to make a significant contribution to sustainable economic growth with minimal environmental impact.
Keywords: filter cake, heat treatment, diffractography, chromium oxide, halite.

Introduction. Chromium is an important metal
used to make alloys that have high corrosion re-
sistance, strength and heat resistance. The most com-
mon applications for chromium alloys are in the steel,
chemical, automotive and aerospace industries. Since
chromium is a scarce metal, the production of chro-
mium alloys containing waste from other industries,
such as leather goods, is becoming a promising area
in metallurgy. Recycling of leather waste, especially
those containing chromium, is an important issue for
the leather industry, as improper waste management

can lead to serious environmental pollution. Waste
from leather production includes leather residues, trim-
mings, leather scraps, as well as waste containing
chromium compounds (as part of the tanning process),
which can be toxic. Therefore, the development and
implementation of efficient recycling methods is not
only economically important, but also environmentally
necessary.

Literature review and problem statement. The
problem of utilization of chromium-containing leather
goods production waste is one of the most pressing in
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the world. Taking into account the toxicity of chromium
compounds and their ability to accumulate in ecosys-
tems, it is necessary to develop effective and econom-
ically feasible methods for processing such waste [1],
[2]. The main problems include the imperfection of ex-
isting technologies, environmental risks, economic
constraints, and the need to develop innovative tech-
nologies.

The production of chromium alloys from solid tan-
nery waste is based on the utilization of chromium
components contained in tannery waste, such as
chrome-plated leather trimmings or sludge from incin-
eration. The main stages of the process include: tan-
ning of leather waste, which involves fixing the protein
structure of collagen to prevent decay and provide strength
and elasticity, and obtaining filter cake after tanning, which
is a dense precipitate consisting mainly of insoluble chro-
mium complexes associated with organic residues. This pre-
cipitate can accumulate in sludge or be present as residues
on the processed materials. Filter cake is characterized by a
high content of Cr(III) in the form of oxides or coordination
compounds, which makes it a potential raw material for fur-
ther chromium recovery in production. To isolate filter cake
from leather waste, mechanical methods (filtration or cen-
trifugation) are used to separate the dense precipitate from
the liquid phase containing dissolved chromium compounds.
The resulting precipitate (filter cake) can be subjected to ad-
ditional heat treatment (e.g., drying) to remove residual
moisture and reduce organic impurities. This improves the
quality of the filter cake, which contains a high percentage
of Cr(IIl) in the form of oxides. Pure filter cake can serve as
a valuable raw material for further chromium recovery, for
example, it can be used to produce high-carbon ferrochro-
mium alloys or as a component for the manufacture of other
chemicals used in the tanning of new raw materials. Data on
similar technologies for extracting chromium from leather
waste confirm the effectiveness of thermal and chemical
methods for producing filter cake [3]. Thus, the process of
producing filter cake includes the preparation of waste after
tanning, separation of dense precipitate and its further

w#% ISSN 1028-2335 (print)  Ne2, 2025

processing to obtain a product that can be effectively used
for chromium processing and alloy production.

Objective. To obtain a powder, which is considered to be
a chromium concentrate (yield by weight 15-18%), from
press-filtration residue (filter cake) by means of heat treat-
ment.

Methods. To evaluate the effectiveness of the developed
technological process in terms of the yield of 8% chromium
oxide by weight after firing and obtaining chromium con-
centrate in the form of a finely dispersed powder by heat
treatment.

Results. The production of chromium alloys from the
solid residue of leather goods production is an important
component of environmentally friendly and efficient waste
management in modern metallurgy. The residues generated
during leather processing, particularly after tanning, contain
a significant amount of chromium in the form of various
chromium compounds that require processing to reduce their
toxicity and efficient use in industrial production. Recycling
this waste to make chromium alloys not only reduces the
negative impact on the environment, but also creates addi-
tional economic opportunities, as the resulting chromium
compounds can be used in metallurgy, including for the pro-
duction of stainless steel.

The first stage of processing involves the collection and
preparation of solid waste containing chromium, such as
solid tannery residues containing tanning agent residues, as
well as liquid waste with chromium salts. In this study, the
press-filtration residue (filter cake) of the water purification
process of the tanning cycle was selected as the basic raw
material containing chromium (Fig. 1). Due to the use of the
basic chromium sulfate crystallohydrate compound

Cr2(SO4)3)-nH20 (n=3, 6,9, 12, 14, 15, 17, 18) in the so-
lution, the filtrate has a sufficiently high concentration of
chromium. Table 1 shows the chemical composition (on a
dry weight basis), and Table 2 shows the results of the calo-
rific value of the filter cake.

Fig. 1. Press-filter residue from the water treatment of the leather tanning process
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Table 1 - Chemical composition of press filter cake (filter cake)
Na20 MgO Al203 SiO2 P20s SO2 CaO Cr203 Fe20s3 LE*
0.6-1.0 0.5-0.8 0.5-0.9 0.4-0.8 0.1-0.4 1418 2.8-5.0 9-36 1.5-2.0 55-85

*The LE designation indicates the content of organic compounds and substances.
The total humidity of the filter cake is 25-30%.

Due to the presence of organic substances (animal  The data on the calorific value of filter cake are given
fat residues, epithelium, tissues, etc.), filter cake has in Table 2 (the studies were conducted using a calori-
calorific properties that should be taken into accountin  metric bomb).
the overall heat balance of thermal firing processes.

Table 2 - Results of the study of the calorific value of the cake

Name of the characteristic Meaning
Heat of combustion MlJ/kg kcal/kg
Higher calorific value of the analytical sample 2.21 527
Higher calorific value in dry condition 2.53 605
Lower calorific value of the analytical sample 1.27 302
Lower calorific value in dry condition 1.82 434
At the first stage of the process firing, the filter cake solid Rotary kilns are one of the key types of equipment for

waste is cleaned of contaminants and foreign materials, and  the heat treatment of solid tannery residues containing chro-
then crushed to a fine state, which increases the efficiency of ~ mium compounds, which ensure efficient burning, conver-
further processing stages. Mechanical methods, such as  sion of chromium into a form suitable for metallurgical pro-
grinding or fractionation, can be used to prepare the material ~ cessing (Cr20s) and removal of organic impurities (Fig. 2).
for the next thermal processing process.

Fig. 2. Complex for firing leather production waste
Table 3 shows the mode and results of laboratory firing  material of dark green color. Fig. 3 shows a photo of the ap-
with the determination of temperatures and specific mass  pearance of the fired material, and Table 4 shows the chem-

loss. The resulting fired material is a crumbly powdery ical composition

Table 3 - Firing modes of the studied raw materials

Sample Temperature. Crucible weight, g Weight loss

number exposure time, °C to after g %

1 200 79.00 78.18 0.82 4.00
2 300 76.74 75.10 1.64 8.00
3 400 80.67 77.73 2.94 15.00
4 500 80.96 77.73 4.92 25.00
5 600 77.79 71.38 6.41 32.00
6 700 81.12 72.88 8.24 41.00
7 800 81.61 70.84 10.77 54.00
8 900 77.42 65.45 11.97 60.00
9 1000 77.34 64.60 12.74 64.00
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Fig. 3. Annealed chromium concentrate
Table 4 - Generalized chemical composition of roasted chrome concentrate
Na20 MgO Al2O3 SiO2 P20 SOp CaO Cr203 Fe203 others
2.0-3.0 1.5-2.5 1.3-1.8 0.5-0.9 0.4-0.7 2.5-3.5 6.0-9.0 78-83 2.0-3.5 0.1-0.5

The fired material was also examined to determine the
list of inorganic compounds, crystalline phases detected in
the bulk of the sample, by powder X-ray diffraction. The X-
ray diffraction patterns were recorded in the range of 20=5-

70° using a DRON 3M diffractometer (Burevestnik, St. Pe-
tersburg) with CuKo and CoKa radiation (A=0.15418 nm
and 2=0.1789 nm, respectively) and a Ni filter. The recorded
diffractograms are shown in Figs. 4-6.

Z2 8 8 & &
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g B % 8 4 2
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Fig. 4. Powder X-ray diffractogram, registered on CuKa radiation, of the main part of the sample (gray-green
granules) with the results of comparison of signals with the crystallographic database
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Fig. 5. Powder X-ray diffractogram, which is registered on CoKa radiation, of the main part of the sample (gray-

green granules)
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Powder X-ray diffractography revealed that the bulk of
the sample consists mainly of substances that have a disor-
dered structure or are composed of very small crystallites.

In addition, the main part of the sample contains crystal-
line phases of chromium oxide Cr,O3 and halite NaCl, the
crystalline phase of halite is expressed by intense signals,
and the crystalline phase of chromium oxide is expressed by
less intense and slightly larger signals, indicating a small
amount of crystalline oxide and relatively small sizes of its
particles or crystallites.

Conclusions.

JMeopis i npaKmuxg memarypeti
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In this work, the materials studied were the residues of
press-filtration (filter cake) pulp from the tanning cycle in
the technology of leather products production, due to the use
of basic chromium sulfate, which is a valuable raw material
for the isolation of chromium-containing compounds. Heat
treatment is the main technological method for enriching the
material in terms of chromium content. The processing tem-
perature of the raw filter cake should be at least 700 °C. The
powder yield, which can be considered a chromium oxide
concentrate (COC), is in the range of 15-18% with a chro-
mium oxide 7 Cr,O; content of 0-80%.
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Optimizing the chemical composition of the steel of arrow translations
to increase the level of physical characteristics of metal products

TI'opo6eys A.IL, I'peuyxuH A.A., )KadaHoc 0.B., IIpoiidak A.IO.
OnTumizanisi XIMiYHOT0 CKJIAAY CTAJI CTPIJIOYHUX MEePEeKJIAIIB /A

MiIBUIIIEHHS PIBHA METAJO(PI3MYHUX XaPAKTEPUCTHK
MeTAJIONPOAYKIIil

The analysis of regulatory documents on the chemical composition and level of mechanical properties of austenitic high-
manganese steel 110G13L for turnouts is performed. Using mathematical methods of statistics, correlation dependencies
of the influence of impact toughness values on the strength characteristics of the metal are obtained. It is established that
the values of tensile strength o» and impact toughness ax are decisive factors for a set of strength-viscosity properties of
castings made of steel 110G13L. The rational composition of the metal is substantiated, taking into account the manga-
nese content (=12%) and the ratio of manganese to carbon (10.56-13.60) for the production of metal castings of group |
according to GOST 7370-98.

Keywords: turnouts, steel 110G13L, chemical composition, mechanical characteristics.

The publication is prepared based on the results of the project 2023.04/0037, "Development of a technology for remelting
scrap military equipment in order to preserve valuable alloying elements in the smelting of special functional steels,"
funded by the National Research Foundation of Ukraine from the state budget.

BukoHaHo aHaniz HopmamugHux dokymeHmig 80 XiMiyHO20 ckrnady ma pieHs1 MexaHiYHUX enacmugocmeli aycmeHimHoi
sucokomapeaHyesoi cmarni 110131 dns cmpino4yHux nepeknadie . 3 sukopucmaHHAM MameMamu4yHUX Mmemodie cma-
mucmuKu, ompuMaHi KopensyitHi 3anexHocmi ennuey 3HaqyeHb yOapHOI 8'A3KOCMi Ha XxapakmepucmuKku MiyuHocmi me-
many. BcmaHoeneHo |, o 3HauyeHHs1 Mexi MiyuHocmi O, ma yOapHOi 8'a3kocmi ax € supianbHUMU ¢hakmopamu Orisi KOM-
r7eKcy MiyHO8 A3KoCmHuUX eriacmugocmel guruekig i3 cmani 11013/1. ObrpyHmoeaHo pauioHanbHuUl ckrnad memariy 3
ypaxysaHHsIM emicmy mMapzaHuto (=12%) ma eiOHoweHHs1 emicmy mapaaHuto 0o syaneuto (10,56-13,60) ons 8upob-
Huymea memany eunusekie | 2pynu 3a FOCT 7370-98.

Knroyoei crioea: cmpinoyni nepexknadu, cmarsb 110013/1, ximidHUl cknad, MexaHidHi xapakmepucmuku.

lMy6nikauyis nidcomosneHa 3a pedynsmamamu rpoekmy 2023.04/0037 “Po3pobka mexHonoeii nepennasy 6pyxmy eiticb-
KOBOI mexHiKku 3 Memoto 36epexxeHHs1 dopo208apmiCHUX fle2ytoHux efieMeHmis rnpu gunnasyi cmanel creyianbHo20 y-
HKYiOHarbHO20 rnpusHavyeHHs”, npogiHaHcosaHUM HauioHanbHUM ¢hoHOOM OocnioxeHb YKpaiHu 3a Kowmu 0epxagHo20

6rodxemy

Introduction. The main operating conditions of rail-
way transportation, characterized by a rapid increase
in load stresses, dynamic loads, and train speeds, im-
pose high demands on the metal quality of the upper
track structure elements, especially on railway turn-
outs. One of the methods for improving the metallo-
physical properties of railway turnouts is the optimiza-
tion of the metal’s chemical composition to enhance its
mechanical strength.

Therefore, research aimed at stabilizing the metal’s
chemical composition by regulating the ratio of the
main alloying elements has significant practical value
for the production of railway metals.

Analysis of the operating conditions of the rail-
way’s upper track structure. Operation of the cross-
shaped element under moving load due to its construc-
tive features has significant differences depended
upon the rail operation and other turnouts elements.
The behavior of the cross-shaped element under
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moving loads, due to its structural characteristics, var-
ies significantly depending on the operation of the rail-
way tracks and other turnout components.

The rolling trajectory over the frog has a gradient of
up to 30—40° or more; therefore, even at low travel
speeds (40-50 km/h) and moderate axle loads, the
level of dynamic impact on the frogs is several times
higher than that on the rails.

In the case of high travel speeds the rolling process
from the wing rail to the crossing nose usually accom-
panies of the wheel lifts from the crossing nose and
sequent impact loads which describing of the high level
of dynamic effect. At high travel speeds, the rolling pro-
cess from the wing rail to the crossing nose is usually
accompanied by wheel lifts from the crossing nose and
the resulting impact loads, which reflect the high level
of dynamic effects. As the wheels roll over the frog,
complex contact conditions between these elements
also arise. The width of the contact surfaces averages
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5—7 mm, which is almost 10 times smaller than on the
rails. Therefore, the overall level of contact stress in the
frog rolling area is extremely high. The average value
of tangential stresses at different periods of frog oper-
ation reaches 1715-2254 MPa, while the maximum
value ranges from 2744 to 3626 MPa.

Literature Analysis and Problem Statement. In
recent years, the issue of improving the durability of
railway superstructure elements, particularly railway
turnouts, has attracted considerable attention from re-
searchers in various countries. In modern studies, the
main focus has been on investigating microstructural
changes, wear resistance, and the influence of the
chemical composition of high-manganese steels on
their operational properties.

Let us consider a number of recent investigations.
In study [1], the mechanisms of dynamic recrystalliza-
tion in high-manganese steels of types 70Mn17 and
120Mn13 were examined, and the microstructural
transformations of high-manganese steel under the in-
fluence of friction and wear were analyzed. This made
it possible to determine the effect of friction and tem-
perature on the stability of the austenitic structure.

In study [2], a numerical model of wear in turnout
elements under high-speed train movement was pro-
posed, taking into account normal and tangential con-
tact stresses. This approach enables the modeling of
wear processes in turnout zones using contact models
that consider both normal and tangential interactions,
as well as train dynamics and rail profile renewal. The
results demonstrate that stress-based models allow
more accurate prediction of wear in turnout compo-
nents.

Particular attention has also been paid to the issues
of detecting structural defects and residual stresses.
Thus, in study [3], modern non-destructive testing
methods—specifically X-ray diffraction—were applied
to analyze the stress—strain state of high-manganese
railway crossings after service. Important data were
obtained for assessing material degradation, crack ini-
tiation mechanisms, and the influence of residual
stresses on durability.

In addition, studies [4] and [5] investigated the ef-
fect of manganese content on the microstructure and
plastic properties of U71Mn-type steels, as well as
models of plastic deformation and wear of the nose
section of crossings. Publication [4] examines the influ-
ence of manganese concentration on the microstruc-
ture and mechanical properties of welded U71Mn rail
joints, with particular attention to the role of MnS inclu-
sions in crack initiation and the long-term performance
of welds. This provides a valuable analogy regarding
the influence of alloying and impurities on structural
and mechanical properties.

In study [5], a semi-physical model was proposed
to predict deformation and wear of the turnout nose
without complete finite element modeling. Such a
model is useful for engineering assessment and long-
term performance analysis of turnout components.

JMeopis i npaKmuxg memarypeti
Theory and Practice of Metallurgy

Consequently, studies [4-5] confirm the importance of
optimizing the ratio of basic alloying elements (Mn/C)
to ensure high strength and impact toughness.

The study conducted at Sheffield Hallam University
[6] analyzes the mechanisms of spalling formation on
high-manganese railway crossings under cyclic wheel
loading, revealing typical failure mechanisms closely
related to the subject of this work.

Thus, the results of recent research are consistent
with the objective of the present study — optimization
of the chemical composition of 110G13L steel to im-
prove the metallophysical characteristics of cast com-
ponents used in railway turnouts.

Aim and Objectives of the Study. To determine
the influence of variations in the chemical composition
of turnout metal on the mechanical properties of metal
products and to optimize the ratios of the main alloying
elements in high-manganese steel in order to enhance
the metallophysical properties of the elements of the
upper track structure.

Research Methods. Analytical studies were con-
ducted using statistical methods to process the me-
chanical property data of castings made from 110G13L
steel, depending on variations in the chemical compo-
sition of the metal.

Scientific Significance. The influence of each me-
chanical property indicator on the strength and plastic-
ity of high-manganese steel castings has been deter-
mined.

Practical Significance. Rational alloying of the
metal within the grade composition of 110G13L steel
ensures a high level of mechanical properties of the
upper track structure metal in railway transport.

The high level of dynamic effects and the small size
of the contact surfaces in the wheel rolling area over
the frog lead to a relatively rapid loss of serviceability,
which occurs as a result of the formation of contact-
fatigue damage, unacceptable from the perspective of
train operation safety. In domestic practice, monolithic
railway frogs and turnout crossing noses are manufac-
tured from austenitic high-manganese steel of grade
110G13L, the chemical composition of which, accord-
ing to the requirements of the interstate standard
GOST 7370-98 [7] and the regulatory documents of
several countries, is presented in the table.

According to the data presented in Table 1, steel
produced in foreign countries is characterized by nar-
rower ranges of both main (Mn, C, Si) and impurity (P,
S) elements. In foreign grades of steel, the manganese
content varies within narrower limits — from 11.0% to
14.5%. In domestically produced high-manganese
steel, silicon content ranges from 0.30% to 0.90%. Sil-
icon displaces carbon from the solid solution and pro-
motes the formation of large iron—manganese carbides
inside the austenitic grains and, which is particularly
dangerous, along their boundaries. An increased con-
centration of silicon in steel with average carbon and
manganese content leads to the formation of a den-
dritic structure in the castings.
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Table 1. Chemical Composition of High-Manganese Steel 110G13L [7, 8]

State/standard Mass fraction of the chemical element
C Mn Si S P

GOST 7370-98 1,0-1,30 11,50-16,50 0,50-0,90 0,02 0,09
Czech Republic /CSN 422920 1,1-1,5 12,0-14,0 <0,7 <0,005 <0,1
Germany/SEW 395* 1,1-1,3 11,5-13,5 <0,5 <0,003 <0,06
Romania/STAS 3718 1,25-1,4 12,5-14,5 1,0 <0,005 <0,11
Poland /PN/H83160** 1,0-1,4 12,0-14,0 0,3-1,0 <0,003 <0,1
Finland/SFS 380 1,05-1,35 11,0 <1,0 <0,003 <0,07
Japan, JLS G 5131(81) 0,9-1,3 11,0-14,0 <0,05 <0,10
Sweden/SS 1,0-1,35 11,0-14,0 <1,0 <0,06 <0,08
Spain/UNE 36253-71 1,0-1,4 11,5-14,0 <1,0 <0,06 <01
Great Britain/ /BS3100(91) 1,0-1,35 11,0 <1,0 <0,05 <0,06
Italy/ 3160(83) 1,0-1,4 10,0-14,0 <1,0 <0,05 <0,1
China/5680-85 1,1-1,5 11,0-14,0 <1,0 <0,05 <0,1
USA (ASTM A 128-64) 1,05-1,35 11,5-14,0 0,3-1,0 <0,050 <0,09

*Germany/SEW 395 Al cont. 0,055%, ** Poland/PN/H83160 cont. Cr < 1,0,

*** Romania/STAS 3718 cont. Ni <0,88

The strength level and plastic properties, as well as
their correlation - including the wear resistance—of
high-manganese steel are determined by its chemical
composition, the steelmaking method, heat treatment,
and a number of other uncontrolled factors (such as
the content of non-ferrous metal impurities, gases,
etc.). The technical specifications of manufacturing
plants allow fairly wide ranges in the content of basic
and impurity elements in the metal (carbon,

Table 2. Mechanical Properties of 110G13L Steel [7]

manganese, silicon, sulfur, and phosphorus), which in
most cases is not entirely justified and is one of the
causes of instability in the mechanical property values.

The physicomechanical characteristics of cast
metal made of steel grade 110G13L, depending on the
indicators of mechanical properties according to GOST
7370-98, determine its classification into one of three
quality groups (Table 2).

Name of the Indicator

Mechanical Properties of Grouped Metals

[ Il 1

Tensile , strength, ob, H/mm? more 880 (90) From 780 (80) to 880 (90) in- | From 690 (70) to 780 (80) in-
(kgf/mm?) clusive clusive

i 2
?l"(g;'/(ri o % HImM™ | 355 (36) 355 (36) 355 (36)
Yield strength, 5,% More 30 More 25 to 30 inclusive From 16 to 25 inclusive
Elongation, y,% More 27 More 22 to 27 inclusive From 16 to 22 inclusive
Impact toughness, KCU , J/sm? (kgf More. 2,5 (25) More 2,0 (20) go 2,5 (25) in- | From 1,7(17) to 2,0(20) inclu-
“m/sm?) o clusive sive

Frogs with cast components made of high-manganese steel of Group 1 are used on main railway tracks in
sections with the highest traffic load. To determine the influence of each mechanical property parameter on the
strength and plastic characteristics of the metal, a correlation analysis of the physicomechanical properties of
110G 13L steel was carried out. For this purpose, based on industrial data (200 heats), the coefficients of pairwise
correlation were calculated (Table 3). The analysis of the statistical significance of the correlation coefficients
showed that there are strong linear relationships between the parameters (ob, 0o.2, 8, y, KCU).

Table 3. Pairwise Correlation Coefficients of the Mechanical Properties of Currently Produced 110G13L Steel

Pairwise KCU | Rank of Im-
correlation portance
......... coefficient Ob 00,2 o) 0]

Mechanical

properties

Ob 1 0,95 10,8 |[0,94 [ 098 |2

00,2 09 |1 0,58 0,48 093 | 5

0 0,89 | 0,58 1 0,96 0,91 3

U] 0,24 | 0,48 0,96 1 094 | 4

KCU 0,98 | 0,93 0,91 0,94 1 1
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Since impact toughness ranks first in the order of
significance, the KCU indicator is a general property
that makes it possible to calculate oy, 002, 8, and g
based on the KCU value using the following expres-
sions:

Ob =334,25 KCU + 20,5 (1)
002=201,60 KCU 18,7 (2)
6=7,1KCU + 6,8 (3)
Wy=7,645KCU+7,01 (4)

In addition to the chemical composition and physi-

comechanical properties of 111%3013L steel, one of the

A
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most important acceptance characteristics is the met-
allophysical structure of the metal — a homogeneous
austenitic structure without the formation of iron—man-
ganese carbides [Mn, Fe];C and carbophosphides.
The presence of residual carbides (carbophosphides)
in the structure of 110G13L steel leads to casting fail-
ures due to chipping. The metallophysical structure of
austenitic manganese steel is determined by the tem-
perature—time conditions of the steel’s structural trans-
formations (Fig. 1).
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Fig. 1. Thermokinetic diagram of austenitic manganese steel (C — 1.29%, Mn — 13.3%). Austenitization at

1050°C for 15 minutes [9]

C — grain boundary carbide; H — needle-shaped carbide; P — pearlite

Reducing the carbon and manganese content to
their minimum values within the grade chemical com-
position leads to an increase in the critical points Acs,
A, and Ar; by 10-30°C. Conversely, increasing the C
and Mn concentrations up to the grade limits lowers
these temperatures by 10-30°C.

At PJSC Dniprovskyi Switch Plant [10], heat treat-
ment is carried out according to the following regime:
heating and prolonged isothermal holding at 1050—
1100°C for 4-6 hours, depending on the weight of the
product, followed by water quenching to obtain a ho-
mogeneous austenitic structure. During very slow cool-
ing of the steel, precipitates of [Mn, Fe];C carbide are
formed.

Since manganese and carbon are the primary ele-
ments in the grade composition of the steel, determin-
ing the phase structure of the metal and its associated
mechanical properties, the primary objective of the
steelmaking process for frogs is to maintain a con-
trolled content and ratio of these elements to produce
castings with enhanced mechanical properties of
Group 1 according to GOST 737.

A statistical analysis was performed on a dataset of
the chemical composition and mechanical properties

of industrial steel melts, with a sample size of 300
heats. It was determined that steel with a manganese
content of 15.5% could belong to the third quality group
based on mechanical property indicators, while steel
with a manganese content of 12.1% corresponds to
the first group. As a result of the statistical processing,
frequency distribution characteristics of manganese
content and the Mn/C ratio were constructed. The re-
sults are presented in Table 3, from which it follows that
the frequency distributions of Mn and the Mn/C ratio
are close to a normal distribution of a random variable.

The data presented in Table 4 show that the largest
number of melts (42.12%) in the studied dataset have
manganese content limits of 13—14%.

Statistical processing of the data showed that the
majority of melts in the sample (=89%) have a
[%Mn])/[%C] ratio within the range of 10-13, with
45.99% of melts falling within the ratio 11.0 <
[%Mn]/[%C] < 12.0. The least common ratios are 9.0 <
[%Mn]/[%C] < 10.0, accounting for only 4.33%, and
13.0 < [%Mn]/[%C] < 14.0, accounting for 5.99% (Ta-
ble 4). It should be noted that the [%Mn]/[%C] ratio for
the first quality group lies within 10.56—13.50; for the
second group, within 9.74—-14.63; and for melts of the
third quality group, it ranges from 9.30 to 13.45.
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Table 4. Specific Fraction of Steel 110G13L Melt Groups Depending on [Mn] Content, % and the Mn/C Indi-

cator
Grouping of Melts|Number |Specific Fraction of the | Grouping of Melts | Number of | Specific Fraction of the
by Manganese |of Melts, | Melt Group of the Total | with Respect to Melts, pcs | Melt Group of the Total
Content, wt.% pcs Number of Melts, % [%Mn]/[%C] Number of Melts, %
11,0 <X<12,0 18 5,99 9,0<X<10,0 13 4.33
12,0 <X=13,0 86 29,67 10,0<X<10,0 61 20,33
13,0 <X<14,0 134 42,12 11,0 <X=12,0 138 45,99
14,0 <X=<15,0 50 16,67 12,0 <X=13,0 68 22,66
15,0 <X<16,0 8 2,67 13,0 <X<14,0 18 5,99
16,0 <X<17,0 4 1,33 14,0 <X<15,0 2 0,7
Total 300 100 Total 300 100

When selecting the chemical composition of
110G13L steel for specific groups of castings, it is nec-
essary to take into account the influence of carbon and
manganese content within the grade composition on
the mechanical property indicators. With a rational al-
loying regime, a significant reduction in manganese
consumption is possible while maintaining or even im-
proving the mechanical properties of the steel.

Conclusions. An analysis of regulatory documents
concerning the chemical composition and mechanical
property levels of austenitic high-manganese steel
110G13L for railway turnouts has been performed.

Using mathematical methods of statistics, correla-
tion dependencies describing the influence of impact

metal were obtained. It was established that the tensile
strength (ov) and impact toughness (ax) values are the
determining factors for the complex of strength and
toughness properties of castings made of 110G13L
steel.

A rational metal composition has been substanti-
ated, taking into account the manganese content
(=12%) and the manganese-to-carbon ratio (10.56—
13.60), for the production of cast steel components of
Group | according to GOST 7370-98.
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IligzroroBKa po3kaTy nmo nepemijiax TpyoONnpoKATHOI0 arperara

Uhriumov Yu.D., Dobriak V.D., Mazur I.A., Uhriumov D.Yu.

Preparation of rolled products for processing at a pipe rolling unit

Purpose. The aim of this work is to examine rolling processes with variable deformation modes by transferring part of this
deformation from the mill under consideration to the preceding mill, as well as to develop a process for preparing the billet
ends by transverse planetary burnishing with idle rolls.

Methodology. Using the slip-line method, the forces acting on the idle rolls during transverse planetary burnishing of the
billet end, as well as the torque and power of the burnishing process, were determined. The thinning of the wall at the
front end of the billet during its preparation by transverse planetary burnishing with idle rolls was analytically established.
Findings. One of the main reserves for further increasing productivity, saving metal, and improving geometric dimensions
in the production of hot-rolled seamless pipes is the use of variable deformation modes across the wall thickness. Exam-
ples of additional operations carried out on various pipe-rolling mills are considered, demonstrating their high efficiency.
For the design of a method for preparing the front ends of billets, planetary rolling processes applied in pipe-rolling pro-
duction were analyzed.

Originality. The method of transferring part of the deformation from the main mill to the preceding mill has been further
developed, which significantly improves rolling conditions in the main mill and enhances its performance indicators.
Practical value. The process of transverse planetary burnishing of billet ends appears highly promising and warrants
further research and development. The results of this work can be applied in selecting the most rational method of metal
preparation for rolling, taking into account the specific technology of a given pipe-rolling mill.

Keywords: hot-rolled pipe, pipe-rolling mill, billet, mandrel, plug, end preparation, skew rolling piercer, transverse planetary
burnishing, slip-line method, rolling force, rolling torque, rolling power, productivity.

Mema. Memoto yiei pobomu € QoCridxeHHsT NPOoYecie NpoKkamku 3i 3MiHHUMU pexxumamu deghopmauii wissixom nepedadi
yacmuHu uiei deghopmauii 3 po3ensiHymozo cmaHy Ha rornepedHil, a makox po3pobka npouecy nideomosku mopuie
3820MOBOK 0MNepeyHUM rraHemapHUM guenadxysaHHSM XO/IOCMUMU 8asiKamMu.

Memoduka. 3a dornomo2oto Memody Ko83aHHs 8U3HaJanucs cunu, wo Oitomb Ha X0nocmi 8asnku Mid Yac nonepeyHo2o
nnaHemapHo20 suznadxyeaHHsi MopUsi 3a20MO8KU, @ MaKoX KpymHul MOMeHm i nomyHicmb rpouecy euanad-
)Ky8aHHS. AHanimu4YHO 8CMaHO8/IEHO CIMOHWEHHST CMIHKU Ha nepedHbOMY KiHYi 3a20moeKu nid 4ac if nideomosku rnore-
PeyYHUM nnaHemapHUM 8uanadxyeaHHSIM XOI0CMUMU 8arkamu.

Pesynbmamu. OOHUM 3 OCHOBHUX pe3epsige odarnblwo20 nid8uWeHHs1 MPodykmueHOCMI, eKOHOMII Memaily ma fnokpa-
WEeHHS 260MempuUYHUX PO3Mipie y 8upobHUUMEI 2apsiyekamaHux 6e3WosHUX mpyb € 8UKOPUCMAHHS 3MIHHUX PEXUMI8
degpopmauii no moswuHi cmiHku. Po3sansiHymo npuknadu dodamkosux onepauil, U0 8UKOHYHOMbCS Ha pi3HUX mpybo-
pOoKamHuX cmaHax, wo 0eMoOHCmPYomb iX 8UCOKY echekmusHicmb. [nsi po3pobku Memody nid2omosKku nepedHix mop-
uie 3a20mMo8OK MpoaHarsiz3oeaHo MPoYecU rniaHemapHOi MPOKamku, Wo 3acmocosyomscs 8 mpybornpokamHoMy eupob-
Huumei.

OpueiHanbHicmb. Po3pobneHo memod nepedayi yacmuHu deghopmauii 3 0CHOBHO20 cmaHy Ha nonepeoHid, o 3Ha4HO
roKpalye yMosuU NpoKamku 8 OCHOBHOMY cmaHi ma nidsuwye tio2o npoOyKmMUuBHi MOKa3HUKU.

lpakmuy4Ha uiHHicmb. [Mpouyec MnonepeyHo20 naHemMapHO20 8uaadX)ysaHHs Mopuie 3a20Mo8oK € Oyxe nepcreKkmus-
Hum i mrompebye nodanbuiux docnidxeHb i po3pobok. Pesynsmamu yiei pobomu moxyme 6ymu 3acmocosaHi rpu subopi
Haubinbw payioHanbHo20 Memody nideomosku memarsy 00 MpoKamku 3 ypaxysaHHsIM crieyughiku mexHonoeii daHoeo
mpy6onpoKamHoao cmaty.

Knroyosi criosa: 2apsiuekamaHa mpyba, mpybornpokamHul cmaH, 3a2omoeka, orpaska, rnpobka, nideomoska mopuis,
Kocornpokamrutl npobusHul cmaH, nornepeyHe nnaHemapHe guanadxyeaHHsl, Memoo KO83aHHS, cura rnpokKamku, Kpym-
HUU MOMeHM NPOKamKu, cura npoKamku, npodyKmusHIiCMab.

Introduction. The production of hot-rolled seamless
pipes of a wide dimensional and grade range is carried
out on various pipe-rolling mills (PRMs), the character-
istics of which are defined by the main rolling mill,
which deforms the billet on a mandrel into a rough pipe.
Different types of rolling mills are known, including pil-
ger mills, continuous mills, automatic mills, Assel
three-roll mills, rail mills, Disher mills, and others [1].
The bulk of hot-rolled pipe production is performed on
PRMs equipped with pilger, continuous, automatic,
and Assel three-roll mills.
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One of the principal directions in the advancement
of metallurgy worldwide is resource conservation and
environmental protection [1], which necessitates the
improvement of existing technological processes as
well as the creation of new ones, in line with scientific
and technological progress. Due to intense competi-
tion in global pipe markets, the key indicators of pro-
duction efficiency are competitive cost and product
quality.

Studies conducted in [2] have shown that one of the
main reserves for further increasing productivity,
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saving metal, and improving dimensional accuracy in
the production of hot-rolled seamless pipes is the use
of variable deformation regimes across the wall thick-
ness. In particular, variation of wall thickness along the
pipe length in mills incorporated into PRMs of different
types can be realized either by adjusting the roll gap or
by shifting the mandrel during rolling. The method of
transferring part of the deformation from the main mill
to the preceding mill has been further developed,
which significantly improves rolling conditions in the
main mill and enhances its performance indicators. Ex-
amples of such technology include various operations
for preparing the front and rear ends of billets and
shells prior to pipe rolling.

In general, the technological process in a PRM con-
sists of four production modules (fig. 1): module 1 —
metal preparation for rolling; module 2 — billet piercing
to obtain a hollow shell; module 3 — rolling of the rough
pipe; module 4 — production of the finished pipe.

7 2
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Each module includes the following main opera-
tions:

Module 1: 1.1 — division of the billet into measured
sections; 1.2 — heating of the billet to the hot defor-
mation temperature; 1.3 — hydraulic scale removal;

Module 2: 2.1 — piercing of the billet into a shell on
a skew-roll mill; 2.2 — piercing of the billet into a cup on
a press and subsequent elongation; 2.3 — preheating
of the hollow billet (cup);

Module 3: 3.1 — rolling of pipes on various mills of
periodic (pilger) and longitudinal (automatic, continu-
ous, etc.) rolling; 3.2 — rolling of pipes on screw rolling
mills (Assel, Diescher, and planetary mills); 3.3 — addi-
tional reeling of pipes;

Module 4: 4.1 — heating of pipes; 4.2 — calibration
(reducing, reducing with stretching); 4.3 — hot and cold
straightening of pipes.

J 4
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Figure 1 — Generalized technological scheme of pipe production

on PRM of various types.

Features of pipe production on different PRMs [1].
The process of producing pipes on PRMs with pilger
mills has gained widespread use worldwide for manu-
facturing pipes with outer diameters ranging from 60
mm to 800 mm, which is determined by the roll diame-
ters of the pilger mill. These units allow the production
of pipes from various types of initial billets, including
ingots from stationary casting, continuously cast billets
(CCB), as well as centrifugally cast, rolled, forged, and
other billets. One of the advantages of producing pipes
on these PRMs is the possibility of obtaining thick-

walled pipes of considerable length, as well as profiled
pipes made from various steels and alloys. On PRMs
with pilger mills, it is economically feasible to produce
both small and large batches of pipes. At the same
time, this process is characterized by increased metal
consumption due to technologically unavoidable
losses in the final trim: the starter and pilger head.

The average value of the metal consumption coef-
ficient (MCC) for hot-rolled oil pipelines and general-
purpose pipes, according to SE “UkrDIPROMEZ” is
presented in table 1.

Table 1 — MCC (t/t) for hot-rolled oil pipeline and general-purpose pipes on different types of PRMs
. With automatic mill : . . With three-roll roll- | With continuous mill
Type of pipes «140» With Pilger mill ing mill «30-102»
Carbon 1,067-1,083 1,20 1,060 1,066—1,077
Alloyed 1,087-1,103 1,24 1,080 1,087-1,091
High-alloy 1,107 1,32 1,100 -

According to the data presented in table 1, the high-
est metal losses are observed on PRMs with pilger
mills, which is associated with the presence of the
starter and pilger head, which are removed during roll-
ing. In this case, metal losses in the starter account for
20-25%, and in the pilger head 75-80% of the total
technological trim on the pilger mill. The main metal

loss in the trim occurs during the rolling of thin-walled

g = 12,5 + 40,0 and extra-thin-walled % > 40,0 pipes.
On PRMs with Assel three-roll mills, pipes are ob-

tained with a ratio §< 11,0, that results in an MCC

value significantly lower than on PRMs with pilger mills.

16

These pipes are mainly used as billets for the produc-
tion of ball bearings.

PRMs with automatic mills have gained the widest
global use due to their versatility in producing pipes of
a wide range of sizes and grades. They are economi-
cally feasible for rolling both large and small batches of
pipes. The MCC values on these PRMs are compara-
ble to those on continuous mills and three-roll mills.

Over the last 50 years, PRMs with continuous mills
have experienced the greatest development worldwide
due to their high productivity, high pipe quality, and de-
gree of automation. They are used to produce high-
precision pipes with diameters up to 426 mm.
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Increased metal losses during pipe production on
PRMs with automatic and continuous mills occur when
using the pipe reducing technology with stretching,
which leads to increased trimming of thickened pipe
ends.

Problem statement. Further improvement of the
hot-rolled seamless pipe production process to en-
hance its technical and economic performance is as-
sociated with the use of variable deformation modes
by adjusting the main rolling parameters, as well as by
transferring part of the deformation from the main mill
to the preceding mill.

Aim and objectives of the research. The aim of this
work is to consider the second approach, analyze so-
lutions for preparing the ends of the billet on different
PRM mills, and develop a process for preparing billet
ends using planetary rolling with idle rolls.
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Research results. To improve the hot-rolled pipe
production process on different types of PRMs, it is ad-
visable to perform additional operations on the preced-
ing mill to reduce deformations on the mill under con-
sideration. A structural diagram of the main operations
on the PRM is shown in fig. 2. The main operations
include the following: 1 — preparation of the billet for
piercing on a skew-roll mill; 2 — piercing of the billet into
a shell on the skew-roll mill; 3 — rolling of the shell into
a rough pipe (first pass); 4 — rolling of the rough pipe
(second pass); 5 — production of the finished pipe.

Let us consider the use of additional operations per-
formed on the preceding mill to improve the rolling pro-
cess on the main (subsequent) mill. The additional op-
erations listed are not exhaustive, as the number of
such operations is quite large. New additional opera-
tions allow the expansion of the structural diagram pre-
sented in fig. 2.

kg
l
EAN

Figure 2 — Structural diagram of the main operations on the PRM with metal preparation in preceding opera-

tions

Preparation of the billet for piercing on the skew-roll
mill: 1.1 — profiling of the ends and centering of the bil-
let faces; 1.2 — preliminary upsetting of the CCB on the
radial-shear rolling mill (RSR); 1.3 — profiling of the cy-
lindrical surface of the billet.

Piercing of the billet into a shell on the skew-roll mill:
2.1 — preparation (profiling) of the shell ends; 2.2 —
preparation of the rear ends of the shells; 2.3 — obtain-
ing shells with longitudinal wall thickness variation.

Rolling of the shell into a rough pipe (first pass): 3.1
—rolling of the pipe with thinned ends on the pilger mill;
3.2 — thinning of the front ends of the pipes on the au-
tomatic mill; 3.3 — thinning of the pipe ends on the con-
tinuous mill.

Rolling of the rough pipe (second pass): 4.1 —
changing the roll gap of the rolling mill along the pipe
length.

Let us consider examples of performing additional
operations (positions 1.1-1.3, fig. 2) to improve the
piercing of the billet on the skew-roll mill.

The process of filling and releasing the deformation
zone during skew-roll piercing is accompanied by in-
tensive transverse deformation of the front and rear
ends of the billet. This is explained by the absence,
during these periods of the process, of so-called «rigid
ends» that restrain transverse deformation. As a result,
axial drawing occurs at the front and rear faces, the
magnitude of which depends on the upsetting and the

number of deformation cycles. At the end of the pierc-
ing process, the number of deformation cycles of the
metal in front of the mandrel tip increases, raising the
likelihood of opening the axial cavity. The formation of
such a cavity leads to internal defects at the ends of
the shells and pipes.

Studies [3, 4] have shown that profiling the front and
rear ends of billets with a spherical convex surface al-
lows the introduction of the necessary metal volume for
the mandrel tip, which acts as a «rigid end» and re-
strains transverse metal deformation. This improves
gripping conditions, reduces the number of defor-
mation cycles, decreases axial drawing, increases the
accuracy of the shell and pipe ends, and reduces the
number of internal end laps [5]. It should be noted that
such preparation of billet ends in the PRM line is prob-
lematic without introducing an additional operation and
installing the corresponding equipment. This can be
considered a factor limiting the implementation of such
a billet-end preparation process in production. A known
proposal for preparing the rear ends of billets during
piercing on the skew-roll mill [6] involves initially cen-
tering the front end of the billet while supporting the
rear end with an additional centering head, and center-
ing the rear end of the billet at the moment it enters the
piercing roll gap. This method of billet preparation al-
lows increasing the processing accuracy of the result-
ing products by eliminating misalignment between the
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billet and the piercing axis. To center the axial drawing
at the rear end, the centering head is pressed with a
force that prevents it from pushing out of the drawing
and moves at the same speed as the billet end. This
method improves the accuracy of the pierced product
ends and, consequently, reduces metal consumption
due to technological trimming.

At «UralNDTly», it was proposed to pierce billets
with a wavy profile on the lateral surface [7]. The inter-
mittent contact of the metal with the rolls and the fine
deformation significantly reduce the negative influence
of frictional backing forces, creating conditions for pre-
dominant metal flow in the axial direction. Experimental
studies on piercing billets with a wavy profile demon-
strated an increase in the critical upsetting by 2,8+4,0
times and a reduction of the energy-force parameters
of the piercing process by 18+30% compared to the
existing parameters for piercing cylindrical billets [7].

Let us consider examples of performing additional
operations (positions 2.1-2.3, fig. 2) to improve the roll-
ing of the rough pipe (first pass). To enhance hot pilger
pipe rolling in the unstable «starter» mode, the prepa-
ration of the front ends of shells is known to be applied
[8]. Improvement of the starter mode conditions occurs
due to the transfer of part of the metal deformation to
the preceding mill, for example, the piercing mill. This
allows reducing metal losses in the trim at the front
(starter) end of the pipe and shortening the duration of
the starter mode, thereby increasing the productivity of
the pilger mill.

Expansion of the size range at the stage of increas-
ing % the pipes rolled on PRMs with Assel three-roll

mills is achieved by thinning the rear end of the shell
during its piercing on the skew-roll mill. Reducing de-
formation when rolling the rear ends of shells on the
Assel three-roll mill decreases transverse deformation,
which allows rolling the main part of the pipe with a
thinner wall [9].

On PRMs with the automatic mill 350, a new rolling
technology has been developed and implemented,
which reduces longitudinal wall thickness variation of
pipes, averaging 0,2+0,5 mm. This variation is primar-
ily caused by temperature differences along the length
of the shell formed during billet piercing, which induces
changes in the elastic deformation of the automatic mill
working stand. The new technology [10] involves roll-
ing shells on the piercing mill with wall thickness in-
creasing from the front to the rear end by expanding
the rolls during piercing. During subsequent rolling of
these shells on the automatic mill, increasing billet
compression compensates for the temperature gradi-
ent along the shell, stabilizing roll forces and the gap
between them.

To implement the piercing process, a tensioning
device equipped with a program-controlled automatic
system was developed. The system ensures the spec-
ified radial displacement of the rolls. Reducing longitu-
dinal wall thickness variation allowed a decrease in av-
erage wall thickness by 0,044 mm, correspondingly re-
ducing metal consumption by 5 kg per ton of finished

pipe.
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Let us consider examples of performing additional
operations (positions 3.1-3.3, fig. 2) to improve the
rough pipe rolling (second pass).

A known technology [11] involves rolling pipes on
the pilger mill with thickened ends corresponding to the
starter end and the pilger head. By reducing metal de-
formation, metal losses in the starter end and pilger
head are significantly reduced. In addition, this ensures
the removal of the pipe from the mandrel during rolling
of thin-walled pipes with % = 12,5 + 40,0.

The preparation of pipe billets for reducing on the
preceding stages of the technological process has
been considered in works [12, 13] and others. One of
the main approaches to reducing metal waste during
hot pipe reducing is to vary the deformation along the
pipe length. In this case, deformation is redistributed
between two stages of the technological process: in
the part of the pipe where the required degree of de-
formation cannot be achieved in the reducing mill, it is
increased at the preceding PRM stage.

The most effective method realizing this approach
is to change the deformation zone by converging or di-
verging the working rolls directly during pipe rolling.
Two methods of implementing this approach are
known: on existing equipment outside or in addition to
the main technological process, and on existing equip-
ment within the normal technological flow.

On PRMs with the automatic mill 140, when rolling
rough pipes with diameters of 84+118 mm and wall
thicknesses of 3,4+12 mm, their ends were thinned
over a length of 600+1800 mm, with additional wall
compression at the ends of 0,25+1,0 mm. During sub-
sequent reducing with stretching into pipes with diam-
eters of 28+76 mm and wall thicknesses of 3,2+12 mm,
a metal saving of 900 t/year was achieved. The in-
crease in length of the reduced and calibrated pipes
was within 2,7+5,4% and 2,8+4,6%, respectively, and
metal savings were also achieved due to reducing the
billet length when rolling pipes of measured length by
5% [14].

Let us consider an example of performing an addi-
tional operation (position 4.1, fig. 2).

On PRMs with the automatic mill 350, the trans-
verse wall thickness variation of the pipe 45, end sec-
tions is 1,5+2,0 times greater than the variation in their
middle section. M.l. Khanin proposed that, to utilize the
tolerance range of thickened pipe ends on PRMs with
automatic mill 350, the wall thickness of the pipe
should be adjusted at the final stage of its shaping on
the rolling mill [15].

For this purpose, during the rolling of the pipe end
sections, it is necessary to change the distance be-
tween the rolls: the rolls are converged at the front end
of the pipe and diverged at the rear end. It is advisable
to implement roll displacement during rolling using the
pressure device of the rolling mill. The rolling technol-
ogy on the rolling mill is as follows [15]. After the front
end of the pipe exits the rolls by 0,4+0,6 m, the rolls are
converged by a specified amount using the mill’s pres-
sure device, increasing wall compression by 4 = 0,1 +
0,3 mm. The middle section of the pipe is rolled at a
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constant distance between the rolls, which differs from
the initial distance by the amount of their convergence.
As the rear end of the pipe approaches the deformation
zone, the rolls are diverged back to their original posi-
tion. The completion of roll divergence should corre-
spond to a distance of 0,4+0,6 m from the rear pipe
end to the deformation zone. The rear end of the pipe
is rolled according to the mill setting specified in the
rolling schedule. Roll movement during rolling should
be performed in automatic mode.

Methods for preparing the front ends of shells be-
fore rolling. These methods are discussed in detail in
[8]. Preparation of the front ends of shells is known pri-
marily on the skew-roll piercing mill and in the off-line
charging section of the pilger mill. The most rational
method for preparing shell ends on the piercing mill is
compression using idle rolls at the exit side of the stand
on the mandrel, utilizing the forces of the piercing pro-
cess. Studies of this process on PRMs with pilger mills
at 6—12" i 5—12" and at PJSC «Interpipe-NTZ»
showed its high efficiency, increasing the productivity
of the pilger mill by 3+4% and reducing metal con-
sumption by 1,5+2,5%. Examples of preparing the
front ends of shells in the off-line charging section of
the pilger mill include deformation of the shell front end
on a temporary mandrel using a four-ram hydraulic
press and on a planetary-type rolling machine. The
most promising direction is the use of planetary skew-
roll (transverse) mills. In planetary skew-roll mills, the
rolls rotate planetarily around a stationary billet, contin-
uously deforming it in a steady-state mode. Further re-
search on the process of skew-roll (transverse) plane-
tary rolling is necessary for the preparation of the front
ends of shells.

Planetary rolling processes in pipe production. Let
us consider the main directions of using the planetary
rolling process by deforming metal in idle rolls located
in a cassette that rotates.

Rolling in three-roll (PSW) and four-roll (KRM) plan-
etary mills [1]. Planetary skew-roll mills differ from tra-
ditional screw rolling mills in that the work stand with
rolls rotates around the pipe, rather than the pipe itself
rotating. Rolling in a rotating stand was first used to
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produce rods and pipes of a wide range of grades from
non-ferrous metals. The production of seamless pipes
was initiated on the PSW mill in 1974. On the PSW mill,
pipes with an outer diameter of 70-219 mm and wall
thickness of 4,5-6,0 mm are produced, with a ratio of

% = 8 + 35. The elongation coefficient can reach u =

15.

The company «KOCKS» developed a «new» tech-
nology for producing seamless pipes through a contin-
uous process of transforming a hollow billet into a hot-
rolled pipe (STP process), which uses a four-roll elon-
gator (KRM) whose rolls rotate around the billet. As a
result, the KRM mill is capable of rolling shells (rough
pipes) up to 50 m in length. While the rear part of the
hollow billet is transformed into a shell on the KRM mill,
the front part begins forming into the finished pipe in
the reducing-elongation mill. The reducing-elongation
mill, equipped with adjustable stands, is a continuation
of developments of traditional PPC mills, based on the
positive experience of three-roll reducing and calibrat-
ing mills used for rolling wire and rods, and meets the
requirements of the pipe market.

Elongation in the KRM mill, reduction in the reduc-
ing-elongation mill, and cutting of pipes on a flying saw
occur simultaneously on the same billet, eliminating
additional heating. This technology increases profita-
bility and productivity while also expanding the pipe as-
sortment.

1. The use of planetary skew-roll mills as expansion
stands is known [16].

2. The principle of planetary rolling was applied in
[17] for developing a method for preparing the front
ends of shells before pilger rolling. In the proposed pro-
cess (fig. 3), preparation of the shell end is performed
on a temporary short cylindrical mandrel, which is re-
moved after preparing the front end of the shell and
charging it with the mandrel. The installation for plane-
tary rolling of shell ends is located in the off-line charg-
ing section and serves both pilger mills, reducing capi-
tal costs.

Figure 3 — Preparation of the front end of the shell on a planetary-type rolling machine:
1 — shell; 2 — shell clamp; 3 — idle compression rolls; 4 — die plate; 5 — mandrel; 6 — mandrel hydraulic drive;

3. Preparation of the front ends of billets before the
skew-roll piercing PRM with a three-roll mill using a
planetary rolling device was proposed by G.M. Kush-
chinsky in the late 1960s [18]. A feature of this installa-
tion is the simultaneous centering of the billet’s front

end during its preparation. G.M. Kushchinsky’s re-
search demonstrated the feasibility, possibility, and ef-
fectiveness of such billet preparation.

4. Several processes for using planetary rolling in
cold deformation of pipes are known. At SE «NDTI»
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and NMetAU, in order to expand the assortment in the
production of bearing pipes with diameters less than
50 mm, a new process of mandrel-less cold trans-
verse-helix rolling was proposed, performed in a plan-
etary stand with a differential drive. Works [19, 20] in
the field of screw rolling on planetary hot- or cold-rolling
pipe mills demonstrated the effectiveness of this new
production method. The main technological feature of
planetary screw rolling mills is the ability to deform the
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metal gradually. This is achieved through a special
drive arrangement of the mill: the use of a differential
gearbox and two main motors (one motor for roll rota-
tion and one for stand rotation). Cold screw rolling was
performed on a three-roll planetary mill installed at SE
«NDTI» with roll feed a angles of 3°30"and 7°, and a
stand rotation speed of n,,, —5s~tand 10 s71.

The scheme of the planetary mill is shown in fig. 4.
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Figure 4 — Planetary screw rolling mill:

1 — central gear of the differential gearbox; 2 — working stand; 3 — roll motor (central gear); 4 — stand motor; 5

— pipe being rolled; 6 — working roll

Pipes with dimensions 32x3,0 mm, 32x4,0 mm,
and 36,6x4,7 mm were rolled in a single pass with the
following deformation degrees: 32x3,0 mm — 4-18%
relative deformation (¢) and 1,0-5,8 mm absolute de-
formation (4d); 32x4,0 mm — 3-22% relative defor-
mation (g) and 1,0—7,0 mm absolute deformation (4d);
36,6%4,7 mm — 4-18% relative deformation (€ ) and
1,5-6,6 mm absolute deformation (4d).

The productivity of the cold mandrel-less screw roll-
ing process depends on the rotational speed of the
planetary stand, the feed angle of the working rolls,
and the degree of pipe deformation by diameter, and
ranges from 100 to 250 m/h at a total power of 24 kW.
The dimensional accuracy of finished bearing pipes is
0,1-0,3 mm by diameter and 4—5% by wall thickness,
meeting the requirements of standards for bearing
pipes. The surface finish of pipes after cold planetary
rolling can reach Ra = 1 + 2 um. The quality of the in-
ternal surface is not deteriorated.

In Japan, rotational pipe calibration has been devel-
oped, which provides increased dimensional accuracy,
surface quality, and is characterized by low capital and
operating costs [21]. The device for rotational calibra-
tion contains a housing with rollers that roll along the
pipe surface, being installed at a certain angle to the
pipe axis. The rollers rotate freely on their axes and are
equipped with drives — the rotation of the housing itself
provides the drive. The housing moves along the pipe
similarly to a nut moving along a thread, as it slides
onto the pipe and moves along a spiral trajectory. This
ensures that the entire pipe surface is uniformly pro-
cessed.

By changing the relative angular position of the roll-
ers, the gauge diameter can be adjusted. Each of the
two roller housings is mounted on separate carriages.
In the second housing, the rollers are installed at an
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angle of opposite sign relative to the rollers of the first
housing. Both housings rotate in mutually opposite di-
rections, which is necessary to prevent twisting of the
pipe in the section between the calibration mill and the
welding position. Both carriages are rigidly connected
to each other and mounted on guides. The entire as-
sembly of carriages, roller housings, electric motors,
and gearboxes can freely move along the guides par-
allel to the pipe axis (fig. 5). One feature of the rota-
tional calibration method is that the gauge diameter,
formed inside the roller housing, is continuously adjust-
able within the range between the upper and lower lim-
its inherent to that housing. Figure 6 shows the change
in diameter corresponding to the variation of the roller
installation angle relative to the pipe axis. This allows
for a reduction in the tool inventory, as a single pair of
roller housings can calibrate several pipe diameters.

The pipe passing through the RSM calibration mill
is processed uniformly along its entire length.

Currently, the range of pipes suitable for calibration
on the RSM mill is limited to an outer diameter of
30+650 mm and a wall thickness of 0,816 mm. The
RSM calibration mill has the following advantages:
high-precision adjustment of pipe tension between the
welding machine and the calibration mill; on-the-fly
gauge adjustment; the possibility of producing shaped
pipes; improved surface roughness of pipes by approx-
imately 30%; quick tool replacement without additional
costs; gradual and uniform deformation of the pipe ma-
terial; a 50% reduction in energy consumption; the pos-
sibility of use outside the PRM line; and others.

A known method of continuous cold pipe rolling [22]
involves deforming the hollow billet 1 in a gauge
formed by grooved rolls 2 on a mandrel 3, and in a con-
secutively arranged housing 4 that rotates around the
rolling axis, where planetary rolling of the billet with idle
rolls is carried out (fig. 7).
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Figure 5 — General view of the installation for rotational pipe calibration
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Figure 7 — Scheme of continuous cold pipe rolling [23]:
a) general view; b and c) cross-sections A—A and B-B, respectively;
1 — hollow billet; 2 — grooved roll; 3 — mandrel; 4 — housing with idle rolls

Each cross-section of the billet is compressed in
both diameter and wall thickness first by the longitudi-
nal rolling rolls, then by the transverse rolling rolls, fol-
lowed again by the longitudinal rolling rolls, and so on.
In this process, the ratio of relative deformations in wall
thickness in consecutively arranged gauges — formed
by the grooved rolls of the longitudinal rolling and in the
planetary housing with idle rolls rotating around the

rolling axis —is 0,5+0,9. This ensures a reduction in the
degree of work hardening and mitigates the higher
plastic properties of the metal, i.e., it increases the de-
formability of the metal and the productivity of the pro-
cess due to significantly higher elongation coefficients
(3,0+3,8).

Selection of the planetary scheme for rolling the
front ends of billets and the parameters of the rollers.
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Planetary rolling of the front ends of billets (shells) with
rollers can be carried out according to several
schemes. Combined rolling with radial feed of the roll-
ers is fairly complex, as it requires an adjustable stop
for axial fixation of the billet relative to the rollers. In
addition, for radial feed of the rollers during rotation of
the roller cassette around the billet, either a collector
device or flexible hoses for fluid supply are needed.
Therefore, the second rolling scheme is considered
more practical, in which the roller cassette moves axi-
ally along the billet to deform its front end.

Furthermore, planetary rolling of the billet end can
be performed with a varying number of rollers. The
number of rollers determines the rotation angle of the
cassette, in which the rollers are positioned with the
ability to move radially from the initial position to form
a conical shape at the billet end.

If one roller is used, then to form the cone it must
make one full rotation around the billet plus an addi-
tional rotation corresponding to the indentation depth
Ah. If two rollers are used in the cassette, positioned
diametrically, the cassette must make one full rotation
to form the cone. If three rollers are used, positioned at
an angle of 120° o each other, the cassette must rotate

%% ISSN 1028-2335 (print)  Ne2, 2025

by 240°. If four rollers are used, positioned at an angle
of 90° to each other, the cassette must rotate by 180°,
i.e., half a turn, to form the cone. We adopt a cassette
with four rollers.

Determination of deformation tool parameters.
These parameters include the diameter and width of
the rollers.

The roller diameter is selected by analogy with the
selection of rolling roll diameters. As is known, the
working diameter of rolling rolls is determined taking
into account the allowable bite angle according to the
formula

D =_2n (1)

1—cos a;’

where Ah — is the absolute indentation; a, — is the
bite angle, which should not exceed 30°, we adopt a
bite angle of 15°.

The absolute indentation for the minimum billet di-
ameter of @110 mm, as shown in fig. 8, is Ah =L, -
tg5° = 50-0,0875 = 4,4 mm.

The absolute indentation for the maximum billet di-
ameter of @230 mm, as shown in fig. 8, is dh =L, -
tg5° =70-0,0875 = 6,1 mm.

Figure 8 — Billets with profiled front ends:
a) diameter @110 mm; b) diameter @230 mm

Then, according to formula (1), the roller diameter
should be:

— for the minimum Dbillet @110 mm
4,4 .

109659 Mmin;

— for the maximum Dbillet @230 mm
6,1

1-0,9659 MMynqy -

We adopt the roller diameter at the billet end face
plane as D = 200 mm.

When determining the roller width, it should be
taken into account that the end of the cylindrical billet
takes a conical shape and elongates in the axial direc-
tion during rolling with conical rollers (fig. 9). Let us de-
termine the length L, of the billet end, which transitions
into the specified cone length L,. We consider the vol-
umes of two bodies: a cylinder with a diameter of D,
and a height of L, and a truncated cone with a base of
D, and a height of L,; From this, we obtain the ratio

Lt L3-tg?
L3=LK_2'Kgy+1,3'K‘Zy-
D D2
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The calculation showed that the third term can be
neglected with an error of less than 1%. Based on this,
we obtain the formula

2-L2-tgy
L= 1, — 2 @)

From expression (2), the length L, for the minimum

billet with the initial data: D, = 110 mm; L, = 50 mm;

.502. °
¥y = 5° will be equal to L, =50 —%

From expression (2), the length L, for the maximum

billet with the initial data:D, = 110 mm; L, = 70 mm,;

.702. °
y=5° will also be equal toL,= 50 — 210 19% 7011595 =

66,3 mm. Then, the roller width is taken from the ex-
pression b, = L+ Ab, + Ab,. Where Ab, is used to
position the billet relative to the rollers before the start
of rolling. We adopt initial approximate values A4b,
and4b, as 15 mm. Consequently, the roller width will
be by, = Ly + 30.

= 46 mm.
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Figure 9 — Diagram of roller contact with the billet at the moment of indentation completion:

1 — billet; 2 — roller

Determination of the forces acting on the roller dur-
ing the rolling process. The forces acting during the
planetary rolling process are determined at the mo-
ment of maximum roller penetration into the billet. Fig.
10 shows the force diagram acting on a stationary billet
from the idle roller when it is inserted by a distance 4h
and the roller cassette is rotated by an angle of 90°
counterclockwise. The diagram shows the minimum
billet with a diameter of @110 mm and a roller of @200
mm. The magnitude Ak is maximal at the billet's end
face and decreases to zero at the point where the billet
first contacts the roller. The action of the billet on the
roller can be represented as a single resultant force P,

applied at point A, in the middle of the contact arc CD.
If the friction forces in the roller trunnions are ne-
glected, this resultant must pass through the roller axis
— point 0,. When friction in the roller trunnions is con-
sidered, the direction of the resultant force P changes
so that it passes along the tangent to the friction circle.
Then, the torque required to rotate the roller is

Mp=P-p->=P-p, 3)

where: p = ”z;d — radius of the friction circle; u — co-

efficient of friction in the roller trunnions; d — diameter
of the roller trunnions.

>

Figure 10 — Diagram of the force interaction between the roller and the billet at the moment of indentation

completion:
1 — billet; 2 —roller.
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The force exerted by the roller on the billet, based
on equilibrium conditions, lies on the same line as force
P and generates a torque that tends to rotate the billet
counterclockwise.

M;=P-a, (4)

where a = BO, — p; BO, = (R, + R; — 4h) - sin 6.
From triangle ACO;, it follows that 6 = g + ¢. The
angle B is determined by the point A of application of
the resultant P on the roller, and the angle (p can be

found from the relation sin ¢ = ZD'—p. The lever arm a of
P

the force P can now be determined from the equation:
a= (Rp + R, — Ah) - sin(B + ¢) — p. (5)

Substituting this value of p into expression (4), we
obtain the moment acting on the billet taking into ac-
count the frictional forces in the roller trunnions.
We estimate the magnitude of the force P as the re-
sultant of the normal pressure forces acting over the
contact arc CD of the roller with the billet when the roller
is inserted by an amount4h. We assume that the mean

20002pagh weuokocmei
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value of the normal pressure equals p and is uniformly
distributed over the contact arc €D and over the con-
tact patch between the roller and the billet. The contact
patch is represented as an isosceles triangle whose
base is the chord of the contact arc €D and whose
height is L,. We use the slip-line method and consider
a plane problem. We choose the indentation speed of
the rollers such that indentation by the prescribed
amount 4h occurs during one quarter turn of the roller
cassette around the billet. Obviously, in this position
the indentation force of the rollers reaches its maxi-
mum. This position is shown in Fig. 11, where a simpli-
fied slip-line field is adopted consisting of two straight
lines AC and A'C. On the contact surfaces AB and AB’
a constant average pressure p, directed perpendicular
to the billet axis and parallel to the roller velocity vp',
directed along the radius 0,4 (fig. 11). The velocity vp'
is determined from the relation

v, =1, - sinp,
where v, — the tangential velocity of the center of

the roller axis 0, during the cassette’s rotation about
the workpiece.

OCb pOAUKA

Figure 11 — Slip-line field at maximum indentation of two diametrically opposed rollers and velocity hodograph:

1 —roller; 2 — billet

The error §, which arises from replacing the pres-
sure normal to the surfaceAB with the pressure p, per-
pendicular to the workpiece axis, is estimated as neg-
ligibly small (at y = 5°), namely:

5§ =2P.1000% = PNZPNCOSY 10004 = 0,38%.
PN PN
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The construction of the slip velocity hodograph is
carried out as follows. From the pole O (fig. 11) to an
arbitrary scale, we lay off the velocities vp' of the rollers
relative to the center of the workpiece (more precisely,
to points A and A") OP andOR. In each deformation
zone ABC and A'B'C these velocities have two compo-
nents: 0Q along AC and 0Q along A'C, as well as PQ
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and RQ — he velocities of the metal exiting the defor-
mation zone. The upper-limit specific load p is calcu-
lated according to Johnson’s method [23, p. 218] using
the equation

_ 205

_ 205 U . AC-0Q
p-AB="F% pr,als_VE = (6)

From where, we get
_ 205 AC0Q
T V3 ABOP’ )

The measurements of the segments included in for-
mula (7) on the drawing (Fig. 11) yielded the following
values: AC=37mm; 0Q = 26,5mm; AB = 26 mm,;
OP = 20 mm. Substituting the obtained values into for-
mula (7), we get

_ 2 37265
p_\/i 2620

-os = 2,18 - o;.

To determine the yield strength o of the steel, it is
necessary to know the degree and rate of deformation.
The degree of deformation ¢ is estimated by analogy
with cylinder upsetting. In our case, it is not upsetting,
but the elongation of the workpiece end from length L,
to length L,.

Thus, the degree of deformation during rolling is de-
termined as follows:

_L3

— for the minimum workpiece @110 mm ¢ = L"L—
3
100% = =22 100% = 8,7%;
— for the maximum workpiece @230 mm ¢ =

100% = +100% = 5,6%.

Lx—Ls

3
70-66,3

66,3
The deformation rate U = S/t, where t —is the

deformation time, depends on the angular velocity ®

of the roller cassette. Thus, if the cassette rotates at a
speed of n = 60 min™! (w = "3—: = 6,28s71), the time

for the cassette to turn through an angle of 90° will
bet = 0,25 s.
Therefore, the deformation rate of the workpiece
end during roller finishing will be:
0,087

— for the minimum workpiece 110 mMm u = — =

0,25
0,35s71L;
— for the maximum workpiece @230 mm u = % =

0,22s71.

As an example, we consider a workpiece made of
steel 45 at a temperature 0f1200°C.

We determine the yield strength of this steel using
the method of thermomechanical coefficients [24, p.
212]:

0; =06 ke ky - kr (8)
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where g5 = 86 Mlla — the baseline value of defor-
mation resistance [24, p. 212];k, = 0,93 — the step co-
efficient for the minimum workpiece; k. = 0,95 — the
step coefficient for the maximum workpiece; k,, = 0,62
the velocity coefficient for the minimum workpiece;
k, = 0,57 the velocity coefficient for the maximum
workpiece; ky = 0,58 the temperature coefficient for
the workpieces.

Then, the yield strength will be:

— for the minimum workpiece @110 mmag, = 86 -
0,93-0,62-0,58 = 28,76 MPa;

—for the maximum workpiece @230 mm o, = 86 -
0,95-0,57 - 0,58 = 27 MPa

The value of the specific pressure p on sectionsAB
and AB (fig. 11):

— for the minimum workpiece @110 mm p = 2,18 -
28,76 = 62,7 MPa;

— for the maximum workpiece @230 mm p = 2,18 -
27 = 60 MPa.

For the maximum workpiece, the specific pressure
p on sections ABi A B has also been determined using
Johnson’s method in the form p = 2,22 - g5. Due to its
identity with the minimum workpiece, the determination
itself is not presented here.
To determine the force P it is necessary to know the
contact area of the roller with the workpiece, which is
calculated using the formula:

1
E<=Z‘LKD'LK, (9)

where Lg;, — the length of the common chord at the
intersection of the workpiece and roller circles.

Let us determine the chord length Lg,. According
to fig. 12, we have two equations for the chord:

Lxkp =2 R, - siny,;

Lxp = 2R, siny,. (10)
From where, we have one equation: R, - siny; —

R, - siny, = 0. The second equation is obtained by ex-
pressing the distance between the axes of the roller
and the workpiece as R, - cosy; + R;-cosy, = R, +

R; — Ah. We thus have a system of two equations with
two unknowns Y1 and Y5 :

Ry - siny; — R; - siny, = 0;

Rp-cosys+R;-cosy, =Ry, + Ry — Ah. (11)

Solving this system of equations leads to the follow-
ing expression:

RN2  /RN\2 R R 4h
-G+ @) st oo =Ee1-202)
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Figure 12 — Diagram for deterrﬁining the length of the common chord of the roller and workpiece:

1 —roller; 2 — workpiece

We solve equation (12) for the minimum workpiece
with respect to y, using the following values of the pa-

2
= 1818 (2) =1,818% =
55 Rs
A~ 2%~ 0,08. As a result of
R; 55

rameters involved: % =
3,305; Ah = 4,4 mm;

solving equation (12), we obtain co s y; = 0,984, from
which y; = 10°20" follows.
We solve equation (12) for the maximum workpiece

with respect to Y1 using the following values of the pa-

2
rameters involved: -2 =120 _ 0,87; (ﬁ) = 0,872 =
Ry 115 Rs
0,756; Ah = 6,1 mm; £ = 2L = 0,053. As a result of

R; 115

solving equation (12), we obtain co sy, = 0,967, from
which y; = 14°44 follows.

Thus, the chord length according to equation (10)
is:

— for the minimum workpiece @110 mm Ly, =2 -
100 - sin10°20" ~ 36 mm;

— for the maximum workpiece @230 mm Ly, = 2 -
100 - sin14°44 ~ 51 mm.

Then, the contact area of the roller with the work-
piece, according to formula (9), will be:

— for the minimum workpiece @110 mm F, = 0,25 -
36 - 50 = 450 mm?;

— for the maximum workpiece @230 mm F, = 0,25 -
51-70 = 892,5 mm?.

The force F will be:

— for the minimum workpiece 3110mmP =p - F, =
=62,7-10%-450-107% = 28215 N=28,2 kN;

— for the maximum workpiece @230 mm P=p-
F,==60-10%-892,5-10"% = 53550 N=53,55 kN.

The torque required to rotate the roller during finish-
ing is determined using formula (3)aty = 0,1 and d =
0,1 m:

— for the minimum workpiece &110 mm M, =

28215 - 0,1 % = 141,07 N - m;
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— for the maximum workpiece @230 mm M, =
28215-0,1- 2 = 267,75N - m.
We determine the angle:

.2 , 25 .
Q= arcsin=£ = arcsin=> = arcsin 0,05,
Dp 200

-d 0,1-100
where p = L —

friction circle.
Thus, the angle ¢ ~ 2°50'.
From Fig. 10, it can be seen that the angle g = y2_1

Therefore, for the minimum workpiece @110 mm, the
angle B =5°10, and for the maximum workpiece
@230 mm, the angle g = 7°22".

Next, using formula (5), we determine the lever arm
of the force P:

— for the minimum workpiece @110 mm a =
(100 + 55 — 4,4) x sin(5°10"+ 2°50) — 5 = 16 mm;

— for the maximum workpiece @230 mm a =
(100 + 115 — 6,1) x sin(7°22"+ 2°50") — 5 = 32 mm.

Using formula (4), we calculate the torque tending
to rotate the workpiece counterclockwise:

— for the minimum workpiece @110 mm M, =
28215-16-1073 = 451,44 N - m;

— for the maximum workpiece @230 mm M, =
53550-32-1073 =1713,6 N- m.

Thus, the total torque acting on the stationary work-
piece from the four rollers is:

— for the minimum workpiece @110 mm > M, = 4 -
451,44 =~ 1806 N - m;

— for the maximum workpiece @230 mm Y M, = 4 -
1713,6 = 6854 N - m.

To rotate the cassette with four rollers, without ac-
counting for friction losses in the drive, the previously
found total torque on the rollers is required. Then, the
power needed to rotate the rollers (also without consid-
ering the drive efficiency) will be:

= 5 mm - the radius of the
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— for the minimum workpiece @110 mm N =Y M, -
w, = 1806 - 6,28 = 11342 W = 11,34 kKWW,

— for the maximum workpiece @230 mm N =Y M, -
wy = 6854 - 6,28 = 43043 W = 43,04 kKIV.

Preparation of the front ends of shells on a finishing
(rolling) machine. The schematic of the planetary fin-
ishing of the front end of a shell on a mandrel is shown
in fig. 13. In this process, the shell 1 is stationary and
secured against rotation. Four cylindrical rollers 2 are
positioned in diametrically opposite planes in pairs,
with the ability to move along the radii of the shell
cross-section. Thus, the axes of the forming rollers are
parallel to the axis of the shell. The movement of each
roller is driven by a hydraulic cylinder 3, mounted in the
housing 4. The housing can rotate on a bearing sup-
port 5 and has a gear wheel 6, which receives rotation
from the drive pinion 7. The shell 1 is mounted on the
mandrel 8 to a specified distance corresponding to the

A

Figure 13 -
a) main

Diagram  of
view; b)

planetary

finishing of the
cross-section
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length of the deforming rollers 2. The mandrel is se-
cured against axial displacement. A hydraulic manifold
9 is installed on the mandrel, which conveys working
fluid from the stationary mandrel to the rotating housing
4, and then to each hydraulic cylinder and back to the
drain.

The force of the rollers’ penetration into the shell
wall, as well as the torque applied to housing 4, can be
varied over a wide range depending on the radial feed
of the rollers per one rotation of the housing 4. By anal-
ogy with the cutting force on lathes, this force can be
determined experimentally. Synchronization of the
gradual movement of the rollers toward the shell center
can be achieved by known hydraulic methods (adjust-
able throttles, use of false rods, discrete hydraulic
drives, etc.).

The penetration of the rollers into the shell wall can
be limited by displacement sensors on the rods, force
sensors, or torque sensors.

shell:
view;

end of a
main

front
A-A in the

1 — shell; 2 — forming roller; 3 — hydraulic cylinder; 4 — housing; 5 — bearing support; 6 — gear wheel; 7 — drive
pinion; 8 — mandrel; 9 — hydraulic manifold; 10 — support; 11 — rotation drive

The rollers are cylindrical in shape and move syn-
chronously toward the center of the shell. There is a
radial clearance between the shell and the mandrel

(fig. 14) Ar = @_Zﬂ. Fig. 14 shows the front end of

the shell in a diametral section at the moment of com-
pletion of reduction, when the chosen radial clearance
Ar, is set, the deforming rollers have penetrated the
shell wall by AR, and the contact length [ of the rollers
with the shell has increased byAl. The dashed line in
fig. 14 shows the initial position of the shell end relative
to the rollers and mandrel.

As a result of the reduction, the volume of metal in
a ring with cross-section ABCD s deformed into a ring
with cross-sectionAB'C'D’. The volume of the
ringABCD can be determined using the expression:

Vascp = Fn - L= 7 (DF —d3) -1, (13)

where F,, — the area of the flat annular cross-section
AD; D, —the outer diameter of the shell; d, — the inner
diameter of the shell.

The volume of the ring AB'C'D’ can be determined
using the expression:

Vigen = Fn- (L+ 4D =

=2 [(D, =2+ AR)? — DZp] - (1 + A1), (14)

where F,, — the area of the flat annular cross-section
AD.

Equating expression (13) and expression (14), and
dividing by 1, we obtain:

DZ —d2 = [(D,— 2 - AR)? — DZy) - (1 +2). (15)

We have one equation with two unknowns, AR and
Al.
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Figure 14 — Finishing of the shell end with rollers on a méﬁarrér(féngitudinal section):

1 —shell; 2 — forming roller; 3 — mandrel

The second equation is obtained from the incom-
pressibility condition:

g+eg+e =0,

where ¢, = ATI — relative elongation of the shell end
(positive sign); &g = Z;R — relative reduction of the

2
[n-D,~m(D~2-4R)] __ 2:4R

shell radius (negative sign);e, =

(D) T D
— relative deformation in the tangential direction (neg-
ative sign).
Thus, the second equation is:
Al 4-AR
T, 0. (16)

Solving equations (15) and (16) simultaneously
with respect to 4R, we obtain:

4-AR

D% —dZ=[(D,—2-AR)? — DZ,]- (1 +D—e). (7)

Equation (17) is cubic with respect to 4R. There-
fore, it is expedient to proceed to a numerical solution.
Substituting the following initial data into equation
(17):D, = 320 mm, d, = 170 mm, Dy, = 164 mm, | =
140 mm.

We obtain the cubic expression:

0,05-4AR®*—12-AR?* —336,2- AR + 2004 = 0.

By substituting values of AR we find the value of
AR = 5,06 mm, that satisfies this equation.

From equation (16), we obtain Al = 8,86 mm.

The thinning of the shell wall occurs by an amount
of

28

AS = AR — Ar = 5,06 — 3 = 2,06 MM.

Conclusions.

1. One of the main reserves for further increasing
productivity, saving material, and improving the accu-
racy of geometric dimensions in the production of hot-
rolled seamless pipes is the use of variable defor-
mation modes across the wall thickness.

2. The method of transferring part of the defor-
mation from the main pass to the preceding pass has
been developed, which significantly improves rolling
conditions in the main pass and enhances its perfor-
mance indicators.

3. Examples of performing additional operations on
different passes of the rolling stand have been consid-
ered, demonstrating their high efficiency.

4. Planetary rolling processes used in pipe rolling
production for designing the method of preparing the
front ends of shells have been examined.

5. Using the slip-line method, the forces acting on
idle rolls during transverse planetary finishing of the
shell end, as well as the torque and power of finishing,
have been determined.

6. The process of preparing the front end of the
shell by reducing it without wall-thickness compression
through transverse planetary finishing with idle rolls
has been analyzed, and the thinning of the shell wall at
the front end has been determined analytically.

7. The process of transverse planetary finishing for
preparing the ends of billets, shells, and pipes is prom-
ising and requires further research and development.

8.The results of this work can be used when select-
ing a rational method for preparing metal for rolling,
taking into account the technology at a specific rolling
stand.
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Aiupova T.A., Yelagin A.S., Kovzik A.M., Pohrebna N.E.
Influence of Physicochemical Melt Treatment on Structure
and Properties of AK74 alloy Microalloyed with Sr-Sc and Ti-B-Sr
Complexes

Awnoesa T.A., €aacin A.C., Koe3ik A.M., biaa A.B., [lozpe6Ha H.E.
BniuB ¢i3uko-xiMiuHOI 00p00KH PO3IJIABY HA CTPYKTYPY
Ta BJACTUBOCTI CHIIyMiHYyA K74 nmpu MikpoJieryBaHHI KOMILIEKCaM#

Sr-Sc Ta Ti-B-Sr

Purpose. The aim of research is to determine the features of structure formation and property enhancement in the AK74
alloy under the influence of microalloying with complex modifiers Sr-Sc and Ti-B-Sr, as well as physicochemical treatment
in the liquid state.

Methodology. The object of study was the AK7y alloy of the base composition and microalloyed with Sr-Sc and Ti-B-Sr
complexes in both the as-cast state and after hydrogen and thermotemporal melt treatments. Structural formation was
investigated using metallographic analysis. The ultimate deformability was determined by an improved method for as-
sessing the limiting deformation degree during rolling of wedge-shaped samples. Corrosion resistance, including general
and intergranular corrosion susceptibility, was assessed using standard testing methods.

Results. It was found that the combined physicochemical effect of microalloying with Sr-Sc and 20-minute hydrogen melt
treatment increased the deformability of the AISi7 alloy by 60%. Ti-B-Sr addition and 30-minute thermotemporal melt
treatment increased deformability by 46% compared to the original as-cast alloy. It was also established that microalloying
with Ti-Sr-B and isothermal treatment for 30 minutes significantly enhance the corrosion resistance of the AK7u4 alloy.
Scientific novelty. The study proves the effectiveness of microalloying with Sr-Sc and Ti-B—Sr complexes in combination
with hydrogen and thermotemporal melt treatments for improving the deformability of AK74 alloy compared to the base
composition. The positive effect of such treatments on the alloy’s general corrosion resistance was also confirmed.
Practical significance. The research provides effective methods for enhancing the technological deformability and corro-
sion resistance of AK74 aluminum alloy through microalloying with Sr—Sc and Ti-B—Sr complexes in combination with
hydrogen or thermotemporal melt treatment. The proposed approaches significantly improve the alloy’s structure, which
promotes increased corrosion resistance and overall reliability of finished products, especially in critical components used
in mechanical engineering, aviation, and transport industries.

Keywords: silumin, microalloying, hydrogen treatment, thermotemporal treatment, deformability, corrosion properties

AHOmauis

Mema. Memoto OocnidxeHHs1 € 8usHaqyeHHs1 ocobrnugocmeli hopMysaHHs cmpykmypu ma enacmusocmell 8 crnasi
AK74, npu Oii mikponeaysaHHHs1 KomrinekcHuum modugbikamopamu Sr-Sc i Ti-B-Sr ma ¢piauko-ximiyHoi 06pobKu & pidkomy
cmaki.

Memooduka. O6’ekmom OocrioxeHHs1 cryxue crnas AK74 euxiOHo20 cknady ma Mikpone2oeaHull KOMIMIEKCHUMU
moducgpbikamopamu Sr-Sc ma Ti-B-Sr é numomy cmati ma nicrisi B00He80i ma mepmoyacogoi 06pobokK 8 piOKoMy cmaHi.
LocnidxeHHsi ocobnusocmeli hopmysaHHs cmpyKmypu rnpoeodursiu 3a ornomMozor MemasozpagiyHo20, aHanisy, epa-
HUYHY OegbopmigHicmb crinasie 8u3Haqasu 3a 600CKOHa/IEHO MemOOUKOK BU3HAaYEHHST epaHUYHO20 cmyreHo 0eghop-
mauii memariie npu npokamui KIUHOBUOGHUX 3pa3Kig, KOpOo3iliHi 8UnpobysaHHs1 Ha 3a2aribHy KOPO3ilo ma cxurbHicmb 00
MiKKpUCmarnim+oi Kopogii npoeodursiu 3a cmaHOapmHUMU MemoduKamu.

Pesynbmamu. BcmaHo8reHo, w0 KoMieKkcHUU i3uKo-XiMiYHUU 8rue MikporieaysaHHs1 KOMnekcom Sr-Sc ma 20-xsu-
nNuHHe 8o0Hesge 0bpobrieHHs posrnnasy AK74 nidsuujye tioeo deghopmisHicmb Ha 60%, a 0odasaHHs komrnekcy Ti-B-Sr
ma mepmoyacoea obpobka posmnnasy npumsizom 30 xeunuH cripusitoms nideuWEeHH0 (io2o deghopmisHocmi Ha 46 %
OPIBHAHO 3 BUXIOHUM fUMuUM crnnasoMm. BecmaHoeneHo, wio MikponeaysaHHsi Ti-Sr-B ma mepmoyacosa ob6pobka pos-
nnasy npomsieom 30 x8. nidsuwyroms KOpO3itiHy cmilikicmb crinagy AK74

Haykoea HosusHa. [JogedeHO eghekmugHicmb MiKpoeaysaHHs KOMIIeKCHUMU Modugbikamopamu Sr-Sc ma Ti-B-Sr y
rnoedHaHHi 3 800HEBOK Ma mepmoyacosor obpobkamu poarnnasy 0ns nidsuuwieHHs deghopmigHocmi crinasy AK74 y
rOpi8HSAHHI 3 8UXIOHUM cknadom. BcmaHoeneHo no3umugHUll 8rue MikposieayeaHHsi ma mepmoYyacosoi 06pobku po3-
nnasy Ha nideuWeHHs 3a2asbHoi Kopo3iltiHoi cmitikocmi crinasy AK74

lMpakmuy4Ha 3Hadvywicms nposedeHo2o O0criO)eHHs nonszae 8 po3pobui eghpekmusHUX Memodig Mid8UEHHST MEeXHO-
noeiyHoi deghopmieHocmi ma Kopo3sitiHoi cmilikocmi antomiHiegoeo crinagy murny AK74 wnsxom MiKponeayeaHHs KOM-
nnekcamu Sr—Sc ma Ti—B—Sr y noedHaHHi 3 800He80t0 abo mepmovacosor 06pobkoto po3arnnasy. 3anpornoHosaHi mex-
Honoei4Hi nidxodu 3abe3reyyomps Cymmese roKpaweHHs CmpyKmypu criiagy, Wo crpusimume nidguuieHHI0 Kopo3iliHoi
cmilikocmi ma 3az2anbHoi HadiliHocmi 20mosux 8upobig, 0cobnueo y 8idnosidanbHUX KOHCMPYKUisIX MauwuHobydysaHHs,
aesiauji ma mpaHcrnopmHo20 npu3Ha4YeHHsl.

Krtodoei criosa: cunymiu, MikponeaysaHHsi, s00He8a 0bpobka, mepmodacosa 0bpobka, deghopmigHicmb, KOPO3iliHi 8na-
cmusocmi
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Analysis of Literature Data and Problem Statement

Aluminum alloys based on the Al-Si system, partic-
ularly alloys of the AK74 type (analogue of Aluminum
Alloy A356 (AISi7Mg0.3) according to the ASTM clas-
sification, and EN AC-42000 (AISi7Mg0.3) according
to the European standard EN 1706), are widely used
in mechanical engineering, aviation, and transportation
industries due to the combination of such properties as
low density, good casting properties, sufficient corro-
sion resistance, and acceptable mechanical character-
istics. However, the as-cast state of alloys of this type
is characterized by increased brittleness, limited de-
formability, and structure heterogeneity, which signifi-
cantly restrict their application in plastic forming pro-
cesses such as rolling or drawing [1].

One of the approaches to improving the properties
of silumins is microalloying—the addition of small
amounts of active elements or their compounds (Sr,
Sc, Ti, B, etc.) into the melt, which are capable of mod-
ifying the structure by changing the morphology of eu-
tectic silicon and intermetallic inclusions. Recent stud-
ies confirm the effectiveness of complex modifiers [2—
3], in particular Sr—Sc and Ti—B-Sr, in improving me-
chanical and performance properties, including de-
formability, strength, and corrosion resistance [4-6].

In addition, a promising direction is the physico-
chemical treatment of the melt—specifically, hydrogen
and thermotemporal treatments—which ensures struc-
tural homogenization and intermetallics refinement.
The combined use of microalloying and liquid-state
treatment makes it possible to achieve a synergistic ef-
fect of property improvement; however, in the context
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of AK7uy-type alloys, these aspects remain insuffi-
ciently studied [7-10].

It should be noted that in Ukraine, there is a lack of
industrial production of primary aluminum and wrought
aluminum alloys. The closure of the electrolysis work-
shop at the Zaporizhzhia Aluminum Plant in 2011 de-
prived the country of the status of a primary aluminum
producer. Existing enterprises, such as the Brovary
Aluminum Plant, are mainly engaged in secondary raw
material processing and profile production, which does
not meet the demand for high-quality wrought alloys for
critical industrial sectors.

Thus, the relevance of research aimed at improving
the technological properties of the AK7ch alloy through
microalloying and physico-chemical treatment is increas-
ing. The results of such work may serve as a foundation
for the restoration and development of domestic produc-
tion of wrought aluminum alloys, which is strategically im-
portant for meeting the needs of Ukraine’s mechanical
engineering and aviation industries.

Purpose and Objectives of the Study

The purpose of this study is to determine the fea-
tures of structure formation and properties in the AK74
alloy under the influence of microalloying with complex
modifiers Sr—Sc and Ti-B-Sr, as well as physico-
chemical treatment in the liquid state.

Materials and Methods of Research

The object of the study was samples of the AK74
alloy microalloyed with the Sr—Sc complex after melt
hydrogen treatment, and with the Ti-B—Sr complex af-
ter melt thermotemporal treatment under different re-
gimes (Table 1).

Table 1 — Chemical composition of the experimental alloys

Allo Chemical element, %mass.
y Al Si Fe Mg Mn Zn Cu Modifier
0,
AK7y4 Base 7,05-7,20 | 0,4-0,6 0,30-0,35 | 0,02-0,03 | 0,09-0,1 0,02-0,04 8;0//23::
0,
AK74(Sr,Sc) | Base 7,01-7,18 | 0,4-0,6 0,29-0,33 | 0,02-0,03 | 0,09-0,1 0,02-0,04 8;0222
AKT4 0,21-0,25%Ti
(Ti-B-Sr) Base 7,9-8,1 0,05-0,07 | 1,03-1,07 | 0,02-0,03 | 0,09-0,1 0,02-0,04 | 0,004-0,006%Sr
0,01-0,04% B

The alloys were melted under laboratory conditions
in an CLUOJN-12.6/12-M3 laboratory furnace. The fur-
nace temperature was measured using a chromel-al-
umel thermocouple, with a measurement accuracy of
0.5 °C. Microalloying complexes Sr—Sc and Ti—-B-Sr
were introduced into the melt at 750—780 °C in the form
of AI-5%Sr, Al-2%Sc, and Al-Ti-B—Sr master alloys,
respectively. After the master alloy introduction, the
melt was held for 30 minutes with active stirring and
then poured into sand—clay molds.

Hydrogen treatment of the AK74(Sr-Sc) alloy was
carried out at the equipment of the Institute of Prob-
lems of Materials Science of NAS of Ukraine according
to the method developed by Corresponding Member of
NASU H.P. Borysov at 760-770 °C for 20, 40, 60, and
90 minutes. The principle of the thermotemporal treat-
ment of the AK74 (Ti-B-Sr) alloy consisted in

superheating the melt in the range of 720-900 °C, stir-
ring the melt, holding it isothermally for 30 minutes, and
cooling from the specified temperatures in a sand
mold.

The ultimate degree of deformability of the experi-
mental alloys was evaluated by the method [11] during
the rolling of wedge-shaped specimens. Rolling was
performed at a speed of 0.3 m/s on a laboratory duo -
180 mill. The dimensions of the initial specimens ac-
cording to [11] were: hor =3 mm, ho2 =11 mm, bp=10
mm, lp = 46 mm. Each experiment was repeated three
times.

The microstructure of the studied alloys was exam-
ined using a NEOPHOT-21 optical microscope.

Tests for general corrosion were carried out on flat
specimens 50x50%3 mm (three specimens). The tests
were conducted in a -4 humidity chamber according
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to a two-stage cycle: stage 1 — relative humidity ~98%,
t=402 °C, 8 hours; stage 2 — relative humidity ~98%,
t =18-20 °C, 16 hours. A total of 30 cycles were per-
formed.

Tests for susceptibility to intergranular corrosion
were performed on three specimens per variant. Spec-
imens of 20x10%3 mm were prepared for testing. The
tests were carried out by immersion in solution (1): 30
g/L NaCl + 10 mL/L HCI (d = 1.19 g/cm?), at a solution
temperature of 18—20 °C. The duration of the tests was
24 hours. For testing, the electrochemical method of
accelerated corrosion tests was used by recording the

w#% ISSN 1028-2335 (print)  Ne2, 2025

anodic polarization curve, which reflects the corrosion
resistance of alloys in a medium containing CI” ions.

Polarization curves were obtained on an installation
including a MI-50-1 potentiostat with a MP-8 program-
mer in potentiostatic mode, holding the metal potential
until the anodic current stabilized. A silver—chloride
electrode was used as the reference electrode, and a
platinum electrode as the auxiliary one. Potential val-
ues were given relative to the normal hydrogen scale.

Results and Discussion

The appearance of characteristic specimens before
and after rolling is presented in Figures 1-2.

b

ey
e W

a, b — AK7y of the initial composition; ¢, d — AK74(Sr-Sc); a, ¢ — cast state; b, d — after hydrogen treatment of

the melt for 20 min.

Figure 1 — Samples of AK74 and AK74(Sr-Sc) alloys in the initial state and after technological deformability

tests

C

a, b — AK7y alloy of the initial composition; ¢, d — AK74(Ti-B-Sr) alloy; a, ¢ — casting from 720°C; b, d —

thermotemporal treatment (T=800°C, t=30 min)

Figure 2 — Samples of AK74 and AK74(Ti-B-Sr) alloys before and after technological deformability tests

The results of the deformability limiting degree cal-
culations of the investigated samples are presented in
Figure 3.

Hydrogen melt treatment by 9% increases the de-
formability of the AK74 alloy of the initial composition.
The maximum effect is produced by complex

physicochemical melt treatment— microalloying with the
“Sr-Sc” complex and hydrogen treatment for 20
minutes. In this case, the deformability of the alloy in-
creases by 60% compared with the as-cast alloy of the
initial composition (Figure 3a).

Cast H2
—— AKT7Y

20min  40min 60min 90min
- AK74 (Sr-Sc)

09

" /

07
E
w 06 | — f

0.5 T T T T -

700 720 740 760 780 800 820
t°C
—.— AKTY —— AK7u(Ti-B-Sr)

a

b

a — AK74 and AK74(Sr-Sc) after hydrogen melt treatment
b — AK74 and AK74y(Ti-B-Sr) after thermotemporal melt treatment
Figure 3 — Dependences of technological deformability of the experimental alloys
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During thermotemporal treatment of the AK7y alloy
of the initial composition, an increase in the ultimate
degree of deformability by 10% is observed; compari-
son of deformability data of the AK7uy alloy of the initial
composition and the AK74(Ti-B-Sr) alloy confirms the
fact of increased plasticity in the as-cast state when in-
troducing the (Ti-B-Sr) complex by 25%; the maximum
increase in deformability is obtained with complex
treatment, which includes microalloying (Ti-B-Sr) —
thermotemporal treatment (T=800°C, t=30 min); the
deformability of the alloy increases by 46% compared
with the as-cast alloy of the initial composition.

Microstructures of AK74-type alloys — of the initial
composition, and AK74(Sr-Sc) in the as-cast state and
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after hydrogen treatment are presented in Figure 4,
and of the AK74 and AK74(Ti-B-Sr) alloys after ther-
motemporal treatment — in Figure 5.

The Figures 4 and 5 demonstrate the a-Al grains
geometric orientation along the main deformation axis
and eutectic silicon and intermetallics partial refine-
ment.

To establish the regularities of the melt treatment
influence (Ti-Sr-B complex microalloying and ther-
motemporal melt treatment) on the AK74 alloy corro-
sion properties, comparative corrosion tests were car-
ried out in a humid atmosphere. The corrosion rate
data are presented in Figure 6.

a, b — AK7y, ¢, d — AK74(Sr-Sc)

a, ¢ — without treatment, b, d — hydrogen treatment for 20 min
Figure 4 — Structure of AK74 and AK74(Sr—Sc) alloys, x500

a, b — AK7y, c, d — AK74(Ti-B-Sr)
a, ¢ — casting at 720°C; b, d — casting at 800°C

Figure 5 — Structure of AK74 and AK74(Ti-B-Sr) alloys, x500

The most intensive and fastest corrosion occurs in
the AK7y alloy crystallized from 720°C, both in the as-
cast and heat-treated states. A significant reduction in
the corrosion rate is achieved with TTO (thermotem-
poral treatment) at 800°C — by 84.3% in the as-cast
state and by 91.5% in the heat-treated state. A similar
decrease in the corrosion rate is observed during mod-
ification with the Ti-B-Sr complex. In this case, solidifi-
cation from 800°C shows good results.

The highest corrosion resistance is demonstrated
by the modified alloy in the as-cast state. Analysis of
polarization curves (Figure 7) indicates that maximum
resistance, similar to samples after heat treatment at
720°C, is exhibited by modified alloy samples after
heat treatment at 800°C. The most corrosion-resistant

alloy is AK74(Ti-B-Sr), which underwent additional
solid-state heat treatment under the T6 regime. Slightly
lower resistance was observed in the modified alloy in
the as-cast state. In contrast, the initial (unmodified) al-
loy showed noticeably poorer anticorrosion properties,
particularly in the heat-treated state, where its re-
sistance was the lowest among the tested samples.

Analysis of the influence of thermotemporal treat-
ment (TTO) on the corrosion resistance of the experi-
mental alloys shows that, according to the position of
the polarization curves, samples treated at 800°C have
higher corrosion resistance compared with samples af-
ter TTO at 720°C. The application of solid-state heat
treatment under the T6 regime further improves the an-
ticorrosion properties of silumins.
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Figure 6 — Corrosion rate of the AK7y alloy of the initial composition and AK74(Ti-Sr-B) depending on treat-

ment regimes
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Figure 7 — Polarization curves of AK74 and AK74(Ti-Sr-B) alloys in the additionally heat-treated state after testing

in 0.1 M NaCl solution

The results of tests in an acidic environment (Figure 8) confirm this trend. In particular, AK74(Ti-Sr-B) alloys
treated at 720°C exhibited higher corrosion resistance than the unmodified AK74 alloy.
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Figure 8 — Polarization curves of AK74 and AK7u4(Ti-Sr-B) alloys in the additionally heat-treated state after

testing in an aqueous solution of 3% NaCl + 1% HCI

The lowest corrosion resistance, according to po-
larization characteristics, is demonstrated by the AK74
sample in the as-cast state. Application of T6 heat
treatment slightly improves its anticorrosion properties.
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The highest corrosion resistance was shown by the
sample subjected to TTO at 800°C in the as-cast state,
while the AK74(Ti-Sr-B) sample after T6 treatment
showed slightly lower resistance.
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The data on general corrosion studies indicate that
both microalloying of the AK74 alloy with the Ti-Sr-B
complex and thermotemporal treatment (T=800°C,
t=30 min) increase overall corrosion resistance.

Conclusions

Using the improved methodology for determining
the limiting degree of metals deformation during
wedge-shaped samples rolling, the dependences of
technological deformability of AK74 and AK74(Sr-Sc)
alloys on hydrogen melt treatment regimes were ob-
tained, indicating a 60% increase in deformability com-
pared with the as-cast alloy of the initial composition.
The dependences of technological deformability of
AK74 and AK74(Ti-Sr-B) alloys on thermotemporal
melt treatment regimes were obtained, showing that
deformability increases by 46% with microalloying by
the Ti-Sr-B complex and thermotemporal treatment
(T=800°C, t=30 min) compared with the as-cast alloy
of the initial composition.
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The structures of AK74 and AK74(Sr—Sc) alloys in
the as-cast state and after hydrogen treatment (20
min), as well as AK74 and AK74(Ti-Sr-B) alloys in the
as-cast state and after thermotemporal treatment
(T=800°C, t=30 min) after rolling to the limiting degree
of deformation, were studied. In all investigated sam-
ples, a pronounced geometric orientation of a-Al solid-
solution grains along the main deformation axis was
observed. Partial fragmentation of eutectic silicon and
intermetallic phases was also recorded, which poten-
tially improves the performance properties of the al-
loys.

The application of thermotemporal treatment at
800°C and the Ti—Sr-B complex microalloying of the
AK74 alloy significantly increases its corrosion re-
sistance. The lowest resistance is exhibited by the ini-
tial alloy in the as-cast and heat-treated states after
crystallization from 720°C. A significant decrease in the
corrosion rate — up to 91.5% — was determined as a
result of complex treatment.

10.
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Ilepuyn I'.L, IsueHko A.0., Am6padxceii M.I0., IeueHko O.B.
Buxopucranas xoa01H01 gedopMaiii po3TAry AJs MiIBUIEHHS Mill-
HOCTi AapMATYPHOI0 NMPOKATY B TEXHOJIOTIAX BUPOOHUIITBA rOTOBOIL
NpoAyKUil B MOTKaX

Perchun G.I, Ivchenko A.0., Ambrazhey M. Yu., Ivchenko O.V.
Using cold stretching deformation to increase the strength of rebars in
coiled product manufacturing technologies

Mema. AHani3 cmaHy supobHuymea apmamypHozo ripokamy (All) dns 6ydisHuymea, a makox icHyto4oi iHghopmauii rmo-
3UMUBHO20 ma HeeamueHO20 8UKOpUCMaHHs1 egpekmy GeghopmauiliHo2o 3MiYHEHHs 3a paxyHOK Xor100Hoi Oeghopmauyii
po3msiey cmaneeo2o CmpUXHs 0715 3acmocy8aHHs Yux pe3ysibmamig y nodasnbuwiux po3pobkax echekmusHoi mexHonoaii
8UpPObHUYMea apMamypHO20 MpoKamy 8 MOMKax.

Memooduka. AHanimuyHi ocrnioxeHHs w000 8UKOpUCMaHHS Xor100HOI deghopmayii poamsiay cmasnego2o CmpuxHs 0ns
nid8uULEHHs 1020 MiUHOCMI, @ MaKoX MOpPi8HSIHHS 8IOOMUX MexHOoo2ill 8UPObHULMEa apMamypHO20 rpoKamy 8 Momkax
knacy miyHocmi 500 H/mMM?, siKi 3axuwyeHi nameHmamu Ha 8uHaxodu Ha MocmpadsiHCLKOMY MPOCMOpi.

Pesynbmamu. [poaHanizoeaHo mpu HalrnowupeHiwux crocobu, siki sukopucmosyrombcs Orisi niosuweHHs miyHocmi Al
— fleaysaHHs1 cmairi, mepmiyHa 0b6pobka ma xono0Ha Oeghopmauis. [Noka3zaHo, W0 f1ecysaHHs1 cmarii, ike Maco8o 8UKO-
pucmosysariocsi 3 60-x pokie MUHy1020 cmonimmsi pu 8UPObHUYMEI 2apsiHekamaHo20 rpoKamy, cmae MeHW eghekmu-
8HUM MemodoM 8HacsiOOK Cymmego20 noo0opoXYaHHs NPOOYKUii yepe3 3HauyHy eapmicmb ¢hepocrnasis. [Jns eupobHu-
umea All knacy miyHocmi A500C malixe He sukopucmosyemabcsi. TepmiyHa 06pobka € HalinowupeHium cy4acHUM Me-
modowm, siKuli 3acmocosyemscs y npouyeci suzomosnerHs Allno [JCTY 3760:2019 knacie miyHocmi A500C, A600C, A800
ma A1000. Memo?d 3miyHeHHs1 Al no JCTY EN 10080 wnsixom xonodHoi dechopmauii (XM) e YkpaiHi mae meHwe nowu-
PeHHsI, Xo4a 3acmocosyembcsi y ceimi noHad 60 pokis. Ljum memodom e CPCP ompumysanu apmamypy knacy A-llls,
Ky aueomoensnu 3 apmamypu A-Ill (FOCT 5781) winsixom eghopmauii sumsiaysaHHsM (po3msizcom) Ha 3,5- 4,56%. BoHa
Mana HopMosaHy 2paHuulo mekydocmi 2540 H/mm?, wo eidnosidae knacy A500 32idHo cydacHozo JCTY 3760:2019.
Po3sansiHymo cymb seuwja nidsuleHHs MiyHocmi cmarti wiisixom xornodHoi deghopmauii poamsiey, cydacHuli cmaH 8upo-
b6Huymea All e Momkax ma HeobxiOHicmb 3acmocysaHHs deghopmayii po3mszy 01 3abe3neyeHHs pigHA Knacy MiyHocmi
500H/mMM?. [MpogedeHo 062080peHHST 8IOOMUX pilleHb 1o 8upobHuumey All e MomKax 3 8UKOPUCMAaHHSIM X0rI00HOI Oe-
gopmauii poamsey, Aki 3axuweHi nameHmamu. [lpu ybomy Ha pearnbHUX rpuknadax HagedeHo, K No3umueHe, mak i
HeazamueHe 3acmocysaHHs1 X0ro0HOI deghopmayii po3msiay 8 mexHoIo2isix upobHUYmMea 20moeoi MPooyKyii 8 MOMKax.
Haykoea Hosu3Ha. 3anporoHosaHa mexHosnoziss ma obnadHaHHs 0risi 8U20MOBIeHHST X0rT0OHO0egopMO8aHO20 apMa-
mypHO20 fpoKamy 8 Momkax 3 8uKopucmaHHaM xor100HoI deghopmauii posmszom, de eci 100% sidcomkie npodykuir
niddatombcs 3miyHeHHI0. Ocobrugicmio 3anpornoHo8aHoli mexHoroaii € noedHaHHs Xx0100HOI deghopmauii po3msi2om ma
QiHiwHOI onepauii mexaHo-yukniyHoi 06pobku, wo dodamkogo 3abesrneyye aucokull piseHb 0eghopmamueHocmi (nnac-
muy4Hocmi) 20mo8soi MpodyKuii.

lMpakmuyHa 3Haydywicmb. BukopucmaHHs 3arpornoHo8aHoi mexHosnoaii ma obnadHaHHs (MiHii 0519 8U20MOBIEHHST XOJ10-
OHOOeghopMo8aHO20 apMamypHO20 fpokamy 8 Momkax) 0380/1ume Hanazooumu 8upobHUYUMEo Hogozo npodykmy (Al
6 MomKax knacy miyHocmi 500 H/mMm? drist 3anizo6emoHy) 3 euKopucmaHHsIM Xosio0Hoi deghopmauii poamsizom, sika 6yde
macoeo 3ampebysaHa y noeoeHHil 8i0bydoesi YkpaiHu.

Krto4oei cnosa: apmamypHuli npokam, cmasnesuli CmpUXeHb, X0100Ha 0eghopmayisi po3msi2oM, MEXaHi4Hi enacmuego-
cmi, epaHuysi meky4ocmi, Krnac MiyHocmi, MexaHo-yukridyHa obpobka.

Purpose. To analyze the current state-of-the-art reinforcing bar (rebar) production for the construction industry, review
existing data on the effects of strain hardening through cold stretching of steel rods, and apply these findings to the
development of an effective technology for producing high-strength coiled rebar.

Methodology. The research is based on an analytical study of using cold stretching deformation to increase the strength
of steel rods. A comparative analysis of known patented technologies for producing 500 N/mm? strength class rebar in
coils, particularly those developed in post-Soviet countries, was also conducted.

Findings. The study analyzed three primary methods for strengthening rebar: alloying, heat treatment, and cold defor-
mation. Alloying has become less cost-effective due to the high price of ferroalloys. Heat treatment is currently the most
widespread method for producing high-strength rebar (grades A500C, A600C, etc.) according to DSTU 3760:2019. Cold
deformation, while used globally for over 60 years and historically in the USSR to produce grade A-llls rebar (equivalent
to modern A500), is underutilized in Ukraine. The paper examines the principles of strengthening via cold stretching and
reviews patented solutions for its application in coiled rebar production, presenting both positive and negative real-world
examples. The necessity of applying stretch deformation to reliably achieve the 500 N/mm? strength class is established.
Originality. The originality lies in the proposed technology and equipment for manufacturing cold-deformed coiled rebar.
This process uniquely combines cold stretching deformation, which strengthens 100% of the product, with a final mech-
ano-cyclical treatment. This combination not only increases strength but also ensures a high level of ductility in the finished
product.
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Practical value. The implementation of the proposed technology will enable the domestic production of a new product:
500 N/mm? strength class coiled rebar for reinforced concrete. This product is poised to be in high demand and will play

a significant role in the post-war reconstruction of Ukraine.

Keywords: reinforcing bar, rebar, steel rod, cold stretching deformation, mechanical properties, yield strength, strength

class, mechano-cyclical treatment.

Bctyn. ApmaTypHuia npokat (All) B cydacHin Tepmi-
HOMOrii Le cTanesi CTPYXKHI NepiognyHoro npodointo pi-
3HOrO Kflacy MILHOCTI, WO ABNSATbL COO0K CKnagoBy
3anizobeToHy. Ynm BuLe knac migHocTi All, TuM me-
HwWwa BuTpaTta ctani B 6yaiBHUUTBI. [ns niaBuLleHHA
MILHOCTI apMaTypHOro npokaty BUKOPUCTOBYETLCS
TPU HaUNOLWMpPEHILLMX cnocobu — neryBaHHs cTani, Te-
pmidHa 06pobka Ta xonoaHa gedopmadis. JleryBaHHs
cTani, ke MacoBo BUKOpucToByBanocs 3 60-x pokis
MWHYIOro CTOMITTA NPpY BUPOOHWLITBI rapsyekaTtaHoro
All, ctae MeHW e{eKTUBHUM MEeTOOOM B Hacnigok
CYTTEBOIO NOLOPOXYAHHS NPOAYKLiT Yepes 3HauHy Ba-
pTicTb bepocnnasis. LM MeTogoM BUrOTOBNSETHCH
Al no ACTY 9130 knaciB miuHocTi A400, A600, A800
Ta A1000. Ona BupobHuuTtBa All knacy MiLHOCTI
A500C maimke He BUKOPUCTOBYETLCS. TepMidyHa obpo-
BKa € HaNNOLUMPEHILLMM Cy4acHUM METOAOM, SIKUI 3a-
CTOCOBYETLCA Yy npoueci BurotoBreHHs All no
AOCTY 3760 knaciB miuHocTi A500C, A600C, A800 Ta
A1000. Metoa 3miuHeHHa Al no OCTY EN 10080
LnsaxoMm xonofHoi aedopmadii (XO) B YkpaiHi mae
MEHLLE MOLUMPEHHS, X04a 3aCTOCOBYETLCS Y CBITi NO-
Hag 60 pokis [1]. Lum metogom B CPCP oTpumysanu
apmatypy knacy A-llIe, sky BurotoBnanu 3 apmatypu
A400 (A-Ill 3rigHo 3 TOCT 5781) wnsixom gedopmalii
BUTAryBaHHAM (po3tarom) Ha 3,5-4,5%. BoHa mana
HOPMOBaHY rPaHULIF0 TEKY4OCTi BinbLu Hixk 540 H/mm?,
wo Bignosigae knacy A500 srigHo ACTY 3760. Ha
OCTaHHbOMY crnocobi B Ui aHaniTU4HUIn cTaTTi Byae
3ocepegkeHa ocHoBHa yBara. [pu upboMy Ha peanb-
HUX Npuknagax byge HaBedeHo, sIK MO3UTUBHE, TaKk i
HeraTuMBHE 3aCTOCYBaHHsI XONoaHoi Aedopmallii pos-
TAry B TEXHOMOTISAX BUPOOHMLTBA NPOAYKLi B MOTKaXx.

MeTa poboTu. AHani3 ctaHy BUpOOHMLITBA apmary-
pHOro npokaty Anst byaiBHULTBA, a TaKoX iCHYHOYOI iH-
dopmaLii NO3NTUBHOIO Ta HEraTUBHOIO BUKOPUCTaHHSA
edekTy AedopMauiHOrO 3MiLHEHHA 3a paxyHOK

XonogHoi gedopmadii po3TAry CTaneBoro CTPWKHSA
ONS 3aCTOCYBaHHA UMX pe3yrbTaTiB y noganblumx po-
3pobkax edheKTMBHOI TexHonorii BMpobHMuTBa apma-
TYPHOrO NPoKaTy B MOTKax.

MeToanka. AHaniTUYHI JOCNIIKEHHS LWOAO BUKO-
pucTaHHa XonoaHoi Aedopmalii po3Tary ctanesoro
CTPWXKHS ANs NiABULLIEHHS AOro MILHOCTI, a TakoX rno-
PIiBHSAHHS BiZOMMX TEXHONOTri BUPOOHMLTBA apmaTyp-
HOro NpokaTy B MOTKax Knacy miuHocTi 500 H/Mm?, ski
3axXULLEHI MaTeHTaMM Ha BMHAxo4u Ha MOCTpagsHCh-
KOMY MpoCTOpi.

Cymb nideuuweHHs1 MiyHoCMi WISIXOM X0J100-
Hoi deghopmauii poamsizom. 3MiLHEHHS1 HU3bKOBYT-
neueBoi cTani WAsXoM XONoAHOI NnacTuyHoi aedop-
Mauii (Npu TemnepaTypi HaBKOMMWLLHLOIO Cepeno-
BMLLa) 3abe3nevyeTbCcs Haknenom. 3MiLHEHHSI Npu Xo-
noaHi aedopmaldii Hactae BHaCNIgoK pi3koro 36inb-
LUEHHS LLINbHOCTI AXCNOKaLUiA Ta IXHbOro B3aEMHOrO
ranoMyBaHHs. Haknen i nos's3aHe 3 HUM nepemi-
LWEeHHA Ta HaKOMWYeHHs OuCrokauii CynpoBOOKY-
€TbCS1 NOAPIOHEHHAM CTPYKTYpW, OpOOneHHAM Gnokis
MO3ai4HOi CTPYKTYpU Ta 30ifbLUEHHsIM KyTa po30pieH-
TYBaHHS1 MK HAIMU, CTBOPEHHSAM HEOAHOPIAHUX MIKpPO-
HanpyxeHb. .B pesynbTati nnactuyHin aedopmadii
nepeBaxxHO NigaacTbCa oepuTHa cknagosa crani, Le-
MEHTUT NiJ4aETbCS FONIOBHMM YMHOM MPY>KHIN gedop-
MaLjii Ta YaCTKOBOMY PYMHYBAHHIO Ta NOAPIOHEHH!O.

Bigomo kinbka cnocobiB xonogHoro aedopmy-
BaHHA CTanen 3 MeTor 30iMblIEHHST MILHOCTI: BOMO-
YiHHS, CNOLLYBAHHS, 3rMHAHHS, CKpyYyBaHHS Ta BU-
Tskka (po3Tar). YacTiwe BCboro edekT 36inbLueHHs
MILHOCTi [0CAraeTbCs, KONMM no3HayeHi TeXHOMOriYHi
onepaLdii HaknagawTb Ha JOBrOMIpHY CTanbHy Npoay-
KUilO y BUrMSAi apmaTypHOro Npokarty, kaTaHku, Tpyow,
dhacoHi Buam npokaty Ta iHwi. Bnnue cnocoby posTsary
Ha xapakTep 3MiHM YMOBHOI rpaHuLi TEKYYOCTi (Xxapak-
TEpPUCTUKA MILHOCTI CTani) npeacrasrieHa Ha puc.1.
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HU3bKOBYreLeBol ctani [2]:

AC — nonepeHe HaBaHTaXXeHHS (PO3TAr 40 3aNMLLKOBOro NofaoBXeHHs); CL, — po3BaHTaxeHHs!; [1B — noBTOpHe
HaBaHTaxeHHs; BK — MOXnnBur npupicT MiLHOCTI BHACiAOK CTapiHHS
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Y aaHomy cnocoOi po3TAr CTPUXKHIB 34IMCHIOTb 0
Hanpyrv, WO nNepeBuULLYyE rpaHuul TekyyocTi. [pu
LbOMY 3a paxyHOK nfiacTuyHol gecbopmadii nigsuLly-
€TbCSA TPaHUUS TEKY4oCTi cTani Ao Hanmbinbloi Ha-
npyru, sika CTBOPHOETLCA MpU NonepeaHLOMy PO3TAry.
BHacnigok po3atary y xonogHogedopmMoBaHoi crani
3HaYHO MiABULLYETBCSA rpaHnLs TekydocTi (Ha 20-50%)
npu 3HWKEHHI NnactuyHocTi (Ha 20-50%). 3MiLHEHH!I0
pO3TAroM 3a3Buyan nigaasBany apmaTtypHi CTPYKHI Y
rapsidekataHomy ctaHi. [Jani BOHM 3acTocoByBanucs
ONst apMyBaHHsI MONEPeHbO HaMpyXeHux 3anisode-
TOHHUX KOHCTPYKLUiN [3] nopsia 3 apmMaTypolo i3 rapsaye-
kaTaHoi ctani knacy A-1V srigHo 3 TOCT 5781.

CmaH eupobHuuymea All 8 Momkax ma Heob-
XiOHicmb 3acmocyeaHHs1 Oeghopmauii poamszy. B
MuHyromy ctonitTti B CPCP, a nisHiwe B kpaiHax CH[
Al B MOTKax BUrOTOBNSABCH Ha MeTanyprinHnx nignpu-
€MCTBaXx LUMSIXOM rapsyoi NpokaTkm Ha COpPTOBUX Api-
BGHOCOPTHMX CTaHax 3 HWU3bKOSIErOBaHMX MapoK cTani
252C 1a 35I'C BUKMOYHO B rapayekaTaHOMy CTaHi Ta
3 Byrneuesux mapok ctani Ct3 ta Ct5 B TepMiYHO 3Mi-
uHeHomy cTani [4-6]. B ocHoBHOMy Le Oy All knacy
MiuHocTi 400 H/mm? (A-11). Mpu usomy npogykuii 6ynu
npuTamMaHHi HeJonikv y BUrNSAi BeNMKoi HeoaHopIa-
HOCTI MILIHOCTi NO JOBXMHI po3KaTy 3a paxyHOK PisHuL
LLIBUOKOCTi OXOSOKEHHS 30BHILLIHIX Ta BHYTPILLHIX BK-
TKiB po3kaTy, cchopmoBaHoro B MOTOK. To6TO B 0oa-
HOMY MOTKY Oynu OiNsSHKM CTPUIKHS, SIKi Manu pisHy Mi-
LHICTb (aBOX ab0 TPbOX KraciB) B 3aNeXHOCTi Big TUMNy
MOTKa, COPMOBAHOr0 PiSHUMKU TUMaMKU MOTarnoK,
akumn 6ynn obnagHaHi npokaTHi ctaHu. Takox Gyna
BiACYTHA MOXNKMBICTb BUpoGNnATK All B MOTkax knacy
miuHocTi 500 H/MM?, o Habupae nonynsapHicTs B €B-
pPOMNEeNCbKMX KpaiHax. 3MiLHEHHS OO0 LbOro pPiBHS He
003BoNAno oopmMyBaTyt MOTOK Ha MOTarLi MpOKaTHOro
CTaHy 3a paxyHOK NigBULLEHOT MPYXHOCTI CTPWDKHS.
Tomy 3a KOPAOHOM MEPENLLNIN Ha TEXHOMOTI0 BUPOO-
HuuTBa All B MOTKax, KOnu cnovaTky Ha meTtanyprii-
HOMY nianpuemMcTBi BUrotoBnaoTb All nepiognyHoro
npoginio B MoTKax miuHocTi 350-450 H/mm?, a pani
LUNSXOM JOOaTKOBOI XONo4HOI Aedhopmalii po3Tarom
NPOAYKLt0 AOBOAATL A0 Knacy MilHocTi 500 H/Mm2.

[oceig macoBoro BMpoGHMLTBA Ta 3aCTOCYBaHHS
X0OrnoaHo4eOpPMOBaHOrO  apMaTypHOro  MpokaTy
(XOAI) B kpaiHax €sponu Hanivye BinbLu Hixk 40 pokiB.
/loro MoLUMpeHHI0 CnpusiB PO3BUTOK iHAYCTPIanbHNX
meTopais OyaisHMLUTBA, Ae 3aroToBky All Ta BUpOBHMU-
TBO 3ani3ob6eTOHHMX BUPOBIB 3AiNCHIOBaNM Ha OKpe-
MUX mignpyemcTBax. 3a uer Jyac B 6aratbox KpaiHax
(HimeuwumHa, Itanis, ABcTpis Ta iHwi) 6ynn cTBOpeHi
BMCOKOEDEKTMBHI TEXHOMONiYHI JTiHii MO BUFOTOBMEHHIO
Ta nepepobui XOAl (Ha3Ba B €BPONENCLKMX HOpMa-
TUMBHUX LOKYMEHTax — ApiT) giameTtpom Big 4,0 go
16,0 mMm. TexHonoris BUpobHMLTBa nonarana B goaa-
TKOBOMY 3MiLHEHi CTani LWhsixoM AedopMyBaHHSA po3-
TAroOM npu TemnepaTypi HaBKOMNULLHBLOrO cepeaoBuLLLa
AN OTPUMaHHS roTOBOI NPOAYKLiT B npoLieci nepemo-
Tkn ATl meTanypriiHoro BMpobHMLUTBA i3 MOTKa B MO-
Tok. MepeBarn BUpoOHULTBA Ta BUKOpUCTaHHSA XOATlT
y MOTKax Monsrae B TOMY, WO BUKOPUCTOBYHOUM
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cyyacHe obnagHaHHSA Ons 3aroTOBKM Ta NepepobKu
All y Burnsai npaeBunbHO-BIAPI3HMX BepcTaTiB, MiHin
aBTOMaTM30BaHOrO PO3KPOK Ta BUIOTOBIEHHS apma-
TYPHUX €NEMEHTIB, a TAKOX NiHiN 3 BUrOTOBMNEHHS 3Ba-
pHoi ciTkn 3 Al giameTpom Big 4,0 oo 16,0 MM y MOT-
Kax Ha nignpvemcTBax BygiBenbHOi iHQyCTpil MOXHa
3aroTOBNATU LUMPOKUIA CMEKTP eNeMeHTIB Ans apMy-
BaHHS KOHCTPYKLUin. Mpu ubomy Al moxe 3acTtocoBy-
BaTUCH Y BUrMAAi CTPWKHIB PO3paxyHKOBOI apmaTtypu,
a TakoX Yy BUrMsagi ckobo-3rMHanbHUX BMpoOGiB Oyab-
Kol popMu, 3 SKMX Hagani BUrOTOBNSATUMYTLCS BCi-
nsKi kKapkacu 3a OPMO0 KOHCTPYKLIN, Y TOMY Yuchi i
JoBromipHi. OcTaHHE NiABULLYE NPOAYKTMBHICTL Ta
3HAYHO CKOPOYYE YMCENbHICTb POBITHUKIB, SKi 3adisHi
y BUPOGHMYOMY NPOLIECI.

0O62060peHHs1 8i0OMUX piuleHb, sIKi 3axuuieHi
nameHmamu.

Mpuknapg 1.

[MO3NTUBHUM BMKOPUCTaAHHSIM XONOAHOI Aedopma-
Lii po3Tary B BMpobHMuTBi Al B MOTKax crnig BBaXaTtu
TeXHiYHi pilleHHs, siki 3anponoHoBaHi B [7-9], sik cnocid
(TexHonorig) Ta npuUCTpii Anga peanisadii (TexHonori-
YHa niHis). 3rigHo [7], cnoci® koMGiHOBaHOrO BUPOOHM-
LTBa apMaTypHOro npokaTty nepioaMyHoro Npoginto B
MOTKax, BKITlo4ae rapsady Aecopmadlito ctanesoi 3aro-
TOBKM 3 OTPMMAHHSAM CMYr1-po3kaTy Yy BUMMsAAi cTpu-
XKHS1, MPUCKOPEHE OXOIOKEHHS!, 3BMOTYBaHHS B MOTOK,
HaCTynHe OXONMOMKEHHS Ha MOBITPi Ta NogarnbLly Xo-
nogHy pedopmadito npyu TemnepaTtypi HaBKOMWLL-
HbOro cepegosuwa. Mpun LbOMyY B NpoLEeci rapsyoi ae-
dopmalii hopMyOTb KPYrnni CTPUKEHb C Nepioany-
HVUM Npocpinem Ha NOBEPXHi, AKUA OXONOLXKYTb MOTO-
KOM Boau abo BOAO-MOBITPSIHOK CyMiLli O cepeaHbo-
mMacoBoi Temnepatypu 740...800 °C, a pani BegyTb
OXOMNOPKEHHS Ha NOBITPi 4O TeMnepaTypu HaBKOMMULL-
HbOro cepefoBuLLa, NiCAs YOro 34INCHIOITL XONOAHY
Oedpopmallito LINSXOM po3TAry CTpwkHA Ha 2...12 %
npu TemMnepaTypi HABKONMULLHBLOrO CEPeAOBYLLA B NPO-
Leci NepemMoTkn Moro 3 MoTka B MOTOK. 3rigHo [8, 9]
NiHis 4Na BUrOTOBMEHHS XonoaHoaecopmoBaHoro ap-
MaTypHOro MpoKaTy B MOTKax MIiCTUTb BCTaHOBIIEHI B
TEXHOMOrIYHI NOCAIJOBHOCTI PO3MOTYBarIbHUIN MPUCT-
pir, NPUCTPIA ANS MeXaHIYHOro BUOANEHHS OKarnuHMu,
NpUCTpIN ANns xonogHoro AedopmyBaHHS MnpokaTy,
NPUBOAHNIA HaMOTyBalnbHUN MeXaHi3aM Ta MNpPUCTPIN,
Wwo copmye MOTOK. [pn LibOMY NPUCTPIV ANs XOnoa-
HOro gedopMyBaHHSA MpoKaTy BMKOHAHO Y BUMSAAI
0BOx 06BigHMX BapabaHiB, nepLUoro i 4pyroro No xoay
pyxy MpokaTy, siki KiHeMaTU4HO MoB'sA3aHi Mixk coboto
3a [JOMOMOrOK EenekTponpuMBOAHOI 3ybyacToi nepe-
Jadi-LecTepHi, a cam NpUCTPIn PO3MILLEHO Ha AiNAHLU
MiXK NPUCTPOEM 1181 BUAANEHS OKanvHu i NPUBOOHUM
HaMOTyBarnbHUM NPUCTPOEM. 3a paxyHOK pisHULi dia-
MeTpiB 06BigHNX BapabaHis abo pisHWLI LWBUAKOCTI Ky-
TOBOro obeptaHHa 0bBigHUX BapabaHiB peanisyeTbca
nedopmalia postary CTpwxkHA Ha 2...12% npu 1oro
nepemoTLi 3 MOTKa B MOTOK.

Ona otpumarHa XOAIN B MOTKax kracy MiLHOCTI
500 H/MM? BUKOPUCTOBYIOTb 3arOTOBKW MepioauyHOro
npoino  MeTanyprivtHoro  BUpoOHMLUTBA. Lle
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NOLUMPEHMI HANPSIMOK Y BUPOOHULTBI XonoaHoaedo-
pmoBaHoro All, a cama TexHonorisi € KOMOIHOBaHOH
[10]. BoHa 3acHoBaHa Ha 4OAATKOBOMY 3MiLHEHHI ra-
psiYeKkaTaHoOro npokaTty (3aroTOBKM) 3 TOTOBUM Mepio-
avyHuM nipodpinem (knacy 350-450 H/mm?) nedopma-
uieto po3Tary (stretching) npu Temnepatypi HaBkonMLL-
HBOro cepefoBMLla Ta 3abesneyvye oTpMMaHHA Knacy
miuHocTi 500 H/MM? npu 36epeskeHHi 4OCTaTHbOro pi-
BHSI NNACTUYHUX BNAcTMBOCTEN. TOBTO TakMm YMHOM
3abe3neyyeTbCa MOXNMBICTb OTPUMYBaTW TOTOBUN
npoaykt (Al) 6inbL BMLLOrO Knacy MiLHOCTI, WO BO-
nogie 6inblU BUCOKUM piBHEM MILHOCTI, Ta Bignosigae
BUMoram HaujoHansHoro ACTY 9130 a6o ACTY 3760,
Tak i cy4acHuM 3akopaoHHum ctaHgaptam (EN 10080,
BS 4449, DIN 488). [insa peani3auii Takoi TexHororii B
AKOCTi 3arOTOBKM MOXE€ 3acTOCOBYBaTMCA npokar
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nepiogunyHoro npodinto — knacy A400C 3a ICTY 9130
3i ctanen mapok Ct3Inc, 18M2C, 202 ta 25r2C i3
BmicToM Byrneut B mexax 0,18...0,24% 3 noganb-
LUMM OTpUMaHHAM npoaykuii knacy A500C.
OnpobyBaHHA TexHONOrii 3aiicHioBanu y nabopa-
TOPHMX yMOBax. B AKOCTi 3aroToBKM BUKOPMCTOBYBANM
ATl nepiognyHoro npodpinto @ 8,0 mm i3 crani 25I'2C
(%C —0,27; %Mn —1,39; %Si — 0,76), skuin gpechopmy-
Banu po3TaryBaHHAM (CTyneHb gedopmadii, €) Ha 2,0
Ta 4,0% npu Temnepatypi goskinns. licns uboro 3pa-
3KM NigaaBanu MexaHo-UmknivHin obpobui (MLO) vo-
TMPMa BUIMHaAMKW Ha PONMKOBOMY MPUCTPOI (diameTp
pornvkis 90 mm). BunpoOyBaHHS 3pa3kiB Ha po3TsAr
npoeoaunu 3rigHo 3 NOCT 12004 Ha MawwuHi FP-
100/1. OTpumaHi pedynbTatn NpeacTaBneHi y Tabn. 1.

Tabnuus 1. MexaHiyHi BactuocTi All nicnsa xonogHoi agecdopmalii po3Tarom

CrtyneHb pedop- | MokasHWKM MEXaHIYHMX BI1acTMBOCTEN Knac

maii, % or, H/mm? e, HiMM? Gelor Omax, % MilHocTi Al
0 480 695 1,45 16,8 400

2,0 570/ 580% 718 /742 1,26/1,28 10,5/12,0 500 /500
4,0 660 / 650 760/ 765 1,15/1,18 85/9,0 600 / 600

*) — y 3HaMeHHUKY nicnsg 4ogaTkoBol MexaHo-LmnkivHoT 06pobkn (MLO)

HaBegeHi pesynbTati cBigyatb Npo Te, WO WS-
XOM XxornogHoi aecopmadii postarom 3 All knacy miu-
HocTi A400 moxnmeo oTpumyBaTtu Al 6inbLu BUCOKOrO
knacy miuHocTi (A500 Tta A600). Lle noBoamuTb, wo All
knacy MiuHocTi 500 H/Mm? y noBHin BignosigHoCTI 40
BMMOT €BPOMNENCHLKNX HOPMATUBHNX LOKYMEHTIB MOX-
NMBO BUFOTOBAATM i3 3aCTOCYBaHHAM TEXHOOTIT
stretching-npouecy (xonogHa pedopmadisi LIMISXOM
A04aTKOBOrO pO3TAryBaHHS) Npy NepeMOTYBaHHI Mpo-
KaTy 3 MOTKa B MOTOK.

Cama TexHonorisa peanisyeTbCsi Ha 3anpornoHoBa-
Hi TEXHONOTIYHIN NiHIT (pUc.2), Aka 3axuLleHa naTeH-
Tom UA Ne 159101 [9].

3

MepeBarn 3anponoHoOBaHOI TeXHoMOrii Ta obnaa-
HaHH$ Ans i peanisauii nonarawTb B TOMY, LLIO Npu ne-
peMoTLi 3 MOTKa B MOTOK, BCS CMyra (CTPWXeHb) nia-
0alTbCA PO3TAry Ha BU3HAYEHY BENUYMHY Aedopma-
Lii, o npu3BoaAnTb 4O NiABULLEHHS PIBHS rpaHuLi Te-
Ky4ocTi. To6TO oTpumaHHIo npoaykdii (Al B MoTkax) B
06c4a3i 100% 6inbLu BUCOKOrO KNacy MiLHOCTI, KOru Ha
pPO3MOTYyBanbHUIM NpUCTpIn (Mo3uuia 1 Ha puc. 2) no-
JaeTbCs MOTOK Knacy 350-450 H/mm?, a nicnsa nepe-
MOTKM Ha MPUCTPOI, WO hOpMye MOTOK (Mo3uuis 5 Ha
puc. 2) maemo HoBuin MoTok Al kracy 500 H/mm?2.

/ S \
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/

/
/
5 /
/

Puc. 2. TexHonoriyHa niHis ans BMpoGHMLUTBA X0NoAHOAedOpMOBaAHOro apmMaTypHOro npokaty knacy 500

H/MM? LUNSXOM MEepeMOTKM i3 MOTKa B MOTOK CTPUXKHS MeTanypriiHoro BupobHuUTea knacy 350-450 H/mm? , ne
3a3HayeHo:

1 — po3mOTyBanbHWIM NPUCTPIN; 2 — NPUCTPIN ANS BUAANeHHs okanvHu; 3 — NPUCTPIn Ans XonogHoro gedopmy-
BaHHS NpokaTy po3TAroM; 4 — NPUBOAHWI HaMOTyBanbHUA MeXaHi3M; 5 — NpuUCTpIn, Wo opmye MOTOK; 6 — Aa-
TYMK aBapiNHOI 3yNWUHKW MiHii; 7 — HanpsMHa y BUrnAai 6noky Kineub Ansi BUPIBHIOBAHHS apMaTypPHOro CTPUIKHS;
8 — apmatypHuI CTpUKEHb

Ha nepwomy eTtani (MeTanypriiHomy) BUpPOOHNLI-
T80 All B MOTKax 34iNCHIOETLCA 3a TPaAULINHOW Tex-

Mpuknag 2.
HeraTtMBHUM BMKOPUCTaHHAM XOnoaHoi gedopma-

Ljii po3Tary B TexHororii BupobHuutea Al cnig BBa-
XaTn TEXHIYHI pilLEHHS, SKi 3anponoHoBaHi B [11].

HOMOFIE!0, LLIO BKIKOYAE HarpiBaHHsi 3aroToBku, 6araTo-
NpoXxifHy rapsivy npokaTky y Bamnkax 3 kanibpammu,
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OXOJTOPKEHHSI B MPOXiOHUX OXOSOMKYHOUMX CEKLIisIX,
3MOTYBaHHS MpokaTy B MOTOK i nogarblle OXOJio-
[PKEeHHA Ha noBiTpi. LiIum gocaraetbcs oTpMMaHHs ro-
ToBOI npoaykuii (Al B MOTKax) knacy MiUHOCTI
450 H/mm? (A400 3a ICTY 3760 a6o TOCT 34028).

[ani BinOyBatoTbCA Aii, SKi HIIKUM YMHOM HE CTOCY-
IOTbCA MPOAYKLii, Ska Oyae BignpaBnaTUCA CrNoXuBa-
yeBi (cnoyaTKy BOHa NOMEXWTb Ha cknagi, a noTim pa-
30M 3 BigMNOBIZHUMU JOKYMEHTamMu Byae BignpaBneHa
3aMOBHUKY), 60 NpoBOANTLCS NodanbLuni Biabip 3pa-
3KiB, IX npaBka, NPoOBeAEHHS MeXaHiYHUX BMNpoby-
BaHb A8 Buaadi cepTudikaTy sikocTi. Lle oo cnocoby
BMPOOHULITBA HE Mae >XOAHOrO BiQHOLIEHHA Ta He
BMfMBaE Ha BracTUBOCTI NPOAYKLIl, WO BUrOTOBIEHa
paHiLle.

Ha etani npaBku BigibpaHMx 3paskiB Ta npose-
OEHHST MexaHiYH1X BunpobyBaHb BigbyBa€eTbLCS rosoB-
HUA oOMaH, WO MOB’A3aHUA 3 XONoAHOK aedopma-
uieto poatary. lNMpaBky 3paskiB 34iMcHIOTL 6e3nocepe-
AHbO nicns Bigbopy 3paskiB Big MOTKIB LUMSXOM NO340-
BXXHbOIO PO3TAryBaHHS KOXHOro 3paska 3 3ycunnsm P,
OOCTaTHbOro ANs YCYHEHHS1 KPUBU3HM 3paska nicng
3HATTSA PO3TATYIOHOrO HABAHTAXEHHS!, @ BEMUYUNHY 3Y-
cunng P BU3Ha4atoTb i3 CMiBBiAHOLLEHHS:

P = k .O_O,ZCTaHA 'F:

ne F — nnowa nonepeyHoro nepepisy 3paska,
MMZ;

00,2 crang — YMOBHA rpaHuusa TeKy4oCTi, Lo BCTa-
HOBMIETLCS CTaHAAPTOM ANSA UbOro Buay npoay-
Kuii, H/Mmm?2;

k — koediuieHT, wo gopisHioe 0,9-1,2.

Tob6To, gedopmauii po3Tary nigaalTb TiNbKu
BiAibpaHi KOHTPONbHI 3paskn ANs BU3HAYEHHS Me-
XaHiYHMX BNacTMBOCTEN npokaTy nicng oxono-
OXeHHs1 OyHTIB. NMpn ubomy GaxaHHsA BMpPOOHMKa
peanizoByBaTu CBOI Npoaykuito, gk All B MoTkax
knacy A500 obymMOBNtOE OKPEMMUIA POITSATr KOHTPO-
NbHWX 3paskis Ao Hanpyru B 500 H/mm? x (1,0-1,2),
wo 6yae sBianosigaTtu Hanpysi 500-600 H/mm?. Ta-
KUM YMHOM MPW PO3BAHTAXEHI LIUX KOHTPOSIbHUX
3paskiB Ta HACTYNHOMY iX BUNpobyBaHHi po3TAromM
A0 po3puBYy 3rigHo puc. 1 rpaHuus TekyvocTi byae
Ginbwoto 3a 500 H/MM?, WO BianoBigae piBHIO
knacy A500. Lle knac miuHocTi Oyae 3a3HaveHo
B cepTudikaTi aKOCTi BCiel napTii roToBoi NpoaykK-
Uit (NpynNUcaHo HeiCHYKYMIA Krac MILHOCTI), SKNR
BeCb Yac 3HaxXO4MBCS Ha cknafi Ta He migaaBaBcs
BNNMBY AodaTKoBOI Aedopmalii po3Tarom.

Takox cnig 3as3HauuTy, Wo asTopu nateHTy [11]
BMOIp 3anponoHOBaHOIO HUMU crnocoby npaeku 3pas-
KiB Bif MpokaTy B MOTKax MOSICHIOWTb TUM, LIO BiH
Moxxe ByTu JOBINbHUM, 00 HE OBYMOBIIOETLCSA B CTaH-
Japtax. Hacnpaegi ue He Bignosigae AincHocti. B
FOCT 12004 (Ctanb apmatypHas. MeTtoabl ucnbita-
HUS Ha pacTskeHune) B M. 1.2 YiTKO BU3HAYaeTbCH — «
...BunpaBneHHs 3paskiB Big apmaTypHOro npokarty B
MOTKax He MOBMHHO BUKNUKaTU AedopMaLiiHOro 3mi-
LUHEHHS, 34aTHOro 3MIHUTM MeXaHiYHi BRacTUBOCTI
npokaty». Takox, Lue He Bianosigae BuMoram po3giny
4 ctangapty ISO 15630-1 (Steel for the reinforcement
and prestressing of concrete — Test methods — Part 1:
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Reinforcing bars, wire rod and wire), oe 3a3HadeHo, Lo
BMPIBHIOBAHHS KPUTWUYHO BaXnvBe Ansi NpOBeAEHHS
BMMNpoOyBaHb Ha PO3TAr Ta Ha BTOMHY MilHICTb. Y
ISO 15630-1 cneuianbHO 3a3Ha4YeHo, WO 3pasku Oris
NPOBEAEHHST MeXaHiyHMX BunNpobyBaHb MNigaaTbes
MiHiIManbHin NnacTu4HiIi gedopmallii i3 JOKyMeHTarnb-
Hoo dhikcaLliero MeTofa BUPIBHIOBAHHA Ta YMOB TEpMi-
YHOrO CTapiHHA [12].

B HasiBHOCTI MaemMo noaBiHUin obmaH Ta dhanscu-
dikaLito NOHATTA Woao0 BNNuBY Aedhopmaltii poatsary
Ha XapakTep 3MiHW MiUHOCTI cTani (nigBuLeHHs rpa-
HULi TEKYYOCTi).

3asHayveHuin aBTopamu nateHTy [11] TexHiYHWIA pe-
3ynbTaT BUHaxody — «...MiOBULLEHHSA SKOCTi npokaTy
3a paxyHOK YCYHEHHS MOXMOKM Npy BU3HAYEHHI YMOB-
HOT rpaHULi TEKYYOCTI, NOB'sI3aHOT 3 MOXIMBOK HENPS-
MOJTiHIAHICTIO (MOAOBXHLOK KPMBM3HOK) 3paskiB anis
MeXaHi4HMX BUNpobyBaHb», HE BIAMOBIAAE OiMCHOCTI,
60 cynepeynTb 30OPOBOMY FMy34y Ta nonupae eneme-
HTapHi 6a3oBi NOHATTA BNAMBY AedopMalii po3Tary
Ha BnactmBocTi All B MOTKax, a Takox 6a3y’Tbca Ha
obmaHi. MpucTpin ang peanisadii cnoco®y no naTeHTy
[11], 3ragyBaTn Ta KOMEHTYBaTUN HE Mae CceHcy, 60 BiH
He BiZHOCUTLCA 00 0bNagHaHHS, WO AO4ATKOBO MOXE
3miuHioBaTn All B MOTKax XonogHow gedopmadieto
pPO3THArom.

BucHoBKu:

XonoaHa aedopmalist po3Tary € 4ieBMM Crocodom
NiABULLIEHHS PiBHSA rpaHuMLi TEKYYOCTi CTaneBoro CTpu-
XHS Ta J03BONSE OTPUMyBaTV xornogHoaedopMoBa-
HAA apMaTypHUA NpokaT B MOTKax Oinbll BUCOKOrO
Knacy MiLHOCTI.

CyuvacHe obnagHaHHsA JO3BOMSE peanisyBaTi HOBY
TexHonorito oTpumMaHHa XOAI knacy miuHocti A500
(500 H/MMm?) B npoMmcnoBux MacLuTabax LLUsaXom ne-
PEMOTKU 3 MOTKa B MOTOK Ha Cy4aCHUX TEXHOMOMYHUX
NiHiAX NpoayKuii MeTanyprinHoro BUpobHuLTBa — ap-
MaTypHOro NpokaTy NepioguyHoro Npodinto y MoTKax,
WO Mae rpaHuuo TekydocTi 350-450 H/mm2. [Mpu
usomy 100% npoaykuii 3a3Hae BnnvBy Aedopmauii
po3T4ry Ta Bignosigae BUMoram HawioHanbHOro Ta 3a-
KOPOOHHUX CTaHdapTiB OO apMaTypHOro MpokaTy
knacy A500.

Mo3nTUBHUM NPUKIIAgOM BUKOPUCTAHHAM XOron-
HOi gedpopmadii po3Tary B TexHosnorii BUpobHuuTBa
apMaTypHOro npokaty Ccrig BBaXaTu TeXHiYHi pi-
LUEHHS, SIKi 3anpOonoOHOBaHi aBTOpaMu Ta 3axvLeHi na-
TeHTamu Ykpainu [7- 9].

3anpornoHoBaHa TexHonorias Ta obnagHaHHs [9]
ONs1 BATOTOBMNEHHS XonoaHoAehopMOBaHOro apmary-
PHOro NMpokKaty B MOTKax 3 BUKOPUCTAHHAM XOSIOAHOI
nedopmadii postarom, ae sci 100% BigcoTkiB roToBOI
NPOAYKLIi NigAarTECA 3MILHEHHIO.

OcobnuBicTio 3anNpONOHOBAHOK TEXHOSOriT € NOEA-
HaHHSA XonoAHoi AedhopMalii po3TArom Ta QiHiLLIHOT
onepadii MUO, wo gopatkoBo 3abeanevye BMCOKWN
piBeHb aAedopMaTUBHOCTI (MNacTUYHOCTI) rOTOBOI
NPOAyKLLi.

TexHonorito BUPOOHWULITBA apMaTypHOro npokarty
Ta obnagHaHHa ong ii peanisauii 3rigHo nateHty P®
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[11] cnig BBaxaTn HeraTMBHUM MPUKNaZOM 3aCTOCY-
BaHHA Aedopmadii po3Tary Ans nigBULEHHS MiLHOCTI
rotoBoi Mpoaykuii, 60 Hacrigku BNIMBY CTOCYHOTbCS
TiNbKM 3paskiB, WO NiggatoTbCA KOHTPOSTbHUM icnuTamMm,
a oTpUMaHi pesynbTaTv He XapakTepusyoTb BNacTu-
BOCTI BCi€i MapTii NpoAykKuii, WO noTpannse Crnoxu-
Bady. Tob6TO cnocrepiraeTbcst HasBHa danbcudikadis,
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KON HeiCHYHYI BNacTUBOCTI AO4ATKOBO 0OpobneHmx
3pas3kiB NepeHOCATLCSA Ha BCo napTito All.

TexHiyHi pilueHHs, sKi 3axuwae naTeHT [11] € den-
koBMMM, 6O cynepedaTb 300pOBOMY rMy3ay, nonupa-
I0Tb enleMeHTapHi 6a30Bi NOHATTSI BNNMBY Aedopmaldlii
po3TAry Ha xapakrtep 3MiHWM MiUHOCTI ctani (nigsu-
LLIEHHS rpaHuLi TeKy4oCTi), a Takox 6a3ytoTbcs Ha yc-
BiJOMNEeHOMY OBMaHi.
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Hudpose MmoxeoBanHa MeTamaTepiauaiB 1 3D-I1pyKy JuBapHUX

Mo/eJieH B KOHTEKCTI mepexoay 10 BUPOOHMITBA HA BUMOI'Y
Doroshenko V. S.

in the context of transition to on-demand manufacturing

Y cyvacHux ymosax enobasnbHoi HecmabinbHocmi, pUHKOBUX KonuaHb i eapiamusHocmi nompeb crioxusadie eupobHu-
Umeo «Ha 8uMo_ay» cmae nepcrieKmueHo cmpameeaieto, Nidmpumy8aHoro iHHo8auisMU y cghepi adumueHo20 8UPOBHU-
umea (3D-0pyky). Mema pobomu — docnidxeHHs1 sukopucmarHs npogpamu sphereneRHINO (Spherene Inc., Llselya-
pisi) Onsi npoekmyeaHHs i OpyKysaHHsI MopuCmMuXx Cmpykmyp nusapHuUx modesnel 3amicmbs mpaduyitiHux 3 niHonosicmu-
pony. Memoduka: 6yno rnpoaHanizogaHo npouec yughpo8ozo rpoekmyesaHHs nosimepHux mooenel, 8UKOHaHO MPoeKmy-
8aHHS y 3a3HadeHill npoepami ma HadpykoeaHo 3pasku modenel. Peaynsmamu. lnrocmpamugHO ornucaHo anzopumm i
moxrnueocmi npoepamu sphereneRHINO, ompumaHo 3pa3ku KoMmipYacmoao Mamepiany moderned, po3pobneHo crocib ix
OpyKy 3 8ifKpumumu ropamu ma mpaH3umHor rnopucmicmio. [a3onpoHUKHicmb Modesni sukopucmaHo Oris 8aKyymy-
8aHHSsI niwaHoi hopmu ma cmpykmypu mMooeri, w,o 003801us10 i 2a3uchikysamu po3nnagom Mmemaliy 3 00HO4YacHUM 8i0-
KauyyeaHHsIM 2a3ig | cmeopumu eghekm 1ummsi 8aKyyMHUM 8CMOKMYy8aHHsIM. Haykoea HosusHa. [liHo-mamepian, skul
He npu3Haydascs 051 nusapHux modesel, 3acmocosaHo 0111 IpoeKkmyesaHHs U OpyKy nopucmux modesel i3 KOHmpoem
WinbHOCMI, MOBWUHU CMIHOK | 2eomempii OpykosaHux rop. [pakmuyHa 3Hadyywicmb. 3Ha4YHe CKOPOYEHHST MepMiHie
rpoekmysaHHs1 Ui 8u2omoesneHHs1 nosimepHuUx Mooersel 3ag0siku 3acmocysaHHo 3D-0pyKy cripusie adanmusHocmi nion-
puemcme Ao 3MiH pUHKY, peanizauii Modesi supobHuUymea «Ha eumoay» ma yughposisauii npoyecy nummsi 3 MiHimMi3ayiero
sumpam yacy U pecypcis.

Krtoqoei cnosa: 3D-0pyk, adumusHe 8upobHULMeo, 8UPOBHULME0 Ha 8UMORY, flusapHi Modesi, MemamMamepias, numms
3a mModesniaMu, Wo 2a3ugikyromscs.

In today's conditions of global instability, market fluctuations and variability of consumer needs, manufacturing "on de-
mand" is becoming a promising strategy, supported by innovations in the field of additive manufacturing (3D printing). The
purpose of the work is to study the use of the sphereneRHINO program (Spherene Inc., Switzerland) for designing and
printing porous structures of foundry models instead of traditional ones made of expanded polystyrene. Methodology: the
process of digital design of polymer patterns was analyzed, design was performed in the specified program and pattern
samples were printed. Findings. The algorithm and capabilities of the sphereneRHINO program are exemplarily described,
samples of cellular material of patterns were obtained, a method of printing them with open pores and transit porosity was
developed. The gas permeability of the pattern was used to vacuum the sand mold and the pattern structure, which
allowed it to be gasified with molten metal with simultaneous pumping out of gases and to create the effect of casting by
vacuum suction. Originality. The foam material, which was not intended for casting patterns, was used to design and print
porous patterns with control of density, wall thickness and geometry of printed pores. Practical value: a significant reduc-
tion in the design and manufacturing time of polymer patterns through the use of 3D printing contributes to the adaptability
of enterprises to market changes, the implementation of the "on-demand" production model and the digitalization of the
casting process with the minimization of time and resource costs.

Keywords: 3D printing, additive manufacturing, on-demand manufacturing, casting patterns, metamaterial, Lost Foam
Casting.

https://doi.org/10.15802/tpm.2.2025.06

Digital modeling of metamaterials for 3D printing of foundry patterns

BceTyn. MNpy HUHILLHIX PUHKOBUX KONUBAHHSIX, PU3N-
kax rnmobanbHoi HecTabinbHOCTI Ta 3pocTaroyoi Bapia-
TMBHOCTI NOTpeb cnoxmBadis BUPOOHMLITBO HA BUMOTY
(on-demand manufacturing) crtae nepcnekTMBHOK
cTparterieto, LWo akTMBHO NIATPUMYETLCA IHHOBaLiSIMU
y cchepi agutnBHOro BUpoGHULUTBa (AB), TakoX Bigo-
moro sk 3D-gpyk [1, 2]. H13ka nepesar mogeni «Ha Bu-
MOry» BKIHOYA€E OMTUMI3aLit0 NTaHLIOrB nocTayvaHHs,
3HVKEHHS pU3MKIB 3aBASKM nokanisauii BUpobHuLTBa
Bnvxye go cnoxmeada. 3 gpyKyBaHHAM BUPOBIB 3 un-
dpoBux dannie LMpPOBI KaTanorn 3anacHMUX YacTuH
noTpebytoTb 3HAYHO MeHLUE iHBECTULIN, HiX disnyHe
YyTPUMaHHS CKragis, LLLO eKOHOMUTb pecypcu. BuroTo-
BMEHHS MPOAYKLIi nuLe y NOTPiIOHUA MOMEHT 3 MiHiMi-
3aujeto BiaxoAaiB i HAAMULLIKOBUX 3anaciB 3MEHLLYE BU-
Tpatu Ha noricTuky. CKOPOYEHHS] TPaHCMOPTHUX BU-
TpaT i KINbKOCTI HenpodaHux TOBapiB CrpUSiE 3HW-
YKEHHIO BYrneLeBoro crigy.

3rigHo 3i 3B8iTom McKinsey (2023), o 2030 p. Bnpo-
Ba[PKEHHSA BUPOOHMLITBA HA BUMOTY 34aTHE 306inbLumTn
rnobansHui BBl Ha 2,3 TpunbiioHa gonapis, a 73 %
KOMMaHi NPOrHO3ylTb 3pOCTaHHA NPUOYTKOBOCTI 3a-
BOSIKW Ui cTpaTerii [1], KIto4Y0BUM iIHCTPYMEHTOM 4Oro
ctae AB. AB, gk pywlinHa cuna 3miH, Bce YacTille pos-
rnsagaeTbesa B NiiaHi MOAepHisauil TpaguuinHnx nuea-
PHMX MpoLECiB 3 OpieHTaujelo ix Ha uMdpose BUPOO-
HUUTBO. [poTe Len npouec AOCUTb TpUBanuM i Hayko-
eMHUIA. Akwo nepcnektiea 3D-apyky sk BUPOOGHMYOro
npoLecy, anbTepHaTUBHOIO NUTTIO MeTanis, He Bigdy-
nacsi, To Ha NEBHUX AINbHULSAX IMBAPHOTO LEXy, 30K-
pemMa 3 BUIOTOBMNEHHS NIMBAPHUX MONIMEPHMX Moae-
nen, 3D-OpyK BXe CbOrofHi MoXe MpPUHECTU CYTTEBI
Burogun. Bin 3abe3nedvye Joctyn go cydacHux maTepi-
anis, NigBULLYE HafiNHICTb TeXHoNorik i Hagae amory
CTBOpIOBATM BUPOOM 3 MiHIMaNbHOI Macol 3aBOsKM
onTumisauii OnsaiHy LLUISAXOM undcposoro
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MoJentoBaHHs 6e3 3HayHMX BUTpaT Ha nepeobnag-
HaHHA. 3D-gpyk Jo3Bonse nignpueMcrsamMm BUrOTOB-
NATW cKnagHi getani 3 MiHiManbHUM BTPYYaHHSM Fito-
OVIHU, MOXe aBTomaTtuayBath 40 95 % cTBOpEHHs Apy-
KOBaHOI MpoAyKUil, WO 3HA4YHO CKOPOYYE TPyOoOBUT-
paTu, NOPIBHAHO 3 TpaguLiHUMKN TexHosnoriamu. Bu-
HMKa€e MOXIMBICTb LUBUAKOI 3MiHW KOHdpirypadii Bupo-
6iB 3aBOAKN MHYYKOMY YMpaBniHHIO LUmMdpoBMMmU dani-
namm, 3acTOCyBaHHsI CKNafHOi OpraHiyHOi reomeTpii,
SKOI TpaauUivHi MeToau BUPOBHULITBA HEPIOKO HE MO-
XyTb 3abe3neunTtn. Mpouec OpyKy He 3anexuTb Bifg
o6csary BupobHuLTBa, Byab TO ofgHa AeTarb 4u cepis,
a eKONOriYHICTb AOCAraETbCs 3@ PaxyHOK 3HWKEHHS Bi-
axogis. 3amiHa ogHoro BMpoby Ha iHWWIA BuMarae
nve 3aBaHTaXXeHHs1 HOBOro LdpoBoro canny, Lo
MiHiMi3ye npocToi obnagHaHHsA. OgHak ans getanen,
sKi NoTpebytoTb TepmidHOT 06pobkn abo AoaaTKOBUX
TeCTyBaHb, BaXXIUBMM 3aNMLLIAETLCA NMPOEKTYBaHHS 3
ypaxyBaHHsIM MiHiMi3aujii noganbLumnx onepawin.

AHani3 nitepatypu. 3aranom, aguTMBHI TEXHONOrT
Yy NOEAHaHHI 3 KOHUENUen BUPOBHMLTBA Ha BUMOTY
CTaloTb HEBIA'’EMHOI YAaCTUHOK LUpoBOoi TpaHcdop-
Mauil NpoOMMUCNOBOCTI, WO 3a6e3neyvye He NuLe KOHKY-
PEHTHI nepesarn, ane 1 BiOKPMBAE HOBI MOXJTMBOCTI
ONSA CTBOPEHHS MHYYKUX, EKOHOMIYHO e(PEKTUBHMUX BU-
pOOHMYMX cuctem, B Aknx 3D-gpyk cTae HeOaMIHHO
cknagoeoto [3]. 3okpema, nuBapHi nignpuemcTea ae-
Aani 6inblie ocsAralTb MOXITMBOCTI LMPOBOI TpaHC-
dopmauii Anst NiaBULLIEHHS CBOET NPUOYTKOBOCTI pa-
30M 3 aganTauieto o BUMMOr aekapboHisalii BUpoGHK-
utea [4], npn ubomy 3D-OpyK CTae NOTY>KHUM iHCTPY-
MEHTOM MpU CTBOPEHHI HOBOI NMPOAYKLii 3 iHHOBaLi-
HUX MaTepianiB Ta MOKpaLLleHMMM BNacTUBOCTAMMU, a
iHTEHCMBHOCTI NOro PO3BUTKY HEMAaE aHaroriB.

Ocobnueo 3D-Apyk NepcnekTUBHUIA AN NUTTH Me-
Tany 3a mogensamu, wo rasundikyrotecs (JIMM-npouec,
Lost Foam Casting), B skoMy 3aCTOCOBYIOTb pa3oBi No-
pyCTi nonimepHi (nepeaycim, 3 niHononictupony, MrC)
nunBapHi Moaeni, ki BUNapoBYOTLCA B MilLaHin popmi
nig BNAMBOM pO3nnaBy MeTany, Lo 3anMBaETbCs B L0
dopmy [5]. CobiBapTicTe Mogenen ansa TpaguliitHoro
JI'TM carae oo TpetnHu cobiBapTOCTi BUNMBKIB, LLO
BKIMOYA€E 3HAYHI BUTPATN HA MOeSbHY OCHacCTKy. AB-
ToMaTuyHUn 3D-gpyk TakMx mogenen 3gateH MiaBu-
LWMTK edPEeKTMBHICTb Ta AKICTb 0COBNMBO ApibHocepin-
HOro, PEMOHTHOMO Ta NEPCOHari30BaHoOro (KacTtomiso-
BaHOro) BWMMBaHHA MeTanoBupobiB, crabinisyBaTtu
KOHKYPEHTOCMPOMOXHICTb BUPOBHMLTBA B Cy4acHOMY
puvHKoBOMY npocTopi. 3 uudpoBoi Mmogeni (6e3 nane-
poBux kpecneHb) 3D-gpyk noniMepHUX Moaenen pea-
nigye KoHuenuio “umdpodisanyHoro nepeTBopeHHs” (3
uncposoro dainny — y marepianbHy KOHCTPYKLit0), 3ri-
OHo Tepminy «digital-to-physical conversion» [6]. LLBu-
Aka 3MiHa KoHdirypauil nvBapHOi MeTanonpogyKuii
cnigoM 3a 3MIHOK KOHCTPYKLii BignoBigHWX pa3oBuxX
OPYKOBaHWX NMBApHMUX MOZENen Nicnsg BHECEHHS 3MiH
B LMPOBI KpECNEHHs € XapakTepHoto nepesaroto 3D-
TexHonorin ana JIMM, ska NnposiBNSIETLCA Ha eTani Npo-
eKTyBaHHSA Ta OPYKYy Uux mogenen 6e3 nepedopmary-
BaHHS peLUTV NMBaApHOro obnagHaHHs i OCHACTKM B gj-
HOUMX LieXax.
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CTocoBHO 0b6I'pyHTYBaHHSA NOCTaHOBKM 3agadvi 4oc-
NIMHKEHHS KPUTUYHO po3rnsHeMo, 4uMm metog 3D-
apyky ansa 1M surigHun cepeg iHwmnx metoais AB me-
Tanonpoaykuii. Bigomi cnocodu 3D-apyKy KOHCTPYKLUI
3 MeTany Ta TyronnaBkuMx MaTtepianie MatTb Ti HeOo-
nikn, WO B HMX 3aCTOCOBYHOTb €HeproemHe obrnag-
HaHHS1 BUCOKOI KaniTaneMHOCTI, a NpoLecy NnaBneHHs
MeTany 4u cnikaHHa MeTanosnpobiB Npn BUCOKMX Te-
Mnepartypax noTpebylTb 3HAYHUX eHeproBuTpaT Ta
HepiaKko 3axucHol aTtMocdepu Ans repMeTUYHUX Ka-
Mep ApYKY. A Takox Aitodi cTaHgapTV KOHTPOMKO SKOCTI
MeTanonpoaykuii (3okpema, LWoAOo BiANOBIAHOCTI Tpa-
OUUIRHM MapkaMm MeTany) He NpPUCTocoBaHi 40 ApY-
KoBaHWX MartepianiB. 3asHayeHi Ta iHWI obGCcTaBMHK
YCKNaHIoITb KOHKYpeHLUito 3D-gpyky 3 TpaguuinHum
BMPOBGHULTBOM Ta NPUOSM3HO Ha MopsiooK 30inbLuy-
I0Tb COBIBApTICTL APYKOBAHMX MeTanoBMpobiB nopis-
HSIHO 3 TUNOBUMMW NIMBaPHMMU cnocobamum.

3HaYHO OOCTYMHILLIMM HanpsiMOM BMPOBAIKEHHS
3D-gpyky B nMBapHe BUPOBOHWUUTBI € APYKYBaHHS Ans
JITM-npouecy nopucTux noniMepHUX Moaenen, sk pa-
30BOI nMBapHoi ocHacTkn. Ockinbkn npu JTTM BunuBok
YTBOPIOETBLCS NiCMs BUNapyBaHHSA MoAeni B nillaHin
dopMi, TO KOHTPOSb SIKOCTi 3aTBEPAINOro BUNMBKa Ta
BIOMOBIQHICTb Mapku MeTany BUKOHYIOTb 38 YMHHUMMN
ctaHgaptamu. OgHak, po3sutok 3D-gpyky nonimep-
HUX KOHCTPYKLiM Lie He [ocdar Toro CryrneHs, Lwob
OTPMMYyBaTU APYKOBaHi MaTtepianu 3 TakoH X HU3bKOH
LWINBHICTIO 9K HWHI 3aCTOCOBYBaHWM ONA Mopernen
MMC. OpyKyBaHHs nnerkoBarnx Mogeren, Lwo 3a oo’em-
HOK Barow Ta HU3bKOK TrasoTBIpHICTIO npubnumxka-
toTbCs Oo TunoBux mogenen 3 MINC, nokn € Henpoc-
Tol 3agadeto [5]. MepLui cnpobu rasudikadii opykoBa-
HUX moaenen B npoueci JITM yacTto gaBanu Hectabi-
MNbHY SIKICTb BWUIMMBKIB i3-32 BUCOKOI 30MbHOCTI TakuXx
Mozernen i iXx BUCOKOI ra3oTBipHOCTi. Po3kputTa note-
Huiany BnposamkeHHs 3D-apyky B JITM-npouec Ha
[aHOMy eTani 3HaxXOAUTLCA NULLE Ha eKCrnepuMeHTa-
NbHOMY piBHi. TOMy po3pobka HOBUX METOZIB KOHCTPY-
FOBaAHHS MOPUCTUX NlerkoBarmx Moaenen, HoBi yOoCKo-
HaneHHs ix 3D-gpyKy i noro nporpamHoro 3abeane-
YEHHSI € aKTyaribHOK TEMO HayKOBO-iIHXXEHEPHMX J0-
cnigpkeHb B NnaHi aganTadii go girodoro J1MM-npouecy,
O MOTMBYBAmO Hall MOLUYK MOPUCTUX MaTepianis 3a
YMOB He3HayHuX (piHaHCOBWMX BUTpAT Ta yacy Ans ix
LMpOBOro MoaentoBaHHs, APYKyBaHHA Ta onTUMarb-
HOT rasucpikauii.

3asHaummo, LWo 3a IHTepHeT-iHdhopmalieto [7] cno-
ci6 JIMM 3a gpykoBaHumMKM mogensmu npobye BYBO-
ONTY Ha pyHOK nne oaHa koMnaHia Skuld LLC (CLUA)
3a NaTeHToOBaHMM Heto crocobom. Mpu LboMmy, Sk Heto
nosigomnsnoce, npu JI'M gpykoBaHa mogenb noea-
HyeTbca 3 nmigknagkoto 3 MINC. 3aranowm, 3rigHo 3 no-
TOYHMMK nyBnikauismu, JITM-npouec NnpogoBxye no-
LUMPIOBATMCb B NMBAPHMLTBI, 3a OLiHKaMK eKkcrnepTiB
Habnwxatoumcb ao 3-4 % ob’emy nuTBa B CBITOBOMY
BMMIpI, WO cknagae 6nmabko 3-4 MNH TOHH. [NomiTHe
3pOCTaHHS KinbkocTi nignpuemcTs i3 JIMM Habyno B Ku-
Tai, WO Cnpusifo OOCArHEHHIO KpaiHW CBITOBOrO nigep-
CTBa 3a TOHHaXXeM NBapPHOI NPOAYKLLI.
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Y npoueci AHanisy iHopmauii NnpuBepHyB yBary
anroputM, po3pobneHun komnaHieto Spherene Inc.
(LBewnuapis, hitps://spherene.ch), sikuin rpyHTYeETLCS
Ha CTBOPEHHI TaK 3BaHUX «afanTUBHMX MOBEPXOHb Mi-
HiManbHoI WinbHocTi» (Adaptive Density Minimal Sur-
faces, ADMS) nopuctoro metamarepiany, sk crpaTerii
3anoBHEHHS NPOCTOPY MaTepiasioM 3 BNacTUBICTHO ca-
MOMIATPUMKM MOrO CTPYKTYPW B MpOLECi ApyKyBaHHS
[8, 9]. MeTamartepianamu (Metamaterials) HasuBaloTb
LWITYYHI MaTepianu 3 He3BUYanHUMK isNYHMK BRac-
TUBOCTSIMY, LLIO HE 3yCTPIYaloTbCs Yy NPUPOOHNX MaTe-
pianax. Llen anroputm LmdpoBoro ausariHy metama-
Tepiany NpoOXoauTb CTafito NaTEHTYBaHHS | MOro aBTo-
pamu e He ByB 3anponoHOBaHWI A11S TIMBApHOro BU-
pobOHULTBA, ane Mae 3Ha4yHi NepcrnekTuBu Ans Bupi-
LLEHHS NpobriemMu ApyKy nopuctux mogenen ans JIFM.

MeTa i 3aBOaHHA OOCHiOKEHHSA nonararTb B aHa-
nisi anropmMTMy Ta BMNpoOyBaHHi 1oro B npoueci Lmd-
pPOBOro Au3anHy NOpUCTOro MeTamaTtepiany Ans MiHi-
Mi3aLii Macu Ta kepyBaHHSA BriacTnsocTamu 3D-apyko-
BaHWX nMBapHWX mogernewn. lNepLui Kpoku Takoro Aoc-
nigpkeHHs onucaHo B poboTi [10]. Lien anroput™m € Ba-
piaHTOM peani3adii Teopii TPMBUMIPHUX MiHIMaNbHUX
noeepxoHb (M) B gjitove nporpaMHe 3abe3neyveHHs
ons 3D-moaentoBaHHs.

PesynbTaTn gocnigXeHHs Ta ix 06roBopeHHs. HuHi
TpuBUMIpHI nepioguyni MI (Triply Periodic Minimal
Surfaces, TPMS) [9], Hanpuknag ripoig [11], ctanu He-
pigkumn enemeHtamun amsanHy ans 3D-gpykoBaHux
KOHCTPYKUiN. MaTtemaTnyHi BnactusocTti MIN 3anuwa-
HOTbCHA NMPeaMETOM aKTUBHUX OOCHIAKEHb 3aBASKM iX-
HbOMY (OyHOAMEHTanbHOMY 3HAYEeHHIO B reoMeTpii,
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Tononorii, gisnui Ta iHxeHepii. B ilxeHepii MIT Buko-
PUCTOBYIOTLCA ANs ONTUMI3aUil KOHCTPYKLUIN, Taknx gK
Kyrnonu, MOCTM Ta apXiTeKTypHi MmembpaHu ToLuo, a Ta-
KOXX MatTb 3HAYHUI BMSIMB Ha KOMM'IOTEPHY rpaqiky,
MOZENOBaHHA MaTepianiB i AuM3ainH, 403BoNAYN Oy-
ayBaTtn ePEKTUBHI Ta ECTETUYHO NpnBabnunei popmu 3
MiHiManeHUMKn  pecypcamn. [lepiognyHi  NOBepXxHi
TPMS [11, 12] € HeCKiH4eHHUM MOBTOPEHHAM OESKOI
enemeHTapHoi KOMipku. AHaniTnyHicTb MI, KoxHa To-
YKa AKUX BU3HAYaETLCS Y NPOCTOPI aHaniTMYHO dyH-
Kuieto, cnpouwye 3D-mMoaentoBaHHs, TEXHOMOTYHICTb
BWUIOTOBMEHHSA MaTepianbHUX BUPOGIB, @ TaKOX KOHT-
ponb IXHBOI SIKOCTi 32 JOMOMOrOK CYy4aCHOro ycTaTKy-
BaHHS 3 NporpamMHmMM 3abesneyveHHsM. HuHi Taki anro-
pUTMK BCE LUMPLLE 3aCTOCOBYIOTb Y Pi3HUX ranyssx,
BKITHOYAKOUM MaTepiano3HaBCTBO, apXiTekTypy Ta bio-
norito.

KomnaHisi Spherene Inc. Ha gesiknx aHanorax Ko-
panonofibHux npuUpoaHMX CTPYKTYp oOnpauoBana
HoBy (Ha npoTtuBary TPMS) reomeTpito meTamaTtepi-
any, 3acHOBaHy Ha IHWOMY Krnaci reoMeTpuYHUX
dopM, Lo 3a paxyHok MIT MiHimMi3ytoTb 06’eMHY mMacy
maTepiany, i Ans uboro BMkopuctana ccpepu, abo, To-
YHiLLe, iHBepCHI cdpepu, siki KoMnaHia Ha3Bana cdepe-
Hamu («spherenesy) [8, 9]. MoaentoBaHHAM MiHiManb-
HUX eHepreTU4HMX ctaHiB metogom MI1 gna martepia-
niB y gisu4HUX Moaensx OocAraloTb TOro, WO CTPYyK-
Typu - chepeHn piBHOMIPHO pPO3NoainsAlTb Hanpyry,
YMM MIHIMI3YIOTb KifbKICTb BUKOPUCTOBYBAHOrO MaTe-
piany. Npuknaam Takoro MogerntoBaHHs nokasaHo Ha
puc. 1.

PucyHok 1. Mogeni 3 noBepxHAMM TUMNY «BYJKaH» (a) i «naByTuHa» (0) [8]

BiOHIYHI CTPYKTYPU, SAKMMWN HaMaraloTbCs iMiTyBaTu
MOopdOnoriyHi 0COBNMBOCTI TKAHWHM KOpariB, i paHile
Oynn ob’ektammn gocnigkeHb Ta mogentoBaHHs 3D-
Apyky [10], ockinbku Kopanu eBoniouioHyBanu B KOH-
KYPEHTHOMY cepefoBuLLi 3 OBMEXEeHMMU pecypcamu
SIK ONTMMI30BaHi i OAHI 3 HAWNPOAYKTMBHILLNX Y CBITi
€KOCUCTEM 3 Ornsaay MexaHiYHUX Ta iHLWMX BNaCcTUBOC-
Ten.

B IHTepHeTi KomMnaHis Spherene Inc. npeacrasvna
beTa-Bepcito nporpamu sphereneRHINO Ha ocHosi ai-
tovoi  nonynspHoi nporpamu Rhinoceros ansa 3D-

MOZEMNBaHHS NOPUCTUX NerkoBarmx CTPYKTyp - cde-
peHiB [8, 9]. Hawi gocnigpkeHHs (B NPOOOBXEHHS po-
6oTu [10]) nonsarany B 3aCTOCYBaHHIi METOAMKN KOHCT-
PYIHOBaHHA LMX CTPYKTYP 4N OPYKY NUBApPHUX Moae-
nen 3amictb Tpaguuiviinx 3 MNMC ansa JIFM. Moctano
NUTaHHS, SIK MOXXHa NPOEKTyBaTN APYKOBaHi Mmoaeni 3
Takoro MaTepiany HU3bKOT Macu Ta 4OCTaTHBLOI MiLlHO-
CTi, kA 61 NnoTpebyBaB Marno BUTpaT eHeprii Ha Noro
BunapoByBaHHs npu JITM, maB HU3bKy ra3oTBipHICTb i
OOCTaTHIO eKomnoridHy 6e3neyYHicTb, Lo npuTamaHHa
BioposknagHum nonimepam (biononimepam).
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PoarnsiHemo nepenik onepauin npu 3D-mogento-
BaHHi KOHCTpykuin B nporpami sphereneRHINO [9].
Cnepwy gusaiHep BuM3Havae npocTip (KOHBEPT), B
SIKOMY 3reHepye cpepeHoBy CTPYKTypy. 3afae Taki na-
pamMeTpu, SK LWiNbHICTb, TOBLUMHA CTiHKM Ta Haxun no-
BepxHi. Bunbupae reomeTpuyHy KoHcpirypauio Tiei
CKIMagHoCTi, Wo Bignoeigae notpebam amsaiHy, Ta ko-
HTPOMIOE, SK chepu CTUKYIOTbCA 3 iHWMMU NoBepX-
HSIMW, «BMPOCTalOTb» 3 HUX ab0 CTBOPHOIOTL YaCTKOBI
4n 3aMKHYTi 060noHKkK. B uin nporpami WinbHICTb no-
pUCTOro MaTepiany CMyXXuTb CUHOHIMOM IOro 06’em-
HOT Baru, BKa3yeTbCs Yy BiAcoTKax Bif 06’eMy KOHCTPY-
KUii B MeXaX 30BHiLLHbOI 0OONOHKM B YNCENbHUX 3Ha-
YeHHAX WKanu Jiadpparmu cotoanapaTta, K 3pyyHOI
LIKanu ANns 3anam’saToBYBaHHS | pErynoBaHHs.

Mporpama sphereneRHINO cTBOptoE cdhepeHn (sk
HoBwi knac MIT) Ha ocHOBI reoMeTpii « MiHIManbHOI No-
BEPXHi aganTuBHOI WinbHocTi» (ADMS). MaTtepian 3
TakoK reoMeTpiclo Mop MOXHa perynoBatn sk 3a
LLINBHICTHO, TaK i 32 TOBLUMHOK CTIHOK B Pi3HUX MiCLSX,
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30epiratoum HynbOBY CEpPefHI0 KPMBU3HY MOBEPXHI
(BnactuicTb M), yHMKaTV 3aMKHYTUX MOPOXHWH (Ba-
XIMBO AN OPYKY B PIOKUX UM CUMKUX cepenoBuLLIaxX
cnocobamu SLA i SLS 3 BMganeHHsam nnnmHHoro 3anm-
WKy, @ TaKoX Ansi BEHTUNSAUii NMBapHUX mopaenen),
afjanTyBaTu 4O HABKOJMLLHBOI reoMeTpii Ta Mogesnto-
BaTu noro Ans 3D-Apyky B1pobiB npakTuyHo 6e3 niar-
pumMmok (camonigTpumytounx). Mana maca 3 BUCOKOHO
XKOPCTKICTHO Takoro Metamatepiany, 3MEHLUNTb CrOXK-
BaHHA MOB’A3aHOI 3 HMM eHeprii Ta Byrneuesun cnig
[8, 9].

MopentoBaHHS y Bka3aHiin nporpami JOCTYMNHO 3 pe-
ryrnoBaHHAM LiNbLHOCTI B iHTepBani Big 2 o 22. Tak,
Ha pvc. 1 npyBeaAeHO NpUKaan 3aMOAENbOBAHMX CTPY-
KTYp 3i WiNbHICTIO 5,6 | NOBEPXHSAMU 3 Ha3BaMu «BYIl-
kaH» (a) Ta «naByTMHa» (0). B npoueci 3D-mogento-
BaHHSA 00’eKTy B 3aJaHMX reOMeTPUYHUX KOHdirypa-
Lisix (KoHBepTax) BMOMpalOTb, NMPUMIPOM, Taki Mokas-
HWKKM, SK BKa3aHo y BMrMsAgi nignucis Ha puc. 2 [9].

3MilLyBaHHA
LSS BRI /

PucyHok 2. MNMokasHuKK, siki Bubrpae gusanHep npy MOAENOBaHHI: @ — CXeMa CTUMKYBaHHSA 3 FMafKoHo NIOCKO
NMoBepXHet0 (KOHBEPTOM); 6 —MOAENOBAHHS 3 KPUBOIIHINHOK MOBEPXHEID

AKWO npu NPOeKTyBaHHI MOPUCTOI Moaeni ToB-
LLUMHY CTIHOK B NMEBHOMY «MOMi» Au3aiHEpOM He 3a-
AaHO, TO TOBLLMHA 0O0MOHOK NOP BiAMOBIAHO A0 LWinb-
HocTi (Density Reference Thickness, DRT) Bupoby Bu-
3Ha4YaeTbCA OAHAKOBO AN BCIX CTIHOK, 3@ 3aMOBYY-
BaHHAM nporpamMa BCTaHOBME LiMbHICTE PO3MipOM
5,6. AKWO WiNbHICTb 3a4aHO NULLIE OOHUM 3HAYEHHAM
B Oyab-sIkin Touui, TO BiACOTOK LUNMbHOCTI BCbOrO

OPYKOBaHOro BMpPOOY BIAMOBiAAE LbOMY 3HAYEHHHO.
Yum Hwk4e 3HayveHHa DRT, Tum cknagHiwoto, 3rigHo
nporpamu, cTae reoMeTpis MOPUCTOI NOBEPXHI i 36inb-
LWYeTbCHA TpuBanicTb il oBuMcneHHs. PisHi 3HavyeHHs
LLiNBHOCTI, BKa3aHi B NEBHUX TOYKax, Nporpama iHTep-
nontoe B NpocTopi Mix uumu Todkamu (puc. 3) [9]. Kpim
TOro, Au3anHep MoXe BKasyBaTW Pi3HY TOBLUMHY CTi-
HKW y BUBpaHnX HUM Toukax (puc. 4) [9].

PucyHok 3. MogentoBaHHsi CTPYKTYPU 3 Pi3HOIO LWinbHICTIo 2,8 - 5,6 - 11 B TpbOX TOYKax
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PucyHok 5. Mogeni 3 gjoaaBaHHAM NOPOXHUH Yy BKa3aHMX TOYKax 3 3ajlaHuMu pafiycomM Ta Micuem ans pos-

MilLIeHHS LmniHgpa

Takox nokasaHa CTPYKTypa 3 Pi3HOH TOBLLMHO CTIHOK i 3MiLLLEeHHSAAM noBepxHi (puc. 6) [9].
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PucyHok 6. CTpykTypa Mofeni 3 pi3HO TOBLLMHOK CTiHOK i 3MiLLEHHSIM NOBEPXHI

Mpuknagn 3D-apykoBaHUX MoAenen nokasaHo Ha
puc. 7 [9], Ae mogeni (a - B) BAKOHAHO Ha NpUHTEpax
meTogom SLA/SLS 3 nowiapoBum TBEPAHEHHSIM PiaKoi
4Yn NOPOLLKOBOT CMOIK, @ Ha pUc. 7, I - ApyKoBaHa eKc-
Tpysiiium metogoMm FDM Ha npuHTepi «BABbu Lab»

npukpaca 3 opHaMmeHTOM i3 nnactuka PLA kpi3b Haca-
Ky 3 npoxigHum giametpom 0,6 MM i TOBLLMHOK HaHe-
ceHux wapie 0,12 mm 6e3 niaTpumMok Ta Ge3 3ano.-
HEHHS, a TaKoX 3 BUCOTOI 15 MM CyUiNbHOro Kpato B
HVDKHIM YacTuHi (3 canTy https://spherene.ch).

'

PucyHok 7. MNonimepHi Moaeni i3 CTPYKTYPOIO y BUMMAAj ChepeHiB: a - XpeCToBMHA 3 BiAKPUTOI NMOPUCTICTIO;
© - nopucTu napanenenines; B - MOAENb KPOMnvKa 3 rragkoro NnoBepxHero (B po3pisi); I - ApYKyBaHHSA MPUKpacK

3 OpHaAMEHTOM
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Kpim Toro, aBTopom cTaTTi 3 4ONOMOro0 nporpamm
sphereneRHINO 6yrno cnpoekToBaHO MOAEMb «ravyoK»
3 MOPMCTO BHYTPILLHLOK CTPYKTYypoto (puc. 8, a, no-
Ka3aHo 6e3 3aHbOI CTiHKKM 41151 AeMOHCTPYBaHHS Mop),
a TakoX Ha HacTinbHOMY npuHTepi TNy «BABbu Lab

w#% ISSN 1028-2335 (print)  Ne2, 2025

A1 mini BLOOO7U» HagpykoBaHo meTogom FDM poc-
nigHi cdhepeHoBi TOHKOCTIHHI CTPYKTYpU 3 binameHTy
PLA (puc. 8 ©) ans AoCnimKeHHs1 MOXIMBOCTI 3aroB-
HEHHS HUMU CTIHOK NMBapHUX MOAEnNen.

PucyHok 8. MNprknaan NnpoekTyBaHHA MOAernen rayka (a) Ta ApyKyBaHHSA NOPUCTUX CTPYKTYP (6)

3D-gpykyBaHHa 3 noninaktngy PLA € HanbinbLu
HeJoporum 3a BapTicTio | nonynapHuMm metogom FDM
NnoLLapoBOro HamnnaBneHHs NpY BUrOTOBMEHHI Moae-
new Ha 3D-npuHTepax [14, 15]. PLA — GioposknagHui
TepMonnacTuyHui noniedip, WO oaepXyTb Ha oc-
HOBi MOMOYHOI KMCNOTU. BiH BUKOPUCTOBYETLCA ANA
30-0pyKy Ta y BMPOBHMLTBI BionnacTuky, € BiAHOCHO
HeJoporMM Matepianom, fnerko OpyKyeTbCs | Mae no-
CTaTHbO BMCOKI MeXaHiyHi MOKa3HWKM Anga ApYyKy nuea-
pHUX Mogeneii. MyctuHa PLA - 1240 kr/m® i Temnepa-
Typa KuniHHg - 227 °C.

[na nopisHaHHSA, maTepian MMNC, wo € Tpaguuin-
HuUMm ansa moaenen npuv JIMM-npoLeci, BUrotoBneHui 3
nonictmpony 3 ximidHoto cpopmynoto (CsHs)n, ryctnHa
aKkoro ckrnagae 1050 kr/m3, a TemnepaTtypa KuMiHHS - B
iHTepsani 240-270 °C i 3anexuTb Big NOro Monekyns-
pHOT Macu Ta iHWKX dakTopiB. [pn TemnepaTypi BuLLe
239 °C BiH NepexoauTb Y B'A3KOMIMHHUIA PiOKUIA CTaH,
a npu Temnepatypi 300 °C noynmHaeTbCst HE3BOPOTHA
Jenonimepusadia nonictnpony [16].

Xapakrepuctukn PLA i nonicTupony OoctaTHbO

cxoxi, ane MMNC mae 3akpuTi nopu, a 3 PLA nou,inHo

OpyKyBaTu Mofeni 3 BiAKpUTUMK nopamu, SKi cknaja-
I0Tb Fa30MNpOHUKHE TiNo Moaeni (3HU3y Bropy) 3 ycra-
HOBINEHHSIM 3BepXxy Tpybyactoro Bunopy. Kpisb uen
BMMOP CMoMy4YaloTb CEpPLEBUHY MOAENi 3 BakyyMOM Yy
nopax nicky opmu, Ky TpaguLiiHO BakyyMyOTb Mpu
JIMM, Ta BigkauytoTb rasu npu rasudikadii mogeni, pa-
30M 3 TUM JocdAraloun edpekTy NUTTst MeTany MeTOA0M
BaKyyMHOIo BCMOKTyBaHHs [5, 17].

Kpim pgocnigkeHHss cdepeHoBUX CTPYKTYp, Y
®TIMC HAH YkpaiHn BukoHaHo apykyBaHHs 3 PLA
(puc. 9) axypHOI ciTyacToi CTPyKTypu (niBopy4) Ta
OPYKOBaHOI KyNnbKu Ans NiHr-noHra (npasopy4) Macoto
00 4 r. TOHKUA ApyK KOMIip4acTuUX KapkaciB 3 TOBLLM-
HOK «rifikn» 6nmM3bko 1 MM OEMOHCTpYe MoTeHLjan
ONSA 3anOBHEHHS TakMMW Kapkacamu CTIHOK Mofenemn
ans JICM. na gpyky cTpykTyp (puc. 8, 6 Ta 9) 3 PLA
3aCcTOCOBYBanu HeopOori HACTINbHI eKCTPY3iiHI NPUH-
Tepw, BiOOMi SIK «LUKINbHI», WO MigKpecnoe ocTyn-
HICTb Ta EKOHOMIYHICTb ApPYKyBaHHA Mogenen nns
JIrM.

PucyHok 9. [lpykoBaHi 3 PLA BapiaHTV KapkacHUX nerkoBarmx CTpykTyp

3aranom, onepauii 3D-gpyky Mogenem i Bunu-
BaHHsi MeTanoBunpoby metogom JIMM matoTb Taky no-
cnigoBHicTb. licna oTpumaHHa danny 3 undpoBuM
KPECMNeHHAM NMBapHUK NpoTAarom Aobu nporpaMH1Mm
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3acobamu cTBOPIOE LMppoBY MoAerb, 3a AKOK APYKY-
€TbCs nornimepHa nueapHa mogenb. [o uiei mogeni
00[aloTb MOAENb NIMBHUKOBO-XKMBUMBHOI CUCTEMU,
apbytoTb | NogatoTe Ha HPOPMOBKY, LLO TpMBaE OO
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ABox Ai6. LLle npoTtarom ogHoi Aobu metogom JI'M Bu-
roToBNAE€TbCA NiwaHa copma i 3anMBaeTbCa MeTa-
nom. Takum 4YnHoM, npoTsarom 4-5 fid Big oTpMMaHHs
danny 3 KpecrieHHsIM MOXITMBE OTPUMAaHHSA ApiOHUX
Ta cepeqHix BUnNuBkKiB. Lia meToguka 4o3Bonsie Npoek-
TyBaTW Ta ApyKyBaTW NOPUCTI NIMBaPHi Mogeni, CyMiCHI
3 icHytoummmn npouecamu JIFM, 6e3 3amiHn cdopmyBa-
NbHO-NMBAPHOI OCHACTKM Ta obnagHaHHA. 3amiHa Mo-
aenen 3 MNMNC, BurotoBneHnx y metanesumx npec-op-
Max (BKMHOYHO 3 MPOEKTYBAHHSIM Ta BUFOTOBMEHHSAM
npec-opMm i NOTIM Mofenen no Hux), Ha 3D-gpyko-
BaHi MoZeni CyTTEBO CKOPOYYE TpMBanicTb BUPOOHNL-
TBa NMBapHWX MoAenen.

BucHoBkn. Po3rnsHyTvin MeToq MOAentoBaHHA Ta
ApyKyBaHHs 3a nporpamoto SphereneRHINO € ogHuM
3 MEePCneKTMBHUX ONS OPYKYBaHHSA NMBapHUX Moge-
nen 3 BigkpuTMMK nopamu (Ha npotumeary 3 [MNC, B
SIKOro nopm 3akpuTi). MNpu LMdPOBOMY KOHCTPYHOBaHHI
nNUBapHUX MoAenen gu3anHep cnoyaTky BU3Ha4Yae Mo-
aenb y CAIP, ska notim cnyxute 064ncroBanbHO
0BOMNOHKOM0, Y AKi reHepytoTbCs ChepuyHi reomeTpu-
YHi NnopucTi CTPyKTypu 3a metogom MIT. TMicna uboro
3D-npuHTEPM aBTOMaTWYHO APYKYIOTb Taki mMogeni
ans JICM, wo MoXnuBO HagiTb Yy LinogoboBomy pe-
XKUMI.

Lle meToq oo3BONSIE peryntioBaHHs LWiNbHOCTI, TO-
BLUMHM CTIHOK i reomeTpii OpyKOBaHMX Mop, obmexe-
HUX (41 HE OOMEXEHMX) MMAAKOK NOBEPXHEID KOPMyCy
Mogeni, Wo € BaXNMBMM 1S fIoKanbHOro Yv Bapiatu-
BHOMO peryrioBaHHA MILHOCTI, 3MEHLUEHHs Baru
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OPYKOBAHMX NMBapHUX MOAENen OfHOYacHoO 3i CTBO-
PEHHSIM TpaHCMAUIMHOT NOpUCTOCTi (BEHTKaHaniB) s
CNpsiMOBaHOro B1BoAy (3HU3y Bropy) rasdy npwv rasudi-
Kauil mogenen. Xo4ya Hapasi LLie BaXXKO OPYKOM KOHKY-
pyBatu no nerxkoarocrTi 3 [MMC-moaensamu, ogHak apy-
KyBaHHS ra3onpoHNKHMX MOdenen J03BOrsE NigBectu
TPYOKOI-BMMOPOM i Kpi3b NOpM MoAeni Bakyym 3 nvBa-
pHOI bopmu nig Yac ii 3anMBaHHS MeTanom A0 30HU
rasudikaii mogeni Ta BigkadyBaTu rasu 3a OOMOMO-
roto Bakyymy. No-neptue, e cnpusie BUBoAY NPOAYKTIB
rasudikaLii i3 30HU KOHTaKTy iX 3 MeTarnoMm, MiHimisy-
ouM iX HeraTMBHUI BNNUB Ha meTan. [No-apyre, cTBO-
proETbCS ehekT NUTTA MeTany MeToAOM BaKyyMHOro
BCMOKTYBaHHSl, 60 3 BMBOJOM rasiB y BaKyymMOBaHUN
nicok opmun po3pigkeHHs rasiB gie Ha meTan. Mo-
Oenb NPOEKTYETbCS HAa OCHOBI MPUHLUMMY «4UM BinbLue
rasis, Tum Ginble Mae OyTu iX PO3pPiMKEHHS ONSA BU-
BeAEHHA 3 pob0oY0i MOPOXKHUHM NMBAPHOI hopMm».
TakMM 4YMHOM, pO3rNsAHYTE 3aCTOCyBaHHSA OpPYKOBa-
Horo meTtamatepiany gna JIFM Hagae mogeni nerko-
BarocTi, TpaHCNAUIMHOI NOPUCTOCTI i CyTTEBE CKOPO-
YeHHS TEPMiHIB MPOEKTYBaHHSA Ta BUPOBHULITBA siK ne-
peaoymMoBu peanisauii koHuenuil npogaxy He nuile
npoaykty, ane n nocnyr. OcTaHHe cnpuse aganTUBHO-
CTi nianpnemMcTB A0 3MiH pUHKY, peanisadil mogeni Bu-
pPOOHULITBA «HA BUMMOTY», KIOYOBWUM iHCTPYMEHTOM
akol ctae AB, sk enemeHT uudpoBisaLii npouecy
nnTTA 3a BUCOKOTOYHMMU OpYKOBaHUMU MOJensiMu 3
MiHiMi3aLieto BUTpaT Yacy Ta pecypcis.
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Koe3sik A.M., I'oay6 L.B., Hocko O.A., bina A.B., [loepe6Ha H.E.
Buoip Ta 00rpyHTYBaHHS KOMIUIEKCHHUX JAK0(papOOBUX NOKPUTTIB

JJIS 3AXUCTY MAPKYBaHHS TPYO BYyrJieieBOro COpTaMeHTy

Kovzik A.M., Holub L V., Nosko O.A., Pohrebna N.E.

Selection and Justification of Protective Coating Systems for the

Protection of Carbon Steel Pipe Markings

Mema po6omu. [JocridxeHHs1 KOpO3itiHOI cmilikocmi KOMIIeKCHo20 fiakoghapbo8o20 MoKpUMMsi sike HaHOCUMbCS1 01151
3axucmy MapKyeaHHs1 nornepedHbo rnoghapbosaHux mpy6. 3agdaHHsIM posedeHux docnidxeHb € 8ubip onmumarnbHO20
nakoghapbog8o2o mamepiasy Ors aHMUKOPO3iliHO20 3axucmy rnonepedHbo noghapbosaHux ma 3amapkosaHux mpyob.
Memoduka. O6’ckmom OocriOxeHHs € nakogapbosi Mamepianu, sKi HaHOCAMbCSA Ha 8yaneuesi mpybu 0ns 3axucmy
mapKysaHHsi. CmaHdapmHumu memodamu docnidxeHa 3axucHa diss maKkux MoKpummig npomu Kopo3iliHo20 pyUHy8aHHs,
adeesiss nokpumms o nosepxHi mpybu, cmitikicme 00 crmupaHHs.

Pe3ynbmamu. BcmaHosneHo, uwjo mamepianu F410SP, SIGMAFAST 40, Alpina Yachtlack, Xenioc MIKS ma CK-1 ma-
tomb HeobXiOHy Kopo3iliHy cmilikicmb ma adzesiliHy MiUHicmb Onsi BUKOPUCMAaHHS 8 IKOCMI 3axXUCHUX MoKpummie map-
KyeaHHs 8yearneyesux mpyb. 3 epaxysaHHsIM sumpam mamepiary ma Jyacy 8ucuxaHHsi 07151 MPOMUCII08020 3aCmOoCy8aHHs
pekomeHdosaHuli mamepian Xesnioc MIKS ma CK-1.

Haykoea Hoeu3Ha. Briepuwe 0ocioxeHO egheKmueHICmb 3aCmocy8aHHs Mpo30pux fakoghapbosux mamepianis 011 aH-
MUKOPO3iliIHO20 ma MexaHiYHO20 3axucmy MapKyeaHHs1 gyeneuesux mpyb, siki 3abe3neyqyomb 008208i4HICMb, 34UMYy-
gaHHicmb ma (020 36epexeHHs nid Yac mpaHcropmysaHHsi, 36epieaHHs ma ekcriyamauii mpyro y cknaoHUX yMosax,
makoXx eumpumMytoms 8UCOKY meMrepamypy, gonozicmb ma yrnbmpacgionem. [1pu HeEMOXnueocmi MapKysaHHs 8yare-
uesux mpyb6 iHwum wnsixoMm, HeobxidHo 3dilicHeamu onmumasibHUl 8ubip enacmusocmell 3axucHo20 flakoghapb0o8o20
nokpummsi, skul 3abe3arneuyye yinicHicms No8epxHe8oeo Wapy, He CIMBOPIOE 30H KOHYeHmpauii Harpyeu abo ocepedkie
KOpO3il.

lMpakmuyHa 3HavYywicmsb. [lonsieae 8 ompumaHHi 06’ekmugHUX OaHUX MPO MOXIUGICMb MPOMUCII08020 3aCMOCy8aHHSsI
nakoghapbosux Mamepiarie, Hass8HUX Ha PUHKY YKpaiHu, Ons 3axucmy mapKysaHHs gyereyesux mpyo.

Kmro4oei crnosa: syeneuesi mpybu, nakoghapbosi Mamepianu, aHmuKkopo3iliHuli 3axucm, adee3isi, MexaHidyHa cmilkicms.

Objective. This study investigates the corrosion resistance of a complex paint-and-varnish coating applied to protect
markings on pre-painted pipes. The aim is to select the optimal coating material for the corrosion protection of pre-painted
and pre-marked pipes.

Methods. The subject of the study is a set of paint-and-varnish materials applied to carbon steel pipes to protect their
markings. Standard methods were used to assess the coatings’ corrosion resistance, adhesion to the pipe surface, and
abrasion resistance.

Results. It was found that F410SP, SIGMAFAST 40, Alpina Yachtlack, Helios MIKS, and SK-1 possess the required
corrosion resistance and adhesive strength for use as protective coatings for carbon pipe markings. Considering material
consumption and drying time, Helios MIKS and SK-1 are recommended for industrial application.

Scientific novelty. This study is the first to examine the effectiveness of transparent paint-and-varnish coatings for the
anti-corrosion and mechanical protection of carbon pipe markings. These coatings provide long-term durability, legibility,
and preservation of the markings during transportation, storage, and operation under harsh conditions, while also with-
standing high temperatures, humidity, and UV exposure. When other marking methods are not feasible, the optimal se-
lection of protective coating properties is essential to ensure the integrity of the surface layer without creating stress
concentration zones or corrosion-prone areas.

Practical significance. The study provides objective data on the potential for industrial use of paint-and-varnish materials
available on the Ukrainian market to protect markings on carbon pipes.

Keywords: carbon pipes, paint-and-varnish coatings, corrosion protection, adhesion, mechanical durability.

Introduction

Metal corrosion is one of the most pressing prob-
lems in modern materials science and industry. Ac-
cording to international studies, annual losses from
corrosion processes amount to several percent of
global GDP, directly affecting enterprises’ economies
and the reliability of infrastructure. Pipe manufacturers
face this challenge particularly acutely, as corrosion
damage not only reduces the service life of products

© Kovzik AM.,
Holub I.V.,
Nosko O.A.,
Pohrebna N.E.

but also complicates their identification during trans-
portation and operation.

Pipe marking is not merely a technical label. It is an
integral element of the quality control and traceability
system, determining the ability to promptly track the
origin, characteristics, and compliance of products with
standards. The loss of markings due to corrosion or
mechanical damage can lead to significant financial
and operational risks: from warehouse confusion to re-
jection of products by customers.

This is an Open Access article under the CC BY 4.0
license https://creativecommons.org/licenses/by/4.0/
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For this reason, the protection of markings should
be considered a critically important task. The most
promising method is the application of transparent
paint and varnish material (PVM), which combine anti-
corrosion effects with the preservation of clarity and
readability of the inscriptions. However, the effective-
ness of such coatings depends on a whole range of
factors: the chemical composition of the PVM, applica-
tion technology, coating thickness, interlayer adhesion,
and resistance to aggressive environments.

Therefore, the scientifically justified selection of op-
timal paint-and-varnish materials for creating multilayer
protective coatings on marked pipes is an urgent task.
Such coatings ensure durability and the preservation
of information under challenging conditions of storage,
transportation, and operation.

Literature Review and Problem Statement

Marking of pipe products, applied either before or
after painting, is a critical component for identification,
quality control, and operational safety. However, the
marking inscriptions or symbols—especially colored
paints or inks—often become the “weak link” because
they are exposed to external influences (moisture, UV
radiation, temperature changes, corrosive agents) [1].
To safeguard the marking, a transparent paint and var-
nish material (PVM) is typically applied over it, forming
a multilayer protective system: base paint coating —
marking paint/ink — transparent varnish [2].

Within such a system there exist critical interactions:

Metal - paint: adhesion to the metal substrate; reac-
tion of the metal with paint components or solvents;

Paint — ink: compatibility of polymeric or pigment sys-
tems; ability of the ink to “penetrate” into or adhere onto
the paint or surface; formation of a defect-free interface;

Paint/ink - varnish: adhesion, inter-layer reactions,
varnish permeability;

Internal structure of the coating itself: pores, mi-
crocracks, uneven thickness, which can allow moisture,
oxygen, chloride ions, etc., to reach the metal and cause
localized corrosion [3,4].

Effective protection requires several conditions: high
interlayer adhesion to avoid delamination under humidity,
thermal cycling, or mechanical stress [5]; absence of
chemical interactions among components that could im-
pair transparency, alter the marking, or reduce protective
ability [6]; compactness of the material with no through-
pores or microcracks [7]; and an optimal thickness of sur-
face and intermediate layers. Very thin coatings are often
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ineffective, since even without visible defects diffusion of
aggressive species can lead to under-film corrosion [8],
while excessively thick coatings may be uneconomical
and reduce adhesion strength due to internal stresses,
thermal expansion mismatch, poor curing or shrinkage,
and crack formation under stress [9].

The literature demonstrates considerable variation
in defining the “optimal” PVM thickness—ranging from
about 20 ym to more than 100 ym—depending on
coating composition, layer structure, substrate, and
service environment [1,2,7]. This indicates the ab-
sence of a universal standard. Instead, thickness is de-
termined by the chemical composition of paints, var-
nishes, and inks; the method of application (spraying,
dipping, rolling, electrophoretic deposition, etc.) [4,10-
11]; and service conditions such as temperature, hu-
midity, environmental aggressiveness (salts, chlorides,
acidity), mechanical loading, and UV exposure [3,6].

The problem addressed in this study is therefore
the determination and justification of the composition
of a multilayer protective paint and varnish coating, its
thickness, and the interactions among its layers, which
together would ensure reliable protection of marking at
minimal cost, particularly for pre-painted pipes.

Materials and Research Methods

As samples for the research, pipe sections made of
carbon steel pipe with a diameter of 177.8 mm were
used. The length of the pipe sections was 300 mm.

The preparation of the pipe section surface before
applying coating materials was carried out according
to the requirements of TI HT — 32 — 2022. The surface
was first visually inspected. If residues of lubricants,
dust, dirt, or loose scale were present, they were re-
moved with a dry cloth. After mechanical contaminants
were removed, the surface was degreased with “sol-
vent 646”. Coating materials were then applied to the
dried surface.

Painting of the prepared sample surfaces was per-
formed with a brush in a single pass using the alkyd pri-
mer-enamel Magnum 120W (black color), which is most
commonly used for this purpose at pipe plants in Ukraine.
After the complete drying of the primer-enamel, the EBS
marking was applied. On top of the dried EBS, transpar-
ent protective coatings were applied with a brush in a sin-
gle pass; their names and purposes are given in Table 1.
The appearance of the prepared samples is shown in Fig.
1.

Figure 1 — Appearance of the samples prepared for research
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Table 1 — General information about transparent coating materials

Ne | PVM Description

1 Protective compound | Transparent varnish for creating a durable protective coating, intended for the temporary protec-
SK-1 transparent tion of metal pipe surfaces from corrosion during short-term storage and transportation.
(CK-1 npo3sopudi)

2 | Finish alkyd glossy | Intended for the temporary protection of metal surfaces of pipes, wire, constructions, and other
enamel F410SP products from corrosion during their long-term storage and transportation.

3 | Transparent varnish | Acrylic solvent-based varnish for decorative protection of mineral surfaces with a “wet stone” effect.
Helios MIKS Designed to create a protective and decorative coating with a “wet stone” effect.

4 | Finish coating | Thick-layer coating based on modified alkyd resins. Suitable for protection against atmospheric
SIGMAFAST 40 exposure, fast-drying, and retains gloss and color well. Does not contain lead or chromate com-

pounds.

5 | Alkyd-urethane varnish | Weather-resistant, transparent varnish for coating boats, yachts, and other vessels operating in

Alpina Yachtlack fresh and seawater, free of aromatic hydrocarbons.

Using the prepared samples, the following parame-
ters were determined:

the actual consumption of coating material during
application;

drying time to tack-free and to full cure according to
AOCTY ISO 9117-1:2015;

appearance of the coating surface according to
OCTY ISO 4628-1:2015;

appearance of the marking, which must comply
with Tl HT-32-2022. The marking must be legible,
clear, contrasting, and resistant to abrasion;

resistance of the marking ink to abrasion. The
method consists in measuring the length of the
abraded area under the action of a weight wrapped in
cotton fabric, moved along the sample;

average coating thickness. This was evaluated the
day after painting, based on the mass of the applied
coating material and the coated surface area;

Table 2 — Results of conducted studies of trans

adhesion (after full polymerization of the coating in
24 hours) according to ICTY ISO 2409:2015 by the
cross-cut method,;

corrosion resistance under the influence of climatic
factors in a salt spray chamber according to ICTY ISO
9227:2015. The degree of corrosion damage was eval-
uated according to COY MIIM 25.220-281-1:2009.

Research Results

The results of the studies of transparent coating
materials for the markings protection are presented in
Table 2. In the same table, for evaluating the effective-
ness of the third coating layer, the test data of the
painted and marked pipe surface (without the applied
protective layer) are also provided.

arent coatings (LCM) for marking protection
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Sample without pro-
0 tective LCM for mark- | — - - Readable Clear | 0 80 0 95
ing
1 | Protective compound | gg 75 | 7 | 44 | Readable |Clear |1 |10 |0 8-20
SK-1 transparent
Finish alkyd glossy .
2 enamel F410SP 275.86 | 46 89 Readable Clear | 1 10 0 15-20
3 Lg:fspfﬂrle}{‘st vamish | 4479 |12 | 25 Readable | Clear | 0 10 0 20-25
Finish coating
4 SIGMAFAST 40 304.35 | 67 104 Readable Clear | 1 10 0 20-25
Alkyd-urethane var-
5 nish Alpina Yachtlack 108.7 | 156 | 1440 | Readable Clear | 1 10 0 15

Discussion of Results
The analysis of the data presented in Table 2
should be carried out with consideration of both the

technological and service properties of the investi-
gated materials.

An important technological parameter of paint and
varnish materials (PVM) is drying time. This parameter
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is primarily critical in terms of workshop productivity.
The obtained data show that drying times of the stud-
ied PVMs differ significantly. For example, complete
drying of the preservative composition SK-1 occurs
within 14 minutes (at 6 °C), whereas polymerization of
the alkyd—urethane varnish Alpina Yachtlack takes
1440 minutes. This difference is explained by the dif-
ferent compositions of the binders and solvents used
in these materials. PVMs numbered 2—4 also exhibit
variation in both tack-free and full drying times. This
may be related to differences in solvent volatility as well
as the thickness of the applied coating layer. From the
standpoint of ensuring high productivity in the PVM ap-
plication section of the pipe workshop, the preservative
composition SK-1 demonstrates the most favorable
performance. In all cases, once the protective film had
dried, the markings remained clear and easily reada-
ble.

Another important characteristic of protective PVMs
is the abrasion resistance of the marking. All tested
materials reliably protect the markings from mechani-
cal damage during loading, transportation, and similar
operations.

One of the key service properties is coating adhe-
sion to the substrate. Data from Table 2 confirm that
coating adhesion to the substrate meets the standard
(0—1 grade) in all cases. Thus, the composition “pri-
mer-enamel Magnum 120W — ink EBS - transparent
PVM” provides sufficiently reliable adhesion to the sub-
strate. It may be stated that the protective ability of the
obtained complex coatings depends on their capillary
and diffusion permeability, as well as the presence of
macroscopic defects. Clearly, such defects adversely
affect the protective properties of the PVM. The inves-
tigation of the selected materials demonstrated that all
of them provide approximately the same anticorrosive
protective ability.

It was established that after 24 hours of testing in a
salt spray chamber, no corrosion damage of the pipe
metal was observed with any of the varnishes. After
120 hours of exposure, the degree of surface damage
in the marked pipe sections ranged from 8% to 25%,
which is considerably lower compared to unprotected
markings. Given the severity of the test conditions,
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such results are considered positive for all investigated
materials.

At the same time, when selecting a material, it is
necessary to account for its processability and specific
consumption. Taking the lowest material consumption
of 44.79 g/m? (for transparent varnish Helios MIKS) as
the baseline, the consumptions for materials No. 1, 2,
4, and 5 are higher by factors of 2.2, 6.1, 6.7, and 2.4,
respectively. Considering these results and the rela-
tively similar market prices of the materials in Ukraine,
the use of transparent varnish Helios MIKS appears
most appropriate, though the preservative composition
SK-1 and alkyd—urethane varnish Alpina Yachtlack
may also be applied. However, given the significantly
longer polymerization time of the latter, the final recom-
mendation for the protection of carbon steel pipe mark-
ings is to use transparent varnish Helios MIKS and pre-
servative composition SK-1.

Conclusions

1. It has been established that the application of
transparent paint-and-varnish materials significantly
enhances the corrosion resistance of the complex
coating system on carbon steel pipes, which includes
the base coating Magnum 120W, EBS marking, and a
protective varnish layer. This confirms the critical role
of transparent LCM in preserving the integrity and func-
tionality of pipe markings.

2. The study demonstrated that all examined
transparent materials (SK-1, F410SP, Helios MIKS,
SIGMAFAST 40, Alpina Yachtlack) reduce the level of
corrosion damage and ensure the mechanical durabil-
ity of markings compared to unprotected surfaces.
However, their effectiveness varies in terms of techno-
logical parameters and economic feasibility.

3. From the standpoint of industrial applicability,
the most optimal materials are Helios MIKS transpar-
ent varnish and SK-1 preservative compound, which
combine satisfactory anti-corrosion properties with low
material consumption and acceptable drying times.
These materials are therefore recommended for indus-
trial use to protect markings on carbon steel pipes.
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Shot Production
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AHaJIi3 HOPMATHUBHOTO 3a0€e3MeYeHHs aKpeAUuTANINHUX POeayp

BHPOOHHUIITBA CTAJIEBOI0 IPO0Y

Purpose. Analysis of DSTU 3184 requirements for spherical steel shot and heat-treated spherical steel shot in the context
of ensuring production accreditation procedures. Methodology. The research material was manufactured by SE
“STALZAVOD TAS” using the method of steel melting and pouring into rotary nozzles with subsequent atomization of the
melt on a water curtain to form shot particles. Metallographic analysis was performed using a NEOPHOT-32 optical mi-
croscope. Findings. The analysis of DSTU 3184-95 requirements for spherical steel shot type was carried out with regard
to its size distribution, microstructure, unacceptable defects, heat treatment, and chemical composition. It was established
that the distribution of steel and cast-iron spherical shot into 10 nominal sizes specified by DSTU 3184 does not corre-
spond to international standards for this type of product. According to DSTU 3184, the chemical composition of the shot
is determined by the manufacturer, which decreases the level of regulatory control. The necessity of aligning the regulated
microstructure of heat-treated steel shot with its chemical composition was identified. Requirements for unacceptable
defects under DSTU 3184 include the ratio of maximum to minimum particle diameter, the area of shrinkage porosity, the
length of the largest crack, and the area of the largest cavity; however, they do not take into account such typical defects
for this product as gas pores and non-metallic inclusions. Originality. A comparative analysis of the requirements of na-
tional and international regulatory documents and technical specifications regarding permissible defect levels in steel shot
was performed. The study revealed that DSTU 3184 provisions are inconsistent with modern requirements concerning
the regulation of chemical composition and its compliance with the declared microstructure. Practical value. The revision
and adaptation of DSTU 3184 regulatory requirements to current technical realities and international standards are sub-
stantiated as critical factors for maintaining the competitiveness of domestic products in both national and international
markets.

Keywords: steel shot, requlatory framework, microstructure, defects, particle size distribution, accreditation

Mema. AHaniz HopmamusHux eumoz [JCTY 3184 Ha Opi6 cmaneesul cehepuyHuli mapok JCC ma ACCT 3 nosuuil ix
su4yeprnHocmi 0ns 3abesneyeHHss akpedumauitiHux npouedyp supobHuymea. Memoduka. O6’ekmom docridxeHHs1 bys
cmanesuti 0pi6 mapok [JCC ma [JCCT supobHuymea A « CTA/TbBABO/ TAC», suecomoeneHuli MemodoM niaeneHHs
ma 3anueaHHs1 cmani y obepmarbHi ¢hopCyHKU 3 rModanbWuM PO3nuIeHHsM posrniasy Ha e00siHy 3asicy 0ns ¢hop-
MysaHHs1 Opobosux 4Yacmok. MemanoepachiyHuli aHamnia nposoousu i3 3acmocy8aHHsIM C8imio08o20 MiKpocKona
NEOPHOT-32. Pesynsmamu. 3dilicHeHo aHani3 nosnoxeHb JCTY 3184-95 wjodo dpoby cmanesozo muny JCC cmo-
COBHO lioeo ghpakyiltiHo2o cknady, Mikpocmpykmypu, Hedornycmumux Oeghekmis, mepmidHoi 0bpobku ma XiMi4Ho20
cknady. BcmarosneHo, wo nepedbayeHuti cmaHGapmom po3nodin ¢hpakuil cpepuyHo2o Opoby cmasnego2o ma YyagyH-
Ho20 Ha 10 HoMiHaIbHUX Po3Mipie He 8idnoesidae MixkHapOOHUM 8umMozam A0 Ybo20 8udy npodykuyii. 32zioHo 3 [JCTY 3184
8U3HaYeHHs XiMiYHO20 cknady rnoknadaemscsi Ha 8UPOBHUKa, WO 3HUXYE piseHb peanameHmosaHocmi. BusieneHo Heob-
XiOHiCMb y3200)KeHHS1 8CMaHoB8/1eHOI MIKpOCmMPYKmMypu mepmidHo 0bpobneHozo Opoby 3 (io2o xiMiyHUM ckrnadom. Bu-
moeu 8o Hedorycmumux Oechbekmie 3a [CTY 3184 oxonnwoompb 8i0OHOWEHHS MakcumMarbHo20 diamempa OpobuHu 0o
MiHimMarnbHo20, nouly ycado4yHoi nopucmocmi, G08XuHY Halbinbwoi mpiuuHU ma nnowy Halbinbwoi pakosuHu, 0OHaK
He spaxosyromb maki xapakmepHi 0ns ybo20 eudy npodykuii dechekmu, K 2a308i MOPU Ma HemMemarsesi 8K/IHYEHHS.
Haykoea Hosu3Ha. BukoHaHO ropigHsanbHUl aHarsi3 8UMO2 HaujoHarIbHUX ma MiKHapOOHUX HOPMamugeHUX OOKyMeHmIg i
mexHidHux cneyugbikayit ujo0o dornycmumoeo emicmy deghekmie y cmarnesomy Opobi. [lokasaHo HegidnosioHicmb ro-
noxerb [JCTY 3184 cyyacHum eumozam 00 peanameHmauii ximiyHo2o cknady ma Uio2o 8idnosidHocmi 3aseneHil
mikpocmpykmypi. lMpakmuy4Ha 3Hayvywjicmpe. ObrpyHmosaHo HeobxiOHicmb nepeanady U adanmauii HopMamueHUX 8UMO2
JACTY 3184 0o cyyacHux mexHidHUX peanili ma MixXHapoOHUX cmaHdapmie 3 Memoro nid8UUEHHS KOHKYPEHMOCTPOMOX-
HOCMi 8iMYU3HSHOI NPOAYKUii Ha 8HYyMPIlWWHLOMY ma 308HILUHbOMY PUHKaX.

Knroyoei crioga: cmanesuti 0pib, HopmamuseHe 3abesrnedeHHs, Mikpocmpykmypa, 0eghekmu, gopakuyitiHuti cknad, akpe-
oumauis

Ne2, 2025

Introduction. The foremost objective of modern in-
dustry is to ensure high product quality that meets con-
sumer expectations, regulatory and technical docu-
mentation, and international standards. In the context
of global competition, intensified production pro-
cesses, and continuously rising customer expecta-
tions, enterprises are required not only to maintain sta-
ble manufacturing operations but also to implement an
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effective quality management system across all stages
of the product life cycle.

Product quality is a decisive factor in determining
an enterprise’s competitiveness, reputation, economic
efficiency, and market resilience. It is influenced by a
wide range of factors — from material selection and ad-
herence to technological processes to final output con-
trol and post-sale service.

This is an Open Access article under the CC BY 4.0
license https://creativecommons.org/licenses/by/4.0/
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Modern approaches to quality management are
based on international ISO 9000 series standards, par-
ticularly DSTU ISO 9000:2015, which provide a unified
understanding of the term "quality" as the degree to
which a set of characteristics of an object meets estab-
lished requirements [1].

A guarantee of product and service quality is the
presence of appropriate certification, confirming com-
pliance with established requirements, technical regu-
lations, and international standards. In today’s condi-
tions of globalization, open markets, and rising con-
sumer expectations, certification becomes not only a
control tool but also a key element of an enterprise’s
competitive strategy [2].

Since quality today is viewed not only as compli-
ance with technical specifications but also as a com-
prehensive indicator including service, reliability, envi-
ronmental friendliness, and safety, the role of certifica-
tion goes beyond formal confirmation. It becomes a
management tool integrated into all levels of enterprise
activity [3].

Product and service certification is carried out
through attestation procedures that involve verifying
the conformity of the evaluated object to established
standards, technical conditions, or regulatory docu-
ments. This process includes technical documentation
review, testing, production audit, and analysis of the
quality management system. Only after successfully
completing all stages can an enterprise or organization
receive the appropriate certificate of conformity.

It is important that the effectiveness and reliability
of certification are guaranteed by the accreditation of
certification bodies, confirming their technical compe-
tence, impartiality, and compliance with international
standards such as ISO/IEC 17065 (for products) or
ISO/IEC 17021-1 (for management systems). In
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Ukraine, accreditation is carried out by the National ac-
creditation agency of Ukraine (NAAU) in accordance
with DSTU EN ISO/IEC 17011.

Thus, certification together with accreditation cre-
ates a closed trust system between the manufacturer,
consumer, and the state, ensuring transparency, legal
validity, and international recognition of product and
service quality.

Therefore, one of the most crucial steps in ensuring
product quality is the selection of adequate regulatory
requirements according to which the product is evalu-
ated. Clearly formulated, up-to-date, and technically
justified requirements form the basis for objective con-
trol, certification, and continuous quality improvement.
Without unified regulatory guidelines, the concept of
“quality” loses its measurability, and product compli-
ance loses its evidential power.

Purpose and objectives of the research — to es-
tablish the validity of the requirements set forth in
DSTU 3184 for spherical steel shot and heat-treated
spherical steel shot in terms of the completeness of
normative characteristics necessary to support accred-
itation procedures in production.

Materials and research methods. Standard
DSTU 3184-95 Steel and cast iron shot. General tech-
nical conditions applies to cast steel and cast iron
spherical and angular shot intended for technological
purposes, shot blasting and shot peening of blanks
(castings, forgings, rolled products); for surface hard-
ening of machine parts; for scoring rolls of rolling mills
and other technological operations [4].

Spherical steel shot and heat-treated spherical
steel shot produced by SE “STALZAVOD TAS” (Figure
1, a) is manufactured by melting and pouring steel into
rotating nozzles with atomization of the melt (Figure 1,
b) onto a water curtain to create shot particles [5].

Fig. 1 — External appearance (a) and rotating spray cup (b) of the steel melt of spherical steel shot produced

by SE “STALZAVOD TAS” [5]

Microstructural research specimens were prepared
using standard methods in accordance with ASTM E3-
11 (2007) “Standard Guide for Preparation of Metallo-
graphic Specimens” with mechanical grinding [6]. Me-
chanical polishing was performed on a felt wheel using
diamond paste.

Metallographic analysis was conducted using a
NEOPHQOT-32 optical microscope following generally
accepted procedures.

Shot, as a commercial product, according to DSTU
3184, must conform to the following types: spherical
steel shot, angular steel shot, heat-treated spherical
steel shot, and heat-treated angular steel shot.

Angular shot is obtained by crushing the corre-
sponding spherical shot.

General requirements for steel shot and its testing
methods are regulated by the following normative doc-
ument: DSTU 3184-95, ISO 11124-1:2018, ISO
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11124-2:2018, ISO 11124-3:2018, 1ISO 11124-4:2018,
ISO 11124-5:2018, ISO\PWI 11124-6, ISO\DIS 11124-
7:2018, 1ISO 11125-1:2018, ISO 11125-2:2018, I1SO
11125-3:2018, ISO 11125-4:2018, 1ISO 11125-5:2018,
ISO 11125-6:2018, I1ISO 11125-7:2018, ISO 11125-
8:2018, DSTU ISO 11125-1:2015, DSTU ISO 11125-
5:2015, SAE J827, SAE J2175, SAE J444, DSTU
3185-95, ISO 11125-9:2021, SAE J445.

Research results. Analysis of the requirements of
DSTU 3184-95 for spherical steel shot type.

Analysis of the fractional composition of steel
shot

According to the requirements of DSTU 3184, the
fractions of spherical steel and cast iron shot are di-
vided into 10 nominal sizes.

However, some manufacturers, depending on the
intended use of the products, supply steel shot in two
fractions with the conditional designations «fine parti-
cles» and «coarse» with sizes of 1-3 mm and 3-5 mm,
respectively.

At the same time, the standard DSTU EN ISO
11124-2:2022 includes 12 nominal shot sizes [7], and
DSTU EN ISO 11124-3:2022 includes 14 nominal shot
sizes [8]. Specifications from the Society of Automotive
Engineers (SAE), specifically SAE J444, distinguish 20
shot sizes [9].

It is evident that when conditionally designating
shot according to the requirements of section 4.2 of
DSTU 3184 under the item “shot number,” in the case
of supply in two fractions from the dimensional ranges
mentioned above, this item in the product’'s accompa-
nying documentation cannot be accurately fulfilled.
This is due to a contradiction — the dimensional range,
for example, 1..3 mm, according to the National stand-
ard DSTU 3184, includes 5 shot fractions. Fractions
smaller than 1 mm — three; 3..5 mm — two.

Even when agreeing to supply this product accord-
ing to the requirements of European, International, or
other standards (due to other objective circumstances
of interaction between the organization and the cus-
tomer), the boundaries of the 10 size ranges of shot
fractions under the National Standard requirements do
not align due to their differing quantities (see above —
12, 14, 20).

Analysis of the chemical composition of steel
shot

According to the requirements of DSTU 3184, the
chemical composition of the shot is determined by the
manufacturer.

The chemical composition of potential low-carbon
and high-carbon steels for shot production is regulated
by the following normative documents: DSTU
8781:2018, DSTU 7809:2015, DSTU 3833-98, I1SO
11124-3:2018, ISO 11124-4:2018, SAE J2175, SAE
J827, and the AUREMO Steel and Alloy Handbook.
Thus, as noted above, this is the first reason for align-
ing this technical requirement for steel shot with a
standard other than DSTU 3184-95. A key considera-
tion in this case is that such alignment must take into
account the possibility of ensuring a clearly defined
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microstructure of the shot material, which is unequivo-
cally stipulated by DSTU 3184-95 (this issue will be ex-
amined in detail later).

Analysis of unacceptable defects in steel shot

The requirements for unacceptable defects under
DSTU 3184 include the following categories:

a) the ratio of the maximum diameter of the shot
particle to the minimum > 1.7;
b) shrinkage porosity area greater than 40% of the shot
particle area;
c) the length of the largest crack greater than 20% of
the shot particle diameter;
d) the area of the largest cavity greater than 10% of the
shot particle cross-section.

Thus, DSTU 3184 regulates technical requirements
for the perfection of the spherical shape of the shot,
defects of crystallization origin (shrinkage porosity) in
melt droplets (Fig. 2, a), crack formation in products re-
lated to thermal expansion/contraction of the material
(Fig. 2, b), and casting shrinkage (Fig. 2, c).

At the same time, such obvious inconsistencies as
non-metallic inclusions (Fig. 2, d) and gas porosity
(Fig. 2, e), from the perspective of the normative docu-
ment, are not recognized as product defects at all.

As will be shown later, this situation is partially ad-
dressed in foreign standards.

Analysis of heat treatment of steel shot

Heat-treated shot is obtained by performing addi-
tional heat treatment to relieve residual stresses and
improve operational characteristics.

Requirements for the microstructure of steel
shot

DSTU 3184-95 establishes the requirement: “The
microstructure of heat-treated steel shot must consist
of tempered martensite with bainite.”

This unequivocal standard provision immediately
introduces a correction to the manufacturer’s freedom
to independently choose the chemical composition of
the product material.

Obtaining a martensitic structure in steels with car-
bon content below 0.3% is problematic without the use
of complex and costly production measures, such as
cryogenic cooling media for quenching.

For high-carbon steels (hypereutectoid composi-
tion), it is necessary to consider the carbide phase (ce-
mentite) as an additional structural component, which
is not normatively provided.

Discussion of results

General assessment of permissible defect con-
tent

Table 1 presents the results of an analysis of the
requirements of national and international normative
documents and specifications regarding the permissi-
ble content of shot with deviations from spherical
shape, shrinkage porosity, cavities, and cracks.

Despite some discrepancies in the quantitative
characteristics of such defects across different norma-
tive documents, they are mostly consistent and all con-
verge in the total number of defective shot particles.
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Fig. 2 — Crystallization-related defects in steel shot: a — shrinkage porosity, b — cracks, ¢ — cavity, d — non-

metallic inclusions, e — gas pores; x50

Table 1 — Permissible content of defective shot particles

Normative Permissible shot content, %, not more than Total  defective | Foreign inclu-

document with with with with cracks shot content, %, | sions, %, not
deviation from | shrinkage voids not more than more than
spherical shape porosity

DSTU 3184 10 10 10 10 20 0,5

ISO 11124-3 | 5 10 10 15 20 1

ISO 111244 | 15 5 15 Not permitted 20 1

SAE J2175 5 10 10 5 20 -

SAE J827 5 10 10 15 20 -

Assessment of structural discontinuity require-
ments

Unlike DSTU 3184, international standards 1SO
11124-3 and ISO 11124-4 include a category of non-
conformity — «voids». According to ISO 11124-4:2018
[10], this is defined as «a smooth surface internal cav-
ity considered undesirable when greater than 10% of
the cross-sectional area of a particle». Based on the
criterion of «smooth-surfaced cavity», at least gas
pores (see Fig. 2, €) may be classified as such a de-
fect. With a certain degree of permissibility, this cate-
gory may also be used to assess the presence of non-
metallic inclusions (see Fig. 2, d) and other defects.
However, in these cases, the presence of a smooth in-
ternal surface of the discontinuity is not absolutely
guaranteed.

Nevertheless, when a national standard is in place,
the use of other individual normative technical require-
ments — even those of international scope — for proce-
dures of attestation, accreditation, and certification of
production and products is not permitted.

Assessment of chemical composition require-
ments

The issue of assigning normative requirements to
the chemical composition of a specific product on an
international scale is resolved through the use of indi-
vidual standards.

The international standard 1ISO 11124-4:2018 [10]
establishes requirements for the chemical composition
and structure of shot, specifically a carbon content of
0.08-0.20%.

Microstructure: bainite (Fig. 3, a) or martensite (Fig.
3, b). Ferrite and pearlite phases along grain bounda-
ries must not exceed 5% in any individual area of ex-
amination. This type of structure is essential for ensur-
ing a combination of high hardness and durability. No
more than 15% of test specimens may exhibit undesir-
able microstructure.

The SAE J2175 specification for low-carbon cast
steel shot sets the carbon content in the range of 0.1-
0.15%. The corresponding microstructure is a transi-
tional structure (bainite) (see Fig. 3, a), defined in the
normative document as: “a mechanical mixture of fer-
rite and cementite” of disordered feathery (upper bain-
ite) and needle-like (lower bainite) types with a small
amount or complete absence of free carbides [9].
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Fig. 3 — Microstructures of heat-strengthened structural hypoeutectoid steel: a — bainite, b — martensite, c

— martensite with bainite; a-c — x1000

Analysis of these normative documents raises
questions about how a martensitic structure is
achieved in low-carbon (<0.3% C) steel shot. From the
standpoint of fundamental principles of modern metal-
lurgy, the transformation of austenite during continu-
ous cooling of steels with carbon content <0.3% [11]
cannot produce martensite without the use of special,
unconventional heat-strengthening techniques.

The chemical composition of hypoeutectoid struc-
tural steels with carbon content greater than 0.15% up
to 0.60% (grades 15L, 20L, 25L, 30L, 35L, 40L, 45L,
50L, 55L) is regulated by the national standard DSTU
8781:2018 [12].

According to DSTU 7809 [13], stable martensite
formation occurs in heat-strengthened steels with car-
bon content of 0.3-0.6%, i.e., grades 35L, 40L, 45L,
50L, 55L.

Indeed, analysis of thermokinetic diagrams of aus-
tenite transformation in medium-carbon steels (Fig. 4)
[14] confirms the reliable hardenability of these materi-
als for martensite formation. They exhibit a wide tem-
perature-time range for intermediate transformation
with bainite formation and, evidently, phase transfor-
mations involving shear and shear-diffusion recrystalli-
zation of austenite, resulting in structures combining
bainite and martensite.

The recommended heat treatment regime for these
steels according to DSTU 7809 is: quenching from
900°C followed by tempering at 200°C, resulting in a
tempered martensite structure.
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The structural state of steel products with the car-
bon content currently under discussion, when imple-
menting heat treatment procedures according to the
phase transformation diagram during continuous cool-
ing of austenite (see Fig. 4), is presented in Fig. 3. To
obtain the desired structure of steel shot, the national
standard DSTU 3184-95 provides manufacturers with
permission to freely choose the heat treatment regime
at their own discretion.

Thus, fulfilling the DSTU 3184-95 requirement re-
garding the microstructure of tempered martensite and
bainite is realistic, but under the normative restriction
of the chemical composition of products to specific
grades of medium-carbon hypoeutectoid steels ac-
cording to DSTU 8781:2018.

The international standard ISO 11124-3:2018 [8]
establishes requirements for the chemical composition
and structure of shot, namely a carbon content of 0.8-
1.2%.

Microstructure — martensite and/or bainite, tem-
pered to a degree corresponding to the hardness
range (see Fig. 3, c), with fine, uniformly distributed
carbides, if present (see Fig. 5, a). Partial decarburiza-
tion, carbide networks (see Fig. 5, b), and segregation
along grain boundaries with products of high-tempera-
ture transformation, such as pearlite, are undesirable.
No more than 15% of tested samples should exhibit
undesirable microstructure.
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Fig. 4 — Diagram of continuous cooling transformations of AISI 1045 steel [14]

Fig. 5 — Morphology of the carbide phase in high-carbon steel: a — tempered martensite with globular car-

bides, b — carbide network; a — x500, b — x200

The SAE J827 specification for high-carbon cast
steel shot also sets the carbon content in the range of
0.85-1.2%. The microstructure of high-carbon cast
steel shot must be homogeneous martensitic with fine,
uniformly distributed carbides (see Fig. 5, a).

As in SAE J827, the SAE J2175 specification states
that a carbide network (see Fig. 5, b), partial decarbu-
rization, grain boundary segregation, or pearlite are un-
desirable. No more than 15% of tested samples may
exhibit these defects.

In this case of high-carbon steel, there is an evident
inconsistency regarding the microstructure require-
ment. DSTU 3184 contains no information about car-
bides, carbide networks, grain boundary segregation,
etc.

Conclusions

Based on the research results, the following has
been established:

There is an evident inconsistency between the nor-
mative requirements of DSTU 3184-95 and the objec-
tive presence of defects in spherical steel shot and
heat-treated spherical steel shot, particularly in the
omission of gas porosity, non-metallic inclusions, and
other structural discontinuities.

DSTU 3184-95 is only partially suitable for the pur-
poses of technical auditing of shot production from a
limited number of structural steel grades and the cor-
responding products for their attestation, accreditation,
and certification.

The current normative framework imposes certain
limitations on the development of the steel shot pro-
duction sector, which in turn necessitates its revision,
adaptation to new technical realities, and integration of
international standards. This is critically important for
ensuring the competitiveness of domestic products
both in the domestic and international markets.
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IoTeHuias BIPOBaKeHHSI KOHTPOJIIO AKOCTI HA ocHOBi LTI

B pra.l.HCI)KI/IX nexax JIMTTH 3a BUTOIIJIOBAHUMHA MOJACIAAMMU
Serhiienko 0.S., Solokov S.S.

The potential of implementing Al-driven quality control
in Ukrainian investment casting facilities

Memoto yboeo docnidxeHHs1 € OuiHKa moeo, K wmy4Hul iHmenekm (LLUI) moxe 3HU3UMU crioxueaHHs eHepeil, mpy-
domicmkicmb | pieeHb 6paky, mum camum ridsuwyroqu suxid npudamHoi npodykyjii ma oezocmpokosy onepauitiHy
eghekmusHicmb nu8apHUX MionpuemMcms.

Memooduka docnidxeHHs 8koYae 021510 Haykogol nimepamypu ma aHarniz douyirlbHOCMi Ha OCHOBI akmyarbHUX akade-
MiYHUX docridxeHsb | 2any3esux Kelicig 3a nepiod 3 2013 no 2024 pik. Kpim mozo, nposedeHo basosuli aHaniz aumpam i
8U200, WO rMopigHE sumpamu Ha enpoeadxeHHs1 LUl 3 nomeHUitiIHUMU WOPIYHUMU 3a0uja0XeHHSIMU 3a805IKU 3MEH-
weHHr bpaky, onmumizayii npayi ma nidsuweHH echeKmusHoCmi BUKOPUCMaHHA Mamepiariis.

Pe3ynbmamu nokasyromb, WO OCHOBHUMU HarnpsiMamu 3acmocysaHHsi LUl € modenioeaHHs mexHos02i4HUX napamempie
ma rpo2Ho3yeaHHs1 3a 00MOMO20K0 MaWUHHOZ0 HagYaHHs, @ MaKoX agmomamu3oeaHe 8usierIeHHs1 0egheKkmie Ha OCHOS8I
2/1uboKo20 HagyaHHS 3 BUKOPUCMAaHHSAM 8i3yanibH020 ma peHmaeHoepagiyHo2o KoHmpono. [ocnidxeHHss 0eMoHcmpy-
tomb, wo Ll-cucmemu mMoxXymb 3HU3UMU KinbKicmb Oegekmie numea Ha 30—50% i 3abesnequmu 3HayHy eKOHOMito
eumpam Ha oriflamy npaui ma mamepianu. Y 0ocnidxeHHi NpornoHymbcs docmyrnHi ma 8idKpumi npoepamHi PilueHHs,
wo nidsuwye moxnusicme erposadxeHHsi LLII 8 ymosax obmexxeHoeo 6r0dxemy.

Haykoea HogusHa pobomu ronisiea€e 8 akuyeHmi Ha Npakmu4YHOMY 8rposadKeHHi pilieHb KOHMPOIo SKocmi Ha ocHosei LI
came Ha yKpaiHCbKUX flusapHUX ridnpuemcmeax, 30Kkpema mux, wo 3alimarombCcs UMMM 3a 8UMOrIr8aHUMU Mooe-
namu.

lNpakmuy4Ha 3Ha4dywicme O0CIOXeHHs rosisizae y CMeoPEHHI CmMpyKmypoeaHoi ma rpukiadHoi AOPOXKHbLOI Kapmu 8rpo-
saoxeHHs LU, sika eknoyae sumoau 00 poepaMHoe0 U arnapamHo20 3abe3rneyeHHs, OPiEHMO8HI sumpamu ma OUiHKY
oKyrnHocmi iHeecmuuitl. Lje moxe dornomoemu yKpaiHCbKUM flu8apHUM nidnpuemMcmeam posrodyamu nepexio 0o IHOycmpir
4.0 3 akyeHmMom Ha orImuMi3ayito SKOCmi.

Krtoqoei crnosa: wmy4Hul iHmenekm, nummsi 3a 8UMOII8aHUMU MOOEISIMU, KOHMPOITb SKOCMI, 8UsiBNIeHHsI OecheKkmis,
yKpaiHcbKi nueapHi nidnpuemcmeaa, aHarnia aumpam i 6u2o0, onmumisaujisi npouyecis.

The purpose of this study is to assess how Al can reduce energy consumption, labor intensity, and scrap rates, thereby
improving yield and long-term operational efficiency of investment casting foundries.

The methodology includes a literature review and feasibility analysis conducted using recent academic studies and indus-
try case reports from 2013 to 2024. Additionally, the study conducted a basic cost-benefit analysis comparing implemen-
tation expenses with potential annual savings in scrap reduction, labor optimization, and material efficiency.

Findings indicate that key Al applications include process-parameter modeling and machine learning prediction, and au-
tomated defect detection through deep learning-based visual and radiographic inspection. Research shows that Al sys-
tems can reduce casting defects by 30-50%, with substantial savings in labor and material costs. The study highlights
low-cost and open-source options for Al deployment, increasing accessibility for resource-constrained facilities.

The originality of the paper is its emphasis on the practical implementation of Al-driven quality control solutions for Ukrain-
ian foundries, investment casting facilities in particular.

The practical value of the study lies in a structured, actionable roadmap, including software and hardware requirements,
and cost and ROl estimates, that can assist local foundries in beginning their Industry 4.0 transition with a focus on quality
optimization.

Keywords: artificial intelligence, investment casting, quality control, defect detection, Ukrainian foundries, cost-benefit
analysis, process optimization.

Introduction. The foundry industry is undergoing a
transformation driven by artificial intelligence (Al) and
Industry 4.0 technologies. Traditionally considered a
complex and heuristic-driven domain, metal casting
now benefits from data-driven insights for improved ef-
ficiency and quality. Recent surveys highlight an abun-
dance of research applying Al techniques (e.g., neural
networks, fuzzy logic, evolutionary algorithms) across
various casting processes (sand, die, continuous, and
investment casting) [1]. The goals range from optimiz-
ing process parameters and product design to predic-
tive quality assurance. This review provides an over-
view of key Al use case categories in foundries and the
most documented use case — quality control and de-
fect detection — focusing on investment casting.

© Serhiienko O.S.,
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Literature review. Quality control is paramount in
investment casting, and Al has made significant in-
roads in recent years. Traditional quality control in in-
vestment casting relies on expert knowledge, simula-
tion tools, and post-process inspections (like X-ray for
internal defects or destructive tensile tests for proper-
ties). These methods are time-consuming and often
catch problems only after a part is made. Al tech-
niques, by contrast, enable predictive and automated
quality control — identifying issues earlier or preventing
them.

This review summarizes several key studies (span-
ning 2013 to 2024) demonstrating Al applications
broadly grouped into: (a) process-parameter modeling
and optimization for quality outcomes, and (b) auto-
mated inspection and defect identification.
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On the modeling side, a number of works have
used data-driven models to capture the relationship
between process parameters and final part quality. For
example, Pattnaik et al. [2] optimized the wax pattern
production step using a grey—fuzzy logic approach,
which significantly improved the wax pattern quality (in
terms of dimensional accuracy and surface finish).

Improved wax patterns lead to better final castings,
since defects often originate in the pattern or mold. An-
other pioneering work by Sata & Ravi [3] collected data
from 800 heats of steel alloy investment castings and
used an ANN to predict mechanical properties (like
tensile strength and yield strength) from process pa-
rameters and alloy composition. This allowed them to
estimate if a casting would meet strength requirements
without waiting for lengthy destructive tests; notably,
both their ANN and a multivariate regression were
fairly accurate, with the ANN being a viable tool for pre-
dictive quality control.

Expanding on defect prediction, Sata [4] developed
a system to predict the occurrence of common defects
in steel investment castings (such as ceramic inclu-
sions, misruns, shrinkage porosity, etc.) using produc-
tion data. By applying principal component analysis
(PCA) to 24 process and composition variables from
500 casting batches, then feeding the reduced data
into various ANN models, the study could forecast de-
fect types before casting. The best model (an ANN with
a Levenberg—Marquardt learning algorithm) outper-
formed statistical regression in accuracy. Such a
model can warn engineers if a given batch is likely to
produce defects, enabling preemptive adjustments.

Similarly, Wang et al. [5] reported using an ensem-
ble of machine learning classifiers to predict final di-
mensional accuracy of complex cast parts early in the
process. Their framework provides an early warning if
a casting is predicted to be dimensionally out-of-toler-
ance, allowing corrections or mold changes to be
made in subsequent cycles.

On the inspection side, deep learning has revolu-
tionized how foundries perform quality inspection for
investment castings. Yousef & Sata [6] developed an
intelligent inspection system for investment cast steel
parts using deep CNN models. By training on a large
image dataset of cast components (with and without
defects), their system could automatically detect sur-
face defects like cracks, cold shuts, and other discon-
tinuities. Among the models evaluated, a residual neu-
ral network (ResNet) achieved the highest accuracy in
defect recognition and was integrated into a real pro-
duction line. This reduced the reliance on manual vis-
ual inspections and improved the consistency of defect
detection.

Another line of research has applied computer vi-
sion to X-ray radiographs of investment castings to au-
tomatically detect internal porosity or inclusions using
deep learning, effectively automating radiographic in-
spection, which is critical for safety-critical steel com-
ponents [5].

Collectively, these studies prove that Al is enabling
a shift from reactive to proactive quality control in
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investment casting. Instead of inspecting and scrap-
ping defective steel castings post-production, found-
ries can now predict and avoid defects, optimize pro-
cess conditions for quality, and efficiently screen for
any anomalies with automated vision systems. This
leads to a higher yield of acceptable parts and lower
production costs. It also shortens the feedback loop in
foundry process development: data-driven models can
quickly highlight which process factors most strongly
affect quality, guiding engineers to focus on the right
levers (for instance, a model might reveal that a slight
increase in preheat temperature drastically reduces
shell cracking defects).

Finally, an emerging trend is the integration of these
Al tools into a digital twin of the investment casting pro-
cess. In a recent study, researchers built a digital twin
for a steel investment casting line that incorporated
machine learning models for defect prediction and real-
time process optimization. This allowed them not only
to predict defects and mechanical properties with high
fidelity, but also to prescribe corrective actions during
the casting process [5].

Study purpose and objectives. The goal of this
study is to explore the potential of implementing Al-
driven quality control at a Ukrainian investment casting
facility to lower energy, labor, and resource spending,
increase productivity, and achieve long-term financial
benefits. The core tasks included the research of suc-
cessful Al-powered quality control cases, the creation
of a basic software and hardware requirements list, as
well as the calculation of estimated spending and po-
tential economic benefits.

Methodology. This study employs a review and
applied feasibility analysis approach to assess the po-
tential implementation of Al-driven quality control sys-
tems in a Ukrainian investment casting facility. The re-
search methodology was divided into three primary
stages.

First, a comprehensive literature review was con-
ducted, focusing on peer-reviewed academic sources
indexed in Scopus and Web of Science, as well as
technical whitepapers from leading industrial Al ven-
dors. The literature review covered the years 2013 to
2024.

Second, based on insights from the literature, a
baseline implementation framework was developed to
assess practical feasibility. This included the identifica-
tion of data requirements, hardware and software
specifications, and potential local or regional vendors
for equipment and support. Open-source software so-
lutions and modular, scalable hardware components
were prioritized to reflect the constrained budgets typi-
cal of small-to-medium Ukrainian foundries.

Third, an economic impact estimation was per-
formed. This involved a basic cost-benefit analysis
comparing implementation expenses with potential an-
nual savings in scrap reduction, labor optimization, and
material efficiency. The ROl model was constructed
using industry benchmarks and case studies cited in
the literature, with conservative assumptions for
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production volumes and defect rates to ensure realistic
forecasting.

Findings. A Ukrainian investment casting foundry
can improve quality and reduce scrap by introducing
affordable Al-driven inspection and process monitor-
ing. The findings below outline data collection, hard-
ware, software, and economic benefits.

Implementing Al-driven quality assessment at a
Ukrainian investment foundry facility would necessitate
the collection of the following types of data:

Visual inspection data: high-resolution images of
wax patterns, cores, wax trees, molds, and cast parts.
Multiple images per part (capturing all surfaces and
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Theory and Practice of Metallurgy

angles) are collected to spot surface defects like
cracks, misruns, or roughness.

Sensor data: melt temperature, chemistry parame-
ters, mold preheat temperature, pouring time, shell
cooling rate, etc.

Non-destructive testing data: X-ray radiography,
dye penetrant inspection with imaging under UV light,
etc.

Based on the training data input requirements and
Al model development and implementation, the basic
hardware requirements were estimated in Table 1 and
software requirements in Table 2.

Table 1 — Hardware requirements for implementing Al-powered quality control in an investment casting

foundry.
Category Equpment Requirements Vendors
1080p or hlgher . Basler, IDS, Visiobit, PromAuto-
L IP-rated casings to shield from .
Industrial vision camera mation,
Cameras and dust and heat -
e Pixlab
lighting 2 pcs
LED light enclosure Shadow and glare-free Phillips, OSRAM
Thermocouple (with data Real-time data loqain Siemens, Schneider Electric,
logger) 9ging Endress+Hauser
Sensors and loT
devices Heat shieldin Arduino,
Microcontroller Wireless trangmission Raspberry Pi,
ASUS Tinker Board
CPU with GPU acceleration
Computing Industrial comouter Ventilated cabinet UPS backup | NVIDIA GTX/RTX series,
hardware P power NVIDIA Jetson Nano or Xavier
Ethernet connection

Table 2 — Software requirements for implementing Al-powered quality control in an investment casting

foundry.
Application Software solutions Additional requirements Examples
. I Cropping, contrast enhancement, back- | OpenCV
Image preprocessing Open-source libraries
ground removal
ResNet
Convolutional neural network | Labeled images of quality and defective Xception
Defect recognition - YOLOv5
(CNN) castings
TensorFlow
PyTorch
Data analysis and Zgg:ﬁﬁﬁgn or classification Historical manufacturing process sen- | Scikit-learn  Python
forecasting ANN model sor data library
Node-RED dash-
. I ) . Real-time monitoring, data logging, inte- | board
!ntegratlon and user | Cloud-based or on-premise gration with existing software ecosys- | Microsoft Azure IloT
interface dashboard application
tem Hub
Azure Custom Vision

Initially, the models require training on a dataset of
defect-free and defective parts (including minor and
major defect examples). Some defects may need to be

manufactured deliberately in trial castings or use his-
torical scrap parts to build a robust training set. The
model will require periodical updates if a new defect
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type starts appearing or a new product line is intro-
duced. However, the system can continuously learn,
as modern Al platforms enable adding new sample im-
ages and re-training with little effort, improving accu-
racy over time.

Alternatively, Ukrainian foundries can rely on com-
mercial solutions from EU vendors. Norican’s Monitizer
platform is one (used by foundries in Spain, Japan,
etc.), focusing on Al for casting processes. Another ex-
ample is Tvarit Al (Germany), which provides an Al

%% ISSN 1028-2335 (print)  Ne2, 2025

platform for die casting and could potentially be applied
to investment casting, emphasizing scrap reduction
through data analysis.

Discussion. Considering the significant financial
and time investment required to implement Al-driven
quality control in Ukrainian foundries, a careful calcu-
lation of estimated cost (Table 3) and economic bene-
fits, including a return on investment, is necessary to
facilitate decision-making.

Table 3 — Estimated cost of Al-powered quality control setup.

Software and hardware expenses Estimated cost
Industrial camera(s) and lens €2000

Lighting and enclosure €1000

Industrial computer with GPU €4000

Sensors and DAQ devices €1000

Software development €4000—€10000
X-ray unit €20000—€30000
Other expenses €2000

Total €34000-€50000

Additional annual costs can amount to €1000—
€3000 in software maintenance and updates, cloud
service subscriptions, storage upgrades, light replace-
ment, and camera calibration.

The estimated economic benefits of Al-powered
quality control implementation result from:

Yield improvement and scrap reduction. Al-driven
process optimization cuts scrap by 40-50% on aver-
age. In an investment casting context with higher part
cost, even a 10% scrap reduction could translate to
significant savings given the expensive alloy and en-
ergy per part. Moreover, if wax pattern inspection is au-
tomated, defective patterns can be recycled before in-
vesting labor and material in making a casting to im-
prove the yield and reduce wasted metal.

Labor cost savings. Implementing Al vision can
halve the manual effort needed for inspection. Al can
do the first-pass filtering 24/7, minimizing human over-
sight, including overtime, and reducing wage ex-
penses.

Energy and materials savings. Reducing scrap pre-
vents resource waste on remelting, pouring, and heat
treatment. Al-driven optimization improves process ef-
ficiency by recommending optimal pouring tempera-
ture and other technological parameters and lowers
energy usage and emissions in foundries.

The estimated first-year ROI of Al-driven quality
control implementation in an investment casting facility
depends on its annual production, cost per part, the
scrap rate, labor cost, and energy and materials used:

ROI = SXHD71 o 100% 1)

Where S — scrap savings, pcs;

C — part cost;

L — labor savings;

M — energy and material savings;

| — initial investment

Conclusion. Al techniques enhance each
stage of quality control in investment casting. From op-
timizing the wax patterns to predicting final part prop-
erties and defects, and finally automating the inspec-
tion of cast parts, Al provides a toolkit for elevating
quality and consistency. These methods are comple-
mentary: a foundry could use predictive models to ad-
just process settings before pouring, and then use
deep learning inspection to catch any anomalies on the
finished part. Based on successful implementation
cases, this study provides a comprehensive roadmap
of Al-driven quality control implementation, including
hardware and software requirements with potential
vendors. The cost-benefit analysis incorporates esti-
mated expenses and savings and a formular for calcu-
lating first-year ROI.
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Study of the effect of gaseous elements on metal macrostructure

JlocaigskeHHs BIUIMBY ra30noAi0HUX eJIeMEeHTIB HAa MAKPOCTPYKTYPY

during cooling
TI'onyé6 LB., Biaa O.B.

METaJ1y IMiJI Yac 0X0J10/1;KEHHS

The article presents a study of the influence of gas elements (oxygen, hydrogen and nitrogen) during metal processing
with a mixture of gases (argon, nitrogen) on the macrostructure of the metal after cooling. One of the most common
methods of ladle processing of steel is the process of blowing metal with inert gases and its vacuuming. A mathematical
model has been developed that allows us to consider the process of gas removal and calculate the quantitative indicators
of the removal of dissolved gases from the metal during its processing. Taking into account the thermodynamic and kinetic
features of the dissolution of gases in the metal during blowing metal in the ladle with inert gases and during vacuuming
allowed us to clarify the physicochemical processes of gas behavior in the metal, which will lead to the possibility of
developing a new technology of ladle processing of metal using mixtures of inert gases.

Key words: metal, gas mixture, nitrogen, hydrogen, oxygen, macrostructure, ladle-furnace installation

Y cmammi npedcmaeneHo A0CridXeHHs 8rugy 2a308ux efieMeHmig (KUCHI0, 800HIO ma a3omy) nid yac obpobku me-
mary CyMiwwio easie (ap2oH, a3om) Ha Makpocmpykmypy memarny ricrisi 0xonooxeHHs1. OOHUM 3 HaUMmowupeHiwux
memodig Koswosoi 06pobku cmari € npoyec npodysaHHs Memarly iHepmHUMU ea3amMu ma Lloeo 8aKyymyeaHHs1. Po3po-
6r1eHo Mamemamuy4Hy MoOerb, sika 00380115I€ PO32/IsTHYymMU fpouec sudaneHHs 2asie ma po3paxysamu KifbKiCHi nokas-
HUKU 8ularneHHs1 pPO34UHeHUX 2a3ie 3 Memary nid Jac (io2o 06pobku. BpaxysaHHs mepMoOUHaMiYHUX ma KiHemu4yHUX
ocobriugocmell pO34UHEHHS 2a3ig y Memanni i Yyac npodysaHHs Memarsly 8 Ko8Wwi iHepmHuUMU ea3amMu ma nid Yac eaky-
yMy8aHHs1 00380/1UI0 yMOYHUMU hi3uKo-XiMiyHi npouecu noeediHku 2asie y Memarti, wo npusgede 00 MOXIU8OCMI po-

3p06KU HOBOI mexHos102ii Ko8wo8oi 06PObKU Memarly 3 BUKOPUCMAaHHSIM CyMiliel iHepmHux 2asie.
Knoyosi criosa: memari, 2a3oea cymiw, azom, 800eHb, KUCEHb, MakpoCcmpykmypa, Kisuwoeo-ridoea ycmaHoeKka

Introduction. The influence of gaseous elements on
the formation of the macrostructure of metals during
cooling is a key aspect of modern metallurgy and metal
processing technologies. For metallurgical enterprises
of Ukraine, an urgent task is to develop a technology
for ladle metal processing using cheap gas mixtures
that allow reducing the cost of metal. The use of a mix-
ture of gases with an increased nitrogen content will
reduce the cost of ladle processing of ordinary steels,
low-carbon and steels with an increased nitrogen con-
tent. Control of parameters related to the dissolution
and removal of gases in liquid metal and metal that is
being cooled allows optimizing the properties of metal
products for various industrial applications. Due to the
expansion of technological capabilities of production,
the stability of the composition increases and the qual-
ity of the produced steel improves. The use of ladle fur-
nace units and vacuum metal processing allows signif-
icantly reducing the content of impurities in steel and
obtaining narrow limits of element content. However,
despite undeniable achievements in ensuring repro-
ducible quality of metal smelted with modern out-of-fur-
nace processing schemes, there are issues that can
only be resolved on the basis of compatible modeling
processes and active industrial experimentation.

Literature analysis.

Non-furnace metal processing is a key stage
of modern metallurgy, which allows you to regulate the
chemical composition and improve the quality of the fi-
nal metal product. It is aimed at improving the chemical
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composition, cleaning from non-metallic inclusions,
gases, macro- and microstructural improvement. One
of the directions is the use of mixtures of technical
gases, in particular argon and nitrogen, which are used
as a working medium during mixing and cooling of the
metal.

Argon is widely used due to its inert properties:
it does not react with metal or slag and promotes de-
gassing and mixing. However, due to the high cost of
argon, metallurgical enterprises often use it in a mix-
ture with nitrogen.

According to studies [1,2], the introduction of a
controlled amount of nitrogen into argon allows you to
reduce gas costs while maintaining the efficiency of
mixing and degassing. However, excessive saturation
with nitrogen can lead to an increase in the nitrogen
content in the metal, which is undesirable for low-car-
bon and structural steels.

The use of an argon-nitrogen mixture has shown
positive results in the production of ordinary steels [3]
and nitride-forming steels. [4] note that when alloying
with titanium or aluminum, a moderate presence of ni-
trogen can be useful, since nitrides are formed, which
increase the tensile strength of the steel, but the au-
thors of [3] found out that it is necessary to clearly se-
lect the amount of alloying elements to avoid disconti-
nuity of the workpiece. At the same time, [5] empha-
sizes that in the production of bearing or spring steel, it
is important to avoid excessive nitriding, since this re-
duces the viscosity of the metal. In such cases, it is
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recommended to maintain the nitrogen content no
higher than 0.008%.

Optimization of the composition of the gas mixture
and its supply mode is an urgent task. The authors [6,
7] showed that when using an Ar-N, mixture with a
variable concentration (from 5% to 30% N,), the de-
gassing efficiency remains high up to the level of 20%
N,, after which the level of dissolved nitrogen in the
steel increases noticeably. It was also found that under
conditions of low-temperature out-of-furnace pro-
cessing (1500-1570 °C), especially under vacuum, the
addition of nitrogen has almost no effect on the overall
level of gas saturation of the metal, while under atmos-
pheric conditions precise adjustment of the parameters
is necessary [8].

Among the impurities that have a significant effect
on the properties of the metal, gaseous ones — nitro-
gen and hydrogen — occupy a special place. Their ex-
cessive presence can cause brittleness, porosity, re-
duced plasticity and other defects.

Nitrogen enters the metal mainly from the atmos-
phere or from process gases during melting and pour-
ing. Excessive nitrogen concentration in steel leads to
the appearance of “aging” of the metal, a decrease in
impact strength and problems during deformation
forming. According to research [9,10], effective re-
moval of nitrogen is possible when using vacuum arc
treatment or an inert atmosphere (argon), as well as
using modifiers that form stable compounds with nitro-
gen. Hydrogen in liquid metal causes the appearance
of pores in the cast metal, the development of “flocs”
and contributes to brittleness. It enters the metal from
moisture, oils and other sources. According to [11, 12],
the most effective degassing methods are argon treat-
ment with bubbling, vacuum degassing and the use of
powder additives that promote bubble coagulation.

The main difficulties in removing nitrogen and hy-
drogen are associated with the thermodynamics and
kinetics of the dissolution and removal processes, be-
cause nitrogen requires a very low partial concentra-
tion for the degassing process to be effective, and hy-
drogen has the ability to easily redistribute between the
metal and slag. The degree of turbulence in the metal

J10l(x,7) _ D, &[0)(x,7) 16

oxygen in metal

- 2 2
ot HM ox

carbon in metal
ICY(x,7) D, °[Cl(x,7) y
ot H., = 0Ox’ ¢

where [O] and [C] are the concentrations of oxygen and
carbon in the metal, kg/m®; Dy - s the effective (turbulent)
diffusion coefficient in the metal, m?/s; Hy - the thickness of
the metal layer, m; gu - he source term that takes into ac-
count the possibility of blowing oxygen into the metal during

Ve=Kv £(S) [Clix,7) {[O](x,7) - [Ol(x. 7 )} ,
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bath, temperature, and slag composition also play an
important role.

Therefore, the main task for non-furnace steel pro-
cessing is to be able to predict the ratio of argon and
nitrogen in the gas mixture under different processing
schemes (at atmospheric pressure (ladle-furnace) or
under pressure (vacuum machine) for different steel
grades, taking into account their cooling and operating
conditions for further development of ladle metal pro-
cessing technology using inert purge gas mixtures,
which allow reducing the cost of metal and obtaining
high-quality steel.

Among the current research areas are the use of
combined methods (vacuum + argon), intelligent de-
gassing process control systems, as well as mathe-
matical modeling of the behavior of gases in liquid
metal.

Materials and methods.

When modeling the metal production process, a
complex model was used, the algorithm of which in-
cludes an assessment of metal degassing indicators at
atmospheric pressure, analysis of the behavior of CO
bubbles and dissolved gases (hydrogen, nitrogen and
oxygen) during metal treatment with inert gases and
their mixtures, vacuum, as well as gas evolution during
metal cooling [13,14]. The created model allows pre-
dicting the results taking into account the chemical
composition of the metal and selecting the gas mixture
that will be used to purge the metal in the ladle during
post-furnace treatment.

The mathematical model is described by the main
equations:

removal of dissolved oxygen is carried out due to
the decarburization reaction [C] =[0] = {CO},

(1)

hydrogen and nitrogen — by releasing it in the form

of molecules that form gas bubbles [H] = %HZ.
@
[N]=1N,.  (3)

oxygen and carbon transfer equations in metal

9y
SVt @

M

®)

the vacuum process, kg/(m?*s); V¢ - is the source term de-
scribing the oxygen and carbon consumption for the reaction
(carbon oxidation rate), kg/(m?s); x - he dimensionless co-
ordinate; T - the time, s.

The carbon oxidation rate will be

(6)
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where Ky - rate constant of carbon oxidation reaction for
large-scale level; f(S) - the function depending on the surface
area of bubbles as they float.

In turn, the frequency of bubble formation is related to
the number of active centers of their nucleation and the fre-
quency of formation on one active center v = vgn, where
vs - frequency of bubble formation at one active site,
1/s; n - amount of active centers, 1/m2.

The mass transfer process in the metal occurs at
the metal-bubble interface. The flows of nitrogen, hy-
drogen, and oxygen with carbon required for the for-
mation of CO and argon bubbles can be represented
by the following expressions:

jn = Bu(IN]=[N]),  (7)

%% ISSN 1028-2335 (print)  Ne2, 2025

ju = Bu([H] = [H];),  (8)
Jeo = 1,75([0] = [0]). (9)
Masses of nitrogen, hydrogen and CO diffusing into
the volume of the bubble

my = [, Bu(IN] = [N],)Sndz, (10
my = [ Bu([H] = [H],)Sudt, (1)
meo = 1,75 f; Bo([0] = [0])SocdT,  (12)
where 7 - bubble rise time. The total mass of gases
removed in argon bubbles is obtained in this case by
multiplying by the frequency of their formation — vp,
concentrations of substances expressed in kg /m3.
The surface area of a bubble is determined by its vol-
ume.
V=

1000m RT
28 Pmax—PmMgHMxX

» (13)

where P =P +p gH +p gH  +20/r -maximum pressure, Pa.

The partial pressures of individual gases in
bubbles are described by the expression
o — (mi/M;)P (14)
LSy

where M ;- molecular mass of the gas, P - total pres-
sure, equal to the sum of all pressures acting on the
bubble, taking into account the height of the metal layer
- h when the bubble rises.

When cooling the metal, the equations describe the
processes of the metal cooling rate, the thickness of
the solid metal crust, and the speed of the bubble
movement in height.

Objectives of this work.

One of the main tasks of extra-furnace treatment is
to reduce the content of dissolved gases in steel - ox-
ygen, hydrogen, nitrogen. Argon is most often used as
an agent that assimilates gases from steel and mixes
it during vacuuming and averaging blowing.

The advantages of argon are the lack of interaction
with the metal and the low partial pressure of oxygen,
hydrogen, nitrogen, which ensures their effective

Table 1 - Total gas content in the pilot melt

removal. The content of argon in the air is low, which
predetermines the high cost of its production in oxygen
shops, where large quantities of nitrogen are formed
along the way, the cost of which is four times less.

In a number of cases, nitrogen blowing led to an
increase in its content in the metal, which in most cases
leads to deterioration in the properties of steel and is
unacceptable [15]. At the same time, there is infor-
mation about the successful use of such treatment [16,
17]. Therefore, to substantiate the possibility and as-
sess the limitations of the applicability of nitrogen in-
stead of argon, it is necessary to comprehensively as-
sess the physicochemical conditions of the main reac-
tions, which can be done using a mathematical model
of steel degassing during extra-furnace treatment, the
adaptation of which was carried out according to real
experimental data.

The adequacy of the complex model was checked
based on the results of experimental determinations of
the nitrogen content given in Table 1 using three
schemes for organizing extra-furnace treatment.

Continuous
casting

Vacuum
degasser

nitrogen
content, ppm
Processing scheme
asot
EAF-LF-VD 70
EAF -VD- LF 69
EAF - LF 84

The initial data on the content of carbon (C=0.85%),
oxygen (0=0.005%), nitrogen (N=0.008% - ), hydro-
gen (H=0.0015%), the proportion of open surface of

70

20%, argon purging (q — 0.2 m3/min), obtained a result
that is in good agreement with the production data (Fig-
ure 1).



Ne2, 2025 ISSN 1028-2335 (print)

0,002 -

JMeopis i npaKmuxg memarypeti
Theory and Practice of Metallurgy

o mamifacturing data
m modeling data
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Figure 1. Nitrogen content in steel production
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The error in calculating the mathematical model does not exceed 1%.
The model assessed the possibility of using nitrogen as a gas for blowing metal during ladle processing of
steel, as well as a mixture of nitrogen and argon (Figure 2).
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Figure 2. Change in nitrogen concentration in metal at different ratios of argon and nitrogen in the blowing
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mixture: 1 - argon 0, nitrogen 0.2; 2 - argon 0.1, nitrogen 0.1; 3 - argon 0.2, nitrogen 0 m3/min.

Modeling has shown that during ladle metal pro-
cessing, in the first 4-6 minutes of blowing, when max-
imum removal of CO bubbles occurs, the nitrogen con-
tent in the metal decreases. Then, due to the presence
of an open blowing spot, nitrogen accumulates in the
metal, and when blowing with pure nitrogen and mix-
tures of argon and nitrogen, the nitrogen content in the
metal increases, the value of which depends on the
proportion of nitrogen in the mixture.

During vacuuming, the nitrogen content in the metal
depends little on the composition of the blowing mix-
ture and the metal can be blown even with pure nitro-
gen. During vacuuming, a decrease in the nitrogen
content against the initial one was achieved in all
cases, which indicates effective removal of gases dur-
ing processing.

A numerical experiment on a mathematical model
showed the possibility of using pure nitrogen as a blow-
ing gas during vacuuming, and when processing at the
LF, its mixture with argon in a ratio of 1:1

Results and discussion.

Experimental studies of steel that was melted in a
chipboard with an acceptable nitrogen content and
purged with pure nitrogen in a ladle-furnace installation
with subsequent cooling on a continuous casting ma-
chine were conducted, which showed that the concen-
tration of dissolved nitrogen increased in the metal,

which led to the production of a poor-quality workpiece
after its cooling. The macrostructure is presented in
Figure 3.

The thickness of the bubble-free zone was 1 mm,
and the radius of the pore for bubble formation was
about 0.5 mm, the maximum length of the gas pore
was 1.5 cm.. The conducted modeling studies showed
adequate results and are presented in Figure 4.

It was also found that the formation of the bubble
begins in the upper horizons of the crystallizer and con-
tinues at a depth of 1.2 m. At this depth, two processes
occur almost simultaneously: a decrease in the pres-
sure in the bubble relative to the partial and ferrostatic;
and an excess of the crystallization rate over the bub-
ble growth rate. With further cooling, the partial pres-
sure in the bubble becomes less than the partial pres-
sure over the metal, which leads to the cessation of
gas pore growth.

When studying the workpiece with an acceptable
nitrogen content during smelting in a chipboard and
during vacuum processing, purging with pure nitrogen,
no changes associated with the occurrence of the day
were detected in the macrostructures, which also con-
firms the model data.

The macrostructure of the metal workpiece during
processing with a mixture with argon in a ratio of 1:1
during out-of-furnace processing is shown in Figure 5.
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Figure 3. Macrostructure obtained as a result of metal treatment with nitrogen during out-of-furnace pro-

cessing

measurement units

1 - thickness of the hardened
crust, cm; 2 and 3 - change in the
rate of hardening and the rate of
bubble growth, mm/s

#] 5 10 15

time, min

20 25

Figure 4. Model data of the formation of the bubble zone during cooling of the workpiece.

&

Tk
When analyzing the macrostructure, discontinuities
in the solid workpiece were found, which are not asso-
ciated with an increase in the nitrogen content, since
for the formation of a nitrogen bubble during solidifica-
tion of the workpiece, the pressure in the bubble must

be greater than the sum of the partial pressure of nitro-
gen in the atmosphere and the ferrostatic pressure,
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Figure 5. Macrostructure of metal obtained as a
result of metal treatment with argon in a ratio of 1:1
during secondary metallurgy.

and calculations showed that the maximum possible
pressure under these conditions of melting and pour-
ing was about 80,000 Pa. Since the partial pressure of
nitrogen over the metal is significantly higher than the
maximum possible pressure in the bubble, a gas bub-
ble cannot be formed under these conditions. With this
pressure ratio, there is only the possibility of nitrogen
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passing from the atmosphere to the liquid melt during
the process of pouring metal. However, for the transi-
tion of nitrogen from the atmosphere to the metal, the
dissociation of nitrogen molecules into atoms is neces-
sary. This transition is possible at temperatures above
2000 °C, and when pouring metal, the temperature re-
gime does not correspond to this value, therefore nitro-
gen does not pass from the atmosphere to the metal
during pouring. The pouring was carried out without
protection of the jet with a submerged pouring glass
under a protective slag, which reduces the possibility
of nitrogen transition to the metal to a minimum.

In the absence of nitrogen in the purge gas, the ni-
trogen flow is constantly directed towards the bubble.
This circumstance is associated with the high pressure
of the metal column, which increases the partial pres-
sure of nitrogen in the gas bubbles.

Further studies on the change in the nitrogen con-
tent in the metal at different nitrogen flow rates in the
purge gas confirmed that the fraction of nitrogen re-
moval in the CO bubble at the beginning of the process
reaches 90% and as oxygen is removed from the
metal, it decreases to 40%. Due to this, the fraction of
removal through the surface increases accordingly.
The fraction of nitrogen removal by the argon bubble is
small - about 2 - 3%. Also, with an increase in the ni-
trogen content in the purge gas, it is interesting to see
how this nitrogen is distributed between the metal and
the bubbles. It was found that with an increase in the
proportion of nitrogen in the purge gas, practically over
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concentration of nitrogen in the metal, in equilibrium
with the bubbles, is higher than the actual one. There-
fore, there must be a flow of nitrogen from the gas to
the metal. To solve this problem, the nitrogen balance
from the purge gas was calculated. From the balance,
it was found that in the overall balance by the end of
the process, about 10% of nitrogen enters the metal,
but about 40% is removed into CO bubbles and about
50% is removed through the surface. With an increase
in the nitrogen content in the purge gas to 50%, the
proportion of nitrogen entering the metal increases to
20%. With a further increase in the proportion of nitro-
gen in the purge gas to 75 and to 100%, the proportion
of nitrogen entering the metal increases to 40% and
60%, respectively.

Conclusions.

Thus, the conducted studies have established that
during the process of extra-furnace treatment when
purging metal with nitrogen, the metal is saturated to
the maximum concentrations. When pouring metal, de-
viations in the behavior of nitrogen during solidification
are possible due to a decrease in temperature. Replac-
ing part of the argon with nitrogen in the purging gas
leads to a redistribution of the values and direction of
nitrogen flows from the metal to the bubbles of the
purging gas. The proportion of nitrogen coming from
the purging gas into the metal increases, but the tran-
sition of nitrogen from the metal to the CO bubbles and
through the surface remains sufficient to ensure a gen-
eral decrease in the concentration of nitrogen in the

the entire height of
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Simulation of Roll Forming for U-Shaped Bent Profiles
Baé6aii 10.B., lemywenko A.B., I'y6cokuil C.0., Kyauk I.T.

MogaenroBanns npoginoBanusa U-mogiOHuX rayTux npodiuiis

Purpose. To develop an approach for simulating the roll forming process of U-shaped bent profiles using the QForm
software package.

Methodology. The study is based on the finite element method implemented in QForm. The process was simulated in a
3D environment, accounting for elastic—plastic deformation, using a single operation of the «Sheet Bulk Forming» type. A
sequential forming scheme was implemented using 12 roll stands, which incorporated the elastic—plastic properties of the
material. Appropriate boundary conditions were defined to replicate real technological parameters of the roll forming pro-
cess.

Results. The simulation yielded stress and strain distributions in the blank at various stages of its passage through the roll
stands. It was found that maximum plastic strains occur in the bending zones, while the edge regions are predominantly
subjected to tensile stresses. The simulation results are consistent with the physical nature of the bending process and
confirm the validity of the proposed approach.

Scientific Novelty. An adaptation of the QForm software package is proposed for simulating the roll forming of bent profiles,
which is not covered by its standard modules. Simulation algorithm and boundary condition setup were developed, ena-
bling the analysis of the stress—strain state of the blank during profile formation.

Practical Significance. The results of the study can be used to optimize technological parameters of the roll forming pro-
cess, reduce the likelihood of defect formation, and expand the functional capabilities of QForm in the field of sheet metal
forming simulation. The proposed approach is valuable for technologists, engineers, designers, and researchers working
in the field of metal forming.

Keywords: bent profile, deformation, simulation, roll calibration, roll stand, defect.

Mema. Po3pobumu nidxi0 0o modentosaHHs npouecy rpoghintosaHHs U-nodibHux eHymux npoginie 3a dornomoeoto npo-
2pamHoz20 nakemy QForm.

Memodonoeais. [ocnioxeHHs 6a3yembcs Ha MemoOdi CKIHYeHHUX enleMeHmig, peasnizosaHomy 8 QForm. [pouec modersito-
sascsi 8 3D-cepedosulli 3 ypaxysaHHSM MpYyXHO-nnacmu4yHoi deghopmauii, sukopucmosytodu 0OHY onepauiro mury
«Sheet Bulk Forming». lNocnidosHy cxemy ¢hopmysaHHs1 byro peasnizogaHo 3 suKopucmaHHaM 12 eanbybosux Krimed,
SIKi 8paxosysarnu fpy>xHo-rnnacmuyHi enacmusocmi Mmamepiarny. bynu eusHadyeHi 8i0rnosioHi epaHuYHi ymosu Orisi 8idmeo-
PEHHS peanibHUX MEXHOI02IYHUX napamempig npouecy rnpoginto8aHHs.

Pesynbmamu. ModentogaHHsi 0ano po3nodin HanpyxeHb ma deghopmauili y 3a20mosyi Ha pisHUX emanax ii npoxo-
OXXeHHs1 Yyepes sarnbubosi Kiimi. Byno eusierieHo, Wo MakcumarsbHi ninacmuyHi 0eghopmauii BUHUKaromb y 30Hax 32u-
HaHHs1, modi sik Kpatiosi obnacmi nepegaxHo riddaromMbCsi PO3Ms2YOYUM HarpyXeHHsIM. Pe3yrnbmamu ModenosaHHs
Y3200XKytombCsi 3 hi3UHHOK rPUPOOOI0 NPoUeCy 32UHaHHS ma nidmeepdxytoms 0brpyHmMosaHicme 3arpornoHO8aHO20
nidoxo0y.

Haykoea Hosu3Ha. 3anpornoHosaHo adanmauito npozpamHozo nakemy QForm Onsi Modeno8aHHsI nPoinoeaHHs aHy-
mux npoginis, sike He OXOMMOEMbCS 1020 cmaHdapmHumu Modynsamu. byno po3pobneHo anzopumm modernoeaHHs ma
HanawmyeaHHs1 2paHUYHUX yMos8, Wo 00380JIUIIO MpoaHarnisysamu HarpyxeHo-0eghopmosaHull cmaH 3a2omosKu i
vac chopmysaHHs poainio.

lNpakmuyHe 3HavyeHHs. Pe3ynbmamu docnidxeHHs MOXymb 6ymu eukopucmaHi 0111 onmumi3dayii mexHoMno2iqHuX napa-
mempie npouyecy npogintoeaHHs, 3MEeHWeHHs! UMO8IpHOCMI ymeopeHHs deghekmie ma po3WUpPEeHHsT hyHKUIOHaNbHUX
moxrnusocmel QForm y cgpepi ModentosaHHs1 hopMysaHHsI MUCMo8o20 Memarty. 3anpornoHosaHull nioxid € yiHHUM onsi
mexHorioeis, iHXeHepie, KOHCMpPyKmMopie ma A0CHIOHUKI8, W0 Mpaurrms y 2arny3i 06pobku Memary mucKoM.

Krtodosi criosa: eHymut npogbinb, 0egpopmauis, MoOesnto8aHHs, KanibpysaHHs 8arikig, MpokamHul cmaH, 0egekm.
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Introduction. Bent profiles manufactured by pro-
gressive edge bending are widely used in the automo-
tive, aerospace, and other industrial sectors [1]. Their
production technology — cold roll forming — is charac-
terized by high dimensional accuracy, efficient material
utilization, increased structural strength, economic fea-
sibility for mass production, and the ability to produce
profiles with complex geometries and small bending
radii [2].

The design of roll forming technology is a complex
process that requires a high level of expertise from the
process engineer. Setting up a roll forming line in-
volves significant time and material costs, and errors
made during the initial design stages may lead to re-
peated equipment adjustments and additional eco-
nomic losses.

© Babay Y.V.,
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The application of the FEM enables simulation of
the roll forming process at the profile development
stage. For this purpose, general-purpose software
packages such as Ansys, Abaqus, and QForm are
used, as well as specialized tools like UBECO PROFIL
and COPRA RF. General-purpose platforms offer
broader capabilities for defining initial conditions but re-
quire deep knowledge of FEM. In contrast, specialized
systems simplify model setup but have limited flexibility
— for example, when simulating profiles with variable
cross-sections [3].

Literature Review and Problem. Statement FEM
of roll forming processes for bent profiles is a powerful
tool for verifying technological and structural parame-
ters prior to production. It enables the analysis of the
material's stress—strain state, prediction of defects,
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and optimization of process parameters. The literature
presents a variety of approaches to building FEM mod-
els, differing in complexity, element types, kinematic
descriptions, and software platforms used.

In [4], a nonlinear finite element model is proposed
using a mixed Eulerian—Lagrangian formulation based
on the Kirchhoff—Love shell theory. This approach ef-
fectively accounts for contact interactions and axial
material flow, providing high accuracy in simulating
steady-state processes. However, the model does not
consider material anisotropy, limiting its applicability to
complex materials. Study [5] implements an FEM
model in LS-Dyna to predict the stress—strain state of
steel sheets, identify forming defects, and account for
production parameters. The model is experimentally
validated using strain gauges and 3D scanning. Its
main limitation is the insufficient accuracy in predicting
transverse deformations.

In [6], an innovative approach is introduced using
non-conforming meshes with hanging nodes pro-
cessed via Lagrange multipliers. This allows for local
mesh refinement in bending zones without excessive
model complexity, reducing computational costs while
maintaining high accuracy. The method is imple-
mented in Metafor software and tested on U-profile and
tubular panel forming tasks. Its limitation lies in the use
of linear elements only.

Study [7] investigates the forming of short symmet-
ric U-profiles from AA5052-H32 aluminum alloy. A nu-
merical model is built in UBECO PROFIL using LS-
DYNA shell elements, which aligns with experimental
results. The study establishes the relationship between
springback and thinning with sheet thickness and form-
ing speed. However, it does not specify whether failure
criteria or geometric tolerances were considered. In [8],
the influence of a support stand on longitudinal distor-
tion during aluminum U-profile forming is examined.
Two models — with and without support — are built in
LS-DYNA and UBECO PROFILE. It is found that the
support significantly reduces distortion, though the
models do not account for friction or residual stresses.

Study [9] analyzes deformation mechanisms at pro-
file ends after cutting. FEM and experimental methods
are used to develop models linking bend curvature to
residual stress distribution, enabling prediction of wav-
iness and process optimization. The study is limited to
a single profile type. In [10], the effect of the number of
forming passes (6 and 10) on edge stresses during C-
profile forming from low-carbon steel St24-2 is investi-
gated using UBECO PROFIL. It is shown that six
passes result in stress levels exceeding the yield
strength (up to 219 %), causing defects, while ten
passes ensure uniform stress distribution (up to 73 %)
and high-quality forming. The study does not address
springback and is limited to one profile type.

Study [11] presents a comparative analysis of four
methods for forming thin-walled round tubes from high-
strength steel CR700/980DP. Simulation in COPRA
RF shows that the combined method yields minimal
edge elongation and highest forming quality. Increas-
ing the gap between upper and lower rollers reduces
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plastic strain and roller load, improving equipment du-
rability. Only one steel type is considered. In [12], the
forming of a complex asymmetric profile from stainless
steel SUS301L-ST is investigated. COPRA RF simula-
tion evaluates the influence of inter-roll distance, fric-
tion coefficient, roller diameter increment, and linear
speed on longitudinal edge deformation. An optimal
parameter combination is identified for high-precision
forming. However, material anisotropy is not consid-
ered.

Study [13] proposes a method for controlling edge
waviness during H-profile forming from high-strength
steel. ABAQUS simulation shows that optimizing sheet
thickness, flange height, and forming speed minimizes
defects. Yet, geometric tolerances and local defects —
critical for welding — are not addressed. In [14], an an-
alytical model based on bifurcation theory and thin-
shell mechanics is proposed to reduce flange wavi-
ness during forming. FEM confirms the approach’s ef-
fectiveness, though simplified boundary conditions
were used.

Study [15] examines the impact of discrete roller
dies on aluminum profile forming accuracy. ABAQUS
simulation shows that paired die arrangements yield
lower shape deviations, more uniform thickness, and
reduced springback. Increasing the non-contact zone
worsens accuracy and causes thinning. In [16], the in-
fluence of roller gap (0,3-0,5 mm) and inter-roll dis-
tance (100—140 mm) on thin asymmetric profile form-
ing is analyzed. ABAQUS simulation reveals that an
optimal combination (0,4 mm gap, 100 mm spacing)
ensures high shape accuracy without waves or cracks.
Excessive gap reduction leads to local thinning and mi-
crocracks, while increased spacing causes edge flut-
ter. The study does not consider springback and is lim-
ited to one material and simple geometry. Study [17]
models FEM-based tool stiffness during roll forming. A
3D model of shafts and rollers is developed, account-
ing for nonlinear effects, bearing clearances, roller pre-
loading, and support geometry. The model predicts
shaft deflections under load, which is critical for precise
equipment setup. Simulation results align with experi-
mental data, demonstrating high accuracy. However,
challenges remain in accounting for real tolerances,
assembly errors, thermal deformation, and dynamic
loads.

The literature review confirms the active use of
FEM in simulation roll forming processes for bent pro-
files. The approaches presented cover a wide range of
tasks—from constructing geometrically complex mod-
els to optimizing process parameters and controlling
potential defects. However, most models have limita-
tions and do not account for factors such as elastic re-
covery, thermal effects, material anisotropy, geometric
tolerances, and simplified material property represen-
tation. Only a limited number of FEM-based roll form-
ing studies have been conducted using the QForm
software package. This highlights the need for further
research, particularly in modeling the roll forming of U-
shaped profiles, where prediction accuracy and model
adaptability to real production conditions are critical.
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Purpose and objectives of the research. Devel-
opment of an approach to modeling the roll forming
process of a U-shaped profile using the QForm soft-
ware package. To achieve the stated purpose, the fol-
lowing objectives are envisaged: construction of the
geometric model of the profile and tooling; definition of
boundary conditions and technological parameters of
the process; execution of numerical modeling and
analysis of the obtained results.

Materials and Methods of Research. The object
of simulation is a U-shaped bent profile with dimen-
sions of 120x60x6 mm made of St3 steel, which is
widely used, particularly in warehouse infrastructure. A
roll forming mill of classical design was used, with an
inter-stand distance of 1000 mm and a profiling speed
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of 30 m/min. The roll forming scheme includes 12
passes, shown in Figure 1, with the following bending
angles: 0°-8°-18°-30°—42°-54°-66°-78°-88°-80°—
88°-90°.

The U-shaped profile has a relatively simple de-
sign. Its height is 60 mm, which determines the height
of the roll flanges, but is not a significant value and
does not require a substantial increase in the number
of passes. At the same time, the profile thickness of 6
mm necessitates either a reduction in profiling speed
or the use of a greater number of passes when select-
ing the forming scheme. The profile material is carbon
steel St3, which is well-suited for the roll forming pro-
cess. Lubrication was not applied.

Figure 1 — Roll forming scheme of the U-shaped profile with bending angles:

0°-8°-18°-30°—42°-54°—66°-78°-88°-80°-88°-90°.

The forming of the U-shaped profile was simulated
using a classical scheme [18]. The profiling axis
passes through the center of the horizontal wall, and
the process is considered in the single-piece forming
variant with the flanges oriented upwards. Practice
shows that the number of forming passes can be opti-
mized by reduction; however, this issue is not ad-
dressed within the scope of this study.

According to the design, the set of roll forming tools
used in this study can be divided into three groups. The
first and second groups include bending rolls (so-called
closed calibers) with a total bending angle of 30° and
above, and from 30° to 85°, respectively. The third
group consists of finishing rolls [18].

The blank width calculated using software (UBECO
PROFIL) is 215,9 mm, while the analytical calculation
yields 217,1 mm. The latter was selected for simula-
tion. The 1,2 mm difference is due to the use of differ-
ent methods for calculating blank length along bending
radii and is not considered significant.

The simulation of the roll forming process for the U-
shaped bent profile was performed in the CAE system
QForm. This software package contains a wide range
of modules for simulating various metal forming pro-
cesses, but it does not include a dedicated module for
roll forming of bent profiles. Nevertheless, QForm pro-
vides sufficient tools to implement this task. In this
study, the forming process of the U-shaped bent profile
was realized as a single operation of the «Sheet Bulk
Forming» type, with a 3D task setup and consideration
of elastic—plastic deformation.
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The 3D models of the rolls and their arrangement
scheme were created in the CAD system Fusion and
exported to the CAE system QForm. Geometry verifi-
cation was performed using the QShape utility. The
blank itself was created using parametric geometry in
QForm. The selected mesh type was hexahedral, en-
suring at least three elements across the profile height
during simulation. Since the roll stands are symmet-
rical, only half of the model was considered using a
symmetry plane, which accelerated the simulation.
Each roll was assigned a rotation axis.

The material selected for the profile was St3 steel.
During material parameter setup, the cold forming
mode was used, meaning the blank was not pre-
heated.

The roll drive was implemented using the “Univer-
sal” drive type, with specified direction and rotation
speed for each roll. During roll calibration develop-
ment, the transitional shapes and their mutual arrange-
ment must satisfy the condition that the average cir-
cumferential speed of each subsequent roll pair is not
less than that of the previous one [18]. Since precise
calculation is difficult in practice, the increase in cir-
cumferential speed of subsequent roll pairs was
achieved by gradually increasing their base diameters.
In this study, the base diameters of the rolls were in-
creased by 0,4 % from the first to the last pair. The roll
stands were made of steel grade H12MF. It should be
noted that contact between the rolls and the blank oc-
curs without lubrication, and in the «Bring into contact»
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parameter, the value «do not bring into contact» must
be set.

The FEM simulation of the U-shaped bent profile
forming process continues until the entire profile
passes through all roll stands. The stop condition for
the calculation is defined by the specified number of
rotations of the upper roll in the first stand. Setting an
additional boundary condition «Pusher» (dimensions,
direction, and movement speed are specified) can be

JMeopis i npaKmuxg memarypeti
Theory and Practice of Metallurgy

used to move the blank in the given direction and/or to
fix surface nodes from shifting in planes perpendicular
to that direction.

Figure 2 shows the cross-section of the final roll
stand and the characteristic points used for stress—
strain state analysis: Point 89 — outer side of the profile
end; Point 74 — inner side of the profile section sub-
jected to bending.

Figure 2 — Cross-section of the final roll stand and characteristic points used for stress—strain state analysis.

As a result of the FEM simulation of the forming pro-
cess for the U-shaped bent profile, the data presented
in Figure 3 were obtained. The figure shows the distri-
bution of stress intensity and plastic strain along the

74 - Stress intensity, MPa

length of the profile: a) Point 74 is located on the inner
surface at the bending zones of the blank; b) Point 89
is located at the edge of the blank.

500+

89 - Stress intensity, Mpa

b)

4 [ 8 10 12 7}
Time, s

| " | L I
16 Hes 18 20 2 2

Figure 3 — Distribution of stress intensity and plastic strain along the length of the U-shaped bent profile during

the roll forming process:

a) Point 74 — located on the inner surface at the bending zones of the blank;

b) Point 89 — located at the edge of the blank.
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During the roll forming of a U-shaped bent profile,
the distribution of stresses and plastic strains in the
material is significantly influenced by the position of the
point relative to the neutral bending axis. Analysis of
the simulation results (Figure 3a, b) shows that on the
inner surface of the bend (Point 74, Figure 3a), im-
pulse-like stress spikes occur as the blank enters the
roll stand, followed by partial unloading. Notably, stress
accumulation begins even before the analyzed region
enters the stand. The peak stress values reach 450—
520 MPa, while the accumulated plastic strain is ap-
proximately 32 %. The strain increases in a stepwise
manner at each forming pass, corresponding to the
gradual shaping of the profile, and stabilizes at the end
of the process. This indicates that the primary loading
and risk of crack initiation are concentrated in the
bending zones of the profile. In contrast, the stress—
strain behavior at the edge of the blank (Point 89, Fig-
ure 3b) is different. Here, the stress level is higher and
more uniform throughout the forming process, stabiliz-
ing within the range of 350—420 MPa, with local fluctu-
ations and drops associated with tensile stresses. The
plastic strain in this region reaches only 12-13 %,
which is significantly lower than in the bending zones
and indicates a smoother deformation behavior. Thus,
the bending zones of the profile experience substan-
tially higher plastic strains with a stepped accumulation
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pattern, whereas the edge of the blank is subjected to
elevated tensile stresses but exhibits a lower degree of
irreversible deformation. The obtained results are con-
sistent with the physical nature of sheet metal bending,
where the inner layers undergo compression and the
outer layers are stretched, ultimately shaping the final
geometry of the profile.

Conclusions. This study proposes an approach for
simulating the roll forming process of a U-shaped bent
profile using the QForm software package, despite the
absence of a dedicated module for this type of metal
forming. The core of the approach involves the use of
the «Sheet Bulk Forming» operation, incorporating the
elastic—plastic properties of the material to closely ap-
proximate real forming conditions. A geometric model
of the profile and tooling was developed, along with a
forming scheme consisting of 12 passes, enabling
step-by-step simulation of the process and capturing
the characteristic features of the material’'s stress—
strain state during passage through the roll forming
stands. It was shown that as the blank approaches the
roll stand, stress gradually accumulates, reaching a
maximum in the contact zone with the tooling, and sub-
sequently decreases due to elastic springback after ex-
iting the stand. The obtained results confirm the effec-
tiveness of QForm in analyzing the roll forming of bent
profiles.
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IInsixy BAOCKOHAJIEHHSI TEXHOJIOTII il 00JIaJHAHHA /11 BUPOOHUIITBA
arjiomepary

Chuprynov Ye.V., Kassim D.0., Lyakhova LA., Hryhorieva V.G. Rekov Yu.V.
Ways to improve technology and equipment for sinter production

Cmamms npucesiyeHa KOMMIeKCHOMY aHarli3y KIto4oeux Harnpsmkie yOoCKOHaleHHs mexHorsoeili ma obrnadHaHHs y eu-
pObHUYMEI azrnomepamy, Wo € KpUmMUYHO 8axueum Oris onmumisayii MemarnypailiHux npouecie ma MiHimizauii eKoHo-
MiYHUX eumpam. 3a pe3ynbmamamu ceMaHmMu4yHo20 aHani3y iHghopmauyiliHuX Momokie, wo eudHadyaroms iHmepec 00
docnidxeHb y Memarnypaii, sudineHo Homupu K408l KOMIoHeHmMu: "mexHornoaia", "cuposuHa"”, "obnadHaHHsA" ma "eko-
noeisi". Aemopu Hazonowymbs Ha HeobxidHocmi cucmemHoz0o nidxody 0o ModepHisauii aznomepauiliHoeo 8upobHUY-
mea 3 Memolo CIMEOPEHHST HOBUX MEeXHOsI02il, NOsiMWeHHs Md20moeKuU CUPOBUHU, PO3PObKU obnadHaHHS HO80Z0 r10-
KOMIHHSA Ma 3MeHWeHHS HeeamueHO20 8I1/1U8Yy Ha HaBKoMUWHE cepedosulle.

Y cmammi demarbHo po3ansadarombCs 8iCiM Uinbosux oyHKUIU onmumizauii mpoyecy aszrnomepauii, 8KIroYadu numomy
npodykmueHicmp asromawuHu, cmabinbHicmb XiMiyHo20 cknady azromepamy (emicm 3ari3a ma OCHOBHICMb), YacmKy
OpibHUX ¢hpakyili, Oiana3oH ghpakyiliHo2o cknady, MiyHicmb Ha yOap ma cmupaHHs, a makox gidHoestosaHicms. [1poso-
OumbCs1 MOPIBHSIHHS Cy4YaCHUX MOKa3HUKI8 azriomepamy 3 aumMo2amu OOMEHHOI 171aeKu, 8USI8IIEHI 3Ha4Hi po3bixHOCMI.
Haesodsmbcsi cmpykmypoeaHi 3axo0u, cripsiMosaHi Ha 00Csi2HEeHHST ONMUMaribHUX 3Ha4YeHb KOXHOI 3 Uinbo8ux yHKUYU,
3 ypaxyeaHHsIM moz2o, Wo Ui ghakmopu ma yHKUIT He € adumusHumu. [TiGKpecnoembcs, Wo eKoHoMI3ay,isi 8UpobHUuMea
azriomepamy He 3aexou 3biecaembCcs 3 eKOHOMI3aujero lio20 8UKOpUCMaHHS 8 OOMEHHIU rnasuyi, 30Kkpema, niosuueHHs
MiyHOCmMi a2romepamy MOXe He2amueHO MO3HaYUMUCS Ha Uo20 8i0HO8/1H8aHOCMI Ma eKOHOMIYHUX MOKa3HUKaXx.

Ocobnusa ysaeca rnpudinaemsCcs nUMaHHIo nid8uweHHs1 8i0HO8II08aHOCMI azroMepamy, WO € KITIoY08UM 01151 3HUXEHHS
gumpam Kokcy 8 0OMeHHOMY 8upobHuymei. Po3ensdarombcsi mexHo102i4Hi piuieHHs O 36inbuweHHs npodyKkmueHocmi
aanomaluH, cmabinisauii ximiyHo20 cknady aeromMepamy (WIsIXoOM eghbeKmuUBHO20 ycepedHeHHsT LUXmosux Mamepiarig
ma mo4yHo20 003y8aHHs1), MNiG8UWEHHST 8Micmy 3arisa (8UKOpPUCMaHHST 8BUCOKOSIKICHOI pydu, KoHUeHmpamie, 2ibpudHux
mamepiarnie) ma onmumisayii ocHogHocmi. OKpeMOo 8UC8IMIIEMbCS 3Ha4YEHHS 8Y3bKo20 ¢hpaKuyiliHo2o cknady aerome-
pamy 0n1s 3abe3rneyvyeHHs1 cmabiribHO20 2a300UHaMIiHHO20 pexumy OOMeHHOI nnasku. Ha ocHosi aHanisy npedcmasneHux
OaHux i ceimogozo doceidy (SnoHisi, benbeisi) pobumbcsi BUCHOBOK PO me, WO iHeecmuuyii y nidsuweHHs1 sKkocmi aano-
Mepamy ma KOKCY Ha ro4yamkosux emarax eupobHuumea OKyrnarmbCsi 3a paxyHOK Cymmegoeo 3HUXEHHS aumpam
KOKCy ma 3pocmaHHs1 npodykmueHocmi doMeHHUX rnedel. Cmamms Micmumb KOHKpemHi pekomeHOauii wodo peKoHc-
mpykuii ma po3pobku Ho8o20 obnadHaHHs Oris pearnizauii 3anpornoHo8aHuUX yOOCKOHasEHb.

Krto4oei criosa: supobHUUmMBo aernomepamy, iHHo8auji, ydoCKOHaneHHs mexHorsoeail, MoOepHisauisi obradHaHHS, onmu-
mizayisi

The article is devoted to a comprehensive analysis of key areas for improving technologies and equipment in sinter pro-
duction, which is critically important for optimizing metallurgical processes and minimizing economic costs. Based on the
results of a semantic analysis of information flows that determine interest in research in metallurgy, four key components
have been identified: “technology,” “raw materials,” “equipment,” and “ecology.” The authors emphasize the need for a
systematic approach to the modernization of sintering production in order to create new technologies, improve raw mate-
rial preparation, develop new-generation equipment, and reduce the negative impact on the environment.

The article examines in detail eight target functions for optimizing the sintering process, including the specific productivity
of the sintering machine, the stability of the chemical composition of the sinter (iron content and basicity), the proportion
of fine fractions, the range of fractional composition, impact and abrasion resistance, and recoverability. A comparison of
current sinter indicators with blast furnace smelting requirements is carried out, revealing significant discrepancies. Struc-
tured measures aimed at achieving optimal values for each of the target functions are presented, taking into account that
these factors and functions are not additive. It is emphasized that economizing on sinter production does not always
coincide with economizing on its use in blast furnace smelting; in particular, increasing the strength of sinter can negatively
affect its recoverability and economic performance.

Particular attention is paid to the issue of increasing the recoverability of sinter, which is key to reducing coke consumption
in blast furnace production. Technological solutions are considered to increase the productivity of sintering machines,
stabilize the chemical composition of sinter (through effective averaging of charge materials and accurate dosing), in-
crease the iron content (using high-quality ore, concentrates, hybrid materials), and optimize basicity. The importance of
a narrow fraction composition of sinter for ensuring a stable gas-dynamic regime of blast furnace smelting is highlighted
separately. Based on the analysis of the presented data and world experience (Japan, Belgium), it is concluded that
investments in improving the quality of sinter and coke at the initial stages of production pay off due to a significant
reduction in coke consumption and an increase in the productivity of blast furnaces. The article contains specific recom-
mendations for the reconstruction and development of new equipment to implement the proposed improvements.
Keywords: sinter production, innovation, technology improvement, equipment modernization, optimization
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BcTtyn

CyyacHuin meTanypriinHWN KOMMIEKC CTOITb nepeq
HU3KOK CEPUO3HNX BUKIUKIB, 3yMOBJIEHMX 3POCTalo-
YUMKU BMMOTraMmn OO SIKOCTi CUPOBUHW, HEODXiOHICTHO
onTuMmiI3aLii BUPOOHNYMX BUTPAT Ta MOCUSIEHHAM €KO-
noriyHnx Hopm [1]. Y UbOMY KOHTEKCTi BUPOBHMLTBO
arrnomepary, K KHOYOBOro KOMMOHEHTa LUMXTU [0-
MEHHMX neyen, HabyBae CTpaTeriyHOro 3HAYEeHHS.
EbeKkTUBHICTb Ta KOHKYPEHTOCNPOMOXHICTb MeTanyp-
rinHnx nignpuemcTs 6e3nocepeaHbO 3anexarTsb Big Me-
TanyprinHMX BacTUBOCTEN arnomepary, LU0 BU3HaYa-
0Tb CTabINBHICTL Ta NPOAYKTMBHICTL NOZanbLUMX ne-
pegdinis [2-4]. CemMaHTU4YHUI aHani3 cyvyacHuUx iHdop-
MaLjiMH1X NOTOKIB Y ranysi NiaTBepaxye, LWo okyc Ao-
cnimpkeHb Ta po3poboK 30cepesKeHnin Ha KOMIMEeKC-
Hiln B3aEMOZii TEXHOIOrii, CUPOBUHM, 06ragHaHHA Ta
ekonorii [5-8]. Lle cBigunTb Npo rmmboke po3yMiHHSsI He-
0OXigHOCTI cMcTeMHOro nigxony A0 BAOCKOHANEHHS!
arnomepauinHoro BMpobHuLTBa.

OpgHak, He3BaXkarouM Ha MOCTIiNHI 3ycunns, aHania
nokasye, LLIO NOKa3HWKN AKOCTi arnomepary, Lo BUpO-
6naeTbca Ha GaraTboX BiTYUM3HAHUX arnodabpukax,
YacTo He BiAMNoBi4anTb Cy4YaCHUM BUMOram JOMEHHOI
nnaBkW, a TEXHIKO-eKOHOMiYHi NOKa3HMKN NOro BUPOO-
HUUTBa Janeki Big onTMmanbHMX 3HadveHb [9-10]. Le
CTBOPIOE HaranbHy NoTpeby B iHTEHcudikaLii poboTu
HaJ MOLUYKOM Ta BMPOBaKEHHSIM iHHOBALNHUX pi-
WweHb. [laHa cTaTTss Mae Ha MeTi cuctemaTuayBaTti Ta
npoaHanidyBaTy OCHOBHi HanmpsAMKU BOOCKOHAIEHHS
TEXHOSOriN Ta obnagHaHHs Yy BUMPOOHMLUTBI arnome-
paTy. Mu 30cepeoumMocst Ha KIYOBUX LiNbOBUX (PyH-
KUisiX, ONTUMI3aLis SKMX JO3BOMNUTb He TiflbKM NoKpa-
LLUMTW SKICHI XapaKTepWUCTUKM KiHLLEBOro NpoayKTy, a n
3a6e3neunTn 3HaYHE 3HWKEHHS BMPOOHMYMX BUTpaT
Ta eKONOriYHOro HaBaHTaXeHHs. Po3rnsa umx acnek-
TiB € KPUTUYHO BaXXNMBUM AN 3a0e3neyYeHHsT KOHKY-
PEHTOCMNPOMOXHOCTI MeTanypriviHoi ranysi B ymoBax
MiHTMBOrO CBIiTOBOIO PUHKY.

AHanis nitepaTypHUX AaHUX Ta NOCTaHOBKa
npo6nemu

CeMaHTU4HUI aHani3 (KOHTeHT-aHani3) iHdopma-
LiMHMX MOTOKIB, WO BW3HA4ya€ iHTEHCMBHICTb 3pOC-
TaHHSI IHTEpecy A0 AoChnioKeHb i po3pobok y meTany-
prii, NOKa3ye, L0 BUCOKUI iHTEPEC B OQHOCKITaL0BOMY
psiAi BU3HAYaETbCA TEPMIHOM «TEXHOMoriay, y ABO-
CKINaf0oBOMY — «TEXHOIOTIS-CUPOBMHAY, Y TPUCKaao0-
BOMY — «TEXHOMOriA-CUPOBUHA-06MagHaHHS», Y YOTU-
puvcKnagoBoMy (3aBxau HeobxigHO BpaxoByBaTu W
€KOINOriYHN acneKT) — « TeXHOIOrif-CMpoBMHa-obnaa-
HaHHSI-eKOsOorisa».

TakuM YMHOM, CEMaHTUYHMI aHani3 3 BUCOKUM CTY-
neHem o6'eKTMBHOCTI MoKa3ye, WO MiHiMi3aLis eKoHo-
MiYHUX BUTPAT Y ranysi noBMHHa 6a3yBaTncs Ha BUpi-
LLUEHHi KoMnnekcHoi npobnemu [11-14]: cTBOPEHHSA Ho-
BMX TEXHOJOTIN AN OTPUMAHHS CUPOBMHU 3 HOBUMU
BNacCTMBOCTSIMU, i NIArOTOBKA OO0 PYAHO-TEPMIYHUX
npoLueciB i NnaBneHHsl, CTBOPEHHS 0bnagHaHHA Ho-
BOrO MOKOMNIHHA Ans peanisauil umx TeXHOMOrin, Wo
MatoTb MiHIManbHUI BAMB Ha HABKOSIMLUHE cepeno-
BULLE.
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Buxogaum 3 BuLLecKka3aHoro, BUAAETHCA MOXMMW-
BYM CHOPMYBaATU CUCTEMHUI Nepenik TEXHOMOrIN BU-
pobHMLUTBA MeTanypriiHoi CUpPOBMHM, LO OCBOMO-
HOTbCA | € NEPCNeKTUBHUMM OIS BNPOBaAXKEHHS B pi3-
HUX nepeginax i cnocobax BupobHuuTBa [15, 16]. Y
OaHin cTaTTi po3rNsAaeTbCs TiNbkM BUPOOHULITBO ar-
nomepary.

[na onTumisauji LinboBMX yHKLiA Npouecy arno-
MepaLii, Takmx gK: NMTOMa NPOAYKTUBHICTbL arnomMepa-
LiMHOT MalmHK, cTabinbHICTb XiMIYHOrO cknagy armno-
mepaty (BMIiCT Fecep = 59 20,3 %, OCHOBHICTb
CaO/SiO22=1,8 +0,03 a. 0.), yacTka gpibHoT dpakuii 0-
5 MM y roToBOMY NpoaykTi (< 2-4 %), Aiana3oH gpak-
uinHoro cknagy 10-40 mm, MiLHICTb Ha yaap (+5 Mm) 2
76,5 % i ctupanHictb (-0,5 Mm) < 5-6 % y H6apabaHi,
BigHoBtoBaHicTb GinbLue 0,5 %/xB., HEOOXiAHO CTPYK-
TypyBaTu 3axodu LWOAO AOCArHEHHS OMNTUMAarbHUX
3Ha4YeHb KOXHOI (PyHKLji okpeMo. B sikocTi onTumarnb-
HUX Y LiNboBUX (PYHKLIAX HaBedeHO 4ucernbHi 3Ha-
YeHHs1, peanbHO JOCATHYTI Ha NepeaoBUX MeTanyprin-
Hux nignpuemcTax Pocii, Kutato, AnoHii, 3axigHoi €8-
ponu Ta liBHi4HOT AMepukm [17].

CBoro 4acy 6ynu po3po0brneHi BUMOTY OOMEHHOT
nnaeky 0O MeTanypriiHuX XapakTepucTuUK OKyCKoBa-
HOT 3ani3opyaHoi cnpoBuHM [18], 30kpema 4o arnome-
paty. MopiBHAHHA LMX BUMOT 3 MOKAa3HMKaMu BMPOO-
FNIEHOrO CbOrOAHI arnmomepaTy MoKasye, Lo arnomepar
baratbox arnocabpuk He BignoBiAae UMM BMMOram
(Tabn. 1).

MeTa i 3aBgaHHA gocniaXeHb

MeTo [OOCnimKEHHA € KOMMIIEKCHE BOOCKOHA-
NEHHS TEXHONOrIN Ta 0bragHaHHA y BUPOOHMUTBI ar-
nomepary Ans NiaABULLIEHHSA NOTO SIKOCTI, 3HWKEHHS BU-
TpaT Ta MiHiMi3aLii BnnnBy Ha foBKiNns. [ns uboro He-
0ob6XigHO npoaHanisyBatu CyyacHWW CTaH ranysi, Bu-
SBUTM KNIOYOBI (hakTopu, WO BNAMBalOTbh Ha BriacTu-
BOCTI arnomepaTy, Ta BU3HAuYNTU ONTUMarbHi TEXHO-
noriyHi napameTpu. [JocnigkeHHs TakoX BKIoYae po-
3pOo0OKy IHHOBALINHMX pilleHb AN MiAroTOBKU LUUXTMH,
onTMMI3aLii Npouecy cnikaHHsa Ta noganbLuoi 06pobKu
arnocreka.

OkpiM UbOro, BaXnNMBUM 3aBOAHHAM € OOIpYHTY-
BaHHS NPOMo3uLin LWOAO MoAepHisalii icHyto4oro Ta
pO3po6KM HOBOro 0b6nagHaHHs, WO OO3BONUTL peari-
3yBaTu Lj yoockoHaneHHsi. Ha 3aBepLueHHst byae npo-
BeAeHa OLiHKa eKOHOMIYHOI Ta eKOoriYHOI edheKkTUB-
HOCTIi 3anponoHoBaHuWX piweHb. Lie 4o3sonuTs niaTee-
POUTY IXHIO OOLINBHICTb ANS NiABULLEHHS KOHKYPEHTO-
CMPOMOXHOCTI MeTanypritHux nNignpueMcTs LLUISIXOM
3HWKEHHS coBiBapTOCTI NpoayKLUii Ta NOKpaLLEeHHs Te-
XHiKO-EKOHOMIYHMX MOKa3HWKIB JOMEHHOI MnaBKu.

MaTepianu Ta meToam gocnigxeHb

Y cTaTTi BUKOPUCTAHO CEMaHTUYHUI aHani3 (KOoH-
TeHT-aHani3) iHopmaLiiHUX NOTOKIB AN BU3HAYEHHS
iHTEHCMBHOCTi 3pOCTaHHs iHTepecy A0 AOoChioKeHb Ta
po3poboK y MeTanyprii, BUAINAKYM KITHOYOBI TEPMIHK
("TexHornoria", "cupoBuHa", "obnagHaHHs", "ekonoria”)
y OAHO-, ABO-, TPW- Ta YOTUPUCKNAZoBMX psigax. Mpo-
BE[leHE MOPIBHSIHHA PO3pOBNEHNX BMMOP OOMEHHUX
neyen Jo MeTanypriiHux XxapakTepucTuK OKYCKOBaHOT
3anisopygHoi CUPOBUHU 3 PAKTUYHUMW MOKa3HUKaMu
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arnomepary, Lo BUpOONsAETbCA Ha cydacHux arnoda-
Opukax. NpoaHanizoBaHi MPOMUCOBI NPOMNMaBKK Tio-
PUAHOrO OKYCKOBaHOro mMatepiany Ha OOMEHHIN nevi
Ne2 BAT "[IHINpOBCbKMIA MeTanyprinHnin 3aBog im. lNe-
TPOBCBKOIr0", a TakoXX eKCNepuMEHT Ha JOMEHHIN nedi

Tabnuusa 1

CyuacHi BMMOru JOMEHHOI NnaBkv A0 MeTanyprilnHnx

XapaKTepPUCTMK arnomMepary Ta oKaTuLLIB

JMeopis i npaKmuxg memarypeti
Theory and Practice of Metallurgy

Ne6 MAT "ApcenopMittan Kpusuia Pir" i3 3amiHm dpa-
KUiT JonomiTu3oBaHoro BanHsky. Lle nigtBepaxye Bu-
KOPUCTaHHS NMpaKTU4YHMX BUNPOOYyBaHb AN NepeBipku
rinoTes Ta ePeKTMBHOCTI 3anpPONOHOBaHWUX PiLleHb.

HaliMeHyBaHHS NOKa3HMKIB

|Arnomepart |OkaTyLi

1. B xonogHoMmy cTaHi

1.1. MiuHicTb Ha CTUCHEHHS, Kr/OK
(OCTY 3206-95)

- He meHLwe 200

oinbLue 200 kr/ok, %

1.2. BMIiCT B roToBI1 NpoayKLii OKaTULLIB 3 MILHICTIO HA CTUCHEHHSA

- He meHLwe 90,0

1.3. KoedpiuieHT miyHoCTi (+5 MM), %
(ACTY 3200-95)

He meHLwe 80,0 He meHLwe 95,0

1.4. KoedpiuieHT ctupanHocTi (0-0,5 mm), %
(ACTY 3200-95)

He GinbLue 4,0 He OinbLue 3,0

1.5. Bmict gpi6’asky (0-5 mm) B roToBi npoaykuii, %

He Oinblue He OinbLue
6,0 3,0

1.6. KpynHicTb roToBoi npoaykuii, % knacis.

He meHwe 85,0 % 8-|He meHwwe 95 % 8-18

35 Mmm

MM

2. B npoueci BigHOBNEHHS

HanmeHyBaHHS1 NoKa3HWKIB

Arnomepart

OkaTuLLi

2.1, MNMokasHuK MiLHOoCTi (+5 MMm), %
(OCTY 3202-95)

He meHLwe 50,0

He meHwe 80,0

2.2. MokasHuk ctupaHHocTi (0-0,5 mm), %
(ACTY 3202-95)

He MeHLle
5,0

He MeHLle
5,0

2.3. Ycagka wapy npv BigHOBIeHHi, %
(OCTY 3205-95)

He GinbLe 20,0

He GinbLue 30,0

2.4. Nepenapg TUCKy-BigHOBHMKY B Lwapi, MNMa (ACTY 3202-95) He GinbLue He Oinblue
150 200

2.5. ®akTnyHa CcTyniHb BiAHOBNEHHS, % HEe MeHLUe He MeHLUe

(OCTY 3204-95) 90,0 90,0

2.6. BigHOBMIOBaHICTb NpKU CTyNeEHi He MeHLe He MeHLe

BigHoBneHHs 0o 40 %, %/xs (ACTY 3204-95) 0,5 0,5

2.7. TemnepaTypu no4aTKy i KiHUSA He HmK4Ye He HmK4Ye

po3m’akweHHsi, °C (OCTY 3817-98) 1050 n 1150 960 n 1160

2.8. TemnepaTypHuii iHTepBan
po3m’sikweHHs, °C (ACTY 3817-98)

He GinbLie 100

He OinbLue 200

3. CrabinbHicTb cknagy

3.1. Jonyctumi konnesaHHA BMICTY 3ani3a, £ % 0,25 0,25
3,2. Jonyctumi konneBaHHA 3akucy 3anisa, + % 1,00 0,50
3.3. JonycTtumi KonnBaHHA OCHOBHOCTI, + 4.04. 0,05 0,025

PesynbTaTtn gocnigkeHb

Ha cxemax (puc. 1-8) nokasaHi CTpykTypoOBaHi 3a-
Xoam, peanisauis sIkux A03BOMUTb AKLWO HE AOCArTw,
TO HAbNM3NTUCA OO0 ONTUMAaInbHUX 3HAYEHb LIiNbOBUX
dyHKLUin. PakTopw, Lo BNAMBaOTbL HA ONTUMI3aLio Lii-
NbOBOI PYHKLLiT, He aaUTMBHI; LiNbOBI OYHKLUT, Lo ¢o-
PMYIOTb NOHATTS «SKICTb arfioMepary», Takox He agu-
TMBHI; TOMYy CTBOPEHHS «igeanbHoro» arriomeparty 3
MaKcuMarnbHUMK MOKa3HMKaMK BCiX MOro LinboBUX
dyHKUin (BnacTmsocten) cknagHe. OcTtaTodHe pi-
LUEHHS1 NPO piBEHb BMMOr A0 YMCESIbHUX 3HAYEHb Li-
NbOBUX (PYHKLIiN MOXe NPUAMATUCS AN KOXKHOI KOHK-
peTHoi arnocabprkym Ha OCHOBI aHaniay €eguHoro

napameTpa «ekoHoMmizauis». MoxHa nokasaTu, Lo 3a-
Xif, 3 ekoHOMiI3aUii BUpOOHULTBA arnomepary LUAsSXoM
OnTUMI3aUii Moro UinboBux YHKUIN He 36iraeTbcs 3
€KOHOMIi3aLjiel0 BUKOPUCTaHHSA LiEi CUPOBMHKU B noaa-
nbLomy nepegini (y AaHoMy BUNagKy — AOMEHHi nna-
BUi). Hanpuknag, BaxnuBi LinboBi pyHKLUii HeoOXigHOT
MILIHOCTi arnomepary B BUXIQHOMY (XONOAHOMY) CTaHi
(MiLHiCTb Ha yoap i cTupaHHsl) MoXyTb OyTK 3abe3ne-
YeHi TakKMMM TEXHOSOTHYHUMI dhakTopaMu, SIK KifbKICTb
TBEpPAOro nanvea B LUMXTi, NOro BUAOM, KPYMHICTIO, Mi-
CcueM BBEOEHHS i Pi3HOK MOro KifnbKiCTIO Mo BUCOTI
LIapy, BUCOTOIO LIapy, LLO crikaeTbCcs, ymoBamu Aoaa-
TKOBOrO HarpiBaHHs BEPXHbOI YaCTUHU Llapy, WO cni-
KaeTbCs, BENIMYMHOIO OCHOBHOCTI arnomeparty Ta
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OEeAKMMU iHWMK. SHMxKeHH:A dpakuii (0-5 mm) B roTo-
Bili MpoAykKLii Mmoxe ByTn 3abe3neyeHo wnsixom crabi-
nisauii kpynHocTi arrnomeparty (pyvHyBaHHSM crnieve-
HUX HEMIUHMX arperariB) 3 NoZarnblUUM BiACiBaHHAM
BCiX ApibHMX chbpakuii, Lo NOBEpTaOTLCA B arfiomepa-
LinHni npouec. OgHak, NO3NTUMBHUI edpekT Big NiaBu-
LLIEHHA BMXIOHOI (XONOAHOI) MILHOCTI arnomepary He-
raTMBHO NMO3HAYNTLCA Ha OEAKUX TEXHOMOrYHMX (Npo-
OYKTMBHICTb arnomalluHui, NUTOMi BUTpaTK nanvea Ta
ereKTpoeHeprii) Ta EKOHOMIYHUX NMOKa3HWKax arnome-
pauiiHoro BUpobHMUTBA, a TakoX Ha MnoBegiHui arno-
Meparty B NpoLeci NnaBku B JOMEHHIR neui.
Hanpwuknag, nigBuweHHa MiLHOCTI arnomepary 3a
paxyHOK 30iNbLUEHHS B CKNagi WKWXTW NanvMBHOI Yac-
TuHM (3pocTae BMicT FeO), Nnpm3BoanTb 40 3HWKEHHS
3HAYeHHs  UinboBOI  OYHKUii  «BigHOBMOBAHICTb
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CUPOBMHWY. Y TON e Yac, YUM BULLA BiJHOBMNIOBAHICTb
arnomepary, TUM BULLUIA CTYMiHb PO3BUTKY HENPSIMOIro
BiJHOBJIIEHHS 3ani3a B IOMEHHMX NeYax i, BianoBsigHo,
HKYa NMUTOMa BUTPaTa KOKCY. 3a AaHNMK AMOHCBKNX
i 6enbrincbkux gocnimkeHb, 30iNbLUEHHS BigHOBMOBa-
HOCTIi 3ani3opygHoi cmpoBuHu Ha 1 % (abc.) BuKknmkae
3HWKEHHSA BUTPATU KOKCY Ha 4 Kr/T yaByHy [19, 20]. B
OaHWIA Yac AMOHCbKI MeTanypru po3rnsgarTb 3acTo-
CyBaHHs1 arroMmepaTy 3 MiABULLIEHOK BigHOBMOBAHI-
CTIO i KOKCY 3 BUCOKOI peakLinHO 34aTHICTHO 9K 0aMH
3 acnekTiB po3pobKM JOMEHHOI NaBKkM HOBOIO MOKO-
NiHHA 3i 3HAYHUM 3HWKEHHSIM BUKUAIB B aTMocdepy
napHnkoBux rasie [17].

Mepwa (1) uinboBa YHKLA — «NMUTOMA NPOAYKTYU-
BHiCTb» (puc. 1).

BuKOpIICTaHHS BallHa
B CKJIaZl IIHXTH

ITitpecoBka MHXTH

@opMyBaHHA PIBHOMIPHOT
Ta30IPOHHKHOCTI Iapy 1o
TTHPHHI Ta JTOBKIHI

arIoManTHHHa

Buxopucranns [IAP
B CKJIaZl IMHXTH

OrpyIxyBaHHS

[MominmeHHEs orpyaKyBaHHAA
mmixTH. 3abe3nedeHHs B

OTPYAKOBAHII IMHXTI BMICTY

BHKOpHCTaHHﬂ

I'azonmpoHNKHICTE

aktii 0-10 MM He Gutsne 12 %
bpaxn

JIOHHOI ITOCTLI1

IIuToma
MPOAYKTHBHICTH

[Tigirpie MHIXTH

N

361MBIMTEHHS MBHAKOCTI pYXY

Po3nuieHHA BOIH HAJI IIapoM
IHXTH, [0 CIIKAETHCH

NNV

(hpoHTY TOpPIHHA 32 PAXYHOK
BHKOPHCTAHHA

BIICOKOpeaKHifIHOTO IajinuBa

PucyHok 1 — lMNepLua yinboBa ¢yHKuUis — «[TMToMa NpOaYKTUBHICTb»

MpoayKTUBHICTL arnomalumHmn 6e3nocepenHLo 3a-
nexvTb BiA LWBMAKOCTI FOPIHHA BYrneuw nanvea B
Lapi LWKMXTK, 9Ka BU3HAYaETbCA KiMbKICTIO KUCHIO, LUO
NOAAETHLCS B 30HY FOPIHHS, LLIO B CBOK YeEPTy 3aneXnTb
Bil ra3onpPOHMKHOCTI Wapy WUXTU. Y 3B'A3KY 3 UMM
OyXKe Benvke 3Ha4YeHHs Mae€ MOSMNWEHHS CTyneHs
OrpydKyBaHHs arfiomaLumxTu, sike Moxe 0yt peaniso-
BaHO LUMIAXOM BUKOPUCTaHHSA pO3pOBIEHOro HOBOIO
npouecy nonepeaHbLOoro nignpecyBaHHs wnxty [21].
30iNbWNTK WBUAKICTb NepecyBaHHSA (DPOHTY FOPIHHSA
OOUINBbHO 3a paxyHOK 30inblUEHHsI ra3onpPOHMKHOCTI
lwapy LWUXTW, WO CNIKAeTbCsl, BUKOPUCTAHHS BUCOKO-
peakuiiHoro nanuea [22] i 3BONOXEHHS NOBITPSA Hafj
LapoMm, Lo ChiKaeTbCs, LUNSXOM PO3NUIIeHHs Boau
[23]. MpucyTHICTL BOAAHOI Napu nokpallye yMoBM ro-
PiHHSA NanvBa B LIapi, TaKOX 3pOCTalTb ra3onpoHUK-
HICTb LWIApy, CepeaHs Temnepartypa TOYKM 3aKiHYEHHS
npouecy cnikaHHS | NPOAYKTMBHICTL arfioMalunHn. Ia-
30MPOHUKHICTb wapy, Kpim ONTUMarbHOro
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OrpyaKYyBaHHs1, TaKOX 3aneXuTb Bif, BENUYUHM TEMe-
paTypu nonepeaHLoro nigirpiBy LWWXTU, BUKOPUCTAHHS
[OOHHOI MOCTini, cnoco®y yknagaHHa WnXTn, dopmy-
BaHHS1 PIBHOMIPHOT ra3onpOHUKHOCTI MO LWWMPWHI | JoB-
XVHI Wwapy, Lo CrikaeTbCsl, BUCOTU LIapy Ha cnikarnb-
HUX Bi3Kax arfioMalluHK1, a Takox BukopuctaHHs MNAP
y cknagi wuxtn [24]. BukopuctanHa MAP i posnu-
NEeHHs1 BOOW Hapg noBepxHero arrioMmepauiiHoro wapy
3Hmkye B 2,3-3,0 pasu KinbkicTb nuny, WO BUKMAa-
€TbCA B aTMocdepy [24], a TakOX iCTOTHO 3MeHLUye
BMKUOW MapHUKOBUX rasiB: Mamxe Ha ABa NOPSOKM —
CO i Ha nopsipok — CO2 [23].

Ons 3abe3neyveHHs 36iNblUEHHS LiNboBOI OyHKLi
1 (MMTOMOI NPOAYKTUBHOCTI) HEOBOXiAHA PEKOHCTPYKLLS
Ta po3pobka HOBOro obnagHaHHA: PEKOHCTPYKLA 3a-
BaHTaXXyBarbHOIO MPUCTPOIO arfioMaLLnHK, po3pobka
nignpecysarnbHuKa WnxT, gosatopa NAP i posnunio-
Bada BOoAW, a TAKOX po3pobka ehekTMBHMX 3MiLlyBaYa
wmnxTn 3 NMAP i orpygkyBaya wnxtu 3 [NAP.
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Opyra, TpeTs i yeTBepTa (2-4) UinboBi PYHKLIT — Le
«CTabinNbHUIA XiMiYHWIA cKnNag arrnomMepary, BMICT 3a-
nisa, OCHOBHICTb» (puc. 2-4).

AxicTb arnomeparty BM3HA4YaETbCHA MO0 XiMIYHUM i
rPaHyfIOMETPUYHMM CKITadoM, @ TaKOX KOMIIIEKCOM
MeTanyprinHMX BNacTUBOCTEMN, LLIO XapaKTepusyoTbCs
TakMMK MOKa3HMKaMMU: MILHICTIO, BiQHOBMIOBAHICTIO,
MILHICTIO B Npoueci BIAHOBMEHHS, ra30NPOHMKHICTIO i
yCaZKow Luapy B NpOLECi BiAHOBIEHHSA, TeMmnepaTy-
pamu noYaTKy po3M'saKLLEHHS | NNaBneHHs.

XiMiYHMIA cknag arnomeparty — ogHa 3 HanBaXIUBI-
LIMX MOr0 XapaKTepUCTUK, OCHOBHUMM MOKa3HMKaMU
AKOT € abCONIOTHI BENMYMHKN BMICTY 3anisa i OCHOBHO-
cTi. CTabinbHiCTb XiMiYHOrO CKnagy arnomepary Takox
Har4acTile KOHTPOSOKTL 3a KONMMBaHHAM CaMe Lmx
OBOX nokasHukiB. B AnoHii Ha 3aBogi dipmn «Nippon
Kokan» y ®ykysami konimBaHHS BMICTy 3ani3a B CyMillli
MiX WTabenamy ctaHoBnATb He Ginblie +0,05 %, kpe-
MHe3emy MeHwe +0,03 %, a OCHOBHOCTI arnoLmxTu
He Ginbwe +0,03 a. og. AnoHcbKi MeTanypru Big3Ha-
YyaroTb, O OCOBMMBO BaXXMBUM MOKA3HUKOM SKOCTI
arnomepaty € cTabinbHICTb MOro0 OCHOBHOCTI, 3a iX-
HIMW OaHMMU 3HWKEHHSI KONMWUBAHHS OCHOBHOCTI 3
10,05 go +0,025 a.0. 3abe3nevye nigBuLLEHHSA Npoay-
KTUBHOCTI AOMeHHUX neYer Ha 0,5 % i 3MeHLLEHHSA nu-
TOMOI BUTpaTy kokcy Ha 0,3 % [25].

OOHUM 3 OCHOBHMX 3acobiB AOCArHEeHHs cTabinb-
HOro XiMi4HOro Ta MiHepanoriyHoro cknagy arriome-
paty (puc. 2) € BUCOKOE(EKTUBHE YyCEepeaHEHHs
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KO>XHOTO LUMXTOBOro MaTepiany B WTabensx Ha Bigk-
puTomy cknagi. Ha gitoumx arnogabpukax y wrabenb
pas3om i3 3anizopygHuMM MaTepianamu 3aknagatotb
no6aBKy, LLO BiApi3HATLCA Big HUX 3@ XIMIYHUM CKna-
OOM: MpOKaTHY OKarvHy, MapraHueBy pyay Ta iH. 6e3
YiTKOro BaroBOro CriBBigHOLLEHHS (3rig4HO 3 pO3paxyH-
KOM LUMXTK) Mibk MaTepianamu. [lns BUKMNOYEHHs Hera-
TMBHOIO BMNUBY LX A06ABOK HA OOHOPIAHICTb CyMiLLi
OOUINbHO 34INCHIOBaTK NonepeaHe ycepeaHeHHs KOX-
Hoi 3 fo6aBoK B okpeMux LWTabensx, a noTim ix Josy-
BaTW 3riAHO 3 PO3pax0OBaHMM CMiBBIAHOLLIEHHAM i 3Mi-
LIyBaTK, Micns Yoro oTpMMaHy cymill obaBok Hanpa-
BMATU B PO3XiaHi OYHKEPW LUMXTOBOrO BigAiNeHHs ar-
nochabpuku, Kyam HanpaensATbCA i iHWi KOMMOHEHTK
arnowwmxTtu. [lns sMeHLWeHHs KonMBaHb cKnaay CymiLli
Nno AOBXWHI LWTabensa HeobxigHO nepepbadaTtn ykna-
[aHHS LlapaMun MeHLLOI | oqHaKkoBOi ToBLLMHN. CyBopa
pernamMeHTaLisi NOCNIAOBHOCTI yKNagaHHA MmaTtepianis,
X KiNbKOCTI i 34aTHOCTI nepemillyBaTncs OAWH 3 of-
HUM TakoX € 060OB'A3KOBUMM YMOBaMM BMCOKOI OOHO-
pigHOCTI cymiLi i BignoBigHO sikocTi arnomepary. 3abip
mMaTtepiany 3i wrabens i nogada noro B BUTpaTHi ByH-
Kepu LinsiHKU LWNMXTN NOBMHHA 34iNCHIOBaTUCSA POTOpP-
HMMM 3abipHUKkamm 3 Topusa cchopmoBaHoro wTabens,
NoYMHaKuN 3BEPXY BHU3 PIBHOMIPHO NO BCLOMY nepe-
TUHy WTabens, a He OOHMM EKCKaBaToOpPOM, SiK Lie CMo-
CTepiraeTbcsa B A4aHWI Yac Ha OESKNX LUMXTOBUX LBO-
pax arnodgabpuk.

3abe3neueHHd TOUHOCTL

JO3YBAHHI KOMIIOHEHTIE
muxTH +1 % 3a Macow
BiJT 33/1aHOT KiTBKOCTI

npu ii Bupadi 2 OyHKepie

3MinryBaHHS.
IHTPE/TIEHTIB [IIHXTH
mepesT OrpyAKyBaHHAM
0 e(heKTHBHOCTI
3MIIIYBaHHS OLTbIIe
95 %

2
Crabiasanii
ximMivTHHIi Ta

MiHepagoriynmii
CKJIAH arjioMeparty

IToBHa XIMIgHA
B3a€MOIIA BCIX
KOMIIOHEHTIB IIIHXTH B
MpoIleci CIIKaHHA Ta
pO3TIaBIeHHS TIIHXTH

3abesneuenns armonexis ONTHMAILHEMH 34
MICTKICTIO Ta piBHeM MeXaHi3allii CKIa/IiB
ycepeHeHas KOMIOHEHTIB MuXTH. Jlocarnenns
koedimieHTa X ycepeIHeHHA MoHAM 95%

T

ObmamHaHHs CKITaMliB yCepeHEHH MaE
3abezneanTn opMyBaHHS HEOOXiTHOL
KIIBKOCTI IITaberiB Ta iX 3abopy B Iex.

PucyHok 2 — [pyra uinboBa gyHKuUist — «CTabinbHun

XiMiYHWIA cKnag, arnomeparty»

IcTOoTHMI BNNMB Ha CTabiNbHICTb XiMIYHOIO cknagy
arnomepary mae 3abesneyeHHs BUCOKOI TOYHOCTi Jo-
3yBaHHS LUMXTOBUX MaTepianiB 3 GyHkepiB i edhekTn-
BHE X 3MilLyBaHHsI 4O O4HOPIOHOCTI HE Hkye 96-98

% B LUMXTOBOMY BigaineHHi arnodabpuku (puc. 2).
[nsa BMpilleHHs LUbOoro 3aBgaHHS HeobxigHO BnpoBa-
D)KyBaTW Cy4acHy KOMMIIEKCHY CUCTEMY KOHTPOMO Ta
aBTOMATUYHOIO YMpPaBriHHA LUMXTOBUM BigginieHHAM
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Ha 6asi cyyacHux EOM, a Takox BUCOKOE(EKTUBHI
3MilLyBaYi LUMXTU.

[nsa 3abesneyveHHs1 3pOCTaHHSA LiNboBOi pyHKLT 2
HeoOXxigHa PeKOHCTPYKLIiS Ta po3pobka HoBoro obnaa-
HaHHS: yKraganbHUKM Ta 3abipHUKM MaTepianis, Ba-
roBi aBTOMAaTUYHi J03aTOPW, KOHCOMbHI Ta TPYOHi Bib-
pokoHBeepK, edpekTuBHI 3miwysadi (Lodige, Eirich Ta
iH.).

3abes3neunTn BUCOKUI BMICT 3aniza B odriocoBa-
HOMy arnomepari Ha piBHi 259 % (UinboBa (yHKuia 3,
puc. 3) MOXNMBO NMPU BUKOPUCTAHHI B LUNXTi arnome-
pauinHOl pyam 3 BMICTOM 3ani3a He meHwe 60 %, nia-
BMLLIEHOI YaCTKN KOHLIEHTPATY i BBEOEHHSAM B LUNXTY
MaKCcMMarnbHO MOXIMBOI KifTbKOCTi 3HEMACNEHOI Npo-
KaTHOI oKanvHu, To6To MaTepianise 3 NigBULWEHUM BMi-
cToMm 3ani3a. [Npu nogavi Wwnamis B arfoLwmxTy ix He-
obxigHo 36aradyBaTu i 3HeBogHoBaTW. [MigBULLNTK
BMICT 3ani3a B arfiomepati TakoXX MOXISIMBO LUAAXOM
BMKIMIOYEHHS 3 WMXTU arnopyaun. lNpobnema nigsu-
LLIEHHS YaCTKN KOHLEHTpaTy B arfnoLmMXTi NoB'sa3aHa 3i
CKnagHoLLLaMK MOro OrpyaKyBaHHs, sika yCnilLHO MoXe

I1igBUIIEHHS
BMICTY Fesar ¥y
KOHIIEHTPATI J10
nonang 67 %

IMignpecyBanHs
IUXTH, IO
3abe3meuye
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OyTn BupilleHa 3acTocyBaHHsIM crelianbHux Oapa-
BaHHuX, TapinkoBnx abo BibpauinHMX orpyakyBadiB, a
TakoX anapaTiB NonepeaHbOro NignpecyBaHHs KOHLEe-
HTpaTy i/abo Bciel wuxTu. MMigBULWMTK BMICT 3ani3a B
arnomeparti 4o piBHSA BUMOr Cy4acHOI JOMEHHOI nna-
BKM [26] MOXHA TaKOX LUMSIXOM BUPOOHMLTBA odhrto-
COBaHUX NnokanbHWX cnekis [27, 28] Ta BUpOGHMLTBA
OKYCKOBAaHOrO 3ari30pyaHOl CUPOBUHW B EAVMHWN TiBpn-
AHun npouec. MNBpuaHMIn OKyCKOBaHWIA 3ani3opyaHuil
MaTepian 403BONUTb NiABULLMTK BMICT 3anisa o 61,9
%. MNMpomMucnoBa nponnaeka napTii riGpuaHOro OKycKo-
BaHoro marepiany B JoMeHHoMy uexy BAT «[Hinpos-
CbKWIA MeTanyprinH1ii 3aBof iM. [eTpoBCbKOro» Ha o-
MeHHIn nedi Ne2 BigsHadanacsa crabinizauieto xoay
neyi Ta NOMIMWEHHAM TEXHIKO-EKOHOMIYHMX MOKa3HK-
KiB NnaBKu: BUTpaTa KoKcy 3Hu3unacs Ha 4,0-4,4 «kr/t
YaByHy, a NPOAYKTUBHICTb nevi nigsiwmnacs Ha 1,1 %
[29, 30]. BupobHuLTBO ribpmaHOro oKyckoBaHOro 3ari-
30pyQHOro MaTepiany TakoX 3a40BOJIbHSE BMMOram
LinboBmx yHKUN 1, 6 i 7 (OCTaHHI ABi PO3rNsHYTI HX-
xye).

3HeMacIIOBaHHA
TIepBUHHOI Ta
BTOPHHHOI IIPOKaTHOI
OKAJIIHH
3 BHCOKHIM BMICTOM
Fe.ar Ta 30L1BIIEHHS 11
YaCTKH B arIOINUXTI

3HIDKEHHS BMICTY
ariopyau B
arJIOIIHXTI

3

Bucoknii BMicT
Fesar (Disib e 59%)

30arayeHHs MIIaMIB
Tepe]] IIOJAUEI0 B
aTJIONTHXTY 3 METOIO
3HIDKeHHA HEX 5107 1
OKCH/IIB JIErKHX

MarniTHa cemapartis
ATJIOPYIH 3 METOIO
TMiJBHIIEHHA BMICTY
3a/i3a B HIi 10
noHazx 60 %

MeTanis (Na, K)

Bupobuuireo
TibpHIHOTO MaTepiany
(arTooKaTHIIIB T
CIIEKIB)

PucyHok 3 — TpeTs uinboBa cyHKuUis — «BUCoKuiA BMICT 3ani3a B arnmomeparti»

[nsa 3abesneyveHHs1 3poCTaHHsA LiNboBOiI pyHKLUii 3
HeoOXxigHa peKOHCTPYKLIiA Ta po3pobka HoBoro obnag-
HaHHS: TPOXOTU TOHKOIO MPOXOYEHHs, nignpecysanb-
HUKW, cenapaTopu Cyxoro MarHiTHoro 3barayeHHs, ro-
MOreHi3aTopu NopTarbHi, FPOXOTU CYXOro rPOXOYEHHS
3a knacom — (2,5-3,0) mm.

YeTtBepTa (4) UinboBa (yHKLiA — «OCHOBHICTb ar-
nomeparty» (puc. 4) noB'A3aHa 3 TEXHIKO-E€KOHOMIiY-
HMMMW MOKa3HUKaMW OOMEHHOI MNMaBKM 4epes Mnokas-
HUKW MILHOCTI arriomepaTty, BMICTy B HbOMY ApiOHOI
dpakuii (-5 mm), a Takox Yepes BigMoBYy abo HeoOXxia-
HICTb Nodadi B LOMEHHY M4 CUPOro BarHsiKy.

3 pocnimpkeHb [31] BigOMO, WO HANMMEHLLIOK MiLHi-
CTIO Bonopgie arnomepaTr ocHosHicTio 1,3-1,4. 3a
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AaHumum [32] mMibHiCTb 0dbrnocoBaHoOro armomMepary Mmi-
HiManbHa B Mexax 3MiHM horo ocHoBHocTi Big 0,9 oo
1,4. Ui pesynbTati nNiaTBEpOoKyIOTHCH NPAKTUKOIO NpU
OCBO€EHHI BMpOOHULUTBA OGHOCOBAHOrO arnomeparty
pi3HOi ocHoBHOCTI. Tak, Hanpuknag, 3a gaHumu [33],
npw 30inbLUeHHI OCHOBHOCTI arnomeparty 3 0,1 go 1,25
BMIcCT dpakuii 0-5 MM Ha 3aBoai «3anopikcTanb» nia-
BuLmBCA 3 6,0 0 21,0 %. Mpu upoMy pi3ke 3pOCTaHHS
BMICTY Li€i dpakLii Mmano micue npu 36inbLIeHHi OCHO-
BHoCTI BuLle 0,8. Takum YMHOM, iCHYIOTb ABa pearsib-
HUX LLASXM NigBULLIEHHS MiLHOCTI arnomepaTy — ue Bu-
pobHMLTBO arnomepaTy OCHOBHicTo 21,6 abo 0,8-0,9
og. lNMepwmii WNSX LWMPOKO BUKOPUCTOBYIOTL Ha Bara-
TbOX MeTanypriiHux 3aBogax 3a KopaoHOM, OAHaK BiH
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BMMarae npu OCHOBHOCTI arnomepaTty 21,6 BUKOpUC-
TaHHA B LUMXTI OOMEHHOI MraBkW HeodrocoBaHMX
okaTuwiB abo KyCKOBOI 3ani3HOi pyau, a 3a Apyrum
LUMSIXOM Npu OCHOBHOCTI arnomeparty 0,8-0,9 — 36inb-
LUEHHS BUTPATU CUPOro BanHAKY B LOMEHHIN LUMXTI,
LLO NPW iCHYHOMIN KPYNHOCTI 3aBaHTa)KyBaHOro B Niy Ba-
MHSKY NPU3BOAUTL OO AOAATKOBOI BUTPATU KOKCY Ha
TOHHY 4YaByHy. MOXnuBUIA TakoX BapiaHT BMKOPWUC-
TaHHA B LUMXTi JOMEHHOI MMaBky arnomepartiB ABOX
OCHOBHOCTEN, ane B LibOMY BUNaAKy MOXYTb BUHUKATH
opraHizauiviHi TpyaHolli. MMpu BUKOPUCTaHHI B LUMXTI
OOMEHHOT nnaBku arnomepaty 3 ocHoeHicTio 0,8-0,9
4.0. 3 METOK HedonyLUeHHs 36iNbLUEeHHS NMMTOMOI BU-
TpaTu KOKCY AOUINbHO NEPeEXoanT Ha TEXHOSOTIo 3a-
BaHTaXXeHHS B JOMEHHY MY BanHsKy dpakuii 10-25 (5-
25) MM 3aMmicTb BUKOPUCTOBYBAHOrO B AaHUM 4ac

JMeopis i npaKmuxg memarypeti
Theory and Practice of Metallurgy

BanHaKy KpynHicTio 25-50 mm. Lis TexHonorisa csoro
Yyacy 6yna BunpobyBaHa Ha nevax JHINpoBCLKOro me-
TanyprinHoro 3asofdy iM. eTpoBcbkoro [34] i noka-
3ana, Wwo ApibHMIA BaMnHSIK MOBHICTIO PO3KNagaeTbcs y
BEPXHili 30HI TENNOOOMiIHY AOMEHHOI MeuYi, BUKOPUCTO-
BYIOUM HAAMMLLKOBY TENoTy rasoBoOro MOTOKy B LN
30Hi. 36inbLUEHHS BUTPATK BanHsKy 4O NEBHOI MeXi He
BVKINMKAE 3pOCTaHHA BUTPaTW KOKCY, @ BUKOPUCTaHHS
BinbL MiLHOrO arnomepaTy A03BONSE NIOBULLMTA TEX-
HIKO-eKOHOMIYHi MOKa3HUKM JOMEHHOT NnaBku 3a paxy-
HOK 1T iHTeHcudikauii Ta MOniNWeHHs BUKOPUCTaHHS
rasy B neuvi. Llieii pesynbtat 6yB OTpMMaHuWii i Ha Oo-
MeHHiIn nedi Ne6 o6'emom 2000 M3 MAT «ApcenopMiT-
Tan Kpmeun Pir», oe Takox npoBenn eKCnepumeHT i3
3aMiHu dpakuii 25-50 MM JONOMITU30BaAHOrO BanHAKy
Ha (pakuito 5-25 mm [34].

A

OCHOBHICTE 4 . OCHOBHICTE
armoMepary Ocnopuicts ariroMepaTy
Ca0/Si0; <0,8-0,9 1.0 arioMeparty Ca0/S10; >1,6 n.ox.

Buxitountn i3
TonpiOHEHOTO BAIIHAKY
¢paxuio +3 MM

PucyHok 4 — YeTBepTa UinboBa yHKuUia — « OCHOBHICTL arniomepaTy»

[ns 3abe3neyeHHs 3poCTaHHs LinboBoi yHKUii 4
HeobXifHa PeKOHCTPYKLA Ta po3pobka HoBoro obnaa-
HaHHS: BMCOKOEMEKTUBHI Apobapkn Ta rpoxoTn Ans
NiAroTOBKM BarHsKy, 0COBrMBO B yMOBaX BUCOKOI MOro
BOJIOrOCTi.

MaTta (5) uinboBa (YHKLiA — «BY3bKWA Aiana3oH
dpakuinHoro cknagy arnomepaty» (puc. 5). Ansa 3a-
6e3neyeHHs ONTUMarbHOro ra3oAMHAMIYHOTO PEXMY
OOMEHHOI NnaBku i 3abe3neyveHHs bopcyBaHHSA Mna-
BKW LLNSXOM 36iMblUEHHS BUTPATW OyTTH, 3@ PaxXyHOK
3HWKEHHS BEpXHbOro nepenagy TUCKY ra3y B

YV IoCKOHATEHHS IIPOLIECY
TIONEePeIHBOTO IPOGIeHHs

OOMEHHI nevi HeobXiAHO NofasaTtuv B Miv arnmomepar
3 By3bkuM fdianasoHoM dppakuinHoro cknagy (10-40
MM). [loMOrT1CA LbOro MOXIMBO 3a PpaxyHOK OpraHisa-
il TexHororii TpaBMyBaHHsI arfocrneka Ha naneTtax
nepen po3BaHTaXeHHSAM 3 YAOCKOHANEeHHsM npoLecy
nonepegHLoro ApobreHHst rapsyoro arnomepary i 3
noJanbLUoK iHTeHcuUdikauieo npouecy Moro Oxorno-
[PKEHHS LLUNSIXOM MOEAHAHHS MPOLECIB OXONOOXKEHHS,
cTabinizauii Ta rpOXOYEHHs], a TaKoX 3a paxyHOK rpo-
XOYEHHS1 OXOJIOKEHOro arromeparty 3 OoapooneH-
HAM BENUKKX hpaKLii.

InTeHcHpikanisa npomnecy
OXOQJIO/KEHHS CIEKY NUTIXOM
MOE€THAHHS IIPOIIECIB
0XO0JIOMKEHHs, cTablm3amii Ta

A

By3pkuii Jianmazon
(pakuiiinoro ckaaxy
araomepary (10-40 nvm)

TPOXOYCHHA
5 Y

TexHoMOTLA TPABMYBaHHA
armocIeKy Ha BI3Ky Hepes
PO3BAHTAKEHHAM

PucyHok 5 — M'aTta uinboBa (pyHKUia — «By3bkui
AianasoH bpakuinHOro cknagy arnomepary»

[na 3abe3neyeHHs BUKOHAHHSA LinboBOI oyHKLi 5
HeobxigHa peKOHCTPYKLUis Ta po3pobka HoBoro obnaa-
HaHHS: CTBOPEHHS Apobapku BMBIpkOBOro ApobneHHs
rapsivoro crneka, po3pobka mexaHiamy TpaBMyBaHHS

I'poxodeHHs OXOIOIKEHOTO
arIoMepary IoeTHaHe 3
JIo/Ipo0IeHHAM BelIHKHX (paKiii

nMpora arnocrneka Ha OCHOBI BUPIBHIOBaHHS LLBMOKOC-
TEeN MexaHi3my i naneTt arnoneHTn, pospobka oxorno-
OXyBadya — crabinisatopa Ha OCHOBI BaXerbHO-
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NiHIVHOrO MexaHiamy, po3pobka rpoxoTy 3 Apobunb-
HMM gebanaHc-poTOpOM i HEO4HOPIAHUM NOMeM Tpae-
KTOpIN.

Locra (6) uinboBa yHKLis — «MiLHICTb arriome-
paty» (puc. 6), cboMa (7) uinboBa yHKLA — «BMICT B
arrnomeparti HekoHAWUINHMX dopakuin» (puc. 7) i Bo-
cbMa (8) uinboBa yHKLiS — «BiAHOBMIOBAHICTLY (puC.
8) TicHO noB'si3aHi Mixk coboto. Tak, BiAOMO, Lo nerko-
BIAHOBNIOBaHU arnomMepaT MigaaeTbCa CUMBHILLOMY
PYWHYBaHHIO B MpOLECi BiAHOBMIOBANbLHO-TENMOBOT
06pobku, a niaBuLLEHa PYWMHIBHICTb Takoro arrome-
paTy MoXe MPU3BEeCTU OO0 HEMOXIUBOCTI OTPUMaHHSA
edeKTy Bif BUCOKOI BigHOBNIOBaHOCTI. BigHoenoBa-
HICTb arnmomepaTy 30iMnblUYETbCA i3 3POCTaHHSAM Y
HbOMY KifbKOCTi Nnerko BiAHOBMOBAHUX MiHepaniB i
3POCTaHHSAM CyMapHOi NOBEPXHi MOP, AOCTYMHUX rasy-
BiQHOBHUKY.

MiyHu B npoueci BigHOBMNEHHs arriomepar, LWo
Marno PyMHYETbCA B OOMEHHIN nedi, NOBUHEH, KpiM
TOro, MaTM BWUCOKY TemnepaTtypy no4daTtky pPo3M'sak-
LUEHHS | BY3bKWI iHTEpBan Mix i€l TeMmnepaTypoto i
TemMnepaTtypolo po3nsiaBrneHHs, OCKINbKM BUCOTa 30HU
PO3M'SIKLLIEHHSI Ma€ 3HaYHWUIA BNMMB Ha BTpATy Hanopy,

g% ISSN 1028-2335 (print)  Ne2, 2025

pO3MoAin i BUKOPUCTAHHSA ra3oBoro NoToky, a, Bigno-
BiOHO, Ha BUTPATY KOKCY i MPOOYKTUBHICTb AOMEHHOT
neui.

Y Mipy 306inbLUEHHS] BMICTY 3aKMCy 3arli3a B arfiome-
paTi KinbKiCTb remaTtuty B MOro CTPYKTYPi 3MeEHLUY-
€TbCA, a KiNbKICTb 3anisocunikaTHOi ¢asun 30inbLuy-
etbecsa. Npn UbOMY MiABULLYETHCA MILHICTL arnome-
paTy, SK y BUXiQHOMY CTaHi, TaK i B npoueci 1oro Bia-
HOBMEHHS MPU OOHOYACHOMY 3HWXKEHHI BiAHOBMIOBa-
HocTi. 3a AaHUMK ANOHCBKNX AO0CAIAHMKIB, Npy 36iNnb-
LUEHHi BUTPaTN KOKCOBOI ApibHMLi B arnowwmxTi Ha 10
Kr/T armomMepaTy BMICT 3aKucy 3ani3a B HbOMY 3pocTae
Ha 4 %, MiUHICTb NpW BiAHOBMEHHI NiIABULLYETLCA Ha 8
%, a BiAHOBMIOBAHICTb 3HWXYeTbCA [35]. Ansa nigsu-
LLIEHHS BiOHOBMIOBAHOCTI arnomepary AOUiNbHO 3HW-
XyBaTtun BMIiCT y HboMy FeO (36inbweHHs FeO Ha 1 %
3MEHLUYE LUBWOKICTb BIAHOBIEHHA arfniomeparty Ha
0,12 %/xB) i nigBuULLYyBaTK BMICT reMaTuTy i hepuTy Ka-
nbujto. 3a BENMMYUHOK OCHOBHOCTI HE MOXHa OfHO-
3HaYHO CyaWMTU NPO BIQHOBMIOBAHICTL arriomepary.
BnnuB iHWNX KOMMOHEHTIB CKNagy TakoX HEOAHO3Ha-
YHUA.

Bupobuuurtgo "ridpuHoro”
arJoMepary (arIo0KaTHIIIR)

TepMo3MIIHEHHS BEPXHBOTO
apy

ITinBHIeHHA AHHAMIYHOTO
BIUINBY HA ArNOIINXTY B

FpOXOtIeHHFI OXOIIOIXKECHOI'O
arinoMepary IIOo€IHaHe 3

nporeci I OrpyaKyBaHHS

MinnicTs ariomeparty

I[O,I[pOGJ'IeHHﬂM BEIIHKHX

6 tpaxmiit

BupieHroBaHH

I

ra30Hp0HIIKHOCTi rapy ImHxTH
o H.[HpHHi arIoMamrnan

V 1ockoHaIeHHA IIponecy
TIollepeJHEOT0 ApoOIeHHs
arzoMepary

OnTuMizarnis MiHepaIoTigHOTO
CKJIaJy arioMepary

T

TliABHINeH s BIICOTH APy
arTomuxTH g0 550-600 MM.

TexHOIOTLA TPaBMYBaHHA aITIOCIICKY
Ha BI3KYy [epeJ PO3BaHTaKeHHIM

Tepmoobpobxa criexa

PucyHok 6 — LLlocTa uinboBa yHKuUis — « MiuHicTb arnomepary»

Bincie 100% dpakmmi 0-5 MM 3
TOTOBOTO IPOAYKTY

Bupo6HNITEO armoMepaTy JBOX
ocHoBHOCTell Ca0/Si02 <0.8 m.om.
n Ca0/Si02> 1,7 m.ox.

IliqBuIneHHs e)eKTHBHOCTI
TPOXOUYEHHS OXOIOKEHOTO
armoMepary

30UTBIIEHHS BHCOTH APy
ATJIOIIHXTH

A\
d

@opMyBaHHS PIBHOMIPHOI
ra30MpOHHKHOCTI [0 IIIIPHH]
mapy Ha arJoMalluHi

BmicT HekoHIHIIHEAX (-5 MM)
dpakuiii (e Ginbmme 2-4 %)

/ 3miskeHHa BMIcTY Si0; y mmuxTi
7

O06MesKeHHS TeMIIepaTypu

(pOHTY rOpiHHA 3 METOO
VHEMOKIHBIECHHA CKIIHHA
CIIeKy

TepmosminueHHS
BepXHBOTO IMapy

CyMIlIeHHsT OXONOIKEHHS
arJIOCIEKy 3 TPOXOUEHHIM Ta
crabLm3amen

BuxnmrodenHa y dirrocax Ta
TIATHEBI IIHXTH KIacy +3 MM

PucyHok 7 — Cboma UinboBa dyHKList — «BMIiCT B armomepaTi HEKOHOMLINHUX dopaKLLivi»
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3umxenHsa eMicTy FeO B
ariioMepari

BuxtroueHHs BMICTY (pakii
- +3 MM y IanuBi arIOMHXTH

OCHOBHICTE arloMepaTy
Ca0/Si0>> 1,6 m.ox.

7
301IbIeH S IIBHIKOCTL
(dhpoHTy TopiHHA

By3pkuii fianazoH TeMmepatyp

i

TTigBumeHas

. d

BignoenicTn

MDK pO3M'SKIIeHHIM Ta
[JIaBIeHHAM

ra30MpOHHKHOCTI IMapy

3ale3neueHHs BHCOKOTIOPHCTOL

IligBHUIIEHHS BMICTY
Fe;03 B arimomepati

CTPYKTYpPH 3 JIpIOHHMH HOpaMH
A

3umxennd Si0O; B arimomepati

T

3aMiHa arIopyoi Ha
TiJIpecOBaHUI KOHIIEHTPAT

IlinBUIIEeHHA MiTLHOCTI TPaHyI
IIiJ[ 9AC OTPYAKYBAHHS [IHXTH

PucyHok 8 — BocbMa LinboBa yHKLUis — «BigHOBMIOBaHICTL arnomepaTy»

PyinHyBaHHS arnomepary B JOMEHHI nevi Biadysa-
€TbCA B pes3ynbTaTti 3MiHW CTPYKTypu arrnomepary B
npoueci BiOQHOBMNEHHS i OAHOYACHOr0 MEXaHiYHOro
pyMHyBaHHA nig gieto macu wnxtu [36]. Hamsunwmn
CTYyNiHb BiOHOBMIEHHS Manu arnomMepaTv 3 HU3bKUM
BmicTom SiO2 i FeO, npu uboMy BiOHOBMIOBAHICTb Y
30Hi KYCKOBWX MaTepianis JOMEHHOT nevi Ang arnome-
paty 3 Hu3bkum BmicToM SiO2 i FeO Takox Byna Bu-
wot. Y CTpyKTypi arnomepaTy nicns BiAHOBMNEHHS
crocTepirany BenUKY KiNbKiCTb  ApibHOAMCNEPCHUX
MeTaneBuX 3epeH, Lo yTBopunuca 3 rematuty. Bea-
XKaEeTbCH, WO HasABHICTb MEPBUHHOMO reMaTuTty B CTpy-
KTypi arnomepary i 36inblUeHHS B Hii KinbkocTi Apib-
HUX MOP B MpOLUECi BiAHOBMNEHHSA CrpusioTb 36inb-
LLEHHIO Moro BigHOBMOBaHOCTI [34]. Y cTpykTypi arno-
mMepaTty 3 Hu3bkuM BmicToM SiO2 i FeO nepep BigHOB-
NEHHAM MOPIBHAHO Mano KpynHO3epHUCTOro MarHe-
TUTY i NNacTUHYacToro pepuTy KanblLiito, NepeBaxa-
I0Tb OPIOHO3EPHUCTUIA CAIEPUYHUIA TeMaTUT, rondac-
TUI pepuT KanbLito i NPUCYTHS 4OCUTL BaraTo ApiGHMX
nop, Wwo, MabyTb, cnpuse 36epexxeHHI0 MiLHOCTI Npu
BigHOBIEHHI [34].

Ha [N Ne 2 3aBogy dipmu «Nippon Steel» B Mypo-
paHi, 3aBOSKN 3MEHLLEHHIO BMICTY B arrniomepari SiOz,
OOCArnuM NoninweHHs NnokasHuka BUCOKOTEMMNEpaTyp-
HOrO BiJHOBMEHHS. Taknm YNHOM BCTAHOBUN, LLIO OC-
HOBHICTb arnomepary noBvHHa G6yTn B iHTepBani 1,6-
2,0, i WwWo AouineHO nigguLyBaTM B HbOMY BMICT 3ara-
nbHOro 3anisa i 3HWkyBaTu BMICT Al2Os. MigBULLIEHHA
3aranbHOi NOPUCTOCTI arnomepaty Cnpusrno niasu-
LLIEHHIO MOro BiAHOBMOBAHOCTI. TakoX Big3Ha4eHo
BMMMB Ha BigHOBMIOBAHICTL PO3MOAiINY nop 3a po3mi-
pamu i MiHepanoriyHoro cknagy arrnomepary. Ha Ha-
CTYNHOMY eTani 4OCHiKeHb NPOBENV MPOMMCIIOBI BU-
npoOyBaHHs arnomeparTy 3i 3HUKEHOH BUTPATO Ha 1
T arnomepary KOKCOBOI APiOHUL 3 METOI 3MEHLLEHHS
BMicTY B HboMmy FeO. B pesynbTati BunpobyBaHb npu
36epexxeHHi MILHOCTI arnomepaTy nigsuwmnacs noro
BiJHOBIMIOBAHICTb, @ B AOMEHHI nevi 6yno 3HWXeHO
NUTOMY BUTPATy KOKCY 40 324 kr/T YaByHy npu 36inb-
WEeHHi nWTOMOI  MpOAYKTMBHOCTI nedi po 2,3
T/(poby-m3) [37].

Mpwn iHTEHCKBHIN pOBOTI AOMEHHMX Neyen niaBu-
LLIeHHS BiQHOBMOBAHOCTI 3ani3opyaHOi CUPOBUHU He
MOBUHHO CYMNPOBOKYBATUCS iICTOTHUM 3HWKEHHAM i
MILIHOCTi B NOYaATKOBOMY CTaHi i npu BigHOBMEHHI. Lle
MOXITMBO AOCSAITU NPWY BOOCKOHANEHHi TeXHOrOo il ar-
nomepallii (cnikaHHA BUCOKOOCHOBHOTO arromepary y
BMCOKOMY LLIApi, peryntoBaHHA po3noainy nanvea B ar-
noLlapax, Tepmoobpobka creky, noasinHe ApobrneHHs
i NoABIMHE rPOXOYEHHS arfioMepary, OnTUMarnbHUI Xi-
MiYHWIA | MiHEpanoriYHMIM CKNaawn Ta iHLWi 3axoaum).

[na 3abes3neyveHHs1 3pOCTaHHSA LINbOBUX (PYHKLiNA
6-8 HeoOXigHa PEKOHCTPYKLIist Ta po3pobka HOBOro 06-
nagHaHHS: MOAepHisauis orpyakysadiB (rpaHynsarto-
piB), PEKOHCTPYKLIiS NOTKa-rnagunkn, po3pobka 3asa-
HTaXyBarnbHOro NPUCTPOIO arnoLunMxXTu, po3pobka me-
XaHi3My TpaBMyBaHHSA arfocneka Ha nanetax 3 BMpiB-
HIOBaHHSIM LLUBUAKOCTI nNaneT i MexaHiamy TpaBmy-
BaHHSA armnocrneka, po3pobka rpoxoTa OXONOMKEHOrO
arnomepary, NoegHaHoro 3 opobapkoo BENUKMX pa-
Kuin, po3pobka obnagHaHHA Ans TepMoobpoOKu
cneka, po3pobka rpoxota nepeciBaHHA 3BOPOTY 3a
Knacom -(2,5-3 Mm), 3MiHa KOHCTPYKLii CUT rpoxoTiB 3
NigBULLEHHAM X anepTypu, rPOXOTU TOHKOIO rPOXO-
YyeHHs1 abo cepito MalWH Ha CTagii AoOBeOEeHHS KOHLe-
HTpaTy B 3b6arauyBanbHOMY nepeaini, iMOBIpHICHi rpo-
XOTW Nanuea i BanHa.

BucHoBku

TakMM YMHOM, NOKa3aHo, Lo BUPOONEHUn Ha BiT-
UYN3HSAHMX arnodabpukax arnomepaT He Bignosigae
BMMOramMm AOMEHHOI NnaBky OO0 NOro mMetanyprinHux
XapaKTEPUCTUK, @ TEXHIKO-EKOHOMIYHI NOKa3HWUKN Oro
BMPOOHULITBaA AanekKi Big onTuMarnbHUX 3HadeHb. [Joc-
nigHMKamu i BApOBHNYHMKaMK po3po0reHi i, B BinbLuo-
CTi BUNagkiB, BUNpoOyBaHi B NPOMUCITOBMX YMOBAX Te-
XHOMOriYHi 3axoAn Ta obnagHaHHS, WO [O03BONSATb
NOMINWNTU TEXHIKO-EKOHOMIYHI MOKa3HWKMN BUPOOHMLI-
TBa arrioMepary i MoOro MeTanypriiHi XxapakTepUCTUKN.

[ns Toro, wob ycnilwHO KOHKypyBaTK, MeTanyprin-
HUM NigNPUMEMCTBaM B Cy4YacHMX YMOBax HeobXigHo
3HUXKYBaTK CcOBIBapTICTb NPOAYKLT, LLO BUMYCKAETLCS,
nepw 3a BCe, 3a paxyHOK BOOCKOHANEHHs i
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BMNPOBaXEHHS Y BUPOOHULITBO HOBUX TEXHOMOTMYHUX  SIKOCTI KOKCY i arnmomeparty. [logaTkoBi BUTpaTh Ha Le
npoueciB i 06ragHaHHs, 3HWKEHHS] BUTPAT NafMBHO-  Ha KOKCOXIMIYHMX i arrmomepauiiHix nignpMeMcreax 3
€HEepreTUYHMUX PecypciB Ha BMPOOHMLTBO OCHOBHUX  JIMLUKOM OKYMMSATbCA B AOMEHHOMY BMPOOHWUUTBI 3a
BMAiB NPOAYKLIl. pPaxyHOK 3HVKEHHSI BUTPATU KOKCY.

TexHonoria JOMEHHOI NMnNaBku B AaHWMN Yac BMMa-
rae, nepw 3a BCe, BUMEPEKat4oro MiaBULLIEHHSA
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Medeedes M. 1., booyx 0. C., Kpacwk A.B., Humkiu I0.B., Keak b.1.
MarteMaTu4He MOIEJTIOBAHHA NMPOLECY MPeCyBaHHA TPYO i3
BUKOpHUCTAaHHAM nakery QForm .

Medvedev M., Bobukh 0., Krasuk A., Nitkin Yu. Kvak B.
Mathematical modeling of the pipe pressing process using
the QForm package.

Mema po6omu . CmeopeHHs Mamemamu4yHOi MoOesi Mpouyecy eapsiyo20 npecysaHHs mpyb, po3pobka ma 800CKOHa-
JIeHHS1 MeXHOo102ii ma KOHCMPYKUIT mexHo102i4H020 IHCmpyMeHmy WIIsIXOM 8U3HadYeHHs 3anexHocmel MiX memrepa-
mypHo-0eghopmauyiliHUMu ma niacmuyHUMU Xxapakmepucmukamu Memariy 8 ymosax iHmeHCU8HOI rninacmu4yHoi deghop-
mauji .

Memoduka docnidxeHb.

B ocHosy mamemamuy4Hoi modeni rnoknadeHa cucmema pieHsIHb , W0 BKIIHOYAE PIBHAHHS pieHO8a2uU , PIBHAHHS 38'A3KY
MiX ronem weudkocmeli MamepianbHUX MOYOK i weudkocmel Oeghopmauili , PiBHSIHHS 38'A3KY MIX HarpyXeHuM i
OeghopMosaHUM CMaHOM , yMo8a Hecxumaemocmi , Kpumepil rniacmudyHocmi , pieHsiHHSA eHepaemuyHoeo . Onip deghop-
mayii Mamepiany 3a2omieni 8eaxaembCs 3anexHuMm 8id HakornuyeHoi deghopmauii, momoyHoi weudkocmi deghopmayii
ma memnepamypu.

Pesynbmamu. ModenogaHHs rpouecy rnpecysaHHsi mpyb nposedeHo O cmarnel aycmeHimHoeo Knacy 12X18H10T
ma gpepumHoeo knacy 12x13 0na mpy6 posmipamu 45x4.0-5.0 mm, 88,9x6,45mm , 114x6,88mm ma 219x 7.0-8 . Y daril
moderi sukopucmosyearsnu 3akoH mepmsi JlesaHoea A.H., 3a skum KoegiuieHm mepmsi Ha MO8ePXHI Memar-iHcmpymMeHm
3Haxodumsbcs 8 mexax 0,015-0,02. lNepesipka adekeamHocmi Modeni nposedeHa 3a 2eoOMempuYHUMU rnapamempamu
npecosaHux aupobie ( mpyb 45x4,5 mm i cunu npecysarHsi 05151 mpy6 poamipamu 45x4.0-5.0mm , 114x6,88mm i 219x 7.0-
8.0 Mm. AHani3 pe3ynbmamie MoOesnto8aHHs Npouecy , WeUOKICMb 3aKiH4eHHS, HopMaribHi ma 00muYHi Hanpyau.
Haykoea Hoeu3Ha . Briepwe ompumaHi 0aHi po3rnodiny memnepamypu, cmyneHss ma weudkocmi deghopmauii, Hopmarsib-
HUX ma 0omuy4HUX Harpyz 8 ocepedky deghopmavuii rnpu npecysaHHi mpyb 3 suKopucmaHHsIM Memody KiHUesux ersle-
MeHmi8, Wo 8iOpI3HIEMbCS ypaxysaHHsIM eKcriepuMeHmarbHO 8U3HaYeHUX peosioeidHux enacmusocmeli cmanel ma
KOMITIIEKCHO20 061Ky 3aKOHOMIipHOCcmel ma ocobnusocmel MpyXHOo-nI1acmu4yHO20, Mernio8o2o ma KiHemamy. .
lMpakmuyHa 3Ha4yumicmsb . BukopucmaHHsi ompumaHux 0aHux 0038071s€ 8U3Ha4YUMU pauioHasnbHi memnepamypHo-0e-
opmauitiHi ma weuodkKicHi napamempu rpecysaHHs mpyb, wo 3abesneyyroms MiHiMi3auito UMo8IpHOCMI ymeopeHHs 0e-
¢ghekmie Ha nosepxHi supobis.

Kmoyoei cnioea . [NpecysaHHs1, Oechopmauisi, MoOesosaHHs, mpyba, Hepxasitoda cmarib, Harpyeaa.

Purpose of the work. Creation of a mathematical model of the process of hot pressing of pipes, development and
improvement of the technology and design of the technological tool by determining the dependencies between the
temperature-deformation and plastic characteristics of the metal under conditions of intensive plastic deformation.
Research methodology.

The mathematical model is based on a system of equations, which includes the equilibrium equation, the equation of
connection between the velocity field of material points and deformation rates, the equation of connection between the
stressed and deformed state, the incompressibility condition, the plasticity criterion, the energy equation. The resistance
to deformation of the workpiece material is considered to depend on the accumulated deformation, the current deformation
rate and temperature.

Results. The modeling of the pipe pressing process was carried out for steels of austenitic class 12X18N10T and ferritic
class 12x13 for pipes with dimensions of 45x4.0-5.0 mm, 88.9x6.45 mm, 114x6.88 mm and 219x 7.0-8. This model used
the friction law of Levanov A.N., according to which the coefficient of friction on the metal-tool surface is within 0.015-0.02.
The adequacy of the model was checked using the geometric parameters of the pressed products (pipes 45x4.5 mm and
pressing forces for pipes with dimensions 45x4.0-5.0 mm, 114x6.88 mm and 219x 7.0-8.0 mm. Analysis of the results of
the process modeling, completion speed, normal and tangential stresses.

Scientific novelty. For the first time, data on the distribution of temperature, degree and rate of deformation, normal and
tangential stresses in the deformation center during pipe pressing were obtained using the finite element method, which
is distinguished by taking into account experimentally determined rheological properties of steels and comprehensive
accounting of the regularities and features of elastic-plastic, thermal and kinematics. .

Practical significance. The use of the obtained data allows us to determine rational temperature-deformation and speed
parameters for pressing pipes, which ensure the minimization of the probability of defects on the surface of the products.
Keywords. Pressing, deformation, modeling, pipe, stainless steel, stress.

BeBeneHHs. B gaHuii yac Hanbinbll ehekTUBHUM, a
YacTo i €OMHO MOXIMBMM, Crocobom BUPOOHMLUTBA
TpyO 3 KOPOIIMHOCTINKMX CTanen i HU3bKO MNAaCTUYHUX
MaTtepianie € npouec rapsdoro npecyBaHHA Ha
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ropu3oHTarnbHUX rigpaeBniyHmx npecax [1-5]. Mpwu po-
3pobLji TexHOMorii NpecyBaHHsA TPyO i3 pisHUX cTanemn
Ta cnnasiB HE3MIHHO OOBOAUTLCA BUpilLyBaTU MU-
TaHHa  BWOOpPY  OMTUManbHUX  TemnepaTypHO-
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pedopmauiiHix napaMmeTpiB, WO 403BONSAIOTL BECTU
npouec 6e3 NopyLUEHHSA CyLinbHOCTI MeTany. IcHytoui
B JaHWA Yac MeToAM po3paxyHKy TemnepaTypHo-ae-
dopmMaLinHnX napameTpis, WO BU3HAYaKOTbLCA Ha OC-
HOBI MexaHiYHMX BMNpoOyBaHb [6-8], a He onopy ae-
dopmalii 3 ypaxyBaHHAM OXOSIOMKEHHA MeTany 3a
yac TPaHCMOPTHUX ornepaLii, He MOLEMOTbL CXeMY
Hanpy>XeHoro CTtaHy npouecy npecyBaHHs Tpyb i He
A03BONSATb JOCTOBIPHO NPOrHO3yBaTWN NOBEAIHKY Me-
Tany B npoueci gedopmalii. ,BUKOPUCTaHUX Y L po-
6oTi ,& mMaTtemaTMyHe MOAENOBaHHsSI 3aCHOBaHe Ha
MEeToAi KiHUEBUX €eNleMEHTIB, a came nporpamHoro
npoaykty QForm [11,12]
QForm (onuc nporpaMHOro NpPoaykKTy)
Mporpama QForm npusHayeHa Ana matemartuy-
HOro MOAESoBaHHA METOAOM KiHLEBUX EreMEHTIB
TEXHOSONMYHUX MpoueciB 00OpobKM MeTaniB TUCKOM 3
ypaxyBaHHAM TEpPMOMEXaHIYHNX NPOLIECiB HarpiBaHHA
Ta OXONOMKEHHSA MeTary, y TOMY Yncri, B Npoueci ae-
dopmalii, a Takox B3aemogii 3aroTieni, wo aedop-
MYETBCS, 3 TEXHOMNOrYHUM iHCTpyMeHTOM. [11,12].
MaTemaTtuyHe ModentoBaHHS 34INCHIOETLCS Ha OC-
HOBI MeToAy KiHLIeBUX €NEMEHTIB i CUCTEMU PIBHSAHb,
O BKIHOYAE PIBHSHHS piBHOBAru, PiBHAHHSA 3B'sI3KY
MiXX MoremM LIBMAKOCTEN MaTtepianbHUX TOYOK Ta
wBuakocten aedopmadin, PiBHAHHS 3B'A3Ky  MiX

s %% ISSN 1028-2335 (print)  Ne2, 2025

HanpyXeHnm Ta 4edopMOBaHMM CTaHOM, YMOBa CTMC-
KaHHS, KpUTEpIi NNacTUYHOCTI, PIBHAHHS eHepreTud-
Horo. PeonoriyHi BnacTMBocCTi MaTepiany 3aroTisni 3a-
nexaTb Bif HakonuyeHo! aedopmallii, LWBMAKOCTI ae-
dopmalii Ta Temnepatypu Ta 3a0aeTbCca TabrnyHO
abo y surnsai opmynm [11]. Matepian BBakaeTbCsi
i30TPOMHUM Ta i30TPOMHO 3MiLHIOBaHUM. TepTs Ha
KOHTaKkTi MiX iHCTPYMEHTOM Ta 3aroTiBnew Bpaxo-
BYyeTbCsl Mogenamm Tepta 3idens, JlesaHosa [13], Ky-
noHa

MeToauka gocnigXeHsb.

. CTBOpeHH MmaTeMaTU4HOI MoAeni npoLecy npe-
CyBaHHSA Tpyb

FeomeTpis enemeHTIiB MaTeMaTU4HOI Mogeni

lMoyaTKoBa 3agaya Npu CTBOPEHHI MateMaTuyHOl
mMogeni 6yab-akoro npouecy o6podKkn MeTarniB TUCKOM
nonsirae y CTBOPEHHI reomeTpii AedOpMytYoro iH-
CTPYMEHTY Ta AedOpMOBaHOro Matepiany.

[1ns BUKOHaHHSI NOCTaBNEHOI 3adavi MaTemMaTUyHy
MOZernb NpoLecy NpecyBaHHsA npeactaBunm 3 5 kom-
MOHEHTIB (4 BIAHOCATLCA A0 IHCTPYMEHTY Ta 3aroTisni)
puc 1 — 5 (Ha mantoHKax 300pakeHi enemeHTH, siki BU-
KOPUCTOBYIOTLCSA MPU CTBOPEHHI MaTteMaTW4yHOI MO-
Aeni ans oTpuMaHHsi Tpyo po3mipom 45x4 mMm).

. = |

Pwuc.1. -KanibpyBaHHA MaTpUYHOrO Kinbus.

[na maTpuyHux Kinewb Npu npecysaHHi Tpy6 po3mipamu 45x4 mm, 45x4,5 mm, 88,9x6,45 mm, 114,3x6,88 mm
Ta 219x7-8 MM, BUKOPUCTOBYBANN OCHOBHI pO3Mipy NpecoBoro iHCTpyMeHTy cipmmn SMS MEER .

Pwuc.2 -reomeTpia maTpuueTpmada
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MaTpuueTpumay BMOMpanu OO0 AiameTpa KOH-  BUKOPWUCTOBYBanM OCHOBHI pO3MipuM  MaTpuueyTpu-
TenHepa. Ons Tpy6 po3mipamu 45x4-5,0 mm, 45x4,5  myBauiB npecis ipmn SMS MEER
MM, 88,9x6,45 mMm, 114,3x6,88 mm , 219x7,0-8,0 mm -

Puc.3-I'eomeTpis koHTeHepa

[Mpn maTemMaTyHOMY MOAENIOBAaHHI Npouecy npe- ans Tpy6 poamipamu 45x4,0-5,0 mm, 88,9x6,45
CyBaHHS [OCTaTHbO reomeTpii BHYTPiWHLOI BTYNkM  MM,114,3x6,88 mm Ta 219x7,0-8,0 MM-OCHOBHI pPO3-
KOHTenHepa (Hagani "koHTenHep"). Mipu KoHTenHepiB npecis ipmn SMS MEER

Puc.4 -reomeTpis ronku
Y OaHin maTematudHii Modeni ronka Ta npec wremnenb o6'eaHaHi B OOWH iHCTPYMEHT, wWo aedopmye
(Hagani "ronka").
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Puc.5 -reomeTpisa 3aroTiBni (rinb3u).

. MeomeTpnyHi po3mipy 3aroToBOK Mg Yac npecy- Ha puc.6 npeacraBneHa cxema npecyBaHHs Tpyo
BaHHsi TPYO KOXHOro TMMOpO3mipy Bu3Hadanu gns  (puc. 6 a) Ta cxema ii peanisauii B nporpamMmHomy npo-
KOXXHOTO KOHTeMHepa 3 ypaxyBaHHAM 3a3opy Mk  aykTi (M) QForm (puc. 6 6)

BHYTPILLHBOIO BTYFKOK Ta 30BHILLHIM JiaMeTpoM 3aro-

TOBKM
Pwuc.6 — Cxema npouecy npecyBaHHs Tpyb (a) Ta ii BigobpaxeHns y MM QForm (6)

2. BnactuocTi matepiany, wo aAedopMyeThLCA Ona matepianie 12X18H10T (pucyHok 7, a) Ta

(napameTpu 3aroTiBni) 12X13 (pucyHok 7, ©) onip aedopmaldlii BBOAUNOCS B

MogentoBaHHA npouecy npecyBaHHs Tpyb NMpoBo-  TabnMYHOMY BUMMAAi 3anexHo Big TemnepaTypu, CTy-
aMnn  Ha HacTtynHux Matepianax 12X18H10T Ta  neHsa Ta weuakocTi gedopmadii [14].
12X13.
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Man. 7 — XapakrepucTuku mapok ctanen: a — 12X18H10T, 6 — 12X13

Kpim onopy aedopmadii Mmogeni BpaxoByBanu Taki
BNAcTMBOCTI MeTany: LWiNbHICTb, TennonpoBiaHICTb,
TENMOEMHICTb, Moy b KOHra.

[N KOXXHOro 3 po3rnsaHyTUX pexumis gedopmallii
3aaBanacs noyatkoBa TemnepaTtypa metany Ta iH-
CTPYMEHTY 3riaHO 3 pekomeHaauissiMm poboTtu [5]

3. MapameTpwm iHCTpyMeHTa .

Y matemMatuyHux Mogdensix ans iHCTpymMeHTy 6yno
obpaHo Mmapky ctani —4X5M®C.

MaTpuugs, maTpuueyTpumMyBad Ta KOHTenHep Bynu
XKOPCTKO 3akpinneHi (He mManu MOXNMBOCTI ne-
peMiLLIEHHS ).

LBnAakKicTb NepeMilLleHHs1 ToNKnu KOXHOro matema-
TUYHOrO MOZEnNBaHHA NpunMmany BignoBiaHO A0 pe-
KomeHaauisimu paboT[2,3]

SRR
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¥
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R
s
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"

Man. 8 — Po3buBka rinb3u Ha KiHLeBi enemMeHTn

Ona pedopmytodoro HCTPYMEHTY 3ajaBanacsd
HacTynHa nepeicHa TemnepaTtypa:

maTpuus 200C

matpuuetpumad 50 °C;

KoHTenHep 3500C '

ronka 250 °C.

4. MapameTpu po3paxyHKy

Mpwn ouckpeTusadii cepegosuLla peansHuin 6eane-
pepBHUA OB'eKT 3amiHOBanNM 00'€AHAHHSIM KiHLEBOT
MHOXWHW Manux 3a po3mipom obnactei (KiHLEBUX
eneMeHTIB), Y KOXHIN 3 AKMX PYHKLIIO anpokcumyBanu
noniHOMamMn HuM3bkMX CTyneHiB. KiHUEBi enemeHTn
B3aEMO/i0Tb MiXk COO0H B OOMEXKEHIl KiNlbKOCTi TOYOK,
3BaHux By3anamu KE, i Bigpi3HAOTbCA PO3MIPHICTIO,
reoMeTpu4HO dopMOI0 Ta CTyNeHeM anpoKkcumallil.

BB
AR

Sy,
A
AREK

maTpuuegepKarenb
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3 paHunx, HaBefeHVX MarntoHKy 8 cnig, Wwo y nonepevyHoMy nepepia BorHuwa gedopmalii nepebysaroTtb npu-
©6nm3Ho 6 KO. MNoganbLue 36inbLeHHs iX KiNbKOCTi He Npu3Beae A0 OTPUMAHHS TOYHILLMX pe3yrnbTaTiB.

5 OcHOBHi napameTpu Ansi MOAeNOBaHHA Npouecy NpecyBaHHA Tpyo

. . LWBua-
LiameTpu, mm Finb3a, Mmm KiCTh Koedp-HT
Mapka ctanu
npec-HA, . BUTSKKN
KOHTeu- lc
B S
1 45x4 08X18H10T 46,1 374 156 152 565 140 1150 33,61
2 45x4.,5 08X18H10T 46,1 36,4 156 152 637 140 1150 28,46
3 88,9x6,45 12X13 91,12 76,2 195 191 84 894 180 1150 14,43
4 114,3x6,88 12X13 117,6 101 266 259 112 736 190 1140 19,30
5 219x7 12X18H10T 224,48 208,2 | 372 366 @ 220 1092 | 180 1160 14,83
6 219x8 12X18H10T 224,48 2064 372 366 220 915 190 1160 13,44
7 273x8 12X18H10T 279,82 261 372 366 @ 270 1299 | 250 1160 8,12
8 273x9 12X18H10T 279,82 2592 372 366 270 1160 250 1160 7,28

6.TepTA Ha KOHTAKTi MeTan-iHCTPYMEHT .

Y Ui Mmogeni Ha NoBepxHi MeTan-iHCTPYMEHT BUKOPUCTOBYBAnNuU 3akoH TepTs JleBaHoBa, SkMM dhakTop TepTs
(koedpiuieHT TepTa) NnepebyBae y gianasoHi 3HayeHb 0,015-0,02 [13].

MepeBipka agekBaTHOCTI MaTeMaTUYHOI Mogeni .

[na nepeBipkn agekBaTHOCTI MaTeEMATMYHOI Mofeni npoueciB 0O0pobkM MeTarniB TUCKOM BUKOPUCTaHI reo-
METPUYHI NapameTpu BUpOOy, L0 OAEPXKYETLCS, | CUNa, WO BUHMKAE Npu gedopmalii.

.1 3a reomeTpieto BUpoOy (Tpybun) nicrs npouecy NnpecyBaHHS .

Ha pu ¢ .9 HaBeeHO BUMIpY TOBLLMHW CTiHKM Tpyoun 45x4,0 mm.

Man. 9 — ToBLwwHa cTiHku Tpyou 45x4 mm y MM QForm .

Y BCiX aHani3aoBaHUX MapLLpyTax NpecyBaHHA TPyO BiOXUITEHHSI 3@ FrEOMETPUYHUMW NapameTpaMm He nepe-
Bwmno 1,5%, Wwo niaTeBepakye agekBaTHiCTb Moaeni.
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.2 . 3a cunoto NpecyBaHHs .

Wrctpyment 2 0 - Yeunme, ¢

L 45x4 ( 145 H ) W @73-73 ot 21.01.20
FeXHONOrW4ECKan KapTa rOPH3OHTaNEHOrO MUODEBNMYECKOrD TpyGonpoduneHOro npecca 28MH.
.......... § (R (R (U S U (R S
1000 ! Wib3A | L ITEMIEPATY,  |TWOPO! CMAIKA | n
! eaTewesTHAD- |PA TWADIHIBHN CBHB #o-vn-Tuuucus
r H AL} 38 [HA CTOME | 1+ Ba (UWHA] B | 9
H emy|  |nognp|CT.CMA3KH} |- wet|cTona)nomku}
m- sssssssaflaccnsccsacbacccnanans ¥ D -
H | H 190 1 1374) 344 i
188X1BH1BT! 45.8! 4.8 11.1!152! 45!423! 387 !1148-1170) TW
[ \TP3eaL | H 1 15.24 i 1565] 519 | | H T
Leee e e 4= e e e
5001 B
------ | PR SN AN S S ————— S S ——
A A LA} M O jKo-] YCHAME 1Ty ]
432 | KOHT) wrae  |MaTpuus| BuTAX-POCTb+---=--- TemmmeeTemmenn + NEHb #------ g +
1 | i | xm  inpec |nognp | ¥CT
N | i | ihake | | 7
H i i H T
Fomm e Fommm e e o - q
H | | 1 1 |
1156 | 37.4 | 46.4 | 33.61 | 140 | 432 B
i i i | i i
% % Eoy % 0855

Vincrpyment 20 - MNepemewenue, mn

B.
Man. 10 — Mpadik po3noginy cunm npecyBaHHs 3anexHo Bid NepeMillleHHs ronku ans Tpyou 45x4 Mm

Wretpyment 10 - Yeunne, 16

45x4,5 (145 H) W @74-77 ot 21.81.20
Texwonoruyeckan kapTa r ansHoro r ‘0 npecca 28MH.
1000 ! PA3MEP TPYEH H 7
MAPKA  #mmme-TomomTomeogoeToe-TomoaTWib-! PA TWNb3b!BUN |CBUB 4-----T-mmms
amM ;oA ;s 3oL A 1
H H ! H HET | CTONS | NoXKN |
200} e R R S + -
H H 13.6; | 565, 518 | H ' H
B@8X18H18T, 45.8] 4.5] 14.1]152] 45596 545 |1148-1170} T™M | - 478} 12 |
12- H H 18.6] | 452) 414 H H H ]
L= e e #1564 440374084 s
600 |- -
AL A A MoONKO- ! YCHAME D CTY- | OTKP KNANAHA! i
KOHT| wraw  [matpnus| swmas- | POCTb+—-——--T-———--T-—————+ MEHb +-——---T-————+
H | ®ku  |npec |noanp | YCT | (MK | |noanp |npeccos)
H Imakc H H P —y N
' i b :
- #omme e + 1
i H
156 28.46 | 140 434 H -
1 1
1 1

Mrucrpyment 10 - Mepemewenve, sm

Puc . 11 — Mpacpik po3noginy cunu npecyBaHHs 3anexHo Bif NepeMilleHHs ronkun ans Tpyou 45x4,5 mm
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Wnctpyment 10 - Yeunue, 1
1740
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1400
1200~
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Wnctpyment 10 - Mepemewenne, mm

Man. 12 — padpik po3noginy cunu npecyBaHHs, 3anexHo Big NepeMilleHHsI ronku ansi Tpyou. 88,9 x6, 45 mm

Ha pucyHkax 10, 11 Ta 12 npegcraeneHi rpadiku
cunu npecyBaHHst Ans Tpyb poamipamu 45x4, 45x4,5
Ta 88,9x6,45 MM BignoBigHO, Ha SAKi HakNaaeHi aiana-
30HW CUI Y TEXHOMOrYHUX KapTax. Ak BunnuBeae i3
rpaciyHnx 3anexHocten puc. 10-12 pospaxyHKOBI
OaHi cun npecyBaHHA 3HaxXOAATbCA B AianasoHi cun,
HaBedEeHUX y TEXHOMOTYHNX KapTax, Lo CBig4YMTb Npo
afeKBaTHICTb NpeacTaBneHoi Moaeni. 3pOCTaHHs CuI
y CTagii npouecy npecyBaHHsi NOB'A3aHi 3 NpeBartowo-
YMM BMSIMBOM OXOMOMKEHHS 3aroTiBni Hag gedop-
MaLiiHUM pogsirpiBOM 3 AOnomorow pobotn aedop-
Mauji.

a) 6)

Man. 13. Temnepatypa meTany B ocepefky aedopmalii npy MoaentoBaHHI NnpecyBaHHs Tpyb po3mipamu:
6

a - 45x4 MM;

AHanoriyHa kapTuHa mae micue i gna Tpyb pos-
Mipamu 114,3x6,88 mm, 219x7 MM, 219x8 MM, Ha sKi
HaknageHi AianasoHun NikoBUX CUM i CUMN NpPecyBaHHA B
npoueci, HaBedeHi B TexHonoriyHux kaptax. [lpu
LibOMY PO3paxyHKOBI iaHi CuUn npecyBaHHS SK NIKOBUX,
TaK i BCTAaHOBUNCS NPaKTUYHO 3HAXOAATbCA B diana-
30HI CWn, HaBeOeHUX B TEXHOMOMYHUX KapTax, Lo
CBiOYMTb NPO adeKBaTHICTb NpeacTaBfeHol Moaeni.
3pocTaHHs cun y ctagii npouecy ans 1py6 114x6,88
MM 3i cTani epuTHOro Kracy AyXe He3HayHe i NoB's-
3aHe 3 NpeBarioYMM BNIIMBOM OXOJIO)KEHHS 3aroTo-

BOK MOPIBHSAHO 3 AedopMaLiiHM Po3irpisoM
1280

1240
1200
1160
1120
1080
1040
1000

960

B) 920

- 45x4, 5 MM;

B - 88,9 x6, 45 mm (ge: 1 - rinb3a, 2 - ronka, 3 - maTpuus).
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4 AHani3 oTpMaHnx gaHux.

Ons gocnigpkeHHsa npouecy npecyBaHHA Bubpanm
TaKi XapakTepuUcTUKu:

Temnepartypa metany;

cepefHs Hanpyra;

LIBUAKICTb Aedhopmalii;

LUBUAKICTb 3aKiHYEHHS MeTany;

HOpMarsbHi Ta AOTUYHI Hanpyru.

1. Temnepatypa metany .

Ha puc. 13 npeacraeneHo po3noain Temnepatypu
(°C) no ocepeaky aecopmallii Ha NpuKNagi Moaento-
BaHHsi mpouecy npecyBaHHs Tpyb po3mipamn 45x4
MM, 45x4,5 mm Ta 88,9x6,45 mm.

Ak BUNnNuBae 3 gaHnx, HaBeaeHux Ha puc. 13 Tem-
nepatypa metany B ocepefky Aedopmalii gocarae

a) 6)

JIleopin i npaKmuxg memaxypeii
Theory and Practice of Metallurgy

CBOro Makcumymy B Moro BuxigHomy nepepisi. Mpu
LbOMY MaKCMMasbHi 3HAYEHHS TemnepaTypu xapak-
TepHi onsa TpyO, Wo npecyoTbes 3 Ginbll BUCOKMMU
3Ha4YEeHHSAMM KoeqiLlieHTa BUTSKKM i BianoBigHO GinbLu
BMCOKUM AedopmMalinHiM posirpiBoM MeTany, Lo
MOXe MPU3BOAWTN OO YTBOPEHHSI MOBEPXHEBMX Ae-
oeKTiB BHACMIOAOK ONMaBeHHs MeX 3epeH Aedopmo-
BaHoro metany [5] .
2 . CepefHs Hanpyra

Ha puc . 1 4 npegcraBneHo po3noain cepeaHbLol
Hanpyru (Mlla) B meTani npy MogentoBaHHi npouecy
npecyBaHHsi Tpy0 45x4 MM, 45x4,5 mm i 88,9x6,45 mm
BiANOBIOHO.

100
. ;
-100

ER

B)

Puc . 1 4 . po3noain cepegHbOoi Hanpyr B ocepeaky Aedopmadii ans Tpyb po3mipamu: a — 45x4 mm; 6 -

45x4, 5 mm; B - 88,9 x6, 45 mm (pe: 1 - rinb3a, 2 - ronka, 3 - maTpuus).

Puc 15 — Cxema noginy ocepenky Aedopmalliii Ha KOHTPOMbHI Nepepiau.

Ona aHanisy cepefgHix Hanpyr Bubpanu cxemy,
npeacrtaeneHy Ha puc.15 . CepeaHto Hanpyry po3rns-
HYNnM B 6 KOHTPOSIbHUX TOYKaX, SKi 3HAaX0AATLCA B Lua-
pax MeTary Ha KOHTaKTi 3 IHCTpyMeHTOM. [o3uuii KoH-
TPOMNbHMX TO4YOK (puc. 15) po3TalloBaHi Ha piBHIN
BiCTaHi OOWH Big OOHOro No AOBXMHI Kona, yTBope-
HOro pagiycomMm MaTpuLi, NOYMHAKOYN Bif rOPU30HTarb-
HOT NOBEpPXHi A0 Kanibpytoyoro noscka.

Y Tabnuui 1. npegctaeneHi AaHi posnoginy ce-
pegHbol Hanpyru (MlMa) ana onucaHux BuLle MapLu-
pyTiB.

Ha puc. 16. HaBegeHo fiarpamy po3snoginy ce-
penHiX Hanpyr y KOHTPOMbHUX TOYKax AN po3rns-
HYTUX MapLIpyTiB npecyBaHHA. AHanis poanoginy

cepefHix Hanpyr rnokasye, WO 3 NPOCyBaHHA MeTany
00 BUXiOHOro nepepisy BorHuLla aedopmadii cepeaHi
Hanpyrv aMiHIOTb 3HaK, TOOTO. Bif CTMCKal4MX nepe-
XOOATb OO TUX, WO po3TaryloTh. Lle moxe npussectu
[0 NOpYLUEHHS CYLiNbHOCTI MeTany Ta YTBOPEHHS ae-
doekTiB. XapakTep po3rnoginy cepeaHix Hanpyr no go-
BXVHI 0edopMYyHUOi 30HU MaTpuLi MPaKTUYHO TiHin-
HUI 32 BUHATKOM TOYKM 6, LLO BMMAarae BHECEHHS KO-
puryBaHb KaniopyBaHHsi MaTPUYHOIO KinbList .

3 Wewnakicte gecopmadii .

Ha puc.17 npeacraBneHo posnoin WBUAKOCTI ae-
dopmadii (1/c) y meTani npu npecyBaHHi Tpyo 45x4
MM, 45x4,5 mm Ta 88,9x6,45 mm BignosiaHo.
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1 -547 -548 -356
2 -451 -439 -279
3 -356 -335 -216
4 -269 -247 -158
5 -166 -158 -75
6 11 -2 22

PacnpeneneHue cpeaHnx HanpaKeHun

100

CPEAHEE HAMPAMEHWE, MMOA

-500

-600
KOHTPOJ/IBHLIE TO

10

0 .
6
-100
-200
-300
-400
B 45x4 W A45x4,5 W 88,9x6,45

YKW (MO OJIMHE PAOMYCA)

Man. 16 — Npadik po3noainy cepeHbOI HaNPyru B KOHTPOSNbHUX TOYKaX.

a)

360

340

320

300
6) ) I

8528 EZ3 s EREEE

Puc 17. - Posnopgin weuakocTi aedopmallii B ocepeaky aedopmadii ans Tpyb posmipamu: a - 45x4 mm; 6
- 45x4, 5 mm; B — 88,9x6,45 mm (ge: 1 — rinb3a, 2 — ronka, 3 — matpuus)

Posnoain weuakocTer gedopmadii nokasye Ha-
ABHICTb 30H i3 36inbLueHoto (0 3 pasiB) LWBMAKICTIO MO-
©nn3y noBepxHi ronku Ta matpudi. Npu upomy noawnuii
TakMx 30H OCi NnpecyBaHHA He 36iralTbcs i He

100

nepebyBatoTb y Nepepisi Buxoay 3 matpuui. BennunHa
NoKanbHO NiABULLIEHOI LUBMAKOCTI Aedopmadii Ta no-
3uLiil 30H Takol nokanisauii 3anexuTb Big MapLUpyTy
npecyBaHHs.
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Taka TeHOeHUIa NposIBNSETbLCA sCKpasille npu 4 UlBnaKicTb 3aKiHYEeHHst MeTany .
npecyBaHHi Tpyd 45x4mm i 45x4,5MMm, O MOXxXe npus- Ha puc. 18 HaBegeHa WBMAKICTb 3aKiHYEHHA Me-
BOAMTW OO MiABWLLEHOI BMTPATU TEXHOMOrYHOrO iH-  Tany no oci Z (Mm/c) ana Tpyb po3amipamu 45x4 mm,
CTPYMEHTY Ta YTBOPEHHSI MOBEPXHEBUX AedEKTIB. 45x4,5 mm i 88,9x6,45 mm.

I a) I i

Puc.18.-Po3nogin wBmakocTi 3akiH4eHHs! MeTany B ocepep,Ky aedopmadii gns pr6 po3amipamu: a - 45x4
MM; 6 - 45x4, 5 mm; B - 88,9 x6, 45 mm (ge: 1 - rinb3a, 2 - ronka, 3 - matpuus).

AHani3 WBNAKOCTI 3aKiHYeHHA MeTany oci Z npoBo- Y Tabnuui 2 HaBeeHO AaHi Npo WBMAKICTb MeTany
OMBCS B KOHTPOSIBbHMX TOYKaXx BIi4MNOBIOHO OO pUCyHKka B ocepedky aedopmadii (Mm/C) ONns onMcaHux BuLle
15. MapLUpyTiB.

Ha puc. 19 npeacraeneHa giarpama posnoginy
LWBMAOKOCTI MeTany KOHTPOMbHUMMK TOuYKamy  Ans
PO3rMAHYTUX MapLUPYTIB NPECYBaHHS.

Tabnuua2. Po3nogin wBmAakocTi Tedii metany (Mm/c

12 3 5

1
2 230 208 159
3 766 653 492
4 1713 1502 956
5 3156 2768 1707
6 4301 3882 2228

CKOpPOCTb UCTEYeHUA MeTasl/1a No ocH Z

2500 B A5x4 W 45x4,5 m 88,9x6,45

£ 3000
2
£ 2500
=

2000

1500

1000

0 _
6

1

CKOPOCTb

KOHTPO/IbHBIE TOYKK (MO O/TMHE PAOMYCA)
MantoHok 19 — "padbik posnoainy WBnAKOCTi BUTIKAHHA MeTany.
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HaBepgeHi naHi nokasyloTb, WO LUBUAKICTL 3aKiH-
YEHHS1 MOHOTOHHO 30iMbLUYETHCA Bif Nepepisy 4o ne-
pepisy 3rigHo i3 3aKOHOM, 6MM3bKMM OO0 MiHINHOrO. IH-
TEHCUBHICTb 3POCTaHHA LUBMAKOCTI 3aKiHYEHHS Me-
Tany 3anexuTb Bid MapLipyTy npecyBaHHA. beanepe-
PBHE 3POCTaHHS LUBUAOKOCTI 3aKiHYEHHS (MM/C) Ta He-
MOHOTOHHE 3pOCTaHHA LWBMAKOCTI aedopmadii (1/c)
(awmB.. puc. 17) nigBuLLye HepiBHOMIpHICTb AedopmMadlii

a) 6)

w#% ISSN 1028-2335 (print)  Ne2, 2025

i MOXe NPU3BECTM A0 NiABULLEHOro 3HOCY IHCTPYMEHTY
Ta nosiBu AgedexTis.

HaBepgeHi paHi  nigTBepaXyloTb  adeKBaTHICTb
npeacTaBneHoi Mogeni Ta 4obpe KopecnoHayTbCs 3
OaHVMKY iHWnX gocnigHukis [1-3].

5 HopmanbHi Hanpyru.

Ha puc. 25 HaBegeHo po3snogin HopManbHux ( oy,
MIa) Hanpyr y meTani ansa Tpy6 po3mipamu 45x4 mm,
45x4,5 mm Ta 88,9x6,45 mm BigNoBigHO.

100

5888888

-1100

B)

Man. 20 — Po3snogin HopmanbHUX Hanpyr B ocepeaky gedopmadii ans Tpyd Tpyb po3mipamu: a — 45x4
MM; © - 45x4, 5 mm; B — 88,9x6,45 mm (ge: 1 —rinb3a, 2 — ronka, 3 — MmaTpuus)

|

[nsa aHanisy HopmanbHUX Hanpyr, WO BUHNKAKOTb Y
MeTani B 30Hi AedhopmaLii, CKOpUCTanmMcs onUcaHo
BULLEe MeToaukot (puc. 15).

Ha puc 21 npegcraeneHa pJiarpama posnoginy
HOpManbHUX Hanpyr KOHTPOMbHMMW TOYKaMu Ans
PO3rMAHYTUX MapLUPYTIB MPEeCyBaHHS.

Tabnuus 3. - Po3noain HopmanbHUX Han

Y 1abnuui 3 npeactaBneHi gaHi Npo HopmarnbHi
Hanpyru B ocepenky anedopmavii (Ma) gna onuca-
HUX BULLE MapLUpyTiB

1 -640 -654 -445
2 -522 -520 -365
3 -376 -357 -240
4 -240 217 133
o -80 71 3

6 88 82 99
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PacnpeneneHme HopmasibHbIX HaI'IpFIH{EHMIjI

200
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CPEAHEE HAMPAMEHME, MNA

"- 6

W 45x4 WA45x4,5 W 88,9%x6,45

KOHTPO/MbHLIE TOUKM (MO ANIMHE PALMYCA)

MantoHok 21 - 'pacpik po3noginy HopmarnbHUX Hanpyr

AHani3 po3noainy HopMarbHMX Hanpyr Mokasye,
LLIO B Mipy NPOCYyBaHHA MeTasny 40 BUXI4HOro nepepisy
BOrHuWa aechopmauii HopmanbHi Hanpyru 3MiHIKTb
3HaK, TOBTO Bif CTUCKalOUMX NepexodsTb 40 po3Tsary-
10Tb. 3a NEBHMX YMOB Lie MOXe NpU3BOAUTM 4O NOpy-
LIEeHHS CYLiNbHOCTI MeTany Ta YTBOPEHHS AedekTiB.
XapakTep po3noginy HopmarbHWUX Hanpyr o 4OBXMHi
neopMyodoi 30HM MaTpuli NPaKTUYHO MiHIMHUA,
Xoya i BUMarae BHECEHHSI KOpUryBaHb KanibpyBaHHsi
MaTPUYHOrO Kinbus., ska 3abesneynTb MiHINHWIA Xa-
paktep 1x po3nodiny i BiACYTHICTb MMOBIPHOCTI

a) 06)

YTBOPEHHS AedekTiB. [1n1s KopuryBaHHs KaniopyBaHHs
MaTpuLb Ta 3anobiraHHA YyTBOPEHHIO AedekTiB Ha no-
BEPXHi NpecoBaHnx Tpyd MOXHa pekomeHayBaTu pe-
3ynbTatv pobotn [ 3/

.6 [JOTWYHI Hanpyrn

Ha puc/ 22 npenctasneHo posnoin A0TUYHMX (
Tz, MIA) HaNpyr y34oBX OCi z Npy MOAENIOBaHHi Npo-
Lecy npecyBaHHs TpyO po3mipamu 45x4 mm, 45x4,5
MM i 88,9x6,45 mm.

-160

B)

Man. 22 — Posnogin JoTnyHUX Hanpyr B ocepeaky aedopmadii ans Tpyd poamipamu: a — 45x4 mm; 6 -
45x4, 5 mm; B — 88,9x6,45 MM (ge: 1 —rinb3a, 2 — ronka, 3 — matpuus)

Ak BUNNMBae i3 gaHux, HaBedeHnx Ha puc. 22 Oo-
TUYHI HanpyrM gocsralTb MakCVMyMy Ha 30BHILLHIN
NoOBeEpPXHi Tpybu, Npu LbOMY Y BUXIQHOMY Mepepisi BO-
rHULLA BOHW MPaKTUYHO BiACYTHI i HE BMMMBaKTb Ha
MNMOBIpPHICTb YTBOPEHHS AedekTiB Ha Tpybax.

BucHoBok

1 . 1. Po3pobneHo «maTtematuyHa MOenb Mpo-
Lecy npecyBaHHsa Tpy6 Anst ayCTEHITHUX i hepUTHUX
cTanen po3mipamu 45,0x4,0-5,0mm,
88,9x6,45mMm,114,3x6,8mmi 219,0x7,0-8,0mM 3 BUMKO-
puctaHHam MM Q - Form

2. BMKoHaHO nepeBipKy agekBaTHOCTI po3pobreHoi
MoZeni, BHacnigoK Yoro BCTaHOBIEHO, LUO L0 MoAerb
MOXHa BMKOPUCTOBYBATU AN OOCMIAKEHHS npouecy
npecyBaHHsi TPyD 3 METOK 3HWKEHHS WMOBIPHOCTI
YTBOPEHHS BHYTPILLHIX Ta 30BHILLHIX AeEKTiB Ha Tpy-
0ax Ta MiABULLIEHHS CTINKOCTI TEXHOMONYHOrO iHCTPY-
MEHTY.

3. Ha nigcraBi mogentoBaHHSA peanbHOro TEXHO-
NOriYHOro npouecy npecyBaHHA TpyO BCTaAHOBIEHO
OCHOBHiI (pakTopu, AKi 3yMOBIIOOTb MMOBIPHICTb YTBO-
PEHHS BHYTPILLHIX Ta 30BHILLHIX AedekTiB Ha Tpybax
Ta NigBULLIEHNIA 3HOC IHCTPYMEHTY Ta 3anponoHOBaHO
LUIAXM iX 3anobiraHHs.
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Improvement of methods for calculating the distribution of charge

components in the volume of a blast furnace.
Ieanua M.T"., Buwnsakoeg B.I., Mypasiioea LI, lllep6auos B.P., Binowanka 0.0.,
€Epmounina K.I1.

Y10CKOHAJIEHHS METO/IiB PO3PAXYHKY PO3MO/iJly KOMIIOHEHTIB IIUXTH
B 00'€Mi J1OMEHHOI meyi.

The analysis of known calculation methods and mathematical models of the distribution of charge materials on the top of
a blast furnace, used in technological and research practice, was performed. It was noted that mathematical modeling,
including those based on the discrete element method (DEM), and experimental studies (both in industrial conditions and
using physical models) are used to determine the distribution of charge in a blast furnace. At present, there are no instru-
mental means of controlling the distribution of charge components. It is shown that the distribution of components on the
surface of the backfill is the result of the interaction of a number of processes occurring at all stages of the formation of
portions of charge materials, their delivery to the top and unloading into the furnace. There are three approaches to
describe the process of the movement of charge materials in hoppers, on the basis of which mathematical models have
been created for specific objects at the present time and results acceptable for practical use have been obtained. The first
one - in the form of geometric dependencies determines the volume of the zone of active material movement, the shape
of which is determined experimentally, and the volumes of bulk material arrays, which in a given sequence enter further
into the zone of active material movement, and then move vertically to the outlet of the hopper. The second approach is
an attempt to take into account the kinematic patterns of bulk material movement in the zone of active movement in
combination with the provisions of the first approach to describe the behavior of bulk outside the active zone. The third
approach is based on DEM, mathematical models based on which require input data, the receipt of which causes difficul-
ties in determining, or data, the reliability of which does not have sufficient confirmation. A developed complex mathemat-
ical model of the formation of multicomponent portions of charge materials, their loading into the hopper of a cone-free
loading device (CFLD), unloading from the hopper and distribution on the surface of the backfill is presented, which was
created on the basis of the synthesis of a number of models developed and improved by the Institute of Ferrous Metallurgy
Z.1. Nekrasov of the National Academy of Sciences of Ukraine of mathematical models that most fully describe the entire
complex of processes of loading a multicomponent charge into a blast furnace. The model provides determination of the
current component composition of the flow formed during unloading of multicomponent portions from the BLT hopper, and
the full composition of mixtures of charge components in various annular zones of the top. The developed complex model
is successfully used by the Institute of Ferrous Metallurgy Z.I. Nekrasov to solve a number of technological problems
regarding the selection of rational loading modes of operating blast furnaces operating on a multicomponent charge,
including the selection of parameters of special loading modes that ensure the creation of the necessary conditions for
lining or washing depending on the current requirements of the smelting process. Information on the distribution of charge
components across the furnace cross-section, which can be obtained using the developed complex model, is also nec-
essary for conducting analytical studies of physical - mechanical and physical - chemical processes in a blast furnace, in
particular, the conditions of slag formation and the distribution of melt properties in the volume of the blast furnace.
Keywords: blast furnace, charge, components, loading system, coneless loading device, charge distribution, mixtures,
mathematical models.

lMposedeHo aHani3 sidomux memodie po3paxyHKy ma MamemMamu4HUx modesnel po3nodiny wWuxmosux mMamepiasie Ha
KOMIOWHUKY OOMEHHOI reyi, Wo 8UKOPUCMOBYIOMbLCSI 8 MEXHOO02iYHIl ma 0ocniOHUUbKIU npakmuui. 3asHa4yeHo, wo 0
8U3HauYeHHs po3nodiny wuxmu 8 AOMEHHIU fedi 8UKOpUCMO8YyeEMbCS MameMamuy4He MoOeso8aHHsl, 30Kpema Ha 0CHO8I
memody duckpemHux enemerHmis (MAE), ma ekcriepumeHmarnsHi OOCMIOXeHHS (K y MPOMUCIO8UX YMO8ax, mak i 3 8u-
KopucmaHHsiM ¢hisudHux modenel). Hapasi iHcmpymeHmarnsHux 3acobie KOHmMPOII Po3ro0iny KOMIOHEHMI8 WUXMU He
icHye. Noka3aHo, w0 po3rodinn KOMMIOHeHMI8 Ha MOBEPXHI 3acurKu € pe3ynbmamom 83aemodii HU3KU rpouecis, ujo 8idby-
8alombCs Ha 8Cix emarnax hopMyeaHHs Nopuyill WUXMOo8UX Mamepiarnis, ix nodayvi Ha KOJIOWHUK ma eU8aHMaXXeHHs 8
ni4. IcHye mpu nidxodu 4o onucy npouecy pyxy Wuxmosux Mamepianie y 6yHKkepax, Ha OCHO8I sIKUX Ha O0aHuli MOMeHm
cmeopeHi MamemamuyHi Moderi O KOHKpemHux o6'ekmie ma ompumani pe3ynbmamu, NPUUHAMHI 011 NPakmu4YHo20
sukopucmaHHs. lNepwuli — y suensadi eeoMempuYHUX 3anexHocmel 8usHa4Yae 06'eM 30HU pyxy akmueHo20 Mamepiary,
popma sIKOI 8U3HaYaeMbCS eKCriepuMeHmaribHo, ma ob'eMu mMacusig curly4o2o Mamepiary, siki 8 3a0aHil nocnidosHocmi
8x00ssimb Oarni 8 30Hy pyXy akmugHo20 Mamepiasy, a momim pyxatombcsi epmukarnbHO 00 8uxody 3 byHkepa. [Apyauli
nidxid — ye crnpoba epaxysamu KiHeMamuy4Hi 3aKOHOMIPHOCMI PyXy Cury4020 Mamepiasny 8 30Hi aKmueHo20 pyxy 8 noeod-
HaHHi 3 MOMoXeHHsIMU nepwoao nidxody Ons onucy nosediHKU curmy4yoeo Mamepiary no3a akmueHOK 30Hor. Tpemil
nidxid 6asyembcsa Ha DEM, mamemamuyHi Modesii Ha OCHO8I SIKuUX nompebytomb 8xiOHUX daHUX, OMPUMaHHS SIKUX 8UKIIU-
Kae mpydHowi y su3HadyeHHi, abo daHux, d0cmosipHicmb SKUX He Mae 0ocmamHbo20 nidmeepoxeHHs. [pedcmasneHo
po3pobrieHy KOMIMIIeKCHy MamemamuyHy Modesb ¢hopMysaHHs1 6azamoKOMIOHEHMHUX MOpUiti Wwuxmosux Mamepiarnis,
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wo

ix 3aeaHmMaxeHHs1 8 byHKep BE3KOHYCHO20 3asaHmaxxysasibHo20 npucmporo (b33[1), susaHmaxeHHs 3 byHKkepa ma
po3rodiny Mo NosepxHi 3acurku, sika byna cmeopeHa Ha OCHO8I CUHMe3y HU3KU modernell, po3pobrieHux ma e00CKOHa-
neHux IHcmumymowm vopHoi memanypeii im. 3.1. Hekpacosa HaujoHarnbHoi akademil Hayk YkpaiHu MameMamuy4HuUx Mo-
dernteli, w0 HalinoeHiwe onucyoms 8eCb KOMIIIEKC MPouecie 3asaHmaxeHHs 6a2amoKOMMNOHEHMHOI WUXmU 8 OOMEeHHY
niv. Modenb 3abe3neyqye gu3Ha4YeHHs1 MOMOYHO20 KOMIMOHEHMHO20 CKady Momoky, Wo ymeoproemscsi id Yyac susaH-
maxeHHs1 ba2amoKoMnoHeHMHuUX ropyiti 3 6yHkepa BLT, ma nosHoeo cknady cymiwel KOMMIOHEHMI8 WUXmu 8 Pi3HUX
Kinbyeasux 30Hax KofiowHuka. Po3pobrieHa KoMmnekcHa Modersib yCriHO 8UKOPUCMO8YEMbCS IHCMuUMmMymom YopHoi me-
manypeii imeni 3.1. Hekpacosa 051 8upileHHs HU3KU mMexXHOMoaidHuX 3aday wj000 subopy pauioHarbHUX pexumis 3a-
8aHMaxeHHs1 OOMEeHHUX revel, Wo npayrooms Ha 6a2amoKOMMOHeHMHIU wuxmi, eknwoYarodu eubip napamempie
crieyiaibHUX pexumie 3agaHma)XkxeHHs1, U0 3abe3aneyyome cmeopeHHs1 HeobxiOHUX ymoe Or1s pymeposku abo rnpoMusku
3as1exHO 8i0 MOMOYHUX 8UMOE M1a8usIbHOZ0 rpouecy. IHghopmayist Mpo po3nodinn KOMMIOHEHMI8 WUXMmU r10 MonepeyHoMy
repepisy nedi, Ky MoxHa ompumamu 3a 00romMo20r po3pobirieHoi KOMIIEKCHOI Moderni, makox HeobxiOHa Ons npose-
OeHHs1 aHanimu4yHux 0ocrioxeHb hi3UKO-MexaHiYHUX ma (bi3uKo-XiMIYHUX ripoyecie y OOMeHHIl redyi, 30Kkpema, ymos
winakoymeopeHHs1 ma po3nodiny enacmusocmel po3rniasy 8 06'emi OOMEHHOI nedi.

Kntoyoei crioea: omeHHa i, wuxma, KOMIoOHeHmuU, cucmema 3agaHmakeHHs1, 6e3KOHYCHUU 3asaHmaxysasibHull npu-

Ne2, 2025

cmpiti, po3nodin wuxmu, cymiwi, MamemamuyHi Mooeri.

Introduction.

Controlling the blast furnace operation “from above”
by changing the parameters of the loading mode is one
of the most effective tools for the operational adapta-
tion of the blast furnace smelting process to changes
in charge conditions and regulation of temperature-
thermal and gas-dynamic modes. Control “from above”
is carried out on the basis of information on the distri-
bution of charge materials, gas flow and its character-
istics. At present, a number of technical means of con-
trolling the distribution of the composition and temper-
ature of the gas flow are used, which have proven
themselves quite well. Regarding the distribution of
charge materials, the main source of information re-
mains computational methods - mathematical models.
At the same time, it should be noted that various de-
vices that have been widely introduced recently for de-
termining the configuration of the charge surface and
its temperatures in different zones of the blast furnace
make it possible to obtain an indirect, very approximate
(qualitative) idea of the distribution of raw material and
fuel components of the charge as a whole, without the
possibility of any quantitative assessment of their
masses in different zones of the blast furnace. There
are currently no instrumental means of controlling the
distribution of individual components of the charge. At
the same time, the distribution of the charge compo-
nents and the composition of their mixtures formed in
different zones of the blast furnace largely determine
the formation and development of the gas flow, its
characteristics and their distribution in the volume of
the furnace, the condition of the lining and the possibil-
ity of risks of violating its integrity, the formation of fields
of primary slag formation, the gas permeability of the
zone of low-mobility materials, the parameters of the
plastic zone and a number of other processes and fac-
tors that determine the course and indicators of blast
furnace smelting.

The objective of the study, carried out at the Iron
and Steel Institute of Z.I. Nekrasov of the National
Academy of Sciences (NAS) of Ukraine (ISI), was to
develop a computational tool that enables the determi-
nation of the distribution characteristics of each charge
component within the furnace volume, with subse-
quent determination of ore loads and the composition
of charge material mixtures formed in the convention-
ally defined annular zones of the blast furnace.

106

Calculation methods and mathematical models
for the distribution of charge materials on the cru-
cible of a blast furnace, used in technological and
research practice.

Increasing the efficiency of using the regenerative
power of gases in the blast furnace, and as a result,
the overall technical and economic indicators of smelt-
ing is ensured, first of all, due to the rational distribution
of charge materials on the furnace [1].

Charge distribution has an important effect on heat
transfer, mass transfer, and chemical reactions in blast
furnaces [2]. Since the 1970s of the last century, met-
allurgical scientists have been studying the laws of the
movement and distribution of the charge in its working
space for the well-founded management of blast fur-
nace operation. Among the most significant, the re-
search of V.K. Gruzynova In work [3], he first system-
atically analyzed the features of the formation of layers
of charge on the surface of the backfill, clarified the
methodology for calculating the trajectories of the
movement of charge materials after leaving a large
cone. The results of the following studies under the
leadership of V.K. Gruzinova are presented in works
[4, 5].

Among the most significant should also be at-
tributed the results of research carried out by M.M. Ba-
barykin [6], V.M. Klempert, A.O. Hryshkova [7], A.M.
Pokhvisnev, |.P. Kurunov, V.O. Dobroskokom [8], V.I.
Loginov [9], V.P. Tarasov [10].

It should be noted that until recently, the mathemat-
ical models of the loading and distribution of charge
materials in the blast furnace did not consider the load-
ing and distribution of any specific component loaded
as part of the iron ore or coke feed parts. In addition,
from the entire complex of processes of forming por-
tions (feeds) of charge materials (delivery of them to
the furnace, loading of portions into the loading device
and unloading from it, movement along the path of the
loading device, in particular, a rotating tray, free fall of
the charge flow in the furnace space to the surface of
the backfill, its interaction with the existing profile and
the formation of a new one) in the vast majority of
known models were considered the movement of
charge materials along the path of the loading device,
the movement of the charge in the furnace space and
the formation of the backfill surface after unloading the
next portion (feed). Accordingly, the capabilities of
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these models were limited to the calculation of charge
movement trajectories in the blast furnace space, the
determination of the geometric characteristics of the
backfill profile, and the calculation of the mass distribu-
tion of the fuel and raw materials components as a
whole along the radius of the blast furnace, with further
determination of their ratios (ore loads) in conditionally
selected ring zones of the blast furnace. Such models
include the one developed by Nippon Kokkan Corpo-
ration [11], which describes the processes of the down-
ward movement of the charge inside the bowl during
the lowering of the large cone, the pouring of the
charge materials from the bowl and the subsequent fall
to the peripheral area on the surface of the backfill, as
well as the movement from the periphery to the center
of the furnace with the formation of a slope and the
change in the shape of the surface during the rise of
the charge materials. The simulation model of charge
distribution on the blast furnace furnace, also devel-
oped by researchers in Japan [12], takes into account
additional factors: the formation of a mixed layer in the
center of the furnace during the discharge of ore onto
the coke layer, the reduction of the slope angle under
the influence of the gas flow, the change of the slope
angle due to the difference in the charge descent
speeds along the radius of the furnace. The authors
believe that the formation of a mixed layer has the
greatest influence on the distribution of the ore load.

Mathematical models developed in Finland with the
use of neural networks should be singled out in a sep-
arate direction of research on the distribution of mate-
rials on the blast furnace crucible. The published works
[13 - 15] present a developed model of the formation
of a charge layer in a blast furnace, the initial infor-
mation of which is the thickness of the layers, which is
determined by radar measurements of the charge level
in the furnace. Based on the results of the model test-
ing, conclusions were made about the possibility of its
use as a tool for evaluating changes in the charge dis-
tribution indicators - the fuel part of the charge and the
ore load - in operating furnaces. The distribution of in-
dividual components - constituents of both ore and fuel
parts of the charge - was not considered at all.

The installation of bell less blast furnace top charg-
ing system (BLT) with a tray charge distributor on blast
furnaces (since the mid-seventies of the last century)
and the need to select and justify their operating
modes for controlling the technological parameters of
the furnace initiated the beginning of active research
aimed at developing mathematical models of the
movement of charge materials along the path of the
loading device.

In addition to ICM, which will be discussed below,
studies of the process of loading blast furnaces
equipped with BLT with a tray distributor, aimed at
studying the distribution of charge materials, including
studies using mathematical modeling, were carried out
at the Dnipropetrovsk Metallurgical Institute under the
leadership of V.M. Kovshova [16], A.K. Tarakanova,
N.Sh. Grinstein and V.V. Barrels [17, 18]. In work [16]
V.M. Kovshov presented the results of the develop-
ment of a mathematical description of the movement
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of the charge through the inclined surfaces of the dis-
tribution devices - a cone, a tray, in the furnace space
and on top of the backfill. The mathematical model of
loading the furnace with a tray loading device, devel-
oped at NMetAU, allows obtaining quantitative charac-
teristics of the distribution of iron ore and coke compo-
nents of the charge across the cross section of the fur-
nace [17, 18]. As input parameters of the model, the
following are used: type of materials to be loaded;
mass of coke and iron ore portions; bulk mass and
slope angles of materials; working angular positions of
the tray; backfill level; the speed of lowering the charge
materials along the radius of the furnace; the number
and sizes of annular zones for which the quantitative
characteristics of the charge distribution are deter-
mined; the number and sequence of portions of the
charge in the cycle; time of loading portions into the
oven; dimensions of the furnace furnace; the main di-
mensions and characteristics of the operating mode of
the boot device. The initial parameters of the model
are: the value of ore loads of the charge in the annular
cross-sectional areas of the blast furnace, the profile of
the backfill surface of the materials after loading the
batch cycle, the plot of the thickness of the layers of
coke and iron ore materials in the vertical cross-section
of the furnace for the batch batch cycle.

Active research on the development of mathemati-
cal models for the movement of bulk materials along
the BLT tract was carried out in Germany at the end of
the last century. The work of L. Kreutz and B. Bergman
[19]is of interest, which provides a model that provides
a mathematical description of the movement of parti-
cles of charge materials through a tray distributor and
the descent of materials from the end of the tray, the
calculation of the trajectories of their movement in the
furnace space, the formation of the backfill surface, in
particular, under lateral constraints imitating the wall of
the furnace furnace. A number of input parameters of
the model were determined on the physical model of
the crucible of the blast furnace with BLT. The pre-
sented results of experimental studies and calculations
contain data on the formation of the flow of charge ma-
terials on the tray and the peculiarities of the stacking
of materials on the backfill surface. L. Kreutz, H.V.
Goodenau and N. Standish investigated the asymmet-
ric distribution of materials on the furnace crucible
caused by the design features of the BLT with a tray
distributor [20]. Various modifications of the tray distrib-
utor have been studied and constructive recommenda-
tions and technological measures have been pro-
posed, contributing to the improvement of the distribu-
tion of charge materials.

At the beginning of the current century, work on the
creation of mathematical models of the movement of
charge materials along the BLT tract and in the furnace
space of the furnace intensified in China [21 - 23, 25,
26]. [21] shows the importance of reliably determining
the trajectory of the charge materials after leaving the
tray and, accordingly, the point of its fall on the backfill
surface for further calculation of the formed profile. In
order to clarify the algorithm for calculating the charge
movement trajectories in the blast furnace space, the
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authors performed experimental studies on a blast fur-
nace model with a volume of 2500 m3, made on a scale
of 1:15. In [22], a mathematical model of the movement
of the charge after its exit from the tray distributor is
presented, taking into account the Coriolis force and
the gas resistance force. With the help of the devel-
oped model, the coordinates of the points of fall of the
charge on the backfill surface and the width of its flow
were obtained and analyzed. The values of particle ve-
locities at the unloading end of the tray were compared
with and without taking into account the Coriolis force.
With the help of the developed model, research was
also carried out to determine the influence of the length
and torque of the tray on the flight range of the charge
particle in the blast furnace space. The results of the
simulation were confirmed by measurements made at
the blast furnace using a laser range finder.

In work [23], using mathematical modeling, the in-
fluence of the different cross-section of the furnace at
the rate of descent of the charge on its distribution on
the furnace is considered. The influence of the rate of
descent of the charge in different zones of the blast fur-
nace on the formation of layers of charge materials on
the surface of the backfill was also studied by scientists
of the Republic of Korea [24]. An overview of modern
methods of modeling and control of the charge distri-
bution on the blast furnace crucible is given in [25],
where the peculiarities of the discharge of charge ma-
terials from parallel-installed BLT hoppers are consid-
ered, as well as the equations of the movement of the
charge particles through the tray distributor and the
subsequent formation of layers on the surface of the
backfill, taking into account the displacement of coke,
are given. In [26], the conditions of movement along
trays of rectangular and semicircular cross-section are
considered, the forces acting on the particle moving
through the tray are shown, and the equations of its
motion are given. The trajectories of particle movement
after exiting the tray were determined and dependen-
cies were obtained for calculating the coordinates of
their meeting points with the backfill surface. The relia-
bility of the model was confirmed by the results of pre-
commissioning studies at the blast furnace, during
which measurements of these coordinates were per-
formed using laser instruments.

Works [27 - 38] also consider the calculation equa-
tions of the movement of the charge through the tray
distributor, the trajectory of its fall in the blast furnace
space, and the characteristics of the layer formed on
the surface of the backfill. The model presented in [28]
contains the equations of the trajectory of the charge
after it leaves the tray and the dependences that de-
scribe the formation of the dependence surface taking
into account the actual values of the angles of the ma-
terials. In [29], a model was considered that provides
the possibility of calculating the trajectories of the fall
of the charge before it falls on the backfill surface, es-
timating the profile of the formed surface, and the dis-
tribution of ore loads along the radius of the blast fur-
nace. The model functions using data from radar me-
ters that monitor the charge level at various points on
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the backfill surface, which increases the accuracy of
calculations.

Confirmation of the results of modeling the for-
mation of charge layers can be obtained by measuring
the profile of the backfill surface on an operating fur-
nace with a 3D scanner, as done by the authors of [30],
which describes a mathematical model of charge dis-
tribution in a blast furnace with BLT. The purpose of
the model is to use it in real time for the prompt selec-
tion of charge loading programs. The calculation capa-
bilities of the model, as discussed earlier in [19-29], re-
garding the characteristics of the charge distribution
are limited to determining the distribution of ore loads
along the radius of the furnace.

The features of the model, created using the finite
element method and Visual Basic [32], are the combi-
nation of two calculation blocks, one of which allows
determining the parameters of charge fall trajectories
taking into account the type and mass of portions, the
coefficient of friction of the charge on the tray, the
speed of rotation and the angle of inclination of the tray,
and the other is designed to calculate the characteris-
tics of the distribution of ore loads along the radius of
the blast furnace. The values of the coefficients of the
charge motion equations were specified based on the
results of the model experiment. The model of the for-
mation of the top of the charge fill, described in [33], is
distinguished by the development of new equations for
the formation of internal and external slopes taking into
account the influence of the vertical and horizontal ve-
locities of the charge flow during the formation of the
top of the layer on the surface of the fill. Confirmation
of the reliability of calculations of the formed surface
using the model was also provided by comparing the
calculation results with experimental data.

An overview of studies of the laws of the movement
and distribution of the charge on the furnace of the
blast furnace, carried out by metallurgical scientists,
starting from the 1970s, is given in [34]. As a rule, the
first studies in this area were limited to experimental
measurements of the coordinates of the points of the
charge's falling trajectories in the blast furnace space
and the characteristics of the resulting backfill profile.
Determination of the specified characteristics in a num-
ber of cases was carried out using laser or radar de-
vices. In the work of A. Agerevel [36], with the help of
a developed mathematical model, a study was carried
out with the generalization of the results in the form of
geometric characteristics of the layers and the distribu-
tion of ore loads along the radius of the blast furnace
furnace in conditions of variable content of pellets in
the charge, which affects the course of blast furnace
smelting. A number of publications, for example [37,
38], show the possibilities of developed mathematical
models of charge loading in the part of studies of coke
knocking out processes, its redistribution during the
unloading of iron ore material on the coke layer and the
formation of mixed layers of these materials on the sur-
face of the backfill, as well as the selection of rational
parameters of axial portions of coke and technological
methods of their loading.



Ne2,2025 ISSN 1028-2335 (print)

Among the review publications, we can also single
out work [39], which examines the development trends
of modeling, control and management of charge distri-
bution in a blast furnace. This review examines meth-
ods for determining the distribution of ore load on a
blast furnace pile, including experimental studies using
physical models, as well as mathematical modeling us-
ing the discrete element method (DEM) and without
using this method. The rapid development of computer
technologies has ensured the progress of numerical
modeling, in particular, with the use of DEM, in the de-
velopment of models that ensure the calculation of the
distribution of ore loads and the characteristics of the
layers of charge materials formed on the blast furnace
furnace.

In recent years, on the basis of DEM, studies re-
lated to the modeling of phenomena and interactions
in the bulk medium, which have a significant impact on
the distribution of the ore load on the furnace of the
blast furnace during loading of charge materials and
the distribution of gas permeability characteristics of
the layers of charge materials being formed, have been
actively carried out. A detailed analysis of blast furnace
charge distribution studies using DEM-based models
is given in a review [40]. According to the authors, the
use of DEM provides a quantitative determination of
the forces acting on each particle, and, therefore, the
possibility of forecasting the spatio-temporal evolution
of the granular flow. The advantages of DEM are that
it can be used to analyze both the parameters of the
bulk material flow in general and the behavior of indi-
vidual particles, which makes it promising to use this
method not only to study the distribution of ore load,
but also to study the gas permeability characteristics of
the layer and its individual zones. The initial parame-
ters of the models created on the basis of DEM are the
morphological characteristics of the material (distribu-
tion of particles by size and shape), its strength prop-
erties (Poisson's ratio and Young's modulus), parame-
ters characterizing the interaction of the particles of the
charge (recovery and friction coefficients, indicators of
the shape of the particles and their surface roughness).
Obtaining reliable results with the help of this model,
which reflect the actual behavior of the material ob-
served in experiments, is determined by the level of re-
liability of the values of the input parameters listed
above, the determination of which in real conditions
causes great difficulties.

In [41], the results of modeling based on DEM are
presented, which show the influence of the speed of
movement of the particles of the charge on its distribu-
tion on the surface of the backfill and the process of
segregation by size. The modeling results were con-
firmed by experimental studies, during which it was es-
tablished that the distribution of the angular velocity of
particles in the cross section of the chute has a U-
shaped character, while the distribution of the transla-
tional velocity has the form of a convex curve. As you
approach the unloading end of the tray, the distribution
of both velocities becomes more uniform. The flow
width and material mass distribution in the flow were
also determined. The results of the research made it
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possible to clarify the features of the formation of the
layer of charge discharged onto the surface of the
backfill and the distribution of particle size in it.

In Japan, with the help of a model developed with
the use of DEM, the circumferential unevenness of the
charge, which occurs when it is unloaded from the BLT
with two parallel-installed hoppers, was investigated,
and its negative effect on the stability of the blast fur-
nace operation was shown [42]. The model describes
the movement of the flow of charge particles in the
valve assembly, the central pipe and on the rotating
tray distributor at different angles of its inclination. The
simulation showed that the cause of the circumferential
unevenness is the displacement of the charge particles
towards the walls in the central pipe, and the degree of
the circumferential unevenness depends on the angle
of inclination of the tray. With the help of the model,
recommendations for installing a conical vertical gutter
were developed to reduce circumferential unevenness.

Unlike previous studies using DEM, which mostly
modeled the behavior of a charge with spherical parti-
cles, in [43] a charge with non-spherical particles was
considered, which is characteristic of real charge ma-
terials. The authors performed a comparative study of
the effect of different particle shapes on the charge dis-
tribution in a blast furnace.

Thus, the analysis of previously performed re-
search in the field of developing mathematical models
and methods for calculating the characteristics of the
distribution of charge materials showed that the vast
majority of works [11 - 43] were devoted to the distri-
bution of iron ore and coal-containing parts of the
charge in general, without assessing the distribution of
the components that are part of them.

The steady trend of increasing the cost of raw ma-
terials and fuel determines the operation of blast fur-
naces in batch conditions that change continuously
and are characterized by the use of low-quality materi-
als, the use of a multi-component batch with the simul-
taneous use of two or more types of each of the main
components (agglomerate, pellets and coke), the intro-
duction of substandard (screened) fractions of batch
materials into the batch, as well as the use of various
fuel-regenerative, garnish-forming and washing addi-
tives [44, 45]. In blast furnace production, technological
methods of introducing various non-traditional iron-
containing materials (including fractions of agglomer-
ate and pellets that are sifted out), fuel and carbon-
containing additives into the composition of the charge,
which were actively developed by V.l. Bolshakov [1],
V.O. Dobroskok, Y. Buchwalder, E. Lonardi, S. Koeh-
ler [46, 47], L.D. Nikitin, Bugaev S.F. [48], E.A. Shepe-
tovskyi [49], S.L. Yaroshevskyi, V.O. Nozdrachov, O.V.
Kuzin [50, 51] and others. As shown in these works,
improvement of blast furnace loading technology by
finding and implementing rational formation parame-
ters and modes of loading portions of multicomponent
charge is a promising direction for reducing the con-
sumption of scarce energy sources and ensuring the
necessary level of energy efficiency of blast furnace
smelting. For example, the practical experience of in-
troducing pellets into the blast furnace charge and the
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results of numerous studies conducted under the lead-
ership of V.l. Bolshakov [1], proved the advantages of
loading them in a mixture with agglomerate in the form
of mixed portions with a given structure, as well as the
negative consequences of separate loading of these
components. The results of previously performed re-
search and the experience of industrial testing of vari-
ous technological methods of loading a multi-compo-
nent charge showed that mixing iron ore charge mate-
rials and coke before loading into the blast furnace, in-
troducing into the charge additives of the desired pur-
pose with the formation of a mixed layer of charge ma-
terials on the furnace of the blast furnace, as well as
introducing sifted fractions of charge materials into the
blast furnace charge and loading them into composi-
tion of multicomponent mixed portions is one of the
most effective ways to reduce the energy intensity of
blast furnace smelting and reduce the cost of cast iron,
provided that the parameters of the formation of mixed
portions of the charge and their loading mode are well-
founded [1, 44 - 46].

The distribution of components on the surface of
the backfill is the result of the interaction of a number
of processes that occur at all stages of the formation of
portions of charge materials, their delivery to the fur-
nace and discharge into the furnace [45]. Depending
on the method of delivery of the charge to the furnace,
the formation of portions of charge materials is carried
out by unloading the components of the charge onto a
conveyor or into skips in a specified sequence and with
a given distribution of component masses on the basis
of technological requirements for the structure of the
portion. In the process of forming multi-component por-
tions and loading them into the blast furnace, as a re-
sult of repeated overloads, the location of the compo-
nents in the volume of the portion changes signifi-
cantly, the components are mixed, and masses of un-
mixed materials and mixtures with different composi-
tions are formed. As a result of the redistribution of
components in the portion volume, the sequence of un-
loading components from the BLT hopper is signifi-
cantly different from the sequence of their loading into
the hopper, therefore the current component composi-
tion of the output flow of the charge, which comes from
the hopper to the distribution tray, is not determined,
which significantly reduces the informativeness and
technological value of the calculations of the distribu-
tion of charge materials in the blast furnace. In this re-
gard, at a certain stage, the effectiveness of the use of
multi-component charge was restrained by the lack of
technical means of control and calculation tools for
evaluating the distribution of components in the blast
furnace, which led to the urgency of developing math-
ematical models that would describe the processes of
loading multi-component portions of charge materials
to BLT hoppers and unloading from them with the pos-
sibility of determining the component composition of
the output stream throughout the portion unloading
time. In combination with mathematical models of the
formation of portions, the movement of the charge
along the BLT tract and along the distribution tray after
leaving the hopper, flight in the blast furnace space,
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and the formation of the backfill surface, the availability
of such data provides the possibility of further calcula-
tion of the characteristics of the distribution of each
component of the charge on the surface of the backfill,
forecasting the composition of mixtures of charge ma-
terials in different zones of the blast furnace and the
properties of the melts that are formed from them. Ac-
cordingly, there is an opportunity to implement the
technological requirements for the distribution of
charge components, which provide the most rational
thermal and gas-dynamic regimes, as well as recovery
and slag formation regimes that correspond to the
composition of mixtures of charge materials in different
zones of the blast furnace. Information on the distribu-
tion of components of the blast furnace charge across
the cross-section of the furnace is important not only
for the selection or prompt adjustment of parameters
of the operating modes of the blast furnace, it is also
necessary for conducting analytical studies of the
physico-mechanical and physico-chemical processes
occurring in it. To solve these tasks, it is necessary to
develop a complex mathematical model of loading a
blast furnace, which can be created as a result of the
synthesis of a number of mathematical models that
take into account to the maximum possible extent the
peculiarities of the movement of multi-component por-
tions of charge along the path "charge supply - surface
of the backfill", and first of all, the movement and mix-
ing of arrays of charge materials in the process of form-
ing portions on the main conveyor, in skips, during their
sluicing in BLT hoppers and distribution on the backfill
surface. Thus, a complex mathematical model should
contain separate mathematical models describing the
behavior of bulk materials:

- a model of the formation of multi-component por-
tions of the charge in bell less blast furnace top charg-
ing system and with skip delivery of the charge to the
furnace;

- a model for loading multi-component portions of
the charge into the BLT hopper, which for systems with
skip delivery of the charge to the coke takes into ac-
count, including, the redistribution of components in
the volume of the skip when turning it in the unloading
curves;

- a model for unloading multi-component portions
of the charge from the BLT hopper, which provides a
calculated determination of the content of each com-
ponent in the output stream;

- the model of the movement of charge materials
along the BLT tract (in the valve assembly, the central
pipe and along the tray distributor) and the blast fur-
nace space;

- a model of the fall of a multi-component charge
on the surface of the backfill and distribution on it in the
form of the formation of layers, which provides a calcu-
lated determination of the component composition of
the charge in a given zone of the blast furnace.

From the listed models, we currently do not know of
models for loading multicomponent portions of the
charge into the BLT hopper, which describe the redis-
tribution of components in the volume of the skip when
it is turned in the unloading curves.
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Regarding the models for unloading multicompo-
nent portions of the charge from the BLT hopper, it
should be noted that until recently there were only sin-
gle examples of models that provided a calculated de-
termination of the content of each component in the
output stream. These include studies of the distribution
of fine coke loaded as part of iron ore portions [52, 53],
as well as the work of I. Matsui, A. Sato, T. Oyama, T.
Matsuo [54], which should be noted as containing very
interesting results from a practical point of view. It pre-
sents the results of research on large-scale physical
models, which show the change in the content of pel-
lets loaded into the iron ore portion together with the
agglomerate, in the outlet flow from the hopper and
along the radius of the blast furnace, depending on the
location of the dose of pellets in the portion.

The limited number of research results on the dis-
tribution of individual (separated) components of the
charge is primarily due to the fact that the mathemati-
cal description of the movement of bulk materials,
which are the charge materials of blast furnace produc-
tion, has always encountered significant difficulties.
This is explained by the specific properties of bulk ma-
terials, which are a discrete medium made of solid par-
ticles, the behavior of which in the process of move-
ment in some manifestations under certain conditions
may be similar to the behavior of liquids, but in most
cases obeys specific regularities inherent only to bulk
media.

Modern ideas about the flow patterns of bulk mate-
rials were formed on the basis of research into this pro-
cess over the past 100 years. Despite the large amount
of theoretical and experimental research carried out up
to now, a universal theory of the flow of bulk materials,
including a formalized description of their movement in
hoppers, which could be applied to a wide class of bulk
materials, has not been created. Moreover, the defini-
tion of the subject of research - bulk material - is for-
mulated by different researchers with significant varia-
tions regarding their main properties and features,
which is due to the difference in the applied tasks faced
by the authors of the research.

To describe the process of movement of bulk ma-
terials in hoppers, three approaches can be used, on
the basis of which mathematical models have been
created for specific objects and results acceptable for
practical use have been obtained.

The first one is based on the description of the laws
of flow of the batch material in the form of geometric
dependencies that determine the volume of the zone
of active movement of the material ("discharge fig-
ures"), the shape of which is determined experimen-
tally, and the volumes of massifs of bulk material,
which successively enter the zone of active movement
of the material, and then move vertically to the dis-
charge opening of the hopper. At the same time, one
of the mandatory conditions is the equality of the vol-
ume of material arriving per unit of time in the zone of
active movement, and the volume consumption of ma-
terial being unloaded. In order to take into account the
loosening of the material inside the massif in the hop-
per during the outflow and entry of a certain amount of
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material into the zone of active movement from the
side surface that limits this zone, some authors intro-
duce an empirical constant value [55 - 60].

The content of components in the output flow of
charge materials from the BLT hopper can be deter-
mined using mathematical models developed by K.
Nakano, |. Isei, and K. Sunahara [61, 62] in collabora-
tion with colleagues, which are based on the distribu-
tion of the entire volume of the charge in the hopper
into arrays, for which a certain sequence of the exit of
these arrays from the hopper is specified, repeatedly
confirmed experimentally.

At the same time, it should be noted that the con-
sidered mathematical models [52 - 62] do not cover the
entire complex of processes of moving arrays of
charge components and their mixing on the path of the
loading system "charge feed - furnace", in particular,
they do not take into account the effect of mixing com-
ponents during unloading from skips to the BLT hop-
per.

The second approach is an attempt to take into ac-
count the kinematic regularities of the movement of
particles of bulk material in the zone of active move-
ment in the initial phase of outflow in combination with
the determination of the volumes of masses of bulk,
which will further enter the zone of active movement of
the material, in the form of geometric dependencies
[63].

To describe the patterns of movement of bulk ma-
terial in the zone of active movement, which the au-
thors of the kinematic model call the zone of converg-
ing flow, they use the dependence of the speed of par-
ticles on their initial and current coordinates [64], which
makes it possible to analytically substantiate and de-
termine the shape of the "discharge figure".

According to our evaluation, the dependences pro-
posed by the authors make it possible to obtain a sat-
isfactory convergence with the data of experimental
studies of IPM at industrial facilities, only in the con-
verging flow zone (the error in determining the exit time
of individual particles does not exceed 9%), however,
less reliable results were obtained for the remaining
zones of bulk material. A preliminary analysis of the
dependencies of the kinematic model of flow of bulk
materials showed that if these dependencies are used
for three-dimensional modeling of the process, the
zone of active movement of the material will be a pa-
raboloid of rotation. As mentioned above, on the basis
of the dependencies of the kinematic model of outflow,
only the type of curve limiting the zone of active move-
ment is determined, and the mathematical description
of the subsequent stages of the process, as during the
application of the first approach, is reduced to the de-
termination of the corresponding volumes of bulk ma-
terial, which successively enter the zone of active
movement from the surface of the formed funnel.

The third approach is based on DEM, the mathe-
matical models on the basis of which require the as-
signment of a number of input data, the acquisition of
which causes difficulties in determining, or data, the re-
liability of which does not have sufficient confirmation.
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In [65], modeling with the use of DEM was used to
quantify the segregation of charge materials by size
during loading of the BLT hopper and changes in the
content of individual fractions in the flow of charge ma-
terial discharged from the hopper. Using this method,
R. Kumar, Ch.M. Petelem, AK. Yana [66], D.K.
Chibwe [67] and a number of other researchers have
currently developed algorithms that ensure the possi-
bility of determining the sequence of exit of individual
components from the hopper and their mass ratio in
the flow. In combination with mathematical models of
the movement of charge materials through the BLT
tray, in the furnace space and their distribution on the
backfill surface in the furnace, models of this class can
provide calculation characteristics of the distribution of
charge components along the radius of the furnace.

ISI has been conducting multi-faceted analytical
and experimental studies of the process of loading
charge materials and their distribution in the working
space of the blast furnace for a long time. Under the
leadership of Academician of the National Academy of
Sciences of Ukraine V.. Bolshakov developed a meth-
odology for pre-commissioning studies on blast fur-
naces with BLT [1, 68]. The research involved deter-
mining the main parameters of the flow of charge ma-
terials during its movement along the BLT tract and in
the furnace space, as well as the characteristics of the
distribution of charge materials on the backfill surface.
The practical experience acquired in the process of
mastering BLT installed on blast furnaces became the
basis for the development of a number of calculation
methods and mathematical models, in particular: the
movement of the charge through the working surfaces
of the valve assembly and the tray distributor, the cal-
culation of the trajectories of the movement of the
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charge materials in the blast furnace space, the deter-
mination of the meeting points of the material flow with
the backfill surface and the calculation of the distribu-
tion of ore loads along the radius of the furnace furnace
[1, 45 - 49].

Analytical and experimental studies of the last dec-
ade, carried out at the ICH, made it possible to clarify
previously developed mathematical models and carry
out a series of developments to create a complex
mathematical model of blast furnace loading, which
describes as fully as possible the processes of forming
multi-component portions of charge materials at the
charge feed, delivering these portions to the furnace,
loading them into BLT hoppers and unloading them,
the movement of charge materials in a tray that rotates,
and in the blast furnace space, their fall on the backfill
surface and distribution on this surface. The main pur-
pose of developing such a model was to ensure the
possibility of determining the characteristics of the dis-
tribution of each of the components of the charge along
the radius of the blast furnace and, accordingly, the
composition of mixtures of charge materials formed in
different zones of the blast furnace.

The solution of this urgent task, in turn, made it pos-
sible to determine the high-temperature properties of
mixtures of charge components, the composition and
properties of the formed melts, and also made it possi-
ble to get an idea of the nature of their distribution
along the cross-section of the furnace.

The results of research and development work.

The general block - diagram of the algorithm for
modeling the process of loading multicomponent por-
tions of charge materials into the blast furnace is
shown in Fig. 1.

Y

Adodeling the process of forming multicomponent portions of the charge

—

. 2

"

Modeling the loading of mualticomponent charge portions into the BLT hopper ]

¥

Alndaki of

loading of multic

t portions of the charze from the BLT hopper

—

¥

oy

MAlodeling the movement of charge materials throngh the BLT tract and in the blast farnance

S

‘top space

¥

Mlodeling the fall of the burden onto the charging surface and the distribution of batch maszes
and their components

Figure 1 - General block - scheme of the algorithm for modeling the process of loading multicomponent por-

tions of charge materials into a blast furnace
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The components of a complex mathematical model
of the process of loading a multicomponent charge into
a blast furnace are as follows.

A model of the formation of multi-component por-
tions of the charge in bell less blast furnace top charg-
ing systemand with skip delivery of the charge to the
furnace.

The structure of the portion in loading systems with
conveyor delivery of the charge to the furnace is un-
ambiguously specified by assigning the components
the corresponding indices, assigning the masses of the
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doses of the components, and determining the leading
component (which go first to the hopper of the loading
device), assigning the offset values of the beginning of
the dose of other (known) components, relative to the
beginning of the dose of the leading component (Fig.
2). The displacement is expressed in units relative to
the mass of the portion. During conveyor loading into
the BLT hopper, each part of the portion on the con-
veyor, which differs in the composition of components,
forms a separate layer in the hopper, in which the input
masses of the components and their ratio are stored.

mav Mev Mo mam maii man Men men mon ma
Mev Vi v v m n |
mav
mevi A
A

mMiv S E T =

E A B c A Conveyor direction

H D [=] ,_4-:

MsH mse Mss=Msc=Msp g M:=2=0
- | [

A, B, C, D, E, H — component indices; mon = 0, msB, msS = msD = mwith E, msH — the value of the total

mass of the bulk materials unloaded on the conveyor until the start of the unloading of the corresponding com-
ponent, t; I, I, ll, IV, V, VI — indices of the layers of materials formed when loading a portion into the BLT hopper;
mAl, mAll, mlll, mAIV, mOF mKIND OF, mBIil, mBIV, mCll, mDIl, mDlll, mTHIS, mHOUSE, mWHI — masses of

components in layers of materials formed when loading a portion into a BLT hopper, i.e.
Figure 2 — The structure of a mixed multicomponent batch of charge materials on a conveyor

In systems with skip delivery of the charge to the
furnace, a portion of the charge materials in the fin-
ished form is formed in the hopper of the loading de-
vice. In this regard, along with the loading sequence of
feed skips, the location of the layers of components
and their mixtures for each feed skip should be speci-
fied in the form of a layer index, which corresponds to
the order of arrival of the component or mixture of com-
ponents in the skip with the indication of the mass of
charge materials in each layer.

The unloading of materials from the skip to the BLT
hopper is carried out during the movement of the skip
in the unloading curves, starting from the moment
when the angle of inclination of the free surface of the
material in the skip to the horizontal exceeds the angle
of resistance to the shear of the material. During the

unloading of the skip, the layers of the charge formed
during its loading are intensively mixed. The layout of
the loaded and unloaded layers of bulk materials in the
skip is shown in Fig. 3. The output data of the model
are the mass, volume and component composition of
the charge layers loaded into the BLT hopper.

The model of loading multi-component portions of
the charge into the BLT hopper, which takes into ac-
count, among other things, the redistribution of compo-
nents in the volume of the skip when turning it in the
unloading curves.

Determination of the mass distribution of the com-
ponents and their mixtures in the volume of the portion
loaded into the BLT hopper is carried out identically for
the options of skip and conveyor loading of the hopper.

1 — 3 — layers of bulk materials formed during skip loading; I - VI — layers of bulk materials unloaded from
the skip (loaded into the BLT hopper)
Figure 3 - Diagram of the location of loaded layers of bulk materials in the skip and layers unloaded from the
skip.
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Based on the known volume of the layer of bulk ma-
terials loaded into the BLT hopper and its component
composition, the coordinates of the points of intersec-
tion of the straight lines bounding the surface of the
bulk materials formed after loading this layer with the
lines of the internal contour of the BLT hopper are de-
termined. Thus, it becomes possible to imagine the
structure of the portion in the BLT hopper in the form
of a series of layers of different shapes with the known
volume and composition of the components of each
layer, which, in the presence of the index of each layer,
uniquely characterizes the structure of the multicompo-
nent portion in the hopper (Fig. 4).

The model of unloading multi-component portions
of the charge from the BLT hopper, which provides a
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calculated determination of the content of each com-
ponent in the output stream.

One of the approaches (analyzed above) was used
to describe the process of movement of bulk materials
in hoppers, based on which mathematical models for
specific objects have been created and results ac-
ceptable for practical use have been obtained [78].
This approach is based on the description of the laws
of the flow of the batch material in the form of depend-
encies that determine the volume of the zone of active
movement of the material ("discharge figures"), and
the volumes of massifs of bulk material that succes-
sively enter the zone of active movement of the mate-
rial and move vertically to the discharge opening of the
hopper (Fig. 4).

Figure 4 - Diagram of the location of the loaded layers of charge materials in the BLT hopper and the layers
unloaded from it.

In the model, the shape of the zone of active move-
ment of the material and the sequence of the output of
elementary volumes of the material from the hopper
are specified, which have been repeatedly confirmed
by the research of the ISI experimentally. The output
data of the model are the masses of the components
in each elementary volume of the unloaded material.

The model of the movement of charge materials
along the BLT (in the valve assembly, the central pipe
and along the tray distributor).

The model contains a mathematical description of
the process of movement of charge materials from the
plane of the discharge opening of the BLT hopper to
their exit from the rotating tray. A system of differential
equations is used to describe the complex movement
of charge particles on the surface of a rotating tray (Fig.
5).
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The output data of the model are the magnitude
and direction of the speed of movement of the charge
particles at the time of exit from the tray.

The model of the fall of a multi-component charge
on the backfill surface and distribution on it in the form
of formation of layers, which provides a calculated de-
termination of the component composition of the
charge in a given area of the blast furnace.

The model contains the equations of movement of
the charge in the furnace space of the blast furnace
and dependencies that describe the process of for-
mation of the backfill surface on the furnace in the form
of a gradual increase and distribution of the volume of
discharged charge materials until the BLT hopper is
completely emptied.
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1 - the central pipe of the BLT; 2 - the direction of movement of the charge material; 3 - distribution tray; 4 -
longitudinal axis of the tray; 5 - the center of gravity of the flow at the beginning of movement along the tray; 6 -
the limits of the flow of charge materials on the tray; 7 - trajectory of the center of gravity of the flow; 8 - the
trajectory of the movement of the material point along the tray; 9 - position of the center of gravity of the flow on
the unloading end of the tray; a - angle of inclination of the tray to the vertical, degrees; w - angular speed of tray
rotation, rad/s; ¢ - the angle of lifting (deposition) of materials on the tray, degrees; Fgq - gravitational force, N; Fe:.
- centrifugal force from tray rotation, N; Fcor - Coriolis force, N; Fc+s. - centrifugal force from lifting (carrying) mate-
rials onto the side of the tray, H; N is the normal component of the reaction force, N.

Figure 5 — Diagram of the forces acting on a charge particle during movement along the tray.

The model takes into account the peculiarities of
the formation of the backfill surface in the wall and axial
zones of the blast furnace, as well as the influence of
the processes of redistribution of the coke layer when
the iron ore portion is unloaded onto it. The model pro-
vides a calculated determination of the characteristics
of the distribution of masses and volumes of charge
materials discharged in different angular positions of
the tray, in the annular zones of the furnace. The con-
tent of the components of the charge and the compo-
sition of mixtures of charge materials in the annular
zones of the furnace is determined on the basis of the
data on the content of the components in the flow of
the charge in the specified angular positions of the tray,
which are the initial data of the model of unloading por-
tions of the charge from the BLT hopper. An example
of a fragment of a table with output data of a complex
mathematical model of the process of loading a multi-
component charge into a blast furnace, as well as the
distribution of component masses along the radius of
the furnace according to the results of the simulation of
the loading cycle consisting of 10 passes, is given be-
low (Table 1, Fig. 6).

On the basis of the synthesis of mathematical mod-
els describing the processes of loading multi-compo-
nent bulk materials, their unloading from the BLT hop-
per, movement along the distribution tray of the loading
device and distribution on the backfill surface, which
were developed in ISI earlier [79] and improved, a
complex mathematical model of the formation of multi-
component portions of bulk materials, their loading into
the BLT hopper, unloading from the hopper and distri-
bution on surface of the backfill [80].

The model provides determination of the current
component composition of the flow formed during un-
loading of multi-component portions from the BLT hop-
per, and the full composition of mixtures of charge
components

in different ring zones of the furnace. Mathematical
and algorithmic support of the model was developed
on the basis of the established fundamental depend-
ences of the flow of charge materials from hoppers and
their movement along the BLT path, as well as the re-
sults of numerous experimental studies performed by
ICH at blast furnace production facilities in industrial
conditions.
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Table 1 — Fragment of a table with output data of a complex mathematical model of the process of loading a

multicomponent charge into a blast furna

Ne of the ring zone of the blast furnace top

FEIRIIELE, 1 2 3 4 5 6 7 8 9 10
characteristic .
Values (relative)

rza%’;l‘js boundary 345 0447 0548 0632 0707 0775 0837 089 0949 1,000
Zone mid-radius 0158 0,382 0,498 0590 0670 0741 0806 0866 0922 0,974
Sinter mass 0059 0088 0,116 0111 0100 0089 0091 0,103 0,115 0,128
Mass of pellets 0021 0041 0077 0110 0136 0,160 0,145 01119 0,104 0,088
Mass of coke 0156 0,131 0,097 0087 0085 0082 0088 0092 0092 0,091
Mass of scrap 0020 0040 0076 0109 0145 0180 0,137 0,113 0,099 0,081
Mass of anthracite 0,018 0,038 0,076 0,110 0,130 0,145 0152 0125 0,11 0,096
Mass of nut coke 0026 0047 0083 0116 0130 0141 0,146 0,119 0,104 0,089
Ore mass 0050 0079 0,117 0129 0411 0087 0099 0,103 0,108 0,117
Mass of ore part 0045 0070 0,101 0411 0414 0417 0111 0,109 0,111 0,112
Mass of coke part 0,149 0,125 0,097 009 0089 0087 0093 0093 009 0,088
Ore load 0,300 0557 1,046 1229 1289 1342 1200 1,172 1227 1279
Ore part volume 0046 0071 0,103 0111 0113 0115 0,109 0,108 0,111 0,113
Coke part volume 0152 0,127 0,097 009 008 008 0091 0092 009 0,088
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Figure 6 — Mass distribution of charge components along the radius of the to

The model takes into account the influence of the
complex of processes of moving mass of charge ma-
terials and mixing components in the process of move-
ment and overloading of multi-component portions of
the charge, starting from the stage of unloading them
on the blast conveyor, or loading them into skips before
unloading them on the surface of the backfill on the for-
mation of the characteristics of the distribution of the
components of the charge on the surface of the back-
fill, including the redistribution of components in the
volume of the skip when it is turned in unloading
curves.

The developed mathematical model contains data-
bases of structural parameters of blast furnaces, load-
ing devices of various types, skips, as well as data-
bases of loading programs and characteristics of
charge materials. It is possible to introduce different
velocities in the ring zones of the blast furnace if there
is a profiler on the blast furnace. One of the most im-
portant results that can be obtained with the help of the
model is the quantification of the mass of each compo-
nent of the charge entering the considered annular
zone during the unloading of the charge materials dur-
ing the discharge of the charge materials in each in-
volved angular position of the BLT tray.
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This makes it possible to analyze the influence of
the quantitative characteristics of the applied program
for the distribution of charge materials on the indicators
of the distribution of individual components, both the
iron ore and fuel parts of the charge, as well as the ore
loading, and creates the possibility of selecting and ad-
justing the program based on the results of predictive
calculations before introducing it into the loading con-
trol system, which significantly reduces the duration of
the development of rational charge loading programs
and reduces the risk of making ineffective decisions.

The research carried out in recent years has shown
the possibilities of using a complex model of the distri-
bution of charge components in solving various tech-
nological problems. In particular, based on the results
of mathematical modeling of the distribution of charge
components in the annular zones of the blast furnace,
it is possible to determine the parameters of the plastic
zone in the blast furnace, which largely determines the
parameters of blast furnace melting [81].

The results of modeling with the help of a complex
model make it possible to evaluate the possibility of im-
plementing the requirements for the distribution of
charge materials and gas flow during the operation of
blast furnaces in various technological conditions [82].
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It is known that the properties of primary slags sig-
nificantly affect the operation of the blast furnace and
furnace heating, and the position of the zone of primary
slag formation in the furnace depends primarily on the
composition of the charge. In this regard, one of the
problems that can be solved by predicting the proper-
ties of primary slag melts is the justification of the
choice of the composition of the charge. Methods of
optimizing the composition of the blast furnace charge,
which are known and used at present, do not take into
account the uneven distribution of its component com-
position in the working volume of the blast furnace and
the related features of the processes of heating, recov-
ery and melting of the charge materials in its various
zones. Accordingly, the specificity of the properties of
the melts formed in different zones of the working
space of the blast furnace is not taken into account.
The ability to assess the properties of primary slag
melts in different zones of the furnace will allow pre-
dicting the state and parameters of the plastic zone,
which largely determines the efficiency of the melting
process.

The developed complex mathematical model of the
distribution of a multi-component charge on the fur-
nace of a blast furnace in combination with physico-
chemical models of high-temperature transformations
of iron ore components of the charge makes it possible
to calculate the properties of primary slag melts in dif-
ferent zones of the blast furnace. The use of these
models made it possible to improve the method of es-
timating the composition and indicators of high-tem-
perature properties of iron ore materials and primary
slag melts, which are formed in selected zones of the
blast furnace as a result of the distribution of the charge
components during loading. With the help of this ICM
method, predictive and analytical studies of the prop-
erties of primary slag melts in different zones of blast
furnaces during their operation in different technologi-
cal conditions have been carried out in recent years.
Based on the forecast of the properties of the primary
slag melts and their comparison with the characteris-
tics set by the technological requirements, an assess-
ment of the effectiveness of the applied loading modes
and slag modes is performed, based on which well-
founded decisions are made on management and ad-
justment of their parameters.

Conclusions.

1. Analysis of well-known calculation methods and
mathematical models for the distribution of charge ma-
terials on the crucible of a blast furnace, which are
used in technological and research practice, showed
that mathematical modeling using the results experi-
mental studies remain the main way of obtaining infor-
mation about the distribution of charge materials.
There are currently no instrumental means of control-
ling the distribution of charge components.

2. It is also shown that the distribution of compo-
nents on the surface of the backfill is the result of the
interaction of a number of processes occurring at all
stages of the formation of portions of charge materials,
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their delivery to the furnace and unloading into the fur-
nace. In the process of forming multi-component por-
tions and loading them into the blast furnace, as a re-
sult of repeated overloads, the location of the compo-
nents in the volume of the portion changes signifi-
cantly, the components are mixed, and masses of un-
mixed materials and mixtures with different composi-
tions are formed. As a result of the redistribution of
components in the volume of the portion, the sequence
of unloading components from the BLT hopper is sig-
nificantly different from the sequence of their loading
into the hopper. At the same time, the distribution of
charge components and the composition of their mix-
tures formed in different zones of the blast furnace
largely determine the formation and development of
the gas flow, its characteristics and their distribution in
the volume of the furnace, the condition of the lining
and the possibility of risks of violation of its integrity, the
formation of fields of primary slag formation, the gas
permeability of the zone of slow moving materials, the
parameters of the plastic zone and a number of other
processes and factors that determine the course and
indicators of blast furnace melting.

3. Three approaches to modeling one of the more
complex processes that take place on the path of the
loading system - the unloading of multi-component
portions from the BLT hopper - are highlighted. The
first - in the form of geometric dependencies, deter-
mines the volume of the zone of active movement of
the material, the shape of which is determined experi-
mentally, and the volumes of massifs of loose material,
which in a given sequence will further reach the zone
of active movement of the material, and then move ver-
tically to the outlet of the hopper. The second approach
is an attempt to take into account the kinematic laws of
movement of bulk material in the zone of active move-
ment in combination with the provisions of the first ap-
proach to describe the behavior of bulk material out-
side the active zone. The third approach is based on
DEM, the mathematical models on the basis of which
require input data, the acquisition of which is difficult to
determine, or whose reliability is sufficiently confirmed.

4. On the basis of the synthesis of mathematical
models describing the processes of loading multicom-
ponent bulk materials, their unloading from the BLT
hopper, movement along the distribution tray of the
loading device and distribution on the backfill surface,
which were developed and improved in the ICH, a
complex mathematical model of the formation of multi-
component portions of batch materials, their loading
into the BLT hopper, unloading from the hopper and
distribution on the backfill surface was developed. The
model provides determination of the current compo-
nent composition of the flow formed during the unload-
ing of multicomponent portions from the BLT hopper,
and the full composition of mixtures of charge compo-
nents formed in different annular zones of the blast fur-
nace.

5. Over the past 15 years, the developed complex
model has been successfully used by the ISl to solve
a number of technological tasks regarding the
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selection of rational loading modes of operating blast
furnaces operating on a multicomponent charge, in-
cluding for the selection of parameters of special load-
ing modes that provide the necessary conditions for
the formation of garnish or washing depending on the
current requirements of the smelting process. Infor-
mation on the distribution of charge components
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across the cross-section of the furnace, which can be
obtained using the developed complex model, is also
necessary for conducting analytical studies of physico-
mechanical and physico-chemical processes in the
blast furnace, in particular the conditions of slag for-
mation and the distribution of properties of melts in the
volume of the blast furnace.
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of cold agglomeration containing by-product carbon materials
of metallurgical production

Baniokos A.A., Isauwjenko B.IL, IeaHosa J1.X., Kosanvoe M, Llu6yas €.
KomiuiekcHe TBepaogasHe BiIHOBJIECHHS B JOMEHHIN meyi

NO0IYHI ByrJjieneBi Marepiajay MeTaJaypriiHoro BUpoOHMITBA

The reactions of direct and indirect reduction occurring during the heat treatment of self reducing pellets (SRP) have been
studied. In this investigation Blast furnace (BF) sludge which contains particles of coke, has been included in the SRP
blend as a source of solid reductant.

In the SRP as a part ot the blast furnace burden occur the reactions simultaneously: inside of SRP-direct reduction by
Csolia; gasification of carbon and indirect reduction by CO; and outside of SRP-indirect reduction of iron bearing oxides by
reducing gas coming from the hearth of blast furnace through the column of charged materials. The experiments was
performed continuously from the start temperature (~200 °C) to the experimental temperature (500 °C; 700 °C; 900 °C;
1100 °C) in argon free environment. Upon reaching the desired temperature argon was replaced by hydrogen during 30
minutes. After that the reduced probe of SRP was cooled in argon.

The objective of the present work is to research a quantitate ratio of degree direct reduction inside of SRP and degree of
indirect reduction outside of SRP on the top of the blast furnace.

KEY WORDS: self reducing pellets; direct and indirect reduction degree; degree of metallization.

AHomaujsi. [pouecu GoMeHHOI nedyi 8idpisHEMbCA 8i0 Mpouecie 8UpobHULMEa 3arisa nNPsAMUM 8i0HOB/IEHHAM. Y meep-
Ouxi camosioHososanbHUX 6pukemax (CBP) y cknadi wuxmu domeHHOI neyi oOHoYacHo 8idbysarombcsi peakuii: ecepe-
OuHi CBP — nipsive g8i0Ho8MneHHs1 8yaneyem (meepdum); ea3udbikayisi yeneyro ma Hernpsime 8i0HO8/1IEHHST MOHOOKCUOOM
8yaneuto, a 308Hi CBP — Henpsime 8iOHO8MeHHS1 8iOHO8/1H08aIbHUM 2a30M, WO Hadxo0umsb 3 Nody AOMeHHOI nedyi.
IHmeepanbHul cmyniHb 8idHo8neHHs1 CBP, a came npsive 8i0HO8eHHS meepOuM 8yareuem, wo micmumscs 8 CBP, ma
Hernpsive 8iOHOBIEHHS 8iOHO8M8aIbHUM 2a30M — 8o0HeM 308Hi CBP, docnidxysasecs npu memnepamypax 500; 700;
900 ma 1100°C.. Bynu ouiHeHi cmyneHi 8idHosneHHs1 CBP meepdum syaneuem (ecepeduHi 3pa3ka) 8 ammocghepi apeoHy
B800OHEM (308HILWHS T0BEPXHS 3pa3sKa) 3a OOMOMO20K0 eKCriepuMeHmy 3 8i0HO8IeHHs. OmpumaHO HacmyrHi pe3yibmamu.
BioHosneHHss F203 0o Fe304 sidbysacmbcsi MpsMuM 6iOHOBIEHHSIM (CMyniHb MPsIMO20 8iOHOB/IEHHSI CMaHo8UMb
46,06%) ma HenpsmuM 8iOHO8MNEeHHsIM 800HeM (cmyriHb 8i0Ho8neHHs 53,94%) 3a memnepamypu 500 °C. Bmicm KucHto
8 F203 0ns nepexody Ha Fe304 dopisHrioe 15,8%, wo 8idnosidae iHmezpanbHOMy cmyrneHro 8iOHoeneHHs1 — 16,5%.
AHanoeivyHo, iHmezpoeaHull cmyniHb 8i0HO8MeHHs1 npu npsmili memnepamypi 700 °C dopieHroe 97,1%, wo ekoYae
34,9% 3a npsimoi memnepamypu 700 °C; ma 100%, wo ekmroyae 48,7% 3a npsimoi ma 51,3% 3a HerpsiMoi' 8iOHO8MEHHS
3a memnepamypu 900 °C. IHmeaposaHul cmyniHb 8i0Ho8neHHs1 dopieHroe 100%, wo skmoyae 98,6% 3a npsmoi 8idHos-
neHHs meepdum syeneueM 3a memnepamypu 1100 °C. XimidHul aHari3 8i0HO8IEHO20 MoliIMEepPHO20 80/I0KHUCMO20 Ma-
mepiany (SRP) nokasae 3miHy cmyreHsi iHmezparnbHo20 8i0HoeneHHs 3 85,79 % (900 °C) do 92,50 % (1000 °C) ma 84,6
% (1100 °C) ma memanizauii 83,30 % (900 °C), 89,90 % (1000 °C), 80,75 % (1100 °C). Lii OaHi 8idnosidaromp pe3yrib-
mamam 3anexHocmi cmyneHsi 8idHoeneHHs1 CBP 8i0 memnepamypu. BidHoeneHul 3pa3ok Micmumbs Memaresy ¢ha3y,
wo ymeoptoe HalimoHwi 0eHOpumu y cKkrnornoOdibHili Maci Wwnakoymeoproryux KoMmrnoHeHmis. Take nepemeopeHHsi 8 CBP
3abesrneuye 3Ha4yHe Mi08UWEHHS MiUHOCMI 3a805IKU YIMBOPEHHI0 Memarego20 KapKaca.

Krtoqoei criosa: camosioHosnosansHi bpukemu, memnepamypa, 8yaneyb, cmyriHb 8iOHO8MEHHS, Memanesull Kapkac,
MiyHicms.

https://doi.org/10.15802/tpm.2.2025.15

Complex solid-phase reduction in a blast furnace of self-healing pellets

CAMOBITHOBJIIOBAJIbHUX OKATHIIIB X0JI0AHOI arjoMepaiii, 0 MiCTATH

Introduction

Metallurgical coke, produced from coking coal, is
the primary fuel used in blast furnaces for iron smelting.
The cost of coke plays a decisive role in the overall cost
of iron production. Furthermore, for use in blast
furnaces, coke must meet certain quality criteria,
including chemical composition, particle size
distribution, mechanical strength, and metallurgical
properties. Among these properties, fuel reactivity is
particularly important, as it directly affects the
temperature of the blast furnace's thermal reserve

© Vanjukov A.,
Ivaschenko V.,
Ivanova L.,
Kovalev M.,
Tsybulia Ye.

zone, thereby influencing its operational efficiency [1-3

1.

To improve the efficiency of the iron smelting
process, self-reducing agglomerates and pellets are
widely used in the iron charge. These materials offer a
number of advantages, primarily due to the close
contact between the iron oxide and the reducing agent,
which increases the reduction rate and reduces fuel
consumption [4-5 ]. Self-reducing materials allow the
use of ultrafine iron oxide and steelmaking by-products
such as sludge and powders with high iron content,
further enhancing the sustainability of this industrial

This is an Open Access article under the CC BY 4.0
license https://creativecommons.org/licenses/by/4.0/
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sector [6]. Furthermore, the use of highly reactive
carbonaceous materials leads to a decrease in the
temperature of the thermal reserve zone, thereby
potentially lowering the FeO-Fe equilibrium
temperature and reducing overall fuel consumption [7
-9].

Numerous studies [10-21] have addressed the
development and performance characteristics of self-
reducing agglomerates, pellets, and developed models
to predict the reduction kinetics using different carbon
sources in agglomerates, pellets, and briquettes [22—
28]. For use in blast furnaces, the self-reducing
agglomerate must meet stringent quality requirements
in terms of reactivity (or reducibility) and mechanical
properties, both of which depend on the carbon source
and its amount in the mixture [29, 30]. Furthermore, the
volatiles of the reducing agent also have a reducing
potential, as shown in previous studies [31-36], which
may influence the formation of the agglomerate
microstructure.

In recent years, to optimize the reducing process in
the blast furnace a great attention is paid to self reduc-
ing pellets (SRP). These materials are used already in
the operating blast furnace 1-5.The consumption of
SRP from 60 to 80 kg/tnm was used in the commercial
blast furnace melt. It provides the coke rate lowering
by 10-15 kg/tsm and the degree of direct reduction falls
by 2% 2). The consumption of SRP could be come to
200 kg/tumin the blast furnace charge 3,4).

Results of the blast furnace operation indicated that
the SRP charged into the blast furnace does not re-
duce the gas permeability of the charge and does not
disturb the smooth run of the blast furnace. Reduction
of the iron oxides contained in the SRP starts at low
temperature zone and reduction to come to an end ear-
lier as the sinter and pellets. Thus there is a tendency
to a significant reduction in coke consumption.®

The mechanism and kinetics of self reduction pel-
lets has already been modelled. These models take
into consideration not only the kinetics of gasification
of carbon and reduction reactions but also the mass
and heat transfer phenomena 7).

The simultaneous reaction between reduction of
the iron oxides and gasification of carbon was exam-
ined. The obtained results are as follows: coupling phe-
nomen between reduction and gasification existed.
The starting temperature of reduction was 250 °C in
the hematite graphite facing pair while the temperature
was 420 °C in the single hematite.®)

It was calculated reduction degree at different tem-
peratures during thermal analysis of SRP samples.
Iron oxide reduction seems to start in relatively low
temperature range between 500-600 °C. A possible
explanation is that some carbon gasification catalyzed
by H20 from dihydroxylation of hydrates %'%. The re-
duction mechanism of pellets with reducing gas can be
transferred to the SRP '1.12),

The contribution ratios of direct reduction by solid
carbon and indirect reduction and carbon gasification
were estimated through reduction experiment of the
composite under inert atmosphere. The reduction from
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Fe203 to Fe30O4 proceeds at low temperature ravel very
small. During this period direct reduction proceeds be-
cause new contact points between Fe203 and graphite
are formed. The contribution ratio of the direct reduc-
tion as approximately 45% during the reduction from
Fe203to Fes0s-"3). It carbonaceous material and iron
bearing oxides could be adjoin, the starting tempera-
ture of the reaction could be lowered. With the increase
in the degree of contact in such mixture the starting
temperature is lowered. It is an effective method to in-
crease the rate of direct reduction 4.

The blast furnace process differ from the pro-
cesses production of iron by direct reduction. In the
SRP as a part of the blast furnace burden simultane-
ously reactions occur: inside of the SRP —direct reduc-
tion by carbon (solid); gasification of carbon and indi-
rect reduction by mono oxide of carbon and outside of
SRP - indirect reduction by reducing gas coming from
hearth of the blast furnace.

A significant number of research of a reduction pro-
cesses carried out in the carbon composite agglomer-
ates in an inert atmosphere (nitrogen, argon). From the
point of a view of the use in the blast furnace process
SRP it is necessary to take into account indirect reduc-
tion of iron bearing oxides by reducing gas coming
from the hearth of the through the column of charge
materials of the blast furnace.

The purpose of this paper is to estimate the ratio of
indirect and direct reduction SRP depending on the
temperature in the range of 500-1100 °C.

Experimental Procedure.

Sample

SRP sample was selected from industrial parties.
The chemical composition and physical characteristics
of the sample are given below: SRP were produced
from the mixture of a blast furnace and converter
sludge in proportion (3: 2), with the addition 10 % of the
portland cement.

Chemical composition of SRP. %

Fert FeO Fe203 SiO2 CaO MgO C

43,10 8,0 52,68 7,50 140 8,0 9,8

Fractional size of SRP.

Size, mm 40-20 20-15 15-10 10-5 5-0

Yield, % 37,00 45,00 12,00 1,8 4,5

The SRP have been produced on the pelletizer 5,5
m. with productivity 25-30 ton per hour. After an probe
exposure during 28 day the compressive strength of
SRP was in average 90 kg/pellet.

The bulk weight g/cm3-1,4.

Reaction behavior of the SRP involving with reduc-
tion of iron bearing oxide has been investigated Diam-
eter of SRP ranked between 10-15 mm was set in re-
action crucible and than in reaction tube.

Research facility

The experimental setup is shown in Fig. 1. It con-
sists of a electrical heating furnace, which can be
moved up and down. The quartz tube passes through
the furnace. The reaction zone is in the middle of the
furnace. Neutral argon atmosphere is created and for
indirect reduction argon was changed on hydrogen.
Gases of argon and hydrogen are introduced into the



Ne2,2025 ISSN 1028-2335 (print)

furnace separately. Wire of nickel alloy chromosome
joins the scales test. A thermocouple is located in the
tube.The crucible of wire chrome-nickel was permea-
ble.

The reduced sample of SRP was to cool in Ar gas
until room temperature was reached.

Experimental Procedure reduction of SRP by
Hydrogen. Thermogravimetric method was used to
measure the degree of a reduction depends on the
temperature. The SRP fraction 10 - 15 mm was used.
The furnace temperature was varied in the range 500-
1100 ° C. The heating rate of the sample was varied in
the range of 27.7 - 29.5 * C/min.

In this investigation chemical analysis of reduced
samples after thermal treatment was feasible. Calcula-
tion of reduction and metallization degree was done
using results from chemical analysis and the change in
mass due to oxygen removal from iron oxides of SRP
separately due to direct reduction and indirect reduc-
tion. Reduction degree has been defined as follows.

RD (%) = (,,Al.m—f.dl) x 100%

Where RD - is reduction degree, %

Am - is the change in mass due to oxygen removal
from iron oxide;

Minitial — initial mass of sample.

The SRP samples from heated to temperature:
1000 °C were studied using the methods of manual mi-
croscopy and petrography of ore using a notarizing mi-
croscopy the MIN — 9 microfotometric device PME — 1.
An ore, slag and carbonaceous components were de-
termined by reflectance, colour, polarization effect and
internal reflex.

Results and discussion

Results of the SRP reduction process study shown
in table 1 and figure 2. The experiments were per-
formed continuously by from the start temperature
(~200°C). The sample was placed in an furnace and
heated to the experimental temperature under argon,
and then replacement by hydrogen reducing gas, at
this temperature for 30 min. This cycle is to be re-
peated for the temperatures: 500 ‘C;700 °C; 900 °C;
1100 °C.
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Fig 2 shows the dependence the reduction degree
of the iron oxides of SRP on the temperature. The di-
rect reduction degree of the SRP is 7,6%, at the tem-
perature 500°C.

Fig 2 shows the change in the indirect reduction de-
gree of iron oxides of SRP by reducing gas-hydrogen
on the outside surface of SRP. The degree of indirect
reduction is 8,9 % at the temperature 500°C.

Integrated degree of direct and indirect reduction is
equal 16,5 %. Initial probe of SRP contains 43,1 %
Fett; and 8 % FeO that it is corresponded to content of
34, 88 % Fes04. Thus Fe203 could be reduced to
FesO4. The following calculation let us to understand
that integrated degree of reduction 16,5 % corre-
sponds approximately to reduction of Fe203 to Fe3Oa.

It occurs due to reaction 3Fe203= 2 FesO4+ ¥/202. The
content of oxygen removed from Fe20s3 to transfer for

FesO4could be : 52’1882144 = 15,8% that correspond ap-

proximately integrated degree of reduction (16,5 %).

Where: 52,68 — content of Fe20s in initial sample of
SRP

144 — content of oxygen in 3 Fe203 according to re-
action

480 — molecular mass of Fe203 according to reac-
tion.

As to direct reduction of Fe20s3to FesOs by solid
carbon which proceeds at temperature 200 — 500 °C,
the gasification rate is very small. During this period di-
rect reduction prosseds due to contact between Fe203
and particle of carbon of which are formed continu-
ously due to expansion of iron oxides. The contribution
part of the direct reduction is 46,08 % during the reduc-
tion from Fe203 to FesO4 {7,6 : 16,5}= 46,06 %. It is
conform to result turn out earlier.™

The degree of the iron oxides SRP reduction by hy-
drogen shows 8,9 % at temperature 500 °C. The re-
duction mechanism of burnt pellets by reducing gas
could be transferred to the reduction of SRP. The de-
gree of direct reduction by carbon and indirect reduc-
tion of iron oxides of SRP are equal 34,9 % and 62,2,
% correspondingly at the temperature 700 °C. After re-
duction Fe20O3— Fes04 the total contents of magnetite
could be 178,6 g/mol and oxygen (O2) — 49,2 g/mol.

Table 1. Results of the integrated reduction of self-reducing pellets.

Temperat | Summary Summary | Reduction by carbon in ar- | For time of reduction of hydrogen
ure, duration of | loss of | gon athmosphere Indirect reduction
oC experiment, | mass, g Direct reduction
min Durati | loss of | Degree | Duratio | Degree | Degre | Y
on, mass | of n,min |of re-|e of
min reductio duction | reduct
n loss ion
mass

500 48,0 0,76 18,0 ]0,35 7,6 30 0,41 8,9 16,5
700 55,0 3,44 25,0 1,61 34,9 30 2,87 62,2 97,1
900 61,5 4,93 31,5 |240 48,7 30,1 2,53 51,3 100,0
1100 62,0 4,61 56,0 | 4,55 98,6 6 0,064 1,4 100,0
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The integrated degree of the SRP reduction at the
temperature is equal 97,1%. The contribution part of
the direct reduction is 35,94 % at the temperature 700
°C and 48,7 at the temperature 900 °C and 98,6 at he
temperature 1100 °C.

The quantity of oxygen could be removed accord-
ing to indirect and direct reaction as follows:

Fe304+H2=3FeO+H20

Fes04+C=3FeO+CO

The quantity of oxygen removed by hydrogen (49,2
*62,2 %): 100= 30,60 g

%% ISSN 1028-2335 (print)  Ne2, 2025

And by carbon (49,2* 34,9):100 = 17,17g , where
62,2 % and 34,9 % degree of indirect and direct reduc-
tion of SRP at the temperature of 700 °C correspond-
ingly.

By the same wat it is possible to calculate quantity
of oxygen removed out of FeO to Fe.

3FeO+H2=3Fe+H20

3FeO+ C=3Fe+CO

(5>02=35,46 g.). Degree of reduction is equal

100 .
80 // —D £
0 N | c:greetod
~ integrate
@O // :>( reduction
/ \ of SRP

\

500 700 900 1100

Fig.2 Depends of degrees reduction o on the temperature the SRP

Table 2. Chemical analysis of reduced SRP

Tempera- | Content of the component,% Content of | Degree of re- | Degree of
ture, Fewt, | FeO Fe203 | Femetat | Carbon- | oxide oxy- | duction, % metaliza-
°C % residual | gen,% tion, %
1100 °C 60,00 | 11,80 | 2,05 48,45 | 0,67 0,10 84,60 80,75
1000°C 59,25 | 3,95 5,30 53,30 | 0,85 0,19 92,50 89,90
900°C 62,20 | 7,85 4,70 51,85 | 0,63 0,35 85,70 83,30

Fig 2 shows that indirect degree of the SRP reduc-
tion is higher than direct reduction up to 900°C when
indirect and direct reduction of SRP are equal approx-
imately. When the temperature is higher then 900°C
the direct reduction degree of iron bearing oxides of
SRP increase from 53,1 % to 100 % at the temperature
1100° it occurs due to reaction of gasification of carbon
inside of the SRP (C+C02=2CQO). Chemical analysis of
reduced samples of SRP showed the higher degree of
reduction and metallization in range of temperature
from 900°C to 1100°C.

This paper presents the results of petrographic
studies of the microstructure SRP obtained from a mix-
ture of blast furnace and converter sludge production.

Three samples SRP studied: the initial and two re-
duced one. Sample obtained by heating in argon at
1000 °C undelayed and the second sample is also
heated in argon to 1000 °C and kept at this tempera-
ture - 150 minutes. ‘'C

The original sample was diagnosed with iron ox-
ides: hematite (Fe20s3), magnetite (FesOa), coke, slag-
forming components differ in shape, size and compo-
sition. The detrital material: hematite, magnetite, coke
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submicroscopic particles (Fig. 2) cemented cryptocrys-
talline material.

Recycled sample (undelayed) differs in composi-
tion from the starting components increased amount of
the metal phase. Metallic phase forming the finest den-
drites in the glassy mass of slag-forming components.
The metal is also dispersed in the form of units in unit
microns in size, which are concentrated on the surface
of the coke fragments and slag-forming components
(Figure 3).

The reduced sample (delayed) at 1000 ‘C over a
third metallized. Dendrites large metal. The rest obsch-
schee iron represented magnetite (FesO4) (Figure 4).
In the structure of the pellet is not coke.

Marked transformation in SRP provides a signifi-
cant increase in strength due to formation of a metal
frame. The strength of the reduced pellets (degree of
reduction 75 - 94,2 % and content of Femet 42,5 —
55,1%; compressive strength increases to 42,7 kg/s).

Conclusions

The blast furnace process differs from the pro-
cesses production of iron by direct reduction. In the
SRP as a part of the blast furnace burden occur simul-
taneously reactions: inside of the SRP - direct



Ne2, 2025 ISSN 1028-2335 (print)

reduction by carbon (solid);gasification of carbon and
indirect reduction by mono oxide of carbon and outside
of SRP- indirect reduction by reducing gas coming
from hearth of the blast furnace.

The integrated degree of SRP reduction namely
there was direct reduction by solid carbon which con-
tains in the SRP and indirect reduction by reducing gas
— hydrogen outside of SRP was investigated at the
temperatures 500; 700; 900 and 1100°C. SRP by solid
carbon direct reduction and by reducing gas (outside
surface of SRP) through experiment. There were esti-
mated reduction degrees of SRP by solid carbon (in-
side sample) under argon atmosphere by hydrogen
(outside surface of sample) through reduction experi-
ment. The following results are obtained.

The reduction F20s to FesO4 proceeds by direct re-
duction (degree of direct reduction is 46, 06 %) and in-
direct reduction by hydrogen (degree of reduction
53,94 %) under temperature 500 °C. The content of
oxygen in F20sto transfer for Fe3Os is equal 15,8%
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16,5 %. The same way integrated degree of SRP is
equal 97,1 % which includes 34,9 % by direct temper-
ature 700 °C; and 100 % which includes 48,7 % by di-
rect reduction and 51,3 % indirect reduction under tem-
peratures 900 °C. The integrated degree of reduction
is equal 100 %, which includes 98,6 % direct reduction
by solid carbon under temperatures 1100 °C.

The chemical analysis of the reduced SRP showed
the degree of integrated reduction change from 85,79
% (900 °C) to 92,50 % (1000 °C) and 84,6 % (1100 °C)
and metallization 83,30 % (900 °C), 89,90 % (1000
°C), 80,75 % (1100 °C).These data correspond to re-
sults of degree of reduction SRP depends on temper-
ature.

This paper presente the results of petrographic
studies of SRP after heating of sample in argon under
1000 °C. Recycled sample contains metallic phase
forming the finest dendrites in glassy mass of slog
forming components. Markes transformation in SRP
provides a significant increase in strength due to for-

that is corresponds to integrated degree of reduction —  mation of metal frame.
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