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Semiriahin S.V., Smirnov 0.M., Skorobahatko Yu.P., Semenko A.Yu.
Production of chromium concentrate from press-filtration residue

by means of heat treatment

Cemipseziu C.B., CmipHoeg 0.M., Ckopo6azamvuko I0.11., Cemenko A.IO.

Onep:xkaHHA KOHIEHTPATY XPOMY 3 npec-PijibTPANiHHOTr0 3aJUIIKY

3a JOMOMOI 00 TePMIYHOI 00POOKH

Abstract. 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.
Key words: filter cake, heat treatment, diffractography, chromium oxide, halite.

AHomauisi. BupobHUUmME0 WKIipsiHUX eupobie € 8axugoto 2asly33t0 NPOMUCI080CMI, WO CYrMPOBOOXKYEMbLCS YMEOPEH-
HsIM 3Ha4HUX obcsieie 8idxodis, 30kpema meepdoi hpakyil, sska 8KMYae 3anuwKu, Wo Micmsme XpoMosi crionyku. Teepodi
3anuwKu 8UpobHUUMEa WKipu, Wo Micmsmb XpoM, € UiHHUM Oxeperiom 051 00epKaHHSI XPOMOBUX Crifiasie, 30Kkpema
criyiagie Ha OCHOBI XpOMY, sIKi UKOPUCMOBYIOMbCS 8 Memariypeil, @ makoX 8 Pi3HUX 2arly3six 07151 CMBOPEHHSI HeEPXKasito-
4ux cmanel ma Kopo3siliHocmitikux Mmamepiarnie. Mema pobomu nonsizae 8 iHmezpaujii npoyecy nepepobku rnpomucrosux
8i0x00i8 y 8UpobHUYMEo, wo 00380/1UMb 3HU3UMU HE MINbKU eKoo2iyHul cnid, a makox oOHoYacHO cmeoprosamu
Mamepianu 3 BUCOKUMU MeXHOI02iHHUMU 8riacmueocmsamu 0515 1odanbwio20 8UKOPUCMAaHHS 8 pisHuUX 2ary3sax. Memo-
duka supobHuumea crinasie xpomy 3 meepdoeo 3anuliKy 8upobHuymea wkipsiHux eupobie € cknadHum i bazamocmyirie-
HesuM MpouecoM, WO 8KrrYae nid2omoskKy, mepmiyHy o6pobKy, 8i0HOB/IEHHST XPOMY, 8U20MOBIIEHHSI Criiagie ma ymu-
nizauito 8ioxodis. B pesynbmami makoeo nidxody MOXHa He flulie 3MeHWUMU eKOJo2iYHe Ha8aHMaXeHHsI Ha HagKosu-
wHe cepedosuuye, a U echekmusHO 8UKOPUCMO8Y8amu 8MOpPUHHI pecypcu Onsi UpObHUYMEa 8UCOKOSIKICHUX Memarnie i
crinasis. B pesynbmami makoego eupobHuymea MoxHa 00Css2Hymu 3Ha4YHUX eKOTo2iHHUX ma eKOHOMIYHUX repeeae, W0
0o3e801umb He nuwe 3HUXysamu eumpamu, a U 3abe3rnedysamu cmarsnuli po38UmOoK nPOMUC/I080CMI 3 MiHIMarbHUM
8r1/1UBOM Ha HasKoNUWHe cepedosullye. Haykosa Hogsu3dHa daHoOi MemoOuKuU norisizae 8 iHmeepauii cy4acHux mexHoroeit
rnepepobKu WKipsHUX 8idxodig 051 8UPObHUYMEa 8UCOKOSIKICHUX Memarnesux crisiasis, wo eidrnosidarome aumoz2am Cy-
4acHo20 po38umky rpomucsogocmi. lMpakmuyHa 3Hadywicmbs daHo20 Memody 8upobHUYmMea crisiagie Xxpomy 3 meep-
0020 3anuwiKy supobHuUUmMea WKIpsHUX supobie rosnsizac 8 eKOHOMIl IPUPOBHUX pecypcis, MOKpau,eHHi eKomoaidHol cu-
myauji, nid8uwjeHHi eKOHOMIYHOI eghbekmueHOCMIi ma CrpUsIHHI cmarioMy po3g8UMKY SIK MemarlypeiliHoi, mak i WKipsiHoi
npomucniogocmi. Lle do3eossie 3pobumu 3HaqyHUl 8HECOK y 3abe3reyeHHs1 Cmasio2o eKOHOMIYHO20 pocmy 3 MiHiMarbHUM
8r11u8oM Ha O0BKIfsisi.

Knro4doei cnoea: ¢hinbmpokek, mepmiyHa obpobka, dughpakmozpacbisi, oOKcud Xxpomy, 2anim.

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
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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
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 chromium complexes associated with or-
ganic residues. This precipitate can accumulate in
sludge or be present as residues on the processed ma-
terials. Filter cake is characterized by a high content of
Cr(1ll) in the form of oxides or coordination compounds,
which makes it a potential raw material for further chro-
mium recovery in production. To isolate filter cake from
leather waste, mechanical methods (filtration or centrif-
ugation) are used to separate the dense precipitate
from the liquid phase containing dissolved chromium
compounds. The resulting precipitate (filter cake) can
be subjected to additional heat treatment (e.g., drying)
to remove residual moisture and reduce organic impu-
rities. This improves the quality of the filter cake, which
contains a high percentage of Cr(lll) in the form of ox-
ides. Pure filter cake can serve as a valuable raw ma-
terial for further chromium recovery, for example, it can
be used to produce high-carbon ferrochromium alloys
or as a component for the manufacture of other chem-
icals 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 prep-
aration of waste after tanning, separation of dense pre-
cipitate and its further 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-filiration residue (filter cake) by
means of heat treatment.
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Methods. To evaluate the effectiveness of the de-
veloped technological process in terms of the yield of
8% chromium oxide by weight after firing and obtaining
chromium concentrate 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 im-
portant component of environmentally friendly and ef-
ficient waste management in modern metallurgy. The
residues generated during leather processing, particu-
larly after tanning, contain a significant amount of chro-
mium 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 additional
economic opportunities, as the resulting chromium
compounds can be used in metallurgy, including for the
production 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 contain-
ing chromium (Fig. 1). Due to the use of the basic chro-
mium sulfate crystallohydrate compound Cr2(SO4)3)-
nH20 (n = 3, 6, 9, 12, 14, 15, 17, 18) in the solution,
the filtrate has a sufficiently high concentration of chro-
mium. Table 1 shows the chemical composition (on a
dry weight basis), and Table 2 shows the results of the
calorific 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 Fe203 LE*

0.6-1.0 |0.5-0.8 |0.5-09 |0.4-0.8 |0.1-0.4

14-1.8 |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
fat residues, epithelium, tissues, etc.), filter cake has
calorific properties that should be taken into account in
the overall heat balance of thermal firing processes.

The data on the calorific value of filter cake are given
in Table 2 (the studies were conducted using a calori-
metric bomb).

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

Name of the characteristic Meaning

Heat of combustion MJ/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 waste is cleaned of contaminants and foreign ma-
terials, and then crushed to a fine state, which in-
creases the efficiency of further processing stages.
Mechanical methods, such as grinding or fractionation,
can be used to prepare the material for the next ther-
mal processing process.

Fig. 2. Complex for firing leather production waste.

Table 3 shows the mode and results of laboratory
firing with the determination of temperatures and spe-
cific mass loss. The resulting fired material is a crumbly

Table 3 - Firing modes of the studied raw materials.

Rotary kilns are one of the key types of equipment
for the heat treatment of solid tannery residues con-
taining chromium compounds, which ensure efficient
burning, conversion of chromium into a form suitable
for metallurgical processing (Cr,O) and removal of or-
ganic impurities (Fig. 2).

T3

A Yt

powdery material of dark green color. Fig. 3 shows a
photo of the appearance of the fired material, and Ta-
ble 4 shows the chemical composition.

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




Table 4 - Generalized chemical composition of roasted chrome concentrate.
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Fig. 3. Annealed chromium concentrate.

Na20

MgO

Al2O3

SiO2

P20

SOe

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 de-
tected in the bulk of the sample, by powder X-ray dif-
fraction. The X-ray diffraction patterns were recorded

in the range of 206=5-70°

Irel
1000

using a DRON 3M

diffractometer (Burevestnik, St. Petersburg) with CuKa
and CoKa radiation (A=0.15418 nm and A=0.1789 nm,
respectively) and a Ni filter. The recorded diffracto-
grams are shown in Figs. 4-6.
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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).

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

In addition, the main part of the sample contains
crystalline phases of chromium oxide Cr203 and halite
NaCl, the crystalline phase of halite is expressed by
intense signals, and the crystalline phase of chro-
mium 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 crys-
tallites.

Conclusions. 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 isola-
tion of chromium-containing compounds. Heat treat-
ment is the main technological method for enriching
the material in terms of chromium content. The pro-
cessing temperature of the raw filter cake should be at
least 700 °C. The powder yield, which can be consid-
ered a chromium oxide concentrate (COC), is in the
range of 15-18% with a chromium oxide 7 Cr203 con-
tent 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
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Onrumizanist XiMiYHOT0 CKJIAY CTAJI CTPIJIOYHHUX MEePEKIAAIB NJIA
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MeTAJIONPOAYKIIIL

Abstract. The analysis of regulatory documents on the chemical composition and level of mechanical properties of aus-
tenitic 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 ay 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 info account
the manganese 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.

Key words: 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.

AHomauisi. BukoHaHO aHaniz HopmamugHux 00KymeHmie 00 XiMiyHO20 ckrady ma pieHsi MexaHiYHUx eracmusocmeti
aycmeHimHoi sucokomapaaHuyesoi cmari 11013/1 dna cmpino4yHux nepeknadie . 3 suKOpucmMaHHsIM MameMamu4yHUX
mMemodie cmamucmuKu, ompuMaHi KOpensuyilHi 3anexHocmi ennusy 3Ha4yeHb yO0apHOI 8'I3Kocmi Ha xapakmepucmuku
MiyHocmi memarny. BcmaHoeneHo | o 3HadYeHHs1 Mexi MiuHoCmi O, ma ydapHOi 8'a3kocmi a, € supiwanbHUMU ¢hakmo-
pamu Orisi KOMIIeKkcy MIUHO8’I3kKocmHuX ernacmueocmeli sunuekig i3 cmani 110M13/1. ObrpyHmosaHo pauioHarnbHuUl
cknad memarty 3 ypaxyeaHHsIM emicmy mMapaaHuyto (=12%) ma siOHoweHHs emicmy MapaaHuto 0o syaneyto (10,56-13,60)
01 supobHuymea memariy susnuskig | 2pynu 3a FTOCT 7370-98.

Knroyoei cnoea: cmpinouHi nepeknadu, cmarne 1101371, ximiyHUl cknad, MexaHiqyHi XxapakmepucmuKu.

My6nikauis nigrotoBneHa 3a pesynbtatamu npoekTy 2023.04/0037 “Po3pobka TexHonorii nepennaBy 6pyxTy BiNCbKOBOT
TEXHIKN 3 MeTOoto 36epexxeHHs1 LOPOroBapTICHUX NEryYNX enemMeHTIB Npyu BUNNaBLj cTanen cnewianbHoro gyHKLUioHanb-
HOro Npu3HayeHHs”, npodiHaHcoBaHUM HaujioHansHUM doHOOM AochimpKeHb YKpaiHu 3a KOLITU AepKaBHOrO BrooxeTy.

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

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.
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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 <0,1
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

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).

and impurity elements in

the metal

(carbon,

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

Name of the Indicator

Mechanical Properties of Grouped Metals

Tensile strength, o»,, H/mm?

(kgf/mm?)

more 880 (90)

From 780 (80) to 880 (90)
inclusive

From 690 (70) to 780 (80)
inclusive

Mexa nnuHHOCTI, O o2, H/mm?

(kgf/mm?) no less 355 (36) 355 (36) 355 (36)
Yield strength, 8,% 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-m / sm?)

More. 2,5 (25)

More 2,0 (20) go 2,5 (25)
inclusive

From 1,7(17) to 2,0(20) in-
clusive

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
110G13L 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

correlation Rank of
Mechanical coefficient ob 002 5 v KCU Importance
properties
Ob 1 0,95 0,89 0,94 0,98 2
00,2 0,95 1 0,58 0,48 0,93 5
0 0,89 0,58 1 0,96 0,91 3
V)] 0,24 0,48 0,96 1 0,94 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 ob, 002, 6, 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 )
5=7,1KCU+6,38 3)
y = 7,645 KCU + 7,01 (4)

In addition to the chemical composition and physi-
comechanical properties of 110G13L steel, one of the
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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,
A3, 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 Indicator.

Grouping of Melts | Number | Specific Fraction of the | Grouping of Melts [Number |Specific Fraction of the
by Manganese | of Melts, | Melt Group of the Total |with Respect to|of Melts, |Melt Group of the Total
Content, wt.% pcs Number of Melts, % [%Mn]/[%C] pcs 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
toughness values on the strength characteristics of the

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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Uhriumov Yu.D., Dobriak V.D., Mazur I.A., Uhriumov D.Yu.
Preparation of rolled products for processing at a pipe rolling unit

Yepiwomos 10.., Jo6psk B./., Ma3yp LA., Yepromos /1.10.
ITlinroroBka po3kary no nepeaijiax TpyoonpoKaTHOro arperara

Abstract. 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 pre-
paring 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. Examples 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 production were analyzed. Originality. The method
of transferring part of the deformation from the main mill to the preceding mill has been further developed, which signifi-
cantly 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.

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

AHomauis. Mema. Memoto ujiei pobomu € 00CniOXeHHs Mpouecie npokamxu 3i 3MiHHUMU pexxumamu degbopmauii wisi-
Xxom nepedayi yacmuHu uiei 0egpopmauii 3 po3arssHymoao cmaHy Ha nonepeoHit, a makox po3pobka rpouecy nid2omo-
8KU MOopuie 3a20mMoe8oK MONepeyYHUM rniaHemapHUM euariadxysaHHsIM xonocmumu eankamu. Memoduka. 3a doromo-
2010 MemoOy Ko83aHHS 8U3Ha4asnucs cunu, wo Oiromb Ha X0rl0cmi 8anku nid Yac rornepeyHo2o rniaHemapHo20 euena-
OKysaHHsI MOPUS 3a20MO8KU, @ MakoX KpymHUl MOMEeHm i MomyXHicmb rpouecy guanadxysaHHs. AHanimu4Ho ecma-
HOB/1EHO CMOHWEeHHS1 CMIHKU Ha nepedHbOMY KiHUji 3a20moeKu rid Yyac ii nid2omoeKu rnornepeyHuM rnaHemapHuUM suana-
OXysaHHsIM xornocmumu eankamu. Pesynsmamu. OOHUM 3 OCHOBHUX pe3epsig nodanbuwio2o rnid8uLeHHs npodykmue-
Hocmi, eKoHOMIT Memarsy ma MoKpauw,eHHs1 2eoMempuYHUX Po3mipie y supobHUUmMei 2apsiyekamaHux 6e3wosHuUxX mpyb €
8UKOPUCMAaHHS 3MIHHUX pexxumie deghopmauii Mo mosuwuHi cmiHku. PosansHymo nipuknadu dodamkosux onepayil, o
BUKOHYHOMbCS Ha Pi3HUX MpPybornpokamHux cmaHax, wo 0eMOHCMPYomb iX 8UCOKY echekmusHicmb. [ris po3pobku me-
mody nid2omosKu rnepedHiXx mopuyig 3a20mo8oK MnpoaHali3o8aHo MPoUecu niaaHemapHol Npokamku, Wo 3acmocosy-
tombcsi 8 mpybornpokamHomy eupobHuumsi. OpuziHanbHicmb. Po3pobneHo memod nepedayi yacmuHu deghopmauii 3
OCHOBHO20 cCmaHy Ha rornepeodHil, W0 3Ha4HO MOKpaulye yMosuU MpoKamku 8 OCHOBHOMY cmaHi ma nidsuwye tio2o rnpo-
OykmueHi nokasHuku. lMpakmuyHa yiHHicms. [pouec nonepe4yHo2o nnaHemapHoOeo 8uanadxyeaHHs1 mopuie 3a2omo-
80K € Oy»xe nepcriekmusHuM i mompebye nodanbuwux 0ocnidxeHsb i po3pobok. Pesynbmamu uiei pobomu Moxyms 6ymu
3acmocosani npu subopi Halbinbw payioHarbHO20 Memody nid2omoeku memary 00 NMPoKamku 3 ypaxyeaHHsIM crieyu-
piku mexHornoeii daHo2o0 mpybonpokamHo2o cmakHy.

Knroyoei cnosa: 2apsisekamaHa mpyba, mpybornpokamHull cmaH, 3a2omoeka, onpaska, rnpobka, nideomoska mopujis,
KocornpokamHut npobusHuli cmaH, rnornepeyHe riaHemapHe guanadxysaHHsl, Memod KO83aHHsI, curna rnpoKamku, Kpym-
HUl MOMEeHM MPOKamKuU, cura npokamku, npodyKmMuUeHICMkb.

Introduction. The production of hot-rolled seam-
less pipes of a wide dimensional and grade range is
carried out on various pipe-rolling mills (PRMs), the
characteristics 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, includ-
ing pilger 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.

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, sav-
ing 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
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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.

Each module includes the following main opera-
tions:
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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.

. 4

/ /

11 |12| 321|223

{37 |32|33 4 1]4.2]43

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

Tvpe of bipes With automatic mill With Pilaer mill With three-roll roll- | With continuous mill
ype ot pip «140» 9 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.
These pipes are mainly used as billets for the produc-
tion of ball bearings.
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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.

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.

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

ISSN 1028-2335 (Print)
Teopisi i npakmuka memanypeii, 2025, Ne 2
Theory and Practice of Metallurgy, 2025, No. 2

preceding mill to reduce deformations on the mill under
consideration. A structural diagram of the main opera-
tions on the PRM is shown in fig. 2. The main opera-
tions 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.

Ly
|
~

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
automatic mill; 3.3 — thinning of the pipe ends on the
continuous 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
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
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method improves the accuracy of the pierced product
ends and, consequently, reduces metal consumption
due to technological trimming.

At «UraINDTl», 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.

Let us consider examples of performing additional
operations (positions 3.1-3.3, fig. 2) to improve the
rough pipe rolling (second pass).
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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 g =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 A4S, end sec-
tions is 1,5+2,0 times greater than the variation in their
middle section. M.I. 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 compressionby 4 = 0,1 +
0,3 mm. The middle section of the pipe is rolled at a
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
produce rods and pipes of a wide range of grades from
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non-ferrous metals. The production of seamless pipes
was initiated on the PSW millin 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

%z 8 + 35. The elongation coefficient can reach p =

15.

The company «kKOCKS» 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.

4
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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~*and 10 s~1.

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 (&) and 1,0—7,0 mm absolute deformation (4d);
36,6x4,7 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 0,8+16 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

\

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

4
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

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.

21



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
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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

Ah

D= 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 A4h =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 Ah =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 .

10,9659 Mmin,

— for the maximum  Dbillet @230 mm
6,1

1-0,9659 MMyngy -

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

LEt Li-tg?
Ly=L,—2 %% 413. 297
Ds D3
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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

212
“:”__iﬂ )
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 —2 5011295
From expression (2), the length L, for the maximum

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

. 2~ °
y =5 will also be equal toL,=50—% 7011395 =

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 b, = L, + 30.

= 46 mm.
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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,

3
Figure 9 — Diagram of roller contact with the billet at the moment of indentation completion:
1 — billet; 2 —roller

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
considered, the direction of the resultant force P
changes so that it passes along the tangent to the fric-
tion circle. Then, the torque required to rotate the roller
is

da
MP=P-‘u-;=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-aq, 4)

where a = BO, — p; BO, = (R, + R; — Ah) - sin 6.
From triangle ACO, it follows that 6 = 8 + ¢. 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

4y 5

«‘U{)()«‘jf)(.’f/] wendrKocmen

- 7—\ — . — )
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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 CD 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, sinfp,
where v, — the tangential velocity of the center of

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

Al

| OCbh POJHKA

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 =22 .100% = Pn—Py-cosy 100% = 0,38%.
Py Pn

24

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 AB'C these velocities have two



components: 0Q along AC and 0Q along A'C, as well
as PQ and RQ — he velocities of the metal exiting the
deformation zone. The upper-limit specific load p is cal-
culated according to Johnson’s method [23, p. 218] us-
ing the equation

2:0g Vek _ 205 AC-0
pP -AB = 7 SZ;: S = NG Up' . (6)
From where, we get
_ 205 AC-0Q (7)
T V3 ABoOP’

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

2 37265
P=7" %620

-og = 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:

— for the minimum workpiece @110 mm ¢ =
100% = 22 100% = 8,7%;

— for the maximum workpiece @230 mm ¢ =

__70-66,3

100% = W 100% = 5,6%.

Ly—Lg

3

Ly—Lg

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 === = 6,2857"), 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 mm u = —

0,25
0,35s7L;
— for the maximum workpiece @230 mm u = 000—25: =

0,22 s71L.

As an example, we consider a workpiece made of
steel 45 at a temperature of1200°C.

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

0s =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; k; = 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 - g;. 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
FK:Z'LKD'LK’ 9)

where Ly, — 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:

Lyp =2-R,-sinyy;

Lyp = 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 Yo :

R, -siny; — R, - siny, =0;

R,-cosy,+R;-cosy, =R, + R;— Ah. (11)

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

(R L (Re) 2y o R _Ro 4 _an
=) +(B) costr 42 cosyy =412 (12)
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Figure 12 — Diagram for determining 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
rameters involved: % 100 1,818; (&) =1,818% =
Rj 55 Ry
3,305; Ah = 4,4 mm; i—h = % = 0,08. As a result of
3

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 Y using the following values of the pa-

2
rameters involved: 2 =219 _ 0,87; (&) =0,87% =
R; 115 Ry
0,756; A4h = 6,1 mm; =% = 2= = 0,053. As a result of
3

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 3110 mmP =p - F, =
=62,7-10°-450-107% = 28215 N=28,2 kN;

— for the maximum workpiece @230 mm P=p-
F,==60-10°-892,5-107% = 53550 N=53,55 kN.

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

26

— for the minimum workpiece @110 mm M, =
28215-0,1- 2 = 141,07 N - m;

— for the maximum workpiece @230 mm M, =
28215-0,1- 2 = 267,75 N - m.

We determine the angle:

.2 . 25 ,

Q= arcsin=£ = arcsin=> = arcsin 0 ,05,
Dp 200
wd _ 01100

= 5 mm - the radius of the

where p =—=
friction circle.

Thus, the angle ¢ = 2°50'.

From Fig. 10, it can be seen that the angle g = %

Therefore, for the minimum workpiece @110 mm, the
angle g =5°10, and for the maximum workpiece
@230 mm, the angle § = 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 > M, = 4 -
1713,6 = 6854 N - m.

2



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:

— for the minimum workpiece @110 mm N =Y M, -
w, = 1806 - 6,28 = 11342 W = 11,34 kW;

— for the maximum workpiece @230 mm N = ), M, -
w, = 6854 - 6,28 = 43043 W = 43,04 kIV.

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

/'3
A 4
- o g

=
o |

I V=
—i— =
I

Figure 13 -
a) main

Diagram  of
view; b)

planetary
cross-section

finishing of the
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from the drive pinion 7. The shell 1 is mounted on the
mandrel 8 to a specified distance corresponding to the
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) 4r = %), 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:

VABCD:Fm'l:%'(DeZ_dg)'l’ (13)

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

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

Vigep = Fm- (L+ 4D =
T

==-[(D, =2 AR)? = D] - (L + AD), (14)

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

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

D3 —d2 = [(D,— 2 AR)? = D3] - (1+5).  (15)

We have one equation with two unknowns, AR and
Al

27
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Figure 14 — Finishing of the shell end with rollers on a mé{ri_c-lrr'élwaaﬁéﬁﬂainal section):

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

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

g+eg+e, =0,

where g, = ATI — relative elongation of the shell end

_24R
&=

(positive sign); — relative reduction of the
2
shell radius (negative sign);e, = T2 Pem24R)] _ 24R

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

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

4-AR

D3 — d? = [(D, — 2+ AR)? = DZ] - (1+25). (17)

Equation (17) is cubic with respect to 4AR. 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, D, = 164 mm, [ =
140 mm.

We obtain the cubic expression:

0,05-AR® —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 4l = 8,86 mm.

The thinning of the shell wall occurs by an amount
of

28

AS = AR — Ar = 5,06 — 3 = 2,06 MMm.

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 se-
lecting 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., Bila 0.v., Pohrebna N.E.
Influence of physicochemical melt treatment on structure and
properties of AK7ch alloy microalloyed with Sr-Sc and Ti-B-Sr
complexes

Awnoesa T.A., €aaczin A.C., Koe3ik A.M., biaa A.B., [lozcpe6Ha H.E.
BB ¢iznko-xiMivHOI 00p00KH PO3IJIABY HA CTPYKTYPY
Ta BJACTUBOCTI cuiryMminyAK74 npu MikpoJieryBaHHi
komIuiekcamu Sr-Sc ta Ti-B-Sr

Abstract. Purpose. The aim of research is to determine the features of structure formation and property enhancement in
the AK7ch 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 AK7ch alloy of the base composition and micro-
alloyed with Sr-Sc and Ti-B-Sr complexes in both the as-cast state and after hydrogen and thermotemporal melt treat-
ments. Structural formation was investigated using metallographic analysis. The ultimate deformability was determined
by an improved method for assessing 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 AK7ch 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 AK7ch alloy compared to the base
composition. The positive effect of such treatments on the alloy’s general corrosion resistance was also confirmed. Prac-
tical significance. The research provides effective methods for enhancing the technological deformability and corrosion
resistance of AK7ch aluminum alloy through microalloying with Sr—Sc and Ti—-B—Sr complexes in combination with hydro-
gen or thermotemporal melt treatment. The proposed approaches significantly improve the alloy’s structure, which pro-
motes increased corrosion resistance and overall reliability of finished products, especially in critical components used in
mechanical engineering, aviation, and transport industries.

Key words: silumin, microalloying, hydrogen treatment, thermotemporal treatment, deformability, corrosion properties.

Anomauisi. Mema. Memoro docnidxeHHs1 € 8usHa4YeHHs1 ocobriueocmell ¢hopMysaHHsI CmMpyKkmypu ma eracmusocmel
8 crinasi AK74, npu Oif MikponeaysaHHsI KOMIIeKCHUM Modugbikamopamu Sr-Sc i Ti-B-Sr ma ¢pisuko-ximidHoi o6pobku 8
pidkomy cmani. Memoduka. O6’ekmom docnidxeHHs criyxue crinas AK74 suxiOHo2o cknady ma Mikpone2osaHull KOM-
rnnekcHumu modughbikamopamu Sr-Sc ma Ti-B-Sr 8 numomy cmati ma nicrnisi 800Hegoi ma mepmoyacos8oi 06pobok 8 pid-
KoMy cmadi. [JocnidxeHHs1 ocobriugocmeli hopMysaHHs cmpyKmypu rnpogoduriu 3a 00romMo2or MemasoepagiyHozo,
aHarnisy, epaHu4Hy 0eghopmigHicmb criniagie eudHayasnu 3a 800CKOHaIeHOK MEMOOUKOI BU3HAYEHHS 2PpaHUYHO20 cmy-
neHto Oeghopmauyii Memariie npu npokamu,i KITUHOBUOHUX 3pa3kKie, KOpOo3iliHi 8UnNpobysaHHs1 Ha 3azallbHy KOPO3ilo ma cxu-
JibHicmb 00 MiXKpUcmarimHoi koposii nposodusnu 3a cmaHOapmHuUMu memodukamu. Pe3ynbmamu. BcmaHoeneHo, wo
KOMIMIIEKCHUU Di3UKO-XiMiYHUU 811U MiKponeayeaHHs1 KoMmrniekcom Sr-Sc ma 20-xsurnuHHe 800Hege 06pobrieHHs1 po3ri-
nasy AK74 nidsuwye tio2o deghopmisHicmb Ha 60%, a dodasaHHs1 komrnekcy Ti-B-Sr ma mepmoyvacosa 06pobka poasri-
nasy npumsizom 30 X8UUH cripusitomb NiG8UWEHH!IO Lio2o dechopmieHocmi Ha 46 % MopieHAHO 3 BUXIOHUM fIUMUM crina-
8om. BcmaHoerneHo, wo mikponeaysaHHs Ti-Sr-B ma mepmovacoea 06pobka posnnasy npomsieom 30 x8. nidsuwyroms
Kopog3iliHy cmitikicms crinasy AK74. Haykoea Hogu3Ha. [JosedeHo eghekmuesHiCmb MiKposieaysaHHs1 KOMIIEKCHUMU MO-
ducgpikamopamu Sr-Sc ma Ti—B—Sr y noedHaHHi 3 600HE800 Mma mepmoyacosor obpobkamu posmnnasy Onsi MosULEHHS
degpopmisHocmi crinagy AK74 y nopieHsiHHI 3 8uxiOHUM cknadoMm. BcmaHoeneHo no3umueHuUl 8riue MikporeayesaHHs ma
mepmoyacosoi 06pobKu posrnasy Ha Mid8uWEeHHs 3a2arbHoi Kopo3itiHoi cmilikocmi crinagy AK74. [pakmuyHa 3Ha4y-
wiicmb nposedeHo20 00cnidXXeHHs norsizae 8 po3pobui echekmusHUX Memodie nidsuLieHHs] mexHonoeiYHoi deghopmis-
Hocmi ma Kopog3iliHoi cmitikocmi amomiHiegozo crinagy mury AK74 wisixom MikporneayeaHHs Komrnekcamu Sr—Sc ma
Ti—-B—Sr y noedHaHHi 3 600He800 abo mepmoyacoeoro 06pobkoto po3rnnasy. 3anpornoHosaHi mexHoo2iyHi niéxodu 3a-
6e3neqyromb cymmese MoKpaleHHs1 CmpyKmypu crnasy, Wo crpusimume nidsuleHHIo Kopo3iliHoi cmilikocmi ma 3aza-
TbHOI HaditiHocmi 2omoeux eupobie, 0cobnueo y 8idnogidansHUX KOHCMPYKYisX MawuHobyO0yeaHHs, asiauii ma mpaHc-
1OPMHO20 MPU3HAYEHHS].

Knroyoei cnoea: cunymiHu, MikponeaysaHHsl, so0Hesa obpobka, mepmoyacosa obpobka, OeghopmigHicmb, KOPO3iliHi
enacmueocmi.
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Analysis of Literature Data and Problem State-
ment

Aluminum alloys based on the Al-Si system, partic-
ularly alloys of the AK7ch 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 AK7ch-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
AK7ch 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 AK7ch
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, %omass.
y Al Si Fe Mg Mn Zn Cu Modifier
0,
AK7ch 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;0222
0,
AK7ch(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;02‘322
AK7ch 0,21-0,25%Ti
(TiB-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 CLUOJ1-12.6/12-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 Al-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 AK7ch(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 AK7ch (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: hos = 3 mm, ho2 =11 mm, bo =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 50x50x3 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=4012 °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 20x10x3 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 solu-
tion 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 anodic polarization curve, which reflects the
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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 NMP-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.

=%

a b

| m—
e 9O

d

a, b — AK7ch of the initial composition; ¢, d — AK7¢ch(Sr-Sc); a, ¢ — cast state; b, d — after hydrogen treatment

of the melt for 20 min.

Figure 1 — Samples of AK7ch and AK7ch(Sr-Sc) alloys in the initial state and after technological deformability

tests

C

a, b — AK7ch alloy of the initial composition; ¢, d — AK7ch(Ti-B-Sr) alloy; a, ¢ — casting from 720°C; b, d —

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

Figure 2 — Samples of AK7ch and AK7ch(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 AK7ch 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).

1
0,95 09
0,9 /
0,85 08 /
0,8
50,75 E o7 et
L e W 06 —
0,65
05 . . . . x
o8 700 720 740 760 780 800 820
0,55
0,5 tuc
Cast H2 20min  40min 60min 90min
— AKTY —m AK74 (Sr-Sc) . AK7Y — AK74(Ti-B-Sr)
a b

a — AK7ch and AK7ch(Sr-Sc) after hydrogen melt treatment
b — AK7ch and AK7ch(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 AK7ch al-
loy of the initial composition, an increase in the ultimate
degree of deformability by 10% is observed; compari-
son of deformability data of the AK7ch alloy of the initial
composition and the AK7ch(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 AK7ch-type alloys — of the initial
composition, and AK7ch(Sr—Sc) in the as-cast state
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and after hydrogen treatment are presented in Figure
4, and of the AK7ch and AK7ch(Ti-B-Sr) alloys after
thermotemporal 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 AK7ch 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 — AK7ch, ¢, d — AK7ch(Sr-Sc)

a, ¢ — without treatment, b, d — hydrogen treatment for 20 min
Figure 4 — Structure of AK7ch and AK7ch(Sr—Sc) alloys, x500

a, b — AK7ch, ¢, d — AK7¢ch(Ti-B-Sr)
a, ¢ — casting at 720°C; b, d — casting at 800°C

Figure 5 — Structure of AK7ch and AK7ch(Ti-B-Sr) alloys, x500

The most intensive and fastest corrosion occurs in
the AK7ch 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 AK7ch(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.

33



ISSN 1028-2335 (Print)
Teopis i npakmuka memanypeii, 2025, Ne 2
Theory and Practice of Metallurgy, 2025, No. 2

1 (AK7q, TTO=720°C)

2 (AK74, TTO=720°C, T6)

4 (AK74, TTO=800°C)

6 (AK74, TTO=800°C, T6)

7 (AK7u (Ti-B-Sr), TTO=720°C)

9 (AK7u (Ti-B-Sr), TTO=720°C, T6)
10 (AK7q (Ti-B-Sr), TTO=800°C)

12 (AK74 (T1-B-Sr), TTO=800°C, T6)
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Figure 6 — Corrosion rate
treatment regimes
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Figure 7 — Polarization curves of AK7ch and AK7ch(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, AK7ch(Ti-Sr-B) alloys
treated at 720°C exhibited higher corrosion resistance than the unmodified AK7ch alloy.
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Figure 8 — Polarization curves of AK7ch and AK7ch(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
AK7ch sample in the as-cast state. Application of T6
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heat treatment slightly improves its anticorrosion prop-
erties. The highest corrosion resistance was shown by
the sample subjected to TTO at 800°C in the as-cast



state, while the AK7ch(Ti-Sr-B) sample after T6 treat-
ment showed slightly lower resistance.

The data on general corrosion studies indicate that
both microalloying of the AK7ch 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 AK7ch and AK7ch(Sr—
Sc) alloys on hydrogen melt treatment regimes were
obtained, indicating a 60% increase in deformability
compared with the as-cast alloy of the initial composi-
tion. The dependences of technological deformability
of AK7ch and AK7ch(Ti-Sr-B) alloys on thermotem-
poral 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 AK7ch and AK7ch(Sr-Sc) alloys
in the as-cast state and after hydrogen treatment (20
min), as well as AK7ch and AK7ch(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
AK7ch 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.
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IlepuyHn I'.L, Isuenko A.0., Amé6padiceii M.I0., Isuenko O.B.
Bukopucransus xoJ01H0i AedopManii po3TAry ajs mNiABUILEHHS
MIITHOCTI apMATYPHOI0 MPOKATY B TEXHOJIOTISIX BUPOOHUITBA rOTOBOIL
NPOAYKIIii B MOTKaX
Perchun H.L, Ivchenko A.0., Ambrazhei M.Y., Ivchenko O.V.

Using cold stretching deformation to increase the strength of rebars
in coiled product manufacturing technologies

AHomauis. Mema. AHaniz cmaHy eupobHuymea apmamypHoeo rpokamy (All) ons 6ydisHuumea, a makoxX iCHyrHoi
iHbopmaujii No3umueHo20 ma HeeamugHO20 8UKOpUCMaHHs echekmy deghopmauiliHo20 3MIUHEHHST 3a paxyHOK XOrT0OHOI
degpopmauii poamsiey cmanesoeo cmpuXHs 0151 3acmocy8aHHs Yux pe3yrbmamig y nodanblux po3pobkax eghekmusHoi
mexHornoeii gupobHuymea apmamypHo20 rpokamy 8 momkax. Memoduka. AHanimu4Hi docnidxeHHs w000 8uKopuc-
maHHs1 X0r100HOI Oechopmauii po3msicy cmanego2o cmpuxHs 01151 Mid8UWEHHST Lio20 MIUHOCMI, @ MaKOoX MOPIBHSIHHS 8-
domux mexHoroeili eupobHULMea apMamypHO20 MpoKamy 8 Momkax Knacy miyuHocmi 500 H/mm?, siki 3axuuieHi namen-
mamu Ha 8uHaxo0u Ha nocmpadsHcbKOMY npocmopi. Pesynbmamu. [poaHanizosaHo mpu HalinowupeHiwux criocobu,
SKi suKkopucmosytombcsi 051 nidsuueHHs MiuHocmi All — neaysaHHsi cmari, mepmiyHa 0bpobka ma xonodHa dechopma-
uiss. lNMokasaHo, W0 neaysaHHsi cmarii, iIke Macoso 8ukKopucmosysarnocs 3 60-x pokie MUHyfI020 cmoimms fnpu eupob-
HUUmMeI 2apsiuekamaHoz20 rpokKamy, cmae MeHW ehekmueHUM MemoOOM 8HaCITIOOK Cymmego2o MoOOPOXYaHHS Mpoody-
Kuii yepes 3HauyHy eapmicmb ¢hepocninasis. [ns supobHuymea All knacy miyHocmi A500C malixe He sukopucmosy-
embcs. TepmiyHa 06pobka € HalMoWUPEeHIWUM cy4yacHUM MemoOoM, SIKUU 3aCmoco8yemMbCS Y MPOUEC 8US0MOBIIEHHS
Al no [JCTY 3760:2019 knacie miuyHocmi A500C, A600C, A800 ma A1000. Memod 3miuHeHHs1 Al no CTY EN 10080
wnsxom xonodHoi deghopmauii (XL) e YkpaiHi Mae MeHWwe MowupeHHs, xo4a 3acmocosyemscs y caimi noHad 60 pokis.
Lum memodom e CPCP ompumysarnu apmamypy knacy A-llls, siky suzomoensinu 3 apmamypu A-lll (FOCT 5781) wnsixom
Oeghopmauii sumsizyeaHHsM (poamsizom) Ha 3,5- 4,5%. BoHa mana HopMogaHy epaHuuto mekydocmi 2540 H/mm?, wo
gidrosidae knacy A500 3eidHo cyvacHoeo [CTY 3760:2019. Po3enssHymo cyms sguwja nidsuweHHs MiyHocmi cmarni
winsixom xonnoOHoi deghopmauii poamsiey, cydacHuli cmaH supobHuumea All 8 Momkax ma HeobXxiOHicmb 3acmocy8aHHs
depopmauii poamsizy Onsi 3abesneyeHHs pigHs Knacy miuHocmi 500H/mm?. MposedeHo 062080peHHS 8I0OMUX pilieHb 10
supobHuymey All 8 Momkax 3 sukopucmaHHsM X0ro0HoI deghopmauii poamsey, ki 3axuweHi namedmamu. [pu ysomy
Ha pearsibHUX rpukiadax HageOeHo, SK Mo3umueHe, mak i HezamueHe 3acmocy8aHHs X0ro0HoI Oeghopmauii posmsizy 8
mexHosoeaisix supobHuymea eomosoi npodykuii 8 Momkax. Haykoea Hoeu3Ha. 3anpornoHogaHa mexHosoeis ma obnad-
HaHHs1 0151 8U20MOBJIeHHST X0II00HO0ehopMO8aHO20 apMamypHO20 MpoKamy 8 MomkKax 3 8UKOPUCMAaHHSIM XOT00HOI
deghopmauii poamszom, Oe sci 100% sidcomkie npodykuyii niddarombcs 3miyHeHHro. Ocobrusicmio 3anpornoHo8aHoi me-
XHosoeii € moedHaHHs1 Xono0Hoi Oeghopmauiii po3amsizom ma ¢hiHiwHOI onepayii MexaHo-yuKiyHoi 06pobku, wo dodam-
K080 3abe3srneydye sucokuli piseHb 0eghopmamueHocmi (nnacmu4yHocmi) 20moegoi npodykujii. MpakmuyHa 3HaYywicme.
BukopucmaHHs 3anpornoHogaHoi mexHornoeil ma obrnadHaHHs (niHii 0ris sueomoeneHHs Xxono0HodeghopMosaHo20 apMa-
mypHOE20 rpokamy 8 Momkax) 00380/1UMb Hanazo0umu 8upobHUUMEOo Ho8oeo npodykmy (Alle Momkax Knacy miyHocmi
500 H/mm? drist 3anizo6emoHy) 3 6UKOPUCMaHHSIM X0ro0dHoi deghopmaulii poamsizom, sika 6yde macoeo 3ampebysaHa y
108O€EHHIU 8i06ydosi YKpaiHu.

Knroyoei cnoea: apmamypHull npokam, cmaresuli CmpuXeHb, X0r00Ha 0eghopmauiss po3msicoM, MeXaHiyHi ernacmuego-
cmi, 2paHuys meKy4ocmi, Knac MiyHocmi, MexaHo-UukiriyHa obpobka.

Abstract. 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 deformation. 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-lll, 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 strength-
ens 100% of the product, with a final mechano-cyclical treatment. This combination not only increases strength but also
ensures a high level of ductility in the finished product. 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.
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Beryn. ApmatypHun npokat (All) B cyyacHin Tep-
MIHOMOTIT Lie cTanesi CTPWXHI NepiognyHoOro npodinto
Pi3HOro Knacy MiLHOCTI, L0 9BMsoTb CODOK0 CKNnagoBy
3anizobeToHy. Yum Bue knac migHocTi All, Tum me-
HWa BuTpaTa cTani B 6yaiBHMUTBI. [ns nigBuLEeHHs
MILHOCTi apmaTypHOro npokaTy BUKOPUCTOBYETbCS
TPUY HANMOLIMPEHILLIMX cnocobu — neryBaHHA cTani, Te-
pmiyHa obpobka Ta xonogHa gedopmauis. JleryBaHHs
cTani, sike MacoBO BUKopucToByBarnocsa 3 60-x pokiB
MWHYFIOro CTOMITTS NPY BUPOBHNLTBI rapayekaTaHoro
All, ctae MeHW edeKkTMBHUM METoaOM B Hacnigok
CYTTEBOrO NOAOPOXKYAHHA NPOAYKLT Yepes 3HaYHy Ba-
pTicTb (pepocnnasis. Lium meTogom BUroToBRASIETHCA
Al no ACTY 9130 knacis miuHocTi A400, A600, A800
Ta A1000. Onsa BupobHuuTtBa All knacy MiLHOCTI
A500C maimke He BUKOPUCTOBYETLCS. TepMiyHa 06po-
OKka € HaMMOLLUMPEHILLMM CyYaCHUM MEeTOLOM, SIKUIA 3a-
CTOCOBYETbCA Yy npoueci BurotoBreHHsa All no
OCTY 3760 knaciB mibHocTi AS00C, A600C, A800 Ta
A1000. Metoa 3miuHeHHa Al no OCTY EN 10080
Lwnsxom xonogHoi aedopmadii (XO) B YkpaiHi mae
MEHLLE MOLLUMPEHHS, X04a 3aCTOCOBYETBLCS Y CBITi Mo-
Hag 60 pokis [1]. Uum meTtogom B CPCP otpumysanu
apmartypy knacy A-lllB, sky Burotoensnm 3 apmatypm
A400 (A-IIl 3rigHo 3 TOCT 5781) wnsaxom gedopmalii
BUTAryBaHHaM (po3tarom) Ha 3,5-4,5%. BoHa mana
HOPMOBaHyY rpaHuL0 TeKy4ocTi GinbL Hix 540 H/mm?,
wo signosigae knacy A500 srigHo OCTY 3760. Ha
OCTaHHbOMY cnocobi B LA aHaniTU4HWA cTaTTi Oyae
30cepekeHa OCHOBHa yBara. [1py upbomy Ha pearb-
HUX nNpuknagax 6yge HaBedeHo, SK NO3UTUMBHE, TaKk i
HeraTuBHe 3aCTOCYyBaHHS XONnoAHoI Aedopmadii pos-
TAry B TEXHOMOTIAX BUPOBHMLTBA NPOAYKLi B MOTKaX.

MeTa poboTn. AHani3 cTaHy BUpOGHULTBA apMaTy-
pHOro npokaty Ans 6yaiBHMLTBA, @ TAaKOX iCHYIYOT iH-
dopmallii NO3MTUBHOIO Ta HEraTUBHOIO BUKOPUCTAHHS
edekty OedopMauiiHOro 3MiLHEHHS 3a paxyHOK

4

xonoaHoi aedopMallii po3Tary CTtaneBoro CTPUXKHS
ONS 3aCTOCyBaHHSA LMX pe3ynbTaTiB y NoAanbLUmX po-
3pobkax edpeKTMBHOI TeXHOMOrii BUpOBHULTBA apma-
TYPHOrO NPOKaTy B MOTKax.

MeTtoamka. AHaniTUYHI JOCHiIOKEHHS LLoOdO0 BUKO-
pUCTaHHA xoniogHol gedopMalil po3Tary cTaneBoro
CTPWXKHS ANA NigBULLIEHHS MOro MILHOCTI, @ TakoXx no-
PiBHAAHHS BiJOMWX TEXHOIOTIN BUPOOHMLTBA apMmaTyp-
HOro NpokaTty B MOTKax knacy MiyHocTi 500 H/mm2, aki
3axyLeHi NnaTeHTaMmn Ha BUHAXo4W Ha NoCTpagsiHCh-
KOMY MpOCTOpi.

Cymb nidesuuwjeHHs1 MiyHOCMIi WIsiXoM X0s/100-
Hoi deghopmauii poamsizom. 3MiLIHEHHSI HU3bKOBYT-
neweBoi cTani WAsaxoM XOfoAHOI NnacTuYHoiI aedop-
Mauii (Mpu TemnepaTypi HaBKOMMWLIHBOIO Cepeno-
BMLLa) 3abe3nedyeTbest HaknenomM. 3MiLHEeHHs MpU Xo-
noaHin aedopmadii Hactae BHacnigok piskoro 36inb-
LUEHHSA LWiNbHOCTI OUCIOKaLiA Ta iIXHbOro B3aEMHOrO
ranbmyBaHHs. Haknen i nos'sisaHe 3 HUM nepemi-
LLEHHA Ta HaKOMWYEHHS OMCIIOKaLUi CynpOBOMKY-
€TbCS NOAPIOHEHHSAM CTPYKTYpH, ApobneHHsM 6rnokis
MO3aiYHOi CTPYKTYpK Ta 36iNbLUEHHAM KyTa pO30pieH-
TYBaHHSI MK HUIMW, CTBOPEHHSAM HEOAHOPIAHUX MIKpPO-
HanpyxeHb. .B pesynbraTi nnactuyHin gedopmadit
nepeBaxHo NigaaeTsca hepuTHa cknagosa crani, Le-
MEHTUT NiJAETbCA FONOBHMM YMHOM NPYXHIN gedop-
MalLii Ta YaCTKOBOMY PYMNHYBaHHIO Ta NOAPIGHEHH!IO.

Bigomo kinbka cnocobiB xonogHoro aedopmy-
BaHHA cTanen 3 MeTol 30iNblLUEeHHSA MiLHOCTI: BOMO-
YiHHS, CNIOLLYBaHHS, 3TMHaHHSA, CKPyYyBaHHs Ta BUW-
Tshkka (po3Ttar). YacTiwe Bcboro edekt 36inbLUeHHS
MILHOCTi [0CAraeTbCsl, KONM Mno3HayYeHi TeXHOMOriYHi
onepavuii HaknagaTb Ha JOBrOMIpHY CTanbHy nNpoay-
KUit0 Y BArMS4i apMaTypHOro npokary, KaTaHku, Tpyou,
chacoHi Buau npokaty Ta iHwi. Bnnue cnocoby po3tary
Ha XapakTep 3MiHM YMOBHOI rpaHuLji TEKy4OCTi (xapak-
Tep1CTUKa MILHOCTI cTani) npeactaBneHa Ha puc.1.

50
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Puc. 1. Cxema 3MilUHEHHS po3TAroM HM3bKOBYrMeLeBoi ctani [2]: AC — nonepeaHe HaBaHTaXEHHs (PO3TAr
00 3anuwKoBoro nodoexeHHs1); CLl — po3saHTaxeHHs1; [1B — noBTopHe HaBaHTaxeHHs1; BK — moxnuneumi npupict
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Y paHomy cnocobi po3TAr CTPUXKHIB 34iNCHIOTbL 40
Hanpyry, WO nepeBULLYye rpaHuLlo TekydocTi. [pwu
LbOMY 3a paxyHOK nsfiacTuyHoi gedopmadil nigBuLLy-
€TbCS TpaHMLUA TEeKy4oCTi cTani A0 Hanbinbloi Ha-
npyru, sika CTBOPIKOETLCA MpU NonepeaHbLOMy PO3TAry.
BHacnigok postary y xonogHogedgopmoBaHoi ctani
3HAYHO MiABULLYETHCS rpaHuLs TekyyocTi (Ha 20-50%)
NpW 3HWKEHHI NnactuyHocTi (Ha 20-50%). 3MiLHeHH0
poO3TAroM 3asBumyan niggaBany apMaTypHi CTPUKHI Y
rapsiyekataHomy ctadi. [lani BOHM 3acTocoByBanucs
ONa apMyBaHHA nonepeaHbOo HanpyxeHux 3anisobe-
TOHHUX KOHCTPYKLiN [3] nopsa 3 apmaTypolo i3 rapsaye-
kaTtaHoi ctani knacy A-lV arigHo 3 TOCT 5781.

Cman eupobHuymea All e Momkax ma Heob6-
XiOHicmb 3acmocyeaHHs1 de¢hopmauii poamsey. B
MuHynomy ctonitTi B CPCP, a nisHiwe B kpaiHax CH[
Al B MOTKax BUroTOBNSABCS Ha MeTanyprinHnx nignpu-
EMCTBAX LUIAXOM rapsi4oi NpoKaTKM Ha COPTOBMX Api-
OGHOCOPTHUX CTaHax 3 HU3bKOIIErOBaHWX Mapok cTani
25I2C 1a 35I'C BUKMIOYHO B rapsiiekaTaHOMy CTaHi Ta
3 Byrneuesux mapok ctani Ct3 ta Ct5 B TEpMiYHO 3Mi-
LuHeHoMmy cTani [4-6]. B ocHoBHOMY Ue 6yB All knacy
miuHocTi 400 H/mm?2 (A-111). Mpwr ubomy npoaykuii 6ynu
npuTamaHHi HeJonikM y BUMMsSiAi BENMKOI HEOAHOPIA-
HOCTi MiLHOCTI MO AOBXMHi pO3KaTy 3a paxyHOK Pi3HWLi
LLIBMAKOCTiI OXONOAKEHHS 30BHILLHIX Ta BHYTPILLHIX BU-
TKiB po3KaTy, chopMOBaHOro B MoOToK. TobTo B oa-
HOMY MOTKY BYnu AiNSHKN CTPWXKHS, SIKi Manu pisHy Mi-
LHICTb (OBOX abo TPbOX KNnaciB) B 3aNeXHOCTI Big Tuny
MOTKa, CC)OPMOBAHOMO Pi3HUMU TUMAMU MOTaroK,
AkMMK Bynu obnagHaHi npokaTtHi cTaHu. Takox Gyna
BiACYTHA MOXNUMBICTb BUpoGnATK All B MOTKax Knacy
miuHocTi 500 H/MM2, Wwo Habupas nonynsipHicTb B €B-
ponencbkux KpaiHax. 3MiLHEHHS 00 LbOro piBHA He
[03BoNsANo oopmMyBaT MOTOK Ha MOTarLi MPOKaTHOro
CTaHy 3a paxyHOK MiABULLEHOI MPY>XHOCTiI CTPWIKHS.
Tomy 3a KOPAOHOM MEPENLLIN Ha TEXHOMOTIi0 BUPOB-
HuuTBa All B MOTKax, KOnu cnoyaTky Ha MeTanyprii-
HOMY nianpuemcTsi BurotoBnsoTs All nepiognyHoro
npodcpinto B MoTkax MiuHocTi 350-450 H/mm2, a gani
LUNAXOM JoaaTKoBOI XosiofHoi Aedhopmalii po3tarom
NpoAyKUito AoBOASATL A0 Kracy MilHocTi 500 H/mm2.

Hocsig macoBoro BMpoBHMLTBa Ta 3aCTOCYBaHHSA
XONnoAHO4E(OPMOBAHOTO  apMaTypHOro  Mpokaty
(XOATI) B kpainax €sponu Hanivye GinbLu Hix 40 pokiB.
Moro noLIMpeHHIO Crpusie PO3BUTOK iHAYCTPianbHMX
mMeTogiB OyaiBHMUTBA, Ae 3aroToBky All Ta BUPOOHML-
TBO 3ani3ob6eTOHHMX BUPOOIB 34ilNCHIOBANM Ha OKpe-
MUX nignpuemcTBax. 3a uen Yyac B GaraTtbox kpaiHax
(HimeuwuwnHa, Itanis, ABcTpis Ta iHWi) 6ynu CTBOpEHi
BUCOKOEEKTMBHI TEXHOSOTIYHI MiHiT NO BUTOTOBIEHHIO
Ta nepepobui XOAI (Ha3Ba B EBPONENCHLKUX HOpMa-
TUBHMX [OKyMeHTax — ApiT) giameTtpom Big 4,0 go
16,0 mm. TexHonoris BUpobHMLTBA Nonsirana B goaa-
TKOBOMY 3MiLHEHI cTani WisxoM gedopmyBaHHS po3-
TArOM Npu TemnepaTypi HAaBKONMMLLIHBLOIO CepeaoBuLLIa
ONst OTPUMaHHS roTOBOI NPOoAyKLii B MpoLeci nepemo-
Tk All MmeTanyprinHoro BMpobHMLTBA i3 MOTKa B MO-
ToK. NMepeBarn BUpoOHMLTBA Ta BUKOpUCTaHHA XAT
y MOTKax nonsirac B TOMYy, LO BUKOPUCTOBYIOYN Cy-
YacHe obnagHaHHA 4N 3aroToBkM Ta nepepobku All
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y BUrMsiAi NpaBUbHO-BIAPI3HUX BEPCTaTIB, MiHil aBTo-
MaTM30BaHOIO PO3KPOK Ta BUFOTOBMEHHHA apMartyp-
HUX eNEeMEHTIB, a TaKOX NiHil 3 BUTOTOBIIEHHSA 3BAPHOI
ciTkm 3 Al'l giameTpom Big 4,0 4o 16,0 MM y MOTKax Ha
nignpuemcTBax byaiBenbHOI iHAYCTpPIl MOXHA 3aroToB-
NSATU LUMPOKNIA CMEKTP eNeMeHTIB ANA apMyBaHHSA KOH-
CTpyKuin. Mpu ubomy Al MOXe 3aCTOCOBYBaTUCS Y BU-
rMani CTPWXKHIB pO3paxyHKOBOI apMaTypu, a TakoX y
BUrNaai ckobo-3rmHanbHUX BMpobiB Byab-akoi hopmu,
3 SIKMX HaJani BUroTOBNATUMYTbCS BCiNsiKi kapkacu 3a
OPMOI0  KOHCTPYKLIN, Y TOMY 4YWUCRi i OOBrOMipHi.
OcTaHHe nigsuLLye NPOAYKTUBHICTb Ta 3HAYHO CKOPO-
YyE YNCENBHICTb POBITHUKIB, SAKi 3afisHi Y BUPOOHK-
YOMY MPOLIECI.

062080peHHsT 8iI0OMUX piWeHb, sIKi 3axuuieHi
nameHmamu.

Mpuknap 1.

MO3NTMBHUM BUKOPUCTAHHAM XONOAHOT aedopma-
Uii po3tary B BUpoOHMUTBI Al B MOTKax Crig BBaXkaTu
TEXHiYHi piLleHHs, siKi 3anponoHoBaHi B [7-9], ik cnocib
(TexHomorig) Ta NpUCTpin AnA peanisadii (TexHonori-
YHa niHis). 3rigHo [7], cnocib komBiHOBaHOrO BUPOBHM-
LTBa apMaTypHOro npokaTy nepiogu4Horo npodinto B
MOTKaXx, BKIOYa€e rapsdvy gedopmallito ctanesoi 3aro-
TOBKM 3 OTPMMaHHAM CMYrM-po3KaTy y BUrMsgi cTpu-
XHS1, MPUCKOPEHE OXONOMPKEHHS, 3MOTYBaHHS B MOTOK,
HaCTynHe OXONOMKEHHSA Ha MOBITPi Ta nodanbLuy Xo-
nogHy pgedopmadito Npyu TemnepaTtypi HaBKONMWULL-
HbOro cepegosuLia. lNMpu LbOMY B Npoueci rapsyol ae-
dopmalii hopMyOTb KPYrnniA CTpUXEHb C nepioany-
HUM NpodpinemM Ha NOBEPXHI, AKUIA OXONOXKYIOTb NOTO-
KOM Boau abo BOAO-MOBITPSIHOK CyMiLli O cepeaHbo-
macoBoi Temnepatypu 740...800 °C, a gani BegyTb
OXOIOPKEHHS Ha MOBITPi 4O TeMnepaTypy HaBKOMULL-
HBOro cepefoBuLLa, MiCrA YOro 34INCHIOKTL XONOAHY
AedopmMaLiio LINSXOM po3TAry CTpWkHS Ha 2...12 %
npw TeMneparypi HaBKOMMLLHBOTO CEPeAoBULLA B NPO-
LLleci NnepemMoTKM Moro 3 MoTka B MOTOK. 3rigHo [8, 9]
NiHia 4ns BUroTOBMEHHS XONoAHOAehOPMOBaHOro ap-
MaTypHOro MpokaTy B MOTKax MiCTUTb BCTaHOBIEHI B
TEXHOSMOrYHI NOCMIAOBHOCTI PO3MOTYBarbHUIA NPUCT-
pir, NPUCTPIN ANs MEXaHIYHOro BUAANEHHS OKarvHMu,
NPUCTPIA ANA XOroAHoro AedopMyBaHHA npokaTy,
NPUBOAHWNIA HaMOTyBarbHUI MeXaHi3aM Ta MNpUCTPIN,
Lo dopmye MOTOK. IMpu LbOMY NPUCTPIN ANs xonoga-
Horo AedopMyBaHHA MPOKaTy BMKOHAHO y BUrMsAi
ABOx 06BigHMX 6apabaHiB, NepLIoro i Apyroro no xogy
pyxy npokaTy, ki KiHeMaTU4YHO MOB'A3aHi M coboto
3a [JOMOMOrOK EenekTponpuMBOaHOI 3ybyacToi nepe-
Aadvi-LuecTepHi, a cam NPUCTpPIN po3MilLeHO Ha AinaHui
MDK MPUCTPOEM ANSA BUAANEHS OKanvHU i NpYBOOHUM
HaMOTyBarnbHUM MNPUCTPOEM. 3a paxyHOK pisHuLI dia-
MeTpiB 00BigHNX GapabaHis abo pi3HWLL LWBMAKOCTI Ky-
TOBOro obepTaHHs 06BigHMX BapabaHiB peanisyeTbes
aedopmauia po3Tary CTpwxHA Ha 2...12% npu 1oro
nepemoTui 3 MOTKa B MOTOK.

Ona otpymanHsa XOAI B MOoTKax Knacy MilyHOCTI
500 H/MM?2 BUKOPUCTOBYIOTb 3aroTOBKW MEPIoaNYHOro
npoginto MeTanypriiHoro BupodHuuTea. Lle nowwmpe-
HUA HanNpsiMOK y BMPOBHULITBI xonoaHoaedopmMoBa-
Horo All, a cama TexHonoria € kombiHoBaHot [10].



BoHa 3acHoBaHa Ha [O4ATKOBOMY 3MiLHEHHI rapsive-
KaTaHOro npokaty (3aroToBku) 3 rOTOBWM Mepioany-
HUM npodinem (knacy 350-450 H/mm?2) gedopmalieto
po3Tary (stretching) npu Temnepatypi HaBKONMULIHLOTO
cepenoBvLla Ta 3abe3neyye OTpMMaHHs Knacy MilHo-
cTi 500 H/MM2 npu 36epekeHHi JOCTaTHbOro pPiBHS
NNacTMYHMX BRnacTMBocTen. TOBTO TakMM YMHOM 3a-
BesneuyeTbCca MOXINMBICTL OTPUMYBATK rOTOBUI NPO-
AyKT (AlT) BinbL BMLLIOrO Knacy MiLHOCTI, Wo Bonogie
OinblU BUCOKMM piBHEM MILHOCTI, Ta BignoBigae BUMO-
ram HaujioHanbHoro ICTY 9130 a6o [CTY 3760, TaK i
cyvacHum 3akopgoHHuMm ctaHgaptam  (EN 10080,
BS 4449, DIN 488). [lna peanisaLl,ii Takoi TEXHOMOTIi B
SIKOCTi 3aroTOBKM MOX€e 3aCTOCOBYBaTUCS NpoKaT nepi-
ogun4dHoro npodinto — knacy A400C 3a ACTY 9130 si

ISSN 1028-2335 (Print)
Teopisi i npakmuka memanypeii, 2025, Ne 2
Theory and Practice of Metallurgy, 2025, No. 2

ctanen mapok Ct3I'nc, 18I'2C, 202 ta 25I'2C i3 Bmi-
cTtom Byrneuto B mexax 0,18...0,24% 3 noganblinm
oTpMaHHAM npoaykuii knacy A500C.

OnpobyBaHHA TexHonorii 3aiicHioBanu y nabopa-
TOPHUX YMOBax. B sIKOCTi 3aroTOBKM BUKOPUCTOBYBANM
Al nepiognyHoro npodpinto @ 8,0 mm i3 ctani 25I'2C
(%C —0,27; %Mn —1,39; %Si — 0,76), akuin necpopmy-
Banun po3taryBaHHAM (cTyneHb gedopmadii, €) Ha 2,0
Ta 4,0% npu Temnepatypi goskinns. Nicna usoro 3pa-
3Kv niggaBany MexaHo-UmkniyHin obpobui (MLIO) yo-
TUPMa BUIMHaMM Ha PONMKOBOMY MPUCTPOI (giameTp
ponukie 90 Mm). BunpobyBaHHS 3paskiB Ha po3Tar
npoogunu 3rigHo 3 FOCT 12004 Ha mawwHi FP-
100/1. OTpumaHi pe3ynbTaT NpeacTaBneHi y Tabn. 1.

Tabnuus 1. MexaHiyHi BnactusocTi All nicna xonogHoi gecpopmalii po3Tsarom

CrtyneHb pgedpop- | MokasHWKM MEXaHIYHMX BACTMBOCTEWN Knac

maii, % or, H/mm? e, HiMM? celor Omax, % MiLHoCTi ATl
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 8,5/9,0 600 / 600

*) — y 3HAaMEHHWKY Micns 4OAaTKOBOI MexaHo-LukriyHoT 06pobku (MLIO)

HaBepgeHi pesynbratu cBigyatb Npo Te, WO LWns-
XOM XonogHoi gedopmadii po3tsrom 3 Al knacy miu-
HocTi A400 moxnmeo otpumysatu Al GinbLu BUCOKOTo
knacy miyHocti (A500 Ta A600). Lie moBoauTb, wo All
knacy miuHocTi 500 H/MM?2 y noBHil BignoBigHocTi 4o
BMMOT EBPOMNENCHLKUX HOPMATUBHUX JOKYMEHTIB MOX-
NMBO BUFOTOBMATU i3 3aCTOCYBaHHSAM TeXHOMOTrii
stretching-npouecy (xonogHa pedopMalisi LUMISAXOM
O0AaTKOBOrO PO3TAryBaHHA) Npy NEpeMOTyBaHHi Npo-
KaTy 3 MOTKa B MOTOK.

Cama TexHororis peanisyeTbCs Ha 3anpornoHoBa-
Hil TEXHONOrIYHIW NiHiT (pnc.2), AKka 3axuLieHa naTeH-
Tom UA Ne 159101 [9].

o

[MepeBarn 3anponoHoBaHoi TexHonorii Ta obnag-
HaHHS 4N 1T peanisadii nonsaraoTb B TOMY, LLO Npy ne-
peMoTLi 3 MOTKa B MOTOK, BCS1 CMyra (CTpWbKeHb) Mig-
0alTbCA po3TAry Ha BU3HAYEHy BENUYUHY AedopMa-
Lii, Lo Npu3BoANTb 4O NiABULLEHHS PIBHS rpaHuui Te-
Ky4ocTi. To6To oTpumaHHo npoaykuii (Al B MoTKax) B
06ca3i 100% 6inbLu BUCOKOrO Knacy MiLHOCTI, KOnu Ha
po3mMOTyBanbHWUIA NPUCTpin (No3uuis 1 Ha pwuc. 2) no-
JaeTbcs MOTOK knacy 350-450 H/mm?, a nicnsi nepe-
MOTKW Ha NPUCTPOI, WO dopmye MOTOK (Mo3uuis 5 Ha
puvc. 2) Maemo HoBmin MoTok Al knacy 500 H/mm2.

/ N\

/ Y
8/ N7 \6

/
/
/

5/

Puc. 2. TexHonoriyHa MiHis gns BUpoOHMLTBa XONoaHOAEe(OPMOBAHOIo apMaTypHOro npokaTy knacy 500

H/MM?2 LINSIXOM NepeMOTKU i3 MOTKa B MOTOK CTPVIKHS MeTanypriiHoro BupobHuuTea knacy 350-450 H/mm?2, ne
3a3HayeHo: 1 — po3mMoTyBanbHUN NPUCTPIN; 2 — NPUCTPIN ANSA BUAANEHHS OKanuHW; 3 — NPUCTPIN ANs XONo4HOro
AedopmMyBaHHSA NpokKaTy po3TArom; 4 — NPUBOAHUA HAMOTYBaNbHUIN MeXaHi3M; 5 — MPUCTPIN, O POPMYE MOTOK,;
6 — JaTyMK aBapilHOI 3yNMUHKWU MiHil; 7 — HaNpsIMHA y BUIMSAi ONoKy Kineub NS BUPIBHIOBaHHS apMaTypHOro
CTPUXHS; 8 — apMaTypHUI CTPUXKEHb

Mpuknapg 2.

HeraTvBHMM BMKOPUCTaHHAM XOroaHoi Aedopma-
uii postary B TexHororii BupobHuutea All cnig Bea-
XaTn TeXHIYHI pilleHHs, siKi 3anponoHoBaHi B [11].

Ha nepwomy etani (meTanypriiHomy) BUPOGHWL-
T8O All B MOTKax 34iNCHIOETLCA 3a TpaauLUINHOK Tex-
HOMOri€t0, LLIO BKMOYa€E HarpiBaHHsi 3arotoBku, barato-
NpPOXigHy rapsiyy NpPoKaTKy Yy Barkax 3 kaniopamu, oxo-
NOMKEHHA B MPOXIOHMX OXOMNOMKYHOUMX CEeKUisiX,
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3MOTYBaHHSA MpokaTy B MOTOK i nmogarnblle OXOJio-
OKeHHs Ha nosiTpi. Linm gocaraetbca oTpumaHHs ro-
ToBOI npoaykuii (Al B MOTKax) Knacy MiLHOCTI
450 H/mm? (A400 3a [ICTY 3760 abo MOCT 34028).

[ani BigOyBatoTbCA Aii, SKi HIIKUM YMHOM HE CTOCY-
IOTbCA MpoayKuii, sika Oyae BignpaBnATUCS CNOXUBa-
YyeBi (cnoyaTky BoHa NONEXWUTb Ha cknagi, a noTiM pa-
30M 3 BiAMOBIAHUMU JOKYMeHTamu Oyae BignpaBneHa
3aMOBHMKY), 60 NpoBOANTLCS NofarnbLumi BiAbip 3pa-
3kiB, IX NpaBka, NPOBeAEHHS MexaHiYHUX Bunpoby-
BaHb Ans Buaadi ceptucpikaTy skocTi. Lle o cnocoby
BMPOOHMLTBA HE Mae >XOOHOro BiOHOLUEHHS Ta He
BNNMBA€E Ha BNACTMBOCTI NPOAYKLl, WO BUroTOBMNEHA
paHiLue.

Ha etani npaBku BigibpaHMx 3paskiB Ta npoBe-
OEHHS1 MeXaHiYHUX BUNpobyBaHb BigbyBaETbCS ronoB-
HUA oOMaH, Lo MOB’A3aHUA 3 XONoAHOK aedopMa-
uieto poaTtary. [NpaBky 3paskiB 3A4iicHoTL 6e3nocepe-
OHbO nicns Bigbdopy 3pa3kiB Big MOTKIB LLSISIXOM N0340-
BXXHbOr0O PO3TAryBaHHS KOXXHOIo 3paska 3 3ycunnsam P,
OOCTaTHbOro AN YCYHEHHS1 KPMBU3HM 3paska nicns
3HATTSA PO3TArYHOHOrO HAaBAHTAXKEHHS, @ BEMNYUHY 3Y-
cunnsg P BU3Ha4atoTh i3 CNiBBiAHOLLIEHHS:

P = k'UO,ZCTaHA F,

ae F — nnowa nonepeyHoro nepepisy 3paska,
MMZ;

00,2 crang — YMOBHa rpaHunusa TEKYy4oCTi, LWo BCTa-
HOBIOETLCA CTaHAAPTOM ANS UbOro Buay npoay-
Kuii, H/mm2;

k — koediuieHT, wo gopisHoe 0,9-1,2.

TobT0, gecdopmauii po3Tary niggoarTb TiNbky
BidibpaHi KOHTPONbHI 3pa3ku ANA BU3HAYEHHHA Me-
XaHiYHMX BNacTMBOCTEW MpokaTy Micns 0oXoro-
KeHHs ByHTIB. Mpu ubomy GaxaHHA BMPOOHMKa
peani3zoByBaTu CBOI Npoaykuito, sk All B MoTkax
knacy A500 oOyMOBMOE OKPEMUIN POITAT KOHTPO-
nNbHUX 3paskie Ao Hanpyru B 500 H/mm? x (1,0-1,2),
wo 6yne Bignosigatn Hanpysi 500-600 H/mm2. Ta-
KMM YMHOM MpPU PO3BAHTAXEHI LMUX KOHTPOMbHUX
3paskiB Ta HAacCTYNHOMY iX BUNpoOyBaHHi po3TArom
00 po3puBYy 3rigHo puc. 1 rpaHuusa TekydvocTi byae
Ginbwoto 3a 500 H/mMM2, wo Bignosigae piBHIO
knacy A500. Llen knac miuHocTi 6yae 3a3HadyeHo
B cepTudikaTi SKOCTi BCiel napTii roToBOi NpoaykK-
uii (NpunNuMcaHo HEeiCHYKYUIA Krac MILHOCTI), SKUR
BECb YacC 3HaxXOAUBCS Ha CKnagi Ta He niggaBaBcs
BNNMBY AoAaTKOBOI AedopmalLii po3TArom.

Takox cnig 3a3HauuTy, WO aBTopu nateHTy [11]
BMOIip 3anponoHOBaHOro HMMK crnocoby nNpaBku 3pas-
KiB Bi npokaTy B MOTKax MOSICHIOTb TUM, LIO BiH
Moxke ByTu OoBINbHUM, 60 He 0OYMOBIIOETLCS B CTaH-
paptax. Hacnpaeai ue He Bignosigae AaincHocTi. B
FOCT 12004 (Ctanb apmaTtypHas. MeTtogbl ucnbita-
HUS Ha pacTshkeHne) B M. 1.2 YiTKO BU3HAYaeTbCH — «
...BunpaeneHHs 3paskiB Big apmaTypHOro npokary B
MOTKax He MOBMHHO BUKNUKaTU AedopMaLiiHoro 3mi-
LIHEHHS1, 30aTHOro0 3MIHUTM MEXaHi4yHi BIacTUBOCTI
npokaty». Takox, ue He Bianosigae BuMmoram po3againy
4 ctanpapty ISO 15630-1 (Steel for the reinforcement
and prestressing of concrete — Test methods — Part 1:
Reinforcing bars, wire rod and wire), Ae 3a3HayeHo, Wwo
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BUPIBHIOBAHHS KPUTMYHO BaXknuee NS NPOBEAEHHS
BUNpoOyBaHb Ha PO3TAr Ta Ha BTOMHY MIiLHICTb. Y
ISO 15630-1 cneuianbHO 3a3HaYeHO, L0 3pasku ans
NpoBefeHH MexaHiYHMX BunpoOyBaHb MigaalTbCs
MiHiIManbHin NnacTu4YHin gedopmaldii i3 4OKyMeHTanb-
HoO (pikcaLieo MeToaa BUPIBHIOBaAHHA Ta YMOB TEPMI-
YHOrO CTapiHHSA [12].

B HasiBHOCTI MaemMo noABiiHUA 0OMaH Ta panbcu-
dikaLito NoHATTA Woao0 BNnuBY Aedhopmalii postsary
Ha xapakTep 3MiHW MiUHOCTI cTani (nigBuLEeHHs rpa-
HULi TEKYYOCTi).

3asHaueHuii aBTopamu nateHTy [11] TexHiYHnI pe-
3ynbTaT BUHaxody — «...MIABWLLEHHST SIKOCTi npokaTy
3a paxyHOK YCYHEHHS1 NOXMBKM Npu BU3HAYEHHI yMOB-
HOI rpaHuLi TEKYYOCTI, NOB'I3aHOI 3 MOXITMBOK HENPSI-
MOMIHIVHICTIO (NOQOBXHBOK KPUBU3HO) 3paskiB ans
MexaHiYHMX BUNpoOyBaHb», He BiANoBiAae AiNCHOCTI,
60 cynepeunTb 30OpOBOMY [My3ay Ta nonvpae enemMe-
HTapHi 6a3oBi NOHATTS BNMBY Aedopmauii po3Tary
Ha BnactmsocTi All B MOTKax, a Takox 6asy’Tbca Ha
obmaHi. Mpuctpin gns peanisadii cnocoby nNo naTeHTy
[11], saragyBaTn Ta KOMEHTYBaTU HE MA€ CeHcy, 00 BiH
He BigHOCUTLCA A0 obnagHaHHS, LWo 4O4ATKOBO MOXE
3MmiuHoBaTM All B MOTKax xornogHow aedopmadieto
PO3TAroMm.

BucHoBKku

XonoaHa aedopmalist po3Tary € 4ieBMM Criocobom
NiABULLEEHHS PiBHSA rpaHULLi TEKy4OCTi CTaneBoro cTpu-
XHSi Ta O03BOMSE OTpUMyBaTU XonoaHoaedopMoBa-
HUA apMaTypHUA NpoKaT B MOTKax OinbLl BMCOKOrO
Knacy MiLHOCTi.

CyuacHe obnagHaHHS JO3BOSIE pearnidyBaTn HOBY
TexHonorito oTpumanHa XOAI knacy miyHocti A500
(500 H/mMM?2) B npoMKCnoBUX MacluTabax LWmsxoMm ne-
PEMOTKMN 3 MOTKa B MOTOK Ha Cy4aCHUX TEXHOSOMYHNX
niHisX npoaykuii MeTanyprinHoro BMpobHuLTBa — ap-
MaTypHOro NpokaTy NepioanyHOro Npoginto y MoTkax,
Wo Mae rpaHuuio Tekydocti 350-450 H/mm2. TMpu
ubomy 100% npoaykuii 3a3Hae BnnuBy Aedopmadii
po3TAry Ta BignoBigae BMMoram HauioHarnbHOro Ta 3a-
KOPAOHHWX CTaHOapTiB A0 apMaTypHOro npokaTy
knacy A500.

MO3UTMBHMM NpPUKNagoM BUKOPUCTAHHAM XOIon-
HOi gedpopmalii po3Tary B TexHonorii BMpobHuuTBa
apMaTtypHOro npokaty chnig BBaXaTu TexXHiyHi pi-
LLIEHHS, siKi 3anpOonoOHOBaHi aBTOpaMu Ta 3axuLLeHi na-
TeHTamu Ykpaium [7- 9].

3anpornoHoBaHa TexHonoris Ta obnagHaHHA [9]
AN BUrOTOBMEHHS X0noaHoAeopMOBaHOro apmary-
pHOro npokaty B MOTKax 3 BUKOPUCTaHHSIM XOMNOAHOT
aedopmauii poatarom, ge Bci 100% BigcoTkiB roToBol
NPOoAyKLIi NigAatTbCA 3MILHEHHIO.

OcobnuBicTHO 3aNpONOHOBAHOK TEXHONOTT € NOEA-
HaHHSA XO0NoAHOoI Aedhopmalii po3Tarom Ta iHiLWHOT
onepavuii MLLO, wo gopmaTtkoBo 3abesnevye BUCOKMN
piBeHb AedopMaTMBHOCTI (MMAcTUYHOCTI) FOTOBOI
npoayKuii.

TexHonorito BUPOGHMLTBA apMaTypHOro npokaty
Ta obnagHaHHA Ang i peanisauii 3rigHo nateHTy PO
[11] cnipg BBaxaTm HeratTMBHMM  MPUKNAAOM



3actocyBaHHA gedopMadii po3Tary ans niaBULLEHHS
MILIHOCTi rOTOBOI NpoaykKuii, 60 Hacnigkn BNnMBYy CTO-
CYIOTbCS TiNTbKM 3paskiB, Lo NigAatoTbCs KOHTPONIBHUM
icnMTam, a OTpMMaHi pe3ynbTaTh He XapaKTepusyTb
BNacTMBOCTI BCiei MapTil nNpoaykuii, Wo notpannse
crnoxusady. TobTo cnocTepiraeTecs HasiBHa anbcu-
dikaLlis, KOnNu HeiCHylYi BMacTUBOCTI A0AATKOBO 06-
pobreHnx 3paskiB NnepeHocATbCA Ha BCHo napTito All.
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TexHiyHi pilleHHs, skKi 3axuwae nateHT [11] € den-
koBMMM, 60 cynepedaTb 300pOBOMY rNy3dy, nonupa-
I0Tb eneMeHTapHi 6a30Bi NOHATTA BNNMBY Aedopmallii
po3TAry Ha xapakTtep 3MiHM MiyHoCTi ctani (nigBu-
LLIeHHS rpaHuLi TEKYYOCTi), a Takox BasyroTbCs Ha yc-
BigoMIieHoMy obmaHi.
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Aopowenko B.C.
Mudpose moaeoBannsa MeTamarepiajiB s 3D-apyky JuBapHux

MoJesied B KOHTEKCTI nepexoay 10 BUPOOHMITBA HA BUMOTY
Doroshenko V.S.

in the context of transition to on-demand manufacturing

AHomayis. Y cyyacHux ymosax arnobasbHoi HecmabinbHoCmi, PUHKOBUX KOJlugaHb i 8apiamusHocmi nompeb crioxuea-
4ig 8UPOBHUUMEBO «Ha 8UMO_Y» Cmae MepcrnekKmusHoO cmpameeieto, niodmpumysaHor iHHogauiaMu y cgepi adumus-
Hoeo supobHuymea (3D-0pyky). Mema po6omu — docriOxeHHs1 sukopucmarHsi npozpamu sphereneRHINO (Spherene
Inc., Llseliyapisi) Ons npoekmysaHHs i OpyKy8aHHSI MOpUCMUX CMPYKMYyp ueapHUX modenel 3amicmb mpaduyitiHux 3
niHononicmuporny. Memoduka: 6yrio npoaHasizosaHo NMpoyec yupo8o2o NMPoeKmMye8aHHs rnosniMmepHuUx mModesel, 8UKO-
HaHO MPOoeKMy8aHHs1 y 3a3HaqveHill npoepami ma HadpykoeaHo 3pa3sku moodesnel. Pe3ynbmamu. IniocmpamugHo onu-
caHo anzopumm i Moxnusocmi npoepamu sphereneRHINO, ompumaHo 3pa3ku Komipyacmozo Mamepiany modened, po-
3pobrieHo crocib ix OpyKy 3 8iOKpUMUMU rMopamMu ma mpaH3umHor rnopucmicmio. [a3onpoHUKHICMb Modeni 8uKopuc-
maHo 055 8aKyyMyeaHHs niujaHoi (hbopmu ma cmpykmypu modei, wo 60380:uro i ea3ughikysamu po3riagom memary
3 00HoYacHUM gifKayvysaHHsIM 2a3ig | cmeopumu echekm fummsi 8aKyyMHUM 8CMOKMYys8aHHsiM. Haykoea Hoeu3Ha. [iHo-
Mamepiarn, Kul He npusHadyaescs 01 nueapHuUx modened, 3acmocogaHo 0715 MPOeKmyeaHHs U OpyKy nopucmux mooe-
nell i3 KOHMPOeM WirbHOCMI, MOBUUHU CMIHOK i 2eomMempil OpykosaHux rop. lMpakmu4Ha 3HavYywjicmb: 3Ha4He CKO-
POYEHHS MepMiHie npoekmysaHHs1 U 8U20MO8IeHHs MoiMePHUX Modernel 3agisKu 3acmocysaHHio 3D-0pyky cripusie
alanmuesHocmi nidnpuemcme 00 3MiH PUHKY, pearizauii Mmodeni supobHuUymea «Ha eumoay» ma yugbposisauii npouyecy
numms 3 MiHimizayjeto sumpam vacy U pecypcis.

Knro4voei cnoea: 3D-Opyk, adumusHe 8upobHUUMBOo, 8UPOBHULUMEO Ha e8umoay, nueapHi mModeri, Memamamepiar,
nummsi 3a Modenamu, Wo 2a3ugikyromscs.

Abstract. In today's conditions of global instability, market fluctuations and variability of consumer needs, manufacturing
"on demand" is becoming a promising strategy, supported by innovations in the field of additive manufacturing (3D print-
ing). The purpose of the work is to study the use of the sphereneRHINO program (Spherene Inc., Switzerland) for de-
signing and printing porous structures of foundry models instead of traditional ones made of expanded polystyrene. Meth-
odology: 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 exem-
plarily 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 reduction 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.

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

Digital modeling of metamaterials for 3D printing of foundry patterns

BeTyn. [py HAHILHIX PUHKOBUX KOSTMBaHHSX, pU3U-
Kax rnmobanbHOi HecTabinNbHOCTI Ta 3pOCTayoi Bapia-
TMBHOCTI NOTpeb cnoxmeBadis BUPOBHULTBO Ha BUMOTY
(on-demand manufacturing) cTtae nepcnekTuBHOK
cTpaTerieto, WO akTUBHO NIATPUMYETLCH iHHOBaLiSIMU
y cdepi agutuBHoro BMpobHuuTea (AB), Takox Bigo-
moro sik 3D-apyk [1, 2]. Hu3ka nepesar mogeni «Ha Bu-
MOry» BKIHOYAE OMTUMI3aLil0 NaHLoriB nocravyaHHs,
3HWKEHHS PU3NKIB 3aBASKWN fokanisauii BUpooHMUTBa
bnwkye go cnoxueada. 3 ApyKyBaHHAM BUpODLIB 3 Ly-
dposux hannis UMPOBI KaTanoru 3anacHNMX 4acTuH
noTpebyloTb 3HAYHO MEeHLUE IHBECTULN, HixK (hisnyHe
YTPUMaHHSA CKnagis, WO eKOHOMUTbL pecypcu. Buroto-
BMEHHS NPOAYKLii NyLIe y NOTPIOHNA MOMEHT 3 MiHiMi-
3auieto BiAxoaiB i HAANMLLKOBKX 3anaciB 3MEHLLYE BU-
TpaT Ha noricTuky. CKOPOYEHHS1 TPaHCMNOPTHUX

BUTPAT i KiNbKOCTi HEMpoAaHWx ToBapiB CNpUSE 3HU-
YKEHHIO BYIIeueBoro cnigy.

3rigHo 3i 3s8iTom McKinsey (2023), go 2030 p. Bnpo-
Ba[KEHHS BMPOOHMLTBA HA BUMOTY 34aTHe 30inbumnTum
rnob6ansHuii BBl Ha 2,3 TpunbiioHa gonapis, a 73 %
KOMMaHil NPOrHo3yoThb 3pOCTaHHA NpUOYTKOBOCTI 3a-
BASKW Ui cTpaTerii [1], kKNio4YOBUM IHCTPYMEHTOM HOro
ctae AB. AB, sk pyLliiHa cuna 3MiH, Bce YacTille pos-
rMagaeTbeca B NNaHi MogepHisauil TpaguuinHnx nuea-
pHMX MpOLECIB 3 OpieHTaujel iX Ha uMdpoBe BMPOO-
HUUTBO. poTe Lern npouec 4OCUTL TpMBanNuN i Hayko-
eMHU. Akwo nepcnektusa 3D-ApyKy K BUPOBHNYOro
npoLecy, anbTepHaTMBHOIO NUTTIO MeTaniB, He Biaoy-
nacsi, TO Ha NeBHUX AINbHULAX TMBAPHOIO LiEXY, 30K-
pemMa 3 BUIOTOBJIEHHS NMBAPHUX MONIMEPHUX MoAe-
nen, 3D-OpyK BXe CbOrofHi MoXe MPUHECTWN CYTTEBI
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Burogu. BiH 3abes3nevye goctyn 4O CyvacHUX marepi-
anis, NigBMLLYE HafMHICTL TEXHONOrIN | HaJae 3mory
CTBOPIOBATM BMPOOM 3 MiHIManbHOK Maco 3aBAsKK
onTuUMisauii AnsanHy LWIsaxoM UMcpoBOro Moaento-
BaHHSA 6e3 3Ha4yHMX BUTpAT Ha nepeobnagHaHHs. 3D-
OPYK 0O3BONSE MiANpUEMCTBAM BUIFOTOBNSATU CKMNaaHi
aetani 3 MiHiManbHUM BTPyYaHHAM NMIOANHW, MOXE aB-
TomatuayBaTtu 40 95 % CTBOpeHHS ApyKOBaHOI Mpoay-
KUIT, L0 3HAYHO CKOpOYYE TPYyOOBUTPATK, MOPIBHSHO 3
TpaauUIinHUMKN TeXHonorisMu. BuHWKAE MOXNUBICTb
LWBKAKOI 3MiHM KOHdpirypauii BupobiB 3aBAsikM THyY-
KOMY YNpaBriHHIO UMpoBUMKU arinamu, 3acTocy-
BaHHS CKNagHOI OpraHivyHoi reoMeTpii, AKOI TpaguuinHi
MeToan BUPOOHMLUTBA Hepigko He MOXyTb 3abesne-
ynTtu. Mpouec OpyKy He 3anexuTb Big obcsary BMpoo-
HuuTBa, Byab TO ofHa AeTanb Yv cepis, a eKkornoriv-
HICTb JOCAraeTbCs 3a paxyHOK 3HWXEHHS Bigxoais. 3a-
MiHa ogHOro BMpoby Ha iHWWA BUMarae nuile 3aBaH-
TaXEHHA HOBOro uudposoro cpanny, Wo MiHiMisye
npoctoi obnagHaHHa. OgHak And getanen, [k noTpe-
OyloTb TepMmiyHOi 0bpobkn abo JogaTkoBMX TecTy-
BaHb, BaXNMBUM 3aNULLIAETLCH NPOEKTYBaHHA 3 ypa-
XyBaHHSIM MiHiMi3auii noganbLlumx onepawin.

AHania nitepatypu. 3aranom, aguTuBHI TEXHOMOTIT
y NOEAHaHHI 3 KOHUenuieto BMpObHMUTBA Ha BUMOTY
CTaloTb HEBIA’EMHOI YacTMHOK LNdPOBOI TpaHCcdop-
MaLlii NPOMUCITOBOCTI, LLIO 3a0e3neyye He NnLLEe KOHKY-
PEHTHI nepesaru, ane 1 BiOKPMBAE HOBI MOXITMBOCTI
ONA CTBOPEHHSA MHYYKUX, EKOHOMIYHO e(PeKTUBHUX BU-
pOGHMYMX cucTeMm, B Skux 3D-gpyk cTae HEOOMIHHO
cknagosoto [3]. 3okpema, nuMBapHi nignpuemcTea ae-
Aani Oinblue ocAraTs MOXIUMBOCTI LMPOBOI TpaHC-
dopmauii Ana nigBuLLEHHS CBOET NpMbyTKOBOCTI pa-
30M 3 aganTauieto 4o BUMor gekapOoHisauii BUpobHu-
urea [4], npu ubomy 3D-Apyk CTae NOTYXXHUM iHCTPY-
MEHTOM MpW CTBOPEHHI HOBOI NpoayKLuii 3 iHHOBaLi-
HUX MaTepianiB Ta NokpalleHuMn BNacTMBoOCTAMU, a
iHTEHCMBHOCTI 1Oro pO3BUTKY HEMAaE aHanoris.

Ocobnueo 3D-gpyk nepcnekTUBHWUIA ANst NNTTS Me-
Tany 3a mogensmu, wo rasundikytotecs (J1MM-npouec,
Lost Foam Casting), B skoMy 3aCTOCOBYIOTb pa3oBi no-
pucTi nonimepHi (nepeayciMm, 3 niHononictupony, MNrC)
nueapHi mogeni, SKi BUNapoBYOTLCS B MilLaHin popmi
nig BNAMBOM poO3niaBy MeTany, Lo 3aJIMBAETLCA B LItO
dopwmy [5]. CobiBapTicTb Mogene ans TpaguuinHOro
JITM csrae oo TpeTuMHu cobiBapTOCTi BUMMBKIB, LLO
BKITIOMaE 3HauYHi BUTPATU Ha MoJernbHY OCHACTKy. AB-
ToMaTuyHMn 3D-OpyK Takmx mogenen s3gaTteH nigsu-
LWMTK edhbeKTUBHICTb Ta SKiCTb 0COONMBO ApibHOCEPIN-
HOro, PEMOHTHOrO Ta NepcoHani3oBaHoOro (Kactomiso-
BaAHOro) BWIMBAHHA MeTanoBupobiB, cTabinisyBaTtu
KOHKYPEHTOCMPOMOXHICTb BUPOOHMLTBA B Cy4acHOMY
pvHKOBOMY npocTtopi. 3 undpoBoi moaeni (6e3 nane-
poBux kpecneHs) 3D-gpyk noniMepHUx moaernen pea-
ni3ye KoHuenuito “undpodiandHoro nepeTBopeHHs” (3
umncbpoBoro ganny — y marepianbHy KOHCTPYKLt0), 3ri-
AHo TepMmiHy «digital-to-physical conversion» [6]. LLiBu-
OKa 3MiHa KOHdirypauii nuBapHOI MeTanonpoaykuil
cnigomMm 3a 3MiHOK KOHCTPYKLUIT BignOBIAHMX pa3soBUX
OpYKOBaHMX NMBApHUX Mogenewn nicnst BHECEHHS 3MiH
B LMppOBI KpecneHHs € xapakTepHoto nepesaroto 3D-
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TexHonorin gna J1MM, saka nposaBnseTbCA Ha eTani Npo-
€KTyBaHHs Ta APYKy umx Mogenen 6e3 nepedopmary-
BaHHS peLUTV NIMBApHOro obnagHaHHs i OCHaCTKN B gj-
HOYMX Liexax.

CTtocoBHO 0Br'pyHTyBaHHS NOCTAHOBKM 3a4adi 4oc-
NiDKEHHA KPUTUYHO po3rnsHemo, 4uMm metop 3D-
apyky ana JIF'M surigHnin cepeg iHWnX meTtogis AB me-
Tanonpoaykuii. Bigomi cnocodu 3D-apyKy KOHCTPYKLUIN
3 MeTany Ta Tyronnaskvx martepianis MaloTb Ti Hedo-
nikn, WO B HUX 3aCTOCOBYIOTb €HeproemHe obnapg-
HaHHS BUCOKOI KaniTaneMHOCTI, a NpoLecy NnaBneHHs
MeTany 4u crnikaHHa MeTanoBMpobiB NPU BUCOKNX Te-
MnepaTypax noTpebyloTb 3HaYHMX eHeproBuTpaT Ta
Hepiako 3axmMcHOI atMocdepn Ans repMeTUHHUX Ka-
Mep ApYyKy. A TakOX fitoYi CTaHOaPTU KOHTPOSO SKOCTi
MeTanonpoaykuii (3okpema, LWoao BiAMoBIgHOCTI Tpa-
OVLIMHM Mapkam MeTarly) He NpUCTOCOBaHi 40 ApY-
KOBaHMX MaTepianiB. 3asHayeHi Ta iHWi oOCTaBWHK
YCKNagHIoKTb KOHKYpeHUito 3D-apyky 3 TpaguuinHum
BMPOOHULTBOM Ta NpuBrmn3HO Ha nopsaok 36inbLuy-
10Tb COBIBAPTICTb APYKOBaHWX MeTanoBmpobis nopis-
HSAHO 3 TUNOBUMU NIMBAPHUMK cnocobamum.

3HaYyHO [OCTYMHILIMM HaNpsMOM BrpPOBaKEHHS
3D-apyky B nuBapHe BUPOBHMLTBI € ApyKyBaHHSA Ans
JITM-npouecy nopucTux noniMepHnx Moaeneu, sk pa-
30BOI nNnBapHoi ocHacTkn. Ockinbku npu JIMM BUnmMBok
YTBOPHOETLCA MNICNA BuNapyBaHHA Mogerni B nilaHin
¢opMi, TO KOHTPOSb SIKOCTi 3aTBEPAINIOro BUNMBKA Ta
BiOMNOBIAHICTb MapKU MeTany BUKOHYIOTb 328 YMHHUMMU
ctaHgaptamu. OpgHak, possutok 3D-gpyky nonimep-
HUX KOHCTPYKLi/A Lie He [ocsr Toro CTyneHsi, wwob
OTpMMYyBaTU APYKOBaHI MaTepianu 3 Takok X HU3bKOK
LWINBHICTIO SK HWHI 3acTOCOBYBaHWA ANA MoAenen
MrC. OpykyBaHHS nerkosarmx mogenen, Lo 3a ob’em-
HOK Baro Ta HU3bKOK rasoTBIpHICTIO npubnmxa-
toTbCs 0o TMnoBux mogenen 3 MNMNC, noku € Henpoc-
TOl 3agadeto [5]. MepLi cnpobu rasudikadii opykoBa-
HUX mMoaenen B npoueci JIFM vyacto gaBanu HecTabi-
NbHY SAKICTb BUNUBKIB i3-3@ BUCOKOI 30SIbHOCTI TakuX
MOZENeN i X BUCOKOT ra3oTBipHOCTI. PO3KpuTTS note-
Huiany BnposampkeHHs 3D-gpyky B JITM-npouec Ha
AaHOMy eTani 3HaxoauTbCsa nule Ha ekcnepumeHTa-
NbHOMY piBHi. TOMy po3pobka HOBMX MEeTOAIB KOHCTPY-
IOBaHHS MNOPUCTUX NerkoBarnx Mogenemn, HoBi yOoCKo-
HaneHHs ix 3D-gpyKy i noro nporpamHoro 3abesne-
YEHHS € aKTyalnbHOK TEMOK HaYKOBO-iHXXEHEPHUX [0-
cnigpykeHb B NnaHi aganTtadii go girovoro JIFM-npouecy,
LLIO MOTMBYBArOo Hall NOLLYK NOPUCTUX MaTepianis 3a
YMOB He3HauHMX (piHaHCOBMX BUTpAaT Ta yacy Aans ix
LIMPPOBOro MOAEntoBaHHsA, APyKyBaHHS Ta onTUMarb-
HOI rasudikauii.

3a3Haunmo, Lo 3a IHTepHeT-iHdopmaLieto [7] cno-
ci6 IMM 3a gpykoBaHuMKU Mogensmu npobye BUBO-
ONTU Ha pUHOK Nuwe ogHa komnaHis Skuld LLC (CLUA)
3a MaTEeHTOBaHMM Heto cnocobom. Npu oMy, SK HEtO
nosigomnsnoce, npu JI'M gpykoBaHa mogenb noea-
HyeTbcA 3 nmigknagkoto 3 MINC. 3aranom, 3rigHo 3 no-
TOYHMMM ny6nikauismu, JITM-npouec NpoaoBXye no-
LUMPOBATUCL B NMBaPHULTBI, 3a OLiHKaMX ekchnepTiB
Habnwmxatounce 0o 3-4 % o6’emy nUTBa B CBITOBOMY
BUMIpI, LLO cknagae 6nusbko 3-4 MrH TOHH. [NomiTHe



3pOCTaHHS KinbKkocTi nignpuemcTs i3 JITM Habyno B Ku-
Tai, WO CNpU1sAno OOCArHEHHIO KpaiHW CBITOBOrO nigep-
CTBa 3a TOHHaXXEM NMBAPHOI NPOAYKL;i.

Y npoueci AHanisy iHdopmauii npuBepHyB yBary
anroputm, po3pobneHun komnaHieto Spherene Inc.
(lWsewnuapis, https://spherene.ch), akuin rpyHTyeTbCA
Ha CTBOPEHHI TaK 3BaHUX «adanTUBHMUX MOBEPXOHb Mi-
HiManbHOi wWinbHocTi» (Adaptive Density Minimal
Surfaces, ADMS) nopuctoro metamaTtepiany, sik cTpa-
Terii 3anoBHEHHA NPOCTOPY MaTepianom 3 BNacTUBICTIO
CaMONMiATPVMKM MOro CTPYKTYPU B NPOLEC APYKYBaHHS
[8, 9]. MeTamaTepianamu (Metamaterials) HasuBatoTb
LITYYHi MaTepianu 3 He3BMYaHUMK (PisYHUMK BRac-
TMBOCTSIMU, LLIO HE 3yCTPIYalTbCa y MPUPOOHUX MaTe-
pianax. Llen anroput™m uugposoro gnsarHy metama-
Tepiany NpoxoauTb CTafilo NaTeHTyBaHHS | NOro aBTo-
pamu e He ByB 3anponoHOBaHMIN NS NMBAPHOro BU-
pobHMUTBaA, ane Mae 3HadHi NepcrneKkTMBn Ans BUpi-
LUeHHs npobnemun apyky nopuctux mogenen ans JiFM.

MeTa i 3aBOaHHA JOCNIOKEHHS NOnAraTb B aHa-
nisi anroputmy Ta BunpobyBaHHi MOro B Npoueci umMd-
POBOro Au3anHy NOpUCTOro Metamatepiany Ans MiHi-
Mi3auii Mmacu Ta kepyBaHHSA BnactmBocTamu 3D-gpyKo-
BaHWUX NMBapHUX moaenen. NepLui KPoKn Takoro goc-
niopkeHHs onmucaHo B poboTi [10]. Lle anroput™m € Ba-
piaHTOM peanisauii Teopii TPUBUMIPHMX MiHIManbHUX
nosepxoHb (MI1) B gitoye nporpamHe 3abe3neveHHs
nns 3D-moaentoBaHHS.

PesynbTaty gocnimkeHHs Ta ix 0broBopeHHs. HuHi
TpuBuMipHi nepiognyHi MM (Triply Periodic Minimal
Surfaces, TPMS) [9], Hanpuknag ripoig [11], cTanu He-
pigkuMn enemeHtamm amsanHy gns 3D-gpykoBaHux
KOHCTPYKLIR. MaTtemaTtnyHi BMaCTUBOCTI MM
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3anuwarTbea NpeaMeToOM aKTUBHUX AOChigKeHb 3a-
BASKN IXHBOMY (DyHOAMEHTanNnbHOMY 3Ha4YEHHIO B reo-
MeTpii, Tononoril, disnui Ta ikxeHepii. B iHxeHepii MI
BMKOPUCTOBYHOTLCA AN5 ONTUMI3aLil KOHCTPYKLUinN, Ta-
KMX $SIK Kyrnonmu, MOCTW Ta apXiTekTypHi membpanu
TOLLO, @ TaKOX Mal0Tb 3HAYHWIA BNINB HA KOMMT'IOTEPHY
rpadiky, MogentoBaHHSa mMartepianis i Av3anH, 4O3BO-
naoun ByayBaTn edPekTUBHI Ta eCTETUYHO npuBab-
nuBi chopmu 3 MiHiMansHUMK pecypcamu. [epiognyHi
nosepxHi TPMS [11, 12] € HECKIHYEHHUM MOBTOPEH-
HAM [OEesKOi enleMeHTapHOl KOMIpKW. AHaniTUYHICTb
MI, koXXHa ToYKa SKMX BU3HAYAETLCS Y NPOCTOpPI aHa-
niTU4HOK hyHKUieto, cnpolye 3D-moaentoBaHHs, Te-
XHOMOTiYHICTb BUIFOTOBMNEHHS MaTepianbHUX BMPOOIB,
a TaKoX KOHTPOSb iXHBbOT AKOCTI 3a AOMOMOIOH0 Cydac-
HOro ycCTaTKyBaHHS 3 MporpamHuM 3abesneyveHHsAM.
HwHi Taki anropuTmun BCe LIMpLLE 3aCTOCOBYIOTb Y Pi3-
HUX rany3six, BKIoyal4m MaTepiano3HaBCcTBO, apxiTe-
KTypy Ta bionorito.

KomnaHis Spherene Inc. Ha gesdkux aHanorax Ko-
panonodibHnx npuMpoaHMX CTPYKTYp onpautoBana
HoBy (Ha npotuBary TPMS) reomeTpito MeTamaTtepi-
any, 3acHOBaHy Ha iHWOMY Kraci reoMeTpu4Hux
dopm, WWo 3a paxyHok MIT MiHiMi3ytoTb 06’eMHY Macy
mMaTepiany, i 4N uboro Bukopuctana cdepu, abo, To-
YHiLLe, iHBepCHi cdhepu, AKi koMnaHis Ha3Bana cgepe-
Hamu («spherenesy) [8, 9]. MogentoBaHHAM MiHiManb-
HUX eHepreTu4Hux ctaHie metogom MI1 onsa marepia-
niB y pisnyHNX Mogensix 4ocAraloTb TOro, WO CTPyK-
TYypu - cpepeHn piBHOMIPHO PO3NOAINAITL Hanpyry,
YMM MIHIMI3YIOTb KifbKiCTb BMKOPUCTOBYBaAHOro MaTte-
piany. lNMpuknagn Takoro MoAentoBaHHS Noka3aHo Ha
puc. 1.

PucyHok 1. Mogeni 3 noBepxHsiMUK TUMY «BYIKaH» (a) i «naByTuHa» (6) [8]

BioHiYHi CTPYKTYpU, AKMMK HaMmaralTbCs iMITyBaTh
MOpdOOoriYHi 0COBNMBOCTI TKAHUHM KOparis, i paHiwe
Oynn ob’ektamn gocnimkeHb Ta mogentoBaHHs 3D-
Apyky [10], ockinbkn KOopanu eBositoLioOHyBanu B KOH-
KYPEHTHOMY CepefoBULLi 3 OOMEXEHUMU pecypcamu
SIK OMTUMI30BaHI i OAHI 3 HAWNPOAYKTUBHILLUX Y CBITi
€KOCUCTEM 3 Ornsy MexaHivyHUX Ta iHLLWX BNacTMBOC-
Ten.

B IHTepHeTi koMnaHia Spherene Inc. npeactasuna
beta-Bepcito nporpamu sphereneRHINO Ha ocHoBI

gitoyvoi nonynapHoi nporpamu Rhinoceros anst 3D-mo-
OEntoBaHHsS MOPUCTUX NErkoBarnx CTPyKTyp - cdepe-
HiB [8, 9]. Hawi gocnigXeHHs (B NpogoBXeHHs poboTn
[10]) nonsirann B 3acTOCyBaHHi METOANKM KOHCTPYHO-
BaHHSA LUMX CTPYKTYp AN APYKY NMBapHUMX Mogenewn
3amicTb TpaguuinHux 3 MMNC gnsa JIFM. MNocTtano nu-
TaHHS, SIK MOXXHa NPOEKTYBaTK APYKOBaHi Moaeni 3 Ta-
KOro marepiarny H1M3bKOI Macu Ta JOCTaTHbOI MiLLHOCTI,
aKu 6u noTpebyBas Mano BUTpaT eHepril Ha Koro Bu-
napoByBaHHs npu JITM, MaB HM3bKy ra3oTBIpHICTb i
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OOCTaTHIO eKomnoriYHy 6e3neyHicTb, Wo npuTamaHHa
BioposknagHum nonimepam (6iononimepam).
PoarnaHemo nepenik onepadin npu 3D-mogento-
BaHHi KOHCTpyKUin B nporpami sphereneRHINO [9].
Cnepwy gusariHep BM3Ha4dae npocTip (KOHBEPT), B
SIKOMY 3reHepye chepeHOoBY CTPYKTypy. 3agae Taki na-
pameTpu, SK LWiNbHICTb, TOBLUMHA CTiHKM Ta Haxwun no-
BEpXHi. Bubupae reomeTpuyHy KoHQirypauito Tiel
CKIagHoCTI, Wo Bignosiaae notpedbam gusariHy, Ta Ko-
HTPOIIOE, SK Chepu CTUKYIOTbCA 3 iHLLIMMMK NOBEpX-
HSIMUW, «BMPOCTalOTb» 3 HMX ab0 CTBOPHOIOTL YACTKOBI
4n 3amKHYTi 06onoHku. B Wi nporpami WinbHICTb no-
pUCTOro MaTepiany CryXWTb CUHOHIMOM MOro o6’em-
HOI Baru, BKadyeTbCH Y BiACOTKax Big 06’eMy KOHCTpY-
KUii B MeXax 30BHiLLHbOI 0O0NOHKM B YNCENbHUX 3Ha-
YeHHSX LWKanu giadparmmn dotoanapaTa, K 3py4HOl
LIKanu Ans 3anam’aToByBaHHS | perynoBaHHsI.
Mporpama sphereneRHINO cTBOptoe cdhepenn (5K
HoBwIA knac MIT) Ha OCHOBI reoMeTpii «MiHiIManbHOT No-
BEpPxHi aganTmBHOI wWinbHocTi» (ADMS). Matepian 3
TaKol reoMeTpield Mop MOXHAa perynoBatn K 3a

‘)\
Hopmane fo |
MOBEpXHi

. LLinpmHa cTuky i

ToBwmHa |
Kopnycy =

Mexa

Teepaa
MOBEPXHS

BiacTaHb 3millyBaHHs

LieHTpansHa
NOBEPXHS

Hopmans nisa

Hopmant npaea

]

a
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LLINBHICTIO, TaK i 3@ TOBLUWHOKO CTIHOK B Pi3HMX MiCUSX,
30epiraloun HynbOBY CepeaHI0 KPUBU3HY MOBEPXHI
(BnacTtuBicTb MIT), yHUKaTN 3aMKHYTUX MOPOXKHWH (Ba-
XINMBO AN OPYKY B PIOKMX UM CUMKUX CepenoBuLLIax
cnocobamu SLA i SLS 3 BuaganeHHsm nnnMHHoro 3anu-
LKy, @ TaKkoX ON1s BEHTUNaAUii nuMBapHUX mMogenen),
aganTyBaTl 4O HABKOSIMLLIHBOI reoMeTpii Ta Moaento-
Batu noro ansa 3D-apyky BMpobiB npakTnyHo 6e3 miar-
puMOK (CamonigTpumytoumnx). Mana maca 3 BMCOKOHO
YKOPCTKICTIO TAKOro MeTamarepiany, 3MeHLUNTb COXK-
BaHHA MOB’A3aHOI 3 HAM eHeprii Ta Byrneuesun cnig
[8, 9].

MopentoBaHHS y BKa3aHin nporpami 4OCTYMNHO 3 pe-
rynioBaHHAM LiNbHOCTI B iHTepBani Big 2 go 22. Tak,
Ha pu1c. 1 npyBeaeHO NpUKNaan 3aMoAeNb0OBaHMX CTPY-
KTYp 3i LWiNbHICTIO 5,6 | NOBEPXHAMW 3 Ha3BaMK «BYI1-
KaH» (a) Ta «nasyTuHa» (6). B npoueci 3D-mogento-
BaHHS 00’eKTy B 3aJaHMX reOMETPUYHUX KOHdpirypa-
Lisix (koHBepTax) BUOMpaTb, NPMMIPOM, Taki NoKas-
HWKW, SIK BKa3aHO Yy BMIMSAi nignvcis Ha puc. 2 [9].

'@

PucyHok 2. okasHukm, Aki Bubrpae gmsanHep npy MOAENOBaHHI: @ — CXeMa CTUKYBaHHS 3 rMagKok NiocKo
NMoBepxHeto (KOHBEPTOM); 6 —MoAentoBaHHSA 3 KPUBONIHINHOI NOBEPXHEID

Ao npu nNpoekTyBaHHi NOpUCTOi MoAeni ToB-
LLUMHY CTIHOK B MEBHOMY «Mnofi» AU3alHepoOM He 3a-
OaHo, TO TOBLLMHA 0BOMOHOK NOP BiAMOBIAHO A0 LWinb-
HocTi (Density Reference Thickness, DRT) Bupoby Bu-
3HaYaeTbCA O4HAKOBOK 15 BCIX CTIHOK, 3@ 3aMOBYY-
BaHHAM nporpamMa BCTaHOBMIOE LWiMbHICTL PO3MipOM
5,6. AKLLO WiNbHICTb 3a4aHO N1LLIE OOHUM 3HAYEHHSIM
B Oyab-sIkiin Touui, TO BiACOTOK LLUNBHOCTI BCbOIO

APYKOBaHOro BMPOOY BIiAMNOBiAaE LbOMY 3HaYeHHIO.
Yum Hmxk4ye 3HayeHHa DRT, Tum cknagHiwoto, 3rigHo
nporpamu, cTae reoMeTpis NOpUCTOi NOBEPXHi i 30inb-
LIYETBCA TpUBAnNIcTb ii 06YmcneHHs. PisHi 3HaYeHHs
LLINBbHOCTI, BKa3aHi B NeBHUX TOYKax, nporpama iHtep-
NOMIE B MPOCTOPI MiX LuymMu Todkamu (puc. 3) [9]. Kpim
TOro, An3anHep MoXe BKasyBaTW pi3HY TOBLLMHY CTi-
HKM y BUBpaHMX HUM Toukax (puc. 4) [9].

PucyHok 3. MogentoBaHHsI CTPYKTYPU 3 Pi3HOIO LWiMbHICTIO 2,8 - 5,6 - 11 B TPbOX TOYKax
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FSOORR K 1T SO
..Q .Q.O!:

a

PucyHok 4. CTpykTypa 3 pisHoto ToBLMHO CTiHkM 0,40 - 1,00 - 6 - 0,40 B 4OTUPLOX TOYKax

Mporpama go3Bonsie gogaTn NOPOXHMHY 3a4aHOro pagiycy y BkasaHin Touui (puc. 5) [9].

PucyHok 5. Mogeni 3 foaaBaHHAM NOPOXHUH Yy BKA3aHUX TOYKax 3 3alaHUMu pagiycom Ta MicLem ang pos-

MiLLLeHHS umniHgpa

Tako nokasaHa CTPYKTypa 3 Pi3HO TOBLLMHOI CTIHOK i 3MiLLEeHHsIM NoBepXHi (puc. 6) [9].

PucyHok 6. CTpykTypa Mogeni 3 pi3HOK TOBLLMHOK CTIHOK i 3MILLEHHSIM NMOBEPXHi

Mpuknagn 3D-gpykoBaHWX MoAenen nokasaHo Ha
puc. 7 [9], ae mogeni (a - B) BUKOHAHO Ha NpuHTEpax
meTogom SLA/SLS 3 nowapoBUM TBEPOHEHHAM PigKoOi
YY1 MOPOLLUKOBOI CMOIK, @ Ha puc. 7, I - ApyKOBaHa eKc-
Tpy3itHum metogom FDM Ha npuHTepi «BABbu Lab»

npukpaca 3 opHaMeHTOM i3 nnactmka PLA kpi3b Haca-
Ky 3 npoxigHum giametpom 0,6 MM | TOBLUUHOO HaHe-
ceHux wapis 0,12 mm 0e3 niaTpumok Ta 6e3 3anos-
HEHHsl, a TakoX 3 BMCOTOK 15 MM CyLinbHOMo Kpato B
HIDKHIM YacTuHi (3 canTy https://spherene.ch).

PucyHok 7. MonimepHi moaeni i3 CTpyKTYpOlo Y BUrNAAi chepeHiB: a - XpecToBMHa 3 BIAKPUTOIO MOPUCTICTIO;
6 - nopucTui napanenenines; B - MoAenb KPOmnuka 3 rnagkoro noBepxHeto (B po3pisi); r - ApyKyBaHHA NpUKpacu

3 OpHAMEHTOM.
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Kpim TOro, aBTopom ctaTTi 3 ONOMOroK Nporpamm
sphereneRHINO 6yno cnpoekToBaHO MOAenb «raqyok»
3 MOPUCTOI BHYTPILLHLOI CTPYKTYypoto (puc. 8, a, no-
Ka3aHo 6e3 3aaHbOI CTIHKM 419 AEMOHCTPYBaHHSI Nop),
a TaKoX Ha HacTinbHoMmy npuHTepi Tuny «BABbu Lab

a
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A1 mini BLO0O07U» HagpykoBaHo meTogom FDM poc-
nigHi cchepeHoBi TOHKOCTIHHI CTPYKTYpU 3 hinameHTy
PLA (pvc. 8 6) ons gocnig)KeHHs1 MOXIMBOCTi 3amnoB-
HEHHS1 HUMU CTIHOK NIMBapHNX MOAENEN.

PucyHok 8. lNpuknaam npoekTyBaHHA MOAenen rayka (a) Ta ApyKyBaHHSA NOpUCTUX CTPYKTYpP (6)

3D-gpykyBaHHa 3 noninaktugy PLA € HanbinbL
HegoporMm 3a BapTICTHO | nonynApH1UM metogom FDM
MoLIApOBOro HanmaBfeHHa NpyU BUIOTOBIEHHI MoAe-
new Ha 3D-npuHTepax [14, 15]. PLA — Giopo3knagHui
TepMonnacTuyHUiM noniedip, WO oAepXyTb Ha OC-
HOBI MOMOYHOI KMcnoTu. BiH BMKOpuCTOBYETBHCA ONA
30-opyky Ta y BMpoOHULTBI BionnacTuky, € BiGHOCHO
HeloporMm marepianom, nerko ApykyeTbcq i Mae go-
CTaTHLO BUCOKI MexXaHi4Hi MoKasHWKM Ans ApyKy nvea-
pHUX Mogeneit. lN'yctnHa PLA - 1240 kr/m3 i Temnepa-
Typa KvniHHs - 227 °C.

[na nopiBHAHHSA, maTepian MNMC, wo € Tpaguuin-
HUM ans mogernen npu JITM-npoueci, BUrotToBneHun 3
nonictupony 3 ximiyHoto cdoopmynoto (CsHs)n, rycTuHa
akoro ckrnagae 1050 kr/m3, a TemnepaTypa KUMiHHSA - B
iHTepBani 240-270 °C i 3anexuTb Bif KOro Monekyns-
pHOI Macu Ta iHWKnX pakTopis. Mpu TeMnepatypi BuLLE
239 °C BiH nepexoauTb Y B'A3KOMMAVHHWUIA PiOKUIA CTaH,
a npu Temnepartypi 300 °C noymHaeTbCA HE3BOPOTHA
Jenonimepu3sadia nonictupony [16].

Xapakrepuctnkn PLA i nonictuporny OoCTaTHbO

cxoxi, ane MNMNC mae 3akpuTi nopn, a 3 PLA gouinsHo
ApyKyBaTV Modeni 3 BigKpuTMMK nopamu, siki cknaga-
I0Tb ra3onpOHMKHE TiNO Mogeni (3HM3y Bropy) 3 ycra-
HOBNEHHSIM 3Bepxy Tpybuactoro sunopy. Kpisb Len
BUMOP CMoSy4aloTb CeEpLEBUHY MOAENi 3 BaKyyMOM Y
nopax nicky hopmu, Ky TpaguLiinHO BaKyyMytoTb Npu
JI'M, Ta BigkauytoTb rasu npu rasudikadii mogeni, pa-
30M 3 TUM JocsAratodn epekTy nuTTa MeTany MeToaoMm
BaKyyMHOro BCMOKTyBaHHs [5, 17].

KpiMm pocnimkeHHss cdepeHoBUX CTPYKTyp, Y
OTIMC HAH VYkpaiHn BukoHaHO ApyKyBaHHS 3 PLA
(puc. 9) axypHOi ciT4yacToi CTpyKTypu (niBopy4) Ta
OPYKOBaHOI KyrnbKy ANs NiHr-noHra (npaBopyy) Macok
00 4 r. TOHKM ApyK KOMipYacTuX KapkaciB 3 TOBLLU-
HOK «rifikn» 6nmM3bko 1 MM OEMOHCTpye MoTeHuian
ANs 3anoBHEHHA TakMMK Kapkacamu CTIHOK Mogenen
ans NIFM. Ona gpyky ctpyktyp (puc. 8, 6 Ta 9) 3 PLA
3acToCOBYyBanu HeJopori HACTINbHI EKCTPY3ilHI MPUH-
Tepw, BiOOMi SK «LUKiNbHI», LIO NiOKpecnoe OocTyn-
HICTb Ta EKOHOMIYHICTb [pYKyBaHHA mMofenen ans
JITM.

PucyHok 9. [lpykoBaHi 3 PLA BapiaHT1 KapKacHUX nerkosarnx CTpykTyp

3aranom, onepauii 3D-gpyky mMogenem i Bunu-
BaHHA MeTanosupoby metogom JI'M maroTb Taky no-
cnigoBHicTb. lNicns oTpumaHHa dhanny 3 unudpoBum
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KpEeCneHHAM NMBapHWMK NpPOTSArom Aobu nporpamHuMum
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€TbCA nonimepHa nuBapHa Mogens. [o uiei mogeni



A04aloTb MOAENb FMBHUKOBO-XMBWUMBLHOI CUCTEMMW,
GapbytoTb i nogarTe Ha HOPMOBKY, LIO TPUBAE OO
ABox fi6. e npotsirom ogHoi gobu metogom JITM Bu-
roTOBNSAETbCA MiwaHa dopma i 3anvMBaeTbcs MeTa-
nom. Taknm 4nHom, npotarom 4-5 ai6 Big OTPUMaHHSA
danny 3 KpecrneHHAM MOXNuMBe OTPUMAaHHSA APidHUX
Ta cepeaHix BUNuBKIB. Lisa meToamka 403BOMSIE NPOeK-
TyBaTW Ta ApyKyBaTW NOPUCTI NNBAPHI MOAENI, CYMICHI
3 icHytoummm npouecamn JIMM, 6e3 3miHu chopmyBa-
NbHO-NMBAPHOI OCHACTKM Ta 0bnaaHaHHs. 3amiHa mMo-
aenein 3 MNIMNC, BUrotoeneHnx y metanesux npec-gop-
Max (BKIOYHO 3 MPOEKTYBaHHAM Ta BUIOTOBIIEHHAM
npec-opM i noTiMm mogenen no Hux), Ha 3D-gpyko-
BaHi MoJeni CyTTEBO CKOPOYy€E TpMBanicTb BUPOOHML-
TBa NMBApHMX MOAENEN.

BucHoBkn. Po3rmsiHyTMIn meTod MogerntoBaHHsS Ta
ApyKyBaHHs 3a nporpamoto SphereneRHINO € ogHum
3 NEepPCrneKkTUBHUX ANs APYKYBaHHS NUBapHUX mMoae-
nen 3 BigkputMn nopamu (Ha npotmsary 3 [MC, B
AKOro nopu 3akpuTi). Mpu LMPPOBOMY KOHCTPYIOBAHHI
nMBapHWX Moenen aAn3anHep cnoyaTky BU3Ha4ae Mo-
aenb y CAIP, sika noTiM cny>xutb 064ncnoBanbHOK
0BOIOHKOI0, Y SAKil reHepYHTbCS CEPUYHI reoMeTpu-
YHi NOpUCTi CTPYKTypK 3a metogom M. TMicna yboro
3D-npuHTEPN aBTOMATUYHO APYKYOTb Taki Moaeni
ana JINM, wo MoXnmBo HaBiTb Y LinogoboBomMy pe-
XnMi.

Llen meToa go3Bonse perynioBaHHS LWiNbHOCTI, TO-
BLUMHM CTIHOK i reomeTpii OpyKOBaHWX Mop, obmexe-
HUX (Y1 HE OOMEXEHUX) rMafKoK NOBEPXHEID KOPyCy
MoZeni, WO € BaXIMBUM AN JOKaNbHOTO 4Yn
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BapiaTMBHOIO pPErynioBaHHsa MILHOCTI, 3MEHLUEHHS
BarM OpyKoBaHWX NUBapHUX MoAenen oQHOYacHo 3i
CTBOPEHHSIM TPAHCNALUINHOT MOPUCTOCTI (BEHTKaHaniB)
ONs1 CNpsIMOBaHOro BMBOAY (3HU3Y Bropy) rasy npu ra-
3udpikauii mogenen. Xoya Hapasi Lie BaXko ApPYKOM
KOHKypyBaTu no nerkosarocrti 3 MMNC-mogenamn, oa-
HaK OPYKYBaHHSI ra3onpoOHUKHUX MOLEenen A03BONnse
nigBecTn TpybKoK-BMNOPOM i Kpi3b MOpu Mogeni Ba-
KyyM 3 nuBapHOi popmMm nig vac ii 3anvMBaHHA MeTa-
NIOM A0 30HM rasudikauii mogeni Ta BigkadysaTu rasm
3a gonomorolo Bakyymy. [Mo-nepuue, ue crnpuse Bu-
BOAY NPOAYKTIB rasuncpikaLil i3 30HM KOHTaKTy X 3 Me-
Tanom, MiHIMi3ytoumM iX HeraTMBHUA BMAMB Ha MeTar.
[Mo-gpyre, CTBOPIOETLCA edhekT NUTTA MeTany MeTo-
JOM BakyyMHOro BCMOKTYBaHHsi, 60 3 BUBOJOM rasiB y
BaKyyMOBaHMWI NiCOK hopmu po3pidKeHHS rasis gie Ha
meTan. Mogenb NPOeKTYETLCA Ha OCHOBI MpUHLUMMY
«4mm Oinblue rasie, TM binbwe mae Oyt iX po3pi-
[PKEHHS AN BUBEAEHHS 3 pOH0OYOi MOPOXKHNHU NnBa-
pHOI bopmu». Takum YMHOM, PO3FMSHYTE 3acTOCy-
BaHHSA ApykoBaHoro metamartepiany ansa 1MM Hagae
MOAenNi NerkoearocTi, TPaHCALIMHOT MOPUCTOCTI i CyT-
TEBE CKOPOYEHHSI TEPMiHIB NPOEKTYBaHHS Ta BUPOOHU-
LUTBa sK NepeaymMoBM peanisauii KoHuenuii npogaxy
He nuwe npoaykTy, ane 1 nocnyr. OcTaHHE cnpuse
afanTUBHOCTI NiANPMEMCTB A0 3MiH PUHKY, peanisauii
MoZeni BAPOOHULITBA «HA BUMOTY», KIOYOBMM iHCTpY-
MeHTOM siKoi cTae AB, sk enemeHT uudposisadii npo-
Liecy nuTTa 3a BUCOKOTOYHUMW [APYKOBaHMMKW Mope-
nsiMu 3 MiHiMi3aLlieto BUTpaT Yacy Ta pecypciB.
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Kovzik A.M., Holub L.V.,, Nosko 0.A., Bila 0.V., Pohrebna N.E.
Selection and justification of protective coating systems for the
protection of carbon steel pipe markings

Koe3sik A.M., T'ony6 LB., Hocko 0.A., bina A.B., [loepe6Ha H.E.

Buobip Ta 00rpyHTYBaHHS KOMILJIEKCHUX JJaK0(pap0OBUX NOKPUTTIB

IJISl 3AXHCTY MAPKYBaHHS TPYO BYIJIeIeBOT0 COPTAMEHTY

Abstract. 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 con-
ditions, while also withstanding high temperatures, humidity, and UV exposure. When other marking methods are not
feasible, the optimal selection 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 objec-
tive data on the potential for industrial use of paint-and-varnish materials available on the Ukrainian market to protect
markings on carbon pipes.

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

AHomauisi. Mema po6omu. [JocnioxeHHs1 KOpO3iliHOI cmilikocmi KOMIMIEKCHO20 flakoghapb08020 MOKPUMMSI sIKe HaHO-
cumbcs 07151 3axucmy MapKygeaHHs1 nonepedHbo noghapbosaHux mpy6. 3asdaHHsM rpoeedeHux 0ocioxeHb € 8ubip on-
mumarsbHo20 flakoghapbosozo mamepiary 0519 aHMUKOPO3ilIHO20 3axucmy nonepedHbo noghapbosaHux ma 3amapkosa-
Hux mpy6. Memoduka. O6’°ckmom docnidxeHHs € rakoghapbosi Mamepiarnu, siki HaHOCSIMbCS Ha syarneuesi mpybu ons
3axucmy MapkysaHHsi. CmaHAapmHumu memodamu docnidxeHa 3axucHa Oisi makux MoKpummig Mpomu Kopo3itiHo20
pyliHysaHHs1, adze3isi nokpummsi 0o nosepxHi mpybu, cmitikicmb 00 cmupaHHsi. Pesynbmamu. BcmaHoeneHo, uwo ma-
mepianu F410SP, SIGMAFAST 40, Alpina Yachtlack, Xenioc MIKS ma CK-1 matomb He0bXiOHy KOpO3iliHy cmilikicmb ma
adee3iliHy MiyHicmb Onsi BUKOPUCMAaHHS 8 AKOCMI 3aXUCHUX MOKPUMMIe MapKyeaHHs1 gyeneuesux mpyb. 3 epaxysaHHsIM
sumpam mamepiasly ma 4acy eucuxaHHsi Oris1 IPOMUCII08020 3acmocy8aHHsI pekomeHdosaHuUl mMamepian Xenioc MIKS
ma CK-1. Haykoea Hogu3Ha. Briepwe docridxeHo echekmusHiCmb 3acmocysaHHs MPo30pux flakoghapbosux mamepia-
niig dr1isi aHMUKOPO3ilIHO20 Ma MexaHi4HO20 3axucmy MapKysaHHs1 gyaneuesux mpyb, siki 3abesneyqyoms 008208i4HICMb,
3yumyeaHHIicmb ma U020 36epexxeHHs1 Mi0 Yac mpaHCcrnopmysaHHsi, 3bepieaHHs1 ma eKcrislyamauii mpyr y ckradHUX ymMo-
8ax, Makox eumpuUMyOmMb 8UCOKY memMrepamypy, 8o5102icmb ma yrbmpagionem. [1pu HeMOXIu8ocmi MapKy8aHHSsI 8y-
eneyesux mpy6 iHWUM wiisixom, HeobxiOHo 30ilicHr8amu onmumMaribHUl 8ubip enacmusocmeti 3axucHo20 riakoghapbo-
8020 rnokpummsi, sikull 3abearnedye yinicHicmb MOBEPXHEBO20 Wapy, He CMBOPIOE 30H KOHUeHmpaujii Harpyau abo oce-
pedkie kopogii. Mpakmuy4Ha 3HaYywicms. [Tonsizae 8 ompumaHHi 06°eKmueHUX aHUX PO MOX/1U8ICMb MPOMUCII08020
3acmocysaHHs nakoghapbosux Mamepiarie, Hasi8BHUX Ha PUHKY YKpaiHu, Onisi 3axucmy MapKysaHHs1 gyeneuyesux mpyob.

Knroyoei cnosa: syaneuesi mpybu, nakoghapbosi Mamepianu, aHmukopo3itiHul 3axucm, adze3is, MexaHi4Ha cmilkicma.

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
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.

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-
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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
ineffective, since even without visible defects diffusion of
aggressive species can lead to under-film corrosion [8],
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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 um—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

52



ISSN 1028-2335 (Print)
Teopisi i npakmuka memanypeii, 2025, Ne 2
Theory and Practice of Metallurgy, 2025, No. 2

Table 1 — General information about transparent coating materials

No. | PVM Description
1 Protective compound | Transparent varnish for creating a durable protective coating, intended for the temporary
SK-1 transparent protection of metal pipe surfaces from corrosion during short-term storage and transporta-
tion.
2 Finish alkyd glossy | Intended for the temporary protection of metal surfaces of pipes, wire, constructions, and

enamel F410SP

other 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”

chromate compounds.

Helios MIKS effect. 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 atmos-
SIGMAFAST 40 pheric exposure, fast-drying, and retains gloss and color well. Does not contain lead or

5 Alkyd-urethane  var-
nish Alpina Yachtlack

Weather-resistant, transparent varnish for coating boats, yachts, and other vessels oper-
ating in 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
DSTU ISO 9117-1:2015;

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

appearance of the marking, which must comply
with Tl NT-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

Table 2 — Results of conducted studies of transparent coatings (LCM

coating material and the coated surface area;

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

corrosion resistance under the influence of climatic
factors in a salt spray chamber according to DSTU ISO
9227:2015. The degree of corrosion damage was eval-
uated according to SOU MPP 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.

for marking protection
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Sample  with-
out protective
0 LCM for mark- - - - Readable | Clear 0 80 0 95
ing
Protective
1 compound SK- | 98.75 7 14 Readable | Clear 1 10 0 8-20
1 transparent
Finish  alkyd
2 | glossy enamel | 275.86 46 89 Readable | Clear 1 10 0 15-20
F410SP
Transparent
3 | varnish Helius | 44.79 12 25 Readable | Clear 0 10 0 20-25
MIKS
Finish coating
4 | SIGMAFAST 304.35 | 67 104 Readable | Clear 1 10 0 20-25
40
Alkyd-urethane
5 | varnish Alpina | 108.7 156 | 1440 | Readable | Clear 1 10 0 15
Yachtlack
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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
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
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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,
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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Analysis of regulatory support for accreditation procedures in steel

Proidak Yu.S., Uzlov K.I., Movchan 0.V., Chornoivanenko K.O.

shot production
IIpoiidak 10.C.,, Y3108 K.1., MosuaH O.B., YopHoieaHenko K.O.

AHaJIi3 HOPpMATUBHOT0 3a0e3MeYeHHs AaKpeAUuTANIHUX Pouexyp

BHPOOHHUIITBA CTAJIEBOIO APO0Y

Abstract. 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
microscope. 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 correspond 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 unac-
ceptable 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 re-
quirements of national 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 require-
ments 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 substantiated as critical factors for maintaining the competitiveness of domestic products in both national
and international markets.

Key words: steel shot, regulatory framework, microstructure, defects, particle size distribution, accreditation.

AHomauisi. Mema. AHaniz HopmamugHux eumoe [JCTY 3184 Ha Opi6 cmanesuli cgpepuyHuli mapok [JCC ma [JCCT 3
no3uyit ix su4eprnHocmi Onsi 3abe3neyeHHs1 akpedumauitiHux npouedyp supobHuuymea. Memoduka. O6’ekmom Oocri-
OxeHHs1 bys cmanesuti Opi6 mapok [JCC ma [CCT supobHuuymea Al « CTA/IbSBABO/ TAC», suzomossneHull Memodom
rnasneHHss ma 3anueaHHsi cmarsii y obepmaribHi oOpCyHKU 3 nodarnbuiuM PO3MUIeHHSIM po3riagy Ha 800sIHy 3asicy 0nsi
gopmysaHHsi Opobosux Yyacmok. MemanozpaghidHull aHani3 Mpoeodunu i3 3acmocys8aHHsIM C8ims08020 MiKpockona
NEOPHOT-32. Peaynsmamu. 3dilicHeHo aHani3 nonoxeHb [JCTY 3184-95 ujodo dpoby cmanesozo muny [CC cmoco-
8HO i020 hpaKyitiHoao cknady, Mikpocmpykmypu, Hedornycmumux Oeghekmia, mepmidHoi 06pobku ma xiMiyHo20 cknady.
BcmaHoerneHo, wjo nepedbayeHuli cmaHdapmom po3nodin ¢hpakuilti cehepuyHoeo Opoby cmaneso2o ma YagyHHO20 Ha
10 HoMiHanbHUX po3mipie He gidnosidae MixHapoOHUM sumoeam A0 uboeo 8udy rpodykuii. 32idHo 3 [CTY 3184 eusHa-
YeHHS1 XiMiHHO20 cknaldy noknadaembcs Ha 8UPOBHUKa, WO 3HUXYE pigeHb peanameHmosaHocmi. BusieneHo Heobxio-
Hicmb y3200XK€HHS1 8CMaHOo81eHOI MIKpOCmMpPyKmMypu mepmidyHo 06pobrieHo2o 0poby 3 (io2o ximidyHum ckriadom. Bumoau
0o Hedorycmumux decpekmig 3a JCTY 3184 oxonnorome 8iOHOWEHHS MakcuMarbHo20 Oiamempa OpobuHu 00 MiHiMa-
JIbHO20, rrrowy ycado4Hoi nopucmocmi, 008XUHy Haubinbwoi mpiwuHu ma rowly Halbinbuwoi pakoguHu, 00HaK He epa-
Xo8yromb maki xapakmepHi 05151 ub020 8udy MPoldyKyii deghekmu, sk 2a308i nopu ma Hememaresi eknoveHHs.. Haykoea
HoBU3Ha. BukoHaHo rnopigHsinbHUl aHani3 8UMOe HayioHalbHUX ma MiXkKHapoOHUX HOpMamueHUX OOKYMEeHMI8 i mexHid-
Hux crneyucgbikauiti ujodo donycmumozo emicmy Oeghekmig y cmarnesomy Opobi. [NokazaHO He8idno8iOHICMb MOIOXEHb
ACTY 3184 cyyacHum sumozam Ao peanameHmauii XimidHo2o ckrnady ma Uoz2o 8i0rnosiOHOCMI 3as6MeHil MiKpoCmpyK-
mypi. lMpakmuyHa 3Havywicms. O6rpyHmosaHo HeobxioHicmb rnepeansidy U adanmauii HopmamusHux eumoe CTY
3184 0o cyyacHuUx mexHidHuUXx peanili ma MixHapoOHUX cmaHdapmie 3 Memoro Mid8UULEHHST KOHKYPEHMOCTPOMOXHOCMI
8imYu3HsIHOI MPOOYKUii Ha 8HYyMPIWHBLOMY ma 308HIWHbOMY PUHKaX.

Knrouoei cnoea: cmanesuli d0pi6, HopmMamueHe 3abe3nedeHHs, Mikpocmpykmypa, Oegbekmu, chpakyitiHuli cknad,
akpedumaujisi.

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

stable manufacturing operations but also to implement
an 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
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adherence to technological processes to final output
control and post-sale service.

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
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ISO/IEC 17021-1 (for management systems). In
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
NEOPHOT-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.
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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, 1SO
11124-2:2018, 1ISO 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, 1SO
11125-3:2018, ISO 11125-4:2018, ISO 11125-5:2018,
ISO 11125-6:2018, I1ISO 11125-7:2018, ISO 11125-
8:2018, DSTU I1SO 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, 1ISO 11124-4:2018, SAE J2175, SAE
J827, and the AUREMO Steel and Alloy Handbook.
Thus, as noted above, this is the first reason for

58

ISSN 1028-2335 (Print)
Teopis i npakmuka memanypeii, 2025, Ne 2
Theory and Practice of Metallurgy, 2025, No. 2

aligning 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 mi-
crostructure 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



normative documents, they are mostly consistent and
all converge in the total number of defective shot parti-
cles.

o

d

ISSN 1028-2335 (Print)
Teopisi i npakmuka memanypeii, 2025, Ne 2
Theory and Practice of Metallurgy, 2025, No. 2

Rty

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 po- | voids not more than more than
spherical shape rosity

DSTU 3184 10 10 10 10 20 0,5

ISO11124-3 | 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, e) 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 ISO 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
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normative document as: “a mechanical mixture of fer-
rite and cementite” of disordered feathery (upper
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bainite) 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, ¢

— 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
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900°C followed by tempering at 200°C, resulting in a
tempered martensite structure.

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]

a
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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Serhiienko 0.S., Solokov S.S.
The potential of implementing Al-driven quality control
in Ukrainian investment casting facilities

Cepzienko 0.C., Conokoes C.C.
IoTeHuian BOPoOBaJAKeHHSI KOHTPOJIIO AKOCTI HA ocHOBI LT
B YKPAIHCBKMX LeXaX JUTTH 32 BUTOIIIOBAHMMH MOJEJISIMU

Abstract. 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 industry case reports from 2013
to 2024. Additionally, the study conducted a basic cost-benefit analysis comparing implementation 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 automated defect detection through deep
learning-based visual and radiographic inspection. Research shows that Al systems 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 Ukrainian foundries, investment casting facilities in par-
ticular. The practical value of the study lies in a structured, actionable roadmap, including software and hardware require-
ments, and cost and ROI estimates, that can assist local foundries in beginning their Industry 4.0 transition with a focus
on quality optimization.

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

AHomauisi. Memoro uyb020 ocriOKeHHs € OUiHKa Moeo, K wmyy4Hul iHmenekm (LLII) moxe 3HU3UMU CrioXXueaHHs1 eHe-
peii, mpydomicmkicms i pieeHb 6paky, mum camum nidsuyroHu 8uxio npudamHoi npodykuii ma doseocmpokosy ornepa-
uitiHy egpekmusHicms nugapHux nidrnpuemcms. Memoduka 0ocrniOXeHHs 8KioYae 0251510 HayKogoi nimepamypu ma aHa-
i3 douinbHOCMI Ha OCHOBI akmyarbHUX akadeMidHuUx 0ocridxeHb | eany3eaux Kelcig 3a nepiod 3 2013 no 2024 pik. Kpim
moeo, nposedeHo b6a3osuli aHani3 sumpam i 8u200, WO MopieHIOE sumpamu Ha ernposadxeHHs1 LU 3 nomeHuitiHUMU
WopiYHUMU 3a0WadxXeHHSIMU 3a805IKU 3MEHWEeHHI0 bpaky, onmumisayii npayi ma nidsuweHHo echekmusHOCMIi 8UKOPU-
cmaHHA Mamepianis. Pe3ynbmamu rnokasyoms, W0 OCHOBHUMU HanpsmMamu 3acmocyeaHHs LI € modentogaHHs mexHo-
J02iyHUX napamempie ma npo2Ho3yeaHHs1 3@ OOMOMO20K MaWUHHO20 HagYaHHs, @ MakKoX asmomamu3osaHe 8usig-
neHHs1 0eghekmis Ha OCHOBI eruboK020 Hag4aHHs 3 BUKOPUCMAaHHSM 8i3yailbHO20 ma peHmaeHoepagiyHo20 KOHMPOJTHO.
LocnidxeHHsi demoHecmpyromb, wo LLI-cucmemu MoXymeb 3HU3UMU Kinbkicmb deghekmie numea Ha 30—-50% i 3abesne-
Yumu 3Ha4yHy eKOHOMI0 sumpam Ha ornamy rpaui ma mamepianu. Y 0ocnioxeHHi npornoHyombscs 0ocmyrHi ma 6iokK-
pumi npoepamHi piweHHs, wo nidsuuye moxnusicms erposadxeHHsi LLII 8 ymosax obmexeHozo 6rodxemy. Haykoea
HOB8U3Ha pobomu rorsi2ae 8 akUeHmi Ha npakmu4yHOMY 8rpo8adKeHHI pilieHb KOHMPOJTO0 IKOCmi Ha ocHosi LIl came Ha
YKpaiHCbKUX nugapHUX nidrnpuemMemesax, 30Kpema mux, wo 3aliMaromsCcs IUMmMsAM 3@ 8UMOITF08aHUMU MOOeSMU.
lNpakmuyHa 3Havywicme 00CIOKeHHS NoMsi2ae y CmMeOoPeHHi cmpykmyposaHoi ma rpuknadHoi 0POXHLOI Kapmu erpo-
sadxeHHs LI, ska ekmoyae sumoau 00 npoepaMHoe20 U anapamHo2o 3abesrneqyeHHs], OPIiEHMOBHI sumpamu ma OUjiHKY
oKynHocmi iHeecmuuyjtl. Lle moxe dornomoemu ykpaiHCbKUM nueapHUM ridrnpuemcmeam posnoyamu rnepexid o IHOycmpii
4.0 3 akueHmom Ha ornmumisaujito IKocmi.

Knroyoei croea: wmyyHul iHmenekm, numms 3a 8UMOr/Ir8aHUMU MOOesIMU, KOHMPOITb SKOCMI, 8UsI8NIEHHST deghek-
mis, yKpaiHCbKi nueapHi nidnpuemcmea, aHarnis aumpam i 8u2o0d, onmumisauyisi MPoyecis.

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.

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.
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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.

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
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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 in-
vestment casting. Instead of inspecting and scrapping
defective steel castings post-production, foundries can
now predict and avoid defects, optimize process con-
ditions for quality, and efficiently screen for any anom-
alies 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 in-
crease 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



annual savings in scrap reduction, labor optimization,
and material efficiency. The ROl model was con-
structed using industry benchmarks and case studies
cited in the literature, with conservative assumptions
for production volumes and defect rates to ensure re-
alistic 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:
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Visual inspection data: high-resolution images of
wax patterns, cores, wax trees, molds, and cast parts.
Multiple images per part (capturing all surfaces and an-
gles) 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-
o IP-rated casings to shield from X
. Industrial vision camera mation,
Cameras and light- dust and heat .
. Pixlab
ing 2 pcs
LED light enclosure Shadow and glare-free Phillips, OSRAM
Thermocouple (with data Real-time data loagin Siemens, Schneider Electric,
logger) 99Ing Endress+Hauser
Sensors and loT de-
vices Heat shieldin Arduino,
Microcontroller Wireless trangmission Raspberry Pi,
ASUS Tinker Board
CPU with GPU acceleration
Computing  hard- Industrial comouter Ventilated cabinet UPS backup | NVIDIA GTX/RTX series,
ware 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
. . . 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

Regression or classification

Historical manufacturing process sen-

Scikit-learn Python li-

; algorithms,
forecasting ANN model sor data brary
Node-RED dash-
. i ) . Real-time monitoring, data logging, inte- | board
:Qttg?f;i[;on and user g;%i%g:rzesppﬂgaggnprem'Se gration with existing software ecosys- | Microsoft Azure loT
tem Hub

Azure Custom Vision
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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
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
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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
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.
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The estimated first-year ROl 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 = EXEHAD71 5 100% (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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Holub 1. V., Bila 0. V.
Study of the effect of gaseous elements on metal macrostructure

JocrixeHHs BIVIMBY ra30M0Xi0HMX eJIeMEHTIB HA MAaKPOCTPYKTYPY

during cooling
T'oayé6 LB., Bina 0.B.

MeTaJIy i 4ac 0X0JI0/XKeHHS

Abstract. 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 quanti-
tative indicators of the removal of dissolved gases from the metal during its processing. Taking into account the thermo-
dynamic 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.

AHomauis. Y cmammi npedcmasneHo O0CiOXeHHS 8rugy 2a3o8ux efieMeHmis (KUCHI0, 800HI0O ma azomy) ri0 Jyac
06pobKu Memary cymiluwio 2a3sie (ap2oH, a30m) Ha MakpoCmpyKmypy memarty fnicrsi 0xonodxeHHsi. OOHUM 3 Halnowu-
peHiwux memodie Ko8wo8oi 06pobku cmari € npouec NpPodysaHHs Memary iHepmMHUMU 2a3amu ma (020 8aKyyMy8aHHsI.
Po3pobneHo mamemamuyHy Modersib, sika 003807151 PO32/IsTHYMU fpouec sudarneHHs 2asie ma pospaxyeamu KinbKicHi
OKa3HUKU eudasieHHs1 pPO34YUHEeHUX 2a3ie 3 Mmemarty rid yac lioeo 06pobKu. BpaxysaHHs mepMoOUHaMiyHUX ma KiHemu-
YHUX ocobnugocmeli PO34UHEHHS 2a3ig y Memarti nid Jyac npodysaHHsI Memarsly 8 KO8Wi iHepmHUMU 2asamu ma nio yac
8aKyyMysaHHs1 038011UIT0 YMOYHUMU ¢hi3UKO-XiMiYHI poyecu rnosediHKuU ea3sie y Memarti, uo rnpudsede 00 MOXIu8ocmi

pO3pobKU HOBOI mexHoo2ii Koswosoi 06pPObKU Memarly 3 BUKOPUCMAaHHAM cymiwel iHepmHux easis.
Knroyoei crioea: memar, 2a3oea cymiwl, a3om, 800€Hb, KUCEHb, MakpoCmpyKmypa, KisWoego-i4oea ycmaHoskKa.

Introduction.

The influence of gaseous elements on the for-
mation of the macrostructure of metals during cooling
is a key aspect of modern metallurgy and metal pro-
cessing 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 mixture
of gases with an increased nitrogen content will reduce
the cost of ladle processing of ordinary steels, low-car-
bon and steels with an increased nitrogen content.
Control of parameters related to the dissolution and re-
moval of gases in liquid metal and metal that is being
cooled allows optimizing the properties of metal prod-
ucts for various industrial applications. Due to the ex-
pansion of technological capabilities of production, the
stability of the composition increases and the quality of
the produced steel improves. The use of ladle furnace
units and vacuum metal processing allows significantly
reducing the content of impurities in steel and obtaining
narrow limits of element content. However, despite un-
deniable achievements in ensuring reproducible qual-
ity of metal smelted with modern out-of-furnace pro-
cessing schemes, there are issues that can only be re-
solved 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
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 degas-
sing and mixing. However, due to the high cost of ar-
gon, metallurgical enterprises often use it in a mixture
with nitrogen.

According to studies [1,2], the introduction of a con-
trolled amount of nitrogen into argon allows you to re-
duce gas costs while maintaining the efficiency of mix-
ing and degassing. However, excessive saturation with
nitrogen can lead to an increase in the nitrogen content
in the metal, which is undesirable for low-carbon 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

© Holub 1. V. - Ukrainian State University of Science and Technologies, Dnipro, Ukraine
Bila O. V. - Ukrainian State University of Science and Technologies, Dnipro, Ukraine

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

(OO

68


https://creativecommons.org/licenses/by/4.0/

nitrogen 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
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,

AONx) Dy 2P[0)xr) 16, 4y
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because nitrogen requires a very low partial concen-
tration for the degassing process to be effective, and
hydrogen has the ability to easily redistribute between
the metal and slag. The degree of turbulence in the
metal 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

[€] = [0] = {CO}, (1)

hydrogen and nitrogen — by releasing it in the form

of molecules that form gas bubbles
[H] = S H,. 2)
1

[N] ==N,. 3)

2
oxygen and carbon transfer equations in metal

oxygen in metal =

79 or  H, ox

carbon in metal

ICY(x,7) D, 2°[Cl(x,7) y
or  H.  0Ox’ ¢

where [O] and [C] are the concentrations of oxygen
and carbon in the metal, kg/m3; Dy - s the effective
(turbulent) diffusion coefficient in the metal, m2/s; Hy -
the thickness of the metal layer, m; gu - he source term
that takes into account the possibility of blowing oxy-
gen into the metal during the vacuum process,

H ’

M

12 ¢

®)

kg/(m?s); Vc - is the source term describing the oxy-
gen and carbon consumption for the reaction (carbon
oxidation rate), kg/(m?3s); x - he dimensionless coordi-
nate; 7 - the time, s.

The carbon oxidation rate will be

Ve=Kv f(S) [Cl(x,7) {[Ol(x,7) - [Ol(x,7)} , (6)
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where Ky - rate constant of carbon oxidation reac-
tion 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 frequency of formation on one active center v =
ven, where vg - 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)
Ju = Bu([H] = [H];),  (8)
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Jeo = 1,75([0] = [0],). (9)
Masses of nitrogen, hydrogen and CO diffusing into
the volume of the bubble

my = [ By (IN] = [N],)Sydz,  (10)
my = [y Ba([H] = [H])Sudz,  (11)
Mco = 1,75 [§ Bo([0] = [0])Socdr,  (12)
where [ [ - bubble rise time. The total mass of
gases removed in argon bubbles is obtained in this
case by multiplying by the frequency of their for-
mation — (] p, concentrations of substances expressed
in kg /m3.
The surface area of a bubble is determined by its

volume.
__ 1000m RT

28 Pmax—PmMIHMX

|4

, (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 — (m;/M;)P (14)
Loxomy/myy
where M ; - molecular mass of the gas, P - total
pressure, 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.

au " Continuous
casting

- e Ladle me——
EAF Furnace

N

Vacuum
degasser

nitrogen
content, ppm
Processing scheme
asor
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
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20%, argon purging (g — 0.2 m3/min), obtained a result
thatis in good agreement with the production data (Fig-
ure 1).



0,008 -

0,006
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0,004

0,002 -
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o mamifacturing data
m modeling data

EAF
Figure 1. Nitrogen content in steel production

VD VD2 LE

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).

6.5 7 -2 —+—1
= 6.3 ——d4 =] —
= 611 e
a 4= F x"’“ o
50591 ; ; )
Z . T
= ] R = -
5.5 . ; . .
0 h] 0 15 20
time, min
LF

531
= -7 ——1
E 551 ——4 ——]
R
E M \

45 1 .

43 T 1

C 5 10 15 20
time, min
VD

Figure 2. Change in nitrogen concentration in metal at different ratios of argon and nitrogen in the blowing
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

0 5 10 18

time, min

20 25

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

nitrogen in the atmosphere and the ferrostatic pres-
sure, and calculations showed that the maximum pos-
sible pressure under these conditions of melting and
pouring was about 80,000 Pa. Since the partial pres-
sure of nitrogen over the metal is significantly higher
than the maximum possible pressure in the bubble, a



gas bubble cannot be formed under these conditions.
With this pressure ratio, there is only the possibility of
nitrogen passing from the atmosphere to the liquid melt
during the process of pouring metal. However, for the
transition of nitrogen from the atmosphere to the metal,
the dissociation of nitrogen molecules into atoms is
necessary. This transition is possible at temperatures
above 2000 °C, and when pouring metal, the temper-
ature regime does not correspond to this value, there-
fore nitrogen does not pass from the atmosphere to the
metal during pouring. The pouring was carried out with-
out protection of the jet with a submerged pouring
glass under a protective slag, which reduces the pos-
sibility 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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the entire height of the bubbles rising, the concentra-
tion of nitrogen in the metal, in equilibrium with the bub-
bles, is higher than the actual one. Therefore, 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 pro-
cess, 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 propor-
tion of nitrogen entering the metal increases to 20%.
With a further increase in the proportion of nitrogen in
the purge gas to 75 and to 100%, the proportion of ni-
trogen 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
metal.
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Babai Yu.V., Yavtushenko A.V., Hubskyi S.0., Kulyk H.H.
Simulation of roll forming for U-shaped bent profiles

Baé6aii 10.B., A1emywenko A.B., I'y6cokuii C.0., Kyauk I.I.
MoaenwBanns npoginoBanusa U-nogiOHuX rayTux npoguiis

Abstract. 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 process. 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, enabling 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 process, 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.

Key words: bent profile, deformation, simulation, roll calibration, roll stand, defect.

AHomauisi. Mema. Po3pobumu nidxid 0o modesosaHHs npouecy npoghinosaHHsi U-nodibHux eHymux npoginie 3a 0o-
rnomoeoro npoepamHo20 nakemy QForm. Memodonozis. [JocnidxeHHs 6a3yembcsi Ha Memodi CKIHYeHHUX enlemeHmie,
peanizosaHomy 8 QForm. Npouec modentosascsi 8 3D-cepedosulli 3 ypaxy8aHHAM MPYKHO-nacmu4Hoi deghopmauii,
sukopucmosytoqu 00Hy onepauito mury «Sheet Bulk Forming». lNocnidosHy cxemy ¢hopmysaHHs1 6yno pearizoeaHo 3
sukopucmaHHsM 12 8anbubosux Kiimed, sKi paxosysarnu fnpyxHo-rnnacmu4Hi enacmusocmi Mmamepiany. bynu eu3Ha-
YeHi 8i0rnoesiOHi epaHuUY4Hi yMosu 0518 8i0MEOPEHHS pearbHUX MEeXHOMoiHHUX napamempie npouecy npogintosaHHs. Pe-
3ynbmamu. ModentoeaHHsi darno po3nodin HanpyxxeHb ma 0echopmauili y 3a20moesyi Ha pi3HUX emarnax ii MPOXOOXKEeHHS
yepe3s 8asnbybo8i Knimi. byno sussneHo, wo MakcuMmarbHi nnacmuyHi 0egpopmauyii BUHUKaOMb y 30Hax 32uHaHHs, moodi
5K Kpatiogi obriacmi nepesaxHo riddaromecst PO3MS2y0HUM HarnpyXeHHsIM. Pe3yrnbmamu modenosaHHs y3200KyombCsi
3 hi3UYHOK NPUPOAOHO NMpouecy 32uHaHHsI ma rnidmeepdxxyrompb 0brpyHmMosaHicme 3arnpornoHoeaHozo nioxody. Haykoea
HO8U3Ha. 3anpornoHogaHo adanmaujto npoepamHo2o nakemy QForm Arnsi Moderto8aHHs NPOino8aHHs1 2Hymux npogi-
nig, sike He oXormoembcsi ioeo cmaHOapmHuMu mModynamu. Byno po3pobneHo aneopumm MoOerno8aHHs ma Hanawmy-
8aHHS epaHUYHUX yMO8, WO 00380/1UI0 NIpoaHanizyeamu HarpyxeHo-0eghopmosaHuli cmaH 3a20mosKu rid Y4ac ghopmy-
8aHHs npoginto. lpakmuy4He 3HaYeHHs. Pe3ynibmamu 00CiOXeHHs MOXymb Oymu eukopucmandi 0511 onmumi3auyii me-
XHOJI02IYHUX nMapamempig npouecy rnpogintosaHHsl, 3MEeHWeHHs1 UMO8IpHOCMI ymeopeHHsT deghekmie ma po3uUpPeHHsI
pyHKyioHanbHUXx moxnueocmel QForm y cgbepi modesntogaHHs1 (hopMy8aHHS 1IUCmMo8o20 Memarny. 3anpornoHoeaHul
nidxid € yiHHUM Orisi mexHorsiozis, iHxeHepie, KOHCMpPYKmMopie ma AoCTiOHUKI8, W0 npautooms y 2any3i 06pobku memaity
MUCKOM.

Knroyoei cnoea: cHymut npogbinb, 0eghopmauis, MoGeso8aHHSs, KanibpysaHHs 8arskie, npokamHul cmaH, deghekm.

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.

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 flexibil-
ity — 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.



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

??33%§:

ISSN 1028-2335 (Print)
Teopisi i npakmuka memanypeii, 2025, Ne 2
Theory and Practice of Metallurgy, 2025, No. 2

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.

y T

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.

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

As aresult 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
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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.

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.

a)

89 - Strass intensity, Mps
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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.

During the roll forming of a U-shaped bent profile,
the distribution of stresses and plastic strains in the
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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
pattern, whereas the edge of the blank is subjected to
elevated tensile stresses but exhibits a lower degree of
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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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YynpuHos €.B., Kaccim /.0., /Isaxoea LA., 'puzop’esa B.I'., Pekoes 10.B.
IInsixy BAOCKOHAJIEHHSI TEXHOJIOTII i 00J1aIHAHHA /151 BAPOOHUIITBA
arjiomepary

Chuprynov Ye.V., Kassim D.O0., Liakhova LA., Hryhorieva V.H., Rekov Yu.V.
Ways to improve technology and equipment for sinter production

Anomauyiss. Cmamms npucesiHeHa KOMIMIIeKCHOMY aHarsi3y KIto4o8uXx HarpsMKie yOOCKOHaeHHs1 mexHoroeaili ma obna-
OHaHHS y 8UpobHUUMSEI azriomepamy, W0 € KPUMUYHO 8aXusum 0711 onmumidauii MemarnypaitiHux npouecie ma MiHimi-
3ayii eKOHOMIYHUX sumpam. 3a pesynbmamamu ceMaHmMuU4YHo20 aHanidy iHghopmauyiliHux MoMoKie, Wo eusHa4yaroms iH-
mepec 0o docrioxeHb y Memanypeii, auOineHo YHomupu KIto4o8i KOMIoHeHmu: "mexHonoeis”, "cuposuHa", "obnadHaHHs"
ma "ekornoeisi". Aemopu Hazonowytoms Ha HeobxiOHocmi cucmemHoz20 idxody 0o ModepHisauyii aznomepauitiHo2o eu-
pobHUYMEa 3 Memoto CMeoPeHHsI HOBUX MeXHOJI02il, MOMiMWeEHHS Md20mMo8KU CUPOB8UHU, pO3pobKu 0bradHaHHSA HO-
8020 OKOJTIHHA Ma 3MEeHWEHHS He2amugHoe20 8Mugy Ha HasKoNuUWHE cepedosuwie. Y cmammi demarnbHoO po3arnsda-
rombCs 8icim Uinbosux ¢hyHKUIt onmumidauii npoyecy aznomepauii, 8Krr0Yaryu numMomMy rnpodyKmueHiCMb a2ioMaliuHU,
cmabinbHicmb xiMidHO20 cknady azromepamy (8micm 3arsiza ma OCHO8HiCMb), YacmkKy OpibHUX ghpakuili, Oiarna3oH gpa-
KUuiliHoeo cknady, MiyHicmb Ha ydap ma cmupaHHs, @ makox 8iOHoest8aHicmb. 1po8odUMbCS MOPIBHSIHHS CyYacHUX
roKka3Hukie aeriomepamy 3 eumMoeamu OOMEHHOI M1asKu, 8usienieHi 3HaqHi po3bixxHocmi. Hagodsmbcsi cmpykmyposgaHi
3axo0u, cripsiMosaHi Ha G0CA2HEeHHST OnMuUMaribHUX 3Ha4eHb KOXHOI 3 Uib0o8uUX (DyHKUIU, 3 ypaxye8aHHsSIM moz2o, Wo i
akmopu ma ¢hyHKUii He € adumusHumu. idkpecroemMbCs, WO eKoHoMI3auis 8UpobHUUmMea asriomMepamy He 3aexXou
3biecaembCcsi 3 eKOHOMI3aui€ero (1020 8UKOpUCMaHHsST 8 OOMEHHIU nnasyi, 30Kkpema, nidsuweHHs1 MiuHocmi azrnomepamy
MOXe Hez2amu8HO Mo3Ha4YuUMuUcs Ha U020 8iOHO8/I8aHOCMI Ma eKOHOMIYHUX rnokasHukax. Ocobrnuea yeaesa rpudins-
€MbCS MUMaHHI0 Mi08UWEHHS 8iOHOBIO8aHOCMI a2rioMepamy, WO € KIY08UM 0718 3HUXEHHST 8UMpam KOKCy 8 OOMeH-
HoMy supobHuymei. Po3ansidarombcsi mexHOM02iyHi piueHHs1 05 36inbweHHs1 npodyKkmueHocmi azromawiuH, cmabiri-
3auii ximidHo20 cknady azrnomepamy (WissixoM eghbeKmueHO20 ycepedHEHHS LWUXMOBUX Mamepiarie ma mo4yHozo 0o3y-
8aHHs), nidsuwieHHs1 emicmy 3aniza (8UKOpUCMaHHS 8UCOKOSIKICHOI pyou, KOHUeHmpamis, eibpudHux Mamepiasnig) ma
onmumisayji ocHogHocmi. OKpeMo 8UC8imIrEMbCST 3Ha4YEeHHS 8Y3bK020 hpakyiliHoeo cknady azrnomepamy 0nsi 3abes-
rne4yeHHs1 cmabinbHOo20 2a300UHaMiYHO20 pexumMy OOMEHHOI rnnasku. Ha ocHosi aHanisy npedcmasrneHux 0aHux i ceimo-
8020 0ocsidy (AnoHis, benbeis) pobumbcsi BUCHOBOK MPO me, Wo iHeecmuuii y nidsuweHHs1 SsKocmi azrnomepamy ma
KOKCY Ha ro4amkosux emarnax eupobHuUmea OKynarombCsi 3a paxyHOK CYmmeso20 3HUXEHHS 8UMpam KOKCY ma 3poc-
maHHs1 IpodykmueHocmi oMeHHUX nedeld. Cmammsi Micmumb KOHKpemHi pekomeHoauyii w000 pekoHcmpyKuii ma pos-
pobku Ho8020 0briadHaHHs1 Ons peanizauii 3arpornoHo8aHux yOOCKOHaEHb.

Knroyoei crnoea: supobHuymeo aznomepamy, iHHosaujl, yOoCKoHaneHHs mexHoroeili, ModepHizauis obradHaHHs, orl-
mumi3ayisi.

Abstract. The article is devoted to a comprehensive analysis of key areas for improving technologies and equipment in
sinter production, 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 material 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), increase the iron content (using high-quality ore, concentrates, hybrid materi-
als), 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 experi-
ence (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 recommendations for the reconstruction and development of new equipment to implement
the proposed improvements.

Key words: sinter production, innovation, technology improvement, equipment modernization, optimization.
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BcTtyn

CyyacHumn meTanyprinHUi KOMMIeKc CToiTb nepen
HW3KOK CEPUO3HNX BUKIUKIB, 3yMOBMEHUX 3pOCTalo-
UMMM BMMOTaMK [0 SIKOCTi CUPOBWHMK, HEOOXIigHICTHO
onTuMmi3auii BUpOBHNYMX BUTPAT Ta NOCUNEHHSIM €KO-
noriyHnx Hopm [1]. Y UbOMY KOHTEKCTi BMPOBHMLTBO
arnomepary, siK KMNO4YOBOro KOMMOHEHTA LUNXTU O0-
MEHHUX neyen, HabyBae CTpaTEriyHOro 3HAYEHHS.
EdbekTnBHICTb Ta KOHKYPEHTOCMPOMOXHICTb MeTanyp-
rinHMX NignprMemcTB 6e3nocepenHbO 3anexarb Big Me-
TanyprinHMx BfacTUBOCTEN arnomepary, Lo BU3HaYa-
I0Tb CTabiNbHICTb Ta NPOAYKTMBHICTb NOAanbLUMX ne-
peginie [2-4]. CemMaHTUYHWIA aHani3 cy4acHuX iHdop-
MaUiHMX NOTOKIB y ranysi nigTBepaXxye, Wo oKyc Ao-
cnigxeHb Ta po3pobok 30CepemKeHNIn Ha KOMIMIEKC-
Hi B3aemogii TexHonorii, CMpoBUHW, obnagHaHHS Ta
ekororii [5-8]. Lle cBigumTb Npo rnmboke po3ymiHHSA He-
06XigHOCTI CUCTEMHOrO Migxody A0 BOOCKOHANEHHS
arnomepauinHoro BUpooHMLTBA.

OpHak, He3Baxaruun Ha MOCTiNHI 3ycunns, aHanis
noKasye, L0 NOKa3HMKN AKOCTi arfiomepary, Lo BUPO-
OnsieTbca Ha GaraTboX BITYUM3HSAHKMX arnodabpukax,
4YacTo He BignNoBigalTb Cy4aCcHUM BUMOram AOMEHHOT
nnaBkn, a TEXHIKO-eKOHOMiYHi NOKa3HMKN NOro BUPOO-
HUUTBA ganeki Big ontMmarnbHux 3HadveHb [9-10]. Le
CTBOPIOE HarasnbHy NoTpedy B iHTeHcudikauii poboTtu
Hag MOLWYKOM Ta BMPOBAMKEHHAM iHHOBALNHUX pi-
weHb. [laHa cTaTTs Mae Ha MeTi cucTtemaTtumadysaTtu Ta
npoaHanidyBaTu OCHOBHi HarnpsMK/M BOOCKOHaNeHHs
TEeXHoMorin ta obnagHaHHA y BMPOBHWMUTBI arrmome-
paty. Mu 3ocepeaumMocs Ha KNYOBUX LiNbOBUX (PyH-
KUisIX, ONTUMI3aLis SKMX OO3BONUTb He TiflbKM Nokpa-
LLINTKM AKICHI XapaKTepPUCTUKUN KIHLLEBOro NpoayKTy, a i
3a0e3neYnT 3HauYHEe 3HWXKEHHS BUPOOHMYMX BUTpaT
Ta eKOororiYHoro HaBaHTaXeHHd. Po3rnsaa uux acnek-
TiB € KpUTUYHO BaXXNMBUM AN 3a0e3neYeHHs] KOHKY-
PEHTOCNPOMOXHOCTI MeTanyprinHoi ranysi B ymoBax
MiHMMBOrO CBITOBOIO PUHKY.

AHani3 nitepaTypHux gaHuX Ta nocTaHOBKa
npo6nemu

CeMaHTUYHUIA aHani3 (KOHTeHT-aHani3) iHdopma-
LiHMX MNOTOKIB, WO BW3HA4Ya€ iHTEHCUBHICTb 3pPOC-
TaHHS iHTepecy A0 AocnidgXeHb i po3pobok y meTany-
prii, NOKa3ye, L0 BUCOKMI iIHTEPEC B OOHOCKTaL0BOMY
psaai BU3HAYaeTbCA TEPMIHOM «TEXHOMOorisy», y OBO-
CKIaZ0BOMY — «TEXHONOriSA-CUPOBUHAY, Y TPUCKa[o-
BOMY — «TEXHOOTiA-CUPOBMHA-00NaaHaHHS», ¥ YOTU-
pVCKNagoBOMy (3aBXOu HeobXigHO BpaxoByBaTu W
€KOIOriYHMI acnekT) — « TEXHOSOriA-CUpoBUHA-06naa-
HaHHS-eKONoria».

TakvM YNHOM, CEMAHTUYHWNIA aHarni3 3 BUCOKUM CTYy-
neHem o6'eKTMBHOCTI NMokKa3sye, WO MiHiMi3auis eKoHo-
MiYHMX BUTPAT Y ranysi noBMHHa H6asyBaTtucs Ha Bupi-
LUEHHi KomnnekcHoi npobnemu [11-14]: cTBOPEHHS HO-
BUX TEXHOJOTIN AN OTPUMAHHS CUPOBMHU 3 HOBUMM
BNAcTMBOCTSAMU, 1T NIArOTOBKM OO0 PYAHO-TEPMIYHUX
NPoLECiB i NnaBneHHsl, CTBOPEHHS 0bnagHaHHA Ho-
BOro MOKOSIHHA Ana peanisauil umx TEeXHOMOrin, Wwo
MatoTb MiHiManbHUI BMMMB Ha HaBKOMULLHE cepeao-
BULLE.
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Buxogsum 3 BuLLEeCcKa3aHOro, BUAAETLCS MOXIN-
BUM ChopMyBaTU CUCTEMHUIA NepPeniK TEXHOMOTri BU-
poOHMUTBA MeTanypriiHoi CMPOBMHK, WO OCBOLO-
IOTbCS | € NEPCNEKTUBHMMM AN BNPOBaMKEHHS B pis-
HUX nepeginax i cnocobax BupobHuuTBa [15, 16]. Y
[OaHin cTaTTi po3rnsaaeTbCa TiNbKM BUPOOHULTBO ar-
nomeparty.

[nsa onTumisauii LinboBUX YHKLiA NpoLecy arno-
MepalLlii, TakuMx SIK: NTMTOMa NPOAYKTUBHICTb arnomepa-
LiMHOI MalmHK, cTabinbHICTb XiMiYHOrO cknagy arno-
mepaTty (BMiCT Fecep = 59 10,3 %, OCHOBHICTb
CaO/SiO22=1,8 £0,03 g. 0.), yacTka apidHoi dopakuii 0-
5 MM y roToBomy npoaykTi (S 2-4 %), aiana3oH dpak-
uinHoro cknagy 10-40 MM, MiuHiCcTb Ha yaap (+5 Mm) 2
76,5 % i ctupanHictb (-0,5 Mm) < 5-6 % y GapabaHi,
BigHOBMOBaHICTb GinbLue 0,5 %/xB., HEOBXigHO CTPyK-
TypyBaTM 3axogoM LOAO [OOCArHEHHS OMTUMAIbHMX
3Ha4YeHb KOXHOI PyHKUiT okpeMo. B skocTi ontumans-
HUX Y LINbOBUX (PYHKUISX HaBedEeHO uucenbHi 3Ha-
YeHHs, pearnbHO AOCATHYTI Ha NepeaoBMX MeTanyprivi-
HuX nignpuemcTax Pocii, Kutato, Anowii, 3axigHoi €B-
ponwu Ta liBHi4HOT AMepuku [17].

CBoro 4yacy 6ynu po3pobneHi BUMOrM OOMEHHOI
nnaBku OO MeTanyprinHUX XapaKTepUCTUK OKyCKOBa-
HOI 3anisopyaHoi cnpoBuHK [18], 3okpema o arfiome-
paty. MopiBHAHHA LMX BMMOT 3 NMOKa3HMKaMu BMPOO-
NEeHOro CbOrofHi arnomepaTty Mokasye, Lo arnomepar
BaraTbox arnogabpuk He Bignosigae UMM BUMOram
(tabn. 1).

MeTa i 3aBgaHHs gocnigkeHb

MeTol OocnifmKeHHs € KOMMIeKCHe BOOCKOHa-
NEeHHSA TEXHONO i Ta ob6rnagHaHHSA y BUPOOHUUTBI ar-
nomepary A4S NigBULLIEHHS NOTO SKOCTi, 3HWKEHHSI BU-
TpaT Ta MiHiMi3auii Bnnuey Ha foBKiNNs. Ans Lboro He-
0obOXxigHO npoaHanisyBaTu CyvacHWW CTaH ranysi, Bu-
SABUTU KIIOYOBI (hakTopw, LLO BNMBAOTL Ha BNacTu-
BOCTi arnioMepary, Ta BU3HA4YUTU ONTUManbHi TEXHO-
norivyHi napameTpun. [JocnigkeHHs TakoX BKIHOYae po-
3po6Ky iHHOBALINHMX pilleHb AN NigrOTOBKM LUNXTMH,
onTUMI3aLii NpoLecy cnikaHHs Ta noganbLuoi 06pobku
armnocneka.

OkpiM UbOro, BaXnvMBuM 3aBOaHHAM € OOI'pYyHTY-
BaHHA NPONO3uLii LWOAO MOAEpPHi3auii iCHyto4oro Ta
po3pobKM HOBOro 06nagHaHHs, Lo OO3BONUTL pearni-
3yBaTU Li yOOCKOHaneHHs1. Ha 3aBepLueHHs Oyae npo-
BeJeHa oLiHKa eKOHOMIYHOI Ta eKosoriYHoi edbekTnB-
HOCTi 3anponoHOBaHMX pileHb. Lle no3sonutb nigTee-
pPOUTY IXHIO OOUINBHICTb AN NiABULLEHHS] KOHKYPEHTO-
CMPOMOXHOCTI MeTanypriiHux nignpueMCTB LUNISAXOM
3HWKEHHSA COBIBapTOCTi NPOAYKLii Ta MOKPaLLEHHS Te-
XHIKO-€KOHOMIYHMX MOKa3HUKIB AOMEHHOI MNaBKu.

Matepianu Ta meToam pocnigxeHb

Y cTaTTi BUKOPUCTAHO CEMaHTUYHUIA aHani3 (KOoH-
TeHT-aHani3) iHdopmaLinHMX NOTOKIB 4115 BU3HAYEHHSI
iHTEHCMBHOCTI 3pOCTaHHSA iHTepecy 40 AOCTiAKeHb Ta
pO3pobOK y MeTanyprii, BUAINSAYM KIOYoBi TEPMIHK
("TexHonoria", "cuposuHa", "obnagHaHHsA", "ekonoria")
y OOHO-, ABO-, TPU- Ta YOTMpUCKNagosux psaax. MNpo-
BefleHe MNOPIBHSAHHA PO3pO6NeHUX BUMOI AOMEHHUX
neyen 4o MeTanyprivtHUX XapakTepuCcTUK OKYCKOBaHOI
3anisopygHoi CUPOBUHM 3 PaKTUYHUMW MOKa3HUKaMK
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arnomepary, Lo BUpOBNAETLCA Ha CydacHux arnoda-
Opukax. [NpoaHanizoBaHi NPOMUCNOBI Nponnaeky rid-
pPUOHOIO OKYCKOBAHOrO MaTepiany Ha AOMEHHIN nevi
Ne2 BAT "[IHINpOoBCbKMIA MeTanyprinHunin 3asog im. lNe-
TPOBCLKOI0", a TaKOX EKCNEPUMEHT Ha AOMEHHIN neyi
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Ne6 MAT "ApcenopMittan Kpusuin Pir" i3 3amiHm dppa-
KUii gonomiTM3oBaHoro BanHsky. Lle nigtBepoxye Bu-
KOPUCTaHHS NMpakTUYHMX BUNPOOYBaHb Ars NepeBipku
rinote3 Ta ePeKTMBHOCTI 3anpPONOHOBAHMNX PilLlEeHb.

Tabnuus 1. CyyacHi BUMOr AOMEHHOI NITaBKW 4O MeTanyprinH1X XapakTepUCTUK arfomepary Ta okaTuLiB

HanmeHyBaHHs1 NOKa3HWKIB

|Arnomepat |OkaTHLLi

1. B XonogHomy CTaHi

1.1. MiuHiCTb Ha CTUCHEHHS, Kr/oK
(OCTY 3206-95)

- He meHwe 200

OinbLie 200 kr/ok, %

1.2. BMicT B roToBii NpoayKuii okaTuLLiB 3 MIiLHICTIO HA CTUCHEHHS

— He meHwwe 90,0

1.3. KoedpiuieHT mibHoCTi (+5 MMm), %
(OCTY 3200-95)

He meHwwe 80,0 He meHLe 95,0

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

He OinbLue 4,0

He OinbLue 3,0

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

He OinbLue
6,0

He OinbLue
3,0

1.6. KpynHicTb rotoBoi npoaykuii, % knacis.

He meHwe 85,0 % 8-

35 Mm

He meHwe 95 % 8-18
MM

2. B npoueci BigHOBNEHHs1

HaliMeHyBaHHSA NOKa3HWKIB

Arnomepart

OkaTuwi

2.1, NokasHukK MiLHOCTI (+5 MMm), Y%
(OCTY 3202-95)

He meHwwe 50,0

He meHLwe 80,0

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

He MeHLUe
50

He MeHLle
5,0

2.3. Ycagka wapy npu BigHOBreHHi, %
(OCTY 3205-95)

He GinbLue 20,0

He GinbLue 30,0

2.4. MNepenapg TUCKy-BiAHOBHUKY B Lwapi, Ma (ACTY 3202-95) He GinbLue He GinbLue
150 200

2.5. ®akTnyHa cTyniHb BioHOBNEHHS, % HE MeHLIe HE MeHLe

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

2.6. BigHoBMtOBaHICTb MpU CTyNeHi He MeHLle He MeHLle

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

2.7. TemnepaTypu novaTky i KiHUSA He HuX4e He HmK4Ye

po3m’sakweHHs, °C (OCTY 3817-98) 1050 n 1150 960 1 1160

2.8. TemnepaTypHui iHTepBan
po3m’sakweHHs, °C (OCTY 3817-98)

He OinbLue 100

He binbLue 200

3. C1abinbHicTb cknagy

3.1. Jonyctumi konnesaHHA BMICTY 3anisa, £ % 0,25 0,25
3,2. Jonyctumi KonneBaHHs 3akucy 3anisa, = % 1,00 0,50
3.3. [Jonyctumi KonnBaHHs OCHOBHOCTI, + A.04. 0,05 0,025

PesynbTatu gocnigxeHb

Ha cxemax (puc. 1-8) nokasaHi CTpyKTypOBaHi 3a-
X0Ou, peanisauis Skux O03BOMUTb AKLLO He OO0CArTU,
TO HabnM3NUTUCS A0 ONTMMarbHUX 3HAYeHb LiNbOBMX
dyHKUin. PakTopw, O BNAMBAOTL HA ONTUMI3aLito Lii-
NbOBOI (PYHKLT, HEe aaUTMBHI; LiNbOBI PyHKLUIT, Lo ¢o-
PMYIOTb MOHATTS «SKICTb arnoMepary», TakoXx He aau-
TUBHI; TOMY CTBOPEHHS «igeanbHOro» arnomMeparty 3
MaKkCMManbHUMM MOKa3HUKaMW BCIX MOro LifiboBUX
dyHKUin (BnacTtmBocTen) cknagHe. OcTtaTouyHe pi-
LLIEHHSA NPO piBEHb BUMOTI OO YMCENbHUX 3HAYEHb Lii-
NbOBUX (PYHKUIN MOXXe MPUAMATUCA OIS KOXKHOT KOHK-
peTHOI arnocgabpurkn Ha OCHOBI aHani3y €4uHOro na-
pameTpa «ekoHoMi3auiga». MoxHa nokasaTu, Lo 3axig
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3 eKOHOMI3aLlii BUpOOHULITBA arnomMepary LUISXOM Or-
TUMI3aUii Oro LinboBMX OYHKLIN He 30iraeTbCH 3 eKo-
HOMI3aLliEel0 BMKOPUCTAHHS L€l CMPOBMHM B nogarb-
Wwomy nepegini (y gaHoMy BMNagky — AOMEHHI nna-
BUi). Hanpuknag, Baxnumei LinboBi QyHKLUii HeobXiaHOT
MILHOCTi arnmoMeparty B BUXiOQHOMY (XONOAHOMY) CTaHi
(MiLHiCTb Ha ygap i cTupaHHsA) MoXyTb OyTn 3abe3ne-
YeHi TaKMMM TEXHOSOTYHUMKN baKTopaMM, SK KinbKiCTb
TBEpAOro nanuea B LWKXTi, NOro BUAOM, KPYNHICTIO, Mi-
CueM BBEOEHHS i PI3HOK MOro KifbKiCTO NO BUCOTI
LIapy, BUCOTOIO LUapy, LU0 CcrikaeTbcs, ymoBamu Joaa-
TKOBOrO HarpiBaHHsi BEPXHbOI YaCTUHU LIapy, WO cni-
Ka€eTbCs, BEITMYMHOKO OCHOBHOCTI arnmomepaTty Ta Ae-
AKUMUW iHWMKU. HWKEHHS dppakuii (0-5 mm) B roTosin
npoaykuii  moxe OyTn  3abe3neyeHo  LUMSAXOM



cTabinizauii  KpynHocTi arnomepaTty (py/AHyBaHHSAM
CrnevYeHnx HeMiuHMX arperariB) 3 noganblUMM BiAci-
BaHHSAM BCiX ApiOHMX (ppakuii, Wo noBepTalTbCa B
arnomepadinHmn npouec. OgHak, NO3UTUBHUIA edoekT
BiJ NiABULLEHHSI BUXiQHOI (XONOAHOT) MiLHOCTI armome-
paTy HeratMBHO MO3HAYUTLCHA Ha AESKUX TEXHOIOriY-
HUX (NPOAYKTUMBHICTb arfoMallnHW, NUTOMI BUTPaTH
nanuea Ta enekTpoeHepril) Ta eKOHOMIYHMX MOKa3HW-
Kax arnomepaLiiHoro BUpobHMLITBA, a TaKoX Ha nose-
AiHUi arnmoMeparty B Npoueci NnaBku B AOMEHHIN nevi.

Hanpuknag, nigBuLLieHHs MILHOCTI arnomepary 3a
paxyHOK 30irblUEHHS B CKNafi LWMXTU NanMBHOI Yvac-
TUHM (3pocTae BMicT FeO), Nnpn3BoanTb 40 3HWKEHHSI
3HaYeHHs UiNboBOI (PYHKLiT «BigHOBMNOBAHICTb CUPO-
BUMHM». Y TOW X€ 4ac, Y M BULLA BigHOBMIOBAHICTb
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arnomMepary, TUM BULLMIA CTYMiHb PO3BUTKY HEMPSMOrO
BiJHOBIEHHS 3ani3a B JOMEHHUX neYax i, BignosigHo,
HDKYa NUTOMa BUTpaTa KOKCY. 3a AaHUMMW SMOHCBKNX
i 6enbrincbknx gocnigxeHb, 30inbLLEeHHS BigHOBOBa-
HOCTi 3ani3opyaHoi cupoBuHn Ha 1 % (abc.) Buknukae
3HWXKEHHS BUTPaTK KOKCY Ha 4 Kr/T yaByHy [19, 20]. B
JaHWI Yac AnoHCbKI MeTanypru po3rngaatTb 3acTo-
CyBaHHS arromepaTty 3 NiABULLEHOI0 BiOHOBMIOBAH-
CTIO i KOKCY 3 BUCOKO PeaKLiNHOK 34aTHICTHO SIK OAWH
3 acnekTiB po3pobku JOMEHHOI MaBKy HOBOFO MOKO-
NiHHA 3i 3HAYHUM 3HWXKEHHSIM BUKMAIB B aTMocdepy
napHukoBux rasis [17].

Mepwa (1) uinboBa yHKUIs — «NMUTOMA NPOAYKTU-
BHICTb» (puc. 1).

Bukopucranns BamHa
B CKJIA] IIHXTH

ITijpecoBKa MUXTH

@DopMyBaHHA PIBHOMIPHOT
Ta30IPOHAKHOCTI MAapy 1Mo
ITHPHHI Ta TOBKHHI

araJoManrHHH

Buxoprcranas [IAP
B CKJIaIl IIHXTH

OrpyakyBaHHA

INoninureHAs orpyIKyBaHHL
mHxXTH. 3a0e3neueHHs B

OTPYIKOBaHIil IIIHXTI BMICTY

BHKOPHCTBHH}[

I'a3onpoHHKHICTE

ak1ii 0-10 mm He Gumeire 12 %
dpaxn

JIOHHOI ITOCTIAL

IIuToma
MPOAYKTHBHICTH

[limiTpiB MHXTH

N

361TBIIEHHS MBHIKOCTI PYXY

Pozmumenas BOJH Hall IIapoM
OIHXTH, 10 CHIKAETECH

NNV

(hpoHTY TOpIHAA 3a paXyHOK
BHKOPHCTAHHA

BH COKOpeaKHifiHOTO IIaJInBa

PucyHok 1 — lNeplia uinboBa gyHKUi — «[TMTOMa NpoayKTUBHICTb»

MpoayKTMBHICTbL arnomalumHn 6e3nocepeaHbo 3a-
NexuTb Bi4 LWBWMAKOCTI FOpPiHHA ByrneL nanvea B
Lapi WKXTK, sika BU3HAYAETLCS KiNbKICTIO KUCHIO, LLO
NnoAaeTbCs B 30HY FOPiHHSA, LLIO B CBOIO Yepry 3anexnTb
Bif ra3onpPOHMKHOCTI Wapy WKXTWU. Y 3B'A3KY 3 LKUM
OyXe Benuke 3HAYeHHs1 Mae MOMIMWEHHS CTyneHst
OrpyaKyBaHHs arfioMaLlnxTu, ke Moxe byTu peaniso-
BaHO LUIAXOM BUKOPUCTaHHS PO3POBIEHOro HOBOrO
npouecy nonepeaHLOro nianpecyBaHHA Wuxtu [21].
36iNbLUNTK LWBUAKICTL NepecyBaHHS (OPOHTY FOPIHHSA
AOUINbHO 32 paxyHOK 30iMblUeHHS ra3onpOHMKHOCTI
Lwapy LUMXTW, O CNIKaeTbCsl, BUKOPUCTaHHS BUCOKO-
peakuiinHoro nanuea [22] i 3BONOXEHHSA MOBITPSA Hag
LapoM, Lo CRIKaeTbCs, LUNAXOM PO3nUIeHHs Boawu
[23]. MpucyTHICTL BOAAHOI Napu NokpaLlye yMOBW ro-
PiHHS NanuBea B LUapi, TAKoX 3pOCTal0Tb ra3onpOHUK-
HICTb Llapy, cepegHa Temnepatypa TOYKU 3aKiHYeHHS
npoLecy cnikaHHS i NPOAYKTUBHICTL arnomMalunHn. a-
30MPOHUKHICTb LWapy, KpiM ONTUMAasbHOro Orpyaky-
BaHHSA, TaKoX 3anexuTb Bid BENMUYMHU TemnepaTypwu

nonepeaHLOro NigirpiBy LWWMXTU, BUKOPUCTAHHSA JOHHOT
nocTini, cnocoby yknagaHHs LWMXTW, OpPMyBaHHS piB-
HOMIPHOI ra30NPOHUKHOCTI NO LUMPUHI | JOBXWHI LLapy,
LLIO CNiKaeTbCs, BUCOTU LIAPY Ha CrikanbHWX Bi3kax ar-
nomawmHu, a Takox BukopuctaHHa MNMAP y cknagi wu-
XTu [24]. BukopuctanHs MNAP i posnuneHHs Boau Hag
NnoBepXHELD arnomepauinHoro wapy 3Hmxye B 2,3-3,0
pasu KinbKiCTb nNuny, WO BUKUOAETLCH B aTMocdepy
[24], a TakOX ICTOTHO 3MEHLLYE BUKUOW MapHUKOBKX ra-
3iB: Mamxke Ha gBa nopsagku — CO i Ha nopsigok — CO2
[23].

[nsi 3a6e3neyveHHs 3BinblUEHHS LinboBOT pyHKLUIT
1 (MMTOMOI NPOAYKTMBHOCTI) HEODOXiAHA PEKOHCTPYKLLIA
Ta po3pobka HOBOro obnagHaHHs: PEKOHCTPYKLIA 3a-
BaHTa)KyBaribHOrO MPUCTPOIO arfomalunHu, po3pobka
nignpecysarnbHuKa WuxTn, gosaTtopa MNAP i posnunio-
Baya BOAM, a TAKOX po3pobka edhekTUBHUX 3MiLLyBaYa
wwnxTn 3 NAP i orpyakyBaya wuxtu 3 MNAP.
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Opyra, TpeTa i yeTBepTa (2-4) UinboBi MYHKLIT — Le
«CTabinbHUM XiMiYHWIA cknag arnomepaTy, BMIiCT 3a-
nisa, OCHOBHICTb» (puc. 2-4).

AxicTb arnomeparty BM3HAYaETLCA NOMO XiMIYHUM i
rPaHyrIOMETPUYHUM CKNaAoM, a TakoX KOMMIIEKCOM
MeTanypriiHux BNacTUBOCTEN, LLIO XapaKTepuayoTbCs
TaKMMM MOKa3HUKaMK. MILHICTIO, BigHOBMIOBAHICTIO,
MILHICTIO B npoueci BiGHOBMNEHHS, ra3onpPOHUKHICTIO i
yCcaKol Luapy B Mpoueci BigHOBNEHHs, Temnepary-
paMu No4aTKy PO3M'AKLLIEHHS | NaBneHHS.

XimidHMI cknag arnoMmepaTy — 04Ha 3 HanBaXKNUBI-
LIMX MOro XapakTepuCTUK, OCHOBHUMW MOKa3HMKaMU
SKOi € abCOMnOTHI BENUYMHM BMICTY 3ari3a i OCHOBHO-
cTi. CTabinbHICTb XiMiYHOro Ckragy arnoMepary TakoXx
Han4yacTille KOHTPOSOITE 332 KONIMBAHHSAM CaMe LnX
OBOX nokasHukiB. B AnoHii Ha 3aBogi dipmu «Nippon
Kokan» y ®ykysami konvBaHHA BMICTY 3ariiza B CyMiLlli
MiX LWTabensiMm ctaHoBNATb He Ginblie +0,05 %, kpe-
MHe3emy MeHwe +0,03 %, a OCHOBHOCTI arnowwmxTu
He Ginbwe +0,03 O. og. AnoHcbki MmeTanypru BiasHa-
YaroTb, O OCOGMMBO BaXKMMBUM MOKa3HUKOM SAKOCTI
arnomepaty € cTabinbHICTb MOro OCHOBHOCTI, 3a ix-
HiIMW OaHUMK 3HWKEHHS KONMWBAHHS OCHOBHOCTI 3
10,05 po +0,025 g.0. 3abe3nevye nigByLEHHS Npoay-
KTUBHOCTI IOMEHHMX neyen Ha 0,5 % i 3MeHLLeHHs nu-
TOoMOI BUTpaTh kokcy Ha 0,3 % [25].

OOHUM 3 OCHOBHMX 3acobiB AOCArHEeHHA cTabinb-
HOro XiMiYHOro Ta MiHepanoriYHoro cknagy arrome-
paty (puc. 2) € BucokoedeKkTUBHE YycepeaHEeHHS
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KOXXHOrO LLIMXTOBOrO Marepiany B wTabensix Ha Bigk-
putomy cknagi. Ha gitounx arnogabpukax y wrabens
pasom i3 3anizopygHuMM maTepianamu 3aknagatotb
000aBKu, Lo Bigpi3HATLCA Big HUX 3@ XiMiYHUM CKna-
AOM: NMpOKaTHy OKamnuHy, MapraHueBy pyay Ta iH. 6e3
YiTKOro BaroBOro CriBBiAHOLLEHHS (3rigHO 3 pO3paxyH-
KOM LLMXTK) MK MaTepianamu. [Ins BUKINIOYEHHS Hera-
TMBHOIO BNIIMBY LMX A0OABOK HA OOHOPIAHICTb CyMiLLi
OOUINbHO 34iMCHIOBATM NONEpeaHE YyCepeaHEHHS KOX-
HOI 3 JO6aBOK B OKpeMux LTabensax, a noTim iX 4o3y-
BaTK 3riAHO 3 PO3PaxOBaHMM CNiBBIAHOLLUEHHAM i 3Mi-
LUyBaTK, NIiCAs YOro oTpumaHy cymill fobaBok Hanpa-
BNATM B PO3XigHi ByHKepU LLIMXTOBOroO BigAineHHs ar-
nocabpuku, Kyan HaNpaBNATLCS i iHLI KOMMOHEHTH
arnowmnxTu. [Ang aMeHLWeHHs KOnMBaHb CKriagy CyMiLui
no AOBXWHI LWTabens HeobxigHO nepepbavaTtn ykna-
AaHHS LapamMn MeHLLIOT | ogHakoBOI ToBLUMHN. CyBopa
pernamMeHTauisi NOCNiAOBHOCTI yKNagaHHA maTepianis,
X KiNbKOCTI i 30aTHOCTI nepemillyBaTucs oauMH 3 of-
HUM TakoX € 060B'A3KOBUMK yMOBaMW BUCOKOI OOHO-
pigHOCTI CymiLLi i BIANOBIAHO sKOCTi armomepaTy. 3abip
matepiany 3i wrabens i nogaya noro B BUTpPaTHi ByH-
Kepu LiNsHKN LWUXTN NOBMHHA 34iMCHIOBAaTUCS POTOP-
HUMKM 3abipHuKkamm 3 Topus ccpopmoBaHoro wrabens,
NOYMHaKuM 3BEPXY BHU3 PIBHOMIPHO NO BCbOMY Mepe-
TUHy WwTabens, a He OQHMM EKCKaBaToOpOM, SiK Lie CMo-
CTepiraeTbCsa B JAaHWI Yac Ha OESKNX LUMXTOBUX ABO-
pax arnogabpuk.

3abeseucHHs TOYHOCTL

JO3yBaHHS KOMIIOHEHTIR
muxta +1 % 3a Macoro
BIJI 3a[1aHOI KIIBKOCTI

npH 1i Bugadi 3 OyHKepiB

3MINTYBaHHS OLTbIIIE
95 %

. 3M%I.HY]?&HH5[ 2 TloBna xiMiuna
IHTPe/IIEHTIB MIHXTH CrabianHmii B3a€MOJIIS BCIX
IIepen OrpyaKyBaHHAM XiMiuHHI Ta KOMIIOHEHTIB IITHXTH B
no eextnrHOCTI [ MiHepaToriuHHii Ipoleci CIiKaHHA Ta

CKJIaJlH arJioMeparty

PO3IITIaBIICHHA MIHXTH

3a0e3neuyeHHs arnonexiB ONTHMAIEHAMH 33
MICTKICTIO Ta piBHEM MeXaHizarlii CKIAaIiB
ycepe/HeHHS KOMIIOHEHTIB UNXTH. JloCArHeHHS
KoedimieHTa X ycepeIHEHHA MOHAT 95%

f

OOGnagHaHHS CKIAIIB YCepeIHeHHS Ma€e
3a0e3meunTH GOpPMYyBaHHS HeOOX1THOL
KibKocTi mrabeiis Ta ix 3abopy B Lex.

PucyHok 2 — Opyra uinsoBa dyHKuUid — «CTabinbHWMIM XiMiYHWIA Cknag arnomepary»

IcTOoTHUI BNNMB Ha cTabinbHICTb XiMiYHOro cknagy
arnomepaty mMae 3abe3neyeHHs BUCOKOT TOYHOCTI [0-
3yBaHHA LUMXTOBMX Martepianis 3 OyHkepiB i
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edekTUBHE X 3MilLlyBaHHS JO OAHOPIAHOCTI HE HUXKYe
96-98 % B WMXTOBOMY BiaAineHHi arnocabpuku (puc.
2). Ona BupilWEHHA UbOro 3aBAaHHSA HeobXiaHo



BMNPOBaAXXyBaTW Cy4YacCHy KOMIMIIEKCHY CUCTEMY KOHT-
pOMo Ta aBTOMATUYHOIO YMpPaBIiHHS LUMXTOBMM Bigfi-
neHHsIM Ha 6asi cyvacHux EOM, a Takox Bucokoede-
KTUBHI 3MilLyBaYi LUNXTWN.

[na 3abe3neyeHHs 3poCTaHHA LinboBOI YHKLUiT 2
HeobxigHa peKOHCTPYKList Ta po3pobka HoOBoro obnaa-
HaHHS: yknaganbHuky Ta 3abipHukn maTepianis, Ba-
roBi aBTOMaTWUYHi J03aTOPU, KOHCOMbHI Ta TPYOHI BIG-
pokoHBeepK, edekTuBHI 3miwysadi (Lodige, Eirich Ta
iH.).

3abe3neuntn BUCOKUI BMICT 3anisa B odrtocoBa-
HOMYy arnomeparti Ha piBHi 259 % (uinboBa dyHKUis 3,
puc. 3) MOXIMBO MPU BUKOPUCTAaHHI B LUNXTi arnome-
pauifHOi pyam 3 BMICTOM 3ani3a He MeHLwe 60 %, nig-
BMLLIEHOI YaCTKN KOHLIEHTpaTy i BBEAEHHSAM B LUUXTY
MaKCUMarnbHO MOXIMBOI KiflbKOCTi 3HEMACMEHOI Npo-
KaTHOI OKanuHu, TO6To MaTepianis 3 NigBULLEHNM BMi-
cTom 3anisa. [pv nogavi wWnamis B arnowuxTy ix He-
0o6xigHo 36aravyBaTu i 3HeBogHwBaTW. [liaBULWLNTK
BMICT 3arni3a B arnomepari TakoX MOXIMBO LLASXOM
BMKIMIOYEHHS 3 WKXTU arnopyaun. Npobnema nigsu-
LLIEHHS1 YaCTKM KOHLIEHTpaTy B arfoLumxTi NoB's3aHa 3i

ITigBuIeHHS
BMICTY Fesar y
KOHIIEHTPATI 10
moHaxg 67 %

[MignpecyBanss
MHXTH, IO
3abesmeuye

ISSN 1028-2335 (Print)
Teopisi i npakmuka memanypeii, 2025, Ne 2
Theory and Practice of Metallurgy, 2025, No. 2

CKIaHOLLaMK NOro OrpyaKyBaHHS, Sika YCMILLHO MOXe
Oyt BupilleHa 3acTocyBaHHSIM crieuianbHux bapa-
OaHHKX, TapinkoBMx abo BibpauinHNX orpyaKyBadvis, a
TaKOX anapariB NonepeaHbOro NignpecyBaHHs KOHLEe-
HTpaTy i/abo Bciel wuxTn. MigBuWmMTK BMICT 3ani3a B
arnomepari 4O piBHA BMMOI Cy4YacHOI JOMEHHOI nna-
BKUW [26] MOXHa TaKOX LUMASXOM BUPOGHULTBA odornto-
COBaHMWX fnokanbHUX cnekis [27, 28] Ta BupobHuuTBa
OKYCKOBaHOro 3anisopyaHoi CUpOBWUHMW B EAVHUN ribpu-
OHWIA npouec. MNbprnaHMI OKyCcKOBaHWI 3ani3opyaHui
MaTepian 403BONUTb NiABULLMTK BMICT 3anisa go 61,9
%. MNpomMucnoBa nponnaeka napTii ribpuaHOro oKycKo-
BaHOro martepiany B JomeHHomy uexy BAT «[Hinpos-
CbKui MeTanyprinHni 3aeog, imM. [1eTpoBCbKOro» Ha fo-
MeHHin nedi Ne2 Big3Havanacsa crabinizauieto xoay
nevi Ta NOMIMWEHHAM TEXHIKO-EKOHOMIYHUX MOKA3HW-
KiB NnaBKu: BUTpaTa KOKCy 3Huaunnacs Ha 4,0-4,4 kr/t
YaByHY, a NPOAYKTUBHICTb nevi nigsuwmnacs Ha 1,1 %
[29, 30]. BupobHMUTBO riGpraHOro OKyCKOBAHOrO 3ari-
30py4HOro Marepiany TakoX 3aJ0BOJSIbHSE BUMOram
LinboBmXx YHKUIN 1, 6 i 7 (OCTaHHI ABi PO3rNsHYTI HX-
xye).

3HeMacIIOBaHHI
TIepBUHHOI Ta
BTOPHHHOI IPOKATHOI
OKaJIIHHI
3 BHCOKHM BMICTOM
Fe.ar T2 3011B11ICHHAY T1
UACTKHU B arJIOIIHXTI

IHIDKEHHS BMICTY
arIopyau B
arJIOIIHXTI

3

Bucoknii BMicT
Fesar (Diiibure 59%)

30aradyeHHs [IIaMiB
TIepe] OJauer0 B
ATJIONTHXTY 3 METOIO
3HIKeHas Hux S102 1
OKCH/IIB JIeTKHX

MarHiTHa cemapartis
aTJIOPYIH 3 METOIO
TIIBUIIEHHT BMICTY
3ami3a B HIll 10
noHayx 60 %

umetamis (Na, K)

Bupo6aunreo
TiIOpHIHOTO MaTepiany
(armookaTHIIIB Ta
CIIEKIB)

PucyHok 3 — TpeT4 uinboBa dyHKUis — «Bucokuin BMICT 3arisa B arnomeparti»

[ns 3abe3neyeHHst 3pOCTaHHA LiNboBOI OYyHKLi 3
HeobXigHa peKOHCTPYKL s Ta po3pobka HoBoro obnaa-
HaHHSI: TPOXOTU TOHKOIO MPOXOYEHHS, NignpecysBarb-
HWKW, CenapaTopy Cyxoro MarHiTHoro 3darayeHHsi, ro-
MOreHi3aTopu nopTarsbHi, FPOXOTU CyXOro rPOXOYEHHS
3a knacom — (2,5-3,0) mm.

YeTtBepTa (4) uinboBa dyHKLiA — «OCHOBHICTb ar-
nomepaty» (puc. 4) noe's3aHa 3 TEXHiIKO-€KOHOMIY-
HAMW MOKa3HMKaMW OOMEHHOI MNaBKy 4epes3 nokas-
HWKM MILHOCTI arnomepaTy, BMICTYy B HbOMY ApiOHOI
dpakuii (-5 Mmm), a Takox Yepes BiamoBy abo HeobXia-
HICTb Nogayi B JOMEHHY NiY CUPOro BarHsKy.

3 pocnimpkeHb [31] BiGOMO, LLO HAUMEHLLOK MillHi-
CTIO Bonogie arnomepat ocHosHicTio 1,3-1,4. 3a pa-
HUMK [32] MiLHICTL odntocoBaHOro arfiomMepaTy MiHi-
MarbHa B Mexax 3MiHu noro ocHoBHocTi Big 0,9 ao 1,4.
Lli pesynbtatm nigTBEpOXYIOTbCHA NPAKTUKOK Npwu
OCBO€EHHI BMPOGHULTBA OIIFOCOBAHOrO arrfiomepary
pi3HOi OocHOBHOCTI. Tak, Hanpwuknag, 3a gaHumm [33],
npw 36inbLUeHHi ocHOBHOCTI arnomepaty 3 0,1 go 1,25
BMicT dopakuii 0-5 Mm Ha 3aBoai «3anopikcTanb» nig-
BuwmBeS 3 6,0 4o 21,0 %. MNpw uboMy pi3ke 3poCTaHHS
BMICTY i€l dopakuii mano micue npu 36inbLUIeHHi OCHO-
BHocTi Buwe 0,8. Takum u4uHOM, iCHYIOTb [Ba
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peanbHUX LUNAXK NiABULLLEHHSA MILHOCTI arnomeparty —
ue BMPOBHWMLITBO arromepaTy OCHOBHICTHO 21,6 abo
0,8-0,9 oa. Mepwmnin WNAX LWMPOKO BUKOPUCTOBYIOTH
Ha GaraTbOX MeTanypriiHux 3aBoJax 3a KOPAOHOM,
OAHaK BiH BMMarae npu OCHOBHOCTI arnomeparty 21,6
BMKOPUCTaHHS B LUMXTi AOMEHHOT nNnaBKkn Heodroco-
BaHWUX okaTuwiB abo KycKOBOI 3ani3Hoi pyau, a 3a apy-
MM LUISIXOM MpU OCHOBHOCTI arnomepaty 0,8-0,9 —
30iMblUEHHA BUTpPaTU CUMPOrO BarHsAKy B OOMEHHIN
LUMXTi, LLLO MPW iCHYIOYIN KPYMHOCTi 3aBaHTaXKyBaHOro B
niv BanHsAKy NpM3BOAMTb 40 A0AATKOBOI BUTPATM KOKCY
Ha TOHHY YaByHYy. MOXNuBUIA TaKOX BapiaHT BUKOPUC-
TaHHSA B LUMXTI AOMEHHOI NMnaBku arriomepariB ABOX
OCHOBHOCTEN, ane B LibOMY BUNaAKy MOXYTb BUHMKATH
OopraHisauivHi TpygHoui. pn BUKOPUCTaHHI B LUMXTI
OOMEHHOT nnaeku arnomepary 3 ocHoHicTio 0,8-0,9
[.0. 3 METO HefoNyLEeHHS 36iNbLUEHHS MMTOMOI BU-
TpaTU KOKCY [OOUINbHO MEepexoauT Ha TEXHOSOTrio
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3aBaHTaXXeHHs1 B JOMEHHY niy BanHsaKy dpakuii 10-25
(5-25) MM 3amiCTb BMKOPUCTOBYBaHOro B AaHWI Yac
BanHsaKy KpynHicTio 25-50 mm. Lia TexHonoria ceoro
Yyacy 6yna BunpobyBaHa Ha nevax JHinpoBCLKOro Me-
TanyprinHoro 3asofdy iM. eTposcbkoro [34] i noka-
3ana, Lo ApiGHMI BamnHSIK NOBHICTIO PO3KNagaeTbcs y
BEPXHili 30HI TENNOOOMiHY AOMEHHOI Nneuyi, BUKOPUCTO-
BYIOUM HaAMMLLKOBY TENOTYy rasoBOro MOTOKY B LN
30Hi. 36inbLUEeHHSA BUTPATW BanHsAKy 40 NEBHOI MeXi He
BUKITUKAE 3pOCTaHHS BUTPATM KOKCY, @ BUKOPUCTAHHSA
6inbL MiLHOrO arnomepary A03BOMSE NiABULLUTY TEX-
HiKO-€KOHOMIYHi NOKa3HWMKN AOMEHHOT NNaBKu 3a paxy-
HOK 11 iHTeHcudikaLii Ta NoninLWeHHss BUKOPUCTaHHSA
rasy B neuvi. Llen pesynbtar 6yB oTpumaHui i Ha go-
MeHHiI nedyi Ne6 o6'emom 2000 m3 MAT «ApcenopMiT-
Tan Kpmeun Pir», oe Takox npoBenn eKCnepumeHT i3
3aMiHn ppakuii 25-50 MM JONOMITU30BAHOIO BanHAKY
Ha pakuito 5-25 mm [34].

A

OCHOBHICTE 4 . OCHOBHICTE
arJaoMepary OcuornicTh arioMepary
Ca0/Si02 <0,8-0,9 m.ox. ariomepary Ca0/Si02 >1,6 1.om.

BukmounTn 13
ToApiOHEHOTO BAITHAKY
thpaxmizo +3 MM

PucyHok 4 — YeTBepTa uinbosa dyHkuis — « OCHOBHICTb arnomepary»

[ns 3abes3neyeHHst 3poCcTaHHs LinboBoi yHKuii 4
HeobXxigHa PEKOHCTPYKList Ta po3pobka HoBOro obnag-
HaHHS: BUcokoedeKTUBHI Apobapku Ta rpoxoTu Ang
NiArOTOBKM BanHsiky, 0COGNIMBO B YMOBaX BUCOKOI 0Or0
BOJIOrOCTi.

MaTta (5) uinboBa YHKUiA — «BY3bKWUA Aiana3oH
dpakuiiHoro cknagy arnomepaty» (puc. 5). Ansa 3a-
6e3neyveHHs ONTMMarbHOro ra3oAMHaMIYHOro PEXMMY
OOMEHHOT NnaBku i 3abe3neyeHHs hopcyBaHHSA Mna-
BKW LUMSIXOM 36iNnblUEeHHS BUTpaTK OyTTH, 3a paxyHoK
3HWKEHHS BEpXHbOro nepenagy TWUCKy Trasy B

YV I0CKOHAIEHHS IIPOLIeCY

OOMEHHIN nedi HeobxigHO nNogasaTu B Niy arnomepar
3 By3bkuM AdianasoHoM dpakuinHoro cknagy (10-40
MM). [JOMOITMCS LIbOrO MOXITMBO 3a paxyHOK OpraHisa-
Uil TexHororii TpaBMyBaHHsI arriocneka Ha nanetax
nepesn po3BaHTaXEHHAM 3 YAOCKOHANeHHAM npolecy
nonepeaHbLoro ApobrneHHs rapsyoro arnomeparty i 3
nodanbLUOK iHTeHcudikalieo npouecy Moro oxono-
[PKEHHS LUMSIXOM NOEAHAHHSA NPOLECIB OXONOOKEHHS,
cTabinisaLii Ta rpOXOYEHHSs], @ TakoX 3a paxyHOK rpo-
XOUYEHHST OXOSOMMKEHOro arnomepaty 3 AoapobneH-
HAM BENUKMX dOpaKLin.

InTeHCH(]iKaIiA TIpoLeCcy
OXOIIO/KEHHS CIEKY NUIIXOM
[MO€THAHHS IPOIIECiB
0XO0JIOMKEHHs, cTablmizamii Ta

IIOIIEpPEAHBOT O ,I[pOGHEHHﬂ
A

By3bkmii gianazon
(ppakuiiinoro ckaaxy
araomepaty (10-40 nvm)

I'POXOUYECHHA
) Y

TexmHomorisa TpaBMyBaHHA
arJIocHeKy Ha Bi3Ky Iepel
PO3BaHTaXKEeHHAM

I'poxodeHHS OXONOIKEHOTO
arJioMepary IIO€/[HaHe 3
Jto/Ipo0OIeHHAM BelIHKHX (ppakiiii

PucyHok 5 — MT'saTa uyinboBa (yHKLisS — «By3bKkuin gianasoH opakuiHOro cknagy arnoMmepary»

[nsa 3abe3neyeHHs1 BUKOHAHHSA LinboBOiI pyHKLiT 5
HeoOXiHa pPEeKOHCTPYKUis Ta po3pobka HOBOroO
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obragHaHHA: CTBOPEHHST Apobapkn BMOIPKOBOro Opo-
OneHHss rapsidoro  cneka, pos3pobka MexaHiamy



TpaBMyBaHHsi MMpora arfiocrneka Ha OCHOBI BMPIBHIO-
BaHHS LUBUOKOCTEN MEXaHi3my i naneT arnorneHTu, po-
3pobka oxonomkyBaya — cTabinisatopa Ha OCHOBI Ba-
XKENbHO-NIHIMHOTO MexaHi3aMy, po3pobka rpoxoTy 3
ApobunbHuM aebanaHc-poTOPOM i HEOAHOPIAHMM MO-
nem TPaekTopin.

LWocTa (6) uinboBa (hyHKUiA — «MILHICTb arnome-
paty» (puc. 6), cboma (7) uinbLoBa yHKLIS — «BMICT B
arnomeparti HEKOHAMLIMHUX dopakuin» (puc. 7) i Bo-
cbMa (8) LinboBa dyHKLis — «BiAHOBMIOBAHICTLY (pUC.
8) TicHo noB'aA3aHi Mix coboto. Tak, BiAOMO, Lo nerko-
BiJHOBIIOBAHWI arnomepat MiggaeTbCs CUMbHILLOMY
PYMHYBaHHIO B MNpOLECi BigHOBMOBASIbHO-TEMNMOBOI
06pobkK, a nigBuULLIEHA PYMHIBHICTb TakKoro arrmiome-
paTy MOXe MPW3BECTU 4O HEMOXIMBOCTI OTPMMaHHS
edekTy Big BMCOKOI BigHOBNtOBaHOCTI. BigHoBmoBa-
HiCTb arnmomepaTy 36iNnblUYETbCS i3 3POCTaAHHAM Y
HbOMY KifIbKOCTi Nerko BigHOBMIOBAHUX MiHepanis i
3POCTaHHAM CyMapHOi MOBEPXHi MOP, 4OCTYMHUX rasy-
BiAHOBHUKY.

MiuHniA B npoueci BiAHOBNEHHA arromepar, LWo
Masno PYWHYETbLCA B AOMEHHIN Medi, NOBUHEH, KpiM
TOro, MaTu BUCOKY TemnepaTypy MnodaTKy pO3Mm'sik-
LUEHHS | BY3bKWI iHTEpBan MiX L€ TeMnepaTyporo i
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TemMnepaTyporo po3naBieHHs, OCKINIbKM BUCOTa 30HM
PO3M'AKLLIEHHSA Ma€E 3HAYHWI BB Ha BTpaTy Hanopy,
pO3MOA4in i BUKOPUCTaHHS ra3oBoro noToky, a, Bigno-
BiHO, Ha BUTpATy KOKCY i NPOAYKTUBHICTb LJOMEHHOI
neui.

Y Mipy 36inbLUEHHs BMICTY 3aKuCy 3ani3a B arnome-
paTi KinbKiCTb remaTtuTy B WOro CTPYKTYpPi 3MEHLLy-
€TbCH, a KinbKiCTb 3anidocunikatHol asn 36inbLuy-
eTbesa. [py UbOMY NIOBMLLYETLCA MILHICTE arrnome-
paTty, iK'y BUXiQHOMY CTaHi, TaK i B NpoLeci noro Bia-
HOBIEHHSI MPU OOHOYACHOMY 3HWXXEHHi BiOHOBMOBA-
HOCTi. 3a AaHMMM SINOHCBKNX AOCMiAHWKIB, Npuy 30inb-
LLIEHHI BUTpaTK KOKCOBOi ApibHMUi B arnowuxTi Ha 10
Kr/T armomeparty BMICT 3aK1Cy 3arisa B HbOMY 3pOCTaE
Ha 4 %, MiLUHICTb NpY BiQHOBMEHHI NiABULLYETLCA Ha 8
%, a BigHOBMIOBaHICTb 3HWXyeTbea [35]. Ansa nigsu-
LLIeHHS BiQHOBMNIOBAHOCTI arnomepary AOUiNbHO 3HW-
XyBaTtu BMicT y HboMy FeO (36inbweHHa FeO Ha 1 %
3MeHLIy€e LBMAKICTb BIOHOBMEHHS arrnomMepary Ha
0,12 %/xB) i nigBULLYBaTN BMICT remaTuTy i hepuTy Ka-
nbuito. 3a BENMYUHOIO OCHOBHOCTI HE MOXHa OfHO-
3HA4YHO CyauMTU NPO BiAHOBIIOBAHICTL armomepary.
BnnuB iHWNX KOMMNOHEHTIB CKnagy TakoX Heo4HO3Ha-
YHUA.

Bupobunmrso "ri6puaaoro”
arnoMepary (arIoOKATHIIIB)

TepMo3MIITHEHHA BepXHBOTO
mapy

ITigBHINEeHHA THHAMITHOTO
BIUINBY Ha aIrJIONIIXTY B

FpOXOerHH}I OXOIIOIKCHOI'O
ariioMepary Mo€dHaHe 3

mporteci il OTpyAKyBaHHA

MinnicTe arimomeparty

,ILO,I[pOﬁHeHHﬂl\«I BEIIHKHX

6 ¢bpaxmiit

|

BupipHwoBaHHA
Ta30NPOHNKHOCTI APy MIHXTH
10 IIHPHHI aTTOMAIIHHI

Y mockoHaneHHsI IpoIiecy
IolepeJHEOT0 IpoOIeHHs
arzoMepary

OnTHMI3a111S MIHEpPaJIOTTYHOTO
CKJIady armoMepary

T

IlizBUIeHHA BICOTI APy
aTIOMINXTH 1o 550-600 MM.

TexHoOTisE TPABMYBAHHSA ATTOCIIEKY
Ha BI3KY IIepe]] pO3BaHTAXKEHHIM

TepMoobpobxa crieka

PucyHok 6 — LocTa uinboBa dyHkuis — «MiuHicTb armomepary»

Bizacis 100% dpakmii 0-5 MM 3
TOTOBOTO MPOIYKTY

BupobHuITBO armoMepaTy JBOX
ocrosrocteit Ca0/Si0; <0.8 m.o1.
u Ca0/Si02 > 1,7 m.oxn

[MigBumenns eheKTHBHOCTI
TPOXOUEHHS OXOIOKEHOTO
arIoMepary

30LIbIIIeHHS BHCOTH IIapy
ATJIOINXTH

@opMyBaHHSA PIBHOMIPHOI /

Ta30NPOHHKHOCTI IO IIIPHHL
mapy Ha arIoMalInHi

Bmict HekoHAHIIHHNX (-3 MM)
Ppakuiii (ue dinsme 2-4 %)

/ 3amxeHHA BMICTY S107 y IIMXTI
7

OO6MeKeHHS TeMIIepaTypH

¢$pOHTY TOPIHHA 3 METOO
YHEMOXKIHBIIEHHS CKIIIHHA
CIIeKy

Tepmo3MilTHEHHS
BEPXHBOTO LIApy

CyMill[eHHS 0XOJIO/[KEHHSA
arJIOCTIEKY 3 TPOXOYEHHAM Ta
cTadLIi3amiero

Buxmrogerns y imrocax Ta
IaTHBI MIHXTH KIacy +3 MM

PucyHok 7 — CboMa uinboBa (yHKuUis — « BMICT B armomepati HEKOHANLUINHMX chpakLiny
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3HIpKenHs emicty FeO B
arjoMepari

BuknroueHHs BMICTY (pakii
+3 MM y IaIHBI arIOMIHXTH

OCHOBHICTB armoMepary
Ca0/S102> 1,6 n.ox.

%
301/IbIIEeHHS IBHIKOCTI

By2bKuil JlanazoH TeMIepaTyp

($poHTY TOpiHHSA

1

[ligpnmenHsT

s d

BinnoenicTn

MK PO3M'SKITIEHHIM Ta
I1aBIeHHAM

Ta30IPOHHKHOCTI IIapy

3abe3nedeHHs BHCOKOIOPUCTOT

TligBHUIEHHS BMICTY
Fe;03 B arnoMepari

CTPYKTYpPH 3 IpiGHUME TOpaMu

3

3HDkeHHA Si02 B aroMepati

T

3aMiHa ariopy, M Ha
MAIpPecOBAHNIT KOHIIEHTPAT

ITiABHIIIEHHS TIUTEHOCTI TPaHyIT
I 9ac OTPYAKYBAHHA [IHXTH

PucyHok 8 — Bocbma uinboBa (hyHKLisS — «BigHOBMOBaHICTb arnoMmepaTy»

PynHyBaHHs1 arnomepaty B JOMEHHIN nevi Biabysa-
€TbCA B pe3ynbTaTi 3MiHW CTPYKTypu arfiomepaty B
npoueci BIOHOBIEHHS i OQHOYACHOTO MEXaHIYHOro
pyviHyBaHHs nig Aietlo macu wuxtv [36]. Hansuwui
CTYNiHb BIOHOBMEHHS Manwu arrnomMepaty 3 HU3bKUM
Bmictom SiO2 i FeO, npu upoMy BiOHOBMIOBAHICTb Y
30Hi KyCKOBMX MaTepianis AOMEHHOI neui Ans arnome-
paTy 3 Hu3bkum BMicTtom SiO2 i FeO Takox Oyna Bu-
Wwoto. Y CTpyKTypi arnomepaTty nicns BigHOBMEHHS
cnoctepiranu BenUKYy KinbKiCTb ApiOHOAMCNEPCHNX
MeTaneBux 3epeH, Lo yTBopunuca 3 rematuty. Bea-
XaeTbCs, Lo HasiBHICTb NEPBUHHOIO reMaTuTy B CTpY-
KTypi armomeparTy i 36inblIeHHs B Hil KinbkocTi apib-
HMX MOP B MNPOLECi BigHOBMNEHHS CrpusioTb 36inb-
LLIEHHIO Oro BiAHOBMNIOBAHOCTI [34]. Y cTpykTypi arno-
mMeparty 3 Hu3bkum BMmicTom SiO2 i FeO nepep BigHOB-
NEHHSAM MOPIBHAHO Mano KPYMHO3EpPHUCTOro MarHe-
TUTY i NnacTuHYacToro eputy Kanblilo, nepeBaxa-
I0Tb OPIOHO3EPHUCTUIA CPEPUUHMIA FeMaTUT, ronyac-
TUM bepuT KarnbLito | IpUCyTHA JocuTb 6araTo ApibHUX
nop, Wwo, MabyTb, cnpusie 36epeXkeHH0 MiLHOCTI Npwu
BiQHOBNEHHI [34].

Ha [l Ne 2 3aBoay cipmu «Nippon Steel» B Mypo-
paHi, 3aBAsIKM 3MEHLLEHHIO BMICTy B arnomepari SiOz,
OOCArnY NoninweHHs nokasHuKa BUCOKOTeMMepaTyp-
HOrO BiAHOBMEHHSA. Taknm YMHOM BCTaHOBUNN, LLLO OC-
HOBHICTb arnomepary noBuHHa 6yTu B iHTepBani 1,6-
2,0, i Wo AouinbHO NigBULLYyBaTU B HBOMY BMICT 3ara-
nbHOro 3anisa i 3HwkyBaTn BMIiCT Al203. MMiaBULLEHHSA
3aranbHOI NOPUCTOCTI arnomepaTy Crnpusano niasu-
LWEeHHI0 MOro BiAHOBIIIOBAHOCTI. TaKoX BiA3HA4YeHO
BMMMB Ha BiJHOBIMIOBAHICTL PO3noiny nop 3a po3mi-
pamu i MiHepanoriyHoro cknagy arnomeparty. Ha Ha-
CTYNHOMY eTani AOCNifpKeHb NPpOBEN NPOMUCIOBI BU-
npobyBaHHA arnomepary 3i 3HUXKEHOK BUTPaTolo Ha 1
T arnomepaTy KOKCOBOI APiOHUL 3 METOK 3MEHLLEHHSI
BMicTy B Hbomy FeO. B pesynbtaTi BUNpoOyBaHb npwu
30epeXeHHi MiLHOCTI arnmomepaTy nigBuLMnacst noro
BiHOBIIOBAHICTb, @ B AOMEHHIN neYi Byrno 3HWKEHO
nMToMy BUTpaTy KOKCy A0 324 «kr/T 4aByHy npwu
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30iMbLlUEHHI MMTOMOI MPOJYKTUBHOCTI nedi go 2,3
T/(noby-m3) [37].

Mpwn iHTEHCKBHIN POBOTI AOMEHHMX Neyen niaBu-
LLIEHHS BIOHOBIIOBAHOCTI 3amni30pyAHOI CUPOBUHU He
MOBUHHO CYMNPOBOXKYBATMUCS iCTOTHUM 3HVKEHHAM i
MILHOCTI B MOYaTKOBOMY CTaHi i mpu BigHOBNEHHi. Lie
MOXIMBO OOCAITM NpU BOOCKOHANEHHI TexHonorii ar-
nomepadii (cnikaHHA BUCOKOOCHOBHOIO arriomepary y
BMCOKOMY LLIapi, peryntoBaHHA po3noginy nanvea B ar-
nowapax, TepmMmoobpobka creky, NoaBinHe ApOBEeHHS
i noaBiHe rpPoOXoYeHHs arnomepary, ONTUManbHUN Xi-
MiYHWI | MiHEpanoriyHuin cknagm Ta iHWi 3axoan).

[ns 3abe3neyeHHs 3pOCTaHHS LinboBUX (PyHKUIN
6-8 HeoOXigHa PEKOHCTPYKLis Ta po3pobka HOBOro 06-
nafHaHHS: MOAEpHi3auis orpyakyBadiB (rpaHynsrto-
piB), PEKOHCTPYKLiS NOTKa-rnagunkn, po3pobka 3asa-
HTaXXyBarbHOro NPUCTPOIO arfoLnXTu, po3pobka me-
XaHi3aMy TpaBMyBaHHS arfiocrneka Ha naneTtax 3 BUpPIB-
HIOBaHHAM LUBMAOKOCTI NaneT i MexaHiamy TpaBmy-
BaHHS arrfocrneka, po3pobka rpoxoTa OXOJOMKEHOro
arnomepary, NoegHaHoro 3 opobapkoto BENUKMX pa-
KUin, po3pobka obnagHaHHs Anst TepMoobpoOKu
cneka, po3pobka rpoxota nepeciBaHHA 3BOPOTY 3a
Knacom -(2,5-3 Mm), 3MiHa KOHCTPYKLii CUT rpOXOTiB 3
NigBULLIEHHAM X anepTypu, FPOXOTU TOHKOTO FPOXo-
YeHHs abo cepito MalVH Ha CcTagil A0BeAEeHHS KOHLe-
HTpaTy B 36aravyBanbHOMY nepegirni, iMOBIpHICHI rpo-
XOTW nanvea i BanHa.

BucHoBku

Takum YMHOM, MoKasaHo, L0 BUPOONEHUA Ha BIT-
UM3HSAHKMX arnodabpukax arnomepaT He Bignosigae
BMMOraM AOMEHHOI MnaBky A0 MOro MetanyprinHux
XapaKTEPUCTUK, @ TEXHIKO-EKOHOMIYHI MOKa3HWKM 0o
BMPODHULTBA Aaneki Big onTMMarbHUX 3HaveHb. [Joc-
nigHMKamMm i BUpOBHNYHMKaMn po3pobneHi i, B BinbLuo-
CTi BUNagkiB, BUNpoOyBaHi B MPOMWCIOBMX yMOBaXx Te-
XHOMOriYHi 3axoau Ta obnagHaHHs, WO [03BONATb
NONINWUTU TEXHIKO-EKOHOMIYHI MOKa3HUKM BUPODHULI-
TBa arnomepary i Moro MeTanypriviHi xapakTepucTuKku.
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[nsa Toro, wo6b ycniwHO KOHKYpyBaTW, MeTanyprin- TexHonoris AOMEHHOI NnaBkM B AaHUW 4ac BUMa-
HUM NigNPMEMCTBaM B Cy4YacHMX YMOBax HeoDXigHO  rae, nepll 3a Bce, BUNepe;Katoyoro nigBuLLEHHS KO-
3HWXKyBaTN COBIBapPTICTb NPOAYKLI, LLIO BUMYCKAETLCS,  CTi KOKCY i arnomepaTy. [logaTKoBi BUTpaATK Ha Lie Ha
nepLl 3a BCe, 3@ paxyHOK BOOCKOHASIEHHS | BNpOBa-  KOKCOXiIMIYHMX i armoMepauinHnx nignpuemcTaeax 3 nu-
DXKEHHS Yy BUPOOHMLTBO HOBUX TEXHOMONYHMX NpOLEe-  LUKOM OKyNNATbCA B JOMEHHOMY BMPOOHMLTBI 3a pa-
CiB i 06nagHaHHs1, 3HWKEHHSI BUTPAT NanvBHO-eHepre-  XYHOK 3HWDKEHHSI BUTPATU KOKCY.

TUYHUX pecypciB Ha BUPOBOHULTBO OCHOBHUX BUAIB
NpoayKuji.
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Medeedes M. L., bo6yx 0. C., Kpacwk A.B.,, Humkin I0.B., Keak b.1.
MarteMaTH4YHe MO/IeJIIOBAHHSA MPOLECy NMPecyBaHHA TPYO i3
BUKOpPUCTAaHHAM nakety QForm

Medvediev M.L., Bobukh 0.S., Krasiuk A.V., Nytkin Yu.V., Kvak B.L.
Mathematical modeling of the pipe pressing process using
the QForm package

AHomauisi. Mema po6omu . CmeopeHHsi Mamemamuy4Hoi Modesti npouecy eapsiyo20 npecysaHHsi mpy6, po3pobka ma
800CKOHaIeHHs1 mexHoso2ii ma KOHCMPYKUii mexHOon02i4Ho20 iHCmpPpYMEHMYy WIISIXOM 8U3Ha4YeHHs 3anexHocmel Mix
memrnepamypHo-0eghopmauitiHuUMU ma rniacmu4YHUMU Xapakmepucmukamu Memary 8 yMo8ax iHmeHCU8HOI rnnacmu4yHoi
decpopmauii. Memoduka docnidxeHb. B ocHogy Mamemamuy4Hoi MoOeri noknadeHa cucmema PiHsIHb , WO BKITIOYaE
PIBHSIHHSI pigHOBa2U , PiBHSHHS 38'A3KY MiX nonem weudkocmel MamepianbHUX mMoYoK i weudkocmel deghopmauili ,
PIBHSIHHSI 38'3KY MiX HanpyeHumM i 0eghopmosaHUM CMaHOM , yMo8a HECXKUMaeMocmi , Kpumepili nnacmu4yHocmi , pie-
HSIHHS eHepeemuy4Hozo . Onip dechopmauii Mamepiany 3azomieni egaxxaembCs 3aneXXHUM 8i0 Hakoru4yeHoi deghopmaui,
rnomoyHoi weudkocmi dechopmauii ma memnepamypu. Peaynsmamu. ModentogaHHs npouecy npecysaHHs mpy6 npo-
gedeHo Onisi cmanel aycmeHimHozo knacy 12X18H10T ma ¢epumHoeo knacy 12x13 dns mpy6 poamipamu 45x4.0-
5.0 mm, 88,9x6,45 mm , 114x6,88 mm ma 219x 7.0-8 . Y daHili modeni sukopucmosysarnu 3akoH mepms JleeaHosa A.H.,
3a AKUM KoecgbiuieHm mepmsi Ha No8epPxHi Memar-iHcmpymeHm 3Haxodumbscs 8 mexax 0,015-0,02. Nepesipka adekea-
mHocmi Moderni npogedeHa 3a eeoMempuYHUMU apamempamu ripecosaHux aupobie ( mpy6 45x4,5 mm i cunu npecy-
8aHHs 0naa mpy6 poamipamu 45x4.0-5.0 mm, 114x6,88 mm | 219x 7.0-8.0 mm. AHani3 pe3ynibmamie Mooesito8aHHs npo-
uecy, weudkicmb 3aKiHYeHHS, HopMasnbHi ma domuyHi Hanpyeu. Haykoea Hoeu3sHa. Bnepwe ompumani 0aHi po3nodiny
memnepamypu, cmyneHsi ma weudkocmi Oeghopmauii, HopMmanbHUX ma OomuyHUX Harpye 8 ocepedky deghopmauii npu
npecysaHHi mpyb 3 sukopucmaHHsIM MemoQy KiHUe8ux efleMeHmis, Wo 8i0pi3HAEMbCSI ypaxy8aHHIM eKcriepuMeHma-
JIbHO BU3HAYEHUX peorio2iyHUX enacmusocmetli cmanel ma KoMeKkcHoeo obriky 3akoHoMipHocmel ma ocobnueocmel
MPYXHO-NIacCmuYHo20, Mernnogoeo ma KiHemamy. lMpakmu4Ha 3Ha4Yumicms. BukopucmaHHs ompumaHux 0aHux 0o-
380715€ BU3HAYUMU paujoHarbHi memnepamypHo-0eghopmayitiHi ma weudKiCHI mapamempu rpecysaHHs mpy6, wo 3a-
6e3nedyroms MiHimMi3auito tmosipHocmi ymeopeHHs1 0eghekmis Ha nosepxHi aupobis.

Knroyoei cnoea. pecysaHHsi, 0echopmauisi, ModesnrosaHHs, mpyba, Hepxasgitoya cmarb, Harnpyeaa.

Abstract. 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. Re-
search methodology. The mathematical model is based on a system of equations, which includes the equilibrium equa-
tion, the equation of connection between the velocity field of material points and deformation rates, the equation of con-
nection between the stressed and deformed state, the incompressibility condition, the plasticity criterion, the energy equa-
tion. 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 sig-
nificance. 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.

Key words. Pressing, deformation, modeling, pipe, stainless steel, stress.

BBeaeHHs. B gaHuii yac Hanbinbll epeKkTuBHUM, a
4acTo i €OUHO MOXIMBMM, CMOCOOOM BUPOOHMLTBA
TPYO 3 KOPOSINHOCTINKUX CTanen i HU3bKO NIAaCTUYHUX
MaTepianiB € npoLec rapga4oro NpPecyBaHHA Ha ropu-
30HTarbHUX rigpaeniyHmnx npecax [1-5]. Mpu po3pobui
TexHororil npecyBaHHs TpyO i3 pisHKX cTanewn Ta cnna-
BiB HE3MIHHO [0BOAWUTLCSA BUpIWYBATM MUTaHHSA

BMOOpY onTMManbHUX TemnepaTypHo-Aedopmadivi-
HMX NapaMeTpiB, O A03BONAOTL BeCcTu npouec 6e3
NopyLUEeHHs CyLinbHOCTI MeTany. ICHytoui B JaHuin Yyac
MeToaM po3paxyHKy TemnepaTypHO-AedopMaLifiHnX
napameTpiB, LLO BU3HAYAOTLCA HA OCHOBI MEXaHIYHNX
BMNpobyBaHb [6-8], a He onopy Aedopmadii 3 ypaxy-
BaHHAM OXOMOMKEHHS MeTarny 3a Yac TPaHCMNOPTHUX
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onepadivi, He MOAEMITb CXEMY HaMpPY>KEHOIO CTaHy
npouecy nNpecyBaHHsi TpyD i He 4O3BONATH AOCTOBI-
PHO NPOrHO3yBaTV NOBEAIHKY MeTany B npoueci gedo-
pmauii. ,BUKOPUCTAHUX Y Ui poboTi ,€ MateMaTu4iHe
MOentoBaHHA 3aCHOBaHE Ha METO/i KiHLEBUX eneme-
HTiB, @ came nporpamHoro npoaykty QForm [11,12]
QForm (onuc nporpamMmHoOro NnpoAaykry)
Mporpama QForm npusHadeHa Ana matemaTuu-
HOro MOAEeNOBaHHSA METOAOM KiHLEBUX €fleMEHTIB Te-
XHOJOrYHMX NpoLieciB 06po6KM MeTaniB TUCKOM 3 ypa-
XyBaHHAM TEPMOMEXaHiIYHMX MPOLIECIB HarpiBaHHs Ta
OXONOKEHHA MeTary, y TOMy Ymchi, B NpoLeci gedo-
pMauil, a TakoXx B3aemogil 3aroTiBni, Wwo gedopmy-
€TbCS, 3 TEXHOSOMYHUM iHCTpyMeHTOoM. [11,12].
MaTtemaTnyHe MoaentoBaHHSA 34iCHIOETLCA Ha OC-
HOBi MeToAy KiHLLEBUX €NEMEHTIB i CUCTEMU PIiBHSIHb,
IO BKIMOYaE PIBHSAHHS piBHOBAry, PiBHAHHSA 3B'A3KY
MiX Morniem LWBUOKOCTEN MaTepianbHNX TOYOK Ta LUBU-
Akocten gedopmauin, piBHAHHS 3B'3Ky MK Hanpyxe-
HUM Ta 0edOpMOBaHUM CTAHOM, YMOBA CTUCKaHHS,
KPUTEPIiN NIacTUYHOCTI, PIBHAHHSA eHepreTudHoro. Pe-
OnoriyHi BMacTMBOCTI MaTtepiany 3aroTiBni 3anexaTb
B HakonmnyeHoi aedopmalii, WBMaKocTi agedopmadiii
Ta Temnepatypu Ta 3agaeTbca TabnuyHo abo y

MaTpuueTpumay BubMpanu wWoao AiameTpa KOH-
TenHepa. Ana Tpy6 poamipamu 45x4-5,0 mm, 45x4,5
MM, 88,9x6,45 mm, 114,3x6,88 mm , 219x7,0-8,0 mm -
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Burnagi dopmynum [11]. MaTepian BBaaeTbC4 i30Tpo-
MHUM Ta i30TPOMNHO 3MiLHIOBaHUM. TepTa Ha KOHTaKTi
MDK IHCTPYMEHTOM Ta 3aroTiBfe BpaxoBYETbLCS MO-
nensmun TepTs 3idens, JleBaHoBa [13], KynoHa

MeToauka pocnigxeHb.

CTBOpPEHHA MaTeMaTUYHOT MOZENI MpoLecy npecy-
BaHHS Tpyo.

FeomeTpia enemMeHTiB MaTeMaTU4YHOI Moaeni

[NoyaTkoBa 3agayva Npu CTBOPEHHI MateMaTuyHoOl
mMogzeni 6yab-saKkoro npowecy 00pobku MeTaniB TUCKOM
nonsdrae y CTBOPEHHI reomMeTpii 4etopMyto4oro iH-
CTPYMEHTY Ta 4eddOpMOBaHOro marepiany.

[nsa BukoHaHHA NocTaBneHol 3agadi MaTteMaTuydHy
MoZenb Npouecy NpecyBaHHA NpPeacTaBumn 3 5 KoM-
MOHEHTIB (4 BIAHOCATLCS A0 IHCTPYMEHTY Ta 3aroTiBni)
puc 1 — 5 (Ha MarntoHKax 306paxeHi enemeHTu, ski BU-
KOPWUCTOBYIOTBCA MPW CTBOPEHHI MaTeMaTW4HOI MO-
Aeni Ans oTpuMaHHsa Tpy6 po3mipom 45x4 mm).

[na maTpuyHKX Kineub Npu npecyBaHHi Tpyb pos-
Mipamn 45x4 MM, 45x4,5 wmm, 88,9x6,45 MM,
114,3x6,88 mm Ta 219x7-8 MM, BUKOPUCTOBYBasnn oc-
HOBHi PO3MipU MPECOBOro iHCTPYMeHTY cipmn SMS
MEER.

Puc.1. -KanibpyBaHHS MaTpU4HOroO KinbLs.

Puc.2 -reomeTpia matpuueTpmumava.

BMKOPWCTOBYBarnu OCHOBHi PO3Mipy MaTpuLeyTpumy-
BadiB npecis ipmm SMS MEER

—
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&\L\\&\\\\\\k\\\\\\\\Y

i_—

Puc.3-'eomeTpisa koHTeNHepa
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Mpn maTemaTyHOMY MOAENIOBAHHI NpoLecy npe-
CyBaHHSA OCTaTHLO reoMeTPii BHYTPILLHLOI BTYIIKM KO-
HTenHepa (Hagani "KoHTenHep").

Ona tpy6 poamipamu 45x4,0-5,0 mm, 88,9x6,45
MM,114,3x6,88 mm Ta 219x7,0-8,0 MM-OCHOBHI po3-
Mipu KOHTenHepiB npecie dipmn SMS MEER.

Y paHin maTemMaTU4HIn Mogeni rofnka Ta npec wre-
Mnenb o6'eaHaHi B 0gMH iHCTPYMEHT, Wo aedopmye
(Hapani "ronka").
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eomeTpuyHi po3Mipn 3aroTOBOK Nif, Yac npecy-
BaHHA TPYO KOXHOrO TMNOPO3Mipy BU3Ha4anm Ans Ko-
XKHOIO KOHTErHEepa 3 ypaxyBaHHSIM 3a30py MiXK BHYTPI-
LUHBbOK BTYJSIKOKO Ta 30BHILLHIM fiaMeTpOM 3aroTOBKM

Ha puc.6 npeacrtaeneHa cxema npecyBaHHs Tpyo
(puc. 6 a) Ta cxema i peanisadii B nporpamHoMy npo-
aykti (M) QForm (puc. 6 6).

Puc.4 -reomeTpia ronku

Puc.5 -reomeTpis 3aroTieni (rinb3u).
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b

Puc.6 — Cxema npouecy npecyBaHHs Tpyb (a) Ta ii BigoOpaxeHHs y MM QForm (6)

2. BnactuBocTi maTtepiany, wo aedopmMyeTbCA
(napameTpum 3aroTiBni)

MopgentoBaHHSA npouecy npecyBaHHsA Tpy6 nposo-
onnM Ha HactynHux matepianax 12X18H10T Ta
12X13.

ConpoTuenenie sedopuaunn [Ma]
CropocTs aedopmausm [1/c]

001 01 1 10 100 500
0.0357809 42.25 56.25 749 29.72 13277 162,17
0.0998203 4843 6581 87.61 116.65 155.31 189.71
£ 0199671 54.24 21 96.15 128.01 170.43 20818
2 paverss 56.98 75.86 101 134.48 178.04 2187
& D408 58.92 7845 104.45 139.08 185.15 226,16
< 0699165 62.75 83.55 111.24 14811 197.19 24087
0.999672 65.26 86.89 115.68 15402 203.06 25048
1.20828 67.14 23.39 118.02 158.46 21098 25771
Temneparypa [C]
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Ona wmatepianis 12X18H10T (pucyHok 7, a) Ta
12X13 (pucyHok 7, 6) onip aedopmaldii BBogunocs B
TabnuyHOMy BUMMAAI 3anexHo Big Temnepartypu, CTy-
neHs Ta weuakocTi gedopmadii [14].

Conpotusnenne aepopmaunn [Ma]
CropocTs aedopmauym [1/¢]

001 0.1 1 10 100 500

0.0397809 2337 31.41 22 56.74 76.26 ar

0.0098203 3503 7.0 6329 85.06 1431 140.56
5 0199671 0.4 53.94 5 97.44 13096 161.02
3
E 0400478 43 57.79 T1.67 104.38 140.29 172,49
£ 04906 136 545 76.76 105.85 14227 17492
= osoes 4401 59.15 795 10685 143.61 17658

0699165 4431 59.56 80.04 107.58 14459 177.78

0.800732 4434 59.86 80.46 108.13 14533 178.69
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Pwuc. 7 — Xapaktepuctukm mapok ctanen: a — 12X18H10T, 6 — 12X13

Kpim onopy aedopmalii mogeni BpaxoByBarnu Taki
BNACTMBOCTI MeTany: LWiNbHICTb, TenmnonpoBigHIiCTb,
TENNOEMHICTb, Moaynb KOHra.

[nsa KOXHOro 3 po3rnsaHyTUX pexumis gedopmadlit
3ajaBanacsa noyatkoBa TemrnepaTypa meTtany Ta iH-
CTPYMEHTY 3rigHO 3 pekomeHgauisiMm poboTtu [5]

3. MapameTpm iHCTpyMeHTa .

Y mateMaTuyHuX MoZensx Ans iHCTpyMeHTy 6yno
o6paHo Mapky ctani — 4X5MoC.

MaTpuus, maTpuueyTpuMyBad Ta KOHTeHep Byrnu
XOPCTKO 3akpinneHi (He Manu MOXIUBOCTI nepemi-
LLeHHS).

LLBnakKiCTb nepemilLieHHs1 FONKN KOXHOMo MaTema-
TUYHOrO MOAENIOBAHHSA NpUAManu BignoBigHO Ao pe-
KoMeHgaujismm padoT[2,3]

[na gedgopmyovoro iHCTPYMEHTY 3aaBarnacs Ha-
CTyMHa nepBicHa TemnepaTypa:

maTpuus 200C ;

matpuueTpumad 50 °C;
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koHTenHep 3500C : €NeMEeHTIB), Y KOXHIN 3 AKX PyHKUIIO anpokcMmyBarnm
ronka 250 °C. noniHoOMamm HuM3bkMx cTyneHiB. KiHUeBi enemeHTu
4. NMapameTpu po3paxyHKy B32aEMOi0Tb MiXK CODO0 B 0OMEXKEHIN KiNTbKOCTi TOYOK,

Mpun ouckpeTusauii cepegoBuLLa peanbHui 6e3ne-  3BaHux Byanamu KE, i Bigpi3HAOTLCA po3MipHICTHO, re-
pepPBHUIA OB'eKT 3amiHtoBanM ob'egHaHHSM KiHLEBOI  OMETPUYHO hOpPMOIO Ta CTYNEHEM anpoKcMMaLlii.
MHOXMWHM Manux 3a po3mMipom obrnacten (KiHLeBMX

maTpuueaepKarenb

Puc. 8 — Po3buBka rinb3n Ha KiHLEeBi enemMeHTn

3 paHux, HaBegeHVX MarntoHKy 8 cnig, Wwo y nonepevyHoMy nepepia BorHuwa gecopmaldii nepedysatoTb Npu-
6nm3Ho 6 K3. MNMoganbLue 36inbLUeHHs X KiNbKOCTi He Npu3Bede 40 OTPMMaHHS TOYHILIMX pesynbTaTiB.

5 OcHOBHI napameTpu ons MoaentoBaHHA npouecy npecyBaHHA TPyO

Lena-

LiameTtpu, mm Finb3a, Mm KiCTb Koed-HT

Mapka cTanu ;’:;2'"“’ SHUTRREE
o T [ o [0

1 45x4 08X18H10T 46,1 374 156 152 45 565 140 1150 33,61
2 45x45  08X18HIOT 461 364 156 152 45 637 140 1150 28,46
3 889x645 12X13 9112 762 195 191 84 894 180 1150 1443
“ ;14'3"6’8 2 1176 101 266 250 112 736 190 1140 19,30
5 219x7 12X18H10T 22448 2082 372 366 220 1092 180 1160 14,83
6 219x8 12X18H10T 22448 2064 372 366 220 915 190 1160 1344
7 273x8 12X18H10T 27982 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 uin mogeni Ha NoBepxHi MeTan-iHCTPYMEHT BUKOPUCTOBYBanuM 3akoH TepTs JleBaHoBa, SKk1M dhakTop TepTs
(koedpiuieHT TepTs) NnepebyBace y Aiana3oHi 3HayveHb 0,015-0,02 [13].

MepeBipka agekBaTHOCTI MaTeMaTUYHOI Mogeni .

[insa nepeBipkn ageKkBaTHOCTI MaTeEMaTUYHOI MOgENi NpoLeciB 0OpobKn MeTaniB TUCKOM BUKOPUCTaHi reome-
TPUYHI NapameTpu BUpoOY, L0 OOEPXKYETLCS, | CUna, Lo BUHWUKAE Npu gedopmaliii.

1 3a reomeTpieto BMpoOy (Tpydu) nicrs npouecy NpecyBaHHs .

Ha pu ¢ .9 HaBeeHO BUMIpY TOBLUMHM CTiHKM TPyou 45x4,0 mm.
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Man. 9 — ToBLWwMHa cTiHkn Tpyou 45x4 mm y MM QForm .

Y BCix aHanisaoBaHUX MapLupyTax NpecyBaHHSA TpyO BiAXWMNEHHSA 3a reOMETPUHHUMK NapameTpamm He nepe-
Buwmno 1,5%, Wo niaTBepaKye agekBaTHICTb MoAgeni.

2 . 3a cunoto nNpecyBaHHsi .

Wnctpyment 20 - Younue, 1

1800

45x4 ( 145 H ) W 873-73 ot 21.01.20
[eXHONOrMYECKaA KapTa rOPH3OHTANbHOrO MMOPABAMYECKOro TpySonpodunbHoro npecca 20MH.
.......... T T T e e —
000~ ! ! ' ! L |TEMNEPATY,  |rWOPD} CMA3KA | n
D MAPKA  4-----To----Toomo-go--To--T---4THb-!PA TMIB3bI!BHN |CBHB +-----T-----¢
et p R S p L P AGAGLY3H [HACTONE | i+ ma (WHAL B E
H H H H . -1 \noanp | CT.CMAIKH | |- HET|cTona|nosKu |
200 [ T S S N
1 ! 1 197y 1 1374) 344 o i i H
J@EX1BH1OT, 45.8, 4.8] 11.1)152; 45423, 387 |114@-1178; TH | - | 478 12 |
PleaL | : 115.2] | Ises! 519 ! o po : 1
I e
600 -
------ | PSRN SN NS SN S SR S ————————
B | i oA M CKO- | YCUNME 1 CTY- ]
432 | KOHT| wraw  |MaTpuusl| BemAX-|POCTb+------ Temmmen Temmmem + NEHb #------ I +
i i i | kM inpec inoanp | YCT | MK |
0 R S TR | : hace b4 1 .
H | ' H HL T H H H
[ R L T N T R
H ' i H H i H H H H H H
) ER I R 11561 37.4 0 46.4 ) 33.61 | 140 | 432 | 1266 ! 1646 ! 2000 | 48 ! 15 ! J
i i i i H i i H H i i H
‘Iﬁ Zﬁ 43@ iﬂ_) 4708 500 600

Vinctpyment 2 0 - MNepemewyenue, mm

B.
Puc. 10 — Mpadbik po3nogdiny cunv npecyBaHHs 3anexHo Bif NepeMillleHHs ronky ans tpyou 45x4 Mmm
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1800 T T T T T
1600 -
1574
1400 e
1200} 1211 =
45x4,5 (145 H) W @74-77 or 21.81.20
lexHONOrMHECKaA KapTa rOpM30HTaNLHOrO ruapasnuueckoro TpySonpodunsworo npecca 28MH.
---------- L T
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| MAPKA  4----- T----- | p— #---T---T---+TMb- |PA TUABLILBHN JCEMB +----- | — +
VCTAMM } A ) S L L JAYAGL 3 JHA CTORE | '+ pa JAMHAT A )
| ' | | V iedy,  (nognp,CT.CMA3KH, |- HET|CTONE | NOXKM,
800} et Fomm E e D s et e e e it + -
i ] | 13.67 | |565] 518 | i ; ] i H
B8X18H18T, 45.8] 4.5, 14.1]152] 45]596] 545 |1148-1170} TH | |47l 12 |
12- | ' L1e.e] | jas2) 414 | . i i i
[ et #omm PR +-15.64---+---+637+-583 -+~ e SE PR PR
600 -
...... T
a . | PM KO- YCHMAME PCTY- | OTKP KNANAHA!
434 KOHT| wras  |matpuusl, swTAx-|POCTb#------ T------ ) [— + MEHb +------ | CEEER +
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1 1 I . ] ) ] :
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Vncrpymen 10 - Mepemewere, s

Puc. 11 — Mpacbik po3noginy cunv npecyBaHHs 3anexHO Big NepeMmilleHHs ronku ans Tpyon 45x4,5 mm

Hucrpyment 10 - ¥ounue, Tc

1740
1600 T T T T T T T T
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1339
1200~ =
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VCTAM L 4 S L jAA L3 (HA crone | 1+ na [DMWHA, O
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Whetpysaent 10 - Mepereuwenme, mm

Puc. 12 — 'padik po3noginy cunu npecyBaHHs, 3anexHo Bif NepeMilLleHHs ronku anst Tpyou. 88,9 x6, 45 mm

Ha pucyHkax 10, 11 Ta 12 npeacrasneHi rpadikv
Cvnu npecyBaHHsa Ansa Tpyd po3mipamu 45x4, 45x4,5
Ta 88,9x6,45 MM BignoBiAHO, HA SAKi HAKNaAdeHi giana-
30HM CUS Y TEXHOMOMYHUX KapTax. fAK Bunnvsae i3
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rpadiyHnx 3anexHocten puc. 10-12 po3paxyHKOBI
OaHi cun npecyBaHHA 3HAX0OATbCA B [iana3oHi cun,
HaBeAdEHNX Yy TEXHONOTYHMX KapTax, Lo CBigYUTb Mpo
afeKkBaTHICTb NpeAcTaBneHoi Mogerni. 3poCTaHHs cur



y cTagii npouecy npecyBaHHs NOB'sI3aHi 3 NpeBantoto-
YMM BMNJSIMBOM OXONOPKEHHSA 3aroTiBni Hag aedopma-
LiH1M po3irpiBom 3 gonomoroto poboTtu gecopmadii.

AHaroriyHa kapTnHa mae Mmicue i ansa Tpyo posmi-
pamn 114,3x6,88 mm, 219x7 MM, 219x8 MM, Ha siki Ha-
KnageHi AianasoHn NiKOBMX CWUM i CUM NpecyBaHHS B
npoLeci, HaBedeHi B TexHonoriyHux kaptax. [pwu
LIbOMY PO3paxyHKOBI fiaHi CUIT MpecyBaHHS sK NiKOBUX,

a)

6) B)
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TakK i BCTAHOBUINCA NPaKTUYHO 3HaXo4ATbCA B Aiana-
30Hi CUN, HaBeAeHMX B TEXHOSOMYHNX KapTax, Lo CBi-
O4Y1Tb NPO ageKBaTHICTb NpeacTaBneHoi Mmogerni. 3po-
CTaHHsi cun y ctagii npouecy ansa Tpy6 114x6,88 mm 3i
cTani (oepuTHOro Krnacy AyXe He3HayHe i noB'sa3aHe 3
npeBantolyYnM BrNIMBOM OXONOMKEHHST 3aroTOBOK MO-
piBHAHO 3 AecbopmaLiiH1M po3irpiBoM

1280

1240

1200

1120

1080

Puc. 13. TemnepaTypa meTany B ocepeaky AedopmMalii npu MoaentoBaHHi NpecyBaHHsA Tpyb po3mipamu:
a—45x4 mm; 6 - 45x4, 5 mum; B - 88,9 x6, 45 mm (ge: 1 - rinb3a, 2 - ronka, 3 - matpuus).

4 AHani3a oTpyMaHnx gaHux.

[ns gocnimkeHHa npouecy npecyBaHHSA Bubpanu
TaKi xapakTepuCTmKu:

Temneparypa meTtany;

cepenHsa Hanpyra;

LIBUAKICTb Aechopmauii;

LIBUAKICTb 3aKiHYEHHSA MeTarny;

HOpMarbHi Ta AOTUYHI HaMNpyru.

1. Temnepatypa meTany .

Ha puc. 13 npeacrtaBneHo po3noAin Temnepartypu
( °C) no ocepepnky oedopmalii Ha Npuknaai Mogento-
BaHHA Mpouecy npecyBaHHA Tpyd po3Mipamu
45x4 mm, 45x4,5 mm Ta 88,9x6,45 mm.

Ak BUNNuBae 3 gaHux, HaBeaeHux Ha puc. 13 Tem-
nepaTtypa metany B ocepefnky aedopmadii gocsrae

a)

CBOr0 MakcMMymy B MOro BuxigHomy nepepisi. [pu
LbOMY MakCUMarbHi 3Ha4eHHs TemnepaTypu xapakre-
pHi Ans Tpy6, WO npecyoTbes 3 BinbLl BUCOKUMIN 3HA-
YeHHAMM KoedpilieHTa BUTSXKKM i BignoBigHO GinbLu Bu-
COKMM AedbopmaLiiHiM posirpiBoM MeTany, Lo MoXe
np13BOANTU OO YTBOPEHHS MOBEPXHEBUX OedeKTiB
BHACMiAOK ONmaBfeHHsa Mex 3epeH nedOpMOBaHOro
meTtany [9] .

2 . CepepHs Hanpyra

Ha puc . 1 4 npencraBsneHo po3nogin cepeaHbol
Hanpyru (MlNa) B MeTani npy MogentoBaHHi NpoLecy
npecyBaHHs Tpyo 45x4 mm, 45x4,5 mm i 88,9x6,45 Mm
BiANoOBIAHO.

100
. .
-100

B)

Puc. 14 . po3nogin cepedHbOi Hanpyrn B ocepeaky aedopmadii anst Tpyd poamipamu: a — 45x4 mm; 6 -
45x4, 5 mm; B - 88,9 x6, 45 MM (ge: 1 - rinb3a, 2 - ronka, 3 - matpuus).
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Puc 15 — Cxema noginy ocepeaky aedopmaldii Ha KOHTPONbHI Nepepian.

Ons aHanisy cepefHix Hanpyr BuGpanu cxemy,
npeacTtaeneHy Ha puc.15 . CepeaHio Hanpyry po3srns-
HYNM B 6 KOHTPOMbHUX TOYKaX, SKi 3HAXOAATLCA B La-
pax MeTarny Ha KOHTaKTi 3 iHCTpyMeHTOM. [1o3uLii KoH-
TPOMbHMX TOYOK (pyC. 15) po3TalloBaHi Ha piBHIN Big-
CTaHi OAVH Bif OQHOrO MO AOBXWHI Kona, yTBOPEHOro
pagiycoMm maTpuui, NOYMHAKYU Bif FOPU3OHTaNbHOI
MoBepPXHi 40 Kanibpyro4voro nosicka.

Y Tabnuui 1. npeacTasneHi gaHi po3noainy cepea-
HbOI Hanpyru (MlMa) Ana onucaHnx BuLLE MapLLPYTIB.

Ha puc. 16. HaBegeHo giarpamy posnoginy cepen-
HIX Hamnpyr y KOHTPOSbHUX TOYKaxX ONS PO3rNsSHYTUX
MapLUpPYTiB NpecyBaHHA. AHani3 po3noginy cepeaHix

Tabnuus 1. - Po3nogin cepegHix Hanpyr (Mla)

Hanpyr nokasye, Lo 3 NPOCyBaHHs MeTany 4o BuXid-
HOro nepepisy BorHuLLa gecopmadii cepeHi Hanpyrm
3MIiHIOOTb 3HaK, TODTO. Bif CTUCKaKuMX NepexoasTb
[0 TuX, WO po3TArytoTh. Lie Mmoxe npu3BecTn Jo nopy-
LLEHHS CYLINbHOCTI MeTany Ta YTBOpPeHHs AedeKTiB.
XapakTtep po3noginy cepeHix Hanpyr no JOBXMWHI Ae-
HPOpPMYHOHOT 30HU MaTPULLi NPaKTUYHO NiHINHWIA 3a BU-
HATKOM TOYKM 6, LLO BMMarae BHECEHHS KOpUryBaHb
KanibpyBaHHs1 MaTPUYHOrO KiNnbLs .

3 Wewnakicte gedopmadii .

Ha puc.17 npegcraesneHo po3nogin WauakocTi ge-
dopmauii (1/c) y meTani npu npecyBaHHi Tpyb
45x4 mm, 45x4,5 mm Ta 88,9x6,45 MM BignoBigHoO.

1 -547 -548 -356
2 -451 -439 -279
3 -356 -335 -216
4 -269 -247 -158
5 -166 -158 -75
6 11 -2 22
PacnpeneneHmne cpeHnX HanpaxeHui
100
0 - N

= 6
% -100
=
e
£ -200
=
=
% -300
T
5 -400
& B 45x4 W A45x4,5 W 88,9x6,45

-500

-600

KOHTPO/bHBLIE TOYKK (MO ONWHE PALKWYCA)

10

Puc. 16 — Npadhik po3noainy cepeaHbOi HAMpyryu B KOHTPONbHUX TOYKaX.
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1

280

260

240

2 220
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180
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6) B)
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Puc 17. - Po3snoain wemakocTi gedopmadii B ocepeaky aedopmadii ans tpy6 posamipamu: a - 45x4 mwm;
0 - 45x4, 5 mm; B — 88,9x6,45 mm (ge: 1 —rinb3a, 2 — ronka, 3 — MaTpuus)

Posnogin weuakocten aedopmalii nokasye HasiB-
HICTb 30H i3 30inbLUeHO0 (A0 3 pasiB) LWBMAKICTIO NOG-
nn3y NoBepxHi ronku Ta matpuui. MNpy ypbomy noawuuii
TaKMX 30H OCi NpecyBaHHSA He 3biratoTbes i He nepeby-
BalOTb y nepepisi Buxogy 3 martpuui. BennunHa no-
KanbHO NigBULLEHOI LWBUAKOCTI Aechopmauii Ta nosuuii
30H TaKoi Nokanisauil 3anexuTb Big MapLUpyTy npecy-
BaHHS.

1
2
3
a) 6)

Puc.18.-Pos3nogin wBMAKOCTI 3akiH4eHHs MeTany

Taka TeHOeHUiss NpPOSsIBNSETbCA SACKpasiwe npu
npecyBaHHi Tpyb 45x4mm i 45x4,5MM, WO MOXe npms-
BOAMTU OO0 MiABULLEHOIT BUTPATU TEXHOMOrYHOrO iH-
CTPYMEHTY Ta yTBOPEHHS MOBEPXHEBUX AedeKTiB.

4 llIBMaKiCTb 3aKiHYEHHS meTany .

Ha puc. 18 HaBegeHa LWBWMAKICTb 3aKiHYEHHS Me-
Tany no oci Z (mm/c) ansa Tpy6 poamipamu 45x4 mMm,
45x4,5 mm i 88,9x6,45 mm.

n m
B)

B ocepenky pedopmadii ans Tpy® poamipamu:

-1500

-2000

-2500

-3000

-3500

-4000

a - 45x4 mm; 6 - 45x4, 5 mm; B - 88,9 x6, 45 mm (ge: 1 - rinb3a, 2 - ronka, 3 - matpuus).

AHani3 WBnaKoCTi 3akiH4eHHA meTany oci Z NpoBo-
OMBCS B KOHTPOSbHMX TOYKax BignoBigHO OO pUCyHKa
15.

Ha puc. 19 npepcrtaeneHa piarpama posnoginy
LLUBMAKOCTI MeTany KOHTPONbHMMM TOYKamMu NS po3r-
NAHYTUX MapLUPYTiB MPEeCyBaHHS.

Tabnuus 2. Posnogin weugkocTi Tedii meTany (Mm/c)

Y Tabnuui 2 HaBeAeHO AaHi Mo WBWAKICTb MeTany
B ocepenky aedopmauii (Mm/c) ona onucaHunx BuLle
MapLupyTiB.

1 12 3 5

2 230 208 159
3 766 653 492
4 1713 1502 956
5 3156 2768 1707
6 4301 3882 2228
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CKOpOCTb MCTeYeHMa MeTaina no ocu 7

5000
4500
o 4000
£ 3500
£ 3000
£ 2500
=
2 2000
(]

2
o
£ 1500
2
“ 1000
0 _
2 3 4 5 6

B 45x4 W 45x4,5 ™ 88,9x6,45

KOHTPONBHLIE TOYKK (NO ONTWHE PAOMWYCA)
Puc. 19 — Mpacpik po3noginy WBWAKOCTI BUTIKAHHS MeTarny.

HaBegeHi gaHi nokasyloTb, WO LUBMAKICTb 3aKiH-
YeHHS1 MOHOTOHHO 36iNbLUYETHCS Big nNepepisy 4o ne-
pepi3y 3rigHo i3 3aKOHOM, 6NM3bKMM 4O NiHINHOrO. |H-
TEHCMBHICTb 3pOCTaHHS LUBMAKOCTI 3aKiHYEeHHS Me-
Tany 3anexwuTb Big MapLupyTy npecyBaHHs. beanepe-
PBHE 3POCTaHHSI LUBMAKOCTI 3aKiHYeHHs1 (MM/C) Ta He-
MOHOTOHHE 3pOCTaHHS LWBKUAKOCTI Aedopmauii (1/c)
(avB. puc. 17) nigBuLLye HEPIBHOMIpHICTb AedopMadii

a) 6)

i MOXXe NPM3BECTM A0 NiABULLEHOTO 3HOCY iIHCTPYMEHTY
Ta nosiBn aedekTiB.

HaBepgeHi paHi nigTBEpOXylOTb  adekBaTHICTb
npeacTaBneHoi mogeni Ta 4obpe KOpecnoHAYTbCS 3
OaHUMM iHWKX gocnigHukie [1-3].

5 HopmanbHi Hanpyru.

Ha puc. 25 HaBegeHo posnogin HopManbHuX ( gy,
MIa) Hanpyr y meTani gnsa Tpyd po3mipamu 45x4 mm,
45x4,5 mm Ta 88,9x6,45 mm BignoBsigHo.

5 8¢8 888

-1100
B)

Puc. 20 — Po3noain HopmanbHUX Hanpyr B ocepeaky aedopmadii ans Tpyb Tpyb posmipamu: a — 45x4 mwm;
0 - 45x4, 5 mm; B — 88,9x6,45 mm (ge: 1 —rinb3a, 2 — ronka, 3 — maTpuus)

I

[nsi aHanisy HopmarbHKX Hanpyr, L0 BUHMKAOTb Y
MeTani B 30Hi AedpopMaLii, ckopucTanmcs onmMcaHo
BULLE MeToAMKO (puc. 15).

Ha puc 21 npepcraeneHa giarpama po3noginy Ho-
pPManbHMUX Hanpyr KOHTPONBHUMU TOYKaMu A1 po3r-
NSHYTUX MapLUPYTiB MPecyBaHHs.
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1 -640 -654 -445

2 -522 -520 -365

3 -376 -357 -240

4 -240 217 -133

5 -80 -71 3

6 88 82 99

Pacn pegefieHne HOPMaZlbHbIX HaI'IpHH{EHMﬁ
200
100
< o = b
=
u:-? -100 6
I
g -200
% -300
=y
£ 100
g
S -500
H A5x4 WA45x4,5 W 88,9x6,45
-600
-700

KOHTPOMBHLIE TOYKK (MO OMWHE PAOMYCA)

Puc. 21 - I'pacpik po3noginy HopmansHUX Hanpyr

AHani3 posnoginy HopMarnbHUX Hanpyr rnokasye,
LLIO B Mipy NpOCYBaHHs1 MeTany 40 BUXIOHOTO nepepisy
BOrHuLLAa Aedopmadii HopmarnbHi Hanpyrn 3MiHTb
3HaK, TOGTO Bifg CTUCKAKUMX NepexoaaTb A0 pO3TAry-
10Tb. 3a NEBHMX YMOB Lie MOXe NPU3BoanTM A0 Nopy-
LIEHHS CYLiNbHOCTI MeTany Ta yTBOPEHHs AedekTis.
XapakTtep po3noginy HopMarnbHWUX Hanpyr No OOBXMWHI
nedopMyoyoi 30HM MaTpuLi NPaKTUYHO MiHIMHMA,
X04a i BUMarae BHECEHHSI KOpUIyBaHb KanidpyBaHHS
MaTPUYHOrO KiNnbLs., Ska 3abe3neunTtb NiHikHUA Xxapa-
KTep 1X po3noginy i BiACYTHICTb MMOBIPHOCTI

a)

.
6) B)

yTBOpeHHS aedekTiB. [Ins kopuryBaHHs KaniopyBaHHs
MaTpuub Ta 3anobiraHHsi yTBOPEHHIO AedeKTiB Ha no-
BEPXHi NpecoBaHux Tpyb MOXHa pekoMeHayBaTu pe-
3ynbTatn pobotn [ 3]/

.6 [oTn4Hi Hanpyru

Ha pwuc/ 22 npeactaBneHo posnogin A0TUYHMX (
T,x, MIa) HAaNpyr y3goBX OCi z NP1 MoAENtoBaHHI Npo-
uecy npecyBaHHst Tpyb po3mipamu 45x4 mm, 45x4,5
MM i 88,9x6,45 mm.

200
180
160
140
120

100
80
60
40
20
0
-20
40
-60
-80

-100
-120
-140
-160

Puc. 22 — Po3nogin gOTUYHNX Hanpyr B ocepeky agedopmalii ansa Tpyb posmipamu: a —45x4 mm; 6 - 45x4,
5 mm; B — 88,9x6,45 mm (ge: 1 — rinb3a, 2 — ronka, 3 — matpuus)
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Ak BUNNuBae i3 gaHux, HABeAeHMX Ha puc. 22 ao-
TUYHI Hanpyrm ocaralTs MakCMMYyMY Ha 30BHILLHIN
noBepxHi Tpybu, Npu uboOMy y BUXIGHOMY nepepisi Bo-
rHULWA BOHM MPaKTWYHO BIACYTHI i He BMNWBaKTb Ha
MMOBIPHICTb YTBOPEHHS AedekTiB Ha Tpydax.

BucHoBku

1. Po3pobneHo «mateMaTuyHa mMogenb npouecy
npecyBaHHs TPy6 ANs ayCTEHITHUX | (DEPUTHUX CcTanemn
po3mipamu 45,0x4,0-5,0 mm, 88,9x6,45 mm,
114,3x6,8 mm i 219,0x7,0-8,0 MM 3 BMKOPUCTaAHHAM
MM Q- Form
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2. BuKoHaHo nepeBipKy afekBaTHOCTI po3pobneHoil
MOoZeni, BHAcnioK YOro BCTAHOBMNEHO, LLIO L0 MOAENb
MOXXHa BMKOPWCTOBYBATK A1 AOCHIMKEHHSA NpoLecy
NpecyBaHHsl TPyO 3 METOK 3HWKEHHSI MMOBIPHOCTI
YTBOPEHHSA BHYTPILLHIX Ta 30BHILLHIX edeKTiB Ha Tpy-
6ax Ta NiABULLIEHHST CTIMKOCTi TEXHOJOMYHOrO iHCTpPY-
MEHTY.

3. Ha nigctaBsi mogentoBaHHs pearnbHOro TexXHomo-
riYHOro npoLecy npecyBaHHs TpyO BCTaHOBMEHO OC-
HOBHI bakTopwu, sIKi 3yMOBIIOIOTb MMOBIPHICTb YTBO-
PEHHS BHYTPILLHIX Ta 30BHILLHIX AedekTiB Ha Tpybax
Ta NiABMLLEHMIN 3HOC IHCTPYMEHTY Ta 3anponoHOBaHO

LLNISIXK iX 3anobiraHHs.

Mepenik nocunaHb

npoKaTku meTanis /

calculation extrusion force /
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Improvement of methods for calculating the distribution of charge
components in the volume of a blast furnace

Ieanya M.I'., Buwnsakoes B.1., Mypasiioea LI, lllep6auos B.P., binowanka 0.0.,
€pmonina K.I1.

Y10CKOHAJIEHHSI METOIB PO3PaXYHKY PO3MOAiy KOMIIOHEHTIB IIMXTH
B 00'€Mi JOMEHHOI mevi

Abstract. 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 instrumental means of controlling the distribution of charge components. It is 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, their delivery to the top and unloading into the furnace. There are three ap-
proaches 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 difficulties in determining, or data, the reliability of which does not have sufficient confirmation. A developed com-
plex mathematical 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 determina-
tion 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.1. 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 condi-
tions 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 necessary 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.

Key words: blast furnace, charge, components, loading system, coneless loading device, charge distribution, mixtures,
mathematical models.

Anomauis. [MposedeHo aHani3 eidomMux memodie po3paxyHKy ma MamemamuyHux modesnel po3nodify wuxmoesux ma-
mepiarnie Ha KOIOWHUKY OOMEHHOI eyi, U0 8UKOPUCMO8YIOMbLCSI 8 MEXHO02i4HIl ma 0ocniOHUUbKIl npakmuui. 3a3Ha-
YeHo, w0 0ns su3HavyeHHs po3nodiny wuxmu 8 OOMeHHIU neyi 8UKOPUCMO8YeMbCS MameMamu4He MOOesIt08aHHs, 30K-
pema Ha ocHosi Memody duckpemHux enemernmie (ME), ma ekcriepumeHmarnbHi AOCiOXKeHHS (K y MPOMUCIIO8UX YMO-
8ax, mak i 3 sukopucmarHsIM ¢hisudHux modenell). Hapasi iHcmpymeHmansHux 3acobie KOHMPOIo Po3rodiny KOMMOHe-
HMig wuxmu He icHye. Moka3aHo, wjo po3nodin KOMIMIOHEHMI8 Ha MOBEPXHI 3acurku € pe3yribmamom 83aemodii HU3KU
npoyecis, wo 8idbysarombcsi Ha 8CiX emarnax hopMy8aHHs MOPUil Wuxmosux Mmamepiaris, ix nodayvi Ha KOOWHUK ma
guBaHmMaXxeHHs 8 rid. IcHye mpu nidxoou Ao onucy Mpouecy pyxy wuxmosux Mamepiarnie y byHKepax, Ha OCHO8I SKUX Ha
OGaHuli MOoMeHmM cmeopeHi MameMamuyHi Modeni 05151 KOHKpemHux 06'ekmie ma ompumaHi pe3ynbmamu, nputiHImHi ons
npakmu4yHo20 sukopucmanHs. lNepwuli — y suansidi 2eomempuyHUX 3arexHocmel 8usHa4ae 06'eM 30HU pyxy akmue-
HO20 Mamepiary, ¢hopma sIKOI 8U3Ha4YaemMbCsi eKcriepuMeHmarnsHo, ma ob'eMu mMacusig curly4o2o mamepiany, siki 8 3a-
OaHiti nocnidosHocmi 8x00simb 0arli 8 30Hy pyXy akmueHO20 Mamepiany, a Momim pyxatombscsi 8epmukKanibHO 00 8UX00Yy
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3 byHkepa. [pyaut nioxid — ye cnpoba epaxysamu KiHemamuy4Hi 3aKOHOMIPHOCMI pyXy curny4020 Mamepiasy 8 30Hi aK-
MUBHO20 PyXy 8 MOEOHAHHI 3 MOMIOKEHHSIMU repuio2o ridxody Oris orucy noeediHKU cury4o20 Mamepiany rno3a akmus-
HOt 30How. Tpemiti nidxid 6asyembcsi Ha DEM, mamemamuyHi modeni Ha OCHO8I AKux nompebyoms 8xiOHUX OaHUX,
OMpUMaHHS IKUX 8UKIUKae mpyOHOWi y eu3HaqyeHHi, abo daHux, oCcmosipHicmb SKUX He Mae d0CmamHbO20 nidmeep-
OxeHHs. [NpedcmasnieHo po3pobirieHy KOMIIEKCHY MamemamuyHy modesib hopMysaHHs ba2amoKOMIOHEHMHUX MOpuiti
wuxmosux Mmamepiarnis, ix 3agaHmaxxeHHs1 8 byHKkep 6Ee3KOHYCHO20 3agaHmaxxysarbHo20 rpucmpoto (633[1), susaHma-
XXeHHs1 3 ByHKepa ma po3rodiny 1o No8epxHi 3acuriku, sika byna cmeopeHa Ha OCHO8i CUHMe3y HU3KU Modernetll, po3po-
breHux ma 80ocKoHaneHux IHcmumymom YopHoi memanypeii im. 3.1. Hekpacosa HauioHanbHoi akademil Hayk YkpaiHu
MameMamuyHux modesed, wo HalrnosHiwe OnucCyomb 8€Cb KOMIIIEKC NPOUECi8 3a8aHMaxkeHHs1 ba2amoKoMMTOHEeHMHOI
wuxmu 8 doMeHHy niy. Modens 3abe3nedyye 8U3HaYEHHS MOMOYHO20 KOMIOHEHMHO20 CcKady MOMmOKY, WO ymeoplo-
e€mbcs nid Yac susaHMa)keHHs1 bazamoKOMIOHeHMHUX rnopuiti 3 6yHkepa BLT, ma nosHoz2o cknady cymiwel KOMIOHeH-
mig wuxmu 8 Pi3HUX KiflbUeeux 30Hax Ko/IoWHuka. Po3pobrieHa KoMmrinekcHa moderb yCriuwHO 8ukopucmosyemscs IH-
cmumymom YopHoi memarypeii imeHi 3.1. Hekpacosa 0risi supiteHHs1 HU3KU mexHos1o2iyHuXx 3aday wo0o subopy payjo-
HarnbHUX PexXumie 3asaHmaxeHHs1 OOMeHHUX neyed, Wo rnpayroroms Ha 6azamoKOMIOHeHMHIU Wuxmi, 8KrtoYayu subip
napamempie crieyiaribHUX PEXUMI8 3a8aHMaXeHHs, Wo 3abe3neyyoms CmeopeHHs1 HeObXiOHUX yMos Orisi hymepoesKu
abo NPoMUBKU 3a51eXHO 8i0 MOMOYHUX 8UMOZ M1agusIbHOZ0 rpouecy. IHghopmauis npo po3nodin KOMIOHeHmI8 Wuxmu
10 M1ONEePeYHOMyY NMepepI3y nedi, Ky MoXHa ompumamu 3a 0rnoMo20t Po3pobrieHOI KOMIIEKCHOI Modeni, maKox Heob-
XiOHa Ons npoeedeHHs aHanmmuyHUX 00CiOXeHb (hi3UKO-MexaHIYHUX ma hi3UKO-XiMIYHUX ripoyecie y OOMeHHIU nedyi,
30Kpema, yMoe WiakoymeopeHHs ma po3nodiny enacmueocmel po3rnasy 8 0b6'emi OOMeHHOI reyi.

Knroyoei cnnosa: OomeHHa nid, wuxma, KOMIOHeHmMU, cucmema 3a8aHma)eHHs1, 6e3KOoHyCcHUU 3agaHmaxysasibHul npu-

cmpiti, po3nodin wuxmu, cymiwi, MameMamuyHi MoOerli.

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 (ISl), 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.

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
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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
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.
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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
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



proposed, contributing to the improvement of the dis-
tribution 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
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
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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
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
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distribution of ore loads along the radius of the blast
furnace furnace in conditions of variable content of pel-
lets in the charge, which affects the course of blast fur-
nace smelting. A number of publications, for example
[37, 38], show the possibilities of developed mathemat-
ical 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
surface of the backfill, as well as the selection of ra-
tional parameters of axial portions of coke and techno-
logical methods of their loading.

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.
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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
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
results of numerous studies conducted under the lead-
ership of V.I. 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,
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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,
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;
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- 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.

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.
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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
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.

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. The components of a complex mathe-
matical model of the process of loading a multicompo-
nent 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
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.
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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, II, 1, 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, mCIl, mDIl, mDIll, 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
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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.
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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.

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

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).
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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).

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
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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.

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; Fq - gravitational force, N;
Fcs. - centrifugal force from tray rotation, N; Fcor - Coriolis force, N; Fcis. - centrifugal force from lifting (carrying)
materials 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
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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
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unloading of multi-component portions from the BLT
hopper, 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.

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

Parameter, charac- 1

teristic 2 3 4
Values (relative)

gone boundary fa 9316 0447 0548 0632
Zone mid-radius 0,158 0,382 0,498 0,590
Sinter mass 0,069 0,088 0,116 0,111
Mass of pellets 0,021 0,041 0,077 0,110
Mass of coke 0,156 0,131 0,097 0,087
Mass of scrap 0,020 0,040 0,076 0,109
Mass of anthracite 0,018 0,038 0,076 0,110
Mass of nut coke 0,026 0,047 0,083 0,116
Ore mass 0,060 0,079 0,117 0,129
Mass of ore part 0,045 0,070 0,101 0,111
Mass of coke part 0,149 0,125 0,097 0,090
Ore load 0,300 0,557 1,046 1,229
Ore part volume 0,046 0,071 0,103 0,111
Coke part volume 0,152 0,127 0,097 0,090

No. of the ring zone of the blast furnace top

5 6 7 8 9 10

0,707 0,775 0,837 0,894 0,949 1,000
0,670 0,741 0,806 0,866 0,922 0,974
0,100 0,089 0,091 0,103 0,115 0,128
0,136 0,160 0,145 0,119 0,104 0,088
0,085 0,082 0,088 0,092 0,092 0,091
0,145 0,180 0,137 0,113 0,099 0,081
0,130 0,145 0,152 0,125 0,111 0,096
0,130 0,141 0,146 0,119 0,104 0,089
0,111 0,087 0,099 0,103 0,108 0,117
0,114 0,117 0,111 0,109 0,111 0,112
0,089 0,087 0,093 0,093 0,090 0,088
1,289 1,342 1,200 1,172 1,227 1,279
0,113 0,115 0,109 0,108 0,111 0,113
0,088 0,086 0,091 0,092 0,090 @ 0,088

03

Ne ring zone

o
8]

Quantity of component (relative to the mass of the component in a serving),

mmm Sinter  esmPellels Coke

Distance from furnace axis, m

05 1
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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
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component of the charge entering the considered an-
nular zone during the unloading of the charge materi-
als during the discharge of the charge materials in
each involved angular position of the BLT tray.

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].

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
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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,
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
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unloading of multicomponent portions from the BLT
hopper, and the full composition of mixtures of charge
components formed in different annular zones of the
blast furnace.

5. Over the past 15 years, the developed complex
model has been successfully used by the ISI to solve
a number of technological tasks regarding the selec-
tion of rational loading modes of operating blast fur-
naces operating on a multicomponent charge, includ-
ing for the selection of parameters of special loading
modes that provide the necessary conditions for the
formation of garnish or washing depending on the cur-
rent requirements of the smelting process. Information
on the distribution of charge components across the
cross-section of the furnace, which can be obtained us-
ing the developed complex model, is also necessary
for conducting analytical studies of physico-mechani-
cal and physico-chemical processes in the blast fur-
nace, in particular the conditions of slag formation and
the distribution of properties of melts in the volume of
the blast furnace.
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Complex solid-phase reduction in a blast furnace of self-healing pellets

CAMOBITHOBJIIOBAJILHUX OKATHIIIB X0JI0HOI arjioMepanmii, o MiCTATH

Vaniukov A.A., Ivashchenko V.P., Ivanova L.Kh., Kovalov M., Tsybulia Ye.

of cold agglomeration containing by-product carbon materials
of metallurgical production

Banwkoe A.A., Isawyenko B.IL, Ieanoega J1.X., Kosaiwvoe M., lluby.as €.
KommuiekcHe TBepaogasHe BiITHOBJIEHHS B JOMEHHIN meyi

noOIYHi Byrjeuesi Marepiajau MeTaJypriiHoro BUpOOHUITBA

Abstract. 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 Cs.jg; 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 tem-
perature 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.

AHomauis. [poyecu domeHHOI neyi 8idpi3HsembCs 8i0 npouecie sUpobHUYMea 3aniza npsamMuM 8i0OHO8IeHHAM. Y meep-
Oux i camosiOHoso8anbHUX bpukemax (CBP) y cknadi wuxmu 0oMeHHOI nedi oOHo4YacHo 8idbysatombcsi peakuii: ece-
peduHi CBP — npsive 8idHO8EHHS 8yaneuem (meepdum); 2a3uikauyisi 8yaneyto ma Hernpsime 8iOHO81EHHSI MOHOOKCUOOM
gyarneyto, a 308Hi CBP — Herpsime 8i0HO8MeHHSI 8iI0HOB/II08aTbHUM 2a30M, W0 Hadxodums 3 nody OOMeHHOI neyi. IHme-
epanbHull cmyriHb 8i0HosneHHs1 CBP, a came npsive 8idHo8eHHsI meepOumM 8yaneuem, wo micmumscsi 8 CBP, ma He-
npsiMe 8i0OHOB/IEeHHSI 8iOHOB8aIbHUM 2a30M — 800HeM 308Hi CBP, docnidxysascs npu memnepamypax 500; 700; 900
ma 1100°C.. Bynu ouiHeHi cmyneHi 8i0HosneHHs1 CBP meepdum syaneuem (ecepeduHi 3pa3ka) 8 ammocghepi apeoHy
800HEM (308HilLIHSI TOBEPXHST 3pa3ka) 3a 00ITOMO20K0 eKCriepuMeHmy 3 8iOHo8neHHs1. OmpumMaHo HacmyrHi pe3ynbmamu.
BidHoeneHHsi F203 do Fe304 sidbysaembcsi npsimMum 8iOHOBMEHHSIM (CmyriHb MpPsiMO20 8iOHOBIEHHSI CMaHOo8UMb
46,06%) ma HenpsiMum 8iOHO8MEeHHSIM 800HEM (cmyriHb 8i0Ho8MeHHs 53,94%) 3a memnepamypu 500 °C. Bmicm KucHio
8 F203 dns nepexody Ha Fe304 dopisHioe 15,8%, wo eidnosidae iHmezpanbHOMy cmymneHto 8i0HoeneHHs1 — 16,5%.
AHaroziyHo, iHmezposaHuli cmyniHb 8i0HOBIEeHHST npu npsmit memnepamypi 700 °C dopisHroe 97,1%, wo eknoyae
34,9% 3a npsimoi memnepamypu 700 °C; ma 100%, w0 eknoyae 48,7% 3a npsimoi ma 51,3% 3a HernpsiMoi 8iOHO8/1eHHS
3a memnepamypu 900 °C. IHmezposaHuli cmyniHb 8i0Ho8MeHHs1 dopigHtoe 100%, wo skntodae 98,6% 3a npsmoi 8idHos-
neHHs meepdum syarneyem 3a memnepamypu 1100 °C. XimidHul aHarni3 8i0HO8IEHO20 MOMMEPHO20 80TIOKHUCMO20 Ma-
mepiany (SRP) noka3ag 3miHy cmyrneHsi iHmezparbHo20 8i0Ho8neHHs1 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 daHi eidrnosidatoms pe3yrib-
mamam 3anexHocmi cmyneHs 8ioHoeneHHs1 CBP 8id memnepamypu. BidHoeneHul 3pa3ok micmumb memarnesy ¢hasy,
wo ymeoptoe HalimoHwi 0eHOpuUmu y ckrnornolibHil Maci Wwiakoymeoproryux KoMnoHeHmis. Take nepemeopeHHs 8 CBP
3abe3rneuye 3Ha4yHe MiosULLEHHST MiyHOCMI 3a805IKU YMBOPEHHIO Memaiiego20 KapKaca.

Knroyoei crioea: camogidHoeroearnbHi bpukemu, memnepamypa, 8yaneub, cmyriHb 8i0HO8MEHHS, Memasiesull KapKac,
MIUYHICMb.

Introduction

Metallurgical coke, produced from coking coal, is
the primary fuel used in blast furnaces for iron smelt-
ing. 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, in-
cluding 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 zone, thereby influenc-
ing its operational efficiency [1-3 ].

To improve the efficiency of the iron smelting pro-
cess, self-reducing agglomerates and pellets are
widely used in the iron charge. These materials offer a
number of advantages, primarily due to the close con-
tact between the iron oxide and the reducing agent,
which increases the reduction rate and reduces fuel
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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, fur-
ther enhancing the sustainability of this industrial sec-
tor [6]. Furthermore, the use of highly reactive carbo-
naceous materials leads to a decrease in the temper-
ature of the thermal reserve zone, thereby potentially
lowering the FeO-Fe equilibrium temperature and re-
ducing overall fuel consumption [7 - 9].

Numerous studies [10-21] have addressed the de-
velopment and performance characteristics of self-re-
ducing 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 ag-
glomerate 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 micro-
structure.

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/tim and the degree of direct reduction falls
by 2% 2). The consumption of SRP could be come to
200 kg/tamin 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 °19). The re-
duction mechanism of pellets with reducing gas can be
transferred to the SRP 11:12),
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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
Fe20s to Fe3O4 proceeds at low temperature ravel very
small. During this period direct reduction proceeds be-
cause new contact points between Fe2O3 and graphite
are formed. The contribution ratio of the direct reduc-
tion as approximately 45% during the reduction from
Fe203to Fe304-13. 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. %

Feot FeO Fe2x0s3 SiO2 CaO MgO C

43,10 8,0 52,68 7,50 14,0 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
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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
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.
A

RD (%) = (ﬁ) 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
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repeated for the temperatures: 500 °C;700 °C; 900 °C;
1100 °C.

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 %
Fetwt; and 8 % FeO that it is corresponded to content of
34, 88 % Fes304. 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 FesOa.
It occurs due to reaction 3Fe203= 2 Fe3O4+ ¥202. The
content of oxygen removed from Fe203 to transfer for

FesO4could be : 52,22144 = 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 Fe20s3 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 Fe203— 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.

Temper- | Summary Summary | Reduction by carbon in ar- | For time of reduction of hydrogen
ature, duration of | loss of | gon athmosphere Indirect reduction
oC experiment, | mass, g Direct reduction
min Dura- | loss of | Degree | Dura- Degree | De- >
tion, mass of reduc- | tion, of re-| gree
min tion min duction | of re-
loss duc-
mass tion
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 2,40 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
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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

(>02=35,46 g.). Degree of reduction is equal

100 .
0 VN
0 - —1 c:greetod
™~ integrate
QO / >( 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, Fetta, | FeO Fe203 | Femetar | 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=2C0O). 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 (FesOa4), coke, slag-
forming components differ in shape, size and compo-
sition. The detrital material: hematite, magnetite, coke

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
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simultaneously reactions: inside of the SRP —direct re-
duction by carbon (solid);gasification of carbon and in-
direct 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 F203 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 F20s3 to transfer for FesOs is equal 15,8%
that is corresponds to integrated degree of reduction —
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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-
mation of metal frame.
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