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SELECTION OF MODIFIERS FOR HIGH-MANGANESE STEEL
DEPENDING ON THE OPERATING CONDITIONS OF MINING
AND PROCESSING EQUIPMENT COMPONENTS

Purpose. To establish the optimal modifier for increasing the strength and ductility properties of high-manganese
Hadfield steel, as well as wear resistance during dry and wet grinding in an alkaline environment.

Research methods. Impact and abrasive wear resistance tests during wet and dry grinding were carried out in a
ball mill. Tensile tests were carried out on a URM-50 machine. Determination of the impact strength of samples with a
U-shaped notch was carried out on a pendulum impactor MK-30A according to DSTU 1SO 148-1:2022. Brinell hardness
was determined according to DSTU 1SO 6506-1:2007.

Results. Based on the results of experimental studies, it was found that the optimal way to increase the physical and
mechanical properties and wear resistance of high-manganese steel during dry grinding is a complex modification with
titanium and vanadium with preliminary deoxidation with aluminum. The optimal technological factor that increases the
wear resistance of high-manganese steel parts during wet grinding in an alkaline environment is the modification of the
melt with 0.05 ... 0.15% Nb with preliminary deoxidation with aluminum.

Scientific novelty. In steel modified with aluminum, film nitrides of aluminum were found, around which, apparently,
corrosion destruction occurs. When modifying Nb within 0.06-0.12 %, film nitrides are practically absent. The bulk of
the inclusions were complex nitrides of aluminum and niobium, as well as carbonitrides of niobium. The effect of niobium
on wear resistance is positive and during wet grinding has a pronounced extreme character with an optimum at a content
of 0.12% Nb.

Practical value. An optimal method for improving the physical and mechanical properties and wear resistance of
high-manganese steel during dry grinding has been identified: complex modification with titanium and vanadium
followed by aluminum deoxidation. The optimal process factor for increasing the wear resistance of high-manganese
steel components during wet grinding in an alkaline environment is niobium modification of the melt. The proposed
recommendations will reduce the material intensity of mining and processing equipment, improve production, and
increase the reliability and durability of high-manganese steel components.

Key words: Hadfield steel, modification, boron, niobium, impact toughness, wear resistance, alkaline environment.
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Introduction

The main range of castings made of wear-resistant
high-manganese steel at mining and processing enterprises
consists of quickly wearing replaceable parts for crushing
and grinding equipment (Fig. 1) and excavators (Fig. 2).
The working parts of this equipment include crushing
plates, cones, bowls, hammers, sidewalls of the crusher
working zones, the main structural elements of the mill
drums, which form the grinding chamber surfaces, front

walls, bucket teeth, rocker arms, bottom hinges, and links.
These components come into contact with the material
being ground or the pulp during operation. To ensure
structural strength and reliability, they are entirely
manufactured or lined with Hadfield steel (110G13L).
During operation, the above-mentioned parts are
subjected to tensile, compressive, bending, shear loads, and
are subjected to abrasive wear. It is possible to combine

two or more types of destructive action on the same part.

The armor of jaw and cone crushers during operation
is subjected to very high loads and wears out to a
considerable depth, and in some places even the entire
thickness of the part. The presence in the castings of even
minor casting defects, unsatisfactory structure or low
values of the mechanical properties of the steel under such
loads leads to premature failure of the armor due to cracks
(Fig. 3).

Mill liners operating under very low impact loads are
primarily subject to abrasive wear (Fig. 4a).

The front wall and teeth of an excavator bucket are
subject to abrasive wear under significant impact loads.
Due to the rigid shape of these components, they are highly
susceptible to work hardening and therefore resist impacts
well. The abrasive wear of the front wall and teeth of an
excavator bucket is similar (Fig. 4b).

Figure 1. Details of crushing and grinding equipment made of 110G13L steel:
a — cone crusher armor; b — ball mill lining

a

b

Figure 2. Excavator parts made of 110G13L steel:
a — front wall of the excavator bucket; b — excavator bucket tooth
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b
Figure 3. Parts of a cone crusher made of 110G13L steel that have failed:

a —worn out armor of the cone crusher; b — crack in the armor of the cone crusher
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S

Figure 4. Worn parts of a ball mill and an excavator made of 110G13L steel:
a —worn lining of the ball mill drum; b — worn front wall of an excavator bucket with teeth

Thus, abrasive wear of replaceable parts in mining
and processing equipment is the predominant factor
causing failure during operation. However, abrasive wear
occurs under various operating conditions, including both
parts operating without significant impacts and pressures,
and parts subject to strong impacts and high pressures.
Abrasive wear without impacts and pressures requires
high-hardness steel, while impact wear requires high-
impact steel.

Analysis of research and publications

To ensure a reduction in the material consumption of
mining and processing equipment, improve production,
increase its reliability and durability, researchers are
constantly proposing various technological measures to
increase the stability of mining and processing equipment
parts. Improving the operational properties of high-
manganese steel is achieved by optimizing the chemical
composition of steels for specific groups of castings, heat
treatment, modification [1-4].

A significant part of the research aimed at reducing
the wear of high-manganese steels is associated with
changing the dispersion of the crystallizing phases by
introducing small additives of individual elements,
compounds into the liquid steel, i.e. modification. The
most widespread modifiers are titanium, vanadium,
cerium, calcium, zirconium, niobium, tantalum, hafnium,
boron [5-7].

At the same time, the effect of modification on the
operational stability of high-manganese steels operating in
the conditions of mining and dry grinding of ores and
minerals has been studied quite fully. But in the
preparatory processes for ore enrichment, for example,
when grinding in ball mills, wet grinding is used. The
mechanisms of wear, and accordingly the wear resistance,
are different in wet and dry grinding due to the influence
of the corrosive environment and differ significantly [8].

The presence of dissolved and gaseous oxygen,
chlorides, sulfides, carbonates and other substances in the
pulp that can enter into chemical reactions with the
exposed metal surface of the mill linings significantly
accelerates its destruction compared to dry grinding. And
in the practice of manufacturing castings of linings, grates,
“lifters”, wedges, etc., which are operated in wet grinding
conditions in alkaline environments with pH 9...12, this is
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not given importance.

Thus, traditional technological measures aimed at
increasing resistance, in wet grinding in some cases do not
lead to the expected result.

The purpose of the work

The aim of this investigation is to identify optimal modifiers
for high-manganese steel to improve its physical and mechanical
properties and wear resistance. It also aims to develop
recommendations for selecting Hadfield steel modifiers based
on the operating conditions of mining and processing
equipment components (pressure, alkaline environment).

Research material and methodology

Impact and abrasive wear resistance tests during wet
and dry grinding were carried out in a semi-industrial ball
mill. & 680x700 mm at n = 34 rpm for 100 h for each type
of grinding. Cast metal samples (9x9x25 mm) were used
for the tests. Tensile tests were carried out on a URM-50
machine. To determine the impact strength, samples with a
U-shaped notch were tested on a pendulum impactor MK-
30A according to DSTU I1SO 148-1:2022. Brinell hardness
was determined according to DSTU 1SO 6506-1:2007.
Relative wear resistance was determined as the ratio of the
sample’s mass loss to the standard's mass loss. The standard
was Hadfield steel (1.1C-13Mn), deoxidized with
0.04 wt.% aluminum and containing no other modifiers. In
dry grinding, 50 kg of nepheline ore and 14 balls & 100
mm were loaded into the mill. The ore was replaced every
10 hours. In wet grinding, the test was carried out similarly.
An aqueous solution of sodium and potassium carbonates
(pH 12) was used as a corrosive medium. The pulp was
replaced every 10 hours.

Impact research of the influence of traditional
modifiers: calcium, rare earth metals (REM), titanium,
vanadium were performed at their optimal concentrations,
confirmed by many studies [9, 10]. Studies of the influence
of boron and niobium, which are used to modify high-
manganese steels less often, and data on optimal additives
and their influence on the complex of properties are
contradictory, were carried out at several different
concentrations of modifiers. For the tests, Hadfield steel
(1.1C-13Mn or 110G13L) was melted in an induction
crucible furnace I1ST-0.16 with a main lining using the
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method of portioned metal selection, which eliminates the
influence of extraneous factors [11]. The content of the
modifier elements in the corresponding portions of steel is
given in Table 1.

Table 1 — Content of modifying elements in Hadfield
steel (1.1C-13Mn), wt.%.
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Research results

The results of tests of the influence of traditional
modifiers (No. 1-6, Table 1) on the mechanical properties
and relative wear resistance during wet and dry grinding of
Hadfield steel are shown in Fig. 5, 6. The change in
strength and plastic properties occurs in the following
sequence of modifying elements: increase tensile strength
oy Al> AI+REM— Al+V— Al+Ti— Al+Ca— Al+Ti+V
(Fig. 5 a), increase relative elongation 6: AI+REM— Al—
Al+Ti—> Al+V— Al+Ti+V— Al+Ca (Fig. 5b), increase
relative narrowing y: Al-> AI+REM— Al+Ti—> Al+V—
Al+Ca— Al+Ti+V (Fig. 5 ¢), increase impact toughness
KCU: AI+REM— Al- Al+Ca—» Al+V—> Al+Ti—>
Al+Ti+V (Fig. 5d). It should be noted that the modification
of Hadfield steel with Al+Ti+V and Al+Ca complexes
causes the highest values of relative elongation (8) 34.1%
and 34.9%, respectively. Thus, the optimal modifier is the
Al+Ti+V complex, which leads to the best result in
increasing the plastic properties of Hadfield steel.
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Figure 5. Strength and plastic properties of Hadfield steel (1.1C-13Mn) depending on the content of traditional modifiers:
a — tensile strength os; b — relative elongation &; ¢ — relative narrowing y; d — impact toughness KCU
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a — wear resistance of dry grinding e1; b — wear resistance of wet grinding &2; ¢ — hardness HB

The increase in wear resistance and hardness occurs
in the following sequence of modifying elements: dry
grinding wear resistance €1 : Al > Al+Ca — AI+REM—
Al+Ti —» Al+V — AI+Ti+V (Fig. 6 a), increase wet
grinding wear resistance e: Al»> Al+Ca — Al+V
—>A+REM— Al+Ti+V — Al+Ti (Fig. 6b), increase HB
hardness: Al» Al+Ca —» AI+REM — Al+Ti—> Al+V —
Al+Ti+V (Fig. 6 c). It should be noted that the modification
of Hadfield steel with the Al+Ti+V complex causes the
highest values of dry grinding wear resistance 1 =1.33, and
the modification of Al+Ti — the highest values of wet
grinding wear resistance &2 = 1.15. Thus, depending on the
operating conditions of the equipment (dry or wet
grinding), it is recommended to melt parts from Hadfield
steel, which contains the Al+Ti+V or Al+Ti complex.

The test results showed that the most effective increase

resistance during dry grinding was provided by titanium
and compatible titanium and vanadium additives. A
significant increase in mechanical properties was also obta-
ined when modified with calcium. REM additives led to a
decrease in mechanical properties, except for the tensile
strength. In order to identify the role of each element,
metallographic studies of samples of Hadfield steels
containing various modifiers were performed (Fig. 7).
Metallographic studies of steels modified with
titanium, calcium, REM and vanadium showed that the
nature and form of non-metallic inclusions are directly
related to the content of the modifying element. In steel
deoxidized with aluminum, globular inclusions of
aluminomanganese silicates were found (Fig. 7b).
Additions of calcium and REM led to the grinding and
reduction of the total number of globular inclusions (Fig.
7c¢, d). Modification with titanium and vanadium led to the

in mechanical properties and impact-abrasive wear formation of nitrides and carbonitrides (Fig. 7e, f).
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Figure 7. Non-metallic inclusions in modified steel 110G13L (x 575):

a — manganese silicate; b — aluminomanganese silicate in steel deoxidized with aluminum; c — complex oxysulfide in steel modified
with silicate calcium; d — complex oxides in steel with rare earth elements; e — titanium nitrides; f — vanadium carbonitrides
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Microfractographic studies have established that the
properties of high-manganese steel are most influenced by
finely dispersed nitride inclusions. In fractures of steel
deoxidized with aluminum, film-like aluminum nitrides
were found, around which a brittle fracture zone developed
(Fig. 8a). In steel modified with titanium, the bulk of
nitride inclusions consisted of titanium nitrides of regular
cubic shape (Fig. 8b). When modified with vanadium,
vanadium nitrides were found in the steel (Fig. 8c). When
combined with titanium and vanadium modification,
complex inclusions were obtained, which were identified
as aluminum, titanium, and vanadium nitrides (Fig. 8d).

During wet grinding in an alkaline environment, the
impact-abrasive wear resistance decreased sharply
compared to dry grinding. The decrease in wear resistance
during modification with calcium, REM and vanadium can
be explained by the supersaturation of grain boundaries
with harmful phases and chemical compounds that initiate
corrosion destruction.

The results of tests of the influence of increasing boron
and niobium additives on the mechanical properties and
relative wear resistance during wet and dry grinding of

Hadfield steel (1.1C-13Mn) are shown in Fig. 9 and 10.

The influence of increasing boron and niobium additives
on the physical and mechanical properties of high-
manganese steel is the same: the strength characteristics
increased (Fig. 9a), and the plastic characteristics (Fig. 9b,
¢) and impact toughness (Fig. 9d) monotonically decreased.
However, the effects of boron and niobium on the wear
resistance of Hadfield steel are significantly different.

No noticeable effect of increasing boron additions on
wear resistance was found (Fig. 10). Some decrease in
wear resistance is probably due to the brittle effect of grains
of eutectic carboboride structures, which are allocated
along grain boundaries and which reduce the operational
properties of high-manganese steel.

The effect of niobium on wear resistance is positive and
during wet grinding has a pronounced extreme character
with an optimum at a content of 0.12 % Nb. Further
increase in the niobium content monotonically reduced
wear resistance. The obtained results are in good
agreement with the obtained data of microfractographic
studies.

Figure 8. Nitride inclusions in 110G13L steel (x 10000):
a — film aluminum nitrides; b — titanium nitrides; ¢ — vanadium nitrides; d — aluminum, titanium and vanadium nitrides
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Figure 9. Plastic properties of Hadfield steel (1.1C-13Mn) depending on the content of increasing boron and niobium additives:

a — tensile strength o, ; b — relative elongation §; ¢ — relative narrowing y; d — impact toughness KCU
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a — wear resistance of dry grinding e1; b — wear resistance of wet grinding &2; ¢ — hardness HB
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Discussion

In Hadfield steel modified with aluminum, film
aluminum nitrides were found, around which, apparently,
corrosion destruction occurs. No significant effect of boron
additives on the wear resistance of 110G13L steel was
observed. The effect of tempering temperature on the
microstructure, mechanical properties, and wear resistance
of manganese-boron steel was studied in [11]. When
tempered at 150 °C, this steel exhibits the best combination
of strength, impact toughness, and wear resistance.
Therefore, to achieve significant results from boron
modification, additional research on the heat treatment of
110G13L steel is necessary.

When modifying Nb within 0.06-0.12 %, film nitrides
are practically absent. The bulk of the inclusions were
complex nitrides of aluminum and niobium, as well as
niobium carbonitrides. The metal had a homogeneous
austenitic finely dispersed structure. Modification with
niobium contributes to the conversion of film inclusions
into bulk inclusions, which are released in liquid steel and
act as modifiers of the second kind. The effect of phosphide
eutectic is also weakened. At a niobium content > 0.18 %,
the steel is contaminated with coarse complexes of niobium
carbonitrides, which are released along grain boundaries
and reduce wear resistance in corrosive environments.

Conclusions

1. It has been established that the optimal way to
increase the physical and mechanical properties and wear
resistance of high-manganese steel during dry grinding is
complex modification with titanium and vanadium with
preliminary deoxidation with aluminum.

2. 1t has been established that the optimal
technological factor that increases the wear resistance of
parts made of high-manganese steel during wet grinding in
an alkaline environment is the modification of the melt
with 0.05 ... 0.15% Nb with preliminary deoxidation with
aluminum.
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800U 8 KYIbOBOMY MAUHI. Bunpobysanna na pospug nposoounu va mawiuni YPM-50. Busnauenns yoapmoi 8'asxocmi
3paskie 3 U-nodionum naopizom nposoounu na maamuuxogomy konpi MK-30A sziono JICTY ISO 148-1:2022. Teepoicms
3a Bpinennem suznauanu 32iono JCTY ISO 6506-1:2007.

Ompumani pesynomamu. Buxoosuu 3 pe3ynivmamis excnepumenmanbHux 00CIi0NCeHb, GCMAHOBIEHO, WO ONMUMA-
JIBHUM CROCOO0M NIOGUWEHHS (DI3UKO-MEXAHIYHUX GLACMUBOCMEN [ 3HOCOCMIUKOCMI BUCOKOMAP2AHYes0l cmai npu
CYXOMY NOOPIOHEHHI € KOMNJIEKCHEe MOOUDIKYEAHHS MUMAHOM | 6AHAOIEM 3 NONEPEOHIM POZKUCIEHHAM amioMiniem. On-
MUMATbHUM MEXHOI0TUHUM PAKMOPOM, AKUL NIOBUUYE 3HOCOCMIUKICMb Oemaineti 3 BUCOKOMAP2aHYesoi CImati npu Mo-
KDOMY HOMEJ 8 IYIHCHOMY cepedosuuyi, € moougixysanns posniagy 0.05 ... 0.15% Nb 3 nonepeonim po3kucieHHIM ano-
MIHIEM.

Hayxkosa nosusna. Y cmani, MoOu@iko8anoi amoMiHieM, SUAGIEHO NIIGKOGL HIMPUOU ATIOMIHIIO, HABKONO SIKUX,
o0uesuoHo, 6i00ysacmuvcsi kKopositna pyunayis. Ipu moougixyeanni Nb y mescax 0.06—0.12% nnisxosi Himpuou npaxmu-
yno giocymui. OCHOBHY MACY 6KIIOYEHb CKIANU KOMNIEKCHI HImpuou amoMiniio ma Hiobilo, a maxkoxc KapOoHimpuou
HI06I10. Bnaue niodiio na 3H0COCMIUKICMb NO3UMUBHO § NPU MOKPOMY NOMENE MAE ACKPABO GUPANCEHUL eKCMPEeMATbHULL
xapaxmep 3 onmumymom npu emicmi 0.12 % Nb.

Ilpakmuuna yinnicms. Buznayeno onmumanbHull Cnocio nioguwenns QizuKo-mexaHivHux e1acmusocmett ma 3Ho-
COCTITIKOCMI BUCOKOMAP2AHYe80i CMAi Npu CyXomy NOOPIOHeHH I, a came KOMNIeKCHA MOOUQiKayis mumarHom ma 6a-
HAaoieEM 3 NONEePeoOHiM PO3KUCIEHHAM antoMiHieM. OnmumMaibHUM MexHoI02iYHUM haKmopom, wo nio8uwiye 3HOCOCMili-
Kicmb 0emaneli 8UCOKOMAP2AHYe80i CMAli Npu MOKPOMY NOMeEL 8 IYHCHOMY cepedosuyi, € MoOOu@ixayis po3niasy Hio-
biem. 3anpononosani pekomeHOayii 003804Mb SHUSUMU MAMEPIATOMICMKICIG 2IPHUYO0-3042a4Y8ATbHO20 00AAOHAHHS,
VOOCKOHAIUMU UPOOHUYMBO, NIOGUWUMU HAOIUHICMb MA 008206IUHICIb OemaJiell i3 BUCOKOMAP2AHY e80T CIMAJL.

Knrouosi cnosa: cmanv I'adgineoa, moougpikayis, 60op, Hiobill, yoapHa 6'si3kicmb, 3HOCOCMIUKICMb, JYHCHE cepe-
dosuuye.
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ASSESSMENT OF THE STRUCTURE AND PROPERTIES OF THE HEAT-
RESISTANT NICKEL ALLOY ZHS32-VI AS A MATERIAL FOR THE
MANUFACTURING OF GAS TURBINE ENGINE BLADES

Purpose. To study the macro- and microstructural state of pilot heat-resistant alloy ZhS32-VI casts for the
production of critical gas turbine engine components and to evaluate their mechanical properties and heat resistance.

Research methods. Structural stability parameters were assessed using the well-known PHACOMP and New
PHACOMP calculation methods. Macro- and microstructural analysis and phase composition studies were performed
using optical metallography. Mechanical properties at room temperature were determined in accordance with
ISO 6892-84 and ST SEV 471-88, while creep-rupture strength tests were conducted in accordance with DSTU 1SO
204:2019.

Results. The structure and properties of ZhS32-VI alloy specimens produced in a ULMAC FM 1-2-100 vacuum
furnace using equiaxed crystallization were studied. The microstructure of the specimens before heat treatment
corresponded to the as-cast state of the alloy, and after heat treatment, it met the technical specifications and conformed
to the approved microstructure scale. Mechanical properties and heat resistance meet the requirements of technical

documentation for critical heat-resistant castings.

Scientific novelty. New data on the structure and phase composition of the heat-resistant alloy ZhS32-V1 alloy from
pilot heats were obtained. Calculation and analytical evaluation method confirmed a high level of structural stability.
Practical value. The obtained results provide an opportunity to expand the application of the ZhS32-VI heat-

resistant nickel alloy for the production of critical castings.
and microstructure,

Key words:
homogenization.

heat-resistant alloy, macro-

Introduction

Cast blades are the most critical components of a gas
turbine engine, converting the kinetic energy of hot gases
into propulsive power for the rotor shaft and power units
[1].

Gas turbine engine blades operate under harsh condi-
tions, subject to the simultaneous effects of centrifugal
force from their own mass and transverse aerodynamic
forces generated by the gas flow in the turbine in an ag-
gressive environment at high temperatures reaching 0.8 T
[2].

As research results [3] indicate, during operation of
rotor blades, there is a constant combined effect of tensile
forces, dynamic and static vibration loads. The total (equiv-
alent) loads in the first-stage blades are approximately 120
MPa. Furthermore, the load is also distributed unevenly
across the rotor blade profile, with maximum equivalent
values at the midsection. A temperature gradient also exists

© Serhii Puchek, Sergiy Byelikov, 2026
DOI 10.15588/1607-3274-2026-1-2

mechanical properties, heat resistance,

across the blade height and cross-section [4]. These oper-
ating conditions determine a set of requirements for mate-
rials used in the manufacture of gas turbine blades. High
short-term and long-term strength, ductility, fatigue re-
sistance, and structural and properties stability throughout
the entire service life are essential. The requirement for the
ability to repeatedly restore the structure and properties is
economically justified [5].

Achieving the required performance indicators for
gas turbine engines is ensured by the use of heat-resistant
nickel alloys, or “superalloys” as defined by foreign au-
thors [1, 6-8], for the manufacture of critical gas turbine
engine components, primarily nozzle and rotor blades.

For modern gas turbine engines, high-strength nickel
alloys are the optimal material for rotor and nozzle blades
[2, 9, 10]. An example of such an alloy is the heat-resistant
nickel alloy ZhS32-VI [11].
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Material and Methodology

Experimental melts of the heat-resistant nickel alloy
ZhS32-VI were conducted at Motor Sich JSC’s industrial
production facilities using a modern FM-1-2-100 vacuum
melting unit from ULVAC (Japan). Cast alloy blanks were
produced by pouring liquid metal into 80mm-diameter
metal molds. The initial melts' blanks had an equiaxed
grain structure.

To test the alloy for compliance with the mechanical
properties and long-term strength requirements of
TU 1-92-177, specimens were produced using investment
casting in UNVK-8P and UNVK-9A vacuum melting
units. The cast specimens had a directional or single-crystal
structure. Fresh charge materials (nickel, chromium, mo-
lybdenum, tungsten, rhenium, and tantalum) were used in
the production of ZhS32-VI heat-resistant alloys using
high-temperature melt processing.

The resulting cast samples were heat-treated by ho-
mogenization in a protective atmosphere (in a dynamic
vacuum) at a temperature of 1270+10 °C, held for 1 hour
and 15 minutes, and cooled at a rate equivalent to air cool-
ing.

The chemical composition of the experimental alloys
was determined using a spectral analyzer on an ARL-4460
guantometer.

The macrostructure of the samples was revealed by
chemical etching in a reagent containing 25 % HNOg,
25 % HF, and 50 % water. The microstructure was evalu-
ated on microsections before and after etching in Marble
reagent (4 g CuSQO4, 20 mg HCI, 20 mg water) using a Carl
Zeiss optical microscope at magnifications of x20, x500,
and x1000.

The short-term and long-term mechanical properties
of the samples (tensile strength, high-temperature strength,
relative elongation, and narrowing) were determined after
heat treatment using the standard mode.

Mechanical properties at room temperature were de-
termined in accordance with ISO 6892-84 and ST SEV
471-88, and long-term strength tests in accordance with
DSTU ISO 204:2019 were performed on a DST-500 test
rig at a temperature of 1000 °C and a load of 280 MPa until
complete failure.

The parameters of structural stability were calculated
using the well-known calculation methods PHACOMP
[14, 16] and New PHACOMP [17, 18]. Using computer
modeling of thermodynamic processes CALPHAD in the
JMatPro program [13, 14, 16, 19] the AE method was used
to evaluate the balance of the chemical composition. In ac-
cordance with the calculation and analytical model (CAM)
developed at the Zaporizhzhia Polytechnic National Uni-
versity [12, 14, 16, 20, 21], important temperature param-
eters, the values of the short-term and long-term strength

© Serhii Puchek, Sergiy Byelikov, 2026
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limits at different temperatures and different alloying lev-
els were determined.

Research Results and Discussion

All tested melts of the ZhS32-VI alloy meet the re-
quirements of the technical documentation (Table 1).

The cross-sectional macrostructure of 80 mm diame-
ter test melt blank fragments, produced in a ULVAC FM-
1-2-100 vacuum furnace using equiaxed crystallization
prior to heat treatment, is shown in Figure 1.

Figure 1. Macrostructure in the cross-section of the middle part
of 80 mm diameter rod blanks made of ZhS32-V1 alloy, pro-
duced on a ULVAC FM-1-2-100 unit before heat treatment:

a—Heat1, b-Heat 2, c— Heat 3, d — Heat 4
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Table 1 — Chemical composition of the metal of experimental melts of heat-resistant nickel alloy ZhS32-VI

Fuse Content of elements, % by weight

C Cr Co W Mo Al Nb Ta Re Fe Si S P B [0)3 N, Ni
1 0,127 | 4,90 | 9,00 | 8,78 | 1,13 | 582 | 1,59 | 396 | 3,82 | 0,06 | 0,12 | 0,005 | 0,005 | 0,020 | 0,00039 | 0,00052 | base
2 0143 | 4,92 | 9,03 | 865 | 1,12 | 593 | 1,69 | 4,07 | 3,80 | 0,06 | 0,11 | 0,005 | 0,005 | 0,015 | 0,00045 | 0,00060 | base
3 0,140 | 5,00 | 9,26 | 8,80 | 1,17 | 6,03 | 1,74 | 4,05 | 3,93 | 0,06 | 0,11 | 0,005 | 0,005 | 0,014 | 0,00040 | 0,00060 | base
4 0,130 | 4,64 | 9,11 | 8,87 | 1,17 | 580 | 1,60 | 3,83 | 3,65 | 0,06 | 0,02 | 0,005 | 0,005 | 0,015 | 0,00043 | 0,00053 | base
T’g‘,"l"gz 012- | 45 | 90- | 81- | 09- | 57- | 1.4- | 37- | 36 | < < < < < < < base

17701 | 047 | 53 | 95 | 89 | 13 | 62 | 18 | 44 | 43 | 05 | 02 | 0,005 [ 0010 | 002 | 0002 0,002

The following crystallization zones are observed in
the structure of the blanks:

- zone of fine subcortical crystals;

- zone of columnar crystals;

- zone of equiaxed crystals.

The results of the macrostructure parameter measure-
ments are presented in Table 2.

Table 2 — Macrostructure parameters of 80 mm diam-
eter blanks made of ZhS32-VI alloy

Size of crystallization zones, mm Macrograin
Melt ~ i Z P size in the
one of fine one 0 ;
equiaxed
number | subcortical Columnar equiaxed qt |
crystal zone crystal zone,
crystals crystals mm
1 1..2 18...20 40...44 2...6
2 1...2 8...13 54...64 0.75...2
3 1..2 ~40 - -
4 1...2 16...18 44...48 2.7

Figure 2 shows the macrostructure of fragments of
blanks @ 80 mm (melts 1-4), obtained in a vacuum furnace
FM-1-2-100 from ULVAC using the equiaxed crystalliza-
tion method after standard heat treatment (homogenization
at a temperature of 1270+100 °C — 1 hour 15 minutes).

Figure 2. Macrostructure in the cross-section of the middle part
of 80 mm diameter rod blanks made of ZhS32-VI alloy, pro-
duced on a ULVAC FM-1-2-100 unit after heat treatment:

a—Meltl, b—-Melt 2, c— Melt 3, d - Melt 4

© Serhii Puchek, Sergiy Byelikov, 2026
DOI 10.15588/1607-3274-2026-1-2

Microstructure of a rod blank before
heat treatment

Inspection of unetched microsections cut from the pe-
ripheral and central zones of the middle portion of blank
fragments from melts 1-4 revealed no metal contamination
in the form of coarse slag inclusions or clusters. The size
of oxide inclusions does not exceed 0.023 mm (Figure 3).

a-—edge b — center

Melt 1

e

¢ —edge d — center

Melt 2

e —edge f — center

Melt 3

b

g - edge h — center

Melt 4

Figure 3. Oxide inclusions in the material of blanks made of
ZhS32-VI alloy, obtained on the FM-1-2-100 installation from
ULVAC, x500

Globular carbides range in size from 1 to 12 pum,
while lamellar carbides range from 5 to 27 um (see
Table 3). Shrinkage microporosity is present in the central
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zone of the fragments of the analyzed blanks (the maxi-
mum micropore size is ~0.06 mm) (Figure 4, see Table 3).

The blank from heat 1 contains isolated, rare films
(Figure 5). No films were detected in the remaining frag-
ments of the received blanks.

Figure 6 shows the carbide distribution in the central
zone of the blanks received for analysis.

The microstructure of the studied blanks is identical
and, prior to heat treatment, consists of a y-solid solution
with the presence of an intermetallic v~ phase, a eutectic
(y-y") phase, carbides, and carbonitrides (Fig. 7-10).

The parameters of the structural components in the
blanks of melts 1-4 made of the ZhS32-VI alloy (before
heat treatment) are presented in Table 3.

Furthermore, it should be noted that skeletal precipi-
tates of carboboride eutectic, located near particles of the
eutectic (y-y") phase (Figure 11), were detected in the struc-
ture of all the studied melts.

Table 3 — Parameters of structural components in a
blank & 80 mm made of ZhS32-VI alloy before heat treat-
ment

Dimensions of structural components, um
Place - Di
carbides istance
Melt of tecti . between the
number | measur eutectic | Micro- | - ond
ement globular | plate type type(y-y) | pores e d
type MC | MsC orcer den-
drites
edge 2.7 5...12 5...15 up to 20 15...25
1
center 2.7 5...27 5...60 up to 45 35...50
edge 2...12 5...25 5...15 up to 20 12...25
2
center 2...12 5...27 5...50 up to 60 30...50
edge 2...10 5...10 5...27 | upto 10 10...25
3
center 2..12 5...20 5..50 | upto10 30...50
edge 1..5 5...10 5...15 up to 15 12...25
4
center 1...8 5...17 5...50 up to 25 30...50
L = ™ — —
P * 37
| ' :
| ~
| . ¥ -~
| ., ALt
| A ‘.' » l ~h -‘ b
" A Ry
~
a—-melt1, x 200 b —melt 2, x 200
|
&
' '}
!
l »
5
c—melt 3, x 200 d-melt 4, x 200

Figure 4. Microporosity in the material of blanks made of the
alloy ZhS32-VI, obtained on the FM-1-2-100 installation of the
company “ULVAC”
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| [~

¥ |

a-—edge, ><200 I melt1 b - center, '>'<'500

e o

Figure 5. Films in the material of the workpiece made of the al-
loy ZhS32-V1, obtained on the FM-1-2-100 installation of the
company “ULVAC”

a—meltl" b—melt2"_

- i ‘-“.' ;o
c-melt3

d-melt4 -

Figure 6. Distribution of carbides in the material of blanks made
of the alloy ZhS32-V1, obtained on the FM-1-2-100 installation
from ULVAC, x 200

d

Figure 7. Microstructure of the middle part of the & 80 mm bil-
let made of ZhS32-VI1 alloy (heat 1) — before heat treatment:
a, b — peripheral zone; c, d — central zone

To determine the mechanical and heat-resistant prop-
erties of ZHS32-V1 alloy bar blanks produced from fresh
components in a ULVAC FM-1-2-100 vacuum furnace,
samples (@15 mm; L = 135 mm) were cast using high-
speed directional solidification (HSDS).

The microstructure of the HSDS samples before heat
treatment is identical and consists of a y-solid solution with
the presence of an intermetallic Yy~ phase, a eutectic (y-y)
phase, carbides, and carbonitrides. Skeletal carboboride
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eutectic precipitates were detected near the eutectic (y-y")
phase in the structure of all studied samples (as well as in
the material of the studied blanks).

d - %200

c-x50 center

Figure 8. Microstructure of the middle part of the ¢ 80 mm

blank made of the ZhS32-V1 alloy (heat 2) — before heat treat-
ment: a, b — peripheral zone; ¢, d — central zone

—-x200

o

Figure 9. Microstructure of the middle part of the 80 mm diam-
eter blank made of ZhS32-VI alloy (heat 3) — before heat treat-
ment: a, b — peripheral zone; c, d — central zone

C— x50 center

Figure 10. Microstructure of the middle part of a @80 mm billet
made of ZhS32-VI alloy (heat 4) — before heat treatment: a, b —
peripheral zone; c, d — central zone
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d - melt 4
Figure 11. Carboboride eutectic in the material of ZhS32-VI al-
loy blanks produced on a ULVAC FM-1-2-100 unit, x 1000

c—melt3

The microstructure of blanks from heats 1, 2, and 3,
heat-treated using the standard mode, revealed structures
characteristic of the overheated state of ZhS32-VI alloy
(Figure 12a, b, c).

The microstructure of the blank from heat 4 after heat
treatment is satisfactory for a normally heat-treated ZhS32-
VI alloy and corresponds to the approved microstructure
scale; there is no overheating (Figure 12d).

No topologically close-packed phase (TCP) was de-
tected in the studied fragments of the rod blanks (either be-
fore or after heat treatment using the standard mode).

c—melt3 et
Figure 12. Microstructure of ZHS32-V1 alloy blanks heat-

treated using a standard process, produced in a
ULVAC FM-1-2-100 furnace, x 1000

The microstructure of samples cast from melts 1-3,
heat-treated using the standard mode, revealed structures
characteristic of the overheated state of the ZhS32-V1 alloy
(Figure 13a, b, c).

The microstructure of samples cast from melt 4, after
standard heat treatment, is satisfactory for the normally
heat-treated state of the ZhS32-V1 alloy and corresponds to
the approved microstructure scale; there is no overheating
(Figure 13d).
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The mechanical and heat-resistant properties were de-
termined according to TU1-92-177-91, 18T-TU-158, and
18T-TU-187 on non-heat-treated samples. Additionally,
samples heat-treated using the standard regime (homoge-
nization at 1270+10 °C for 1 hour and 15 minutes) were
tested.

The results of the mechanical and high temperature
strength tests are presented in Table 4. The crystallographic
orientation (CGO) on the studied single-crystal samples
did not exceed 0.9 angular degrees.

d-melt4

c—melt3

Figure 13. Microstructure of samples of alloy ZhS32-VI heat-
treated in a standard mode, x500

Table 4 — Mechanical and heat-resistant properties of
alloy ZhS32-VI

Conditi Mechanical properties at | Time to failure
ondition t=20°C (at Tst. 1000 °C
of the Melt 5= 280MPa),t

5 Oy, = 1’y

material MTTa 5, % hours
1 1167 8,4 5220

Without 2 1093 6.4 42°

heat

treatment 3 1089 10,0 65%
4 1125 10,0 64%°

1 1178 6,8 89%

30

After heat 2 1155 b4 8

treatment 3 1174 112 88%

4 1158 8,0 88
Standards TU1-92-

177-91; 18T-TU-158 | >850,0 >6,0 > 40,0

and 18T-TU-187

The calculation and analytical assessment of the
structural and phase stability of the alloy ZhS32-V1 carried
out using the integrated CAM method [11, 12, 14, 186, 20,
21] confirmed the high level of structural stability in terms

© Serhii Puchek, Sergiy Byelikov, 2026
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of the alloy’s tendency to form  TPC
(TIpc~0.3373...0.3489<IIcriT=0.5), as well as in terms of
the alloying system imbalance parameter (AE=-0.0047...-
0.2401<AEei=+0.4), which allows us to consider the alloy
ZhS32-VI1 as sufficiently balanced at the lower level of al-
loying element content.

The calculated value of short-term strength Gp at
room temperature, determined according to the method
[14, 16], yielded a value in the range of 1053.59...1125.08
MPa, which corresponds to the values, obtained on test
samples (1089...1167 MPa, Table 4).

Conclusions

A study of the macro- and microstructure of a series
of experimental heat-resistant nickel alloy ZhS32-VI melts
revealed the satisfactory condition of all samples and their
compliance with technical documentation requirements.
The microstructure of the studied samples is identical and,
prior to heat treatment, consists of a y-solid solution with
the presence of an intermetallic v~ phase, a eutectic (y-y")
phase, carbides, and carbonitrides. Skeletal precipitates of
carboboride eutectic located near particles of the eutectic
(y-y") phase were detected in the structure of all the melts.

The mechanical and heat-resistant properties of the
metal in all melts exceeded the standard values, and the
calculation and analytical evaluation method confirmed a
high level of structural stability and a sufficient balance in
the content of alloying elements, as evidenced by the ab-
sence of TPC phases in the structure.
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OIIIHKA CTPYKTYPHU TA BJIACTUBOCTEM ) KAPOMIITHOI'O
HIKEJIEBOI'O CIIVIABY KC32-BlI AK MATEPIAJLY JJIsS1 BUT'OTOB-
JIEHHA JIOITATOK I'A3OTYPBIHHUX /IBUT'YHIB
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Mema pobomu. Busuumu maxpo- ma MIKpOCMPYKMYPHUL CMAH OOCIIOHUX NIAAB0K JHCAPOMIYHO20 CHIABY
JKC32-BI 0ns supobHuymea ionogioanbHux oemaleti 2a30mypoOiHHO20 08USYHA, OYIHUMU MEXAHIYHI 61ACMUBOCII MA

ACAPOMIYHICMb.

Memoou docnioxcennsn. [lapamempu cmpykmypHoi cmabitbHOCMI OYIHIOBANU 34 BIOOMUMU PO3PAXYHKOGUMU Me-
moouxamu PHACOMP ma New PHACOMP. Maxpo- ma mixpocmpykmypruti ananiz i 0ociiodicents ¢pazo8020 ckuady
npogoouUNU Memooom onmuyHoi memanoepaghii. Mexaniuni enacmueocmi npu KIMHAMHIU memMnepamypi 6UsHAYaIu
810n06ioHo 00 eumoz 1SO 6892-84, CT CEB 471-88, a sunpobyeants Ha mpusany MiyHicme — 8i0N0GIOHO 00 8UMO2

JCTY ISO 204:2019.

Ompumani pesynomamu. I[Iposedeno docniodicennst cmpykmypu ma eiacmugocmeti 3paskie cnaagy XKC32-Bl,
ompumanux y eaxyymiu neyi FM 1-2-100 ¢ipmu “ULMAC” memoodom pisnoocHoi kpucmanizayii. Mikpocmpykmypa
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3pasKie 00 mepMIiuHOI 0OPOOKU B8IONOGIOAE TUMOMY CIAHY CRAABY, A NICAS MEPMOOOPOOKU — 3A00BOIbHAE MEXHIYHUM
YMOBAM Ma 8I0N0GI0AE 3amMEePONCEHI WKA MIKpOCmMpPYKmyp. Mexarniuni enacmueocmi ma s#capomiyHicms 6i0nogioa-
0Mb UMO2AM MEXHIYHOT OOKYMeHmayii 00 8I0N0GIOAIbHO20 HCAPOMIYHO20 TUMMSL.

Haykosa nosusna. Ompumano Hosi 0aHi npo cmpykmypy ma gazoeuii ckiaod sxcapomiynozo cnaagy KC32-BI oo-
COHUX Niasox. Memoo po3paxyHKy ma ananimuiHoi oyiHKu niomeepous GUCOKUIL Pi6eHb CIMPYKMYPHOL CIILIKOCML.

Ilpakmuuna yinnicme. Ompumani pe3yabmamu 0aioMb MONCIUGICIb POSMUPUMU 3ACIOCYBAHHIL JHCAPOMIYHO2O
nixenegozo cnaagy KC32-BI ona suzomoenenus 6unueKie 8ionogioaibHo20 npusHa4eHHs.

Kniouosi cnosa: scapomiynuil cniag, Makpo- ma MikpoCmpyKmypa, Mexauiuti 61acmugocmi, JcapomiyHicmy, 20-

MO2eHI3ayisl.
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INFLUENCE OF STRUCTURAL FACTOR OF POWDER MATERIAL ON
ELEMENTS STRENGTH

Purpose. To investigate the influence of porosity and chemical composition on the strength of titanium structural
components made from the unalloyed titanium alloy VT1-0, manufactured by powder metallurgy. The work aims to refine
the methodology for calculating such components while taking into account the specific features of their structure, since
the presence of pores contradicts the traditional hypothesis of material continuity.

Research methods. For the experiment, thermomechanical titanium powder PT5 was used. After pressing (700
MPa) and vacuum sintering (1250 °C, 180 min), the VT1-0 alloy was obtained. A comparative analysis of the structure
and mechanical properties of the sintered material and its cast counterpart was carried out.

Results. The key structural distinction is the porosity of the sintered alloy, which is 13 %, with pores located mainly
along grain boundaries. In terms of chem-ical composition, powder-based VT1-0 has twice the oxygen content (0.20 wt%)
compared to the cast alloy (0.10 wt%). It is known that oxygen significantly increases the strength of titanium alloys;
however, the ultimate strength of the sintered VT1-0 alloy was 330.5 MPa, which is 45.5 MPa lower than that of its cast
counterpart (376.0 MPa). This is due to the presence of pores in the metal structure. Eliminating these pores will increase
strength compared to a cast material of similar chemical composition and reduce its dispersion to that of a cast alloy.

Scientific novelty. The main conclusion of the study is that the reduction of the effective metal cross-section bearing
the load (due to 13 % porosity) outweighs the strengthening effect of the higher oxygen and other substance’s content.
The presence of pores also leads to a significant increase in the scatter of strength and in some cases microhardness
values. If we make a correction for the effective cross-sectional area minus the pores, the actual strength of the powder
sample would be higher due to the increased oxygen and other substance’s content.

Practical value. It was proved that the actual negative effect of porosity on strength is significantly outweighed by
the strengthening effect resulting from microalloying with impurities during sintering. Given the high dispersion of the
strength index, this effect can be explained by the fact that the influence of porosity on the ultimate strength is
multidimensional and depends on factors such as pore shape and size, the presence of sharp corners in them and their
volume fraction.

Key words: powder metallurgy, additive alloys, pores, material strength hypotheses, mechanical properties,
strength, stress.
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Introduction

The development and implementation of powder met-
allurgy in the production of structural components requires
refining the methods used to calculate the strength of these
elements, taking into account the specific features of their
structure. In the mechanics of materials, the assumption of
material continuity states that a material must be solid and
uninterrupted — meaning it should not contain cavities,
cracks, or pores of various origins, as these act as stress
concentrators. Materials produced from powders inher-
ently contain pores of different shapes and sizes. One such
material is the structural, non-alloyed titanium VT1-0, ob-
tained via powder technology (PT).

For the sintered VT1-0 titanium alloy, its strength
characteristics correspond to those of cast titanium of the
same grade. However, some discrepancies in properties are
observed. Specifically, the average ultimate strength of
VT1-0 for bar-rolled products is 425 MPa, whereas for cast
ingots this value is only 350 MPa. This discrepancy arises
from differences in the structure of the billets, which, de-
spite identical chemical composition, are influenced by
technological parameters and the manufacturing method.

Analysis of research and publications

Titanium alloys are critically important materials for
high-tech industries such as aerospace, automotive, and
medical sectors due to their unique combination of high
specific strength, corrosion resistance, and biocompatibil-
ity [1]. Traditional metallurgy for producing titanium cast-
ings is extremely expensive and energy-intensive, which
motivates the development of alternative, cost-effective
manufacturing methods. Powder metallurgy (PM), includ-
ing its various forms (pressing and sintering) as well as ad-
ditive manufacturing, offers pathways for producing near-
net-shape components that significantly reduce material
waste and machining costs. [1, 2] However, the widespread
adoption of PM-titanium is limited by the need to ensure
mechanical properties comparable to those of cast ana-
logues. A similar challenge arises in additive manufactur-
ing, where powders are also used. The main factors influ-
encing the final material properties are residual porosity,
impurity control, and thermomechanical processing tech-
nologies. [2, 3, 5].

Porosity is the most significant defect in powder-de-
rived materials because pores act as stress concentrators,
leading to premature failure. Studies on TiNbZrTa alloys,
which are promising for biomedical applications, have
shown that samples produced with minimal porosity ex-
hibit significantly higher hardness compared to their po-
rous counterparts [4]. This demonstrates the direct negative
effect of porosity on static characteristics. Other studies [3,
5] have focused on controlling the final microstructure of
the alloy to achieve the required performance characteris-
tics.

Thus, there are two main approaches to reducing po-

rosity: optimization of the sintering process and secondary
processing. In [6], the authors investigated the influence of
hot-pressing parameters on titanium with a bimodal micro-
structure, confirming that controlled adjustment of temper-
ature and pressure is an effective means of managing the
final porosity and mechanical behavior. The authors of [3]
also established the importance of sintering temperature,
using inductive hot pressing to produce titanium compo-
sites.
Complete elimination of porosity is not always necessary
—for example, to ensure osteointegration in implants [7, 5].
In [7], it was shown that surface engineering through ni-
triding and burnishing significantly improves the wear re-
sistance of a highly porous titanium alloy by closing sur-
face pores and forming a nitride layer, without altering the
properties of the underlying core.

As noted above, porosity regulation is a critical issue
for titanium alloys. It can be addressed at the synthesis
stage, but there are also methods and technologies that al-
low porosity reduction after the billet has been produced.
Thermomechanical treatment is highly effective for tita-
nium alloys. In [8], a sintered titanium alloy containing 5%
iron and produced via powder metallurgy with a porosity
of 10% was studied. The samples failed in a brittle manner,
but hot rolling complicated the fracture process due to a
sharp reduction in porosity. It was also reported that this
treatment increased the tensile strength of the alloy to 960
MPa. These results indicate that porosity has a significant
influence on alloy strength, and that additional thermome-
chanical processing can compensate for the limitations of
the basic powder metallurgy process by effectively elimi-
nating pores.

The effect of porosity becomes especially critical un-
der cyclic loading. In [9], it was shown that for Ti-6Al-4V
produced via Binder Jetting — a form of PM - residual in-
ternal porosity remains the primary cause of low fatigue
life, even at relatively high densities (up to 95%). The au-
thors demonstrated that to achieve reliability comparable
to cast Ti-6Al-4V, hot isostatic pressing (HIP) is a neces-
sary secondary operation. HIP effectively closes internal
pores, raising the density to 99.8% and restoring fatigue
strength [9].

In additive manufacturing, for example Electron
Beam Melting (EBM), the microstructure and mechanical
properties of the resulting material are influenced by tech-
nological factors such as build geometry and powder reuse.
This highlights that quality-control challenges found in tra-
ditional PM remain relevant in advanced AM technologies
as well, requiring careful parameter regulation [10].
Titanium powders typically contain an elevated oxygen
content, which significantly increases material strength.
However, excessive oxygen leads to brittleness and a dras-
tic decrease in ductility. Therefore, controlling the material
properties requires precise regulation of oxygen content in
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titanium. Studies [2, 11] present a new sintering-deoxygen-
ation process for Ti-6Al-4V powder that enables reduction
of oxygen content, which is critically important for ensur-
ing adequate ductility and reliability of the final material.

Titanium powders contain an elevated oxygen con-
tent, which significantly increases the material’s strength.
However, an excess of oxygen leads to brittleness and a
substantial reduction in ductility. Therefore, controlling the
material’s properties is possible only through precise regu-
lation of the oxygen content in titanium. Studies [2, 11] de-
scribe a new sintering — deoxygenation process for Ti-6Al-
4V powder that allows reducing the oxygen content — crit-
ically important for ensuring the required ductility and re-
liability of the final material.

As in [8], the authors of [2, 7, 11] have shown that
strength can be increased — while maintaining a controlled re-
duction in ductility — through the presence of “harmful” im-
purities in titanium (iron, oxygen, nitrogen). Thus, there is a
clear relationship between porosity, impurity content (oxygen,
nitrogen, iron), and the resulting mechanical properties.

Purpose

This scientific and practical work is devoted to a
comprehensive analysis of the mechanical properties of
structural elements made of technically pure unalloyed
titanium alloy of the VT1-0 brand by the powder
metallurgy method. Special emphasis is placed on the
relationship between the level of residual porosity,
chemical composition and actual strength of products made
of such materials. The relevance of the work is due to the
need for a fundamental review and improvement of
existing methods of engineering calculation of structural
components of mechanical engineering made of powders,
since the specific microstructure of such materials,
saturated with internal pores, directly contradicts the
classical hypothesis of material continuity, which is the
basis for the fundamental academic course of materials
resistance. The study considers how the morphology of
pores and the concentration of impurities affect the
distribution of internal defects, which allows us to offer
certain clarifications for predicting the reliability and
durability of titanium parts in real operating conditions,
ensuring the optimal balance between the weight of the
structure and its ability to withstand critical loads. The aim
of the work is to prove the need to improve the methods of
calculating the strength of structural elements made of
powder titanium alloy VT1-0 through a comprehensive
analysis of the influence of porosity and chemical
composition.

Material and research methods

To produce the sintered titanium alloy, thermome-
chanical titanium powder PT5 (Technical Specifications
(of Ukraine) 14-10-026-98) (Table 1) was used as the base
material, without fractional sieving (fraction —0.50/+0.16),
i.e., in the as-supplied condition.

Table 1 — Chemical composition (impurities) of PT5
owder, wt% [12]

Fe Cl C Si N O H Ti
0,08 | 0,06 | 0,03 | 0,04 | 0,03 |020 | 0,01 | base

After sintering the thermomechanical titanium powder
PT5, the unalloyed titanium alloy VT 1-0 was obtained. The
requirements of the state standard for this alloy with re-
spect to impurities are summarized in Table 2.

Table 2 — Chemical composition (impurities) of VT1-0,
wt% [12].

Fe C Si N O H Ti
Up to {Up to | Up to | Up to fup to|up o
0,25 0,07 0,1 0,04 0,2 0,01

Compaction of the titanium samples was carried out
on a DB2432A hydraulic press with a working pressure of
700 MPa. Sintering was performed in a laboratory vacuum
electric furnace model SNVE-1.3.1/16 according to the fol-
lowing technological scheme: heating at a rate of Viea =
20 C/min, followed by an isothermal hold of 180 minutes
at a temperature of 1250 °C £ 10 °C in a protective atmos-
phere—vacuum at 13.3 Pa. After the hold, the samples
were cooled together with the furnace, also under vacuum.
The chemical composition of the experimental titanium al-
loys was determined using the spectral method with a
SPECTROMAX spectrometer (manufactured by SPEC-
TRO) in accordance with standard procedures from GOST
19863.1-91 to GOST 19863.12-91. The content of gaseous
impurities — nitrogen, oxygen, and hydrogen — was meas-
ured separately according to industry standard OST
190013, using an ON900 gas analyzer (manufactured by
ELTRA) at SE “ZTMK?” as part of joint research work.
Samples for metallographic examination were prepared us-
ing the standard procedure involving sequential grinding
and polishing. Etching of the prepared sections was carried
out in a special reagent containing 10 ml HF, 25 ml HNOs,
and 65 ml glycerin. Microstructural analysis was per-
formed using a NEOPHOT-32 inverted reflected-light mi-
croscope manufactured by Carl Zeiss. Quantitative evalua-
tion of porosity (volume fraction of pores) was conducted
using the Rozival line method on an MIM-8M optical mi-
Ccroscope.

Microhardness measurements were performed in ac-
cordance with the standard procedure DSTU 3827:2004 on
a PMT-3 microhardness tester at a load of 0.49 N. Final
microhardness values for different structural constituents
were determined as the average of five measurements,
based on the diagonal dimensions of the indentations. Me-
chanical testing was conducted according to the standard
methodology.
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Research results and their discussion

To evaluate the structure, metallographic analysis
was performed on both the cast and the sintered VT1-0 ti-
tanium alloy produced from PT5 powder. Analysis of the
microstructure of VT1-0 in the cast condition revealed the
presence of B-transformed grains with a size of 150-200
um. These grains consist of packets of parallel a-plates
with a thickness of 4-10 um, whose linear dimensions are
comparable to the size of the primary p-grains (Fig. 1a).

Figure 1. Microstructure of VT1-0 titanium alloy [12]:
a — cast VT1-0; b — powder-based VT1-0 (PT5)

The structure of the sintered powder titanium alloy
produced from PT5 powder (see Fig. 1, b) consisted of a-
phase grains and pores of various geometric shapes and
sizes. The pores were located both within the grain volume
and along grain boundaries, with the latter being the pre-
dominant location. The average size of the elongated o-
grains did not exceed 100 pm.

Analysis of the structure (see Fig. 1b) shows that the
sintered VT1-0 titanium alloy produced from PT5 powder
contained pores of complex configuration, unevenly dis-
tributed throughout the volume of the workpiece. The pore
area fraction on the polished section was 13 %, which re-
sulted in a low material density, and their average size did
not exceed 60 um. Thus, the only difference between the
alloys under investigation is their porosity.

Analysis of the microhardness measurements of the
alloy grains showed that the values for the sintered titanium
alloy are 50 MPa higher than those for the cast alloy (Table
3). At the same time, dispersion analysis indicated that the
microhardness values do not exhibit the same spread rela-
tive to their mean. The microhardness dispersion of the sin-
tered alloy is 5 units higher than the corresponding value
for the cast titanium alloy.

Table 3 — Results of mechanical property testing of
titanium alloys manufactured using different technologies
12]

Mechanical properties

Alloy - H™,
s 8,%| S5 | WA Sy |ypal Suw | %

B

BT1-0|376,0 23,35/ 14,2| 0,56| 24,1| 0,62 (1400 45,46

cast

BT1-0

(IT5) 330,5

7512 50| 0,21 75| 0,25|1450) 50,44| 87,3

sintered

The ultimate strength of the sintered titanium alloy samples
was 330.5 MPa, which is 45.5 MPa lower than the ultimate
strength of cast VT1-0 titanium (376.0 MPa). However,
analysis of the dispersion of this parameter showed that its
value is significantly higher for the sintered alloys com-
pared to the cast ones (75.12 and 23.35, respectively),
which is attributed to the presence of pores.

The lower ductility of sintered powder alloys com-
pared to cast VT1-0 is due to the presence of titanium com-
pounds with nitrogen, oxygen, and hydrogen on the surface
of the powder particles [13-15]. According to the literature
[13 — 15], these compounds decompose under sintering
temperatures, and the elements released during decompo-
sition diffuse into the metal, thereby reducing its ductility.
DSTU 1SO 6892-1:2019 specifies that the ultimate tensile
strength is calculated using a formula that is universally ac-
cepted for stress calculations in general engineering me-
chanics disciplines (such as strength of materials):

P

O'B = -
Fo

where F, — cross-sectional area of the specimen; for a cir-
cular cross-section;

wd?
Fo ="~
0 4’

d - diameter of the cross-section;
P — value of the force that deforms the sample.

The cross-sectional area of the sample is determined
by the formula F, = 0,257d? and does not include the re-
sulting pore area. When using the powder-derived VT1-0
titanium alloy, the effective cross-sectional area is reduced
by the area of the pores present within the cross section.
This can be taken into account in the formula for determin-
ing the ultimate strength as follows:

_ Niax
aBpores - '
Fo—F, pores

where F,ors — the area of pores that fall into the plane of
the cross section.
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As noted in Tables 1 and 2, the chemical composition
requirements for the materials are almost identical. The re-
sults of the chemical composition analysis of the examined
materials are summarized in Table 4.

Table 4 — Chemical composition of the studied materals

Material Average content of elements, wt%
Fe Si 02 NZ HZ
Cast 0,25 0,1 0,10 0,040 0,01
Powder-
based ) - 0,20 0,042 0,01

As seen from the data in Table 4, the oxygen content
in the VT1-0 structural titanium alloy produced from PT5
powder is twice as high. As previously noted, oxygen sig-
nificantly increases the strength of the alloy. [14]. For
every 0.1 wt% increase in oxygen, the strength of a tita-
nium alloy increases by approximately 100 MPa. From Ta-
ble 3, it can be seen that the ultimate tensile strength is
376.0 MPa and 330.5 MPa for the cast and powder-sintered
alloys, respectively. Thus, the strength of the sintered alloy
is 45.5 MPa lower, although, according to Table 4, its ox-
ygen content is 0.1% higher. Assuming the sintered tita-
nium alloy contained no pores and that the specimen cross-
sectional area was the same, the strength of such a material
could reach 450-500 MPa due to oxygen strengthening
alone.

The pore content in the powder-sintered alloy was
13 %, which means a 13 % reduction of the cross-sectional
area F, in the formula used to calculate ultimate strength.
In other words, the actual cross-sectional area of the tita-
nium specimen (for specimens with a working diameter of
5 mm) is 17.074 mm? instead of 19.625 mma2. This implies
that the ultimate strength of the sintered alloy should have
been higher for the same applied force used in the labora-
tory test.

Taking into account both the higher oxygen content
compared to the cast alloy and the reduced cross-sectional
area due to the porosity of the sintered material, its strength
should have been significantly higher than that of the cast
alloy. However, the study revealed the opposite. As noted
above, porosity led to an increase in the dispersion of ulti-
mate strength values. In other words, the actual negative
impact of porosity on strength far outweighs the strength-
ening effect produced by alloying.

Considering the high dispersion, this effect can be ex-
plained by the fact that the influence of porosity on ultimate
strength is multidimensional and depends on factors such
as pore shape, pore size, the presence of sharp edges, and
their volumetric fraction.

Conclusions

The lower overall strength of the sintered sample, de-
spite its elevated oxygen content, is attributable to its poros-
ity. This strength can be increased by eliminating the pores.

The influence of pores on ultimate strength is com-
plex and requires consideration of their shape, size, the
presence of sharp edges, and their volumetric fraction.
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Onekcint
OMeNBLYEHKO

Mema pobomu. JJocrioumu eniué nopucmocmi ma XiMiyHo20 CKIa0y HA MIYHICMb MUMAHOBUX KOHCMPYKYIUHUX
KOMNOHEHMIB, GUSOMOBNIEHUX 3 HeNe208aH020 mumanoeozo cnaasy BT1-0, ompumanozo memooom nopouikogoi memay-
peii. Memoio pobomu € yOoocKkoHanieHHs Memo00a02ii pO3PAXYHKY MAKUX KOMIOHEHMI8 3 YPAXYy8aAHHAM 0COOaU80Cmel
iXHbOI CIMPYKMYpPU, OCKINLKU HAABHICIb NOP Cynepeyums mpaouyiliHit 2inomesi npo cyyinbHicme mMamepiany.

Memoou docnioxycenna. /[na excnepumenmy Oyio 6UKOPUCIAHO MePMOMEXAHIuHULl mumarosuil nopoutok I1T5.
Hicna npecysanus (700 MIla) ma sakyymuozo cnixanns (1250 °C, 180 x8) 6yn0 ompumaro cnaas BT1-0. Byno nposedero
NOPIGHANLHUL AHATLI3 CIMPYKMYPU MA MEXAHIYHUX 6]IACTUBOCTEN CHEYeHO020 Mamepiany ma o20 JUmo20 aHaio2d.

Ompumani pesynomamu. Knouosoio cmpykmypHoto 8iOMIHHICIIO € NOPUCMICb CHEYeHO20 CHABY, KA CMAHOBUMb
13%, 3 nopamu, po3smauto8aHuMu NEPEBANCHO 830064iC MedIC 3epeH. 3a Ximiunum ckradom nopouikoguti BT1-0 mace 606iui 0i-
mowut emicm xuchio (0,20 mac. %) nopienano 3 aumum cnaaeom (0,10 mac.%). Bioomo, wo xucens 3HauHo nioBUUye MiyHicmo
mumanosux cniasie. Knouoeoo cmpykmypHoio 8iomMinHicmio cheueno2o Cniagy € 1020 NOpUCmicms, Aka cmanosums 13%.
3a ximiunum cxnadom nopowxosuti cnias BT1-0 micmums 606iui 6invute xuchio (0,20 mac.%) nopisHsano 3 iumum cniagom
(0,10 mac.%). Bioomo, wo Kucenv 3uauno nioguugye MiyHiCms mumano8ux CHIAGI8;, 0OHAK SPAHUYs MIYHOCE CNeueH020
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cnnagy BT1-0 cmanosuna 330,5 MIla, wo na 45,5 MIla menwe, Hidic y tioeo aumozo ananoea (376,0 MIla). Lje nog’s3ano 3
HAAGHICMIO NOP Yy CIPYKMYPI Memainy. YCyHeHHs: yux nop 30Libuums MiyHICMb NOPIGHSIHO 3 TUMUM MAMEPIAIoM aHA02iY-
HO20 XIMIUH020 CKAAOY MA 3MEHWUMb 11020 OUCHEPCIIO NOPIGHAHO 3 TUMUM CNIASOM.

Hayxkoea nosuszna. OchoHuil 6UCHOB0K OOCTIONCEHHS NONALAE 8 THOMY, WO 3MEHUEHHS eheKmMUEHO20 NONEPEUHO20
nepepizy memary, wo Hece nasaumasxcenus (vepes 13% nopucmicme), nepesasicye eghexm 3miyHen s 6i0 U020 BMICMY
KUCHIO ma iHuwux pewosut. Hasenicms nop maxosic npu3eooums 00 3HA4HO20 30i1bUeHHs pO3KUOY 3HAYEeHb MIYHOCI, a 8
Oesaxux sunaokax i Mixpomeepoocmi. Axujo 3pobumu nonpasky Ha egoekmueHy nioufy NonepeyHo20 nepepisy 3a Upaxysan-
HAM Nop, akxmuuna MiyHicms NOPOWKOB020 3paszka byoe 8uwujoio uepes 30iNbueH s BMICIY KUCHIO MA IHUUX PeHOBUH.

IIpakmuuna yinnicms. B pobomi 0osedeno, wo paxmuynuii HeeamugHull 6NIUE NOPUCMOCIT HA MIYHICMb 3HAYHO
nepesaicac egexm 3miyHen s, Wo BUHUKAE GHACTIOOK MIKPOAe2y8ants 0OMiWKamu npu chikauui. Bpaxoeyiouu eucoxy
oucnepciio NoKa3HuKa MiyHoOCMI, yell e(pekm MONCHA NOACHUMU MUM, WO 61U NOPUCIOCTI HA SPAHUYI0 MIYHOCMI €
b6acamosuMipHuM i 3anedxCcums 8i0 MaxKux axkmopis, aK ¢opma ma posmip nop, HAA6HICMe Y HUX 20CMPUX Kymie ma ix

00'emna yvacmrka.

Knrouosi cnosa: nopowikoga memanypeis, aOumusHi Cniagu, nopu, 2inomesu onopy mMamepianis, MexaHiuui euac-

Mmugocmi, MiyHiCb, HANPYIHCEHHA.
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EFFECT OF AUSTENITE DEGRADATION CONDITIONS ON THE
PROPERTIES OF STEEL 20

Purpose. To investigate the nature of property changes in thermally strengthened coiled steel 20 depending on the
mechanism of austenite degradation.

Research methods. The material for study was a wire with a diameter of 3 mm, made of low-carbon steel, with
0.22% C, 0.46 % Mn, 0.088 % Si, 0.1 % Cr, 0.03 % S, 0.012 % P. The different structure state of the steel was obtained
after certain processing. The samples, 0.3 m long, were subjected to austenitization at a temperature of 920 °C for 8 min,
after that for 10 min followed isotherm exposure, at temperatures of 650-200 °C and tempering at temperature of iso-
thermal transformation, duration by 60 min. The microstructure was studied using light and electron microscopy. Di-
mensions of structural element were determined by quantitative metallography methods. The mechanical properties were
determined from analyzing tensile curves at room temperature and strain rate of 103 s%.

Results. The change at structure and properties is largely determined by the mechanism of austenite transformation
under isothermal conditions. During diffusion transformation of austenite, the dispersion of the phase components is
accompanied by an increase at super saturation of the solid solution by carbon. For the intermediate transformation
region, a change at phase composition of the steel is added. The subsequent tempering determines the kinetics and degree
of completion processes of structure formation of the thermally hardened rolled steel. At low tempering temperatures of
steel with a bainite structure, hardening is due to the development of aging processes. With an increase at tempering
temperature, the development of softening processes is accelerated.

Scientific novelty. The increase plasticity of the steel with a bainite structure is due to a decrease of dispersion of
cementite particles, dislocation density, and the development of polygonization at initial stages of recrystallization. The
softening of steel with a ferrite-pearlite structure is determined by a decrease in phase hardening during austenite trans-
formation.

Practical value. Mechanism analysis of structural transformations has determined that manufacture of thermally
strengthened rolled steel, the expected softening after coiling is recommended to compensate by a corresponding decrease
of temperature of the end of accelerated cooling.

Key words: low-carbon steel, isothermal transformation, austenite, ferrite, pearlite, dispersion.

Introduction
strength and service properties of products can be achieved  Structure and property set of the rolled product. At the same

via two fundamentally different technological approaches.  time, the morphology and dispersion of phase constituents
The required phase composition of steel is obtained by ad- ~ are governed by the conditions of the final stage of product

justing the concentration ratios of chemical manufacturing [2, 3].
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Another approach to modifying the structure and
properties of metallurgical products involves targeted var-
iation of the heating and cooling temperature-rate parame-
ters [4, 5]. This technology can be applied both to individ-
ual products and to billets at intermediate processing
stages. The variety of such processing schemes is generally
referred to as thermal strengthening technology.

Compared to altering the phase composition of steel
through alloying, the use of thermal treatment technologies
significantly expands the possibilities for structural modi-
fication during the production of iron-carbon alloys [6, 7].
This provides an additional factor for change not only in
the morphology and dispersion of phase constituents, but
also in their nature and quantitative ratio during structure
formation [8].

The allotropic transformation of iron and the thermo-
kinetic conditions of cooling form the basis for obtaining a
variety of phase constituents, depending on the component
ratios and the degree of undercooling relative to the critical
temperatures of phase equilibrium.

Analysis of research and publication

Compared to the structure of low-carbon steel after
hot plastic deformation, the use of thermal strengthening in
the rolling mill flow leads to qualitative changes in the
structure and the corresponding set of properties [9, 10].
Proportionally to the cross-sectional thickness of the rolled
product, the complexity of achieving the critical cooling
rate results in the formation of a structural gradient, starting
from the surface with intensive heat removal. The continu-
ous decrease in cooling rate with increasing distance from
the surface determines the structural state and the corre-
sponding set of properties [11]. Thus, the structural gradi-
ent formed along the cross-section of the rolled product is
determined by the temperature at the end of forced cooling
for a given metal volume [6].

Compared to the production of metallic products in
the form of rods, the manufacture of rolled products wound
into a bundle has its own specific features [12, 13]. One of
these is the additional thermal effect on the metal after the
completion of forced cooling and coiling into a bundle [14,
15]. Indeed, after coiling, the rolled product remains for
some time under the influence of the final accelerated cool-
ing temperature. The duration of this thermal exposure at
tempering is proportional to the mass of metal in the coil.
Therefore, additional holding at such temperatures inevita-
bly affects the structure and the associated set of properties
of the rolled product [1, 5].

Meeting certain challenges, the additional thermal ef-
fect on the structure and properties of thermally strength-
ened rolled steel, which is wound into a bundle, can be
evaluated by modeling the structural transformation pro-
cesses in the metal. For this purpose, thermal strengthening
in the rolling mill flow and holding the metal at the coiling
temperature can be represented as alternating isothermal
transformation at a certain temperature (below Ac1) and
holding at this temperature.

© lhor Vakulenko, Serhii Plitchenko, Tatyana Kalinina, 2026
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Research material and methodology

The material selected for the study was a 3 mm diam-
eter low-carbon steel wire with the following chemical
composition: 0.22 % C, 0.46 % Mn, 0.088 % Si, 0.1 % Cr,
0.03% S, and 0.012 % P.

Different structural states of the steel were obtained
through specific thermal treatments. Wire samples, 0.3 m
in length, were austenitized at 920 °C for 8 minutes. This
was followed by isothermal holding for 10 minutes at tem-
peratures ranging from 650 °C to 200 °C, and subsequent
tempering at the isothermal transformation temperature for
60 minutes. Heating to the austenitization temperature, iso-
thermal holding, and tempering were carried out in molten
mixtures of various salts.

Sample preparation for microstructural analysis was
performed in accordance with the requirements of light and
electron microscopy [16]. To reveal the microstructure,
specimens were etched using a standard reagent (4 %
HNO:s solution in ethanol).

Mechanical properties, including strength, ductility,
and the strain hardening coefficient, were determined by
analyzing tensile curves [17, 18] obtained at room temper-
ature and a strain rate of 103 s,

In the first stage, the technical tensile diagram was
converted into a true stress-strain diagram and then plotted
in logarithmic coordinates (Fig. 1).

lge

lgs

Figure 1. Schematic view of true tension diagrams in logarith-
mic coordinates:
a — with a section of discontinuous flow and b — without it

From the technical tensile curve in the coordinates
“applied load (P;) — sample elongation (Al;)”, where elon-
gation was calculated as Al; = Ix — lo (with lo and I being
the initial and final gauge lengths, respectively), the true
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stress (oi) and true strain (&;) were calculated. The calcula-
tion method was based on the assumption of constant of
metal volume during plastic deformation.

True strain was calculated using the
&i = In(l/lo).

To calculate the true stress (oi), it is necessary to esti-
mate the current cross-sectional area (F;) of the gauge sec-
tion of the specimen after loading with force P;. Consider-
ing the constancy of the metal volume in the gauge section,
after elongation by Al;, the cross-sectional area decreases
accordingly to the value Fi. Thus, the true stress is deter-
mined as: oi = Pi/Fi.

Based on the current values of 4 and &; obtained from
the true tensile curves (oi and ¢;), the strength characteris-
tics were determined, including the yield strength (oy) and
ultimate tensile strength (cs). The relative elongation (o)
was calculated using the relation: 6 = [Ali/10]-100 %.

Further, by analyzing the constructed tensile curve in
the coordinates Ig ci — Ig & (Fig. 1a), the strain hardening
coefficient (n) was determined. This coefficient is the ex-
ponent in the equation o = K-¢n, which describes the gen-
eral form of the deformation curve. The value of n was de-
termined as the tangent of the slope angle () in the initial
segment (CD) of uniform strain hardening, according to:
tga = Alg ci/Alg ;.

relation

Results and their discussion

The process of structure formation in thermally
strengthened coiled steel after the completion of hot defor-
mation can be divided into two stages. The first stage ends
when the rolled product reaches a certain temperature after
accelerated cooling. The structural state at this point corre-
sponds to the conditions of isothermal austenite transfor-
mation at the temperature of the end of accelerated cooling.

In the second stage, structural transformations occur
due to the thermal effect on the metal after it is coiled. In
terms of its effect on the structure and properties of the
metal, the thermal influence after coiling into a bundle is
equivalent to tempering at the isothermal austenite trans-
formation temperature [8, 11].

Accepting the concept of two-stage structure for-
mation in rolled products, it is first necessary to consider
the effect of the isothermal austenite transformation tem-
perature on the structure and properties of low-carbon
steel. In the temperature range up to the minimum stability
of austenite, the diffusion transformation mechanism de-
termines the morphology and dispersion of the structural
constituents of the studied steel [19, 20]. At transformation
temperatures starting from 650 °C, the structure consists of
a small amount of regions similar to Widmanstétten ferrite
(Fig. 2a), polyhedral ferrite grains, and pearlite colonies of
defined dispersion. It should be noted that at isothermal
austenite transformation temperatures under the diffusion
mechanism, structure formation is determined by the quan-
titative ratios and dispersion of the structural constituents,
without qualitative changes in the phase composition of the
steel.
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Figure 2. Microstructure of steel 20 after isothermal transfor-
mation at 650 °C (a) and 600 °C (b). Magnification: x1000

Indeed, when the isothermal transformation tempera-
ture is reduced to 600 °C, alongside the refinement of
structural constituents, a progressive decrease in the num-
ber of polyhedral ferrite grains is observed, accompanied
by an increase in the fraction of Widmanstatten ferrite
(Fig. 2b). The absence of qualitative changes in the steel
structure at this transformation temperature is explained by
the insufficient stability of austenite during cooling [11,
19], which is analogous to the effect of reduced carbon
concentration in steel.

Further lowering the isothermal transformation tem-
perature of austenite to the range of 500-400 °C, while
structural refinement continues, leads to the emergence of
initial signs of qualitative changes in the steel’s phase com-
position (Fig. 3a). As the average size and volume fraction
of polyhedral ferrite grains decrease, the amount of Wid-
manstatten ferrite increases [20], and changes in its mor-
phology begin to appear (Fig. 3b).

A clear confirmation of this phenomenon is the mi-
crostructure of steel after isothermal transformation at
400 °C (Fig. 3c). Compared to the number of individual
Widmanstatten ferrite plates formed at 500 °C (Fig. 3a),
their quantity is significantly lower at 400 °C.

Proportional to the decrease in transformation tem-
perature, the dispersion of compactly arranged cementite
particles increases (Fig. 3d). Moreover, it should be noted
that Widmanstétten ferrite begins to form in two distinct
morphologies: as branched structures and as plate-like
packets (Fig. 3c).
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Figure 3. Microstructure of steel 20 after isothermal transfor-
mation at 500 °C (a, b) and 400 °C (c, d). Magnification: x1000
(a, c), x14,000 (b, d)

The observed structural changes should be considered
as an approach to the temperature range where a change in
the austenite transformation mechanism may occur [15,
19]. Based on this, when the isothermal transformation
temperature drops below 400 °C, qualitative changes in the
structural state of the steel are expected.

The microstructure formed after isothermal transfor-
mation at 300 °C and 200 °C confirms these expectations.
Considering that even a slight decrease in the transfor-
mation temperature starting from 350 °C leads to a rapid
reduction in the number of polyhedral ferrite grains [12,
20], their presence at 300 °C becomes difficult to detect
(Fig. 4a, b).
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Figure 4. Microstructure of steel 20 after isothermal transfor-
mation at 300 °C. Magnification: x1000 (a), x18,000 (b, c)

Simultaneously, regions resembling highly dispersed
pearlite colonies begin to appear (Fig. 4b), and the emer-
gence of metal volumes with a bainite-like structure
(Fig. 4c) should be considered as confirmation of the onset
of qualitative changes. After lowering the isothermal trans-
formation temperature to 200 °C, it becomes extremely dif-
ficult to identify any signs of austenite transformation via
the shear mechanism based on the steel’s microstructure
(Fig. 5).

The microstructure mainly consists of bainitic crys-
tals (Fig. 5a, b) and a number of finely dispersed cementite
particles with localized distribution (Fig. 5c). One of the
reasons for the absence of martensite is the low stability of
austenite in low-carbon steel due to the high temperature
of onset of martensitic transformation (Ms). The Ms tem-
perature can be estimated using the following relation:

Ms =520 — 320(% C) — 50(% Mn) — 30(% Cr) —
—20(% Ni + % Mo) — 5(% Si + % Cu). (1)
where % C is concentration of the carbon and other chem-
ical elements.

Using equation (1), the calculated martensite start
temperature for the investigated steel is 423 °C, which cor-
responds well with known experimental data (420-400 °C)
[12, 19]. Based on this, preventing intermediate decompo-
sition of austenite during cooling and isothermal holding at
200 °C is a rather challenging task.
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As a result of partial austenite decomposition, propor-
tional to the degree of undercooling starting from temper-
atures around 400 °C, there is a gradual increase in the vol-
ume fraction of the bainitic component in the steel struc-
ture.

Overall, it can be considered that during isothermal
holding of low-carbon steel at temperatures close to Ms,
qualitatively similar structures are formed, differing only
in the ratio of structural constituents and their dispersion
[6, 11].

Figure 5. Microstructure of steel 20 after isothermal transfor-
mation at 200 °C. Magnification: x1000 (a), x18,000 (b, c)

When the temperature drops below Ms, the products
of austenite transformation by the diffusion mechanism are
gradually replaced by those formed via the intermediate
mechanism [9]. The transformation of the steel structure
depending on the isothermal austenite transformation tem-
perature is accompanied by corresponding changes in me-
chanical properties (Fig. 6).

In view of the fact that range changes in the relative
narrowing is 73-75 %, uniform elongation (3p) was used as
a characteristic plasticity of the steel.

Analysis of presented dependencies shows that in-
creasing the isothermal transformation temperature is ac-

© lhor Vakulenko, Serhii Plitchenko, Tatyana Kalinina, 2026

DOI 10.15588/1607-3274-2026-1-4

companied by a predictable decrease in strength character-
istics (Fig. 6a, b) and an increase in ductility (Fig. 6c). At
the same time, the metal’s ability for strain hardening
changes according to a more complex relationship
(Fig. 6d).

Overall, the non-monotonic nature of the changes in
steel properties indicates the need to conventionally divide
the temperature axis of the curves into separate regions: |
(650-500 °C), Il (450-350 °C), and 111 (300-200 °C).

For region | (Fig. 6), starting from 650 °C, the grad-
ual decrease in the isothermal transformation temperature
down to 500-450 °C is accompanied by a monotonic de-
crease in elongation (3p), an increase in strength character-
istics (yield strength oy and ultimate tensile strength os),
and an increase in the metal’s strain hardening ability (n).

This behavior of mechanical properties is explained
by the evolution of the structure and changes in the phase
composition of the steel. According to microstructural
analysis, when the isothermal transformation temperature
decreases from 650-600 °C (Fig. 2) to 500 °C (Fig. 3a, b),
there are practically no qualitative changes in the structural
state.

The phase composition remains constant, with only
the quantitative ratio and dispersion of the structural con-
stituents changing. In general, the increase in strength
properties is due to the growth in the amount of Wid-
manstétten ferrite, the reduction in the size of polyhedral
ferrite grains (dp), and the thickness of the ferrite interla-
mellar spacing in pearlite colonies (1) [2, 19].

According to stoichiometry for the investigated steel
under nearly equilibrium conditions, the amount of pearlite
does not exceed 30 %, for temperatures of 650-600 °C, dp
can be considered the main structural element.

At the same time, the presence of Widmanstatten fer-
rite may, to some extent, distort the influence of dp on the
overall properties of the steel.

Indeed, the well-known effect of ferrite grain size on
strength characteristics will be observed only in the ab-
sence of excessive supersaturation of ferrite with carbon
atoms and in the presence of substructural features.

When dp serves as the main structural element for
low-carbon steel, the strain hardening coefficient and plas-
ticity of steel are directly proportional [22].

For pearlite colonies, a qualitatively different rela-
tionship is observed: a decrease in A leads to a decrease in
n, which promotes an increase in the ductility of eutectoid
steel. Thus, as the transformation temperature decreases
from 650 to 500 °C, the reduction in dp, along with an in-
crease in the amount of Widmanstatten ferrite and a higher
degree of ferrite supersaturation with carbon atoms, con-
tributes to a decrease in elongation (dp). Considering that
the dispersion of pearlite colonies should increase Jdp, the
amount of pearlite is insufficient to compensate for the ef-
fect of dp, resulting in an overall decrease in dp. At the same
time, the strain hardening coefficient and dp are inversely
proportional (Fig. 6c, d).
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A further decrease in the isothermal austenite transfor-
mation temperature in region Il is accompanied, similarly
to region I, by an increase in strength and a decrease in rel-
ative elongation. The exception is the behavior of the strain
hardening coefficient n.
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temperature (4) and subsequent tempering at this temperature
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The nature of the dependence of n indicates the emer-
gence of structural changes in the steel that can influence
the development of strain hardening processes (Fig. 6d).
Indeed, microstructural analysis (Fig. 3c) shows that low-
ering the isothermal transformation temperature from 450—
400 °C is accompanied by an increase in the amount of
Widmanstétten ferrite due to a decrease in the number of
polyhedral ferrite grains. Simultaneously, there is an in-
crease in regions containing locally distributed dispersed
cementite particles, similar to remnants of pearlite colo-
nies. Moreover, according to studies [19, 20] of steels with
similar composition, after isothermal austenite transfor-
mation at 450-400 °C, the structure is expected to contain
areas resembling bainitic crystals. Thus, the appearance of
the bainitic phase should be considered one of the reasons
for qualitative changes in the property dependencies of the
steel.

Against the background of a sharp decrease in the strain
hardening coefficient in the temperature range of 450—
400 °C, the ability of the bainitic phase to undergo plastic
deformation [11] should be regarded as one of the reasons
for the change in the rate of decrease of elongation de. On
the other hand, at 350 °C, the almost complete disappear-
ance of Widmanstétten ferrite and the increase in the
amount of bainitic phase, together with the refinement of
cementite particles and a decrease in the amount of pearlite
colonies (Fig. 4a, b), collectively lead to a sharp reduction
in the ductility of the steel.

As an additional source of Jp reduction, the differences
in the strain hardening ability of bainite and pearlite should
be considered, as confirmed by the relationship between n
and & (Fig. 6d, designation ).

Region I1l. Lowering the temperature from 300 to
200 °C results in the formation of a bainitic structure (Fig.
4, 5). This promotes an increase in the strain hardening ef-
fect, which is primarily due to the supersaturation of the
solid solution with carbon atoms during bainite formation
[2, 11] and dispersion strengthening from carbide phase
particles (Fig. 4b, ¢) [20, 21].

Compared to isothermal transformation, the additional
effect of tempering has a distinct impact on the nature of
property changes in the steel (Fig. 6). In general, the differ-
ence in the dependence of mechanical properties on tem-
pering temperature is reasonably consistent with the
formed structural state of the metal. On the other hand, it
should be noted that the tempering temperature has a dif-
ferent effect on the change of specific properties. This is
due to the dependence of steel properties on the develop-
ment of strain hardening processes.

Thus, for the temperature range from 200 to 500 °C,
significant differences in the values of oy and dp are ob-
served at a tempering temperature of about 500 °C
(Fig. 7a, c), while for os and the strain hardening coeffi-
cient (Fig. 7d), the temperature is lower and is approxi-
mately 400 °C (Fig. 7b).
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:
Iy

Figure 7. Microstructure of steel 20 after isothermal transfor-
mation at 500 °C and tempering at the same temperature (a, b);
at 600 °C (c, d); and at 650 °C (e). Magnification: x6000 (a),
x10,000 x1.5 (b-€)

Compared to yield strength (ay), the lower tempering
temperature at which differences in ultimate tensile
strength (os) appear is attributed to the development of
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strain hardening processes. Considering that in the region
of initial plastic deformation (at the level of ay), the contri-
bution of strain hardening is minimal [22], while at the
level of gs, its influence becomes significant. The nature of
the dependence of the strain hardening coefficient (n) on
tempering temperature (Fig. 7d) confirms this reasoning.
Based on this, it can be concluded that minor structural
changes during tempering, to which gy is insensitive, will
affect os due to the development of strain hardening.

Compared to strength properties, the strain hardening
coefficient is a more sensitive indicator of structural
changes, both after isothermal transformation and subse-
quent tempering. Indeed, qualitative changes in the phase
composition of steel due to isothermal transformation tem-
perature correspond to changes in the nature of the n-de-
pendence, with clear segmentation between regions (Fig.
6d).

After the temperature range of 200-300 °C lies the
region of 350-450 °C (Fig. 6d), which corresponds to the
transition from substructural strengthening to the emer-
gence of strengthening due to the presence of ferrite grain
boundaries [16, 17]. Thus, the nearly identical behavior of
property changes up to 450-500 °C indicates the absence
of qualitative differences in the metal’s structure. Com-
pared to isothermal transformation at 500 °C (Fig. 3b, d),
additional tempering at this temperature leads to disloca-
tion redistribution within Widmanstétten ferrite regions
(Fig. 7a). These changes visually correspond to the devel-
opment of polygonization processes. As a result of sub-
boundary formation, ferrite grains are subdivided into mi-
crovolumes and partially cleared of unconnected disloca-
tions (Fig. 7a). At the same time, dispersed particles that
are excretion at sub-boundaries contribute to the develop-
ment of dispersion strengthening.

Dislocation redistribution is inevitably accompanied
by their annihilation, reducing the accumulated dislocation
density resulting from phase hardening after isothermal
austenite transformation.

Similar structural changes are observed in ferrite mi-
crovolumes with compactly arranged cementite particles
(Fig. 7b). Dislocations blocked at cementite particles form
a sub-boundary-like network. However, the extent of struc-
tural evolution during tempering is insufficient to fully ex-
plain the nature of property changes. The relatively small
softening effect after tempering at 500 °C (Fig. 6) should
be considered as the result of competing structural trans-
formation processes. The softening effect from polygoni-
zation is partially offset by dispersion strengthening from
cementite particles precipitated along sub-boundaries dur-
ing tempering.

As the tempering temperature increases, the accelera-
tion of diffusion-driven mass transfer enhances the soften-
ing effect. The initial stages of dislocation redistribution at
500 °C are further intensified at 550-600 °C (Fig. 7c, d).

In addition to polygonization, tempering at 600 °C is
accompanied by the onset of recrystallization processes in
regions of Widmanstatten ferrite (Fig. 7¢).
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Visually, this is manifested as a change in the devel-
opment of recrystallization mechanism — from the migra-
tion of high-angle grain boundaries to the disappearance of
low-angle boundaries, similar to those separating adjacent
plates of Widmanstatten ferrite (Fig. 7c) [11, 16]. This re-
crystallization mechanism is typical for alloys with struc-
tures formed through the presence of boundaries with mis-
orientation angles in the range of 1.5-2°.

Due to the low energy of such boundaries, no addi-
tional energy is required for their migration during recrys-
tallization; instead, neighboring subgrains merge through
the elimination of the boundary between them [16]. The
growth of subgrains, via a mechanism similar to coales-
cence, is partially hindered by the presence of dispersed ce-
mentite particles (Fig. 7d), which also act as obstacles to
dislocation annihilation [23].

Overall, recrystallization in Widmanstatten ferrite re-
gions leads to the formation of polyhedral ferrite grains,
similar to those shown in Fig. 2a.

Moreover, considering the interdependence of the
process’s ferrite recrystallization, spheroidization and ce-
mentite coalescence processes, the localized distribution of
cementite particles contributes to the refinement of ferrite
grains.

As a result, tempering at 600 °C leads to the for-
mation of a highly heterogeneous ferrite structure (Fig. 7d).
Similar structural changes are observed in steel tempered
at 650 °C (Fig. 7e).

Compared to the structure after isothermal austenite
transformation, where the strain hardening coefficient (n)
and elongation (Jp) are mostly inversely related (Fig. 8), ad-
ditional tempering starting from 500 °C results in a direct
proportional relationship between these characteristics
(Fig. 6¢, d and 8).
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Figure 8. Correlation between elongation (Jp) and strain harden-
ing coefficient (n) after isothermal transformation and tempering
within the temperature ranges: 500-650 °C (#); 350-450 °C
(A); 200-300 °C (m)

The validity of this correlation is confirmed by the in-
crease in ductility of low-carbon steel during cold rolling,
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which is proportional to the ferrite grain size. In fact, the
observed relationship is based on the enhanced ability of
low-carbon steels to undergo strain hardening, which in-
creases proportionally with ferrite grain size [22].

Detailed analysis of substructural changes in deformed
low-carbon steel has shown that the direct correlation be-
tween ferrite grain size (dp), strain hardening coefficient
(n), and elongation (Jp) is rooted in the ability of the dislo-
cation cell structure to evolve. The larger the ferrite grain
size, the earlier the breakdown of uniform dislocation dis-
tribution into periodic structures begins, even at lower ac-
cumulated dislocation densities [16, 17].

Considering that the size of a dislocation cell is propor-
tional to the ferrite grain size, the larger the dp, the smaller
the difference in dislocation concentration between the cell
boundary and its interior.

As a result, the larger the dislocation cell and the
lower the total dislocation density, the greater the cell’s
ability to evolve during metal deformation. Therefore, in
low-carbon steel, the capacity for dislocation accumulation
until reaching the maximum allowable concentration in-
creases proportionally with ferrite grain size. Conse-
quently, the increase in ductility of low-carbon steel with
increasing ferrite grain size is fully justified. In this con-
text, the strain hardening coefficient in low-carbon steel
subjected to significant plastic deformation is often used as
a controlling parameter.

Conclusions

The influence of the isothermal transformation tem-
perature on the balance between strength and ductility of
steel characteristics of low-carbon rolled products is deter-
mined by the mechanism of austenite degradation and the
duration of holding after coiling into a bundle. Based on
the analysis of the research results, it was found that the
increase in ductility of steel during austenite transfor-
mation via the intermediate mechanism is achieved
through the growth of cementite particle size, reduction in
dislocation density due to polygonization, and the onset of
recrystallization. For steel with ferrite-pearlite structures,
ductility is proportional to the reduction in phase hardening
effects and the degree of ferrite supersaturation with carbon
atoms.

From a technological standpoint, the softening effect
of coiled into a bundle thermally strengthened steel is pro-
posed to be compensated by appropriately lowering the fi-
nal temperature of forced cooling. This temperature should
be determined based on the level of metal strengthening
and the coil mass.
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Tersaa Kamnigiga

Mema pobomu. JJocniodiceno xapakxmep 3MIiHU 1ACMUBOCIEN MEPMIUHO 3MIYHEH020 OYHMO6020 NPOKAMY 3i CMaii
20 3anedxcHo 8i0 mexauizmy decpadayii aycmenimy.

Memoou oocnioxycennn. Mamepianom 0nst docniodcentss obpanuii Opim diamempom 3 MM 3 HU3bKOGY2NeYesoi
cmani, 3 0,22 % C, 0,46 % Mn, 0,088 % Si, 0,1 % Cr, 0,03 % S, 0,012 % P. Piznuii cmpykmypHuii cman cmaii Oompumy-
eanu nicisi nesHoi 06pobku. 3pasku dosxcunoio 0,3 m niodasanu aycmenimusayii npu memnepamypi 920 °C npomszom
8 x6, isomepmiuno sumpumysanu 10 xe, npu memnepamypax 650 — 200 °C ma niodasanu 8ionycky npu memnepamypi
i30mepmiuHo20 nepemseopents mpuganicmio 60 xe. Mikpocmpykmypy 00Caioxicy8anu 3 BUKOPUCIIAHHAM C8IMI080I i ee-
KMpOHHOT MIKpocKonii Ha npoceim. Posmipu cmpykmypHozo eremenma eusHayaiu 3a MemooOuKamu KitbKicHoi memano-
epagii. Mexaniyni enacmuocmi u3HAYAU 34 AHATIZ0M KPUBUX PO3ZMAZY 3d KIMHAMHOI meMnepamypu ma weuoKocmi
oedpopmayii 107 ¢,

Ompumani pezyromamu. 3mMina CmpyKmypu i e1acmugocmett 8 OLIbWUL MIPi GU3HAYATOMbCS MEXAHIZMOM nepent-
BOPEHHs AyCMeHimy 3a i30mepMidHUx yMos. 3a ougy3iliHo2o nepemeopenus aycmeHimy, OUCnep2y8ants Qaszosux ckia-
008UX CYNPOBOONHCYEMBCA 3POCMAHHAM NepecuyeHHs meepooco PO3UUHY Ha 8yeneys. [l 00aacmi npomMisHcHO20 nepem-
80peHHs 000A€MbCA We 3MiHa (haz08020 cknady cmani. Hacmynuuil 8ionyck 8USHAYA€e KiHEMuKy ma cmynits 3a6epuieHHs
npoyecie CmpyKmypoymeopeHHsi MePMIUYHO 3MIYHEH020 OYHM06020 npokamy. 3a HU3bKUX memMnepamyp 6ionycKky cmaJi
31 CMpYKmyporo Oeuninmy, 3miynenns 00yMoBIeHO PO3GUMKOM Npoyecie cmapinis. 3a nioguujents memnepamypu 6iony-
CKY NPUCKOPIOEMBCS PO3GUMOK NPOYECi8 NOM SAKUIEHH.

Haykoesa nosusna. 36invuenns niacmudnocmi cmani 3 OeUHimHo10 Cmpykmypoio 00yMosieHe 3HUNCEHHAM OUcne-
PCHOCMI YaACMUHOK YeMeHMUMy, WilbHOCmi OUCIOKAYil, PO36UMKOM NOJI2OHI3aYyil ma nouamkogux cmaoill peKpucma-
aizayii. Iom sikwenns cmani 3 epumo-nepaimmoio CmpyKmypo U3HAYACMbCst 3MEHUEHHAM (Da308020 HAKLENY Npu
nepemeopeHti aycmeHnimy.

Ilpakmuuna yinnicmse. 3a anHanizom Mexawizmy CMpYKmMypHUX nepemeopenb GU3HAUEHO, WO NpU GUSOMOGNIEHHI
MEPMIYHO 3MIYHEHO20 NPOKAMY, OHIKY8AHE NOM SIKULEHHS NICTIS 3MOMKU 6 OVHIN MOJNCIUBO KOMNEHCYB8AMU 8IONOGIOHUM
SHUICEHHAM MeMnepamypu KiHys NpUCKOPeH020 0X0N004CeHHs.

Kniwouoei cnosa: nusvrogyeneyesa cmanb, i3omepmiune nepemeopents, aycmenim, gepum, nepiim, OUCNepCHicmb.
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DETERMINATION OF THE INFLUENCE OF METASTABLE AUSTENITE
IN THE SURFACE LAYER ON THE ABRASIVE WEAR RESISTANCE OF
IRON-BASED ALLOYS

Purpose. To consider and summarize the research results that show the influence of metastable austenite on the
surface layer of steels in order to increase abrasive wear resistance. To demonstrate that in a number of cases, to enhance
the specified characteristics in the structure of the surface layer of alloys, it is necessary to obtain metastable residual
austenite alongside other components through various treatments. To present data showing that a self-hardening effect
can be achieved under load, resulting in the formation of a renewable martensitic high-strength layer that provides pro-
tection against destruction. To present new data on the advantages of a differentiated approach to selecting the structure
considering specific testing conditions or operational properties. Regarding these, it is necessary to optimize the quantity
and stability of austenite in relation to the deformation martensitic transformation (DMT).

Research methods. Cemented steels 20X, 18XT, 12X13, 12XH3A4, and 12X2H44, ¥8, ILIX15 were tested for abra-
sive wear resistance on the X4B installation. Abrasive wear tests were conducted on a setup designed according to the
Brinell-Haworth scheme. The microstructure was studied on microsections prepared according to the generally accepted
polishing and etching methodology. Metallographic and durometric studies were conducted. Cementation was carried
out in a solid carburizer with additives that prevented surface oxidation.

Results. It has been established that to enhance the operational properties of cemented steels, it is necessary to
utilize the self-hardening effect under load. It has been determined that the ambiguous assessments of the influence of
residual austenite on the properties of cemented steels are due to the fact that the loading conditions, the amount, and
the stability of austenite, which must be optimal for each specific case, are often not taken into account. It has been shown
that in some cases it is advisable to ensure the formation of a large amount of metastable austenite after high-temperature
treatment, and then, through deformation or (and) heat treatments, as well as other influences, to induce its partial trans-
formation into martensite.

Scientific novelty. The work presents an alternative viewpoint, according to which, under dynamic loads, diffusion-
alloyed steels should create a metastable austenite sublayer by means of the diffusion layer's absorption. To obtain wear-
resistant thermodiffusion layers of significant thickness, it is advisable to create a structure of white chromium-manga-
nese cast irons with metastable austenite. The effective use of concentrated energy sources for strengthening cemented
steels ensures high surface hardness and the necessary amount of metastable austenite in the structure. Furthermore, this
allows the creation of a discrete structure that alternates in a specified sequence between hard and soft components,
significantly enhancing wear resistance.

Practical value. Increasing the mechanical properties of steels allows for greater operational stability of machine
parts, which is an important task in materials science. One of the directions for solving this issue is to obtain a multiphase
structure in steels, one component of which is metastable austenite, where dynamic deformation martensitic transfor-
mation (DDMT) occurs under load, resulting in the self-hardening effect under load (SHE). Methods for obtaining a
surface layer structure of iron-based alloys, along with other components of metastable residual austenite, to enhance
wear resistance under abrasive impact are easily implementable in production conditions. A differentiated approach to
selecting the structure, taking into account specific testing or operational conditions, is necessary.

Key words: metastable austenite, self-hardening effect under load, dynamic deformation martensitic transformation
(DDMT), cementation, strengthening.

martensite and carbides. The amount of residual austenite
should not exceed 10-15 %. At some plants, a higher
amount of austenite is considered a sign of defect. To re-

Introduction

Cementation and subsequent heat treatment are

widely used in industry to increase the hardness, wear re-
sistance, contact endurance, and other properties of steels.
It is generally accepted that the surface layer of cemented
steels should have a structure of tempered high-carbon
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duce or completely eliminate the residual austenite in the
structure, various methods are used: subcooling during
guenching from cementation heating, cold treatment, inter-
mediate high tempering followed by quenching from the
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intercritical temperature range, and others [1]. Meanwhile,
there are known works [2—14] that demonstrate the positive
influence of residual austenite obtained in the surface layer
and the effect of self-hardening under load (SHUL) on
wear resistance and fatigue strength. However, these works
are few, and until now, in educational literature and prac-
tice, residual austenite is considered an undesirable struc-
ture. This is a consequence of the insufficient study of the
conditions under which residual austenite is beneficial. In
this regard, there is an interest in summarizing the research
results on this issue, which is the focus of this work.

Analysis of research and publications

Let's first consider the influence of residual austenite
on abrasive wear resistance. The study [2] shows that dur-
ing tests of cemented steels 20X, 18XT", 12X13, 12XH3A,
and 12X2H4A on the X4B installation, abrasive wear re-
sistance increases with the increase in the content of resid-
ual austenite to levels that reduce hardness by almost 2
times. A pattern is observed, explained by the fact that dur-
ing the impact of abrasive particles, austenite transforms
into thermodynamically more stable
martensite. At this point, the carbon remains in solid solu-
tion, determining its increased resistance to destruction. It
has been established [3] that in cemented steel 20X, hard-
ened from an elevated temperature (1080 °C), when ap-
proximately 3 7% of austenite transforms into martensite
under abrasive impact, wear resistance is at a high level. It
differs little from the level in high-alloy steel X12®d1,
which has a martensitic-carbide structure after heat treat-
ment. The influence of residual austenite on the abrasive
wear resistance of steels 18XI" and 12XH3A was studied
in [4]. It was shown that the highest wear resistance is
achieved when the surface layer structure is predominantly
austenitic (80 %). This is achieved by hardening from the
carburizing heating without cooling, as well as from re-
heating at 1000 °C (tempering at 180 °C for 1 hour). In this
case, the increase in deformation martensite on the worn
surface is the largest (40 %). Based on the obtained data, it
was concluded that to increase the resistance to abrasive
wear of cemented steels, heat treatment should not be
aimed at achieving high hardness, which is provided by a
martensitic-carbide structure, but at realizing the self-hard-
ening effect under load due to the formation of metastable
austenite and abrasive particles in the surface layer. De-
pending on the loading conditions, austenite can be ob-
tained alongside martensite and carbides [5]. The neces-
sary amount of metastable austenite alongside martensite
and carbides, ensuring high wear resistance can be
achieved in low-carbon high-chromium stainless steels
through surface carburizing and subsequent heat treatment.
This is demonstrated on steel 12X13 [6].

The purpose of the work

Consider and summarize the results of studies that
show the influence of metastable austenite on the surface
layer of steels in order to enhance abrasive wear resistance.
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It should be demonstrated that in a number of cases, to im-
prove the specified characteristics in the structure of the
surface layer of alloys, metastable residual austenite should
be obtained alongside with other components through var-
ious treatments. Provide data showing that a self-hardening
effect can be achieved under load, resulting in the for-
mation of a renewable martensitic high-strength layer that
provides protection against destruction. Present new data
on the advantages of a differentiated approach to selecting
the structure, taking into account specific testing condi-
tions or operational properties. In relation to them, the
quantity and stability of austenite should be optimized con-
cerning the deformation martensitic transformation
(DMT).

Materials and research methodology

Cemented steels 20X, 18XT", 12X13, 12XH3A, and
12X2H4A, Y8, IIIX15 were tested for abrasive wear re-
sistance on the X4B installation. Tests for abrasive wear
were conducted on a setup designed according to the
Brinell-Hauworth scheme. The scheme of the testing in-
stallation is shown in Fig. 1.

Figure 1. Scheme of abrasive wear testing:
1 —roller; 2 — weight; 3 — sample; 4 — hopper with abrasive

The rubber disk (1), which rotates, presses the sample
(3) sized 25x10%10 mm with the weight (2). Through a
funnel with a calibrated opening from the hopper (4), the
abrasive (sea sand) is fed, which is captured by the rubber
disk and drawn across the surface of the sample, causing
its wear. A sample made of steel 45 (hardness HV220) was
used as a reference. The tests were conducted for 30
minutes (with weighing the samples every 5 minutes of
wear).

Tests for impact-abrasive wear were conducted ac-
cording to the scheme presented in Fig. 2.

The samples were fixed on a disk that rotated at a
speed of 1350 rpm. Impact-abrasive wear of the surface of
the samples occurred due to collisions with particles of cast
iron shot (0.8 mm) that fall freely. The samples were
weighed with an accuracy of up to 0.01 g. Wear (I) was
evaluated by the weight loss relative to the area of the sam-
ples using the equation: |1 = P/S, where P is the weight loss,
kg; S is the area of the sample, m2. The relative wear re-
sistance (g) was determined as the ratio of the indicators of
the sample (I_sample) to the reference (I_reference) using
the equation: ¢ =1 sample /I _reference.
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Figure 2. Scheme of impact-abrasive wear tests:
1 — hopper with shot; 2 — samples

Hardness was determined by the Rockwell method
according to DST 9013-59 (indentation with a diamond
pyramid under a load of 1500 N). Hardness was defined as
the average of three measurements.

The microstructure was studied on microsections,
which were made according to the generally accepted
polishing and etching methodology.

Metallographic studies were conducted using an
optical microscope “Neophot-21” and an electron
microscope “JEM-100CX-11” (by the method of
transmission of thin foil).

To determine the phase composition, an X-ray
diffractometer DRON-4 was used.

Cementation was carried out in a solid carburizer with
additives that prevented surface oxidation. The cementation
temperature was 930 °C, and the depth of the carbon layer
was 0.7 mm.

Diffusion chromizing was carried out by a gas contact
method in a powder mixture of ferrochrome, aluminum
oxide, and ammonium chloride at a temperature of 1050° C
for 10 hours. The chromized samples were heated in the
range of 850-1000 °C and held for 20 to 240 minutes.
Metallographic and durometric studies showed that there is
a certain heating regime for diffusion-chromized steels
before hardening, which allows
obtaining a white sublayer that is not etched and has a
microhardness of H100 > 9000 MPa.

Research results

A promising direction is the development of methods
for strengthening cemented (nitrocemented) steels, in which,
unlike those traditionally used in industry, it is proposed to
obtain a certain amount of metastable austenite in the
structure of the surface layer and its subsequent
transformation into martensite under load during the wear
process [14-19]. According to the method [18], alloyed
steels are subjected to nitrocementation to obtain an
austenitic structure in the surface layer, after which
strengthening is carried out using means of strain hardening
or dispersion hardening. As a result, high hardness of
60-62 HRC is achieved without the use of quenching, which
eliminates warping of the parts. At the same time, favorable
compressive stresses are created. However, this work does
not consider the possibility of using the deformation
martensitic transformation of austenite under subsequent
loading during the wear process. This is implemented in a
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method that includes conducting thermochemical treatment,
plastic deformation (8) with a degree of 40 % at elevated
temperatures to obtain metastable austenite in the structure.
It is proposed [20] that after obtaining a large amount of
metastable austenite, a deformation or thermal effect should
be applied in such a way that, along with strengthening the
austenite and transitioning part of it into martensite, it would
be preserved in the structure to a certain amount. This
ensures the occurrence of DDMT during the loading in the
operation of parts and tools, and, accordingly, increases their
durability. The amount and degree of stability of the
austenite remaining after processing must be regulated
concerning specific operating conditions. It is proposed [16]
to obtain a differentiated (discrete) structure in the surface
layer of cemented steels with alternating martensitic and
austenitic areas. This can be implemented by quenching with
laser, electron beams, or plasma jets in specified local areas.
This ensures a regular alternation of areas of high and low
hardness.

Usually, the microstructure of the surface after
cementation consists of pearlite and carbides, while the core
consists of martensite and ferrite. After quenching from
900 °C and low tempering (200 °C), the surface structure
contains tempered martensite, carbides, and a small amount
of residual austenite. As the heating temperature during
guenching increases to 1000-1100 °C, the hardness of the
cemented surface decreases due to the complete dissolution
of carbides in austenite and an increase of the amount of
residual austenite (table 1).

Table 1 — The influence of heating temperature
during hardening on the hardness and amount of residual
austenite in the surface layer structure of carburized steel
12X13

Hardness, HRC

Temperature, °C Yresidual, %
900 59,3 12
1000 49,0 17
1100 45,0 25

A similar effect is achieved by conducting local
chemical-thermal treatment and hardening. The macro-
heterogeneous structure significantly increases resistance
to destruction during operation, as softer areas with
increased toughness prevent chipping due to the
propagation of cracks that originate in regions of high
hardness. Furthermore, the Sharpy principle can be
realized, as the premature wear of local areas of low
hardness-forming “pockets”-allows for better retention of
lubrication and, consequently, greater durability of the
components. The effect of such treatment is also due to a
significant increase in microhardness  from
6000-6500 MPa (after conventional heat treatment) to
8000-12300 MPa (after the application of laser and
electron beam treatments), as well as the formation of
metastable austenite, which undergoes DMT under load
during operation. The authors of the work [20] showed that
in the case of obtaining a predominantly austenitic
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structure, laser and electron beam treatments under certain
conditions cause the formation of martensite in the affected
zone, which is due to the high levels of stress that arise.
This allows for the management of the ratio of martensite
to austenite in the structure of steels subjected to
preliminary chemical-thermal treatment. Maximum wear
resistance and contact fatigue occur when a concentrated
heat source achieves 50-60 % residual austenite in the
surface layer of steels and cast iron.

The increase in heating temperature during the
hardening of cemented steel 12X13 from 900 to 1100 °C,
despite a decrease in hardness, results in an increase in
abrasive wear resistance by 1.5 times compared to the level
achieved after hardening at 900 °C. This is due to DMT
and dynamic aging. When determining the resistance to
destruction under impact-abrasive wear, a different pattern
is observed. Wear resistance changes according to a curve
with a maximum at 1000 °C. The lowest level is observed
in steel after hardening from 900 °C, when the structure of
the surface layer is predominantly martensitic-carbide.
This is due to the formation of microcracks in high-carbon
martensite, which has increased brittleness. After
hardening from 1000 °C, the wear resistance of cemented
steel 12X13 increases by 1.35 times compared to the level
achieved after hardening from 900 °C. Hardening from
1100°C already reduces wear resistance due to excessive
stability and, accordingly, less development of DMT. The
presented data confirm the position that it is possible to
significantly enhance the properties of alloys by achieving
optimal amounts and stability of austenite in the structure
for specific loading conditions.

Obtaining austenite alongside with martensite in the
surface layer and increasing resistance to dynamic loads is
facilitated by the heat treatment of diffusion-chromated
high-carbon steels, as a result of which there is a
“dissolution” of the external carbide layer [10]. This has
been demonstrated on steels ¥8 and IIIX15. For each
heating temperature during hardening in the studied range,
there is an optimal holding time that ensures the greatest
strengthening of the sublayer and its magnitude. Figure 1
shows the microstructure of steel Y8, in which the sublayer
has been obtained.

Figure 3. Microstructure of diffusion-chromized steel Y8 after
“dissolution” at 900 °C, 2 hours; x500

The lowest of the studied tempering temperatures that
allow for the necessary microhardness of the sublayer with
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acceptable holding time (1.5-2 hours) is 900 °C. At lower
temperatures, it is not possible to obtain a solid sublayer in
which no etching occurs within the specified time (1.5-2
hours), and at higher temperatures, the microhardness is
not achieved. After hardening at 1000°C and low
tempering, the microhardness of the sublayer is H = 6200—
6500 MPa. At the same time, the grain of the base metal
increases significantly. The highest level of resistance of
the studied steels to impact and high contact loads is
provided by diffusion chromizing at 900-920 °C with a
holding time of 1.5-2 hours, followed by cooling to 800-
820°C, hardening, and low tempering. The amount of
residual austenite in the sublayer is 17-20 %. In this case,
the wear resistance of diffusion-chromized steels increases
by 1.5-2.0 times compared to the wear resistance obtained
after conventional hardening and low tempering. The
effectiveness of the proposed method was confirmed by
operational tests of diffusion-chromized wedges in the
binding systems of machines.

The method of strengthening discussed above can be
applied when the permissible wear is relatively small
(hundredths or tenths of a millimeter), which corresponds
to the total thickness of the layer and sublayer obtained
through diffusion chromizing and heat treatment.
Moreover, the process of saturating the surface with
chromium is lengthy, as it occurs in the solid phase —
austenite. In this regard, [10] proposed and implemented a
technology for obtaining thick diffusion layers, the
structure of which corresponds to that of alloyed white cast
irons. The basis of the technology is the principle that a
shell of liquid phase is created on the surface of the treated
part, in which the diffusion of alloying elements occurs,
coming from a saturated medium. The liquid phase itself,
enriched with the necessary elements, becomes a coating
after crystallization. Since the diffusion process in the
liquid phase occurs at a high speed, it is possible to alloy a
layer several times thicker in a relatively short time than
with the conventional saturation technology. To create a
shell of liquid phase on the surface of the treated part, a
metal or alloy containing the necessary components for the
coating and having a lower melting point than the part and
the saturating mixture is used. The temperature of diffusion
alloying should be higher than the melting point of the low-
melting alloy while keeping the part in a solid state.
Numerous variants of the proposed technology can be
implemented, as various heating methods, application of
low-melting alloys, and different compositions of their
saturating media are applicable. One of the simple methods
for creating multi-component thermodiffusion layers of
large thickness is the gas contact method using a saturating
mixture containing ferroalloys, an inert additive, and a
halide. Authors [21] studied the production of coatings
from the a Fe-Cr-Mn-C system. The liquid phase during
the process temperature was created by melting the filler
elements placed on the surface of the steel sample. The
filler elements were made from cast iron with a
composition close to eutectic in the form of plates with a
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diameter of 25 mm and a thickness of 4 mm. They were
placed on the surface of the samples being strengthened,
which were made of steel 45, and placed in a container with
the saturating mixture. This container was sealed and
placed in a furnace heated to 950-1000 °C. Then the
temperature was raised to 1250-1280 °C and held for 0.5
1.5 hours. As a result of this treatment, wear-resistant
chromium-manganese cast irons of various chemical
compositions were obtained in the surface layer. The most
successful were the diffusion coatings of the following
composition: 2.5 %C, 12-15 % Cr, 4-7 % Mn. They had
an austenitic-martensitic-carbide structure after heat
treatment, which provided the highest abrasive wear
resistance. These data became the basis for further
development of chromium-manganese cast irons and filler
materials with a similar structure [21]. The presented data
demonstrate the great potential for obtaining surface layers
through chemical-thermal and subsequent thermal
treatment of multi-phase structures with metastable
austenite.

Conclusions

It has been established that to enhance the operational
properties of cemented steels, it is necessary to utilize the
self-hardening effect under load. For this purpose, austen-
ite capable of transforming into martensite under load
should be obtained in the structure of the surface layer. The
amount of austenite, the degree of its strengthening, and
stability should be regulated by processing concerning spe-
cific loading conditions, taking into account the initial
chemical and phase compositions of the steels obtained af-
ter heat treatment.

It has been determined that the ambiguous assess-
ments of the influence of residual austenite on the proper-
ties of cemented steels are due to the fact that the loading
conditions, the amount, and the stability of austenite, which
must be optimal for each specific case, are often not taken
into account.

It has been shown that in a number of cases, it is ad-
visable to ensure the formation of a large amount of meta-
stable austenite after heat treatment, and then, through de-
formation or (and) heat treatments, as well as other influ-
ences, to induce its partial transformation into martensite.
At the same time, it is necessary to implement dynamic de-
formation martensitic transformation, which significantly
enhances the service properties of the surface layer.

Under dynamic loads, diffusion-alloyed steels should
create a substrate with metastable austenite due to the ab-
sorption of the diffusion layer.

To obtain wear-resistant thermodiffusion layers of
significant thickness, it is advisable to create a structure of
white chromium-manganese cast iron with metastable aus-
tenite.

The effective use of concentrated energy sources for
strengthening cemented steels ensures high surface hard-
ness and the necessary amount of metastable austenite in
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the structure. Moreover, this allows the creation of a dis-
crete structure that alternates hard and soft components in
a specified sequence, significantly enhancing wear re-
sistance.
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BU3HAYEHHS BIIVINBY METACTABIJIBHOI'O AYCTEHITY
B IIOBEPXHEBOMY IIIAPI HA ABPA3UBHY 3HOCOCTIMKICTD
CIIUTABIB HA OCHOBI 3AJII3A

Hap’s byposa

KaHJl. TEXH. HayK, JOLEHT Kadeapu «MaTepiajJo3HaBCTBO 1 MEPCIEKTHUBHI TEXHOJIOTII»

JIBH3 «IIpna3oBchkuii nep)kaBHUA TEXHIYHHMN yHiBepcuTeT», M. [[Hinpo, Ykpaina,
e-mail: burovadashal990@gmail.com, ORCID: 0009-0000-3460-8602

Mema pobomu. Poszensnymu i y3aeanoHumu pe3ynibmamu 00CiOHNCeHb, Ki NOKA3YVIOMb NIUE MEMACMAbIiIbHO20

aycmenimy Ha noepxHesuti wap cmainetl 015 mozo, wob niosuwimu abpasusny snococmitikocms. Iloxazamu, wo 6 psoi
BUNAOKIB 0151 NIOBUYEHHS 3AZHAYEHUX XAPAKMEPUCMUK Y CIPYKMYPI NOBEPXHE8020 WAapy CHIABI8 Ci0 3a PAXYHOK DI3HUX
06p06OK OmpuMysamu nOPsIO 3 IMUUMU CKIAOOSUMU MemacmabinbHull 3anuwkosuti aycmenim. Ipusecmu oami, siki no-
Ka3yrmv, o MON*CHA OMPUMAMU epeKm camo3azapmy8aHHs NPU HABAHMANCEHHI, 8 Pe3VIbMami 308HIUHbO20 6NIUBY
8i00)8AEMbCS YMBOPEHHA NOHOBIIOBAHO20 MAPMEHCUMHO20 8UCOKOMIYHO20 WAPY, Wo 3abe3neuye 3axucm 6i0 pyuHy-
sanns. [lpeocmasumu Ho8i Oanni 0 nepesazax ougepenyitiosano2o nioxooy 0o 8uOOPY CMPYKMYpu 3 YPAaxy8aHHAM KOH-
Kpemuux ymos eunpobysaus eiacmueocmetl yu excnayamayii. CImoco8Ho HUX ciio onmumizysamu KilbKicme ma cmaoi-
JIbHICMb aycmeHnimy no 6i0HOUWEHHIO 00 Oe@opMayiliHo2o MapmeHcumHuozo nepemeopenus (IMII).

Memoou oocnioryncennsn. Ilemenmosani cmani 20X, 18XT, 12X13, 12XH3A, ma 12X2H4A4, V8, ILLIX15 sunpoboey-
8anu Ha abpaszughy 3Hococmilkicms Ha ycmanosyi X45. Bunpobysanns na abpasusHe 3HOUYBAHHSA NPOBOOUNU HA YCMA-
HOBYI, AKY CKOHCIPYI08AU 3a cxemolto bpinena-Xayopma. Mikpocmpykmypy susuanu na Mikpoulnipax, axi 6ucomoensiiu
N0 3424 1bHONPUTIHAMIL Memoouyi nonipyeanns i mpaenents. bynu npoeedeni memanozpagiuni ma oropomempiuni 0oc-
Jioxcenns. Llemenmayiro npogoounu y meepoomy Kapowopuzamopi 3 000a8Kamu, wo 3ano0ieaiu OKUCIeHHIO NOGEPXHI.

Ompumani pe3yromamu. BcmanogneHo, wo 051 NiOSUWEHHs eKCIyamayiiHux 61acmugocmell YemMeHmosanux
cmanel HeOOXiOHO BUKOPUCMOBY8AMU eheKm camo3a2apmy8aHts npu HA8AHMAd CeHHi. Busnayeno, wo HeoOHO3HAUHI
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OYIHKU GNIUGY 3ATUWKOBO20 AYCMEHIMY HA BIACMUBOCMI YeMEHMOBAHUX CMalell 0OYMOBIeHT MUM, WO Yacmo He 6pa-
XO0BYIOMbCA YMOBU HABAHMAICEHHS, KINbKICMb ma cmabilbHicmb ayCmenimy, sKi Maioms Oymu OnmumaibHumu Os
KOJICHO20 KOHKpemHo2o eunaoxy. byno nokasano, wo doyinero 6 paodi eunaokise 3abesneuumu ompumanus nicia XT1T0
BENIUKOL KIIbKOCMI MemacmabiibHoO20 ayCmMeHimy, a NOmim 3a 00ROM0o2010 degpopmayii abo (i) mepmoobpoOOK, a maxodic
IHWUX 8NIUBIE BUKIUKAMU 1020 YACMKO8E NEPEeMBOPEHHs HA MAPMEHCUM.

Haykosa nosusna. Y pobomi po3ensioacmucs aibmepHamuena moyka 30py, 32i0Ho 3 K00 Npu OUHAMIYHUX HABA-
HMAACEHHAX OUQPY3IUHONC208AHUX CIATEl Ci0 CMBOPIOBAMU 30 PAXYHOK PO3CMOKMYBAHHSA OUQDY3IiHO20 wapy niowap
i3 MemacmabinbHum aycmenim. J[isi OMPUMAHHA 3HOCOCIUKUX MEPMOOUPYSIUHUX Wapié 6eNUKOT MOSUWUHU OOYLTLHO
CMBopIo8amu CMpyKmypy Oiiux Xpomomapeanyesux 4aeyHie iz memacmaoinohum aycmenimom. Egexmuene ona smiy-
HeHHs YeMeHMOBAHUX cmaeli BUKOPUCTNAHHA 0Xcepell KOHYeHMPOBAaHoi eHepeii, ujo 3abesneuye 8UCOKy meepoicmy no-
8EPXHI Ma OMpUMAHHA HeOOXiOHOT KintbKocmi Memacmabinbhoeo aycmerimy y cmpykmypi. Kpim mozo, ye dozeonse
CMEopPI06amu OUCKPEemHy CIMpPYKmMypy, Wo € Yepey8anHsaM 8 3a0aHil NOCII008HOCME MEEPOUX i M'SKUX CKIA008UX I iCMO-
MHO NIOBUUWUMU 3HOCOCIIUKICMb.

Ilpaxmuuna yinnicmo. I1i0suweHHs: MEXAHIYHUX GIACMUBOCMEN CMANell 00360/15€ 30LIbUWUMU eKCHIYAMAYitiHy
cmilKicms demaneil Maulit, wo € 6axNcIusor 3aoayeto mamepianosnascmed. OOHUM i3 HANPAMKIG iT 6UPIULEHHS € OmpU-
Mauus 6 cmansx bazamo@asznoi cmpyKkmypu, 0OHIEI0 3i CKIAO0BUX AKOT € MEMAacmabiibHull ayCmenim, 6 SIKomy 6i00ysa-
E€MbCSL NPU HABAHMAIICEHHT OuHAMIYHe dehopmayitine mapmencumue nepemeopenns ([J/IMII) ecpexm camo eapmyeanms
npu nasaumagcenni (CIH). Cnocobu ompumanus 8 cmpyKmypi n08epxXHe8020 wapy CHIA6i8 Ha 3ali3Hili OCHO8I Nops0 3
IHWUMYU CKIA008UMU MeMACMADIIbHO20 3AIUWKO8020 AYCMEHIMY 018 Ni08UIYEHHS. 3HOCOCTNILIKOCMI Npu AOpA3UEHOMY
BNIUGI 1€2KO Peanizyromucs 6 ymosax supobnuymea. Heobxiono suxopucmamu ougepenyitioganuii nioxio 0o eubopy

CMPYKMYpuU 3 YPaxye8aHHsiM KOHKPENHUX YMO8 6UNpoOy6aib 61acmueoCmell Yu eKCHLyamayii.
Knwowuosi crosa: memacmabinonuii aycmenim, ehekm camo3azapmyants nPU HAGAHMANCEHHI, OUHAMIYHE
Odegopmayitine mapmercumue nepemeopenus (AAMII), yemenmayis, 3miyHeHHs.
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Purpose. Development and validation of a predictive modeling methodology that enables multi-objective analysis
of the turning process by simultaneously predicting two key parameters: average surface quality and process stability

(variability).

Research methods. A comparative analysis of models based on Multiple Linear Regression (empirical formula) and
the Random Forest algorithm was conducted. The models were trained on an open experimental dataset for 42CrMos+QT
steel. Accuracy was evaluated using R? and MAE metrics on a test set. Validation was performed on an independent

dataset.

Results. The Random Forest model demonstrated slightly higher predictive capability for average roughness
(R2=0.59 vs. 0.53) and significantly higher capability for process stability (R2=0.139 vs. negative values for the formula).
The dominant influence of feed rate and tool nose radius on quality was established, as well as the key role of cutting

speed and tool geometry on stability.

Scientific movelty. An approach for the simultaneous modeling of the quality and stability of the turning process is
proposed. The substantial advantage of flexible ML models over classical regression for analyzing stochastic aspects of
the process, such as process variability, has been quantitatively proven.

Practical Value. The developed methodology serves as a tool for the multi-objective optimization of cutting param-

eters. Recommendations for improving process reliability have been formulated: increasing the depth of cut to enhance
productivity, avoiding low-speed regimes (v<95m/min), and using a tool with a nose radius of r=0.8mm, which reduces
the maximum expected process variability by more than 16%.

Key words: machine learning, Random Forest algorithms, surface roughness, process stability, optimization, turn-

ing, multi-objective analysis.
Introduction

Ensuring high surface quality and stable operation of
turning processes is a key task in modern mechanical engi-
neering. This issue is of particular importance in the pro-
duction of critical components — aircraft engine elements,
high-load shafts, axles, and hydraulic system parts — where
even minor deviations in surface layer parameters can lead
to a significant reduction in reliability, fatigue strength, or
operational failure. Surface roughness parameters and pro-
cess repeatability depend on a complex set of operational
and structural factors, the interaction of which exhibits a
pronounced non-linear character.

Classical approaches to selecting cutting parameters
rely on empirical power laws and tabular recommenda-
tions. While these often provide an acceptable quality

© Oleksii Prykhodko, Olha Babenko, 2026
DOI 10.15588/1607-3274-2026-1-6

level, they fail to account for the complex non-linear inter-
connections and stochastic effects inherent in real-world
cutting processes. Furthermore, such approaches are pri-
marily focused on predicting the mean value of the rough-
ness parameter and practically do not consider process var-
iability, which is critically important in the context of in-
creasing production stability.

The development of machine learning (ML) methods
opens the possibility of transitioning from simplified analyt-
ical relationships to flexible models capable of reflecting the
complex behavior of technological systems in a multidimen-
sional parameter space. However, the challenge of applying
them in metal machining remains open due to the limited
amount of high-quality experimental data and the insuffi-
ciently studied ability of ML approaches to model not only
the mean values of quality parameters but also their stability.
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Therefore, there is a scientific and practical need to cre-
ate a comprehensive predictive model capable of simultane-
ously predicting average surface quality and the stability of
the turning process, taking into account non-linear interac-
tions between technological parameters.

Analysis of Research and Publications

Modern research in surface roughness prediction for
turning is characterized by a gradual transition from tradi-
tional empirical methods to the application of machine
learning algorithms. Early works were largely based on
constructing analytical dependencies of the mean value R,
on cutting parameters and tool geometry, primarily using
power equations and response surface models. Although
such approaches provided basic engineering interpretation,
they demonstrated limited capability in describing the non-
linear and interdependent effects inherent to the cutting
process [1, 2].

Further progress in this field was driven by the imple-
mentation of machine learning methods capable of model-
ing multidimensional non-linear dependencies. Recent
publications have employed Support Vector Machines
(SVM), Random Forest, Gradient Boosting (XGBoost),
Gaussian Process Regression (GPR), as well as deep neural
networks and neuro-fuzzy systems. Most researchers indi-
cate a significant advantage of ensemble and deep models
over classical regression methods regarding R, prediction
accuracy, especially under conditions of limited and noisy
experimental data [3-5]. Certain works demonstrate the
potential of using GPR for tasks requiring not only point
forecasts but also probabilistic uncertainty assessment,
which is critical in production environments [1, 6].

An important research vector has been the integration
into predictive models of informative features derived not
only from process parameters but also from sensor signals
— vibrations, acoustic emission, and drive current signals.
The use of temporal and spectral characteristics allows for
the effective identification of dynamic effects and process
instability, particularly the onset of self-excited vibrations
(chatter), which have a significant impact on surface mi-
crogeometry. Studies [7-9] have proven that the addition
of vibration and acoustic features significantly improves
the accuracy of both machining regime classification and
roughness regression analysis.

Despite the intensive development of this topic, a crit-
ical review of the literature highlights a number of unre-
solved problems. Firstly, the vast majority of works focus
on predicting the mean value R,, while variability indica-
tors, specifically the standard deviation Sgrs, are practically
not considered as independent modeling objects [10, 11].
This limits the possibilities for quantitative analysis of pro-
cess stability and risk assessment of production fluctua-
tions, although the consistency of quality indicators is often
a decisive factor in industry. Secondly, many publications
use relatively small experimental datasets on which models
show high accuracy on test samples, but external validation
of results is often absent [4, 12]. Consequently, the ques-
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tion of model generalization and scalability in real produc-
tion conditions remains relevant. Thirdly, the degree of in-
tegration of such models into online monitoring systems
remains insufficient to ensure automatic adjustment of pa-
rameters or early detection of deviations.

In this context, the scientific novelty and aim of this
study are as follows. First, the work is aimed at modeling
not only the mean roughness value R, but also its variabil-
ity Sra, Which allows for filling one of the key gaps in mod-
ern research. Second, the choice of the Random Forest en-
semble method is justified, providing the necessary bal-
ance between prediction accuracy and model interpretabil-
ity, allowing for an assessment of the contribution of each
factor to the formation of both mean and variable rough-
ness indicators. The clarity of the model structure is a crit-
ical requirement for engineering practice [3, 4]. Third, con-
ducting external validation on an independent dataset in-
creases the reliability of the obtained results and confirms
the robustness of the proposed approach across a wider
range of conditions, which distinguishes this work from
many previous studies. Finally, the formulated practical
recommendations facilitate the transition from theoretical
modeling to the optimization of technological processes in
real production [13].

Thus, the analysis of the current state of the problem
confirms both the relevance and feasibility of the chosen
research direction: comprehensive modeling of mean and
variable roughness characteristics using ensemble machine
learning methods and ensuring external validation allows
for expanding existing methodological approaches and cre-
ating a foundation for developing reliable prediction sys-
tems for turning quality.

Aim of the Study

The aim of this work is to develop and validate a pre-
dictive modeling methodology that ensures the simultane-
ous forecasting of two key characteristics of the turning
process for 42CrMos+QT steel:

- mean surface roughness (R,);

- process stability, defined by the standard deviation
of roughness (Sra).

To achieve this aim, the following objectives must be
met:

- form a representative experimental dataset;

- construct two models: an empirical power law for-
mula (linear regression) and a Random Forest model;

- perform a comparative accuracy assessment using
R? and MAE metrics;

- conduct an engineering interpretation of the influ-
ence of cutting factors on the target variables;

- validate the approach on an independent dataset;

- formulate recommendations for optimizing cutting
parameters.

Material and Research Methodology

The study utilizes the open experimental dataset
MaRoReS [14] for the turning of 42CrMo4+QT steel. The
dataset contains the results of 68 independent experiments,
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each accompanied by three parallel measurements of the
roughness parameter R,. The input data includes the main
technological parameters of the turning process: v — cutting
speed in the range of 76—200 m/min, f — feed rate (0.05-
0.25 mm/rev), d — depth of cut (0.05-0.25 mm), and r —
tool nose radius (0.4 or 0.8 mm). This structure ensures a
representative factor space sufficient for building models
to predict surface quality indicators and assess process sta-
bility based on machine learning methods.

Data preprocessing involved calculating integral
characteristics for each experiment. The arithmetic mean
of the roughness was defined as R, and the standard devi-
ation between the three measurements was defined as Sga,
which was interpreted as a quantitative assessment of pro-
cess stability (variability). Table 1 demonstrates the struc-
ture of the dataset using the first five rows as an example.

Table 1 - First 5 rows of the dataset

Ne r d S f R, Sra

0 | 04 | 0.05 | 138 | 0.15 | 0.857667 | 0.004726
1 04 | 0.05 | 138 | 0.15 | 1.078333 | 0.023629
2 04 | 010 | 107 | 0.10 | 0.408667 | 0.014012
3 04 | 0.10 | 107 | 0.10 | 0.558000 | 0.007810
4 | 04 | 010 | 107 | 0.20 | 1.133333 | 0.034819
5 |04 | 010 | 107 | 0.20 | 1.185000 | 0.011358

In the first stage of modeling, an empirical power
model was built based on multiple linear regression in log-
arithms. This approach yielded a formula of the form:

R,=C-1%-dP-v°-f2, (1)
which reproduces the traditional form of the dependence of
roughness on cutting parameters.

For comparison, a Random Forest Regressor model
was also built with hyperparameter tuning using the
GridSearchCV method. The data was split into training and
test sets in a 75/25 ratio. An analysis of the importance of
input parameters on the target roughness variable was also
conducted.

Subsequent analysis focused on modeling process
stability, represented by the Sga value. For this purpose, a
Random Forest model was also applied, trained on the
same four technological factors. The influence of critical
cutting parameters on process stability and a comparison of
stability for tools with different nose radii were also inves-
tigated.

The final stage was the external validation of the
models on an independent dataset [15], which contains 20
experimental data points regarding the dependence of sur-
face roughness on cutting regimes.

Research Results

Based on the power model (1), the following empiri-
cal formula was obtained to determine the mean roughness
value:

R. = 24.824 - T'_0'456 . d—0.1811 . 17_0'5643 ,f0.7435 (2)
a . .
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Despite its simplicity and convenience, formula (2)
demonstrated a somewhat limited capability in predicting
the mean roughness value R,. On the test sample, the co-
efficient of determination was only R?=0.53, indicating
that the model explains only 53% of the data variability.
The Mean Absolute Error (MAE) was 0.13pum. These re-
sults suggest a significant discrepancy between the linear
model and the actual nature of parameter dependencies in
cutting processes, as well as an inability to adequately re-
produce interactions between them. This is consistent with
the fact that the roughness formation process has a pro-
nounced non-linear character, limiting the effectiveness of
traditional regression formulas.

The application of the Random Forest model allowed
for a slight improvement in prediction accuracy. On the test
dataset, R2=0.59 and MAE =0.127um were obtained.
Figure 1 compares the predictions of both models with the
actual experimental values on the test sample.

Comparison of models on the test sample
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Figure 1. Comparison of predictions of the two models, R,

It can be seen that the points predicted by Random
Forest cluster somewhat more tightly around the ideal pre-
diction line (dashed line) than the points of the empirical
formula.

Additionally, the importance of input parameters for
the Random Forest model was analyzed (Fig. 2). The ob-
tained values confirm the dominant influence of the feed
rate f, which contributes the most to roughness variation.
The tool nose radius r was the second most important fac-
tor, while the influence of the depth of cut d was the least
significant. The cutting speed v manifested itself as a factor
of medium significance.
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Figure 2. Feature importance for predicting R,

Process stability modeling, represented by the stand-
ard deviation of the roughness parameter Sga, was con-
ducted separately. The results proved to be significantly
less accurate compared to R, prediction: for the Random
Forest model, R?=0.139 and MAE=0.0059um were ob-
tained. The empirical formula showed a negative value, in-
dicating an inability to predict the data. The low value of
the coefficient of determination is expected, as the varia-
bility of the Sra indicator is largely formed by stochastic
factors (micro-vibrations, local microstructural differ-
ences, the initial state of the cutting edge, etc.) which are
not represented in the dataset as input variables. The nature
of the influence of the feed rate f on process stability is
shown in Fig. 3.

Effect of feed (f) on process stability (model prediction)
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Figure 3. Influence of feed rate on Sra

An increase in Sg, is observed with increasing feed,
which corresponds to the complication of chip formation
conditions and increased fluctuations in the load on the
tool. The influence of cutting speed is shown in Fig. 4.

Here, an opposite trend is observed: stability deterio-
rates at low speeds, while increasing the cutting speed leads
to a decrease in variability, corresponding to a more stable
chip formation regime.

The influence of the tool nose radius on process sta-
bility is worth considering separately (Fig. 5).
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Effect of cutting speed (v) on process stability (model prediction)
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Figure 4. Influence of cutting speed on Sra
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The tool with a radius r = 0.8 mm showed signifi-
cantly lower variability values than the tool with
r =0.4 mm, which can be explained by better load distri-
bution and a reduction in local stress in the cutting zone. In
particular, for certain combinations of regimes, a reduction
in expected instability of more than 16 % is observed.

An important stage of the study was external valida-
tion on an independent set [15], which allowed for evalu-
ating the generalizability of the constructed models. A
comparison of the three approaches showed significant dif-
ferences: the formula from [15] demonstrated a negative
result (R?=— 0.675), meaning it was unable to predicted
the data. The modified power model obtained in this study
showed a significantly more modest but non-zero con-
sistency (R%?= 0.051). The best result was provided by the
Random Forest model with R? = 0.525, indicating its abil-
ity to transfer to other datasets without overfitting. A visual
comparison of the three models relative to the ideal predic-
tion is shown in Fig. 6.

As can be seen from Fig. 6, the points of the Random
Forest model are located closest to the ideal prediction line,
while the points of both empirical formulas are scattered
across almost the entire range, indicating a complete inad-
equacy of prediction.
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Validation of the approach on data from the article Doniavi et al,, 2007 [15]
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Figure 6. Comparison of predictions of three models on the ex-
ternal dataset [15]
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Discussion

The obtained results confirm that classical power re-
gression models, although providing a basic level of fore-
casting, are insufficiently flexible to describe the complex
interrelationships between cutting process parameters. Ma-
chine learning models, particularly Random Forest,
demonstrated a significantly higher capacity for generali-
zation, especially under conditions of heterogeneous or
noisy experimental data.

An important practical implication is the possibility
of transitioning to multi-objective optimization, which
simultaneously considers:

- low surface roughness;

- process stability and repeatability;

- productivity (via the possibility of increasing the
depth of cut).

Stability analysis allowed for the identification of
specific risk zones that are usually not revealed in works
focusing solely on R,.

Conclusions

A methodology for predictive modeling of turning
based on machine learning, which simultaneously forecasts
process quality and stability, has been developed and vali-
dated.

The Random Forest algorithm provided significantly
higher accuracy compared to classical regression.

It was established that the feed rate and tool nose ge-
ometry are the most influential factors on R,.

The first process stability model for Sga was built, al-
lowing for the assessment of result repeatability.

Critical zones of instability were identified: low cut-
ting speeds and extreme feed values.

A tool with a cutting edge radius of r = 0.8 mm en-
sures a tangible reduction in process variability (up to 16%)
relative to tools with r = 0.4 mm.

Validation on an independent dataset confirmed the
robustness of the machine learning approach.
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3ACTOCYBAHHS METO/IB MAILIMHHOI'O HABYAHHS J1JIs1
MOJIEJTFOBAHHS SIKOCTI TA CTABLJIBHOCTI TPOIIECY
TOKAPHOI OBPOBKHA

Onmnexkciii [Ipuxoapko
Jlyupkoro

KaHJ. TE€XH. HAayK, JOICHT, JOICHT KadeApu NPUKIATHOI MATCMATHKH Ta MEXaHIKH
HAIllOHAJIBLHOTO

TEXHIYHOTO yHiBepcuTeTy, M. Jlympk, VYkpaina,

e-mail: cdrr.mechanic@gmail.com, ORCID: 0000-0001-8496-1295

Onbra babenko

KaHJl. TEXH. HayK, B.O. JIekaHa (akynbpTeTy OYIiBHHUIITBA, apXiTEKTypH Ta nu3aiftny Ha-

LIOHAJILHOTO YHIBEPCUTETY «3aropi3bka IMOJITEXHIKa», M. 3amopibiks, YKpaiHa,
e-mail: olyababenko15@gmail.com, ORCID: 0000-0003-4020-0173

Mema pooomu. Pospodra ma eanioayis memoOuku npeouKmugHO20 MOOEIO8AHHS, W0 00360J15€ npogooumu 6a-
2amoyinbosUll AHALi3 MEXHOA02IUHO20 NPOYECy MOUIHHA WIAXOM 0OOHOYACHO20 NPOSHO3YBAHHS 080X KIIOUOBUX napame-
mpig: cepeoHbol AKOCMI no8epxHi ma cmabitbHocmi (eapiabenvHocmi) npoyecy.

Memoou docniorncennsn. IlopieHsanoHull ananiz mooenel Ha OCHOGI MHOJNCUHHOL NiHITIHOI peepecil (emnipuyna gop-

myna) ma areopummy Random Forest. Moodeni nasuanucs na 6i0Kpumomy Habopi eKCnepuMeHmaibHux OAHUX O
cmani 42CrMoy+QT. Tounicme oyinerno 3a mempuxamu R? ma MAE na mecmosii eubipyi. I[Iposedeno eéanioayiro na
He3anexic-HoMy Habopi OaHUX.

Ompumani pezynomamu. Mooens Random Forest npodemoncmpysana oewo suwyy npocnocmuymy 30amHicmo Os
cepednvoi wiopcmrocmi (R?=0.59 npomu 0.53) ma ocobauso o cmabinenocmi npoyecy (R?=0.139 npomu necamuenux
3HaueHv 0 popmynu). Bemanosneno dominyouuil ennug nodaui ma padiyca iHCMpyMeHmy HA AKICMb, @ MAKONC KO-
408y pOb WBUOKOCTI DI3AHHA Ma 2e0Mempii IHCMPYMeHmY Ha CabilbHICmb.

Haykoea noeusna. 3anpononosano nioxio 00 0OHOYACHO20 MOOEN08AHHS AKOCMI ma cmabiibHoCmi npoyecy
mouinna. Kinokicno 0osedeno cymmegy nepesaey enyukux ML-moodeneil nao kiacuunoro pezpecicio 0ns ananizy cmoxa-
CIMUYHUX ACNeKmie npoyecy, maxkux 5K 1o2o eapiabeibHicms npoyecy mokapHoi 00pooKu.

Ilpakmuuna yinnicms. Po3pobiena memoouxa € iHcmpymeHmom 0 6a2amoyinbo8oi onmumizayii pexcumis
pizanna. Cghopmynvosaro pekomenoayii 01 niosuuerHs HaoitiHocmi npoyecy: 30i1beHHs 2IUOUHY PI3aHHA 015 Ni0GU-
WeHHS NPOOYKMUBHOCNII, YHUKHEHHS HUZbKOWGUOKICHUX pedcumie (V < 95 m/xe) ma euxopucmauus iHCmpymeHmy 3

paodiycom r=0.8 mm, Wo 3HUNCYE MAKCUMATLHY OHIKYBAHY 6apiabenbHicmy npoyecy Oinvut g Ha 16%.
Knrouogi cnosa: mawunne naguanns, areopumm Random Forest, wopcmricms nosepxui, cmabinvuicms npoyecy,

onmumizayis, mokapua ob6pooKa, bazamoyinbo8uili AHaLi3.
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THE EFFECT OF A MOVING LOAD ON A THREE-LAYER CYLINDRICAL
SHELL WITH A TRANSVERSAL ISOTROPIC FILLER

Purpose. To extend the approach previously proposed by the authors on the application of exact equations of
elasticity theory to problems of dynamics of three-layer cylindrical shells with isotropic filler to one of the possible cases
of anisotropy of the middle layer material, namely the situation when the filler is transversely isotropic. To obtain
accurate formulas and, based on them, to construct a picture of the stress-strain state in such a composite structure when
moving along the outer surface at a constant normal (radial) load speed.

Research methods. A mathematical model of the dynamics of a three-layer cylindrical shell has been constructed,
where the motion of the supporting layers is described by the equations of thin shell theory, and for a transversely
isotropic filler, the dynamic equations of the theory of elasticity of an anisotropic medium in general form are used. When
considering the problem in a stationary setting, Galilean transformation is applied, after which the integral Fourier
transform in complex form is applied to all sought and given values in the moving coordinate system. To calculate non-
proper Fourier integrals, quadrature formulas based on the Filon method for integrating rapidly oscillating functions
were developed, which made it possible to efficiently obtain numerical results with a predetermined accuracy.

Results. Based on the constructed model, the problem of a moving load that causes a stationary stress-strain state
of a layered cylindrical shell under various conditions on the surfaces of the joint between the filler and the supporting
layers is considered. In this case, the contact is considered both rigid and sliding, but the lag of the shells from the filler
is excluded. The difficulties that arise when solving the equations of motion of a transversely isotropic filler are overcome
by introducing a special method using undefined coefficients of potential functions. For all possible boundary conditions,
the results are obtained in the form of non-special improper integrals, which are calculated using special quadrature
formulas. The distribution patterns of displacements and stresses along both the length and thickness of the filler are
shown, a comparison with the results for the corresponding isotropic filler is made, and a mechanical analysis of the
results is performed.

Scientific novelty. For the first time in such a formulation, when the behaviour of the filler is described by exact
equations of the dynamics of an elastic anisotropic body, a solution to the stationary dynamic problem for a three-layer
cylindrical shell has been obtained. A comparison was made with the results previously obtained for the case of isotropic
filler. A special technique was used to introduce potential functions to find displacements and stresses in the dynamic
equations for transversely isotropic materials. Important partial boundary conditions at the boundaries of layer contacts
were considered.

Practical value. The results obtained with this approach can be used as reference values when constructing
simplified models of the dynamic behaviour of three-layer cylindrical shells, in particular those that take into account the
anisotropy of the filler. Examples of such materials include so-called ribbed sound-insulating materials.

Key words: /ayered shells, transversely isotropic medium, integral transformation, potential functions,
boundary conditions, displacement, stress.

such structural elements are extremely widely used, in par-
ticular in aircraft and rocket construction, maritime

Dynamic problems for three-layer plates and shells  transport, construction and other industries. At the same
are of considerable practical interest due to the fact that  time, historically, at the beginning of the development of
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the theory of such systems, various simplified approaches
were proposed, based on hypotheses about the behaviour
of a lighter and softer filler relative to the load-bearing lay-
ers, which made it possible to obtain equations for describ-
ing the behaviour of the entire three-layer package which
were no more complex than similar equations for a single-
layer shell or plate. It is clear that the models would be ac-
curate if each of the layers obeyed (was described by) the
dynamic equations of elasticity theory, but in this case, the
calculation algorithm became much more complex and
could not be used effectively enough in engineering calcu-
lations. Therefore, this approach is usually used for com-
parison with the results obtained using the simplified mod-
els mentioned above, and examples of solutions using the
exact approach and the comparisons are given in mono-
graphs [1-4]. As numerous examples have shown, the most
effective approach in terms of the complexity-accuracy ra-
tio, especially in so-called stationary dynamic problems, is
the one where the motion of the load-bearing layers (which
are relatively very thin in relation to the thickness of the
entire layered plate or shell) is described by the equations
of the theory of single-layer shells, which are based on the
Kirchhoff-Lyaev or Timoshenko hypotheses, and the dy-
namic equations of elasticity theory are used for the filler.
In particular, monographs [1-2] present a large number of
stationary and non-stationary problems considered in this
formulation, comparisons with such solutions and with
simplified approaches, but in all the problems presented,
the filler was considered isotropic (homogeneous or with
variable mechanical characteristics in thickness). This pa-
per considers one of the problems of this class in order to
show how the approaches previously developed by the au-
thors can be extended to the case where the filler material
has different properties depending on the direction, i.e. is
significantly anisotropic, in particular in the case of a cy-
lindrical three-layer shell, which is a transversely isotropic
body.

Purpose of the work

A stationary dynamic problem is considered concern-
ing the reaction of a three-layer infinitely long cylindrical
shell to the movement of an axisymmetric radial load along
its outer surface at a constant subcritical speed. The aim of
the work is to extend the previously proposed approaches
based on Galilean transformation, the application of inte-
gral transformations, and the use of numerical algorithms
developed by the authors to reverse these transformations
to the case of a transversely isotropic filler. At the same
time, the main focus is on the analytical solution of dy-
namic equations for transversely isotropic filler material by
introducing potential functions in a special way, which
made it possible to obtain the transformants of displace-
ments and stresses in the image space in the form of com-
binations of Bessel functions. The results obtained in this
work can be used to construct simpler engineering models
for shells with transversely isotropic fillers.
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Material and research methods

An infinitely long three-layer cylindrical shell is con-
sidered, in the general case of an asymmetrical structure in
terms of thickness, i.e., one in which the thickness and me-
chanical characteristics of the load-bearing layers may be
different, and the filler, which is significantly lighter and
softer than the shell materials, is transversely isotropic. A
self-balanced radial load moves along the outer surface of
the shell at a constant subcritical and pre-seismic velocity.
It is necessary to determine the stress-strain state at arbi-
trary points of the load-bearing layers and filler and to eval-
uate the influence of the anisotropy of the filler material by
comparing it with similar results for isotropic material.

The mathematical model of the problem is con-
structed as follows. We will describe the motion relative to
thin load-bearing layers using the most well-known equa-
tions in shell theory and more accurate equations of the Ti-
moshenko type, which, incidentally, do not follow from the
equations of elasticity theory by simplification, but are an
intuitive discovery of an outstanding Ukrainian mechanic,
or by simpler equations based on Kirchhoff-Leva's hypoth-
eses and derived from the equations of elasticity theory. In
the first case, for the axisymmetric problem considered
here, the equations of motion of the skins are written as
follows [5, 11, 13]

% v ow _
aXZ ak aX pk

g 0w o) 2 (veau w)_
x? x| l-v|a x af

1-vi 8°w  1-v

1-v 0%u 1-v
2 Oxk

= Pk 2G, o2 2G.h, (an + Py
of oW j 292 h? 8%a
_—a + = . 1
p (ax 6(1—vy ) ox2 P 3G, ot? @

Here, the index k = 1 refers to the inner load-bearing
layer, and k = 2 refers to the outer layer, u, w are the dis-
placements of the points of the middle surface of the cor-
responding shell in the axial and radial directions, a is the
angle of rotation of the normal to the middle surface, Gk,
pk are the shear modulus and density of the materials of the
corresponding shells, hk, ak are the thicknesses and radii
of the middle surfaces of the load-bearing layers, p2 is the
Timoshenko coefficient, grk, gxk are the radial and axial
reactions from the filler on the motion of the load-bearing
layers , p1 = 0, p2 — intensity of external moving load.

For Kirchhoff-Lyaev equations, we will have the fol-
lowing [7, 10, 12]
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Considering the filler to be transversely isotropic, we
write the dependencies between stresses and strains in the
general spatial case in the following form

Oyx = Cr16xx T C128yy +C136,
1

Oyy =Cpo&xx +C11&yy +C1385,

O, =C13 (gxx +Eyy )+ C338 4

1
Oyy = E(Cll —Cpp )5><y v Oyz =Cp€yys Oz =Cyg€p (3)

In practice, the following technical constants are usu-
ally used: E, E'- Young's moduli for tension — compression
in the direction of the plane of isotropy and, respectively,
in the direction normal to this plane, v — Poisson's ratio,
which characterises transverse compression in the plane of
isotropy when stretched in this plane, v' — the same charac-
teristic when stretched in the direction normal to the plane
of isotropy, G = E/2(1+v), G' = E'/ 2(1+Vv") — shear moduli
for the plane of isotropy and any plane perpendicular to it.

In this case, we obtain the necessary dependencies for
further use in an obvious way [6]

__ Ele-re)
L via-v)E-2v2E|
__ Elewre)
T via-vE-2v? €]

. VEE
e 7E ’

_ 1-v)e?
* -vE-22E

Cy =G
(4)

First, we write down the dynamic equations of elas-
ticity theory in stresses for the filler, which in a cylindrical
coordinate system and for an axisymmetric problem have
the following form [15]

ooy o 1 d%u,
—t—+— = '
x or ron TP
oo, 00, 1 o%u,
X (o —O)= : 5
ar o r( rr 99) P a2 (5)

and then, rewriting the dependencies (3) in a cylindrical
coordinate system and using the Cauchy relations accord-
ing to which

ou, ou, u, ©)
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we arrive at the equations of motion of a transverse iso-
tropic filler in displacements
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Due to the fact that the thicknesses of the bearing lay-
ers are relatively small, it is assumed that the filler contacts
each of the shells along their middle surfaces, and then the
boundary conditions for the system of partial differential
equations (7) are written as follows:

if the contact is considered to be sliding but lagging
is excluded, then

=0 (r = al)
. 8
0o (r=ay) @

considering the contact to be rigid, the boundary conditions
are written as follows

r=a erzo,urzw,arrz{

—0n (I’ = al). (9)

at r=a, U, =W,U =U,0p =0y, O :{
k Y 1 HEX 1 & rx Xk &rr
Qrz(":az)

Note that since the problem is considered in the so-
called steady-state formulation, there are no initial
conditions for the system (7).

Since in this problem the load moves along the shell
at a constant speed c, we apply Galilean transformation to
all equations of the problem, according to which a moving
coordinate system is introduced by the formulas

r=r,

X—ct
a,

Now, in the coordinate system according to (10), the
stress-strain state of our structure remains unchanged over
time (the values do not depend on the variable t), but
changes when the load velocity ¢ changes.

Let us move to the moving coordinate system in
equations (1), (2) and (7) according to formulas (10), then
instead of (1) and (2) we will have ordinary differential
equations with variable 1, and (7) will become equations in
partial derivatives with variables nand r =r'

n= (10)

2
vV % dw+(l_ AE (1_ Ok »

K a dn 26y

Vk)J du_ (-v e,

dn? 2G,h,

P [ A
ZGk k d?]z 1—Vk ak dT] ak

—ﬁzaz

2| 1 dw _
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System (2) takes the following form

L (1-v)pc® | d? u,, 8 dw _ (1-v)a,
2Gk d]] ak d77 ZGkhk xk
a2 du hZ d*w | Wa, _(@-vi)pc? dPw
ak dn 12a2 dp*  a 2Gy d772 (12)
__nday
T 26N, (drk + Px)

The equation of motion of a transverse isotropic filler
in a moving coordinate system is written as follows

o(ou, u ) 1 2\,
— +—\Cu - +

llar(ar rj a22(44 'Dc)anz
)azux
oron

1
+ 2 (013 +Cys

10( ou,) 1 2\0%U,
+—|Cqs — pC +
rar( 677J a22(33 )6 2 (13)
1 0 (ou ur
+C —1|=0
(C13 44)a (6r rj

Since the functions u, w, a, Uy, Ur together with their
derivatives tend to zero atly|— oo, then we apply to
equations (11)-(13) and boundary conditions (8), (9) a
complex integral Fourier transform with respect to the
variable 1

W= jwe"§’7d77 W——Iwe"f”de:

—00

(14)

Then, in the image space, instead of (11) and (12) we
will have systems of algebraic equations, and instead of
(13) we will have a system of ordinary differential
equations with respect to the transformants of the sought
quantities

(1— Vi )a2 —_
2G.h,

Gy

Jﬁ W— —U+E]—
Vk ay ay

Vi )8,

2 (G + i)

2
ka
|§—V w-|1-
ay “ (

| p2

_A-nday
—-iéfao =
&pa,a = 2G,h,
[

of .. W _ 1
ﬁ(lfa—z—aJ—as [—6(1—1/'()

Equation (12) in the image space looks like this

PiC

. J =0. (15)
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2 _ 2
12a, ay 2G,
l-v, )a
= %(%k + pk)
k Nk
2
_(1_ (1—Vk)pkc ]§ZU+i§Vk QW— (l Vi )az . . (16)
2G, a " 2Gh,

Before translating system (13) into the image space,
it is advisable to introduce potential functions according to
the following formulas

o
== —(p+v),
1

g
Uy =a—2%(k1¢+ ko).

r

(17

If we substitute expressions (17) into system (13), we
obtain the following partial derivative equations for
determining functions ¢ and vy

? 10  x 0 0
Py iy e

or® ror a;on

? 10 x 0

— 4+ 2y =0. 18
[arz ror aZon? i 18)

where x1 , X2 are roots of the following quadratic equation
that are not equal to each other

(311C44X2 - l(c44 —PC2}344 + (Css _902}311 —(C13 +Cyyq )2jx+ . (19)
+1Cs3 —chXcM —PCZ)= 0
and the unknown constants k; and k, are determined from
the following relation
k(ClS + 044)+ (044 - PCZ): CaX - (20)
Note that in the case of an isotropic body, when the
following conditions are satisfied E = E', v=+V', G = G
equations (19) and (20) take the following form

—(m2+m52)><+m2m52 =0. (21)
k=2@1-v)x—(@-2v)mZ (22)
Here

2
2 c 2 c
m =l—C—2, mg =1—C—2,

p S

where cp, ¢s are the propagation velocities of tensile-
compressive and shear waves in an isotropic medium

_|2G(1-v _ |G
P p(l— 2v) b 0 '
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From equations (21) and (22), we find x; = m?,
X2 =mg, ki = 1, k, = m¢? and formula (18) becomes wave
equations for an isotropic body.

The expressions for the components of the stress state
of a transversely isotropic filler through potential
functions, which are necessary for further calculations, are
written as follows

Pk 0’0 Bk, 'y oy

Ow _ “Gp 1
Cas a2 on? a2 on® Gy ror ((0 v)
O _ Ltk 3% Lk o’y ﬁ:l_ﬁ' 23)
Cu @, Or0n a, oron’ Cua

In the image space, equations (18) take the following
form

2_ —
d(2p+1d¢)
dr
2_ J—

d 1dy _ chf 7 =0.
dr2 rdr a2

2
X ES
- 152 ¢ =0,
rdr aj

(24)

Each of the equations (24) is a Bessel equation, the
solutions of which, depending on the values of x; and X
\will be Bessel functions of various kinds. In particular, for
load velocities that are less than the velocity of shear waves
in the corresponding isotropic medium and less than the
critical velocity, the roots x; and x, of equation (19) are real
and positive numbers. Then the solutions of equations (24)
take the following form

(,T(r,g) = AlKo[efrJ Az'o[efrJ

2 2

7(r.é)=AkKq [ez‘frjwl (ezfrj,

a

(25)

are  Bessel

Whereelz\/x_, €, =\/x_, Ih(x), Ka(X)
functions of the first and second kind from the imaginary
argument [14].

Applying the Fourier transform to formulas (17) and
(23), and then substituting expressions (25) into the
transformed formulas, we find the transforms of
displacements and stresses at all points of a transversely
isotropic filler, in particular, we will have the following
formulas

ur = _ai[elKl(elé:r* )Al + elll(elér* )Az +€ Kl(ezér* )As +

2

+ ezll(ezfr* )AA]

a

%[(ﬂ kKo (@16 ) + (8 + ko (erdr )R, +
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+(B+K; JKo(eam )Ag + (B + Ky )l o (e, )A4]+

T S eiKy(e,r A + &1y (6,6 )A, +
44

+6,K, (6,80 )Ag + &1 (e 8 )A4]

r.a, (26)

In the image space of equations (15) and (16), which
are systems of algebraic equations, we use them to obtain
dependencies between the transformants of loads
transmitted to the outer and inner surfaces of the filler, and
the displacements of the shells, which, according to
conditions (8) and (9), coincide with the displacements at
the boundaries of the filler. At the same time, if the contact
between the skins and the filler is considered to be sliding,

then in (15) and (16) we must setq,, =0 and express J,,

only through W . If, however, the contact is considered to
be rigid, thenq,, andq, are found to be dependent
simultaneously onw andu Based on these
considerations, we find that in the case of a rigid contact

with system (16), the above dependencies are written as
follows

Y cékjézﬁ— iévk(p(k)ﬂ

1-
T, + 2 (k) -~ cd & JW+ 27)

+igvp(k)]
and in the case of sliding contact, we have the following

o 26 o xé! 3vi

O =—Px—7— % oK) I |~
" ‘ k { 12 A 3-(1-v Jedi
kcékfz}w

1-v
1-v
where the following designations are introduced

(28)

1
= (k=1
o(k)=1 s, =1) g, =1-7(L+x,),
1 (k=2)
h, a - 3p
a,’ ©7h T\ ©

The formulas for these dependencies have a similar
form when using equations (15), but first we must exclude
o from the second and third equations and deal with a
system similar to system (16).

If we now substitute expressions (27)—(28), as well as
formulas of the form (26) for the transforms of
displacements and stresses in the boundary conditions (18)
or (19) recorded using the integral Fourier transform, we
obtain a system of algebraic equations for determining the
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functions A (£)+ A,(&), the solution of which by Cramer's
method will be written as follows

_1 o agAy __ 1 ah
AT e E e ela] TG e et
:_L a5 A3
APy S |
i asA,, 29
A Gez§2|1(92§)d9t"aij||, )

where the elements of the determinant det"aij " in the case

of sliding contact are calculated using the following
formulas

Ay =28, 8, =—28S; ;&3 ="S; 84 =MSy
Ay =26 ,8y =28 ,8;3=N ,8 =N,

gy = &S, + 2618, , agy = NSy —2e1S, , (30)
Agg = 2(6,85 +1157 ), 8gs = —2(6,85;; 11510 )

g = M&Sy + 28ty gy =SS — 281t

A3 = 2(825310 +t2), Ay = —2(925312 _tz) ,

n1:1+e§,n2=11—7/ :

t=Yz& t,=1-nn,,

Gz «_ P
Y= G, P P )
A PR A N S TR
RNECIN: (1 (1—vkkéj 3 0
_ K1(91§81), ,= Ko(elggl), 5y = Ko(elf)’
Kyi(eg) Ky (&) Ki(e:¢)

S4— Sg are obtained from s;— ssby replacing the functions
Kn(x) with the functions I,(x), s7— Sefrom s;— s3, and Si0— S12
from ss — s by replacing e; with e, , ns is found from n3
when &1 =1, and A4 — minors of elements.

In the case of rigid contact (9), the functions Ay are

calculated using formulas (29), if det"aij || is replaced with

det"bij " , Agj with By, and the elements of the determinants

are found using the following formulas

by = 21— ng)s; —t35; , bi, = ~2e4(1—ngJs, —tgss
byg = (0 — 2ng )87 —taSg. bra = (ny = 2ng Js1 + Sy
by, = 264(1-vn, ) —t85 , by = —28 (L1, ) 135
b3 =n —21n,
bsy = 2engs; + &(ny +2ng)s,
b, = —2eyngs, + (N, + 2ng Jss
bs; = 2ngS; + 28,&(1+ g s,
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bay = 2810 — 26,E(L+ Mg )5y
byy = 2emg + &(ny — 2, )s;,
by, =—2eimg + E(ny — 2w, )s;
bys = 2y + 28,(1— vy )sg ,
byy = 2ny — 26,5(L- 1),

0 Zf 1 1-v 5.
5 = 2 05
12 (91 3

1-
n,=1-=—Yc2 ng="n, ,
&

1
&1
t3 = 2n2n7 y
where ng is obtained fromns ate; = 1.

After finding A1 + A4 using formulas (29), we find
the transformants of displacements and stresses using
expressions (26). As a result, we arrive at the following
dependencies

U_r — (5 k. ) (32)
hz 2G det|a ” ||
V(f B ) =114 Au1 + €516 Aup +S18Au3 — Sp0Aua s (33)
5, - g(é,r*) ' (34)
det"aij ||

g(g,r*) (n15513+ 2re

%

S14 jAzu - (n1§316 -

JA42 +

+ 2{925317 + %518JA43 + 2[325319 _%SZOJAM’ (39)
Ko (&) s — Ky (e,éh) ho
1914 — ) x = )
Ky (&) Ki(e,¢) a
Si5 — S16 are obtained from si3 — s14 by replacing the
functions K, with the functions I, S17 — S1g from Sz — S1a,
and s19 — Sz from sis —s16 by replacing ex with ez,
As an example, calculations are performed for a ring
load moving along the outer shell at a speed of ¢

S13=

p(x,t)= pes(x —ct), (36)
where 6 (x) is the Dirac delta function.

After applying the inverse Fourier transform in the
space of originals, we obtain the following improper
integrals for finding displacements and stresses at arbitrary
points of a three-layer shell

2Gu, _ 2y %V, F*)COS(rSn) 37
vl "
grraz _ 1%7&(£m)cos 577) 38
7r;|; det"aIJ || .
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From the results obtained, we can obtain solutions for
some boundary cases. In particular, if we assume that the
inner surface of the filler does not contact the supporting
layer, we obtain a problem about a shell with a hollow filler
on the inner surface of which there are no stresses, then at
r = a1, we have the following boundary conditions

Orr — 0, Orx = O (39)

The solution is given by formulas (37) and (38) if

some elements of the determinant are replaced as follows

S
a31=n1552+2el%, as :n1§55‘2918—4’
1 1
S S
A3 = 2[92553 + 8—7] y Ay = _2(925511 _%J .(40)

1 1

Under conditions (39) and rigid contact between the
outer shell and the filler in formulas (31), taking into
account (40), the following substitutions must be made

by =ayj,

b3j = agj (j = 1, ,4). (41)

All other elements of the determinants det”aij” and

det"bij" remain unchanged.

If the inner shell is considered to be absolutely rigid,
then in the case of sliding contact between such a shell and
the filler, the following conditions must be satisfied
whenr=a; U =0, on =0 (42)
and in the case of rigid contact, this condition is written as
follows
=0, u=0

whenr=a; (43)

and in the latter case, the elements in the determinant
det”bij || must be replaced as follows

b1 =-s2, b1z =-S5, b1z =-e238, bis = ez 51,

bs; =es; , b3, =-es4 , b3z =57 , b3s4 = s10. (44)

In all cases, to obtain the final results, it is necessary
to calculate the improper Fourier integrals according to the
formulas of the form (37), (38) and, since, as can be seen
from the above calculations, the subintegral functions are
very complex, these integrals cannot be calculated
analytically, i.e., the answers cannot be obtained in the
form of combinations of elementary and even special
tabulated functions. In this regard, we have developed a
special programme that takes into account the fact that, due

to the presence of cosines, we are dealing with highly
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oscillating subintegral functions. Therefore, we applied a
special method proposed by Filon for constructing
quadrature formulas, which allowed us to obtain numerical
results with any desired accuracy in an optimally short
period of time on a personal computer.

As an example, calculations were performed for the
following parameter values: E/E'=1.3; v=10.3; v' = 0.2;
p/p'=1.5; hi=hy; a)/ai=1.2; x= hy/a; =0.004; E1 = E3;
p1 =p2;y=E1/E=125,p" =p1/p=12.5. For comparison,
the results for the corresponding isotropic filler are also
given, where E' = E, v' =v, p' = p. Fig. 1 shows the change
in deflections of the outer load-bearing shell (w" = G, w/po)
along the length at co1 = 0.05. Here, curves 1 correspond
to the solution for rigid contact between the load-bearing
layers and the transversely isotropic filler, curves 2 have no
inner load-bearing layer, and curves 3 have a completely
rigid inner layer. The dotted curves correspond to the
isotropic filler.

0 0,1 0.2 03
0 —_l

b

1,5

4,5 ~Wx

Figure 1. Distribution of shell deflections along the
length

Figure 2 shows similar graphs for dimensionless
(c"= -az0r/po) contact stress on the contact surface of the
outer layer and filler. Fig. 2 shows that with distance from
the point of application of the concentrated ring load, the
contact stresses change sign, which indicates the
possibility of separation of the loaded shell from the filler
in the case of sliding contact. In addition, Figures 1 and 2
show that changing the conditions on the inner surface of
the filler significantly affects the deflections of the loaded
bearing layer and has a much smaller effect on the contact
stresses on the outer surface of the filler. The anisotropy of
the filler material for the given parameter values does not
change the qualitative picture, but it does change the
quantitative characteristics of the stress-strain state of such
a mechanical system composed of three elements.

Figure 3 shows the distribution of dimensionless
radial displacements, and Figure 4 shows the distribution
of dimensionless radial stresses across the thickness of the
filler for different cross-sections 1 = const during the
movement of the ring load. The meaning of indices 1-3 is
the same as in Figures 1 and 2.

It can be seen that with distance from the point of
application of the load, the distribution pattern changes
significantly, especially for stresses.

OPEN 8#CCESS

63



p-ISSN 1607-6885 HoBi Matepianu i TexHOIOTIT B MeTanyprii Ta MamuHoOyxyBanHi. 2026/1
e-ISSN 2786-7358 New materials and technologies in metallurgy and mechanical engineering. 2026/1

Figure 2. Contact stresses between the outer load-
bearing layer and the aggregate

1,6

1,2

0,8

0,4

Figure 3. Radial displacements in different cross-sec-
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c)n=0.2

tions of the filler

=a;

an=0
-
3
1
2
t=a, t=a,;
byp=01
o
0,7
0,6
0,4
3
0,3
0,2 1
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0
-0,1
-0,2 2
-0,3
t=a, t=a,
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Figure 4. Change in normal stresses across the
thickness of the filler filler
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In conclusion, we note that the approach proposed in
this work to extend the authors' approach describing the
dynamics of three-layer shells to the case of a filler made
of transversely isotropic material opens up possibilities for
its use for other types of anisotropic materials. At the same
time, the main difficulties on this path may arise when
integrating dynamic equations for such media.

Conclusions

1. A semi-accurate mathematical model is proposed
to describe the dynamics of a three-layer cylindrical shell
with a transversely isotropic filler, where the motion of the
supporting layers is described by the equations of motion
of such shells, which are based on the approaches of
Timoshenko or Kirchhoff-Lyau, and for the filler, the exact
equations of the elasticity theory of an anisotropic body are
used, with the contact conditions at the boundaries of each
of the three layers being satisfied.

2. To solve the stationary dynamic problem of motion
along the surface of an infinitely long three-layer
cylindrical shell, an algorithm has been developed that
consists of using Galilean transformation and applying, in
a moving coordinate system that moves together with the
load, complex integral Fourier transform. In this case,
potential functions are introduced in a special way using
previously unknown coefficients in the image space for
integrating the equations of motion of a transversely
isotropic material.

3. In general, the results after applying the inverse
Fourier transform are obtained in the form of improper
integrals with complex subintegral functions, therefore, for
their approximate calculation with a given accuracy, a
program has been developed based on the method proposed
by Filon for constructing quadrature formulas for the case
of strongly oscillating functions.

4. Various cases of boundary conditions on the inner
surface of the filler are considered as special cases of the
general results, in particular, the case of a shell with a
liquid filler and a shell with a filler and a rigid core inside
it.

5. For all the problems considered, numerical results
were obtained using a computer and corresponding graphs
were constructed, showing the influence of anisotropy and
boundary conditions on the stress-strain state of a
cylindrical shell composed of three layers.

6. The results of the work can be used for comparison
when constructing approximate models of the dynamics of
three-layer cylindrical shells with both isotropic and
anisotropic filler material.
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Mema pobomu. Po3nogcrooumu paniwie 3anponoHO8aHUll asmopamu RioXio npo 3aCmMoCy8ants 0is 3a0ay OUHA-
MIKU MPLOXUAPOSUX YUTTHOPUUHUX 0OOTOHOK 3 I30MPONHUM 3ANOEHIO8AYEM MOYHUX PIBHAHbL MEOPIi NPYIHCHOCII HA 00UH
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Memoou oocnioncenna. Ilodyoosana mamemamuyna mooeib OUHAMIKU MPbOXULAPOBOT YUTIHOPUUHOI 0O0IOHKU,
KO PYX HECYUUX WAapi6 ONUCYEMbCS PIGHAHHAMU Meopii MOHKUX 0DONOHOK, a OJi MPAHCEEPCalbHO I30MPONHO20 3aN0-
BHI08AUA GUKOPUCMOBYIOMbCS OUHAMIYHI PIBHAHHA Meopii NPYAHCHOCMI AHi30MPONHO20 CepedosUwa y 3a2a1bHOMY GUl-
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MODELING OF THE INFLUENCE OF SHIELDING GAS COMPOSITION
ON THE GEOMETRY OF THE DEPOSITED LAYER IN
WIRE ARC ADDITIVE MANUFACTURING (WAAM)

Purpose. To develop a generalized theoretical approach for describing the influence of shielding gas composition
on the geometry of the deposited layer in the WAAM process, taking into account arc thermophysics, surface phenomena,
and the thermohydrodynamics of the weld pool.

Research methods. Methods of analysis and generalization of scientific publications, the principles of heat transfer
theory and fluid mechanics with a free surface, physical modeling of thermocapillary convection, as well as a semi-
empirical mathematical description based on the introduction of integral gas-environment indices.

Results. A cause-and-effect framework describing the influence of shielding gas composition on effective heat input,
melt surface activity, and the geometric parameters of the deposited layer was developed. A gas thermophysical index
(GTI) was proposed to characterize the effect of the gas mixture on the thermal state of the arc, and a gas activity index
(GAI) was introduced to reflect the influence of active components on the thermocapillary response of the molten pool. A
structure of semi-empirical model was constructed, relating gas composition to bead width, layer height, and penetration
depth.

Sciettific novelty. An integrated approach describing the influence of shielding gas on the formation of deposited-
layer geometry in WAAM is proposed, in which the gas environment is considered as a physically meaningful process
parameter. For the first time within the framework of this formulation, a system of integral indices, GTI and GAI, has
been introduced for the formalized consideration of the thermophysical and chemical-surface channels through which

gas mixture affects the process.

Practical value. The obtained results may serve as a theoretical basis for selecting shielding gas composition, pre-
dicting deposited-layer geometry, further calibration of the model using experimental data, and developing process con-

trol algorithms for WAAM.

Key words: Wire Arc Additive Manufacturing (WAAM), shielding gas, deposited layer, bead geometry, thermoca-
pillary convection, weld pool, mathematical modeling, penetration depth.

Introduction

Wire Arc Additive Manufacturing (WAAM) is con-
sidered one of the most promising directions in additive
manufacturing of large-scale metallic components due to
its high deposition productivity, efficient material utiliza-
tion, and the possibility of employing conventional arc
welding equipment integrated with robotic motion systems
[1-4]. Particular interest in WAAM is driven by its suita-
bility for producing complex-shaped parts in mechanical
engineering, energy systems, transportation, and aerospace
industries, where, in addition to productivity, geometric ac-
curacy, stability of layer-by-layer deposition, and control-
lability of the thermal state of the process are of decisive
importance [1-4].

One of the central scientific and technological chal-
lenges of WAAM is the formation of the deposited layer

© Ruslan Kulykovskyi, Kyrylo Krasnoselsky, 2026
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geometry. Bead width, layer height, and penetration depth
directly influence the dimensional accuracy of the manu-
factured component, interlayer repeatability, accumulation
of geometric deviations, surface waviness, and the extent
of subsequent machining. In a multilayer process, even mi-
nor deviations in the geometry of an individual pass may
lead to significant deterioration in the overall quality of the
component. Therefore, the problem of predicting and con-
trolling layer geometry parameters is among the key issues
for the further development of WAAM as an industrial
manufacturing technology [2-4].

Among the factors determining the geometry of the
deposited layer, the composition of the shielding gas occu-
pies a significant role. The gaseous environment affects not
only the protection of molten metal from atmospheric con-
tamination but also the thermal state of the arc, the mode
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of electrode metal transfer, and wetting and flow condi-
tions within the molten pool [5-9]. Variations in the ratio
of inert and active components in the gas mixture may alter
the spatial distribution of the heat flux, the surface condi-
tion of the molten metal, and the intensity of thermocapil-
lary convection. Consequently, these changes influence
bead shape, penetration depth, and the stability of layer for-
mation [5-9]. This represents a fundamental feature of
WAAM: the composition of the shielding gas acts not
merely as a technological condition of the process but also
as a factor governing the morphology of the deposited ma-
terial.

At the same time, the current state of research is char-
acterized by a certain inconsistency. On one hand, numer-
ous experimental studies convincingly demonstrate that
variations in shielding gas composition significantly influ-
ence bead geometry and the quality of multilayer deposi-
tion [5-7]. On the other hand, in most existing WAAM
models, the shielding gas is either considered only indi-
rectly through process parameters or treated as an auxiliary
experimental condition without being introduced into the
analytical description of the process as an independent
physically meaningful variable [2—4, 10, 11]. As a result, a
discrepancy arises between the experimentally confirmed
significance of the gaseous environment and its insufficient
integration into theoretical models describing layer geom-
etry formation.

Another gap lies in the fact that many existing ap-
proaches consider separately the thermophysical influence
of the gas on the arc and the surface phenomena occurring
within the molten pool. In reality, however, these mecha-
nisms act simultaneously in the WAAM process and deter-
mine the final layer morphology as the result of the coupled
interaction of heat transfer, fluid flow, and surface forces
[8-11]. For this reason, empirical selection of gas mixtures
alone is insufficient for effective control of deposition ge-
ometry. Instead, a generalized approach is required that
would relate the composition of the shielding gas to effec-
tive heat input, the thermocapillary response of the molten
pool, and the principal geometric parameters of the depos-
ited layer.

In this context, the present work is aimed at develop-
ing a generalized theoretical description of the influence of
shielding gas composition on the geometry of the deposited
layer in WAAM. Within this framework, the gaseous envi-
ronment is considered as a physically meaningful process
parameter associated with arc thermophysics, the surface
activity of the molten metal, and the thermo-hydrodynamic
state of the weld pool.

Analysis of research and publications

The initial stage of research development in the field
of WAAM was associated with the formation of a general
understanding of this technology as a high-productivity
type of wire-based additive manufacturing for metallic
components. Fundamental review studies demonstrated
that WAAM possesses significant advantages for large-
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scale parts due to high deposition rates, efficient material
utilization, and the possibility of integrating standard arc
welding power sources with robotic motion systems. At the
same time, these studies clearly outlined the main limita-
tions of the process, including insufficient geometric accu-
racy, surface waviness, instability of bead shape, the influ-
ence of thermal history, and the need for additional quality
assurance measures [1-5]. Thus, at the initial stage, scien-
tific attention was mainly focused on the general techno-
logical capabilities of WAAM and on the challenge of
achieving stable product quality.

Further development of the research area was associ-
ated with the transition from a general technological de-
scription to the analysis of individual factors determining
the morphology of the deposited layer. In this context, par-
ticular importance was given to studies devoted to the in-
fluence of process parameters, heat input, motion trajec-
tory, interlayer temperature, and cooling conditions on
bead width, layer height, and penetration depth. At this
stage, deposition geometry began to be considered not
merely as a geometric outcome of the process but as an in-
tegral indicator of heat and mass transfer, solidification ki-
netics, and the stability of multilayer buildup [2-5, 12, 13].
However, even in these studies, the composition of the
shielding gas generally remained either a background con-
dition or a variable recorded experimentally without fur-
ther inclusion in a physically meaningful analytical de-
scription.

A separate and more application-oriented stage of re-
search consists of studies directly addressing the influence
of shielding gas in WAAM. For stainless steels, a method-
ology has been proposed for selecting multicomponent Ar-
based gas mixtures taking into account the regularity of
metal transfer, geometric characteristics, and metallurgical
features of deposited walls [6]. For wire arc additive pro-
cesses based on Ar-CO, mixtures, experimental studies
have shown that changes in gas composition affect the ther-
mal regime, the local morphology of the deposit, and the
quality of building different geometries [7]. In large-scale
additive manufacturing of martensitic 410 steel, it was es-
tablished that the type of gas mixture influences not only
microstructure and mechanical properties but also process
stability, which is directly related to deposition morphol-
ogy [8]. For aluminum thin-walled WAAM structures, the
importance of additional shielding has been demonstrated,
affecting the regularity of metal transfer, surface cleanli-
ness, and geometric quality [9]. The body of these works
indicates that shielding gas in WAAM can no longer be re-
garded as a secondary factor. However, most of these stud-
ies are predominantly experimental and are focused on spe-
cific materials, mixtures, and operating regimes.

The physical foundations of such influence were es-
tablished earlier in classical studies of arc welding. The
work of Pires, Quintino, and Miranda demonstrated that the
composition of gas mixtures significantly affects arc sta-
bility, metal transfer modes, and the process characteristics
of Gas Metal Arc Welding (GMAW) [10]. In the study by
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Lu, Fujii, and Nogi, it was shown that even small additions
of O, or CO; to argon alter the oxygen content in the mol-
ten metal and may lead to a change in the character of Ma-
rangoni convection, thereby affecting weld pool shape and
penetration depth [11]. A comprehensive analysis of the in-
fluence of various shielding gases on metal welding pro-
cesses was presented in the work of Kah and Martikainen
[14]. For WAAM applications, these studies are of funda-
mental importance, as they explain the mechanism of the
gas environment not only through arc energetics but also
through changes in the surface state of the molten metal
and the restructuring of flow patterns within the weld pool.
This marks the origin of the scientific direction linking gas
composition with macroscopic layer geometry through the
thermohydrodynamics of the molten pool.

The next important stage in the development of re-
search is associated with numerical and analytical model-
ing of WAAM. In particular, Bai et al. developed a three-
dimensional model of heat transfer and molten pool flow
for multilayer PAW-based WAAM, demonstrating the de-
cisive role of interlayer thermal history, melt pool hydro-
dynamics, and cooling conditions in the formation of the
geometry of subsequent layers [12]. Oliveira, Santos, and
Miranda summarized the fundamental welding concepts
relevant to fusion-based additive manufacturing, including
rapid thermal cycles, solidification, defect formation, and
residual stress development [13]. However, even in ad-
vanced numerical approaches, the shielding gas is typically
considered indirectly through the heat source model, pro-
cess parameters, or experimentally specified conditions ra-
ther than being introduced into the model as an independ-
ent physically meaningful variable. Consequently, current
models describe the thermal and hydrodynamic states of
the process relatively well but still do not provide a gener-
alized analytical relationship linking gas composition, arc
conditions, surface phenomena, and layer geometry.

It is also important to highlight studies specifically
evaluating the influence of shielding gas on the geometric
quality of WAAM. The work of Gur¢ik, Kovanda, and Ro-
han directly focused on the effect of shielding gas on the
geometrical quality of WAAM technology [15]. Together
with the aforementioned WAAM studies, this confirms the
relevance of the problem from the standpoint of layer ge-
ometry control rather than solely from the perspectives of
metallurgy or mechanical properties. At the same time,
comparison of these results shows that existing solutions
are predominantly either purely experimental or technolog-
ical-empirical in nature and do not provide a reduced phys-
ically interpretable model suitable for parametric predic-
tion and further optimization of gas mixture composition.

Thus, a critical analysis of previous and contempo-
rary publications allows several key stages to be identified:
- first, the establishment of WAAM as a high-productivity
technology characterized by challenges related to geomet-
ric accuracy and stability [1-5];

- second, the accumulation of experimental data on the in-
fluence of specific gas mixtures on deposition morphology
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and material properties [6-9, 15];

- third, the development of fundamental concepts concern-
ing the role of shielding gas through metal transfer modes,
surface tension effects, and Marangoni convection [10, 11,
14];

- fourth, the development of thermohydrodynamic models
of WAAM, in which the gas environment has not yet be-
come a full-fledged parameter of a generalized description
[12, 13]. This last circumstance defines the unresolved part
of the overall problem.

The unresolved aspect of the problem is the absence
of a generalized analytical approach in which the composi-
tion of the shielding gas would be incorporated into the
process description as a parameter simultaneously charac-
terizing its thermophysical influence on the thermal state
of the arc and its chemical-surface influence on the ther-
mocapillary response of the molten pool. This limitation
prevents the transition from empirical selection of gas mix-
tures to physically grounded prediction of bead width,
layer height, and penetration depth under WAAM condi-
tions. Therefore, the role of the present work in addressing
this problem lies in the development of a reduced theoreti-
cal approach in which the gaseous environment is parame-
terized through integral indices and linked to the geometry
of the deposited layer through the thermohydrodynamic
state of the molten pool. Such a research direction is both
relevant and justified, as it combines a fundamental me-
chanical interpretation with the prospect of further experi-
mental optimization and engineering application of the
model.

Research objective

The objective of this study is to develop a generalized
theoretical approach for describing the influence of shield-
ing gas composition on the geometry of the deposited layer
in the WAAM process. To achieve this objective, the fol-
lowing tasks were formulated: to establish a cause-and-ef-
fect framework describing the influence of the gaseous en-
vironment on the thermal state of the arc and the thermoca-
pillary response of the molten pool; to introduce integral
indices characterizing the thermophysical and chemical-
surface properties of the gas mixture; and to construct the
structure of a semi-empirical model for describing bead
width, layer height, and penetration depth.

The criteria for evaluating the quality of the obtained
results include the physical validity of the approach, the in-
ternal consistency of the model, and its suitability for fur-
ther parametric identification. The limitations of the study
are determined by its theoretical nature, the use of a re-
duced analytical description, and its focus on arc-based
WAAM processes operating in shielding gas environ-
ments.

Materials and research methodology

The material of the study consists of scientific publi-
cations devoted to WAAM technology, the influence of
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shielding gas composition on arc processes, thermocapil-
lary phenomena in the weld pool, and thermohydrody-
namic modeling of molten pools [1-15]. The analysis in-
cludes review studies on WAAM [1-5], investigations of
the influence of shielding gas in WAAM [6-9, 15], works
on classical welding processes addressing the effects of gas
mixtures on arc behavior, metal transfer, and weld pool
morphology [10, 11, 14], as well as studies on numerical
modeling of heat transfer and molten metal flow [12, 13].

The research methodology is based on a sequential
transition from the analysis of known physical mechanisms
to the development of a reduced analytical model. At the
first stage, literature data were systematized concerning the
influence of shielding gas composition on bead geometry,
arc stability, metal transfer, and flow behavior in the mol-
ten pool. At the second stage, these patterns were physi-
cally generalized with the identification of two principal
channels through which the gaseous environment influ-
ences the process: the thermophysical channel and the
chemical—-surface channel. At the third stage, a cause-and-
effect framework of the process was established, and inte-
gral indices were introduced to parameterize the identified
mechanisms of influence. At the final stage, the structure
of a semi-empirical model was constructed to describe
bead width, layer height, and penetration depth.

The study employed the method of scientific litera-
ture analysis, physical modeling of the process based on
the principles of continuum mechanics, and a semi-empir-
ical mathematical description. The analytical method was
used to identify stable and physically justified relationships
describing the influence of He, CO,, and O; on the thermal
state of the arc, the surface activity of the molten metal, and
the geometry of deposition [6-11, 14, 15]. Physical mod-
eling was applied to determine the principal mechanisms
governing the formation of layer geometry, which are re-
duced to variations in effective heat input, the thermocapil-
lary response of the molten pool, and the mass balance of
deposited metal [11-13]. The semi-empirical approach was
used to formalize the relationship between gas mixture
composition and the main geometric characteristics of the
deposited layer.

To describe the influence of the gaseous environment,
two integral indices were introduced. The gas thermophys-
ical index (GTI) characterizes the generalized influence of
the gas mixture on the thermal state of the arc, whereas the
gas activity index (GAI) reflects its influence on the sur-
face state of the molten metal and on the conditions gov-
erning thermocapillary convection. Within the proposed
model, effective heat input is considered as a function of
process parameters and GTI, while the thermocapillary re-
sponse of the molten pool is described as a function of GAL.
Bead width and penetration depth are represented as func-
tions of the thermal state and flow behavior in the molten
pool, whereas layer height is determined through the mass
balance of deposited material and the geometry of the
cross-section.
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The reliability and validity of the obtained results are
ensured by the physical interpretability of all model param-
eters, the consistency of the model with the conservation
laws of mass, energy, and momentum, and its agreement
with established trends reported in the literature for inert,
helium-containing, and active gas mixtures [6-12, 14, 15].
The proposed approach has a theoretical character and is
intended to describe the macrogeometry of the deposited
layer at the level of integral characteristics. It does not re-
place full three-dimensional numerical modeling but pro-
vides a conceptual foundation for further calibration and
application in predictive and optimization tasks for the
WAAM process.

Research results

In this study, the results were obtained through the
construction and analytical investigation of a semi-empiri-
cal model describing the formation of the geometry of a
single deposited bead in WAAM. Within the proposed for-
mulation, the composition of the shielding gas is taken into
account through two integral parameters, namely the gas
thermophysical index GTI and the gas activity index GAI,
which represent, respectively, the thermophysical and
chemical—-surface channels through which the gaseous en-
vironment influences the deposition process. This ap-
proach makes it possible to establish a functional relation-
ship between the properties of the gas environment, the
thermal state of the arc, the thermocapillary response of the
molten pool, and the principal geometric characteristics of
the formed layer.

In what follows, the geometry of the current bead is
described by four principal cross-sectional parameters:
bead width w, layer height h, penetration depth p and wet-
ting angle 6. The width w is defined at the level of the sur-
face of the previous layer, the height h - as the distance
from this surface to the apex of the current bead, and the
penetration depth p - as the distance from the same refer-
ence surface to the lowest point of the fusion zone. The
wetting angle @ characterizes the geometry of contact be-
tween the current layer and the previous one and reflects
the spreading conditions of the liquid metal over the depo-
sition surface. In the model, this parameter is of fundamen-
tal importance, since it is through @ that the geometry of
the bead cross-section is made consistent with the mass
balance of the deposited metal.

The construction of the model is based on the assump-
tion that the influence of shielding gas on deposition geom-
etry is realized through variations in two governing com-
ponents of the process. The first is associated with changes
in the thermal state of the arc and the effective heat input
to the deposition zone, while the second is associated with
changes in the surface state of the molten pool and the char-
acter of thermocapillary flow. Accordingly, the model sep-
arately describes the energetic mechanism and the surface-
hydrodynamic mechanism of bead geometry formation.

The basic energetic characteristic of the process is
taken to be the linear heat input
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Q=1 :_:’ (1)
where @, is the linear heat input, J/m; n, is the thermal
efficiency coefficient of the process; U is the arc voltage,
V; I is the welding current, A; and v, is the torch travel
speed, m/s.

Taking into account the influence of the gaseous en-
vironment, the effective linear heat input is written as
Qefr = Qi1+ ¢, (GTI - 1)], )
where Q. is the effective linear heat input, J/m; ¢4 is the
sensitivity coefficient of heat input to changes in the ther-
mophysical properties of the gas mixture.
The chemical-surface influence of the shielding gas is
taken into account through the thermocapillary response
function
Yy = tanh[y(GAI — GAI_], 3)
where ¥, is the dimensionless thermocapillary response
function; GAI, is the critical value of the gas activity in-
dex; and y is a parameter determining the steepness of the
transition between flow regimes in the molten pool.
To account for the energy required for metal melting,
a characteristic linear scale is introduced:

Qefr

L, = ’—

m PHm

where L,, is the characteristic melting scale, m; p is the
metal density, kg/m?; and H,, is the effective specific en-

thalpy of melting, J/kg.
Then the bead width is described by the relation

(4)

w = Kw Lm(l - dwlpM)’ (5)
and the penetration depth by
p=K,L,(1+d,¥y), (6)

where K,,, K, d,,, d,, are dimensionless model parame-
ters. Equation (5) reflects that an increase in the melting
scale broadens the bead, whereas an increase in ¥, that
is, a transition toward inward flow, limits its lateral spread-
ing. Equation (6), in contrast, shows that the same transi-
tion promotes deeper penetration due to the concentration
of heat and mass transfer in the axial zone.
The cross-sectional area of the bead is determined
from the mass balance:
1

Abz_

1
PVt

()
where A, — is the cross-sectional area, m?; and rn is the

deposition mass rate, kg/s.
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To establish the relationship between 4, w, h and
the bead cross-section is approximated by a symmetric cir-
cular segment. In this case, the cross-sectional area is

W2 .
Ay = 5o (0 — sinBcos0), (8)
where 0 is expressed in radians, and the bead height is de-

termined by
0
h=Ztan-,
2 2

9)

Thus, the wetting angle 0 enters the model as a geo-
metric parameter through which the mass balance and the
cross-sectional shape are closed. This makes it possible to
determine the layer height not as an independent quantity,
but as a consequence of the simultaneous action of mass
input, bead width, and wetting conditions.

To evaluate morphological repeatability, the standard
deviation of width was used:

oy = ’%Zliv:ﬂwi - w)?,

where w; are the local width values, w is the mean width,
and N is the number of considered cross-sections. Within
the developed model, a,, is used as an integral indicator of
formation stability, sensitive to changes in the molten pool
flow regime.

The resulting system of relations

(10)

{x;} = GTI, GAI > Qfp, ¥y > w,p — 6 > h— ag,(11)

defines the complete structure of the model and provides a
basis for the analytical investigation of the influence of
shielding gas on the morphology of a single bead.

From Eq. (2), it directly follows that

a
Wit = @,cy > 0.

a1 (12)

Therefore, for positive ¢, an increase in GTI leads to
an increase in the effective linear heat input. Then, from

Eq. (4),

Ly
py== >0, (13)
and from Eg. (5),
ow
Py (14)

This means that an increase in the gas thermophysical
index, corresponding to a stronger thermophysical effect of
the gas mixture on the arc, leads to bead widening.

From Eq. (6), it simultaneously follows that

ap
2611 >0, (15)
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that is, penetration depth also increases with increasing
GTI. However, within the framework of the model, this ef-
fect is determined primarily by the increase in the melting
scale L,,, rather than by a restructuring of surface flows.

For constant m, p and v, the cross-sectional area 4,
remains constant according to Eq. (7). Therefore, an in-
crease in w at constant A, is possible from Eq. (8) only due
to a decrease in the wetting angle:

a0

el (16)
Further, from Eq. (9),

oh

STl 7)

Hence, an increase in GTI within the model leads to
the formation of a wider, lower, and less convex bead with
a smaller wetting angle.

For the thermocapillary response function, Eq. (3)
yields

aw
FX; = ysech?[x(GAI — GAI_)] > 0.

(18)
This means that, with increasing GAI the system
monotonically transitions from a regime of predominantly
outward flow to a regime of inward flow.
From Eqg. (5), one obtains

ow
2 <0, (19)
and from Egq. (6),
ap

Thus, an increase in gas activity leads to a narrowing
of the bead and an increase in penetration depth. This is a
direct consequence of the fact that inward flow reduces lat-
eral spreading of the metal and promotes axial concentra-
tion of the heat flux.

Since, at constant A, bead narrowing must be com-
pensated by an increase in the convexity of the cross-sec-
tion, Eq. (8) implies

20
Soa (21)
Then, from Eq. (9),
oh
Seal (22)

Thus, within the framework of the model, an increase
in GAI leads to the formation of a narrower, higher, and
more convex bead with a larger wetting angle and greater
penetration.

Expression (18) reaches its maximum under the con-
dition
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GAI = GAI,. (23)

This means that precisely in the vicinity of GAI =
GAI ., the geometric parameters of a single bead are most
sensitive to variations in gas composition. Hence, the
model predicts a nonlinear, threshold-type character of the
influence of active gas components on layer morphology.
Outside this region, the sensitivity decreases, since the
tanh function approaches saturation.

A combined analysis of Egs. (5)—(9) shows that the
geometry of a single bead is determined by the competition
between two mechanisms. The first mechanism is associ-
ated with an increase in GTI, which raises the effective
heat input, the melting scale, and the bead width. The sec-
ond mechanism is associated with an increase in GAI,
which, through ¥, alters the character of surface flows,
narrows the bead, increases its convexity, and deepens pen-
etration.

An important result follows from this: the same bead
width may be obtained for different combinations of GTI
and GAI, but with different values ofp, 8 and h. Therefore,
the morphology of the deposited layer cannot be correctly
described by the single parameter w alone; instead, it is
necessary to consider the interrelated system

{w, h, p, 6}. (24)

The developed model further implies that the greatest
instability in geometric formation should manifest itself in
the vicinity of the critical region GAI,., where the sensi-
tivity of width and wetting angle to gas composition is
maximal. It is precisely in this region that local fluctuations
in the thermocapillary response will exert the strongest in-
fluence on a@,,, i.e., on waviness and geometric repeatabil-
ity from layer to layer.

Thus, the analytical investigation of the developed
model has shown that

GTIT= Qe ,whptoLhL (25

GAIT=> Yy L,wlp1,01 R, (26)

GAI = GAI_, = maximum sensitivity w, h, p, 0 to gas
composition. 27)

Therefore, the principal result of the study is the de-
velopment and analytical treatment of a dimensional model
for the formation of the geometry of a single deposited
bead in WAAM, in which bead width, layer height, pene-
tration depth, and wetting angle are linked into a unified
system through mass balance, effective heat input, and the
thermocapillary response of the molten pool. The obtained
relationships define the nature of the influence of shielding
gas composition on bead morphology and provide a basis
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for further experimental calibration of the model and phys-
ical interpretation of the results.

In the present study, the proposed model was formu-
lated for Fe-based WAAM, primarily for steel systems, in
which the influence of shielding gas composition on bead
width, penetration depth, wetting angle, and layer height
can be generalized within the framework of a thermophys-
ical-surface formulation.

For the practical interpretation of the obtained de-
pendencies, Table 1 presents the generalized character of
the influence of typical shielding gas environments on the
geometry of a single deposited bead in Fe-based WAAM.
The table reflects the expected morphological trends within
the framework of the developed model.

Discussion

The obtained results indicate that the influence of
shielding gas composition on the geometry of the deposited
layer in WAAM should be considered as the result of the
combined action of two physically distinct mechanisms.
The first mechanism is associated with changes in the ther-
mal state of the arc and the effective linear heat input, while
the second is related to variations in the surface state of the
molten pool and the character of thermocapillary flow.
Such a separation makes it possible to move beyond a
purely technological interpretation of the gaseous environ-
ment and to consider it instead as a control factor that di-
rectly affects the morphology of an individual bead.

It should be emphasized that the applied interpreta-
tion of the model presented here primarily concerns Fe-
based WAAM, for which the influence of shielding gas on
the geometry of a single bead can be generalized through
thermophysical and chemical-surface mechanisms.

From the standpoint of process physics, the obtained
relationships for @.sf, w and p are consistent with the fact
that the thermophysical properties of the gas mixture deter-
mine not only the overall level of supplied energy but also
the character of its spatial distribution in the arc region.
Within the framework of the model, an increase in the ther-
mophysical index GTT leads to an increase in the effective
linear heat input and, consequently, in the characteristic
melting scale L,,. This can be interpreted as an expansion
of the thermal influence zone and an increase in bead
width. Such a result is physically plausible for gas mixtures
with higher thermophysical potential, particularly those
containing helium, where the plasma column and heat flux
become more distributed, resulting in a wider and less con-
vex bead.

At the same time, the model shows that an increase in
GAI affects not the energetic component of the process, but
primarily its surface-hydrodynamic component. Through
the function ¥, this reflects a transition from a regime of
predominantly outward flow to a regime of inward redis-
tribution of the molten metal. Within this formulation, an
increase in GAI naturally leads to a decrease in bead width
and an increase in penetration depth. The physical meaning
of this result lies in the fact that active components of the
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gaseous environment, by altering the surface state of the
melt, affect the sign and magnitude of the thermocapillary
gradient and, consequently, the direction of surface flows
in the molten pool. As a result, heat and liquid metal be-
come concentrated in the axial zone, which promotes the
formation of a narrower but more deeply penetrated bead.

In the developed model, the wetting angle 8 does not
serve as a secondary or merely illustrative parameter. On
the contrary, it is precisely through this parameter that the
geometry of the bead cross-section is made consistent with
the mass balance of the deposited metal. This means that a
change in width w at constant mass input cannot be con-
sidered in isolation from a change in cross-sectional shape.
If GTI increases and the bead widens, then, at constant 4,
this must be accompanied by a decrease in 0, that is, by the
formation of a flatter profile. If, by contrast, GAI increases
and the bead narrows, this should lead to an increase in 0
and to more pronounced convexity. For this reason, inclu-
sion of the wetting angle in the model is necessary for a
mechanically consistent description of the layer height h.

The obtained equation for h has important methodo-
logical significance. Unlike many empirical approaches in
which layer height is specified by a separate regression re-
lationship, in the present work it is determined through the
cross-sectional area, bead width, and wetting angle. This
makes the description physically consistent: layer height is
not an independent variable but rather a consequence of the
combined action of heat input, surface phenomena, and
mass transfer. From this standpoint, the developed model
better corresponds to the real nature of WAAM, where the
geometry of a single layer cannot be adequately described
by a single parameter without taking into account the shape
of the cross-section. The presence of the parameter GAI .,
in the model means that the influence of active components
of the gas mixture on bead geometry has a threshold char-
acter. The maximum sensitivity of geometry to gas compo-
sition is realized precisely in the vicinity of GAI,., where
the derivative d¥,,/dGAI reaches its maximum. In phys-
ical terms, this corresponds to the region in which a change
in the surface state of the melt produces the most intensive
restructuring of flow in the molten pool. For WAAM, this
is particularly important because, in a multilayer process,
even a moderate variation in the geometry of a single pass
accumulates and affects the dimensional accuracy of sub-
sequent layers.

The developed model also leads to another important
implication: the same value of bead width may be achieved
by different combinations of GTI and GAI, but with differ-
ent values of p, h and 6. This means that focusing on only
one morphological parameter, for example bead width, is
insufficient for evaluating the quality of the gaseous envi-
ronment. A gas mixture that provides an acceptable value
of w, does not necessarily ensure optimal penetration, wet-
ting angle, or formation stability. That is why, in the pre-
sent work, the morphology of a single bead is considered
as a system of interrelated parameters {w, h, p, 8}, rather
than as a set of independent quantities.
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Table 1 — Applied interpretation of the model for typical shielding gas environments in Fe-based WAAM

shil-l)(/j?:lcgalgas Expected Expected Dominant mechanism Expected geometry Applied interpretation for
b GTI level GAl level within the model of a single bead Fe-based WAAM

environment

Pure argon reference | very low Baseline thermal state w — medium; h — Can be treated as the baseline in-

(Ar=99.9- of the arc under mini- medium; p — ert atmosphere for comparison

100%) mal chemical-surface moderate; 6 — with He-containing and active-
influence medium gas mixtures

Ar-He, He- elevated low Strengthening of the whhl;p1;0] A wider, lower, and less convex

enhanced in- thermophysical channel: bead is expected. Such mixtures

ert environ- increase in Qqzr and Ly, are suitable when enhanced

ment (Ar + spreading of molten metal and a

10-25% He) flatter layer profile are required

Ar+low Oz | closeto moderate Strengthening of the wlihthpt, 61 Can be interpreted as a con-

addition reference chemical-surface chan- trolled means of narrowing the

(Ar +1-2% or slightly nel and modification of bead and increasing penetration

02) increased the thermocapillary gra- without moving to a strongly ac-
dient tive atmosphere.

Ar + low close to moderate / wlhTp 101 | Thisis a practically important

moderate reference | moderately | Chemical-surface influ- range for Fe-based WAAM: the

COz addition | or slightly | elevated ence of the active com- bead becomes narrower, higher,

(Ar+2-5% | increased ponent with enhanced and more deeply penetrated; in

CO2) inward thermocapillary many cases, this range provides
flow a useful compromise between

geometry and stability

Ar + ele- moderate high Dominance of the wll,h 11 A narrow, more convex, and

vated CO2 chemical-surface mech- | 6 11 deeply penetrated bead is ex-

content anism and strong re- pected. This range is associated

(Ar +8-12% structuring of molten- with higher morphological sensi-

CO2) pool flow tivity to disturbances and re-

duced repeatability

Combined elevated moderate Competition of two w — moderate/con- | This is the most flexible cate-

Ar-He-ac- mechanisms: (GTI) trollable; h — mod- | gory for bead-shape control,

tive gas envi- tends to widen the bead, | erate; p 1; 6 - since it allows sufficient heat in-

ronment whereas (GAI) tendsto | close to medium or | put to be combined with a con-

(Ar +10- narrow it and increase moderately in- trolled surface-driven effect

20% He + penetration creased

0.5-2% CO2

or Ar + 10—

20% He +

0.5-1% O>)

The parameter a,,, which characterizes formation re-
peatability, is not directly included in the main system of
analytical equations in this study; however, the model
makes it possible to interpret its behavior. Since, in the vi-
cinity of GAI., bead geometry is most sensitive to small
changes in the gaseous environment, it is precisely in this
region that increased nonuniformity of formation and a rise
in a,, can be expected. Thus, the model not only describes
the average geometric parameters of a single bead, but also
provides a physical explanation of why the stability of the
multilayer process may deteriorate under conditions close
to critical thermocapillary restructuring.

At the same time, the results should be interpreted
with due regard for the limits of applicability of the pro-
posed formulation. The model is reduced in nature and
does not fully account for arc unsteadiness, the discrete na-
ture of droplet transfer, the temperature dependence of all
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metal and gas properties, or the specific features of partic-
ular alloys, which may influence the critical value GAIL,..
It also does not replace a full three-dimensional CFD de-
scription of the process. Nevertheless, precisely as an ana-
Iytical generalized framework, it has a significant ad-
vantage: it makes it possible to consider shielding gas com-
position as a model parameter rather than merely as a back-
ground experimental condition.

Therefore, the modeling results show that the for-
mation of the geometry of a single deposited bead in
WAAM is governed by the competition between two
mechanisms: the expansion of the melting scale under the
influence of the thermophysical properties of the gas, and
the restructuring of thermocapillary flow under the influ-
ence of its chemical activity. It is this competition that de-
termines whether a wider and flatter bead is formed, or a
narrower, higher, and more deeply penetrated layer. This
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constitutes the principal physical significance of the devel-
oped model and underlies its suitability as a basis for fur-
ther experimental calibration.

Conclusions

A semi-empirical model describing the formation of
the geometry of a single deposited bead in WAAM has
been developed, in which the composition of the shielding
gas is incorporated through two integral parameters: the
gas thermophysical index GTI and the gas activity index
GAI. The proposed approach makes it possible to relate the
properties of the gaseous environment to the effective heat
input, the thermocapillary response of the molten pool, and
the geometry of the bead.

It has been shown that the geometry of a single bead
should be considered as an interconnected system of pa-
rameters w, h, p and 8, where bead width w, layer height
h, penetration depth p and wetting angle @ are determined
by the combined action of thermal, surface, and mass trans-
fer processes. The inclusion of the wetting angle in the
model ensures consistency between the cross-sectional ge-
ometry and the mass balance of the deposited metal.

Analysis of the model has demonstrated that an in-
crease in GTI leads to an increase in effective linear heat
input, bead widening, and a reduction in bead convexity,
whereas an increase in GAI results in bead narrowing,
greater penetration depth, increased layer height, and a
larger wetting angle. It has been established that the highest
sensitivity of the geometric parameters to shielding gas
composition occurs in the vicinity of the critical value
GAI,,.

The practical significance of the obtained results lies
in providing a theoretical foundation for further calibration
of the model, for the rational selection of shielding gas
composition, and for the development of approaches to
controlling the geometry of the deposited layer in WAAM.
Further research should focus on experimental validation
of the model and on the identification of its parameters for
specific material-process—gas environment systems.
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MOJAEJIOBAHHSA BIUVINBY CKIIAAY 3AXNCHOI'O I'A3Y HA
TEOMETPIIO HAIUIABJIEHOI'O IIAPY IIPU TEXHOJIOI'I JYT'OBOI'O
AJUTUBHOTI'O BUPOBHUIITBA 3 BUKOPUCTAHHSAM JIPOTY (WAAM)

Pycnan KaHJl. TEXH. HayK, JOLEHT, IPOPEKTOP 3 HAYyKOBO-IIEIaroriyHoi poOOTH Ta MUTaHb Hep-

KyIHKOBCHKHIA CIIEKTUB PO3BUTKY YHIBEPCUTETY Haui(_)Ham,goro yyiBepcheTy «3aropi3bKa MoJiTex-
Hika», M. 3anopixoks, Ykpaina, e-mail: kulikovski@zp.edu.ua, ORCID: 0000-0001-
8781-2113

Kupun acmipaHT Kadenpu IHTErpOBaHMX TEXHOJIOTIM 3BaplOBaHHS Ta MOJCIIOBAHHSA

KpacHOCenbChKHit KOHCTpyKUii HarioHansHOTO yHIBEpCHTETY «3aropi3bKa MOJITEXHIKa, M. 3alopixKs,

Vkpaina, e-mail: kvkras@gmail.com, ORCID: 0009-0006-5251-9076

Mema pooomu. Po3pobnennst y3a2aibHeH020 MeopemuyHo2o nioxody 00 ORUCY GNIUGY CKIAJY 3AXUCHO20 2d3Y HA
2eomempiro Hanaasnenozo wapy npu mexronozii WAAM 3 ypaxysannam mennoghizuxu oyeu, nogepxuesux seuwy ma mep-
MO2IOpOOUHAMIKU 36API0ATLHOT BAHHU.

Memoou docnidxncennsn. Bukopucmarno memoou ananizy i y3a2aibHeHHs HAYKO8UX nyOiKayill, NOJONCEeHHsE meopil

menonepenHocy ma Mexaniku piounu 3 8iIbHOI nogepxHelo, izuine MOOeTIOaHHA MEPMOKANINAPHOT KOHEeKYyil, a ma-

KOJHC MeMOO HANIBEMNIPULHOL0 MATNEMATNUYHOZ0 ONUCY I3 66e0CHHAM IHMESPATbHUX THOEKCI6 2A308020 cepedosuiyd.
Ompumani peynomamu. Cihopmosaro NPUHUHHO-HACTIOKOBY CXeMy 8NIUBY CKIAOY 3AXUCHO20 2d3) HA eheKmusHe

MenosKIA0eHH s, NOBEPXHESY AKMUBHICHb PO3NIAGY MA 2eOMEMPUYHI NApamMempu HANJIAG1eH020 wapy. 3anponoHo8aHo

mepmoizuunuil inoexc 2asy GT1, wo xapaxmepusye enius 2a3080i cymiuii Ha meniosuii cmaw 0yeu, ma iHoexkc 2a30801

axmusnocmi GAI, axuii gidodpadicae 6nnue akmusHUx KOMHOHEHMI8 Ha MEPMOKANINAPHY 8i0n08i0b sanHu posniagy. Ilo-
0y008an0 cmpyKmypy Hanisemnipuunoi Mooeni, AKa no8 A3ye CKAA0 2a3y 3 WUPUHOIO 8aIUKA, BUCOMOIO APy Ma enuou-
HOI0 NPONIAGTIEHHSL.

Hayxkoea nogusna. 3anpononosano inmezposanuti nioxio 00 onucy 6naugy 3axucHozo 2asy Ha opmyeanis zeome-
mpii Hanaasnenoz2o wapy npu WAAM, y axomy 2azoee cepedosuiye po3enadacmvcs AK QisuiHo 3MicmosHull napamemp
npoyecy. Ynepuie 6 mesicax 0anoi nocmanosku 68edeno cucmemy inmeepanorux inoexcie GTI ma GAI ons gpopmanizo-

8AHO20 BPAXYBAHHSA XIMIYHO-NOBEPXHEB020 MA MEPMOPIUUHO20 KAHALIE BNIUBY 2A30801 CYMIUL.

Ilpakmuuna yinuicms. Ompumani pe3yibmamu MOACYms OYmMu UKOPUCIAHI K MeOpemuyHa 0CHO8A 0151 GUOOPY
CKAAOY 3aXUCHO20 2A3Y, NPOSHO3YBAHHSL 2e0MempIii HANAABNIEHO20 Wapy, NOOATLULOL KANIOPOBKY MO0 34 eKCNepUMeH-
MATLHUMU OAHUMU MA PO3POONIEeHHS aneopummis Kepyearws npoyecom WAAM.

Kniouosi cnosa: mexnonozis 0y206020 adumusnozo eupobnuymea 3 euxopucmannim opomy (WAAM), saxuchuii
2a3, HANJAGNEHUL AP, 2e0MEMpIisi 6ANUKA, MEPMOKANIIAPHA KOHBEKYIS, 36API0GATIbHA GAHHA, MAMeMAamuiHe MOOeio-

6AHHSL, NPONNAGILEHHSL.
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IMPROVED DESIGN OF THE SCREW PRESS COUPLING

Purpose. The aim of the work is to increase the energy efficiency and operational reliability of heavy screw presses
by creating a new drive design that ensures stabilization of the load on the power grid and eliminates thermal overloads
of the electric motor.

Research methods. The study employs a critical analysis of modern technical solutions from leading manufacturers
(Weingarten, Hasenclever), specifically the RZS series with direct drive. The research utilizes the general theory of elec-
tric drives to analyze energy efficiency in transient modes. Kinematic analysis and analytical calculations of the moment
of inertia were performed to substantiate the method of separating the driving mass (kinetic energy accumulator) into
multiple components to reduce inertial loads.

Results. The operational limitations of direct-drive presses, such as high peak currents and thermal overloads, were
identified. A new screw press design was proposed featuring a kinetic energy accumulator consisting of a central driving
flywheel and lateral driving masses mounted on the motor shafts. This accumulator is connected via a clutch to the
working driven flywheel of the press. Separating the driving accumulator into segments allows for a 25-fold reduction in
the mass of the driving elements while maintaining the same kinetic energy. To optimize the reverse stroke, the working
flywheel itself is also divided into two parts: an inner flywheel (rigidly mounted on the spindle) and an outer flywheel
(which is disengaged during the upward stroke of the slide). Recommendations for an autonomous reverse stroke system
were provided.

Scientific novelty. A method for separating rotating masses into a continuously operating kinetic energy accumula-
tor (driving flywheel system) and a cyclically connected working element is proposed. Unlike traditional rigid-connection
drives, the new kinematic scheme utilizes an intermediate driving mass and a friction clutch, allowing the motor to operate
continuously without frequent high-current starts.

Practical value. The design is applicable for presses with a nominal force from 2 MN and energy up to 5 MJ, suitable
for precision forging of turbine blades and gears without stamping inclinations. The use of standard induction motors
and the reduction of the drive's metal consumption decrease manufacturing and modernization costs while improving
power grid stability.

Key words: engagement clutch, screw press, precision stamping, moment of inertia, slider, screw spindle, flywheel.

requirements for the precision of forgings and the energy
efficiency of the equipment. In this segment, screw presses

The modern stage of development of forging and  with direct electric drive have taken a leading position,
stamping equipment is characterized by increased becoming an effective alternative to hammers and crank

Introduction
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presses in the manufacturing of critical parts (turbine
blades, gears, etc.).

Analysis of research and publications

Recognized leaders in the field, such as Weingarten
and Hasenclever, utilize press designs (type RZS) where a
single working flywheel is rigidly connected to the screw
spindle and simultaneously serves as the rotor of an
asynchronous motor [1]. While this scheme ensures
precision, it forces the drive to operate in a mode of
frequent starts and braking.

As illustrated in Fig. 1, this mode is characterized by
peak starting currents exceeding 1000 A and significant
thermal losses. According to the general theory of electric
drives [2], theoretical efficiency in such modes is limited
to approximately 50%. Attempts to solve this using
frequency converters [3, 4] increase costs and reduce
reliability due to shock loads, while hydraulic alternatives
[5] suffer from lower operating speeds. Thus, developing a
reliable mechanical drive that eliminates motor operation
in transient modes remains a relevant problem.

1, PR

500 ‘
400 g
300
200
100

||||||||||||||||||||

Figure 1. Typical diagram of startup modes of the arc-stator
drive of RZS series presses (N = 250 kW, ngy,,,cp, = 600 rpm)

Research material and methodology

A method of separating rotating masses into a contin-
uously operating kinetic energy accumulator and a cycli-
cally connected working element is proposed.

The essence of the proposed solution lies in the de-
velopment of a press kinematic scheme with an alternative
drive, in which the electric motor is kinematically decou-
pled from the screw during the working stroke. Instead of
a rigid connection (as in the RZS scheme), an intermediate
link is introduced — a kinetic energy accumulator (driving
flywheel system), which is accelerated by the electric mo-
tor to the nominal speed and maintains rotation in a steady-
state mode with high efficiency.

© Vasyl Obdul, Oleksandr
Viktoriia Shtankevych, 2026
DOI 10.15588/1607-3274-2026-1-9
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Energy transfer to the screw is carried out through a
controlled friction clutch. Such a design allows the electric
motor to operate without frequent starts and reversals, us-
ing the flywheel inertia to cover peak deformation loads.

Dissipating this heat from the stator windings poses a
significant problem, despite the use of an electric fan,
which complicates the operating conditions and mainte-
nance of the press.

To mitigate these drawbacks, it is proposed to utilize
kinetic energy previously accumulated by the driving fly-
wheel system. In this case, the mechanism is implemented
via an engagement clutch, where the working driven fly-
wheel serves as the driven part, and the driving part acts as
the central driving flywheel of the accumulator.

Research results

Fig. 2 presents an operation diagram illustrating the
process of engagement and acceleration of the working fly-
wheel to the nominal rotational speed. Up to point 2, a de-
crease in the angular velocity of the central flywheel and
the acceleration of the working flywheel occur.

At point 2, full engagement of the central driving and
working flywheels takes place; subsequent motion contin-
ues as the movement of a single mass up to point 3. At point
3, the clutch disengages, and the motion of the working fly-
wheel continues by inertia.

40
30
20
10

(U £
0 0.25 0.3 0.75 1

Figure 2. Changes in angular velocity of the central driving fly-
wheel and the working driven flywheel during clutch engage-
ment (qualitative representation)

Fig. 3 presents the kinematic scheme of the press. A
slide 2, kinematically connected to the screw spindle 3, is
installed in the press frame 1. The working flywheel 4 is
mounted at the end of the spindle, above which the central
flywheel (the main component of the accumulator) 5 is in-
stalled. Lateral driving masses 6 and 7 are positioned dia-
metrically and mounted, for example, on the shafts of drive
motors 8 and 9. The return movement of the slide is per-
formed by the return drive 10.

As is known [6-7], the moment of inertia of the driv-
ing flywheel system is determined by the ratio (formula
placeholder), and its practical value lies within the range of
2.5 +10. This allows for easy calculation of the moment of in-
ertia of the accumulator.

In order to reduce the mass of the driving flywheel
system, it can be divided into several components. Specif-
ically, one part serves directly as the central flywheel (the
driving member of the engagement clutch), while the other
parts are made as separate discs with a gear rim, through
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which they are kinematically connected to the central fly-
wheel, which also features gear teeth [8-9]. These lateral
masses can be directly mounted on the shafts of drive mo-
tors with a synchronous rotational speed of, for example,
1500 rpm or 3000 rpm.

a8

vy

i
:

Figure 3. Kinematic scheme of the screw press:
1 — frame; 2 — slide; 3 — screw spindle;
4 —working driven flywheel; 5 — central driving flywheel;
6, 7 — lateral driving masses; 8 — slide return drive

This allows reducing the moment of inertia of these
lateral masses by a factor of i2; for instance, with a clutch
engagement speed of 300 rpm (i = 5) and a motor speed
Tmoe = 1500 rpm, i? = 25. That is, the elements of the ac-
cumulator can have a weight 25 times lower while main-
taining the same kinetic energy. Standard serial induction
motors are used as drive motors, the maintenance of which
presents no difficulties [10-11].

The return stroke drive can be pneumatic, hydraulic,
or pneumohydraulic [11-12]. In order to reduce the level
of kinetic energy accumulated in the working flywheel dur-
ing the return stroke, which must be dissipated, it is pro-
posed to divide the working flywheel into two parts [13—
15].

The inner flywheel part is rigidly mounted on the
screw spindle (Fig. 4), while the outer flywheel is able to
rotate freely. The kinematic connection of both parts dur-
ing the downward stroke is ensured by rotary keys. During
the return stroke, the outer flywheel is braked; simultane-
ously, the keys rotate, the parts of the working flywheel
lose kinematic contact, and during the slide ascent, only the
screw spindle and the inner flywheel rotate.

The number of lateral masses can be two, four, or six,
which allows reducing the moment of inertia and, conse-
quently, the weight of the upper part of the press, which, in
turn, positively affects the stability of the press.
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Thus, this will allow, with reduced metal consump-
tion of the screw press drive, to maintain its basic energy
and power parameters, which ultimately makes it possible
to reduce the cost of manufacturing new equipment and
modernize existing equipment.

o

4
] — ———T7
4.
/ a1
2
L1
T m—

Figure 4. Kinematic scheme of the screw press:
1 - frame; 2 — slide; 3 — screw spindle; 4 — inner flywheel;
5 — outer flywheel; 6 — central driving flywheel;
7 — return drive; 8 — springs

Conclusions

An analysis of the operation of an electric screw press
was carried out and a defect was identified, caused by the
transient mode of operation of the drive, which is undesir-
able for the optimal operation of the device.

A screw press is proposed in which the reverse drive
is autonomous, and the working stroke is performed by
means of a drive with a clutch, in which the working fly-
wheel is the driven part, and the driving part is the accu-
mulator necessary for accelerating the working flywheel.

The proposed kinematic scheme with separation of
flywheel masses allows significantly reduce the metal con-
tent of the drive and reduce inertial loads on the system
during transient processes. The elements of the accumula-
tor, specifically the lateral masses, can be 25 times lighter
while maintaining the same kinetic energy. This increases
the overall efficiency of the press by minimizing energy
losses during acceleration and deceleration of massive
parts (such as the outer flywheel) during the reverse stroke,
and also ensures high maintainability of the equipment
through the use of standard industrial components.
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Mema pooomu. [liosuwenns enepeoepexmusHoCmi ma eKCnLyamayitiHoi HaditiHOCMI BANCKUX 2BUHMOBUX NPECI8
WIAXOM CIMBOPEHHS HOBOI KOHCMPYKYIL npuooy, axka 3abe3neyye cmadinizayito HaBaHMA}CeHHs HA elleKmpomepedxrcy ma
YCy8ae mennosi nepesanHmadiCen s enekmpoosusyHda.

Memoou docniorncennsn. Kpumuunuti ananiz cyvacnux mexHiuHux piwens 6id nposionux supoonuxie (Weingarten,
Hasenclever), soxpema cepii RZS i3 npsmum npueodom. /st ananizy enepeoeghexmusHocmi 8 Nepexionux pexscumax eu-
KOPUCMAHO 3a2aIbHY Meopito eleKmponpugodis. byno nposedeno KinemamuuHull ananiz ma aHanimuyHi po3paxyHKu Mo-
Menmy inepyii 011 06IpYHMYBaAHHA MemMOOY PO30LNeHHs NPUBOOHOT MacU (HAKONUYY8aya enepaii) Ha OeKilbKa KOMNOHe-
HMIG 3 MEMOIO 3HUNCEHHSL THEPYITIHUX HABAHMAICEHD.

Ompumani pesynemamu. Busnaueno excniyamayiiiii 00MediCeHHs Nnpecie i3 NPIMUM RPU0OOM, MAKL K GUCOKI
niKo8i CIMpyMu ma menjiosi nepegaHmadxicents. 3anponoHo8ano HO8y KOHCMPYKYIIO 28UHMOB020 npecd, AKA OCHAUjeHd
HAKONUYy8ayem KiHemuyHoi enepeii wjo CKi1aoacmvpcs 3 YeHMpaibHo20 6€0y4020 MAX08UKA Mi OIYHUX NPUBOOHUX MAC HA
sanax dguzyHa. Lleii nakonuuysau 3’ €Onyemucs uepes my@hmy 3 pobouum (6edeHum) maxosuxom npeca. Posoinenns npu-

800HO20 HAKONUYYBAYA HA CE2MEHMU 00360JIA€ SMEHUUMU MACY NPUBOOHUX efemenmis y 25 pasié npu 3bepescenti miei

Jic KiHemuuHOl enepeii. /s onmumizayii 360pomHo20 X00y cam pobouuil Maxo8uKk maxKodic po30ileHO HA O8I YACMUHU:
SHYMPIWHIL MAXOBUK (HCOPCMKO 3AKPINAEHU HA WAUHOEI) MA 3068HIWHIL MAX08UK (W0 BIOKIIOYAEMbCA NIO Yac nio-
tiomy nos3zyna). Haoano pexomenoayii w000 asmonomHoi cucmemu 360pomuoco xooy.

Haykoea nosu3sna. 3anpononosano memoo po30iieHHs NPUBOOHOT MACU HA HAKONUYY8ay eHepell, wo npayoe des-
nepepero, ma pooouull elemerm, uwo niOKIOYAEMbCs YUKIuHo. Ha 6iominy 6i0 mpaouyitinux npugooie iz JcopCmKum
36 A3KOM, HOBA KIHEMAMUUHA CXeMA SUKOPUCMOBYE NPOMINCHY MACY MAXOBUKA MA PPUKYIUHY Mypmy, wo 0036015¢
odsuzyny npayiogamu 6e3nepepsHo be3 Yacmux nycKis i3 BUCOKUMU CMPYMAMU.

IIpakmuuna yinnicmse. Koncmpyxyias npudoamua 0na npecié 3 HomiHaneHum 3ycunnsam 6i0 2 MH i enepzieto 0o
5 M, axi nioxooame 015 MOYHO20 KYBAHHA MYPOIHHUX IONAMOK i wecmepens 6e3 wmamnysaioHux yxunie. Buxkopuc-
MAaHHSL CMAHOAPMHUX ACUHXPOHHUX OBUSYHIB | SHUIICEHHS MEMAIOEMHOCII NPUBOQY IMEHULYIOMb SUMPAMU HA BU2OMO-

6lIeHHS MA MOOEPHI3aYil0, B00HOUAC NOKPAWYIOUU CIAOIIbHICMb e1eKmMpPOMePediCi.
Knrouosi cnosa: mygpma suennenns, eeunmosuii npec, moune WmamMny8auHs, MOMeHm iHepyii, NO83VH, 26UHIMOBU

WNUHOENb, MAXOGUK.
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