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125 POKIB HE3JIAMHOCTI TA PO3BUTKY:
HAIIIOHAJIBHUM YHIBEPCUTET
«3AIIOPI3BKA MOJITEXHIKA» BIZI3HAUNB
IOBLIEN

Onna 3 HaKCTapIImX
TEXHIYHHAX YHIBEPCHTETIB YKpaiHu —
Hamionansauit VHIBEpPCHTET
«3amnopizpka  TOJITEXHIKa»  —
BiI3HAUMB 125-piyus Big JHS
3aCHYBaHHSI. IOBineit CTaB
3HAKOBOIO TOJIEI0 HE JIMIIE IS
MicTa 3amopixks, a W Juis BCiel
KpaiHu, ajpKe 3aKiaj MpOoJOBKYE
MpaIfoBaTH # PpO3BUBATHUCS 3a
30 kimoMeTpiB Bin JiHii QpoHTY,

JIEMOHCTPYIOUH CTIHKICTB,
npogecioHali3M i Bipy B MaifOyTHE
VYkpainu.

Icropis VHIBEpPCHTETY
noynHaetees y 1900 poui 3
BIIKPHUTTS OekcaHapiBCHKOTO
MEXaHIKO-TEXHIYHOTO  YYHJIHIIA.

CaMe BOHO cTano (YHAAMEHTOM IH)KEHEPHOI OCBITH
periony. IIporsrom XX cTOMITTA 3akjiaj HEOTHOPA30BO
3MIHIOBaB CBilf cTaTyc i Ha3By, BioOpa)kaiouu PO3BUTOK
IIPOMHCIIOBOCTI Ta MOTPeOW JepikaBH: IHIyCTpialbHUN
TEXHIKYM, IHCTUTYT CLUIBCHKOTOCIIOIAPCHKOTO
MalHOOY/ TyBaHHS, aBTO-MEXaHIYHUH Ta
MaIIMHOOY/IBHUH 1HCTUTYTH, 3amOpi3bKUH Jep)KaBHHUN
TEXHIYHUN YHIBEpCHUTET BATY), 3anopi3pKui
HalioHATLHUH TexHigHUH yHiBepcuteT (3BHTY).

Cporomui BiH  BimoMmuii sk HarmioHansHui
yHiBepcUTET «3amopi3bka TIIONITEXHIKa» — CYJacHUH
HAayKOBO-OCBITHI IHEHTp, OI0 TOETHYE Tpagumii Ta
iHHOBAII.

VYHiBepcuTeT rorye (axiBmiB I KIIFOYOBHX ray3en
MIPOMHUCIIOBOCTI YKpalHHW Ha BCIX PIBHSAX BHUIIOI OCBITH.
HaykoBo-nocmimna 06a3a 3akialy BKIIOYAE CydacHi
naboparopii, iHHOBaIiifHI LIEHTPH, MIKHAPOAHI MPOEKTH
Ta MapTHEPCTBA 3 MPOMUCIOBUMH HIANPUEMCTBAMH.

VY uac, koiu KpaiHa NOTpeOye HOBHX iH)KEHEpIB,
TexHoJIOTiB, IT- criemniamicTiB Ta HAYKOBIIB, «3amopi3pka
MIOJIITEXHIKa» Bifirpae cTpaTeriuny poib y (popMmyBaHHi
KaJpOBOT0 TIOTEHITIaTy AJIS BiIOYJOBHU JEpKaBH.

3a 125 pokiB y cTiHaxX yHIBepcuUTeTy OyIo
MM ATOTOBIJIEHO THCAY1 IHKEHeiB, BUHAXI1THHUKIB,
HAYKOBIIIB 1 BUpOOHWYMX migepiB. Ilim kepiBHHUIITBOM
TAJIAHOBUTUX BHKJIAJayiB TYT C(OPMYBAINCS MOKOJIHHS
(axiB1iB, YKt Iparsd 3po0iia 3HAYHUN BHECOK Y PO3BUTOK
HayKH 1 TeXHIKM B YKpaiHi Ta CBITI.

VHiBepcUTET IIOJIHS JOBOJAMTH CBOKO  CTIHKICTb.
HaguanbHuii rpoliec TprBae, HAyKOBI POEKTH Pealli3ytoThCs,
BCTYITHUKA TPOJIOBXKYIOTh obuparu «3arnopi3bKy
TIOJTITEXHIKY» K MiCIIe TS 3M00YTTS OCBITH Ta IPodecii.

IOBineit cTaB He UIIE HATOAOIO MIAOUTH MiICYMKH,
a W MOAMBUTHUCS BIIEpE: YHIBEPCUTET PO3BUBAE LU(PPOBI
TEXHOJIOTIT HaBYaHHS, MOJCpHI3ye MarepiaibHy 0a3y,
PO3ILIMPIOE MIPKHAPO/IHI 3B’ I3KH Ta TOTYETHCS BiJlirpaBaTu
111e 3HaYHINIY poJb y MicIsBOEHHIH BinOy10Bi YKpaiHu.

125 YEARS OF RESILIENCE AND PROGRESS:
ZAPORIZHZHIA POLYTECHNIC NATIONAL
UNIVERSITY CELEBRATES
ITS ANNIVERSARY

One of the oldest technical

universities in  Ukraine -
Zaporizhzhia Polytechnic
National ~ University - has

celebrated the 125th anniversary
of its founding. This milestone
has become a significant event
not only for the city of
Zaporizhzhia but also for the
entire country, as the institution
continues to operate and develop
| just 30 kilometers from the
frontline, demonstrating
resilience, professionalism, and
confidence in Ukraine’s future.

The history of the university
dates back to 1900, when the
Oleksandrivsk Mechanical and
Technical School was established. It laid the foundation for
engineering education in the region. Throughout the 20th
century, the institution underwent several transformations,
reflecting the development of industry and the needs of the
state: the Industrial Technical School, the Institute of Agricultural
Engineering, the Automotive and Mechanical Engineering
Institutes, Zaporizhzhia State Technical University (ZSTU), and
Zaporizhzhia National Technical University (ZNTU).

Today, it is known as Zaporizhzhia Polytechnic
National University — a modern scientific and educational
center that combines tradition and innovation.

The university trains specialists for key industrial
sectors of Ukraine at all levels of higher education. Its
research infrastructure includes modern laboratories,
innovation centers, international projects, and partnerships
with major industrial enterprises.

At a time when the country urgently needs new
engineers, technologists, IT specialists, and researchers,
Zaporizhzhia Polytechnic plays a strategic role in forming
the human capital needed for Ukraine’s reconstruction.

Over the past 125 years, the university has trained
thousands of engineers, inventors, scientists, and industrial
leaders. Under the guidance of talented educators, generations
of professionals have been shaped here — people whose work
has made a significant contribution to the development of
science and technology in Ukraine and beyond.

University proves its resilience every day. The
educational process continues, research projects move
forward, and prospective students continue to choose
Zaporizhzhia Polytechnic as a place to pursue their
education and future careers.

The anniversary has become not only an opportunity
to summarize past achievements but also to look ahead: the
university continues to develop digital learning
technologies, modernize its infrastructure, expand
international cooperation, and prepare to play an even more
important role in Ukraine’s post-war reconstruction.
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CTPYKTYPOYTBOPEHHS. OIIIP PYHHYBAHHIO TA
PIBUKO-MEXAHIYHI BJIACTUBOCTI

STRUCTURE FORMATION. RESISTANCE TO DESTRUCTION AND
PHYSICAL-MECHANICAL PROPERTIESUDC

VK 669.14.018.8-415:620.193

Volodymyr Postgraduate student of the Department of integrated technologies of welding and struc-

Kornienko tural modeling, National University Zaporizhzhia Polytechnic, Zaporizhzhia, Ukraine,
e-mail: vkornienko268@ gmail.com, ORCID: 0009-0007-2193-3204

Dmytro Postgraduate student of the Department of Transport technologies, National University

Mishchenko Zaporizhzhia Polytechnic, Zaporizhzhia, Ukraine, e-mail:dvmis@ukr.net, ORCID: 0009-
0006-7372-3271

Sergiy Byelikov Doctor of Technical Sciences, Professor of the Department of Transport Technologies,

National University Zaporizhzhia Polytechnic, Zaporizhzhia, Ukraine, e-mail:
belikov@zp.edu.ua, ORCID: 0000-0002-9510-8190

Valeriy Doctor of Technical Sciences, Professor of the Department of Integrated Yechnologies of
Mishchenko Welding and Structural Modeling, National University Zaporizhzhia Polytechnic,
Zaporizhzhia, Ukraine, e-mail: mishchen4@gmail.com, ORCID: 0000-0003-0992-478X

Natalia Evseeva PhD, Associate Professor of the Department of Cars, Heat Engines and Hybrid Power
Plants, National University Zaporizhzhia Polytechnic, Zaporizhzhia, Ukraine, e-mail:
korskovanat@ukr.net, ORCID: 0000-0002-3398-6537

Olexiy Kapustyan PhD, Associate Professor of the Department of Integrated Technologies of Welding and
Structural Modeling, National University Zaporizhzhia Polytechnic, Zaporizhzhia,
Ukraine, e-mail: kafedra_otzv@zntu.edu.ua, ORCID: 0000-0002-8979-8076

Pavlo Tsokotun Senior lecturer of the Department of Cars, Heat Engines and Hybrid Power Plants,
National University Zaporizhzhia Polytechnic, Zaporizhzhia, Ukraine, e-mail:
tsokotunpv@ gmail.com, ORCID: 0000-0002-0237-4693

COMPARATIVE STUDIES OF THE CORROSION RESISTANCE OF
STAINLESS STEEL SHEETS FOR THE COATING LAYER OF BIMETALS

Purpose. Evaluation of the influence of the chemical composition and structure on the corrosion resistance of steels
of different structural classes used as a cladding layer of bimetallic reactors and other devices of titanium-magnesium
production.

Research methods. In order to choose a rational cladding layer of the developed bimetal, a comparative analysis
of the corrosion resistance of steels 12XI8H9, 10X14AI'15 and 08XI18T1 and steels 04X18u, 03X18Thu and
03X17H3I9MB/[FOu, taken as standards for comparison, was carried out [1]. Titanium tetrachloride and a one-molar
solution of sulfuric acid were used as chemically active media.

Results. The results of the investigation of the corrosion resistance of steels of different structural classes by
gravimetric and potentiometric methods in chemically active environments showed that the most suitable option for the
cladding layer is steel 03X17H3I'9ME/{FOu, which has similar coefficients of linear thermal expansion and high
corrosion resistance to the base of bimetal - 14X17H13MFBu [2].

Scientific novelty. It was established that the use of bimetal with a cladding layer made of 03X17H3I"9MB/[IOw,
03X18H or 04X18u steel reduces the nickel impurity content by 10 times or more in the titanium sponge during the
reduction process.

© Volodymyr Kornienko, Dmytro Mishchenko, Sergiy Belikov, Valeriy
Mishchenko, Natalia Evseeva, Olexiy Kapustyan, Pavlo Tsokotun, 2025 OPEN 8 ACCESS
DOI 10.15588/1607-3274-2025-4-1
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Practical value. The use of a bimetal with a base steel of 14X17H13MBu in combination with a cladding layer of
steel 03X17H3I9MB/[FOu makes it possible to obtain a titanium sponge that is particularly clean of nickel impurities and
will significantly expand the scope of use in the aviation and rocket industry.

Key words: corrosion-resistant steel, base steel, titanium sponge, reactor, bimetal, cladding layer, impurities.

Introduction

The modern industrial magnetothermic method of
obtaining titanium in batch reactors allows the production
of titanium in the form of a sponge. Smelted titanium
ingots must meet strict quality standards. However, this
method has a significant disadvantage — contamination of
the titanium sponge with nickel entering the sponge
titanium from the reactor material during the recovery
process.

In this regard, the application of bimetals, which can
be used in the manufacture of reactor bodies for recovery
and separation in magnesiumthermic titanium production,
is becoming increasingly relevant. Existing steels used for
the manufacture of reactors are subject to deformation,
corrosion, contamination of titanium sponge and are
limited in service life.

Analysis of research and publications

The modern development of the metallurgical
industry in Ukraine and abroad guides researchers to create
new corrosion-resistant steels. The reactor body in
titanium-magnesium production is usually made of steels
capable of withstanding high temperatures and aggressive
conditions of the technological process. However, during
long-term operation, the reactor undergoes warping and
deformation as a result of cyclic heating and cooling,
corrosion damage when interacting with chlorides and
reaction products, contamination of the titanium sponge.
These shortcomings stimulate the search of new materials
that have high heat resistance, mechanical strength, and
corrosion resistance at the same time [3-8].

The use of bimetals in reactor designs for titanium-
magnesium production can be a promising direction for
increasing the efficiency, reliability, and economy of the
technological process [9-10]. Bimetallic materials can
eliminate most of the shortcomings of traditional reactor

Table 1 — Chemical composition of the studied steels

housings, provide a longer service life of the equipment,
reduce costs and improve the quality of the titanium
sponge. Further research in the field of selection of optimal
combined metals, their joining technologies and
operational tests will accelerate the introduction of
bimetals into the industrial practice.

Purpose of work

The purpose of this work is to study the corrosion
resistance of sheet stainless steels for the cladding layer of
bimetals in aggressive environments.

To achieve this goal, the following tasks were
formulated and solved:

- a comparative analysis of the corrosion resistance of
steels of different structural classes in a one-mole (1M)
solution of sulfuric acid H2SO4 was carried out;

- an evaluation of the behavior of selected steels in the
melt of titanium tetrachloride TiCl4 was carried out.

Research material and methodology

Gravimetric and potentiometric methods were used to
study the corrosion resistance of steels. The chemical
composition of the studied steels is given in Table 1.

The essence of the gravimetric method is to determine
the change in the mass of a sample of a certain size
immersed in an aggressive environment for a certain time.

The essence of the potentiometric method is to obtain
passivation characteristics by obtaining polarization
diagrams using the fast scanning technique. To do this, the
test sample is immersed in the test solution and
cathodically polarized with a high scanning speed to a
current density of 102 A/cm? then anodically polarized at a
rate of 50 V/h. Research was carried out using a PP-5848
potentiostat with a preset value current speed. The scheme
of the setup for conducting polarization measurements is
shown in Figure 1.

Steel grade C Cr Si Mn Ni W Mo \ S P Al Ti Fe
12X18H9 012 | 182 | 065 | 04 | 94 - - - 0,02 0,02 - bees
10XI5AT'14 | 01 | 152 | 021 | 1435 | - - - 0,03 0,03
08X18TI 008 | 180 | 046 | 02 0,017 0,03 08
O3XI7H3TO | 4029 | 166 909 | 23 | 0018 | 0262 | 025 | 00097 | 00219 | 014 | 0,042
MB/I[O4
04X 184 004 | 184 | 026 | 031 - - 0,01 0,023 052341
03X18Thau | 003 | 181 | 05 | 02 - - - 0,01 002 | 0001 | 545 | Nb

p3M 0,15

© Volodymyr Kornienko, Dmytro Mishchenko, Sergiy Belikov, Valeriy
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Figure 1. Scheme of the installation for conducting polarization
measurements. 1 — potentiostat, 2 — electronic millivoltmeter,
3 — electronic ammeter, 4 — reference electrode, 5 — ground tap,
6 — Luggin capillary, 7 — beaker, 8 — sample, 9 — auxiliary
electrode, 10 — thermometer

Research results

On the basis of the conducted research, a bimetal
consisting of a cladding layer of  steel
03X17H3I9MB/II0u and a base steel 14X17H13Mbu was
developed, which allows to reduce nickel impurities in
spongy titanium by 12 times and increase the service life
of reactors by 30%.

Experimental electrode potentials are determined in
relation to the hydrogen potential, which is assumed to be
zero. The tests were carried out in a chemically active one-
molar (1M) solution of H2SO4, and the dependence of the
potential on the current was constructed for the analysis
(Fig. 2-7).

EB) 2 -

-0,2
-4 ———
0,6 |
0.8 :
-1 L
6 -5 4 -3-2-1>0
Lgi (Afem?)

Figure 2. Polarization diagram of steel 03X 17H3I'9MB/IOuy in
1M sulfuric acid solution

It follows from the polarization diagram that the
studied steel 03X17H3I'9MB/IIOu can be transferred to a
passive state with a small shift of the potential in the
positive direction, which indicates its ability to passivation.
The negative potential of steel 03X17H3T'9MB/IIOu

© Volodymyr Kornienko, Dmytro Mishchenko, Sergiy Belikov, Valeriy
Mishchenko, Natalia Evseeva, Olexiy Kapustyan, Pavlo Tsokotun, 2025
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indicates that at first the steel corrodes, but soon the
corrosion slows down and this is explained by passivation.
The passivation current (In) of steel 03X17H3I'9MB/{tOu
indicates the steel’s ability to self-passivation.

The analysis of polarization diagrams shows that in a
1M solution of H2SO4, all studied steels, with the
exception of 12X18H9 and 03X17H3I'9MB/IIOy, are in a
stable active state (Fig. 2—7) and corrode with the release
of hydrogen.

Sy

i

Ew=-0,38 B

-0.4 -é)\ *
\
-0.86 O
-0.8 \6%7
-1 1
6 5 4 -3 2 1 0
Lai (A/lem?)

Figure 3. Polarization diagram of 12X 18H9 steel in 1M sulfuric
acid solution

E(B)

Lgi (Afcm?)

Figure 4. Polarization diagram of 10X14AT'15 steel in 1M
sulfuric acid solution

The passivation current (In) is an order of magnitude
higher than 10-3A-cm? — the maximum cathode current that
can be provided by dissolved oxygen in the air. Therefore,
all studied steels, with the exception of 12X18H9 and
03X17H3I'9MB/II0u, are not capable to self-passivation
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in strong acidic solutions even with intensive aeration.
2

E(B)

3] 5 4 3 2 1 0
Lai (A/em?)

Figure 5. Polarization diagram of 08X18T1 steel in 1M sulfuric
acid solution

16 : i

E(B)

L] 5 4 3 2 1 o
Lgi (Afem?)
Figure 6. Polarization diagram of steel 04X18h in 1M sulfuric
acid solution

This conclusion was confirmed during gravimetric
tests: samples of 12X18H9 steel, actively corroded ina 1M
solution of H,SQOy, easily went into a passive state after
being exposed to air for a few seconds and then immersed
in the solution again. A similar effect was observed in steel
03X17H3I'9MB/IIOu.

Samples of other steels began actively corrode again

© Volodymyr Kornienko, Dmytro Mishchenko, Sergiy Belikov, Valeriy
Mishchenko, Natalia Evseeva, Olexiy Kapustyan, Pavlo Tsokotun, 2025
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after abovamentioned operation. The results of
determining the corrosion of steel in a 1M solution of
H2S04 by the gravimetric method correlate well with the
results obtained by the extrapolation method of the Tefel
part of the polarization curves (Table 2).

E(B) fe]

e,

_0_6 + 1 I‘\_\
o | Il
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6 5 4 3 2 1 0
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Figure 7. Polarization diagram of 03X 18TbBu steel in 1M
sulfuric acid solution

Table 2 — Results of measurement of corrosion rate
in steels in 1M H2S04 solution

Lgl
Lgl corr
Am, I corr, Po-
Steel brand g/sm?-h Mm/year | gravim- | tent.

etry meas-
ure
03X17H3I9MB/IO4 | 4,3-10* 4,6 -3,55 -3,6
12X18H9 3,51-10* 4,1 -3,45 -3,4
10X14AT'15 4,3-102 4955 -1,36 -1,9
08X18T1 1,9-10° 22,6 -2,7 -2,8
04X184 2,1-10° 24,1 -2,69 -2,7
03X18Thu 1,3-10° 154 -2,87 -2,9

The corrosion rate of steel 10X14AT'15 in these
conditions exceeds the corrosion rate of 08X18T1, 06X 184
and 03X18TBu by an order of magnitude. At the same
time, their corrosion resistance is lower than that of
12X18H9 steel in the active, and even more so in the
passive state. Some discrepancy between the measured and
calculated values of Lg I corr. for steel 10X14AI'15 is
explained, apparently, by the presence of a significant self-
dissolution current, which is not registered by the device,
and occurs at high dissolution rates.

It also follows from the polarization diagrams that all
investigated steels can be transferred to a passive state with
a relatively small displacement of the system potential in
the positive direction. The magnitude of the corrosion
current in the passive state obtained from the polarization
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data is 0.0001-0.001 A-cm® and is obviously
overestimated, since the corrosion rate of 12X18H9 steel
in the passive state actually measured by the gravimetric
method is almost two orders of magnitude lower than the
calculated value (Table 2).

This effect, apparently, is due to the fact that at such
a high scanning speed, a stable passive state is not
completely achieved due to the short exposure time at the
potentials corresponding to the passive region. However, a
relative comparison of the curves shows that the corrosion
current in the passive state for steel 04X18u is noticeably

Table 3 — Comparative indicators of the corrosion
resistance of studied steels of molten titanium tetrachloride
TiCl4 for the cladding layer of the bimetal

Corrosion
Steel Duration of . speed
grade test, hour Media g/(sm2-h)
(o)
—
a5
T Q 1440 TiCla 0,0000762
X @&
S =
=
< 1440 TiCls 0,000029
=
o
(=)
= 1440 TiCla 0,0000744
X
S

As a result of the tests carried out in the titanium
tetrachloride melt, it was established that the corrosion
resistance of the steels chosen as the cladding layer
03X17H3Ir9MB/Ibu and 04X18u4 are not inferior to steel
12X18H9. In addition, due to the low content of nickel in
steel 03X17H3T'9MB/IOu up to 3.8% and the complete
absence of nickel in steel 04X 184, nickel impurities in the
titanium sponge decreased 12 times in the process of
magnesiumthermal reduction of titanium.

Conclusions

Studies of steel 03X17H3T'9MB/IOu fully confirm
the expediency of using it as a material for the cladding
layer of a bimetal for reactors of magnesithermic
production of titanium, which in terms of corrosion
resistance exceeds steel 12X18H9, and the coefficients
linear thermal expansion are very close in a wide range of
temperatures, in contrast to martensitic-ferritic steel
04X184, nevertheless, this steel can also be used as a
cladding layer of bimetals for other devices of titanium-
magnesium production, the working temperature of which
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higher than for other steels. This is a serious sign of the
presence of active, poorly passivating areas on its surface
and a possible tendency this steel to pitting or intergranular
corrosion. Such chemically active non-passivating areas in
steel 04X184 may be the release of excess rare earth
metals, not related to oxygen and sulfur.

A comparative analysis of the corrosion resistance of
steels 12X18H9, 10X14AI'15 and 08X18T1, taken as
standards of comparison with steel 03X17H3T'9MB/{IO4
and 04X 184, 03X18Tbu, was carried out.

Table 3 shows comparative indicators of corrosion
resistance of studied steels as a cladding layer of bimetal.
does not exceed 200 °C.
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Mema pooomu. Oyinka 6niugy Ximiuno2o CKiady ma CmpyKmypu Ha KOpo3ilHy CmilKicms cmanetl pisHux cmpyK-
MYPHUX KNACIB, WO BUKOPUCTNOBYIOMbCA AK NAAKYB8AbHULL Wap OiMemanie peakmopis ma iHuux npucmpois mumanoma-
2HIE8020 8UPOOHUYMEA.

Memoodu oocnioxcennsa. 3 memoro uOOpPy payioHAIbHO20 NIAKYIOYO20 Wapy Oimemany, wo po3poobnaemscs, npo-
6€0eH0 NOPIGHANbHUL aHani3 Koposiunoi cmitikocmi cmaneu 12X18HY, 10X14AI'15 i 08X18TI i é3amux ax emanionu
nopigusinns cmaneu 04X184, 03X18Thu maxooc 03X17H3ITIMB/FOu. Ak ximiuno akmuere cepedosuuje SUKOPUCTO-
8Y6AIU MEMPAXTIOPUO MUMAHY | OOHOMOLLHUL POZUUH CIPUAHOT KUCTOMU.

Ompumani pezynomamu. Pezynomamu 0ocnioocents KOposiuHoi cmiikocmi cmaietl pisHux CmpyKmypHux Kiacie
2pagiMempuyHumM i NOMEHYIOMEeMPUYHUM MemOOaMU 6 XIMIYHO AKMUGHUX Cepedosuujax noKa3aiu, wjo Hauodiibu
NPUUHAMUM 8apiaumom 0 wapy, wjo niaxye, € cmanv 03X17H3TIMB/FOu, wo mae 6auswbki KoeghiyieHmu JHIUHO20
MePMIUHO20 PO3UUPEHHSI MA BUCOKOI0 KOPO3IUHY cmiliKicmb 3 0cHo8010 bimemany - 14XI17HI3Mbu [2].

Haykoea nosusna. Bcmanoeneno, wo suxopucmarius 6imemany 3 naaxyeanvium wapom 3 03X17H3IIME/[FOu,
03X18H abo cmani 04X182u, snusicye emicm domiuiku Hixenio 6 10 pasis i 6invuie 8 mumanositi 2yoyi npu 8i0H061I06A1b-
HOMY npoyeci.

Ilpaxmuuna yinnicme. 3acmocyeanns 6imemany 3 ocHosoio cmane 14X17HI3MBu y noeonanui 3 niakyeaibHum
wapom i3 cmani 03X17H3T'IMB/IFOu dae modcausocmi ompumysamu 0coOIU80 Hucmy 3a OOMIUKAMU HIKE0 MUMAHO8Y
2yOKy ma cymmeso po3uupums cghepy 6UKOPUCMAHHSL 6 AGIaYIUHIT Ma paKemHiti NPOMUCIOB0CHI.

Knrouosi cnosa: xopositinocmitika cmaib, Cmaib 0CHOBU, MUMAHO8A 2yOKa, peakmop, Oimemain, NiaKylouul wap,
OOMIUWKY.
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Sergiy Byelikov

STRUCTURE AND PROPERTIES OF HEAT-RESISTANT ALLOY
ZHS-26VI FOR THE PRODUCTION OF RELEVANT PARTS OF GAS
TURBINE ENGINES

Purpose. To study the macro- and microstructural state of a series of research samples of the heat-resistant alloy
ZhS26-VI for the production of critical components of a gas turbine engine, namely rotor blades of a high-pressure
turbine (HPT), and to evaluate the mechanical properties and heat resistance in accordance with the technical
specifications of the materials of the gas turbine hot part .

Research methods. Macro- and microstructural analysis and phase compaosition studies were carried out by optical
metallography using an optical microscope. Mechanical properties at room temperature were determined in accordance
with 1SO 6892-84 and ST SEV 471-88. Tensile tests were carried out on a ZDMY30 machine.

Results. The structure and properties of samples of experimental melts of the ZhS-26VI alloy obtained in the
FM-1-2-100 vacuum furnace of the “ULMAC™ company by the method of equiaxed crystallization were studied.
Significant grinding of the macrograin was established due to intensive heat removal and high crystallization rate. The
microstructure of the samples before heat treatment corresponds to the cast state of the alloy, and after heat treatment in
the standard mode satisfies the technical conditions and corresponds to the approved microstructure scale. The
mechanical and heat-resistant properties of the samples meet the requirements of the regulatory documentation for
responsible heat-resistant casting.

Scientific novelty. New data on the structure and phase state of the ZhS26-VI alloy of experimental and serial melts
were obtained. The fine structure of the nickel-based heat-resistant alloy, which is traditionally used to produce high-
pressure turbine blades of an aviation gas turbine engine, was studied.

Practical value. The results obtained provide an opportunity to expand the use of the ZhS26-VI heat-resistant alloy
for the production of castings for critical purposes.

Key words: heat-resistant alloy, macro- and microstructure, heat treatment, mechanical properties, heat resistance,
gas turbine blade.

Introduction

The development of new-generation gas turbine
engines (GTEs) requires improved performance
characteristics, including power, service life, reliability,
durability, and fuel efficiency. Achieving the required GTE
performance is ensured by the application of heat-resistant
nickel alloys as the primary materials for hot-gas path
components [1-5]. Heat-resistant alloys used in gas turbine
construction must have an optimal combination of
mechanical properties and heat resistance with sufficient
ductility, which generally ensures high component
performance under conditions of uneven stress distribution
across the cross-section. In the works [1-6, 10, 11] special
attention was paid to the study and improvement of the
long-term strength and creep properties of heat-resistant

© Serhii Puchek, Sergiy Byelikov, 2025
DOI 10.15588/1607-3274-2025-4-2

alloys, and the authors [7-9, 12, 13] paid special attention
to the development of principles for alloying heat-resistant
alloys operating in  high-temperature  corrosive
environments, which is more typical for gas turbine units
in land and marine engine building, although it is also
inherent in aircraft engines operating in marine
environments or desert regions [8, 9]. Ensuring improved
characteristics of hot tract parts and, in general, the
operational life of a gas turbine engine is usually carried
out in two main directions: the development of new
complex heat-resistant alloys with a high content of
elements, having low diffusion coefficients under high
temperature conditions and increasing the range of service
characteristics through additional alloying, modification
and microalloying of industrial alloys that have
demonstrated reliability in long-term operation [16].
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For modern gas turbine engines, the base material for
both uncooled and air-cooled blades are high-strength cast
nickel alloys, which, in addition to the nickel base, may
contain chromium, cobalt, titanium, aluminum, tungsten,
and other elements. An example of such alloys is the nickel
alloy ZhS26-VI [14].

Material and Methodology

Fragments of a rod blank produced in a ULMAC FM-
1-2-100 vacuum furnace using equiaxed crystallization of
the ZhS26-V1 alloy were studied.

The chemical composition of the material, as well as
the macro- and microstructure of the test samples, were
determined. The macrostructure was revealed by chemical
etching in a reagent consisting of 80 % HCl and 20 % H0,.

Using high-speed directional solidification, 15mm-
diameter, 135mm-long specimens were cast from 90mm-
diameter rod blanks of ZhS26-V1 alloy obtained from fresh
components to determine their mechanical and heat-
resistant properties.

The mechanical and heat-resistant properties were
determined on unheat-treated specimens, as well as after
heat treatment using the standard mode—homogenization
at 1265 + 100 °C in a vacuum.

After processing according to the specified options, the
blanks were machined to ensure the dimensions specified in
the technical documentation for the manufacture of
mechanical testing specimens. Mechanical properties at
room temperature (tensile strength, vyield strength,
elongation, and reduction in area) were determined in
accordance with ISO 6892-84 and ST SEV 471-88. Tensile
testing was performed on a ZDV'Y 30 testing machine.

Long-term strength testing was conducted in
accordance with DSTU 1SO 204:2019 using an Instron M3
testing machine at 945 °C and a load of 260 MPa until
complete failure of the specimens.

Research Results and Discussion

The chemical composition of the ZhS26-V1 alloy for
all tested variants, with respect to the main elements, meets
the requirements of the scientific and technical
documentation for the material (Table 1).The
macrostructure of the transverse cut of fragments of
workpieces, taken from a vacuum furnace FM-1-2 from
OLVAC using the equiaxial crystallization method, is
presented in Fig. 1.The structure of the workpiece-fork is
presented by the following crystallization zones:

- Zone of fine subcortical crystals;

- Zone of columnar crystals;

- Zone of equiaxed crystals.

The zone of columnar crystals, which expand from
the surface of the samples to the central zone at a 12-23
mm distance (Fig. 1). According to the authors [15, 16],
this zone is formed under influence of cobalt aluminate,
which is introduced into the first ceramic-shaped working
layer and ensures increased thermal conductivity [16, 17].
The advancing zone is the zone of equiaxed grains, grown
at the center of the fork with a diameter of 4-61 mm.
Intensive fragmentation of grains in this zone can be
associated with the action of dispersed particles of titanium
carbides, which are additional centers of crystallization,
which promotes the formation of a more finely dispersed
structure of the alloy [16].

Table 1 — Chemical composition of tested variants of ZhS26-VI nickel-based alloy

Neo Content of elements, %
melt Cc Cr Co W Al Ti Mo Fe Nb \Y Si Mn S P B Ni
1 0,144 | 508 | 9,05 | 11,54 | 5,86 | 0,98 | 0,98 | 0,06 | 1,54 | 1,03 | 0,090 | 0,008 | 0,003 | 0,005 Base
2 0,16 5,10 | 9,06 | 11,58 | 590 | 0,99 | 1,01 | 0,06 | 1,54 | 1,00 | 0,080 | 0,006 | 0,005 | 0,004 Base
3 0,144 | 495 | 9,10 | 11,46 | 5,84 | 1,02 | 1,06 | 0,06 | 1,60 | 1,05 | 0,080 | 0,009 | 0,005 | 0,004 | 0,014 | Base
4 0,143 | 498 | 893 | 11,52 | 590 | 1,00 | 1,03 | 0,06 | 1,60 | 1,04 | 0,080 | 0,010 | 0,005 | 0,004 | 0,012 | Base
5 0,14 503 | 9,00 | 11,45 | 5,76 | 1,02 | 1,04 | 0,06 | 1,65 | 1,03 | 0,080 | 0,010 | 0,005 | 0,004 | 0,011 | Base
6 0,143 | 5,12 | 9,13 | 11,51 | 5,77 | 1,02 | 1,06 | 0,06 | 1,65 | 1,05 | 0,070 | 0,009 | 0,005 | 0,004 | 0,014 | Base
7 0,144 | 516 | 9,15 | 11,42 | 566 | 1,02 | 1,05 | 0,06 | 1,63 | 1,07 | 0,080 | 0,009 | 0,005 | 0,004 | 0,014 | Base
8 0,14 498 | 9,03 | 11,59 | 5,82 | 1,05 | 1,09 | 0,06 | 1,60 | 0,99 | 0,085 | 0,008 | 0,005 | 0,004 | 0,013 | Base
9 0,15 502 | 9,10 | 11,49 | 578 | 1,09 | 1,11 | 0,06 | 1,71 | 1,08 | 0,065 | 0,009 | 0,005 | 0,004 | 0,015 | Base
10 0,133 | 480 | 8,84 | 11,75 | 6,05 | 0,92 | 1,00 | 0,06 | 1,50 | 1,00 | 0,10 0,008 | 0,005 | 0,004 | 0,010 | Base
Selriles 0,15 504 | 889 | 11,65 | 586 | 0,93 | 1,00 | 0,06 | 1,63 | 0,99 | 0,11 0,009 | 0,005 | 0,004 | 0,010 | Base
Norms
TU 1.92- 0,12- | 43- | 8,7- | 11,2- | 56- | 0,8- | 0,8- <05 1,4- | 0,8- <02 <03 < < < Base
17791 0,17 53 9,3 12,0 6,1 1,2 1,2 18 1,2 0,005 | 0,010 | 0,015
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Figure 1. Macrostructure in the cross-section of the bar blank of
the ZhS26-V1 alloy samples:
a — variant 1 before heat treatment; b — variant 1 after heat treat-
ment; ¢ — variant 2 in the initial state; d — variant 10 in the initial
state; e — variant 11 in the initial state

The results of measuring the parameters of the macro-
structure of the blanks of different variants of the melts of
the ZhS26-V1 alloy samples are given in Table 2.

© Serhii Puchek, Sergiy Byelikov, 2025
DOI 10.15588/1607-3274-2025-4-2

Table 2 — Parameters of the macrostructure of the
blanks made of ZhS26-VI metal in the initial state

Size of crystallization zones, mm
Option zone of fine | columnar | zone of macrogra
number | subcortical crystal equiaxed in, size
crystals zone crystals mm
1 1...2 17...23 44...56 3,0...8,0
2 1...2 12...15 52...58 | 2,0...10,0
10 1...3 18...20 47...51 2,0...5,0
11 1...2 10...12 57...61 1,0...25

Metallographic examination of the test samples
revealed no metal contamination in the form of films,
coarse slag inclusions, or accumulations thereof.

The microstructure of the alloy samples cast made of
the ZhS26-VI alloy, in all test variants, is a y-solid solution
with an intermetallic y'- phase and a eutectic (y-y’) phase
with carbides and carbonitrides, corresponding to the as-
cast state of the ZhS26-VI alloy (Fig. 2).

f x 500

Figure 2. Microstructure in the edge (a, b, ¢) and central (d, e, f)
zones of sample 1
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I x 200

m x 500

Figure 2. Continuation, in the edge (g, h, i) and central zones of
sample 2 (k, I, m) before heat treatment

The microstructure after heat treatment is character-
ized by greater homogeneity due to the equalization of the
particle sizes of the intermetallic y'- phase between the axes
and interaxial space of the dendrites and almost complete
dissolution of the eutectic (y-y’) -phase in the y-solid solu-
tion (Fig. 3). It can be considered that the microstructure of
all samples is satisfactory for a normally heat-treated con-
dition of this alloy.

TCP phases were not detected in the studied alloy
samples (either before or after heat treatment according to
the standard mode). To determine the mechanical and heat-
resistant properties, samples (diameter 15 mm, length 135
mm) were cast from rod blanks with a diameter of 90 mm
using the high-speed directional crystallization method.

© Serhii Puchek, Sergiy Byelikov, 2025
DOI 10.15588/1607-3274-2025-4-2

fx 200
Figure 3. Microstructure in the edge (a, b, ¢) and central (d, f, )
zones of sample 1

Mechanical and heat-resistant properties were deter-
mined according to 18T-TU-165 on unheat-treated sam-
ples, as well as after heat treatment using the standard
mode (homogenization at 1265 + 100 °C for 1 hour 15
minutes, in a vacuum). The results of mechanical tests, in-
cluding long-term strength tests, are presented in Table 3.

Mechanical tests showed that all studied variants pro-
vide mechanical properties that meet the requirements of
regulatory and technical documentation. The most pro-
nounced indicators of material ductility are those obtained,
as the obtained values exceed the requirements by 1.5 to 3
times (see Table 3).
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g x50 h x 200

i x 500

I x 200

m x 500

Figure 3. Continuation, as well as in the edge (g, h, i) and
central (k, I, m) zones of the sample 2 after heat treatment

The time to high-temperature failure of the studied
samples also complies with regulatory requirements and
exceeds them by 1.5 to 2.5 times (see Table 3). The favor-
able morphology of grain-boundary carbides and the uni-
form distribution of the carbonitride component through-
out the alloys, along with traditional strengthening by the
intermetallic y'- phase, characteristic of alloys of this class,
were the reasons for the high time to failure.

The sizes of the structural components in the original
90mm diameter blank of the ZhS26-VI alloy, as well as in
the samples (15mm in diameter and 135mm in length) be-
fore and after heat treatment, are presented in Table 4.

In the alloy structure, carbides and carbonitrides are
present as small, dispersed particles of spherical and plate-
like shapes, generally uniformly distributed throughout the
material. Standard calculations of the quantitative and di-
mensional properties of the intermetallic y'- phase did not
reveal any significant differences between the alloys
studied.

© Serhii Puchek, Sergiy Byelikov, 2025
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Table 3 — Mechanical and high-temperature proper-
ties of studied metals

Mechanical Hour before
Melt State of properties at 20°C the failure (at
number the. 6 Tisp= 975°C
material M"l’_la 3, % and 6 = 260
MPa), tr, hour
without
heat 914 10,0 9415
1 treatment
after heat 20
treatment 875 9.4 100
without
heat 1094 8,6 72%0
2 treatment
after heat 913 0.8 8230
treatment
without
3 heat 928 9,2 4000
treatment
without
4 heat 874 14,8 4000
treatment
without
5 heat 727 24,8 91%0
treatment
without
6 heat 1108 13,2 67%
treatment
without
7 heat 1085 10,8 53%
treatment
without
8 heat 897 17,0 79%
treatment
without
9 heat 866 17,2 68%
treatment
Norms 00
of TC > 850 >6,0 > 40
Conclusions

A series of experimental melts of ZhS26-VI alloy
samples revealed significant macrograin refinement due to
intensive heat removal and high crystallization rates. The
macrostructure of all studied samples is satisfactory and
meets technical specifications. The microstructure of the
samples before heat treatment corresponds to the as-cast
state of the alloy, and after heat treatment under standard
conditions, it also meets technical specifications and con-
forms to the approved microstructure scale

It can be concluded that the normally heat-treated
structure of the studied samples was achieved due to the
conformity of the alloy's chemical composition. Heat treat-
ment and hot isostatic pressing completely eliminated in-
ternal microporosity. The structure of all studied alloys ex-
hibited the precipitation of carbides and carbonitrides in the
form of small particles of spherical and lamellar morphol-
ogy, generally distributed uniformly throughout the
material.
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The mechanical and high-temperature properties of
the samples meet the requirements of regulatory documen-
tation for critical heat-resistant castings. To confirm the

sufficiency of the demonstrated level of mechanical prop-
erties, it is recommended to conduct technical tests (motor,
full-scale) of parts as part of a gas turbine engine according
to the accepted methodology of aviation regulations.

Table 4 — Dimensions of structural components for work pieces with a diameter of 90 mm and in samples (diameter

15 mm, depth 135 mm) of studied alloys

_ - Size of structural components, microns Distance be-
é %’ State of carbides tween axes of
=} 5 the Place of Eutectic type
£ IS - measurement | Globular type | Plate type \ 2nd order den-
s z s material MeC MesC -7)
> z2 drites, um
without | ©49e 15...6 6...27 4..18 25..35
Workpiece, hit center 2.8 6...30 9..65 65...90
diameter 90mm edge 15...6 6...25 - 25...35
11 after it = onter 2 8 630 o 16 65...90
without center 50...90
sample, diameter hit 3...12 5...25 7...60
15 mm after hit | Center 3.9 5...28 - 50...90
without | ©49e 3.1 4..34 11...52 20...40
Workpiece, hit center 213 6...32 15...50 45...90
diameter
90 mm center 4.9 3..30 . 20...40
22 after h/t
center 2.9 6...30 5...22 45...90
Sample, diameter without center 3.9 7...44 8...43 60...90
15 mm hi/t center 3...18 7...40 - 60...90
7. Koval, A. D., Belikov, S. B., Sanchugov, E. L., &
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Cepriii ITyuek

Cepriit benikos

Mema po6omu. Busyumu mMaxpo- ma MikpocmpyKmypuui cmat cepii 00CITOHUYbKUX 3DA3KIE HCAPOMIYHO20 CNIABY
JKC26-BI 0ns1 6upobHUymMEa KpUmuyHUX KOMIHOHEHMI8 2a30mypoOiHHO20 08USYHA, A CaMme POMOPHUX JTONAMOK mypOinu
sucoxoeo mucky (TBT), ma oyinumu mexauiyni 61acmueocmi ma JHcapomiyHicmy y 6I0N0GIOHOCMI 00 MEXHIYHUX CReyu-
Qikayiu mamepianie eapauoi yacmunu 2a3080i mypoiHu.

Memoou docnidxcennn. Maxpo- i MiKpOCMPYKMYPHUL AHANIZ MA 0O0CTIONHCEHHA a308020 CKAAOY NPOBOOUIU Me-
moodom onmuyHoi memanozpagii na onmuunomy mikpockoni. Mexaniuni enacmugocmi npu KiMHamuiu memnepamypi
susHauanu y 8ionogionocmi 0o ISO 6892-84 ma CT CIOB 471-88. Bunpobysanna na po3pueé 30iliCHIOBANU HA MAWIUHI
ZDMY30.

Ompumani pesynemamu. [Ipogedeno 00cCniodceHHs CMPYKMYpU ma 81acmugocmell 3pasKié 00CHIOHUX NAABOK
cnaasa KC-26BI, ompumanux y eaxyymuii neui FM-1-2-100 ¢pipmu « ULMAC» memoodom pigHogicHoi Kpucmanizayii.
Yemanoenene cymmege noopionenns makposepua 3a paxyHoK iHMeHCUsH020 meniosiogody ma 8UCOKOI WeUOKOCMI Kpu-
cmanizayii. Mikpocmpykmypa 3pa3skie 00 mepmiuHoi 00pooKu 8i0nosioae Iumomy cmawy cniasd, d nicis mepmooopooxu
1O CMAHOGPMHOMY PeHCUMY 3a0080NbHAE MEXHIYHI YMOBU Ma 8i0N08i0ae 3ameepodiceHill wKani mikpocmpykmypu. Me-
XAHIYHI MA HCAPOMIYHI BLACMUBOCMI 3PA3KIE 6I0N0GI0AI0Mb GUMO2AM HOPMAMUBHOL OOKYMeHmayii 00 8i0N08I0AIbHO20
AHCAPOMIYHO20 TUMMAL.

Hayxkosa nosuszna. Ooepoicano Hosi 0ani w000 cmpykmypu ma gazoeozo cmany cnaagy KXC26-Bl docnionux ma
cepilinux niagox. Busueno mouky 6y0o8y scapomiynozo cniagy Ha 0CHOBI HIKeo, o MpaouyiiiHo 6UKOPUCMOBYEMbCS
OJis1 OMPUMAHHS TONAMOK MYPOIHU BUCOKO20 MUCKY 2A30MYPOIHHO20 08U2YHA ABIAYIIIHO20 NPUIHAYEHHS.

Ilpakmuuna yinnicme. Ompumani pe3yiomamu HAOAIOMb MONCIUGICMb POSUUPUIMU BUKOPUCTNAHHI HCAPOMIY-
Hoeo cnnagy KC26-BI 0ns supobrnuymea 6unueKie 8i0n08i0AIbHO20 NPUSHAUECHHSL.

Knrouosi cnosa: sxcapomiynuitl cnias, Makpo- ma MiKpoCmpyKkmypa, mepmivHa 06pooKa, Mexaniuti 61acmueocmi,
HCAPOMIYHICMb, IONAMKA 2430601 MypOIHLL.
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ENHANCING WEAR RESISTANCE OF COMPLEX-SHAPED DUAL-USE
MECHANICAL COMPONENTS

Purpose. To provide a scientific foundation for a technological approach to significantly increase the wear re-
sistance of gas turbine engine (GTE) nozzle guide vanes (NGVs) by applying advanced protective coating deposition
methods.

Research methods. The research methods included the selection of typical materials for investigation (ZhS6U and
Inconel 718 alloys), a review of multifunctional coating systems and their classifications (Thermal Barrier Coatings
(TBCs), wear resistant metallo ceramic coatings (Wear-Resistant Cermet Systems), an analysis of spraying methods
(Detonation Spraying (D-Gun), High-Velocity Oxygen Fuel (HVOF), and Atmospheric Plasma Spraying (APS)), and a
review of scientific studies that confirm the effectiveness of these methods.

Results. The analysis of existing research and literature has shown that the detonation spraying technology is
uniquely and most suitably applicable for solving the stated problem, as it is capable of forming a CrsC>-NiCr system
coating with the required combination of properties: high density, excellent adhesion, and, most important, a favorable

field of residual compressive stresses.

Scientific novelty. The systematic approach to solving the complex problem of protecting NGV blades (dual-use
parts and mechanisms) by applying the detonation spraying technology, which is known for its ability to form exception-

ally dense and wear-resistant coatings.

Practical value. Potential possibility to increase significantly the time between overhauls, reliability, and combat

readiness of critically important GTE components.

Key words: GTE, NGV blade, superalloy, Solid Particle Erosion (SPE), high-temperature gas corrosion, oxidation,

TBC, D-Gun, HVOF, APS.

Introduction

Gas turbine engines are the basis of modern aviation,
energy and maritime transport, playing a key role in both
the civil and military sectors. The efficiency, power and re-
liability of these dual-purpose mechanisms directly depend
on the durability of the components that are operating in
the hot section (exhaust tract) of the engine [1]. Among
such components, a special place hold parts with complex
geometric shape, in particular the blades of the nozzle ap-
paratus (NGV, Fig. 1), which are one of the most loaded
structural elements. The high cost of their manufacture
from heat-resistant superalloys and difficulty of replace-

© Yevhen Vyshnepolskiy, Andrii Bondariev, 2025
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ment makes the task of extending their operational life ex-
tremely relevant from an economic and strategic point [2].

The main problem limiting the service life of NGVs
is the complex multimodal degradation of their surfaces,
which are simultaneously exposed to extreme thermal, me-
chanical and chemical loads [3]. Monolithic heat-resistant
superalloys, despite their unique properties, are not able to
independently withstand such an aggressive environment
for a long time without the use of special protective
measures [4].

Traditionally, thermal barrier coatings (TBC) [5] are
used to protect hot section elements, which are applied
mainly by the atmospheric plasma spraying (APS) method
[6]. Although they effectively reduce the thermal load on
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the base material, their porous structure, necessary for low
thermal conductivity, makes them vulnerable to intense
erosion by solid particles (Solid Particle Erosion, SPE) [7].
This leads to rapid destruction of the protective layer and
premature failure of the part, which indicates the need to
develop more reliable and comprehensive solutions.

Despite many years of research and significant pro-
gress in the development of surface hardening materials
and technologies, the complex problem of increasing the
wear resistance of complex-profile parts remains only par-
tially solved. The complex geometry of parts limits the ap-
plication of many traditional and even some advanced sur-
face treatment technologies, creating “shadow zones” [8]
or uneven coating [9].

Figure 1. Typical view of a one-part solid-metal NGV of GTE
(3D Model)

Analysis of Research and Publications

NGV, as a subject of research, should be considered
not only as a solid-metal complex-profile part, but also as
an assembly unit (AU) [1, 2]. It is due to its diversity (but
not only) the purpose of the GTE is formed, which directly
affects the application: flight environment, selection of op-
erating modes, accuracy and quality obtained during man-
ufacturing.

NGVs are located directly behind the combustion
chamber and is the first fixed element of the turbine that
comes into contact with the combustion products. Its main
purpose is to convert the thermal energy of the hot gas flow
into kinetic energy and to form and direct the flow at an
optimal angle to the working blades of the first stage of the
turbine. The temperature of the gas flow can exceed
1300...1600°C, which is significantly higher than the melt-
ing point of structural materials. To prevent degradation of
the main structural elements, namely the path surfaces of
the blades, an internal complex air cooling system is de-
signed, which directly affects the path or passes through
the entire unit (if made as a AU), but even with that, the
temperature and pressure still remain quite high, and the
gas flow speed reaches supersonic values (depending on
the application: M > 1...1.2). In this case, the application
of protective coatings is not just a measure to extend the
resource, but a necessary condition for engine operation
over the entire range of modes. It allows to increase the
turbine inlet temperature, which is a key factor for increas-
ing the thermal and fuel efficiency of the GTE [2].

Degradation of the surface of the NGV blades is a
complex process, which is caused not by the sequential, but
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by the simultaneous action of several destructive mecha-
nisms. An effective protective coating must comprehen-
sively resist each of them, precisely:

1) Erosion by solid particles (Solid Particle Erosion,
SPE). SPE is the mechanical removal of material from a
surface as a result of bombardment by solid particles con-
tained in a gas stream. The sources of these particles can
be sand, dust, volcanic ash that sucked into the engine from
the environment, as well as soot formed in the combustion
chamber. The intensity of erosive wear depends on the ki-
netic energy of the particles (their mass and velocity), the
angle of contact with the surface (angle of attack), and tem-
perature [10].

The mechanisms of erosive failure may differ for duc-
tile and brittle materials. For metal substrates, a ductile
mechanism is typical, which includes the processes of
plowing and cutting. For ceramic coatings, such as TBC, a
brittle mechanism is more typical, which consists in the
formation and joining of microcracks with subsequent
chipping off of material fragments. Erosion not only thins
the part, changing its aerodynamic profile, but can also
completely remove the protective coating, exposing lesser
resistant layers and the substrate for further degradation
[10].

2) High-temperature gas corrosion and oxidation.
Chemical degradation is an equally significant factor in de-
struction. The gas stream is a chemically aggressive me-
dium containing oxygen, water vapor and impurities such
as sulfur, sodium and vanadium compounds (especially
when operating on the seas or using low-quality fuel). At
high temperatures, these components actively interact with
the surface of the material, causing intense oxidation and
hot corrosion [3, 11].

In systems with TBCs, the critical element is the in-
terface between the ceramic top and the metal bonding lay-
ers. During operation, a layer of Thermally Grown Oxide
(TGO), mainly Al2O3, is formed and grows on the surfaces.
The accumulation of stresses in this layer is one of the main
mechanisms leading to TBC delamination [3]. For cermet
coatings similar to the CrsC,-NiCr system, the degradation
mechanism may be the oxidation of chromium and the car-
bide phase at temperatures exceeding their operating con-
ditions [12].

3) Thermomechanical fatigue and creep. The opera-
tion of a gas turbine engine is characterized by cyclicity:
start-ups, ramp-ups, power reductions, shutdowns etc.
Each of the cycles is accompanied by rapid temperature
changes, which causes cyclic thermal stresses in the mate-
rials. These stresses arise, in particular, due to the differ-
ence in the coefficients of thermal expansion (CTE) be-
tween the metal substrate and the ceramic or cermet coat-
ing. Repeating of such cycles leads to the accumulation of
fatigue damage, the initiation and propagation of cracks.
This process is called thermomechanical fatigue [3, 13].

At the same time, at high temperatures, under the con-
stant mechanical loads (from the pressure of the gas flow),
the material undergoes creep — slow plastic deformation.

OPEN 8#CCESS

23



24

p-ISSN 1607-6885 Hogi martepiany i TEXHOJIOTIi B MeTanyprii Ta MammHoOyxyBanHi. 2025/4
e-ISSN 2786-7358 New materials and technologies in metallurgy and mechanical engineering. 2025/4

The combination of thermomechanical fatigue and
creep is one of the most dangerous mechanisms of gradual
degradation, which can lead to the destruction of the part.

It is important to understand that these mechanisms
do not act in isolation, but synergistically, creating a cas-
cade of interconnected destruction. For example, erosive
damage to the surface does not simply remove material, but
creates microscopic defects and areas of increased rough-
ness. These defects act as concentrators and, as a result,
sharply accelerate the initiation of fatigue cracks. At the
same time, by removing the protective oxide layer or the
top layer of the coating, erosion opens access to aggressive
gases to the «fresh» surfaces, repeatedly intensifying the
corrosion and oxidation processes. Thus, the initial me-
chanical damage from SPE acts as a catalyst for further
chemical and mechanical destruction. This proves that an
effective coating must be not only dense (to resist erosion),
but also viscous, dense and firmly bonded to the base to
prevent the formation of primary damage that triggers this
destructive cascade. Such a model of synergistic degrada-
tion also indicates the insufficiency of single-factor labor-
atory tests (for example, only for erosion or only for oxida-
tion) to adequately predict the behavior of the material in
real operating conditions.

Purpose of the Work

The main goal of this work is to scientifically sub-
stantiate the technological approach of significantly in-
creasing the wear resistance of the NGVs of the GTE by
applying advanced methods of applying protective coat-
ings. To achieve this goal, the following tasks were set:

1. To analyze the complex wear mechanisms acting
on the surface of the NGVs blades under operating condi-
tions.

2. To review and select the optimal materials of the
substrate and protective coating.

3. To perform a comparative analysis of modern coat-
ing technologies, considering the choice of detonation
spraying method as the most promising one.

4. To develop a comprehensive methodology for ex-
perimental research and evaluation of the properties of the
proposed coatings, based on international standards.

Materials and Research Methods

The basis for the manufacture of NGVs blades are
cast or deformed nickel superalloys. These are complex
multicomponent systems based on nickel with a face-cen-
tered cubic (FCC) crystal lattice, capable of maintaining
strength, creep resistance and corrosion resistance at tem-
peratures approaching 80...85 % of its own melting point.
Their unique properties are achieved through complex al-
loying. Elements such as chromium (Cr) and aluminium
(Al) form protective oxide films (Cr.Oz and Al;O3) on the
surface, which provide resistance to oxidation. Molyb-
denum (Mo), tungsten (W), tantalum (Ta) and rhenium
(Re) strengthen the solid solution (matrix). However, the
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key role is played by aluminum (Al), titanium (Ti) and ni-
obium (Nb), which are dispersed particles of the interme-
tallic y’-phase (for example, Niz(Al, Ti)), which is the main
strengthening element that effectively blocks the move-
ment of dislocations at high temperatures [2, 3].

As typical representatives of materials for NGV, one
of the following can be noted:

a) JXKC6Y (zZhS6U) is a cast heat-resistant nickel-
based alloy widely used in post-soviet GTE manufacturing.
It demonstrates high long-term strength: it is able to with-
stand a stress of 230 MPa at a temperature of 975 °C for at
least 40 hours. The short-term strength limit at room tem-
perature was 830 MPa [14].

6) Inconel 718 is one of the most common deformed
superalloys on an iron-nickel basis in the world. Its feature
is the strengthening by y"-phase (NisNb), which provides
high strength at temperatures up to 700 °C, as well as good
weldability and processability. This alloy is often used as a
model substrate material in the study of coatings [2, 3]. In
the following consideration and as the main material, this
material will be chosen.

To ensure reliable operation of superalloys in the con-
ditions of the hot gas turbine tract, multifunctional coating
systems are used, which can be classified according to their
main purpose, namely:

1) thermal protective coatings (Thermal Barrier Coat-
ings, TBC). The main task of TBC is to create a thermal
barrier between the hot gas flow and the cooled metal part.
Such a coating is able to reduce the temperature on the
metal surface by 100...170 °C, which allows either to in-
crease the gas temperature in the turbine (increasing effi-
ciency), or to increase the service life of the part at the same
temperature. Classical TBC has a multilayer structure [3,
5]

- top ceramic layer (Top Coat). Usually made of zir-
conium dioxide stabilized with 7...8 % yttrium oxide
(YSZ). The material provides low thermal conductivity,
high melting point and thermal expansion coefficient close
to the CTE of the metal base. To reduce thermal conduc-
tivity, controlled porosity is created in the structure of this
layer (up to 15...20 %);

- metal bonding layer (Bond Coat). Applied between
the substrate and the ceramic layer. Performs two func-
tions: provides strong adhesion of ceramics to the metal
and protects the substrate from high-temperature oxidation.
Usually these are alloys of the MCrAlY type (where M is
Ni, Co or their combination).

Despite the high efficiency of thermal protection, its
porosity, that is key to thermal insulation properties, which
becomes the main weakness of TBC under conditions of
intense erosion. Erodent particles easily destroy the fragile
ceramic structure, penetrating into the pores and causing
destruction by the «tunnelling» mechanism. This creates a
fundamental conflict of properties: a coating optimized for
thermal insulation is vulnerable to mechanical wear.

2) Wear-Resistant Cermet Systems. To counteract
mainly erosive and corrosive wear, cermet coatings are
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used that combine a hard ceramic phase and a plastic metal
matrix bond. The most widespread are:

- Cr3C»-NiCr system identified as one of the best can-
didates for protection against wear at high temperatures (up
to 850...900 °C). The hard chromium carbide (CrsC,) par-
ticles provide high hardness and resistance to abrasive
wear, while the nickel-chromium alloy (NiCr) matrix pro-
vides the coating with the necessary ductility, fracture
toughness, and excellent resistance to oxidation and hot
corrosion due to the formation of a stable Cr,Os oxide film.
However, during prolonged operation at very high temper-
atures, phase transformations may occur in the structure of
this coating, in particular, the release of secondary car-
bides, which leads to the creation of brittleness and a de-
crease in crack resistance [6, 7];

- WC-Co system is considered as a reference for pro-
tection against abrasive and erosive wear at low and mod-
erate temperatures (not exceeding 500 °C). Extremely hard
tungsten carbide (WC) particles provide exceptional wear
resistance, and the cobalt (Co) binder provides high viscos-
ity. By changing the cobalt content, the balance between
hardness and viscosity of the coating can be adjusted. The
main disadvantage of this system is its low resistance to
oxidation at high temperatures, which makes it unsuitable
for use in the hot tract of a gas turbine engine, but useful
for comparative studies [6, 7].

The above analysis reveals the key dilemma of
«insulation versus integrity». Dense, wear-resistant metal-
ceramic coatings have significantly higher thermal conduc-
tivity than porous TBCs, which leads to a higher thermal
load on the substrate. Conversely, TBCs optimized for
thermal insulation quickly fail due to erosion. This contra-
diction indicates that the monolithic single-layer coating
structure is inherently a compromise. The optimal solution
probably lies in the creation of multilayer or functionally
graded materials (FGM) [15]. Such an architecture could
combine, for example, an inner, more porous layer for ther-
mal insulation and an outer, dense, hard and erosion-re-
sistant layer deposited using a high-energy process. This
shifts the focus of the research from the question of «Which
material?» to the question of «What is material architec-
ture?».

Consideration of types of protective coatings should
be carried out in tandem with modern methods and surface
technologies that allow to control the stability of the pro-
cess of application to the material. The most advanced
method today can be considered the detonation spraying
method. Detonation Spraying (D-Gun) is a thermal spray-
ing method invented in 1955 by a group of researchers con-
sisting of H.B. Sargent, R.M. Poorman and H. Lamprey [2,
16]. This process is fundamentally different from other
spraying methods due to the use of energy from a con-
trolled explosion.

© Yevhen Vyshnepolskiy, Andrii Bondariev, 2025
DOI 10.15588/1607-3274-2025-4-3

The working tool is a detonation gun — a long water-
cooled barrel, closed on one side. A precisely dosed portion
of an explosive gas mixture (usually acetylene + oxygen)
and powder coating material are fed into the gun chamber.
The mixture is ignited by a spark, which initiates detona-
tion — a combustion process that propagates at supersonic
speed and is accompanied by the formation of a shock
wave. This detonation wave heats the powder particles to a
plastic or molten state and accelerates them to extremely
high speeds, reaching 1200 m/s. With high kinetic energy,
the particles hit the surface of the part, undergo significant
plastic deformation, and form a dense layer of coating. The
process is cyclical: the frequency of «shots» is in range
from 1 to 10 Hz. After each shot, the barrel is purged with
inert gas (nitrogen) to remove combustion products and
prepare for the next cycle. This method has the following
advantages [2]:

1. High density and low porosity. Due to the enor-
mous kinetic energy of the particles during collision, oc-
curs effective compaction. As a result, coatings with ex-
tremely low porosity are formed, which often does not ex-
ceed 1...2 % and is critically important for preventing the
penetration of corrosive agents deep into the coating and
for achieving maximum wear resistance;

2. Extremely high bond strength (adhesion). High-ve-
locity impact not only provides strong mechanical engage-
ment of particles with irregularities of the prepared surface,
but can also initiate local metallurgical processes (like
«microwelding») at the surface. This results in the for-
mation of coatings with bond strengths that significantly
exceed those of other thermal spraying methods (often over
70 MPa);

3. Creation of residual compressive stresses. Bom-
barding the surface with high-velocity particles creates an
effect similar to shot-peening. Favorable residual compres-
sive stresses are formed in the surface layer of the coating.
This is a unique and extremely important advantage, since
the compressive stresses counteract the tensile stresses
arising from thermal mismatch and external loads, effec-
tively inhibiting the initiation and propagation of cracks
and, thus, increasing fatigue life;

4. Minimal thermal load on the substrate. Despite the
high temperature in the detonation wave, the interaction
time of hot gases and particles with the substrate is very
short due to the pulsed nature of the process. The total heat
flux transferred to the part is significantly less than with
plasma spraying. This minimizes the risk of part distortion,
undesirable structural changes in the substrate material and
the size of the heat affected zone (HAZ).

To justify the choice of detonation spraying technol-
ogy, it is necessary to compare it with the main alternative
high-energy methods: high-velocity oxygen-fuel (HVOF)
and atmospheric plasma (Atmospheric Plasma Spraying,
APS) spraying (Table 1):
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Table 1 — Comparative characteristics of high-energy thermal spraying methods

Spraying methods

Parameter D-Gun

HVOF APS

Detonation of the O>-fuel

Heat Source .
mixture

Continuous combustion O-fuel

Direct current electric arc
(plasma)

Velocity of the Gas

(particles) Very high (~ 1200 m/s)

High (~ 600...1000 m/s)

Middle (~ 200...500 m/s)

Temperature of the

Gas (Particles) High (~ 3000...4000 °C)

High (~ 2800...3300 °C)

Very high (up to 16000 °C)

Porosity of the coat-

0,
ing Very low (< 1...2%)

Low (1...3 %)

Moderate high (5...15 % and
higher)

Grip Strength Very high (> 70 MPa)

High (> 60 MITa)

Moderate (20...40 MPa)

Residual Stresses Compressive

From weakly compressive to tensile

Mostly tensile

Extreme wear and erosion re-
sistance

Main Application

Wear and corrosion resistance

Thermal barrier coatings (TBC)

1) High-velocity oxy-fuel spraying (HVOF). This pro-
cess also uses the combustion of a fuel-oxygen mixture to
heat and accelerate particles, but unlike detonation, continu-
ous combustion occurs in a high-pressure chamber, the prod-
ucts of which are accelerated to supersonic speeds in a spe-
cially designed nozzle. HVOF allows for very high-quality,
dense coatings with high adhesion and is considered a direct
competitor to D-Gun. However, as a rule, particle velocities
in the D-Gun process are even higher, which provides an ad-
vantage in density, adhesion and compressive stress levels.
Analysis of the case of the failure of a CrsC,—NiCr HVOF
coating due to thermal embrittlement shows that even a
small improvement in coating quality (density, residual
stresses) that detonation spraying can provide will be crucial
for extending the service life [6, 17, 18].

2) Atmospheric Plasma Spraying (APS). With this
method, a plasma jet generated by an electric arc in a
plasma-forming gas flow (argon, nitrogen, hydrogen) is
used to heat the material. The temperature in the plasma
can reach about 16000 °C, which allows melting all, even
the most refractory materials. However, the particle veloc-
ity in APS is significantly lower than in D-Gun and HVOF.
This leads to the formation of coatings with higher porosity
and lower adhesive strength. Such properties make APS
coatings less suitable for applications requiring maximum
wear resistance, but ideal for applying TBC, where poros-
ity is functionally necessary [6, 9, 19].

The choice of coating technology is determined not
only by the desire to obtain «good» properties, but also by
the necessity to create a specific stress-strain state in the
«coating-substrate» system. The residual compressive
stresses, which are an inherent property of detonation coat-
ings, give them a unique mechanistic advantage. They di-
rectly counteract the main driving forces of coating failure —
tensile stresses from thermal mismatch and fatigue loads.
While the HVOF process can also produce high-quality
coatings, the level of compressive stresses in them is usually
lower, or they may even be tensile, making them more vul-
nerable to thermomechanical fatigue, as demonstrated in the
analyzed failure case. This emphasizes that when evaluating
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and comparing coatings, measuring residual stresses is as
important as determining hardness or adhesion.

Discussions

To validate the proposed technological solution and
quantitatively assess the effectiveness of protective coat-
ings, it is necessary to develop and implement a compre-
hensive program of experimental research and methods for
assessing the properties of coatings, based on the recog-
nized international standards 1SO 2063 [20, 21] and ASTM
C633[22], as well as described in the literature [3, 4]. Let’s
consider in stages:

1) Stage | — formation of experimental samples: se-
lection of the «substrate-coating» system. It includes:

- choice of substrate material. As a substrate material
for experimental samples, it is advisable to choose the heat-
resistant superalloy Inconel 718 or the alloy ZhS6U, which
are representative of real NGVs (or in particular NGVs
blades). The samples are made in the form of plates with
standard sizes (for example, 25x25x5 mm);

- surface preparation. The quality of adhesion of the
coating to the base critically depends on the condition of
the - - surface. Therefore, before spraying, a mandatory
blast-abrasive treatment with an abrasive powder (for ex-
ample, Al;Oz based electrocorundum) is performed to
clean it from dirt and oxides and create a matte and smooth
relief, which improves mechanical adhesion;

- selection of coating material. Based on the analysis,
a metal-ceramic powder of the CrsC»-25(Ni20Cr) system
was selected as the main candidate, which has proven its
effectiveness in high-temperature wear-resistant applica-
tions;

- application process. The coating is applied by deto-
nation spraying to a specified thickness (e.g. 200...400
pum). Key process parameters (oxygen/acetylene ratio, shot
frequency, spraying distance) should be documented to en-
sure reproducibility.

Stage Il — analysis of microstructural and physical-
mechanical characteristics. The structure and properties of
the obtained coatings are studied using the following stand-
ardized methods:
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2.1) checking microstructure, porosity and phase
composition using:

- scanning electron microscopy (SEM) [24]. It is used
for visual analysis of the microstructure of the coating on a
cross-sections. SEM allows to estimate the thickness of the
coating, its layered (or lamellar) structure, the quality of the
coating-substrate interface, as well as to qualitatively as-
sess the presence of pores and other defects;

- energy-dispersive X-ray spectroscopy (EDS/EDX)
[25]. It is used as a complementary instrument to SEM to
map the distribution of chemical elements across a sample
cross-section. This method allows to confirm the composi-
tion of the coating, to detect the presence of oxide inclu-
sions and to investigate possible diffusion of elements at
the interface with the substrate;

X-ray diffraction (XRD) [26]. A key method for iden-
tifying crystalline phases in a coating (e.g. CrsC,, Ni-based
and Cr-based phases). XRD also allows for the detection of
undesirable phase transformations after thermal treatment
and is one of the main methods for quantitatively measur-
ing residual stresses in a coating.

2.2) microhardness measurement. Microhardness
measurement is one of the main methods for assessing the
mechanical properties of a coating. Testing is performed
on a cross-section of the sample using the Vickers method
in accordance with 1SO 6507 or ASTM E384 standards. A
diamond indenter in the form of a tetrahedral pyramid is
used, which is pressed into the surface under a given load
(for example, 300 gf or 2.94 N). Measurements are carried
out at different distances from the surface to the substrate,
which allows you to build a hardness distribution profile
over the thickness of the measured coating.

2.3) assessment of adhesive and cohesive strength. It
is carried out in two ways:

- peel test (according to ASTM C633) — this is the
main quantitative method for measuring the adhesion
strength of a coating to a substrate. The essence of the
method is to glue a special cylindrical pin to the surface of
the coating, which is then torn off on a tearing machine,
and the maximum load at which the fracture occurred is
recorded. It is also important to analyze the fracture sur-
face: if it occurred at the «coating-substrate» boundary,
then the measured value is the adhesion strength; if the
fracture occurred inside the coating layer — cohesive;

- by the grid incision method (according to 1SO
2409). A simpler, qualitative method for rapid assessment
of adhesion. A grid of mutually perpendicular lines is cut
on the surface of the coating, onto which adhesive tape is
glued and sharply torn off. Adhesion is assessed visually
using a classification scale depending on the area of the
peeled coating.

2) Stage 1l — assessment of operational properties.
Let’s divide this stage into two components:

3.1) erosion resistance test. This test is carried out on
a specialized gas erosion machine according to the proce-
dure specified in ASTM G76 [23]. This standard describes
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a well-established method for comparing the erosion re-
sistance of different materials. It consists of:

- test parameters. To simulate real operating condi-
tions, it is necessary to set key parameters: erodent material
(e.g., Al,O3), particle size (e.g., 50 um), flow rate, angle of
attack (e.g., 30° to simulate tangential erosion and 90° to
simulate direct impact), and test temperature (up to
850...950 °C);

- evaluation criterion. Erosion resistance is quantified
by the loss of mass or volume of the sample relative to the
total mass of abrasive that interacted with the surface.

3.2) analysis of degradation mechanisms under high
temperature exposure. To assess the thermal stability of the
coating, isothermal or cyclic oxidation resistance tests are
proposed. The coated samples are kept in a furnace at a
high temperature (e.g. 900 °C) for a long time. After the
exposure, metallographic analysis (SEM/EDS, XRD) is
performed to detect changes in the microstructure, phase
composition (e.g. the precipitation of secondary carbides,
which was observed for HVOF coatings) and to study the
oxidation kinetics.

The proposed methodology poses a direct, scientifi-
cally speaking «challenge», to noted failure mechanisms.
The experimental design is not arbitrary: it is specifically
designed to demonstrate that the proposed solution (deto-
nation coating of the CrsC,-NiCr system) overcomes the
known weaknesses of alternative technologies (HVOF
CrsC»-NiCr). By subjecting the detonation coating to the
same thermal stress that caused the failure of the HVOF
counterpart and by analyzing its phase stability and micro-
structure, this experiment directly tests the hypothesis that
the superior microstructural quality and favorable stress
state of the detonation coating prevents or slows down this
specific failure mechanism. This translates the research
from the general statement «detonation spraying is better»
to the specific, scientific question «Does the detonation
spraying process suppress the high-temperature embrittle-
ment observed in HVOF coatings of the CrzC>-NiCr sys-
tem?». A positive result of such an experiment will not
only confirm the choice for this application, but will also
be a significant contribution to materials science regarding
the comparative thermal stability of coatings obtained by
various high-energy methods (Table 2).

The synthesis of the above data allows us to suggest
that the detonation spraying technology is unique and
most suitable for solving the problem, since it is able to
form a coating of the CrsC,-NiCr system with the neces-
sary combination of properties: high density, excellent ad-
hesion and, most importantly, a favorable field of residual
compressive stresses [27]. This combination allows us to
effectively resist the synergistic destructive effects of ero-
sion, corrosion and thermomechanical fatigue. It is cardi-
nally differs detonation spraying from APS, which forms
porous structures, and HVOF, the coatings of which may
have less pronounced compressive stresses or even tensile
stresses, which makes them more vulnerable to thermal
instability and cracking [27, 28].
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Table 2 — Standardized test methods for the characterization of coatings

The prcllgj;t()j/ that is Standard Principle of the Method Output indicator
. - . . . Loss of mass or volume per unit
Eroglon ASTM G76 Bombardment of a surface with solid particles in a mass of erodent
Resistance gas stream at a controlled angle and speed.
(e.9., mg/g).
Adhesive Strength ASTM C633 A puII_-off_ test in which a pin glued to the surface of Fallu_re stress (MPa) and failure
a coating is pulled off by tensile force. location.
Adhesion A grid is cut on the coating, then adhesive tape is Classification score (at a scale
(qualitative assess- I1SO 2409 applied and peeled off. Adhesion is assessed by the | from 0 to 5) based on visual in-
ment) amount of coating removed. spection.
A diamond indenter (Vickers pyramid) is pressed -
. ISO 6507, - - . Hardness value (HV) with load
Microhardness ASTM E384 !nto t_he _surface under a certain load. The size of the indication (e.g. 0.3 HV).
imprint is measured.

28

Despite the advantages, when implementing the tech-
nology, potential challenges must be taken into account,
namely:

thermal mismatch. Even in the presence of compres-
sive stresses, the significant difference in the coefficient of
thermal expansion (CTE) between the nickel superalloy
substrate (CTE = 15.5x1078 K1) and the CrsC,—NiCr coat-
ing (CTE = 10.9x107% K1) remains a risk factor that gen-
erates high interface stresses during thermal cycling. To
mitigate this effect, one can consider using an intermediate,
more ductile sublayer (e.g., NiCr) [6]. A more advanced
solution is to use CCDS technology to create a functional
gradient transition that will ensure smooth changes in prop-
erties from the substrate to the surface [15, 29];

process quality control. Stability of coating perfor-
mance requires thorough control of the spraying process
parameters. It is necessary to implement modern quality
management methodologies, such as failure mode and ef-
fects analysis (FMEA) and «Six Sigma» to ensure high re-
producibility and reliability of coatings [30];

complexity of geometry. Applying a coating of uni-
form thickness and properties to the aerodynamic profile of
the NGVs blades is a complex technological task. Its solu-
tion requires the use of robotic multi-axis manipulators to
move the detonation gun due to the complex spatial trajec-
tory [6].

Based on the analysis of the exceptional properties of
detonation coatings, it is possible to predict a significant
increase in the operational life of the NGV. Creating a
more damage-resistant surface that effectively resists the
formation of primary defects (erosion ulcers, microcracks),
the proposed coating destroys the degradation cascade.
This leads to a nonlinear, significant increase of the dura-
bility of the component, which, in turn, increases the relia-
bility of the engine as a whole mechanism, reduces mainte-
nance and repair costs and increases the technical availa-
bility factor (TAF).

Conclusions

Based on the analysis, the following conclusions can
be formulated:
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The operational resource of the NGV of the GTE is
limited by the simultaneous action of a complex of destruc-
tive factors, such as erosion by solid particles, high-tem-
perature corrosion and thermomechanical fatigue.

A comparative analysis of modern technologies has
shown that detonation spraying is the most promising
method for application, does not allow the formation of a
coating with practically zero porosity, extremely high ad-
hesion and favorable residual compressive stress indica-
tors.

As an optimal solution, a metal-ceramic coating
based on CrsC,-NiCr, applied by the detonation spraying
method, is proposed. It provides a better balance of the
strength, toughness and resistance to aggressive environ-
ments, compared to traditional or other metal-ceramic sys-
tems.

A comprehensive experimental validation program
based on international ASTM and ISO standards is pro-
posed, which allows for a comprehensive assessment of the
microstructural, physical-mechanical and operational
properties of the proposed coating.

The implementation of this application technology
will lead to a significant increase in the durability and reli-
ability of critically important components of dual-purpose
mechanisms, which provides significant economic ad-
vantages both during manufacturing and operation.
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Annpiit bonnapes

Mema pobomu. Memoro 0anoi pobomu € HayKoge OOIPYHMYBAHHS MEXHONIO02IUHO20 NIOX00Y 00 3HAYHO20 NiOGU-
wenns 3nococmivkocmi ronamox connosozo anapamy(CA) I'TH winsixom 3acmocysants nepedosux Memooie HaHeceHH s,
3AXUCHUX ROKPUMIMIE.

Memoou oocniorycenna. Memoou Oocniodxcenuss 8KkaOYaIU NIOOIp MUNOBUX Mamepianié 018 NPo8edeHHs 00CIi-
Oacenv (cnaasu JKC6Y ma Inconel 718), poszensno 6azamodynxyionanvhux cucmem noKpummis ma ix kiacugixayii (me-
naozaxuchi nokpumms (Thermal Barrier Coatings, TBC), 3nococmitixi memanoxepamiuni cucmemu (Wear-Resistant
Cermet Systems)), memoou nanunenns (Oemonayiine nanunenns (Detonation Spraying, D-GUn), 8ucokowsuoKichum Ku-
cneso-namusnum (High Velocity Oxygen Fuel, HVOF, ammocgeprnum nrasmosum nanunennsm (Atmospheric Plasma
Spraying, APS) ma ananiz nayrxosux docuiodiceins, wo niomeepodiCcyloms eqhekmueHicmy 3a3HAYEHUX Memoois.

Ompumani pesynvmamu. Ananiz HAAGHUX OOCTIONHCEHb MA TIMEPAMYpPU NOKA3A8, WO MEXHON02IA OeMOHAYIIHO2O0
HAanuleHHs € YHIKAIbHOI Ma HAubiibs NPUOamHow 015l GUPIULeHHs NOCMABIeHol 3a0ayi, OCKITbKU 60HA 30amHa cop-
myeamu nokpummst cucmemu Cr3Ca-NiCr 3 HeobXiOH0I0 KOMOIHAYIEIO 61aCMUBOCMENL: BUCOKOIO WITbHICMIO, GIOMIHHOIO

aozesicio ma, Wo HAuBANCIUGIue, CRPUAMIUBUM NOJIEM 3ATUMKOBUX HANPYHCEHb CIUCHEHHS.

Hayxkosa nosuszna. Hayxosa HogusHa pobomu noiseac y CUCmemMHoOMY nioxodi 00 eupiulenHsi CKIAOHOI npobiemu
saxucmy aonamox CA (Oemaneii ma mMexamizmié nOOBIIHO20 NPUSHAYEHHS) UISIXOM 3ACTOCYBAHHS MEXHON02i] 0emoHa-
YIIHO20 HANUAEHHSL, IKA 8I00MA CEOEI 30AMHICMIO POPMYSAMU HAO36UYAUHO WIIbHI MA 3HOCOCMIUKI ROKPUMMSL.

Ilpaxmuuna yinnicme. Ipakmuune 3HauenHs OOCIONCEHHsL NOJSA2AE Y NOMEHYIHIL MONCTUBOCT CYMMEBO20 301~
JIbULEHHSL MIJICDEMOHIMHO20 Pecypcy, HAOIIHOCME ma 60E20MOBHOCII KpUmMuyHo saxciueux enemenmie I'T/].

Kntouogi cnosa: I'T/], nonamka connosoeo anapamy (CA), cynepcnias, epo3is meéepoumu YacmuHKami, 6UCOKOme-
mnepamypha 2azoea kopo3sis, oxucienns, TBC, D-Gun, HVOF, APS.
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PROTECTION OF MACHINE PARTS MADE OF ALUMINUM ALLOYS
FROM GAS ABRASIVE WEAR

Purpose. Analyzing the patterns of gas abrasive wear of the aluminum alloy VD17, applying protective coatings
that can provide effective wear resistance, providing recommendations of the optimal type of protective coating.

Research methods. The study usedinstallation, the design of which allows changing the parameters of gas-abrasive
wear within wide limits, that as best reproduce the wear conditions of machine parts under different operating conditions.
The study was conducted on samples of aluminum alloy VD17 with metal protective layers applied by galvanic and
chemical methods. The study was conducted using metallographic analysis to identify the structure that provides optimal
protection against gas-abrasive wear.

Results. Analysis of the nature and magnitude of materials wear was carried out, in the flow of free abrasive de-
pending on the velocity of the abrasive flow and its angle of attack. The degree of reduction in wear of the aluminum alloy
VD17 when using chromium and nickel protective coatings was determined. Based on the comparative assessment of the
quantitative characteristics of the protective layers, the ability of coatings to reduce wear of the alloy VD17 under the
action of a gas abrasive flow was determined.

Scientific novelty. The angle of attack corresponding to maximum wear was determined for both the VD17 alloy
and the proposed protective chromium and nickel coatings. Based on the analysis of the obtained results, it was revealed
how applied metal protective coatings react to gas-abrasive wear depending on the composition and adhesion to the base.

Practical value. The results of the work can be used by designers involved in products that operate under conditions
of gas-abrasive wear.Based on the obtained dependences of the wear of the materials depending on the angle of attack,
it is possible to choose the optimal material and product configuration in such a way that wear is minimal, as well as to
choose the optimal type and method of coating application depending on the configuration of the part and production
capabilities.

Key words: reliability, wear resistance, gas abrasive wear, wear, electroplating chrome plating, chemical nickel
plating.

product daily and constantly. Wear is understood as the

Introduction

The main concern of any manufacturer to be success-
ful in the market is to ensure the release of reliable prod-
ucts. Reliability is usually understood as the ability of a
certain product to perform its functions according to its in-
tended purpose under certain operating conditions [1, 2]. In
practice, one of the most important indicators of reliability
in operation is durability. It, in turn, is determined by the
time that the product will be able to perform its functions
until it enters the so-called limit state. The limit state occurs
when repair becomes impossible or impractical. Most of-
ten, during operation, the long-term operation of a product
is affected by various types of wear, which can affect the
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process of gradual destruction of the surface of a product,
which leads to a change in its size, shape or mass [3].

In the literature on wear, the greatest attention is paid
to mechanical wear. Under different operating conditions,
it can take different forms. Within the general science of
wear — tribology [4, 5], the greatest attention is paid to the
study of wear due to sliding or rolling friction [6, 7].

One of the important mechanical types of wear is
abrasive wear, and in particular, gas abrasive wear. Nowa-
days, many structures and products are made of high-
strength aluminum alloys. In particular, they are used for
the manufacture of fan and compressor blades of aircraft
engines. Achieving a long service life of such engines is
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prevented by the relatively rapid wear of aluminum alloys
under the influence of air flow with suspended particles of
free abrasive (dust, soot, ice particles, etc.). Protection of
aluminum parts from gas-abrasive wear will allow not only
to increase the engine service life, but also to reduce its
mass.

Analysis of research and publications

Abrasive wear is one of the most common and de-
structive types of damage to machine parts during opera-
tion. In general, it consists in the fact that abrasive particles
- bodies with a hardness significantly higher than the hard-
ness of the metal - under different conditions of interaction
with the surface of the part lead to its local destruction. The
particles themselves can be very diverse in origin, shape,
size and hardness. These can be grains of sand, dust, ox-
ides, intermetallics, metal wear products, etc.

Depending on the interaction of abrasive particles
with a metal surface, several types of abrasive wear are dis-
tinguished: with the participation of fixed and moving par-
ticles, with and without lubrication, impact interaction or
under low pressure, with high or low speed of mutual
movement, etc. Abrasive wear occurs in sliding bearings
for various purposes, in parts of construction, agricultural
and mining equipment, etc.

Ukrainian scientists [8] have made a significant con-
tribution to the study of the mechanism of abrasive wear,
such as B.l. Kostetsky, I.V. Kragelsky and others, and
ways to prevent it.

One of the types of abrasive wear is gas abrasive
wear. It consists in process of abrasive particles destroy
metal, moving at a greater or lesser speed in a gas stream.
Gas abrasive wear occurs in buildings under certain mete-
orological conditions, helicopter engines over sandy unpre-
pared airfields, etc. The features and basic patterns of gas
abrasive wear under various conditions were studied by
such scientists as G. Evans,l.V. Kragelsky, I.R. Kleis and
others [9].

Today it is known that the intensity of gas abrasive wear
depends on the flow velocity V and its angle of attack a.

The dependence of wear on the velocity of the gas-
abrasive flow is related to the kinetic energy of the abrasive
particle at the moment of impact. Therefore, the intensity
of wear depends on both the mass of the particle and the
speed of its movement in the second degree. It increases
with increasing velocity and flow of the carrier gas, and the
size and mass of the abrasive particles. In addition, the
hardness and shape of the abrasive particles affect the
amount of wear.

The change in wear intensity when the angle of attack
of the gas abrasive flow o changes depends on the mecha-
nism of destruction of the surface material. The latter, in
turn, depends on the properties of the material being worn.

If a plastic material is destroyed, then at small values
of the angle a the particles remove metal by cutting and
scratching. With an increase in the angle o to 60° and more,
destruction due to repeated plastic deformation begins to
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prevail. In the surface layer, slag gradually appears and ac-
cumulates, and the amount of wear begins to decrease.

When it comes to high-strength brittle materials, at
small angles of attack the particles slide along the surface
and often cannot scratch it. As the angle o increases, the
wear rate gradually increases. The brittle fracture mecha-
nism begins to operate, and with a vertical direction of par-
ticle impact it comes into full force. That is, at o = 90° the
wear reaches a maximum.

Purpose of work

The task of this work is to analyze the patterns of gas-
abrasive wear of aluminum alloys of fan blades and com-
pressors of aircraft engines and to find proposals for pro-
tecting them from gas-abrasive wear.

Research material and methodology
Gas abrasive wear testing facility

This study used a gas-abrasive wear test rig that fairly
well reproduces the wear conditions that exist in aircraft
engines.

Currently, there are no specific standards or special
methods for studying gas-abrasive wear of structural mate-
rials. Therefore, quite diverse installations are used in the
research, the main task of which is to create test conditions
that are as close as possible to the operating conditions of
the relevant machine parts.

According to literature data, existing test rigs are di-
vided into gravitational, mechanical, and pneumatic, based
on the principle of the abrasive flow.

In gravity installations, the speed of abrasive particles
is created due to their free fall. In such installations, it is
difficult to create a high speed at the moment of impact of
particles, but it is possible to calculate it quite accurately at
the moment of impact. Most often, such installations are
used to assess the stability of various coatings, in particular
enamel ones.

In mechanical type installations, the speed of abrasive
particles is created due to centrifugal forces. The basis of
these installations is a rotor rotating around a vertical axis,
through the channels of which abrasive particles are accel-
erated to the required speed. Several stationary samples are
installed around the rotor at one angle or another. During
testing, it is relatively easy to establish the parameters of
the particles at the moment of impact. However, the instal-
lation requires accurate dosing of the abrasive supply. In
addition, the test result is negatively affected by the flow
of abrasive around the edges of the sample.

In pneumatic installations, the required speed is set to
the particles by a stream of air or gas, and a flat sample,
moving or stationary, is installed at a certain angle to the
gas-abrasive jet flowing from the nozzle. Such installations
have the ability to change the wear parameters in a wide
range, adapting to the operating conditions of the material
being studied. Their disadvantage is that the speed of the
particles at the moment of impact may not exactly corre-
spond to the speed of the gas flow. There are also difficul-
ties in creating angles of attack close to zero.
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Nevertheless, today this type of installation is the most
common, since they make it relatively easy to reproduce any
test conditions that are close to operating conditions: in
terms of speed and angle of attack of the gas abrasive flow;
type, size and concentration of abrasive particles in the flow;
composition and temperature of the gas flow, etc.

In this study, a pneumatic type installation was used.
During the research, gas-abrasive wear conditions were
created in it, close to the operation of compressor blades
and fans of aircraft engines (Fig. 1).

The main element of the installation is a rotor with a
diameter of 700 mm, which serves to fix 60 samples sim-
ultaneously and give them a circular speed. On the front
side of the disk, an annular groove of a special shape is
machined for fixing the samples. The samples are installed
tightly to each other so that only the surface of the samples
is worn during the tests. Using a three-stage pulley, the disk
can be given the following rotation speeds: 700, 1500 and
3000 rpm. The rotor with the samples is carefully balanced.
To eliminate imbalance when testing samples that differ
significantly from each other in mass, samples of the same
mass are installed on the rotor at diametrically opposite
places around the circumference.

567

\
\

910 1

N/m

-

3

Figure 1. Scheme of the gas abrasion wear test setup:

1 - compressor; 2 — tap; 3 — oil-water separator;
4 — rotameter; 5 — manometer; 6 — mixing chamber;
7 — bunker; 8 — dispenser; 9 — abrasive chamber;
10 - housing; 11 — sample; 12 — rotor

The sample is a flat plate with dimensions of 35x20x2
mm. On the upper edge it has a chamfer that enters the
groove of the rotor. The sample is fixed on the rotor with a
screw (Fig. 2). To prevent abrasion of the sample when
screwing and unscrewing the screw, a conical brass washer
is installed between the screw and the sample.
1

A-A

Figure 2. Sample mounting diagram:

1 - rotor; 2 — sample; 3 — screw; 4 — washer
The air flow is created by a compressor. The air supplied
to the unit is cleaned in an oil-water separator. The valve sets
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the volume of spent air necessary to create a given gas flow
rate. Its value is determined using a rotameter RS-7.

The unit for feeding abrasive into the gas stream con-
sists of a hopper, a dispenser and a mixing chamber. The
dispenser is a profiled screw, which is rotated by an electric
motor through a gearbox and thereby ensures continuous
feeding of abrasive into the mixing chamber. Using re-
placeable screws, the concentration of abrasive in the gas
stream can be varied within wide limits. In the mixing
chamber, a flow velocity sufficient to capture abrasive par-
ticles is created. In addition, the abrasive feeding unit pro-
vides the possibility of heating the gas stream or introduc-
ing additional components (for example, moisture) into it.

In the abrasive chamber, the actual wear of the samples
occurs with a gas-abrasive flow with specified parameters.
Structurally, it is a flat box, the end part of which includes
the edge of the disk with the samples. On its semicircular
wall, there are cut holes for a pipe with a replaceable nozzle,
from which the flow of abrasive particles is directed to the
samples. The cut holes allow the nozzle to be installed in
nine fixed positions (every 15°) at an angle relative to the
plane of the disk at the same distance from the theoretical
point of contact of the abrasive with the sample.

The shape and dimensions of the nozzle outlet ensure
that abrasive particles only hit the samples and eliminate
wear of the rotor and sample mounting parts. Due to the
sufficiently small size of the nozzle outlet and the small
distance between it and the sample surface, there is no sig-
nificant dispersion of the collision parameters of individual
abrasive particles in the flow during testing.

At the moment of interaction of abrasive particles and
the sample, two types of motions act on them: the circular
velocity of the sample and the velocity of particles with the
gas flow. Therefore, the actual velocity of particles at the
moment of collision was found by geometric addition of
the vectors of the corresponding motions (Fig. 3).

Figure 3. Diagram of the velocities of abrasive particles relative
to the sample:

Vs — sample velocity; Vs — jet velocity of the gas abrasive flow;
Vd - actual collision velocity; o — angle of attack

The circular velocity of the point in the center of the
sample was taken as the sample velocity Vc. The deviation
of the velocities of the extreme points of the sample from
the one adopted in the calculations does not exceed 3%. The
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jet velocity of the gas abrasive flow Vc was calculated ac-

cording to the laws of gas dynamics using the readings of the

air volume flow rate by the rotameter and the pressure in the

flow by the manometer (Fig. 1). The angle of attack a was

calculated according to the data of the velocity triangle.
Research methodology

According to the characteristics of the air flow in the
compressors of most aircraft engines [10], the speed of the
gas-abrasive flow during the tests varied from 95 to 280
m/s. The installation allows you to change the angle of at-
tack of the abrasive flow from 20 to 860.

For the tests, quartz sand with a particle size of
100...200 microns was used. The sieved and prepared sand
for testing was dried in a drying cabinet at a temperature of
120 °C before loading into the batcher and weighed with
an accuracy of 0.1 g. At all test speeds, a constant sand
concentration in the flow was maintained: 20 g/m?®.

The used sand was not reused because after contact with
the samples, the sand particles are crushed, their shape, size,
edge sharpness, etc. change. Therefore, the wear results when
using fresh and used sand will be different.

In each test mode, 4...6 samples of the same type were
simultaneously examined. The samples were weighed be-
fore and after the test on an analytical balance with an ac-
curacy of 0.1 mg. The difference in the mass of the sample
before and after the test determined the mass wear of the
sample. But in order to compare the results of tests of dif-
ferent durations carried out on samples made of materials
that differ significantly in density, the obtained mass wear,
depending on the density of the tested material, was con-
verted into volumetric and measured in mm3 of the sample
material removed from 1 sm? of the outer surface of the
sample at a consumption of 1 kg of abrasive during the test
(mm3/ sm2kg).

Aluminum alloy VD17

The basis for the research was the aluminum de-
formed alloy VD17 of the aluminum-copper-magnesium
system, which has the following chemical composition:
aluminum — the base, copper — 2.6...3.2%, magnesium —
2.0...2.4%, manganese — 0.45...0.70%, iron and silicon —up
to 0.3% each.

Alloy VD17 is duralumin with increased heat re-
sistance; it is usually subjected to hardening and natural ag-
ing. At room temperature, it has a tensile strength of up to
500 MPa and a relative elongation of 10%, and is charac-
terized by high fatigue strength and fracture toughness.

Duralumin VD17 is used in many branches of engi-
neering. It is used to make truck bodies, building structures,
parts in the refrigeration and food industries, etc. In aircraft
construction, it is used to make propeller blades, compres-
sors and engine fans operating at temperatures up to 250°C,
frames, control rods, etc. [11-13].

Metal protective coatings

Based on the analysis of literary sources, metal protective
coatings were selected to protect the VD17 aluminum alloy:
electroplating chrome plating and chemical nickel plating.
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For electroplating, a standard electrolyte is usually
used, which contains: 250 g/l CrOs, 2.5 g/l H2SO4 at t =
45...55°C and current density ix = 20...60 A/dm?,

Temperature and current density significantly affect
the current output and properties of cathode chromium de-
posits. Depending on these parameters, the chromium de-
posit varies from pale milky and soft to shiny and hard. Dif-
ferent types of coatings are obtained at high current densities
and different temperatures. At relatively low temperatures,
matte coatings are obtained, and with increasing temperature
at constant current density, shiny coatings are obtained.

The following parameters were chosen for chromium
plating of the samples: electrolyte containing 300 g/l CrO3,
2.5 g/l H2S04, current density ik = 45...50 A/Jdm2, and at a
temperature of t = 45...500 °C, matte coatings were obtained,
and at a temperature of t =50...65°C, shiny ones were obtained
[14, 15]. The microstructure of the electroplated chromium
coating on the VD17 alloy is shown in Fig. 4.

One of the main advantages of chemical nickel plat-
ing is the ability to obtain a uniform coating layer on parts
of any complex configuration (including compressor
blades). Chemically deposited nickel has certain ad-
vantages: the surface of the coating is shiny, its hardness is
higher than that of electrolytic nickel deposits, the coating
does not reduce fatigue strength.

-
-
> & P
& |

Figure 4. Microstructure of electroplated chromium coating on
VD17 alloy

For chemical nickel plating of aluminum alloys, alka-
line solutions (pH = 8...10) are used due to more favorable
conditions for the process on the surface of light alloys
[16]. Nickel plating of samples was carried out in a solution
of the following composition: nickel chloride (I1) NiCl, —
21 g/l; sodium hypophosphate — 24 g/l; sodium citrate —
45 g/l; ammonium chloride NH4CI - 30 g/I; ammonium hy-
droxide NH40OH - 50 g/l at an acidity of pH =8.5...9.5and
a temperature of 75...800 °C. The process lasted 6...8 hours
with regular adjustment of the acidity of the solution using
ammonium hydroxide.

The resulting coating, 40...60 microns thick, is actu-
ally a solid solution of phosphate in nickel with small in-
clusions of phosphides. Chemical analysis showed that the
precipitate contains 96...97 % nickel and 3...4 % phosphorus.

Nickel-plated samples were divided into two groups.
The samples of the first group were annealed at a temperature
of 2300 °C for 45 min. in order to improve the adhesion of the
coating to the base. The samples of the second group, in addi-
tion to similar annealing, were subjected to hardening and ag-
ing according to the regime usual for the VD17 alloy (Fig. 5).
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Figure 5. Microstructure of nickel coatings processed in the first
mode (a) and in the second mode (b)

Research results

The study showed that the main influence on the wear
rate of a structural material under the action of a gas abra-
sive flow is the velocity of the abrasive flow and the angle
at which the abrasive flow acts on the surface of the mate-
rial. The dependence of the wear rate on the angle of attack
for all the studied materials was typical for plastic materi-
als: with an increase in the angle of attack, wear increases
and, having reached a maximum, smoothly decreases (Fig. 6).
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Figure 6. Dependence of wear of VD17 alloy and coatings on
the angle of attack at a gas abrasive flow velocity of 95 m/s:

1-VD17 alloy, 2 — nickel coating, h/t 1,
3 - nickel coating, h/t 2; 4 — matte chrome coating,
5 — shiny chrome coating

The angle of attack of the flow a, which corresponds
to the maximum wear, depends on the mechanical proper-
ties of the material of the samples. The smallest angle of
attack is for the VD17 alloy. The angles of maximum wear
of the coatings are somewhat larger, being in approxi-
mately the same range. This is due to the increase in the
hardness of the worn material.

Also, with increasing gas-abrasive flow velocity, a
shift of the wear maximum towards larger angles of attack
is observed. In this case, the greater the hardness of the
worn material and the greater the abrasive flow velocity,
the less clearly the maximum on the wear-angle of attack
curve is manifested (Fig. 7).

Discussion

There is a noticeable difference in the wear of the alu-
minum alloy and nickel and chromium coatings. This is due
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to the significantly different physical and mechanical prop-
erties of the coating metals and aluminum. At the same time,
the study showed a sufficiently high quality of adhesion of
such different metal coatings to the aluminum surface.

The angle o, which corresponds to the maximum
wear at a certain flow rate, is different for all materials. The
smallest angle a of maximum wear is for the aluminum al-
loy VD17. With increasing material hardness, the maxi-
mum shifts towards larger angles. The same shift is ob-
served with increasing gas abrasive flow rate. In this case,
the greater the hardness of the material being worn and the
greater the flow rate, the less clearly the maximum appears
on the wear-angle of attack curve.

As for the quantitative characteristics, the degree of
wear reduction of metal coatings depends on the hardness
of the corresponding coating, and the order of the wear
curves is preserved at all angles of attack and velocities of
the gas abrasive flow.

The protective properties of nickel coatings are quite
stable at all speeds: nickel coating heat-treated according
to the first mode increases wear resistance by 2.3..2.7
times, and heat-treated according to the second mode - by
3...4 times. The difference between the wear of both nickel
coatings is 15...35%.

The difference in maximum wear of chrome coatings is
40...60 %. The effectiveness of protection of aluminum alloy
by chrome coatings increases with increasing abrasive flow
rate. Shiny chrome coating increases the wear resistance of
VD17 alloy by 6.5...9.0 times, matte — by 4...7 times.

The intensity of wear growth of nickel coatings with
increasing flow velocity is somewhat higher than that of
chromium coatings. The most sensitive to the increase in
abrasive flow velocity is alloy VD17.
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Figure 7. Dependence of wear of VD17 alloy and coatings on
the angle of attack at a gas abrasive flow velocity of 280 m/s

1- VD17 alloy, 2 — nickel coating, h/t 1, 3 — nickel coating, h/t
2, 4 — chrome matte coating, 5 — chrome shiny coating
Conclusions

1. A detailed analysis of the regularities of gas abra-
sive wear of the VD17 alloy was carried out.
2. To increase the wear resistance of the VD17 alloy,
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galvanic chromium and chemical nickel coatings were pro-
posed and the patterns of their wear in a gas-abrasive flow
were studied.

3. The influence of the physical and mechanical prop-
erties of coatings on resistance to gas abrasive wear was
analyzed.

4. Based on the comparative evaluation of the quanti-
tative wear characteristics of protective coatings, it can be
concluded that both coatings can be used to protect ma-
chine parts made of VD17 alloy from gas-abrasive wear.
The choice depends both on the conditions of interaction
of the part with the flow and on the possibility of applying
a high-quality galvanic or chemical coating to the part.
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Mema pooomu. Ilonsicae 6 ananizi 3aKOHOMIPHOCHEN 2A30A0PA3UBHO20 3HOULYBAHHS AIOMIHIEB020 cniagy BI17,
¥V 3HAXOOICEHHI 3AXUCHUX NOKPUTNMIG, SIKI MONCYMb 3a0e3nedumu eqhekmusHe sSMeHueH s 3HOCY, Ma HAOAHHS PEKOMeH-
oayitl w000 ONMUMATLHO20 MUNY 3AXUCHO20 NOKPUMMSL.

Memoou oocniorncennn. Ilpu O00CHiOdNCeHHI GUKOPUCMOBYBANACSA YCMAHOBKA, KOHCMPYKYIs sKOI 00380s€
3MIHIO8AMU NAPAMEMPU 2a30a0PA3UEHO20 3HOULYBAHHS Y WIUPOKUX MeNCaX, AKI O AKHAUKpawe 6i0meopiosan yMosu 3H0-
WYBAHHA Oemanetl Mawun 3a pisHux ymoe excnayamayii. JJociiodcennio nioodasanucs 3pasku 3 amOMiHI€020 CNiagy
BJ[17 i memanegi 3aXucHi wiapu, HAHECeHI HA HLO2O 2ANbEAHIMUHUM [ XIMIYHUM cnocobamu. J{ocniodcenHs npo8oounocs
i3 3ACMOCYBAHHAM MemManocpaQiuHo20 aHani3y 3 Memoio UABIEHHA CIMPYKMYPU, KA 3a0e3neyye OnmuMaitbHull 3axucm
8i0 2a30A0PA3UBHO20 3HOULYBAHHSL.

Ompumani pesynemamu. Y x00i pobomu npogedenuil aHaliz XapaxKmepy i eiuduHy 3HOCy Mamepianie, uo 00-
CAIOHCYBANUCA, Y NOMOYI BLIbHO20 AOPA3UBY 3ANIeHCHO IO WUBUOKOCMI abpA3UHO20 NOMOKY I 11020 Kyma amaxu. Busua-
YeHo CMYNniNb 3MEHUIeHHs 3HOCY ANOMIHI€6020 cnaagy B/I17 npu eukopucmanHi Xpomogozo i HIKene8o20 3aXUCHUX no-
xkpummis. Ha niocmasi nopieHaAnbH020 OYiHIOBAHHSA KINTbKICHUX XAPAKMEPUCTNUK 3AXUCHUX WAPIE BUSHAYEHO MONCIU-
80CMI YUX NOKpUMmMI8 3smernwiumu 3Hoc cnaasy B 17 npu 0ii eazoabpaszusnozo nomoxy.

Haykoea noseusna. Busnauena eenuuuna Kymie amaxu, sKi 6i0N08ioa0ms MaKCUMAIbHOMY 3HOUWYBAHHIO, SIK OISl
cnaagy B/[17, mak i 015 3anponoHO8aHUX 3aXUCHUX XPOMOB020 I HiKenleso2o nokpummis. Ha niocmasi ananizy ompuma-
HUX pe3yIbmamie SUs6IeHO, K peazyioms SUKOPUCMAHT Memanesi 3axXucHi NOKpumms Ha 2a3oabpasusHe 3HOULYBAHHS
3a1€)CHO 8i0 CKNAOY i 3UenieHHsl 3 OCHOBOIO.

Ilpakmuuna yinnicme. Pezyiomamu pobomu moxicyms 6ymu GUKOPUCTHANI KOHCIPYKMOPAMU, WO 3aUMAIOmbCs
supobamu, AKi npayioioms 8 yMogax 2a3oabpasusHo2o swoutysanns. Ha niocmasi ompumanux sanezicnocmeti 3HoCy ma-
mepianie, wo 00CIONCYBANUCH, BI0 KYMA aAMaKi € MONCIUBICMb 00pamu OnmumMaibHi mamepiai i KoHgieypayiio eupoody
MAKUM 4YuHoOM, Woo 3HOULY8AHHA OYII0 MIHIMATILHUM, 4 MAKONC 00pAMU ONMUMANLHUL 8UO § CNOCIO HaHeceHHs NOKPUMMS
3ANeIACHO 610 KOH@Ieypayii demani ma UPOOHUYUX MOINCTUBOCHEU.

Kniouosi cnosa: naoditinicms, 3H0coCmiliKicms, 2a30a0pa3usHe 3HOULYBAHHS, 3HOC, 2AIbBAHIYHE XPOMYBAHHSL, XiMiu-
He HIKEeNO6aHHS.
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CALCULATION OF PARAMETERS OF A CUTTER-OSCILLATOR WITH
TWO DEGREES OF FREEDOM

Purpose. The main purpose of the work is to conduct a comprehensive assessment of the parameters of a cutter-
oscillator with two degrees of freedom using three methods: analytical, computer, and experimental.

Research methods. The analytical approach included determining the natural frequency of oscillations and the
angle of the resulting displacement of the cutter-oscillator with two degrees of freedom. For numerical modeling of the
cutter-oscillator, the SolidWorks and NX software packages were used. The research was also conducted by an experi-
mental method, within which the oscillograms of the oscillations of the cutting edge were recorded. On their basis, the
static deflection of the cutter-oscillator and the frequency of its free oscillations were determined.

Results. As a result of the study, it was found that the use of an cutter-oscillator is effective for determining the
dynamic characteristics of the turning process. The analytical method made it possible to obtain preliminary estimates
of the frequencies of natural oscillations and the direction of the resulting displacement. Computer modeling in Solid-
Works and NX provided increased accuracy of calculations and allowed varying the system parameters without addi-
tional experiments. Experimental measurements based on the analysis of the oscillograms of the cutting edge oscillations
confirmed the consistency of the theoretical and model data. The obtained results prove the reliability of the adopted
models and the feasibility of using computer modeling for further improvement of the dynamic analysis of the turning
process.

Scientific novelty. The scientific novelty of the work lies in the integrated approach to the study of the dynamic
characteristics of a cutter-oscillator with two degrees of freedom, which combines analytical, numerical and experimental
methods of evaluation.

Practical value. The practical value of the work lies in the development and justification of a methodology for
evaluating the dynamic parameters of a two degree of freedom cutter-oscillator, which can be used during the design and
adjustment of tool systems in the turning process. The use of computer modeling allows you to change quickly the design
parameters of the tool without conducting a significant number of experiments, reducing the cost of time and resources.
The obtained results can be implemented in production practice and used to improve dynamic control systems in metal-
working.

Key words: oscillogram, self-oscillations, angle of the resulting displacement, regenerative self-oscillations, the
natural frequency of oscillations.

One of the effective tools for studying vibrations is the cut-
ter-oscillator. Such tools make it possible to assess the in-

Vibrations during turning largely determine the qual- ~ fluence of the design parameters of the tool, the material
ity of processing, dimensional accuracy and tool durability.  being processed and the cutting modes on the dynamics of

Introduction
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the cutting process. Accurate determination of the parame-
ters of the cutter-oscillator is necessary for a qualitative
study of the parameters of vibrations during turning.
Modern research methods include analytical calcula-
tions, computer modeling and experimental measurements.
Each of these approaches has its advantages: analytical
methods allow for a quick assessment of system parame-
ters, computer modeling allows for the consideration of
complex design and physical factors, and experimental
studies ensure the verification of models in real conditions.

Analysis of research and publications

The most undesirable and difficult to eliminate vibra-
tions during cutting are self-oscillations — self-sustaining
vibrations that arise due to the internal feedback between
the cutting process and the vibrations of the tool. Today, a
number of reasons for the excitation of self-oscillations
during turning are distinguished: the regenerative effect
(regenerative self-oscillations) [1, 2], the coordinate cou-
pling (mode coupling) [3, 4], the decreasing characteristic of
the cutting force from the processing speed (tangential self-
oscillations) [5]. At the same time, it is important to note that
in real conditions of cutting, oscillations are always coupled
and consist of different types of oscillation, including self-
oscillation, of different directions of action, depending on
the direction of the degree of freedom of the tool.

To study self-oscillation, various methods and means
of measurement: acoustic emission [6, 11, 12], dynamom-
eters [10, 14], variation of the torque of the electric motor
of the machine tool [7, 8, 9], etc. are used. However, the
most methodically correct study of self-oscillation is with
cutters-oscillators, the oscillatory movement of the cutting
edge of which corresponds to the law of oscillatory motion
of the self-oscillating system. Works [14, 16] present the
design of an oscillator cutter with two degrees of freedom
in the direction of changing the thickness of the cut and the
cutting speed. Accelerometers are used as sensors. The use
of accelerometers does not allow to estimate the direction
of the resulting movement of the cutting edge. Works [13,
15] present the design of the cutter-oscillator with one de-
gree of freedom in the direction of change in the thickness
of the cut. As a means of measuring the oscillating cutting
edges, the moved sensors are used. The impact method
[17], which requires the production of full-scale samples,
is mainly used to study the natural frequencies of oscillat-
ing cutters-oscillators. Most of the investigated authors do
not pay due attention to the calculation of the direction of
the resulting movement of the cutting edge of the cutter-
oscillator. That leads to failure to take into account all
causes of self-oscillatory excitation in models of oscilla-
tory motion.

The work [5] proposed the design of a cutter-oscilla-
tor with two degrees of freedom along the X and Z axes,
with the same stiffness in any direction in the XOZ plane.
The cutting edge is located on the axis of the holder, which
excludes torsional vibrations. However, only analytical
formulas for calculating the displacement of the cutting

© Pavlo Tryshyn, Olena Kozlova, Yuriy Vnukov, 2025
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edge are given to calculate the parameters of the cutter-os-
cillator. Currently, the use of 3D modeling allows you to
automate these calculations.

In the works of the authors [18, 19], the results of cal-
culations of the main dynamic characteristics of cutter-os-
cillators with one degree of freedom are presented by the
modeling method, using modern computer programs. This
method showed a number of advantages compared to ana-
lytical and experimental methods.

Analysis of the dynamic characteristics of the cutter-
oscillator with two degrees of freedom allows you to qual-
itatively assess the dynamic picture of the turning process,
predict the behavior of the system under the influence of
vibrations, and develop measures to prevent them.

Purpose of work

The purpose of this work is a comprehensive study of
the parameters of a cutter-oscillator with two degrees of
freedom using three evaluation methods - analytical, com-
puter and experimental.

Research material and methodology

Method for determining the frequency of natural os-
cillations of the cutter-oscillator and determining the angle
of direction of the resulting movement of the cutting edge.

Analytical method

The approximate value of the natural oscillation fre-
quency (NOF) of the first mode of the cutter-oscillator can
be found using the formula from the classical Euler-Ber-
noulla model using the empirical approximation 0< p <10:

11,8752

’EI 1
~— 22 Hz, (1
f 2 L2 pA \[1+0,236u+0,024u2’ » (1)

where L — the length of the cutter-oscillator overhang, m;
E - Young's modulus of the material of the cutter-os-
cillator holder, Pa;
I — moment of inertia of the cutter-oscillator cross-
section, m*;

4
I=1,=1,="%,

— 2
A — cross-sectional area of the cutter-oscillator
holder, m?;
nd?

p — material density of the holder of the cutter-oscil-
lator, kg/ms;

m — mass of the cutter-oscillator head, kg;

p — the dimensionless ratio of the mass of the head to
the mass of the cutter-oscillator holder;

m

H_pAL

(4)

d — cross-sectional diameter of the cutter-oscillator
holder, m;
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Based on the data: L =0.08, 0.1, 0.12 m, E =2-10!Pa,
p="7850 kg/m?, m =0.46 kg, d = 0.025 m, were fined:

A= 30025 _ g 10-4m2,

3,14 - 0,025* Iy
=l =l ="———=19-10"m"
0,46
Hoos = 7850 29-104-0,08 "1
0,46
Ho1 = 785049 -10%-01 1%
0,46

Motz = 7ge0 a9 104012~ 0

f0,08 =

1 1,875% 9 2-10'11-1,9-10"8 9
2-3,14 0,082 7850-4,9-10~*
1

x = 2327 Hz.
J1+0,236-1,49 + 0,024 - 1,492

1 1,8752  [2-101-1,9-1078
fO,l

= X
2-3,14 0,12 7850-4,9-10~*
1

X = 1535 Hz.
\/1 +0,236-1,19 + 0,024 - 1,192

1 1,8752 2-1011-1,9-10°8
f0,12 ~

X X X
2-314 0,122 7850 4,9 -10~*
1
X
\/1 + 0,236+ 0,99 + 0,024 - 0,992

For a cutter-oscillator with two degrees of freedom,
the bending occurs in two main mutually perpendicular
planes of inertia and can be represented as the joint action
of two axial bendings fy and f,. The magnitude of the total
bending of the cutter-oscillator is calculated by the formula

[5]:

= 1090 Hz.

f=IR+7

The plane in which the bending of the cutter-oscilla-
tor occurs is inclined at an angle v to the Z axis, the value
of which can be found by equation [6]:

®)

y = arctg (%) = arctg [tg(a) %] = q, (6)

where o — the angle of action of the cutting force.

The direction of the resulting displacement (DRD) of
the cutting edge of the cutter-oscillator coincides with the
direction of action of the cutting force (DAF) y = a, since
the holder has a circular cross-section, the stiffness K and
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DOI 10.15588/1607-3274-2025-4-5

the moments of inertia | along the X and Z axes are the
same (Fig. 1)

Fall
o (NI x
/(2:/‘/;’ =
y=a ‘ =
Z \

Figure 1. Scheme for calculating the angle of the DRD

The angle of action of the cutting force is found by
the ratio of the components of the cutting force:

a =F./F, (7

The components of the cutting force were calculated
using the formula [19]:

Fyx = 10C,t*SYv"K,, , (8)

where Cp — a constant that takes into account the pro-
cessing conditions;

X, ¥, N — exponents;

t — the cutting depth, mm;

S — the feed, mm/rev;

v — the cutting speed, m/min;

K, — the generalized correction factor that takes into
account changes in processing conditions relative to the
tabular values.

The following cutting modes were adopted for calcu-
lating the force: t =1 mm, S = 0.2 mm/rev, v = 150 m/min,
the workpiece material is Steel 45 (o = 600 MPa), without
a cooling medium. Cutting insert parameters: material -
T15K6,y=0° a=10° ¢=90° A=0°r=0.5 mm.

According to equations (7), (8), the values of the com-
ponents of the cutting forces and the angle of inclination of
the cutting force were determined: Fx=279.9 N, F, =304.6
N, o = 46.2°.

Modeling method

Using a 3D model of the cutter-oscillating created in
Unigraphics, a frequency analysis was performed in the
SolidWorks Simulation module, resulting in the calculated
NOF as a function of the cutter's oscillating projection (L),
with deformation visualization. The initial data for the cal-
culations were the model material (65G steel) and con-
straints (cantilever clamping). The 3D model of the oscil-
lating cutter is shown in (Fig. 2).
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Figure 2. 3D model of a cutter-oscillator with two degrees
of freedom

The angle of the cutting edge of the cutter-oscillator
was determined by calculating the axial displacements
from the action of the cutting force components using the
SolidWorks Simulation software module. Further, accord-
ing to formula (6), the angle of the cutting edge of the cut-
ter-oscillator was determined using the formula for the cut-
ting edge of the cutter-oscillator.

Experimental method

The experimental technique for determining the NOF,
described in the authors' work [5]. The cutter-oscillator was
fixed in a special device installed in the tool holder of a
Zenitech WL 320 CNC lathe (Fig. 3). Two contactless dis-
placement sensors mod. Schneider Electric XS4P12AB110
were installed in the housing of the special device along the
X and Z axes. The sensors measured the axial deflections
of the cutter-oscillator and were connected via an L-Card
E14-140-M ADC to a personal computer. The cutter-oscil-
lator was calibrated using a dynamometer and a dial indi-
cator.

Figure 3. Image of devics for conducting experiments

During the experiments, the cutter-oscillator over-
hang length, L, was varied. The NOF was measured using
the impact hammer test. The vibration displacement of the

© Pavlo Tryshyn, Olena Kozlova, Yuriy Vnukov, 2025
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cutter-oscillator after the impact was recorded and stored
as oscillograms. The NOF was measured using the oscillo-
grams obtained and processed in PowerGraph. To experi-
mentally investigate the direction of the resulting displace-
ment of the cutter-oscillator under the action of turning,
longitudinal turning of a rigid part was performed. Cutting
edge movements during turning were recorded as oscillo-
grams (Fig. 4), from which static deflections along the X
and Z axes were measured.

. ) a:‘ ‘nd ) ‘I‘L -‘u LF ) i 14 L FY ‘.‘ll. ) .‘..l f‘.‘s‘
Figure 4. Oscillogram of the cutter-oscillator oscillation
during turning

Research results and discussion

Fig. 5 shows a visualization of the calculation of the
NOF (a) and static analysis (b) of the cutter-oscillator in
the SolidWorks Simulation module.

b
Figure 5. Visualization of the calculation of the NOF (a)
and the angle - y of the DRD (b) of the cutter-oscillator
(L=120 mm)
Table 1 and Fig. 6 present the results of calculations
of the NOF of the cutter-oscillator depending on the over-
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hang L using analytical, experimental and modeling meth-
ods.

Table 1 — Results of the calculation of the NOF

|_, mm fan, Hz fexp, Hz fmod, Hz
80 2327 1400...1430 1441
100 1535 1111...1250 1094
120 1090 714...769 725
2400 W analytical
::: 2200 ¥ modeling
2 2000 experimental
S 1m0
o
@ 1600
8
% 1000 i_
3 &
™ 600 | N
S w | |
5w | |
o L Ll
80 100 120

Cutter-oscillator overhand, L, mm

Figure 6. Results of calculating the NOF using different
methods

The results demonstrate consistency between the ex-
perimental and modeling data. As the cutter-oscillator
overhang increased from L = 80 mm to L = 120 mm, the
oscillation frequency decreased by more than 2 times. The
calculated values exceed the experimental values because
the simplified oscillation frequency calculation used, based
on the classical Euler-Bernoulli model, is well suited for
thin, long bars. For bars with a short length relative to their
diameter (L/d < 10), the effects of shear deformation and
rotational inertia of the sections have a greater impact on
the oscillation frequency, leading to a reduction (Timo-
shenko theory). The actual geometry of the cutter-oscilla-
tor and the rigidity of the actual mounting also influence
the experimental values, which can often also reduce the
frequency.

Table 2 and Fig. 7 show the results of calculating the
angle of the DRD vy depending on the overhang of the cut-
ter-oscillator, obtained by analytical method, experimen-
tally and using computer modeling.

Table 2 — Results of calculating the angle of the NRP

Parameter Cutter-oscillator overhang
L, mm 80 | 10 | 120
Analytical method
7.,° 46,2 | 46,2 | 46,2
Computer modeling method
fx, mm 0,01411 0,03135 0,05108
fz, mm 0,01525 0,03395 0,05495
Y,° 42,8 42,7 42,9
Experimental method
fx, mm 0,02...0,023 | 0,06...0,073 | 0,103...0,093
fz, mm 0,026...0,033 | 0,06...0,08 0,1...0,096
Y,° 46,9 45,6 45,0
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The obtained results demonstrated good consistency
between the various calculation methods. As the tool over-
hang increases from L = 80 mm to L = 120 mm, the DRD
angle remains virtually unchanged.

The computer simulation results are in good agree-
ment with the experimental results, compared to the ana-
lytical method, indicating the potential for this calculation
method to be effectively used to predict the parameters of
cutter-oscillating of any design.

Conclusions

The dynamic characteristics of the turning process
should be investigated using cutter-oscillators, which pro-
vide the ability to measure accurately both static and dy-
namic components of cutting forces. The work evaluated
the parameters of the cutter-oscillator with two degrees of
freedom using three methods — analytical, computer simu-
lation, and experimental. The obtained results showed con-
sistency between theoretical calculations and experimental
data, which confirmed the correctness of the adopted mod-
els and assumptions.

A comparison of different approaches demonstrated
that the choice of a specific method may depend on the
available equipment, the required accuracy, and the ease of
implementation in the conditions of a specific experiment.
The analytical method provides a quick preliminary assess-
ment, the experiment most fully takes into account real cut-
ting conditions, and the computer simulation method com-
bines high accuracy with the ability to vary system param-
eters without conducting a large number of physical tests.

The results of the study confirmed the effectiveness
and feasibility of using the computer modeling method to
determine the angle of the resulting cutting edge movement
and the natural frequency of oscillations of the cutter-oscil-
lator, which makes it a promising tool for further improv-
ing dynamic analysis systems for the turning process.

M analytical
® modeling

47,5 .
experimental

45

F
»
wn

Angle of DRD, y, deg
&

w
-
w

35 _
80 100 120
Cutter-oscillator overhand. L. mm
Figure 7. Results of calculating the angle - y of DRD at
L =80, 100, 120 mm
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Mema. Ocnognoro memoio pobomu € npogedenHsi KOMNJIEKCHOT OYIHKU Napamempie pisys-oCYUIAmopHo20 3 060Md
cmyneHAMuU c80600u 3a 00ONOMO2010 MPLOX MeMmoOi8: AHATIMUUHO20, KOMN'TOMEPHO20 A eKCHePUMEHMATbHOZO.

Memoou oocnioxncenns. Ananimuunuti nioxXio 6KII0YAE GUHAYEHHS GIIACHOI YACMOMU KOJUBAHbL MA KYmda pe3yilb-
MYHY020 NePeMiueH s PI3Ys-OCYUIAMopa 3 080MA CMYNEHAMU c80000u. JIsi HUCI08020 MOOENIO8AKHS PI3YsA-0CYUIS-
mopa suxopucmogysanucs npoepamui naxemu SolidWorks ma NX. /locnidoicennss maxodic npo8oounocs ekcnepumeHma-
JIBHUM MEMOOOM, 8 PAMKAX AKO20 PEECMPYBANUC OCYULOZPAMYU KOAUBAHb pi3anbHoi kpomku. Ha ix ocHosi ausnauascs
CMAamuyHUil 8USUH PI3YS-OCYUIAIMOPA MA YACMOMA 1020 GLIbHUX KOJIUBAHD.

Pesynomamu. B pe3yromami 0ocniodrcenns 610 6CMAH081EHO, WO BUKOPUCIMAHHA PI3YA-OCYUIAMOPA € eheKmus-
HUM O/ 8USHAYEHHS OUHAMIYHUX XAPAKMEPUCTIUK Npoyecy MOoYinHA. AHarimuyHul Memoo 00360118 OMpUMamu none-
PeOHi OYiHKU YaCMOm 8NIACHUX KOJIUBAHb MA KVMA HANPAMKY pe3Vibmyiouo2o nepemiwjenns. Komn'romepue mooenro-
sanns ¢ SolidWorks ma NX 3abe3neuuno niosuiwyenHs mouHocmi po3paxyHKie ma 003601UN0 6apilosamu napamempu
cucmemu 6e3 000amKogux excnepumenmis. Excnepumenmanvui 6umipiosantsi, 3aCHOBAHI HA AHANIZ OCYUIOSDAM KO-
8aHb PI3ANLHOI KPOMKU, NIOMBEPOUTU Y3200AHCEHICIb MeopemudHux ma mooenvuux oanux. Ompumani pe3yromamu 0o-
6800Mb HAIUHICMb NPULTHAMUX MOoOeNell Ma OOYINbHICMb GUKOPUCMANHHS KOMRTOMEPHO20 MOOeTI08AHNS 01l ROOAb-
020 800CKOHANEHHS OUHAMIYHO20 AHANIZY NPOYECy MOYIHHS.

Haykosa nosusna. Hayxosa nosusna pobomu nonaeac 8 KOMnieKCHOMY RiOX00i 00 O0CHIONCEHHA OUHAMIYHUX XA-
PAKMepucmuK pizysa-ocyuisimopa 3 060Ma CHYReHAMU C80000U, AKUL NOEOHYE AHANIMUYHI, YUCIO8] MA eKCnepUMeHma-
JIbHIL Memoou OYIiHKU.

Ilpakmuuna yinnicme. Ilpaxmuyna yinuicmes pobomu nousieac 8 po3pooyi ma 0OIpyHmMy8aHHi Memoooa02ii OYiHKu
OUHAMIYHUX NAPAMEMPIE Pi3Ys-OCYUIIMOPA 3 0860MA CIYREHAMU c80000U, KA MOJce Oymu 8UKOPUCAHA NI YAcC Npo-
eKMYBaHHA MaA HATAUWMYBAHHS THCIMPYMEHMANbHUX CUCeM Y npoyeci MOYiHHA. Bukopucmanus Komn'tomeprno2o mode-
JIFOBAHHSL 00380JIS€ WBUOKO 3MIHIO8AMU KOHCMPYKMUGHI Napamempu incmpymenmy 6e3 npogedeHHst 3HAYHOI KIIbKOCmi
eKCnepuMeHmis, 3MeHULYIouY gumpamu yacy ma pecypcie. Ompumani pe3yivmamu MosiCyms Oymu 6nposad’ceHi y u-
POOHUYY NPAKINUKY MA 8UKOPUCTHAHT OJ1s1 BOOCKOHANEHHS CUCTEM OUHAMIYHO20 KepyB8aHHs 8 Memaniooopooyi.

Knrouosi cnosa: ocyunoepama, agmokorueants, Kym pe3yibmydo20 nepemMiujents, peceHepamuehi asmoKou-
6AHH51, GNACHA YACTNOMA KOIUBAHD.
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ON THE POSSIBILITY OF MONITORING SMALL DEFORMATIONS OF
AUSTENITIC MEDIUM-MANGANESE STEELS USING THE MAGNETO-
METRIC METHOD

Purpose. Development of a methodology for monitoring small deformations of austenitic medium-manganese steels
using magnetometric methods. Determination of the paramagnetic parameter of austenitic steel, the value of which
uniquely correlates with the degree of plastic deformation by compression.

Research methods. Determination of the specific magnetic susceptibility of the sample, the resulting specific mag-
netic susceptibility of the paramagnetic austenite of the sample, and the paraprocess of a-phase of the sample were
performed on an automated Faraday magnetometric balance. Uniaxial plastic compression deformation at room temper-
ature was performed on a laboratory setup.

Results. Based on the results of experimental studies, the amounts of o’ -martensite arising during plastic defor-
mation by compression of 110G8L steel were determined. The resulting (paramagnetic austenite of the sample and the
paraprocess of a-phase of the sample) specific magnetic susceptibility of deformed samples of 110G8L steel was experi-
mentally found.

Scientific novelty. The idea of the relationship between the degree of deformation of austenitic steel and the value
of the resulting specific magnetic susceptibility y.. (paramagnetic austenite of the sample and the paraprocess of a-phase
of the sample) is proposed and experimentally confirmed.

Practical value. During operation, parts made of austenitic medium-manganese steels are subjected to static or
dynamic loads under abrasive wear conditions. This operating mode is accompanied by plastic deformation due to com-
pression. The degree of deformation is an important parameter for assessing the reliability of the product. Determining
the degree of deformation by measuring geometric dimensions is not always appropriate, as the configuration of cast
parts can be quite complex. At the same time, magnetometric deformation monitoring, specifically the correlation found
between the degree of plastic deformation due to compression and the resulting specific magnetic susceptibility, allows
to determine the degree of deformation of a part of any configuration.

Key words: austenitic steel, magnetic susceptibility, deformation, strain-induced martensite.

Introduction operating under intense dynamic loads [4]. However, in
practice, depending on the intended use of the components,
the optimal chemical composition of the steel is deter-
mined, primarily the manganese and carbon content [5, 6].
For low-medium impact loads, metastable 110G8L steel is
used [7].

Austenitic manganese steels possess a range of valu-
able properties, leading to their use as structural materials
in the mining industry for crushing and grinding equipment
[1-3]. Good ductility, strain-hardening ability, and high
wear resistance are essential requirements for components
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This steel is metastable and undergoes a martensitic
transformation y — o' (strain-induced o'-martensite) dur-

ing plastic deformation. The martensitic transformation is
significantly affected by the steel chemical composition,
microstructure, deformation temperature, mechanical
stress, particle irradiation, etc. This strain-induced transfor-
mation is one of the main factors affecting the wear re-
sistance of steel during service [3, 4, 8]. Martensitic trans-
formation provides additional hardening and thus increases
the strength and uniform elongation of materials. Thus, the
degree of austenite stability is a key factor in martensitic
transformation and is related to its morphology, size, car-
bon and manganese content [9].

Analysis of research and publications

In [10], a magnetometric method was proposed to as-
sess the structural changes occurring during deformation of
austenitic steel. That is, changes in the atomic-crystalline
structure of steel during operation are reflected in its mag-
netic state, which will be determined by the ratio of para-
magnetic austenite (y) and ferromagnetic o’-martensite.

Moreover, if the regularities of y—a' transformations
at comparatively large plastic deformations have been
studied quite well [11, 12], however experimental data at
small plastic deformations are practically absent. This is
due to the fact that when determining low contents of the
o-phase, which arises during deformation, the magnetiza-
tion of the paramagnetic austenitic matrix is not taken into
account, which leads to large errors. For example, the rel-
ative error is over 1000% with an a-phase content within
0.005 %, 80 % at 0.1%, and only with an a-phase content
of approximately 2.5...3.0% does the error reach ~3%.

Therefore, to study relatively small deformations of
austenitic medium-manganese steels, at which a very low
content of deformation-induced martensite arises, the inte-
gral physical method of a-phase identification [13] was
used, which takes into account the magnetization of the
paramagnetic austenitic matrix.

The purpose of the work

The aim of the study is to develop a method for mon-
itoring small deformations of austenitic medium-manga-
nese steels using the magnetometric method and to deter-
mine a parameter that can be used for estimation of the de-
gree of plastic deformation by compression.

Research material and methodology

The object of the study was cast manganese steel
110G8L with the following chemical composition (wt.%):
1.14 C, 8.60 Mn, 0.66 Si, 0.04 S, 0.088 P, 0.10 Cr, 0.019
Al Steel ingots of 100x100x200 mm? were obtained in in-
duction crucible electric furnaces by the smelting method
in the foundry laboratory of National University Za-
porizhzhia Polytechnic. The steel was preliminarily an-
nealed at a temperature of 1323 K (30 min.) and quenched
in water. Then, samples with dimensions of ~3x3x1 mm?

© Gennadii Snizhnoi, Volodymyr Sazhnev, Olga Vasylenko, Denys Onyshchenko,
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were cut out using a cold mechanical method. To remove
surface damage, the samples were ground on abrasive pow-
ders and then polished to a mirror shine with diamond
pastes and an electrochemical method. The degree of plas-
tic uniaxial compression strain D at room temperature was
calculated from the ratio of the thicknesses before (do) and
after (d) deformation D=(d-do)/do. At all stages of sample
preparation, special attention was paid to ensuring that the
sample surface was not contaminated with any ferromag-
netic impurities.

The very low content of ferromagnetic carbides and
deformation o/-martensite in volume percent was deter-
mined by a sensitive magnetometric method, taking into
account the magnetization of the paramagnetic austenite
matrix [10]. The amount P of ferrophase was determined
by the formula [10]:

b= (o +1p))

Oq

H
p=2m 1000 = :100%, (1)

Oa

where on is the ferromagnetic component of the specific
saturation magnetization of the sample; o, is the specific
saturation magnetization of the a- phase; y is the specific
magnetic susceptibility of the sample; y.. is the resulting
specific magnetic susceptibility yo of the paramagnetic
austenite of the sample and the paraprocess y, of the a-
phase of the sample: y« = o + xp; H is the magnetic field
strength.

From the experimental dependence curves y = f(1/H),
the values y. were found by extrapolation and the amount
of ferromagnetic phase was determined in volume percent.

Research results

In the cast state, the structure of the steel that was in-
vestigated was an austenitic base with inclusions of large
carbides. After quenching, 110G8L steel samples exhibited
an austenitic structure with a small amount of residual car-
bides. Measurements of magnetic parameters and the
amount of ferrophase were performed on the sample after
each act of compression. Figure 1 shows typical experi-
mental dependences of the specific magnetic susceptibility
 on the reciprocal magnetic field (1/H) of 110G8L steel at
various degrees of relative compression strain D.

As can be seen from Figure 1, extending the straight
lines with the ordinate axis (H—o) yields y. values, and
the resulting ferrophase content P, in volume percent after
each specimen deformation is calculated using the formula
(1) (are listed in the Table 1). The presence of ferromag-
netic carbides in the initial state at zero strain (D = 0) of
110G8L steel is confirmed by the slope of the experimental
dependence of the specific magnetic susceptibility y on the
reciprocal of the magnetic field 1/H (Fig. 1a, line 1).
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Figure 1. Dependence of the specific magnetic susceptibility y of a 110G8L steel sample on the reciprocal value of the magnetic
field strength H at different values of deformation D:
a-1-0,2-2.48%;b-3-5.82%,4-8.80%,5-10.57,6-14.01 %, 7—-16.49 %, 8 —17.91 %

The determined amount of ferromagnetic carbides
P =0.071% are listed in the Table 1.

For different degrees of relative strain D, the total
amount of ferromagnetic phases P was calculated. It was
taken into account that P,= P. + Py, where P and P, are
the amounts of ferromagnetic carbides and deformation-in-
duced o~ martensite in volume percent (Table 1).

It is assumed that at a carbon content of less than 2
wt.% and moderate deformations, carbides do not form. If
we assume that this amount of ferromagnetic carbides
(0.071%) does not participate in the formation of defor-
mation-induced o ~martensite and subtract it from the re-
sulting amount of ferrophase P, , we obtain the amount P«
of deformation-induced o'- martensite.

Table 1 — Values of the total specific magnetic sus-
ceptibility of the sample y (at H = 2.55 10° A/m), the re-
sulting (paramagnetic austenite and paraprocess) specific
magnetic susceptibility y. and the amount Py of o’-mar-
tensite deformation depending on the degree of defor-
mation of the 110G8L steel sample

-8 -8
D, % fﬁ;gg r }k% Pu % | Po, %
0 7.03 3.29 0.071 0
2.48 9.75 4.10 0.107 0.036
5.82 141 5.23 0.168 0.098
8.80 2.04 6.58 0.261 0.190
10.57 2.46 7.39 0.326 0.255
14.01 3.84 1.03 0.532 0.461
16.49 4.33 1.13 0.604 0.533
17.91 5.05 1.40 0.689 0.619
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Figure 2 shows the dependence of the formed amount

P. of o’-martensite on the degree of compression defor-
mation D. The relationship between these quantities is well
described by a second-degree polynomial
Py =13.51-D2+ 1.1621-D-0.0044 with a confidence level
of R? = 99.38. Note that for 110G8L steel, deformation-
induced o’-martensite is formed immediately after the first
small compression events.

y=13.51x*+ 1.1621x - 0.0044
0.6 R%=0.9938 *
L)
[ ]
0.4
R
Al
0.2
0 5 10 15 20

D, %
Figure 2. Dependence of the amount of P.' of o'~ martensite in
110G8L steel vs the degree D of compression deformation

The operation of 110G8L steel parts under dynamic
loading is accompanied by plastic deformation. Determin-
ing the degree of deformation by measuring geometric di-
mensions is not always appropriate, as the configuration of
cast parts can be quite complex. To create a deformation
map of a part during operation, it is necessary to cut sam-
ples with dimensions of 1-5 mm from its structure at dif-
ferent points. The magnetic susceptibility of the sample is
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then measured using a Faraday balance (or another magne-
tometric method) to obtain a dependence similar to Fig. 1.
The resulting specific magnetic susceptibility y.. is deter-
mined by extrapolation.

Using the correlation between the degree D of plastic
deformation and the resulting specific magnetic suscepti-
bility % shown in Fig. 3, the degree of deformation of the
110G8L steel sample can be monitored.

Using the  equation  (the  trend line)
D =0.1288:In(y«) + 2.2172 will allow us to determine the
degree of plastic deformation by compression with a con-
fidence level of R? = 99.65%. For example, if the value of
the resulting specific magnetic susceptibility y. = 6-108
md/kg, then the degree of plastic deformation by compres-
sion of this sample (part fragment) D = 0.075% (Fig. 3).

0.20
1 y=0.1288 In(x) +2.2172

{ R*=0.9965
0.151

%

0,101

D=0.075 %

D

0.051

1 %.=6:10" m'/kg
o " 5 . ,10 15
L, 5107 m"fklgo

Figure 3. Determination (control) of small deformations (rela-
tive degree of compression) of 110G8L steel by the value of the
resulting (paramagnetic austenite and paraprocess) specific mag-

netic susceptibility .

Discussion

Using . as an evaluation criterion is more appropri-
ate than using the specific magnetic susceptibility y of the
sample. This is because using the specific magnetic sus-
ceptibility of the sample y requires an exact match to the
magnetic field strength H, which may be technically in-
compatible for different magnetic setups (due to the differ-
ent magnetic field strength ranges).

The resulting specific magnetic susceptibility .. can be
determined from two y values at different magnetic fields.
Therefore, using the parameter y. is more appropriate.

Conclusions

1. To determine the actual, very low volume percent
content of strain-induced o’-martensite, a method was used
that takes into account the magnetic moment of paramag-
netic austenite. Uniaxial compression of 110G8L steel pro-
duces strain-induced o’-martensite, the amount of which,

© Gennadii Snizhnoi, Volodymyr Sazhnev, Olga Vasylenko, Denys Onyshchenko,

Kristina Snizhna, 2025
DOl 10.15588/1607-3274-2025-4-6

depending on the degree of deformation, can be mathemat-
ically described by a second-degree polynomial.

2. A correlation was found between the magnitude of
small deformations (relative compression ratio) of 110G8L
steel and the resulting (paramagnetic austenite and
paraprocess) specific magnetic susceptibility y... This cor-
relation enables strain monitoring using magnetometric
methods.
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Kpicrina CHixHa

Mema pobomu. Po3pobra memoouKku KOHMpOJ0 MAIux 0epopmayii ayCmeHimHux cepeoHbOMAapeanyesux cmaet
MACHEMOMempUIHUM MemoooM. Busnauenns napamaecnimmozo napamempa aycmenimuoi cmaii, 6eAUHUHA K020 OOHO-
3HAYHO KOPENIE 3i CMyNeHemM NIACMUYHOT 0ehopmayii CImuUCHeHHsM.

Memoou oocnioxcennsn. Buznauenus numomoi MmacHemuoi CnputiHamIugoCmi 3pasxa, pe3yibmyodua numoma mae-
HemHa CRpUtiHAMAUGICIb NAPAMASHIMHO20 AYCMEHImY 3pa3ka ma napanpoyecy o. -asu 3paska 30IUCHI08AI0CS HA a6-
MOMAMU308aHUX MazHemomempuunux eazax Papades. Ilacmuuna 00HogicHa dehopmayis cmuUckom npu KiMHamuii
memnepamypi UKOHY8aNACA HA NAOOPAMOPHILl YCMAHOBYI.

Ompumani pezynomamu. Buxoosuu 3 pe3yiomamie eKCnepumMeHmaibHux 00Cai0dNcetb, 8USHAYEHO KilbKicmb o' -
MAPMEHCUmy, wjo BUHUKAE NPU NIAcmuyHiu degpopmayii cmucnenusim cmani 1100871, ExcnepumenmanbHo 3HatioeHo pe-
3YIbMYIoYy (napamazHemHo20 aycmeHimy 3paska ma napanpoyecy o' -(asu 3paska) RUMomy MAacHemua CRPULHIMIU-
sicmb degpopmosanux 3pasxie cmani 1101'8J1.

Haykosa nogusna. 3anpononogano ma eKCnepumMenmatbHO niOmeepoliceHo ioer npo 36'130K Midc cmynenem oe-
Gopmayii aycmenimHoi cmani ma 6eUYUHOIO Pe3YIbMYIOH0L NUMOMOL MACHEMHOI CRPULHAMIUBOCII Y« (RAPAMAZHEem-
HO20 aycmeHimy 3paska ma napanpoyecy o-gasu 3paska).

Ilpakmuuna yinnicme. [lemani 3 aycmeHimuux cepeOHbOMap2anyesux CIaisix y npoyeci ekcniyamayii 3a3narmso
CMamu4Ho20 4 OUHAMIYHO20 HABAHMAIICEHHS 8 YMOBAX abpasusHoeo 3Hocy. Taxuil pescum pobomu demaneti Cynpo6o-
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02HCYEMBCS NAACMUYHOI0 Oepopmayicio cmuchenHam. Cmyninb deghopmayii € adlCIUsUM NAPAMempoM OYIiHKU HAOIHO-
cmi supobu. Busnauennss cmynenst deghopmayii 6uUMipom eeomemputHux po3mipie He 3a62cou NPUHAMHULL, Max K KOH-
Qieypayis aumux demaneii modice Oymu 0ocums CKIAOHoW. B moil uac, mazcnemomempuyHuil Memoo KOHmMpoo oedop-
Mayii, a came 3HAUOEHA KOPeNAYis MIdC CIyneHeM NAACMUYHOT 0ehopmayii CMUCHEHHAM [ 8eIUUUHOIO Pe3Ylbmyiouol
nUMOMOI MacHeMmHOI CRPULTHAMIUBOCME 00360 IUMb GUBHAYUMU CIYNiHb Oepopmayitl Oemani 6y0b-aK0i KOHGIZypayil.
Knwowuogi cnosa: aycmenimua cmans, MacHemna CRpUtiHAMaAUGicmy, depopmayis, mapmencum oegpopmayii.
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INFLUENCE OF MANUFACTURING DEVIATIONS ON NATURAL
FREQUENCIES AND MODE SHAPES OF TURBINE BLISKS

Purpose. To establish the vibration characteristics of cast turbine blisks (monowheels) and to determine the influ-
ence of inevitable manufacturing deviations on their natural frequencies and mode shapes by combining computational
and experimental methods.

Research methods. A comprehensive computational-experimental approach was applied. The computational part
included finite element modal analysis of two models: 1) an idealized cyclically symmetric model with nominal geometry,
and 2) a full model reproducing the actual geometry of the manufactured product, obtained via high-precision 3D scan-
ning. The experimental part consisted of two stages: preliminary determination of the amplitude-frequency spectrum
using the impact excitation method (tap testing) and a detailed investigation of natural frequencies and mode shapes
using a piezo-probe.

Results. It was confirmed that manufacturing deviations cause significant changes in the dynamic behavior of the
blisk. Frequency spectrum splitting and asymmetry of mode shapes, which are not predicted by nominal geometry models,
were established. The computational model built from 3D scanning data demonstrates significantly better correla-
tion with experimental data. A shift in nodal diameters relative to the axis of symmetry was experimentally recorded,
which is direct proof of the influence of asymmetry caused by manufacturing tolerances.

Scientific novelty. For the first time, an approach to blisk quality control has been proposed and tested, based not
on static geometric comparison, but on the analysis of the product's integral dynamic “sighature” — its natural frequen-
cies and mode shapes. It has been proven that the discrepancies between the nominal geometry calculation and the ex-
periment are not an error, but a quantitative measure of the manufacturing deviations' impact on the structure's dynamic
behavior.

Practical value. A rationale for a new non-destructive testing (NDT) method has been developed, which allows for objec-
tive decisions regarding the serviceability of both new and in-service blisks. The creation of a ““reference” vibrational pass-
port is proposed for the objective quality assessment of series-produced products and for diagnosing component degradation
during inter-repair maintenance, thereby increasing the reliability and safety of aircraft engine operation.

Key words: turbine blisk, natural frequencies, mode shapes, manufacturing deviations, computational-experimental
method, 3D scanning, non-destructive testing, blisk asymmetry.

Introduction
The competitiveness of modern aircraft gas turbine  turbine inlet gas temperature, and specific fuel consump-
engines is determined not only by the perfection of thermo-  tion, but also by the economic efficiency of production. In
dynamic parameters, such as the compressor pressure ratio, ~ the struggle for sales markets, the cost of the finished pro-
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duct becomes critical, prompting designers to search for in-
novative technological solutions. One such solution is the
transition from traditional assembled structures, consisting
of a disk and separate blades, to compressor and turbine
blisks (bladed disks) manufactured as a single unit [1, 2].

However, the introduction of blisks imposes a qualita-
tively new level of requirements for production and quality
control. Unlike assembled structures, where a defective blade
can be replaced, any deviation or defect in a blisk leads to the
rejection of the entire product or the need for expensive re-
pairs. This problem is particularly acute for turbine blisks
manufactured by investment casting. Unlike compressor
blisks, which are machined on high-precision five-axis ma-
chines, cast turbine blisks are characterized by significantly
larger manufacturing deviations in geometric parameters.

Manufacturing deviations lead to blade mistuning
within the blisk, which directly affects its dynamic charac-
teristics and operability [3-5]. The presence of even slight
asymmetry can cause splitting of the natural frequency
spectrum, changes in mode shapes, and the appearance of
resonant regimes in the operating speed range. This creates
an increased risk of fatigue failures during operation [6],
especially under conditions of unsteady thermal states and
significant centrifugal loads.

Existing blisk quality control practices, which include
frequency testing of individual blades, geometric dimen-
sion measurements, and defect detection, do not allow for
a full assessment of the combined influence of manufactur-
ing deviations on the dynamic behavior of the blisk as an
integral oscillating system. Modern 3D scanning methods
open new possibilities for detailed modeling of the actual
geometry of products; however, there is a lack of method-
ology for a comprehensive computational-experimental
study of the influence of manufacturing deviations on the
natural frequencies and mode shapes of turbine blisks.

The purpose of this work is to establish the vibration
features of turbine blisks and determine the influence of
manufacturing deviations on their dynamic characteristics
through the comprehensive application of 3D scanning, fi-
nite element modeling, and experimental studies. The de-
veloped methodology will increase the objectivity of blisk
quality assessment and decision-making regarding their
serviceability.

Literature Review

The problem of mistuning in turbomachinery blisks
has attracted the attention of researchers for over five dec-
ades. Early fundamental works by Dye and Henry (1969)
[7], El-Bayoumy and Srinivasan (1975) [8], and Ewins
(1969, 1973, 1984) [9-11] laid the foundations for under-
standing the impact of discrepancies in the mechanical
properties of blades on the dynamic behavior of bladed
disks. It is well known that inevitable variations in mechan-
ical properties from blade to blade, referred to as mistun-
ing, can cause frequency splitting and a significant increase
in forced vibration amplitudes compared to a tuned struc-
ture with identical blades [12].
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At the current stage of research in this field, several
main directions can be distinguished. It has been estab-
lished that vibrations of blades with lower inter-blade cou-
pling, such as torsional modes or modes with a large num-
ber of nodal diameters, are characterized by increased sen-
sitivity to mistuning. The obtained results allowed for the
formulation of criteria for evaluating the level of mode lo-
calization depending on the parameters of real high-pres-
sure compressor systems.

Particular attention is paid to the issues of experi-
mental identification of mistuning. One modern approach
is the method of individual blade excitation using a minia-
ture impact tool followed by non-contact vibration velocity
measurement using laser Doppler vibrometry, which en-
sures high accuracy in determining frequency characteris-
tics [13]. At the same time, traditional methods require col-
lecting modal information from many points around the
disk or isolating individual blades, which complicates ex-
periments [14].

One of the key research directions is the application
of intentional mistuning as an effective method for reduc-
ing vibration levels. It was found that this approach can
weaken the coupling between blades by separating their
frequencies. It is proposed that the mistuning pattern
should be designed to primarily separate the frequencies of
those blades that demonstrate the strongest coupling [15].

A separate group consists of works on the identification
of mistuning caused by defects. In work [16], experimental
and numerical studies of cracks in blades were conducted,
comparing the natural frequencies and mode shapes of defec-
tive and defect-free blades to identify the main differences in
modal behavior. These studies are important for understand-
ing the mechanisms of the influence of operational damage on
the dynamic characteristics of blisks.

A revolutionary aspect in production quality control
has been the introduction of 3D scanning technolo-
gies. Modern 3D scanning systems, especially those using
blue light, provide high-precision measurements, reducing
errors and guaranteeing strict compliance with design spec-
ifications, significantly reducing inspection time compared
to traditional methods. The implementation of automated
3D scanning systems has reduced the inspection time for
blisks from 18 hours using a coordinate measuring machine
(CMM) to approximately 45 minutes, achieving test re-
peatability below five microns [17]. Laser scanning can
create CAD data for legacy blades that lack documentation,
allowing for reverse engineering or data usage to review
specific characteristics [18].

However, despite significant achievements in under-
standing the mistuning phenomenon and the development
of geometry control methods, there is a substantial gap in
the comprehensive computational-experimental study of
the influence of manufacturing deviations on the natural
frequencies and mode shapes of turbine blisks. Specifi-
cally, the following aspects remain unsolved:

- Methodology of comprehensive analysis: There is
no systematic approach combining 3D scanning of actual
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geometry, finite element modeling taking into account all
manufacturing deviations, and experimental verification of
results for turbine blisks.

- Specifics of cast blisks: Most studies focus on com-
pressor blisks manufactured on high-precision machine
tools. Turbine blisks made by casting are characterized by
a fundamentally different nature and magnitude of devia-
tions, the influence of which on dynamic characteristics
has not been sufficiently studied.

- Criteria for serviceability assessment: Existing con-
trol methods (frequency control of individual blades, 3D
scanning, defect detection) do not allow for an objective
assessment of the serviceability of a blisk with manufac-
turing deviations based on a comprehensive analysis of its
dynamic characteristics.

- Comparison of models of varying accuracy: There
is a lack of systematic studies comparing the results of cal-
culations for cyclically symmetric models with nominal
geometry, full models with actual geometry, and experi-
mental data to establish the degree of adequacy of simpli-
fied approaches

Purpose

To establish the vibration characteristics of cast tur-
bine blisks (monownheels) and to determine the influence of
inevitable manufacturing deviations on their natural fre-
quencies and mode shapes by combining computational
and experimental methods.

Materials and Methods

The object of the study is an aircraft gas turbine en-
gine turbine blisk manufactured by investment casting with
subsequent machining of the attachment points. The blisk
consists of three main elements: the hub, the flange for at-
tachment to the shaft, and the blade rim. A feature of this
design is the inseparable connection of the disk and blades,
which leads to increased requirements for production qual-
ity, as deviations in the geometric parameters of individual
blades affect the dynamic characteristics of the entire blisk.

To conduct strength calculations and determine natu-
ral frequencies and mode shapes, a three-dimensional nom-
inal model of the turbine blisk was built using the Uni-
graphics NX system. The model corresponds to the design
geometry without taking into account manufacturing toler-
ances and deviations.

In the first stage of calculations, a cyclically symmet-
ric model consisting of one sector with a single blade was
used (Figure 1).

This model contained 845874 nodes and 319783 sec-
ond-order elements. The application of the cyclically sym-
metric approach is based on the assumption of mathemati-
cally strict symmetry of the structure, where all blades have
identical geometry. An isotropic material model was used
for the calculations.
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Figure 1. Cyclically symmetric computational model of the
blisk

To determine the real influence of manufacturing de-
viations on the dynamic characteristics of the blisk, a 3D
scan of the manufactured wheel was performed using an
Atos Core 300 scanner. This control method allows obtain-
ing complete geometric information about the part, includ-
ing individual deviations of each blade. The obtained file
in .stl format was loaded into the Unigraphics NX system,
after which the actual geometry of the blisk was recon-
structed. The modeled geometry corresponded to the actual
one with an accuracy of up to 0.03 mm. The error is due to
the shadowing effect of certain areas of the blisk during the
scanning process, which makes complete scanning of some
parts of the structure impossible.

Based on the 3D scanning data, a full computational
model of the turbine wheel was built, which takes into ac-
count all manufacturing deviations, including geometric
variations of each individual blade. The model contained
794784 nodes and 380485 second-order elements
(Figure 2). Using the full model instead of the cyclically
symmetric one allows accounting for the real asymmetry
of the structure arising from the technological manufactur-
ing process.

Figure 2. Full computational model of the turbine wheelu
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The determination of natural frequencies and mode
shapes was carried out using the finite element method. For
both models (nominal cyclically symmetric and full with
deviations), modal calculations were performed in a speci-
fied frequency range. The results were presented in the
form of frequency diagrams and visualizations of mode
shapes (Figures 3, 4).

In the first stage of experimental research, the ampli-
tude-frequency spectrum of the investigated blisk was ob-
tained. To ensure free vibration conditions, the blisk was
suspended between two stands on a cable passed through
one of the through-holes in the hub. This mounting scheme
minimizes the influence of additional stiffnesses and added
masses on the natural frequencies and mode shapes. Exci-
tation of natural frequencies and mode shapes was per-
formed by striking the web on the outlet side of the blisk
with a rubber mallet. The signal was registered using a mi-
crophone located near the rim part on the outlet side. The
signal was recorded on a portable computer with subse-
quent processing to obtain the frequency spectrum
(Figure 5).
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Figure 4. Frequency function of the turbine wheel

In the second stage, taking into account the previously
obtained frequency spectrum, an equipment setup was as-
sembled for a detailed study of natural frequencies and
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mode shapes. The setup included: a signal generator for ex-
citation; oscilloscopes for signal visualization; a frequency
counter for precise frequency measurement; a microphone
for non-contact vibration registration; and a piezo-probe
for contact investigation (Figure 6).

Figure 5. Spectrum of natural frequencies and mode shapes

Figure 6. Equipment setup for investigating natural frequencies
and mode shapes

The laboratory research methodology provided for
the possibility of free movement of the blisk during reso-
nant vibrations and the exclusion of the influence of any
additional stiffnesses and added masses. The blisk was
placed with its hub part under its own weight on a textolite
stand. The use of a textolite stand ensured minimal influ-
ence on the intrinsic characteristics of the test object due to
the low stiffness of the material.

Vibration excitation was provided by a vibration
transducer installed through one of the holes in the flange
using a threaded connection. The vibration transducer al-
lowed ensuring a constant excitation level in the frequency
range f = 0...25 kHz. For the research, a frequency range
of f = 2500...6000 Hz was established, covering the most
intense mode shapes of the blisk. The first six most intense
mode shapes were investigated.

The determination of resonant mode shapes was car-
ried out by a combined method using a piezo-probe and a
microphone. The piezo-probe allowed determining local
vibration amplitudes at various points of the structure,
while the microphone provided non-contact registration of
the overall vibration picture. The excitation frequency was
smoothly changed manually using the generator in the se-
lected range to tune precisely to the peaks of resonant vibra-
tion frequencies. To determine the vibration phases at reso-
nant modes, the generator's output reference signal with a

OPEN aﬁCCESS




p-ISSN 1607-6885 Hoei martepiany i TeXHOJIOTIi B MeTanyprii Ta MammHoOyxyBanHi. 2025/4
e-ISSN 2786-7358 New materials and technologies in metallurgy and mechanical engineering. 2025/4

constant sign was used. This allowed identifying the location
of nodes and antinodes, as well as determining the number
of nodal diameters and circles for each mode shape.

For a comprehensive assessment, a comparative anal-
ysis of the obtained results by three methods was applied:

- Calculation of the cyclically symmetric nominal
model (ideal geometry).

- Calculation of the full model taking into account
manufacturing deviations.

- Experimental determination of natural frequencies
and mode shapes.

Comparisons were made both by natural frequency
values and by the configuration of mode shapes , with spe-
cial attention paid to the effect of blade spectrum splitting
and general blisk asymmetry.

Results

The calculation of the cyclically symmetric nominal
model allowed determining the natural frequencies for the
idealized geometry. The results show a regular arrange-
ment of natural frequencies corresponding to the mathe-
matically strict symmetry of the structure. The following
natural frequencies were determined: 2916 Hz, 3846 Hz,
4641 Hz, and 5127 Hz (Table 1).

Table 1 — Natural frequencies of the blisk

Ne | Nominal model of | Model of the manu- Experiment,
the blisk, Hz factured blisk, Hz Hz
1 2916 2877 2940
2 3754
3 3846 3847 3966
4 4400 4192
5 4641 5011 5079
6 5127 5489 5574

For the nominal model, clear frequency separation
without spectrum splitting is observed.

The calculation of the full model, built from 3D scan-
ning results, revealed significant differences. The determined
natural frequencies were; 2877 Hz, 3847 Hz, 4400 Hz, 5011
Hz, and 5489 Hz. The most significant features were:

-Natural frequency shift: both a decrease (for the first
mode from 2916 Hz to 2877 Hz) and an increase (for the
fifth mode from 4641 Hz to 5011 Hz, and for the sixth
mode from 5127 Hz to 5489 Hz) in natural frequencies rel-
ative to nominal values were observed.

- Spectrum splitting: Mistuning of blades caused by
individual geometric deviations is present. The frequencies
of the working blades for the first bending mode are located
in the range f = 4375...4651 Hz.

- Mode shape asymmetry: Arbitrary asymmetry in
mode shapes was detected.

- Appearance of additional modes: The real geometry
model revealed a mode at 4400 Hz (first bending, blade-
disk), which was not observed in the nominal model.

- Nodal diameter shift: A shift in the location of nodal
diameters relative to the center of the symmetry axis is
characteristic, explained by the inevitable asymmetry of
the blisk itself.
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Experimental research registered six most intense
mode shapes in the range f = 2500...6000 Hz. The meas-
ured frequencies were: 2940 Hz, 3754 Hz, 3966 Hz,
4192 Hz, 5079 Hz, and 5574 Hz. The grouping area of in-
tense mode shapes of working blades (first bending mode)
was observed in the range f = 4370...4619 Hz, which is
consistent with the calculation data on spectrum splitting.

The following characteristic mode shapes were deter-
mined:

- Vibrations with two nodal diameters (fan-like vibra-
tions) at 2940 Hz.

- Vibrations with one nodal circle at 3754, 3966, and
4192 Hz.

- Vibrations with multiple nodal diameters and a cir-
cle (complex shapes) at 5079 Hz and 5574 Hz.

A key feature is the passage of nodal diameters with
a shift relative to the center of the symmetry axis, confirm-
ing the presence of inevitable asymmetry in the cast
blisk. Qualitative analysis (Table 2) showed satisfactory
correspondence between calculation and experiment.

Discrepancies are attributed to: neglecting real material
properties (anisotropy), 3D scanning accuracy limits (0.03
mm), mass distribution differences due to crystallization,
and FE model discretization . However, the model with
manufacturing deviations showed significantly better con-
vergence with experimental data than the nominal model.

Discussion

The results demonstrate a fundamental difference be-
tween the dynamic characteristics of cast turbine blisks and
theoretical characteristics for nominal geometry. Unlike
compressor blisks, the influence of manufacturing devia-
tions on turbine blisks is significantly greater.

Analysis of existing control methods revealed their
limitations. Traditional methods (frequency control of in-
dividual blades, 3D scanning) do not allow for an objective
assessment of serviceability without analyzing natural fre-
quencies and mode shapes. Based on the results, a method-
ology for comprehensive control is proposed:

- Creation of a reference sample: Using the spectrum
of a blisk that meets technical. requirements and matches
calculation data.

- Periodic sampling control: Comparing the spectrum
signature of new blisks with the reference to detect system-
atic deviations.

- Serviceability assessment criteria: Decision-making
based on geometry, spectrum, frequencies, and mode
shapes (at least six intense forms).

- Control of in-service blisks: Applying this control
during inter-resource repair for Auxiliary Power Units
(APU), where harsh operating conditions (high static
stress, thermal gradients) can lead to geometry changes.

This approach allows for a more objective decision
on further operation without destructive testing. Future re-
search should focus on automating the spectrum acquisi-
tion process and applying laser holography .
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Table 2 - Experimentally determined and numerically calculated natural vibration mode shapes

Nominal wheel model Scanned wheel model Experiment

1

=2916 Hz
2
3
4

f=3846 Hz

£=4400 Hz

5

f=4641 Hz
6

f=5127 Hz
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Conclusions

Based on the conducted computational-experimental
study of the influence of deviations allowed during the pro-
duction of turbine blisks on their natural frequencies and
mode shapes, the following has been established:

- Characteristic features of cast turbine blisk vibra-
tions were identified, including mode shape asymmetry
with a shift of nodal diameters relative to the axis of sym-
metry and the presence of complex mode shapes with mul-
tiple nodal diameters and circles.

- A significant influence of manufacturing deviations
on dynamic characteristics was confirmed.

- The six most intense mode shapes of the investi-
gated blisk were determined.

- The necessity of improving the turbine blisk quality
control system was substantiated. It was found that tradi-
tional control methods (frequency control of individual
blades, 3D scanning, defect detection, determination of ac-
tual geometric dimensions) without investigating natural
frequencies and mode shapes and comparing calculation
data with actual data do not allow for an objective assess-
ment of the blisk's serviceability.

- A methodology for periodic control of turbine blisk
natural frequencies and mode shapes using the spectrum
and a computational-research method was proposed. The
methodology involves: creating a reference sample with
confirmed compliance with technical requirements and
calculation data; periodic comparative analysis of the spec-
trum signature of sample blisks from a new batch; and de-
cision-making on serviceability based on a set of criteria
(geometry, spectrum, natural frequencies, and mode
shapes) for at least six intense mode shapes .

- It is recommended to apply the proposed methodol-
ogy for blisks in operation on auxiliary power units during
inter-resource repair. This allows for a more objective de-
cision on further operation without destructive testing, tak-
ing into account possible changes in geometry and stiffness
under the influence of static, thermal, and dynamic loads.

Directions for further research have been defined:

- Automation of the process of acquiring amplitude-
frequency characteristics and obtaining the natural fre-
quency spectrum with the elimination of the human factor.

- Application of laser holography to determine mode
shapes for a wide range of investigated parts.

- Investigation of the influence of material anisot-
ropy and temperature fields on the dynamic characteristics
of blisks.

- Study of changes in dynamic characteristics during
long-term operation to establish criteria for residual life.

Practical significance of the work lies in the develop-
ment of a methodology for comprehensive quality assess-
ment of turbine blisks, which allows increasing the objectiv-
ity of decision-making regarding installation on an engine or
rejection of both newly manufactured and in-service
blisks. Ultimately, this increases the reliability of aircraft gas
turbine engines and reduces the risks of operational failures.
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Mema pooomu. Bcmanosnennsa ocobnugocmeti KOIUBAHL MOHOKOIC MYPOIHU, 8ULOMOBTIEHUX MeMOOOM UMM, Md
BUSHAYEHHA BNIUBY HEMUHYYUX BUPOOHUYUX 8iOXULEHb HA IXHI 81ACHI Yacmomu i hopMu KOIUBAHL WISAXOM NOEOHAHHSA
PO3DPAXYHKOBUX MA eKCNepUMEeHMANbHUX MemOo0is.

Memoou oocniddicennsn. 3acmocosano KOMNIEKCHUU PO3PAXYHKOBO-eKChepuMenmanohutl nioxio. Pospaxynkoea
YACMUHA BKIIOYANA MOOATLHULL AHAII3 MEMOOOM CKIHUeHHUX efleMenmis 080X mooenell: 1) ioeanizosanoi yuxiocumem-
PUUHOI MOOeNi 3 HOMIHAILHOIO 2eoMempieto ma 2) nosHoi modeni, Wo 8i0MBOPIOE PAKMUUHY 2e0MemPito 8US0MOBIEHO20
8UPODOY, OMPUMAHY 3a OONOMO2010 8UCOKOMOYHO20 3D-ckanysanns. Excnepumenmanvha wacmuna ckiadanacs 3 080x
emanis. nonepeoHbo20 GUIHAUEHHS AMNIIMYOHO-YACMOMHO20 CREKMPA MEMOOOM YOapHOo20 30Y0dCeHHs Ma 0eMAlbHO20
00CTIOMNCEHHS 6LACHUX YACMOM | (POPM KOAUBAHb 3 BUKOPUCMAHHAM N'€30W4yNa.

Ompumani pesynemamu. [1iomeeposiceHo, wo upoOOHUYL GIOXULEHHS. CHPUYUHSIOMb 3HAYHI 3MIHU 6 OUHAMIYHIN
nogedinyi Monokoaeca. Bcmanosneno po3uapysants 4acmomHo2o CReKmpa ma acumempilo Qopm Koausanv, wo He
NPOSHO3YIOMbCSL MOOETAMU 3 HOMIHABbHOTO 2e0Mempicio. Pospaxynkosa modens, nobyodosana 3a oanumu 3D-cxanysanns,
0eMOHCIPYE 3HAUHO KAWLy KOpenayilo 3 eKChepUMeHManibHumu oanumu. Excnepumenmanvho 3aghikcosarno smiwyenns
8Y37108UX Olamempie 8iIOHOCHO OCi cuMmempii, W0 € NPAMUM OOKAZ0M BHAUBY ACUMEMPIi, CNPUYUHEHOT 8UPOOHUYUMU OO-
nycxkamu.
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Hayxkoesa nosusna. Bnepuie 3anpononosano ma anpo608ano nioxio 0o KOHMpOmo AKOCMi MOHOKOJIC, o 6a3yemucs He
HA CMAMUYHOMY 2e0MempPUUHOMY NOPIGHAHHI, 4 HA AHANI3I IHMESPATLHOT OUHAMIYHOL « CUSHATNYPUY BUPOOY — 11020 GLACHUX
yacmom ma Popm KoauaHs. [{o6e0eHo, wjo po30iNCHOCHI MidC PO3PAXYHKOM OISl HOMIHATLHOI 2eomMempii ma eKcnepumeH-
MOM € He NOXUOKOI0, a KUIbKICHOI MIPOIO GIIIUEY BUPODHUYUX BIOXUNIEHb HA OUHAMIYHY NOBEOIHKY KOHCMPYKYIL.

Ilpakmuuna yinnicmo. Po3pooneno obtpynmyesarnts 0t HOB020 Memooy HepyUHIBHO20 KOHMPOJIO, W0 00360JI€ NPUll-
mamu 00'ekmusHi piuenHs: npo NPUOAMHICMb 00 eKCHIYAMAyii MOHOKONIC. 3anponoHOBAHO CIMEOPEHHS. «eMANOHHO20»
sibpayitino2o nacnopma 075t 06'eKMUBHOI OYIHKU SIKOCMI CePItIHUX 8UP0DI8 ma JiacHOCMUKY 0e2paoayii KOMIOHEHMIE Niod 4ac
MIHCPEMOHMHO20 00CTY208Y8AHHA, WO NIOBUULYE HAOTHICMb MA be3neKy eKCHIyamayii asiayiiHux 08USYHIs.

Knrouosi cnosa: monoxoneco mypoinu, 61acHi yacmomu, Gopmu KOIUBAHb, BUPOOHUYT BIOXUTIEHHS, PO3PAXYHKOBO-
eKcnepuMeHmanbHull Memoo, 3D-cKkany8anHs, HepyUHIBHUL KOHMPOJb, ACUMEMPIsi MOHOKOeCd.
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STUDY OF THE FORGING PROCESS OF HIGHLY ALLOYED STEEL
FORGINGS ON HYDRAULIC PRESSES

Purpose. To conduct a chronometric study of the forging process of high-alloy steel grades on hydraulic presses to
identify ways of applying resource-saving technologies, which will ultimately reduce the cost of manufacturing products
and increase the competitiveness of domestic manufacturers of forged products.

Research methods. To achieve the set goal and objectives of the study, a set of complementary scientific methods
was used to obtain empirical data and analyse it. In particular, the main empirical method used in the study was
chronometry, namely, the accurate measurement and recording of the duration of individual technological operations in
the free forging process. To form a complete picture of the technological process and compare actual data with planned
data, an analysis of technological documentation was used.

Data processing and analysis methods made it possible to calculate the time norm fulfilment coefficient. This set of
methods made it possible not only to quantitatively assess the time spent, but also to qualitatively analyse the organisation

and technology of the forging process in order to develop recommendations for its optimisation.

Results. The timing of all components of the forging technological process and subsequent analysis revealed the
trends in improving the forging process of high-alloy steel grades.

Scientific novelty. The step-by-step timing of the forging process was accompanied by an analysis of the
characteristics of the technological process, the equipment used, the mass of the ingot and the mass of the finished forging,
and the working records made by the technological personnel in the forging cards after the process was completed.

Practical value. The results of the chronometric study of the existing technological process of forging large ingots
on hydraulic presses make it possible to identify and apply technical solutions to reduce resource costs.

Keywords: stress-strain state of metal, highly alloyed steel, forging, hydraulic press, operation timing, resource-

saving technologies.
Introduction

Forging is the basis for the automotive, aviation and
aerospace industries, shipbuilding, mechanical
engineering, electrical engineering and energy.

The development of resource-saving technologies for
forging expensive high-alloy steel grades can only be
implemented if as many factors as possible that affect the
quality of the finished product are taken into account.
These factors include shape, kinematic, temperature and
structural factors.

Synergistic consideration of the impact of the factors
discussed will ensure a high level of technological
preparation of the forging process, the quality of forgings,
and their competitiveness in terms of cost.

Since consumption rates at domestic metallurgical
enterprises are 15-20% higher than those of foreign
manufacturers, metallurgical enterprises that pay due
attention to improving production will be more
competitive. Bringing forging processes at domestic
enterprises up to international standards is an important and
pressing task today.

© Anton Matiukhin, Volodymyr Tovstiuchenko, 2025
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Therefore, the main focus of this work is to analyse
possible ways of implementing the latest approaches in the
organisation and execution of heavy forging of alloyed
stainless steels and heat-resistant alloys.

Analysis of research and publications

The work [1] considers the main methods of
improving the quality of forging highly alloyed steels and
alloys on hydraulic presses. In particular, the dependence
of the stress-strain state of metal on the influence of various
technological factors of the forging process was shown.
The main factors include the shape of the tool (flat working
surface, flat and with a bevelled surface, combined anvils,
symmetrical and asymmetrical, profiled anvils, cut-out,
convex, radial, stepped, anvils with crossed working
surfaces, etc.) and the shape of the ingot (square, round
cross-section, three-beam, multi-faceted forging, slab
ingot, flat ingot, shortened, non-profit and others, round
cross-section billets, for example, obtained in continuous
casting machines).

The next factor affecting the distribution of the stress-
strain state of metal is the kinematic factor, namely the
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kinematics of the tool's impact on the blank. And, of
course, the temperature factor, which has the most
significant impact on the distribution of the stress-strain
state of metal.

In turn, work [2] described the main stages of
designing resource-saving technologies for deforming
ingots on hydraulic presses and indicated the main factors
affecting the plasticity of highly alloyed steels during
forging. These include:

- the presence of obstacles to sliding: restriction or
inhibition of intergranular or intragranular deformation;

- high alloying of the solid solution without the
formation of an excess strengthening phase;

- supersaturation of the solid solution and the
formation of a dispersed strengthening phase inside the
grains and at their boundaries;

- formation of a network, a brittle excess component
(more often eutectic) around relatively plastic grains of the
main structure of the solid solution;

- presence of two or more structural components with
different properties;

- weakening of intergranular bonds at hot plastic
deformation temperatures.

When developing a resource-saving technological
process, it is advisable to take into account another aspect
related to the design and operation of hydraulic presses.
The accuracy of the obtained cross-sectional dimensions of
the forging is influenced both by the characteristics of the
hydraulic press itself (rigidity of the structure, inertia of the
hydraulic drive) and by the resistance of the blank to
deformation, which, in turn, depends on the duration of the
strengthening and weakening processes in the metal of the
blank [3].

Purpose of the work

The aim of the work is to conduct a chronometric
study of the forging process of highly alloyed steel grades
on hydraulic presses in order to identify ways of applying
resource-saving technologies, which will ultimately make
it possible to reduce the cost of manufacturing products and
increase the competitiveness of domestic manufacturers of
forged products.

Material and research methods

The study of the manufacture of large forgings from
highly alloyed steels by free forging was carried out at
PJSC "DNIPROSPECSTAL" in the forging and pressing
shop (hereinafter referred to as FPS). For forging, ingots
with a square cross-section and a trapezoidal longitudinal
cross-section weighing 7.15t,6.5t,4.8t,4.5 (4.52) t, 3.8t
(3.77 t) and 3.6 tons, obtained in electric arc furnaces of
steel-making shops SPC-2, SPC-3, and cylindrical ingots
weighing 0.9-6 tons, obtained in steel-making shop SPC-5,
by the method of electroslag remelting (ESR) and vacuum
arc remelting (VAR). The ingots are delivered to the
blacksmith press shop in a hot and cold state.

© Anton Matiukhin, Volodymyr Tovstiuchenko, 2025
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PJSC “DNIPROSPECSTAL” produces metal
products of 1,200 profile sizes from more than 800 steel
grades. For optimal technological preparation of
production, all steel grades are classified into 20 steel grade
groups (hereinafter referred to as SGG).

To solve the research tasks set, the technological
processes of production of cylindrical forged bars
(forgings) from steel grades belonging to five SGG, which
are in high demand among consumers and represent the
technological capabilities of the enterprise, are considered
(Table 1). Nickel-alloyed structural steels and alloyed tool
steels are smelted in steelmaking shop No. 3, while
stainless steels are produced in steelmaking shop No. 2.
Steel is cast in moulds of various weights. Therefore, for
the sake of accuracy in comparison and analysis of the
forging process, one ingot is taken as the unit of
measurement.

Table 1 — Steel grades considered in the technological
rocess

Names of steel Steel
SGG rade arouns Steel grade melting
g group shop
gp | Alloystructural 0 o tomA SPC-3
steel
4X5SMOD1C
32 Alloy tool steel X12M®D SPTS-3
2o
40 Stainless steel 14X17H2 SPTS-2
i- 12X18H10T
son | N .a'l'oyed | SPTS-2
Heat-resistant
49H alloyed steel Ni XH77TIHOP B SPTS-5

At SPC-2, steel is smelted in an open electric arc
furnace with a capacity of 50 tonnes, followed by blowing
in an argon-oxygen converter with a capacity of 60 tonnes
and processing in a ladle furnace. This process allows low-
carbon corrosion-resistant stainless steel to be obtained.
The shop is equipped with an 8-tonne induction furnace for
the production of heat-resistant steels and special alloys.

At SPC-3, high-quality steel is obtained by
processing semi-finished products in a Daniel ladle
furnace, followed by vacuuming the meltin a Mannesmann
Demag vacuum furnace.

SPC-5 is equipped with ESR and VDP furnaces of
various capacities, which allow the production of billets
weighing 0.9-6.0 tonnes and sheet billets weighing 9.3-
20.0 tonnes. ESR technology ensures the production of
steel and special alloys used in the most critical industries:
aviation, defence, as well as thermal and nuclear power.

Two hydraulic forging presses with a nominal force
of 32 and 60 MN are used for direct forging.

Seven furnaces with a stationary hearth with an area
of 13.5 m? and a maximum charge weight of 20.2 tonnes
are used to heat the ingots before forging. five furnaces
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with a roll-out hearth with an area of 18.6 m? and a
maximum load capacity of 55 tonnes; two furnaces with a
roll-out hearth with an area of 13.9 m? and a maximum load
capacity of 44 tonnes. On these furnaces, a single TPP (S)
model thermocouple with a length of 1.0 m is installed
vertically in the centre of the vault (arch) of each furnace
to control the heating temperature of the ingots before
forging.
Research results

The study of the peculiarities of the forging process
of high-alloy steels, shown in Table 1, was carried out
using the example of manufacturing due to specific
customer orders. For this purpose, the process of several
order items was timed step by step, the applied
technological charts for the manufacture of forgings in the
KPC from the above-mentioned steel grades were
reviewed with a description of the technological process,
the equipment used, the weight of the ingot and the weight
of the finished forging, and the work records made by the
technological personnel in the forging charts after the
completed process were analysed.

The consolidated data of the analysis of the optimality
of the technological process are grouped in Table 2 and
discussed in more detail in the following sections for each
steel grade.

Eight grades from five steel groups were considered.
For timing from current production, steel 03X17H12M2VY
with a billet weight of 6.8 t and a forging size of @365+5
and steel 9T2® with a billet weight of 3.77 t and a forging
size of @225+5 were selected, in terms of the parameters
of the forging process, which could be grouped with other
steels. Thus, the production of bars from 40X2H2MA and
12X18HI10T steels in terms of the sequence of operations
was considered analogous to the technological process of
forging cylindrical bars from 03X17H12M2YV steel, and
the production of bars from 4XSM®IC, X12MO,
14X17H2 steels was considered analogous to the forging
of bars from 9I'2® steels based on the same factors. The
features of the forging process of heat-resistant Ni- based
alloy XH77TIOP BJ] were considered based on the data
provided by the author[3].

The step-by-step timing of the forging process for
03X17H12M2YV and 9I"2® steel forgings at the blacksmith
press shop PJSC “DNIPROSPECSTAL” was accompanied
by an analysis of the features of the technological process,
the upplied equipment, the weight of the ingot and the
weight of the finished forging, and the work records made
by the technological personnel in the forging cards after the
process was completed . The main results of the research
are presented below.

© Anton Matiukhin, Volodymyr Tovstiuchenko, 2025
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The forging chart was reviewed and the technological
process of forging a @225+5 mm bar (forging size) to a
finished size of @202+3 mm of 9T2® steel from a 3.77 t
ingot was analysed. The ingot has a square cross-section
and a trapezoidal longitudinal cross-section with the
following dimensions: 590x590 mm top, 480x480 mm
bottom, length to the profitable part 1680 mm.

The results of the technological process analysis are
given in Table 2, and the forging diagram is shown in
Figure 1.

The data on the yield of @225+5 mm bars suitable for
forging from 4XSM®1C, X12M®, and 9I"2® tool alloy
steels are calculated and presented in Table 2.

A significant part of this time, about 23%, was spent
on transport operations, namely transporting the ingot from
the heating furnace to the press and back in seven trips,
turning it over to forge the second half of the ingot, and
preparing the workpiece.

The actual forging accounted for 77% of the forging
complex's operating time, which in turn was divided
between the main forging operations, when the press was
operating at maximum load (sedimentation and drawing
operations), i.e. the equipment was used with maximum
efficiency, and the time of auxiliary operations (smoothing,
ticket cutting, corner filling), when only 3-4% of the press
capacity was used.

In the last finishing pass, auxiliary operations and,
accordingly, unproductive use of the press capacity
accounted for about 40% of the total forging time.

The forging diagram (Fig. 1) shows the technological
stages of obtaining a finished forged bar:

- heating of the ingot;

- forging the trunnion;

- depositing the ingot on the sedimentation plate;

- drawing to an intermediate size of 450 mm square
with cutting of the leading edge (it is possible to transfer
the cutting to the trailing cut);

- drawing to an intermediate size of 350 x mm;

- cutting the workpiece into 2 parts, identified as bar
A and bar H, taking into account their location relative to
the head of the ingot;

- drawing rod A and rod H separately to an
intermediate size of 280 mm square;

- final removal — forging to a finished forging size of
235 mm.

The yield of usable billets from 4X5SM®1C, X12M,
and 14X17H2 steel ingots, the forging of which was
considered analogous to the forging of 9I'2® steel bars,
and actually from 9I'2® steel ingots, ranges from 58 to
65 %.
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Table 2 — Technological process of forging a @230 mm bar (forging size) to a finished size of @202+3 mm of 9G2F steel from a

3.77 tingot
No Content of No. of Name of technological operation / forging start temperature Tn, Time of execution
technological | technolog forging end temperature Tk, °C of the main auxiliary transport
actions ical forging forging operation,
operation operation, s | operation, s S
I | Settling, forg- 1 Removing the ingot for forging Tn=1160°C 60
Itr:'%r?rfi:)hne 2 Forging of the trunnion 46
3 Settling on 630 mm square (compression up to 200 mm per press 543
stroke)
4 Return to furnace for heating Tk=960°C 60
Total time for technological operations for the first removal 709 s (11 min 49 s)
1} Forging from 5 Removal of settled ingot 630 mm square for forging Tn=1160°C 6
630 mm 6 Drawing (compression to 120 mm per press stroke) 443
square to 450 7 Smoothing (compression up to 10 mm per press stroke) 13
mm square 8 Turning over for forging the second half of the ingot 8
9 Returning a 450 mm square forging to the furnace for heating at 950°C 60
Total time for technological operations for the second removal 780 s (13 min)
1 Forging of 10 Removal of settled ingot 630 mm square for forging Tn=1160°C 6
450 mm 11 Drawing (compression to 120 mm per press stroke) 29
square bar to 12 Turning for forging the second half of the ingot 84
350 mm 13 Smoothing (compression to 10 mm per press stroke) 118
square bar 14 Cutting into two bars A and H 100
15 Returning bar A sg. 350 mm to the furnace for heating 60
16 Return of rod H sq. 350 mm to the furnace for heating Tk = 950°C 60
Total time for technological operations for 111 removal 780 s (13 min)
\Y Forging of 17 Removal of rod A from the furnace Tn=1160°C 6
rod A from 18 Drawing rod A 612
350 mm 19 Smoothing bar A 262
square to 280 20 Turning over to forge the second half of bar A 86
mm square 21 Return of bar A sg. 280 mm to the furnace for heating Tk =920°C 60
Total time for technological operations for IV removal 1080 s (18 min)
\% Forging of 22 Removal of bar H from the furnace Tn=1160°C 60
bar H from 23 Drawing of bar H 618
350 mm -
square to 280 24 Smoothlng the rod H 269
mm square 25 Turn for forging the second half of the rod H 81
26 Return of bar H sg. 280 mm to the furnace for heating Tk =920°C 60
Total time for technological operations for VV removal 1088 s (18 min 8 s)
VI Forging of 27 Removal of bar A from the furnace Tn=1160°C 6
bar A from 28 Drawing of the first half of bar A 25
280 mm 29 Smoothing of the first half of bar A 151
square to 30 Reversal for forging the second half of bar A 81
230 mm 31 Drawing of the second half of rod A 75
(finished 32 Smoothing of the second half of bar A Tk=920°C 133
%g?g?nlgn Total time for technological operations for VI removal 750 s (12 min 30 s)
dimensions)
Vil Forging of 33 Removal of bar A from the press area. Removal of bar H from the 6
bar H from furnace Tn=1160°C
280 mm 34 Drawing of the first half of bar H 202
square to 35 Smoothing of the first half of the bar N 162
2230 mm 36 Turning over for forging the second half of the rod H 91
(finished 37 Drawing of the second half of the rod H 77
grade in 38 Smoothing of the second half of the bar N 109
_forging 39 Removal of the barbell from the press zone H Tk=920°C 60
dimensions) Total time for performing technological operations for VII removal 671 s (11 min 11 s)

ANALYSIS OF TECHNOLOGICAL PROCESS PARAMETERS

A. Total time of use of the forging complex (B + C) 5858 s (1 hour 37 min 38 s = 1.627 hours)
Forged bar obtained in forging dimensions — 3130 kg. Productivity — 1.924 t/hour.
Products shipped to the consumer — 2432 kg. Productivity — 1.495 t/hour.

B. Transport operation time 1344 s (22 min 24 s) — 22.94% of A

C. Forging time (main and auxiliary forging operations) 4514 s (1 hour 15 min 14 s) — 77.06% of A

B.1 Time of main forging operations (operations 2, 3, 6, 11, 14, 18, 23, 28, 31, 34, 37) 3264 s (54 min 24 s) — 72.31% of B

B.2 Time of all auxiliary forging operations (operations 7, 13, 19, 24, 29, 32, 34, 38) 1240 s (20 min 40 s) — 27.69% of B

B.3 Time of main forging operations of the last finishing stroke (operations 28, 31, 34,37) bar A— 750 shar H—671 s

B.4 Time of auxiliary operations of the last finishing stroke (operations 29, 32, 34, 38) bar A—284 5 (37.87% of B.3) bar H—271 5 (40.39% of B.3)
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Figure 1. Diagram of forging cylindrical bars from tool alloy steel (using the example of steels 4X5M®1C, X12M®, 9I'2D)

Conclusions

The timing of forging large ingots of high-alloy steel
grades on a hydraulic press indicates that forging
accounted for 77% of the forging complex's operating time,
which in turn was divided between the main forging
operations, when the press was operating at maximum load
(sedimentation, drawing), i.e. the equipment was used with
maximum efficiency, and the time of auxiliary operations
(smoothing, ticketing, corner filling), when only 3-4% of
the press capacity was used. In the last finishing pass,
auxiliary operations and, accordingly, unproductive use of

© Anton Matiukhin, Volodymyr Tovstiuchenko, 2025
DOI 10.15588/1607-3274-2025-4-8

the press capacity accounted for about 40% of the total
forging time.

Thus, we can talk about the irrational use of high-cost
equipment (hydraulic forging press), accompanied by
increased resource costs. One way to apply resource-
saving technologies could be introduction of additional
equipment into the technological cycle to perform auxiliary
forging operations or to replace these operations with other
types of metal pressure processing while maintaining the
final result of shaping.
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Mema pobomu. [Ipogedents XpoOHOMEMPUYHO20 OOCTIONCEHHS NPOYECY KYBAHHS BUCOKOIC208AHUX MAPOK CMAel
Ha 2i0pasniuHux npecax Oisi GUAGIEHHS WIISIXI6 3ACMOCY8ANHS PeCypCo30epiearouux mexHoi02ill, wo 8 Kinyegomy 8UNAOKy
0acmv MOIACTUBICMD 3HUBUMU CODIBAPMICTNG BUSOMOBTIEHHS NPOOYKYIT Ma NiOSULUMU KOHKYPEHMHY CHPOMOIICHICD Bi-

MYUHAHUX GUPOOHUKIE KOBAHOI NPOOYKYIL.

Memoou docniorycennsn. Bukopucmano KoMniekc 63aEMOOON0BHIOIOYUX HAYKOBUX MemODi8, SIKI 00380AUIU OMPU-
Mamu eMRIpUYHi OaHi ma npoeecmu anatis. 30Kpema, OCHOBHUM eMNIPUYHUM MemOOOM, 3ACMOCOBAHUM Y OOCHIONCEHHI,
6y6 XxpoHOMEmMpPAdic, d CAMe: MouHe GUMIPIOBAHHS MA QIKcayis MPpUsaiocmi OKpeMux mexHol02iYHUx onepayiil y npoyeci
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8i1bHO20 KY8aHHA. [N pOpMYBaHHA NOBHOI KAPMUHU MEXHOL02TUHO20 NPoYyecy Ma NOPIBHAHHA AKMUUHUX OAHUX 3 N1A-
HOBUMU )10 3ACMOCOBAHO AHANE3 MEXHOI02IUHOT OKYMeHmAayil.

Memoou 0bpobku ma ananizy oanux 00360aUIU po3paxysamu Koegiyicum suxonants nHopm uacy. Lleti komniexc
Memodig 003601U8 He Julle KITbKICHO OYIHUMU sumpamu 4acy, ae i AKiCHO RpOanaizyeamu opeanizayiio ma mexHouo-
2i10 npoyecy Ky8auHs 3 Memor po3pooKu pekoMeHoayitl wooo 1020 onmumizayii.

Ompumani peynomamu. [IpogedeHuii XpoHOMempaxic 8Cix CKAAO08UX MEXHON02IUHO20 Npoyecy Ky8aHHs i nooa-
JIWUTL AHAE3 GUAGUE MEHOEHYIT 3 YOOCKOHANEHHS Npoyecy KYBAHHS GUCOKOJIe208aHUX MAPOK CAelL..

Haykoea noeusna. Iloonepayiiinuil XpoHomempasic npoyecy Ky8aHHs NHOKOBOK CYNPOBOONCYBABC AHANIZ0M 0COO-
JUBOCmel MexHON02iUHO20 npoyecy, 00IAOHAHHA, WO 3ACMOCO8Y8ALOCA, MACU 3MUMKA i MACU 20MO080I NOKOBKIL, pOOOUUX
3anUCi8, WO BUKOHYBAIUCS MEXHOLOSIUHUM NePCOHANIOM 8 KAPMAX KYBAHHS NO (DAKMY GUKOHAHHS NPOYEC).

Ilpakmuuna yinnicme. Ompumani pe3yromamu XpOHOMEMPUUHO2O0 OOCHIOHNCEHHS ICHYIOU020 MeXHON02iYH020
npoyecy Ky8aHHs KPYRHUX 3IUMKI6 HA 2i0ponpecax 0armb MONCIUBICIb GUAGUMU MA 3ACMOCY8AMU MeXHIUHI PileHHs

07151 BHUMNICEHHS PeCypCosUmMpan.

Knrwouoei cnosa: nanpysiceno-oeghopmoganuti cman memany, 6UCOKOLE208aAHA CMAb, KYy8aHHs, 2iopasniunuli npec,

XpOHOMempadic onepayii, pecypcoszbepieaioui mexHoI02il.
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ITAM’ATI KOJIET'H

DEAR COLLEAGUES

Cmepmo — ye nuwe mpancgopmayis enepeii,
Wo He 3HUKAE, A pO3KEImae
8 OYMKAX NOCAI00BHUKIG

3 TAMOOKMM CYMOM KOJIEKTUB peJaKIiifHOl
kouerii xypHany «HoBi maTepianu i TexHOJIOTii B
MeTayprii Ta MalIMHOOYAYBaHHI» MOB1IOMIISE, IO
Ha 92-My polli MilIOB 3 )KUTTS 3aCTYITHUK TOJIOBHOTO
penakTopa, JOKTOp TEXHIYHUX HAyK, 3aciyXKCHUH
nisg Hayku 1 TexHiku Ykpainu mpodecop Bagum
OxumoBuy OabmiaHenbKHii, Skt TOHA 25 pOKiB
MIPUCBSTHB CBOI CHJIM PO3BUTKY HAILIOrO BUAAHHS Ta
TEXHIYHOT HAyKH B YKpaiHi.

3aBimyBay Kadeapu ¢i3nIHOTO
MaTepiano3HaBcTBa HamioHanbHOTO yHiBEpCHUTETY
«3anopi3zeka momitexuikay B. 0. Omnburanenskuii
OyB He nuIIe BUCOKOKBaTipikoBaHNM (haxiBlieM, aje
W MyIpUM HACTaBHHUKOM, YB&KHUM KOJETOIO Ta
HEBTOMHHMM TIOMYJISAPH3aTOPOM HAYKOBOI JTYMKH.
Moro BHECOK y CTaHOBJEGHHA Ta PO3NIMPEHHS
3MICTOBOT W METOJUYHOI SIKOCTI XypHaldy BasKKO
MEPEoIiHUTH:  3aBASKA HOTO0  MPWUHIUIIOBOCTI,
IHTeNIeKTyalbHIif BUMOTJIMBOCTI Ta JIFO0OOBI /10 HAYKH
Hallle BHIAHHA CTaJO OJHUM 3 aBTOPUTETHUX
MalIaH4uKiB UL TEXHIYHOI CIIUILHOTH.

3a poKW CIHiBIpami BiH 3aJUIINB MO cO0i HE
TITBKA BaroMWil HAYKOBUH CHANOK, a ¥ IOJCHKY
TEIUIOTY — YMIHHS MIATPUMATH CJIOBOM, CIPSIMYBAaTH
0 Kpamoro pilleHHs, HAaJUXHyTH Ha HOBI
nocrimpkenns. Moro npodecifinicts moeanyBanacs 3
TIAHICTIO ¥ CKPOMHICTIO, III0 POOWIIO HOTO MOCTaTh
0COOJIMBO TIOBAXXKHOIO Cepefl KOJer, aBTOpiB Ta
MOJIOJUX YYECHUX.

Ceitna mam’sstb mpo Bamgmva HOxumosmua
OnpIIaHebKOTO HA3aBXAW 3ANUIINTECS B CEPLIIX
THX, XTO MaB YE€CTh NPALOBATH IIOPYY i3 HUM.

BucnosmtoeMo mupi COiBYyTTS piIHEM, APY35IM
1 BCIM, XTO 3HaB Ta IiHyBaB HOTO.

Death is just a transformation of energy
that does not disappear, but flourishes
in the thoughts of followers

With deep sorrow, the editorial team of the
journal “New Materials and Technologies in
Metallurgy and Mechanical Engineering” announces
that at the age of 92, the Deputy Chief Editor,
Doctor of Technical Sciences, Honored Worker of
Science and Technology of Ukraine Professor
Vadym Ol’shanetskii, has passed away. For more
than 25 years, he devoted his efforts to the
development of our publication and to the
advancement of technical science in Ukraine.

Head of the Department of Physical Materials
Science of the National University Zaporizhzhia
Polytechnic Vadym Ol’shanetskii was not only a
highly qualified specialist but also a wise mentor, an
attentive colleague, and a tireless promoter of
scientific thought. His contribution to shaping and
enhancing the substantive and methodological quality
of the journal is difficult to overestimate: thanks to his
integrity, intellectual rigor, and love for science, our
publication became one of the respected platforms for
the technical community.

Throughout the years of cooperation, he left
behind not only a significant scientific legacy but also
human warmth — the ability to offer words of support,
guide toward better decisions, and inspire new
research. His professionalism was combined with
dignity and modesty, which made him especially
respected among colleagues, authors, and young
scientists.

The bright memory of Vadym OI’shanetskii will
forever remain in the hearts of those who had the
honor of working alongside him.

We express our sincere condolences to his
family, friends, and all who knew and respected him.
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