MiHicTepCTBO OCBITY i HaykM YKpaiHu

HauioHanbHui yHiBepcuTeT «3anopi3bka noniTexHika»

HOBI MATEPIAJIA I TEXHOJIOTI'TI
B METAJYPI'II
TA MAILIMHOBY 1YBAHHI

HAVKOBUU KYPHAJI

BUXOJUTH YOTUPU PA3U HA PIK

Ne 272026

3acHoBanu#l y rpyaHi 1997 poky

3acHOBHUK Ta BUaBels — HanioHampHUI yHIBEpCUTET «3aropi3bKa MOMiTeXHIKa»
3anopinoks

HY «3amopi3pka momrexHika»
2026

Ministry of Education and Science of Ukraine
National University Zaporizhzhia Polytechnic

NEW MATERIALS AND TECHNOLOGIES
IN METALLURGY AND MECHANICAL
ENGINEERING

THE SCIENTIFIC JOURNAL

PUBLISHED FOUR TIMES PER YEAR

No 272026

Founded in December 1997
Founder and publisher — National University Zaporizhzhia Polytechnic
Zaporizhzhia

NU Zaporizhzhia Polytechnic
2026



p-ISSN 1607-6885
e-ISSN 2786-7358

YK 669+621.002+621.002.3

Haka3om MiHicTepcTBa ocBiTH i Hayku YkpaiHu Ne 1471 Big 26.11.2020 p. «Mpo 3aTBepAXeHHs piweHb ATecTauinHoi Konerii
MiHicTepcTBa Woao AisnbLHOCTI cneuianisoBaHUX BYeHUX papg Bia 26 nuctonapa 2020 poky» xypHan «Hosi matepianu i TexHonorii
B MeTanyprii Ta MalwnHobyayBaHHi» (CkopoyeHa Ha3Ba — HMT) BkntoyeHuii 4o nepeniky HaykoBux haxoBux BUaaHb YKpaiHu B kaTerpil
«B», B AkKMX MOXYTb NybnikyBaTucA pe3ynbTaTy AUcepTauiiHMX po6iT Ha 3406y TTS HayKOBUX CTYNEHiB AOKTOpA HaykK i AOKTOpa

cdinocodii (kaHanaaTa Hayk).

IHTepHeT-CcTOpiHKa XypHany: https://nmt.zp.edu.ua

HaykoBe BuaaHHs BkrtoveHo o MixHapoaHux (INSPEC, CrossRef) i HauioHanbHux («Oxxepenoy», HauioHanbHa Gibnioteka YkpaiHu
imeHi B. |. BepHagcbkoro HAH Ykpainn) pedepaTuBHux Ta HayKOMETPUYHNX 6a3 AaHuX.
Ony6nikoBaHWM CTaTTSIM NPUCBOKETLCS YHIKanbHWI ineHTUdikaTop undposoro o6’ekta DOI.

HaykoBuii xypHan ApyKye opuriHanbHi Ta ornsigoBsi cTaTTi HaykosLiB BH3 i yctaHoB YkpaiHu Ta iHLWKX kpaiH BiANOBIAHO A0 py6puk:

- Teopist Oy[0BM Ta CTPYKTYPHUX 3MiH Y MeTanax, crnasax Ta komnosutax. Bnnue TepmiyHoi, xiMmiko-TepMi4HOI Ta TepMOMEXaHi4HOi
06po6KK Ha xapaKTep CTPYKTYpU i (hi3nko-mMexaHiyHi BnacTUBOCTi MaTepianis;

- KOHCTPYKLiMHI Ta pyHKLioHanbHi MaTepiany. MexaHiuHi BnacTUBOCTI cTanew, cnnaeiB Ta KOMNo3uTiB. TexHomnoriyHe 3abe3neyeHHs
HafiHOCTI Ta [OOBroBIYHOCTI AeTaney eHepreTMYHUX ycTaHoBOK. MeToanm MexaHiyHoro obpobneHHs. TexHonorii 3MiLHIBanbHUX
06pobok. XapakTepuCTuKy NOBEPXHEBUX LLAPIB Ta 3aXMCHUX NMOKPUTTIB AeTanemn MalluH i BUpobis;

- MeTanypriiie BMpoGHMUTBO. Tennodisvka Ta TennoeHepreTuka. PecypcosbepiranbHi TexHonorii. MNopolkoBa MeTanyprisi.

MpomTpaHcnopT. PauioHanbHe BUKOPUCTaHHA MeTaniBs;

- MexaHisauisi, aBToMaTu3auis Ta poboTn3auis. BoockoHaneHHs METOAIB AOCHIMKEHHS Ta KOHTPOIHO SIKOCTi MeTanis. MoaentoBaHHS

npouecis y MeTanyprii Ta MalnMHobyayBaHHi.

PEOAKLIMHUM WTAT

FonosHWiA pefakTop

Cepriii BenikoB, JOKTOP TeXHIYHKX HayK, Npodecop, HauioHanbHWI yHIBEpcUTET «3anopidbka nomniTexHika», YkpaiHa

3aCTyI'IHVIKVI rosIOBHOro pefaktopa

Banepiin HayMuk, nokTop TexHi4HMX Hayk, npodpecop, HauioHanbHui yHiBepcuTeT «3anopidbka nomnitexHika», YkpaiHa

AHTOH MaTioxiH, KaHAnAAT TEXHIYHMX HayK, foUeHT, HauioHanbHWiA yHiBepcuTeT «3anopisbka nonitexHika», YkpaiHa

PepakuintHo-BuaaBHuYa papa: Ceprivi benikos, Banepin Haymuk, Hatanis CaBuyk, AHTOH MaTioxiH, KatepuHa BoHaapuyk, Hatansi Bucoubka,

[aHHa JelleHko

UneHu pepkonerit

BikTop NpeluTa, kaHAMAAT TEXHIYHUX HayK, npodecop, HauioHanbHuiA
yHiBepcuTeT «3anopidbka nonitexHika», YkpaiHa

Bapgum LanomMeeB, JOKTOp TeXHIYHUX HayK, Npodecop, HauioHanbHui
yHiBepcuTeT «3anopidbka nomnitexHikay», YkpaiHa

Mwuxaiino BpuKkoB, JOKTOP TEXHIYHKX HaykK, Mpodecop, HauioHanbHwmii
yHiBepcuTeT «3anopisbka nonitexHika», YkpaiHa

Banepiit MiLleHKo, [OKTOp TeXHIYHKX Hayk, npodecop, HauioHanbHwWii
yHiBepcuTeT «3anopidbka nomnitexHikay, YkpaiHa

Onekciii KauaH, JOKTOp TeXHIUHKX HayK, Npodecop, HauioHanbHui
yHiBepcuTeT «3anopisbka nonitexHika», YkpaiHa

AmuTtpo MaBneHko, AOKTOp TEXHIYHWX HayK, npodecop, HaujoHanbHUin
yHiBepcuTeT «3anopidbka nomnitexHikay», YkpaiHa

AHZpin CkpebLoB, kaHaUaaT TEXHIYHMX HaykK, AoLEHT, HauioHanbHui
yHiBepcuTeT «3anopisbka nonitexHika», YkpaiHa

Onekcii HapiBcbknii, JOKTOP TEXHIYHMX HaYK, AOLEHT, HauioHanbHuin
yHiBepcuTeT «3anopidbka nonitexHikay, YkpaiHa

F'ynbMipa fAp-MyxaMenoBa, AoKTOp (i3anko-MaTeMaTUYHUX HaYK, YreH-
kopecnoHaeHT HAH KasaxctaHa, Kazaxcbkvin HauioHanbHui
yHiBepcuTeT iM. Anb-Papabi, KasaxcraH

TMo6ow Kawuak, goktop dinocodii, npodecop, TexHiyHwWiA yHiBepcuteT
Kowwue, CnoBayumHa

Mitep Appac, noktop dinocodii, foueHT, kamnyc [e Haip, KaTtonuupkuii
yHiBepcuTeT JlboBeHa, benbris

AHHa KoBanek, OKTOp TeXHI4YHMX HayK, npodecop, YeHCTOXOBCLKMI
noniTexHivYHMA yHiBepcuteT, MNonbLya

MapuiH KHaniHcb kuid, JOKTOp TEXHIYHUX HayK, npodecop, YeHCTOXOBCbKMIA
noniTexHiuyHui yHiBepcuteT, MNonblya

®paHcicko Xoce MNomec fla Cinea, fokTop dinocodii, 4OLEHT,
MonitexHiyHui yHiBepcuTeT MopTo, MopTyranus

Haranis KaniHiHa, noktop TexHiuHux Hayk, npodecop, [HiNpoBCbkuUin
HauioHanbHuUi yHiBepcutepT imeHi Onecsi MoHYapa, YkpaiHa

Ceprift Fpe6eHIok, AOKTOP TEXHIYHMX HayK, Npodecop, 3anopisbkuii
HaLuioHanbHU yHiBepcuTeT, YkpaiHa

[LiaHa MnywKoBa, JOKTOP TEXHIYHKX HayK, Npodecop, XapKiBCbKUI
HauioHanbHUI aBTOMOGINbHO-AOPOXHIN YHIBEPCUTET, YKpaiHa

Mwuxaitno TypyaHiH, 4OKTOp XiMi4YHMX Hayk, npodpecop, [loHbackka AepxaBHa
MaluvHobyaiBHa akademis, YkpaiHa

IOnis KsacHuubKa, A-p TexH. HayK, CTapLuWii HayKoBWiA CNIBPOBITHUK, YneH-
kopecnoHaeHT HAH Ykpainu, ®i3nko-TexHONoriYyHorvim iHCTUTYT MeTtanis Ta
cnnagis HAH Ykpainu, YkpaiHa

BikTop I'puiLak, fokTop XiMivHUX HayK, Nnpodecop, HavioHanbHWiA TeXHIYHMIA
yHiBepcuTeT «[JHiNpoBCcbka NomniTexHika», YkpaiHa

Muxaiino AMIWKUHCLKUIA, JOKTOP TEXHIYHKX HayK, Npodecop, HauioHanbHui
TeXHI4YHWI yHiBepcuTeT YKpaiHn «KNiBCbKUI NONITEXHIYHUIA IHCTUTYT iMEHi
Iropsi Cikopcbkoro», YkpaiHa

Pykonucu HagicnaHux craTer NpoxoAsTb [OAATKOBE He3anexHe peLeH3yBaHHA 3 3anyvyeHHsM npoBiaHux daxiBuiB YkpaiHM Ta iHWWX KpaiH, 3a
pesynbTaTamu sIKOro pefakuiiHa Koneris yxsantoe pilleHHst LWoAo MOXIIMBOCTI ix onybnikyBaHHs. Pykonncu He noBepTaloThCs.

PekomeHaoBaHo A0 BuaaHHs BueHoto pagoto HauioHanbHoro yHiBepeuTeTy «3anopidbka nonitexHikay,

npotokon Ne 10 Big 28 kBiTHS 2026 poky.

>KypHan HabpaHwuin Ta 3BepcTaHuii y pefakuinHo-BuaaBHuYoMy Bigaini HauioHansHoro yHiBepcuteTy «3anopisbka nonitexHika»

Komn’io TepHUit An3aitH Ta BepcTaHHSA Haranis CaBuyk

Appeca pepakuii: 69011, 3anopixoks, Byn. YHiBepcutetcbka, 64, Ten. (061) 769-82-96, pegakuiiHo-BuaaBHUYWN Biggin

e-mail: rvw@zp.edu.ua

© HauioHanbHuii yHiBepcuTeT «3anopisbka nonitexHika», 2026


https://kpi.ua/
https://kpi.ua/
https://kpi.ua/

p-ISSN 1607-6885
e-ISSN 2786-7358

UDC 669+621.002+621.002.3

By order of the Ministry of Education and Science of Ukraine No. 1471 of November 26, 2020 "On approval of decisions of the Attestation Board of
the Ministry regarding the activities of specialized scientific councils of November 26, 2020", the journal "New materials and technologies in metallurgy and
mechanical engineering" (abbreviated name - NMT) is included in the list of scientific professional publications of Ukraine in the category "B", in which the
results of dissertations for the scientific degrees of Doctor of Science and Doctor of Philosophy (candidate of science) can be published.

Internet page of the journal: https://nmt.zp.edu.ua

The scientific publication is included in international (INSPEC, CrossRef) and national (Dzherelo, National Library of Ukraine named after V. I.
Vernadsky of the National Academy of Sciences of Ukraine) abstract and scientometric databases.

Published articles are assigned a unique DOI digital object identifier.

The scientific journal publishes original articles by scientists from universities and organizations of Ukraine and other countries in accordance with the
headings:

- theory of structure and structural changes in metals, alloys and composites. Influence of thermal, chemical-thermal and thermomechanical treatment
on the nature of the structure and physical and mechanical properties of materials;

- structural and functional materials. Mechanical properties of steels, alloys and composites. Technological support of reliability and durability of parts
of power plants. Methods of mechanical processing. Hardening technologies. Characteristics of surface layers and protective coatings of machine parts and
products;

- metallurgical production. Thermal physics and heat power engineering. Resource-saving technologies. Powder metallurgy. Promtransport. Rational
use of metals;

- mechanization, automation and robotization. Improvement of methods for research and quality control of metals. Modeling of processes in metallurgy
and mechanical engineering.

EDITORIAL TEAM

Editor-in-chief

Sergiy Byelikov, Doctor of Technical Sciences, Professor, National University Zaporizhzhia Polytechnic, Ukraine

Associate editor-in-chief

Valeriy Naumyk, Doctor of Technical Sciences, Professor,

Anton Matiukhin, Candidate of Technical Sciences, Associate Professor, National University Zaporizhzhia Polytechnic, Ukraine

Editorial and Publishing Council: Sergiy Byelikov, Valeriy Naumyk, Anton Matiukhin, Nataliila Savchuk, Katerina Bondarchuk, Natalya Vysotska,
Ganna Leshchenko

Members of the editorial board

Viktor Greshta, Candidate of Technical Sciences, Professor,
National University Zaporizhzhia Polytechnic, Ukraine

Vadym Shalomeev, Doctor of Technical Sciences, Professor,
National University Zaporizhzhia Polytechnic, Ukraine

Mykhaylo Brykov, Doctor of Technical Sciences, Professor,
National University Zaporizhzhia Polytechnic, Ukraine

Valeriy Mishchenko, Doctor of Technical Sciences, Professor,
National

Oleksiy Kachan, Doctor of Technical Sciences, Professor, National
University Zaporizhzhia Polytechnic, Ukraine

Dmytro Pavlenko, Doctor of Technical Sciences, Professor,
National University Zaporizhzhia Polytechnic, Ukraine

Andrii Skrebtsov, Candidate of Technical Sciences, Associate
Professor, National University Zaporizhzhia Polytechnic, Ukraine
Oleksii Narivs’kyi, Doctor of Technical Sciences, Associate
Professor, National University Zaporizhzhia Polytechnic, Ukraine
Gulmira Yar-Mukhamedova, Doctor of Physical and Mathematical
Sciences, Member NAS of Kazakhstan (Al-Farabi Kazakh National
University), Kazakhstan

Lubo& Kas&ak, PhD, Professor, Technical University of KoSice,
Slovakia

Peter Arras, PhD, Associate Professor, Campus De Nair,
Katholieke Universiteit Leuven, Belgium

Anna Kawalek, Doctor of Technical Sciences, Professor, Politechnika
Czestochowska, Czestochowa, Poland

Marcin Knapinski, Doctor of Technical Sciences, Professor, Politechnika
Czestochowska, Czestochowa, Poland

Francisco José Gomes Da Silva, PhD, Associate Professor, Technical
University of Porto, Portugal

Nataliia Kalinina, Doctor of Technical Sciences, Professor,

Oles Honchar Dnipro National University, Ukraine

Sergii Grebenyuk, Doctor of Technical Sciences, Professor, Zaporizhia National
University, Ukraine

Diana Hlushkova, Doctor of Technical Sciences, Professor, Kharkiv National
Automobile and Highway University, Ukraine

Vitalij Danilchenko, Doctor of Physical and Mathematical Sciences, Institute of
Metal Physics named after G. V. Kurdyumov of the National Academy of Sciences
of Ukraine, Ukraine

Mykhailo Turchanin, Doctor of Chemistry Sciences, Donbas State Machine-
Building Academy, Ukraine

luliia Kvasnytska, Doctor of Technical Sciences, Senior Researcher Officer,
Corresponding Member of the National Academy of Sciences of Ukraine, Physico-
technological Institute of Metals and Alloys of the National Academy of Science of
Ukraine, Ukraine

Victor Hryshchak, Doctor of Technical Sciences, Professor, Dnipro University of
Technology, Ukraine

Mykhail Yamshinskij, Doctor of Technical Sciences, Professor, National
Technical University of Ukraine “Igor Sikorsky Kyiv Polytechnic Instirtute”, Ukraine

Manuscripts of submitted articles undergo additional independent review with the involvement of leading experts from Ukraine and other countries,

based on which the editorial board decides on the possibility of their publication. Manuscripts are not returned.

Recommended for publication by the Academic Council of the National University Zaporizhzhia Polytechnic,

Protocol N 10 April 28, 2026.

The journal was typed and typeset in the editorial and publishing department of the National University Zaporizhzhia Polytechnic

Computer design and layout Nataliia Savchuk

Editorial address: 69011, Zaporizhzhia, st.

e-mail: rvw@zp.edu.ua

University,

64, tel. (061) 769-82-96, editorial and publishing department

© National University Zaporizhzhia Polytechnic, 2026


https://nmt.zp.edu.ua/
https://www.dnu.dp.ua/eng
mailto:rvv@zp.edu.ua

3MICT

CTPYKTYPOYTBOPEHH?I.
OIIIP PYHUHYBAHHIO TA ®I3UKO-MEXAHIUHI BJACTUBOCTI

BikTop I'pemira

BIUIMB XIMIYHOI'O CKJIAZLY BIOPO3YMHHOI'O MATHIEBOI'O CIUIABY CUCTEMUI
Mg-Nd-Zr 1JJ151 OCTEOCHUHTE3Y HA MEXAHIUHI BJIACTUBOCTI........ocviii i

Muxura Alikibn, Bagum IllajsomeeB, €Bren Buienko
MIKPOCTPYKTYPA, MEXAHIUYHI BJIACTUBOCTI TA KOHTPOJILOBAHA AEI'PAJAILIIA

BIOPO3YMHHOI'O CIIJIABY Mg-3,15Nd-1,25Zr-0,6Zn J1JIA1 IMIIUIAHTIB OCTEOCHUHTE3Y:
[MTPOMUCJIOBA TEXHOJIOT'IA TA ITOPIBHAJIBHA OLIIHKA 31 CIIVTABOM MJIIO0....................

KOHCTPYKIIVHI I ®YHKIIIOHAJIBHI MATEPIAJIA

Cepriii Ilyuyek, Cepriii beikos
JIOCJIIJDKEHHS CTPYKTYPHU TA BJIACTUBOCTEN POBOUNX JIOTIATOK ABIAIIMTHUX
T'A30TYPBIHHUX ABUT'YHIB I3 JKAPOMIIIHOT'O HIKEJIEBOI'O CIUIABY XKC26-BI...............

Jiana I'mymkoBa, Bosiomumup Boauyk

[IPOTHO3YBAHHS MEXAHIYHMX BJIACTUBOCTEIM CTAJII 40XM®A HA OCHOBI
MVYIJIbTUDOPAKTAJIBHOI'O AHAJII3Y MIKPOCTPYKTYPU ...,

TEXHOJIOT'TI OTPUMAHHSA TA OBPOBKH KOHCTPYKIIMHUX
MATEPIAJIIB

Boaogumup I'paGoBcbkuid, Irop Binonuk, Anarodiii €pmos, Osnena Jlncuus
BU3HAUEHHS TEMIIEPATYPHUMX PEXXUMIB I'APSAYOI JEDOPMALIIT TA BIJITTAJTY HOBOI

IITAMITIOBOI CTAJII 4X3H3T7M7®D 3 PEI'YJIbOBAHUM AYCTEHITHHUM ITEPETBOPEHHSIM
[TPU EKCIUTYATALI TA JIMCIIEPCIMHOMY TBEPIHHIO. .........oovviiiiiiiiiieeiieecie

MOJIEJIOBAHHSA ITPOLIECIB B METAJIYPI'Ii TA MAIIMHOBY IYBAHHI

MMasao Tpumun, Onena Koszsosa, IOpiit Baykos, Anapiii JleBuenko

BIUIMB CTPYXXKOYTBOPEHHZI, IO CTBOPIOE CTPYXKY HAJIVIOMY, HA 3bYJUKEHHA
PEI'EHEPATUBHUNX ABTOKOJIMBAHD ITPY TOUIHHI. ...

Birtadiii Konecnuk, Onexcanap bepe3nsk

TEPMOMEXAHIYHUI BIUIMB PEXXHMIB PI3AHHS HA TOYHICTD OTBOPIB TA 3HOLIEHHS
[HCTPYMEHTY ITP1 CBEPJIIHHI ITAKETIB BYTJIETUIACTUK/TUTAHOBUU CIIJIAB...........

Harania €BceeBa, Poman Cyxonoc, Hatans Paoomanka, Baaguciaas Tumomenko

JOCIIDKEHHA BIUITMBY IMHAMIUHOI'O HAJAYBY HA ITOKA3HUKU JIBUT'YHA
BHYTPIHIHBOI'O 3TOPAHHS ... ... e e e

Ounexcanap Yeuer, Pyciaan Kynnkoscbknii, Cepriii Unrineiiunk, FOpiii Topoa,
Amnppiii lo0poBoascbkuii, Hatanis [llupoxo6okxoBa

MIKPOIUTASMOBE TTOPOIIKOBE HAIUTABJIEHHA JIJIAA PEMOHTY MOHOKOJIIC TYPBIH 13
HIKEJIEBUX JKAPOMILTHUX CITTABIB. ... .ottt e e e e e

Henunc MosoukoB, Kupnio KpacHocejabcbknii

BIUIMB OKUCJIIOBAJIBHOI J11i 3AXHMCHOTI'O TA3Y HA TEOMETPIIO TA EHEPITETUKY
AYT'OBOI'O 3D-IPYKY BUCOKOMILTHOI CTAJITEO. ..ottt e e

14

36

44

52

60

72

79



CONTENTS

STRUCTURE FORMATION.
RESISTANCE TO DESTRUCTION AND PHYSICAL-MECHANICAL PROPERTIES

Viktor Greshta

INFLUENCE OF CHEMICAL COMPOSITION ON MECHANICAL PROPERTIES OF
BIORESORBABLE MAGNESIUM ALLOY OF Mg-Nd-Zr SYSTEM FOR OSTEOSYNTHESIS...... 6

Mykyta Aikin, Vadym Shalomeev, Yevhen Vyshenko

MICROSTRUCTURE, MECHANICAL PROPERTIES, AND CONTROLLED DEGRADATION OF
A BIORESORBABLE Mg-3.15Nd-1.25Zr-0.6Zn ALLOY FOR OSTEOSYNTHESIS IMPLANTS:
INDUSTRIAL PROCESSING AND BENCHMARKING AGAINST ML10.......coviiiiii e 14

STRUCTURAL AND FUNCTIONAL MATERIALS

Serhii Puchek, Sergiy Byelikov

STUDY OF THE STRUCTURE AND PROPERTIES OF WORKING BLADES OF AIRCRAFT GAS
TURBINE ENGINES MADE OF HEAT-RESISTANT NICKEL ALLOY ZhS26-VI..........c.cceuen...
Diana Glushkova, Volodymyr Volchuk

PREDICTION OF MECHANICAL PROPERTIES OF 40KHMFA STEEL BASED ON
MULTIFRACTAL ANALYSIS OF MICROSTRUCTURE........ciiiiiiii e e 36

TECHNOLOGIES OF OBTAINING AND PROCESSING OF CONSTRUCTION
MATERIALS

Volodymyr Grabovskyi, Igor Bilonik, Anatoliy Ershov, Olena Lysytsya

DETERMINATION OF TEMPERATURE REGIMES FOR HOT DEFORMATION AND
ANNEALING OF NEW 4Kh3N3G7M7F STAMPING STEEL WITH CONTROLLED AUSTENITIC
TRANSFORMATION DURING OPERATION AND DISPERSION HARDENING...............co..ee 44

MODELING OF PROCESSES IN METALLURGY AND MECHANICAL
ENGINEERING

Pavlo Tryshyn, Olena Kozlova, Yuriy Vnukov, Andriy Levchenko

INFLUENCE OF DISCONTINUOUS CHIP FORMATION ON THE EXCITATION OF
REGENERATIVE SELF-OSCILLATIONS DURING TURNING.......coiii i 52

Vitalii Kolesnyk, Oleksandr Berezniak

THERMO-MECHANICAL EFFECTS OF CUTTING PARAMETERS ON HOLE PERFORMANCE
AND TOOL WEAR IN CARBON POLIMER / TITANIUM ALLOY STACK ......ccciiiiiiiiiiiiie e, 60

Natalya Yevsyeyeva, Roman Sukhonos, Natalya Ryaboshapka, Vladyslav Timoshenko

RESEARCH OF THE EFFECT OF RAM AIR BOOSTING ON THE PERFORMANCE OF AN
INTERNAL COMBUSTION ENGINE ... ..ot et e e 72

Oleksandr Chechet, Ruslan Kulykovskyi, Serhii Chigileychik, Yurii Torba,
Andrii Dobrovolskyi, Nataliia Shyrokobokova

MICROPLASMA POWDER CLADDING FOR THE REPAIR OF TURBINE MONOWHEELS
MADE OF NICKEL-BASED HEAT-RESISTANT ALLOYS... oo e e e 79

Denys Molochkov, Kyrylo Krasnoselsky

SHIELDING GAS OXIDATION EFFECTS ON GEOMETRY AND ENERGETICS IN WIRE ARC
DEPOSITION OF HIGH-STRENGTH STEEL.......ouiii i i e e e 87



p-ISSN 1607-6885 Hogi marepianu i TEXHOJIOTIi B METaIyprii Ta MammuHoOyxyBaHHi. 2026/2
e-ISSN 2786-7358 New materials and technologies in metallurgy and mechanical engineering. 2026/2

CTPYKTYPOYTBOPEHHS. OIIIP PYHHYBAHHIO TA
PIBUKO-MEXAHIYHI BJIACTUBOCTI

STRUCTURE FORMATION. RESISTANCE TO DESTRUCTION AND
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INFLUENCE OF CHEMICAL COMPOSITION ON MECHANICAL
PROPERTIES OF BIORESORBABLE MAGNESIUM ALLOY OF Mg-Nd-Zr
SYSTEM FOR OSTEOSYNTHESIS

Viktor Greshta
Polytechnic, Zaporizhzhia,
0000-0002-4589-6811

Candidate of Technical Science, Professor, Rector of the National University Zaporizhzhia
Ukraine,

e-mail: greshtaviktor@gmail.com, ORCID:

Purpose. Determination of the optimal chemical composition of a bioresorbable Mg-Nd-Zr magnesium alloy
capable of providing a favourable balance of strength and ductility for osteosynthesis applications.

Research methods. The study employed a Box-Behnken experimental design. Specimens were prepared by induction
melting followed by heat treatment. Tensile properties were measured in accordance with 1SO 6892-1, and the results
were processed statistically using the STATISTICA software package.

Results. Neodymium was identified as the main contributor to the tensile strength of the Mg-Nd-Zr alloy, with an

optimal content of about 3.6 %. Zirconium improved ductility, most likely through the formation of a fine-grained
structure, with an optimal content of about 1.8 %. A negative interaction between neodymium and zirconium was observed
when content of both elements were increased simultaneously, and this effect should be considered when optimising the
alloy composition. Within the zinc range studied (up to 0.8 %), zinc had no statistically significant effect on the mechanical
properties. The resulting regression model predicts the mechanical properties of the alloy from the alloying-element
content with good accuracy. Overall, the findings provide a basis for optimising the composition of bioresorbable
magnesium alloys to achieve a favourable balance of strength and ductility for osteosynthesis.

Scientific novelty. The combined effect of Nd, Zr and Zn on the mechanical properties of a bioresorbable Mg-Nd-
Zr alloy for osteosynthesis was established. Neodymium was identified as the principal strength-controlling element,
whereas zirconium contributes to improved ductility and can also enhance strength. A negative Nd-Zr interaction at

elevated concentrations was also revealed, with a substantial effect on the mechanical characteristics of the alloy.
Practical value. The regression model makes it possible to predict the mechanical properties of the alloy from the
alloying-element content, thereby simplifying the selection of compositions for specific medical applications.
Key words: bioresorbable magnesium alloy, osteosynthesis, mechanical properties, chemical
composition, neodymium, zirconium, Box-Behnken design, regression model, composition optimization, implants.

Introduction

The full-scale war in Ukraine has sharply increased
the demand for implants and osteosynthesis devices.
Preliminary estimates suggest an increase of more than
800 %. This growth is associated with the sharp rise in
traumatic injuries involving severe bone damage among
both service personnel and civilians. According to the
Ministry of Defence of Ukraine, about 40 % of wounded
personnel sustain injuries to the extremities, many of which
require complex surgery for bone reconstruction.

In the treatment of service personnel with traumatic
bone injuries, temporary fixation of fractured bone fragments
is often required. Standard clinical practice involves
temporary fixation devices made of titanium alloys or special
steels. The main drawback of this approach is the need for a
second operation to remove the hardware.

© Viktor Greshta, 2026
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A possible alternative is the use of materials that are
gradually resorbed by the body, progressively lose their
load-bearing capacity, and eventually dissolve completely.
Magnesium-based alloys are among the most promising
candidates. In particular, an alloy based on the ML10 grade
has been developed for use in traumatology, orthopaedics
and cardiac surgery, where it functions as a bioresorbable
material that slowly dissolves in the surrounding tissue
after fulfilling its medical role.

The main challenges associated with this concept are
relatively low mechanical properties of magnesium alloys
and need to control their dissolution rate in the body.
Research aimed at improving these characteristics
therefore remains highly relevant.
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Literature review

Because of their biocompatibility and their ability to
dissolve gradually in the body, magnesium alloys are
widely regarded as promising candidates for temporary
osteosynthesis implants [1]. Their comparatively low
strength and ductility, however, remain an important
limitation. These factors substantially restrict their use in
load-bearing components of endoprosthetic systems.

Nevertheless, magnesium, whether used as a pure metal
or in alloyed form, is receiving increasing attention in
healthcare and biomedical research [2]. Over recent years, the
number of publications devoted to magnesium as a temporary
implant material has grown steadily owing to its bioresorbable
nature. Magnesium degrades readily and does not leave long-
term residues in the body [3, 4]. As a bioresorbable material,
it gradually breaks down in the biological environment and
can support tissue regeneration and the recovery of
physiological function. In many medical applications,
implants are required only temporarily to support healing. If
conventional implants are not removed in time, adverse
reactions may occur, including chronic irritation,
inflammatory response and, in some cases, biotoxicity.

A considerable literature resources are available on
the properties of magnesium alloys and the factors that
influence them. Most studies, however, focus on Mg-Ca or
Mg-Zn-Ca alloys, whereas Mg-Re systems, including
neodymium-alloyed Mg-Nd-Zr [5, 6], have received less
attention, particularly with the influence of chemical
composition on mechanical properties.

Studies [7, 8] discuss the chemical composition,
properties and applications of bioresorbable magnesium alloys
and emphasise that a sound understanding of composition is
essential for improving biocompatibility and bioresorbability.
These studies analyse both chemical composition and corrosion
behaviour, with particular attention to how individual alloying
elements affect composition and corrosion resistance. In these
and in similar studies [9, 10], however, the emphasis is placed
on corrosion behaviour and biocompatibility rather than on
mechanical properties. The authors of [11] review
bioresorbable magnesium alloys as candidate materials for
osteosynthesis and show that Ca, Zn, Mn, Sr and Zr are widely
used as alloying additions to magnesium because of their non-
toxicity. Elements such as Al, Ni, Ag, Cu and the rare earths
(Nd, La, Ce) may also be used to improve the corrosion
resistance and mechanical properties of magnesium alloys [12].
Lu et al. [13] examines alloying strategies for magnesium
alloys intended for orthopaedic use. Zirconium is an efficient
grain refiner and improves both strength and ductility. Zinc
strengthens the alloy but can reduce ductility at high
concentrations. Neodymium provides a pronounced increase in
strength together with a favourable balance of strength and
ductility. Calcium and strontium promote bioactivity and
osteointegration. Compositions such as Mg-Nd-Zn-Zr show
promising performance by combining high strength, adequate
ductility and a controlled corrosion rate. Chen et al. [14]
summarises the effects of critical alloying elements on the
structure, mechanical properties and bioresorbable behaviour

© Viktor Greshta, 2026
DOl 10.15588/1607-6885-2026-2-1

of magnesium alloys, with a focus on the Mg-Ca, Mg-Zn,
Mg-Sr, Mg-Re and Mg-Cu systems. Zinc strengthens the
alloy through solid-solution and precipitation hardening,
calcium improves biocompatibility, strontium promotes
osteogenesis, and rare-earth elements enhance corrosion
resistance. Importantly, the content of alloying elements
must be carefully controlled in order to maintain a workable
balance between mechanical properties, biodegradation rate
and biocompatibility.

Taken together, the available literature shows that,
despite substantial research on magnesium alloys for medical
applications, the selection of an optimal Mg-Nd-Zr
composition with specific regard to mechanical properties
remains insufficiently studied. Given the strong and
complex influence of alloying elements on both strength
and ductility, identifying their optimal content remains an
important task in the development of bioresorbable
materials for osteosynthesis.

Objective

This study is aimed to determine the optimal chemical
composition of a bioresorbable Mg-Nd-Zr magnesium
alloy that would provide a favourable balance of strength
and ductility for osteosynthesis applications. To achieve
this aim, an experimental design was developed, ingots of
different chemical compositions were produced, the
specimens were tested in tension, and the resulting data
were analysed statistically.

The study examined how the mechanical properties
of an Mg-Nd-Zr alloy — which contains no toxic alloying
elements and is therefore a potential candidate for implant
applications — depend on the concentration of its alloying
elements. The property variables were ultimate tensile
strength and elongation to failure under uniaxial tension.

Materials and methods

Ingots of the magnesium alloy were produced by
melting in an IPM-500 induction furnace with a capacity
of 0.5 t, a power rating of 140 kW and a throughput of
230 kg/h. A gas-fired holding furnace with a capacity of
150 kg was also used. Pre-heated charge materials were
loaded into the induction furnace; after melting, the liquid
alloy was transferred into removable crucibles at 650-
730 °C. The crucibles were then placed in holding
furnaces, where the alloy composition was refined with a
flux consisting of 38—-46 % MgCl., 32-40 % KCI, 5-8 %
BaCl: and 3-5 % CaF: at 740-760 °C.

The cast blanks were heat-treated in a pit-type electric
resistance furnace (112 kW, 95 kg/h capacity) and in a
PAP-4M furnace (50 kg/h capacity). The heat-treatment
regime consisted of solution treatment at 540 + 5 °C for
15 h followed by air cooling, and ageing at 200 + 5 °C for
8 h followed by final air cooling.

Tensile testing was performed on a modernised R10
testing machine (Fig. 1) in accordance with 1SO 6892-1, using
cylindrical specimens with a gauge-section diameter of 4 mm.

The extensometer gauge length was 25 mm. During
testing, elongation of the gauge section was measured with
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an accuracy of +1 pm. Stress in the gauge section was
applied by loading the movable crosshead with a force
measured by a dynamometer. The measurement accuracy
for stress in the gauge section was 3 MPa. The
extensometer and elastic dynamometer signals were
digitised at 0.01 s intervals. All tests were performed on
series of identical specimens. Statistical analysis was
conducted at a significance level of 0.05.

c

Figure 1. Specimens for tensile testing (a); general view (b) and
working area (c) of the modernised R10 tensile testing machine
equipped with a dynamometer

Statistical analysis and mathematical modelling were
performed in STATISTICA (StatSoft) using the experimental
data obtained from the designed experiments. The workflow
combined correlation, analysis of variance and regression
methods. Correlation analysis was first used to identify
mutually independent factors for further study. ANOVA and
Pareto charts were then used to identify the factors with the
strongest influence on the response variables properties.
Multiple regression analysis was subsequently used to
determine the regression coefficients and construct the
mathematical models. Model adequacy was assessed by
comparing the adequacy variance with the reproducibility
variance using Fisher’s F-test. Because the number of
experimental runs exceeded the number of regression
coefficients to be estimated, the design was under-saturated.
The reproducibility variance was determined from triplicate
experiments at the centre point of the design, and its
homogeneity was evaluated using Cochran’s criterion.

The reproducibility variance was calculated from:

N n _\2
, 22(RF-FT)
% = N(n-1) ’ W)
where N is the number of replicate experiments and n is the
number of repetitions per experiment.
Assuming uniform replication of experiments, the
adequacy variance of the model was calculated from:

N n —_\2
Zz(Tcalc _Texp)
Sa="2 , @)
fad
where n is the number of replicate experiments in each
series, T®° is the predicted value of the response

parameter, T®® is the mean experimental value from the

© Viktor Greshta, 2026
DOl 10.15588/1607-6885-2026-2-1

replicates, and f is the number of degrees of freedom.
The homogeneity of the reproducibility variance was
evaluated using Fisher’s F-test:

SZ
Fee = ad 3)
2
Sy
Results

To establish how the principal alloying elements
influence strength and ductility, the upper concentration limit
for each element was selected on the basis of its solubility in
magnesium. The upper limits were thus 1.8 % for zirconium,
3.6 % for neodymium and 0.8 % for zinc.

The Box-Behnken design was selected for experimental
planning. Compared with a full factorial design, it offers several
advantages. It requires substantially fewer experimental points,
especially when the number of factors is large, thereby reducing
both material consumption and experimental cost. Unlike a
first-order full factorial design, it also allows quadratic effects
and factor interactions to be estimated, providing a more
accurate approximation of the response surface within the
region of interest. Because the design is spherically symmetric,
the experimental points are distributed uniformly around the
centre, which ensures uniform prediction variance throughout
the factor space. This arrangement also makes the design more
resistant to random disturbances and measurement error than a
full factorial design.

The tensile-test results obtained for Mg-Nd-Zr alloy
specimens of different chemical composition (Table 1)
were used to construct the Box-Behnken experimental
matrix with three factors at three levels (Table 2).

Table 1 — Levels of variation of the chemical
composition of the experimental specimens

Level Zr Nd Zn
-1 0,2 2,0 0,1
0 1,0 2,8 0,45
+1 1,8 3,6 0,8

Owing to the efficiency of the chosen experimental
design, 15 experimental melts were sufficient for analysis
of variance (Fig. 2) and for constructing a statistically
significant second-order regression model with linear two-
factor interaction terms (Tables 3 and 4).

Table 2 — Box-Behnken experimental design matrix (2°)

RunNo. | Xi(zZr) | X (Nd) é;) oy MITa | 5,%
1 020 | 200 | 045 | 2493 | 342
2 180 | 2,00 | 045 | 2522 | 537
3 020 | 360 | 045 | 2001 | 332
4 180 | 360 | 045 | 2686 | 448
5 020 | 280 | 010 | 2689 | 337
6 180 | 2,80 | 010 | 2503 | 4,92
7 020 | 280 | 080 | 2704 | 337
8 180 | 280 | 080 | 2608 | 4.92
9 100 | 2,00 | 010 | 2498 | 439
10 100 | 360 | 010 | 2788 | 390
11 100 | 2,00 | 080 | 2518 | 439
1 100 | 360 | 080 | 2800 | 3,90
13 100 | 280 | 045 | 2625 | 4,14
14 100 | 280 | 045 | 2649 | 4,60
15 100 | 280 | 045 | 2661 | 4,00
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Figure 2. Pareto charts showing the effect of the alloying elements on the tensile strength (a) and ductility (b) of the alloy

Table 3 — Parameters of the regression model for the effect of the alloying elements on tensile strength, including
two-factor interaction terms

Factor Regression coefficient Stg;\r((j)zird t(5) p —95 % ClI +95 % ClI
Constant 265.000 0.335907 788.9095 0.000000 264.1365 265.8635
Zr (linear) —9.4500 0.822800 —11.4852 0.000088 —11.5651 —7.3349
Zr (quadratic) —0.1500 0.605564 —0.2477 0.814215 —1.7067 1.4067
Nd (linear) 28.6000 0.822800 34.7594 0.000000 26.4849 30.7151
Nd (quadratic) —0.4000 0.605564 —0.6605 0.538120 -1.9567 1.1567
Zn (linear) 1.5500 0.822800 1.8838 0.118296 -0.5651 3.6651
Zn (quadratic) —0.2000 0.605564 -0.3303 0.754585 -1.7567 1.3567
Zr-Nd —12.2000 1.163615 —10.4846 0.000136 -15.1912 -9.2088
Zr-Zn 0.0000 1.163615 0.0000 1.000000 -2.9912 2.9912
Nd-Zn —0.4000 1.163615 —0.3438 0.745014 —3.3912 2.5912

Notes. Statistically significant values are shown in bold. t(5) is the value of the t-statistic with 5 degrees of freedom, used
for hypothesis testing and for assessing statistical significance; p is the probability of observing the given effect under the null
hypothesis that the effect is absent. Lower p-values indicate stronger evidence against the null hypothesis.

Table 4 — Parameters of the regression model for the effect of the alloying elements on elongation to failure,
including two-factor interaction terms

Factor Regression coefficient Standard error t(5) p -95 % ClI +95 % ClI
Constant 4,145833 0.057314 72.33581 0.000000 3.998504 4293163
Zr (linear) 1.552500 0.140389 11.05853 0.000105 1.191618 1.913382
Zr (quadratic) 0.049583 0.103324 0.47988 0.651567 -0.216019 0.315186
Nd (linear) —0.492500 0.140389 —3.50810 0.017135 —0.853382 —0.131618
Nd (quadratic) 0.049583 0.103324 0.47988 0.651567 —0.216019 0.315186
Zn (linear) 0.000000 0.140389 0.00000 1.000000 —0.360882 0.360882
Zn (quadratic) 0.052083 0.103324 0.50408 0.635627 —0.213519 0.317686
Zr-Nd —0.395000 0.198541 —1.98952 0.103314 —0.905365 0.115365
Zr-Zn 0.000000 0.198541 0.00000 1.000000 —0.510365 0.510365
Nd-Zn 0.000000 0.198541 0.00000 1.000000 —0.510365 0.510365
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Discussion

Analysis of the contribution of each factor to alloy
strength (Fig. 2a) shows that neodymium exerts the
strongest positive effect. By contrast, zirconium and Nd-Zr
interaction both have a statistically significant negative
effect on tensile strength.

The alloying elements affect ductility differently.
Increasing the zirconium content improves ductility,
whereas increasing the neodymium content reduces it
(Fig. 2b). The positive effect of zirconium is more than
three times larger than the negative effect of neodymium.
The Zr-Nd interaction leads to an additional reduction in
ductility. As in the case of tensile strength, zinc does not
have a statistically significant effect on elongation to
failure.

Overall, the results indicate that the strength of
Mg-Nd-Zr alloys is governed primarily by neodymium
content and by the nature of its interaction with zirconium.
Increasing the neodymium content raises tensile strength,
whereas an excessive simultaneous increase both Nd and
Zr can reduce it because of the negative two-factor
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Figure 3. Model-predicted versus experimentally measured
values of tensile strength (a) and elongation to failure (b) of the
alloy

Analysis of the dependence of strength (Fig. 4) and
ductility (Fig. 5) alloying-element content shows that
increasing the neodymium content generally increases
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interaction. Within the concentration range studied, zinc
does not have a statistically significant effect.

According to the regression model, the linear effect
of zirconium on tensile strength is negative. This effect,
however, cannot be interpreted in isolation, because
zirconium also has a strong influence on ductility and
participates in a two-factor interaction with neodymium.
The low p-value supports the reliability of this estimate.
The optimum zirconium content is therefore likely to lie in
the upper part of the studied range (about 1.8 %). Tensile
strength also increases with neodymium content, as
indicated by the statistically significant positive regression
coefficient and the low p-value. Its optimum is likewise
expected to lie near the upper part of the studied range
(about 3.6 %). The regression coefficients for zinc are not
statistically significant, indicating that no detectable effect
of this element on strength was observed.

The near-linear relation between the model-predicted
and experimentally measured values of strength and
elongation to failure (Fig. 3) indicates that the estimates are
reliable and confirms the adequacy of the model.

tensile strength while reducing ductility.
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Figure 4. Tensile strength of the alloy as a function of
neodymium content at 0.45 % Zn (a) and at 1 % Zr (b)

The increase in tensile strength most likely reflects
two contributions from neodymium: solid-solution
strengthening and the formation of strengthening
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intermetallic phases. The solubility of zirconium in
magnesium is low; nonetheless, zirconium restricts grain
growth and thus promotes the formation of a fine-grained
structure. As a result, zirconium can enhance strength and
ductility simultaneously, which is particularly important
because improvement of one of these properties is often
accompanied by deterioration of the other.

Figure 4a shows that higher neodymium content is
associated with increased tensile strength. At the same
time, a simultaneous increase in neodymium and
zirconium reduces strength, most likely because of
excessive precipitation of secondary phases.

In the presence of zinc, zirconium may also influence
the formation and distribution of secondary phases and thus
affect the mechanical properties of the alloy. According to
[15], zirconium has a beneficial effect on magnesium-alloy
properties when its content remains below about 2 %.
Although zinc may also contribute to an increase in
strength, no such effect was observed within the zinc
concentration range examined in present study.
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Figure 5. Elongation to failure of the alloy as a function of
neodymium content at 0.45 % Zn (a) and at 1 % Zr (b)

Consistent with the obtained results, Fig. 5a shows
that ductility increases with increasing zirconium content,
most likely because grain growth is restrained and a fine-
grained structure forms. Changes in zinc concentration had
almost no effect on alloy ductility.
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Conclusions

Neodymium was found to be the key element
controlling the tensile strength of Mg-Nd-Zr magnesium
alloys, with the optimal content lying close to the upper
limit of the studied range (3.6 %).

Increasing the zirconium content improved alloy
ductility, most likely through its role in promoting a fine-
grained structure. The optimal zirconium content likewise
lies close to the upper limit of the range studied (1.8 %).

A negative interaction between neodymium and
zirconium was observed at simultaneously elevated
concentrations of both elements. This effect should be
taken into account when optimising the alloy composition.

Within zinc concentration range (up to 0.8 %), zinc
had no statistically significant effect on the mechanical
properties of the alloy. Taking into consideration the
possible positive effect of zinc on the corrosion resistance
of magnesium alloys, however, its addition may still be
useful and requires further investigation. At the same time,
zinc additions may increase Young’s modulus [16].

The regression model developed predicts the
mechanical properties of the alloy from its alloying-
element content with good accuracy. These results provide
a basis for optimising the chemical composition of the
bioresorbable magnesium alloy to achieve a favourable
balance of strength and ductility for osteosynthesis
applications.

Further research should focus on how chemical
composition influences the biodegradation rate and
biocompatibility of the alloy in order to support its further
optimisation for medical applications.
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BIIJIMB XIMIYHOT'O CKJUIAZY BIOPO3YHUHHOI'O
MAT'HIEBOTI'O CIIVIABY CUCTEMM Mg-Nd-Zr
JJII OCTEOCUHTE3Y HA MEXAHIYHI BJIACTUBOCTI
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Mema pobomu. BusnauenHs payioHANbHO20 XIMIYHO20 CKIAOY GIOPO3UUHHOSO MACHIEGO20 CHAABY CUCHEMU
Mg-Nd-Zr, npu sxomy 3abesneuyecmvcs onmumanbie NOCOHAHH MIYHOCMI MA NIACMUYHOCHIE, OISl 3ACTOCY8AHHSL 8

0CMeoCcuHmesi.

Memoou docnidscennsn. 3acmoco8ano KOMNIEKC Memooi6, Wo GKI0UAE NIAHYEAHHS eKCHePUMEHMY 3a MemoooM

boxca-benkena, eucomoenenus 3paskieé WIAXOM GURIAGKU MA MEPMIYHOI 0OPOOKU MACHIEBUX CHIAGI6, MEXAHIYHI
sunpodysanns Ha posmse 32iono 3 1SO 6892-1, a makxooic cmamucmuuny 00po6Ky ompuManux OaHux 3a 00NOMO20i0
npoepamuozo 3abesneuenna STATSOFT.

Ompumani pesynvmamu. Bcmanosieno Kuouo8y poib Heooumy y NiO8UWEHHI SpaHuyi MIYHOCMI MACHIEB020
cnnagy cucmemu Mg-Nd-Zr, 3 onmumanenum emicmom 6auzeko 3,6 %. Buaeneno no3umugHuil 6niué YUPKOHil0 Ha
NAACMUYHICIMb CRABY, IMOBIPHO Yepe3 QopmySants OpibHO3EPHUCMOL CIMPYKMYPU, 3 ONMUMATHUM 6MICTOM OIU3LKO
1,8 %. Buseieno necamugnui egexm 63a€M00ii Midc HEOOUMOM MA YUPKOHIEM NPU iX OOHOUACHOMY NiOBUWEeHMI
KOHYeHnmpayii, wo nompebyec 8paxyeamHs npu onmumizayii ckaiady cnaagy. Bcmawnoenenmo, wo enaue yumxy 6
docriocysanomy dianasoni konyenmpayiti (00 0,8 %) na mexaniumi 61acmu8ocmi cniagy € CMamucmMuyHO HeSHAYYUUM.
Ha ocnosi ompumanux oanux pospobneno pecpecitiny mooenn, AKa 003605€ 3 BUCOKOIO MOYHICMIO NPOSHO3YEAMU
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MEXAHIYHI 8IACMUBOCMI CNIABY 3AJENHCHO 8I0 6MICmY Je2ylouux enemenmis. Lli pezynemamu cmeopowoms 0CHOBY 0isi
onmumizayii Ximiuno2o ckaady OiOPO3HUHHOZO MASHIEGO20 CHAABY 3 MEMOI0 OOCACHEHHS ONMUMANLHO20 OANAHCY
MIYHOCTE MA NAACTMUYHOCMIE 0I5l 3ACMOCYBAHHS 8 OCHEOCUHMESI.

Haykoea noseusna. Bcmano6ieHO KOMAIEKCHUU 6NIUE le2y8aivHux enemenmis (Nd, Zr, Zn) Hna mexaHiuui
enacmugocmi 6iopo3UUHHO20 MacHiceo2o cnaagy cucmemu Mg-NO-Zr ons ocmeocunmesy. Busgieno, wo Heooum €
KIIOY08UM €eMEHMOM, KU NIOBUWYE SPAHUYIO MIYHOCI CIABY, MOOI K YUPKOHI CRPUSIE OOHOYACHOMY 3POCIAHHIO
MiyHocmi ma naacmuunocmi. Busieneno necamuenuil egpexm 63aemooii misic Nd ma Zr npu ix 6UuCOKUX KOHYEHMpPAyisx,

Wo Cymmeeo 6NAUBAE HA MEXAHIUHI XAPAKMEPUCMUKU CNILABY.
Ilpakmuuna yinnicms. Po3pobaena pezpecitina mooens 003601€ NPOSHO3YBAMU MEXANHIYHI 61ACMUBOCMI CNIABY
3A1HCHO 8I0 BMICTY 1€2YIOUUX e/IeMEHMIB, WO 3HAYHO CHPOWYE npoyec niobopy ONMUMailbLHO20 CKAA0Y OJis KOHKPEmHUX

MeOUUHUX 3acmocyedHbn.

Knrouosi cnosa: 6iopozuunnull MasHicguil cnias, OCIMeoCUHme3, MexaHiuti 61acCmueoCcmi, XiMiuHull cKiao, HeoOuM,
yuprowii, nian Bokca-Benkena, peepecitina Mooensb, onmumizayis ckiaoy, iMIAanmamu.
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MICROSTRUCTURE, MECHANICAL PROPERTIES, AND CONTROLLED
DEGRADATION OF A BIORESORBABLE MG-3.15ND-1.25ZR-0.6ZN
ALLOY FOR OSTEOSYNTHESIS IMPLANTS: INDUSTRIAL PROCESSING
AND BENCHMARKING AGAINST ML10 ALLOY

Purpose. To evaluate the microstructure, mechanical properties, and degradation behaviour of a bioresorbable
Mg-3.15Nd-1.25Zr-0.6Zn (wt.%) alloy produced via an industrially compatible route, and to demonstrate its superiority
over the reference alloy ML10 for osteosynthesis applications with degradation synchronized to bone healing.

Research methods. Microstructure was examined by optical microscopy (Neophot 32, OLYMPUS I1X 70) and
SEM/EDS (SELMI REM-1061). Grain size was measured by the intercept method (ISO 643:2024). Mechanical proper-
ties were determined on an INSTRON 2801 machine (ASTM B557, 1SO 6892-1) in the heat-treated condition and after
90-day immersion in Gelofusine (pH 7.4), Venofundin (pH 5.5), and physiological saline at 36 = 1 °C. Corrosion rates
were obtained by gravimetric mass loss. Heat treatment was performed under argon in Bellevue and PAP-4M furnaces.
Industrial trials were conducted on malleolar screws of three sizes at JSC “Motor Sich”.

Results. After casting into a water-cooled copper mould (25-30 °C/s) and two-stage heat treatment (560 °C/8 h +
200 °C/16 h), the alloy exhibited a grain size of 57 + 4.7 pum (50% finer than ML10), with clean boundaries containing

dispersed Zn:Zrs and B~ precipitates instead of continuous (Mg,Zn):;2Nd networks. Ultimate tensile strength reached
309 + 6.5 MPa, yield strength 252 + 6.5 MPa, and elongation 7.9 + 0.65% — improvements of 31%, 33%, and 126%
over ML10. Corrosion rates (0.45-0.68 mm/year) were 39-42% lower than ML10. After 90 days the alloy retained 58—
76% of initial strength (182-230 MPa), maintaining >180 MPa throughout the critical 12-week healing period, versus
38-42% for ML10. Industrial trials on three screw sizes confirmed reproducibility.

Scientific novelty. For the first time, a comprehensive evaluation of the interrelationship between microstructure,
mechanical properties, and degradation kinetics of the Mg-3.15Nd-1.25Zr-0.6Zn alloy was performed across three
model biological fluids with systematic benchmarking against ML10 and bone healing requirements. It was established
that elimination of continuous (Mg,Zn):2Nd grain-boundary networks combined with grain refinement to 57 pm shifts
the dominant corrosion mode from catastrophic intergranular attack (150-200 pm penetration in ML10) to uniform
surface corrosion (<50 um penetration), yielding degradation kinetics temporally synchronized with the physiological
stages of bone healing.

Practical value. An industrially scalable route was validated in pilot production of malleolar screws using stand-
ard melting, copper-mould casting, and conventional heat treatment. The alloy provides a sufficient mechanical safety
margin throughout all critical healing phases (weeks 0-20), surpassing ML10 and meeting preclinical requirements for
biodegradable orthopaedic fixation.

Key words: biodegradable magnesium alloy, Mg-Zr-Nd-Zn system, osteosynthesis, microstructure, grain refine-
ment, mechanical properties, biocorrosion, controlled degradation, bone healing, malleolar screw, ML10 alloy.

Introduction osteogenesis. Third, biodegradation obviates the need for

Biodegradable magnesium alloys represent promis-
ing candidates for orthopaedic trauma implants by virtue
of three key advantages. First, the elastic modulus of
magnesium (41-45 GPa) closely approximates that of
cortical bone (10-30 GPa), thereby minimizing stress
shielding effects. Second, Mg?" ions actively promote

© Mykyta Aikin, Vadym Shalomeev, Yevhen Vyshenko, 2026

DOI 10.15588/1607-6885-2026-2-2

secondary surgical intervention to remove the implant.
Despite these advantages, magnesium alloys present
critical limitations. In chloride-containing physiological
environments, excessive corrosion rates lead to subcuta-
neous gas cavity formation, localized pH elevation, and
premature loss of mechanical integrity prior to completion
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of the 12-16-week bone healing period. The industrial
alloy ML10 (known internationally as part of the Mg-Nd-
Zr system developed for aerospace applications), despite
acceptable initial properties (ours = 230-240 MPa), re-
tains only 40% of its strength after three months owing to
a coarse-grained microstructure with heterogeneous sec-
ondary phase distribution.

A critical gap exists between the degradation kinet-
ics of current magnesium alloys and the biomechanical
requirements of bone healing. An ideal implant should
provide maximal support during early-stage healing
(weeks 0-6), progressively transfer load to regenerating
bone tissue (weeks 6-16), and maintain load-bearing
capacity exceeding 180 MPa throughout the critical 12-
week period.

The Mg-Zr-Nd-Zn quaternary system offers consid-
erable promise: zirconium provides grain refinement,
neodymium enhances corrosion resistance, and zinc con-
tributes solid solution strengthening. Laboratory investi-
gations have achieved ultimate tensile strengths of 300—
365 MPa; however, industrial scalability and systematic
validation of biodegradation behaviour remain to be
demonstrated.

Analysis of research and publications

Over the past two decades, bioresorbable magnesi-
um alloys have emerged as leading candidates for use in
trauma and orthopedic implants. Their growing promi-
nence is primarily attributed to three key advantages over
conventional inert metallic materials [1-3]:

1. The elastic modulus of magnesium (41-45 GPa)
is much closer to that of cortical bone (10-30 GPa),
which helps mitigate stress shielding and the consequent
resorption of bone tissue.

2. Mg*" ions exhibit osteoconductive properties,
supporting bone growth along the implant surface.

3. Their controlled biodegradation eliminates the
need for secondary surgical intervention to remove the
implant.

Tensile Strength (MPa)

In contrast to stainless steel, cobalt-chromium, and
titanium alloys — whose stiffness exceeds that of bone by
a factor of 4-10 — magnesium alloys preserve a more
physiological distribution of mechanical loads within the
bone-implant system. This feature is particularly critical
in the talar region of the ankle joint, where stress shield-
ing can delay fracture consolidation, reduce bone mineral
density, and increase the risk of clinical recurrence.

However, magnesium-based implants also exhibit
inherent limitations. In chloride-containing physiological
environments, anodic dissolution of magnesium leads to
the formation of Mg(OH). and molecular hydrogen. When
corrosion proceeds too rapidly, this can result in [4, 5]:

1. Subcutaneous gas cavities due to hydrogen accu-
mulation.

2. Local alkalization (elevated pH), which suppress-
es cellular activity.

3. Premature loss of the implant’s mechanical integ-
rity.

Pure magnesium degrades at an excessively high
rate: its load-bearing capacity is typically lost before
completion of the 12—16-week bone healing phase [5, 6].
Additional challenges include the presence of coarse-
grained microstructures, galvanic microcells between the
matrix and secondary phases, and a pronounced suscepti-
bility to corrosion fatigue and stress corrosion cracking
[4]. Fig. 1 illustrates the critical mismatch between the
degradation kinetics of current magnesium alloys and the
biomechanical requirements of bone healing. Convention-
al Mg alloys lose their strength too rapidly, falling below
the critical threshold of 180 MPa as early as week 6. The
ML10 alloy provides insufficient mechanical support
during the crucial phase of hard callus formation, main-
taining only 140-160 MPa between weeks 6 and 12. Even
the benchmark alloy WEA43, although characterized by
relatively controlled degradation, exhibits a low initial
strength (about 210 MPa) and approaches the critical
threshold too closely (183 MPa at week 8), offering an
inadequate safety margin.

Time (weeks)

Mg-alloy

(fast degradation -o- WE43 (Mg-Y-Nd-Zr reference alloy

Figure 1. Critical gap in mechanical support: current biodegradable magnesium alloys versus bone healing requirements
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These observations underscore the need to develop a
new magnesium alloy with (i) higher initial strength
(>250 MPa) and (ii) finely tuned degradation kinetics that
are temporally synchronized with the physiological stages
of bone tissue regeneration.

Contemporary development of bioresorbable mag-
nesium alloys is centered on three interrelated strategies
[3,5,7]:

1. Optimizing alloying elements to simultaneously
strengthen the matrix and suppress corrosion.

2. Engineering fine-grained, homogeneous micro-
structures.

3. Designing heat-treatment protocols that homoge-
nize phase distribution and reduce microgalvanic activity
without compromising ductility.

The Mg-Zr-Nd-Zn system is particularly promising.
Zirconium is the most effective grain refiner in
aluminium-free magnesium alloys: it reduces dendritic
cell size, promotes a uniform distribution of secondary
phases, and improves the isotropy of mechanical proper-
ties. Neodymium significantly enhances corrosion re-
sistance and thermal stability while maintaining cytocom-
patibility. Zinc provides solid-solution strengthening
without forming extensive galvanic networks, provided its
concentration remains moderate [3, 6, 7]. Experimental
studies within this system have already achieved ultimate
strengths in the range of 300-365 MPa, combined with
acceptable ductility and significantly reduced corrosion
rates [1-3]. However, these results have been obtained
predominantly at the laboratory scale; industrial scalabil-
ity, together with standardized validation of biocompati-
bility and controlled degradation, still require systematic
verification.

The industrial reference alloy ML10 exhibits ac-
ceptable mechanical properties, but its microstructure is
coarse-grained with a non-uniform distribution of large
secondary phases. In physiological substitute fluids, this
microstructural heterogeneity leads to a more rapid loss of
ductility and strength than is desirable for fracture consol-
idation in the ankle region. Consequently, there remains a
clear need for an alloy that [2, 5, 8]:

1. Surpasses ML10 in terms of initial mechanical
performance.

2. Maintains critical reserves of strength and ductili-
ty throughout the first three months under physiological
conditions.

3. Can be reliably produced using standard industrial
casting lines.

From a materials science standpoint, microstructural
homogeneity and fine grain size are key determinants of
corrosion behaviour. Grain refinement enhances the barri-
er function of grain boundaries, hinders the development
of galvanic microcells, and promotes the formation of
dense, protective corrosion films. At the same time, ex-
cessive dispersion of secondary-phase particles and com-
positional inhomogeneity can accelerate localized dissolu-
tion [3, 5].
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Despite encouraging in vitro findings, several criti-
cal aspects remain insufficiently documented. It is still
unclear to what extent these optimized microstructures
can be reliably reproduced under industrial cooling rates
and conventional heat-treatment schedules, and whether
the mechanical safety margins can be maintained
throughout the crucial three-month period in blood-
mimicking media. While some studies report ultimate
tensile strengths above 300 MPa combined with elonga-
tions of 7-10 %, large-scale industrial implementation in
actual threaded screw implants remains limited [2, 8].

Standardization of model media is essential. Gelofu-
sine, Venofundin, and physiological saline affect degrada-
tion Kinetics in distinct ways due to differences in mac-
romolecular and electrolyte composition. Using this spec-
trum of media enables a more realistic assessment of the
time-dependent loss of mechanical properties compared
with simpler single-buffer systems [5]. A comprehensive
assessment — encompassing initial mechanical properties,
microstructural characterization, corrosion dynamics in
multiple media, and benchmarking against both cortical
bone and the reference alloy ML10 — is consistent with
current standards for preclinical validation [3, 8].

The literature points to two parallel trajectories.

The first is scientific and technological: existing
studies establish the fundamental feasibility of achieving
controlled degradation while retaining high mechanical
performance, yet they simultaneously highlight the ab-
sence of standardized comparative methodologies and the
need for regulatory harmonization [1, 2].

The second is clinical and translational: although
preliminary animal and early clinical data support the
safety and functional benefits of biodegradable magnesi-
um implants, current evidence is fragmented, dominated
by small, heterogeneous cohorts, and often limited to
short follow-up periods. This underscores the need for
rigorously designed, multicenter studies with unified
endpoints (e.g., time to consolidation, complication rates,
long-term remodeling of bone and implant remnants), as
well as integration of imaging, functional, and patient-
reported outcomes to substantiate routine clinical adop-
tion.

Purpose

The aim of this study is to evaluate a bioresorbable
Mg-Zr-Nd-Zn alloy that is compatible with standard in-
dustrial melting and casting routes, outperforms ML10 in
terms of initial mechanical properties, and exhibits con-
trolled degradation in blood-substitute media over a three-
month period.

The present study employs a previously developed
[8] bioresorbable alloy of composition Mg-1.2...1.3Zr-
3.1...3.2Nd-0.5...0.7Zn (wt.%), designed to achieve a
synergistic combination of grain refinement (via Zr),
corrosion stabilization and dispersion strengthening (via
Nd), and solid-solution strengthening (via Zn). The
pocessing route was likewise defined on the basis of these
earlier investigations [9,10]: melting was carried out in a
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crucible furnace using primary magnesium and master
alloys, followed by casting into a water-cooled copper
mould (cooling rate 25-30 °C/s). The cast billets were
then subjected to a two-step heat treatment consisting of
homogenization at 560 = 5 °C for 8 h with subsequent air
cooling, and artificial ageing at 200 + 5 °C for 16 h.

Industrial trials on ankle screws of three size ranges
were conducted to assess the reproducibility of the alloy’s
microstructure and properties in real components. Degrada-
tion behaviour was systematically examined in Gelofusine,
Venofundin, and physiological saline, with the loss of
strength and ductility quantified after 1, 2, and 3 months of
immersion. Comparison with ML10 and with the property
range of cortical bone was used to determine whether the
alloy retained a sufficient mechanical safety margin to
ensure stable fixation throughout the critical healing period
[5, 8].

The study demonstrates that an industrially compati-
ble processing route can provide a predictable microstruc-
ture and corrosion-mechanical behaviour that meets con-
temporary preclinical evaluation requirements [1-3].
Successful implementation will provide a foundation for
more advanced preclinical studies of biocompatibility and
of the systemic effects of degradation products, with a
view toward eventual clinical application in the fixation
of ankle fractures.

Research material and methodology

Pilot industrial heats of the experimental alloy were
carried out in Shop No. 1 of JSC “Motor Sich”. Test spec-
imens were manufactured from the new bioresorbable
alloy in the form of malleolar screws of different configu-
rations: Type 1 (L =40 mm, D =5 mm, d = 3 mm), Type
2(L=50mm,D=75mm,d=4.5mm), and Type 3
(L=100 mm, D =7 mm, d = 5.5 mm) (Fig. 2).

The experimental bioresorbable magnesium alloy
was developed within the Mg-Zr-Nd-Zn system to bal-
ance mechanical strength against biodegradation rate. The
target composition comprised 0.4-1.5 wt.% Zr, 2.2-3.4
wt.% Nd, and 0.1-0.7 wt.% Zn. The charge materials
consisted of primary ingot magnesium (grades Mg90,
Mg95, and Mg96), zinc (grade Ts2), an Mg-Nd master
alloy (20-35 wt.% Nd, <2.5 wt.% impurities, balance
Mg), and an Mg-Zr master alloy (10-20 wt.% Zr, <5
wt.% impurities, balance Mg).

Melting was carried out in an IPM-500 crucible fur-
nace (capacity 0.5 t, power 140 kW, throughput 230
kg/h). Preheated charge materials were melted and tapped
into removable crucibles at 650-730 °C. The melt was
then transferred to holding furnaces, where its composi-
tion was adjusted and it was refined with VI-2 flux at
740-760 °C. The VI-2 flux had the following composi-
tion: 38-46 wt.% MgCl,, 32-42 wt.% KCI, 5-8 wt.%
BaCl., 3-5 wt.% CaF2, <8 wt.% NaCl + CaClz, and <1.5
wt.% MgO. The Zr-, Nd- and Zn-containing master alloys
were then added, and the melt was held at 730 °C prior to
casting [11].

For industrial validation, the alloys were cast into
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water-cooled copper moulds, achieving a cooling rate of
25-30 °C/s. The cooling rate was measured using type-K
(Chromel-Alumel) thermocouples, with an operating
range from -400 to +1200 °C, positioned in direct contact
with the melt.

Figure 2. Test specimens of varying length. (a) Type 1; (b)
Type 2; (c) Type 3; (d) general view

Heat treatment was carried out in a protective argon
atmosphere using either a “Bellevue” pit furnace
(112 kW, 95 kg/h) or a PAP-4M furnace (50 kg/h).

The optimized heat-treatment schedule consisted of:

1. Homogenization: 560 + 5 °C for 8 h, followed by
air cooling.

2. Ageing: 200 + 5 °C for 16 h, followed by air cool-
ing.

Optical microscopy. The macro- and microstructure
were examined using Neophot 32 and Olympus IX 70
optical microscopes at magnifications of 100x, 200x,
350x%, and 500%. Metallographic specimens were prepared
after heat treatment and subsequently etched. The etchant
composition was: 1 % HNOs, 20 % CHsCOOH, 19 %
distilled water, and 60 % ethylene glycol.

Grain size analysis. The average grain size was de-
termined in accordance with 1SO 643:2024 using the
intercept method [12]. At 100x magnification, grain
boundaries intersected by a test line were counted as fol-
lowing. For each specimen, at least eight representative
regions were analysed, with a minimum of two non-
parallel measurements per region, each intersecting at
least ten grains.

The average grain size D was calculated from:

D=L/N, (1)
where L is the total length of the test line converted to the
image scale (um), and N is the number of grain boundary
intersections along this line.

The standard deviation S was determined as:

§= [N Dy, @

where D; is the grain size measured in the i-th test, D is
the arithmetic mean grain size, and n is the number of
measurements.
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Ultimate tensile strength and elongation to fracture
were determined on an INSTRON 2801 universal testing
machine in accordance with ASTM B557 [11] and ISO
6892-1 [13]. Tests were performed both on specimens in
the heat-treated condition and after immersion in artificial
blood substitutes (Gelofusine, Venofundin, and physio-
logical saline) for 1, 2, and 3 months at 36 + 1.0 °C [14].
Temperature stability during immersion was maintained
using a UT-15 ultra-thermostat.

Specimen preparation. Prior to immersion, the
specimens were degreased with ethyl alcohol. After the
specified exposure time, the samples were removed and
corrosion products were chemically stripped in chromic
acid at 18-25 °C for 3 min. The specimens were then
rinsed with running water followed by distilled water,
dried, and subjected to mechanical testing. For each test
condition, three specimens were examined [14].

The compositions of the artificial blood substitutes
are summarized in Table 1.

Table 1 — Composition of artificial blood substitutes

Succinylated | NaCl NaOH | Hydroxyethyl
Solution gelatin (9/500 | (g/500 | starch (g/500 | pH
(9/500 mL) mL) mL) mL)
Gelofusine 20 3,5 0,68 — 7,4
Venofundin - 4,5 - 30 55
Normal 55—
saline B 45 B B 7,0

18

Note: Normal saline denotes 0.9% NaCl solution (4.5 g/500 mL).

Specimen quality was assessed by visual inspection
and radiographic examination. Visual inspection was used
to identify surface defects, damage, and shrinkage cavi-
ties, whereas radiographic testing was employed to detect
internal defects, porosity, and flux inclusions.

Results and their discussion

The developed Mg-3.15Nd-1.25Zr-0.6Zn alloy ex-
hibited a markedly refined microstructure compared with
the reference alloy ML10. Quantitative metallographic
analysis revealed an average grain size of 57 + 4.7 pm,
which is approximately 50% smaller than the 115 + 9.1
pm measured for ML10 (Fig. 3).

Such pronounced grain refinement is consistent with
the Hall-Petch relationship, which predicts an improve-
ment in mechanical properties with decreasing grain size
[15].

Grain refinement resulted from the synergistic effect
of the elevated Zr content (1.25 wt.%) and the optimized
heat-treatment parameters. Zirconium acts as a strong
grain refiner in magnesium alloys, providing heterogene-
ous nucleation sites for a-Mg grains during solidification
[16]. Differential thermal analysis (DTA) identified the
melting temperature of the pseudoeutectic at 571.4 °C,
which guided the choice of a homogenization temperature
of 560 °C — high enough to ensure complete dissolution
of the (Mg, Zn)12Nd eutectic phase while avoiding the risk
of incipient melting.
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Figure 3. Microstructure of Mg-3.15Nd-1.25Zr-0.6Zn and
ML10 alloys. (a) Macrostructure showing uniform grain distri-
bution, x5; (b) ML10 microstructure with secondary phase
particles at grain boundaries, x100; (c) developed alloy with
refined grains and clean boundaries, x100

The most important microstructural feature of the
developed alloy is the presence of clean grain boundaries
free from continuous networks of grain-boundary precipi-
tates (Fig. 3a). In contrast, ML10 is characterized by
extensive decoration of grain boundaries with coarse
pseudoeutectic (Mg, Zn)i2Nd phases (Fig. 3b). These
boundary phases act as preferential corrosion sites and
stress concentrators [17]. In the developed alloy, the grain
boundaries instead contain fine, uniformly distributed
Zn.Zrs particles together with metastable B” secondary-
phase precipitates, which provide effective dispersion
strengthening without degrading corrosion resistance.

The developed alloy exhibited superior mechanical
properties compared with ML10 for all measured parame-
ters (Table 2).

Its ultimate tensile strength of 309 MPa exceeds the
threshold typically required for load-bearing orthopaedic
applications [18]. More importantly, the yield strength of
252 MPa exceeds the minimum level recommended for
osteosynthesis screws in clinical use. The simultaneous
improvement in ductility (7.9% elongation compared with
3.5% for ML10) is particularly noteworthy, given that
bioresorbable implants are often prone to embrittlement
during degradation [17].

These improvements can be attributed to three con-
current strengthening mechanisms:

1. Grain boundary strengthening via the Hall-Petch
effect. Grain refinement increases the yield strength in
accordance with the Hall-Petch relationship, as the higher
grain-boundary area in fine-grained microstructures pro-
vides more effective barriers to dislocation motion [15].
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Table 2 — Comparative mechanical properties

Property Developed ML10 Improve-
alloy ment

Grain size (um) 57+4,7 115+9,1 -50 %
Ultimate  tensile o
strength (MPa) 309+6,5 235+5,0 +31 %
Yield  strength o
(MPa) 252+6,5 19045,0 +33 %
Elongation to o
failure (%) 7,9+0,65 3,5+0,5 +126 %
Residual UTS
after 3 months 206124 94+2 +119 %
(MPa)
Sotrength retention 6648 4042 +65 %
(%)

2. Solid-solution strengthening. The higher neodym-
ium content (3.15 wt.% vs. 2.5 wt.% in ML10) together
with the increased zinc content (0.6 wt.% vs. 0.4 wt.%)
markedly contributes to strengthening via lattice distor-
tion. Neodymium has a relatively high solubility in mag-
nesium and, owing to its larger atomic radius, generates
significant local lattice strain.

3. Dispersion strengthening. Complete dissolution of
the pseudoeutectic during homogenization, followed by
controlled ageing, produced a higher volume fraction of
fine Zn:Zrs and B” secondary-phase particles compared
with ML10. These coherent or semi-coherent precipitates
impede dislocation motion through the Orowan mecha-
nism.

The elimination of coarse secondary-phase particles
at grain boundaries also removes preferred crack-
initiation sites, which explains the improved ductility.
Fractographic analysis revealed predominantly transgran-
ular dimpled fracture in the developed alloy, in contrast to
the intergranular brittle fracture observed in ML10, cor-

roborating the beneficial effect of clean grain boundaries
on fracture toughness.

Long-term mechanical integrity during degradation
represents a critical differentiating factor for bioresorba-
ble orthopaedic implants [19]. The developed alloy re-
tained 58-76 % of its initial strength after three months of
immersion in simulated biological fluids — an improve-
ment of 45-90 % relative to the 40% retention observed
for ML10 (Fig. 4).

Even under the most aggressive test conditions
(Venofundin, pH 5.5), the developed alloy maintained an
ultimate tensile strength of 182 + 18 MPa after 90 days,
sufficient for load-bearing function throughout the critical
period of ankle fracture consolidation.

This superior property retention can be attributed to
two microstructural factors:

First, the absence of continuous secondary-phase
particles at grain boundaries eliminates the most aggres-
sive corrosion pathway. In ML10, galvanic couples form
between the a-Mg matrix (anode) and (Mg, Zn):2Nd sec-
ondary-phase particles (cathode), creating preferential
attack channels along grain boundaries [20]. This leads to
rapid intergranular corrosion and premature mechanical
failure even at modest overall mass loss.

Second, the refined grain structure (57 pm versus
115 um) paradoxically improves corrosion resistance
despite the increased grain boundary area. Finer grains
promote more uniform formation of the protective
Mg(OH)/MgO film and reduce the size of local galvanic
cells [21].

Bioresorbable implants in vivo are exposed to di-
verse chemical environments ranging from neutral pH in
healthy tissue to acidic conditions at sites of inflammation
or hematoma [22]. Table 3 summarizes the corrosion
kinetics and evolution of mechanical properties.
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Figure 4. Biaxial plot of ultimate tensile strength retention (MPa) versus time (weeks) for both alloys in all three solutions, with
cumulative mass loss (%)

© Mykyta Aikin, Vadym Shalomeev, Yevhen Vyshenko, 2026

DOI 10.15588/1607-6885-2026-2-2

OPEN 8 ACCESS

19



20

p-ISSN 1607-6885 New materials and technologies in metallurgy and mechanical engineering. 2026/2
e-ISSN 2786-7358 New materials and technologies in metallurgy and mechanical engineering. 2026/2

Table 3 — Degradation characteristics in model bio-
logical fluids (90-day immersion)

. CR? Residual UTS . 0
Solution (mmiyear) (MPa) Residual El. (%)
Developed Mg—3.15Nd-1.25Zr-0.6Zn
Celofl- | 04520,05 | 198412 (64 %) | 52108 (65 %)
s’l\;‘l’ir;ga' 0,5240,06 | 230%15 (76 %) | 6,8+1,0 (86 %)
Veno- | ) 68+0,08 | 182+18 (58 %) | 4,040.9 (50 %)

fundin

ML10
gﬁ'e‘)f“' 0,78:0,08 | 983 (42%) | 1,20,2 (40 %)
Normal | 4 6510,00 | 952 (40%) | 1,240.2 (40 %)
saline
Veno- | 1154012 | 89+4(38%) | 1,1402 (37 %)
fundin

Note: @Corrosion rate determined by gravimetric mass loss.

Values represent mean + SD (n = 3). Parenthetical percent-
ages indicate retention relative to initial properties (Table 2).
El. = elongation to failure.

The developed alloy consistently exhibited 39-42%
lower corrosion rates across all test solutions compared
with ML10. This improvement is particularly significant
in acidic Venofundin (0.68 mm/year versus 1.12 mm/year
for ML10), a 39 % reduction, which simulates the in-
flammatory microenvironment of early postoperative
healing.

Degradation rates varied systematically with solu-
tion composition, ranging from slowest in protein-
containing Gelofusine (0.45 mm/year), to intermediate in
physiological saline (0.52 mm/year), to fastest in acidic
Venofundin (0.68 mml/year). This trend reflects three
distinct corrosion-modifying mechanisms.

In Gelofusine, albumin and other plasma proteins
adsorb onto the magnesium surface, forming a semi-
protective organic layer that partially impedes electrolyte
access to the underlying metal [22]. For ML10 in this
medium, the corrosion rate reached 0.78 mm/year, 73%
higher than the experimental alloy, indicating that protein-
mediated passivation is less effective on this alloy's sur-
face.

In physiological saline, the absence of proteins elim-
inates this organic barrier, resulting in moderately accel-
erated degradation (0.52 mm/year for the developed alloy
versus 0.85 mm/year for ML10). Nevertheless, the neutral
pH permits rapid formation of a stable Mg(OH). layer,
which provides partial surface protection.

In acidic Venofundin (pH 5.5), proton reduction be-
comes the dominant cathodic reaction, accelerating over-
all corrosion to 0.68 mm/year for the developed alloy and
1.12 mm/year for ML10. Moreover, the acidic environ-
ment continuously dissolves the protective Mg(OH):
layer, preventing the establishment of a stable barrier.

The interrelationship between microstructure, degra-
dation mode, and mechanical property retention is well
established in the magnesium alloy literature [20].
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Coarse-grained alloys exhibiting extensive second-
ary phase precipitation along grain boundaries, such as
ML10, are susceptible to severe intergranular corrosion,
with penetration depths reaching 150-200 um following
prolonged exposure, as the grain boundary networks serve
as preferential corrosion pathways. This attack pattern
results in catastrophic loss of load-bearing cross-section
and premature mechanical failure. In contrast, alloys
possessing fine-grained microstructures with homogene-
ous alloying element distribution exhibit uniform surface
corrosion with limited penetration depth (<50 um), there-
by preserving the structural integrity of the bulk material
[20].

This difference in corrosion morphology directly ac-
counts for the observed dissolution kinetics in plasma
substitute media. Intergranular attack generates internal
fissures that act as stress concentrators, inducing brittle
fracture at loads substantially below the nominal strength
of the residual material, a mechanism consistent with the
pronounced strength deterioration of ML10 to 38-42% of
initial values across all model solutions. Conversely,
uniform surface recession maintains a defect-free cross-
section, enabling the material to sustain loads proportional
to its remaining cross-sectional area, thus explaining the
retention of 58-76% of initial strength in the developed
alloy, depending on environmental aggressivity.

The ultimate criterion for success in bioresorbable
orthopaedic implants is controlled degradation synchro-
nized with bone healing kinetics. An ideal bioresorbable
screw should provide maximal mechanical support during
the early healing phase (weeks 0-6), then progressively
transfer load to the regenerating bone as it gains strength
(weeks 6-16).

Table 4 quantifies the requirements for each healing
stage and evaluates both alloys against these benchmarks.

During Phase 1 (weeks 0-6), only a soft fibrous cal-
lus with minimal mechanical competence is present at the
fracture site; accordingly, the implant must bear virtually
100% of applied loads. Both alloys initially satisfy this
requirement, although ML10 affords a narrower safety
margin.

The critical distinction emerges in Phase 2 (weeks
6-12), when hard callus formation commences but bone
strength remains below 150 MPa. The developed alloy
maintains 195-230 MPa throughout this period, sufficient
for safe load sharing between implant and healing tissue.
In contrast, ML10 degrades to 140-160 MPa, creating a
biomechanical mismatch wherein the implant can no
longer adequately support applied loads [18].

By Phase 3 (weeks 12-20), the bone has developed
sufficient lamellar architecture to assume the majority of
loading, requiring only >120 MPa residual strength from
the implant. The developed alloy comfortably maintains
this threshold (120-180 MPa), whereas ML10 has de-
graded to 85-95 MPa, below the safety limit.

Phase 4 (weeks 20-32) corresponds to complete
bone union, at which point the implant should ideally
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undergo degradation to permit natural bone remodelling.
The developed alloy achieves controlled degradation
within this timeframe, whereas ML10 frequently fails
prematurely.

Table 4 — Healing phase requirements versus alloy
erformance characteristics

Regene- Implant
Healing phase Timeframe rating bone strength
strength? threshold
Healing Phase Requirements
Inflammation /| \yeers 0-6 | 50-80 MPa | >250 MPa
soft callus
Hard callus | Weeks 6— 120-150
formation 12 MPa ~180 MPa
Bone remodel- | Weeks 12— 180-220
ling 20 MPa >120 MPa
Complete union Weel;; 20= 1 2200 MPa | <100 MPac
Alloy Performance Evaluation
Healing phase Developed alloy ML10 status

status

Inflammation /

v 260-309 MPa v 240-260 MPaP

soft callus

Hard callus

formation v 195-230 MPa | X 140-160 MPa
B del-

Iir(])ge remode v 120-180 MPa X 85-95 MPa

Complete union

v Controlled
degradation

X Premature
failure

Note: 2Estimated compressive strength of regenerating fracture
callus based on published biomechanical studies.

bMarginal compliance; lower-bound values approach
threshold.

Upper limit; implant should degrade below this threshold
to permit physiological loading of healed bone.

v/ = requirement satisfied; X = requirement not met. Pro-
jected implant strengths extrapolated from 90-day immersion
data (Table 3).

Conclusions

1. Microstructural achievement. The developed Mg-
3.15Nd-1.25Zr-0.6Zn alloy achieved 50% grain refine-
ment (57+4.7 pm versus 115+9.1 um in ML10) and com-
plete elimination of continuous secondary phase networks
at grain boundaries through synergistic effects of elevated
Zr content (1.25 wt.%) and optimized two-stage heat treat-
ment (homogenization at 560 °C/8h + ageing at 200 °C/16
h). The resultant microstructure is characterized by clean
boundaries with fine, uniformly distributed Zn.Zrs and B"
precipitates.

2. Mechanical performance. Ultimate tensile
strength of 309+6.5 MPa and elongation of 7.9+0.65%
represent improvements of 31% and 126%, respectively,
over ML10, while yield strength of 252+6.5 MPa exceeds
clinical requirements for load-bearing osteosynthesis
screws. These enhancements result from three concurrent
strengthening mechanisms: Hall-Petch grain boundary
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strengthening, solid solution strengthening from Nd and
Zn, and Orowan dispersion strengthening from coher-
ent/semi-coherent dispersoids.

3. Controlled degradation synchronized with bone
healing. The alloy retained 58-76% of initial strength
after three months (depending on solution) versus 38-
42% for ML10, maintaining >180 MPa throughout the
critical 12-week hard callus formation period across all
tested physiological solutions (Gelofusine: 0.45 mm/year;
physiological saline: 0.52 mml/year; Venofundin: 0.68
mm/year) — representing a 39-42% reduction in corrosion
rate compared with ML10 (0.78-1.12 mm/year). This
degradation timeline aligns with bone healing Kinetics:
adequate support during inflammation/soft callus phases
(weeks 0-6), critical load-bearing capacity during hard
callus formation (weeks 6-12), and controlled degrada-
tion during remodelling (weeks 12-20).

4. Mechanistic understanding. The superior corro-
sion resistance despite finer grain structure (increased
boundary area) results from two interrelated mechanisms:
(a) elimination of galvanic corrosion pathways through
complete dissolution of anodic (Mg, Zn)i2Nd grain
boundary networks, and (b) refined grain size promoting
uniform protective Mg(OH)/MgO film formation while
reducing local galvanic cell dimensions. The developed
alloy exhibits uniform surface corrosion (<50 um penetra-
tion) versus catastrophic intergranular attack in ML10
(150-200 pm), which accounts for the divergent mechani-
cal property retention despite comparable overall mass loss.

5. Industrial scalability. The processing route: cruci-
ble melting, casting into a water-cooled copper mould at
25-30 °C/s, and two-stage heat treatment in standard
furnaces, demonstrated reproducible microstructure and
properties in industrial trials on threaded malleolar screws
of three sizes (3.5, @4.0, @4.5 mm), confirming compat-
ibility with existing manufacturing infrastructure.

6. Path to clinical translation. Although this study
confirms controlled degradation in model biological fluids
and biomechanical alignment with bone healing phases,
clinical implementation requires: (a) in vivo animal stud-
ies to evaluate tissue response, hydrogen management,
and systemic distribution of degradation products; (b)
fatigue property characterization under cyclic physiologi-
cal loading; (c) evaluation of surface modification strate-
gies (coatings, micro-arc oxidation); and (d) completion
of biocompatibility protocols in accordance with 1SO
10993 and ASTM F3160.

7. Broader implications. This work demonstrates
that rational grain boundary engineering through compo-
sitional optimization (Zr modification + Nd stabilization +
Zn strengthening) and controlled thermal processing can
yield industrially viable biodegradable magnesium alloys
with degradation timelines synchronized to tissue healing.
The approach is extensible to other temporary load-
bearing applications in orthopaedic and cardiovascular
devices requiring predictable mechanical support during
regeneration followed by controlled resorption.
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MIKPOCTPYKTYPA, MEXAHIYHI BJIACTUBOCTI TA KOHTPOJIBO-
BAHA JET'PAJALIA BIOPO3YUHHOI'O CIIVIABY
MG-3,15ND-1,25ZR-0,6ZN AJSA IMIIJIAHTIB OCTEOCHUHTE3Y: IPOMMU-
CJIOBA TEXHOJIOI'TA TA ITIOPIBHAJIBHA OIIHKA 31 CIIVIABOM MJI10
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Mema. Oyinumu MIKpOCMPYKMypy, MEXAHIYHI IACTUBOCMI MA 0e2padayitiHy N08ediHKY OIOPOZUUHHO20 CNIA8Y
Mg-3,15Nd-1,25Z7r-0,6Zn (mac.%), sucomoeieno2o 3a npoMUcio80 CyMICHOI MEXHOROIEN, MAd NPOOEMOHCIPYEAmMU
tio2o nepesazu Hao cnaasom MJIL0 ons ocmeocunmesy 3 Kinemukorw 0ecpadayii, CUHXPOHI308AHOIO i3 320E€HHAM KICKU.

Memoou odocnidscennsn. Mixpocmpykmypy Oocrioxcysanu memooamu onmuunoi mikpockonii (Neophot 32,
OLYMPUS IX 70) ma CEMIE/IC (SELMI PEM-106l). Posmip 3epna susnauanru memooom nepemunis (1ISO 643:2024).
Mexaniuni énacmusocmi eumipiosanu na mawuni INSTRON 2801 (ASTM B557, ISO 6892-1) y mepmiuno obpobaenomy
cmani ma nicas 90-006060i eumpumxu y Ienopysuni (pH 7,4), Bernogynouni (pH 5,5) ma ¢izionroziunomy posuuni npu
36 = 1 °C. Ilsudkicms xoposii eusHauaniu epagimempuyHum memooom. Tepmiuny ob6podKy npogoounu 8 ammocgepi
apeony y neuax Bellevue ma I[TAII-4M. IIpomucnosi 6unpo6yeanis GUKOHAHO HA KICMOYKOBUX 28UHMAX MPbLOX MUNO-
posmipie na AT «Momop Ciuy.

Pesynomamu. Ilicisa iumms y 80000x0100xcysany miony sunuenuyio (25-30 °C/c) ma osocmynenesoi mepmiunoi

06pobku (560 °C/8 200 + 200 °C/16 200) cnnas mae posmip sepua 57 + 4,7 mxm (na 50% menwe 3a MJ110) 3 yucmumu
MedCaMU, o MICMAMb OUCnepcHi yacmunku ZNn:Zrs ma B" samicmo bes3nepepsnux mepesic (M9,Zn):2Nd. I'panuys miy-
Hocmi — 309 = 6,5 Mlla, epanuys mexywocmi — 252 + 6,5 Mlla, nodoescenna — 7,9 + 0,65%, wo na 31%, 33% ma
126% suwe 3a MJI10. [llsuoxocmi koposii (0,45—0,68 mm/pix) na 39-42 % nuowcui 3a MJI110. Iicas 90 0i6 cnaag 36epie
58-76 % nouamkoeoi miynocmi (182-230 Mlla), niompumyrouu >180 MIla npomszom kpumuunozo 12-mudicHe02o
nepiody, npomu 3842 % ona MJI10. [Ipomuciosi sunpoOysanHs HA MpPbOX MUNOPOIMIPDAX 26UHMIE NIOMEEePOUNU
8i0mMBOPI0GAHICIY.

Haykosa noeu3na. Bnepuie cucmemamuuno OyiHeHno 63A€MO38'130K MIKpOCMPYKMYPU, MEXAHIYHUX 8ACMUBO-
cmeti ma xinemuxu oezpadayii cniagy Mg-3,15Nd-1,25Zr-0,6Zn y mpwox Giorociunux piounax iz nopisusnuam 3 MJI110
ma 8uUMo2amu 3a20€nHs Kicmku. Bemanoeneno, wo ycynenns migczepennux mepedc (Mg,Zn)2Nd pazom i3 noopi6uen-
HAM 3epHA 00 57 MKM 3MIHIOE MeXauizm Kopo3sii 3 miswckpucmanimuozo (150-200 mkm) Ha pieHOMIpHUL NOSepXHesUl
(<50 mrm), 3abe3neuyroyu cunxponizayiro deepadayii 3i cmaodismu 3a20€HHA.

Ilpakmuuna yinnicmo. Ilpomuciogo macumabosany mexHono2iio 6anio08ano y O00CHLOHOMY GUPOOHUYMEI
KICMOYKOBUX 26UHMIE MPbOX MUNOPOIMIPIE 13 UKOPUCHIAHHAM CIAHOAPMHOI MU2ENbHOT NIABKU, TUMMs Y MIOHY 6U-
JUBHUYIO MA KOHBeHYIliHOI mepmiunoi 06pobku. Cnias 3abe3neuye 00CmMamuiil 3anac MiyHOCMI NPOMA2OM YCIX Kpu-
muuHux ¢gpaz 3aeoenns (muocni 0—-20), nepesepuwiyrouu MJ110 ma 8ionogioarouu OOKIHIYHUM 8UMO2am 00 Di0decpadyio-
YUX OpMONEeOUYHUX iKcamopis.

Kniouosi crosa: 6iodezpadyrouuii maeniesuil cnias, cucmema Mg-Zr-Nd-Zn, ocmeocunmes, mikpocmpykmypa,
MexaHiuHi gnacmugocmi, OI0KOpPO3is, KOHMPOLLOBAHA 0e2padayis, 3a20€HHs KICmKU, Kicmoukosutl 2eunm, cniag MJI10.
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STUDY OF THE STRUCTURE AND PROPERTIES OF WORKING BLADES
OF AIRCRAFT GAS TURBINE ENGINES MADE OF
HEAT-RESISTANT NICKEL ALLOY ZhS26-VI

Purpose. To study the macro- and microstructural condition of VK-2500 gas turbine engine rotor blades in their
original condition and after various processing stages. To evaluate their mechanical properties and long-term strength.

Research methods. The material quality of first-stage gas turbine engine rotor blades made of Zhs26-VI heat-re-
sistant nickel alloy was studied in their original condition and after hot isostatic pressing (HIP), as well as after HIP and
standard heat treatment. Luminescence testing of the blades was performed using the LUM1-OV method. Microstructure
examination was performed using optical microscopy (Neophot-32 microscope) and scanning electron microscopy (JSM
T-300 microscope).

Mechanical properties at room temperature were determined in accordance with 1SO 6892-84 and ST SEV 471-88,
and heat resistance parameters were determined in accordance with DSTU 1SO 204:2019.

Results. Metallographic studies revealed that the microstructure of the rotor blades is single-crystalline, with the
main structural components being: y~ solid solution with the presence of the intermetallic y“ phase, the eutectic (»-7)
phase, carbides, and carbonitrides. A reduction in the size of the structural components is observed in the microstructure
of the blades after HIP.

Scientific novelty. New data on the structure and phase composition of the rotor blade material for aircraft gas
turbine engines have been obtained. Heat treatment under standard conditions after HIP corresponds to almost complete
recrystallization of the strengthening intermetallic - phase, which consists of dissolution of the y~ phase in the » matrix
and its re-precipitation as dispersed particles of cubic morphology.

Practical value. It has been shown that hot isostatic pressing in combination with standard heat treatment provides
the most favorable combination of strength and ductility properties, as well as long-term durability of blades.

Key words: superalloys, gas turbine blades, homogenization, hot isostatic pressing, intermetallic y”-phase.

Technological support for the performance character-

Introduction

The development of aircraft and stationary gas tur-
bine engineering requires improved performance parame-
ters for gas turbine engines (GTEs), specifically turbine in-
let temperatures, increased specific power, and increased
efficiency and service life [1].

The reliability and durability of a GTE primarily de-
pend on the performance parameters of the materials used
to manufacture the most critical GTE components — the ro-
tor blades and nozzle vanes. Heat-resistant nickel-based al-
loys are the most common materials used to manufacture
these components. Such materials are typically referred to
as “superalloys” [2-7].

© Serhii Puchek, Sergiy Byelikov, 2026
DOI 10.15588/1607-6885-2026-2-3

istics of GTE components shapes approaches to achieving
the required material parameters for GTEs [8-10]. For
modern GTEs, the optimal material for both cooled and un-
cooled rotor blades is high-strength cast nickel alloys, one
of which is the ZhS26-VI alloy [10, 15].

One of the characteristic defects of the cast structure
of blades with very complex geometry is the presence of
internal shrinkage defects [13]. Hot isostatic pressing
(HIP) is often used to eliminate such defects [12, 14].

Material and Methodology

The chemical composition of the experimental alloys
was determined using a spectral analyzer on an ARL-4460
quantometer.
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The material quality of first-stage rotor blades for the
VK-2500 gas turbine engine, cast from ZhS26-V1 heat-re-
sistant nickel alloy using high-speed directional solidifica-
tion (HSDS), was studied:

Variant “1” — after hot isostatic pressing (HIP);

Variant “2” — after HIP and heat treatment using the
standard procedure (homogenization at 1265+10°C for 1
hour 15 minutes, vacuum).

The studies were compared to similar blades without
the HIP procedure — variant “0”.

The HIP process was conducted under actual produc-
tion conditions at Motor Sich JSC using the following pro-
cedure [10]:

- Initial pressure in the high-pressure furnace: 51
MPa;

- Heating from room temperature to T=1040+10 °C
at a rate of 90 °C/min;

- Holding at 1040 °C for 1 hour;

- Pressure in the high-pressure furnace at 1040 °C:
120 MPg;

- Heating to 1250+10 °C at a rate of 5 °C/min;

- Holding at 1250£10 °C for 1.5 hours;

- Pressure in the high-pressure furnace at 1250 °C:
170 MPa;

- Cooling of castings to 800 °C at a rate of 30 °C/min.

The chemical composition of the rotor blades re-
ceived for testing (variant “0”, “1”, and “2”) is presented
in Table 1.

Luminescence testing of the root axial section and the
airfoil cross-section was performed using the LUM1-OV
method.

Microstructure  was examined using optical
(Neophat-32 microscope) and scanning electron micros-
copy (JSM T-300 microscope) on unetched and etched mi-
crosections cut from rotor blades.

The state of the strengthening intermetallic y'- phase
in the axes and interaxial spaces of the airfoil and airfoil
dendrites of rotor blades tested in variants “0”, “1” and “2”
was studied on microsections after electrolytic etching in a
reagent consisting of 80 ml of HsPO4 and 10g of CrOg, us-
ing a JSM T-300 scanning electron microscope.

Mechanical properties at room temperature (tensile
strength, relative elongation and contraction) were deter-
mined in accordance with DSTU I1SO 6892-84 and ST SEV
471-88, and heat resistance indicators in accordance with
DSTU ISO 204:2019 on a DST-500 test bench at a temper-
ature of 975 °C and a load of 260 MPa until complete de-
struction.

Research Results

Inspection of the blades received for testing revealed
that the blade surfaces before HIP (variant “0”) and after
HIP and heat treatment (variant “2”) had a light gray matte
color (Fig.1a, b, d, e, f). After HIP (variant “1”), the blade
surfaces were dark gray (Fig.1c, d).

A metallographic examination of the blade surfaces
after hot isostatic pressing (variant “1”) revealed dark-gray
non-metallic inclusions, characteristic for oxides, penetrat-
ing to a depth of ~10 um (Fig. 2).

The blade surfaces before HIP (variant “0”) and after
HIP + heat treatment at 1265 °C (variant “2”) show virtu-
ally no oxidation. The absence of oxidation on the surfaces
of parts processed using variant 2 is due to the use of mi-
cropowder blasting on the outer surface during preparation
of the blades for heat treatment, as well as vacuum cleaning
of the surface during high-temperature vacuum treatment
after HIP.

X-ray spectral microanalysis (XSMA) of rotor blades
in their original cast condition (before HIP, without heat
treatment — Fig. 3), and those after HIP (without subse-
quent heat treatment — Fig. 4) showed that the oxygen, alu-
minum, titanium, and carbon content on the surfaces of the
parts after HIP is approximately three times higher than the
concentrations of these elements on the surfaces of the
original blades (before HIP). The increase in the concen-
trations of these elements on the surface of blades that un-
derwent HIP indicates oxidation due to the use of insuffi-
ciently pure argon during the HIP process.

Furthermore, the simultaneous application of high
temperatures (1250 °C) and pressures (170 MPa) during
isostatic pressing leads to intense diffusional mass transfer
of aluminum and titanium atoms from the center to the sur-
face, forming layers enriched with these elements on the
alloy surface. This is also consistent with literature data on
the diffusion of aluminum and titanium in nickel [4].

Luminescence testing using the LUM1-OV method in
the axial section of the root and the cross-section of the air-
foil of the incoming blades revealed that the blades before
HIP exhibited a glow in the form of multiple small, brightly
luminous dots (Fig. 5a, b). No phosphor glow was detected
in similar sections of blades after HIP (Fig. 5c, d, e).

Metallographic examination revealed that the micro-
structure of the rotor blades submitted for examination is
single-crystal. The main structural components are a vy-
solid solution with the presence of intermetallic y'-phase, a
eutectic phase (y-y’), carbides, and carbonitrides
(Figure 6).

Table 1 — Chemical composition of the rotor blades tested, made of ZhS26-VI alloy

. Contents of elements, %
Variant
C Cr Co W Al Ti Mo Fe Nb Si \Y
0 0,15 4,68 8,95 12,00 6,10 0,89 1,04 <0,5 1,48 <0,2 1,04
1 0,14 4,77 9,03 11,72 6,10 0,90 0,91 <0,5 1,46 <0,2 0,91
2 0,14 4,76 9,07 11,59 5,94 0,90 0,99 <0,5 1,46 <0,2 0,99
Norms 0,12- 4,3- 8,0- 10,9- 5,5- 0,8- 0,8- < 14- < 0,8-
TY1-92-177-91 0,18 5,6 10,0 12,5 6,2 1,2 14 1,0 1,8 0,3 1,2

© Serhii Puchek, Sergiy Byelikov, 2026
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a—from the side of the trough  before HIP — variant “0” b — from the back

e —from the side of the trough after HIP + HT - variant “2” f—from the back

Figure 1. External appearance of rotor blades before (a, b) and
after (c, d) hot isostatic pressing (HIP), as well as after HIP and
subsequent heat treatment at 1265 °C (vacuum) (e, f)

¢ — from the side of the trough after HIP — variant “1” d — from the back

Figure 2. Microstructural condition of the rotor blade surface
after HIP — variant “1”, x650

4 — X350 | b— x450
Ne points C 0 Al Ti \Y Cr Co Ni Nb Fe Mo W
001 5,09 5,56 13,89 1,71 0,90 4,54 8,05 54,06 | 0,83 1,15 4,23
003 5,31 6,92 14,64 1,88 5,75 7,76 48,89 2,19 1,09 5,57

Figure 3. Results of X- ray microanalysis of the surface of a working blade made of ZhS26-VI(HSDS) alloy before the HIP
operation: a — blade root; b — blade airfoil

a-x350 S b— x450

Ne points C (0] Al Ti V Cr Co Ni Nb Mo W
003 4,87 17,00 33,50 16,91 1,69 6,07 9,12 6,35 1,13 3,35
005 5,37 19,59 31,65 16,78 2,87 3,52 0,86 8,46 6,76 1,60 2,56

Figure 4. Results of X-ray microanalysis of the surface layer of a working blade made of ZhS26-VI(HSDS) alloy after the HIP oper-
ation: a — blade root; b — blade airfoil
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e

Figure 5. External appearance of rotor blades in the axial section of the root section (a, c, €) and in the cross-section of the airfoil

(b, d, f) under a radiation source:

a, b —variant “0” — before HIP; ¢, d — variant “1” — after HIP; e, f — variant “2” — after HIP and heat treatment

d x 200

f x 500

Figure 6. Microstructure of a rotor blade before the HIP operation — variant “0”: a, b, ¢ — airfoil; d, e, f — root

The microstructure of rotor blades after HIP shows a
reduction in the size of the structural components com-
pared to the blades before the HIP operation. The size of
the structural components, as well as the distance between

© Serhii Puchek, Sergiy Byelikov, 2026
DOI 10.15588/1607-6885-2026-2-3

the axes of the second-order dendrites in the blade airfoil,
differs slightly from the microstructure parameters in the
root section (Table 2).
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A microstructural study revealed that during hot iso-
static pressing (HIP) at 1250 °C and 170 MPa (variant 1),
significant dissolution and recrystallization of the eutectic
phase (y-y") occurred. Coagulated y'- phase particles were
observed in the interdendritic spaces. The microstructure
of the rotor blade material after HIP is satisfactory, corre-
sponding to the approved microstructure scale without
overheating (Figure 7).

During a microstructural study using optical and
scanning electron microscopy on etched microsections cut
from rotor blades that had undergone the HIP operation
(variant “1”), crater-shaped zones in the form of concentri-
cally located elongated particles of the strengthening inter-
metallic y’-phase, characteristic of a “raft” structure [10]

(Figure 8), were identified in areas of complete or partial
“healing” of micropores. Similar areas characterized by the
formation of a “raft” structure were also found around
some MC-type carbides (Figure 9). It was found that, as the
center of these regions approaches, corresponding to the
direction of the resulting stresses, an increase in the density
and distortion of intermetallic particles, whose size ranges
from 0.22 to 0.27 pum, is observed. Consequently, as a re-
sult of plastic deformation initiated by the hot isostatic
pressing process, the concentration of distortions of struc-
tural components within the local volume of the material,
in zones adjacent to micropores, carbides, etc., increases
significantly.

Table 2 — Parameters of the structural components of rotor blades made of ZhS26-VI(HSDS) alloy

Dimensions of structural components, pm
Material condition carbides eutectic type micropores
globular type MS eutectic type MsC (rv)
. - 8...15
original airfoil 2...6 . 8...14 6...43
(wi%hout HIP) (single up to 35)
before heat treatment root 3...15 . 10...18 8...16 10...60
(single up to 40)
L. 8...14
after HIP airfoil 15...8 (single up to 28) 6...12 -
without heat treatment 8...16
root 2...12 (single up to 30) 8...15 -
. 6...14
after HIP airfoil 15...6 . 4...10 -
without heat treatment heat (smgI: u;i éo 20)
treatment root 2...12 . 5...14 -
(single up to 35)
. . , g
a x 200 b x 500
e e e -
- ; g 3 - i
B ' !.-1'1 , ~ e =
v & f : i
a0
I . »
5 .k. * :'- r " r .d - e
¢ x 200 d x 500

Figure 7. Microstructure of the airfoil (a, b) and root (c, d) of a rotor blade after HIP — variant “1”: a, ¢ — before etching;
b, d — after etching

© Serhii Puchek, Sergiy Byelikov, 2026
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Figure 8. “Raft” structure in the material of working blades after the HIP operation in the areas of “healing” of micropores: «, b, c, d
— optical microscopy — x 700; e, f, g, h — scanning electron microscopy — x 7500

Figure 9. “Raft” structure in rotor blade material after HIP around MC-type carbides, x 700
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In the “healed” zones of micropores, along with small
intermetallic particles, a cluster of coagulated elongated y'-
phase particles measuring 1.1-2.2 um is also observed.

The size of individual micropores detected after HIP
does not exceed ~ 0.2 um, which is approximately 100-
300 times smaller than the pores found in the blades before
HIP. Heat treatment according to the standard mode after
gas-static treatment (variant “2”) promotes almost com-
plete recrystallization of the strengthening intermetallic y'-
phase, which consists of dissolution of the y'- phase in the
y'- matrix and its repeated precipitation in the form of dis-
persed particles of cubic morphology with the presence of
a small amount of coagulated intermetallic y'- phase pre-
cipitated in the interdendritic spaces (Figure 10).

The study of the state of the strengthening intermetal-
lic y'- phase in the axes and interaxial spaces of the airfoil
and root dendrites of rotor blades processed according to
variants “0”, “1”, and “2” revealed that in the original ma-
terial of cast blades (before HIP), the y'- phase particles
have a cubic morphology and form blocks consisting of
four particles. The size of the y- particles, measured along
the side of a square equivalent in area, in the dendrite axes
is mainly 0.38...0.57 um (Fig. 11a; Table 3). In the interax-
ial spaces of the dendrites, along with y'- particles measur-
ing ~ 0.6 um, there is a significant amount of coagulated
phase up to 1.5 um (Figure 11b).

No significant differences in the morphology and size
of the intermetallic phase precipitated in the blade's root
compared to its airfoil are observed.

In the blade structure after isostatic pressing, a refine-
ment of the intermetallic y'- phase is observed (Fig. 11c, d).

d x 100

e x 250

The size of the y'- particles is approximately half that of the
original alloy (see Table 3). In the blade material after iso-
static pressing, the precipitation of a small amount of y'-
phase microparticles measuring 0.07-0.1 um was detected,
as well as zonal interdendritic precipitates of coagulated
intermetallic particles reaching 2.57 pm in size.

During homogenization at 1265 °C for 1 hour 15
minutes, carried out after the isostatic pressing operation,
the particle sizes of the y'- intermetallic phase in the axes
and interaxial spaces of the dendrites were equalized (Fig.
11e, f). It should be noted that the alloy structure retains
zonal areas with the presence of coagulated y'- particles
measuring 1.1...2.86 pum, located between the axes (Fig.
12). The mechanical and heat-resistant properties were de-
termined on unheat-treated samples (@15 mm; L=135
mm), cast using the directional solidification method, as
well as after heat treatment according to the standard mode
(homogenization at a temperature of 1265+10 °C for 1 hour
15 minutes). The results of mechanical tests and long-term
strength tests are presented in Table 4.

Heat treatment according to the standard mode after
HIP (variant “2”) promotes increased ductility of the alloy,
while maintaining its strength and heat-resistant properties,
which is due to an increase in the structural homogeneity
of the alloy and the relaxation of stresses induced during
hot isostatic pressing.

The most favorable combination of strength and duc-
tility characteristics, as well as long-term strength, was
achieved in samples processed using the second method
(HIP + standard heat treatment).

b x 250

¢ x 500

f x 500

Figure 10. Microstructure of rotor blades after HIP and heat treatment — variant “2”: a, b, ¢ — airfoil; d, e, f — root
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Figure 11. State of the intermetallic y'- phase in the axes (a, ¢, €) and interaxial spaces of dendrites (b, d, f) of rotor blades cast from
the ZhS26-VI (HSDS) alloy, x 10000:

a, b — before the HIP operation (without heat treatment) — variant “0”; c, d — after the HIP operation (without heat treatment) —
variant “1”; e, f — after the HIP operation and heat treatment —variant “2”

Table 3 — Sizes of y/-phase particles in the material of rotor blades made of the ZhS26-VI alloy, manufactured in
accordance with variants “0”, “1”and “2”

- - - /.
Measurement area Particle size of the particles y/-phase, um
before HIP after HIP after the HIP + HT
0,20...0,27
axes 0,35...0,52 (microparticles — 0.07...0.09 pm) 0,20...0,25
! interaxle (coag%ﬁaft)gd.b(;’rgt’ﬁ:les— (micro arti(::'lzei“—.%gg 0.1 pm) (coagulated 0arzt?cle(s):—ggl 1...2.8 um)
up to 1.5 microns) P 00011 9 P s
0,21...0,29
axes 0.38...0,57 (microparticles — 0.07...0.09 pm) 021..0.25
> interaxle (coagucl)é?Sd.;’r?icles— (micro arti(z:'lzei“—.(()),?); 0.1 um) (coagulated g'rfiiié.s(),—sf 1...2.86 um)
up to 1.5 microns) P 2o DL 9 P L e

Figure 13 shows the fractographic structure of frac-
tures obtained during tensile testing of specimens cast from
the ZhS26-VI(HSDS) alloy — before the HIP operation, af-
ter HIP, and after HIP and standard heat treatment. It was

established that fracture of the specimens processed ac-
cording to different options during testing occurred along
the [001] crystallographic plane.
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DOI 10.15588/1607-6885-2026-2-3 OPEN amm




p-ISSN 1607-6885 Hoei martepiany i TEXHOJIOTIi B MeTanyprii Ta MammHoOyyBanHi. 2026/2
e-ISSN 2786-7358 New materials and technologies in metallurgy and mechanical engineering. 2026/2

Table 4 — Mechanical and heat-resistant properties of the ZhS26-V1 alloy before and after hot isostatic pressing

Mechanical properties at t=20°C Time to failure
Material condition . . ( Tuen.=975 °C, 1 6= 260 MPa),

o5, MPa 8, % v, % o hours
original 96,5 6,0 - 7020
(without HIP)
without heat treatment
original 92,5 24,0 18,5 5430
(without HIP) 120,7 12,8 10,7 59%
after standard heat treatment

103,2 6,4 8,99 57%

after HIP 1043 6.2 9.36 5700
after hot-pressing and standard 102,8 8,0 11,2 56%
heat treatment 102,9 11,2 11,6 630
Norms > 40,0
H28TY-190 > 850 > 6.0 ]

Figure 13. Fracture structure of specimens cast from the
ZhS26-VI (HSDS) alloy:
a — before the HIP operation (variant “0”); b — after the HIP op-
eration (variant “1”); ¢ — after the HIP operation and heat treat-
ment (variant “2")

Conclusions

1. Hot isostatic pressing (HIP) at 1250°C and 170
MPa (Variant 1) improves the quality of turbine blade cast-
ings made from ZhS26-VI (HSDS) alloy by stabilizing the
structure and properties due to a reduction in microporosity
during pore healing.

2. Heat treatment using the standard regime (homog-
enization at 1265 °C for 1 hour 15 minutes) after overpres-
sure treatment (Variant 2) improves the structural homoge-
neity of the alloy and relaxes stresses induced during HIP,
which has a positive effect on the ductility of the alloy
while maintaining its strength and heat-resistant properties.

3. Processing according to the 2nd option (HIP + ho-
mogenization at a temperature of 1265 °C for 1 hour 15
minutes) ensures the most favorable combination of
strength and plasticity characteristics, as well as long-term
strength.

© Serhii Puchek, Sergiy Byelikov, 2026
DOI 10.15588/1607-6885-2026-2-3

References

1. Chigrin, V. S. (2017). Design and strength of air-
craft engines. KhAl, 420.

2. Miller, H. E., & Chambers, W. L. (1987). Con-
structions of gas turbines and superalloys. In C. T. Sims,
N. S. Stoloff, & W. C. Hagel (Eds.), Superalloy Il: High
temperature materials for aerospace and industrial power
(2nd ed., pp. 27-56). John Wiley & Sons.

3. Reed, R. C. (2006). The superalloys: Fundamentals
and applications. Cambridge University Press.

4. Birosca, S., & Kolisnychenko, S. (Eds.). (2020).
Superalloys I1. Trans Tech Publications.

5. Hoppin G.S., Danak W.P. (1987). Future of Super-
alloys. Superalloys II: High-Temperature Materials for Aer-
ospace and Industrial Power Ed. By Chester T. Sims, Nor-
man S. Stoloff, William C. Hagel. New York, 543-561.

6. Betteridge W., Shaw S. W. K. (1987). Develop-
ment of superalloys. Materials Science and Technology.
Vol. 3. P. 682-694.

7. Hauffe K. (1981). Super Werkstoffe und ihre Ver-
fugbarkeit in der Zukunft. Metall6 35, 8, 737-744.

8. Boguslaev, V. A., Muravchenko, F. M.,
Zhemanyuk, P. D., et al. (2007). Technological support of
operational characteristics of gas turbine engine parts. Tur-
bine blades (Part 2, 2nd ed.). Motor Sich.

9. Zhemanyuk, P. D., Klochihin, V. V., Gnatenko, V.
0., et al. (2013). Study of the influence of hot isostatic
pressing and heat treatment on the structure and properties
of castings from heat-resistant nickel alloy ZhS6K-VI. Gas
Turbine Technologies, (6), 20-24.

10. Zhemanyuk, P. D., Klochihin, V. V., Lysenko, N.
A., & Naumik, V. V. (2015). Structure and properties of
cast blades of aircraft engines from heat-resistant nickel al-
loy ZhS26-V1 after hot isostatic pressing. Bulletin of En-
gine Building, (1), 139-146.

11. Zhemanyuk, P. D., Klochikhin, V. V., Hnatenko,
0. V., et al. (2013). Study of the effect of hot isostatic
pressing on the structure and properties of cast parts of air-
craft engines made of the heat-resistant nickel alloy
ZhS6K-VI. Gas Turbine Technologies, (6), 20-24.

OPEN 8ACCESS

33


https://www.google.com.ua/search?hl=ru&tbo=p&tbm=bks&q=inauthor:%22Chester+T.+Sims%22&source=gbs_metadata_r&cad=2
https://www.google.com.ua/search?hl=ru&tbo=p&tbm=bks&q=inauthor:%22Norman+S.+Stoloff%22&source=gbs_metadata_r&cad=2
https://www.google.com.ua/search?hl=ru&tbo=p&tbm=bks&q=inauthor:%22Norman+S.+Stoloff%22&source=gbs_metadata_r&cad=2
https://www.google.com.ua/search?hl=ru&tbo=p&tbm=bks&q=inauthor:%22William+C.+Hagel%22&source=gbs_metadata_r&cad=2
https://www.tandfonline.com/author/Betteridge%2C+W
https://www.tandfonline.com/journals/ymst20

34

p-ISSN 1607-6885 Hogi marepianu i TEXHOJIOTIi B METaIyprii Ta MammHoOyxyBaHHi. 2026/2
e-ISSN 2786-7358 New materials and technologies in metallurgy and mechanical engineering. 2026/2

12. Ospennikova, O. G., & Orlov, M. R. (2007). Im-
proving the properties of the heat-resistant alloy ZhS6U-
V1 by hot isostatic pressing and subsequent heat treatment.
Materials Science, (9), 32-36.

13. Orlov, M. R. (2008). Formation of pores in single-
crystal turbine blades during directional solidification.
Metals, (1), 70-75.

14. Myalnitsa, G. P., Verkhovlyuk, A. M., Narivsky,
A. V., Shynsky O. Y., Maksyuta I. I. (2023). Materials and

VK 621.74.045:669.715:669.018.25

technologies for blades of industrial gas turbine engines.
Naukova Dumka, 180. https://doi.org/10.15407/978-966-
00-1810-5

15. Puchek, S., & Byelikov, S. (2025). Structure and
properties of ZhS26-VI1 superalloy for production of re-
sponsible parts of gas turbine engines. New Materials and
Technologies in Metallurgy and Mechanical Engineering,
(4), 14-21. https://doi.org/10.15588/1607-6885-2025-4-2

Received 06.04.04.2026
Accepted 14.04.2026
Published 07.05.2026

AOCTH’KEHHSI CTPYKTYPHU TA BJJACTUBOCTEM POBOUYNX
JIOIMATOK ABIAHIMHUX I'A3OTYPBIHHUX /IBUI'YHIB I3
KAPOMIIHOI'O HIKEJIEBOI'O CIIJIABY 7KC26-BI

acmipaHT Kadeapu TpPaHCIOPTHUX TexHouorii HarioHansHOro yHiBepcuTeTy «3anopisbka
nosiTexHika», M. 3amopixoks, Ykpaina, e-mail: puchek777@gmail.com, ORCID: 0009-
0007-8077-6106

II-p TeXH. HayK, nmpodecop, mpodecop Kadeapy TpaHCIOPTHUX TeXHOIOTiH HanioHaapHOro
VHIBEPCUTETY  «3amopi3bka  IOJITEXHiKa», M. 3amopixoksd, Ykpaina, e-mail:
belikov@zp.edu.ua, ORCID: 0000-0002-9510-8190

Cepriit [Tyuex

Cepriit benikos

Mema pooomu. Busuumu mMaxpo- ma MikpoCmpyKmypHuti cman pobouux 10namox eazomypoinnoco osueyna BK-
2500 y suxionomy cmaui ma nicis piznoi mexnono2iunoi 0opooxu. Oyinumu pieeHb MeXaHiuHUX XapaKkmepucmux i mpu-
8a10 MIYHOCMI.

Memoou oocnioxcenns. [locniosicysanu sxicmo mamepiany pobouux ronamox 1-eo cmynens I'T]] i3 socapomiymnozo
nixenegoeo cnaagy KC26-BI y suxionomy cmani ma nicis eapsiwoeo izocmamuuno2o npecysanns (I'lll), a maxooic nicis
[T i cmanoapmuoi mepmiunoi 06poodxu. JlrominecyeHmuuii KOHMPOIbL TONAMOK 30iticHiosaiu memooom JIKOMI-OB.
Jocnidoicennss MiKpocmpykmypu npogoounu memooamu onmuunoi (mikpockon « Neophot-32») ma pacmpogoi enekmpon-
Hoi' mikpockonii (mikpockon «JSM T-300»). Mexaniuni enacmueocmi npu KiMHAMHIL MeMnepamypi 6UHA4aIU
6i0n06ioHo 00 IS0 6892-84 ma CT PEB 471-88, a noxasnuku sxcapomiynocmi — 6ionogiono 0o JJCTY ISO 204:2019.

Ompumani pesyromamu. Memanocpaghivnumu 00CaiONCEHHAMU BCMAHOBIEHO, WO MIKPOCMPYKIMYpa poboyux jio-
NAamox € MOHOKPUCATIYHOIO 3 OCHOBHUMU CIPYKMYPHUMU CKAA008UMU. Y™~ meepoull po3uuH i3 HAAeHicmI0 iHmepme-
manionoi y- gaszu, esmexmuunoi (y-y) ¢azu, kapoiois i kapbouimpudis. Y mikpocmpyxmypi ronamox nicas Il cno-
cmepieacmuvca 3MeHULeHHs PO3MIPI6 CMPYKMYPHUX CKAAO0BUX.

Haykoea noeuszna. Ompumano HO8I Oaui npo cmpykmypy ma azosuti ckiad mamepiany pobouux JIonamox
asiayitinozo I'T/]. Tepmiuna obpodka 3a cmanoapmuum pesxcumom nicaa I'll1 3a6e3neuye npakmuiuHo noeHy nepexKpu-
cmanizayiio 3MiYyHIOB8AILHOL IHMEePMemanionol ¥~ (asu, wo noasieac y po3uunHenti y- gasu 8 y- mampuyi 3 NOGMOPHUM it
BUOLIEHHAM Y 8UIA0T OUCNEPCHUX YACMUHOK KYOiuHOi MOpponosii.

Ilpakmuuna yinnicme. Ilokasano, wo eapsaye iz3ocmamuine npecy8anus y KOMOIHAYii 3i CMaHOapmHo0 mepmii-
HOW0 06p06KOI0 3a6e3neyye OMpUMAHHI HAUOITbUW CRPUSMAUBO20 NOEOHANHA MIYHICHUX | RAIACMUYHUX XAPAKMEPUCTIUK,
a maxKodic mpusanoi MiyHoCmi 10NAMOK.

Knwowuoei cnoea: cynepcnnasu, ronamku 2a3060i mypoinu, 2omozenizayis, sapsye i3ocmamuyne npecy8anus, in-
mepmemaniona y- gasa.
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PREDICTION OF MECHANICAL PROPERTIES OF 40KHMFA STEEL
BASED ON MULTIFRACTAL ANALYSIS OF MICROSTRUCTURE

Purpose. The purpose of the study is to develop and scientifically substantiate a method for quantitative
assessment and prediction of mechanical properties (tensile strength, yield strength, relative elongation) and resistance
to hydrogen sulfide corrosion-mechanical destruction of 40KHMFA steel based on multifractal analysis of the
parameters of its bainite-martensitic microstructure after various heat treatment regimes.

Research methods. The research was carried out on 40KHMFA steel (0.42% C; 0.87% Cr; 0.25% Mo; 0.14% V).
The samples were quenched from 860 °C in oil with subsequent high tempering in the temperature range of 660-740 °C
(step 20 °C) with holding times of 5, 30, 60 and 90 minutes. Mechanical tests included static tensile testing on standard
cylindrical samples, determination of impact strength on Charpy samples with a V-shaped notch and hardness
measurements by the Rockwell and Vickers methods. Microstructural analysis was performed using optical
metallography after mechanical grinding, polishing, electrolytic polishing and etching in 4 % nital. Multifractal
analysis of microstructure images was performed by calculating the generalized Renyi dimensions (Dq), the singularity
spectrum f(a) and the derived parameters: Do, A, K and the spectral width Af(a) separately for the bainite and
martensitic components. Resistance to hydrogen sulfide cracking was assessed according to standardized methods in an
environment saturated with H>S.

Results. With increasing temperature and duration of tempering, a regular decrease in strength characteristics (o,
and oy and an increase in plasticity (ds) is observed. Multifractal parameters sensitively reflect the evolution of the
microstructure: a decrease in Do contributes to improving plasticity, and an increase in the parameters A and K — t0
increasing resistance to plastic deformation. Regression models with high coefficients of determination (R2 = 0.86—
0.95) have been developed, which allow reliable prediction of mechanical properties exclusively from the multifractal
characteristics of the microstructure. It is shown that long-term tempering at 700 °C preserves the acicular
morphology, but is accompanied by coagulation growth of carbide particles.

Scientific novelty. The scientific novelty of the work lies in the first systematic application of multifractal analysis
for the quantitative characterization of the bainite-martensitic microstructure of 40KHMFA steel in order to predict its
mechanical properties and resistance to hydrogen sulfide corrosion-mechanical destruction. For the first time,
quantitative correlations between the parameters Do, A, K, Af(a) and the indicators of strength and ductility were
established, and regression dependencies were developed that allow for non-destructive assessment of material
properties. The higher informativeness of the multifractal approach compared to traditional methods of quantitative
metallography in the analysis of substructural changes was proven.

Practical value. The developed multifractal method and regression models can be used to create digital systems
for non-destructive quality control and predict the durability of pipelines and structural elements operating in
aggressive hydrogen sulfide environments of the oil and gas and nuclear power industries. The proposed optimal heat
treatment regime — of quenching from 860 °C in oil with subsequent tempering at (700 £ 10) °C for 90 minutes —
provides a rational balance of strength, ductility and corrosion resistance of 40KHMFA steel. This makes it possible to
reduce the volume of destructive mechanical tests in the production of dual-purpose pipes.

Key words: multifractal analysis, 40KHMFA steel, bainite-martensitic structure, heat treatment, mechanical
properties, hydrogen sulfide corrosion-mechanical destruction, regression modeling, forecasting, non-destructive
testing, pipeline steels.

operated in aggressive environments of the oil and gas
industry. HSCC occurs due to the combined action of

Resistance to hydrogen sulfide corrosion cracking corrosion, mechanical stresses and diffusion of atomic
(HSCC) is one of the main problems for pipeline steels hydrogen into the metal, which leads to the formation of

Introduction
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cracks and premature failure of structures. Low-alloy
steels of the 40KHMFA type (analogs of Cr-Mo-V
steels) are particularly sensitive to this type of failure due
to the peculiarities of the phase composition, the
presence of non-metallic inclusions and microstructural
inhomogeneities.

Heat treatment significantly affects the balance of
strength and ductility of such steel, as well as its
corrosion resistance. Therefore, it is urgent to find
effective methods for quantitative assessment of the
microstructure, which would allow predicting operational
properties without conducting destructive mechanical tests.

Analysis of research and publications

The mechanical and corrosion properties of alloyed
steels depend on the microstructure, distribution of
alloying elements and non-metallic inclusions. Sulfides
and oxides often become the sites of crack initiation in
environments containing H-S.

NACE TMO0177 and TMO0284 are used to assess
resistance to SCR and hydrogen cracking. Studies show
that tempering in the range of 700-715 °C provides the
best compromise between strength and embrittlement
resistance for Cr-Mo steels.

Recently, fractal and multifractal methods have
been actively used for quantitative characterization of
complex structures, corrosion defects and failure
mechanisms. Multifractal analysis, unlike classical
fractal, allows for a more detailed assessment of the
heterogeneity, order and regularity of the microstructure
through the spectrum of generalized Renyi dimensions
(Dq) and the spectrum of singularities f(a).

Despite the significant number of works on fractal
analysis of corrosion and inclusions, there is a lack of
systematic research on the application of the multifractal
approach specifically to 40KHMFA steel for predicting
resistance to SCR. This necessitates the development of
an appropriate  methodology. The performance
characteristics and durability of alloyed steels are largely
determined by the features of their microstructural
structure, phase composition, the nature of the
distribution of alloying components, as well as the
presence and morphology of non-metallic inclusions [1-
5]. Inclusions of non-metallic nature, in particular sulfide
and oxide particles, play the role of local stress
concentrations and can act as centers of crack initiation
in environments containing hydrogen sulfide. This, in
turn, intensifies localized corrosion processes and
contributes to the accumulation of diffuse hydrogen in
the metal [1, 2]. It has been established that hydrogen
sulfide corrosion cracking is activated in aggressive
acidic environments (pH < 4) under conditions of
increased partial pressure of H2S (over 0.0034 bar), when
atomic hydrogen penetrates the crystal lattice of steel and
causes its brittle fracture [7, 8].

To quantify the resistance of materials to this type
of fracture, standardized test methods are widely used, in
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particular NACE TMO0177 (uniaxial tensile method) and
NACE TMO0284 (determination of susceptibility to
hydrogen-induced cracking, HIC). These approaches are
focused on determining both mechanical characteristics
and corrosion resistance of the material [2, 7, 8]. In
particular, for low-alloy steels, it has been shown that an
increase in the nickel content above 1 wt.% can lead to a
decrease in the SCR resistance due to the formation of
unstable phase components [1, 9]. At the same time, for
Cr-Mo steels, a significant effect of the tempering
temperature on the formation of the martensitic-bainite
structure and the corresponding susceptibility to fracture
has been established: the optimal range of 700-715 °C
provides a favorable combination of strength and
ductility with a reduction in the risk of embrittlement
[10].

In modern research, digital approaches to materials
analysis are becoming increasingly  widespread,
including mathematical modeling, the concept of digital
twins, and machine learning methods. Such tools allow
predicting the behavior of materials under operating
conditions with increased accuracy [6, 9]. Among them,
fractal and multifractal methods occupy a special place,
which are used to quantitatively describe the complexity
of the microstructure, the geometry of corrosion damage,
and the mechanisms of fracture [11-13].

The fractal approach, in particular the use of fractal
dimension D, is effectively wused to analyze
heterogeneous corrosion processes in pipeline steels. For
example, for steel grade X80, it was found that the
parameters of the fractal geometry of corrosion defects
allow estimating the fracture pressure and predicting the
development of cracks [14-18]. Similarly, when studying
the corrosion behavior of 316L stainless steel, a clear
relationship was found between the value of the fractal
dimension and its resistance to hypochlorite
environments [19].

The use of fractal analysis to assess the influence of
non-metallic inclusions on the properties of structural
steels, in particular of the S355J2 type, has shown a close
correlation between the fractal characteristics of the
structure and the indicators of strength and impact
toughness [2]. Similar results have been obtained in the
study of surface-modified materials: fractal modeling
after ion-plasma chromium plating or TiN-type coatings
indicates an increase in wear resistance, which is due to
changes in the morphology of the surface layer [20, 21].

Multifractal analysis is a further development of the
fractal approach and allows the study of complex
heterogeneous systems by determining the spectrum of
singularities f(a) and generalized dimensions Dq. This
provides a deeper characterization of the structure,
including the degree of its homogeneity, order, and
statistical regularity [6, 13]. In the field of pipeline
transport, such methods have already demonstrated their
effectiveness in analyzing the failure processes of composite
pipes and predicting their mechanical behavior [6].
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However, despite a significant number of studies,
the issue of using multifractal analysis to assess the
resistance to hydrogen sulfide corrosion cracking of
40KHMFA steels remains insufficiently addressed. This
is especially important given the specificity of their
bainite-martensitic microstructure and the role of non-
metallic inclusions in the fracture processes [20-22].
Traditional analysis methods often do not take into
account the complex multifractal nature of corrosion
damage, which can lead to underestimation of the risk of
crack initiation [22-24].

In this context, the application of a multifractal
approach to predicting the mechanical properties and
resistance of 40KHMFA steel to hydrogen sulfide based
on the analysis of its microstructure opens up new
prospects for optimizing heat treatment regimes and
improving the efficiency of quality control systems in
industry.

Purpose of work

The aim of the work is to develop a method for
predicting the mechanical properties and resistance to
hydrogen sulfide corrosion-mechanical destruction of
40KHMFA steel based on the multifractal characteristics
of its bainite-martensitic microstructure.

To achieve the goal, the following tasks were
solved:

- conduct heat treatment of 40KHMFA steel
(quenching from 860°C in oil and high tempering in the
range of 660-740°C with different holding times) and
perform microstructural analysis;

- apply multifractal analysis to bainite and
martensitic components and establish correlations
between the parameters Do, A, K, Af(a) and mechanical
characteristics (o5, 6t, 9.);

- develop regression models for predicting
properties exclusively based on multifractal indicators
and assess their accuracy.

Research material and methodology

The object of the study was 40KHMFA steel with
the following chemical composition (wt. %): C — 0.42;
Mn - 0.59; Si — 0.26; Cr — 0.87; Ni — 0.30; Mo - 0.25;
V -0.14.

The samples were quenched from 860 °C in oil,
after which they were tempered at temperatures of 660,
680, 700, 720 and 740 °C with holding times of 5, 30, 60
and 90 min. The temperature was controlled by a
thermocouple built into the sample.

Mechanical tests included tensile testing on standard
cylindrical specimens, determination of impact strength on
Charpy V-notch specimens, and Rockwell and Vickers
hardness measurements.

© Diana Glushkova, Volodymyr Volchuk, 2026
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The microstructure was studied after mechanical
grinding, polishing, electrolytic polishing and etching in
4% nital. The size of the former austenite grain was
determined by etching in picric acid with the additive
"Sintol". Resistance to SCR was assessed according to
standardized methods in an environment saturated with
hydrogen sulfide.

Research results

With increasing temperature and duration of
tempering, there is a natural decrease in strength (6. and
o) and an increase in plasticity (38s). At temperatures
around 700 °C, the effect of holding time on strength is
less pronounced due to the acceleration of diffusion
processes (Fig. 1).

Figure 1. Structure of 40KHMFA steel after heat treatment :
a-630...660°C;b-650...670°C;c-670...690° C,
x1250; d — austenitic structure , x400

With increasing tempering temperature and holding
time, there is a systematic decrease in strength
characteristics and a corresponding increase in ductility.
At higher tempering temperatures, the effect of holding
time on the decrease in strength is less pronounced
compared to lower temperatures. In the as-delivered
state, the steel had a tempered acicular bainite-
martensitic structure. Long-term tempering leads to
coarsening of carbide particles, but retains the acicular
morphology (Fig. 2).

The results of mechanical tests are shown in Fig. 3
(the relative elongation after heat treatment was ~
~ 65-70 % and therefore was not shown in the graphs).
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Figure 2. Microstructure of 40KHMFA steel in the as-delivered state and after tempering at 700 °C (holding time
x 500-fold increase): a — as-delivered state; b — 5 min; ¢ — 30 min; d — 60 min; e — 90 min
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Figure 3. The relationship between tempering temperature,
holding time on the mechanical characteristics of 40KHMFA
steel after quenching

Table 1 — Multifractal characteristics of the structure of 40KHMFA steel

Multifractal analysis of the microstructure was
performed using Renyi dimensions :

L q

L In%pi
D(q) = lim —1=—, 1
@ q-1 65w Ind M

where & —the size of the side of the square cell (box)
that covers the studied image of the microstructure (in
classical notation this parameter corresponds to ¢ ); pi
—the probability that a certain part of the object (e.g.,
pixel intensity, area of a particular phase or structural
element) falls into the i -th grid cell; q —the order of the
statistical moment (exponent), which can take on any
real values in the range from —o to +co.

The spectrum of singularities f(a) was obtained
through the Legendre transformation:

a =dz(q)/dg, 2
f(a) = gz - 7(q)- (3)

Based on the spectrum, the parameters of
homogeneity, order (A), and regularity (K) were
calculated.

The results of multifractal characteristics for
bainite and martensite are given in Table 1 (the batch
numbering corresponds to the different processing
regimes).

Batch number | Bainite Do| Bainite A|Beinit K|Bainite Af(a)|Martensite Do| Martensite A|Martensite K Magtfigs Ite
1 1.81 0.55 1.38 0.05 1.68 0.47 1.35 0.11
2 1.85 0.57 1.44 0.02 1.73 0.49 1.40 0.34
3 1.88 0.73 1.51 0.11 1.72 0.52 1.43 0.39
4 1.91 0.68 1.50 0.17 1.77 0.58 1.45 0.36
5 1.90 0.82 1.56 0.18 1.80 0.55 1.52 0.59
6 1.96 0.79 1.60 0.26 1.83 0.59 1.60 0.68
7 1.97 0.85 1.62 0.29 1.88 0.65 1.70 0.69
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Regression dependences have been developed:

c3=2821.32-11221 Do+ 111.26 A+ 216.78 K —
17.24 Af(a) (R? = 0.95) —for martensite;

6 1= 695.75 — 469.87 D o— 190.04 A + 573.35 K +
286.82 Af(a) (R* = 0.86) —for bainite;

85=20.99 +16.35 D o+ 28.03 A — 23.15 K + 5.28
Af(a) (R? = 0.88) —for bainite.

The analysis shows that bainite has higher Do, A and
K values compared to martensite, indicating greater
ordering. With changing processing regimes, the structure
becomes more multifractal, which correlates well with
changes in mechanical properties.

The proposed models allow for reliable prediction of
properties based on microstructural analysis data, which is
especially important for non-destructive quality control.

Conclusions

1. Multifractal analysis is an effective tool for
guantitatively ~ assessing the bainite-martensitic
microstructure of 40KHMFA steel after various heat
treatment regimes.

2. The parameters Do, A, K, and Af(a) sensitively
reflect changes in the heterogeneity and ordering of the
structure and allow for the prediction of strength and
ductility.

3.The developed regression models with high coefficients
of determination make it possible to evaluate mechanical
characteristics without conducting mechanical tests.

4. The optimum quenching regime for 40KHMFA
steel intended for dual-purpose pipes is 860°C in oil
followed by tempering at (700 + 10)°C for 90 minutes.
This regime provides the best balance of strength,
ductility and resistance to hydrogen sulfide cracking.

5. The multifractal approach surpasses traditional
metallographic methods in sensitivity to substructural
changes and opens up prospects for creating digital
systems for predicting the service life of structural
elements operating in aggressive environments.
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Mema pooomu. Memoio docniodcents € po3pobKka ma HaAyKose 0OTPYHMYBAHHA MemOoJY KiNbKICHOL oyinKu il npo-

2HO3YB8AHH MEXAHIYHUX 6AACMUBOCMell (MEeJCI MIYHOCMI HA PO3PUS, MeNCI MEeKYHOCMmI, 8IOHOCHO20 NOOOBI’CEHHS) Md
CMIUKOCmi 00 CipKOBOOHEB020 KOPO3IUHO-MeXxaHiuno2o pyuHysanus cmaii 40XM®A na ocrnosi mynrvmuppakmanviozo
aHanizy napamempis it 6etHimHo-MapmeHCUumHoi MiKpOCIMPYKMYPU NiCJIsL PI3HUX PENCUMIE MepMIYHOL 00poOKuU.

Memoou docnioxycennsn. /locniodcenns nposoounu na cmani 40XM®A (0,42 % C; 0,87 % Cr; 0,25 % Mo, 0,14 %
V). 3pasku niooasanu eapmyeannio 3 860 °C 6 oaii 3 nodansuium 6UCOKUM iOnyckom y oianazoHi memnepamyp 660—
740 °C (kpox 20 °C) 3 eumpumxamu 5, 30, 60 ma 90 xeunun. Mexaniuni 6unpodyeanHs 6KIOUANU CIMAMUYHUL PO3MAL
Ha CMAaHOAPMHUX YUTTHOPUYHUX 3PA3KAX, SU3HAYEHHs yOapHoi 6 ’siskocmi Ha 3paskax Llapni 3 V-nodionum Haopizom
ma eumipiosanus meepoocmi 3a memooamu Poxeenna i Bikkepca. MikpocmpykmypHuil ananiz UKOHY8aAIU 3a 00NOMO-
2010 ONMUYHOI Memanocpaii nicisa MexaniyHo2o ullighy8aHHs, NOIPYBAHHSA, eL1eKMPOIIMUYHO20 NOLIPYBAHHSA MA Mpa-
enenns 6 4 % wimani. MynemugpakmaneHuil ananiz 300paxceHb MiKpOCMPYKMypu 30IUCHI08ANU ULTAXOM PO3DAXYHKY
y3azanvhenux posmipnocmeti Penvi (Dq), cnexmpy cunzynapnocmei f(o) ma noxionux napamempie: Do, A, K i wuupunu
cnexmpy Af(a) okpemo ons betinimnoi ma mapmencumnoi cknaoosux. Cmitkicms 00 CIPKOBOOHE8020 PO3MPICKYEAHHSI
OYIHI08ANU 8IONOBIOHO 00 CINAHOAPMU30BAHUX MEMOOUK ) cepedosduuyi, HacuuyeHomy HoS.

Ompumani pesynomamu. 3i 30i1bUWeHHAM MeMNepamypu ma mpuaiocmi ionycKy CnoCmepieacmvcs 3aKOHOMi-
PHe 3HUIICEHHS. MIYHICHUX XAPAKMEPUCTNUK (0% I oY) ma 3pocmanis naacmuunocmi (0s). Mynvmughpaxmanoni napamem-
PU UYMAUBO BI006PANCAIOMb €80NIOYII0 MIKpOCMpPYKmypu: 3meHuents Do cnpuse nokpawjennio niacmuyHocmi, a 3po-
cmanns napamempie A ma K — nidsuwennro onopy niacmuunii degpopmayii. Pospobneno peepeciiini mooeni 3 6UcoKu-
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mu kKoepiyienmamu oemepminayii (R? = 0,86—-0,95), axi 003801510mb 00CMOBIPHO NPOSHO3Y8AMU MEXAHIYHI 61ACMUBO-
cmi BUKTIOUHO 30 MYTbMU@DPAKMATbHUMU Xapakmepucmukamu mikpocmpykmypu. Ilokazamno, wo mpuganuii 6ionyck
npu 700 °C 3bepicae ayukyispry Mop@oaoeiio, aie Cynposoo0NCyEMbCsi KOAYIAYIUHUM POCHOM KAPOIOHUX YACTMUHOK.

Haykoesa nosusna. Hayxosa nosusna pobomu nonsizae 6 nepuomy CUCMEMHOMY 3ACMOCYS8AHHI MYTbMU@dpakma-
JIBHO20 aHANi3y O/ KLNbKICHOI xapakxmepucmuxu 6eunimno-wapmencumuoi mikpocmpykmypu cmani 40XM®A 3 me-
MO0 NPOSHO3YEAHHSA IT MEXAHIYHUX GACMUBOCTEN | CIITIKOCMI 00 CIPKOBOOHEB020 KOPO3IUHO-MEXAHIUHO20 DYIUHYEAH-
Hs. Bnepuie 6écmanoeneno Kinvkicni kopeasyii misc napamempamu Do, A, K, Af(a) ma noxkasnuxamu miynocmi i niac-
MUYHOCTI, 4 MAKOXHC PO3POOIEHO pespecilini 3a1eHCHOCMI, AKI 003680A10Mb NPOBOOUMYU De3PYUHIBHY OYIHKY 61ACmu-
socmell mamepiany. JJosedeno suwyy iHpopmamusHicms MyrbmuQpaKmaibHo2o nioxooy NOpiGHAHO 3 MPAOUYIHUMU
Memooamu KilbKicHOi Mmemanozpaii npu ananizi cyoCmpykmypHux smiH.

Ilpakmuuna yinnicme. Po3pobaenuti mynomu@paxmanbHuti Memoo i pecpecitiii MOOeri MOA#CYyms Oymu UKopu-
cmai 011 CmeopenHst Yyupposux cucmem Oe3pyUHIGHO20 KOHMPOTIO SIKOCMI A NPOZHO3YEAHHS 006208I4HOCI MPYOO-
npoe6oodie i eleMeHmié KOHCMPYKYIl, Wo Npayoioms 6 acpecusHux CipKoBOOHesUx cepedosuuyax Hagmozazoeoi ma
amomHol eHepeemuxu. 3anponoHO8AHUL ONMUMATILHULL PeXCUM mepMiuHoi 06pobku — eapmyeanus 3 860 °C 6 oxii 3
nodanvwum sionyckom npu (700 £ 10) °C npomsicom 90 xeurun — 3abe3neuye payioHarbHul OALAHC MIYHOCMI, NAAC-
muynocmi ma kopo3iunoi cmiuxkocmi cmani 40XM®A. e oae 3moey ckopomumu 06cse pYUHIGHUX MEeXAHIYHUX GUNPO-

6y6ans y upoOHUYMEI mpy6d NOOBIIHO20 NPUSHAYEHHSL.

Knrouosi cnosa: mynemugppaxmanvnuii ananis, cmane 40XM®A, 6etunimuo-mapmencumna Cmpykmypa, mepmii-
Ha 06poOKa, MexauiuHi 61acmueocmi, CIPKOBOOHe8e KOPO3IUHO-MeXaHiuHe DYIUHY8AHHS, pecpeciliHe MOOen08aHHs,
NPO2HO3Y8AHHS, OE3PYUHIGHUT KOHMPOIb, MPYOONPOGIiOHi cmaii.
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DETERMINATION OF TEMPERATURE REGIMES FOR HOT
DEFORMATION AND ANNEALING OF NEW 4Kh3N3G7M7F STAMPING
STEEL WITH CONTROLLED AUSTENITIC TRANSFORMATION
DURING OPERATION AND DISPERSION HARDENING

Purpose. Determination of heating modes that ensure high technological plasticity during hot pressure treatment
and the lowest possible hardness after annealing of new 4Kh3N3G7M7F stamping steel with controlled austenitic
transformation during operation and dispersion hardening.

Research methods. Torsion and impact bending tests. Hardness measurement. Optical microscopy. X-ray
structural analysis.

Results. According to the results of torsion and impact bending tests of 4Kh3N3G7M7F steel in the temperature
range of 900...1225 °C, it was found that the obtained dependencies have the form of curves with a maximum in the
temperature range of 1150...1175 °C at a number of twists about 5 and impact toughness of about 92 J/cm?. The torque
decreases monotonically as the temperature increases (from 2590 N-m at 900 °C to 739 N-‘m at 1225 °C). Based on the
obtained data, the recommended temperature regime for hot pressure treatment of the steel under study is such that the
maximum heating temperature of the billets (ingots) should not exceed 1175 °C and not be lower than 950 °C. After
forging and cooling in air, the steel has a bainite-martensite structure with a hardness of 44 HRC.

Based on the results of the effect of full two-stage and incomplete annealing on the reduction of hardness, it was
established that the dependence of hardness on annealing in the temperature range of Aci-Acs has the form of a curve
with a minimum. Full annealing of the studied steel reduces the hardness to 35 HRC and is recommended to be
performed according to the following mode: 800 °C, 2 hours, cooling with the furnace + 680 °C, 2 hours, cooling with
the furnace. A reduction in steel hardness to 33 HRC is achieved after incomplete annealing at a temperature of 680 °C
for 6 hours and cooling with the furnace. After annealing to minimum hardness, 4Kh3N3G7M7F steel acquires a
predominantly fine-grained pearlite structure.

Scientific novelty. After hot deformation and air cooling, 4Kh3N3G7M7F steel with controlled austenitic
transformation during operation and dispersion hardening has a bainite-martensite structure with a hardness of
44 HRC. It has been established that during annealing, the dependence of hardness on the increase in the holding
temperature of 4X3H3I7M7® steel in the range of Aci-Acs has the form of a curve with a minimum at a temperature of
680 °C. This is explained by a change in the ratio of steel components with the decomposition of the initial bainite-
martensite structure and the restoration of this structure during the cooling of the austenite component. In the annealed
state, the steel has a predominantly fine-grained pearlite structure.
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Practical value. Based on the results of torsion and impact bending tests, it has been determined that the hot
pressure treatment temperature of 4Kh3N3G7M7F steel should be within the range of 1150...950 °C. To improve
machinability and obtain a more balanced structure, complete and incomplete annealing modes for 4Kh3N3G7M7F
steel have been developed, which reduce the hardness value to 33...35 HRC (compared to 44 HRC after hot
deformation). The lowest hardness is achieved by incomplete annealing according to the following mode: 680 °C,

holding for 6 hours, cooling in the furnace.

Key words: 4Kh3N3G7M7F steel, technological plasticity, temperature, annealing, hardness, structure.

Introduction

The maximum operating temperature of the best
heat-resistant martensitic stamping steels is no higher than
700 °C, which is due to the fundamental characteristics of
their base structure. At the same time, during hot metal
processing under pressure, the heating of the working
parts of tools can significantly exceed these temperatures
[1]. This has necessitated the search for other types of
stamping materials for use at high temperatures. In
particular, steels and alloys based on a BCC crystal lattice
with dispersion hardening are proposed as substitutes for
standard stamping steels [2—4]. However, their widespread
use is limited by their cost and poor machinability [5]. These
shortcomings are largely eliminated in new stamping steels
with Continuous Annealing Treatment (CAT), the nature and
development of which are discussed, in particular, in [6-15].
They have an FCC crystal lattice at room temperature, which
gives them satisfactory machinability, and acquire an BCC
crystal lattice when heated above 500...600 °C, which
increases their resistance to high-temperature embrittlement.
This is achieved by lowering their critical points by
200...300 °C compared to standard heat-resistant stamping
steels. As a result, steels with CAT offer advantages for
the manufacture of pressing tools with operating
temperatures above 700 °C. An additional increase in the
high-temperature strength of such steels is achieved due
to their dispersion hardening after quenching and ageing.
A prerequisite for the dispersion hardening of steels with
CAT is that after quenching (treatment with a solid
solution), they must have a predominantly austenitic
rather than martensitic structure [8, 9].

As a result of the search for effective alloying, a new
stamping steel with CAT grade 4Kh3N3G7M7F [10] has
been developed, which is capable of strengthening by
dispersion hardening due to the precipitation of
intermetallic particles of the Fe-Mo type Laves phase and
VC type carbides. Its strengthening heat treatment
consists of quenching (treatment in a supersaturated solid
solution) from a temperature of 1150 °C and subsequent
ageing at 725 °C for 2 hours. This provides a significant
increase in the high-temperature (750 °C and above)
strength of this steel — 2...3 times compared to heat-
resistant serial martensitic stamping steels. It has been
established [10] that in order to maintain its advantages,
4Kh3N3G7MT7F steel must have the following component
content limits (in % by mass): 0,39...0,46 C; 2,7...3,6 Cr;
2,7.35Ni; 6,1.69Mn; 63.71Mo; 11.18YV,;
0,25...0,36 Si; Fe — the rest. The production and use of
4Kh3N3G7MTF steel requires knowledge of the correct
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temperature regimes for hot pressure treatment and
annealing. The temperature range for heating billets during
hot pressure treatment must ensure satisfactory
deformability of steels and technological plasticity to
prevent the formation of cracks during deformation.
Determining the annealing regime, which involves
obtaining an equilibrium structure with the lowest possible
hardness, is important for ensuring satisfactory machining
of steel. Usually, for this purpose, an attempt is made to
obtain a pearlite-type structure in alloy steels after
annealing. Solving this problem for steels with CAT is not
easy due to the high stability of supercooled austenite and,
accordingly, the complexity of obtaining such an
equilibrium structure. All this indicates the need to carry
out appropriate experiments to solve such problems.
Purpose of the work

To determine the heating modes that ensure high
technological plasticity during hot pressure treatment and
the lowest possible hardness after annealing of new
4Kh3N3G7M7F stamping steel with controlled austenitic
transformation during operation and dispersion hardening.

Materials and research methods

4Kh3N3G7M7F steel was smelted in an open
induction furnace with a capacity of 50 kg and poured
into square-section ingots. The alloying element content
of the steel melts was within the grade composition
specified above.

Samples for torsion and impact bending tests were
made from steel ingots. First, the ingots were cut
lengthwise into 15 mm thick plates, and then cut into
square-section bars with a side length of 15 mm. Samples
for torsion and impact bending tests were made from
these bars.

In accordance with GOST 3565-80, the torsion test
specimens had a diameter of 10 mm and a working length
of 100 mm. The nature of the tests was that one end of the
specimen was fixed in place, while a pair of forces was
applied to the other end in a plane perpendicular to the
axis of the specimen. One end of the sample was fixed,
while the other rotated at a selected speed. This meant
that the second end of the sample was able to perform
longitudinal gradual movements, which excluded the
possibility of axial tensile stresses forming in the sample.
The samples were twisted on a KM-50 testing machine.
The tests were performed at a speed of 20 revolutions per
minute until the specimens were destroyed. Based on the
test results, the number of revolutions until the destruction
of the specimens and the corresponding value of the
torque M; were determined.
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The impact bending test was performed on standard
Menage specimens with a U-shaped notch with a radius
of 1. mm.

To study the annealing modes, the ingots were
forged into square-section bars with a side length of
20 mm, which were cooled in air. The bars were cut into
cubic samples.

Research results and discussion

When assessing the technological plasticity of
4Kh3N3G7MT7F steel, it was taken into account that it
was necessary to determine the temperature range of the
highest values of plasticity, resistance to destruction and
the lowest resistance to high-temperature deformation in
order to predict the best deformability during forging or
pressing. Torsion and impact bending tests were carried
out on samples in the temperature range of
900...1225 °C. The resulting dependencies are shown in
Fig. 1. It can be seen that during torsion tests, the value of
the torsional moment M; monotonically decreases as the
temperature increases (from 2590 N-m at 900 °C to
740 N-m at 1225 °C), which corresponds to the natural
temperature dependence of steel resistance to plastic
deformation. The torque M; decreases most intensively up
to a temperature of 1150 °C. The temperature dependence
of the number of revolutions has the form of a curve with
a maximum in the temperature range 1150...1175 °C at a
value of about 5 revolutions. The curve of the temperature
dependence of impact toughness has a similar appearance,
the maximum value of which (about 92 J/cm?)
corresponds to testing at temperatures of 1100...1150 °C.
That is, the best combination of technological plasticity
characteristics is achieved when heated to a temperature
of 1150 °C. Higher heating temperatures cause structural
changes that significantly reduce the technological
plasticity of steel and can lead to metal destruction during
hot pressure treatment.
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Figure 1. Dependence of torque (Mt), number of twists (n) and
impact toughness (KCU) of 4Kh3N3G7M7F steel on test
temperature

Thus, based on the results of determining the highest
values of the number of twists and impact toughness, the
maximum heating temperature of billets (ingots) during
hot pressure treatment of 4Kh3N3G7M7F steel should not
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exceed 1150 °C. At the same time, the torque value is
significantly reduced, which ensures good high-
temperature deformability of steel. The lower value of the
hot deformation temperature is about 950 °C and can be
adjusted depending on the power of the stamping
equipment and the size of the forgings. Taking into
account the obtained results and structural features, the
following heating scheme for ingots of new
4Kh3N3G7M7F stamping steel during hot pressure
treatment is proposed. First, the blank is loaded into a
furnace at a temperature of 800 °C (taking into account
that the temperature of Acs = 795 °C) and, after complete
heating, is held for 1 hour to complete the polymorphic
a — v transformation. Next, the blank is heated at a rate
of 50 °C per hour to a forging temperature of 1150 °C,
held for 1 hour and subjected to forging. The forging
completion temperature is not lower than 950 °C. During
the forging process, intermediate heating to 1150 °C is
possible. The use of this heating scheme ensured the
production of high-quality 4Kh3N3G7MT7F steel forgings.

Let us consider the results of determining the
annealing modes that provide 4Kh3N3G7MT7F steel with
the lowest hardness values and, accordingly, better
machinability. The initial state of processing was forging
and air cooling. In this state, the steel had a predominantly
bainite-martensite structure, as shown in Fig.2. The
hardness was 44 HRC, which is too high for satisfactory
machining of steel.

The study of the effect of different annealing modes
on the reduction of the hardness of 4Kh3N3G7M7F steel
was carried out taking into account its relatively low
critical points; Ac; at about 530 °C, Acz at 795 °C, Ar; at
220 °C, Ms at 135°C, Mt — 40 °C. Full annealing of
samples was carried out using a two-stage mode with a
sequential decrease in temperature, and incomplete single
annealing at different temperatures.

MU RO T Fed G

Figure 2. Microstructure of 4Kh3N3G7M7F steel after forging
and air cooling

First, the effectiveness of two-stage annealing was
investigated. The first annealing corresponded to
complete annealing and consisted of heating the samples
to temperatures of 800...900 °C (i.e. above Acs) with a
holding time of 2 hours and cooling with the furnace
(100 °C/hour to 300 °C, then in air). This was followed by
a second annealing at temperatures ranging from 580 to
730 °C (in the Aci—Acs region) with the same holding
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time and cooling as in the first annealing. It was assumed
that after the first annealing, the austenitic structure would
transform into bainite-martensite, which is due to the high
stability of supercooled austenitic steel. The purpose of
the second annealing was to break down the bainite-
martensite structure, i.e. to obtain a more equilibrium
state and, accordingly, lower steel hardness. The results of
this experiment are shown in Fig.3. Each curve
corresponds to a specific temperature of the previous first
annealing (indicated on the graph). According to the data
obtained, the hardness after the first annealing is in the
range of 39...41 HRC and increases with higher annealing
temperatures. This is explained by the increase in the
concentration of carbon and alloying elements in the solid
solution due to the more complete dissolution of excess
carbide phases with increasing heating temperature.

A typical microstructure after the first annealing
(heating above Acs and cooling with the furnace) is
shown in Fig. 4, a.

39 T T T

Temperature
of the first annealing

— -800°C
——-850°C
38 —-875°C

-900°C
2 a7
I ﬁ\

36

35
580 630 780 830 880

Temperature of the second annealing, °C

Figure 3. Hardness dependence on the temperature of the
second annealing after different temperatures of the first
annealing (indicated for each curve in the graph)

It is similar to the microstructure after forging (see
Fig. 2), i.e. it is also characterised as bainitic-martensitic,
but with a slightly smaller austenite grain size, which is
the result of complete recrystallisation during heating.

As can be seen from Fig. 3, all curves of hardness
dependence on the temperature of the second annealing
have a minimum in the region of 680 °C, which can be
explained as follows. The decrease in hardness with an
increase in the holding temperature to 680 °C is due to the
decomposition of the initial bainite-martensite structure
formed after the first annealing. As the temperature
increases from 680 °C to 730 °C, the proportion of the
austenitic component in the steel increases significantly,
and subsequent cooling to room temperature will lead to
its transformation according to bainite-martensite kinetics.
The increase in hardness due to the formation of such a
structure during cooling will prevail over the decrease in
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hardness due to the decay of the initial bainite-martensite
component of the structure. Accordingly, the closer to the
temperature Acs (795 °C), the greater the proportion of
the bainite-martensite structure in the cooled state, which
is characterised by increased hardness.

Figure 4. Microstructures of 4Kh3N3G7MT7F steel after
complete step annealing:

a — first annealing at 800 °C; b — second annealing at 680 °C

The hardness values in the minimum range for
different annealing temperatures are slightly different.
The lowest hardness was obtained for samples that were
pre-annealed at temperatures of 800...850 °C (average —
825 °C), equal to 35,1 HRC. This is 9 HRC units less than
after cooling the forgings in the furnace. The
microstructure after such annealing is shown in Fig. 4, b
and mainly corresponds to fine-grained pearlite formed as
a result of furnace cooling of the decomposition products
of the initial bainite-martensite structure. There are also
areas of bainite-martensite structure formed during the
cooling of the austenite component, which occurs when
heated above Ac;, and a small amount of residual
austenite. X-ray phase analysis has established that after
the second annealing to minimum hardness, the base of
the steel is a-iron, and the amount of residual austenite
does not exceed 6%. Phase analysis showed the presence
of MC and M3Cs carbides in the structure.

Thus, complete annealing (which is usually used to
obtain a more perfect structure) to a hardness of 35 HRC
is recommended to be performed in a stepwise mode:
825 °C, 2 hours, cooling with the furnace + 680 °C, 2
hours, cooling with the furnace.

Let us consider the results of a study of single
annealing for the possibility of reducing the hardness of
steel. The change in steel hardness after heating and
holding samples in the temperature range of 580...850 °C
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for 2 hours with cooling both in the furnace and in air was
investigated. For the selected temperature range, such
annealing is considered incomplete. Figure 5 shows that
the dependencies obtained for both cooling methods are
curves with a minimum at 680 °C, as for complete step
annealing. When the heating temperature is increased to
800 °C, the hardness reaches its maximum value and then
stops increasing. This is due to the fact that above acs
(795 °C), the steel becomes completely austenitic, and
when cooled, it acquires a bainite-martensite structure.
The presence of a minimum on the curves is explained in
the same way as in the case of the complete step
annealing considered above. Naturally, the cooling curve
with the furnace is lower than that with air cooling.
Accordingly, if in the first case the minimum hardness
value is 34,7 HRC, then in the second case it is
35,6 HRC.

The possibility of achieving even lower hardness
after single annealing by increasing the holding time to 6
hours at temperatures around 680 °C, i.e. 630...700 °C,
was also investigated. The results obtained are shown in
Table 1.

It can be seen that as the holding time increases, the
hardness values at all temperatures decrease slightly.
Moreover, for all annealing temperatures after cooling in
the furnace, the hardness is 0,8...1,5 HRC units lower
compared to air cooling. The lowest hardness of
32,5 HRC is achieved by annealing at 680 °C for 6 hours
and cooling in the furnace. This incomplete annealing
mode can be recommended for 4Kh3N3G7M7F steel to
ensure better machinability. The microstructure after such
annealing is similar to that shown in Fig. 4, b, i.e. It is
mainly fine-grained pearlite with areas of bainite-
martensite and residual austenite. The difference is the
larger grain size of austenite and the heterogeneity of the
structure, which is characteristic of annealing when

heated to temperatures of incomplete recrystallisation.

Thus, to reduce the hardness of the new
4Kh3N3G7MT7F steel after hot deformation, annealing
can be performed, depending on the complex
requirements for structure and hardness, either with
complete (full annealing) or partial (incomplete
annealing) recrystallisation.

Full annealing, which is usually used to obtain a
more perfect structure, is performed in a stepwise mode:
825 °C, 2 hours, cooling with the furnace + 680 °C, 2
hours, cooling with the furnace. The hardness after such
annealing is about 35 HRC. Incomplete annealing reduces
the hardness to 33 HRC and is performed according to the
following mode: 680 °C, 6 hours, cooling with the
furnace.
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A -air
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Figure 5. Effect of annealing temperature (2 hours holding
time) on hardness after different cooling of steel

Table 1 — Hardness values of 4Kh3N3G7M7F steel after different temperatures and times of incomplete annealing

Annealing temperature, °C Exposure time, hours Cooling method Hardness, HRC
5 with a furnace 34,5
in the air 35,2
with a furnace 34,1
650 4 in the air 345
6 with a furnace 32.8
in the air 33,5
5 with a furnace 33,8
in the air 35,1
with a furnace 32,6
680 4 in the air 34,3
6 with a furnace 32,5
in the air 33,3
5 with a furnace 345
in the air 35,1
200 4 with a furnace 335
in the air 34,7
6 with a furnace 33,1
in the air 34,0
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Conclusions

During hot pressure treatment of new
4Kh3N3G7M7F stamping steel with CAT and dispersion
hardening, the maximum heating temperature of billets
(ingots) should not exceed 1150...1175°C. This
temperature corresponds to the maximum values of the
technological plasticity of steel according to the results of
torsion and impact bending tests and a significant
reduction in torque. The lower value of the hot
deformation temperature is recommended to be at least
900 °C.

After hot deformation and air cooling,
4Kh3N3G7MTF steel has a bainite-martensite structure
with a hardness of 44 HRC. Full annealing of the tested
steel reduces the hardness to 35HRC and is
recommended to be performed according to the following
regime: 850 °C, 2 hours, cooling with the furnace +
680 °C, 2 hours, cooling with the furnace. A reduction in
steel hardness to 33 HRC is achieved after incomplete
annealing according to the following regime: 680 °C, 6
hours, cooling with the furnace. The dependence of
hardness on annealing in the temperature range Aci—Acs
has the form of a curve with a minimum, which is due to a
change in the ratio of particles of the bainite-martensite
structure that disintegrated and formed during the cooling
of austenite. In the annealed state, 4Kh3N3G7M7F steel
has a predominantly fine-grained pearlite structure at
minimum hardness.
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I'paboBchkuit

Mema poboomu. Busnauenns pedxcumie Hacpigy, wo 3abe3neuyromv GUCOKY MEXHOJO2IUHY NAACMUYHICMb npU
2apayit 06podYi MUCKOM Ma AKOMO2a MeHuty meepoicme nicis 8ionany Hoeoi wmamnogoi cmani 4X3H3I7TM7®D 3
Pe2yibo8anHuM ayCmenimHum nepemsopertsm npu ekKCniyamayii ma Oucnepcitihomy meepoinHio.

Memoou oocnidscennsn. Bunpobysanusi Ha KpyueHHs ma yoapHuui 3eun. Bumipiosanus meepoocmi. Onmuuna
Mikpockonis. Penmeenocmpyxmypuuii ananis.

Ompumani pesynemamu. 3a Ooanumu eunpobyeanv cmani 4X3H3I'7M7® na kpyuenus ma yoapHuii 32uH 6
inmepeani memnepamyp 900...1225 °C  ecmanosieno, wo OmMpuMaHi 3aleNHCHOCMI Maromv U0 KPUBUX 3
maxcumymom 6 obnacmi memnepamyp 1150...1175 °C npu uucny obepmis 6ina 5 ma ydaphoi 6’sskocmi 0ins
92 Ioic/cm?. Benuuuna Kpymuozo MOMEHMY MOHOMOMHO 3MEHULYEMbCSA MO MIpi 3pOCmanHs memnepamypu (8io
2590 Hm npu 900 °C oo 739 Hm npu 1225 °C). Bionogiono ompumanum OAHUM DPEKOMEHOOBAHO MEeMNEePamypHull
pedxcum eapayoi o6pobKU MUCKOM OOCTIONHCEHOI cmaii, 3a AKUM MAKCUMATbHA MeMNepamypa HAcpigy 3a20mo8oK
(31uekie) nosurnna oymu He suwje 1175 °C ma ne nuscue 950 °C. Ilicna Ky8anHA i 0X01002CeHH HA NOBIMPI CMAlb MAE
betinimno-mapmencumuy cmpykmypy 3 meepoicmio 44 HRC.

3a pesynomamamu 6nAUBY HA 3HUNCEHHA MEepPOOCmi NOBHO20 O080CMYNEHeB020 Md HEeNoBHO20 GiONAlie
6CMAHOBNIEHO, WO 3alexcHicmb meepoocmi 6i0 eionany 6 obaacmi memnepamyp Aci-Acz mae 6ueniad Kpueoi 3
minimymom. Tlosnuili ionan Oocniddcenoi cmani 3abesneuye sHudicenHs meepoocmi 0o 35 HRC i pexomendosano
suxonysamu 3a maxum pescumom: 800 °C, 2 200unu, oxonooddcenni 3 niuuio + 680 °C, 2 200unu, 0x0100%CeHHI 3
niyuro. 3nuoicennss meepoocmi cmani 0o 33 HRC docsieacmuves nicis Henognoeo eionany npu memnepamypi 680 °C
npomsizcom 6 200un i 0x0n00ceHHs 3 nivuio. Ilicis eionany na minimanvhy meepoicmoe cmanv 4X3H3I'7M7® nabysae
nepesascHo CMpyKmypy OpiOHOOUCHEPCHO20 3ePHUCTNO20 NEPAUMY.

Haykoea noeusna. Ilicisn eapsuoi deopmayii ma oxonodoicenns ua nosimpi cmans 4X3H3II7TM7® 3
DecyIboBaHUM  AYCMEHIMHUM NepemeopeHHAM Npu excnayamayii ma OucnepcCitiHum meepOoiHHAM MAe OelHimHo-
mapmencumny cmpykmypy 3 meepoicmio 44 HRC. Bcmanosneno, wjo npu eionani 3anedxcricms meepoocmi 8i0
3pocmanus memnepamypu eumpumku cmani 4X3H3I'7M7® 6 inmepeani Aci-Acz mae 8uenso Kpugoi 3 MiHIMyMOM npu
memnepamypi 680 °C. Iloscuioemvcs ye 3MIiHOW CNIBGIOHOWEHHS CKIAOOBUX HYACMOK CMANL 3 PO3NAOOM GUXIOHOI
OCUHIMHO-MAPMECUMHOT CIMPYKIMYPU Ma 3 NOHOBIEHHIM MAaKoi CmpyKmypu npu 0X0J100MHCeHHI ayCmeHimHol cKiadooi.
YV sionanenomy cmani cmane mae nepesasxcrno cmpykmypy OpiOHOOUCHEPCHO20 3ePHUCO20 NEPAUTNHY.

Ilpakmuuna wyinnicms. 3a pezyrvmamamu unpo6yeamvb Ha KpYUeHHs Mad YOAPHUU 32UH BUSHAYEHO, WO
memnepamypa 2apsuoi 06pooku muckom cmani 4X3H3II7M7® nosunna snaxooumucs 6 mescax 1150...950 °C. [na
HOKpawjentsi 00poOKU pi3aHHAM ma OMPUMAaHHs OiNbUW PIBHOBA2060T CMPYKMYPU PO3POOIEHI pedlcuMu NOBHO20 ma
HenoeHozo eionanie cmani 4X3H3II7M7®, siki 3uuscyroms 3Hauennss meepoocmi 0o 33...35 HRC (nopienano 3 44 HRC
nicns eapavoi oegpopmayii). Hatimenwy meepdicmo 3abe3neuye nenoguutl ¢ionan 3a pexcumom: 680 °C, eumpumxa 6
200UH, OXOJIOOINCEHHS 3 NIYYIO.

Knrouosi cnosa: cmanv 4X3H3ITMT®, mexnonociuna niacmuynicme, memnepamypd, 6iOnai, meepoicmo,

cmpykmypa.
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INFLUENCE OF DISCONTINUOUS CHIP FORMATION ON THE
EXCITATION OF REGENERATIVE SELF-OSCILLATIONS DURING
TURNING

Purpose. The objective of this study is to investigate the influence of discontinuous chip formation on the excita-
tion of regenerative self-oscillations during turning, to compare the vibration for continuous and discontinuous chip
formation mechanisms, and to improve the prediction of machining stability for brittle materials.

Research methods. The study was carried out under conditions of continuous orthogonal turning using a CNC
lathe. Vibration was investigated with a single degree of freedom cutter—oscillator designed in the direction of chip
thickness variation. The displacement of the cutting edge during machining was measured using an inductive sensor,
and the signals were recorded through a multi-channel data acquisition system and processed on a computer. Oscillo-
grams were analyzed to determine vibration amplitude and static deflection.

Results. The experimental results showed that the type of chip formation has a significant influence on vibration
during turning. When machining steel AISI 1045, characterized by continuous chip formation, pronounced regenerative
chatter was observed in the cutting speed range of v=100-250 m/min, with vibration amplitude increasing as cutting
speed increased. In contrast, during machining of gray cast iron GG35, which produces discontinuous chips, no regen-
erative chatter was detected; only low-amplitude random vibrations were present, and their level remained nearly con-
stant over the entire cutting speed range. For bronze CuSn3Zn13Pb4, also characterized by discontinuous chip for-
mation, regenerative chatter occurred only at higher cutting speeds (v=150-250 m/min), and the vibration amplitude
increased with cutting speed similarly to steel.

Scientific novelty. The scientific novelty of this study lies in establishing the influence of discontinuous chip for-
mation on the suppression and excitation conditions of regenerative self-oscillations during turning.

Practical value. The practical significance of this study lies in improving the prediction of machining stability
when processing materials with different chip formation mechanisms. The obtained results can be used to select optimal
cutting conditions that reduce or prevent regenerative self-oscillations, especially when machining brittle materials.

Key words: vibration, regenerative self-oscillations, chip formation, cutter-oscillator, chip type.

Introduction regenerative self-oscillations, the mechanism of which is

Vibration during turning remains a key problem in  associated with cutting along a vibrational wavy trace that
machining, as it significantly impacts surface quality, part  arose during the previous revolution of the part, leading to
accuracy, and cutting tool life [1]. The most undesirable  a change in the thickness of the cut layer over time during
type of vibration during machining is considered to be cutting [2].
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Chip formation can also significantly influence cut-
ting dynamics. Depending on the properties of the work-
piece material and machining conditions, chip formation
varies significantly, resulting in the formation of various
chip types: continuous, discontinuous, and segmental
chips [3]. In continuous chip formation, plastic defor-
mation of the material occurs more continuously. Seg-
mented chip formation is accompanied by the periodic
formation of shear segments and the occurrence of high-
frequency oscillations in cutting force. In discontinuous
chip formation, the cutting process has a pronounced in-
termittent nature, caused by brittle fracture of the material
and the formation of individual chip fracture elements. In
this case, chip formation is accompanied by sharp surges
in cutting forces and brief unloading of the cutting tool,
which leads to pulsed excitation of oscillations. This spec-
ificity of the interaction between the tool and the work-
piece can both limit the development of classical regener-
ative self-oscillations due to the break in feedback and,
under certain conditions, initiate complex non-stationary
vibration modes that require separate theoretical and ex-
perimental analysis.

Different chip formation types differ significantly in
the mechanism of plastic deformation of the material, the
frequency of chip formation, and the nature of cutting
force changes. Most existing theoretical and experimental
studies focus on the machining of plastic materials, which
are characterized by continuous chip formation. Mean-
while, when machining brittle materials, such as gray cast
iron, discontinuous chip formation occurs. Despite this,
the influence of discontinuous chips on the excitation of
regenerative self-oscillations has been insufficiently stud-
ied, and the applicability of classical models developed
for continuous chip formation remains controversial.

Thus, there is need to expand the theory of cutting
process dynamics to the class of brittle materials with
discontinuous chip formation, which will allow for more
accurate prediction of the stability of the turning process
and the development of effective methods for vibration
suppression.

Literature review

The problem of vibration during turning has been
studied for a long time, but its physical nature still does
not have an unambiguous interpretation. In early works,
the main attention was paid to phenomena associated with
contact processes on the cutting edge of the tool. In par-
ticular, one of the first explanations for the occurrence of
vibrations was based on the periodic formation and
breakdown of built up edge. In studies [4, 5] it was shown
that the built up edge is cyclically formed and destroyed,
causing a change in cutting forces and, as a result, excita-
tion of vibrations of the technological system.

Most scientists associate the appearance of vibra-
tions with the regenerative effect, which is considered the
main source of self-oscillations during turning [6-9].
However, in work [10] it was established that waviness on
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the cutting surface is not the cause of regenerative self-
oscillations, but rather their consequence. At the same
time, vibrations occur as a result of the resonance of the
frequency of chip formation and the natural frequency of
the cutter during cutting.

In parallel with the development of the theory of re-
generative self-oscillations, considerable attention was
paid to the study of the chip formation process itself as a
source of vibration excitation. It was found that chip seg-
mentation is accompanied by fluctuations in cutting forc-
es, which can act as a source of vibration excitation.

In [10], when turning steel AISI 1040, it was found
that the frequency of formation of secondary and primary
waves on the free side of the chip increases almost linear-
ly with cutting speed. The vibration amplitude increases
sharply when the chip segmentation frequency curve ap-
proaches the corresponding curve of the natural frequency
of the cutter (at approximately 100 m/min).

In [11], graphs of the dependence of chip type on
cutting speed were constructed during a study of various
steels and a titanium alloy. It was found that when the
chip formation frequency coincides with one of the natu-
ral oscillation frequencies of the machine's elastic system,
resonance can occur, leading to intense vibrations. To
avoid instability of the chip formation process in the local
shear plane, the tool oscillation frequency must exceed
the segmental chip formation frequency.

In [12], vibrations during milling of gray cast iron
were studied. Based on the results, a stability lobe dia-
gram in the frequency domain was constructed. In the
study, the oscillator was a component with one degree of
freedom along the z-axis. Milling was performed using a
multi-tooth face mill with a 45° cutting angle. This re-
search method does not allow for the study of regenera-
tive self-oscillations alone.

The study [13] presents a hybrid methodology based
on an artificial neural network, specifically developed for
predicting the surface roughness of GG-25 gray cast iron
workpieces processed during turning. These studies did
not consider the effect of vibration on roughness.

In [14], a comprehensive model for predicting vibra-
tions during turning of cast iron brake discs was devel-
oped, and a stability lobe diagram was constructed. A test
cutting method was proposed for identifying vibrations
during radial turning using continuous cutting at variable
speed. It was established that the intensity of vibrations is
affected by cutting speed; vibrations occur in a specific
speed range in which the peak amplitude of oscillations is
observed.

In [15], the influence of cutting parameters and the
chemical composition of cast iron on the excitation of
regenerative self-oscillations was established. It was
found that a higher C-Si content in cast iron helps sup-
press the resulting vibrations; turning cast iron with a high
carbon content with a lower C-Si content at low cutting
speeds is accompanied by intense regenerative self-
oscillations.
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Despite the considerable amount of research, most
of them focus on continuous or segmented chip for-
mation, or use a methodology that is not able to separately
study only regenerative self-oscillations. At the same
time, the processes characteristic of the processing of brit-
tle materials with the formation of discontinuous chips
remain less studied. This limits the possibilities of apply-
ing classical models of cutting dynamics and necessitates
the further development of the theory taking into account
the peculiarities of discontinuous chip formation.

The aim of the study is to investigate the influence
of discontinuous chip formation on the excitation of re-
generative self-oscillations during turning.

Research methodology

The experiments were carried out under continuous
orthogonal turning conditions on a Zenitech WL 320
CNC lathe [16]. A cutter-oscillator with one degree of
freedom in the direction of change in the thickness of the
cut layer was used to study the vibrations [17]. The natu-
ral frequency of the cutter-oscillator oscillations was
f»=500Hz. The cutter-oscillator was installed in the tool
holder of the machine using a special device, in the hous-
ing of which an inductive displacement sensor Schneider
Electric XS4-P12AB110 was installed (Fig. 1). Vibrations
of the cutting edge during the turning process were rec-
orded by this sensor and fed to a multichannel analog-to-
digital converter L-Card E140 and transmitted in digital
form to a personal computer. Signal processing was per-
formed in PowerGraph 3.3 software. The obtained oscil-
lograms were used to determine the cutting edge oscilla-
tion amplitude Ax and the static deflection Bx. Additional-
ly, a spectral analysis of the oscillograms was performed
using the fast Fourier transform method to determine the
frequency of self-oscillations fso.

Figure 1. Workplace for vibration research [18]

The workpieces were cylindrical, D=120mm,
L=100mm, ensuring high system rigidity during continu-
ous turning. To compare the effects of different chip for-
mation types on vibration excitation during turning, the
following workpieces were used: grade steel AISI 1045
with continuous chips, gray cast iron GG35, and bronze
CuSn3Zn13Pb4 — materials characterized by discontinu-
ous chip.

Turning was performed under the following cutting
conditions: cutting speed v=50-250m/min, feed rate
S=0.2mm/rev, depth of cut t=1mm, without cooling.
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The cutting carbide insert T15K6 (P30 ) has the fol-
lowing geometric parameters: y=0°, a=10°, »=90°, A=0°,
r=0.15 mm. The wear area on the flank surface of the cut-
ter was maintained in the range of 0.05...0.1 mm.

Results and discussion

As a result of the research during turning of different
materials, oscillograms of the cutting edge oscillations
were recorded (Fig. 2-4), according to which the oscilla-
tion amplitude Ax and the static deflection of the cutter-
oscillator Bx and the frequency of self-oscillations fso
were measured (Table 1-3).

When turning steel AISI 1045 with the cutter-
oscillator, intense regenerative self-oscillations were ob-
served in the cutting speed range of v=100-250 m/min.
The oscillation amplitude increased with increasing cut-
ting speed. When turning cast iron GG35, regenerative
self-oscillations were absent; oscillograms showed ran-
dom oscillations whose amplitude remained virtually un-
changed with increasing cutting speed. When turning
bronze CuSn3Znl13Pb4, regenerative self-oscillations
were observed at cutting speeds of v=150-250 m/min.
With increasing cutting speed, the oscillation amplitude
increased, similar to that observed for steel AISI 1045.

Table 1 — Results of the study when turning steel AlSI
1045

v, m/min Ax, mm By, mm fso, Hz
50 0.03...0.035 | 0.25...0.283 -
100 0.040...0.048 | 0.18...0.216 625
150 0.050...0.063 0.16...0.2 625
200 0.066...0.075 | 0.16...0.183 625
250 0.075...0.091 | 0.166...0.2 625

Table 2 — Results of the study during turning of bronze
CuSn3Zn13Pb4

v, m/min Ax, mm By, mm fso, Hz
50 0.018...0.023 | 0.043...0.046 -
100 0.016...0.025 | 0.046...0.050 -
150 0.021...0.028 | 0.046...0.050 582
200 0.050...0.075 | 0.046...0.050 570
250 0.083...0.100 | 0.043...0.046 581

Table 3 — Results of the study during turning of cast iron
GG35

v, m/min Ax, mm By, mm fso, Hz
50 0.011...0.016 | 0.183...0.19 -
100 0.008...0.014 | 0.15...0.166 -
150 0.006...0.014 | 0.156...0.163 -
200 0.006...0.013 | 0.16...0.17 -
250 0.008...0.012 | 0.16...0.166 -
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Figure 4. Oscillogram of turning bronze CuSn3Zn13Pb4 at
a speed of v =150 m/min

The chips when turning steel AISI 1045 had a wave
on the free surface, which confirmed the presence of re-
generative self-oscillations (Fig. 5a). And the chips of
cast iron GG35 and bronze CuSn3Zn13Pb4 were formed
from numerous pieces of irregular shape, not connected or
weakly connected with each other, from which it was not
possible to decide the nature of vibration (Fig. 4bc).

The amplitude of the regenerative self-oscillations of
the cutting edge of the cutter-oscillator was reflected in
the vibration patterns of the machined surface (Fig. 6). On
the surface of steel AISI 1045, there was a clear wave
from the oscillations of the cutter tip; on bronze
CuSn3Zn13Ph4, the wave was much smaller, and on cast
iron GG35, the wave was absent.

An analysis of the amplitude-frequency spectra
(Fig.7) revealed that a dominant oscillation frequency was
observed when turning steel AISI 1045 at cutting speeds
of 100-250 m/min and bronze CuSn3Zn13Pb4 at cutting
speeds of 150-250 m/min. The dominant frequency in the
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spectrum was slightly higher than the natural frequency of
the cutter-oscillating. This confirms that the observed
vibration is regenerative self-oscillation. When turning
cast iron GG35 the dominant frequency was absent across
the entire cutting speed range, indicating the absence of
regenerative self-oscillations.

Figure 5. Chips during turning of steel AISI 1045 (a), cast iron
GG35 (b), bronze CuSn3Zn13Pb4 (c) at a speed of v=150 m/min

Figure 6. Vibration pattern on the machined surface of steel
AISI 1045 (a), cast iron GG35 (b ), bronze CuSn3Zn13Pb4 (c)
at a speed of v=150 m/min
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Conclusion

The conducted studies have shown that the type of
chip formation has a significant impact on the excitation
of regenerative oscillations during turning. It was found
that regenerative oscillations are excited during turning of
steel AISI 1045, which produces continuous chips. This is
due to the relatively continuous nature of plastic defor-
mation and the stable formation of the shear layer, which
facilitates the development of positive feedback between
the cutting process and the cutter-oscillator.

At the same time, materials characterized discontin-
uous chip formation (cast iron GG35, bronze
CuSn3Zn13Pb4) dampen regenerative oscillations. The
discontinuous, random nature of chip formation, caused
by brittle fracture of the material, dampens the oscillator's
oscillations via the feedforward coupling and prevents the
oscillatory system from oscillating via the feedback cou-
pling.
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Annpiit JIeBueHko

Mema pobomu. Memoro yb020 OOCTIONCEHHA € BUBHEHHS BNAUBY CIPYHCKOYMBOPEHHS HA 30Y0XCEHHS peceHepa-
MUBHUX ABMOKOIUBAHb NPU MOYIHHI, NOPIGHAHHA NOBEOIHKU ABMOKOIUBAHL NPU CHPYHCKOYMBOPEHHI, AKe CMBOPIOE
3NUHY CIPYICKY MA CIMPYIAHCKY HAOLOMY, A MAKOIC NPOZHO3VBAHHS CMADIIbHOCMI 00POOKU KPUXKUX MAMEPIANie.

Memoou docnidxncenns. JJocniodxncenHs npoBOOUNOCs 8 YMOBAX OE3NePEPEHO20 OPMOSOHANbHO20 MOYIHHS HA MO-
xkapnomy eepcmami 3 YIIK. Bibpayiro 0ocridcysanu 3a 00NOMO2010 pPi3ysi-OCYuismopa 3 00HUM CmyneHem c80b0ou 6
HANPAMKY 3MIHU MOGWUHU WAPY, WO 3PI3acmbcs. 3miwyenns pizanbHol KpoMKY nio yac obpobKu suMIiplo6aiu 3a 00no-
MO2010 THOYKMUBHO20 OAMYUKA, A CUSHATU 3ANUCYBANU 3d OONOMO20I0 OAAMOKAHATLHOI cucmemu 360py Oanux ma
06pobnsnu Ha komn'tomepi. Ocyunozpamu aHanizy8ay 0ns GUIHAYEHHs AMNIIMYOU Ma CIMAMUYHO20 BIOXUNEHHS.

Pesynvmamu. Excnepumenmansui pe3yiomamu nOKA3AAU, Wo Mun YmeopeHHs CIMPYICKU MAE 3HAYHUL 6NIUE HA
sibpayiro nio uac mouinns. 11i0 yac 0bpobxu cmani 45, wo xapaxkmepusyemvcs 3MUSHUM CIPYICKOYMEOPEHHIM,
dianazoni weuokocmeil pizanns v = 100-250 m/xe cnocmepieanucs peceHepamusHi a8moKOAUSAHHS, NPU YbOMY aAM-
naimyoa ix 3pocmana 3i 30inbueHHAM weuokocmi pizanns. Hamomicme, nio wac obpobku cipozo uasyny CY35, skui
VIMBOPIOE CMPYAHCKY HAONOMY, pe2eHepamueHUx agmoKoIUBAHb He BUABLeHO; OVIU HAABHI Julle 8UNAOKO8I KOTUBAHHS
HU3bKOI aMnimyou, piens AKUX 3AIUABCA MAtidce NOCMIUHUM Y 8CboMY Olana3oHi weuokocmell pizanHa. [{ns 6poH3u
bpO3L13C4, wo maxooic ymeopioe cCmpytcKy HAOIOMY, Pe2eHEePAMUBHI A8MOKOIUBAHHA GUHUKATU ULMe NPU SUUUX
weuokocmsx pizanns (v=150-250 m/xs), amnaimyoa ix 3pocmana 3i w8uUOKicmio pizants, nodiOHO 00 cmaii.

Haykoea nosusna. Haykosa Ho8U3HA Yb020 0OCHIONCEHHS NONASAE Y BCIMAHOBLEHHI GNIUBY CIPYICKOYMEOPEHHS
Ha YMOBU NPUSHIYEHHs A 30Y0NHCEeHHs pe2eHepamueHUux asmoKOIUBAHb NPU MOYIHHI.

Ilpakmuuna winnicms. I[lpaxmuune 3HaAueHHS YbO20 OOCHIONCEHHS NONAAE 8 HNOKPAWEHHI NPOSHO3YBAHHS.
cmabinbHocmi npu 00podbyi mamepianie 3 pisHUMU MeXAHIZMamMu cmpysxckoymeopents. Ompumani pe3yromamu mo-
JHCymov Oymu 8UKOpUCmaHi 0 uOOPY ONMUMATILHUX YMO8 DI3aHHSA, SKI 3MEHULyIoms abo 3anodiearoms GUHUKHEHHIO
pezeHepamusHux agmoKoIU8aAHsb, 0COOIUBO Ni0 Yac 0OPOOKU KPUXKUX Mamepianis.

Kniouoei cnosa: eibpayis, pezenepamusHi asmoKOAUBAHHS, CMPYICKOYMBOPEHHS, Di3eyb-0Cyunsamop, gopma
CIMPYHCKU.
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THERMO-MECHANICAL EFFECTS OF CUTTING PARAMETERS ON
HOLE PERFORMANCE AND TOOL WEAR IN
CARBON POLIMER/ TITANIUM ALLOY STACK

Purpose. To systematize and summarize the results of scientific studies on the influence of cutting parameters on
hole accuracy, machined surface quality, tool wear intensity, and built-up edge formation during drilling of Carbon
Fiber-Reinforced Polymer (CFRP)/titanium alloy stacks.

Research methods. A comparative parametric analysis was applied to evaluate the influence of feed rate and cutting
speed on drilling thrust force, temperature in the cutting zone, delamination intensity in the composite layer, burr height
in the titanium layer, surface roughness, and tool wear progression. Experimental and numerical results reported in
recent scientific publications were analyzed and integrated to determine cause-and-effect relationships between cutting
parameters, thermomechanical processes in the cutting zone, and hole quality indicators.

Results. Feed rate was identified as the primary factor governing mechanical loading during drilling and therefore
determining the extent of delamination in the CFRP layer. Cutting speed mainly affects the thermal state of the cutting
zone and adhesion phenomena in the titanium alloy. Built-up edge formation and adhesive material transfer to the cutting
edge modify the effective tool micro-geometry, leading to increased axial forces, reduced hole accuracy, and decreased
drilling stability.

Scientific novelty. The synthesis of previously published results substantiates the need for an integrated approach
to evaluating drilling of CFRP/titanium alloy stacks as a unified thermomechanical system. Within this framework, cutting
parameters, tool wear evolution, and built-up edge formation are considered interrelated factors governing the transition
between abrasive, adhesive, and diffusion wear mechanisms depending on process conditions.

Practical value. The obtained generalizations may guide further research in machining CFRP/titanium alloy stacks,
particularly for extending tool life, stabilizing the drilling process, and optimizing cutting parameters to improve hole
quality.

Key words: drilling, CFRP/titanium alloy stacks, cutting parameters, delamination, built-up edge, tool wear, ther-
momechanical interaction, comparative parametric analysis.

whereas cutting speed governs temperature rise and defor-
Introduction mation behavior in titanium. Elevated mechanical loading

Carbon Fiber-Reinforced Polymer (CFRP) and Ti- intensifies composite damage, while excessive thermal ac-

6AI-4V alloy stacks are widely used in aerospace structures cumulation promotes titanium plastic flow and adhesion to
) P - L . the cutting edge. Consequently, hole quality, surface integ-
due to their high specific strength and durability. Despite utting ecq quently qualtty, su Integ

h dvant drilli bIv holes i h multi rity, and tool degradation are controlled by the combined
€se advantages, drifling assembly NOIES In SUCh MU~ 5 o, of mechanical and thermal effects rather than by iso-
material systems remains technologically challenging. The

composite layer exhibits anisotropic behavior and limited lated parameters. : : :
interlaminar strength, while titanium exhibits low thermal Numerous expgrlmental and numerllcal. stuQIes have

. T . L addressed force prediction, temperature distribution, dam-
c_onductlwty, strong plastlcn_y_, and a high affinity for ‘?Ut' age mechanisms, and wear behavior in stack drilling. As-
ting tools. The abrupt transition between these materials

during drilli ¢ lex th hanical i sisted technologies such as ultrasonic vibration, helical
uring dnifiing generates compiex thermo-mechanical in- milling, and hybrid cooling strategies have demonstrated
teractions that often lead to delamination, burr formation,

dimensional inaccuracy. accelerated tool wear. and built reductions in thrust force or thermal concentration. How-
: ' : uracy, wear, ul ever, reported optimal parameter ranges remain incon-
up edge (BUE) formation.

e . - sistent, particularly under varying lubrication and assis-
Existing research has established that drilling perfor- P y ying

. . . . tance conditions. Furthermore, many investigations ana-
mance in CFRP/Ti stacks is strongly dependent on cutting y g

DR lyze dimensional accuracy, surface quality, or tool wear in-
parameters. Feed rate primarily influences thrust force and dependently, although these phenomena are inherently in-
interlaminar stress development in the composite layer, '

terrelated.
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Adhesion-induced BUE formation represents a key
transitional mechanism linking temperature rise, wear pro-
gression, and geometric instability. Modification of the
cutting edge by adhered titanium alters contact mechanics,
affecting hole accuracy and surface morphology. Despite
advances in finite element and data-driven modeling, com-
prehensive approaches that simultaneously relate cutting
parameters to wear evolution, BUE dynamics, and result-
ing hole quality in CFRP/Ti stacks remain limited.

Therefore, a systematic and integrated assessment of
the influence of cutting parameters on the thermo-mechan-
ical behavior, tool wear, and hole performance is required.
Such analysis is essential for establishing predictive and
stable drilling strategies for aerospace-grade multi-material
structures.

Analysis of research and publications

Recent studies have extensively examined the mech-
anisms of drilling-induced damage in CFRP and stack con-
figurations. Delamination and matrix cracking in CFRP are
strongly influenced by thrust force and temperature rise [1-
3], while burr formation and plastic deformation dominate
the titanium layer, particularly at elevated temperatures [2,
4]. Surface roughness and hole dimensional accuracy are
governed by cutting speed—feed combinations and tool ge-
ometry, as well as by thermal softening and chip-wall in-
teraction effects [5, 6]. Helical milling and ultrasonic-as-
sisted drilling have demonstrated reduced thrust forces and
improved chip evacuation compared to conventional drill-
ing [7], yet parameter sensitivity remains high.

Tool wear behavior in stack drilling is complex and
often dominated by adhesive and diffusion mechanisms in
titanium and abrasive wear in CFRP [6, 8, 9]. Adhesion of
titanium to the cutting edge frequently results in BUE or
build-up layer (BUL) formation, altering tool geometry, in-
creasing forces, and accelerating wear progression [4, 9,
10]. Cooling and lubrication strategies such as MQL, Cryo-
MQL, and ultrasonic-assisted cryogenic systems have
shown potential to mitigate temperature rise and adhesion
wear [11-14], but their effectiveness depends strongly on
the selection of cutting parameters.

Although numerous works have addressed isolated
aspects of temperature fields [15], stress distribution [16],
tool geometry [5, 6], coating performance [6, 9], lubrica-
tion systems [12, 14], and Al-based predictive modeling
[17], the majority of studies treat hole quality, tool wear,
and BUE formation as partially independent phenomena.
However, in CFRP/Ti stack drilling, these effects are in-
herently interrelated: cutting parameters influence temper-
ature and stress distribution, which govern adhesion behav-
ior and BUE stability. These, in turn, modify the effective
cutting-edge radius and contact mechanics, ultimately af-
fecting hole accuracy and surface integrity.

Feed rate is generally the dominant parameter con-
trolling thrust force and delamination [3, 6], whereas cut-
ting speed primarily governs thermal softening and adhe-
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sion in titanium [2, 10, 18]. However, contradictory find-
ings exist regarding optimal speed-feed windows, particu-
larly under hybrid lubrication and ultrasonic assistance
[12, 19, 20]. Moreover, while modeling efforts using finite
element approaches [2, 21], hybrid analytical-numerical
frameworks [16], and data-driven prediction methods [17,
22] have advanced force and temperature prediction, ro-
bust coupling between cutting parameters, tool wear pro-
gression, and BUE formation in stack drilling remains in-
sufficiently addressed.

Purpose of work

Despite significant progress, there is still a lack of in-
tegrated analysis that simultaneously links cutting parame-
ters to tool wear evolution, BUE dynamics, and resulting
dimensional deviations, particularly in CFRP/Ti alloy
stacks. Most studies focus either on hole damage or on
wear mechanisms separately, without establishing mecha-
nistic interdependencies. In particular, the parameter-de-
pendent transition between adhesive wear and thermally
activated diffusion wear in titanium, and its feedback effect
on delamination and surface integrity in the CFRP layer, is
not yet comprehensively understood. Therefore, more
solid, systematic research is required to clarify how cutting
speed—feed combinations influence tool wear mechanisms
and BUE formation during drilling of CFRP/Ti stacks, and
how these wear-induced geometric changes propagate into
hole quality deterioration. Such understanding is essential
for developing predictive, parameter-optimized, and dam-
age-controlled drilling strategies for aerospace-grade
multi-material structures.

Research material and methodology

This work presents a structured analytical review of
peer-reviewed studies on the drilling of CFRP/Ti-6Al-4V
stacks. The methodological framework was developed to en-
able systematic comparison of mechanical, thermal, and tribo-
logical process characteristics and to identify interdependen-
cies between cutting parameters and drilling performance.

The analysis included experimental and validated nu-
merical studies that explicitly reported feed rate and cutting
speed and provided quantitative evaluation of thrust force,
temperature, delamination, burr height, surface roughness,
tool wear, or built-up edge formation. Both conventional
and assisted techniques, namely ultrasonic drilling, helical
milling, cryogenic, and hybrid cooling, were considered to
assess parameter sensitivity under different processing
conditions.

The selected publications were classified into four do-
mains. These domains are mechanical response, thermal
behavior, hole quality and surface integrity, and tool wear
with adhesion phenomena. A comparative-parametric ap-
proach was applied to evaluate consistent trends, focusing
on correlations between feed rate and thrust force, cutting
speed and interface temperature, and the transition of wear
mechanisms under different thermo-mechanical modes.
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Reported quantitative indicators were used to support trend
validation.

An integrative interpretation was adopted to consider
mechanical load, temperature evolution, adhesion stability,
and wear progression. Cross-comparison of experimental
and modeling results ensured consistency and strengthened
the reliability of the derived conclusions.

Research results

Drilling of CFRP/Ti stacks is characterized by ther-
momechanical heterogeneity resulting from the abrupt
transition between the anisotropic brittle composite and the
ductile titanium alloy. The chisel edge region operates at
near-zero cutting speed, where extrusion and ploughing
mechanisms dominate over pure shearing. Hybrid analyti-
cal-numerical modeling demonstrates that during the ini-
tial penetration stage, the contact area increases rapidly. In
contrast, the contact pressure decreases due to localized
thermal softening, particularly when the interfacial temper-
ature approaches the matrix glass transition temperature
[16]. This phenomenon intensifies interlaminar stresses in
CFRP and contributes to thrust-force-driven delamination.

Experimental investigations of CFRP/Ti stacks report
exit temperatures in the titanium layer ranging from ap-
proximately 182 °C to 356 °C, depending on cutting pa-
rameters [2]. Within this interval, titanium burr height in-
creased by about 56.6 %, confirming the strong tempera-
ture sensitivity of plastic deformation in Ti-6Al-4V. Sim-
ultaneously, matrix tensile damage variables in CFRP in-
creased significantly when the temperature rose from
248 °C to nearly 300 °C, indicating progressive thermal
degradation of the polymer matrix [2, 3]. These findings
demonstrate that temperature is not merely a by-product of
drilling but a governing variable influencing damage evo-
lution in both materials.

Chip formation mechanisms further complicate pro-
cess mechanics. CFRP produces fragmented, brittle chips,
whereas titanium produces continuous or segmented, duc-
tile chips with a strong tendency toward adhesion. Accu-
mulated titanium chips increase torque oscillation and ra-
dial force components, particularly at low cutting speeds
and elevated feeds [16, 23]. Ultrasonic-assisted drilling has
been shown to reduce thrust force by approximately
23-27 % relative to conventional drilling and to decrease
the delamination factor by 12-16 % through improved chip
fragmentation and intermittent cutting [20]. These quanti-
tative outcomes confirm that the combined influence of
mechanical loading, thermal accumulation, and chip evac-
uation efficiency governs drilling mechanics in stacks.

Cutting speed predominantly governs thermal effects
and adhesion phenomena during stack drilling. Across sev-
eral experimental studies, increasing cutting speed within
typical industrial ranges (15-30 m/min for coated drills)
reduced thrust force in titanium by approximately 10-15%,
primarily due to thermal softening and reduced specific
cutting energy [6]. However, the accompanying tempera-
ture increase modifies tool-chip interaction conditions.
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Measurements of drill temperature during Ti machin-
ing show that the peak temperature is concentrated near the
drill center and increases markedly under dry conditions
compared with compressed-air cooling [10].

Thermal sensitivity of titanium is further evidenced
by cryogenic machining studies, which identified a transi-
tion zone near —60 °C where force direction and torque be-
havior changed due to altered material deformation char-
acteristics [18]. Although this result pertains to milling, it
illustrates the strong dependence of Ti deformation behav-
ior on temperature state and supports the interpretation of
speed-driven thermal effects in drilling.

In CFRP layers, higher cutting speeds generally reduce
thrust force and may reduce delamination at moderate feeds
[3]. Nevertheless, when the temperature exceeds the matrix
glass transition range, softening and resin smearing inten-
sify, potentially increasing subsurface damage [2]. Finite el-
ement method (FEM) simulations confirm that elevated in-
terface temperature correlates with increased burr formation
in titanium and higher tensile damage variables in CFRP [2].
These observations indicate that cutting speed influences
drilling performance through a thermally mediated trade-
off between force reduction and thermal degradation.

Feed rate is consistently identified as the dominant
factor affecting thrust force and delamination severity. Sta-
tistical analyses of CFRP/Ti drilling confirm that feed rate
is the most influential parameter on thrust force, with de-
termination coefficients ranging from 0.87 to 0.90 in re-
gression models [6]. Increasing the feed from 0.025 to
0.1 mm/rev resulted in substantial increases in thrust force
and corresponding enlargement of delamination damage.

In composite drilling studies, increasing feed from 0.1
to 0.2 mm/rev reduced free-hole area preservation from ap-
proximately 99 % to 53 % under unfavorable speed condi-
tions, indicating severe exit damage [3]. Similar trends are
reported in stack drilling, where elevated feed increased ti-
tanium burr height and composite delamination factors
[2, 5]. These results confirm that feed rate directly controls
undeformed chip thickness, axial force magnitude, and the
distribution of contact stress.

Tool wear progression also correlates with feed inten-
sity. Larger feed values increase normal load on cutting
edges and accelerate flank wear development [9]. Under
cryogenic conditions with coated drills, higher feed rates
led to an approximately 11 % increase in adiabatic shear
band thickness in titanium chips, indicating intensified lo-
calized deformation and more aggressive wear. Moreover,
increased feed rate increases contact pressure and the fric-
tional area, promoting titanium adhesion and facilitating
BUE formation [4, 10].

The combined influence of cutting speed and feed de-
termines the dominant damage mechanism and wear mode
during drilling. Low cutting speed combined with high
feed generally results in elevated thrust force and intensi-
fied adhesive wear, promoting unstable BUE accumulation
[4]. Conversely, high speed at moderate feed reduces me-
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chanical loading but increases interface temperature, facil-
itating diffusion wear mechanisms and thermal matrix deg-
radation [9].

Multi-objective optimization studies confirm that bal-
anced parameter windows provide improved overall per-
formance. Analytical hierarchy process-based optimization
simultaneously reduced axial force and surface roughness
in CFRP/Ti drilling by selecting intermediate parameters
[15]. Ultrasonic peck drilling further demonstrated thrust-
force reductions of up to 35% compared with conventional
drilling under optimized conditions [19].

A comparative analysis with helical milling indicates
that a distributed cutting load substantially modifies pa-
rameter sensitivity. Helical milling reduced thrust force in
titanium from approximately 435 N to 117 N, correspond-
ing to a 73% reduction, thereby decreasing thermally in-
duced damage and improving dimensional stability [23].
Although this represents an alternative process, it under-
scores the central role of load distribution in determining
how cutting parameters influence damage evolution. Key
findings is summarized in Table 1.

Hole accuracy in CFRP/Ti stack drilling is affected by
the combined influence of thrust force magnitude, thermal
expansion, adhesion-induced edge modification, and tool
wear. Unlike monolithic materials, dimensional deviation
in stacks emerges from the superposition of composite de-
lamination, titanium plastic flow, and temperature-driven
geometric instability of the drill.

Diameter deviation in stack drilling results from both
mechanical deflection and thermal-adhesive effects. Ex-
perimental observations indicate that increasing the feed
rate significantly increases thrust force, enhancing radial
displacement of the drill and promoting overcut in titanium
layers [3]. Statistical analyses confirm feed rate as the dom-
inant contributor to axial load variation, which directly in-
fluences dimensional stability [6].

Thermal effects further modify hole diameter. FEM
analysis demonstrated that increasing the interface temper-
ature from ~182 °C to ~356 °C resulted in a pronounced
increase in burr height and plastic deformation in titanium
[2]. Since titanium has relatively low thermal conductivity,
localized heat accumulation near the drill margin can cause
transient thermal expansion of both the tool and the work-
piece, contributing to oversizing.

Adhesion-related phenomena also affect diameter con-
sistency. Titanium build-up layer formation alters the ef-
fective cutting edge radius, thereby changing local cutting
geometry and increasing dimensional scatter [4]. As adhe-
sion accumulates, cutting becomes intermittently unstable,
promoting micro-variations in hole diameter.

Roundness deviation in CFRP/Ti stacks is closely asso-
ciated with torque fluctuation and radial force asymmetry.
Chip accumulation in titanium at low cutting speeds inten-
sifies torque oscillations and increases the drill’s dynamic
instability [23]. Such oscillatory loading contributes to out-
of-roundness and localized wall irregularities.
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Table 1 — Key outcomes of investigation relevant for
cutting parameters effect on the drilling process

Topic .
Reference addressed Key conclusions
Axial force decreases with in-
CFRP/Ti creasing spindle speed and in-
stack drill- | creases with feed rate. Multi-ob-
Chenetal. | S AR
ing; force- | jective optimization indicates that
[15] : A h
based opti- | parameter balancing is required
mization to simultaneously control thrust
force and surface roughness
Thermally induced softening
Thermo- - P
. modifies contact pressure distri-
mechanical - -
. bution during tool engagement.
Shariar et | stress mod- S
- - | Stress evolution is governed by
al. [16] eling in .
. temperature-dependent material
composite :
L properties rather than purely me-
drilling : .
chanical loading
Peak temperature localizes near
Drill tem- | the drill center. Increasing the
perature cutting speed increases the ther-
. distribution | mal load, whereas higher feed
Zhaoju et -
al. [10] under dif- | rates above ~0.13 mm/rev reduc_e
' ferent cool- | temperature due to enhanced chip
ing meth- | evacuation. Compressed air cool-
ods ing improves temperature uni-
formity
Ultrasonic- | UAD stabilizes thrust force, im-
M assisted proves chip fragmentation, and
oran et o h
al. [20] drilling reduces adhesive transfer to the
' (UAD) of | tool compared to conventional
CFRP/Ti drilling
- Helical milling reduces mechani-
Drilling vs A
. . cal and thermal loading, improv-
Gururaj et | helical :
. ing surface roughness and subsur-
al. [24] milling - - o
(dry) facg mlcrohgrdness while miti-
gating adhesion and wear

Step drilling strategies reduce peak thrust and improve
hole stability; however, repeated engagement may intro-
duce cyclic thermomechanical variations that affect cylin-
dricity at elevated feeds [5]. Ultrasonic-assisted drilling re-
duces radial force magnitude and improves hole geometry
by decreasing chip packing, yet the improvement remains
parameter-sensitive [20]. The reduction of thrust force
through distributed load strategies, such as helical milling,
resulted in significantly improved dimensional stability
compared to conventional drilling, supporting the interpre-
tation that load concentration directly affects geometric ac-
curacy.

Drill wandering at the hole entry is primarily governed
by thrust force magnitude and composite anisotropy. Feed
increase intensifies axial force, elevating entry delamina-
tion and potentially shifting drill alignment during initial
penetration [3]. Thermal softening of the CFRP matrix at
elevated interface temperatures further reduces local stiff-
ness, increasing susceptibility to entry instability [2].

Temperature concentration near the drill center also in-
fluences positional stability. Experimental temperature
measurements revealed peak thermal zones at the chisel
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edge region under dry conditions [10]. Such thermal gradi-
ents can asymmetrically modify contact stiffness, potentially
contributing to slight angular deviation during drilling.

Although assisted technologies reduce thrust magni-
tude, they do not fully eliminate positional deviation when
feed remains high [19, 20], indicating that mechanical
loading remains the principal driver of drill runout. Key
finding are summarized in Table 2.

Table 2 — Analysis of process parameters affecting
hole accuracy and quality

Reference a d-g(r)epsls?e d Key conclusions
Ultrasonic UPD achieves hole diameter
. peck drilling | within H9 tolerance and re-
LiF.etal. | (ypp) of | duces CFRP hole roughness
[19] CFRP/Ti lam- | compared to conventional and
inates standard ultrasonic drilling.
Layer-specific adjustments to
Chen C. et | Variable- speed and feed reduce exit de-
parameter lamination and burr formation,
al. [5] stack drilling improving the geometric sta-
bility of the drilled hole.
Increasing the exit tempera-
- Thermal influ- ture significar)tly enhanceg ti-
enetal. .| tanium plastic deformation,
ence on exit o
[2] deformation resulting in greater burr for-
mation and distortion at the
hole exit.
Reduced load concentration in
G . Helical mill- | helical milling improves di-
ururaj et | . . - o
al. [24] ing vs conven- mensional stak_nllt)_/ and_ miti-
tional drilling | gates geometric distortion of
hole walls.

Influence of Cutting Parameters on Surface Quality
and Surface Integrity

Surface quality in CFRP/Ti stack drilling is governed
by the coupled effects of thrust force magnitude, interface
temperature, chip-wall interaction, and tool condition. Un-
like monolithic drilling, surface integrity in stacks must be
evaluated separately for the CFRP and titanium layers, as
the governing mechanisms differ substantially.

Surface roughness in titanium layers is strongly de-
pendent on the feed rate, as it is directly related to the un-
deformed chip thickness and the theoretical surface profile.
Statistical analysis confirmed feed rate as the dominant pa-
rameter influencing thrust force and, consequently, surface
roughness in CFRP/Ti drilling [6]. Increasing feed leads to
higher axial load and increased ploughing at the margin re-
gion, producing rougher hole walls.

Cutting speed influences roughness indirectly
through thermal effects. At moderate speeds, thermal sof-
tening reduces cutting resistance and may improve surface
finish. However, excessive temperature intensifies adhe-
sion and the formation of a built-up layer, altering the ef-
fective cutting edge radius and introducing irregular sur-
face morphology [4, 10]. Experimental temperature meas-
urements revealed peak thermal concentration near the drill
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center, particularly under dry conditions, increasing adhe-
sion tendency [10].

Ultrasonic-assisted drilling reduced thrust force and
improved chip evacuation, resulting in a better surface fin-
ish than conventional drilling[20]. Nevertheless, improve-
ments remained sensitive to feed magnitude, indicating
that mechanical loading still governs roughness formation.

Helical milling experiments demonstrated a substan-
tially reduced thrust force (~73% lower than conventional
drilling), which correlated with improved surface finish
and reduced wall irregularities [23]. This supports the in-
terpretation that load distribution and mechanical stability
are critical for surface integrity.

Surface integrity in CFRP is not limited to roughness
but includes subsurface matrix cracking, fiber pull-out, and
interlaminar damage. FEM analysis revealed that an in-
crease in interface temperature from approximately 248 °C
to 299 °C significantly amplified tensile damage variables
in the composite layer [2]. Since polymer matrix properties
degrade rapidly above T, cutting speed becomes a critical
thermal control parameter.

Feed rate amplifies interlaminar stresses by increasing
thrust force, directly intensifying peel-up and push-out
damage. Composite drilling studies confirm that higher
feed values significantly reduce free-hole area preserva-
tion, reflecting increased subsurface damage severity [3].

The combination of high feed and elevated temperature
results in the most severe integrity degradation, due to sim-
ultaneous mechanical overload and matrix softening. As-
sisted technologies (ultrasonic or cryogenic) reduce me-
chanical load or temperature but do not eliminate parame-
ter sensitivity[12, 19, 20].

Burr formation in titanium layers is strongly tempera-
ture-dependent. FEM-based analysis reported that increas-
ing exit temperature from ~182 °C to ~356 °C increased
burr height by approximately 56.6% [2]. This indicates that
cutting speed—induced thermal accumulation directly gov-
erns plastic deformation behavior at hole exit.

Feed rate also contributes to burr formation by increas-
ing plastic strain at the exit zone. Higher undeformed chip
thickness promotes larger deformation volume before chip
separation, intensifying burr size [6].

Cryogenic and hybrid cooling strategies reduce inter-
face temperature and modify plastic flow behavior, but
their effectiveness depends on maintaining moderate feed
levels [12, 18]. Adhesion phenomena further aggravate
burr irregularity; the formation of a titanium build-up layer
alters edge sharpness and increases surface tearing at the
exit [4] (Table 3).

Tool wear evolution in CFRP/Ti stack drilling is gov-
erned by the combined action of abrasive interaction in the
composite layer and adhesive-diffusive mechanisms in the
titanium layer. The abrupt transition between materials
with contrasting thermal conductivity, hardness, and chem-
ical reactivity results in complex wear patterns, often char-
acterized by flank wear, adhesion layers, and unstable BUE
formation.
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Table 3 - Analysis of process parameters effecting hole
quality and surface integrity

Reference | Topic addressed Key conclusions
Dynamic temperature
] field correlates with drill-
Temperature field | .~ .
Yu et al. - ing-induced microstruc-
and drilling dam-
[1] age in composites tural damage and wall sur-
g P face defects in fiber-rein-
forced composites
Elevated cutting speed in-
creases thermal concen-
. tration near the drill cen-
. Temperature  dis- - :
Zhaoju et oo ter, promoting adhesion
tribution and cool- | . . -
al. [10] - - risk and surface instabil-
ing strategies Lo .
ity; improved cooling re-
duces peak temperature
and thermal gradients
Intermittent cutting im-
Moran et | Ultrasonic-assisted | Proves wall morpholqu
L and reduces adhesive
al. [20] drilling
transfer compared to con-
ventional drilling
Adhesion layer formation
Adhesion layer | is influenced by drill ge-
Joy et al. f N .
4] o'rn?atlon in stack | ometry anq contrlputes Fo
drilling surface irregularity in
stack materials

Tool wear evolution in CFRP/Ti stack drilling is gov-
erned by the combined action of abrasive interaction in the
composite layer and adhesive-diffusive mechanisms in the
titanium layer. The abrupt transition between materials
with contrasting thermal conductivity, hardness, and chem-
ical reactivity results in complex wear patterns, often char-
acterized by flank wear, adhesion layers, and unstable BUE
formation.

Feed rate directly governs undeformed chip thickness
and contact pressure along the cutting edge, thereby influ-
encing flank wear progression. Statistical analysis in
CFRP/Ti drilling confirms feed rate as the most significant
parameter affecting thrust force and mechanical loading
[6]. Increased feed intensifies normal stress at the tool-
workpiece interface, accelerating abrasive wear in the
CFRP layer and adhesive wear in titanium.

Composite drilling studies indicate that higher feed in-
creases thrust force and delamination severity [3], which indi-
rectly affects tool wear by increasing mechanical resistance
during penetration. Elevated feed also promotes thicker adia-
batic shear bands in titanium chips under cryogenic condi-
tions, indicating intensified localized deformation and higher
stress concentration at the cutting edge [9].

Therefore, feed rate primarily controls mechanical
wear intensity and contributes to edge degradation through
increased ploughing and frictional contact.

Cutting speed influences tool wear predominantly
through temperature-dependent mechanisms. Temperature
measurements reveal that increasing cutting speed elevates
peak temperature near the drill center, particularly under
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dry conditions [10]. Elevated interface temperature pro-
motes adhesion of titanium to the tool surface and acceler-
ates coating degradation.

Thermal modeling demonstrates that exit temperature
may reach approximately 356 °C under certain conditions
[2], indicating sufficient thermal activation for diffusion-
assisted wear processes. Cryogenic machining studies con-
firm that altering thermal regime significantly modifies de-
formation behavior in titanium [18], implying that wear
mechanisms transition depending on temperature state.

Under cryogenic cooling with coated tools, wear
mechanisms shift depending on thermal conditions and
feed intensity [9]. This suggests that cutting speed must be
interpreted in conjunction with thermal control strategy
when evaluating wear progression.

BUE formation in stack drilling is primarily associ-
ated with titanium adhesion. Adhesive transfer modifies
the effective cutting edge radius and alters local cutting ge-
ometry, resulting in force instability and accelerated wear
[4]. Energy-dispersive spectroscopy in ultrasonic-assisted
drilling confirmed reduced titanium transfer onto the tool
compared to conventional drilling, indicating that mechan-
ical vibration can mitigate adhesion [20].

Temperature concentration near the chisel edge re-
gion increases adhesion probability [10]. At elevated ther-
mal conditions, titanium softens and adheres more readily
to tool surfaces, facilitating unstable BUE formation.

Helical milling under dry conditions demonstrated re-
duced adhesion and improved wear stability due to distrib-
uted load and lower thermal concentration [23], supporting
the interpretation that mechanical load intensity and ther-
mal accumulation jointly govern adhesion-driven wear.

The interaction between feed and cutting speed deter-
mines the dominant wear regime. High feed combined with
low speed intensifies mechanical loading, promoting abra-
sive and adhesive wear. Increasing cutting speed reduces
mechanical resistance but elevates temperature, which may
accelerate diffusion wear and coating degradation
[2,9,10].

Cooling strategy modifies this interaction. Com-
pressed air reduces peak temperature compared to dry drill-
ing, while ultrasonic assistance reduces adhesion and sta-
bilizes wear progression [20]. However, parameter sensi-
tivity remains pronounced even under assisted conditions
(Table 4).

The influence of feed rate on CFRP/Ti stack drilling ex-
tends beyond simple force amplification and represents the
primary mechanical driver of process instability. Increasing
feed enlarges undeformed chip thickness and elevates contact
pressure along the cutting edge, resulting in higher thrust force
[6]. Elevated thrust intensifies interlaminar stresses in the
composite layer and increases the severity of entry and exit
delamination. At the same time, increased normal and radial
stresses at the drill margin accelerate abrasive wear in the
CFRP layer and adhesive wear in the titanium layer.
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Table 4 — Effect of cutting parameters on wear rate

and built-edge formation

Topic .
Reference addressed Key conclusions
Feed rate significantly in-
Sam- Statistical in- | creases thrust force and ac-
sudeensad- fluence of pa- | celerates mechanical wear
ham S. et al rameters  on | progression. Moderate cut-
' " | drilling perfor- | ting speed reduces force but
6] gp g sp
mance intensifies thermal exposure
of the cutting edge
An elevated exit tempera-
ture (up to ~356 °C) pro-
Chen et al. | Thermal dam- | motes plastic deformation in
[2] age modeling titanium and increases the
risk of thermally activated
wear mechanisms
A peak temperature local-
Drill tempera- ized near the drill center in-
Zhaoju Z. ture dist?ibu- creases the probability of ad-
Etal. [10] . hesion. Dry drilling condi-
tion .
tions exacerbate thermal
load and wear risk
Wear mechanism transitions
Coated  tool | depend on thermal regime
Sharma P. | wear  under | and feed intensity; increased
[9] cryogenic feed enhances localized
conditions shear deformation and flank
wear progression
Adhesion layer formation
Adhesion layer modifies cutting edge geom-
Jebaratham - - | etry and contributes to wear
formation in | . . L
Joy, M. [4] - instability, which is influ-
stack drilling
enced by tool geometry and
contact conditions
Reduced titanium transfer to
the tool surface under ultra-
Moran, X., | Ultrasonic-as- | sonic assistance indicates a
et al. [20] sisted drilling | reduction in  adhesion-
driven wear compared to
conventional drilling
Distributed load and re-
Hiremath Helical milling | duced thermal concentration
A [23] ' and wear be- | mitigate adhesion and im-
' havior prove wear stability under
dry conditions
The deformation behavior of
titanium is temperature-de-
Yan D Thermal pendent because of its ther-
[1819 " | regime in Ti | mal state, which affects
machining plastic flow and, conse-
quently, the activation of the
wear mechanism
Higher feed rates increase
g(hashaba Feed influence | mechanical loading and, in
Mashhour on drilling | turn, intensify tool wear
2026) ' damage through higher thrust force
and resistance

In titanium, greater plastic strain accumulation before
chip separation enhances burr formation and exit defor-
mation [2]. This deformation alters the hole geometry and
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contributes to dimensional deviation. Consequently, me-
chanical load intensification initiated by feed rate simulta-
neously affects geometric stability, surface integrity, and
wear progression. The mechanical component of the pro-
cess therefore, acts as the initiating factor in the coupled
degradation sequence.

Cutting speed primarily influences drilling perfor-
mance through its effect on temperature evolution. Exper-
imental measurements indicate that peak temperature is
concentrated near the drill center and increases with spin-
dle speed under dry conditions [10]. Numerical analysis
shows that the interface temperature may reach approxi-
mately 356 °C, significantly increasing the titanium burr
height and composite tensile damage variables [2].

At elevated temperature, the polymer matrix in CFRP
softens, reducing stiffness and increasing susceptibility to
thermally assisted cracking. In titanium, enhanced plastic
flow at high temperatures intensifies exit deformation and
promotes unstable chip formation. Thermal accumulation
also increases the probability of adhesion between titanium
and the cutting tool surface [4, 25]. Thus, temperature does
not independently initiate instability but amplifies mechan-
ically induced degradation by modifying material proper-
ties and interfacial conditions.

Adhesion and built-up edge formation constitute the
critical link between tool wear and hole quality. The depo-
sition of adhered titanium on the cutting edge increases the
effective edge radius and alters rake and clearance geome-
try. This geometric alteration alters local cutting mechan-
ics, leading to fluctuating force responses and unstable ma-
terial removal conditions. Surface roughness increases due
to intermittent tearing during adhesion-detachment cycles,
while dimensional consistency deteriorates as variations in
cutting-edge geometry introduce irregular cutting behavior.

Repeated adhesion and removal events accelerate
wear progression through cyclic mechanical loading and
coating degradation. As wear progresses, contact condi-
tions continue to change, further reinforcing adhesion ten-
dency and geometric instability. Ultrasonic assistance re-
duces adhesive transfer compared to conventional drilling,
demonstrating that adhesion is sensitive to mechanical vi-
bration; however, adhesion dynamics remain dependent on
feed-speed interaction and thermal state [20].

The reviewed studies collectively indicate that
CFRP/Ti stack drilling operates as a coupled thermo-me-
chanical feedback system. Feed rate affects the mechanical
load intensity and determines the magnitude of the thrust
force. Cutting speed controls the thermal state and modifies
deformation behavior in both the composite and the tita-
nium layers. Adhesion influences tool geometry, which in
turn affects force response and accelerates wear evolution.
Progressive wear further modifies contact mechanics, rein-
forcing dimensional instability and surface irregularity.

Process modification strategies, such as helical milling,
redistribute mechanical loads and reduce localized thermal
concentration, improving surface finish and stabilizing wear
progression [23]. Ultrasonic and peck drilling reduce peak
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thrust or temperature under optimized conditions [19, 20],
yet the fundamental coupling between mechanical loading,
thermal accumulation, adhesion formation, and geometric
stability persists. These observations confirm that drilling
performance in CFRP/Ti stacks cannot be optimized by ad-
dressing individual quality metrics in isolation (Table 5).

Table 5 —Summarizing troubleshooting evaluation

Prqcess Mechanism Consequence
variable
Higher unde- Increa_sed _ _thrust
) force, intensified de-
Increased feed | formed chip T
. lamination, and ac-
rate thickness and
celerated flank wear
contact pressure -
progression
Matrix  softening,
Elevated enhanced titanium
Increased . - .
cutting speed interface plastic flow, and in-
gsp temperature creased adhesion
tendency
Thermally acti- | Burr height increase
Elevated Y. 9 .
vated plastic de- | (~56.6 %) and exit
temperature LA, h
formation in Ti deformation
Modification of S_urfacg |rregular|t>/,
. - dimensional instabil-
Adhesion cutting-edge ge- | .
. .| ity, accelerated wear
formation ometry due to ti- -
. through  adhesion—
tanium transfer
detachment cycles
Logd I Reduced me- | Improved surface
redistribution - .
. chanical and ther- | finish and wear sta-
(helical - -
- mal concentration | bility
milling)
. Intermittent cut- | Lower thrust force
Ultrasonic - .
- ting and reduced | and improved wall
assistance

adhesive transfer | morphology

The reviewed literature demonstrates substantial pro-
gress in understanding individual aspects of CFRP/Ti stack
drilling, including thrust force evolution, temperature dis-
tribution, surface damage, and tool wear behavior. How-
ever, despite this advancement, several critical research
gaps remain, particularly concerning the integrated influ-
ence of cutting parameters on tool wear and built-up edge
formation.

First, most studies investigate force development or
temperature evolution independently of progressive tool
wear. Statistical analyses identify feed rate as a dominant
contributor to thrust force variation [3, 6], while thermal
modeling highlights the significant influence of cutting
speed on temperature rise and burr formation [2, 10]. Nev-
ertheless, systematic correlation between parameter-in-
duced thermal states and long-term wear evolution in
CFRP/Ti stacks remains limited. Existing investigations
often evaluate wear at discrete parameter combinations
without establishing continuous wear-parameter interac-
tion models.

Second, adhesion and BUE formation are typically
examined qualitatively or as secondary observations rather
than as primary process variables. Although evidence indi-
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cates that titanium adhesion modifies the cutting edge ge-
ometry and influences surface integrity[4, 20], the dynamic
evolution of BUE under varying feed-speed combinations
has not been sufficiently quantified in stack-drilling condi-
tions. In particular, the interaction between elevated tem-
perature, mechanical load, and adhesion stability in alter-
nating CFRP/Ti cutting remains insufficiently character-
ized.

Third, geometric accuracy and dimensional deviation
are rarely linked directly to tool wear progression. While
studies report improvements in hole tolerance under ultra-
sonic or optimized drilling strategies [19], the coupling be-
tween progressive flank wear, adhesion-induced edge
modification, and hole diameter consistency has not been
systematically modeled. As a result, predictive capability
for dimensional stability during long drilling sequences re-
mains limited.

Fourth, most modeling approaches address either
thermo-mechanical stress distribution [16] or temperature
evolution, but few frameworks integrate wear kinetics and
adhesion dynamics into unified predictive models. The ab-
sence of integrated thermo-mechanical-tribological model-
ing restricts the development of robust optimization strate-
gies capable of simultaneously controlling force, tempera-
ture, wear, and geometric stability [2].

Furthermore, process-assistance strategies such as ul-
trasonic drilling and helical milling mitigate thrust force
and adhesion intensity [20, 23]. Yet, their long-term impact
on the transition of the wear modes under varying cutting
parameters has not been comprehensively evaluated. Com-
parative studies often focus on short drilling intervals and
do not fully assess progressive edge degradation and its
feedback on dimensional accuracy.

Overall, the current body of literature reflects frag-
mentation between mechanical, thermal, tribological, and
geometric perspectives. Integrated investigations that sim-
ultaneously analyze cutting parameter selection, tool wear
evolution, built-up edge formation, and hole quality met-
rics in CFRP/Ti stacks remain scarce. This limitation con-
strains both mechanistic understanding and industrial pro-
cess optimization.

Future research should therefore focus on developing
unified experimental and modeling frameworks that can
couple mechanical loading, temperature evolution, adhe-
sion dynamics, and wear progression. Particular attention
should be devoted to quantifying the interaction between
cutting parameters and built-up edge stability over ex-
tended drilling cycles, as well as to establishing predictive
relationships between wear state and dimensional devia-
tion. Such integrated approaches are essential for achieving
reliable, reproducible hole quality in multi-material stack
drilling, where thermomechanical coupling governs over-
all process stability.

Discussion

Overall, available quantitative evidence demonstrates
that cutting parameters govern drilling performance
through coupled thermo-mechanical mechanisms. Cutting

OPEN 8#CCESS

67



68

p-ISSN 1607-6885 Hogi marepiaiu i TEXHOJIOTIi B METaIyprii Ta MammuHoOyxyBaHHi. 2026/2
e-ISSN 2786-7358 New materials and technologies in metallurgy and mechanical engineering. 2026/2

speed primarily controls temperature-dependent adhesion
and diffusion phenomena, whereas feed rate dictates me-
chanical loading intensity and delamination propensity.
Their interaction shifts the balance between adhesive, abra-
sive, and diffusion wear modes, establishing the mechanis-
tic foundation for tool wear evolution and built-up edge
formation, which are examined in subsequent sections.

Across the reviewed literature, feed rate consistently
emerges as the primary parameter influencing dimensional
accuracy by controlling thrust force and radial load. Cut-
ting speed influences hole geometry indirectly by altering
thermal conditions, which in turn affect plastic defor-
mation in titanium and the matrix stiffness in CFRP. Ad-
hesion and built-up layer formation introduce additional
geometric variability by modifying tool edge geometry.
Therefore, dimensional deviation in CFRP/Ti drilling can-
not be attributed to a single parameter but results from the
coupled interaction of mechanical load, thermal expansion,
and adhesion-driven instability.

Surface quality in CFRP/Ti drilling emerges from the
interaction between mechanical loading and temperature
evolution. Feed rate primarily governs roughness ampli-
tude and composite subsurface damage by controlling
thrust force and contact pressure. Cutting speed modulates
surface integrity via thermal mechanisms that influence
matrix softening in CFRP and plastic flow in titanium. Ad-
hesion and built-up layer formation introduce additional ir-
regularity by modifying the tool geometry. Therefore, sur-
face quality cannot be optimized by isolated parameter ad-
justment. Instead, balanced speed-feed combinations are
required to control both mechanical and thermal contribu-
tions to surface degradation.

Coupled mechanical and thermal effects govern tool
wear and built-up edge formation in CFRP/Ti drilling.
Feed rate controls contact pressure and mechanical stress
intensity, accelerating abrasive and adhesive wear. Cutting
speed influences temperature-dependent adhesion and dif-
fusion mechanisms. Built-up edge formation arises primar-
ily from titanium adhesion and is amplified under elevated
temperature and mechanical load. Consequently, wear evo-
lution cannot be described solely by kinematic parameters;
it must be interpreted through the thermomechanical inter-
actions among cutting speed, feed, and the thermal control
strategy.

The majority of existing investigations analyze thrust
force, temperature, wear, or damage parameters separately.
Integrated studies that simultaneously correlate cutting pa-
rameter selection with wear progression, adhesion dynam-
ics, and dimensional deviation remain limited. The frag-
mentation of current approaches restricts predictive capa-
bility and constrains the development of unified optimiza-
tion frameworks. Therefore, further research should focus
on integrated thermo-mechanical models that explicitly
couple cutting parameters with tool wear evolution and
built-up edge formation while accounting for their com-
bined influence on hole accuracy and surface integrity.

© Vitalii Kolesnyk, Oleksandr Berezniak, 2026
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Conclusions

This review analyzed the influence of cutting param-
eters on drilling performance in CFRP/Ti alloy stacks with
emphasis on hole accuracy, surface integrity, tool wear,
and built-up edge formation. Based on the synthesized lit-
erature, the following conclusions can be drawn.

1. The analysis of drilling mechanics shows that feed
rate is the primary mechanical driver of thrust force, while
cutting speed predominantly influences the thermal state of
the drilling zone. Mechanical loading governs delamina-
tion severity and contact pressure at the tool-workpiece in-
terface, whereas temperature amplification modifies defor-
mation behavior and adhesion tendency. The interaction
between these parameters defines the fundamental thermo-
mechanical response of the stack system.

2. The evaluation of hole accuracy indicates that ge-
ometric stability is strongly affected by thrust force magni-
tude and temperature-induced plastic deformation in tita-
nium. Elevated feed increases delamination and radial in-
stability, while high interface temperature promotes burr
growth and exit deformation. However, quantitative stud-
ies directly correlating wear progression with dimensional
deviation remain limited.

3. The combined action of mechanical stress and
thermal accumulation governs surface quality and integ-
rity. Feed-driven load intensification increases ploughing
effects and composite subsurface damage, whereas cutting-
speed-induced temperature rise accelerates matrix soften-
ing and titanium plastic flow. Adhesion and built-up edge
formation introduce additional instability by altering cut-
ting geometry and increasing surface irregularity.

4. Coupled mechanical and thermal mechanisms
control tool wear and built-up edge formation. Feed rate
intensifies contact stress and accelerates flank wear, while
cutting speed elevates interface temperature and promotes
adhesion-driven wear processes. Built-up edge formation
represents a transitional mechanism linking wear progres-
sion with geometric and surface instability, particularly un-
der elevated thermal conditions.

5. The integrated analysis confirms that CFRP/Ti
stack drilling operates as a coupled thermo-mechanical
feedback system. Cutting parameters influence not only
force and temperature independently but also adhesion sta-
bility, wear evolution, and dimensional consistency
through cyclic interaction mechanisms. Optimization strat-
egies that address isolated performance metrics are there-
fore insufficient to ensure stable drilling performance.

6. Despite significant advances in modeling and ex-
perimental investigation, the literature remains frag-
mented. Few studies simultaneously correlate cutting pa-
rameter selection with wear evolution, adhesion dynamics,
and dimensional deviation under extended drilling condi-
tions. The development of unified thermo-mechanical—-
tribological models capable of predicting tool wear pro-
gression and built-up edge formation in relation to cutting
parameters remains an open research challenge.
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Further research should focus on integrated experi-
mental methodologies and predictive modeling frame-
works that couple mechanical load intensity, thermal evo-
lution, adhesion stability, and progressive wear mecha-
nisms. Such approaches are essential for improving pro-
cess reliability and achieving consistent hole quality in
multi-material stack drilling applications.
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TEPMOMEXAHIYHUH BIIJIUB PEXKUMIB PI3AHHS HA TOUHICTD
OTBOPIB TA 3BHOIIEHHA IHCTPYMEHTY IIPU CBEP/IVITHHI
IMAKETIB BYTJIEILIACTUK/TUTAHOBUI CILIAB

KaHJI. TeXH. HayK, JIOIEHT, JIONEHT Kadeapu TEeXHOJIOTiT MaMHOOY TyBaHHS, BEPCTATIB Ta
iHcTpymenTiB, CyMcpkuid  nepkaBHuWiA  yHiBepcureT, M. Cymm,  VYkpaiHa,
e-mail: v.kolesnik@tmvi.sumdu.edu.ua, ORCID: 0000-0002-0417-3801

acripanr, kadeapa TeXHOJIOTii MaTMHOOY TyBaHHS, BEPCTATiB Ta iHCTpyMeHTiB, CyMCh-
Kaii  gepkaBHui  yHiBepcurer, M. Cymu,  VYkpaina,e-mail:  o.berez-
nyak@tmvi.sumdu.edu.ua, ORCID: 0009-0005-2275-035X

Mema pooomu. Cucmemamu3sygamu ma y3a2aibHumu pe3yiomamu 00CHiONCeHb Wo00 8NIUSY PEHCUMIB PI3aAHHSA
nio yac ceeponinHs naKemis 8yeleniacmuk/mumano8ull Cniae Ha MOYHICMb OMEOPI8, AKICMb 00PObIeHO NOBEPXHI, iH-
MEeHCUBHICTNb 3HOULYBAHHS PI3ATLHO20 THCIPYMEHMY md YMEOPEeHHA HAPOCMY HA PIdCYYill KpOMY.

Memoou docnidxcenus. Buxopucmano nopieHAIbHO-NAPAMEMPUYHUL AHANI3 8NAUGY NoOAyi ma weuokocmi pi-
3AHHSL HA OCbOBY CUTLY C8ePOTIIHHSL, MEeMNepamypy y 30Hi pi3anisl, IHMEHCUBHICMb POUAPYEAHHS KOMIOZUYIUHO20 Mame-
piany, ucomy 3ayceHys y wapi mumaHoo20 Cniagy, napamempu wopcmKoCcmi no6epxHi ma IHMeHCUSHICMb 3HOULY-
BAHMsL ITHCMPYMEHMY. Y3a2anbHeHo pe3yibmamu eKCnepuMeHmaibHuxX 00CaioNHCeHb | YUCI08020 MOOENIOBAHHS 3 CYHAC-
HUX HAYKOBUX NyOniKayill 0Jisi 6CIMAHOBNIEHHS NPUYUHHO-HACTIOKOBUX 36 S13Ki6 MIJIC PEINCUMAMU DI3AHHS, MEePMOMEXAHIY-
HUMU npoyecamu y 30Kl PI3aHHA Ma NOKA3ZHUKAMU AKOCMI OMEOPIE.

Ompumani pezynemamu. Bcmanogneno, wjo nooaya € 0CHOBHUM (haKmopom MexaHiuHO20 HABAHMAICEHHS Ni0 Yac
CBepOIHHA MA BUHAYAE THMEHCUBHICMb PO3UAaPY8anHa gyeneniacmuky. Leuokicms pi3anHs nepesajicHo 8NauBdae Ha
memnepamypy y 30Hi pi3aHHs ma ao2e3itiHi Aeuwa y mumanosomy cniasi. Ilokazano, wo ymeopenHs Hapocmy ma aoze-
3iliHe nepeHeceHHs Mamepiany Ha PidCcyyy KPOMKY 3MIHIOIOMb ii MIKPO2EOMEempilo, CNPUYUHAIOMb 3POCMAHHI 0CbOBUX
CUTL, NOZIPULEHHS MOYHOCMI OMBOPIE | 3HUICEHH CIABIILbHOCI NPOYeCy C8ePONIHHAL.

Haykoea nosusna. O6rpynmosano inmezpoganuil nioxio 0o OyiHO8AHHs Npoyecy ceepOiHH NaKemis gyeiennac-
MUK/MUMAHO0BULL CIIIAG SIK €OUHOT MEPMOMEXAHIUHOL cucmeMu, Y SIKIl PedCcUMU pi3anis, pO3GUNMOK 3HOULYBAHHSL ITHCIPY-
MeHmY ma YmeopeHHs Hapocmy po321a0alomsbCsl AK 63AEMON08 A3AHT YUHHUKU Nepexo0y MidC abpasueHuM, a02e3iiuHum
i Ouy3itiHUM MeXAHIZMAMU 3HOULYBAHHSL.

Ilpakmuuna yinnicmo. Ompumani y3a2aibHeHH MONCYMb OYMU GUKOPUCMAHL OJIs1 GUSHAYEHHSL HANPSAMIE NOOAIb-
wux 00Cai0JCeHdb, NIOBUWEHHS PeCyPCy PI3aibHO20 THCMpYMenmy, cmabinizayii npoyecy c8eponinmHs ma onmumizayii
DPedNCUMIB PI3AHHAL.

Knrouosi cnosa: ceeponinms, nakem gyeneniacmuk/mumaHno8uil CHIA8, PejXCUMU PI3aHHs, po3ulapy8anHts, Hapicm,
3HOWYBAHHS IHCIPYMEHMY, MEPMOMEXAHIUHA 83AEMOOIS, NOPIGHATbHO-NAPAMEMPUIHULL AHATI3.
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RESEARCH OF THE EFFECT OF RAM AIR BOOSTING ON THE
PERFORMANCE OF AN INTERNAL COMBUSTION ENGINE

Purpose. To investigate the influence of gas exchange parameters, in particular ram air boosting, on the indicated
and effective performance of a four-stroke spark-ignition internal combustion engine using the high-performance
engine of the Kawasaki Ninja ZX-10R motorcycle as a case study.

Research methods. A combination of theoretical and analytical-calculation methods was employed. The
magnitude of ram air boosting was analyzed by determining the dynamic air pressure as a function of vehicle speed
within the range of 0-300 km/h. A thermodynamic cycle calculation of the spark-ignition engine operating at the rated
condition was performed using the Engine Calculation software environment. The analysis was carried out for both
naturally aspirated conditions and with ram air boosting, taking into account variations in intake pressure, charge
density, cyclic air and fuel mass, as well as the thermodynamic state of the working charge at the beginning of the
cycle.

Results. It has been established that with increasing vehicle speed, the dynamic air pressure rises according to a
quadratic relationship and exceeds 4 kPa at speeds above 300 km/h. This results in an increase in intake pressure, a
higher mass of air per cycle, and a corresponding increase in fuel supply. Consequently, the engine effective power
increases by up to 4.2%, while average effective pressure shows a similar rise. At the same time, the indicated and
effective thermal efficiencies, as well as the specific fuel consumption, remain practically unchanged. It has been found
that the increase in engine power is primarily due to the increased mass of the working charge in the cylinder, whereas
the main gas exchange coefficients exhibit only minor variations.

Scientific novelty. A methodology has been developed for evaluating the effect of ram air boosting on the
indicated and effective performance of a spark-ignition internal combustion engine, taking into account variations in
gas exchange parameters and intake conditions. The proposed approach enables a quantitative assessment of power
gain as a function of vehicle speed.

Practical value. The proposed methodology and obtained results can be applied in the design and optimization of
intake systems for high-speed vehicles, including motorcycles, sports cars, and aircraft, as well as in the modernization
of existing engines to enhance their power output without significant structural complexity.

Key words: internal combustion engine, gas exchange, ram air boosting, intake system, dynamic pressure,
effective power.

resulting from fuel combustion and the pollution of the

Introduction environment by combustion products. In addition, a

The use of internal combustion engines (ICE) as a
power source for various types of machinery has both
advantages and disadvantages. The advantages include
compactness of the power unit, high specific power
output, ease of refueling, and relatively long driving
range. The primary disadvantages are associated with
environmental  impact, namely the harmful emissions
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vehicle is a source of vibroacoustic and electromagnetic
emissions [1].

The main trends in the development and
improvement of ICEs over recent decades have been
focused on enhancing fuel and lubricant efficiency,
increasing reliability, reducing exhaust emissions,
improving the level of automation and diagnostic
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capabilities, and decreasing mass and overall dimensions.
These  parameters determine  the technological
advancement and competitiveness of various applications
(automobiles, motorcycles, marine vessels, locomotives,
power generators, etc.), as well as the efficient utilization
of key operating materials (lubricants, fuels, metals, etc.)
and the associated maintenance and repair costs [2—4].

There are numerous approaches to improving the
performance of internal combustion engines, which can
be achieved by optimizing the operation of various
subsystems. In the absence of boosting devices (such as
superchargers or turbochargers), an internal combustion
engine is referred to as naturally aspirated. One of the
methods to increase the amount of air supplied to the
intake system in such engines is the application of ram air
boosting.

Analysis of research and publications

There are numerous methods for improving specific
performance parameters of ICEs; however, each of them
has certain drawbacks, such as complexity, cost, and
reduced reliability. The possibilities for boosting ICEs
installed on motorcycles are significantly limited. In
addition to the conventional requirements of fuel
efficiency, reliability, and environmental performance,
rather strict constraints are also imposed on mass and
dimensional characteristics.

Thus, one of the most obvious ways to increase ICE
power — namely, the use of mechanical supercharging
(supercharger) or gas-turbine boosting (turbocharger) —
becomes complicated or even impractical. However, ram
air boosting systems exhibit a certain level of
effectiveness. Their efficiency is limited; however, their
use in high-speed motorcycles does not lead to a
significant increase in mass, and such systems are most
effective at high vehicle speeds [5]. In contrast to
“conventional” boosting systems (with superchargers or
turbochargers), ram air systems have been less studied in
the scientific literature; therefore, the research topic is
relevant.

Ram air boosting systems have been widely used in
aviation since the emergence of aircraft capable of
reaching significant speeds (above 140-160 km/h), and
later in high-speed automobiles (e.g., Ford Fairlane
Thunderbolt, Porsche Panamera GTS) and motorcycles
(Kawasaki ZX-11). The effectiveness of ram air boosting
in passenger cars is limited due to the large length and
significant curvature of intake ducts.

In motorcycles, the air intake is installed in the front
part of the vehicle body, within the fairing. According to
the study conducted by the authors [6], the increase in
intake system pressure due to ram air boosting in a high-
speed motorcycle is about 4 kPa. The best results
(maximum pressure increase) are obtained with maximum
smoothing of the intake duct, which has no sharp corners
or abrupt bends.
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According to data from [7, 8], the intake pressure of
passenger car ICEs increases by 3—6 kPa at vehicle speeds
of about 200 km/h.

Based on the analysis of sources [5, 9-12], it can be
concluded that the implementation of ram air boosting
requires:

- the presence of dynamic pressure (incoming
airflow);

- a properly designed and optimally positioned air
intake.

Purpose

The purpose of this work is to research the influence
of gas exchange parameters on the indicated and effective
performance of a four-stroke spark-ignition engine with
ram air boosting, using the engine of the Kawasaki Ninja
ZX-10R motorcycle as an example.

To achieve this objective, the following tasks were
solved:

- determination of the main parameters
characterizing intake gas exchange  processes;
consideration of the main structural elements of the intake
system; analysis of aspects related to the application of
the ram air effect to improve ICE performance; review of
existing methods for studying the influence of ram air
boosting on engine performance;

- development of a methodology for determining the
effect of ram air boosting on the performance of a high-
speed motorcycle spark-ignition engine;

- calculation of the magnitude of ram air boosting,
i.e., the dynamic air pressure, at different vehicle speeds;

- performing a thermodynamic cycle calculation of
the engine operating at rated conditions, both in the
presence and absence of ram air boosting, and
determining the indicated and effective performance
parameters;

- conclusions based on the analysis of the obtained
results.

Material and Methodology

The study employed theoretical (analysis, synthesis,
induction, deduction) and practical (analytical-
calculation) methods.

To investigate the effect of ram air boosting on
the performance of a high-speed motorcycle spark-
ignition engine, the engine of the Kawasaki Ninja
ZX-10R motorcycle was choosen.

The engine is an inline four-cylinder, liquid-cooled
unit with a displacement of 998 cms3, mounted
transversely in the motorcycle frame (Fig. 1, 2). The
valvetrain is of the DOHC type, with four valves per
cylinder. The intake system is designed with reduced flow
resistance and incorporates ram air boosting. The air filter
element is of the viscous paper type.
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e

Figure 1. Air intake of the Kawasaki Ninja ZX-10R motorcycle
engine [13]

It & ; N

ﬁare 2.hSchemtic of the intake system and airflow path in th
Kawasaki Ninja ZX-10R motorcycle (air filter not shown) [14]

Technical specifications of the Kawasaki Ninja ZX-
10R engine [13, 14]:

- number of cylinders — 4;

- stroke — 76.0 mm;

- bore — 55.0 mm;

- compression ratio — 13;

- maximum effective power — 146 kW (197 hp) at
13,000 rpm;

- maximum torque — 113.5 N-m at 11,500 rpm.

Ambient air is drawn from outside through an intake
duct (Figure 1), which is installed in the front part of the
motorcycle fairing. The duct is protected by a mesh to
prevent large debris from entering.

Then, the horizontal airflow is deflected upward,
passes over the upper part of the engine, turns downward,
and is directed toward the air filter and throttle valves
(Figure 2).

Due to the large cross-sectional area of the air ducts
and the orientation of the air intake in the direction of
motorcycle motion, an increase in intake air pressure is
achieved at high speeds as a result of ram air boosting.
The maximum speed of the Kawasaki Ninja ZX-10R
motorcycle, depending on the modification, can reach 304
km/h.
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The methodology for determining the effect of ram
air boosting on the performance of a high-speed
motorcycle spark-ignition engine includes:

- calculation of the magnitude of ram air boosting by
determining the dynamic air pressure at possible vehicle
speeds;

- performing a thermodynamic cycle calculation of
the engine operating at rated conditions using the physical
and mathematical model of Prof. Yehorov, implemented
in the Engine Calculation software [15-17], both without
ram air boosting and with ram air boosting at vehicle
speeds of 100, 200, and 300 km/h; calculation of
indicated and effective performance parameters;

- analysis of the obtained results and formulation of
conclusions and recommendations regarding the
effectiveness and feasibility of using ram air boosting in
engines of ground and aircraft vehicles.

Unlike existing studies, this research considers the
influence of ram air boosting on the engine working cycle
and indicated performance parameters, not only on
effective performance.

Research results

In the course of the study, the nature of the
dependence of the increase in dynamic (ram air) pressure
on the vehicle speed was determined, i.e., po = f(v) (Fig.
3). A quadratic equation was obtained that allows
calculating the value of pp for any value of v within the
range from 0 to 350 km/h:

po = 46,46-10°- v2-0,8214-10- v +112,5-10°. (1)

A thermodynamic calculation of the working cycle
of the four-stroke spark-ignition engine of the Kawasaki
Ninja ZX-10R at rated operating conditions was
performed. The calculation was carried out using the
Engine Calculation software according to a methodology
[16].

po, xkPa
6

5 /
4 /
) /
: yd

vy

0 b

0 50 100

150 200 250 300 350

v, km/h
Figure 3. Variation of dynamic air pressure

Pppo as a function of vehicle speed v under standard temperature
and pressure conditions
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The engine performance parameters, taking into
account the magnitude of ram air boosting, were
calculated with the following variable parameters:

- boost pressure pk’;

- charge density at the cylinder inlet py;

- intake pressure 10sses Apint;

- volumetric efficiency ny;

- cyclic air mass in the cylinder Amair;

- cyclic fuel mass supply Amiyel;

- pressure in the cylinder at the beginning of the
cycle pa;

- mass of the in-cylinder working medium at the
beginning of the cycle m,.

The intake air temperature T, was assumed constant.

Table 1 shows the initial data for the thermal
calculation of the Kawasaki Ninja ZX10R engine at rated
conditions, taking into account ram air boosting.

Table 1 — Input data for the thermodynamic
calculation of the Kawasaki Ninja ZX-10R engine at
rated conditions taking into account ram air boosting

Parameter Values
v, km/h 0 | 100 [ 200 [ 300
pk, Pa 101325
po, Pa 0 464.6 1858,5 41816
p’, Pa 101325 | 101789,6 | 103183,5 | 105506,6
pk, kg/m? 1,204 1,210 1,226 1,254
Apint, Pa 4053,0 4071,6 41273 4220,3
pa, Pa 97272 97718 99056 101286
e 6
Akrgjgyi?e' 254 255 259 265
. 6
AEZJ?E'yS@ v | 1931 19,40 19,67 20,11
106
l’(‘;;g}f)clé 272 273 277 283

The indicated performance parameters of the engine
are presented in Table 2.

Table 2 — Indicated performance of the Kawasaki
Ninja ZX-10R engine at rated conditions without (v =10
km/h) and with ram air boosting (v = 300 km/h)

Parameter Values
v, km/h 0 100 200 300
L, J/cycle 419,903 | 421,835 426,960 437,531
pi, MPa 1,6853 1,6931 1,7137 1,7561

From Table 2, it follows that at a vehicle speed of
Kawasaki Ninja ZX10R v = 300 km/h under rated
operating conditions, compared to v = 0 km/h, the
indicated performance parameters of the engine change as
follows:

- indicated work L increases by 4.2%;

- indicated average effective pressure pi increases by
4.2%;

- indicated specific fuel consumption gi shows no
significant change;

- indicated efficiency mi shows no significant
change.
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The effective performance parameters of the engine
are presented in Table 3.

From Table 3, it follows that at a vehicle speed of v
= 300 km/h under rated conditions, compared to v = 0
km/h, the effective performance parameters change as
follows:

- effective power N¢ increases by 4.2% (Fig. 4);

- effective average effective pressure pe increases by
4.2%;

- effective specific fuel consumption g. shows no
significant change;

- effective efficiency n. shows no significant
change.

Table 3 — Effective performance of the Kawasaki
Ninja ZX-10R engine at rated conditions without
(v = 0 km/h) and with ram air boosting (v = 300 km/h)

Parameter Values
v, km/h 0 100 200 300
Ne, KW 145,57 | 146,24 148,01 151,68
pe, MPa 1,348 1,354 1,371 1,405

As the speed of the Kawasaki Ninja ZX-10R
motorcycle increases from 0 to 300 km/h, changes occur
in the engine working cycle due to ram air boosting. In
particular, this leads to an increase in the maximum in-
cylinder pressure pmax by 0.597 MPa (4.2%) and an

increase in the maximum temperature Tmax by 3.3 K
(0.1%).

Ne, KW
152
150 ,/
148
146 - _—
144
0 50 100 150 200 250 300
v, km/h

Figure 4. Dependence of the maximum effective
power of the Kawasaki Ninja ZX-10R engine on vehicle speed
due to ram air boosting

Conclusions

The study has established that motorcycle Kawasaki
Ninja ZX10R at a vehicle speed of v = 300 km/h under
rated operating conditions, compared to v = 0 km/h, the
engine performance parameters change as follows:

- effective power Ne and average effective pressure
pe increase by 4.2%;

- effective specific fuel consumption ge and
effective efficiency ne remain practically unchanged;
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- maximum in-cylinder pressure pmaxincreases by
0.597 MPa (4.2%);

- maximum temperature Tmax Of the working charge
remains practically unchanged.

It is shown that the main parameters characterizing
gas exchange in the cylinder and the intake process —
residual gas fraction vy, excess air ratio a, and volumetric
efficiency nv— remain practically unchanged when ram air
boosting is applied. The increase in engine power is
primarily due to the increase in the cyclic air mass Am
and the cyclic fuel mass AMge.

The results confirm that ram air boosting can
provide a noticeable increase in effective power without
additional complexity or increase in engine mass, which
is critically important for motorcycles and related
applications, including aircraft. The obtained results are
recommended for experimental validation.
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JOCJ/IIIZKEHHA BIVIMBY IMHAMIYHOT'O HAZIYBY HA
IHOKA3HMKU ABUT'YHA BHYTPIHIHbBOT' O 3rOPAHHA
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Bnanucias TUMOIIEHKO CTYACHT Kadepu aBTOMOOLTIB, TEIUIOBUX IBUTYHIB Ta TIOPUIHUX CHEPTETHYHHX
ycraHoBOK  HarmioHansHOoro — yHiBepcutery — «3amopisbka — IOJITEXHIKay,
M. 3amopixoks, Ykpaina, e-mail: vladtimohaO@gmail.com

Mema pooomu. /locnioumu eniue napamempis 2az000MiHy, 30Kpema OUHAMIYHO20 (WEUOKICHO20) HAO0OY8y, Ha
IHOUKAmMopHi ma eghekmueHi NOKA3HUKU DEH3UHOB020 YOMUPUMAKIMHO20 08USYHA GHYMPIUHBLO2O 320PSAHHI HA NPUKIAO]
sucoxogpopcosanoeo dsueyna momoyuxia Kawasaki Ninja ZX-10R.

Memoou oOocnioxcennsn. i1 OocscHenHss NOCMABIEHOT Memu BUKOPUCHAHO KOMNWIEKC MEOPEemMUYHUX ma
AHATIMUYHO-PO3PAXYHKOBUX Memo0i8. IIpoeedeno awnaniz GeruduHu OUHAMIYHO20 HAOOYEY WLIAXOM BUSHAYEHHS
OUHAMIYHO20 MUCKY NOGIMPS 3ANEHCHO 8i0 WBUOKOCMI PYXy MpAHCHOpmMHO20 3acoby 6 oianasoui 0-300 km/200.
Bukonano mepmoounamiunuii pospaxyHox pobo4020 YUKTY OEeH3UHOB020 OBUSYHA HA HOMIHANGHOMY pextcumi 3
BUKOPUCMAHHAM npocpamHoco cepedosuwya Engine Calculation. Pospaxynox npogedeno 01 ymo8 8iocymHocmi ma
HAA6HOCMI OUHAMIYHO20 HAOOY8Y 3 YPAXYBAHHAM 3MIHU MUCKY HA 8NYCKY, 2YCIMUHU 3apA0Y, MACU NOBIMps Ma Naiued 6
YUK, A MaKoxic napamempie pobouo2o mina Ha NoYamxy Yukiy.

Ompumani pesyromamu. Bcmanosneno, wo 3i 3p0CMAaHHAM WEUOKOCTI pYXYy MOMOYUKLA GeTUUUHA OUHAMIYHO20
MUCKY ROGIMPS 3pOCMAE 304 K6AOPAMUUHUM 3aKOHOM | npu weuoxocmi nonad 300 km/200 docsieae 3HauenHs ROHAO 4
klla. lle npuzeooumv 00 nioGuUWeHHsL MUCKY HA 6NYCKY, 30LIbUWEHHS YUKI08020 3apsdy NOsIimps ma 6iOnosioHo2o
3pocmanist nooayi naiuea. Y pesyromami epekmusHa nOMysucHicmb 0sucyna 30inbuiyemocs 00 4,2 %, a cepeoHill
eexmusHuti muck — na ananoziyny eeaununy. Ipu ypomy inouxamophuii ma epexmusHnuii kKoegiyicumu Kopuchoi 0ii,
a makodc NUMOMAa 8UMPAMa NAIUEA 3aTUULAIOMbC NPAKMUYHO He3MIHHUMU. Buseneno, wo niosuujents nomysicHoCmi
3YMO6/IeHe NepesadtCHO 30iIbUeHHAM Macu pobouozo mina 6 yuriHopi, moodi 5K OCHOBHI Koegiyicumu, wo
Xapaxkmepusyroms npoyec 2a3000MiHYy, 3MIHIOIOMbC HE3HAYHO.

Haykoea noeusna. Po3pobieno memoouxy OYIHIOBAHHA 6NAUEY OUHAMIYHO2O HAOO0Y8Y HA [HOUKAMOPHI mda
epeKkmueHi NOKA3HUKU DEH3UHOB020 OBUSYHA BHYMPIUWHbO20 320PAHHA 3 YPAXYGAHHAM 3MIHU NApaAMempis 2a3000MiHy
ma ymoe 6nycky, wo 003601A8€ KILIbKICHO SUSHAYAMU NPUPICM NOMYICHOCMI 3ANeNCHO 60 WEUOKOCMI pDYXy
MPAHCHOPMHO20 3AC00).

Ilpakmuuna yinnicms. 3anponoHo8ana MemoouKa ma OMpUMaHi pe3yabmamu Mo*Cyms Oymu 6UKOPUCTIAHI npu
NPOEKMYBAHHI MA ONMUMI3AYT] BNYCKHUX CUCTNEM WBUOKICHUX MPAHCNOPIMHUX 3AC00i8, 30Kpema MOMOYUKIIS,
CHOPMUBHUX ABMOMODINIE, NIMATLHUX AnaApamie, a maxkodlc npu MOOepHizayii iCHYIOUUX 08USYHIG 3 MEMOI0 NiOGUUEHHS
iX NOMYIHCHICHUX NOKAZHUKIB €3 CYMMEBO20 YCKAAOHEHHS KOHCMPYKYIL.

Kniouosi cnosa: o0eucyn 6HympiuHb020 320pSAHHA, 2A3000MiH, OUHAMIMHUL HAOOY8, 6MYCKHA Ccucmema,
OUHAMIYHUL TNUCK, epheKmUBHA NOMYIHCHICID.

Cnucok JgiTeparypu

TEXHiIl Tij 9ac opraHizailii aBTOMOOITbHUX TEPEBE3CHb.
30ipHHK HayKOBHX Tpanbs HamioHampHOT AKagemii
JepxaBHol npuKopnoHHOT ciyxOn VYxpainum. Cepis
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MICROPLASMA POWDER CLADDING FOR THE REPAIR OF TURBINE
MONOWHEELS MADE OF NICKEL-BASED HEAT-RESISTANT ALLOYS

Purpose. Theoretical justification and experimental development of a technology for the restoration of turbine
blades of an aircraft engine, manufactured using the “blisk™ process from heat-resistant nickel alloys, via the additive
micro-plasma powder cladding method (MPC).

Research methods. The study employed microplasma layer-by-layer powder cladding on the end faces of plates
made of the JKC32-BH alloy, using the specialised robotic system STARWELD 190H. The MPC process was carried
out using direct current of positive polarity (currents of 2...50 4). High-purity argon was used as the plasma-forming
and shielding gas. The dimensions of the test plates werel15x%15x%2 mm. The cladding was carried out using a
reciprocating motion. After cladding, the samples were subjected to heat treatment. The mechanical properties of the
samples obtained by the additive growth method were determined on standard flat specimens.

Results. Following mechanical testing, the specimens exhibited the following properties: average tensile strength
o = 1147 MPa and plasticity 0 = 9.5%, whilst the requirements of the standard specify o, > 882 MPa and ¢ = 6.0%.
The fracture surfaces exhibited a medium-grained structure. No defects were observed in the fracture surfaces. The
microstructure of the sample material prior to heat treatment consists of y-solid solution containing an intermetallic y’
phase, carbides, carbonitrides, and 5 um-sized eutectic (y-y’) phase, which is characteristic of the as-cast condition of
the JKC32-BH alloy. The microstructure of the sample material after heat treatment corresponds to the normal state of
the JKC32-BHU alloy.

Scientific novelty. When manufacturing turbine wheels by casting, one of the most serious problems is casting de-
fects, such as cracks, porosity and cavities. The use of existing repair methods, which are based on welding or surfacing
using argon arc welding, for example for blades, is limited by the high susceptibility of heat-resistant nickel alloys
(KC3JIK, B)XKJI12) to the formation of heat-fatigue cracks due to the high content of y’ phase. The proposed repair
technology involves cutting the blade down to the location of the defect and subsequently restoring the blade profile
layer by layer using the additive micro-plasma cladding method.

Practical value. It has been established that the repair of aircraft engine turbine blades using the additive micro-
plasma powder cladding method ensures high mechanical properties across the entire height of the grown blade with-
out the occurrence of casting defects.

Key words: turbine wheel, additive microplasma cladding, powder, y’-phase, mechanical properties, microstruc-
ture.
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Introduction

One of the main areas of development for gas tur-
bine engines is the improvement of their specific perfor-
mance, including a reduction in their mass and dimen-
sions [1]. The turbine wheels of small gas turbine engines
are usually manufactured using the «blisk» process,
meaning that the wheel blades and the disc section are
formed as a single component (Figure 1). With this con-
struction, the total mass of the turbine wheel is reduced
compared to wheels that use individual working blades [2,
3].

The turbine wheel of a small gas turbine engine,
manufactured using the “blisk” process, operates under
significant thermomechanical stresses (the operating tem-
perature of the wheel blades ~ 950 °C, maximum rota-
tional speed of the wheel is 39000 r/min), in an environ-
ment of high-temperature combustion products from avia-
tion fuel. Due to these demanding operating conditions,
turbine wheels are manufactured from heat-resistant nick-
el alloys using high-precision casting [4-7].

I
Figure 1. Turbine wheel manufactured using the “blisk”
process

When manufacturing turbine wheels from heat-
resistant nickel alloys JXC3JIK and BXKJI12 using the
casting process, difficulties arise due to the occurrence of
casting defects such as cracks, porosity and cavities. It
should be noted that most defects occur in the blades,
particularly in the lower section near the base.

When attempting to repair such alloys using tradi-
tional methods, such as argon arc welding, cracks inevita-
bly form in the heat-affected zone. The mechanisms be-
hind their formation are varied: from liquation cracking
during the welding process to strain-age cracking during
subsequent heat treatment. This is due to the rapid kinet-
ics of the precipitation of the strengthening phase
Niz(Al,Ti), which is accompanied by volume changes and
a reduction in the material’s ductility during the relaxation
of welding stresses [8].

Additive technologies, in particular microplasma
powder cladding (MPC), represent a promising approach
to addressing this task [9-12]. This method combines the
precision of energy delivery characteristic of laser pro-

© Oleksandr Chechet, Ruslan Kulykovskyi, Serhii Chigileychik, Yurii Torba,
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cesses with the metallurgical ‘mildness’ and cost-
effectiveness of arc processes. The aim of this work is a
comprehensive study of the feasibility of using MPC for
the repair of turbine blades made of the heat-resistant al-
loy 2KC32-BH, including the optimisation of cladding
parameters and post-weld heat treatment regimes.

Analysis of research and publications

The problem of welding and cladding heat-resistant
nickel alloys (superalloys) has remained a key focus for
materials scientists over the past five decades. Scientific
fundamental works laid the foundations for understanding
the physical metallurgy of these materials. However, the
main difficulty of the process lies in the fact that alloying
aimed at improving high-temperature strength (increasing
the volume fraction of the y"- phase) has a diametrically
opposite effect on weldability.

Alloy )XC32-BU (analog to western alloys such as
René and CMSX) belong to the class of dispersion-
hardened materials. When heated above the solidus tem-
perature (during welding), partial melting occurs along
the grain boundaries in the heat-affected zone, caused by
the presence of low-melting eutectics and the segregation
of impurities (S, P etc.). During cooling, under the action
of tensile thermal stresses, these liquid films open up,
forming hot cracks [5, 13-15].

An even more insidious phenomenon is stress-
induced ageing cracking. These cracks occur during post-
weld heat treatment in the temperature range of
700...900°C. In this range, there is an intense precipita-
tion of the secondary y'-phase within the grains, which
significantly strengthens their interior. If the grain bound-
aries remain relatively weak or have low ductility, the
relaxation of residual stresses occurs not through plastic
deformation, but through the formation of cracks along
the grain boundaries.

A number of repair techniques are currently availa-
ble for damaged components, each with its own ad-
vantages and disadvantages. The traditional method —
argon arc welding — is widely used for repairing less al-
loyed alloys (e.g. Inconel 625, Inconel 718). However, for
alloys with a y'-phase content exceeding 40...50 %
(which includes XXC32), TIG welding is characterised by
excessively high heat input. This leads to a wide heat-
affected zone, grain growth and catastrophic cracking.
Numerous studies confirm that the use of TIG welding to
restore the aerodynamic profile of blades made from
JKC32 is impractical due to the low yield of serviceable
parts [5, 14].

Laser technologies (laser metal deposition) ensure
minimal heat input and high precision. However, high
cooling rates (103...10* K/s) lead to the formation of non-
equilibrium, hardened structures with high levels of inter-
nal stresses [2, 3, 14]. Furthermore, laser cladding is
prone to porosity and lack of fusion if parameters are se-
lected incorrectly, and is characterised by high equipment
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and operating costs. Another issue is the anisotropy of
properties and the need for strict control of particle size.

Electron beam welding ensures the highest metal pu-
rity, but requires a vacuum chamber, which limits produc-
tivity and part dimensions and makes it a challenging
method for the layer-by-layer fabrication of complex ge-
ometries.

Microplasma powder cladding occupies a unique
place. The use of a low-power compressed arc (currents
of 2...50 A) allows for precise control of heat input, en-
suring “gentle” mixing of the filler material with the base
metal.

The works of the Ukrainian school of welding (E.O.
Paton Electric Welding Institute), in particular those by
K.A. Yushchenko, O.V. Yarovitsyn and others, have ex-
amined the physics of the MPC process in detail [9-12]. It
has been shown that laminar plasma flow provides relia-
ble protection of the molten pool against oxidation, which
is critical for alloys containing active elements (Al, Ti,
Hf).

Previous studies have demonstrated the successful
use of MPC for repairing blade tip sections (build-up of
up to 3...5 mm) [10, 11, 16, 17]. However, when repair-
ing integral wheels, there is often a need to restore signif-
icantly larger volumes - for example, when cutting out a
defect near the root of the blade, up to 45...50 mm of the
profile to be restored. This shifts the task from the realm
of «cosmetic repair» to that of «additive manufacturing on
an existing substrates.

The issues of structural stability and properties dur-
ing multi-layer cladding of such large volumes of the
JKC32-BU, as well as the selection of heat treatment re-
gimes that would mitigate the effects of repeated thermal
cycling, remain insufficiently studied. This work is spe-
cifically aimed at addressing these «gaps» in the technol-
ogy.

Purpose of the study

The aim of this work is to provide a theoretical justi-
fication and experimental development of a technology
for the repair of turbine blades in aircraft engines, manu-
factured using the «blisk» process from heat-resistant
nickel alloys, by means of additive micro-plasma powder
cladding.

To achieve the set objective, the following tasks
must be addressed:

- to develop a methodology for the additive manu-
facturing of test specimens made from the XXC32-BU
alloy, which replicate the thermophysical conditions in-
volved in restoring the blade profile;

- conduct a comparative analysis of the microstruc-
ture of the deposited metal in the original state and after
various homogenisation annealing regimes;

- determine the effect of homogenisation tempera-
ture on the dissolution of non-equilibrium eutectic phases
and prevent the formation of defects;
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- to determine the mechanical properties (tensile
strength, elongation) of the remanufactured metal and
verify their compliance with the requirements of industry
standards for cast materials;

- to investigate the failure mechanism of the
remanufactured samples using fractography to confirm
the absence of hidden defects of metallurgical origin.

Materials and methods

The high-temperature nickel alloy J)XC32-BU was
selected as the subject of the study. It is one of the most
advanced casting alloys for aircraft turbine blades, capa-
ble of operating at temperatures of up to 1050...1100°C.

The filler material used was spherical-shaped metal
powder of the XXC32-BH alloy, produced by vacuum in-
duction gas atomisation in argon. The particle size distri-
bution of the powder was 63...163 um [9, 11, 12]. Choice
of particle size was dictated by the requirements for a
stable feed into the plasmatron: finer particles
(<50 pm) are prone to agglomeration and “clogging”,
whilst larger ones (>160 um) may not have time to melt
completely in a low-power plasma arc.

The experimental work was carried out on a special-
ised robotic system the STARWELD 190H. The process
MPC was performed using direct current of positive po-
larity (negative electrode). High-purity argon was used as
the plasma-forming and shielding gas. To simulate blade
repair, a strategy of layer-by-layer cladding on the end
face of a plate made of the JKC32-BU alloy was chosen.
The plates measured 115x15x2 mm (Figure 2). The
thickness of 2 mm corresponded to the average thickness
of the turbine blade and vane in the repair zone. The clad-
ding was carried out using a reciprocating motion.

(ff{(!!f L e L L et

|

R

Figure 2. Sample cutting plan

The mechanical properties of the specimens
following heat treatment (T=1255+£10°C for 1...1.5
hours), produced by additive manufacturing using
microplasma powder cladding, were determined on
standard flat specimens.

Results and discussion

The first stage of the study involved assessing the
quality of the metal’s formation immediately following
the additive manufacturing process (original condition). A
visual inspection of the surface of the deposited layers
revealed satisfactory formation: consistent width, and no
coarse burrs, undercuts or macro-cracks. The surface had
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a characteristic structure resulting from the crystallisation
of individual molten pools.

Analysis of cross-sectional micro-sections in the
unetched state revealed the presence of scattered mi-
croporosity. The pores were predominantly spherical in
shape, with a size not exceeding 20 um (Figure 3). The
spherical shape of the pores indicated that they were of
gaseous origin. The most likely causes are either argon
entrapped by powder particles during their production
(gas atomisation) or microbubbles of shielding gas that
entered the turbulent flows of the weld pool. It should be
noted that, from the point of view of fracture mechanics,
small spherical pores (up to 20...30 um) are significantly
less dangerous stress concentrators than flat oxide films or
sharp hot cracks [2, 10].

‘. : : iOO pnl\
Figure 3. Microstructure of the deposited metal prior to
etching

Etching revealed a dendritic structure resulting from
directional crystallisation. The axes of the dendrites are
predominantly oriented along the heat dissipation path
(from bottom to top, away from the substrate). The micro-
structure of the samples prior to heat treatment consisted
of a y-solid solution containing an intermetallic y"- phase,
carbides and carbonitrides [3, 5, 6]. Particular attention
was drawn to the presence of a eutectic (y-y')- phase,
~5um in size, in the inter-axial spaces of the dendrites,
which is characteristic of the as-cast state of the JKC32-
BU alloy (Figure 4). This is a consequence of dendritic
solidification, where elements with a partition coefficient
k <1 (Al, Ti, Ta) are displaced by the crystallisation front
into the liquid phase, enriching the final portions of the
melt to the eutectic composition. It is precisely these
zones that are potential weak points.

The samples were then subjected to heat treatment —
homogenisation at T=1270+£10°C for 1...1.5 hours.
Homogenisation is necessary to equalise the chemical
composition, dissolve non-equilibrium eutectics and form
the optimal morphology of the strengthening y"- phase.

© Oleksandr Chechet, Ruslan Kulykovskyi, Serhii Chigileychik, Yurii Torba,

Andrii Dobrovolskyi, Nataliia Shyrokobokova, 2026
DOI 10.15588/1607-6885-2026-2-9

Figure 4. Microstructure of the dposﬂed metal pri-
or to heat treatment following etching

Metallographic analysis of samples after ageing at
1270°C revealed the presence of structural defects classi-
fied as “overheating” or “incipient melting” [3, 5, 7]. The
microstructure photographs clearly show thickened grain
boundaries and «islands» with traces of melting around
former eutectic zones (Figure 5).

Flgur 5. Microstructure of the dep05|td metal after
heat treatment (homogenisation at T=1270+10°C)

Although the nominal solidus temperature of the
’KC32-BU alloy is higher than 1270°C, the deposited
metal contains zones enriched with boron, carbon and
liquidus elements as a result of non-equilibrium crystalli-
sation. These localised zones have a significantly lower
melting point. When heated to 1270 °C they turn to a lig-
uid state. Upon subsequent cooling, the liquid crystallises
in the form of brittle films or coarse eutectics, which dras-
tically reduces the mechanical properties. Thus, this par-
ticular heating temperature is unacceptable for the depos-
ited material without prior stepwise preparation.

To prevent the metal samples from overheating, the
homogenisation temperature was reduced by 15 °C. An-
other series of samples underwent heat treatment — ho-
mogenisation at T=1255+10 °C for 1...1.5 hours. De-
creasing the temperature by 15 °C allowed entry into the
safe heat treatment interval. The structure after heating at
1255 °C was characterised by the absence of melting trac-
es, a significant degree of solid solution homogenisation,
a reduction in the number and size of non-equilibrium
eutectics due to diffusion dissolution, and the formation
of a regular y-y” phase structure with a cuboid morpholo-
gy, which is optimal for creep resistance and corresponds
to the normal state of the XJKC32-BU alloy (Figure 6).
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Figure 6. he microstructure of the deposited meta
after heat treatment (homogenisation at T = 1255+10°C)

The results of the tensile strength tests on samples
treated under optimal conditions are presented in the
comparative table (Table 1).

The obtained results demonstrate that the properties
of the deposited metal significantly exceed the minimum
requirements. This is because rapid crystallisation during
MPC resulted in a more dispersed structure compared to
conventional casting, where slow cooling led to the for-
mation of large dendrites and significant microporosity.

Table 1 — A comparative analysis of the mechanical
properties of the remanufactured JXC32-BH alloy and the
relevant standards

Require-
ments
- Mean va_lue (casting, o .
Characte-ristics (experi- technical Deviation Rating
ment, MPC) specifica-
tions)
Strength limit .
o, MPa 1147 > 882 +30% excellent
Relative
elongation 3, 9.5 >6.0 +583% | excellent
%
Yield point
oz MPa* 931 - - -

* The yield point value is an estimate, based on the typical
ratio for this class of alloys

Examination of the fracture surfaces following
rupture confirmed that metal was of a sufficiently high
quality. The fracture had a matt grey hue, characteristic of
ductile fracture. No defects such as lack of fusion between
the cladding layers were detected (Figure 7), confirming
the correct selection of the process’s energy parameters
(current, cladding rate).

Figure 7. Fracture patterns in specimens following
tensile testing
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Discussion

The obtained data made it possible to formulate a
concept for the «blisk» blade remanufacturing process.
The main point is to demonstrate that the MPC method
can produce dense metal with properties not worse than
those of cast metal, even at high build-up heights. It is
important to note the role of heat treatment. In industrial
conditions, higher heating temperatures (1280...1290 °C)
are often used for cast blades to ensure complete
dissolution of y- phase. However, for metal formed by the
MPC method, which has its own specific crystallisation
characteristics, these temperatures are unacceptable [3, 5,
7]. It has been established that reducing the temperature to
1255°C is a necessary compromise that ensures a
sufficient level of mechanical properties.

The economic benefits of implementing this
technology are clear. The cost of a new turbine
monowheel can run into tens of thousands of dollars. The
cost of repair using the MPC method (powder + labour +
heat treatment) amounts to 10...15% of the cost of a new
part. Furthermore, this also resolves the issue of logistics
and spare parts delivery times.

Conclusions

Based on the comprehensive research carried out,
the following conclusions can be drawn;

1. The feasibility of using the additive MPC method
to repair deep damage and fully restore the profile of the
working blades of “blisk”-type turbine wheels made from
the 2KC32-BU alloy has been confirmed.

2. The developed technology ensures the production
of dense deposited metal. The residual microporosity does
not exceed 20 um, is spherical in shape and does not
compromise the static strength. There are no cracks or
lack of fusion..

3. The critical sensitivity of the deposited metal to
the homogenisation temperature has been established. A
temperature of 1270 °C is excessive and causes the eutec-
tic phases to melt. The optimum condition has been de-
termined to be T = 1255410 °C (1...1.5 hours), which
ensures the formation of the required microstructure.

4. The clad metal exhibits high mechanical strength
(o = 1147 MPa) and plasticity (6 = 9.5%), which signifi-
cantly exceeds the specifications for the base material.

5. The results of this work form the basis for the de-
velopment of standard operating procedures for the air-
craft engine repair process, which will significantly ex-
tend the service life of the aircraft fleet.
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Mema pooomu. Teopemuune 0OTpYHMYBAHHA MA eKCNEPUMEHMATbHA PO3POOKA MeXHOI02ii 8iOHOBNIeHHs pOOOYUX
JONAMOK Koaeca mypOiHU asiayitinozo 08UcYHA, GUKOHAHO20 3d MEXHON02IEI0 «OMICK» 13 JICAPOMIYHUX HIKeIesuUx
CNIasi8, MEMoooM AOUMUBHO20 MIKPONIAZMOB020 NOPOulkoeo2o naniaenenuss (MITH).

Memoou docrioxycennsn. B xo0i docniodicenns 6y10 3acmoco8ano memoo ROUApO8020 NOPOUKOBO20 HANIAGICHHS.

3 BUKOPUCIMAHHAM MIKPONIA3MU HA mopyesi nosepxwi niacmun 3i cnaagy KC32-BU 3a donomoeoro cneyianizoganoi

pobomusoeanoi cucmemu STARWELD 190H. IIpoyec MIIH 30iticni08ascs 3 BUKOPUCAHHAM NOCMIUHO20 CIMPYMY NO-
3umusHoi noaprocmi (cunoro cmpymy 2...50 A). B axocmi niazmoymeopioi02o ma 3axucho2o 2azy GUKOPUCmOo8y8alu
apeou gucokoi yucmomu. Posmipu excnepumenmanvrux naacmun cmanoeunu 115%15x2 um. Hannaenenns 30iticuroga-
U 3 GUKOPUCTNAKHAM 360POMHO-NOCmMYNanbho2o pyxy. Ilicna naniaenenns 3pasku niooasanu mepmiynii oopoobyi. Me-
XAHIUHI 61ACMUBOCII 3PA3KIE, OMPUMAHUX MEMOOOM AOUMUBHO20 HAPOWY8AHHS, BUSHAYANU HA CIMAHOAPMHUX NIOCKUX
3pA3KaAX.

Ompumani pezynomamu. Ilicia mexaniuHux sunpo6y8ansv 3pasKu MAlu HACMYNHI 61ACMUBOCMI. CepeoHi 3HAYEeH-
Hs miynocmi 6,~1147 Mlla, niacmuunocmi 6= 9,5 %, npu eumoeax nopmamusnoi doxymenmayii o, > 882 Mlla,
0= 6,0 %. 3namu manu cepeonvo-xkpucmaniuny cmpykmypy. Hegexmu y 3namax ue susasieno. Mikpocmpykmypa ma-
mepiany 3paskie 00 mepmooobpoOKU A6AE OO0 Y- MEePOUll PO3YUH 3 HAABHICMIO IHMepMemanioHoi y’-gasu, xap-
6idis, Kapbonimpudis, a maxodxc esmekmuyHoi (y-y’) - ¢pasu posmipom SMmrm, sAKa XapaxmepHa Ois IUMO20 CMAHY
cnaagy JKC32-BU. Mixpocmpyxmypa mamepiany 3paskie nicis mepmooopooKu 8ionogioae HOpMaibHOMy CIAHY Chid-
8y JKC32-BU.

Haykosa nosusna. Ilpu guzomosnenti Konic mypoin Memooom 1umms 0OHA 3 HAUCEPUO3HIUUX NPodeM — ye au-
8apHi Oeghexmu, Maxi AK MPiuHU, NOPUCTNICMb, PAKOBUHU. BUKOpUCMAHHA ICHYIOYUX MEMOOi8 peMOHMY, AKi OCHOBAHI
Ha 36apr06anti ab0 HANIABIEHH] MEMOOOM AP2OHOOY206020 36APIOGANHS, HANPUKILAO 05l TIONAMOK, 0OMEMNHCEHT BUCOKOIO
cxunvricmio dcapomiynux uixenesux cnaagie (KC3JK, BKJII2) 0o noseu mepmosmomMHux mpiyun yepe3 GUCOKUL
emicm y’-pasu. 3anpononoeana mexHon02is peMoHmMy NOASAAE Y 3Pi3aHHI JIONAMKY 00 MICYs pO3MAauLy8anis degexmy i
HOOANLULOMY NOUAPOBOMY 8IOHOBIEHHIO NPOQIISL TONAMKU MEMOOOM AOUMUBHO20 MIKDONAA3MOBO20 HANIAGLEHHS.

Ilpaxmuuna yinnicme. Bcmanosneno, wo 8i0HO6NIeHHs Kojeca mypOiHy agiayitiHux 08USYHI6 MemoooM A0Umue-

HO20 MIKPONAA3ZMO20 NOPOUKOBO20 HANIABIEHHS 3aDe3neuye 8UCOKI MeXAHiuHI 61acmueocmi no 8Cili BUCOMI GUPOUEHOT

Jonamxu 6e3 BUHUKHEHHs OeDeKmia Iummsl.
Knwowuosei crosa: xoneco mypoinu, adumuene MiKponiasmose HANIAGIeHHs, NOPOWOK, Y -pasa, mexaniuni ena-
cmugocmi, MIKpoCmpyKmypa.
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SHIELDING GAS OXIDATION EFFECTS ON GEOMETRY AND
ENERGETICS IN WIRE ARC DEPOSITION OF HIGH-STRENGTH STEEL

Purpose. To establish the regularities of the influence of carbon dioxide concentration (0-700% CO:) in an argon-
based shielding mixture on the external macrogeometry (width, height, waviness) and energetic parameters of low-heat-
input thin-wall formation from high-strength low-alloy (HSLA) MoNiVa steel using robotic Cold Metal Transfer (CMT)
additive manufacturing.

Research methods. The studies were conducted using a robotic system with a Fronius TPSi power source (CMT
mode, WFS = 2.0 m/min, TS = 35 cm/min). To eliminate subjective errors and analyze the stochastic macrogeometry, a
computer vision method (OpenCV) based on pixel-by-pixel integration of optical scans (600 DPI, absolute error of 0.045
mm) was developed. Synchronizing geometric metrics with high-frequency (10 Hz) data logging of arc energetic param-
eters allowed for the evaluation of Volumetric Energy Density (VED).

Results. A fundamental scale effect was observed during thin-wall deposition. Monogas environments proved tech-
nologically unviable: 100% argon induced severe internal porosity due to molten pool viscosity and rapid freezing, while
100 % CO: caused spatial meandering, hydrodynamic collapse, and a catastrophic 45 % loss of cross-sectional area. An
exceptionally stable technological window was identified strictly within 5-18% CO., where the coefficient of variation
(CV) for the width was minimized (1.30-1.87%) and a proportional bead form factor was maintained.

Scientific novelty. For the first time, a thermohydrodynamic ““scale effect” in WAAM of complex HSLA steels is
formalized, proving that under low-heat-input conditions, active gas additions do not improve wetting but rather trigger
rapid crystallization and oxide barrier formation. The “energy paradox’ of the process is mathematically proven: despite
the 100% CO: mode having the lowest linear heat input (205.5 J/mm) due to synergic current suppression, it requires the
highest Volumetric Energy Density (2.09 kJ/cm?3) owing to critical mass transfer deterioration.

Practical value. The identified technological window (5-18% CO:) and the formalized energy balance for MoNiVa
thin-wall structures serve as a ready-to-use foundation for minimizing geometric defects and maximizing energy efficiency
in production. The developed machine vision algorithm is suitable for implementation in closed-loop WAAM control
systems for predictive real-time parameter adjustment.

Key words: Wire Arc Additive Manufacturing, WAAM, Cold Metal Transfer, CMT, high-strength steel, MoNiVa,
shielding gas, volumetric energy density, computer vision.

Introduction

Wire Arc Additive Manufacturing (WAAM) is cur-
rently considered one of the most promising areas of metal
3D printing for large-scale objects tailored to the needs of
the aerospace and heavy engineering industries. Its main
advantages are high deposition rates, relatively low equip-
ment costs, and the ability to use standard commercial
welding wires. Of particular interest to the industry is the
printing of parts from high-strength low-alloy (HSLA)
steels, particularly those alloyed with molybdenum, nickel,
and vanadium (MoNiVa system), which provide a unique
combination of strength, toughness, and cold resistance.

However, the main drawback hindering the mass
adoption of WAAM is the low dimensional accuracy and
significant waviness of the side surfaces of the deposited
walls. Since the process relies on free-form deposition,
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controlling the final dimensions of the part comes down to
managing the hydrodynamics of the liquid weld pool. De-
viations from the specified geometry require significant al-
lowances for subsequent machining, which negates the
economic benefits of the additive approach.

Problem statement

Unlike traditional welding, in WAAM, the bead
shape is formed exclusively as a result of the evolution of
the liquid metal pool under the influence of surface tension
forces, viscous friction, and electrodynamic forces. Tradi-
tionally, kinematic parameters such as wire feed speed
(WFS) and travel speed (TS) are used to control the geom-
etry. The shielding gas is mostly considered a passive ele-
ment for isolating the molten pool. However, changing its
composition, in particular by adding active carbon dioxide
(CO»), alters the oxidation potential of the plasma and the
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rheology of the molten pool, making it a fully-fledged in-
dependent tool for influencing shape formation, which re-
mains understudied for steels with complex alloying sys-
tems.

Analysis of research and publications

The current state of development of additive technol-
ogies shows that the product geometry in WAAM is deter-
mined by the evolution of the metal pool under a moving
heat source. Unlike processes with a strictly localized mol-
ten pool of small volume (e.g., laser powder bed fusion),
shape accuracy in arc deposition must be considered as a
complex problem of unsteady thermohydrodynamics with
a free surface [1, 2]. The final bead shape results from the
interaction of surface tension forces, viscous friction, grav-
ity, droplet transfer momentum, and the overall thermal
state of the molten pool [3-5]. Most studies prove that the
key factors of geometric stability are heat input, deposition
strategy, and the metal transfer algorithm [6]. However, the
shielding gas is often still considered primarily as a passive
technological parameter to ensure arc stability and protec-
tion from the atmosphere [7]. In recent years, the paradigm
has been changing. Studies show that the gas environment
should be considered an active shape control tool [8, 9].
Changing the gas composition affects not only the electri-
cal and spatial characteristics of the arc discharge but also
the surface state of the pool, the nature of convective flows,
and the lifetime of the liquid phase. The fundamental basis
for this approach was formed in studies of weld pool phys-
ics, which proved that Marangoni thermocapillary flows
have a decisive influence on the deposition geometry [3,
4]. The magnitude and direction of these flows are deter-
mined by the sign and modulus of the surface tension tem-
perature gradient. When using pure argon, the temperature
gradient is negative, which initiates centrifugal molten
pool flows from the center of the pool to its edges, resulting
in relatively wide but shallow penetration. However, the
addition of carbon dioxide is accompanied by its dissocia-
tion in the arc and the supply of surface-active oxygen to
the liquid metal. As proven in classical works, even minor
additions of active gas turn the surface tension gradient
positive, initiating powerful centripetal flows that pull the
molten pool toward the center and downwards, radically
changing the macrogeometry and heat redistribution [3, 4].
Specifically for WAAM, the impact of gas mixtures has
become the subject of empirical research only recently. In
particular, studies for low-carbon and stainless steels
demonstrate that changing the Ar/CO: ratio affects layer
geometry, spatter, and surface roughness [10-14]. How-
ever, most of these studies analyze specific “ready-made”
industrial mixtures rather than the systematic variation of
the CO: fraction as a control parameter. Furthermore, they
focus mostly on the materials science aspect (microstruc-
ture), bypassing mechanical interpretation through changes
in the hydrodynamic field and energy efficiency. A specific
challenge that currently remains ignored is the use of high-
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strength low-alloy (HSLA) steels in WAAM [15]. The ap-
plication of complex alloyed steels (like MoNiVa) intro-
duces an additional level of thermodynamic complexity.
Alloying elements (especially molybdenum and vanadium)
combined with an active gas can form complex refractory
oxide films on the pool surface. Unlike simple silicate slags
in ordinary steels, these films locally alter molten pool vis-
cosity, acting as a mechanical barrier that restricts spread-
ing and impairs interlayer wetting. Conversely, synergic al-
gorithms of modern power sources (such as CMT) auto-
matically change the current to compensate for gas disso-
ciation, directly affecting the specific energy intensity of
the process.

Furthermore, current theoretical frameworks of Ma-
rangoni thermocapillary flows in WAAM are predomi-
nantly based on high-heat-input regimes (thick-wall depo-
sition) with a massive molten pool. The extrapolation of
these rules to low-heat-input, thin-wall structures — where
the pool volume is minimal and cooling rates are extreme
— remains a critical gap in the literature. It is unclear
whether the active gas additions can effectively trigger cen-
tripetal spreading before the small pool completely solidi-
fies, especially for highly viscous alloys like MoNiVa.

Thus, the current scientific literature lacks an inte-
grated approach combining a systematic analysis of the im-
pact of the full spectrum of CO: concentrations (0-100 %)
on macrogeometric stability and the energy balance of free-
form deposition specifically for HSLA steels with complex
molten pool rheology, which justifies the relevance of this
study.

Purpose of the work

To establish the regularities of the influence of active
carbon dioxide concentration (from 0% to 100%) in a mix-
ture with argon on the macrogeometric stability, stochastic
waviness, bead form factor, and specific volumetric energy
density of low-heat-input thin-wall deposition of high-
strength low-alloy MoNiVa steel using the robotic Cold
Metal Transfer process.

Material and methods of research

To implement the experimental part of the work, a
specialized robotic additive manufacturing complex was
used. The kinematic system was based on a six-axis indus-
trial manipulator Yaskawa MH1440. An inverter welding
system, Fronius TPS500i, equipped with a hardware mod-
ule for the CMT (Cold Metal Transfer) technology, was
used as the power source. The choice of the CMT algo-
rithm is due to its ability to minimize heat input through
high-frequency reciprocating wire movement, which en-
sures mechanical droplet detachment at reduced short-cir-
cuit currents. This is critical for multi-layer 3D printing,
where heat accumulation is the main cause of geometric
wall degradation.

A solid welding wire with a diameter of 1.2 mm made
of high-strength low-alloy (HSLA) steel with an Mn-Ni-
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Mo-V alloying system was used. The presence of molyb-
denum and vanadium provides high strength but signifi-
cantly changes the molten pool rheology, increasing its vis-
cosity and tendency to form refractory oxide films in the
presence of active gases. Deposition was carried out on
S355 structural steel substrates.

Kinematic parameters were specifically optimized for
low-heat-input thin-wall deposition: the wire feed speed
(WFS) was set to 2.0 m/min, and the travel speed (TS) was
reduced to 35 cm/min to stabilize pool hydrodynamics. The
contact tip to work distance (CTWD) was 13 mm, and the
torch tilt angle was O degrees. Shielding gas flow was
maintained at 14 L/min. To investigate the oxidation po-
tential, a gradient of gas mixtures from 100 % Ar to 100 %
CO: was applied (including intermediate values of 5, 10,
15, 20, and 25 % CO-). The process involved depositing 20
consecutive layers. To isolate the effect of thermal accu-
mulation, a strict temperature control protocol was applied,
ensuring an interpass temperature of 8510 °C.

To eliminate subjective human factors in measuring
the stochastic macrogeometry, a software package based
on the OpenCV computer vision library (Python) was de-
veloped. Transverse macrosections were digitized using an
optical scanner at 600 DPI (pixel size 0.0423 mm). The al-
gorithm included Gaussian filtering, Otsu’s adaptive bina-
rization, and morphological closing. To eliminate edge ef-
fects, the algorithm automatically cropped 3.0 mm from the
top and bottom bounds. For the stabilized central zone, the
exact cross-sectional area (F) was calculated via pixel-by-
pixel integration. Horizontal scanning determined the ef-
fective width, width extremes, standard deviation, and co-
efficient of variation (CV). Additionally, the algorithm cal-
culated the geometrical Form Factor (¢) as the ratio of the
average bead width to the average layer height. Hardware
validation via a 10 mm reference standard confirmed an
absolute error of 0.045 mm.

Energetic parameters (welding current I, arc voltage
U) were recorded via the power source's built-in data log-
ger at 10 Hz. A script extracted stationary process seg-
ments. Linear heat input (HI) and Volumetric Energy Den-
sity (VED, kJ/cm?3) were subsequently calculated by inte-
grating the energetic logs with the cross-sectional area ex-
tracted by the computer vision system.

Research results

Initial trials utilizing 100% argon shielding were
deemed unsuccessful due to the active formation of inter-
nal porosity within the deposited bead. Consequently, pure
argon was excluded from further systematic quantitative
analysis, and the study focused on the gradient of CO.-Ar
mixtures.

Precision analysis of the cross-sectional macro-ge-
ometry revealed a strict, linear degradation of the thin-wall
profiles as the CO: concentration increased (Figure 1). In
the range of 5% to 25% CO, a gradual decrease in mass
transfer was observed: the total wall height dropped from
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33.78 mm to 29.93 mm, while the corresponding average
layer height decreased from 1.689 mm to 1.496 mm. This
was accompanied by a linear reduction in the cross-sec-
tional area (F) from 178.73 mm? to 139.73 mm2. However,
the transition to 100 % CO: resulted in a catastrophic drop
in geometric indicators (Table 1). The cross-sectional area
plummeted to 98.22 mm?, representing a 45% loss of ma-
terial compared to the 5 % CO: baseline, while the total
height collapsed to 20.36 mm.

5% CO=

10% CO= 15% CO-= 18% CO-= 25% CO=

100% CO=

Figure 1. Macrogeoetric profiles and calculated contours of
the deposited MoNiVa walls as a function of CO: concentration

The average wall width exhibited a slightly different
trend. The maximum width was recorded at 5-10 % CO-
(5.46 mm). As the active gas fraction increased to 25 %,
the bead gradually narrowed to 4.86 mm. Interestingly, at
100 % CO., the average width marginally increased to 4.96
mm, which, as subsequent visual analysis showed, was an
artifact of severe spatial instability rather than uniform
spreading. Statistical processing of the digitized bead
masks provided an objective metric for assessing process
stability. For the MoNiVa alloy system under thin-wall
deposition parameters, an exceptionally stable technologi-
cal window was identified in the range of 5-18 % CO..
Within this zone, the coefficient of variation (CV) for the
wall width was exceptionally low, ranging from 1.30 % to
1.87 % (Table 1), indicating near-perfect layer-by-layer re-
producibility. A progressive collapse of stability occurred
at higher CO: concentrations. The transition to pure carbon
dioxide caused the CV to surge to 4.90 %. Macroscopic
evaluation of the wall surface at 100 % CO- (Figure 2)
demonstrated severe spatial meandering of every single
bead. This longitudinal wandering led to a complete dis-
ruption of interlayer cohesion and the formation of deep
interpass valleys, directly causing the aforementioned drop
in total height and area.
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Table 1 — Energetic and geometric indicators of the MoNiVa WAAM process (WFS = 2.0 m/min, TS = 35

cm/min)

Shielding gas mix- | average, U average, P average, HI, Cross-sectional area F, VED,
ture A \Y W J/mm mm? kd/lcm?

5% CO2 94,5 11,9 1508,5 258,6 178,73 1,45

10% CO: 93,0 12,5 1540,4 264,1 171,13 1,54

15% CO: 92,0 12,7 1543,2 264.,5 163,20 1,62

18% CO: 83,6 13,0 1398,3 239,7 152,59 1,57

25% CO2 77,5 135 1335,8 229,0 139,73 1,64

100% CO: 66,3 14,2 1198,5 205,5 98,22 2,09

Figure 2. Top view of the 100 % CO: deposited wall with
severe spatial meandering

This degradation was further confirmed by the Form
Factor anomaly (¢), calculated as the ratio of average width
to average layer height. Within the 5-25 % CO- technolog-
ical window, the Form Factor remained stable between
3.23 and 3.38. However, at 100 % CO-, this indicator
anomalously spiked to 4.87, serving as a mathematical re-
flection of the severe height collapse and erratic material
deposition.

High-frequency data logging of the CMT power
source parameters captured a pronounced electrical adap-
tation to the shielding gas effect on the process. While the
wire feed speed was strictly fixed at 2.0 m/min, increasing
the CO: concentration forced the equipment to elevate the
average arc voltage from 11.9 V to 14.2 V. Simultaneously,
the synergic control loop drastically suppressed the aver-
age welding current, which dropped from 94.5 A (at 5 %
CO02) to 66.3 A (at 100 % CO). This cyber-physical feed-
back directly impacted the energy balance. Contrary to ex-
pectations, the lowest linear heat input (HI) was recorded
in the 100 % CO: environment (205.5 J/mm), whereas the
optimal 10-15 % CO: mixtures generated approximately
264.1-264.5 J/mm. However, integrating the heat input
with the cross-sectional area exposed an extreme peak in
the Volumetric Energy Density (VED). The 100 % CO-
mode required the highest amount of energy to build one
cubic centimeter of metal —2.09 kJ/cm?3 — compared to just
1.45 kJ/cm? for the 5% CO- mixture.

Discussion

The complete failure to produce a defect-free thin
wall in a 100 % argon atmosphere highlights the unique
rheological challenges of HSLA steels. In pure argon, the
absence of surface-active oxygen leads to a negative sur-
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face tension temperature gradient, driving centrifugal Ma-
rangoni flows. More critically, alloying elements such as
molybdenum and nickel significantly increase the kine-
matic viscosity of the MoNiVa molten pool. In thin-wall
deposition, the small pool volume cools and solidifies ex-
tremely fast. Without the “fluxing” and viscosity-reducing
effects of an active gas, evolving gases (such as hydrogen)
become trapped within the rapidly freezing viscous molten
pool, inevitably resulting in the severe internal porosity ob-
served during the initial trials.

A crucial finding of this study is the identified “scale
effect” of heat input on the thermohydrodynamics of the
molten pool. Previous theoretical frameworks regarding
WAAM of carbon steels suggest that adding CO, improves
wetting and spreading by generating active oxygen, which
shifts the Marangoni flow from centrifugal to centripetal.
However, our data on thin-wall structures (WFS =
2.0 m/min) proves the opposite. Under conditions of low
overall heat input, the high energy demand for CO; disso-
ciation drastically shortens the lifetime of the liquid phase.
The molten pool “freezes” too rapidly, crystallizing before
the centripetal thermocapillary flows can fully activate and
redistribute the metal. Consequently, active gas additions
on thin walls do not improve lateral spreading, leading in-
stead to the observed linear degradation of the cross-sec-
tional area. The catastrophic 45 % loss of cross-sectional
area and the total loss of geometric stability (CV = 4.90 %)
at 100% CO are directly attributed to the complex chemi-
cal rheology of MoNiVa steel. In highly oxidizing environ-
ments, refractory oxide films of molybdenum and vana-
dium form instantaneously on the pool surface. Unlike sim-
ple silicate slags, these films act as a rigid mechanical shell
that completely blocks interlayer wetting.

This oxide barrier, combined with the lowest heat in-
put dictated by the CMT synergic loop, creates a molten
pool with extreme viscosity. As a result, a phenomenon of
severe longitudinal meandering occurs. The highly con-
stricted arc column wanders across the pool surface search-
ing for conductive pathways, but the viscous, oxide-cov-
ered metal cannot flow quickly enough to follow the heat
source. This disconnect between the arc pressure and fluid
flow tears the molten pool stream apart, triggering Ray-
leigh-Plateau hydrodynamic instability.
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The recorded electrical logs — where voltage in-
creased to 14.2 V and current plummeted to 66.3 A at
100% CO, - perfectly illustrate the thermodynamics of gas
dissociation. The endothermic breakdown of polyatomic
CO; molecules extracts significant heat from the arc, con-
stricting its plasma column. To maintain a stable discharge
against this cooling effect, the power source naturally ele-
vates the voltage. To compensate for this voltage spike, the
cyber-physical CMT algorithm drastically suppresses the
average welding current along a strict inverse vector.

In standard GMAW processes, the current is intrinsically
linked to the actual wire melting rate. We hypothesize that the
synergic self-regulation of the CMT power source, by dropping
the current so aggressively, effectively reduced the actual dep-
osition rate despite the programmed WFS. This hidden drop in
productivity, coupled with massive spatter caused by the arc de-
flecting off the oxide shell, fully explains the extreme metal def-
icit. Therefore, the anomalous jump of the Form Factor (o) to
4.87 is not an indicator of a successfully flattened bead, but ra-
ther a mathematical proof of a “failed humping” effect: the spa-
tial wandering and spatter prevented vertical buildup, leaving a
disjointed track with a microscopic average layer height.

These interconnected phenomena culminate in the
fundamental “energy paradox” of thin-wall WAAM. The
100% CO; mode exhibited the lowest linear heat input
(HI = 205.5 J/mm). In traditional welding, lower heat input
is often associated with better process control. However, in
this free-form additive process, the constricted arc, impen-
etrable oxide barriers, and massive vaporization rendered
the mode utterly unprofitable. The Volumetric Energy
Density reached its maximum (VED = 2.09 kJ/cm3), mean-
ing the highest amount of energy was wasted per cubic cen-
timeter of successfully deposited metal.

In conclusion, this study establishes strict boundaries
of technological robustness for precision thin-wall WAAM
of complexly alloyed HSLA steels like MoNiVa. Monogas
shielding is fundamentally unviable: 100% argon induces
porosity due to high viscosity and gas trapping, while
100% CO; triggers severe meandering, spatter, and hydro-
dynamic collapse. The optimal balance between molten
pool viscosity, surface tension, and heat input is strictly
confined to a narrow technological window of 15-18 %
CO,, where perfect synergy between droplet transfer and
mass assimilation is achieved.

Conclusions

This study establishes that the shielding gas oxidation
potential is a critical factor governing the thermohydrody-
namics of low-heat-input thin-wall WAAM for complex
HSLA MoNiVa steels. A fundamental “scale effect” was
identified, which inverses the typical influence of active
shielding gases observed in massive depositions. Specifi-
cally, monogas environments proved technologically unvi-
able for this alloy: 100 % argon induces severe internal po-
rosity due to high molten pool viscosity and the rapid freez-
ing of the small pool volume, whereas 100 % CO- triggers
hydrodynamic collapse. The highly oxidizing environment
leads to the formation of rigid, impenetrable Mo-V oxide
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films, manifesting as severe spatial meandering and a cat-
astrophic 45% loss of cross-sectional area (dropping to
98.22 mm?).

Conversely, precision computer vision analysis statis-
tically justified an exceptionally stable technological win-
dow strictly within the range of 5-18% CO,. Within this
gradient, the deposition achieves ideal layer-by-layer geo-
metric reproducibility with minimal stochastic waviness,
maintaining a coefficient of variation between 1.30 % and
1.87 % alongside a proportional and predictable bead form
factor.

Furthermore, these geometric transformations are in-
extricably linked to the formalized “energy paradox” of the
cyber-physical CMT process. To compensate for the endo-
thermic dissociation in pure CO,, the synergic loop drasti-
cally suppresses the average current to 66.3 A, resulting in
the lowest linear heat input of 205.5 J/J/mm. However, due
to massive material loss and spatter, this mode is actually
the least energetically efficient, driving the Volumetric En-
ergy Density to a maximum of 2.09 ki/cm3. Ultimately, op-
timal energy efficiency (1.45-1.62 kJ/cm3) and stable mass
transfer are achieved exclusively at 5-15 % CO», proving
that gas chemistry and molten pool rheology, rather than
electrical power alone, fundamentally dictate the geometric
and economic viability of the thin-wall WAAM process.
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BILIMB OKHUCJIIOBAJILHOI 1T 3AXUCHOI'O I'A3Y HA TEOMETPIIO
TA EHEPTETHUKY AYI'OBOT'O 3D-APYKY BUCOKOMIITHOIO CTAJLJIIO
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nokTop ¢inocodii, crapmmii BUKIagad kaQeapu iHTerpOBaHUX TEXHOJIOTIH eJIEKTPOHHUX
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Kupuno
Kpacnocenbcpkuii

acmipaHT Kadeapy IHTErpOBaHUX TEXHOJIOT1H 3BapIOBAHHS T2 MOJICIIIOBaHHS KOHCTPYKIIH
HauionansHoro yHiBepcutery «3amopi3bka MNOJITEXHIKa», M. 3amopixoks, YKpaiHa,

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

Mema po6omu. Bcmarnognens 3akoHomipHocmelt énugy konyenmpayii eyenexuciozo 2azy (0100 % COs) y saxucniii
CyMiwti 3 aPeOHOM HA 306HIUIHIO MAKPO2EOMEMPIIO (WUpUHY, 8UCOMY, XGUISICIICYb) MA eHepeemuyti NOKA3HUKU Npoyecy
Popmysaniss. MOHKOCMINHUX CIMPYKIMYD 3 HU3bKUM MENI0SKIAOCHHAM 13 8UCOKOMIYHOI Huszbkonecoéanoi cmani (HSLA)
MoNiVa 3 suxopucmanmnsm pobomuzosanozo adumusro2o supodonuymea sa mexuonozieio CMT (Cold Metal Transfer).

Memoou docnidxcennsn. JJocniodcenns nPOBOOUNUCH i3 3ACTMOCYBAHHAM POOOMUZ0BAHO20 KOMNILEKCY 3 0AHCEPENOM
arcusnenns Fronius TPSi (pesicum CMT, weuoxicms nodaui opomy 2,0 m/xe, weuokicmo 36apiosanis 35 cm/xe). s
VCYHeHH st CY6 EKMUGHUX NOXUOOK Ma aHAi3y CIOXACMUYHOT MaKpo2eomMempii po3podieHo Memoo KOMR'TomepHo2o 30py
(OpenCV) na ocnosi nonikcervnozo inmezpysanns onmuunux ckanie (600 DP, abcomomna noxubra 0,045 mm). Cun-
Xpouizayis 2eomempuyHux mempuk 3 gucoxouacmomuum (10 I'y) nozysannam enepeemuunux napamempis oyau 00360-
auna oyinumu numomy o06'emny enepeiro (VED).

Ompumani pesynomamu. I1i0 yac MOHKOCMIHHO20 HANIAGNEHHS GUSGICHO (DYHOAMEHMAIbHUL MACUMAOHUL
ehexm. Bukopucmanms MOHO2A3168 GUAGUNIOC MEeXHONO2IUHO Hedoyinbhum: 100% apeon npo8oOKye CUNbHY 6HYMPIUIHIO
nopucmicmu uepes UCOKY 6 sI3KICIb PO3NAAGY Ma 11020 uieuoke meepoikns, modi sax 100 % CO: cnpuuunse npocmopose
Meanopyeans, 2i0poOOUHAMIYHULL KOIANC ma Kamacmpogiuny empamy 45 % niowi nonepeunozo nepepizy. Busnaueno
30HY HAOBUCOKOI mexHoN02iuHol cmabitbrocmi 6 cmpozomy dianazoni 5—18 % CO., de koediyienm eapiayii (CV) wu-
punu docszae minimymy (1,30-1,87 %) npu sbepesicenni nponopyitinozo gpopm-paxmopa eanuxa.
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Hayxkoea nosusna. Bnepwe popmanizosarno mepmozciopoounamiunuil «<macumadnutl egpexm» y WAAM-mexnonoeii

ons cxnaonux HSLA cmaneii. /Josedeno, wjo 6 ymoeax Hu3bK020 mennioekiaoertss 000a8anHs AKMUBHO20 2a3y He NOKPA-
Wye 3MOUYBAHHS, d HABNAKU, NPOBOKYE WBUOKY KPUCMANI3AYTI0 ma YMEopeHHsi OKCUOHUx oap'epis. Mamemamuuno do-
8€0€HO KeHepeemU4HULL Napadoke» npoyecy: Hezgadxcarouu Ha me, ujo pexcum 100 % CO: mae Hatinudcye ninitine men-

nosknadenns (205,5 [oc/mm) 3a808Ku cunHepeemuyHOMy NPUOYUIEHHIO CMPYMY, 6iH nompedye Hauguujoi numomoi

00'emnoi enepeii (2,09 xllxc/cm?) uepez Kpumuute noO2ipuLeHHs MACONEPEeHoC).

Ilpaxmuuna yinnicme. Busienene mexuonozciune sixkno (5-18 % COz) ma popmanizosanuii enepeemuunuil 6arauc
0ns monkocminnux cmpykmyp 3i cmani MoNiVa cayeyroms comosum pynoamenmom 0t minimizayii 2eomempusnux oe-
@exmie ma maxcumizayii enepeoedexmugHocmi Ha upooHUYmMaEi. Po3podaenuii aneopumm MawuHHO20 30py RPUOAmMHUL
ona imnaemenmayii 6 cucmemu xepysanns WAAM i3 3amkHenum KOHMYpOM 0151 NPEOUKMUBHO20 KOPUSYBAHHS NAPA-

Mempig y pedcumi peanbHo20 4acy.

Knrouosi cnosa: opomoge dyeose adumushe supoonuymeo, WAAM, xonoone nepenecenns memany, CMT, euco-
xkomiyna cmans, MONIVa, saxucnuii 2az, numoma 06’ emna enepzist, KOMR 1OMePHULL 3ip.
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