Frontier
Materials
& Technologies

Founded in 2008

Ne 3

2024

16+

Quarterly
Scientific Journal

The Founder is
Togliatti State University

Editor-in-Chief
Mikhail M. Krishtal, DSc (Physics and Mathematics), Professor

Deputy Editor-in-Chief
for Metallurgy and Materials Science
Dmitry L. Merson, DSc (Physics and Mathematics), Professor

Deputy Editor-in-Chief
for Mechanical Engineering and Machine Science
Aleksandr P. Shaikin, DSc (Engineering), Professor

Deputy Editor-in-Chief
for Welding and Allied Processes and Technologies
Aleksandr I. Kovtunov, DSc (Engineering), Associate Professor

Editors:

Petr Yu. Bochkarev, DSc (Engineering), Professor

Boris M. Brzhozovskiy, DSc (Engineering), Professor

Aleksandr F. Denisenko, DSc (Engineering), Professor

Yuri Z. Estrin, DSc (Physics and Mathematics), Professor

Sergey S. Gavryushin, DSc (Engineering), Professor

Gregory Gerstein, DSc (Engineering)

Fedor V. Grechnikov, Academician of the Russian Academy of Sciences, DSc (Engineering), Professor
Mikhail I. Karpov, Corresponding Member of the Russian Academy of Sciences, DSc (Engineering), Professor
Aleksandr V. Katsman, PhD (Physics and Mathematics)

Aleksandr A. Kazakov, DSc (Engineering), Professor

Aleksandr V. Kudrya, DSc (Engineering), Professor

Sergey V. Kuzmin, Corresponding Member of the Russian Academy of Sciences, DSc (Engineering), Professor
Aleksey V. Makarov, Corresponding Member of the Russian Academy of Sciences, DSc (Engineering)
Radik R. Mulyukov, Corresponding Member of the Russian Academy of Sciences,

DSc (Physics and Mathematics), Professor

Oleg B. Naimark, DSc (Physics and Mathematics), Professor

Nikolay V. Nosov, DSc (Engineering), Professor

Aleksandr V. Pilinsky, PhD (Engineering), Associate Professor

Aleksey E. Romanov, DSc (Physics and Mathematics), Professor

Vasili V. Rubanik, Corresponding Member of the National Academy of Sciences of Belarus, DSc (Engineering)
Vladimir A. Shishkov, DSc (Engineering)

Tushar Madhukar Sonar, PhD (Engineering)

Rudolf N. Starobinski, DSc (Engineering), Professor

Ramasubbu Sunder, Fellow of the Indian Academy of Sciences, PhD (Engineering)

Vladimir P. Tabakov, DSc (Engineering), Professor

Alexey Yu. Vinogradov, DSc (Engineering), PhD (Physics and Mathematics), Professor

Until December 2021,
the journal was published under
the title
“Science Vector
of Togliatti State University”.

Indexed in Scopus.
Included in the List of HAC,
RSCI core, DOAJ,
“White List”.
Available in Crossref,
Google Scholar.

Registered by the Federal
Service for Supervision
of Communications,
Information Technology
and Mass Media
(Registration Certificate
NN No. ®C77-83040
dated March 31, 2022).

Subscription index
in the Russian Press catalogue:
13088.

Desktop publishing:
Natalya A. Nikitenko

Responsible/technical
editor:
Natalya A. Nikitenko

Mailing Address:
14, Belorusskaya St.,
Togliatti,

Russia, 445020
Phone: (8482) 44-91-74
E-mail:
vektornaukitgu@yandex.ru

Website:
https://vektornaukitech.ru

Passed for printing
16.09.2024.
Published 30.09.2024.
Format 60x84 1/8.
Digital printing.
Conventional printed sheets 14.4.
Circulation is 30 copies.
Order 3-135-24.

The price is free.

© Togliatti State University, 2024

Publisher, printing house address:
Togliatti State University, 445020,
Russia, Samara Region, Togliatti,
Belorusskaya Street, 14.


https://vektornaukitech.ru/




EDITORIAL BOARD INFORMATION

Editor-in-Chief

Mikhail M. Krishtal, Doctor of Sciences (Physics and Mathematics), Professor, Rector (Togliatti State University, Togliatti, Russia).
Scopus AuthorID: 14634063100

ResearcherID: AAD-7707-2019

ORCID: https://orcid.org/0000-0001-7189-0002

Deputy Editor-in-Chief for Metallurgy and Materials Science

Dmitry L. Merson, Doctor of Sciences (Physics and Mathematics), Professor, Director of the Research and Development Institute
of Advanced Technologies (Togliatti State University, Togliatti, Russia).

Scopus AuthorID: 6603449333

ResearcherID: M-7210-2016

ORCID: https://orcid.org/0000-0001-5006-4115

Deputy Editor-in-Chief for Mechanical Engineering and Machine Science

Aleksandr P. Shaikin, Doctor of Sciences (Engineering), Professor, Professor of Chair “Energy-Converting Machines
and Control Systems” (Togliatti State University, Togliatti, Russia).

Scopus AuthorID: 6602779899

ORCID: https://orcid.org/0000-0002-9832-4753

Deputy Editor-in-Chief for Welding and Allied Processes and Technologies

Aleksandr I. Kovtunov, Doctor of Sciences (Engineering), Associate Professor, Professor of Chair “Welding, Pressure Treatment
of Materials and Allied Processes” (Togliatti State University, Togliatti, Russia).

Scopus AuthorID: 36761987000

ResearcherID: B-4545-2016

ORCID: https://orcid.org/0000-0002-7705-7377

Editorial board:

Petr Yu. Bochkarev, Doctor of Sciences (Engineering), Professor, Professor of Chair “Mechanical Engineering Technology

and Applied Mechanics” (Kamyshin Technological Institute (Branch) of Volgograd State Technical University, Kamyshin, Russia),
Professor of Chair “Technical Support of Agro-Industrial Complex” (Saratov State Vavilov Agrarian University, Saratov, Russia).
Scopus AuthorID: 57189893110

Boris M. Brzhozovskiy, Doctor of Sciences (Engineering), Professor, chief researcher of Laboratory of Theory of Mechanisms
and Machine Structure (Institute of Machines Science named after A.A. Blagonravov of the Russian Academy of Sciences, Moscow,
Russia).

Scopus AuthorID: 55683317200

Alexander F. Denisenko, Doctor of Sciences (Engineering), Professor, Professor of Chair “Technology of Mechanical Engineering,
Machines and Tools” (Samara State Technical University, Samara, Russia).

Scopus AuthorID: 36131150100

Yuri Z. Estrin, Doctor of Sciences (Physics and Mathematics), Professor, Professor of Chair of Engineering Materials

(Monash University, Melbourne, Australia).

Scopus AuthorID: 7005031984

Sergey S. Gavryushin, Doctor of Sciences (Engineering), Professor, Head of Chair “Computer Systems of Production Automation”,
Head of the Theory & Machines Structure Laboratory (Bauman Moscow State Technical University, Moscow, Russia;
Mechanical Engineering Research Institute of the Russian Academy of Sciences, Moscow, Russia).

Scopus AuthorID: 6507067486

ResearcherID: AAT-8610-2020

ORCID: https://orcid.org/0000-0002-6547-1351

Gregory Gerstein, Doctor of Sciences (Engineering), Laboratory Head (Leibniz University Hannover, Hanover, Germany).
Scopus AuthorID: 55001912200

Fedor V. Grechnikov, Academician of the Russian Academy of Sciences, Doctor of Sciences (Engineering), Professor,

Head of the Chair of Forming Processes (Samara National Research University, Samara, Russia).

Scopus AuthorID: 6506174877

ResearcherID: P-2319-2016

ORCID: https://orcid.org/0000-0002-3767-4004

Mikhail I. Karpov, Corresponding Member of the Russian Academy of Sciences, Doctor of Sciences (Engineering), Professor,
Head of the Laboratory of Materials Science (Institute of Solid State Physics of the Russian Academy of Sciences,
Chernogolovka, Russia).

Scopus AuthorID: 7004130343

ResearcherID: Q-9288-2016

Aleksandr V. Katsman, PhD (Physics and Mathematics), Senior Research Associate (Technion — Israel Institute of Technology,
Haifa, Israel).

Scopus AuthorID: 7004225554

Aleksandr A. Kazakov, Doctor of Sciences (Engineering), Professor, Professor of Chair “Metallurgy and Casting Technologies”,
Head of the Metallurgy Expertise Laboratory (Peter the Great Saint-Petersburg Polytechnic University,

St. Petersburg, Russia).

Scopus AuthorID: 56037035400

ResearcherID: E-6090-2014

ORCID: https://orcid.org/0000-0001-6511-1228



https://www.scopus.com/authid/detail.uri?authorId=14634063100
http://www.researcherid.com/rid/AAD-7707-2019
https://www.scopus.com/redirect.uri?url=https://orcid.org/0000-0001-7189-0002&authorId=14634063100&origin=AuthorProfile&orcId=0000-0001-7189-0002&category=orcidLink%22
https://www.scopus.com/authid/detail.uri?authorId=6603449333
http://www.researcherid.com/rid/M-7210-2016
https://www.scopus.com/redirect.uri?url=https://orcid.org/0000-0001-5006-4115&authorId=6603449333&origin=AuthorProfile&orcId=0000-0001-5006-4115&category=orcidLink%22
https://www.scopus.com/authid/detail.uri?authorId=6602779899
https://orcid.org/0000-0002-9832-4753
https://www.scopus.com/authid/detail.uri?authorId=36761987000
http://www.researcherid.com/rid/B-4545-2016
https://www.scopus.com/redirect.uri?url=https://orcid.org/0000-0002-7705-7377&authorId=36761987000&origin=AuthorProfile&orcId=0000-0002-7705-7377&category=orcidLink%22
https://www.scopus.com/authid/detail.uri?authorId=57189893110
https://www.scopus.com/authid/detail.uri?authorId=55683317200
https://www.scopus.com/authid/detail.uri?authorId=36131150100
https://www.scopus.com/authid/detail.uri?authorId=7005031984
https://www.scopus.com/authid/detail.uri?authorId=6507067486
https://publons.com/researcher/AAT-8610-2020/
https://orcid.org/0000-0002-6547-1351
https://www.scopus.com/authid/detail.uri?authorId=55001912200
https://www.scopus.com/authid/detail.uri?authorId=6506174877
https://publons.com/researcher/P-2319-2016/
https://orcid.org/0000-0002-3767-4004
https://www.scopus.com/authid/detail.uri?authorId=7004130343
https://publons.com/researcher/Q-9288-2016/
https://www.scopus.com/authid/detail.uri?authorId=7004225554
https://www.scopus.com/authid/detail.uri?authorId=56037035400
https://publons.com/researcher/E-6090-2014/
https://orcid.org/0000-0001-6511-1228

Aleksandr V. Kudrya, Doctor of Sciences (Engineering), Professor, Professor of Chair of Physical Metallurgy and Physics

of Strength (National University of Science and Technology MISiS, Moscow, Russia).

Scopus AuthorID: 6603628218

Sergey V. Kuzmin, Corresponding Member of the Russian Academy of Sciences, Doctor of Sciences (Engineering), Professor,
First Prorector, Professor of Chair “Equipment and Technology of Welding Production” (Volgograd State Technical University,
Volgograd, Russia).

Scopus AuthorID: 57217278342

ResearcherID: [-7424-2012

ORCID: https://orcid.org/0000-0003-2802-8497

Aleksey V. Makarov, Corresponding Member of the Russian Academy of Sciences, Doctor of Sciences (Engineering), Chief Research
Associate, Head of Chair of Materials Science, Head of the Laboratory of Mechanical Properties (M.N. Mikheev Institute

of Metal Physics of Ural Branch of Russian Academy of Sciences, Ekaterinburg, Russia).

Scopus AuthorID: 57195590138

ResearcherID: D-5663-2016

ORCID: https://orcid.org/0000-0002-2228-0643

Radik R. Mulyukov, Corresponding Member of the Russian Academy of Sciences, Doctor of Sciences (Physics and Mathematics),
Professor, Director (Institute for Metals Superplasticity Problems of the Russian Academy of Sciences, Ufa, Russia).

Scopus AuthorID: 7003520439

ResearcherID: B-3800-2016

ORCID: https://orcid.org/0000-0002-0452-3816

Oleg B. Naimark, Doctor of Sciences (Physics and Mathematics), Professor, Head of the Laboratory of Physical Foundations
of Strength (Institute of Continuous Media Mechanics of Ural Branch of Russian Academy of Sciences, Perm, Russia).

Scopus AuthorID: 6701720806

Nikolay V. Nosov, Doctor of Sciences (Engineering), Professor, Professor of Chair “Technology of Mechanical Engineering,
Machines and Tools” (Samara State Technical University, Samara, Russia).

Scopus AuthorID: 6602506825

Aleksandr V. Pilinsky, PhD (Engineering), Associate Professor, MSME (Master of Science in Mechanical Engineering), Los Angeles, USA.
ORCID: https://orcid.org/0009-0009-8933-195X

Aleksey E. Romanov, Doctor of Sciences (Physics and Mathematics), Professor, Professor of the Institute of Advanced Data Transfer
Systems (ITMO University, St. Petersburg, Russia).

Scopus AuthorID: 7202768874

Vasili V. Rubanik, Corresponding Member of the National Academy of Sciences of Belarus, Doctor of Sciences (Engineering),
Head of the Laboratory of Metal Physics (Institute of Technical Acoustics of the National Academy of Sciences of Belarus,
Vitebsk, Belarus).

Scopus AuthorID: 57215218253

Vladimir A. Shishkov, Doctor of Sciences (Engineering), Head of the Technical Department (Palladio LLC, Togliatti, Russia).
RSCI AuthorID: 596086

SPIN-code: 9504-4454

Tushar Madhukar Sonar, PhD (Engineering), Senior Research Scientist of Chair “Welding Engineering”

(South Ural State University, Chelyabinsk, Russia).

Scopus AuthorID: 57200800257

ResearcherID: AAS-6037-2021

ORCID: https://orcid.org/0000-0002-3997-5337

Rudolf N. Starobinski, Doctor of Sciences (Engineering), Professor, Scientific Consultant (Silencers. Consulting and Engineering,
Hamburg, Germany).

Scopus AuthorID: 6602638504

Ramasubbu Sunder, Fellow of the Indian Academy of Sciences, PhD (Engineering), Director (BISS (P) Ltd, Bangalore, India).
Scopus AuthorID: 7003530245

ResearcherID: H-6740-2016

ORCID: https://orcid.org/0000-0001-6143-0723

Vladimir P. Tabakov, Doctor of Sciences (Engineering), Professor, Head of Chair “Innovative Technologies in Mechanical
Engineering” (Ulyanovsk State Technical University, Ulyanovsk, Russia).

Scopus AuthorID: 6701501345

ResearcherID: E-1832-2017

ORCID: https://orcid.org/0000-0002-2568-9401

Alexey Yu. Vinogradov, Doctor of Sciences (Engineering), PhD (Physics and Mathematics), Professor, Professor of Faculty

of Mechanical and Industrial Engineering (Norwegian University of Science and Technology, Trondheim, Norway).

Scopus AuthorID: 7402889776

ResearcherID: A-7175-2009

ORCID: https://orcid.org/0000-0001-9585-2801



https://www.scopus.com/authid/detail.uri?authorId=6603628218&amp;eid=2-s2.0-85062974535
https://www.scopus.com/authid/detail.uri?authorId=57217278342
https://publons.com/researcher/I-7424-2012/
https://orcid.org/0000-0003-2802-8497
http://www.scopus.com/inward/authorDetails.url?authorID=57195590138&partnerID=MN8TOARS
http://www.researcherid.com/rid/D-5663-2016
https://orcid.org/0000-0002-2228-0643
https://www.scopus.com/authid/detail.uri?authorId=7003520439
https://publons.com/researcher/B-3800-2016/
https://orcid.org/0000-0002-0452-3816
https://www.scopus.com/authid/detail.uri?authorId=6701720806
https://www.scopus.com/authid/detail.uri?authorId=6602506825
https://orcid.org/0009-0009-8933-195X
https://www.scopus.com/authid/detail.uri?authorId=7202768874
https://www.scopus.com/authid/detail.uri?authorId=15045672900
https://www.elibrary.ru/author_profile.asp?authorid=596086
https://www.elibrary.ru/author_profile.asp?authorid=596086
http://www.scopus.com/authid/detail.url?authorId=57200800257
http://www.researcherid.com/rid/AAS-6037-2021
https://orcid.org/0000-0002-3997-5337
https://www.scopus.com/authid/detail.uri?authorId=6602638504
https://www.scopus.com/authid/detail.uri?authorId=7003530245
http://www.researcherid.com/rid/H-6740-2016
https://www.scopus.com/redirect.uri?url=https://orcid.org/0000-0001-6143-0723&authorId=7003530245&origin=AuthorProfile&orcId=0000-0001-6143-0723&category=orcidLink%22
https://www.scopus.com/authid/detail.uri?authorId=6701501345
http://www.researcherid.com/rid/E-1832-2017
https://www.scopus.com/redirect.uri?url=https://orcid.org/0000-0002-2568-9401&authorId=6701501345&origin=AuthorProfile&orcId=0000-0002-2568-9401&category=orcidLink%22
https://www.scopus.com/authid/detail.uri?authorId=7402889776
http://www.researcherid.com/rid/A-7175-2009
https://orcid.org/0000-0001-9585-2801

CBEJEHHUSA O YIEHAX PEJIKOJUIEI'MA

Thaenviii pedakmop

Kpuwman Muxaun Muxaiinoeuu, TOKTOp GHU3UKO-MaTeMaTHICCKIX HAyK, Mpodeccop, peKTop
(TonbATTUHCKUH TOCynapcTBeHHBIN YHUBEpcuTeT, TonmbstTu, Poccus).

Scopus AuthorID: 14634063100

ResearcherID: AAD-7707-2019

ORCID: https://orcid.org/0000-0001-7189-0002

3amecmumens enagnozo pedaxmopa no nanpaeienuio « Memaniypeus u mamepuanogederuey

Mepcon [Imumpuii /Ibeoguu, TOKTOp GU3NKO-MaTeMaTHIECKUX HayK, Ipodeccop, nupektop HaydaHo-HccneoBaTenbecKoro HHCTUTYTa
MIEPCIICKTUBHBIX TeXHOIOTHH (TONBATTHHCKUH TOCYIapCcTBEHHBIH YHUBEpCHTET, TonbsaTTH, Poccns).

Scopus AuthorID: 6603449333

ResearcherID: M-7210-2016

ORCID: https://orcid.org/0000-0001-5006-4115

3amecmumens enagnozo pedaxmopa no Hanpagieruio « Mawunocmpoenue u MawuHO8eOeHue»

Hlaiikun Anexcanop Ilemposuu, TOKTOp TEXHUUECKHX HayK, podeccop, podeccop kadeapsl « DHepreTHIecKre MaIlHHbI
u cucteMsl yrpasieHus» (ToapITTHHCKUI TocynapcTBeHHBIH yHIBepcuTeT, TonbsTTa, Poccus).

Scopus AuthorID: 6602779899

ORCID: https://orcid.org/0000-0002-9832-4753

3amecmumens enagnozo peoaxmopa no nanpasnenuio « Ceapxa, poocmeennvie npoyeccel U mMexHoI02Uu»

Kosemynoe Anexcanop Heanosuu, TOKTOp TEXHHYECKUX HayK, TOLEHT, mpodeccop kadenps! «Capka, 00paboTKa MaTepHaIoB
JlaBJICHUEM U POJCTBeHHbIE pouecch» (TompsATTUHCKUN rocynapcTBeHHbIN yHUBepcuTeT, TonbsaTTy, Poccust).

Scopus AuthorID: 36761987000

ResearcherID: B-4545-2016

ORCID: https://orcid.org/0000-0002-7705-7377

Peoaxyuonnas xonnezus:

FBoukapes Ilemp IOpveguu, TOKTOp TEXHUIECKUX HayK, Ipodeccop, mpodeccop kadenpsl « TeXHOIOrust MalInHOCTPOCHHS

U NIpUKIaHas MeXxaHukay (KambplmmHCcknit TexHOomorniecknii nHCTUTYT (prmain) Bonrorpaackoro rocyiapCTBEHHOTO TEXHUYECKOTO
yHuBepcutera, Kambimms, Poccust), npodeccop xadenpsr «Texanueckoe obecnieuenne AITK» (CapaTtoBckuii rocynapCTBeHHBIN
arpapHsIlii ynusepcuret umenr H.U. BaBnioa, Caparos, Poccus).

Scopus AuthorID: 57189893110

Bporcozoeckuii Bopuc Maxcosuu, TOKTOp TEXHUIECKHUX HAyK, IIPOpeccop TIaBHBIA HAyIHBIH COTPYIHUK JaOOPAaTOPHH TEOPUI
MEXaHU3MOB U CTPYKTYphl MamnH (MHcTHTyT MammHoBenenus uM. A.A. bnaronpaBosa PAH, Mocksa, Poccus).

Scopus AuthorID: 55683317200

Bunozpaooe Anexceii IOpvesuu, NOKTOp TEXHUIECKUX HAYK, KAHAUAAT HU3MKO-MaTeMaTHIECKHX HayK, Ipodeccop paKyabTeTa
MEXaHMYEeCKOW U POMBINUICHHOH nkeHepun (HopBexxckuii yHUBepcuTeT HayKH U TexHonoruu, Tpouxeiim, Hopserus).
Scopus AuthorlD: 7402889776

ResearcherID: A-7175-2009

ORCID: https://orcid.org/0000-0001-9585-2801

Tasprowun Cepzeii Cepzeesuu, TOKTOp TEXHHUECKHX HAyK, Mpodeccop, 3aBeayomuil kapeapoit « KoMIbIoTepHBIE CHCTEMBL
aBTOMAaTHU3aI[MU IPOU3BOACTBAY, 3aBEAYIONINI 1ab0paTopHell KOMIIBIOTEPHBIX CHCTEM aBTOMAaTH3alllH IPOU3BOICTBA

1 P POBBIX TeXHONOTHH (MOCKOBCKHIA TOCY/IapCTBEHHBI TEXHUIECKUIH YHUBEPCUTET

nmern H.D. baymana (HanmoHabHBIH HCCIIeIOBAaTENLCKII yHUBEpCHTET ), MockBa, Poccus;

Wuctutyr MmammHoBeneHust M. A.A. braaroapaBosa Poccuiickoii akanemun Hayk, Mocksa, Poccust).

Scopus AuthorID: 6507067486

ResearcherID: AAT-8610-2020

ORCID: https://orcid.org/0000-0002-6547-1351

Tepuumeiin I'pezopu, TOKTOp TEXHUYECKUX HAYK, 3aBEAYIOIIUI Taboparopuei ('aHHOBEpCKUil yHUBEPCUTET

nmenu [ordpuna Bunsrensma Jletitoauna, 'annoBep, ['epmanus).

Scopus AuthorID: 55001912200

T'peunukoe @edop Bacunvesuu, akanemux PAH, moxrop TexHHYECKUX HayK, mpodeccop, 3aBenyomuil kageapoidr o06padboTku
MeTasutoB AapieHueM (CaMapckuii HAIIMOHAJIBHBINA HCCIIEA0BATENLCKIIA YHUBEPCUTET

nmenn akagemuka C.I1. Kopomesa, Camapa, Poccus).

Scopus AuthorID: 6506174877

ResearcherID: P-2319-2016

ORCID: https://orcid.org/0000-0002-3767-4004

Henucenko Anexcanop @edoposuu, TOKTOp TEXHHUECKHUX HAYK, podeccop, npodeccop kadenpsl «TexHonorus
MAaIIMHOCTPOCHHUS, CTAHKU M HHCTpYMEHThD» (CaMapckuil rocyapcTBeHHbIH TeXHUYeckuil yauBepcutet, Camapa, Poccus).
Scopus AuthorID: 36131150100

Kas3zaxoe Anexcanop Anamonvesuu, 1OKTOp TEXHUUECKUX HayK, npodeccop, npodeccop kadeapsr «MeTammypruieckue

¥l JIMTEHHBIC TEXHOJIOTHNY, PYKOBOJHUTEb HAYYHO-UCIIBITATEILHON J1abopaTopun «MeTamtypruueckas SKCIepTH3a»
(Cankr-IlerepOyprekuii monuTexHuueckuit ynusepcuret Ilerpa Bemukoro, Cankt-ITetepOypr, Poccus).

Scopus AuthorID: 56037035400

ResearcherID: E-6090-2014

ORCID: https://orcid.org/0000-0001-6511-1228

Kapnoe Muxaun Heanosuu, unex-xoppecnonent PAH, noxrop TexHudeckux Hayk, npodeccop, 3aBenyroluii jaboparopueit
marepuanosenenus (Mucrutyt ¢usuku TBepaoro tena Poccuiickoit akanemun Hayk, YepHoronoBka, Poccus).

Scopus AuthorID: 7004130343

ResearcherID: Q-9288-2016



https://www.scopus.com/authid/detail.uri?authorId=14634063100
http://www.researcherid.com/rid/AAD-7707-2019
https://www.scopus.com/redirect.uri?url=https://orcid.org/0000-0001-7189-0002&authorId=14634063100&origin=AuthorProfile&orcId=0000-0001-7189-0002&category=orcidLink%22
https://www.scopus.com/authid/detail.uri?authorId=6603449333
http://www.researcherid.com/rid/M-7210-2016
https://www.scopus.com/redirect.uri?url=https://orcid.org/0000-0001-5006-4115&authorId=6603449333&origin=AuthorProfile&orcId=0000-0001-5006-4115&category=orcidLink%22
https://www.scopus.com/authid/detail.uri?authorId=6602779899
https://orcid.org/0000-0002-9832-4753
https://www.scopus.com/authid/detail.uri?authorId=36761987000
http://www.researcherid.com/rid/B-4545-2016
https://www.scopus.com/redirect.uri?url=https://orcid.org/0000-0002-7705-7377&authorId=36761987000&origin=AuthorProfile&orcId=0000-0002-7705-7377&category=orcidLink%22
https://www.scopus.com/authid/detail.uri?authorId=57189893110
https://www.scopus.com/authid/detail.uri?authorId=55683317200
https://www.scopus.com/authid/detail.uri?authorId=7402889776
http://www.researcherid.com/rid/A-7175-2009
https://orcid.org/0000-0001-9585-2801
https://www.scopus.com/authid/detail.uri?authorId=6507067486
https://publons.com/researcher/AAT-8610-2020/
https://orcid.org/0000-0002-6547-1351
https://www.scopus.com/authid/detail.uri?authorId=55001912200
https://www.scopus.com/authid/detail.uri?authorId=6506174877
https://publons.com/researcher/P-2319-2016/
https://orcid.org/0000-0002-3767-4004
https://www.scopus.com/authid/detail.uri?authorId=36131150100
https://www.scopus.com/authid/detail.uri?authorId=56037035400
https://publons.com/researcher/E-6090-2014/
https://orcid.org/0000-0001-6511-1228
https://www.scopus.com/authid/detail.uri?authorId=7004130343
https://publons.com/researcher/Q-9288-2016/

Kayman Anexcanop Braoumupoeuu, xkangnnar Gu3nko-mMareMaTnieckux Hayk, PhD, crapmuii HayqHEIH COTpYIHIK
(Texunon — M3pannbckuii TEXHOIOTHIECKUH HHCTHTYT, Xalda, M3panis).

Scopus AuthorID: 7004225554

Kyopsa Anexcandp Buxmoposuu, TOKTOp TEXHUYECKUX HAYK, Tpodeccop, 3aMeCTUTENb 3aBeIYIOMIEro Kadeapoit
MeTaJIoBeAeHUs U GU3HKU mpodHocTH (HanmoHanbHbI nceienoBaresckuil TexHoaornueckuii yausepeuteT «MUCuCy,
Mocksa, Poccust).

Scopus AuthorID: 6603628218

Kyzomun Cepzeit Bukmopoeuu, unes-koppecnonieHT PAH, mokTop TeXHHYeCKHX HayK, podeccop, MepBbId IPOPEKTop,
npodeccop xapenpsl «O60pyIOBaHUE M TEXHOIOTHS CBAPOYHOTO NTPOU3BOACTBAY (Bororpanckuii rocynapcTBeHHBIH TEXHIYECKUI
yHUBepcuteT, Boxrorpax, Poccus).

Scopus AuthorID: 57217278342

ResearcherID: 1-7424-2012

ORCID: https://orcid.org/0000-0003-2802-8497

Makapoe Anekceii Bukmopoguu, 1nen-koppecnonieHT PAH, TokTop TeXHHYeCKUX HayK, NIABHBII HAayYHBII COTPYAHUK,
3aBEAYIOIIUI OTAEIOM MaTepualOBEACHUS U JabopaTopuell MexaHHYecKHX cBOMCTB (MHCTUTYT QU3UKH METAIIOB

umenn M.H. MuxeeBa Ypanbckoro otnencHus Poccuiickoii akanemuu Hayk, ExarepuHOypr, Poccus).

Scopus AuthorID: 57195590138

ResearcherID: D-5663-2016

ORCID: https://orcid.org/0000-0002-2228-0643

Mpyniokos Paoux Paghukosuu, 1nen-xoppecnonnent PAH, nokrop ¢pusnko-mMareMaTHuecKuX HayK, mpodeccop, AUPEKTop
(MHCTHTYT IpO06aeM CBEpXIUIACTUYHOCTH MeTaiuioB Poccuiickoii akanemun Hayk, Y ¢a, Poccust).

Scopus AuthorID: 7003520439

ResearcherID: B-3800-2016

ORCID: https://orcid.org/0000-0002-0452-3816

Haiimapk Onez bopucosuu, noxTop HU3NKO-MaTeMaTHUECKHUX HayK, Tpodeccop, 3aBenyromui tadoparopueii «On3nueckue 0CHOBEI
npouHocTH» (MHCTHTYT MEXaHHMKH CIUTOLIHBIX cpell YpanbcKoro otaeneHus Poceniickoii akanemun Hayk, Ilepms, Pocenst).
Scopus AuthorID: 6701720806

Hocoé Huxonait Bacunveeuu, 10KTOp TEXHUIECKUX HayK, podeccop, mpodeccop kadeapsl « [eXHOTOTHS MAITHHOCTPOCHNUS, CTAHKU
¥ MHCTPYMEHTHI» (CaMapCKuii ToCyIapCTBEHHBIN TEXHUYECKUil yHuBepcuteT, Camapa, Poccns).

Scopus AuthorID: 6602506825

Hununckun Anexcandp Benuamunosuu, kKanauaar TeXHHYECKUX Hayk, goneHt, MSME (Master of Science

in Mechanical Engineering), Jloc-Anmxkenec, CLIA.

ORCID: https://orcid.org/0009-0009-8933-195X

Pomanoe Anexceii Eézenvesuu, TOKTOp Ppr3NKo-MaTeMaTHIECKUX HayK, podeccop MHCTUTYTa NEPCIIEKTUBHEIX CHCTEM Mepeadn
JaHHBIX, PyKOBOAUTENb HAYTHO-HCCIIEOBATEIBCKOTO IIEHTPA MEPCIEKTHBHBIX (DYHKIIMOHATBEHBIX MAaTePHUaIOB

U JIa3ePHBIX KOMMYHUKAIHOHHBIX cucTeM (HammonansHeii uccnenoBatensekuil yauepeuter UTMO, Cankr-IletepOypr, Poccust).
Scopus AuthorID: 7202768874

Pybanux Bacunuit Bacunveguu, anen-xoppecnonieHT HanyonansHoll akanemun Hayk benapycu, TOKTOp TeXHUYECKUX HayK,
3aBenyromuii 1aboparopueit hpusruku MetamioB (MHCTUTYT TeXHHYECKoH akycTHkK HarronansHoM akagemun Hayk benmapycu,
Burebck, Pecniyonuka benapycs).

Scopus AuthorID: 57215218253

Conap Tywap Maoxykap, KaHauiaT TEXHIIECKUX HAYK, CTapIINi HAyIHBIH COTpYAHHUK Kadenpsl « O60pyaoBaHIE H TEXHOIOTHS
cBapoyHOTOo Mpou3BoAcTBay (KOxHO-Ypanbckuil rocyapcTBeHHBIH yHUBepcUTeT, Yensaounck, Pocens).

Scopus AuthorID: 57200800257

ResearcherID: AAS-6037-2021

ORCID: https://orcid.org/0000-0002-3997-5337

Cmapoounckuii Pyoons¢p Hamanoeuu, TOXTOp TEXHUYECKHUX HAyK, Mpodeccop, HayuHbIH KOHCYJIBTaHT

(xoHcantuHr-6ropo “Prof. Starobinski. Silencers. Consulting and Engineering”, l'amOypr, ['epmanus).

Scopus AuthorID: 6602638504

Cynoep Pamacyody, unen Nanniickoit akaieMUH HayK, KaHAWIAT TEXHUIECKUX Hayk, qupekrop (“BISS (P) Ltd”, banranop, Unans).
Scopus AuthorID: 7003530245

ResearcherID: H-6740-2016

ORCID: https://orcid.org/0000-0001-6143-0723

Tabaxoeé Braoumup Ilemposuy, NOKTOp TEXHUUECKUX HAYK, Mpodeccop, 3aBeayromuil kadenpoit « THHOBAIHOHHbIC TEXHOJIOTHH
B MaIIMHOCTPOEHUM» (YIIBbSHOBCKHUII TOCYIapCTBEHHBIH TEXHUUECKUH YHUBEPCUTET, YIIbSHOBCK, Poccnst).

Scopus AuthorID: 6701501345

ResearcherID: E-1832-2017

ORCID: https://orcid.org/0000-0002-2568-9401

Hluwkoe Braoumup Anexcandposuu, TOKTOp TEXHUUECKNAX HAYK, HAYAIBHUK TEXHHIECKOTO OT/eNna

(000 «ITamnaanoy, TonesarTu, Poccus).

AuthorID PUHII: 596086

SPIN-koxa: 9504-4454

Sempun KOpuit 3axapoeuu, TOKTOp GU3NKO-MaTEMaTHIECKUX HayK, IIpodeccop, mpodeccop Kadeapsl HHKESHEPHBIX MaTepHAaIoB
(YuuBepcuret um. Monarua, Mens0ypH, ABcTpanus).

Scopus AuthorID: 7005031984



https://www.scopus.com/authid/detail.uri?authorId=7004225554
https://www.scopus.com/authid/detail.uri?authorId=6603628218&amp;eid=2-s2.0-85062974535
https://www.scopus.com/authid/detail.uri?authorId=57217278342
https://publons.com/researcher/I-7424-2012/
https://orcid.org/0000-0003-2802-8497
http://www.scopus.com/inward/authorDetails.url?authorID=57195590138&partnerID=MN8TOARS
http://www.researcherid.com/rid/D-5663-2016
https://orcid.org/0000-0002-2228-0643
https://www.scopus.com/authid/detail.uri?authorId=7003520439
https://publons.com/researcher/B-3800-2016/
https://orcid.org/0000-0002-0452-3816
https://www.scopus.com/authid/detail.uri?authorId=6701720806
https://www.scopus.com/authid/detail.uri?authorId=6602506825
https://orcid.org/0009-0009-8933-195X
https://www.scopus.com/authid/detail.uri?authorId=7202768874
https://www.scopus.com/authid/detail.uri?authorId=15045672900
http://www.scopus.com/authid/detail.url?authorId=57200800257
http://www.researcherid.com/rid/AAS-6037-2021
https://orcid.org/0000-0002-3997-5337
https://www.scopus.com/authid/detail.uri?authorId=6602638504
https://www.scopus.com/authid/detail.uri?authorId=7003530245
http://www.researcherid.com/rid/H-6740-2016
https://www.scopus.com/redirect.uri?url=https://orcid.org/0000-0001-6143-0723&authorId=7003530245&origin=AuthorProfile&orcId=0000-0001-6143-0723&category=orcidLink%22
https://www.scopus.com/authid/detail.uri?authorId=6701501345
http://www.researcherid.com/rid/E-1832-2017
https://www.scopus.com/redirect.uri?url=https://orcid.org/0000-0002-2568-9401&authorId=6701501345&origin=AuthorProfile&orcId=0000-0002-2568-9401&category=orcidLink%22
https://www.elibrary.ru/author_profile.asp?authorid=596086
https://www.elibrary.ru/author_profile.asp?authorid=596086
https://www.scopus.com/authid/detail.uri?authorId=7005031984

CONTENT

Self-propagating high-temperature synthesis

of AIN-TiC powder composition

using sodium azide and C,F, fluoroplastic

Belova G.S., Titova Yu.V.,

Maidan D.A., YaKubova A F. ... o e e 9

Corrosion-mechanical destruction
of bainite structures in oilfield environments
Vyboishchik MLA., GruzKov L V. ... e e et e et et e er e et ee et e e eanees 17

The influence of phosphorus microalloying

on the structure formation

of CuZn32Mn3Al2FeNi multicomponent brass

Gnusina A.M., SVyatKin A V. oo e 31

The influence of grain size on hydrogen embrittlement

of a multicomponent (FeCrNiMnCo)qN; alloy

Gurtova D.Yu., Panchenko M.Yu., Melnikov E.V.,

Astapov D.O., Astafurova E.G. ... e 41

Accuracy of the geometric shape of the hole
in the longitudinal section during honing
Denisenko A.F., Grishin R.G., Antipova E.D. ... S3

The influence of 3D printing mode

on the chemical composition and structure of 30HGSA steel

Kabaldin Yu.G., Anosov M.S.,

Mordovina YU.S., Cherni@in ML A. ... ..ot e et ettt et et et et e e r e e e aeeeanesd 63

Microstructure, crystallographic texture

and mechanical properties of the Zn—1%Mg-1%Fe alloy

subjected to severe plastic deformation

Sitdikov V.D., Khafizova E.D., Polenok M.V . ... o e 75

Pulse diffusion welding of female joints
Strizhakov E.L., Nescoromniy S.V.,
Lyudmirsky YU.G., Mordovtsev NLA. ...t 89

The influence of cutting mode elements

on the technological parameters of the process of milling blanks

of titanium alloy thin-walled parts

Unyanin AN, Chudnoy ALV . .o e e et e et et et et e et et e et et et e et e e e e e e 99

Microstructure and strength of a 3D-printed Ti-6Al-4V alloy
subjected to high-pressure torsion

Usmanov E.I, Savina Ya.N., Valiev R R. ... .o e e 109

OUR AU T H O R S . e 117

Frontier Materials & Technologies. 2024. No. 3



COAEPXKAHUE

CamopacnpocTpaHSOIHiic BHICOKOTEeMIePaTyPHBIA CHHTe3

nopoumikoBoii komno3uuuu AIN-TiC

¢ MpUMeHeHUeM a3uaa HaTpus u ¢propomnaacra C,F,

benosa I'.C., Turtosa 1O.B.,

Maitnas JI.A., STKYOOBA A.D. ...ttt ittt ettt et et et et et 9

Koppo3uoHHo-MexaHH4YecKoe pa3pylieHne 0eHHUTHBIX CTPYKTYP
B He()TEMPOMBICJIOBBIX Cpeax
D23 31017000020 B N I ) 0 )= 30 I 17

Bausinue MukpoJieruposanusi ¢gocgopom Ha CTPyKTypooOpasoBaHue
MHOI'OKOMIIOHEeHTHOM JaTynu JIMuAXKH
THycrmHA AM., CBATKHH A.B. ... e e 31

Bausinue pa3mepa 3epHa Ha 3aKOHOMEPHOCTH BOJOPOAHOr0 OXPYMYUBAHUS

MHOTOKOMIIOHEeHTHOTO cruiaBa (FeCrNiMnCo)gN;

I'yprosa JI.1O., [Tanuenko M.1O., Mensaukos E.B.,

AcTamioB J1.O., ACTadyPOBa Bl . ... e e 41

TouyHOCTH reoMeTpUYeCKOil POPMBI OTBEPCTHS
B MPOJ0/ILHOM CC4CHUHU IIPH XOHHMHTOBAHHH
Henncenko A.@., I'pumne P.I'., AHTHIOBA E.JL. .o oooiii e e S3

Bausinue pexxuma 3D-neyaTy Ha XUMHUYECKH COCTaB

u cTpyKTypy craau 30XI'CA

Kab6amauu 10.I'., Anocos M.C.,

MopnoBrHa FO.C., HEPHHITHH MLA. ... .ottt e et et ettt et e et et e e et et et et et e et e et eeeeeneeas 63

MuKpoCcTpyKTYpa, KpucTajajiorpapuyeckas Tekcrypa

U MexaHHYeckue cBoiicTBa ciiiaBa Zn—1%Mg-1%Fe,

MOJABEPTrHYTOr0 MHTEHCUBHOM IUIacTHYECKOM NedopmManuu

CutnukoB B.JI., Xaduzona . /1., TIOTEHOK M.B. ... .o i e e eea e 75

NmnyabcHasa quddy3noHHas cBapKa 0XBATBHIBAIOLIMX COeHMHEHM
Crpuxakos E.JI., Heckopomusiii C.B.,
Jlrommupcekuil FO.T'., MOPIOBIEB H.A. ... e e 89

Buinsinue 3J1eMEHTOB PeXUMa pe3aHusi

HAa TEXHOJIOTHYECKHe MapaMeTphl pouecca ¢pe3epoBaHUs

3aroTOBOK TOHKOCTEHHBIX JleTaJIeil U3 TUTAHOBOIO CILIABA

VHIHUH A H., UYTHOB AL B. ..o e e e et e ereeree e e snesreesteesnn e e e e e e nne e eneen D9

MukpocTpyKTypa M IpoyHocTh 3D-HaneyaTanHoro cniiasa Ti—6A1-4V,
MOJABEPrHYTOr0 KPYy4eHHIO MO/ BLICOKHM JaBJIeHUEM

VYemanor D.U., CaBuHa SLH., BalmeB P.P. .. ..o e e 109

HAIII AB T O P B . ... el 117

8 Frontier Materials & Technologies. 2024. No. 3



doi: 10.18323/2782-4039-2024-3-69-1

Self-propagating high-temperature synthesis
of AIN-TiC powder composition

using sodium azide and C,F, fluoroplastic
©2024
Galina S. Belova*', PhD (Engineering),
junior researcher of the Laboratory “Digital Twins of Materials and Technological Procedures of their Processing”
Yulia V. Titova’, PhD (Engineering), Associate Professor,
assistant professor of Chair “Materials Science, Powder Metallurgy, Nanomaterials”
Dmitry A. Maidan®, PhD (Engineering), Associate Professor,
assistant professor of Chair “Materials Science, Powder Metallurgy, Nanomaterials”
Alsu F. Yakubova®, postgraduate student
Samara State Technical University, Samara (Russia)

!ORCID: https://orcid.org/0000-0002-6430-9408
20ORCID: https://orcid.org/0000-0001-6292-280X
3ORCID: https://orcid.org/0000-0002-0195-4506
4ORCID: https://orcid.org/0000-0002-6081-8264

*E-mail: galya.belova.94@mail.ru

Received 26.06.2023 Accepted 13.02.2024

Abstract: Producing powder compositions using conventional processing technology can lead to the formation of large
agglomerates and, therefore, makes it difficult to obtain a uniform microstructure. The production of composites by self-
propagating high-temperature synthesis can reduce costs and the number of technological stages, as well as lead to obtain-
ing composites that are more homogeneous. Synthesis by the combustion of mixtures of powder reagents of sodium azide
(NaNj), fluoroplastic (C,F,), aluminum and titanium with different ratios of reagents in a nitrogen gas atmosphere at
a pressure of 4 MPa was used for the production of a highly dispersed powder ceramic AIN-TiC composition. Thermody-
namic calculations have confirmed the possibility of synthesis of AIN-TiC compositions of different formulations in com-
bustion mode. The dependences of temperature and combustion rate on the composition of the initial mixtures of reagents
were experimentally determined for all stoichiometric reaction equations. The study have shown that the experimentally
found dependences of combustion parameters on the ratio of the initial components correspond to the theoretical results
of thermodynamic calculations. The formulation of the synthesized composition differs from the theoretical composition
by a lower content of target phases and the formation of Al,0Os, Na;AlF4 and TiO, side phases. The powder composition
consists of aluminum nitride fibers with a diameter of 100-250 nm and ultradisperse particles of predominantly equiaxed
and lamellar shapes with a particle size of 200-600 nm. As the combustion temperature increases to produce the largest
amount of titanium carbide phase, the particle size increases to the micron level.

Keywords: combustion; self-propagating high-temperature synthesis; ceramic powder; nitride-carbide composition;
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INTRODUCTION

Currently, materials with low weight, high strength,
corrosion resistance and wear resistance are top request-
ed by the automotive and aerospace industries [1; 2].
Although aluminium alloys satisfy the requirements for
light weight (low density), they have low strength and
hardness. Aluminium alloys are characterised by excel-

and physical properties, are especially attractive for use in
the aerospace, automotive, defense and construction indus-
tries [4; 5]. In view of the above, TiC is attracting growing
interest among researchers due to its high hardness, elastic
modulus, low density, relatively high temperature stability,
and good wettability with aluminium [5].

The compressive strength of the nanocomposite posi-

lent formability in addition to high thermal conductivity
and good corrosion resistance [3].

Numerous studies on aluminium-based metal-matrix
composites (MMCs) have found that Al-based MMCs rein-
forced with TiC particles, due to their excellent mechanical

tively correlates to the content of the reinforcing compo-
nent. The maximum compressive strength of the highly
reinforced nanocomposite is 233 MPa, which is much higher
than that of unreinforced aluminium alloy. Nanocomposite
containing up to 0.5 wt. % of TiC has a lower relative
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density due to the predominance of hardening during
processing. Using a finer powder will increase the rela-
tive density. The highly hardened nanocomposite exhi-
bited a hardness of 1.18 GPa after sintering at a tempera-
ture of 873 K. This value is three times higher than that
of the unreinforced microcrystalline sample, and two
times higher than that of the wunreinforced nano-
crystalline sample [6].

When synthesizing the AIN-TiC composition, in addi-
tion to the target phases of aluminium nitride (AIN) and
titanium carbide (TiC), a certain amount of ternary alumi-
nium carbonitride, including AlsCsN and AlC;N,, is
formed in the AI-C—-N system. These materials are usually
produced at a relatively high sintering temperature. In [7], it
is indicated that AlsC;N is formed only when samples are
subjected to hot pressing at ~2073 K.

Compared to other methods for producing ceramic
compositions, combustion synthesis, or high-temperature
sintering with self-propagation of a combustion wave, is of
interest due to obvious advantages, such as short process
duration, low energy consumption and high yield of pure
products. Combustion synthesis has been used to synthesize
many materials [8], including aluminium nitride (AIN) and
carbide (TiC).

The possibility of producing a Ti,AlCy 5Ny 5 solid solu-
tion from powder mixtures consisting of Ti, Al,C; and Al
or AIN was studied by self-propagating, high-temperature
synthesis (SHS) in gaseous nitrogen. The molar ratio
of the three powder reagents was Ti : Al,C; : Al (AIN) =
=2 : 1/6 : 1/3. For both types of samples, increasing
the nitrogen pressure from 0.45 to 1.82 MPa increases
the combustion temperature and thus accelerates the reac-
tion front propagation. Compared to inert AIN, Al parti-
cles reacted vigorously with Ti and N, during the SHS
process, resulting in higher reaction exothermicity for
the Al-containing sample than for the AIN-containing
sample. The Ti,AlC(sNg s solid solution was the main
phase in the final products from Ti—Al4;Cs—Al powder
compacts. However, increasing the nitrogen pressure
had a negative effect on the release of Ti,AlC( 5Ny,
since Ti was excessively nitride, and Al reacted with
nitrogen. When AIN was used to replace Al, the for-
mation of Ti,AlC, 5N, s was deteriorated, due to weak
exothermicity and TiAl deficiency. Moreover, Ti(C,N)
titanium carbonitride predominated in the products syn-
thesized from Ti—Al,;C;—AIN samples at nitrogen pres-
sures of 1.48 and 1.82 MPa. This means that the use of
aluminium nitride instead of aluminium is undesirable
for producing Ti,AlC Ny s by synthesis using gaseous
nitrogen [9; 10].

The SHS process is attractive, because of its simplici-
ty and economic efficiency; it is one of the promising in
situ methods for the direct synthesis of ceramic powders
within the desired composition from a mixture of initial
cheap reagents. SHS using sodium azide and gasifying
halide salts has such distinctive features as relatively low
combustion temperatures, the formation of a large
amount of intermediate vapour and gaseous reaction
products, as well as final condensed and gaseous by-
products separating the particles of the target powders,

which allows synthesizing highly dispersed (<l pm)
AIN-TiC powder composition [11; 12].

Synthesis of both target phases directly in the bulk of
a composite powder (in situ) from inexpensive reagents,
and not in advance with subsequent mechanical mixing
(ex situ) of expensive nanopowders, makes it possible to
achieve high homogeneity of the mixture of synthesized
inexpensive highly dispersed nitride-carbide compositions.

The purpose of this study is to use a fluoroplastic acti-
vating additive (C,F,) to produce a highly dispersed com-
position of AIN-TiC powders with different phase ratios,
using the method of azide self-propagating high-
temperature synthesis.

METHODS

To synthesize target AIN-TiC compositions with a mo-
lar phase ratio from 1:4 to 4:1, the following chemical reac-
tion equations were used:

2AI+2Ti+4NaN;+C,F,=2 AIN+2TiC+4NaF+5N,; (1)
Al+2Ti+4NaN3+C,F,=AIN+2TiC+4NaF+5.5N,;  (2)
Al+4Ti+8NaN;+2C,F,/=AIN+4TiC+8NaF+11.5N,; (3)
4AI+2Ti+4NaN;+C,F,=4 AIN+2TiC+4NaF+4N,;  (4)
8AI+2Ti+4NaN;+C,F,=8 AIN+2TiC+4NaF+0.5N,. (5)

If we move from the formulation of AIN-TiC composi-
tions expected, according to these stoichiometric equations
in moles to the formulation in wt. %, taking into account
the molar weights of the phases, the following ratios of the
expected theoretical formulation of the synthesized AIN-
TiC compositions after removal of the NaF water-soluble
by-salt are obtained:

(1): AIN+TiC=40.6 % AIN+59.4 % TiC;
(2): AIN+2TiC=25.5 % AIN+74.5 % TiC;
(3): AIN+4TiC=14.6 % AIN+85.4 % TiC;
(4): 2AIN+TiC=57.8 % AIN+42.2 % TiC;
(5): 4AIN+TiC=73.3 % AIN+26.7 % TiC.

To predict the possibility of reactions occurring in
the combustion mode by determining thermal effects (en-
thalpy), adiabatic temperatures and compositions of synthe-
sis products, corresponding thermodynamic calculations
were carried out using the Thermo computer program.

In the experimental study, the following raw materials
were used: ASD-4 grade aluminium powder (main sub-
stance content is >98.8 wt. %, average particle size is
5 um), PTM grade titanium (=99.7 wt. %, 5 um), classifica-
tion “Ch” fluoroplastic powder (=99.1 wt. %, 20 um), clas-
sification “Ch” sodium azide powder (=98.71 wt. %,
100 um). The combustion of a mixture of initial reagents

10
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(charge) with a bulk relative density of 0.4 was carried out
in a tracing paper cup with a diameter of 30 mm, and
a height of 45 mm wrapped in carbon fabric using a SHS-Az
laboratory reactor with a volume of 4.5 1, with two thermo-
couples at a nitrogen pressure of 4 MPa.

Using thermocouples (thermocouple wire of VR5-20
type, TU 48-1941-73, Moscow Electric Lamp Plant OJSC,
Moscow, Russia), combustion temperatures were mea-
sured, and combustion rates were calculated. Using a pres-
sure gauge (MP4-U, 1.5 kgf/cm®, JSC Manotom, included
in the general installation of a constant pressure SHS reac-
tor with a fume hood (armored cabin)), the change in
pressure in the reactor during the combustion process was
determined.

The resulting synthesis product was weighed and com-
pared with the theoretical yield from reactions (1)—(5).
The combustion product was washed with distilled water
to remove water-soluble impurities, and the acid-base ba-
lance of the washing water was determined, to identify
the presence of free sodium in the combustion product,
and the completeness of the chemical reaction. Washing
consisted of diluting the powders with distilled water in
a ratio of 1:10 at room temperature, stirring the resulting
suspension, and then filtering the target products in a va-
cuum funnel for 5-10 min. The pH=7 value indicates
the absence of free fluorine/sodium, which indirectly con-
firms the completeness of the conversion of the starting
components into reaction products.

An experimental study of the combustion process was
carried out using thermocouple measurements of tempera-
tures and combustion rates. The study of combustion
products using scanning electron microscopy and X-ray
phase analysis showed that the application of azide self-
propagating high-temperature synthesis with the addition
of C,F, to the initial charge as a carbon source, allows
synthesizing AIN-TiC powder composition of various
formulations.

The phase composition of the synthesized combustion
products was determined using an ARL X’tra automated
X-ray diffractometer (Thermo Scientific). Cu radiation
was used with continuous scanning in the 20 angle range

from 20 to 80° at a speed of 2 degrees/min. The obtained
spectra were processed using the WinXRD application
package. Quantitative phase analysis was carried out
using the full-profile analysis method (Rietveld method)
with the help of the PDXL 1.8.1.0 program using the
PDF-2009 and COD-2019 crystallographic databases.
The essence of the method is to use profile intensities
instead of integral ones, which allows extracting
the maximum amount of information contained in step-
by-step experiments of scanning powder diffraction pat-
terns. The study of the morphology of powder particles
was carried out on a Jeol JSM-6390A scanning electron
microscope with a JeolJED-2200 attachment.

RESULTS

Thermodynamic analysis of the possibility of form-
ing compositions

Table 1 presents the results of thermodynamic calcula-
tions of combustion reactions (1)—(5) using the Thermo
program.

From the presented data, it is clear that all reactions
have high adiabatic temperatures, sufficient both for
the implementation of the SHS process in the combustion
mode, and for the formation of the target phases of alumi-
nium nitride and titanium carbide. The reaction enthalpy
increases and strongly depends on the ratio of the nitride
and carbide phases in the reaction products. The minimum
enthalpy value corresponds to equation (1), the maximum
reaction enthalpy value is calculated for equation (5).
The equilibrium concentrations of reaction products corre-
spond to the right-hand sides of equations (1)—(5), i.e.,
the target phases of aluminium nitride (AIN) and titanium
carbide (TiC).

Experiment results

The results of the experimental determination of
the temperature (7¢) and rate (Uc) of combustion of SHS-Az
charges for the synthesis of AIN-TiC ceramic nitride-
carbide compositions are presented in Table 2.

Table 1. Results of thermodynamic analysis of reactions (1)—(5)

Taonuya 1. Pezynomamul mepmoounamuyecko2o ananuza peaxyuil (1)—(5)

Composition of the initial mixture Enthalpy, Adiabatic temperature, Quantity, mole
of powders in reactions kJ K AIN TiC NaF N,
2A1+2Ti+4NaN;+C,yF, —2139 2768 1.00 4.00 4.00 5.50
Al+2Ti+4NaN;+C,F, —2298 2798 1.00 2.00 4.00 5.50
Al+4Ti+8NaN;+2C,F, -2616 2920 2.00 2.00 4.00 5.00
4Al+2Ti+4NaN;+C,F, —3252 3120 4.00 2.00 4.00 4.00
8 Al+2Ti+4NaN;+C,F, —4524 3278 8.00 2.00 4.00 2.00
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From the data presented in Table 2, it can be seen that
the experimental maximum combustion temperatures corre-
spond to the calculated values of adiabatic temperatures in
Table 1, but are slightly lower than the latter due to heat
loss in the combustion zone. The minimum values of tem-
perature and rate of combustion are observed in equation
(1), which corresponds to the phase ratio AIN : TiC=1: 1.

Fig. 1 presents the results of microstructural analysis of
the combustion products of the initial mixtures of powders
(charges), represented by reaction equations (1)—(5), after
water washing from the by-product water-soluble NaF salt.
Fig. 1 a shows that the combustion products of the reaction
charge (1), consist predominantly of aluminium nitride fi-
bres with a diameter of 100-250 nm, and ultrafine plate-
shaped particles of titanium carbide with a size of 200—
600 nm. When the aluminium content in the initial mixture
is reduced by 2 times (equation 2, Fig. 1 b), the combustion
product is represented mainly by plate-shaped titanium car-
bide particles, with a size of 200-600 nm, and a small
amount of aluminium nitride fibres with a diameter of 100—
200 nm. When the aluminium content is reduced by half
with a simultaneous increase in the titanium content by two
times, compared to the initial mixture (equation (3), Fig. 1 ¢),
the combustion products are titanium carbide particles of
equiaxial and plate shapes with a size of 200-600 nm.
In Fig. 1 d and 1 e, aluminium nitride fibres with diameters of
100-300 and 100400 nm, respectively, are clearly visible.

The results of qualitative and quantitative X-ray phase
analysis of the combustion products of the initial mixtures
of powders (charges), represented by reaction equations
(1)—(5), after the water washing operation are summarised
in Table 3.

The results of X-ray phase analysis (Table 3) show
the formation of five phases: target phases of aluminium
nitride (AIN) and titanium carbide (TiC), side phases of
sodium aluminium hexafluoride (Na3;AlFg), as well as tita-
nium and aluminium oxides (TiO,, Al,0Os). Thus, the reac-
tion products (1) consist of 32.5 % of AIN, 47.4 % of TiC,
6.5 % of NazAlFs, 12.8 % of TiO,, and 0.8 % of Al,0;.
Therefore, the synthesized composition differs from
the expected theoretical 40.6 % AIN — 59.4 % TiC compo-
sition (1) in the lower content of target phases, while their

ratio is maintained, and the presence of reaction by-
products, the total amount of which is 20.1 %.

When the aluminium content is reduced by half com-
pared to the charge (1), the combustion products of
the charge (2) also consist of five phases: AIN — 20.6 %,
TiC — 61.2 %, TiO, — 13.1 %, ALO; — 0.3 %, and Na;AlFs —
4.8 %. In general, the formulation of the synthesized com-
position differs from the expected theoretical 25.5 % AIN —
74.5 % TiC composition (2) by an insufficient content of
target phases, while their ratio is maintained, and
the total amount of reaction by-products is slightly less than
for the charge (1) — 18.2 %.

When the aluminium content is reduced by half, with
a simultaneous increase in the titanium content by two
times compared to the charge (1), the combustion products
of the charge (3) contain only three phases: AIN — 14.4 %,
TiC — 71.5 %, TiO, — 14 .5 %, with the largest amount of
titanium carbide. This composition differs from the ex-
pected 14.6 % AIN — 854 % TiC composition (3) by
the presence of titanium oxide.

As a result of combustion of the charge (4) with the ad-
dition of four moles of aluminium compared to the charge
(1) and the same titanium content, four phases are formed:
AIN - 53.2 %, TiC — 31.4 %, TiO, — 11.6 %, and Al,O; —
3.8 %. The formulation of the synthesized composition dif-
fers from the theoretical 57.8 % AIN —42.2 % TiC compo-
sition (4) by the presence of titanium and aluminium oxides
in an amount of 15.4 %.

With an increase in aluminium content four times com-
pared to the charge (1), and the same titanium content,
the combustion products are phases similar to the charge (4):
AIN - 66.4 %, TiC — 15.6 %, TiO, — 11.9 %, and ALO; —
6.1 %. This composition also differs from the theoreti-
cal 73.3% AIN - 26.7% TiC composition (5) by
the presence of by-product titanium and aluminium
oxides in an amount of 18 %.

DISCUSSION

The presented experimental results of the synthesis of
a composition of highly dispersed AIN-TiC ceramic powders
were obtained using fluoroplastic (C,F,;), with specified

Table 2. Combustion parameters of initial powder mixtures of reactions (1)—(5)
Taonuya 2. [Tapamempul 2operust UCX0OHbIX ROPOWKO8bIX cmecell peakyutl (1)—(5)

Composition of the initial mixture Combustion Combustion Maximum pH Practical yield
of powders in reactions temperature, rate, Uc, cm/s pressure, of combustion
Tc, °C MPa products, g

2Al+2Ti+4NaN;+C,F, 2420 0.72 7.2 8 20.3
Al+2Ti+4NaN;+C,F, 2520 0.77 7.8 8 17.0
Al+4Ti+8NaN;+2C,F, 2670 0.81 7.0 8 16.2
4Al+2Ti+4NaN;+C,F, 2700 0.75 7.3 8 18.3
8 Al+2Ti+4NaN;+C,F, 2940 0.87 6.5 8 20.5
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Fig. 1. Morphology of particles of combustion products of the AI-Ti—NaN;—C,F ;system:
a — 241+ 2Ti+4NaN;+CyF;; b — Al+2Ti+4NaN;+CyF,; ¢ — Al+4Ti+8NaN;+2C,F,;
d — 441+ 2Ti+4NaN;+C,F,; e — 8AI+2Ti+4NaN;+C,F,
Puc. 1. Mopgonozus uacmuy npooykmoe copenusi cucmemvi Al-Ti—NaN;—C,F;:
a — 241+ 2Ti+4NaN;+CyF;; b — Al+2Ti+4NaN;+CyF,,; ¢ — Al+4Ti+8NaN;+2C,F,;
d — 441+ 2Ti+4NaN;+C,F,; e — 8AI+2Ti+4NaN;+C,F,

molar ratios of nitride and carbide phases: 1:1, 1:2, 1:4, 2:1,
4:1. The experimental compositions of synthesis products,
upon combustion of the initial powder mixtures of reagents
with fluoroplastic, were found according to the stoichio-
metric equations of azide self-propagating high-temperature
synthesis (1)—(5). It is shown that experimental composi-
tions can differ significantly from theoretical phase compo-
sitions according to the original stoichiometric equations
and the results of thermodynamic calculations. These dif-

ferences are the lower actual content of the target phases
of aluminium nitride, and titanium carbide in the composi-
tion of all combustion products synthesized experimentally,
as well as the presence of side phases of titanium and
aluminium oxides, and sodium aluminium hexafluoride
(TiO,, Al,Os, NajAlF), which should not exist according
to theoretical calculations. It should be noted that our pre-
vious studies showed that aluminium nitride produced by
the azide SHS method always contains a sparingly soluble

Frontier Materials & Technologies. 2024. No. 3
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Table 3. Results of qualitative and quantitative X-ray phase analysis of reactions (1)—(5)
Tabnuya 3. Pe3ynomamul KauecmeeHH020 U KOIUYECMEEHHO20 penmeenopazoeo2o ananusa peaxyuti (1)—(5)

Theoretical composition, % Ratio Experimental composition, %
AIN TiC AIN:TiC AIN TiC Na;AIF, TiO, ALO;
40.6 59.4 1:1 325 47.4 6.5 12.8 0.8
25.5 74.5 1:2 20.6 61.2 4.8 13.1 0.3
14.6 85.4 1:4 14.4 71.5 - 14.5 -
57.8 422 2:1 532 314 - 11.6 3.8
73.3 26.7 4:1 66.4 15.6 - 11.9 6.1

impurity — sodium aluminium hexafluoride [12; 13]. How-
ever, in this work, sodium aluminium hexafluoride was
formed only during the combustion of charges (1) and (2).

Despite the fact that the reaction products contain sig-
nificant amounts of side oxide phases, the use of
fluoroplastic as a carbon source allowed, increasing the
yield of the target carbide, which could not be achieved
when using soot (carbon black) in earlier studies [14—17].

Thus, in the case of practical application of the SHS-Az
process (azide self-propagating high-temperature synthesis)
to obtain a highly dispersed nitride-carbide composition
AIN-TiC, it is recommended to use fluoroplastic for syn-
thesis, while further research is required to prevent the for-
mation and/or removal of oxides from the synthesized
powder compositions.

CONCLUSIONS

The compositions of the initial mixtures of reagents
were substantiated and the corresponding stoichiometric
equations for the reactions of azide SHS of AIN-TiC pow-
der compositions, with given molar nitride, and carbide
phases were compiled: 1:1, 1:2, 1:4, 2:1, 4:1.

It is shown that in the case of all the reaction equations
compiled, thermal effects and adiabatic temperatures are
high enough for reactions to occur in the combustion mode,
and the formation of target products in full accordance with
the stoichiometric equations, and the given molar ratios of
the nitride and carbide phases.

Studying the morphology of combustion products showed
that in most cases, the use of the azide self-propagating high-
temperature synthesis with selected compositions of the initial
mixtures of reagents, leads to the production of highly dis-
persed compositions of powders in the form of fibres with
a diameter of 100-250 nm, and particles of equiaxial and plate
shapes with a size of 200—600 nm.

It has been found, that the experimental phase composition
differs significantly from the theoretical phase composition, by
the presence in the compositions of side phases of titanium and
aluminium oxides, and in some cases, of sodium aluminium
hexafluoride. When the combustion temperature is increased
to obtain the largest amount of titanium carbide phase, an en-
largement of the particle size to the micron level is observed.

Thus, by burning powder mixtures of sodium azide,
fluoroplastic (C,F,), aluminium and titanium in a nitrogen
atmosphere, it is possible to synthesize a highly dispersed
composition of AIN-TiC ceramic powders of various com-
positions. However, the formulation of the synthesized
compositions, along with the target phases, includes side
oxides (TiO,, Al,O;) and sodium aluminium hexafluoride
(NazAlF¢). Further research will be aimed at preventing
the formation and/or removal of oxides and sub-fluorides
from the synthesized powder compositions.
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Abstract: The main direction in solving the problem of increasing the reliability of field equipment, is the creation of
new steels with higher resistance to corrosion-mechanical destruction. Currently, to produce oil and gas pipeline systems,
low-carbon, low-alloy steels are used, in which lath carbide-free bainite is formed when quenched in water. Such a struc-
ture provides a combination of high strength and resistance to brittle fracture. However, issues of increasing corrosion re-
sistance are still open. The purpose of this work is to identify the structural condition of low-carbon, low-alloy, pipe steels,
providing a combination of high mechanical properties with increased corrosion resistance in oilfield environments.
The studies were carried out on the latest generation 08KhFA, 08KhFMA and 05KhGB steels, most popular when manu-
facturing oil and gas pipelines. Samples for the study were cut from the pipes and quenched from the austenite region in
water, which formed the structure of lath carbide-free bainite. The quenched samples were tempered at temperatures of
200, 300, 400, 500, 600, and 700 °C. To identify the relationship between the morphology of bainite structures and their
properties, the samples after quenching and tempering at each temperature, were subjected to metallographic analysis,
X-ray diffraction analysis, mechanical tests, and corrosion resistance tests. The work shows the sequence of structure
transformation, temperature ranges of phase and structural transformations, changes in mechanical properties, and corro-
sion resistance that occur during tempering of lath carbide-free low-carbon bainite. It is shown that tempering of lath car-
bide-free bainite (08KhFA, 08KhMFA and 05KhGB steels) does not affect the rate of carbon dioxide corrosion. It has
been found that medium tempering forms the structural condition of carbide-free low-carbon lath bainite providing a com-
bination of high mechanical properties and high corrosion resistance in oil field environments. For each of the steels under
study, the authors give recommended heat treatment modes.

Keywords: corrosion-mechanical destruction; destruction of bainite structures; oilfield environment; pipe steels; struc-
tural condition.

For citation: Vyboishchik M.A., Gruzkov 1.V. Corrosion-mechanical destruction of bainite structures in oilfield envi-
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INTRODUCTION

The constant increase in the aggressiveness of oilfield envi-
ronments, and the intensity of oil production (injection of wa-
ter and carbon dioxide into the formation) [1], leads to a sharp
increase in the rate of corrosion-mechanical destruction of
oilfield equipment. A significant improvement of the mechani-
cal properties and corrosion resistance of the pipe steels used is
required. High alloying, significantly increases the cost of
steel, and in some cases, reduces the strength properties. Other
approaches ensuring high resistance to corrosion-mechanical
destruction are required. Currently, low-carbon low-alloy
steels with a bainite structure after quenching in water are used
for the production of oil and gas pipeline systems (pipes and
pipeline fittings). Bainite structures having a unique combina-

structures is given in [8]. Bainite structures of low-carbon
low-alloy steels are singled out as a separate group and
considered in works [5; 9]. The preferred structure provid-
ing the highest plastic properties of these steels is lath car-
bide-free bainite, in which residual (untransformed) auste-
nite is located at the boundaries of the laths, that causes
high resistance to brittle fracture [6; 10; 11].

At the same time, it should be noted that, despite a large
number of studies of bainitic steels, the issues of changes in
the structure and properties of bainite structures, with an
increase in tempering temperature, have not been sufficient-
ly studied, and the relationship between the morphology of
bainites and their corrosion resistance has barely been con-
sidered. Such information is necessary for a practical solu-

tion of high strength and ductility provide high resistance to
mechanical destruction of pipe steels [2—4]. The formation of
the bainite structure, and the relationship of their structural
condition with mechanical properties are described in suffi-
cient detail [5-7]. The most complete classification of bainite

tion to the issue of increasing the reliability of pipe steels.

The purpose of this work is to find the structural condi-
tion of low-carbon low-alloy pipe steels, providing a com-
bination of high mechanical properties with increased cor-
rosion resistance in oilfield environments.
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METHODS

08KhFA, 08KhMFA and 05KhGB steels were selected
for the study. Their elemental composition (Table 1) and
thermokinetic diagrams of the supercooled austenite de-
composition (Fig. 1) are given according to the data of
the manufacturer. In 08KhMFA steel, compared to 08KhFA
steel, the carbon content is reduced from 0.09 to 0.05 % and

0.2 % of Mo is introduced. 05KhGB steel is additionally
alloyed with niobium, and due to the favorable Mn/Si ratio,
has higher weldability.

All samples were water-quenched (20 °C) from
the austenitic region (08KhFA and 08KhMFA steels — from
a temperature of 930 °C, 05KhGB steel — from 920 °C),
and then tempered at 200, 300, 400, 500, 600, and 700 °C.

Table 1. Chemical composition of steels under study
Tabnuya 1. Xumuueckuil cocmas ucciedyemuix cmanetl

Weight fraction of elements, %
Steel grade
C Si Mn Cr Ni Cu Nb A% Mo Al S P
08KhFA 0.09 | 0.20 0.44 0.52 0.12 0.11 0.020 0.088 0.003 0.034 0.002 0.011
08KhMFA 0.05 0.39 0.39 0.70 0.10 | 0.17 | 0.011 0.061 0.190 0.057 0.004 0.003
05KhGB 0.05 0.22 0.71 0.61 0.08 0.18 0.029 0.003 0.010 0.013 0.001 0.006
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Fig. 1. Thermokinetic diagrams of decomposition of supercooled austenite of steels under study:
a — 08KhFA steel; b— 08KhMFA steel; ¢ — 05KhGB steel.
The diagrams are based on the data from Vycsa metallurgical plant
Puc. 1. Tepmoxunemuueckue ouazpammvl pacnadd nepeoxiaicOeHHo20 ayCmeHuma uccie0yemblx cmanell:
a — cmanv 08XDA; b — cmane 08XM®DA; ¢ — cmanv 05XTD.
Juazpammvl npueedervi o OaHHbIM BbIKCYHCKO20 MEMAIypeutiecko20 3a600a
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Quenching from the austenitic region provides a large
amount of bainite component in the steel structure, and wa-
ter is the most technologically advanced medium. For each
tempering temperature, the structural condition was studied
and mechanical and corrosion properties due to this struc-
ture were determined.

To conduct the studies, longitudinal strips measuring
120%20%7 mm were cut from @146x7 mm pipes produced
using conventional factory technology. The strips were sub-
jected to heat treatment, and then samples were made from
them. To ensure identical and relatively homogeneous
structural condition, all samples were subjected to normali-
sation (O8KhFA and 08KhMFA steels at a temperature of
940 °C, 05KhGB steel at 930 °C, holding time — 30 min),
with cooling in still air. This ensured similar grain sizes and
identical ferrite-pearlite structure, with lamellar cementite
in pearlite in the samples before heat treatment.

The research and testing methods are presented in
the form of groups according to their purpose.

Metallographic analysis included light microscopy
(GX51 microscope, Olympus, Japan), SEM electron scan-
ning microscopy (XL-30 microscope, Philips, Netherlands),
EBSD technique (identifying intergranular disorientation
angles), TEM transmission electron microscopy (EMV-
100L microscope, Russia), and diffraction analysis.

Quantitative assessment of structural components was
carried out using Thixomet Pro software.

X-ray diffraction analysis for volumetric determination
of phase composition and stress state (3" type residual
stresses and dislocation density), was performed using
a Shimadzu Maxima XRD-7000S diffractometer, Japan
(Cu-Ko radiation, tube power is 1.6 kW) in the angle
range of 40—100°. Crystalline phases were identified using
the Shimadzu PDF2 database. Full-profile analysis of dif-
fraction patterns was performed using the LeBel and
Rietveld methods in the Jana2006 program.

Hardness tests (GOST 9013), uniaxial tensile tests
(GOST 1497), and impact toughness tests (GOST 9454)
were performed to determine mechanical properties.

To determine resistance to corrosion destruction, hydro-
gen cracking tests (NACE TMO0284 standard), sulfide stress
corrosion cracking tests (NACE TMO0177 standard), carbon
dioxide corrosion resistance tests (technique developed by
IT-Service LLC, 400-hour exposure in an aggressive envi-
ronment with 3.5 % of chlorides at 65 °C, and a CO, pres-
sure of 0.1 MPa, which allowed creating corrosion products
on the sample surface similar to those that form in real con-
ditions during many months of operation in carbon dioxide
oilfield environments), were carried out.

RESULTS

Phase transformations during cooling

Thermokinetic diagrams of austenite decomposition in
08KhFA, 08KhMFA and 05KhGB steels (Fig. 1), and pano-
ramic images of changes in the structure of these steels
along the length of the sample during end quenching
(Fig. 2), provide an idea of the effect of the cooling rate on
the formation of the structure of steels. The studied steels
acquire a bainite structure after water quenching. 08KhMFA

steel has a wider range of cooling rates that form bainite
structures (Fig. 1). Continuous hardenability for all steels is
ensured to a depth of 10 mm.

The studied steels have one type of bainite structure and
a similar nature of its change upon heating therefore,
the ongoing processes of structure transformation and pro-
perty changes (Fig. 3-5), are shown using the example of
one steel — 08KhMFA steel with higher corrosion re-
sistance.

Structural condition after quenching

After water quenching, a structure consisting of lath
carbide-free bainite with thin layers of residual austenite,
and a small proportion of excess ferrite localised along
the boundaries of the former austenite grain, is formed in
the steels under study (Fig. 3).

The amount of excess ferrite is insignificant — from 3 to
10 %, the largest amount is in 05KhGB steel. Ferrite is lo-
cated mainly along the boundaries of the former austenite
grain. Bainite consists of laths of bainitic ferrite, along
the boundaries of which there are thin layers of residual
austenite. Ordered sequence of bainite laths and layers of
residual austenite predominates. The width of the laths for
the steels under study varies from 200 to 800 nm.

Wider laths (average width is ®600 nm), are observed in
sections of 08KhMFA steel. The amount of residual auste-
nite is 0.5-1.5 %. X-ray diffraction analysis reveals only its
traces. Microdiffraction analysis of transmission electron
microscopy images identified the y-phase (Fig. 3 ¢). With
a small amount, residual austenite in the form of thin layers
(=40 nm) located along the boundaries of bainitic ferrite
laths determines the mechanical properties (high ductility)
of carbide-free bainites in low-carbon steels.

Thus, 08KhFA, 08KhMFA, 05KhGB steels after
quenching, have a structure of lath carbide-free bainite with
close parameters of the structural condition.

The evolution of the structural condition with an in-
crease in the tempering temperature is shown in Fig. 4, 5.
During tempering, as the temperature increases to Ac,
a successive transition of carbide-free lath bainite, with
excess ferrite along the grain boundaries into a mixture of
ferrite with globular carbide particles occurs (Fig. 4, 5).
The fine grain obtained during quenching (numbers 9—-11
according to GOST 5639) in the tempering temperature
range of up to 700 °C remains virtually unchanged. A fur-
ther increase in the tempering temperature (730 °C) for
08KhFA steel leads to the development of secondary
recrystallisation processes and a sharp grain growth. With
an increase in the tempering temperature, a constant in-
crease in the intergranular disorientation angles, and ac-
cordingly, an increase in the proportion of high-angle
boundaries is observed in the studied steels, which causes
an increase in plasticity. It is characteristic that the high
dislocation density after quenching (3—-5)x10"* m* remains
virtually unchanged, up to a tempering temperature of
600 °C (Table 2). The 3" type residual stresses decrease
continuously with increasing tempering temperature, espe-
cially intensively from 400 °C (Table 2).

The results of mechanical tests, impact bending tests, as
well as the assessment of the 3™ type residual stresses and
dislocation density are given in Table 2.
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c

Fig. 2. Change in the structure of 08KhMFA steel during end quenching: a — distance from the sample end is h=2 mm,
hardness is 298 HV; b — h=7 mm, 235 HV; ¢ — h=12 mm, 205 HV; d — h=17 mm, 176 HV
Puc. 2. Hzmenenue cmpyxmypol cmanu 08XM®PA npu mopyesoil 3akanke: @ — paccmosanue om mopya oopasya h=2 wm,
meepoocmo 298 HV; b— h=7 mm, 235 HV; ¢ — h=12 mm, 205 HV; d — h=17 mm, 176 HV

The change in resistance to corrosion destruction in oil-
field environments with increasing tempering temperature
is given in Table 3 and shown in Fig. 6, 7.

DISCUSSION

Changes in structure and properties with increasing
tempering temperature

Structure

After tempering at 200 °C, the residual austenite
disappears. This is also observed in 08KhFA [12] and
05KhGB [13] steels. The temperature stability of the
residual austenite or complex (austenite-martensite
phase) is considered in [14; 15], the effect of V and Nb
microadditives is considered in [16; 17], where it is
indicated that with a particle size of 0.5-3 pum, the aus-
tenite decomposition occurs in the temperature range of
300—400 °C [14; 15]. In the lath bainite of the steels
under study, untransformed austenite is in the form of
thin layers (=40 nm), and its decomposition can be ex-
pected at lower temperatures. Estimated calculations
show that after 30 min of holding at a temperature of
200 °C, the distance of diffusion of carbon atoms from

austenite is more than an order of magnitude greater
than the width of the interlayers and fully ensures
the residual austenite decomposition [12]. The type of
austenite transformation (martensite, bainite or a-ferrite)
remains debatable.

Further transformation of the structure is associated
with the formation and growth of carbides, the development
of polygonisation and recrystallisation processes. The change
in the structural condition of lath carbide-free bainite, with
an increase in the tempering temperature occurs in the fol-
lowing sequence:

—at 200 °C, untransformed austenite disappears;

— when tempering at 300 °C, the first needle-shaped iron
carbide precipitates appear;

— in the temperature range of 400-500 °C, carbide parti-
cles appear throughout at the boundaries of the laths, they
coalesce and spheroidise, and chains of carbide inclusions
appear at the boundaries of bainitic laths (Fig. 5 b and 5 c).
3" type residual stresses decrease sharply (Table 2), which
indicates the transition of carbon from the crystal lattice to
a bound state in the form of carbides. Polygonisation pro-
cesses develop: a decrease in low-angle boundaries and an
increase in high-angle ones, while the dislocation density
remains virtually unchanged;

20
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(ili]

Fig. 3. Microstructure of 08KhMFA steel after quenching: a — SEM; b — TEM (bright-field image),; ¢ — microdiffraction
Puc. 3. Muxpocmpyxmypa cmanu 08XM®PA nocne 3axanxu.
a— COM; b — [IDM (ceemnononvroe uzobpadicenue); ¢ — MUKpoOU@Dpaxyus

Fig. 4. Structure of 08KhMFA steel after quenching from the temperature of 930 °C and tempering at:
a—200°C; b— 300 °C; ¢ —400 °C; d— 500 °C; e — 700 °C. SEM
Puc. 4. Cmpyxmypa cmanu 08XM®A nocne 3axanku ¢ memnepamyper 930 °C u omnycka npu:
a—200°C; b— 300 °C; ¢ —400 °C; d— 500 °C; e — 700 °C. COM
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Fig. 5. Change in the structure of 08KhMFA steel with the growth in the tempering temperature (TEM):
a — tempering at 300 °C; b — tempering at 400 °C (arrows indicate globular carbides);
¢ — tempering at 500 °C (carbide chains are encircled); d — tempering at 600 °C (arrows indicate recrystallisation nuclei)
Puc. 5. Uzmenenue cmpyxmypol cmanu 08XM®A ¢ pocmom memnepamypuvr omnycka (IIOM):
a — omnyck npu 300 °C; b — omnyck npu 400 °C (cmpenxkamu noxasamnwl eno0yiapHuie Kapouowl),
¢ —omnyck npu 500 °C (066edenvl yenouxu kapouoos), d — omnyck npu 600 °C (cmpenkamu noxkasanvl 3apoobiuiy peKpUCMALIU3AYUL)

—from a tempering temperature of 600 °C (Fig. 5 d),
the main factor determining the change in structure and
properties is the intensity of recrystallisation processes.
Carbide reactions of cementite replacement by special car-
bides are possible;

— tempering at a temperature above 700 °C can cause
secondary recrystallisation and a sharp grain growth
(O8KhFA steel).

Mechanical properties

Usually, in pipe production technologies, bainite struc-
tures are subjected to high tempering by analogy with mar-
tensite structures. For pipes made of low-carbon low-alloy
steels, this is 600-750 °C, when partial recrystallisation
significantly reduces strength [18]. There is some infor-
mation on the effect of lower tempering temperatures on
the properties and morphology of bainite [19; 20], but no
general picture of changes in mechanical properties during
tempering has been found in the literature.

The authors studied changes in the structure, mecha-
nical properties, and corrosion resistance over the entire
tempering temperature range (20—730 °C), which is
50 °C below the Ac; line, for 08KhFA, 08KhMFA, and
05KhGB steels.

An increase in temperature to 730 °C for 08KhFA steel
led to a sharp increase in grain size. The steels under study
after quenching and subsequent tempering to a temperature
of 600 °C are characterised by a combination of high
strength and plastic properties (Table 2), which for most
heat treatment modes is higher than the requirements of
K52 strength group. Characterising the thermal stability of
mechanical properties, one can note that the strength pro-
perties (oyrs and 6p,) remain virtually unchanged upon tem-
pering to a temperature of 400 °C. Apparently, this is asso-
ciated with the appearance of precipitates of dispersed ce-
mentite particles. The plasticity characteristics (6 and KCV-
50) after quenching are quite high and increase with
a growth of the tempering temperature (Table 2). A sharp
softening appears from a tempering temperature of 600 °C,

which is caused by an increase in the intensity of
recrystallisation processes. On the whole, the general nature
of the change in mechanical properties for the three steels
under study is identical.

Corrosion resistance

Steels in aggressive oilfield environments are subjected
to the following types of corrosion destruction: hydrogen
cracking (HC), sulfide stress corrosion cracking (SSCC),
carbon dioxide and bacterial corrosion [21; 22]. The studied
low-carbon chromium-containing steels (=~0.6 % of Cr) are
relatively resistant to biocorrosion [22]. Modification with
rare earth metals (REM) significantly increases their re-
sistance to bacterial attack. The main problem is to ensure
resistance to carbon dioxide corrosion.

The obtained values of HC, SSCC and carbon dioxide
corrosion rate (Table 3) indicate, that the studied steels
have increased corrosion resistance in oilfield environ-
ments, compared to traditionally used 20, 20F, 17Gl,
09G2S pipe steels.

An interesting and unexpected result is that tempering
of low-carbon steels with a lath carbide-free bainite struc-
ture, has virtually no effect on the intensity of carbon di-
oxide corrosion. With an increase in tempering tempera-
ture to 700 °C, the structural condition changes from lath
carbide-free bainite to a ferrite-carbide mixture and
the carbon dioxide corrosion rate remains constant. This
phenomenon is characteristic of all the steels under study
(Table 3, Fig. 6). The correctness of the obtained corro-
sion rate values is also confirmed by the proximity and
similarity of the curves for changing the Fe** concentra-
tion in the corrosion environment during testing (Fig. 7).
These curves also characterise the kinetics of corrosion
processes, and the influence of corrosion products on the
intensity of corrosion destruction. For the steels under
study, the nature of the change in the corrosion rate de-
pending on the test time is similar (Fig. 6).

According to existing concepts, the rate of carbon di-
oxide corrosion of steels is determined by the formation
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Table 2. Dependence of mechanical properties, residual stresses and dislocation density
of 08KhFA, 08KhMFA, 05KhGB steels on the temperature of tempering
Tabnuua 2. 3asucumocms MEXAHUYECKUX CBOUCME, OCHAMOYHBIX HANPAICEHUI U NIOMHOCMU OUCTOKAYULL
cmaneti 08XDA, 08XM®DA, 05XI'6 om memnepamypvi omnycka

Steel Heat treatment mode Sure, So 5, KCV-50, J/cm® . 3" type Dislocation
(shear area residual stresses, density,
grade Quenching Tempering MPa MPa a fraction) MPa p><1014, m?
- 830 740 22.0 230 (100 %) 300 5.1
200 °C 820 710 19.0 240 (100 %) 225 4.4
300 °C 810 730 17.5 240 (100 %) 220 4.1
08KhFA 930 °C 400 °C 785 690 18.0 252 (100 %) 140 5.1
500 °C 710 645 18.5 260 (100 %) 91 4.7
600 °C 680 605 22.0 260 (100 %) 71 52
700 °C 615 535 25.0 - 64 2.8
- 775 700 19.5 180 (80 %) 190 4.0
200 °C 780 650 19.0 215 (100 %) 200 4.7
300 °C 785 660 18.0 200 (100 %) 180 4.5
08KhMFA 930 °C 400 °C 760 650 19.5 215 (100 %) 120 42
500 °C 710 635 20.0 235 (100 %) - -
600 °C 685 605 21.5 250 (100 %) 86 34
700 °C 590 520 235 270 (100 %) 63 3.6
- 605 490 29.0 290 (100 %) 570 54
200 °C - - - - - -
300 °C 590 500 29.0 315 (100 %) 460 4.9
05KhGB 920 °C 400 °C 560 470 27.0 330 (100 %) 215 4.7
500 °C 530 430 28.0 314 (100 %) 90 4.5
600 °C 510 420 27.0 325 (100 %) 45 4.0
700 °C - - - - - -
Strength group K52 510-630 >353 >20 >58,8 - -
Frontier Materials & Technologies. 2024. No. 3 23
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Table 3. Dependence of corrosion properties of 08KhFA, 08KhMFA, 05KhGB steels on the temperature of tempering
Tabnuua 3. 3asucumocmsv koppo3uonnwix ceoticme cmane 08XPA, 08XMDA, 05XI'b om memnepamypvl omnycka

Heat treatment Hydrogen Sulfide stress Carbon dioxide
gS::si mode cracking corrosion cracking corrosion rate,
Quenching | Tempering CLR, % CTR, % % of o, Kissc, MPa/m'? mm/yeax
- - 2.30
200 °C - 1.83
300 °C 30.6 2.24
08KhFA 930 °C 400 °C 0 0 75 31.0 1.79
500 °C 56.9 1.65
600 °C 58.4 1.75
700 °C 61.8 1.94
- 1.20
200 °C 1.25
300 °C 1.30
08KhMFA 930 °C 400 °C 0 0 75 - 1.60
500 °C 1.69
600 °C 1.41
700 °C 1.40
- 0 0 70 2.07
200 °C - - - -
300 °C 2.07
05KhGB 920 °C 400 °C - 1.93
0 0 70
500 °C 1.93
600 °C 1.40
700 °C - - - -

Note. CLR is crack length ratio; CTR is crack thickness ratio; K jssc is critical stress intensity factor at the crack tip.
Ipumeuanue. CLR — koagppuyuenm onunvr mpewun;, CTR — kosgppuyuenm monwuns: mpewjun,
K ssc — Kpumuyeckuii Kodg@uyuenm unmenHCcUgHOCY HANPAACEHUT] 6 BePUIUHE MPEUUHD.
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Fig. 6. Carbon dioxide corrosion of 08KhFA and 08KhMFA steels.
Dependence of corrosion rate on the temperature of tempering: a — 08KhFA steel; b — 08KhMFA steel
Puc. 6. Yenexucnomnas xopposus cmaneti 08XDPA u 08XMDA.
3asucumocms ckopocmu Koppo3uu om memnepamypust omnycka: a — cmans 08XDPA; b — cmany 08XM®PA

of a layer of corrosion products on the surface. Chromium
and molybdenum are concentrated in corrosion products,
and form amorphous Cr(OH); and Mo(OH); phases [21;
23], determining the protective properties of corrosion
products. Only Cr and Mo contained in the solid solution
participate in the formation of the protective properties of
corrosion products. In a bound state in the form of car-
bides, they are inert and are excluded from the process.
In the studied low-carbon steels, in the tempering tempe-
rature range of up to 600 °C, the formation of special car-
bides with the participation of Mo and Cr practically does
not occur, and their concentration in the solid solution
does not change. This, apparently, determines the absence
of the effect of tempering on corrosion resistance.
A slightly lower rate of carbon dioxide corrosion of
08KhMFA, steel compared to 08KhFA and 05KhGB
steels (Table 3), is associated with the additional contribu-
tion of Mo to the protective properties of the corrosion
products.

According to existing estimates, the studied steels have
increased resistance to HC and SSCC under all heat treat-
ment modes (Table3). In SSCC tests, 08KhFA and

08KhMFA steels at a load of 0.75 o, and 05KhGB steel at
a load of 0.7 o, withstood without destruction 720 h. How-
ever, the presence of high residual stresses after quenching
and the anisotropy of the quenched structures determine
the need for more stringent conditions for testing samples
for SSCC resistance after quenching, and low-temperature
tempering. It is proposed to conduct tests for SSCC at
stresses of 0.8 or 0.85 of 6, determined in mechanical ten-
sile tests for this group of samples.

The obtained data indicating that the resistance to car-
bon dioxide corrosion of steels, with a lath carbide-free
bainite structure, does not change with increasing temper-
ing temperature, allow choosing heat treatment modes more
reasonably. In the production of pipes from low-carbon
low-alloy steels with a bainite structure after water quench-
ing, instead of traditional heat treatment (single or double
quenching + high tempering), quenching from the austenitic
region in water + medium tempering can be used, which
provides a combination of higher strength properties with
high corrosion resistance in aggressive oilfield environ-
ments. Medium tempering in steels with a lath carbide-free
bainite structure, allows maintaining high strength properties,

Frontier Materials & Technologies. 2024. No. 3
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Fig. 7. Dependence of the Fe™ concentration in the model environment on the test time: a — 08KhFA steel; b — 08KhMFA steel
Puc. 7. 3asucumocms konyenmpayuu Fe™ 6 modensnoii cpede om epemenu ucnvimanuii: a — cmans 08XDA; b — cmans 08XM®A

relieves the most dangerous residual stresses, and ensures the
carbide phase formation. Tempering can be excluded or limi-
ted to low-temperature tempering for pipes operating in envi-
ronments with a low H,S content, or if the steel used with-
stands the more stringent SSCC tests proposed above. In the
proposed heat treatment technology (without high temper-
ing), microalloying of steel with V and Nb is advisable, when
the precipitation of carbonitride particles of these elements
occurs at the stage of formation of bainite structures.

CONCLUSIONS

1. The general structure type and mechanical properties of
lath carbide-free bainite of low-carbon steels in the tempering
temperature range up to 500 °C change insignificantly.

2. Tempering of lath carbide-free low-carbon bainite
(0O8KhFA, 08KhMFA and 05KhGB steels), has little effect
on its resistance to carbon dioxide corrosion.

3. Quenching and medium tempering in low-carbon
low-alloy steels with bainitic hardenability, form a structu-
ral condition that ensures a combination of high mechanical
properties, and high corrosion resistance in oilfield envi-
ronments.
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Annomayus: OCHOBHBIM HAIPaBICHUEM B PELICHUH MPOOIEMBI TOBBIICHNUS HAJEKHOCTH IPOMBICIIOBOTO 000pYHO-
BaHMSA SBILSIETCSI CO3JAaHME HOBBIX CTalel ¢ Ooiee BBICOKHM COIPOTHBIICHHEM KOPPO3HMOHHO-MEXaHWIECKOMY pa3pylie-
HUI0. B Hacrosiee Bpemst A1l M3rOTOBJICHHST HE()TEra30NpOBOIHBIX CHCTEM HCHONB3YIOTCS HU3KOYIIIEPOJUCThIE HU3KO-
JIETHPOBAHHBIE CTAJH, B KOTOPBIX IPH 3aKajke B BOXy 0oOpasyercst peeuHbli OeckapOuaHbIii OeiiHuT. Takas cTpykTypa
JTaeT COYETaHHE BBICOKOW MPOYHOCTH W CONPOTHBICHUS XPYNKOMY pa3pymieHH0. OTHaKO BOIPOCH! MOBBIMIECHUS KOPPO-
3MOHHOM CTOWKOCTH OCTAIOTCSI HepelleHHbIMU. [{enb paboThl — yCTAaHOBUTH CTPYKTYPHOE COCTOSIHUE HU3KOYTIIEPOIMCTHIX
HHU3KOJETHMPOBAaHHBIX TPYOHBIX CTajel, oOeclieunBaoniee COUCTaHNE BBHICOKMX MEXaHWYECKHMX CBOWCTB C IOBBIIICHHOM
KOPPO3HMOHHOW CTOHKOCTBIO B HE(TEIIPOMBICIOBBIX cpefax. MccienoBaHus MPOBOAMINCE HA CTAIAX ITOCIECIHETO OKOJIe-
Hust 08XDA, 08XDPMA u 05XT'b, Hanbosiee pacpOCTPaHECHHBIX NP M3TOTOBJICHUH He(Tera3onpoBoaHbIX Tpyo. O6pas-
LBl JUISl UCCIIEIOBAHMS BBIPE3ANCh U3 TPYO M 3aKaJMBAJIHMCh U3 ayCTEHUTHOW 00JacTH B BOJY, 4TO (POPMHPOBAIO CTPYK-
Typy peedHoro O6eckapOumgHoro OeitHHUTa. 3aKaleHHbIE 00pa3Ibl MOBEPTaUCh OTITYCKY Ipu Temreparypax 200, 300, 400,
500, 600 u 700 °C. Inst ycTaHOBJIEHHS CBSI3U MEX1y MOp(OIoruell OEHHUTHBIX CTPYKTYp M X CBOMCTBaMHU 00pasIibl 110-
Clle 3aKaJIKK U OTIYCKa C KaKAOH TeMIepaTyphl II0ABEPrajJuch MeTauiorpaguieckoMy aHalu3y, PEHTTCHOCTPYKTYPHOMY
aHAIHN3Y, MEXaHWIECKUM HCIIBITAHWUSAM, HCTIBITAHUAM Ha CTOMKOCTh K KOPpO3HH. B paboTe moka3aHbl OCIEI0BATEIEHOCTD
TpaHcopMaluu CTPYKTYpBI, TEMIIEpaTypHbIE HHTEPBaJbl (a30BbIX U CTPYKTYPHBIX NpPEBpAILCHUN, N3MEHEHHS MEXaHH-
YECKUX CBOMCTB M KOPPO3UOHHOM CTOMKOCTH, MPOUCXOASIINE ITPH OTIIYCKE PEEYHOr0 OeCKapOUIHOTO HU3KOYTIIEPOIUCTO-
ro Oeitaura. [TokazaHo, 4TO OTHyCK peedHoro OeckapOumnoro OcitHuTa (ctamm 08XDA, 08XM®DA u 05XI'F) He Biauser
Ha CKOPOCTH YIJIEKHUCIOTHOH KOPPO3HH. Y CTAaHOBJICHO, YTO CPEIHHUN OTIYCK (POPMHUPYET CTPYKTYPHOE COCTOSIHHE Oeckap-
OMJHOTO HU3KOYTJIEPOAUCTOr0 PeeuHoro OelHMuTa, 00ecreYrBarollee COYeTaHNEe BBICOKUX MEXaHUUECKHX CBOMCTB M BBI-
COKOM KOPPO3HMOHHOW CTOMKOCTH B HE()TEHNPOMBICIOBBIX cpenax. s KaX1ol M3 MCCIeLyeMbIX CTaled NMPHUBOIATCS pe-
KOMEH/IyeMbI€ PEKHUMBI TEPMOOOPaOOTKH.

Kniouesvle cnosa: KOppo3nMOHHO-MEXaHMYECKOE pa3pyllieHHe; pa3pylleHne OCHHHUTHBIX CTPYKTYp; HEPTENPOMBICIIO-
Bas cpelia; TpyOHbIE CTANIN; CTPYKTYpPHOE COCTOSTHHE.

Jlna yumuposanusn: Beidovimuk M.A., I'py3koB 1.B. Koppo3noHHO-MexaHHYecKoe pa3pylieHne OCHHUTHBIX CTPYK-
Typ B HeprenpombiciioBhix cpeax // Frontier Materials & Technologies. 2024. Ne 3. C. 17-29. DOI: 10.18323/2782-4039-
2024-3-69-2.
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Abstract: Phosphorus in brass can have both a positive effect, such as improving mechanical properties, increasing
corrosion resistance and machinability, and a negative effect, such as adversely affecting weldability and causing cracking.
The study of the role of phosphorus in the processes of brass structure formation is of practical relevance, since it helps
optimise the properties of the material, reduce the risk of defects, improve treatment processes and control properties and
quality. The work covers the study of the role of phosphorus in brass, the need to control its content during production by
limiting the share of secondary use. The study revealed the possibility of a positive effect of modifying copper alloys with
phosphorus in order to improve performance properties, as well as the prospects of using phosphorus as a safe replacement
for lead in brass. The authors assessed the content and distribution of phosphorus impurity at a concentration of 0.005 % in
a brass sample of the CuZn32Mn3AI2FeNi grade, studied the nature of its interaction with other components of the alloy
and the changes occurring at different temperatures of heat treatment. It has been found that phosphorus actively
participates in diffusion processes and forms phosphides in both defective and defect-free blanks. When heated to the hot
deformation temperature range, phosphorus redistribution occurs, phosphide locally dissolves, and metastable inclusions
form. Due to differences in the concentration of elements in areas adjacent to the phosphide, the brass structure changes
leading to the formation of areas different from the matrix B-phase. Manganese phosphide in brass can improve its
mechanical properties and cutting ability, but an excess of this compound can lead to problems with strength, crack
resistance, and moulding.

Keywords: duplex and multicomponent brasses; phosphorus distribution analysis; silicides; phosphorus; compounds
with phosphorus; shape and size of inclusions; effect of heating on microstructure; phosphorus redistribution; manganese
phosphide; diffusion processes; metastable inclusions.
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INTRODUCTION

Multicomponent brasses have many promising functional
properties, due to which they remain essential materials in
the automotive industry and other industries. Despite the long
history of research into this engineering material, not all the

sence of manganous phosphides leads to the formation of
columnar or lamellar inclusions, and silicon forms interme-
tallic compounds with manganese that undergo complex
shape changes during the nucleation and growth [3]. De-
pending on the element for alloying brass, one or another

relationships between structure and properties during techno-
logical processing have been fully studied up to date.

There are technological difficulties in the production of
semi-finished products and the manufacture of products
made of brass caused by its tendency to crack within certain
temperature ranges [1]. The state diagrams of multicompo-
nent systems presented in the form of isothermal sections
focus on the main components, while not taking into ac-
count the redistribution of elements that form reinforcing
inclusions — silicides, which are also often complex com-
pounds [2]. Depending on the chemical composition, pro-
cessing and production conditions, intermetallic compounds
in brasses acquire different forms. For example, the pre-

shape of inclusions will predominate in the alloy, but
intermetallides that differ in geometry from the predomi-
nant one will also occur. Moreover, the shape of intermetal-
lic compounds can be modified as a result of mechanical
and thermal treatment [4]. Today, metallurgical enterprises
use as a source material both pure ores and components,
and recycled materials, obtained during their own produc-
tion. Even if slag is processed, only manual selection of
coarse-grained beads of copper, brass, bronze and alloying
element is usually carried out, or screening by size is used
with subsequent return of the metal part to the metallurgical
process. Phosphorus gets into the alloy as a result of se-
condary use.
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Phosphorus and its compounds may be present in brass
as an impurity, but its content should usually be small, no
more than 0.25-0.3 % by weight. This is associated with
the fact that a high phosphorus content can negatively affect
the properties of brass. In particular, a high phosphorus
content can lead to the following problems:

1) the electrical conductivity of the material decreases:
the presence of only 0.04 % of phosphorus reduces the con-
ductivity of pure copper to 80 % (compared to 100 % for
copper without phosphorus) [5];

2) brass becomes more brittle and prone to cracking un-
der bending or fracture [1];

3) the presence of phosphorus can lead to undesirable
hardening of brass, which can reduce its ability to deform
without destruction [6].

Because of these negative effects, high phosphorus con-
tent in brass is limited in production.

On the other hand, phosphorus is actively used in
the smelting of copper and copper-based alloys. Phos-
phorus deoxidised copper exhibits higher plastic pro-
perties than pure copper, which is explained by the in-
fluence of residual phosphorus [5]. Phosphorus is in-
troduced into alloyed brass to reduce the growth rate of
the CusZng compound (y-phase): the phase is formed
more uniformly throughout the volume, which helps
improving the mechanical properties of brasses and
increasing corrosion resistance [7-9]. In the literature,
there are data on the industrial modification of copper
alloys with phosphorus [10; 11]; however, the techno-
logy used today poses a significant danger to the envi-
ronment. Theoretically, other methods of modifying
brass with phosphorus are also possible, but to perform
this operation, the structures of crystal lattice of copper
phosphide and silicides must be identical, according to
the principles of structural and dimensional corre-
spondence [12].

There are sources that demonstrate the use of phospho-
rus to replace lead [1]. Adding lead to brass alloys improves
the tightness and cutting machinability of the material [13].
However, due to the health hazards associated with lead,
stricter regulations on lead content in brass products have
been introduced. Frequent use of lead-covered brass in
plumbing fixtures could result in toxic lead particles be-
ing released into drinking water. An alternative is
the more environmentally friendly lead-free brass, which
does not contain toxic lead impurities that could leach
into drinking water. Moreover, brasses with phosphorus
have significantly higher corrosion resistance compared
to leaded brass [14].

From the analysis of literary sources, it follows that in-
formation on the phosphorus distribution in multicompo-
nent brass is incomplete, and there is no data on the beha-
vior of phosphorus and its compounds, when heated in
the hot deformation temperature range. One can assume
that the phosphorus redistribution may negatively affect
the technological properties of brass.

The aim of this work is to determine the role of phos-
phorus in the processes of structure formation of multicom-
ponent CuZn32Mn3Al2FeNi brass.

METHODS

The object of study in this work is brass of
the CuZn32Mn3Al2FeNi grade (hereinafter referred to
as CuZn32Mn3Al2FeNi), in which the matrix is
the B-phase, and the reinforcing component is silicide
inclusions in the form of a dispersed phase. The role of
phosphorus microadditives in structure formation was
the subject of the study.

The main methodological approach was a comparative
analysis of brass samples in the initial state (a pipe pressed
at a temperature of 780 °C with stress-relieving annealing at
500 °C, 1 h), and samples after heating simulating a typical
[15] technological process — heating for stamping at 780 °C
for 12 min.

Primary studies were conducted by the method of
structural analysis of samples in the initial state using an
Olympus-GX51 optical microscope (Japan), equipped
with a SIAMS 800 microstructure analyser (Russia).
The surface was etched to reveal the alloy microstructure.
A 1:1 solution of glacial acetic and nitric acid was used as
an etchant. The chemical composition was determined
using an OBLF QSG 750-II optical emission spectrometer
(Germany). A Wilkers microhardness tester mod. 536
from Karl Frank (USA), with a load of HV30, was used to
measure hardness using the Vickers method in accordance
with GOST R ISO 6507-1. The hardness values were ob-
tained as the arithmetic mean of five repeated measure-
ments of the sample.

Further studies were conducted using a Zeiss scanning
electron microscope (Germany) with Bruker software. Ad-
ditionally, a comparative analysis of changes in the chemi-
cal composition of silicides and phosphosilicides upon heat-
ing was performed. 350 silicides were analysed after heat-
ing to temperatures of 700, 750, 800, and 830 °C.

The paper presents micrographs, obtained using
the mapping function, which provide a concept of the che-
mical composition distribution over the volume of the rod-
shaped inclusion in the state after heating. To increase con-
ductivity, gold treatment was performed on a single-target
magnetron sputtering device SBC900 (China), using a gold-
platinum target in a ratio of 70:30.

X-ray spectral analysis was performed on an EVOI18
scanning electron microscope with an EDX detector from
Bruker (Germany). The chemical composition of the solid
solution and intermetallic compounds of various shapes was
determined, the data were processed and summarised in
a table.

RESULTS

Table 1 presents the results of chemical analysis of
the CuZn32Mn3AI2FeNi alloy. Fig. 1 shows the micro-
structure of the as-delivered (original) etched samples. The
hardness value of the original sample was 184-189 HV.
The microstructure consists mainly of grains of B-phase and
rounded intermetallic compounds 0.5—4 pm in size (Fig. 2, 3).
Rod-shaped inclusions (Fig. 3) up to 30x4 pm in size were
detected, single rod-shaped inclusions can reach 70 pm in
length. Secondary crystals were identified on the rod-shaped
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inclusions (Fig. 4). The formation and growth of secondary
crystals is caused by a higher level of stress in the inclusion
compared to the matrix solution. The hardness of the sam-
ples after heating changed insignificantly, within 1-2 HV,
which does not exceed the measurement error.

As a result of X-ray spectral analysis, the chemical
composition of the phases was determined (Tables 2, 3).
Phosphorus was identified in rod-shaped compounds (up to
25 %), and in smaller quantities in individual rounded sili-
cides (up to 3 % of the inclusion weight). Phosphorus was
not detected in the solid solution, or at the grain boundaries.

Thus,  phosphorus in  the  multicomponent
CuZn32Mn3Al2FeNi alloy is bound completely into com-
pounds. The elemental composition of the rods corresponds
to a compound of the (Mn,Fe),P type with a Si admixture.
In finely dispersed rounded silicides, phosphorus apparently
replaces silicon in Me;Si compounds. The maximum phos-
phorus concentration is identified in the central part of the
inclusion.

The electron microscopic image with colour indication
of chemical elements (Fig. 4) shows a rod-shaped interme-
tallic  compound, which is a manganese-iron
phosphosilicide with secondary crystals of manganese sili-
cide. Secondary crystals on the rod consist mainly of iron
(Fig. 4 a) and silicon (Fig.4b). The intermetallic com-
pound is highlighted in green due to the high content of
manganese and phosphorus. The inclusion is a compound
of manganese and iron with phosphorus and silicon. The

linear scanning method showed that phosphorus interacts
mainly with manganese (Fig.5), their concentration lines
completely coincide. The growth of secondary crystals oc-
curs due to iron and silicon.

After heating to hot deformation temperatures, the
phosphides are transformed (Fig. 6), due to partial dissolu-
tion of the inclusions. In this case, regular-shaped precipi-
tates with an increased phosphorus concentration are identi-
fied in the matrix solution (Fig. 7). Probably, such for-
mations take place in areas adjacent to silicides. Linear
scanning of these sections showed that after heating to
780 °C, a redistribution of aluminium and phosphorus oc-
curs: the maximum aluminium and phosphorus concentra-
tions coincide, and are shifted relative to the maximum of
silicon by 1...2 um. Thus, phosphorus, along with alumini-
um, contributes to dispersion strengthening in the
CuZn32Mn3Al2FeNi brass. Due to the low phosphorus
concentration in the samples, the degree of strengthening
was not studied.

Fig. 6 shows a phosphosilicide after heating at 780 °C.
Local dissolution of the intermetallic compound is detected.
Moreover, a darkened area and structure distortion around
the inclusion are revealed. Differences in the concentration
of elements lead to areas with different chemical composi-
tions in the areas adjacent to the phosphide (Table 4).
Table 4 shows that when heated in the hot deformation
range, the main elements are redistributed with the compo-
nents passing into the solid solution of the matrix.

Table 1. Chemical composition of the CuZn32Mn3AI2FeNi brass alloy
Taobnuuya 1. Xumuueckuii cocmae cnaasa JIMyA>KH 59-3,5-2,3-0,5-0,3

Concentration of elements, wt. %

Mn Al Fe Ni Zn

Si Pb Cr Sn P

2.438 0.575

39.220

0.033 0.116 0.012

Fig. 1. Microstructure of the CuZn32Mn3AI2FeNi alloy at magnification of: a — 100 times,; b — 200 times
Puc. 1. Muxpocmpyxmypa cnnasa JIMyA>KH 59-3,5-2,3-0,5-0,3 npu yeenuuenuu: a — 6 100 paz; b— ¢ 200 pa3
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a b

Fig. 2. Electron micrograph of the structure of the CuZn32Mn3AI2FeNi alloy at magnification of-
a— 400 times; b — 1640 times
Puc. 2. Dnexmponno-muxpockonuyeckuii cHumox cmpykmyput cnaasa JIMyAXKH 59-3,5-2,3-0,5-0,3
npu yeenuuenuu: a— 6 400 pas; b— 6 1640 paz

Fig. 3. Electron micrograph of a rod-shaped inclusion with secondary crystal precipitations
Puc. 3. DnekmpoHHO-MUKPOCKONUYECKUI CHUMOK CIEPIICHEBUOHO20 GKIIOUEHUS]
¢ gbl0enenUeM GMOPUHBIX KDUCIATIO8

Table 2. Chemical composition of the solid solution (f-phase)
Tabnuya 2. Xumuueckuii cocmas meep0ozo pacmeopa (f-gazvi)

Concentration of elements, wt. %

Cu Mn Al Fe Ni Zn
57.293 3.521 2.301 0.910 0.524 35.461
Comparison of the influence of heating temperature on DISCUSSION
the chemical composition of silicides and phosphosilicides Currently, the influence of phosphorus on the pro-

showed that in the hot deformation range of 700...830 °C  perties of multicomponent brasses is poorly reflected in
typical for industrial production, phosphosilicides remain  domestic and foreign literature. The increased ap-
more thermally stable, while silicides have a pronounced  plicability of brasses with phosphorus is associated with

Mn/Si ratio maximum at 750 °C and a minimum — the growing attention in the “global West” countries to
at 800 °C (Fig. 8). environmental aspects [1; 14].
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Table 3. Chemical composition of intermetallic inclusions
Tabnuya 3. Xumuueckuti cocmas uHmMepMemaiiuOHbIX GKIHYEHUL

1007

40]

207

Concentration of elements, wt. %
Type
Al Mn Fe Cr Ni Si P
Rod-shaped inclusion (Mn,Fe),P 3.22 32.58 31.57 2.72 1.17 4.47 24.27
Plate (Mn,Fe),P 1.18 32.09 46.31 2.94 0.41 4.48 12.59
Round silicide 8.43 13.53 57.40 1.58 1.42 17.64 -
Round silicide with phosphorus 5.24 17.46 62.24 1.57 - 10.54 2.94
-
4 ;'f
"’ ;f - r _:"‘
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Fig. 4. Electron micrograph of an inclusion with color highlighting of chemical elements:
a — oxygen, iron, manganese and phosphorus; b — silicon and phosphorus
Puc. 4. DnekmpoHHO-MUKPOCKONUYECKUTE CHUMOK GKIIIOYEHUSL C YBENOBLIM 8blOCTICHUEM XUMUYECKUX INEMEHIN08:
a — Kucnopoda, srcenesa, mapeanya u pocgopa; b — kpemnus u pocghopa
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Fig. 5. Linear scanning of solid solution and silicide for chemical element content:
a — silicon, phosphorus and iron; b — phosphorus and manganese
Puc. 5. Jluneiinoe ckanuposanue meepoozo pacmeopa u CUTUYUOA Ha COOEPHCAHUE XUMULECKUX DIEMEHNOB:
a — kpemnusi, pocghopa u sceneza; b — gocpopa u mapeanya
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Fig. 6. Electron micrograph of an intermetallic inclusion:
a — initial state (after pressing and annealing); b — stamped sample after heating at 780 °C
Puc. 6. DnexmponHO-MUKPOCKONUYECKUTI CHUMOK UHINEPMEMALTUOHO20 BKIIOYEHUA:
@ — UcxooHoe cocmosiHue (nocie npeccosanusi u omoicuea); b — omwmamnosannuiii o6pasey nocie nacpesa npu 780 °C

Distance / pm

Fig. 7. Metastable precipitation with increased phosphorus concentration:

a — electron micrograph; b — linear scanning

Puc. 7. MemacmabunvHoe vloenenue ¢ nogvlueHHOl KoHyenmpayuel gocgopa:
a — 21eKMPOHHO-MUKPOCKONUYECKUL CHUMOK, b — nuneiinoe ckanuposanue

Table 4. Local chemical composition of the solid solution after heating at 780 °C
Tabnuya 4. Jlokanenwiii Xumuyeckuii cocmas meepoozo pacmeopa nocie nazpesa npu 780 °C

Concentration of elements, wt. %

Location
Al Si Mn Cu Zn Fe Ni P Cr
The area adjacent 138 | 111 | 1054 | 4380 | 2778 | 970 | 063 | 480 | 0.73
to the phosphide
Solid solution, B-phase 2.47 0.18 3.34 57.72 35.41 0.32 0.47 - -
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The effect of phosphorus on creep and embrittlement of
grain boundaries of copper alloys was studied [16-18].
It was shown that phosphorus segregations cannot be
the cause of embrittlement and can increase the ductility of
polycrystalline copper [17; 18].

Phosphorus in multicomponent brasses actively partici-
pates in diffusion processes and forms large rod-shaped
phosphosilicides together with manganese, iron and silicon.
This work shows that the sizes of such inclusions are many
times greater than the sizes of silicides. The formation of
iron—manganese phosphosilicides was also noted in [19].
The fact of inclusion growth can be explained by the higher
temperature of the formation of manganese phosphides
compared to silicides. The authors investigated similar rod-
shaped inclusions of the Me,(Si,P) type before heating for
stamping and after heating [19]. It was found that the che-
mical composition of inclusions of blanks prone to cracking
changes upon heating, and inclusions of blanks without
cracking are thermally stable. Thus, an increase in
the thermal stability of inclusions in the hot deformation
range, contributes to an increase in crack resistance.

The ability of iron and phosphorus to form Fe;P and
Fe,P compounds in two-phase brass is also shown in [10].
It was also considered there, that for copper and iron crys-
tals with a Fe content of more than about 0.3 % by weight,
partial decomposition can occur upon quenching from high
temperatures, depending on the quenching temperature and
cooling rate; lower phosphorus concentrations have not
been studied. The authors of [10] note that contamination
with iron and phosphorus greatly affects the behaviour of
brass semi-finished products during production, since
recrystallisation of the metal is difficult, especially in
the combined presence of both elements. It is also indicated
that a-brass and iron can exist in the form of equilibrium
phases. In [20], it was found that such inclusions are y-Fe.
Moreover, depending on the heating temperature and dura-
tion, the o-brass matrix contains different amounts of iron.
It is shown that suitable heat treatment can increase
the amount of these deposits, and that heat treatment, at
a temperature of 650 °C is optimal for obtaining the great-
est amount of y-Fe. However, the behaviour of iron in
B-brass in the presence of silicon and phosphorus has not
been studied. However, based on the results of [10; 19; 21],
the presence of silicon and phosphorus inevitably binds iron
into silicides and phosphides. Enlargement of inclusions, on
the one hand, can promote their chipping during mechanical
processing, on the other hand, it can increase wear re-
sistance. The authors note congruent behaviour of manga-
nese and phosphorus concentration lines during scanning of
phosphosilicides and phosphorus, and aluminium during
scanning of metastable inclusions. To understand how
an increase in phosphorus concentration will affect
the structure formation of multicomponent brasses, it will
be necessary to conduct additional studies, with an in-
creased phosphorus concentration. For this purpose, it is
necessary to create a set of experimental brass samples with
phosphorus in different concentrations.

The influence of phosphorus on hardness is difficult to
estimate due to its low concentration, since other factors
that can affect hardness are also active after heating. How-
ever, one can assume that an increase in the concentration

of phosphorus, not bound in manganese phosphosilicides,
will lead to an increase in hardness and an acceleration of
the ageing process due to the formation of additional crys-
tallisation centres.

When heated to the temperature of hot deformation of
the material, the phosphidosilicide partially dissolves, and
the components of the intermetallic compound pass into
the matrix, but the change in the chemical composition of
phosphosilicides is not as intense as that of silicides.
The process is studied in more detail in [21]. It is noted that
in the range of hot deformation of multicomponent brasses,
phosphosilicides are more thermally stable.

Since the studies were conducted on samples with
a low phosphorus concentration, at the microalloying
level, it is difficult to trace the effect of the obtained pat-
terns of phosphorus behaviour in brass. It is advisable to
study the effect at different concentrations. Additional
studies are required, since it is necessary to estimate
the solubility of intermetallic compounds with phospho-
rus in multicomponent brasses.

CONCLUSIONS

It has been found that a significant portion of phospho-
rus in the multicomponent CuZn32Mn3Al2FeNi brass in
low concentration (up to 0.005 % wt.) is bound in manga-
nese phosphosilicides.

When combined with manganese and iron, phosphorus
forms rod-shaped inclusions. When scanning, the concen-
tration lines of manganese and phosphorus coincide. Se-
condary crystals in these compounds consist mainly of iron
and silicon.

When heated to the hot deformation temperature, phos-
phorus is redistributed, the intermetallic compound dis-
solves, and metastable inclusions are formed, while phos-
phorus is redistributed together with aluminium.

Phosphosilicides in the range of hot deformation of
brasses are more thermally stable than silicides.
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PHBaEMOCTH W NPUBOAMTH K pacTpeckuBaHuio. MccnenoBanue posu pochopa B mporeccax CTpyKTypooOpa3oBaHHs JIaTy-
HHU MMEET NPAaKTUYECKYI0 aKTyaJIbHOCTb, ITOCKOJBbKY CIOCOOCTBYET ONTHMH3ALMU CBOMCTB MaTepHalla, CHI)KEHHIO BO3-
MOJKHOCTH TIOSIBIICHUS 1e(DEKTOB, YIIyUIIEHHIO IIPOIIECCOB 00pabOTKM M KOHTPOIIO CBOICTB M KadecTBa. Pabota mocasmie-
Ha MCCIIE0BaHUIO PosK ocdopa B JaTyHH, HEOOXOJUMOCTH KOHTPOJIS €ro COAepsKaHus NP MPOU3BOJICTBE MyTEM Orpa-
HUYEHUS JI0JIN BTOPUYHOTO HCIOJIb30BaHUs. BhIsBIEHa BO3MOXKHOCTD ITOJIOKHUTEILHOTO BIUSHUS MOJU(DUKALIMNA MEITHBIX
criaBoB GocGOpOM C LENbI0 YIIyUIleHHs: KCIUTyaTallMOHHBIX CBOMCTB, a TaKXKe MepCleKTHBa Hcnoib3oBanus (ocdopa
B KadecTBe Oe30IacHON 3aMeHbI CBUHIIA B JIaTyHH. [IpoBe/ieHa oleHKa coepaHust ¥ paciipeaeieHus npumecu dochopa
B KoHueHTparuu 0,005 % B narynnom obpasue mapku JIMuAXKH 59-3,5-2,3-0,5-0,3, n3y4yeHsl xapakrep ero B3auMo1ei-
CTBUA C APYTUMHU KOMIIOHEHTaMU CIUIaBa U UBMCHCHUSA, IIPOUCXOAAIIHNEC IPHU PA3JINYHBIX TEMIIEpATypax TepMH‘[eCKOﬁ 00-
paboTku. YCTaHOBIEHO, 4TO (ocop aKTUBHO ydacTBYyeT B AU(PPy3MOHHBIX Tporeccax u odpasyet Gochuasl Kak B jae-
(eKTHBIX, Tak U B Oe3nedekTHhIX 3aroroBkax. [Ipum HarpeBe B obxacTu Temmeparyp ropsiueil nedopmanuy mpoucXoanuT
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nepepacnpenenenne docdopa, JokampHOE pacTBopeHue (ochumaa u oOpa3oBaHMe METACTaOWIBHBIX BKIIOUeHUH. M3-3a
pa3nuuuii B KOHIEHTPALMK JIEMEHTOB B 00JIaCTSIX, IPUIIETAIONX K (OChHIY, IPOUCXOIUT U3MEHEHNE CTPYKTYpPHI JIaTy-
HHU, YTO TIPUBOJIUT K OOPa30BAHHMIO YYAaCTKOB, OTIMYHBIX OT MaTpwdHOW B-¢aspl. Dochum MapraHiia B JIATYHH MOXKET
VIIydIINTE €€ MEXaHMIeCKUe CBOWCTBA M 00pabaThIBAEMOCTh pe3aHueM, HO M30BITOK 3TOTO COCIMHEHUS MOXET IMPUBECTH
K Ipo0JieMaM ¢ TIPOYHOCTHIO, TPEIIMHOCTOWKOCTBIO M (JOPMOBAHHUEM.

Knroueewte cnosa: nBoiiHBIE 1 MHOTOKOMIIOHCHTHBIE JIATYHH;, aHATU3 pacmpeneneHus gocdopa; crummuasr;, pochop;
coenuHeHUS ¢ dochopom; GopMa u pa3Mepbl BKIIOUSHHIA; BINSHIE HarpeBa HA MHKPOCTPYKTYPY; IepepacipeieieHne
tdocdopa; mapranuessiit pochun; 1uddy3uOHHBIC TPOIECCH; METACTAOMITILHBIC BKIFOUCHHUS.

bnazooapuocmu: CtaTbsi HOATOTOBJIEHA IO MaTepuanaM JOKIan0B yuyacTHUKOB XI MexayHapoaHoi mikomns! «Duzu-
yeckoe Marepuanoenenuey (ILIOM-2023), Toxpsrty, 11-15 cenradps 2023 rona.

Jna yumuposanus: I'nycuna A.M., Ceatkun A.B. Biusiaue mukponeruposanus hochopom Ha cTpyKTypooOpaszoBa-
HUEe MHOrokoMnoHeHTHoH Jsaryan JIMpnAXH // Frontier Materials & Technologies. 2024. Ne 3. C.31-40.
DOI: 10.18323/2782-4039-2024-3-69-3.
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Abstract: The problem of hydrogen embrittlement remains relevant in many areas, so the FeCrNiMnCo alloy (Can-
tor alloy) generates increased interest among researchers as one of the materials least exposed to the negative effect of
hydrogen. Nevertheless, the issue of the influence of microstructure parameters on hydrogen embrittlement of the Can-
tor alloy and multicomponent alloys of the FeCrNiMnCo system in general remains understudied. This work studies
the influence of grain size on the susceptibility of a nitrogen-doped high-entropy Cantor alloy to hydrogen
embrittlement. For this purpose, states with different grain sizes (43421, 120+57, and 221+97 pum) were formed in
the (FeCrNiMnCo)yN; alloy, using thermomechanical treatments. It is experimentally found that grain refinement
leads to an increase in the strength properties of the alloy under study and promotes an increase in the resistance to
the hydrogen embrittlement: in samples with the smallest grain size, the hydrogen-induced decrease in ductility is less
than in samples with the largest one. A decrease in grain size causes as well a decrease in the length of the brittle zone
detected on the fracture surfaces of samples after tension. This is caused by a decrease in hydrogen diffusion during
the hydrogen-charging process and a decrease in the transport of hydrogen atoms with mobile dislocations during plas-
tic deformation due to a decrease in grain size.

Keywords: hydrogen embrittlement; multicomponent alloys; high-entropy alloys; Cantor alloy; (FeCrNiMnCo)goNj;
hydrogen-induced brittle zone; grain boundaries; fracture; mechanical properties.
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INTRODUCTION
It is known that hydrogen has a negative effect on metals

try. Currently, structural elements used in hydrogen-containing
working environments are made of stable austenitic steels as

and alloys, leading to a deterioration in their properties and
a reduction in service life. The issue of the need to create new
structural materials resistant to the negative effects of hydro-
gen, and to find methods for reducing the tendency to hydro-
gen embrittlement for existing materials is acute today in many
industries, including nuclear energy, the oil and gas industry,
and promising and rapidly developing hydrogen energy indus-

well-proven materials, that are least prone to hydrogen
embrittlement among steels of various classes. However, the
high-entropy FeCrNiMnCo alloy named after its discoverer
B. Cantor demonstrates greater resistance to the hydrogen
embrittlement effects than the above-mentioned austenitic
steels under the same hydrogen-charging conditions [1; 2].
Besides, Cantor alloy has unique mechanical and physical
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properties: resistance to radiation damage and corrosion, wear
resistance, a combination of high ductility and strength, due to
which it can be used even in extreme conditions [3; 4]. How-
ever, the alloy has a relatively low yield strength [5]. One of
the most effective methods to solve this problem is considered
to be doping the alloy with interstitial atoms, in particular ni-
trogen, to increase the strength properties of the material with-
out significant loss of ductility [6; 7].

In addition, it has been found that alloying materials
also affects their susceptibility to hydrogen em-
brittlement. Thus, in [8] it was found that alloying
the CoCrFeNi alloy with aluminum helps to increase
resistance to the hydrogen embrittlement effects, as well
as an increase in strength and ductility. In the work [9],
covering the study of the hydrogen embrittlement in
the Cantor alloy, it is shown that adding of 0.5 at. % car-
bon increases the alloy susceptibility to the hydrogen
negative effects. At the same time, works [10; 11] found
that alloying with carbon, on the contrary, can increase
the resistance of the Cantor alloy and alloys based on it
to hydrogen-induced degradation of mechanical charac-
teristics. The ambiguity of the results obtained, when
studying the influence of interstitial atoms on hydrogen
embrittlement of the Cantor alloy, necessitates further
development of this scientific problem.

It is known that the diffusion of hydrogen is a critical
parameter affecting the hydrogen embrittlement of alloys
[12]. A significant aspect affecting the hydrogen diffusion
is the sites of its capture (so-called traps), which usually
include interstices, dislocations, grain boundaries and inter-
phase boundaries, cracks, particles, etc. [13—15]. Increasing
the number of traps, for example, grain boundaries, by
grain refinement makes it possible to reduce the hydrogen
negative impact on metals and alloys. In works [16; 17],
it was found that reducing the grain size in the Cantor alloy
reduces the specific concentration of hydrogen at the grain
boundaries, while suppressing brittle cracking and increas-
ing the alloy’s resistance to hydrogen embrittlement. Based
on this, studying the influence of grain size on hydrogen
embrittlement in a multicomponent Cantor alloy doped with
nitrogen atoms is of interest.

The purpose of this study is to identify the patterns of
hydrogen embrittlement of the (FeCrNiMnCo)qN; high-
entropy alloy with different grain sizes.

METHODS

A multicomponent high-entropy alloy based on Cantor
alloy (HEA-N) was chosen as the object of study. Cast bil-
lets were obtained by induction melting of Cr, Ni, Fe, Co
powders with the manganese nitride addition. The composi-
tion specified during melting corresponded to the stoichio-
metric ratio of (FeCrNiMnCo)yN; (19.8Fe-19.8Cr—
19.8Ni—19.8Mn—-19.8Co—1N, at. %).

The cast billets were subjected to heat treatment,
which consisted of annealing at a temperature of
1200 °C for 2 h followed by quenching in water. After
this, the billets were rolled to 80 % reduction. To obtain
states with different grain sizes, the rolled bars were
soaked at different temperatures, and quenched in water:

to obtain the smallest grain size (S_HEA-N) — at a tem-
perature of 1000 °C for 1 h; medium (M_HEA-N) — at
a temperature of 1100 °C for 1 h; coarse grains (C_HEA-N) —
at a temperature of 1200 °C for 2 h. After all thermo-
mechanical treatments, the samples had the chemical
composition:  19.9Fe-20.1Cr-20.0Ni—19.9Mn-19.3Co-
0.8N, at. %. The elemental composition of the samples
(Co, Cr, Ni, Mn, and Fe) was analyzed using
a LEO EVO 50 scanning electron microscope (Zeiss,
Germany), with a device for energy-dispersive spectro-
scopy. Nitrogen concentration was determined using
a LECO ONH spectrometer (LECO, USA).

Dumbbell-shaped tensile samples of 12x2.6x1.4 mm® in
gauge section, were cut from the resulting blanks on an
electric spark machine.

Electrochemical hydrogen-charging of the samples was
carried out at room temperature in a 3 % aqueous NaCl
solution containing 3 g/l of NH4,SCN as a recombination
poison. The charging duration was 50 h at a current density
of 10 mA/cm®.

The intensity of hydrogen desorption from the surface
of the samples was analyzed by thermal desorption spec-
troscopy (TDS). The samples were studied in the tempera-
ture range of 25-800 °C (heating rate is 4 °C/min), using
a vacuum chamber with the simultaneous collection of
thermal desorption spectra by an RGA100 quadrupole mass
spectrometer (Stanford Research Systems, USA). The hy-
drogen concentration profile over the depth of the samples
was obtained using a GD-Profiler 2 glow discharge optical
emission spectrometer (Horiba, France).

The microstructure of the samples was studied using an
Apreo 2 S scanning electron microscope (FEG SEM),
equipped with a Velocity Super system for analyzing
the structure and texture of crystalline materials, by the elec-
tron backscattered diffraction (EBSD) method. The average
grain size was determined by the interseption method using
electron microscopic photographs (without taking into ac-
count twin boundaries).

Uniaxial tension tests of the samples were carried out
with the initial strain rates of 5x10*s™ and 1x107s ' on
an electromechanical machine LFM-125 (Walter+Bai AG,
Switzerland), at room temperature. Mechanical tests were
also carried out at a strain rate of 1x107>s™" at low tempera-
ture (—196°C) on an electromechanical machine
Instron 1185 (Instron, USA). At least 5 samples were used
to validate each condition.

RESULTS

After thermomechanical treatments according to the se-
lected modes, three types of samples with different grain
sizes were formed. All states have a single-phase (y-fcc)
structure. According to the images obtained by the EBSD
method, all the studied samples are characterized by a dis-
ordered polycrystalline structure; no predominant grain
orientation is observed. Moreover, the structure contains
a large number of annealing twins, which may indicate
a rather low energy of stacking faults in the alloy under
study (Fig. 1). The average grain size of all samples re-
ceived is presented in Table 1.
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For all the studied samples, the TDS curves (Fig. 2)
show one low-temperature peak with a maximum intensity
at about 145 °C, which characterizes the desorption of dif-
fusible hydrogen trapped in the crystal lattice or weak re-
versible traps: interstices, dislocations, vacancies, grain
boundaries. In this case, changes in grain size have little
effect on the position and intensity of the TDS peak.

According to the stress—strain diagrams (Fig. 3), grain
refinement leads to an increase in the yield strength and
ultimate tensile strength of the HEA-N alloy, and a slight
decrease in its ductility.

The influence of hydrogen-charging of samples with
different grain sizes on their mechanical characteristics,
such as yield strength o,,, ultimate tensile strength oyrs,
elongation to failure §, and hydrogen embrittlement index
Iy is shown in Table 2. The I value characterizing the re-
duction in ductility caused by hydrogen, was defined as

Sﬂgﬁx 100%,

0

Iy

where 8, and dy are the total clongation to failure of
the samples before and after hydrogen-charging, respectively.

Electrochemical hydrogen-charging does not contribute
to the occurrence of noticeable effects of solid solution
strengthening by hydrogen atoms, consequently, without
causing a significant change in the value of the yield
strength 6y ,. Hydrogen-charging leads as well to a decrease
in tensile strength oyrs, and the smallest decrease is ob-
served in S HEA-N samples with a minimum grain size.

The hydrogen embrittlement index /; has a maximum
value in C_ HEA-N samples with the largest grain size, and
a significant decrease in the 7 value is observed with de-
creasing grain size. In S HEA-N samples with the smallest
grain size (d=43+21 um), the value of /;~0: a hydrogen-
induced decrease in plasticity under these charging condi-
tions, is not observed in such samples. Thus, grain structure
refinement helps to increase the resistance of the studied
HEA-N alloy to the hydrogen embrittlement effects.

Hydrogen-charging of samples leads to the formation of
a brittle surface layer, which undergoes intense cracking
during deformation (Fig. 4). The fracture behavior of the
side surfaces of hydrogen-charged samples is predominant-
ly intergranular, but single transgranular cracks are also
observed in M_HEA-N and C_HEA-N samples (Fig. 4 a—c).
Despite the brittle fracture behavior, a large number of slip
lines are observed on the side surfaces.

1171 M_HEA_N 111
0ol 101 it " ooéwl
g ?f
P\( 33
:‘ ‘-q ‘ l =
® ] . 4
. ¥ 300 pm

b

Fig. 1. EBSD image of the microstructure of samples: a — with the smallest grain size (S_HEA-N),
b — with the medium grain size (M_HEA-N); ¢ — with the largest grain size (C_HEA-N)
Puc. 1. JJOI-u306pasicenus Mukpocmpykmypvi 00pasyos: a — ¢ menvuum pazmepom zepua (S_HEA-N);
b — co cpeonum pasmepom sepna (M_HEA-N); ¢ — ¢ camvim kpynuwvim pazmepom zepua (C_HEA-N)

Table 1. The average size of austenitic grains in the alloy under study depending on the treatment mode
Tabnuya 1. Cpeonuil pazmep ayCmeHUmHbsIX 3epeH 8 UCCIe0yeMOM ChA8e 8 3a8UCUMOCIU O PeXCUMA 00pabomKu

Treatment mode
HEA-N
1000 °C, 1 h 1100°C, 1 h 1200 °C,2h
Average grain size d, pm 43421 120+57 221497
Designation S_HEA-N M_HEA-N C_HEA-N
Phase composition y-phase
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Fig. 2. TDS spectra of hydrogen desorption for the (FeCrMnCoNi) 99N, alloy samples with different grain sizes
Puc. 2. T/IC-cnexmpui decopbyuu 600opooa ons obpaszyos cnnasa (FeCriMnCoNi)goN; ¢ paznvlym pazmepom 3epua

800+
1200+
§ 7001 o
L6004 7 T e s 10007 A
W o, o
v '
U 500 : = 800
fres) ~ <
0 — S_HEA-N v - S _HEA-N
oo 4001 - 4 600- -~
= I g S_HEA-N+H i ) S_HEA-N+H
= 3001 M HEA-N Iz ——— M_HEA-N
X - @ 4004 —
£ 200 2 M_HEA-N+H E ----- M_HEA-N+H
oT+]
C 100 — C_HEA-N 200+ — C_HEA-N
i
o C_HEA-N+H o C_HEA-N+H
0 10 20 30 40 50 60 70 80 00 01 02 03 04 05 06 07
Engineering strain, % True strain
a b
Fig. 3. Strain-stress diagrams of the samples with the smallest (S_HEA-N), medium (M_HEA-N)
and the largest (C_HEA-N) grain size before and after hydrogen-charging (+H):
a — engineering coordinates; b — true coordinates
Puc. 3. J[uacpammuel pacmscenus 0opazyos ¢ manvim (S_HEA-N), cpeonum (M_HEA-N)
u kpynuoim (C_HEA-N) pasmepom 3eprua 00 u nocie Hagooopoxcusanus (+H):
a — undicenepHvie Koopounamul, b — ucmunnvie Koopounamol
Table 2. The influence of hydrogen-charging (+H) on the mechanical properties of a HEA-N alloy with different grain sizes
Taonuya 2. Brusnue nacviujeHust 6000pooom (+H) na mexanuueckue ceoiicmea cnaaéa BOC-N ¢ paznvim pasmepom 3epHa
. 6.2 MPa OUTSy MPa 6, %
Material (&5 MPa) (£10 MPa) (2 %) Ty %
S HEA-N 310 715 58
0
S HEA-N+H 312 703 58
M HEA-N 282 688 65
6
M_HEA-N+H 285 663 61
C _HEA-N 252 622 66
14
C HEA-N+H 260 600 57
44 Frontier Materials & Technologies. 2024. No. 3
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According to SEM analysis of the fracture surfaces,
the central part of the samples after hydrogen-charging
fractures in a ductile transgranular regime with the for-
mation of a dimple fracture (Fig. 4 d—f). The fracture
mechanism and the length of the brittle zone in the fracture
depend on the grain size of hydrogen-charged samples.
The fracture behavior of the brittle zone in coarse-grained
C HEA-N samples is mixed — both transgranular and
intergranular facets are observed. Reducing the grain size
helps to reduce the proportion of transgranular cracks in
the M_HEA-N samples and almost completely suppresses
the transgranular fracture in the S_ HEA-N samples.

The length of the hydrogen-induced brittle zone D after
mechanical tensile tests at room temperature, does not cor-
respond to the initial thickness of the hydrogen-assisted
layer, formed immediately after electrochemical hydrogen-
charging (D), since during plastic deformation hydrogen
atoms are redistributed on mobile dislocations (AD,) and
due to diffusion under stress (ADj).

The brittle zone in the fracture of hydrogen-charged
samples is characterized by the greatest length in all sam-
ples subjected to deformation in mode I. Changing the ten-

sile mode for all samples leads to a reduction in the brittle
zone length to a minimum (mode III), due to the suppres-
sion of hydrogen transport during deformation (Table 3).
The same patterns can be observed for all modes of me-
chanical tests: the maximum length of the hydrogen-
induced brittle zone is characteristic of coarse-grained
C_HEA-N samples, and grain refinement leads to its reduc-
tion (Table 3).

Fig. 5 shows the hydrogen distribution profile in the
structure of coarse-grained C_HEA-N samples. Compari-
son of data in Fig. 5 with the results given in Table 3,
showed that in the case when the diffusion and dislocation
transport of hydrogen is suppressed (mode III), the brittle
zone length has values close to the thickness of the hydro-
gen-induced surface layer.

DISCUSSION

The results of the analysis of thermal desorption curves
of the high-entropy alloy under study differ from those ob-
tained in works studying hydrogen embrittlement in tradi-
tional materials with one basic component. For the cases of

C_HEA-N+H

30 um

C_HEA-N+H

d e

f

Fig. 4. SEM images of hydrogen-charged (+H) samples with the smallest (S_HEA-N), medium (M_HEA-N)
and the largest (C_HEA-N) grain size after failure:
a, b, ¢ —side surface; d, e, f— fracture surface
(TD — tension direction, IC — intergranular cracks, TC — transgranular cracks)
Puc. 4. COM-uzobpadsicenus Hacviuyentvix 6000poodom (+H) obpasyoe ¢ manvim (S_HEA-N), cpeonum (M_HEA-N)
u kpynuvim (C_HEA-N) pasmepom 3epna nocie pacmsceHus:
a, b, ¢ — 6okosas nosepxnocmy; d, e, f— nosepxnocms paspywienus
(TD — nanpasnenue pacmsigicenus, IC — unmeprkpucmaniumusie mpewunsl, TC — mpanckpucmaiiummule mpeujusl)
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Table 3. Modes of mechanical tensile tests of hydrogen-charged samples of the HEA-N alloy with the smallest (S_HEA-N),

medium (M_HEA-N) and the largest (C_HEA-N) grain size and their influence on the length of a brittle zone in a fracture

Taonuya 3. Pescumvl MexaHuyeckux UCNbIMAaHUll Ha pacmsaxfceHue HACbIUeHHbIX 8000p00oM 00pasyos cniasa BOC-N

¢ manvim (S_HEA-N), cpeonum (M_HEA-N) u kpynuvim (C_HEA-N) pasmepom 3epha u ux enusiHue Ha OUHY XPYNKOU 30Hbl 8 U3IOMeE

Deformation parameters Mode
and characteristics of brittle zone I I I
Strain rate, ¢’ 5x107* 1x107 1x107
Testing temperature, K 293 293 77
Hydrogen transport on dislocations active significantly suppressed suppressed
Hydrogen transport due to the stress-assisted diffusion active active suppressed
S HEA-N 2545 20+6 12+3
Brittle zone length D, um M_HEA-N 33+7 25+8 13+£5
C HEA-N 35+12 27+8 18+7

austenitic [18], ferritic [19] and martensitic [20] steels, it
has been shown that a decrease in grain size leads to an
increase in the content of diffusible hydrogen in the sam-
ples (in the crystal lattice or weak reversible traps). In this
case, the hydrogen-charging modes of all the above materi-
als were the same.

In [18], the smallest grain size presented was 0.58 um,
the maximum was 19 um, while the hydrogen concentration
in coarse-grained samples was 3.3 wppm (weight parts per
million), which is more than two times less than in ul-
trafine-grained samples (7.1 wppm). For the HEA-N alloy,
the decrease in grain size by =2 times for M_HEA-N sam-
ples (d=120£57 um) and by =5 times for S HEA-N sam-
ples (d=43£21 um) relative to samples with the largest
grain size C_HEA-N (d=221+97 um) does not lead to sig-
nificant differences in the thermal desorption curves:
the intensity and position of the TDS peaks do not undergo
significant changes. This is consistent with the data of [16],

Hydrogen
concentration, a.u.

where similar results were obtained for the equiatomic
high-entropy Cantor alloy without interstitial atoms and
with grain sizes from 1.5 to 22 pm, which was saturated
with hydrogen from a gas atmosphere. In [16], the author
concludes that in steels of different classes, grain bounda-
ries play a significant role in the hydrogen trapping, while
in the multicomponent Cantor alloy, hydrogen atoms are
trapped mainly by the crystal lattice interstices.

A noticeable increase in resistance to the hydrogen
embrittlement effects expressed in a decrease in the values
of the hydrogen embrittlement index [, is observed in
HEA-N samples with a small grain size. Typically, a de-
crease in the susceptibility to hydrogen embrittlement dur-
ing grain refinement is associated with the fact that when
a large number of grain boundaries are formed, the amount
of absorbed hydrogen in the grains [1] and its content per
unit of boundary area decreases, which reduces the stress
concentration at the grain boundaries.

=25 um
D" (SEM) = 18 £ 7 um

0 50

100 150

Depth, pm

Fig. 5. Hydrogen concentration profile for the samples with the largest grain size (C_HEA-N)
Puc. 5. Konyenmpayuornuwiii npoguib 6000pooa 011 06pasyos ¢ kpynuvim pasmepom 3epua (C_HEA-N)
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By analyzing the data obtained experimentally, as a re-
sult of mechanical tests for uniaxial tension in various
modes (Table 3), the length of the brittle zone in the frac-
ture immediately after hydrogen-charging was assessed, as
well as the contributions to the hydrogen transfer by dislo-
cation transport and due to diffusion under stress during
the deformation process. However, numerous factors influ-
encing the brittle zone formation in the process of plastic
deformation do not allow obtaining exact quantitative va-
lues for each of the contributions; therefore, this assessment
method makes it possible only to qualitatively establish
the patterns of the grain size influence on the hydrogen be-
havior in the material.

As stated earlier, the suppression of both contributions
to hydrogen redistribution at cryogenic test temperatures
and high strain rates makes the length of the hydrogen-
induced brittle zone formed after mode III (Dy;) of defor-
mation closest to the length of the brittle zone immediately
after electrochemical charging (without deformation) D,.

The length of the brittle zone in samples deformed in
mode II significantly exceeds the values characteristic of
samples deformed in mode III (Table 3). For low degrees of
plastic deformation, when the dislocation range is limited
primarily by grain boundaries and dislocation transport of
hydrogen can be realized over long distances, dislocation
densities of the order of 10'* 1/m? are typical. With such
a dislocation density and strain rate of SR=10"" 1/s, the rate
of dislocation movement is v=4x10"m/s (SR=pbv,
b=2.55 A — dislocation Burgers vector). In that case,
the time during which a dislocation moves one interatomic
distance a=3.6 A is ©=9x10°s, and the movement of hy-
drogen on the cores of mobile dislocations requires that
the diffusion coefficient be D=7x10""> m%/s (D=a’/21 [21]).
This value is significantly greater than that characteristic of
hydrogen diffusion in the crystal lattice of gamma iron at
room temperature (D=1x10""® m?*s [22]). Thus, at a strain
rate of SR=10">1/s (mode II) dislocation transport is signi-
ficantly suppressed, and the brittle zone length increases
relative to the values characteristic of deformation in
mode III mainly due to hydrogen lattice diffusion under
stress (ADy).

Assuming that the length of the brittle zone in the frac-
ture of hydrogen-charged samples subjected to deformation
mode I is determined by the additive contributions of dif-
ferent hydrogen transfer mechanisms (D=Dy+AD+ADj),
one can find the joint contribution from transport on dislo-
cations (AD;) and from stresses (AD,) as follows
D—-Dy=ADs+AD,. The contribution of hydrogen transfer
by diffusion under stress can be roughly estimated as
AD=D—Dy;. Further, it is possible to estimate to a first ap-
proximation the contribution of dislocation transport AD, to
the brittle zone length. Fig. 6 presents the results of esti-
mates of the Dy, AD, and AD; contributions to the length of
the hydrogen-induced brittle zone in the alloy under study,
depending on the grain size.

The greatest length of the brittle zone immediately after
hydrogen-charging D, is observed in coarse-grained
C HEA-N samples. The D, value decreases with decreas-
ing grain size (Fig. 6). Since the D, value is determined
solely by the hydrogen distribution during charging, it de-
pends only on the diffusion of hydrogen atoms in the mate-

rial during hydrogen-charging. The effective hydrogen dif-
fusion coefficient in samples can be estimated using
the formula [21]

X~/ 2D€fft,

where x is the characteristic diffusion path;
D,y is an effective diffusion coefficient;
t is the hydrogen-charging duration.

The D, length can be taken as the characteristic diffu-
sion path x, since analysis of the profile of hydrogen con-
centration distribution along the depth of coarse-grained
C HEA-N samples shows the consistency of the results
between the experimentally obtained hydrogen distribution
along the depth immediately after charging and the length
of the brittle zone in the fracture Dy=D, estimated by
SEM-images of the fracture surface of C HEA-N samples
(Fig. 5, 6).

An assessment of the effective diffusion coefficient (1)
of hydrogen in samples of the studied HEA-N alloy shows
that a decrease in grain size contributes to a decrease in D,

DngEA-N z9><10716m2/s, D%FHEAN :5)(10716 mz/s and

DE%-HEA N % 4x107'° m’/s. The obtained D,; values are of

(1)

the same order; however, the minimum value is characteris-
tic of samples with the smallest grain size. Thus, a decrease
in grain size or, in other words, an increase in the density of
grain boundaries (including an increase in the number of
annealing twins) leads to the suppression of hydrogen dif-
fusion deep into the samples. Despite the existence of dual
opinions about the influence of grain boundaries and twins
on the hydrogen behavior in the material [21; 23; 24], they
can act both as traps for hydrogen atoms and as preferential
paths for their diffusion. In this work, in samples of
the HEA-N alloy within the given conditions of hydrogen
charging, they rather play the role of capture sites, although
the second option should not be completely excluded.

The grain size of the studied HEA-N samples affects
both the hydrogen distribution during charging, and
the hydrogen diffusion, during plastic deformation (Fig. 6).
Changes in the grain size of the studied samples have
a weak effect on the hydrogen diffusion under stress during
plastic deformation (Fig. 6). At the same time, the hydrogen
transfer by mobile dislocations, directly depends on
the grain size. The contribution of dislocation transport
decreases with decreasing grain size and reaches a mini-
mum value in the S HEA-N samples. They are two times
smaller than in the coarse-crystalline C_HEA-N samples,
which is associated with a decrease in the free path of dis-
locations during plastic deformation.

CONCLUSIONS

Using various types of thermomechanical treatment,
a series of states with different grain sizes was formed in
the (FeCrNiMnCo)goN; alloy: 43£21 (S_HEA-N), 120457
(M_HEA-N), and 221+97 um (C_HEA-N).

Grain refinement helps to increase the strength proper-
ties of the alloy under study and reduce the elongation to
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Fig. 6. The influence of a mechanical testing mode on the length of a brittle hydrogen-induced zone and evaluation
of the main contributions from diffusion and dislocation hydrogen transport during plastic deformation of samples
with the smallest (S_HEA-N) (a), medium (M_HEA-N) (b), and the largest (C_HEA-N) (c) grain size
Puc. 6. BrusHue pexcuma mMexaHuyeckux ucnvlmanuil Ha OIUHy XpYNKol 6000p0OHO-UHOYYUPYEMOU 30Hbl U OYEeHKA OCHOBHBIX 8KIA008
om oupgy3uoHH020 U OUCTOKAYUOHHO20 MPAHCNOPMA 8000P00A NPU NAACMUYeCcKol deghopmayuu oopazyos
c manvim (S_HEA-N) (a), cpeonum (M_HEA-N) (b) u kpynuvim (C_HEA-N) (¢) pasmepom 3epua

failure, the values of which in all cases remain high
(8S7HEA-N=58 %, 8M7HEA—N=65 %, 6C7HEA-N=66 %)-

Hydrogen charging of samples of the alloy under study
has little effect on the yield strength, however, leads to
a decrease in the ultimate tensile strength and elongation
to failure. The formed hydrogen-induced surface zone in
samples with the largest grain size, is fractured in a brittle
way; cracks are observed both along the body of
the grains, and along their boundaries on the side surfaces
of the destroyed hydrogen-charged samples. An increase
in the number of grain boundaries due to grain refinement
is accompanied by a change in the nature of the fracture of
the surface brittle hydrogen-assisted zone to a predomi-
nantly intergranular one.

It has been experimentally found that a decrease in grain
size helps to increase the resistance of the (FeCrNiMnCo)goN;
alloy to the negative effects of hydrogen. This is manifested
by a decrease in the hydrogen embrittlement index, as well
as in a decrease in the length of the hydrogen-induced brittle

zone detected on the fracture surfaces. This is caused by
a decrease in the effective coefficient of hydrogen diffusion
in the material, as well as a decrease in the free path of dis-
locations transferring hydrogen deep into the material dur-
ing plastic deformation.
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Abstract: The wide application of honing as a finishing treatment of internal cylindrical surfaces for cylinder-piston
systems, used in some structures, is caused by high accuracy measured in tenths of a micrometer, and high productivity of
the process. The most important indicator of reliable operation of cylinder-piston systems are high requirements for
the geometric accuracy of holes. Due to the lack of sufficient theoretical justification for the selection of honing parame-
ters ensuring the accuracy of the geometric shape of the hole in the longitudinal section, the authors proposed a model for
the formation of errors in the geometric shape of the hole. The model is built on the kinematic characteristics of the pro-
cess including the ratio of the honing stone dimensions, the length of the hole, the stroke of the honing head, the ratio of
the speeds of translational and rotational movements, and the force action in the processing zone, which changed due to
the presence of an overrun of the honing stone. To obtain analytical dependencies ensuring the minimisation of form devi-
ations, the conditions for stock removal for the points of the machined surface were considered, the value of which was
taken proportional to the path of movement, and the pressure value. For this purpose, graphs of the distribution functions
of displacements and pressure changes were constructed depending on the coordinate of the point location on the generat-
ing line of the hole being machined. Using the obtained analytical dependencies, the potential occurrence of a shape error
in the form of a saddle shape was found, the dominant factor influencing the value of which is the value of the honing
stone overrun. At the same time, it was identified that the ratio of the speeds of translational and rotational movements has

an insignificant effect on the violation of the form in the longitudinal section.
Keywords: honing; geometric accuracy of holes; kinematic characteristics of honing; value of overrun; displacement

distribution function.

For citation: Denisenko A.F., Grishin R.G., Antipova E.D. Accuracy of the geometric shape of the hole in the longi-
tudinal section during honing. Frontier Materials & Technologies, 2024, no. 3, pp. 53—-62. DOI: 10.18323/2782-4039-

2024-3-69-5.

INTRODUCTION

Honing has been on the rise in recent years due to
the need to improve the tribological performance of cylin-
der-piston systems used in materials-handling machines,
hydraulic jacks, engine components, and robotics. In pro-
cess engineering, abrasive machining methods have always
been an important area of research in terms of development
and modelling, as they determine the surface quality cha-
racteristics of the blank. Honing is an abrasive machining
process most often used in roughing, semi-finishing and
finishing of cylindrical bores to produce parts with high
surface quality and minimal geometric errors [1-3]. A spe-
cial feature of honing is the transverse scratches made on
the surface by two tool strokes. These transverse scratches
give the surface special performance characteristics in
terms of oil retention and circulation. Therefore, honing is
usually used to ensure that the surface of elements that are
in contact with others during relative motion, such as in

the piston-cylinder system, meets the requirements for ge-
ometric and dimensional accuracy and texture [4—6]. One of
the key tasks that must be solved in the honing process is to
ensure a characteristic surface texture consisting of
a network of oil scratches that form cross-hatching, as
well as the required values of the roughness profile pa-
rameters [1; 2; 7].

During the use of honing processes, many studies have
been carried out on both traditional and non-traditional hon-
ing. For example, in [8] positive results are noted for the pro-
cessing with variable kinematic parameters, and it is indicat-
ed that honing performed with variable kinematic parameters
affects the value of the resulting roughness profile parame-
ters, which is an additional incentive, influencing the further
development of CNC machines used for honing.

According to the data given in [9; 10], the honing
process is characterised by three overlapping motions of
the honing tool: rotation around the tool axis, linear
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reciprocating motion, and feed motion of the honing stone
in the radial direction. The main parameters determining
the honing kinematics are: axial linear speed of the honing
head during reciprocating motion ¥4, m/min, and peripheral
speed of the honing head Vp, m/min:
Vy=2lyn,; Vp=0.00lnDn , (1)

where [y is the stroke length of the honing head during re-
ciprocating motion, m;
ny4 is the stroke rate of the honing head during reciprocating
motion, 1/min;
n is the rotational frequency of the honing head, rpm;
D is the diameter of the hole being honed, mm.

The specified speeds determine the cutting speed V" and
the honing angle a:

V=yVieV3 tgo=V,/V,.

The radial motion of the honing stone can be con-
trolled either by feed or by force. In feed-controlled hon-
ing, the honing stone is fed outward in certain stages,
and at certain intervals using various mechanisms, for
example, a mandrel with conical elements. In force-
controlled honing, the height of the feed steps depends
on the difference between the required and measured
process forces, which leads to different process forces
during the honing process [9]. When processing is car-
ried out with a constant honing force, the quality of
honed holes can be improved [11].

One of the main goals of the honing process is to re-
duce the deviation of the shape of honed holes. In [12],
based on a comparison of the deviations in the hole
shape that can be obtained with certain types of pro-
cessing, it was concluded that the honing process signifi-
cantly improves the cylindricality of the processed hole
compared to other production methods. The authors of
[13] noted that the cylindricality of the cylinder hole is
determined primarily by six groups of factors, such as
the machine and fixture rigidity, the honing head design,
the location of the honing stones, the properties of
the material being processed, the honing process parame-
ters and the pre-created initial cylindricality of the honed
hole, during previously performed processing.

The work [14] considered the effect of the honing
stone speed on obtaining holes with minimal geometric
errors. However, the author limits himself to studying
the hole accuracy only in the cross-section, without con-
sidering its effect on the accuracy in the longitudinal
direction. The author of [15] described the effect of
changing the reciprocating speed and rotation speed on
improving the ovality, and noted that with constant over-
run, a decrease in ovality was observed with an increase
in the reciprocating speed. Maximum ovality was ob-
served at a higher reciprocating speed, and at a relatively
lower rotation speed. At a higher rotation speed of
the honing head, ovality decreases for all values of
the reciprocating speed [15]. In [16], the effect of axial
acceleration of the honing head on cylindrical deviation

@

was confirmed. It was found that with an acceleration of
<1 g and with an acceleration of >2 g, greater deviations
in cylindricality of the honed hole were obtained than
when processing with an acceleration of 1.5g (g is
the gravitational value of acceleration).

As follows from the above review, the production of
honed holes, with minimal deviations of cylindrical shape,
has been studied in sufficient detail in published works.
At the same time, as for ensuring the shape of the hole in
the longitudinal section, in the few published works, for
example [17-19], there are recommendations for the selec-
tion of honing parameters, in particular the overrun value,
which do not contain sufficient theoretical justifications,
and are built only based on some experimental data,
the value of which essentially depends on the specific hon-
ing conditions.

An analysis of works covering the honing process al-
lowed identifying the main parameters affecting the accura-
cy of the hole geometric shape: the dimensions of the hon-
ing stones, the ratio of the speeds of the rotational and re-
ciprocating motions of the honing head and the rational
choice of pressure in the zone of a contact of the stones
with the part.

In work [19], it is noted that to obtain the correct geo-
metric shape of the processed hole, the stones must recede
out of the hole for a certain length, called the overrun.
However, it is emphasised that with an incorrectly selected
symmetrical overrun in the hole, a saddle shape or barrel
shape can be obtained. It is concluded that if one considers
the redistribution of contact radial forces to be the dominant
cause, then at any overrun values, an error in the shape in
the longitudinal section in the form of a saddle must inevi-
tably form, which increases as the overrun values increase.
In this case, the author considers the overrun value /' to be
optimal, determined by the relationship

I'=(0.33...0.25) = opt , (3)
where the length of the stone / is determined by the expres-
sions

[=(12...0.8)L and [ =1.5nDtgo/z , (4)
where L and D are the length and diameter of the honed
hole, respectively;

z is the number of stones:

D

z= (0.25...0.35)“7, (5)

where a is the angle of elevation of the trajectory of the
cutting tools;
b is the width of the stone.

The range of changes in overrun values specified in [19]
fits the values proposed in [18; 20], but without clear justi-
fication for their selection.

The purpose of this study is to develop recommenda-
tions based on modelling of real honing cycles that will
help end users when setting up the machining process.
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METHODS

The formation of geometric shape errors during hon-
ing can be carried out only on a cutting model, that takes
into account local contacts between the blank, and
the abrasive tool changing due to the impact of kinema-
tic and force factors.

To obtain analytical dependencies that ensure the mini-
misation of shape deviations, it is necessary to consider
the conditions for metal removal, during rotational and re-
ciprocating motion of the honing head. This problem can be
solved by assuming that the amount of metal removal U is
proportional to the amount of movement of individual
points of the stone relative to the selected point of the ma-
chined surface S and the value of pressure p:

U=kpS, (6)
where £ is the coefficient of specific material removal under
given honing conditions.

To determine the shape of the machined hole in
the longitudinal direction, we denote the metal removal at
point x along the length of the hole by U(x) (Fig. 1).
The pressure in the contact zone of the stones with the
part can depend both on the position of the stones relative
to the part, i. e. be a function of the x coordinate on
the machined surface (Fig. 1), and on the position of
the considered point on the stone contact line, i.e. be
a function of the x* coordinate in the moving coordinates
system associated with the honing head:

2 :p(x, x*).

In further calculations, we will assume that the pressure
p=p(x, x*) does not depend on the x* coordinate, but only
on the x coordinate on the machined surface, i. e. p=p(x).

The direction of the rotational speed Vp does not change
during the machining cycle, and the direction of the transla-
tional speed V), changes at the end of each stroke of
the head. In extreme positions, the translational motion ve-
locity decreases to zero, and then increases from zero to 7,
in the opposite direction, resulting in a delay in the stroke
for some time.

This nature of the head movements leads to an inequa-
lity in the path of movement of individual points of
the cutting surface of the stones, relative to the machined
surface. To take into account what share of the total fric-
tion path falls on particular areas of the part surface, and
the working surface of the stones, the authors of [20] pro-
posed to introduce a function of the distribution of dis-
placements o(x) in the longitudinal direction, and a func-
tion of the distribution of displacements [(x) resulting
from the head rotation.

Fig. 2, 3 show the distribution functions for two pos-
sible conditions of symmetrical honing (under the same
conditions for processing the ends of the hole). For the case
shown in Fig. 2, when the overrun value /=0, the stroke
length of the head is determined as

ly=L-1.

For the extreme sections, the length of which is equal to
[, the ordinates of the curve of the longitudinal displace-
ment distribution change according to a linear law, and
the ordinates for the middle section of length (L—2/) remain
constant, and are determined from the normalisation re-
quirement, according to which the area bounded by the dis-
tribution curve and the abscissa axis is equal to one:

Oy [ + O (L= 20) =1 ; (7)

Oy = 1/(L—1). (8)

For the displacement distribution curve at relative rota-
tion B(x), the constancy of the ordinates for each section is
characteristic, although their values differ from each other.
This difference is determined by the nature of the change
in the velocity of the longitudinal displacement of
the head at the end of the longitudinal stroke, and the time
spent on changing the direction of the head movement.
The duration of the stroke delay depends on the inertia of
the control system.

Fig. 3 shows a case for which the relation is observed:

L-I<ly<L+I.

RESULTS

During head displacement, part of the stone comes out
of the hole in both directions, and only part of the cutting
surface of the stones passes over the extreme points of
the part forming the hole. The longitudinal displacement
curve for the extreme sections is a trapezoid. The middle
section of length (/y—/) is characterised by constant ordi-
nates, the values of which are determined from the normali-
sation requirement:

(L+20' = 20)ot +2%“XT+G(O)(Z—Z')=1, )
where a/(0)= o, //! .
Hence
/
= . 10
amax Ll_(l_l’)z ( )

The equation of the a(x) straight line for the section
0<x</=1"
(x+l’)
alx)=—"—. (11)
=) Li—(-1y
Therefore, the magnitude of the relative displacement of
particular points of the stone for a point of the machined
surface with coordinate x can be determined in the longitu-
dinal direction as

Sy= VAOL(X)'f >

and in the direction of the head rotation as
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P p=p(x.x")
X*
0 0* X
/
L

Fig. 1. Computational scheme for determining metal removal during honing
Puc. 1. Pacuemnas cxema 0 OnpedeneHus Coema Memaiia npu XOHUH2O08aHUU

a(x) B(x)

(L) D\ | |

X X

Fig. 2. Distribution curves of displacements o(x) and P(x) during honing without overrun (I'=0)
Puc. 2. Kpuswvie pacnpedenenus nepemewenuii o(x) u [(x) npu xonureosanuu npu omcymcemeuu nepebeza (1I'=0)

777777277,

a(x) B(x)
1/ TLI-(1-I'Y?] |

Fig. 3. Distribution curves of displacements o(x) and PB(x) during honing in the presence of overrun (I'#0)
Puc. 3. Kpusvie pacnpedenenus nepemeugenuti o(x) u f(x) npu xonunzosanuu npu nanuyuu nepedeza (I'#0)

56

Frontier Materials & Technologies. 2024. No. 3



Denisenko A.F., Grishin R.G., Antipova E.D. “Accuracy of the geometric shape of the hole...”

Sp = VPB(X)T )

where 7 is the honing duration.

To find the function U(x) that determines the metal re-
moval in the hole section with coordinate x, it is necessary
to take into account the pressure of the honing stone p=p(x)
on this section of the hole:

U(x)=U 4(x)+Up(x)=k,S,p(x)+ kpSpp(x),  (12)
where Uy(x), Up(x) are the metal removal at the point with
coordinate x due to the stone movement in the longitudinal
direction and in the direction of rotation of the honing head,
respectively;
ky, kp are coefficients of specific material removal under
the given honing conditions caused only by the transla-
tional or rotational movement of the honing head, re-
spectively.

Let us consider in more detail the case of honing in
the presence of overrun (/'#0) (Fig. 3), if the pressure
diagram within the length of the contact of the stone
with the part is a rectangle, i. e. there is a uniform pres-
sure distribution in the contact zone. Taking into account
the symmetrical nature of the processing (the overruns at
the ends of the hole are the same), we will consider only
one side of the hole (Fig. 4) for the case when 2/<L. The
graph p=p(x) displayed in Fig. 4 shows a gradual de-
crease in pressure due to an increase in the contact area
of the stone with the part. Therefore, three areas can be
distinguished along the x coordinate, differing in pro-
cessing conditions: 1) 0<x</=1"; 2) [-1'<x<l; 3) I<x<L-I.

Consequently, within sections 1 and 3, the pressure
p=p(x) does not change and is:

i

_1')[,;

— for section 1: p(x)=p, =

~

(

P
— for section 3: p(x)=p; = ﬁ .
Then for section 2
P
px)=py=——"(21-1I'-x),

-1p

where P, is the force of pressing the stone to the processed
surface;
b is the stone width.

Thus, in accordance with formula (12), assuming that
k~kp=k, we obtain:

Uy(x)=Uy4(x)+ Uy p(x) = eV o0, () + VoB(x)]py s (13)
U, (%)= Uy 4(x)+ Uy p(x) = kelV g, (x)+ VoB(x)]py s (14)
Us(x)=Us 4 (x)+ Usp(x) = kelV g5 (x) + VeB(x)lps . (15)

where, taking into account the absence of delays in the ex-
treme positions B(x)=1/L.

If we assume that V,=&Vp, then for comparison of stock
removal by sections, the obtained dependencies (13)—(15)
can be presented in the following way:

T o

x

Fig. 4. Distribution functions of displacements a(x), B(x) and pressures p(x)
Puc. 4. @ynxyuu pacnpedenenus nepemewgenuii o(x), f(x) u oasnenuii p(x)
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Fig. 5 shows the values of 1y, 1, (11—;3) and (1,—m;) for
sections 1 and 2 at different values of overrun, where e=/"I.

The graph in Fig. 6 shows the influence of the overrun
value on the maximum values of (1,—m;) when changing
the length of the stone (80; 100; 120 mm).

DISCUSSION

From the graphs in Fig. 5 and 6, it follows that the maxi-
mum values (1;—m3) located on the boundary of sections 1
and 2, and determining the maximum deviations from
the straightness of the generating line of the machined hole
will increase non-linearly as the overhang increases. The
obtained result coincides with the conclusions of work [19]
that in the presence of overrun, a shape error in the longitu-
dinal section in the form of a saddle is inevitably formed,
which increases as the overrun value increases.

The influence of the overrun value on the maximum
values (n;—3) with a change in the length of the stone

max(M;-M;)
150

100

50

shown in Fig. 6, indicates that the processing accuracy will
increase with an increase in the length of the stone.

The developed model allows estimating the effect of
the ratio of translational and rotational speeds, i. e. the coef-
ficient & (V,=EVp). Fig. 7 shows the dependence max(n;—
n3)=AE) for L=300 mm, /=100 mm and /=0.3/ indicating
that the maximum deviation of the hole generating line
from straightness depends linearly on the coefficient &.
However, when comparing the results shown in Fig. 6
and 7, one can note that the influence of pressure due to
a change in overrun is much more significant than the
choice of the ratio of the translational and rotational
speeds of the stone.

Taking into account specific honing conditions (%, t, Vp,
Py, and b parameters) allows finding the U(x), Ux(x), Us(x)
values using dependencies (12)...(18) and determining the
linear dimensions of the deviations of the hole generating
line. The obtained analytical dependencies allow estimating
the accuracy of the hole geometric shape in the longitudinal
section, during honing both with symmetrical and asym-
metrical processing, when the overruns at the ends of the
hole are not the same. This circumstance is especially rele-
vant when honing blind holes.

CONCLUSIONS

Based on the developed honing model, taking into account
the influence of the kinematic factor, dependencies are ob-
tained that allow estimating the errors in the geometric
shape of the hole in the longitudinal section. It is shown
that the dominant factor is the presence of overrun. It is
found that due to the presence of overrun, the machined
surface has a tendency to saddle-shaped appearance.
To improve the accuracy of the geometric shape of
the hole in the longitudinal section during honing, well-
founded recommendations can be used to increase
the length of the honing stone and ensure constant pres-
sure in the contact zone of the hone, and the machined
surface during tool overrun.

— [=80mm
-= [=100mm
== [=120mm

Fig. 6. The influence of the overrun value on the maximum values of n;—n;
when changing the length of the stone for L=300 mm and £=1/7
Puc. 6. Bausnue senuuunsl nepebeca Ha MAKCUMANbHbIE 3HAYEHUS 1] —H 3
npu uzmenenuu onunsl 6pycka ons L=300 mm u =1/7
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Fig. 7. Dependence of maximum n—n3 values on the & coefficient for L=300 mm; [=100 mm and £=0.3
Puc. 7. 3asucumocms maxcumanvhvlx 3nauenuil 11—z om koagguyuenma & ons L=300 mm; [=100 mm u =0,3
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Annomayusa: 1llupoxoe NpUMEHEHHE XOHMHTOBAHUS B KadecTBE (MHMINHON 0OpabOTKM BHYTPEHHHX IMIMHIPHYE-
CKUX TOBEPXHOCTEH UIA IMIMHAPOIOPIIHEBBIX CHUCTEM, HCIIONB3YEMBIX B PsAIE KOHCTPYKLHUH, OOYCIOBICHO BBICOKOH
TOYHOCTHIO, U3MEPSIEMOM JIECATHIMU JOJIIMH MHUKPOMETPa, ¥ BBICOKOW MPOU3BOIUTEIHLHOCTHIO TMpollecca. BaxHenmum
MOKa3aTeIeM Ha/Ie)KHOHW pabOThl IMIMHAPOIIOPIIHEBBIX CHCTEM SIBISIFOTCSI BEICOKHE TPEOOBAaHMS K T€OMETPHUIECKON TOU-
HOCTH OTBEPCTHH. B CBS3M ¢ OTCYTCTBHEM JOCTATOYHBIX TEOPETHIECKHUX 0OOCHOBAaHWH BBHIOOpA MapaMeTpOB XOHHHIOBa-
HUS, 00€CTIEYNBAIOIINX TOYHOCTh T€OMETPHUIECKOH ()OPMBI OTBEPCTHS B IIPOJOIBHOM CEUCHHUH, OblIa PEII0KeHa MOAETb
00pa3oBaHKs MOTPEITHOCTEH TeOMEeTpUUYECcKoil popMBI OTBEPCTHS, MOCTPOEHHAS Ha Y4eTe KMHEMAaTHYECKUX XapaKTepH-
CTHK Ipoliecca, BKJIIOYAIOIINX COOTHOLIEHHE Pa3MEpOB XOHHHTOBAJILHOTO OpyCcKa, JUIMHBI OTBEPCTHSL, X0J1a XOHUHTOBAJI b~
HOM T'OJIOBKH, COOTHOILIEHHSI CKOPOCTEH MOCTYNAaTeIbHOTO U BpaIlaTeIbHOIO JBUKEHUN U CUIOBOTO BO3JEHCTBUS B 30HE
00paboTKH, KOTOPOE N3MEHSIIOCH 32 CUET HaJM4Ms Iepedera XOHMHIOBAILHOTO Opycka. J[is mojy4yeHus aHalnTHYeCKuX
3aBUCHMOCTEH, 00ECIIeYnBaAIOINX MHHHUMHU3AIMIO OTKIOHEHHH (OPMBI, OBLIM PAacCMOTPEHBI YCIOBUSI CheMa IIPHUITYCKa
JUISL TOYEeK 00padaThIBaeMOM MOBEPXHOCTH, BEIMYMHA KOTOPOTO NMPUHHMANIACh NMPONOPLHUOHAIBHOW MyTH HEepeMeIleHUs
U BenmuuHe faBieHns. C 3ToH Lenbio ObUTH MOCTpOeHbI Ipaduky GyHKIUH pacTipeneIeHus IepeMEICHNH U N3MEHEHHS
JaBJICHUI B 3aBHCHMOCTH OT KOOPIMHATHI PACIIOJIOKCHHUS TOYKM Ha oOpasyromeil oOpabaTeiBaeMoro otsepcTusa. B pe-
3yJIbTAaTe UCIOIb30BAHMS MOTYYCHHBIX aHATNTHIECKUX 3aBUCHMOCTEH YCTAaHOBJICHO MOTEHIIMATBHOE MOSBICHHE MTOTPEI-
HOCTH (hOpPMBI B BUJIE CENI0O0OPA3HOCTH, JOMUHHUPYIOMNM (DaKTOPOM BIMSHHS HA 3HAUYCHHUE KOTOPOH SIBIIACTCS BEIMYMHA
nepebera XOHMHTOBaJIbHOTO Opycka. BmecTe ¢ TeM moka3aHO, YTO COOTHOILIEHHE CKOPOCTEH MOCTYIaTeNbHOTO M Bpallia-
TENIBHOTO JIBMKEHUI HECYIIECTBEHHO BIIMSET HAa HapyIIEHHE ()OPMBI B IPOIOJILHOM CEUCHHUH.

Knrouegwie cnoea: XOHUHIOBaHHE; F€OMETPUUECKast TOYHOCTh OTBEPCTUH; KHHEMATUYECKUE XapaKTePUCTUKU XOHUH-
TOBaHMsl; BEJIMYHMHA repedera; GyHKIMs pacrpeeeHus epeMeleH .

Jna yumuposanusn: J{enncenko A.®., I'pumun P.I'., Antunosa E.JI. TounocTh reomMeTpuueckoit (opMbl OTBEPCTHS
B IIPOJIOJILHOM CEYeHWH Ipu XoHMHTroBanuw // Frontier Materials & Technologies. 2024. Ne 3. C. 53-62. DOI: 10.18323/2782-
4039-2024-3-69-5.
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Abstract: The authors carried out the study of the influence of 3D printing modes on the structure and chemical com-
position of 30HGSA steel (chromansil) samples produced by the method of additive electric arc surfacing. To study
the influence of the electric arc surfacing mode on the chemical composition of the steel under study, an optical emission
analysis of the samples was carried out. The influence of the surfacing mode on the resulting structure was assessed over
the entire height of the deposited walls at magnifications of x50, x100, x200 and x500. Optical emission analysis identi-
fied a change in the material chemical composition associated with the loss of chemical elements. It was found that
the degree of loss of C, Cr and Si increases almost linearly and is directly proportional to the surfacing heat input
(Q, J/mm). The exact influence of an increase in the surfacing heat input on the Mn content was not found, but a relation-
ship between the degree of its loss and the voltage (U, V) during surfacing of samples was identified. Microstructural stu-
dies of all samples did not reveal a large number of systemically formed structural defects characteristic of cast and welded
products (pores, shrinkage cavities, etc.), which confirms the high quality of the metal in goods produced by electric arc
surfacing. Analysis of micrographs taken in different areas of the samples allowed determining that the metal microstruc-
ture does not undergo significant changes under different surfacing modes; the main tendencies in changes in the structure
along the height of the sample are preserved. All samples demonstrated the formation of a highly dispersed structure, re-
gardless of the 3D printing parameters. The most favorable metal structure, suitable for subsequent use in the production of
goods using additive manufacturing, was recognized as the structure of the sample deposited using mode No. 5 (/=160 A,
U=24 V, 0=921.6 J/mm). This mode can be used for further study of the problems of additive electric arc surfacing
of 30HGSA steel.

Keywords: 30HGSA steel; additive electric arc surfacing; optical emission analysis; metallographic study; additive
manufacturing.
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INTRODUCTION

The intensive development of 3D printing (additive
manufacturing) technologies, leads to the necessity of

tive, and simplest is the method of 3D printing by
WAAM, used in this work [2; 3].
The advantages of additive methods include, the ability

a thorough study of the mechanical properties, structure
and chemical composition of metals produced by this
method. Today, the main methods of 3D metal printing
are layer-by-layer powder melting (Selective Laser Melt-
ing, SLM), laser powder surfacing (Laser Engineered
Net Shape, LENS / Direct Metal Deposition, DMD) and
electric arc surfacing (Wire and Arc Additive Manufac-
turing, WAAM) [1]. The most technologically produc-

to automate fully the process of producing goods;
a significant reduction in material consumption when manu-
facturing products from expensive materials, such as titani-
um and nickel alloys; the possibility of small-scale produc-
tion of goods, which is unprofitable when using traditional
production methods [4—6].

Despite the noted advantages of additive manufactur-
ing methods, the application of these technologies faces
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a number of difficulties due to the complexity of select-
ing printing modes, and thermal cycle parameters. De-
pending on the selected 3D printing mode, it is possible
to obtain different mechanical properties of the material.

SLM is a technology for manufacturing complex pro-
ducts by laser melting of metal powder, using mathemati-
cal CAD models. SLM is considered a high-energy pro-
cess. At the point where the powder melts, the energy
density is higher compared to other electric arc processes
(for example, welding), but lower than with laser irradia-
tion [7]. One of the problems of SLM-produced parts is
the relatively high surface roughness, which reduces fa-
tigue resistance by increasing the stress concentration on
the sample surface [8].

Laser powder surfacing (LENS/DMD) is an additive
technology for growing a part by fusing a powder material
layer onto a substrate. The laser beam creates a welding
pool, into which the metal in powder form is injected,
where it melts and solidifies to form a metallic bond to
the substrate. Typically, this process uses a single-mode
continuous wave solid-state fiber laser, operating at a wave-
length of 1075 nm. During the process, metal powder from
the feed system is automatically fed to the substrate, which
is lowered to a height equal to the deposited layer thickness.
However, it is noted that the laser surfacing method does
not have the reproducibility of the chemical composition,
and mechanical properties of the final products [9; 10],
which is a serious shortcoming.

WAAM is a relatively new technology emerged in
the 1990s. It consists of fusing conventional welding wire
widely available commercially onto a substrate, which
results in the finished part formation. Compared to con-
ventional manufacturing, WAAM allows reducing produc-
tion time by 40-60 % and post-processing time by 15—
20 %, depending on part size. Thus, aircraft landing gear
stiffeners using this technology are manufactured with
raw material savings of approximately 78 % compared to
conventional production [11]. Metals with good
weldability can potentially be used for the WAAM pro-
cess, and so far, researchers have successfully produced
objects from the alloys based on Ti [11], Al [12], steel
[13], and Ni [14] using this method.

Stainless low carbon steels (austenitic, martensitic
and duplex) are the most preferred candidates for
WAAM surfacing due to their combination of mechani-
cal properties, high corrosion resistance and weldability.
However, this cannot be said about medium-carbon
steels widely used in mechanical engineering, aircraft
manufacturing and other fields. Therefore, the study of
the behavior of medium-carbon steels during the WAAM

process with the prospect of using the developments in
industry is of interest.

During the process of surfacing layers, the metal is in
a liquid state and is then subjected to multiple heating
cycles to temperatures above critical, which leads to
a possible change in the chemical composition of the
starting material. As a result of non-equilibrium crystal-
lization and repeated heating of the metal, the micro-
structure of the resulting material differs significantly
from the structure of the material obtained from rolled
products [15-17].

Foreign research is increasingly considering additive
technologies, including WAAM. At the same time, in Russia,
these methods are studied locally and are not so widespread.
However, it is the use of additive technologies that can re-
duce the cost of single and small-scale production of goods
from widely used structural materials, such as 30HGSA steel.
The development of these technologies will contribute to the
development of Russian science and import substitution.

The purpose of this research is to study the influence of
additive electric arc surfacing modes on the chemical com-
position and microstructure of 30HGSA steel.

METHODS

The research material was 30HGSA structural steel
(GOST 4543-2016 “Rolled Products Made of Alloy
Structural Steel. Technical Specifications”). Table 1 pre-
sents the grade chemical composition of the deposited
30HGSA steel.

Samples for studying the chemical composition and mi-
crostructure of the deposited metal were prepared on a spe-
cialized stand for additive electric arc surfacing [18]. Nine
blanks in the form of walls (Fig. 1) were produced using
various printing modes. The width of the deposited walls
was | surfacing bead, the height of the walls was formed by
depositing 10 layers. A drop of metal was transferred by
short circuits.

The surfacing mode was specified by the following pa-
rameters: current (/, A), voltage (U, V), arc gap (z, mm),
wire feed speed (7, mm/s), and shielding gas consumption.
In this case, the arc gap, wire feed speed and shielding gas
consumption were constant for all experiments, and
amounted to 11 mm and 200 mm/min, respectively (deter-
mined by preliminary tests) [19; 20].

Based on the 3D printing modes, the heat input (Q) of
the process (electrical energy consumed per length unit of
the seam) was determined as one of the complex informa-
tive parameters, in accordance with GOST R ISO 857-1-
2009, taking into account the energy loss coefficient of 0.8:

Table 1. Chemical composition of the 30HGSA steel (GOST 4543-2016)

Taonuua 1. Xumuuecxuii cocmag cmanu 30XI'CA (I'OCT 4543-2016)

Element C Si

Mn

Cr S P

Content, % 0.28-0.34 0.90-1.20

0.80-1.10

0.80-1.10 <0.025 <0.025
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Table 2 shows the surfacing modes for each welded
blank, and the values of the heat input of the surfacing
process.

Samples were cut from a wall deposited using the
WAAM method across the direction of deposition to study
changes in the structure and hardness along the height of
the grown metal.

The material chemical composition was determined
by emission spectral analysis on a Foundry-Master sta-
tionary optical emission analyzer — a high-precision la-
boratory multi-matrix analyzer with a sensitivity range
for most elements of 0.001 % (according to some data,
up to 0.0001 %).

The metal microstructure was studied on microsections
using an Altami MET 1C optical microscope at magnifica-
tions of x50, x100, x200, and x500. Sample preparation
was carried out according to standard technique (mechani-
cal grinding with sandpaper of different grain sizes and

polishing using various pastes). Etching was carried out
with a 4 % aqueous solution of nitric acid [21].

RESULTS

During the study of the chemical composition of
the samples, data reflected in the diagram (Fig.2) were
obtained. The original wire was sample No. 0 shown in
Fig. 2. The content of other chemical elements acting as

impurities is constant in all studied samples, so these ele-
ments are not shown in Fig. 2.

During the study of the microstructure of the samples,
practically no technological defects were identified. Large
single defects were found only on samples manufactured
using modes No. 3 and 7 (Fig. 3).

To compare the quality of different surfacing modes,
the microstructure was studied in different regions along
the height of the deposited wall of the samples (Fig. 4).

The main microstructural changes are presented in
Fig 5-7, and correspond to samples melted using modes
No. 1, 5 and 9, respectively, since they allow assessing
the main changes in the height of the deposited metal most
completely.

In sample No. 1, the wall microstructure near the sub-
strate consists of tempered bainite (Fig. 5 a). In the center
of the sample, the bainite structure is generally preserved,
but the appearance of other structural components
(troostite) is visible. At the top of the sample, the micro-
structure changes, and consists predominantly of tro-
ostosorbite (Fig. 5 ¢), while the columnarity of the grains
caused by the temperature gradient during cooling of
the deposited bead is partially retained. Clearly defined
ferrite grains are observed. One should note that the last
deposited layers of sample No. 1 are characterized by
a rather high degree of grain size nonhomogeneity.

The microstructure of sample No. 5 near the substrate
is also represented by tempered bainite (Fig. 6 a). In this
sample, the tendency for a uniform transition from
the bainite structure to the troostosorbite structure

Table 2. Deposition modes for each blank produced by the WAAM method
Tabnuya 2. Pedicumosl naniagku 015 KaxicoOll 3a20MosKuy, noyueHnol memooom WAAM

Blank No. 1 2 3 4 5 6 7 8 9
LA 120 160 200 120 160 200 120 160 200
U,B 18 18 18 24 24 24 27 27 27

0, J/mm 518.4 691.2 864.0 691.2 921.6 1,152.0 777.6 1,036.8 1,296.0
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Fig. 2. Change in the content of alloying elements depending on the deposition mode
Puc. 2. H3menenue co0epircanus 1e2upyouux d1eMeHmos 6 3a6UCUMOCHIU O PeXCUMa HANAA6KU

Fragment_1 i i
Length: 1543 um : 3

. Fragment_1
Length: 689 um b5 ;A"._:_-;_

& w@rie

Fig. 3. Defects identified in the structure of samples, x50:
a — sample No. 3; b — sample No. 7
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Fig. 4. Location of characteristic zones for studying the microstructure of the sample:
1 — base; 2 — center; 3 —top
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Fig. 5. Microstructure of the deposited wall (30HGSA steel, sample No. 1, 0=518.4 J/mm) (x500):
a — near the substrate; b — in the center of the sample; ¢ — at the top of the sample
Puc. 5. Muxpocmpyxmypa nannasnennoi cmenxu (cmaiv 30XI'CA, obpasey Ne 1, Q=518,4 [oic/mm) (%500):
a — 86au3u noonoxcku, b — 6 yenmpe obpasya; ¢ — 6 sepuiune obpasya

Fig. 6. Microstructure of the deposited wall (30HGSA steel, sample No. 5, 0=921.6 J/mm) (x500):
a — near the substrate; b — in the center of the sample; ¢ — at the top of the sample
Puc. 6. Muxpocmpyxmypa nannaenennoii cmenku (cmanv 30XI'CA, obpazey Ne 5, Q=921,6 [oc/mm) (X500):
a — e6nu3u noonodcku; b — 6 yenmpe obpaszya; ¢ — 6 eepuiune 0o6pasya

Fig. 7. Microstructure of the deposited wall (30HGSA steel, sample No. 9, Q=1296 J/mm) (*500):
a — near the substrate; b — in the center of the sample; ¢ — at the top of the sample
Puc. 7. Muxpocmpyxmypa nannaenennou cmenxu (cmano 30XI'CA, obpasey Ne 9, Q=1296 [oc/mm) (x500):
a — gbnu3su noodnodcku; b — 6 yenmpe obpasya; ¢ — 6 eepuiune 0opasya

remains, but the structure change proceeds more smooth-
ly. The microstructure of all areas does not reveal grain
size nonhomogeneity, and grain columnarity in the last
surfacing beads.

The microstructure of sample No. 9 near the surfacing,
mainly consists of tempered bainite (Fig. 7 a). One should
note that with this surfacing mode, inclusions of other

structural components (troostosorbite), are visible in
the main bainite structure. This sample also retains the ten-
dency of a gradual transition from the bainite structure to
the troostosorbite structure, but it is represented by larger
grains. In general, the microstructure of the sample deposit-
ed using mode No.9 is coarser than the structure of
the other samples.
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In samples No. 1-3, an area with a sharp change in
the structure relating to the last 2—3 layers of surfacing was
identified (Fig. 8).

The study of micrographs of different samples did not
reveal a large number of structural defects characteristic of
cast and welded products (pores, shrinkage cavities, etc.).
One should note that a highly dispersed structure was ob-
tained for all surfacing modes.

DISCUSSION

Based on the results of spectral analysis, the authors
found that when manufacturing products using 3D metal
printing technology, there is a decrease in the content of
carbon and main alloying elements, such as Si, Mn and Cr.
This phenomenon actively manifests itself during welding
and casting of metals, and is associated with the material
liquid state. Technologically, the process of 3D metal print-
ing is similar to welding; therefore, a change in the content
of chemical elements is a loss of metal.

It was found that the C, Si and Cr content decreases al-
most linearly. One can note that when increasing the heat
input of the surfacing process, the proportion of loss in-
creases. The influence of the heat input of surfacing on
the Mn content is not so clear. It was found that the loss of
Mn is the same for samples deposited with the same volt-
age. The decrease in Mn content occurs in steps and corre-
sponds to a voltage increase during surfacing.

Microstructural analysis revealed virtually no defects
characteristic of cast or welded products (pores, shrink-
age cavities, etc.) [22]. Large single defects (shrinkage
cavities) were detected only in samples manufactured
according to modes No. 3 and 7 (Fig. 3). The above de-
fects were not detected in samples made using other sur-
facing modes.

When studying other sections of samples No. 3 and 7,
defects were not re-identified, which may indicate the non-

systemic nature of the formation of shrinkage cavities in the
samples. One can conclude that the occurrence of cavities is
not related to the surfacing mode, and is caused by a single
violation of the surfacing technology.

Summarizing the microstructural analysis data, one
can identify zoning in the deposited material depending
on the order of the deposited layer, with the zones
smoothly transitioning from one to another (except for
samples No. 1-3). Thus, near the substrate, the structure
is represented by tempered bainite. The occurrence of
this structure is caused by a rather high cooling tempera-
ture after surfacing, and the supply of sufficient heat
energy during surfacing of subsequent layers. The mi-
crostructure of the middle deposited layers of 30HGSA
steel, in addition to bainite, contained troostite, which
can be explained by the slower cooling of this area, dur-
ing which the S-curve nose was affected (Fig. 5Db).
The energy supplied after surfacing is also sufficient for
tempering processes to occur. According to mode No. 5,
the most homogeneous microstructure is formed, which
should ensure isotropy of properties.

In the last deposited layers, troostosorbite is detected,
but in sample No. 1, grain size nonhomogeneity with
a sharp zone transition is observed (Fig. 8), which may be
associated with the shorter time when the metal of these
areas is at temperatures close to critical; sample No. 9 has
coarse grains with columnar crystals. These shortcomings
lead to a decrease in strength properties, and unsatisfactory
results during subsequent heat treatment.

Unlike samples No. 1 and 9, these defects were not
found in the upper layers of sample No. 5. Consequently,
even without heat treatment, this structure is more effi-
cient, and further heat treatment according to the correct
mode will only improve the properties of the deposited
30HGSA metal.

The described differences in the microstructure of
the samples are explained by the heat input during

Fig. 8. Example of an area with a sharp change in the structure, <100
Puc. 8. [Ipumep obnacmu c pe3xum usmenenuem cmpykmypul, *100
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surfacing, and the cooling rate. Due to the relatively
small heat input (compared to other modes), sample
No. 1 has a lower cooling rate, which facilitates the
phase transformation of steel, through the diffusion
mechanism. Therefore, troostite and ferrite grains appear
in the microstructure (Fig. 5 ¢).

For sample No. 5, the amount of heat input during
the surfacing process is optimal, so the temperature gradient
between the metal and the environment is sufficient, so that
after surfacing, the 30HGSA steel cools at the rate neces-
sary for the formation of highly dispersed bainite. A similar
bainitic structure in the 30HGSA steel is formed during
the fabrication of welds [23].

The heat input of surfacing for sample No. 9 promotes
the bainite formation; however, a large amount of heat in-
put provokes grain growth, which makes the structure of
the upper layers coarser.

Pores of various sizes were observed in the deposited
samples (Fig.3), and this fact raises the question of
the permissible porosity level. The same question arose in
[24] in relation to SLM technology, which is related to
WAAM technology. As the authors note, controlling
the energy density in limited areas of the SLM process cur-
rently used for porosity prediction is insufficient consider-
ing the complexity of the process. This statement is also
applicable to WAAM.

Thus, the 30HGSA steel microstructure has zones
whose structural composition does not depend on the sur-
facing mode, but the surfacing mode affects the structure
dispersion and defectiveness. Different results were ob-
tained for 09G2S and 06H19NOIT steels [25]. Obtaining
results different from those described above may be caused
by different weldability of the steel grades under considera-
tion. 30HGSA steel, unlike 09G2S and 06H19NIT steels,
is partially weldable. The presence of zoning along
the height of the deposited metal was also observed in
titanium alloys [26].

Microstructural analysis of samples produced under dif-
ferent surfacing modes identified that the most favorable
metal structure is the structure of sample No. 5 (/=160 A,
U=24 V, 0=921.6 J/mm), which gives grounds to use it as
a working material for further research.

It is necessary as well to carry out additional work to
demonstrate the corrosion resistance of samples produced
by the WAAM method. In paper [27], using the example of
corrosion-resistant SS 316 steel, it is shown that samples
produced by the WAAM method have higher corrosion
resistance than samples produced by sand casting. At
the same time, the lower deposited layers of the WAAM
samples had lower corrosion resistance than the upper ones,
which is associated with the difference in heat input. Tak-
ing into account the non-homogeneity of the 30HGSA steel
microstructure along the height of the deposited wall, one
should also expect a scatter in the corrosion properties in
this section.

However, in [28], the opposite is shown using the ex-
ample of magnesium alloys. The authors tried to obtain
a magnesium alloy using WAAM technology with the pro-
spect of using it in biomedicine. However, at this stage of
technology development, this is impossible due to the re-
duced corrosion resistance, and biocompatibility of magne-

sium alloys produced by the WAAM method. Similar prob-
lems are observed for steels.

The work [29] raises the problems of certification of
WAAM products, and non-destructive testing. This is
a labor-intensive task, since initially it is necessary to re-
move the WAAM surfacing method from the category of
research ones, and used mainly for single production. Only
after this, it will be possible to talk about the development
of standards that will allow evaluating correctly, the proper-
ties of manufactured products.

CONCLUSIONS

1. When surfacing products using various surfacing
modes, a change in the material chemical composition is
observed, associated with the loss of chemical elements.
The degree of loss of C, Cr and Si increases with increasing
heat input of the layer surfacing (Q) and changes almost
linearly. Mn loss depends on the 3D printing voltage.

2. The metal microstructure does not undergo signifi-
cant changes when the surfacing mode changes. The main
tendencies in the change in the structure along the sample
height are preserved: a gradual transition from a bainite
structure near the substrate to a troostosorbite structure cor-
responding to the last surfacing beads, is observed.

3. For all samples, a large number of systemically
formed structural defects characteristic of cast and welded
products (pores, shrinkage cavities, etc.) was not identified.
One should note that a highly dispersed structure was ob-
tained in all samples, regardless of the 3D printing parame-
ters. The exception is the sample deposited using mode
No.9 (/=200 A, U=27V, Q=1296 J/mm): in this case,
the resulting structure was characterized by a larger grain
size than the structure of the other samples.

4. The structure of sample No.5 (/=160 A, U=24V,
(0=921.6 J/mm) was recognized as the most favorable metal
structure suitable for subsequent use in the production of
goods using 3D printing.

REFERENCES

1. Li Johnnie Liew Zhong, Alkahari M.R., Rosli N.A.B.,
Hasan R., Sudin M.N., Ramli F.R. Review of Wire Arc
Additive Manufacturing for 3D Metal Printing. Interna-
tional Journal of Automation Technology, 2019, vol. 13,
no. 3, pp. 346-353. DOI: 10.20965/ijat.2019.p0346.

2. Ding Donghong, Pan Zengxi, Cuiuri D., Li Huijun.
Wire-feed additive manufacturing of metal compo-
nents: technologies, developments and future inte-
rests. The International Journal of Advanced Manu-
facturing Technology, 2015, vol. 81, pp. 465-481.
DOI: 10.1007/s00170-015-7077-3.

3. Wu Bintao, Pan Zengxi, Ding Donghong, Cuiuri D.,
Li Huijun, Xu Jing, Norrish J. A review of the wire
arc additive manufacturing of metals: Properties, de-
fects and quality improvement. Journal of Manufac-
turing Processes, 2018, vol. 35, pp. 127-139.
DOI: 10.1016/j.jmapro.2018.08.001.

4. Oskolkov A.A., Matveev E.V., Bezukladnikov LI,
Trushnikov D.N., Krotova E.L. Advanced technologies
for additive manufacturing of metal product. Bulletin of

Frontier Materials & Technologies. 2024. No. 3

69


https://doi.org/10.20965/ijat.2019.p0346
https://doi.org/10.1007/s00170-015-7077-3
https://doi.org/10.1016/j.jmapro.2018.08.001

Kabaldin Yu.G., Anosov M.S., Mordovina Yu.S. et al. “The influence of 3D printing mode on the chemical composition...”

Perm national research polytechnic university. Mecha-
nical engineering, materials science, 2018, vol. 20, no. 3,
pp. 90-105. DOI: 10.15593/2224-9877/2018.3.11.

5. Cunningham C.R., Wikshéaland S., Xu F., Kemakolam N.,
Shokrani A., Dhokia V., Newman S.T. Cost modelling
and sensitivity analysis of wire and arc additive manu-
facturing. Procedia Manufacturing, 2017, vol. 11,
pp. 650—657. DOI: 10.1016/j.promfg.2017.07.163.

6. Pant H., Arora A., Gopakumar G.S., Chadha U., Saeidi A.,
Patterson A.E. Applications of wire arc additive manu-
facturing (WAAM) for aerospace component manufac-
turing. The International Journal of Advanced Manufac-
turing Technology, 2023, vol. 127, pp. 4995-5011.
DOI: 10.1007/s00170-023-11623-7.

7. Wang Fude, Williams S., Rush M. Morphology investiga-
tion on direct current pulsed gas tungsten arc welded addi-
tive layer manufactured Ti6Al4V alloy. The International
Journal of Advanced Manufacturing Technology, 2011,
vol. 57, pp. 597-603. DOI: 10.1007/s00170-011-3299-1.

8. Ahmadkhaniha D., Moéller H., Zanella C. Studying
the Microstructural Effect of Selective Laser Melting and
Electropolishing on the Performance of Maraging Steel.
Journal of Materials Engineering and Performance, 2021,
vol. 30, pp. 6588-6605. DOI: 10.1007/s11665-021-05927-6.

9. Beese A.M., Carroll B.E. Review of mechanical proper-
ties of Ti-6Al-4V made by laser-based additive manu-
facturing using powder feedstock. JOM, 2016, vol. 68,
pp. 724-734. DOI: 10.1007/s11837-015-1759-z.

10.Kirka M.M., Lee Y., Greeley D.A., Okello A,
Goin M.J., Pearce M.T., Dehoff R.R. Strategy for texture
management in metals additive manufacturing. JOM,
2017, vol. 69, pp. 523-531. DOI: 10.1007/s11837-017-
2264-3.

11. Williams S.W., Martina F., Addison A.C., Ding J., Par-
dal G., Colegrove P. Wire + arc additive manufacturing.
Materials Science and Technology, 2016, vol. 32, no. 7,
pp. 641-647. DOI: 10.1179/1743284715Y.0000000073.

12. Gu Jianglong, Ding Jialuo, Williams S.W., Gu Huimin,
Bai Jing, Zhai Yuchun, Ma Peihua. The strengthening
effect of inter-layer cold working and post-deposition
heat treatment on the additively manufactured Al-6.3Cu
alloy. Materials Science and Engineering: A, 2016,
vol. 651, pp. 18-26. DOI: 10.1016/j.msea.2015.10.101.

13. Guo Nannan, Leu Ming. Additive manufacturing: Tech-
nology, applications and research needs. Frontiers of
Mechanical Engineering, 2013, vol. 8, pp. 215-243.
DOI: 10.1007/s11465-013-0248-8.

14.Xu Fujia, Lv Yaohui, Liu Yuxin, Shu Fengyuan,
He Peng, Xu Binshi. Microstructural Evolution and Me-
chanical Properties of Inconel 625 Alloy during Pulsed
Plasma Arc Deposition Process. Journal of Material
Science and Technology, 2013, vol. 29, no. 5, pp. 480—
488. DOI: 10.1016/j.jmst.2013.02.010.

15.Kudryashov V.A., Lapyshev A.A. The creation of addi-
tive technologies taking into account the fatigue beha-
viour of a material in aviation engineering. Izvestiya of
Samara Scientific Center of the Russian Academy of
Sciences, 2018, vol.20, no.4-3, pp. 406-413.
EDN: YVOALR.

16.Kubanova A.N., Sergeev A.N., Dobrovolskiy N.M.,
Gvozdev A.E., Medvedev P.N., Maliy D.V. Materials

and technologies for production products by additive
manufacturing. Chebyshevskii sbornik, 2019, vol. 20,
no. 3, pp. 453-477. DOI: 10.22405/2226-8383-2019-20-
3-453-477.

17. Terentev V.F., Korableva S.A. Ustalost metallov [Fa-
tigue of metals]. Moscow, Nauka Publ., 2015. 484 p.
18.Kabaldin Yu.G., Shatagin D.A., Anosov M.S., Kol-
chin P.V., Kiselev A.V. Diagnostics of 3D printing
on a CNC machine by machine learning. Russian engi-
neering research, 2021, vol. 41, no. 4, pp. 320-324.

DOI: 10.3103/S1068798X21040109.

19. Atroshchenko V.V., Tefanov V.N., Kraev K.A. Revi-
sited the control of metal transfer during welding by
consumable electrode with a short circuit of arc interval.
Vestnik USATU, 2008, vol. 11, no.2, pp. 146-154.
EDN: JXECOH.

20. Anosov M.C., Shatagin D.A., Chernigin M.A,
Mordovina Yu.S., Anosova E.S. Structure formation of
Np-30KHGSA alloy in wire and arc additive manufac-
turing. Izvestiya. Ferrous Metallurgy (Izvestiya vuzov.
Chernaya Metallurgiya), 2023, vol. 66, no. 3, pp. 294—
301. DOI: 10.17073/0368-0797-2023-3-294-301.

21.Jovicevi¢-Klug P., Lipovsek N., Jovicevi¢c-Klug M.,
Podgornik B. Optimized Preparation of Deep Cryogenic
Treated Steel and Al-alloy Samples for Optimal Micro-
structure Imaging Results. Materials Today Communi-
cations, 2021, wvol.27, article number 102211.
DOI: 10.1016/j.mtcomm.2021.102211.

22.Rybakov A.A., Filipchuk T.N., Demchenko Yu.V. Op-
timization of the chemical composition and structure of
the metal of repair welds when fixing defects in welded
pipe joints using multilayer welding. The Paton Welding
Journal, 2013, no. 12, pp. 24-30. EDN: SYLXOT.

23.Chinakhov D.A., Skakov M.K., Gradoboev A.V.,
Uvaliev B.K., Sharov V.V. Change of microstructure
and mechanical properties of multilayered connections
from steel 30XGSA at fusion welding using different
methods. Bulletin of the Tomsk Polytechnic University.
Geo Assets Engineering, 2008, vol. 313, no. 2, pp. 119-
122. EDN: JVJFVT.

24.Balyakin A.V., Zhuchenko E.I, Smirnov G.V,,
Pronichev N.D. The investigation of negative techno-
logical heredity appearance during GTE parts manufac-
turing by SLM method. Izvestiya of Samara Scientific
Center of the Russian Academy of Sciences, 2019,
vol. 21, no. 1, pp. 61-70. EDN: XHSWIU.

25.Zhatkin S.S., Nikitin K.V., Deev V.B., Pankratov S.S.,
Dunaev D.A. Application of electric arc surfacing in
the manufacturing of three-dimensional steel products.
Izvestiya.  Ferrous Metallurgy (Izvestiva  vuzov.
Chernaya Metallurgiya), 2020, vol. 63, no. 6, pp. 443—
450. DOI: 10.17073/0368-0797-2020-6-443-450.

26. Wang Fude, Williams S., Colegrove P., Antonysamy A.A.
Microstructure and Mechanical Properties of Wire
and Arc Additive Manufactured Ti—6Al1-4V. Metal-
lurgical and Materials Transactions A, 2013, vol. 44,
pp- 968-977. DOI: 10.1007/s11661-012-1444-6.

27.Giirol U., Kocaman E., Dilibal S., Ko¢ak M. A compa-
rative study on the microstructure, mechanical proper-
ties, wear and corrosion behaviors of SS 316 austenitic
stainless steels manufactured by casting and WAAM

70

Frontier Materials & Technologies. 2024. No. 3


https://doi.org/10.15593/2224-9877/2018.3.11
https://doi.org/10.1016/j.promfg.2017.07.163
https://doi.org/10.1007/s00170-023-11623-7
https://doi.org/10.1007/s00170-011-3299-1
https://doi.org/10.1007/s11665-021-05927-6
https://doi.org/10.1007/s11837-015-1759-z
https://doi.org/10.1007/s11837-017-2264-3
https://doi.org/10.1007/s11837-017-2264-3
https://doi.org/10.1179/1743284715Y.0000000073
https://doi.org/10.1016/j.msea.2015.10.101
https://doi.org/10.1007/s11465-013-0248-8
https://doi.org/10.1016/j.jmst.2013.02.010
https://elibrary.ru/yvoalr
https://doi.org/10.22405/2226-8383-2019-20-3-453-477
https://doi.org/10.22405/2226-8383-2019-20-3-453-477
https://doi.org/10.3103/S1068798X21040109
https://elibrary.ru/jxecoh
https://doi.org/10.17073/0368-0797-2023-3-294-301
https://doi.org/10.1016/j.mtcomm.2021.102211
https://elibrary.ru/sylxot
https://elibrary.ru/jvjfvt
https://elibrary.ru/xhswiu
https://doi.org/10.17073/0368-0797-2020-6-443-450
https://doi.org/10.1007/s11661-012-1444-6

Kabaldin Yu.G., Anosov M.S., Mordovina Yu.S. et al. “The influence of 3D printing mode on the chemical composition...”

technologies. CIRP Journal of Manufacturing Science
and  Technology, 2023, wvol.47, pp. 215-227.
DOI: 10.1016/j.cirpj.2023.10.005.

28.Takagi H., Sasahara H., Abe T., Sannomiya H.,
Nishiyama Sh., Ohta Sh., Nakamura K. Material-
property evaluation of magnesium alloys fabricated
using wire-and-arc-based additive manufacturing.
Additive Manufacturing, 2018, vol. 24, pp. 498-507.
DOI: 10.1016/J.ADDMA.2018.10.026.

29.Rodrigues T.A., Duarte V., Miranda R.M., Santos T.G.,
Oliveira J.P. Current Status and Perspectives on Wire
and Arc Additive Manufacturing (WAAM). Materials,
2019, wvol. 12, no.7, article number 1121.
DOI: 10.3390/mal2071121.

CIIUCOK JIMTEPATYPBI

1. Li Johnnie Liew Zhong, Alkahari M.R., Rosli N.A.B.,
Hasan R., Sudin M.N., Ramli F.R. Review of Wire Arc
Additive Manufacturing for 3D Metal Printing // Interna-
tional Journal of Automation Technology. 2019. Vol. 13.
Ne 3. P. 346-353. DOI: 10.20965/ijat.2019.p0346.

2. Ding Donghong, Pan Zengxi, Cuiuri D., Li Huijun.
Wire-feed additive manufacturing of metal components:
technologies, developments and future interests //
The International Journal of Advanced Manufacturing
Technology. 2015. Vol. 81. P. 465-481.
DOI: 10.1007/s00170-015-7077-3.

3. Wu Bintao, Pan Zengxi, Ding Donghong, Cuiuri D.,
Li Huijun, Xu Jing, Norrish J. A review of the wire arc
additive manufacturing of metals: Properties, de-
fects and quality improvement // Journal of Manu-
facturing Processes. 2018. Vol. 35. P. 127-139.
DOI: 10.1016/j.jmapro.2018.08.001.

4. OckonkoB A.A., Mateees E.B., besyknagaukos N.U.,
Tpyunukos JI.H., Kporosa E.JI. [lepenoBsie TexHO10-
TMHU aJJIUTUBHOTO MPOW3BOACTBAa METAJUTMYCCKHX H3J1e-
nuii // BectHuk TlepMCKOro HalMOHAIBHOTO HCCIIENO-
BaTeJIbCKOTO TOJIMTEXHUYECKOr0 YHHBepcuTeTa. Ma-
mUHOCTpoeHue, marepuanosenenue. 2018. T. 20. Ne 3.
C.90-105. DOI: 10.15593/2224-9877/2018.3.11.

5. Cunningham C.R., Wikshéland S., Xu F., Kemakolam N.,
Shokrani A., Dhokia V., Newman S.T. Cost modelling and
sensitivity analysis of wire and arc additive manufactu-
ring // Procedia Manufacturing. 2017. Vol. 11. P. 650-657.
DOI: 10.1016/j.promfg.2017.07.163.

6. Pant H., Arora A., Gopakumar G.S., Chadha U., Saeidi A.,
Patterson A.E. Applications of wire arc additive manu-
facturing (WAAM) for aerospace component manufac-
turing // The International Journal of Advanced Manu-
facturing Technology. 2023. Vol. 127. P. 4995-5011.
DOI: 10.1007/s00170-023-11623-7.

7. Wang Fude, Williams S., Rush M. Morphology investi-
gation on direct current pulsed gas tungsten arc welded
additive layer manufactured Ti6Al4V alloy // The Inter-
national Journal of Advanced Manufacturing Technolo-
gy. 2011. Vol. 57. P. 597-603. DOI: 10.1007/s00170-
011-3299-1.

8. Ahmadkhaniha D., Moller H., Zanella C. Studying
the Microstructural Effect of Selective Laser Melt-
ing and Electropolishing on the Performance of

Maraging Steel // Journal of Materials Engineering
and Performance. 2021. Vol.30. P. 6588-6605.
DOI: 10.1007/s11665-021-05927-6.

9. Beese A.M., Carroll B.E. Review of mechanical proper-
ties of Ti—-6Al-4V made by laser-based additive manu-
facturing using powder feedstock // JOM. 2016. Vol. 68.
P. 724-734. DOI: 10.1007/s11837-015-1759-z.

10. Kirka M.M., Lee Y., Greeley D.A., Okello A., Goin M.J.,
Pearce M.T., Dehoff R.R. Strategy for texture ma-
nagement in metals additive manufacturing // JOM.
2017. Vol. 69. P. 523-531. DOI: 10.1007/s11837-
017-2264-3.

11. Williams S.W., Martina F., Addison A.C., Ding J., Par-
dal G., Colegrove P. Wire + arc additive manufacturing //
Materials Science and Technology. 2016. Vol. 32, Ne 7.
P. 641-647. DOI: 10.1179/1743284715Y.0000000073.

12. Gu Jianglong, Ding Jialuo, Williams S.W., Gu Huimin,
Bai Jing, Zhai Yuchun, Ma Peihua. The strengthening
effect of inter-layer cold working and post-deposition
heat treatment on the additively manufactured Al-6.3Cu
alloy // Materials Science and Engineering: A. 2016.
Vol. 651. P. 18-26. DOI: 10.1016/j.msea.2015.10.101.

13. Guo Nannan, Leu Ming. Additive manufacturing: Tech-
nology, applications and research needs // Frontiers of
Mechanical Engineering. 2013. Vol. 8. P. 215-243.
DOI: 10.1007/s11465-013-0248-8.

14.Xu Fuyjia, Lv Yaohui, Liu Yuxin, Shu Fengyuan,
He Peng, Xu Binshi. Microstructural Evolution and Me-
chanical Properties of Inconel 625 Alloy during Pulsed
Plasma Arc Deposition Process // Journal of Material
Science and Technology. 2013. Vol. 29. Ne 5. P. 480—
488. DOI: 10.1016/j.jmst.2013.02.010.

15. Kynpsimos B.A., Jlanbies A.A. Co3nanue aJJUTUBHBIX
TEXHOJIOTHI C y4eTOM YCTaJOCTHOTO IMOBEJICHUsI Marte-
puana B aBHallMOHHOM HHXuHMpuHTe // W3Bectus Ca-
MapcKOro Hay4yHoro 1eHtpa Poccuiickodl akaneMuu Ha-
yk. 2018. T. 20. Ne 4-3. C. 406-413. EDN: YVOALR.

16.Ky6anoBa A.H., Ceprees A.H., Jlo6poBonbckuii H.M.,
I'so3neB A.E., Menseaes I1.H., Mammii JI.B. Ocoben-
HOCTH MAaTepHajoB M TEXHOJOTHH aJIMTUBHOTO MPOU3-
BojacTBa wu3genuit // UYeOwimeBckuit cOopHuk. 2019.
T.20. Ne3. C. 453-477. DOI: 10.22405/2226-8383-
2019-20-3-453-477.

17. TepentseB B.®., KopabneBa C.A. YcramocTs Meran-
noB. M.: Hayka, 2015. 484 c.

18. Kabamnua FO.I'., latarua .A., ArocoB M.C., Kom-
yud [1.B., Kucenes A.B. [lmarHoctmka mpoiecca
3D-neyatu Ha crtanke ¢ UIIY ¢ ucnonp3oBaHUEM MOJI-
XO0JI0B MamMHHOTO oOyueHus // BecTHUK MammHO-
crpoennsi. 2021. Ne 1. C. 55-59. DOI: 10.36652/0042-
4633-2021-1-55-59.

19. Atpomenko B.B., Tedanos B.H., Kpaes K.A. K Bompo-
cy 00 ymnpaBlieHHH NEPEHOCOM 3JIEKTPOIHOI0 MeTaia
IpY JYTOBO# CBapKe IUIABSIIMMCS 3JIEKTPOJIOM C KO-
POTKMMH 3aMBIKaHHUSIMH JYTOBOTO IIPOMEXyTKa //
Bectauk Y¢uMcKoro rocyIapcTBEHHOTO aBHAIIMOHHO-
ro TexHmdeckoro yHmeepcurera. 2008. T.11. Ne2.
C. 146-154. EDN: JXECOH.

20. AnocoB M.C., [atarun H.A., Yepnurua M.A., Mop-
nosuHa 10.C., AnocoBa E.C. CtpykTypoobOpazoBaHue
crutaBa Hn-30XT'CA npu aiAUTHUBHOM 3JIEKTPOLYTOBOM

Frontier Materials & Technologies. 2024. No. 3

71


https://doi.org/10.1016/j.cirpj.2023.10.005
https://doi.org/10.1016/j.addma.2018.10.026
https://doi.org/10.3390/ma12071121
https://doi.org/10.20965/ijat.2019.p0346
https://doi.org/10.1007/s00170-015-7077-3
https://doi.org/10.1016/j.jmapro.2018.08.001
https://doi.org/10.15593/2224-9877/2018.3.11
https://doi.org/10.1016/j.promfg.2017.07.163
https://doi.org/10.1007/s00170-023-11623-7
https://doi.org/10.1007/s00170-011-3299-1
https://doi.org/10.1007/s00170-011-3299-1
https://doi.org/10.1007/s11665-021-05927-6
https://doi.org/10.1007/s11837-015-1759-z
https://doi.org/10.1007/s11837-017-2264-3
https://doi.org/10.1007/s11837-017-2264-3
https://doi.org/10.1179/1743284715Y.0000000073
https://doi.org/10.1016/j.msea.2015.10.101
https://doi.org/10.1007/s11465-013-0248-8
https://doi.org/10.1016/j.jmst.2013.02.010
https://elibrary.ru/yvoalr
https://doi.org/10.22405/2226-8383-2019-20-3-453-477
https://doi.org/10.22405/2226-8383-2019-20-3-453-477
https://doi.org/10.36652/0042-4633-2021-1-55-59
https://doi.org/10.36652/0042-4633-2021-1-55-59
https://elibrary.ru/jxecoh

Kabaldin Yu.G., Anosov M.S., Mordovina Yu.S. et al. “The influence of 3D printing mode on the chemical composition...”

BBIpanBaHuM // VI3BecTHsl BBICIINX Y4eOHBIX 3aBele-
Huil. Yepnas meranmyprus. 2023. T. 66. Ne 3. C. 294—
301. DOLI: 10.17073/0368-0797-2023-3-294-301.

21.Jovicevi¢-Klug P., Lipovsek N., Jovicevi¢-Klug M.,
Podgornik B. Optimized Preparation of Deep Cryogenic
Treated Steel and Al-alloy Samples for Optimal Micro-
structure Imaging Results // Materials Today Communi-
cations. 2021. Vol.27. Article number 102211.
DOI: 10.1016/j.mtcomm.2021.102211.

22. PribakoB A.A., ®mwmmayk T.H., Jemuenko FO.B. On-
TUMHU3AIMS XUMHYECKOTO COCTaBa U CTPYKTYpBl METall-
Ja PEMOHTHBIX INBOB IPH HCIPABICHUH Je(EKTOB
B CBAPHBIX COCOWHEHMAX TPYO ¢ NPUMEHEHHEM MHOTO-
CIIOWHON cBapku // ABTomaruueckas cBapka. 2013.
Ne 12. C. 24-30. EDN: SYLXOT.

23.Yunaxo [I.A., CxakoB M.K., I'pano6oeB A.B., YBanu-
e b.K., Illapor B.B. M3meHeHHE MHKPOCTPYKTYpBI
Y MEXaHUYECKHX CBOICTB MHOTOCJIOHHBIX COEIUHEHHN
3 crai 30XT'CA mpu cBapke IUIaBICHHEM Pa3HBIMH
cniocobamu // M3Bectrss TOMCKOTO MONMMTEXHHYIECKOTO
yHuBepcuTeTa. MmxuHupuHT reopecypcoB. 2008.
T.313. Ne 2. C. 119-122. EDN: JVJEVT.

24.bansxkun A.B., Xyuenko E.W., Cmupnos I'.B., [Iponu-
yeB H./I. MccnenoBanue npo6iemM MOsSBISHUS HETATUB-
HOM TEXHOJIOIMYECKON HACIEACTBEHHOCTH IIPU M3rO0-
ToBieHUHU aetaneit ['T/] MeTogoM ceneKTUBHOrO Ja3ep-
Horo cruiaBienust // W3Bectust CamMapckoro Hay4HOTO
neHTpa Poccuiickoii akagemuu Hayk. 2019. T. 21. Ne 1.
C. 61-70. EDN: XHSWIU.

25. Xarknu C.C., Hukurun K.B., Jlees B.b., ITankparos C.C.,
Hynaes [I.A. [IpumeHeHue 31€KTpOAyroBON HamIaB-
KU JUIS CO3JaHUS TPEXMEPHBIX OOBEKTOB M3 CTaH //
W3Bectns BrIcmuX y4eOHBIX 3aBeAcHM. UepHas Me-
tamnyprust. 2020, T.63. Ne6. C. 443-450.
DOI: 10.17073/0368-0797-2020-6-443-450.

26. Wang Fude, Williams S., Colegrove P., Antony-
samy A.A. Microstructure and Mechanical Properties of
Wire and Arc Additive Manufactured Ti—6Al-4V //
Metallurgical and Materials Transactions A. 2013.
Vol. 44. P. 968-977. DOI: 10.1007/s11661-012-1444-6.

27.Giirol U., Kocaman E., Dilibal S., Kogak M. A compa-
rative study on the microstructure, mechanical proper-
ties, wear and corrosion behaviors of SS 316 austenitic
stainless steels manufactured by casting and WAAM
technologies // CIRP Journal of Manufacturing Science
and Technology. 2023. Vol.47. P. 215-227.
DOI: 10.1016/j.cirpj.2023.10.005.

28.Takagi H., Sasahara H., Abe T., Sannomiya H.,
Nishiyama Sh., Ohta Sh., Nakamura K. Material-
property evaluation of magnesium alloys fabricated
using wire-and-arc-based additive manufacturing //
Additive Manufacturing. 2018. Vol. 24. P. 498-507.
DOI: 10.1016/J.ADDMA.2018.10.026.

29. Rodrigues T.A., Duarte V., Miranda R.M., Santos T.G.,
Oliveira J.P. Current Status and Perspectives on
Wire and Arc Additive Manufacturing (WAAM) //
Materials. 2019. Vol. 12. Ne 7. Article number 1121.
DOI: 10.3390/mal2071121.

Bausinne pe:xuma 3D-neyaTy HAa XUMHYECKHI COCTaB
u cTpykrypy craau 30XT'CA

©2024

Kabanoun FOpuii I'eopeuesuu, NOKTOp TEXHUYCCKHX HAYK, nmpodeccop,
npodeccop kadenpsr «TexHosnorus u 000pya0BaHNE MAITHHOCTPOCHUS
Anocoe Makcum Cepzeeeuu™, KaHIUIAT TEXHUYECKUX HAYK, JAOICHT,
JoueHT kadeapsl «TexHoJI0rus 1 000pyI0BaHHE MAIIMHOCTPOSHHUS
Mopoosuna FOnua Cepzeegna, aciipanr,
WH)KEHEP 10 y4eOHOMY Ipolieccy HHCTUTYTA MEPEHOATOTOBKHU CIICIIHAIMCTOB
Yepnuzun Muxaun Anexceesuu, aCupanT,
ukenep kadeaps! «TexHonorus u 000pyAoBaHHE MATHHOCTPOCHUS)
Huoicecopoockuii cocyoapemeennwiti mexnuyeckuil yrugepcumem um. P.E. Anexceesa, Huowcrnuti Hogzopoo (Poccus)

*E-mail: anosov.ms@nntu.ru,
anosov-maksim@list.ru

IHocmynuna ¢ peoaxyuio 31.07.2023

Ipunama x nyoauxayuu 18.12.2023

Annomayusn: IIpoBeneHO HCcceI0BaHUE BINSHUS peKUMOB 3D-reuaTn Ha CTPYKTYpY M XMMHYECKHI cocTaB o0pas-

1oB u3 ctanu 30XT'CA (XxpomMaHCHIIb, aHTIL. chromansil), TTOTy4eHHBIX METOJIOM aJIUTHBHOW 3JIEKTPOYyrOBON HAIlIaBKH.
st uccnenoBaHus BIMSIHUS peXUMa dJIEKTPOAYIOBOM HAaIUIABKM Ha XMMHYECKHMH COCTAaB MCCIENAYEMOW CTaJM IIPOBEIEH
OINITHKO-3MHUCCHOHHBINH aHaM3 00pa3noB. OLeHKa BINSHHS PE)XKMMa HAIUIABKK HA MOJY4aeMyl0 CTPYKTYpY IPOBOJMIACH
MO BCEH BBICOTE HAIUIABIECHHBIX CTEHOK NpH yBenuueHUsx x50, X100, x200 u x500. B xo1e onTHKO-3MUCCHOHHOTO aHa-
JM3a BRIABICHO M3MEHEHHE XMMHYECKOT0 COCTaBa MaTepHalia, CBA3aHHOE C YTapoM XMMUYECKHUX 3JIEMEHTOB. Y CTaHOBJIE-
HO, 4TO cTerneHb yrapa C, Cr u Si pacTeT NpakTHYECKH JIMHEHHO U MPSMO MPOIOPIMOHAIbHA IIOTOHHON HEPTHU Harllas-
ku (Q, Jx/mMm). ToyHOTO BIMSIHMS POCTa BEIMYMHBI TIOTOHHON SHEPTHH HAIUIABKU Ha cojep)kaHue Mn He yCTaHOBJIEHO,
HO BBISIBJICHA B3aMMOCBSI3b MEX/y CTENEHBIO eTo yrapa u HanpsbkenueM (U, B) npu HammaBke oOpasios. B xoxe mukpo-
CTPYKTYPHBIX HCCIIEJIOBaHUI BCEX 00pa3IOB HE BBISBICHO OOJIBIIOTO KOJIMYECTBA CHCTEMHO O0Pa30BaBIIMXCS CTPYKTYP-
HBIX J1e()eKTOB, XapaKTEPHBIX JUISl JIUTHIX U CBAPHBIX M3/eNUi (TTOpHI, yCaJ0uHble PAKOBHHBI H T. [1.), YTO HMOATBEPKIAET
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BBICOKOE KadeCTBO META/Ia B M3ACIUAX, HONyYCHHBIX METONOM 3JIEKTPOIYrOBON HAIUIAaBKH. AHAIM3 MHUKPOCHHUMKOB,
C/IeNaHHBIX Ha PA3IMYHBIX Y4acTKax 00pasloB, IMO3BOJIMI ONpPEICIUTh, YTO MUKPOCTPYKTypa METajlla He MpeTepreBacT
CHJIbHBIX W3MEHEHHMH IIPU Pa3HBIX PEXMMAax HAIUIABKU, COXPAHSIOTCS OCHOBHBIC TCHICHIMHM M3MEHEHHS CTPYKTYPHI 110
BbIcOTE 00pa3na. Ha Bcex 00pasiax 0TME4eHO MOTydeHHE BHICOKOIUCIEPCHON CTPYKTYPHI BHE 3aBUCHMOCTH OT IapameT-
poB 3D-neuyaru. Hanbosee 6GnaronpusaTHON CTPYKTypOH MeTaiia, MOIXOMSIIEH sl OCIIEAYIONIero HCIONIb30BaHuUs IPU
TIPOU3BOJICTBE M3Aenuii MeTogoM 3D-meuarn, nmpu3HaHa CTPYKTypa oOpasiia, HalIaBiIeHHOTo 1o pexxumy Ne 5 (/=160 A,
U=24 B, 0=921,6 dx/mm). [JaHHBIH pEXUM MOKET OBITH MCIIONB30BaH IS JAIbHEHINEro M3ydeHus mpoOaeM aaIuTHB-
HOM 3nexTpoayrosoit Hamnasku ctanu 30XI'CA.

Knwueswvie cnoga: crans 30XI'CA; aaguTuBHas >JIEKTPOAYroBas HAIJaBKa, ONTHUECKHIM SMUCCHOHHBIM aHanu3;
MeTayurorpadudaeckue uccuenoBanus; 3D-neyaTs.
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Abstract: The paper covers the production, analysis of the microstructure, crystallographic texture and deformation
mechanisms of the ultrafine-grained (UFG) Zn—1%Mg—1%Fe zinc alloy demonstrating unique physical and mechanical
properties compared to its coarse-crystalline analogs. The zinc alloy with improved mechanical properties was developed
in two stages. At the first stage, based on the analysis of literature data, an alloy with the following chemical composition
was cast: Zn—1%Mg—1%Fe. Then, the alloy was subjected to high-pressure torsion (HPT) to improve mechanical
properties due to grain structure refinement and implementation of dynamic strain aging. The conducted mechanical
tensile tests of the samples and assessment of the alloy hardness showed that HPT treatment leads to an increase in its
tensile strength to 415 MPa, an increase in hardness to 144 HV, and an increase in ductility to 82 %. The obtained
mechanical characteristics demonstrate the suitability of using the developed alloy in medicine as some implants (stents)
requiring high applied loads. To explain the reasons for the improvement of the mechanical properties of this alloy,
the authors carried out comprehensive tests using microscopy and X-ray diffraction analysis. The microstructure analysis
showed that during the formation of the ultrafine-grained structure, a phase transition is implemented according to
the fOHOWing scheme: Zneutectic + MgZan leutectic T FeZn13 - anhase + Mgzznl Iphase + MgZHZparticles + anarticles~ It was found
that as a result of high pressure torsion in the main phases (Zn, Mg,Zn;;), the grain structure is refined, the density of
introduced defects increases, and a developed crystallographic texture consisting of basic, pyramidal, prismatic, and
twin texture components is formed. The study showed that the resistance of pyramidal, prismatic and twin texture
components at the initial stages of high-pressure torsion determines the level and anisotropy of the strength properties
of this alloy. The relationship between the discovered structural features of the produced alloy and its unique
mechanical properties is discussed.

Keywords: Zn—1%Mg-1%Fe alloy; phase transformations in zinc alloy; severe plastic deformation; X-ray scattering
methods; mechanical properties; strength; ductility; crystallographic texture.
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INTRODUCTION
Zinc alloys belong to a new class of biodegradable mate-

necessary to optimise its physical and mechanical properties
[1-4]. Traditionally, this goal is achieved by alloying pure

rials, that demonstrate excellent biocompatibility and biodeg-
radability along with relatively high mechanical strength and
sufficient ductility [1-4]. According to the literature,
the initial pure zinc is a very brittle material, and its low
mechanical properties (yield strength ~10 MPa, tensile
strength ~18 MPa, ductility 0.3 %) limit its scope of industri-
al application [5; 6]. To increase the potential for industrial
application of zinc, for example, as implants in medicine, it is

zinc with certain atoms (Mg, Li, Ca, Fe, Mn, Ag, Cu, etc.),
and performing thermomechanical treatment [1-4]. How-
ever, most zinc alloys produced in this way, suitable for im-
plants, may contain elements toxic to the human body. In this
regard, the scientific community is still searching for new
materials that, on the one hand, should meet the desired me-
chanical characteristics for implants, and on the other hand,
be biocompatible.
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As is known, when developing biodegradable implants
from various alloys, it is necessary to control the corro-
sion rate, since at high rates, the mechanical integrity of
the implants is disrupted before the bone heals, and at too
slow corrosion rate, inflammatory processes can be acti-
vated [7-9]. Clinical studies have shown that in Zn—xAl
system implants, the risk of an inflammatory reaction in-
creases [10], and alloying zinc with Fe atoms significantly
reduces it [11]. As is known, Fe is one of the most im-
portant elements in the human body, but excessive addi-
tion of Fe to Zn leads to the formation of a brittle FeZn 3
phase, which worsens the mechanical characteristics of
Zn-Fe alloys [12]. On the other hand, adding a certain
amount of Mg atoms can also strengthen the Zn phase, but
the strength and ductility of the resulting Zn—Mg alloys
still remain relatively low [13]. In particular, the authors
of [13] showed that the ultimate tensile strength of
the Zn—-Mg alloy can increase to 125 MPa with an in-
crease in the Mg content from 0.1 to 0.8 %, however,
the ductility of the resulting alloy remains low (less than
1 %). With a further increase in the Mg content in the al-
loy to 3.0 %, it is possible to achieve an increase in
the ultimate tensile strength to ~150 MPa, and the elonga-
tion before failure increases to only 2 % [14; 15]. More-
over, studies have shown that an increase in the Mg content
in Zn also leads to an increase in the hardness of the ob-
tained alloy [11; 16]. In particular, it was demonstrated
that adding 1 wt. % of Mg to pure Zn, leads to an increase
in its hardness from 40 to 78 HV according to the Vickers
scale [16], and in [11], the authors have shown that
the hardness of the Zn—1.3%Fe alloy can reach 56 HV.

The conducted literature analysis revealed that the Zn—
Mg-Fe system alloys can be used to produce zinc alloys
with increased strength and biocompatibility in medicine.
In this regard, Mg and Fe were also chosen as alloying ele-
ments in this work to create a zinc alloy with an improved
structure. The choice of these elements was also influenced
by the fact, that the solubility rate of Zn in the body is be-
tween the solubility rates of Mg and Fe, and the degradation
products are biocompatible [2; 7-9]. Moreover, the authors
of [17], as a result of varying the degree of alloying of zinc
with Mg and Fe atoms, found that the Zn—1%Mg—1%Fe
alloy, compared to other Mg and Fe contents in zinc, shows
the highest strength properties (ultimate tensile strength
ours is 157 MPa, yield strength o, is 148 Mpa), and an ac-
ceptable corrosion rate (0.027 mm/year). However, the duc-
tility & of the produced alloy was low (no more than 2.3 %)
[17]. Nevertheless, the improved mechanical properties,
satisfactory corrosion rate and biocompatibility of the coarse-
grained Zn-1%Mg—1%Fe alloy became the basis for
the authors of this work to choose this alloy for further op-
timisation of its strength characteristics and ductility, so
that it meets the required criteria for implants
(ours>300 MPa, 6,>200 MPa, &>15 %) [2]. In this case,
the authors of this work optimised the mechanical proper-
ties of Zn—1%Mg—1%Fe using the method of severe plastic
deformation (SPD) [18].

Recently, a number of studies [19; 20] have shown that
SPD methods can more effectively increase the strength
characteristics of zinc alloys by forming an ultrafine-
grained (UFG) structure, increasing the defectiveness of

the structure, and implementing the process of dynamic
deformation ageing, during which the strengthening phases
of the particle precipitate. At the same time, improving
the above-mentioned microstructure parameters, leading to
an increase in the mechanical properties of zinc alloys, is
possible, due to variations in the applied pressure, tempera-
ture, and degree of SPD. In this regard, in this work, im-
proving the mechanical properties of the cast Zn-Mg—Fe
alloy was also achieved by optimising the modes (pressure,
temperature, deformation degree), of high-pressure torsion
(HPT) [18; 19].

The aim of this work is, using high-pressure torsion
processing, to produce an ultrafine-grained Zn—1%Mg—
1%Fe zinc alloy, demonstrating the required mechani-
cal properties for application as implants (stents) in
medicine.

METHODS

Cylindrical specimens of Zn—-1%Mg—1%Fe alloy
(mass percent), with a diameter of 20 mm and a length of
120 mm were cast from high-purity Zn (>99.9 wt. %),
Mg (>99.9 wt. %) and Fe (>99.9 wt. %) at a temperature
of 600 °C in a chamber furnace using a graphite crucible.
To form a UFG structure in order to improve the strength
characteristics, tablets (radius R is 10 mm, thickness is
1.7 mm) of the alloy, cut from cylindrical specimens, were
subjected to HPT at room temperature (27 °C), and at
a temperature of 150 °C, varying the number of revolu-
tions from 0.5 to 10. After each stage of HPT, correspond-
ing to 0.5; 1; 2; 3; 6; 8 and 10 revolutions of the lower
striker (the deformation degree y corresponds to 28.5;
57.1; 114.2; 171.3; 342.6; 456.8 and 571.0 for the R/2
region, according to [18]), the authors analysed the me-
chanical properties and microstructure of the alloy.
The applied hydrostatic pressure during HPT was 6 GPa,
the striker rotation rate was set at 1 rpm. Mechanical ten-
sile tests of the alloy were performed, using a specialised
testing machine, for small samples (length of the working
part is 4 mm, thickness is 1 mm, width is 1 mm).
The working part of the tensile samples was located in the
area, which was at half the radius of the disk-shaped HPT
sample. The frequency of digitising of the deformation
values when recording the tensile curves, during continu-
ous testing of the samples was set to 4 Hz. The traverse
speed was 4-10"* mm/s. The microhardness of the alloy,
in each structural state, was measured by the Vickers
method on a universal Shimadzu HMV-G hardness tester
(Japan), with an indenter load of 100 g. The measurements
were performed in the area located at half the radius of
the disk-shaped HPT sample.

The fine structure parameters of the alloy, were deter-
mined by X-ray diffraction analysis (XRD). The XRD dif-
fraction patterns were measured on a Bruker D8 Advance
diffractometer (Germany) (Bragg—Brentano scheme).
The shooting was carried out in the continuous shooting
mode, at a rate of 1.5 °/min within the scattering angle 20
from 20 to 150°, on copper radiation generated at a voltage
of 40 kV and a current of 40 mA. Pulse counting was per-
formed using a LinxEye multichannel detector (Germany).
A Ni filter was installed in front of the detector to cut off
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unnecessary radiation. The lattice constant was estimated,
the average size of the coherent scattering domains (CSD)
was determined, and the dislocation density was calculated
using the PM2K program [21].

Qualitative X-ray phase analysis was performed, using
the PDF-2 diffraction database using the EVAplus pro-
gram (www.bruker.com). Quantitative X-ray phase analy-
sis, with identifying the ratio of the detected phases, was
performed applying the Rietveld method [22] using the
TOPAS program, ver. 4.2 (www.bruker.com). In this al-
gorithm, the atomic-structural parameters of all detected
phases are input into the model, and the theoretical dif-
fraction pattern is reproduced. For the best approximation
of the theoretical [ cauea curve to the experimental
Laiculaeds the fine structure parameters (lattice constant,
microstrain, crystallite size, and crystallographic texture)
are optimised, taking into account possible errors made
during shooting. The microstructure of the alloy under
study was analysed by scanning electron microscopy
(SEM), using an FEI Thermo Scientific Q250 scanning
electron microscope (USA). The main shooting characte-
ristics were: electron accelerating voltage — 25 kV, beam
diameter — 2 um, focal length — 10.0 mm, chamber pres-
sure — 5-107* Pa. Microstructure studies using X-ray dif-
fraction and SEM were conducted in the areas where me-
chanical tests were performed.

RESULTS

The results of mechanical tests of the Zn—1%Mg—1%Fe
alloy in different structural states, showed that HPT treat-
ment (except for microhardness at HPT 27 °C) leads to an
increase in its strength characteristics (Table 1). In particu-
lar, in the initial state, the Vickers microhardness of

the alloy did not exceed 118 HV. At the same time, the ap-
plication of 1 revolution of HPT treatment to the alloy at
room temperature, led to a decrease in the microhardness to
114 HV. With a subsequent increase in the degree of HPT
treatment to 6 revolutions, the microhardness of the alloy
naturally drops to 109 HV. At high degrees of deformation
(10 revolutions), the microhardness of the studied alloy
remains virtually unchanged. However, with an increase in
the temperature of the HPT treatment (1 revolution,
150 °C), on the contrary, even at the initial stages, a regular
increase in microhardness to 131 HV is observed (Table 1).
With a further increase in the number of revolutions of
the HPT treatment, the alloy demonstrates a slight decrease
in its microhardness (Table 1).

The results of mechanical tensile tests of the alloy are
also summarised in Table 1. In general, the analysis of
Table 1 indicates that the implementation of HPT treatment
even at the initial stages of processing (27 °C) leads to
an increase in the alloy strength and ductility. In particular,
after 1 HPT revolution, an increase in the ultimate tensile
strength to 289 MPa is observed, and the ductility reaches
95 %. As the number of HPT revolutions increases to 6,
the yield strength and ultimate tensile strength of the alloy
slightly decrease, and the level of ductility is maintained.
With high degrees of HPT treatment, implemented at room
temperature, the strength characteristics increase again, but
the ductility of the alloy decreases noticeably. On the other
hand, increasing the HPT temperature (150 °C) leads to
an increase in both the hardness value, and the values of
the ultimate tensile strength and ductility of the alloy. Thus,
after 1 HPT revolution, the ultimate tensile strength in-
creases to 399 MPa, which is 110 MPa more than that ob-
tained after 1 HPT (27 °C) revolution. After 3 HPT
(150 °C) revolutions, a further increase in the ultimate

Table 1. The values of microhardness and mechanical properties of the Zn—1%Mg—1%Fe alloy
Tabnuya 1. 3nauenuss Mukpomeepoocmu u Mexanuieckux ceoticmes cnnasa Zn—1I%Mg—1%Fe

State HV ¢,, MPa oyrs, MPa 0, %
Initial 118+3 28+2 33+3 6+1
1 rev. 114 +4 213+£12 289+ 11 95+5
3 rev. 112+ 4 189+ 10 271+9 96+ 4
HPT 27 °C
6 rev. 109+3 177+£9 255+12 97+6
10 rev. 110+ 4 191 £8 264+ 11 61+5
1 rev. 131+4 313+£13 399+ 15 85+6
3 rev. 129+3 312+ 14 415+£10 82 +4
HPT 150 °C
6 rev. 126 +5 307+9 394+ 13 86+ 5
10 rev. 128 +4 304+10 387+ 14 89+6

Note. HV is Vickers microhardness; o, is yield stress; oyrs is ultimate tensile strength, ¢ is percent elongation to fracture.
Tpumeuanue. HV — eenuuuna muxpomeepoocmu no Buxkepcy, o, — npeden mexyuecmu, Gyrs — npeoei npouHoCmiL;

0 — OmHOCUMenbHOe YOIUHeHUe 00 PA3PYIULEHUSL.
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tensile strength value is observed (up to 415 MPa), with
maintaining the ductility level. With a subsequent increase
in the HPT degree, the alloy strength characteristics de-
crease slightly, and its ductility increases slightly (Table 1).
In general, the mechanical tests showed that at the initial
stages of HPT treatment (1-3 revolutions), at a temperature
of 150 °C, the zinc alloy demonstrates high strength charac-
teristics with sufficient ductility (Table 1).

Fig. 1 shows the SEM images of the initial zinc alloy
microstructure, as well as the results of the surface distribu-
tion of Zn, Mg and Fe atoms over a random area of the po-
lished section. According to the phase diagram of Zn—-Mg
[23] and Zn—Fe [24], the phases of Zn, Mg,Zn,, and FeZn;
should be present in the cast Zn—-1%Mg—1%Fe alloy.
In fact, the data obtained by SEM and X-ray phase analysis
(data are given below) showed that the microstructure of
the studied alloy contains the Zn, Mg,Zn;; and FeZni;
phases (Fig. 1 a). In this case, according to the SEM data,
the Mg,Zn;; phase is concentrated at the boundaries of
the zinc phase (Fig. 1 a).

Since the atomic mass of Zn is greater than the atomic
mass of Mg, the relatively light oval-shaped areas belong to
the zinc phase, and the dark areas correspond to
the Mg,Zn;, phase (Fig. 1 a). The analysis of the micro-
structure by the elemental mapping method factually con-
firms the above-detected shape, and nature of occurrence of
the phases identified in the alloy (Fig. 1 b). Calculations
showed that the average grain diameter of the Zn phase is
88 um, and the size of the FeZn,; phase varies from 1.5 to
280 um (Fig. 1 a, 1 b).

Fig. 2 shows SEM images of the microstructure of
the studied alloy after heat treatment (150 °C), and HPT
processing carried out at different temperatures (27 and
150 °C). After heat treatment, the alloy microstructure con-
tains Zn, Mgy,Zn;; and FeZn,; phases. These phases are
marked with arrows in Fig. 2 a. It is also evident that cylin-
drical MgZn, particles precipitate in the Mg,Zn;; phase
(dark area) as a result of heat treatment (Fig. 1 a, inset).

We should note that in the cast state, MgZn, particles in
the Mg,Zn;, phase were not detected.

In the case of HPT treatment, even with a small rotation
of the anvils (0.5 revolution), noticeable changes in
the microstructure of the analysed alloy can be observed
(Fig. 2 b). These changes are mainly related to the fact that
a band structure of alternating Mg,Zn;;, Zn and FeZnj;
phases is formed in the alloy (Fig.2b). Moreover, HPT
treatment led to the fragmentation of FeZn; phase grains,
as well as a change in the shape and size of particles that
precipitated during annealing, (MgZn, particles in
the Mg,Zn,, phase) (Fig. 2 b, in the inset). With an increase
in the number of HPT revolutions, i.e. the degree of defor-
mation, both a decrease in the width of the bands of
the observed phases, and a further refinement of the grains
of each phase are observed. In particular, a typical micro-
structure of the alloy after 6 revolutions of HPT treatment is
shown in Fig. 2 c¢. For clarity, this microstructure is pre-
sented as a distribution map of the Zn, Mg and Fe elements
(Fig. 2 ¢). It is evident that in this state of the alloy,
the band structure consisting of Zn (green areas), Mg,Zn,
(blue areas) and FeZnj; (red areas) phases is maintained.
In contrast to the early HPT stages, after 6 revolutions,
a significant refinement of the grain structure is observed in
the Mg,Zn;; phase (Fig.2c, in the inset). According to
microscopy data, the average grain size of the Mg,Zn;,
phase was 320 nm.

At high degrees of HPT treatment (10 revolutions),
the alloy is characterised by a decrease in the thickness of
the bands corresponding to the Zn and Mg,Zn,; phases
(Fig. 2 d). Further refinement of the structure components is
observed in these bands (Fig. 2 d). In particular, in this
state, the grains of the Mg,Zn,, phase are also characterised
by an equiaxial structure, but the average grain size de-
creases to 230 nm. The analysis showed that at high HPT
revolutions, precipitated Zn and MgZn, particles of
spherical morphology could be randomly observed in
the Mg,Zn;, phase (Fig. 2 d, inset).

Fig. 1. Microstructure of the Zn—1%Mg—1%Fe alloy (in a random area of the section) in initial (as-cast) state:

a —image at *2400 magnification; b —

image of the distribution of Zn, Mg and Fe atoms at x500 magnification

Puc. 1. Muxpocmpyxmypa Zn—1%Mg—1%Fe cnnasa (8 npousgonsHom yuacmke waugha) 8 UcxoOHoM (TUMoM) COCIOSHUU:
a — uzobpasicenue npu yeenuuenuu *2400; b — uzobpasicenue pacnpedenenus amomos Zn, Mg u Fe npu ysenuuenuu *500
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Fig. 2. Microstructure of the Zn—1%Mg—1%Fe alloy in different structural states:
a — after heat treatment; b — after 0.5 rev. of HPT 27 °C; ¢ — after 6 rev. of HPT 27 °C;
d — after 10 rev. of HPT 27 °C; e — after 1 rev. of HPT 150 °C; f— after 3 rev. of HPT 150 °C
Puc. 2. Muxpocmpyxmypa Zn—1%Mg—1%Fe cnnasa 6 pasnuunbix CmpyKmMypHuIX COCIOSHUAX.!
a — nocie mepmuieckou oopabomiu; b —nocne 0,5 06. UIIJK 27 °C; ¢ — nocne 6 06. UIIJK 27 °C;
d —nocne 10 06. UTIJIK 27 °C; e — nocne 1 06. HIIJK 150 °C; f—nocne 3 06. UITJIK 150 °C
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When conducting HPT treatment of the alloy at an ele-
vated temperature (150 °C), a banded structure is formed
even after 1 revolution (Fig. 2 e). The average thickness of
the Mg,Zn,; phase plates in this state is 2.9 um, and inside
the plates, the average size of equiaxial grains is 362 nm.
A similar structure is observed when implementing high
degrees of HPT in the alloy at room temperature. With an
increase in the HPT degree, the thickness of the Zn and
MgZn, phase plates continues to decrease, and the grain size
in these phases becomes less than 300 nm (Fig. 2 f, inset).

Fig. 3 shows the diffraction patterns of the studied al-
loy in various structural states, as well as the general ap-
pearance of the diffraction pattern analysed by the Riet-
veld method (1 revolution, HPT, 27 °C). The results of
qualitative XRD showed that after heat treatment, the Zn,
Mg,Zn;,, FeZn;; and MgZn, phases can be identified in
the alloy. At the same time, when the alloy is exposed to
the HPT method, the general appearance of the diffrac-
tion patterns changes significantly (Fig. 3 a). Thus, even
after 0.5 revolution of HPT treatment (27 °C), suppres-
sion of reflexes corresponding to the FeZn;;, Mg,Zn;
phases and an increase in reflexes of the Zn phase are
observed (Fig. 3 a). In this case, the width of each reflex,
especially the Mg,Zn;; phase, increases significantly
compared to that characteristic of the initial state
(Fig. 3 a). With a further increase in the degree of HPT
treatment, the general appearance of the diffraction pat-
terns remains virtually unchanged (Fig. 3 a). However, it
should be noted that at high degrees of HPT treatment,
a further increase in the width of the reflexes and sup-
pression of the intensity of the reflexes corresponding to
the Mg,Zn,, phase are observed.

In the case of HPT treatment at a temperature of 150 °C,
an increase in the intensity of the MgZn, phase reflexes is
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observed already at the early stages (Fig. 3 a). In this case,
the reflexes corresponding to the Zn and Mg,Zn;; phases
become wider, as compared to those obtained after HPT
at 27 °C. With a further increase in the degree of HPT
treatment, an increase in the intensity of the reflexes corre-
sponding to the Zn and MgZn, phases, and an increase
in the width of their peaks are observed.

An example of the diffraction pattern analysis for the
alloy state after 1 HPT revolution is shown in Fig. 3 b.
It shows the theoretical and experimental diffraction pat-
terns, the difference line and the background line, the dif-
ference electron density for the main phase (Zn), and
the positions of the reflexes in the form of peak diagrams
(Fig. 3 b). It is evident that the change in the difference
value (PmeasuredPealeutated) OF the electron density of the ex-
periment, and theory for the main phase is extremely insig-
nificant and is contained in a small range of deviations
(from —1.35 to +1.35 units) (Fig. 3 b). At the same time,
the difference line also has small deviations (Fig. 3 b).
These facts indicate a high degree of convergence of
the experimental and calculated curves, and this increases
the reliability of the data obtained.

Fig. 4 shows the results of the quantitative ratio of
the analysed phases depending on the degree of HPT
treatment, as well as other characteristics of the micro-
structure of the main phases. The quantitative XRD data
showed that the use of HPT treatment leads, on the one
hand, to an increase in the mass fraction of the Zn phase
in the alloy, and on the other hand, to the suppression of
the content of the Mg,Z,;; and FeZn,; phases (Fig. 4 a).
Based on the analysis of the width and positions of re-
flexes in the diffraction pattern, the average size of the
CSD, the average dislocation density, and the values of
the lattice constant of the main phases were determined.
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Fig. 3. X-Ray diffraction patterns of the Zn—1%Mg—1%Fe alloy: a — general view of diffraction patterns:
1 — heat treatment; 2 — HPT, 1 rev., 27 °C; 3 — HPT, I rev., 150 °C; 4 — HPT, 3 rev., 27 °C; 5 — HPT, 3 rev., 150 °C;
6 — HPT, 6 rev., 27 °C; 7— HPT, 6 rev., 150 °C; 8 — HPT, 10 rev., 27 °C; 9 — HPT, 10 rev., 150 °C;
b — an example of the diffraction pattern processed by the Rietveld method: HPT, I rev., 27 °C
Puc. 3. Juppaxmocpammer cnnasa Zn—1%Mg—1%Fe: a — obwuii 6ud ougpaxmozpamm:
1 — mepmuueckas oopabomra, 2 — UMK, 1 06., 27 °C; 3 — UIIJK, 1 06., 150 °C; 4 — UIIJIK, 3 06., 27 °C;
5—HIJK, 3 06., 150 °C; 6 — HIIJIK, 6 06., 27 °C; 7 — HIIJIK, 6 06., 150 °C; 8 — UII[IK, 10 06., 27 °C; 9 — HITJIK, 10 06., 150 °C;
b — npumep obpabomannoii memooom Pumeenvoa ougpaxmoepammer: UIIJIK, 1 06., 27 °C
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These microstructure characteristics depending on
the degree and temperature of HPT treatment are shown
in Fig. 4 b—d.

Fig. 5 shows the changes in the crystallographic orienta-
tions of grains in the Zn phase depending on the degree and
temperature of HPT treatment. For a convenient and visual
understanding of the evolution of texture formation pro-
cesses, the preferred grain orientations in Fig. 5 are shown
in the form of an inverse pole figure (IPF) (0001), which is
parallel to the plane of the disk (sample). In the initial state
of the alloy, the Zn phase grains are characterised by
the presence of Dbasic {0001}<1000>, pyramidal
{10-11}<0-110> and {21-36}<1-210>, as well as pris-
matic {21-30}<1-210> and {31-40}<1-320> texture com-
ponents (Fig. 5). Moreover, compression twin components
{11-22}<uwtv> are revealed in some grains (Fig. 5). Ana-
lysis of the evolution of the crystallographic texture of Zn
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phase during HPT showed that the texture formation pro-
cesses, depending on the degree and temperature of its
treatment, have similarities and differences. In particular,
even after 1 revolution of HPT at 27 °C, the character of
the distribution of texture maxima on the (0001) IPF chang-
es sharply (Fig. 5). In this case, the basic {0001}<1000>
texture components are enhanced, while the prismatic
{21-30}<1-210> / {31-40}<1-320> and pyramidal
{21-36}<1-210> orientations, on the contrary, are suppressed.
At the same time, new components {11-21}<1-100>,
{20-21}<0-110> and {11-24}<1-100> of pyramidal grain
orientations, as well as components {10—12}<uwtv> of
tension twinning are formed (Fig. 5).

With an increase in the number of revolutions to 3,
the pyramidal, prismatic and twin texture components revealed
after 1 HPT revolution are suppressed, and the pole density
of the basic component is enhanced (Fig. 5). At high revo-
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Fig. 4. Patterns of change in fine structure parameters depending on the number of revolutions of the HPT treatment:
a — mass fraction of detected phases,; b — average size of coherent scattering domains and average dislocation density at 27 °C;
¢ — average size of coherent scattering domains and average dislocation density at 150 °C; d — lattice constant of Zn
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¢ — yepeonennozo pasmepa OKP u cpeoneii nnomuocmu oucnoxayuti npu 150 °C; d — nepuooa pewwemxu Zn
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Fig. 5. Inverse pole figures (0001) for the Zn phase in the initial state and after HPT treatment
Puc. 5. Obpammuvie nontocuvie gueypor (0001) ona pasvl Zn 6 ucxooHom cocmosHuu
u 6 cocmoanusax nocie UI/[K-obpabomku

lutions of the HPT treatment, further suppression of all tex-
ture components in favor of the basic one is observed,
which becomes the main texture component (Fig. 5).
During the HPT treatment of the alloy at a temperature
of 150 °C, the evolution of texture formation processes in
the Zn phase has its own characteristics. Thus, at the initial
stage (1 revolution) of the HPT treatment, compared to that
implemented during the HPT at 27 °C, additional texture
components are formed (Fig. 5). In particular, new compo-
nents related to the pyramidal {21-34}<1-210>,
{21-36}<1-210> and {31-44}<1-320> types are visible
on the IPF (Fig. 5). The pole densities of additional texture
components increase with an increase in the number of
HPT revolutions to 3 (Fig. 5). In this state, an increase in
the basic {0001}<1000> and prismatic {21-30}<1-210> /
{31-40}<1-320> texture components is also observed
(Fig. 5). At high degrees of HPT treatment, the basic
{0001}<1000> texture component predominates over all
other components of the crystallographic texture (Fig. 5).

DISCUSSION

The conducted studies have shown that the Zn—
1%Mg—1%Fe alloy subjected to HPT treatment demon-
strates increased strength characteristics along with suffi-
cient ductility during its extension (Table 1). To determine
the reasons for the increase in strength and ductility of this
alloy, comprehensive studies of its microstructure were
conducted. According to the conducted studies, the initial
Zn—Mg-Fe alloy subjected to heat treatment consists of
the Zn, Mg,Zn,; and FeZn3 phases. In this case, cylindri-
cal MgZn, particles precipitated in the Mg,Zn,; phase
(Fig. 2 a). Earlier, some works [25; 26] also noted that
MgZn, particles strengthening the alloy can precipitate in
the Mg,Zn;, phase.

The conducted analysis of the microstructure showed
that even at the early stages of HPT treatment (0.5 revo-
lution), the alloy does not exhibit eutectic structures

characteristic of the cast state. In this case, a band struc-
ture consisting of a mixture of the Zn, FeZn,;; and
Mg,Zn;; phases is formed, in which MgZn, particles pre-
cipitate (Fig. 2 b). MgZn, particles inside the Mg,Zn;
bands (darker areas) are revealed as numerous light areas
of different morphology (Fig. 2 b, inset). According to
microscopy data, with an increase in the degree and tem-
perature of HPT treatment, the width of the bands corre-
sponding to the Zn, Mg,Zn;, and FeZn,; phases decreas-
es. Moreover, a refinement of the structural components
is observed inside the bands of each phase. In particular,
the formation of equiaxial grains with a diameter of
230 nm in the Mg,Zn; bands is demonstrated in the inset
to Fig. 2 c. In addition to the structure refinement, at high
speeds of HPT treatment, Zn and MgZn, particles of
spherical morphology strengthening the alloy precipitate
in the Mg,Zn;, phase (Fig. 2 d, inset). With an increase in
the HPT temperature (150 °C), the dynamic strain ageing
process is implemented more completely. This fact is
explained by an increase in the proportion of MgZn, par-
ticles in the Mg,Zn;; phase (Fig. 4 a). In this regard, one
can argue that the role of dispersion, strengthening of
the alloy increases significantly with an increase in
the HPT temperature.

The obtained microscopy results are in good agree-
ment with the X-ray diffraction analysis data. In particu-
lar, the quantitative X-ray diffraction method found that
in the initial (as-cast) state of the alloy, the content of
the Zn, Mg,Zn,;, FeZn,; and MgZn, phases is 69.0, 17.3,
13.5, and 0.2 %, respectively (Fig. 4 a). According to
the literature data [23; 24], the mixture of Zn and
Mg,Zn;; phases is in the eutectic state, and this fact is
consistent with the SEM study data. At the same time,
the presence of the FeZn;; phase in the microstructure
was also identified as a result of the SEM analysis, and
traces of intense precipitation of MgZn, particles in
the Mg,Zn;; phase were observed after heat treatment of
the alloy (Fig. 2 a, 3 a).
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In the case of HPT treatment, even a small defor-
mation (0.5 revolutions) leads to changes in the ratio of
the identified phases. In particular, it is clear that after 0.5
HPT revolution, a regular decrease in the Mg,Zn,; and
FeZn,; mass fractions is observed (Fig. 4 a). At the same
time, the Zn mass fraction increases monotonically
(Fig. 4 a). An increase in the degree of deformation leads
to a further regular decrease in the content of the Mg,Zn;;
and FeZn;; phases (Fig. 4 a). At high degrees and an in-
crease in the HPT temperature, the Zn phase content, as
well as the MgZn, (precipitates) mass fraction increase
significantly (Fig. 4 a).

As is known [18; 19; 27; 28], metallic materials subject-
ed to HPT are characterised by a grain refinement, an in-
creased density of induced defects, a developed crystallo-
graphic texture and an extremely nonequilibrium state of
grain boundaries. The XRD analysis of the zinc alloy data
shows that the microstructure changes differently in each of
the main phases during HPT deformation. In particular,
the Mg,Zn;, phase is characterised by a sharp decrease in
the CSD size (Fig. 4 b), which can be associated with grain
refinement during HPT. It is evident that even at the initial
stages of HPT treatment (up to 1 revolution), the average
CSD size of the Mg,Zn;; phase decreases to ~30 nm
(Fig. 4 b). With an increase in the number of HPT revolu-
tions to 3, a further decrease in the average CSR size down
to ~20 nm is observed. At high HPT degrees, the average
CSD size in the Mg,Zn;; phase remains virtually un-
changed, and remains in the range of 18...22 nm (Fig. 4 b).
The same pattern of decrease in the CSD size in
the Mg,Zn;; phase is observed, with an increase in the HPT
temperature (Fig. 4 c). On the other hand, the process of
refinement of the structural elements in the Zn phase during
HPT treatment is not as effective as expected (Fig. 4 b).
In particular, it is obvious that at the early HPT stages
(up to 1 revolution), the average CSD size remains virtually
unchanged (Fig. 4 b). Only after reaching high degrees of
HPT treatment (after 10 revolutions), the average CSD size
in the Zn phase decreases to ~65 nm (Fig. 4 b). On the con-
trary, with an increase in the HPT temperature to 150 °C,
the CSD size of the Zn phase decreases significantly even
at the initial stages of deformation (Fig. 4 c¢). At high de-
grees of HPT, the CSD size of the Zn phase reaches satura-
tion and is ~50 nm.

Comparative analysis showed, that the average densities
of the induced defects in the analysed phases also change
non-monotonically (Fig. 4 b). In particular, in the Mg,Zny;
phase, after 3 HPT revolutions, the dislocation density
reaches its maximum value (~4.5-10"° m ™), and then de-
creases slightly with an increase in the number of revolu-
tions (Fig. 4 b). According to the X-ray diffraction data,
a similar trend is observed in the Zn phase. However, com-
pared to the Mg,Zn;, phase, it has a relatively low disloca-
tion density, not exceeding 0.8-10"° m > (Fig. 4 b). At high
degrees of HPT treatment, a decrease in the dislocation
density is observed in the Zn phase (Fig. 4 b). With an in-
crease in the HPT temperature to 150 °C, the dislocation
density in the Zn phase increases significantly (Fig. 4 c).
In this case, in the Mg,Zn,; phase, the dislocation density
values found, are comparable with those obtained after HPT
at 27 °C (Fig. 4 ¢).

The changes in the lattice constant values in the Zn
phase depending on the degree of HPT treatment shown in
Fig. 4 d are interesting. In particular, in the as-cast state,
the lattice constant of Zn along the edge a of the hexagonal
close-packed (hcp) lattice is 0.266549 nm, and along
the basic edge c, it is 0.494952 nm (Fig. 4 d). The values
found differ from the tabular data (a=0.26648 nm,
¢=0.49467 nm [29]), especially in the direction of the basis
c of the hep lattice. After 0.5 revolution of HPT treatment,
a gradual increase in the lattice constant along the edge q,
and a decrease in the value along the ¢ direction of the hcp
lattice are observed (Fig. 4 d). With a further increase in
the number of revolutions and the temperature of HPT,
the lattice constant of Zn along the edge a continues to in-
crease, and along the face c it normally decreases. This change
in the Zn lattice constant is most likely associated with
the presence of Fe and Mg impurity atoms in this phase, which
is supported by the SEM analysis data (Fig. 1 d).

As studies have shown, alloying Zn with Mg and Fe
atoms and conducting HPT treatment, made it possible to
increase significantly the alloy strength characteristics and
simultaneously increase its ductility (Table 1), which meet
the requirements for fixing bones and stents. Despite
the low tensile strength (33 MPa) of the initial alloy, its
microhardness (118 HV) is much higher than that of pure
zinc (41 HV according to [1]). As SEM studies have
shown, the initial alloy contains coarse Mg,Zn;; and FeZn3
phases (Fig. 1). Moreover, according to work [30],
the hardness of the Mg,Zn;; phase is ~300 HV and that of
the FeZn,; phase is 290 HV [31]. In this regard, the high
microhardness of the initial alloy can be explained by
the presence of coarse Mg,Zn;; and FeZn,; phases in its
structure. As a result of HPT treatment (e.g. after
1 revolution, 27 °C), the alloy strength increases to
289 MPa, however, the microhardness of the alloy in this
state is no more than 114 HV (Table 1). Studies have
shown that HPT treatment of the alloy causes both the
fragmentation of the Mg,Zn;; and FeZn;; phases (Fig. 2),
and a decrease in the content of these phases (Fig. 4).
At the same time, the proportion of the Zn phase increases
(Fig. 4). These facts apparently limit the growth of the alloy
microhardness, and explain the observed decrease in its
microhardness during HPT. In general, the formation of
a band structure consisting of the Zn, FeZn;3 and Mg,Zn;;
phases, grain refinement in the main phases, and the preci-
pitation of particles in them, turned out to be the main fac-
tors in the zinc alloy increasing its mechanical properties.
An equally important factor determining the level and ani-
sotropy of the strength properties of the alloy under study is
its developed crystallographic texture.

Analysis of the crystallographic textures showed that
the Zn phase grain orientations in the initial alloy belong to
the basic {0001}<1000>, pyramidal {10-11}<0-110> and
{21-36}<1-210>, as well as prismatic {21-30}<1-210>
and {31-40}<1-320> texture components. At the same time,
there are compression twin components {11-22}<uwtv>
(Fig. 5). However, when the alloy is subjected to HPT
treatment, the spatial orientation of the Zn phase grains
in the sample changes significantly, as indicated by the tex-
ture maxima redistribution on the (0001) IPF (Fig. 5).
In particular, already at the early stages of HPT treatment
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(after 1 revolution, 27 °C), suppression of prismatic and
pyramidal texture components, and strengthening of
the basic orientation of grains are observed. In this case,
other orientations of the pyramidal {11-21}<1-100>,
{20-21}<0-110> and {11-24}<1-100> types, as well as
{10-12}<uwtv> tension twin components are formed
(Fig. 5). With an increase in the number of HPT revolutions
to 3, the proportion of the basic {0001}<1000> component
increases, and all other identified grain orientations are
slightly suppressed. At high HPT degrees, further suppres-
sion of all texture components is observed in favour of
the basic one, which becomes the main one.

With increasing the HPT temperature (150 °C), the tex-
ture formation processes proceed identically with the pre-
dominance of the basic {0001}<1000> texture component
(Fig. 5). However, at the early stages of HPT at 150 °C,
except for the components characteristic of HPT at 27 °C,
new grain orientations are formed in the sample. In this
case, the pole densities of the new texture components in-
crease with an increase in the number of HPT revolutions
to 3 (Fig. 5). In this state, the basic {0001}<1000> and
prismatic {21-30}<1-210> / {31-40}<1-320> texture
components also increase (Fig. 5).

As shown by tensile tests, in the state after 3 revolutions
of HPT at 150 °C, the alloy demonstrates the highest me-
chanical properties (Table 1). In this state, the Zn phase
grains have pyramidal, prismatic and twin components of
the volume fraction texture, in addition to the basic one.
As is known [32; 33], the value of the critical shear stress,
which determines the onset of operation of certain slip sys-
tems, is minimal for basic systems, and has the highest
values for pyramidal, prismatic and twin systems. In this
regard, one can argue that the formation of pyramidal,
prismatic and twin texture components at the initial stages
of HPT treatment of the alloy, contributes to an increase
in its strength properties, since their operation requires high
loads. At high degrees of HPT, the main orientation is
the basic component, and for the operation of the alloy, i. e.
for the implementation of its plastic deformation, less im-
pact is required. The formation of a predominantly basic
texture component, can explain the decrease in the strength
properties of this alloy at high degrees of HPT.

The studies conducted using XRD and microscopy
methods showed that as a result of HPT, a unique UFG
structure consisting of the Zn, Mg,Zn;; and FeZn,; phases,
in which particles of spherical morphology precipitate, is
formed in the Zn-1%Mg-1%Fe alloy. During HPT,
the density of introduced structural defects also increases
and a developed crystallographic texture is formed.
The discovered facts indicate that dispersion, grain-
boundary (according to the Hall-Petch relationship), and
dislocation strengthening mechanisms are implemented
in the alloy. At the same time, the stability of the pyra-
midal, prismatic and twin texture components during
HPT treatment determine the level and anisotropy of
the strength properties of this alloy. In general, com-
pared to pure Zn, the Zn—1%Mg—1%Fe alloy, optimised
by the HPT method, exhibits higher strength properties
(tensile strength, hardness) with sufficient ductility, and
with such characteristics it can be used as implants for
some applications [34].

CONCLUSIONS

A new Zn—1%Mg—1%Fe alloy with improved mechani-
cal properties (ultimate tensile strength is 415 MPa, ductili-
ty is 82 %) to be used in medicine, as implants, has been
produced by alloying and forming a UFG structure in it as
a result of HPT (3 revolutions, 150 °C). It has been found
that HPT in the main phases (Zn and Mg,Zn,;) results in
effective refinement of the grain structure, and an increase
in the density of introduced defects. At the initial stages of
HPT, a developed crystallographic texture consisting of
basic, pyramidal, prismatic and twin texture components
is formed in the Zn phase. The stability of the pyramidal,
prismatic and twin texture components during HPT, de-
termines the level and anisotropy of the strength proper-
ties of this alloy. Effective refinement of grains in
the main phases and the formation of the UFG structure,
as well as the precipitation of spherical particles with
a high content, are the main factors increasing the me-
chanical properties of this alloy.

REFERENCES

1. Garcia-Mintegui C., Cordoba L.C., Buxadera-Palomero J.,
Marquina A., Jiménez-Piqué E., Ginebra M.-P., Cortina J.L.,
Pegueroles M. Zn-Mg and Zn-Cu alloys for stenting ap-
plications: From nanoscale mechanical characterization
to in vitro degradation and biocompatibility. Bioactive
Materials, 2021, vol.6, no.12, pp.4430-4446.
DOI: 10.1016/j.bioactmat.2021.04.015.

2. Wei Yuan, Dandan Xia, Shuilin Wu, Yufeng Zheng,
Zhenpeng Guan, Rau J.V. A review on current research
status of the surface modification of Zn-based bio-
degradable metals. Bioactive Materials, 2022, vol. 7,
pp. 192-216. DOI: 10.1016/j.bioactmat.2021.05.018.

3. Watroba M., Mech K., Bednarczyk W., Kawalko J.,
Marciszko-Wigckowska M., Marzec M., Shepherd D.E.T.,
Bata P. Long-term in vitro corrosion behavior of Zn-
3Ag and Zn-3Ag-0.5Mg alloys considered for biode-
gradable implant applications. Materials & Design,
2022, vol. 213, article number 110289.
DOI: 10.1016/j.matdes.2021.110289.

4. Huang Tian, Liu Zhilin, Wu Dachao, Yu Hailiang.
Microstructure, mechanical properties, and biodegra-
dation response of the grain-refined Zn alloys for po-
tential medical materials. Journal of materials re-
search and technology, 2021, vol. 15, pp. 226-240.
DOI: 10.1016/j.jmrt.2021.08.024.

5. Young J., Reddy R.G. Synthesis, mechanical proper-
ties, and in vitro corrosion behavior of biodegradable
Zn-Li—Cu alloys. Journal of Alloys and Compounds,
2020, vol. 844, article number 156257.
DOI: 10.1016/j.jallcom.2020.156257.

6. Zhuo Xiaoru, Wu Yuna, Ju Jia, Liu Huan, Jiang Jing-
hua, Hu Zhichao, Bai Jing, Xue Feng. Recent progress
of novel biodegradable zinc alloys: from the perspective
of strengthening and toughening. Journal of Materials
Research and Technology, 2022, vol. 17, pp. 244-269.
DOI: 10.1016/j.jmrt.2022.01.004.

7. Shao Xiaoxi, Wang Xiang, Xu Fangfang et al. In vivo bio-
compatibility and degradability of a Zn-Mg-Fe alloy
osteosynthesis system. Bioactive Materials, 2021, vol. 7,
pp. 154-166. DOI: 10.1016/j.bioactmat.2021.05.012.

84

Frontier Materials & Technologies. 2024. No. 3


https://doi.org/10.1016/j.bioactmat.2021.04.015
https://doi.org/10.1016/j.bioactmat.2021.05.018
https://doi.org/10.1016/j.matdes.2021.110289
https://doi.org/10.1016/j.jmrt.2021.08.024
https://doi.org/10.1016/j.jallcom.2020.156257
https://doi.org/10.1016/j.jmrt.2022.01.004
https://doi.org/10.1016/j.bioactmat.2021.05.012

Sitdikov V.D., Khafizova E.D., Polenok M.V. “Microstructure, crystallographic texture and mechanical properties...”

8. Su Yingchao, Fu Jiayin, Lee Wonsae, Du Shaokang,
Qin Yi-Xian, Zheng Yufeng, Wang Yadong, Zhu Dong-
hui. Improved mechanical, degradation, and biological
performances of Zn-Fe alloys as bioresorbable implants.
Bioactive Materials, 2022, vol. 17, pp.334-343.
DOI: 10.1016/j.bioactmat.2021.12.030.

9. He Jin, Li Da-Wei, He Feng-Li et al. A study of degra-
dation behaviour and biocompatibility of Zn-Fe alloy
prepared by electrodeposition. Materials Science and
Engineering: C, 2020, vol. 117, article number 111295.
DOI: 10.1016/j.msec.2020.111295.

10.Oliver A.A., Guillory R.J., Flom K.L., Morath L.M.,
Kolesar T.M., Mostaed E., Sikora-Jasinska M., Dre-
lich JJW., Goldman J. Analysis of vascular inflamma-
tion against bioresorbable Zn-Ag based alloys. ACS Ap-
plied Bio Materials, 2020, vol. 3, no. 10, pp. 6779—
6789. DOI: 10.1021/acsabm.0c00740.

11.Kafri A., Ovadia S., Goldman J., Drelich J., Aghion E.
The Suitability of Zn—1.3%Fe Alloy as a Biodegradable
Implant Material. Metals, 2018, vol. 8, no. 3, article
number 153. DOI: 10.3390/met8030153.

12.Shi Zhang-Zhi, Gao Xi-Xian, Chen Hong-Ting,
Liu Xue-Feng, Li Ang, Zhang Hai-Jun, Wang Lu-Ning.
Enhancement in mechanical and corrosion resistance
properties of a biodegradable Zn-Fe alloy through se-
cond phase refinement. Materials Science and Engi-
neering: C, 2020, vol. 116, article number 111197.
DOI: 10.1016/j.msec.2020.111197.

13. Shiyang Liu, Kent D., Doan Nghiem, Dargusch M.,
Gui Wang. Effects of deformation twinning on the me-
chanical properties of biodegradable Zn-Mg alloys. Bio-
active Materials, 2019, vol. 4, pp. 8-16.
DOI: 10.1016/j.bioactmat.2018.11.001.

14. Galib R.H., Sharif A. Development of Zn-Mg alloys as
a degradable biomaterial. Advances in Alloys and Com-
pounds, 2015, vol. 1, no. 1, pp. 1-7.

15. Vojtech D., Kubasek J., Serak J., Novak P. Mechanical
and corrosion properties of newly developed biode-
gradable Zn based alloys for bone fixation. Acta
Biomaterialia, 2011, vol.7, no.9, pp.3515-3522.
DOI: 10.1016/j.actbio.2011.05.008.

16.Li Huafang, Xie Xin-Hui, Zheng Yufeng et al. Deve-
lopment of biodegradable Zn-1X binary alloys with nu-
trient alloying elements Mg, Ca and Sr. Scientific Re-
ports, 2015, vol.5, article number 10719.
DOI: 10.1038/srep10719.

17. Xue Penghao, Ma Minglong, Li Yongjun, Li Xinggang,
Yuan Jiawei, Shi Guoliang, Wang Kaikun, Zhang Kui.
Microstructure, Mechanical Properties, and in Vitro
Corrosion Behavior of Biodegradable Zn-1Fe-xMg Al-
loy. Materials, 2020, vol. 13, no. 21, article number
4835. DOI: 10.3390/ma13214835.

18. Valiev R.Z., Islamgaliev R.K., Alexandrov 1.V. Bulk
nanostructured materials from severe plastic deformation.
Progress in Materials Science, 2000, vol.45, no.2,
pp- 103—189. DOI: 10.1016/S0079-6425(99)00007-9.

19. Sitdikov V.D., Khafizova E.D., Polenok M.V. Micro-
structure and properties of the Zn—1%Li—2%Mg alloy
subjected to severe plastic deformation. Frontier Mate-
rials & Technologies, 2023, no.2, pp.117-130.
DOI: 10.18323/2782-4039-2023-2-64-7.

20.Lugman M., Ali Y., Zaghloul M.M.Y., Sheikh F.A.,
Chan V., Abdal-hay A. Grain Refinement Mechanism

and its effect on Mechanical Properties and Biodegrada-
tion Behaviors of Zn Alloys — A Review. Journal of
Materials Research and Technology, 2023, vol. 24,
pp- 7338-7365. DOI: 10.1016/j.jmrt.2023.04.219.

21.Leoni M., Confente T., Scardi P. PM2K: A flexible pro-
gram implementing Whole Powder Pattern Modelling.
Zeitschrift fiir Kristallographie, Supplement, 2006,
vol. 1, no. 23, pp. 249-254.

22.Rietveld H.M. A profile refinement method for nu-
clear and magnetic structures. Journal of Applied
Crystallography, 1969, vol.2, no.2, pp.65-71.
DOI: 10.1107/S0021889869006558.

23. Pingli Jiang, Blawert C., Zheludkevich M.L. The Corro-
sion Performance and Mechanical Properties of Mg-Zn
Based Alloys — A Review. Corrosion and Materials
Degradation, 2020, vol.1, no.1, pp.92-158.
DOI: 10.3390/cmd1010007.

24.Shi Zhang-Zhi, Gao Xi-Xian, Zhang Hai-Jun, Liu Xue-
Feng, Li Hui-Yan, Zhou Chao, Yin Xu-Xia, Wang Lu-
Ning. Design biodegradable Zn alloys: Second phases
and their significant influences on alloy properties. Bio-
active Materials, 2020, vol.5, no.2, pp.210-218.
DOI: 10.1016/j.bioactmat.2020.02.010.

25.Ye Lifeng, Huang He, Sun Chao et al. Effect of grain
size and volume fraction of eutectic structure on
mechanical properties and corrosion behavior of as-cast
Zn-Mg binary alloys. Journal of Materials Research
and  Technology, 2021, vol.16, pp.1673-1685.
DOI: 10.1016/j.jmrt.2021.12.101.

26.Huang He, Liu Huan, Wang Lisha, Yan Kai, Li Yuhua,
Jiang Jinghua, Ma Aibin, Xue Feng, Bai Jing. Re-
vealing the effect of minor Ca and Sr additions on
microstructure evolution and mechanical properties
of Zn-0.6 Mg alloy during multi-pass equal channel
angular pressing. Journal of Alloys and Compounds,
2020, vol. 844, article number 155923.
DOI: 10.1016/j.jallcom.2020.155923.

27.Sitdikov V.D., Kulyasova O.B., Sitdikova G.F.,
Islamgaliev R.K., Yufeng Zheng. Structural-phase
transformations in the Zn-Li-Mg alloy exposed to the
severe plastic torsion deformation. Frontier Materials
& Technologies, 2022, no.3-2, pp.44-55.
DOI: 10.18323/2782-4039-2022-3-2-44-55.

28. Nazarov A.A. Nonequilibrium grain boundaries in bulk
nanostructured metals and their recovery under the in-
fluences of heating and cyclic deformation. Review.
Letters on materials, 2018, vol. 8, no. 3, pp. 372-381.
DOI: 10.22226/2410-3535-2018-3-372-381.

29. Wyckoff R.W.G. Hexagonal closest packed, hcp, struc-
ture. Crystal Structures. New York, Interscience Pub-
lishers Publ., 1963. Vol. 1, pp. 7-83.

30. Necas D., Marek 1., Pinc J., Vojtech D., Kubasek J. Ad-
vanced Zinc—Magnesium Alloys Prepared by Mechani-
cal Alloying and Spark Plasma Sintering. Materials,
2022, wvol. 15, no.15, article number 5272.
DOI: 10.3390/mal5155272.

31.Han Kwangsik, Lee Inho, Ohnuma I, Okuda K.,
Kainuma R. Micro-Vickers Hardness of Intermetallic
Compounds in the Zn-rich Portion of Zn—Fe Binary Sys-
tem. ISLJ International, 2018, vol. 58, no. 9, pp. 1578—
1583. DOI: 10.2355/isijinternational. ISIJINT-2018-111.

32.Liu Shiyang, Kent D., Zhan Hongyi, Doan Nghiem,
Dargusch M., Wang Gui. Dynamic recrystallization of

Frontier Materials & Technologies. 2024. No. 3

85


https://doi.org/10.1016/j.bioactmat.2021.12.030
https://doi.org/10.1016/j.msec.2020.111295
https://doi.org/10.1021/acsabm.0c00740
https://doi.org/10.3390/met8030153
https://doi.org/10.1016/j.msec.2020.111197
https://doi.org/10.1016/j.bioactmat.2018.11.001
https://doi.org/10.1016/j.actbio.2011.05.008
https://doi.org/10.1038/srep10719
https://doi.org/10.3390/ma13214835
https://doi.org/10.1016/S0079-6425(99)00007-9
https://doi.org/10.18323/2782-4039-2023-2-64-7
https://doi.org/10.1016/j.jmrt.2023.04.219
https://doi.org/10.1107/S0021889869006558
https://doi.org/10.3390/cmd1010007
https://doi.org/10.1016/j.bioactmat.2020.02.010
https://doi.org/10.1016/j.jmrt.2021.12.101
https://doi.org/10.1016/j.jallcom.2020.155923
https://doi.org/10.18323/2782-4039-2022-3-2-44-55
https://doi.org/10.22226/2410-3535-2018-3-372-381
https://doi.org/10.3390/ma15155272
https://doi.org/10.2355/isijinternational.ISIJINT-2018-111

Sitdikov V.D., Khafizova E.D., Polenok M.V. “Microstructure, crystallographic texture and mechanical properties...”

pure zinc during high strain-rate compression at ambient
temperature. Materials Science and Engineering: A,
2020, vol. 784, article number 139325.
DOI: 10.1016/j.msea.2020.139325.

33.Pham Nguyen, Abbés F., Lecomte J.S., Schuman C.,
Abbes B. Inverse Identification of Single-Crystal Plas-
ticity Parameters of HCP Zinc from Nanoindentation
Curves and Residual Topographies. Nanomaterials
(Basel), 2022, vol. 12, no.3, article number 300.
DOI: 10.3390/nan012030300.

34.Yang Hongtao, Qu Xinhua, Lin Wenjiao, Chen Da-
fu, Zhu Donghui, Dai Kerong, Zheng Yufeng.
Enhanced osseointegration of Zn-Mg composites by
tuning the release of Zn ions with sacrificial Mg
rich anode design. ACS Biomaterials Science
& Engineering, 2018, vol. 5, no. 2, pp.453-467.
DOI: 10.1021/acsbiomaterials.8b01137.

CIIMCOK JIMTEPATYPbI

1. Garcia-Mintegui C., Cérdoba L.C., Buxadera-Palomero J.,
Marquina A., Jiménez-Piqué E., Ginebra M.-P., Cortina J.L.,
Pegueroles M. Zn-Mg and Zn-Cu alloys for stenting ap-
plications: From nanoscale mechanical characterization
to in vitro degradation and biocompatibility / Bioactive
Materials.  2021. Vol. 6. Ne12. P.4430-4446.
DOI: 10.1016/j.bioactmat.2021.04.015.

2. Yuan Wei, Xia Dandan, Wu Shuilin, Zheng Yufeng,
Guan Zhenpeng, Rau J.V. A review on current research
status of the surface modification of Zn-based biode-
gradable metals // Bioactive Materials. 2022. Vol. 7.
P. 192-216. DOI: 10.1016/j.bioactmat.2021.05.018.

3. Watroba M., Mech K., Bednarczyk W., Kawalko J.,
Marciszko-Wigckowska M., Marzec M., Shepherd D.E.T.,
Bata P. Long-term in vitro corrosion behavior of Zn-
3Ag and Zn-3Ag-0.5Mg alloys considered for biode-
gradable implant applications // Materials & Design.
2022. Vol. 213. Article  number 110289.
DOI: 10.1016/j.matdes.2021.110289.

4. Huang Tian, Liu Zhilin, Wu Dachao, Yu Hailiang.
Microstructure, mechanical properties, and biodegra-
dation response of the grain-refined Zn alloys for po-
tential medical materials // Journal of materials re-
search and technology. 2021. Vol. 15. P. 226-240.
DOI: 10.1016/j.jmrt.2021.08.024.

5. Young J., Reddy R.G. Synthesis, mechanical pro-
perties, and in vitro corrosion behavior of biode-
gradable Zn-Li—Cu alloys // Journal of Alloys and
Compounds. 2020. Vol. 844. Article number
156257. DOI: 10.1016/j.jallcom.2020.156257.

6. Zhuo Xiaoru, Wu Yuna, Ju Jia, Liu Huan, Jiang Jing-
hua, Hu Zhichao, Bai Jing, Xue Feng. Recent progress
of novel biodegradable zinc alloys: from the perspective
of strengthening and toughening // Journal of Materials
Research and Technology. 2022. Vol. 17. P. 244-269.
DOI: 10.1016/j.jmrt.2022.01.004.

7. Shao Xiaoxi, Wang Xiang, Xu Fangfang et al. In vivo bio-
compatibility and degradability of a Zn-Mg-Fe alloy
osteosynthesis system // Bioactive Materials. 2021. Vol. 7.
P. 154-166. DOI: 10.1016/j.bioactmat.2021.05.012.

8. Su Yingchao, Fu Jiayin, Lee Wonsae, Du Shaokang,
Qin Yi-Xian, Zheng Yufeng, Wang Yadong, Zhu Dong-
hui. Improved mechanical, degradation, and biological

performances of Zn-Fe alloys as bioresorbable implants //
Bioactive Materials. 2022. Vol. 17. P.334-343.
DOI: 10.1016/].bioactmat.2021.12.030.

9. He Jin, Li Da-Wei, He Feng-Li et al. A study of degra-
dation behaviour and biocompatibility of Zn-Fe alloy
prepared by electrodeposition // Materials Science and
Engineering: C. 2020. Vol. 117. Article number 111295.
DOI: 10.1016/j.msec.2020.111295.

10.Oliver A.A., Guillory R.J., Flom K.L., Morath L.M.,
Kolesar T.M., Mostaed E., Sikora-Jasinska M., Drelich J.W.,
Goldman J. Analysis of vascular inflammation against
bioresorbable Zn-Ag based alloys // ACS Applied Bio
Materials.  2020. Vol.3. Ne10. P.6779-6789.
DOI: 10.1021/acsabm.0c00740.

11.Kafri A., Ovadia S., Goldman J., Drelich J., Aghion E.
The Suitability of Zn—1.3%Fe Alloy as a Biodegradable
Implant Material // Metals. 2018. Vol. 8. Ne 3. Article
number 153. DOI: 10.3390/met8030153.

12.Shi Zhang-Zhi, Gao Xi-Xian, Chen Hong-Ting,
Liu Xue-Feng, Li Ang, Zhang Hai-Jun, Wang Lu-Ning.
Enhancement in mechanical and corrosion resistance
properties of a biodegradable Zn-Fe alloy through se-
cond phase refinement // Materials Science and Engi-
neering: C. 2020. Vol. 116. Article number 111197.
DOI: 10.1016/j.msec.2020.111197.

13.Liu Shiyang, Kent D., Doan Nghiem, Dargusch M.,
Wang Gui. Effects of deformation twinning on the me-
chanical properties of biodegradable Zn-Mg alloys //
Bioactive =~ Materials.  2019.  Vol.4.  P.8-16.
DOI: 10.1016/j.bioactmat.2018.11.001.

14. Galib R.H., Sharif A. Development of Zn-Mg alloys as
a degradable biomaterial // Advances in Alloys and
Compounds. 2015. Vol. 1. Ne 1. P. 1-7.

15. Vojtech D., Kubasek J., Serak J., Novak P. Mechanical
and corrosion properties of newly developed biode-
gradable Zn based alloys for bone fixation // Acta
Biomaterialia. 2011. Vol.7. Ne9. P.3515-3522.
DOI: 10.1016/j.actbio.2011.05.008.

16.Li Huafang, Xie Xin-Hui, Zheng Yufeng et al. Deve-
lopment of biodegradable Zn-1X binary alloys with
nutrient alloying elements Mg, Ca and Sr // Scientific
Reports. 2015. Vol. 5. Article number 10719.
DOI: 10.1038/srep10719.

17. Xue Penghao, Ma Minglong, Li Yongjun, Li Xinggang,
Yuan Jiawei, Shi Guoliang, Wang Kaikun, Zhang Kui.
Microstructure, Mechanical Properties, and in Vitro
Corrosion Behavior of Biodegradable Zn-1Fe-xMg Al-
loy // Materials. 2020. Vol. 13. Ne 21. Article number
4835. DOI: 10.3390/ma13214835.

18. Valiev R.Z., Islamgaliev R.K., Alexandrov L.V. Bulk
nanostructured materials from severe plastic deformation //
Progress in Materials Science. 2000. Vol.45. Ne2.
P. 103-189. DOI: 10.1016/S0079-6425(99)00007-9.

19. Cutnouxos B. M., Xaduzosa 3./1., [loneHok M.B. Mux-
pOCTpYKTYypa W cBoicTBa ciuaBa Zn—1%Li-2%Mg,
MOJABEPTHYTOTO MHTEHCUBHON IUTaCTHYECKOU nedop-
maruu // Frontier Materials & Technologies. 2023.
Ne 2. C. 117-130. DOI: 10.18323/2782-4039-2023-2-
64-7.

20.Lugman M., Ali Y., Zaghloul M.M.Y., Sheikh F.A.,
Chan V., Abdal-hay A. Grain Refinement Mechanism
and its effect on Mechanical Properties and Biodegrada-
tion Behaviors of Zn Alloys — A Review // Journal of

86

Frontier Materials & Technologies. 2024. No. 3


https://doi.org/10.1016/j.msea.2020.139325
https://doi.org/10.3390/nano12030300
https://doi.org/10.1021/acsbiomaterials.8b01137
https://doi.org/10.1016/j.bioactmat.2021.04.015
https://doi.org/10.1016/j.bioactmat.2021.05.018
https://doi.org/10.1016/j.matdes.2021.110289
https://doi.org/10.1016/j.jmrt.2021.08.024
https://doi.org/10.1016/j.jallcom.2020.156257
https://doi.org/10.1016/j.jmrt.2022.01.004
https://doi.org/10.1016/j.bioactmat.2021.05.012
https://doi.org/10.1016/j.bioactmat.2021.12.030
https://doi.org/10.1016/j.msec.2020.111295
https://doi.org/10.1021/acsabm.0c00740
https://doi.org/10.3390/met8030153
https://doi.org/10.1016/j.msec.2020.111197
https://doi.org/10.1016/j.bioactmat.2018.11.001
https://doi.org/10.1016/j.actbio.2011.05.008
https://doi.org/10.1038/srep10719
https://doi.org/10.3390/ma13214835
https://doi.org/10.1016/S0079-6425(99)00007-9
https://doi.org/10.18323/2782-4039-2023-2-64-7
https://doi.org/10.18323/2782-4039-2023-2-64-7

Sitdikov V.D., Khafizova E.D., Polenok M.V. “Microstructure, crystallographic texture and mechanical properties...”

Materials Research and Technology. 2023. Vol. 24.
P. 7338-7365. DOI: 10.1016/j.jmrt.2023.04.219.

21.Leoni M., Confente T., Scardi P. PM2K: A flexible pro-
gram implementing Whole Powder Pattern Modelling //
Zeitschrift fir Kristallographie, Supplement. 2006.
Vol. 1. Ne 23. P. 249-254.

22.Rietveld H.M. A profile refinement method for nu-
clear and magnetic structures // Journal of Applied
Crystallography. 1969. Vol.2. Ne2. P.65-71.
DOI: 10.1107/S0021889869006558.

23.Jiang Pingli, Blawert C., Zheludkevich M.L. The Cor-
rosion Performance and Mechanical Properties of
Mg-Zn Based Alloys — A Review // Corrosion and
Materials Degradation. 2020. Vol. 1. Ne 1. P. 92—-158.
DOI: 10.3390/cmd1010007.

24.Shi Zhang-Zhi, Gao Xi-Xian, Zhang Hai-Jun, Liu Xue-
Feng, Li Hui-Yan, Zhou Chao, Yin Xu-Xia, Wang Lu-
Ning. Design biodegradable Zn alloys: Second phases
and their significant influences on alloy properties //
Bioactive Materials. 2020. Vol. 5. Ne2. P.210-218.
DOI: 10.1016/j.bioactmat.2020.02.010.

25.Ye Lifeng, Huang He, Sun Chao et al. Effect of grain
size and volume fraction of eutectic structure on me-
chanical properties and corrosion behavior of as-cast
Zn-Mg binary alloys // Journal of Materials Research
and Technology. 2021. Vol.16. P.1673-1685.
DOI: 10.1016/j.jmrt.2021.12.101.

26.Huang He, Liu Huan, Wang Lisha, Yan Kai, Li Yuhua,
Jiang Jinghua, Ma Aibin, Xue Feng, Bai Jing. Revealing
the effect of minor Ca and Sr additions on micro-
structure evolution and mechanical properties of Zn-
0.6 Mg alloy during multi-pass equal channel angu-
lar pressing // Journal of Alloys and Compounds.
2020.  Vol. 844.  Article number  155923.
DOI: 10.1016/j.jallcom.2020.155923.

27.CurouxoB B./1., Kynsacosa O.b., Cutaukosa I'.®., Uc-
nmamranmueB P.K., FO¢enr XK. CrpykrypHo-(hazoBbie
mpeBpaimeHus B Zn—Li—-Mg cIutaBe, TOABEPTHYTOM WH-
TEHCHBHOH TUTaCTHUYECKOW aedopManmu KpydeHuem //

Frontier Materials & Technologies. 2022. Ne 3-2. C. 44—
55.DOI: 10.18323/2782-4039-2022-3-2-44-55.

28.Nazarov A.A. Nonequilibrium grain boundaries in bulk
nanostructured metals and their recovery under the in-
fluences of heating and cyclic deformation. Review //
Letters on materials. 2018. Vol. 8. Ne 3. P.372-381.
DOI: 10.22226/2410-3535-2018-3-372-381.

29. Wyckoff R.W.G. Hexagonal closest packed, HCP,
structure // Crystal Structures. New York: Interscience
Publishers, 1963. Vol. 1. P. 7-83.

30.Necas D., Marek 1., Pinc J., Vojtech D., Kubasek J.
Advanced Zinc—Magnesium Alloys Prepared by Me-
chanical Alloying and Spark Plasma Sintering // Materi-
als. 2022. Vol.15. Nel5. Article number 5272.
DOI: 10.3390/mal5155272.

31.Han Kwangsik, Lee Inho, Ohnuma I, Okuda K.,
Kainuma R. Micro-Vickers Hardness of Intermetallic
Compounds in the Zn-rich Portion of Zn—Fe Binary Sys-
tem // IS1J International. 2018. Vol. 58. Ne 9. P. 1578—
1583. DOI: 10.2355/isijinternational ISTJINT-2018-111.

32.Liu Shiyang, Kent D., Zhan Hongyi, Doan Nghiem,
Dargusch M., Wang Gui. Dynamic recrystallization of
pure zinc during high strain-rate compression at ambient
temperature // Materials Science and Engineering: A.
2020.  Vol. 784.  Article number  139325.
DOI: 10.1016/j.msea.2020.139325.

33.Nguyen Pham, Abbés F., Lecomte J.S., Schuman C.,
Abbes B. Inverse Identification of Single-Crystal Plas-
ticity Parameters of HCP Zinc from Nanoindentation
Curves and Residual Topographies // Nanomaterials
(Basel). 2022. Vol. 12. Noe3. Article number 300.
DOI: 10.3390/nan012030300.

34.Yang Hongtao, Qu Xinhua, Lin Wenjiao, Chen Dafu,
Zhu Donghui, Dai Kerong, Zheng Yufeng. En-
hanced osseointegration of Zn-Mg composites by
tuning the release of Zn ions with sacrificial Mg
rich anode design // ACS Biomaterials Science
& Engineering. 2018. Vol. 5. Ne2. P.453-467.
DOI: 10.1021/acsbiomaterials.8b01137.

MuKpOCTpPYKTYpa, KpUCTA/LIOrpaduyeckas TEKCTypa
U MeXaHuYeckHe cBoiicTBa cmiiasa Zn—1%Mg—1%Fe,
MOJABEPrHYTOr0 HHTCHCUBHOM INIACTHYECKON AedopMannu

© 2024

Cumouxoe Buns Jaanoeuu*">*, 1oxrop Gpu3nKo-MaTeMaTHIECKHX HAYK,
CTapIUMi SKCIEPT, CTApPIIUN HAyYHBIA COTPYIHUK
Xagpuzoea Inveupa Junugoena™" | KanauaaT TEXHHUECKNX HAYK,
JIOLIEHT Kaeipbl MaTepHaIOBEACHUS U (PU3NKN METaJUIOB,
crapimuii HayuHblil corpyaauk HWJI «MeTansibl 1 citaBsl Ipu 3KCTpEMaIbHBIX BO3AEHCTBUIX)
ITonenox Munena Braducnasosna™*, MarucTpaHT Kadeaphl MaTCPUATIOBEICHHS U (PU3UKH METAJUIOB,
nabopant HNUJI «MeTasuisl 1 CIIaBBI IPH SKCTPEMAIBHBIX BO3JIEHCTBUAXY

'000 «PH-BawHHITHnepmoy, Ya (Poccus)

2

Hucmumym ¢huzuxu monexyn u Kpucmaiios Ygumckoeo gedepanvrozo ucciedosamenvckoeo yenmpa PAH, Y¢a (Poccus)
3 . .

Ypumcxuii ynueepcumem nayxu u mexuonoeuil, ¥gpa (Poccus)

*E-mail: SitdikovVD@bnipi.rosneft.ru

Tlocmynuna ¢ pedakyuio 09.02.2024

“ORCID: https://orcid.org/0000-0002-9948-1099
SORCID: https://orcid.org/0000-0002-4618-412X
®ORCID: https://orcid.org/0000-0001-9774-1689

Ipunsama x nyoruxayuu 19.07.2024

Frontier Materials & Technologies. 2024. No. 3

87


https://doi.org/10.1016/j.jmrt.2023.04.219
https://doi.org/10.1107/S0021889869006558
https://doi.org/10.3390/cmd1010007
https://doi.org/10.1016/j.bioactmat.2020.02.010
https://doi.org/10.1016/j.jmrt.2021.12.101
https://doi.org/10.1016/j.jallcom.2020.155923
https://doi.org/10.18323/2782-4039-2022-3-2-44-55
https://doi.org/10.22226/2410-3535-2018-3-372-381
https://doi.org/10.3390/ma15155272
https://doi.org/10.2355/isijinternational.ISIJINT-2018-111
https://doi.org/10.1016/j.msea.2020.139325
https://doi.org/10.3390/nano12030300
https://doi.org/10.1021/acsbiomaterials.8b01137
https://orcid.org/0000-0002-4618-412X
https://orcid.org/0000-0001-9774-1689

Sitdikov V.D., Khafizova E.D., Polenok M.V. “Microstructure, crystallographic texture and mechanical properties...”

Annomayua: CraThsl TOCBSIIECHA IONYYCHUIO, AHAIN3Y MHKPOCTPYKTYPBI, KPHCTAJUIOrPa(pUIECKOH TEKCTYpHI
¥ MEXaHU3MOB JedopManuy yibTpaMmenkozepauctoro (YM3) nuakoBoro Zn—1%Mg—1%Fe crmaBa, 1eMOHCTpUPYIOIIETO
YHUKaJIbHBIE (PU3MKO-MEXaHUIECKHE CBOWCTBA 1O CPABHEHMIO C €T0 KPYMHOKPHUCTAUIMYECKUMH aHanoraMu. [{nHKOBBIH
CIUIaB C YJy4YIIEHHBIMH MEXaHWYECKUMH CBOWCTBAMH pa3padaThiBany B JBa 3Tana. Ha mepBoMm 3Tane Ha OCHOBE aHAIM3a
JUTEPaTypHBIX JAHHBIX OTJIMBAIM CIIJIaB CO CICAYIONIMM XHMHUYECKHM cocTaBoM: Zn—1%Mg—-1%Fe. B nanpreimem
CIUIaB TOABEPTaIN WHTEHCUBHOH Iuiactudeckoil neopmarun kpyderrneM (UITJK) ¢ menpro MOBBIIIEHUSI MEXaHUIECKHAX
CBOHMCTB B pe3yJbTaTe M3MENbYEHHUsS 3EPEHHOW CTPYKTYpPHl W pealn3allid B HEM AMHAMHUYECKOro Je(OopMaluoHHOTO
crapenus. [IpoBeieHHbIE MEXaHUUECKHE UCITBITAHNS HA PacTsHKEHHs 00pa3IoB U OLIEHKA TBEPIOCTH CIUIaBa MOKa3alH, YTO
UITJIK-06paboTka NMPUBOAUT K POCTY mpeaena ero npodyHoctd 1o 415 MIla, yBenmuueHHIO TBEPIOCTH A0 3HAYCHHMS
144 HV wu noBblmieHuto mmiactudyHocTd A0 82 %. IlonmydeHHble MeXaHWYEeCKHE XapaKTEepPUCTUKU JEMOHCTPUPYIOT
NPUTOJHOCTh HCIIOJIb30BaHUS Pa3pabOTaHHOTO CIUIaBa B MEAWIMHE B KayecTBE HEKOTOPHIX HUMILUIAHTATOB (CTEHTOB),
TPeOYIONMX OONBIINX MPHIOKEHHBIX HArpy3ok. [y oObsICHEHHs! TPUYHH MOBBIIICHUSI MEXaHUYECKUX CBOWCTB JaHHOTO
CIUIaBa NPOBEIEHBI KOMILIEKCHBIE HCIBITAHUS METOJAaMH MHUKPOCKOIIMU M PEHTTEHOCTPYKTYPHOTO aHaim3a. AHaIu3
MHUKPOCTPYKTYPHI TIOKa3ajl, YTO MpH (OpMHUPOBaHUN YM3 CTpYyKTypHl peanm3yercs (pa3oBBIA Iepexon MO ciexyromeit
CXeMe: ZnBBTeKTI/lKa + MgZZHIIBBTeKTl/IKa + Feznl3 - an)am + Mg2znll¢a3a + MgZHleaCTm[LI + Zn'-laCTHL[LI' YCTaHOBHeHO, 4qTo
B pesynprate MIIJIK-00paboTkn B ocHOBHBIX (pazax (Zn, Mg,Zn;;) IpONCXOOUT HW3MEIbUCHHUE 3EPEHHOHN CTPYKTYpPHI,
MOBBIIIEHNE INIOTHOCTH BHECCHHBIX Je(hekTOB M (popMHUpOBaHHE Pa3BUTOH KPHCTAIUIOrPAPUIECKON TEKCTYPbI, COCTOSIIEH
u3 0a3uCHBIX, MUPAMHUIAIBHBIX, MPU3MATHUECKUX M JBOMHMKOBBIX KOMIIOHEHT TEKCTYyphl. [loka3aHo, 4TO CTOHKOCTB
MUpaMHUIANbHBIX, PU3MaTUYECKUX U JABONHMKOBBIX KOMIIOHEHT TEKCTypbl Ha HadanbHbIX dTamax UIIJIK ompenenser
YpOBEHb ¥ aHWU3OTPOINHMIO IPOYHOCTHBIX CBOMCTB JaHHOrO cruiaBa. OOCyXaaeTcs B3aMMOCBS3b OOHApyKEHHBIX
CTPYKTYPHBIX 0COOCHHOCTEH MOIYYEHHOI'O CILUIaBa C €r0 YHUKAJIbHBIMU MEXaHHYECKUMH CBOHCTBAMH.

Knroueswvie cnoea: crnas Zn—1%Mg—1%Fe; dha3oBbsie mepexopl B I[HHKOBOM CIUIABE; MHTCHCHBHAS IUIACTHYCCKAs
nedopmanus; METOIbI PEHTTEHOBCKOTO PACCESIHUS; MEXaHMYEeCKUE CBOWCTBA; IMPOYHOCTB; IUIACTUYHOCTB; KPHCTAal-
norpadudeckast TeKCTypa.

bnazooapuocmu: ViccnenoBaHuWe BBIIOJHEHO 3a c4eT rpaHTa Poccuiickoro HayuHoro ¢onma Ne 23-29-00667,
https://rscf.ru/project/23-29-00667.

Jna yumuposanusn: Curmuxos B.JI., Xapuzora 3.[., IMonmenok M.B. MukpocTtpykrypa, Kpucramrorpaduaeckas
TEKCTypa M MeXaHH4eckue cBoicTsa cruaBa Zn—1%Mg—1%Fe, moaseprayToro HHTEHCHBHOHN IIacTHYeckor nedopmanym //
Frontier Materials & Technologies. 2024. Ne 3. C. 75-88. DOI: 10.18323/2782-4039-2024-3-69-7.

88 Frontier Materials & Technologies. 2024. No. 3


https://rscf.ru/project/23-29-00667

doi: 10.18323/2782-4039-2024-3-69-8

Pulse diffusion welding of female joints
©2024
Evgeny L. Strizhakov, Doctor of Sciences (Engineering), Professor,
leading researcher of the Center for Scientific Competencies
Stanislav V. Nescoromniy*', PhD (Engineering), Associate Professor,
Head of Chair “Machines and Automation of Welding Engineering”
Yury G. Lyudmirsky, Doctor of Sciences (Engineering), Professor,
leading researcher of the Center for Scientific Competencies
Nikolay A. Mordovtsev, graduate student
Don State Technical University, Rostov-on-Don (Russia)

*E-mail: nescoromniy@mail.ru 'ORCID: https://orcid.org/0000-0003-0243-7241

Received 09.04.2024 Accepted 16.08.2024

Abstract: Special feature of operation of electrovacuum tubes, in particular the cathode assembly, is constant heating
due to bombardment of its surface with electrons. Stable characteristics and durability of the cathode assembly depend on
high-quality connection (welding) of the core surfaces with the emitter over the entire area of the overlapped conjugation.
The use of diffusion welding for joining a cathode assembly made of dissimilar materials is not possible due to the occur-
rence of poor welding fusion due to the presence of gaps in the ring sectors of the equipment, and, consequently, a de-
crease in the service life of the cathode assembly. The authors proposed to implement the process by combining magnetic
pulse welding with diffusion welding. The originality of the work is the possibility of remote action on the joint through
a dielectric quartz cup, which is a part of the technological vacuum chamber. The inductor system is outside the quartz
cup, which allows heating the assembled unit without heating the tool — an inductor made of dissimilar materials — to
a temperature of 700 °C and higher. The authors determined the main parameters of the process of pulse diffusion welding
in vacuum: pressure in the working chamber is B=0.66-10Pa (5-10° mm Hg); preheating temperature is 7=700—
1250 °C; magnetic field pulse energy is W=5+17 kJ; operating frequency of current pulse discharge is /,=5—15 kHz; mag-
netic pressure is P,>-10" N/m> In this way, cathode assemblies of a wide range of metal pair combinations with a base
diameter of d=20 mm and a sample length of =40 mm were produced. The proposed technology has been successfully
implemented and introduced at Tantal (Open Joint Stock company). The economic effect consists in reducing labor inten-

sity and obtaining joints of stable quality.

Keywords: pulse diffusion welding; welding of female joints; magnetic pulse welding; inductor; magnetic pressure; in-
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INTRODUCTION

In the production of electrovacuum tubes (EVT), emitter
materials based on platinum-barium, palladium-barium,
iridium-lanthanum, etc. alloys are widely used. The con-
nection of the emitter with the cathode core is a typical fe-
male design. The emitter should be welded to the core sur-
face in the solid phase without mixing the materials. Fig. 1
shows typical representatives of cathode assemblies. A spe-
cific performance feature of the cathode assembly is its
constant heating due to the bombardment of its surface with
electrons. To ensure stable operational properties and dura-
bility of devices, it is necessary to ensure high quality of
welding of the core surfaces with the emitter over
the entire area of the overlapped conjugation.

Classical diffusion welding in a protective environment
with a static load ensures the production of high-quality
connections, which guarantees the required service life of
the units. Examples and parameters of diffusion welding
modes for metals in homogeneous and heterogeneous com-
binations are shown in more detail in [1]. Moreover, replac-

ing the factory laser welding technology with diffusion
welding allows increasing the productivity of the welding
technology up to 75 % [1].

Despite the significant advantages of diffusion welding,
if its technology is violated or there is no long-term testing
of the resulting joints under various loading conditions
(thermal, thermomechanical), defects such as poor welding
fusion occur during the production process, and cracks oc-
cur during operation, which is unacceptable in EVT.
The relationship between defects and the causes of their
occurrence, which must be taken into account when deve-
loping the technology, as applied to the design of
the welded parts is described in [2].

To expand the capabilities of diffusion welding and
produce defect-free welded joints, it is possible to use in-
termediate layers that have sufficient affinity for a pair of
metals that are difficult to weld together. It has been proven
that the use of intermediate layers allows reducing the tem-
perature of the diffusion welding process to 350-750 °C
when welding ARMCO iron with a high-purity nickel alloy [3].
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Fig. 1. Design of cathode assemblies:
a —welding on a cylindrical surface; b —welding on a developed surface.
1 — core; 2 — emitter; d — assembly diameter; o, | — emitter thickness and width; r — surface curvature
Puc. 1. Koncmpyxyus kamooHbIxX y3108:
a — ceapka no yuruHoOpuyeckou nosepxuocmu,; b — ceapka no pazeumotii nosepxnocmu.
1 — kepH; 2 — amummep; d — ouamemp y3na; o, | — monwuHa u WUpUHa IMUMmepa, 1 — KPUSU3HA NOBEPXHOCIU

The authors of [4] used an intermediate Ni layer to re-
duce the likelihood of intermetallic compound formation
and to obtain Mo—Ni and Cu—Ni solid solutions during dif-
fusion welding of Mo—Cu. The paper [5] showed that
the use of an intermediate Zn layer facilitates the formation
of a strong bond between Al and Cu during a short period
of time and at a low temperature of the process between Zn,
Cu and Al. When using Ag as an intermediate component
[6] and increasing the process temperature to 700 °C,
the formation of Ag—Ti intermetallic compounds and an Ag
solid solution instead of Cu-Ti intermetallic compounds
was identified in the welded joint. The use of CoCrFeMnNi
alloy as an intermediate layer during diffusion welding of
Cu-Ti or 0Cr18Ni9 allows reducing the brittleness of Cu/Ti
joints due to the formation of solid solutions at a process
temperature of 800 °C [7; 8]

In the absence of intermediate materials, diffusion weld-
ing of Cu and Ti was carried out at temperatures of 800—
900 °C. The shear strength of the joints was about 28 MPa.
A number of brittle intermetallic compounds, such
as B-CuyTi, Cu,Ti and Cu;Ti formed at the joint boundary,
were found [9].

When implementing the process of diffusion welding
at high temperatures, significant thermal stresses were
detected in the joint, the grain size of the weld, the near-
weld zone and the base metal increased [10]. The authors
[10] note that with increasing temperature, the diffusion
component of the process increases. Thus, diffusion
processes were identified when studying the phase-
structural components at a temperature of 830 °C,
a pressure of 15 MPa, and even at 550~580 °C and a pres-
sure of 30~40 MPa.

As a result of studies of diffusion welding of dissimi-
lar metals, it was found that it must be carried out at
the lowest possible melting temperatures and a short
process duration. The intermediate metal must have
the lowest melting temperature in relation to the welded
parts and have the greatest affinity in crystalline struc-
ture [11].

The author of the work [12] presented the results of
studies of the possibility of producing bimetallic joints

of the AlMn alloy with kovar (29NK alloy) and nickel
(NP2 alloy) by the method of diffusion welding in
a vacuum with subsequent fabrication of parts from
them. The products were hollow cylindrical blanks of
the AIMn alloy, into which the 29NK or NP2 alloy in
the form of a cylindrical blank of solid cross-section was
pressed with a force of 7000 N at a temperature of
610 °C. Analysis of the resulting joints under these
welding conditions showed uniform distribution of ele-
ments across the thickness of the transition layer
(up to 30 um wide) and mutual diffusion achieved at
a given temperature and welding force. Intermetallic
compounds were not detected.

Analysis of literary sources showed that all welded
joints were produced with an initial parallel arrangement of
the welded surfaces relative to each other. The arrangement
of the welded surfaces at an angle during diffusion welding
was not carried out [13]. Despite the wide range of perma-
nent joints obtained by researchers using diffusion welding,
the literature does not contain any information on produc-
ing joints from copper-nickel alloy with platinum, TP 439
alloy, MPVF molybdenum (pure molybdenum manufac-
tured by vacuum fusion) or nickel-vanadium alloy with
PtBa alloy.

At the Don State Technical University, together
with the Microengineering Research Institute, a number
of magnetic pulse welding (MPW) processes have been
developed that make it possible to abandon glancing
collision and clean the surfaces to be joined by electri-
cal erosion or vacuum heat treatment. The authors of
the paper propose to carry out diffusion welding by
means of pulsed magnetic fields, which provide radial
pressure on the welded unit according to the “crimping”
scheme [13].

As with classical diffusion welding, in this work it is
proposed to heat the unit assembled for welding in
a vacuum, which leads to a decrease in the resistance of
materials, deformation and acceleration of stress re-
laxation in the joint zone, and helps to clean the sur-
faces being joined from adsorbed inclusions and other
contaminants.

90

Frontier Materials & Technologies. 2024. No. 3



Strizhakov E.L., Nescoromniy S.V., Lyudmirsky Yu.G., Mordovtsev N.A. “Pulse diffusion welding of female joints”

The development of the equipment was based on si-
milar units from dissimilar connections during magnetic-
pulse assembly, diffusion welding [14-16]. Fig. 2 shows
the equipment for welding facing emission coatings on
cylindrical surfaces of cores. The design allows pressing
the welded elements during welding due to the diffe-
rence in the thermal coefficients of linear expansion
(TCLE) of its parts. The casing element is usually made
of molybdenum, kovar or materials with low TCLE, and
the ring sectors of the equipment are made of TP 439
steel with high TCLE.

Due to the presence of gaps in the ring sectors of
the equipment, such defects as poor welding fusion occur
during diffusion welding of the emitter with the core. With
prolonged isothermal action on the processed unit, interme-
tallic phases often occur in the zone of conjugation of
the welded surfaces.

To produce joints of dissimilar materials while main-
taining an organized structure, pulse welding methods are
widely used. The mechanism for cleaning the welded sur-
faces is realized due to the glancing collision of
the thrown elements, the conjugated surfaces are cleaned
with a cumulative jet and the subsequent joint deformation
of the materials and, as a result, a connection in the solid
phase occurs by analogy with explosion welding.
The principle of glancing collision is also used in classi-
cal MPW. The energy carrier changes: instead of
the action of an explosive substance, the ponderomotive
force is used — magnetic pressure, which allows using
the MPW technology to weld small-sized units in work-
shop conditions with increased requirements for process
hygiene [17; 18].

For MPW, depending on the design of the assembled
parts for welding, various types of inductor systems have
been developed and studied, which are characterized by
inductive resistance, magnetic induction in the working
area, and durability during operation [13—-15; 19-21].

The purpose of this work is to study the process of pulse
welding in a controlled environment, which allows reduc-
ing the duration of producing a joint in the solid phase from
dissimilar materials.

METHODS

In electrovacuum tubes, cathode assemblies with a dia-
meter of d=(5-100)-10" m are used. To implement pulse
diffusion welding (PDW) in a vacuum, the process is car-
ried out using copper shells — satellites [22]. The wall
thickness of the copper bushings was selected so that
the penetration depth of the magnetic field H through
the satellite material — the deformable bushing — did not
exceed the thickness of its wall. To produce joints from
refractory materials, the satellite material was replaced by
nickel or molybdenum with a wall thickness of
tm,:O.2~1073 m. When welding on developed surfaces,
the heated satellite behaves like an elastic punch.

Fig. 3 shows the proposed scheme for implementing
PDW. The process is carried out as follows. The core (1)
with the lining (2), heating element (3) and satellite (4)
are installed in the vacuum chamber and placed in
the working area of the magnetic-pulse tool — inductor (6).
The air in the vacuum chamber is rarefied to a pressure
of 0.66:102Pa. The heating element increases
the temperature of the assembly to 700-1250 °C.
The pulse current generator (5) is discharged onto
the inductor (6) causing the discharge current I, (7) to
flow through the inductor. In this case, the magnetic
flow H (8) induces induced currents in the satellite 7; (9).
The magnetic interaction force P, (10) arises. The sa-
tellite (4) is deformed (compressed), and the lining (2)
and the core (1) are welded in the solid phase. The du-
ration of the process with isothermal holding does not
exceed 100-200 ps. When calculating the process cha-
racteristics, the following parameters were taken as

s

q

Fig. 2. Equipment for diffusion welding of a cathode assembly:
1 — core; 2 — emitter; 3 — ring sectors of the equipment,; 4 — casing element; o — preliminary gap
Puc. 2. Ocnacmra 015 ougpghy3uonnoii ceapku kKamoonoeo ysia 6 coope:
1 — kepn; 2 — omummep; 3 — KobYedble CEKMOPbl OCHACMKU, 4 — KOPNYCHOU d1emenm,; 0 — npedsapumenbHulil 3a30p
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Fig. 3. Structure diagram of a device for pulse diffusion welding in a vacuum:
1 — base (core); 2 — lining (emitter); 3 — heating element;
4 — satellite; 5 — pulse current generator PCG; 6 — inductor; 7 — discharge current (Iy); 8 — magnetic flow (H);
9 —induced current (1,); 10— magnetic interaction force (Pyy); 11 — dielectric cup;
12 —vacuum seal; 13 — vacuum chamber base;
PS — power source; VS — vacuum system; h — gap between the emitter and the satellite;
A — gap between the inductor and the satellite; |;— length of the inductor working zone
Puc. 3. Cxema ycmpoiicmea umnyascHoll Ough@y3uonHoll ceapxu  axKyyme:
1 — ocnoeanue (kepn); 2 — obauyoska (amummep); 3 — HAZPEBAMENbHBLL DIEMEHM,

4 — cnymuux; 5 — eenepamop umnyavchvix moxos PCG; 6 — unoykmop, 7 — mok paspsioa (1y); 8 — maecnummuwiti nomox (H);
9 — unoyyuposannwiii mox (I); 10 — cuna maecnumuozo é3aumooeticmsus (Pyy); 11 — ousnekmpuyeckuii cmaxka;
12 — eakyymmuwiil yniomuumens, 13 — ocnosanue 8aKyymMHot kamepul,

PS — ucmounuk numanus; VS — eaxyymuas cucmema; h — 3a30p mexncoy sMummepom u CHYMHUKOM,

A — 3a30p MmedxHcOy UHOYKMOPOM U CHYMHUKOM, I; — Onuna paboyeti 30Hbl UHOYKMOPA

constants: the number of inductor turns #»=6, the inductor
diameter D;=30-10" m, the length of the inductor work-
ing zone /=45-10" m, the capacity of the installlation
storage tank C=1500-10°F, and the voltage on
the storage tank U;=5-10" V.

The optimal parameters of the PDW process were de-
termined in accordance with the conditions for producing
high-quality welded joints given in the literature [23].
The first and second conditions are the time parameters of
the process: the MPW implementation should be completed
in ' of the current discharge period, including the time of
contact melting, electroexplosive cleaning, shaping and
welding. The third condition states that the values of
the induced current density for welding each material must
be provided in the range 7,,;,—[,.... The fourth condition de-
scribes the time relationships of solid-phase interaction:
the duration of contact stresses in the joint zone should be

longer than the time of deformation activation of
the contact surface and the relaxation time (relaxation cha-
racteristics of the blank and temperature in the interaction
zone). The fifth condition consists in determining
the specific impulse of the first half-wave of magnetic pres-
sure, taking into account the tool parameters — the inductor,
the operating voltage and inductance of the pulse current
generator (PCQG), the value of which will allow determining
the magnitude of the relative deformation €& to level
the initial gap between the inductor and the satellite wall.
The presented limitations for the operating frequency of
the process allow determining the frequency characteristics
of the magnetic-pulse equipment, taking into account
the low penetration of the magnetic flow into the gap be-
tween the inductor and the satellite to ensure cleaning of
the welded surfaces — this is the sixth condition of high-
quality processing.
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Diffusion welding modes were tested in controlled envi-
ronments on the Impulse-BM magnetic-pulse processing unit
manufactured at Microengineering Research Institute (Ros-
tov-on-Don, Russia) [24]. The same equipment is used to
implement the technology of pressing, sintering and welding
of facing coatings from powder compositions.

The quality of the welded joints produced by pulse dif-
fusion welding was determined based on the test results:
leak testing with a TI1-50 helium leakage detector (Russia),
GOST 3242-79, mechanical shear testing on a UMM-10
machine (Russia), GOST 6996-66, metallographic analysis
of the produced joints using a PMT-3 microhardness tester
(Russia), GOST 9450-76, multiple cyclic heating in
a vacuum by electron bombardment and tenfold heating to
a temperature of 1000 °C with holding for 1 h and gradual
cooling. The heating and cooling time did not exceed 1 h,
which should ensure a vacuum level of at least 0.66:10 > Pa
during testing.

RESULTS

From the dependences of the welded joint shear strength
T on the process temperature 7T for two values of the input
energy of 10 and 12 kJ, it is evident that with an increase in
the input energy, the shear strength increases (Fig. 4). At
the same time, with an increase in the process temperature,
the strength indicators also increase. The highest strength
indicators of the samples were found in the temperature
range of 500—-1000 °C.

Table 1 presents the results of tests for the tightness and
mechanical strength of joints of MOb copper with Pt ob-
tained at different degrees of vacuum (pressure). From
the obtained data, it follows that with an increase in
the degree of vacuum from 1-107 to 5-10* Pa, the quality
of the welded joints improves due to the cleaning of

the joint zone from contaminants, solid-phase interaction
occurs over the entire area of impact of the welded surfaces
with a clear boundary of the joint zone.

Fig. 5 illustrates the reduced calculated dependences of
the inductance L;, and active resistance R;, of the in-
ductor-blank system, the operating frequency f,, the ma-
gnetic interaction force P,,, the specific impulse of the first
half-wave of the magnetic pressure J,, the mean time be-
tween failures of the inductor N; on the gap between
the inductor and the copper satellite A. The gap value A
depends on the manufacturing accuracy of the satellite it-
self. The air gap is necessary for feasibility cleaning from
contaminants, oxide films under the radial action of
ponderomotive forces arising from the interaction of
the inductor magnetic flow with induced currents in
the satellite wall. The obtained dependences of the quality
of the welded joint are conventionally divided into 4 zones:
1) a gap of (0-2.1)-10° m — it is impossible in terms of de-
sign to assemble the unit in the inductor; 2) a gap of (2.2—
3.5)-10° m is characterized by low performance characteris-
tics and service life of the cathode assembly; 3) an initial
gap of (3.6-6.1)-10° m allows producing high-quality weld-
ed joints characterized by long service life; 4) a gap of more
than 6.1:10° m — the efficiency of magnetic pulse action
decreases, such defects as poor welding fusion are possible
in welded joints.

If the conditions for high-quality material processing
are met [23], PDW made it possible to produce perma-
nent joints from the following metals and alloys used
when manufacturing electronic products. Base material:
MOb alloy, Ni, TP 439 steel, copper-nickel alloy, 29NK
alloy, MPVF molybdenum (pure molybdenum manufac-
tured by vacuum fusion), nickel-vanadium alloy. Lining
material: Al-Ba, Ni, Pt, Pt-Ba, Ir-La.

1,107
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Fig. 4. Dependence of shear strength t of the Pt + MPVF joint
on the preheating temperature T and pulse energy W
Puc. 4. 3a6ucumocmo npournocmu coedunenuss Ha cpe3 t coeounenus Pt + MUYBII (moaubden)
om memnepamypul npeosapumenviozo pasoepesa T u dsnepeuu umnyirvca W
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Table 1. Results of tests for tightness, mechanical strength of joints of MOb copper with Pt

obtained at different degrees of vacuum (pressure) in the process chamber

Tabnuya 1. Pe3ynomamul uChulmanuii Ha 2epMemuiHOCb, MEXAHUYECKYI0 npoYHOCmb coedunenuti meou MO0 c Pt,
NONYYEHHBIX NPU PA3TULHOU CeneHU paspedicenus (0asieHul) 6 mexHoI02U4eckoll Kamepe

No Pressure, Results of metallographic analysis Shear streng7th, Leakage,
' Pa after thermal testing T N/m*10 m*-Pa/s
1 110 Buckle 5.0 110
2 5107 Buckle 7.5 1107
3 5107 Pockets and laminations 11.5 4107
4 1-107* Discontinuous poor welding fusion 13.5 1-1077
5 5107 No pockets and laminations 14.5 510"
6 1-107 No pockets and laminations, clear joint boundary 15.0 5107
7 5107 No pockets and laminations, clear joint boundary 15.0 1-107"
Rip107, Ly107°, Frl0, P10, Jye10°,
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Fig. 5. Calculated dependencies: A of the inductance L, , and active resistance R, of the inductor-blank system,
the operating frequency f,, the magnetic interaction force P,, the specific impulse of the first half-wave of magnetic pressure J,,
and the mean time between failures of the inductor N; on the gap between the inductor and the satellite A
Puc. 5. Pacuemnvie 3asucumocmu: A undykmusnocmu Ly, u axmusnoeo conpomusienust R;_, cucmemvt «UuHOYKMOp — 3a20Mo6Kay,
pabouetl yacmomul f,, CUIbl MACHUMHO2O0 83aumooeticmeus P, yOenrbHo2o umMnyivea nepeotl nory8oIHbl MAZHUMHO20 0asiieHus Jy,
u Hapabomxku Ha omxas undykmopa N; om 3a30pa mencoy uHOYKmMOpoM U CHYMHUKOM A

Geometric dimensions of the joints: base diameter
d=20 mm, sample length L=40 mm. Fig. 6 shows
the obtained PDW units consisting of a molybdenum
core (pos. 1) with Pt—Ba emitters (pos. 2).

The optimal parameters of the PDW processes for
the following cathodes of ultra-high-frequency electrovacuum
tubes were determined and experimentally confirmed by
calculation [23].

1. Base: core — copper-nickel alloy, diameter is 12 mm,;
lining: emitter — Pt, thickness is 0.1 mm, length is 20 mm.

PDW mode: operating temperature is 7=700 °C, input en-
ergy is W=6 kJ, magnetic pressure is P,=10.2:10" N/m’,

2. Base: core — TP 439 high-alloyed steel, diameter is
12 mm; lining: emitter — PtBa alloy, wall thickness is
0.2 mm, length is 20 mm. PDW mode: operating tem-
perature is 7=700 °C, input energy is W=8.67 kJ, magnetic
pressure is P,=12.0-10" N/m”.

3. Base: core — MPVF molybdenum (pure molybdenum
manufactured by vacuum fusion), diameter is 17 mm,;
lining: emitter — PtBa alloy, thickness is 0.1:107° mm,
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Fig. 6. Cathode assemblies produced by pulse diffusion welding: molybdenum core (1) with Pt—Ba emitter (2)
Puc. 6. Kamoomnuvie y3nvl, nonyuenuvie UJC: monuboenoswiii kepr (1) ¢ amummepom Pt—Ba (2)

length is 30 mm. PDW mode: operating temperature is
7=900 °C, input energy is W=10.26 kJ, magnetic pressure is
P,=14.22-10" N/m’.

4. Base: core — nickel-vanadium alloy, diameter is
18 mm; lining: emitter — PtBa alloy, thickness is 0.15 mm,
length is 40 mm. PDW mode: operating temperature is
T=1000 °C, input energy is W=13.23 kJ, magnetic pressure
is P,=18.33-10" N/m’.

DISCUSSION

The analyzed results of using diffusion welding to join
dissimilar metal pairs showed that their diversity is small:
Al-Cu, Cu-Ti, AIMn—29NK. As a rule, to reduce
the likelihood of intermetallic compounds, an intermediate
metal is used that has good adhesion to the welded metals
and a low melting point. The results of studies of joints
made by diffusion welding of metal pairs — copper-nickel
alloy + Pt, TP 439 steel + PtBa, MPVF molybdenum +
+ PtBa, nickel-vanadium alloy + PtBa — were not found in
the literature.

Researchers have shown that at temperatures above
700 °C, intermetallic compounds are formed during diffu-
sion welding. At temperatures of 350—700 °C, solid solu-
tions of the welded metals with an intermediate one often
appear [17-21]. The process scheme proposed by the au-
thors is implemented in the temperature range of 700—
1250 °C, which should initiate the formation of intermetal-
lic phases, but due to the short duration of
the magnetic-pulse action process of 100-200 us, their
presence in the structure was not detected.

Magnetic pulse welding is mainly used to produce dis-
similar joints with high electrical and thermal conductivity,
usually Al+Cu. Cleaning during MPW is implemented due
to the cumulative jet, which occurs during glancing colli-
sion of metals. During magnetic pulse welding of female
structures, the cumulative jet is obtained due to the conical
shape of one of the welded parts. The developed designs of
inductor systems allow concentrating ponderomotive forces
in the magnetic-pulse action zone with a magnetic induc-
tion value of up to 100 T [13—15; 17-21]. However, the use
of composite inductors has a significant drawback —
the presence of an uneven magnetic field at the junction of
the component elements of the inductor sector, which re-

duces the quality of the welded joint. The twisted inductors
used by the authors of the paper have a shorter service life
under normal atmospheric pressure compared to sectional
inductors; however, this is justified by the fact that they
have a uniform distribution of the magnetic field. More-
over, the durability of twisted inductors is compensated by
heating the welded products before welding in a vacuum to
temperatures of 700—1250 °C, which reduces the amount of
input energy, as well as their location outside the heating
zone (separated by a heat-resistant, vacuum-tight dielectric
(quartz or ceramic) glass), which has not been used by re-
searchers before. This design scheme allows welding of
facing joints in a high vacuum with heating of the assembly
to a temperature above 700 °C without destruction of
the insulation of the tool — the inductor to produce perma-
nent joints from dissimilar pairs of metals of a wider range.

At the same time, as the authors of works on PDW note,
the presence of a gap between the inductor and the welded
parts reduces the efficiency of magnetic-pulse action [19—
21]. Thus, with magnetic-pulse action through a quartz
glass on a unit placed in a vacuum (Fig. 5), the greatest
efficiency of the Pt + MPVF joint is achieved at tempera-
tures of 500—-1000 °C, for other pairs of metals, the tempe-
rature can reach 1200 °C. At lower temperatures in the joint
zone, poor welding fusion is observed, at a temperature
above 1000 °C, melting and destruction of the copper satel-
lite occurs.

The analysis of the calculated data allowed determining
the non-conductive gap zone A equal to (4+6)-10° m,
which is feasible in terms of design and ensures reliable
operation of the tool located in the atmosphere, and
the corresponding parameters of the process, equipment and
inductor tool: L; », R; , fo, P> Ju, and N..

The analysis of welded joints produced in optimal modes
showed the presence of a clear boundary of the materials
being joined, the absence of common grains, increased
microhardness in the joint zone, which is typical for various
types of solid-phase welding [13] using the example of ca-
thode pairs of pure molybdenum manufactured by vacuum
fusion and nickel-vanadium alloy with PtBa alloy.

Visual inspection did not reveal any buckles of
the emitter, i.e. no poor welding fusion was detected.
In the absence of a high-quality solid-phase connection
between the emitter and the core, the latter melts during
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operation at the site of poor welding fusion. The analysis of
welded joints showed that the formation of the joint occurs
in the solid phase, which reduces the probability of
the presence of intermetallic inclusions in the joint zone,
thereby increasing the service life of the products.

The technology of pulse diffraction welding of cathodes
of electrovacuum tube devices was developed at the Micro-
engineering Research Institute together with Don State
Technical University and implemented at Tantal (Open
Joint Stock company). As a result of developing
the new process, it was possible to reduce the labor intensi-
ty of welding cathode assemblies by 10 times.

CONCLUSIONS

Analysis of the produced welded joints showed that the joint
is formed in the solid phase, which reduces the probability of
the presence of intermetallic phases in the joint zone, thereby
increasing the service life of electronic equipment.

A design scheme of special technological equipment for
pulse diffusion welding with an inductor in the atmosphere
and a heated welded unit in a vacuum was developed and
implemented, which made it possible to ensure the ne-
cessary operability of the equipment and reduce the labor
intensity of producing secondary-emission cathode assem-
blies of ultra-high-frequency electrovacuum tubes.
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Annomayusn: OCOOCHHOCTBIO IKCILTYaTAIUH JICKTPOBAKYYMHBIX MPUOOPOB, B YACTHOCTH KATOIHOTO y3Ja, SBJISETCS
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MaTepuagoB He MPEJCTaBISETCS BO3MOXKHBIM 110 IPUYMHE BOSHUKHOBEHHUS HETIPOBAPOB M3-32 HAJIUYHS 3a30pOB B KOJIbIIE-
BBIX CEKTOPaxX OCHACTKH, a CIIEJ0BATEIbHO, CHIKEHHS CPOKA CIIY>KOBI KaTOIHOTO y3J1a. ABTOPAMH TPEUIOKEHO Pean30-
BaTh MPOIIECC ITyTEM COBMEIIECHHUSI MarHUTHO-UMITYJILCHOW cBapku ¢ an¢dy3noHHOH. OpHIHHAIBHOCTE PabOTHI 3aKIII09a-
eTcsl B BOBMOXHOCTH JMCTAaHIIMOHHOTO BO3JICHCTBHS HAa COCAMHEHHE 4Yepe3 IUIIEKTPUUECKUH KBaplLEeBbIi cTakaH, KOTO-
PBIil BXOJUT B COCTaB TEXHOJIOTMYECKOW BaKyyMHOH Kamepbl. MHIyKTOpHAs cMcTeMa HaXOIUTCS CHAPYXKU KBapLEBOTO
CTaKaHa, YTO IT03BOJISIET OCYIIECTBIATL HArpeB COOPaHHOTO y311a 06e3 HarpeBa HHCTPYMEHTA — HHIYKTOPA U3 Pa3sHOPOJHBIX
marepuanoB — 1o Temneparypsl 700 °C u Beiire. OrnpesiesieHbl OCHOBHBIE ITapaMeTphl Ipoliecca UMITYJIbCHOM Auhdy3HoH-
HOIf CBApKH B BAKyyMe: [aBJIeHHe B paboueii kamepe B=0,66-10""ITa (5-10° MM pT. CT.); TeMIepaTypa npeaBapHTeIbHO-
ro pasorpesa 7=700—1250 °C; sueprusi UMITyJibca MarHUTHOTO 1moJisi W=>5+17 kJ[x; pabodas gactora pa3psiaa UMIYIbCOB
ToKa f,=5—15 k['l;; MarHUTHOE JaBICHHE P,>10" H/M*. Takum 0Gpa3oM ObLIH TOTyHEHbI KATOJHBIE Y3/Ibl LIMPOKOH HO-
MEHKJIATYpHl COYETaHWH Map METAUIOB C JHaMeTpoM OCHOBaHMA d=20 MM U JummHOH o6pasua L=40 mm. IIpemnoxxennas
TEXHOJIOTHSI YCIIEIIHO peanu3oBaHa u BHeapeHa Ha OAO «TaHrtam». DkoHOMUYECKUH 3G (DEKT 3aKIF0YaeTCS B CHIDKCHUH
TPYIOEMKOCTH U MTOJTYYEHUN COeTMHEHUH CTabMIBHOTO Ka4ecTBa.

Kniwouegvie cnosa: nvmiynbcHast tudQy3noHHas cBapKa; CBapKa OXBaTHIBAIOIINX COCIUHEHHH; MarHUTHO-UMITYJIbCHAs
CBapKa; MHIyKTOp; MarHUTHOE JaBJICHNE; BBOAUMAs SHEPTHSL; Pa3HOPOAHBIC CILUIABHI.

bnazooapuocmu: ABTOpPHI CTaTbU BBIpaXarT OnarogapHocTh cotpyaaukaM HUU «Mukporexuauka» u JJoHCKOMY TO-
CyJapCTBEHHOMY TE€XHMYECKOMY YHUBEPCUTETY 3a COACHCTBHE B BBINOIHEHUU HAyYHO-UCCIEAOBATEIbCKON M OINBITHO-
KOHCTPYKTOPCKOH PaOOTHI.
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Abstract: The purpose of a rational mechanical processing mode remains an urgent task of pre-production engineering.
Known recommendations and methods for selecting this mode are focused on the processing of solid blanks and do not
take into account the fact that when processing thin-walled blanks, the temperatures in the processing zone and the surface
layer of the blank differ. The study is aimed at identifying patterns in changing the parameters of the milling process of
thin-walled blanks depending on the mode elements, as well as developing recommendations for selecting this mode.
The authors performed numerical simulation of technological parameters of the milling process of solid and thin-walled
blanks made of titanium alloy under various modes. The cutting speed, cutting depth and feed per cutter tooth were varied.
The cutting force, power and densities of heat sources and the temperature in the surface layer of the blank, in the contact
zones of the cutter tooth with the blank and the chips with the front surface of the tooth were calculated. It has been found
that when milling thin-walled blanks, the temperature field differs significantly from that formed when processing solid
blanks due to low heat removal from the unprocessed surface. Increasing the feed per tooth by 45 % leads to an insignifi-
cant decrease in temperatures in the cutting zone (by 5...12 %). Increasing the cutting speed by 25 %, on the contrary,
leads to an increase in temperatures by 5...10 %. Increasing the cutting depth leads to an increase in the temperature in

the chip-tooth contact zone by 1.5 times and to an increase in the temperature in the tooth-blank contact zone.
Keywords: cutting mode; technological parameters of milling process; temperature field; yield strength; thin-walled

blank; cutting force; cutting zone temperature.
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INTRODUCTION

The temperature field formed during mechanical pro-
cessing of thin-walled blanks differs from the field during
processing of blanks of parts of considerable thickness [1;
2]. The reason is that during processing of a thin-walled
blank, its surface opposite to the processed one has a signi-
ficant effect on the temperature field. However, known re-
commendations and methods for selecting the mode are
focused on the processing of solid blanks, and do not take
into account the fact that when processing thin-walled
blanks, the temperatures in the processing zone and
the surface layer of the blank differ. This is caused by
the low level of heat removal from the unprocessed surface —
heat removal to the environment is significantly less than
that occurred during heat removal to the underlying layers
of a solid blank [2; 3].

Knowledge of the patterns of thermal processes of me-
chanical treatment, and the ability to control these pro-
cesses, are necessary to increase processing productivity
and ensure the quality of processed parts. The temperature
of the surface layers of the blank affects their structural
and phase composition, microhardness and stress state of
the material [4]. The temperatures of the tool surfaces

contacting with the blank and chip determine the wear
resistance and service life of the tool, i.e. its operability
[5; 6]. However, the influence of thermal processes on
the cutting process is often not considered as a significant
factor [7; 8].

The arguments of the dependencies for calculating
the powers of heat sources are the cutting forces, which,
in turn, depend on the mechanical characteristics of
the material of the processed blank (yield strength and
tensile strength). To determine the mechanical characte-
ristics, it is necessary to know the temperature in the plas-
tic deformation zone. To determine this temperature,
a dependence is proposed, the argument of which is
the average tangential stresses in the conventional shear
surface depending on the temperature in this zone. This
circumstance complicates the possibility of determining
the yield strength of the blank material in the plastic de-
formation zone.

It is possible to ensure the operability of the tool,
and the quality parameters of thin-walled parts by selecting
a rational processing mode, but there are no corresponding
recommendations in the literature. Studies related to
the determination of a rational mode for processing
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thin-walled blanks, take into account the elastic defor-
mation of the technological system elements, including
the blank itself [9; 10]. Vibrations and pulsations of cut-
ting forces are taken into account, which is also relevant
for thin-walled blanks [11-13]. Temperature fields and the
effect of temperatures on the mechanical properties of the
blank material, during processing were studied for solid
blanks [14]. However, it was not taken into account that
the temperature field formed, when processing thin-walled
blanks, is different from that when processing solid
blanks, and the effect of the blank temperature on
the yield strength of its material was not considered [15;
16]. In [17; 18], the processes of machining thin-walled
blanks, as well as blanks with a complex profile, were
studied, but recommendations for choosing cutting modes
were not provided.

The patterns of changing the parameters of the mil-
ling process of thin-walled blanks made of titanium
alloys depending on the mode elements, have not been
studied.

The aim of this study is to investigate the influence of
the elements of the milling mode of thin-walled titanium
alloy blanks on the technological parameters of the process,
including the forces and temperatures arising during
the processing.

METHODS

The friction forces of the chip on the tooth front surface,
the tooth back surface on the blank, and the main compo-
nent of the cutting force, were calculated using the depen-
dencies obtained by transforming the corresponding de-
pendencies proposed in [19; 20]. These forces were ob-
tained under the condition that the assessment of the blank
material destruction is carried out, based on the flow plas-
ticity theory (“flow plasticity method”) used in [12; 18].
One of the main factors determining this process is
the yield strength of the blank material, which depends on
the deformed layer temperature:

Gst:f(Td)9

where T, is the temperature of the deformed layer of
the blank material, K.

The calculation of the oy parameter was performed
using the formula [7; 17]:

T,
GS,:GS-[I—T—d],
p

where oy is the yield stress of the blank material at a tem-
perature of 293 K, Pa;
T, is the melting temperature of the material, K.

The powers and densities of heat sources in the zone
of deformation and in the contact zones of the tooth with
the chip and the blank were calculated using the depend-
encies [20; 21].

The authors assumed that the blank material (VT6 tita-
nium alloy, the closest analogue according to DIN is
3.7164) is isotropic, and the phase transformations during

its heating were not taken into account in the calculation.
This assumption is valid, since numerical simulation and
experiments have found that the temperature in the surface
layer of the blank does not reach the values at which
the transformations occur.

To calculate the milling process parameters, we used
our own software, implementing the temperature field cal-
culation using the finite element method. It allowed calcu-
lating the temperature of the deformed layer of the blank
material 7, and the yield strength of the blank material oy,
at this temperature.

The time during which heat exchange occurs is divided
into finite small intervals. The deformable layer tempera-
ture calculated for a certain moment in time is used to cal-
culate the yield strength of the blank material at the next
moment in time.

The o, parameter is the argument of the dependencies
for calculating the friction forces, and the main component
of the cutting force P,. The forces per 1 mm of the cutter
tooth height were calculated.

The adequacy of the physical and mathematical mo-
dels adopted for calculating the temperatures to real condi-
tions, was checked by comparing the average temperature
in the surface layer of the machined blank made of VT6
titanium alloy, obtained by calculation, with the results of
measurement by a semi-artificial thermocouple. By aver-
aging the temperature of the surface layers of a solid
blank, at different moments in time, and at different points
at a distance from the blank surface equal to the diameter
of the thermocouple wire (0.05 mm), the average calculat-
ed temperature was obtained. Milling mode: feed per cut-
ter tooth is S,=0.16 mm/tooth; cutting speed is /=120 and
150 m/min; cutting depth is 7=0.3 mm; feed rate is
V=191 m/min. The other experimental conditions corre-
sponded to those used in the subsequent numerical simula-
tion. At speeds /=120 and 150 m/min, the calculated tem-
peratures were 686 and 701 K, and the experimental va-
lues were 618 and 623 K.

The discrepancies between the calculated and experi-
mental temperature values recorded at different cutting
speeds do not exceed 12 %, which indicates the possibility
of using the proposed methods for the thermophysical ana-
lysis of the milling process.

The parameters of the milling process of blanks made of
VT6 titanium alloy, were numerically simulated using
the cylindrical surface of an end mill made of T5K10 hard
alloy with a diameter of 20 mm. The thermophysical cha-
racteristics of the blank and cutter material (density, ther-
mal conductivity and heat capacity coefficients) depending
on the temperature and the yield stress of the blank material
at a temperature of 293 K were determined from reference
data. The process parameters were recorded during cutting
of the blank by the twenty-fifth tooth of the successive se-
ries of working teeth of the cutter. The process of cooling
the cutting zone with a lubricating fluid was simulated, tak-
ing the coefficient of heat transfer from the surfaces con-
tacting with the coolant to be 5000 W/(m*-K); the heat
transfer coefficient of the surfaces contacting with air was
taken to be 40 W/(m®-K).

The authors simulated the process of milling a solid
blank with a thickness of 10 mm, as well as blanks with
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a thickness of 0.7 and 0.5 mm after processing. The fol-
lowing mode elements were varied: feed per cutter tooth
S, — 0.11 and 0.16 mm/tooth; cutting speed V — 120
and 150 m/min; milling depth # — 0.3 and 0.5 mm. The pro-
cess parameters were recorded at the last moment of contact
between the cutter tooth and the blank (this time depends
on the milling mode elements) and at a time that was
8107 s less than the last.

Table 1 shows a plan for numerical simulation of the pa-
rameters for processing thin-walled blanks with varying
mode elements.

RESULTS

The studies carried out during the machining of blanks
made of VT6 titanium alloy, showed that blanks with
a thickness of 10 mm and more are classified as solid
blanks; during their machining, the surface opposite to
the blank does not affect the temperature field in the blank.

Tables 2 and 3 present the results of calculating
the milling process parameters for a solid blank with
a thickness of 10 mm and thin-walled blanks, the thickness
of which after the allowance removal is 0.7 and 0.5 mm.
Under these conditions and cutting mode, visible changes in
the temperature field were recorded when milling blanks
with a thickness of 1 mm after machining. When machining
a thin-walled blank, the temperatures in the zones of con-
tact of the chip with the tooth front surface, the tooth rear
surface with the blank and in the deformation zone are
higher than when machining a solid blank. An increase in
the temperature of the deformed layer of the blank material
T, leads to a decrease in the yield strength of the material of
the thin-walled blank o,,.

Tables 4 and 5 present the results of calculating the pa-
rameters of the milling process for a 0.7 mm thick
workpiece, after removing the allowance for different mode

elements. Table 6 presents the results of calculating
the temperatures. With an increase in the feed S, from 0.11
to 0.16 mm/tooth (by 45 %), the maximum depth of tooth
penetration into the workpiece a,,, (on average by 45 %),
and the maximum length of contact of the chip with
the front surface of the tooth 1 increase. The parameter |
increases to a greater extent at a cutting depth of t=0.3 mm —
by 64 %. An increase in the parameters a,, and 1 is
the reason for an increase in the friction forces and the main
component P, of the cutting force. The effect of the feed on
the friction force of the tooth on the workpiece F; is insignificant;
the friction force of the chip on the front surface of the tooth F
and the force P, increase by 15...42 % and 14...21 %, respec-
tively. This leads to an increase in the power of heat sources in
the chip-tooth contact zones W and in the deformation zone
W,; the power of the heat source in the tooth-to-workpiece
contact zone W, increases insignificantly.

With an increase in the cutting speed V' from 120 to
150 m/min, i.e. by 25 %, the power of all heat sources
increases by 17..27 %. This leads to an increase in
the average and maximum temperatures 77 and 7,
by 5...10 %. Consequently, with an increase in the cutting
speed V, the temperature of the surface layer of
the workpiece increases.

The kinematic parameters of the milling process —
the length of the tooth-to-workpiece contact trajectory I,
the maximum tooth penetration depth into the workpiece
Apmar and the maximum length of chip contact with
the front surface of the tooth 1 — are not affected by
the cutting speed.

An increase in the cutting depth leads to an increase in
the kinematic parameters. With increasing parameter a,,,,
the friction force F| and the force P,, as well as the powers
of the heat sources W, and W,, increase. The friction force
F, and the power of the source W, are not affected by
the change in the cutting depth.

Table 1. Numerical simulation plan
Tabnuya 1. [Inan yucienno2o MooeruposaHus

Varying parameters
Experiment

number Feed per cutter tooth Cutting speed Milling depth Feed speed
S, mm/tooth ¥, m/min t, mm V;, m/min

1 0.11 120 0.3 1.05

2 0.16 120 0.3 1.52

3 0.11 150 0.3 1.31

4 0.16 150 0.3 1.91

5 0.11 120 0.5 1.05

6 0.16 120 0.5 1.52

7 0.11 150 0.5 1.31

8 0.16 150 0.5 1.91
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Table 2. Milling process parameters at various sizes (thicknesses) of a processed blank:

S.,=0.16 mm/tooth; V=150 m/min; t=0.5 mm; feed speed V,=1.91 m/min

Taonuya 2. [lapamempor npoyecca peseposaniis npu pasiudhbIx pasmepax (Moauunax) oopabomanHot 3a20MoeKu.
S.=0,16 mm/3y6; V=150 m/mun; t=0,5 mm; ckopocmo nodawu V,=1,91 m/mun

Force Heat source power,
Blank size of friction Force of friction Cutting force W, in the zone of
(thickness) of a chip of a tooth major chip-
after processing, on a tooth on a blank component . tooth-blank
deformation tooth
mm front surface F5, N P,N 1% contact
F.. N f contact W
1 W1 2
10 54.8/62.7 54.3/55.1 118.1/128.1 109.0/124.9 82.2/94.1 163.0/165.4
0.7 54.7/62.6 54.2/55.0 117.7/127.8 108.7/124.6 82.0/93.9 162.5/165.0
0.5 53.4/61.3 54.0/49.8 117.0/127.2 108.2/124.1 81.6/93.5 162.0/164.5

Note. F;, F,, P. are forces per 1 mm of the cutter tooth height.

The denominators represent the process parameters recorded at the last moment of contact between the cutter tooth and the blank,
and the numerators represent the same parameters at the previous moment.

Ipumeuanue. F, Fy, P, — cunvl, npuxooswuecs Ha 1 mm evicomsl 3y6a (hpesbi.

B 3namenamensix npedcmagienvl napamempul npoyecca, 3aQuUKCUpoO8antble 8 NOCICOHUL MOMEHM 8peMeHU KOHmaxkma 3y6a gpesvl

€ 3A20MOBKOI, 8 YUCTUMEAX — 8 NPEOLIOYWUTE MOMEHN.

Table 3. Temperatures at various sizes (thicknesses) of a processed blank:

S.=0.16 mm/tooth; V=150 m/min; t=0.5 mm; V;=1.91 m/min

Taonuya 3. Temnepamypol npu pasiuyHsIX pasmepax (MoayuHax) oopabomantol 3a20MoeKu:

8.=0,16 mm/3y6; V=150 m/mun,; t=0,5 mm; V=1,91 m/mun

Blank size Average temperature Temperature Temperature of a blank
. in the contact zone of Yield strength T;, K
(thickness) of the deformed X
after layer of the blank of the blank at a distance
rocessin a tooth a chip material material from the processed surface
P & | withablank | with a tooth K 6., MPa
mm T, K T, K @ 30 pm 180 pm
10 1,000/1,018 1,004/1,012 365/337 784/796 484/478 389/390
0.7 1,006/1,023 1,008/1,013 371/341 782/794 497/ 491 406/406
0.5 1,014/1,031 1,014/1,015 379/347 778/791 514/506 425/425

Note. The denominators represent the process parameters recorded at the last moment of contact between the cutter tooth
and the blank, and the numerators represent the same parameters at the previous moment.

Ilpumeuanue. B 3namenamensx npedcmasieHvl napamempsi npoyeccd, 3aguKcuposanHble 8 NOCIEOHUI MOMEHM 8PeMeHU
Konmaxma 3y6a ¢pesvl ¢ 3a20mosKou, 8 YUCIUMENAX — 8 NPEObLOYUUL MOMEHM.

With increasing cutting depth, the average value of
temperature 7, decreases at S.=0.11 mm/tooth, and increa-
ses at S,=0.16 mm/tooth. The maximum value of tempera-
ture 7, increases for all combinations of parameters S, and V,
except for S;=0.11 mm/tooth and ¥=150 m/min. The work-
piece temperature 73 at a depth of 30 um increases with
increasing cutting depth for all combinations of parameters
S, and V, except for S,=0.16 mm/tooth and V=150 m/min.
The temperature at the tooth tip T slightly decreases with
increasing parameter ¢, except for the calculation for
the mode S,=0.11 mm/tooth and /=120 m/min.

DISCUSSION

When milling thin-walled blanks, the cutting force P,
and the power of the heat sources are somewhat lower due
to the lower value of the o, parameter. However, due to
less intense heat removal from the zone of processing thin-
walled blanks, the contact temperatures are somewhat high-
er [3] than when machining solid ones (Tables 2 and 3).
The temperatures in the surface layer of the blanks increase
to a greater extent, and the greater the distance from
the machined surface, the greater the difference in tempera-
tures between the solid and thin-walled blanks.

102

Frontier Materials & Technologies. 2024. No. 3



Unyanin A.N., Chudnov A.V. “The influence of cutting mode elements on the technological parameters...”

Table 4. Process technological parameters at various milling mode elements
Taonuya 4. Texnonozuueckue napamempuvl NPOYECcd NPu PA3IULHBLX DNEMEHMAX PEHCUMA (pe3eposaniis

. Maximum Maximum length Temperature .
E):]I:le:;l: int ;}itl:lelte:;gtthh_ depth of tooth of a contact of a chip of the deformed Y;:lt(:lzt;f:flt(h
accordin blank contact penetration with the tooth layer of the blank material
t0 Table % L. mm in a blank front surface material .. MPa
fo Aypaxs UM la pm Tds K »
1 2.46 26.8 76.5 385/366 776/784
2 2.46 39.0 125.8 376/354 779/789
3 2.46 26.8 85.2 388/365 774/784
4 2.46 39.0 125.8 376/351 779/790
5 3.18 344 111.0 394/365 772/784
6 3.18 50.1 161.5 371/345 781/792
7 3.18 344 111.5 396/363 781/792
8 3.18 50.1 161.5 371/341 782/794

Note. The denominators represent the process parameters recorded at the last moment of contact between the cutter tooth
and the blank, and the numerators represent the same parameters at the previous moment.

IIpumeuanue. B 3HameHamensix npedCcmasiienbl napamempuvl NPoYeccd, 3aQUKCUPOSAHHbIE 8 NOCIEOHUL MOMEHN 6PEMEHU
KOHmaxma 3y0a gpeswvl ¢ 3a20MoKO, 8 YUCTUMENAX — 8 NPEObLOYUULL MOMEHNI.

Table 5. Process parameters at various milling mode elements
Tabnuya 5. Ilapamempyl npoyecca npu pasiuyHbix 31eMeHmax pejcuma gpezeposanus.

Force of fr} ction Force of friction Cutting force Heat source power, W, in the zone of
E . ¢ of a chip fa tooth T
xperimen on a tooth front otatoo major . chip-tooth tooth-blank
number on a blank component deformation
surface F.. N P.N "% contact contact
F, N » » 8 W W,

1 28.0/31.5 53.8/54.4 86.2/90.8 46.0/51.8 35.0/39.4 134.4/135.8
2 38.4/45.0 54.0/54.7 98.8/106.9 63.7/74.3 48.3/56.2 135.0/136.6
3 28.0/31.5 53.7/54.3 86.0/90.8 55.1/62.2 41.9/47.2 161.0/163.0
4 38.8/45.2 54.0/54.7 99.0/107.2 76.7/89.6 58.2/67.8 162.0/164.1
5 39.8/44.1 53.5/54.3 99.6/105.5 65.6/72.8 49.7/55.1 133.7/135.8
6 54.0/61.7 54.2/54.9 116.9/126.7 89.4/102.4 67.5/77.1 135.4/137.3
7 39.7/44.1 53.4/54.4 99.5/105.6 78.6/87.4 59.6/66.2 160.3/163.2
8 54.7/62.6 54.2/55.0 117.7/127.8 108.7/124.6 82.0/93.9 162.5/165.0

Note. F;, F,, P, are forces per 1 mm of the cutter tooth height.

The denominators represent the process parameters recorded at the last moment of contact between the cutter tooth and the blank,
and the numerators represent the same parameters at the previous moment.

Ipumeuanue. F), F), P,— cunvi, npuxooawuecs na 1 mm evicomvl 3y0a ¢pesol.

B snamenamensix npedcmagienvt napamempbl npoyeccd, 3aQuKcuposantble 8 NOCIeOHU MOMEHM 8peMeHy KOHmaxma 3y6a ghpesol
€ 3a20MOBKOU, 8 YUUCTUMENAX — 8 NPEObIOYWULL MOMEHTN.
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Table 6. Temperatures at various milling mode elements

Tabnuua 6. Temnepamypul npu pasiuuHslx 1eMeHMax pesicuma dpe3eposanus

Temperature Temperature Temperature
. in the tooth-blank contact zone | in the chip-tooth contact zone perat Blank
Experiment T.. K T. K at the tip temperature

number » L of the cutter tooth peratu

T.. K TS’ K

average maximum average maximum B

1 967/972 1,282/1,288 874/871 961/961 1,025/1,017 532/525
2 922/936 1,301/1,317 959/934 1,277/1,290 1,019/1,010 506/496
3 1,042/1,052 1,462/1,475 946/958 1,305/1,312 1,036/1,025 539/531
4 966/987 1,441/1,467 963/970 1,384/1,403 1,013/1,001 502/491
5 957/960 1,285/1,294 948/946 1,273/1,277 1,034/1,024 542/537
6 956/969 1,330/1,348 967/970 1,380/1,393 1,014/1,001 507/500
7 1,011/1,017 1,424/1,437 986/985 1,380/1,388 1,027/1,016 539/535
8 1,006/1,023 1,477/1,504 1,008/1,013 1,506/1,528 1,008/991 497/491

Note. Blank temperature T; was determined at a distance of 30 um from the processed surface.

The denominators represent the process parameters recorded at the last moment of contact between the cutter tooth and the blank,
and the numerators represent the same parameters at the previous moment.

Ipumeuanue. Temnepamypa 3azomosexu T3 onpedenena na paccmosnuu 30 mxm om 06pabamuviéaemori NOBePXHOCHU.

B 3namenamensax npeocmasnensl napamempsi npoyecca, 3aQuKcuposannble 8 NOCIeOHUI MOMEHM 6peMeHl KOHmaKma 3y6a gpesul

€ 3A20MOBKO, 8 YUCTUMEIAX — 8 NPEOLIOYWUTE MOMEHN.

The densities of all heat sources increase insignificantly,
since with an increase in the feed, both the power of
the heat sources and their areas increase. The average tem-
peratures in the contact zone of the tooth with the blank 75,
the temperature at the tip of the cutter tooth 7 and the tem-
perature of the blank 73 in almost all cases decrease insig-
nificantly, with an increase in the feed (by 5...12 %). This
can be explained by a decrease in the time the blank is op-
posite the heat source with an insignificant increase in
the densities of the heat sources. The average and maxi-
mum temperatures in the chip-tooth contact zone 7; in-
crease with increasing feed.

The blank temperature at a distance of 30 pm from
the machined surface does not change, or decreases slight-
ly, with increasing speed V, which is explained by a de-
crease in the time of action of the heat source on the blank.

At the last moment of contact of the tooth with
the blank, the temperature of the deformed layer is slightly
lower than at the previous one. This is a consequence of
the fact that the tooth comes into contact with the blank
material heated to a lesser extent as a result of the opera-
tion of the previous teeth. Therefore, at the last moment of
time, the yield strength o, is higher, as, consequently, are
the cutting and friction forces, and the power and density
of heat sources. For all milling modes, the values of
the average and maximum temperature 7, are higher at
this moment of time than at the previous one. The blank
temperature 73, the temperature at the tooth tip 7 and
the temperature of the deformed layer, are slightly lower
at the last moment of time than at the previous one.
The maximum value of temperature 7 is higher at the last

moment of time, and the average value of this temperature
changes insignificantly. Therefore, the following depend-
encies for evaluating the process parameters were ob-
tained for: the average value of temperature 7, and force
P, recorded at the last moment of contact time; tempera-
tures Tx and 75 — at the previous moment; when calculat-
ing the average temperature 7}, the temperature averaged
for two moments of time was used.

When machining thin-walled blanks, a mode should be
used that ensures forces and temperatures that do not ex-
ceed those that occur when machining solid [14] blanks
at maximum productivity.

The studies performed allow selecting the required mode.
For example, if mode No. 6 according to Table 3 is used
(=0.5 mm; S,=0.16 mm/tooth and V=120 m/min), then
the force P., as well as the average and maximum values of
temperatures 7; and 7, are expected to be lower than when
machining a solid blank (Tables2 and 3). In this case,
the feed rate will decrease from 1.91 to 1.52 m/s, i.e. the
productivity during processing of thin-walled blanks will
slightly decrease. There are also other modes of processing
thin-walled blanks providing lower forces P, and tempera-
tures in comparison with processing of a solid blank, howev-
er, under these modes, productivity decreases significantly.

It is difficult to provide recommendations concerning
processing of thin-walled blanks due to the ambiguous in-
fluence of any mode element on the process parameters
with various combinations of others. Therefore, to deter-
mine the rational mode, one can use the following depen-
dencies obtained as a result of processing the results of nu-
merical simulation:
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T,=223.9+1141.3-5_+31.095 -V +272 -t —141.3-S_ -V —
—2400 -5, -t—30.68-V -t +355.56-S_-V ’

Ty =1320 +13110 - S, +905,4-V +4184 -1 ~5340 -5 -V —
~25900 - S, -£—16900 -V £ +11000 - S, -V :

Ty =439.3+3820 -5, +296.6-V +1351 -1 ~1760 - S, -V —
~8600 -8, -1—576 -V -1+3000 -S. -V ’

Ty =306.9+1110 -5, +118.8-V +525 -1~ 680 -S. -V —
~2500-S,-1—188 -V -1 +800-S, -V -t ’

P, =37.12+1141.3-5_+6.52 -V +63.8-1—62-5_ -V —
~70-S,-1—-232-V-1+220-S,-V -t '

Using these dependencies, one can calculate the mode,
at which the technological parameters, when processing
a thin-walled blank, will not exceed the permissible values.

CONCLUSIONS

1. It has been found that during milling of thin-walled
blanks, the temperature field differs significantly from that
formed during processing of solid blanks.

2. Regularities in changing the parameters of the milling
process of thin-walled blanks depending on the mode ele-
ments have been identified.

3. Mathematical dependencies describing the relation-
ship between temperatures and cutting forces with the mill-
ing mode elements have been obtained.

4. The results of the research, and the obtained de-
pendencies allow determining the processing mode for
a thin-walled blank, at which the technological parame-
ters, including temperatures, will not exceed the per-
missible values.
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Annomayus: HasHaueHNe pallOHAIBHOTO PEeXHUMa Ipolecca MEXaHMIECKOH 00pabOTKH OCTaeTcs akTyalbHOH 3a/1a-
Yel TEeXHOJIOTMYECKOH MOATOTOBKM MPOM3BOJCTBA. M3BECTHBIC PEKOMEHAAIMM W METOIUKH HAa3HAUEHHS 3TOTO PeXHuMa
OpPHEHTHPOBAHbI HAa 00Pa0OTKY MaCCHBHBIX 3arOTOBOK M HE YUHUTHIBAIOT TOTO OOCTOSTENHCTBA, YTO MPU 00pabOTKE TOHKO-
CTEHHBIX 3aTOTOBOK TEMIIEPATYpPhl B 30HE 00pabOTKN 1 MOBEPXHOCTHOM CIIO€ 3aTOTOBKH OTiIMUaroTcs. McecnenoBanue Ha-
MIPaBJICHO Ha BBIBJICHHE 3aKOHOMEPHOCTEH B M3MEHEHHMSIX MapaMeTpoB mpoliecca (pe3epoBaHUs 3arOTOBOK TOHKOCTCH-
HBIX JieTaJleil B 3aBUCUMOCTH OT 3JIEMEHTOB PE)KHMMa, a TAK)Ke Pa3padOTKy PEeKOMEHIAIMH 10 Ha3HAUSHHIO ATOTO PEKUMA.
BBInosHEeHO YUCIIEHHOE MOJISIUPOBaHNE TEXHOJOIMYECKUX MapaMeTpoB Ipolecca (ppe3epoBaHus 3ar0TOBOK MacCHBHBIX
1 TOHKOCTEHHBIX JeTaJel M3 THTAHOBOTO CIUIaBa IIPU PA3IMYHBIX PEKUMax. BappupoBamm cKOpOCTh pe3aHus, NIyOHHY
pe3aHus u nojauy Ha 3y0 ¢pessl. PaccunThiBany cuity pe3aHus, MOLIIHOCTH U IDIOTHOCTH UCTOYHHKOB TEIUIOBBIJCICHUS
U TEeMIIEpaTypy B IIOBEPXHOCTHOM CJIO€ 3arOTOBKH, B 30HaX KOHTaKTa 3y0a (pe3bl ¢ 3aroTOBKOW M CTPYXKKH C HepenHen
MOBEPXHOCTBIO 3y0a. YCTaHOBIECHO, YTO IpU (pPE3epOBaHUM 3arOTOBOK TOHKOCTEHHBIX JAETAJCH TeMIepaTypHOE IoJe
3HAUUTEJIBHO OTIMYAETCs OT (POPMHUPYIOLIETOCS NpU 00pabOTKe MACCHUBHBIX 3arOTOBOK M3-32 HHU3KOTO TEINIOOTBOJA OT
HeoOpabaThIBaeMOil IOBEPXHOCTH. YBEIMUeHHE MOAa4YH Ha 3y0 Ha 45 % NpHUBOJIUT K HE3HAYUTEILHOMY CHIDKCHHUIO TEM-
niepatyp B 30He pezaHus (Ha 5...12 %). YBenudueHue ckopocTH pe3anus Ha 25 %, HaNpPOTHB, IPUBOJNUT K POCTY TeMIIepa-
Typ Ha 5...10 %. YBenuuenune riryOMHBI pe3aHus] IPUBOAUT K YBEIMUIECHHUIO TEMIIEPATYPhl B 30HE KOHTAKTa CTPYXKKH C 3y-
60oM B 1,5 paza, a Takke K yBEJTMUCHHUIO TEMIIEPATyphl B 30HE KOHTAKTa 3y0a C 3arOTOBKOH.

Knrouegvle cnoga: pexxuM pe3aHMs; TEXHOJOTMYECKHE HapaMeTpsl Iporecca (pe3epoBaHus; TeMIlepaTypHOe IIoJIe;
IIpe/ieN TeKy4eCTH; TOHKOCTEHHAs 3ar0TOBKA; CHJIA PE3aHus; TEMIIEPaTypa B 30HE pPE3aHHsI.
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https://rscf.ru/project/24-29-00206/.
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Abstract: Currently, one of the effective 3D printing methods is wire-feed electron-beam additive manufacturing
(EBAM), which allows producing large-sized commercial billets from Ti—6Al-4V titanium alloy. However, Ti—-6A1-4V
alloy produced by this method demonstrates reduced strength properties. It is known that it is possible to increase
the strength properties of metallic materials by refining their grain structure by high-pressure torsion (HPT). This work is
aimed at studying the influence of high-pressure torsion on the microstructure, and mechanical strength of a structural Ti—
6A1-4V titanium alloy produced by the wire-feed electron-beam additive manufacturing method. The microstructure of
a 3D-printed Ti—-6Al1-4V alloy in the initial state, and after high-pressure torsion, was studied using optical, scanning and
transmission electron microscopy. An EBSD analysis of the material in its original state was carried out. The microhard-
ness of the material in the initial and deformed states was measured. Using the dependence of the yield strength on micro-
hardness, the estimated mechanical strength of the material after processing by the high-pressure torsion method was de-
termined. The microstructural features of the 3D-printed Ti-6Al-4V alloy after high-pressure torsion, which provide in-
creased strength of this material, are discussed. The research results demonstrate that 3D printing, using the electron-beam
additive manufacturing method, allows producing a Ti—6A1-4V titanium alloy with a microstructure unusual for this mate-
rial, which consists of columnar primary -grains with a transverse size of 1-2 mm, inside of which martensitic o’-Ti needles
are located. Thin B-Ti layers with a thickness of about 200 nm are observed between the o'-Ti needles. Further deformation
treatment of the alloy, using the high-pressure torsion method, allowed forming an ultrafine-grained structure in its vo-
lume, presumably consisting of a-grains with an average size of (25+£10) nm. High-pressure torsion of the 3D-printed alloy
allowed achieving rather high microhardness values of (448+5) HV,,;, which, according to the HV=2.8-30, ratio, corre-
sponds to the estimated yield strength of approximately 1460 MPa.

Keywords: 3D-printed Ti—6A1-4V titanium alloy; Ti—6A1-4V titanium alloy; wire-feed electron-beam additive manu-
facturing; high-pressure torsion; microstructure; mechanical properties.
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INTRODUCTION

High-pressure torsion (HPT) is one of the most well-
known methods of severe plastic deformation, which allows
refining effectively, the microstructure in metal materials

served. In the work [5], the authors subjected Ti—6Al-4V
titanium alloy with a plate structure to high-pressure tor-
sion treatment. The research results showed, that 10 revo-
lutions of high-pressure torsion at a pressure of 7.5 GPa

and providing an ultrafine-grained (UFG) structure, with
dimensions less than 100 nm, and accordingly, an increase
in their strength properties [1-3]. There are a number of
works on the use of high-pressure torsion for processing
the Ti-6Al-4V titanium alloy (Russian name — VT6),
which is popular in industry. In this work [4], the authors
applied HPT treatment on Ti—6Al-4V titanium alloy pro-
duced by hot rolling. As a result, a significant grain struc-
ture refinement to 100200 nm, and as a consequence,
a strong increase in strength up to ¢,=1740 MPa were ob-

allows forming a nanostructured state in the Ti-6Al-4V
alloy with an average grain size of 52.7 nm and a micro-
hardness of 432 HV. At the same time, a significant in-
crease in tribological properties, such as friction and wear
resistance, was observed. Works [6—8] show that the for-
mation of a UFG structure in the Ti—6A1-4V alloy ensures
the manifestation of superplasticity under relatively low
temperatures (550-650 °C).

In recent years, it has been demonstrated that the Ti—
6Al-4V alloy, and products made from it, can be success-
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fully manufactured by 3D additive technologies [9—11].
Moreover, works [12—14] show that the method of wire-
feed electron-beam additive manufacturing (EBAM) is one
of the most promising and opens broad prospects for
the production of large-sized complex-shaped parts from
titanium alloys. The main advantages of this technology are
high productivity (up to 2500 cm’/h), and almost 100 %
efficiency of raw material consumption. Moreover, wire is
much cheaper than powder raw materials, and its products
are available for sale in a much wider range.

3D-printed Ti—6A1-4V titanium alloy has a specific ini-
tial microstructure, which significantly differs from
the same alloy obtained by traditional production methods
(casting, stamping, etc.). In particular, the microstructure
after EBAM treatment consists of large columnar grains of
the initial B-phase containing a lamellar martensitic
a'-phase, which is formed due to the rapid solidification of
the melt pool, and multiple phase transformations caused by
repeated thermal cycles [10; 12]. However, such a structure
is characterised by lower strength properties, and is notice-
ably inferior to those in comparison with the hot-rolled state
[15; 16]. In this regard, an urgent task is to study the trans-
formation of the microstructure obtained by additive tech-
nologies to increase the strength properties of the alloy.
Of great interest is the study of the ultrafine-grained struc-
ture formation when exposed to severe plastic deformation
(SPD) methods. Recently, such work was carried out on
a Ti-6Al-4V alloy produced by the directed energy deposi-
tion (DED) technology, where the effect of equal channel
angular pressing (ECAP) on the microstructure and me-
chanical properties was studied [17]. It was found that
the alloy subjected to equal channel angular pressing exhi-
bited a noticeable increase in mechanical properties in
terms of strength and ductility.

High-pressure torsion treatment leads to a more signifi-
cant refinement of the structure, and the possible unique
properties that a 3D-printed Ti—6A1-4V alloy can acquire,
after this treatment, are of scientific interest. This work is
fundamental in nature. In the future, its results can become
the basis for research aimed at improving the mechanical
properties of 3D-printed parts of different geometries, using
the SPD friction stir method, which, as is known, can be
applied to treat the surface of various materials, including
titanium alloys [18].

The purpose of this research is to study the effect of
high-pressure torsion processing, on the microstructure
and mechanical strength, of 3D-printed Ti—6AI-4V tita-
nium alloy using wire-feed electron-beam additive ma-
nufacturing.

METHODS

As a material for research, the Ti-6Al-4V titanium al-
loy was used produced at the Institute of Strength Physics
and Materials Science of the Siberian Branch of the Russian
Academy of Sciences, Tomsk, Russia, using a unique scien-
tific installation for wire-feed electron-beam additive manu-
facturing [12; 13]. As the raw material, a wire with a di-
ameter of 1.6 mm made of Ti—6Al-4V titanium alloy was
used, which was melted by an electron gun with a plasma
cathode in a vacuum of 1.3x10° Pa. The wire was fed at

a speed of 2 m/min at an angle of 35° to the base plate sur-
face. The base plate moved at a speed of 2.2 mm/s relative
to the electron beam along a meander path with layers de-
posited in an inversed manner. A rod of ©¥20 mm was
turned from the resulting blank. Then samples, with a di-
ameter of 20 mm and a height of 2 mm, were cut out of it
using an ARTA-120 electrical erosive machine for defor-
mation processing and further research.

Samples of titanium alloy produced by electron beam
melting of a wire, were subjected to high-pressure tor-
sion on a SKRUDZH-200 unique scientific device at the
Research Institute of Ufa University of Science and
Technology, Ufa, Russia, at a specific compressive pres-
sure of 6 GPa according to the mode: number of revolu-
tions — 10, striker rotation speed — 0.2 rpm. After defor-
mation, samples with a diameter of 20 mm and a height
of 0.9-1.0 mm were obtained. These processing modes
are described in detail in [2; 4].

The microstructure of the original and deformed sam-
ples was studied, using an Olympus GX51 optical micro-
scope, a TESCAN MIRA LM scanning electron micro-
scope, and a JEM-2100 transmission electron microscope
(JEOL, Japan) with an accelerating voltage of 200 kV.
Samples for TEM after high-pressure torsion were pro-
duced from an area 5 mm from the centre of the sample.

Microhardness was assessed using the Vickers method
with a diamond pyramid at a load of 100 g for 15s on
a DuraScan 50 (EMCO-Test, Austria) device. To obtain an
average value for each structural state, measurements were
carried out at least 40 times.

RESULTS

Fig. 1 shows the microstructure of the Ti—~6Al-4V alloy
produced by the wire-feed electron-beam additive manufac-
turing method in the initial state. In the image obtained in
an optical microscope (Fig. 1 a), columnar primary p-grains
with a transverse size of 1-2 mm are observed in the vo-
lume, of which a-morphology grains were formed during
the surfacing process. Such grains consist of a combination
of lamellar and acicular martensitic o'-phase (dark contrast
in the image). Large B-phase plates, the dimensions of
which reach approximately (104+2) um (light contrast in the
image), are also observed. Detailed studies of the micro-
structure of the samples in SEM and TEM allowed deter-
mining the thickness of the o'-phase plates, which is ap-
proximately (1.5+£0.5) um, as well as thin interlayers, with
a thickness of about 200 nm (Fig. 1 b—d), which are repre-
sented by P-phase. In the wide a'-phase plates, individual
dislocations are visible.

Fig. 2 presents the results of EBSD analysis of a Ti—
6A1-4V alloy sample in the initial state. In EBSD images in
this state, a lamellar microstructure, united in large clusters
with predominantly low-angle misorientation of grain
boundaries, is observed. The length of the high-angle
boundaries was 17.6 cm, and the low-angle boundaries
were 1.16 cm.

Due to deformation treatment using the high-pressure
torsion method, it was possible to refine significantly
the structure in the Ti—6A1-4V alloy (Fig. 3). Inhomogene-
ous contrast is observed, because of the high level of internal
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Fig. 1. Microstructure of a 3D-printed Ti—-641-4V alloy:
a — in an optical microscope (OM); b — in a scanning electron microscope (SEM);
¢, d —in a transmission electron microscope (TEM)
Puc. 1. Muxpocmpyxmypa 3D-nanewamannozo cniasa Ti—6A1—4V:
a — 6 onmuueckom muxpockone (OM); b — 6 pacmposom snexkmponnom mukpockone (POM);
¢, d — 6 npoceeuusaroujem Inekmpornom mukpockone (IIOM)

stresses caused by the increased density of crystal lattice
defects. According to dark-field images, the structure
consists of equiaxial grains with an average size of
(25+10) nm. Electron diffraction patterns show nume-
rous reflections located around a circle, which indicates
the presence of grains with predominantly high-angle
boundaries. The blurring of diffraction reflections also
indicates high internal stresses and elastic distortions of
the crystal lattice.

Unfortunately, due to the small grain size and high in-
ternal stresses, it was not possible to obtain EBSD micro-
structure maps of Ti—6Al-4V alloy produced using EBAM
and subjected to HPT.

In the initial state, the average microhardness of
the EBAM-produced Ti—-6Al-4V sample is (308+4) HV,,
(Fig. 4 and Table 1). Subsequent HPT processing of
the 3D-printed Ti—6Al-4V alloy made it possible to in-
crease significantly the microhardness of the material. In
this case, a slight heterogeneity along the diameter of
the sample is observed, which is typical for torsional de-
formation. The best development in the HPT process is

observed in the region of the middle of the radius, where
the average microhardness is approximately (448+5) HV, ;.

DISCUSSION

In current work, the authors studied Ti—-6Al-4V titani-
um alloy produced by wire-feed electron-beam additive
manufacturing, and subjected to high-pressure torsion.
The microstructure of the initial state consists of columnar
primary B-grains, inside of which martensitic o'-Ti plates
with transverse dimensions of about (1.5+0.5) um are locat-
ed. Between the martensitic plates, thin B-phase interlayers
about 200 nm thick are also visible. A similar structure is
often observed in Ti—6Al-4V titanium alloy, produced
by additive technologies [12—14]. This structure is
caused by the fact that in the process of wire-feed elec-
tron-beam additive manufacturing, the action of an elec-
tron beam leads to the formation of a melt pool in
the near-surface volume of the substrate. Subsequently,
as a result of solidification of the pools and upper layers
of the grown metal, a columnar structure of f-grains is
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Fig. 2. EBSD image of a 3D-printed Ti—6A1-4V alloy sample
Puc. 2. EBSD-xapmuna 3D-nanevamannozo obpasya cniasa Ti—6A1-4V

b

Fig. 3. TEM images of the structure of a 3D-printed Ti—-641-4V alloy after high-pressure torsion (HPT):
a — bright-field image; b — dark-field image
Puc. 3. [IDM-uzobpasxcenusi cmpyxmypul 3D-nanewamannozo cnnasa Ti—6A1-4V nocre KBJ]:
a — ceemaononvHoe uzobpaoicenue; b — memnononvroe uzobpadcenue

formed. During crystallisation of the deposited layer, epi-
taxial growth of columnar primary B-grains takes place,
the sizes of which are determined by the cooling rate of
the melt pool. After passing through the electron beam,
the material solidifies into B-grains, and then undergoes
rapid cooling, transforming into the martensitic a'-phase,
which occupies almost the entire volume of the B-grain.
The high cooling rate of the melt pool during 3D printing
leads to a low content of the B stabilising element (vana-
dium) in the B-phase, and its presence in the a-phase [19].

Subsequently, the sample with the initial structure was
subjected to high-pressure torsion in a mode of 10 revoluti-
ons, the rotation speed of the striker was 0.2 rpm, at a spe-

cific compressive pressure of 6 GPa, which allowed refin-
ing significantly the grain structure to (25+10) nm and in-
creasing considerably the level of internal stresses.
The resulting structure presumably consists entirely of
the a-phase, since it is known that during high-pressure
torsion of the Ti-6Al-4V alloy the B-phase dissolves [5-7].
The resulting microstructure differs from that observed
after high-pressure torsion in the Ti—-6Al—4V titanium alloy,
with an (a+p) structure characteristic of the hot-rolled state.
The difference in structures manifests itself primarily in
the sizes of deformed grains. Thus, in the hot-rolled Ti—
6Al-4V alloy after high-pressure torsion under various
modes, the average grain size ranges from 40 to 100 nm [4-6],
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Fig. 4. Microhardness distribution along the diameter of a 3D-printed Ti—6A1-4V alloy
in the initial state and after high-pressure torsion (HPT)
Puc. 4. Pacnpedenenue mukpomeepoocmu no ouamempy 3D-nanewamannozo cnnaga Ti—6A1-4V
8 UCXOOHOM COCTOAHUU U NOCTIe KpYYeHUs noO 8blcokum oaeneruem (KB/)

Table 1. Average values of grain size and microstructure of a 3D-printed sample of the Ti—6A1-4V titanium alloy
Tabnuya 1. Cpednue sHavenus pasmepa sepet u muxkpomsepoocmu 3D-naneuamannozo obpaszya mumarnogozo cnaaga Ti—6A1-4V

State Average grain size Microhardness, HV ;
Initial state (1.5+0.5) um 308+4
High-pressure torsion (25+10) nm 448+5

while in the Ti-6Al-4V titanium alloy produced by elec-
tron-beam additive manufacturing, grain refinement to
(25+10) nm is observed. This difference in the structures
of the Ti-6Al1-4V titanium alloy after high-pressure tor-
sion is determined by different initial states. In 3D-printed
Ti—6Al1-4V, rapid cooling of the material during wire-feed
electron-beam additive manufacturing leads to the for-
mation of a predominantly martensitic a'-phase. Research
[6; 7] shows that such an initial Ti-6A1-4V microstructure
influences significantly the structure and properties of
the alloy after high-pressure torsion. The martensitic
structure contains a high level of residual stresses, disloca-
tions and stacking faults, as well as twins due to shear
transformation [6; 7]. Moreover, the initial microstructure
has a high volume fraction of martensitic o'-phase bounda-
ries, which likely act as nucleation sites for rapid grain
fragmentation, and subgrain formation during the initial
stages of HPT treatment.

The average value of microhardness of the 3D-printed
Ti—6A1-4V alloy in the initial state is (308+4) HV,;, which
is typical for the coarse-grained hot-rolled Ti-6Al-4V tita-
nium alloy [5-7]. High-pressure torsion treatment allowed
increasing significantly the values of the 3D-printed Ti—
6Al-4V alloy microhardness to a level of the order of

(448+5) HV, ;. The obtained microhardness values are quite
high for the Ti—-6Al-4V alloy subjected to high-pressure
torsion [5—7]. Using the known ratio of microhardness and
yield strength (HV=2.8-3c,), it is possible to determine
the expected mechanical strength of the Ti—-6Al-4V alloy
[20; 21]. Thus, one can assume that after high-pressure tor-
sion, the yield strength of the Ti—6Al-4V titanium alloy
3D-printed, using the electron-beam additive manufacturing
method, reaches 1460 MPa, which is a rather high value for
this material.

As is known, the high strength of metal materials with
a UFG structure, obtained by the methods of severe plastic
deformation can be caused by a number of factors [3; 22;
23] — grain structure refinement, the presence of a high den-
sity of dislocations, impurity atoms, dispersed particles of
second phases, twins, etc. Moreover, an important factor is
the structure and state of grain boundaries, which usually
have a nonequilibrium structure and contain a significant
amount of grain boundary segregations and insertions [22].
It is obvious that the nature of the high strength of
the 3D-printed Ti—6Al-4V titanium alloy, after high-
pressure torsion obtained in this work, is determined by
a number of structural features, including a highly refined
grain structure and a high density of crystal lattice defects.
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CONCLUSIONS

1. High-pressure torsion processing of a 3D-printed Ti—
6Al-4V alloy allows refining significantly the grain struc-
ture to dimensions of (25+10) nm. Such strong refinement
is not observed in the initial hot-rolled state of the alloy and
is associated with the initial martensitic structure of Ti—
6A1-4V.

2. High-pressure torsion of the 3D-printed Ti—6Al-4V
alloy allowed increasing significantly the microhardness of
the material to a level of approximately (448+5) HV,,
which, according to the HV=2.8-3c, ratio, corresponds to
6,~1460 MPa. Such a high strength is associated with the
strong refinement of the structure and the significant densi-
ty of crystal lattice defects.

3. The results of the study demonstrate, that the initial
state of the Ti—-6Al-4V alloy significantly affects the grain
refinement, and phase transformations caused by high-
pressure torsion, which consequently affects the strength
characteristics achieved during this treatment.
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Annomayus: B HacTosee BpeMst OHUM U3 3GPEKTUBHBIX MeTO0B 3D-1ieqaTy sIBIsIeTCS MPOBOJIOYHASI SIEKTPOHHO-
mydeBast agmutuBHasg TexHonorus (DJIAT), koTopast MO3BONISET U3TOTABINBATE KPYITHOTA0ApUTHBIC MPOMBIIUICHHBIE 3a-
TOTOBKHM M3 THTaHOBOTO ciutaBa Ti—6A1-4V. Onnako Ti—6Al-4V, nony4eHHbIi TaHHBIM METOJIOM, IEMOHCTPUPYET HOHU-
JKCHHbIE IIPOYHOCTHBIE CBOMCTBA. VI3BeCTHO, YTO MOBBICUTH MPOYHOCTHBIE CBOWCTBA METAJUIMYECKUX MATEPHAJIOB MOXKHO
MOCPE/ICTBOM M3MENBYCHUSI X 3€PEeHHON CTPYKTYphI KpydeHueM nop Bbicokum nasinenuem (KBJI). Hacrosimast pabora
HalpaBlieHa Ha uccienoBanue BImstHUA KBJ/[ Ha MUKpPOCTPYKTYpY U MEXaHMYECKYIO IPOYHOCTh KOHCTPYKIIMOHHOI'O THTa-
HoBoro cmiaBa Ti—6Al-4V, nomydenHoro merozom DJIAT. TlocpencTBoM onTHYeckoid, pacTpOBOW M MPOCBEYMBAIOIIEH
3JIEKTPOHHONH MUKPOCKOIHMU H3ydeHa MHUKpPOCTpyKTypa 3D-HameuaranHoro criaBa Ti—6Al-4V B HCXOMHOM COCTOSHUH
u nocine KB/. IlpoBenen EBSD-ananus Marepuana B MCXOAHOM COCTOSIHMM. M3MepeHa MUKpPOTBEPAOCTh Marepuaia
B FICXO/THOM H 1€()OPMHPOBAHHOM cOCTOSHUSX. C HCIIOIb30BaHIEM 3aBUCHMOCTH IIPEAEIa TEKy4ECTH OT MUKPOTBEPAOCTH
oTIpeziesIeHa TPEAIONIOKUTEIbHAs MEXaHUIeCKasi IPOYHOCTh MaTepHuaia rnocie oopadorku meronom KB/I. Ob6cyxnatoTes
MHKPOCTPYKTYpHBIE 0coOeHHOCTH 3D-HaneuaTanHoro cmiaBa Ti—6Al-4V mocne KB/, 3a cdeT KOTOpBIX oOecnieunBacTCs
TIOBBIIIEHHAs] MIPOYHOCTh IAHHOTO Marepuaia. Pe3ynabTaThl MCCIIENOBAHUH JIEMOHCTPUPYIOT, 9yTo 3D-meuyats mMeTonoM
OJIAT no3BoJsieT Moay4YuTh THTAHOBBIM cruiaB Ti—6Al-4V ¢ HeoObIUHOI Al JaHHOrO MaTepualia MUKPOCTPYKTYpOH,
KOTOpast COCTOMT M3 CTOJIOUATHIX MEPBUYHBIX 3-3€PEH C MONepeuHbIM pa3MepoM 1—2 MM, BHYTPH KOTOPBIX PacroiararoTcst
MapTeHcuTHbIe uribl o'-Ti. Mexny uriaamu o-Ti HaGmoaatorest Tokue npociioiku B-Ti tosmunoi okoso 200 uM. aib-
Helmas neopmanuonHas 00padotka crutaBa mertogoM KB/l mo3sosuia copMupoBaTh B ero 00beMe yiibTPaMeEnKo3ep-
HHUCTYIO CTPYKTYPY, COCTOSIIYIO HPEANOIOKUTEIFHO U3 0-3¢peH co cpeaHuM pasmepoM (25+10) am. KB/[-o6paboTka
3D-HaneyaTaHHOTO CIUIaBa I03BOJIMJIA JOCTHYb JOBOJIBHO BBICOKMX 3Hau€HHMH MHUKpoTBeppoctu (448+5) HV,;, uro no
cootHoweHuto HV=2,8-3G, cOOTBETCTBYET NPEANONOKUTEILHOMY IPEEIy TEKYYECTH, paBHOMY npuMepHo 1460 MITa.

Knroueevie cnosa: 3D-HaneuaTaHHBI TUTaHOBBIN cimiaB Ti—6Al-4V; tutaHoBeiil crmaB Ti—6Al-4V; snekTpoHHO-
JydeBasi IPOBOJIOYHAS aJIUTHBHAs TeXHOJOTHs; 3D-neuaTs; KpyuyeHne 1oJ| BEICOKMM JIaBJICHUEM; MHUKPOCTPYKTYypa; Me-
XaHUYECKHE CBOMCTBA.
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