Vol. 45, No. 7 ISSN 1024-1809
July 2023

METALLOPHYSICS

and

ADVANCED TECHNOLOGIES

METANOOI3HKA TA HOBITHI TEXHONOFII

METALLOFIZIKA | NOVEISHIE TEKHNOLOGII

Tom 45, Ne 7 (2023)

https://mfint.imp.kiev.ua




3acroBHuK: HAIITOHAJIBHA AKAIEMISI HAVK YEPATHI, IHCTUTYT METAJIO®IBUKX IM. T'. B. KyPiioMoBA HAH VKPAIHI
Bunaseus: BII «Axanemmnepioguka» HAH Vipaiau

«METAJIO®I3SUKA TA HOBITHI TEXHOJIOT'TT » @ METALLOPHYSICS AND ADVANCED TECHNOLOGIES’
Ilomicsiunnit HaykoBuii skypran © A Monthly Research Journal
PEJTAKIIIHA KOJIEITSA EDITORIAL BOARD
B. A. TATAPEHKO zon06Hul pedaxmop, V. A. TATARENKO Editor-in-Chief,
wn.-kop. HAH Ykpainu (Incmumym Corresponding Member of the N.A.S.Ukr.,
memanopizuku im. I'. B. Kypdwomosa G. V. Kurdyumov Institute for Metal Physics,
HAH Yxpainu, Kuis) N.A.S.Ukr., Kyiv

C.B. AXOHIH

axad. HAH Ykpainu (Incmumym
enexmpossapiosanhs im. €. 0. [ITamona
HAH Ykpainu, Kuis)

M. O. BLIOTOJIOBCBEUY npo@. ( Kuiscvkuii axademivnuil ynieepcumem

T. M. BPHK
M. O. BACHJILEB
B.T.TABPHJIOK

0. C.TALIIEHKO

T. €.TPEYHEB

T. B. BAIIOPOKELH

0. M. IBACHIIHH

0. M. KOBAJIb

0. A. KOPZIIOK

C. 0. KOTPEYKO

10. B. KYIPABIIEB

€.T. JIEHb

B. B. JI3YHOB

B. ®@.JIoCh

II. €. MAPKOBCBKHI
B. M. MOPIIOK

B. M. HECTEPEHKOB

0. 1. IIOTPEBHAK

10. M. IIOJIPE30B

T. M. PATYEHKO
0. 1. Pyab

B. M. YBAPOB

A. 1. YCTIHOB
0. B. PLIATOB

C. 0. ®IPCTOB

T. C. YEPEIIOBA

Professor Ing. Ivo DLOUHY
Institute of Physics of Materials, Czech
Academy of Sciences, Brno, Czech Republic

Professor Han DONG

Shanghai University, Shanghai, P.R. China

HAH ma MOH Yxkpainu, Kuis)

0-p piz-mam. nayx (Incmumym pizurxu
Kondencosanux cucmem HAH Yipainu, JIveis)
npog. (Incmumym memanopizuru

im.I'. B. Kypoiomosa HAH Yxpainu, Kuis)
npog. (Incmumym memanopizurxu

im. I'. B. Kypdomosa HAH Ykpainu, Kuis)

0 p P ii,

Kano. Piz-mam. nayx (Incmumym memanogisuru
im. I'. B. Kypdomosa HAH Ykpainu, Kuis)
npog. (Pisurxo-mexnivnuil incmumym
Hu3biux memnepamyp in. B. I. Bepkina

HAH Ykpainu, Xapkie)

npo@. (4epracvruil HayionarbHUl YyHieepcumem
imeni Bozdana X menvnuyvicozo MOH Ykpainu,
Yepracu)

idanvHull i}

S. V. AKHONIN

Member of the N.A.S.Ukr.,
E.O. Paton Electric Welding Institute,
N.AS.Ukr., Kyiv

M. O. BELOGOLOVSKII Professor, Kyiv Academic University,

T. M. BRYK

M. O. VASILIEV

V. G. GAVRILJUK

0. S. GATSENKO

G. E. GRECHNEV

T. V. ZAPOROZHETS

arxad. HAH Ykpainu (Inemumym memanogizuxu O. M. IVASISHIN

im.I'. B. Kypoiomosa HAH Ykpainu, Kuis)
yn.-xop. HAH Yxpainu (Incmumym
memanopisuru im. I'. B. Kypdwomosa

HAH Ykpainu, Kuis)

axad. HAH Ykpainu (Kuiscvruil
arademivnuii ynieepcumem HAH ma MOH Yk-
painu, Kuie)

3acmynHuK 2071061020 pedaxmopa,

ya.-kop. HAH Ykpainu

(Incmumym memanogisuxu

im. I'. B. Kypdomosa HAH Ykpainu, Kuis)
npog. (Incmumym memano@izuxu

im. I'. B. Kypdomosa HAH Ykpainu, Kuis)
3acmynHuK 2071061020 pedaxmopa,

npog. (Incmumym memano@izuxu

im. I'. B. Kypoiomosa HAH Ykpainu, Kuis)
npog. (Incmumym memanopizuru

im. I'. B. Kypdomosa HAH Ykpainu, Kuis)
npog. (Incmumym maznemusmy

HAH ma MOH Yxkpainu, Kuig)

0-p mexn. nayk (Incmumym memanopizuru
im. I'. B. Kypoiomosa HAH Ykpainu, Kuis)
0-p @iz-mam. Hayk (Incmumym memanogizuru
im.I'. B. Kypowmosa HAH Yrpainu, Kuig)
yn.-xop. HAH Yxpainu (Incmumym
enexmpossapiosanhs im. €. 0. [ITamona
HAH Ykpainu, Kuis)

npog. (Cymcokuil OepicasHuil yrieepcumemn,
MOH Ykpainu, Cymu)

0-p piz-mam. nayx (Incmumym npobGiem
mamepianosnaecmea in. I. M. Ppanyesuia
HAH Ykpainu, Kuis)

0-p piz-mam. nayx (Incmumym memano@isuxu
im. I'. B. Kypdomosa HAH Ykpainu, Kuis)
npog. (Incmumym memano@izuxu

im.I'. B. Kypoiomosa HAH Ykpainu, Kuis)
un.-kop. HAH Yxpainu (Incmumym
memanogpisuru im. I'. B. Kypdwomosa

HAH Ykpainu, Kuis)

npog. (Incmumym enexmpo36apioeanis
im.€.0.ITamona HAH Ykpainu, Kuis)

0-p @iz-mam. Hayx (Incmumym memanogizuru
im.I'. B. Kypowmosa HAH Yrpainu, Kuig)
arad. HAH Ykpainu (Inemumym npobaem
mamepianosnascmea im. I. M. Ppanyesuya
HAH Ykpainu, Kuis)

0-p mexn. nayk (Incmumym memanopizuru
im.I'. B. Kypoiomosa HAH Ykpainu, Kuis)

Yu. M. KovAL’

0. A. KORDYUK

S. 0. KOTRECHKO

N.AS.Ukr. & M.E.S.Ukr., Kyiv

Dr. Sc. (Phys.-Math.), Institute for Condensed
Matter Physics, N.A.S.Ukr., Lviv

Professor, G.V. Kurdyumov Institute for
Metal Physics, N.A.S.Ukr., Kyiv

Professor, G.V. Kurdyumov Institute for
Metal Physics, N.A.S.Ukr., Kyiv

Executive Managing Editor,

Ph.D. (Phys.-Math.),G.V. Kurdyumov
Institute for Metal Physics, N.A.S.Ukr., Kyiv
Professor, B. Verkin Institute for

Low Temperature Physics and Engineering,
N.A.S.Ukr., Kharkiv

Professor, Bohdan Khmelnytsky

National University of Cherkasy, M.E.S.Ukr.,
Cherkasy

Member of the N.A.S.Ukr.,G. V. Kurdyumov
Institute for Metal Physics, N.A.S.Ukr., Kyiv
Corresponding Member of the N.A.S.Ukr.,
G.V.Kurdyumov Institute for Metal Physics,
N.A.S.Ukr., Kyiv

Member of the N.A.S.Ukr.,

Kyiv Academic University,

N.AS.Ukr.& M.E.S.Ukr., Kyiv

Deputy Editor-in-Chief,

Corresponding Member of the N.A.S.Ukr,
G.V.Kurdyumov Institute for

Metal Physics, N.A.S.Ukr., Kyiv

YU. V.KUDRYAVTSEV Professor, G.V. Kurdyumov Institute for

E.G.LEN

V.V.LIZUNOV
V.F.Los

P. E. MARKOVSKY
B. M. MORDYUK

V. M. NESTERENKOV

0.D. POGREBNJAK

YU. M. PODREZOV

T. M. RADCHENKO

0.D.RUD’

V.M. UVAROV

A. I USTINOV

0. V.FILATOV

S. 0. FIRSTOV

T. S. CHEREPOVA

Metal Physics, N.A.S.Ukr., Kyiv

Deputy Editor-in-Chief,

Professor, G.V. Kurdyumov Institute for
Metal Physics, N.A.S.Ukr., Kyiv

Professor, G.V. Kurdyumov Institute for Metal
Physics, NA.S.Ukr., Kyiv

Professor, Institute of Magnetism,
N.AS.Ukr.& M.E.S.Ukr., Kyiv

Dr. Sc. (Tech.), G. V. Kurdyumov Institute for
Metal Physics, N.A.S.Ukr., Kyiv

Dr.Sc. (Phys-Math.), G.V. Kurdyumov
Institute for Metal Physics, N.A.S.Ukr., Kyiv
Corresponding Member of the N.A.S.Ukr.,
E.O. Paton Electric Welding Institute,
N.A.S.Ukr., Kyiv

Professor, Sumy State University, M.E.S.Ukr.,
Sum,

Dr. Sc. (Phys-Math.),I. M. Frantsevych
Institute for Problems of Materials Science,
N.AS.Ukr., Kyiv

Dr. Sc. (Phys-Math.), G.V. Kurdyumov
Institute for Metal Physics, N.A.S.Ukr., Kyiv
Professor, G.V. Kurdyumov Institute for
Metal Physics, N.A.S.Ukr., Kyiv
Corresponding Member of the N.A.S.Ukr.,

G. V. Kurdyumov Institute for Metal Physics,
N.A.S.Ukr., Kyiv

Professor, E. O. Paton Electric Welding Institute,
N.AS.Ukr., Kyiv

Dr.Sc. (Phys-Math.), G.V. Kurdyumov
Institute for Metal Physics, N.A.S.Ukr., Kyiv
Member of the N.A.S.Ukr., 1. M. Frantsevych
Institute for Problems of Materials Science,
N.AS.Ukr., Kyiv

Dr. Sc. (Tech.), G. V. Kurdyumov Institute for
Metal Physics, N.A.S.Ukr., Kyiv

EDITORIAL ADVISORY BOARD MEMBERS AND REGIONAL EDITORS

Professor Janusz DUBOWIK
Institute of Molecular Physics,
Polish Academy of Sciences, Poznar, Poland

Professor Leszek B. MAGALAS
School of Materials Science and Engineering, AGH University of Science and Technology,

© B[l «Araznemunepionuxka» HAH Vkpainu (Kuis), 2023

Faculty of Metals Engineering and
Industrial Computer Science, Krakéw, Poland

Professor Elena V. PERELOMA

University of Wollongong, School

of Mechanical, Materials and Mechatronic
Engineering, Wollongong, Sydney Area,
Australia

Dr. Patrice E. A. TURCHI

Lawrence Livermore National Laboratory,
Condensed Matter and Materials Division,
Livermore, CA,U.S.A.



NATIONAL ACADEMY OF SCIENCES OoF UKRAINE @ G. V. KURDYUMOV INSTITUTE FOR METAL PHYSICS

AN INTERNATIONAL RESEARCH JOURNAL

METALLOPHYSICS

AND

ADVANCED TECHNOLOGIES

(Metallofizika i Noveishie Tekhnologii)

Editorial
Announcements

Electronic
Structure and
Properties

Structure and
Properties of
Nanoscale and
Mesoscopic
Materials

Metallic Surfaces
and Films

Crystal-Lattice
Defects

Phase
Transformations

FOUNDED IN SEPTEMBER, 1979

Volume 45, No. 7; July 2023

CONTENTS

Information for Foreign Subscribers
Information for Contributors

‘Orbital Glass’ Effects. 3. Influence on Band Fermions.
Heavy Electrons
O.I. MITSEK andV.M.PUSHKAR

Establishment of the Most Effective Methods of
Obtaining Nanosize Magnesium Oxide
N.ISMAYILOV,I. XANKISHIYEV,F.ORUCOV,
I.ALIYEV,and H. NABIYEV

Effect of Modulation Period on the Thermally-Induced
Solid-State Reactions in Ni/Ti Thin Films
I.0.KRUHLOV,N.V.FRANCHIK,S. M.VOLOSHKO,
and A. K.ORLOV

The Concentration Dependences of Lattice Parameters
and Debye Temperature in Multicomponent Solid
Solutions

I.Yu.PROTSENKO,M.O0.SHUMAKOVA,
A.K.RYLOVA,and N.1. SHUMAKOVA

Thermokinetic Parameters of Solidification and
Gradient Structure of Steel Castings

S.Ye. KONDRATYUK,V.I.VEIS,
Z.V.PARKHOMCHUK,Y.H. KVASNYTSKA, and
K.H.KVASNYTSKA

Influence of the Carbon, Manganese, and Silicon
Content on Formation of Structural Components During
Continuous Casting of Steels

N.Yu.FILONENKO,O.1. BABACHENKO, and

VII

813

819

843

857

865

© G..V. Kurdyumov Institute for Metal Physics, N.A.S. of Ukraine, 2023
© Publisher Publishing House 'Akademperiodyka’ of the N.A.S. of Ukraine, 2023



CONTENTS, No. 7 (Vol. 45)

G.A. KONONENKO 873

Influence of Combined Vibration with Cavitation and
Electromagnetic Impact on the Cast Aluminium Alloy
Grain Refining

O.M.SMIRNOV,Yu.P. SKOROBAGATKO,
M.S.GORYUK,M.M.VORON,A.Yu. SEMENKO,

D.I.HOIDA, and S.V.SEMIRYAGIN 883
Physics of Strengthening of Aluminium Alloys with Zirconium
Strength and D.V.IVANCHENKO and D.S. LEONOV 901

Plasticity Influence of Ultrasonic Impact Treatment on Structure

and Properties of 3D-Printed Co—Cr—Mo—W Dental

Alloy

A.P.BURMAK,S. M.VOLOSHKO, B. M. MORDYUK,
M.O.VASYLYEV,V.1.ZAKIEV, M. M.VORON, and
P.O.GURYN 909

Scientific Editors of Issue— O. S. Gatsenko, V. A. Tatarenko

Executive Managing Editor— O. S. Gatsenko

Editors—L. . Makarenko, M. V. Manilo, I. V. Zagorulko

The artwork for direct reproduction is made by computer group of EPD of the G. V. Kurdyumov Institute for
Metal Physics, N.A.S. of Ukraine

Editorial Office Address:

G. V. Kurdyumov Institute for Metal Physics, N.A.S. of Ukraine, EPD—MNT’,

36 Academician Vernadsky Boulevard, UA-03142 Kyiv, Ukraine

Telephone: +380 44 4249042; +380 44 4241221. Fax: +380 44 424256 1. E-mail: mfint@imp.kiev.ua

Registration Certificate of the Publishing Subject: 1K Ne 5875 on 13.12.2017
State Registration Certificate of the Printed Mass Medium: KB Ne 23232-13072 NP on 23.02.2018.

Approved for publication by the Academic Council of the G. V. Kurdyumov Institute for Metal Physics of
the National Academy of Sciences of Ukraine
Published in English or Ukrainian languages according to resolution of Editorial Board of the journal

Printed by Publishing House ‘Akademperiodyka’, of the NAS of Ukraine
4 Tereshchenkivs’ka Str., UA-01024 Kyiv, Ukraine
Registration Certificate of Publishing Subject: K Ne 544 on 27.07.2001

Journal website: http: / /mfint.imp.kiev.ua
Journal DOI: https: / /doi.org /10.15407 /mfint

Issue DOI: https: / /doi.org/10.15407 /mfint.45.07
1I ISSN 1024-1809. Metallophysics and Advanced Technologies. 2023. Vol. 45, No. 7



mailto:mfint@imp.kiev.ua
http://mfint.imp.kiev.ua/
https://doi.org/10.15407/mfint
https://doi.org/10.15407/mfint.45.07

HAI[IOHAJIEHA AKATEMISI HAVK VKPATHU @ THCTUTYT METAJIO®I3UKN M. T. B. KYPIIOMOBA

METAJO®PISURA

TA

HOBITHI TEXHOJOTIII

Penakmiini
OrOJIOUIEHHS

Enexrponni
CTPYKTypa Ta
BJIACTUBOCTI

BynoBa ta
BJIACTUBOCTI
HaHOMACIHITA0OHUX
i Me30CKOmYHnX
MaTepisiiB

Meramiuni
MOBEepPXHi Ta
LI BKH

HedexTn
KpHCTATiYHOT
I'PaTHUIL

da3zosi
mepeTBOPEeHH

MDKHAPOJZHUM HAYKOBUI )KYPHAN
3ACHOBAHWI Y BEPECHI 1979 p.

Tom 45, Ne 7; nmunenn, 2023

3MICT

Iadopmalia 115 3aKOPpAOHHUX IepeAILIaTHUKIB
Iadopmarnia gas aBTopis

EdexTu «opbiTanabHoOro ckiaa». 3. Bruius Ha 30HHI
depmionu. BaxkKi eleKTpoHU
O.I. MIIJEK,B. M.IIVIIIKAP

CrBOpeHHs HANOiIbII e(peKTUBHUX METO/IiB OfepKaHHa
HaHOpPO3MipHOro okcuny MarHiio

H.ICMAIJIOB, I. XAHKIIITIEB, ®. OPY[JKOB,
I.AJIIEB, I HABIEB

BnuiuB nepiony moxyaaiii Ha TepMoiHAYKOBaHI
TBEPAOTiIbHI peakIii B ToHKuX miaiBkax Ni/Ti
I1.0.KPYTJIOB,H.B. D PAHY UK, C. M. BOJIOIIKO,
A.KE.OPJIOB

Konnenrpaiiiini sajeXHoCTi mapaMeTpiB IpaTHUII Ta
HebaiioBoi TeMIepaTypu B 6araTOKOMIIOHEHTHUX
TBEPAUX PO3UMHAX
I.IO.IIPOIJEHEO,M.O.IIIYMAKOBA,
A.K.PUJIOBA,H.I.IIIYMARKOBA

TepMmokineTnuHi mapamMeTpu TBepPAiHHSA Ta I'paJicHTHA
CTPYKTYPa KPUIeBUX BUIUBKiB
C.€.KOHJPATIOK,B.1.BEHUC, 3. B.IIAPXOMYYVK,
0. KBACHUI]bKA,K.I'. KBACHHUI]bKA

Bmius Bmicty Kap6ony, Maurany Ta Cuiririto Ha
YTBOPEHHS CTPYKTYPHUX CKJIAZLOBUX IIif Uac
6e311epepBHOTO JIUTTA KPUILLH
H.JO.®PIJIOHEHEKO,O.I. BABAYEHKO,
I'"A.KOHOHEHEKO

BmiuB kom6iHOBaHOI Bi6pailrii 3 KaBiTaiieio Ta
€JIEKTPOMAarHeTHUM BILIUBOM Ha padiHyBaHHA 3epHA

VII

813

819

843

857

865

873

© G. V. Kurdyumov Institute for Metal Physics, N.A.S. of Ukraine, 2023
© Publisher Publishing House 'Akademperiodyka’ of the N.A.S. of Ukraine, 2023

I



CONTENTS, No. 7 (Vol. 45)

JIUTOTO aJIIOMiHiHOBOTO CTOITY
O.M.CMHPHOB, IO.II. CKOPOBATATBKO,
M.C.I'OPIOK,M.M.BOPOH,A. IO.CEMEHKO,

I.1.'OHNA,C. B.CEMHPATTH 883
dizura MmingHOCTH 3MinHeHHsa anoMiHiioBux croniB [{lupkoniem
Ta IMJIACTUYHOCTH I.B.IBAHYEHKO, [].C.IEOHOB 901

Brius yIsTpasByKOBOrO YAAPHOI0 00PO0OJIeHHA Ha

CTPYKTYPY Ta BJIACTUBOCTI cTroMaToJioriunoro cromy Co—
Cr—Mo—W, ognep:kanoro 3D-1pyKom

A.II. BYPMAK,C. M. BOJIOIIIKO, B. M. MOPJ[IOK,
M.O.BACUJIBEB, B. 1. BAKIEB, M. M. BOPOH,

II.O.'YPUH 909

Haykosi pegaktopu sunycky: O. C. [auerko, B. A. Tamapenko

BignosiganbHui cekpertap pegakuiviHoi konerii O. C. [ayeHko

PepakTop-kopekTop O. C. layeHko

TexHiuHi pepaktopu . B. 3azopynexo, JI. . Makapeuko, M. B. Marino

XynoxHi pegaktopu . B. 3azopyneko, JI. I. Makaperko, M. B. Marino

OpwriHan-makeT Ans npsiMoro penponyKyBaHHsi BUroTOB/IEHO KoM’ loTepHoto rpynoto PBB IHctutyty
MeTtanodisuku im. . B. Kypaiomosa HAH Ykpainu

Appeca pegakuii:

IHcTUTyT MeTanodiauki im. I'. B. Kypaiomosa HAH Ykpainu, PBB—Pepakuis «MHT»

6ynbe. Akan. BepHagcbkoro, 36; 03142 Kuis, Ykpaia

Ten.: +380 44 4249042, +380 44 4241221; cpakc: +380 44 4242561

En. nowra: mfint@imp.kiev.ua

CsigouTso cyb’exta BuaasHuuoi cnpasu: OK Ne 5875 sig 13.12.2017 p.

CBigouTBO NPO Aep>KaBHy peecTpauiio ApykosaHoro 3acoby macosoi iHdopmauii: KB Ne 23232-13072 NP
Big 23.02.2018 p.

3atBepKeHO L0 APYKY BUeHOIO pagoto [HeTuTyTy metanodisuku im. I'. B. Kypaiomosa HAH Ykpainu
LlpyKyeTbcs 3a NOCTaHOBOO PeaaKLifHOT Konerii >kypHany aHrnicbKolo, abo yKpaiHCbKOIO MOBaMM

Mignucado go apyky 27.07.2023 p. ®opmar 70 x 100/ 16.
YMm. apyk. apk. 10,56. 061.-81a. apk. 9,72.
Tupax 61 np. 3am. Ne 7112 Big 04.12.2023 p.

BigapykosaHo B[l «Akagemnepioguka» HAH Ykpainu
By/l. TepeweHrkiacbka, 4; 01024 Kuis, YkpaiHa
Csigourso cyb’exta BuaasHuuoi cnpasu JK Ne 544 gig 27.07.2001 p.

Cawmrt xxypHany: http: / /mfint.imp.kiev.ua
DOI (>kypHany): https: / /doi.org /10.15407 /mfint
DOI (sunycky): https: / /doi.org/10.15407 /mfint.45.07

v ISSN 1024-1809. Metallophysics and Advanced Technologies. 2023. Vol. 45, No. 7



mailto:mfint@imp.kiev.ua
http://mfint.imp.kiev.ua/
https://doi.org/10.15407/mfint
https://doi.org/10.15407/mfint.45.07

INFORMATION FOR CONTRIBUTORS

INFORMATION (GUIDELINES) FOR CONTRIBUTORS

Submission of Manuscripts: Manuscripts should be sent by e-mail (mfint@imp.kiev.ua). Additional-
ly, they can be sent by regular mail to Executive Managing Editor, Editorial Office,
G. V. Kurdyumov Institute for Metal Physics, N.A.S. of Ukraine, 36 Academician Vernadsky Boule-
vard, UA-03142 Kyiv, Ukraine. Manuscripts may also be submitted to a member of the Editorial
Advisory Board or to the appropriate Regional Editor who is familiar with the research presented.
Submission of a paper to ‘Metallophysics and Advanced Technologies’ (transliteration:
‘Metallofizika i Noveishie Tekhnologii’, i.e., ‘MfNT’) will be taken to imply that it represents
original work not previously published, that it is not being considered for publication elsewhere,
and that, if accepted for publication, it will not be republished without the consent of the Editors
and Publisher. It is a condition of acceptance by the Editor of a manuscript for publication that
the Publishers acquire automatically the copyright in the manuscript throughout the world.
Journal ‘MfNT’ supports the generally accepted principles described in documents on publica-
tion ethics and unacceptable practices, which are presented on the journal website.
Scope of the Journal: Electronic Structure and Properties, Crystal-Lattice Defects, Phase Transfor-
mations, Physics of Strength and Plasticity, Metallic Surfaces and Films, Structure and Properties of
Nanoscale and Mesoscopic Materials, Amorphous and Liquid States, Interactions of Radiation and Par-
ticles with Condensed Matter, Materials in Extremal Conditions, Reactor and Aerospace Metals Science,
Medical Metals Science, New Metallic Materials and Synthetic Metals, Metal-Containing Smart Mate-
rials, Physical and Technical Basis of Experiment and Diagnostics, Articles under Discussion.
Language: The language of publication may be English (preferably) or Ukrainian.
Abstract: Each paper requires an abstract of 200—250 words summarizing the significant coverage
and findings (the use of mathematical symbols and expressions in abstract is not recommended).
Keywords and PACS numbers: 5—7 keywords and PACS numbers reflecting the content of the
contribution should be supplied (see ‘Physics and Astronomy Classification Scheme 2010°).
Manuscript Preparation: Papers should be formatted according to the template, which can be
downloaded from the Journal’s website. The length of research papers should not in general ex-
ceed 5000 words and 10 figures; review articles should not exceed 10000 words and 30 figures,
including tables and diagrams. Authors are urged to arrange the subject matter clearly under
headings such as: 1. Introduction, 2. Experimental/Theoretical Details, 3. Results, 4. Discus-
sion, 5. Conclusion, References. Subsections should be identified with section and subsection
numbers (such as 6.1. Second-Value Subheading).
References and Notes: Notes are indicated in the text by consecutive superior Arabic numbers
(without parentheses). References should be numbered consecutively (in square brackets)
throughout the text. The full list should be collected and typed at the end of the paper in numeri-
cal order. Listed references should be completed in all details including DOI (if available) but
excluding article titles in journals. All authors’ initials should precede their names. Examples of
references preparation:

1. S. O. Firstovand T. G. Rogul, Metallofiz. Noveishie Tekhnol., 44, No. 1: 127 (2022) (in

Ukrainian). https://doi.org/10.15407 /mfint.44.01.0127

2. V. B. Tarelnyk, O. P. Gaponova, and Ye. V. Konoplianchenko, Prog. Phys. Met., 23, No. 1: 27

(2022). https://doi.org/10.15407 /ufm.23.01.027

3. A. Meisel, G. Leonhardt, and R. Szargan, ROntgenspektren und Chemische Bindung [X-Ray

Spectra and Chemical Bond] (Leipzig: Akademische Verlagsgesellschaft Geest & Portig K.-G.:

1977) (in German).

4. J. M. Ziman, Printsipy Teorii Tverdogo Tela [Principles of the Theory of Solids] (Moscow:

Mir: 1974) (Russian translation).

5. M. A. Stucke, D. M. Dimiduk, and D. M. Hazzledine, High Temperature Ordered Intermetal-

lic Alloys. V (Eds. I. Baker and R. Darolia) (Pittsburgh, PA, USA: MRS: 1993), p. 471.

6. Handbook of Mathematical Functions with Formulas, Graphs and Mathematical Tables (Eds.

M. Abramowitz and I. A. Stegun), Nat’l Bureau of Standards. Appl. Math. Ser. Vol. 55 (Wash-

ington, D.C.: U.S. Govt. Printing Office: 1964).

7. B. B. Karpovych and O. B. Borovkoff, Proc. of Symp. ‘Micromaterials Engineering’ (Dec. 25—

31,1999) (Kyiv: RVV IMF: 2000), vol. 2, p. 113 (in Russian).

8. A. E. Krug, Abstr. Int. Conf. Phys. Phenomena (Dec. 25-31, 1991, Alushta ) (Kharkiv: 1991),

p.12.

9. T. M. Radchenko, Vplyv Uporyadkuvannya Defektnoyi Struktury na Transportni Viastyvosti Zmis-

hanykh Krystaliv [Influence of Ordering of the Defect Structure on Transport Properties of the Mixed

Crystals] (Thesis of Disser. for the Degree of Dr. Phys.-Math. Sci.) (Kyiv: G. V. Kurdyumov Institute

for Metal Physics, N.A.S.U.: 2015) (in Ukrainian). https://doi.org/10.13140/RG.2.2.35430.22089

ISSN 1024-1809. Metallophysics and Advanced Technologies. 2023. Vol. 45 \Y%


mailto:mfint@imp.kiev.ua
https://mfint.imp.kiev.ua/en/index.html
https://publishing.aip.org/wp-content/uploads/2019/01/PACS_2010_Alpha.pdf
https://mfint.imp.kiev.ua/en/autors.html
https://doi.org/10.15407/mfint.44.01.0127
https://doi.org/10.15407/ufm.23.01.027
https://doi.org/10.13140/RG.2.2.35430.22089

TH®OPMAIIIA OJISI ABTOPIB

10. E. M. Gololobov, V. B. Shipilo, N. I. Sedrenok, and A. I. Dudyak, Sposob Polucheniya Kar-
bonitridov Metallov [Production Method of Metal Carbonitrides], Authors’ Certificate 722341
SSSR (Publ. November 21, 1979) (in Russian).

11. V. G. Trubachev, K. V. Chuistov, V. N. Gorshkov, and A. E. Perekos, Sposob Polucheniya
Metallicheskikh Poroshkov [The Technology of Metallic Powder Production]: Patent 1639892
SU. MKI, B22F9/02, 9/14 (Otkrytiya i Izobreteniya, 34, No. 13: 11) (1991) (in Russian).

12. Yu. M. Koval’ and V. V. Nemoshkalenko, O Prirode Martensitnykh Prevrashcheniy [On the
Nature of Martensitic Transformations] (Kyiv: 1998) (Prepr./N.A.S. of Ukraine. Inst. for Met-
al Physics. No. 1, 1998) (in Russian).

Journal title abbreviations should conform to generally accepted styles:
https://www.cas.org/support/documentation/references/corejournals;
https://cdn.journals.aps.org/files/rmpguapb.pdf;
https://images.webofknowledge.com/WOK46P9/help/WOS/A_abrvjt.html;
https://mathscinet.ams.org/msnhtml/serials.pdf.

Equations and Formulae: Formulas in the text should be inserted by MathType, fully compatible

with MS Office. Vectors should be typed in bold without arrows above. Note that complicated

formulae, mathematical expressions or (de)notations are not recommended in the title, abstract,
and keywords.

Tables: Number tables consecutively with Arabic numerals and give a clear descriptive caption at

the top.

Figures: All figures should be numbered with consecutive Arabic numbers, have descriptive cap-

tions and be mentioned in the text. Keep figures separate at the end of the text and clearly label

each figure with author’s name and figure number. The labels at axis should contain the designa-
tion (or notation) of quantities and their units.

Preparation: Figures submitted must be of a high enough standard for reproduction with 300—

600 dpi resolution (including half-tone illustrations). Redrawing or retouching of unusable fig-

ures will be charged to the authors.

Colour Plates: Whenever, the use of colour is an integral part of the research, or where the work is

generated in colour, the Journal will publish (in paper version) the colour illustrations with charge

to the author. Reprints in colour will carry a surcharge. Please write to the Publisher for details.

Submission of Electronic Text: Authors should submit the electronic version of their paper by e-

mail to the Editorial Office. The text file should be saved in the native formats of the MS Word with

a name consisting the name of the first author, for example, Hotovchenko.docx. The electronic

form of figures (in TIF, EPS, JPG, PNG formats preferably and with name consisting the name of

the first author also, for example, Hotovchenko fig2a.jpg) should be planned so that they reduce to

12.7 cm column width (or less), and keep them separated from the text file. It is desirable to submit

additionally all the figures within the format of the program, in which they were created.

Proofs: Contributors will receive page proofs for correction by e-mail as a PDF document. These

must be returned to Kyiv office (mfint@imp.kiev.ua with subject beginning by word ‘mfint’)

within 5 days of receipt.

Page Charges: There are no page charges to individuals or institutions.

Reprints: Authors can freely download a PDF version of their published article from journal website:

https://mfint.imp.kiev.ua. The printed issues may be ordered by completing the appropriate form sent

with proofs and prepaid by authors under the terms as for subscription.

Further Information: All questions arising during the peer review or after acceptance of manu-

scripts, especially those relating to reprints, should be directed to G. V. Kurdyumov Institute for

Metal Physics, N.A.S. of Ukraine, Executive Managing Editor, Editorial Office, 36 Academician

Vernadsky Blvd., UA-03142 Kyiv, Ukraine;

Fax: +380 44 4242561, e-mail: mfint@imp.kiev.ua (with subject beginning by word ‘mfint’).

We ask the authors to apply with their manuscript Copyright Transfer Agreement form.

Copyright Transfer Agreement
We, the undersigned authors of the manuscript ¢ ’,
transfer to the Founders, Publisher, and Editorial Board of the Journal ‘Metallophysics and Advanced
Technologies’ (according to agreements between them) the right to publish this manuscript in original
language or in translation to the other languages. We confirm that publication of this manuscript will
not infringe a copyright of other persons or organizations and publication ethics.
Author(s):

(Last Name, First Name, Affiliation)

Correspondence Address:
Phone and e-mail:

(Signature) ) (Date)

VI ISSN 1024-1809. Meranodisuka Ta HoBiTHI TexHoJorii. 2023. T. 45


https://www.cas.org/support/documentation/references/corejournals
https://cdn.journals.aps.org/files/rmpguapb.pdf
https://images.webofknowledge.com/WOK46P9/help/WOS/A_abrvjt.html
https://mathscinet.ams.org/msnhtml/serials.pdf
mailto:mfint@imp.kiev.ua
https://mfint.imp.kiev.ua/
mailto:mfint@imp.kiev.ua

INFORMATION FOR CONTRIBUTORS

IHOOPMAIIIA (ITPABUJIA) AJIAA ABTOPIB

Hayxkosuit :xypHaa «Meramodisuka ta HOBiTHI TexHosgorii» (MHT) momicansa ny6mikye crarri, aki
paHitre 11e He TyOJiKyBaJuCcsA Ta He IepebyBaloTh Ha POSTJIALI JJIs ONYyOIiKyBaHHS B iHIINX BUAAHHAX.
CraTTi MalOTh MiCTUTH Pe3yJbTaTU €KCIEPUMEHTAJIbHUX i TEOPETUUYHUX JAOCTiIKeHb B obsacTi pisuku Ta
TeXHOJIOTi#l MeTaJsiB, CTOIIB i CIONYK 3 MeTaJiYHUMHU BJIIACTUBOCTSAMU; pelleHsil Ha MoHorpadii; indop-
Marnio npo KoH(epeHIii, ceminapu; BizomocTi 3 icropii merasodisuKy; pekJamMy HOBUX TE€XHOJOTIi,
MarepianiB, npunaaxiB. JKypHanM JOTPUMY€EThHCS 3araJbHOIPUNHATUX IMPUHIIUIIIB, 3a3HAaUEHUX HA HOTro
caiiTi B JOKyMeHTax 3 myOJIiKaIiiiHol eTUKY Ta {00 HeIPUNHATHUX MPAKTUK.

TemaTuka sxypHaxy: Enexmponni cmpyxmypa ma éiacmueocmi, [Jepexmu kpucmaaiihol rpamuu-
yi, Pasosi nepemeopennsa, Pisurxa miynocmu ma naacmuinocmu, Memaniuni noeéepxrni ma naiexu, By-
dosa ma enacmueocmi HAHOMACWMAOHUX | ME30CKONILHUX Mamepianie, Amoppruil i pidkuii cmanu,
B3aemodii 6unpominenHs ma 4acMUHOK i3 KOHOeHCO8AHOI Pewo8uHOoI0, Mamepisniu 6 eKCmpemMaibHUX
ymosax, Peaxmopre i asiaxocmiune memanoznaécmeo, Meduune memanoznaecmeo, Hosi memaanesi
mamepiaiu ma cunmemuuni memaau, Memanoemicui cmapm-mamepiaau, Pisuko-mexHiini 0CHOBU
excnepumenmy ma disizHocmuku, JJuckyciitii nogidomaeHHs.

Crarri ny0IiKyIOThCA OMHIE0 3 ABOX MOB: aHTJIINCHKOIO (BiAgaeTbesa mepesara) a60 yKpaiHChbKOIO.

Crarri, B 0opopMJIeHHI AKUX He JOTPUMAHO HACTYIHUX IPaBWI N onyoaikyBanus 8 MGHT, mosep-
TAITHCSA aBTOpaM 0e3 posryiAaay mo cyri. ([JaToro HagXOMKeHHS BBAyKAEThCA [eHb TOBTOPHOT'O HAaJaHHS
CcTaTTi micya ZOTPUMAaHHA 3a3HAYEHUX HUKUe IIPABUIL. )

1. CraTTa Mae 6yTH mignucaHoro BciMa aBropamu (i3 3a3HaueHHAM IXHIiX agpec eJIeKTPOHHOI ITOIITH);
¢y BKasaTu mpisBuie, iM’st Ta o 6aTHKOBi aBTOpa, 3 AKMM pefaKilis GyAe BeCTH JUCTYBaHHS, HOTO
TOLITOBY aJpecy, HoMepu TeseoHy Ta haKcy i aJpecy eJIeKTPOHHOI ITOIITH.

2. Bukuag Marepisiay mae 6yTu 4iTKUM, CTPYKTypoBaHMM (po3AinaMu, Haupukaan, «1. Berym», «2.
Excnepumenransua/Teopernuna meronmka», «3. Pedynbratu Ta ix oO6roBopeHHA», «4. BucHoBKmM»,
«ITuroBaHa JiTeparypa»), CTUCINM, 0e3 JOBrux mpeamOyJ, BiAXUJIEHb i IOBTOPiB, a TaKOK 6e3 myOJiro-
BaHHS B TEKCTi JaHUX Ta0JIUIlb, PUCYHKIB i mignucis go Hux. AHOTaIis Ta po3ain « BucHOBKU» MaioTh He
Iy6JIFOBaTH OOUH OJHOTO. YMCJIOBI AaHi CJIii HABOAUTY B 3aTaJIbHOIIPUAHATAX OJUHUILAX .

3. 06’em opurinaapHOI (HeoraAxoBol) crarri Mae 6yTu He 6isbire 5000 ciiB (3 ypaxyBaHHAM OCHOBHO-
TO TEKCTY, TaOIHIlh, MiANUCiB O PUCYHKIB, CIUCKY BUKOpUcTaHUX mxKepei) i 10 pucynkis. 06’em oras-
moBoi cratti — 70 10000 cuiB Ta 30 pucyHKiB.

4. 3a moTpebu 0 pemaKIlii MOKe HaJaBaTucCs APyKoBaHuil (A4, moxBifiHWII iHTepBaJ) IPUMiPHUK
pyKoImcy 3 inmocrpamniamu.

5. ITo penakiiii 060B’s13K0BO HajgaeTbes (o e-mail) daiin craTri, HaGpaHUil y TEKCTOBOMY peAaKkTopi
Microsoft Word, 3 HasBomw, 1110 CKJIAJa€ThCA 3 MPi3BUIA MEPIIOro aBTopa (JaTUHUIEID), HAIPUKJIAL,
Hotovchenko.docx.

6. EjleKTpOHHA Bepcis PYKOIHUCY Ta MOro ApyKOBaHU BapisHT (B pasi MOro HagaHHA) MAIOTh OyTH ieHTnY-
HuMu. BoHr MaroTh 0hOPMITIOBATHCS 34 II1A0JI0HOM, STKUI MOYKHA 3aBAHTAKUTH 3 CAUTY JKypHAITY, 1 MicTuTu 5—
7 ingerciB PACS B pepaknii ‘Physics and Astronomy Classification Scheme 2010°. TekcTu craTeil MaloTh Ta-
KOXK MICTUTY! Ha3BY CTATTi, CIIUCOK aBTOPiB, IIOBHi HA3BH Ta IOIITOBI a/IPeCH yCTaHOB, B AKX BOHY IIPAITIOIOTD,
aHoraniro crarri (200—-250 ciiB), 5—7 KIIOYOBUX CJIB ABOMAa MOBaMU (aHIVIICHKOIO Ta YKPATHCHKOI0), & 3aro-
JIOBKY TabJINIb 1 MigIHUCH [0 PUCYHKIB MAIOTh MOAABATUCS AK MOBOIO PYKOIINCY, TAK i AHIUIIICHKOI0 MOBOIO;
aHTJIOMOBHA aHOTAIliA MOXKe OyTH IIPEeCTABJIEHOIO B OLIbIIT posropuyToMy BapisuTi (1o 500 ciis). Hassa crarri,
i aHOTAIlifA Ta KIIIOYOBI CJIOBA MAIOTh HE MiCTUTHU CKJIALHI (DOPMY.IM, MATeMaTUYHi BUPA3!U YU IOBHAYEHHA.

7. EnexTpoHHi Bepcil pucyHKiB MaoTh 6yTH IpeACTaBIeHUMY ¥ BUTVIAAL okpeMux (daiiiis (y popmarax
TIF, EPS, JPG, PNG 3 pospiskaerusm y 300—600 dpi) 3 HaszBamu, 1[0 CKJIAAAIOTHCS 3 IPi3BUINA MIEPIIIOro
aBTOpa (JAaTHHHUIIEIO) Ta HOMepa pPUCyHKa, Hanpukiazn, Hotovchenko_fig2a.jpg. HomarkoBo puCYHKHU
HaJAThCA y hopMari mporpaMu, B IKiff BOHU CTBOPIOBAJIVICA.

8. Hanmcn Ha pucyHKax (0cO6GIMBO Ha ITiBTOHOBUX ) CJIiJ| 10 MOKJIMBOCTI 3aMiHUTH JIiTEPHUMY IO3HAYEHHIMU
(zabpaHuMU Ha KOHTPAcTHOMY (DOHi), a KprBi modHaunTy IudpamMu a60 pisHUMU TUMIAMMY JIiHii/MapKepiB, AKi
MaroTh GyTH po3’SICHEeHUMU B IJIICaX JO PUCYHKIB abo B Texcti. Ha rpagikax yei sinii/Mapkepu MaioTs 6yTu
JIOCTaTHBOI TOBIIIMHY/PO3MIPY AJI AKiCHOTO BiATBOPEHH IX Y 3MeHIIIeHOMY B 2—3 pasu BUIVIAAL (PEKOMeHI0BaHA
TI0YaTKOBA IITUPHHA PUCYHKA — 12,7 cM). CBiT/IMHY MarOTh Oy TH YiTKUMU Ta KOHTPACTHIMU, a HAIICH Ta II03HA-
YeHHSA MalOTh He 3aKPUBATH iCTOTHI JeTaJi (I Yoro MOKHA BUKOPUCTOBYBATH CTPLIKM). 3aMiCTh 3a3HAUYEHHSA B
MiATEeKCTOBITI 30UIBIIIEHHS IIiJ] Yac 3MOMKHU 0asKaHO IPOCTABUTH MaciiTab (Ha KOHTpacTHOMY (DOHi) Ha omHiil 3
imemTumuynux cBitauH. Ha rpadikax miamvicu o oceil, BUKOHAHI MOBOIO CTATTi, MAIOTh MiCTUTH O3HAUEHHS (a60
HaMeHyBaHHS) BeJIMYWH, 1110 BiIKJIaaI0THCS B3JIOBK OCEH, 1 BiZIiIeHl KOMOIO iXHi OAMHUII BUMipIOBaHHS.

9. ®opmysu B TeKCT TpeGa BCTABJISATH 3a JOIOMOTroio pexakTopa gopmysn MathType, cymicaoro 3 MS
Office. BexkTopu ciif HabupaTu HaiBTOBCTUM IIpH(TOM 6€3 CTPiIOK 3BEPXY.

10. Pucynku, Tabauni, popMyin, a TAKOK MiAPAAKOBI MPUMITKY (BMHOCKH) MalOTh HYMEDPYBATHCS
TOCIIiJIb ITO BCift cTaTTi.

11. ITocunaHHA Ha JiTepaTypHi A2Kepesa CJIif AaBaTH y BUIVIALL IIOPAAKOBOTO HOMEpPa, HaAPYKOBAHOTO
B PANOK Y KBaAPaTHUX Ay:KKaxX. CIMCOK IIMTOBAHOI JIiTepaTypu CKJIAJAE€THCSA ITI0YeProBO 3a IEPIIIO0 3raj-
Koo mKepena. [Ipukiaanu opopMIeHHS TOCUIaHb HaBeIeHO HUKYe (IPOCHMO 3BEPHYTHU YBary Ha MOPSIIOK
posTauryBaHH4A iHiniasis i nmpissuig aBTopis, 6i6aiorpadiunux BigomocTeil i Ha po3AiTOBi 3HAKM, & TAKOK
Ha HeOOX1/HICTh 3a3HAUEHHS BCiX CIIiBaBTOPiB IUTOBAaHOI poboTH Ta ii ifenTHdikaropa DOI, sKmIo BiH €):

ISSN 1024-1809. Metallophysics and Advanced Technologies. 2023. Vol. 45 VII


https://mfint.imp.kiev.ua/ua/autors.html
https://publishing.aip.org/wp-content/uploads/2019/01/PACS_2010_Alpha.pdf

TH®OPMAIIIA OJISI ABTOPIB

1. S. O. Firstov and T. G. Rogul, Metallofiz. Noveishie Tekhnol., 44, No. 1: 127 (2022) (in Ukrainian).
https://doi.org/10.15407/mfint.44.01.0127

2.V.B. Tarelnyk, O. P. Gaponova, and Ye. V. Konoplianchenko, Prog. Phys. Met., 23, No. 1: 27
(2022). https://doi.org/10.15407/ufm.23.01.027

3. A. Meisel, G. Leonhardt, and R. Szargan, Rontgenspektren und Chemische Bindung [X-Ray Spectra
and Chemical Bond] (Leipzig: Akademische Verlagsgesellschaft Geest & Portig K.-G.: 1977) (in German).
4. J. M. Ziman, Printsipy Teorii Tverdogo Tela [Principles of the Theory of Solids] (Moscow: Mir:
1974) (Russian translation).

5. M. A. Stucke, D. M. Dimiduk, and D. M. Hazzledine, High Temperature Ordered Intermetallic Al-
loys. V (Eds. I. Baker and R. Darolia) (Pittsburgh, PA, USA: MRS: 1993), p. 471.

6. Handbook of Mathematical Functions with Formulas, Graphs and Mathematical Tables (Eds.

M. Abramowitz and I. A. Stegun), Nat’l Bureau of Standards. Appl. Math. Ser. Vol. 55 (Washington,
D.C.: U.S. Govt. Printing Office: 1964).

7. B. B. Karpovych and O. B. Borovkoff, Proc. of Symp. ‘Micromaterials Engineering’ (Dec.25-31,
1999) (Kyiv: RVV IMF: 2000), vol. 2, p. 113 (in Russian).

8. A. Eh. Krug, Abstr. Int. Conf. Phys. Phenomena (Dec. 25—-31, 1991, Alushta ) (Kharkiv: 1991), p. 12.
9. T. M. Radchenko, Vplyv Uporyadkuvannya Defektnoyi Struktury na Transportni Viastyvosti Zmis-
hanykh Krystaliv [Influence of Ordering of the Defect Structure on Transport Properties of the Mixed
Crystals] (Thesis of Disser. for the Degree of Dr. Phys.-Math. Sci.) (Kyiv: G. V. Kurdyumov Institute
for Metal Physics, N.A.S.U.: 2015) (in Ukrainian). https://doi.org/10.13140/RG.2.2.35430.22089
10. E. M. Gololobov, V. B. Shipilo, N. I. Sedrenok, and A. I. Dudyak, Sposob Polucheniya Karbonitri-
dov Metallov [Production Method of Metal Carbonitrides], Authors’ Certificate 722341 SSSR (Publ.
November 21, 1979) (in Russian).

11. V. G. Trubachev, K. V. Chuistov, V. N. Gorshkov, and A. E. Perekos, Sposob Polucheniya Metalli-
cheskikh Poroshkov [The Technology of Metallic Powder Production]: Patent 1639892 SU. MKI, B22
F9/02, 9/14 (Otkrytiya i Izobreteniya, 34, No. 13: 11) (1991) (in Russian).

12. Yu. M. Koval’ and V. V. Nemoshkalenko, O Prirode Martensitnykh Prevrashcheniy [On the Nature
of Martensitic Transformations] (Kyiv: 1998) (Prepr./N.A.S. of Ukraine. Inst. for Metal Physics. No.
1, 1998) (in Russian).

CJ1if BUKOPUCTOBYBATH 3araJIbHOIIPUMHATI CKOPOUEHHA HAa3B "KYPHAJIIB:
https://www.cas.org/support/documentation/references/corejournals;
https://cdn.journals.aps.org/files/rmpguapb.pdf;
https://images.webofknowledge.com/WOK46P9/help/WOS/A_abrvjt.html;
https://mathscinet.ams.org/msnhtml/serials.pdf.

Heo0xinHOI0 BUMOTOI0 € TaKOXK HaZaHHA aBTOPaMU AOZATKOBOTO CIUCKY IumToBaHOI giTepaTypu (Refer-

ences) B JaTHHCHKI# TpaHcaiTepauii (cucrema BGN/PCGN; pekoMeH/0BaHI TPaHCIiTEpaTOPHU:

http://www.slovnyk.ua/services/translit.php; http://ru.translit.net/?account=bgn).

ITicsia TpaHCIiTepOBAaHMX HAa3B KHUT, JUCEPTAILill, TaTeHTiB Ta iH. CIif y KBaJpaTHUX AYKKAaX HABOJUTH

ixXHilf aHTJIOMOBHU nepekJias (IuB. npukJaaau Buile). IIpu Tpauncairepariii crareit 3 MHT curig Bukopu-

croByBaru HanucauHda II.I.B. aBropiB, HaBeeHi auIlle B aHTJIOMOBHOMY 3MicCTi BiAIIOBifHOTO BUIIYCKY, 1

odiniiiny TpaHCIiTEpOBaHY Ha8BY *KYPHAY (AUB. TAKOXK IEPIITY CTOPiHKY KOXKHOI CTaTTi Ta caiT).

12. KopeKkTypa aBTOpaM HaJCUJIAETHCA eJIEKTPOHHOIO NIOMITO0 y BUTIALAL pdf-(haiiry micia saBepiieHHA
erany penensyBanHa. Ha nepeBipky KOpeKTypu aBTopaM BifBoAAThcA 5 pobounx AHiB. Ilicia sakinuenHna
3a3HAUYEHOI'0 TEPMiHy CTATTs aBTOMATHUYHO HAIPABJIAETHCA N0 APYKY. BumpaBieHHsa ciuin BigmituTu Ta
IpPOKOMeHTyBaTu B camomy pdf-daiiai a6o opopMuUTHy y BUIIIAAL IEPeIiKy BUIIPABIEHbD (IIiAIXCAHOrO YIIOB-
HOBaKEHUM IIPECTABHUKOM KOJEKTHBY aBTOPiB) i mepecaTul eJIeKTPOHHOIO MIOIIITOI0 Ha apecy PeJaKIii.

EeKTpPOHHMI BapifiHT cTATTi HaACHIaeThCA Ha e-mail: mfint@imp.kiev.ua (3 TeMoi0, 0 MOYMHAETE-
cs1 caoBoM ‘mfint’). [IpykoBana Bepcisi pykomucy (sAKIO y Hiil € morpeba) HAACUIAETHCSI 32 agpecoro:
Incruryr meranodisukn im. I'. B. Kypatomosa HAH Ykpainu, pegakuis MpHT; 6yasBap Axaa. Bepuaa-
cbKoOro, 36; 03142 Kuis, Ykpaina a0o BifoBifHOMY perioHaIbHOMY PeJaKTOPY (TUB. CAUT).

ABTOpM MOKYTH BiAbHO 3aBaHTa)kuTu pdf-Qaiisim omy6GaiKOBAaHMX cTaTeld 3 CaAUTy KypHALY
(https://mfint.imp.kiev.ua), a Takok 3aMOBUTU APYKOBaHI NIPUMIPHUKU BUIYCKY JKYDPHAJIy 31 CBOEIO
cTaTTelo, HaJiCHaBIIN [0 PeJaKIlii }KypHaIy pa3oM 3 KOPEKTYPOIO BiAOBiqHY 3aABKY Ta KBUTAHIIiIO IIPO
orIary ApyKy HeoOXiZmHol KibKOCTI IPUMiIPHUKIB BUITYCKY HA YMOBaX, AaHAJOTIUHUX IIePEAIIATHIM.

Binnosigzo no yrog misk penakmiero MHT, 3acHOBHUKaMu Ta BUJAaBIEM KYyPHAJY, PeIaKIlisg BBaXKae,
1[0 aBTOPY, HAJCWJIAIOUU Ifl PYKOIUC CTATTi, IepefaloTh 3aCHOBHUKAM, BUJABII0O Ta PEJKOJeEril mpaBo
omy6JIiKyBaTH Ileii pyKOIIKC MOBOIO OPUTiHAY Ta B IePeKJIadi iHIIMMHU MOBaMU, i TPOCUTH aBTOPiB Biapa-
3y IPUKJAZATH 0 PYKOIUCY « YTOLY PO Iepefady aBTOPCHKOTO IIpaBa» .

Yrona npo nepegady aBTOPCHKOTO IIPaBa
Mu, 10 HIKYe miATHCATNCS, aBTOPU PYKOIIUCY « », IIepefaeMoO 3aCHOBHHUKAM,
BUABIIO Ta PeIKOoJIerii sKypHay « Meranodisuka Ta HOBITHI TeXHOJIOTii» (3TiHO 3 yrogaMu Mi’K HIMH) IIpa-
BO OMyOJIiKyBaTH 11eil PyKOIIKC MOBOIO OPUT'iHATY Ta B IepekJaai iumumu MmoBamu. Mu migTBepmKyeMo, 1110
14 My0JIiKaIia He MOPYIIIye aBTOPCHKOTO IIpaBa iHImux oci6 a6o opranisamniii i mpuHIuIiB HAYKOBOI €TUKH.
ITpu nromy 3a aBTOpamu 30epiraroThbCs BCi iHIII IpaBa AK BJIACHUKIB IIbOT'0 PYKOIIUCY.

ITigniucu aBTOPiB: (I1.1.B., nara, agpeca, Tei., e-mail)
VIII ISSN 1024-1809. Meranodisuka Ta HoBiTHI TexHoJorii. 2023. T. 45



https://doi.org/10.15407/mfint.44.01.0127
https://doi.org/10.15407/ufm.23.01.027
https://doi.org/10.13140/RG.2.2.35430.22089
https://www.cas.org/support/documentation/references/corejournals
https://cdn.journals.aps.org/files/rmpguapb.pdf
https://images.webofknowledge.com/WOK46P9/help/WOS/A_abrvjt.html
https://mathscinet.ams.org/msnhtml/serials.pdf
http://www.slovnyk.ua/services/translit.php
http://ru.translit.net/?account=bgn
mailto:mfint@imp.kiev.ua
https://mfint.imp.kiev.ua/

Metallophysics and Advanced Technologies © 2028 G. V. Kurdyumov Institute for Metal Physics,

Memanogi3. HOBIMHI MexXHOL. National Academy of Sciences of Ukraine
Metallofiz. Noveishie Tekhnol. Published by license under
2023, vol. 45, No. 7, pp. 813-818 the G. V. Kurdyumov Institute for Metal Physics—
https://doi.org/10.15407 /mfint.45.07.0813 N.A.S. of Ukraine Publishers imprint.
Reprints available directly from the publisher Printed in Ukraine.

PACSnumbers: 71.10.-w, 71.27.+a, 75.10.Dg, 75.10.Nr, 75.30.Et, 75.30.Mb, 75.50.Lk

Edextn «opodiramsaoro ckaa». 3. Bnaus Ha 30HHi (hepmioHwH.
Baxkki exekTpoHu

0. I. Minexk, B. M. ITymkap

ITnecmumym memanogisuxu im. I'. B. Kypdomosea HAH Ykpainu,
oyave. Axademirxa Bepradcvrozo, 36,
03142 Ruis, Ykpaina

I'pynu T'anrya BHOKPEMIIOIOTh 4acTUHY 3d-eJIeKTPOHIB B 00’eMi, 3affHATOMY
«opbitanbauM ckaom» (OG). Ile mepeHopmMOBye crieKkTep &, 30HHUX (epmio-
HiB. IxHe oOBasxkHeHHA Ag (L. )=0,1eB 306inemye epexTuBHy Macy d-
depmionis Ha Am” =~ (1-10)m” gusa yacturu 3d-cmyru B 06’emi, 3afinaromy OG.
Taxok 3MeHIITyeThCA BeJIuYnHa opOiTanbHOro MoMeHTY (L < 1), 1110 mosCHIOE
BuMipioBaHi opbiTanbui MomenTu3d-iouiB (Co, Nii r.m.).

Karouosi ciroBa: rpynu Ianya, «opbiTaibHe CKIIO», BAKKi eleKTpoHH, opbirTa-
JbHiI MoMeHTH 3d-1I0HIB.

Galois groups distinguish the part of 3d electrons in a volume of ‘orbital
glass’ (OG). That renormalizes spectrum g, of band fermions. Increasing of
their mass Ag, (L,)=0.1eV increases effective mass of d fermions by
Am”~(1-10)m” for part of 3d band in the OG volume. The value of orbital
moment decreases (L < 1) that explains measured orbital moments of 3d ions
(Co, Ni, etc.).

Key words: Galois groups, ‘orbital glass’, heavy electrons, orbital moments
of 3d ions.
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1. BCTY1II

KoBaneunTHo-30HHI 3B’ I3KM 3MiHIOIOTEH opbOiTanbHi MomeHTH L, i enekT-
pouHi cuektpu B rpatauni Ianya (GG-3) Exementu rpymu Ianya (L.,
L.:pl) onucyrorseda 'amisbToHiAHOM:

HOG = z 1—‘(p)(]-"rT’ Lr+p¢) = 1—‘0]-"01" LOi + Z r(k)(L:TL;er( - L;TL;+p~L )° (1' 1)
k

Meton 6araToeneKTpoHHUX onepaTopHuXx cuinopis (BEOC) nae cuek-
Tep opbiTanbHOTO cKJa (OG)[2]:

E =T ;;N,=1/("" +£),p=1/k,T. (1.2)
Ile — enemeHT rpynu T'asya B Mopi 30HHUX (epMioHiB; ix amMinpToHIAH
H" = gékfljfk, € = & —&ps [ 51,1 = Oy (1.3)
BBoamnMo 30HHO-KOBaJIeHTHI 3B’ a3Ku uepe3 BEOC:
H" = f'LL . +h.e. (1.4)
at

Merox BEOC onucye nepeHOpPMyBaHHA €, .

EdexTuBHa mMaca (pepMioHIB m” BHBOIUTBCI 3 LOLATKOBOL eHeprii
ék(Lq). Tark omep:kyemMo BayKKi (pepMioHM, IKi HEe MOKHA OIepKaTU B
OTHOEJEeKTPOHHUX PO3PAXYHKAX.

ITapamerep cerperartii 3 (1.2)

L, =I = L(exp(®T) + &) (L ~1) (1.5)

omucye (GG-3) B momewni cerperaririi (Tooto B zomeni OG).

2. KOBAJIEHTHO-30HHI 3B’AASKHU IIEPEXTTHUX METAJIIB

Amnanoriuno atromoBoMy (#ioHHOMY) mopAnKy [3], cerperaria opbiTanib-
HUX MOMEHTIB cTBOpIOEe opbiTanbHe cKJo (OG) [1] i medopmye cnexkTpu
MeTainy, 3okpema U231 itoro cromis [2].
PospaxyHok MeTonoM ¢yuKIii I pira sactocyemo 1o Fe, Co, Ni[4].
Beogumo dpyukii I pina n1sa oxuiel gomenn U238:

G =<<f|f} >, G =< L+m‘L_m >> . (2.1)
PiBuanHsa niua GyHKITINA FpiHa HYJIBOBOTO IIOPAIKY:

(E-8)G] - v,GL =1. (2.2)
q
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IMosaBa dyukiiit I pina nepmoro mopaaky 3 (1.1)

L _ +or-
qu =<< LqTLtikarq

f > (2.3)
moTpedye piBHAHD BUIITUX MOPAIKiB:
(E &g — Ty + T, )G = v, << L L fi LI LI >>+.. (2.4)
P
BukopucToByEMO KOMYyTaTOP

v £, 1= 8irqp + - - (2.5)
Anpoxkcumyemo pyuknito I pina gzpyroro mopagky B (2.4):
GM? =<< L L L L | f>> (2.6)
®yurnia I piHa mepIoro mopagKy —

G"O Yy <L L LLL, >3, Gl /(E-§.,~T,+T,). (2.7)
t

p.k—q

Kopenarop BEOC y ¢opmyiri (2.7) € pyHKITioOHAIOM YnCes 3aTIOBHEHHS
enemenTiB GG-3. TemmepaTypHa 3aJeKHICTh KOpPEJIATOPa BU3HAUAE PY-
HKIIi1O G]i, TOOTO CHeKTPU BaKKuX (hepMioHIiB 3 HOZAaHKOM eHeprii 3
(2.7):

_ + - 7+ - 2 _ _
Agy =< L Ly L L >v /(& =& q T +T,)). (2.8)
Ileit momamok mo eHeprii samexuTth Big T, Touninte Bif (T/Tseg), 0€ Tseq
— BepxHuA Meka icuyBauuda OG.
OmiHrMO BeIMUYMHY 00BaKHEHHA 30HHUX (DEPMiOHiIB:

Agx =v?/er. (2.9)

IIpunycratwoun y~ 1 eB, er = 10 eB, maemo Aex = 0,1 eB.
EdexTusny macy gpepmiona Am” ominroemo 3a ¢hopmyJiomw [5]

Ag, ~(1/m')E* ~0,1eB, m" ~10m,. (2.10)

I1a s6inbirena «e)eKTUBHA Maca» BUALIAE BaKKi hepMioHU i3 3arain-
HOI 3d-cMyTH, ITT0 i cIOCTEePiraeThCca eKCIIepUMEHTAIBHO Ha CIIEKTPax.

3. CETPET AIIIA I SMEHIIEHHS OPBITAJIbHUX MOMEHTIB L,
HOHIB

OOminHa eHepris MOHIB JOPiBHIOE
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H* ==Y A (r-rW, v, (3.1)
Ta YIOPSAOKOBYE CIIiHOBI MOMeHTH (G, S) AK cIiHOBY r'paTuuIio. Opbira-

abHi MmomeHTH L, cycimiB r i (r + p) 3 KOBaJeHTHNM 3B’ A3KOM Jar0Th ['a-
MiJIBTOHIAH

He = _2 F\V:Lr“’pr’ AH® = _z r(p)LrLrﬂ)‘ (3-2)

Tur cerperarrii BusHauaeTbea GyHKIIOHATOM ['{L;, Ly:p}.
XBuaboBa pyukIia 3d-pepmionis

\JrlrLs = ng\V(Lr’ Sr)' (3.3)
3onHi 3d-enexTponu nosHavaemo h(r,k,c) = f,_ . Tenep
Hy = &y ofofea + 2 Q) A (0, 00 i o (3.4)

3onHUi cuexTep crony (A, B) ToKaNi3ye fron 1 Ma€ BUTIIAL

HY =S Tf fon- (3.5)

roL

3B’sI30K 30HHUX 1 IOKAJbHUX 3d-eJIEKTPOHIB OIINCYETHCA BUPA30M
in +
H™ =>"T(L, Ky )hjy fos + ... (3.6)

Hna posB’s3aHHA 3aJad4i BUKOPHCTOBYEMO B30HHO-KOBAJEHTHUN
3B’ A30K:

H'™ =% ya(L, L + L L )ay,, (3.7)
BCyMi 3 PaMiJIbTOHiHHaM:/I — somEEM H" (¢,) 1 KOBaJIEHTHUM
H™ =% T (L,L + L, L) (3.8)
BBozaumo pyuknii I pina '
Gy =<< L, |L}, >> (3.9)

i piBHAHHA HYJbOBOTO IOPAIKY
(E-T)G; - > v,GY =2J, =1, (3.10)
q
ne pyukIia I piHa mepimoro mopaaxry
I

Gy =<< ;L a, |1, >>. (3.11)
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PiBHAHHSA IPyroro MOpAIKY —
(E+8 — &, TG - > v,G? =0, (3.12)
g
e
G =<< L By (L L, + )| Ly >> (3.13)
Jiia pyHKITih FpiHa IEPIIOTrO IIOPAIKY OAEPIKYEMO:
G =(E-g +8,,-T)" D 1,0,N'Gr. (3.14)
P
ITincraBasiouu (3.14) B (3.10), maemo
Gy =2J, /(E-E,), N, =< L .L >, (3.15)
TOGTO IIePEeHOPMYBAHHS eJIeMeHTapHOro 36y mxeHHsa rpymu I anya AEy:
E =T +AE,AE =) v (E-g +5,,-T)" 2 7,2Nr (3.16)
q p
J71s mopiBHAHHA 3 eKcIIepuMeHTOM cupoIliyemo (3.16):
AE =Y v NI /(E-T, +(k, / m")). (3.17)
q,p

Opmepoxanuil KOMAHOK 10 eHeprii s6ym:xeHHs rpymu lajgya SBHO 3aJe-
JKUTH Big uncia hepMioHiB ﬁp iTemmeparypu T 3rifHO 3 BUPa3oM

N =0 [exp(Bl,) -], p=1/k,T. (3.18)
DYyHKITIA
L,=1-) N}'=1-Kl[n,,T]=1-AL, (3.19)

BU3HAaUa€ Bimomuii (eKcrepuMeHTaJbHO) [6] Bigxmuam opbiTaabHOTO MO-
MeHTy fiona rpymnu Fe Bix 1.

3anexuicTs ALr Bim uncaa 3oHHEUX 3d-hepMioHiB n, CUJIBHO 3MiHIO-
etbed Bix Fe mo Ni.

4. BUCHOBRKH

1. MeTozom Gorosio6oBebkux (pyHKIii I'pina B Tepminax BEOC (6ara-
TOEJIEKTPOHHUX OIIEPATOPHUX CIIiIHOPiB) po3paxoBaHO 3B’ A30K «opbira-
JIBHOTO CKJIa» i3 30HHUMHU 3d-hepMioHaMuU.

2. 3pocTaHHA e(PeKTUBHOL MacH m° BAXKKHUX €JIEKTPOHIB BHUPAXKAECThCA
yepe3 TeMiepaTrypy Ts cerperarii opbitambumx momeHTiB L, (To6TO
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0G).
3. ledexru (L < 1) opbitanbuux momeHTiB 3d-itoniB (Co, Ni, ...) Bupa-
JKaroTheA uepes ryctuny 3d-dpepmioHis.

IMIUTOBAHA JIITEPATYPA

1. 0. I. Minek, B. M. Ilymkap, Memanogis. Hogimui mexHoa., 44, Ne 2: 141
(2022).

2. 0. I. Murmiek, B. M. Ilymkap, Memanogis. HogimHui mexHoa., 42, N2 9: 1315
(2020).

3. A. A. CmupnoB, Teopus cnaasos énedpenus (Mockpa: Hayka: 1979).

4. C. B. Boucosckuii, Maznemusm (MockBa: Hayka: 1971).

5. k. SatimaH, dexkmporst U poHoHbt (MockBa: VisgaTesbCTBO MHOCTPAHHOM JIH-

TepaTypbl: 1962) (mep. 3 aHTJI.).
6. Magnetic Properties of Metals (Ed. H. P. J. Wijn) (Berlin: Springer-Verlag:

1991).

REFERENCES

1. 0. 1. Mitsek and V. M. Pushkar, Metallofiz. Noveishie Tekhnol., 44, No. 2: 141
(2022) (in Ukrainian).

2. 0. 1. Mitsek and V. M. Pushkar, Metallofiz. Noveishie Tekhnol., 42, No. 9: 1315
(2020) (in Ukrainian).

3. A. A. Smirnov, Teoriya Splavov Vnedreniya [Theory of Interstitial Alloys]
(Moskva: Nauka: 1979) (in Russian).

4. S. V. Vonsovskiy, Magnetizm [Magnetism] (Moskva: Nauka: 1971) (in Rus-
sian).

5. J. M. Ziman, Elektrony i Fonony [Electrons and Phonons] (Moskva: Izdatel’stvo
Inostrannoy Literatury: 1962) (Russian translation).

6. Magnetic Properties of Metals (Ed. H. P. J. Wijn) (Berlin: Springer-Verlag:
1991).


https://doi.org/10.15407/mfint.44.02.0141
https://doi.org/10.15407/mfint.44.02.0141
https://doi.org/10.15407/mfint.42.09.1315
https://doi.org/10.15407/mfint.42.09.1315

Metallophysics and Advanced Technologies © 2028 G. V. Kurdyumov Institute for Metal Physics,

Memanogi3. HOBIMHI MexXHOL. National Academy of Sciences of Ukraine
Metallofiz. Noveishie Tekhnol. Published by license under
2023, vol. 45, No. 7, pp. 819-841 the G. V. Kurdyumov Institute for Metal Physics—
https://doi.org/10.15407 /mfint.45.07.819 N.A.S. of Ukraine Publishers imprint.
Reprints available directly from the publisher Printed in Ukraine.

PACSnumbers: 62.23.Pq, 63.22.Kn, 78.67.Sc, 81.07.Wx, 81.16.Pr, 81.20.Ev, 81.20.Fw

Establishment of the Most Effective Methods of Obtaining
Nanosize Magnesium Oxide
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“Azerbaijan State Marine Academy,
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The relevance of the research is based on the development of nanometallurgy,
which is an adequate response to the growing demand and expansion of the
fields of application of nanoparticles of metallic oxides. Scientific and engi-
neering thought is constantly searching for solutions to optimise and mod-
ernise the production of target nanosize metallic oxides that leads to the es-
tablishment of a significant scientific and informational landscape, which
currently does not provide an unambiguous answer regarding the single
methodology for obtaining the target product (in this case, nanosize magne-
sium oxide) that requires additional research and appropriate analytical con-
clusions. Therefore, the purpose of this study is to determine the technologi-
cal method of manufacturing nanosize magnesium oxide, which has the most
effective and competitive indicators, as well as to check the possibility of
using digital modelling tools to optimise production processes in nanometal-
lurgy. To achieve the formulated goal, the methods of digital modelling of
the magnesium-oxide nanolattice and corresponding analytical conclusions
and proposals are used in the current research. The study establishes that,
among the seven typical methods of obtaining nanosize magnesium oxide
(combustion in solution, co-precipitation, sol-gel, hydrothermal synthesis,
solvothermal synthesis, sol—gel using microwaves, green synthesis), the most
effective for the industrial production of the target nanomaterial are sol—gel
and coprecipitation. The technological method of green synthesis of nanopar-

Corresponding author: Nizami Ismayilov
E-mail: ismayilov_ni@tkut.in.net

Citation: N. Ismayilov, I. Xankishiyev, F. Orucov, I. Aliyev, and H. Nabiyev, Estab-
lishment of the Most Effective Methods of Obtaining Nanosize Magnesium Oxide,
Metallofiz. Noveishie Tekhnol., 45, No. 7: 819-841 (2023).

DOI: 10.15407/mfint.45.07.819

819


https://doi.org/10.15407/mfint.45.07.819
https://doi.org/10.15407/mfint.45.07.819

820 N.ISMAYILOV, I. XANKISHIYEV, F. ORUCOV, 1. ALIYEV et al.

ticles of metallic oxides (including nano-MgO) is also relevant, which is more
ecological with competitive industrial and technological indicators of the
production process. The conclusions obtained during the analysis of chrono-
taxometric schemes, which are the result of a bibliometric analysis of scien-
tific studies and publications on the leading scientometric resources, indicate
an increase in the variability of possible areas of use and production of metal-
lic oxides in nanoforms, which indicates the dynamic and extensive stage of
development of nanometallurgy. Digital modelling of the desired magnesi-
um-oxide nanolattice helps to optimise the technological process and can be
involved in the industrial field of nanometallurgy as a design stage. The
practical value of the study is to obtain a correlative systematisation of vari-
ous technologies for obtaining magnesium-oxide nanoparticles and to assess
the impact of the design and modelling stage on the development of nanomet-
allurgy in general.

Key words: nanometallurgy, sol—gel, hydrothermal synthesis, manufacturing,
microwaves.

AKTyanbHICTh HOCHII:KeHHA I'PYHTYETHCS HA PO3BUTKY HAaHOMETAJIyprii, AKa €
aJeKBaTHOIO BiAIOBiAI0 Ha 3pOCTal0uUMii MONUT i po3MupPeHHA cdep 3acTocy-
BaHHS HAHOYACTUHOK OKcHuAiB MeTasiB. HaykoBa ¥ iH:KeHepHa TyMKa 3miiic-
HIO€ MOCTiAHUIN HOMIYK pillleHb AJA ONTHMisaIlii Ta MogepHisaIii BUPOOHUIIT-
Ba IIiJTLOBUX HAHOPO3MiIPHMX OKCHUIIB METAJIiB, IO MPUBOAUTL IO CTBOPEHHS
3HAYHOTO HayKOBO-iH()opMallifimoro JaHAmadpry, AKUi Hapasi He ma€e OgHO-
3HAYHOI BiAMIOBiAi 00 €AMHOI METOM0JI0TiI oiep:KaHHsA IIiJIbOBOTO IIPOAYKTY
(B maHOMY BHUIIAAKy HaHOPO3MipHOTO0 OKcuay Maruio), mo morpedye 10IaTKO-
BUX JOCJIiAMKEHb i BiATIOBIiZHMX aHAJNITUUYHUX BUCHOBKiB. ToMy MeTOIO JaHOTO
IOCTiIKeHHA € BUBHAUEHHS TeXHOJIOTiYHOTO MeTOAY BUTOTOBJIEHHSA HAaHOPO3-
MipHOTOo OKcuay Maruiro, axuii Mmae Haibigbil epeKTHBHI Ta KOHKYPEHTO-
CIIPOMOJKHI ITOKa3HUKM, a TAKOMK IepeBipKa MOKJIMBOCTA BUKOPUCTAHHS iH-
CTPYMEHTiB YMCEJIbHOTO MOJENIIOBAHHSA AJIA ONTUMisaIlii BUpOOHMYUX IIpOoIie-
ciB y Hanomeranyprii. [lnsa gocaraeHHa c)opMyJIbOBAHOI METH B JAHOMY JOC-
JigyKeHHI BUKOPHCTAHO METOAM UYNCEeJIbLHOTO MOJE/NIOBAHHS MarHilioBo-
OKCHIHOI HAHOI'PATHUIII Ta BiAIOBiAHI aHAJITUYHI BUCHOBKHY Ta IIPOIO3UILii. Y
pesyabTaTi JocaiayKeHHa BCTAHOBJIEHO, IO cepeJl CiMOX TUIIOBUX METO/iB ofie-
p:KaHHA HAHOPO3MipHOTO OoKcuay MarHuiio (crmaioBaHHS B PO3UMHi, CIIiBoca-
I'KeHHs, 30JIb—TeJIb, TifpoTepMajibHa CHHTe3a, COJbBOTEPMiuHA CHUHTE3a,
30JIb—T'€JIb 34 JIOIIOMOTOI0 MiKpPOXBUJIb, 3€JIeHa CUHTE3a) HalOiIbIl e)eKTUB-
HUMH JJisI IPOMKCJIOBOTO BHUPOOHUIITBA IiJIbOBOTO HAHOMATEPiANYy € 30Jb—
r'esib i Kompernumitaiisg. AKTyaJbHIM € TAKOMK TeXHOJOTiUHINHA MeTO 3eJIeHO1
CHUHTE3U HAHOYACTUHOK OKCHUAIB MeTasdiB (y Tomy uwmciai Hamo-MgO), axkuii €
GiJIBII eKOJOTIYHUM 32 KOHKYPEHTOCIPOMOKHUX IIPOMUCIOBO-TeXHOJOTiUHUX
MMOKAa3HUKIiB BUPOOHMUOTO IIpolecy. BucHOBKHU, olep:KaHi mig uac aHamisu
XPOHOTAKCOMETPUUHUX CXeM, AKi € pesyyabTaToM 6ibGsriomMeTpmuHOl aHAIizu
HAYKOBUX AOCJiIKeHb i ImyOJrikaIiii Ha MpoBifHMX HAYKOMETPUUHUX Pecyp-
cax, cBiuaTh Ipo 30iJbINIeHHS BapiATUBHOCTH MOXKJIUBUX cep BUKOPUCTAH-
HA A oJlep:KaHHA OKCUAIB MeTaJIiB y HaHo(opMax, M0 CBiAUNUTH IIPO AUHAMIY-
HUHM Ta eKCTEeHCHUBHUH eTan PO3BUTKY HaHoMeTanyprii. UucesnbHe MOme O-
BaHHS 0aKaHOI MarHilioBO-OKCHUIHOI HAHOI'DATHUIIL JOIIOMArae OIITUMi3yBaTu
TeXHOJIOTiUHUI IpoIliec i Moske OyTHU 3aJisiHe B IIPOMUCJIOBiN cepi HaHOMeTA-
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ayprii Ak eram npoekTyBaHHA. [IpakTHUHA MiHHICTH HOCHiAKEHHSA II0OJIATAE B
ollep:KaHHI KOpeJAIiifHOl cucTeMaTuaallii pPisHWX TeXHOJIOTiNl oaep:KaHHSA
MarHif0BO-OKCUIHUX HAHOUYACTHMHOK Ta OIIiHIIi BIJIMBY €TAly IPOEKTYBaHHS
Ta MOJEJIOBAHHS Ha PO3BUTOK HAHOMETAJIYPTIii B I[ilIoMYy.

KaiouoBi cioBa: HaHOMETaNyprisf, 30Jb—T'eJb, TiApoTepMabHa CUHTe3a, BUPO-
OHUIITBO, MiKPOXBILII.

(Received 29 March, 2023; in final version, 13 April, 2023)

1.INTRODUCTION

The research vector for determining effective technologies for produc-
ing metal nanooxides is updated by the trend dynamic growth of the
field of nanometallurgy, as evidenced by the relevant industry statis-
tics: according to Custom Market Insight, the volume of global demand
for consumption of nanomaterials in the form of metal oxides accord-
ing to the results of 2022 is estimated at 1.11 billion USD[1]. The same
indicator is expected to increase by 2 billion USD by 2030. The total
compound annual growth rate (CAGR) is 7.53%. Similar, but some-
what more optimistic indicators of the CAGR are provided by special-
ised organisations (for marketing assessment of markets) Reports and
data [2], Industry ARC [3], and Data Intelo [4], which estimate the
growth dynamics of the global nanometallurgy market at the level of
9.2-9.4% of the CAGR. Estimates of Custom Market Insight [1] and
Data Intelo [4] regarding the qualitative structure of demand for metal
oxide nanometres coincide:

e proportion of aluminium oxide is the highest — 35%;
proportion of titanium dioxide — 22%;
proportion of copper oxide — 16%;
proportion of magnesium oxide — 14%;
proportion of zinc oxide — 9%;
proportion of other metal oxides — 4%.

Similarly, the estimates of these marketing and analytical compa-
nies regarding the global industry structure of the consumer market
coincide: the share of electronics and optics is the largest — 38%, the
share of medicine and hygiene products — 26%, the share of the paint
and varnish industry — 14%, the share of the energy industry — 12%,
other industries — 10%. Custom Market Insight provides a wider and
more detailed range of consumer structures for nanometallurgy prod-
ucts, which, in addition to the above categories, includes the automo-
tive, ceramic and glass industries[1].

The target product of the current study is nano-MgO; so, the mar-
keting dynamics of this nanomaterial will be considered in detail. As
noted in Mordor Intelligence, according to the results of 2022, the
global consumption market for nanoscale magnesium oxide is estimat-
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ed at 155.4 million USD (which correlates with Custom Market Insight
[1] and Data Intelo [4] estimates), and the CAGR is expected to reach
7% by 2028-2030 (which is a somewhat restrained estimate compared
to Reports and Data [2] and Data Intelo [4], but correlates with indus-
try-wide nanometallurgy statistics provided in the marketing research
at Custom Market Insight [1]) [6]. Mordor Intelligence also notes the
industry structure of magnesium-nanooxide consumers, which differs
from the above for the general field of nanometallurgy by including
such consumers as the production of refractory materials, the aero-
space industry, and the oil refining industry [5]. Thus, market and
marketing dynamics and corresponding specific indicators indicate the
unconditional development of the nanometallurgy industry, in partic-
ular, the sector of nanoscale magnesium oxide, which actually proves
the relevance and expediency of research to find solutions to optimise,
modernise, and increase the economic attractiveness of the target na-
nomaterial production system.

Recent studies, the results of which are reported by F. Nisa et al. [6]
(on the use of nano-MgO biosynthesis technology), M. Kotresh et al. [7]
(on the temperature regimes of production of nanosize magnesium ox-
ide), Z. Rajabimashhadi et al.[8] (on the use of hydrothermal methods
for the production of magnesium oxide nanoparticles) in the review
parts contain generalisations about the existence of a fairly wide range
of technological methods for the production and synthesis of the target
nanomaterial, which mostly bear signs of laboratory-scale production
and do not form ideas about the generalised optimised technology for
the production of nanosize magnesium oxide for industry (except for
individual proposals in the form of publications by F. Mirza and H.
Makwana [9], in which the co-precipitation method is preferred). Also
noteworthy are the studies by J. Veronica et al.[10] (which favours the
sol—gel method), S. Abinaya et al. [11] (which favours the green syn-
thesis method), which in general do not form a stable and consistent
vector of commitment to any one prevailing method of producing the
target nanoproduct).

Therefore, the appropriate basis of scientific problems is formed,
according to which it is necessary to perform a correlative and system-
atic comparison of existing technologies for the production and syn-
thesis of nano-MgO and determine the most optimised and adaptive
production and technological method for industrial and economically
attractive applications. Therefore, the purpose of the current study is
to establish, based on the results of comparative analysis, the most
adapted method for the production of magnesium oxide nanoparticles
within the framework of the nanometallurgy paradigm, followed by
the proposals and recommendations for the potential development of
the latter, and to test in detail the hypothesis of the potential applica-
bility of modern digital software tools for optimising technological
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processes in the production of metal oxide nanoparticles.

2. MATERIALS AND METHODS

Firstly, the method of median analysis was used to form the basis of
scientific problems. This method facilitated the development an ap-
propriate factual background, conceptual and taxonometric structure,
and allowed establishing the latest achievements of the nanometallur-
gy sector under study. In particular, it was possible to obtain up-to-
date data on the characteristics of the studied nanomaterial (in com-
parison with the full-size (macrosize) equivalent), data on the areas of
application of the target nanoproduct with an appropriate assessment
of the industry impact, and data on the establishment of the classifica-
tion of laboratory methods for the production of nanoscale magnesium
oxide, which became the basis for the latest iteration of the study — an
analytical solution to the goal.

Secondly, as the next iteration, the method of generalising the rele-
vant scientometric landscape in the current chronometric horizon
(over the past five years) was applied, which determined the general
trends and vectors of interest in the dynamics of scientific and engi-
neering thought in the development of technology for the production
of nanoscale magnesium oxide and confirm (or refute) the results of
the first iteration of the study. The logical conclusion of the previous
iterations of the search and generalisation of the existing scientomet-
ric landscape and the basis of scientific problems was the correlation
and systematic analysis of the classification of laboratory and produc-
tion methods for the production of magnesium nanooxide with the def-
inition of the most effective technological methods adapted to the in-
dustrial scale.

The empirical part of the study consisted of testing the influence of
digital programme modelling methods of nanostructures on the tech-
nological sequence of production of the target product. That is, in this
case, the nano-MgO modelling method was used. Among the software
tools used for modelling and forecasting design nanomaterials are
BIOVIA Materials Studio [12], Integrated Scientific Computing and
Information Technologies [13], Synopsys 14, Informer Technologies
[15], Furious Atoms [16], CoNTub [17], Atelgraphics SL [18], Exabyte
Inc. [19], JCMwave [20], LAMMPS [21], which allow for full-fledged
modelling of nanostructures of various chemical elements, which are
subsequently subjected to the corresponding calculated spectrum with
a wide range of variability, which leads to an optimal resulting
nanogrid, both individual metal oxides (including nano-MgQO) and
composite structures.

Most of these software products were designed for nanotube design,
but BIOVIA Materials Studio [12] has the greatest variability in com-
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positing various structures and chemical compositions, so this soft-
ware is used as the basis for creating a digital programme model of na-
noscale magnesium oxide. The resulting model allows including design
stages in the production technology of nanometallurgy, which can po-
tentially reduce the load on laboratory research and diagnostic stages,
thereby increasing the economic attractiveness of the industry under
study.

Thus, based on analytical iterations No. 1 and No. 2, the most
adapted nano-MgO production method for industrial applications was
established, and with the help of empirical iteration No. 3, the poten-
tial possibility of using modern digital software tools to optimise the
technology of metal nanoparticle production was tested.

3. RESULTS

The characteristics of magnesium oxide in the nanoform were investi-
gated by M. Rajab et al. [22], J. Hornak et al. [23, 24], J. Chen [25],
S. Vijayakumar et al. [26]. J. Hornak et al. [23, 24]. The researchers
put forward the idea that nanoscale magnesium oxide does not differ in
chemical composition and molecular structure from natural full-size
magnesium metal oxide, namely, the MgO lattice with the lattice pa-
rameter 4.21, and consists of Mg?* and O? ions, which are connected by
an ionic bond by configuration 1s?2s?p®3s? (Mg) and 1s?2s%p*(0) (with-
out filling the d-orbital) and consist of two crossed lattices (grids) that
are shifted relative to each other by 0.5 diagonals of the body. These
data are confirmed empirically in the study by F. Mirza and H.
Makwana using energy-dispersive x-ray spectroscopy [9]. Similar re-
sults are provided by S. Vijayakumar et al. [26]. According to the re-
sults of energy-dispersive x-ray spectroscopy, the percentage of mag-
nesium and oxygen is close to the stoichiometric ratio, and the chemi-
cal purity of the nanoscale oxide under study is confirmed.

F. Mirza and H. Makwana [9] and M. Rajab et al.[22] also note other
differences between nano-MgO and full-size MgO, including, in par-
ticular, a high value of the band gap parameter (7.3—7.8 eV); a high
value of the volume resistance parameter of 1.017 Ohm'm (which is the
maximum value for nanoscale metal oxides that are currently widely
used); high thermodynamic stability due to low heat capacity and high
melting point (2850°C), that obtained a response in the use of the stud-
ied material in the production of refractories; low permittivity (9.8)
used for creating insulation materials; low distortion of the refractive
index.

These advantages of nanoscale magnesium oxide distinguish it not
only from the full-size form of MgO oxide, but also from other widely
used metal nanooxides. For example, nano-MgO is an excellent transi-
tion layer for growing thin-film materials for various purposes [26].
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F. Mirza and H. Makwana [9], M. Rajab et al. [22], J. Hornak et al.
[28, 24], J. Chen [25], S. Vijayakumar et al.[26] note that nano-MgO is
characterised by peaks of the 20 angle values on the crystal lattice dif-
fraction pattern (obtained by x-ray diffraction method): 36.8°, 42.9°,
62.2°, 74.6°, and 78.6°, which are identified as the corresponding val-
ues of the lattice areas of nanoscale magnesium oxide (111), (200),
(220), (311), and (222). In addition, F. Mirza and H. Makwana [9] and
J. Hornak [24] highlight the possibility of identifying the structure of
magnesium nanooxide using the Fourier transform infrared spectros-
copy method, the image of which is characterised by corresponding
peaks with physicochemical decoding of the constituent elements and
their interaction at the molecular level.

As noted by J. Hornak [23, 24] and S. Vijayakumar et al.[26], to de-
termine the characteristics of nano-MgO, it is also advisable to use the
method of ultraviolet-visible spectroscopy, in particular, to establish a
quantitative characteristic of the band gap energy parameter, and sim-
ilar results can be obtained using the photoluminescence method.
Temperature—frequency graphs are also used to interpret the thermal
stability and relative permittivity of nanoscale magnesium oxide, il-
lustrating the effect of the temperature regime on the dielectric prop-
erties of the metallic magnesium oxide nanoform, which is a conse-
quence of the influence of weakly bound water molecules on the surface
of the material.

Visualisation of magnesium oxide nanoformations is obtained by F.
Mirza and H. Makwana using scanning electron microscopy [9]. Ac-
cording to the results of scanning electron microscopy, nanoscale for-
mations are synthesised with a minimum size of 14 nm, while structur-
ing into agglomeration clusters. Data obtained by the researchers and
the frequency of formation of classes of magnesium oxide nanoparti-
cles by size characteristic were confirmed by J. Chen [25]. However,
one of the main features of MgO nanoparticles (NPs) is its high anti-
bacterial activity, which is confirmed by numerous studies, among
which the papers by A. Khan et al.[27], J. Maji et al.[28], N. Baniasadi
et al.[29], B. Das et al.[30], L. Cai et al.[31]. However, this property is
more clearly confirmed and illustrated in the study by N. Y. Nguyen et
al.[32]. The researcher was able to record the alleged destruction of the
membrane of bacterial microorganisms.

Thus, considering the relatively and objectively distinguishing
characteristics of the magnesium oxide nanoform among other metal
nanooxides, industries and sectors have now been formed where the
use of the nanomaterial under study is a priority, and sometimes there
is no alternative.

Based on the obtained data of multilocal information search against
the background of the scientometric landscape in relation to the areas
of application of nanoscale magnesium oxide, it was found that the
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Fig. 1. System of existing methods of synthesis and production of MgO NPs [22-
26].

range of use of the nanomaterial under study is quite wide: from medi-
cal applications to nanometallurgy, which correlates with the data of
marketing studies by Custom Market Insight [1], Data Intelo [4], and
Mordor Intelligence [5]. Currently, there are about seven methods of
MgO NPs synthesis and production, which have a fairly wide range of
technological features (Fig. 1).

The characteristics of each method of synthesis and production of
magnesium nanooxide are given in order to establish the characteristic
technological features of the implementation of the process under
study. Using the results of review and empirical studies by F. Mirza
and H. Makwana [9], M. Rajab et al. [22], J. Hornak et al. [23, 24], dJ.
Chen [25], S. Vijayakumar et al. [26], in order to establish an optimal
and economically feasible method for the synthesis and production of
magnesium oxide nanoparticles (among the methods described in Fig.
1), the median (due to the existence of a significant number of relevant
studies, the results of which vary slightly) technological, and opera-
tional parameters will be compared (Tables 1 and 2).

According to the above comparison, the smallest particles of magne-
sium nanooxide can be obtained by combustion in solution, co-
precipitation, and green synthesis.

Other technological and operational parameters for the compared
methods of synthesis of nanoscale magnesium oxide in comparison
(with the exception of the composition of reagents and the reagent me-
dium) correlate. Therefore, using the data from Table 2, it is possible
to establish the necessary synthesis technology depending on the tar-
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get product: for medical purposes, it is advisable to use smaller nano-
particles, and for industry, larger ones.

The current study focuses on efficient and cost-effective methods
for synthesising MgO NPs, which have a high level of adaptation to
production on an industrial scale. According to the nano-MgO produc-
tion technology (Table 1), for the industrial production of nanoscale
magnesium oxide, it is advisable to use sol—gel synthesis technology.
Moreover, the study by J. Veronica et al. provides an economic sub-
stantiation for the industrial use of the MgO NPs sol—gel synthesis
method, which uses Arabian gum as a raw material [10]. The perfor-
mance of the industrial plant for the production of nanoscale magnesi-
um oxide using sol—gel technology:

e cycle capacity —1.425 kg of nano-MgO;

e monthly capacity — 35.625 kg of nano-MgO;

TABLE 1. Characteristics of methods for synthesis and production of na-
noscale magnesium oxide [22—-26].

Graphical representation of the process Brief description of the technology
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Continuation of TABLE 1.

Graphical representation of the process Brief description of the technology

Sol—gel and sol—gel using microwave
exposure. This method is based on the
], mmmw Use of an inorganic precursor and an
Q 1 organic solvent: metal alkoxides com-
e il bine with a solvent and reagents to
Gel e =] form a homogeneous solution [35].
o _ — This solution is gradually converted to
- a colloidal suspension (sol) and even-
‘ tually polycondensated into integrated
structures (gel), which is converted
later to aerogel and xerogel (which is
established by a certain drying meth-
od).

Hydrothermal synthesis and sol-
vothermal synthesis. This method
involves the use of an autoclave in the
technological process, where the pre-
cursor and solvent are mixed under the
influence of high temperature and
+00s Dressure, forming the target product
—[Mne | " §§§§ as a result. Due to the physical condi-
Centrifuge Powter tiONS OF conducting a set of reactions,
nanomaterials with high crystallinity
Sitomi are obtained, significantly higher than
other methods for obtaining nanopar-
ticles [36]. In the case of non-aqueous
solvents, the method is considered
solvothermal, and in the case of using
water as a solvent, it is considered

hydrothermal.
Green synthesis. This method does not
require the creation of critical parame-

Autoclave

’ ters of the reaction medium and the

. involvement of toxic substances [37].

Rt | aiaien  [Climion] $48¢ Various organic materials (plant ex-

{ . 3332 tracts, bacterial cultures, enzymes,

Crystal growth Powder vitamins) can be used as non-toxic

synthesis reagents. Distilled (twice)

e water is used as the extraction medi-
solution um.

e annual capacity —427.5 kg of nano-MgO.

These indicators are quite competitive. In addition, the economic
substantiation indicates a reasonable payback period for the installa-
tion of an industrial sol—gel synthesis plant (up to 3 years) and poten-
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TABLE 2. Comparison of median technological and operational parameters of
methods for synthesis and production of nanoscale magnesium oxide [38].

Duration
. Temperature .
. Reaction of tempera- Size of
Synthesis- exposure .
R Reagent nature and i . ture obtained
production Reagent - (calcination)
medium parameters, exposure MgO NPs
method parameters, X K K
°C oc (calcination) nanoparticles
hours
Burning in  Oxidiser: Fuel: Burning at 500 9 929
solution Mg(NOs): NH;CONH, 100°C
Precursor: Precipitator: Reaction at
Co-di iti 550 4 16
O-GePOSIEC Meg(NOs),  NaOH 20°C
Sol—gel and
sol-gel  Precursor: Solvent:  Gel drying at
using  Mg(OCHs)g, ’ 600 5 50
CH30H, C-H. 200°C
microwave Mg(NOs); 3 (s
exposure
Hydro-
thermal Autoclave
synthesis Precursor: Solvent: mixing at a 400 9 50
and solvo- Mg(NOs)s NaOH temperature
thermal of 180°C
synthesis
Reagent ex-
tract: plant
ract: plan Crystal
Green Precursor extracts, rowth
. solution: bacterial g X 400 4 22
synthesis reaction at
Mg(NO3):  cultures,
90 °C
enzymes,
vitamins

tial high profitability.

The next step in the study of synthesis technology is an empirical test
of the hypothesis about the possibility of optimising the target indus-
trial algorithm by means of digital programme modelling. When estab-
lishing the methodological basis of the current study, it is noted that
now there is a fairly wide range of digital software tools for modelling
nanogrids of various materials, including metal oxides, but the most
optimal nanomodelling is performed by BIOVIA Materials Studio [12].

Using the internal repository of chemical structures, BIOVIA Mate-
rials Studio identified a prototype model of nanoscale magnesium ox-
ide with MgO [12]. Next, the corresponding model molecular structure
was obtained, consisting of 27 magnesium and oxygen atoms, which
are stirred at an angle of 90° (2-45°) with a bond size of 4.2112
(2-2.1056) and with the corresponding symmetry (Fm—-3m group (OH-
5)), which actually proves the crystallinity of the structure and corre-
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Fig. 2. Magnesium-oxide nanogrid model.

lates with empirical observations.

Using the CASTEP Tools in BIOVIA Materials Studio [12], the ener-
gy structure of the MgO NPs model nanogrid was obtained: a discrete
energy structure, a nanogrid bond density structure, and a simulation
of energy-molecular dynamics. CASTEP Tools also allows obtaining
the values of elastic constants for the simulated magnesium oxide
nanostructure with correlation using the Voigt, Royce, and Hill meth-
ods. According to the calculated data for nano-MgO, the universal ani-
sotropy index is 0.11021, the median speed of sound in the nanostruc-
ture is 6547.20857 m/s, the Debye elastic temperature is 925.75893 K,
the compressibility is 0.0068 1/hPA, and the generalised volume mod-

CASTEP Band Structure
Band gap is 4.997 eV

" e = — - = = = = = =
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—
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Fig. 3. Discrete energy structure of the magnesium-nanooxide model [12].
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ulusis 147.01725+2.01 hPA (Figs. 2—4, Table 3).
The simulation results allow visualising the actual dimensions of the

TABLE 3. Elastic constants for polycrystalline material (hPa) [12].

Parameter Methods
Voigt Royce Hill
Volume module 147.01725 147.01725 147.01725
Shear modulus (Lame Mu ) 129.05727 126.27386 127.66556
Lame lambda 60.97907 62.83468 61.90687
Young’s modulus 299.52658 294.50445 297.02166
Poisson’s ratio 0.16044 0.16613 0.16328
Hardness (relative to titanium 93.76759 9379104 24.927706

2012)

CASTEP Density of States

Density of States (electrons/eV)

| )
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Fig. 4. Structure of the energy-bond density of MgO nanoformations [12].

Fig. 5. Creation of a dimensional model of a MgO nanostructure [12].
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magnesium oxide nanostructure (Fig. 5).

The Forcite module integrated into BIOVIA Materials Studio also pro-
vides analysis of the radial-distribution function (RDF), concentration
distribution, x-ray intensity distribution (and scattering), velocity-
distribution profile, pressure-distribution profile, density-field distri-
bution in the form of model visualisation (Figs. 6—11).

The GULP Tools module integrated in BIOVIA Materials Studio al-
lows obtaining the optical characteristic of the nanomaterial under
study, the phonon dispersion characteristic, and the powder distribu-
tion of magnesium-oxide nanoparticles (Figs. 12-15).

BIOVIA Materials Studio also allows modelling (and corresponding
calculations) for hybrid composites doped with magnesium oxide na-

Forcite Analysis - RDF
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Fig. 6. Analysis of the radial-distribution function of the nanogrid of the
MgO NPs model [12].

Forcite Analysis - Concentration Profile
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Fig. 7. Analysis of the concentration distribution of nano-MgO [12].
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Forcite Analysis - XRay Tntensity vs. Scattering Vector
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Fig. 8. Analysis of the results of modelling the x-ray intensity distribution
(and scattering) in a magnesium-oxide nanostructure [12].

Forcite Analysis - Velocity Profile
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Fig. 9. Velocity distribution profile in magnesium-oxide nanogrid [12].

noparticles.

Thus, considering the facts of correlation of digital model charac-
teristics of magnesium nanocomposites and corresponding empirical
observations (obtained in laboratory conditions with the involvement
of appropriate specialised equipment), the hypothesis about the feasi-
bility of using BIOVIA Materials Studio as a solution to the design
stage of creating various nanocomposites within the framework of the
concept of nanometallurgy is confirmed [12].

4. DISCUSSION

This paper contains the results of studies of methods of synthesis and
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Fig. 10. Pressure distribution profile in magnesium-oxide nanostructure [12].

Fig. 11. Visualisation of the density-field distribution (shown as dots) ob-
tained by modelling magnesium nanooxide [12].

production of nanoscale magnesium oxide, provided by several itera-
tions (multilocal information search, bibliometric analysis and model-
ling using appropriate digital software tools) and contains more in-
depth data on similar studies given in publications by F. Mirza and H.
Makwana [9], M. Rajab et al. [22], J. Hornak et al. [23, 24], J. Chen
[25], S. Vijayakumar et al.[26].

In the first iteration (multilocal information search), data on the
properties of magnesium nanooxide are systematised, which contain a
complete set of empirical data obtained in various studies to date and
contain more generalisations, in particular, due to the correlated anal-
ysis of the results obtained by F. Mirza and H. Makwana [9] and
J. Hornak et al. [23, 24] on the results of the FTIR study of target
nanostructures, the results of the XRD study of nanocrystals of the
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Reflectivity for MgO
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Fig. 12. Analysis of optical properties of MgO nanostructure [12].

GULP Phonon Dispersion
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Fig. 13. Phonon dispersion of nano-MgO [12].

magnesium oxide and the physical and electronic structure of nano-
magnesium oxide.

Moreover, expanding the range of the research vector with the pa-
pers by A. Khan et al. [27], J. Maji et al. [28], N. Baniasadi et al. [29],
B. Das et al.[30], L. Cai et al.[31] and, in particular, N.Y. Nguyen et al.
[32] allowed creating a more complete picture of the properties of the
target nanostructure, forming cross-branch bonds and transitions for
the latter (due to the detected antibacterial activity). The applied ap-
proach established the median physicochemical and specific properties
of the nanostructure under study, which allows creating appropriate
verification information array of values that can be referenced when
applying subsequent iterations in the current study.

Furthermore, using multilocal information search, the systematisa-
tion of the areas of application of the studied nanomaterial was per-
formed, which revealed the following characteristic areas and areas of
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Fig. 15. Examples of hybrid nanocomposites based on titanium (a) and silicon
(b) doped with magnesium-oxide nanoparticles [12].

application:

prosthetics;

medicines;

oil and gas production;

electronics;

communication tools;

engineering life support systems;

food industry;

construction;

agronomy and powder metallurgy, in particular, nanometallur-

gy.
The obtained data correlate with marketing studies by Custom Mar-
ket Insights [1], Data Intelo [4], and Mordor Intelligence [5]; however,
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it provides an appropriate scientific basis for the mechanism of appli-
cation of magnesium nanooxide for selected industries by bringing
relevant scientific papers from the profile scientometric landscape.

Similarly, multilocal information search tools established existing
methods of MgO NPs synthesis and production, and updated relevant
empirical data by forming a median information technology array,
which was not used by F. Mirza and H. Makwana [9], M. Rajab et al.
[22], J. Hornak et al.[23].

Based on the generalisation of technological and empirical data ob-
tained in the analysis of relevant studies, an assumption is made about
the possibility of obtaining an optimised for industrial use and eco-
nomically substantiated technological method of synthesis and pro-
duction in the form of sol—gel synthesis, which was not only observed
in papers by A. Nandiyanto et al. [39], J. Zhao et al. [40], S. Liu et al.
[41], but also received an implementation with a corresponding feasi-
bility study by J. Veronica et al. [10] (the obtained competitive produc-
tivity of the nano-MgO synthesis plant for sol-gel technology was
427.5 kg per year, with a probable economic payback of three years,
which gives reason to consider this method economically justified and
profitable).

The hypotheses of the first iteration (multilocal information search)
were confirmed by means of bibliometric analysis (the second iteration
of the study).

In particular, when analysing chronotaxonometric schemes built on
the basis of relevant scientometric information (relevant publications
in the current search scope), it was found that the sol—gel synthesis
method has the greatest weight of scientific opinion on the assessment
and study of methods for synthesising the nanomaterial under study.
It was also found that the green synthesis method is a promising meth-
od for the production of magnesium oxide nanoparticles, which is ex-
pected to implement fully the eco-friendly concept in the field of na-
nometallurgy. A special feature of this method of synthesis of metal
oxide nanoparticles (including magnesium oxide) is the use of various
organic materials (plant extracts, bacterial cultures, enzymes, and
vitamins) as a reagent medium, without involving toxic compounds in
the technological process. Thus, compliance with the main goal of the
study, namely, obtaining data on the optimal technology for obtaining
nanoscale magnesium oxide, was confirmed, while in two iterations
(information and search, bibliometric) it was established that the sol—
gel method is appropriate and economically substantiated for industri-
al applications, which should later be replaced by green synthesis,
which has the advantage of using environmental organic reagents for
the production of magnesium nanooxide.

The next iteration of the study, namely, its empirical part, is pre-
sented by the results of testing the hypothesis about the possibility of
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optimising and modernising technical and technological solutions of
nanometallurgy by means of appropriate digital software. In the cur-
rent scientometric landscape, a similar hypothesis regarding magnesi-
um oxide nanometallurgy has not been investigated at the time of the
creation of the current paper. It was found that BIOVIA Materials Stu-
dio is the most appropriate for the established goal of testing the above
hypothesis, which correlates with the results of research on modelling
other nanomaterials, which are presented in papers by S. Merezhko et
al.[42], K. Kunene et al.[43], B. R. Abhiram and D. Ghosh [44].

The use of BIOVIA materials Studio significantly expands the range
of obtained characteristics for the target nanoproduct—nanoscale
magnesium oxide. In particular, it was possible to obtain data on the
physical and mechanical structure of the nanomaterial under study
(correlated with the results of empirical observations), data on the en-
ergy structure of magnesium nanooxide (discrete energy structure,
density of energy bonds of nanoscale, parameters of energy-molecular
dynamics), data on the elastic and mechanical characteristics of the
simulated nano-MgO with correlation by the methods of Voigt, Royce,
and Hill (universal anisotropy index, median speed of sound in the
nanostructure, Debye elastic temperature, generalised volume modu-
lus, shear modulus (Lame Mu), Lame lambda, Young’s modulus, Pois-
son’s ratio, hardness (relative to titanium 2012)). Based on the results
of modelling in BIOVIA Materials Studio, it was possible to obtain a
model of the magnesium oxide nanostructure in a comparable scale
form[12].

Moreover, based on the results of modelling nanoscale magnesium
oxide in the PC BIOVIA Materials Studio software environment, data
were obtained on the radial distribution function, concentration dis-
tribution, x-ray intensity distribution, velocity distribution, tempera-
ture fluctuations distribution, density field distribution in the form of
model visualisation, optical characteristics, and phonon dispersion
characteristics. Most of all, the fact of correlation of the model repre-
sentation of the distribution of magnesium oxide nanoparticle powder
with empirical observations of XRD studies proves the correspondence
of the formed hypothesis to the real state of affairs[9, 24, 25].

Thus, the grounds for confirming the hypothesis about the possibil-
ity of using digital software tools as an optimisation solution in nano-
metallurgy technology are obtained.

5. CONCLUSIONS

As a result of the current study, the results are obtained, consisting of
a part of the systematised data of relevant scientific studies integrated
into the profile scientometric landscape and an empirical part, with the
help of which the hypothesis of the potential possibility of optimising
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nanometallurgy technologies by digital software means is tested.

Based on the results of a multilocal information search, which is the
first iteration of the current study, the concept of recognising sol—gel
synthesis as an optimal and economically viable method of synthesis
and production has been preliminarily established. It is established
that this method is the most adaptive for industrial production of the
target nanoproduct. However, according to the results of the second
iteration of the study (bibliometric analysis), not only the previous
concept was confirmed, but also the next one was developed, namely,
the most likely method for producing magnesium oxide nanoparticles
(and other metal nanooxides) is green synthesis, which forms the eco-
friendly nanometallurgy paradigm. At the same time, using the first
iteration of the study, a factual array of data was obtained, which al-
lowed approaching the third iteration of the study.

As the next step of the study, the concept of modelling is defined,
which follows from the hypothesis about the probability of optimising
nanometallurgy technology using digital programmes. It is established
that the use of specialised software provided not only more specific
characteristics of the nanomaterial but also the results that have a sig-
nificant level of correlation with empirical observations recorded in
the relevant profile studies. Moreover, this software product allows
full use of the concept of molecular and atomic engineering, namely, to
generate, modernise, adapt various physicochemical nanostructures in
mono- and polysyllables and carry out their rapid (software) calcula-
tion to identify the most appropriate and adapted to implementation.
That is, the hypothesis about the possibility of optimising nanometal-
lurgy technology by integrating the design and model link into produc-
tion chains is clearly confirmed, which has far-reaching results with
direct economic consequences, in particular, it will significantly re-
duce the load on specialised laboratory equipment.
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Effect of Modulation Period on the Thermally-Induced Solid-
State Reactions in Ni/Ti Thin Films

I. O. Kruhlov, N. V. Franchik, S. M. Voloshko, and A. K. Orlov
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‘Igor Sikorsky Kyiv Polytechnic Institute’,
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In this work, we have studied the structure evolution of Ni/Ti layered stacks
with a modulation period of 30 nm and 15 nm (total thickness of the stack is
of 60 nm) deposited by RF magnetron sputtering onto p-Si(001) substrate
upon vacuum annealing up to 700°C. As found based on the XRD, SIMS and
four-point probe resistivity measurements’ data, the diffusion-induced reac-
tions in both stacks occur through the stages of metals’ intermixing, amor-
phization and formation of intermetallic Ni,Ti phases. The application of a
smaller modulation period leads to the more intense metals’ intermixing,
which results in the shift of the structural transitions onset to the lower tem-
peratures. However, the modulation period does not influence the tempera-
ture range of amorphization, which is of = 38°C for both stacks.

Key words: thin films, solid-state reactions, diffusion, crystal structure,
amorphization.

B pob6ori mocirimsxeHo 3MiHY CTPYKTYPH IIAPYBATUX ILJIiBKOBUX KOMIIO3UILii
Ni/Ti 3 mepiogamu moayaarii y 30 am i 15 um (3araabHa TOBIITUHA CTAHOBUTH
60 HM), oZep;KaHUX METOMOM MATrHETPOHHOTO OCAAKEHHA Ha MiIKJIaTUHKU p-
Si (001), B mporieci Bigmany y BakyyMmi mo Tremmneparypu y 7100°C. 3a pesyibTa-
Tamu gociaigskens merogamu PCPA, MCBI Ta woTupo3oHA0BOI pesucToMeTpii
BCTAHOBJIEHO, 110 AU(Yy3iiHO-iHAYKOBaHI peakiiii B 000X MmiBKax nmepebiraioThb
yepes CcTamil mepeMinryBamHs MeTaJiB, amopdisariii Ta (popmyBaHHSA iHTEepMe-
rariganx gpas Ni, Ti. 3meHIIIeHHA Iepioay MOAYIAIil 3yMoBIioe inTeHcudiKa-
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miro audys3iiHUX IPOIeciB MixK MaTepisjgamMu HiapiB, IO CIPUYUHIOE 3MEH-
IIEeHHsA TeMIepaTyp IMOYaTKy CTPYKTYPHHUX IepeTBopeHb. BomHouac mepiof
MOJIyJIAIil He BILIMBAE Ha TeMIlepaTypHUil iHTepBaJ amopddisalii, axuii aasa
000X mIiBoOK ckiazac = 38°C.

KuarouoBi cioBa: TOHKI ILTiBKH, TBEPAOTIIBHI peakIlil, audysisa, kpucraasiuaa
CTPYKTypa, amopgisairis.
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1.INTRODUCTION

NiTi alloy is the well-acknowledged material that has a pronounced
shape memory effect due to the low-temperature martensite—austenite
thermoelastic phase transition [1]. The reversible nature of this transi-
tion brings out a unique inelastic strain recovery effect which makes
NiTi a promising material for engineering application in microelec-
tromechanical (MEMS) devices such as microactuators, micropumps,
etc. [2]. The application of NiTi thin films has become of especial rele-
vance due to their fast response, competitively large transition forces,
cooling rate and a strain recovery rate compared to the bulk material [3].

Basically, equiatomic NiTi thin films are obtained by magnetron co-
sputtering from Ni and Ti high-purity targets on heated substrate [4]
which allows easy control over deposition rate. However, phase transi-
tions in NiTi alloys are very sensitive to composition, contamination,
thermal treatment, and aging process, as well as sputtering conditions
such as power, gas pressure, deposition temperature etc. [5]. Therefore,
precise control over Ti and Ni atomic content ratio became a big challenge.

An alternative approach lies in the synthesis of the equiatomic NiTi
alloy through a thermal treatment of the multilayered stack composed
of alternately deposited Ni and Ti metal layers [6]. The increased num-
ber of individual metals nanolayers and variation of its modulation pe-
riod leads to intensification of the formation of intermetallic com-
pounds under elevated temperatures. This is due to the large negative
Gibbs free energy of mixing in Ni/Ti multilayers which can be accom-
panied by exothermic reactions [7]. However, the modulation period
cannot be reduced significantly because of the solid-state amorphiza-
tion reaction at the Ni/Ti interface that leads to slowdown of further
metals intermixing [8]. Cavaleiro et al. [9] studied the temperature
ranges of B2 NiTi austenitic phase formation as a function of modula-
tion period: the decrease of modulation period from 25 nm to 4 nm cor-
responded to the rise of reaction temperature from 320°C to 385°C.
Clemens [10] revealed the change in Ni/Ti multilayered structure from
polycrystalline to amorphous when moving the modulation period
from 200 to 2 atomic planes. Cavaleiro et al. [7] analysed structural
evolution with temperature of Ni/Ti multilayers with a modulation
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period from 5 to 70 nm. The smaller modulation period has been ap-
plied, the more pronounced formation of disordered NiTi phase has
been observed. Bhatt et al. [11] showed that the Ni/Ti interface amor-
phization is accompanied with the formation of Ni/Ni—Ti/Ti trilayer
and the modified interface could be sufficiently thick and it expands
with temperature up to 3.6 nm at 400°C. It has been shown that except
for the modulation period, the order of Ti and Ni layers’ deposition al-
so strongly affects the diffusion-induced structural phase formation
upon stacks’ annealing [12].

However, most of the presented studies are devoted to the suffi-
ciently thick multilayered structures (> 2 um), which are related to
their integration into MEMS devices. In present days, NEMS systems
are actively developing, therefore the understanding of the effect of
the modulation period on the diffusion-induced structural changes and
phase composition in Ni/Ti stacks of nm-scale thicknesses is relevant.
It became of especial importance for the films annealed to the elevated
temperatures when the co-existence of numerous intermetallic Ni,Ti,
compounds may compromise the phase identification and understand-
ing of composition distribution. In present work, the structural evolu-
tion of 60 nm thick Ni/Ti stacks with altered modulation period has
been explored upon vacuum annealing.

2. METHODS AND OBJECTS

Two series of thin films were prepared, the bi-layered Ni (30 nm)/Ti
(30 nm) and four-layered Ni (15 nm)/Ti (15 nm)/Ni (15 nm)/Ti (15 nm)
stacks (hereinafter, [Ni/Ti].: and [Ni/Ti].2, respectively) with an iden-
tical total thickness of 60 nm. Samples were fabricated using RF mag-
netron sputtering from high-purity Ni (99.99% ) and Ti (99.99% ) met-
al targets onto one-side polished p-type single-crystal Si (100) sub-
strate at room temperature. Sputtering rate was adjusted to
10 nm/min for Ni at 300 W and Ti at 400 W, respectively. The thick-
ness of the growing film was controlled using the quartz crystal micro-
balance. Before the deposition, silicon substrates were subjected to
standard RCA cleaning procedure. No buffer layer such as SiO; or SiC
was used prior to the film growth to explore if there is any effect of the
metal layers’ number on the film interaction with Si substrate at ele-
vated temperatures.

After the deposition, thin films were annealed in a vacuum of
107* Pa in the temperature range from 200°C to 700°C for 30 minutes
using a heating rate of 2°C/s. The temperature was measured using the
K-type thermocouple mounted at the sample’s surface.

For structure characterization and phase identification, x-ray dif-
fraction (XRD) scanning was performed in 6—20 Bragg—Brentano ge-
ometry using the Rigaku RINT (40kV, 200mA) diffractometer
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equipped with 1.5405 A CuK,, rotating anode. XRD patterns of the as-
deposited and annealed films were recorded at room temperature with
0.05° step, applying the identical measurement parameters for all
samples.

Chemical elemental depth profiling was performed using secondary
ion mass spectrometry (SIMS) technique at MC-7201M device. Primary
beam of Ar*ions of 10 keV energy was applied for the layer-by-layer ele-
mental analysis. The discharge current of the gun was adjusted to
0.4 mA, current density was 2 pA/mm?, and the background vacuum was
5.5-10°Pa. In addition to the analysis of the in-depth secondary ions’
distribution of the primary components (Ni%, Ti?? and Si'*), the intensity
of the secondary ions of C'2 and O'® impurities was also registered.

For in situ monitoring of critical temperatures of solid-state transi-
tions, the high-temperature four-point probe measurement technique
has been applied [13]. The traditional sheet resistance measurement
method was upgraded with a high-temperature four-point probe head.
It provides the possibility to record the electrical resistivity as a func-
tion of temperature in the wide temperature range in a controlled envi-
ronment. Thin film resistivity p is given by the equation [14]:

o=V _45324: Y 1)
In2 I I
where t is the thickness of the film, Vis the change in voltage measured
between the inner probes, I is the current applied between the outer
probes.

To simplify calculations and taking into account that the film is
conductive, the direct current of 4.53 mA has been used. The probe
spacing of 1.6 mm allows measuring samples less than 10x10 mm?. The
background pressure in the vacuum chamber is 5-107* Pa. In situ resis-
tivity test has been performed during heating up (with the rate of
1°C/s) the film up to approximately 550°C with automatically registra-
tion by the data logger. It is worth noting that the heating of the sam-
ples during resistometry test differs from the annealing conditions de-
scribed earlier due to the difference of heating rate and absence of ex-
position at set temperature. The samples have been cooled down imme-
diately after reaching 550°C in vacuum without exposition.

3. EXPERIMENTAL RESULTS

Figure 1, a shows the XRD patterns of the bi-layered [Ni/Ti].: stacks
after deposition and vacuum annealing in the temperature range from
200°C to 700°C given in the 20 range from 35° to 55°. According to the
XRD pattern, the phase composition of the bi-layered film after depo-
sition consist of h.c.p. Ti and f.c.c. Ni phases represented by the Ti
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(002) diffraction peak at 26 angle of 37.74°, highly intense Ni (111)
peak at 44.64° and weak Ni (200) peak at 52.08°. Such diffraction pat-
tern, when Ni is formed with {111} fibre texture and Ti with {002} one,
is typical for sputtered Ni/Ti multilayers [15, 16]. The substantial dif-
ference between the intensities of the Ni(111) and Ti (002) peaks is at-
tributed to the higher crystallinity and texture of Ni layer compared to
the Ti phase with a likely fine-grain structure. That is generally asso-
ciated with the high chemical reactivity of Ti, which leads to the ad-
sorption of background residual impurities (O, C, N, etc.) from vacuum
chamber into the growing film during the magnetron sputtering.

As-deposited four-layered [Ni/Ti].: stack shows almost similar XRD
pattern (Fig. 1, b) to the one obtained from bi-layered stack. The dif-
ference lies in the broadening and slightly lower intensities of the dif-
fraction peaks from both f.c.c. Ni and h.c.p. Ti phases for the stack
with smaller modulation period. That is due to the fact that the smaller
modulation period results in the finer mean crystallite size and higher
defect density of the sputtered film.

The lattice spacings d for both [Ni/Ti].; and [Ni/Ti].: stacks calcu-
lated from the Ni (111) and Ti (002) peak positions using Gaussian fit-
ting are summarized in Table 1. It is seen that the different modulation

®Ni «B2NiTi ONi,Ti r.qo ®Ni «B2NiTi oNi,Ti r-.q.

*Ti *B19'NiTi Ni.Ti “NiSi, *Ti “B1O'NiTi Ni'Ti °NiSh
g o 5 [700°C E 700°C
2] o * 0 )

Intensity (logarithmic scale), cps

Intensity (logarithmic scale), cps

36 89 42 45 48 51 54
20, °
a

Fig. 1. XRD scans of the [Ni/Ti]. (a) and [Ni/Ti].2 (b) stacks after deposition
and after annealing in the temperature range 200—700°C.
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TABLE 1. Lattice spacings d of f.c.c. Ni and h.c.p. Ti in Ni/Ti stacks with dif-
ferent modulation period after deposition and after annealing at 200°C and
300°C for 30 minutes.

[Ni/Ti]la [Ni/Ti]z2
Sample
dNilll, A dTiOOZ, A dNilll, A dT1002, A
As-deposited 2.028 2.383 2.030 2.400
Annealed at
heales 2.030 2.370 2.025 2.369
Annealed at 2.026 2.397 2.022 _

300°C

period in as-deposited samples almost does not affect dwii11 spacing
(2.028 A for 30 nm and 2.030 A for 15 nm), while the drioo2 spacing dif-
fers more significantly (2.883 A for 80 nm and 2.400 A for 15 nm).
Comparing the calculated spacings to the bulk values, f.c.c. Ni lattice
deviation is very slight (bulk dxiii1=2.084 A [17]), whereas h.c.p. Ti
lattice is significantly larger (bulk driooz = 2.842 A [17]). The distention
of the Ti crystal structure in Ni/Ti multilayered films has been also
reported in other works [15, 17]; it is generally associated with the
high level of compressive mechanical stresses in the Ti sublayers ori-
ented parallel to the metals’ interface.

The chemical depth profiles of both films after deposition (Figure 2,
a, b) confirms their multilayered structure consisting of Ni and Ti al-
ternating layers (Ni as top layer). Despite the similar real thickness of
each layer, the signal from Ti*® secondary ion at the depth profile is
wider than for Ni®® one that is due to the higher sputtering yield of the
latter. Besides the main elements (Ni®®, Ti*®, Si?®), the distribution of
secondary ions of C'2 and O'® impurities has also been registered. The
moderate splash of intensity from impurities at the outer surface is
related to their adsorption after taking the film out of the magnetron
chamber to the atmosphere. The higher intensity of impurities at the
surface for bi-layered stack compared to the four-layered one most
likely indicates the higher level of contamination. It can be seen that
after deposition the distribution of signal from both C!2 and O'¢ impu-
rities is more homogeneous through the depth of four-layered stack
compared to the bi-layered one. It is also worth mentioning that due to
the very limited diffusivities at room temperature, the splash of Si%®
signal that can be seen at the surface cannot belong to the substrate.
The origin of this splash is rather related to the surface carbohydrate
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compounds with a similar atomic mass to the Si?® species.

Although the low-temperature annealing of both stacks at the 200°C
almost does not lead to the considerable changes of their XRD patterns
(Fig. 1), certain distinctions in the lattice spacings of metals due to the
thermal evolution of stresses are observed (Table 1). It is also worth
noting the appearance of slight asymmetry of the Ni (111) diffraction
peak for the stack with smaller modulation period whose origin may be
related to the onset of the interdiffusion processes.

Further increase of annealing temperature of four-layered stack to
300°C leads to the complete vanishing of Ti (200) diffraction peak and
appearance of a new area of uneven intensity close to the position of Ni
(111) fundamental reflection. Corresponding depth profile (Fig. 2, d)
shows a distinct intermixing of Ni and Ti metals. The output of diffu-
sion is the splash of Ti signal at the outer surface. It is known that Ni

CIZ O 016 A SiZB v Ti48 CDiSB
[Ni/Ti],, _ , As-dep.

C12—o0—-01%-A—Si%——Ti*¥<-Ni*®
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Fig. 2. SIMS depth profiles of the [Ni/Ti].: and [Ni/Til.. stacks after deposi-
tion (a, b, correspondingly) and after annealing at 300°C (¢, d) and 400°C (e,
7). The signal from Ti*® secondary ions has been decreased 10 times for ease of
analysis.
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diffusion occurs faster than Ti one in NiTi alloys [18] due to its much
smaller activation enthalpy.

On the other hand, the profile of bi-layered stack (Fig. 2, ¢) demon-
strates a much less intense layers’ intermixing while its XRD scan
shows no noticeable difference compared to the 200°C annealing. The
development of diffusion between metals in a four-layered system
leads to the first stages of a solid-state amorphization which gives a
smoothed halo at 42—44° on the diffractogram well corresponding to
the previously reported data for Ni/Ti stacks [11, 18]. It is worth re-
calling that the phenomenon of amorphization is typical for Ni/Ti lay-
ered stacks due to the high negative Gibbs energy of intermixing and
anomalously fast diffusivity of f.c.c. Ni in h.c.p. Ti[19]. Typically, at
the first stages this process develops through the layers’ interface and
along the grain boundaries. It is also seen at the depth profiles that the
intense intermixing for a smaller modulation period results in the
emergence of a pronounced Ti*® signal at the outer surface. Because of
the more restrained intermixing in the stack with larger modulation
period, the splash of Ti*® intensity in the near-surface area is also mod-
erate. The accumulation of Ti at the surface is typically accompanied
by the formation of TiO, oxide due to the high affinity of Ti to O.

After next annealing at 400°C the amorphization is totally dominat-
ing in the four-layered stack. The corresponding XRD pattern (Fig. 1,
b) shows no more diffraction peaks from crystalline f.c.c. Ni, only the
blurred halo area from the amorphous phase is detected in the range of
42-47°. The depth profile exhibits the development of the diffusion
processes that have been detected at lower temperatures earlier: (a) the
further intermixing of Ni and Ti layers in the bulk of the stack leading
to the almost homogeneous elemental distribution and (b) the for-
mation of the Ni-free layer at the surface consisting of Ti phase only.
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XRD pattern of the bi-layered stack after annealing at 400°C (Fig. 1, a)
shows the similar diffraction pattern to the one obtained from the
four-layered system annealed at 300°C. This indicates the first stage of
diffusion-induced solid-state amorphization, which is confirmed by
the intense metals’ intermixing at the corresponding chemical profile
(Fig. 2, e). Therefore, upon annealing of both films up to 400°C, the
solid-state amorphization process is taking place in a similar manner,
however this process starts earlier in the stack with a smaller modula-
tion period. The smaller modulation period leads to the intensification
of intermixing of the initial metal layers with earlier formation of the
amorphous phase; however, it inhibits the development of the new in-
termetallic phases and their ordering.

One more fact that seems worth discussing is the shift of the signal
from Si*® specie which is seen for the bi-layered film annealed at the
temperatures of 300°C and 400°°C. On the first glance, this may indi-
cate the breaking of the integrity of the film/substrate interface.
However, the following factors compromise this assumption: (a) the
complete absence of any peaks from silicide phases at XRD scans at
these temperatures and (b) the similar slope of Si?® signal at the inter-
face with Ti for as-deposited and annealed films. Therefore, the film-
substrate diffusion interaction is unlikely at these relatively low tem-
peratures of thermal treatment. The observed shift may rather be the
instrumental artefact related to the limited depth resolution of the
method when dealing with tens nm-thick materials.

The significant changes in diffraction patterns of both stacks (Fig.
1) are detected after annealing at 500°C. A number of new diffraction
peaks of moderate intensity in the range of 41-44° indicate that the
amorphization stage observed at lower temperatures is followed by the
stage of formation of new intermetallic NiTi compounds which is char-
acteristic for both films. It follows from the analysis of the peaks’ posi-
tions that the Ni.Ti phase is dominating at these temperatures; howev-
er, its co-existence along with a small amount of Ni;Ti intermetallic,
austenitic B2 NiTi and martensitic B19’ NiTi phases cannot be exclud-
ed as well. Since there is no more trace of a blurred halo, it may be con-
cluded that the complete bulk amorphization of the bi-layered stack is
passing and completes within the temperature range from 400°C to
500°C. Notably, despite the earlier onset of intermixing and amor-
phization in a four-layered film, the similar intermetallic phases are
formed in both stacks at 500°C. Moreover, it may be concluded from
the analysis of the integral intensities of the diffraction reflections
from intermetallic phases that their structure is less ordered in a film
with a smaller modulation period. But the primary difference between
the patterns of two stacks is the appearance of a clear peak at 47.75°
for the case of four-layered film while for bi-layered stack this reflec-
tion is absent. The angular position of this reflection well corresponds
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to the NiSi; silicide. This is well agreed with the fact that the for-
mation of Ni silicides usually occurs at lower temperatures compared
to the Ti ones [20].

Next increase of annealing temperature for both stacks up to 600°C
is accompanied with the growth of intermetallic phases and their or-
dering which is indicated in the increased relative integral intensity of
their diffraction peaks at the XRD scans (Fig. 1). It should be also not-
ed the appearance of the NiSi, peak of low intensity for the four-
layered stack. Therefore, the general behaviour of thermally-activated
solid-state reactions in both stacks is similar, whereas the effect of
modulation period is primarily evidenced in the shift of the tempera-
tures of phase transitions onset. The smaller modulation period leads
to the intensification of the diffusion intermixing of the initial metal
layers in the stack which results in the lower temperatures of the onset
of solid-state amorphization and silicide formation. For high anneal-
ing temperatures such as 700°C, there is no more difference in the
phase composition of stacks with altered modulation period.

The obtained XRD and SIMS experimental data are well-agreed and
have contributed to reveal the effect of the modulation period on the
temperature shift of structural changes. However, the applied anneal-
ing temperature step of 100°C is not enough for precise determination
of the temperature ranges of detected solid-state reactions. It is worth
noting that determination of the exact phase transition temperatures
of thin films is challenging due to their small volume-to-surface ratio.
In this work, we additionally employed the high-temperature four-
point probe measurement to monitor the phase transformations upon
heating up to = 520°C and cooling down in the vacuum conditions. The
resulting in situ p(T) curves shown in Fig. 3, a, b demonstrates the
changes of films’ electrical resistivity upon their heating and cooling.

The general behaviour of p(T) resistivity curve for both films upon
their heating is similar: its value gradually increases from =8-10* Q-m
at room temperature to =13-10* Q-m at 280°C and then decreases to
=3-10*Q-m at 520°C. The origin of these dependencies is foremost at-
tributed to the p-type semiconductor Si substrate for which an effect of
majority carrier transition from extrinsic to intrinsic conduction
(negative coefficient of resistance) is characteristic at elevated tem-
peratures[21].

For ease of the analysis of structural transitions taking place in
films as a function of annealing temperature, the high-temperature
(350—-500°C) part of the p(T) curves for both stacks are plotted in Fig.
3, c. It consists of three regions with different slopes of the p(T) curve
which correspond to the three stages of solid-state reactions. It follows
from the complex analysis of the XRD, SIMS and resistivity data that
these stages may be summarized as following: (a) the I stage is associ-
ated with the metals intermixing which results in the process of inter-
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facial amorphization, (b) the II stage corresponds to the bulk solid-
state amorphization and (c) the III stage is attributed to the diffusion-
induced formation of a new phases.

The effect of modulation period is evidenced in Fig. 3, ¢ as the dis-
crepancy of the temperatures of structural transitions. These results
fit well to the already discussed XRD and SIMS data confirming the
shift of the temperatures of solid-state reactions by decreasing the
modulation period. The horizontal plateau which corresponds to the
bulk amorphization starts at 400°C for [Ni/Ti].z stack while for
[Ni/Ti].: film its onset is shifted to 426°C. It is also worth mentioning
that the resistivity test revealed (Fig. 3, ¢) that the amorphization pro-
cess occupies the same temperature range of 38°C for both stacks. The
further increase of the temperature is accompanied with the gradual
drop of resistivity which corresponds to the last stage of intermetallics
formation and structure ordering. During cooling down, the [Ni/Ti].z
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Fig. 3. Resistivity as a function of temperature p(T) for [Ni/Til. (a) and
[Ni/Til.2 (b) stacks. Figures ¢ and d show plotted resistivity of both films upon
heating and cooling, respectively.
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Fig. 4. Schematic illustration of the thermally-induced solid-state reactions
in [Ni/Ti]« and [Ni/Ti].2 stacks.

stack exhibits lower resistivity compared to the [Ni/Ti].: one (Fig. 3,
d). It can be due to the formation of Ni silicides at the film—substrate
interface which according to the XRD data are already formed in
[Ni/Ti].2 stack at 500°C (Fig. 1, b). It is acknowledged that the for-
mation of a thin Ni silicide layer leads to decrease of contact resistance
between film and Si substrate [22].

The sequence of thermally-induced solid-state reactions in Ni/Ti
stacks studied by the combination of XRD, SIMS and four-point probe
techniques is schematically summarized in Fig. 4. According to the
SIMS and XRD data, diffusion intermixing and interface amorphization
start at 100°C lower temperature in the system with smaller modulation
period. The segregation of Ti atoms on the outer surface with likely
formation of TiO, oxide occurs earlier for smaller modulation periods as
well. After annealing at 400°C, the bulk amorphization is characteristic
for the structure of [Ni/Ti].2 stack, whereas, the interface amorphiza-
tion occurs in [Ni/Ti].1 stack. The next rise of temperature to 500°C
leads to the formation of Ni,Ti intermetallic phases in both stacks. For
the [Ni/Ti].z stack, this process is accompanied by the formation of NiSi;
silicides due to the disruption of the film/substrate interface while for
the [Ni/Ti].2 stack it starts only after annealing at higher temperatures.

4. CONCLUSIONS

Recent research in developing new materials for MEMS and NEMS ap-
plications shows a strong demand in synthesis of NiTi thin films with
predefined properties. A promising way for the formation of NiTi thin
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films with shape-memory effect is the thermally-induced intermixing
of Niand Tiin multilayered stacks composed of alternatively deposited
metal layers. However, the relationship between modulation period
and passing of the solid-state reactions remains unclear. Present study
is devoted to figure out the effect of the modulation period of magne-
tron sputtered bi- and four-layered Ni/Ti films on the temperature in-
tervals of solid-state reactions during annealing in vacuum in the tem-
perature range from 200°C to 700°C. It follows from the results of
XRD, SIMS and high-temperature four-point probe resistivity meas-
urements that the solid-state reactions in both stacks are taking place
in a few stages: (i) layers intermixing and interfacial amorphization,
(ii) solid-state bulk amorphization, and (iii) formation of intermetallic
phases. For a smaller modulation period, a more intense intermixing
between metal layers results in the Ti segregation at the outer surface
after annealing at 300°C. The application of in-situ four-point probe
resistivity technique has revealed for the first time that despite the
bulk amorphization starts at lower temperature for the stack with
smaller modulation period (the shift is about 26°C), the duration of
this process in both stacks is similar (= 38°C).
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The Concentration Dependences of Lattice Parameters
and Debye Temperature in Multicomponent Solid Solutions

I. Yu. Protsenko, M. O. Shumakova, A. K. Rylova, and N. I. Shumakova

Sumy State University,
2 Rimsky-Korsakov Str.,
UA-40007 Sumy, Ukraine

Within both the phenomenological approximation and the framework of the
principle of additivity of physical quantities of a multicomponent solid solu-
tion, including high-entropy alloys, the concentration dependences of the
lattice parameter and the Debye temperature are calculated. The principle of
additivity can be applied to these physical quantities, since they can be con-
sidered indirectly through the radius and mass of atoms as their own, but not
collective characteristics of the individual components of the alloy. It is pro-
posed to consider the integral and differential concentration coefficients as
the quantitative measures, the values and signs of which allow us to establish
the influence of each alloying element, which is represented alternately by all
elements of the system, on the values of the lattice parameter and the Debye
temperature. The 4—6-components’ systems based on Fe, Ni, Co, Cu, Cr, Al
and Ti within the equiatomic approximation are analysed.

Key words: multicomponent system, high-entropy alloys, lattice parameter,
Debye temperature, principle of additivity, concentration coefficients.

Y denomeHoSOTiUHOMY HaOJMKEHHI B paMKaxX MIPUHIIUITY afUTUBHOCTU (hisu-
YHUX BeJINUYNH 0araTOKOMIIOHEHTHOTO TBEP/OTO PO3UNHY, Y TOMY YUMCJi i BU-
COKOEHTPOIIIMHUX CTOIIiB, 3MiICHEHO PO3PAaXYHOK KOHIIEHTPAI[IMHUX 3aJIeK-
HocTell mapamerpa rpataHumni ta [ebaiioBoi Temneparypu. o nux ¢ismunmx
BEJIMUMH MOJKHA 3aCTOCYBATHU MPUHIIAI AAUTUBHOCTH, OCKIJIBKYM BOHU MOYKYTh
po3rIAgaTUCA OIOCEPEIKOBAaHO Uepes pafiloc i Macy aToMiB SIK BJIACHi, a He
KOJIEKTUBHI XapaKTEePUCTUKU OKPEMMX KOMIIOHEHTIB CTOIY. 3aIpOIOHOBAHO
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poaraazaTy iHTerpaabHuii i gudepeHIiaIbHNN KOHIIeHTpalliiiHi KoedimienTn
AK KimbKicHI Mipu, BeIMUYMHU Ta 3HAKHM AKUX YMOIKJIUBJIIOIOTH YCTAHOBUTH
BILIUB KOXKHOTO JIEI'YBAJIBLHOI'O €JIE€MEHTY, IKUMU BUCTYHAIOTh II0YEPTOBO yCi
eJIeMEeHTH CHUCTeMU, Ha BeJIWUYMHU MapaMerpa rpatuuili ta Jle6aiioBoi TeMmIie-
parypu. IIpoaHasizoBano y exkBiaTOMHOMY HaOJMKeHHI 4—6-KOMIOHEHTHi
cucremu Ha ocHoBi Fe, Ni. Co, Cu, Cr, Al Ta Ti.

Karouosi ciioBa: 6araToKOMIIOHEHTHA CHCTEMa, BUCOKOEHTPOIMiHI cTonu, ma-
pametep rpaTHulli, [lebaitoBa Temneparypa, IPUHIUI afUTUBHOCTY, KOHIIEH-
Tpariitii KoedimienTu.

(Received June 19, 2023; in final version, July 22, 2023 )

1.INTRODUCTION

Theoretical and experimental research and prediction of the multi-
component and nanostructured functional-materials’ properties (see,
for example, Refs. [1-4]) are actual due to their wide application in
various industries, electronics and medicine. In many works (see, for
example, Ref. [5] and references cited therein), the concept (principle)
of the additivity of physical quantities in multicomponent single-phase
solid solutions (s.s.), including high-entropy alloys (HEA), is used. The
essence of the additivity principle is that the average value of the phys-
ical quantity A for s.s. can be calculated according to the ratio:

Zs.s. = iciAi ’ (1)

where c; is the atomic fraction of element i.

Let us note that Ass. will correspond to the magnitude Ass. for s.s.
The idea of applying the principle was formulated in works [6, 7] in re-
lation to the average d-orbital energy value ¢, [6] and the average value
of the melting point T, [7]:

Ed:Zn:CiSdi’ Tm:Zn:ciTmi' (2)
i=1 i=1

In our opinion, the principle of additivity is subject only to those
quantities, which are a characteristic of atoms (for example, in the
case for &), but not a collective characteristic of s.s. (as in the case for
Tw). Its own characteristics include the radius of the atom, its mass,
magnetic moment, and, possibly, valence. In this case, the lattice pa-
rameter (a), Debye temperature (®p), magnetic moment (u), magneti-
zation (M) will satisfy the additivity condition:

a= a,, = Zn:ciai’ @D = G;s. = ici®Di’ H=H, = ici“i’M = iciMi (3)
i-1 i-1 i=1

i=1
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If the condition of equality of valence in the isolated atom and the
s.s. atom is fulfilled, then, we can write the ratio for the specific re-
sistance similar to Eq. (3):

P =Py =D.CP; - (4)
i=1

Because p; can be represented as p;=C;/(n:ho;), where C; is propor-
tionality factor, n; and Ao are the concentration and the average free
path of electrons, Eq. (4) will be the approximation only, and, it can be
extended to the cases of the thermal-resistance coefficient
B=B,, =dlnp,, /dT and the longitudinal-strain coefficient
Y, =V =dlnp,, /dg (de islongitudinal strain) as approximate too.
The degree of approximation depends on the difference (A,, — 1;) .

Taking into account this one, we calculated the concentration de-
pendence of the lattice parameter and the Debye temperature [5].
Based on these data, their concentration coefficients were calculated
for 4—6-components’ s.s. that was the goal of this work.

Note that the integral and differential concentration coefficients
are more sensitive to changes in the elements’ concentration compared
to the concentration dependences of the lattice parameter and the De-
bye temperature. This opens the possibility to follow the change of
these values in more detail.

2. METHODS OF CALCULATING INTEGRAL AND DIFFERENTIAL
CONCENTRATION COEFFICIENTS OF SOLID SOLUTIONS

Concentration dependences were obtained on the basis of the ratios:

1-xG — os
1 E a,+xa,, O, =0} =
n—-133

_ 1-x&
a=a,, = Z®D+x®Dn, (5)
- n-1:3
where the multiplier (1 —x)/(n - 1) indicates the equiatomicity of the
s.s. at a given atomic fraction of the doping (under number n) element,
which, for convenience, we denoted by x.

The concentration integral (denoted by the index ‘i’) and differen-
tial (with index ‘d’) coefficients were calculated based on the standard
ratios:

1 a(x;)-a(0) 1 04(x)-0,(0)
(Ba(xi))i - a(O) (xi _ 0) ’ (B@D (xi))i - @D(O) (xi _ 0) ’
(6)
1 a(x,,)-a(x) 1 0O,x,,)-0,(x)

(Ba(xi+1))d = ’ (B@D (xi+1))d =

b

a(xi) (xi+1 - xi) ®D(xi) (xi+1 - xi)
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where a(0) and ®p(0) correspond to the lattice parameter and Debye
temperature s.s. at the concentration of the doped element x =0, indi-
ces ‘i’ and ‘i + 1’ number the concentration intervals.

Figures 1-3 present the results of calculations based on ratios (4)
and (5) for four- and six-component systems based on Fe, Ni, Co, and
Cu; Fe, Ni, Co, Cu, Cr and Ti, respectively. Note that we obtained simi-
lar results for the case of a five-component system based on Fe, Ni, Co,
Cu, and Al (data on the concentration dependence of the lattice param-
eter and the Debye temperature are given in [4]).

3. ANALYSIS OF RESULTS

We note the following. Figure 1, a shows the point of intersection of
the concentration curves at the concentration x., which we called equi-

a¥*, nm 0.25
0.36- HEA ~ « 0.3615(Cw) *3 “OT me
- 2% :; 0.20- -
e I =3 1 - 1 (Cu) A
0.511 b 0.3520(Ni) B 157 2 (Co) g
g o S| 0101 : s
S " : - MCA | 3 (Ni 3
0.32] : 2005 (N1)
3 ; {9 000
7 ~0.051
0301 | 0.10
W A — .
VU, - v
o 7)), omeo@a | gps| A0
T 00 02% 04 06 08 1.0 010 015 020 025 030
x X
a b
020 « = . II )' '
] (Cu
0.10 : 2 (CO) ]
0.104 ’
2 . s ]
005" A A J
w000 3 (Ni)
o5 0.00
—0.054 i
-0.104
—0.15 s 4 (Fe) 1
—0.20- v i
-0.25

010 015 020 025 030
X

c

Fig. 1. The concentration dependences of the lattice parameter (a), integral (b)
and differential (c) concentration coefficients for the four-component s.s.
MCA-multicomponent alloy. The shaded area at position a is the hypothetical
concentration interval where HEA + MCA is observed.



THE CONCENTRATION DEPENDENCES OF LATTICE PARAMETERS

oMK
480 — —2
HEA v 467 (Fe) 0.3
7 ) 3 (Ni)
1 v ¢ ¢
465 (Ni) 0-2 4 (Fe)
0.1
: 8 ’
: .04 . 2 (Co)
i 385 (Co) * . . .
1 —0.1
7 " a '1 (Cu)
3401 | /7, 339 (Cu) s 0 ;
00 02%. 04 _ 06 08 10 UB IR UR T U AR T R
x
a b
0.3 1
0.2 I4! (Fe) |
o - 3 (Ni) * |
8 004 °
. 2 (Co) 1
_(}_I . . [ .
~0.2- 1 (Cu)
—-0.3 T T T T T
0.10 0.15 0.20 0.25 0.30
x

c

Fig. 2. The concentration dependence of the Debye temperature (a), integral
(b) and differential (c) concentration coefficients for the four-components’
S.s.

librium. Its peculiarity is that, at a given the atomic fraction, as ex-
pected for an equiatomic alloy, the lattice parameters, as well as the
Debye temperature, have a constant value regardless of the supporting
element, which is indicated in brackets in the right half of each posi-
tion.

On the example of four-, five-, and six-component systems, a simple
rule x.=n -1 was established. It follows from Fig. 1, a, by changing
the concentration of the doped element (it appears in our case under
the number n), it is possible to vary the lattice parameter within wide
limits (Aa=0.2 nm). We will also point out that the values of the inte-
gral concentration coefficient as averaged over the entire interval x
and the differential concentration coefficient as a function of the point
differ slightly in magnitude, but not in sign. The negative the coeffi-
cients value indicates that an increase in the Fe atoms concentration
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Fig. 3. The concentration dependence of the lattice parameter (a), Debye tem-
perature (¢), and the corresponding integral concentration coefficients (b, d)
for the six-component system.

causes the lattice parameters to decrease in the s.s. In many respects, a
similar situation is observed when analysing the concentration de-
pendence of the Debye temperature (Fig. 2).

Thus, in the concentrations interval x = (0—x.), in which the HEA is
realized, the A®}* =45 K, the values can be varied ©3". At the same
time, doping elements Cu and Co cause its decrease. We emphasize
once again that at x. the Debye temperature has a constant value re-
gardless of the doped element. On the Figure 3 presents the results of
calculations of the concentration dependence of the lattice parameter,
the Debye temperature, and the integral concentration coefficient for
the six-component system.

Note that we did not present the data for the differential concentra-
tion coefficient, since its values are very close to the integral coeffi-
cient value with a similar functional dependence (the situation is simi-
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lar to Fig. 2, b, ¢). Figure 3, b attracts attention, in which two groups
of elements Cu, Ni, Co and Ti, Cr, Fe provide a positive or negative of
the concentration coefficient.

4. CONCLUSION

At the phenomenological level, calculations based on data [8, 9] and
analysis of the concentration dependence of dynamic parameters such
as lattice parameter and Debye temperature, for which the additivity
principle of physical quantities in multicomponent systems solid solu-
tions is fulfilled, including high-entropy alloys, were made.

It was concluded that the principle of additivity is fulfilled only in
the case when the physical quantity is its own and not a collective char-
acteristic of atoms.

Eigenvalues include the size and mass of atoms. The melting tem-
perature, mean free path of electrons, resistivity, etc. are collective
properties of multicomponent materials. In this regard, in the case of
electrophysical properties (resistivity, thermal resistance coefficient,
strain coefficient [5] or melting point [7, 10]) the additivity principle
can be used only approximately. As a measure of the quantitative char-
acteristics of the influence of the concentration of the doping element
on the lattice parameter and the Debye temperature, we determined
the integral and differential concentration coefficients. The magni-
tude and sign of these coefficients provide information about the na-
ture of the effect of one or another doping element on the lattice pa-
rameter and the Debye temperature in solid solutions.

Finally, we note that our choice of multicomponent systems was
based on studies of physical properties (coercivity, magnetization,
thermal diffusion) [11] and phase composition [12] of HEA based on
Fe, Co, Ni, Cu, Cr, Al, and Ti. This made it possible to more correctly
formulate the tasks of our research.

This contribution was created under the support by Ministry of Edu-
cation and Science of Ukraine project No.0122U000785 (2022—-
2024 years).

REFERENCES

1. P. Szroeder, I. Y. Sagalianov, T. M. Radchenko, V. A. Tatarenko,
Y. I. Prylutskyy, and W. Strupinski, Appl. Surf. Sci., 442: 185 (2018).

2. L. V. Odnodvorets, I. Yu. Protsenko, O. P. Tkach, Yu. M. Shabelnyk, and
N. I. Shumakova, J. Nano- Electron. Phys., 9, No. 2: 02021 (2017).

3. L. V. Odnodvorets, I. Yu. Protsenko, Yu. M. Shabelnyk, M. O. Shumakova, and
O. P. Tkach, J. Nano- Electron. Phys., 8, No. 3: 03034 (2016).
4. L. V. Odnodvorets, S. I. Protsenko, O. V. Synashenko, D. V. Velykodnyi, and


https://doi.org/10.1016/j.apsusc.2018.02.150
https://doi.org/10.21272/jnep.9(2).02021
https://doi.org/10.21272/jnep.8(3).03034

864 I. Yu. PROTSENKO, M. 0. SHUMAKOVA, A. K. RYLOVA, and N.I. SHUMAKOVA

10.

11.
12.

I. Yu. Protsenko, Cryst. Res. Technol., 44, Iss. 1: 74 (2009).

S. I. Protsenko, L. V. Odnodvorets, I. Yu. Protsenko, A. K. Rylova, and

D. 1. Tolstikov, J. Nanomaterials, 2022: 2862439 (2022).

Yiping Lu, Yong Dong, L. I. Jiang, Tingju Li, and Yong Zhang, Entropy, 17:
2355 (2015).

Y. Zhang, X. Yang, and P. Liaw, JOM, 64: 830 (2012).

Fizika Tverdogo Tela: Ehntsiklopedicheskiy Slovar’” (Ed. V. G. Bar’yakhtar)
(Kyiv: Naukova Dumka: 1992), vol. 1 (in Russian).

Fizika Tverdogo Tela: Ehntsiklopedicheskiy Slovar’” (Ed. V. G. Bar’yakhtar)
(Kyiv: Naukova Dumka: 1992), vol. 2 (in Russian).

I. Yu. Protsenko, L. V. Odnodvorets, N. I. Shumakova, V. S. Klochok,

Yu. M. Shabelnyk, and Ya. V. Khyzhnya, J. Nano- Electron. Phys., 14, No. 6:
06031-1(2021).

Ming-Hung Tsai, Entropy, 15: 5338 (2013).

Ming-Hung Tsai and Jien-Wei Yeh, Mater. Res. Lett., 2, Iss. 3: 107 (2014).


https://doi.org/10.1002/crat.200800160
https://doi.org/10.1155/2022/2862439
https://doi.org/10.3390/e17042355
https://doi.org/10.3390/e17042355
https://doi.org/10.1007/s11837-012-0366-5
https://doi.org/10.21272/jnep.14(6).06031
https://doi.org/10.21272/jnep.14(6).06031
https://doi.org/10.3390/e15125338
https://doi.org/10.1080/21663831.2014.912690

Metallophysics and Advanced Technologies © 2028 G. V. Kurdyumov Institute for Metal Physics,

Memanogi3. HOBIMHI MexXHOL. National Academy of Sciences of Ukraine
Metallofiz. Noveishie Tekhnol. Published by license under
2023, vol. 45, No. 7, pp. 865—-872 the G. V. Kurdyumov Institute for Metal Physics—
https://doi.org/10.15407 /mfint.45.07.0865 N.A.S. of Ukraine Publishers imprint.
Reprints available directly from the publisher Printed in Ukraine.

PACSnumbers: 61.66.Dk, 61.72.Ff, 64.70.dg, 81.05.Bx, 81.30.Bx, 81.30.Fb, 81.40.Ef

Thermokinetic Parameters of Solidification and Gradient
Structure of Steel Castings

S. Ye. Kondratyuk, V. I. Veis, Z. V. Parkhomchuk, Y. H. Kvasnytska,
and K. H. Kvasnytska

Physico-Technological Institute of Metals and Alloys, N.A.S. of Ukraine,
34/1 Academician Vernadsky Blvd.,
UA-03142 Kyiv, Ukraine

Systematic studies of the influence and interrelation of the temperature and
physicotechnological factors on the crystallization and formation of structural
zones in steel castings are carried out. Therefore, research aimed at determining
the boundaries of the optimal influence of the thermal and technological factors
on the processes of crystallization and structural formation of steels is im-
portant for further use of the regularities of the formation of structural zones in
castings to optimize their macro- and microstructures and physical and mechan-
ical properties. Changing the temperature—time conditions of crystallization
and post-crystallization cooling allows for regulating the processes of forming
the structure of steel castings. The phase-structural state and properties of steel
in different structural zones of castings depend not only on the technological
parameters of casting and crystallization, but can also be intentionally modified
by regulating the conditions of solidification and structure formation. The study
investigates the patterns of forming the main macrostructural zones across the
section of castings of carbon hypoeutectoid steels and the quantitative changes
of their length depending on the thermokinetic conditions of crystallization.

Key words: steel, crystallization, structure, structural zones, cooling, melt,
castings.

IIpoBemero cucTeMHi JOCTiAKEHHSA ITO/I0 BILIMBY Ta B3A€MO3B’ I3KY TEeMIIepaTy-
pHUX i (GiBWMKO-TEXHOJOTIUHMUX UMHHUKIB Ha KpuUcTajngisariro Ta (OopMyBaHHIA
CTPYKTYPHHUX 30H KPUIEBUX BUJIMUBKiB. B 3B’A3KYy 3 MM Ba)KJIUBUMU € JOCJIi-
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JIPKEeHHSA CTOCOBHO BU3HAYEHHSA I'PAHUIH ONITUMAJIBHOTO BILINBY TeIIohisnyHIX
i TeXHOJOTIUHNX YMHHUKIB Ha IIPOIIECH KPUCTAIi3aIlil Ta CTPYKTYPOYTBOPEHH A
KpHIIb i3 MOJAJBIINM BUKOPHUCTAHHAM 3aKOHOMipHOCTeil (pOpMyBaHHS CTPYK-
TYPHUX 30H Y BUJIMBKAX JJd ONTHUMIi3arii ixHix Makpo- i MiKpoCTPpyKTYyp i ¢i-
3UKO-MeXaHIYHUX BJIACTHUBOCTeli. 3MiHA TeMIIepaTypPHO-YaCOBUX YMOB KPUCTA-
Jigarii Ta micIAKPHUCTAIi3aIliiHOTO OXOJIOMKEHHS YMOJKJIMBIIIOE PEeryJII0oBaTH
mporecu (popMyBaHHS CTPYKTYPHU KPUIEBUX BUJIUBKIiB. Bim TexHOMOTiUHIX Ta-
paMeTpiB JUTTA Ta KPUCTATizallii s3ajekaTh He TiJIbKH (pasoBO-CTPYKTYPHUMI
CTaH, ajie ¥ BJIAaCTUBOCTI KPHUIIl Y PiSHUX CTPYKTYPHUX 30HAX BUJIMBKIiB, AKi
MOKHA 3MiHIOBATHU, ITiJIECTIPSIMOBAHO PEIJIaMEeHTYIOUM YMOBU TBEPAHEHHS Ta
CTPYKTYPOYTBOpPeHHA. B poboTi mociimixeHo 3aKOHOMIpHOCTI (hopMyBaHHSA OC-
HOBHUX MaKPOCTPYKTYPHUX 30H IIO IePepisy BUIUBKIB ByTJIeIIeBUX JOEBTEKTO-
ITHUX KPHUIIH i KIMBKICHUX 3MiH iXHBOI IIPOTAKHOCTH 3aJIe;KHO BiJ TepMOKiHe-
TUYHUX YMOB KPHUCTATi3aIii.

KarouoBi ciaoBa: Kpuiisi, Kpucrajisalisi, CTpyKTypa, CTPYKTYPHI 30HH, 0XO-
JIOI)KEHHSA, PO3TON, BUJIUBKU.

(Received April 27, 2023; in final version, April 28, 2023)

1.INTRODUCTION

During the production of cast engineering products, the formation of
macrostructural zones of different morphology, dispersion, and length
is observed in steel castings as the distance from the surface of the cast
product increases.

Despite the usual attempts to ensure the formation of a homogene-
ous fine-grained structure throughout the volume of castings, similar
to products made of rolled steel, in some cases, it is expedient to create
differentiated (gradient) structures in castings to enhance special
properties and working lifespan of cast products. The gradient nature
of the structure of castings and its changes, depending on the thermo-
kinetic conditions of crystallization, determine corresponding changes
in mechanical properties in different sections of the castings, opening
up new possibilities for engineering the structure and properties of
cast products and increasing the competitive capacity of foundry tech-
nologies in engineering [1-6].

Based on the absence of systematic studies in this area, the aim of
this work was to establish the patterns of formation of the main macro-
structural zones across the section of castings of carbon hypoeutectoid
steels and quantify changes in their length depending on the thermo-
kinetic conditions of crystallization.

2. EXPERIMENTAL/THEORETICAL DETAILS

The study was conducted on rectangular castings of 20JI, 45JI, and
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TABLE 1. The chemical composition of steels.

Weight fraction of elements, %
Steel
C Mn Si P S
20J1 0.21 0.52 0.25 0.025-0.030 0.028-0.032
45J1 0.46 0.60 0.23 0.025-0.030 0.028-0.032
VIl 0.69 0.45 0.31 0.025-0.030 0.028-0.032

V7JI steels (Table 1) with dimensions of 115x130x200 mm and a weight
of over 25 kg. The castings were designed to ensure one-sided predom-
inant cooling of the end part of the castings with different intensity of
heat removal V during solidification: 5°C/s (sand mould), 60°C/s (cast
iron mould), 300°C/s (copper water-cooled mould). The steels were
melted in an induction furnace with acidic lining using the same tech-
nically clean raw materials (ISO 4990:2015). The steel was poured at
standard temperatures (T + 50°C). The investigated castings were re-
moved from the moulds after cooling to room temperature.

The liquidus and solidus temperatures in the work were determined
by a calculation method based on the chemical composition of the steels
[7]. The critical points of the investigated steels were also determined
by a calculation method [8] (Table 2).

When choosing the steels for experimental castings, the aim was to
investigate the influence of not only the heat transfer conditions (V,
°C/s) but also the temperature interval of steel crystallization (AT, °C)
in a wide range of its changes, on the processes of structure formation,
as determining parameters (Table 2).

The studies were carried out on specimens taken from the central
longitudinal part of the castings, which were crystallized under condi-
tions of directed one-sided heat transfer.

Interpolation models and their graphical representations were at-
tained through the processing of experimental data using linear re-
gression analysis [9, 10] and software (Statgraphics, Mathcad), allow-
ing for a quantitative assessment of the established patterns of struc-
tural gradient of the studied steels dependent on the temperature
range of crystallization (AT, °C) and cooling rate (V, °C/s) during crys-

TABLE 2. Temperature characteristics of the studied steels.

Steel Ty, °C Ts, °C AT, °C Acy, °C Acs, °C
20J1 1510 1470 40 726 841
45J1 1485 1415 70 724 768

Y11 1470 1357 115 735 746
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tallization and structure formation.

3. RESULTS

Metallographic analysis (Fiig. 1) revealed that the macrostructure of
the investigated castings consists of four main structural zones: a chill
zone of small equiaxed grains, a zone of columnar grains formed by
transcrystallization oriented in the direction of the main prevailing
heat removal, a transition zone of branched dendritic-like grains, and a
zone of large equiaxed grains in the central volumes of the castings.
The chill zone, which is formed under the conditions of a significant
temperature gradient and rapid cooling during the very short period of
the beginning of solidification, up to the formation of the casting gap,
changes according to the increase in carbon content in steels and rang-
es from 0.25-0.35 mm (for sand moulds) and 0.5—1.0 mm (for copper
water-cooled moulds), and is not considered in our further research.
The zone of columnar crystals during solidification in the sand
mould (V=5°C/s) is most developed in the casting of low-carbon steel

Fig. 1. Structural changes across the cross section of steel ingots under dif-
ferent conditions of crystallization: normal cooling, 20JI (a), intensive cool-
ing 20JI (b), normal cooling, ¥Y7JI (¢), intensive cooling Y7JI (d).



THERMOKINETIC PARAMETERS OF SOLIDIFICATION 869

20JI and is of 64 mm; for steel 45J1, it is of 49 mm; for steel ¥Y7JI, it is
of 31 mm (Fig. 2). Under conditions of more intense heat removal in
the cast iron mould (V=60°C/s), the zone of columnar crystals increas-
es to 75 mm (steel 20JI). When the cooling rate increases to 300°C/s,
the columnar zone reaches maximum values for steel 20JI 90 mm, steel
45J1 and steel Y7JI, of 85 and 72 mm, respectively.

The transition structural zone of branched dendrite growth during
solidification in sand form has a maximum length of 88 mm in the cast-
ing of steel 20JI, of 79 mm in steel casting 45JI and of 38 mm in steel
casting V7JI. Increasing the cooling rate of the melt to 60°C/s and
300°C/s leads to a reduction in the length of this zone to 80 and 70 mm,
respectively (steel 20JI), to 70 and 48 mm (steel 45JI), to 35 and 32 mm
(steel Y7JI).

The length of the zone of equiaxed crystals in the deeper volumes of
castings is mainly determined by the thermal conductivity of the
steels, which is associated with their carbon content, as well as the
width of their temperature interval of crystallization. It changes dur-
ing solidification in a sand mould from 48 mm to 72 mm and 131 mm in
the castings of steels 20JI, 45J1 and Y 7JI, respectively, and during so-
lidification in ironmould, it changes from 45mm to 70mm and
121 mm. Under conditions of high-speed heat removal (copper water-
cooled mould), the length of this zone increases with the increase in
carbon content in the studied steels and amounts to 40 mm, 67 mm and
96 mm, respectively.

Interpolation equations and their graphical interpretations (Fig. 2)
were obtained using regression analysis of experimental results, which
allows for a quantitative assessment of the influence of the investigated
thermokinetic parameters on the gradient of the structure across the
cross-sections of steel castings. The dependence of the length of struc-

300
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Temperature intervals of crystallization, °C/s
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Fig. 2. Changes in the length of the macrostructural zones in castings of car-
bon steels depending on the temperature—kinetic conditions of casting: co-
lumnar zone (a), transition zone (b), equiaxed crystal zone (¢).
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tural zones (L, mm) on the surface cooling rate of castings (V, °C/s) and
the width of the temperature interval of crystallization (AT, °C) for car-
bon hypo-eutectoid steels is described by Eqgs. (1)—(3):

L, =103.6345517681 - 0.1824172167V —0.1975353794AT +
+0.0002461051V? + 0.0006027768V AT — (1)
-0.0030123457AT?, R* = 0.97,
L, =103.6345517681 - 0.1824172167V — 0.19753537T94AT +
+0.0002461051V> + 0.0006027 768V AT — (2)
-0.0030128457AT?, R* = 0.97,

L, =13.4093769999 — 0.0058261552V + 0.7269747596AT +
+0.0001527992V?* — 0.0012668651V AT + 3)
+0.0024691358AT?, R* = 0.99,

where L; is length of the columnar zone (mm), L. is length of the tran-
sition zone (mm), Ls is length of the equiaxed zone (mm), V is surface
cooling rate of castings (°C/c), AT is temperature interval of crystalli-
zation (°C), R?is correlation coefficient.

4. DISCUSSION

The experimental results indicate systematic changes in the morpholo-
gy and extent of macrostructural zones in castings depending on the
determining parameters of crystallization such as cooling intensity
and temperature range of solid-liquid state of the melt.

The maximum values of the columnar zone length (Fig. 1, a) and the
transition zone length (Fig. 1, b) are observed in low carbon steel
(0.21% C) with the smallest temperature range of crystallization
(40°C) during solidification under conditions of rapid melt cooling
(V=300°C/s). When crystallizing at a low cooling rate of the melt
(V=5°C/s), the transition zones in 20JI steel and equiaxed crystal
zones in Y7JI steel show the greatest development, respectively, with a
narrow (AT =40°C) and wide (AT =115°C) temperature range of crys-
tallization.

Graphic interpretations of the obtained regression equations (Fig. 2)
allow estimating the degree of influence of the main parameters of
crystallization (the cooling rate of the melt and the temperature range
of steel crystallization) on the length of the investigated macrostruc-
tural zones in castings.

Thus, an increase in the length of the columnar zone is associated
with a decisive influence of the increase in the cooling rate of the melt,
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while the widening of the temperature range of steel crystallization
leads to a predictable reduction in this zone in castings.

The zone of transition crystals acquires the greatest length under
conditions of slow cooling of the melt in steels with a narrow tempera-
ture range of crystallization. The widening of the crystallization inter-
val in high-carbon steels leads to a significant reduction in the length of
this zone and a weakening of the influence of the cooling rate on it.

The formation of a zone of equiaxed crystals is associated with a deci-
sive influence of the temperature range of steel crystallization on its
length for all investigated modes of cooling the melt during the solidifi-
cation of castings. The widening of the crystallization interval in the
given range of its changes (40—115°C) leads to a significant increase in
this macrostructural zone in the central volumes of carbon steel castings.

5. CONCLUSION

Formation of macrostructural zones in steel castings is an integral
part of the crystallization process and is mainly determined by cooling
conditions. Although the formation of macrostructural zones in steel
castings is an undesirable phenomenon, and many scientific studies are
devoted to combating it and striving to create a homogeneous cast
structure, we have demonstrated the possibility of controlling the pro-
cess of gradient structure formation in order to enhance the special
properties across the cross-section of steel castings.

As part of the research, the influence of thermokinetic parameters
on the gradient structure across the cross-section of steel castings has
been established. It has been shown that the length of the columnar
zone is mainly determined by the rate of cooling of the melt, while the
zones of transition and equiaxed crystals are determined by the tem-
perature interval of crystallization. Moreover, the zone of equiaxed
crystals is almost independent of the degree of heat dissipation from
the surface of the casting.

Our study proposes both qualitative and quantitative methods for
controlling the gradient structure and requires further research to de-
termine the properties across the cross-section of castings depending on
the cooling conditions. Overall, the obtained results of the study regard-
ing the influence of thermokinetic parameters on the processes of crys-
tallization and formation of gradient structures in steel castings open
up new possibilities for predicting and purposefully influencing the
structure formation and mechanical properties of cast steel castings.
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Bnaus Bmicty Kap6ony, Manrany Ta Cuiriniro Ha yTBOpeHHs
CTPYKTYPHHUX CKJIAOBHX IIi] yac 6e31epepBHOro JUTTI KPUIh

H. I0. ®inouenxo™™, O. I. Babauenko™, I'. A. KoHoHEeHKO™
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B poboTi mpoBeseHo gocaimxeHHs 60e3lIepepPBHO JUTUX KPHUILL 3 Pi3HUM BMic-
Tom Kap6ony, Mauramy ta Cuiinito. 1A BusHaueHHS 0COOJIUBOCTEIH CTPYK-
TYPHOT'O CTaHY KPHUIb BUKOPUCTOBYBAJIN MiKPOCTPYKTYPHUI, MiKPOPEHTT'€HO-
CIIEKTPAJIbHUN, PEHTI€HOCTPYKTypHUI aHamisu. Ilokasano, 1110 B 3aJIeKHOCTi
Big Bmicty Kapbony, Maurany Tta Cuiinito B CTPYKTypi IIig yac saTBepaiHHSA
MOJKJIMBE: YTBOPEHHS HePBUHHOI (asu o-hepury, a moTiM yTBOPEHHS uepes
IIEPUTEKTUYHY PeaKIio y-3aisa, cuiBicHyBaHHA (a3 L, y Ta § i yTBOPEHHA -
3aJ1ida 3 posromy. BecTaHOBIEHO, 110 3i 30iabieHHaM smicty Kap6ony > 0,5%
(mac.), Maurany > 0,75% (mac.) i Cuaimiro > 0,45% (mac.) B Kpuili He BimbyBa-
€ThCSI YTBOPEHHS IEePBUHHOI (asu O-pepury 3 pos3Tony B Oe3IepepBHO JIUTiH
s3aroToBIi. 3a ganoro Bmicty Kapb6ony, Maurany ta Cuiiniro B Kpuiii crocre-
pirasu yTBOpeHHS y PO3TOIi Y-3asida Ta 30ibIIIEHHA KiJIbKOCTU BKJIIOYEHDb —
CKJIAIHUX KapbixiB i cuminmuais samiza. TeopeTuuHo moKasaHo, IO 3i 30iab-
meHHaAM Bwmicty Mamramy rta Cuiiiiro, miaomia AiJISHKK NEePUTEKTHUKHU Ha
gisgrpaMi sMeHIyeThbCsA. B MisKIeHIAPUTHOMY IIPOCTOPi (hikcyBaau cerperaiiio
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Manrany Ta Cuiinito: B KipKoBiil 30Hi Ta Ha 1/2 pafiroca 3JIUTKY cerperaiiro
Manrany mo 0,7% (mac.) i Cuniniro xo 0,5% (Mmac.), a B eHTpaJbHiA yacTuHi
B3JIUTKY BMicT Oye Mali’Ke TaKuUM, K IXHill BMicT y cTo1Ii.

Kuarouogsi cioBa: 6e3repepBHO JUTI KPUIli, JeHIPUTHU 3ajisa, cerperamisa Mau-
rany ta Cuiimiro.

The study of continuously cast steels with different contents of carbon, man-
ganese and silicon is carried out in the work. To determine the features of the
structural state of steels, we use microstructural analysis, x-ray microanaly-
sis, and x-ray diffraction method. As shown, depending on the carbon, man-
ganese, and silicon contents in the structure during solidification, the next
development is possible as follows: formation of the primary phase of &-
ferrite and, then, formation of y-iron according the peritectic reaction; coex-
istence of L-, y- and &-phases, and formation of y-iron from the melt. As
found, with an increase in the carbon content > 0.5 wt.%, manganese content
>0.75 wt.% and silicon content >0.45 wt.% in steel, formation of the &-
ferrite primary phase from the melt in the continuous cast steel billet does
not occur. At given content of carbon, manganese and silicon in the steel,
formation of y-iron in the melt and increase in the quantity of inclusions,
namely, complex carbides and iron silicides, are observed. Calculations show
that, with an increase in the manganese and silicon contents, the peritectic
area in the diagram decreases. In the interdendritic space, the segregation of
manganese and silicon is detected: in the crust zone and at the 1/2 radius of
ingot, the segregation of manganese is up to 0.7 wt.% and the silicon one is up
to 0.5 wt.%; in the central part of ingot, the content will be almost the same
as in the alloy.

Key words: continuously cast steels, iron dendrites, segregation of Mn and
Si.

(Ompumano 31 6epesns 2023 p.; ocmamouH. eapisnm — 13 keimus 2023 p.)

1. BCTYII

Axr Bimomo, mig uac 6e3mepepBHOTO JUTTS, & 0COOJIUBO, BUCOKOIIIBUIKI-
CHOT'O JIUTTS, MOKJIBE YTBOPEHHS ITOBEPXHEBUX IO3M0BKHIX TPIIIUH Y
HU3BKOBYyIJIeIeBuXx Kpuiiax [1, 2]. [loaBy Tpimua moB’a3y0ThH 3 IIepu-
TEeKTUYHOIO PpeaKIliel0 B pe3yabTaTi (asoBUX IIE€PETBOPEHL: PO3TOI
(L) > depur (8) — aycrenir (y). CXUabHIiCTH KPUIH N0 PO3TPiCKYBaHHA
CUJIBHO 3aJIEKUTDH BiJ CKJAIy CTOIY Ta IIapaMeTpPiB IPoIlecy BUTOTOB-
JIeHHA 3JIUTKY, TAaKUX AK IMBUIAKICTh OXOJIOM:KEeHHA. B pesyabrari 1e-
PUTEKTHUYHOTO IIePEeTBOPEHHA BMHUKAE HEKOTePeHTHIiCThL Me:K das (mo
6%) mixk O-epuTOM Ta aycTeHiTOM; KpiM TOorO, Ii hasu MaOTL Pi3HY
TEeILJIONPOBiAHICTD, IO CHPHUAE YTBOPEHHIO TPIIIUH mIig yac O6e3mepeps-
Horo auTTA [3]. OKpiMm HaBegeHUX BUIllE IIPUYNH, € IITe Pi3Hi MOsSCHEeHHS
YTBOPEHHS TPIIUH IIiJ Yac 3aTBEePAiHHA KPUIli 3a 6e3IepepBHOTO JIT-
Ts: MaKCUMaJbHA TEPMiUHA ycaaKa 3MiIlyeThCA BJIiBO 31 301IBITTIEHHAM
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IIepeoxoyomKeHud [4]; Koau BUHUKAE HANpPY:KeHHA abo medopmalris
CTHUCHEHHS 3aTBEPALIOL 000JOHKIH, II[0 IIePEBUIIYE KPUTHUHE 3HAUCHHS
MiltHOCTHY Ha po3puB Ta immri [1-3]. Ilixg yac yrBopenHua mepBuHHOI hasu
3-(hepuTy BCTAHOBJIIOIOTHLCA CHJIbHI MOJA Au@ysii po3unmHEeHOI peuoBu-
HU, 1110 IPUB3BOJIUTD 0 MPUTHIUEHHA i1 3apOJ»KeHH A, a OT:Ke, BCTAHOB-
JIOETHhCA TeMIlepaTypa HUKUe 34 PiBHOBAXKHY IIEPUTEKTUUHY TeMIIepa-
TYpPY, IIEPII Hi’K IMOYHEThCA MePUTEeKTUUHA peakiria [1].

OpuuM i3 migxomiB Mo 3abe3meueHHs 3MEHIIEHHS PO3TPiCKYyBaHHSA
Kpuili € Bubip parioHaJbHOTO BMiCTy JIeTyBAJIbLHUX €JIEMEHTiB i BMicTy
Kap6ouy B kpui. Ciix 3asHauuTH, 1110 3a BUCOKoro smicty Mn, Al a6o
Si B kpuIli 30Ha criBicHyBaHHA a3 L + 6 + v 36iambmryerses [4]. Ak Bigo-
MO, IJIs IMiZBUIITEHHS MeXaHIiUHMX BJIACTUBOCTEN KPUIIL BUKOPHCTOBY-
oTh JeryBanHsa Manranom i Cuaimiem. ocaimskeHHS KOoMOiHOBaHUX
edexTiB Si i Mn mMoxke OyTH e GiIBIT aKTyaJIbHUM Uepe3 CILJIbHY ce-
r'peraiifo ix He TiJIBKM B IEpPJiTi, ajle TAKOK Ha MeXKax 3epeH (Qepury
[6]. Bsaemogia misk aromamu Si i Mn npuBOAUTE A0 J0IaTKOBOTO IIij-
BUINIEHHSA TeMIIePaATypPH IIOYAaTKy pPeKpucTaisaiii, To6To g0 edeKTy ra-
JBbMYBaHHJA IIHOTO Iportiecy [5]. Bimomo, o Mauran crabinisye aycTeHiT
[6], smenmtye nudysitiny pyxausicts KapOony B aycTeHiTi Ta cXUNbHUIH
Io mMakpocerperarii [7]. PesyabTaTu mociimkeHb BILIUBY ITBUIKOCTH
OXOJIOMKEHHS IIil uac 3aTBepAiHHSA Oe3IepepBHO JHUTOI 3aroTOBKU
(BJI3) kpuni mapku EA1IN (= 0,4% Bar. C) Ha 0cOGJIMBOCTI JeHAPUTHOI
CTPYKTYpPU BYTIJIeIleBOi Kpuili mpeactaBieHo B poborti [8]. Iloxazamo
BILIMB IIBUAKOCTH OXOJIOMMKeHHA 3a 3aTBepainua BJI3 & 470 mm Ha m1a-
paMeTpu xeMiuHOI HeomgHOpimgHOCTH posmoxiny Cmiiiito i Maurany Ta
dopMyBaHHA EHAPUTHOI CTPYKTYPH.

HesBaxaroun Ha BeIUKY KiTbKicTb pobOiT, IPUCBAYEHUX AOCTIiIKeH-
HIO 0e3mepepBHO JIUTUX KPUIlh, 3AJUIITAETLCA MUTAHHS ITOAO0 BILIUBY,
okpim BmicTy Kapbony, e Maunrany ta Cuiimiio, IIBUAKOCTH 0XO0JIO-
IKeHHA Ha GOPMYBaHHA CTPYKTYPH.

Mertoio mamoi poboTH O0YJIO JOCHiAUTH BILIMBIB TAKMX UMHHUKIB, IK
Bmict Kap6ory, Maurany ta Cuiimiro, cerperaiiis eieMeHTiB Ha Gop-
MYBAHHS CTPYKTYPHUX CKJIALOBUX Ta YMOBU IIPUTHIUEHHS YTBOPEHHS
nepBUHHOI (hasmu.

2. METOJIMKA ITIPOBETEHHSA JOCJIIKEHD

B maniii po60Ti IPOBOAMIN AOCHIMMKEHHS BYTJIEIeBUX KPUIb, AKi MO-
JKYThb OYTH BUKOPUCTAHI /IS BUTOTOBJIEHHS METAJIOIIPOKATY 3aJi3HUY-
HOT0 mpu3HaueHHud (Tabdia. 1).

3pasku Kpuili Oyam ofep:kaHi B pe3yJbTaTi 0e3lmepepBHOTO JUTTH.
[IIBuaKicTh OX0J0MKeHHA 3pas3KiB ckaazana Big 104°C/c y oxomomxy-
BaJILHOMY BOJIOI0 KPHCTAaJIi3aTOpi B 30HI MEePBUHHOTO OXOJIOAKEHHHI.
IIBuaKicTE OXOJOMKEHHS MeTaJay O0e3lepepBHO JHUTOI 3aroTOBKU
470 mm sminoersesa Big 29 go 1°C/c B 30HI BTOPHHHOT'O OXOJIOAMKEH-
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TABJHUIIA 1. BmicT XeMiuHTX eJIeMEHTIiB B JOCTiTHUX KPUITAX.

TABLE 1. Content of chemical elements in experimental steels.

Basosi

v TeMERTIL HomaTKoBi eteMeHTH
MOBHE

IIO3HAYEeHHA
C|Si|Mn| P S Cr | Ni | Mo | Al | Cu A4

1 0,36 0,21 0,54 0,014 0,004 0,12 0,10 0,011 - 0,15 <0,005

2 0,46 0,32 0,65 0,007 0,002 0,19 0,10 0,009 0,011 0,15 0,032

3 0,50 0,45 0,75 0,014 0,004 0,05 0,085 0,00980,051 0,14 0,0028

Hsa. [Ilniu 3pasKiB BUKOHAHO 3a CTAHAAPTHOIO METOAMKOIO; ITaBJIeHHS
MIOBePXHi 3pasKiB spiicuuau rapsuuM nikparom Harpito Ta miTamom.

15 BUBHAUEHHSA XeMiUHOTr0 CKJIAAy CTOIY BUKOPUCTOBYBAJIU XeMiu-
HY Ta MiKpocHeKTpajbHy aHaaisu. JociigKeHHa BUKOHAHO 3a JOIIOMO-
roio onTuYHOro Mikpockomna «Heodor-21». OcHOBHI pe3ysibTaTu MiKpo-
PEeHTI'eHOCHeKTPaIbHOI aHai3y Ofep:KaHo 3a JOIIOMOTOI0 eJIEKTPOHHO-
ro mikpockona JSM-6490 3i ckanyBaibHOIO mpucTaBkoio ASID-4D i
€HeproJuCcIepCciiHOT0 pPeHTr'eHiBCbKOro MikpoamaJsaisaTtopa «Link
Systems 860» i3 mporpamMuuM 3a0e3meueHHAM. PeHTI'€HOCTPYKTYPHY
aHaJjisy saificHroBasu Ha audpartomerpi JPOH-3 y moHOXpOMAaTI30-
BaHomy FeK ,-BUmpomiHeHHi.

3. PE3YJBTATH TA OBI'OBOPEHHS

Hocaimkenusa spaskiB xpurti Ne 1 (is emicrom Kap6ony y 0,36% (mac.),
Cuniniro y 0,21% (mac.) ra Maunrany y 0,74% (Mmac.)) micas mjaBiaeHHS
MMOBEePXHi 3pasKiB rapAYMM HiKpaToM HATPiio Aajau 3MOTY BCTAHOBUTH,
II10 B 30Hi IIIBUAKOTO OXOJIOMKEeHHS Bil0yBaeThCsI YTBOPEHHSA AeHIPUTIB
3aJiza, 110 MalTh OiJIbIIi po3Mipu, chOPMOBAHY BiCh IIEPIIIOTO MOPAIKY
Ta YaCTKOBO APYTOro Y MOPiBHAHHI 3i 3paskamu Kpuilb Ne 2, 3. B ¢cTpyK-
TYypi JeHAPUTIB 3ajisza cmocTepiraiy HagBHICTL AedeKTiB — MiKpoIiop
OKpyrJoi hopMHU, ITI0 MOKYTh BUHUKATHU 3a Kpucrasisamii BJI3, ra «axe-
dopmariiiai mogocu» , AKi MalOTL OJHAKOBUH HAIIPAMOK, II[0 MOXKe Oy TH
JIOKa30M TOTO, IO B KPUI[i BiAOyBasocsA MEePUTEKTUYHE IIePeTBOPEeHHS
Ta MmepBUHHOIO (hazoio OyB O-eput: L — 6, a MOTIiM — YTBOPEHHSA Y-
3aJIi3a uepes IMepUTEKTUUYHY peakiiito (puc. 1, a). Ha maaBuicTs mop i
«medopMmaIniiiuux moaoc» y cTpyKTypi BJI3 BKa3yoTh aBTOpU POOIT
[3, 9], Ta 3asHaUaIOTh, 1110 iXHE YTBOPEHHS OB’ A3aHe 31 3BHAYHUM CTHC-
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Puc. 1. MikpocTpykrypa Kpulli 3 BMmicrom: a — KapGony 0,36% (mac.), Crri-
ifo mo 0,21% (mac.) rta Maurany go 0,54% (mac.); 6 — Kap6ony 0,46% (mac.),
Cuimiro 0,34% (mac.) ra Maurany 0,65% (mac.); 8 — Kap6ory 0,50% (mac.),
Cuimiro 0,47% (mac.) Ta Maurany 0,77% (mac.); x500. IIlaBiaero mikpaTom
Harpiro.

Fig. 1. Microstructure of steel with content of: a—carbon 0.36 wt.%, silicon
up to 0.21 wt.% and manganese up to 0.54 wt.%; 6—carbon 0.46 wt.%, silicon
0.34 wt.% and manganese 0.65 wt.%; 8—carbon 0.50 wt.%, silicon 0.47 wt.%,
and manganese 0.77 wt.%; x500. Etched with sodium picrate.

HEHHAM IIiJl Yac MOYaTKOBOI KPHUCTAJIi3aIlil KpHITi.

I3 s6inbmennam Bmicty Kapoomy mo 0,46% (mac.), Cunirniro mo 0,34%
(mac.) ra Maurany no 0,65% (mac.) (3pa3ox Ne 2) B KpuIli JeHIpPUTH Ma-
JIY MEHIITi pO3Mipu, a B CTPYKTYPIi JeHIPUTIB OyJI BUABJIEHI « 3MOPIITKYT
IITIePCTKOCTU » Y MOPiBHAHHI 3i 3paskom Ne 2 (puc. 1, 0).

Opmep:kaHU Pe3yabTAT MOXKHA MOACHUTHU THM, IO 3a JAaHOT'O BMiCTy
Kapb6ony, Maurany ta Cuiimiio B KpHIli MOXKJINBe cIiBicHyBaHHA das L,
v Ta §; ajie 3a MeTacTabiJIbLHOIO IiArpaMoro cuiBicHyBaHHA L + v + O MOXK-
ause B iaTepsBaai 10-20°C ta nmporarom 0,05 ¢, ToOTO MaiiyKe MUTTEBO
[10], Ta 1poro yacy JOCTaTHBO, 11100 BCTUTIN CHOPMYBATHUCS «3MOPIITKHI
IITePCTKOCTH » .

Iz 36inpmrenusam B kpuili Bmicty Kap6ony >0,5% (mac.), Mauramy
>0,75% (mac.) ra Cuimito > 0,45% (mac.) (3pa3ok Ne 3) B moBepxHeBii
30Hi cmocTepiraiu yTBOPeHHs OiJIBIIT OJHOPIAHMX i AUCIEPCHUX OEHI-
puUTiB, 1110 MaJau MeHNTYy AeeKTHICTh y MOPiBHAHHI 3 IeHAPUTaAMH 3pas-
KiB Ne 1 i Ne 2, a Ha ixHili MOBePXHi He cIocTepiraju yTBOPeHHS Jedop-
MaI[iffHMX II0JIOC, II[0 MOYKHA IIOSACHUTH THUM, III0 3 PO3TOIIY BigOyBaeThCA
YTBOpPeHHA y-KpucTaiiB 3amiza [9—-11] (puc. 1, 8). Kpim mporo, Bimomo,
110 30iabIeHHA Mn B KpUIli 3MeHIITy€e IIePUTEeKTUUHNH niamasoH [12].

B mikpocTpyKTypi Kpunb Ne 1-3 mo Meskax ayCcTeHITHUX 3epeH Qik-
CyBaJI YTBOPEeHHA HAIJIUIIKOBOro Geputy (puc. 2, 3), 1110 cIocTepiraim
aBTopu pobir[5, 13].

3a pesyJbTaTaMH PEHTIEHOCTPYKTYPHOI aHaJjidu B 3pasKy Nel iz
Bmictom C y 0,36% (mac.), Si — 0,21% (mac.), Mn — 0,74% (mac.) 6yJio
BUABJIEHO HACTYIIHI CTPYKTYPHi cKJaamosi: o-Fe, ckimamgui Kapbimm —
Feo,+Mn;6C, dasu — FeMns, FesSi (puc. 2, 6). B cTpyKTypi Kpuiri Qik-
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Puc. 2. Jocuimkenusa Merany spaska Nel: MIKpoCTpyKTypa IOBepXHi Ha
90% R (22,5 MM Big moBepxHi), x50 (a); nudpaxrorpama (6).

Fig. 2. Examination of the metal of sample No. 1: microstructure of the sur-
face at 90% R (22.5 mm from the surface), x50 (a); diffractogram (6).

cyBaJu YTBOPEHHA cerperamiiinmx pminsmoxk Manrany rta Cwuiiriro,
00’emHa yactTuHa axux caraiga 10—15%.

B moBepxHeBii 30mi 3paska Kpuili Ne 1 3a KiMmHaTHOI TeMIeparypu
CIIOCTepirajyu yTBOPEHHs (pepury, mepiiTy Ta MapTeHCUTY B OKPEMUX
minguxkax (puc. 3, a). Kpim 1mporo, gixkcyBanu cerperamiiiai mAiasaHkKum
Mamurany ta Cuiiniro, 00’eMHa YacTKa AKUX cKJaagaaa 15—18%.

HocmimxeHHa CTPYKTYPHUX CKJIAZOBUX 3paskiB Kpuii Ne 3 mokasa-
Ju, 1110 B pedyabTaTi (h)a30BUX IIePETBOPEHDb 3a KIMHATHOI TeMIlepaTypu
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Puc. 3. Hocrimkenusa Merany spaska Ne3: MIKpPOCTpyKTypa IIOBEepXHi Ha
90% R (22,5 mm™ Big moBepxHi), xb60 (a); nudpakTorpama (6).

Fig. 3. Examination of the metal of sample No. 3: microstructure of the sur-
face at 90% R (22.5 mm from the surface), x50 (a); diffractogram (6).
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chopMyBaiicA HACTYNHI CTPYKTYPHI CKJIaA0Bi y BUTJIAAI MiKpOBHUIIi-
JeHb: cKJagHi Kapbimum — Feo.Mn;eC, FesMnsC, FeSiC, dasu —
Fe:MnSi, Fe;Si;s Ta Feo 6sMns «Sis (puc. 3, 6). Takum unzoM, 36inbII€eHHA
Bmicty Kapb6omy mo 0,50% (mac.) Ta Cumirito go 0,45% (mac.) (B 3pasky
Kpuri Ne 3 y mopiBaHaHHI 3i 3paskom Kpuiti Ne 1) mpuBoaAUTEL 10 36iIb-
IIIeHHS KiJbKOCTH BKJIOUEHb — CKJIATHUX KapOifiB i cuainuais depy-
my. Ozmep:kaHUM pe3yabTaT MOKHA IMOSACHUTH THUM, ITIO € MeXKa PO3UMH-
HOCTHU eJIeMeHTiB y (pasax, a iXHill HAAJIUIIOK IIPUBOIAUTE 10 YTBOPEHHSA
OKpPeMuX BKJIHUYeHb [14—16].

YTBOpeHHA Pi3HUX CTPYKTYPHUX CKJIALOBUX MOKHA IIOSICHUTH HEpPi-
BHOMipHUM posmnoxijom Mauramy ta Cuiriniio, AKUH 3yMOBJIEHUH MiXK-
IeHIPUTHOIO cerperaiiero mig uac kpucradisaii xpuili. UYum Oamxue
IO IIEHTPY 3arOTOBKM, TUM MEHIITA IMIBUIKICTh OXOJOMKEeHHA Ta TUM Oi-
JIBIIIi 32 PO3MipOM Tak 3BaHi «CJIiAU» TeHIPUTHOIL CTPYKTYPH.

Ha Bimcranmi 1/2 pagiroca cmocrepiranu, okpim ¢depuTy Ta mepiiTy,
YTBOPEHHS K OKPEeMHUX ALISHOK MapTeHCHUTY, TaK i OeHHITY B MisKIeH-
OPUTHUX OIISHKAX, a B IeHTPAJbHIN YaCTUHI 3JIMTKY CIIOCTEpiraJam ie-
PJIiT, 3 BEJIMUYKMHOIO MiKIIJIaCTUHKOBOI BifcTami menIie 0,2 MKM.

Kpim mporo, B kpuri Ne 3 ¢ikcyBanu 6inbin piBHOMipHUIT po3momi
cerperaiiiHux AiISHOK, a 00’€MHa yacTKa ix ckaaganaa (—10%.

3 miTepaTypHHUX IiKepea Bimomo, 1mjo Mamram crabinisye aycreHiT
[14] i smenmye gudysiiiny pyxauBicts KapboHy B aycTeHiTi Ta cXUIb-
HUH, TaKk camo, ak i Cmiuimi#i, ;o maxpocerperatii [7, 17]. Heaapuru
3pasKiB 3 KipkoBoi 3ouu Kpuri Ne 3 masau Bmict Maurany y 0,2% (mac.),
a Curinito — y 0,38% (mac.). B miskgengpuTHOMY ITpocTopi BMicT MaH-
rany 3pocrae no 0,7% (mac.), a Cuninito 7o 0,5% (mac.). Ha Bigcrani 1/2
paziroca 3aTOTOBKHU, Ky O0yJIO 0XOJo:KeHo 3i mBuakicTio y 10°C/c B
MIKIEHIPUTHOMY IIpocTopi, BMicT Mauramy ckiaazas 0,72% (mac.), a
Cunimito — 0,56% (Mmac.), 110 MMOBipHO HOB’s3aHe 3 PYyXOM (POHTY
KpHCTaJisalrii Ta BiiTUCHEHHAM HAIJIUINKOBOI KOHIleHTpaIii MaHrany
ra Cuiairiro.

B nienrpanbHiit vacTumi, oxonomkeny 3i mBuakictio y 1-3°C/c, cmo-
cTepirajay 3MeHIIIeHHS MisKIeHIPUTHOTO IPOCTOPY, a BmicT Cuaimiro Ta
Maurany 0yB Maii;Ke TaK1IM, AK BMIiCT ITX €JIEMEHTIiB Y KPHIIi.

s BUsHaUeHHsA BIIMBY BMicTy Mamnramy Ta Cuiiriito Ha Temmepa-
TYpYy JiKBiZycy B maHi#l po6oTi 6y10 3aIPOIOHOBAHO HACTYIIHUI T€PMO-
IUMHAMIUYHIHA MOJEeJb. 3a YMOB PiBHOBAsKHOI'O CTAHY 0YJIO BUKOPHCTAHO
BUpas

G, =G+ GLlGiOLi,jGiO ’ 1

ne G, — I'i66coBa enepris posromy, Gs — Ii066coBa eneprisa 8-saiisa, a
G11 — Ti66coBa eHepria HAMJIUIIKOBOIO POSTOIY IiCJIf YTBODEHHS O-
depury. Ina omep:xaHHa BupasiB gaa I1060coBoi eHeprii posromy 6yB
BUKOPUCTAHUY TepMOIMHAMIUHMY Iiaxim, sampomnonoBanuil y [18].
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(2)

e Gi0 — T'i66coBa eHepria yncTux KommoneHTiB (% /Momb), L;; — eHe-
pria B3aemonii komnoHeHTiB (»x/Moab), Z — KOOpAMHAIIilIHE UMCJIO
(mia pigmanm Z = 10). Cymy 3HaxX0oamMO II0 BCiX i Ta j 32 YMOBMU, II10 i # j.
H1da pospaxyHKY UYMCJIOBUX 3HAUEHb TePMOAUHAMIUYHUX (QYHKIIiH
PO3TONY BUKOPUCTAJY AAaHI IS YUCTUX KOMIIOHEHTIB Gi0 [19] Ta eHep-
rii Beaemomii Misk KoMIIoHEeHTaMu B ¢asi 3a nanumu podotu [20].
Bupa3s misa I'i66coBoi eneprii 8-peputy —

4 1 4 1 4
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IIe X1c, X1Fe, X1si TA X1vn — KOHIIEHTpPAIlIl BIAIOBIAHUX XEeMiUHUX eaeMe-
HTiB y d-(epuri [14], a L';; — eHepria mapHOi B3aeMOii KOMIIOHEHTIB,
L', — enepria BzaemMofil TpbOX KOMIIOHEHTiB, Ll;,; — eHeprisa Bzaemo-
Il 4OTUPHOX KOMITOHEHTIB (K /MO0JIb).
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Puc. 4. Jlinia nikBigycy mceBmobinapuoi cucremu Fe—C.

Fig. 4. The liquidus line of the pseudobinary Fe—C system.

Posp’sazanua piBHAHDL, BigmoBimuux (1), ozep:Kaium B UHCEILHOMY
BUTJISAIL.

Ha pucyHKy 4 mpeacTaBJIeHO PO3PaXyHKOBY TeMIIEPATYPHY 3aJIek-
HicTb JiHil AiKBimycy Bix BmicTy Maurany ta Cuiiiio B cTomax.

Ax Bugwuo 3 puc. 4, giag kpuri 3 Bmicrom Cuiaimiro y 0,47% (mac.) Ta
Manrany y 0,77% (Mmac.) JiIAHKA IePUTEKTUKY 3MEHIITYEThCS Y IIOPiB-
HaAHHI i3 Kpunero 3 BmicTom Cuainiroo y 0,21% (mac.) ta Maurany y
0,54% (mac.), 110 10OPe Y3TOAKYETHCA 3 eKCIIEPUMEHTAILHUMU PE3YJIb-
TaTaMu, OJlep:KaHUMU B AaHiil poOoTi i1 inmumu apropamu [9, 11, 12].

4. BUCHOBKH

1. ITorasaHo, 1110 3a 6e3IMePEPBHOTO JUTTA KPUIh B 3aJI€KHOCTI BiJ BMi-
cty Kapborny, Maurany ta Cuiiiito B CTPYKTypi mig uac saTBepaiHHS
MOKJIBE: YTBOPEHHS NepBUHHOI Gasu O-peputy, a moTiM yTBOPEeHHS
yepes3 MEPUTEKTUYHY peaKIliio y-sajisa, cuiBicHyBanHA a3 L, y Ta O i
YTBOPEHHS y-3aj1i3a 3 pO3TOIy.

2. BecranoByeno, 1o Bmictu Maurany tTa CHIIiiito BIINBAIOTh HA ILJIOITY
TiIAHKY TepUTEeKTUKN Ha Aigrpami. I3 36igbineHHIM IXHBOTO BMiCTy
ILJIOIIA JiMIAHKY MIePUTEKTUKY 3MEHIITY€ThCH.

3. Becramosieno, 1o 3i sb6imbmienasam Bmicty Kapb6omy > 0,5% (mac.),
Mamnrany > 0,75% (mac.) ta Cuiritito > 0,45% (mac.) B Kpulli He Big0OyBa-
€ThCS YTBOPEHHS IIepPBUHHOI (pasu O-PepuTy 3 posTOIly Ta cIiocTepira-
€ThCA 30iMbIIeHHA KiIbKOCTH BKJIIOUEHb — CKJIATHUX KapOimis i cuuri-
nunis @epymy.

4. B xipkosiii 3oui Ta Ha 1/2 pagitoca BJI3 J 470 MM y MiKIeHIPUTHO-
My npoctopi ikcyBanu cerperamito Maurany mo 0,7% (mac.), Cuiiriro
— 1o 0,5% (mac.), a B leHTpaJbHill YaCTUHI 3JIUTKY BMicT Oyae Maiiike
TaKUM, SIK BMiCT y CTOITi.
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Recently, special attention is paid to methods of liquid-metal treatment,
which are associated with the action of external physical factors. Thus, an
essential role belongs to external energy impacted into the melt. This leads to
stabilization and homogenization of liquid state and internal structure as
well as its individual components. At the same time, the maximum structure
and mechanical properties’ improvements of alloys and finished products are
achieved in the case of complex processing combining deep refining of melt
from harmful impurities (using reagent or vacuum treatment, eifc.) with a
physical effect on solid-state microgroups in liquid metal. Various technolog-
ical methods for imposing dynamic effects during pouring and solidification
are become widespread to suppress and prevent defects during production
process. Particularly high efficiency of dynamic effects is achieved by simul-
taneous application of vibration pulses to the melt and regulated forced stir-
ring. The study is based on the idea of using the linear pinch-effect phenome-
non to influence its thermal and force factors on aluminium melt during its
repeated circulation pumping through a local zone with a pressure reduced
relative to atmospheric one.
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OcranHiM yacoM 0cobJIMBY yBary IpUAiIAIOTE TUM CIIOCO0aM BIIJIMBY Ha PigKi-
CHOMETAJIEBi cepeoBUIla, AKi IIOB’sA3aHi 3 Ai€l0 30BHIIIHIX (PisMUYHNX UNHHN-
KiB. IcTOTHY pOJIb Bifirpae 30BHIIIIHSA eHepris, AKa BBOAUTHCA Y MeETaJIeBUH
PO3TOII, 10 MPUBOAUTE A0 crabisizaiii Ta romoreunisaiiii #ioro pigxkoro crany
Ta CTPYKTYPHU 3arajioM, a TaKoK 1i OKpeMux CKJamzoBux. MaxkcuMaibHE II0-
JIMIIeHHA CTPYKTYPH Ta HMiABUIEHHS MEeXaHiYHNX BJACTHUBOCTEH CTOMIB i BU-
Po0iB 3 HIX JOCATaEThCS ¥ Pasi KOMILIEKCHOTO 00pO0IeHHSA — KOMOiHyBaHHA
TJInOOKOro padiHyBaHHS PO3TOIY Bif IMTKiIMBUX JOMIIIOK (3 BUKOPUCTAHHAM
peareHTHOTO O0OpOOJIEHHS, BaKYYMYBaHHS TOIMO) 3 ()i3sMUHMM BIJIUBOM Ha
MiKpOyrpyHOBaHHS B PiIKOMY MeTaJIi. ¥ Ipoleci BUpOOHUIITBA 3aTOTOBOK JIJIs
NpUAYIIEHHS Ta 3amobiranua nedexram HaOyau IOITIUPEHHS Pi3HI TeXHOJIOTI-
YHi IPpUAOMU HaKJaJaHHS IWHAMiYHUX BILJIMBiB y mpolieci 3aJiuBaHHA Ta 3a-
TBepAiHHA. Oco6Ja1BO BHCOKA e)eKTUBHICTDL JUHAMIYHNX BILJIMBIB JOCATAETH-
csd y pasi HaKJamaHHA HA PO3TOI Bibpamiiinmx iMIIyJbciB pasom i3 perjiaMmeH-
TOBAHUM NPUMYCOBUM II€PEMIiNTIyBaHHAM. B OCHOBY [OCJIiI?KEeHHS 3aKJIaJAeHO
imer0o BUKOpHCTAHHSA SIBUIMA JIIHINHOTO HiHY-e(peKTy IJis BIJIUBY HOTO TEILIo-
BUX i CHJIOBUX UMHHUKIB Ha aJIOMiHillOBU#l po3TOIl mij uac fioro 6araTopaso-
BOTO IUPKYJIAIIAHOrO IPOKAUYyBAaHHS 4Yepes JIOKAJbHY 30HY i3 IOHUIKEHUM
10710 aTMOC(GhEPHOTO TUCKOM.

Kuarouogi cioBa: 06po0IeHHs po3Tony, (hisuuHi moJis, Biopailisa, minu-edexT.

(Received 6 April, 2023; in final version, 13 April, 2023)

1.INTRODUCTION

Application of physical fields has a thermal and force effect on the lig-
uid alloy both at the macrolevel (heating, mixing, transportation,
shaping) and at the microlevel (impact on structural inhomogeneities,
liquid and solid inclusions, individual components of the alloy). The
type of input energy can be different: thermal, mechanical, acoustic,
electrical, electromagnetic. Its means, that the main control factor and
its effect may be different.

In general, the scheme of metal-melts’ physical treatment can be
represented as it is shown in Fig. 1. Regardless to the type of energy
introduced into the melt, its source (generator) may be generally in-
troduced like electrotechnological device (ETD) that supplies electrical
energy to the converter device. It forms desirable type of energy,
which provides a given power of its flow and directly introduces it into
the melt. Such a converter device can be replaceable and have various
modifications depending on the specific processing goals.

During this treatment, the energy introduced into the melt is dis-
tributed as it is shown in Fig. 2. Ideally, an attempt is made to design a
system for physical treatment in such a way as to, firstly, minimize the
energy losses in the ETD ((Wips, Wieta, Wiain) = 0), secondly, to increase
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Fig. 1. General scheme of melt processing by physical fields.
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Fig. 2. Redistribution of energy during melt processing physical fields ac-
cording to the scheme of Fig. 1: W, is energy consumed by the power supply
of the ETD, Wy, is energy losses in power supply of the ETD, W is the energy
consumed by the ETD itself, W4 is energy losses in ETD, Wy is energy con-
sumed by the system of direct impact on the melt itself, W, is energy losses in
a system of melt impact, W, is the energy consumed by the melt, W, is pro-
ductively expended energy in melt, W, is unproductively expended energy in
melt.

the efficiency of energy transfer to the melt, and thirdly, to minimize
energy losses in the melt itself (W, — 0).

In practical plane, the design of specific devices and the redistribu-
tion of energy in them can vary greatly due to the wide variety of ener-
gy types used in processing. Thus, it is easiest way to conduct mechani-
cal energy (rotation, vibration) into the melt. However, the most con-
centrated and powerful release of energy in the volume of liquid metal
can be achieved when acoustic shock waves are created in it, including
cavitation achievement. At the same time, the maximum completeness
of energy transfer to the melt occurs when using electric and electro-
magnetic fields.

The main methods of dynamic impact on the melt can be conditional-
ly divided into two main groups: vibroimpulse and electromagnetic
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impacts. These techniques usually provide an active effect on not only
heat and mass transfer in the liquid phase, but also may cause signifi-
cant changes in processes inside the two-phase zone. In many cases,
they also may effectively affect the macro- and microstructure of cast-
ings.

It is necessary to answer a certain set of questions in order to achieve
the maximum positive effect of treatment: a) what energy indicators
of stirring process are the most rational, b) treating source application
position, ¢) what volume of the melt must be stirred (the entire volume
or a local area), d) preferred flow movement (linear or circulation), e)
to what extent the reconstruction of the existing process equipment is
required when implementing the proposed stirring scheme.

The idea of vibroimpulse action application on melt can be imple-
mented in various ways. The choice of the method of applying the im-
pact, apparently, is determined by the specifics of each existing object,
as well as the goals that are solved during processing. In general case,
vibroimpulse action can be applied either to the casting mould, or di-
rectly introduced into the melt using special devices and pulsators.

The application of vibroimpulse action directly to the casting mould
has very significant practical interest, since in this case it is possible to
process several castings simultaneously [1-4]. However, the pro-
cessing intensity may have certain limitations, which are associated,
for example, with the strength of the mould. There is also no unambig-
uous opinion in the literature, which of the vibration directions (hori-
zontal, vertical, or reverse—rotational ones) should be preferred. Prob-
ably, to answer this question, additional development of vibroimpulse
action in direct relation to specific objects and types of suppressed de-
fects theory is required.

The nucleation of crystals begins symmetrically from the source of
vibrations in the regions adjacent simultaneously to the solidifying
shell and the free surface of the melt. The process has an avalanche-
like character, and finely dispersed crystals fill the entire space of a
liquid metal volume. A certain disadvantage of this processing method
is the stirring inhomogeneity of the liquid volume. The principal dia-
gram of molten metal pulsating action method (Fig. 3) includes period-
ic filling and displacement of metal from a ceramic tube immersed in
the melt.

Metal level fluctuations in a pipe are achieved by a certain change in
the gas pressure in its internal cavity. While treatment of a liquid bath
is provided, a ceramic pipe is placed in its central part [5]. In this case,
high efficiency of the impact is achieved in a resonant mode of pulsa-
tions. Accurately saying, it happens, when the frequency of pulsations
coincides with the natural frequency of oscillations in the ladle-dip
pipe system. The pipe immersion depth is usually 0.25—-0.50 of the liq-
uid bath height, and the pulsation frequency is 0.25—4.0 Hz. The di-
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Fig. 3. Scheme of the method of pulsating action of molten metal: 1 is vessel
body, 2 is liquid metal bath, 3 is pulsator, 4 is branch pipe for supplying ar-
gon, 5 is argon.

rected cyclic motion of the displaced metal jet significantly changes
the direction and velocity of the flows in the liquid bath [6—8]. In addi-
tion, vibrations of sufficiently high intensity are superimposed on the
melt during processing.

Among the most important physical effects, the occurrence of which
is caused by the vibration and pulsation effects superposition, the fol-
lowing processes can be attributed: a) phenomenon of cavitation in the
volume of the liquid phase, b) phenomena of nucleation and crushing of
solid particles inside the melt, ¢) phenomenon of solid phase particles
growth phase in a supercooled melt.

Usually, under the phenomenon of cavitation, most authors mean
the occurrence and disappearance of caverns (closed gas cavities) in a
liquid under the influence of certain disturbing factors [9—-12]. The
process of cavitation effect occurrence and development depends on
the initial state of a liquid, including its viscosity and the presence of
solid or gaseous impurities in it, as well as on the pressure field in the
cavitation zone.

Forces that cause cavities formation and collapse during vibrational
cavitation are continuous pressure fluctuations with large amplitude.
These vibrations can be created by any surface immersed in a fluid that
vibrates in a normal direction and creates pressure waves inside the
fluid. Caverns do not form until the oscillation amplitude is not large
enough and the pressure does not drop to the saturation vapour pres-
sure or lower [9]. The small cavities formed in the places of discontinu-
ity can pulsate without changing the content of the vapour-gas mix-
ture inside the volume or grow intensively due to the action of tensile
stresses of vibrational waves or begin to close (collapse) under the ac-
tion of vibrational waves compressive stresses to generate smallest
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‘fragments’ of bubbles and developing high local pressures near the
collapse sites.

The method of electromagnetic stirring has become quite widespread in
practice to improve the quality of continuously cast billets and castings
obtained by special foundry methods [13—17]. The mixing effect in this
case is achieved by applying an electromagnetic field to a melt. At the
same time, by adjusting the parameters of the electric current, supplied
to electromagnetic coils, located near the surface of the workpiece, it is
possible to obtain different speeds and directions of liquid metal flows.

Meanwhile, the tops of the dendrites are remelted or simply mechan-
ically collapsed under the action of the formed metal flows in the liquid
bath. In turn, such fragments of dendritic branches become additional
crystallization centres and increase the zone of equiaxed crystals.
Therefore, forced mixing can stop the process of columnar crystal zone
growth and to promote the beginning of the equiaxed crystal zone for-
mation. Stirring of a liquid metal under the solidifying shell of cast
billet ensures that the chemical composition of crystallizing metal be-
comes averaged. Liquid metal flows into the unsolidified part of the
workpiece, reducing the size of all retractable dendrites and prevent-
ing the formation of bridges between them. Some studies have estab-
lished that even after almost 50—-60% of liquid metal has crystallized,
the two-phase mixture has the characteristics of a liquid, which allows
it to continue its stirring [15, 16].

Turbulent motion that exists in liquid metal during electromagnetic
stirring reduces the tendency for already existing oxide inclusions to
settle on the interfacial interface. Directed flow also ensures the ero-
sion of liquates-enriched local volumes of melt. Non-metallic inclu-
sions, formed under such conditions, are smaller and more evenly dis-
tributed in an axial zone of crystallizing billet.

In general, electromagnetic stirring improves the quality of the sur-
face and subcrystal zone, and the use of electromagnetic stirring in the
internal volumes improves the internal structure of the workpieces
and reduces segregation and shrinkage porosity in the central zone.
Quality control of ingots and castings with application of electromag-
netic stirring application seems to be very problematic, since as the
cross-section of the billets increases. It causes problems with ensuring
a uniform penetration of electromagnetic field over the entire cross-
section. Therefore, it seems promising to carry out electromagnetic
processing immediately before pouring into the mould and combining
it with other methods of physical influences [18].

2. PHYSICAL MODEL AND RESULTS

The effect of vibration and pulsation on a melt during crystallization
should be considered both in terms of forced controlled stirring and in
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terms of some known effects demonstration. The differentiation of
these effects in relation to the molten metal seems to be extremely dif-
ficult in technical terms. In general, the main goals of solidification
processes under pulsation and vibration exposure physical modelling
were defined as a qualitative and comparative quantitative assessment
of the solid phase particles growth of nature. It also helps to provide
identification of solid phase particles formation sources in melt and
the degree of their influence on solidification processes. Accordingly,
in terms of formulation, the task of methodology for physical model-
ling of solidification processes under the imposition of external influ-
ences should include the following constituent elements:

a) determination of the working substance, which allows ensuring a
correct assessment of solidification processes in accordance with the
objectives of the research;

b) substantiation the choice of modelling object and determination
of the physical model geometric dimensions in accordance to selected
similarity criteria;

c¢) choice of a physical-quantities’ set, that are measured during the
simulation and choosing methods for their determination in accord-
ance with the research objectives.

At the first stage, modelling was carried out on ENAW-8176 alu-
minium alloy (0.03-0.15 Si, 0.4-1.0 Fe, 0.1 Zn (% wt.)). The ad-
vantage of this simulation consisted in:

a) a metal is used as a modelling substance, which forms a dendritic
macrostructure of various dimensions and dispersity;

b) a model ingot (casting) is cast in bulk form, which makes it possi-
ble to maintain similarity when comparing different castings;

c¢) the use of aluminium alloys as a modelling substance makes it pos-
sible to estimate the effect of pulsation and vibration on the change in
the macrostructure of ingots with a high degree of accuracy.

The aluminium alloys melt was prepared in a cylindrical graphite
crucible, placed in an electric shaft furnace. The alloy during melting
was protected from oxidation by a layer of activated carbon. During
the experiments, round castings with a weight of 0.9 kg and a height of
0.095 m were obtained. They were poured into a specially prepared
sand mould. Such choice is explained, first, by the desire to achieve
conformity with the criteria for modelling the conditions of heat re-
moval during solidification. Simultaneously with the experimental
castings, comparative castings were obtained without the application
of external influence.

Vibration treatment of experimental castings was carried out on a
special vibration platform, which was installed on concrete base and
was equipped with a mechanical vibrator that modulates sinusoidal os-
cillations with a frequency of 0.5—70 Hz. The scheme of an experi-
mental shaker for castings treatment is shown in Fig. 4 [19].



890 0. M. SMIRNOV, Yu. P. SKOROBAGATKO, M. S. GORYUK et al.

Fig. 4. Scheme of the vibration stand for experimental as-cast parts treat-
ment: I is electric engine, 2 is vibrator, 3 is foundation, 4 is elastic pads, 5 is
mould box, 6 is casting, 7 is vibrating plate.

Vibration treatment was started before pouring the metal and con-
tinued for 280—-300 seconds after its completion. Additionally, the
amplitude and frequency characteristics were evaluated directly at the
edge of casting mould (piezoelectric vibrometer VIP-2). The developed
scheme of vibration processing ensures a relatively uniform distribu-
tion of vibrations over the entire area of a plate (fluctuations in the
measurements amounted to no more than 12%).

Amplitude—frequency range of oscillations was chosen in accord-
ance with the considerations for ensuring the cavitation nucleation re-
gime with more uniform solidification of the whole casting. Consider-
ing the high volumetric shrinkage coefficient for aluminium, the effi-
ciency of vibratory treatment can be assessed by the degree of melt set-
tling in the mould. Subsequently, the oscillation frequencies, which
ensured the maximum melt compotation, were taken as the base ones
for obtaining experimental castings.

3. SIMULATION AND CAVITATION EFFECT

Under the phenomenon of cavitation, most researchers mean the sud-
den appearance and disappearance of cavities (closed gas cavities) in a
liquid under the influence of disturbing factors [9-12]. Cavitation
process occurrence and evolvement depends on the state of the liquid,
including its viscosity, and the presence of solid or gaseous impurities
in it, as well as on the pressure field in the cavitation zone.

The forces that cause formation and collapse of cavities during vi-
brational cavitation are continuous pressure fluctuations with large
amplitude. These oscillations can be produced by any surface immersed
in the fluid that vibrates in the normal-oriented direction and creates
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pressure wave oscillations in the fluid. Caverns do not form until the
pulsation amplitude is not large enough and the pressure drops to the
saturation vapour pressure or lower [9]. Small cavities, formed in the
places of discontinuity, can pulsate without changing the content of
the gas—vapour mixture inside the volume, or grow intensively due to
the action of tensile stresses of oscillatory waves. They also may begin
to collapse under the action of compressive stresses of oscillatory
waves, generating the smallest ‘fragments’ of solid particles and de-
veloping large local pressures near the collapse sites.

The oscillation parameters that ensure onset and subsequent
evolvement of cavitation phenomena can be estimated in first approx-
imation from the condition that the peak values of liquid pressure in
the field of vibrational forces reach zero approaching values [20, 21].
Therefore, when vibrating a liquid together with a container, the ex-
pression for condition of cavitation onset phenomena in an ideal liquid
has the following form:

P> g/4n?>0.25, 1)

where f is oscillation frequency (Hz), o is oscillation amplitude (m), g is
free fall acceleration (m/s?), n = 3.14.

The results of vibration impact on the aluminium ingots structure
formation are shown in Fig. 5, a (without vibration treatment). As can
be seen from the results above, significant effect of macrostructure
refining is achieved even at relatively low frequencies (5—10 Hz) and
under condition, when cavitation limit is exceeded by 15—-20% during
treatment (Fig. 5, b, ¢). A similar effect was obtained, for example,
during vibration treatment with a frequency of 40 Hz (Fig. 5, d) under
conditions of exceeding the cavitation limit by 15%. In addition, it
should be noted that vibration treatment in the low-frequency vibra-
tion mode, exceeding the cavitation limit by 30-40% (Fig. 5, f), was
accompanied by serious bursts of melt and discontinuities in the cast-
ing body, which should be considered as a negative manifestation of
the treatment effect. Meanwhile, when the cavitation limit is not
reached, the effect of exposure noticeably decreases (Fig. 5, ¢). The ra-
tio of frequency values and amplitude of oscillations for the cavitation
limit rate here and below was determined according to recommenda-
tions by J. Campbell [20].

The process of castings’ formation and crystallization under imposi-
tion of pulsating effect, in comparison with castings, which crystallize
without any external impact, is characterized by several distinct stag-
es[22]:

a) formation of a large number of solid phase small particles in melt
at the beginning of solidification process;

b) enlargement (growth) of formed particles and their gradual sedi-
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Fig. 5. Macrostructure of experimental aluminium ingots (longitudinal tem-
plates).

mentation (to the bottom part);

c¢) decreasing amount of solid particles in the melt and decreasing
the intensity of stirring, resulting in internal cavity overgrowth inside
ceramic pulsating tube.

It has been established that varying pulsation treatment modes (pul-
sation frequency, depth, and diameter of the immersed pipe) leads to
significant increase in a rate of solidification front growth in the verti-
cal direction if intensive mixing is provided in the entire volume of the
ingots liquid phase of the ingot because of solid particles sedimentation.
This roughly corresponds to the resonant regime of pulsations. The
maximum rate of solidification front growth in the vertical direction
was achieved, when the pipe was immersed in the melt at a level of 0.20—
0.30 of the filling height and an inner diameter of 10-15 mm. In this
case, almost the entire volume of ingot liquid phase is involved in stir-
ring. With a greater pipe immersion, stirring of the melts upper vol-
umes is significantly reduced. Their involvement in movement mainly
depends on the suction mode and the location of pipes lower section.

4. EXPERIMENTAL RESULTS AND DISCUSSION

Discussed results and their connection with the development of vibra-
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tional and cavitation phenomena in melt were used in treatment of al-
uminium melt under conditions of magnetodynamic installation (MDI)
using the combined treatment of the pinch effect and local rarefaction.
The main condition for obtaining high-quality castings from alumini-
um alloys is the minimum degree of their contamination with hydro-
gen and oxide inclusions. In this case, the effect of current channel
compression occurs under the action of a magnetic field, induced by
the current itself.

In this work, to increase the intensity of the vibroimpulse force ac-
tion on a liquid metal in magnetodynamic installation, we used the
phenomenon of a linear pinch effect, which always takes place in con-
ductors with electric current [23]. Its physical essence lies in the fact
that parallel conductors, through which electric current flows in the
same direction, attract. While filling the MDI channel, liquid metal
can be conventionally represented as a large number of parallel con-
ductors that are attracted to each other. If the current density were the
same over the entire cross section of the channel, then, at any point of
this section, the force would be directed towards its geometric centre.

It should be specially noted that the pressure due to linear pinch ef-
fect is directed from the walls of the cylindrical channel with liquid
metal to its axis, while the static pressure, on the contrary, acts on the
walls. If the negative term of pressure exceeds the value of metal-
lostatic pressure, the liquid conductor is pinched and ruptures. The
electric current, and, consequently, the forces caused by the linear
pinch effect, disappear in a broken liquid metal coil. As a result, integ-
rity of coil is restored and the pressure again arises in the metal,
caused by the pinch effect and then it breaks again. Thus, in aimed liq-
uid metals, a complex periodic process of rupture and recovery occurs,
accompanied by the appearance of an electric arc [24], increase in tem-
perature and pressure pulsation. This effect is realized in closed air-
free channels, therefore, a low-pressure region is formed between the
metal surface and the channel wall, into which gases dissolved in the
melt can diffuse.

To provide treatment of liquid aluminium alloy, based on thermal
and electromagnetic influence, a zone of complex action on a melt was
created in the central branch of the W-shaped channel inside magneto-
dynamic installation (Fig. 6) [25]. At the same time, with the help of
electromagnetic force, multiple circulations’ pumping of liquid metal
through the low-pressure zone was provided with initiation in a freely
flowing jet inside outlet of the throttling nozzle with effect formation.
In this case, the conditions for breaking a determined diameter liquid-
metal conductor were provided due to passage of high density alternat-
ing electric current through the melt.

As a result, in this zone, the occurrence of electrodynamic oscilla-
tions and the cyclic occurrence of electric arc discharges were periodi-
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Fig. 6. Scheme of complex processing of aluminium melt in the MDI, when
creating rarefaction in the local zone and initiating the pinch effect in a freely
flowing metal jet: I is crucible, 2 is channel, 3 is inductors, 4 is electromag-
net, 5 is replaceable throttling nozzle made of potassium fluorophlogopite
(throttle), 6 is metal transporting pipe, that holds nozzle, 7 is aluminium
melt, 8 is local rarefaction zone, 9 is region of pinch effect occurrence, 10 is
melt circulation direction.

cally observed when a metal jet, which is a liquid metal conductor,
breaks. Under the influence of electromagnetic forces, when the instal-
lation was switched on a suction mode, metal in a central branch of the
channels pipeline was pushed out into the wall side and from them next
into the crucible. In this case, the melt from the crucible enters back
through the side holes in the metal wire, and then through the hole in
the throttling nozzle flows into the central branch of W-shaped chan-
nel.

When choosing the value of electric current loads, we proceeded
from the currents critical value in aluminium for initiating pinch ef-
fect, at which liquid metal conductor would be completely clamped up
to its rupture. According to various data [26, 27], this parameter
should be in a range 10—25 A/mm?.

It has been established that 10 mm diameter of nozzles hole corre-
sponded to the optimal modes of complex metal treatment process,
since in this case a stable pinch effect was observed. It was accompa-
nied by a complete rupture of the metal jet and the occurrence of an arc
discharge in a local zone, located below the throttling constriction
(current density of 21 A/mm?), at a melt flow rate of 0.7-0.8 kg/s
through the electromagnetic impact zone. In this case, mass of liquid
metal that passed through the treatment zone for 15 minutes was of
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600-700 kg (about 7—8 volumes of metal inside the installation). The
use of a nozzle with a smaller diameter (5 mm) also made it possible to
provide conditions for the stable occurrence of pinch effect and cyclic
rupture of the liquid metal conductor with an arc discharge appears
directly in the throttling hole (current density is of 80—85 A/mm?).
However, the flow rate of the melt through a treatment zone was no
more than 0.2-0.3 kg/s that corresponded to the pumping of only 3
volumes of metal inside installation for 15 min. Increasing nozzle di-
ameter to 15 mm led to a decrease in the current density in the hole
cross-section to 10-11 A/mm? and the disappearance of the conditions
for development of the pinch effect with a break in the liquid metal
conductor, both in the nozzle hole and in the zone located below the
throttling constriction. In addition, due to an increase in a melts flow
rate through the rarefaction zone to 0.9-1.0 kg/s, there was a partial
resaturation of the metal with hydrogen and oxide inclusions.

At the same time, presence of two types of pressure oscillations was
established: the frequency of oscillations of the first type is of 2.5—
3 Hz, the amplitude is of 12—14 kPa, and the oscillations frequency of
the second type is of 100 Hz, and the amplitude is of 2—2.5 kPa.

Due to the voltage mismatch in the inductor coil windings, current
flow through the liquid aluminium alloy was ensured and pinch effect
appeared in the studied local area, as evidenced by a characteristic
sound (dry crackling) that appeared with a time interval of 1.5-2.0s,
duration of 0.15—0.25 s and a frequency of 100 Hz. In this case, a regu-
larity, between oscillation packets alternation with a frequency of
100 Hz (at the moment of break) and the time interval between the
start of pinch effect was established [28, 29]. The amplitude of second
type oscillations was of 2—2.5 kPa.

The periodic occurrence of pulse packets is explained by the alterna-
tion of jet rupture processes under the action of electromagnetic forces
(during the pinch effect) and the subsequent closing of the electrical
circuit, i.e., the periodic restoration of the metal flow from the throttle
hole.

The study of oscillatory processes, occurred in the local zone,
showed the presence of a force impulse effect on liquid metal passing
through this zone. However, it should be noted that the occurrence of
pinch effect also causes a local increase of temperature in this region
due to the arc discharges when the metal jet breaks.

For providing metallographic studies and mechanical properties
evaluations, longitudinal axial templates were cut from the obtained
cylindrical aluminium alloy AK7 (A356) castings. It has been estab-
lished that microstructure of the initial metal (Fig. 7, a—c) corresponds
to the typical structure of Al-Si hypoeutectic alloys (silumin) [30]: a
dendritic structure and dotted precipitates up to 1 ym in size inside the
grains are observed. Average value of the interaxial distance between
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M=120 M=120 M =400
g h i

Fig. 7. Microstructure of AK7 (A356) aluminium alloy: the original alloy (a—
¢), microstructure of the alloy after 15 minutes complex treatment (d—f), mi-
crostructure of the alloy after 30 minutes of complex treatment (g—i).

solid solution of aluminium dendrites is within 12.5 pym. The Si grains
are fine and round shaped, they are deposited like intergranular eutec-
tic. Silicon accumulations along the grain boundaries may rise up to
18-60 pum.

After 15 minutes of complex melt treatment in the mode of circula-
tion pumping through the zone of local rarefaction and initiation of
pinch effect (Fig. 7, d—f), grains of Al-based solid solution were re-
fined to 7—10 um. At the same time, Si accumulations located in the
original metal decreased in size to 10—15 ym and were evenly distrib-
uted, but sharp corners remained. Secondary phase was formed from
solid solution, consisting of dark grey inclusions uniformly distribut-
ed over the structure in an amount of 1.5% . The size of these inclu-
sions was from 16 to 30 microns, and their skeleton and cheese script-
like morphology may correspond to AlsSisMgsFe phase. The results of
continuous metal treatment for 30 min are shown in Fig. 7, g—i. As a
result, the grain size of Al-based solid solution decreased to 5—8 um. Si
inclusions have become shorter and more compact. In addition, in the
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grains of matrix metal, 2-3% of large (less than 20 ym in size) dark
secondary inclusions are observed.

Mechanical tests of metal samples showed that elongation index in-
creased up to 3—3.5 times to 2.4% after 15 minutes of treatment. At
the same time, tensile strength increased 1.4—1.5 times: from 90 MPa
to 1256—-130 MPa.

After melt treatment for 30 min, a decrease in elongation was noted
that amounted to 1.4-1.6% , while maintaining the same level of ten-
sile strength. When treatment duration was 45 minutes, relative elon-
gation decreased to 1.2—1.4% while maintaining the tensile strength
at the level of 125—-130 MPa.

Metallographic investigations of experimental samples after me-
chanical tests showed that, due to prolonged treatment for more than
20 minutes, non-metallic inclusions in the form of oxide films are
clearly visible on the fractures. Such obstacles significantly reduced
mechanical properties of the samples, so to preserve this; it is applica-
ble to filter aluminium during its continuous processing, or to protect
the melt from contact with the atmosphere.

It has been established that the complex treatment of liquid alumin-
ium alloy by its repeated circulation through the zone of local rarefac-
tion ensured the removal of hydrogen dissolved in the melt from 0.6 to
0.05c¢m?3/100 g of metal. An additional heat and electromagnetic force
effect, due to the manifestation of the cavitation in connection with
pinch effect, promotes the transition of iron from the Al;Fe phase to
the AlsSisMgsFe phase, which is located along solid solution grain
boundaries in the form of light grey skeletal plates and contributes to
the crushing of primary silicon clusters and the actual structure refin-
ing.

Meanwhile, holding metal after treatment for more than 20 min
leads to decreasing modification effect, and the amount of hydrogen
gradually (for 3—4 hours) returns to its original level. It has been es-
tablished that the ‘survivability’ of treatment-caused modifying effect
is 20—30 min. Therefore, it is advisable to start it immediately before
the stage of pouring metal into a mould.

5. CONCLUSIONS

When a vibrational effect is applied to a metal melt, certain conditions
are created that cause the occurrence and development of cavitation
phenomenon. It depends on the state of liquid, including its viscosity
and the presence of solid or gaseous impurities in it, as well as on the
pressure field in the cavitation zone. The forces, which cause for-
mation and collapse of cavities during vibrational cavitation, are con-
tinuous pressure fluctuations with certain amplitude.

Process of forming castings that solidify when applying a pulsating
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effect with a frequency of 0.5-2.5 Hz is also accompanied by the mani-
festation of a cavitation effect with large number of small solid phase
fragments formation in a melt at the beginning of the solidification
process. Then most of these particles coarsen and gradually sediment.
As aresult, the macrostructure of the casting becomes refined.

The phenomenon of the linear pinch effect was used to increase the
intensity of vibroimpulse action on the liquid metal in the magnetody-
namic installation. In this case, a complex periodic process of melt flow
rupture and recovery occurs, accompanied by the electric arc, tempera-
ture increase and pressure pulsation. This effect is realized in closed
airtight channels; therefore, between the metal surface and the chan-
nel wall, a low-pressure region is formed, into which dissolved gases
may diffuse.

It has been established that in the secondary aluminium alloy AK7
(A356) with a high iron content (Fe > 1%), after 15 minutes of its melt
electrophysical treatment, hydrogen concentration decreases from
0.6-0.3cm?®/100g in original metal to 0.1-0.05cm3/100g after
treatment. At the same time, the sizes of structural components, in-
cluding intermetallic compounds, decrease 2—3 times due to the dis-
persion of microheterogeneities. It is caused by pinch effect in combi-
nation with the created forced electromagnetic circulation of the alu-
minium melt with a flow rate of 0.7—-0.8 kg/s through the zone of cyclic
local increase in metal temperature (up to 3000 K) and pulsed force ac-
tion on it.

It is shown that the cyclic electrodynamic and thermal effects on the
current-carrying aluminium melt leads to a microstructure refinement
of secondary aluminium alloy, as well as to changes of composition and
distribution of iron-containing phases. Such effect is reached because
pinch effect is initiated in melt flow, as well as the provision of multi-
ple pumping alloy through the complex treatment zone.

It was determined, that after 15 minutes of complex treatment of
secondary aluminium alloy AK7 (A356) in MDI (80 kg capacity for al-
uminium melt), the relative elongation of alloy increased 3 times from
0.8% (original metal) to 2.4% (treated metal). Tensile strength after
processing increased 1.5 times. For the used aluminium alloy of the
Al-Si system and specific energy consumption of 0.07-0.08 kW /kg,
the mass flow rate of the melt through the treatment zone is 0.8 kg/s;
the optimal treatment time is 15 minutes.

This contribution was created under the support of project
0118U006153.
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3MminHeHHA aJdoMiHiioBuX croniB [{lupkoniem

. B. Isarnuenko, . C. Jleoros*

HauionaavHuil mexnivHuil ynigepcumem Yrpainu

«Ruiscvruil norimexnivnuit incmumym imeni Izops Cikopcvko20»,
npocn. Ilepemozu, 37,

03056 Kuis, Ykpaina

*Texniynuii yenmp HAH Ykpainu,

ey.. [Toxposecvka, 13,

04070 Kuis, Ykpaina

B poOoTi geTasibHO POSTIAHYTO OCHOBHI acHeKTH 3MiIlHEHHS aJOMiHilOoBHX
croniB IMupkoniem. BecranosieHo, 110 migBUINEHHA MeXaHIYHUX BJIACTUBOC-
Tell amoMiHitioBux croniB Ilupkoniem BinOyBaeThCA He TiJIBKU 3aBAAKU II0-
IpiOHEHHIO 3epeH PO3UYMHY OCHOBHOTO JIET'YBAJbHOT'O €JIeMEHTY y aioMiHii,
ane i padinyBasnbHil fii Ilupkonito, AKa moasarae B OUMUINEHi alOMiHITOBUX
cromiB Bif 'igporemy. Okpim Toro, 3MiHeHHA amfoMiHifioBuX cromiB [[upKomHi-
€M JOCATAEThCA 3aMobiraHHAM MOABi HebakaHMX KPUXKHUX (a3, HATpUKJIAaLI,
MgsAls, MgsAls y cronax cucremu Al-Mg, 110 gocaraerscsa BBegeanam Iup-
KOHiI0.

Karouori croBa: amtominiiioBi cronu, Ilupkowniit, smimaioBau, Moaudiry-
BaHHA, JIeI'YBaHHS, papinyBaHHSI.

The main aspects of strengthening aluminium alloys with zirconium are con-
sidered in detail in this work. As established, the improvement of the me-
chanical properties of aluminium alloys with zirconium occurs not only due
to the grinding of the grains of the solution of the main alloying component
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in aluminium, but also by the refining effect of zirconium that is purifying
the aluminium alloys from hydrogen. In addition, the strengthening of alu-
minium alloys with zirconium is achieved by preventing the appearance of
undesirable brittle phases, for example, Mg2Al;, MgsAls, in alloys of the Al—
Mg system that is achieved by the injection of zirconium.

Key words: aluminium alloys, zirconium, reinforcing agent, modification,
alloying, refining.

(Ompumano 5 kgimnsa 2023 p.; ocmamouH. apiasnm — 13 keimusa 2023 p. )

1. BCTYII

Hait6inpm aieBUM CIOCOOOM MOJIIIIIEHHA MEXaHiuHWX BJIACTHUBOCTEH
amoMiHiioBux cromis cuctem Al-Mg, Al-Cu Ta 6araToKOMIOHEHTHUIX
crucTeM Ha IXHi#l OCHOBi € Moau(piKyBaHHS Ta Jier'yBaHHA. EQeKTuBHUM
3MiIlHIOBaueM aJIOMiHiOBUX CTOIiB, cuniBcTaBHUM 3i CKampgiem, Tura-
HoM i siratypoio Tutan—bBop, € [lupkoniii. ITpore Bizomo [1], 110 edekr-
TuBHiCTH I{upKOHiIO ¥ AKOCTI 3MillHIOBaYa 3a BBEJEHHS HOTO Y CKJIAJ
BUINIEBKA3aHUX AJNIOMiHiOBMX CTOIIIB € pisHOI0. BasK/InBOIO € i moci-
IoBHicTh BBefeHHA IlupKoHio y posTonu anoMmiHifioBux cromiB. 3 me-
TOI0 YHUKHEHHS YTBOPEHHA CUJIIMUAIB ¥ cTomax cucrtemMu Al—Si ITupko-
Hi# cJil BBOAUTH Y PO3TON HA OCHOBIi amoMiHiio mepen BBegeHHAM Cu-
Jgiriro. Hes’sicoBaHUM TaKOMK 3a/IMUIIAETHCA NIUTAHHA: B HACIITOK YOro
3IifiCHIOEThCS HANOIIbIINI e(peKT 3MilfHeHHA? Y TelepiliHii yac € ge-
KimbKka mosicHeHb pPisHOI ederTuBHOCTH IlMpPKOHiIIO AK 3MimHIOBaua
amoMiHifioBux cromiB. Uum BimOyBaeThcsA 3MiIlHeHHSA aJOMiHiOBMX
cromiB llupkoHiem, HacamMnepen, 3aBAAKY H0Oro Aii y SKOCTi 3apOAKOYT-
BOPIOBAJILHOTO MoAu(pikaTOpa Y1 MOMKe 3MillHeHHA Big0yBaeThbCcs 3a o-
o0 BUKOPHUCTAHHS Y SSKOCTI JIEI'yBAJIbHOTO €JIEMEeHTY aJIIOMiHiHOBUX CTO-
miB, a, MOXKJIUBO, IIMPKOHIN AK rigpua0oyTBOPIOBAJIbHUI €JIEMEHT MOYKe
CIIPaBJATH padiHyBaJbHY Mil0 HA aJlOMiHiHIOBi CTOIIM Ta TAKUM YHMHOM
aminmaOBaTH iXx? Bei i nmuTaHHA BHMAaraioTh y3araJbHEHHS TOTO, IO
BimOyBaeThcsa 3a BBeleHHA [[upKOHiO y aqoMiHiHIOBI cTOIM Ta BKa3y-
IOTh Ha Te, 110 3MiIfHeHHA ajmoMiHiioBux croniB IlupKoHieMm € cKian-
HUM, OaraToIlIaHOBMM mIpoiiecoM. MeTo pobOTH € y3araJbHEHHS CY-
YaCHUX YSABJIEHD IIPO 3MiITHEeHHA aJaoMiHifioBux croniB IlupkoHiem.

2. 3SMIITHEHHA AJIIOMIHIOBUX CTOIIIB ITUPKOHIEM

BBaxaeTrncsa, mio sminuioBasbHA Aid [lupKoOHiIO I'pYyHTYEThCA HA YTBO-
PeHHi 3a mepUTeKTUUYHOI peaKIlii inTepmeraniguoi cronyku AlsZr uepes
OXOJIOMKEeHHs PO3TOIly, siKa Mae mapamerpu rpatauni a=0,407 um,
c=1,732 um, 110 HAGJIMIKAIOTHCA OO MapaMeTPiB I'PaTHUIIL aJTIOMiHiio
a=b=c=0,405 um [2]. OgHaK B pe3yabTaTi IEPUTEKTUYHOTO IIEPETBO-
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peHHd B cucTeMi Al—Zr yTBOPIOETLCA HEJOCTATHA KiIbKiCTh IEePBUHHAX
iHTEepMeTaJigiB A1 MakKCUMAJIbLHOTO HOopiOoHeHHA 3epHa. [leputexTn-
YHa peaKIlis € TiJIbKMU 3ac000M YTBOPEHHS (3a IeBHUX YMOB KPHUCTAJi-
3aIii cTomry) B po3ToIi HOAATKOBOI KiMTbKOCTH APiOHMX YACTUHOK IIEp-
BUHHUX iHTepMeTaxigiB AlsZr.

KinpkicTh yacTMHOK iHTepMeTaJIiZiB, III0 BUHUKAIOTEL y IIPOIeci me-
PUTEKTHUYHOI peakKIlil € IpsaMo IPOHOPIiAHOI TeMIepaTypHOMY iHTep-
BaJIy Mi)K TeMIIepaTypoIio IEePUTEKTUYHOTO IIePEeTBOPEHHA Ta TeMIiepa-
TYPOIO TOILJIEHHS aJIIOMiHiI0 a00 PO3UMHY Ha HOro OCHOBi; TOMY MOXKHA
OPUUHATH 3a NMOPiBHAJBHUMN KPUTEPill PLKHMUITI0O MiK ITUMU TeMIepa-
rypamMu — At. Beanuuny At 1j14 1eAKUX IMOABIMHUX CHUCTEM aJIIOMiHiIO 3
TSKKOTOIIKMMY MeTaJIaMU IIpefcTaBJaeHo ¥ Tao. 1.

IIpore cronyka AlsZr y crabiJibHOMY cTaHi, ofepikana B pes3yJbTaTi
KpucTajisaiii posromy, He 000B’A3KOBO BHCTYIIA€ Yy AKOCTi 3apomKa,
OCKiJIbKM He Ma€ IMMOBHICTIO KOTePEeHTHOT0 3B’ IBKY 3 MaTPUILEIO CTOITY, a
IO TOTO K KLIBKICTh TAKUX YACTHHOK cTabinbHOI (pasu AlsZr € HegocTa-
THBOIO. ¥ TBOPEHHJ K croayKu AlsZr y meracTabisibHOMY cTaHi 3 Kybiu-
Hoto rpatHUIeio (a =b=c=0,407 um) ToB’A3aHe 3 HASIBHICTIO ¥ PO3TOITi
JeryBaJIbHUX KOMIIOHEHTIiB, Hacammuepen, Cuiimito [3], i BinOyBaeThca B
pesyJabTaTi TepMiuHOrO 00pobIeHHA. TaKuM YMHOM, 3aBIAHHAM TE€XHO-
JIoTa € OJlepPsKaHHA Y CTOIIi, IO 3aKPUCTATIi3yBaBCs, IIEPECUUYEHOTO PO3-
ynHy [{upKoHiio 3 HACTYITHUM H0T0 PO3IaA0OM IIiJ Yac TepMiuHOTro 00po-
OJeHHS If YTBOPEHHSM IIeHTPiB Kpuctaiisamil AlsZr xy6iunoi dopmu.
Ha Takux meHTpax BiIOyBaeThCA PEKPUCTATII3AIlisg CTOIIY, IKA, Y CBOIO
Yepry, CYIPOBOIKYETHCA IIOAPIOHEeHHAM 3epeH.

Bigomo [4], 110 y JiraTypi, AKa BUKOPUCTOBYETHCA MJIA MOAUMIKY-
BaHHA aJIOMiHiIOBUX CTOMIiB, MaiiKe Bech IIMPKOHiN € 3B’sI3aHUM Y
cnoayKy AlsZr, sika MICTUTBCA y BUIVIALL «I'OJIOK» OKpeMol (asu, 3 TeM-
neparypoio TomeHHsa y 1577°C. [upKoniii, AKMUii 3HAXOAUTLCA y IIil
¢azi, He € Mmoau(piKaTOPOM 3aPOAKOYTBOPIOBAJIBHOIL il 3a KpucTaJaisarii
postony. Tomy akTyaqbHUM € BBeeHHA I[MPKOHiIO y CKJIa1i KOMILJIEKC-
HOTO (hitocy, KUl 3a0e3meuye y pesyabTaTi XeMiuHUX peakIliii [5] BBe-
nenHa IlupKoHifo B pOo3TOI B aTOMapHOMY CTaHi, 110 CIIPUAE aKTUBHOMY
YTBOPEHHIO BEJINKOI KiJIbKOCTU AUCIIEPCHUX KPUCTAJiB iHTEpMeTaTiiB,

TABJINIIA 1. BernuuHa piskHUI MiK MIEPUTEKTUYHOIO TEMIIEPATYPOIO y CHC-
tremax Al-Ti, Al-Ta, Al-Nb, Al-Zr, Al-V, Al-Cr i TemmepaTypoio TOILJIeHHS
yucToro ajdwoMinio [1].

TABLE 1. The difference between the peritectic temperature in the Al-Ti,
Al-Ta, Al1-Nb, Al-Zr, Al-V, Al-Cr systems and the melting temperature of
pure aluminium [1].

Cron | AI-Ti | Al-Ta | AI-Nb | Al-Zr | AI-V | Al-Cr
At, °C 4,8 7,8 4,8 0,3 1,7 1,0
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SIKi TeOpeTMYHO MOKYTH YTBOPHTHU y OaraTo pasiB Oiibllle 3apoaKiB
IeHTPiB KpucTaJjisalii, Hisk 3a BBefeHHda [{uproniro i3 Jiratyp.

Ha Bigmimy Bim BuInieBKasaHoOTo psanx yuyeHuHX [6] maroTh iHIle mosc-
HeHHA IIpollecy 3MiInHeHHA aJyoMiHiMioBux cromiB IMupkoumiem. Tak,
M. B. MansneBum i E. A. 3apymom 0yJio IpoBeeHO JOCTiAKeHHs, CyT-
HIiCTh SKUX IIOJATAE Y JOoAaBaHHI Zr i3 girarypu Al-Zr B amxrominiiio-
BoMarHitosi cronu (o 10% Mg). Beramoieno, 1o B mpucyTtHocTi 11u-
PKOHi0 JeHAPUTH AJTIOMIiHiI0 MaJIX OiIBIII TOHKY OyZOBY 3 HOAPiOHEHOIO
dasoro  (MgsAlg); mpuuomy ITupKoHiii 6yB po3TarioBaHuii B OCHOBHOMY
Ha MeXKaX 3epeH y CKJIAAi CIOJNYKH, OJIM3bKOI 3a XeMiUHUM CKJIaJI0M [0
AlsZr. Tlokasano, mo ITupKOHiN KOHIEHTPYETHCS II00IM3Y IIOBEPXHI
IEeHIPUTY 1 YTBOPIOE IIEPENTKOAY AJIA IIiiBeIeHHA aTOMIB pifuHU Ta 3a-
mobirae mporiecy yTBopeHHa KpuxKoi dasu  (MgsAlg). [asa nepeBipku
miei rimoresu OyJ0 IIPOBEIEHO MOCHiKeHHs BBeleHHs Ilumpkoniro y
crou cuctemu Al—-Mg—Si y ckiani kommiexkcuoro ¢utocy. Beramosiewo,
1170 IPOIleC 3MilfHeHHS 3BOAUBCSA He TLIBKY 40 He3HAUHOIO IIOAPiOHeHHA
3epeH po3unHy Maurany Ta Cuiiifito B amoMinii mig uac kpucraidisarii
posTomny, ajie i 1o 3amobiraHHs yTBOPEeHHIO KpuxKoi pasu MgsAls, 3oce-
PeIKeHol Io MeKaxX 3ePeH, IMLJISIXOM 3aMillleHH y il XeMiuHiN CIIoJry-
i aromiB Manrany aromamu Ilupkownito (puc. 1).

XeMiuHUY CKJIaI CTPYKTYPHUX CKJIATOBUX HaBelIeHO y Taba. 2—4.

Inmuii MexaHi3M I'PDYHTYETBHCS Ha 3MiITHEeHHi 3aBAAKU paiHyBaHHIO
PO3YMHY OCHOBHOI'O JIEI'YBAJBHOT'O €JIEMEHTY TOI'O UM iHIIIOIO aJIIOMiHi-

Puc. 1. CrpyKTypa 3paska aaioMiHifioBoMaruiiioBoro JUBapHOI'O CTOIY CHCTe-
mu Al-Mg—Si (TeMHa cKJIamoBa Ha Mesxkax 3epeH — Mg,Si, cBiTia ckiagoBa —
BKJIIOUEHHS, 1[0 MAIOTh Y CBOEMY cKJaani Mg, Al, Zr).

Fig. 1. The structure of a sample of an aluminium—magnesium cast alloy of
the Al1-Mg-Si system (the dark component at the boundaries of MgsSi grains,
the light component—inclusions containing Mg, Al, Zr).
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TABJUIIA 2. Xemiunuii ckaam vacTuHKT Ne 1.

TABLE 2. Chemical composition of particle No. 1.

EnxemenT IaTeHcuBHiCTL Bwmict, %
MgK 4882 8,89
AlK 28587 72,53
SiK 382 0,53
ZrL 2557 18,05
Sum 100,00
TABJINIIA 3. Xemiunnii ckiaag yacTuaky Ne 2.
TABLE 3. Chemical composition of particle No. 2.
Enement IETeHCUBHIiCTD Bwmict, %
MgK 5962 8,96
AlK 35354 74,46
SiK 502 0,66
ZrL 2458 15,92
Sum 100,00
TABJMUIIA 4. Posunn crony cucremu Al-Mg—Si.
TABLE 4. Al-Mg—Si system alloy solution.
Enemenr InTeHCcuUBHiCTD Bwmict, %
MgK 4148 4,16
AlK 66203 95,10
SiK 544 0,74
ZrL -69 0,00
Sum 100,00

MOBOTO CTOMY.

Bimomo [7, 8], mio mixg yac Kpucragisaiii agoMiHifioBoKpeMHioBoO1
eBTeKTUKU Bif0yBaeThcsA iHTeHCHUBHe BuAiIeHHA [imporemy 3 o-(asu.
Biu 6yi0Kye 3pocTaHHA 3apOJKiB He TiJIbKM aJloMiHiiioBoi, aje i Kpem-
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HitoBOI (pas, IO MPUBOAUTH OO KPHUCTAJIil3allil 3HAYHUX 3a pPo3MipaMu
KPHUCTAJIIB o-(pa3y I eBTeKTUKHU 3a 3aTBepAiHHA cuayMminy. Tomy aiasa
Moan(piKyBaHHA X HeoOXimHi aKTHMBHI BHCOKOTEeMIIEPATYPHI Tigpumo-
YTBOPIOBAJIBbHI ejleMeHTU-MoAu(piKaToOpu, AKi MOTrJIn 0 YCYHYTH rasoe-
BTEKTHUUHY 0JIOKAAy 3pOocTalounXx 3apoAkiB a-dasu. [lumu mogudikaro-
pamu ciayskare: Ti, Zr, Sr, Sb, Na. I'osioBHA iXHA poJsib — 3B’A3yBaTH
MOJIEKYJIAPHUN BOAeHb, AKUUN BUAiNAETbcA 3 o-(asu B rigpuau. Ile
CIIpUsA€ YTBOPEHHIO Ta PO3BUTKY 3apOJIKiB ajmfoMiHiioBol (pasu i eBTeK-
THUKHU, 1110 IPUBOAUTEL 0 MOAM(PIKyBaHH IX Iig yac 3aTBEPAiHHSA CHIY-
mimiB. [Jia miaTBepasKeHH ITiel Te3u OyJIo IIPOBEIeHO JOCTiMKeHHI Ha
Bumict Iizporeny B ammominiiioBux cromax cucremu Al-Mg—Si, a came,
AMrl1l ra AMr5K, moaudikoBaHMX CYMIIIIIIO, IO MiCTHUTh (DTOPHI
IMupxoniro (puc. 2).

3 miarpamu, mpeacTaBiieHol Ha puc. 2, BUAHO, IO 3i 30iJbIIIeHHIM
BmicTy dropuny Ilupkonito, AKMM BBOAUTHCA 40 po3Tony, BMicT I'inxpo-
r'eHy, PO3UMHEHOTO Y BKasaHUX CTOIIaX, 3MEHIITYETbCA, 1110 TOO0iYHO mmif-
TBEPIKY€E B3aIIPOIIOHOBAHUM MexXaHi3M 3MinmHeHHs cuiayMiHiB. Tomy
CJIig BBasKaTH, IO 3MIiIITHEHHA AJIIOMiHiOBUX CTOIIIB Y ILOMY BUMNAIKY
Oyme BusHauaTuCcsa padgiHyBaHHAM 3pPOCTAIOUUX IEHTPIB KpucTasriszairii
o.-hasu Bi podunHeHOTO0 ¥ poaToIlri I'ifporeny.

0,0003 1

0,00025
N

0,0002
\\‘
-

0,00015 <+

BwmicT Bogmio, %

0,0001
—— AMrl1

-5 AMr5K
0,00005

0 0,5 1 1,5 2 2,5 3 3,5
BwmicT ¢propuny nmupkoHio, %
Puc. 2. Bumicr INizporeny B amominifiopomaruiiiosux cromax AMrll i AMr5K,
aminuenux I{upkoniem is cymimri, o micturs dropus [lupkoniro.

Fig. 2. Hydrogen content in aluminium-magnesium alloys ‘AMrl1’ and
‘AMr5K’ strengthened with zirconium from a mixture containing zirconium
fluoride.
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3. BUCHOBOR

Bceranosieno, 1o aMinHeHHA ajdoMiHiioBuX cTomiB Ilupkoniem e Oara-
TOILIAHOBUM, CKJIAAHUM HIpoIiecoM, e I{upKoHiii BucTymae moapioHio-
BaueM fAK IIePBUHHUX (pas3 3a KpucTaJIisallii, Tak i BTOpUHHUX, OJepsKa-
HUX B pe3yabTaTi Tepmiunoro obpobaenusa. Ilokasamo, 1mo amimHoOBa-
JbHAa mia [lupKoHio I'pyHTYy€EThCS He TiIbKM Ha IOAPiOHeHHi 3epeH, aje
71 Ha 3amobiranui moasi HebaXkaHMX KpUXKUX a3, Hanpukriaazn, MgsAls,
y cronax cucrtemu Al-Mg ta padinyBaHHIO OCHOBHOI'O PO3UMHY AJIIOMi-
HiltoBuUX cTomiB Bixg I'ixporeny.
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HocaigsxeHo MexaHiuHI XapaKTepuCTUKU, (ha30BUM CKJIA], 3aJUIIKOBI MaKpO-
CKOITiYHi Hampy:KeHHs Ta Tomorpadiio moepxHi crony Co—Cr—Mo—W, Buro-
TOBJIEHOTO 3D-IPYKOM 3a IJOIIOMOI'0IO CEJIEKTUBHOI'O JIa3ePHOTO TOILJICHHS II0-
poIIKky Ta MOAu(}piKOBAaHOTO YIBTPA3BYKOBUM yaapHUM obpobaeHHaAM (Y3VO)
B iHepTHOMY cepefoBuIlli. BcTaHOBIEHO B3aEMO3aIeKHICTh MidK MeXaHIYHUMH
BJIACTUBOCTAMHU MOAM(iKOBAHMX IIOBEPXHEBUX INapiB i iXHIM CTPyKTypHO-
¢asoBuM craHoM micasa BoauBy ¥Y3¥YO pisaoi TpuBanoctu (20—-60 c). Makcu-
MaJbHUN edeKT 3MilfHeHHs moBepxHeBoro miapy crony Co—Cr—-Mo—W (y 1,5
pasu) gocaraerbed miciasgs Y3VO Bupomor:x 30 ¢ i 3ymoBieHUE (hopMyBaHHAM
CTUCKAJNLHUX HaANpy:KeHb mepiioro poxy (—510 MIla, mo y = 5,5 pasiB Buime
MOPiBHAHO 3 BUXIiTHUM CTAHOM), 3MEHINEHHAM PO3MipiB KPUCTAJITIB &-
(80 HM) i y- (=140 am) das, a TakoK 36imbIIeHHAM BMicTy €-dasu Big 5% mo
95% 3a paxyHOK MapTeHcuTHOro mepersopenns. [llopcrricTs MogudikoBanoi
MOoBepxHi micaa omrtumanabHOro pexumy ¥Y3YO0 (30c) mae mapamerpu, AKi
NpakTUYHO He BipisHAIOTHCA Big BUXIZHOrO IOJipOBAaHOTO CTaHY
(R,=2,66 MM i R,=0,52 mx™m). ITigBunienuasa MiKpOTBEePAOCTH Ta 3HOCOCTii-
KOCTH IIOBEPXHEBUX IIIapiB MOBOAUTL MOKJINBICTL 3acTocyBaHHsa Y3YO i B
AKOCTi eheKTUBHOTO METOAY JIOKAJIHLHOTO (II0OBEPXHEBOTO) IIOCT-O00pPOOJIeHHS
MeguvYHUX BUPOOiB i3 3D-gpykKoBanoro crorny Co—Cr—Mo—-W.

Karouosi croBa: 3D-ApyK, CelleKTHUBHE Ja3epHE TOILJIEHHS, YJIbTPa3ByKOBE
ynapHe o0poOJieHHS, CTPYKTYPHO-(as3oBuii CKJal, MeXaHiuHi BJIaCTHBOCTI,
3HOCOCTiHKiCTh, OpTOIEemis.

The mechanical characteristics, phase composition, residual macroscopic
stresses, and surface topography of the Co—-Cr—Mo—W alloy manufactured by
3D printing using laser bed-powder fusion and modified by ultrasonic impact
treatment (UIT) in an inert environment are studied. The interrelation be-
tween the mechanical properties of the modified surface layers and their
structural and phase state after UIT of different durations (20-60 s) is estab-
lished. The maximum hardening of the surface layer of the Co—Cr—-Mo-W
alloy (by 1.5 times) is achieved after UIT for 30 s and is caused by the for-
mation of compressive stresses of the first kind (-510 MPa, which is 5.5
times higher as compared to the initial state), a decrease in the crystallite siz-
es of the ¢- (80 nm) and y- (= 140 nm) phases, as well as an increase in the con-
tent of the e-phase from 5% to 95% due to the martensitic transformation.
The roughness of the modified surface after the optimal UIT regime (30 s)
has parameters that practically do not differ from the initial polished state
(R,=2.66 ym and R,=0.52 um). The increase in microhardness and wear re-
sistance of the surface layers proves the possibility of using UIT as an effec-
tive method for local (surface) post-treatment of medical products made of
3D-printed Co—Cr—Mo—W alloy.

Key words: 3D printing, selective laser melting, ultrasonic impact treat-
ment, structural-phase composition, mechanical properties, wear resistance,
orthopaedics.
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1. BCTYII

Cronu cucremu Co—Cr—Mo € cyuacHMMU MeTaJeBUMU OioMaTepigiaMu,
AKi B 1aHn yac e)eKTUBHO BUKOPUCTOBYIOTHCA B OPTOIEANYHIM cTOMA-
TOJIOTII Ta IJ1d IPOTEe3yBaHHA OIMIOPHO-PYXO0BOI CICTeMU Ha PiBHIi 3 THUTa-
HoBUMU cTonamu [1, 2].

Haa Co—Cr—Mo-cTomiB xapaKkTepHe ONTHUMAJbHe MOETHAHHA PYHK-
I[iOHAJBHUX BJACTHUBOCTEHN, TAKUX AK B A3KICTH M0 PYHMHYBAHHS, MIiII-
HicTh i 6iocyMicHiCTEH. 3aBAAKY BUCOKiM KOPO3iiiHiii i 3HOCOCTIHKOCTI ix
HIMPOKO BUKOPUCTOBYIOTH ¥ AKOCTI MaTepidAJiB IJd YaCTKOBO 3HIMHUX
IpoTe3iB, HEe3HIMHUX 3y0OHPOTE3iB, a TAKOMK AJId INTYUHUX IIPOTE3iB
Ta30CTErHOBUX CcyriobiB [3—T].

CrocosHo cToiriB Co—Cr—Mo—W, To Ha CLOT'OAHI ByKe HAKOIMUYEHO II0-
SUTUBHUU MOCBiJ BUKOPHUCTAHHA IX MJIS OJep:KaHHSA 3PasKiB KOpPOHAap-
HUX CTEHTIB Y BUIJIAMI TOHKOCTIHHUX TPYOOK 3 TOBII[MHOIO CTiHKHU Y
0,11-0,16 mm i soBHiMmHIM gigsmerpom y 1,4-2,8 mm [8]. 3aBasaxu Bu-
COKMM MEeXaHiUYHMM BJIACTHUBOCTSIM ITMX CTOIIB BIAETHCA 3a0e3MeUUTH
HeoOXimHy pagiaabHy IYIKICTh KOHCTPYKIIil CTEHTIB HABIThH 3a MaJamux
3HAUYEHb JisIMeTpa Ta TOBITUHU.

BaactuBocrti cromiB Co—Cr—Mo—W 3abe3neuyioThCcsi TBEPAOPO3ULH-
HUM i OUCHepCciiHMM 3MiITHEeHHAMU 3a PaXYHOK YTBOPEHHsS KapOimis
M33Cs. Tum, posmip Ta 06’eMHA UacTKa KapOifiB sajeskaTh BiJf YMOB
TBePAiHHSA, a TAKOXK BiJl XeMiuHOro cKJaaay. 3rigHo 3 6iHapHOIO ()a30BOI0
niarpamoro cucteMu Co—Cr, XpoM Mae BUCOKY PO3UNHHICTE ¥ TBEPAOMY
KO00aJIbTi; IIi eJIeMeHTH YTBOPIOIOTh TBEP/i PO3UMHU 3 BUICOKNMM BMiCTOM
Co: dasy y-Co 38 kpucraniunow crpykryporo I'IIK Tta dasy e-Co 3 Kpuc-
rasigHoto cTpyKTypoto I'TIIII. ®dasa e-Co TBeppima, HixK dasa y-Co, i mmo-
JINIIye MexXaHiuHi BJIACTMBOCTI. YTBOpeHHs &-pasu BigOyBaeThcA 3a
MapTeHCUTHUM MexaHismMoMm. IloBimomiaserbcsa, mio HaAaBHICTE W y
cKJami cTony crabimizye e-pasy B MATPHUIIL.

HesBakaoun Ha BUCOKI MexXaHiuHi BJaCTUBOCTI TaKUX CTOMiB, KaTi-
oau Co ta Cr, AKi IOTPamJISOTE Y KPOB, CTAIOThH IIKIAJINBUMHA AJIS HAIli-
eutis [9]. Tomy 3a3Buuait HeoOXigHEe 00POOJIEHHS ITOBEPXHi A1A hopmy-
BaHHSA IIaCMBHOI OKCHJHOI ILIIBKM Ta 3a0e3leueHHS ITOBEPXHEBOTO
b6ap’epa, 1o obmerkye Kopoaito mux cromis [10, 11].

Tpaauiliiino A8 BUTOTOBJIEHHSA 3yOHMX IPOTE3iB 3i CTOMIB Ha OCHOBi
K00aJbTy BUKOPHCTOBYIOTHCS MPOIIECH JINTBA Ta rapAdYoro KYyBaHHS.
AJe meraii i3 cKJIagHOIO TeOMeTPieio (POPMHU, II[O0 BUTOTOBISIOTLCS JIUT-
BOM, MalOTh HeJOCTATHBO BUCOKY MilfHicTh. MinmHicTs gerasiB, ozepika-
HUX ILJTaCTUYHOIO JedopMallicio, Moke OyTHM HabaraTo BHUIIOIO; OTHAK
IIIJITXOM KYBaHHS BayKKO OJlep:KaTH AeTaji CKJIATHOI reOMeTPUYHOI (o-
pMmu. Ii MmeTogu mOCTAaTHLO CKJIATHO 3aCTOCOBYBATH AJIA BUTOTOBJIEHHS
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CTOMATOJIOTIUHUX Ta OPTOIIeANUYHUX BUPOOiB 3i cTomiB Ha ocuHoBi Co—Cr,
AKi BaKkde HMifgaThbCA JUTBY, Hi’K KOIITOBHI CTOIIM, Yepe3 BUIIY TEM-
nepatypy Tomaenud (1623—1723 K). Kpim Toro, momanbiite 06pobieHHS
YCKJIQAHIOETLCA Uepes IXHIO TBEPAICTh i CXMJIBHICTL O CIOTBOPEHD IIif
yac saTBepminug [12, 13].

1106 yHUKHYTHU ITpo0JeM, AKi BUHUKAIOTD Y IIPOIleci JUTBA Ta IIITaM-
OyBaHHSA, HA JAHUUA MOMEHT 3aCTOCOBYIOTHCS TE€XHOJIOTil aJlUTHBHOIO
BupoOHUINTBA (3D-APYK) AK HOBUH OinbIl eeKTUBHUN cIIOCi6 M1 BuU-
TOTOBJIEHHS CTOMATOJIOTiUHMX BHPOOiB, cepel AKMX MOMKHA BUIiJIUTH
3D-rexHoJorifo ceaekTuBHOrO Jasepuoro tomaeHus (CJT, SLM) nopo-
OIKYy.

Ocranni myosikarii [14—18] eBiguars, mo 3D-apyk 3abesmneuye ede-
KTUBHY Ta MIBUAKY TeXHIKY IU(POBOTO IPOEKTYBAHHS Ta BUTOTOBJIEH-
HA OiocyMicHMX MeTaJIeBUX KapKaciB AJd CKJIaIHIX 3yOHUX IIPOTE3iB i3
OoJIinImeHuMu (pisSMYHUMU Ta XeMiUYHUMHU BJIACTUBOCTSIMM, TAKUMU AK
MiITHiCTB, TOBrOBiUHICTD i cTifiKicTh M0 Koposii. IIporesu, BurorosiaeHi
3i cromiB Co—Cr 3a momomororo CJIT, MmaroTs iy cTifiKicTh 10 KOposii
Ta BUNTY MIITHiCTh MOPiBHAHO 3 IPOTE3aMU, BUTOTOBJIEHUMMU 3a JOIIOMO-
roio Tpaguniinux MetoniB. Ile modcHIOETHCA TUM, 110, Ha BiAMiHY Bif
Tpasuiiiiaux metoniB, CJIT symoBiaioe opMyBaHHS OiJIBII JOCKOHATIOI
MiKPOCTPYKTYpPH, SKa AOJATKOBO MOJIiNITye (hyHKIIiIOHAJIBHI BJIACTHUBO-
cTi BupoOiB. IloBHe JOoKaIbHE TONJEHHSA TA MIBUAKA KPUCTAIi3aIlia Ta-
KOXX YMOMKJMBJIIOIOTh MiHIMi3yBaTH BaJIUIIKOBI JedeKTu Ta MOpUcC-
TicThb. B pesyabrarti mpoiiec CJIT Beze g0 omepskaHHsd IIIILHOTO MaTepi-
STy 3 OMHOPiAHOIO APi6HO3ePHUCTOIO MiKpPOCTPYKTypoio [14, 18]; BiuB
Kapb6ixiB Ha TBepaicTs CJIT-BupobiB He3HAUHMM MOPiBHAHO i3 JIUTUMU
3pa3sKaMHu, OCKiJIbKM 3a BHCOKOIIBHAKICHMX HPOIIECiB BUTOTOBJIEHHS
3pasKiB KiIbKicTh Kap0OifiB HaA3BHUUAHO MaJja.

o mpobyem, IKi ralbMyIOTh PO3BUTOK 1 ITUPOKE 3aCTOCYBAHHA JeTa-
JiB, Oleps;KaHUX 3a TeXHOJIOTieo 3D-APYKY, Ta BUMAramoTh HOTAJIBIITIX
eKCIIepMMeHTAJbHUX AOCJIiIKeHb, HAJIeKaTh TaKi: aHi3oTpomia MiKpo-
CTPYKTYPHU Ta MEeXaHiUYHINX BJIaCTHUBOCTeI; MaKpogedeKTH, Y TOMY UMCIIi
nedeKTU HEIIOBHOT'O CTOILJIEHHA, OPU, NIOPCTKICTh IIOBEPXHI Ta BUCO-
KUl piBeHb 3aJIMNIKOBUX HAIPYXKeHb poadrary. Ili medekTu 3HaYHOIO
MipOI0 HOHMIKYIOTH BTOMHY JOBTOBiUHicTHL MeTaseBux 3D-BupobiB. B
JaHWH Yac 3aJIUIIKOBI Je()eKTH Ta HANPY:KEHHsS B OCHOBHOMY yCyBa-
IOTHCA MOAAJIBIINM TEPMIUHNM OOpPOOJEeHHAM i MexXaHiuHOO Jedopma-
I[i€10, IIT0 YMOMKJINBIIIOE MOJIIIIINTY KOMILJIEKC MeXaHiUHUX BJIACTHUBOC-
Teil (Me:Ky IJIMHHOCTH, MiITHiCTH Ha PO3TAT, MJIACTUYHICTDL i TOBroBiu-
HiCTB).

OpHUM 3 e(peKTUBHUX CYUYACHUX CIIOCO0iB MOAU(PiKyBaHHA MOBEPXHi,
YCYHEHHS HOBEPXHEBHX MaKpoAedeKTiB i 3aJHINIKOBOI IIOPyBaTOCTH,
MMOHMKEHHA PiBHA 3aJUINTKOBUX HANPYKEHb PO3TATY Ta IIOJIIMIIEeHHS
KOPO3iMHUX BJIACTHBOCTEN ITMPOKOr0 KOJia MaTepPifAjiB BBaKAaETHC Ta-
KU MeTOoJ iHTeHCHWBHOI ILIAaCTUYHOI Aedopmarrii AK yJIbTPasByKOBe
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ynapHe 00pobsenHs (Y3YO0) nmoBepxHi BupobiB [19—21]. ¥Y3VO mae amo-
Iy 3MiHIOBaTHU AUCJOKAIiHY CTPYKTYPY MaTepiday, IIiABUITYBaTU I'yC-
TUHY IUCJIOKAIlill, ToApiOHIOBaTH 3epHA Ta cyb3epHa 4O HaHOPO3MipiB,
30iJIBIIYBATH KYTU Je30pieHTaIlil AucIOKAIiiiHuX (hparMeHTiB, edeK-
TUBHO BILIMBATH HA MeXaHiUHi BIacTUBOCTI cTomiB [22]. YIbTpPa3ByKOBe
ge(pOpMyBaHHSA 3HAYHO MEHIIIOID MipOI0 3MiHIOE BJIACTHUBOCTI BCHOI'O
00’eMy 00p0OOIIOBAHOTO MaTepPiAay. AJle 6araTo eKCILIyaTaI[iiHUX BJIAC-
THUBOCTEH MeTaJIeBUX MaTePifAJIiB 3ajIeKaTh BiJ CTPYKTYPHU Ta BJIACTHUBO-
cTell caMe IIOBEPXHi, K1 BU3HAYAIOTH JOBIOBIUHICTh MaTepisaiB mo ix
pyhinyBaHHa. Tomy 3acTocyBaHHSA METOIB IOBEPXHEBOI iHTEHCHBHOI
miractuuanoi pedopmartrii (ITI11) sasBuuaii JoCcTATHLO AJIA MOAPiOHEHHS
3epeH i, oTike, O 30iMbITeHHA HeCHOI 3TaTHOCTH KOHCTPYKI[IMHNX Ma-
Tepidaiis.

Brepite mogudikyBanua ctpykrypu autoro crony Co—28Cr—6Mo i
mosiMmopdHi meperBopenud mix miero Y3VO tpuBaiictio y 30—120 ¢ goc-
aigsxeno B [23]. IlokasaHO MOKJINBICTD iCTOTHOTO MiABUIIIEHHA MiKpOT-
BEePIOCTU Ta KOPO3iMHMUX BJIACTHUBOCTEI, OB’ A3aHOTO i3 CTPYKTYPHUMU
ynHHUKaMU. [leTaabHO 00TOBOPIOETHCA MapTEHCUTHE Y—>&-(ha30Be Iepe-
TBOPEHHS, iHAYKOBaHe iHTEHCUBHOIO IJIAaCTUYHOIO AedpopMaIriero, Ta pi-
3Hi MexaHiszMu Takoi gedopmairii cromy Co—Cr—Mo Buacaigox ¥Y3¥YO0. B
pobori [24] mokasano, 1m0 Y3¥YO TpuBaiictio y 30 ¢ cupuse 36iIbIIeH-
HI0 06’eMHOI vacTku MmapreHcuTHol I'IIIIT e-hasu yasiui, migBuiienH:o
moBepxHeBol Mikporsepgoctu Ha 30% i moJinimeHH0 KOPO3iAHoI CTiii-
KOCTH B PO3YMHI IIITYYHOI CJAMHYU IIOPiBHIHO 3 BiAIIi()OBAHIIM CTOIIOM.

MeTo0 JaHOI POOOTH € JOCTiAKeHHA BILINBY YJILTPa3BYKOBOTIO yaap-
HOTro O00OpOOJIeHHA Ha 3MiHM CTPYKTYPHO-()a30BOT0 CKJIAAY Ta MeXaHiu-
HUX BJacTuBOCTeii cromaroJoriunoro crony Co—Cr—Mo—W, BUTOTOB-
JeHoro 3D-IPYKOM 3a TEXHOJIOTi€I0 CEJIEKTUBHOTO JIAa3€PHOTO TOILIEH-
H.

2. METOJUKA EKCIIEPUMEHTY

3pasku crony Co—Cr—Mo—W (tabs. 1) y BUrIsa4i MOHOJIITHOTO Ky0Oy po-
smipamu 1x1x1cwm i ryctunooo y 8,4 r/cm® omepkaHo 3a TEXHOJIOTIEIO
CJIT ma 3D-upuarepi Alfa-150D xommnamii TOB <«AJIT Vkpainwm».
IIpuanumosa cxema 3D-IPYKY Ta TeXHIiUHI XapaKTepUCTUKU BUKOPIC-
ramoro 3D-mmpuHTEpa HaBeAeHO B [25]. Sk Buximuuit maTepian BUKOpPH-
cToByBaBcA chepuunuii mopomiok crorny Co—Cr—Mo—W 3 posmipamu
YaCTUHOK y miAmasoui 15—45 mxm. IIpuctpiit Alfa-150D 3 posmipamu
po6ouoro moaa 150x150x180 mm OyB ocHallleHUiT BOJIOKOHHUM iTepOi-
MOBUM JIa3epOM 3 MOBITPAHUM OXOJOAMKEHHAM 1 HOMiHAJIBHOIO MOTYK-
mictio y 200 BT; mismerep JasepHOro mpomMeHs =45 MKM, a JOBXKUHA
xBuii — 1070+ 2 am. Ilapamerpu, BUKOPHCTaHI OJid BUTOTOBJIEHHS
3paskiB: mBuUAKicTh ckamyBaHHa — 500mMM/c, TOBIIMHA INApPy —
25 MM, a Biggauap mrpuxyBaHHa — 150 mxm. ITicaa BUTOTOBIEHHS Bif
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TABJINIIA 1. Xemiunuii ckaan spaskie Co—Cr—Mo—W, omep:KaHuXx 3a T€XHO-
goriero CJIT.

TABLE 1. Chemical composition of Co—Cr—Mo—W samples obtained by SLM
technology.

Bwmicr, % Bar.
Co | cr | Mo | W[ cCc | si |Fe| Ni | €d | Al
Ocrosa 27,32 6,18 5,28 <0,10,5-1,5 <1 <0,1 <0,02 <0,1

3pasKa Bifpisajiu IIJIaCTUHY TOBIIIMHOIO y 2 MM MEPIEeHINKYJIAPHO A0 oci
2z, K TMOKasaHo Ha puc. 1, i Hagaai npoBoguan Y3YO BepXHBOI ILIOIITH-
HU xy 0ea3mocepeaHbo micida 3D-IpyKy.

VY abpTpasByKoOBe yaapHe 00p0o0JeHHS IPOBOAUIOCA B iHEPTHOMY cepe-
IOBHUIII Tady aproHy 3 YacTOTOI0 YJIbTPa3BYKOBOTO IIepeTBOpIOBaYa y
21 kI'n i amnnitymoro y 20 MKM 3a MeTOAUKOIO [26, 27].

BukopucroByBaBca yJIbTPA3BYKOBHU TI'€HEpPaTOp IOTYKHICTIO ¥
0,3 kBt i3 wactoroio y 21,7 k'], migK/IOUeHnII IO YIBTPa3BYKOBOTO
mpuJany, Ta HU3bKOYACTOTHUI I'eHepaTop, I10o 3abes3leyyBaB 3BOPOT-
HBO-TIOCTYITHUYM PYyX YTPUMYyBaua 3pasKka i3 Hu3bKo0 yactoToro (15 I'm).
3a 1iei cxeMu HaBaHTAKeHHS ITOBEPXHS 3pasKa IigaBajacs IIOBTOPIO-
BAaHMM KOB3HHUM yZapaM OOHKOM, PO3TaIIOBAHUM y CIEHiAIbHINA yaap-
Hi#l TOJIOBIII MiXK HUM i yIBTPa3BYKOBUM I'eHepaTopoM. IHAyKOBaHa 4a-
crota yaapiB cranoBmya = 3 kI'1. ¥V oMy mocaif:keHHI HOpMaJbHaA Ta

O6pobaroBana
IOBEpPXHA

@

/

x

Puc. 1. Cxema 3D-3paska, 110 oopobrroBasca Y3V 0.
Fig. 1. Scheme of a 3D sample processed by UIT.
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IoIepevHa CKJIAA0BI HaBaHTAKEHHS IIiATPUMYBAJIUCI PiBHUMHU IILIAXOM
BUOOPY BiAIOBiAHMX YACTOT i aMILIITYyAM YJIBTPa3BYKOBOTO IIPUJIALY Ta
TpuMaya 3paska (IIBHUIKICTL pyxy 00#KiB Oyisa 6amsbko 3 Mm/c). Takum
YMHOM, OOpPOOJIIOBAaHUN 3Pa30K MifTaBaBCA PisHOCIPAMOBAHUM KOB3HUM
ymapam, Ki BUKJIUKAIOTh HAUO1IbITy medpopMallio y caMoMy BePpXHbBOMY
moBepxHeBoMY Itapi. TpuBaicTs 006pobienusa 3aMminioBasaca Big 20 ¢ mo
60 c i obupasaca 3 ypaxyBaHHSIM pe3yJabTaTiB, ofepsKkanux B [23, 24].
Cryninb edpeKTuBHOI AedopMaliii € OIiHIOBAJIM 3a 3MiHOIO TeOMeT-
PUYHHUX PO3MipiB 3pasKiB, a BeJIMUUHY AedOopMAalliliHOTO po3irpiBanHsd
AT BusHauanau i3 BpaxXyBaHHAM (Pi3MUYHUX BJIACTHUBOCTEH (TeIIoMicT-
KicTb, TEILIONPOBiAHiCTE, I'ycTHHA) 00pO0IIOBaHOTO MaTepiany [27, 28]:

N

e Z?((gl _82)2 +(82 _83)2 +(83 _81)2)1/27 (1)
ne €1=(ho—hp)/ho, €2=(doz— dpz2)/doz 1 €3=(dos — dp3)/dos — OCHOBHI Je-
dopmariii, ko i do — BuUXigHi po3mipu 3paska, hp i dp — posMipu 3paska
micJisg 06pobaIeH A,

AT = Mo __M [[[ 00 2de 2)

Gymp - Gmp Ty

ne Ap — pobora medopmariii, H, — MiKpOTBepAicTh, AKa IPUOIUIHO
CKJIazae MOTpifiny Mexy minHHOCTU (H |\ ~ 300,2), cv =450 Ixx/(kr-K) —
IUTOMa TeILIOMICTKiCcTh geopmoBaHOro marepisny, p=8,4r/cm® —
ioro ryctuHa, m — maca, N~ 0,9 xoedimieHT, AKUII BpaxoBye YacTKY
pobotu nedopmartiii, o mepeTBOpPIOETHCA Ha Tero [29].

BumipoBaHHA MiKpOTBEepPZOCTH HOBEPXHi Ta 3a TOBHIMHOIO MOIHQi-
KOBaHOTO ITapy OpoBoaujocs 3a mormomororo npuaany IIMT-3M iz Ha-
BaHTaxKeHHaAM y 100 r ta 50 r BixmosigHo.

3a BeJMYUHOIO MikpoTBepgocTu H, 3 ypaxyBaHHAM TaOJIUYHUX 3HA-
yenb IlyacconoBa koedimienra (v=0,31) Ta wmomyna IOnra
(E =210 MIIa) posdpaxoBaHO MeXKY ILIMHHOCTH Co,2 (3) [30], xapakTepu-
cTtuky miaactuuHoctu 3a 0. B. MinbmanoMm Og (4), MeKy MiItHOCTH Gs (5)
[31, 32], npy:xHIO KedopMmairiio g (6) Ta mractTuuny gedopmaliiro &, (8)
[33]:

0,33H, ~ o,, (I'la), 3)

S, :1—14,3(1—v—2v2)HH/E, (4)

Oy =Hu/[0,28+0,61n{3—ED, (5)
+ VG,

g, = —1,08(1—v—2v2)Hp /E. (6)

g BikkepcoBa iHAeHTOpa KyT IIPW BEpPIIMHI mipaMmiiyu cTaHOBUTH
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v1=68° (HM — TtBeppaicts 3a Meitepom); ToMmy macTuuHa gedopmariisa
€p 34 TAHUMU iHAEHTYBAHHSA CTAHOBUTUME

H = HMsiny,, (M
€, = —In(1 + (ctgy, -1,77THM / E)*)"2, (8)

JocaimxeHHs MiKDPOCTPYKTYPU HPOBEAEHO 3a MTOIIOMOIr0OI0 MeTaJor-
padiuHOoro TPMHOKYIAPHOTO MiKpocKomna iScope IS.1053-PLMi 3i 36i-
apimerHaM y X200 Tta x500 kpar. [ja 1bOTo IOJIipOBaHi 3pas3Ku CTOITY
Co—Cr—Mo migmaBaim eJeKTPOJITUUYHOMY IIABJIEHHIO B CIHUPTOBOMY
posuuni 15% H2SO04, 5% HNOs;, 2% HCI. IIlaBiaeHHs IPOBOAMIN 34 HA-
npyru y 9 Bicuam crpymy y 350 mA Bupomos:k 10—-15 c.

JJIs peHTI'eHOCTPYKTYPHUX JOCIHiAKeHb BUKOPUCTAHO AU paKkTOMe-
tep Rigaku Ultima IV (Bunpominenns CuK,): intepsaja KyTis 20 = 20°—
100°, kpoxr peecrparii — 0,04°, yac BuTpuMKH B TouIii — 2 c¢. [lisa ana-
Ji31 oflep;KaHUX PEHTTeHiBChbKUX CIIEKTPiB, PO3PaXyHKY PO3Mipy obJja-
creit KorepeHTHOTO posciguua (OKP), crynena medopmarii kpucramgiu-
HOI r'paTHuIi (¢) Ta KinmbkicHOI (ha30Boi aHaIidy BUKOPUCTAHO IIpOrpaM-
He 3abesmeuenHa PDXL, miskmapommy 0asy mammx audpariii ICDD
(PDF-2) rta sBigkputy 6a3y Kpucramgorpadiunmx mpanux COD. Veci
PEHTI'eHOCTPYKTYPHI [JOCHiAKeHHsI IPOBOSUIMNCA A IIOBEPXHEBOI
IIoMMHY XY 6es3mnocepesHbo niciid 3D-npyKy spaskiB i micaa Y3YO miel
’K caMol MOBepXHi 3a PiBHUMU peKUMaMU.

Kinbricauii BmicrT - i y-as B JocaimKyBaHNX 3pa3Kax BU3HAUYEHO 3a
dopmyoro Saude Ta Gillaud [34]:

IOL[K
V =1- (200) x 100 9
¢ T8 4 0,45 M ’

(200) (101)

BusnaueHHA BeJIUUYNHN HAIPYsKEHDb IIEPIIOro POAY IPOBEIEHO METO-
nom sin®y 3a metogom side-inclination. Beuunny 3aIuIIKOBUX MaKpo-
CKOIIIYHMX HAIPYXKeHb Y &-(asi micasa Y3YO nposemeHo 3a 3MiHOIO K-
TOBOTO IOJIOYKEHHA Audpakiiinoro MmakcumMmymy (103) mis sHaueHb Ky-
tiB y=0°, —10°, —20°, —30°, —40°, a y BuxigHomy craHi (uepes manumi
00’eMHUM BMicT e-hasu) — gudpaxiiiimoro makcumymy (102) ta 3Ha-
yeHb KyTiB Yy =0°, —5°, —10°, —20°, —30°. Benuunny 3aIUITKOBUX MaK-
POCKOIIIYHNX HAIPyKeHb B y-ha3i mIpoBeleHO 3a 3MiHOIO KYTOBOI'O IIO-
Jo:xeHHA audpaxiiinoro makcumymy (200) ginsa 3HaueHs KyTiB y = 0°,
-5°,-10°,-20°, -30°.

OOpoOKY ofep:kaHNX CIEeKTPiB IIPOBEJEHO 3 BUKOPHCTAHHAM IIPO-
rpamuoro 3abesneuennd Rigaku Residual Stress Analysis.

IlopiBHAMLHA OI[iHKA TPUOOJIOTIUHNX BJIACTUBOCTEH 3pas3KiB y BUXin-
HoMy craHi Ta micag Y3YO mpoBogmigacs Ha YHiBepCcaJIbHOMY
Mikpo/HaHOTBepAOMipi «Micron-Gammas [35, 36] meTomom craTmuHOI
CKJIEpOMeTpil KOHIYHUM JiAMaHTOBUM iHJEHTOPOM, IIT0 Ma€ paaitoc 3a-
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OKpyTJIeHHA Yy 50 MKM; IIBUIKICTh MepeMillleHHA MOTOPHU30BAHOTO IIpe-
IMeTHOTO cToay ckjamana 20 mxm/c. Ilim uac cKiIepoMeTpUUYHUX BHU-
npoOyBaHb HOpMaJbHe HaBAHTAKEHHS Ha iHIEeHTOP 3pOoCTaJjo 3i IMIBU-
Kictio y 500 MH/c mo makcumanbHOro 3uauenua y 500 mH, 3a axoro
dopMmyBaymaca MOAPANMHA HA TOBEPXHi MOCHiAKyBaHUX 3pasKiB IOB-
sKuHOI0 ¥ 190 MKM, 3 po3BaHTaXKeHHAM Ha (piHaIbHIiN cTagii 3i MIBUAKI-
ctioy 500 mH/c.

BusHnaueHnHs mapaMeTpiB BifHOBJIeHOI MVIMOMHYN TOAPANNH, chopMo-
BaHMX Ha MOBEPXHi 3pasKiB ITic/is MpoBeleHHA CKJIEPOMETPUUHUX BU-
mpoOyBaHb, peasi3oBaHO HACTYIHUM UMHOM: PEECTPAallisl BUXiAHOI mpo-
dinmorpamu IiAHKY IIOBEPXHI 10 HAaHECEHHA MOJPANUHYA 3 HOPMAJbHUM
HaBaHTa)KeHHAM Ha imgenTtop y 0,5 MmH (pre-scan), HaHeceHHs IOAPs-
MUHYA 3 MaKCUMaJbHUM HOPMAJLHUM HAaBAaHTAKEHHAM Ha iHIEHTOD Y
500 mH (scratching), peecrpaiiis mpogizorpamu chopmMoBaHOI TOAPH-
IUHY 3 HOPMAaJbHUM HaBaHTaKeHHAM Ha immentop y 0,5 MmH (post-
scan), BUSHAUEHHS INIMOmMHU Ipodinio chopMoBaHOI MOAPATUHY IILISA-
XOM BifHiMaHHsA 3apeecTpoBaHOI rInbuuu Ipodiao chopMoBaHOI ITOBE-
PXHi Bif BUXiTHOTO 3HAUEHHS.

Ominka BIIuBY TpuBajsiocTu ¥ 3Y0 Ha MiKporeoMeTpuuHi mapamMeTpu
penbedy mOBEPXHI 3paskiB 3xilicHIOBaJIacsa 3 BUKOPUCTAHHAM iHTepde-
peHiifinoro npodisomerpa «Micron-beta». Ilpuman 6yB crpoexToBa-
HU 3a MalKeJIbCOHOBOIO CXEMOI0, a MPUHITUII T0T0 POOOTH I'DYHTYETD-
cA Ha inTepdepomerpii 6imoro csirtiaa. IIpodinmomerep «Micron-beta»
YMOKJIUBIIIOE PEECTPYBATHU pesibed ITOBEPXHi Ta BUBHAYATU HMapaMeTpHu
IITOPCTKOCTY 0€3KOHTAKTHUM METOIOM.

3. PESYJIBTATH TA IX OBTOBOPEHHSA

fAx 6ysno mokasaHo paHitre aBTopamu [37, 38], cronuz Ha ocHOBi Co—Cr,
110 OZePKYIOThCcA 3a TexHoJoriero CJIT, ma BigMiHy Big TMBapHUX CTO-
miB, MalTh TOHKY KOMipuacTy MiKPOCTPYKTYPY BHACJIIIOK iCTOTHUX
I'PaJlieHTiB TeMIlepaTypu B IIPOIleCi TOMJIEHHA Ta MOAaJIbIIIOT0 HIBUAKO-
TO OXOJOMKeHHA mig uac 3D-ApyKy. B pesyiabTaTi GopMy€eThCa IIib-
HUN MaTepisa 3 OSHOPiAHOIO APiOHO3ePHHCTOI MiKPOCTPYKTYPOIO Ta
MiHiMaJbHOIO KiJbKicTIO 1edeKTiB i mop.

PiBmoBaskHa cTtpyKTrypa cromiB Co—Cr—-Mo—W wMmicTuTh nBi OCHOBHI
dazu: e-pagy 3 I'IIII-rparauULero Ta y-hasy 3 'IIK-rparaunero. Bigmo-
BimHO Mo (asoBoi migrpamu, £-asa € GiabII cTabiJIbHOIO 3a KiMHATHOI
TeMIepaTypH, aje, AK IIOKasaHo B poborax [14, 38], mepeTBopeHH:A
I'IIK- y THIII-r'paTHMIII0 MaJIo KOJIX BiIOyBaeThCA 3a HOPMAJIbHUX YMOB
oxogomkenua. Ile mepeTrBopeHHA MOKe OyTHM BUKJINKAHO 3arapTyBaH-
HAM Bim TeMmmepaTyp, IO BigmoBimairoTh obiaacti crabimbaocTu I'IIK-
dasu, HLIAXOM CTapiHHA 3a TeMiepaTyp y intepsaiui 6560—950°C a6o 3a-
BAAKHU IJIACTUYHIN medopmarrii [39, 40].

Ha pucynky 2 mpenactaBiieno mopdoJiorito moBepxHi cromy Co—Cr—
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Puc. 2. Mopdosoris nosepxHi 3paskis crony Co—Cr—Mo—W y Buxigmomy cra-
Hi: ropusoHTANIBHA TI0BepPXH4 (a, 06), 6iuni rpaHi (8, 2).

Fig. 2. Surface morphology of Co—Cr—Mo—W alloy samples in the initial state:
horizontal surface (a, 6), iide faces (s, 2).

Mo—-W, oxep:xanoro 3a rexuoJorieio CJIT, y Buxigaomy crami.

Hna Buxigumx 3pasKiB HA TOPUBOHTANBHIN MOBEPXHI (ILJIOIIUHA XY)
(puc. 2, a, 0) Ta 6iuHMx rpaHax (maomuHa x2) (puc. 2, 8, 2) crmocrepira-
erbea TumoBa AnA CJIT HeomHOpimHa MIiKPOCTPYKTypa 3 OKpeMUMU
cermenTamu [18]. ¥V miomuHi xz chopMoBaHo MeperKy 6aceiiHiB pos3To-
my, AKi mepexpuBaioThbesa. CIocTepekyBaHa XBUJIsCTa MOpPQOJIOria 3a
TunoM «pub’Auoi aycku» (fish-scale) [14] mos’sa3ana i3 mocaimoBHUM
TBEPAIHHAM KpalleJbHUX OaceifHiB po3TOmy, IO BUHUKAIOTL I Uac
IPOIlecy Jia3epPHOro PO3TOmJeHHA moportKy. Ha Bigmimy Big mboro, y
IJIOINMHI xy GOPMYIOThCA IOPiLKKU POI3TOILYy HaliBHUIIHAPUUYHOI (Gop-
MM, IIT0 3YMOBJIEHO IPOITECOM CKAaHYBaHHS Ja3ePHOr0 MPOMEHs IIOBepPX-
Helo mapy moporky [18].

YiabpTpas3ByKoOBe yaapHe 00po0JeHHs B iHepTHOMY CepPeIOBUIIli 3aCTO-
coByBaJIOCA A 3MinHeHHs moBepxHi crony Co—Cr—Mo—W B mioniuni
xy 6esnocepeHbo mmicasa 3D-apyry. Ha pucysKy 3, a HaBejeHO 3aJIeK-
HiCTh 3MiHM MiKPOTBEPIOCTH ITIOBEPXHI 3a1eKHO Bim TpuBasoctu ¥Y3YO.
Y BuximgHomy cTaHi MiKpoTBepmicTh cTaHoBuTh = 3,73 I'lla (HaBamTa-
KeuHaA — y 100 r); 3i 30iabIITIeHHAM TPUBAJIOCTH 00POOJIEHHS BeIUUNHA
MiKpPOTBEPAOCTH 3POCTAE Ta CATa€e MaKCUMAJLHOTO 3HAUYEHHSA V
5,43 I'lla micasa 30 c ¥Y3YO. TobTo edeKT 3MillHEeHHS CTaHOBUTHL = 1,6
pasiB. IlomanbIiie 30iJbIIIeHHSA TPUBAJIOCTH 00pobaeHHs 10 60 ¢ 3yMoOB-



BIIJINB YJIBTPA3SBYKOBOI'O YIAPHOI'O OBPOBJIEHHS 919

Puc. 3. 3mina mikporsepgocTu (@) Ta BEJUUYNHU 3aJUINKOBUX HANPYIKEHD
nepiroro pony (y-dasa (m) i e-dasa (°)) (0) crony Co—Cr—Mo—W micasa ¥3VO B
iHepTHOMY cepemgOBHIIIi.

Fig. 3. Change in microhardness (a) and magnitude of residual stresses (y-
phase (m) and g-phase (°)) (6) of Co—Cr—Mo—W alloy after UIT in an inert me-
dium.

JITO€ TIOCTYIIOBE 3MEHITIeHHA MiKPOTBEPAOCTH.

Takuit epekT cnocrepiraerscsa micasa ¥Y3VO0 i pna immux cromis [22],
III0 3YMOBJIEHO IpOIlecCaMM AMHAMIUHOI peKpHcTaJizalii Ta moBepHeH-
HS, COPUYMHEHNMHU JeopMAaIliiHUM PO3irpiBaHHSIM IIOBEPXHEBOTO II1a-
PV, AKe 3aJIe:KUTh Bi mapameTrpiB gedopmairii Ta pismyHMX BIACTUBOC-
Teii o6pobaoBaHoro Marepiany [41, 42]. Oninku BeamuuHU gedopma-
IifiHOTO po3irpiBamusa 3rimHo 3 BUpasom (2) maioTh sHaueHHT AT = 185—
305°C. ko nopiBHIOBATH IIi pedyabTaTu 3 JaHMU [23] 11 JuBapHO-
ro crony Co—Cr—Mo micasa amajoriuamx pesxkumiB ¥Y3VO, To Mo:KHA
3pOOUTH HACTYIHI BUCHOBKHN. XapaKTep 3MiH MiKPOTBEPIOCTH € 0JI135-
KM — MaKcHMaJIbHe 3HaueHHs MiKpoTBepaocTH Bigmosizae 30 ¢ o6po-
OJIAHHS, ajie BOHO € Jell0 MEeHIIINM, HixK Ijd 3D-cTomy, TaKk caMo, fK i
BuUXinHe 3HaueHHA. Ile TTOB’sI3aHO AK 3 0COOJMBOCTAMU METOIUK BUTO-
TOBJIEHHS, TaK i 3 HagBHicTIO W B 3D-3paskax.

Crinx sasHaunTH, IO 34 JiTEepaTYyPHUMU JaHUMU MiKpPOTBEPAiCTh 3pa-
3kiB micaa CJIT mae 6amsbki sHauenHsa: [43] — 3,51 TITla, [44] —
3,25 T'Tla, xoua B [45] 3asHauaeThCA, 110 06JIACTI CTOBIIUACTOI 3€pEeHHOL
CTPYKTYPU MOYKYTH MATH IEI0 MeHIITy TBepaicTh (= 3,41 I'lla), Hixk 06-
JacTi 3 piBHOBicHuMu 3epHamu (= 3,68 I'Tla).

3a pesyJabTaTaMi MipAHHSA MiKpPOTBePAOCTH IJs 3paskiB cromy Co—
Cr—Mo—W pospaxoBaHO Me:KY ILTHHHOCTHU (Go,2), MEXKY MimHoCcTHU (GCs),
XapaKTEePUCTUKY ILTaCTUUYHOCTHU (Ox), IPYKHIO Ae)opMalliio e, Ta ILiac-
TuHy gedopMmaiiiio e, (Tabi. 2).

MeTo0M PEHTI'eHOCTPYKTYPHOI aHAIi3M, 3a MeToZoM siny BusHaue-
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TABJINIIA 2. MexaniuHi BiracTuBOCTi Ta cTymiHb Aedopmarrii moBepxHi 3pas-
KiB cronry Co—Cr—Mo—-W.

TABLE 2. Mechanical properties and degree of surface deformation of Co—
Cr—Mo—W alloy samples.

oggo%iiﬁgzc Go,2, I'Tla os, I'Tla O ee, % ep, %
0 1,116 2,04 0,87 -0,010 -0,157
20 1,326 2,57 0,85 -0,011 -0,155
30 1,629 3,40 0,82 -0,014 -0,152
60 1,349 2,63 0,85 -0,012 -0,155

HO PiBeHb BaJUIMIKOBUX MAaKPOCKOIIIUHMX HAIPY:KeHb IepIIOro POmy
nis e-pasu crony Co—Cr—Mo—W (puc. 3, 6). ¥ BUxigHOMY cTaHi B cTOII
nis e-asu QikcyeTheAd HaABHICTh HANIPY:KEHb CTUCHEHHS BeJIUYHHOIO
6amusbko —65 MIIa. ITicaa sacrocyBanHa Y3YO BelnumHa HaOpyKeHb
CTUCHEHHSA MMOYMHAE CTPIMKO 3POCTATH Ta AOCATAE MaKCUMAJIbHOTO PiB-
Ha nmoHan —510 MIla mna tpuBanoctu BmuBy T=30c, 110 BigmoBizae
MaKCUMAaJbHOMY 3HAUeHHIO MiKpoTBepmocTu. Ilomanbiiie 36iJbIIeHHSA
TPUBAJIOCTH 00POOJEeHHSA aKTUBYE pesaKCalliliHi mpoilecu, I1o CyIIpoBoO-
IKYIOTHCA 3MEHIITeHHIM BeJIMUNHY HATIPYKeHb CTUCHEeHHS.

¥V BuxizHomy craHi B crTomi ana y-dasu (ikcyeThbca HaABHICTH Ha-
MIPYy:KeHb PO3TATy BeanmunHoio 0au3bko 42 MIIa. B mporeci ¥Y3YO na-
IPY:KeHHA CTUCHEHHA y Yy-(dasi cmouaTKy 3pocrtaioTh no —103 MIla (3a
TpuBaiocTi 00pobiaenua v 30 ¢), a 3 mogaJabInuM 30iJIbIIIeHHAM TPHUBA-
JIOCTH 00pOO6JIeHHS 3MEHINTYIOThCA, AK i vy BUIagKy e-pasu. Menima Be-
JIWYWHA HAIPYKeHb B Y-hasi mopiBHAHO 3 £-(as30io OB’ A3aHAa i3 TUM, III0
I'IIK-dasza € 6ixbir miaactuuHoio [46] mopisuano 3 I'IIIII-dasoio. Takum
YMHOM, IiJBUINEHHA PiBHA HANPY:Ke€Hb CTHUCHEHHS B IIOBEPXHEBOMY
miapi 3D-ApyKOBAHOTO CTOIY € OJAHUM 3 BaKJIMBUX UNHHUKIB 3MiITHEH-
Ha mig vac ¥Y3YO0, Tak camo, AK i ay1a auBapHUX cToniB. Bizomo, 1110 ca-
Me HaIpy:KeHHS CTHUCHEHHS YMOKJIMWBIIOIOTH IiABUIIUTH TPillIUHO-
CTifIKiCTh 1 BTOMHY MiInHicTh MaTepisainiB micas Y3VO.

Haa spaskiB cronmy Co—Cr—Mo—W TakoX BHU3HAUEHO TOBIIMHY MO-
nudikoBaHOTO ITapy MIJIAXOM BUMipIOBaHHA MiKPOTBEPAOCTH 3a TJINOM-
HoIO (puc. 4, a) i3 HaBauTaxxkeHHAM y 50 r. [[yia nmporo 3HaueHHA HaBaH-
Ta’KeHHA BeJWYMHA MiKpoTBepAocTH 3D-IpYKOBAHOTO CTOIY V BUXif-
HOMY CTaHi € JeIro OiJIbIIT00 IMOPiBHAHO i3 HaBaHTaxkeHHAM y 100 r i mo-
piBuioe 4,2 I'lla. ¥V [46] n1sa aHaI0rivyHOTO HaBaHTAKEeHHA Ile SHAUEHHS
cranoBuTts 4,76 I'T1a.

Haa pisHol TpuBasoctTun ¥Y3VYO cmocrepiraerbecs i memio BigMiHHMHT
xXapakTep 3MiH MiKPOTBEPAOCTH 3a TOBIIUHOIO MOAMGIKOBAaHOTO IIapy.
Mo:kHa BUAIIUTU OeKiJbKa obJyiacTeil i3 pisHOIO MiKpOTBepAicTIO: 00-
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aacTtb I (ToBmimHOIO y = 20 MKM) MakCcUMaJbLHOTO AedopMaIriiHoro 3mi-
IMHeHH 3i 3HaueHHAME MiKpoTBepmoctu v 8,2—8,8 I'Tla; mepeximma o6-
aactb Il (ToBmimHOIO vy =45 MKM), OAJA AKOI XapaKkTepHe pisKe 3MeH-
IIeHHsa MiKpoTBepaocTu; obJjacts III, mo mpocTaraerbca Ha = 50 MKM;
OpHu IIbOMY BeJMYMHA MiKPOTBEPAOCTU JIiHIAHO 3MEHINTYETHCA OO 3HA-
YyeHb BUXimHOTO cTany (o0smacts IV). B mimomy rimubuna mogudikoBaHo-
ro Iapy sHaxoguThed B iHTepsati Big = 100 7o = 140 MKM B 3aJI€KHOCTI
Bix TpuBasiocTu 00pobIeHHs. 3BepTac Ha cebe yBary (paxT, Io 3a JaHU-
MU OIITHYHOI MeTasorpadii Ha TOUaTKOBUX eTamax OOpOoOJISHHA 3 TPU-
Bagrictio y 20 ¢ sminueHHA BigOyBaeThcsa momraposo (puc. 4, 6) Biagmosia-
HO 1o ToBIMuHM IapiB mopomky mig uac CJIT. Ilepimit moBepXxHeBU
«Oiuii» I1ap € CYIiJIBHUM i Mae OJHAKOBY TOBIHIMHY y = 20 MKM; Hifg
HUM CIIOCTepiraeTrhbcsa MeHI ge)OopMOBaHaA 30HA iHIMOro BiATIiHKY (Ha-
ommxenoro mo obaactu IIT). Hukdue mboro TOHKOro IPOIIApKy PO3Ta-
IIIOBYETLCS HACTYIHUI HEOTHOPIAHO 3MIiITHeHNH «Oianii» map 3 XBUJIA-
CTUMU KPasMU.

Ilicia 36imbIleHHS TpUBaJoCcTH 00pobsenus no 30 ¢, 3a AKOI cIocTe-
piraernca HaOiIbIIe 3POCTAHHA MiKPOTBEPAOCTH IIOBEPXHi, 3arajabHa

\: ! | [=—20d
\ I | .
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8 l\“a'\ \NF : : ——60¢c
s i \ i
57l | :
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Bigcranpe Bifg moBepxHi, MEM
a

Puc. 4. 3mina mikporsepgoctu crony Co—Cr—Mo—W micaa ¥Y3YO sza ToBIu-
Hoto MmogudikoBanoro mapy: I —t=20¢,2 —1=30¢, 3 — 1=60c (a) Ta MiK-
POCTPYKTypa IOIIepeuHOoTo Imepepidy smimuenoro mapy micasa ¥Y3YO0 (t=30c)
(0).

Fig. 4. Change in the microhardness of the Co—Cr—Mo—W alloy after UIT ac-
cording to the thickness of the modified layer: 1—t=20s, 2—1=30s, 3—

1=60s (a) and cross section microstructure of the strengthened layer after
UIT (z = 30 s) (6).
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TOBIIMHA MOAM(MIKOBAHOIO IIAPY € TaKOXK Haubinbmioo (= 140 MKM), a
XapaxkTep 3sMiHM MiKPOTBEPAOCTH 3a T'IMOMHOIO IIHOT0 IIapy € PiBHOMIp-
HUM i 6e3 pisKuX mepenajaiB 3HaueHb. 3a JaHUMHU OIITUYHOI MeTaJorpa-
Gii mpunmoBepxHeBUil «OiMUi» IMIap Micasa TAKOTO peKUMY 00pOOJIeHHS
CTa€ CyMiJILHUM i BUPIiBHIOETHCS 3a TOBIIMHOIO, Ma€ OSHOPIAHY 3MiITHe-
HY CTPYKTYPY Ta BUCOKY MiKpOTBEPAICTh AK Ha MOBEepPXHi, Tak i 3a mo-
IepevYHnM IIepepisom.

Ha pucysry 5 npeacraBiieHo MiKpocTPYKTYypy obsactu 111 saminueHo-
ro mapy crony Co—Cr—Mo—W micaa ¥Y3YO B imepTHOMY cepemoBHIIi
pisHOi TpHBamocT. Mok Ha 3pOOUTH IIOIIEepeIHill BICHOBOK, II10, IIOPiB-
Hauo iz Y3VO ynpoxpos:x 20 ¢ (puc. 2, 8, 2), micasa 30 ¢ o6pobIsaHESA CIIO-
cTepiraeThcs 3HauHe 301JIbIIMeHH K1IbKOCTH e-(pasu, sKe HiBeJTI0EThC 3
IOZaJBIITNM 30iabIIIeHHAM yacy g0 60 c.

Jiia ningTBepAKeHHA IIOro e(DeKTy BU3HAUEHO KiJIbKicHUY hasoBuit
CKJIAJ 3pasKiB MeTOZOM PEHTI'€HOCTPYKTYpPHOI amaiaisu. AHaJisa mpo-
BogmIacsa 3 00Ky BepXHbOI HelllJIipoBaHOI Ir'paHi, AKY MOKa3aH0o Ha PUC.

Puc. 5. MikpocTpyKTypa moIiepevyHoro nepepisy smimuenoro mrapy crouny Co—
Cr—Mo—W micana ¥3V0:t1=20c (a), t=30c (6), t=60c (8).

Fig. 5. Cross-section microstructure of the hardened layer of the Co—Cr—Mo—
W alloy after UIT: t=20s (a), t=30s (6), t=60s(8).
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Puc. 6. udpaxrorpamu 3paskis crony Co—Cr—Mo—W y Buxigmomy crati (a)
Ta micaa oopobisenusa: =20 c (6), t=30c (8), 1=60 c (2).

Fig. 6. XRD patterns of Co—Cr—Mo—W alloy samples in the initial state (a)
and after processing: 1=20s (6), 1=30s(8), 1=60s (2).

2, a. MosxHa 6auntu, 1o Ha gudpaxTorpamax CJIT-3paskiB 4K y BUXin-
HOMY cTaHi, Tak i micaa Y3VYO (puc. 6) HaaBHi gudparmiiini Mmakcumy-
mu Bim Ky6iunoi y-dasu (PDF-2 ID: 01-088-2323, mpocTtopoBa rpyma
225: Fm—3m) ra rekcarounaabHoi g-pasu (PDF-2 ID: 01-071-4239, po-
cropoBa rpymna 194: P63/mmec).

B mporeci ¥Y3VYO BimbyBaeThcsa 3MiHa iHTEHCHMBHOCTEHN mu(paKILiii-
HUX MaKCUMYMiB KOKHOI 3 mux (pas, II0 CBiAYNUTh PO 3MiHM KiJbKic-
HOTO (pa30BOT0 CKJIANY, 3yMOBJIEHI iHTEHCHMBHOIO ILJIACTHYHOIO Aedop-
Matieto. IHTeHCUBHICTE JUu(paKIifHIX MaKCUMYyMiB Bif y-hasu € Mak-
CUMAJILHOIO V BUXITHOMY CTaHi Ta 3a TpuBaJocTu obpobiaeHHa y 30 c
cTae HaWMeHIO0. 30iJbIeHHA iHTerpaJlbHOI iHTEHCUBHOCTHU IIiKiB &-
dasu, mo coocrepiraetbea B Y3Y0-00pobaeHOMY 3pasKy, AK BBayKa-
I0Th, BiZIOyBaeThCA Uepe3 MapTeHCUTHe (hpa30Be MePeTBOPEHHS, iHIYKO-
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BaHe me)opMaIli€ro, YoMy CIIPUSE Ay Ke HU3bKe 3HAaUeHHs eHeprii gede-
KkTiB makyBauHa (B ['I[K-ko6anbTi cranoBUTh 6/113bK0 10—50 Mk /M?).

PospaxoBannii 3a ¢popmy.iomo (9) KinbKicHUM hasoBuii ckiaz (puc. 7,
8) Y3TOI:KYEThHCS 3 JaHUMU MeTajorpadiunoi aHamisu Ta MiKkpoaopome-
tpii. Tak, y Buxigaomy craui spasku crony Co—Cr—Mo—W mictars 95%
Bar. y-asu i 5% Bar. e-dasu. Ileit pesyabrar BiAimoBiae JiTeparypHuM
maauM. 3rigHo 3 [47], kinbKicTs e-Pasu micaa CJIT ckimamae me Oiablmme
1% ; sa mamumu [48] g KixbKicTh € mermro 6iabmioro — 4,5%, a B [46]
3asHauyaeTnca 9% .

dopmyBaHHA HECTAOLJIBHOI Y-CTPYKTYPH 3 BEJIMKOI KiJIbKiCTIO ABili-
HUKiB BigOyBaeThCsA B MPOIleCi CHHTE3M 3a PAXYHOK IIBUIKOTO TEILJIO-
BilBeJIeHHS OTOUYIOUMM IIOPOIIKOM i € creru(iuHo 0COOJIUBICTIO Me-
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Puc. 7. Posmip obGiiacTeil KOrepeHTHOTO poscigHHsA (a), KinbKicHMI dasoBuit
ckJaf (0) Ta mapaMeTpu KpUcTaliuyHoi rpaTHuti y-dasu (m) ta e-dasu (°) B crori
Co—Cr—Mo—W micana ¥Y3YO B inepTHOMY cepeaoBuiili (8).

Fig. 7. Crystallite size (a), quantitative phase composition (6) and lattice con-
stants of the y-phase (m) and e-phase (°) in the Co—Cr—Mo—W alloy after UIT in
an inert environment (8).
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TOAY CEJeKTHUBHOTO Ja3epHOT0 TOILIEHHs. IHTepMeTaseBUX CHOJNYK He
0yJI0 BUSBJIEHO, IO HOB’A3aH0 3 CUTYAIli€l0 IIIBUAKOT0 TBEPIiHHS IIif
yac CJIT, ko posunHeHi eJleMeHTH He MOMKYTDb BUALIATHCS [46].

VY nporeci Y3VO BMmicT e-(hpasu cTpiMKO 3pocTae Ta 3a TPUBAJIOCTH 00-
pobaennsa y 30 ¢ carae suaueHHs B 95% Bar., 1[0 MOSCHIOE MAKCHUMAJIb-
He 30iabIIeHHA MiKpoTBepmocTu. Ilomainbiiie 30iJbIIIEHHA TPUBAJIOCTH
00pobsenHA 10 60 ¢ CyIpOBOAKYETHCSA 3MEHIIIEHHAM BMicTy €-(asu (1o
= 75% Bar.) i, BiAmmoBigHO, MiKPOTBEPIOCTH.

ITopiBHIOIOUYM 3MiHY iHTEHCUBHOCTU AUMPAKI[IMHUX MaKCUMYyMiB BiJ
reKcaroHaJIbHOI e-as3u BHACAILOK Y3VYO, MoxxHa 0aUNTH, 1[0 AK iHTEH-
cuBHicTh gudparmiiiaux makcumymiB (100) ta (101), Tax i ixui moso-
JKeHHs B IpoIieci 00po0IeHHA Malike He 3MiHIOIOTLCA, TOAL AK iHTeHCH-
BHiCTh i mostoskeHHA qudparniiianx makcumymis (111) ta (200) y-dasnu
3MiHIOIOTBCH, IIIO CBiAYUTH PO Te, 110 BUPonoBK ¥Y3VYO y-hasza 3as3Hae
3HayHUX TpaHchopmariii. Iliku y-dpasm posmuproiorsca micada ¥Y3VO
yepes epeKT HaKonmUeHHA Aedopmailrii 3a paXyHOK KOB3aHHSA, ABiHN-
KyBaHHA ¥ yTBOpeHHA Ae(eKTiB makyBaHHA. PiKCyeTbCcA TaKOXK 3CYB
In(MparIifiHuX MakKCUMYyMiB, 1[0 CBiIUMTH IIPO BUCOKUI DPiBEeHb 3aJU-
NIKOBUX MaKpPOHAIIPY:KEeHb B IOBEPXHEBOMY Ilapi Ha BiAMiHY Bij JuBa-
PHOTO CTOITY Iicjsa aHaJoriuHOTO 00pobIeHHA [23].

3a JaHMMM PEHTT'eHOCTPYKTYPHOI aHaJIi3y po3paxoBaHO TAKOMK PO3-
Mip obsacTteit KorepeHTHOTO posciguua (OKP) i mapamerpu Kpucragiu-
Hoi rparuuti crony Co—Cr—Mo—W y BuxigHomy craHi Ta micasa o6po0-
Jeunnda (puc. 7).

Poswmip OKP (puc. 7, a) y- Ta e-has nasa BUXigHOTO CTaHY CTAHOBUTH
6u3sko 337 uM i 274 HM BigmoBigHO. 3a TpuBadoct Y3YO y 20 ¢ pos-
Mip KpHucTaIiTiB ux das aMeHIIyeThesa A0 = 120 um i = 80 HM BigmoBifg-
HO. 30ijabIeHHs TpuBaJiocTu o0pobseHHA mo 30 c He 3miHioe OKP -
dasu, Toni Ak aa4 y-hasu el napaMeTep mounHae 3pocratu. B pesyib-
TaTi 3a TpuBagocTu 0o6podsienHa y 60 ¢ posmip OKP y-dasu crae B 1,75
pasiB 6inmbimiuM nopiBHAHO 3 yacom y 20 ¢, a poamip OKP e-dasu 3pocrae
aunie y 1,25 pagy. 30iIbIIeHHS PO3MiPpy KPUCTATIITIiB MOKe OyTH OTHUM
3 YNHHUKIB 3MEHIIIeHHA MiKPOTBEPAOCTH IIOBEePXHi 3paskiB cromy Co—
Cr—Mo—W micisa rpusBajoro ¥Y3¥YO.

Ha pucyury 7, 2 mpeacTraBiaeHo pes3yJbTaTH PO3PAXyHKY IapaMeTpiB
KpucTaiaigyeol rpaTHuIi y- tTa e-das B crori Co—Cr—Mo—W. ¥V Buxignomy
craui mapamerep 'IIK-rpataumi cranosuts 0,3585 HM i 3a TpuBasocTu
Y3VO0 y 20 ¢ moctynoBo 3meHIIyeThesa g0 0,3575 HM, qocaramoum MiHi-
MaJjbHOrO 3HaueHHA ¥ 0,3561 um micasa 30 ¢ oOpobaaHHESA, a 3 MOLATb-
mIEM 30iJBIIeHHAM TPHUBAJOCTH BILIMBY B3HOBY 30iJbIIyeThCA IO
0,3566 um. B [49] mokasano, 1110 IPYy:KHA JedpopMAallid miJ yac CTUCHEH-
HaA mig npecoMm ctomy Co—Cr—Mo—W cmouaTKy OPHBOAUTE A0 Pi3KOr0
3MeHIIIeHHA mapaMeTpa r'paTHuUIli y-dasu, CTYyHIiHb AKOTO 3Tr0JA0M TOHU-
JKyeThbcdA. SIKMI0 mIacTuuHa aedopmarliis CyIpoBOLKYEThCA medopMa-
IiHO-MapTeHCUTHUM IIePeTBOPEHHAM Y—>€, TO 30BHIIITHE HaBaHTAXKEH-
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HS CTUCHEHHS JONATKOBO BILIMBAE HA 3MEHIIIEHHA MapaMeTpa I'DaTHUIL
y-hasu.

ITapamerpu KpucTasiunoi rpatuuti a (b) i ¢ e-pasu y Buxignomy cra-
Hi cramoBaATh 0,2517 uMm 1 0,4028 uMm Bigmosiguo. Ilicaa Y3YO Tpusa-
Jictio y 20 ¢ mapaMeTpu KPUCTAIIUHOI I'PaTHUIN &-(Pas3u 301IbIITYIOTHCS
mo a (b)=0,25435am i ¢=0,4109 M i1 Hagasi icTOTHO He 3MiHIOIOTHCS.
3araJioM crocTepiraeTbcA 3a40BiIbHA KOPEJIAIliaA 3MiH HapaMeTpiB Kpu-
cTajiuHol I'paTHUILI V-(hasu i3 sSMiHaMM MiKPOTBEPIOCTH.

Y mosepxueBomy 1mapi cromy Co—Cr—Mo—W Buacraigok ¥Y3YO mo-
JKYThb CIIOCTepiraTmcs pisHi MexaHismu meopmariii, Taki K KOB3aHHA,
Iedopmaniline ABIMHWKYBaHHA Ta MapTEeHCUTHE NePETBOPEHHSA Y—>E.
Bsaemogia obepranabHMX MoOn medopmarliii Ta gedopMailiiiHe ABIAHN-
KyBaHHSA iHAYKYIOTh BUCOKHII pPiBeHb HAIPYKeHb Yy IEeAKNUX MiCITAX
IJIOIIUH, IMEePHeHINKYJIAPHUX IJIOIMIMHI 3paska, i, TaAKMM YHMHOM, Pi-
Be€HbL HAIIPYKeHb, HeOOXiAHMI AJIS 3apOMKeHHSA &-MapPTEHCUTY, MOXKe
O0yTu mocArmyTuil BiAmoBimHO mo BimomMux MmexauismiB [49]. Mexanism
IIOJIIOCHOI AMCJ0KAaIlili OyB sampornonoBaHuil y [50] mma mepeTBopeHHS
I'TITK—-TIIII B Ko6anbTi, 110 mOsATaE B iepeMitnenHi yactTuuok Ilokri
a/6<112> y xkosxuiit gpyrii {111} I'IK-mgomuHi, 110 3yMOBJIIOE I'pAT-
HUIeBe IepPeTBOPeHHA (ajie He B KOYKHIl CyCigHil IJIOMMHI, AK IIe Bif-
OyBaeThcA mig yac aBitimmkyBamua). B pesyasrari 'IIK-rparuauma Tpa-
HehopmyeTbea B 'IIIIT i yTBopoioTheA &-IIJIaCTUHU TOBITUHOO Bim 260
mo 720 HM; ajse ¥ iHImMi MopdOJIOTiUHUY BapisHT &-MapTEeHCUTY V BHU-
TJIAI1 TOHKUX IJIACTUHOK TAKOMK MOXKe OyTH IPUCYTHIiH ¥ MiKPOCTPYK-
Typi micaa ¥Y3VYO [23]. ¥V miit poboTi morimopdHe y—>&-1ePEeTBOPEHHSA Y
auBapHoMy ctori Co—28Cr—6Mo, imgykoBaHe mpoiiecoM ¥Y3¥YO, poar-
JSANAETHCA K IIEPETBOPEHHS 3CYBHOTO THUITY, IO CIPUIE YTBOPEHHIO
IBOX THUIIIB CTPYKTYpP: 1) HEIOBHICTIO IIePETBOPEHOT0 MApPTEHCHUTY, IO
(dpopMy€eETBCS B IIPOCTOPI MisK ABIMHMKaMMN, HAXUJIEHUMHU 0 IOBEPXHi,
Ta 2) &-MapTEHCUTHUX ILJIACTUH, IO YTBOPIOIOTHCA B IIPOCTOPiI MiK
IBIMHWKAMU IEePIeHIUKYIAPHO O IOBEpXHi 3paska. I eHepamnis Hemos-
HiCTIO IIePEeTBOPEHOT0 MAaPTEHCUTY IePeIIKOIKa€ 3CYBHOMY IIepeHeCeH-
HIO KPi3h ABIHHMKOBI MeXXi Ta cTae IPUYMHOIO IIPUTHIUEHOro APO0IeH-
H{ 3epeH y moBepxHeBoMy 1miapi cromy Co—28Cr—6Mo mig uac Y3VYO.

Y sBunaary crony Co—Cr—Mo—W, ozmep:xanoro 3D-IpyxoM, mepedir
MAapTEeHCUTHOTO IIePEeTBOPEHHS OIIOCEPEeIKOBAHO IIiMITBEPIKYETHCA nOa-
HUMU DPEHTTeHOCTPYKTYpPHOI aHaJi3u, CTPYKTYPHUX i MiKpoaropoMeT-
puuHUX Jocaimgskenb. CKoOpil 3a Bce, y JaHOMY BUIIAAKY T'eHepallisa He-
IIOBHIiCTIO IIePEeTBOPEHOT0 MAPTEHCUTY TaJbMY€ETLCSI, OCKiJIBKM CIIOCTe-
piraernca icrorHe 3meHmieHHsa OKP; ame A ocTaTOUYHMX BHCHOBKIB
TOTPiOHI JOZATKOBI eJIeKTPOHHO-MiKPOCKOIIIUHI JOCTi3KeHH .

HocmimxeHno Takosk Tpubosoriuui BaacTuBocTi 3D-3paskiB micasa
Y3VO0 pisHoi TpMBAJIOCTH METOAOM CTAaTUUYHOI cKJepoMmerpii. Ominiosa-
JUCSA 3HAUEHHSA cepelHbol riaubuam mpodino chopMoOBaHOI MOAPAINHH,
AKa XapaKTepuaye CTIiNKiCTh HOBEePXHi A0 IJIAaCTUYHOTO Ae()OPMYyBaHHSA
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Puc. 8. IIpodistorpamu mogpsamnus, chOpMOBAHKMX Ha IIOBEPXHi 3paskKiB cromy
Co—Cr—-Mo—W vy Buxigamomy craui (a) ta micia Y3YO pisaoi TpuBasocTu:
1=20¢(6),1=30c(8), 1=60c (2).

Fig. 8. Profilograms of scratches formed on the surface of Co—Cr—Mo—W alloy
samples in the initial state (a) and after UIT of different durations: t=20s
(6),1=30s(8), T=60s (2).

Ta 3HOITyBaHHsA. Ha pucyHKy 8 mpeacTaBiieHO ofep:KaHi pes3yabTaTu
IIicJIg BUKJIIOUEHHS BIIMBY HaXWJIy Ta peabedy moBepxHi. Haibinbime
3HAUYEHHA cepeHbol rnouay noapanuau — 0,445 MKM BiAmoBizae BU-
XiTHOMY CTaHy.

Ockinbsru Y3VO cupuse 3sMiIfHeHHIO IIOBepXHeBUX IIapiB cromy Co—
Cr—Mo—W Ta migBuIlleHHI0 IXHBOI CTIHKOCTH A0 ILJIACTUUYHOTO Aedop-
MYBaHHS, TO cepelHs TImOuHA TPo@iaio B3TOBXK Tpacu CKaHYBaHHS
sMmeHITyeThesa 10 0,265 mxMm micaa 20 ¢ 06pobasaHHA, HaOyBae HaliMeH-
mroro 3HaueHHA y 0,229 mrM micasa 30 ¢ 06po0asaHHA Ta Jelro 30iabIry-
eThes 10 0,345 MEM micis 60 ¢ 0OpobIaHHA.

TakuM ymHOM, aHaJida Pe3yJbTaTiB, OLEPXKAaHMX METOAOM CKJIepO-
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MeTpii, CBiAuUnTh, II10 YILTPAa3BYKOBE yaapHe 00pobyeHHA moBepXHi 3D-
spaskiB crony Co—Cr—Mo—W migBuniye iXHio 3HOCOCTiHKicTs. OnTrMa-
JAbHUI yac nposefenusa Y3YO cranoButsh 30 ¢, 110 1006pe y3TromKyeThC
3 manuMu iHmux meroniB. Ockinmbku Bimomo, mio I'IIK-dasa Busnauae
mractuuHicTsb [46], a T'IIIII-dpaza — KoposifiHy cTiHiKicTh i 3HOCOCTIii-
KicTh, TO BJIACTHBOCTi CTOMATOJIOTIUHMX CTOMiB Ha OCHOBi cucTemMu Co—
Cr pakTUYHO BUBHAUAIOTHCA CIIiBBiAHOIIIEHHAM MiXK y/e-dhasamu. Came
3a TpuBajgoct Y3YO0O y 30c dikcyeThbca MaKCcHUMaJbHA KiJbKiCThL &-
¢asu Ta MaKCcUMaJbHe 3HAUEHHA MiKPOTBEDIOCTH.

Ha pucyury 9 HaBemeHo pe3yabTaTh JOoCaimKeHHsa MopdoJIorii mose-
px#i 3paskiB Co—Cr—Mo—W, ozep:KaHnX CeJIeKTUBHUM Ja3ePHUM TOII-
JIeHHSAM, TicJIs MoJipyBaHHA (BUXITHUM cTaH) i micasd BOIMBY pisHUX
pexumis Y3YO.

g kinbKicHOI onminky BuauBy ¥ 3Y O Ha MopdoJIoTito ITOBEepXHi 3pa-
3KiB BUKOPHCTOBYBAJINCS IIapaMeTpu ImopcTroctu R, Ta R., IKi BU3HAa-
yaaucda 3a 10 6azoBumu gimisamu goB:xmHO0 y 1000 MKM, piBHOMipHO
posTalroBaHMMHM B MeXKaX 3apeecTPOBAHUX MiJAHOK ILJIOINEI0 Y

Puc. 9. Tpusumipui tomorpadii mosepxui 3D-3paskiB Co—Cr—Mo—W: micuas
noJipyBauuda (Buxigauii craH) (a) ta nicasa Y3VYO pisaoi TpuBasoctu: t1=20c¢
(6), 1=30c (8), 1=60c (2).

Fig. 9. Three-dimensional topographies of the surface of 3D Co—Cr—Mo—-W
samples: after polishing (initial state) (a) and after UIT of different dura-
tions: 1=20s(6), t=30s(8), T=60s (2).
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1050800 mxm?. [Tina crony Co—Cr—Mo—W y BuxigHoMy cTaHi mapame-
TPHU IIIOPCTKOCTU CTAHOBIAATH: R,=1,7MKM i R.=0,5 MmKkM. Y3YO Tpu-
Bamictio t1=20c 3yMOBJIIOE B3pPOCTaHHS IITOPCTKOCTH IIOBEPXHi
(R.=4,33 MM i R,=1,19 MmKM), 1110, CKOPiIII 3a BCce, ITOB’ A3aHe 3 IPUII-
palfoBaHHAM IIOBEPXHi 3paska Ta 00MKa Ha MOUYATKOBiil cTamii o0pob-
aaaHga. Hacraigkom 30iabIleHHA TpuBaJocTH 00pobiaenHs o t=30c
crae )OpMYyBaHHA peabedy MOBEPXHi 3 ImapaMeTpaMy IIIOPCTKOCTH Ha
piBHi HeoO6pobaenoro 3paska (R,=2,66 mxm i R, =0,52 mKkm). 3a TpuBa-
adoctu ¥Y3YO y 60c 1mopcrkicth moBepxHi (R,=0,99MEM i
R.=0,26 MKM) 3MeHIITy€ThCA BABiUi MOPiBHAHO 3 BUXiTHUM CTAHOM, XO-
ya 3a TAKOTO yacy oOpoOJieHHS BeJIWUMHa MiKpoTBepmocTu (puc. 3, a)
TaKOK 3MEHIIIYETHCA.

4. BUCHOBKH

1. JoBemeHo MOKJIUBICTE 3acTocyBauHA ¥Y3YO B iHepTHOMY cepeIoOBUIITL
IJISI OiZBUIIEHHS MiKPOTBEPAOCTH Ta 3HOCOCTIHKOCTH IIOBEPXHEBUX
miapiB crony Co—Cr—Mo—W, ogep:xanoro 3a TexuoJorieio CJIT. Bera-
HOBJIEHO B3a€EMO3AJIE:KHICTh MiK MeXaHiYHMMM BJIACTUBOCTSIMU MOIM-
¢dikoBaHMX MOBEPXHEBUX INApPiB i IXHIM CTPYKTYpPHO-(Pa30BUM CTaHOM
micJia pisHoi TpMBasiocTu BILIUBY B Mexkax 20—60 c.
2. MaxkcumaabHuii eeKT sMminuenHs crony Co—Cr—Mo—W B 1,5 pasu
mocaraeTbes 3a TpuBasocTy Y3YO0 y 30 ¢ i 3ymoBaeHuit GopMyBaHHAM Y
IIOBEPXHEBOMY INIapi CTUCKAJIbHUX HANPY:KEeHb IIePIIOoro pony, 36ijb-
ITeHHAM BMicTy €-(hasu Ta smeHmeHuAM poamipy OKP. Ilogansite 36i-
JIBITIEHHS TPUBAJIOCTY 00POOJIEHHS MPUBOIUTD 10 HiBeJIIOBaHHA e(peKTiB
sminuennsa. KinbkicTs e-(pasu 36iabmyernbesa Big 5% mo 95% 3a paxy-
HOK MapTeHCUTHOT'O IIePETBOPEHHA, CTUMYJIOM IJIS AKOTr0 € iHTeHCUBHA
mIacTuuHa gedopmailia oig gac smausy Y3VYO.
3. ITokasano, o Y3YO moxxe OyTH BUKOPUCTAHE Y AKOCTi eDeKTUBHOTO
MEeTOJY JIOKAJBLHOTO (IOBEPXHEBOT0) IIOCT-00PO0IeHHI MEIUUHIX BUPO-
6iB 3i crorry Co—Cr—Mo—W, BUTOTOBJIEHUX CEJIEKTUBHUM JIa3€ePHUM TO-
mIeHHAM Iopomiky. Tak, mopcTKicTs Moau@ikoBaHOI MOBepPXHI micad
ONTHMAaJIbHOTO pexxumy Y3YO0O Mae mapaMeTpu, AKi IpakKTUUYHO He Bif-
pisHAIOTBCA Bif BUXigHOTO cTaHy micas moiaipyBamuda (R,= 2,66 MKM i
.=0,52 MKM), a B IpUIIOBEPXHEBOMY Iapi GOPMYIOTHCSI HATIPYKEeHHS
crucHenuA Ha piBHi —510 MIla (mas BuximHOro cramy OesmocepemHbO
micia CJIT xapaxTepHi B3HAYHO MEHIII HAIPYKEHHS CTUCHEHHS
—65 MIla). ¥V pesyabTaTi 3HOCOCTIHIKiCThL TaKmX BHUPOOIB MOxKe OyTH
3HAYHO IIOJIMNINEHOI0 3aBAAKMN K TEeXHOJIOTiUHMM O0COO0JIMBOCTAM 3D-
IPYKY, Tak i MmeTogquku ¥Y3¥YO.

PoboTy BUKOHAHO B paMKax Aep:KOmomxerHol Temu HamioHaabHOTO
TeXHIiYHOTO yHiBepcuTeTy YKpainu «KuiBcbKuil mosriTeXHivHMYN iHCTH-
TyT imeni Iropa Cikopceskoro» Ne 2405¢ (0121U109752) «CrpyKTypHO-
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(daszoBi MexaHiBMM KepyBaHHA KOMIIJIEKCOM ITOBEPXHEBUX BJIACTUBOC-
Tell KOHCTPYKIIHHNX 1 PYHKI[IOHATIBHIX CILJIaBiB KOMOiHOBAHMMMU TeIl-
JOBUMMU, IOHHUMU Ta Ae(OPMAaIliiHNMY BILIMBAMM » .
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