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

A MONTHLY RESEARCH JOURNAL

METALLOPHYSICS

AND

ADVANCED TECHNOLOGIES
(Metallofizika i Noveishie Tekhnologii)

Editorial
Announcements

Electronic
Structure and
Properties

New Metallic
Materials and
Synthetic Metals

Crystal-Lattice
Defects

Metallic Surfaces
and Films

FOUNDED IN SEPTEMBER, 1979

Volume 48, No. 2; February 2026

CONTENTS

Information for Foreign Subscribers
Information for Contributors

Current-Driven Depinning of Elastic Vortex Filaments in
Superconductors with Columnar Defects
O.S.HRECHYKHA, O. L. KASATKIN, and
V.P.TSVITKOVSKYI

Fabrication of MnBi Magnetic Phases Using Arc-Plasma
Sintering: a Novel Approach for Intermetallic Systems
RIDWAN, Azwar MANAF, Adel FISLI, Arbi DIMYATI,
Twan SUMIRAT, MUJAMILAH, Ganisa Kurniati
SURYAMAN, and Grace Tj. SULUNGBUDI

Influence of Thermal Deformation Treatment Conditions
on the Structure and Mechanical Properties of the Fe—
Ti—C System

A V.MINITSKYI,Ye.S. SHAPOSHNIKOVA,
Ie.G.BYBA,N.V.MINITSKA,O.V.KOZLENKO,
V.L.SYROVATKA, D.S. LEONOYV, and

M.Yu. BARABASH

The Effect of Reinforcement on the Microstructure of
High-Carbon Steel Castings

Ye. HAFTANDILYANTS,V.A. SLYUSAREYV,

Yu H.KVASNYTS'KA,I.A. SHALEVS’KA,
P.B.KALYUZHNYY,V.I.VEYS,T.V. STEPANOVA,
and Zh.V. PARKHOMCHUK

Experimental Studies of Zinc and Derivative Coatings
A.V.ANTONOV,S.1I.IVASHCHENKO, D.O. BOSY1,
I1.Y. POTAPCHUK, and O.1. SABLIN

VII

111

123

141

153

169

© G. V. Kurdyumov Institute for Metal Physics, N.A.S. of Ukraine, 2026
© Publisher Publishing House 'Akademperiodyka’ of the N.A.S. of Ukraine, 2026



CONTENTS, No. 2 (Vol. 48)

Research on the Influence of Productivity on the
Structure Formation of Surface Layers of Steel Parts
during Nitriding by the Electrospark Alloying (ESA)
Method. II. Development of a Mathematical Model for
Controlling the Quality Parameters of Steel-Parts’
Surface Layers during Nitriding by the ESA Method
O.P. HAPONOVA,N.V.TARELNYK, and

O.V.SEMERNYA 185
Physics of Strength | Creation of an Equation for Determining the Interrepair
and Plasticity Time of Operation of Boom Cranes Based on the Theory of
Continuous Damage

O0.M.KHOROSHYLOV,O. S. PODOLYAK,
K.K.ANENKO, Zh.S. STAROSTA, and I. P. SMIRNOV 205

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

Media Identifier R30-03171

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: IK 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.48.02

11 ISSN 1024-1809. Metallophysics and Advanced Technologies. 2026. Vol. 48, No. 2


mailto:mfint@imp.kiev.ua
http://mfint.imp.kiev.ua/
https://doi.org/10.15407/mfint
https://doi.org/10.15407/mfint.48.02

HAI[IOHAJIbHA AKATTEMIS HAVE YKPATHU @ THCTUTYT METAJIO®IZUKA M. T'. B. KYPIIOMOBA

METAJO®PISURA

TA

HOBITHI TEXHOJOTII

Pemaxmiiiui
OTOJIOIIEHH ST

ExexTponHi

CTPYKTypa
Ta BJIACTHBOCTI

Hogi meraxesi
MaTepisaau Ta
CHUHTETHYHI
MeTaJn

HederTun
KPHCTATIYHOT
I'PaTHUIL

Meramiuni
IOBEPXHi Ta
ILTiBKH

LLLOMICAYHUA HAYKOBWA XXYPHAN
3ACHOBAHWM Y BEPECHI 1979 p.

Tom 48, Ne 2; mroTuii, 2026

3MICT

Iadopmaria ans 3aKOPAOHHUX MEPEeAIIaTHUKIB
Indopmania qiusa asropis

Hemnininr npy:XHiX BUXPOBUX HUTOK Yy HAAIPOBITHUKAX 31
cToBIUacTuMM feheKTaMU, 3yMOBJIEHUH CTPYMOM
O.C.T'PE9YUXA,O.JI. KACATRIH,
B.11.IJ|BITROBCbKH U

Burorosnennsa marseraux ¢as MnBi 3a romomororo
IyTOBOTO ILIA3MOBOI'0 CIIiKaHHS : HOBUH ITiAX 11 1010
iHTepMeTaJIEeBUX CUCTEM

PIITBAH, Aseap MAHA®, Adenv PICJII, Apoi JIM'ATI,
Iean CYMIPAT, MYJIMKAMIJIA, I'anica Kypriami
CYP'AMAH, I'peiic Tidxn. CYINHBYI

Brutus ymoB Trepmogedopmariinoro o6podisHEA Ha
CTPYKTYpPY Ta MexaHiuHi BracTusocti cucremu Fe—Ti—C
A.B.MIHIIIBRKHUH, €. C. ITAIIOIITHIROBA,

€.I' BUBA,H.B. MIHIIIBEKA, O. B. KO3JIEHEKO,
B.JI.CHPOBATEKA,]].C.IEOHOB, M. IO. BAPABAIIT

Brutus apMmyBaHHA HA MiKPOCTPYKTYPY BUIUBKIB 3
BHCOKOBYTJIEIIEBO1 KPUITi

€. I APTAH/[IJIAHI], B. A. CIIOCAPEB,

I0.I' " KBACHHUI]BKA, 1. A. IITAJIEBCEEA,

II.B. KAJTIOJKHHUH, B. 1. BEHC, T. B.CTEITAHOBA, K.

B.ITAPXOMY YK

EKcniepuMeHTaNbHI JOCTiIMKeHH ITMHKOBUX 1 MOXigHMX
TOKPUTTIB .
A.B.AHTOHOB,C.I.IBAIIIEHKO,/].0. BOCHU U,
I.I0.IIOTAII9YEK,O.1.CABJIIH

HocminsxeHHa BIINBY NPOLYKTUBHOCTH Ha
CTPYKTYPOYTBOPEHHSA ITIOBEPXHEBUX IIAPiB KPUIIEBUX
JIeTaJIiB Iy uac a30TYBaHHSA METOLOM eJIeKTPOiCKPOBOTO
snerysanHd (ELJI). II. Pospo6ka MaTeMaTHYHOTO MOZEII0

VII

111

123

141

153

169

© G. V. Kurdyumov Institute for Metal Physics, N.A.S. of Ukraine, 2026
© Publisher Publishing House 'Akademperiodyka’ of the N.A.S. of Ukraine, 2026

i



CONTENTS, No. 2 (Vol. 48)

IJIs1 yIPaBJIiHHA IapaMeTpaMu SKOCTU IOBEPXHEBUX

I1apiB KPUIEBUX JETAJIB i Yac a30TyBaHHA METOJOM

ELI

O.II.TAIIOHOBA,H.B.TAPEJIbLHUK,

O.B.CEMEPHA 185

dizuka MingHOCTH CTBOpEHHs PiBHAHHS 00 BUSHAUEHHA MiKPEMOHTHOTO

Ta MJIACTUYHOCTU Yacy eKcILIyaTallii CTpiJioBUX KpaHiB 3a Teopieio

KOHTHHYAaJIbHOI IIOMIKOAKEeHOCTHU
O.M.XOPOIIHUJIOB,O.C.IIO[IOJIAK,K. K. AHEHKO,
/K.C.CTAPOCTA,I1.II. CMHPHOB 205

Haykosi pegaktopu sunycky: O. C. layerko, B. A. Tamapetko

BignosiganbHuii cekpetap peaakuinHoi konerii O. C. MayeHko
Pepakrop-kopekrtop O. C. [ayeHko

TexHiuni pepaktopu: /. B. 3aeopyneko, /. I. Makaperko, M. B. Manino

XypoxHi pegaktopwu: /. B. 3azopyneko, JI. |. Makapenko, M. B. Mauino
OpuriHan-makeT A/is NPsIMOro penpoayKyBaHHs BUrOTOBNEHO koMM loTepHoto rpynoto PBB IHcTutyty
Mmetanodpisuku im. I'. B. Kypgiomosa HAH Ykpainu

Anpeca pefakuii:

IHcTuTyT MeTanodiauku im. I'. B. Kypaiomosa HAH Ykpainu, PBB—Pegakuis « MHT»
6ynbs. Akag. BepHaacbkoro, 36; 03142 Kuis, YkpaiHa

Ten.: +380 44 4249042; chakc: +380 44 4242561

En. nowra: mfint@imp.kiev.ua

lpeHTudpikatop megia R30-03171

3atBepA>KeHO [0 APYKY BYeHOO pagoto IHCTUTyTy MeTtanodiauku im. I'. B. Kypaiomosa HAH Ykpainu
LpyKy€eTbCsi 3a NOCTAHOBOIO peaaKLifHOT Koerii >KypHany aHrniicbKoto abo yKpaiHCbKOO MOBaMu

MignucaHo go apyky 26.02.2026 p. ®opmar 70x100/16.

YM. apyk. apk. 9,75. 06n.-eua. apk. 8,97.
Tupax 53 np. 3am. Ne 0000 Big 18.02.2026 p.

Binapykosaro Bl «Akagemnepiognka» HAH Ykpainu
Byn. TepeweHkisebka, 4; 01024 Kuis, Ykpaina
CeigouTso cy6’exTa BuaaBHuuoi cnpasv [K Ne 544 sig 27.07.2001 p.

Caiit »xypHany: http: / /mfint.imp.kiev.ua
DOI (>kypHany): https:/ /doi.org/10.15407 /mfint
DOI (sunycky): https:/ /doi.org/ 10.15407 /mfint.48.02

v ISSN 1024-1809. Metallophysics and Advanced Technologies. 2026. Vol. 48, No. 2


mailto:mfint@imp.kiev.ua
http://mfint.imp.kiev.ua/
https://doi.org/10.15407/mfint
https://doi.org/10.15407/mfint.48.02

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. 2026 Vol. 48 A%


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. 2026. T. 48


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
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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 inperciB 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, MAaTeMaTUYHi 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 HasBamu, 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. Hammcn Ha pucyHKax (0cO6G/IMBO Ha ITiBTOHOBUX ) CJIiJ| 10 MOKJIMBOCTI 3aMiHUTH JIi TEPHUMY 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 BiIKJIaIaI0THCS 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, popMmyian, 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. 2026. Vol. 48 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 IePeKJIaJi 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,
BUJABIIO Ta PeIKOJIerii sKypHay « Meranodisuka Ta HOBITHI TeXHOJIOTii» (3TiIHO 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. 2026. T. 48



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 © 2026 G. V. Kurdyumov Institute for Metal Physics,

Memanoi3. HOBIMHI MeXHOL. National Academy of Sciences of Ukraine
Metallofiz. Noveishie Tekhnol. Published by license under
2026, vol. 48, No. 2, pp. 111-121 the G. V. Kurdyumov Institute for Metal Physics—
https://doi.org/10.15407/mfint.48.02.0111 N.A.S. of Ukraine Publishers imprint.
Reprints available directly from the publisher Printed in Ukraine.

PACSnumbers: 74.20.De, 74.25.Uv, 74.25.Wx, 74.62.Dh, 74.72.-h, 74.78.Na, 84.71.Mn

Current-Driven Depinning of Elastic Vortex Filaments
in Superconductors with Columnar Defects

0. S. Hrechykha*, O. L. Kasatkin™, V. P. Tsvitkovskyi*

“Kyiv Academic University,

36 Academician Vernadsky Blvd.,

UA-03142 Kyiv, Ukraine

“@G.V.Kurdyumov Institute for Metal Physics, N.A.S. of Ukraine,
36 Academician Vernadsky Blvd.,
UA-03142 Kyiv, Ukraine

In the present work, the problem of an elastic Abrikosov-vortex filament
depinning from a columnar defect in a 3D-anisotropic superconductor plate
is considered within the framework of Lagrangian classical mechanics. We
consider the problem of vortex depinning from columnar defect in a rather
thick superconducting plate with thickness d > 2\ (A is the London penetra-
tion depth) under the action of transport Meissner current with a density
j(r, t) flowing in the surface screening layer of width ~A. The conditions for
the occurrence of instability of the pinned state of the vortex are investigated
and the corresponding depinning critical-current density on the specimen
surface, at which the vortex filament starts its escape from the columnar
defect, is calculated. The time for the vortex-depinning process and its de-
pendences on both the sample thickness and the transport-current value are
calculated. The dependence of the average critical-current density on the
plate thickness d is also found.

Key words: superconductor, Abrikosov vortex, flux quantum, coherence
length, vortex pinning, columnar defect, critical current.
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3aJlauy PO JMeIiHiHT TPy KHbOI BUXPOBOI HUTKMU AGPUKOCOBA Biji CTOBIIYACTO-
ro nedeKTy B mmacTuHi 3D-aHi3oTpomrHOTO HaAIPOBiAHUKA. Po3rasaHyTo 3azma-
Yy IIPO JIeliHiHT BUXOPY 3i cTOBIUAcCTOro AedeKTy B ZJOCTATHBO TOBCTiMl HaJ-
IPoBigHIN niaacTuHi TOBIIMHOL d > 2\ (me A — JlongoHOBA ryiMbMHA TPOHUK-
HEHHA) Imix miero TparcnopTHOro MaiiccHepOBOro CTPpyMy 3 I'yCcTHHOIO (7, t),
IIT0 IPOTiKae y MOBEPXHEBOMY €KPaHiBHOMY IMapi mupuHOo =A. JlociimxeHo
YMOBY BUHUKHEHHS HECTa0lIbHOCTHY 3aKPiIllJIeHOT0 CTAHY BUXOPY Ta PO3Paxo-
BaHO BiIOBiHY T'YCTUHY KPUTUYHOTO CTPYMY JeNiHiHT'Y Ha TOBEPXHi 3pasKa,
3a IKOi BUXpOBa HUTKA IIOYMHAE BUXif 3i croBOnuacroro nedexty. Posdpaxona-
HO Yac IPOIeCy AeIiHiHI'Y BUXOPY Ta H0ro 3ajIesKHiCTh Bif TOBIMHY 3paskKa i
3HAUEHHA TPAHCIOPTHOTO CTPyMy. TaKoK 3HAWIEHO 3aJIe;KHIiCTh cepemHboi
KPUTUYHOI I'YCTUHU CTPYMY BiJ TOBIIWHU ILJIACTUHU d.

KarouoBi ciioBa: HaATPOBIAHUK, BUXOP AOPUKOCOBa, KBAHT MOTOKY, JOBMKUHA
KOTE€PEeHTHOCTH, IiHiHT BUXOPY, CTOBIYACTUH Ae(DEKT, KDUTUUHUHI CTPYM.

(Received 27 March, 2025; in final version, 16 July, 2025)

1. INTRODUCTION

Modern electrical engineering requires materials with high current-
carrying capacity. Such materials can be high-temperature supercon-
ductors (HTS) capable of conducting non-dissipative current with a
density of the order 10°A/cm? at liquid nitrogen temperatures
(T <78K) [1, 2]. The current-carrying capacity of superconducting
materials usually is characterized by the critical current density—the
maximal density value of the non-dissipative current, j.. Today, the
value of j. (78 K) in HTS films and coatings based on RE-Ba-Cu-O (RE =
Y, Gd, Nd, Sm) reaches 10-107 A/cm?[2, 3]. An active work is contin-
ued to improve the technology for obtaining HTS films and coatings in
order to increase the critical current and reduce its dependence on
magnetic field and thickness of the superconducting layer [4—6].

The value of j. in superconductors depends on the ability of material
to pin Abrikosov vortices, whose motion leads to the emergence of a
resistive state and electrical resistance [7—9]. It is widely believed that
the most effective vortex pinning centres are extended linear (colum-
nar) defects with a radius of order the coherence length, &, of the su-
perconducting state (for HTS materials, & is of about a few nanome-
ters). The efficiency of such linear pinning centres is determined by
their ability to pin a vortex along its entire length, when magnetic
field is directed along the axis of the linear defect [3, 8, 10]. In HTS
materials, effective linear vortex pinning centres are: artificially cre-
ated columnar defects, which usually arise, when material is irradiated
with heavy ions with high energies of 1-10 GeV order (see, for exam-
ple, review [10]); edge and screw dislocations formed during growth of
epitaxial HTS films [11-13], as well as so called ‘nanorods’ formed due
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to the self-organization of nanosize dielectric particles implanted in-
side the HTS material (e.g., BaZrOs;, Y203, etc.) [2—6]. It should be no-
ticed that, for other superconducting materials, e.g., for a new class of
superconductors, namely, ferropnictides, which are currently being
actively studied, linear extended defects also play a significant role in
enhancing the pinning of vortices and increasing the critical current
[14-16]. In sufficiently weak magnetic fields, the number of Abriko-
sov vortices is significantly less than the number of linear defects, and
the intervortex distance is significantly larger than the radius of a
cylindrical linear defect. In this case, the interaction of vortices with
each other can be neglected in comparison with the pinning force cre-
ated by the linear defect. The type of the pinning potential well U,(r)
for a vortex parallel to the axis of cylindrical linear defect was calcu-
lated in a number of theoretical models [17—21]. The state and charac-
teristics of the superconductor are then determined by the interaction
of an individual vortex with the pinning centre and effect of the Lo-
rentz force on it: Fr. = [j(r)xdo], where j(r) is the transport current den-
sity, ¢o=h/2e = 2.07-1071 T-m? is the magnetic flux quantum, which is
created by an Abrikosov vortex. The condition for applicability of the
single-vortex approximation is following: B << By = nao, where B = nv¢o
is magnetic induction in the superconductor, n, and ns are two-
dimensional concentration of vortices and linear defects, respectively.
Typical values for B, are in the range of 1-10 T [10-13]. So, the single-
vortex approach can be used for a variety of problems, concerning the
role of columnar pinning sites. Within the framework of such a ‘sin-
gle-vortex’ approach, which does not take into account the interaction
of vortices with each other, it was shown that the escape of vortices
from linear defects and their subsequent dynamics at finite tempera-
tures in the presence of transport current with a density j occurs due to
the mechanism of fluctuation formation of partially depinned vortex
loops in the bulk of the superconductor [8, 11, 22, 23] or vortex
‘tongues’ near the surface [24] with a size exceeding a certain critical
value l.(j) and, accordingly, an excitation energy greater than the criti-
cal value U.(j): L.(j) oc Uc(j) oc 1/j. Such loop excitations are sources for
the development of an instability of the pinned state of the vortex fil-
ament, since, at [ > l.(j), they start to increase in size under the action
of the Lorentz force created by transport current, thereby ensuring the
sliding of the vortex from the linear defect and its movement to the
adjacent linear defect located in the direction of the Lorentz force.
This scenario of disruption (depinning) and subsequent transport of
vortices in superconductors with parallel linear defects directed along
the c-axis of the crystal is confirmed by a number of experiments per-
formed on HTS single crystals at not too high magnetic fields and tem-
peratures: T < Tse and B < By (Tre is the critical temperature for the
vortex ensemble transition to the ‘Bose glass’ state, By=nado is the
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characteristic ‘matching field’, nq is the density of columnar defects
per unit surface of the sample) [8, 9]. Meanwhile, the problem of dis-
ruption of a single vortex and depinning critical current value in the
limit of low temperatures at T'— 0 K, when thermal fluctuations and
processes of thermal excitation of vortex loops of critical size can be
neglected, still needs its further exploration.

2. PROBLEM STATEMENT

In this paper, we study the dynamic behaviour of an elastic Abrikosov
vortex filament in a pinning potential well of a linear defect in a 3D
anisotropic superconductor under the action of a non-uniformly dis-
tributed and non-stationary transport current. We also calculate the
corresponding depinning critical current and its dependence on the
vortex elasticity and sample thickness. The new feature first consid-
ered in the present work is the time of vortex depinning from linear
defect. Its dependences on the sample thickness as well as the transport
current value are numerically calculated. We consider the case of a
plate (film) of a moderately anisotropic layered superconductor (REB-
CO type) with linear defects passing through the entire thickness of
the plate and oriented along the crystal axis ¢, perpendicular to the
two-dimensional superconducting layers and the surface of the sample.
It is assumed that the plate thickness d > 2\, where A = A, is the Lon-
don penetration depth of a weak magnetic field. The instability thresh-
old of the pinned state of the vortex and the corresponding values of
the depinning critical current for different values of thickness d in the
range of (2—10)A are found. The study of the stability of the vortex
pinning state is carried out taking into account the elastic properties
of the vortex filament and the non-uniformity of the distribution of
the Lorentz force from the transport current, acting on the scale of the
London penetration depth A. The shape of the bended vortex filament
in the pinning potential of linear defect U,[s(z)] and additionally exert-
ed to the action of inhomogeneous Lorentz force Fi(z)=doj(z) is de-
scribed by its displacement s(z) relative to the defect axis (the Oz-axis)
directed perpendicularly to the plate. In this case, the equilibrium
shape of the vortex filament can be obtained by minimizing its energy
functional [23]:

d/2

W{s(z)} = j d(2)dz , (1)
~d/2
@(z)i(@j ~ Qi@)s(2) + U, [5(2)]. @)
2\ 0z

Here, P is the vortex line tension: P=E/ 2, Ey=doH.: is the vortex
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self-energy per unit length of the vortex line, /" is anisotropy coeffi-
cient for layered material (like REBCO) [9,23], H.: is the lower critical
field; for pinning potential U,(s), we use the Lorentzian form [20, 26]:

2

r
U,(s) = U, rﬁﬁ (3)

where the pinning well depth, Uy, is of order of the vortex self-energy
[23], rp is a characteristic size of the pinning potential well created by
the columnar defect: r, > & (§ is the coherence length).

Minimization procedure applied to Eq. (1) gives the following equa-
tion for the equilibrium form of the vortex line [23, 25]:

av,

d?s
P—+06,i(2) - L -0 4
1 $oi(2) Is 4)

with boundary conditions (ds/dz)__, ,» =0, which mean that the bend-

ed vortex line on the surface should be oriented normally with respect
to the plate surfaces. Based on Eq. (4), the form of the bended vortex
line in the presence of transport current with an inhomogeneous densi-
ty j(z) and stability threshold for equilibrium solutions of Eq. (4) were
explored and the depinning critical current was examined in Refs. [25,
27].

In the present work, we investigate dynamics of elastic vortex fila-
ment in the pinning potential well of linear defect under the influence
of nonstationary transport current. More precisely, we explore dynam-
ics of the vortex escape from linear pinning site under the action of
inhomogeneously distributed transport Meissner current j(z, ¢), which
is switched on at some moment ¢o:

cosh(z / A)

cosh (d/(21)) (%)

j(z,t) = O(t —t,)J,

Here, O(t —to) is the unit step (Heaviside) function; j, is amplitude of
the Meissner transport current concentrated mainly near both plates
surfaces on the scale of the London penetration depth A.

To explore the dynamics of a pinned vortex line under the nonsta-
tionary Lorentz-force action determined by the current density distri-
bution given by Eq. (5), we use the Lagrange dynamics equation. Based
on Egs. (1), (2), the latter can be written in form:

0%s ou Os
[T L 6
e $oj(2,1) = 2 (6)

Here, n is viscosity coefficient for the vortex filament (per its unit
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length): n = % (B2 is the upper critical field; p. is the normal state
resistivity); the pinning potential U,(s) is given by Eq. (3). We explore
Eq. (6) with boundary conditions similar to that used above for Eq. (4)
and time-dependent current given by Eq. (5). To solve Eq. (6), we use
dimensionless variables and coefficients, which enter in this equation,
as given by the following transformations:

2

i r

s—>i;z—>i;d—>i;t—>mt; j0—>{—°;P—>L 2. (7
r, A A n Jeo ayr (A

Here, o1 is the so-called Labusch parameter defined as follows:

d’U_ (s
o = d;z( ) . It characterizes the rigidness of the pinning potential
s=0

well near its bottom. For the pinning potential given by Eq. (3), one

2U
gets: o, = 2"0 . The Labusch parameter together with the radius of
r
p
the pinning potential well, r,, define a characteristic scale of the
depinning critical current density, jeo: j,, = 0.7, /0, [25, 27].

Now, using these dimensionless variables (7) and renormalized coef-
ficients, we can rewrite the dynamic Eq. (6) in the following form:

’s . cosh(z s 0s
P— +j,0(t - t,) () _ s = 0.01—.
0z cosh(d /2) (1+5s%) ot

(8)

Here, s, z, t are dimensionless variables, and P, jo, d are proper dimen-
sionless parameters defined by the transformation (7); ®(t —to) is the
step-like (Heaviside) function.

The obtained results for vortex dynamics based on the numerical
solution of Eq. (8) with a proper choice of parameters, which rule the
vortex dynamics, are presented in the next Section.

3. RESULTS OF NUMERICAL MODELLING

In this section, we investigate an occurrence of current-driven insta-
bility of the pinned vortex state, and employing the numerical solution
of the dynamic Eq. (6), calculate the corresponding depinning critical
current density, at which the vortex filament starts its escape from the
columnar defect under the action of switched on (at some moment #,)
an inhomogeneous Lorentz force, concentrated near the surface within
the screening layer of width A.

In Figure 1, the evolution of the vortex filament shape is shown af-
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ter the driving current switching on at the moment #,. This figure il-
lustrates the case of low current densities (5): jo<j. (j. is the depinning
critical current density on the plate’s surface). One can see that, after
the transition process, the vortex line shape acquires the stationary
form and its time evolution ceases. At high current densities, jo>j., the
depinning process for a flexible vortex filament starts at the plate sur-
face and then the vortex detachment wave propagates from the surface
to the specimen centre. During this transition process, the vortex line
distortion at the plate centre (z =0) increases and then begins to exceed
the pinning potential well radius, i.e., when s(0, t) > r;,, the vortex fila-
ment elaborates from the pinning potential well and moves freely driv-
en by the inhomogeneous Lorentz force counteracted by the viscous
friction. This type of vortex filament dynamics caused by the step-like
switching on the driving Lorentz force, caused by the inhomogeneous
transport current density j(z, t) given by Eq. (5)is shown in Fig. 2.

It worth noticing that the vortex depinning process in this case has a
definite duration, which can noticeably effect on electromagnetic re-
sponse of a superconductor. For instance, it can cause a delay in a
switching-on of the resistive state at the pulse current loading of this
type superconductor.

The time evolution of the vortex ends position on the plate surface,
s(xd/2,t) together with the position of the vortex filament centre,
s(0, t), obtained by numerical solution of Eq. (8) for current value larg-
er than the critical, jo>j., and proper values of parameters entering
this equation, is demonstrated in Fig. 3. This figure distinctly demon-

Fig. 1. 3D graph for vortex filament deviation s(z, t) from the columnar de-
fect caused by switched on at the moment ¢y an inhomogeneous Lorentz force
corresponding to the current density j(z, t) given by Eq. (5). This graph is ob-
tained by numerical solution of Eq. (8) for proper parameters values.
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Fig. 2. 3D graph of the pinned vortex filament escape from the columnar de-
fect at current higher than the depinning critical value.
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Fig. 3. The time evolution of the vortex ends position on the plate surface,
s(+d/2, t), together with the position of the vortex filament centre, s(0, t),
obtained by numerical solution of Eq. (8) for the current amplitude larger
than the critical one, jo > jc, and proper values of parameters.

strates that the depinning process caused by the step-like switching on
the driving current described by Eq. (5) starts on the surface and prop-
agates inside the plate leading to the some delay of the vortex central
part escape from the columnar defect.

In what follows, we consider the delay time for the vortex depinning
process, T, as that, which is necessary for the achievement of the devia-
tion of the vortex central part, s(0, t —to), the value of the pinning po-
tential well radius, rp: s(0, 1) =r,. Corresponding dependences of the
delay time on the sample thickness, 1(d), and transport current ampli-
tude value, t(jo), are shown in Fig. 4 and Fig. 5, respectively, for prop-
er values of parameters in Eq. (8).

In addition, we have calculated numerically the average critical cur-
rent density and its dependence on the plate thickness d. This plot is
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50 o
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Fig. 4. Thickness dependence of the delay time for vortex escape from colum-
nar defect, t(d), at jo> j. calculated from Eq. (8) for the following values of
parameters in Eq. (8): P=0.1, jo=0.7, j.=0.5.
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Fig. 5. Dependences of the delay time on the transport current amplitude val-
ue, 1(jo), for proper values of parameters in Eq. (8): P=0.12,d=38, j.=0.5.

demonstrated in Fig. 6.
The descending dependence j (d) means that the total critical cur-

rent through the whole cross-section of the plate will increase slower
than simple linear proportional dependence on d. So, for achievement
of high current—carrying abilities of superconducting tapes and coat-
ings produced from HTS materials, the presence of additional pinning
sites of other type (point-like strong pinning sites or columns splitting)

is necessary [3-5].

4. CONCLUSION

In this work, the mechanics of vortex escape from a columnar defect
and necessary conditions for vortex depinning were investigated theo-
retically by use of a nonlinear dynamic equation, which describes the
behaviour of an elastic vortex filament settled in the pinning potential
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Fig. 6. Depinning critical current density averaged of the plate thickness.

well and exerted to the action of inhomogeneously distributed Meiss-
ner current, which is switched on at some moment ¢, in a step-like way.
The time evolution of the vortex filament form during the depinning
process was modelled by the solution of the nonlinear dynamic equa-
tion, and the results of this modelling are presented in the form of 3D
graphs. The most significant physical result obtained in the present
work is a demonstration of the finite duration of the depinning pro-
cess. We have numerically calculated the depinning time of a single
vortex filament from a columnar defect, which characterizes the delay
in the response of vortices on alternating current and the dependences
of this delay time on the specimen thickness and the driving current
value. The corresponding effect of this type of delay of the vortex re-
sponse on the electrodynamics of a superconductor with columnar de-
fects and its manifestation on electrodynamic characteristics will be
studied elsewhere.
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Fabrication of MnBi Magnetic Phases Using Arc-Plasma Sintering:
a Novel Approach for Intermetallic Systems
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This study explores a novel arc-plasma sintering method for fabrication of
magnetic phases in the manganese—bismuth (MnBi) alloy system with a 1:1
atomic ratio. The arc-plasma technique provides an innovative approach to
sintering the intermetallic systems with elements exhibiting significantly
different melting points, such as Mn (1246°C) and Bi (271.4°C). By adjusting
the distance between the sample and the plasma source, temperatures up to
1250°C are rapidly reached in an argon atmosphere. Post-sintering annealing
at 240°C for 4 and 24 hours influences significantly the magnetic properties
of the material. Characterization is conducted using scanning electron mi-
croscopy, x-ray diffraction, and a vibrating sample magnetometer. This
study highlights the potential of arc-plasma sintering as an efficient method
for producing MnBi-based permanent magnets, offering a sustainable alter-
native to rare earth-based materials. The results demonstrate that optimiz-
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ing the sintering process improves magnetic performance and enhances the
structural integrity of the magnets. Further research into the microstruc-
tural transformations during annealing could provide valuable insights into
the mechanisms driving these improvements.

Key words: arc-plasma sintering, MnBi, high-temperature sintering, perma-
nent magnets, magnetic materials.

B mamiit poboTi mocirimxeHo HOBY MEeTONY CHiKAHHSA ILJIa3MOI0 JyTOBOTO PO3PsI-
Iy AJIS CTBOPEHHA MarHeTHUX (a3 Ha ocHOBi cucTemi Manran—BicmyT (MnBi)
3 atomoBuM chiBBigHomeunHaMm 1:1. IlmasmoBo-ayroBa meToauka 3abesmeuye
iHHOBaAIiMHUH MiaAXid ITOA0 CIIiKaHHS iHTepMeTaJIeBUX CHUCTEM 3 eJIeMeHTaMU,
110 MaIOTh iCTOTHO Pi3Hi TeMmepaTypu TomiaeHHA, TakuMu AK Mn (1246°C) Ta
Bi (271,4°C). Ilmaxom peryaoBaHHSA Bigmaii MiK 3pasKoM i AiKepeJioM Ijias-
Mu B aTMoc(hepi apromy MoKHA IMIBUAKO HocArTu Temmneparypu xo 1250°C.
Bignan micas coikamasa 3a 240°C BupomoB:k 4 i 24 ToguH iCTOTHO BIIMBAE Ha
MaTrHeTHi BJIACTHMBOCTI MaTepisany. XapaKTepusallisi IPOBOIUTHCS 3a JOIIOMO-
T'OI0 CKaHiBHOI eJIEKTPOHHOI MiKpOCKOMIii, peHTI'eHiBChKOI audpakriii Ta BioO-
pariinoro margeromerpa. IIpoBeeHi focaimKeHHA IeMOHCTPYIOTE MTOTEHITi A
METOIY NYTOBOTO IIJIa3MOBOTO CIIIKaHHA AK e(peKTMBHOI MeTOnu BUPOOHUIITBA
TMOCTiHUX MarHeTiB Ha ocHOBI MnBi, mpomonyioun cTifiKy aJabTepHATHUBY Ma-
TepifgsaM Ha OCHOBI pifKicHO3eMenbHUX ejieMeHTiB. PegynbTaTy 1eMOHCTDY-
IOTh, IO ONITHMi3allid MPOIIeCy CHiKaHH MOJIMIITye MarHeTHI XapaKTepuCTH-
KU Ta OifBUIye CTPYKTYPHY IimicHicTs marueriB. Iloganemmi gocnimsxenna
MiKPOCTPYKTYPHUX II€PETBOPEHD IIil Yac BilIaMOBaHHA MOYKYTH HATU I[iHHE
PO3yMiHHA MeXaHi3MiB, 110 3YMOBJIIOIOTH ITi OJIiNITIEHH .

Karouosi ciioBa: gyrose miasmoBe cmikaHuda, MnBi, BucokoremmeparypHe
CIiKaHHJ, ITOCTiliHI MaruHeTn, MarHeTHi MaTepisaan.

(Received 26 February, 2025; in final version, 2 July, 2025 )

1. INTRODUCTION

The demand for permanent magnet materials is expected to rise in re-
sponse to the increasing importance of environmentally friendly ener-
gy sources in the future. Magnetic materials play a crucial role in vari-
ous industries, particularly in transportation, where they are essential
for replacing fossil fuels [1]. Currently, rare earth element based ma-
terials, such as NdFeB, are extensively used for permanent magnets.
The demand for these materials is primarily driven by key sectors ex-
periencing significant growth. In the electronics industry, components
like motors, sensors, and actuators increasingly rely on NdFeB mag-
nets due to the trend towards device miniaturization and improved
power efficiency [1, 2]. This trend is anticipated to result in a substan-
tial and ongoing increase in the demand for rare earth elements. How-
ever, since the production of rare earth elements is mainly concentrat-
ed in a few countries, the prices of rare-earth element-based magnetic
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components are likely to continue to rise [3].

To reduce our dependence on rare earth elements, efforts are being
made to obtain magnetic materials that are free of rare earth. A man-
ganese-bismuth intermetallic alloy compound (MnBi) is a promising
candidate for magnetic materials that do not contain rare earth ele-
ments and has attracted a lot of attention. This material is ferromag-
netic which substantially shows anisotropic magnetocrystalline prop-
erties and has a positive coercivity coefficient temperature. This al-
lows the material to be applied at relatively high temperatures, which
are rarely found in other ferromagnetic materials [4, 5]. The perma-
nent magnetic properties of this MnBi intermetallic system originate
from the low-temperature phase (LTP) a-MnBi, which possesses a
NiAs-type hexagonal crystal structure demonstrating uniaxial aniso-
tropic magnetic properties at room temperature [6]. However, achiev-
ing a single LTP phase is challenging due to the large difference be-
tween the melting points of Mn and Bi [7]. The most used method to
obtain MnBi ingots is conventional powder metallurgy. Manganese
(Mn) powder is mixed with bismuth (Bi) powder in various composi-
tions based on atomic percent and weight percent, which is then com-
pacted and processed using arc melting methods [8], melt spinning [9,
10], or induction furnaces [11]. The resulting ingots are subsequently
ground for several hours in an inert gas atmosphere [12]. The fine
powder containing a magnetic phase is compacted and heat-treated in a
magnetic field to enhance density and magnetic properties, with some
approaches utilizing epoxy resin as a binder to produce bonded mag-
nets [13, 14]. Other sintering methods include spark-plasma sintering
[15, 16] and utilizing severe plastic deformation (SPD) techniques for
bulk systems [17]. These synthesis methods are typically conducted at
low temperatures, with a few publications discussing high-
temperature synthesis processes. Li et al. [18] synthesized MnBi using
an induction furnace at 900°C with directional solidification in a mag-
netic field, significantly enhancing crystalline anisotropy. Meanwhile,
Panita Thongjumpa et al. [19] also obtained a ferromagnetic phase
from MnBi using a microwave furnace at a temperature of 1247°C,
which is slightly above the melting point of Mn.

This study presents an innovative approach to fabricating MnBi
magnetic phases using arc-plasma sintering (APS). In contrast to tra-
ditional powder-based methods, APS enables the direct utilization of
bulk MnBi samples, by passing the need for powderization. By achiev-
ing high temperatures rapidly within a controlled environment, this
technique offers a compelling alternative to produce MnBi-based mag-
netic materials. The research focuses on exploring and optimizing the
growth of the MnBi magnetic phase through APS, with the goal of im-
proving both the efficiency and scalability of the fabrication process
for industrial applications.
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2. EXPERIMENTAL

An arc-plasma sintering facility was utilized in the synthesis process
of the MnBi phase system. The plasma arc generated by the APS is
highly influenced by the gas flow rate. The use of argon as a plasma gas
is beneficial in creating an inert atmosphere around the material dur-
ing processing, thus preventing oxygen adsorption events [20]. Ac-
cording to the research, the length of the plasma arc is closely related
to changes in current and the flow rate of argon as the plasma gas; the
temperature on the workpiece surface is directly proportional to the
distance between the workpiece and the plasma source [21]. For this
study, a distance of 15.5 mm between the sample and the source was
maintained, with a constant current of 70 A, while the argon plasma
gas flow rate was varied to 5, 6, and 71/min, respectively. Here, the
plasma gas used is high purity argon with a flow rate of 5, 6, and 7
I/min, a fixed electric current of 70 A and a plasma life time of 10s
with a pause of 2 s with automatic settings. The working temperature
of arc-plasma sintering has been verified without using a sample, with
a distance between the plasma source and the empty sample container
of 15.5 mm, which is equipped with a K-type thermocouple as a tem-
perature counter. The results of temperature measurements at the
sample position can be seen in Fig. 1. Based on the measurement re-
sults, it observed the plasma temperature generated is influenced by
the flow rate of argon gas as the plasma gas, as it was observed by Hua
Xieet al.[22].

The alloy used in this work with a nominal composition of Mn;oBiso
[at.% ] was obtained from Xiamen Advanced High-tech Material Co.,

1400
1200
O 1000~ A
& 800
—_—
s
5 600
= Boog @ B op b gt m T
QE, 400 — i iCGurrent source: 70 A
& i iArgon gas flow, 1/min:
HooE —5
00—y - G
2 B -7
TR NS NUURIS SOUMON SO, D OOPOeS SOSSOON SO
! | ! I ! 1 ! | & I
2 4 6 8 10
Cycles

Fig. 1. The temperature of the arc plasma versus the plasma gas in this case
high-purity argon gas.
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Ltd., China. As determined by ICP, the alloy contains 20.79% wt. Mn
and 78.41% wt. Bi, with a purity of 99.2% . This green alloy is a solid
with a density of about 19.9 g/cm? and a grain size of <250 pm. A por-
tion of this green alloy was cut into 4 pieces with dimensions of approx-
imately 1.0—2.0 cm?3 for the sintering and annealing processes.

The arc-plasma sintering process involved placing the sample in a
graphite crucible, with a thermocouple positioned as close as possible
to measure the sample temperature during sintering. Sintering was
conducted at temperatures of 350°C, 1100°C (120 s/cycle), and another
sample was sintered at 1100°C for 2 cycles, equivalent to 240 s of plas-
ma ‘on’. The highest sintering temperature applied in this work was
1250°C. The annealing processes were performed for all post-sintering
samples at temperatures of 240°C for 4 hours and 24 hours, respective-
ly, in a vacuum atmosphere. The sintered and annealed samples were
characterized using x-ray diffraction techniques, microstructural
analysis with an optical microscope and SEM equipped with EDS, and
magnetic properties were measured using a vibrating sample magne-
tometer (VSM) at room temperature.

3. RESULTS AND DISCUSSIONS
3.1. Post Sintering and Annealed Morphology of MnBi Alloy

Figure 2 depicts the microstructure of the MnBi master alloy. The
composition of the alloy, as analysed through energy-dispersive spec-
tres-copy (EDS) and detailed in Table 1, reveals the presence of two dis-
tinct phases. The dark phase, located at point 006 in Fig. 2, a, is char-
acterized by a composition of Mn 68.21 and Bi 27.32 [% wt.], which,

Fig. 2. The master-alloy microstructure displays the distribution of two pri-
mary phases: the dark-grey phase primarily contains the element Mn (a) while
the white phase mostly includes the element Bi (b).
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TABLE 1. EDS of master alloy.

Constituent elements, % wt.
Elements
Dark grey (markedby 006) | White (marked by 002)
Mn 68.21 9.22
Bi 27.32 86.42

based on the MnBi phase diagram, is likely to encompass both a-Mn
and the intermetallic a-MnBi phases. Conversely, the light phase,
identified at point 002 in Fig. 2, b, is primarily composed of Mn 9.22
and Bi 86.42 [% wt.].

Phase identification of the crystal structure using x-ray diffraction
reveals that the master alloy does not exhibit any detectable MnBi
phase within the accuracy limits of the instrument (Fig. 3). The pres-
ence of the MnBi phase in the green alloy is confirmed, though weakly,
through magnetic loop measurements conducted using a vibrating
sample magnetometer (VSM), as shown in Fig. 4. This can be explained
by the fact that manganese (Mn), despite being adjacent to ferromag-
netic elements such as iron (Fe), cobalt (Co), and nickel (Ni) in the peri-
odic table, behaves as an antiferromagnetic material at room tempera-
ture. In contrast, bismuth (Bi) is known to be a non-magnetic material.

Figure 5 illustrates the microstructure of the alloy after sintering at
350°C, followed by annealing at 240°C for durations of 4 and 24 hours.
SEM analysis reveals the microstructure of the alloy annealed for 24
hours at 240°C, as shown in Fig. 5, a. EDS analysis identifies the dark-
coloured phase as Mn-rich and the light-coloured phase as Bi-rich.

This indicates that the alloy system has not fully formed, as evi-
denced by the elemental mapping results in Fig. 5, b, which show a dis-
tinct separation in the distribution of Mn and Bi elements rather than
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Fig. 3. The x-ray diffraction pattern of MnBi alloy confirms the presence of
Mn- and Bi-rich phases.
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Fig. 4. The loop hysteresis of MnBi master alloy.
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Fig. 5. Results of mapping analysis of MnBi alloy showing Mn (a) and Bi (b)
elements in the microstructure.

a uniform alloy. VSM-measurement data, presented in Fig. 6, indicates
that the magnetic saturation remains very low. This suggests that the
low-temperature sintering process, followed by 24 hours of annealing,
was insufficient to facilitate significant atomic inter-diffusion within

the bulk system.

3.2. Microstructural Development during High-Temperature Sintering

Figure 7 highlights the significant microstructural transformations
occurring during high-temperature sintering, specifically the for-
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Fig. 6. Hysteresis loops of MnBi alloys annealed at 240°C for duration of 0
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Fig.7. SEM shows the microstructure of alloy sintered at a temperature of
1100°C for 120 s (1 cycle) before annealing (a) after annealing at a tempera-
ture of 240°C in a vacuum for 4 hours (b) and 24 hours (¢).

mation and evolution of the MnBi phase before and after annealing.
The morphology of the MnBi phase exhibits an elongated structure,
with energy dispersive spectroscopy (EDS) analysis revealing composi-
tional shifts from Mn:Bi ratios of 24:76 [% wt.] after 4 hours of an-
nealing to 19:81 [% wt.] after 24 hours. These changes reflect the dy-
namic redistribution of elements within the alloy during prolonged
thermal exposure. However, due to the absence of an external magnet-
ic field during the sintering process, the MnBi phase lacks a preferred
orientation, resulting in a random arrangement. This observation un-
derscores the potential for achieving enhanced phase alignment under
an external magnetic field, as demonstrated by X. Li et al. [23]. The
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enhanced coercivity, as determined through VSM analysis of the alloy
sintered at 1100°C prior to annealing, further validates the signifi-
cance of controlled processing conditions in optimizing the magnetic
properties.

3.3. Role of Arc-Plasma Sintering in MnBi Phase Formation

The arc-plasma sintering technique has proven effective in facilitating
the formation of the MnBi phase, despite its unique constraints. The
plasma, with a brief lifetime of 10 s per cycle repeated 12 times, gener-
ates a high-temperature environment reaching 1100°C. This process
enables rapid solidification and microstructural refinement. However,
the surrounding Bi-rich regions have been observed to impede the
growth of the MnBi phase, as noted in previous studies [10, 23]. This
limitation necessitates the implementation of post-sintering annealing
to promote the sustained growth of the MnBi phase.

3.4. Comparative Analysis of Magnetic Properties

Post-sintering results of MnBi alloys (50:50 composition) processed
using arc-plasma techniques have demonstrated superior remanent
magnetization compared to those fabricated through melt-spun ribbon
methods. This distinction highlights the advantages of arc-plasma sin-
tering in enhancing magnetic retention. However, VSM measurements
conducted at room temperature under a maximum applied field of
10 kOe revealed a slight reduction in magnetic saturation following
annealing at 240°C for durations of 4 and 24 hours, as compared to
melt-spun ribbons [10]. Despite this, Figure 8 indicates a noticeable
improvement in magnetic saturation values post-annealing, which is
directly attributed to the growth of the MnBi phase. Given that MnBi
is the sole ferromagnetic phase in the alloy, the observed increase in
magnetic saturation strongly correlates with its enhanced develop-
ment during thermal processing.

3.5. Implication for Optimization

The findings suggest that while arc-plasma sintering is effective for
initiating MnBi phase formation, subsequent annealing plays a crucial
role in refining the microstructure and enhancing magnetic proper-
ties. The ability to optimize the MnBi phase through controlled anneal-
ing and external magnetic field alignment represents a significant op-
portunity to improve further the performance of MnBi-based alloys for
magnetic applications.

XRD analysis of the alloy after sintering followed by annealing at



132 RIDWAN, AZWAR MANAF, ADEL FISLI, ARBIDIMYATI, IWAN SUMIRAT et al.

20 + + + } _
Sintered at 1100°C (L cycle)

1 Annealed at 240°C 94 hours +

104 :

& <+ +
~
£

3 0

= 4 4

—104 4

=20 + + + + 3

-15 -10 -5 5 10 15

0
H, kOe

Fig. 8. Hysteresis loops of sintered at 1100°C in 1 cycle followed by annealing
at 240°C for 4 hours and 24 hours in vacuum.

240°C for 4 and 24 hours detected only the presence of the Bi phase.
This may be attributed to the high-temperature sintering process,
which likely caused the Bi element in its liquid phase to migrate toward
the surface. The diffraction peaks corresponding to the Bi phase, ob-
served at 20 =27.16° for the alloy annealed for 4 hours and 20 = 39.62°
for the alloy annealed for 24 hours, are significantly pronounced. This
suggests the potential development of texture in the material as a re-
sult of the sintering and annealing processes, as illustrated in Fig. 9.
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Fig. 9. The XRD pattern of the samples sintered at 1100°C in 1 cycle followed
by annealing at 240°C for 4 hours and 24 hours in vacuum.
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Fig. 10. The microstructure of alloy sintered at 1100°C for 240 s (2 cycles) be-
fore annealing (a) after annealing at 240°C in vacuum for 4 hours (b) and 24
hours (¢).

When the sintering process was conducted for 240 s (2 cycles) at a
temperature of 1100°C, it appeared to promote the growth of the MnBi
phase, as evidenced by SEM and EDS analysis results shown in Fig. 10.
The light-coloured phase remained predominantly Bi, while the dark
grey phase displayed the MnBi phase with a composition of 27:73 [%
wt.], and the dark-coloured phase was primarily Mn.

Following the sintering process and subsequent annealing at 240°C
for 4 or 24 hours, a significant increase in magnetic saturation was ob-
served, as illustrated in Fig. 11. Compared to the material sintered for
only 1 cycle, the extended sintering duration resulted in a higher for-
mation of the MnBi phase, as indicated by the increased magnetic satu-
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Fig. 11. The effects of sintering on the alloy MnBi, which was sintered at
1100°C for 240 s and then annealed at 240°C for 4 and 24 hours in vacuum.



134 RIDWAN, AZWAR MANAF, ADEL FISLI, ARBIDIMYATI, IWAN SUMIRAT et al.

Sintered at 1100°C (2 cycles)
- s Dl
vMn
] Annealed at 240°C for 24 hours
3 P
g
8
=]
-
® -«  Annealed at 240°C for 4 hours
4 I .
20 30 40 50 60 70

Fig. 12. XRD patterns of MnBi alloy sintered at 1100°C for 240 s, then an-
nealed at 240°C for 4 hours and 24 hours in vacuum.

ration values. EDS analysis of the material annealed for 24 hours re-
vealed a Mn:Bi composition of 21:79 [% wt.] in the MnBi phase. Con-
sistent with previous XRD observations, the detected phases were still
predominantly associated with the Bi phase, as shown in Fig. 12.

To gain a deeper understanding of the impact of sintering at a tem-
perature slightly above the melting point of manganese, this study
employed the arc-plasma method to sinter the MnBi alloy at 1250°C for
120 s (1 cycle). This high-temperature approach aims to investigate its
role in promoting phase growth and improving material properties.
SEM analysis provides clear evidence that the MnBi phase (represented
by the dark grey regions) exhibits significantly larger grain sizes com-
pared to its formation during the solidification process, as highlighted
in Fig. 13. The increased grain size indicates enhanced phase develop-
ment, which is essential for optimizing the magnetic properties of the
material.

Further insights were gathered from magnetic hysteresis curve
measurements, which revealed a noticeable decrease in coercivity after
sintering at 1250°C. This reduction is likely attributed to the intensive
growth of the MnBi phase, with grain sizes surpassing 50 um [24]. De-
spite this decrease in coercivity, the remanence value of the annealed
material was observed to be comparable to that of material sintered at
1100°C, suggesting that the remanent magnetization remains stable
across the two sintering conditions. This stability in remanence, cou-
pled with the enhanced MnBi phase formation, highlights the effec-
tiveness of sintering at 1250°C in promoting phase growth without
compromising key magnetic properties.

A closer examination of Fig. 13 further underscores the structural
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Fig. 13. The microstructure sintered at 1250°C (1 cycle) before annealing (a)
after annealing at 240°C in a vacuum for 4 hours (b) and 24 hours (¢).

benefits of the elevated sintering temperature. The MnBi phase grains
are not only densely distributed throughout the alloy but also show
signs of fusion, indicating a high degree of interconnectivity. This
dense and cohesive grain distribution likely contributes to the im-
proved structural integrity and magnetic uniformity of the material.
Overall, the findings suggest that sintering at 1250°C is a promising
strategy for enhancing the MnBi phase while maintaining the magnet-
ic and structural performance required for advanced applications.

With the presence of heat, this will support the occurrence of diffu-
sion reactions at the grain boundaries, which will then generate the
formation of the MnBi phase. The grain boundary was partially melted
by reaction heat, inducing the growth of the reactant. Since there are
some eutectic melting states at the boundary, this is considered similar
to the semi-solid melting state [25]. Although the melted area was
small, the formed ferromagnetic grain can move in the melted area,
resulting in the closeness of the ferromagnetic grain.

As seen in Figure 14, magnetic saturation grows monotonically with
annealing time. This is further verified by the x-ray diffraction data of
MnBi alloy after sintering at 1250°C and followed by annealing proce-
dure at 240°C for 4 and 24 hours respectively, where the MnBi phase
can be clearly detected, as shown in Fig.15. The x-ray diffraction
(XRD) data analysis, depicted in Figs. 9 and 12, indicates that bismuth
is the predominant phase present in the system. This observation can
be attributed to the significantly higher atomic number of bismuth,
Z =83, compared to manganese’s Z = 25. Moreover, the elevated sinter-
ing temperature utilized in this study surpasses the melting point of
bismuth, facilitating the migration of bismuth atoms towards the al-
loy’s surface during the cooling stage. This process is expected to lead
to the accumulation of bismuth-rich phases on the surface [26]. Addi-
tionally, the utilization of bulk materials in the sintering and anneal-
ing processes in this study may account for the predominant detection
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Fig. 14. The effects of sintering the MnBi alloy at 1250°C are presented, along
with the subsequent annealing process conducted in a vacuum at 240°C for
both 4 and 24 hours.

of Bi diffraction patterns. It was only at a sintering temperature of
1250°C that the a-MnBi phase was distinctly observed, as seen in Fig.
15. With the sintering temperature exceeding the manganese melting
point, the higher temperature offers advantages for the precipitation
reaction between Mn and Bi.

Based on the VSM-measurement results, it is shown that the coerciv-
ity of MnBi after the sintering process in this study is consistently
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Fig. 15. The XRD pattern of the MnBi alloy, which was sintered at 1250°C and
subsequently annealed in a vacuum at 240°C for durations of 4 hours and 24
hours, is presented. This analysis indicates the presence of the a-MnBi phase,
while the unmarked peaks correspond to other phases, specifically, Bi or Mn.
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greater than that after annealing, as seen in Fig. 14. Since magnetic
coercivity is significantly influenced by complex microstructural con-
ditions, the magnetic phase resulting from the sintering process in this
case is likely isolated from other non-ferromagnetic phases like Mn,
Bi, or MnO that form during the solidification of the liquid phase.

Conversely, during the annealing process, interdiffusion takes
place, leading to the development of a ferromagnetic phase character-
ized by in-creased remanence but decreased coercivity, aligning with
the findings of J.Cao et al. [26] on the impact of the intergranular
phase on the magnetic properties of the MnBi system. Therefore, it is
well documented that to boost the magnetic coercivity of the MnBi sys-
tem, grinding using the ball milling method followed by an extended
annealing process is crucial. Ongoing research focusing on the produc-
tion of a-MnBi through the arc-plasma sintering technique followed by
milling is underway, with the outcomes to be detailed in future publi-
cations.

4. CONCLUSIONS

This study demonstrates the viability of utilizing arc-plasma sintering
as an alternative method for forming the ferromagnetic MnBi phase.
The results highlight that the growth and formation of the MnBi phase
are highly dependent on the sintering temperature and duration, with
higher temperatures and extended sintering times promoting more ex-
tensive phase development. Post-annealing, the observed increase in
magnetic remanence further confirms the enhancement of the ferro-
magnetic MnBi phase.

Even in the absence of an applied magnetic field during the sintering
and annealing processes, XRD analysis indicates that the MnBi phase
elongates at sintering temperatures exceeding 1100°C. This suggests
that the method intrinsically supports the structural alignment neces-
sary for improved magnetic properties.

The use of the arc-plasma technique not only allows precise control
over the sintering parameters but also opens the potential for conduct-
ing the sintering process in the presence of an external magnetic field.
This could further promote magnetocrystalline anisotropy, paving the
way for the efficient production of rare-earth free hard magnetic bulk
materials. These findings underscore the promise of arc-plasma sinter-
ing as a scalable and innovative approach for developing advanced
magnetic materials.

This research activity is supported through RIIM Kompetisi fund-
ing from the Indonesia Endowment Fund for Education Agency, Min-
istry of Finance of the Republic of Indonesia and National Research
and Innovation Agency of Indonesia according to the contract number:
B-1932/111.2/FR 06.01/7/2023. We also thank the Nuclear Energy



138 RIDWAN, AZWAR MANAF, ADEL FISLI, ARBIDIMYATI, IWAN SUMIRAT et al.

Research Organization/Research Center for Neutron Beam Analysis
Technology—National Research and Innovation Agency of Indonesia
and department of Physics, Faculty of Mathematics and Natural Sci-
ences, University of Indonesia for supporting these research activities.

AUTHORS’ CONTRIBUTIONS

Ridwan, designed the project activities, collected and reviewed the lit-
erature, and performed x-ray diffraction data analysis, supervised the
measurement data and wrote the manuscript based on input from other
authors. Azwar Manaf has analysed the SEM—-EDS data and reviewed
the draft manuscript carefully and in detail and has provided very use-
ful input for improving the manuscript, Adel Fisli has analysed the
phase changes of the material related to the results of the heat treat-
ment process, Arbi Dimyati supervised the use of APS facilities so that
the project can run well, Iwan Sumirat reviewed the manuscript and
provided input for improving the manuscript, Mujamilah collected
magnetic data and along with the initial analysis, Ganisa Kurniati
Suryaman collected annealing data in a noble gas atmosphere and along
with the initial analysis of the results of the heat treatment process,
Grace Tj. Sulungbudi collected SEM—-EDS data and helped with the ini-
tial interpretation. After discussing and reviewing the manuscript as a
whole, all authors have approved the final version of this manuscript.

REFERENCES

1. M. J. Kramer, R. W. McCallum, I. A. Anderson, and S. Constantinides, JOM,
64: 752 (2012).

2. O. Gutfleisch, M. A. Willard, E. Briick, C. H. Chen, S. G. Sankar, and J. P. Liu,
Adv. Mater., 23, Iss. 7: 821(2011).

3. X.DuandT.E. Graedel, J. Ind. Ecol., 15, Iss. 6: 836 (2011).

4. Y. B. Yang, X. G. Chen, R. Wu, J. Z. Wei, X. B. Ma, J. Z. Han, H. L. Du,
S. Q. Liu, C.S. Wang, Y. C. Yang, Y. Zhang, and J. B. Yang, J. Appl. Phys., 111,
Iss. 7: 30 (2012).

5. N.V.RamaRao, A. M. Gabay, W. F. Li, and G. C. Hadjipanayis, J. Phys. D:

Appl. Phys., 46: 265001 (2013).

N. Van Vuong, Communications Phys., 29, No. 4: 441 (2019).

A. Sarkar and A. Basu Mallick, JOM, 72: 2812 (2020).

8. W. Xie, E. Polikarpov, J. P. Choi, M. E. Bowden, K. Sun, and J. Cui, J. Alloys
Compd., 680: 1 (2016).

9. S. Kim, H. Moon, H. Jung, S.-M. Kim, H.-S. Lee, H. Choi-Yim, and W. Lee,
J. Alloys Compd., 708: 1245 (2017).

10. T.Saito, R. Nishimura, and D. Nishio-Hamane, J. Magn. Magn. Mater., 349: 9
(2014).

11. Y. Yang,dJ.Park,J.T.Lim,J. W. Kim, O. L. Li, and C. J. Choi, J. Magn. Magn.
Mater., 517: 167344 (2020).

e


https://doi.org/10.1007/s11837-012-0351-z
https://doi.org/10.1007/s11837-012-0351-z
https://doi.org/10.1002/adma.201002180
https://doi.org/10.1111/j.1530-9290.2011.00362.x
https://doi.org/10.1063/1.3672086
https://doi.org/10.1063/1.3672086
https://doi.org/10.1088/0022-3727/46/26/265001
https://doi.org/10.1088/0022-3727/46/26/265001
https://doi.org/10.15625/0868-3166/29/4/14326
https://doi.org/10.1007/s11837-020-04134-3
https://doi.org/10.1016/j.jallcom.2016.04.097
https://doi.org/10.1016/j.jallcom.2016.04.097
https://doi.org/10.1016/j.jallcom.2017.03.067
https://doi.org/10.1016/j.jmmm.2013.08.031
https://doi.org/10.1016/j.jmmm.2013.08.031
https://doi.org/10.1016/j.jmmm.2020.167344
https://doi.org/10.1016/j.jmmm.2020.167344

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.
22.

23.

24.

25.

26.

FABRICATION OF MnBi MAGNETIC PHASES USING ARC-PLASMA SINTERING 139

C.Li, Y. Yang,S. Lu, Z. Xiang, L. Chen, N. X. Truong, H. Xu, and W. Lu, Ma-
ter. Res. Express, 11: 016520 (2024).

J.B. Yang, K. Kamaraju, W. B. Yelon, W. J. James, Q. Cai, and A. Bollero,
Appl. Phys. Lett., 79, Iss. 12: 1846 (2001).

D.-T. Zhang, P.-F. Wang, M. Yue, W.-Q. Liu, J.-X. Zhang, J. A. Sundararajan,
and Y. Qiang, Rare Metals, 35: 471 (2016).

K.Y.Ko,S.d.Choi,S. K. Yoon, and Y. S. Kwon, J. Magn. Magn. Mater., 310,
Iss. 2, Pt. 3: e887 (2007).

O. Guillon, J. G. Julian, B. Dargatz, T. Kessel, G. Schierning, J. Riathel and

M. Herrmann, Adv. Eng. Mater., 16, Iss. 7: 830 (2014).

L. Weissitsch, S. Wurster, H. Krenn, and A. Bachmaier, Mater. Res. Lett., 12,
Iss. 3: 226 (2024).

X.Li, Y. Fautrelle, and Z. Ren, Acta Mater., 55, Iss. 16: 5333 (2007).

P. Thongjumpa, T. Charoensuk, U. Boonyang, P. Harding, and C. Sirisathitkul,
J.Cent. South Univ., 27: 2220 (2020).

P. Fauchais and A. Vardelle, I[EEE Trans. Plasma Sci., 25, Iss. 6: 1258 (1997).
T. Iwaoand T. Inaba, Vacuum, 65, Iss. 3—4: 299 (2002).

H. Xie, N. Liu, Q. Zhang, H. Zhong, L. Guo, X. Zhao, D. Li, S. Liu, Z. Huang,
A.D. Lele, A. H. Brozena, X. Wang, K. Song, S. Chen, Y. Yao, M. Chi,

W. Xiong, J. Rao, M. Zhao, M. N. Shneider, J. Luo, J.-C. Zhao, Y. Ju, and

L. Hu, Nature, 623: 964 (2023).

J. Zamora, I. Betancourt, and I. A. Figueroa, Revista Mexicana de Fisica, 64,
No. 2: 141 (2018).

J. Zamora, I. Betancourt, and I. A. Figueroa, J. Supercond. Nov. Magn., 31: 873
(2018).

P. Heitjans and J. Kéarger, Diffusion in Condensed Matter: Methods, Materials,
Models (Heidelberg: Springer: 2005).

J.Cao, Y. L. Huang, Y. H. Hou, G. Q. Zhang, Z. Q. Shi, Z. C. Zhong, and

Z.W. Liu, AIP Adv., 8: 055132 (2018).


https://doi.org/10.1088/2053-1591/ad1f99
https://doi.org/10.1088/2053-1591/ad1f99
https://doi.org/10.1063/1.1405434
https://doi.org/10.1007/s12598-015-0668-1
https://doi.org/10.1016/j.jmmm.2006.11.040
https://doi.org/10.1016/j.jmmm.2006.11.040
https://doi.org/10.1002/adem.201300409
https://doi.org/10.1080/21663831.2024.2316207
https://doi.org/10.1080/21663831.2024.2316207
https://doi.org/10.1016/j.actamat.2007.05.036
https://doi.org/10.1007/s11771-020-4443-6
https://doi.org/10.1109/27.650901
https://doi.org/10.1016/S0042-207X(01)00434-1
https://doi.org/10.1038/s41586-023-06694-1
https://doi.org/10.31349/RevMexFis.64.141
https://doi.org/10.31349/RevMexFis.64.141
https://doi.org/10.31349/RevMexFis.64.141
https://doi.org/10.31349/RevMexFis.64.141
https://doi.org/10.1007/s10948-017-4240-0
https://doi.org/10.1007/s10948-017-4240-0
https://doi.org/10.1007/3-540-30970-5
https://doi.org/10.1007/3-540-30970-5
https://doi.org/10.1063/1.5019870




Metallophysics and Advanced Technologies © 2026 G.V.Kurdyumov Institute for Metal Physics,

Memanoi3. HOBIMHI MeXHOL. National Academy of Sciences of Ukraine
Metallofiz. Noveishie Tekhnol. Published by license under
2026, vol. 48, No. 2, pp. 141-151 the G. V. Kurdyumov Institute for Metal Physics—
https://doi.org/10.15407/mfint.48.02.0141 N.A.S. of Ukraine Publishers imprint.
Reprints available directly from the publisher Printed in Ukraine.

PACSnumbers: 62.20.Qp, 62.23.Pq, 81.05.Mh, 81.05.Ni, 81.20.Ev, 81.40.Ef, 81.40.Lm

Influence of Thermal Deformation Treatment Conditions
on the Structure and Mechanical Properties of the Fe—Ti—C
System

A. V. Minitskyi®™, Ye. S. Shaposhnikova®, Ie. G. Byba™*,
N. V. Minitska®"*, O. V. Kozlenko®, V. L. Syrovatka™, D. S. Leonov*™,
and M. Yu. Barabagh™ "™

“National Technical University of Ukraine
‘Igor Sikorsky Kyiv Polytechnic Institute’,
37 Beresteiskyi Ave.,
UA-03056 Kyiv, Ukraine
“Institute for Applied Control Systems, N.A.S. of Ukraine,
42 Academician Hlushkov Ave.,
UA-03187 Kyiv, Ukraine
“*I. M. Frantsevych Institute for Problemsin Materials Science, N.A.S.of Ukraine,
3 Omeljan Pritsak Str.,
UA-03142 Kyiv, Ukraine
“**Technical Centre, N.A.S. of Ukraine,
13 Pokrovs’ka Str.,
UA-04070 Kyiv, Ukraine
“*Gas Institute of N.A.S. of Ukraine,
39, Degtyarivska Str.,
UA-03113 Kyiv, Ukraine

The effect of thermal-deformation treatment on the structure and physical
and mechanical properties of the Fe—Ti—C metal-ceramic composite materi-
al, which is synthesized in situ from a Fe—86.0%, Ti—10.0%, and graph-

Corresponding author: Anatolii Viacheslavovych Minitskyi
E-mail: aminitsky@gmail.com

Citation: A.V.Minitskyi, Ye.S.Shaposhnikova, Ie.G.Byba, N.V.Minitska,
0. V.Kozlenko, V.L.Syrovatka, D.S.Leonov, and M. Yu. Barabash, Influence of
Thermal Deformation Treatment Conditions on the Structure and Mechanical Proper-
ties of the Fe-Ti—C System, Metallofiz. Noveishie Tekhnol., 48, No.2: 141-151
(2026). DOI: 10.15407/mfint.48.02.0141

© Publisher PH ‘Akademperiodyka’ of the NAS of Ukraine, 2026. This is an open access
article under the CC BY-ND license (https://creativecommons.org/licenses/by-nd/4.0)

141


https://creativecommons.org/licenses/by-nd/4.0
https://doi.org/10.15407/mfint.48.02.0141

142 A.V.MINITSKYI, Ye. S. SHAPOSHNIKOVA, Ie. G. BYBA et al.

ite—4.0% powder mixture, is studied. Titanium carbide (TiC) is a reinforc-
ing phase, as it has high hardness (30 GPa), high melting point (z 3100°C),
and low contact angle with iron (= 20°) that promotes the formation of a co-
herent bond at the phase boundary. The samples are fabricated by pressing
under pressure up to 700 MPa, which reduces porosity to = 6%, and sintered
at T=1000-1050°C. As found out, a specific core—shell microstructure is
formed in the material after sintering, where layers of TiC surround Ti
grains in the composite. The thickness of the carbide layer is controlled by
diffusion, and its growth at temperatures 1000 and 1050°C (from 5-10 mm
to 10-15 mm, respectively) corresponds to the mechanism of diffusion along
grain boundaries. The key stage of processing is hot forging of compacts at
T=1100°C. As determined, hot forging leads to significant microstructural
changes: spherical TiC inclusions are deformed and elongated in the direction
of metal flow that causes mechanical anisotropy of the properties. The forg-
ing affects significant deformation strengthening and the formation of ce-
mentite (FesC). The cementite is revealed by x-ray phase analysis. In the
forged samples, the combined effect of these mechanisms increases their
hardness and compressive strength by =65-70% (up to 630.3 MPa). The
highest hardness values are of 104—-109 HRB, when combining the forging
and water quenching processes. As shown, the formed heterophase structure
of the Fe—Ti—C system combines a coherent adhesion between the hardening
phase (FesC) and the ductile steel matrix that contributes to increased wear
resistance, while the hard Ti—TiC inclusions effectively localize the abrasive
impact.

Key words: metal-ceramic materials, titanium carbide, tool composites,
thermal-deformation treatment.

¥ poborti mocaimxeno BuB TepMogedoOpMaIiifHoro o0pobieHHA Ha CTPYKTY-
py Ta (ismKo-MexaHiUHi BJIACTMBOCTI MeTaJIOKEPaAMiUYHOI'O KOMIIO3UIITHOTO
marepisanay cucremu Fe—Ti—C, axuii 0y10 CHHTE30BaHO METO0I0 in Situ 3 Io-
porkoBoi cyminri ckaany: Fe — 86,0%, Ti — 10,0% , rpadit — 4,0% . Kap6iz
Turanmy (TiC) € apmoBanor (Hasorw, OCKiJIBKM BiH Mae BHUCOKY TBEPHiCTH
(30 I'TIa), Bucokry Temmnepatypy TomaeHHs (= 3100°C ta Hu3bKe 3HAUEHHA KyTa
3MouyBaHHA 3 3amisom (= 20°), mo cupuse (GOpMyBaHHIO KOT€PEHTHOTO
3B’A3KY Ha MexXi mominmy das. 3pasku chopMOBaHO ILIAXOM IPECYBAaHHA Mif
Trckom 1o 700 MIla, 1110 gae 3MOr'y IIOHM3UTH HOPUCTICTD A0 = 6% . Coikanus
BimoyBasocsa 3a T'=1000—-1050°C. BcraHoBiieHO, IIT0 MiCJA CHiKAHHA B CTPYK-
Typi Marepiamy GOpMyeTbCA XapaKTepHA MIiKPOCTPYKTypa THUIY «ALPO—
000JIOHKA», Te y KoMIo3uTHi# cuctemi sepua Ti oroueno mapom TiC. Tosiiu-
HY KapOigHOro mpomapky obmesxkeHo gudysiiiHUMY mporecamMu, a #oro 3poc-
TaHHA i3 migBumenuam temnepatypu Big 1000°C mo 1050°C (38 5—10 MM 10
10-15 mxM) BimzmoBimae mexaHidmMy o06’emHOI mudysii B3mOBMK MeX 3epeH.
KitouoBum eTamom 00poOseHHsS € rapaue KyBanHA OpukeriB 3a T'=1100°C.
BuszaueHo, 1110 rapAye KyBaHHA HIPUBOAUTH A0 iCTOTHUX MiKPOCTPYKTYPHUX
3min: chepuuni BraoueHHA TiC gedopMyroTbca Ta BUTATYIOTHCS B HAIPAMKY
Teuii MeTasy, M0 3yMOBJIIOE BUHUKHEHHA MeXaHiuHOol aHizoTpomii BaacTuBoc-
Teti. KyBanHsa BIInBae Ha 3HauHe AedopMalliiiie 3MiITHeHHSA I YTBOPEHHA Iie-
meHTUTY (Fe3C). HaasuicTs dasu (FesC) nigTBepaxyeTbca peHTI'eHO()a30BOI0O
aHajizon. i1 KoBaHMX 3pas3KiB cHilbHUN edeKT 3asHaueHUX MeXaHi3MiB
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3abesreuye IIiIBUINEHHSA TBEPAOCTH Ta MIIITHOCTH HA CTHCK Ha = 65—-70%, mo-
caratoun 630,3 MIla. Ha#iBulii mokasHuUKM TBepAOCTH cKJjaamgaoTb 104—-109
HRB 3a xomb0imarrii mpoiiecy KyBaHHA Ta rapTyBaHHA y Boxy. Ilokasamo, 1o
copmoBaHa rerepodasHa cTpykrypa cucremu Fe—Ti—C moemnye coboro Kore-
PeHTHU# 3B’ A30K MiK TBepmoio 3amimueHoio (azoro (FesC) Ta minacTuuHOoIO Me-
TaJIeBOI0 MATPHUIIEI0 i3 KPUILi, IO CIPUIE MiABUINEHHIO 3HOCOCTiHKOCTH, a
TBepAi BKIoueHHA Ti—TiC edeKTHBHO J0KaII3yIOTH aOpasuBHEe HABAHTAKEH-
Hs.

Karouosi ciioBa: meranoxkepamiuni marepianum, xap6ix Turamy, KomMmosuTu
iHCTPYMEeHTaJIbLHOTO IPU3HAUYEeHH, TepMoaedopMaIiifize 00po0IeHHA.

(Received 11 December, 2025; in final version, 12 December, 2025)

1. INTRODUCTION

The widespread use of metal-matrix composites (MMCs) for tools that
operate under friction and are subject to intense wear requires con-
stant improvement of their properties [1-3]. Composite materials
(CMs) are classified based on the morphological and structural parame-
ters of their reinforcing components, which have different configura-
tional features [4—6]. The CM group includes cermets or MMCs, in
which the ceramic phase is a reinforcing component, and the metal
phase (or alloy) is a matrix. The matrix material is aluminium, magne-
sium, iron, steel, or copper [7T—10]. In the CMs, the metal matrix is a
phase that provides ductility and strength. Therefore, the use of ce-
ramic reinforcing components contributes to higher hardness and wear
resistance of the material [11-13].

Titanium carbide (TiC) is a promising reinforcing component in a
metal matrix, as it has beneficial physical and mechanical properties,
including high melting point (= 3100°C), controlled thermal conductiv-
ity, low density (= 4.0 g/cm?), and high hardness (= 30 GPa) [14]. These
properties are promising for modifying the mechanical parameters of
the metal matrix. The formation of target properties in the metal ma-
trix composites (MMCs) is crucial for tool applications [15—18]. The
low contact angle (= 20°) between titanium carbide (TiC) and iron pro-
motes the formation of a high-quality metallic bond at the phase
boundary between the ceramic-metal layer and the matrix [19]. Due to
this, TiC is widely used as a reinforcing component in the production of
composites for tooling and tribology applications. The possibility of
local reinforcement with fine TiC particles by synthesizing them in
situ and then providing their homogeneous distribution in a cast iron
matrix was shown in [17]. A mixture of titanium and graphite powders
was used to synthesize the reinforcing component; the molar ratio of Ti
and C components was 1:1 (50 at.% Ti and 50 at.% C). The addition of
the TiC ceramic phase led to an increase in CM hardness of more than
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300% relative to the pure matrix alloy. In Refs. [20—23], the general
properties of CMs reinforced with TiC particles and the optimization of
their formation were discussed.

The use of in situ synthesis for producing CMs provides the possibil-
ity of forming gradient microstructures and core—shell structures
with high hardness.

The aim of the work was to determine the effect of thermal defor-
mation treatment and the mechanism of synthesis of the Fe—Ti—C ma-
terials for tooling on their mechanical properties and structure.

2. EXPERIMENTAL TECHNIQUES

According to the literature, the amount of graphite during the com-
paction of iron-based powder materials (PM) determined the composi-
tion of the mixture (wt.%): Fe—86.0%, Ti—10.0%, and graphite—
4.0%.

Samples of 8.0 g were compacted in a cylindrical mold with a diame-
ter of 10.0 mm. The compaction was carried out in a hydraulic press at
variable pressures ranging from 200 to 700 MPa (Fig. 1).

In order to compact the samples, single- and two-stage pressing were
performed [24]. With an increase in pressure from 200 to 700 MPa, the
porosity of the samples decreased from 26 to 7%, respectively. Addi-
tional pressing at a pressure of 700 MPa reduced porosity to =6%,
which indicated high mixture compaction. This effect is explained by

30
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Fig. 1. Dependence of porosity of Fe—-Ti—C-based compacts on pressure: 1—
after pressing, 2—after pressing and post-pressing at 700 MPa.
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the high graphite content, which reduced interparticle friction.

Sintering was carried out in a non-hermetic container at 1000—
1050°C for 1 hour. After sintering, the porosity increased by 2—-3%.
This effect is associated with the features of titanium carbide (TiC)
formation during in situ solid-phase synthesis.

In order to prevent oxidation, the thermal deformation treatment
was carried out by hot forging the compacts at 1100°C with holding
them in a charcoal bed for 15—20 minutes [25]. Charcoal is most often
used as a solid carburizer in the cementation of steel products [26]. In
this case, charcoal performs a dual function: protection against oxida-
tion, and carbon saturation of compacts. An important feature of Fe—
Ti—C system forging is the exothermic nature of the reaction of titani-
um carbide formation. During the synthesis, a significant amount of
heat is released, which allows the sample to be kept at a high tempera-
ture for a longer time that facilitates the deformation during forging.

3. DISCUSSION

The CM material comprised of a steel matrix with uniformly distribut-
ed titanium carbide (TiC) inclusions. During solidification, titanium
carbide formed, so the in situ synthesis occurred under stable condi-
tions (Fig. 2).

Under particular conditions of solidification, a specific microstruc-
ture forms in the Fe (86% )—Ti (10%)—C (4%) alloy. It corresponds to
the core—shell model, where each titanium grain is surrounded by a
layer of titanium carbide (TiC). The formation of this microstructure
is typical for materials synthesized by the reaction. This process is not
equilibrium from a thermodynamic viewpoint, as it depends on two key

Fig. 2. Microstructure of Fe (86% )-Ti (10% )—C (4% ) alloy after: sintering at
1050°C (a), sintering and hot forging at 1100°C (b).
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20.00kV__ x500

Fig. 3. Microstructure and local x-ray spectral analysis of forged sample.

TABLE 1. Results of local x-ray spectral analysis.

Spectrum Ti, % Fe, %
1 99.66 0.34
2 99.11 0.89
3 0.26 99.74

factors: annealing temperature and time.

The thickness of the TiC coating is determined by the diffusion
along the grain boundaries. Over time, carbon atoms slower permeate
through the formed layer of titanium carbide to the titanium grains.
This slows down further growth of the TiC shell, being a key factor
that determines the final microstructure (Fig. 3, Table 1).

With increasing temperature, the thickness of the titanium carbide
(TiC) layer forming a shell around titanium grains increased from 5—
10 to 10—15 pm. This corresponded to the features of volumetric diffu-
sion, which intensifies at higher temperatures.

The thickness of the TiC carbide layer significantly increased after
hot forging at 1100°C (up to 25—30 um, Fig. 4, ¢). The abovementioned
data show that the temperature of forging allows effective control of
both the diffusion rate and the completeness of the titanium carbide
formation, which is critical for optimizing the properties of the material.

The heterophase structure of the material, formed by the developed
technology, allowed for the effective distribution of mechanical loads.
The main part of the impact and abrasive load was localized in the hard
Ti—TiC inclusions, which ensured high wear resistance. At the same



INFLUENCE OF THERMAL DEFORMATION TREATMENT CONDITIONS 147

Fig. 4. Microstructure of Fe (86% )-Ti (10% )—C (4% ) alloy after: sintering at
1000°C (a), sintering at 1050°C (b), sintering and hot forging at 1100°C (¢).

TABLE 2. Hardness after loose sintering and hot forging.

No. ‘ Treatment Hardness, HRB
1 Sintered at T'=1000°C 60-61
2 Sintered at T'=1050°C 63-65
3 Sintered at T=1050°C and forged at T'=1100°C 85—-87
4 Sintered at T =1050°C and forged at T'=1100°C, 104-109

then water quenched

time, the ductile steel matrix was an effective damper, absorbing and
dissipating mechanical stresses caused by friction.

The investigation of the physical and mechanical properties of the
CMs showed that the hardness of the samples largely depended on
thermal and mechanical treatment (Table 2). After loose sintering, the
material had a hardness of 60—65 HRB. The hardness increased to 80—
87 HRB after free hot forging, which emphasizes the effectiveness of
plastic deformation. The hardness reached maximum values after wa-
ter quenching (104-109 HRB), which demonstrated the key role of the
combination of mechanical and thermal treatment in optimizing the
physical and mechanical properties of the CM.

After free forging, the samples had significantly higher strength
and a sufficient ductility (Fig. 5, Table 3).

The forged samples had higher hardness due to the formation of ce-
mentite (FesC), caused by the diffusion of carbon from charcoal used as
a filling. This was confirmed by x-ray phase analysis (see Fig. 6).

The significant increase (by 65—70% ) in the strength of forged sam-
ples was caused by strain hardening, that led to a considerable increase
in the microstresses, which correlated with the known values of physi-
cal and mechanical properties. Analysis of microstresses (Table 4) in
individual phases of the material showed that they are compressive.
After forging, the values of these compressive stresses increased by
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Fig. 5. Stress—strain curves of pressureless sintered and hot-forged samples
of Fe (86% )-Ti(10% )-C (4% ) alloy: 1—sintered, 2—sintered and forged.

TABLE 3. Mechanical properties of different samples of Fe—Ti—C system.

Treatment No. YS, MPa UTS, MPa g, %
Sintering 1 179.0 467.3 0.07
Sintering and forging 2 364.2 720.8 0.05

several orders of magnitude compared to as-sintered state. The signifi-
cant increase in microstresses is a result of the complex physical and
mechanical action of deformation that occurred during free forging.

4. CONCLUSIONS

The effect of thermal deformation treatment of the Fe (86% )-Ti
(10%)—C (4% ) composite system, which was produced by in situ reac-
tion at 1100°C, led to a significant increase in the mechanical proper-
ties of the material after hot forging: hardness—104-109 HRB, com-
pressive strength—720.8 MPa, and longitudinal relative defor-
mation—0.05.

As shown, iron-based CM reinforced with TiC inclusions had a core-
shell structure and a gradient microstructure of the matrix. The pre-
cipitation of TiC in the TiC—Fe ceramic layer is controlled by carbon
diffusion with further formation of cementite. The high volume frac-
tion of TiC carbide inclusions increased the wear resistance of the com-
posite material, while the gradient structure of the TiC—Fe layer of the
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Fig. 6. X-ray phase analysis of Fe (86% )-Ti (10% )-C (4% ) alloy after loose
sintering and hot forging: 1—TiC, 2—Fe, 3—FesC.

TABLE 4. Phase composition and residual stresses in phases.

Phase, % Crgriszteallline Residual stress in phase, MPa
Treatment

| Q Ql o Q Q .

=B o = | & o Fe TiC FesC
Sintering SRS )
at 1050°C o o |8 & ! -1961645 -164£671 -

i
Sintering
at1050°Cand ¥ & & N B = -1262+496 -690+ 228 817+ 328

forging at 1100°C

cermet improved the ductility of the interface.

The feasibility of using the thermal deformation technique for man-
ufacturing Fe—Ti—C carbide steel and the relevance of using the ob-
tained results for producing metal—ceramic materials for tooling and
tribotechnical applications are shown.
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The Effect of Reinforcement on the Microstructure of High-
Carbon Steel Castings

Ye. H. Aftandilyants, V. A. Slyusarev, Yu. H. Kvasnyts’ka,
I. A. Shalevs’ka, P. B. Kalyuzhnyy, V.I. Veys, T. V. Stepanova,

and Zh. V. Parkhomchuk

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

This article presents the results of a study on the effect of reinforcement on
the microstructure of high-carbon steel castings. Plates with thicknesses of
0.5, 1.0, 1.5, and 3.0 mm are used as reinforcing elements. The implantation
of the inserts into the castings is carried out by placing them into a pre-
formed cavity in a polystyrene-foam model, which is then set into a mould
and poured with molten high-carbon steel. Examination of the °‘in-
sert—-matrix’ interfaces revealed both defect-free and defective contact areas,
the latter appearing as gaps with maximum widths exceeding 100 uym. A cor-
relation is established between the heating temperature of the inserts and the
length of the gap-containing interface. A quantitative relationship is deter-
mined between the insert thickness and the extent of the gap in the ‘reinforc-
ing element—matrix’ contact zone, and a mechanism of this effect is pro-
posed. The influence of insert thickness on the minimum, maximum, and av-
erage pearlite-grain area, as well as on its distribution within the matrix of
the castings, is analysed. Analytical models are developed to describe the ef-
fect of insert thickness and gap length on the average pearlite-grain area in
the microstructure of the casting near the insert surface and at a distance of
20 mm from it. As found, the minimum average pearlite-grain area near the
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insert surface reaches 170.4 pm? at an insert thickness of 2.2mm and
148.2 ym? at a distance of 20 mm for a 2.0 mm thick insert, which is 6 and
14 times lower, respectively, than in castings without inserts. The most pro-
nounced grain-refinement effect is observed for inserts with a thickness of
2.0-2.2mm and a gap length at the ‘insert—-matrix’ interface in the range of
62-72%.

Key words: steel, reinforcement, structure, casting, pearlite, solidification.

B crarTi ommcaHo pesysbTaTH AOCITiM:KeHHS BIJUBY apMyBaHHS Ha MiKpo-
CTPYKTYPY BWJIMBKIB 3 BHCOKOBYIJIEeNeBol Kpuri. SIK apmMyBanbHi eseMeHTH
BUKOPUCTOBYBaIM IjacTuHU ToBIuHOWO y 0,5, 1,0, 1,5, 3 MmM. IMmmmanTaIito
apMyBaJbHUX BCTABOK YV BUJIMBKY BUKOHYBAJU IIIJIAXOM BBEIEeHHS iX y mome-
PEeIHBO IMiATOTOBIEHY IOPOYKHUHY B MiHOMOJIiCTHPOJIOBUH MOJIe/Ib, 1110 BCTAHO-
BJIIOBaBCA Y JIUBApHY (OpMy Ta 3aIMBABCA PiIKOI0 BUCOKOBYTIJIEIIEBOIO KPU-
mero. 3a pe3yabTaTOM AOCJiMTKEeHHS MeXK MOAiJYy MidK BCTaBKaMHU Ta MaTPUU-
HUM CTOIIOM BCTaHOBJIEHO, IO € IK 0e3medeKTHi, Tak i ;edeKTHI Miciia KOHTa-
KTiB y BUTJISAI 3a30PiB, B AKNX MaKCUMaJbHA BUCOTA 3a30Py MOKe OyTH ITOHAT
100 mKM. BeTaHOBIEHO KOPEIAIiI0 MijK TeMIIepaTypoio HarpiBaHHSA BCTaBOK i
TOBXKXUMHOIO 30HM KOHTAKTY i3 32a30pOM i BUBHAaU€HO KIIbKiCHY 3aKOHOMipHiCTH
BILTMBY TOBIIIMHY BCTABOK HA IIPOTAKHICTH 3a30Py B 30HI KOHTAKTY «apMyBa-
JIBHUHA eJIeMeHT-MaTPUIA» Ta 3alIPOIOHOBAHO MexaHisMm BmimBy. Ilokasano
BILIMB TOBIIUHY BCTABOK Ha MiHiMaJabHYy, MAKCHUMAJBHY Ta CEPEIHIO ILIOIIY
3epeH IEePJIiTy Ta PO3IMOAiJa iX ¥ MaTpuIli BUINBKiB. BecranoBieno amamiTuuni
3aJIE}KHOCTI BILIMBY TOBIIIVHU BCTABOK i JJOBXKWHU 3a30pY Ha CEPENHIO ILJIOITY
3epeH NePJIiTy MiKPOCTPYKTYpPHU BUJIMBKIB 0iyia moBepxHi BCTAaBOK i Ha Bixmasri
20 MM Big Hux. BusHaueHo, 110 MiHiMaibHe 3HAUEHHA CepelHbOl IJIOI 3epHa
nepiity 6ina moeepxHi BeTaBoK carac 170,4 MmEM? 3a TOBIMHM BCTABKHU Y
2,2 mm i 148,2 mrm? Ha Bigganiy 20 MM 3a TOBIUMHY BCTaBKH y 2,0 MM, 1110 B 6
i 14 pasiB BiATIOBiIHO MeHIIIEe, HiK V BUJIMBKAaX 6e3 BCTaBOK. 3a pe3yabTaTaMu
IOCTiyKeHHs BCTAHOBJEHO, IO HANOiAbIN eeKTUBHUY BIJIUB apMyBaJbHUX
BCTAaBOK HA JUCIIEPI'YBAHHA MEPJITHOI CTPYKTYPU CHOCTEPIraeThCs 3a IXHBOI
ToBmuHI Big 2,0 mo 2,2MM i mOBXKUHI 3a30py HA MeKi HOALITYy «BCTaB-
Ka—MaTpuitsa» Big 62 mo 72%.

KarouoBi ciioBa: Kpuilidg, apMyBaHHSA, CTPYKTypa, BUJIWBOK, IIEPJIT, TBEpP.I-
HEHHS.

(Received 17 July, 2025; in final version, 15 October, 2025 )

1. INTRODUCTION

Reinforcement of castings is one of the effective methods for improv-
ing the quality and manufacturability of components with complex ge-
ometry. As a technological approach, reinforcement enables the com-
bination of several ferrous materials with different physical properties
within a single casting, while maintaining relatively low production
costs through casting processes. For example, a grey cast iron matrix
can be reinforced with a high-carbon steel insert in areas requiring in-
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creased hardness. Alternatively, stainless steel inserts may be used in
zones where localized corrosion resistance is needed. Another case in-
volves using a hard matrix made of high-carbon alloy steel and a softer
steel insert to facilitate machining in specific locations, such as for
threading in screw joints—either without additional machining or
with only minimal post-processing.

Reinforced castings are produced by various methods of liquid-
phase bonding, which involve the consolidation of solid reinforcing el-
ements with molten metal that, upon solidification, forms a composite.
The structure and properties of reinforced castings are determined by
the combination of the structure and properties of the reinforcing ele-
ments, the matrix, and their interfacial region.

During pouring, cooling, and solidification, physical and chemical
interactions occur between the reinforcing elements and the matrix.
These interactions lead to changes in the physical, chemical, and struc-
tural homogeneity of the matrix and contribute to the formation of the
interface between the reinforcing element and the matrix.

The heat balance equation during the solidification of a metal layer
on a solid reinforcing element is as follows:

dqmould = dqcool + dqcryst + dqreinf * (1)

Here, dgmoua—heat removed to the mould from the solidified metal,
dge..o—heat released during cooling of the melt from the pouring tem-
perature to the solidification temperature, dq.y+—heat released dur-
ing metal crystallization, dgr.n+—heat released during cooling of the
metal from the crystallization temperature to the temperature of the
solid reinforcing element.

The reinforcing element accumulates part of the heat released dur-
ing melt solidification, which promotes accelerated crystallization and
suppresses segregation processes. In this case, the intensity of internal
heat removal can be 3 to 5 times higher than that of external heat dis-
sipation through the mould wall [1].

The amount of heat transferred under steady-state heat exchange
conditions from the volume of liquid metal to the surface of the rein-
forcing element dgreins is determined by the following equation [1]:

qreinf = B(tl - ts)‘c * (2)

Here, p—contact heat transfer coefficient from the liquid metal to the
surface of the reinforcing element, #; and t—temperature of the melt
and the initial temperature of the surface of the reinforcing element,
respectively, —duration of heat exchange.

According to [2], the heating temperature of a metallic component
(tneat) in an external environment with temperature (fe.v) is determined
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by the following expression:

(3)

init avz *

oFt 2
- o°Q
theat = (tenv - tinit) (1 —e ™ j +1

Here, tinr——initial temperature of the metallic component, m and
F—mass and surface area of the metallic component, respectively,
c—heat capacity of the metal, o—heat transfer coefficient of the met-
al, ——duration of heat exchange.

The interaction between the reinforcing element and the solidifying
melt occurs in two stages. The first stage begins filling during mould
and is accompanied by the formation of a solidified metal layer on the
surface of the insert. At this stage, the most intense heat exchange
takes place during the initial period of layer formation. A study of the
solidification dynamics of the melt on the reinforcing element [3] re-
vealed that the contact between the outer surface of the insert and the
solidifying melt is discrete in nature.

The condition of the contact between the melt and the surface of the
insert has a significant effect on the intensity of heat exchange with
the reinforcing element. In the contact zone, oxide films and gas layers
are formed, which introduce considerable thermal resistance to the
heat transfer from the solidifying melt to the reinforcing element and
contribute to the formation of a gap.

The formation of a gap between the reinforcing element and the ma-
trix occurs during the heating of the insert to a temperature below the
solidus point, as well as due to gas release at the surface of the rein-
forcing element caused by decarburization and moisture evaporation.
During the interaction of the reinforcing element with the melt, gases
trapped in surface depressions and roughness zones heat up and ex-
pand, disrupting the metal solidified on the surface of the insert [4, 5].

The second stage involves the remelting of the solidified layer. Dur-
ing the solidification of a reinforced casting or ingot, these stages are
repeated multiple times.

According to[1], the introduction of 0.6-0.9% of a solid insert into a
mould measuring 250x1650 mm results in its complete dissolution and
a 60% reduction in the columnar crystal zone. The addition of
1.5-2.0% of the solid phase enables ingot reinforcement and complete-
ly eliminates the columnar zone. This leads to a reduction in axial seg-
regation, an increase in impact toughness, and an improvement in the
macrostructure of the cast metal.

A study of the thermophysical conditions of reinforced melt cooling
during continuous steel casting [6] showed that the most effective
cooling occurs when 1.5% of the solid phase is introduced in the form
of a steel strip 0.4 m wide and 0.0015 m thick. In this case, the greatest
portion of heat is consumed for the remelting of the initially solidified
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layer.

The change in the degree of superheat removed during the solidifi-
cation-on-insert process is shown in Fig. 1.

The consolidation of reinforcing inserts placed in the mould with the
solidifying melt after pouring occurs through the formation of a con-
tact zone, which is driven by mechanical and adhesion forces, as well as
diffusion processes[7].

Mechanical bonding is formed when the melt does not wet the sur-
face of the solid element and no chemical interaction occurs between
them. During the shrinkage of the solidifying melt, normal pressure is
exerted on the reinforcing insert, which ensures mechanical bonding.
This pressure is directly proportional to the shrinkage magnitude, the
elastic modulus, and the Poisson’s ratio of both the insert and the ma-
trix, and inversely proportional to the contact surface area of the in-
sert [7].

The level of mechanical bonding is characterized by the coefficient
of friction between the solid element and the solidified casting, which
can be increased by creating grooves or notches on the surface of the
reinforcing inserts. Mechanical bonding is effective under static load-
ing. However, a gap may form between the solid element and the cast
metal due to the incomplete filling of surface depressions, especially
when the melt poorly wets the solid surface. Therefore, surface notch-
es enhance mechanical bonding but also contribute to the formation of
intermittent gaps, which are undesirable under cyclic loading and vi-
brations.

The pressure, at which the liquid metal comes into contact with the
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Fig. 1. Cooling of liquid steel by the reinforcing insert (3), heating and remelt-
ing of the solidified layer (2), and total cooling of the melt (1) [1].
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solid element, influences the formation of mechanical bonds. Higher
pressure improves the filling of surface irregularities and reduces the
likelihood of forming intermittent gaps.

In the case of laminar melt flow and insufficient wetting of the rein-
forcing insert surface, the flow takes the form of a rolling wave, and
air pockets form between the flow and the solid surface. These air lay-
ers contribute to gap formation and weaken the mechanical bond.

The formation of adhesion bonds between the elements of composite
castings occurs when the surface of the reinforcing insert is wetted by
the melt. Wettability can be controlled by introducing surface-active
elements into the melt.

It has been established [7] that increasing the solubility of oxygen,
carbon, and boron in the melt improves the wettability of reinforcing
elements. For melts that wet oxides, effective surface-active compo-
nents are those with a high affinity for oxygen or for the metal present
in the wetted oxide. In the case of carbides and graphite, surface-active
components include carbide-forming elements.

Wettability is enhanced by laminar melt flow during mould filling,
increased melt temperature, the use of fluxes, alloying, and increasing
the surface roughness of the solid phase.

The formation of diffusion bonding zones occurs when the ampli-
tude of surface atom vibrations in the reinforcing element and the ma-
trix exceeds the gap between them. This process is facilitated by press-
ing of the reinforcing element against the matrix, increased tempera-
ture, and wetting of the solid reinforcing surface by the molten metal.

The strength of diffusion bonds is nearly equal to that of the matrix,
whereas the strength of adhesive bonds does not exceed half of the ma-
trix strength.

The refinement of the casting structure upon the introduction of
reinforcing elements is associated with a change in the solidification
rate of the molten metal, which is characterized by the solidification
coefficient.

The solidification coefficient (K) at the ‘solid reinforcing ele-
ment—-melt’ interface is determined by the following equation [8]:

20, —t,.)

K = . (4)
JCpi(t, —t,) +p L +0.5Cp (¢, —t,.)

Here, A—thermal conductivity at the ‘reinforcing element-matrix’
interface, J/(cm-s-°C); ps, pr—density of the solid and liquid metal, re-
spectively, g/cm3; C,, C—heat capacity of the liquid and solid metal,
J/(g-°C); tp, ter, tae—pouring temperature, crystallization temperature,
and temperature of the reinforcing element, respectively, °C;
L—latent heat of crystallization, J/g.

Analysis of Eq. (4) shows that the solidification rate of the melt de-
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pends on the properties of both the liquid and solid metal, as well as on
the temperature of the reinforcing element and the thermal conductiv-
ity of the ‘reinforcing element—matrix’ interface.

According to Ref. [8], when steel chill moulds are heated from 30 to
900°C, the solidification coefficient of cast iron decreases by a factor
of 16, and when heated to 1150°C, it decreases by a factor of 4.6.

A review of the literature indicates that reinforcement of castings
creates prerequisites for improving their quality. However, the effec-
tiveness of reinforcement strongly depends on the conditions under
which the ‘reinforcing element-matrix’ interface is formed and the
development of a gap within this zone, which remains insufficiently
studied.

The aim of this study is to investigate the effect of reinforcement on
gap formation in the ‘reinforcing element—matrix’ contact zone and on
the microstructure of high-carbon steel castings.

2. EXPERIMENTAL/THEORETICAL DETAILS

Plates with a thicknesses of 0.5, 1.0, 1.5, and 3.0 mm were used as re-
inforcing elements, with corresponding masses of 1.8, 3.5, 5.3, and
10.6 g. Inserts 0.5 mm thick were made from plates of carbon steel
(C=0.3wt.%), 1.0mm thick—from notched carbon steel plates
(C=1.5wt.%), 1.5mm—from toothed carbon steel plates
(C=0.6 wt.%), and 3.0 mm—from plates of austenitic stainless steel.

The implantation of reinforcing inserts into the castings was carried
out by placing them into preformed cavities in polystyrene foam pat-
terns, which were then positioned in the mould and poured with liquid
steel, following the procedure described in [9].

Castings in the form of hollow cylinders with a wall thickness of
7.5 mm were produced by pouring steel melt into expendable pattern
moulds containing the pre-installed plates.

The chemical composition of the steel smelted in the induction cru-
cible furnace was as follows (wt.%): C=0.88, Si=1.14, Mn=1.87,
Al=0.076, P=0.025, S=0.015. The liquidus temperature of the steel
was 1466°C, and the solidus temperature was 1436°C.

Photographs of the areas with inserts implanted into the casting are
shown in Fig. 2.

The microstructure of the castings with inserts after solidification
was examined using an epi-tip microscope at magnifications of 100x,
200x, and 400x.

The analysis focused on the microstructure of the near-surface zone
of the casting at the contact with the insert and at a distance of 20 mm
from its boundary.

The effect of the reinforcing inserts on the gap size between the in-
sert and the matrix, as well as on the microstructure of the casting,
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Fig. 2. Sections of castings with inserts of 0.5 mm (a), 1.0 mm (b), 1.5 mm (c¢),
and 3.0 mm (d) thickness.

was assessed using the image analysis software ‘Imaged’.

The effectiveness of the reinforcing inserts on the microstructure of
the matrix was evaluated based on the pearlite grain area. During
mathematical processing of the obtained results, the minimum, maxi-
mum, and average pearlite-grain areas were determined. Histograms
of pearlite area distribution by fractions were constructed using the
‘Analysis ToolPak’ add-in in Microsoft Excel.

Regression and correlation coefficients (Ri) as well as the relative
approximation error (8) were determined with 95% confidence accord-
ing to the methodology described in [10].

3. RESULTS AND DISCUSSION

The examination of the interfaces between the inserts and the matrix
revealed the presence of both nearly defect-free contact zones
(Fig.3,a,b) and zones with gaps of varying size: up to 10 um
(Fig.3,c), from 10um to 100 pum (Fig.3,d), and over 100 pum
(Fig. 3, e).

The analysis showed that, for contact boundary lengths ranging
from 3750 pm to 12450 pm, an increase in insert thickness from 0.5 to
3.0 mm leads to a decrease in the length of defect-free contact zones
from 88% to 2.0%, while the length of defective zones increases corre-
spondingly from 12% to 98% (Fig. 4, line 1).

The relationship between the insert thickness (6;, mm) and the gap



THE EFFECT OF REINFORCEMENT ON THE MICROSTRUCTURE 161

Fig. 3. Microstructure of the contact zones between inserts (1) of 0.5 mm (a),
1.0 mm (b), 1.5 mm (c), and 3.0 mm (d, e) thickness and the matrix (2). Defect-
free contact zones (a); gap up to 10 um (c); gap from 10 to 100 pm (d); gap over
100 pm (e).

length in the ‘reinforcing element—-matrix’ contact zone (I, %) is ex-
pressed as follows:

[ = 33.645,, R=0.949. (5)

To determine the mechanism by which insert thickness influences
gap formation, the effect of inserts on the solidification rate of a
7.5 mm thick casting wall was investigated. Based on experimental da-
ta from Ref. [11], the influence of the ratio of insert thickness (6;, mm)
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Fig. 4. Effect of insert thickness on the number of defects in the contact zone
with the matrix (1), solidification coefficient (2), and insert heating tempera-
ture (3) during casting solidification.

to casting-wall thickness (s, mm) on the solidification coefficient
(K, cm/s%5) was determined and expressed as follows:

K =0.2006 + 0.11055,/5_ , R=0.890. (6)

Analysis of Eq. (6) shows that the solidification coefficient of the
casting wall increases from 0.274 ¢cm/s%% to 0.643 cm/s%° with the use
of inserts 0.5 mm and 3.0 mm thick, respectively (Fig. 4, line 2).

Assuming that the main heating of the inserts occurs during the so-
lidification interval of steel, and using the solidification coefficient to
determine the solidification time of the casting wall, the insert heating
temperature (tins) was calculated based on Eq. (3) (Fig. 4, line 3).

Correlation analysis showed that there is a statistically significant
inverse linear relationship between the insert heating temperature
(tins) and the length of the contact zone with a gap (I, %), expressed as
follows:

1 =128.98 - 0.0801¢,

ins ?

R=0.982. (7

This indicates that as the insert temperature increases, the quality
of the contact between the reinforcing insert and the matrix improves,
reaching a maximum when the insert is heated to the solidification
temperature. This is due to surface remelting of the insert and the
formation of a diffusion bond with the casting.

The microstructure of the near-surface zone of the casting at the
contact with the insert is shown in Fig. 5, and at a distance of 20 mm
from it—in Fig. 6.
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Fig. 5. Microstructure of the near-surface zone of the casting at the contact
with the reinforcing insert: insert thickness 0.5 mm (a), 1.0 mm (b), 1.5 mm
(¢), 3.0 mm (d).

Fig. 6. Microstructure of the near-surface zone of the casting at a distance of
20 mm from the reinforcing insert: insert thickness 0.5 mm (a), 1.0 mm (b),
1.5 mm (¢), 3.0 mm (d).
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TABLE 1. Results of quantitative analysis of the microstructure in the near-
surface zone of the casting.

Insert thick- Parameter Fearite-graln arzi ;S(li)iegl;ircfof 20 mm
ness, mm Near the insert .
from the insert
Minimum 64.5 57.1
0.5 Maximum 3861.3 8051.0
Average 699.3 1286.9
Minimum 66.3 68.4
1.0 Maximum 2933.7 2288.7
Average 460.1 450.9
Minimum 24.4 37.3
1.5 Maximum 1135.6 1995.9
Average 249.3 382.9
Minimum 15.8 34.1
3.0 Maximum 2706.6 3553.6
Average 286.2 609.9
100
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Fig. 7. Distribution of pearlite grain areas in the microstructure of the near-
surface zone of the casting at the contact with the insert (a) and at a distance
of 20 mm from it (b).
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The results of the quantitative analysis of the microstructure in the
near-surface zone of the casting at the contact with the insert and at a
distance of 20 mm from it are presented in Table 1, and the distribu-
tion of pearlite grain areas by size is shown in Fig. 7.

The data in Table 1 show that the minimum pearlite grain area in the
microstructure near the insert surface ranges from 15.8 ym? to
66.3 um?, while the maximum values range from 1135.6 uym? to
3861.3 pm?. The corresponding values at a distance of 20 mm from the
inserts are 34.1 ym? to 68.4 ym? for the minimum and 1995.9 pm? to
8051.0 uym? for the maximum grain area. This means that near the in-
sert surface, the minimum pearlite grain area is 3-216% smaller, and
the maximum is 78-208% smaller compared to the values at a distance
of 20 mm.

At the same time, an increased number of fine pearlite grains are
observed in the microstructure of the castings near the insert surface.
For example, 63% to 90% of pearlite grains have an area ranging from
500 nm?2 to 1000 pm?, which are 19% to 82% higher than at a distance
of 20 mm from the inserts (Fig. 7).

The effect of insert thickness (3, mm) on the average pearlite grain
area (Saup, nm?) is shown in Fig. 8, a. It can be seen that both near the
insert surface and at a distance of 20 mm, the inserts exhibit an ex-
treme (nonlinear) effect on the average grain area.

This is because, during pouring of the melt into the mould contain-
ing the reinforcing insert, the interaction between the insert and the
matrix is accompanied by heating of the insert and the formation of a
gap between the insert and the matrix. An increase in insert tempera-
ture promotes the formation of a strong diffusion bond, but at the

~ 1800 w. 1300 —=
= , i
1100 P : 1100
% \‘ 2 8 ‘\
g 9001 5 900

‘\\ \\ 2
5 700N 8 700D
& 4+ = Al
&0 A &b N ;
o 500 S @ 500 oo e
E 1 N s E 1 M - L7
5 300 X e 5 300 S
ﬂqj ‘hﬁ:‘—?.‘:_’:- / pq: o P I

100 100
05 10 15 20 25 30 0 20 40 60 80 100
Insert thickness, mm Gat length, %
a b

Fig. 8. Effect of insert thickness (a) and gap length (b) on the average pearlite-
grain area in the microstructure of the casting near the insert surface (1) and
at a distance of 20 mm (2).
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same time reduces the solidification rate of the melt near the insert,
which leads to coarsening of the structural grains.

The formation of a gap between the insert and the matrix reduces
heat transfer at the interface, as the thermal conductivity of air is
700-800 times lower than that of steel. This creates conditions that
slow down the heating of the reinforcing element and, as a result, ac-
celerate the solidification rate and promote structural refinement.

For the microstructure of the casting near the insert surface and at a
distance of 20 mm from it, the pattern of this extreme effect is ex-
pressed as follows (Fig. 8, b).

In the near-surface layer of the casting, directly in the contact zone
with the inserts, the dependence of the average pearlite-grain area on
insert thickness is described by the following regression equation:

S, = 1067.5-811.678 +183.595%, R=0.997. (8)
At a distance of 20 mm from the insert surface, the relationship is as
follows:

Sffg = 2048.7 —1899.25 + 474.475%, R=0.952. 9)

Analysis of Eqgs. (8) and (9) shows that the minimum average pearl-
ite grain area near the surface of the inserts reaches 170.4 pm? at an
insert thickness of 2.2 mm, and 148.2 nm? at a distance of 20 mm at an
insert thickness of 2.0 mm, which is 6 and 14 times smaller, respec-
tively, compared to castings without inserts.

As the study has shown, at gap lengths (A, %) within the range of
62-72%, an increase in the solidification rate promotes the formation
of a fine-dispersed pearlitic structure.

With further increase in the number of gaps, the intensity of this
effect decreases.

The regularity of the influence on the microstructure near the sur-
face of the inserts is described by the following relationship:

Sy, = 826.01 - 16.848A + 0.1168A%, R=0.959. (10)
At a distance of 20 mm from the insert surface, the relationship is as
follows:

Sffp =1438.9 — 38.521A + 0.3118A*, R=0.775. (11)

The analysis results indicate that the most effective influence of re-
inforcing inserts on the dispersion of the pearlite structure is observed
at insert thicknesses ranging from 2.0 to 2.2 mm and a gap length at
the ‘insert-matrix’ interface ranging from 62 to 72%.
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4. CONCLUSION

It was established that, during the reinforcement of steel castings with
inserts, diffusion bonding zones and defects in the form of gaps are
formed at the ‘reinforcing element—matrix’ interface.

An analytical relationship was determined between the length of the
gap in the contact zone and the thickness of the inserts.

It was shown that the effect of insert thickness on gap development
results from the combined action of two opposing factors: the solidifi-
cation rate and the heating temperature of the inserts.

Through microstructural analysis of the castings, quantitative pa-
rameters of pearlite grain area and their distribution were determined.

Analytical models were developed to describe the influence of insert
thickness and gap length on the pearlite grain area in the microstruc-
ture of the casting near the insert surface and at a distance of 20 mm
from it.

Analysis of the analytical models showed that the most effective in-
fluence of reinforcing inserts on pearlite structure refinement is ob-
served at insert thicknesses of 2.0-2.2 mm and gap lengths at the ‘in-
sert—matrix’ interface of 62—72%.

Calculation results indicate that under optimal reinforcement con-
ditions, refinement of the pearlite structure by a factor of 6 to 14 is
achievable.

The research was carried out within the framework of Project No.
2023.04/0029 (state registration No. 0124U003980) with the support
of a grant from the National Research Foundation of Ukraine under
the program ‘Science for Strengthening the Defence Capability of
Ukraine’.
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Experimental Studies of Zinc and Derivative Coatings
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Given the increasing requirements for durability and reliability of metal
structures under the atmospheric and industrial corrosion, the search for
effective and economically viable anticorrosion solutions becomes especially
relevant. Traditional hot dip galvanizing remains a primary method for pro-
tecting steel elements. At the same time, the use of continuously zinc-coated
steel products (or coatings based on zinc) is promising for low-corrosivity en-
vironments. Recently, there has been growing interest in zinc alloys with
magnesium and aluminium due to the manufacturers’ claims of improved
anticorrosion properties with thinner coating layers. Often, this interest is
also driven by the regional localization of production of such coatings. How-
ever, for the correct comparison of the service life of all types of zinc coatings
and their derivatives, it is critically important to perform comparative evalu-
ations of coating behaviour in aggressive environments for systematic analy-
sis of quality, durability, and verification according to international stand-
ards. The aim of this work is to conduct a comparative assessment of the cor-
rosion resistance of zinc coatings and their derivatives applied by various
methods under accelerated climatic testing conditions, as well as to analyse
the effect of coating thickness on the effectiveness of steel protection against
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atmospheric corrosion. As a result of the experimental studies, the prerequi-
sites for the formation of approaches to optimising protective coatings for
steels, depending on the operating conditions and their required service life,
are established.

Key words: steel, zinc coating, corrosion, passivation, protection, anode,
cathode.

3 oryIAmy Ha 3poCcTaioui BUMOTH A0 AOBTOBiYHOCTH Ta HAAiMHOCTH METAJIOKOHC-
TPYKILifl B ymMoBax [fii armocdepHOi Ta TPOMUCIOBOI KOPO3ii 0cobsmBO aKTya-
JIBHUM € TIOIIYK e(eKTUBHUX Ta €KOHOMIUHO AOIiIIPHMX aHTUKOPO3iMHUX pi-
meHb. Tpamuiiiiai rapAYeoNMHKOBAHI IOKPUTTA 3aJUIITAIOTHCA OCHOBHUM
3ac000M BaXWCTy KPUIIEBUX €JIEMEHTIB IOPAJ i3 3aCTOCYBAaHHAM KPUIIEBOTO
MIPOKATY 3 MIUHKOBUM IOKPUTTAM (200 MOKPUTTSAM HA OCHOBI IIMHKY), HaHeCeHi
HeTepPepPBHOIO METO/IO0I0, € TIEPCHEKTUBHUMHY y BUNAAKaX HU3bLKOI'0O PiBHSA aTMO-
ceproi Kopoasii. OcranHiM YacoM 3pocTae iHTepec A0 JeTOBAHUX ITMHKOBUX
cToIiB 3 momaBaHHAM MarHito i AmtomiHiio uepes 3aAaBJIeHi BUPOOHUKAMU II0-
JinimeHi aHTUKOPOBifiHI BJIACTUBOCTI 3a MEHIIIOI TOBIIWHU WIAPy IIOKPUTTA.
YacTo 11e BUKJIMKAHO B TOMY YHMCJi ¥ JIOKAJi3aIiel0 BUPOOHUIITB TaAKUX ITOK-
PUTTiB y IeBHUX perioHax. Pasom i3 TuMm, BKpail Ba)KJINBUM i €eTMHUM IJId KO-
PEKTHOrO TMOPiBHAHHSA TEPMiHY COy:KOM BCiX IIMHKOBUX IOKPUTTIB Ta IxXHiX
MMOXiTHUX € TIPOBeIeHHA MOPiBHAMBHUX OIiHOK MOBEIIHKM TAKUX IMTIOKPUTTIB B
arpecuBHOMY CEPEIOBUIITI IJIA CUCTEMHOI aHAJi3Y AKOCTH IIOKPUTTIB, iX JOBTO-
BiuHOCTH Ta Bepu@ikallii mux mMOKPUTTIB BiATIOBIAHO 0 Mi’KHAPOAHUX CTAHIA-
priB. MeToio maHoi podOTH € MOPiBHANLHA OI[iHKA KOPO3ifHOI CTiMKOCTY ITWH-
KOBUX IMOKPUTTIB i IXHiIX moXigHMX, HAHECEHUX PiSHUMU METOJaMu, B YMOBaxX
TPUIIBUANIEHUX KJIIMaTUYHUX BUIPOOYBaHb, a TAKOK aHaJisa BIJIUBY TOB-
IITUHY I1apy MOKPUTTA Ha ePeKTUBHICTE 3aXUCTy KPUITi Bix aTMochepHOi KOpo-
3ii. B pesysbTaTi mpOBeEHWX EKCIEPUMEHTAIbHUX IOCHiIKEeHb 3 sICOBAHO
mepeayMoBH IJiA (DOPMYBaHHA IMiAXOMiB IOAO0 ONTUMIi3aIlii 3aXMCHUX MTOKPUT-
TiB KPHUIh B 3aJIE}KHOCTI BiJl yMOB eKcILIyaTaIii Ta HeobXigHOoro TepMiny iIxHBOI
CITYKOU.

Karouosi cmoBa: Kpuilsg, IMUHKOBE IIOKPUTTA, KOPO3is, ImacwmBallid, 3aXwuCT,
aHoOza, KaToza.

(Received 7 July, 2025; in final version, 18 February, 2026 )

1. INTRODUCTION

Zinc coatings are anodic ones; this means that the electrochemical po-
tential of the coating metal, namely, zinc, is lower than that of the pro-
tected metal—steel. Accordingly, the zinc coating protects the base
metal from corrosion through electrochemical action.

An anodic coating provides not only electrochemical but also me-
chanical protection. During the service life of a structure, zinc dis-
solves as a covering anode, thereby protecting the steel.

When zinc is applied to steel, environmental factors trigger zinc
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corrosion (zinc loss), while the underlying steel becomes partially or
fully protected from corrosion.

The level of protection depends on the reactivity of the coating met-
al: the less prone it is to corrosion, the better it protects the base metal,
even those steel areas, where the zinc coating has been damaged or lost.

One crucial factor for effective protection is the reliability of the
bond between the coating and the substrate (adhesion)[1, 2].

Corrosion that begins at a through-pore or scratch will remain local-
ized if the adhesion is strong. However, with weak adhesion, corrosion
products can cause the coating to peel off, leading to underfilm corro-
sion and blister formation.

Although zinc itself creates a protective layer over cut edges or
scratches, it begins to oxidize rapidly when exposed to moisture and
oxygen, forming a white deposit known as ‘white rust’ (Zn(OH)g,
ZnC()a) [1]

As corrosion products accumulate and partially fill the pores, the
rate of zinc loss significantly decreases, and the resulting corrosion
film provides additional protection.

Importantly, zinc retains its protective properties even at low coat-
ing thicknesses and in the presence of pores or uncoated areas. This
allows for continued protection even if scratches expose the steel base.

Zinc also provides protection for edges, threads of bolts and nuts,
wires, and other products, justifying the use of zinc-coated or zinc-
based coated steel, including material coated by continuous methods
[1, 3]. However, while the formation of corrosion products adds pro-
tection, it negatively affects visual appearance. Frequent washing or
mechanical abrasion of these products can prevent the formation of
stable protective compounds, reducing coating thickness. To minimize
these negative effects, hot dip galvanized metal structures that are
passivated after cooling to form a several nanometres thick stable bar-
rier film.

A passive film (e.g., based on Cri* or Si/Zr) preserves the properties
of the zinc coating by limiting contact with oxygen and water, thereby
reducing white rust formation, stabilizing gloss, and improving com-
patibility with paints or lacquers (Table 1).

2. EXPERIMENTAL DETAILS
2.1. Corrosion Resistance Studies

It is well known that, in atmospheric environments, various zinc pro-
tective coatings deteriorate at different rates [1, 3]. For this study,
comparative testing was conducted using steel samples coated in ac-
cordance with Refs. [4] and [5].

To ensure the highest relevance in comparing the durability of dif-
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TABLE 1. Effect of passivation on performance of zinc coatings and deriva-
tives.

No. | Parameter | Without passivation With passivation
1 Resistance to white rust 24-79 hours > 270 hours Flependmg
(salt spray chamber) on passivator
9 Surface oxidation Rapid oxidation, Gloss retention,
’ and dullness loss of gloss slower oxidation
Protection in humid . Barrier film + zinc =
3. . Temporary (zinc only) .
environments longer protection
- Uneven patina, Uniform appearance,
4. Appearance stability white spots often decorative

TABLE 2. Types of samples for accelerated weathering tests.

No.| Coating type |Test sample thickness, um|Control sample thickness, pm

1. HDG 50 64 65.2
2. HDG 70 92.5 94

3. HDG 90 108.2 108.4
4. Zn350 25 24.6
5. Zn350PosMAC 20.6 21.2
6. Zn450 28 28.4
7. Zn600 35 35.6
8. ZM120 9.9 10

9. ZM310 18.7 18.4
10. ZM310MA 19.9 20.4
11. ZM430 31.1 30.6

ferent structural steel coatings under environmental exposure, the
tests were conducted according to Refs. [6, 7]. The total test duration
was 630 hours, with one time interval representing 70 hours.

Steel plates, measuring 150x50 mm with different protective coat-
ings, were used as accelerated weathering test samples. The list of
samples is provided below (Table 2).

2.2. Methodology of Studies

Solution Preparation. The solution was prepared by dissolving sodium
chloride in distilled water with conductivity not exceeding 20 uS/cm at
25°C £ 2°C to achieve a concentration of 50 g/1+5 g/1[7, 8].

The sodium chloride contained less than 0.001% copper and less
than 0.001% nickel by mass. The sodium iodide content ranged from
0.1% to 0.5% of total impurities, based on dry salt mass.



EXPERIMENTAL STUDIES OF ZINC AND DERIVATIVE COATINGS 173

The pH of the prepared solution was maintained between 6.0 and 7.0
at 25°C £ 2°C.

Sample Preparation. Before testing, sample surfaces were cleaned with
organic solvent using a soft brush. After cleaning, they were rinsed
with fresh solvent and dried.

Sample edges and the backside were masked with adhesive tape.
Sample Placement. Samples were placed in the test chamber so as not to
be directly exposed to the spray nozzle stream. They were arranged
with the unprotected side facing upward at an angle between 15° and
25°. Samples did not contact the chamber and were exposed to unre-
stricted spray circulation. The sample support was made from inert
non-metallic material.

Test Conditions. Chamber temperature was maintained at 35°C + 2°C
throughout the test. Average solution condensate collection rate is of
1.5 ml/hour + 0.5 ml/hour. Condensate sodium chloride concentration
isof 50g/1+5g/1; pH—6.5t0 7.1.

Post-Test Sample Processing. After testing, samples were removed and
dried for 0.5 to 1 hour to minimize removal of corrosion products. Be-
fore inspection, any remaining solution was carefully rinsed off the
surface.

2.3. Evaluation of Test Results

The appearance of rust on the sample covering an area of more than
10% terminated the test for the specific sample, and the test comple-
tion time was recorded separately for it. All indicators were evaluated
after the end of each test cycle.

The condition of metal structure coatings was assessed using two
ratings in accordance with [9] based on the ability of the coating to pro-
tect the base metal from corrosion and thus prevent degradation of the
base metal; based on the ability of the coating to maintain integrity
and thus maintain a satisfactory appearance.

Although the functions of these two ratings overlap, they can be
used separately to assess the degree of corrosion protection of the base
metal (protection rating Rp) and to assess the appearance (appearance
rating Ra).

The protection rating Rp was calculated using formula (1):

Rp=3-(2-logA), 1)

where A [% ]—corrosion coverage (in % ) of the sample under consider-
ation.

The appearance rating was assigned using three components:
1) area affected by a specific defect on a scale from 10 to O (where 10 is
the least affected);
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TABLE 3. Classification of coating damage types Ra.

Staining or discoloration reducing coating quality (excluding visible cor-
rosion products of the base metal)

Dulling with little or no visible corrosion

Corrosion products of anodic coatings

Corrosion products of cathodic coatings

Pitting on the surface (possibly not reaching the base metal)
Delamination, flaking, chipping

Blistering (subsurface corrosion)

Cracking

Crevice corrosion

Cavity formation

“maoEEHOQW B

2) subjective assessment of the degree of deterioration of the coating
(vs = very insignificant amount, s = small amount, m = moderate
amount, X = excessive amount);

3) classification of types of coating damage R4 (Table 3).

3. EXPERIMENTAL RESULTS

The results of the conducted studies, in accordance with Ref. [9], are
summarized below (Table 4).

At equivalent coating thicknesses, ZM-type coatings proved to be
clearly more resistant to aggressive atmospheric environments com-
pared to standard zinc coatings [10]. ZM coatings also exhibited better
aesthetic appearance in the atmosphere during the initial period of
operation.

As for the samples with hot dip galvanized (HDG) coatings, their
high resistance to aggressive environments can be confirmed [10].
However, a characteristic of these samples is the early formation of
hydroxide compounds (Zn(OH):, ZnCO;), commonly referred to as
‘white rust’, which negatively affected the visual appearance of the
sample.

After removing the loose ‘white rust’ deposits from the HDG sam-
ples to measure the residual coating thickness, noticeable dulling and
localized wear of the zinc coating were recorded.

Additionally, for all sample types, which were cleaned during the
test cycles, there was a trend of increased coating loss rate with in-
creased initial coating thickness.

At the same time, control samples of all materials, which remained
in the salt spray chamber and were not cleaned after each test cycle,
showed partially opposite results: in some cases, the rate of coating
loss was higher for thinner coatings [2]. A comparison of the coating
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TABLE 4. Results of corrosion studies.

175

ndicatorsTh. Kk Thickness| Rateof | % of zinc
ickness . . .
of zine of zinc |zine coat- cgatmg '
coating coating | ingloss thlck'nc'ass Tlme of | Defect RP/RA
before after 630 | ontest | remaining [testing, area, rating
testing, hogrs samples | after 630 | hours | A%
Type testing, | um/100 | hours test-
of coatin nm um hours ing, pym
HDG50 64 28.1 4.5 56% 630 0% 10/10vsC
HDG70 92.5 46.6 7.4 50% 630 5% 9/9.5
HDG90 108.2 56.1 8.9 48% 630 0% 10/10vsC
Zn350 25 24.2 4.9 3% 490 25% T7/7.5xF,C
Zn450 28 26.4 5.4 6% 490 30% 7/7TmF,C
Zn600 35 31.7 5.7 9% 560 30% 7/7TmF,C
ZM120 9.9 9.9 2.4 0% 420 60% 6/4xF
ZM310 18.7 17.6 3.6 6% 490 10% 8/9mF
ZM310MA 19.9 19.9 4.1 0% 490 40% 6/6xF
30 206 182 3.7 12% 490 15% 7/8.5sF,C
ZM430 31.1 26.2 4.2 16% 630 10% 8/9mF

“ These rating indicators were compared at the end of the full cycle lasting 630
hours or when rust appeared on more than 10% of the sample.

Coating loss rate,

um/
10.0
9.0
8.0
7.0
6.0
5.0
4.0
3.0
2.0
1.0
0.0

100 hours

HDG 50 HDG 70 HDG 90 Zn3d50 Znd450 Zn600 ZMI120 ZM310 ZM310MA Z11350 ZMA430

Test samples

m Control samples

Fig. 1. Coating loss rate for test and control samples.

loss rates for control and test samples is shown in Fig. 1.
Based on the results, it can be stated that the coating loss rate for
control samples (which were not cleaned from hydroxide compounds
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formed on their surfaces) was significantly lower than that for test
samples.

In the case of HDG-coated samples, a correlation was observed be-
tween coating loss rate and coating thickness:

« for cleaned samples, an increase in thickness led to higher loss rates;
« for uncleaned samples, the opposite was true: the thicker the coat-
ing, the lower the loss rate, up to 4.5 times lower for HDG 90.

A similar trend was observed for the ZM-group coatings, though the
effect was less pronounced.

For samples from hot dip galvanized coil, the data was more ambig-
uous: Zn350, Zn450, and Zn600 followed the same trend for both test
and control groups. However, Zn350 PosMAC behaved more similarly
to the ZM group. This may be attributed to differences in the quality of
passivation by different manufacturers.

In general, based on structural heterogeneity and the electrochemi-
cal activity variations due to coating thickness, thicker coatings (re-
gardless of the application method) tend to wear faster than thinner
ones under identical conditions.

From the comparison of test and control samples (Fig. 1), it can be
concluded that actual resistance of test samples in real-life conditions
could be up to 2 times higher than the lab test results suggest.

Figures 2—4 show photographic images of the sample surfaces after
630 hours in the salt spray chamber. Some samples had already failed
earlier, but were kept in the chamber to allow visual comparison.

Fig. 2. Surface of HDG-type coated samples after 630 hours in the salt spray
chamber.
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Fig. 3. Surface of ZM-type coated samples after 630 hours in the salt spray
chamber.

In general, the HDG-coated samples (Fig. 2) show widespread signs
of white rust, uneven coloration of the zinc surface, but the coating
remained intact, indicating high resistance of this type of coating to
aggressive environmental exposure. As seen in Fig. 3, some samples
exhibit significant corrosion damage, including a continuous layer of
red rust. However, ZM310, Zn350 PosMAC, and ZM430 were among
the most resistant samples in terms of appearance. Despite having
thicker coatings, Zn-type samples (Fig. 4) showed lower resistance un-
der salt spray conditions. The likely reason is poor passivation or low
quality of the base coating.

Figures 5—7 present graphical representations of accelerated weath-
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Fig. 4. Surface of Zn-type coated samples after 630 hours in the salt spray
chamber.

ering tests, showing coating thickness loss over time for samples that
were cleaned after each test stage.

In general, these results confirm similar trends in zinc coating wear,
regardless of coating thickness or application method.

Laboratory test results based on Ref. [8] cannot serve as a direct in-
dicator of zinc coating lifespan, but according to Refs. [4, 5], it is pos-
sible to estimate wear rates and approximate service life for various
coatings.

The lifecycle of zinc coatings, according to reliability theory, can be
described by a failure intensity curve and divided into three stages
(Fig. 8): adaptation period (0...#;) with formation of corrosion products
(white rust), often washed off by rain [1, 8]; normal operation (¢i...t2)
with formation of a dense protective layer from corrosion products [8];
ageing period (¢ >t2), when protective layer thins, coating begins to
flake or peel.

The segment 0...t; is primarily characterized by a reduction in the
thickness of the zinc coating due to the appearance of ‘white rust’ and
its cyclical washing away by rain.

In the segment ¢;...11, coating defects may occur and are determined
by random factors that affect a local area, for example, mechanical
damage during installation, continuous-cyclic moisture exposure (e.g.,
water droplets falling from PV modules onto the structure), or poor
grounding of PV modules (leakage current from PV modules to the
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Fig. 5. Time-dependent coating wear for HDG-type samples in the salt spray
chamber.
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Fig. 6. Time-dependent coating wear for ZM-type samples in the salt spray
chamber.
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Fig.7. Time-dependent coating wear for Zn-type samples in the salt spray
chamber.

structure), resulting in zinc coating damage in the area, where leakage
currents flow.
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Fig. 8. Life cycle of zinc coating.

From the period ¢ >t: onward, the frequency of coating defects in-
creases due to long-term exposure to external factors. The mechanism
of coating degradation at this stage is explained by wear and ageing
models [3].

Steel structures are exposed to a combination of external factors,
and corrosion-induced degradation of the coating is one of them.

In general, all types of corrosion damage follow the same principle,
namely, the mechanism of corrosion is electrochemical in nature and
identical for all types. The specific type of corrosion depends on fac-
tors, which accelerate the process and typically occur under abnormal
operating conditions, for example, the presence of leakage currents,
continuous-cyclic moisture exposure, mechanical damage, chemical
irritants, etc. It is sufficient to generalize all of these under the um-
brella of electrochemical corrosion without classifying them into sub-
types.

Due to the heterogeneity in the structure and composition of metals,
and the uneven distribution of the electrolyte (which is the moisture
film containing dissolved chemicals on the metal surface), different
areas of galvanized steel surfaces can have varying electrochemical
potentials even in the absence of external electric fields. As a result, an
electrical corrosion current flows within a closed loop of the galvanic
couple, as shown in Fig. 9. In this situation, the more electrochemical-
ly active element (with a lower electrode potential) becomes the anode,
and the less active one becomes the cathode. In this case, the zinc coat-
ing acts as the anode, and the steel substrate is the cathode. Corrosion
occurs on the anode side of the galvanic couple, while the steel remains
protected from corrosion (Fig. 9, b).

The presence of external currents can significantly accelerate corro-
sion. However, regardless of these factors, corrosion will still occur on
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Fig. 9. Protection of the substrate (steel) with zinc coating: a) after produc-
tion; b) during service.

the anode side, that is why zinc coatings and their derivatives are suit-
able for steel protection.

Thus, the phenomenon, in which galvanized steel samples with un-
protected edges or damaged coatings do not exhibit corrosion, can be
explained by the action of the zinc coating on the main part of the sam-
ple. The zinc coating provides not only electrochemical protection for
the substrate, but also mechanical protection (see Fig. 9).

For structures located in corrosive soils and/or exposed to stray cur-
rents, additional corrosion protection measures may be used: passive
protective anodes (Fig. 10, a) or active cathodic-protection systems
(Fig. 10, b).

Cathodic protection involves creating a galvanic corrosion cell,
where the anode corrodes instead of the protected structure, which
becomes the cathode [7, 11-13] (Fig. 10, a). The anode and cathode are
electrically connected.

The protective anode may be made of magnesium, zinc, aluminium,
or other metals, which are more active (less noble) than the base metal.
Due to the galvanic reaction, the steel does not corrode; instead, the
anode dissolves. Another option is to use impressed current cathodic
protection from an external DC power source (Fig. 10, b).

An additional factor contributing to the degradation of zinc coat-
ings is leakage currents originating from photovoltaic modules. Under
normal operation, the permissible leakage current is up to 1 mA. The
dissolution of the zinc coating intensifies at the points, where the
structure is in local contact with the ground. Even at such low current
levels, the impact on the rate of zinc loss can be significant.
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Fig. 10. Cathodic protection of metal structures: a) passive anode protection;
b) active cathodic protection.

4. CONCLUSIONS

1. The conducted tests confirmed that all zinc coatings and their deriv-
atives generally exhibit similar behaviour under comparative condi-
tions.

2. HDG-type coatings demonstrated the highest resistance to aggres-
sive environments, despite the fact that they also exhibited the highest
rate of coating thickness loss.

3. Among the ZR- and Zn-coating groups, the ZM coatings showed
greater resistance, primarily due to the high quality of passivation.

4. The application of HDG-type coatings is strongly recommended for
environments with corrosivity categories C3 and C4.

5. The application of ZM and Zn coatings is recommended for environ-
ments with corrosivity categories C1 and C2.

6. To increase the service life of zinc coatings and structures, it is ad-
visable to implement high-quality equipotential bonding of structures.
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7.1t is necessary to optimize the selection of protective coating types
for steel, based on operating conditions and required service life.

8. The impact of leakage currents on the rate of zinc coating loss re-
quires further research at solar energy facilities.
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JociiaxeHHA BILINBY MPOAYKTUBHOCTU HA CTPYKTYPOYTBOPEHHSA
NMOBEePXHEBUX IMIAPiB KPUI[EBUX /I€TAJIB i/ Yac a30TyBaHHS
MeToaoM ejieKTpoickposoro Jerysanusa (ELJI). I1. Po3po6ka
MaTeMaTHYHOTO MO/JEJII0 IJIS yIIPABJIIiHHA MapaMeTPaMu IKOCTHU
NMOBEePXHEBUX IMIAPiB KPUI[EBUX /I€TAJIB IIi/] Yac a30TyBaHHS
MmeToxoM EIJI
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uHYU 3MinHeHoro 1mapy kpuili 20 i kpuri 40 Ta iIxHBOI MiKpoTBEpPAOCTH Bif
TeXHOJIOTiUHUX MapaMeTpiB eqeKTpoickpoBoro jgeryBauusa (EIJI) 3a azoryBamu-
HA 3 BUKOPUCTAHHAM CHEIiAJBbHUX TEXHOJOTIYHMX HACUYYyBAJbHUX CEPeLo-
Buitl (CTHC). BeramoBieHo, 1110 3a HaABHOI TeXHOJIOTIT 31 30ibIIIeHHAM eHep-
rii pospangy migBUINyEeTHCA TOBIMHA 3MIITHEHOTO IIapy, sIKa CKJIATAETHCA 3
«bimoro» miapy Ta gudysiiiHOi 30HM, a TaKOXK MiKpoTBepAicTh moBepxHi. I1i
ImapaMeTpy TaKOK 3POCTAIOTH 3i 301ibIIIEHHAM Yacy 0O0pOoOJIeHHA IEeBHOI IIJIO0-
muH" (Tpymomictroctu EILJI) i smenmenaam ii o6epHeHOI BesmumHU, TOOTO
KinbKocTH 0O0pOOJIEHOI ILUIOIMHY 38 OSWHUIIO Yacy (IPOAYKTUBHOCTU JIeTry-
BaHHA). B pe3yabTaTi IpoBeAeHUX MOCTiAKeHb PO3POOJJIEHO MaTeMAaTUYHiI MO-
JleJIi 3aIeXKHOCTY ITapaMeTpPiB SKOCTY IIOBEPXOHD 3a a30TyBaHHA MeTogoM ELJI
3 sukopuctanuaM CTHC (piBHAHHS TOBITUHU 3MilTHEHOTO APy Ta PiBHAHHA
MiKDPOTBEPAOCTM IIOBEPXHi) Bifi €HEePreTUYHMX i TEXHOJOTIiYHUX IIapaMeTpiB
obnaguanuda EIJI, a came, eHeprii pospsany Ta TpyZoOMiCTKOCTH, IO YMOYKJIUB-
JIIOE BU3HAYATU OCHOBHI TeXHOJIOTiUHi mapamMeTpu c()OPMOBAHOIO ITIAPY: TOB-
IIUHY 3MiITHEHOTO IITapy Ta MiKPOTBEPAiCTh ITOBEPXHi.

KarouoBi ciroBa: eTleKTpPoiCcKpOBe JIeTyBaHHA, IIOKPUTTS, a30TYBaHHS, KPUIII,
TOBIIIUHA ITIaPY, MiKPOTBEPAiCTh, MATEMATUUHNHA MOJEIb.

The article discusses the importance and relevance of the problem of control-
ling the quality of surface layers of parts. An analysis of the dependences of
the thickness of the hardened layer of steel 20 and steel 40 and their micro-
hardness on the technological parameters of electric-spark alloying (ESA)
during nitriding using special technological saturating media (STSM) is pre-
sented. As established, with the existing technology, the thickness of the
hardened layer consisting of the ‘white’ layer and the diffusion zone, as well
as the microhardness of the surface, increase with increasing discharge ener-
gy. These parameters also increase with an increase in the processing time of a
certain plane (ESA labour intensity) and a decrease in its reciprocal value, i.e.,
the area treated per unit time (alloying productivity). As a result of the re-
search, mathematical models of the dependence of surface quality parameters
during ESA nitriding using STSM (equation of hardened layer thickness and
equation of surface microhardness) on the energy and technological parame-
ters of ESA equipment, namely, discharge energy and labour intensity are de-
veloped that allows determining the main technological parameters of the
formed layer: hardened layer thickness and surface microhardness.

Key words: electrospark alloying, coating, nitridation, steel, layer thickness,
microhardness, mathematical model.

(Ompumano 28 nromoeo 2024 p.; ocmamoun. eapianm — 20 wepernsa 2024 p.)

1. BCTYII

B[1] o6r'pyHTOBaHO BAXKJIUBICTD i aKTYaJbHICTD ITPOOJIEMHY ITi IBUIEHH ST
nmapaMeTpiB AKocTu [2—6] moBepxXHEBUX ITapiB BiAIOBigAILHUX AETAJiB
IUHaAMiYHOTO 00JagHAHHSA: HACOCHUX 1 KOMIIPECOPHUX arperaris, Typ-
0iH, meHTPpuU@yT, BiAIIEHTPOBUX PO3CiloBAILHUX amaparis [3, 4], r'pasi-
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rTamifizoro abo caMOILIMBHOTO TpaHcmopTy [5], ymiinbHeHb [6] i Take
iHIme, AKi JiMiTyOTH IXHIO HamilHICTE 1 JoBroBiuHicTh. TakoK 3a3Ha-
YeHO, IO HUHIi € BeJIMKa KiJbKiCTh TEXHOJIOTiH, K1 3aTHI MOJIiIIInuTH
mapaMeTpu SKOCTHU IIOBEPXOHbL: HMiIBUIMUTY TBEPIiCTh i 3HOCOCTINKiCTD
IIIJIAXOM HaHECeHHS MeTaJIOKepaMiuHMX HOKPUTTIB [7—9], HaTomIeH-
HAM IIOKPUTTIB 3 KoMmo3uiliituux marepiaais [10, 11]. Bigmiueno, 1m1o
MEePCHEeKTUBHUM IILJISAXOM IIiIBUINEHHA 3HOCOCTIHKOCTH IIOBEPXOHD IIap
TEePTSA MOMKYTHb OyTH OaraToIIapoBi MOKPUTTS, AKiI MOETHYIOTH y cOOi
3MalllyBaJbHI 1 aHTU3HOINYBaJbHI BiaacTuBocti [12—14], kombiHoBaHi
MMOKPUTTA, chopMOBaHiI MeTomoM eeKTpoickpoBoro jgeryBauua (ELJI),
III0 CKJIAKAIOTHCA 3 TBEPANX 3HOCOCTINKMX i M AKMX aHTUPPUKIINHUX
maTepiairiB [15—18]. 3 moABOI0 HOBUX TEXHOJOTIH ITiIBUIIEHHA ITapa-
MEeTPiB AKOCTU IIOBEPXOHB AeTasiB mamuH meTogoM ELJI i3 sacTocyBaH-
HAM CIEIisIbHUX TeXHOJIOTiuHMX HacuuyBaabuHUX cepemoBuilll (CTHC)
3’ABUJIaCSI MOMKJIMUBICTE QOpMyBaTH MMOBEPXHEBi IMTapu He TiJILKH 3 Of-
HOKOMIIOHEHTHUX MOKPUTTIB (amiTyBamHam [19], memenrarmieo [20],
azoryBaHHAM [21]), a i1 6araTokoMIIoOHeHTHUX [22—24].

B [1] migkpecaeno, 1110 mig yac JOCTiKeHHA IapaMeTpiB SKOCTHU II0-
BepPXHEeBUX IapiB, chopmoBanux TexHosgoriavmu ELJI, naa BusmaueHHI
BILIMBY €HEPreTUUYHUX ITapaMeTpiB obJagHAHHA HA iXHE CTPYKTYPOYT-
BOpPEHHsA, OCHOBHY yBary ONpuaijanam eHeprii pospany W,, a BeJIUUYUHY
MIPOAYKTUBHOCTU 00poOseHHA @, ToOTO KinbKicTe 100% 00pobieHol
IJIOIMHY 34 OAVHUIO Yacy [cM2/XB.] IPaKTUUYHO He BPaXOBYBAJIN.

1106 omiHWTM BIJINB IPOAYKTUBHOCTU HA MapaMeTpu SKOCTHU OAep-
JKaHUX IIOKPHUTTIB, B MOCILMKEHHSAX BUKOPUCTOBYBAJIU HIPOIAYKTUB-
HicTh, = B Ba, TPHU TA YOTHUPH pas¥u MEHITY 3a TPaAUIiliHy, TOOTO uac
00pOo0JIeHHA T OOWHUIN ILTOMNHU (TpymoMicTKicTs mporiecy EIJI) 36i-
JBIITYBaBCA B IBa, TPU Ta YOTHUPHU Pasu.

B peaysbTaTi MiKpPOCTPYKTYPHOI aHAJIi3K IIOBEPXHEBUX ITapiB micad
asoryBauusa Kpuli 20 i Kpuiri 40 meTogom EIJI 3 BUKOpHUCTAHHAM a30TO-
Bmicuoro CTHC BcTaHoBIIeHO, IO AJIS BCiX BAPiAHTIB T CTPYKTYpPa IOK-
PUTTA CKJIAJAETHCA 3 TPHOX AIJIAHOK: «0ijoro mapy», nudysiiinoi 30HM,
OCHOBHOTO MeTany. Boguouac, 3i 36iabimenaam W, i T 30iabmIyeTses To-
BIUHA «O6ijoro» mapy ta audysiiinoi (mepeximHoi) 30HU, 3POCTAIOTH
MiKpOTBEPAiCTD, HIEPCTKICTD i CYIiJIbHICTL MOBepXHi. I3 3aMiHOIO0 KpUIli
20 ma xpuiio 40 HesHAYHO 30iJBITYIOTHCSA TOBHIMHU «0Oijoro» Imapy i
IudysitiHol 30HU Ta MiKPOTBEP/IiCcTh MOBEPXHi.

IIpoBemewni B [1] mocaim:xeHHsS Tal0OTh 3MOT'Y HAM BCTAHOBUTHU KOPEJIs-
MifiHi 3a/I€KHOCTI MiK €eHepreTMYHUMM Ta TEeXHOJOTiYHUMHU IapaMeT-
pamu obnanguaunaa EIJI, a came, eHeprieto pospany W, i TpymomicTKicTio
T 1 OCHOBHUMMU ITapaMeTpaM’ AKOCTU IIOBEPXHEBUX IIapiB: TOBIIUHOIO
3MiITHEHOTO mapy A.m. 1 MiKporBepzicTio moBepxHi H,. HagasHuicTs mux
3aJIe;KHOCTe! YMOMKJIMBUTD HaM 3HAUHOIO MipOI0o peajisyBaTy METOAUKY
KepyBaHHS AKIiCTIO IIOBEePXHEBUX IIAPiB JeTaJIiB i TAaKUM YMHOM IIOJIiII-
IIIUTU TeXHOJIOTil BUTOTOBJICHHS Ta PEMOHTY JUHAMIUHOTO 00JIa HAHHS
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3aJIe’KHO BiJl BUMOT, 1110 [0 HUX BUCYBaIOThHCA.

TakuM YMHOM, METOI0 POOOTH € PO3POOJIEHHS MaTeMAaTUYHUX MOJe-
JiB 3aJIeKHOCTU AKOCTH MOBEPXHEBUX INMapiB BiJi eHEPreTUYHUX 1 Tex-
HoJIoTiuyHUX mapameTpiB obsmanmanusa EIJI, a came, emeprii pospany W, i
TPYAOMiICTKOCTH T, IO JacTh 3MOTY BU3HAUATH OCHOBHI TeXHOJIOTiUHI
mapaMeTpu SIKOCTH C(DOPMOBAHOIO IMIAPy: TOBIMUHY 3MiI[THEHOTO INapy
ham. 1 7i0r0 MiKkpOTBepAicTs H,.

2. PESYJBTATU JOCJIIKEHD

B pesynbTari anasmisu Tabaunb 4 i 6 [1] BcTaHOBIIEHO, IIT0 3a HAABHOI Te-
xHoJIOTil AK ama xpuri 20, Tak i gaa kpuri 40 3i 30iabieHnHAM eHeprii
pospany W, migBUITyeThC TOBIIUHA 3MiITHEHOTO ITIapy Asm., AKA CKJIA-
IaeThesd 3 «0isoro» mapy Ta sudys3iiiHoi 30HN, a TAK0XK MiKPOTBEPAiCTh
H, noBepxHi (Tabu. 1).

Kpim nporo, B Tads. 1 mokasamo, 110 I[i IapaMeTpu TAKOMK 30iJbIIy-

TABJIAIA 1. SanexuicTs TOBIMHYN 3MinmHeHOro mapy Kpunb 20 i 40 Ta ix-
HbOI MikpoTBepmocTu Bix mapamerpiB EIJI 3a asoTryBamHS 3 BUKOPUCTAHHAM
CTHC.

TABLE 1. Dependence of the thickness of the strengthened layer of steel 20
and steel 40 and their microhardness on the parameters of ESA during nitrid-
ing using STSM.

Esepris ' Tosmunua M'iI{I)OTBepILiCTb
ITponykTuBHiCTHPyZOMicTKiCcTE SMIIHEHOI'O IIapy | 3MIITHEHOI'O IIIapy
II);spﬂ,uy Q, cm?/xB. T, XB./cM? Ry, MKM H ., MITa
» A% kpura 20| kpuns 40|kpursg 20| kpuis 40
Hasasua TexHosorisa
0,13 0,6 1,7 150,0 155 6350 6650
0,52 1,2 0,8 160,0 165 9421 9850
3,40 2,0 0,5 225,0 230 9721 9910
Ilepmmiuii BapissHT
0,13 0,3 3,3 165,0 170 6490 7100
0,52 0,6 1,7 175,0 180 9530 9980
3,40 1,0 1,0 240,0 245 9850 10080
Hpyruit BapigHT
0,13 0,2 5,0 172,5 180 6520 720
0,52 0,3 3,3 185,0 190 9590 9990
3,40 0,5 2,0 250,0 255 9896 10100
Tperiii BapigaT
0,13 0,1 10,0 177,5 185 6560 7140
0,52 0,2 5,0 190,0 195 9610 10010
3,40 0,3 3,3 255,0 260 9920 10110
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IOTBCS 3a TPUBAJOCTU OOPOOJEHHSA IIEBHOI IJIOITUHU (TPYAOMiCTKOCTHU
ELJI) i smenmrenns ii o6epHeHOI BeINYNHY, TOOTO KiJIbKOCTH 00p0o0IeHo1
ILJIOITNHY 34 OMWHUITIO Yacy (IIPOAYKTHUBHOCTHY JIeT'yBaHHA).

Posrisauemo BILJIMB eHepril po3pALy Ha TOBIIMHY 3MiITHEHOrO I1apy,
TOOTO Ao, = f(W)).

Ha pucynkax 1 i 2 mpeacTaBIeHO 3aJI€KHOCTI TOBIIUHY 3MiI[HEHOTO

mapy h&m.Wp Kpuii 20 i xpuni 40, BigmosimHO, Bix eHeprii pospanmy

w,=0,13, 0,52, 3,4/l:x i BemuumHm obGepHeHOI eHeprii posapAmIy
W '=17,7,1,9,0,3 I;x ! 3a HaABHOI TeXHOJIOTi] a30TyBaHHS.

Ha pucyury 3 mpeacTaBIeHO 3aJIeKHOCTI JOrapUTMy TOBIITUHU 3Mill-
HeHoro mapy Inh, _, xpuni20 i xpuni40 Big BesuunHM 00epHEHOI
W,

eneprii pospagy W, .

Amnajiza pucyHKY 1 m1ae MOKJINBiCTH 3pOOUTH BUCHOBOK, IITO MiXK 30i-
JBIIEHHAM TOBIIMHU 3MiIlHEHOTO IIapy i eHepriero pospany W, € ekc-
TMOHEeHIIifHUH 3B’ A30K. Tak, BigiMiueHo, 1110 301/ILITeHHS TOBITMHY 3Mi-
IHEHOT'0 IIIapy 3pocTac 3i 301IbIIeHHAM eHeprii akTuBallii mpoiecy aso-
TyBaHHA E.

3 KOpenAIiiHOol 3a/IeKHOCTH 30i/IbIITeHHS TOBIIUHY 3MiITHEHOrO IIIa-
Py Bim BemmumHu 00epHeHOI eHeprii po3pany (muB. puc. 2) ciaigye, IO

o W, it eneprii akTu-

JIOTapUTM TOBIIUHU 3MiIlTHEHOTO MIapy lnh

.. W,

Barii E (puc. 3):

0 1 2 3 4
W, o

Puc. 1. SanexuicTs ToBIMHEY 3MintHeHOTO mapy Kpuii 20 (1) i kpwui 40 (2) Big
emeprii pospany Wy.

Fig. 1. The dependence of the thickness of the hardened layer of steel 20 (1)
and steel 40 (2) on the discharge energy W,
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240

140 : :
a 2 4 » 6 8
W, st
Puc. 2. SanesxuicTs ToBIMHEY 3MintHeHOTO mapy Kpuii 20 (1) i kpwui 40 (2) Big
BeJMUUHY 00epHEeHOoI eHeprii poapaxy Wil.

Fig. 2. The dependence of the thickness of the hardened layer of steel 20 (1)
and steel 40 (2) on the reciprocal discharge energy Wp'.

&
%21

o 1 2 3 4 5 (7] 7 8 9
W;,l Joxt

Puc. 3. 3anexHicTs JorapuTmy TOBIMHU 3MintHeHoro mapy kpumi 20 (1) i
kpuiti 40 (2) Bix BennuuHy 06epHEHOI eHeprii pospany Wil.

Fig. 3. The dependence of the thickness logarithm of the hardened layer of
steel 20 (1) and steel 40 (2) on the reciprocal discharge energy Wp!.

]'n h’SJJ_I.Wp o Wpil’ E * (1)

Ilepexogauu Bix HaOIMKeHOI PIBHOCTH JO TOYHOI, MaeMO
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-E/W,
= Ce 2)

Ae C = Aha.].u.W max ? a Ah

3.11. W, max

— HaubiJpIIa TOBIUHA 3MiITHEHOTO

mapy. Toxi

_ -E/W,
3.1 W, - Ah’s.m.Wp maxe . (3)
SayexxHicTh (3) MOKHA BpaXOBYBAaTHU AK BUPA3 AJIA TOBIINHYI 3MiITHEHO-
r'o IIapy 3aJIe’KHOo Bix emeprii pospany. Ao B (3)

E=W,, 4)
MaeMo

AhB.H_LWp = AhsAH_I.Wp max671 * (5)

TakuMm unmHOM, eHepria aktuBarii £ — 1e (pisuuyHa BeJIMUMHA, AKA IO0-

piBHIOE TaKiii eHeprii po3pAny Wy, 3a AK0I TOBIIMHA 3MiI[THEHOTO ITIapy y
e pasiB MeHIITIa 3a MaKCUMAaJbHY 11 BeJIMUNHY.

Benmunny E MOKHA BUBHAUYNTH KOHCTAHTOIO PiBHAHHS AJIA TOBITTHHA

3MiIlHeHOTO Iapy 3aJIeXKHO Bix eHeprii pospazny. Ii posmipricTio € [[Ix].

I pyromo KOHCTAHTOIO I[LOTO PiBHAHHA € Ah — HaWOiJBIIA TOB-

3.11[.Wp max
IIMHA 3MiI[HEHOT'O IIapy.
Haii6inpIiny TOBIMUHY 3MiIlHeHOro Imapy Ah

3.11. W, max

— KOHCTaHTY

PiBHAHHA TOBHIMHU 3MIiITHEHOTO IIapy, — MOKHA BU3HAUYUTU 34 BeJIU-
YMHOIO Bipi3Ka, IO BiATHMHAETHCSA HaA OCi OPAMHAT TOUYKOIO IIEPETUHY
IPOAOBKEHOl IPAMOI rpadika 3aJeKHOCTU JOTapUTMYy TOBIIMHU 3Mill-

HeHoro mapy Inh, ., xpuni20 i xpumni40 Big BerwmunHM 06epHEHOI

eHeprii pospany W, (puc. 3).
Jpyra KoHcTaHTa PiBHAHHSA TOBIIUHU 3MiIlHEHOTO Iapy, — €Heprid
akTtuBanii E, — BusHavaeTbcd, AK E =tga, 1e 0. — KyT HAXUJIy IPAMUX

o . -1
sajexxkHocreit Inh, ., Big W .
W,

Posrasmemo BIJIMB TPYAOMICTKOCTH T HA 3MiHY TOBIIUHA 3MiI[HEHOT'O
mapy 3a Tpaguliitnol Tpymomictkoctu EIJI i mocaimsxyBanHOoi, TOOTO
Ahsw. = (7).

B Tabuaui 2 i Ha puCYHKY 4 IpeacTaBIeHO 3aJIeKHOCTI IIPUPOCTY TO-
BIIIWHY 3MiITHEHOTO Mapy Ak, .. Kpuri 20 i kpuri 40 Bix TpymomicTKOC-
TU T 3@ HaABHOI TEXHOJIOT'i] Ta IepIIoro, IPyroro Ta TpeTbOro BapiAHTIB
ELJI.

B Tabuauii 3 i Ha pUCYHKY 5 IpeacTaBIEHO 3aJIeKHOCTI IIPUPOCTY TO-
BIIIMHY 3MiITHEHOTO APy Ak, . Kpuii 20 i kpurii 40 Big Be1uwumHY 06€-
PHEHOI TPYAOMICTKOCTH T ! 3a HAIBHOIL T@XHOJIOTII Ta mepIIoro, Jpyroro
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Ta Tpetboro BapiauTtis ELJI gna W,=0,13, 0,521 3,4 k.
B Tabaumni 4 i ma pucyHKY 6 IpefcTaBJIeHO 3aJIEKHOCTI JOTapUTMYy
IIPUPOCTY TOBIIUHYU 3MiIlHeHOoro mapy InAh; .. kpuii 20 i kpuri 40 Bix

TABJINIA 2. SanexHicT, IPUPOCTY TOBIMWHU 3MinHeHOTO Iapy kpuri 20 i
kpuri 40 Big TpyIOMicTKOCTH T 3a HAABHOI TEXHOJIOTI] Ta IIEPIIOro, APYroro i
Tpetboro BapiautiB EIJI gna W,=0,13, 0,521 3,4 k.

TABLE 2. The dependence of the increase in the thickness of the hardened lay-
er of steel 20 and steel 40 on the labour intensity t with the existing technology

and the first, second and third ESA-variants for W;,=0.13, 0.52 and 3.4 J.

TpynomicTricTs | Ahsw, | TPyZOMiCTKICTS | Ahywr, | TPyZOMiCTKICTE | Ahyws,
T, XB./cM? MKM T, XB./cM? MKM T, XB./cM? MKM
W,=0,13 I W,=0,52 I W,=3,4 I
Kpumsa 20
1,7 0 0,8 0 0,5 0
3,3 15,0 1,7 15,0 1,0 15,0
5,0 22,5 3,3 25,0 2,0 25,0
10 27,5 5,0 30,0 3,3 30,0
Kpumsa 40
1,7 0 0,8 0 0,5 0
3,3 15 1,7 15 1,0 15
5,0 25 3,3 25 2,0 25
10 30 5,0 30 3,3 30
30 5 1 30 7
200 3 2 20 5 2
b= b=
Qﬂw 110
3 3
00 2 4 6 8 10 00 2 4 6 8 10
1, XB./cM? T, XxB./cm?
a 0

Puc. 4. SanexHicTh IPUPOCTY TOBIIMHYU 3MintHeHOro mapy miud kputi 20 (a) i
Kputti 40 (0) Bixg TpyZOMiCTKOCTH T 3a HAABHOI TeXHOJIOTII Ta mepIrnoro, APyroro
# Tperwboro BapiauriB EIJI gna Wy 1 — 0,13,2 — 0,521 3 — 3,4 k.

Fig. 4. The dependence of the increase in the thickness of the hardened layer
for steel 20 (a) and steel 40 (6) on the labour intensity t under the existing
technology and the first, second, and third ESA-variants for W,: 1—0.13, 2—
0.52and 3—3.4 J.
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TABJINIIA 3. 3anexkHicTh, TPUPOCTY TOBIMHU 3MiITHEHOTO Irapy Kpwuri 20 i
kpuni 40 Bix BenunHN 06EPHEHOI TPYAOMICTKOCTH T ! 3a HAABHOI TEXHOJOTil
Ta MepIoro, Apyroro i Tperkoro BapiauTie EIJI gna W,=0,13, 0,521 3,4 [:x.

TABLE 3. The dependence of the growth of the thickness of the hardened lay-
er of steel 20 and steel 40 on the value of the reciprocal labour intensity t!
with the existing technology and the first, second and third variants of ESA
for W,=0.13, 0.52 and 3.4 J.

Oﬁep'HeH? Ao, 06ep'HeH§1 Ao, 06ep'HeH§1 Ao,
TPYAOMiCTKiCTB . TPYAOMiCTKiCTB . TPYAOMiCTKiCTB .
pg’}ll, cm?/xB. MEM p}:’j(, cm?/xB. MEM p}:’j(, cm?/xB. MEM
wW,=0,13 Ik W,=0,52 Ik W,=38,4 Iix
Kpumsa 20
0,6 0 1,2 0 2,0 0
0,3 15,0 0,6 15,0 1,0 15,0
0,2 22,5 0,3 25,0 0,5 25,0
0,1 27,5 0,2 30,0 0,3 30,0
Kpumsa 40
0,6 0 1,2 0 2,0 0
0,3 15 0,6 15 1,0 15
0,2 25 0,3 25 0,5 25
0,1 30 0,2 30 0,3 30

BEJIMYNHYI 00€PHEHOI TPYAOMICTKOCTH T 1.

Amnaiiza pucyHKY 4 YMOMKJIUBIIOE 3POOUTHU BUCHOBOK, IO MixK 30i-
JBIIEHHAM IIPUPOCTY TOBIMUHU 3MiITHEHOTO IIapy Ta TPYAOMICTKiCTIO T
BifOyBaeThCs eKCIIOHeHIiMHui 3B’ a30K. Tak, BigMiueHo, 1[0 mpupicT
TOBIIIMHY 3MiIITHEHOTO IIapy 3pocTae 31 30iIbIIeHHIM TPYIOMiCTKOCTH.

3 KopeaAmiiiHoi 3aJIe;XKHOCTH IIPUPOCTY TOBIIMHU 3MiIIHEHOTO IIapy
Big BeIuumHM 00epHEHOI TpymoMicTKoCcTH (OUB. pHC. ) Caimye, IO Jo-
TapuUTM IIPUPOCTY TOBIIIMHYU 3MiITHEHOTO I1apy (puc. 6) —

]'n AhS.H_I.‘( o« (_T)71 * (6)
Ilepexogauu Bix HaOIMKeHOI PIBHOCTH JO TOYHOI, MaeMO

Ah,, =Ce", (7)

3.1

Ie C = AR, max (ARsmr max — HAMOIJABIINI IPUPICT TOBIIUHY 3MiIlHEHO-
ro mapy). Toxi

Ah, = Ah eV, (8)

3.0I.T 3.O1.Tmax

SamexxuicTh (8) MOKHA POTIALATH SAK PiBHAHHSA IPUPOCTY TOBIIUHU
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30 30
2 20 g 20
= 1 = 1
% % 3
210 g 10 2
3 2 <
Q 0
0,0 1,0 2,0 0,0 1,0 ) 2,0
!, em?/xB. T, cM?/xB.
a 1]

Puc. 5. 3anexHicTh IPUPOCTyY TOBIWHU 3MilHEHOTO I1apy Aua kpuii 20 (a) i
kpuiti 40 (6) Bix BeIuunHYN 0GEPHEHOI TPYAOMICTKOCTH T ! 38 HAABHOIL TEXHOJIO-
rii ra Bapisguris EIJI gna Wy: 1 — 0,13,2 — 0,521 3 — 3,4 [Ix.

Fig. 5. The dependence of the growth in the thickness of the hardened layer
for steel 20 (a) and steel 40 (6) on the value of the reciprocal labour intensity
! with the existing technology and ESA variants for W;,: 1—0.13, 2—0.52
and 3—3.4 J.

3MiITHEHOTO Iapy 3aJIesKHO BiJ TpymzomicTkocTu. HaitbiabIry TOBITUHY
3MiITHEHOTO IMAPY Als .t max, — KOHCTAHTY PiBHAHHS IIPUPOCTY TOBIIIH-
HU 3MiITHEHOTO IIapy, — 3aJIe’KHY BiJl TPYJIOMiCTKOCTH, MOYKHA BU3HA-
YUTH 34 BeJIMUMHOIO BiAPidKa, IO BIATHHAETHCS Ha OCi OPAUHAT TOUYKOIO
nepeTUHYy NPOAOBKEHOl MpaAMOi rpadika 3aJeXHOCTU JIOTAPUTMY IIPHU-
pocty ToBIuHEU 3MimHeHOTo MMAPy (INAhswm.) Kpuri 20 i kpumi 40 Big
BeJIMUYMHY 00epHEHOI TpymoMicTKocTH T ! (puc. 6).

BpaxoByrouu, 1110 3arajJbHUM IIPUPICT TOBIIMHU 3MIiITHEHOTO IIapy
3aJIeKUTD BiZl eHeprii po3pAaay Ta TPYLOMiCTKOCTH, TOOTO

D Ak, =f(W,,7),

ITicJIsA MPOBEeNeHUX BUIIE JOCIiIKeHb MOMKHA 3PO0UTH BUCHOBOK, IO

Z Aha - Ahs m. W, maxe_E/ + Ahs . rmax 71/17 . (9)
SamexxuicTh (9) MOKHA POSTIIATATH K PiBHAHHS 3araJILHOTO IPUPOCTY
TOBIIMHY 3MiITHEHOTO II1apy.

PosrisaHemMo BOJIUB eHEPril po3pAny Ha MiKpPOTBEPAICTH 3MiI[HEHOTO
mapy, roéro H, . w = =f(W,).

Ha pucyHKax 7 i 8 IpefCTaBIeHO 3a/Ie3KHOCTI MiKpPOTBEpAOCTH 3MiII-
HeHoro mapy H oW Kpuii 20 i xpumi 40, BizmosigHO, Bix eHeprii po-
3paAny Wp =0, 13 0,52, 3,4 I[)R (a) Ta BerumunHU 00epHEHOI eHeprii Pos-
pany Wp =7,7,1,9,0,3 I)x! 3a HasIBHOI TeXHOJIOI'] A30TyBAHHA.

Ha pucysKky 9 mpencTaB/eHO 3aJI€XKHOCTI JJOTapUTMy MiKPOTBEpPIOC-



JOCJIIMEHHSA BINIMBY ITPOAYKTHMBHOCT HA CTPYKTYPOYTBOPEHHS 195

TH 3MiIlHeHoOro Iapy In HH oo Epuni20 i xpuni40 Bix BenuuunHwU,

oGepreroi eneprii pospagy W, .

PosrisgHemMo BIJIUB TPYAOMICTKOCTH T HAa NPUPICT MiKPOTBEPIOCTU
3MiIlHEHOTO MIapy, To0T0 AH \i5.m. = (7).

TABJINIIA 4. 3anmexHicTh JOTaPUTMY IPUPOCTY TOBIMUHU 3MIiITHEHOTO IIapy
kpuili 20 i kpuri 40 Bix BeInunHU 00EPHEHOI TPYAOMICTKOCTH T ' 32 HAABHOI
TexHOJIOTii Ta mepmroro, apyroro ¥ Tpersoro BapiguTiB ELJI mna W,=0,13,
0,521 3,4 Ix.

TABLE 4. The dependence of the logarithm of the growth of the thickness of
the hardened layer of steel 20 and steel 40 on the value of the reciprocal labour
intensity 1! with the existing technology and the first, second and third vari-
ants of ESA for W,=0.13, 0.52 and 3.4 J.

OGepHuena OGepHuena OGepHuena
TpyaoMicTkicTs| InAh, .. [TpymomicTKicTb| InAh, .. [TpymoMicTkicTy InAh;u <
v, em?/xB. v, em?/xB. v, em?/xB.
W,=0,13 I:x W,=0,52 ITI:x W,=3,4 II:x
Kpumsa 20
0,3 2,7 0,6 2,7 2 2,7
0,2 3,1 0,3 3,2 1 3,2
0,1 3,3 0,2 3,4 0,5 3,4
Kpumsa 40
0,3 2,7 0,6 2,7 2 2,7
0,2 3,2 0,3 3,2 1 3,2
0,1 3,4 0,2 3,4 0,5 3,4
3.8
3,6
.34
g
73,2
E 3,0
2.8
2,6 s
2,0 1,0 2,0 0,0 1,0 2,0
11, em?/xB. T, em?/xB.
a 0

Puc. 6. 3anexuicts InAks .. miia xpui 20 (a) 1 kpui 40 (0) Big v 3a HaaBHOL

TexHoJjorii Ta Bapisguris EIJI gma Wy: 1 — 0,13,2 — 0,521 3 — 3,4 JI:x.

Fig. 6. The dependence InAhs . of steel 20 (a) and steel 40 (6) on ! with the
existing technology and ESA variants for W,: 1—0.13, 2—0.52 and 3—3.4 J.
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B Tabauii b i ma pucyury 10 mpencTaBieHO 3aJeKHOCTI HPUPOCTY
MiKpOTBEPAOCTY 3MilHeHOTO APy AH ysm. Ay1a Kpuiri 20 i kpwuii 40 Bifg
TPYAOMICTKOCTH T 3a HaSABHOI TEXHOJIOTiI Ta IIEepIIoro, APYyroro i Tpe-
Tsoro BapiauTiB EIJI gna W,=0,13, 0,52, 3,4 k.

B rabaumi 6 i Ha pucynky 11 mpeacTaBeHO 3aJ€KHOCTI ITPUPOCTY

12000 :
| 2
! T .
1
l‘:" 8000
=
IS
E
mi4000
0 i
0 1 2 8 4
W, o=x

»

Puc. 7. SanexuicTs MikpoTBeprocTu 3mintHenoro mapy kpumi 20 (1) i kpui 40
(2) Big eneprii pospagy Wp.

Fig. 7. The dependence of the microhardness of the hardened layer of steel 20
(1) and steel 40 (2) on the discharge energy Wh.

12000

= 8000

, MII

mi 4000

3. W,

0 2 4 6 8
'WD_,1 I e

Puc. 8. SanexuicTs MikpoTBeprocTu 3minHenoro mapy kpumni 20 (1) i kpui 40
(2) Big BemmuuHu 00epHEHOI eHeprii pospary Wpl.

Fig. 8. The dependence of the hardened layer microhardness of steel 20 (1) and
steel 40 (2) on the reciprocal discharge energy Wpl.
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94

8,8

8,6
0
W Mot

Puc. 9. SanexHicTs JOoraputTmMy MiKpOTBEpAOCTH 3MiIHEHOrOo miapy kpuii 20
(1) i kpuiti 40 (2) Bix Betuunnau 06epHEHOI eHeprii poapary Wpl.

Fig. 9. The dependence of the logarithm of microhardness of the strengthened
layer for steel 20 (1) and steel 40 (2) on the value of reciprocal discharge ener-
gy Wi,

MikpoTBepaocTy 3MirHeHOTO mWapy AH ;m. Kpuii 20 i kpuri 40 Big Be-
JUUYNHNA O0€PHEHOI TPYAOMICTKOCTH T ! 3a HAABHOI TEeXHOJIOTII Ta Iep-
1100, APYTOTO ¥ Tperhoro BapiauTie EIJI xna W,=0,13, 0,52, 3,4 JI:x.

B Tabuauii 7 i ma pucyHKy 12 mpeacTaBIeHO 3aJI€KHOCTI JIOTAPUTMY
MIPUPOCTY MiKPOTBEPAOCTH 3MiIlHEHOTO mapy INAH sm. Kputli 20 i Kpu-
i 40 Bix BesmumHM o6epHEHOI TPYLOMIiCTKOCTH T 1.

Amnamiza pucynky 10 mae MOMKJIUBICTH 3pOOUTH BUCHOBOK, ITIO MiXK
301JIBIIIEHHAM TPUPOCTY MiKPOTBEPHOCTU 3MirtHeHOTro mapy AH,;m: i
TPYLOMiCTKICTIO T € eKCIOHEeHI[iMHNH 3B’ A30K. Tak, BigmMiueHo, 1110 306i-
JILITIEHHS IPUPOCTY MiKPOTBEPAOCTH 3MilfHEHOTO mapy AH ys.m.c 3pOCTAE
3i 30iIBIIIEeHHAM TPYAOMiCTKOCTH.

3 KOpeadaIiiHol 3a1eKHOCTHY 30ibIIIeHHS IPUPOCTY MiKPOTBEPIOCTH
3MiITHEHOT'O IMIapy BiJ BeJIMUMHU 00epPHEHOI TPYyIOMicTKOCTH (IUB. PHC.
11) caximye, 1110 JOrapUTM IIPUPOCTY MiKPOTBEPAOCTH 3MiITHEHOTO IIapy
InAH 5.+ (puc. 12) —

INnAH 5. oc T (10)
Ilepexogauu Bix HaOIMKeHOI PIBHOCTH JO TOYHOI, MaeMO

AH, . =Cer, (11)

UB.IIL.T

me C =AH

H3.II1.T max

(AH

W3.II.T max

— HaWOIIBIINY IPUPicT MiKpOTBEPIOC-
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Tu 3MinEeHOrO Mmapy). Tozai

AH =AH A

W B.IILT M B.IL.T max

(12)

TABJINIIA 5. 3ane:xHicTs IPUPOCTY MIKPOTBEPAOCTH 3MIiI[HEHOrO IIapy KPHU-
i 20 i kpuri 40 Bix TpymoMicTKOCTHU T 3a HASIBHOI TeXHOJIOTII Ta IEPIIOro, APY-
roro i Tperboro Bapisurtis EIJI gna W,=0,13, 0,521 3,4 [[:x.

TABLE 5. The dependence of the growth of the microhardness of the hardened
layer of steel 20 and steel 40 on the labour intensity t with the existing tech-
nology and the first, second and third variants of ESA for W,=0.13, 0.52 and

3.44J.

TpymomicTkicT AHu,m:, [IPyZOMiCTKiCTH AH,;m:, |[IPyZOMiCTKiCTH AHusm<,
T, XB./cM? MIlIa T, XB./cM? MIlIa T, XB./cM? MIlIa
wW,=0,13 I W,=0,52 Ik W,=38,4 Iix
Kpumsa 20
1,7 0 0,8 0 0,5 0
3,3 140 1,7 109 1,0 149
5,0 190 3,3 169 2,0 189
10 210 5,0 189 3,3 199
Kpumsa 40
1,7 0 0,8 0 0,5 0
3,3 450 1,7 130 1,0 170
5,0 480 3,3 140 2,0 190
10 490 5,0 160 3,3 200
250 600
é 200 1 E 1
2 150 5" 2 S 400
3100 5200
H 50 3 3 z
% ;] 7 6 s 10 Og 1 6 g 10
T, XB./cM® T, XB./cM?
a 0

Puc. 10. 3anmexHicTh IPUPOCTY MiKPOTBEPIOCTH 3MIiITHEHOTO IIapy AJIA KPUILi
20 (a) i xpurti 40 (6) Bixg TPYZIOMICTKOCTH T 3a HAsIBHOI TeXHOJOTII Ta BapiAHTIB
ELJI goma Wy 1 — 0,13,2 — 0,621 3 — 3,4 k.

Fig. 10. The dependence of the increase in the hardened layer microhardness
for steel 20 (a) and steel 40 (6) on the labour intensity t under the existing
technology and ESA variants for W,: 1—0.13, 2—0.52, 3—3.4 J.
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TABJINAIA 6. 3anexHiCT, IPUPOCTY MiKPOTBEPAOCTH 3MilTHEHOTO APy KPU-
mi 20 i Kpuni 40 Bix BesmunHM 00EPHEHOI TPYAOMICTKOCTH T 32 HAABHOL TEX-
HOJIOTiI Ta mepIoro, Apyroro i Tperkoro BapiautiB EIJI gna W,=0,13, 0,52 i
3,4 JIx.

TABLE 6. The dependence of the increase in hardened layer microhardness of
steel 20 and steel 40 on the value of the reciprocal labour intensity t with the
existing technology and the first, second and third variants of ESA for
W,=0.13,0.52,3.4 J.

Tp&iﬁiii?@rh AH .5, Tp&iﬁiii?@rh AH .5, Tp&iﬁiii?@rh AH .5,
7, cM?/XB. MIla v, cM?/XB. MIla 7, cM?/XB. MIla
W,=0,13 I W,=0,52 Tx W,=3,4 Il
Kpumsa 20
0,6 0 1,2 0 2,0 0
0,3 140 0,6 109 1,0 129
0,2 170 0,3 169 0,5 175
0,1 210 0,2 189 0,3 199

Kpumsa 40
0,6 0 1,2 0 2,0 0
0,3 150 0,6 130 1,0 170
0,2 170 0,3 140 0,5 190
0,1 190 0,2 160 0,3 200

SamexxuicTh (12) MOKHA PO3TIALATH AK PiBHAHHA IPUPOCTY MiKPOTBE-
PAOCTH 3MIiITHEHOT'O IIapy 3aJIeKHO BiJl TPYAOMiCTKOCTH.

Hai6insmmit mpupicT MikpoTBepmocTH 3MiaeHoro mapy AH

WU3.II.T max
(KOHCTAHTY PiBHAHHS IIPUPOCTY MiKPOTBEPAOCTH 3MIiITHEHOTO IIapy)
3aJIe’KHO BiJl TPYZIOMiCTKOCTH MOKHa BUBHAUUTHU 34 BEJIMUMHOIO Bifpi3-
Ka, III0 BiATHMHAETHCSA Ha OCi OPAMHAT TOUYKOIO IIEPETHUHY IIPOJOBIKEHOI
npamMol rpadika 3ajJeXHOCTU JIOTAPUTMY IIPUPOCTY MiKPOTBEPAOCTH
aminaenoro mapy InAH ;. - Kputii 20 i kpurti 40 Big Beanunam obepHe-
HOI TpymomicTKocTH T ! (puc. 12).

BpaxoByrouu, 110 3araJbHUN IPUPICT MiKPOTBEPAOCTU 3Mil[HEHOTO
I1apy 3aJIeKUTh Bifi eHeprii po3pAny Ta TPYLOMiCTKOCTH, TOOTO

DY AH, . =f(W,1),

ITicJIsA MPOBEeNeHUX BUIIE JOCTIiIKeHb MOMKHA 3PO0UTH BUCHOBOK, IO

D AH, . =AH e " L AH e, (13)

ps.m. W, max H3.II.T max

SamexxuicTh (13) MOKHA PO3TIANATH AK PiBHAHHA IPUPOCTY MiKPOTBeE-
PIoCTH 3MIiITHEHOTO Iapy 3aJe:kHo Big napamerpis EIJI.
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c 200 < 200
E 5

E, 150 = 150
g g

5100 2100
1 2 3 N
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0 0
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T3, cm?/xB. T, em?/xB.
a 0

Puc. 11. 3anexHicTs IPUPOCTY MiKPOTBEPAOCTY 3MIITHEHOTO IIIAPY [JIA KPHUITL
20 (a) i xpumi 40 (6) Bix BemuuHU 0GEPHEHOI TPYAOMICTKOCTY T ! 3a HasBHOI
TexHoJjorii Ta Bapisguris EIJI gma Wy,: 1 — 0,13,2 — 0,521 3 — 3,4 JI:x.

Fig. 11. The dependence of the growth of the microhardness of the hardened
layer for steel 20 (a) and steel 40 (6) on the value of the reciprocal labour in-
tensity t™! with the existing technology and ESA variants for Wy: 1—0.13,
2—0.52,3—3.44d.

3. BUCHOBRH

1. Po3po6JyieHo MaTeMaTUUHI MOAeJi 3a/Ie:KHOCTH IKOCTU IIOBEPXOHDb 3a
azoryBauHa metonoM ELJI 3 Bukopuctanuam CTHC (piBuAHHSA mIpupoc-
Ty TOBIIMHY 3MiI[HEHOI'O IIapy Ta PiBHAHHSA IIPUPOCTY MiKPOTBEPIOCTH
IIOBEPXHi) Bii eHEePreTUYHUX i TeXHOJOTIYHUX ITapaMeTpiB 00JIaTHaHH S
EIJI, a came, eHeprii po3pany W, i TpyAOMiCTKOCTH T, 10 YMOKJIMBIIIOE
BUB3HAYATH OCHOBHI TeXHOJIOTiUHI mapamerpu c(hOpMOBAHOIO IIIAPY: TO-
BIIIMHY 3MiI[HEHOTO ITapY A, i ioT0 MiKpOoTBEPAicTD H 15 1.

2. BcTaHOB/IEHO METOAUKY BU3HAUEHHA KOHCTAHT PiBHAHHS IPUPOCTY
TOBIINHY 3MiITHEHOTO Iapy (HAHOiAbIITUHA IPUPICT TOBITNHY 3MiITHEHO-

ro Iapy B 3aJI€KHOCTI Bif eHeprii pospany Ah . » €Hepriro axkTu-

3.1m.W, ma
Barlii £ Ta HafOiIbIINH IPUPICT TOBIIMHYU 3MiITHEHOTO ITapy 3aJIesKHO
Big TpymomicTkocTu 00p00seHHA EIJI AAsm:max), @ TAKOXK PiBHAHHS
IIPUPOCTY MiKPOTBEPAOCTHU MOBEPXHi (HaMOiIbINIIiT IPUPICT MiKpPOTBEP-
JOCTH 3MIITHEHOTO HIapy 3aJIe’KHO Bix eHeprii pospamy AHHM.WP , eHep-

riro aktuBalii £ Ta HaOiALIINEA ITPUPiCT MiKPOTBEPIOCTH 3MiIlTHEHOTO
mapy sajeskHo Bif TpyxomicTrocTu 00podaernHa EIJI AH ;. <).

PesyabpraTu omep:kaHo 3a migTpuMmku MiHicTepcTBa ocBiTU i HayKu
VYkpainu (momepu pep:xaBHOI peectpariii HIP: Ne0124U000539,
Ne0125U0001429), a rakoxx Hamionambaoro oHAy mOCaimsKeHb YKpai-
HU (mpoekT Ne2025.07/0115).
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TABJIMIIA 7. SanexHicTh JIOTAPUTMY IIPUPOCTY MiKPOTBEPHOCTU 3MilTHEHOTO
mapy kpumi 20 i kpumni 40 Big Besruna 00epHEHOI TPYJOMICTKOCTH T ! 32 HASABHOI
TEXHOJIOTII Ta mepIIoro, Apyroro it Tperkoro BapiauTiB EIJI qma W,=0,13, 0,52,
3,4 k.

TABLE 7. The dependence of the logarithm of the growth of the hardened lay-
er microhardness of steel 20 and steel 40 on the value of the reciprocal labour
intensity 1! with the existing technology and the first, second and third vari-
ants of ESA for W,=0.13, 0.52, 3.4 J.

OGepHuena OGepHena OGepHuena
TpymoMicTKicTh [INAH ;w4 TPpyaoMicTKicTh (INAH i, wmA{ TpyaoMicTKicTb INAH ;<
v, em?/xB. v, em?/xB. 1, em?/xB.
W,=0,13 I:x W,=0,52 ITI:x W,=3,4 II:x
Kpumsa 20
0,3 4,94 0,6 5,34 1 4,86
0,2 5,25 0,3 5,59 0,5 5,16
0,1 5,35 0,2 5,67 0,3 5,29
Kpumsa 40
0,3 6,11 0,6 4,87 1 5,14
0,2 6,17 0,3 4,94 0,5 5,25
0,1 6,19 0,2 5,08 0,3 5,3
6,0 6,0
55 5.8
g 1 ¥ «J I
515 0 315 0
= 2 3 = 2
4,5 4,5
4,0 4,0
0,0 0,4 0,8 1,2 0,0 0,4 0.8 1,2
71, cM%/xB. 11, em?/xB.
a 0

Puc. 12. 3anesxnicts InAH,, - Ana kpuni 20 (a) i kpumi 40 (6) Big v 3a HasA-
BHOI TexHoJorii Ta BapisguTiB ELJI gna Wy 1 — 0,13,2 — 0,521 3 — 3,4 II:x.
Fig. 12. The dependence InAH, = of steel 20 (a) and steel 40 (6) on ™' with
the existing technology and ESA variants for W,: 1—0.13, 2—0.52, 3—3.4 J.
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CBili BHeCOK y HanucaHHsa pykomnucy. O. B. CemepHa BuUKoHAaJa BigyaJi-
3aIriro Ta 6paja yJacTh y IPOBeJeHHi HOCIiIKeHHsA. Yci aBTOpHU cXBa-
JIMJI OCTATOYHY BEPCiio pYKOIIUCY.
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PACS numbers: 46.50.+a, 62.20.mm, 81.20.Hy, 81.40.Np, 83.60.-a, 89.20.Bb

CrBOpeHHsA PiBHAHHSA 00 BUSHAUYEHHSA MiKPEMOHTHOTO Yacy
eKCILIyaTallil CTPiJIOBUX KPaHiB 32 TEOPi€I0 KOHTHHYAJIbHOIL
MOUIKOIKEHOCTH

0. M. Xopommios®, O. C. ITogonax”, K. K. Amenxo®, K. C. Crapocra’,
I. II. CmupHOB™

“Vipaincvka injicenepro-nedazoziuna axademis,
8y.. Ynieepcumemcora, 16,

61003 Xapxis, Ykpaina

8y.zi. Mopososa,4/1,

61036 Xapxis, Ykpaina

Ha pgamwit yac gna BusHAUYeHHA MiKpeMOHTHOro uacy ekcmiayararii (MYE)
minfiomHuX crpinoBux KpaHiB (IICK) e piBuAHHA, cTBOPEHi 3a Teopiero HALil-
vHoctu (TH). B manmiit crarti posridazaersesa cupoda CTBOPUTH PiBHAHHA AJIA
BusHauenHa MUYE za Teopieto KoHTmHyasmbHOI momkomxkyBaHoctu (TKII).
IlepeBaru piBHSHHS, 1110 cTBOPIOETHCS 3a TKII, momAaraioTs B TOMY, IO s
HBOT'O IOTPiOHA HEBeJIMKA KiTbKiCTh BUXiTHUX HaHUX Mid podpaxyHKy MUE B
MOPiBHAHHI 3 BUXiTHUMU TaHUMHU, SIKi BMIIyIOThCA B fBa piBHAHHA 3a TH. €
MIPOTOTUM IO PiBHAHHS, 1110 cTBOPIOeThC 3a TKII, ske mae Taki Buxigwmi mami
mia susHaueHHaA MYE: remneparypa (T) Ta Hanpy:xeHHS (o,) B KOHCTPYK-
niftHomy marepiani, npuuomy o,t, = Kexp(kT), ne K, k — roedimienTu, ¢, —
MYE, T — remneparypa [K], o, — Hanpy’keHHA B KOHCTPYKI[IHHOMY MaTepi-
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ani [MIla], sa akoro 3a udac t, 3akinuyersca MUE. I3 3acrocyBanunam MUE
g IICK maroTh 3HaUEeHHA AK HAIPYKEHHS B KOHCTPYKIIITHOMY MaTepisani o,
, TAK 1 IPUINMBUAIIEHHA @, 3 AKUM PYXA€E€ThCSA BAHTAXK HA MiTIIOMHOMY KpaHi.
OckinbKY MPUIIBUAIIECHHS BILTUBaE HA KoeditieHT nunamiunoctu (K1), axuit
JaJi mo3HAauMMO AK I, To HOBe DiBHAHHA OyJe MaTH BUTIAL: o1 = P,exp(kl),
ne m, B,, k — emmipuuni KoediniernTn, I =1 +a/g — KoedinmieHT ruHAMIUHOC-
. BusHaueHo, 1m0 B pedyabTaTi mopiBHAHHA po3paxyHKiB MYE sa TKII
CTBOpeHe PiBHAHHA Mae MoxmOKy Bim 4,3% mo 4,7% BigZHOCHO pesyJbTaTiB
MYE 3a TH. Takum YynHOM, HOBE PiBHAHHSA YMOYKJIUBUTD, 3 OJJHOTO OOKY, 3Me-
HIIUTA B JeAKUX BUIMAAKAX KIiJbKICTh BUXIZHUX DAHUX OJIA BU3HAUEHHSA
MYE, a 3 immioro 60Ky, HaBecTH KOHIIeNIito om0 BusHaueHHa MYE 3a ekc-
nayararii IICK.

Karouosi cioBa: miskpemonTHmi yac excmiyaramnii (MYE), koedinienT guna-
miunoctu (I), Teopia maxpitnoctu (TH), Teopis KOHTHMHYaIbHOI IOMKOAKYBA-
woctu (TKII).

Currently, there are equations created according to the reliability theory
(RT) to determine the interrepair operation time (IROT) of lifting jib cranes
(LJC). This article considers an attempt to create an equation for determin-
ing the IROT according to the theory of continuous damage (TCD). The ad-
vantages of the equation created according to TCD is that it requires a small
amount of initial data to calculate the IROT compared to the initial data,
which are included in two equations according to RT. There is a prototype of
the equation that is created according to TCD, which has the following output
data for determining the IROT: temperature (T') and stress in the structural
material (o, ); it being known that c,t, = Kexp(kT), where K, k—coefficients,
t, —IROT, T—temperature [K], o, —stress in the structural material [MPa],
at which the IROT ends in time. Since both the stress in the structural mate-
rial and the inertia coefficient I=1+a/g are important for LJC for IROT,
then, we create a new equation for TCD: o,t" = B,exp(kI), where m, B,, k are
empirical coefficients, and I—the inertia coefficient. The coefficient of iner-
tia =1+ a/g, which depends on the speeding up of movement (a), with which
the load moves on the lifting crane. As shown by the results of the compari-
son of calculations, the IROT for TCD has an error of 4.3% —4.7% relative to
the results of IROT for RT. Thus, this attempt will allow, on the one hand, to
evaluate the process of fatigue of the structural material and to compare the
results of the calculation of the IROT according to the equations from the
reliability theory (RT) according to the TCD; on the other hand, the concept
of creating new scientific data in the field of RT, which does not change the
essence of the problem, is given.

Key words: interrepair operation time (IROT), dynamism coefficient (I), reli-
ability theory (RT), theory of continuous damage (TCD).

(Ompumano 4 aunnsa 2024 p.; ocmamoyn. eapianm — 16 aunwusa 2025 p.)

1. BCTYII

JlocaimHMKY TOCTiiHO IMpPaIo0Th HaJ MUTAHHAM MIiIBUINEHHA TPUBAa-
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JocTu MiKkpeMmoHTHOro uacy excimayararii (MUYE) migiiomHMX KpaHiB.
Ocob0smBe Miciie cepel KpaHiB 3aiiMaiOTh CTPiIOBI HigiioMHI Kpanu
(CIIK). HaiitmeHIn HagifHUM KOHCTPYKIIITHUM eJIeMeHTOM CaMOXiTHUX
CTPiJIOBUX KPaHiB € cTpija.

Han nmpo6aemMoio migBUITIeHHA HASiHHOCTH POOOTH KpaHiB (TOOGTO IIiz-
Butrieaasa MYE crpinu CIIK) npaitoBanu, 30KpeMa, HayKOBIIi IK HAIIIO1
Kpainu [1-5], Tak i 3akopmonom [6—9].

Ha ocuoBi Teopii magitinoctu (TH) y 6inmbmmocTi pobiT mepeBakHo m0-
caim:kyBaBca BILIuB Koedimnienra nuaamiunoctu (K]I[) Ha KoHCTPYKILil
KpaHiB 0e3 3acTocyBaHHA racutensa KoauBaHb [1]. HdocaimxkyBasca Ta-
KOK BILJIMB FacUTEJIA KOJIMBaHb IigitomHoro kpaua (IIK) na smenmenna
IUHaAMiYHOTO HaBaHTaKeHHs [4—6].

B Texwuiunill giTepaTypi asda pos3paxyHKy TpuBaisoctu MYE, B Tomy
YKCJi CTPIJIOBUX KPAHiB, Y 3aJaHNX PEeKMMaxX PoOOTHU € Teopisa HamifiHo-
ctu (TH) [7].

B pob6oTax [8—11] HaBeIeHO METOIUKY, KA Ja€ 3MOTY OIIiHUTH BILIUB
Ha MYE nBox mapaMeTpiB: cyMapHOTro YmcJia IIUKJIiB HaBaHTaXXeHHA 70
BUHUKHEHHA JeAKO0I KiIbKOCTU MiKPOTPiliuH N.yy, IO BifTIOBiga€e TpU-
Bajsocti MYUE gusa crpismoBoro KpaHa (R).

3a TH sanna susnauennsa MYE Bce, 1110 moB’s3aHe 3 IPUIITBUAIICH-
HAM i Macom BaHTaXXy, IIEPETBOPIOIOTH Y IMIMPOKUN DAL IIOKAa3HUKIB;
tomy MYE pospaxoByroTs 3a 1BoMa piBHAHHAMHY (1)1 (2) [7]:

.
2 N

N _ Gpi>0 g ' j N6 , (1)

cyM O4a max

[ or'f(s,)do,

O

Je 6, — aMILIITy/He 3HaYeHHs HAIPyKeHHA B eJIeMeHTi, G, = — MakK-
CUMaJIbHe aMILIiTy/JHe 3HAUeHHA HAIIPyXeHHA B eJIeMeHTi; 6 | — MeXa
BUTPUBAJOCTU MaTePisfay, 71, — UICJIO IOBTOPIiB aMILIITY U G, 3a TPU-
BaJsicte MUE, Nj — YMCJIO IIUKJIB II0 KPUBili BTOMJIIOBAHOCTH, ITI0 Bif-
nosinae c,;, f(c,) — TycTHHA DPO3MOAiNY aMILTITY/ HATIPYKEeHb, M —
IIOKAa3HUK CTyIIeHsA KPHBOI BTOMJOBaHOCTH [7], N, — 06asoBe umcio
IIUKJIiB HaBaHTAYKEHHJ.

MYE cTpinu Bu3HaAUaeThCcA Ueped cyMapHe UMCJIO IMUKJIIB HaBaHTA-

sKeHHA Ny Ta cepeHE 3HAUEHHA YncJia MUKJIiB [T

N
R=—u )

nn“cep

e n, — Koe(illieHT IlepepaxyHKy MOTOTOJWH y POKH, K, — CEPemHe
3HAUEHHA UMcJa MUKJIIB 3a rofuHy. Jid po3spaxyHKY UMCJIO IUKJIIB B ce-
KYHAY [, BUSHAUEHO AK BiTHOITIEHHA KiJIbKOCTU €KCTPEMYMIB y Ilepexi-
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JHOMY IIPOIIECi IIigiiMaHHAa BAaHTAKy 3 OCHOBH JIO IOT'O TPUBAJIOCTH.

Ilopan 8 mum y TexHiUHil JiTepaTypi € piBHAHHA KoedillieHTa n1Ha-
miunoctu (K1) I. Tak, B pobori [12] koeditieHT, 1110 BpaxoBye CyMapHY
CTATUYHY Ta IWHAMIUHY CHJYy B 3aJIe;KHOCTI Bifi mpUINMBUAIIEHHA (a)
BaHTaXXy, Ma€ HACTYITHUY BUTJIAL:

1=1+4, 3)
g

ne I — KJI, a — npumBuUAINIeHHS, 3 AKUM 3IiHCHIOETbCA IIiAIOM Baru
cTpiioBUM KpaHoM [M/c?], £ — IPUINBUAINEHHSA CUJIN TAKIHHA SeMii
[M/c?].

B Teopii xouTuHYyaNIbLHOI MOMKOMKyBaHocTH [13—16] € piBHAHHA, 3a
saxuM BudHauaeTbea MYUE nerasis mamun i mexanismis (IMM); Tinbru
aprymenToM i miei @yHKIii € Temmeparypa (T):

t'o, = K exp(kT), (4)

e MHOKHUK {, G, 32 YMOB o, = const € essKoi0 (DyHKIIi€I0 TeMIepary-
pu (T) MYE gna MM, o, — BUTpUBaJa MiIlHICTh KOHCTPYKIIiTHOTO
marepiany IMM, 1o aBisge cob0i0 HATIPYKEHHS B IIOIIEPEYHOMY IIepe-
pisi BaroriBku, Aky MoxkJguBo Tpumatu y IMM Bupogos:k uacy ¢, , T —
Temneparypa ekcmayaramii JIMM [°C]; ¢, — TpuBaIicTh MisKpPEMOHTHO-
ro vacy ekcmyararnii [IMM sa TKII [roguH], K, k, m — emnOipuuHi Koe-
dimienTn.

3Bifcu BUILIUBAE, IO MHOMKHUK {'G, € AeAKOI0 (hYHKIII€I0 TeMIepa-
TYypU, OCKiJIbKY 3a piBHAHHAM (4) TeMIlepaTypa Ta BUTPUBaJa MilTHiCTD
o, BniauBae Ha MYE:

t"s, = B(T), (%)

ne B(T) — meaka QyHKIIig TeMIIepaTypu.

B pobGori [8] 3asHaueno, 110 cepen CTPiIOBUX KPaHiB € AK KpaHu 0e3
3aCTOCYBaHHSA racuTesd KOJMBaHb, TaK 1 KpaHU i3 3aCTOCYBaHHAM racu-
TeJisd KoamBaHb. Hammmm zaBmamuaMm € BuduHaueHHsa MYE crpimoBmx
KpaHiB. Buxoasauu 3 mboro, Ijs IOJAJBININX JOCHiMMKEeHb 1 BUSHAUEHHS
MYE o6pawo:

- CTPiJIOBY cumCTeMy TyceHWYHOTO KpaHa Tumoposmipy KI'-25 (I'OCT
22827-85) HEK-251 (puc. 1) i3 3acTocyBaHHAM TracUTeJsA KOJUBaHb, 3
MaKCHMaJIbHOIO BAHTAXKOMIiIIHOMHICTIO y 25 TOH;

- cTpisoBy cucremy Kpama Tunopoamipy KI'-25 (I'OCT 22827-85) [IEK-
251 (puc. 1) 6e3 3acTocyBaHHA racuTesid KOJVWBaHb, 3 MAKCUMAJIbHOIO
BaHTAMKOIIiAHOMHICTIO Y 25 TOH.

3a Teopieio HamifimocTu asa BusHaueHHI MUE meramloxoHCTPYKITil
CTPiJIOBOTO KpaHa HeoOXiJHO PO3POOUTH HACTYIIHE:

- CTBOPUTHU TPUMACOBY €KBiBaJIEeHTHY CXeMYy CTPiJIOBOI CUCTEMU CaMOXi-
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Puc. 1. 'ycernunuii KpaH i3 3aCTOCyBaHHAM IaCUTEJIA KOJIUBAHb BAHTAXKY.

Fig. 1. A crawler crane using a load vibration damper.

IHOTO KpaHa JJId HiZHiMaHHS BaHTaKy 0e3 3aCTOCyBaHHA racuTesd Ko-
JUBAaHb;

- TIPOBECTHM HATYPHI eKCIepuMeHTAaJIbHi JOCIiIsKeHHA iHepIifiHoro
BILIMBY Ha MexaHiuHi BjaacTtuBocTi Ta MYE 3a :kopcTKoro migizomy BaH-
Ta)Ky Ta 3a HAABHOCTU IaCUTeJiB KOJMBaHb y CTPiJIOBiH cucTeMi Ta cuc-
TeMi IIiABiCKY BaHTaMXKYy .

3a ymoB TKII Busunauenns MYE cTpisoBoro xpaHa 3ayeXuUThb Bil Me-
XaHiYHUX BJIACTHUBOCTEeH Marepiany crpinu (o [MIIa]), Bim maBanTa-
JKeHHA, AKe IIUKJIIYHO Jie Ha KOHCTPYKIiHaui MaTepian crpiau (KMC),
i yacy, BIPOJOBIK IKOTO 3[IiliICHIOEThCS HaBaHTaKeHHA Ha KMC.

Ha ocuoBi po6iT [13—16] po3dpaxoBaHo Opi€e HTOBHY BTOMHY JTOBIOBiu-
HicTh Kpuili BCr3cub, oomesxkeny MYUE MeTamloKoOHCTPYKILiI cTpiam Bif
BILTUBY Koepimienra nuuamiunoctu (K1), Ak 6e3 3acTocyBaHHA racuTe-
Jaa kosuBaHs (I = 1,3), Tak i 8 racurensavu KoausaHsb (I =1,0).

3’asuyaca HeobOximmicTh BusmaunTu MYE 3a momomororo piBHAHDL
TKII, tomy 1o 3a TKII momi6HiI po3paxXyHKM MOMKHA BUKOHATH TiJIbKU
3a oguHUM piBHAHHAM. TuM maue, 8 TKII € piBHAHHSA 111040 BU3HAUYCHHS
TPUBAJIOCTH IIPAIe3qaTHOCTH MeXaHi3My 3a ABOMAa apr'yMeHTaMU — Te-
mnepatypoio (T') ekcmryararrii MmexaHi3MiB i MeKel0 BUTPUBAJIOCTH Ma-
Tepisay, ToOTO 6a30BUM HANPY:KEHHAM G, y HOIEPeUYHOMY Iiepepisi
eJIeMEeHTiB CTPiJIOBOTO KpaHa.

Y BumazKy 3i cTpiioBUM KpaHOM TeMIlepaTypa MOro eKCILIyaTallil
mpuiiMaeThes 3a crauy Beauuuny (7' = const).

s cTrpimoBoro KpaHa 3a Teopieto Haxgifimoctu (TH) MYE Busnaua-
IOTH 3a JOIIOMOI'0OI0 JeKiJIbKOX apr'yMeHTiB — KiJIbKiCTIO IIMKJIiB IIigi0-
My BaHTaxXy 3a Bechb TepMmiH MYE, ammiuiTyaiHuM 3HaueHHAM HaMpy-
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JKeHHS B eJIeMeHTi, Me:Kel0 BUTPHBAJIOCTH MaTepifly Ta MaKCHUMAaJib-
HUM aMILTITYTHUM 3HAUEHHAM HaIPYyKeHH B €JIeMeHTi.

B rexuiuniit miTepatypi He 3HalIeHO PiBHAHHS, IKe 3MOIJIO O BU3HA-
yuTu MYUYE KOHCTPYKIIAHUX MaTepidAliB CTPiJIOBUX KPaHiB B 3aJI€KHO-
cti Big K] 3a mimitomy BaHTa:Ky 3 OPUINIBUAINEHHAM. ToMy B maHii
cTaTTi HeoOXimHo cTBOpUTH piBHAHHA IMoAo BusHaueHHa MYE za TKII
HAMOIJIBIT YYTIUBUX OO0 PYHHAI] (KOHCTPYKIIIHHUX eJIeMeHTiB) cTpiso-
Boro KpaHa 3a K]l 3a mixiiomy BanTa:ky 3 nmpumBuaineHHaM. OCHOBY
TKII 6yJio 3ammouaTkoBaHO B podoTax aBTopiB [13—16].

1. 3a TKII nmoxi6ua mpobjematuka € y BusHaueHHi MYE KoHCTPYK-
IiAHUX MaTepisasiB B 3aJIesKHOCTI Bif TeMIlepaTypu eKcILmyaTalrii (piB-
HauHa (5)).

2. 3a TH migitoMmui KpaHu IIpaIolTh 3a MAJIO3MiHHOI TeMIepaTypH,
Ay Mmu npuitmaemo 3a craiy (T = const); ane 3MiHHOIO BeJIUYNHOIO (ap-
rymerarom Gyukiii MYE) e ineprifina cuia, sKa 3aJeKUTh Bi IIBUI-
KOCTHU PYyXy BaHTaxKy.

B rexmiuniit siTepaTypi He 3HAHAEHO PiBHAHHS, 3a AKMM MOYKHA BU-
saaunt MYE B 3anesxnocti Bixg K]l 3a dyrkmieo t"c,. B rakomy Bu-
MagKy HeoOXimTHO CTBOPUTH PiBHAHHA, AKe MoiKe 3acTocoByBatu K]I
nns susHauenHsa MYE 3a ymoB piBHAHHA (5). B piBHanni K]l nosrauu-
Mo inmexcom I:

t"s. = B(I), (6)

Ie 1oOyTOK t.'C, € HeAKO0 (PYHKIII€I0 PeOJIOTriYHNX BJAACTUBOCTEHM KPUILi
BCr3cmub, mio 3ane:xuts Big aprymenty B([) (B(I) — meaka ¢yukmia I,
t, — MYE [roguHu (poku)], 6, — HaOpPy:KeHHA B KOHCTPYKI[iTHOMY
MaTepidaii, 3a AKOro Iicjid TpuBajgocTu yacy t, mae 3akinmumtuca MYUE
[H/m?]. Oua Toro mob6 o0uasi yacTuHu piBHAHHS (6) OyJam ysromsxeHi
MiK cobo0r0, HeoOximHo (pyuKIito B(/) HaBecTH y BUTJIAI1

B(I) = B,exp(kI), (7)

ne I — K]I; nona Bu3HaueHHS JaHUX BO, k eKkcnepuMeHTaJIbLHUX Koedi-

IieHTiB Oyae cTBOpeHO « MeTOAMKY BU3HAUEHHA KOe(illieHTiB ...».
Kpim Toro, HeoOXifHO BUBHAUNTH alleKBaTHICTh piBHAHHA (6) 3a omHa-

KoBUX yMOB HaBaHTa:keHHA ejeMeHTiB CIIK nas piBaans (2) Ta (6).
Merta craTTi:

1. npoBectu BusHauvenua MYE crpimoBux KpaniB ma ocuoBi TH, mia
4oro:

a. po3podUTH MaTEeMAaTUYHUHA MOJENb PyXy CTPiJIOBOI cucTeMu IIiAiioM-
HOT'O KpaHa;

b. TeopeTHUUHO Ii eKCIEePHUMEHTAJIbHO BUBHAUNTH KoedillieHTH mJIsI Ma-
TeMaTHUYHOT'O MOJIEJI0 CTPiJIOBOI CHCTEMU 34 PiBHUX PEKUMIiB Himiio-
MY Ta IPOBECTH IOCJIiAKeHHA BILNIUBY 1X Ha TpuBajicts MYE;
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c. pos3paxyBatu MYE za TH, axk iz sacrocyBauuam KII, Akuii mosuauu-

Mo gk I, 6e3 3acTocyBaHHs racuTesasa KoauBaHb ([ =1,3), Tak i 3 3a-

CTOCYBaHHAM racuteid KoauBaub (I =1,0);

IIPOBECTH OOT'PYHTYBAHHSA MOYKJIMBOCTH CTBOPEHHS HOBOT'O PiBHAHHSA

3a TKII mono Busnauenuna MYE crpisoBux KpaHiB 3 ypaxyBaHHAM

K]l 3a migiioMmy BaHTaKy 3 IPUIIBUAIITCHHAM, ITJIS YOTO:

a. po3podbuTtu metonuky ajs BusHaueHHsa MYE Ha ocHoBi piBuanusa (5),
nmirouoro 3a TKII;

b. ctBopuTH PiBHAHHA om0 BusHaueHHA MYE 11 KOHCTPYKIIiIIHOTO

MaTepiany crpisoBoro KpaHa 3a ypaxyBanHaMm K] B piBHanHax (3)

Ta (4);

PO3pPOOUTH MEeTOAMKY AJIsI BUBHAUEHHA KoedimieHTiB y piBaanHi (6);

pospaxyBatu MYE za TKII, gk i3 3acTocyBamuam KoedimieHTa fuHa-

miunoctu I =1,3, Tak i 3 3acrocyBauuawm I =1,0.

BusnaunTty moxubKy pospaxyHKoBux maunx MYE Ha ocHOBi piBHAHD

(2)—('7) 3a TKII BiguocHoO piBuanHsa (2) 3a TH.

[\

&0

2. EKCIIEPUMEHTAJIBHI TA TEOPETHYHI METOTUKH JOCJII-
IKEHHS

B posgigi TeopeTuuHOI MEeTOAUKYM HEOOXiTHO PO3POOUTHN HACTYIIHE:

- MeToAMKY IMomo BusHaveHHa MUE migiioMHMX KpaHiB 3 racuTejieM
KoJIMBaHb i 6e3 HbOTo 3a Teopieto HagitHocTu (TH);

- CTBOPUTHU PiBHAHHA Nioa0 BusHaueHHa MYE cTpinoBux KpaHiB 3a
TKII Ha ocHoBi BrinBy Ha MYE npuinBuglieHHA PyXy BaHTaXKY, 3a-
crocyBasmu K] 3 pieuannda (3) Binrepnani 1,3 <1< 1,0.

2.1. Metoguka moxo susHaueHHa MYE mimitoMmHUX KpaHiB 3 racuTexeM
KOJINBaHBb i 6€3 HHOT0 32 TEOPi€I0 HAMIWHOCTH

2.1.1. Mamemamuunuii modenv 0nsa MpPbvOX emanié pyxy 4HacmuH
npu6ody cmpinoeozo kpana [1,5]

Jia crjaajaHHAd MaTeMaTUUYHOT'O MOJIeJI0 PO3TJIAHYTO IPOIlec IIimHi-
MaHHA BaHTaXKy «3 IIiAXBaTOM», III0 BKJIIOUAE TPHU e€Talll: NepIIui —
eTar XOJIOCTOTO XOIy, KOJU Maca 00epTOBUX UYACTUH IIPUBOAY My I
BILTMBOM 3BeJIeHOI cuyu aBuryHa Py, Bubupae cymapHUi 3a30p Ax y Ka-
HaTax i MpuBOAi; APYruii eTanm — PO3BUTOK HaBaHTAYKEHHA B KaHATax
0 3yCUJLJISI B HUX, PIBHOTO Basdi BaHTaKy @, IpuUUOMYy Maca m, yIIpo-
IOBJK OAPYTOro eTamy IIepe0dyBae B CTAHi CIIOKOIO0; TPETill eTalm — CHiJb-
HUH PyX BCiX IpPYyKHBLO3B’ A3aHUX Mac cucremu [1, 5].

Ha mepimmomy erami BubupaeThes 3a30p Ax y KaHaTax i IpuBOAi, a gu-
HaMiuHi HaBaHTa’KeHHA B METAJOKOHCTPYKIIii i B KaHaTax BifICyTHi.

Hpyruii eTan pyxy oluCcyeThCA PiBHAHHAMU



212 0O.M. XOPOIIMJIOB, O. C. IIOJOJISAR, K. K. AHEHKO, K. C. CTAPOCTA Ta iH.

d’y, d’y,
M”42 B, ® de?

3akiHuyeThca APYTUH eTal PyXy 3a HATATY BAHTAKHUX KaHaTiB

-P,=0,m

d
— P, + (ky, +WB)%+ cy,=0. (8)

Py =c. (Y, —y,) + (B + v )Y, —U,) -

TpeTiit eTan pyxy onuCyeTbCA PiBHAHHAMU

d? d?
m, y; + P, — P, =0, mk—yzk -PB,+mg=0,
d*y, dy,
mB dt2 _PK3+(ka+\‘|jB) dt +ccyB :0’

me P, =c(y, -y, —y.)+ Ry, +v )y, -y, —y,) — HaTATr y KaHATax Ha
TpeTboMy erami pyxy. Ciaim sasHaumTH, 10 KoediIlieHT KOPCTKOCTHU
CTPiJM C. BUBHAYAETHCA AK CYMiCHA KOPCTKICTH METaJOKOHCTPYKIIil
CTPiaM Cy 1 CTPiSIOBOI IMiABICKU Ccn, 8 KOEMIIIEHT JKOPCTKOCTH BAHTAMK-
HOT'0 TOJIicIIacTa C; BUBHAYAETHCA K CyMa IIOCTiJOBHO 3’€THAHUX KOP-
CTKOCTH BAHTAXHOTO0 KaHATY Ha AiJAHII Big OapabaHa go migBicKM BaH-
TaXy Cx 1 JKOPCTKOCTHU IiIBiCKYM BAHTAXKY Cyn.

MeToauKky BusHaAUeHHA Koe(ilieHTiB i po3B’A3aHuA AudepeHItiiHnx
PiBHAHL PyXy OpeacTaBJIeHO B poOoTi [5].

2.1.2. BusnaueHnnsa Koegiyienmie nodibHocmu modento ekcnepumer-
manvHill ycmanosyi cmpinoeozo Kparna 0nsa npoéedenna excnepume-
Hmié

Pospobieno ¢ismuHMili MOJeJb i TPOBEIEHO eKCIepUMeHTaJbHI JOCTi-
IKeHHd.

Jocai:keHHA ITPOBOAMJIMCA CIOYATKY IJA BUIMAAKIB HigHiMaHHA
BaHTaKy 0e3 racuresis KOJUBaHb, IIOTiM 3 racuTejieM, BKJIIOUEHUM ¥
CUCTeMY IIiIBiCKM CTPiJix Ta cucTeMy HiJIBiCKM BaHTaXKYy.

Ilig vac npoBemeHHsA (PiBMUHOTO MOJEJIOBAHHSA B SIKOCTI HATyPHOI'O
O0yB oOpaHuii cTpijoBuil camoximumit rycenmunuii kpau KI'-25 (I'OCT
22827-85) 3 mMOBKMHOIO OCHOBHOI cTpinmu L.=14 m, rpaTyacToi KOHC-
TPpyKIii 3 Macoo M. =2 TOHU, 3aTraJbHOI0 KOHCTPYKIIIIAHOIO Macoio Kpa-
Ha y 36 ToH, BucoToOIO mifgitimanuay 7,0—13,5 m.

IlopiBHAJNBHY XapaKTePUCTUKY I'€OMETPUUYHMNX, MAaCOBUX i CHJIOBUX
napaMeTpiB HATypPU Ta MOJIEJI0 CTPiJIOBOI CUCTEMM I'yCEHUUYHOT'O KpaHa
ImoxasaHo B TabJ. 1.

3 Tabuiri 1 BUnInBae, 110 OCHOBHI IIapaMeTpy MO0 € IOLiOHN MU
IO mapaMeTpiB HaTypHOro 3paska. OTiKe, pes3yJbTATH MOCIiMKeHb Ha
(PisTUYHOMY MOAEJII0 MOKHA BBaKaTU JOCTOBIPHIMH.

Ha pucynky 2 mokasamo cxemy Ta (oTO HATYyPHOTO 3pasKa eKCIIepu-
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TABJINIA 1. IlopiBEATBHA XapaKTEePUCTUKA TaPAMETPiB CUCTEMU IT[OJ0 €KC-
IIEpUMEHTAJIBHUX NOCHiIKeHb (puc. 2).

TABLE 1. Comparative characteristics of system parameters in relation to
experimental studies (Fig. 2).

Tlapamerpu HarypanbHi Moeus Roe@oiuieHT yMO}:’,I/I Teopil
IOKa3HUKU moxibHoCTH | ImOAiGHOCTH
HoB:kuHa cCTPian, MM 14000 1400 k=10
Maca cTpinu, KT 2000 2,0 K,=1000 K,=k>=103
3BemeHa Maca CTpiau, KT 700 0,7 1000 1000
KoperricTs cucTemu
cTpina—crpinoBa migsicka, 0,69-107 0,66:10° 10,4 10
H/m
KopceTricTs BaHTaKHOL 0,26-107 0,245-10° 10,6 10

nigBicku, H/m

MEHTaJIbHOI YCTaHOBKH.
ExcnepuMmenTaibHUNA Momesnsb (puc. 2, 6) CKIAZAETHCA 3 IPUBOLY Me-
XaHisMy HOigHiMaHHA BaHTaXy 1, OpWBOAY MeXaHidMy IIimHiMaHHS
cTpinu 2, r'paTyacToi cTpiau 3, BaHTAMKHOI migBicKu 4, cTpisoBoi miasi-
CKH 5; B CHJIOBHI JIAHITIOT HiIBiCKM BaHTAXKy Ta MiIBiCKY CTPiJIM IIOCJIi-
JTOBHO BKJIIOUEHO TipaBJIiuHi racuTe i KOIUBaHb 6, 9 i JTaTUNKYU MipsaH-
HA 3yCUJIb 7, 8. Mipsauusa Ta peecTpallis BeIUUYNH, 110 JOCTiIKyBaInICsd,
ITPOBOAUJINCSA 3a JOIOMOI'OI0 BHMipIOBAJIbHO-PEECTPYBAJIBHOI amapary-

s

DA B

L

a 6
Puc. 2. EkcnepuMeHTaIbHAa YCTAHOBKA AJIA TOCHIMMKEHHS IUHAMIUHMUX HaBaH-
Ta)XeHb, 10 BUHUKAIOTh Y CTPiJIOBi# cucTeMi g yac migHiMaHHA BaHTAMXy, a

TAKOK IJIA IMepeBipKu eheKTUBHOCTH 3aCTOCYBAHHSA TiApPaBIiYHUX TaCUTEiB
KOJIMBaHb.

Fig. 2. Experimental setup for studying dynamic loads arising in the boom sys-
tem, when lifting a load, as well as for checking the effectiveness of the use of
hydraulic vibration dampers.
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pu (puc. 1, a)[9].

2.1.3. BusHaueHHA 6NAUEY 2acumens KOLUEAHb HA 3MIHY popMYyEaH-
HA 3ycund nid wac niOHiMAHHA 6AHMAINCY CMPINLOSUM KDAHOM

3a IOIIOMOT0I0 eKCIIEPUMEHTAIbHOI YCTAHOBKY 0YJI0 Olep:KaHO 3aIlncu
¢dopMyBaHHA 3YCUJIb ITiT yac ImigHiMaHHA BaHTaKy 3 ocHoBU [9]. Tak, Ha
PHCYHKY 3 mpeacTaBJIieHO Komii ocimiaorpam, IIf0 OONUCYIOTH 3MiHY 3Y-
cusia F(t) y migBicii cTpisu Ta BaHTaKHMX KaHATaX IIi Yac migHiMaH-
HS BaHTaKy Baroio, eKBiBaJeHTHOIO D TOHAM.

3 pUCYHKY 3 BUIHO, ITI0 3aCTOCYBAaHHS TiAPaBIiYHOTO racuTeA V Ba-
HTaKHi# migBicii mae smory smermutu K[ mait:ke mo oguaMUIi. OueBu-
IHO, IO TaKe 3MEHINEeHHS TUHAMIUHNX HaBaHTaKeHb JOCATAETHCA 3a
paxyHOK 30iJbINIEHHS TepMiHy PO3TOHY MexaHismy mimnimamua 3 0,2
cexyanu (puc. 3, a) no 0,9 cexkyuau (puc. 3, 8), IOIEPEIHLOT0 HATATY
BAaHTAKHUX KaHATiB, a TaKOX BOMpPaHHSA KiHeTHMUYHOI eHeprii Apocesb-
HOIO CHICTEMOIO TaCUTeJ .

3a pesyJbTaTaMU eKCIepUMeHTAJIbLHUX AOCJiAMKeHb 0yJo mMOKasaHo,
IIT0 3aCTOCYBAaHHA racuUTeJ A KOJMBAaHb CIPUIEC 3MEHIITEHHIO KOJIUBAaHbD,
TOOTO 3a PaXYHOK BOMpPAHHA KiHEeTUYHOI eHeprii ApocebHOI0 CHCTEMOIO
racuTeJsd 3MiACHIOETECA HACTYIIHE:

- 0e3 racuresia KoauBaHb (puc. 3, a, mo3. 2) MmaeMo MakcuMaabHui K]l
(I=1,3), Ak 3a MaKCHUMAaJbHOTO HANPYKeHHd (G, ) Y IIOIIepeuYHOMY IIe-
pepiszi emementy ctpimu o, =12,12MIla, Tak i 3a MiHiMaJbHOTO
o, =8,08 MIla;

- 3 racuTeJieM KOJIMBaHb, BCTAHOBJIEHUM y HiABiCcKy cTpinu (puc. 3, 0,
mo3. 2);

- BaCTOCYBaHHA TiApaBJIiYHOrO racuUTeJNId y BaHTaXKHIM migBicii ymox-
ausiioe amenmnutu K1 matizke go oguuaumni (I =1,0) (puc. 3, 8, moas. 1),
SIK 3a MAaKCUMAaJILHOTO, TaK i 3a MiHiMaJbHOTO HAIPY:KeHHA (O, ) V IIo-
IepevyHoOMY Iepepisi eJlIeMeHTy CTPiau.

Omxe, B MOJANBININX AOCHiAKEeHHAX HmpuiiMaemo, 1mo KJ 6ymze 3mi-
HIoBaTucs B inTepBaii 1,0<1< 1,3, a HanpyKeHHA G, B IOIEPEYHOMY
mepepisi exemenTy cTpinu — B inTepnani 8,08 MIla< o, < 12,12 MIla.

2.2. Konnenuisa piBaaausd, cteopenoro 3a TKII, nmogo Bu3HaYeHHA
MYE cTpisoBoro kpaHa 3a monomMoroo koedimieara quaamiunoctu (I)

2.2.1. Memoduxka 3aminu aprymenmy (T) 6 pienanni (5) na apry-
menm (I) 6 pienanui (6) 0na cmeopenns Pi6HAHHA UW,000 6U3HAECH-
Ha MYE cmpinoseux kpanie 3a ymos TKII

3rigao 3 TKII, BuTpuBady MiIHIiCTh ©, KOHCTPYKI[IAHOTO MaTepiday
(KM) B 3ay1esKHOCTI Bii TeMIIepaTypu HOTro eKCILTyaTallii BU3HAYaoTh 3a
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Puc. 3. Konii ociimiorpam opmyBaHHA 3yCHiIb IIif yac migHiMaHHA BaHTAXKY,
eKBiBaJIEHTHOTO II’ATH TOHAM, eKCIIEPUMEHTAJIbLHOI0 YCTaHOBKOIO: @ — 06e3 ra-
CHUTEJIA KOJIMBAaHb, 0 — 3 TaCUTeJIEM KOJNBAaHb, BCTAHOBJIEHUM y IIiIBiCKY CTpi-
JIW; 8 — 3 TacuUTeJeM KOJIUBaHb, BCTAHOBJICHUM Y BAHTAXKHY ITiABiCKY.

Fig. 3. Copies of oscillograms of force formation, when lifting a load equivalent
to five tons with an experimental setup: a—without a vibration damper, b—with
a vibration damper installed in the boom suspension, c—with a vibration damper
installed in the cargo suspension.

piBuaauam (4). o Trepminy BurpuBasa minuicts y TKII BizHOCHTBCSA
tpuBasicte MYE, To6TO ¢, meraniB mammuH i MexaHiBMiB 3a MOCTifHO
Iilouoro HaNpy:KeHHdA o, i rTemnepatypu T (piBHaHHS (4)).

Mg cTpiszoBoro KpaHa BasKJINBUM IIapaMeTPOM, ITI0 BIIJIUMBAE HA t,, €
IUHaMiuHa XxapakTepucTHKa migiiomy Baru (1), AKa 3aJIe’KUTh Bif mIpu-
IIBUAINIEHHA BaHTAXKY. 3B’ A30K mpumBuaineHHa Bautaxxy 3 Kl (I) Ha-
BeZeHo B piBHAHHI (3). Tomy mia BusHauenHa moxasHuka ¢, 3a TKII
mpuiitMmaemMo aprymenr I 3 piBHaHHA (3) y piBHAHHAX (4) Ta (5).

Ha ocuosi TKII-piBaaunnsa (5) giaa susuaueHns MYE cTpimoBux Kpa-
HiB mepeTBOpUMO piBHAHHA (5) y piBHAHHA (6): BcraBumo B(I) i3 pis-



216 O.M.XOPOIIIMJIOB, O. C.IIOJOJISAR, K. K. AHEHKO, K. C. CTAPOCTA Ta iH.

Hauada (7) B piBHAHHS (6) I ogep:KUMO
ot = B.exp(kl) (10)

abo

t. = 7/B.exp(kl)/o., . (11)

Takum umnoMm, 3a TKII omepsxanu piBHAHHA oo BmiauBy Kl Ha
MYE Hait6iabIII cIadKOT0 eJIeMeHTY KOHCTPYKITi1 cTpiioBoro KpaHa.

B piBusanni (11) € 1Ba mokasHuKu G, Ta I, AKi BIIMBAIOTH Ha PE3yJIbTATH
Po3paxyHKiB t,, a peliTa NOKa3HUKIB ITe € eKCIIepIMeHTaIbHI KoedillieHTu
Bo1i k. B piBaanHi (11) KoedimieHT m 3a 3aKOHOM KBaJPaTHOTO KOPEHSA 3IJIa-
KY€ BILIMB IMKJIUYHUX €KCIIEPMMEHTAJLHNX HaBaHTaXKeHb, SIKi BILIUBA-
10Th Ha TokasHuk MYE, ase He € mpucytaivu B piBHAHHI (11).

TakuM YMHOM, B JaHi#l poOOTI HaBeleHO HOBe PiBHAHHS, SIKe PO3III-
proe Teopernuni moaoxkenuda TH niasa susuauenaa MYE 6es sminm ii cyTi.

3a ymoB 1,0<I<1,3 ta 8,08 MIla< o, <12,12 MIla noTpi6HO mmepe-
BipuTu amexkBaTHicTh piBHAHHA (11). I1a mboro HeoOXigZHO Po3pPOOUTH
MEeTOAVKY IJis BU3HAUeHHA KoedimieHTiB y piBHanmi (11).

2.2.2. Memoduka 6u3nauenns koepiyiecumie 0na pienanna (11)
cmocoéHho eusnavenna MUYE cmpinoeux xparie 3a 3sminu I 6 inmep-
eéani 1,0 <I <1,3ma o- — 6inmepéani 8,08 MIla <o-<12,12 MIla

3a Buximuumuy mammmu piBHAHHA (11) BusHaummo Koedimient m. asa
IIBOT'0 JIOTAPUTMYEMO PiBHAHHS (5) AJ1a 3HaYeHb pAnKiB 1i 2 B Tabu. 2:

Inc, + mint, = 1InB(I). (12)

3agamo ymoBYy, 1mio 3Hauenua GyHKIii K1 B(]) piBsuannsa (12) gia pan-
KiB1i 2 1abi. 2 0yayTs ogHakoBuMu. Omep:K1Mo

In(cE)ym' ?Int™" = In BU'™), In(cF*)m' *1ntl™® =In BI’™"), (13)

TABJINIIA 2. Tabauna BUXifHUX JaHUX OJA BU3SHAUEHHA Koe(dilieHTIB mis
piBaHauma (11).

TABLE 2. Table of input data for determining coefficients for equation (11).

Ne s/ | r | o+, MIla | Inc: ts | Int.
1 1,3 12,12 2,495 105120 11,563
2 1,3 8,08 2,089 123534 11,724
3 1,0 12,12 2,495 147468 11,90
4 1,0 8,08 2,089 173570 12,060




CTBOPEHHSA PIBHAHHA IITOO0 BUSHAYEHHA MIGKPEMOHTHOI'O HACY 217

mei=12,12, 8,08, j=1,3, 1,0.

Ilna BusHaUeHHA Koedimierra m'? 3 piBuanusa (13) 3azamo yMOBYy,
[0 [AJIA HepIIOr0 Ta APYroro PAAKiB OyAyTh OJHAKOBI ITOKA3HUKH
In B(I')! =InB(I')*; Toxi Bin piBHAHHA [JIA HepIIOro pAZKa Tabu. 2
BifHiMaeMo piBHAHHA 3i 3HAUCHHAMH IPYToro pAgka radi. 1:

(Inc™) - (Inc™®) + m" *(nt™" —1nt?) = 0. (14)

3 pisranna (14) 3a fonomoroio Tab1. 1 BusHAUMMO KoedimienT m'?:

iN2 i1 _ _
m1,2=(1n0*)1 (1n§s*) _ 2,089-2,495 0,406 , .,
Int' — In¢’ 11,563 -11,724 0,161

3 pisranna (14) 3a gomomoroio Tab1. 1 BusHauMMO i Koedimient m®™* :

ot _ (nol™") —(Incl?) _ 2,089-2,495 _ 0,406
Inti™® — Ing!™ 11,900 -12,06 -0,160

-2,54. (16)

OnepsxyeMo cepefHe 3HaUeHHA KoedilieHTa g PiBHAHHA:
m,, = (m'"?+m**)/2=2,53. (17)

Busnauumo cepenui snadenna InB(I'™')'? ta InB(I’**)** sa pis-
HauHaM (4):

InB(I'™)"? =Ino.  +mlint = = 31,865, (18)
InB(I'2)** = Ino. - +mlnt ° =32,721. (19)
Busunaunmo KoeditieHT k:
InB(I'"")"? =1n By + kI, (20)
In B(I'"%)** = InB, + RI2, (21)
e Boik — roedimienTn.
Hna koedimienTa k 3a yMoB, 110 I1le HeBigoMuil KoedimieHT o= const,
ozep:KyeMO (DOPMYJTY i BHAUEHHST

_InBI'¥)?-InB(I'?)** 31,986 - 32,840

k IEE 03 =-2,85. (22
3 piBaarH4A (20) Bu3HaUYnMO KoedirieHT Po:
InB(I) = Inf, + kI . (23)

3a yMOBH, 110 Inf}, BU3HAUEHNN A1 IOKA3HUKIB Oy/[b- IKOT'0 PAAKA,
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InB, = InB(I'™") - (k') = 81,865 — (-2,85) - 1,3 = 35,57 (24)
abo
B, = exp(35,57) = 2,81-10" . (25)
Takum ynHOM, 3anuIreMo hopmyJy (5) y BUraamgi
o't?® = 2,81-10"exp(-2,851") (26)

abo

t, =2532,81-10"exp(~2,851')/c. , 27)

nme j=1 BigmoBimae K]I 3a BimcyTHOCTH raciHHSA KOJHMBaHb, IO MTOPiBHIOE
I=1,3, a j=2 BignoBigae K]l 3a sacTocyBaHHSA raciuHs KOJUBaHb, IO JTO-
piBuioe I=1,0; i=1 BiAmOBimae HaIPyKEHHIO B TOIEPEUYHOMY IIepepisi
KOHCTPYKIIITHOTO eJeMeHTy MJA IIepIIoro BUIAAKY BUIIPOOyBaHL
o:=12,12 MIla, a i = 2 — HaIpyKeHHIO B IIOIIEPEYHOMY epepisi KOHCTPY-
KIlifiHoro exeMeHTy o-=8,08 MIla. Takum urHOM, Ha OCHOBi BU3HAUEHHS
KoedimienTis o (11) oxeprxanu piBHAHHS (27) m1a BusHaveHHsa MYE.

3. PE3YJIBTATH 1 OBTOBOPEHHSA

3.1. PesyabstaTu pospaxyaxky MYE cTpinoBux kpaniB 3a 3minu I B inTe-
pBaxi1,0<I<1,3,ac-— BinTepnadi 8,08 MIla<o-< 12,12 MIla 3a
TH 3 ypaxyBaHHAM KiIbKOCTH IIUKJIIiB

Y Tabauili 3 HaBegeHO mapaMeTpH, AKi HeoOXimTHO BpaXoByBaTH IIiJ uac
PO3PaxyHKY MiKPEeMOHTHOT'0O Yacy eKCILIyaTallil KOHCTPYKI[ITHOro Ma-
repiany crpinu 3 xpuni BCr3cub 3a TH. 3a piBaaumamu (1) i (2) O6yJo
BudHaueHO TpuBaJjgictsb R MYE 3a TH 3riguo 3 noKkasHIKaMU KOHCTPYK-
IifiHOrO MaTepiany (MexaHiunux BiaactTuBocteit KM cTpisoBoro kpaHa).
PesynbTaTi pospaxyHKiB HaBezieHO v TabJ. 4. TakuM YMHOM, OJlep:KaJin
yucenbHi 3HaueHnHda MYE 3a TH gi1a nopiBHAHHA IXHIX 3HaUeHb 3i 3Ha-
yeHHaMu nmokasHukiB MYE, pospaxoBanux 3a TKII.

3.2. IlepeBipka agexkBaTHOCTHU PiBHAHHA (27) BigHOCHO piBHAHHA (2) 32
PiBHMX YMOB HABAHTAKEHHA, IIBUIKOCTH PYXY BAHTAKY Ta KLIBKOCTH
IMKJIB OT0 HigioMy

s mepeBipKu ameKBaTHOCTU PiBHAHHS (27) III0I0 TOYHOCTH PO3pPaxy-
HKY nokasuukiBs MYE 3a saminu I B inTepsaJi Big 1,0 go 1,3 3podbmumo
HacTtymHe. B Tabimili 5 mopiBasgemo nokasuuxku MYE, omepsxani 3a piB-
maaaavmu TH i TKII gaa sminu K1 B inTepBani 1,0<1< 1,3, a o B inTe-
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TABJINIIA 3. ITapamerpu, aKki HeoOXigHO BpaxoBYBaTH Il YaC PO3PAXYHKY
MiXKPEMOHTHOTO dYacy eKcIyarallii KOHCTPYKIIiHOro marepisnay cTpinm 3
Kpuri BCr3cnb 3a TH.

TABLE 3. Parameters, which must be taken into account, when calculating
the service life of the structural material of the boom made of steel VSt3sp5
according to RT.

ITorkasauk | Benuuuna
Marepisan 3 kpuri BCr3cub

Mesxa minHOCTHY G5, MIIa 380—-490
Mesxa ILNIMHHOCTHU Gy, MIIa 230-250
Me:xa BuTpuBasiocti 6-1, MIla 160
Basose uncao nuKIiB Ng, MUKIN 2-108
T'pyna pesxumy pobotu 3K
Bceranosnenuti repmias MUE R, poxu 12
HopwmoBane unciio MuKJIiB HaBaHTaKeHHA No 2,5-10°

TABJINIA 4. PesynbraTtu BusHauennda MYE 3a 6a30BuMu nmokKasHUKaMM AKi
pexomengoBami B TH.

TABLE 4. Results of determining the IROT according to the basic indicators
recommended in the RT.

Benuunza HaOpy:KeHHA B .
. . a30Ba Kilb-
B IIOIIePEYHOMY IIepepisi] MYE ¢t . .
o KicTb MUKJIIIB
TloKa3sHUKU KOHCTPYKIIiTHOT'O Ma- [MoToromuuu (poKuU)] sa TH
TepiAny cTpinu
G*max G*min I= 1,3 | I= 1,0 N5
12,12 MIa - 105120 - 2,50-10°
(12 poxkiB)

OpieHTOBHHfI 123534 5
MYE R [mororo- - 8,08 MIla (14,1 poxis) - 2,94-10
JIVHU], pO3paxo- 147468

Banuiiza TH- 12,12 MIla - - 3,51-10°

piBEaHHAM (2) (16,8 pokis)

_ _ 173570 106
8,08 MIla (19,8 poxis) 4,13-10
OpieuToBHA 10B-
roBiuHicTs R, 3
ypaxyBaHam 12,12 MIla 8,08 MIla 12,0 19,8 3,51-108

ycix hakTopis (i3
K=1,7), [poxu]

pBaii 8,08 MIla<o.<12,12 MIla.

3 Tabyuili 5 BUIINBaE, 110 BudHaueHHsa MYE 3a gormoMoror piBHAHHS
(27), mo rpyuryerbesa Ha TKII, mae moxubry Bix 4,3% mo 4,7% 3a BusHa-
yeHHA NMokasHuKiB MYE 3a piBHAHHAMU, 1110 I'PYHTYIOTHCA HA Teopil Ha-
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TABJUIIA 5. Busnauennus noxubku susnauvenuda MYUE 3a piBuanusamu (1), (2)
Ta piBHAHHEAM (27).

TABLE 5. Determination of the error in determining the IROT according to
equations (1), (2) and equation (27).

Busnaueno 3a TKII-

Buxinni nani 3a TH-piBaanaamu (1) Ta (2) piBHamHAM (27)

IlokaszHUKY BILIH-
. PospaxoBane
s/m |MIla| b Tinwac | M/¢ | [romumm (poxm)] | [ (poxm] | 22D, %
PyXy 3aroTiBKIU P

1 12,12 GezzacrocyBamma 1,3 (1120 15)3310}3) %1120 15%% 4.7

racuress .

123534 129534,3

2 8,08 KOJINBaHb 1,8 (14,1 poxis) (14,78) 4,6
3 12,12 igzacrocyBammam 1,0 (1é 45:;7;(?1?13) %15 ’;1 %114§ 4,6

racurens ’ ’
4 8,08 KOJUBaHb 1,0 178570 181187 4,3

(19,8 poxis) (20,67)

IiAHOCTH.

TakuM YMHOM, KOHIIENIITisI IITOA0 CTBOPEeHHA PiBHAHHA (27) njia BuU-
smauvenusd MYE misa cTpisoBux KpaHiB He 3MiHIOE CyTi mpobJieMu II[o70
BusHaueHHa MYE, ajie aMeHITye KiJIbKiCTh BUXiTHUX HAaHUX OJIS PO3-
PaxXyHKY.

4. BUICHOBRKH

B pesyibTaTi npoBeJleHHA TEOPETUUHUX i MPAKTUYHUX eKCIIepUMeHTa-
JBbHUX TOCTi»KeHb B JaHil cTaTTi OyJio 3p0o0JieHo HACTyIIHE:

- BudHaueHo TpuBasicte MUK 3a piBaauaaam (2) ta (27) 3a ymoB migHi-
MaHHS BaHTAKy CTPiJIOBUM KpaHOM, AK 06e3 3aCTOCYBAHHSA TaCHUTEJS
KOJIMBaHb, TaK i 3 3aCTOCYBaHHAM I'aCUTEJIA KOJIUBAHbD;

- IJIA BUBHAUYEHHS aJleKBaTHOCTU PiBHAHHA (27) OyJio 34ificHEHO TTOPiB-
HAHHA 3HayeHHA nMokasuuka MYE, pospaxoBanoro 3a TH-piBHAHHAMU
(1)i(2);

- 3a pes3yJbTaTaMU HOPIBHAHHS PO3PaxXyHKiB mmokasaHo, mo MUE 3za
TKII mae moxubKy Bix 4,3% mo 4,7% BiZHOCHO PO3pax0OBaHUX Pe3yIbTa-
tiB MYE 3a TH.
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