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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:
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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
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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’).
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IHOOPMAIIIA (ITPABUJIA) AJIAA ABTOPIB

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

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

Crarri my0IiKyIOThCA OMHIE0 3 ABOX MOB: aHTJIINCHKOIO (BiAgaeTbesa mepesara) a60 yKpaiHChbKOIO.

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

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

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

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

4. 3a moTpebu 0 pemaKIlii MOXKe HaJaBaTuCs APyKoBaHuil (A4, moxBifiHWII iHTepBaJ) IPUMIPHUK
pyKoImcy 3 inmocrpamniamu.

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

6. EjleKTpOHHA Bepcis PYKOIHUCY Ta MOro ApyKOBaHU BapisHT (B pasi MOro HagaHHA) MAIOTh OyTH ieHTnY-
HuMu. BoHr MaroTh 0hOPMITIOBATHCS 34 II1A0JI0HOM, STKUI MOYKHA 3aBAHTAKUTH 3 CAUTY JKypHAITY, 1 MicTuTu 5—
7 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.
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Electronic and Magnetic Properties of the Rhodonite

0. K. Kuvandikov, Z. M. Shodiev, and J. Sh. Akhtamov

Samarkand State University named after Sharof Rashidov,
15 University Blvd.,
UZ-140104 Samarkand, Uzbekistan

In this study, the electronic and magnetic properties of the mineral rhodonite
(MnSiO;) are analysed, using both experimental and theoretical approaches.
The investigation employs the experimental Faraday’s method and theoreti-
cal DFT + U calculations. The inverse magnetic susceptibility y *(T) of rho-
donite is found to follow the Curie-Weiss law. A distinct anomaly is observed
in the ¥ (T) curve at 785 K, indicating a polymorphic phase transition from
rhodonite to pyroxmangite, which is further confirmed by differential scan-
ning calorimetry (DSC) analysis. The electron density of states is found to be
asymmetric. Based on its electrical characteristics, rhodonite exhibits a wide
band gap, indicating that it behaves as a dielectric mineral.

Key words: minerals, Faraday’s method, magnetic susceptibility, Curie—
Weiss law, magnetic moment, DFT + U calculations.

VY maHomy mociimkeHHI IpoBeleHO KOMILJIEKCHY aHAaJIidy eJIeKTPOHHUX i Mar-
HETHUX BJIACTUBOCTEl MiHepaay pomoHity (MnSiO;) i3 3acTocyBaHHAM AK €KcC-
IepuMeHTAJbHUX, TAK 1 TeOPeTUUHNX MeTOAiB. EKcIeprMeHTAIbHA YaCcTHHA
BUKOHaHA Meronoio Papanesa, a TeopeTuyHe MOJETIOBAHHA — 32 JOIIOMOT'OIO
PO3paxyHKiB y paMKax (DYHKIIiOHAJy TYCTHUHU i3 BpaxXyBaHHAM KYJOHIBCBKOI
kopensanii (DFT + U). ObepHeHa MarHeTHa crnpuitHaTiausicts y (T) pomoHiTy
3a/0BOIbHAE 3aKoH Kiopi—Baiica. 3a 735 K y zanexxuocti ¢ '(T) BUABJIEHO Ui-
TKY aHOMAJIil0, AKY iHTepHpeTyioTh AK IoJimMopdHUH (asoBuil mepexin Bifg
POIOHITY O MipOXMAaHTITY, IO JOZATKOBO IiATBEPIKEHO METOI0I0 nudepeH-
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mitHOI ckaHyBaabHOI Kajmopumerpii (IICK). Posmozgin eneKTpoOHHOI I'yCTHHU
CTaHiB BUABUBCA aCUMETPUYHUM. 34 CBOIMHU €JEeKTPUUYHUMU XapaKTePUCTHU-
KaMU POJIOHIT € ITNPOKO30HHUM AieJIeKTPUKOM.

Karouosi cioBa: minepanu, meron Papaniesi, MarHeTHa CIIPUNHATINBICTD, 3a-
koH Kiopi—Baiica, maraetauii momeHT, DFT + U-o0uucieHHs.

(Received 13 August, 2025; in final version, 10 March, 2026 )

1. INTRODUCTION

Rhodonite, a manganese-rich mineral belonging to the pyroxenoid
group, is characterized by a triclinic symmetry, similar to all other py-
roxenoids. While the crystal lattice of rhodonite was initially studied
in the conventional P1 space group, a more comprehensive structural
analysis by Ohashi and Finger [1] led to the adoption of the C1 space
group. This revised symmetry facilitates easier physical and chemical
comparisons with pyroxenes and other pyroxenoids.

Rhodonite was first identified by Liebau and his research team [2],
and four years later, its crystallographic data were refined and clari-
fied by Peacor and Nisecki [3]. Although the mineral often contains
several additional chemical elements, its ideal chemical formula is
commonly represented as MnSiO,. This stoichiometric composition was
synthetically obtained by Ito [4]; however, a pure and well-ordered
mineral of this kind has not been found in nature. Liebau et al. [2] pro-
posed a more realistic formula, (Mn,Ca)SiO;, where Fe and Mg typi-
cally appear as minor substituents [5].

The heat capacity (Cy) of rhodonite was measured by Richards and
Huebner over the temperature range from 6 K to approximately 350 K,
with no evidence of a A-type anomaly (magnetic phase transition), indi-
cating the mineral paramagnetic nature [6]. The unique magnetic be-
haviour of manganese-rich minerals, particularly, rhodonite, is of in-
terest for both theoretical and practical research, potentially enabling
various applications. The temperature dependence of magnetic suscep-
tibility in minerals can be precisely studied using the Faraday’s
method, which allows for measurements over a wide temperature
range|[7, 8].

Density functional theory (DFT), a theoretical approach, whose
computational results closely align with experimental observations, is
increasingly utilized in the study of mineral properties. Investigating
the electronic and magnetic characteristics of rhodonite, a manganese
silicate mineral, through DFT calculations not only broadens the re-
search scope, but also enhances the reliability of experimental find-
ings. By employing DFT within the software packages such as Quan-
tum ESPRESSO [9, 10], researchers can accurately model the elec-
tronic structure of rhodonite. This enables the elucidation of its band
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structure and the density of states, which are critical for understand-
ing its conductivity and other electronic properties. Reinforcing theo-
retical predictions with experimental validation significantly
strengthens the credibility of the research.

2. METHODOLOGY
2.1. Experimental Details

The temperature dependence of the magnetic susceptibility, x(7'), of
the rhodonite mineral was measured using the Faraday’s method. The
measurements were carried out in an inert helium atmosphere. The ex-
perimental values of the magnetic susceptibility at various tempera-
tures were determined using the following expression:

m (U,,, -U,)

r h+s
m, (U,, -U,)

h+r

X =% (1)

In this context, U, represents the compensating voltage measured for
the combined sample and holder, while U,., corresponds to the compen-
sating voltage for the standard reference and holder. U, denotes the
voltage drop of the empty holder (made of alumina, Al,O;). The sym-
bols m, and m, refer to the masses of the reference and the sample, re-
spectively, and y, indicates the magnetic susceptibility of the reference
material. Mohr’s salt was selected as the reference compound in the
experiment.

The relative measurement uncertainty of the magnetic susceptibil-
ity in the setup does not exceed 3%.

2.2, Computational Details

For strongly correlated electron systems (particularly, those involving
elements with occupied d and f orbitals such as Mn, Fe, Co, Ni and the
lanthanides and actinides), the application of the extended density
functional theory + Hubbard U (DFT + U) method is considered appro-
priate. This approach accounts for the on-site Coulomb repulsion be-
tween localized electrons, thereby, producing results, which are more
representative for the real physical behaviour of the material. The
crystallographic data required for the DFT + U calculations were ob-
tained based on the experimental results reported by Nelson and
Griffen [5]. The DFT + U calculations were performed for the ferro-
magnetic (FM) phase, using the Quantum ESPRESSO package [11].
The Hubbard U parameters employed were as follow: U(Mn)=4eV,
U(Si)=0eV, and U(O)=0eV. Ultrasoft pseudopotentials were utilized
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in all calculations.

3. RESULTS AND DISCUSSION
3.1. Magnetic-Susceptibility Measurements

The temperature dependence of the magnetic susceptibility, y(7T), for
the rhodonite (MnSiO;) mineral is illustrated in Fig. 1. As the tempera-
ture increases, the magnetic susceptibility decreases gradually. This
behaviour is attributed to the enhanced thermal agitation, which leads
to increasing disorder among the atomic magnetic moments. Figure 2
presents the inverse magnetic susceptibility (y ') and the results of dif-
ferential scanning calorimetry (DSC) analysis. In panel (a), the y*
curve exhibits a linear increase with temperature, followed by a no-

o
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Fig. 1. The y(T) dependence graph for rhodonite.
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Fig. 2. The v '(T) dependence for rhodonite (a) and its DSC analysis (b).
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ticeable inflection point at 735 K. This sharp change in magnetic sus-
ceptibility indicates the occurrence of a polymorphic phase transition.
To verify the presence of this transition, DSC analysis was conducted
and compared with findings from previous studies reported in the lit-
erature.

The temperature-dependent variation of the DSC signal shown in
panel (b) was obtained using a STA PT1600 TG-DSC/DTA system. An
endothermic effect was recorded at 740.4 K, indicating a thermal
event. Similar anomalies in this temperature range were also reported
by Maresch and Mottana [12], who identified the o-rhodonite
(MnSiO;) & B-pyroxmangite (MnSiO;) polymorphic phase transition at
closely related temperatures, specifically, at 697.7 K and 748.2 K, un-
der different experimental conditions. This correspondence further
supports the occurrence of a phase transition in the studied sample.

The a-rhodonite (MnSiO3) - B-pyroxmangite (MnSiO;) polymorphic
phase transition is illustrated in Fig. 3. The observed endothermic ef-
fect within the 697.7-748.2 K range closely corresponds to the mag-
netic anomaly detected at 735 K, indicating a strong correlation be-
tween the magnetic transition (') and the thermal response (DSC). At
higher temperatures, a pronounced endothermic effect was observed at
1444.0 K, suggesting an additional significant thermal transforma-
tion.

This represents a second phase transition occurring at a tempera-
ture close to the P-MnSiO; <> y-MnSiO; transformation reported at
1437.3 K by Proidak et al.[14]. The transition temperature observed in
our study (at1444.0 K) shows excellent agreement with the findings of
[14], with the minor discrepancy (= 7 K) attributable to variations in
experimental conditions such as scan rate, sample impurities, and in-
strument sensitivity.

As shown in Table 1, extrapolation of the linear region of the y (T)
dependence within the temperature range of 297-723 K yields a posi-

HM:C -1
a=9.797A
5=10.497A

=12.185A

0=108.550°
$=103.020°
¥=82.490°

Fig. 3. Polymorphic phase transition from rhodonite (MnSiO;) to pyroxmang-
ite (MnSiO;) [13].
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TABLE 1. Calculation results.

Mineral | Temperature interval, K| @ [C, 10 sm®g “K| po, 1tp | Hetes Mg
rhodonite 297-723 115 18 4.53 6.21
(MnSiO;) 738-1123 545 485 2.68  3.67

tive Curie—Weiss temperature of ® =115 K, indicating the presence of
ferromagnetic interactions between the magnetoactive atoms in the
rhodonite crystal structure. At higher temperatures (738-1123 K), ®
increases to 545 K. Concurrently, the effective magnetic moment (i)
decreases from 4.53u; to 2.68;, suggesting the influence of thermal
effects and a possible phase transition within the crystal lattice.

3.2. DFT + U Calculation

The DFT + U calculations based on the MnSiO, crystal structure of pure
rhodonite (free of inclusions) were carried out for the ferromagnetic
(FM) phase, using the Quantum ESPRESSO software package.

Figure 4 presents the calculated density of states (DOS), in which
the asymmetrical distribution of the spin-up and spin-down states in-
dicates spin polarization within the system. In particular, a pro-
nounced difference is observed between the spin-up and spin-down
densities of states for manganese and oxygen near the Fermi energy,
indicating the presence of magnetic moments associated with the rho-

Density of states
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Fig. 4. Total and partial electron density of states of the rhodonite mineral.
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donite atoms. Regarding the electronic properties, a significant band
gap appears around the Fermi level, confirming the dielectric nature of
rhodonite. As well known, DFT + U calculations tend to underestimate
the band-gap energy (E,); therefore, to obtain values in closer agree-
ment with experimental data, the HSE06 (Heyd—Scuseria—Ernzerhof
2006 hybrid functional) method is recommended.

Table 2 presents the magnetic moments (in Bohr magnetons, u;) of
Mn, Si, and O atoms as calculated using the DFT + U method. The mag-
netic moments of all manganese (Mn) atoms range from 4.0628; to
4.06335, indicating their dominant role in the magnetic behaviour of
the system. In contrast, silicon (Si) atoms exhibit very small magnetic
moments, between 0.0043u; and 0.0050u;, suggesting that they do not

TABLE 2. DFT + U calculated results.

Bohr Bohr Bohr Bohr

No. [Atom| magne- |No.|Atom| magne- |No.|Atom| magne- |No.|Atom| magne-
ton (pg) ton (ug) ton (1p) ton (ug)

1 Mn 4.0628 26 Si 0.0045 51 O 0.0354 76 O 0.0233

2 Mn 4.0628 27 Si 0.0045 52 O 0.0354 77 O 0.0267

3 Mn 4.0628 28 Si 0.0045 53 O 0.0418 78 O 0.0267

4 Mn 4.0628 29 Si 0.0043 54 O 0.0418 79 O 0.0267

5 Mn 4.0633 30 Si 0.0043 55 O 0.0418 80 O 0.0267

6 Mn 4.0633 31 Si 0.0043 56 O 0.0418 81 O 0.0127

7 Mn 4.0633 32 Si 0.0043 57 O 0.0331 82 O 0.0127

8 Mn 4.0633 33 Si 0.0050 58 O 0.0331 83 O 0.0127

9 Mn 4.0599 34 Si 0.0050 59 O 0.0331 84 O 0.0127

10 Mn 4.0599 35 Si 0.0050 60 O 0.0331 8 O 0.0123
11 Mn 4.0599 36 Si 0.0050 61 O 0.0427 8 O 0.0123
12 Mn 4.0599 37 Si 0.0045 62 O 0.0427 87 O 0.0123
13 Mn 4.0299 38 Si 0.0045 63 O 0.0427 88 O 0.0123
14 Mn 4.0299 39 Si 0.0045 64 O 0.0427 89 O 0.0101
15 Mn 4.0299 40 Si 0.0045 65 O 0.0362 90 O 0.0101
16 Mn 4.0299 41 O 0.0454 66 O 0.0362 91 O 0.0101
17 Mn 4.0864 42 O 0.0454 67 O 0.0362 92 O 0.0101
18 Mn 4.0864 43 O 0.0454 68 O 0.0362 93 O 0.0127
19 Mn 4.0864 44 O 0.0454 69 O 0.0303 94 O 0.0127
20 Mn 4.0864 45 O 0.0878 70 O 0.0303 95 O 0.0127
21 Si 0.00563 46 O 0.0378 71 O 0.0303 96 O 0.0127
22 Si 0.0053 47 O 0.0378 72 O 0.0303 97 O 0.0168
23 Si 0.0053 48 O 0.08378 73 O 0.0233 98 O 0.0168
24 Si 0.0053 49 O 0.08354 74 O 0.0233 99 O 0.0168
25 Si 0.0045 50 O 0.0854 75 O 0.0233 100 O 0.0168
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significantly contribute to the magnetization and primarily partici-
pate in chemical bonding within the crystal lattice. Oxygen (O) atoms
develop minor magnetic moments ranging from 0.0127u; to 0.0418;.
These results confirm that Mn atoms are the principal contributors to
magnetism in the rhodonite mineral.

3.3. ELF Analysis

The electron localization function (ELF) map is a visual tool that illus-
trates the spatial localization of electrons and plays a crucial role in
identifying interatomic electron densities and the nature of chemical
bonding [15, 16]. It also reflects the electrical-conductivity character-
istics within the molecular or crystal structures. Figure 5 shows the
ELF map of the rhodonite (MnSiO;) mineral. A strong ionic character
is observed between MnI" and OI ions, although the valence electrons
of oxygen also indicate partial covalence. Electrons are clearly local-

Fig. 5. ELF map of the rhodonite mineral, including 3D views (a), (b), and a
2D projection (¢).
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ized around Mn-O bonds, leading to the formation of electric dipoles,
when an external electric field is applied. Such local dipole formations
give rise to dielectric behaviour. The Si—O bonds exhibit polar and
strongly covalent characteristics, with electron density skewed toward
the oxygen atoms.

4. CONCLUSION

Based on the combined experimental and theoretical (DFT + U) investi-
gations of the rhodonite mineral, the following conclusions were
drawn. The y '(T) curve exhibits linear behaviour, confirming that
rhodonite follows the Curie-Weiss law. A kink in the y (T) plot at ap-
proximately 735 K corresponds to a polymorphic phase transition from
rhodonite to pyroxmangite, consistent with the findings reported in
Ref. [12]. At higher temperatures, the DSC analysis reveals a phase
transition (B-MnSiO; <> y-MnSiO;) at 1444.0 K that agrees with the re-
sults in Ref. [14]. From the perspective of electronic properties, the
presence of a wide band gap near the Fermi level indicates that rho-
donite is a dielectric mineral. Magnetic-moment calculations for Mn,
Si, and O atoms confirm that Mn atoms are the primary contributors to
the magnetic behaviour of the mineral. The ELF (electron localization
function) map further supports the dielectric nature of rhodonite, re-
vealing localized electron regions consistent with strong Mn—O bond-
ing. Although the heat capacity (CI(,’) of rhodonite has been experimen-
tally measured by Richard and Huebner over the temperature range
from 6 K to 2350 K, no A-type peak indicative of a magnetic phase
transition was observed [6], supporting the interpretation that rho-
donite exhibits paramagnetic behaviour. However, to classify defini-
tively rhodonite as an ideal paramagnet, additional experimental
measurements below 6 K are required.
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Dual-Mode Pulsed Plasma Source
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17Vadym Man’ko Str.,
UA-61070 Kharkiv, Ukraine

This paper presents the design and operating principle of a newly developed
dual-mode pulsed plasma source capable of operating either as a pulsed vac-
uum-arc plasma source or as a pulsed magnetron sputtering system. Switch-
ing between the two operating modes is achieved by changing the magnetic-
field configuration within the plasma source, modifying the activation se-
quence of the trigger plasma injectors and the energy supplied to the trigger
discharges, as well as adjusting the voltages applied to the main electrodes of
the source. The proposed technical solution simplifies significantly the de-
sign of ion-plasma deposition systems intended for hybrid (combined) coating
technologies. Experimental evaluation of the dual-mode pulsed plasma
source in a hybrid coating-deposition process, in which the vacuum-arc mode
is employed during the initial ion-cleaning stage and the magnetron mode
during the subsequent coating-deposition stage, demonstrates that the de-
posited coatings exhibit high adhesion to the substrate and are free of cath-
ode-material microdroplets, indicating the high quality of the deposited coat-
ings.

Key words: vacuum-arc discharge, magnetron sputtering system, magnetic-
field configuration, trigger injector, hybrid coating-deposition technologies.
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posmopoIiyBaibHa cucreMa. Ilepexin Mixk pexumMamMu po0oTH 3a0e3IIeUyeThCs
3MiHOI0 KOH@irypamii MarseTHOro noJjs y po6odomy 06 €Mi IIJIa3MOBOIO JsKe-
pesa, 3MiHOIO HOCJIiJOBHOCTH CIIPAIlbOBYBAHHA IIYCKOBUX ILIA3MOBUX 1HIKEK-
TOPiB Ta eHeprii, 110 BKJIaIa€ThCA B ITyCKOBI PO3PAM, a TAKOMK 3MiHOIO HATIPYT
SKUBJIEHHS, K1 IIOJaI0OThCA Ha OCHOBHI €JIEKTPOAU AKepesa. 3alpoIOHOBaHE
TeXHiuHe pillleHHs 3HAYHOIO MipOIO CIIPOIIYyE KOHCTPYKIIiI0 HOHHO-IIJIa3MOBUX
YCTaHOBOK, IPUBHAUYEHUX AJA peasisalrii ribpuaHux (KOMOiHOBAHMX) TEXHO-
JIOTi#i HaHeCeHHs IOKPUTTIB pisHOro mpusHaveHHA. IIpaKTUuHi BUIIPOOyBaH-
HA JBOPEKMMHOTO iMIIYJILCHOTO IIJIa3MOBOTO JKepesia B ribpuaHiil TeXHOoJIoril
HaHeCeHHA IIOKPUTTIB, 3a AKOIO HA IepIIoMy eTalri (HoOHHe OYUIIeHHs) BUKO-
PUCTOBYBAaBCA BaKYyMHO-IYTOBUU PEIXUM POOOTH, a Ha APYroMy erami (6e3mo-
cepenHe HAHECEHHS MMOKPUTTS) — MAaTrHETPOHHUU PEKUM, TOKA3aau, 1o cGo-
PMOBaHi MOKPUTTA XapaKTEepU3YIOThCA BUCOKOIO a[re3ie€i0 IO OCHOBH Ta He
MiCTATh MiKPOUACTMHOK MATEPifAay KaToau, IO CBiIUUTH IIPO IXHIO BHUCOKY
AKiCTB.

Karouori cioBa: BaKyyMHO-IYTOBUM PO3PSAN, MarHETPOHA PO3IOPOINyBabHA
cucrteMa, KOH(QIirypaiia MarHeTHOTO IIOJIA, MYCKOBUH iHIKEKTOp, TiOpupHi
TeXHOJIOTII oflep:KaHHA IOKPUTTIiB.

(Received 23 June, 2026; in final version, 30 June, 2026 )

1.INTRODUCTION

Among the most widely used PVD methods for producing coatings of
various purposes are the vacuum-arc method (arc-PVD) [1, 2] and the
method employing magnetron sputtering systems (mss-PVD) [3, 4].
Both methods belong to ion-plasma technologies, and each of them pos-
sesses specific advantages and disadvantages. The principal devices
used for coating deposition by ion-plasma methods are technological
vacuum-arc plasma sources (arc evaporators) in vacuum-arc systems
and magnetron sputtering systems (magnetrons) in magnetron-based
technologies.

In recent years, so-called hybrid (combined) methods [5—8] have in-
creasingly been employed in ion-plasma systems to obtain coatings of
the highest quality. Such methods involve the application of several
different surface treatment techniques within a single technological
process, utilizing the most advantageous features of each method.

The main advantages of the vacuum-arc coating-deposition method
are the high adhesion of the deposited surface layer to the substrate
and the high processing productivity. Its principal disadvantage is the
presence of microparticles of cathode material within the deposited
coatings, typically in the form of microdroplets with sizes > 2 um,
which is inherent to the physical nature of vacuum-arc discharges [9—
11]. The use of plasma filters [12] makes it possible to reduce the num-
ber of microparticles reaching the treated surface; however, this ap-
proach does not eliminate completely the problem.
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Coatings deposited by the magnetron method do not contain cath-
ode-material microparticles that ensures their structural uniformity.
However, their adhesion to the substrate and the productivity of the
process are lower than those in the vacuum-arc method. This is due to
the lower degree of ionization of atoms sputtered from the cathode
target and the lower main discharge currents compared with the vac-
uum-arc method.

At present, the implementation of hybrid coating-deposition meth-
ods combining vacuum-arc and magnetron techniques within a single
technological process requires ion-plasma systems equipped with at
least one technological vacuum-arc plasma source and one magnetron
sputtering system. Such an expansion of functional capabilities can be
realized, for example, in ‘Bulat’ systems by installing a magnetron on
the vacuum chamber. The development of systems for hybrid PVD
processes based on the ‘domino’ principle is described in [13].

Improvement in coating quality achieved by the hybrid method com-
bining vacuum-arc and magnetron technologies is realized as follows.
During the first stage (ion cleaning), a vacuum-arc plasma source is
employed simultaneously with the application of a high negative po-
tential to the products. This ensures high coating adhesion to the sub-
strate and heats the products to the required temperature, thereby im-
proving the conditions for coating formation. After completion of ion
cleaning, the second stage begins, during which the voltage applied to
the substrate holder is reduced, the magnetron sputtering system is
activated, and the coating is deposited by a flux of sputtered particles
free from cathode material microparticles.

A significant disadvantage of such a combined method is the in-
creased complexity of the equipment required for its implementation,
since the coating-deposition system must incorporate two different
types of particle sources responsible for coating formation.

The aim of this work is to develop the design of a pulsed plasma
source capable of operating, depending on the selected mode, either as
a pulsed vacuum-arc plasma source or as a magnetron sputtering sys-
tem.

2. DESIGN OF THE DUAL-MODE PULSED PLASMA SOURCE

2.1 Basic Requirements for the Design of the Dual-Mode Pulsed
Plasma Source

During the development of the dual-mode pulsed plasma source design,
it was necessary to satisfy a number of requirements that would enable
the plasma source to generate a plasma flux, while operating in two
modes: either vacuum-arc discharge mode or magnetron discharge
mode.
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The principal requirements for vacuum-arc evaporators operating in
a steady-state mode are presented in Refs. [1, 2]. When a vacuum-arc
source operates in a pulsed mode, an additional requirement arises,
namely, ensuring uniform cathode wearing.

As regards pulsed magnetron sputtering systems [3, 4], the operat-
ing requirements largely coincide with those for vacuum-arc plasma
sources. The major difference between these types of plasma sources
lies in the different magnetic field configurations required for their
operation, as well as in the voltages that must be applied to the main
electrodes of the devices and the operating modes of the trigger plasma
injectors.

Thus, by creating conditions under which both vacuum-arc and
magnetron discharges can be sustained sequentially within a single
device through variation of the magnetic field configuration and other
parameters, the implementation of the hybrid method can be signifi-
cantly simplified.

2.2 Design of the Pulsed Plasma Source

The design of the dual-mode pulsed plasma source, which satisfies the
requirements for operation in the mode of a pulsed vacuum-arc plasma
source and, upon modification of the magnetic-field configuration and
the operating mode of the trigger plasma injectors, provides transition
to the mode of a pulsed magnetron sputtering system, is shown in Fig.
1.

The pulsed plasma source consists of an anode 1, at one end of which
a consumable disc cathode 2 with an electromagnet 3 is coaxially
mounted, while at the opposite end a substrate holder 4 with the
treated products 5 is installed. By means of flange 6 and insulating
gasket 7, the cathode is vacuum-tightly connected to the anode. The
anode is surrounded by electromagnet 8 (the power supplies of elec-
tromagnets 3 and 8 are not shown in Fig. 1). The trigger plasma injec-
tors TI,—TI,, are installed within the anode body near cathode 2.

Each trigger plasma injector consists of an igniting electrode 9 (IE)
and a cathode electrode 10 (CE), both made in the form of rectangular
cross-section rods and placed inside a ceramic housing 11. The housing
of each trigger plasma injector is vacuum-tightly integrated into the
anode. The pulsed power supply unit PPS, of the main discharge be-
tween the anode and cathode includes a storage capacitor C, connected
to the main power supply MPS,, and a switching element S,, the con-
trol terminal of which is connected to the control unit CU. The trigger
plasma injectors TI,—TI,, are powered by pulsed power supply units
PPS,—PPS,, (the units PPS,—PPS,, and their connections to the arc
power supply APS and the magnetron power supply MPS are shown
schematically in Fig. 1).
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Fig. 1. Schematic diagram of the dual-mode pulsed plasma source and its
power supply system: I is anode, 2 is cathode, 3 is solenoid, 4 is substrate
holder, 5 are products, 6 is flange, 7 is insulator, 8 is solenoid, 9, 10 are elec-
trodes of the trigger plasma injector, 11 is ceramic housing of the injector,
TI,—TI,, are trigger plasma injectors, PPS, is pulsed power unit for the main
discharge between the anode and cathode, PPS,—PPS,, are pulsed power units
for the trigger plasma injectors (shown schematically), MPS,, APS, and MPS
are power supplies, CU is control unit, CE is cathode electrode of the trigger
plasma injector.

2.3 Features of the Components and Units of the Dual-Mode Pulsed
Plasma Source

Unlike the plasma injectors used in vacuum-arc plasma sources for arc
excitation, which typically have a cylindrical shape [13], the developed
dual-mode pulsed plasma source employs trigger injectors of rectangu-
lar shape, as shown in Fig. 2.

In this case, the electrodes of the trigger injector have a rod-shaped
configuration and are fabricated from the same material as the cath-
ode. The increased cross-sectional area of the cathode electrode of the
injector, compared with that of the igniting electrode, is explained by
the formation of a cathode spot of the trigger discharge on its surface
[14], which results in more intensive wearing compared with the ignit-
ing electrode. Such design solutions ensure the absence of impurities
in the plasma generated by the dual-mode pulsed plasma source and
provide a long service life of the main discharge ignition system.

During the fabrication of the trigger injector, electrodes were vac-
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Fig. 3. Electrical circuit diagram of the trigger plasma-injector power supply
unit.

uum-tight mounted into a housing made of 22KhS ceramic using so-
dium silicate (Na,SiO;9H,0), following the procedure described in
[15]. The trigger injectors were likewise vacuum-tight mounted into
the anode, using the same technological procedure.

Each operating mode of the pulsed plasma source requires the corre-
sponding operation of the trigger injectors, which ensure reliable exci-
tation of either the vacuum-arc discharge or the magnetron discharge
between the anode and cathode of the device. The operating mode of
the trigger injectors is determined by the control unit CU, which regu-
lates the operation of the plasma injector power supply units PPS;—
PPS,,. The electrical circuit employed in the design of the trigger
plasma injector power supply units is shown in Fig. 3.

3. OPERATING PRINCIPLES OF THE DUAL-MODE PULSED
PLASMA SOURCE

After the preliminary surface preparation, the products 5 are mounted
on the substrate holder 4. The vacuum chamber (not shown in Fig. 1) is
then sealed and evacuated to a pressure of approximately 10 Pa. Sub-
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sequently, the pulsed plasma source power supply system is activated.
This includes the power supplies MPS,, APS, and MPS, which charge
the capacitors C,, C,, and C,, located in the pulsed units PPS, and
PPS,—PPS,,, respectively. In the present study, the capacitances of C,,
C,, and C,, were of 100.0 pF, 40.0 puF, and 2.0 pF, respectively. These
capacitors were charged to the following voltages: 800 V for C,, 500 V
for C,, and 700V for C,,.

The coating-deposition process subsequently begins with the ion-
cleaning stage, during which the pulsed plasma source operates in the
vacuum-arc mode. Upon receiving a command from the control unit
CU, the power supplies of electromagnets 3 and 8 are energized,
thereby, generating a combined and co-ordinated magnetic field.

The pulsed vacuum arc is ignited by means of trigger plasma injec-
tors T1,—TI,,. A triggering voltage is applied to the igniting electrode
9 (IE) of each injector from the pulsed units PPS,—PPS,, (supplied by
capacitors C,; Fig. 3) through the switching elements S, (TB161-80-12
thyristors), which are controlled by the CU (Fig. 1).

The cathode electrodes 10 (CE) of the trigger plasma injectors T1,—
TI,, are permanently connected to the second terminals of capacitors
C, and C,,. Application of the triggering voltage to a plasma injector
initiates a surface discharge along the dielectric separating its elec-
trodes. As a result, a cathode spot is formed on the cathode electrode of
the injector, generating a plasma plume in the vicinity of the working
surface of cathode 2. Simultaneously, upon activation of the switching
elements S,, the control unit also switches on the main switching ele-
ment S, (TB2-160-10 thyristor). Consequently, a voltage is established
between anode I and cathode 2. In the presence of the plasma plume
near the cathode surface, this voltage initiates a pulsed vacuum-arc
discharge between the anode 1 and cathode 2 of the device.

The pulse repetition frequency of the vacuum-arc discharge was of
800 Hz, while the peak arc current reached 450 A. To increase the ser-
vice life of the arc ignition system and to ensure uniform wearing of
the cathode 2, the trigger plasma injectors were activated sequentially
in a cyclic manner according to the algorithm implemented in the con-
trol unit. The energy supplied to each trigger discharge was of 5 J.

The cathode spots generated by the pulsed arc discharge transform
the cathode material into a plasma state. The resulting cathode-
material ions are accelerated by the bias voltage applied to the substrate
holder 4 and the products 5 during this stage (the bias voltage was of
1000 V) and bombard the product surfaces, thereby providing simulta-
neous surface cleaning and heating. This process continues until the
products 5 are heated to the required temperature (of approximately
500°C for P6M5 high-speed steel) and their surfaces become suffi-
ciently cleaned and activated for the deposition of high-quality coat-
ings. Once these conditions are achieved, the ion-cleaning stage is ter-
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minated, and the process proceeds to the coating-deposition stage.

The coating-deposition process was carried out with the pulsed
plasma source operating in the magnetron discharge mode. To switch to
this operating mode, the power supplies of electromagnets 3 and 8 were
reconfigured by the control unit CU to generate an opposing magnetic
field. Simultaneously, the bias voltage applied to the substrate holder
was reduced to 150 V, while the pressure in the vacuum chamber was
increased to 2:107! Pa by introducing the reactive gas (nitrogen).

The magnetron discharge between anode 1 and cathode 2 was initi-
ated, using trigger plasma injectors TI,—TI,,. A triggering voltage
from pulsed units PPS,—PPS,, was applied to the injector electrodes
through the switching elements S,, (TCh-50-9 thyristors), which were
controlled by the CU. This resulted in the simultaneous activation of all
plasma injectors and the discharge of the energy stored in capacitors C,,
into the trigger discharge. Under these operating conditions, the en-
ergy delivered to the trigger discharge of each injector was of 0.49 J.

Unlike the ion-cleaning mode, all trigger plasma injectors were acti-
vated simultaneously, producing a plasma cloud uniformly distributed
over the working surface of the cathode 2. At the same time, similarly
to the ion-cleaning stage, a voltage from the pulsed power unit PPS,
was applied between anode 1 and cathode 2 by switching on the element
S, in response to a command from the control unit. In the presence of
the plasma cloud near the cathode surface and the magnetic field of the
required configuration, these conditions resulted in the ignition of a
pulsed magnetron discharge between anode 1 and cathode 2 of the
plasma source.

The pulse repetition frequency of the magnetron discharge was 1000
Hz, while the peak discharge current reached 25 A. The atoms and ions
sputtered from cathode 2 in the magnetron discharge were transported
toward the substrate holder and deposited onto the surfaces of the
products 5, thereby, forming the coating. The deposition process con-
tinued until a coating thickness of 2 pym was achieved.

4. RESULTS AND DISCUSSION

Characterization of the coatings deposited using the proposed pulsed
plasma source demonstrated that their adhesion to the substrate was
comparable to that of conventional vacuum-arc coatings. At the same
time, the deposited coatings were free of cathode material microdrop-
lets, which are typically observed in vacuum-arc deposition processes.
Furthermore, the coatings consisted exclusively of the cathode mate-
rial without detectable impurities. These results indicate the high
quality of the deposited coatings.

The proposed pulsed plasma source was used to deposit coatings on
15 batches of products under the operating conditions described above.
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Throughout the experimental campaign, no failures were observed in
the ignition of either the pulsed vacuum-arc discharge or the pulsed
magnetron discharge, demonstrating the high reliability of the dis-
charge ignition system.

Thus, the proposed design successfully achieves the intended tech-
nical objectives. Specifically, it extends the functional capabilities of
the pulsed plasma source by enabling stable operation in both the mag-
netron discharge mode and the vacuum-arc discharge mode. In addi-
tion, the proposed ignition system provides enhanced reliability of the
main discharge initiation in both operating modes and contributes to
the deposition of high-quality coatings.

5. CONCLUSIONS

A pulsed plasma source capable of operating in both the pulsed vac-
uum-arc mode and the pulsed magnetron sputtering mode has been
developed. Transition between the two operating modes is achieved by
modifying the magnetic-field configuration within the plasma source,
changing the activation sequence of the trigger plasma injectors and
the energy supplied to the trigger discharges, as well as adjusting the
voltages applied to the main electrodes. These operating conditions are
implemented by the power supply circuit of the plasma source.

The design features of the dual-mode pulsed plasma source are pre-
sented, with particular emphasis on the trigger plasma injectors and
their operating principles in each discharge mode.

Experimental evaluation of the dual-mode pulsed plasma source in a
hybrid coating-deposition process, in which the plasma source oper-
ated in the vacuum-arc mode during the initial ion-cleaning stage and
in the magnetron mode during the subsequent coating-deposition
stage, demonstrated that the deposited coatings exhibited high adhe-
sion to the substrate and were free of cathode material microdroplets.
These results confirm the high quality of the deposited coatings.

The proposed plasma source significantly simplifies the design of
ion-plasma coating systems intended for hybrid (combined) coating
technologies by enabling both ion cleaning and coating deposition to be
performed using a single plasma source operating in two different dis-
charge modes.
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Relationship between Structural Characteristics and Physical-
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A comparative analysis of the structure and physical-mechanical characteris-
tics of hafnium-diboride films synthesized by means of RF magnetron sput-
tering system is performed. As shown, changing the design features of the
magnetron sputtering system (MSS) changes the structure formation pa-
rameters and, accordingly, the properties of the synthesized films. Two se-
ries of samples are obtained: before and after making changes to the MSS de-
sign. In the first series of experiments, films with the growth texture of the
(00.1) plane are formed at a positive bias potential applied to the substrate,
have a strong growth texture and high physical-mechanical characteristics:
nanohardness of 41 GPa and elastic modulus of 396 GPa. For the second se-
ries of samples, textured hafnium-diboride films with the most intense tex-
ture (00.1) are formed with a grounded-substrate holder, while the resulting
films have the best physical-mechanical characteristics: nanohardness of
46 GPa and elastic modulus of 306 GPa. As shown, hafnium-diboride films
with a strong growth texture normal to the (00.1) plane have the highest
physical-mechanical properties, regardless of the deposition conditions dur-
ing magnetron sputtering.
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IIpoBeneno mOpPiBHANBHY aHANi3y CTPYKTypu Ta (Di3BMKO-MeXaHIUHUX Xapak-
TePUCTUK ILIiBOK aubopuny Iadwuiio, cuHTe30BaHMX 3a momomoror BY-
MAaTrHEeTPOHHOI CHCTeMM pPOo3mopolineHHs. [lokasano, 110 3MiHA KOHCTPYKTHUB-
HUX 0COOJMBOCTEH MarHeTPOHHOI posmopolinyBaabHoi cuctemu (MPC) saminioe
mapaMeTpu CTPYKTYPOYTBOPEHHS Ta, BiAMOBiAHO, BJaCTUBOCTI CHHTE30BAHUX
miriBok. Omep:xaHo OBi cepii 3pasKiB: 10 Ta micasa BHECEHHA 3MiH Y KOHCTPYK-
mito MPC. V¥ mepitriii cepii eKCIIEPUMEHTIB IIJIiBKY 3 TEKCTYPOIO POCTY ILIOIIH-
Hu (00.1) hopMyrOTHCA 3a TPUKJIAAEHOTO A0 MiAKJIATUHKN ITO3UTUBHOTO IIOTE-
HIIiAMYy B3MillleHHs, MaloTh CHJbHY TEKCTYpPY POCTY Ta BHCOKi (isuKo-
MexaHiuHi xapaKTepucTuku: HaHnoTBepaicTs y 41 I'lla i mogyap mpy:KHOCTH Y
396 Ila. [loa apyroi cepii 3paskiB TekcTypoBaHi miiBKu ambopuny aduito 3
Haio6iabIl iHTeHCHBHOIO TeKcTyporo (00.1) dopmyroThcs i3 3arpyHTOBaHUM
OigKJIaJNHKOTPIMAYeM; BOJHOYAC, OJlEP:KaHi IIIBKY MAalOTh Hauinmri gisu-
KO-MeXaHiuHi XxapakTepuCcTUKU: HaHOTBepAicTh y 46 I'lla i Mmoaysb mpys:KHOC-
1y 306 I'Tla. ITokasaHo, 1110 mwiIiBKu guoopuny I'adHio 3 CUILHOIO TEKCTYPOIO
pocty, HOpMaabHOIO A0 miaoinuuau (00.1), maioTh HaliBUIIl (pisuKo-MexaHiuHL
BJIACTUBOCTi, HE3aJIe’KHO BiJl YMOB OCaPKeHH IIiJ] Yac MarHETPOHHOTO PO3IIO-
POIIIEHHA.

KarouogBi cioBa: mOKpUTTA, IJIiBKY, MAarHETPOHHE POIIOPOIIEHHA, HAHOTBED-
IiCTh, MOIYJIb IPYKHOCTHU.

(Received 10 February, 2025; in final version, 2 July, 2025)

1. INTRODUCTION

Film coatings of transition-metal diborides (CrB,, HfB,, TiB,, TaB,,
etc.) having high hardness with a relatively small elastic modulus are
promising for use as the heat-resistant and wear-resistant protective
coatings in various industries [1—4]. Due to the high melting point, the
most widely used method for applying such coatings is magnetron
sputtering, mainly, on direct current and RF magnetron sputtering.
By changing the parameters of magnetron sputtering (working pres-
sure, discharge power, substrate temperature, distance between the
target and the substrate, bias potential), it is possible to change the en-
ergy of particles, which participate in the deposition and formation of
films on the substrate surface in a wide range. The review [5] provides
a detailed analysis of the sputtering parameters and their influence on
the formation of the structure and, accordingly, their physical-
mechanical characteristics. This makes it possible to obtain coatings of
various structural states, from amorphous to nanocrystalline ones,
with the (00.1)-plane growth texture and the composition from sub-
stoichiometric MeB to superstoichiometric MeB,. As shown, the su-
perstoichiometry n values for transition-metal diboride films with the
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(00.1)-plane growth texture vary widely from 2.07 to 4.5 for TiB, [6—
11] and 2.7 to 3.84 for TaB, [10—-12]. However, the best hardness val-
ues, more than 40 GPa, were possessed by superstoichiometric films
with the B/Me ratio within 2—3, which was noted for titanium [6, 8,
13, 14] and tantalum[9, 10, 13, 15, 16] diborides.

A characteristic feature of transition-metal diboride films is that
boron-superstoichiometric films with a strong (0001)-plane growth
texture had higher hardness values of 43.9 GPa (HfB,), 44 GPa (TaB,),
43 GPa (CrB,;), 48.5GPa (TiB,) compared to stoichiometric films
(HV =33 GPa, 36 GPa, 37 GPa, and 35 GPa, respectively) [6, 9-17]. It
should also be noted that, of this class of compounds, only vanadium-
diboride films with a (0001)-plane growth texture did not show such
high characteristics. This was associated with a high percentage of ox-
ide phases in the film [18, 19].

Among all nanostructured coatings of transition-metal diborides,
hafnium-diboride coatings are of particular interest. Hafnium dibor-
ide has the highest melting point among diborides, high chemical re-
sistance, and high hardness. Functional coatings based on it are capa-
ble of operating under extreme conditions, while maintaining the
above-mentioned properties. Some of the promising areas of applica-
tion of these coatings are nuclear energy and aerospace, namely, the
creation of hypersonic aircraft. The study of the properties of nanos-
tructured coatings of hafnium diboride began relatively recently [20]
and remains relevant to this day [21].

A comparative analysis of the influence of structural characteristics
on the properties of transition-metal boride films showed that films
with a strong growth texture by the (0001) plane and high hardness
values are formed for various magnetron sputtering systems at vari-
ous magnetron sputtering parameters, both with direct current and
with RF sputtering [8, 22]. This is due to the design features of various
magnetron systems.

In this work, a study was conducted of the relationship between the
structure and physical-mechanical characteristics of hafnium-diboride
films synthesized using an RF magnetron sputtering system.

2. EXPERIMENTAL/THEORETICAL DETAILS

The horizontal RF magnetron sputtering system (MSS) based on an
unbalanced planar magnetron designed for the use of standard round
targets with a diameter of 120—125 mm and a thickness of up to 10 mm
was used for deposition of hafnium-diboride films. The schematic dia-
gram of scattering unit is shown in Fig. 1 [18]. The magnetron mag-
netic field with strength of about 4-10° A/m on the target surface is
created by a set of permanent ring magnets (CoSm) with a steel pole
core. The source of RF power is a generator with a frequency of
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Fig. 1. Diagram of a magnetron sputtering system: I—unbalanced magne-
tron, 2—Langmuir’s probe, 3—substrate holder.

13.56 MHz and an adjustable power of up to 1 kW connected to the
load, using a matching network, which is a L-circuit of reactive ele-
ments, and a blocking capacitor that ensures the occurrence of a nega-
tive self-bias on the target.

The substrate holder is electrically isolated from the installation
body by ceramic insulators and designed for fastening plate substrates.
A constant voltage source is connected to the substrate holder through
an RF filter, allowing a bias potential in the range from —100 to +100 V
to be applied to the substrate. The samples are heated, using a tungsten
filament with a diameter of 2 mm; a chromel-alumel thermocouple
provides temperature control up to 1100 K.

The sintered HfB, target was sputtered in Ar' plasma. Hafnium-
diboride coatings were deposited on 12X18H10T stainless-steel sub-
strates measuring 20x10x3 mm, pre-polished to a surface roughness of
Ra =0.25 yum. The pressure of the residual gases in the chamber before
spraying was of 3-107® Pa. The duration of the deposition of each sam-
ple was of 60 min.

Two series of samples were obtained: the first series was obtained
before modification of the magnetron sputtering system; the second
series was obtained after modification of the MSS. The design changes
were made in the modified installation: the designs of the magnetron
and substrate holder were changed, the pumping system was changed,
and a Langmuir’s probe was installed to measure the parameters of RF
plasma. In both cases, the working gas pressure during sputtering was
of 0.65 Pa, the RF generator power was of 500 W, the bias potential
applied to the substrate varied from +25V to —-25 V relative to ground
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with a step of 25 V. The distance between the target and the substrate
holder was d,_,= 60 mm. The substrate temperature was maintained at
300°C.

Immediately before deposition, ion cleaning was carried out with
argon ions for 3 min.

The thickness of the films was controlled by multibeam interferome-
try using an MII-4 interferometer; it was of approximately 1.5 pum.

X-ray diffraction studies of the structure of the material were per-
formed on an automated diffractometer IPOH-3. When recording,
CuK, radiation (wavelength of 0.154 nm) was used with Bragg-—
Brentano focusing 6—260 (26 is the Bragg angle). The current and volt-
age values at the x-ray tube were of 20 mA and 40 kV. The samples
were recorded with horizontal slits of 4 mm on the tube and of 1 mm on
the detector in continuous recording mode at a speed of 1°/min with a
range of 20-angles from 20° to 70°. The calculation of nanocrystallite
sizes and microdeformations was carried out using the Scherrer’s
method.

Hardness and elastic modulus were measured by nanoindentation.
For the first series of samples, nanoindentation was performed by
means of the Nano Indenter II device from MTS Systems equipped with
a diamond indenter sharpened in the shape of a trihedral pyramid
(Berkovich’s indenter). Nanoindentation of the second series of sam-
ples was performed by means of the Ultra-Nano Hardness Tester
(UNHT) device from CSM Instruments equipped with a Berkovich’s
indenter too. Hardness and elastic modulus were found by analysing
the indenter-unloading curve, using the Oliver—Pharr method [19].

3. RESULTS AND DISCUSSION

Two series of samples were obtained: the first series was obtained be-
fore modification of the magnetron sputtering system; the second se-
ries was obtained after modification of the MSS. The following design
changes were made in the modified setup:
— the magnetron design was changed: the central iron core (pole) was
replaced with a permalloy core, which significantly changed the mag-
netron balance (Fig. 2) and allowed increasing the concentration of the
discharge plasma between the target and the substrate holder;
— the discharge gap (between the target and the grounded screen) was
changed from 8 to 6.5 mm in order to reduce capacitive losses;
— the area of the substrate holder was increased in order to increase the
discharge capacity;
— the pumping system was improved and the Langmuir’s probe was in-
stalled to measure the parameters of the RF plasma.

Before replacing the magnetron core, the magnetron magnetic-field
line configuration was simulated, using the ANSYS Mechanical APDL
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Fig. 2. Results of modelling the magnetic field of a magnetron: magnetron
(1—stainless-steel body of the magnetron, 2—core, 3—steel core holder, 4—
CoSm ring magnet, 5—HfB, target) (a); magnetic field of a magnetron with a
steel core (b); magnetic field of a magnetron with a permalloy core (¢).

package, the results of which are shown in Fig. 2. As can be seen, such
areplacement leads to a change in the magnetron balance from type I to
type II, according to Ref.[20]. Such a replacement leads to a signifi-
cant change in the charged particle flows in the magnetron glow-
discharge plasma during film deposition. Thus, when using a magne-
tron of the second type, there is an increase in the charged particle
flows to the substrate (ions and electrons, depending on the bias poten-
tial on the substrate), and there is also an increase in the bias potentials
on the surfaces coming into contact with the plasma discharge. This
leads to an increase in the energy transferred by the charged particles
to the growing film and, accordingly, to a modification of the struc-
ture and preferred orientation of the coating.

X-ray structural studies of the first series of samples showed (Fig.
3, a) that, with a grounded substrate holder, nanocluster films of haf-
nium diboride are formed. Applying a positive bias potential leads to
the formation of films with a growth texture (00.1). Applying a nega-
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Fig. 3. Diffraction patterns of hafnium diboride films of samples obtained: in
the first experiment [22] (a), in the second experiment (the diffraction pat-
tern of the sample deposited with the substrate holder grounded is shown on a
scale of 1:10)[18, 23] (b).

tive bias potential of —25V leads to the formation of amorphous-like
films. Changing the design features of the MSS leads to a significant
change in the parameters of formation of the texture of the synthe-
sized films.

For the second series of samples, with a grounded substrate holder,
textured hafnium-diboride films with the most intense texture (00.1)
are formed. Applying a negative bias potential of —-25 V (Fig. 2, b) leads
to a decrease in the growth texture by the (00.1) plane [22, 23]. Signifi-
cant structural changes occur, when applying a positive bias potential
of +25V to the substrate holder (Fig.2,b). Nanocluster films are
formed [22, 23] with the growth texture being completely absent.

Calculation of the texture coefficient allows us to study the devel-
opment of texture as a function of the change in bias voltage on the
substrate. Texture coefficients for HfB, films were calculated, based
on XRD studies of the obtained samples (Fig. 4), using the following
formula [24]:

I
T (hk.l) (1)

(hk1) — ’
I(OO.I) + I(10.0) + I(10.1)
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Fig. 4. Change in texture coefficients depending on bias voltage: for samples
of the first series (a); for samples of the second series (b).

where I(hk.l) represents the intensity of all the main orientations of
the HfB, phase.

The sample from the second series obtained with a grounded sub-
strate holder has the highest texture coefficient. In addition, the fol-
lowing have a high texture coefficient: the sample from the first series
obtained with a bias potential of +25 V; the sample from the second se-
ries obtained with a bias potential of —25 V.

Based on the load—unload curves, the nanohardness and elastic
modulus of the samples were calculated, using the Oliver—Pharr
method (Fig. 5).

For the samples of the first series, the films with a strong growth
texture by the (0001) plane had the best physical-mechanical proper-
ties: nanohardness of 41 GPa and elastic modulus of 396 GPa (Fig. 5,
a). When the substrate holder is grounded, nanocrystalline films of
hafnium diboride are formed, which leads to a decrease in hardness and
elastic modulus (26 GPa and 254 GPa, respectively). Applying a nega-
tive bias potential of —25V leads to the formation of amorphous-like
films that ultimately leads to an even more-significant decrease in the
hardness (13 GPa) and elastic modulus (187 GPa).

For the samples of the second series, the films with a strong growth
texture by the (0001) plane also had the best physical-mechanical char-
acteristics: nanohardness of 46 GPa and elastic modulus of 306 GPa
(Fig. 5, b). For films with a less-pronounced growth texture, a decrease
in the nanohardness value to 36 GPa and a decrease in the elastic
modulus to 271 GPa are observed, which have already occurred previ-
ously for TaB, [25], TiB,[3, 26], CrB,[27] films. For hafnium-diboride
nanocluster films obtained at a bias potential of +25V, a significant
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Fig. 5. Load—unloading curves, as well as nanohardness and elastic modulus
obtained by nanoindentation of samples: first series (a); second series (b).

decrease in hardness and elastic modulus is observed (8 GPa and
175 GPa, respectively).

The calculations of the nanocrystallite sizes, carried out using the
Scherrer’s method, are presented in Table 1. A distinctive feature is
that the nanocrystallite size of the highly-textured hafnium-diboride
films from the first series is higher compared to similar highly-
textured films from the second series.

Comparison of our results with those obtained by other authors,
when depositing the transition-metal diboride films, using RF and DC
magnetron sputtering systems, shows that each MSS has its own val-
ues of deposition parameters, at which films with the best physical-
mechanical characteristics are formed.

Thus, in works [6, 13, 14], superstoichiometric-TiB, , films with the
best physical-mechanical characteristics (HV =48.5 GPa, E =480 GPa)
were obtained at a bias potential of —50V, substrate temperature
Ts=550°C and current density j=1mA/cm? Highly-textured super-
stoichiometric titanium-diboride films with the composition
B/Me=2.3-2.4 having a nanohardness of 48.6 +3.1 GPa and elastic
modulus of 562+ 18 GPa were obtained by other authors [8, 32] at a
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TABLE 1. Production modes, lattice parameters and mechanical properties of
the studied HfB, coatings (—JCPDS file, card No. 38-1398).

Sub- Lattice parame-
strate ters, nm Modulu
Sam- bi Substrate 2 sof | Degree
ias a ¢ |e/a|Nanocrystal- | Nanohard- .
ple tempera- lite size D H.GP elastic- | of tex-
series pOten' ture T, °C ite size D, nm)ness H, GPa ity E ture
tial Us, ’ 3.14243.476/1.11] ’
B | B GPa
A%
+25 300 3.230 3.4001.05 25 41 396  strong
1 0 300 3.160 3.4601.09 10 26 254 -
-25 300 3.179 3.5601.10 - 13 177 -
+25 300 3.179 3.3621.06 4 8 175 -
rela-
2 0 300 3.210 3.4941.09 8 46 306 tively
strong
-25 300 3.182 3.3791.06 15 36 271  strong

bias potential of —100 V and a substrate temperature of 175°C, which
correlate with the above results. However, as shown in the works [34,
35] by Berger et al., it is possible to form highly-textured titanium-
diboride films with the best physical-mechanical characteristics
(H=54+9GPa, E=600+85GPa) even at a positive bias potential of
+50V. In the work [17], highly-textured hafnium-diboride films of
HfB, , with the best physical-mechanical characteristics (HV =44 GPa
and E =400 GPa) were obtained by RF magnetron sputtering at a bias
potential of +50 V and a substrate temperature of 500°C.

It is obvious that, regardless of the type of MSS (DC, RF) and its de-
sign features, there will always be a combination of deposition parame-
ters (discharge power, working gas pressure, bias potential and tem-
perature on the substrate, etc.) that will produce transition-metal
diboride films with the highest degree of growth texture normal to the
(00.1) plane and high physical-mechanical characteristics.

The analysis of the obtained results shows that the hardness of re-
fractory compounds depends on their structural state. At the same
time, the degree of texture affects the physical-mechanical character-
istics of all transition-metal diborides having the AlB, structural type
[4, 22].

4. CONCLUSION

The influence of structure on the physical-mechanical properties of
hafnium-diboride films obtained by means of RF magnetron sputter-
ing was studied. As shown, depending on the sputtering parameters,
films are formed in various structural states from amorphous to
nanocrystalline ones with a growth texture normal to the plane (0.01).
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The values of hardness and elastic modulus varied from 8 GPa and
175 GPa to 46 GPa and 306 GPa, respectively. As shown, a change in
the magnetron design leads to a change in the RF magnetron sputter-
ing parameters. Hafnium-diboride films with the highest degree of
growth texture normal to the plane (00.1) and high physical-
mechanical properties (nanohardness of 41 GPa and elastic modulus of
=400 GPa) were obtained on unmodified MSS at a bias potential of
+25 V. Modification of MSS led to a change in the values of the deposi-
tion parameters, as a result of which hafnium-diboride films with the
highest degree of growth texture normal to the plane (00.1) and high
physical-mechanical properties (nanohardness of 46 GPa and elastic
modulus of 306 GPa) were obtained with a grounded substrate holder
(bias potential of 0V). A distinctive feature is that the size of
nanocrystallites of highly-textured hafnium-diboride films from the
first series is higher in comparison with similar highly-textured films
from the second series, while the degree of texture for samples from
the second series is higher, that probably leads to an increase in nano-
hardness to 46 GPa. It is obvious that the change in the design features
of the MSS leads to a significant change in the parameters of the for-
mation of the structural characteristics and texture of the synthesized
films. The results obtained correlate with the results for highly-
textured films of transition-metal diborides.

A comparative analysis of magnetron sputtering parameters for
hafnium-diboride films with the data obtained for films of other tran-
sition-metal diborides showed that, regardless of the type of magne-
tron sputtering (DC, RF) and its design features, there will always be a
combination of sputtering parameters (discharge power, working gas
pressure, bias potential and temperature on the substrate, etc.), at
which transition-metal diboride films with the highest degree of
growth texture normal to the (00.1) plane and the best physical-
mechanical properties are obtained.

Thus, it can be concluded that, if, at any sputtering parameters,
highly-textured hafnium-diboride films are obtained, in particular,
then, they will have a priori the highest physical-mechanical character-
istics.

This work was funded by the EU Next Generation EU through the
Recovery and Resilience Plan for Slovakia under the project
No. 09103-03-V01-00066.
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Application of the Process of Self-Propagating High-
Temperature Synthesis for the Fabrication of Modifying
Composite Ceramic—Metal Powders
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The processes based on self-propagating high-temperature synthesis (SHS) for
the fabrication of two types of modifying composite materials (MCM) of a
charge containing boron: Ti, B, C, Fe,0;, Al, PT-NA-01, and a charge, in
which silicon (SiO,) and aluminium (Al,O;) oxides in the form of refractory
clay of the PGOSA-0 brand are included instead of expensive boron (B). The
thermodynamic evaluation of the possibility of interplay between the compo-
nents is carried out using the Gibbs energy. The phase compositions of the de-
posited coatings with composite materials (CM) based on PG-10N-01 alloy and
their microhardness are presented. The results of studies of the wear resis-
tance of CM during the friction against fixed abrasive particles show 1.5-2.4
times higher wear resistance compared to the PG-10N-01 alloy. As estab-
lished, the deposited CM modified by the MCM, which contains silicon (SiO,)
and aluminium (Al,0,) oxides instead of boron (B), has higher wear resistance,
when it works in an abrasive environment. This is due to the content of chro-
mium, titanium, silicon, and boron carbides in its structure. The morphology
of the friction surfaces is also in a good agreement with the results of friction
tests upon fixed particles of the deposited coatings PG-10N-01 and CM.

Key words: composite material, boride, SHS process, surfacing, wear resis-
tance.
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HocigkeHo mpolecu caMOPO3IIOBCIOAKYBAHOI BICOKOTEMIIEPATYPHOI CUHTe-
3U IJIS OJep:KaHHA JBOX TUIIIB MOAU(MIKYBATbHIUX KOMIIOSUI[IMHUX MATEPisd-
ais (MKM) 3 muxTu, mo mictuts 6op: Ti, B, C, Fe,05, Al, IIT-HA-01, i mux-
TH, B AKi#l 3amicTs gopororo 6opy (B) Bkiioueno okcugu Cuiimiro (SiO,) #
Aurominito (Al,0;) v Burisaai BoruerpusBkoi ramau mapku IITOCA-0. Tepmo-
IUHAMIUHY OIiHKY MOJKJIMBOCTU Iepebiry B3a€eMOUMHY MiK KOMIIOHEHTAMMU
IpoBoAMIH 3 BuKopucranHaM I i66coBoi eneprii. Haseneno gasoBi ckiany Ha-
TOILIEHUX HMOKPUTTIB KoMIo3uliiHuMu Martepisaamu (KM) Ha ocHOBi cromy
IIT-10H-01 Ta ixHI0O MiKpoTBepaicTh. Pe3yabTaTu AOCIiIKeHb 3HOCOCTiMKOC-
1 KM mig uac reprs o6 3sakpimnyieHi abpasuBHi uacTUHKHY Mokasaau y 1,5-2,4
pasu 6inbIlly 3HOCOCTiHiKicTh MopiBHAHO 3i cTrommom IIT-10H-01. BeranosieHo,
1o Hatomaenuit KM, mogudikosaunit MKM, akuii mictuth okcugu Cuiirmiro
(Si0,) 1 Amrominiro (Al,O;) 3amicTs 6opy (B), Mae BuIlly 3HOCOCTIHKiCT i yac
pobotu B ymoBax abpasuBHOro cepemoBuiiia. Ile symoBiaeHO BMicTOM y i10ro
CTPYKTYpi KapbimiB Xpomy, Turany, Curimnito Ta Bopy. Mopdosoria mosep-
XOHBb TEPTS TAKO0K J00pe Y3ToIKyEThCs 3 pe3yabTaTaMu BUIIPOOYBaHb Ha TEp-
T4 00 3aKkpimieni vactku HatomaeHux nokputrtis I[IT-10H-01 i KM.

KarouoBi ciioBa: KOMIIOSUI[IMHUIN MaTepisa, 00pua, caMOPO3IOBCIOIAKYyBaHA
BHCOKOTEMIIepaTypHa CUHTEe3a, HATOIIJIeHH, 3HOCOCTiHKiCTh.

(Received 14 July, 2025; in final version, 10 March, 2026 )

1.INTRODUCTION

To strengthen and restore machine parts, various methods of surfac-
ing have become the most widespread, including arc surfacing with
consumable and non-consumable electrodes, as it has a number of ad-
vantages: low cost of the equipment used, insignificant penetration of
the surfacing surface, which ensures stable properties of the surfacing
layer throughout its thickness.

Currently, there are many materials available for surfacing machine
parts represented by flux-cored and composite wires, coated elec-
trodes, and surfacing tapes, but the amount of research into the devel-
opment of materials, which work under abrasive wear conditions, is
relatively small.

The resistance of materials to abrasive wear depends significantly
on their structural and phase composition, which is determined not
only by their chemical composition, but also depends on the surfacing
method and mode, weld pool crystallization conditions, and heat
treatment modes of the welded products.

The basis of the structure of wear-resistant alloys is the matrix, in
which there are strengthening phases (carbides, nitrides, borides, etc.).
The alloy matrix performs two functions: it serves as a structural ele-
ment, on which wear resistance depends, and it contributes to the reli-
able retention of the hardening phases to prevent their crumbling un-
der the influence of abrasives and impacts. The type of matrix, its con-
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dition and properties determine the likelihood of crack initiation,
growth and consolidation in the metal under the influence of various
factors and the environment, which affects the wear rate of the alloy.

To achieve high wear resistance of parts operating under abrasive
wear conditions, there are two options for creating wear-resistant al-
loys. The first is to create materials with a metastable structure. Such
materials are capable of absorbing energy introduced from the outside
and dissipating it through structural and phase transformations, pri-
marily through the y —» a transformation. However, such alloys have
little resistance to abrasive wear at temperatures up to 550°C, which is
associated with thermal weakening of the alloy matrix [1]. The second
option is to develop materials that have a thermally stable structure
reinforced with a large amount of solid phase [2]. Materials with such a
structure are the most promising for resisting abrasive wear at ele-
vated temperatures.

In addition, the wear resistance of surfacing materials depends sig-
nificantly on the type and amount of the carbide phase in the alloys.
Most often, the hardening phase should contain the following carbides:
Fe,C, Mn,C, Cr,C, W,C, WC, VC, TiC, B,C, Mo,C, etc., as well as car-
borides, iron nitrides and alloying elements. At present, metal, non-
metallic and composite materials, monolithic and porous, with both
homogeneous and heterogeneous structures, are used in machine fric-
tion units.

To obtain a modifying composite material in the form of a sinter, it
is possible to use traditional methods of powder metallurgy, which in-
clude the stages of preparing a charge of powder components, press-
ing, and sintering [3]. The main disadvantages of powder metallurgy
methods include the use of expensive large-size equipment, the dura-
tion and energy intensity of the production cycle.

A promising method for obtaining new materials, including compos-
ite materials, is self-propagating high-temperature synthesis (SHS),
which is based on the local initiation of highly exothermic reactions
between the starting reagents, which makes it possible to generate a
significant amount of heat to propagate the front of physical and
chemical transformations with the formation of synthesis products
[4-10].

The advantages of SHS technologies over conventional metallurgi-
cal production technologies are minimal material losses during the
synthesis process, simplification and reduction of the number of tech-
nological operations, and energy savings. SHS technologies are based
on three main operations: preparation of the initial charge, the SHS
reaction itself, and processing and analysis of the resulting product.
This method belongs to the in situ methods of obtaining composite ma-
terials and has all the advantages of such methods[11, 12].

The aim of this work is to study the possibility of obtaining a com-
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posite modifying material, using the SHS process to increase the abra-
sive wear resistance of deposited coatings with an alloy of the
Ni—-Cr-B-Si system, using oxides instead of expensive boron in the
charge.

2. MATERIAL AND RESEARCH METHODS

At the beginning of the study of the possibility of obtaining a compos-
ite modifying material (MCM) by the SHS method to increase the abra-
sive wear resistance of deposited coatings with an alloy of the
Ni-Cr-B-Si system, the following powder materials were selected: Ti.
C, B, Al, Fe,0;, PT-NA-01. Titanium reacting with carbon forms tita-
nium carbide (TiC) and generates a large amount of heat (310 kdJ) [13].
As a result of the heat released, the temperature of solid and molten
reaction products reaches 2500-3500 K, so, the reaction does not de-
pend on external heating sources and can propagate as a combustion
wave that generates energy for its propagation. Despite the high tem-
perature, the transition of any of the components of the mixture to the
gas phase is insignificant and can be neglected.

Boron is one of the most effective and economical microalloying
elements in steel. In most cases, the minimum concentration of boron
in the metal to obtain a positive result is about one thousandth of a per-
cent. The uniqueness of boron lies in the fact that, with such a low con-
tent in steel, it is able to exert an effect on its properties equivalent to
that of a much larger number of alloying elements such as Cr, Mo, Ni,
etc. Therefore, to obtain a composite material, we synthesize titanium
diboride:

Ti+ 2B = TiB, + 295 kJ /mol. (1)

In addition, to increase the thermal effect in the synthesis of tita-
nium carbide and titanium diboride, thermosetting nickel aluminide
powder PT-NA-01, aluminium powder (powder) PAP-1 of GOST 5494-
95, and iron oxide Fe,O; were introduced into the mechanical mixture.
As a result of the thermite reaction, molten iron and aluminium oxide
are formed, a large amount of energy is released, and the temperature
reaches approximately 2500°C[2]:

Fe,0, + 2Al = 2Fe + AL,O, + 752 kJ /mol. (2)

The selected components were mixed, and the resulting powder mix-
ture was subjected to mechanical activation in a ball mill. In the ex-
periments, the volume of the mill drum was of 160 cm?, the diameter of
the balls was of 4—5 mm, and the weight of the balls was of 200 g. The
time of the mechanical activation process varied from 2 to 6 minutes.
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The CM was prepared in two stages: 1) mixing of Ti, B, C, Fe,0,, Al,
PT-NA-01 powders and their joint mechanical activation, addition of
a binder—Metylan glue, cylinder formation and drying, initiation of
the SHS process, during which titanium boride particles, chromium,
etc. are synthesized; 2) crushing the material obtained during sinter-
ing and mixing the resulting powder with the matrix mate-
rial—powder grade PG-10N-01 TUU 322-19-004-96, mechanical acti-
vation of the resulting powder mixture, adding liquid glass of GOST
13078 to the mechanically activated powder mixture until it becomes a
paste[2].

The prepared paste was applied to the surface of the steel plate (steel
20) prepared for surfacing, and, after drying, surfacing was per-
formed with a graphite electrode with a diameter of 10 mm, surfacing
current of 80-120 A, and direct polarity. Arc surfacing was per-
formed, using an inverter power source Paton VDI-200R DC TIG.

In addition, the composition of the initial charge of the second com-
posite-modifying material was studied, which differed from the first
in that instead of expensive boron (B); silicon oxides SiO, and alumin-
ium oxides Al,O; were included in the charge in the form of refractory
clay of the PGOSA-0 brand.

The microstructure was studied using a metallographic microscope.
The microhardness of the coatings was measured by the PMT-3 device
in accordance with DST 9450.

Comparative wear tests of the deposited samples were performed on
a friction machine of the MI type according to the ‘disk—pad’ scheme in
industrial oil of the I-20 grade under the following conditions: average
circumferential sliding speed of 0.42 m/s, specific pressure on the pad
under normal wear of 8.0 MPa, friction surface area of 1.8 cm?. The
wear rate was determined by the formula

U, = G -G [mm?®/(cm?s)], (3)
vFt

where G,, G, are the weights of the sample before and after the test
[mg], v is the density of the material [mg/mm?], F is the sample area
[cm?], t is the test time [s].

The materials were tested for abrasive wear under friction against
fixed abrasive particles in accordance with GOST 17367. The abrasive
particles used were green silicon carbide, grade 64C, with a grain size
of 8 H. The relative wear resistance of the materials was estimated by
the formula

Al, 9
AL /d), (4)

e =

where Al,, Al, are the absolute linear wear of the reference and test
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specimens [mm], d,, d, are their actual diameters [mm], respectively.

The phase composition of the deposited layers was determined using
a DRON-3 diffractometer in monochromatic CukK, radiation in the an-
gular interval 20 = 10-80°. X-ray diffraction patterns were recorded in
a discrete mode. The samples were prepared for analysis by grinding
with abrasive paper and polishing to achieve the required surface
roughness. The data from the ASTM file were used to decipher the dif-
fractograms.

3. RESULTS AND DISCUSSION

The study of the process of producing CMC from a charge consisting of
powders of Ti, B, C, Fe,O5, Al, PT-NA-01, involved the use of reactions
of iron reduction by aluminium from oxide, carbonization, and tita-
nium-boride formation. In other words, this composition of powdered
materials was intended to carry out three combined reactions of the
SHS process:

—thermite reaction

Fe, O3+ 2Al = AL,0;5 + 2Fe + 752 kJ /mol; (5)
— carbonization reaction
Ti+C=TiC + 209 kJ/mol; (6)
—boron-formation reaction
Ti+ 2B =TiB, + 295 kJ/mol. (7

These reactions, which have large thermal effects, can proceed in
the combustion mode independently of each other. The relative content
of components corresponded to stoichiometric Egs. (5)—(7). The com-
bustion of a cylindrical sample formed from a mixture of powders with
the addition of a binding adhesive of the ‘Methylan’ brand was carried
out in air in an open reactor. The initiation of the SHS process was car-
ried out after drying the sample for 72 hours from a heated nichrome
spiral. The combustion front of the powder mixture moved uniformly
along the length of the cylindrical sample from the place of its initia-
tion without emission of powder components and reaction products. As
a result of the SHS process, a sinter was obtained (Fig. 1), which was
easily crushed.

Further, the obtained MCM in the amount of 10 and 20% was added
to the filler powder of PG-10N-01 grade and, according to the above
method, a paste was obtained, which was applied to the surface of the
steel plate (steel 20) prepared for surfacing, and after drying, surfac-
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Fig. 2. X-ray diffractogram of deposited coatings: PG-10N-01 (a); CM (10%
MCM + 90% PG-10N-01) (b); CM (20% MCM + 80% PG-10N-01) (¢).

ing was performed with a graphite electrode with a diameter of 10 mm.

In the previous work [2], the following phase composition was estab-
lished: titanium diboride (TiB,), nickel boride (Ni;B), titanium oxides
(TiO) and iron oxides (Fe;0,) for the CM containing 10% CMC, and ti-
tanium diboride (TiB,), chromium boride (CrB), nickel boride (Ni;B)
and titanium oxide (TiO) for the CM (20% CMC + 80% PG-10H-01).
Aluminium oxide (Al,O5;) and titanium carbide (TiC), which corre-
sponds to Egs. (5) and (6), were not detected (Fig. 2).

The absence of aluminium oxide is explained by a higher tempera-
ture, which reaches 2500°C as a result of a thermite reaction, than, the
melting point of aluminium oxide of 2050°C, that leads to its melting
and removal from the deposited CM in the form of a slag phase. Tita-
nium carbide has a higher melting point of 3260 + 150°C compared to
the temperature of solid and molten products of the titanium carbide
formation reaction, which reaches 2500-3500 K.

However, x-ray phase analysis did not reveal titanium carbide in the
deposited layer, which can be explained by its low percentage in the ini-
tial CM powder mixture and the preparation of the sample surface for
the study. The thermodynamic assessment of the possibility of interac-
tion between the components was carried out using the Gibbs energy,
since any reaction or process is accompanied by a change in the Gibbs
energy (AG) of the system, the value of which is a measure of the ability
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of the reaction to develop in the conditions under consideration: the
greater the decrease in the Gibbs energy, the greater the affinity be-
tween the reacting substances.

The Gibbs energy is calculated according to the expression

AG=AH — TAS [kdJ /mol], 8)
where AH is the enthalpy, T is the temperature, AS is the entropy.

AI{reaction = ZAHI?roducts - ZAHI?eacta.nts [kJ/ mOI]' (9)

Using the reference data of the standard enthalpies of substances,
given that the enthalpies of formation of simple substances are zero,
we find:

AH, . =AH>. —AHS — AHS = -209 -0 -0 =-209 kJ/mol. (10)

A'Sreaction = Z ASgroducts - Z A'Sr(‘)eactants [J/(mOIK)] * (1 1)

Using the reference data of the standard entropies of substances, we
find:
=AS°

TiC

AS

reaction

— AS% —AS? =24.7-30.63—5.74 = -11.67J/(mol - K) .
12)

AG=AH -TAS=-209+ 298 (11.67/1000) =-205.52 kJ/mol. (13)

At T =298°C, AG<0, and the reaction is spontaneous, i.e., the reac-
tion will proceed in the forward direction. Thus, the thermodynamic
calculation of the change in the Gibbs energy confirms the possibility
of the formation of titanium carbide TiC.

The average microhardness of the CM coating (10% MCM + 90% PG-
10N-01) is of 740 HV, and, for the CM coating (20% MCM + 80% PG-
10N-01), it is of 978 HV that exceeds the average microhardness of the
PG-10N-01 coating, which is of 520 HV. The microhardness distribu-
tion of the CM containing 20% CMC is more stable compared to the
coating containing 10% CMC. This can be explained by a more uniform
distribution of solid particles in the matrix material PG-10N-01 with
an increase in their concentration [2].

The second composite modifying material was investigated, which
was obtained from a charge consisting of powders of Ti, C, Fe,O;, Al,
PT-NA-01, silicon oxide SiO, and aluminium oxide Al,O; in the form of
refractory clay of the PGOSA-0 brand. This composition, unlike the
previous one, instead of expensive boron (B), includes aluminium and
silicon oxides, which are solid refractory substances (a-Al,0; with
20.6-29.4 HV, 2050°C, and SiO, with 8 HV, 1710°C) with high wear
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and corrosion resistance. Such a composition of powder materials pro-
vided for the implementation of two combined reactions of the SHS
process: a thermite reaction (5) and a carbonization reaction (6).

As a result, the following phase composition was determined by
XRD analysis: y-Ni, nickel boride (NizB), titanium carbides (TiC), bo-
ron (B,C), chromium (Cr;C,), and silicon (SiC) for the CM containing
10% of MCM [5]. Figure 3 shows the microstructure of the deposited
CM coating (10% MCM-90% PG-10N-01).

The obtained results confirm the possibility of the formation of ti-
tanium carbide TiC during the SHS process. In addition, the deposited
coating contains carbides of boron (B,C), chromium (Cr;C,), and silicon
(SiC) formed during the arc surfacing of CM from the matrix material
of the self-fluxing alloy PG-10N-01 TUU 322-19-004-96 (chemical
composition: Cr—14-20%, B—2.8-4.2%, Si—4.0-4.5%, Fe—3-7%,
C—0.6-1.0%, Ni—base).

It should also be noted that the deposited coating does not contain
aluminium and silicon oxides, which are part of the original composi-
tion of the charge. This can be explained by the self-fluxing effect of
the PG-10N-01 matrix material, since the boron and silicon included in
its composition form fusible eutectics with nickel with a melting point
of 950-1080°C during heating, and also restore oxide films on the sur-
face of the sample to form borosilicate slags that float to the surface of
the deposited layer. Taking into account the high melting point of
aluminium oxide (2054°C) and silicon oxide (1710°C), as well as their
low density of 3.99 and 2.65 g/cm?, respectively, it can be concluded
that most of them float to the surface in the form of a slag phase.

The average microhardness of the deposited CM layer (10%
MCM + 90% PG-10N-01) is of 660 HV, and that of the CM layer (20%

Fig. 3. Microstructure and phase composition (wt.%) of deposited coatings:
PG-10N-01 (a); 10% MCM + 90% PG-10N-01 (b).
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MCM +80% PG-10N-01) is of 720 HV, which also exceeds the average
microhardness of the PG-10N-01 coating, which is of 510 HV.

The combustion of the CMC compositions of the first and second
types occurred evenly, with no emissions of the initial components and
reaction products, and the addition of CMC up to 10% improves the
technological properties of the arc surfacing process and contributes to
a better formation of the deposited layer[14].

According to the results of tests for wear resistance of materials de-
posited by the arc method (Fig. 4), the abrasive wear resistance of CM
(10% MCM + 90% PG-10N-01) of the first type is 1.5 times higher than
that of CM (10% MCM +90% PG-10N-01) of the second type, and
1.8 times higher than that of the self-fluxing alloy PG-10N-01.

With an increase in the content of CMC in the CM, the wear resis-
tance of the deposited coatings during operation in an abrasive envi-
ronment increase. Thus, at a content of 20% MCM, the wear resistance
of the deposited layer of the first type of the deposited CM increases by
1.7 times, and the second type by 2.4 times.

The morphology of the friction surfaces is also in a good agreement
with the results of friction tests on the fixed abrasive particles of the
deposited coatings PG-10N-01 and CM (Fig. 5).

During wear under the influence of fixed abrasive particles, quite
deep parallel grooves were found on the coating made of PG-10N-01
alloy (Fig. 5, a). The relief of the wear surface is uneven. Shallow,
small, and evenly spaced friction scratches are observed on the sur-
faces of the deposited coatings made of CM (Fig. 5, b and ¢). This is ex-
plained by the introduction of CMCs, which contribute to the forma-

2.5 -
2.0 1
1.5 1
1.0 1

0.5 1

Relative wear resistance, ¢

1 2 3 4 &5

Fig. 4. Wear resistance of materials deposited by the arc method in the proc-
ess of friction under the influence of fixed abrasive particles: I—PG-10N-01
alloy, 2—CM (10% CMC +90% PG-10N-01) of the first type, 3—CM (20%
CMC + 80% PG-10N-01) of the first type, 4—CM (10% CMC + 90% PG-10N-
01) of the second type, 5—CM (20% CMC +80% PG-10N-01) of the second
type.
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Fig. 5. Morphology of friction surfaces during wear against fixed abrasive
particles of deposited coatings: PG-10N-01 (a), CM (10% MCM + 90% PG-
10N-01) of the first type (), CM (10% MCM + 90% PG-10N-01) of the second

type (c).

tion of new crystallization centres during surfacing and, as a result,
leads to the grinding of the structure. The plastic matrix based on
nickel PG-10N-01 redistributes stresses, providing conditions in
which solid components occupy a favourable position. This eliminates
the local increase in contact pressure and reduces the conditions for the
detachment of hardwearing particles.

4. CONCLUSIONS

The results of studies of the wear resistance of CM consisting of the
matrix material of the nickel-based alloy PG-10N-01, modified CMC of
the first and second types, which differ in that the second type, instead
of the boron component, introduced silicon oxides SiO, and aluminium
oxides Al,O; in the form of refractory clay, showed increased wear re-
sistance during operation in an abrasive environment compared to the
coating with PG-10N-01 alloy. CM of the first type contains solid in-
clusions in the structure in the form of titanium diboride (TiB,), nickel
borides (NisB) and chromium (CrB), titanium oxides (TiO) and iron
(Fe;0,), which provides an average microhardness of 740-978 HV and
increased wear resistance in an abrasive environment. The wear resis-
tance of the deposited layer of the first type of CM (10% MCM + 90%
PG-10N-01) at friction against fixed abrasive particles is 1.5 times
higher, and that of the first type of CM (20% MCM + 80% PG-10N-01)
is 1.7 times higher compared to the PG-10N-01 alloy.

The second type of CMC contains Cr;C,, B,C, TiC, SiC, and nickel
boride (NizB) carbides in its structure. The average microhardness of
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the deposited layer of 10% MCM + 90% PG-10N-01 is of 660 HV, and
that of 20% MCM + 80% PG-10N-01 is of 720 HV. The wear resistance
of the deposited layer of 10% MCM + 90% PG-10N-01 composition is
1.8 times higher, and that of 20% MCM + 80% PG-10N-01 composition
is 2.4 times higher in comparison with the layer deposited with self-
fluxing alloy PG-10N-01.

The second type of welded cermets has higher wear resistance, when
operating in abrasive environments. This is due to the content of
chromium, titanium, silicon, and boron carbides in its structure.

Thus, the research results indicate the expediency of using oxides in
the charge instead of expensive boron, when using the SHS process for
producing CMC.
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Detection and Minimizing of Surface Blistering
in Continuously Cast and Hot-Rolled Mild Steel Coils
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This study investigates the root courses of surface blistering and explores
methods to minimise it in hot-rolled coil steels containing 0.1-0.2 C, 0.4-1.6
Mn, 0.05Si (wt.%). Surface voids are believed to form during continuous
casting, to develop into surface cracks during hot rolling, and to result in
product rejection. These defects are found in the central part of the coils on
the side corresponding to the small radius of the continuous casting machine
(CCM). Metallographic analysis of samples reveals the defect-prolifiration
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depth ranging from 100 to 300 um, decarburisation around the defected
zones, and grain coarsening of ferrite to ASTM No. 7 (32—45 um) from ASTM
No.9-10 (11-16 pm) in the non-defected microstructure. In addition to de-
carburisation, chemical analysis reveals oxidation and presence of non-
metallic inclusions in the defected zones. Oxidation indicates moisture in-
gress during casting, which is linked to a loss of seal integrity at the CCM,
particularly, following a leak between the steel and copper water-cooled plate
of the mould. Indentation traces observed on the coils’ surface indicate the
formation of a so-called ‘metallic skull’ due to the seal damage. The analysis
of slag-forming mixtures reveals the maximum allowable limit of moisture
content approaching 0.50%, although the moisture content in the coal used
for carburisation of steel is ranging from 1% to 1.2% that is well below the
limit of 9% . Based on the obtained results, a set of measures is developed to
reduce the defect formation; this set includes: strict control of the moisture
content in the mould powders, slag-forming mixtures, and ferroalloys; man-
datory testing of mould seal integrity before casting; additional monitoring
of tundish drying and the prevention of casting without a protective pipe.

Key words: continuous casting, mild steel, surface blister, microstructure
characterisation, moisture control, mould powder.

IIe nociimskeHHA CIPAMOBAHO Ha aHAJI3Y IPUYUH i MIAXIB ycyHeHHA Hedek-
TiB TUIIYy «pPO3KaTaHUI ra30BUY NyXup» Ha rapgdyeKaTaHUX PYJIOHAX HU3BKO-
ByrieneBoi Kpuili mapoxk SAE 1008 i S235, 110 BuUsgBUBCA BIPOLOBIK IIIiCTHOX
nHiB BupoOuuiTea Ha ctaHi 1700 ogHOrO 3 MeTadypriiHUX MiAIIPUEMCTB I'PY-
nu «MetiaBecT». Ilpoaykiiiss, Ha AKi# Oyso BusABIEHO nedeKTH, cKJagaja
3327 roH, 3 axux 88,3% mpunagaau Ha caA01, PO3JIUTI Ha MaIlInHi 6Ge3mepep-
BHOTO JIUTTs 3arotiBok (MHJI3) Ne 3, i smume 11,7% — ma caabu 3 MHJI3-2.
Oco06smBO HedeKTH 30cepelKyBaics B IIeHTPAJIbHIN YaCTUHI PYJIOHIB 3 GOKY,
1o BigmoBizae masomy pagirocy MHJI3, a Tako:x Ha pyJIOHAX, PO3JIUTUX i3
3aCTOCYBaHHAM KpucTagizaTopa Ne 2 yIpomos:x I ATboxX AHiB. Mertasorpadi-
YHA aHaJlida 3pas3KiB MOKasaJia, M0 IMIMOMHA HommpeHHsS AedeKTiB carajia
100—-300 MKM, a CTPYKTypa MeTaay IIo0au3y JeeKTHUX 30H XapaKTepus3yBa-
Jacs IMOBHUM 3HEBYIJIEIbOBYBAHHAM i YKPYIHEHHAM 3epHa ¢depury mo 6—7
HOMepa 3a mikasoio ASTM (32—45 MKM), Toai SK HOpMAaJbHE 3€PHO y HEIO-
ITKOI)KEHNX 30HaX MaJjo po3mip 9—10 momepa (11-16 mxm). Ha ocHOBi xemiu-
HOTO CKJIAAy, BUBHAUEHOro BigmoBigmo mo craggapty ISO 4967:2013, 6y0 mi-
ITBEPKeHO HASIBHICTh OKMCHEHUX 30H y BUIJIAL CKYIUeHb HeMeTaJeBUX
BKJIIOYEHDb B 30Hi gedekTiB. Ile BKasye Ha OKMCHEHHsS MeTaJly uepes IOTpall-
JIAHHS BOJIOT'M y IIPOIeci pO3JIMBaHHH, 110 OYJIO IIOB g3aHe 3 IMOLIKOKEeHHAM
repMeTHYHOCTH Kpucraiisdaropa Ne 2 ma MHJI3-3, sokpema BHACTiIOK BUAB-
JIEHOI Teui MisK KPUIIeBOIO Ta MiTHOIO BOZOOXOJIOAKYBAHOIO MJINTOI0 KPUCTAJII-
3aTopa. ¥ TeXHOJIOTIUHOMY KYpPHAaJIi TaKoXK 0yJj0 3adgiKkcoBaHO CIigU BTHUCKY-
BaHb, SKi BKa3yOTh HA YTBOPEHHSA TAaK 3BAHOI'O «METAJEBOTO KOPOJBLKA» SK
MPUYUHY IOITKOMKEeHHA repMeTUYHOCTH. AHajisza CKIaqy ILIaKOyTBOPIOBA-
JBbHUX CYMiIlleil moKasaJja, 0o HiJ Yac pO3JUBAHHSA BMICT BOJIOTH y IIJIAKO-
YTBOPIOBAIBHUX cyMimax cranosus Bix 0,20% mo 0,50% , mio Bigmosigae ma-
KcuMaJIbHO gomyctuMiii mexi y 0,50% . KoHTpoab TaKo BUABUB, II[O0 BOJIO-
ricte Byrinmma mapxu AC, AKe BUKOPHCTOBYBAJIOCA MAJA HABYTJIEIIOBAHHSA
Kpuiii, BapitoBasaca Big 1% mo 1,2% , 110 He nepesuriye rpaanusi 9% . Ilpore
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00 €IHAHHS BOJIOIMX MATepPiAIiB i HOpPYIIeHHA IepMEeTHYHOCTHA CTBOPIOBAJIO
YMOBH AJI OKMCHEeHHA MeTaay. Ha ocHOBI ofiep:KkaHux JaHUX 0YJI0 PO3PO6IEHO
KOMILJIEKC 3aXOJiB IJIA MOHMKEeHHA Ne(eKTHOCTU MPOKATy, BKJIIOUAIOUU: CY-
BOpPUI KOHTPOJIb BOJIOTOCTHU IIJIaKOYTBOPIOBAJIBHUX cyMile#l i ¢epocToIris,
06OB'IBKOBE TECTYBAHHSA TNePMETUUYHOCTHM KPUCTAIi3aTOPiB Iepen PO3JIHBOM,
IONATKOBUM KOHTPOJIb HPOCYIITYBAHHS IIPOMiKHMX KOBIIIB i HEJOMYINEeHHS
PO3IUBY 0€3 3aXMCHOI TPYOH.

KaiouoBi cioBa: GesnepepBHe JUTTS, HU3LKOBYIJIEIEBA KPUIlS, PO3KATAHUH
ra3oBUHM NIyXUp, XapakTepusallid MiKpOCTPYKTYpPH, KOHTDPOJIb BOJIOTOCTH,
IIJIaKOYTBOPIOBaJIbHA CyMilIl.

(Received 14 May, 2025; in final version, 25 August, 2025)

1. INTRODUCTION

Intense commercial competition stimulates metallurgical companies to
further improve the technological processes and implement the quality
management system [1]. Surface appearance is one of the key quality
parameters for many steel grades, such as structural and automotive;
therefore, defect monitoring and prevention become a critical part of
the whole production process. Various processing factors throughout
the production cycle may influence the formation of surface defects,
such as rolled-in scale or oxide layers, with processing routes playing a
crucial role in determining both surface quality and mechanical prop-
erties [2]. In spite of the measures undertaken, the rolled-steel surface
may suffer from a number of defects, such as foreign matter (rolled-in
scale), roll marks (patches), scratches (long marks), crazing (short
multiple marks), pitted surface, and inclusions. These defects are
closely related to a steelmaking technology, continuous casting and hot
rolling parameters, and the condition of equipment [3, 4].

Surface defects result from multiple causes such as incorrect set-up
of the ladle—tundish—mould system, heat transfer within the mould,
cooling water sprays, friction between strand and mould, misalign-
ment of the casting machine, straightening strains, and phase trans-
formations [5]. Effective hydrodynamic optimization of tundish flow,
including control of turbulence zones and metal receiver design, en-
hances inclusion removal efficiency, homogenizes the melt, and re-
duces the risk of gas-bubble entrapment during solidification [6].
Meanwhile, the hydrodynamic conditions in the mould, particularly,
the submerged entry nozzle (SEN) design, are essential for maintain-
ing uniform metal flow and minimizing defects during continuous
casting [7]. To minimize the defect formation, several measures have
been undertaken:

— improvement of the ladle-shroud designs to optimise the molten-
metal flow during casting [8, 9];
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— correction of the mould oscillation frequency and heat-flux distribu-
tion to the slab geometry and steel grade [10—13];

— selection of the casting speed with respect to the high-temperature
mechanical properties of a steel grade to minimise temperature fluc-
tuations[14, 15];

— a thorough descaling to prevent rolling of the scale into the surface
[16];

—reduction of the sources for formation of non-metallic inclusions and
optimisation of the inclusion removal from the liquid steel into the
slag before continuous casting [17, 18];

— argon protection of the liquid steel melt during transfer from the la-
dle to the tundish and to the mould [19, 20];

— optimisation of the caster geometry (nozzle port angle, size, and
shape, mould width and thickness), casting speed, argon gas injection,
nozzle submergence depth [21];

— improvement of the roll-surface quality and control of their wear
[22];

— application of increased cooling rates during strip coiling [23];

— application of various defect detection methods, like electromagnetic
sensors, radiography, magnetic particle inspection, and artificial in-
telligence [24—-2T7].

During ladle treatment and continuous casting, oxygen, nitrogen,
and hydrogen can dissolve in the melt. When the melt solidifies, the
solubility of gases decreases and CO, H,, N, containing bubbles may
form. The addition of aluminium and calcium facilitates steel deoxida-
tion, reducing the risk of gas-bubble formation, while the introduction
of yttrium after aluminium may lead to increased losses due to the
oxidation and the formation of complex-oxide inclusions [28]. If the
steel is pre-oxidized or contains a high oxygen level, this increases the
likelihood of reoxidation during casting, negatively affecting the qual-
ity of the cast product. The gas-bubble formation depends on the pres-
sure: under low pressure, the gas formation is easier. The lowest pres-
sure in the liquid pool is at the meniscus. Therefore, gas bubbles can
form most easily in the mould near the strand surface. The bubbles
may be engulfed by the solidifying shell, so, that pores appear near the
surface. Nucleation of gases can take place also in the solid strand due
to the solubility decrease with temperature or presence of microporos-
ity and cracks [29]. The phase structure influences the bubble forma-
tion. For example, the solubility in ferrite is lower than in austenite
due to the more close-packed b.c.c. crystal structure (ferrite) compared
to the f.c.c. crystal structure (austenite). In medium carbon steel with
ferrite—pearlite microstructure, the pearlite colony boundaries and the
prior austenite grain boundaries may act as the void nucleation sites
[30]. In case of an increased P concentration, Fe(PO) may form around
980°C; then, it will melt and vaporize under high temperature to result
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in blistering of scale. Gas holes and cracks can be found in scales at a
temperature of > 1050°C due to formation of CO [31]. Subsurface bub-
bles may develop into surface cracks, especially, in presence of inter-
metallic inclusions [32]. Cracks and gas bubbles may close via solid-
state diffusion, if their surfaces are not oxidised [33—38]. This re-
quires increased compressive strains and stresses. For example, in
work [39], during 50% reduction of a 150 mm thick slab, the 10—
25 mm diameter voids closed after the fourth pass for a seven-pass roll-
ing schedule and after the second pass for the five-pass rolling sched-
ule. This means that a larger strain per pass provides a stronger void
closer. The extent of void closure was observed, increasing toward the
slab centre line from the slab edge. During void closure, the local com-
pressive stresses around voids may reach significant values of
> 2500 MPa; this drives the void healing process [40]. Effective closure
of internal cavities using the shape of the tool and compression modes
can reduce the number of subsurface voids, which are potential precur-
sors to surface defects after hot deformation [41].

The reoxidation of liquid steel, that may prevent the void closure,
can occur through contact with gaseous atmosphere, slag with high
oxygen potential, ferroalloys, refractory phases during secondary
steel refinement, cracks in the refractory walls, and during transfer of
liquid steel from a ladle to a tundish and to a mould [42—-47]. Oxygen
pickup increases precipitation of non-metallic inclusions [48, 49] and
scale growth, weakens the austenite grain boundaries, and facilitates
crack nucleation during hot rolling and cooling [28, 50—52]. Decreas-
ing the oxygen/gas ratio during slab reheating was shown to reduce
oxidation and defect formation [53]. If not prevented on the stages of
steel making and hot rolling, defects remain on the cold rolled steel
[54, 55].

This paper is concerned with investigation and prevention of defects
at one of the leading strip mills in Ukraine, namely, 1700 Hot Rolling
Mill (HRM) of the Metinvest Group. ‘Rolled-out gas voids’ observed on
SAE 1008 and S235 steel coils were believed to originate from continu-
ous casting. These defects were located in the central part of the coils,
primarily, on the side corresponding to the small radius of the con-
tinuous casting machine. ‘Rolled-out gas void’ defects can be com-
pletely removed by surface grinding; however, this slows down the
product despatch. As a result of defect removal, the thickness of the
finished product may fall below the minimum permissible tolerances,
leading to the rejection of the product as scrap and economic losses.
The occurrence of such defects not only affects production efficiency,
but also introduces significant financial and operational risks, empha-
sizing the need for predictive modelling and risk assessment in metal-
lurgical enterprises [66, 57]. Investigations conducted in this paper
aimed to identify the causes of the ‘rolled-out gas void’ defects on the
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surface of hot-rolled products, determine technological parameters
that might contribute to its formation, and propose processing tech-
nology optimization that would guarantee elimination of these defects
in the future.

2. EXPERIMENT PROCEDURE

Chemical composition of the studied steels is presented in Table 1. The
masses of heats, from which samples No.1 and No. 2 were subse-
quently cut, were of 130.04 tonnes each. They were treated by CaO—
CaMg(CO;),—CaF,—Si0,—Al,O refining slag in the amount of 0.6 ton-
nes. The finishing treatment of the heats was made by argon blowing:
bottom blowing for 9 min at a rate of 30 m?®/h, refining blowing for 5
min at a rate of 30 m®/h. Based on the heats’ certificates, it was estab-
lished that slabs used in rolling were cast at speeds of 0.7-0.8 m/min.
Slab dimensions were of 250x1.550 mm. The heating of slabs before
rolling ranged from 7 hours 25 minutes to 11 hours, depending on the
slab weight. The heating temperature according to the regulations was
of 1.340°C; no violations were found. The soaking temperature accord-
ing to the regulations was of 1.320-1.340°C, the soaking time accord-
ing to the regulations ranged from 1 hour to 1 hour 30 minutes.

Two samples of SAE 1008 steel and one sample of S235 steel were
taken for investigation from hot-rolled coils: sample No. 1 (Fig. 1)—
steel grade SAE 1008, dimensions of 2.75x1.265 mm; sample No. 2
(Fig. 2)—steel grade SAE 1008, dimensions of 3.0x1.265 mm; sample
No. 3 (Fig. 3)—steel grade S235, dimensions of 2.55x1.265 mm. The
surface defects on these samples were classified as ‘rolled blisters’.

On sample No. 1, a rolled-out gas blister is located near the edge cov-

TABLE 1. Chemical composition of SAE 1008 and S235 steel samples (wt.%).

Sample | C [Mn]| Si [ S | P [Cr[Ni[Cu] V [Mo| Ti [ Nb | Al
SAE 1008
0.06 0.27 0.01 0.0140.0130.020,010,010.0020.0010.0020.003 0.030

No.1 0.06 0.30 0,01 0.0130.0170.020.010.010.0020.0020.0010.002 0.027

N 2 0.06 0.27 0.01 0.0160.0160.020,010,010.0020.0010.0020.003 0.029

0.06 0.027 0.02 0.0180.0170.020.010.010.0020.0010.0020.002 0.028

Standard re- 0,05—0.20— No more than 0.015—

quirements 0.08 0.40 0.03 0.0200.0200.060.060.08 0.01 0.02 0.0050.005 0.05

S235

No. 3 0.15 0.47 0.03 0.0260.020 - - - - - - - 0.034

0.16 0.47 0.03 0.0240.020 - - - - - - - 0.033

Standard re- 0.13-0.40-_ oo Nomore than 0.0
quirements 0.17 0.62 0.0250.020 - - — - — — — :
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Fig. 1. Photoimage of sample No. 1 (SAE 1008 steel) with a blister (1) defect
on the edge (a) and its enlarged view, revealing delamination (b).

Fig. 2. Photoimage of sample No. 2 (SAE 1008 steel) with blister (1) defects
(a), affected area (enlarged) (b), and delamination (enlarged) (c).

ering a 10 mm wide zone (Fig. 1). Directly along the edge, two small
10-15 mm long delamination were found. On sample No. 2 (Fig. 2, a),
the entire surface of the rolled product is affected by blisters (Fig. 2,
b). Small delamination has also been found extending along the rolling
direction up to 20 mm long, accompanied by a dark haze (Fig. 2, ¢). On
sample No. 3, the entire surface is affected by small delamination ac-
companied by a dark haze (Fig. 3). On this sample, the defects are lo-
cated on one rolled surface.

Sampling for metallographic investigations was carried out in ac-
cordance with the ISO 377:2017 standard ‘Steel and steel products—
Location and preparation of samples and test pieces for mechanical
testing’. The metallographic study of defect was made in accordance
with the ISO 4967:2013 standard ‘Steel—Determination of content of
non-metallic inclusions—Micrographic method using standard dia-
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Fig. 3. Photoimage of sample No. 3 (steel S235) with a blister (1) defect (a) and
delamination (enlarged) (b).

grams’. The study included determination of the chemical composition
of the samples, microstructural analysis of defects, using microsec-
tions made in the longitudinal and transverse directions. The micro-
structure of the rolled products was determined both in the defected
areas and for the sound material. The sample etching was carried out
using 4% alcohol solution of HNO,. The grain size was measured, us-
ing optical imaging on a MIM-7 metallographic microscope (optical
magnification up to x2000, bright-field and dark-field observation)
following the ASTM E112 ‘Standard Test Methods for Determining
Average Grain Size’.

3. RESULTS AND DISCUSSION
3.1. Structure of the Defects

The macrostructure of a delamination in steel SAE 1008 is shown in
Fig. 4, a. A coarse cluster of iron oxides was revealed in the delamina-
tion cavity. The thickness of delamination was of 80—200 pum. The de-
laminated metal is diffusively oxidized, completely decarburized; the
ferrite grain is enlarged to number 6—7 (32—45 um). The depth of the
decarburized layer at the defect site was measured to be of 100-300 pum
(Fig. 4, b). The delamination walls with a haze had a thickness of 26—
70 um. The delamination cavity was oxidized, accompanied by oxide
accumulations. The exfoliated metal was diffusively oxidized, com-
pletely decarburized; the ferrite grain was enlarged to number 67
(32—45 yum). The depth of the decarburized layer was of 100—234 nm.
Blisters revealed on samples Nos. 1 and 2 had a structure similar to
delamination (Figs.4 and 5). In line with oxide accumulations, the
metal was decarburized in sample No. 1 to a depth of 275 yum, and in
sample No. 2—to 296 um (Fig. 5, b). The ferrite-grain size increased to
the number 6—7 (32—45 yum). In areas not affected by defects, the de-
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e : Mogre. = 1200 pm
a b

Fig. 4. The macrostructure of the walls of delamination (a) and blisters (b) in
sample No. 1 (magnification x50).

3 IS
200 pum = ; 200 pm
a b

Fig. 5. The macrostructure of the blister walls in sample No. 2 (magnification
x50).

carburized surface of the rolled product was absent on both samples
(Figs. 6 and 7). The ferrite-grain number was 9-10 (11-16 pum).

The results of the study indicate that blisters and metal delamina-
tion in the rolled products of SAE 1008 steel grade (samples Nos. 1, 2)
were associated with defects formed during continuous casting. The
absence of decarburization and grain coarsening on the rolled-product
surface away from the defects indicates the absence of metal overheat-
ing.

The macrostructure of the delamination walls with a haze in steel
S235 is shown in Fig. 8. There are no clusters of non-metallic inclu-
sions along the walls of the delamination. Clusters of iron oxides were
found in the root of the delamination and along its length. The thick-
ness of the delamination was of 11-50 uym. The delaminated metal was
diffusively oxidized, partially decarburized; the ferrite-grain size was
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Fig. 6. Microstructure of sample No. 1 through rolled-metal thickness (mag-
nification x100).

SAMEREEN100 um #2100 um
a b

Fig. 7. Microstructure of sample No. 2 through rolled-metal thickness (mag-
nification x100).

slightly coarsened to the number 8 (22 1m). The depth of the decarbur-
ized layer at the defect site was up to 20 pm (Fig. 9). In areas not af-
fected by defects, there is no decarburization of the rolled-product sur-
face. The ferrite-grain size number was of 9-10 (11-16 pm). The re-
sults of the study indicate that defects in the rolled products of steel
S235 (sample No. 3) were formed during the rolling of oxidized subcu-
taneous blowholes in continuously cast slab. As for samples Nos. 1 and
2, the absence of decarburization and grain coarsening on the surface
of the rolled products away from the defects indicates the absence of
metal overheating.

As a result of metallographic investigation, the following prelimi-
nary conclusions can be made: the chemical composition of the samples
corresponds to the heat composition and the company regulations for
steel grades S235 and SAE 1008; defects on the surface of rolled steels
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Fig. 8. Microstructure of delamination walls in sample No. 3 (magnification
x100 (a), magnification x200 (b)).

P —
50 um

Fig. 9. Microstructure of delamination walls in sample No. 3 (magnification
x200).

S235 and SAE 1008 were formed following opening of oxidized subcu-
taneous blowholes, which appeared during continuous casting; no
signs of metal overheating were detected.

3.2. Root Cause of Blisters

Table 2 summarizes the main known reasons for the formation of sub-
cutaneous blowholes in continuously cast slabs.

The analysis of the process documentation and heats’ certificates,
performed for those heats, where the blisters were detected, and veri-
fication of the processing parameters’ correspondence to the required
values have shown the following.

(i) Insufficient killing of steel. The average content of total and acid-
soluble Al in the steel was of 0.033% and 0.030%, respectively (the
standard requirement is at least of 0.02% ). The oxygen concentration
in the steel before being transported to continuous casting machine
(CCM) No. 3 (measured, using an electrochemical oxygen probe, which
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TABLE 2. Subcutaneous blowholes, reasons for their formation and methods
of prevention.

Key issues Information on methodology, origins and effects
are revealed on sulphur prints (according to Bauman),
Detection of the de- after etching or peeling,
fects subcutaneous blowholes are clearly visible on the first

slabs and usually disappear after the third slab

insufficient steel killing,
high gas content in steel (O,, N,, H,),
wet mould powder
metal blow-off by oxygen in the tundish or casting with-
out a ladle shroud,
Additional causes overheated metal,
undried tundish,
use of wet ferroalloys

improvement of steel killing technology,
Suggested methods vacuum treatment of steel,
of prevention use of dry materials for the tundish lining,
use of dry ferroalloys

Impact on the rolled blowholes and shells can roll out and cause surface
product quality cracks during rolling

Key reasons for for-
mation

determines electromotive force proportional to oxygen activity and
provides results within 1 minute with accuracy in ppm) is on average
of 2.94 ppm, according to the technological instructions of the enter-
prise, which allow no more than 3 ppm. Thus, no violations of the ‘in-
sufficient metal killing’ criterion were observed.

(ii) Overheated metal. The steel temperature during continuous cast-
ing was measured, using an Optris CT Laser pyrometer. This device
determines temperature by analysing the infrared radiation emitted by
the molten metal. It provides immediate and accurate readings (tem-
perature range: 250-1600°C, accuracy: +0.75%, response time: <1
second). The measured temperature corresponded to the technological
instructions. No ‘hot’ heats were noted. Thus, no violations of the
‘overheated metal’ criterion were observed.

(iii) Wet mould powder. In CCM No. 1 and CCM No. 2, the heats were
cast using the mould powder T-4-2(i); in CCM No. 3, the heats were
cast using the mould powder ATST-SP627, GS-MC22MA, STSP285-
22. The composition of the mould powders is given in Table 3. The ac-
tual water content in the mould powder was of 0.20—-0.49% (according
to the technical instructions, the water content in the mould powder
should not exceed 0.5%). Thus, no violations of the ‘wet mould pow-
der’ criterion were observed.

(iv) Metal blow-off by oxygen in the tundish or casting without ladle
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shroud. No metal blow-off by oxygen in the tundish was detected; ar-
gon consumption in the stopper corresponded to the standardized indi-
cators (the standard for CCM Nos. 1 and 2 is of 0.32-0.51 m®/h, and
for CCM No. 3, it is of 0.72 m?/h). During one of the heats, casting a
9 m long slab without a ladle shroud was noted (according to the tech-
nical instructions, slabs no longer than 2.5 m can be cast without a la-
dle shroud). Thus, a local violation of the requirement was detected
due to the presence of the reason ‘casting without a ladle shroud’.

(v) Insufficiently dried lining of the tundishes. Drying and heating of
tundishes at CCM No. 3 were carried out in accordance with the speci-
fied temperature conditions, which were maintained automatically by
changing the consumption of natural gas and air. The total drying and
preheating time was of 2 hours 45 minutes. Heating to 1100°C took 45
min, after which the temperature was held for 2 hours. During the six-
day period under study, six tundishes were dried and heated for CCM
No. 3. For all tundishes, the drying and heating time has been in-
creased. Therefore, no inconsistencies were detected for the criterion
‘insufficient drying of lining’.

(vi) Increased gas content (N, H, O) in liquid steel. The steel chemical-
composition adjustment, degassing, killing, and reduction of the im-
purity content in it were performed in the ladle-refining unit (LRU).
The hydrogen content in the metal was not measured. Metal oxidation
in the LRU before delivery to the continuous casting machine was on
average of 2.94 ppm and did not exceed 3 ppm; this is recommended by
the technological instructions of the enterprise. At the same time, in
Ref.[59], the authors recommended the values of liquid steel oxidation
to be within 3—5 ppm. In liquid steel studied in Ref. [45], a fluctuation
in the oxygen activity was of 0.6—3.2 ppm, mass fraction of Al was of
0.01-0.1 wt.%, and the CaO/Al,O; ratio was of 60/40-65/35 in the
temperature range of 1.520—-1.560°C. The average nitrogen content in
the steel was of 60 ppm (ranging from 40 to 80 ppm) that also corre-
sponded to the ‘Technological Instruction’ (TI) and is within the known
standards [60].

(vii) Leaks in cooling systems. In the heat certificates, a leak in the
boiler of BOF No. 2 was noted on the heat dates. During the retraining
period, namely, when replacing the mould and the accompanying man-
datory inspection of the connection cable and the mould cross-sectional
change system, a water leak at CCM No. 3 was discovered in the upper
part of mould No. 2 on the narrow wall. No water leaks occurred dur-
ing the operation. This was noted in the technological casting log, and
an inspection report was drawn up for the narrow wall of the mould
No. 2 after disassembling and disconnecting the copper working walls
from the steel part. The following was revealed during the inspection:
(a) the fastening bolts were tightened according to the instructions
(force 60 Nm); they did not have visible defects; their length was main-
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Fig. 10. Photo of the mould wall (a) and the skull (b, ¢).

tained as required;

(b) on the narrow wall between the steel and water-cooled copper wall
on the narrow side (far end), where a water leak was detected, a metal
skull was found, and a dent corresponding in shape to the skull was
also found (Fig. 10);

(c) on the date of acceptance of mould No. 2, there were no comments
about the hydraulic test of the copper plates.

Therefore, it can be concluded that the leak in the cooling system
was caused by the presence of a metal skull between the steel and wa-
ter-cooled copper walls of the mould that led to the damage of the seal.
Pressure testing (10 atmospheres, 15 minutes) of the copper plates be-
fore commissioning did not reveal any defects, but, during the opera-
tion of the mould, this defect appeared. This is confirmed by the detec-
tion of a dent and a water leak and corresponds to previously obtained
results.

Analysing this case allows us to conclude that leaks or ruptures in
the cooling system of the continuous casting mould can lead to the
formation of subsurface gas bubbles in the solidified slab. When cool-
ing water accidentally enters the molten metal, it instantly vaporizes,
generating high-pressure steam that may become trapped in the solidi-
fying shell and form gas inclusions. Moreover, sudden contact between
water and the hot surface of the strand can cause localized uneven cool-
ing, which may lead to microcracks and destabilization of the solidifi-
cation front. These conditions promote the entrapment of gases and
the development of internal voids or blister-like defects in the cast
product (slab).

The manuscript [61] states that the cooling systems have a critical
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impact on the formation of defects. In CCM steelmaking industry prac-
tice, verifying the tightness of mould cooling systems by conducting
hydraulic pressure tests is a mandatory procedure. However, excessive
pressure during such tests can lead to deformation of copper walls,
coating damage, and potential leakage in sealing zones [62]. Reference
[62] also notes that failure to adhere to recommended testing parame-
ters may alter the mould geometry and affect the formation of the ini-
tial solid shell. Therefore, water leaks such as those described in the
carried-out study may be an indirect consequence of improper pre-
commissioning pressure-testing procedures. Although the problem of
cooling water leakage in continuous casting systems is well known and
poses a serious threat to process stability, it remains insufficiently
covered in scientific literature. The relevance of this issue is further
supported by patent US4182397A [63], which proposed an engineering
solution to minimize leakage risks through the use of dovetail-shaped
channels and corrosion-resistant fastening elements. Thus, received
findings not only confirm the potential link between the cooling water
leakage and the formation of subsurface gas bubbles (blisters), but also
expand the current scientific knowledge by emphasizing the critical
role of mould tightness control as a key factor in preventing defects in
continuously cast slabs.

3.3. Root Cause of Gas Saturation

During the study period, scheduled measurements of hydrogen content
were undertaken in the tundish, during casting of steel grade S235 on
continuous casting machine CCM No. 3. The measurements were taken
on five heats, using the Hydris electrochemical probe, in accordance
with the plant’s standard practice for hydrogen-sensitive grades. The
results of hydrogen-content measurements, oxidation wvalues, and
comments on the rolling quality of these heats in HRM-1700 are pre-
sented in Table 3.

Table 3 shows that the actual hydrogen content in steel at the con-
tinuous casting machine was of 3.2—4.9 ppm, while the oxidation of
the metal in the ladle-refining unit did not exceed 3 ppm. A number of
measures were taken to identify the causes and prevent increased gas
saturation of the metal.

(i) CCM No. 3 control sampling was made of argon for water content
in the gas. The water content in argon was determined to be of
0.0023% that complies with the required < 0.0070% .

(ii) Three samples of AM-grade coal (used for the carbon-restoration
treatment during tapping from the BOF) were taken to determine their
water content. The water content in AM-grade coal was within the
range of 1-1.2% (with a requirement of no more than 9%).

(iii) The duration of thermostatic treatment of slabs has been in-
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TABLE 3. Gas saturation measurements and characteristics of the rolled
product quality.

Oxidation and hydrogen con-

tent for S235 (1.305) CCM . .
No. 3 for different heats Notes Total, Valid, Rejected,

on the mill tonnes tonnes tonnes

Oxidation on| Hydrogen at
LRU, ppm CCM, ppm

2.9 3.6 - Heats didn’t rolled on HRM-1700

2.7 3.2 Widthdiver- 1353 1393 0
gence (+)

2.8 4.4 Indentations 141.75 141.75 0

2.8 3.7 - C1

2.9 4.9 B Heats didn’t rolled on HRM-1700

creased for heats cast on CCM No. 2 and CCM No. 3 for orders from
HRM-1700 (at least 48 hours in the BOF shop warehouse). Slabs in
standby mode were stored in the BOF shop slab warehouse.

(iv) Nine control samples of mould powder were taken, which were
used for casting (ATST-SP627, GS-MC22MA, STSP285-22, except for
the T-4-2(i), since the entire batch was produced) at all continuous
casting machines to determine the water content. The actual water
content was of 0.20-0.50% .

(v) In HRM-1700, selective peeling of slabs of current heats of simi-
lar grades was carried out. The amount of metal rolled with the blister
defect was of 3 312.5 tonnes. From this amount, 42.4 tonnes (1.2% ) of
rolled steel were additionally rejected due to the defects ‘telescope’ and
‘protruding coils’. These imperfections are not related to the presence
of blisters, but depend on the condition and settings of the mechanical
equipment of the rolling shop [64].

(vi) The analysis of several heats cast and rolled in the same period
did not detect the blister defect. Dependences of the defect formation
on the processing parameters (liquid steel treatment, casting, and roll-
ing)in adjacent heats and heats with the defect were not detected.

Considering the sufficient killing of the steel, absence of overheat-
ing before rolling and the secondary oxidation in the continuous cast-
ing machine, and the nitrogen content being in the required range of
40-80 ppm, the reason for the formation of the largest number of blis-
ter defects was the ingress of water from the mould cooling system to
the slab surface.

3.4. Development of Methods for Blistering Prevention

The analysis of results obtained in this work suggested the following
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methods for prevention of blisters on the rolled steel surface: perform
tests of incoming AM- and AF-coals, which are used for carbon-
restoration treatment of steel, for water, ash and volatile contents,
eliminate the possibility of mixing coals of the AM- and AF-grades
with non-coking energy coal during storage, drying and other techno-
logical operations, eliminate the possibility of using solid-slag mix-
tures during steel tapping from the BOF with a shelf life of more than
24 hours, eliminate the production of steel grades, which are going by
‘warm’ charge to HRM-1700, on BOFs with leaking boiler, use wet fer-
roalloys only after calcination, conduct mandatory oxidation meas-
urements on the LRU for low-silicon (semi-killed) steel grades cast on
continuous casting machines, perform moulds’ monitoring for leaks
during acceptance and installation on the continuous casting machine,
test each batch of mould powder for water content with an increased
number of samples (2 or more), conduct weekly monitoring of argon
supplied to the continuous casting machine for water content, elimi-
nate using tundishes with violation of the heating and drying sched-
ule.

Following implementation of these measures and prior to publica-
tion of this paper, 2.692 tonnes of hot rolled coils have been produced
without defects. All this steel was supplied to the electric-resistance
welding (ERW) pipe mill that produced pipes fully complying with the
standard requirements, demonstrating the effectiveness of the meas-
ures undertaken to minimise the defect formation. To further ensure
the defect-free production, hot-rolled coils were shipped to the ERW
mill with recommendations to maintain a lower manufacturing speed,
thereby, eliminating the probability for blister-defects’ formation. In
addition, the experiments involving etching and galvanizing of hot-
rolled steel coils were carried out in the cold-rolling shop. The results
confirmed that the galvanized coils met all regulatory quality re-
quirements, showcasing the effectiveness of the implemented meas-
ures in mitigating the defects.

4. CONCLUSIONS

The analysis of steel making, casting, and hot-rolling technology at
HRM-1700 mill of the Metinvest established the primary cause of the
blister defects being the ingress of water during steel casting following
a loss of seal integrity in the moulds of continuous casting machines.

The water content in the mould powders was measured to be of 0.20—
0.50% that is approaching maximum permissible limit of 0.50%.
Therefore, stricter quality control of the mould powders was recom-
mended to prevent formation of defects.

A comprehensive set of preventive methods was developed, includ-
ing enhanced control of ferroalloy humidity, thorough checks of the
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casting machines mould seals, and additional requirements for tun-
dishes’ heating. Following implementation of the developed methods,
98.8% of the hot-rolled 2.692 tonnes of steel met quality standards.
This confirms the effectives of the measures undertaken to reduce the
defects’ formation.
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Using the developed method, the deformation regularities of artificial cone-
shaped defects’ models on wire rod and wire during their multiple drawing
are experimentally determined for the first time. As found, for the most
part, the smoothing of such defects occurs more intensively, the greater the
total wire elongation and the initial values of the depth and width of the de-
fects. These data are compared with the results of the previous similar inves-
tigations on wire deformation in the presence of defects of predominantly
transverse orientation and predominantly longitudinal one relative to the
drawing axis. As shown, the qualitatively obtained new results are closer to
the ‘transverse’ defects’ deformation patterns, and the quantitative differ-
ences can be explained by the presence of a volumetric scheme of the metal
stress—strain state around the artificial surface violation of its continuity.
The influence of the presence of such artificial formations (‘defects’) on the
condition of uninterrupted wire drawing is determined. Attention is paid to
the possible additional negative influence of ‘defects’ as stress concentrators
on the stability of the drawing process. The results of the investigation may
be useful in designing the routes for continuous multiple drawing of a work-
piece with the probable presence of continuity defects on it, and in investigat-
ing the mechanism of deformation of such surface defects to obtain drawn
wire of acceptable quality. A promising direction of research is to combine
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the data of existing work with known methods for calculating force condi-
tions of deformation and thoroughly quantifying the parameters of designed
routes for multiple stable wire drawing.

Key words: drawing, wire rod, wire, surface defects, deformation regularities.

3 BUKOPHUCTAHHAM PO3POOJIEHOTO METONY YIIEpIle eKCIePUMEHTAJIbHO BU3HA-
YeHO 3aKOHOMipHOCTi fehOpMyBaHHA IITYYHUX MOJEJiB KOHYCOIIOAIOHUX Ie-
¢exTiB Ha KaTaHIli Ta APOTi 3a IXHLOTO OAaraTopasoBOTO BOJIOUiHHA. BusaBiewo,
110 37e0iIBIITOr0 Ma€e Miclie BUTJIAAKYBAHHA TaKUX Me(eKTiB TUM iHTeHCUB-
Hilmme, unM OinbIlle cyMapHa BUTSMKKA JPOTY Ta IIOYATKOBI 3HaUEHHS TINOUMHU
rTa mupuHu gedekris. laHi 3icTaBiaeHo 3 pe3dyabTaTaMu IIOIEepPeAHIX aHAJIOTI-
YHUX JOCTiIKeHb Hif yac nedopMyBaHHA APOTY 3a HAABHOCTU HA HBOMY Je-
(eKTiB IIepeBasKHO IMOIIEPEYHOI Ta IepeBaKHO ITO3J0BKHBOI opieHTaIii BigHO-
cHo oci BosouinHsa. I[TokasaHo, 1110 AKiCHO ofep:KaHi HOBi pe3yabTaTu OJIMIKUe
0 3aKOHOMipHOCTell me)opMyBaHHA «IIOoHmepeuyHUX» Ae(eKTiB, a KiabKicHi
BiIMIHHOCTI MOXXYThL OYyTH IOSCHEHI HaABHICTIO 00 €MHOI CXeMH! HAIIPYKeHO-
IedopMOBAHOTO CTAHY MeTaJly B OKOJIi IITYYHOI'O IMOBEPXHEBOT'O MOPYIIIEHHSA
oro cyminpHOCTH. BusHaueHO BIIJIMB HASABHOCTH TAKUX IITYYHUX YTBOPEHb
(«medeKTiB») Ha yMOBY 0€300pMBHOTO BOJIOUiHHA ApoOTy. IIpmaimeno ysary
100 HAABHOCTH BipOTiTHOTO M0JaTKOBOTO HET'aTHUBHOTO BILIUBY «Ae(PeKTiB»
AK KOHIIEHTPATOPiB HATIPYKEeHb Ha CTA0iIbHICTh IpoIlecy BoJMOUiHHA. Pe3yin-
TaTU AOCJiIKEeHHA MOKYTh OYyTU KOPUCHUMH ITiJT YaCc MPOEKTYBAaHHA MapIIpy-
TiB 0€300PMBHOT0 6araTOPa30BOT0 BOJIOUIHHSA 3aroTiBKHU 3 BipoTiHOIO HaABHI-
CTIO Ha Hill Ae()eKTiB CYLiJIbHOCTH, AJA BUBUEHHS MexXaHisaMy medopMyBaHHS
TaKUX MOBEPXHEBUX Ne(eKTiB 3 oflepKaHHAM BOJIOUEHOTO APOTY IPUHHATHOL
AKocTH. IIepCleKTUBHUM HAIPAMOM JOCIiIKeHb IIPEJCTABIAECTHLCA 00 €IHAH-
HA JaHUX OAHOI poOOTU 3 BiIOMUMU METOAMKAMHU PO3PAXYHKY CHUJIOBUX YMOB
ITedopMyBaHHA Ta I'PYHTOBHOTO KiJbKiCHOTO BU3HAUEHHA ITapaMeTPiB IIPOEK-
TOBAHUX MapPIIPYTiB 6araTropasoBoro cTadiJIbHOrO BOJOYiHHS JPOTY.

KuarouoBi c1oBa: BoJIOUiHHSA, KaTaHKa, APiT, IOBEepXHEeBi fedeKTH, 3aKOHOMIp-
HOCTi nepopmMyBaHHA.

(Received 26 May, 2026 in final version, 15 October, 2025 )

1. INTRODUCTION

Drawing as a method of metal forming by pressure consists of one or
more times pulling a previously rolled or pressed workpiece through
the drawing die hole. The die cross-sectional area is smaller than the
workpiece cross-sectional area, and its configuration forms a given
profile of the product: wire, thin-walled pipe, round in cross-section or
profiled shaped bar. As a result, the cross-sectional area of the metal
decreases and the length of the product increases.

As an initial workpiece for the production of cold-drawn steel wire
with a final diameter of d,=0.002—6 mm, a wire rod with a nominal di-
ameter of d,=5.5—6.5 mm is usually used. The workpiece for drawing
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in subsequent drawing cycles is the wire obtained after the previous
passes.

The possibility of the process is assessed by the value of the safety
factor coefficient, which is determined by the ratio of the wire tensile
strength and the tensile stress (‘drawing stress’) at the drawing die ex-
it, and which must be no less than a certain critical value of [y]=1.34—
2.10[1]:

Y =0g /0 2[7]. (1)

The variation range of [y] = 1.34—2.10 was determined experimental-
ly for a standard workpiece, which is due to factors that destabilize the
values of op; and o, and its smaller value corresponds to a larger wire
diameter.

These force parameters are formed by the conditions in different
sections of the deformation zone of die and depend on the metal
strengthening, which is due to its chemical composition and the accu-
mulated elongation py while drawing [1]:

n=F /F,=[]w, (2)
i=1

where F,, F;; are the area of the initial and at the exit from the n-th
drawing metal cross-section, n is the drawing multiplicity (1 <i<n),
the drawing elongation in the i-th pass[1]:

w =K /F,, (3

F, is the area of metal at the entrance of i-th die.

It is clear that for round cross-sections of wire rod and wire:
F,=nd’ /4, F, =nd., /4, F, =nd; /4 (where d is the corresponding
diameter). In addition, the drawing stress o depends on the friction
conditions and the geometry of the drawing.

Using the levels oy, and [y] according to (1) it is possible to obtain the
value o, and then by reverse calculation using one of the numerous
known formulas [1, 2, 3, etc.] taking into account the dependence of the
mechanical properties of the metal on s, the geometry of the die and
the friction conditions, determine the characteristics of the metal com-
pression in the drawing, in particular ps, and also (if necessary)—the
mode of multiple drawing. The value y; usually ranges from 1.05 to 1.5.

The main regulatory documents regulating the quality of steel wire
rod are the standards: European EN 16120 (in four parts), American
ASTM A510/A510M, Ukrainian ICTVY 2770, ICTY 2651, ICTV 4738,
OCTY 3684, Technical conditions of Ukraine TY U 27.1-00190319-
1280, TY U 27.1-00190319-1314, etc.[4].

Such production in Ukraine is carried out at several large enterpris-
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es (PJSC ‘Zaporizhzhia Steel Rolling Plant’, LLC ‘Dniprometyz TAS’,
PJSC ‘Stalkanat’, LLC ‘Garant Metiz Invest’ [56] and at several dozen
smaller firms.

The annual output of drawn steel wire in Ukraine and, accordingly,
wire rod in the period 2015-2021 was 270-380 thousand tons, which is
approximately 8-10% of the rolled products amount. The market val-
ue of steel wire is 21-24 thousand UAH per ton [6].

After the gy invasion of Ukraine and the loss of control over some
metallurgical enterprises, such production decreased by 15-35%.
More accurate data (according to the Law of Ukraine ‘On Official Sta-
tistics’ of August 16, 2022, No. 2524-1X) are classified as confidential
statistical information[7, 8].

Drawn steel wire is used to make ‘hardware’—metal products that
are mostly used to fasten steel, wooden and plastic parts or compo-
nents, and are also used for household purposes as tools [9].

In the production practice of hardware enterprises (drawing, mesh,
electrode, nail, fastening, etc. shops of metallurgical enterprises),
such products include mesh, cables, electrodes, ropes, bolts, screws,
nuts, nails, cotter pins, etc.

The approximate structure of steel wire mass consumption is as fol-
lows: commercial wire of various general purposes—up to 59%, cables
and ropes—10%, wire for reinforcing reinforced concrete struc-
tures— 7%, nails and other fasteners—more than 5%, fibre—4%,
steel mesh—3%, etc.[5].

2. ANALYSIS OF THE PROBLEM

Although each of the above-mentioned types of products has specific
requirements, which are reflected in a large number of standards [10],
manufacturers often use the cheapest low-carbon wire rod when manu-
facturing wire and hardware for general (non-responsible) purposes.
The latter may have an expanded (compared to standards) range of var-
iation of geometric and mechanical characteristics, as well as minor
surface and volumetric defects that do not prevent its further use for
its intended purpose. An example may be binding wire, nails, etc.

Production experience shows that defects (with typical sizes from
fractions of a um to several mm) and their location in the volume and
(or) on the surface of the workpiece can significantly negatively affect
the stability of the drawing process, causing breaks, premature failure
of dies, etc. At the same time, such an impact is greater the more: the
ratio of the defect sizes to the cross-sectional dimensions of the work-
piece and wire [11], the difference between the strength properties of
the base metal and the material of the defect itself [11].

Defective wire rod accounts for approximately 10% of its total out-
put and is delivered in coils, which makes it difficult to identify devia-
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tions from regulatory requirements. In fact, it should be scrapped with
losses of the difference in the corresponding prices. At the same time,
the price of scrap metal is 5—10 times lower than the price of standard
wire rod, and the corresponding losses, in fact, are borne usually by the
hardware company.

The standardization of the use of such a workpiece in practice is car-
ried out by adopting specifications and (or) technical conditions for the
workpiece and products made from it, agreed between the parties, with
a corresponding price reduction.

Therefore, it becomes economically feasible to develop measures to
ensure stable drawing of wire rod, which has non-critical deviations
from the requirements of the standard, which do not prevent the pro-
duction of high-quality final products. This has led to the feasibility of
investigating the deformation patterns not only of the workpiece it-
self, but also of defects that may occur on it, as well as their impact on
the stability of the drawing process.

Usually, fixing and identifying the type and size of specific defects
is possible only on samples specially selected from the beginning or end
of the wire rod coil, or in places of wire breaks (in case of violation of
stable drawing regimes). Based on the number of detected violations,
an expert conclusion is made on the possibility and feasibility of pro-
cessing such wire rod into conditioned wire without changing the es-
tablished deformation regime, and subsequently for the manufacture
of hardware.

Nevertheless, at the same time, continuous drawing with regulated
reduced compression of the workpiece must be ensured, usually in sev-
eral passes to achieve the required wire size.

Obviously, this is ensured by defining p,, when performing, a rela-
tion similar to formula (1) [11]:

Y = Opy /o= Kdef[Y] ’ (4)

where K ; (> 1) is the coefficient of the defect influence on the condi-
tions of stable (continuous) drawing.

The quantitative assessment K, in the investigation [11] took into
account the following: the presence of a defect with K, cross-sectional
area (relative to the workpiece axis) reduces the area of defect-free
metal compared to the area F;; at the exit from the drawing die, as well
as the strength of the wire regardless of the material strength that fills
the volume of the defect and does not resist stretching due to a viola-
tion of the continuity of the material of the entire product; the draw-
ing process destabilizes precisely the difference in strength oy 4. of the
material filling the defect from og; the base metal of the wire, since the
latter depends on the total us (2) and partial y,; (3) drawing elongation.

Then, to ensure K,;>1, this parameter was defined [11]: when
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Op et < Op; according to the formula[11]:

F.
Ky, = 171 >1, (5)
(B — F 4¢)05; + F 40:0p act

when oy 4.¢ > 0p; according to the formula[11]:

K. . = Fi = Fit)081 + FiotOp ger
def.i

>1. (6)

F.op

Usually, as a result of preparing the workpiece for drawing by etch-
ing or alternating bending, its surface defects become hollow
(0.4t = 0). Then, from Eq. (5), it followed [11]:

E. E.
Kop, = - >1, Koy, = = >1, (M
F, - F, (Fil - Fdef)

1~ Ldef.i

and to determine the value K, according to formulas (5)—(7), quanti-
tative data on the regularities of the shape change of defects during
the drawing process, taking into account their initial shape and loca-
tion in the body of the workpiece relative to the axis of the latter, be-
came necessary.

The shape, size, and location of defects in a workpiece cannot be pre-
dicted a priori.

Therefore, theoretical assessment of their influence on the stability
of the drawing process is possible only by investigating the defor-
mation process of simplified defect models, and experimental assess-
ment is possible by creating artificial ‘defects’ on the workpiece: drill-
ing and surface notches with different geometry, dimensions and ori-
entation, followed by deformation, measurement of dimensions and
corresponding analysis of the results.

The first logical step towards developing appropriate measures was
to identify the most common defects in wire rod. These include [11-15,
etc.]:

—non-metallic (oxide, slag) inclusion in the volume or (and) on the sur-
face of the wire rod; the consequence of the presence of such a volumet-
ric defect is the formation of discontinuity and (or) heterogeneity of
the properties of the workpiece material, and the surface violation of
the continuity of the metal, as a rule, exfoliates during the defor-
mation process and leaves behind a shell with a depth of fractions of a
millimetres to a through hole;

— delamination, which can originate during preliminary rolling, ap-
pear during deformation of wire rod areas with the presence of non-
metallic inclusions or shrinkage, or serious segregation by chemical
composition, which causes excessive internal stresses in the metal up
to the appearance of cracks;
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— longitudinal and transverse cracks, which may be the result of une-
ven deformation of the metal in terms of volume with the initial pres-
ence of surface defects, microscopic pores and bubbles, or overburning
during preliminary heat treatment;

— delaminations (‘captures’), which are a consequence of the loss of ra-
dial stability and subsequent rolling of the surface convexities of the
workpiece during its deformation, and which, as a rule, turn into de-
lamination or cracking during drawing;

— scratches and dents of different depths and directions relative to the
wire rod axis, etc.

Given that the present work is a continuation of previous similar in-
vestigations under the same leadership, it became appropriate to make
a certain generalization and analysis of the results already obtained.
The emphasis is placed on the fact that in the deformation centre dur-
ing wire drawing in the radial direction to its axis, compressive stress-
es and strains act, and in the longitudinal direction—tensile.

Such a scheme of the stress—strain metal state is dangerous from the
point of view of initiating wire breakage under the action of the draw-
ing force, especially in the presence and influence of wire continuity
violations along the drawing axis [1]. In this case, the dimensions of
these violations in the cross section perpendicular to the drawing axis
(wire) must be taken into account.

As a part of the research conducted earlier and reflected in the
works [16, 17], results were presented regarding the deformation pat-
terns of one type of artificial defects.

In particular, in work [16], the deformation zone during drawing
was theoretically considered with a defect model in the form of a
through cylindrical drilling with a diameter of A, located transversely
to the axis of a round wire rod with a diameter of d,. Virtual ‘defor-
mation’ occurred in a conical drawing die with a drawing elongation p;,,
and the metal received a total drawing elongation us; at the exit from
the sequence of draws, starting from the first one.

This model of a conditional ‘defect’ was presented: hollow with a
tensile strength og 4. =0, filled with a material with a tensile strength
lower than that of the base metal (og4.; < 0g1), filled with a material
with a tensile strength close to the base metal (og 4; * 05;), filled with a
material with a tensile strength greater than that of the base metal
(Op.aet > Op1)-

During the theoretical analysis, the authors took into account that
the wire rod (preform) during drawing is stretched along the longitu-
dinal axis z and compressed radially along the axis p. This caused the
deposition of the ‘defect’ along its ‘height’, which was equal to the cur-
rent diameter d,; in the drawing, and the initial circular cross-section
of the ‘defect’ with a diameter A, acquired an elliptical shape with the
current dimensions a,; (along the metal axis) and b, (perpendicular to
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the longitudinal axes of the wire and the ‘defect’ model).

Based on reasonable assumptions about the invariance of the cross-
section of the ‘defect’ during metal deformation i-th gap [16] and the
relationship between deformations and stresses [1], it was shown that
for an arbitrary ratio (op get/0p1;) [16]:

b, = Bz : ®)
1- (GB.defr /GBli)(AZi /dZi) + AZi /dZ

_ A, \f4 By [dy + (1= Opger / Opyi)A Vl Hy ] 1+ A, \7 Uz (9)
zZi = :
d, 2(dy; — (Opaer / Op1)A x/4 Hy)

For the cross section of the metal exit and the ‘defect’ from the de-
formation centre, according to Eqgs. (8) and (9), as well as formulas (2)
and (5) from the source [16]:

Ay = AgyMy (10)
after transformations, taking into account
= nd} / l =nd’ /4, F, =nd, /4, it turned out [16] with
=d, = Ly, and arbitrary ratio og g.;/0py; [16]:
A )
bZi — 0 uZl , (11)
1-(Ogaer / O ) Aghy; / dy) + Aoy, / dy
. Ao‘\ljg[do + (1 —0p 4ot /GBli)AOHZi\/E] 1+ Ao“zn/@ :(12)
“ d, 2(dy — (O ger / 1) Aok \E)
with op 4e¢/0p1;= 0,
by o = Aol NI /(dy +Ags,) (138)
a0, = BoHy; 1+ Aoty M5 /2d,]1; (14)
with 6p 4es/0p1;=1,
b1 = BoHyi (15)

0“’21 \“’l& (16)

a, ., =AY, |1+
1.1. 0 P 9. (d AOMZL {Mxl)

The results of calculations using formulas (11)—(13) were compared
with experimental data [17].

In those experimental investigations, defect modelling was carried
out by through-hole drilling with a diameter of A,=2.0, 1.5 and 1.0
mm perpendicular to the axis of the wire rod, which had a diameter of
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dy,=6.50 mm. Modelling of the material properties of defects was per-
formed using the following options: filled with rods made of alumini-
um, unhardened and pre-hardened low-carbon steel with known tensile
strength values, as well as without filler.

The wire rod with holes was drawn through double dies in one pass to
a diameter of d;=6.2 mm (u,=ps=1.048) in the presence of dry soap
lubricant. After that, cylindrical samples were cut from the wire at the
locations of the deformed ‘defects’, cut along the axis, made longitu-
dinal sections of them, and measured the dimensions of the hole with a
trammel.

It was found that, after drawing the workpiece, the initial round
cross-sectional shape of the drilling-‘defect’ transformed into an ellip-
tical one with dimensions a and b.

Comparison of experimental (index ‘exp’) and theoretical (index
‘theor’) values a revealed their satisfactory coincidence with a devia-
tion of no more than 25% and the feasibility a of introducing a correc-
tion empirical coefficient A, which approximated the results of calcu-
lations and experiments with a deviation of no worse than 1% in the
formof [17]:

ali.theor = Aali.exp. ’ (17)
wWere
A A
A=1.24-1.5022 +0.070 2Bdet | 0 2520 OBaer (18)
d, OB Me. OB Me.

At the same time, the experimental data were more thorough.

At the analysis took into account that the cross section of the exit
from the deformation zone and the deformation zone itself were at a cer-
tain distance from each other. As a result, if there is a ‘defect’ of a cer-
tain length a; at the exit from the die, the metal in the deformation zone
itself may not contain a defect. This situation is accompanied by a wire
front end weakening and the preservation of the required drawing force.

What was important here it was that the size is ‘responsible’ for the
weakening of the wire cross-section by the diameter d;; at the exit from
the drawing die in the presence of a defect according to Eq. (7) was pre-
cisely the size b,,.

The data presented in Ref. [17] allowed us to assess the influence of
the area of F, 4. = b;;,d;; a through-hole defect in the wire rod in the form
of an initial cylindrical hole in the cross-section of the metal exit from
the drawing die with the area F, =nd’ /4 on the corresponding
‘weakening’ of the wire cross-section with a decrease in its reduced
strength. In this case, it became possible to assume in a first approxi-
mation that the area of the conditionally cylindrical cross-section of
the defect model with a diameter at the exit from the drawing is trans-
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formed into an ellipse with axes a and b. From this, it follows:
Afi =a,b, and b, = Ai’ / ay;-

Calculation of values a, ,; according to formula (14) and adjustment
of this quantity according to formulas (17) and (18) necessitated a cor-
responding change in the quantity b,. Then, taking into account formu-
la (10), after simple transformations, it is obtained [17]:

Alpn,,
b_:#, 19
1i Aa ( )

1i.theor

and it became appropriate to determine the defect influence coefficient
K4 according to the simplified formula (7), which after simple trans-
formations gave[17]:
2
K,, = # >1, (20)
nd,; —4d,.b,,

regulating according to (4) the corresponding reduction ; in the allow-
ance.

Unlike volumetric defects, surface defects of a workpiece with dif-
ferent geometry and penetration depth (sometimes up to half its diam-
eter), depending on the pressure treatment conditions, may disappear
as aresult of smoothing, remain or close, turning into a ‘crack’ [11].

To assess the influence of the size and orientation of surface defects
on the results of their deformation and the conditions of stable multi-
ple drawing of steel rod and wire, the results of relevant experimental
investigations were presented using a specially developed method [11].

The drawing of prepared samples of wire rod with a diameter
dy,=6.5mm made of low-carbon steel was carried out through prefabri-
cated double dies made of BK-6 alloy on a chain mill at a speed of 0.2 m/s
for 4 passes along the corresponding routes: 6.2— 5.9 > 5.45— 5.05
mm (partial drawing elongation y, were 1.10 - 1.10 > 1.17 — 1.16).

Sodium soap powder was used as a technological lubricant.

On the surface of the workpiece, longitudinal and transverse (rela-
tive to the wire rod axis) notches with a depth h,=2.5,1.6, 1.2 and 1.0
mm and a size of 2.6—6.5 mm in the direction perpendicular to the
drawing axis were applied by milling. Another size of the notches was
1 mm. This was significant in the subsequent determination of the
weakening of the wire profile at the exit from the drawing.

The notches were placed along the axis of the workpiece in 4 groups
(according to the number of passes, respectively). The distance be-
tween the notches was at least of 10 mm, and between their groups, it
was of 100 mm (Fig. 1) to prevent the mutual influence of these defect
models during metal deformation.

From the wire rod and after each i-th pass from the wire rear end
with a diameter d;;, sections with a ‘defects’ group were cut off, then
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10 mm 'é’ 100 mm Drag direction BA_ A _h
*?I_—o = = o—//—q:Dc:)Qo— — OO}—%—
a A
a
10 mm ,.]i. 100 mm Drag direction BB .
E-0001 — /0004 — 0000 - — — - == -G
« 1L =
b 6

Fig. 1. Scheme of preparation of wire rod samples with groups of longitudinal
(a) and transverse (b) surface notches (shown for three passes) [11].

Fig. 2. Examples of deformed wire sections photographs: transverse with a
longitudinal ‘defect’ applied (a), longitudinal with transverse ‘defects’ ap-
plied (in comparison with a fragment of the tool ruler) (b) [11].

each of them with the surrounding metal zone was separated, marked,
cut at the place of their maximum depth and perpendicular to the wire
axis, polished and photographed with a digital camera (Fig. 2).

The accuracy of such measurements was limited to visual determi-
nation of dimensions (within 0.5 mm). It became possible to increase
the accuracy of measurements by transferring a digitized image of de-
fects to a computer monitor screen.

The transition from enlarged computer images to the corresponding
actual ‘defects’ sizes was carried out taking into account the ‘conver-
sion factor’:

K=li“—“<1, (21)

p
‘comp.

where [, l.omp. are respectively, the results of instrumental measure-
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ment of the dimensions of the product in an accessible place (for exam-
ple, the diameter d, of the wire rod using a micrometres with an accu-
racy of £0.01 mm) and measurements of the dimensions of the com-
puter display of the same place using a tool ruler.

The regularities of deformation of surface defect models depending
on the values of total drawing elongation s = (d,/d,)?, drawing elonga-
tion p,=(d,/d,)? in the i-th pass and (or) the corresponding change in
the perimeter of the wire cross-section \/E =d,_,/d , as well as the
number of compressions (passes) were judged by the change in the
measured depth %z and size b of the notch in the direction perpendicular
to the drawing axis before (index ‘i—1’) and after (index ‘i’) defor-
mation in the pass (see cross-sections A—A and B—B in Fig. 1).

Accordingly, the ratio h, ,/h; reflected the intensity of the decrease
in the depth of the ‘defect’ with increasing ps and p;; an increase in the
ratio K,,=b,;/h,; corresponded to the relative expansion (smoothing) of
the ‘defect’, and a decrease K;,—to its narrowing, i.e. the tendency to
transform the notch into a longitudinal ‘crack’) after drawing in the
next i-th pass. The ratio K,,=b,d,_;/(b,_1d;) also assessed the synchronic-
ity of the change in the width of the ‘defect’ and the perimeter (diame-
ter) of the wire. The value K, =1 corresponded to the synchronous
change in the width of the ‘defect’ and the perimeter of the product;
the value K,, <1 corresponded to the tendency to transform the notch
into a longitudinal ‘crack’, and K,,> 1—to the tendency to smooth the
‘defect’ relative to the perimeter (diameter) of the wire, which de-
creased in successive drawing passes. Additionally, it was possible to
estimate the angle at the apex of the notch: § = 2arctg(b,/2h,) (Fig. 1).

The results obtained in the investigation [11] indicated the follow-
ing.

With a longitudinal (relative to the workpiece axis) orientation of
the notches (see Fig. 1, a), with increase py the depth #; and width b, of
the ‘defect’ decreased intensively, mainly in the first two passes, the
more so, the larger their initial values were h, and b, on the wire rod,
and then at uz>1.2—1.4 the intensity of their change decreased, and
they asymptotically approached in magnitude.

Important here was the decrease in the magnitude K, and corre-
sponding angle B; with increasing extraction uz, which indicated a ten-
dency for such a ‘defect’ to transform into a longitudinal ‘crack’ the
more intense the greater the extraction us and the smaller the initial
depth &, of the ‘defect’.

The non-monotonic nature of the change K, ,.,a<1 from py in the
longitudinal orientation of the defects reflected the complex influence
of strengthening and the stress state scheme of the metal in the defor-
mation centre near the notch during wire deformation and, in general,
confirmed the tendency for the longitudinal notch to transform into a
‘crack’. This dependence was probably due to the complex influence of
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the metal deformation conditions on the metal flow.

With the transverse orientation of the notches on the workpiece rel-
ative to the axis (see Fig. 1, b), a monotonic decrease in the depth %; and
width b, of the ‘defects’ was also observed with the increase in ps. But
in this case, the magnitude K;; and the corresponding angle ; values
increased, which indicated a tendency to smooth out such ‘defects’.
This was also consistent with the values A,_;/h; > 1 in the entire investi-
gated range of the increase in the parameter \/E =d,, /d . In this
case, a more intensive smoothing of the transverse ‘defect’ became im-
portant in comparison with the decrease in the wire cross-sectional pe-
rimeter.

Also, in Ref. [11], the influence of surface defects of longitudinal
and transverse orientation relative to the wire axis on the stability of
the drawing process in the i-th passes was estimated using geometric
relations by the coefficient value according to formula (7).

Accordingly, for the longitudinal orientation of the defect when
considering the method of notches applying to the workpiece, its cross-
sectional area was represented by a sector with width b;, depth &; and
angle B = 2arctg(b,/2h;) under the segment (see view A—A in Fig. 1, a).
Then, according to Ref.[18],

F _ riz(Bi _SinBi) , (22)

def.long.i ~— 2

where r, = (h? + b7 /4)"/?, which after transformations gave:

— L bi2 :
Eong.segi - 5 (hl + Z)(BL —Ssin Bz) ’

and according to (7) and taking into account d,; = 2r;,, we obtained:
X B 1
a1 (2R /(nd}y) + b7 /(2nd;))(B, —sinp,)

Similarly, for the defect transverse orientation on the wire, its
cross-sectional view, which is perpendicular to the drawing axis, tak-
ing into account the notches method of applying to the workpiece, was
approximately represented by a segment (see view B—B in Fig. 1, b).
The area of this figure is determined by the formula (18) [18]:

F _ nz(Bi B SinBi)

def.tran.i — 2

(23)

, B, = 2arccos((d,, —2h.)/d,.),

and, after simple transformations, we obtained:

KCID tran 1 ’
o 1— (B, —sinf,) /(2m)

(24)
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Calculation according to formulas (23) and (24) showed that the im-
pact K,.; on the stability of the drawing process is most significant in
the first passes, which requires, according to equation (4), an increase
in the limiting safety factor according to formula (1) and a correspond-
ing decrease by 5—30% of the drawing elongation L.

Evaluation of the information presented above determined the fea-
sibility of conducting additional investigations to identify defor-
mation patterns in comparable conditions of surface defects with the
same initial orientation of the axes relative to the rod axis and their
influence on the condition (4) of continuous drawing. Also, the formu-
la for estimating the coefficient K,.; was subject to appropriate defini-
tion. This became the aim of the following experiments and analysis.

3. RESEARCH SECTION

To achieve the set purpose, we used 5 samples of wire rod, prepared in
the same way for drawing according to the method presented in Ref.
[11] and shown above.

On each wire rod sample made of low-carbon steel, groups of conical
non-through holes (Fig. 3, a) with a depth z,=3.0 mm and dimensions
by=a,=6.0mm; hy=2.0 mm and b, = a,=4.0 mm; 4,=1.0 mm and b, =
a,= 2.0 mm were applied with a drill with an angle at the apex of 900.
Such models conditionally reflected defects: scale detachment, non-
metallic surface inclusions, small shells, etc., better than those ones
oriented only along the axis or perpendicular to the drawing axis.

Fig. 3. General view: conical model of the surface ‘defect’ (magnification x10)
(a), wire fragment after the first pass with a deformed defect (magnification
x2) (b), the same after the forth pass (c).
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Prepared samples of wire rod with applied conical ‘models’ of sur-
face defects were deformed on a chain drawing mill under the condi-
tions presented above.

Then, after each i-th pass, a section with the next deformed ‘defect’
was cut from the rear end of the sample with a diameter d;; (Fig. 3, b,
¢). Then, each of them was cut perpendicular to the axes of the wire and
the ‘defect’ into templates, polished, photographed with a known
magnification using a digital camera and transferred to the PC screen.
The characteristic dimensions of the ‘defects’ were measured with an
instrumental ruler of the second accuracy class with a division value of
0.5 mm and the results of similar measurements were averaged.

The negative impact of image boundaries blurring with increasing
computer magnification on measurement accuracy was taken into ac-
count using the conversion factor K., which was determined by the re-
lationship:

K,.=10/N, (25)

where N is the number of pixels per 10 mm of the template (photo-
graphed together with the samples).

This approach allowed us to reduce the relative error in measure-
ments of the geometric parameters of ‘defects’ and the wire to 2%.
Strictly speaking, the results obtained in such discrete investigations
should be presented as bar charts. However, for the convenience of
comparing the newly obtained data with similar ones, they were pre-
sented as lines on graphs that displayed the trends in the change of
characteristic indicators during the deformation of surface defects de-
pending on the values of the total drawing elongation s =(d,/d,)? in a
similar way as in Ref.[11].

The analysis determined the next. Absolute values of depth k; and
width b, (taking into account that the initial round base of the cylindri-
cal ‘defect’ on the wire surface after the first drawing pass trans-
formed into an elliptical figure with a width b, and length a; that
changed in successive i-th drawing passes of the wire rod and wire (Fig.
4). The ratio h, ,/h;, which reflected the intensity of the decrease in the
depth of the ‘defect’ with an increase in py, the ratio b,/h;, which was
consistent with the change in the angle ; and reflected the tendency to
smooth out or transform the conical ‘defect’ into a crack; the ratio
K, =bd,,/(b,,d,) also assessed the synchronicity of the change in the
width of the ‘defect’ with the perimeter (diameter) of the wire (Fig. 5).

4. DISCUSSION OF RESULTS

Analysis of the presented data indicated the following. In the presence
of conical models of ‘defects’ on the wire rod with a change in the total
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Fig. 4. Dependence of the total extraction depth (a) and width (b) of conical
models of ‘defects’: 1—h,=3.0 mm and b,=a,=6.0 mm, 2—h,=2.0 mm and
by=a,=4.0 mm, 3—hy=1.0 mm and b,=a,= 2.0 mm.

draw over several passes during drawing, the width b, and depth %, of
the defect on the wire monotonically decreased the more intensively
the larger these initial parameters on the wire rod were.

Qualitatively, this was consistent with the corresponding data of
work [11] and the results of calculations using formulas (8)—(17). At
the same time, a noticeable manifestation of the volumetric scheme of
deformations and stresses was detected, as a result of which the quan-
titative data differed. In particular, the intensity of the change
h,_i/h;>1 and b,/h;>1 indicated a positive trend in the smoothing of
defects, the greater the larger us was (see Fig. 4). To a greater extent,
this was consistent with the ‘behaviour’ of transverse defects (see Ref.
[11]). The values K, =b,d,_,/(b,.1d;) =1 indicated an approximate syn-
chrony of the change in the width of the ‘defect’ and the perimeter (di-
ameter) of the wire (see Fig. 5). which was the largest at larger values
hy, b, and decreased with a decrease in these parameters from py indi-
cates the influence of a predominantly volumetric scheme of metal de-
formation around the conical defect, in contrast to predominantly lin-
ear schemes with its longitudinal or transverse orientation relative to
the drawing axis.

In further analysis, the influence of surface conical defects of the
workpiece on the stability of the process of its multiple drawing by
changing the geometric parameters in the drawing process, similar to
previous investigations [11], was estimated by the value of the defect
coefficient according to formula (7). It was taken into account that the
geometric ‘weakening’ of the wire profile at the exit from the drawing
was due to the corresponding sizes b,, h; and d;; in the cross-section of
the ‘defect’ and the wire.

In Figure 6, a, the cross-section of the conical defect model is repre-
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Fig. 5. Dependence of the intensity of the change in depth (a), relative width
(b) and synchronicity of the change in the width of the ‘defect’ with the pe-
rimeter (diameter) of the wire (c) on the total draw for conical models of ‘de-
fects’: 1—hy=3.0mm and b,=a,=6.0mm, 2—h;=2.0mm and
by=a,=4.0 mm, 3—hy,=1.0 mm and b,=a,= 2.0 mm.

sented by a curvilinear triangle AKBC with width b,, depth £, and angle
B; under the corresponding arc AKB, on which the central angle o, of
the circle corresponding to the cross-section of the wire also rests. The
area of the ‘defect’ consists of the sector AKB of the circle with diame-
ter d,; and the triangle ABC: Fyet; con = Faxs + Fanc-

With this representation according to Ref. [18],

2 .
g T (o, —sina,)
AKB 2 ’

where r;=d;;/2, angle a,= 2arcsin(b,/d,;) in radians, F,zc.=0.5hb;, and
after simple transformations taking into account (7) we obtained:

2
KCID.con = 2 2 Tcdli N . (26)
nd;;, —0.5d;, (o — sina) — 2h.b,
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Fig. 6. Scheme for determining the area of the conical defect model in the
cross-section of the wire at the exit from the drawing (a) and the dependence
of the defect coefficient on the metal extraction during drawing (b): I—
hy=3.0mm and by,=a,=6.0mm, 2—h,=2.0mm and b,=a,=4.0 mm, 3—
hy=1.0 mm and b,=a,=2.0 mm.

Next, using the experimental values of b;, k;, and d,,(see Fig. 4), we
determined the dependence of the parameter K .., o1 Uz (Fig. 6, b).

The obtained data showed that, in agreement with the tendency to
smooth out conical defects (see Figs. 4 and 5), their negative impact on
the stability of the drawing process decreased with decreasing wire di-
ameter, the deeper the initial ‘defect’ was. At the same time, the abso-
lute values K¢ .., Were the smallest at small values A,. This, to some
extent, is consistent with the data presented in Ref. [11] and calcula-
tions using formulas (18) and (19). The quantitative difference can be
explained by the significant influence of the stress—strain state of the
metal around the defect on its formation, while maintaining the rec-
ommendation regarding the need to weaken the deformation regime,
i.e., the values of ;, along the entire drawing route, the greater the
depth of the defect and the value of pus, which is consistent with pro-
duction practice.

The results of the research also showed that drawing of wire with
surface conical defect models is accompanied by an increase in their
longitudinal dimensions relative to the wire axis. At the same time, a
difference was recorded between the relative elongation of the linear
dimensions of defects closer to the axis and on the wire surface: on the
surface, they were larger by 15—40% . The latter indicated the uneven
deformation in the drawing of both the wire and the defects on it.

It should be noted that the presence of cone-shaped defects on the
wire surface, as well as defects with a transverse location relative to
the drawing axis, forms a stress concentrator for the acting longitudi-
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nal drawing force. This can affect additionally negatively the stability
of continuous drawing, which requires an even greater reduction in the
deformations y; in the gaps and changes the right-hand side of inequal-

ity (4):
v = % > K K, [1], @7)

where 1 < K< 3 is the technical stress concentration coefficient for the
conditions of plastic deformation of the material [19].

It can be argued that the preferred longitudinal orientation of the
defect relative to the tensile force vector during drawing is less sensi-
tive to stress concentration.

The obtained data may be useful in developing models of a stable
(continuous) wire rod and wire drawing process.

5. CONCLUSIONS

Using the developed method, the deformation regularities of artificial
models of cone-shaped defects on wire rod and wire during frequenta-
tive drawing were experimentally determined for the first time. It was
found that, in most cases, the smoothing of such defects occurs more
intensively, the greater the total wire drawing and the initial values of
the depth and width of the defects.

The influence of defects on the condition of stable (unbroken) wire
drawing is determined. The data are compared with the results of pre-
vious similar investigations on wire deformation in the presence of de-
fects of predominantly transverse and predominantly longitudinal ori-
entation relative to the drawing axis. It is shown that the qualitatively
obtained new results are closer to the regularities of deformation of
‘transverse’ defects, and the quantitative differences can be explained
by the presence of a volumetric scheme of the stress—strain state of the
metal around the defect.

Attention is drawn to the probable additional influence of conical
and ‘transverse’ defects as stress concentrators on the condition of
continuous drawing, which is also advisable to take into account when
designing routes for multiple deformation of the workpiece to obtain
drawn wire of acceptable quality. A promising direction of research is
to combine the data of existing work with known methods for calculat-
ing force conditions of deformation and thorough design of routes for
multiple stable wire drawing.
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Poap miaacTuyHOCTH B pyHHYBaHHI MeTAJIiB i CTOIIIB

0. d. Memkos, I'. II. 3imina, 10. O. ITonymikiu

ITucmumym memaanogisuru im. I'. B. Kypdomosa HAH Ykpainu,
0yavs. Axademira Bepradcvrozo, 36,
03142 Ruis, Ykpaina

B oraamoBiit crarTi MexaHiuYHA BJIACTUBICTD IJIACTUYHOCTU POBIJISALAETHCS i
KYTOM 30Dy BILIMBY ii Ha KPUXKiCTh MeTaJIeBUX MaTEPifAIiB uepes BTPyUaHHA B
MexaHiuHUI Hanpy:KeHo-TedopmoBaumii crad (HIC) meranmesoro tisma (MT) mifx
CHUJIOBUM HAaBaHTAKEHHAM: IIOABA ILJIACTUYHOCTH oOMexye mpyskHii Bug HIC
Ha Mexi naueHOCTH MT 0), i mOpOAKye mpy:xHBO-mIacTuuHuil Bujg HIC B
MesKax Halpys:KeHb Bifl 6, , 10 Sk (icTuHHe HaNpy:XKeHHA PYHHYBaHHA 3pasKa y
«muiini»). IarepBan nHanpy:xeHb AS=Sg—0,, CIyrye pesepBoM MexaHiuHOI
crabinbaocTu (PMC) manpy:xenoro crany MT 3 mokasuukom PMC y Buraani
koedimienra B,=Sy/c,, (31amocrifixicte MT), mo 3abesneuye naacTUIHOMY
MT pecypc 3axucTy Bim KpUXKOTo pyliHyBaHHA 3a B,> 1. IlmacTuuHicTh mOpPO-
mxye y MT cmoci6 asa 3axucTy Bif IIBUAKOTO pYHHYBaHHSA — Kpuxkoctu. Ilo-
Ka3HUK 3JIaMOCTilfikocTu B, cayrye napaMeTpoM KijnbKiCcHOro BUMipy 37aTHOC-
™1 MT unHauTu omip pyiirysauunio MT Baarairi, B ToMy umcJi i mig giero KOHIIEeH-
TpaTopiB Hanpy:keHb (KH) (maxgpisiB, Tpimus, Tormo). B 1iit craTTi HaBegeHO
pes3yabTaTHu aHaJi3u eKCIEePUMEHTIB 3 JiTepaTypHUX AKepeJ IIT0A0 POJIi IIoKa-
3HUKAa B, (3y11amocTifiKoCcTH) B IIpollecax pyHHYBaHHA KOHCTPYKIIINHUX KPUIH
Ha 3paskax i3 KH 3a kiMHaTHOI Ta HUBBKUX TEMIEPATyp BUIPOOYBaHb.

Kuarouogsi ciioBa: minHicTh, cTabiJbHiCTE MiITHOCTH, 3JIAMOCTiHKicTh, mepeHa-
IPYXeHHs, KOHIIEHTPATOP IIepeHaNnpyKeHb, KPUXKiCTh, KPUTUYHHUI mapaMe-
Tep KPUXKOCTU, CYOKPUTHUUHE Ta HAAKPUTHUUYHE PYHHYBaHHSA, 3aXUCHUI pe-
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CypC ILIACTUYHOCTH.

In the review paper, the mechanical property of plasticity is considered from
the standpoint of its effect on the brittleness of metallic materials due to in-
fluence on the mechanical stress—strain state (SSS) of a metal under a force
load: the appearance of plasticity limits the elastic form of the SSS at the yield
point of a metal 6, , and generates the elastic—plastic form of the SSS within
the stress range from o, , to Sy (the true fracture stress of a sample in ‘neck’).
Stress interval AS=S;—0,, is a mechanical-stability margin (MSM) of the
stress state of a metal with a numerical characteristic of MSM in the form of a
coefficient B,=Sg/c,, (break resistance), which provides the ductile metal
with a protection margin against brittle fracture at B, > 1. Plasticity creates
within the metal a means to protect against rapid destruction (brittleness).
The break-resistance coefficient B, is a parameter for quantitative measure-
ment of the metal ability to resist fracture of a metal in general, including un-
der the action of stress raisers (SR) (notches, cracks, etc.). This paper presents
the results of the analysis of experiments from literary sources on the role of
break-resistance coefficient B, in the processes of fracture of structural steels
for specimens with stress raisers at both room and low test temperatures.

Key words: strength, strength stability, break resistance, overstrain, over-
strain concentrator, brittleness, critical parameter of brittleness, subcritical
and supercritical fracture, protective resource of plasticity.

(Ompumano 27 mpasnsa 2025 p.; ocmamoun. sapisnm — 25 cepnusa 2026 p.)

1. BCTYII

BracTuBicTh NMIACTUYHOCTH HpUTaMaHHA MeETaJIeBUM MaTepisjgaMm 3a-
BAAKU OCOOJIMBOCTSAM METATIUHOIO TUITy MiKaTOMOBUX 3B’ A3KiB, 3yMOB-
JIeHNX HasABHICTIO B MeTaJlaX TaK 3BAHOTO «eJeKTpoHHoro rasy» [1]. ILia-
cTuyHa AedopMaliid HOUYMHAETHCA 38 KPUTUYHOTO HANPYKEHHS YMOB-
HOI Mei INIMHHOCTH G 5, 110 3aJICXKUTH BiJl CTPYKTYPHU IOJiIKPUACTATIIY-
HOTO CTONY, TeMIIepaTypu i JUHAMiKM HaBaHTa:KeHHA [2] Ta 3aBepIry-
€ThCS BiIPUBOM IIiCJIs JOCATHEHHA €HEePTeTWUHOI HecTabiJbHOCTH Ie-
dopmMoBaHOI CTPYKTYypH MeTaay 3a HaUpy:KeHHA Sy (icTuHHe HaIpy-
JKeHHA PYNHYBAHHA Y «IIHUHII» 3paska) [3, 4]. OTike, B MeTaJeBUX Ma-
Tepisgaax pyiHyBaHHA 6e3 MOYATKY IJIACTUYHOI Aedopmartii B mpuHIIA-
i HEMOJKJIMBE; TOMY 3aKOHOMipHO HOCTa€ MUTAHHS PO (i3UUHY CYT-
HicTb Tiel poJii, AKYy IJIACTUYHICTH Bifirpae B ABUIIl pPyHHYBaHHA B3a-
raJii B KpuxXKoMy BUJi pyiiHYyBaHHSA 30KpeMa.

B Tpamuritiniii MeTomoJsiorii mOCHiIMKeHHA KPUXKOCTH METaJeBUX
MaTepiAJiB IMUPOKO BUKOPUCTOBYIOTH KOHIIEIIIi}0 EHEPTOEMHOCTU PYIi-
HYBaHHS 3a IMHAMIYHOTO HaBaHTAKE€HHS HA BUTUH CIEIiAJbLHUX IPU3-
MaTHUUYHUX 3pPasKiB i3 HAAPi30oM EeBHOI TOCTPOTH 3 BUBHAUEHHAM POOOTH
pyiinyBaHHA («ymapHoi B’siskoctu») KCV (mampis tumy Illapmi) ab6o
KCU (umagpis Meunasxe) [5]. Ajie 3 TOUKHM 30py POJIi MJIACTHUYHOCTU B IIO-
KasHMKax yAapHoi B’ asxkoctu KCV i KCU [ /M%] Taka MeTO/0JIoTis He
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€ aIeKBaTHOIO, OCKLJILKY B IOKA3HUKY POOOTH PYHHYBAaHHS BILJIUB CaMO1
MJACTUYHOCTH iCTOTHO NPUTIHAETHCS BILIMBOM IIOKAa3HMKA MIiITHOCTU
(0o,2), 0COBJINBO y BUCOKOMIITHUX CTOIIaX, B Pe3yJbTaTi 4Oro KpuTepii
KPUXKOCTH Yy TaKilfi METOZO0JIOTiI TOBOAUTHCA KOPUI'YBATH Y BiAIOBiJHO-
CTi o KJacy MimHOCTHU cTomry [6].

B maniii po6oTi mocTaBjeHy 3aJauy IIPOIOHYETHCA PO3TJIALATU, BU-
XOASAYM 3 YSBJEHDb IIPO CTAH MeXaHiuHOl cTabiIbHOCTH HANPY:KEHOTO
metasieBoro tija (MT), sakmamzeHux y momepeqHix podoTax aBTOPiB ITiel
Kounenmii [7—11]. B xkoumnenmii mexauiumoi cTabiJbHOCTH POJIL ILIAC-
TUYHOCTH Y PYHMHYBaHHI MeTaJIiB OJHO3HAUHO BiJOOPAKAETHCA Y CIIeIi-
SAJLHOMY IIOKA3HUKY pe3epBy (pecypcy) CTabiIbHOCTH ILTACTHUUYHOTO
crany (PCIIC) (smamocrifikoctu mertauy) B, [8]:

B, =8y /0043 (1)

Sy — iCTUHHe HaIpyXeHHA PyHHYBaHHA y «IIUIIi» 3pasKa, Gy, — yMO-
BHa MejKa INIMHHOCTH 3pasKa 3a 3aJIUIIIK0oBOI fedopMariii g, , = 0,002.

2. MEXAHIYHA CTABIJIBHICTb METAJIIB

Mexaniuma cTabiIbHICTE Tija, M0 3HAXOAUTLC IIiT Ti€l0 IPUKIaAeHUX
CWJI, O3BHAUAE CTiliKe 30epesKeHHA Mirouoro ne)0OpMOBAHOTO CTaHy (Ha-
npy:xeHo-nedopmosBaunoro crany — HJIIC) Tina B mporieci fioro mogaJib-
IIIOTO HABAHTAKEHHS, AKe 3aKiHUyeThcA ab0 pyHHYBaHHAM Tija (KpUX-
KicTh TBepauXx Tij), a0 ImepexooM A0 IJIacTUUHOI medopmarii (Mera-
JIeBi MaTepisanam). ¥ MeTajleBUX MaTepisjgax cTabilbHICTH MeXaHiuHOTO
CTaHy MOPYIIYEThCA ABiUi: CIIOUYATKY MOPYUIYETHCSA CTAabiJBHICTEH IPY-
KHBOTO CTaHy Tijlla Ha YMOBHill MeXi IIMHEHOCTH (G 5), BAPYTE CTA0LIb-
HiCTh IJIacTUYHOTO (HacmpaBAi nmpy:KHbO-mIacTuuHoro) HIIC mopymry-
€ThCA y BUTVISAAl pyHHYBAHHSA Tijla 3a HaIPyKeHHA Sy B pe3yabTaTi eHe-
preTuuHoi HecTabiJIbHOCTH IerpaJoBaHOI uepes IJIACTUUYHY AedopMa-
1Iifo cTPYKTypu Metany [3]. EHepreTuuna cTabilbHiCTh CTPYKTYPHU, 3a-
TIOBHEHOI Macoi cyOMiKkpockomiuHux 3apoakopux tpimun (3T) [3, 4],
HOPYILIYEThCA 3a IPUHIIUIIOM, BcTaHOBIeHUM A. A. Ipiddirom B Moze-
JI0 pyHYBaHHSA TBEPJOro Tijla 3 eJiNTUYHOI0 IOPOKHUHOIO, 110 i€ AK
KoHIleHTpaTop Hanpy:keHb (KH)[12].

DiznYHOI TPUUYNHOIO HOPYIIEHHA CTaA0iIbHOCTH IJIACTUYHOTO Aedo-
pmoBasoro crany (II1C) meTanmeBuX TiJl € HAKOMMUYEHHS IPYKHBOI eHe-
prii B peaysbTaTi gedopMaliifHoro 3MilfTHEHHS MeTaly, KOJU 3a HaIpy-
JKeHHs Sy BigO0yBaeThCA PO3PUB MijKaTOMOBUX 3B’A3KiB 3i cCIIOHTAaHHUM
BUBiJIbHEHHAM HAKOIMWYEHOI MPYKHBOI eHeprii Tisa, ToOTO MOBHA JIiK-
Bigaiia crabiaprocTu IIJ1C 3 omHOUACHUM IPUIMMHEHHAM ILIACTHUYHOTO
nedbopmyBanua MT i gpikcariero moKkasHUKA MJIACTUYHOCTHY 3pasKa Y.

Hpyruii piBenb MexaHiuHOI cTa0iILHOCTH, IO IPOSABISIETHCA B iHTE-
pBaJi HanpyxeHb AS =Sk — G ,, B IIONepeHiX poboTax BU3HAUABCA AK
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IedopmariiiHuil pesepB MilTHOCTH Y BUTIALL Koedimienra B, (Koedilri-
€HT 3y1aMocTiikocTn) 3a popmyioio (1) [8—11]. OckinbKu pesepB MilfHO-
CTHU € HACJIIKOM HPOSBY MJACTUUYHOCTH METAaJy, TO 3a CBOIM (PismuHIM
amicToMm BenmuuHy AS i moximmy Bim Hel B, MOXHaA TPaKTyBaTHU AK IIE€B-
HUI pecypc CTaOiIbLHOCTH ILJIACTUYHOTO CTAHY, AKUH Bigmajsge MOMEHT
eHepreTUYHOI HecTabiabHOCTU Aed)opMaIliiiHo JerpagoBaHOl CTPYKTYpPH
MeTasry (MOMEHT PYHHYBaHHSA 3a Sk) Bil MOKJIMBOTO MIBUAKOTO PYHHY-
BaHHA Ha MeXKi IJIMHHOCTH Gy 5.

Omxe, mapamerep B, 3a (1) mpeacraBiisge co000 KiJTbKicHUE BUMIip
3aXMCHOTO PECYPCy CTabiILHOCTH ILJIACTUYHOTO CTaHy ab0 3aXUCHUM pe-
cypc miaactuunoctu (3PII) B mporieci pyiiHyBaHHS MeTayly B3araji i B
KPUXKOMY PYHHYBaHHi 30KpeMa. 3JIaMOCTifKicThb B, CBOEI0 BETUUNHOIO
BimoOpaskae Mipy 3aXUCTy METAJy BiJl KPUXKOCTH, III0 CTAJIO IIPeIMEeTOM
CHUCTEeMATHUUYHUX JOCJiIKeHb B podorax [8—11, 13—16]. 3pemiToro, came
B PaMKaXxX KOHIIeIIIil MexaHiuHoi cTabimbHOCTH B poboTi [11] 6y10 mIpes-
CTaBJIEHO MeXxXaHisM pyiimyBaabHoi mii KH AK pesyabTaT mOBHOTO BOU-
pauuaa 3PII (B,) B 30Hi mimacTuyHOCTH B OKOJi BicTpa KH, 1o nmpusgo-
IUTH OO IepeauacHoro pyiHyBaHHA Tina 3 KH 3a momiHanmbHUX Hampy-
JKeHB Oyr < Sk 1 0 KPUXKOI0 pyHHYBaHHA 32 Oyy < O (puc. 1).

B po6Goti [14] posb OKa3dHMKA 3JaMOCTiiKocTH B, poarianaJjiaca B
KOHTEKCTi BILIMBY 6a30BHUX MeXaHiUHUX BJacTHUBOCTeil (MiIfHOCTH Ta
ILJIACTUYHOCTH) HAa HOMiHAJIbHE HAIIPY KeHHA PYHHYBaHHA Oyy Ha 3pas-
kKax 3 KH pisHoro tTumy y maapisis abo Tpimuu sTomu. Byso mokasaHo,
IIT0 3aCTOCYBaHHS 3JIAMOCTIiHKOCTU B, YMOKJIUBIIIOE OTJHO3HAYHO IIPO-
THO3YBaTH YMOBY IIEPEXOAYy A0 KPUXKOTO PyHHYBAHHSA 3pas3Ka 3 JaHUM
BugoMm KH, AKIIO IoIepefHLO eKCIePUMEHTAJIbHO OyJI0 BU3HAUEHO
PYHHYBAJIBHY CUIIY O, A1 TecToBoTO KH y BUTIIALI KpUTUYHOTO IIOKAa-
3HUKa B,,, 3a aKoro trecroBuit KH peanisye pyiiHyBaHHA Ha piBHI Mexi
ILINHHOCTU MeTaJy Gyp = Oy » (pHC. 2):

Oy, = B¢ = (SKC/GO,ZC) (2)

YmoBa (2) osHauae, 1110 3HAHAEHO TAKUHA KPUTUUYHUIN IJId JAHOTO BU-
ny KH piBeus B,= B,q, 3a axoro Bech 3PII miaikom BOMpaeThCcAa y 30HI
mractuuHocTu KH i B pesynbTaTi peanisye cTaln KPpUXKOCTH MeTaNy 3a
HOMIHAJIBLHOT'O (CepeJlHbOT0) HANIPYKEHHS Gyp=Gg . TUM CAMUM BUAB-
JISIETHCA MOMKJIUBiCTh BinmiuaTu nepexin mo kpuxkoctu MT 3a mexaHi-
YHOIO XapaKTepUCTUKOIO B,, chopMoBaHOIO 3 Halepe] BiIOMUX ITOKas-
HUKIiB MeXaHiYHUX BJIACTUBOCTeH MeTaly — Gy, i Sk, 1110 MaTL OyTH
3aJaHUMMU BiKe B Moro cepTudiKaiiiiHnx MoKasHUKaxX i He MoTpe6yioTh
IOJaTKOBOTO BusHaueHHs (puc. 2). Takuii KpUTUUYHUN MOKa3HUK B, €
iHAUBiAyaIbHOIO XapaKTepucTuKoio Kosxkuoro Tuny KH, ame He cranoio
KOHCTAHTOIO 4Jis reomerpii ganoro KH, ak, Hanpukaazn, Heiibepis koe-
dimieHT KOHIIEHTpAI[il HAIPYXKEHb Oy, a4 KOPCTKO OB’ sI3aHOIO 3 HAAB-
HUM piBHeM B, CTifiK0I0 KOPeJAIifHOIO 3aJIeKHICTIO Y BUTJIAAIL CIIiBBiA-

_ .
ONF =%0,2
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Puc. 1. TemmepaTypHi 3a/Ie:KHOCTI MexaHiUHMX BJacTuBocTell o-Fe mis riaan-
KUX 3pasKiB (6, , — Mea INIMHHOCTH, Sy — iCTUHHe HAIpy:XKeHHA PyHHyBaH-
Hf, J; — BiTHOCHe 3BYKEeHHSA 3a PO3PUBY y IINIIi) i 3pa3KiB 3 TPIIIIHOIO BTO-
MU 32 TPUTOYKOBOI'O BUTUHY (Cyxr — CEPEJHE HOMiHAJIbHE HAIPY KEHHA PYHHY-
BaHHA B Micii pyliHyBaHHS 3pa3Ka, \Jy — BiJHOCHe 3ByXe€HHHA B HETTO-IIepepisi
3pasKa), Gy ac, Sxc — 3HAUEHHS BiANOBIJHMX MiIHOCTel 3a KPUTHYHOI TeMIle-
parypu T-[17].

Fig. 1. Temperature dependence of the mechanical properties of a-Fe for un-
notched specimens (G, , is yield strength, Sy is true fracture stress, yy is re-
duction in area, when breaking) and specimens with a fatigue crack under
three-point loading (oyr is the average nominal fracture stress of specimen,
yy is reduction in area of the specimen net cross-section), 6, ,c, Skc are the
values of corresponding strengths at critical temperature T, [17].

Hortenus B,/B,.= f(B,)[16]:
B. /B, =0,806+0,194B, 3)

3 Koedimienrom Kopeaaii R = 0,71. Pisuauna (3) Bizo6pakae 3B’ 30K
MixK B, i B, /1 pyHHYBaHHSA 3pasKiB y BUTVIAAI TPU3MAaTUUYHUX OAJIOK
TOBIIUHOIO ¢ =18 MM 3 HaHECEHOIO TPilIIMHOI0 BTOMH 3a TPUTOYKOBOTO
puruny [17]. Oasg nuaiHapuyHUX 3paskKiB 3 KigbieBuM Hazapiszom [18]
KopeJdAliliHe cmiBBigHomeHHs B,/B,; BUKOHYETbCS 3 OiJIBIIT BUCOKUM
KoedimieaTom Kopensanii R=0,99[16]:

B. /B, =0,436+0,915B. . (4)
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Puc. 2. TemnepaTypHi 3a1exHOCTi 0a30BIX MeXaHIUHMX XapaKTePHUCTHUK G,
Sk i smamocriiikocTeit 11 raagkux 3paskis (B,) i 3paskis 38 KH (B,y) (cxema).

Fig. 2. Temperature dependences of basic mechanical characteristics 6, ,, Sk
and break resistances for smooth specimens (B,) and specimens with stress
raisers (SR) (B,y) (scheme).

3 mopiBHAHHA 3ame:xkHocTel (3) i (4) BUAHO, IO AJII KPUXKUX MAaTe-
pianis (B,=1) B MexKax mOXUOKY KPUTUUYHUU PiBeHBb B, AJd BCix BUAIB
KH mpaktnuno ogHakoBuii: B, =1, To0TO y KpUXKOMY MaTepisaiai Oyab-
axuii KH npussee 10 IeBHOI BTpATU TPUBKOI 3ATHOCTH: Oyy < Gy ». AJle
nast metagiB (B, > 1) BenrnunHa B, 3anmexuTs gk Big tuny KH, Tak i Bix
3aXMCHOTO0 pecypcy maactuunoctu (B,).

Amnajisa IpUYMH TAKOTO BILIUBY ILIACTUYHOCTH HA YMOBU PYHHYBaH-
Ha meratiB mig giero KH moTpebye 0iabI 1eTaadbHOTO PO3TIIALY.

3. IBA BUIH MEXAHISMY BUYEPIIAHHA SAXUCHOT'O
PECYPCY IIJTACTHUYHOCTH 3A ORPUXYEHHA METAJIIB

3axucHUN BiJi KPUXKOCTH PECYpC ILIACTUYHOCTH, 30CePeIKeHUil B IO-
Ka3HUKY 3JaMocTiiiKkocTu B,, Moxke OyTu BBiOpaHUM mo piBHA B,=1,
KOJIM MeTaJl MePeXOoAUTh BiJ MIACTUYHOTO MO KPUXKOTO CTaHy, ABOMA
MPUHIINIIOBO Pi3HUMM CHOCO0aMM — IIJIAXOM IIiIBUINEHHS «MeEXi
IVINHHOCTHU » IIOYATKOBOI HeZe(OPMOBAHOI CTPYKTYPH MeTaly Gy j, TOO-
TO 3a PaXyHOK 3MiHM HIMKHBOI MexKi pesepBy crabinmbuocTu B, 3a (1), abo
IIJITXOM IMOHMMKEHHS BEPXHBOTO PYyOeKy ILTaCTUYHOTO CTaHy — Ha-
Opy'KeHHdA pyiHyBaHHA Si. Hanpy'kenHa mouaTtky (o, ) i kinna (Sk)
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pecypcy ILIACTUYHOCTH He3aJIe;KHi OfHe BiJ Apyroro, pisui 3a cBoero ¢i-
3UYHOIO IIPUPOLOIO 1 TOMY 3MiHIOIOTLCA 34 PiSHUMU 3aKOHOMiIPHOCTSIMH.

Ilepmuit Bug mexauismy Boupanasa 3PII (B,) AcKpaBo IPOABISIETHC
B pe3yJbTaTi HU3bKOTEMIIEPATyPHOTO 3POCTAHHSA Gj, 328 OXOJIOAKEHHS
Kpuisb (puc. 1, 2). Ae MOKIUBUHA TAKOK MeXaHiYHUHA BUI ITi IBUIEHHS
Gy,2 Uepe3 TPUCTOPOHHE PO3TATyBaHHA B ymMoBax ckaaanoro HIC (CHC)
abo 3a CTPYKTYPHHUX 3MiH Me’Ki INIMHHOCTHU G, , B IIpollecax CTapiHHA,
pamigmiiiHoOro OIIPOMiHEHHSA, TOINO, a TAKOK BHACJIZOK AMHAMIUHOIO
HaBaHTaKeHH 3pasKa (yIapHi BUIIPOOyBaHHSA KPUIIh).

Bszarausi nmepmmuii Bug mexaunismy Boupauua 3PII 6asyeTbea Ha Buco-
Kill 9yTINBOCTi IOKa3HUKA G » 40 BININBY YNHHUKIB: TeMIlepaTypu, BU-
oy HIIC, mBuaKOCT! HaBaHTAMKEHHA, a TAKOMK CTPYKTYPHOTO CTAHy Me-
Tajxy, IO 3MiHIOETHCA B IMpoIleci maactTuuuoro meopmyBanusa. Corin mi-
IKPECJINTH, IO TOJIOBHA JaHKA IIEPIIIOr0 BUAY MEXaHiZMy 30cepe/sKeHa
B IIOYATKOBI craail miaacTuurHoCTH (G} 2), B TON YaC AK APYTUil BUJ 3Me-
HieHHA 3PII Ha MIIAXY 10 KPUXKOCTU MeTaJly Peryal0eThbCcA KiHIeBOIO
CTai€lo IJIACTUUYHOCTH — PYyHHYBaHHAM MeTany (Sk). IIpuHIiumoBa Bi-
IMiHHICTHL IIepIoi Ta ApPyroi JaHOK MexaHismy Buuepnanua SPII
OB’ A3aHa 3 Pi3HOI0 (Pi3MUHOI0 IPUPOAOI0 HATIPYKEHD MIOYATKY IIJIaCTH-
YHOCTH (O, ;) i KiHIIA nIacTuuHOrO cTany MeTtaty (Sk).

Kpurepiit nimHHOCTY TOJMiKPUCTATIYHOTO MeTaJy 0a3yeThCcA HA CYTO
ycepeiHeHOMY (HOMiHaJIBHOMY) HaIPYysKeHHI G, , 34 3aJIUIIKOBOI MakK-
pockomiunoi gedopmarii gy,=0,2% =0,002 i € 3a IpUPOROI0 CHUIOBUM
(He eHepreTMuHUM) Kputepiem [2]. PyliHyBanHs, HaBIaKu, € CyTO JIO-
KaJbHUM, MiKPOCKOIIUYHNM, HAaBiTh HAHOMACIITAOHOTO BUMipy ABUIIIEM
[19-21], 1m0 COPUUYMHAETHCA €HEePreTUYHOI0 HecTabiJIbHiCTIO, i TOMY
pyliHyBaHHA HabyBae XapaKTepy CIOHTAaHHOTO, aBTOKATaJiTUYHOTO
mporiecy riaobanbHOro mMacmitady. Kpurepiii HecTabiIbHOCTH Y caMOMYy
3apOJKY PYHHYBaHHA OMUCYETHCSA B TePMiHaX JOKAJbHUX HapaMeTpPiB
HIC[3, 4], 1110 BasKKO 3aCTOCYBaTH B iHKeHEePHil IpaKTUIli; TOMY B Ha-
pameTpi pesepBy crabimbHOCTHM MimHOCTH B, (1) BUKOPHCTOBYETHCA
MMPAKTUYHO JOCTyIIHA BeJIWuYmHA Sy — HOMiHaJIbHE (CepeaHe) HAIpY-
JKeHHA PYWHYBaHHSA y IIUHUII 3paska, AK Taka, II0 MaKPOCKOIIIYHO Bi-
Io0paskae MOMEHT 3aKiHUEeHHA CTaii MJacTUUYHOro fepopMyBaHHS.

Aute Ha0iIBIN TTOMUPEHNM HA MTPAKTHUILI € TiOpUAHUN BapidAHT BUUe-
PIIaHHA 3aXMCHOTO PECYPCY IJIACTUYHOCTH, IO CIIOCTEPITraeThCs 3a 3BU-
YyailHOTO B’ A3KOr0 PyHHYBaHHA 3pasKa MeTaJly 3a KiMHATHUX TeMIlepa-
Typ. TyT B mporieci ned)opMyBaHHA MJIACTUYHICTH OJJHOYACHO BUKOHYE
IBi mpoTuie:xkHi PyHKIII — 3amobirae mBUIAKOMY PYHHYBaHHIO MeTaIy
Ha MeXXi IJIMHHOCTH G, (3aXMUCHA POJIb IJIACTUYHOCTH BiJi KDUXKOCTHU
MeTaay) i OLHOYACHO IIOPOIKYE TepeyMOBY IJiA 3aKiHUEHHS IIJIaCcTH-
yHOCTH (IIepeAyMOBU PYHHYBaHHS) BHacJimok medopmariiiinoi merpa-
JIalii MoJiKpUCTATIYHOI CTPYKTYPHU MeTaay (3apoAKOBi TpilliuHu, MOPH,
posiaaMu TBepPAUX YACTHUHOK CTPYKTYPHU, TOIO); HAKOMMUEHHA aedop-
MAaI[ifHUX IOIIKOAMKEHDb eJIeMEeHTIiB CTPYKTYPHU I'oTye 0a3y AJA I0ogaJb-
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1101 eHepreTUYHOI HecTaOiMTbHOCTH Ta PyHMHYBaHHA Meraay. ledopma-
IilfiHe 3MiITHEHHA MeTaay 3a0e3meuye NOCTATHIil piBeHb I'YCTUHU IPYK-
HbOI eHeprii 3a HanpyKeHHT Sk:

W, = S./(2E); (5)

W, osHauae cepefHill rpaHUYHUYN PiBEeHb I'YyCTUHYN HAKONUUYEHOI eHepril
B 00’eMi medpopMOBaHOIO TijIa B 30Hi PO3PUBY 3a YMOBHOT'O KBa3MOJHO-
pigHOTO HANPY:KEHHA Sy y UM 3pasKa, Ae GaKTUUYHO CIOCTePiraeTh-
ca neBHa HeoxgHopinHicTs HIC[22, 23].

Came Takwuii riopugauii Mmexauism Boupanus 3PII peasisyerbca B Jio-
KaJbHiA 30HI maactuuHocTu mobamsy Bictpa KH (maxpisy, Tpimunn),
e KpUTUUYHUHN piBeHb HOMiHAJBLHOI I'YCTUHU NPYKHBOI eHeprii W 3a
HOMiHAJIBPHOTO HAIIPYKEeHHSA B HETTO-IIEpepisi HaapisaHoro 3pasKa Gyy
CKJazae

2
We = GNF/(ZE) ’ (6)
a 3aJIMIITKOBUI pe3epB cTabiapbHOCTH MintHOCTH 3paska 3 KH B,y mo ana-
goriiz (1) —

By = GNF/GO,Z . (M

4. AHAJII3A EKCIIEPUMEHTIB 3 OKPUXYEHHS KPHIIbH
ITIJT TIET0 KH B MOJIEJTIO 3PII

Buiie 0yJs0 3’sgcoBaHoO, 1110 BIACTHUBICTh ILNIACTUYHOCTH METAJIIB Bigirpae
TOJIOBHY Per'yJaioBaJbHY POJb Y MeXaHi3Mi pyHHYBaHHA K B KPUXKOMY,
Tak i y B’IBKOMY BapifgHTax Imporecy. AJjie KJII0UOBUM MOMEHTOM y IIPO-
0JieMi BUBHAUEHHS KPUTUUYHUX IIapaMeTPiB KPUXKOCTHU € BUOip ajJeKBa-
THOI MeXaHiuHOI XapaKTepPUCTHUKM, BiAIOBiZaIbHOI 3a peryJioBaJIbHY
poiss maacTuuHOcTH. Bimpasy 3asHaummo, 110 HAHMOiJBII IIOIIMpeHa Ha
OPaKTUIll TpaauiliiiHa MeTOAMKA BHU3HAUEHHS TaK 3BaHOI yaapHOl
B’askoctu 3a [llapmi (KCV) a6o Menaxke (KCU) [5], 3a AKOI0O B OCHOBY
KPHUTEPil0 KPUXKOCTH IIOKJAJeHO YMOBHUI IIapaMeTep po0OTH PYHHY-
BaHHA 3paska 3 KH, me cipoMoskHa afeKBaTHO OIiHUTH POJIb ILJIACTHUUYHO-
CTU B PYHHYBAHHi, OCKiIbKY B KPUTUYHOMY MOKA3HUKY KPUTEPii0 KPUX-
Koctu KCV,a6o KCU_ He BUOKPEMJIIOETHCSI BHECOK B €HEPTiI0 pyHHYBaH-
HS poboTu maacTuuHOI gedopmaliii i3 BHeCKy MilmHocTH MeTaJy. B pe-
3yJbTaTi BKa3aHa MeTOAOJIOTis MoTpedye mMeBHOI KOPEKTYPH AJIA KPUTHU-
YHUX IMOKA3HUWKIB POOOTH PYHHYBAHHSA BiAIIOBiZHO OO0 KJacy MiIIHOCTH
metany [6].

Koumnemniriga MmexaHiuHoi ¢cTa0iJIbHOCTH, IKY IPEACTABICHO B IIUKJi PO-
oiT [8—11], r'pyHTYETbCA HA POITJVISAAI IPAMOI0 BHECKY IJIACTUYHOCTU B
dopMyBaHHA mapaMeTpa 3jJaMmocTiiikocTu (B,), 1110 6e3mocepeIHbBO BimmIo-
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Bifae 3a Mipy 3axmcTy MeTaay Big Kpuxkxoctu mif giero KH 3a paxyHok
CTBOPIOBAHOTO MJIACTUYHICTIO IIEBHOT'O PECYPCY 3aXUCTY BiJ pyHHYBaHHS.
Hairi B KOpOoTKOMY OTJIsAIi OyIe mpeacTaBAeHO OCHOBHUI ITiICYMOK 3 pe-
3yJILTATiB 3aCTOCYBAHHSA KOHIIEIIITil 3aXMCHOT'0 PECYPCY ILIACTUYHOCTH IJIS
JIOCTiI»KeHHA 3aKOHOMipHOCTell y (opMyBaHHI KPUTUYHUX ITapaMeTpiB
KPUXKOCTH KOHCTPYKI[IIHIX KPUIIHL B YMOBaX KOHIIEHTPAIlil HAIIPYKeHb.
B pobGori [16] amamisyBasu pesyabTaTU AOCIIimKeHb B poborax [17,
18], 3 axux 6yJso Bupaxysauo napamerpu SPII B, i B, njia 3paskKiB 3 Ki-
JbIEBUMU HAApisaMM Ta TPIiIllMHAMMN BTOMHK HAa IeBHOMY HabOpi KoHC-
TPYKIiHUX Kpuils (Tabiu. 1). 3 Tabauii 1 BugHO, 1110 A1 KOXKHOTO BHU-
Iy KPUIli € BJacHUU iHIAMKATOP KPUXKOTO PYWHYBaHHA 3a KPUTUUYHOIL
remieparypu T,y BUrasaai koegimienra xoaonocritikoct K ., AKUHT 110

TABJIMIIA 1. Kputuuni napamerpu kpuxkoctu Kpunb B, i K . nna KH pis-
Horo BUAy (rpyna 1 — Hazapis iz D=8 mm [18], rpyna 2 — rpimuua Bromu [17])
B 3aJIEXKHOCTI Bif 6a30Boi 3;1amocTriikoctu B, (Cy — BMicT Bopy).

TABLE 1. Critical parameters of brittleness of steels, B,; and K_,, for stress
raisers (SR) of different types (group 1 is notch with D=8 mm [18], group 2 is
fatigue crack [17]) depending on the basic break resistance B, (Cy is boron con-
tents).

) Go,25 Go,2c5
Ne Kpuriis, oopobieHHS Tun KH MiTa | Mila B, |B,c(0)| K.,

Cr. 30 350 800 2,97 1,31 2,27

1 A
2  B0XICA(s.».,200°C) -5 E 1400 1600 1,58 1,5 1,0
3 B0XICA (isor.s.,300°C) =8 1500 1600 1,8 145 1,24
4 SOXICHA(isor.s., o & 1450 1700 1,77 1,57 1,13
200°C) SEE
30XT'CHA (izor. 3., c 3 E
5 500°0) E‘ : 1170 1400 2,1 1,36 1,54
6 10X2CBA SE 1600 1700 183 159 1,15
7 V8 (s. a., 400°C) &% 1180 1300 1,58 1,54 1,03
8 a-Fe . 140 350 5,0 2,77 1,85
9 V8 (sizman) g 340 450 2,8 2,15 1,30
10 Cr. 3cn 2 160 400 3,1 2 1,55
11 10XCHII : 310 420 2,9 2,5 1,16
12 AK35 5 1027 1100 2,3 2 1,15
=
13 SUII2XH2MI® (rnerye.  § o g40 700 1,97 1,81 1,09
Bopom C; =0,0) =8
BIIT 12X H2M D =
14 0000 5 640 820 1,8 1,46 1,23
3T 12X H2MID .
15 € 20 002%) > 640 977 2,0 1,5 1,33
31T 12X H2MID g
16 000 & 650 968 2,17 1,67 1,30




766 I0. 1. METIKOB, T. IT. 3IMIHA, IO. O. IIOJIVIIKIH

CYTi € MOKa3HMKOM YaCTHHU 3aJUIIKOBOI, He yBiOpanoi B 30HI KH 6a30-
Boi 3samocTitikoctu B, 3a Temnepatypu T'k:

K_=B /B,. (8)

BcraHoBJeHO, IO IMOKA3HUK XOJOAOCTIMKOCTH MAa€ 3aKOHOMipHUI
3B’ a30k iz 3PII (B,), sane:xuuii Big suagy KH (puc. 3) (zuB. dopmynu (3)
i(4)). 3 popmya (3) i (4) BUBHAUNMO KPUTUUHUI ITapaMeTep 3JIaMOCTii-
KocTu B,.:

B.=B./(a+bB), (9)

Ie aib sanexars Big suny KH.

Kopenamiiiai samexuocti (3) i (4) 7aroTh 3MOT'y BUKOHYBATH PO3paxy-
HKOBi BUBHAYEHHS KPUTUYHOI TeMIIepaTypu Kpuxkoctu T, uepes exciie-
PUMEHTAJIbHO BCTAHOBJIEHY TeMIIepaTypHY 3aJIeKHICTh 0a30BOI (G ) 1
rpaunuHoi (Sg) MmimuocTu (puc. 1) 6e3 ogaTKoBUX BUIPOOYBaHb 3pas3KiB
3 KH. Ile — cyTTeBa MeromoJioriuHa mepeBara Kouiemirii 3PII mepen
TPATUIIHHOI0 METOAUKOIO YIapHOi B’ A3KOCTH, ITI0 ITIOTPEeOye TOTATKOBUX
BUITPOOYBaub 3pas3KkiB 3 KH B immupokomy inTepBaii remmepatyp [5, 6].

2 3,01 =
q mﬁgS,O
i N
f ~ -~ O !
S 2,01 RN E 20
EE ’ ~ 2(R=0,81) g o
T - 5 . * ~71(R=0,71)
~ O I
£ 10 e -] e Y. N A
- 1(R=0,99) £ 2(R=0,47T) ™
m 1 )
& 8
2 0,0 ——————————————— 2 0,0
nﬂj 400 800 1200 1600 3 0 400 800 1200 1600
r T T 0-’IMHa-l T IQ-‘ 0" a
0 1 2 3 4 5 6 0 1 2 3 4 5 6
3aamocTifikicTs B_ Bmamocrifikicts B,
a 0

Puc. 3. 3mina napamerpa xosogocriiikoctu B,/ B, BiJ B1acTuBoCTe! MinHOCTH
Gy,» Ta 3IaMocTifikocTu B, 3a Bunpo6ysans 3paskis 3 KH: K1 (n. 1-7, Tabx. 1, o
im)(a), K2 (u. 816, Tabu. 1, o i @) (0); ximia I — samexuicTs nna B,/B,; mKa-
au B,, ninia 2 — Te caMe AJ1d MIKAIH G »; B — KoedimieHT Kopesamii.

Fig. 3. Change in the cold brittleness parameter B,/B,; due to strength proper-
ties o, , and resistance to break B, at testing specimens with stress raisers (SR):
K1 (p. 1-7, Table 1, o and m) (a), K2 (p. 8-16, Table 1, o and e) (6); line I is de-
pendence for B,/B, of the B, scale, line 2 is the same for the 6, , scale; R is corre-
lation coefficient.
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Bukopucranuda mapamMerpa 3JIaMOCTiHKOCTH B, YMOMKJIMBJIIOE paau-
KaJIbHO CIIPOCTHUTH METOHOJIOTIiI0 aTecTallii MeTaJeBUX CTOIIB Ha KPHUX-
KicTh 3a kimHaTHOI Temmeparypu T 6e3 BHU3HAUEHHS TeMIIEpPaTypHU
Kpuxkoctu T, BUXOIAUHU i3 3a37aJieriib eKCIIepUMEHTAJIbHO BU3HAUE-
HOT'0 IIOPOTOBOTO ITOKa3HWKAa pyHHyBalbHOI edeKTuBHOCcTH KH ocff} 3a
(2) 3a pyiiHyBanHA 3paska 3 KH 3a yMoBU Gy =G, ,, ajle 3a KIMHaTHOI
remnepatrypu BunpobyBanb Ty=300K. Toxi B’aski wmarepianm 3
B.> octelg 3a KimHaTHOI Temmeparypu Ty pPYUHYIOThCA 3alleBHE 3a
Onr>Og2 (Bin>1), a kpuxki (gaa pmasoro Buay KRH), y axkux
B.< o'} =B,(Tg), PpyHHYIOTbCA HUKYe MeXKi ILIMHHOCTH CTOIY
Onr < Op2 (Biy < 1, nuB. mo3. 19—26 Tabxa. 2 3 po6oru [13]) (puc. 4).

Ha pucyHKy 4 HaBeZeHO 3MiHY mapaMeTpa 3aJUIITKOBOI 3JIaMOCTiHKO-
ctu B,y y 3paska 3 KH, 110 npeacrasise 3aJuIIIKOBY TPUBKY 34aTHICTH
onr 3a (hopmyioio (7) spaska 3 KH gna pisuux Bumgis KH, 1o gocuimxy-
BaJIuCh y poboTax pisHMX aBTOPiB 3a KimMHaTHOI Temmepatypu Ty [13,
17, 18]. 3 pucyury 4 BUIHO, 1110 3a KiMHAaTHOI TeMmuepaTypu Ty auiiie Ha
3paskax 3 TPIIlIMHOI BTOMU BIAETHCA Peai3yBaTH YMOBU KPUXKOTO
pyiinyBaHHA (B, <1) BUKJIIOYHO Ha 3pasKax JHUIIEe BUCOKOMIiIITHUX

2,0+
Ry
z X
- o YR
2 154 g
2
o]
= 870,
S |1860: ©
(=] —_
2 1200
3 880
g 1920
= 1690
5 0,541570
3 2205
2120
0,0 T T ¥ T T T . T J 1
1 2 3 4 5 6 7

daamocTilikicTs B_

Puc. 4. 3anmexkHicTh 3aIUIITIKOBOI 3J1aMOCTifiKoCcTH B,y Bif mouaTKoBoi (B,) Ajia
3paskiB 3 pisuumu Bugamu KH i3 T =~ 300 K: 3pasku 3 Tpimuuoio Bromu [13]
(¢), 3 KH mo [17] (o, A), 3 KH mo [18] (0). llubpu — sHaueHHA G,, 34
T,=300K.

Fig. 4. Dependence of the residual fracture toughness of B,y on the initial (B,)
for specimens with different types of stress raisers (SR) at T, =~ 300 K: fatigue
cracked specimens [13] (), with SR according to [17] (o, A), with SR accord-
ing to[18] (o). Numbers are values of 6, , at T, = 300 K.
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KpHUIIbL iHCTpyMeHTaJdbHOTO KJacy (Tabu.2), B TOH Yac AK 3BUUYANHI
KPHUIIi KOHCTPYKIIIAHOTO KJacy 3 MOKasHUKOM B,y > 2, B TOMY YHCJi I
BucokoMinHi (mo3. 1, AK-35, c,,=1027 MIla, B, =2,26) 3 TpimuHoIO
BTOMMU, PYHHYIOTHCA ITIIKOM B’A3KO0 3a BUKJIIOUEHHAM KPUIli, IO 3a-
3HaJa BOAHEBOTO OKPUXYEHHd 3a MIIMHOCTU Gj,=880 MIla (mos. 6,
raba. 2), y axkoi B,y =0,81.

TABJINIISA 2. MexauiuHi BJIacTUBOCTI KPUIIH i 3pasKiB 3 TPII[UHOIO 38 BUTUHY
3a Ty =300 K [13]: ' — rapryBaunsa, II0 — miune oxomomxenusa, BII — Bin-
nyck, H, — BogHeBe cepenpoBuiie, 3111 — 3Bapuuii mos, 1]l — mopommkoBuii
npit, K& — repamiunmit duroc, Cy — BmicT Bopy, BTMO — BucoxkoTemnepa-
TypHe TepMiuHe 00po0sIeHHH, B,y = Ggo/0y 2. Iudpu nmocunans B KoxoHi KC
HaBemeHo B pobori [13].

TABLE 2. Mechanical properties of steels and specimens with crack at bending
at T, =300 K[13]: I'is quenching, ITO is furnace cooling, BII is tempering, H, is
hydrogen environment, 3111 is weld seam, I1]II is flux cored wire, K® is ceramic
flux, Cy is boron contents, BTMO is high-temperature heat treatment,
B.co=0c0/0,.2- Reference numbers in the KC column are given in the work [13].

Ne KC O6pob6ieHHs l\iﬁé Wi, %0 B‘gﬁ,a B, 1\7[1{_1;; B,
1 2 3 4 5 6 7 8 9

1 AK-35[2] CraH mocTaBKu 1027 75,0 2321 2,26 1820 1,83
2 o-Fe[2] I'1323 K, 2rox. IIO 138 83,8 700 5,07 290 2,10
3 10XCHI [2] I'1373 K, 2roxg. IIO 312 72,0 920 2,95 590 1,88
4 Cr. 3 cu. [2] r1373K,2,75.110 160 71,7 502 3,14 307 1,92

T'1373 K, 1 rox. + BII
5 1023 K, 870 23,0 1583 1,82 1220 1,40

16 rozx., 923 K, 10 rox.
10X15H27T3B2MP [3] T'1373K, 1 rox. +BII

1023K,

6 l6ror bosic, 880 10,0 1443 1,64 713 0,81
10 rox. + H,

7 15X12H2M®AB[4] “39935};’152“;1;;[*3“ 940 62,0 1983 2,11 1580 1,68

1273 K, 1rox, 1023 K,
8 03X12H10MT [4] 2ron. +BII 773 K 940 79,0 2670 2,84 1740 1,85
2rox.
I'1373 K, 15 xs.,
9 03X12H10MT [4] 1023 K, 2rox. +BII 930 76,0 2325 2,50 1655 1,78

773K, 2rox.
10 II0-AH30, 1 map 430 67,5 1360 3,16 2830 1,92
11 CII X75[2] II0-AH30, 2mapa 361 60,7 1444 3,17 700 1,94
12 II0-AH30, 3mapa 404 51,9 1252 3,10 776 1,92

13 KPS AL BIL 622 59,9 1244 2,00 970 1,56
B=Y,

14 CII12XH2ZMIO®[2] 7esx, BIL C,=0,001 623 55,6 1160 1,86 890 1,43

15 re x, BII, C,—0,0022 628 68,1 1281 2,04 1005 1,60

16 re s, BII, C,=0,004 642 67,9 1400 2,18 1117 1,74
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IIpodosicenns Tabauui 2.

Continuation of Table 2.

1| 2 | 3 | 4 | 5 | 6 | 7] 8 [ 9
17 20X [5] BIT473 K 1150 53,9 1932 1,68 1276 1,11
18 ”113%;;;1“23“’ 1860 16,5 3050 1,64 930 1,50
19 “11312*3“473“’ 1920 46,7 3150 1,64 1152 0,60
50X [5] rox.
20 ”113};;311673& 1560 48,6 2530 1,64 1248 0,80
21 F1113I§;£H773R’ 1200 57,2 1980 1,65 1080 0,90
2 yocax[s] BTMO +BIT473K 1760 53,0 2870 1,63 774 0,44
23 BTMO+BII573K 1690 55,0 2770 1,65 900 0,53
24 gocax (5] BTMO+BII573K 2205 38,0 3594 1,63 433 0,21
25 BTMO+BII 773K 1570 40,0 2575 1,64 723 0,46
26  IIX15[5] B1133K+BII473K 2120 3,6 3460 1,63 1502 0,07
27 24XHOM®A [5] P1153¥5+F55913R’ 765 73,5 1920 2,51 1362 1,78
28 65® [5] Cran mocTaBKn 700 28,0 1183 1,69 800 1,14
29 10XCH/ [6] Bspor:x mpokaty 419 69,7 1223 2,92 1020 2,43
30 10XCH/ [6] ITonmepex mpokaty 445 73,7 1400 3,15 1175 2,64
31 Bsgos:k mpokaty 571 65,6 1290 2,26 1050 1,84
32 12I2M®T [6] ITomepex mpokaty 602 58,4 1282 2,03 975 1,62
33 15XCHI[7] Cras mocTaBKn 328 68,0 1046 3,19 880 2,68

3 Tabaui 2 BUMJINBAE BUCHOBOK, II[0 IOPOTOBUM ITOKA3HUKOM edeK-
TuBHOCcT KH OLZ}; 3a Temmnepatypu Ty =300 K ni1s 3paska 3 TpillluHOIO
BTOMU (34 perjIaMeHTOM y 3pasKiB JJis BUIIPOOyBAaHbL Ha TPII{MHOCTIIi-
KicTb K¢ 10 [24]) € BesmmunHa

ag = Bo(Ty) = 1,66. (10)

BigmosigHo, a5 3paskiB 3 HajgpisaMuy pPi3HOI TOCTPOTH IIOPOTOBUM MIO-
KasHUK pyhHyBaabHOI edekTuBHOCTM KH Mae 6ytum menmum 3a 1,66,
TOOTO HEKPUTUYHUM AJA Kpuilb 3 B.> 2, akum Kpuxkictb Big KH 3a
Tx =300 K zameBHe He 3aTPOKY€E, i TOMY AJIA KPUIbL KOHCTPYKITiMHOTO
KJIaCy CXUJBHICTDb A0 KPUXKOCTU MOYKHA BUABJIATHU JINIIIE 38 HU3BKOTE-
MIIeEpaTypHUX BUOPOOyBaHb HA TeMIiepaTypy 1.

Or:ke, I KPUIL KOHCTPYKIIHHOTO KJAcCy AOCTAaTHHO BCTAHOBUTHU
BUMOTY Ha piBeHb 3jaMocTilikocTu B, > 2, 11100 OyTU BIIEBHEHUM 3a CHU-
JIOBY HaAiliHICTH y Bupobax 3a OyIb-IKOT0 PEryasapHOTO KOHCTPYKTUB-
HOTO KOHIIEHTpaTopa Hampy:KeHb (HAIpUKJAL, Hapi3KW Ha OOJTOBUX
KpimeHHsX, 3yOuaTi 1recTepHi, TOIO), 38 BUKJIIOUEHHAM eKCILIyaTallii
B YMOBaX JOBTOTPUBAJUNX IUKJIIYHNX HAaBAHTAYKEHbDb, 38 AKUX MOMKJINBA
3arpo3a BTOMHOT'O pyAHYBaHHS.
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5. 3ARKIHYEHHSA

B TBepamx Tinax 3 KPUXKOro mMarepiaay (CKJO, TpaHiT, TOIO) PYHHY-
BaHHSA HANIPY/KEHOTO Tijla CHPUUYNHAIOTHECS €HepreTHUYHOI HecTa0iabHi-
cTio HedeKTiB CTPYKTYypH ab0 IOPOKHUH Y TiJji, e BUHUKAIOTh po3ipBa-
Hi MikaToMOBi 3B’aA3Ku. ['paHMUHUN eHepreTUUHUI PiBeHb KPUXKOTO
maTtepiany W, peryIroeTbea Horo MiIHicTIO y BiAMOBiTHOCTI 3 HAABHOIO
CTPYKTYPOIO MaTepisaiy.

B meTaseBux mMaTepidyiax BjacTHBa iM ILIACTUYHICTH PiBKO CIOBiJb-
HIOE TEeMII HaKOIIMUYeHHA IPYKHbOI eHeprii 0 HeOe3IIeuHoro rpainyHo-
ro piBua W, unm 3aBaaku 3PII (B,) sanobirae mBuaxKomMy (KPpUXKOMY)
PYHHYBaHHIO MeTaJIEBOTO Tijla Ha MeXKi INIMHHOCTHU G, ,, Bifgansae Mo-
MEHT eHepreTUYHOi HecTabiJIbHOCTU Ne)OPMOBAHOI CTPYKTYPHU METATY
0 HATIPYKEHHA B A3KOTr0 pyiHYyBaHHA Sg. ToMy iHTepBaa HaIpy:KeHDb
Go.2— Sk CTBOPIOE AJIA MeTasly clenupiuHnil 3aXUCHUN pecypc ILJIaCTUU-
HOT'O CTaHy, IO BiAjajide cTaH eHepreTUYHOl HecTabinbHOCTU (PYHHY-
BaHHA) 10 O6inbIn BucoKoi MeKi — Sg. CTBopeHUIT B iHTEpBaJi Hampy-
KeHb AS = Sg — 6, , Aedopmaliiinuii pesepB 6230B0Oi MIiITHOCTH G ; ABJIAE
c00010 0COOJIMBY MEXaHIUYHY XapaKTEePUCTUKY, 110 Bigodparkae miaacTu-
YHICTh MeTaJly y CyTO CUJIOBOMY BUMIipi KoedirieHTa sjiaMocTiiKocTu
B, =Sk/0,3-

3axucHa cusia 3PII sane:xuTh Big naactuuHocTu MeTany (yy) i Temmy
nedopmarifinoro 3mimHeHHA 3a XOJIJIOMOHOBOIO 3aKOHOMipHICTIO, €
KJIIOUOBUM YMHHUKOM y BU3HAUEHHI apaMeTpiB KPUXKOTO CTaHY B Ti-
aax 3 HeogHopimuumu Bugamu HIC (Burus, Hanpisu, tpimuau B MT),
e BimbyBaeTbCs CyTO JoKadidoBame BOupanusa 3PII 3a paxyHOK JIOKAJb-
Horo mepesminmHenHsa B 30HI KH 3a moMiHaibHOTrO (cepeIHBOTO) HATIPY-
MKEeHH B TiJi Oyy Ha PiBHI MeXi INIMHHOCTH MeTaly G, , 800 HaBiTh HUMXKUe
Go,2-

Kpurnuna curyania pyiinysanada MT Ha MexXi IIMHHOCTH MeTamy G,
BM3HAYAE He JIUIe KPUTUUHY TeMIIepaTypy Kpuxkoctu T aas tina 3 KH,
aJle I KpUTUYHUI PiBeHD 371aMOCTIHKOCTH B, = S/ oc AJIA JAHOTO BULY
KH, 1110 cTae 3HaKOBOIO BEJIMYMHOIO JIJIA XapaKTepuaallii caMoro KOHIIEH-
TpaTopa HaIpy:KeHb, 1OT0 PYHHYBaJbHOI e(peKTUBHOCTH y BUTJIALL KPHU-
TUYHOrO Koedirienra pyiinyranabuoi epexktusHocT KH o, = B,o(T')-

Kosxen sung KH Mae cBiit BracHUM MOKa3HUK O, aJie He PiKcoBaHMMI
Ha TMEeBHi# BeanuuHi B,c, TOMY 110 eHepreTuYHa HecTa0iIbHICTD (PYHHY-
BaHHA) He 3a0e31euyeThCA JIUIIEe IPYKHIM pecypcoM pe3epBy MiIlTHOCTHU
AS =Sk —0y5, @ I cyMapHUM HaIpy:KeHHAM pe3epBy MimuHoctu AS pa-
30M 3 6a30BOI0 MIITHICTIO Gj 5, TOOTO IOKA3HMKOM I'DAHMYHOI MiITHOCTH
Sk. Tomy B, 3a T, naa koxkuoro suny KH mae ¢Boio BiacHy ycTraaeny
3aKOHOMIipHICTE «Apeiidy» B, 31 aMiHOI0 S; MeTany. Alle J0OJId KPUTHUY-
Hoi epexktuBHocT KH 0, B HaABHil 31aMOCTifIKOCTH MeTANIY Y BUTJIAA1
cuiBBigHOIIEHS (3), (4) Ana B./B,: € cTabiIbHOIO, BJIACTUBOIO IJIA JaHO-
ro suny KH, 1110 mae 3amory 3ailicHioBaTH pO3paxyHKOBUI MiaXim mo Bu-
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3HAUEHHS KPUTUUYHUX IapaMeTpiB Kpuxkoro crauy (7., B.c) 3paska 3
Hamepen BigkaaioposamuMm Bujgom KH juire 3a 6a30BUM IOKAa3HUKOM
3n1aMocrifikoctu Metany B, 3a dopmynamu (3), (4).

Cawme 11€#1 pe3yabTaT JOCIiAMKEeHDb 3 IP0o0JIeMu KPUXKOTO PYHHYBaHHS
MeTajgeBuXx cromis mifg giero KH, Ha 1yMKy aBTOpiB po0OOTH, MOKE CBif-
YUTU IPO POSKPUTTA KJIIFOUOBOI POJIi 3aXMCHOTO PECYPCY IIJIAaCTUUYHOCTHU
B, (aK HaACJIiIOK caMoi ILIAaCTUYHOCTHU MeTaJIy) B IpollecaX pyHHyBaHHA
MeTajJeBUX BUPOOiB, eJIeMEHTiB KOHCTPYKILiH i MeTaIeBuX CIOPYI.

ABTOpU MUPO TAKYIOTH 3aBigyBavy Bigmiay ¢gisuku mMinHOCTi Ta pyii-
HyBaHHa MarepianxiB Imctutryry meranodisuku im. I'. B. Kypaiomosa
HAH VYxpaiau uia.-xkop. HAH Ykpaiau, npod. C. O. Korpeuky 3a ysary
o TaHoi po0OTH, KOPUCHI MOPagy Ta JOOPO3ZUUINBY KPUTUKY.

Pobory Bukonano 3a ¢inancopoi miarpumku HAH Vkpainu (peecrt-
pamiitauit Homep Temu 0121U107569).
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