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Submission of Manuscripts: Papers should be sent (by e-mail: mfint@imp.kiev.ua or by regular
mail) to Executive Managing Editor, Editorial Office, G.V.Kurdyumov Institute for Metal
Physics, N.A.S. of Ukraine, 36 Academician Vernadsky Boulevard, UA-03142 Kyiv, Ukraine.
Manuscripts may also be submitted to a member of the Editorial Advisory Board or to the appro-
priate 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. ‘M NT’) will be taken to imply that it represents orig-
inal work not previously published, that it is not being considered for publication elsewhere, and
that if accepted for publication it will not be published in the same language without the consent
of the Editors and Publisher. It is a condition of acceptance by the Editor of a typescript for pub-
lication that the Publishers acquire automatically the copyright in the typescript throughout the
world. Journal ‘M NT” supports the generally accepted principles described in documents on pub-
lication 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 cover-
age and findings.
Keywords and PACS numbers: Up to seven 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 original contributions should not in gen-
eral exceed 5000 words and 10 figures, and subject review articles should not exceed 9000 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. Discussion, 5. Conclusion, References. Subsections should be identified with section and sub-
section numbers (such as 6.1. Second-Value Subheading).
References and Notes: Notes are indicated in the text by consecutive superior Arabic numbers
(without parentheses). References should be numbered consecutively (in square brackets)
throughout the text. The full list should be collected and typed at the end of the paper in numeri-
cal order. Listed references should be completed in all details including DOI (if available) but
excluding article titles in journals. All authors’ initials should precede their names. Examples of
references preparation:

1. E. E. Zubov, Metallofiz. Noveishie Tekhnol., 38, No. 11: 1423 (2016) (in Russian). DOI:

https://doi.org/10.15407 /mfint.38.11.1423

2. M. Chegini, A. Fallahi, and M. H. Shaen, Proc. Mater. Sci., 11: 95 (2015). DOI:

https://doi.org/10.1016/j.mspro.2015.11.116

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

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

1977) (in German).

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

Mir: 1974) (Russian translation).

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

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

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

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

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

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

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

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

p.12.

9. 8. V. Dyvyns’ky, Zakonomirnosti Dyfuziyi v Intermetalidakh ta Splavakh na Osnovi

Perekhidnykh Metaliv [Mechanisms of Diffusion in Intermetallides and Alloys Based on Transi-

tion Metals] (Thesis of Disser. ... for the Degree of Dr. Phys.-Math. Sci.) (Kyiv: G. V. Kurdyu-

mov Institute for Metal Physics, N.A.S.U.: 2006) (in Ukrainian).
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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:
http://www.cas.org/content/references/corejournals; http://rmp.aps.org/files/rmpguapb.pdf;
http://images.webofknowledge.com/WOK46P9/help/WOS/A_abrvjt.html;
http://www.ams.org/msnhtml/serials.pdf

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

with MS Office 2003, 2007 or 2010. 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 or 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 (black-and-white or greyscale recommend) must be of a high

enough standard for reproduction with 600 dpi resolution (including half-tone illustrations).

Redrawing or retouching of unusable figures 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 Microsoft

Word 2003, 2007 or 2010 with a name consisting the name of the first author, for example,

Smirnov.doc. The electronic form of figures (graphics files in TIFF, EPS or JPEG formats pref-

erably and with name consisting the name of the first author also, for example,

Smirnov_fig2a.tiff) 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:

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

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

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

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

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

Vernadsky Blvd., UA-03142 Kyiv, Ukraine;

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

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

Copyright Transfer Agreement
We, the undersigned authors of the manuscript ¢
transfer to the founders and the Editorial Board of the Journal ‘Metallophysics and Advanced Technol—
ogies’ the right to publish this manuscript in English language or in the Ukrainian translation. We
confirm that publication of this manuscript will not infringe a copyright of other persons or organiza-
tions and publication ethics.
Author(s):
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IH®OPMAIIA A1 ABTOPIB

Mi:xnaponuuii HaykoBuii sxypHaa «Meranodisuxa ta HoBiTHI TexHomorii» (MHT) momicansa my0Omikye crarti,
SAK1 paHiIrre 111e He IyOIiKyBaIrcs Ta He mepe0yBaroTh Ha POSTJIAI 1JId OMyOIiKyBaHHA B iHIIMX BUugaHHAaX. CraTTi
MAalOTh MiCTUTH PE3YJIbTATH €KCIIEPIMEHTAJBLHUX 1 TEOPETUYHUX AOCHTiIKeHb B 00JacTi (DisMKM Ta TEeXHOJIOTii
MeTaJIiB, CILUIABIB i CIIOJIYK 3 MeTaJIiYHUMIU BJIACTUBOCTSIMMU; pelleHsii Ha MoHorpadii; indopmartiro mpo KoH(DepeH-
1ii, ceminapu; Bimomocti 3 icTopii MeramodisuKuy; peKiaMy HOBUX TE€XHOJIOTIH, Marepiaiis, npuianis. JKypuaa
JIOTPUMYETHCS 3araAIbHOIPUHHATAX IIPUHITUIN B, 3a3HAYEHNX Ha M10r0 CaiiTi B JOKYMEHTaX 3 ITyOJIiKaIliiTHOI eTUKY
Ta HEIPUIHATHUX IIPAKTUK.

TemaTuxa :xypHaiy: Enekmponni cmpyxmypa ma éaacmueocmi, Jepexmu kpucmanivnoi rpamuuyi, @asosi
nepemeopenns, Pisura miyrocmi ma naacmuynocmi, Memaniuni nosepxri ma niieku, Bydosa ma sacmueocmi
HAHOMACULMABHUX | Me30CKoniLHUX mamepianie, Amop@ruil i pidkuii cmanu, Bsaemodii sunpominenus ma wac-
MUHOK i3 KOHOeHC08aHOI0 pevwosuHolo, Mamepiaau 6 ekcmpemanvhux ymosax, PeaxmopHe i agiaxocmiure me-
maanosnascmeo, Meduune memano3nascmaeo, Hosi memanesi mamepianu ma cunmemuuni memaau, Memanos-
MicHi cmapm-mamepianu, Pisurxo-mexHiuHi 0CHOBU excnepumenmy ma diazHocmuru, JJuckyciiiii nogidomieHHsA.

Crarri myOJIiKyIoThCsI OMHIEIO 3 TBOX MOB: aHIVIIMCHKOIO (Ia€ThCs IepeBara) ab0 YKpaiHChKOIO.

Crarri, B ohopMIeHH] AKUX He JOTPUMAHO HACTYIHUX IPaBuI AJs omy6raikyBanus B8 MHT, noseprarorbes
aBTOpaM 0€e3 Po3rJIsAAy 10 cyTi. (laTor HaTXOI KeHH BBAXKAETHCA I€Hb TOBTOPHOTO HAZIAHHS CTATTI ITiCJIs JOTPU-
MaHHSA 3a3HAYEHNX HUKUe IIPABIJI. )

1. Crarra Mae GyTH migmicanoro BciMa aBTopamu (i3 3a3HauYeHHAM IXHIX afpec eJIEKTPOHHOI ITOIITH); CJIiZ
BKasaTy Mpi3BUIIle, iM’s1 Ta 1o 6aThbKOBi aBTOpA, 3 IKMM PeJaKIlisi Oy/ie BeCT! JINCTYBAHHSI, FOT0 IIOIIITOBY aApecy,
HOMepH TestehoHy Ta (haKcy i afipecy eJIeKTPOHHOI ITOIITH.

2. BukagaHHa MaTepiasy Mae OyTH 4iTKUM, CTPYKTypPOBaHMM (PO3AilaMu, HapUKIazL, «1. Berym», «2. Exc-
nepuMenTaiabHa/ TeopeTnuHa MeTonKa» , «3. PesyabraTu Ta ix 00roBOpeHHs», «4. BucHoBku», «IluroBana site-
parypa» ), CTUCJINM, 6e3 JOBruX mpeamMOyJI, BiIXJIEHD i IIOBTOPIB, a TAKOK 0e3 MyOJIIOBAHHS B TEKCTI JaHuX Ta0-
JIAIh, PUCYHKIB i migmucis 1o Hux. AHoTaris Ta po3ait « BucHOBKI» MaroTh He IyOJIFOBATH OAMH ofHOro. Huctosi
JIaHi CJIiZ1 HABOJWITU B 3araJIbHOIPUITHATUX OAVMHUIIAX .

3. 06’em crarTi Mae 6yTu He 6isbiire 5000 ci1iB (3 ypaxyBaHHAM OCHOBHOTO TEKCTY, TAO/INIIb, IIiAKCIB 10 PUCY-
HKIiB, COIMCKY BUKOpHCTAHUX Kepen) i 10 pucyHKiB. YxBasia mpo mybutikarito HaykoBux orJisagis (1o 9000 ciis Ta
30 prc.) IpUiMAaETHCS PEIKOJIEr i€10 ITiCIIsT 03HAMOMIIEHHSA 3 PO3IIIMPEHOI0 aHOTAIIEI0 POGOTH.

4. To pepakiii moxxke Hapasarucs 1 apyxkoBanuii (A4, noasiitHuii iHTepBas) IPUMiPHUK PYKONIKCY 3 iyrfocTpa-
miAMU.

5. ITo pepakiii 060B’s13K0BO HaAEThEsA (10 e-mail) daiin crarri, HaGparuii y TekcToBoMy pegakropi Microsoft
Word 2003, 2007 a6o 2010, 3 Ha3BOIO, IT0 CKJIAMAETHCS 3 ITPI3BUIIIA MIEPITIOTO ABTOPA (JIATMHUIIE0), HATIPUKJIIA,
Smirnov.doc.

6. EjleKTpomHa Bepcist pyKOMUCY Ta foro ApyKOBaHM BapiaHT (B pasi foro HaJaHHs) MAlOTh OyTH iIeHTUYHY-
Mu. BoHU MaroTh 0(hOpMITIOBAaTUCA 3a I1a0JI0HOM, KU MOYKHA 3aBAHTAYKUTH 3 CAUTY JKypHAILY, i Mmictutu 6—7
inmexciB PACS B penaxiii ‘Physics and Astronomy Classification Scheme 2010°. Tekctu crareil MaloTh TaKOXK
MicTHTV Ha3BY CTaTTi, CIIMCOK aBTOPIB, HOBHI HA3BM T MOIITOBI aIpeCH YCTAHOB, B AKVX BOHU IIPAIIOIOTH, AHOTA-
wiro crarri (200—250 cxniB), 5—6 KIFOYOBHX CIIB TPHOMA MOBaMM (AHIJIIICHKOI0, YKPATHCHKOIO, POCIHICEKOIO), &
3arOJIOBKY TAOJIUIH 1 MANNICY [0 PUCYHKIB MarOTh IIOAABATHCH SIK MOBOIO PYKOIIHCY, TAK i AHIVIIICHKOI0 MOBOIO;
AHIJIOMOBHA AHOTAITiA MOXKe OyTH ITPeJICTABJIEHOI0 B OLIBIIT posropHyToMy BapianTi (zo 500 ciis). Hassa craTri, ii
aHOTAIlifA Ta KJIIOYOBI CJIOBA HE IOBUHHI MiCTUTU CKIATHUX (DOPMYJI, MATEMATHYHIX BIPA3iB UM IO3HAUEHb.

7. EnexTpoHHi KoIIil PUCYHKIB MaioTh GyTH IPEACTABIEHNMY ¥ BUTUIA/] OKpeMux haiiriB (B rpadiunux dopma-
rax TIFF, EPS a6o JPEG 3 poszaimsuoio 3xaTaicTio y 600 dpi) 3 HasBamu, 1110 CKJIQAAIOTHECS 3 IPISBUIIA IEPIIIONO
aBTOpa (JIATWHUIEI0) Ta HOMepa PUCYHKA, Haupukiax, Smirnov_fig2a.tiff. [JonarkoBo pucyHKu Hajgarotecs y
dopmaTi mporpamu, B IKiii BOHU CTBOPIOBAJIVICA.

8. Harucu Ha pucyHKax (0COG/IMBO HA ITiBTOHOBYX) CJIL 110 MOKJIMBOCTI 3aMiHUTH JIITEPHUMY TIO3HAYEHHIMU
(HabpaHrMu Ha KOHTpacTHOMY (hOHi), a KpHBi MO3HAYNTH InpaMu ab0 PisHUMU THUIAMU JIiHil/MapKepiB, AKi
MaioTh OyTH pO3’sICHEHUMH B IiAnmcax N0 PUCYHKIB a6o B Tekcri. Ha rpadikax yci jinii/mMapkepy Maiots OyTu
JIOCTATHBHOI TOBIIMHY,/ PO3MIPY IJIs X AKICHOTrO BiITBOPEHHA y 3SMEHITIEHOMY B 2—3 pasu BUIJIAAL (DeKOMeHIOBaHA
TI0YaTKOBA MIMpuHA pucyHKa — 12,7 cm). CBiTiinHN MaroTh OyTH YiTKUMU Ta KOHTPACTHVIMY, & HAIINICH Ta ITO3HA-
YeHHS MalOTh He 3aKPUBATH iCTOTHI JeTaJi (IJIA 40ro MOKHa BUKOPYCTOBYBATH CTPLIKM). 3aMiCTh 3a3HAUEHHS B
MiATEeKCTOBITI 30LIBITTEHHS IIPY 3HIMaHHI 6ayKaHO IIPOCTABUTH MacITad (Ha KOHTpacTHOMY (hOHi) Ha OIHiil 3 imeH-
TryHUX cBitauH. Ha rpadikax mianucu no oceii, BUKOHAHI MOBOIO CTATTi, MAlOTh MiCTUTH ITO3HAYEHH (200 Ha-
IMeHyBaHHS) BJIMUMH, 1110 B3ZIOBK BiZIKJIaIaI0ThCS, 1 Uepe3 KOMY iXHi OMMHUITI BUMiDIOBAHHA.

9. ®opmysi B TEKCT HEOOXiJHO BCTABIATH 3a AOIOMOroio pemaxropa dopmys MathType, cymicaoro 3 MS
Office 2003, 2007 a6o 2010. BexTopu c1iz HaGHPATH YKUPHIM IIIPU(TOM 6€3 CTPLIOK 3BEPXY.

10. Pucynxn, a6, hopmMysH, a TAKOXK HMiAPSAAKOBI MPUMITKY (BUHOCKH) MAIOTh HYMEPYBATHUCS [IOCIILIB IO
Bciif cTarTi.

11. IlocunaHus Ha JliTepaTypHi JPKepeJia CJIiA AaBaT y BUIVIAAL TOPAAKOBOIO HOMepa, HAPYKOBAHOTO B PAZOK
Yy KBaApaTHUX Ay:kKaxX. CIHCOK JIiTepaTypy CKJIAJAEThCs ITOYEProBO 3a IIEPITIO0 3TagKo0 MJKepesa. ITpukianu
odopMIIEHHS TIOCUJIAHb HABEIEHO HIKUE (IIPOCUMO 3BEPHYTH yBary Ha MOPSAOK PO3TAIlyBaHHA iHiriastis i mpi-
3BUII] aBTOPIiB, Gibriorpadiurmx BigoMocTell i Ha PO3ALIOBI 3HAKM, a TAKOK Ha HEOOXiMHICTH 3a3HAUEHHS BCiX
cIiBaBTOPIB ITuTOBaHOI po6ory Ta it DOI, AKIIO BiH €):

1. E. E. Zubov, Metallofiz. Noveishie Tekhnol., 38, No. 11: 1423 (2016) (in Russian). DOI:
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https://doi.org/10.15407 /mfint.38.11.1423
2. M. Chegini, A. Fallahi, and M. H. Shaen, Proc. Mater. Sci., 11: 95 (2015). DOI:
https://doi.org/10.1016/j.mspro.2015.11.116
3. A. Meisel, G. Leonhardt, and R. Szargan, Rontgenspektren und Chemische Bindung [ X-Ray Spectra and
Chemical Bond] (Leipzig: Akademische Verlagsgesellschaft Geest & Portig K.-G.: 1977) (in German).
4. J. M. Ziman, Printsipy Teorii Tverdogo Tela [Principles of the Theory of Solids] (Moscow: Mir: 1974) (Rus-
sian translation).
5.M. A. Stucke, D. M. Dimiduk, and D. M. Hazzledine, High Temperature Ordered Intermetallic Alloys. V (Eds.
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ELECTRONIC STRUCTURE AND PROPERTIES
PACS numbers: 71.10.-w, 75.10.Dg, 75.30.Et, 75.50.Lk, 75.50.Ww

EdexTn «opbiTambpuoro ckaa». 1. ITocriiiini maraeTu

0. I. Minexk, B. M. ITymkap

Incmumym memaanogisuku im. I'. B. Kypoiomosa HAH Ykpainu,
oyave. Akademira Bepradcvrozo, 36,
03142 Ruis, Ykpaina

VYV 300paxenHi 0araToeIeKTPOHHUX OMNEPATOPHUX CIIIHOPIB po3paxoBaHO Mar-
HeTHI (asoBi giarpamu KOpPCTKUX (hpepomMarHeTukiB — mocTiiHmx marHetis. I1i
cronu A, B, BunopaakoByooTbcA. KoBanenTtHi 3B’ A3Kku (A—B) I'\5 cunbHimIi 3a
[aas [gp. I'pynu T'anya (I'T-C) coinie Co a6o Mn 3B’asani (cmiH-opbiTanbHO) 3
cerperarmismu opoitanbHnX MoMeHTiB (I'T-3). Crmin-opbiTanbauii 38’ 130K (L—S)
TYT CUJIBbHIIINHI 3a 00MiHHI 3B’ 3K A—A, To6T0 Co—Co a60 Mn—Mn. AuTHude-
pomareetusm Mn (Ty > 102 K) mpurriuyersca y cronax (Mn—Bi, Mn—Al, ...).
IaBepcia oominy T, smiHIoe 3HaK Temnepatypu mepexony (Ty<0—->T,.>0); T,
BHUBHAYAETHCSA CHiH-0pOiTanbHUM 3B’ a3KoM ([',5 > 0). Ileit edekT JerKo cmocre-
piraersca 3a T, > 300 K. Bin mae marmerny amizorpomiio B, ~ 10® E. Pospaxo-
BaHi ngna crouis A(Co, Mn), B(Pt, Bi), remneparypu Kropi T (x) 3HaiifeHO eK-
CIIEpUMEHTAIBHO, AK i cepegHiNl MOMeHT p,(x). JliHiHicTs T (x) mopymryersca
crmiH-opbiTambHuUM uieHoM I ,p KoBasieHTHOro 3B’a3Ky (A—B), symMoBiIeHUM
«opbiTanbHUM cKJI0M» B-KommoHeHT (Pt, Mn). Cerperamis L, 3 autTudepomar-
HeTHUM (ADPM) obminoMm Ay KOHKypye 3 ADPM-obmimom A, Bcepemuui A-
KoMnoHeHTH. [IpurHivenHa 1por0 CHiH-OopOiTaabHUM 3B’ A3KOM [ 45> 0 mpuBo-
IUTh 0o «imBepcii obminy» (Big T (x) <0, x <x, mo T (x)>0, x> x,). ImBepciro
00MiHY BUSABJISAIOTH €KCIIePUMEHTAIHHO.

KirouoBi cioBa: «opbGiTangbHe CKJIO», cerperamisa mMomenTiB (rpymu Iamya),
iHBepcis oOMiHY, (hepoMarueTHa aHiBOTPOITiA.

Magnetic phase diagram of hard ferromagnets (permanent magnets) is calcu-
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lated by means of the method of many-electron operator spinors. These alloys
A, B, are ordered. Covalent bonds (A-B) I',; are stronger than I',,, I'gg. Gal-
ois groups (GG-C) of Cr or Mn spins are connected (by spin-orbital bonds)
with orbital moments segregations (GG-3). Spin-orbital bond (L—S) is strong-
er than exchange bonds A—A (Co—Co or Mn—Mn). Antiferromagnetism of Mn
(Tx > 10%K) is suppressed in alloys (Mn—Bi, Mn—Al, ...). Exchange inversion
T, is changed the sign of transition temperature (Ty<0— T,>0); T, is de-
termined by spin-orbital bond (I'yz>0). This effect is observed easily at
T, > 300 K. It gives magnetic anisotropy B, ~ 10? Oe. Curie temperature T (x)
and mean moment p,(x), calculated for alloys A(Co, Mn), B(Pt, Bi),, is de-
termined experimentally. Linearity of T (x) is broken by spin-orbital term
I',z of component (A—B) covalent bond caused by ‘orbital glass’ of B compo-
nents (Pt, Mn). Segregation L, with antiferromagnetic (AFM) exchange Ay
competes with AFM exchange within A-component. Suppression of that by
spin-orbital bond I' 5z >0 leads to ‘exchange inversion’ (from T (x) <0, x < x,
to T'(x) > 0, x > x,).Exchange inversion is determined experimentally.

Key words: ‘orbital glass’, moments’ segregation (Galois groups), exchange
inversion, ferromagnetic anisotropy.

(Ompumarno 1 yepeus 2021 p.; ocmamoun. sapianm — 14 aucmonada 2021 p.)

1. BCTYII

ITocriiiai margeru (IIM) 3 Bucokomo T, = 10° K [1] saBxau 6yu i 6yayTh
saTpebyBani. Ha ocuoBi M’ axux Co i Fe Mo)xHa ofepxaTu CTOIN 3 BICO-
Koo (pepoMarHeTHoio amizorpomieio (PMA) i KOEPIUTUBHOIO CUJIOIO
H,~0,1T. Nomimka semarsetaux Pt™ (5d'°) a6o Bi** (5d'°6s*6p®) 36i-
apmye @MA Co?" (8d"4s') a6o Mn* (3d°4s?). Tyr edekT aHamoriunmii
Co-U[2].

Bigkpurra «opbitanbuoro ckia» (OC) [3] mosicHMIIO iy HUBKY CIIO-
cTepe:KyBaHUX (aJsie HemosAcHeHUX ) edeKTiB [4].

BractusBocti OC m03BOIAI0OTE TepenbaunuT HOBI ABuiia. TyT Mu 3y-
OUHUMOCH Ha ITOCTIiHHUX MarHeTax. Y 4acThb IIEPEXiTHNX METaJiB T03BO-
JISI€ BBECTHU [0 POSIVIAAY KyToBi MoMmenTn S, i L, fiouis. ¥ cTomax 30HHi
(hepMioHy KOMIIEHCYIOTH JOKaabHi cminm Mn a6o Bi (S, — 0). Ane ma
aokanbHi L, 3oHHI depmionn (1, = 10) He BuauBaioTs. Ile Bugiige cyry-
nHicTb toHHUX L, ¥ cerperamii. Cymapha cerperarisa L, crony (migrpar-
Huili Pt a6o Bi) npoaBaseTbesa Ak «opOiTaabHe cKI0». Ileit «HOoBU Ma-
Tepiays» Oepe yuacTb y a3oBux Aiarpamax (K aToMHHUX $a30BUX giar-
pam (AD]]), Tak i marHeTHUX (hazoBux giarpam (MD/I)).

Teopito ABUII aJleKBATHO IOOYIOBaHO Ha OCHOBi 6araToeieKTPOHHUX
omepatopuux croinopie (BEOC) i ¢ayxryarmiii xemiunux 3aB’sa3KiB
(PX3)[2].

IIpupoma MarHeTHO-KOPCTKUX (DePOMAaTrHeTUKIB IIPUHIIUIIOBO He IIij-
IaeThbCcad MOJEIAM OTHOEJEeKTPOHHUM, TaKk caMo AK aToMmue (AO) i mar-
"HetHe (MO) ynopaakyBanua. ToMy modyayeMo 6araToesieKTPOHHY Teo-
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piro IIM coouatky gasa Co—Pt. TeumeHmia 7o aTOMHOTO IMIOPAAKY BUCY-
Bac Hanepen koBajgeHTHI A—B (Co—Pt) 38’ a3ku:

H 1 = 2P (Co—Pt) > TPP(Co—Co) + [*F(Pt—Pt). (1)

Hapomxenna cerperariii (L,—Lg), TooTo OC, a60 «opbiTaibHOTO» aH-
tudepomaraerusmy (Ty ~ 10° K), moxxinBe, AKIII0

A3FFF(I' - R) < 0, AA = kBTN ~ 103kB’ EA(kj) ZAAkf' (2)

MarumerHsa KopcTKicTh cTomy, o0yMmoBieHa 3B a3koMm (1), iioro xKyro-
BUM YJIEHOM

(Tpp) =T°[S, - Lgl. 3)

Hna Texaiumoro Bukopuctanusa Co—Pt morpibHi ¢asoBi miarpamm i
Beanunaa @MA. Metog BEOC nosBoJisie BigmoBicTu Ha BCi aKTyaabHi
sanuranua. PaszoBa giarpama 3 ypaxyBaHHSIM aTOMHOIO i MarLHeTHOTO
ymnopanxkyBauua q1asa Co—Pt i fioro marseTHa »KOPCTKicTh po3paxoBaHi
metomoM BEOC B posgini 2. Marmerso-:xopceTkuii Mn—Bi Tum camum
metozom BEOC (poszin 3) mopiBuioeTscs 3 Co—Pt. Moro cninoBa auHa-
mika i remneparypa Kiopi T, omep:kani 3 ypaxyBauuam PX3, 1110 Bu-
3HAYa€ EHTPOIIiI0 HmepexiTHMX MeTaJiiB, IIPOBeJAeMO B iHIIIOMY MicCIIi.
ITpunymenua Bigaocuo Biaactuocteil IIM-cronis PS8M mozaso y po3i-
Ji 4 pa3oMm 3 0OTOBOPEHHAM i BUCHOBKAMM.

2. CTOII (ITOCTIMHUM MATHET) Co—Pt (A—B)

AToMHe YyIIOPAIKYBaHHS CTOITY 00YMOBJIEHO KOBAJIEHTHUM 3B’ A3KOM A—
B. Cunpanii pepomaraerusm Co (T, ~ 10° K), Tomosoriuna rpyna (I'T-C),
cminoBa, KoHTpacTye 3 cerperarieio (I'T-3) anTudepomaruerusmy opoi-
TaTbHUX MOMeHTiB nap toHiB Pt (L=1). Ile enementu rpynu (I'T-3) —
napa Ptr (Lt) i Pty (Ly). Ilepetun miei cerperarii (I'T-3) 3 rpymozo (I'T-C)
CYIIPOBOKYEThCA CIiH-opOiTanbEuM 3B sa3koM [72(r — R) tionis Pt (B,
L,) i Co (A4, Sg). Metamiunuii 3B’a30K 30HHUX (PEePMiOHiB, AKi MalOThH
anazoriusni 4s®i 6s® BaseHTHI 06010HKY miarpaTHUL (A i B), He Mae 6y-
Tu BUs3HavaabHuM 1 AP i MD]I.

TonoBuuM € KoBayieuTHUi# 38 aA30K A i B fiomis. Buxogmmo 3 ixHix
XBUJIBOBUX (PYHKITil

W:(CO) = DrEJD + (:bf:’ Dr = {Drc’crc}’ DrDr = 1 (4)

yp(Pt) = F&, +&155, F, ={Fy,ca ) L=T1. (5)
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Komyrarrii 8 6o3ouzHOMY mIpocTopi Poka a1 Hux
[D,,Dy1 =8 =[F, F 1. (6)
IPUBOAATSE 10 6030HIB PX3 (D i F,) srizzo
D, =) De™,D =Y De™ /Nx,, x, +x, =1 (7
k r

Kosaneutuuii 38’130k Co—Co (A—A) € i mpupomo o6MiHHOTO iHTET-
pama AQ, ~ I'’? | ne

H" =-(1-x)*Y.(T""(r - R)D,D;, + A3, S,Sy). (8)

rR

ExcrnepuMeHTaNbHA OIiHKA o6MiEHOTO mapamerpa A™ ~I'(r—R) ~ 10%k;
[1] mae nia crony A,B,;_, Temmepatypy Kiopi (Hy1b0oBe HaOIMKEHH)

T(x)=T(0)(1 - x). 9)

ITopiBuaHHA rpy0oi ominku (9) 3 eKciepuMeHTOM — Ha puc. 1 [5].
CrekTp pepoMartHoHiB

Ef = ADkz, (B <<1, A, ~T,/(x)).
Cerperania (I'T-3), antudepomaruerusm L, migcucremu B cTBOpIoe

0OC; emementiB (I'T-3) (N5~ (1—x)) mocraTHBLO Aas OIMiHKM Ty~ xA™ ~
~10° K, xoxu x ~ 1/2. KoBaneuntuuit B-B-3B’a30K

FF 2 FF n B
H™ = -x*> (T FF, + AZL Ly, +..) (10)
rR
1600
1200+
& 800
400
0 .
0 20 40 60 80
aT.O() Pt

Puc. 1. Banexxuicts Temneparypu Kiopi T, (K) Big ckaany cromy Co—Pt. Teope-
TuuHa Kpusa (dhopmyau (8)i(17)) i ekcnepumeHTaNbHI TOUKHY [5].

Fig. 1. Dependence of Curie temperature T, on Co—Pt alloy composition. Theo-
retical curve (formula (8) and (17)) and experimental points [5].
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Hpyruii (kyroBuii) uien (10) mpoaykye auTudepoMarHoHA

Ey(k) =\A;(0)-Ag(k), Ty ~(Ag/ky)x", (11)

i remneparypa Heemns
Tx~(10°-10*) K, komu x~1/2, T3~ Ty, 12)

obomesxkye imTepBan 0 < T < T’y icuyBamua OC, xoua cerperaiisa MOMeHTiB
L, icaye B yciii obaacti 0 < T < T, TBepzmoi ¢asu (T, — TemmepaTypa TOII-
aeuns Co—Pl).

Amnajoriuno sBBogaTs A—B 3B’ A30K:

H*® = > [(C” D,F + Hee) + Ap(SgLy +8; Loy +S; Ly, +He)l,  (13)
rR
OPUYIOMY
Ap = ocinVRFFF (r-R)= (ik)z(FFF)'oci, (14)
3BimKu anTu(epoMarueTHU 3HAK (—) 0OMiHY B cerperairii.

s pospaxyuky remnepatypu Kiopi T (x) i Heens T'y(x) posraanae-
MO eHTPOIIi0 AK pyHKI[ioHaAT PX3. 3Bifgcu TepMOAMHAMIUHNIH IIOTEHITi-
an (TOII) — mimitina pyurmia T i kBagpaTuuHa GYHKIIA cepegHiX MO-
MeHTiB S;=SiLy=L

®=-1-x)A,8" - Ax*L* + T[(1 - x)S +xL] + 15)
+x(1-x)A,, +bs*'(1—-x) /4.

Bapiroemo (15) mo Si L (momens Axynosa|[1])
T-(1-x)A, -xA,, [;j Z(BdS(i)_ x)) 16)

1-x)A,; T+xA;
HerepminanT (16) A =0 mae pimenusa

T. =0,5{(1 - x)A, +xA, + (1 -x)A, —xA, ] +4x(1 - x)A>,)"*}. a7

Baskaitouu (1 — x)A, >> xAg, maeMo Temnuepatypy Kiopi
T =T (x)=(1-x)A, +x(A2,/A,), x<0,5,

T =T Jx@ -x), x > 0,7

i remueparypy Heena

(18)

T =-T, = xA, + x(A2,/A,). (19)
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dyukiio (18) mopiBHioeMo 3 eKcmepuMeHTOM (puc. 1).
Crim-opbiTanbunii 38’ 430K, IepIile HAOIMKeHHI

(AH (Pt — Co)), =0,

Ipyre HaOIUIKEeHHS

2

(AHL,), = |y SiTi[ /24,

nae koHcrauty @MA iz (21)
Dona = K, (($5)°(L5)°)-
ITicis okpemoro ycepegHeHH (22) 01ep:Ky€EMO KOHCTAHTY
K,(T) = K,(0)®(T)®, (T)1 - x)x, K,(0) ~ > /T,
TyT cmiH-XBUJIbOBE HAOIMIKEHH A
©(T) = [M(T)/M(O)] » My =1-qy(T/T)"".
Ycepenuenns cerperarii (OC) gina T < Ty nae

®,(T) = Ng(0)A - g, T), Ng(0) ~ (L;)* = B,.

(20)

(21)

(22)

(23)

(24)

(25)

Koucranra ®MA y Buraazai K,(0) nocuts BeIuKa uepes BeJIUKY eHep-

rito ymopsaaKyBaHHS
r’r ~ T, ~ 10°K

3a BUCOKHUX TeMIEPaTyp yIOPAAKYBaHHA T 4.

Cepenniiit MomeHT p,(T') omep:ryemo pimenaam cucremu (16)

po(x) = 5% (x) = (A, (1 - x) + xA,, L)/b.

Tyt
L=A,xP/A,.

3Bimcu
py(x) =[A, (1 - x) +[x(1 - 0)P A3, (B, /A,)]/b,
T06TO (pHIC. 2)

Py(x) = p,(0)1 - x) + a[x(1 - x)I, a=A%P/A,b,

(26)

(27)

(28)

(29)

(30)
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Puc. 2. 3anexHicTh MAarHeTHOr0 MOMEHTY P, Bix ckaaxy cromy Co—Pt. Teope-
TuuyHa Kpua (popmyna (30)) i ekcriepuMmeHnTanbHi TOUKY [5].

Fig. 2. Dependence of magnetic moment p, on Co—Pt alloy composition. Theo-
retical curve (formula (30)) and experimental points [5].

HOPiBHIOEMO 3 eKcIIepuMeHTOM [5].
Anporcumarris (28) moope mpaiiroe aiaa x < 0,7.

3.IIOCTINHUN MATHET Mn—Bi. IHBEPCISI OBMIHY

Teopisa nmporo IIM ycKJIagHIOETHCA HaABHICTIO ¥ MeTasliyHOro Mn nmekKi-
apKox momudikariin [5]. Criaagui AP TyT JOMOBHIOIOTHCA HE MEHIII
ckaagaumu M®Jl. eaki ¢asu Mn marorh Bucoki Ty >102K. Ilikasi
depomaruersi cromu Mn, oco6auBo Mn—Bi, mpuuomy iomm Mn?
(3d*4s%) i Bi®® (6sp®) is pisko pisHUX paAAkiB Tabauni Mengeneesa. Cami
yucTi Meranu HedepomarueTHi [5]. IIpore Mn, Al, (x~0,3) Ta immri
CTOITU TEXK MaTrHEeTHO-3KOPCTKi hepomaraeTuru [6].

JlokanpHa aHizoTponia B Hux (medopmarii Tuny ug;) COpuAa0Ths Hapo-
mxennio matepiany OC. Cerperaiiia opbiTanbuux momeHTiB Al, Bi Bin-
OyBaeThCsA, AKINO Uz # 0 y migrpataunax B (B croai A—-B, e A =Mn, Co,
...). YuisepcanbHicTh mosgsu OC miarparuuis B € KioueMm 10 6araThox,
paHilite He3pO3yMiauXx, BjIacTuBOCTe cTomiB A—B.

Hescuuii noci ekcriepuMeHTaIbHUN (PaKT Iepexony y depomarser-
Huii crau i3 A®M uuctoro Mn y pasi gnogasauusa Bi, Al, ... MmoxxHa npu-
nucatu epeKTUBHOMY Hacaigky mossu OC.

Cer'peraiiis opbiTanbHEuX MOMeHTiB L,, Hanpuk.aaz, iouis Al, ¢ AOM
3 oominom Bcepeauui miarparauii B (L,). Tyt cuinsHicTs A-fionis (Mn)
mae coiru S, (i opbiTaneauit Mmoment L, ~ 0). Ixuiit maruerusm (APM)
CTBOPIOETHCA oOMiHoM A, < 0.

«OpbiTanabHUi MOMEHT» YTBOPIOETHCS KOBAJEHTHUM 3B’ sA3KoM B-B,
TO6TO «06MiHOM» Ap. EderT inBepcii o6MiHy 06yMOBIEeHUH KOBaJIEHT-
HuM 3B’ sA3KoM A—B (100610 ['y5>0). Crmin-opbiTanbHa uacTuHa 3B’ A3KY
(mix tiomamu A i B)
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Q5 =—> TS, Ly, Ty >0, (31)

dyuknii runy remneparypu Kiopi T.(x) i T.i. 3Haxogmumo, Bapitooun
cymapuuii T/II Bix cepenuix momenTiB SiL =Ly

®(S,L)=[A,(1-x)* +T(1 - x)]S* - L*(x* A, — xT) -

(32)
—x(1- x)[,,SL + b(l-x)S* /4.

ITe cnpomena mozeasr M. C. Axynosa, ge '’ =T'E, Bapitoemo (32),
BBaskaiouu (A,, Az < 0), Ta omepiKyeMo

((1 ~x)A, +T T, ](s) _ [bsj. (33)
gd-x) -Axx+T)){L 0
HeTepMiHaHT cucTeMU

A, =(1-x)A, + T)T - Agx) -T2,(1 - x)x. (34)
Horo kopexi (pimenna A, = 0)
T. =0,5{-(1-x)A, + Ayx £[1 - x)A, + Agx] +40%, (1 - x)x]"?}. (35)
Amnporcumyemo (35) giid |A,| > |Ag|. Temneparypa Kiopi

T,(x) = (1 - 2)|A4,] + Tipx/|A,| (36)

3MiHIOE BHAK, AKIIO X > X, (iHBepcia oOMimy).
Busnauaemo Touky imBepcii o6mMiny APM — OM (x = x,)

T(x)=0, x =A,/(A, +T5x/|A). (37)

Cerperaris opbitambaux MomeHTiB (I'T-3) uepes cmiH-opbiTanbHUM
3B’a30K (S,—Lg) iuBepTye 00MiH cmiHiB (foHiB Mn) i cTBOpIOE hepomar-
HeTHuit wMarepian. Taxuii edext wmoxauBuii, woaum L(Mn)=0 i
S(0C) — 0. Biu mHemoxxkausuit y P3M, ne migcymoByiorbcsa L+ S =dJ.

Teoperuuni Mozeai (B OCHOBHOMY OOHOEJNEKTPOHHi) ITOACHIOIOTH
yeraanguenaa M®]] sminoio ftoHHOI cTpyKTypu Mn. Ha moBi BEOC 11e
cupocToByeThbcsA. OcKinbKu ¢epoMartHeTHi cronu Mn BUKOPHUCTOBYIOTH
mupoko [6], saragka nmux M®]] mopoauia BeJIUKY KilbKicThb JiTepaTy-
pu anaa il posramok. Bpaskae Takux aBTOpPiB piska pisHumna ftomis Mn?
(3d°4s?) i, manpuxnaz, Bi* (6s6p?), sinkpura g1a ®M obosonka (d°),
aJle HeMarHeTHi fionu Bi, Al, ....

AmizoTpomnia Mux cTomiB, MOKJINBO, BHYTPIilIHA, KpucTajorpadiuna,
3a HamIow Teopieio [2, 3] OC cupuse cerperaiiii HeCKOMIEHCOBAHUX OP-
oiranpaMx mMomeHTiB L, (fiomie Bi) B (I'T-3). CymapHuii opbitanbumit
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momeHT L fionis Bi (a6o Al) posnazaersca na mapu (Bi, L, T)—(Bi, L, ¥).
ITeit maTepian (OC) mpeacraBasie aHTU(EPOMATrHETHK 3 TEMIIEPATYPOIO
Heena Ty ~ P, = (LL}).

4. BUCHOBRKH

BigkpurTsa «opbiTaJIbHOr0 CKJIa» BHUCBITINJIO IPUPOAY CIiH-OpPOiTAIBHOTO
3B’A3KYy y cromi. I1s 3aragka 6araToeIeKTPOHHUX TEOPiil TYT posramama
AK KYTOBa YacTHMHA KOBAJIEHTHOI B3aemonii. Bcepenuui fioHa 3aramka
3ayuInaeTbea. BoHa 0ye po3TiAHYTA B HACTYIHUX CTATTAX.

1. Coin-op6itanbua uactuua (I°°) xoBaseuTHoro 3B’as3Ky (A, .B,) sa
HaABHOCTi MexaHiuHOI eHeprii (1;;) CTBOPIOE MarHeTHy aHi30TPOIII0.

2. BoHa BpaxoBye 3aJie;KHicTh Bim x Temmepatypu Kiopi T,(x) i cepen-
HBOT'O MOMEHTY pPy(X).

3. IlepenbauyBanuii BeIUKUHA epeKT (POJb) CIiH-0pOiTATHLHOTO 3B’ ABKY
B cromax Mn, ,(Bi,, Al,) BizKpuBaeThCca y BUDaaKy iHBepcii o6miny (am-
Tudepo — depo).

4. Kouneurparia x = x, (I*°) sa miei imBepcii i Bech meii epeKT po3paxo-
BYIOThCS B 300pakenni BEOC opraniuno.

5. Edexr imBepcii (T,<0, x<x,)—>(T.>0, x>x,) CYyIPOBOIKYETHCA
spocranaaM @MA 1o TexHiUYHO BUCOKUX 3HaueHb K,(x).

6. I1i epeKTU BiIKPUTTS «OPOITAIBLHOTO CKJIA» CYIPOBOMMKYIOTHCA UKC-
JeHHUMU HOBUMHU ABUITAMHU.
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Temperature dependence of the magnetic susceptibility y(7T) is studied in
compounds of GdCr;(BO;), and ErCr;(BOs), by the Faradey method in the wide
temperature range (293—-1200 K). The dependences y *(T) for all crystals
show the nonlinear anomalies caused by structural transitions in the crystals.
The 5y *(T) dependences for paramagnetic phase follow the linear Curie—Weiss
law. The Curie’s temperature and values of magnetic moments corresponding
to the chemical formula of the crystals are found.

Key words: exchange interaction, paramagnetic temperature, magnetic sus-
ceptibility, magnetic moment, law of Curie—Weiss, the rare earth borates.

MeTtomom Papages B inrepsaii 293—1200 K BumipsaHo TeMIlepaTypHY 3aJIeK-
HicTs MarHeTHOI cupuitaarausocti ¥ (T') pinkosemenbrux 60patiB GACr;(BO;),
ta ErCry(BO,),. V sanexuoctax y '(T) cmocrepirajorbca HeliHiiHI anomaurii,
00yMOBJIeHi CTPYKTYpHUMH ITepexofaMu. BeTanosieHo, mo sanesxaocti y (T)
IS TapaMarHeTHOI a3y onucyoThed JiHitinum 3akoH Kiopi—Beiica. 3Hatime-
HO TemmiepaTypu Kiopi Ta MarseTHi MOMeHTH, AKi BimmoBigaoTh xeMmiuHii ¢o-
PMYJIi KpHUCTATiB.
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CIPUUHATINBICTL, MarHeTHUII MOMEHT, 3aKoH Kiopi—Beiica, 6opaTu pigkose-
MeJILHUX eJIeMeHTiB.

(Received November 25, 2020, in final version, November 14,2021 )

1.INTRODUCTION

Among the rare earth (RE) borates, compounds with 4f- and 3d-
elements are especially attractive, which have unique optical, magnet-
ic, and mechanical properties. These include RE borates RM;(BO,),,
where R =RE metal (REM) and M =Fe, Al, Ga, Sc, Cr [1]. Some of the
members of this family belong to the class of multiferroics [2]. In
works [2—4] it is shown that for RE of ferroborates the magnetoelectric
effect reaches 400—500 pC/m? in a magnetic field of 10 kOe. The search
for new similar materials is interesting from the point of view of fun-
damental physics of condensed matter, as well as for practical applica-
tions in optoelectronics and spintronics.

These borates are predominantly isostructural to the huntite miner-
al CaMg;(CO,), with the space group R32 [5].

The crystal structure of huntite consists of three basic units: trigo-
nal prisms CaQg, octahedra MgQg, and triangular groups of two types
CO4(1) and CO4(2). MgOg4-octahedra are connected by common edges,
forming chains located along the C; axis. CaOg4-prisms connect these
chains to each other (Fig. 1).

Recent publications contain data on the magnetic properties of
GdCr4(B0O;), [6] obtained at cryogenic temperatures, i.e. in its magneti-
cally ordered state. As far as we know, similar studies on the rest of
rare earth chromium borates have not been carried out, and at high
temperatures[11-14].

triangular
prism CaO,

triangle CO;

oktahedron MgO,

Fig. 1. Crystal structure of CaMg,(CO,),.
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The purpose of this work is to determine the crystallization condi-
tions, identify the phases obtained during the crystal synthesis and the
magnetic characteristics of RCry(BO;), (R—Gd, Er) crystals based on
measuring the temperature dependence of the magnetic susceptibility
%(T) in the temperature range 300-1200 K.

The dependence %(T) of the RE of chromium borates is measured by
the relative Faraday method (using a standard) with the help of a high-
temperature pendulum balance in excess atmospheric pressure of puri-
fied helium [7]. The maximum relative error in measuring y is no more
than 3%.

2. RESULTS AND ITS DISCUSSION
2.1. Crystal Growth

The borates under study are obtained as a result of spontaneous crystal-
lization from high-temperature solutions-melts. Crystals GdCr;(BO;),
and ErCry(BO;), are synthesized by a similar technique from a solution
in a melt based on K,S0O,—3Mo00Q;. At this, their concentration in the ini-
tial solution-melt ranged from 17 to 40% wt. Taking into account the
tendency of RE chromium borates to form similar paleotypic rhombo-
hedral (R32) and monoclinic (C2/c) structures, depending on the char-
acteristics and conditions of their crystallization, the belonging to one
or another polytype is determined by IR spectroscopy [8, 9].

2.2, Magnetic Properties

The experimental dependences y (T) of the considered chromium bo-
rates are shown in Figs. 2 and 3. It can be seen from the figures that
two breaks are observed in these dependences. For ErCry(BO;),, they
are observed at 733K and 918 K (Fig. 2), and for GdCry(BO;),—at
588 K and 913 K (Fig. 3).

It should be noted that for these compounds, after the first break,
the slope of the dependence y (T) (dy '(T)/dT) decreases, and after the
second break, it increases. The dependences y '(T) before and after the
breaks are linear, which indicates their subordination to the linear Cu-
rie—Weiss law:

e
T-0,

X (1)

where C is the Curie—Weiss constant, 0, is the paramagnetic Curie
temperature.
It is inexpedient to associate the observed breaks in the dependence
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% !(T) of the studied borates with magnetic phase transitions, since their
magnetoactive components Gd, Er, and Cr have a magnetically ordered
state below room temperature. On the other hand, according to [6],
GdCr3(BOs), exhibits an antiferromagnetic ordered state below 7 K.

The experimental dependences x(7T) of the studied borates can be de-
scribed as follows. The crystal structure consists of two magnetic sub-
lattices (subsystems): R (R=Gd, Er) and M (M =Cr). Both magnetic
subsystems contribute to the magnetic susceptibility of the considered
borates:

x=x"+x". (2)

In the case of wide multiplets (AE >> kzT, where AE is the energy dif-
ference between the ground and the first excited level of 4f-electrons),
according to the Van Vleck theory of paramagnetism [10], the follow-
ing expression can be written for the dependence y(7') of the subsys-
tems of the studied borates:

v _ N, & JJ+) N,

) (3)
A 3RT A 3k,T

X

where p;=g/(J(J +1))"?up are the effective numbers of magnetic mo-
ments per one free RE ion, J is the quantum number of the total me-
chanical moment of the ground state of the RE ion, N, is the Avogadro
number, A is the atomic mass of the REM.

In the case of narrow multiplets (AE << kgT') for the dependence %(T)
of the M subsystem, according to the Van Vleck theory and taking into
account the effect of ‘freezing’ the orbital moments (L=0) of 3d-

%107, em®/g
3
=

ettt
400 600 800 1000

x 107, g/cm?®

1.5F T.K
1.0F
0.5rF
I " . . s s . . N N
400 600 800 1000 1200
T, K

Fig. 2. Dependences y (T) (x(T) in the inset) for ErCr,(BO,),.
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electrons, we can write the following expression:

oo Mo EBSE D N, u “

A 8kT A 3k,T’
where ng=~ 2(S(S + 1))/?uy are the effective numbers of magnetic mo-
ments per one ion Cr®*", S is the quantum number of the total spin me-
chanical moment of the ground state of the M ion, A is the atomic mass
of Cr.

The magnetic interaction between the R—R, M—M and R—M ions is
specified through the parameter 6, which is proportional to the energy
of these interactions. This is taken into account in formulas (3) and (4)
by replacing T by T — 0p, as a result of which the expression for the em-
pirical Curie—Weiss law (1) for each subsystem, respectively, is ob-
tained.

From the experimental dependences % '(T) of the studied borates ac-
cording to (1), their main magnetic characteristics 6, and C are deter-
mined, and then, from the value of C, the experimental values of the
magnetic moments per formula unit (GdCr;(BO,), or ErCry(BO;),) are
calculated according to the following expression [obtained from (3) or
(4) taking into account (1)]:

1 /3 MC
Mege = — i Hp = 2,83V MCug, (5)
Up Ny

where M is the molar mass of borate (for example, for GdCr;(BO,),
M:MGd+ 3MCr+4MB+ 12M0).

IE 80
on
o~ 60
60F E ¥
5]
°" 40
w50 S {
(3] = 20
~
o 4.0F ¢
TD 400 600 800 1000
— 3.0F T, K
TH
2.0F
1.0}
nn M L " L M M M M M
Y400 600 800 1000 1200
T, K

Fig. 3. Dependencies y (T) (x(T) in the inset) for GACr,(BO,),.
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TABLE 1. Main magnetic characteristics of the studied borates.

Sample ‘Temperature interval, K‘ 0, K|C, 10’2sm3'K-g’1‘ Hexps M ‘ Wineors Mp

203-733 36 5.22 15.28
ErCry(BO;), 733-918 ~759 9.80 20.94 11.7
918-1123 358 3.36 12.26
203-498 —547 2.69 10.87
GdCr,(BOy), 498-913 -703 3.60 12.58  10.4
913-1173 —257 1.91 9.16

The theoretical value of the magnetic moments per one chemical
formula can be determined by the additivity rule [6]:

W= 3ud +ud =8g28,(Sy +1) + gid (I, +1).

The values 0, C, 1, for the compounds under study are presented in
Table 1. Analysis of the table shows that the ., value for GdCr;(BO;),
(10.87up) satisfactorily corresponds to the results of [6, 15] (10.6p5)
and the value W,.., (10.4uz), for the polymorphic phase state before the
first break. For the remaining phase states of this crystal and all phase
states of the ErCr;(BO;), crystal, such a correspondence is not ob-
served.

3. CONCLUSION

Based on the results obtained, the following conclusions can be drawn:
1. For the first time, the dependences of the susceptibility y(T') of rare
earths of chromium borates GdCr4(BO;), and ErCry;(BO;), have been
measured in a wide temperature range (300—-1200 K). It is found that
these dependences are satisfactorily described by the Van Vleck theory
of paramagnetism.

2. Based on the dependence y '(T) of the studied borates, the main
magnetic characteristics are calculated—the paramagnetic Curie tem-
perature 0p, the Curie—Weiss constant C and the magnetic moment
corresponding to their chemical formula.

REFERENCES

1. N. I. Leonyuk and L. I. Leonyuk, Progress in Crystal Growth and
Characterization of Materials, 31, Iss. 3—4: 179 (1995).

2. A. K. Zvezdin, G. P. Vorob’ev, A. M. Kadomtseva, Y. F. Popov, A. P. Pyatakov,
L. N. Bezmaternykh, A. V. Kuvardin, and E. A. Popova, JETP Letters, 83,
No. 11: 509 (2006).

3. A. A. Mukhin, G. P. Vorob’ev, V. Y. Ivanov, A. M. Kadomtseva,


https://doi.org/10.1016/0960-8974(96)83730-2
https://doi.org/10.1016/0960-8974(96)83730-2
https://doi.org/10.1134/S0021364006110099
https://doi.org/10.1134/S0021364006110099

o

10.

11.

12.

13.

14.

15.

PARAMAGNETIC PROPERTIES OF RARE EARTH CHROMIUM BORATES 157

>

. S. Narizhnaya, A. M. Kuz’menko, Yu. F. Popov, L. N. Bezmaternyh, and
A. Gudim, JETP Letters, 93, No. 5: 275 (2011).

F. Popov, A. P. Pyatakov, A. M. Kadomtseva, G. P. Vorob’ev, A. K. Zvezdin,
A. Mukhin, V. Yu. Ivanov, and I. A. Gudim, JETP, 111, No. 2: 199 (2010).
A. Ballman, Amer. Mineral., 47: 1380 (1962).

N. Bludov, Y. O. Savina, V. A. Pashchenko, S. L. Gnatchenko,

V. V. Mal’tsev, N. N. Kuzmin, and N. I. Leonyuk, Low Temperature Physics,
44, No. 5: 423 (2018).

0. K. Kuvandikov and H. O. Shakarov, Strukturnye i Magnitnye Svoystva
Soedineniy Redkozemel’nykh Metallov s Normal’nymi i Perekhodnymi
Metallami pri Vysokikh Temperaturakh [Structural and Magnetic Properties of
Compounds of Rare Earth Metals with Normal and Transition Metals at High
Temperatures] (Tashkent: Fan va Tekhnologiya: 2017).

V. S. Kurazhkovskaya, E. A. Dobretsova, E. Y. Borovikova, V. V. Mal’tsev, and
N. I. Leonyuk, J. Structural Chemistry, 52. No. 4: 699 (2011).

V. S. Kurazhkovskaya, E. Y. Borovikova, N. I. Leonyuk, E. V. Koporulina, and
E. L. Belokoneva, J. Structural Chemistry, 49, No. 6: 1035 (2008).

J. H. Van-Vleck, The Theory of Electric and Magnetic Susceptibilities

(Oxford: Oxford University Press: 1932).

A. N. Bludov, Yu. O. Savina, V. A. Pashchenko, S. L. Gnatchenko,

1. V. Kolodiy, V. V. Mal’tsev, N. N. Kuzmin, and N. I. Leonyuk,

Low Temperature Physics, 46, No. 6: 767 (2020).

A. N. Bludov, Yu. O. Savina, V. A. Pashchenko, S. L. Gnatchenko,

T. Zajarniuk, A. Lynnyk, M. U. Gutowska, A. Szewczyk, 1. V. Kolodiy,

V. V. Mal’tsev, N. N. Kuzmin, and N. I. Leonyuk, Low Temperature Physics,
46, No. 7: 829 (2020).

N. N. Kuzmin, V. V. Mal’tsev, E. A. Volkova, N. I. Leonyuk, K. N. Boldyrev,
A. N. Bludov, I'norg. Mater., 56, No. 8: 828 (2020).

A. Bludov, Yu. Savina, M. Kobets, V. Khrustalyov, V. Savitsky,

S. Gnatchenko, T. Zajarniuk, A. Lynnyk, M. U. Gutowska, A. Szewczyk,

V. Mal’tsev, N. Kuzmin, and N. Leonyuk, J. Magn. Magn. Mater., 512: 167010
(2020).

0. K. Kuvandikov, N. I. Leonyuk, V. V. Mal’tsev, N. N. Kuz’min,

Kh. O. Shakarov, Z. M. Shodiev, B. U. Amonov, and O. A. Sulaimonov,
Russian Physics ., 64, No. 5: 956 (2021).

I.

Y.
A.
A.
A.


https://doi.org/10.1134/S0021364011050079
https://doi.org/10.1134/S1063776110080066
https://doi.org/10.1063/1.5034153
https://doi.org/10.1063/1.5034153
https://doi.org/10.1134/S0022476611040081
https://doi.org/10.1007/s10947-008-0175-4
https://doi.org/10.1063/10.0001250
https://doi.org/10.1063/10.0001367
https://doi.org/10.1063/10.0001367
https://doi.org/10.1134/S0020168520080087
https://doi.org/10.1016/j.jmmm.2020.167010
https://doi.org/10.1016/j.jmmm.2020.167010
https://doi.org/10.1007/s11182-021-02414-2




Metallophysics and Advanced Technologies © 2022 G. V. Kurdyumov Institute for Metal Physics,

Memanogi3. HOGiMHi MexHOL. National Academy of Sciences of Ukraine
Metallofiz. Noveishie Tekhnol. Published by license under
2022, vol. 44, No. 2, pp. 159-174 the G. V. Kurdyumov Institute for Metal Physics—
https://doi.org/10.15407/mfint.44.02.0159 N.A.S. of Ukraine Publishers imprint.
Reprints available directly from the publisher Printed in Ukraine.

PACS numbers: 64.70.kd, 75.30.Kz, 75.50.Ee, 75.60.Ej, 75.80.+q, 81.30.Hd, 81.30.Kf

InBapHi anHOMAaJIil i MAPTEHCUTHE NIEPETBOPEHHSA Y CTAJAX i CTOAX
Ha ocHOBi Fe—Ni y cuarpHOMY MaraeTHoMy 1moJii Ta 6€3 HbOT0

1. B. BoaoTrapeBcbKuii

HayionaavHuil yHisepcumem «3anopisbka nonimexHika»,
sy.. JHyroacvrozo, 64,
69063 3anopixcics, Ykpaina

IIpoanasrisoBaHO BIJINMB CUJIBHUX iMITyJIbCHUX MAarHeTHUX II0JIiB HA MAPTEHCH-
THe MIePeTBOPEHHS Y CTAJAX i CTOIIax Ha 3aJIiB0HiKeJeBiil OCHOBI, IKe xapak-
TEPUSYETHCA «iHBADHUMM aHOMAJiAMH» IEeBHUX (DIBSUUYHUX BJIACTUBOCTEM.
IIokazaHo, 110 aHOMAJILHO BeJUWKE 3MIiIlleHHA MAapPTEHCUTHOI TOUYKM NEAKUX
cTajell i CTOMmiB y CUILHUX iIMIYJIbCHUX MarHeTHUX IIOJIAX 32 HUBbKUX TeMIIe-
paTyp o0yMOBJIEHE IIOSIBOI0 MAarHETHOTO (ha30BOT0 IIEPEXOAY HEPINOr0 POAY.
ITeit mepexin BUKJINKaHUY 1epe0yLOBOI0 HEKOJIiHEAPHOI MarHETHOI CTPYKTYPHU
v-basu y KosiHeapHy 3i 3MiHOIO KOODAMHAIIIWHOIO YUCJa y Pasdi JOCATHEHHSA
KPUTUYHOI MixkaTOMHOI BifcTaHi B pesyabTaTi sMiHu 06’eMy, IO CYIPOBO-
IoKye mapamnpoiiec. IlepeTBOpeHHA ayCTEHITY B MAPTEHCUT II0 TUITY MArHETHO-
ro (a3oBOro0 IMEPEexXoay IepIoro poay MOKJINBE i 6e3 MarHeTHOTO HOJIA, AKIIO
KPpUTUYHA MiKaTOMHA BiJ[CTaHb JOCATAETHCA Y MapTeHCUTHIN Toulli 3a paxy-
HOK CIIOHTaHHOI MarHeTocTpukIiii. Ile MOKJIMBO y BUNAAKy BUCOKOT'O BMiCTy
OCHOBHOT'O KOMIIOHEHTA — 3aJlida Ta ONTUMAJIbHOI'O CIIiBBiIHOIIIEHHA KOHKY-
pyBanbHux aromiB @Pepymy i Hikeimro, HasgBHOCTI «KaramaisdaTopa» (Cr, Mn),
IPUCYTHOCTI eJIeMeHTiB, 110 36i/IbIYyIOTh MiskaToMHY Bigcraub (C, N). IIpumy-
CKaeThCA, 1110 MarueTo-(asoBuii mepexisa 3i 3mMiHo0 06’eMy BUHHKAE B 00J1acTi
MarHeTo-KOHIIEHTPAIlifHNX HEOAHOPiTHOCTEN 3 ITiABUIIIEHM BMiCTOM aTOMiB
Depymy, AKi MOKYTh OyTH MapaMardHeTHHUMH, aHTU(epoMarHeTHUMU abo
3HAXOAUTHUCH y CTAHi CIIIHOBOTO CKJAa. 3apOKeHHS MapTeHCUTY V pasi 3Bu-
YaiHOro (pasoBOro mepexoay II0 aTepMiuHiA KiHeTuIli y craaax i cromax 0Ju-
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3bKUX CKJIAiB, OUEBUIHO, 0a3yE€THCSI HA TAKUX CAMHX HEOJHOPiZHOCTAX, AK i
Yy pasi mMar"eTHOro Iepexojny Iepuioro pony. HeomHopizHocTi, 1m0 MaoTh y
CBOEMY CKJIaJi OiybITy KiMBKicTh aTOMiB @epyMy, HisK cepeqHsI IO CTOITY, caMi
1o co0i MaioTh BiATIOBiAHY pyIIiliHy cuiy, nparayuu 3pooutu nepexin '[K- B
OLK- a6o B OIIT-cTpykTypHU.

KarouoBi ciroBa: crioHTaHHA Ta BUMYIIIeHa MArHETOCTPUKILII, MarHeTHui ¢a-
30BUI Ilepexis mepioro poxy, Y — O.-IepeTBOPEeHHA, MarHeTHiI HeOTHOPigHOC-
Ti, IIeHTPU HOBOI (hasu.

The influence of strong pulsed magnetic fields on the martensitic transfor-
mation in steels and alloys, which are based on iron-nickel compositions with
‘invar anomalies’ of certain physical properties is analyzed. As shown, the
anomalously large displacement of the martensitic point of some steels and
alloys in strong pulsed magnetic fields at low temperatures is caused by mag-
netic first-order phase transition. This transition is caused by the rear-
rangement of the nonlinear magnetic structure of the y-phase into a collinear
one with a change in the coordination number when critical interatomic dis-
tance is reached as a result of the volume change that accompanies the
paraprocess. Transformation of austenite to martensite by the type of mag-
netic first-order phase transition is also possible without a magnetic field if
the critical interatomic distance is reached at the martensitic point due to
spontaneous magnetostriction. This is possible when content of the main
component—iron is high and the ratio of competing atoms of iron and nickel
is optimal, as well as ‘catalyst’ (Cr, Mn) and elements that increase the inter-
atomic distance (C, N) are present. It is assumed that the magnetic phase
transition with a volume change occurs in the regions of magnetic-
concentration inhomogeneities with a high content of iron atoms, which can
be paramagnetic, antiferromagnetic or in the state of spin glass. The nuclea-
tion of martensite in case of the usual phase transition by athermic kinetics
in steels and alloys of similar compositions, obviously, is based on the same
inhomogeneities as in the magnetic first-order transition. Inhomogeneities
that contain more Fe atoms than the average of the alloy, in themselves have
a corresponding driving force, seeking to transit of f.c.c. in b.c.c. or b.c.t.
structures.

Key words: spontaneous and forced magnetostriction, magnetic first-order
phase transition, y > a-transformation, magnetic inhomogeneities, centres
of the new phase.

(Ompumarno 12 6epesns 2021 p.; ocmamoun. sapianm — 27 mcoemus 2021 p.)

1. BCTYII

BroiuB cuabHUX MarHeTHUX II0JIiB HA MapTeHcUuTHe neperBopenus (MII)
y cTanax i cromax s3asisa BuABJeHO 0sim3bKo 60 pokiB Tomy [1]. 3a meit
mepiog BUKOHAHO BEJIMKY KIJIbKiCTh eKCIIePUMEeHTAJIbHUX MOCJTiIKeHb,
ysarajJbHeHUX B orysagax [2—4]. 3ampomnoHoBaHO TeOpeTUYHEe OOI'PYHTY-
BaHHA CIIOCTePe:KyBaHUM e(eKTaM 3MIiIlleHHs MapTEeHCUTHOI TOYKH ¥y
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MarHeTHOMY TOJIi Ha ocHOBi piBuanua Kiaameiipona—Knaysiyca [5, 6].
3apasom, 0 IILOr0 Uacy Ha JAesdKi IMTaHHA HeMae BimmoBigi. 3oKpema,
YoMy y AesIKUX CTAJAX i cTomax 3ajisa 3a HU3BKUX TeMIepaTyp (HUXK-
ynx 100 K) edeKTUBHiCTL MarHeTHOTO HOJIA 3HAUHO 6iJbIIa, HidK 3a JO-
cTaTHbLO Bucokux (250—-400 K)?

¥ poborax [7, 8] mpunyckaeTscs, 1110 B iHBapHux cronax Fe—Ni i Ha-
OJIMIKeHUX I0 HUX CKJIAIB, Y CUJIbHOMY iMOYJIbCHOMY MarHeTHOMY HOJIi
Y — O-TIePeTBOPEHHA MOKJINBE 38 TUIIOM MarHeTHOTro )a30BOT0 IIEePeXo-
Iy mepioro poxay. IlogioHe siBUIIle cIiocTepiraeThesa B pAAiL MaTepiaJis,
KOJIM TIepexiJ IPYyroro poay <«aHTudepoMarHeTusM<>PepoMarieTmusM »
y pasi HakJIagaHHA BceOiuHOTO THCKY cTae (ha30BUM MepPeXo0M IIepIIo-
ro poxy [9—11]. IcuyioTs MarHeTHi (as30Bi mepexoau, 3i CILJIECKOM €HT-
porii, v pasi HakJIagaHHA BCeOiUHOTO «BiJf’€MHOrO THUCKY». PeaabHuit
Big’emuuil TucK (Bcebiute posIIUpEeHHA I'PATHUIN) MoKe OyTH peasiso-
BaHO y cuJbHOMY MarHeTHomy moJi [11, 12]. Ileit Bumagox MOKHAa 3a-
cTtocoByBaTH n0 imBapHux cToniB Fe—Ni 3 aHoMaJlbHO BEJIMKOIO CIIOH-
TAHHOIO MarHeToCTpukLieo AV, / V, = (0,51, 5)-107% [13] Ta BeauKoIO
BUMYIIIEHOIO MATHETOCTPUKIIi€IO0, 110 caATae B moax 28—36 MA /M (350—
450 xE) Betmannn AV, /V, ~(0,5-0,7) - 1072

3mina 06’emy AV, / , cama co00r0 BIUINBAE HA 3CYB MapTEHCUTHOL TO-
YKH Y CUJILHOMY MarHeTHoMYy moJii [6]. OgHaxk marHeTHUM ¢da30BUi 1Ie-
pexig mepIIoro poay Iepeadauae Iepepos3momaia oOMiHHOI B3aeMomil
€JIEKTPOHIB B OAHil 3 (pas3 3a AesIK0l KPUTUUYHOI MisKaTOMHOI BijcTaHi B
Hifi, i 11 mepexin B immty (asy 3i 3minoro rparuuIi ta o6’emy [9, 10].

Huxue maBemeHo BijoMoCTi, IO IiATBEPIKYIOTh 1[I0 TOUKY 30py. Ha-
CTKOBO IIeii MaTepiaJ 00TOBOPIOBAJIHM paHilie y poborax [14, 15].

2. OBrOBOPEHHAA PE3YJbTATIB EKCIIEPUMEHTAJBHUX
TA TEOPETUUYHUX JOCJIIKEHD

2.1. MaprencutHe nepeteopenHsa y cronax Fe—Ni,
aerosanux Xpomom i Kap6onom

Ha pucynxky 1, a, B3aToMy 3 OTJIAI0BOI poboTu [4], TOKa3aHOo 3aeKHOoC-
Ti BeINUNHY HATIPYKEHOCTi KPUTUYHOTO MarHeTHOro mojd H,, B AKOMY
3’ ABNIAIOTHCSA MEPIITi mopIlii MapTeHCcuTy, Big Temueparypu T, BUIlle Ma-
pTeHcuTHOI TouKu Mg, V XpPOMOHiKeJIeBUX CTANAX, 10 MiCTATEL IPUOJIH-
3HO0 mopiBuy xpomy (2% ) i mikesro (22% mac.). I1i saadexHOCTI 3a pisHO-
O BMiCTy BYIJIEII0 Y MarHeTHHX moJax Hmkdue 10 MA/M gy:ke pisHo-
MaHiTHi. ¥ craii 3 HU3bKuUM BMicToMm Byraelio (0,24% , kpusa 3) map-
TEHCUTHA TOYKa y pasi oxomomkenusa Mg BuepeaKac MapTeHCUTHY TO-
uyry M, omeprkaHy NLIAXOM eKcTpamnosanii samexuocti H, (T) 3 obac-
Ti CUIBLHUX MAarHeTHUX MOJIiB Ha Bick Temmepatyp (mo H, = 0). 3a 6iab1r
BucoKoro Bmicty Byruerio (0,36% , rpagix 2) Mg y pasi oxosom:xeHHs
0e3 1moJA i IoTo eKcTpamoJAlliline 3HaUeHHA 30iraroThbesa. 3a Ire GiJIbIIn
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BHUCOKOTO BMicTy ByrJero (0,67% , kpusBa 1) MapTeHCUTHA TOUKA Yy pasi
OXOJIOAKEeHHA 0 IeJIiEeBUX TeMIepaTyp BilCyTHA B3arali, a 3aJIe’KHiCTh
H (T) mae V-miomiGHM BUTJISAA 3 eKCTPEMYMOM 3a TeMIepaTypH, M0 Bi-
nmoBigae exkcrpamnonsaitii H,(7T) 3 061acTi MaKCcUMaJIbHO CUJIBHUX IIOJiB.

Ha pucyury 1, 6 300paskeHO 3aJIeKHICTh KPUTHUUYHOTO MATHETHOTO
moJia Bix Temmeparypu y ctomi Fe—21Ni—4Mn [16]. Tyt Takox, 9K i y
XPOMOHiKeJIeBUX cTaldax (auB. puc. 1, a, kpuBa 3), MapTeHCUTHA TOUKA
y pasi oxoJsomxeHHA 663 MAarHeTHOTO IOJIS BUIlepesKace ii ekcTpamoas-
mifine B3HaYeHHA. BigMiHHiICTL MapTeHCUTHUX TOUOK Mg=248 u
M; =209 K y cronmax Fe—Ni—Mn jerxo mosCHUTH CIiBiCHYBaHHAM
IBOX MPUHITUIIOBO PiBHUX KiHEeTHUK MapTEeHCUTHOTO IIEPETBOPEHHS: aTe-
pMmiuHoOi #1 isoTepmiunoi [17]. B iMmnyabcHOMY MarHeTHOMY II0Ji, He3Ba-
JKaouy Ha BeJUKe 3HAUeHHsA MOTro HaIpy’KeHOCTi, 3a mepion dacy (20—
200)-107® ¢ isoTepMiuHe IepeTBOpPeHHS He MOKe peasis3yBaTHCh HABiThb
3a YMOBU 3HAQYHOTO BUIIEPEIKAHHA aTePMiUHOTO IIEPETBOPEHHS Y pasi
MMOBiJILHOT'O OXOJIOAKEHHA.

30BciM iHIIIe cIlocTepiraeThecad Y XPOMOHIKeJIeBUX CTaJSAX, IO Mic-
TATh HEBEJUKY KiJbKicTh Byraerio (guB. puc. 1, a, xpuBa 3). ¥ pasi
OXOJIOM:KeHHA B Toulli M ¢ ITepeTBOPEHHS 3 CAMOTO ITIOYATKY BiIOyBaeTh-
cd 110 aTepMiuHiit KiHeTui. TpuBasia BUTPUMKA 3a TeMIIEPATypPU BUIIE
M He TIPUBBOAUTS 10 Y — a.-miepexony [4, 18]. IIpo 1e cBiguuTsh i CTPYK-
TypuHni pakTop. CTpyKTypu MapTeHCUTY, OJeP KaHi y pasi 0XoJIomKeH-
HA i B iMOyJIbCHOMY MarHeTHOMY HOJIi TPaKTUYHO OMHAKOBI [4, 18].

Ha pucynky 2 moxasamo 3aje:kHicTb H, Bim 3MillieHHA MapTeHCUTHOL

20
2/ 3 15}
= 2 =
~ ~
< < 10h-
= =
= S
/t 57 Mi=209K
/| —
i M=248K
1 ! L 1 1 0 1 1
0 ME’; 100 M, 200 MSrMS300 248 258 268 278
T, K T.K
a 6

Puc. 1. Bane:xHicTh HAIPYIKEHHS KPUTUYHOTO MarueTHOro moJid H, Bix Temire-
parypu T y xpomoHikesneBux cranax (a) [4] i y cromi Fe—-21Ni—4Mn (6) [16]:
1 —67X2H22;2 — 36X2H22; 3 — 24X 2H22.

Fig. 1. The dependence of the critical magnetic field strength of H, on the
temperature T in chromium-nickel steels (a) [4] and Fe—21Ni—4Mn alloy (6)
[16]: I —67X2H22; 2—36X2H22; 3—24X2H22.
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TOuKM B MarHeTHoMmy moJi AT =T — Mgy cronax Fe—Ni (puc. 2, a) i Hi-
KeJeBux ctaxax (puc. 2, 6) [19, 20]. Hobpe BumHO, 110 GyHKIiOHAIbLHA
sanexkHicts H (AT) y Bcix GesByriernieBux cromax Fe—Ni i 6inbrmocti
cTajiell JIeXKUTh Ha JBOX NPAMUX, MI0 IepeTuHamTbcA. llefi BUMAIOK
dyHuKIioHaNBLHOI 3ayieKHOCTI (JIoMaHA KpuBa) OUEBHIHO BimmoBimae i
IesIKUM XPOMOHiKeaeBUM cTaaaMm (auB. puc. 1, a, KpuBa 3). 3 iumioro
00Ky, sanexkuicts H (AT) y mikenenoi craai Fe—26,0Ni—0,4C opsamouri-
HilfHa y BCbOMY Jialla3oHi 3MilieHb MapTeHCUTHOI Touku (puc. 2, 6) AK i
Y XpOoMOHiKeeBoi cTai 36X2H22 (quB. puc. 1, rpagdik 2). Bapro Haro-
JIOCUTH, IIT0 BCi cTOMH i cTasi, rpadiku aKuX IpeacTaBJIeHO Ha puc. 2, 3a
BiICYTHOCTI MarHeTHUX IIOJiB MalOTh SICKPABO BUPAXKEHY aTepMiuHy
Kinetuky MII.

¥ pobori [15] simam rpadikis 3anesxuocreit H, (AT) noscHeHO 3MiHOIO
MexaHisMy ($a30BOro Imepexoqy 3 YHCTO CTPYKTYPHOTO HA MarHeTHUM
mepexi mepImoro poay.

IzoTpomue MarHeTocTpUKITifiHe 361IBIIIEHHA 00’€MYy B CUJILHOMY Mar-
HETHOMY IIOJIi, OUeBUAHO, MPU3BOAUTEL A0 JOCATHEHHA KPUTUYHOI Mi-
JKaToMHOI Bigcrani d,, 3a AK0I HeKOJIiHeapHa MarHeTHa CTPYKTypa IeB-
Hoi uactuuu I'IIK-dasu moB’a3ana 3 auTudhepoMarHeTHOIO B3aEMO/Ii€I0
HaOamKuux atomiB Pepymy, BTpauae cTabiIbHICTL, IIepexXOomAYy B
KOJIiHeapHY CTPYKTYPY, 3 OGHOUACHUM 301JIbIIIeHHAM IUTOMOTO 00’ eMy
i meperBopenHaM ¥ a-(pasy (OIIK — y 6esByrieneBux cromnax; OIIT — y

- 30 yid 30
Fe-32,5 ar.% Ni .
~ Fe-30,4Ni-0,3C
L 20 20 \
Fe-31,7 ar.% Ni .
5 Fe-26,0Ni-0,4C
< Fe-29,9 ar.% Ni
2. Fe-30,2Ni-0,4C
z 10 10
T /
‘I
!y
i Y
0 0';’ 20 40 60 80 f’ 2]0 4]0 6|0 8|0 100
AT = T-Mg AT = T-Mj
a 6

Puc. 2. 3anexkHicTh HAIPYIKEHOCTI KPUTUYHOTO MarueTHoro moasa H, Bix swmi-
IeHHA MapTeHCUTHOI TOUuKU B MarHeTHoMmy moJi AT = T — Mg B iHBaApHUX CTO-
nax Fe—Ni (a)[19]i HikenmeBux cranax (6) [20].

Fig. 2. The dependence of the critical magnetic field strength H, on the mar-
tensitic point displacement in the magnetic field AT = T — Mg in Fe—Ni invar
alloys (a) [19] and nickel steels (6) [20].
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cranax). Taki ginAHKM HagaJi 3TaTHiI 3pocTaTH CIOHTAHHO, AKIMO IXHi
poaMipu Jocaryu abo MePeBUINYIOTh PO3MipH KPUTHUUYHOTO 3aPOAKY Ma-
PTEHCHUTY.

2.2, Bnaus Bmicty @epymy y cTonax i reMnepaTypHUX yMOB Ha 3CyB
MAaPTEHCUTHOI TOUYKH Y CUJIBHOMY iMITyJIbCHOMY MarHeTHOMY TOJIi

BmiuBy iMIIyIbCHOTO MarHeTHOTO II0JIS Ha MapTeHCUTHE IIePeTBOPEHHST
Yy cTajfaXx i cTomax sajisa IPUCBSAYEHO BEJUKY KilbKicTh pobit. € sHau-
HUH eKCIIepUMEeHTAJbHUN MaTepia, akuil Moxe OYTHU CTATUCTUYHO 00-
pobuenuii. Ha pucyHKy 3 mOKa3aHO PO3IIOAiJ BeJIMUYNHU 3MiIlleHb Map-
TEHCUTHOI TOUKM B MarHeTHOMY HoJIi Hampy:KeHicTio 28 MA /M (350 KE)
3aJIeKHO BijJ BMiCcTy 3aJsi3a y 3paskax i reMIiepaTypu IIoYaTKy IIEPETBO-
PEeHHA B HYJLOBOMY MaruetrHomy moJii [14]. OmnepskaHi posmoaisiu Buma-
raloTh JeAKOT0 YTOUHEHHS UYepes MOKJIMBI BiIMiHHOCTI B e(peKTUBHOCTI
MAarHeTHOIO II0JIA 34 MOPIBHAHO MaJIUX i BeJIMKUX HAIPYXKEeHOCTel. 3a-
rajom, ofHaK, BOHU CBiTUaTh, IO iCHYE ABa PidHUX MeXaHi3MU BILIUBY
CWJILHOTO iMITyJIBCHOTO MarHeTHOTO IIOJIA Ha Hepexis y<>a B 3aJiZHUX
cTomax, OAWH 3 AKWX Bigmosimae piBuamuio Kiaameiiporma—Kiaysiyca

20071{“:28 MA/MiV 200 - Hy =28 MA/M
& <
150+ ! o 1501
=]
= ! o = <Fe>=T75,2% wac.
& 100{—-—-—- 4.4 @100 <FetMntCr>=78,1% ~
o i° g FenoT2.0% o o MO
e S : ®
50_ e |I e 50_ u 1 ’/Olfﬁ(- A
Se ! 0w~ °
0 ! : ol lo=?
65 70 75 80 =50 0 100 200 300 400
Fe, % mac. M, K
a 6

Puc. 3. 3anmexHicTb 3MiI[eHHA MapTEHCUTHUX TOUOK AM ¢ B MaTHETHOMY IIOJIi
Hampyskerictio 28 MA /M (350 KE) y cranax i cromax 3ajisa Big BmicTy aTomiB
Fe B HUX (@) i TEeMIepaTypu IOYaTKy MapTEHCUTHOTO IIepeTBOpeHHSA Mg y HY-
JBOBOMY MarHeTHoOMY moJi (0) 3a peadyJsabraTammu pobit [2—4, 16, 18, 20-25]:
1 — eKcrnepuMeHTaJbHI 3HAUEHHA i TeopeTWUHA KpuBa, IO BiAmoBizae ysa-
raspHeHUM piBHAHHAM Kianeiipona—Kimaysiyca [5, 6]; 2 — eKcriepuMeHTaJb-
Hi 3HaUeHHA, AKi He BiAmoBimaioTs piBHAHHIO Kianeiipona—Kiaaysiyca.

Fig. 3. The dependence of the martensitic point displacement AMg in a mag-
netic field of 28 MA/m (350 kOe) in steels and iron alloys on the content of Fe
atoms in them (a) and the temperature of the martensitic transformation be-
ginning Mg in zero magnetic field (6) according to the results [2—4, 16, 18,
20-25]: 1—experimental values and theoretical curve corresponding to the
generalized Clapeyron—Clausius equation [5, 6]; 2—experimental values that
do not correspond to the Clapeyron—Clausius equation.
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(puc. 3, 0, GyHKIioOHATbHA 3aJIe;KHIiCTDL 1), a iHIIUH CymepeuuTh HoMY
(byuKmionanbHa 3ajexxuicTd 2). Ile mpoTupiuus ocobauBO cuiIbHE 3a
HU3BKUX TeMIIepaTyp. 3i 3poCTaHHAM TeMIIepPaTypU BOHO IIOCTYIIOBO
3MeHITyeThbeA M0 Temmnepatrypu 250-270 K, xKomu o6uaBi 3a1eKHOCTI
AM (M) 06’eIHYIOTBCA B OAHY 3aTaJIbHY 3aJIEKHICTD.

IIpumiTHO, 1110 cTaJdi i cTOIM 3 AaHOMAJILHO BEJIMKUM 3MiIleHHAM Map-
TEHCUTHOI TOUYKHY ¥ MAarHeTHOMY II0JIi MiCTATH JOCUTDH BEJIUKY KiJIbKicThb
OCHOBHOT'O KOMIIOHEHTY. 3 PUCYHKY 3, @ BUIHO, III0 BOHU MiCTATH HIPU-
HaiimHi 72,5% wMac. 3aiaisza. Bouu Takox MicTaTes 1ob6aBku xpomy (2% )
abo maprauio (3—4% ), aki pasom i3 3axizom y 'l K-cTpyKTypi MOKYTH
B3aeMOAiATH aHTU(epoMarHeTHo. 3arajbHa KiJbKicTh aHTH(EpoMar-
HEeTHUX eJIeMEHTiB y IIUX CTOIlaX IepeBuIlye Tpu uBepti. TobTo Mmaitike
KoKkeH aToM PepyMy B IepIlIiii KoopauHaIlilinii cepi mae 9 aromis Fe i
3 Ni. A6o 8 atomis Fe + 1 atom Cr a6o Mn i 3 atromu Ni. 3a Takoi KoHIIe-
HTpatil atomiB @epymy B cucteMmi Fe—Ni pisko nmajae He TiIbKU MarHe-
THUH MOMEHT HEOJSHOPiAHOCTI, aje i MarHeTHMH MOMEHT 0araTbox aTo-
MmiB @epmy. lle moB’sizaHO i3 3araJbHUM IJs IIepPeXiTHUX eJIeMeHTiB
«e(heKTOM JOKAJNLHOTO cepemoBuinia» [26], 3a SKOTO «IleHTpPAIbLHUI
aToM BTpava€ CBili MarHeTHU MOMEHT, SKIITO B HOr0 HaHOJIMIKUIHA KO-
opauHAaIiHil cdepi € KpUTUYHA KiJIBKiCTh aTOMIB ITHOTO BUAY » .

IHo6pe Bimomo, 110 inBapHi ctonu Fe—Ni Ha BigmMiny Big umcTux mera-
niB (Fe, Ni) maroTs aHOMaii 6araTsox (hisUYHMX BIacTUBOCTeH. IXHS y-
(asza Hm:xue Touku Kiopi Mae BeJIMKi CIIOHTAHHY 1 BUMYIIIeHY MarHeTocC-
TPUKIil, CUILHY 3aJIeKHICTL Pe3yJabTyI0UOoro OOMiHHOTO iHTerpaJja Bin
Mi)kaToMHOI BificTaHi B 00J1acTi CKIamiB, 110 MEXKYIOTh 3 MAPTEHCUTHUM
TTIK<>OIlK-mepeTBOpeHHAM, CUJIbHUN 3CcyB Temnepatypu Kiopi y pasi
3MiHM THUCKY, 3HauHe cTUCHeHHdA. To0To, BOHU BOJIOAiIOTH TOBHUM Ha-
00pPOM BJIACTUBOCTEM, XapaKTepHUX MIJIsI MaTHeTHUX (Da30BUX IIEPEXOIiB
nmepitoro poxay [9, 10].

TakuM 4YMHOM, pPOBIIeNIeHHA 3ajexkHocTedl AM (M) y cuiabHOMY
IMIIyJIBCHOMY MarHeTHOMY IIOJIi Ha ABi SIIAHKN y pasi 3HUKEHHS TeM-
mepaTypu MapTEHCUTHOTO IIepPeTBOPeHHA (IuB. puc. 3, 6) 00yMOBJIEHO
icCHyBaHHSM JBOX MEXaHi3MiB mepexony: TUIIOBOTO CTPYKTYPHOTO (pa3o-
BOT'0 IIEPEXO0Ay i MarHeTHOro (pa3oBOro Iepexoay IepIrroro poay. Boamo-
yac, AK BUJHO 3 PUC. 3, OAHi€I0 3 IPUUMH 3MiHM MeXaHidMy IIepeTBO-
peHHs Moxke OyTu 30iJblIeHHs KiJbKocTi aTomiB @epymy i mossa me-
AKOI JoJaTKOBOI KiJibKocTi aTomiB Xpomy abo Maprasifio. OctanHi, K
BUJAETHCA, € KaTaJaidaTopoM e(peKTHUBHOCTI BIJIMBY MATHETHOTO IIOJIS
Ha peakiiito I'TIK — OIIK-mepexony, uepes ocaabieHHd «e)eKTy JIOKa-
JBHOT'O CepemoBUIla» (3MeHIIeHHA KiabKocTi aTroMmiB Toro :k Buny (Fe)
3a paxyHOK ixX 3aMinu antudepomaraetHumu aromamu Mn i Cr). A cam
mepexig MOKHA YMOBHO BiHeCTH OO0 TaKMX IepexXoJiB, AK «aHTUdepo-
MargeTusm — (epoMarHeTusM», abo, TOUHiIIIe, mepexis «HeKoJiHeap-
HOI MarHeTHOI CTPYKTYPH B KOJIiHeapHy, (pepoMarHeTHy CTPYKTYPY» .

IloBepTarouncs m0 31amy rpadika 3ajJe’KHOCTell HaIPYy:KeHOCTi Kpu-
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TUYHOTO MarHeTHOIO II0JISA BiJi BeJIMUMHY 3MiIlleHHSA MapTeHCUTHOI TOY-
Ku (ouB. puc. 2). 3 ypaxyBaHHIM BUIIECKAa3aHOTO MOKHA CTBEPAKYyBa-
THU, 10 TOUYKA MIOAiJYy ABOX (PYHKI[IOHAJIBHUX 3aJIe’KHOCTel MificHO €
MesKero oAy JBOX MeXaHi3MiB IIepeTBOPEHHA YV CUJIBHOMY MarHeTHO-
My moJti. CmouaTKy MarHeTHe IIoJie i€ Ha 3MillleHHsS MapTeHCUTHOI ToU-
KU 3rigHo ysaraabHenuM piBHaumuaMm Kiaameiipoma—Kmaaysiyca (puc. 4,
a, Bimpisox mpamoi 1). OgHak, 3a paXyHOK MarHeTOCTPUKIIIHAHOTO 30i-
JBINIeHHA 00’eMy y-hasu 3a JeAKOl HANPYKEHOCTI MarHeTHOTO II0JIA
H.=H,, mo BiamoBigae TeMneparypi 3MillleHHA MapTEHCUTHOI TOYKU
AT =T, — Mg, nocAraeTbCcsad KPUTUYHA MikaToMHa Bigcraub d,. Cynauu 3
yCbOT0, CIliBicHyI0Oua ciaabka amTudepoMarHeTHa B3aEMOiA y CTOIAx
Fe—Ni nmoBHicTiO BTpauae crabinbuicTh i B 'IIK-r'paTHUIli 3amuInaeTsbes
TinmbKU (hepoMarHeTHUN cTaH, MiHiMaJlbHaA €HEpTrisd AKOro BiAmoBinmae
KoJliHeapHiii MarHeTHi# CTPYKTYpi Ha MiskaToMHil Bigcrani d > d,. o
IIBOT0 K OOMiHHa B3aeMomia enexkTpoHiB B I'I[K-rpaTHumi oueBumHO
cImoHTaHHO 3xaiticHioe mepexin B OLIK-cTpyKTypy, 3abe3meuyioun BCTa-
HOBJIEHHSA KOJIiHEapHOTO CTaHYy MarHeTHUX MOMEHTIB aToMiB i 3MeHIITY-
I0UX KiJTbKiCTh HAMOJMIKUMX CYCifiB y KoopaunHAaIlitiHi chepi 3 12 mo 8.
Taxe ysaBIeHHs BiAmoBizae Bimowmiii mozeni 3iHmepa mJad ImepexigHMX
eJIeMeHTiB rpymnu 3ajisa, a Tako:k mogeni Korgopeskoro i Cegosa ais
cromiB Fe—Ni imBapuoro ckaany [26, 27].

Omxe, 3Mina Temiepatypu amitnernas Mg Butne T, Ha AT, Bin6ymeTs-
cs ByKe V pasi 30iJIbIIeHHs HAIPYKEHOCTL MarHeTHOIO MOJIA HA BeJINUU-
HY AH,, < AH,,, HeOOXiIHY JJIs MOYaTKy IepeTBOPEeHHA y pasi 3Buuaii-
HOT'0 CTPYKTYPHO-(asoBoro nepexony (aus. puc. 4, a, npami 1 i 2). Ilo-
manbiine 30imbitenua AT = T — Mg npusBefie 10 3MiHM HaIpPyKeHOCTI
KPUTHUYHOTO MAarHeTHOIO II0JIS BiAIOBiAHO JiHiliHi 3ame:KHOCTI 2.

Te came mMoxxe OyTH IMOsICHEHO Bigomoio KpuBoio Bere—Cierepa. Ha
puc. 4, 6 300pakeHo cXeMaTUUHY 3aJeKHiCTh OOMiHHOIO iHTerpaJja Bif
BiZHOIIIEHHSA MiXXaTOMHOI BizcTaHi 10 miameTpa HesamoBHeHOI 3d-
Oi000JIOHKY AJIA Iepexigumx MeTasis i cromiB. ImBapui cronmu Fe—Ni
po3TaIlloBaHi Ha KPYTiH miJAHINL ITiel 3aJeKHOCTi. ¥ MarHeTHOMY Bif-
HOIIIeHHi BOHU AYy:Ke HeomgHopigHi. HeoguopiguocTi cromiB Fe—Ni 3 unc-
JoM aToMiB @epyMy BUIIE CePeIHBOTO PiBHA 3a TeMIIepaTyp, HUMKYE TO-
uyku Kiopi, MOXKyTh OyTH aHTU(epOMarieTHUIMH, ITIapaMarHeTHUMHU abo
3HAXOAUTHUCH y CTaHi CIIIHOBOTO CKJIa. ¥ ABOX OCTaHHIX BUIIaAKaX BOHU
MOBUHHI OyTH AyKe COPUAHATINBI 10 CUJIbHOTO MArHeTHOT'O II0JIs, 30K-
pema, uepes HAOIIBIITY PiBHUI[I0O HAMATHEUEHOCTelH IUX MiJAHOK B O- i
y-craHax (dasax) [5]. ¥ cunbHOMY MarHeTHOMY II0JIi MATHETHI MOMEHTHU
aToOMiB IUX AIJISHOK 3a3HAIOTh 3HAUHOI OopieHTyBaJbHOI Aii. B pamkax
CTPUKITINHUX 3MiH MikaToMmMHOI BimcraHi Big d; mo d, (muB. puc. 4, 0)
MOKJINBUYN HOPMAaJbHUHN CTPYKTYPHO-(a3oBuii mepexia. ¥ 6iabpminx Ma-
THETHUX MOJIAX 301IBIITYyEThCA HOr0 OpieHTAIliHWH BIJINB HAa MArHETHI
MOMEHTHU aToMiB, a 00’eM I'lTK-dasu mabauxaerhesa no 06’emy OILK o-
dasu. 3a KpUTUUYHOI MiKaTOMHOI BificTaHi B OKpeMUX ALISHKAX HaMar-
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Puc. 4. CxemaTruHe TOACHEHHA 3aJIE}KHOCTI HAIPYKEHOCTI KPUTUYHOTO Mar-
HeTHOro noJsia H, BiJ BeJIMUNHU 3MilleHHA MapTeHCUTHOI Touku AMg=T — Mg
B imBapHUX cTronax Fe—Ni: a — TpaHchopmallis THmoBOro CTpyKTypHOTro (haso-
Boro nepexony (1) y maraero-has3oBuil mepexin mepirnoro pony (2) y TouIri 3 Ko-
opaunaramu H,, T, [15]; 6 — axicuuii Buraayg kpuBoi Bere—Cierepa; J — eHe-
pris oominHOI B3aemomil mapu HaMOIMKUUX aTOMiB; d/dsy 6., — BiIHOIIIEHHS
IiameTpa aToMa 10 AiaMeTpa He3alOBHEHOI IIiJ000JOHKY IIepexXifHruX MeTaiB i
cTomiB; d; — MisKaTOMHAa BimcTaHb HeomHOpPimHOCTel cTomiB Fe—Ni 3 umciom
aTomiB PepyMy BUIle CepefHLOTrO; d, — KPUTHWYHA MilKaTOMHA BifiIcTaHb, 3a
AKol sHUKae aHTH(epoMarHeTHa CKJajoBa y y-hasi 3 ogHOUYacHUM Y —> O-
nepexonoMm; d, — MiskaToMHa BigcTans y Kinnesiit OLTK-daai.

Fig. 4. Schematic explanation of the dependence of the critical magnetic field
strength H, on the magnitude of the martensitic point displacement AM¢ =
=T — Mg in the Fe—Ni invar alloys: a—the transformation of a typical struc-
tural phase transition (1) into a magnetic first kind phase transition (2) at
point with the coordinates H,, T, [15]; 6—a qualitative view of the Bethe—
Slater curve; J—the energy of the exchange interaction of the pair of nearest
atoms; d/d;, . —the ratio of the atom diameter to the diameter of the un-
filled subshell of transition metals and alloys; d,—interatomic distance of in-
homogeneities of Fe—Ni alloys, with the number of iron atoms above average;
d.—the critical interatomic distance at which the antiferromagnetic compo-
nent in the y-phase disappears with a simultaneous y —» a-transition; d,—the
interatomic distance in the final b.c.c. phase.

HEUEHICTh Jocsiarae MaKCUMAaJbHO MOKJIMBOIL BeJIMUNHY i B HUX BUHHUKAE
KoJiHeapHUII (pepoMarHeTmsM, 10 Belie 10 HE3BOPOTHOTO IIPOIIECY 3Mi-
HU I'PATHUIIL.

2.3. MaraerHmuii (pa30Buii Hepexis mepuoro poay y cronax
Ha ocHOBi Fe—Ni y BimcyTHOCTi MarmeTHux moJris

fAK zasmauasiocsa Buile, BYyTJIellb Ma€ 3HAUYHUY BIJINB Ha XapakTep MII B
MargeTHOMY 1oJi. Bei cronu Fe—Ni 6e3 Byrielrio (fuB. puc. 2, a) moxKa-
3yI0Th 3JaM rpadika. JlogaBaHHA BYTJIEII0 3MEHIIIYE TeMIIEPATypPHY 00-
JIaCTh TUIIOBOTO (PA30BOr0O mepexony i 30iabIirye 00JacTh MarHETHOTO
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nepexony (ouB. puc. 2, 6). Ile moB’aA3aH0 3 THUM, IO BYTJIEIb 30iabITye
MmixxaTomHuy Bigcraub. [lomaBauusa 0,1% C mac. sminoe napamerp I'ITK-
rpataumi Ha ~0,32-107° M [28], a BigHOCHUI 06°eM AV/V Ha 0,27-1072,
Toxi momasamusa 0,3—0,4% C mpusBoguTH A0 30LIBIIEHHA 00’eMy Ha
(0,81-1,08)-1072, mo nepesumtye AV/V aycrenity crony Fe—30%Ni y
MarHeTHOMY IIOJIi Hampy:xeHicTio 28 MA /M (~0,7-107%) i fioro conTaH-
HY MarHeTOCTPUKILiio B o6acTi MapTeHcuTHoi Touku (~0,5-107%). OTaxe,
3a BiAIOBigHOTO CKJIAAY 3aJIida i Byrierio y cranax tuny Fe—Ni—C mosxe
BuHuKHYTU MapreHcutuuii I'IIK — OLlT-mepexia mo Tumy MarseTHOTO
(hasoBoro mepexoay MmepIrnoro poay 6e3 MarHeTHOrO IMoJA. ¥ IIbOMY BH-
nagKy MapTeHcuTHi Touku Mg i M s6iratorbed, a samesxuocti H (T)
OyInyTh JiHililHMMH, ITT0 MOYKHA CIIOCTEPiraTu, 30KpeMa, B OKpeMUX CTa-
Jsax "Ha puc. 1,a1i2,6.

Tabauiisa 1 Hagae 6iabimte imdopmarrii mpo 11i Ta meaki imri craii. Io-
Ope BUIHO, II[0 B HiKeneBuX cranax (1-3) samina wacTUHU HiKe 0 Ha
BYIJIEIlb i 3a/1iz0 mpu3BOAUTE O0 3HaueHb H, = H, = 0. Boguouac edex-
TUBHICTh 3MillleHHS MapTEHCHUTHOI TOUKHM HA OAWHUII0 HAIPYKEHOCTI
MAaTHEeTHOT'0 HOJIA Y JOCUTHh CUJIbHUX MarHeTHUX MHOJIAX Yy BCiX cTaasax
3aJININAETHCA MPAKTUYHO HeaMinuoio — ~3,2 K/(MA /M), 3HauHO mepe-
BUIIIYIOUN TeOPeTuYHi OomiHKm BeamuuHu AM g /AH 3rigmHO y3arajibHe-
HuX piBHaAHb Kiaaneiipona—Kiaysiyca [5, 6], aKki 6inbIie KopeamoOTs 3i
CTaJIAMU B 00JIaCTi 3BUUAHHOTO IIepPeXomy.

Y HaBeneHill HMKUe TPYIIi XpOMOHiKesmeBux crajei (Ne 4—8) nBi crari
(N2 61 7) Tako:x IEePETBOPIOIOTHLCS II0 TUITY MATrHETHO-(Aa30BOT0 IIepexo-

TABJINIA 1. Hixeneri i xpomonikesnesi crani, MII B skux BigOyBaeThcA IO
TUITy MarHeTHOTO ()a30BOTO MEPEXOay IepIIoro poAay V MarHeTHOMY moJii abo,
HaBiThH, 6€3 HBOTO.

TABLE 1. Nickel and chromium-nickel steels, in which MT occurs by the type
of magnetic first kind phase transition in a magnetic field or even without it.

Ne Craub, M, |MJ,| H,, | AMg/AH, | AMy/AH, |AMg/AH,
n/m (% wmac.) K| K MA/MEK/MA/Mm)| K/(MA/Mm) [K/(MA/M)
(0-5MA/m)|(19-28 MA/m)| (Teop.)

1 Fe-30,4Ni-0,3C[20] 193 163 19 1,6 3,3 2,3

2 Fe-30,2Ni-0,4C[20] 93 85 7 2,2 3,2 1,1

3 Fe—-26Ni-0,4C[20] 223 0 3,2 2,6

4 24X2H22[4] 263 225 13 1,2 3,7 2,9

5 52X2H15 [4] 265 217 11 0,7 3,6 2,9

6 36X2H22[4] 172 0 4,3 1,8

7 52X2H20 [4] 90 0 4,9 1,0

8 67X2H22[4, 29] - 387 - - 5,0 0,36
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Iy, TIOYNHAIOUN 3 MAPTEHCUTHOI TOUKHU Y Pa3i OXOJIOMKeHHa 0e3 o,
IIpo me cBigumTL He TIIBKUW JiHiAHA TeMIIePaTypPHO-IOJbOBA 3aJIEK-
micte H,(T), a i gocuTh BesivKe 3HaUeHHA B HUX AMg/AH, IOPiBHAHO 3
TEOPETUUYHUM Po3paxyHKoM (0inbiie y 2,5—5 pasis).

AJte He 3aBXKIM HigBUINEHHA BMiCTy 3aJIiza i ByrJeIto IpusBOgUTh 10
3HMKEeHHA H, 1 migBumeHHA epeKTuBHOCTI Benuumuau AMg/AH. Ile
MOJKHAa IT00aYnTH, MOPiBHABINY ABi XxpoMoHikeseni cramxi Ne 41 5. 3rix-
HO 3 JaHUMU, HaBeAeHUMHU B Ta0i. 1, iXHi MAapTEeHCUTHI TOUKHN, KPUTHUY-
Hi maruerui monsa H, = H, i xapaxkTepHi sHaueHHsa AM g /AH 61u3bki abo
OIHaKOBi, a mpoTe y cTaJi Ne 5 Byrierfio BaBiui 6ijiblite, a 3a/1i3a TaK0X
Oinmbire Maiixke Ha 7% . Take mpoTupiuusag MOKHA IOACHUTU HELOCTAT-
HBOIO KIJIBKICTIO IPYyTOro BasKJIMBOTO KOMIIOHEHTY 3aJIi30HiKeJJeBOi oc-
HOBU cTajJi — Hikea. ¥ ctauai Ne 5 iioro menie Ha 7,3% mopiBHsSHO 3i
crayaio Ne 4. 3Haunuil 1e@inuT HiKe 0 3HUMKYE HOT0 Ne30PieHTyBaIb-
Hy ¢yukmio. Ha kpusiii Bere—Ciuerepa (nuB. puc. 4, 6) HikeJab poara-
UI0BaHUY IpaBOpPydY BiJf MAKCUMYMY i € KOHKYPEHTOM y-3aJisza y pasi
BCTAHOBJIEHHSA MarHeTHOTO HOPAAKY. Takuii MarHeTHU cTaH aTOMHUX
MarHeTHUX MOMEHTIB He € eHePreTUYHO BUTITHUM, aJjie BiH BUMYIIIEHUH.
I came 11 yMOBa OUEBUIHO € IPUYNHOIO iCHYBaHHS CTOIIiB 3 aHOMAJIbHO
BEJINKOIO CIIOHTAHHOIO MarHETOCTPUKI[I€I0 M iHIIMMM iHBapHUMHU aHO-
MaJIiaMH.

Y xpomoHikeneBii crani Ne 8 3 Besukum BmicToMm Byrierio (0,67% )
0e3 MarHeTHOTrO II0JIA [0 rejlieBUX TeMIepaTyp IIePeTBOPEHHS ayCTeHITy
B MapTeHCUT He CIOCTepiraeTbCcsa B3araji, ajle B CUJILHUX MATHETHUX
MoJIAX BimOyBaeThcA iHTEHCHBHE IIepeTBOPeHHs. ABTopu pobotu [29]
MOSICHUJIN ITe SBUIle BUHUKHEHHIM OPUTiHAJIHLHOTO MarHEeTHOTO CTaHy
ayCTEHITY 3a HUBBKUX TEeMIIEPATYP, IO MicTUTh (hepoMarHeTHi i aHTU-
(hepoMarueTHi AiNAHKK OJMMKHBOTO MOPAAKY Ta 30HY OTOUYBAJbHUX
nesopieHToBaHuX cuiHiB. Ha Hamty aymKy, y Iiii cTai y MarHeTHOMY
HOJIi cCIoCTepiracThCA mepexis mo TUITy MarHeTHOTo (Da30BOI0 IIEPEeXOoay
EepIToTo POAY, IIPO IO CBIAUNUTEL BeanKa pisHulla y Beanunai AMg/AH
Mi}K eKCIIepUMEHTAJbHUM i TeOPeTHUHUM 3HAUEHHAMM BimmoBimHo 5 i
~0,36 K/(MA /M) — y 14 pasis.

2.4. MaraerHuii (pa3zoBuii nepexia nmepuroro poay y cronax Fe—Ni—Mn

Cronu Fe—Ni—Mn Ha BigMiny Big HiKeJleBUX i XpOMOHiIKeJIeBUX CTaJel
MaloTh He TiJIbKYM aTePMiuHy, ajie i i30TepMiuHy KiHeTUKY IepeTBOPEH-
Ha 'IK — OILK. Isorepmiune MII Takok MaioTh 3aJIisoHiKeJeBi cTomnu
3a KOHIIeHTpaIlii Hikemio menrre 29,5% wmac. (70,5% Fe). Axe cromnu 3
MapraHIleM MaloTh ABi Pi3Hi KiHEeTUKU IepeTBOPEHHA HABITH B OJHOMY
ckaani [30, 31]. Ile BugHO, 30KpeMa, Ha puc. 5, a. ¥ cromi Fe—26,4Ni—
1,6Mn (kpuBa 4) y pasi oxosomxenud 3i mBuakicTio 5 K/xB Ha gumarto-
rpami uiTko pospisuaioTs gBa '1IK — OIIK-nmepetrBopenus. Ilepie 3xa-
THEe PO3BUBATHUCS B i30TepMIiUHUX yMOBaX, a 3a OiJbII HU3bKUX TEMIIe-
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patyp 3aracae. IloTiMm mounHaeThCca HACTYIIHE IIePEeTBOPEHHA, aje BOHO
OpoTiKae Mo aTepMiuHii KiHeTHIi.

¥ cromi inmoro cknany Fe—23,9Ni—3,5Mn (puc. 5, a, kpua 5) y pasi
OXOJIOMKEHHS 3 Ti€lo K IMIBUAKICTIO BifOyBaeThCA TiIbKHU izoTepMiune
IepeTBOPEeHHA. ¥ pasi MIBUIKOrO OXOJOAKEHHA B PIIKOMY as3oTi idoTe-
pMiuHe IIepeTBOPEHHS He BCTUrae BUHUKHYTH. OOHAK, Y CUJILHOMY iM-
OyJabCHOMY MarseTHoOMY moJii 3a 77 K conocrepiraerbesa aktTusae MII 3i
CTPYKTYPOIO aTePMiUHOIO MAPTEHCHUTY .

¥ [7] mokasaHo, 110 arepmiune MII y cromax cucremu Fe, Nigy o Mn,
Y pasi oXoJIoAKeHHA MOUYNHAEThCA HIKUe TouKu Kiopi aycreniTy, Komu
CIOHTaHHA MarHeTOCTPUKILiA AV/V carae Benmuunu 6113bK0 ~0,5-1072,
Bumyiitena MmarseTocTpuKIlia mobausy Touku Kiopi aHoMaabHO BeJaUKa
i B ycix cTomax omgHOTO MOPAAKY (puc. 5, 6, 8).

Tabaunsa 2 gae yaBIeHHA OIPo ePeKTUBHICTE Ail CHILHOTO MarHeTHO-
I'0 IIOJIS II[OI0 3MIIleHHI MAaPTEeHCUTHOL TOUKH Y JeAKuxX cronax Fe—Ni—
Mn. OckinbKu mouaTkoBa uacTmHa sasesxkHocti H, (T) y Bcix cromax,
HaBeJIeHUX B TAOJuIli, HeBimoma (3 pisHMX IPUUYMNH), He MOKHA CTBEP-
IXKYBaTH, IO aTePMiuHe IIePEeTBOPEHHA B HUX YV Pa3i 0XoJIoMKeHHAa 0e3
Mar"eTHOrO I0JI B MAPTEHCUTHIN ToUIli € MarHeTHUM. AJjle BUAUMA Ya-
CTHHA ITiel 3aJe;KHOCTi CBifUNTE IIPO MAarHeTHY IIPUPOAY IIePeTBOPEHHS
B MargeTHomy 1oji. Oco0amBo 1ie IpoaBIdAeThcA v cTomax Ne 2 i 3, nme
eKcIlepuMeHTaJbHe 3HaueHHa AM g /AH TepeBUINyE€ TeOpeTHuUHe O6ib-
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Puc. 5. Kiretuuni ocobmmBocti MII y cromax cucremu Fey, Nigy o, Mn, i marzero-
npysxHi BaactuBocti I'IIK-hasu: a — auiaaToMeTpuyHi AOCTimKeHHA (BUMipIo-
BauHs L. 1. Teopriesoi i JI. A. MarTioreHko); 6, 8 — BUMYIIleHa MarHETOCTPUKITi s
3a remneparyp 295i 77K [30,31]. ] —x=~0;2—0,6; 3 —0,9;4—1,6; 5— 3,5.

Fig. 5. Kinetic features of MT in the alloys of Fe,,, Nis, ,, Mn, system and mag-
netoelastic properties of the f.c.c. phase: a—dilatometric testing (measurements
by I. Ya. Georgieva and L. A. Matyushenko); 6, s—forced magnetostriction at
temperatures of 295 and 77K [30, 31]. I —x~0; 2—0.6; 3—0.9; 4—1.6; 5—3.5.
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TABJIAIA 2. Croriz Fe—Ni—Mn, B akux MII Big0yBaeThcs 10 TUIIY MAarHeTHO-
ro (pa30BOro Iepexoay IepIoro poay.

TABLE 2. Fe—Ni—Mn alloys, in which MT occurs by the type of magnetic first
kind phase transition.

Ne Cror, Mg, |MJ,| AMg/AH, AMgy/AH,
m/m (% wmac.) K K K/ MA/m) | K/(MA/m)
(excmepument)| (Teop.)
1 Fe-21,15Ni—4,07Mn-0,05C[16] 248 209 3,8 2,9
2 Fe—-23,6Ni-3,3Mn [2, 23] 233 30 6,5 0,36
3 Fe—23,6Ni—3,6Mn [22] 200 -28 7,2 IIpsamye g0 0

1e, Hisk y 18 pasis.

ITomo isorepmiunoro MII, To Hu:kdYe Touku Kiopi BOHO He BUHUKAE ¥
3B’A3KY 3i 3pocTaHHAM MinHOCcTi BuxinHoi dasu. 3minuennsa 'IK-dasu
CTOIIiB 3aMillleHHA ¥ pasi mepexony y (hpepoMarHeTHUH CTAH XapaKTepPHO
IS CTOIIB 3 iHBapHUMU aHoMaJjdiamu [32—34]. 3MiHa omopy AuCJIOKA-
HiHOMY PYXy B ayCTEHITi i MapTeHCUTI TaKOXK cHocTepiraeTbesa y pasi
IolaBaHHA y CTONM aTOMiB ByrJerio. BogHouac cTpykTypa izorepmiu-
HOT'O MapTeHCUTY 3MiHIOETHCA HA CTPYKTYPY MapTEeHCUTY aTepPMiuHOTO
tuny [33].

3. BUCHOBEKH

1. AHOMAJIbHO BeJIMKe 3MIill[eHHS MapTeHCUTHOI TOUKM Y CTAJAX i CTO-
nax #Ha ocHoBi Fe—Ni y cuIbHUX iMIyJIbCHUX MATHETHUX MHOJISIX 34 HU-
3bKUX TEeMIIEpATYP MOYKHA IMOSCHUTHU NOCATHEHHAM KPUTHUUYHOI MisKa-
TOMHOI Bifmcrani, 3a axoi B I'[IK-dasi moBHicTIO 3HMKAE KOPOTKOIifHA
HeraTUBHA OOMiHHA B3a€EMOJisd €JIEKTPOHIB i BUHMKAaE KoJliHeapHUi (e-
poMargeTusM 3 HeOOOPOTHOIO IIepedya0BOI0 KpHCTAJiuHOl I'paTHUI 3i
3MEHIIIEHHAM KOOPAMHAIIWHOTO umcja (MarHeTHUH (ha3oBUil mepexin
TIePILIOTO POAY: «HEKOJiHeapHU i HEOTHOPiMHMI MarHeTU3M —> KOJIiHe-
apHUi (hbepoMarHeTU3IM » ).

2. MarnetHuii (pa3oBuil mepexis mepiioro poay B AeAKUX CHUCTEMAX Ha
ocHoBi Fe—Ni 3 aHoMaJIbHO BEJIUKOIO CIIOHTAHHOIO MArHEeTOCTPUKILiEIO
MOKJIMBUH i ¥ BiICYyTHOCTI MAarHeTHOTO IIOJIs, AKIIO y iIXHBOMY CKJIAIi €
eJIeMeHTH, AKi CYyTTEeBO 306iJbIIYIOTh MisKaTOMHY BifcTaHb, He BILJINUBA-
fouu Ha marHetHui crau (C, N).

3. 3apoMKeHHA MAaPTEHCUTHUX KPUCTAJIB Y CUJILHOMY MarHeTHOMY I10-
JIi BigOyBaeThcsa HA HEOTHOPIAHOCTSAX MaJUX PO3MipiB 3 UMCJIOM aTOMiB
Depymy BuUIlle CePeIHHOTO IO CTOIY 3a OIITUMAaJBHOTO CIHiBBiAHOIIIEHHS
KOHKYpyBaJabHUX atomiB @epymy i Hikesmro Tta inmux ememenrtis (Cr,
Mn), 1m0 DpPOTHUAIIOTH BCTAHOBJIEHHIO MIiITHOTO aHTHU(EPOMATHETHOTO
3B’a3Ky aToMiB Fe B HEOAHODPiTHOCTAX 3a PAXYHOK BUHUKHEHHA «edeK-
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Ty JIOKAQJIBbHOI'0 CEPEeOBUIIIA .

4. 3apomxeHHA MAPTEHCUTHUX KPUCTATIB Yy BiICyTHOCTI MarHeTHUX
HOJIiB y pasi 3BMYAMHOTO aTepPMiuHOTO (pa30BOro mepeTBOPEHHSA B ITUX
cucTeMaXx TaKoK MOJKJINBE Ha IIUX »Ke HeOTHOPiAHOCTAX, TOMY IIT0 BOHU
MaloTh OiJIBINTY XeMiUHY PYXOMY CHJIY i 3aBUIIeHY €HepTiio uepes Je30p-
iemrariio Bsaemogiinux cmimiB. IlepebymoBa BuxigHoil asu Mmorke OyTHU
peasizoBaHa Ha BM3HAUEHiN KIiJBbKOCTI TAKMX HEOJHOPiJAHOCTEM IIJIA-
XOM KOOIIEpAaTHUBHUX, MEPioAUUYHUX, 3()a30BaHUX KOJIUBAHL ATOMiB B
HUX Y BiATIOBiZHMX HaOpAMax, IO BeAyTh 10 nedopmarii Kpucraaiuaol
I'paTHUILL o TUIY «aedopmarrii BeitHa» .

5. IsoTepMmiuHe MapTeHCUTHE IIEPETBOPEHHS BiTHOCHO He3aseKHe i Mo-
JKJIMBe B 00JIaCTi He Jy:Ke HU3BKHMX TeMIIepaTyp 3a YMOBU HOPiBHSIHO
HU3BKOT'0 OIIOPY PYXY OUCJOKAIIill B aycTeHiTi Ta MmapTercuTi. B o6ro-
BOPIOBAaHUX CHUCTEMaX Iie 00JIacTh MapaMarHeTHOro aycTeHiTy. I'panuiisa
posaisy HOBOI i cTapoi as ((hepoMarseTHol i mapamMarseTHol) HaIliBKO-
TepeHTHAa, IO J03BOJIAE aToMaM cTapol a3y IMOPiBHAHO JETKO 3aIlOB-
HIOBATU BaKaHTHi MicIld Ha IMOBepXHi HOBOI (a3 10 KPUTHUUHOI BeJIH-
ynHu («IIeHTpa» HOBOI (pasm). Ileit mpoliiec TepMiuHO aKTUBOBAHUI i
MOJKJIMBUH B i30TEPMiUHUX yMOBax.
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PHASE TRANSFORMATIONS
PACS numbers: 65.40.De, 81.30.Fb, 81.40.Np, 81.70.Bt, 83.10.Tv, 83.85.Ns, 89.20.Kk

BuBueHHA mapaJjeIbHUX MPOIECiB, IKi BUHUKAIOTH
y 0e3mepepBHO JIUTii 3aroTiBIIi ITi7 yac il TBepaiHHA

0. M. Xopommuios, O. C. ITogonaxk, O. I. [TomomapeHKO"

Vipaincvka inxicenepHo-nedazoziyna akademis,
8y.. YHigepcumemcvka, 16,
61003 Xapkis, Ykpaina
‘Hauyionanvruii mexniunuil ynigepcumem
«XapkiscvKuil nosimexHivHuil iHcmumym»,
ey.. Rupnuuosa, 2,

61002 Xaprkis, Ykpaina

V¥ cTaTTi HaBemeHO pe3yJbTATU JOCJiAKEeHHS mapajJeJbHUX IPOIleciB, 10 Bij-
OyBalOThCA y 3arOTiBI[i HiJl yac 3MiHM TeXHOJIOTIUHUX IIapaMeTpiB Oe3mepepB-
HOTO JINTTsA. BuUsABIeHO HAaABHICTH AOAATKOBOTO TeII0(MiBMUYHOro mporecy B
3aTOTIiBIli — IIBUKOCTI POCTY TOBIIUHHU il KOPKHU ¢ 3iamiHOIO wacToTH ii PyXy
fpyxs BBIAKY BUILINBAE, 110 IOKA3HUKU & € JOAATKOBUM IapaJIeIbHUM IIPOIle-
com. Busnaueno, mo ¢ i KoedimienT TBepAiHHA k., € OLHICIO i Ti€I0 3K TetwTodi-
3UYHOIO BEeJIMYUHOIO, 3BiIKM BUILJIMBAE, IO K., AK i £, He MOXKYTb OyTH mOC-
TIHHUMY BeJIUYMHAMU, TOMY III0 BOHU 3HAXOAATHCA 3 TPUBAJICTIO TBEPAiHHSA
t,, B rimepOostiuHiii 3anexHoCTi; k., = const Mmoske OyTH TiJIbKU 3a YMOBH, IO
IpuUBefleHuli pajiyc 3aroTiBku R, = const gya BusHaueHHA E,, OZHOTO i TOro
caMoro MeTasy abo CTOIy; JMIIIe IIicaa yMoBU R, , = const MoKHa IOpiBHIOBATH
KoeditienTn k., 14 pisHuxX MeTasiB Ta cToniB. IlokazaHo, 1110 HATPAMOK PyXy
3aroTiBKU Min yac mogoaanua cuau Teptda crnokoo (CTC) BoimnBae Ha B3aeMoO-
BiJIHOCHHM TTOKa3HMKIB { Ta mapaMeTpa HOIIKOJKYBAHOCTI M BiJHOCHO ImOKa-
3HUKIiB MeXaHiYHUX BJACTUBOCTEH G, (YACOBOT0O OMOPY PO3PUBY) 3arOTiBKU
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81 3MiHOIO [, ! TOKABHUKH [, BHAXOAATHCS Y NPAMill NPOIOPIiNHIA 3aesx-
HOCTI 3 TOKA3HUKAMMY & 1 He 3aJIe/KaTh Bil 3SMiHU HANIPAMY PYXY 3aTOTiBKH ILij
yac nogosanuda CTC; y BUIagKy MOCTyNAJIbHOTO PYyXY 3aTOTiBKU IPOIECH &, M
Ta [,y BHAXOAATHLCA B OOEPHEHill MPOMOPIifHil 3a/eKHOCTI BiTHOCHO IOKAa3-
HUKIiB G,,,.; Y BUIIAJKY PeBEPCUBHOTO PYXy 3arOTiBKM IpomecH &, o Ta f,,, 3Ha-
XOAATHCA B IIPSAMil IPOIOPITiMHiiT 3a7I€2KHOCTI 10 Gy, Y BUTIAJIKY PEBEPCUBHO-
0 PYXY 3aroTiBKU CIIOCTePiraeThCcsa 3HUKEHHSA mapaMeTpa IOIIKOAKYBaHOCTL
3aroTiBKU B IUKJIi, 1110 JO3BOJIAE MiABUIIUTY ITIOKA3HUKHU G,.,.. IlOKa3aHo, 110
AKIIO f,,, = const, To 3MiHa mMBUAKOCTI V,, 1 TPUBATICTE PYXY t,,, 3aTOTiBKU B
IIUKJi BIIMBAIOTh TiJIBKU Ha ITapaMeTp MOIIKOAMKYBAHOCTI ® i BixmoBimHO HaA
MeXaHiuHi BIacTUBOCTI O, 3aroriBru. IlokasHNKY O i G, 3aBKAM MaOTH 00e-
PHEHIi IPOIOoPIiliHi 3aJeXKHOCTI He3aJe:KHO BiJl HAIIPAMY PYXY 3arOoTOBKHU Hif

yac nogoJsianasa CTC.

KarouoBi cioBa: Koe@iiieHT TBepaiHHSA, IIBUAKICTh 3POCTAHHSA TOBIUHU KO-
DKWY 3aroTiBKHU.

The paper reports the results of a study of the parallel processes occurring in
the billet during the time of changes in the continuous casting process pa-
rameters. As found, due to a change in the rate of movement of the billet 7.,
there are parallel changes in rheological (damage parameter ®) and mechani-
cal properties (ultimate tensile strength c,5) processes that occur in the billet.
Asrevealed, the additional thermophysical process exists in the billet such as
the growth rate of the thickness & of the billet crust under variations in f,,.
It follows there from that the values of ¢ represent an additional parallel
process. A found, the ¢ and the solidification coefficient k., are the same
thermophysical value, whence it follows that k. has not a constant value, but
depends on the time of solidification or on the reduced thickness of the billet
R,.4; k., = const can only be under the conditions R,.; = const to determine the
k., of the same metal or alloy; only after that the k,, values for various metals
and alloys can be compared. As revealed, the direction of movement while
overcoming the static friction force (SFF) affects the investigated properties
of the billet: the values of the process parameters of f,,,, are in direct propor-
tion to the values of the thermophysical properties of the billet of &, both un-
der the translational and reverse movement of the billet while overcoming
the static friction force with the translational movement of the billet, the
values of the mechanical properties o, of the billets are in inverse proportion
to the values of the investigated processes such as &, o, and f,,,; with the re-
verse movement of the billet, the values of the processes &, o, and f,,, are in
direct proportion to the values of the mechanical properties o, of the billets;
with the reverse movement of the billet, a decrease in the damage parameter
of the billet in the cycle is observed, which makes it possible to increase the
values of org. As shown, the values of the mechanical properties of o5 of the
billets can simultaneously affect two process parameters, the speed of move-
ment V, ., and the time of movement ¢, of the billet in the cycle at f,,, =
const. As revealed, the direction of movement of the billet while overcoming
SFF is a trigger to start the process of reducing the damage parameter in the
billet during the transition from translational to reverse movement. As
shown, if the following parallel processes of f,.., £ and o are in direct pro-
portion, then it is possible to predict the values of o, by using both the values
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of f.cand & .

Key words: solidification coefficient of the billet, growth rate of the thick-
ness of the crust of the billet.

(Ompumano 16 keimns 2021 p.; ocmamoun. eapianm — 12 aucmonada 2021 p.)

1. BCTYII

fAK Momens nJA BU3HAYEHHS MIBUAKOCTI MMOB3YYOCTi i IMMIBUAKOCTI IIOIII-
KOM)KYBAHOCTiI B KOHCTPYKIIIHHUX MaTepiajgax MpUHAHSATA CHUCTeMAa PiB-
HaHB[1, 2]:

n

. c
¢ _B—(l—(o)”’ , (1)

DT 60 =0, alt) =0, (2)

Ie ¢ — IIBUAKICTH MOB3YyYOCTi, () — IMBUAKICTH HOIIKOAMKYBAHOCTI, B,
D, n, m — KOHCTaHTH.

¥ poborax [3] mpoBemeno orian i Kaacubpikamiro BizoMux momeseit
IJIs BU3HAUYEHHS NOMIKOoI:KyBanocTi. Huui momesns (1) mupoko sacToco-
BYIOTH IJIs MOHiITOPHMHTY PEOJIOTiYHOTO CTaHY KOHCTPYKI[IMHUX MaTepia-
ais[4, 5].

¥ pobori [6] otcaHo MeTOA IMiABUINEHHA MEeXaHIYHUX BJIACTUBOCTEM
MeTaJiB i CTOMmiB 3a paXYHOK 3HAKO3MIiHHOTO PYXY II’€30€JIEMEHTY.

¥ pobori [7] mokaszaHO METOAUKY BU3HAUEHHA 3YCUJIb, AKi JiIOTH HA
0e3IepepBHO JIUTY 3aroTiBKY, IIIO0 3HAXOAUTHCS B TEMIIEPATYPHOMY iH-
TepBaJi KpucTajisaii.

¥ pobori [8] mokasaHO pes3ysbTaTH PO3PaxXyHKIiB IIapaMeTpa IIOIIKO-
IKYBAHOCTI [IJIsI YaCTOTU PYXY 3aroTiBKY 3a IEBHUX €KCIIEPUMEHTAIBHO
BUB3HAUYEHUX 3YCUJIb, IT[0 JilIOTh Yy 3arOTiBIIi.

¥ pobori [9] posrasHyTO MUTAaHHSA 3aXO0AiB IIiABUINEHHS O€3IEKU CH-
JIOBOTO HaBaHTaKeHHA KOHCTPYKI[IMHMX MarepianiB. [[asa BusHaueHHS
yacy TBepPAiHHSA 3aTOTiBKM 00pPaHO 3aJIeKHICTh, IIT0 MOB’A3ye 3MiHy TO-
BIIIMHY KOPKU 3aroTiBKu 3 yacom [10—-12]:

E=kVt =k L., (3)

e £ — TOBIIWHA KOPKY 3aroTiBKU, M, t,, — TPUBAJICTH TBEPAiHHA, C,
k., — emmipuuyrnii koedinienT TBepAinHA, M/,
3nudepenioBasiiu (3), OTPUMYEMO:

ag _ Ry, (4)

dt 24t
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Onnak, aBTopu pobotu [12] He cranu 3acTocoByBaTu (4) I BU3HA-
YeHHS INBUIAKOCTI TBePAiHHA KOPKM 3aroTiBKM, a HiATPUMAJU ITYMKY
aBTopiB pobiT [13, 14] B muTaHHi «...0 HECOCTOATEJIHLHOCTU JAaHHOTO
ypaBHEHUsI, 0COOEHHO MIJIs ONMMMCAHUS HAaYaJIbLHOTO IIepuoIa 3aTBepIeBa-
HUS ...» TaK, K «... B HaUaJbHBII MOMEHT, KOTa BpeMsA CTPEMUTCI K
HYJII0 — CKOPOCTD 3aTBEPAEBAHUSI CTPEMUTCS K 0€CKOHEUHOCTH » .

Y poborax [10—12] He OyJyi0 moCim:KeHO 3MiHeHHA IIBUIKOCTI 3poc-
TaHHSA TOBIIMHY KOPKH 3arOTiBKU 3a Pi3HOI TPUBAJIOCTI TBEPAiHHA, TO-
MYy He0o0XilTHO BUCBIT/IUTH Iie TUTAHHSI.

¥ pobori [12] 3acTocoByBa METOAUKY BU3HAUEHHA IIMOMHU JIYHKHU
pimxoi pasu MeTomamMu BUIMBAHHS, OJHAK aBTOPU POOOTU He BU3HAUN-
Jau KoedimieHT TBepainHa 6ponsu mapxu BpO5SII5C5.

MerToi0 poboTH € MOCHimKeHHA 3MiHM mapaJjeIbHUX IIPOIleciB y 3aro-
TiBIi, AKi BigOyBaroThCSa BHACIILOK Ail 30yproBaJbHUX (PaKTOPiB, OJHO-
ro abo JeKiJTbKOX TeXHOJIOTIUHMX IIapaMeTpiB mpollecy 0e3mepepBHOTO
JUATTA.

3aBramHaAM PoOOTH €:

1. Po3pobuTy MeTOAUKY Ta BU3HAUNTHU KOoe(illieHT TBepAiHHA Mif-
HUX CTOITiB HA OCHOBIi eKCIIepIMEHTaJbHUX JaHUX, HaBeJeHUX B TeXHi-
YHil JriTepaTypi.

2. BusHaunT HaABHICTD HEeKiJIbKOX OJHOYACHUX IapajeJbHUX IIPO-
IeciB y 3aroTiBIli y BUIIAAKY 3MiHM TaKUX TEXHOJIOTIUHUX ITapaMeTpiB
OesnepepBHOTO JTUTTA V., [pyxs Lpyx T@ IOCTYHAJBHOTO i pEBEPCUBHOTO
HAIPSAMKIB pyXy 3aroTiBKM IIif Yac IOJOJIAHHSA CHUJIUA TEPTA CIIOKOIO
(CTC).

3. IlokasaTu, 110 IMIBUIKIiCTL 3POCTAHHSA TOBIIMHU KOPKU 3arOTiBKU
OB’ A3aHa 3 YacTOTOIO il pyXy Ta € MOKAa3HUKOM JOJATKOBOTO IIapaJjielhb-
HOT'O IIPOIlecy y 3aroTiBITi.

4. BcTaHOBUTHU TIPOIECH, AKi 3HAXOAATHCA Y IPAMIill IPOMOpIiiHii
3aJIEKHOCTI 3 THMYACOBUM OIIOPOM PO3PUBY Oy, V BUIAAKY TOCTYHAE-
HOT'0 Ta PeBePCUBHOTI0 PyXiB 3aroriBku mijg uac momosmauusa CTC.

5. 3’acyBatu, uu € KoedimieHT TBepAiHHA k., CTAJIOI BEJIUYNHOIO Ta
4y’ € KOe(illieHT TBePAIHHA k,, i MIBUIKICTL 3POCTAHHA KOPKHU 3arOTiBKA
¢ Temno(isUUHOIO BJIACTUBICTIO 3aTOTiBKU.

6. BusHaunTy;, 3a AKUX yMOB MOXKHA IIOPiBHIOBATU NOKAa3HUKU kK,
PiBHUX MeTaJIiB Ta CTOIiB.

7. BusHaunuTu BILTUB HANIPAMKY PYXY 3aTOTiBKHU IIiJ Yac MOOJIaHHSA
CHUJIV TEPTSH CIIOKOIO HA 3MiHY ITOKAa3HUKIB ITapajieIbHUX IIPOIIECiB.

8. IlokaszaTu, Ha AKi mapaJjieJbHi IIPOIlECH OJHOUYACHO BILIMBAIOTH
MBUJKiCTb V. i TPUBATICTE PYXY t,,, 3arOTiBKU 38 YMOBH f,,, = const.

ITapanenbpHi mporiecu — 1€ MPOIECH OJHOUYACHOI 3MiHU JMEKiJIBKOX
pisHUX BJacTUBOCTEN MaTepiany Oe3lepepBHO JIUTOI 3arOTiBKU, AKi Bi-
IOyBaIOThCA MiA mi€lo 30ypioBadbHUX (haKTOPiB TEXHOJOTIiUHUX IIapa-
MeTpiB.
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2. EKCIIEPUMEHTAJBHI TA TEOPETUYHI METOAUKN

2.1. Meromuka Bu3HaYeHHA KOoe(illieHTa TBePAiHHS 3aTOTiBKH
3 6pousu mapru BpO5I15C5 3a ekcriepuMeHTAILHUMHU TaHUMU
3 miepea [12]

CyTb faHO0I METOAUKH IOJIATAE B HACTYIIHOMY.

1. Busmauumo raubuHy JYHKU Pigkoi ¢asu aaa saroriBku (puc. 1).
Taubuny ayuku pigkoi dasu (k) MokeMO BUBHAUUNTHU 3a CIIiBBiIHOIIEH-
HaAM 3 giametrpoMm (2/D) (puc. 1). OTpumyemo, 1110 TINOMHA JYHKHU IJIA
saroriBku D = 0,06 m crazosuts £ =0,106 M.

2. BuzHauuMo cepefHi IIIBUAKOCTI PyXy IJIs 3arOTiBOK 3 OpPOH3M Map-
ku BpOS5II5C5.

3. TpuBajicTh HACKPi3HOTO TBEPAIHHA 3aroTiBKU BHU3HAUUMO 3a (O-
PMYJIOIO:

b = —> ()

cp

ne h — rimbuna JyHKHU pigkoi ¢gasu, V., — cepeiHsa IBUIKICTE PyXy
3aroTiBKHU Yy KPUCTAIi3aTopi, t,, — Yac IIOBHOTO TBEPAiHHSI 3arOTiBKI, C.

4. BuszHaunmMo Koe@illieHT TBepAiHHA 3arOTiBKU 3a YMOBH, IIT0 KOPKAa
3aroTtiBku Oyme gopiBHioBaTu ii pagiycy:

k,=—=, (6)

ne k,, — KoedinienT TBepAiEHA 6ponsu mapku BpO5I15C5, R,, — npu-
BeJeHUN pajiiyc 3aroTiBKH, IO JOCTiIKyeThCH, t,, — Yac HACKPi3ZHOTO
TBEPAIHHSA 3arOTiBKU 10 YTBOPEHHA JIYHKH, C.

Puc. 1. PesynbTaTu eKcnepuMeHTAJIbHUX AOCTiKeHb 3 BUSHAUCHHS TJIMOMHUI
JYHKHU pigroi ¢asu 3aroriBok miamerpom 0,06 m 3 6porsu mapku BpOS5IT5C5H,
OoZlepPKaHUX IIJIAXOM BUJIMBAHHSA pigKoi ¢asu [12]: 1 — eposida KOPKU 3aroTiB-
KU Ha BepXHill TBipHiN JdiHii.

Fig. 1. Experimental findings to determine the depth of the hole of the liquid
phase of the billets with a diameter of 0.06 m from BpO5II5C5 bronze, ob-

tained by casting the liquid phase [12]: 1—erosion of the crust of the billet on
the upper generator.
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TABJINIIA 1. EkciepuMenTanbHi gami, orpumani 3 po6oru [12] mix uac Bupo-
OouuIrTBa 3arotrisku giamerpom 0,06 m.

TABLE 1. Experimental data obtained in the paper [12] when manufacturing
abillet with a diameter of 0.06 m.

IliaMeTp 8aroTiBKH, CepenHi MBUAKOCTI pyXy 3aroTiBKHI
II[0 BUTOTOBIAETHCA D, M V., M/XB ‘ V., 107m/c
0,06-0,065 0,20-0,47 3,3-7,8

TABJINAIIA 2. PospaxyHOK KoedillieHTiB TBepAiHHSA 38 YMOBH, ITI0 IJIA Pi8HUX
IIBUAKOCTEH PYyXy 3aroTiBKu OyAeMO BpaxoOByBaTU eKCIIEpMMEHTaJbHE 3Ha-
yeHHA h = const [12].

TABLE 2. Calculation of solidification coefficients provided that for differ-
ent speeds of movement of the billet the experimental value & = const is taken
into account[12].

Cepenusa | TpuBamicTs moB- | KoedimieHT moB-
. Tnubuna y- . . .
Hiamerp 3a- . " | MIBUAKICTL | HOTO TBEPAIHHA | HOI'O TBEPAiHHS
. HKH pigxoi . . 5 05
rotiBku D, M basi b, M 3aroTiBKU | 3aroTiBKH f,, C k., 10° M/c™
’ Ve 1073 m/c|(3a popmyroro (5))|(3a hopmyroro (6))
0,106 3,3 33,0 5,2
0,060-0,065 106 7.8 14,0 8.0

5. Pospaxyemo k., 3a YMOBH, II10 AJIA KOXKHOI'O 3HAUECHHS IITBUIKOCTEH
3aroTiBku 3 Taba. 1, rmubuHa JyHKH MaTuMe (hiKcoBaHe 3HAUEHHA h =
= const (puc. 1) [12].

3 TabuuIli 2 BUILINBAE HACTYIIHE: AJIS 3aTOTiBOK, IIT0 MAIOTh JiaMeTp B
inTepsaui 0,06-0,065 m Ta A = 0,106 m [12], k,, moBuHeH OyTu B iHTED-
Bami 5,2 m/c” <k, <8,0 m/c”°.

Taxum YrMHOM, PO3PO0JIEHO METOANKY Ta BU3HAUEHO KoedillieHT TBe-
paimasa sarotiBku miamerpom 0,06-0,065 m 3a janumu pobotu [12].

2.2, MeTonuka BU3HaAY€HHSA 3MiHHM NIBUTKOCTi 3POCTAHHS TOBIIUHI
KOPKU 3arOTiBKH 3a 4acC UKJILY 32 PiSHUX YaCTOT ii pyxy

BuznaumMo mBUAKICTE 3pPOCTaHHS TOBIMWHM KOPKM 3aroTiBKU BIPO-
OB ITUKJY il pyXy Ha OCHOBi iHTerpyBanHsa piBHAHHA (4):

t=lpyx
k

= : 7
§ 2t (7

3 piBuaAHS (4) Ta (7) BUNJIMBaE, 110 TOKA3HUKYU { MalOTh OyTU BU3HA-
4JeHi TIIBKHY 3a YMOBH k., = const 1149 KoHKpeTHOro R, = const.
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KoedimienT KpaTHOCTI 3pOCTaHHA TOBIIMHU KOPKM 3arOoTiBKM IJId
IMUKJIIB 3 Pi3HOIO TPpUBAJIiCTIO Oy/e BUTIASATH TAK:

_ 5
Kgi = & , 8)
i-1
e Kgi — Koe(iIlieHT KpaTHOCTi 3pOCTaHHA TOBIIMHU KOPKHU 3aTOTiBKU

— IIe CHiBBiTHOIIIEHHSA IMIBUAKOCTI 3POCTAHHSA TOBIITUHU KOPKH 3aroTiB-
KM (&) MJIA IOTOYHOrO 3HAUEHHS YaCTOTU PYyXYy 3aroTiBKu (f,,) 20
IIBUAKOCTi 3pOCTaHHA TOBIIWHU KOPKU 3aroTiBku (&, , ) A moIepen-
HBOT'O 3HAYEHHHA ([ ;-1)-

ITorouna yacToTa pyxy 3aroTiBKH f,,, Ta TPUBAJIICTb PyXy ¢; II y muKIi
11 po3MipHOCTi (xB ') IOB’A3aHi piBHAHHAM:

t, = 60/f,, . 9)

IlincraBuBmu (9) B (8), ogep:xyemo:

pyxidl o W (10)

3 piBHaHb (8) i (10) BunInBae, 110 KoedilieHT KPATHOCTI 3pOCTaHHA
TOBITUHN KOPKU 3arOTiBKU Kai MO:Ke OyTH BU3HAUEHUM TaKOK y pasi
3aCTOCYBaHHA CIIiBBiZHOIIEHb TPUBAJIOCTI (f,) Ta yacToTH (f,,,) 3aroTiB-
Ku. ¥ Tabauili 3 HaBeJeHO PO3PAXyYHOK MIBUAKOCTI 3pOCTaHHA TOBIIUHU
Kopku zaroriBku giamerpom 0,06 m 3 O6ponsu mapku BpOS5II5C5 3a
yMoBH 2,5 XB ' <[, < 7,5 xB7".

3 (dopmynu (3) Ta 3 Tabs. 3 BUILIMBAE, 110 PO3MIPHICTL IIBUAKOCTI
3pOCTaHHA TOBITMHM KOPKM 3aroTiBKu (&) Ta Koedimienry k,, MamOTh

TABJINIA 3. 3mina MIBUAKOCTI 3pOoCTaHHSA TOBIIMHY KOPKHY 3arOTiBKHU AiaMe-
TpoMm 0,06 M 3 6pomusu mapku BpO5I15C5 3a pisHoi vacToTH ii pyxy.

TABLE 3. Variations in the growth rate of the thickness of the crust of a billet
with a diameter of 0.06 m made of BpO5II5C5 bronze at different rates of
movement.

IIBuakicTs 3poc- | KoepitieuT xpar-
TaHHSA TOBII[UHY | HOCTi 3pOCTaHHSA
KODPKHY 3aTOTiBKY | TOBIIUHU KOPKHU
E,m/c® K., pasis
(3a popmyoro (7))|/(3a popmy.toio (10))

Yacrora | Tpusa- | ToBIuHA KOPKU
PYXYy 3a- |JIiCTh UK- |32 YaC TPUBAJIOCTI
TOTiBKU | JIy TBep- MUKJIY &, M
foyxi» XB | RiHHSA t, ¢ |(3a hopMyJI00 (3))

2,5 24 0,0363 0,000756 1,0
5,0 12 0,0257 0,00107 1,41
7,5 8 0,0209 0,00131 1,73
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onHaKOBi moxkasHuKu. Ile cBimuuTL IPO Te, 1110 BUHU MAIOTh OyTH OJHi-
€10 TenJI0(DiBMYHOIO BJIACTUBICTIO 3arOTiBKH.

3. PESYJIBTATH OOCJIIKEHHSA TA IX OBTOBOPEHHSA

3.1. O6roBopeHHA XapaKTepy 3MiHM IapaJjieJIbHUX MPoIleciB,
IO BiZOyBarOThCs y Oe3mepepBHO JUTiH 3aroTiBIi i Ji€l0 YacTOTH

11 pyxy (fyyx)

Bynemo o6rosopioBaTu 3MiHK mapajieJIbHUX IIPOIECiB: é,, mapaMeTpa
MOIIKOJKYBAHOCTIL M, Gy, 31 3MIHOIO [, Ta V,,, = const i nna pisHEX Ha-
OPAMKIB pyXy 8arOoTiBKU ITiJ Yac IMOJ0JaHHA CUJIU TEPTH CIIOKOIO.

Ha pucynky 2 mokasaHO BIIJIMB 3MiHM TeXHOJIOTIUHUX IIapaMeTpiB Ha
IIpoIecH, M0 BimGyBaloThCA y 3aroTiBIIi 3a YMOB HMOCTYHAJNLHOTO PYXY
saroTiBku nif yac nogosanua CTCisaV,,, = const.

Ha pucyury 2 K, = Kéi 3 piBHAHH (10). 3 pucyHKY 2 BUILIUBAE, 110 Y
pasi 30inbIIeHHd [, 38 YMOB IOCTYNIAJbHOTO PYXy 3aroTiBKu Koedirie-
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YHacTora pyxy 3aroTiBxu [

-1
pyx’ xB

Puc. 2. KpaTHicTs 3MiHN IOKa3HUKIB IpoIleciB y pasi mocTynaabHOIO PyxXy 3a-
roriBku: I — KpaTHicTh 3pocTaHHA K, TOBIIMHYW KOPKU 3aroTiBKU & , pasis;
2 — KparHicTh 3pocTaHHa K, MOKa3HWKIB mapaMeTrpa HOIIKOAMKYBAHOCTI @,
pasiB; 3 — KparHicTh 3MiHM K; TOKa3HUKIB THMUYaCOBOTO OIOPY HA PO3TATY-
BaHHSA Oy, PA31B.

Fig. 2. Multiplicity factors of variations in the values of processes under the
translational movement of the billet: 1—multiplicity factor of growth K, in
the thickness of the crust of the billet &, times; 2—multiplicity factor of in-
crease K, in the values of damage parameter o, times; 3—multiplicity factor
of variations K; in the values of ultimate tensile strength .., times.
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HTHU KpaTHOCTi K, Ta K, 3HaX0OAThCA y 00epHEeHil IpomopIifiniii sae-
JKHOCTI 10 Koe(imienTa KpaTHocTi K.

Ha pucynry 3 mokasano 3ajIeXKHOCTi, Oflep:KaHi IJ1d BUIagKy peBep-
CHUBHOTO PyXy 3aroriBku nifg yac nogonanaa CTC iza V,, = const. Bug-
HO, 110 3i 30L/IBIIEHHAM f,y, ¥ Padi peBEPCUBHOTO PYXY 3aroTiBKHU Koedi-
nienTtu kpatHocTi K, K, 3MiHU IOKa3HUKIB IIPoIeciB &, ® 3HaXOAATHCA
y OpAMil mpomopIifiHi 3a1eXHOCTI 1o KoedirienTa K.

Amnanis zamexHocreill 1, mpeacTaBJIeHnX Ha puc. 2 i 3, moKasaB Ha-
CTyIHE: .

- 3HaUEeHHA NTOKA3HUKIB { 3HAXOAATHCA y IPAMiN mponopiitiniii sa-
JIEKHOCTI 3 IOKa3HUKAaMU f,,, 1 He 3ajeKaTh BiJj HAIPAMKY PyXy 3aroTi-
BKM 34 YaC IIOA0JaHHsA CUJIN TEPTH CIIOKOIO;

— ToH (haKT, II[0 MOKA3HUK & BaJIeKUTh Bif [, € JOKA30M HaABHOCTI
IOIAaTKOBOTO ITapajeJbHOT0 IPOIleCy yV 3aroTiBIIi;

— IIOKa3HUKU BJIACTHUBOCTEH 3aroTiBOK G,,,, 1 ® AK y pasi mocTynaJib-
HOT'0, TaK i y pasi peBepcuBHOTr0 pyxiB 3aroriBku 3a uac mogosanasa CTC
3HAXOAATHCS MijK CO00I0 Y 00epHeHiil IIPOIoPIifiHiNi 3a/IeKHOCTI.

r1.25 1,25

1,00— — 1,00 1,00

0,75 0,75 -0,75

TBepAinns K|, pasis
KparnicTs 3Minn napamerpa

Kparuicre sminm Koedimienra
HOINKOIMKYBAHOCTL 3aroTiBKH sz pasiB

Kparuicrs aMiHM HOKA3HMKIB THMYaCOBOTO
ornopy pospusy K,, pasis

2.5 5,0 7.5
. -1
Yacrora pyxy 3aroTiBKK fwx, XB

Puc. 3. KpaTHicTh 3MiHM TOKa3HUKIB IPOIECiB y pa3i peBepCUBHOTO PYXY 3aro-
TiBKM: I — KpaTHiCTh 3pocTaHHA K, TOBIMHM KODPKHU 3aroTiBKU, pasiB; 2 —
KpaTHicTh 3MeHIIIeHHA K, MOKasHUKIB IapaMeTpa IOIIKOAMKYBAaHOCTi, pasiB;
3 — KpaTHicTh 3MiHV IOKa3HUKiB K; THMYaCcOBOTO OIOPY HA PO3TATYBAaHHAI,
pasis.

Fig. 3. Multiplicity factors of variations in the values of processes under the
reverse movement of the billet: I—multiplicity factor of growth K, in the
thickness of the crust of the billet, times; 2—multiplicity factor of increase
K, in the values of damage parameter, times; 3—multiplicity factor of varia-
tions K; in the values of ultimate tensile strength, times.
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3.2. O0roBopeHHA XapaKTepy 3MiHM MapaMeTpa IMONIKOIKyBaHOCTI,
SIKMY 32JI€KUTH Bi/l IIBUTKOCTI Ta TPUBAJIOCTI PyXy 3arOTiBKHU

ITixg yac aHOTO OOrOBOPEHHSA MU TOPKHEMOCS 3MiHU IOKA3HUKIB V., ®
Ta t,,x Y Pasi IOCTyIaJbHOI'O Ta PEBEPCUBHOI'O PYXiB 3aroTiBKM miJ 4ac
IIO/IOJIAHHSA CUJIU TePTS CIIOKOIO 34 YMOBH, IIIO [, = const.

Ha pucynkax 4 ta 6 HaBegeHO MOABIMHMI BIJIMB HA IIapaMeTp IIOIII-
KOIYKYBAHOCTI ® JBOX TEXHOJOriYHUX (paxTopiB V., Ta t,,. MeTogukn
PO3paxyHKIiB ® IJId CTBOPEHHS puc. b Ta 7 onucaHi y poborax [8]. Exc-
IepUMEHTAJNbHI BUIIPOOYBAHHS BUKOHYBAJIMN 34 HOPMATHUBHUMMU IOKY-

mertamu ISO/R-203, ISO/R-204.

3 poboru [1] sacTocyemo hopMy Ty BILIMBY IIBUAKOCTi pyxy V. 3aro-
TiBKK Ha 3ycund P ., AKe Aie HA 3arOTiBKY IIij 4ac il pyxy:
Ppyx:klvpizx’ (11)
ne k,, a — eMIIipuuHi Koe(ilieHTH.
3 pobotu [2] BUKOpuCcTaeMO popMyay:
¢ = B(T)c"t. (12)

ITicna migcranosku (11) B (12) 3a ymoBH, 1110 T = const, ogep:xyemo:

o=K,Vk t a6oo=K, V't (13)

PYX"pyx Pyx pyx’

g ©
2
T
g >
S 9 14 —4 e
& % S
S g 2 Ay
= )
2 ,b;i\o.’wﬁ*
0 0 g
16 12 8 SO

IIeugkicTs pyxy
3aroTiBKM Vp“, 107 m/c

Puc. 4. BriuBs MIBUAKOCTI Ta TPUBAJIOCTI PyXy 3aroTiBK1 Ha IIapaMeTp IIOIIKO-
IKYBAHOCTI ® y pasi moCTymaJbHOTO PYXY I Uac MOJ0JaHHA CUJIN TePTS CIIO-

— -1
Koo 3a f,,,=95,0xB™.

Fig. 4. Effects of the speed of movement and the time of movement of the bil-

let on the damage parameter o under translational movement while overcom-
ing the static friction force at f,,, = 5.0 min".
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ne Ky, a, n, p = an — emnipuusi Koedinienru, ¢,, — TPUBAJIICTb PyXy
3arOTiBKH B ITUKJIi.

3 poboru [8] 3a ymoB t =4 c Ta P, = 0,4 MIla BusHaunIu KoedimieH-
mu nsa piBEauHS (13): u= 1,45 ta K, = 1,32 gya nocTynaasHOTO PyXy i
K,;,=0,95 nys peBepCUBHOIO PyXy 3aroTiBKu y pasi mogosanusa CTC.

Ha pucyury 5 omep:xyemMo xapaKTep 3MiHM IIapaMeTpa IIOITKOIMKY-
BAHOCTi O B 3aJIKHOCTI BiJf IBOX ImapaMeTpiB: MBUAKOCTL V. Ta TpuBa-
JIOCTi PYXY £,y 3arOTIBKHU y IMKJi y pPasi MIOCTYyNaJIbLHOIO PYXY.

Ha pucynky 5 HaBemeHo 3aiekHocTi I Ta 2, AKi MOSACHAIOTH XapaKTep
3pOCTaHHA MOKAa3HUKA O il Yac MOJ0JaHHA OIIOPY CUJIN TEPTS CIIOKOIO
ra cunu teptsa Kosszamua (CTK). Bungwmo, mio 36iibllleHHA mapaMeTpa
HOMIKOAKYBAHOCTI ® 34iMCHIOETHCSA 3a PAXYHOK CTPHUOKA o IIiJ 4yac mo-
monauua CTK y pasi mocTymaabHOTO pyXy 3arOTiBKH.

Ha pucysnky 6 mokasaHo xapakTep 3MiHU o B 3aJeXHOCTi Bifg V,,, Ta
l,yx BArOTIBKM y IIUKJIi y pa3i peBepCUBHOI'O PyXy 3aroTiBKH IIiJ| 4ac mo-
monauua CTC.

Ha pucynky 7 mokasaHo XapaKTep 3MiHM HaKOOUUYEHHS ® Y pasi pe-
BEPCUBHOIO PYyXy 3aroTiBKku. BumgHO, IO pPeBEePCUBHUN PYyX 3aroTiBKU
mig uac momonauua CTC mae MeHIIIe 3pocTaHHS M (3aJ1eKHOCTI I, puc. 7)
HOPiBHAHO 3 TEXHOJOTIUHNMHU HapaMeTpaMu, IKi BiAIOBiZaIOTh 3aJI€K-
HocCTi 2, puc. 5.

t
5, d= a -
£ y
£ = tio=zp) 22
o .~ 1,004 PR T - 4 g <
5O tn to-p) =S
=R = = =
S E 0751 9 Ls 23
B B = E
] E A 1 a
=8 os0{ _ 1 -2 E%
§2 SN : g
= & os 1 Ty e L 8
= 2 g
= B
0 Y ‘L 0
0 t

TpusajicTe QUKIY f, C

Puc. 5. CxemMu 3MiHu HAIPYsKEHHA ¥ 3aroTiBIli y pasi mocTyIaJdbHOT0 PyXy i
yac IOJ0JaHHSA CUIN TePTA CIIOKOIO Ta CUJIM TepTd KOB3aHHA 3a f,,, = 5,0 xB L
1 — cTpuboK TOKasHWKA IapaMeTpa MHOIIKOAMKYBAHOCTI IiJi yac mOJOJaHHSA
CUJIV TePTSA CHOKOI0; 2 — MIBUAKICTH 3POCTAHHSA IapamMeTpa HOITKOAKYBAHOCTI
IIij yac moJOJIaHHSA CUJIM TePTsS KOB3aHHS.

Fig. 5. Patterns of variations in stresses in the billet under translational
movement while overcoming the static friction force and sliding friction force
at f,,x =5.0 min™": —bounce in the value of the damage parameter while over-
coming the static friction force; 2—rate of increase of the damage parameter

while overcoming the sliding friction force.
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IIBuaKicTs PYXY
sarorisgu V., -107° M/c
pyX
Puc. 6. Bnius MBUAKOCTI Ta TPUBAJIOCTI PyXy 3arOTiBKHU HaA IIapaMeTp IIOIIKO-
JIKYBAHOCTI ¥ pasi peBepCUBHOTIO PYyXY IiJ Yac MOJO0JaHHSA CUJIU TePTSA CIIOKOIO
_ Z1
saf. .. =5,0xB".

pyx
Fig. 6. Effects of the speed of movement and the time of movement of the bil-
let on the damage parameter under reverse movement while overcoming the
static friction force at f,,, = 5.0 min*.

3 aHaJidy xXapaKTepy 3MiH MOKa3HUKiB m Ha puc. 4 Ta 6 BUIINBaE,

GA< tH
3

0.6 tﬂm fean  tes

0,3+

TTokasHUKM IapaMerpa
NMOIIKOAKyBaHoeTi @, 1072

0,34

0,64

<V !

Tpusamicrs MUKIY ¢,

Hanpyenusi y 1onepeqyHomy
nepepisi sarorisku G, mIla
<>
—

-
S

Puc. 7. Cxemu 3MiHU HATIPYKEHHA y 3aTOTiBINl ¥ ITUKJII A7 11 peBEPCUBHOTO PYyXY
Iifl yac MOJOIAHHA CUJIM TePTA CIIOKOI0 3a [, = 5,0 xB i 1 — mBuAKicTs 3poc-
TaHHS IIapaMeTpa IOITKOYKYBAHOCTI i/l Yac MoJ0JIaHHA CUIN TePTS KOB3aHHS.

Fig. 7. Patterns of variations in stresses in the billet in the cycle for its re-
verse movement while overcoming the static friction force at f,,, = 5.0 min:
1—rate of increase of the damage parameter while overcoming the sliding
friction force.
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ITeugkicTe TBEPAIHEA KOPUHKH
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Puc. 8. Biius TeXHOJIOTiYHOTO TapaMeTpa f,,, Ta HAIPAMKY PYXy 3aroTiBKH Ha
peoJsoriuni ® i MmexaHiuHi O,,,, BlacTuBOCTi 3aroTiBku [15]: 1, 2 — 3ajeKHOCTI
foyx—® AJIA MOCTYHAJBHOIO i peBePCUBHOTO PYyXiB 3aroTiBKHU IIiJ Uac I0J0JaHHA
CUJIN TEPTA CHOKOIO BimmoBigHO; 3, 4 — 3aJI€KHOCTI (0—C pyp, AJIA IIOCTYIAIBHO-
T'0 i peBepCUBHOI'0O PYXiB 3aroTiBKU BiATIOBiHO.

Fig. 8. Effects of the process parameter f,,, on the rheological ® and mechani-
cal oyg properties of the billet [15]: 1, 2—f,,,— relationship for translational
and reverse movement, respectively, of the billet while overcoming the static

friction force; 3, 4—w—o,,,, relationship for translational and reverse move-
ment of the billet.

10 CTPUOOK ® ¥ BUIIAIKY MOCTYHAJBLHOTO PYXY 3aTOTiBKHY HiABUIIIYE II0-
kKaszauku o 1o 0,03 (puc. 4, 5) nopiaaxo 3 o = 0,02 (puc. 6, 7). Kpim
TOTO IIOKa3aHo, [0 KOJH [, = const amina V, Ta t,, v UK BIIuBa-
IOTh TiJIBKY HA ® 1 Cpuqe-

3.4. O0roBOpPEHHA OTHOYACHOTO BILNINBY YACTOTH Ta HANPAMKY
PYXYy 3aroTiBKH Ha 1i peoJIoriuHi Ta MexXaHiuHi BJIaCTUBOCTi
nig yac nogoaanusa CTC

3B’A30K 3MiHN NOKa3HUKIB MapajeJbHUX IIPOIECIB [y, ®, Oy, AJIA Pis-
HOMY HaOpAMKY PyXy s3arotiBku 6ponsu mapku BpO5I[5CH maBemeno
Ha puc. 9[15].

3 pucyHKa 8 BUILJINBAE, 110 HA MeXaHiUHi BJIACTUBOCTI 3aroTiBOK O/I-
HOYACHO BILJIMBAIOTh AK YaCTOTa PYXY 3aroTiBKU, Tak i HampAM ii pyxy
ninx uac momosagaa CTC.

4. BUCHOBRH

1. BusaBieHo HaABHICTD NEKiJIbKOX OJHOUACHUX MapaJieIbHUX ITPOIIECiB
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y 3arOTiBIli 3 MOKA3HUKAMU (O TA G,qy Y BUMAAKY 83MiHM TaKUX TEXHOJO-
riYHUX IapaMeTPiB, AK [y, Vioyx Ta L.
2. lokasaHa HaABHICTb NOAATKOBOIO IapaJjieIbHOrO IMPOIeCcy 3 MOKas-
HUKOM § , TOMY IIO Ieli TOKa3HUK 3aJIe’KaTh BiJl TEXHOJOTiYHOTO ITapa-
MeTpa fyyx- )

3. BcTaHOBJIEHO, IO MIIBUKICTH 3DOCTAHHA KOPKY 3aroTiBKuU & i Koedi-
Ii€eHT TBePAiHHA k., € OJHOIO i Ti€l0 K TeILIO(i3MUHOIO BeJINUYNHOIO, 3Bi-
IKY BUILJIMBAa€ HACTYITHE:

- k., He € cTaJIOI0 BeJIMUYMHOIO, TOMY III0 BiH 3HAXOAUTHCS 3 TPUBAJIIC-
TIO TBEPIiHHA t,, ¥ TinepbosriuHiil 3a/IesKHOCTI i 3aIeKuTh Bif mpuBeme-
HOI TOBIWHY 3aroTiBKuU R, , (puc. 4);

- k., = const moxxe OyTu TinbKu 3a ymoB R, = const 114 BUSHaYeHHA
k., OIHOTO i TOTO 3K MeTaJry abo cTomy (puc. 4);

— JIJIS TIOPiBHIOBAHHSA MOKA3HUKIB /I pisHUX MeTaJiB i cromis (k,, =
=var) Mox<Ha 3a ymoBH R, = const (puc. 4)

4. Po3pobseHa MeToauKa IJis BU3HAUEHHsS KoedilienTa TBepminug k.,
HAa OCHOBi eKCIIepUMEHTAJbHUX JaHUX, HaBeJeHux y poborTi [15], Ta Bu-
3HaueHo k., aad 3arotiBok giamerpom 0,06—0,065 M 3 OpoH3M MapKu
BpO5I15C5.

5. ITokasano, mo mBuUAKicTs V. i TpuBamicTh Pyxy i, 3aroTiBKM 3a
fpyx = const BIIMBAIOTH Ha MIapaMeTP MOIIKOJKYBAHOCTI ® Ta HA ITOKAa3-
HUKU TUMYaCOBOTO OIIOPY PO3PUBY Cyacs

6. BusHaueHo BIJIMB HAIIPIMKY PYXY 3aroTiBKHU HaA XapaKTep mepeodiry
mapaJieJIbHUX IPOIleciB:

— BCTAHOBJIEHO, IO MOKA3HUKH [, 3HAXOJUTHCA y IPAMIil IPOIOD-
itiHi} 3aeXHOCT 3 MOKasHUKaMu § fAK y pasi MocTynajabHOro, Tak iy
pasi peBepCUBHOI0 HANIPAMKY PYXY 3aroTiBku 3a yac nogonanua CTC;

— V pasi mocTymaJbHOT0 PYyXY 3aroTiBKU IpOIleCH 3 MOKa3HUKaAMU & ,
o Ta f,y, 3HaX0AATbCA y 00epHeHiil mponopIiiiHiii 3a1eXHOCTi 0 IOKa-
3HUKIB MeXaHIYHUX BJIACTUBOCTEH G,.,, 3aTOTiBKHU; )

— Yy pasi peBepCUBHOTO PYXy 3arOTiBKU IIPOIleCH 3 MOKa3HUKaMU &, ®
Ta f,yx BHAXOAATHCA y IPAMIiN IPONOPILiMHIN 3aeXHOCTi 10 IOKa3HUKIB

GT‘{&C *
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BucokomBuUIKiCHUI rapT i3 piIKO-TBEepIOro CTaHy K METOT
IOoCiT:KeHHS (pa30BUX IIEPETBOPEHS ITi/] YaC KPUCTAII3aIil

A.T. ITpurynosa, B. 1. Berik, JI. K. IlleneBiabko,
M. B. Komrrenes, C. B. IIpurynos

Disuro-mexnonoziuHuil incmumym memanieé ma cnaaeiée HAH Ykpainu,
o0yave. Akademira Bepradcvrozo, 34/1,
03142 Ruis, Yrkpaina

BusueHnHs MexaHisMy (asoBUX IIePETBOPEHb IiJ Yyac GopMyBaHHSA CTPYKTYPU
MeTaJIiB i CTOIIiB € IIepCIeKTUBHUM HANIPAMOM YIOCKOHAJEHHS BifoMux i pos-
pob6KM HOBUX MaTepiaiiB. BomHouac, He BTpavae aKTyaJbHOCTI HeoOXimHicTh
POBIINPEHHA METOANUYHUX i eKCIepMMEHTAJIbHUX MOYKJIMBOCTEH CIIOC00iB ixX
mocaimkeHaa. Metoqu merasorpadidHOro aHaNi3y, AKi IIMPOKO BUKOPHUCTO-
BYIOTBCS, JO3BOJIAIOTH OTPUMYBATH iH(GOPMAIIif0 IIPO CTPYKTYPHI 0co6aIuBOCTi,
ajie BUSHAUNUTH MeXaHi3M yTBOPeHH: (a3 3a MiKPOCTPYKTYPOIO IIOBHICTIO 3a-
TBEPAiINX 3pPasKiB € focuTh mpodaeMaTuuyHUM. OCHOBHUM iHCTPYMEHTOM aHa-
Ji3y i TPOTrHO3yBaHHA CTPYKTYPHOTO CTaHY 31 3MiHOIO TEMIIepaTypH i XeMiuHO-
IO CKJIAAY CTOIIB € miarpamu (aszoBux piBHoBar. OgHaK BOHU He MOKYThb OyTH
3aCTOCOBAHUMMU [0 OIIHCY KiHeTHKHU (pasoBUX mepexoniB. 3oKpeMa, Iie CTOCY-
eThcs (has, M0 YTBOPIOIOTHCS 10 IEePUTEKTUYHUX peakKIlidaxX, AKi, 3asBuuai, y
peanbHUX IIpoIlecax IMOBHICTIO He 3aBepPIIYIOThCA. ¥ POOOTI PO3TIAHYTO METO-
IUYHI 0COOJMBOCTI PO3POOJIEHOTO METOAY TapTiBHO-MiKpPOCTPYKTYPHOTO aHa-
JIigy, 10 LO3BOJISE AOCHIINTU eTalu i xapakTep (aszoBuX nepeTBOPEHD Iif yac
KpucraJsisarii He3ase:KHO Bif cTynmensa MmeractabiabHOCTi cuctemu. B #toro oc-
HOBi BHCOKOINIBHUAKiCHE rapTyBaHHA Big TemmepaTyp (asoBUX II€PETBOPEHD,
BusHauenux metoaoMm [ITA. ExcnepuMeHTaIbHO BCTAHOBJIEHO, IO IITBUAKOCTL
OXOJIOMKEHHA, AKi pearisyioThcAd y pasi BUKOPUCTAHHS METOAY TapTiBHO-
MiKpOCTPYKTYpHOrO aHamisy, ckaagaiors (1,8-3,7)-10%°C/c. Hocmimxenus,
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npoBeneHni Ha cromi AK7 (A356) 3 BUKOpUCTaHHAM BU3HAUEHUX ITBUIKOCTEH
OXOJIO)KEHHs, II0KasaJu e(PeKTHUBHICTHL 3alpPOIIOHOBAHOTO METOAY aHaJi3y
I BUBUEHHS 0CcO0IMBOCTEN (ha30BUX IIEPETBOPEHD Y MpoIeci KpueTaaisalrii.
BceranoBieno MexaHisMu (hopMyBaHHA 3aisoBMicHuUX (das. Ilokasano, 110 oc-
HOBHOIO 3a;1i30BMicHOIO (asoo B cromi AK7 € intepmetainiz B-FeSiAl, miactu-
HuacTol hopmMu, II[0 BXOAUTH IO CKJIALy eBTeKTUK. Omep:KaHo eKCcllepruMeHTa-
JIbHE TMiATBepIKeHHa yrBopeHHsa dasu o-(Fe, Mn),Si,Al,, K 10 eBTeKTUYHII,
TaK i 110 MEPUTEKTUYHIN peakIriax.

Kuarouori cnoBa: rapTyBaHHsI, KpuUcTajiisaiid, (pasoBi mepeTBOpeHHs, IITBUI-
KicTb oxosomxenus, cton AK7 (A365).

The study of the mechanism of phase transformations during the formation
of the structure of metals and alloys is a promising direction for improving
the known and developing new materials. This makes it necessary to expand
the methodological and experimental capabilities of their research. Widely
used methods of metallographic analysis provide information on the struc-
tural features of alloys. At the same time, to determine the mechanism of
phase formation by the microstructure of fully hardened samples is very
problematic. The main tools for analysing and predicting the structure when
the temperature and composition of the alloys change are phase equilibrium
diagrams. However, they cannot be applicable to the description of the kinet-
ics of phase transitions. In particular, this refers to the phases formed by the
peritectic reaction which may be not fully completed when the solidification
conditions (velocity, pressure, etc.) change, which takes place in real indus-
trial casting processes. The work considers the methodological features of
the developed quenching-microstructural analysis method, which allows one
to study the stages and nature of phase transformations during solidification
regardless of the degree of system metastability. It is based on high-speed
hardening from phase transition temperatures determined by the DTA meth-
od. It has been shown experimentally that the cooling rates that are realized
when using hardening-microstructural analysis are (1.8-3.7)-10°°C/s. Stud-
ies performed on the A356 alloy (AK7) using certain cooling rates showed the
effectiveness of the proposed method of analysis to study the characteristics
of phase transformations during solidification. The mechanism of the for-
mation of iron-containing phases has been determined. It is shown that the
main iron-containing phase in the AKT alloy is a lamellar intermetallic p-
FeSiAl, compound, which is part of the eutectics. Experimental confirmation
of the formation of the a-(Fe, Mn);Si,Al,,; phase in the AK7 alloy is obtained
by both eutectic and peritectic reactions.

Key words: quenching, solidification, phase transformations, cooling rate,
A356 alloy (AKT).

(Ompumano 22 uepgns 2021 p.; ocmamoyH. sapianm — 17 gepecus 2021 p.)

1. BCTYII

®daz0Bi mepeTBOpPeHHS IIiJ Yac KpHUCTaIizaIii € OCHOBOHOJJOXHUMHU Y
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nporieci popMyBaHHA CTPYKTYPHU MeTaJiB i cTomriB. BuBueHHA MexaHi3-
My IX peaJrisailii m03BOJIs€ BCTAHOBHUTH PaHillle HEBiIOMi KpHcTaJJoXe-
MiuHi 3aKOHOMipHOCTi, TEOPETUYHO OOTPYHTYBaTH BUOip JeTyBaIbHUX i
Moan(piKyBaJIbHUX €JIEMEHTIB, 'PAHUYHO JOIIYCTUMi KOHIIeHTPAIlii 10-
MIiIIIOK, PO3KPUTH NPUPOAY iX BIJIMBY HA BJIACTUBOCTI, IIOKa3aTu Haii-
OLJIBIII pallioHaJbHI IIJIAXM YAOCKOHAJNEHHA BiJoMUX i po3pobJIeHHA HO-
BUX (PYHKIIOHAIBHUX i KOHCTPYKIifiHNX MaTepianiB [1]. Tomy posiiu-
PEHHA METOAUYHUX i eKCIIePUMEHTAJIbHIX MOMKJIMBOCTEN MTOCIIiIKeHH
(has3oBUX IIEPEXO/IiB B AIIOMiHi€BO-KPEMHIEBUX CTOMAX MA€E AK HAYKOBE,
TaK i IpUKJIaaHe SHAUYEHH.

MeTogom mociigsKeHHSA METAaJIiB 1 CTOIIiB, AKWI HAUIITIUPIIIE BUKOPIC-
TOBYIOTH y IPAKTUUYHOMY MeTaJIO3HABCTBi, € MeTajorpadiuyHuii aHais,
AKUH JO3BOJISE OTPUMYBATH iH(OPMAIlil0 IIPO KiJIbKicTh i posmip ¢as,
ixHI0 Mopdoorio, XxapakTep posmoninay Ta iuire [2]. IIpoTe gocToBipHO
BCTAHOBUTH TUNIHU (Pa30BUX IIEPETBOPEHDL (IePBUHHA, EBTEKTUYHA KPUC-
TaJisalia ToIlo), y Iporeci AKuX chopmMyBajiacsa CTPyYKTypa, BUSHAUU-
TH MEeXaHi3M yTBOPeHHs (has II0 MiKPOCTPYKTYPi IOBHICTIO 3aTBEPALINX
3paskiB € mpobyeMaTUYHHM. 30KpeMa, Iie BimHocuThcA m0 Gas, IIo
YTBOPIOIOTHCA MO MEPUTEKTUYHUX peakIiax. KMo B ymoBax piBHOBa-
JKHOI KpucTaJjisaiii 3AiliCHIOEThCS IIePUTEKTHUYHE IIePEeTBOPEHHS:
L+pB—>a, ne L — pinmaa, npomiskHa dasa [} B cTpyKTypi BiscyTHA. ¥
BUNAAKY B3aemogii 3 posromoMm BoHa (L) po3suMHSAETHCS 3 YTBOPEHHAM
dasu o. 3i 3mMiHOI0 YMOB KpucTamisalii (IIIBUAKOCTI 0XOJIOIKEeHHS, TH-
CKY Ta iHINNX) MePUTEKTUYHA PeaKIlid IIOBHICTIO He 3aBepIIyeEThCd, i B
CTPYKTYpi 3’ABiadgeTbcsa iHTepMmeranix . IIpore BuBHauuTH TPUPORY
dasz, AKi yTBOPUINCSA Y ILOMY BUIIAAKY, IIPEACTABJIAE IIEBHI TPYTHOIIII.

IlomuperuM MeTOLOM aHAJI3y i HPOrHO3YBaHHS CTPYKTYpPH 3i 3Mi-
HOIO TeMIIepaTypH i XeMiuHOT0O CKJIaAy CTOIIiB € miarpamu ()a3oBUX PiB-
HOBAar, AKi BigoOpakaioTh CTaH cucTeMu 3a ii MiHiMaJabHOI BiJibHOI eHe-
prii[1, 3, 4]. [Io6ymoBy TakuX mAiarpam 3ifiCHIOIOTE 3a AYJKe IMMOBiIbHUX
IIBUIKOCTeIl HarpiBy a00 0XOJIOMKeHHA, IepeBakHo Harpiy [4]. Tem-
nepaTypHi iHTepBasiu (asoBUX IIE€PETBOPEHb, AKi CYIIPOBOMMKYIOTHCA
3MiHOIO0 0ajlaHCy eHeprii B cucTeMi, BU3HAUAIOTh METOAOM TE€PMiuHOIO
anamuisy [5].

B ymoBax peasbHOTO BUPOOHUIITBA, a TAKOMK Hif (isuKo-xeMiuHMX
Iifi Ha CTONM YTBOPIOIOTLCSI METACTAOLILHI CTPYKTYpPU, AKi HEe ONHCY-
IOTBCA JiarpaMaM¥ PiBHOBA’sKHOTO cTaHy. ToMy 3acTOCyBaHHSA iX IJd
MIPOTHO3yBAaHHA IIPOIEeCiB YTBOPEHHA a00 po3unHeHHA (as IIig uac Hepi-
BHOBaKHOI KpHUcTaJIidallii € HEKOPEKTHUM, OCKIJIbKY 3 TOUKU 30pYy TeP-
MOAMHAMIiKM DPiBHOBaXXHOTO CTaHy AiarpamMu (pasoBUX piBHOBAr mpuUH-
IIUIIOBO HEe MOKYTDb OYTH BUKOPUCTAHUMU AJIA ONUCY KiHeTUKU hasoBUX
nepexonis [4]. 3a 1ux o6CcTaBMH aHaJ i3 MOMKJINBUN JUIe Ha TPUHITU-
max ysarajJbHeHHSA IOHATL KJIACUYHOI TepMOAMHAMIKK 3 BijoMuMu 3a-
KOHOMipHOCTAMU HEe3BOPOTHUX IIporiecis [6].

HoBi MokIMBOCTI OIS JOCHiMKEHHS IPOIECIB CTPYKTYPOYTBOPEHHS
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3abesIeuye BUCOKOTeMIIepaTypHuii rapt [7—9]. OxonomKxeHHa 3 pigxo-
ro a0o ABO(ABHOrO CTAHIB 3i MIBUAKOCTAMM, IO IEPEBUINYIOTH 10°—
10%C/c, mUpPOKO BUKOPUCTOBYIOTH [JIA BU3HAUEHHSA IIapaMeTpiB KJac-
TepHoi cTPYyKTypu poaroimiB [10], moOymoBu MeracTabiibHHX mgiarpam
crany [11], omep:kaHHA IPiOHOKPHUCTANIYHUX, HAHOCTPYKTYPHUX i
amopduUx MatepiaaiB [12—14]. Hepigko rapt 3paskiB 3aificHIOETLCA ¥
mporieci cupAMOBaHOI KpucTasisarii [15], 10 103B0JIsA€ 3a CTPYKTYPOIO
30HU IepPexony 3 PiAKOro CTaHy A0 TBEPAOTO OIMCATH MPOIlecH, IKi Bis-
OyBaroThCA Mmif uac Kpucrasaizarmii. EQeKTUBHUM I HOCaiMKeHH (da-
30BUX IIEPETBOPEHD € TapT BiJ TeMmIepaTyp, 110 3HaX0AATLCA B 00JIacTi,
obMesKeHi JikBigycoMm i comigycom [8, 16]. IlepcrieKTUBHUMY € TAKOMK
cmocobu rapTyBaHHS 3 BUCOKOTEMIIEPATYPHOTO CTaHy B Ipolleci Oesme-
PEPBHOTO OXOJIOMKEHHA, MIBUAKICTh IKOTO MOJKHA 3aJaBaTU Y HOCUTD
mupokomy pmiamasoni [17]. IIpoBemeHHA TaKUX OOCIimKeHL BHMATAaE
BeJIbMHU CKJIATHOTO eKCIIepuMeHTaJIbHOTO obaaguanua [17, 18]. IIpore
HOr0o BUKOPUCTAHHS BHIIPABAOBYETLCA IIHHICTIO OAep:KyBaHOI iH(oOp-
mairii [19, 20], 1110 103BOJAE 3 JOCUTH BUCOKOIO TOUHICTIO MOIEIIOBATHI
peayibHi IpoIlecH IIijJ uac KpucTaaisarii.

Y po0oTi AJiag BUBUEHHSA MiKPOCKOIIUHOI KiHeTUKHM CKIaAHNX (pa3oBUX
mepeTBOPeHb i MopdoJorii a3 Ha pPidHUX eTalmax KPHUCTaJIisalrii aJmomi-
HI€BUX CTOIIiB IIPOHNOHYETHCS METOJ IapTiBHO-MiIKPOCTPYKTYPHOIO aHa-
aisy [21, 22], axkuil HepiZKO HasMBAIOTh «CTOI-TapTyBaHHAM» [17]. ¥
TAKOMY METO/Ii BUCOKOIIIBUJKICHUHA rapT BUKOPUCTAHO AK iHCTPYMEHT
¢dikcamii ¢as, 110 yYTBOPIOIOTHCS 3a 3aaHOI TeMIIepaTypu piaxo-
TBEpPAOro cramy. B OCHOBI MeTomy — aHaJi3 (pa3oBMX MIEepexXxomiB Ha
MIPUHINOAX TEPMOAUHAMIKYN HEe3BOPOTHUX IIPOIIECiB, 10 6a3yl0ThCA Ha
VABJIEHHAX NP0 JOKAJbHY piBHoOBary. OCKiNIbKH UYac BCTAaHOBJIEHHS
TepMOJIMHAMIUHOI PiBHOBATH IIPOIOPIIMHNI 301/IBIIEHHIO0 PO3SMIiPY CHC-
TeMH, MOJKHa BBasKaTH, IO B MIiKPOCKOMmiUHMX 00’eMax piBHOBara
BCTAHOBJIIOETHCSA 3HAYHO IIBUJINE, Hi)K 3arajoM B yciii cucremi. He gum-
BJIAYUCH HA Te, [0 CUCTeMAa He 3BHAXOIUThCA Y PiBHOBA31, B il HeBeITUKUX
JIOKaJi3oBaHUX 00’eMaXxX piBHOBara MOKe BCTAHOBJIIOBATHCS 3a IIEBHUX
mapaMeTpiB: TeMIIepaTypu, TUCKY, XeMiUYHOTO IIOTEHI[iaJly aTOMiB KOM-
noueHTiB [4]. Tomy pospobiieHnil aBTOpaMu cTaTTi cmoci6b [21], 1o pea-
JisdyeThcAa 3 BUKOPUCTAHHAM HPUCTPOIO [22], 03BOJAE AOCTiIKYBATH
nporecu (popMyBaHHA (Pas IIiJ yac KpucTaaisallii aaoMiHieBUX CTOIIIB,
He3aJeKHO Bif cTymensa ixHboi MetactabinbuocTi. 3rigmo [23] y mpoieci
Kpucrasizamii nudysia y TBepaii (asi moBHicTIO mMpuUrHiuyeThCcsa 3a
IIBUIKOCTEH OXOJIOMKEHHA y Aialla3oHi BiJ rpagyciB 3a XBUJIHUHY A0 CO-
TeHb I'PAAYCiB 3a CEKYHIY, V PiIKili — 3a MIBUAKOCTEH OXOJOMAMKEHHA HE
mermmux 10°-10°°C/c, zanexno Bix ckaazy cromy [23—26]. OgHak y
BCiX BUIIaAKaxX I[i JaHiI € OI[iHOYHMUMHU, OJEPKAHUMU PO3PAXYHKOBUM
msxom [26].

Meroio pob60oTU € IpPOBeIeHHA eKCIepUMEeHTAJIbLHUX OOCTiIKeHb 3i
BCTAHOBJIEHHSA peaJbHUX HMIBUIKOCTEIH OXOJIOAMKEHHSA Y pasi BUKopHC-
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TAHHS PO3POOJIEHOT0 METOAY TapTiBHO-MiKPOCTPYKTYPHOTO AaHAJi3y
[21] 3 memoHCTpaIli€lo HOT0 MOMKJIMBOCTEH IJS HOCTIAMKEeHHS (asoBUX
ImepeTBOPEeHb y mportleci Kpucraaisaiii cromry AK7 (A356).

2. METOJUKA EKCIIEPUMEHTIB

MeTox rapTiBHO-MiKpOCTPYKTypHOTO anaxidy [21] monsrae y marpiBau-
Hi 3paska o TeMIlepaTyp BHUIIe TeMIIePaTypu TOIJIEHHA 3 HACTYIHOIO
KOHTPOJBHOBAHOIO MIBUAKICTIO OXOJIOKEHHSA 10 TeMIIepaTyp iHTepBaJIy
Kpucrasisarii, BUSBHAUYEHOro 3a JaHMMU TePMiUHOTO aHaJIi3y, i3oTepMmi-
YHill BUTPUMIIL V PiIKO-TBEPAOMY CTaHi 3a TeMmepaTypu (PasoBOro IIe-
PETBOPEHHA i BUCOKOIIIBUAKICHOTO rapTyBaHHA, i3 3aKJIIOUYHUM €TaloM
CTPYKTYPHOTO aHAJII3Y Oflep:KaHMX 3pas3KiB.

Excnepumenranbuuii mpuctpiit [22] (puc. 1) aBase co60i0 TOPU30H-
TAJbHY €JeKTPUUHY iU OIIOPY, IO CKJIAMAaETHCA 3 MUJIIHAPUIHOTO KOP-
nyca 1, TemaoiszonAniiinoro HamoBHIOBaua 2, Harpisaua 3, pooouoi Ka-
MepH Y BUTJISAI BOTHETPUBKOI IPOoXimuuii Tpyou 4, BCTAHOBJIEHOI CITiB-
BicHO 3 KopmycoM I, KPHUIIIOK 5 i cucTeMu BUMipIOBaHHA 1 yIpaBIiHHS
TeMIIepaTypoIo Iedi i 3paska 6, 7. IlopoKHMHA BOrHETPUBKOI Tpyou 4
pobouoi Kamepu 3’eqHAHA 3 HABKOJUIIHIM cepeqoBUINEM BEPTUKAID-
HUM OTBOPOM-IILIIO30M 9, SKUH IPOXOAUTHh YHU3 Uepe3 TeIJI0i30IAIiN-
HUI HaIOBHIOBAY, KOPIIYC IIedi i 3axpuBaeThesa KpuIinkKoio 10. Y Bepx-
Hilf YacTUHi BepPTUKAJIbHUU OTBip-IIi03 9 BXOAUTH Y TOPU3OHTAIbHUH
OTBip BOrHETPUBKOI TPyOU 4, 110 3HAXOAUTHCA B i30TepMiuHii 30Hi Ha-
rpiBanHda. IIig oTBOpoM-IILI0O30M 9 3 KPUIIIKOIO CIiBBiCHO posTalllioBa-
HUI MOAYJIb OXOJOMMKEHHA 12, MpusHaUYeHUN Ia 3a0e3leueHHsa rapTy
3i MIBUAKOCTAMM, IO JO3BOJIAIOTL IPUAYIIUTY AUPY3iiiHi mpolecu me-
PeposIoaily aTOMiB XeMiUHMX eJIEMEHTiB Y pasi oXoJIom:KeHHs, B imeasi
— nmocartu 6e3an@ysitinol KpucTaJaisarii.

IITBuaKOCTI OXOJOAKEHHA, K1 peais3yioTbcAa Y MOAYJIL OXOJIOMMKeH-
Ha [22] (auB. puc.l, mosuria 12), 3aTOBHEHOTO BOJOI0, BU3HAUAJIN Ha
3paskax Macoro 6aussko 0,2 r, ogep:xanuXx 3 aJIOMiHieBUX rpanyJ. He-
BeJIUKUM 06’eM 3pasKa Ta izoTepMiuHa BUTpUMKAa 3a0e3IIeuyBau PiB-
HOMIipHiCTh HIOTO HarpiBaHHSA i BifCyTHicTL r'paZieHTa TeMmepaTyp II0O
neperuny. Ilaa BU3HAUEHHA ITapaMeTPiB TBEPAHEHHSA BCEPEAUHY 3pasKa
HOMIIIaJIN cIIail TepMOIIapyu MapKU XPoMeJb—aJloMeJb, JiaMeTp APOTiB
— 0,1 mmM. IToTim 3pasoxk HarpiBaJu B IIedi g0 3aJaHOI TeMIlepaTypH,
BUMMAJIH i IIOMiIIaJIX B OXOJOMKYBaJbLHINA MOAYJIb, 3alICYIOUN TeMIIe-
paTypHY KPUBY OXOJIOMKEHHA 3 YacTOTOI0 12 BUMipIoBaHb 3a CEKYHIY.

1 omep:xaHHS 3pas3Ka 3 BOyJOBAHOIO TePMOIIapoio aIlOMiHieBy I'pa-
HYJY TOAiJAJIN HAABOE, PO3KJEIYBAJMN IO YTBOPEHHSA ILJIACTUH TOBIIU-
HOI0 Ipubansuo 1,5 MM i aruHanu BaABiui. PosMillleHHs ciaro TepMoma-
pUu BCcepenrHi 3paska 3MiliCHIOBAJIN HACTYIIHUM YMHOM: 3 KiHIIiB IpoTYy,
AKiI BUXOAATH i3 COJIOMKM TEpMOIIapu, IMIJIAXOM IX CKPyYyBaHHSA (hop-
MyBaJIX KiJlbIlle giameTpoM 5—6 MM, ITicJIg YOro CKPYTKY 3i criaem, mHOB-
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1

11

Puc. 1. Cxema npucTpoio AJA TJOCTiAsKeHHA (ha30BUX IIEPETBOPEHDb i MOPdOJIO-
rii a3 y mpomeci kpucramnisaiii [22]: 1 — KopIyc rOpU3OHTAJIBHOI eJIEKTPUY-
HOI 1meui omopy, 2 — TeIJI0i30JAIiNHNN HalloBHIOBaY, 3 — Harpisau, 4 — po-
0oua Kamepa eJIEKTPUUYHOI IeUi Omopy y BUIJISANI BOTHETPUBKOI TpyOom, 5 —
KPUIIKYU, 6 — BUMipHUK-PETyJIATODP TeMIIepaTypu, 7 — cemicrop, 8 — mociaiz-
HUH 3pasoK, 9 — BepTUKAJIbHUIN OTBip-111103, 10 — KPHUIIIKA OTBOPY IILIIO3Y,
11 — TepMomapa-IITOBXaJIbHUK 3pasKa, 12 — MOAYJIb OXOJIOAMKEHH.

Fig. 1. Scheme of a device for studying phase transformations and morpholo-
gy of phases in the process of solidification [22]: I —housing of a horizontal
electric resistance furnace, 2—heat-insulating filler, 3—heater, 4—working
chamber of the electric resistance furnace in the form of a refractory pipe, 5—
covers, 6—measuring instrument-temperature regulator, 7—triac, 88—
sample, 9—vertical hole-gateway, 10—gateway cover, I1—thermocouple-
pusher of the sample, 12—cooling module.

JKMHA SKOI CKJajajia MmiBpajiyca KiJabIld, BiATHMHAJIN, PO3MIITyHOUU
cmaii y meHTpi Kinbisg. Kingbile 3i cmaeM posminyBaau y 3irHyTiii aio-
MiHieBi#l mmacTuHi i onpecoByBasu (puc. 2), micJisg Y0r0 3pa3oK PO3TOM-
aoBanu. HoBoyTBopeHa Kpams yTpuUMyBajacsd Ha CIIal0 TepMoIapu
3aBIAKY CUJIaM IOBEPXHEBOTO HATATY i MiITHOCTi OKCHIHOI ILTiBKU.

ITix vac BigmparoBanHA METOOUKY BUSBUJIM, IO AJIA BUNAAKY BUIITE
OMNMCAHOTO0 cIoCcOo0y yTpUMaHHsA KPAILIi po3Tomy Ha Tepmonapi (cmoci6 I)
y pAgi BUOAIKiB y pasi mepeHeceHHs Kpalljii y Boay Bimbysasocs ii Bif-
IineHHa Big Tepmonapu. na migBunienHa HagiliHOCTI KpinaeHHA 3pa-
3Ka 3 TepMOIIapol0 ioro o0B’A3yBaju AeKiJbKOMa BUTKAMU TOHKOTO
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Puc. 2. Crioci6 KpinieHHs TOCTiIKyBaHOTO 3pasKa.

Fig. 2. Method of fixing the test sample.

apory (cmocio II). VrTBopioBaBcs CBOEPIOHUIT «KOIIMHK» i3 3pasKoM,
OPUKPiIJIeHNH 10 TePMOIAPHOI COTOMKH.

Y xomi excnepuMeHTIiB 34iMiCHIOBAJIN Bifeosamnuc 3 pikcyBaHHAM yacy
BUJIYUEHHS 3pas3Ka 3 Ieui i 3anypeHHd iioro y Boay. Omep:kany iHgop-
Mallifo 3icTaBiaANM 3 JAHUMU IIPO UYac 3aHYPEeHHA 3pasKa y BOJY, BU3HA-
YEeHUH 110 IIOJIOXKEHHIO BHUCOKOTEMIIEPATYPHOI TOYKHU IIEperuHy Ha 3a-
JIEKHOCTAX TeMueparypa—uac. Ilyisg cuHxpoHisaii Bimeopany is samu-
COM TeMIIepaTypHOI KPUBOI OXOJIOMKEHHSA BUKOPUCTOBYBAJIU HPUNAOM
«3aKOPOYEHHS TepMOIIapu» , BHACIIZOK YOTO BifOyBaIOCA MepepuBaHHs
TeMIOepPaTypHOI KPUBOI OXOJIOAMKEHHS 3 OJHOUYACHUM BUKJIOUEHHIM
cBiTyomioma. OctaHHe hikcyBaB Bigeosamnuc.

3pas3ok BUTpUMYBaJu B medi 3a Temmneparypu 730—-740°C. 3a mokas-
HUKaMH BiZeosalncy TPUBAJICTL HOT0 MepeMillleHHs 3 Iedi A0 3aHy-
peHHSA y BoAy cTaHoBUJIa 01113bK0 0,5 c. IIpoTdarom nmporo uacy remmnepa-
Typa 3paska sumkyBasaca go (20—-700°C, To0TO 10 3aHypeHHS Y BOAY
BiH 3ajwuiaBcd y pizkomy craui. TemmepaTtypy i uac 3amypeHHS 3pasKa
Yy BOJY BU3HAUAJM I10 KPUBUM OXOJIOAMKEHHS, 38 IKUMU PO3PaXOByBaJIT
MIBUAKOCTI oxojomkeHHA. OCKiJIbKM MeTa MeTOAWKU TapTiBHO-
MiKPOCTPYKTYPHOI'O aHaIidy — (piKcalia CTPYKTYypHU B iHTepBaJIi TeM-
mepaTyp TBEPAHEHHS, IMBUAKICTH OXOJOMKEHHS TAKOK BU3HAUAJIU B
ob6JiacTi mBOo(has3HOTO CTaHY.

ExcnepuMenTanbHy mepeBipKy eGeKTHMBHOCTI MeToAy TrapTiBHO-
MiKPOCTPYKTYPHOTO aHAJII3Y AJIA HOCHiI:KeHHs eTalliB Ta 0COOJIUBOCTEHN
(¢asoBUX IMepeTBOPEHD IIiJ yac Kpucraigisalii smificHieno Ha ctomi AKT
(A356) 3 BuKopuCTAaHHAM BUIIE OIMCAHOI YCTAHOBKM, HaBemeHOI Ha
puc. 1. 3pas3ok, Mmaca skoro He mepeBuintyBaJja 0,2 r, HarpiBaJau 10 TeM-
nepatypu 700°C i oxosmomxyBanm 3i mBuakictio 0,3°C/c mo 3agaHoi Te-
MIepaTypu B iHTepBaJi Kpucraniisallii, BusHauenomy 3a gauumu [[TA.
3a BubOpaHoOi TeMIepaTypu 3pa3oK BUTPUMYBAJIHU IIPOTSATOM D XBUJIWH i
yepe3 BePTUKAJIbHUU OTBip-IILJII03 CKUAAJIN TEPMOIIAPOIO-IIITOBXadyeM 3
HarpiBaJIbHOI KaMepH B TapTiBHY IIaXTy MOAYJIS OXOJIOMKEHHS, 3aIl0B-
HeHY Bojoio. Ile 3abesmeuyBaio dikcariro das, AKi yrBopuIncsa 3a 3a-
IaHOol TeMIepaTypu B 00JacTi piAKo-TBepAoro crany. Bogmouac 3aIuiii-
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KU PiIVHU IIicJaa TBepAHEeHHSA MaJIX BUTJIAL IPiOHOKPHUCTATIYHOL CTPYK-
TYPHOI CKJIamoBoi. ¥ pasi XxeMiuHOTo IaBJIE€HHA BOHA 3a0apBIIOETHCA Y
TeMHU KOJIiP i JIETKO Bipi3HAETHCA BiJ 3pOCTAlOUMX B JaHUUA MOMEHT
¢az. Ha pororpagdiax MiKpOCTPYKTYP IIA IICEBAOPiAMHA MO3HAUEHA CH-
MBoJIOM P.

Meranorpagiuni gocaimkeHHsS  3pasKiB, oJep:KaHMX  «CTOI-
rapTyBaHHSAM», IIPOBeJEeHO Ha onTHUYHOMY Mikpockomi «NEOPHOT-
21». 151 BUSBJIEHHA MiKPOCTPYKTYpPH HOoBepxXHIo murida masmau 0,5%
BOOAHUM Po3unHOM ILTaBuKoBOI KuciaoTu (HF) mporsarom 5-20 c. ®oro-
rpadysanua 3pificHioBaau mudpoBomo kamepor «Canon EOS 350D».
Xemiunuii cKJIaz (pas BU3HAYAIN METOIOM JIOKAJILHOIO PEHTI€HOCIEeKT-
paIbLHOTO aHaJi3y Ha HeIlllaBJIeHUX 3pasKax Ha MiKposouai MS-46 ¢ip-
mu Cameca 3a npuckopioBanbuoi Hanpyru 20 kB, a Takok 3a gomomo-
roo eHepro-guciepciiimoro cmoextporpada (EDS-ananiz) dipmu
«OXFORD Instrument» (mporpamue 3abesmeuenusa Inca-350). fAxicui
OOCTimKeHHA 3MiMCHIOBAJIM METOJOM JIIHIMHOTO CKaHYBaHHS Y3I0BIK
JessKOoro o0OpaHOoro JiHifiHOTO MapIIPYTY i3 3aIMCOM PO3MOIiIY eJeMeH-
TiB Y BUIJIANI KPUBUX IHTEHCUBHOCTI PEHTI'€HiBChKOTO BUIIPOMiHIOBaH-
Hsa. [TapameTpu mpoiiecy KpucTaigisarii BusHava Iy CTAaHZAPTHUM METO-
mom IITA ma mepuBatorpadi Q 1500-D. Tepmorpamu dikcysaam 3 Ji-
HilfHOIO IIBUAKicTIO oxoaomkenHsa 5°C/xB y giamasoui 30—750°C.

3. PE3YJIBTATH TA IX OBTOBOPEHHS

Ha pucyukry 3 HaBeZleHO KPUBi 0XOJIO)KEHHA aJIIOMiHi€eBUX 3pas3KiB pi-
3HUX cepill ekcmepuMeHTiB. IXHi BigMiHHOCTi, HacaMmIepe, MOJIATal0Th
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Puc. 3. TemmepaTypHi KpuBi oxosofKeHHA 3pas3kiBs: 1, 2, 3 — cmocib xpimiaeH-
Hsa 3paska l; 4, 5 — crocib kpinaenns spaska II.

Fig. 3. Time-temperature cooling curves of samples: 1, 2, 3—method of fixing
sample I; 4, 5—way of fixing the sample II.
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Yy IOJIO}KEHHI TOUOK MepernHy Ha 3ajJeKHOCTSIX TeMIepaTypa—dac, Io
OB’ A3aHi 3 YaCcOM IIOUYATKY OXOJIOMKEHHSA YV MOAYJi, 3allOBHEHOMY BO-
nmoio (muB. puc. 1). He BukIioueHo, 1110 uepe3 KOPOTKOTPUBAJIICTD IIPO-
Iecy OXOJIOMKEHHA i 0OMeKeHiCTh TeXHIiUHUX MOKJIMBOCTEN PeecTpy-
BaJILHOI allapaTypu, 4acToTa, 3 AKOI0 3MiliCHIOBAJIN 3aMipu TeMIIeparTy-
pH, € HeJOCTATHBLOIO.

30KpeMa, TeMIIepaTypa, 110 BiiTloBiae ToOUKaM IIeperuHy Ha KPUBUX
OXOJIOM:KeHHA (AuB. puc. 3), MOXKe BiApisHATHCA BiJ TeMIepaTypu Ha-
cTynHoro BuMipy meck Ha 100 (kpuBa 3) i 6inbire, Hixk Ha 200 (kpuBa 4)
rpagyciB. [[o Toro K Take MaIiHHA TeMIIepaTypu BiAOyBaeThCs 3a JOJIi
CeKyHAM. SIKIMO TPOBECTM eKCTPAIOJIAII0 MiMTAHOK KPUBOI 0XOJIO-
MKeHHA 3 PIBHUM KYTOM HaXWJIy, AKi OMMCYIOTH 3MiHy TeMIlepaTypu
3pasKa 3 4acoM [0 i micJis 3aHYpPeHHs Horo y BoAy, AK Ile ITOKa3aHo Ha
dparmenTi KpuBoi 3, HaBeIeHOMY Ha puc. 4, MOKHa IPUIYCTUTH, IO
iMoBipHa TouKka neperuny b KpuBoi 3 merrio amilera BIIpaBo 1o Bici ua-
Cy BiTHOCHO TOUKM Ieperuuy A eKCIepMMeHTAJIbHOI KPUBOi. ¥ TaKOMY
pasi po3paxXyHOK IIBUAKOCTI OXOJIOKEHHS, B AKOMY 34 TOUKY IIOUATKY
OXOJIOM:KeHHA 3pa3Ka y pasi saHypeHHsd Horo y BoAy Bubpama Touka A,
IacThb AeI0 3aHuKeHi pe3yIbTaTu.

Bineositiomka He mo3BoJiMIa TOUHIIIE, HijK IO TeMIepaTypPHi# KpUBik
OXOJIOMKeHHA, BUSHAUYUTH MOMEHT 3aHYPEHHA 3pasKa ¥ BOAY, OCKIIbKYU
yacToTa Kaapis ctaHoBuaa 13—15 KaapiB y CeKYHAY, 110 CIIIBPO3MipHO 3
YacTOTOI0 BUMipy Temnepatypu — 12 BuMipioBaHb y cekyHAy. Pasom 3
TUM, aHaJi3 BileopAny, Olep:KaHOTO B eKCIIePUMEHTax, MOKas3ye, IIo
yac 3aHypeHHdA 3pasKa y BOAy, BU3HAUeHUU 3a BimeosamucoM (Tg), 3Mi-
IeHU# BIPaBO Mai:Ke Ha OOWH iHTepBaJI BUMipIOBaHHS TeMIepaTypH,
TOOTO 3HAXOOUTLCA Y AiamasoHi yacy 1,— (1, + 0,83 ¢). Ile mosBossae pos-
paxyBaTH MiHIMAJbLHO Ta MaKCHUMAJLHO MOXKJINWBI IIBUIKOCTL 0XOJIO-
mxenud. TeMIepaTypy i uac 3aBepIlleHHA IPOIlECY OXOJOIKeHH 3pas-
Ka y MOAYJIi BUSHAYAJY 10 IIOJOKEHHIO TOUKHY IIePernHy B HIUKHIN yac-

Temneparypa, °C

1
0,0833 0,1666 0,2499

Yac, ¢

Puc. 4. ®parmMeHT TeMIIEPATYPHOI KPUBOI OXOJIOMKEHHA 3pas3Ka.

Fig. 4. Fragment of the time-temperature cooling curve of the sample.



200 A.T.ITPUTYHOBA, B. 1. BEJIIR, JI. K. HIEHEBIJIBKO Ta in.

THUHIi 3aJIe;KHOCTI TeMIiepaTypa—uac (IuB. puc. 3).

Bepyunu mo yBaru BuIlle HaBeAeHe, PO3PaXOBaHO IIBUIKOCTiI 0XOJIO-
IJKeHHS OJIS Pi3HUX cepill eKcrepuMeHTiB. ¥ pasi KpillJeHHsA 3pasKa y
BUTJIANL «KoIuKa» (crmoci6 IT) mBuaAKOCTI 0X0I0MKeHHS 3HAXOAATLCA B
me:xkax 839-1188°C/c, 6e3 momaTkoBoi 00B’a3ku (cmoci6 I) — 1842-
3669°C/c. IMOBipHO, OCHOBHOIO IPHYMHOIO iCTOTHOI Pi3HUIIL ofepiKa-
HUX pe3yJbTaTiB € BILINB IIapOBOi COPOUKHU, AKA HOTipIIye TEIJI000MiH
Mi’K 3pa3KOM Ta OXOJIOMKYBaJbHUM CEPEIOBUIIEM BHACIIIOK YTPUMY-
BaHHA OYXWPIIiB IIapu Ha IIOBEepPXHi 3paska, IO 00B’sI3aHUil APOTOM.
OCKiNbKY y peaJbHUX yMOBAX METONIYy TapTiBHO-MiKPOCTPYKTYPHOTO
anamuisy [21] BigcyTHi Oyab-AKi ¢arkTopu, IO IIEPeITKOAMKAI0Th BUIA-
JIeHHI0 OyJILOAIIOK ITapy 3 MMOBEPXHi 3pa3Kka, MOKHA CTBEPIKYBaTH, IO
HIBUIKICTh OXOJIOMKEHHS 3pasKa 3 00J1acTi pifiKo-TBEPAOTro CTaHy CTa-
HOBUTH (1,8-3,7)-10°°C/c.

HocaimxeHHa (Gas3oBUX IIEPETBOPEHD MiJl yac KpucTasisallii 3 BUKO-
PHCTaHHAM METOIYy TrapTiBHO-MiKPOCTPYKTYPHOI'O aHaJNidy AJA BU3HA-
YeHUX IIMIBUIKOCTel oXoJom:KeHHs 3milicHeno Ha cromi AKT7 (A356)
ckiaany, % mac.: Si — 6,6; Cu — 1,1; Mg — 0,4; Mn — 0,2; Fe — 0,9;
Ni — 0,35; Zn — 0,4; Al — pemrra. Mloro MiKpocTpyKTypy AJIs IIBUJ-
KocTi oxonomkennsa 2°C/c HaBeJleHO Ha puc. 5.

3rigmo 3 [27] dasoBuit ckaan crony AKT y autoMmy cTaHi cKaamae:
Al,, Si, B-FeSiAl; (maui B), a-(Fe, Mn);Si,Al,; (maui o), 0-CuAl, (zaui 0),
Mg,Si, n-FeMg;SicAlg (mami n), W—Cu,MgsSizAl,;; (maxi W). Ha Bigminy
Big cromy AK7 Bix xapaKTepusyeThCsA BUCOKUM BMiCTOM 3aJIi30BMiCHUX
iHTepMeTaJimiB i HaaBHiCTIO (pas3 3 Miagi0, IKa, IK i 3a/1i30, MOTpAILIsIE
o CKJaAy cTomy 3 OpyxToM Ta Bigxomamu. II1o cTocyeThcss MexaHi3My
KpucTaJisarrii 3aisoBmMicHuX (a3, AKi B JOCTATHINA KiJIbKOCTI IPUCYTHI
y cromi AK7, To mOrasaau cyTTEBO BiipisHAIOTLCA 1 JOCUTEL CyIIepeuInBi
[27-29]. 3a zarumu [ITA i rapTiBHO-MiKpPOCTPYKTYPHOTO aHAJIi3y BCTAa-
HOBJIEHO, IO KpHUCcTaisaIia gocaig:xeroro crony AK7 mounuaeTbed 3a

Puc. 5. Buxigma ctpykrypa crorry AK7.
Fig. 5. The as-cast structure of the alloy AK7.
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Puc. 6. Ilepmuii (a) i npyruii (6, 8) eranu popmyBaHHA CTPYKTypu crorry AK7
nig yac reepauennsa: P — Al, (a), P — a+ Al (6, 8).

Fig. 6. The first (a) and second (6, 8) stages of formation of the structure of
the alloy AK7 at solidification: P —» Al, (a), P —> a + Al, (6, 8).

remuepatypu 593°C 3 popMyBaHHSA JeHAPUTIB TBEPAOTO POSUUHY aJIO-
miniro: P — Al (puc. 6, a). ¥V pasi oxoJsomskeHHs 10 TemiepaTypu 586°C
B OKpeMMX 00’eMax PiIMHMN yTBOPIOETHCS iHTEpMETAaJIi] O 3a pPeaKIlicio:
P > o+ Al, (puc. 6, 6, 8). Moro uactka ue nmepesuinye 0,5% . Ha Hacry-
OHOMY, TPEThOMY eTalli Kpucraiisairii 3a remmeparypu 578°C 3 poaToImry
pasoM 3 aJoMiHieEM MacoBO BUAIIAETLCA iHTepMeTaIin, AKUN y mepepisi
Mae Buj roaku (puc. 7).

SAKicHMM peHTIreHOCIeKTpaJlbHUM aHajdisom (puc. 7, 8, puc. 8, 9)
YCTaHOBJIEHO, 1[0 OCHOBHUMU X€MiUHUMHU €JIeMEeHTaMH, II[0 BXOJATh 10
CKJIAAy IrOJIKOIOoni0HOI (pasu, € Al, Si, Fe. 3a pesyabraraMmu KiibKicHOrO
MiKpopeHTT'eHOcHeKTpasbHoro EDS-anamizy, mnpeacraBieHUMU Ha
puc. 10, 6 (cuexTp 1) y MacoBUX BiICOTKaX, BMiCT KPEMHiIO B 3aJI1i30BMi-
cuiit pasi — 21,98%, samiza — 16,33% B Hiit posunneno 1,83% wmap-
TaHIIO, IO KOPEJIIOE 3 JaHMMU XeMiuHOIo CKJaxy iHTepMmeraminy [y
croui AK7, naBegenumu B pobori [29]. YTBOpeHHA (hasu B 311 icHIOETH-
¢S 3a eBTEeKTUYHUM IlepeTBopeHHAM: P — [+ Al, (quB. puc. 7). Piquna,
110 3HAXOAUTHCA y KOHTAKTi 3 B-hazoro, 36aravena miamro i KpeMHiem

Puc. 7. [IBodasue meperBopeHHsa P — B+ Al,: onTuuna mikpockomis (a, 6),
eJIeKTPOHHE 300pasKeHHA MiKPOCTPYKTYPH 3 JiHIHHUM MapIIpyTOM CKaHyBaH-
Ha das (8).

Fig. 7. Two-phase transformation P — 3 + Al,: optical microscopy (a, 6), elec-
tronic image of the microstructure with a linear route scanning phases (8).
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Puc. 8. Posmoain iHTeHCUBHOCTI XapaKTepPUCTUYHOTO BUIIPOMiHIOBAHHSA XeMi-
YHUX eJIeMeHTiB (quB. puc. 7, 8) Ha TpeTboMy eTari ¢jopmyBauHsa cTory AK7T —
P - B + Al(x: AIKOLI (a)’ SiK(xl (6)’ CUKOLI (6)9 FeK(xl (Z), ZnKal (0), MgK(xl (e)°

Fig. 8. Distribution of the intensity of the characteristic radiation of chemical
elements (see Fig. 7, 8) at the third stage of formation of the AK7 alloy—
P —> B +Al,: AlK,, (a), SiK,; (6), CuK,; (8), FeK,; (2), ZnK, (0), MgK, (e).

(mnusB. puc. 10, 6, criexTp 4).

ETH " OnektponHoe uzoGpaxenue 1

a

Puc. 9. EnexTponue 300pakeHHA MiKPOCTPYKTYpH (a) i posmoais inTeHCUBHOC-
Ti XeMigyHUX eseMeHTIiB (0) y TBepAoMYy po3umHi amtominito (1), «piguri» (2),
3ajizoBMicHUX dazax (3).

Fig. 9. Electronic image (a) and X-ray microanalysis of linear distribution of
chemical elements (6) in a solid solution of aluminium (I), in ‘liquid’ (2) and in
iron-containing phases (3).
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Y BumagKy IIOZAJBIIOr0 OXOJOMMKEHHS PpO3TOIYy 3i IIBHUIKICTIO
0,3°C/c y mocutsh By3bKOMY iHTepBaji Temmepatyp 567-560°C cmocre-
piraetbca dopmyBanHa o-¢asu, popma pocty akoi (pmuc. 11, a, 0,
puc. 12, a, 6) cyTTEBO BiApisHAETHCA Bif po3ranay:xeHoi pasu o, 110 BXO-
IUTDL IO CKJAIy eBTeKTuKHu o + Al, (zuB. puc. 6, 6, 8), AKa yTBOpUJIACS
Ha Ipyromy eTalli KpucraJjisalrii.

Haii6insmr Biporigmo, 1o Ha yeTBepTOMY eTami KpucTaiaisarii cromy
AKY7 Buacsinok B3aemoii ¢hasu 3 3 po3TOIIOM, IIPO IO CBiJUUTH PO3MU-
BaHHA YiTKUX rpaHUIb B-dasu (aus. puc. 9, a, puc. 10, a) 6e3 aminm ii
xemiumoro ckigany (gus. puc. 10, 0, ciekTpu 2, 3), YTBOPIOETHCA iHTEP-

20mKkm BnekTponHoe Uzobpaxenue 1

a

CroexTp | Mg ‘ Al | Si | Mn ‘ Fe ‘ Cu |Hi,ZICYMOI€‘ daza

Coexrp 1 59,85 21,98 1,83 16,33 100,00 B
Cmexrp 2 60,04 21,78 2,01 16,16 100,00 B
Cnexrp 3 58,13 20,84 3,05 17,98 100,00 B
Cmexktp4 0,61 77,87 18,09 3,43 100,00 «pigmHa»

Make. 0,61 77,87 21,98 3,05 17,98 3,43
Mis. 0,61 58,13 18,09 1,83 16,16 3,43

0

Puc. 10. PesyabTaTé KiJIbKiCHOTO MiKPOPEHTI'€HOCIIEKTPAIBHOT0 aHaaidy das,
sadikcoBanux y cromni AK7 Ha cragiax esrekruunoro (P — 3 + Al,) Ta nepure-
Kruunoro (P + B + Al, — o) mepeTBOpeHb: eJEeKTPOHHE 300parKeHHA Mucpoc'rpy-
KTypu (a), xemiunuii ckaan ¢as (6). Yei Pe3yIbTaTH y MacOBHUX BimcoTkax, —
dasa B, mo yTBOpuUIacsa 3a peakiieio P — B+ Al,,  — dasa B B mporeci nmepu-
TeKTUYHOTO nepeTBopenHs P +  + Al, — a..

Fig. 10. Results of quantitative electron-dispersive X-ray microanalysis of
the phases recorded in the AKT7 alloy at the stages of eutectic (P — p + Al,) and
peritectic (P +f + Al, — a) transformations: electronic image of the micro-
structure (a), chemical composition of the phases (6). All results in mass per-
centage, “—phase B formed by the reaction P — B + Al,, “—phase B in the pro-
cess of peritectic transformation P+ + Al, - a.
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meTaiin o (guB. puc. 11, 6, cuexTp 2), hopMa KPpUCTATIB IKOTO IIEBHOIO
Miporo Hacaigye miaacturuacTty dopmy dasu B (puc. 11, a, puc. 12, a).
Ho Toro & Al,, mo yrBopuBca Ha cTamil (popMyBaHHS E€BTEKTUKU
P— B+ Al, i korrakTyBaB 3 -hasor, 3HUKAE — MEPEeXOAUTH ¥ PiIKy
¢azy. Taki saminu y mporeci kpucraJaisaiii, HafiBiporigHimie, cBiguaTh
Opo TEPUTEeKTUUYHUN XapaKTep YTBOPEeHHs o-(asm 3a peakIli€io:
P+B+Al,—>a.

Y dasi o, KpiM Maprafifio, MOMKJINBE PO3UNHEeHHA Migi (nuB. puc. 11,
8, cueKTp 2), 1110, IMOBipHO, 00YMOBJIEHO mepexoaoM ii 3 pigmum, 1110
3HaxXoWJIacAd B KOHTAKTi 3 [-haszor, AKa POSUMHAETHCA y IpoIleci me-
puTekTHUHOI peakIii (qus. puc. 10, 0, ciekTp 4). IIpo nepuTekTUUHI
XapaKkTep YTBOPeHHs o-(ha3y TaKOXK CBiAUWTh 3MiHA iHTEHCHUBHOCTI ii
3abapBJIeHHS, 1110 IOB’A3aHO 3 HEOJHOPIAHICTIO XeMiuHOr0O CKJIaay BHA-
CJiTOK PiBHOTO CTYIEeHs 3aBEPIIEHOCTI IEPUTEKTUYHOTO IIePETBOPEHHA.

ITpomoB:xeHHA 0XOJOAMKEHHA PO3TOIY A0 TeMOepaTypu HuxKue 560°C
MIPUBOIUTD IO BUAiJIEHHA 3 PO3TONY KPUCTAJiB KpeMuiio (puc. 13).

Ha m’aromy erani Kpucrasizailii crony AK7 11e 3ailiCHIOETECA Y TIPO-

3nexTponHoe nzoBpakenme 1

CmexTp ‘ Mg ‘ Al | Si ‘ Mn ‘ Fe | Cu ‘HiI[CYMOR| daza

CrexTp 1 60,34 22,02 2,42 15,22 100,00 B
CmexTp 2 55,83 17,68 2,82 21,85 1,82 100,00 a
CmexTp 3 98,38 1,62 100,00 Al,
CmexTp 4 98,49 1,51 100,00 Al,
CoexTp 5 0,40 90,10 7,53 1,96 100,00 «pimuHa»
CmexTp6 0,87 70,02 23,09 6,02 100,00 «piguHa»

Makc. 0,87 98,49 23,09 2,82 21,85 6,02
Mis. 0,40 55,83 1,51 2,42 15,22 1,82

Puc. 11. PesyabTaTi MiKpOPEHTI'€HOCIIEKTPAJIBHOTO aHATIi3Y (8) CTPYKTYPHUX
CKJIaloBUX (@, 0) JJI IePUTEeKTUYHOTO nepeTBopeHHs P +  + Al, — a.

Fig. 11. The results of electron-dispersive X-ray microanalysis (8) of the struc-
tural components (a, 6) in the peritectic transformation of P +  + Al, — a.
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3neKTpoHHoe M30BpaKeHie 1

a
Crmextp | Mg | Al | Si | Mn | Fe | Ni | Cu H;ﬁ‘;y' daza
Cmextp1l 0,64 70,57 26,40 2,39 100,00 «pigmHa»
CmexTp 2 89,75 7,83 2,42 100,00 «pigmHa»
Cmerrp 3 71,10 13,97 1,80 11,51 1,62 100,00 B
CuexTp 4 57,76 17,84 3,18 20,14 1,09 100,00 o
CrexTp 5 98,566 1,44 100,00 Al,

Make. 0,64 98,56 26,40 3,18 20,14 1,09 2,42
Mirs. 0,64 57,76 1,44 1,80 11,51 1,09 1,62

8

Puc. 12. PesynbraTé MiKpPOPEHTI'€HOCIIEKTPAILHOTO aHaIi3y (8) CTPYKTYPHUX
CKJIaIoBUX (@, 0) IJI IePUTEeKTUYHOTO nepeTBopeHHs P +  + Al, — a.

Fig. 12. The results of electron-dispersive X-ray microanalysis (8) of the
structural components (a, 6) in the peritectic transformation of
P+B+Al,—>a.

mmeci eBTEKTUYHOTO mepeTBopeHHA: P — [+ Si+ Al,, Ake peanisyerncs
SIK 3a MeXaHi3MOM KOOIlepaTHBHOTO pocty da3s 3, Si, Al, (zuB. puc. 13,
a), Tak i yTBOpeHHAM HOABiHUX eBTeKTUK: P > Si+ Al, i P— B+ Al,,
110 3POCTAIOTh OJHOYACHO B OTHOMY i TOMY K TeMIIepaTypHOMY iHTep-
BaJIi 3 pi3HUX IIEeHTPiB KpucTajaisaiii.

Ha mrocromy erami BimOyBaeThcs uoTupudasHe IIepPEeTBOPEHHS:
P->pB+a+Si+Al, (muB. puc. 13, 6, 8), 10 3AIHCHIOETHCA ILIAXOM
YTBOPEHHSA €BTeKTUYHUX KOJIOHi#l cmijbHOro 3pocranHa das B, o, Si,
Al, (zuB. puc. 13, 6) a60 3a TUIOM IMOABIMHUX 1 MOTPIAHUX €BTEKTUK:
P—>a+Al, P— B+Si+Al, (qus. puc. 13, ). Busnauuru remnepatypu
3aBepPIeHHs I’ ITOr'0 IIePEeTBOPEHHS i IT0YaTKY IITOCTOT0 eKCIIepUMeHTa-
JIbHO He BaaJyiocs. IIpoTe 3 yIeBHEHICTIO MOKHA CTBEePAKYBaTH, 110 YO-
TupudasHe eBTeKTUYHe IepeTBopeHHA P — [+ o +Si+ Al, saBepiry-
IoTheA 3a TemmnepaTtypu He Hu:Kue 540°C. Ha octaHHiX eTamax Kpucra-
Jgisariii 38 posrony BuminAmThea dasu Mg,Si, m, W, 0, 1m0 BXogaTs mo
CKJIany OPiOHOKpHCTATIUHMX eBTeKTHUYHUX KOJoHiii. Uepes HepiBHO-
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30 MM

Puc. 13. ®a30Bi nmepeTBopeHHA Ha I’ ATOMY (a) Ta 1mocTomy (0, 8) eTamax Kpuc-
raiisaiii crony AK7: P > f+Si+ Al, (a), P> B +a+Si+Al, (6, 8).

Fig. 13. Phase transformations at the fifth (a) and sixth (6, 8) stages of solidi-
fication of AK7alloy: P > pB+Si+ Al, (a), P> pB+a+Si+Al, (0, 8).

Ba'KHUU CTaH PiAMHM Ha 3aKJIOYHMUX CTAAiAX Kpucrajisaiii ¢pasoBuit
CKJIaJ eBTEKTHK MOJKe 3MiHIOBAaTHUCS.

Cepen HU3BKOTEMIIEPATYPHUX IIepeTBOPEHb €: P — Mg,Si+ n+ Si + Al,,
P—>W+0+8Si+Al,, aki maiiuacriiiie peais3yoTbCs ILIAXOM YTBOPEHHS
OOABIMHUX i MOTPiHHUX €BTeKTHUK.

ITpoBemeni gochimsKeHHA METOZOM TapPTiBHO-MiKPOCTPYKTYPHOTO
aHaJIi3y 3 eKCIepHMMEHTAJbHO BU3HAUEHUMHU IIBUIAKOCTIMHU OXOJIO-
mxennsa (1,8-3,7)-10°°C/c mokasanu, mo MiKpoKapTuHA (a3oBUX IIe-
PEeTBOpPEHb, IKA CIOCTepiraeThes mim uac Kpucrasisamii crony AK7, Bu-
TOTOBJIEHOTO 3 OPYXTY Ta BiAXOMIiB, € IOCUTH CKJIaAHOI0. OCHOBHOIO 3aJIi-
30BMicHOIO (hasoro € B-iHTepMmerasis miracTmHYaAcTOl (DOPMU, IO BXO-
IUTH IO CKJIagy eBTeKTuK. Pasza o MOKe YTBOPIOBATHUCS AK IO €BTEKTHU-
YHIi# peakIlii posmagy piAuHu y BUTJIALIL PO3TalyKeHUX KPUCTATiB, TaK
i mo mepurexkTHuHiil peaxii Bzaemoxii P-hasu i TBepmOro POIUMHY
aJIIOMiHiI0 3 podTonmoM. B ocTamHbOMY BUNIIAAKY BOHA HACJIIAY€E ILJIACTHU-
HOIOZi0HY MopdoJiorito iHTepMeTaniny f3.

4. BUCHOBRKH

3anpoIIoOHOBAHUM METO]I TaPTiBHO-MiKPOCTPYKTYPHOTO aHaJi3y («CTOM-
rapryBaHHs») [21] m0o3BoJIsie JOoCaimKyBaTH XapakTep (as3oBUX IIEpeT-
BOpeHb, MopdoJoriio pad Ha eTanax KpucTaJisalrii aaToMiHieBUX CTOIIIB
i BimoOpaskae MOCIiZOBHICTH MpoOIlecy TBePAHEHHS He3aJe:XKHO BiJ cTy-
IeHsd BiAXWJeHHA CUCTeMHU BiJl piBHOBaru.

EdexTusHicTs MeTomy, IO HiATBEepAKEeHA IOCTiIAKEHHAMUN CTOIY
AK'7, 3abesmeuyeThbCcs peasisallieio JOCUTHL BUCOKUX IIIBUIKOCTEH 0XO-
JOMKEeHHS, AKi 3a eKCIIepUMeHTAJIbHO BCTAHOBJIEHUMH ¥ POOOTi faHUMHI
3HaxoAAThCA B iHTepBani (1,8—-3,7)-10%°°C/c. Ile £03BOMMIO0 BU3HAUUTHI
pamiIre HeBimoMi ocobamBoCTi (hopMyBaHHsA 3aIid0BMicHUX (pas y cTomi
AKT7.
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Comparative Study of Microstructure and Characteristics
of Ti6A14V /TiB Composites Manufactured
with Various Powder Metallurgy Approaches
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In this work, Ti6Al4V-based composites reinforced with TiB phase are com-
paratively synthesized by three powder metallurgy approaches: press-and-
sintering of powder blends; hydrogen assisted 2-stage sintering and sintering
of powders preliminary activated by milling procedure. The simplest cold
compaction and vacuum sintering of TiH,-based powder blends with Al-V
master alloy (MA) and TiB, powder additives is used as reference approach. It
results in the formation of porous Ti6Al14V matrix with inhomogeneous dis-
tribution of partially reacted boride phases. Such microstructure is not ap-
propriate to ensure sufficient mechanical characteristics of produced compo-
sites. To achieve desirable highly dense composite microstructures with even-
ly distributed needle-shape TiB reinforcements, two other manufacturing
approaches are comparatively tested. Hydrogen assisted 2 stage sintering is
based on hydrogenation of not uniform porous composite product obtained
after first press-and-sintering cycle, its milling to produce hydrogenated
composite powders which are subjected to second compaction and sintering
cycle. The alternative approach includes activation milling of HDH-Ti pow-
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der with TiB, additives, following blending with TiH, and MA powders, com-
paction and sintering operations. Both methods ensure activated sintering of
powders, improves density, microstructure uniformity and mechanical char-
acteristics of produced composites compared to reference manufacturing ap-
proach. Among all studied manufacturing approaches, Ti6Al4V/TiB compo-
site produced with activating milling of powders exhibits the best mechanical
performances owing to combination of reduced porosity, microstructure uni-
formity and acceptable impurity content.

Key words: titanium matrix composites, powder metallurgy, press-and-
sinter, titanium boride, hydrogenation, microstructure, porosity.

B mawniit po6oti KommosuTu Ha ocHOBi crony Ti6Al4V, smimuenoro gasor TiB,
IS IOPiBHAHHSA CUHTE30BaHO TPHOMA MOPOIIKOBUMU TEXHOJIOTiAMM: IIPECY-
BaHHAM Ta CIIIKAHHAM IIOPOIIKOBUX CYyMiIlleil, IBOCTAAiMHUM CIIiKaHHAM i3
3aCTOCYBaHHAM BOJHEBOTO BILJIMBY Ha MaTepiaJj Ta CIiKaHHAM i3 IToIlepeJHHOI0
aKTUBAI[IE€I0 TIOPOINKIB po3MedrBaHHAM. Ha#mpocTimuii MeTo] XOJIOZHOTO
IIpecyBaHH:A Ta CIiKaHHA cyMmimrei Ha ocHoBi TiH, iz miraryporo Al-V Ta mo-
pomkoMm TiB, BuKopucTaHO AK CTaHAAPTHUI AJA MOPiBHAHHA. [laHuit MmeTox
dopmye mopucty marpuiio Ti6Al4V 3 HepiBHOMipHEM PO3HOAiIOM OOPUIAHUX
(das, 1110 YaCTKOBO IIpopearyBajin, Taka MiKpOCTPYKTypa He 3a6e3Ieuye gocTa-
THi MeXaHiyHi XapaKTepUCTUKU KoMIo3uTy. [[Jid qocArueHHs 6asKaHol MaJo-
IIOPHUCTOI Ta OHOPIAHOI MiKPOCTPYKTYPU KOMIO3UTY 3 NPiOHMMU YaCTUHKAMU
dasu TiB, y mopiBHAHHI Hociim:KeHo e ABa migxoau. JBocramiliHe crikaHHA
3 BUKOPUCTAHHAM BOJHEBOTO BILJINBY IOJIATAE y HABOAHEHHI HEOMHOPiMHOI 1T0-
pucTOi KOMIIOBUTHOI CTPYKTYPH ITiCJIA MePIIOTro CIiKaHHA, Ta PO3MeJIOBaHHA
IJIS OTPUMAaHHSA KOMIIO3UTHOTO IIOPOIIIKY, AKMI IPecyBaJii Ta CIIiKaJi IOBTO-
pHO. ATbTEepPHATHBHUM ITiIX0IOM € aKTHUBAIlisl PO3MEJTIOBAHHAM IIOPOIIKiB TH-
rany Ta TiB, 3 HacTynHuUM 3MmimyBaHHAM 3 nopoimkamu TiH, Ta jsiraryporo,
KOMIOaKTyBaHHAM i cmikamHaMm. O0ugBa MeTonu 3a0e3IeUyiOTh aKTHUBOBAHE
CIIiKAHHSA IIOPOINKIiB 3 IIiABUINEHHIM I'YCTUHUW KOMIIO3UTY, OSJHOPiIAZHOIO MiK-
POCTPYKTYPOIO Ta MOKPAIeHNMU MeXaHIiYHUMHU XapaKTePUCTUKAMU MOPiBHSA-
HO i3 CTaHZAPTHUM METOJOM BMPOOHHUIITBA KOMIO3UTY. 3 YCiX BUBUEHUX Me-
ToAiB oTpuMaHHA KoMno3uT Ti6Al4V/TiB, oxep:kaHuii 3 aKTUBAIiHUM PO3-
MeJIFOBaHHAM IIOPOINKIiB, JeMOHCTPYE KpAallli MeXaHiuHi XapaKTepUCTUKHU 3a-
BOAKN KOMOiHAIlii HM3BKOI 3aJHIIIKOBOI IOPHCTOCTi, OMAHOPIAHOCTI MiKpoO-
CTPYKTYPHU Ta IPUAHATHOTO BMiCTY JOMIIIIOK.

Karouori cioBa: TuTaHOMATPUYHI KOMIIO3UTH, IIOPOIIIKOBA MeTaJIypris, mIpe-
CYBaHHSA Ta CIIiKaHHA MOPOIIKiB, O0pUIL TUTaHY, TiAPyBaHHA, MiKPOCTPYKTY-
pa, IOPUCTiCTh.

(Received December 13,2021 )

1. INTRODUCTION

Titanium matrix composites (TMCs) doped with hard ceramic particles
have been proved to be promising materials for commercial applica-
tions such as aerospace, automotive, and advanced defence areas, ow-
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ing to their improved mechanical properties and excellent peculiarities
at elevated temperature [1]. Compared to ex-situ manufacturing routes
with direct addition of reinforcements into titanium-based matrix, in-
situ formation of reinforcing phase particles is preferred in fabrication
of TMCs due to clean and strong bonding interface between matrix and
formed reinforcements [2]. A review of previous researches shows that
TiB phase can be identified as one of the most compatible reinforce-
ments for TMCs, exhibiting high Young modulus, brilliant thermal
stability and similar thermal expansion behaviour with titanium ma-
trix [3]. Therefore, considerable research interests have been drawn on
in situ fabrication of TMCs reinforced with TiB.

Among various manufacturing methods based on casting [4] and
powder metallurgy [5—11] approaches including hot isostatic pressing
[56] and spark plasma sintering (SPS) [6—8] technologies, blended ele-
mental powder metallurgy (BEPM) has received long-time attentions
as a cost-effective method to fabricate TMCs with desirable micro-
structure and characteristics with high raw material utilization ratio.
On the other hand, it has been proved that the adoption of cheap tita-
nium hydride (TiH,) powders instead of conventional titanium pow-
ders in simplest press-and-sinter manufacturing of Titanium-based
alloys can not only further expand the cost advantages of BEPM route,
but also improves the densification of powder compacts in heating cy-
cle and reduces content of impurities in sintered alloys, thus, provid-
ing high mechanical characteristics [12—14]. In such approach, hydro-
gen is used as temporary alloying element which is evacuated from ti-
tanium on heating, simultaneously resulting in acceleration of diffu-
sion, activated homogenization and densification of powder compacts.
However, early trials on employment of TiH,-based powder blends in
BEPM press-and-sinter processing of titanium composites reinforced
with TiB are less successful [15-17]. Porous microstructure of sin-
tered matrix with not evenly distributed boride clusters resulted in the
inferior mechanical performance of such composites.

The main objective of this work is to develop powder approaches en-
suring formation of nearly dense and uniform composites on the base
of Ti6Al4V alloy matrix reinforced with TiB particles without applica-
tion of pressure during sintering. To activate formation of desirable
composite microstructure, hydrogen assisted double compaction-
double sintering and preliminary activation of powders by milling are
tested in manufacturing process to compare microstructure and me-
chanical properties of produced composites.

2. MATERIALS AND EXPERIMENTAL PROCEDURE

In the present research, to produce composite on the base of Ti—6Al—-
4V (% wt.) alloy matrix with 10% vol. TiB reinforcing phase, TiH,
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powder (3.5% wt. H, less than 88 um), titanium HDH-Ti (44—-88 um),
60% Al-40% V master alloy (MA) (less than 88 um) and TiB, (~10 pum)
powders are adopted as starting materials. Figure 1 shows the actual
particle distribution of corresponding raw powder particles. Three dif-
ferent processing routes are comparatively used for composite manu-
facturing to study their microstructure and characteristics.

Composite produced by simplest press-and-sinter BEPM approach
(Fig. 2, a, indicated by dashed frame) is used as reference material. In
this approach, TiH,, MA and TiB, powders are blended in correspond-
ing ratios in a V-type mixer at 90 rpm for 6 hours; powder blends are
die pressed under 600 MPa. The obtained compacts are subjected to
standard vacuum sintering procedure (1250°C, 4 h) at 10°C/min heat-
ing rate and furnace cooling to produce dehydrogenated composite ma-
terial. As revealed by Fig. 2, a, such press-and-sintering process can be
regarded as pre-sintering stage in hydrogen assisted 2 stage (double
compaction—double sintering) route. Following this flow chart, the
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Fig. 1. Particle size distribution of the starting powders: TiH, (a), MA (b),
HDH-Ti (c), TiB, (d).
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sintered (reference) materials are then hydrogenated again in tempera-
ture range of 400—600°C and ball milled under argon atmosphere to
obtain hydrogenated pre-alloyed composite (PA) particles less than 88
um in size, which are used in second press-and-sintering stage (Fig. 2,
a). For such two stage hydrogen assisted process, milling of hydrogen-
ated pre-sintered composites ensures better uniform redistribution of
fine boride particles in powder ensemble, while at second sintering
stage hydrogen contributes again to activate densification and pro-
motes formation of low porous composites.

To achieve better densification of composite, alternative approach
(Fig. 2, b, hereinafter noted as milling-blending approach) includes in-
itial low energy milling of HDH-Ti and TiB, powders at 200 rpm for 4
hours under argon atmosphere protection. Such additional processing
step should result in embedding of hard TiB, particles into soft and
ductile titanium particles, resulting in close interfaces and good bond-
ing of their surfaces. Thus, contact of TiB, particles with titanium
should be better than with hard and brittle TiH, particles, ensuring
better diffusion and activated reaction at interfaces with lower porosi-
ty formation. The milled titanium and diboride powders are then
blended for 6 h with TiH, and MA powders in required ratios. Finally,
blend is compacted and sintered to produce composite structure
(Fig. 2, b).

b

Fig. 2. Processing flow charts for Ti6Al4V /TiB composites: hydrogen assisted 2
stage press-and-sintering process, where composite produced after first stage
(within dashed frame) is used as reference material (a), milling—blending ap-
proach which includes preliminary activation of powders by milling (b).
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Microstructure evolution and phase composition during processing
steps are investigated by light microscopy (LM, LEICA DMI8A), scan-
ning electron microscopy under both BSE and SE modes (SEM, JSM-
IT500A) and X-ray diffraction (XRD, Rigaku, Japan). The distilled
water immersion method is used to evaluate the bulk density of sin-
tered composites. Porosity status is based on the ratio of theoretical
density value and actual density results. Hardness values are measured
by a hardness tester (HV 1000-IS). An automatic universal testing ma-
chine is adopted to room temperature compressive test on cylindrical
samples (6 mm in diameter and 9 mm in height) at a constant crosshead
speed of 60 um/min following the ASTM standards. Impurity contents
in sintered samples are determined by LECO ONH 836 tester. At least
three measurements are taken for each of abovementioned tests to en-
sure the accuracy of results.

3. RESULTS AND DISCUSSION

X-ray diffraction patterns of Ti—6Al1-4V/10% vol. TiB composites
fabricated with used powder technologies are shown in Fig. 3. The
presence of a- and B-titanium, and TiB diffraction peaks without trac-
es of TiH, for all sintered materials indicates that dehydrogenation of
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Fig. 3. X-ray diffraction pattern of sintered composites with varied powder
technologies: press-and-sintering (reference approach) (a), hydrogen assisted
2 stage sintering (b), milling—blending approach (c).
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TiH, has been completed with formation of a + [ phase composition of
the titanium matrix and the reaction TiB, + Ti — TiB between TiB, ad-
ditives and matrix has occurred. However, traces of TiB, peaks found
in X-ray diffraction patterns for reference press-and-sintered samples
(Fig. 3, a) declare the presence of partially reacted boride inclusions.
In contrast, peaks of the TiB phase became more intense with absence
of TiB, in Fig. 3, b, ¢, revealing that the TiB, additives transformed
entirely into the TiB phase following noted reaction under 2 stages sin-
tering or with applying activated milling of HDH-Ti and TiB, powders.
LM and SEM microstructure observations (Figs. 4, 5) are entirely con-
sistent with the above X-ray diffraction analysis.

As shown in Fig. 4, a and Fig. 5, a, d, coarse pores and boride clus-
ters are observed in lamellar (o + B) matrix for composite manufac-
tured following reference approach. Large TiB needles precipitated
and growed into matrix grains, while equiaxed boride particles which
can be remnants of raw TiB, powder are observed along grain bounda-
ries and accompanied with residual voids. Fig. 5, d illustrates the ‘sea-
urchin’ like morphology of partially reacted boride particles surround-
ed by residual voids. Observed variations in boride morphology are due
to the reactions between varied sizes of TiB, particles and titanium and
one-way boron diffusion into titanium matrix. Contrary, composite
produced following 2 stage hydrogen assisted sintering (Fig. 5, b, e)
demonstrates finer short bar or needle-like TiB particles evenly dis-
tributed in the low porous matrix. So, it is confirmed, ball milling pro-
cedure after first sintering promotes the breaking of large boride par-
ticles and their clusters with redistribution of borides over the powder
system and, hence, in matrix after second sintering. Temporary satu-
ration of titanium alloy matrix with hydrogen induced a + + 3 > TiH,
— o + [ phase transformations, inspiring high density of crystal lattice
defects, which accelerates diffusion and activates the overall densifi-
cation process during 2" sintering stage. Homogeneously distributed
fine precipitations of TiB phase act as inhibitors for excessive  grain

Fig. 4. Microstructures of composites produced with different approaches:
press-and-sintering (reference) (a), hydrogen assisted 2 stage sintering (b),
milling-blending approach (c).
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growth on sintering, while subsequent slow furnace cooling results in
the formation of thick (nearly equiaxed) o crystals inside the refined 8
grains. In comparison, samples sintered using milling-blending proce-
dure (Fig. 2, b) exhibit typical (o + ) lamellar microstructure of alloy
matrix with few pores detected (Fig. 5, ¢, f). It should be mentioned
that TiB needles with varied thickness and length evenly distributed in
the matrix with seldom agglomerations (Fig. 5, ¢) are observed with
this manufacturing approach.

It can be easily deducted that preliminary milling of HDH-Ti and
TiB, powders enables deformation of large Ti particles with covering of
their surface with relatively fine TiB, additives, which means in-
creased contacting areas between matrix and TiB, with sufficiently in-
creased Ti sources for TiB formation during further sintering. Because
of brittle and low-strength TiH, powder is crushed for fine fragments
on compaction, blending of TiH, powder with milled (HDH-Ti + TiB,)
particles promotes better filling of the voids between large HDH-Ti
particles during compaction, and, hence, achievement of higher densi-
ty of compacts. Also, addition of titanium hydride purifies the overall
powder compact with atomic hydrogen evolved during dehydrogena-
tion process and creates condition for diffusion activation between de-
hydrogenated titanium and MA particles. In this way, formation of
porosity due to reaction of TiB, with matrix and Kirkendall’s porosity

Fig. 5. Microstructures (SEM) of sintered composites produced with different
approaches: press-and-sintering (reference) (a, d), hydrogen assisted 2 stage
sintering (b, e), milling—blending approach (c, f).
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due to mutual diffusion between titanium and MA particles is effec-
tively inhibited.

Figure 6 shows the hardness and porosity variations for composites
manufactured with different processing routes. Excessive porosity
(~7%) and not uniformly distributed boride phases of various size are
the main reasons for the poor hardness (~260 HYV) for press-and-
sintered reference composite. Reduced compressive strength of such
composite is accompanied with relatively high compressive strain
(Fig. 7). At the same time, the lowest impurity content observed for
reference material (Table 1) among all studied composites promotes
highest compressive strain characteristic (Fig. 7). It is apparent that
application of both 2 stage sintering and milling—blending—sintering
approaches are effective in pore healing and hardness improving. The
absence of large pores and boride agglomerations after second sinter-
ing stage plays distinctive role in enhancing the hardness results.
However, the impurity contents listed in Table 1 and compressive
properties shown in Fig. 7 reveals the abnormal impurity pick-up (ox-
ygen contents nearly doubles from 0.32% wt. to 0.67% wt., while ni-
trogen content is increased to more than 0.2%) which can be another
reason for hardness and compressive strength improvement but loss in
compressive strain for samples after 2" sintering. Hence, the extended
processing route for hydrogen assisted 2 stage sintering (including ad-
ditional hydrogenation, milling, compaction and sintering operations)
enables more risks for material contamination with atmospheric impu-
rities. It is apparent that the expected hydrogen cleaning effect during
hydrogenation and dehydrogenation processes in 2" sintering cycles is
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Fig. 6. Hardness and residual porosity characteristics of composites produced
with used approaches.
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Fig. 7. Compressive characteristics of composites produced with used ap-
proaches.

overpassed by excessive environment pollutions. Although intensive
impurity controlling strategy can be adopted to lower the impurity
contents, thus improving mechanical properties, these extra treat-
ments, however, will negatively impact the production efficiency with
extra expenditures.

On the other hand, sintered composite produced with milling—
blending approach exhibits obvious improvement in hardness and re-
duced porosity with slight rise in impurity contents when compared
with reference composite material as revealed by Fig. 6 and Table 1.
The obtained highly dense microstructure (reduced porosity of 2.3%)
and evenly distributed TiB needles support the improved hardness per-
formance (~375 HV). The relatively simple and short milling—blending
processing route with one step sintering and hydrogen cleaning effect

TABLE 1. Impurity (O, N, H) contents of Ti6Al4V/10% TiB composites pro-
duced following used various processing.

Processing Oxyeen, |  Nitrogen, | Hydrogen,
Press-and-sintering 0.32 0.022 0.0021
(reference) ’ ) .
Hydrogen assisted 2 0.67 0.236 0.0017
stage sintering ) ' '
Milling—blending + sin- 0.35 0.027 0.0061

tering approach
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on material engages acceptable impurity contents for composite pro-
duced. Distinctive increase in compressive strain (from ~21.5% to
~24.4%) as shown in Fig. 7 can be good demonstration for the obvious
advantages of milling—blending approach when compared to hydrogen
assisted 2 stage sintering. Since the porosity level for the two promot-
ed processings are similar, so the slightly lower compressive strength
obtained by milling-blending approach (2055 MPa) can be explained by
lower content of oxygen and nitrogen impurities.

4. CONCLUSIONS

In this paper, the effects of various powder metallurgy processing
routes on microstructure and characteristics of Ti6Al4V-10% TiB
composites are investigated, and the conclusions are drawn as follows.

Press-and-sintering BEPM process results in enhanced residual po-
rosity and not homogeneously distributed boride clusters in produced
composites. These characteristics lead to poor hardness and compres-
sive strength.

Nearly dense composite microstructure with evenly distributed fin-
er TiB needles is produced with hydrogen assisted 2 stage sintering ap-
proach. Significant improvement in hardness and compressive
strength can be attributed to low residual porosity, formation of re-
fined microstructure and high impurity content. However, the poor
compressive strain is unwanted result due to enhanced oxygen and ni-
trogen contents.

An alternative way to produce desirable composite microstructure is
activation of in situ TiB phase formation with preliminary milling of
powders. Combination of powder milling, blending, cold compaction
and sintering operations is effective in fabrication of highly dense
composites with uniform microstructure and acceptable impurity con-
tents. Such material demonstrates promising combination of high
hardness, compressive strength and ductile characteristics intending
potential for practical applications.
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SCOPE OF PAPER IN ENGLISH
PACS numbers: 43.35.+d, 61.72.Ff, 81.40.Cd, 81.40.-z, 81.65.-b, 81.65.Kn

IlokpameHHs MeXaHIYHMX Ta aHTUKOPO3iMHUX BJIACTUBOCTEM
noBepxHi cromy AMr6 esekTpoickpoBuM jgeryBaHuam Ti
Ta BUCOKOYACTOTHUM yIaPHUM O0OPOOIeHHAM

B. B. Moruaxko’, A. II. Bypmak®, C. M. Bosomxko®,
C. 1. Cunopernko’, B. M. Mopzaiox ™™

‘Hauionanvruii mexniunuil ynisepcumem Yrpainu
«Kuiscvruil nonimexnivnuil incmumym imeni Izops Cikopcorozo»,
npocn. Ilepemozu, 37,
03056 Ruis, Ykpaina
“Tnemumym memanogisuxu im. I'. B. Kypdwmosa HAH Ykpainu,
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03142 Ruis, Ykpaina

IIpoanasisoBano MiKpPOCTPYKTYPY, 3MIiIlTHEHHA Ta KOPO3iifiHiI BJIACTUBOCTI MOBe-
PXHeBUX IIapiB amomiHieBoro crony AMr6, moandikoBaHuxX yIbTPa3BYKOBUM
yaapHUM 00pobsieHHAM (Y3YO0) Ta KoMGiHOBaHUM 00POOJIEHHAM, ITI0 TOETHYBA-
Jo esnexTpoickpose JeryBaHHA (EIJI) Turamom i Y3V O. PeHTreHOCTPYKTYPHUM
¢asoBuM aHaAJIi30M i TpaHCMIiCifiHOIO eJeKTPOHHOI0 MiKPOCKOITi€I0 ITOKa3aHo,
110 KomoOiHoBaHe 00pobsienus (ELJI + Y3VO0) Bene mo moaBifiHOTO 3pOCTaHHA Mi-
KpoTBepzpocTi B mopiBHAHHI 3 Y3VYO 3a paxyHOK (hOPMYBaHHS TBEPAOTO PO3UNHY
TiAl Ta inTepmeraninaux das TiAl, a Takox He3HaUHOI KiTBKOCTI OKCHUAiB,
AKi MiACUIIIOI0Th AMCIOKAIliliHe Ta 3epeHHorpannyHe sMinuenuda. ELJI + Y3VO
BeJle 10 HalBUINOI KOpo3iiiHoi cTifikocTi crorry AMr6 y sBogaomy posunHi 3,5%
NaCl, 1110 TpoABIAETLCA Y MiABUINEHHI 3HaUeHb IIOTEeHIiaay Koposii na 40—70
MB mopiBHSHO i3 3paskom micaa Y3YO, 1110 06yMoBIeHO c()OPMOBAHUM CTPYK-
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TYpPHO-(ha30BMM CTAHOM MOAM(pIKOBaHOI ITOBEPXHi.

Karouori croBa: yabTpa3ByKoBa yaapHa 00po0Ka, eJIeKTPOiCKpOoBe Jer'yBaHHs,
MiKpPOCTPYKTypa, MiKPOTBEPAiCTh, KOPO3id.

The microstructure, hardening and corrosion properties of the surface layers
of aluminium alloy AMg6, modified by ultrasonic impact treatment (UIT)
and by complex treatment, which combined electric discharge surface alloy-
ing (EDSA) with titanium and UIT, are analyzed. X-ray diffraction phase
analysis and transmission electron microscopy showed that the combined
treatment (EIL + UIT) leads to a double increase in microhardness compared
to UIT due to the formation of a TiAl solid solution and Ti,Al, intermetallic
phases, as well as some quantity of oxides. The EDSA + UIT process leads to
the highest corrosion resistance of AMg6 alloy in aqueous solution of 3.5%
NaCl, which is manifested itself in an increase in the corrosion potential by
40-70 mV as compared to that registered for the sample after UIT, due to the
formed structural-phase state of the modified surface.

Key words: ultrasonic impact treatment, electric discharge surface alloying,
microstructure, microhardness, corrosion.

(Ompumano 30 gepecna 2021 p.; ocmamoyH. gapianm — 13 scoemus 2021 p.)

1. BCTYII

InTepec 1o BUBUEHHS MeTOAIiB 3MiITHEeHHS IIOBEPXHI CTOIIIB Ta MeTaJIiB €
IOCUTH BUCOKUM YIIPOJOBYK TPUBAJOro yacy. Am:xe came monudikaiisa
HOBEPXHEBUX INAPiB MO3BOJISAE IIIABUITUTH IiJly HU3KY BJIACTHUBOCTEH
KOHCTPYKIIINHUX MeTaJieBUX MaTepiajiB, MoB’A3aHUX i3 cTaHOM IIOBEP-
XHi, TaKUX AK ONIip 3HONTYBaHHIO, KOPO3ii Ta BTOMi, a TAKOXK YCYHYTH
TaKi HeOOJiKU AK, HAIIPUKJIAL, HU3bKA KAapPOCTIAKiCTh TUTAHOBUX YU
amoMiHieBux cromiB. Cepen JOCUTH BEJIMKOI KiJIBKOCTi CIIOCOOiB BUPi-
IIeHHA BUIe3ragaHol mpobiemMu, AJd IPUKJIany, iCHYIOTh pisHOMaHiTHI
TepMoinaykoBaHi [1], mexanoingykoBawi [2], audysiiiai cmocodu [3, 4].
30KpemMa, BUIE3TafJaHi MeTooM, a TAKOMK IXHaI KOMOIHAILA MOMXKYTE O0Y-
TH 3aCTOCOBAHI AJIA CHHTE3Y CYIiJIbHUX JeI'0OBaHUX IIapiB a00 KOMIIO3U-
THUX IOKPUTTIB, IO JO3BOJISIE CYTTEBO MiABUIIUTY IIOBEPXHEB1 BJaCTH-
BOCTi piBHUX CTOIIiB, 30KpeMa i Ha OCHOBi aJIfoMiHii0, 3aJIeKHO BijJ Heo0-
XigHUX 3amad.

Y musmi pobiT mokasamo, IO IMOPIiBHAHO 3 THUTAHOM UM aJIOMiHieM
cunogyku cucremu Ti—Al MaroTh 3HaAUHO BHUINI MeXaHiuyHi BJIACTUBOCTI,
OITip BHOIITYBaHHIO Ta Kopo3ii [5—7]. Tomy moBoJIi mepcreKTUBHUM € ()O-
PMyBaHHSA Ha ITIOBEPXHi MeTaJIiB i CTOIIB 3aXUCHUX IIOKPUTTIB ITi€l cuc-
TEeMH.

Hanpuxaan, y pobori [8] meTogom mexamiunoro serysamusa (MJI) za
JIOIIOMOT0I0 6araTopasoBOT0 yAapHOTO HaBaHTaKeHHS IOBEPXHi TuTa-
HOBOT'O CTOIly CTAJI€BUMHU KyJbKaMu OyJ0 HameceHO HmOKpuTtA Al Ta
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Ti+ Al. ABTOpHU CTBEPAKYIOTH, II[0 BIIPOAOBIK IIporecy MJI TpuBaJicTio
2 roguHu MoskHA omep:xaru mokpurra Al ta Ti+ Al Toiuaow 50 MKM
ta 200 mxM BigmoBigHO. Omep:kadi TOKPUTTA MaJU BUCOKY HIiJIbHICTH
Ta Ha HUX He 0yJo0 mop. ITogansimit Bignasa sa remaepatyp 600—1100°C
cupuAB aKTUBAMil audysiiitHnX mpolieciB i (pa3oBUX MepeTBOPEHbD, i AK
HAaCJIIIOK, YTBOPEHHIO iHTepMeTaIiJHIX (pas3 Ha IOBEepPXHi cTomy.

Y pobori [9] kommosuTHi inTepMmeranmigui moxkpurta NizAl ta TizAl
omep:xyBaau Ha mosepxHi crandi AISI1010 MeTomoM OSHOCTYIIEHEBOI'O
CTUCKAHHS i3 MOJAJBINUM eJeKTPUUYHO AaKTHBOBAHUM CIiKaHHAM. AB-
TOPU CTBEPAKYIOTh, IO ¥ IPOoIleci Takoi 06pOoOKY YTBOPIOETHCA ITIOKPUT-
Td, 110 MmicTuTh dasu NizAl, NiO, NiAlL,O,, Ti;Al, TiAl ra Ti. Bcranos-
JIeHO, IO JJaHe KOMIIO3UTHE MOKPUTTA Ma€e MiBUINEHY MiKPOTBEPIiCTh
Ta 3aI0BLJIbLHY a/Ire3iio i3 MaTPpUYHUM CTOIIOM.

3a IoIIoMOroio 3BapioBaHHS HEeCTONKUM ejekTpoxoM [10] mpoBemeno
CUHTE3 iHTepMeTaJiJHUX ITOPOITKOBUX MMOKPUTTIB Ha ocHoBi Ti Ta Al ma
MMOBEPXHiI TUTAHOBUX CTOMHiB. 3a MOIOMOIOI0 AAHOTO METOIY BIAJIOCS
omep:xatu mokputta TisAl Ta TiAl i3 Bucokoro miigbHicTIO, 6€3 IOP, IIo-
POKHUH Ta TPimmuH. [laHi MOKPUTTA XapaKTepu3yBaJIUCA ITIiIBUITEHOO
MiKpPOTBEPAICTIO Ta 3HOCOCTiHMKicTiO, 110 v 3—4 pasu IepeBuUIllyBaJja
3HOCOCTiMKiCTh MATPUYHOIO CTOITY.

¥ pobori [11] mocriskeHO MOMKJINBICTL apMYyBaHHA aJIOMiHi€eBUX CTO-
miB iHTepMmertadigauMu uyacTuHKaMu TiAl 3a momoMororm iHTeHCHMBHOI
IJIaCTUYHOI Jedopmalrii piBHOKaHAILHUM HIpecyBaHHAM. BecTaHOBIIEHO,
0 iHTeHCUBHI AedopMaIlliiiHi IpoIiecu AO3BOJIAIOTh AOCATTH OXHOPIiZ-
HOT'O PO3IOAiJy apMyBaJIbHUX YaCTHHOK Ta IXHBOI XOpOoIIoi aaresii ia
MeTajJoM-MaTpuien. [lanuit MeTo CYyTTEBO IiABUIIYE MEKY MINHHOCTI
KOMIIOSBUTHUX MaTepiaJiB y Ipoilieci MigBUINeHHA UMncJa IPOXOLiB 00-
pobkm (mo 75% ), 1110 OB’ sI3aHO i3 JOJATKOBUM 3MiITHEHHAM 3a PAXYHOK
B3ae€MOJil Misk apMyBaJIbHNMHI YaCTUHKAMHY Ta AUCJIOKAI[iAMMH.

3 ornmany Ha icHyroui MeTogu Mogu@ikallii moBepxHi, ogHUM i3 Halie-
(PEeKTUBHIMINX Ta IEePCIeKTUBHIIINX METOAIB iHTEeHCHUBHOI IIJIaCTUUYHOIL
medopmallii moBepxHi € yiabTpasByKoBe ymapHe obpobsaennsa (Y3VO0),
1m0 eEeKTUBHO 3MIITHIOE TOBEPXHEBi ITapm ajloMiHieBux cromiB [4].
Hamuii MmeTon mo3BoJsAe MOAMGIKyBaTH CTPYKTYPY BHACIIZOK IOAPiO-
HEHHA 3epeH OO0 HaHOPO3MipHOTO CTaHy, 3MIiHIOBATH IUCJIOKAIINHY
CTPYKTYPY Ta IIOSUTHUBHO BILJIMBATH HA KOMILIEKC (Pi3MKO-XeMiuHUX,
MeXaHIiYHWX Ta iHIINX BJIACTUBOCTEH IIOBEPXHi, HAIPUKJIAL, MiKPOTBe-
pIicTs Ta 3HococTilikicTs [12, 13]. daa npukaany, y pobori [14] ¥Y3YO
BUKOPMCTAHO i3 MeTo0 Moam@ikallii moBepxXHeBHX INMAPiB aJIOMiHiIO
IPiOHOAMCIIEPCHIMHU YaCTUHKAMMU IIOPOLIKiB KBasikpucrany AlCuFe Ta
TuTaHy. BusBiewno, 110 y pesyJbTaTi Takoro o6pobieHHS (GOPMYIOTLCS
BiTHOCHO piBHOMipHI KOMMIO3WTHI Imapm i3 migBUIeHHMH (i3UKO-
MeXaHiYHMMM XapaKTepHUCTHUKaMM, a caMe, MiKpPOTBEepPIiCTIO Ta JeMII-
¢dyBaIbHUIMU BJIACTUBOCTAMU. BogHOUAC, BHACTIIOK apMyBaHHS ITOPO-
mKoM Ti yTBOPIOETHCA CUHTE30BaHEe KOMIIOBUTHE IIOKPUTTA i3 IIpoIap-
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KoM Ti;Al Ta BuCOKOIO aaresicio.

IIpore i mammit crioci6 Mae HU3KY 00MesKeHb, ITOB’ A3aHUX i3 HUBBKOIO
MOKJIMBICTIO Ie(pOPMAIiTHOTO 3MIiITHEHHA JeSIKNX CTOIIIB.

JocuTh IMMIUPOKO BKUBAHUM METOAOM MOau(ikalii moBepxHi € ejek-
TpoickpoBe JgeryBauua (ELJI) [15—17]. lauuii cmoci6 BigKpuBae psan
MOKJIMBOCTEH, AKi JO3BOJISIOTh OJ€PsKyBaTU MaTepiaau i3 CyTTEBO IIO-
Kpallle MU BJACTUBOCTAMMU IIOBEPXHEBUX IIapiB, a CYIYyTHI mpoliecu
TepMiuHO-ANQYy3ifiHOTO (Pa30yTBOPEHHA, MOJIMOP(PHUX IIEPETBOPEHD,
CTPYKTYPHUX 3MiH TOIIO, JO3BOJAIOTHL MOJAENIOBATU Ta KOHTPOJIOBATHU
i HaOyTi BIACTUBOCTIL 3a/IeKHO Big mocraBiaeHux 3agad. OgHaK, 3HAU-
HUMHU HeJOJiKaM1 JAHOTO METOAY € JOCUTDL BUCOKA CKJIAIHICTh KOHTPO-
JII0 IPOIlecy JieT'yBaHHA Ta HEPIiBHOMIPHICTE ofep:kaHMX Momu(ikoBa-
HUX IIIapiB UM IIOKPUTTIB, AKi XapaKTepu3yIThCsI BICOKOIO IIIOPCTKiC-
Ti0 Ta mopucTticTio [18]. Brasaui memomiku MOMKYyTh OyTH YyCYHYTI abo
CYTTEBO 3MEHINIeH] PiHilTHuM 00pO0JIeHHAM, HAIPpUKJIaI, JedopMaIriii-
HuMm [18, 19].

MeToro mamoi poboTH € aHAJIi3 MiKPOCTPYKTYpPH, (pa30BOT0 CTAHY, Mi-
KPOTBEPAOCTi Ta KOPO3iMHUX BJIACTHBOCTEI IMOBEPXHEBOTO Iapy aJiio-
MminieBoro cromy AMr6 micasa xomb6iHOBaHOTO HTOTO OOGPOOJIEHHS €JIeKT-
poickpoBUM JeryBaHHAM THUTAHOM i BUCOKOUYACTOTHOIO yaapHOIO dedo-
pMairiero 3a gonomoroo Y3VO.

2. METOJUKA EKCIIEPUMEHTY

006’eKTOM JOCIIAKeHHA € KOHCTPYKI[IMHuI amoMinieBsuii cron AMr6,
XeMiuHui CKJIaA AKOT0 HaBedeHO y Tabs. 1. 3pasku muIinapudHoi ¢o-
pMmu (giamerpom 18 MM Ta BucoToo 10 MM) BUTOTOBJIEHO ILIAXOM Pi-
3aHHS MIPyTa IepHUeHINKYJIAPHO 0 HaIpAMY BajabllfoBaHHd. ITicas yoro
mpoBeneHo Biamas 3a remueparypu 320°C Ta BUTPUMKY 3a TeMIIepaTypu
250°C BIPOAOBIK T'OAMHU i3 IMOLAJBIINM OXOJOMKEHHAM A0 KiMHATHOL
TeMIIEPATyPHY PA30M 3 ITiUYi0 IJIA SHATTA BHYTPIITHIX Hanpy:KeHb. E1JI
JOCHimHUX 3pasKiB MPoBOAMIN HA Mpuaami «IdauTpoH 22A» [15, 16] Ha
BiZIKpuTOMY HOBiTpi i3 MUTOMOIO TpUBAaIicTIO 06po6KU 1 XB/cM? i3 TpH-
BaJIiCTIO, €HePrieio Ta YaCTOTOIO0 IPOXOMKEeHHA eJIeKTPUUHUX iMITyJILCiB
— 200 mkc, 1 i 50 + 3 ' BigmoBigmo.

3a JeryBajbHUi eremeHT obpano Ti, ockineku y mporeci EIJI mo-
JKYTh popmyBaTuca intepmeraaigu i3 Al ta okcumgui dasu tuny TiO,,

TABJINIIA 1. Xemiunuii ckaan aadoMidieBoro crony AMr6, % Bar.
TABLE 1. Chemical composition of AI-6Mg (5056) alloy.

Mg | Mn | PFe | Si | Cu | Zn [ mi Al
5,8-6,3 0,6 0,4 04 01 02 01 Pemra
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III0 MOBMHHO CHOPUATH IIiABUINEHHI0O KOMILIEKCY (PisMKO-MexXaHiuHMX
BJIaCTHUBOCTell. BUKOpPHCTOBYBaIM TUTAHOBHUII aHOA Y (pOpMi ApoTy mia-
metpom 0,5—1 mm. O6paunii pexxum EIJI 06pobku 3a6esmeuyBas Gop-
MYBaHHS JIETOBAHOTO IIapy TOBIIMHOMIO B Mexkax 25—50 mrm. Illopcr-
KicTh moBepxHi BuMipioBaau 3a gomomoror mpodizorpada II-210. Bes-
nocepenuno micaa EIJI Boua cramoBuia 5—10 MKEM.

YabTpa3ByKOBY yIapHY 00pOOKY mpoBoauaIu Ha ycraHoBIi ¥3I'-300
i3 BUKOpUCTaHHAM ceMuOOMKOBOI yaapHOi roiiBKku. [leTaabHOMY OIIHCY
miei MeTOoOUKM IIpucBAYeHOo podoTu [12, 13]. Pesxumu Y3YO migoupanu
TaKUM YHMHOM, 100 JOCATTH MaKCUMAaJbHOI MiKpPOTBEpPAOCTi Ta MiHiMa-
JIbHOI IIIOPCTKOCTI mociimxyBanoi moBepxHi [19] BixmoBigHo, ammaiTy-
na A cramosuia 15 MKM, a uac 06podoxu T — 30 c.

BusznaueHHA MiKpPOTBEpPAOCTi IOBEPXHEBUX IIIAPiB IIPOBOAUIIN 34 JO-
nomoroi npuiaany IIMT-3 3a merogukom Bikepca i3 HaBaHTa)KeHHAM
100 r, a 3miny MiKpoTBepAocTi 3a rIMOMHOIO MOAU(IKOBAHOTO IHIAPY
aHaJIizyBaau 3a HaBaHTaXeHHS 20 .

Bubip BenmmumHm HaBaHTa'KeHHS OOYMOBJIOBABCA TUM (PaKTOPOM,
1100 BHECOK [0 BEJIMUYMHU MiKPOTBEPIOCTi 3a0€3IeYnT BUKJIIOYHO HO-
BOyTBOpeHUM MoaudikoBaHuM mapoMm. CTyniHb 3MillHeHHA &, q TIOBEP-
xHeBuX Mmapis micaa Y3VYO ta kombinosamoi 06pooku Y3YO + ELJI pos-
PaxoBYyBaJIM, 3BAYKAIOUM Ha CHiBBiAHOIIEHHS CEPEIHLOr0 3HAUCHHS Mi-
KporBepmocTi H* 3mimueHOro mapy Ko MiKpoTBEpPAOCTI BUXiZHOTO CTO-
ny AMr6 H" 3a popmy.roo [19]:

E

_ sl in

g = HJH™ . (1)
InTeHCcUBHICTL 3MiITHEeHHS IIOBEPXHEBUX IMapiB CTOIY PO3PaxOBaHO

3a popmyJiomo [19]:

Ihard = (Hjl - H;ixn)/hsl * (2)

ExcnepuMeHTa/IbHO AOBEIEHO, IO OJA Pi3HMX METAaJiB Ta CTOIiB
CIIOCTEpPiraeThCs YTBOPEHHSA 30H iHTEHCHMBHOI'O 3MEHIIEHHSA PO3MipiB
CTPYKTYPHUX €JIEMEHTIB i3 ()OpMyBaHHAM YJIbBTPALUCIEPCHUX a00o Ha-
HOPO3MipHUX 3epeHHUX CTPYKTYP BHacCAIMOK Y3VYO (cepeqHs TOBIIIMHA
Takux 30H — 50 MmKM) [13]. ToMmy AJd OIIiHKY iHTeHCUBHOCTI 3MilTHEHHS
I, BUKOPHUCTAHO 3HAUEHHA TOBIIUHU IT1apy A, — 50 MKM.

3a IOIIOMOroi0 CKaHYBAJLHOTO eJeKTpouHOoro Mikpockomna TESCAN
Mira 3 LMU i3 eueproaucnepcitinum Mikpoanaiaizaropom OXFORD X-
MAX mpoBefeHO MOCHiIKeHHS MiKPOCTPYKTYPH Ta XeMiuHOT'O CKJIALy
TOBEPXHi Ta ITOIIEPEUYHOT0 Iepepisy 3pas3KkiB. PemxuMu 3110MKU: ITPUCKO-
proBasbHa Hanpyra 30 kB, s6inmbmienna xo 10* pasis. Mikpockomiuny
CTPYKTYPY DOCIiMKYyBaJINd 38 METOAUKOIO TOHKUX (DOJIBT i3 JOIIOMOTOIO
TpaHcMiciiHOro esmeKTporHHOro Mikpockona JEM-100 CX-II (mpucko-
pioBasbua Hampyra — 200 xB). @oiabru omep:KyBalu MeXaHIiUHUM
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nuripyBaHHAM 3paskiB (i3 mpoTuaeskHOro 10 o6pobseHoi moBepxHi 60-
Ky) mo ToBmuHT ~30 MKM i3 IOZaJbIIINM HOTOHIIIEHHAM 3pa3KiB 3a J0-
TIOMOTOI0 METOJY OJHOCTOPOHHBOTO €JIEKTPOJiTUUHOTO IOJIipyBaHHA
cepemoBUIIi YHiBEepPCAJIbLHOIO eJIEKTPOJIITY.

PenrreniBcbKuii (pa3oBUil aHAJIi3 IPOBEIEHO 3a JIOIIOMOTOI0 TU(ppaK-
romerpa Rigaku Ultima IV 3a ymoB migmoro sBunpominioBauua (Acyxe =
=1,5418 A) 3 inTepBasom KyTiB 3iiomku 20 = 20—120°, kpokom — 0,04°
Ta YacoM BUTPUMKH Yy KOKHi#l Touri 2 ¢. 3arajbHa TPUBAJIICTh 3HOMKU
oxHoro 3paska craHoBmia 90 xB. Jlochig:KeHHsS ITPOBOAUIN 3a PisHUX
reomeTpiii Bperra—BpenTano Ta «KOB3HOIO IPOMEHIO» i3 KYyTOM HamiH-
HS PEHTTeHiBChbKOT'0 IPOMeHI0 3° 3a[IJIs TeTaJbHOTO BUBUEHHS IOBEPX-
HeBUX e(peKTiB, KOTPi BUHUKAIOTHh BHACIIJOK O0OPOOKHM.

Hocmimxenna KOpo3iiiHUX BIacTUBOCTeIl ajdioMiHieBoro crony AMr6
ImicJig eJIeKTPOiCKPOBOTO JeT'yBaHHSA Ta YJIbTPa3BYKOBOI yaAapHOI 00po0-
Ku nposeneso y 3,5% Bogaomy posunui NaCl 3a 1BoMma cxeMaMu: BUMi-
PIOBaHHS IIOTEHIIIANY BiZKPUTOI KOMipKHY 3aJIeKHO BiJ yacy Ta BUMipIO-
BaHHA CTPYMY IIOJAPU3aIlii Ta Bif MpHUKJIaAeHOTro IIOTEeHIIiaJly 3a CTaH-
ITapTHOIO TPUEJEKTPOIHOI CXEMOI0 i3 BUKOPUCTAHHAM KaJIOMEJIbLHOTO
Ta IJIaTUHOBOTO eJeKTpoaiB[12, 17-19].

3. PESYJIBTATH TA OBI'OBOPEHHSA

Mogudikaria moBepxHi crony AMr6 misaxoM 3acToCcyBaHHA KoMOiHa-
ii ELJI; ta ¥Y3VYO cnpuse 3HAYHOMY IIiIBUIIIEHHIO MiKPOTBEPAOCTI II0-
BepxHi MmaTpuuHoro crony (puc. 1). Beranosieno, 1o mogudikaiia mo-
BepXHEBUX IIapiB TUTAHOBUM €JIEKTPOJOM IIiIBUINYE MOBEPXHEBY MiK-
poTBepAicTs mpubamusuo y 3,5 pasu. Hiad mOpiBHAHHA 3pasoK, KU
migmaBaBca BuKJIiouHO ¥Y3YO (puc. 1, 3amexuicTs 1), XapakTepU3y€eTh-
csA 3POCTaHHAM MiKPOTBepIOCTi moBepxHeBoro mapy Big 70 o 80% (3
840 MIla go 1420-1530 MIIa), To6To y mekinbKa pasiB MeHIIIe IIOPiB-
HSHO 31 3pasKkoM micJis KoMOiHOBaHOI 00po0KY (puc. 1, 3amexkHicTh 2).

Y rabsuili 2 HaBeeHO CTYIiHb 3MIillHEHHA k,,,, TOBEPXHEBUX IIapiB
Ta iIHTeHCUBHICTDL 3MilTHeHHA 1 ,,,, cTorry AMT6 micasa yasTpa3ByKoBOI Ta
KoMILTeKCcHOI 00pooKu ELJI; + Y3VYO.

3uauenusd k., Ta I,,, 3pOoCTalOTh BHACJIJOK 3aCTOCYBaHHS METOIY
¥Y3VYO0. Ane nomepeHe eJIeKTPOiCKPOBe JIETYBaHHSA CIPUAE OiIBII iHTe-
HCHBHOMY 3MiITHEHHIO Yy IIpoIleci ImIacTuuHoi aedopmarrii mig mieo Bu-
COKOUACTOTHOTO YyIAapHOTO HaBaHTAXKEHHsA, cHOpuuumHeHoro ¥Y3VYO.
¥3YO cupuse 6inpln 3HAUHOMY HiJABUINEHHIO IIAPAMETPIB Ry, TA ),
(6imb1m, HixK yaBiUi).

Hauuit epeKT MOKHA MOACHUTH TUM, ITIO0 BOPOAOB:K Y3YO Bindysa-
€ThCA 3MIITHEHHS IIOBepXHEBUX IMapiB crony AMr6 3a paxyHOK HU3KU
(akTOpiB: 30iMbIIIeHHA I'YCTUHY OUCJIOKAIIill, TOABU Cy03epeHHOI CTPY-
KTypH, II10 Befie M0 30iabIIIeHHA KiTbKOCTi cCyOMesK i moapiOHeHHA 3epeH
BHACJIIIOK IIOCTYHOBOTO 3POCTAHHSA IXHBLOI PO30pieHTAaIlii, IIeBHY POJb
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Puc. 1. 3anexHicTs MiKpoTBepaocTi Bix uacy ¥Y3YO Buximaoro spaska (1) i
spaska micasa ELIJI(Ti) (2).

Fig. 1. Dependences of the surface microhardness of A1-6Mg alloy on the du-
ration of UIT (1) an initial sample and after electric discharge alloying pre-
treatment (2).

MO:Ke BifmirpaBaTu i yTBopeHHsd iHTepMeTaligHUX (a3 alioMiHil0 Ta Ma-
raioo [19-21].

3pocTaHHSI MiKPOTBEePAOCTi (Ta BiITIOBiIAHO CTYIEeHIO i iHTeHCUBHOCTI
3MinmHeHHSA) micaa Komb6iHoBaHoro oopobinernHa ELJIy; + ¥Y3VO mameBHO
o0yMoBJeHe (opMyBaHHAM TBEPIAOTO PO3UYMHY THUTAHY B aJdioMiHii Ta
MOMKJIUBUM (DOPMYBAHHAM iHTepMETATiZHMX (Pa3 CUCTEMHU AJTIOMiHii—
tutaH [5—8]. HacTuuku mux ¢as, nmepedyBamoym HaA MeXKaX 3epeH/ cyo-
3epeH, CIPUAIOTD IXHIiN (pikcallil Ta TpUINBUAIIIEHOMY 3POCTaHHIO IXHIN
posopienrairii. Kpim Toro, HaHOpPO3MipHi iHTepMeTalifHI YaCTUHKY BU-
KJIWKaIOTh MOJATKOBe 3MillTHEHHs 3a Mexauismom OpoBana [20-23].
ITeit BucHOBOK migTBepmkyeThesa ganumu TEM (puc. 2). Ananiz TEM-
300paskeHb MiKPOCTPYKTYPH Ta eJeKTpoHHOoI mudpaxiiii cromy AMr6
micasa Y3VYO (puc. 2, a) Ta nicaa xomOinoBanoi 06pooxu ElJI; + ¥Y3YO

TABJINIIA 2. Bnactusocti cronry AMr6 micis pisHuX BUIiB 06POOKH.
TABLE 2. Properties of A1-6Mg (5056) alloy after different treatments.

Mikpo- Crymius | IHTeHCHUBHiCTD
Matepiau (06pobxa) TBepAicTs HV, |3MminmHeHHS|3MimHeHHS I}, 4
I'TIa Rhara MIIa/MxM
AMr6 (Buxinuuii) 0,84 1 0
AMr6 (Y3YO Bupogor:k 30 c) 1,43 1,70 11,8

AMTr6 (ELJIL, + Y3YO 30 c) 2,05 2,44 24,2
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(puc. 2, 6) cBiguuTh, 1110 KOMOiHOBaHA 06pPOOKa 00OYMOBJIIOE YTBOPEHHS
BeJIMKOI KiJIBKOCTi JOoZATKOBUX ped)IeKCiB, AKi MMOBipHO HaJIeXKaTh iH-
TepMeTaJIiZHUM (daszaMm (CUCcTeMU aJOMiHii—THUTaH) Ta okcugaM. TaKkox
MOJKHA Bij3HaUMUTH 3HAUHUI CTYIiHb MOAPIOHEHHS cyO3epeH/3epeH ¥
IIOBEPXHEBUX IIIapax.

Mosxua crBepmxyBaTtu, 1o Y3YO moBepxHi cromy AMr6 cmpuse
YTBOPEHHIO (hparMeHTOBAHOI MiKPOCTPYKTYPU 3 BUCOKOIO CEpPeIHbLOIO
I'YCTHHOIO IHCJOKAIlill y (parMeHTax. ¥YTBOPEHY CTPYKTYPY MOKHA
oxXapaxkTepu3yBaTHU AK 0iMOmAJIbHY, M0 CKJIAAY AKOI BXOAUTH CYMIIII IO-
PiBHAHO BeJIMKHUX cyO3epeH Ta yJIbLTPAAUCIIEPCHUX 3epeH, IIT0 XapaKTe-
PU3YIOTHCS 3HUIKEHOIO I'YCTHUHOIO AedeKTiB.

JHaauit e()eKT IMOACHIOETHCA MPOIleCAMY iHTEHCUBHOI MJIACTUYHOI Jie-
dopwmarrii Ta cynyTHbOTO medopmMalliiiHoro HarpiBanua y mpoiieci 6ara-
TOopasoBoi yaapHoi aii. Ile mo3BoJidge omep:kaTy MaTepiaja i3 JocTaTHBO
BHCOKMM 3HAQUEHHAM MIiITHOCTI Ta 3aJ0BiJIbLHOIO IIJIACTUUYHICTIO.

PEM-300paskeHHsa IIOIIEPEUHOro mepepisy AOCaiKeHoro 3pasKa CTo-
oy AMr6, agerosanoro Ti metogom ELJI, Ta KoHIeHTpAIliAHMIH PO3IOIia
eJeMeHTiB 3a IVIMOMHOIO IIPecCTaBJIeHO Ha puc. 3. JleTaabHuil PO3TOIiI
eJIeMeHTiB MOJKHAa CIIOCTepiraTu 3a JOIIOMOT'0I0 peecTpallii 300pakeHb y
BTOPUHHUX eJIeKTPOHAaX (puc. 4).

Puc. 2. Ceitsnononbui TEM-300pakeHHA Ta KapTUHU €JIeKTPOHHOI qudparirii
MiKpPOCTPYKTYpPH MOBEPXHEBOTO IIApy ajJioMiHieBoro cromy: a — AMr6 micaa
Y3V0, 6 — AMr6 micas EIJI,+¥Y3VYO.

Fig. 2. Bright-field TEM-images and SAED patterns of the surface layer mi-
crostructure of the aluminium alloy: a—Al-6Mg after UIT, 6—Al-6Mg after
EDSA., + UIT.
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Y npuroBepxHeBHUX MIapax CIIOCTEPirarTbCA TPIIUHY, HAaTIeBHO YTBO-
PeHi mix yac IpuroTyBaHHA IOIEPEYHOT0 IIepepisy uepes iXHIO IIi JBUIIe-
HY TBEpIicTh micasa kombinoBanoi moaudikarii EIJL, + ¥Y3VO.

i naui cBiguaTh, 1110 B pe3yJIbTaTi Jer'yBaHHA TUTAHOM 3 IIOAJIBIIIOI0
Y3VYO0 dpopmyerhesa miap i3 sHaunuM BmictoMm Turamy Ta OKCUI'€HY TOB-
muHoI0 6/an3bK0 10—12 MmKm. BoguHouac, riamn0mnHAa TPOHUKHEHHS KIICHIO
cTaHOBUTh ~30 MKM, IO IOACHIOETHCA iHTEHCUBHUM OKMCHEHHSIM TU-
TamoBOro ejexkTpony mix uac EIJI (BHacaigoK HU3BKOI sKapocCTiiiKocTi
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Ti, BigcTans Bij HOBepxHi, MKM
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0 o
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Al, Bigcrans Big moBepxHi, MKM Mg, BIICTAHE Bl MOBEPXHI, MKM

Puc. 3. PEM-300paskeHHA IIOIEePEYHOro mepepisy spaska crony AMr6 miciasa
ELJI; + ¥Y3YO0 Ta KoHIIeHTpaIiftHUH PO3MIOAiJ KOMIIOHEHTIB.

Fig. 3. SEM-image of the cross section of the Al-6Mg (5056) alloy and concen-
tration distribution of components after EDSA,; + UIT.
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IaHOro Marepianay) i, MeHIIOI Mipoio, 3a HactymHoi ¥Y3YO, zaBaaxu
oudy3ifHUM IIpollecaM Ta HarpiBaHHIO 3pa3Ka, AKi CYIIPOBOIKYIOTH
Tarky iHTeHCUBHY 00p0o0OKYy. To0TO, Y TOBEepXHEBUX ITapax AaHOTO MaTe-
piany MoxkyTh opmyBaTucsa okcunHi maiBku Ti Ta Al. Amairis emepro-
OUCIIEPCIiHHMX JaHUX TaKOyK CBiIUNTH, IO He3HauUHA KiadbKicTs Ti cmo-
cTepiraetrbed i y OLIBINI IINOOKUX IIapax, 1[0 MOKe OyTH HmOoB’A3aHO i3
¢opMyBaHHAM IOOAVHOKMUX iHTEpMETANIJHUX BKJIIOUEHD, a TAKOXK Had-
BHicTIO He3HauHOI KinbKocTi Ti y Buxigaomy cromi. MoKJIUBiCTh yTBO-
PEeHHA iHTepMeTaNifHNX BKJIOUEHb IOSICHIOETHCA mepebirom mpoliecis
MacoIllepeHeceHHsd, a camMe Au(ys3iero MaTepiany eJIeKTpoay ¥ ITI0OBEPXHE-
BUI I1Iap MaTPUUYHOTO MaTepiany, a CyOyTHi#l TepMiuHUHN BILJINB MOXKE
inTencugikysaTu 1eii npoiec. Tob6To, 3a paxyHOK Pi3Kol 3MiHHI TeMIIe-
paTypu Ta JOKaJILHOTO OOTOIJIEHHS JeI'yBaJIbHOI0 MaTepiaay Ta aloMi-
Hi€BOTO CTOIYy Y MPUIIOBEPXHEBOMY IIIapi MOKYTh (DOPMYBATHUCS iHTEP-
MeTaJinHi hasu.

Oguak, mepesipKa Itiei rimoresu 3a JOIOMOT0I0 PEHTIeHiBCBKOro (a-
30BOT'0 aHaJi3y ITIOBEPXHEBUX IMapiB 3acBimumia, 110 YTBOPEHHS TaAKUX
inTepmeTanigHuX a3 y BeJIUKi# KiabKOCTi € MajgoiiMoBipHUM (puc. 5,
6). IIpoBeneHa OIliHKA iHTEI'PAIbHUX iHTEHCUBHOCTEH pedJieKciB OKpe-
Mux (a3 giaa 3paska is mapom Ti 3acBiguye 3HaAUHY CTYIIiHb OKMCHEHHS
MMOBEPXHEBUX MIapiB Ta GopMyBaHHA BKJIOUEeHb OKcuITHUX pas MgTiO,,
Al,O,, Tiz0;, aKi 3MIITHIOIOTE KOMIO3UTHE ITOKPUTTS.

Puc. 4. PEM-300pakeHHA IIOMEPEYHOro mepepisy 3paska crony AMr6 micisa
ELJL;, + ¥Y3VYO ra manu po3moAiny eJIeMeHTiB.

Fig. 4. SEM-image of the cross section of the A1-6Mg (5056) alloy and concen-
tration distribution of components after EDSA,; + UIT.
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Puc. 5. Judpparrorpama crony AMr6 nicasa ELJI; + Y3VO.
Fig. 5. The diffraction pattern of the A1-6Mg alloy after EDSA,+UIT.

HarowmicTs, peHTr'eHO(MAa30BUII aHANI3 3a reOMeTpPiel0 KOB3HOTO IPO-
MeHIO ImiaTBepIKye hopMmyBaHuA inTepmeraniguoi pasu TiAl, (puc. 6) y
HOBEepPXHEBUX IMapax MaTepiaay mig uac gedopMalliiiHoro posirpiBanus
Ta ODigBUINEeHHA KOHIeHTparii Bakauciii y nmpomeci ¥Y3VO. Ila dasa €
OJZHUM i3 TIPOAYKTiB posmany Bucokoremmepatyproi {-dasu (TizAly,).
Bognouac Beamka kigbkicTs (asu TiAl, moike ImepeTBOpIOBATHCA Ha
caoayKy TigAl,ys, Ipo 110 CBiAUNTEL PO3MINPEHH BigmOBigHMX pediek-
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Puc. 6. udparrorpama cromy AMr6 micma ElJl; + ¥Y3YO za reomerpiero
KOBHOTO IIPOMEHIO.

Fig. 6. GIXRD pattern of the AlI-6Mg alloy after EDSA; + UIT.
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ciB Ha gudpakrTorpami. MIMoBipHicTH TAKOro PO3BUTKY HOZill MimTBep-
I:KeHO JaHuMu poboTu [24], me 3asHaueHo, IO Y iHTepMeTaJIiZHUX II0-
pomkoBux kKommoosumiax Ti—Al y mpomeci xomoguol medopmarii mo-
JKYTh BimbyBaTucsa mpoliecu ob6epHeHOro ¢as3oBOro MepeTBOPeHH:A, Ha-
npuraan, TisAl —» TiAl, BHacIigoK BHCOKOIHTEeHCHMBHUX OedOopMaIlriii-
HUX IIPOIECiB.

Insa mopiBHAHHSA, BUAIJIeHHA BKJIOUeHb Al;Mg, v croni AMr6 memi
MMOBipHe, OCKiIBLKU 06ilbII0OI0 cTA0iIbHICTIO XapaKTePU3yIOThCA BUIi-
aenHd TiAl, ta TigAl,;.

Omxe, 3a JaHUMU PEHTI'€HO(A30BOT0 aHAII3Y mepebdir paszoBUX mepe-
TBOpeHb y nporeci ElJL; + Y3YO 06po0ku crpusie YTBOPEHHIO BEJINKOI
KiTBKOCTI OKCUAHMX BKJIIOUEHb Ta HE3HAYHOI KiJBLKOCTI AMCIIepCHUX
iHTepMeTaNifHNX YaCTHUHOK 3MiITHIOBAJILHUX (a3 y IIPUIOBEPXHEBUX
mapax, 1Mo 00yMOBJIIOE CUHTE3 MiITHOTO KOMIIO3UTHOTO IIIapy Ha IIOBEP-
XHi aJloMizieBoro cromy.

Busasieni ocobamBocTi MiKpocTpyKTypu Ta ()a30BOTO CKJIAAY MOJI-
(ikoBaHMX MPUIOBEPXHEBUX IMIapiB 3paskiB cromy AMr6 BimobOpaska-
IOThCA HA HOT0 KOPO3iHUX BJIACTHUBOCTAX. IJIA OMiHKM KOPO3iMHMX
BJIACTUBOCTEI ITicJIA PisHUX PeKUMiB 00POOKM peecTpyBaIu KPUBi 3Mi-
HU IIOTEHI[iaJly BiZKPUTOI KOMipKHU BiJl yacy BUTPUMKHU B €JeKTPOJIiTi
(puc. 7) Ta kpuBi momapusarlii (puc. 8) aia spaskiB crony AMr6 micas
TepMiuHOI 00p00OKH, micasa Y3V, a tako:x KombOinalii EIJI; ta Y3¥YO.

Amnaiis omep:KaHUX pPe3yJbTAaTiB CBiIUMTL IIPO MiABUINEHHS PiBHA
KOpO3ifiHuX BjacTUBOCTeH moBepxHi cromy AMr6 micaa Y3VO mopis-
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Puc. 7. 3ane:xHoCTi moTeHIliany KOpo3ii BifKpuToi KoMipKu Bix uacy BUTpUM-
KU Yy PO3UMHI eJIeKTPOJIiTYy 3paskiB crony AMr6 micia Tepmiunoi 06pobru (0),
micas ¥Y3YO (1) ra kombinorauoi ELJI; + Y3VO (2).

Fig. 7. Dependences of the corrosion potential of the A1-6Mg alloy on the dura-
tion of corrosion test (0) an initial sample, after UIT (1) and EDSA,, + UIT (2).
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HAHO i3 BigmagenuM Ta HeobpobaenuM 3paskoM (puc. 7). HaBenmeni sa-
JIEXKHOCTI IIOTEeHI[iaJy BiAKpUTOI KOMipKM Bif uacy mepeOyBaHHS JOCJTi-
IKYBaHOI ITOBEPXHi Yy PO3UMHI IMiATBEPAKYIOTh CTabiIbHiCTL 3HAUEHD
MIOTEHITiaJ iB IPOTATOM MOBrOTPUBAJIOI BUTPUMKHM Ta BimIOBigHO 3a10-
BLILHY YacoBY cTa0iIbHICTD OePIKaHOro Jer'0BaHOTO Iapy.

IligBuIIeHHA OIIOPY KOPO3ii TaAKOMK MPOSABIAETHCA ¥ 3CYBi MOTeHITia-
Jy KOpo3ii B 00JIaCTh MEHIII HeTaTUBHUX IIOTEHIliaJiB Ta Y 3MeHIIeHHi
TyCTUHEU CTpyMy Kopoaii (puc. 8). KombinoBauuii Brius ELJL + ¥Y3YO
(puc. 8, kpuBa 2) 11e GBI CYTTEBUM UMHOM IIOKPAIIYE IT1i XapaKTepuc-
TUKHU MOPiBHAHO i3 BIimBoM BuKJiouHO ¥Y3YO (puc. 8, kpua 1). Kowm-
O0imoBaHa 00pOOKa OOYMOBJIIOE HMiABUINEeHHA 3HaUueHb K, Ha ~40—70 mB
nopiBHsaHO i3 ¥Y3YO (Tabda. 3). Mo:kHa TaKOK BigsHauuTH, 1110 HA Bigmi-
HY Bij BuxigHoro ta oopodaenoro ¥3YO 3paskiB, AJd SKUX 3a Ieperu-
HaMHU Ha IOJIAPUI3AIiHHNX KPUBUX HOBOJII YiTKO BU3HAYAIOTHCS IOTEH-
miagu mitiara (E,;, Bigmosigmo ckiaazaots —695 mMB (SCE) Ta —-605 mB
(SCE)), micia neryBanHsa IOBepPXHi BUBHAYNTH IIOTEHITia N IiTiHra cTae
IOCUTD BaKKO.

Bimomuii ¢gaxT, 1mo marepianu i3 MeHINI HETATUBHUM IIOTEHI[iaJIOM
Kopoaii, 3a3Bmuaii, MEHIII CXUJbHI 70 KOpPO3ifiHOTO pylHYyBaHH, i Ha-
BOAaKM, 3 OiJbIII HEeraTUBHUM IIOTEHI1aJIOM KOPO3il XxapaKTepusyHThCA
HUKY0I0 Kopo3siiiHoro crifikicrio [12, 17, 19, 26, 27]. 3 iumoro 6ory,
TyCTHHA CTPYMY KOpPO03ii XxapaKkTepuaye BeJIUUNHY Jerpagallii marepiamxy
OiJ yac KOpPo3iiHOro BILIMBY, TOOTO MEHIIIII CTPYM KOpo3ii Bigmosigae
3a MiBUINEHY KOPO3ifiHy cTiliKicTh. BemuunHM rycTUHU KOPO3iiAHOTO

-0,4
m -05 —0=— AMr6-¥3¥O
N —a— AMr6+ELJ[(T])- Y3V
= i
3
Er* —0,6 [ - o
o ] =~
S © Ec"a—--'__o '-|-.
B 0,74 o= G
T Or—o_
-0,8

65 6,0 55 -5,0 45 40 -35 -30
Crpym log i, A/cm?

Puc. 8. 3anme:xkHocTi moTeHIiagy Kopo3ii Bifg ryctTuHuM cTpyMy Kopoasii mix uac
IMUKJIYHUX KOPOo3ifiHuX BunpobyBaHb crony AMr6 micias ¥Y3VO (1) Ta Kom6i-
HoBaHoi ELJI; + Y3VO (2).

Fig. 8. Polarization curves of the Al-6Mg alloy after UIT (1) and after
EDSA,; + UIT (2).
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TABJINIIA 3. EnexTpoxemiuni XxapaKTepUCTUKY TBEPAUX PO3UUHiB i dhas, Ha-
saBHuUX y cronax AMr6 (E, — moTreHIiaga Kopoaii).

TABLE 3. Electrochemical characteristics of solid solutions and phases in Al—
6Mg alloy (E,—corrosion potential).

Martepiau Ta 06pobIeHHS ‘ E., mB (vs SCE) ‘ ITocunauusa
AMg6 =775
AMg6 +¥Y3¥YO0 -745 Iana poSora
AMg6 + ELJL,, -730 Ha pooor
AMg6 + ELJI; + Y3YO —655
v-TiAl -497...-595 [25]
v-TiAl -600 [7]
TiAl, -700 [7]
TizAl -460 [7]

cTpymy aua 3paskiB micaag Y3YO0 ta ElJL; + ¥Y3YO0 e cyTTeBO MEHIITUMU
HOPiBHAHO 13 TaHMMH JIJIS BUXiTHOTO CTOITY.

Taxo:x 1ikaBuM (paKTOM € ABHUINA HiTiHra, 1110, AK 0YJI0 BKa3aHO BU-
11e, MOXKHa ileHTu(diKyBaTH 3a IepernHaMu Ha KpuBiil nmomapusarii. I1i
IepernHy XxapakTepusyloTh 3MiHY IIBUAKOCTI Ta 3pOCTaHHA/3MeHIIIeHH A
CTPyMy KOpoaii 3a 3ajaHOl 3MiHM IIOTeHIiaJly BHACJJIAOK HiABUNIIEeHHSA
MIBUAKOCTI KOPO3ii y meBHUX Miciax moBepxHi ([,;,), a TAKOK BJIacHe Be-
JUYUHY ToTeHItiaxy nitiara E ;, (puc. 8). Ile aBuiiie mos’sa3aue i3 opmy-
BaAHHAM TOUYKOBUX KOPO3ilHMX AMOK (pits) Ha 00pobJieHiit moBepxHi moc-
JiIKyBaHOTO 3pas3Ka, 1110 KOPOIyeE.

3uauvenna E ., I, 3poctaioTh micasgs Y3VYO mopiBHAHO i3 BUXiZHMM
3paskoM. Ilicia xomOiHOBaHOI 00POOKM 3adikcyBaTH MOTEHITiAT ITiTiHra
BUABUJIOCH JOCUTh CKJIAAHO. 3pOoCcTaHusA [, MOKe CBiIuMTHM mpo iHTeH-
cupikamio KoposiiHuX e()eKTiB Ha MOBEPXHEBUX IedeKTax Marepiaiy,
110 MOXKe OyTH OB’ A3aHO i3 BHCOKOIO IITOPCTKIiCTIO ITOBEPXHi, YTBOPEH-
HAM BEJIMKOI KiJIBKOCTi AUCJIOKAIiHMX CKYITUYeHb BHACJIAOK aedopma-
IifHOT'O BIIJINBY, a TAKOK BHECKOM BiJ MeXK 3epeH Ta cy03epeH. 3 iHIIIOro
O0OKYy, Jler'yBaHHSA IMOBepXHi 3paska Ti cipusie YTBOPEHHIO BEJINKOI Kilb-
KOCTi OKCHUJIHHUX BKJIOUEHL Ta HEBEJMKOI KIJIBKOCTI iHTepMeTaigiB
TiAl,[27, 28], mo nigBuUITye KOPO3iliHYy CTifiKicTh.

Cepen paKTOpPiB, SKi MOMKYTBH IIOCJIA0MUTH a00 IIOCHJINTH KOPO3ito, CIIif
posraanyTu HactynHi [17, 27, 29]. Ilepemycim, 1e HagBHICTH PidHUX
XeMiuHUX eJeMeHTiB Ha momaudikoBaniii moBepxHi. Cerperailis aTomis
Ti Ha MOBepPXHi CTOIIYy MOXKe CIPUATHY YTBOPEHHIO raJbBaHIUHNX MiKpoe-
JemenTiB pasom i3 Al. IIpore, Bizomo, 110 enexrponoreniaau Al (-1,66
B) ra Ti (-1,63 B) moxi6ui, ToMy IJis IIbOTO BUIIAIKY raJIbBaHIUHUX IIap,
AKi Oyyu 6 IeHTpaMi KOPOAYBaHHSA, YTBOPIOBATICH HE IIOBUMHHO.

He menm BasxkauBuM GaKTOPOM € MOKJINBE MOIMTKOIKEHHSI OKCUIHOI
IUIIBKY Ta YTBOPEHHS MOP y HMOBEPXHEBUX Imapax cromy. IlopyrieHHs
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CYIILIBHOCTi OKCH/IHOI IJIiBKY TPU3BOJUTH 10 YTBOPEHHA raJbBaHiYHUX
MiKpoeJeMeHTiB, V AKUX YaCTUHU IIOIIKOJKEeHOl IJIIBKU CJIyTryBaTuU-
MYTh KaTOJaMM, a BiIKpuTa MeTaJjieBa IMOBEPXHA BimirpaBaTmMe poOJib
aHO/A Ta BiAIIOBiMHO HmiAggaBaTHCA KOPO3iHHOMY PYHHYBAHHIO.

Tarky camy poJb MOMKYTh BifirpaBaTw BKJIOUEHHS iHIOI (pasu, AKi
BiIpi3HAIOTHCS 3a €JIEKTPOXEMIUHUMU BJIACTUBOCTSIMU BiJi MATPUUHOTO
metainy. Ili BKIIOUeHHA Ta BUILJIEHHS € KaTtomamu [26, 29], a meTan—
MaTpUIA Ji€ AK aHOM, TOMY Oy/e PO3UNHATHCHL aKTUBHIIIIe.

Hedopmarifinuii BIIuB BHACHiZOK Y3YO TaKoK CYTTEBO IO3HAaUA-
€ThCA Ha KOPO3iMHMX BJIACTUBOCTAX MeTaJieBoro marepiasnay. IIBi meTa-
JeBi obsacTi 3 pisHUM cTyneHeM AedopMallii yTBOPIOIOTh raJIbBaHIUHY
KOMIpKYy IIle OJHOT'O TUNY, e V POJIi aHoxy Oyme OijbIl iHTeHCUBHO Je-
dopMmoBaHa 30HA.

dopmMyBaHHA YILTPAAUCIEPCHOI CTPYKTYPU i3 BUCOKHUM 06’€MHUM
BMiCTOM Me:K 3epeH, IO YTBOPEHi BHACJIMTOK iHTEHCHUBHOI IJIACTUYHOI
nedopmallii, TO3UTUBHO BILIMBAE Ha KOPO3iMHY CTIiAKiCTh MOBEPXHEBUX
mrapiB. Ile moB’A3aH0 i3 TUM, IT0 YILTPAAUCIIEPCHI 3epeHHI CTPYKTYyPHU
CXWJIbHI IO YTBOPEHHs HOBHMX IJIIBOK IIacHUBAaIlil, KOTPi XapaKTepusy-
IOThCS BUCOKOIO KOpo3ifiHoro crifikicTio [12, 17, 27, 29].

4. BUCHOBKH

IIpoanasizdoBaHO MiKpPOCTPYKTYpPY, (Pa3oBUil cTaH, XEeMiuHUHA CKJa,
MiKpPOTBEPAiCTh Ta KOPO3iiiHiI BJIIACTUBOCTI IIOBEPXHEBOTO ITIAPY AJIOMi-
HieBoro crony AMr6 micasa KoMOiHOBaHOTO 10T0 OOPOOJIEHHS €JIeKTPOi-
CKPOBUM Jier'yBaHHAM THUTaHOM i BUCOKOUACTOTHOIO yaAapHOIO AedopMa-
miero 3a goromoromo ¥Y3¥YO.

1. JoBemewno mepeBary KoMoiHoBaHOTr0 06pobaeHHA mopiBHAHO i3 Y3YO,
AKa MoJiATae y BABiUi OiibIlIoMy 3MillTHEHHI TOBEepPXHEBOTO IIIapy 3a pa-
XYHOK (opMyBaHHA TBepmoro posumHy TiAl, imtepmeraniguux ¢as
Ti,Al, Ta HesHAYHOI KiJBKOCTi OKCHU/IiB, AKi MiACUIIOIOTh JUCIOKAIliliHe
Ta 3epeHHOTrPaHNYHe 3SMiITHeHHS.

2. Taxkoxx KoMOiHOBaHe OOPOOJIEHHS AO3BOJAE NOLATKOBO IIOKPAIIUTI
KOpO3iiiHy cTifiKicTh moBepxHeBOTO Mapy crony AMr6 y BogHOMY pPO3-
ypHi 3,5% NaCl, 1110 mpoABAsAeThCA y cTabimizalii sajleXHOCTi moTeH-
miaysy BiZKpuTOI KOMipKM Bijl yacy Ta IIiABUINIEHH] 3HaYEeHb IIOTEHIT1aTY
Kopo3sii E, Ha ~40—70 MB nopiBHsaHO i3 3paskoM micas ¥Y3YO.

3. Buasieno mo3uTuBHi ed)eKTHU, 0B’ A3aHi i3 chOpMOBaHUM CTPYKTYP-
HO-(azoBUM cTaHoM MoAudikoBamoi moBepxHi. 1o Toro :x ¥Y3¥YO mosep-
XHi 3pasKiB cupusie YTBOPEHHIO 0iMOJaJIbHOI CTPYKTYPH, AKa XapaKTe-
pHA i aJIIOMiHi€BUX CTOIIB i CKJIALa€ThLCA 3 IIOPiBHAHO BEJIUKUX CY0-
3epeH Ta YJbLTPAAUCIEePCHUX 3epeH, IMo 3abeslmeuye JOCTATHLO BUCOKI
3HAUEHH MiITHOCTI Ta 3aJ0BiJIbHY ILJIACTUYHICTD.
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Magnetron Sputtering System with Cylindrical Magnetron
for Obtaining of Internal Protective Coatings for Increasing
Pipe Resource

O.I. Shkurat, V. A. Baturin, S. M. Kravchenko, V. M. Kolomiets,
I. M. Kononenko, I. G. Chyzhov, P. E. Samoilov, Yu. A. Pavlenko,
S. O. Firstov", V. F. Gorban”, and M. I. Danylenko"

Institute of Applied Physics, N.A.S. of Ukraine,

58 Petropavlivska Str.,

UA-40000 Sumy, Ukraine

“I. M. Frantsevich Institute for Problems in Materials Science, N.A.S. of Ukraine,
3 Academician Krzhyzhanovsky Str.,
UA-03142 Kyiv, Ukraine

This work presents a magnetron sputtering system with a cylindrical magne-
tron to can be used for protective coatings in the internal surface of pipes.
The main advantage of the system is to operate in both constant and pulse
current mode, to perform the preliminary surface cleaning and to form a sin-
gle-layer or multi-layer coating in one technological cycle. The tantalum and
chromium coatings obtained using the systems with the cylindrical magne-
tron have high physical and mechanical properties.

Key words: magnetron sputtering system, protective coatings, pipe internal
surface, cylindrical magnetron, coating hardness.

Y poboTi mpeacTaBIeHO MATHETPOHHY PO3MOPOIIYBAJIbHY CUCTEMY 3 ITHJIIHI-
PUYHUM MarHETPOHOM, KA MOJKe OyTH 3aCTOCOBaHA AJIA HAHECEHHA 3aXMCHUX
TMOKPUTTIB BHYTPilIHKOI TOBEepXHi TPyO. IcTOTHOIO ITepeBaroo HaIioi MarHeT-
POHHOI CHCTeMU € MOMKJUBICTH B OLHOMY TEXHOJIOTIUHOMY ITMKJIi TPOBOJUTH
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poBoro mokputta. Omep:kaHi 3a JOIIOMOT'0I0 CUCTEMHU 3 IMJIIHAPUYHUM MarHe-
TPOHOM ITIOKPUTTS TAHTAJY i XpOMYy MAalOTh BHUCOKi (phidmKo-MexaHiuHi ITOKas3-
HUKH.

KuarouoBi cioBa: crcTeMa MarHeTpOHHOTO PO3IIOPOIIIEHH, 3aXUCH] IIOKPUTTS,
BHYTPillTHA TOBEPXHS TPYO, MUIIHAPUIHNI MAaTrHETPOH, TBEPAICTh IIOKPUTTIB.

(Received November 20, 2019; in final version, October 10, 2021 )

1. INTRODUCTION

Service life extension and improvement of operational reliability for
pipes are a crucial problem in today industry. These elements generally
undergo severe mechanical and chemical weariness due to friction of
the surfaces and environment with various degree of aggressiveness,
which results in physical destruction and corrosion of a material of
pipes. Thus, the pipes require high mechanical, thermal and corrosion
resistance as their main features[1].

Service life extension can be realized through various approaches.
Of special note is that number of technologies, techniques and facili-
ties applied for hardening the industrial products, for internal surface
treatment is limited because of geometry, inaccessibility and often
small parts of the products.

The most promoting and advanced techniques for hardening the in-
ternal surface of the pipes and of complex profile internal surfaces are
the plasma sputtering methods [2—5] and laser facilities application.

A widely-used kind of plasma sputtering for coating is the vacuum-
arc deposition technology which is popular, proven and successfully
applied in industry [2]. However, because of well known disadvantages
like pillar-like grain growth and dewetting which lead to degradation
of coating performance, researchers and engineers keep on searching
with a particular effort on other more promising methods to provide
substantially better results.

Magnetron sputtering is another kind of plasma sputtering. It is one
of the most widely applied approaches in plasma technologies for high-
quality coating and enhancing the physical and chemical parameters of
the industrial product surfaces. In particular, the magnetron sputter-
ing demonstrates good performance in hardening the materials [6], in
wear- and corrosion-resistant coating the industrial products [7, 8].
HIPIMS (High-power impulse magnetron sputtering) is being actively
developed as a kind of the magnetron sputtering for protective coating
where the high-power pulses are applied [9]. The distinctive feature
and advantage of this technique is high density of the ionized atoms of
the sputtered substance in plasma due to peak capacities or current
density which result in better adhesion, lower roughness and coating
hardness [10]. Leading world companies engaged in developing the
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technology of pipes coating focus on the cylindrical magnetron sput-
tering technique [11].

It is a well known fact that the most in-demand materials for hard-
ening and protective coating are Ta, W, Nb, Mo, Ti, Cr, the alloys with
these metals as the basic components in different concentrations, the
CrN compound, high entropy alloys and ceramic coatings. For exam-
ple, Ta is hard-melting, chemically-stable to aggressive environment
and ductile; Nb and Ti have high corrosion resistance and ductile prop-
erties. Chromium nitrides are characterized by high hardness and elas-
ticity modulus, perfect features in wear and corrosion resistance [12,
13].

It is evident from foregoing, that the issue in internal surface
treatment of pipes to obtain the coating of high performance is urgent.
The main difficulties, problems and tasks are related to inaccessible
coatings of complex shape, limited areas and enhancement in coating
quality, power and efficiency of atomizers. In this connection, the
study is aimed at range of works on designing and testing a powerful
system of magnetron sputtering for internal protective coating of the

pipes.

2. DESIGN OF CYLINDER MAGNETRON,
EXPERIMENTAL TECHNIQUE AND RESULTS

The authors from Institute of Applied Physics N.A.S. of Ukraine have
developed the design documents and prepared a test model of a cylin-
drical magnetron with its further testing. The CM-based sputtering
system used for sputtering the chemically stable and high-melting
metals allows protective coatings onto internal complex profile surfac-
es of the pipes. This magnetron system can be applied only for the pipes
with internal diameter 60 mm at least.

Figure 1 shows a cylindrical magnetron comprised of two magne-
trons A and B identical in design. Each magnetron is equipped with an
individual magnet system 1 based on permanent magnets (SmCo) with
an adjusting mechanism and water-cooling (channel 2). The main ele-
ments of the CM scheme are also the target cathodes 3, 6 and the ring
anodes 4, 5, 7, 8. The detachable target cathodes may be replaced if
other materials need to be sputtered.

In the magnetron design, an economic use of the sputtering targets
crucial for expensive materials is considered. For this purpose, the
targets are placed at a technological minimum distance from the mag-
net systems. The active zone of the material sputtering may be moved
with the specified speed along the whole surface of the cylindrical tar-
get due to two anodes. This allows coating of more uniform thickness.
Note that the A and B magnetrons are structurally and electrically iso-
lated from one another and may operate individually. This makes it
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Fig. 1. Sectional head of a cylindrical magnetron: A is first magnetron; B is
second magnetron; 1 are magnets (SmCo); 2, 9 are sealed channels; 3, 6 are
target-cathodes; 4, 5, 7, 8 are anodes; 10, 11 are protective screens.

possible, in one technological cycle, with one of the magnetrons (mag-
netron A) to make preliminary cleaning of the inner surface of the
pipes, and by the other (or others, in the case of three or more magne-
trons), to sputtering the coating. The material of the inner surface of
the tube that is deposited on the surface of the magnetron A, must be
removed for the next experiment.

The sealed channels 2, 9 are used for supplying the electric poten-
tials to the target cathodes and anodes and for rejecting the excess of
thermal energy from the CM magnet system. In an operating mode, af-
ter inlet of an operating gas (which is purified argon, as a rule) as the
relevant potentials are supplied onto the magnetron electrodes, plasma
starts burning in a target-anode gap. The main elements of the plasma
here are neutral atoms and ions of the target material [15]. To acceler-
ate the ions of the sputtered target material, potential bias is supplied
between the cathode and a substrate [16].

To find the proper technological process of metal sputtering onto inter-
nal complex profile pipe surfaces, a pipe fragment (steel OXN3MFA)
equipped with the heating and temperature control systems and a steel wit-
ness sample (steel 0OXN3MFA) to be coated are used (Fig. 2).

Sample surface preparation is crucial for high quality coatings. A
three-stage cleaning of the surface is applied: washing in an ultra-
sound bath with specific detergents; heating (degasification) in vacu-
um before the coating; ion-plasma etching. The latter is realized with
the A magnetron and glow discharge plasma is then generated.

The magnetron system with the cylindrical magnetron (Fig. 3) is
tested at the vacuum facility VNP-350-1. The system is attached to the
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b

Fig. 2. A fragment of the pipe (a) and its witness sample (b).

vacuum chamber with a flange 1 and an operational sealant 2 (a fluoro-
plastic plug with rubber rings and other parts). The sealant ensures
vacuum tightness of the moving parts when the magnetrons 3 and 4 are
shifted from the position of the samples 5 to other samples along the
pipe fragment 6 during the next process of ion cleaning and sputter-
ing.

The magnetron sputters are known to require effective target and
magnet cooling as they suffer a considerable thermal impact during
sputtering. As a rule, they are water-cooled. In our case, CM is
equipped with a cooling system operating on flow deionized water.

In an operating chamber of VNP-350.01, vacuum of about 1072 Pa is
maintained via turbomolecular pump. Pressure of inert operating gas
is about 1 Pa. For operating plasma generation, a negative potential is
supplied onto the target cathode, the anodes are grounded. The exper-

Fig. 3. The magnetron sputtering system with a cylindrical magnetron: 1 is
connecting flange; 2 is a sealant; 3, 4 are magnetrons; 5 are substrates; 6 is
pipe fragment; 7 is mechanism for moving magnetrons.
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iments show that the stable discharge of the magnetron is observed at
discharge current of 1 A at least.

The surface cleaning with a glow discharge is a modern and the most
promising technique. It allows cleaning the surfaces of various size
and profile including the internal surfaces. At abnormal glow dis-
charge, the potential can be varied in wide range at the cathode region
according to gas pressure and current density at the cathode, and the
energy of the ions bombarding the surface can also be varied. At ion
cleaning, the internal surface of the pipe fragment is used as a cathode
of glow discharge (a diode circuit etching). To test this technology, a
200 nm layer of Cu is coated onto the steel samples with our sputter.
Then the obtained copper surface is cleaned. The quality of the surface
treatment is visually inspected and the results are accepted as reasona-
ble where the copper layer is completely etched.

For optimal modes and conditions of the abovementioned cleaning
technology to be found, negative potential up to 900 V is supplied onto
the pipe fragment and all the electrodes of the A and B magnetron are
short-circuited and grounded. The surface sputtering is performed
with the argon operating gas ions. The experiments show that efficient
cleaning of the surface in the glow-discharge is observed at argon pres-
sure in the range 37'° Pa and at a bias voltage over 400 V. As the operat-
ing gas pressure and the bias voltage grow, quality and efficiency of
cleaning increase, which is quite obvious, but there is also a possibility
of the breakdowns in the chamber and arc discharge occurred. Eventu-
ally the most optimal mode for the mentioned conditions is the mode
with the argon pressure in the chamber of about 3 Pa and with gradual
growth of the bias voltage at the pipe fragment of up to 900 V, the ion
current is about 50 mA. In this mode, the required efficiency is
reached and a 200 nm copper film is completely etched.

The technology of sputtering with CM involved is elaborated with
tantalum and chromium cathodes since these metals and alloys based
on them ensure decent protective coatings. One of the magnetrons is
grounded as another operated, the bias voltage supplied to a substrate
holder (the pipe fragment) with the samples is varied. High vacuum is
obtained at about 107® Pa, inlet of Ar operating gas is performed up to
1-1.5 Pa. Other technological parameters are as follows: discharge
current is about 1 A, potential at the magnetron is 100-270 V, bias
voltage is 100-550 V, the substrate temperature is 20—-300°C.

For further information on thickness of the sputtered coatings, the
additional glass samples are mounted onto the substrate holder in each
experiment. The coating thickness is measured by multiple-beam in-
terferometry (strip method) at an interferometer MII-4, the thickness
is 0.5-1.5 um.

The study of the elemental composition of the coatings is carried out
using the PIXE-analysis method. For profiling, the proton beam bom-
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barded the target at an angle of 0° relative to the normal to the sample
surface. The resulting X-ray radiation is recorded using a semiconduc-
tor detector located at an angle of 45° to the direction of the beam. For
profiling, the sample is irradiated with 1 MeV protons.

The beam current is chosen taking into account the dead time of the
ADC and the duration of the required charge accumulation, which is
10 ps. In the experiment, the beam current is in the range from 35 to
55 nA. Under these conditions, the dead time did not exceed 9% . The
research results are shown in Table 1.

Physical and mechanical features of the coatings are studied at
Frantsevich Institute for Problems in Material Sciences N.A.S. of
Ukraine. Microhardness and the elasticity modulus are presented in
accordance with the International Standard ISO 14577-1:2002. These
measurements are performed with the Berkovich pyramid (angle of
65°) with load of 200-300 g at the ‘Mikron-Gamma’ appliance [17]
with load accuracy of 1072 N, and depth penetration of an indenter of
2.5 nm.

There are a number of methods for determining adhesion that can be
classified according to the prevailing normal or shear test loads at the
interface with the substrate. The most common methods for determin-
ing of adhesion are methods of indentation with various indenters, de-
taching a film of material from the substrate, as well as the method of
sclerometry (scratching)[16].

The sclerometry (scratch) is the best method for determining adhe-
sion characteristics. When determining adhesion by the scratching
method, the film breaks through until the substrate is exposed and the
coating peels off. To research adhesion it is necessary to measure pre-
cision magnitude of the maximum load leading to the breaks of the
film [17].

The parameter of adhesion, characterized by the parameter of the
maximum load when scraping the coating. All this do technological
processes of sputtered coatings better, in such parameters as the modes
of their deposition, the method of preparing the substrate surface, etc.
and evaluate their quality.

Parameters of coating adhesion are found by a sharp indentor im-

TABLE 1. Elemental composition of coatings determined using PIXE analysis.

Cr electroplated Cr Fe Mn Mo Cu Ni Impurity
95.74 2.90 0.43 0.30 0.18 0.11 0.34

Ta magnetron Ta Fe Cr Ni Impurity
sputtering 97.83 1.40 0.30 0.19 0.28

Steel (substrate) Fe Ni Cr P Mo Mn Cu V Impurity
92.92 3.00 1.30 0.65 0.44 0.3 0.28 0.12 0.99
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TABLE 2. Physical and mechanical parameters of the coatings.

Material |Hy,GPa] [ | F,eN [ 1,107 | d,um

Cr electroplated 13.0 0.053 11 0.33 0.90

Ta magnetron sputtering 5.5 0.265 21 0.34 0.65

Cr magnetron sputtering 11.5 0.060 27 0.49 0.75
Steel (substrate) 3.3 0.198 28 2.87 -

H;is hardness at autoidentation; fis friction coefficient; I}, is a parameter of
linear wear; F, is load whereby the cracks occur in the coating; d is coating
thickness.

mersed into the coating surface and moved at constantly growing me-
chanical load. The main physical and chemical parameters of the coat-
ings made by the cylindrical magnetron system and features of the
electroplated chromium coating are tabulated in Table 2.

The measurements showed that the cracks in the Ta coatings occur
only when the load is over 21 ¢N. It is particularly remarkable that the
electroplated coating of Cr made by PJC ‘Sumy Frunze Machine-
Building Science and Production Association’ the cracks are observed
even at a two times less load (about 11 cN) and the coating is rather
brittle. Among all studied samples, the Cr coating made by the magne-
tron sputtering also had the highest adhesion of 27 ¢cN. It may be de-
duced from the data in Table 2 that the parameters of linear wear for
the samples obtained by electroplated coating and magnetron sputter-
ing differ little from each other and are 6—9 times less than those of the
steel samples (the substrates).

3. CONCLUSIONS

The magnetron sputtering system with a cylindrical magnetron for
thin protective coating of internal surface of pipes has been developed,
designed and constructed. This system allows elaboration of technolo-
gy of sputtering a single-layer or multi-layer coating required for var-
ious industrial products.

Basing on physical and chemical parameters it can be concluded that
the Ta and Cr coatings obtained with this sputtering system in relevant
operating modes are highly competitive with the chromium coatings in
hardness and are also advantageous in elasticity modulus which is
close to that of steels. This benefit may be used for protective coating
of internal surface of pipes. It is also important to note that the magne-
tron sputtering system is environmental friendly and safe for human
[18]in contrast to electroplating.

Basing on the successful experimental tests and studies of the test
model of the cylindrical magnetron and the coated films, the construc-
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tion of a facility for protective coating in internal surface of pipes for
various industries becomes real.
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Po3BUTOK aHAJITUYHOI MO€EJIi Hapi3HOTO 3’€THAHHSA
TPyOUYaCTHUX JeTajiell XpOMOBAHUX METAJOKOHCTPYKILii

0. f. Oy6eii, T. ®@. TyTro, JI. . Porn’ax, M. B. IlloBkomsc

leano-Ppankiecvrkuil HayioHaLbHUL MeXHIYHUL YHi6epcumem Hapmu i za3y,
eyn. Kapnamcvka, 15,
76019 Isano-Ppankiscvk, Yrkpaina

IIpoBeneHo aHai3 MaTepidAiB i IOKPUTTIB, AKi BUKOPUCTOBYIOTH AJII BUTOTOB-
JIeHHA OypoBUX TPYO, OYpPOBUX 3aMKiB, 00CagHIX TPYO, HACOCHO-KOMIIPECOPHIX
Tpy0 i My(dT, YMOB iX eKCILIyaTaIlii Ta cIIocobiB IigBUINEHHSA pecypcy poboTH B
arpecUBHUX CePeJOBUIIAX i3 BMicTOM abpasvBHUX YACTUHOK IipChKOI ITIOPOAY Ta
mi; HaBaHTa)KeHHAM. [[JIA IOKpAaIleHHS eKCILTyaTallifHUX XapaKTepUCTUK
TpyOUacTUX AeTajieil Ta iX 3’e€IHAHDL 3alIPOIIOHOBAHO CUCTEMHUI MiAxXim, axumit
BKJIIOUAE PaIliOHAIBHUI BUOip MaTepiaiiB (cTaneii, aqlOMiHi€BUX 1 TUTAHOBUX
CTOTiB), YIOCKOHAJIEHY METOANKY PO3PAXYHKY 000JIOHKOBUX METAJIOKOHCTPYK-
Iift Ta X 3SMilTHEHHA €JIEKTPOXEMIUHNM XPOMYBAaHHAM Y IPOTOUYHOMY €JIEKTPO-
JITi AA migBUINEHHS 3HOCOCTIKOCTI Ta KOPO3iiiHOI TPUBKOCTi. 3aJIs PO3BUT-
Ky MEeTOAUKM PO3B’A3yBaHHS KOHTAKTHUX 3a7a4 IJA OO0JOHKOBUX HaPisHUX
3’¢JHAHDb Y CTATTi aHAJTITUYHO BU3HAUEHO PafiajibHi IepeMiIleHHsa Ta KYTH II0-
BOPOTY HOPMAJi y IMMIIHAPUYHIA 000JIOHIII CKiHUEHHOI MJOBXKUHU, BUKJINKAHL
30CePePKeHNMY KiJIbIIEBOIO CHUJIOK0 Ta KiJTbIIeBUM MOMEHTOM, IPUKJIALEHUMU Y
IOBiIbHOMY mepepisi 0600HKN. BecTaHOBIIEHO iCTOTHY 3ajIeKHICTL KoedimieH-
TiB QYHKI[il BILTMBY BiJ 3KOPCTKOCTi IIOKPUTOI 000JIOHKH, TOCTiIMKEeHO POSIIONiI
TepeMiIeHb Ta KYTiB IIOBOPOTY 3a OCHOBOIO KOOPIMHATOIO.

KarouoBi cioBa: meTaseBa 000JI0HKA, HapisHe 3’€THaHHA, XPOMOBE ITIOKPUTTS,
ImepeMillleHHs, Ky T IIOBOPOTY, 30CEPeIKeHe HABAHTAKEeHHS.
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There are carried out an analysis of materials and coatings used for the man-
ufacture of drill pipes, drill locks, casings, compressor pipes and couplings
and their operating conditions, ways to increase their service life in aggres-
sive environments with abrasive particles of rocks and under load. To im-
prove the performance of drill and compressor pipes and their connections, a
systematic approach is proposed, which includes a rational choice of materi-
als (steels, aluminium and titanium feet), improved methods for calculating
shell metal structures and their strengthening by electrochemical chromium
plating in flow electrolyte to increase wear resistance and corrosion re-
sistance. In order to develop a technique for solving contact problems for
shell threaded joints, the article analytically determines the radial displace-
ments and angles of rotation of the normal in a cylindrical shell of finite
length caused by concentrated annular force and annular moment applied in
an arbitrary section of the shell. The significant dependence of the coeffi-
cients of influence functions on the stiffness of the shell material is estab-
lished, the distribution of displacements and angles of rotation along the axi-
al coordinate is investigated.

Key words: metal shell, threaded joint, chrome plating, displacement, angle
of rotation, concentrated load.

(Ompumano 29 epyons 2021 p.)

1. BCTYIITIIOCTAHOBRA SAJAYI JOCJHINREHHS

CyuacHi ymMm0oBu BumOOYBaHHS i TpaHCIOPTYBAHHSA IIPUPOIHUX eHepre-
TUUYHUX PEecypciB, 30KpeMa, Ha(THu i rasy, CTaBJAATH IIiABUIIIEHI BUMOTH
0 MeTaJIeBoro OypoBOTo i HA(TOrazompoOMUCJIOBOTO OOJaTHAHHA, AKe
KOHTAKTy€ 3 arpeCUBHUMHU KOPOIiMHMMU CepefoBUIITAMU i3 BHUCOKUM
BMicTOM abpasmMBHUX YaCTHHOK TipCbKOI mopoau, migmaeTbea Aii guHa-
MiUYHNX HaBaHTAYKEHb Ta eKCILIyaTyeThCA B CKJIAZHUX yMoBax [1-3].
Boposagxenssa HOBUX TeXHOJIOTiH ¥ BUAOOYBHIiM raaysi morpedye obJia-
OHAHHSA Ta iHCTPYMEHTY 3 BUCOKUMU €KCILIyaTaliiHNMU XapaKTepuc-
Tukamu [4—6]. Yci i YMHHUKY i ABUITYIOTH BUMOTH 10 AKOCTi MeTaJe-
BUX TPYO, AKi 3’€AHYyIOThCA MiK c000I0 pisHMMHN BuUAaMU HapisHUX
3’eIHaHb Ta IIINPOKO 3aCTOCOBYIOTh Y HahTOra3oBiil ramrysi.

Huni y cBiTi HalimonmyadapHIMIIMU MeTaJeBUMM MaTepidjaMu IJsa
Tpy6 Ha()TOra30BOTO COPTAMEHTY € CTaJli, aJlloMiHi€Bi Ta TUTAaHOBI CTO-
nu. [aa OypuiabHUX i HACOCHO-KOMIIPECOPHUX TPYO0 BUKOPUCTOBYIOTH
craii rpyn mintaoctu [, K, E, JI, M, P, a Tako:x 3apy06iskHi cTani rpynu
minaoctu 110, mapka crami SM13CRS-110. [Ins BuroroBiaenHsa 6ypo-
BUX 3aMKiB BUKOpUCTOBYIOTEH cTayb 40X H. Cepen amoMinieBUX CTOIiB
HaMOinbIlle PO3MOBCIOMKEHHA oTpuMaB Aiopantominiii I[16T, a cepen
TutaHoBux cromiB — BT1-0, BTS8, a Tako:xX BTOPHUHHI TUTAHOBL cTOIM:
BTB1, BTB2, BTB3, BTB4 Ta 3apy6i:xui cronu: TC4, Ti38644.

Komouu 6ypunabHMX TPYO 3 aJIIOMiHi€BMX CTOIIB MAlOTh HiJBUINECHY
IeMn(yBaJbHY 3JaTHICTh MOPiBHAHO 3i cTaseBumu. IlepeBaramu BUKO-
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pHCTaHHS TPYO 3 aAIOMiHi€BUX i THTAHOBUX CTOIIiB TAKOXK € 3HUIKEHHS
rigpaB/IiYHOrO OIIOPY Ta 3HAUHE CKOPOUEHHS eHeprosaTpaT Ha BUKO-
HaHHSA CIyCKOImigifiMaabHUX pobiT. KpiM mnoro, BKasaHi Tpydou MaioTh
BUCOKY KoOpo3ilfiny TpuBKicTh. Ille omHieio mepeBaroro BUKOPHUCTAHHSA
Tpy6 3 aTIOMiHi€BUX i TUTAHOBUX CTOIiB IOPiBHAHO 3i cTaIeBUMHU TPY-
0aMu € HM3bKa IIMTOMA Bara, BUCOKa MUTOMAa MiITHiCTh, a 3SHUKEHi Be-
JUYUHYU MOIYJIiB IPYsKHOCTI JO3BOJSIOTh iX BUKOPUCTOBYBATHU MiJ Uac
OyIiBHUIITBA ITOXUJI0-CKEPOBAHUX i TOPUBOHTAILHUX CBEPAJIOBUH.

OgHa 3 HaBAXKJIMBIIIINX BUMOT 40 METAJIeBUX KOJOH TPyO — IIe rep-
MEeTHUUHiCTh i HamifiHicTh HapisHUX 3’€¢qHAHb, OCKiJIbKMN OYAL-AKi BUTO-
KU IIPUPOTHOTO ra3dy 4 Ha)TOIIPOAYKTiB MOKYTh CTBOPUTHU 6€3J1iu mpo-
0sieM, HacaMIiepel ekoJjoriuaoro niaany [7—9]. HapisHi 3’eguanus € og-
HUM 3 HalcaabInux i HaiBaKJINBIIIINX KOMIIOHEHTIB OypHUIbLHUX, o0ca-
IHUX, HACOCHO-KOMIIPECOPHUX TPYO, iHCTPYMEHTY IJid OypiuHsa, piTuH-
ris Tomo. Taki HapisHi 3’eqHaAHHA — Ile THUIIOBI TOHKOCTiHHI KOHCTPYK-
mii, K1 eKCIJIyaTyIOTh B eKCTPeMAaJIbHUX YMOBaX.

na migBuUIlleHHSA pecypcy poboTH MeTajieBUX TPYyO Ha(TOrasoBOTO
COpPTaMEeHTY Ta Hapi3HUX 3’€THAHb 3aCTOCOBYIOTh KOHCTPYKTOPCHKI, Te-
XHOJIOTiIUHI Ta ekcmayaraniiiai meronu. Ha erani koHcTpyioBaHHA Had-
TOTA30BOT0 O0JIafHAHHSA Ta iHCTPYMEHTY 0COOJIMBY yBary 3BepTaloTh Ha
pamioHadbHUN Bubip MaTepianiB Ta saxmcHUX MOKPUTTIB [10—-12], ma
BUBUYEHHSA PO3IOAiNYy TEMIIepPaTyp y 6araToKOMIIOHEHTHUX KOHCTPYKIIi-
ax [13—15] Ta mampy:KeHb y IIapyBaTHUX Tijax 3 (PYHKIIIOHAILHUMU
[16—18], eBrekTuunumu [19, 20] Ta GyHKIiOHATHLHO I'PAJi€EHTHUMU II0-
Kputrtamu [21-23]. [IpoTe BasKJINBUM € 3aCTOCYBAaHHA Pe3yJIbTaTiB Teo-
PETUYHUX Ta eKCIePUMEHTAJbHUX JOCJiIKeHb IIPOIleciB 3HOITYBaHHS
[24—27] Ta xoposiiiHux BumpobOyBamb MaTepianiB [28—30], a Takox
B)KMBaHHSA 3aXO0/iB II[OJ0 3amo0iraHHs ocJiabJIeHHSA Ta CAaMOBiATBUHUY-
BaHHA HapidHumx 3’e¢maHafb [31]. TexHoMOTiUHMMU MeTOmaMu 3abe3me-
YYIOTh JOCATHEHHS IOTPiOHOI TouHOCTI BUroTOBIeHHA [32—34] Ta AKOC-
Ti moBepxHi meTaseit HapisHuX 3’egHAHb [35, 36], OCKiNbKY MOXUOKY ix
BUTOTOBJIEHHA NPU3BOAATH OO0 3POCTAaHHS HANPYKEHb Yy CKJaIeHUX
KOHCTPYKIIiax [37, 38]. 3a 1omIoMOT0I0 MOKPUTTIB KOMIIO3UTHOT'O TUIY
[39, 40, 41], mapyBaTux OOKPUTTIB [42], THYYKUX MTOKPUTTiB [43],
€JeKTPOiCKPOBUX MOKPUTTIB [44—46] Ta moBepXHEBOTO apMyBaHHs [47]
MIOMOBIKYIOTH TePMiH 0e3MeUHOl eKCcIIyaTallii MmeTaeBoro ooIafHaHHA.
Hatiuacrinie aja 3axucTy MeTasiB BijJ KOpo3ii B arpeCUBHUX cepeIoOBU-
IaxX BUKOPUCTOBYIOTHL ITMHKOBI [48, 49], mikeneri [50], Ta docharhi
moKpuTTA [51], a Oy1a 3aXuCTy Bim KOpo3ii Ta 3HOITYBaHHS — TajJbBaHi-
yHi XpoMoBi mokputrta [62—-54] i KommosuIlifinmi XpoMoBi TOKpPUTTS
[565], aki BosmomitoTh BucoKkoio MikporBepaicTio (mo 11 I'Tla). PesyabraTu
TEOPETUUYHUX TOCTiIKeHb OyIoBU MeTadiB [56] cayryioTh OCHOBOIO IJIs
PO3PO0IeHHA IPOTPECUBHUX TEXHOJOTiUHUX IIPOIIECiB CTBOPEHHS HO-
BUX MATEPiATIiB i pesKMMiB XeMiKo-TepMiuHOi 00p0O0OKHY IJId iX 3MiITHeH-
Ha [57-59].
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Excmyaramiiini meTonu mepeabavaioTh HayKoBe OOTPYHTYBaHHS BU-
0opy palioHaIbHUX PEKUMIB POOOTH MEeTAJIeBOro O0JafHAHHS 3 YPaxy-
BaHHAM cujoBoi [60—62] i remnepaTrypHoi [63] B3aemoxnii, 3abe3meuen-
Hs cTabilIbHOTO MPOMUBAHHSA OypoBOro iHcTpymenTy [64, 65], BuKopuc-
TanHA AeMndyBaabuux [66—68] i Bioposaxucuux [69—-T1] mpucTpois
I TMOKpaIlleHHsA YMOB po0OTM HAPi3HUX 3’€IHAHL TPYOHUX KOJIOH, a
TAKOK BUOip pallioHAJbHUX PEKUMIB JiKBigaIii apapiiinux cuTyaiii 3
ypaxyBaHHAM MeXaHiuHUX BJIACTHUBOCTell MaTepianiB TpyO 6ypoBoi Ko-
Jouu [72].

Oco06/InBOCTL KOHTAKTHOI B3aeMOZil MiK MeTaleBUMHU eJieMeHTaMU
HadTOrazoBoro 00JaJHAHHSA Ta MijK OYPHUJIBHUM iHCTPYMEHTOM i TipHH-
Y010 MOPOI0I0 [ 73] € BAXKIMBUMU UMHHUKAMHU, AKi CyTTE€BO BILJINBAIOTH
Ha HagiliHicTs i moBroBiuHicTh oO0MagHanHsa. Ha migcrasi momesi KouTa-
KTy B3IOBK JiHii [74—77] B myOaikamiax [78—82] po3BuHyTO MeTO iH-
Ter'paJbHUX PiBHAHL CTOCOBHO 3aJlaU MeXaHiKM KPUXKOT0 PYHHYBaHHS
MUWIIHAPUYHUX OOOJOHOK 3 ypaxyBaHHAM YaCTKOBOTO 3aKPUTTA TPi-
IUH. 3aJUNIal0ThECI aKTYaJlbHUMHU TAKOMK IIPOOJIeMH YTOUHEHUX OIli-
HOK IWHAMiKN MeTaJIeBUX CTPHUIKHIB CTOCOBHO 3aJa4 JiKBigaIil mpuxo-
IJIeHb OypuabHoi Kosouu [83—85], 30KpeMa, CKOMIIOHOBAHOI 3 TPyO i3
pisHuMX MaTepianis. Po3spobka Mozeseil B3a€MOLil JOBTOMipHUX CTPUMK-
HiB 3 IPYXKHUM CepPeIOBHUIIEM Ta OI[iHKa IXHbOI TPIIMHOCTIAKOCTI IIOT-
pibHi 3amma OesmeuHOl eKcILTyaTallii crajgeBux TpyO6omIpoBoaiB [86—88]
Ta 3a0e3meueHHA AKICHOTO IIeHTPYBaHHA O00CagHUX MeETajJeBUX TPYyO y
cBepaiaoBuHax [89-91].

Y baraThbox BUIaJKaX MeTaJieBe HapisHe 3’¢THAHHA € HaCaa0IIOI0
JAaHKOI MeXaHiuHOI CHMCTeMHM, i Ay:Ke YacTO IIO3aIllTaTHi cuTyallil um
aBapil TpamasThCA BJIaCHE Uepes BiAMOBY IIMX HapisHUX 3’eaHanb. Po-
3M0/IiJI HABAHTAYKEHb i KOHTAKTHUX HAIIPYsKeHb y Hapi3HuX 3’ € THaHHIX
JOCJIiIKyBaan 6araTo aBTOPiB. 3arajbHi IiAX0AM 0 TAKUX 34444 MOMK-
Ha PO3ALINTU HA TPU OCHOBHI HAIPAMKH, IKi 0a3yIOThCA HA OCHOBI aHa-
JITUYHUX METOMiB, METOAIB CKiHUeHHIX eJIeMEeHTiB, pPe3yJIbTAaTiB HATY-
pHHuX excrepuMeHTiB [92, 93]. ¥V pasi amasiTuuHOTo MiAXO0IY OO pilIeH-
HS 3aJaui IIpO PO3MOAiJI HaBaHTA)KeHHS B3a BUTKAMM HapPi3HOTO
3’eTHAHHA TOHKOCTIiHHUX TPY0 HOCHiZHMKY 3a3BUUYail BUKOPUCTOBYIOTH
KJIACMUYHY TEOPil0 TOHKOCTiHHMX 000JIOHOK i y HmifICYMKY IIPUXOAATE 10
KJIIOUOBOT'O iHTeI'paJbHOTO PiBHAHHSA /IS BU3HAUEHHSI KOHTAKTHOI'O TH-
CKy Ha OiuHMX TOBEpXHAX BUTKiB Hapisi [93, 94]. daa nmpakTuuHOTO
BUKOPUCTAHHS TAaKOTO PiBHAHHA Yy KOXHOMY KOHKPETHOMY BUIAIKY
JTOBOAMTHCA 3BHAXOAUTH TaK 3BaHi Koe(illieHTH BIJINBY pagiaibHUX IIe-
peMmilmieHps IJs eJleMeHTiB HapisHoro 3’egHaHHA. OKpemi pesyiabTaTu
OOCTiIKeHb, IIPUCBAYEHMX BU3HAUEHHIO KoedillieHTa paaiaJbHOTO
3MillleHHA AJA TPOEeKTYBaHHSA MeTaJIeBOro 3’€THaHHS TOHKOCTIHHUX
000JI0HOK, ITPo3ByYaau y gomoBini [95]. [lna imKeHepHOI IpaKTUKY He-
00XiJJHO PO3POOUTH IIPOCTY METOANKY BU3HAUEHHA TaKUX Koe(illieHTiB.
Biacue Taka morpeba i cTasa OCHOBHOIO MOTHMBAI[I€I0 HAIIIOTO HOCJIi-
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mxeHHA. IlocTaBieHe 3aBIaHHA IIEBHOIO MipOI0 YCKJIAIHIOETHCA, AKIITO
MU PO3TJIATAEMO HapisHi 3’eTHAHHA, AKi MiCTATL eJleMeHTU BUTOTOBJIE-
Hi 3 piBsHUX MaTepiAJIiB i 3BMilTHEHI MTOKPUTTAMMU.

Meroio mamoi pobOTH € 3HaXOI:KEeHHS BeJUYNHU PamiaJbHOTrO IIepe-
MiIlleHHS TOYOK cepedHbOI MOBEpPXHi MeTajieBol 00OOJOHKHN Ta KyTa IIO-
BOPOTY HOpMaJeil 10 MoBepXHi 000JI0HKHU, IKi CTOCYIOThCA My(pTH, 11100
3a0€e3IeYnTy MOKJINUBICTL PO3B’SA3aHHSA iHTEI'paJbHOTO PiBHAHHA I
BU3HAUEHHA THUCKY Ha Po00UYMX IIOBEPXHAX BUTKIB Hapisi mydroBOTrO
3’eTHAHHA JBOX TOHKOCTIHHUX MeTaJIeBUX TPYO i3 pisHMX mMaTepidAdis,
3MIITHEHUX XPOMOBUMU ITOKPUTTAMU.

1A mocATHEHHS IIOCTaBJIEHOI MeTH HeOoOXimHO BUPIIIUTHM HACTYMIHI
3amaui:

— po3B’A3aTHM KpamoBy 3ajavuy AJd MeTaieBOi CKiHueHHOI 060JIOHKU
(MmydTH), HaBaHTAXKEHOI y JOBLILHOMY Iepepisi KiJIbIleBOIO CHMJIOI0, 3
BU3HAUYEHHS pajiajJbHUX IIEPEMiIleHb TOUOK ii cepeIMHHOI ITOBEPXHI Ta
3HANTU KyTH IIOBOPOTY HOpMAaJIeH 10 1iei moBepxHi;

— posB’g3aTu KpaiioBi 3amaui 3 BUBHAUEHHs IIepeMillleHb TOUOK cepe-
JOUHHOI IMOBEPXHi CKiHUeHHOI 000JI0OHKH, II[0 BUHUKAIOTh Bil KiIbIleBuUX
MOMEHTIB JIiBOi Ta ITpaBoi il IOJIOBUH, AKi HAIIPAMJEHI y IPOTUIEKHI
CTOPOHU;

— BU3HAYMTH KYTHU IIOBOPOTY HOPMAaJIeill 1O cepeAUHHOI ITOBEPXHi CKiH-
yeHHOI 000JOHKM JJsd ii JiBoi Ta mpaBoi MOJOBUH, IO 3’ ABIAIOTHCI Y
BUNIAIKy HaBaHTaKeHb BKa3aHUMMU KiJbIIeBUMU MOMEHTAMM;

— PO3POOUTH TEXHOJIOTiIO eJIEKTPOXEMIiUHOTO XPOMYBaHHSI MY(MT y IPO-
TOYHOMY €JIEKTPOJIITi Ta BUBHAUUTHU JONYCTUMIi PiBHI HAIpy:KeHb PO3-
TATY B IETANAX i3 XPOMOBUMY HOKPUTTAMU.

2. METOJIHUEKA TOCJLIKEHD

J1a moKpallleHHA eKCIIyaTalliiHuX XapaKTepuCcTUK OypoBUX Ta HACO-
CHO-KOMIIPECOPHUX TPYO, AKi cIosydueHi HapisHuMU 3’€THaHHIMU, 3a-
IPOIIOHOBAHO CUCTEeMHMM MiAXis, 110 BKJIOUAE PAIliOHATBLHIHA BUOIip Ma-
TepiAmiB (crameil, aJdlOMiHieBUX 1 THTAHOBUX CTOIIiB), VIOCKOHAJEHY
METOAUKY PO3PaXYHKY OOOJOHKOBUX METAJOKOHCTPYKIIIM Ta IXHE 3Mi-
ITHEeHHA eJeKTPOXeMiUYHMM XPOMYBAaHHAM Y IIPOTOUHOMY €JEeKTPOJiTi
IJIA TigIBUINEHHA 3HOCOCTiMKOCTI Ta Koposiiinoi TpuBKocTi. O6’eKT moc-
JiIKeHH HAJEeKUTh 0 CUCTEeM 3 MeTAJTiYHUMU BJIaCTUBOCTSIMU.

3aaasa moOoymgoBU iHTer'PalbHUX PiBHAHL IIOA0 PO3IOLIJIY KOHTAKT-
HUX HaOpy’KeHb y HapisHoOMY 3’e€THAHHI Pi3HUX MATepisiB «HaCOCHO-
KOMIIpecopHa Tpyba—My@dTa—HacocHO-KOMIOpecopHa Tpyba» BH3Haua-
I0Th QYHKII] BOJIMBY: pagiajibHi mepeMillleHHsa Ta KYTH IIOBOPOTY HOP-
MaJi B Mmy@Ti Ta TpydOi, BUKJINKAHI OJUHUYHOIO KiJbIIeBOIO CUJIOI0 abo
OIVUHUYHUM KiJbIIeBUM MOMEHTOM, IPUKJIAJEHUM YV OyIb-IKOMY HOP-
MaJbHOMY MHOIlepeuHOMYy Iiepepidi. Bomgmouac @opMyai0l0Th Ta
PO3B’A3YIOTH KpaloBi 3a1aui MOMEHTHOI Teopil ocecuMeTpUUHOTO gedo-
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PMYyBaHHA TOHKUX IWJIIHIPUYHUX 000JIOHOK CKiHUEeHHOI TOBYKUHU.

HocaimxyBanu My@ToBe 3’€JTHAHHSA TJIaAKNUX HACOCHO-KOMIIPECOPHUX
Tpy6 (I'OCT 633—-80), BuroroseHe i3 pisuux meTaniB. K maTepianau min
yac AOCJiIKeHb BUKOPUCTOBYBAJIU cTadb (rpynu Mmimuaocti ), TuTaHo-
Buil i anrominieBuit cronu. g 3MiliHEHHA Ha 30BHIIITHIO MUJIIHIPUYHY
MIOBEPXHIO MY(PTHU €JIeKTPOXEeMiUHIM METOIOM HAHOCHUJIU XPOMOBE IIOK-
purtsa. MexaHiuHi BJIaCTUBOCTI MaTepiAdiB, AKi JOCTiAKyBaIMn, TOLAHO
y Tabu. 1.

T'eomeTpuuHi posmipu ejleMeHTIB Hapi3HOro 3’e¢IHaHHS «HACOCHO-
KOMIIpecopHa Tpyba—My@dTa—HacocHo-KoMupecopua Tpyda» (I'OCT 633-
80) momano y Tabu. 2.

XpoMoOBe TOKPUTTSI HAHOCUJIN HA 30BHIIITHIO MUIIHAPUYHY ITOBEPXHIO
My@TH BiAIOBiHO M0 oIepalliii po3pob/IeHOT0 TEXHOJJIOTiUHOT'0 IPOIleCy
Ha YCTAHOBIIi AJIA €JIeKTPOXEeMiUYHOTO XPOMYBAHHA Y IPOTOYHOMY €JIeK-
TPOJIiTi, OCHAIEHil aBTOMATU30BAHOIO CHCTEMOIO KepyBaHHA. Y CTAaHO-
BKa MiCTUTh 3MiHHI IPOTOYHI eJeKTPOXeMiuHi KOMipKU, AKi BUKOpUC-
TOBYIOTH JIJIS IOKPUTTSA 30BHIIIIHIX IIOBEPXOHL ab0 BHYTPIIIHIX ImMOBep-
XOHb AeTajeii. EnekTpoxeMiuHy KOMIpKY micasa MOHTaKy metani (Mmyd-
TH) Ta eJIEKTPOa, 1110 OOXOILIIOBAB 30BHIITHIO MUIIHAPUYHY ITIOBEPXHIO,
repMeTH3yBAaJH Ta IIiAKJI0UaIN 34 JOIIOMOT'0I0 CTPYMOIIiIBOIIB 0 mKe-

TABJIMIIA 1. Mexaniuni xapaKTepuCTUKYU MaTepiAIiB Tpyd, MydT i XpoMOBO-
T'0 IOKPUTTA.

TABLE 1. Mechanical properties of pipes, couplings, and chrome coatings.

Marepisan
IToxasHuK Craus TuranoBuii|AnominieBuii| XpomoBe
ar CTOII CTOII TOKPUTTA
Me:xka mimtaocti, MIla 655 950-1150 392-510 190-310

Mesxa nauuaaoctu, MIIa  379-552 840-900 255-274 —
Mogyns npy:xHOCTH, MIIa  2,1-10° 1,12.10° 0,72-10° 1,7-10°%
ITyacconiB KoedimieHnT 0,28 0,32 0,34 0,30

T'ycruna, kr/m* 7850 4400 2600 6970

TABJINIIA 2. Tpybu HacocHO-KOMITPECOPHI TIafAKi Ta MydTH 10 HUX.
TABLE 2. Smooth oil-well tubes and couplings for them.

YMoBHUIHA Tpyb6a Mydra
ALAMETD | 3, ppimuii | ToBmmHEa BuyTpimuii | 3osuimuHii | JoB:xuHa,
TPYy6H, MM IiaMeTp, MM | CTiHKHY, MM | IiaMeTp, MM | IiaMeTp, MM MM
89 88,9 6,5 75,9 108,0 146
102 101,6 6,5 83,6 120,6 150

114 114,3 7,0 100,3 132,1 156
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peJsa ;xkuBgenHA. CrucTeMa IMUPKYJIAIil 3a6e3nmeuyBaa 6e3mepepBHY II0-
Iauvy o TpyOax eJeKTPOoJiTa AJId XPOMYBaHHS Y KiJbIleBYy MTOPOKHUHY,
AKa yTBOpPeHa MiK 30BHINTHBOIO IUJIIHAPUYHOIO IIOBEPXHEI0 My(QTH Ta
BHYTPIIIIHBOIO HIUJIIHAPUUYHOIO ITOBEPXHEIO eJIeKTPOoja, eeKTpoXeMiu-
HOI KOMipKHM Ta iioro BigBemeHHs. CrcTeMa aBTOMAaTU30BAHOTO Kepy-
BaHHSA IIPOIIECOM €JIEKTPOXEMiUHOr0 XPOMYBAHHAM Y IIPOTOYHOMY eJie-
KTPOJIiTi MO3BOJIsIE HE3AJEKHO MiATPUMYyBaTH Ha 3aJaHOMY PiBHI Tex-
HOJIOTiUHI mapaMeTpu eJIeKTPOJIi3y: TeMIepaTypy, MIBUIAKIiCTh IIOTOKY
€JIeKTPOJIITY, POOOUMIT CTPYM €JIEKTPOJi3y Ta CIIiBBiJHOIIIEHHSA KOMIIO-
HEHTIiB eJIeKTPOoJiTy. IK aHoJ BUKOPHCTOBYBAJM CTOI CBHHEIL—CYypMa
(I'OCT 1292-81). XpomyBauHHA My(PTH IPOBOAUIN ¥ CTAHIZAPTHOMY eJie-
KTPOJIITi Ha OCHOBi XPOMOBOT'0O aHTIAPUAY Ta CipuyaHOi KMCJIOTU 3 HAHO-
JToJaTKaMMU.

g nmpoBefeHHA MOCIiAKeHb XPOMOBUX 3pa3KiB 3 MOKPUTTAMU BU-
KOPUCTOBYBAJIU CTAaHAAPTHI MUIiHAPUYHI B3ipii miamerpom 3 MM aias
MeXaHiuYHNX BUIIPOOOBYBaHL Ha PO3TAT 3a KiMHaTHOI Temnepatypu (EN
10002-1:2001, IDT). Bunrpo60oByBaHHA Ha PO3TAT IIPOBOAUIIN Ha PO3PO-
OJieHili HAMU YCTaHOBIIi, AKA MO3BOJISIE HEIIEPEPBHO PEECTPYBATHU BEJIN-
YUHY eJIEKTPOXEMiUHNX ITOKAa3HUKIB 3pasKa 3 MOKPUTTAM Y MOJeJIbHO-
MYy eJIEKTPOJITi mix yac HaBaHTasKeHHA. [lomycTumMuii piBeHb MexaHiy-
HUX HaIpPYyKeHb PO3TATY, 3a AKUX BiAOyBaeThCcA PYHHYBaHHSA XPOMOBO-
ro TMOKPUTTSA, BUSHAUAJHN 34 Pi3KOI0 3MiHOIO BEJIUYNHU €JeKTPOIHOTO
HOTeHIliay.

3. PESYJIBTATH TOCJIIKEHD TA IX OBTOBOPEHHS

MydroBe 3’egHanHa TPyO Yy mpolieci eKcILIyaralii mepedysae mij gie€ro
POSTATYBAJIbHUX CUJI. KOHTaKTHI 3yCUJIA, AKI BUHUKAIOTH O TOTO K
Mi}X BUTKAMM Hapisi Tpyom i MydpTu, BUKIUKAIOTH IO IUJIIHAPUIHIH
TIOBEPXHi 3amaJjuH Hapisi Tpu pPO3MOijieHi CUJIOBI UMHHUKU (,, (,, M,
o0 cxemMaTmuHO 300pakeHo Ha puc. 1 [96]. OcwoBi 3ycuana ¢,;, ¢.,
CIOpPUIIMAIOTh OChOBE HABAHTAMKEHHS @ i BUKJIMKAIOTH PO3TATYBAHHS
Tpy0 i mydT. HopmanbHi KinbieBi 3ycunnsa q,;, q,, i KiibieBi MmoMeHTH
m,, My IPU3BOIATE A0 PaliaibHUX IIepeMillleHb TOUOK CePeIUHHUX I10-
BepPXOHb My(dTH i TpyOH.

VY pobori [96] posraamaeThea mpobieMa Po3MOAiay HaBaAaHTAMKEHHA Y
HapisHUX 3’€THAHHAX 000JIOHOK. ABTOpaMU OTPUMAHO iHTerpaibHe pi-
BHAHHS, B SKOMY HEBiJoOMMM € THCK Ha MOBEePXHI BHUTKIiB Hapisi
3’eIHAHHA OBOX ODOJOHOK. AHAJIOTIUHMM CIIOCOOOM MOXKHA OTPUMATH
iHTerpasbHe PiBHAHHA i 114 My(GTOBOTO 3’€¢JHAHHA IBOX TPYO Y BUIIAI-
Ky, KOJM BCi eJeMeHTH TaKoro 3’e¢JHAHHA € obOoJoHKamu. Jlas
pO3B’A3aHHA IILOTO PiBHAHHS HeoOXigHO ImMomepeaHbo BUSHAUUTH SIK 3i
CTOPOHU My(pTHU TaK i TPyO HUSKY BeJIUUNH. [0 ITMX BEJIUYNH 31 CTOPOHU
My(QTH HAJIeXKaTh pajialbHe IIePeMilleHHsI TOUOK CepeIuHHOI ITOBepXHi
000JIOHKHM y Tepepisi z Bifg oqAmHMUYHOI KiJbIeBOl CUJIN, IPUKJIAJEHOI V
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nepepisi § (BemuunHa K, ,(2,&)), i KyTu IOBOPOTY HOPMAJIi IO cepeluH-
HOI IOBepXHi 000JOHKHM Yy Iepepisi z BiJ BKasaHUX KiJbIeBUX CHUJIOBUX
(daxTopiB, o npuKIaneHi y nepepisi & (Benuunru K, (2,8), K, ,(2,8).

Y maHiit poboTi 3p06sieHO OOMeXKeHHA 1[040 BU3HAUEHHS BUIIE BKAa-
3aHUX BeJIUUYNH. BoHU 3HaXOAATHCA TiIIBKY IJId My(QTH, AKa 3abesmeuye
3’egHaHHA OBOX TPy6. PosriamaeThca cKiHueHHa 000JOHKA 3 TOHKUM
XPOMOBUM IIOKPUTTAM, TOBKHHA AKOI L. Y HOBiTbHOMY HOPMAJIBLHOMY
ii mepepisi § mpukaageHa Kinbiena cuia P(§). Kpai o60m0HKY BiibHI Bifg
HaBaHTaKeHHs. HeoOximmo 3HaiiTu pamiaibHi mepeMillleHHA W TOYOK il
cepeIMHHOI TOBepXHi (puc. 2).

g xpyroBoi MUIIHAPUUYHOI 000JOHKM y pasi 0cecuMeTPUYHOTO Ha-
BaHTa'KeHHA AudepeHIliagbie PiBHAHHA AJA 3HaAXOIKEHHS W Ma€ Ta-
Kuii Buraan [97, 98]:

d'w q
+4p'w ==, 1
a7 p D (1)
e w —  pamiaabHe — mepeMmimieHHsa ~— (IporuH) — OOOJIOHKW;
31-v’) Eh+Eh
B* = d-v) . r h, h, — pazmiyc cepeIUHHOI ITOBEPXHi, TO-

h’r* Eh+3Eh

1 (EW* EhHR
BITIHA 000JIOHKH Ta il mOKpUTTs; D AL

= P +
1-vo| 12 4

IPUYHA »KOPCTKiCTh 000JIOHKM 3 TOHKMM XPOMOBUM IIOKPUTTAM; E, E,,

V — MOZYJb IPYsKHOCTH 000/ I0HKHY Ta ii mokpuTTa i Ilyacconis xoedirri-

€HT MaTepisaay 000JOHKH; ¢ — KOMIIOHEHTA PafiajJbHOr0 HaBaHTAMKeH-
Hs.

J — IUJIiH-

e T T T lae :

1 1
ml/
NN SN

mzf 9.2 2

q"2

Puc. 1. Mogenb KOHTAKTHOI B3aeMoAil y HapisHoMy 3’eqHaHHI Tpyba—MmydTa: 1
— Tpyba, 2 — mydra.

Fig. 1. A model of tube—coupling thread contact interaction: I—tube; 2—
coupling.
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P(S)

P(9)

Jv

L

Puc. 2. CkinueHnHa 000JIOHKA, HaBaHTaKeHa KijibiieBoo cuyioo P(§).
Fig. 2. FE-shell loaded with annular force P(§).

L7151 060JIOHKH, 1110 POBTJIAAETHCS
q=P(E)%,(2-9), (2)
Jge P(£) — kiabnesa cuia; 9,(2—-§) — acuMeTpuuHa iMIyabcHa GQYyHK-

nia [99], d,.(z-&)= di S (2-¢), S,(z-& — acumeTrpuuHa OAMHUYHA
z

0 -£<0
oy 5.9 -{ ™ E =L

Bpaxosyouu (2) i yMmoBU Ha KpasdX 000JIOHKM, OTPUMYEMO TaKy Kpa-
MoBy 3ajsiauy:

4
W apw =85 -, 3)
z D
d*w d*w d*w d*w
dz* 7 4P R R =0 (4)
2=0 2=0 z=L z=L

PosB’a3o0k 3amaui (3), (4) mykaeMo y BUTJIAIL
w=B,V,(B2) + B,V, (Bz) +B,V, (Bz) + B,V, (Bz) +
P(e) B )
5D V,(B(z-8))S.(2-9),

neV,, V,, V,iV, — pyrknii Kpunosa, Aki 3anncyioTscs Tak

()

+
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Vi(B2) = ch (Bz) cos(B2); V,(B2) = %(ch (B2) sin(Bz) +sh(Bz) cos(Bz2));

Vs(B2)= % sh (B2) sin(B2); V,(B2) = i (ch(Bz) sin(Bz) —sh(Bz) cos(Bz2)).

s BusHavyeHHs HeBinoMux B,, B,, B; i B, BUKOPUCTOBYEMO KPanoBi
ymoBH (4). [lo Toro :x orpumyemo B, =B, = 0 icucremy JBOX PiBHAHB:

~4B°B,V, (B L) - 48°B,V,(B L) +%@ v, (B(L-¢))=0,
(6)
—4B°B,V,(BL) - 4B°B,V,(BL) + I%)Vz (B(L-¢))=0.
I3 cucremu piBHAHSE (6) OTPUMYEMO
B _ PO ViBLY, (BL-9)-V.BLV, (BL-Y))
' 4p°D V2 (BL)-V,(BL)V,(BL) ’
B PE VDV, (BL-9)-V,BL)V; (BL-Y)) -
* 4p°D V,(BL)V,(BL)-V;(BL) '

Y pesynbTraTi po3B’a30K 3amaui (3)—(4) Oyze

_ PE) Vs(BL)V, (BEL-8)-V,(BL) V; (BL-¥))

- 3 2 Vl(Bz) +
43°D ViBL)-V,(BL)V,(BL)
. P(gé) V:(BL)V, (BZ(L -&))-V,(BL) V, (B(L -¢)) V,(B2) + 8)
4p°D V;@BL)-V,(BL)V,(BL)
P(®) B B
+ 5°D V,(B(z-¢))S,(z-9).

Armro nokmactu y (8) P(§) =1 H/m, To oTpuMaeMo IIyKaHy BEINUNHY
K ,(2,&), ToOTO nepeMillleHHS TOUOK CePeIUHHOI II0BepXHI 000JIOHKHU
(MmydTH) y mepepisi z Bif OAMHNYHOI KiJlbIeBOI CUJIM, III0 PO3MiIlleHa V
nepepisi . HeoOxinHo 3asHauutu, mo K ,(z,£) BusHauaeThbCcsd 3a OJHIi-
€10 i Tiero x popmyioro (8) 38a P(§) =1 H/™m ak ana aiBoi, Tak i gusa opa-
BOi oJI0BUH My(dTH. B3gsinu moxigHy 1Mo 2 Big anagdiTuuzaoro Bupasy (8)
3a P(§) =1 H/m, orpumaemo opMyTy A8 KYTiB IOBOPOTY HOpMAJi IO
cepeInHHOI ITOBEPXHi 000JOHKH, AKi BUHMKAIOTEL y pasi ii HaBaHTaKeH-
HSA K1JIBIIeBOIO CUJIOK YV JOBiILHOMY Iepepisi

1 V;(BL)V, (BLL -8))-V,(BL)V; (BL -¢))
B*D VS (BL)-V,(BL)V,(BL)

K, (2,8)=- ViB2)+ (9)
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1 V,(L)V, (B(L -8))-V,(BL)V, (B(L -&))

2 2 Vi(Bz) +
43°D Vy (BL)-V,(BL)V,(BL)
1
+—B2D V,(B(z-¢€))S.(z2-¢).

Ha pucyuky 3 HaBezneno rpadiku seauunnu K, ,(2,8) nuas mydru, 1o
3’eIHy€e HAaCOCHO-KOMIIPECOPHi Tpyou 3 ymoBHuUM miamerpom 102 mwm,
orpuMmasi 3a popmysoro (8) 3a P(§)=1 H/m gna saauens £=0,02; 0,06
10,10 m g5 cTameBoi, TUTAHOBOI Ta ayoMiHieBUX o6osoHOK. [Tapamer-
pu BKasaHoi mydTu: nqoBxuHa L = 150 MM, pagiyc cepefnHHOL TIOBEpXHi
r=>55,6 MM i ToBIIMHA cTiHKY I = 9,5 MM.

I3 amamisy rpagikis (puc. 3) BUgHO, 110 IIepepi3 000JOHKU, Y SKOMY
JocAraeTbCcA MaKCUMajlbHe 3HauUeHHA BenuuuHu K ,(z,&), cuiBnagae 3
KOOPAMHATOIO MPUKJIaJaHHA KiJbIleBOl CUIN; i UMM OJMKYe KOOPAUHA-
Ta & 10 Kpaio 000JOHKM, TUM OiJBINTNI MaKCUMyM PaAiaJbHOTO IepeMi-
IeHHs Y I[bOoMY Hepepisi. PagianbHi mepeMilneHHsa TOUOK cepequHHOI
MMOBEPXHi TUTAHOBOI Ta aJNIOMiHi€eBUX O0OJOHOK 3HAUHO OiJBIIi, HiK
crajeBoi 000/0HKU. 1le MOACHIOETHCA TUM, III0 MOAYJIb IPYKHOCTH TH-
TaHy Mai:Ke BIBiUi MeHIIMWHA 3a MOAYJb HNPY:KHOCTHU CTaJi, a MOAYJb
IPYKHOCTHU aJIIOMiHiI0O MaiyKe BTpUYI MEHIIUHN 3a MOAYJIb IPYsKHOCTHU
craJri.

Ilepexonumo 10 po3TiIALYy KpalloBUX 3ajad 3 BU3HAUEHHSA paliajib-
HUX TepeMillleHb TOYOK CePeIUHHOI IMOBEepPXHi CKiHueHHOI 000JIOHKH,
SAKi BUHUKAIOTh V BUNAAKY IPUKJIaTaHHA 3 11 BHYTPiITHBOI CTOPOHU Ki-
JAbIeBuUX MoMeHTiB. KinbIlleBi MoMeHTH AJis JiBoi Ta mpaBoi ii mosoBuH
MaloTh IIpoTuae:KHI Hanpamu. Ha pucyury 4, a i puc. 4, 8 300paskeHo

—— £=0,02M
p /4\ \ A I £=0,06 m
E 7 \ - - £=0,1m
- / ‘
= \ .
S 2 3
— 4
2 \
N
M 0 1
-2
0 0,04 0,08 0,12 0,16
zZ, M
a

Puc. 3. PagianpHi mepeMillleHHA TOYOK CEePEANMHHOI IMOBEPXHiI 00OJOHKHU Bifm
KinmbIleBoi cuiau as cranesoi (a), TuTanoBoi (6) Ta anroMiHnieBoi (8) 060JI0HOK.

Fig. 3. Radial displacements of the shell middle surface points refer to the an-
nular force for steel (a), titanium (6), and aluminium (8) shells.
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— — £=0,02M
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IIpodosicenns puc. 3.

Continuation of Fig. 3.

KiJblleBi MOMEHTH, AKi BUHMKAIOTh V pasi 3’eqHaHHA CKiHUeHHOI 000-
JIOHKU BiATIOBimHO 3 IpaBoio Ta JIiBoio 0 6osoHKamMu (TpybamMu) 3a HaAB-
HOCTi CHJIN PO3TATY.

3agaHa 000JI0HKA JOBXKUHOIO L. 3 BHYTPIIIIHLOI CTOPOHY y IIPaBiii Ta
JiBi# i wacTmHax mpuKJIameHi Kiabiei momenTu m(f), HampaAMu ix
BKasaHo Ha puc. 4. [[1a mpaBoi yacTuHYU 000JIOHKY BeJIUYNHA & 3MiIHIO-
eTbcsa y gianasdoHi L/2 <& < L, a gna niBoi — 0 < & < L/2. Kpaiini nepe-
pisu OOOJIOHKM BiJbHI Bif 3rMHAJBbHMX MOMEHTIB 1 ImOIepeuHUX CH.JI.
Heo06xinHo 3HaliTH pagianbHe nmepeMimnienasa w(z,&) TOUOK cepequHHOL
IOBePXHi 000JOHKM IJIsI 000X BHUIlle BKA3aHUX BUMAAKiB.
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Bepyuu no yBaru gudepenmnianbHe piBHAHHEA (1), BeIUYUHY ¢ IJId Ki-
JBIIEBOTO MOMEHTY, IIPUKJIAJEHOT0 BiAIOBiAHO y IIpaBiil Ta JiBiil moJo-
BUHi 000JIOHKHY, 3aIIUIIIEMO TaK

__MO 5 z-g), g= Mg (o
q=-—78.(-8), g= =8 (z-9), (10)

ne 8(z— £) =%8+(z—a).

Y pesyabTaTi oTpUMY€EMO IBi rpaHUYHI 3a7aui, AKi MoKHa 00’ eJHATH
B oxuy. Ilo mboro 6ymemo MmaTu

d'w m(&)
2 4B = 2L (2 — y 11
4 B 7 (z-8) (11)
2 3 2 3
z 2=0 z 2=0 z 2=L z z=L

Y piBuauui (11) BepxHiii 3HAK CTOCYETHCA IPABOI YACTHUHYU 000JIOHKH,
a HUKHiT — JiBoi.

Hnsa poss’asanasa 3agaui (11), (12) po3riaHeMO TaKy HOIOMIiKHY 3a-
mauy. JlaHa ckiHueHHa 000JI0OHKA, HoB:KUHA AKOi L. Kpai o6os0oHKY Bi-
JIbHI Bij HaBaHTaKeHHs. ¥ IIpaBiil T0JOBUHI 000JI0HKY Y ITepepisax z = &
i z = &, mpuKJageHoO KiJbIleBi, IPOTHUIECKHO HanpAMJIeHi cuiu P oxgHa-
koBoi BeruuuHU (P(E)=P(§,)), axisobpakeHo Ha puc. d.

Amnamnoriuno aas miel sk 000JIOHKY MOKHA MOKAa3aTH APYTY IIapy CuJ,
110 PO3TAIllOBaHAa y JIiBii ITOJOBUHI 000JIOHKM, TAKOI K BeJIUMUNHHU, AKi

727 2777
m(z) /m(2) |

z=0_ . ‘ B . z z:()_ ) ‘ ) ) z
!m(&); )

- L/2 — 3

€ _ L/2
L
a 6

Puc. 4. CkinuenHa 060JI0HKA, HaBaHTaKeHA KiJIbIIeBUMI MOMEHTAMM AJIs Ipa-
BOi (@) Ta JniBoi (6) YacTUHU 000JOHKH.

Fig. 4. FE-shell loaded with annular moments for the right (a) and left (6) part
of the shell.
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BiJTIOBiTHO IIPOTHMJIEKHO HAMPSAMJIEHI II0 BiJHOIIEHHIO 0 KiJbIIEBUX
CcuJ, BKa3daHUX Ha puc. 5. 3aBJaHHA IOJIATAE B TOMY, 11100 3HAWTH pai-
aJIbHi IIepeMiInieHHA, BUKJINKAaHI mapaMu cuJ AK IpaBoi, Tak i JiBoi mo-
JIOBUH 000JOHKM. BUKOPHCTOBYIOUM MATEMATHYHY OCTAHOBKY 3aadui
(3), (4) i, BpaxoByIOUM CUJIM IIPABOI Ta JIiBOI ITOJOBUH O00JIOHKY, OyIeMO
MaTH TaKy KpamoBy 3a/1auy:

4

T apu=3 D5 -y To)5 g, (13)
2 3 2 3
T =0, LW o, 28 o, YW o, (14)
dz 2=0 dz 2=0 dz z=L dz z=L

PiBaannaa (13) 06’egHye OLHOYACHO CMJIM IPABOI Ta JIiBOI IIOJOBUH
obosoHKU. BepxHiit 3Hak y piBHaAHHI (13) BiZHOCUTHCSA 10 CHUJI IIPABOI
TIOJIOBUHY 000JIOHKM, a HIMKHilT — m0 JIiBoi.

Kopucryiouncs poss’askom (8) momepenuboi 3agaui (3), (4), MoKHA
Bizmpasy samucaTu po3B’a30K 3amadi (13), (14) TakuM BUpasoMm:

_ PE) V; BLY, (BIL - &) -V,(BL)V; (BL - &)

= 14 T
T VZ(BL)-V,(BL)V,(BL) ba)3 s
_ PO V,BDY, (BL-9)-V,BL)Y, (BL-9) , 62)7
4p°D VZ(BL) -V, (BL)V,(BL) 2
L |P©) PE)
.
B 2=07 B ‘ ) B z
B L2 P 1P
3
£,
L

Puc. 5. CkinuenHa 000JIOHKA, HABAHTAYKEHA IIAaPOI0 KiJbIIeBUX CHJI, IIPOTUJIE-
JKHO HAIIPAMJICHUX .

Fig. 5. FE-shell loaded with a pair of annular forces oppositely directed.
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_PE)

F5p (Bz—8))S.(z-&)
N p(iﬂ) V,(BL)V, (Bz(L -&))-V,BL)V, (B(L - ¢&)) V.(B2) =
4p°D Vi (BL) ~V,(BL)V,(BL)
L PE) VBLV; (BL—8)) VBLV; (BL-8)) | ),
4°D Vi (BL) -V, (BL)V,(BL)
L8y pe-e )88,

5D
Hna Toro, o6 orpuMaTy po3B’sa30K 3amaui (11), (12), HeoOxixHO B
(15) mepefitu mo rpanuni & — & i, Kpim Toro, HEOOXiHO BpaxyBaTH, II10
PE)E, ~&) =m(®) i lim PE)E, ~&) =m(?).
Buromasmu rpapnuHMi nepexin &, — & y (15), 6yaemo matu
LmE _ Vi(BL-9)
~4p°D Vi (BL) -V, (BL)V,(BL)
,m@  Vi(BEL-9)
~ B’D V{(BL) -V, (BL)V,(BL)

) _ _
52D V; (Bz-9))8,(z - ©).

[Va(BLYV,(B2) -V, (BL)V, (B2)] £

[V,(BL)V,(B2)-V,(BL)V,(B2)]F  (16)

Y dopmyai (16) BepxHilt 3HAK CTOCYETHCS BUMAAKY, KOJIU KiIbIleBUH
MOMEHT PO3MiIlleHn y IPaBiil MoI0BUHI 000J0HKY, a HUMKHINA — Y JIi-
Bilf mOJIOBMHI O0OJIOHKH.

Ha pucyuky 6 HaBegeHo rpadiusni sanesxHocti Benmuuunu K, ,(z,¢),
TOOTO PagiaJbHOTO MEePEMIIl[eHHS TOYOK CepeaMHHOI ITOBEePXHi 000J0H-
ku 3a m(€) =1 Hm/m y dopmyi (16). Ilapamerpu 06010HKY TaKi K, AK i
y BUNIAAKY KinbiieBoi cuiu. Po3dpaxyHOK BUKOHAHO AJIA CTAJIeBOi, THUTAa-
HOBOI Ta aJIIOMiHieBUX 000JI0HOK. fIK i y BUNIAAKY KilbIleBOI CUJIN, UM
Onusxue mepepis & no Kparo 000JOHKU, TUM OijbIlla BeJIMUYMHA pagiaiib-
HOro mepeMmimieHHsa. PagiansHi mepeminieHHA TUTAHOBOI 000JOHKI 3HA-
YHO OiJIBIII 3a cTaJIeBi, 10 BUIHO 3 puc. 6.

Nnsa sHaxomkenHa GyHrnii K| ,(2,&) KyTa IOBOPOTY HOpMAJIi 1o ce-
PeIMHHOI MOBePXHi 000JIOHKM Y IIepepisi 2z Bi oAMHMYHOTO KiJIbIIeBOTO
MOMEHTY y nepepisi & HeoOximHO 3HaNTH NOXigHy dw/dz aHANITUYHOTO
Bupasy (16) i samicts m(§) migcraBuru 1 Hvm /M.

Y peayabTaTi oTpEMaEMO

V.(B2) [ Vi (BLL = &) V,(BL) + 4V, (B(L - £)) V,(BL) |

Kr,n2(z’ (ta) = i 2
4pD Vi (BL) —V,(BL)V,(BL)

+ (17)
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L Vap2) [V (B - 9) Vy(BL) + 4V, (B(L - §)) V,(BL) i

2
BD Vi (BL) -V, (BL)V,(BL)
1
F—V,(B(z-9))S.(z-9).
ﬁD 2( ) +
s 6 — — £=0,02Mm
- 4 ot
2 s
N _
) _2 \\_-/// \——/
0 0,04 0,08 0,12 0,16
zZ, M
a
10 -
— —£=0,02m
8 —&=0,06M
\ — - E=0,1m
=5
S B B
O \ -
'T‘NE 2 . N\
Moo /‘\- S -
-2 \ AU d
4 N _ |~ N
o 0,04 0,08 0,12 0,16
Z, M
6
14 T
— —£=0,02u
12 ——£=0,06 M
10 \\‘ £=0,1m
\
s O
\
> Oy
2 4 \ //\
o8 \ \
M‘ 2 2
0 /\ — ——
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8

Puc. 6. PamianbHi mepemillieHHSA TOYOK CepeMHHOI MOBEPXHi 060JIOHKY Bin Ki-
JIBIIEBOTO MOMEHTY JJIsI cTaJieBoi (a), TuTaHoBoi (0) Ta aaoMiHieBoi (8) 000JI0HOK.

Fig. 6. Radial displacements of the shell middle surface points refer to the an-
nular moment for steel (a), titanium (6) and aluminium (8) shells.
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Y dopmyuri (17) BepxHili 3HAK BiIHOCUTHCS A0 KiJILIIEBOTO MOMEHTY IIpa-
BOI IIOJTOBUHKY O00JIOHKH, a HMYKHIM 3HAK JI0 JIiBOI IIOJIOBUHKY O0OJIOHKH.

g Bu3HauUeHHA AOIMMYCTUMUX PiBHIB HANIPYKEHDb PO3TATY B IIUJIiH]-
PUYHUX 3pasKax i3 XpOMOBUMH IOKPUTTAMYU OyJIU HaHeCeHHI TOKPUTTS
pisHoi ToBIIMHU Ha MoBepxHIO craii: 50, 100 i 150 mkm. PesyabraTu
BUIIPOOOBYBAHb IIOKA3aJU, 1110 3a HU3LKUX 3HAUEHb HANIPY:KeHb PO3Ts-
Iy BiOyBaeThcsa He3HAUHA 3MiHa €JeKTPOJHOTO IOTEHIliaJdy IJsa 3pas-
KiB i3 XpOMOBUMM IOKPUTTIMM yCiX mocaimKyBaHuxX ToBinmuH. Iloma-
JIbIIIe 3POCTAHHSA HATIPYKEHb PO3TATY IPU3BOIUTE A0 PYHHYBaHHSA XPO-
MOBHUX IOKPUTTiB. BomHouac uum 0ijIbIlia TOBITMHA XPOMOBOT'O IIOKPUT-
TS, TUM HUKYUH I HHOTO JONMYCTUMUN PiBeHb HATIPYKEHb PO3TATY 3a
AKUX YTBOPIOIOTHCA HACKPi3HI TPIIMMHU B MOKPUTTI 3pasKa, IO IIPu3-
BOIUTH IO Pi3KOi 3MiHM BeJIMUMHU €JIeKTPOAHOTO HMOTeHIliany. BeraHo-
BJIEHO, IO JOIYCTUMUI PiBeHDb HAIPYKEHb PO3TATY IJISI XPOMOBUX IIO-
KPUTTIiB PisHUX TOBIIMH CTAHOBUTL BimmoBimuo: 50 MM — 310 MIla;
100 mgMm — 220 MIIa; 150 mkm — 190 MIla. Take sHU)KeHHS HOIIYCTH-
MOTO PiBHS HANPY!KeHb PO3TATY 3i 3pOCTaHHSAM TOBIIMUHU ITOKPUTTS
00yMOBJIeHe 3POCTAaHHAM KiJbKOCTi MiKpoTpimiuu y mpoieci gopmy-
BaHHA IMOKPUTTIB OiJIBIITOI TOBITUHY Ta 30iJbITEeHHAM 3aJIUIITKOBUX Ha-
MPY:KeHb PO3TATY B XPOMOBOBUX IMTOKPUTTAX.

MydTu, 6ypoBi 3aMKH — Iie MeTaJIeBi JeTaJi 3i CKJIaJHOI0 TOIIOJIOT-
€10 TIOBEePXHi. 3aCTOCYyBAaHHA PO3POOJIEHOI METOIUKY PO3PaXYHKY MeTa-
JeBuX 3’¢THAHDb TPYO 1 TeXHOJIOTiI XpOMyBaHHSA ¥ IPOTOUYHOMY €JIEKTPO-
JiTi cTameBUX AeTaJsieil B KOMILIEKCi 3a0e3meuaTh HiABUINeHHA HAQINHO-
cTi HapisHMX 3’egHAHL 3HOCOCTIiHKOCTiI Ta KopoasiiiHoi crifikocti. Taki
3aX0H1 HO3BOJIATH IIiABUINUTH €KCILIyaTalliilHi TOKa3HUKN MEeTaJIeBUX
HapisHUX 3’€IHAHL, IO CIPUATHME 3aI00iranHio aBapiiiHuM cuUTyalri-
M, CKOPOUEHHIO HEIPOAYKTUBHUX BUTPAT Ha PEMOHTHI podoTu Ta 30i-
JBINIeHHIO 00CcATiB BUAOOYTKY BYIJIEBOIHIB i SHMIKEHHIO 3a0pyIHEHHS
HaBKOJUITHLOTO CEPEIOBUIIIA.

4. BUCHOBRKH

Y pesyabTaTi po3B’A3KY KpaiioBUX 3aJa4 3 BU3SHAUCHHS PAfiaIbHUX IIe-
peMillieHb TOUOK CepeIUHHOI IOBepXHi MeTaaeBoi 000JI0HKY (MydTH), 3
ypaxyBaHHAM IPYKHO-IJIACTUYHUX BJIACTUBOCTEN MaTepisay 000JIOH-
KU Ta XPOMOBOTO IIOKPUTTA, BUKJIUKAHUX KiJIbIIE€BOIO CUJIOKI Ta KiJbIle-
BUM MOMEHTOM, IPUKJAACHUMH Y AOBiIbHOMY mepepisi 060JI0HKH,
oTpuMaHO (PYHKIIIIO pafiaibHOTO MEePEeMillleHHSA TOUYOK CEePEeIMHHOI IIOo-
BepXHi 000JIOHKH Y JOBiJIBHOMY IIepepisi z Bil OAMHMYHOI KiJbIleBOl c1-
Ju, IPUKJageHol y nepepisi § (Benruunna K ,(z,£)), Ta KyTu IOBOPOTY
HOPMAJIi 0 cepeInHHOI MOBEePXHi 000JIOHKM Yy IIepepisi z Bif BKasaHUX
OAVHUYHUX CUJIOBUX (PAKTOPiB, IO MPUKJIAZEH] ¥ Tepepisi & (Benunum
K,,(2,6), K,,(2,%)).

HanecenHa mOKPUTTS eI€KTPOXEMIYHUM XPOMYBAHHAM Y IIPOTOUHOMY
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eJIeKTPOIiTi 3a0e3meuye 3axucT My(T Big Koposii Ta 3HOIIyBaHHS, BOJI-
HOUYAaC XPOMOBe IIOKPUTTSA 30epirae poOOTO3JaTHICTh 34 BUCOKUX PiBHIB
HAIIPYKEeHb PO3TATY, AKi CTAHOBJATDH AJsa ToBIuH: 50 MkM — 310 Mlla;
100 mgm — 220 MIla; 150 MM — 190 MIIa.

Orpumani ¢ysrnii K, ,(2,8), K ,(z,¢), K, ,(2,£) nianyemo y nozpa-
JIBIIIOMY BUKOPHUCTATH IJIA MOCTiMKEHHS THCKY Y BHUTKAX KOHIYHOIO
HapisHOro My(TOBOTrO 3’¢THAHHA IBOX TPYO (000JI0HOK).

TIOTIKA

KosexTuB aBTOPiB BMUCJIOBJIIOE BASYHICTL pelleH3eHTaM 3a ITiHHI peko-
MeHAaIii, Axi OyJu BpaxoBaHO IJI 3HAUHOTO MOKPAII[eHHs AKOCTI 1iel
crarTi. ABTopu BAssuHi MiHicTepcTBY OCBiTH i HayKu YKpaiHu 3a I'PaHT
Ha peaJisariro mpoekry [1-8-21-I1 (PK 0121U109591).
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SCOPE OF PAPER IN ENGLISH
PACS numbers: 62.20.fk, 62.20.fq, 62.20.M-, 62.20.mj, 62.20.mm, 62.20.mt

Kpuxkicts MeTaJriB i cTomiB Ak HecTa0iIbHICTH
BJIACTHBOCTEM MiIITHOCTI

I0. d. Memkos, I'. I1. 3imina

Incmumym memanogisuxu im. I'. B. Kypoomosa HAH Ykpainu,
0ynve. Axademira Bepradcvrozo, 36,
03142 Ruis, Ykpaina

B crarTi mpobieMy KpUXKOCTi MeTaJiB Ta CTOIIB i, 30KpeMa, BUPOOiB 3 HUX,
POBTJIAHYTO AK IIP0o0JieMy BILINBY CYTTEBHX HEOAHOPiZHOCTEeHl HAIPYKEHb Yy
3pa3Ky 3 KoHIleHTpaTopoM Hanpy:keHb (KH) (Tpimmu) Ha cTifikicTh 30epe-
sKeHHsA 6a30Boi MinmHOCTI MeTany (G, — MeKa ILNIMHHOCTI) y IPaHUYHIN Mil-
HoCTi pyiiHyBaHHA 3pa3ka 3 KH (oyy). YMoBa cTabisbHOCTI MimtHOCTI 3paska 3
KH — oyp > 63, HecTablIbHOCTL — GOyp < O ,. IIpoaHanisoBaHo JiTepaTypHi
€KCHepUMEeHTAJNLHI Pe3yIbTaTh BUNIPOOYBaHb 3pa3KiB 3 TPIiIlMHOIO Ha 3TUH 3i
crajell B IIIIPOKOMY iHTepBaJIi MOKa3HUKiIB MinHOCTi (G, , = 200—2200 MIIa) i
naactTuaHOCTi (W = 10-85% ). 3anporoHOBaHO METOAMKY BUSHAUEHHS KPUTHU-
YHUX IIapaMeTpPiB IIJIaCTUYHOCTi, SAKi 3abe3meuyioTh CTabiIbHiCTHL MiIHOCTI
pylinyBanH# 3paskis 38 KH (oyy) 32 KiMHaTHIX TeMIepaTyp (Cyr > Gy ») Y 3a3Ha-
YeHOMY iHTepBaJi MiIHOCTI BULIpOOYyBaHUX cTajieil. 3po0JieHO BUCHOBOK, IIIO
I aTecTallil crajseil Ha MOMKJIMBICTD IXHBOTO KPUXKOTO DYHHYBaHHA JOCTAT-
HbO BU3HAUYUTH Mipy cTabiJIbHOCTI MIITHOCTiI 3a peajibHOI TeMIIEPATYyPHU EKC-
miayaraiiii BupoOy 6e3 HeoOXiZHOCTI BU3HAUEHHS KPUTHUYHOI TeMIlepaTypu
Kpuxkocrti crani T, Ha 3paskax 3 KH (TpimunHo10).

KarouoBi caoBa: MinHicTh, 'paHMYHA MIiIlHiCTh, MJIACTUUYHICTh, CTAOiIbHiCTH
MIiITHOCTi, KOHIIEHTPATODP HAIIPYKeHb.

In the manuscript the problem of brittleness of metals and alloys, and in par-
ticular products from them, is considered as a problem of the effect of essen-
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tial inhomogeneities of stresses in a specimen with the stress raiser (cracks)
on stability of saving of basic strength of metal (o, ,—Vyield strength) in the
ultimate strength of specimen with stress raiser (oyr). The condition of sta-
bility of the strength of specimen with stress raiser is oy > 0,4, of instabil-
ity—onr < 04.5- The literature experimental results of bending tests of speci-
mens with a crack made of steels in a wide range of strength (o, , = 200—-2200
MPa) and ductility (yx = 10—85% ) characteristics are analysed. A technique
for determining the critical parameters of ductility is suggested, which en-
sure the stability of fracture strength of specimens with stress raisers (oyy) at
room temperatures (oyp > 0,) in the specified strength range of tested steels
It is concluded that to certify steels for the possibility of their brittle frac-
ture, it is sufficient to ascertain the degree of the strength stability at the
actual operating temperature of product without the need to determine the
critical brittleness temperature of steel, T;, on specimens with the stress
raiser (crack).

Key words: strength, ultimate strength, ductility, strength stability, stress
raiser.

(Ompumano 5 rucmonada 2021 p.)

1. BCTYII

Kpuxkicts Oyab-AKOro MeTajJeBOTO CTOIY ab0 BUPOOY 3 HLOTO € BKpaiu
HebaKaHUM ABUINEM Y TeXHIiIli, caMe uepe3 HeHaAilHICTh iX BJIaCTHUBOC-
Ti MiHOCTi — G, » (Meka IIUHHOCTI MaTepiaiy), AKa B yMOBaxX KPUXKO-
cTi HabyBae pisKo BUPaXKEeHOl UyTJIMBOCTI 0 OyAb-AKOI HEOAHOPiZHOCT
HAIIpy:KeHoro cTaHy (mepexocy abo KoHIleHTpallii Hampy:xeHb (KH)).
AKIMo cTaH KPUXKOCTL posTiadAmaTu 3 O0KY 0COo0JMBOCTell MeXaHiuHOl
MOBEIiHKM MeTaJy Y¥ BUPOOY, TO T'OJIOBHOIO O3HAKOIO0 KPUXKOCTi CJIin
BBaYKaTU He BiICYTHICTh IJIACTUUYHOCTI 00’€KTy, a BTpPATy CTabiJILHOIO
BigTBOpPEeHHA 6a30BOI MiITHOCTI MeTally G, , y TPaHNUHill MimHOCTi BUpO-
0y Onxr B MOMEHT I10T0 PYyHHYBaHHSA, KOJU Oyp < Gy 2. OC00JIBO BUPa3HO
HeHaAiMHICTh MIITHOCTI KPUXKOT'0 BUPOOY IPOABJIAETHCA IIiJ Ji€I0 yaa-
pHUX HaBaHTaKeHb (CKJIO, TPaHiT, TOIIIO).

Tomy ITiIKOM JOPEYHO IIOCTABUTH 3aJauy IMOA0 BU3HAUEHHS TAKOTO
MOKa3HNKA MeXaHiuHNX BJIACTUBOCTEH, AKNII OM BU3HAUAB CTYIIiHL Ha-
mifiHOCTiI MiIHOCTI AK mapamMeTp, IO BimoOpaskae 3maTHICTHE MeTaJy
OpOTUAiATH (hpaKTopaM JOKAJLHOIO IOPYIIEeHHS OJHOPiJHOTO HAIPY-
sxeHo-nedopmoBanoro crany (HIC) B somax nii KoHIeHTpaTOpiB Ha-
Ipy:KeHb (Tpimuu, HaapisiB, oTBOPiB, 'BUHTOBOI Hapisku ToImno). as
MeTaJIiB 3 BUCOKUM piBHEM IJIACTUYHOCTI y, (BiIHOCHEe 3BYKeHHA Yy pasi
PO3PUBY 3pasKa B «IIHUHUITi») GLIBIITICTh TaKUX 30YIKeHb OTHOPiITHOCTI
H/C nuiaooTbecAa HEIOMITHUME IJIA MIiITHOCTI BUPOO6iB, TOMY iX B3araJri
He IpUIMAIOTh JO yBaru, aje AJd cTajell 3 BUCOKOIO MinmHicTiO (g5 >
> 1000 MIIa) a6o 3a HaABHOCTi BeJIMKUX TPilIMH y BUPOOi BTpaTa Mill-
HOCTi Gyp MOXKE OYTU BiTUyTHOIO.
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OT:xe, JOCTHimKeHHSA 3aKOHOMipHOCTeIi, II[0 OB’ A3YIOThL MiK C000I0
06a30By MiIIHICTH MeTaJlly Gy, 1 'PAHUYHY MillHICTH TECTOBOrO 3pa3Ka 3
nesauM KH (Tpimimzoio) y KOHTEKCTi BIJIMUBY (PpakTopa MIACTUYHOCTI
metany (yx) Ha 1eil 3B’ A30K MOYKe CTAHOBUTH He JIUIIE CYTO HAYKOBUIM,
ajie ¥ MTPaKTUYHO BaKJIUBUH iHTepec, HAIPUKJIAI, IJs TaKUX BUPOOiB
AK BHUCOKOMIITHI IIpOTOHMYHI 3’€¢JHAHHSA B TEXHIiI[l MAIIMHOOYAYBaHHS
a00 OyAiBHUIITBI.

2. ITAPAMETPHU CTABIJIBHOCTI MIITHOCTI

MinHicTb, SK BJIACTHUBICTHP METaJy, BU3HAUAETHCSI YMOBHOIO MeEyKelo
IIMHHOCTI G, », ¥ pasi po3TATryBaHHA I'IaJKOT0 3pas3Ka 3a YMOB OZHOPiA-
HOT'O PO3IOMiJy HAIPY:KeHb He JUIlle II0 PpoOOUoOMy Iepepisy, a # 1o
ycboMy 00’eMy HaBaHTaMKeHOro 3paska. TobTo 6, , € MexaHiuHOIO BjacC-
THUBiCTIO JAHOTO MeTaJly 3 HadBHOIO CTPYKTYPOIO i 3a TeMIlepaTypu Joc-
JigKeHHA, TOMY OyZeMO BBAXKATHU G, , 0a30BOI0 XapaKTEePUCTUKOIO MiIl-
HOCTi MmaTepiaJyy. ¥ peajabHOMY BUPODi, 1110 Ma€ cKIaIHy (hOPMY 3 OTBO-
pamu, mepexogaMu, Hapi3koio, ToIo, Takoi ogHopimzumocTi HIC He 6y-
Bae. I Tomy XapaKTEPUCTUKY MeXKi IIJIMHHOCTI He BUSHAYAIOTh, OCKiJb-
KU ILJINHHICTE B 00’€KTi JIOKAJNi3dyeThcA B 30HAX KOHIIEHTPAIlil HaAIpy-
JKeHb i camMe B ITUX 30HaX (POPMYETHCS AKepeso MOAAIbIITOro pyHHyBaH-
HA BUpoOy. Tomy aasd BupoOy BH3HAUAIOTH 3[4e0iJbIITOT0 KiHIIeBUHA MO-
Ka3HUK MIITHOCTI — I'paHWYHY MiIlHiCTh PYHHYBaHHA Gy (IPU PO3TATY-
BaHHi 3pasKa) abo G, (Ipu 3TUHi) AK YMOBHE CcepeaHe 3HAUEHHS HOMi-
HaJbHOTO HAIPY KEHHS B MiCIIi po3JoMYy.

SasBuuait oyy (Ocp) > G2, TOOTO MillHiCTE PyHiHYBaHHA BUPOOY Iepe-
BUII[YE MEXKY IIJINHHOCTI MaTepiaJy, 1110 CBiIUUTD IIPO CTA0LIbHICTD Bif-
TBOPeHHA 0a30B0I MiITHOCTI G, , MaTepiany y MinHOCTi BUPOOY Gyr. AJle y
BUIMIAAKY, KOJU ILIACTUYHOCTI MeTajJy He BHUCTAYa€ IJs IIOTAIleHHS
pyiiuiBuoi Aii KH y 30Hi JOoKaIbHOI MIACTUYHOCTI BUPOOY, TO MOXKIIMBO
mepemuacHe pyHHYyBaHHSA BUPOOY 3a HOMiHAJNBLHOTO HAIPYKEHHS, HUMK-
YOro 3a MeXKy ILIMHHOCTL MaTepialy Oyr < Ggp. Lle copuiimaersca Ak
O3HaKa KPUXKOI moBeminKku MaTepiany y supobi 3 KH, ajye mo cyTi Taxo-
0 POAY KPUXKiCTh MeTaJly 03Haua€ HecTabiJIbHICTh YV BiTBOPEHHI Yy BU-
po6i 6a30B01 MiITHOCTI MaTepiany Gy s, & B KiHIIEBOMY PaXyHKY IIPOABJIA-
€ThbCA y HecTabilIbHOCTI MiImHOCTI caMoro BUPOOY Oyr (Ocp), AKA HAATO
pisko smintoeThbes mig miero KH (puc. 1).

3 GisuuHOI TOUKU 30PY, HECTAOIIbHICTL MIITHOCTI Gyp € MAKPOCKOITi-
YHUM OPOABOM I'pidhiTchKOi HecTabilbHOCTI Ha KIHUMKY aTOMHO-TOCTPOI
HAHOTPIiIIMHY 32 YMOBHU JIOKAJIBLHOTO JOCATHEHHSA TEOPETUUYHOI MiITHOCTI
Oy, OJA KpaWHbOTO HAUOIJBINT IIepeHanmpys:KeHOro pAAY aTOMHUX
3B’A3KiB Kpucrany. AJle IJid TOro IOTPiOHO, 11100 3arajJbHUM piBeHb Ha-
Ipy:KeHb Gy B MeTaJli OyB JOCTATHBO BHUCOKUM, 111006 JIOKAJbHA HiKOBa
mobaBka Hanpy:keHb Bim KH y cymi 3 oy 3MoOrJIa mIepeBUIUTHA KPUTUU-
HUI piBeHB G, [ IepexXoAay o HecTabinbHOCTi Hanpy:xeHb. Came TOMY
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craH HecrabimbHOCTi MinmHOCTi Big mpucyrHocTi KH Mo:knuBuii auie
IS BUCOKOMIITHMX METAJiB i cTOIiB, a00 3a HUBBLKUX TeMIIepaTyp AJs
OIIK-meTainiB, BomHOUac K AJA HU3BKOMIIIHMX MeETaJiB, TaKUX K
aJIIOMiHi#, MiZlb, CBUHEITH TOIIO, BiICYTHA AKACh YyTJNBIiCTDb A0 TPilIUH
yn igmux KH, ToMy 1110 BOHM PYHHYIOTBCA ILIAXOM mepepisy (To6To
ILIACTUYHO) 32 T, << G,, 33/I0BT'0 JI0 TOTO0, AK Oy/le JOCATHYTAa CUIOBa YMO-
Ba Gy ,x = Oy

3 IbOTO IPUIYIIIEHHA BUILIUBAE, 1110 AJdA nmeBHoro Buny KH 3 ogHako-
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Puc. 1. Boiue Temnepatypu Ha MiIlHiCTb 3paska 3 TPIIIUHOIO G, I/ HUSBKO-
BYTJIEIIeBOI CcTaJi 3CII 3a HaBaHTAXKeHHS HAa TPUTOUYKOBUM 3TUH (3a JaHUMU PO-
6otu [1]): Sx — MinHicTh pyHHYBaHHA IIaAKOTO 3paska (rpaHnYHA MiITHiCTh);
G2 1 0y — Meska mInHHOCTI (MinHicTh) cTami 3a nedopmariit e =0,2% Tae=2%
BiATIOBimHO; Yi 1 Yy — MJIACTUYHICTD INIAAKOTO 3pasKa Ta 3pa3Ka 3 TPIIIUHOIO0
BigmoBizHoO (3a ganmmu podoru [1]).

Fig. 1. Effect of temperature on strength of specimen with a crack, oy, for
low-carbon steel 3sp under a three-point bend loading (according to [1]): Sx—
fracture strength of smooth (unnotched) specimen (ultimate strength); o,
and o,—vyield strength of steel at strains e=0.2% and e=2%, respectively; yx
and yy—ductility of the smooth specimen and the specimen with a crack, re-
spectively (according to[1]).
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BUM piBHEM KOHIIEHTpAIlii HAIPY:KeHb AJA Pi3HUX CTOMNIB 3 IPUOJIN3HO
OIHAKOBOIO CXHWJIBHICTIO A0 AedopMaIiiiHOro 3MiITHEHHS Iepexina 1o He-
cTabiJIbHOTO CTAHY MIITHOCTI Ma€ BimOyBaTHC 3a OGHAKOBOTO KPUTUUHOTO
PiBHA MIITHOCTI CTOILY G 5¢ = cONst, He3BaKAIOUN Ha Pi3HUI PiBeHB II0YaT-
KOBOI (BUXigHOI) MiITHOCTI G , 3a KiMHaTHOI Temnepatypu T'x =293 K[1].

ITepexig merany Bif cTaHy cTabiJIBLHOTO IPOABY ioro 06a30BOI MiIlHOC-
Ti 10 KPUXKOro HecTabiJIbHOTO MOJKHA IIPOCTEKUTU 3a pPes3ybTaTaMu
BUIIPOOYBaHb 3pas3kiB 3 KH y mupokomy iHTepBaJi TeMIeparyp, HUMXK-
yux 3a KimHaTtHy T, B3ATUX 3 podotu A. B. [lluana [1], y axiit gocui-
IJKYBAJIM 3aKOHOMiPHOCTI OKPUXUYBAHHSA KOHCTPYKIIIAHMX CcTaJIeH IIif
nmiero KH piszoro tumy (puc. 1).

Ha Bigminy Big TpaguiiiiHoi MeTOAUKYM BU3HAUEHHSA KPUTHUYHOL TEM-
nmepaTypu KpuxkocTi merany T 3a BeIMUYMHOIO yaapHOi B’ A3KocTi [2—4],
y pob6ori[1] 3a KpuTepiii Kpuxkocti 3a T mpuiiMaau yMOBY

Onr = Oo,2 (1)
y pasi po3TaryBaHHA 3pa3ka 3 HaZapisoM (TpimuHoio), abo
Gco = Oo,2 (2)

Y BUIIAAKY TPUTOUYKOBOTO 3TUHY 3pasKa 3 TPilllnHOIO.

3a Takoi0 MEeTOMI0I0 YMOBa KPUXKOCTi CIIiBIajzae 3 YMOBOIO BTpaTHU
cTabijbHOCTI MimHOCTI MeTany s spaska 3 KH, 110 BiacHe € 3amavuero
IaHoi poboTH.

3 pucyHKYy 1 BuUIHO, IIT0 'PaHUYHY MIIlHiCTh MeTaay Sk AJId 3pasKa 3
opuopimaum HJIIC (6es KH) mMo:kHa BMpasuTH Uepes3 IBi camMocTiiiHi
CKJIaJoBi — 0as30oBy (UIPysKHY) MIIHICTBH Gy, i AOAATKOBUII IPYKHO-
IIacTUYHUM ab6o JedopMaliiiinmii peseps MmimaocTi B,:

SK = 00,2Br, (3)
e
B =Sk ()
Co,2

ITapamerp B, Bimirpae BusHauaJbHY pPOJb y 3a0e3meueHHi MeTamy
MOJKJIMBOCTL CYIPOTHUBY IIepeddacHOMY (KPUXKOMY) PYHHYBaHHIO B
yMmoBax Heomuopimumx HJC, HasBaHUIM HAMU IMOKA3HUKOM 3JIaMOCTiii-
Kocri [5, 6], BuaABUB cBoI0 eheKTUBHICTEL caMe B poboTax, Je aHaIi3yBa-
JIY OKPUXUYBAJIBHY Oil0 PiSHUX KOHIIEHTPATOPiB HAIpy K eHb [5—9].

Ockinbku Sk > Gy, TO B, > 1, To6TO B OJHOPIAHUX CHUJIOBUX IOJIAX
(OCII) gyia Bcix KOHCTPYKIIIHHUX cTajeli cTabiabHiCTL 6a30BOI MilTHOCTI
0y,» 3a0e3neueHa Ge33alepedHo i Moxke OyTU OpPYyIIeHa JUIlle B Aianaso-
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Hi KpiorerHux Temmeparyp (< 77 K) (me minHicTs crasmeil 3HaYHO 3pOC-
Tae) i auiite 3a HASIBHOCTI IMePEKOCY 3pasKa y pasi 0JTHOBiCHOT'O PO3TATY-
BaHHSA abo y pasi sruHy. ToO0TO KPUXKiCTh AK (PiduuHe SBUIIle MeTAaJIaM B
OCII He BIacTUBe B IPUHIUIII.

AJe B HeOOHOPIAHMX CUJJIOBUX IIOJISAX, HAIPUKJIAL, V Pasi aruny 3pas-
Ka abo 3a HagBHocTi KH, Komu pesepB MiIIHOCTI IMOTJIMHAETHCA Y 30HI
JIOKAJILHOI IIJIACTUYHOCTi, rpaHNYHA MittHicTh 3paska 3 KH oyy (a60 G¢)
MOJKe BUABUTHUCA HUKUOIO 34 G », Uepe3 BILIUB MHOXKHUKA B, yy:

Onr = Go,2B/xrs (%)
e
c
By = —E. (6)
Go,2

KO Oxp < Gp2, MAEMO BTpPATy CTabiIbHOCTI MIIHOCTI Gyp, TOOTO
Bar<<l1.

3 rabaui 1, B3aToi 3 manux po6otu [1], BugHO, 110 A4 cTael 3 He-
BEeJIMKOI0 BHUXifmHOIO MinHicTio (m.m. 1-4) KpUTHYHA MIOHICTB Gj g~
~350-450 MIla, To6To Bimpisuaerbca Ha 100 MIla (mpubimsHo Ha
25%), mo Toro »x ixHA BUXigHAa MinHICTH G, , Mae OinbIuii, Hi’K ABOPA-
30BUi po36ir (x200% ).

Ockinpku MinHiCT pyHHYBaHHA Sk Y KPUTUYHOMY CTaHI 32 Ggy ® G ¢
IUX cTaJieil BinpisuaeThesa He Oinbiie, HiK Ha 25% , TO pe3yJbTaTh aHa-
Ji3y He cymepeuaTh ifei mpo Te, 1[0 BTPATH MAKPOCKOMiUuHOI cTabiIbLHO-
CTi MiIHOCTI Gy 38 HANIPYKEHHA G 5 OB’ A3aHA 3 JOCATHEHHAM II€BHO-
ro KpUTHUYHOrO piBHA MimHocTi Ha miky KH, y mamomy Bunagky 61m3b-
Koro 10 Skc ~ 800—1000 MIIa. OT:xe, HecTabibHicTh MiITHOCTI B yMOBax
KH moxe TpakTyBaTu AK BTpaTy cTabiabHOCTI rpiddiTcoBoi HaHOTPI-
muEn Ha Kinunky KH, 1110 KOHTpOJIIOEThCA, HacaMIlepel, PiBHEM KPU-
TUYHOTO HANpPYKeHHA (Skc), AKe CKIATAETHCA 3 CyMHU 6a30B0i MiltHOCTI

TABJHUIIA. 1. Kputnugi napaMeTpu KPUXKOCTi cTanel 6, oc i Skc v pasi pyii-
HYBaHHA 3Pa3KiB 3 TPIIIIMHOIO B YMOBaX TPUTOUKOBOTO 3TMHAHHSA 3a KPUTEPieM
Gco ® Op ¢ (3a armMu [1]).

TABLE. 1. Critical parameters of steel brittleness o, , and Sik; at fracture of
specimens with crack under three-point bend by the criterion o, » 0, 45 (ac-
cording to[1]).

Neni/u|Crans, 06pobka| opp MIa | oo, MIa | Sge, MIa |y, %

1 o-Fe 140 350 970 84
2 Cr. 3cn 160 400 800 72
3 10xCHII 310 420 1050 72
4 48 (Bizmau) 340 450 970 12
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Go2c 1 TOKaIbHOTO IiKa Hanpy:eHb Big KH. 3a ganumu 3 taba. 1 aaa
HecTablIbHOI MiITHOCTI G 5 el HiK CKJIafae BeJIUUNHy OJIu3bKO Sgc —
Go.2c ® 400—600 MIla i mayo 3an1eXUTh BiJ IJIACTUYHOCTL cTaJei (IuB.
OyHKTHU 3, 4 Tabi. 1).

Hasnaxu, axmo B,y (B,) > 1 MaeMO Gyy (G¢o) > G2, TOOTO cTabimiza-
nito mMinHOCTI Gy, ¥y Bupo6i 3 KH. Otixe, mapamerp B,yy (B,) Cayrye mo-
KasHUKOM, ITI0 PEryJaioe KOHCTPYKIIIMHY MilTHiCTh BUPOOY Oyr (G¢p) i TOMY
0COOJIMBOCTI BINIMBY KOHKPETHUX MeXaHiUHUX BJIACTHBOCTEH MaTepiaay
(00.2> Wk, B,) Ha 110 BAXKJINBY MeXaHIUHy XapaKTePUCTUKY BUPOOY i3 3a-
maruM BugoM KH moTpebyioTh peTesbHOTo mocaimxensa. [leBHOIO Mipoio
1o 3agauy 0yJio po3pobieno y mukii pobit A. B. Illusua [1, 5-9], pe-
3yJIbTATU AKUX JO3BOJISIOTEH 3AiMCHUTH aHaJi3 Bciel mpobieMu OKPUX-
yyBaHHA cTrajel noig giero KH mixg KyTom 30py, 30epexeHHsa ab0 BTpaTu
cTabiabHOCTI MiITHOCTI Gyy, Mipa uoro, 30KpemMa, BizoopaskeHa ImapaMer-
poM BrNF (Brco)'

3. BINIUB MEXAHIYHUX BJJACTUBOCTEN METAJIY
HA MIPY CTABIJIbHOCTI MIITHOCTI

3rigao gopmyanu (5) KOHCTpPYKITifiHA MimHicTh 3paska 3 KH (oyy) 06Y-
JoBaHa Ha OCHOBi 6a30BOI MIITHOCTi G, 3 YUacTIO MHOMKHUKA By, Bix
BeJIUUNHU AKOT0 3aJIeKUTL Oyae uum He Oyae BigTBopeHa 0asoBa Mill-
HICTB G, , ¥ MintHOCTi BUPOOY GOyp. ¥ p06OTi [9] HaBeseHO pesysbTaTU 00-
POOKM eKCIIepUMEHTAJbHUX NaHUX 3 PYUHYBaHHA 3pasKiB 3 pisHuMu
runamMu KH nja mmpoKoro MacuBy cTaJjieil B AiamasoHi MilfHOCTeH Bif
200 mo 2200 MIIa i mmactuunocTteit B intepramui y, = 10-85%, B, =
=1,5-5. BecTaHOB/IeHO HAABHICTL UiTKUX 3aKOHOMipHOCTeI y 3B’ A3KY
MisKk mokasHukKamu B, crase#t i Benmmumuamu B,y (B,,) Ha 3paskax 3
HaapizaMmu i TpimuHaMu AK Ha PO3TAT, Tak i Ha 3ruH. IIpoTe, Boaus iH-
IINX MeXaHIYHUX BJIACTUBOCTeil craneil (Gy s, Yk) Ha By (B,) B podoTi
[9] He mocaim:keno, 1110 Jae HAM 3MOTYy 3POOHUTH ITe B HaHiit poOoTi.

B rabauri 2 HaBegeno pes3yabTaTu 3 podboTu [9] nna 3paskiB 3 Tpimiu-
HaMU, OpU3HAUYEHUX AJid BUSHAUEHHSA CTAaHIAPTHOIO ITOKa3HUKAa Tpi-
MIUHOCTIHKOCTI K.

3B’ A30K Mixk 6a30BUMU MeXaHiYHNMU XapaKTePUCTUKAMU (G », Sk Ta
W) IPEICTaBJIEHO Ha PUC. 2, 3 AKOT'0 BUHO, IO 3i 30i/IbIITeHHAM MiIlHO-
cTi crayeil o, , rPaHUYHA MiITHICTE Sk 3pOCTAa€E JeIro MoBiabHilIe, a mIa-
CTUYHICTh i Ma€ BUPA3HY TEHJAEHIiI0 10 3HUKEHH, ajie po36ir Beau-
YMHU g 3POCTAE AJIA BUCOKOMIITHUX CTaJel 3aJeKHO BiJ Kjacy iXHbOI
KOHCTPYKIIifTHOI AKOCTi i mpmsHaueHHsa. MinHicTh Gy O/ 3paskiB 3
TpimuHo (puc. 3) 3 NiABUINEHHAM G, ; 3POCTA€E CIIOYATKY B 30Hi cTabi-
JIBHOCTI G 5, &JIe MicJIA MAaKCUMYMY Gg, 3a Gy, = 800—1000 MIIa mepe-
XOAUTH I'PAHUIIO CTA01IBHOCTI (G = Oy ) 1 AaJIi BaKe He IIEPEBUIIYE Gy 5.

Ilepexin uepes rpaHuIio cTabiJILHOCTL Gy = Gy, Ma€e 3ajeKaTu Bif
IJIACTUYHOCTI MeTaJy i, I[00 BM3HAUWTH KiJbLKiCHI mapamMeTpu IIbOro
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mepexojy, noTpibHa 3anexHicTh B, Bix yi (Tabu. 2). Ilepex mum 3Bep-
HiMO yBary Ha Ty o6CTaBUHY, 1110 KOedillieHT KOHCTPYKIIifiHOI cTabiin-
HOCTi MimHOCTI B,\r Y Bupasax (6) CBO€I0 BeJIUUNHOIO PETYJII0E TPUMKY
3naTHicTb BUpoOy 3 KH — Gyy; IPU Gyp > G — Byp > 1, IPU Gy < G2 —
Byr < 1. Ale 3 TpaKTUYHOTO iHKeHepHOTo 00Ky GiIbIInii iHTEpec mpe-
cTaBiA€ o0epHeHA BeanunHa By, T06TO (B,xp) '

O
0,2
k —

= T >
’ Sxr(Oco)

(D

Ie k, — roedimieHT Ge3rnevunoro HaBaHTaKeHHA Bupody 3 KH, mo ¢opmi
momioHMi 10 BimoMoro iHKeHepHOro Koedilrienra sanacy minuocti K, [10]

TABJINIIA. 2. MexauiuHi BIaCTUBOCTI cTasiel i 3paskiB 3 TPilITUHOIO ¥ pasi 3TUHY.

TABLE. 2. Mechanical properties of steels and specimens with crack at bending.

Ne Goz, | Vks | Sk» Gcos
n/n RC O6pobica MITa| % |Mida| B |mMrda| Bro | %
1 AK-35[2] Cram mocrasxu 1027 75,0 2321 2,26 1820 1,83 0,55
2 a-Fe[2] I'1323K, 2ronII0 138 83,8 700 5,07 290 2,10 0,48
3 10XCHI[2] T1373K,2roxll0 312 72,0 920 2,95 590 1,88 0,53
4  Cr.3cu[2] T1373K,2,75rox IO 160 71,7 502 3,14 307 1,92 0,52
I'1373 K, 1 rox + BII
5 1023 K, 16 rox; 870 23,0 1583 1,82 1220 1,40 0,71
10X15H27T3B2 923K, 10 rox
MP [3] I'1373 K, 1rox + BII
6 1023 K, 16 rox; 880 10,0 1443 1,64 713 0,81 1,23
923 K, 10 rox + H,
7 15XI2HZM®@AB I'1393 K, 1ron+BIL o, 69 1983 211 1580 1,68 0,60
[4] 953 K, 2ron
1273 K, 1 rox;
8 03X1?EIOMT 1023 K, 2ron+BII 940 79,0 2670 2,84 1740 1,85 0,54
T73 K, 2ron
1373 K, 15 x5;
9 °3X1?ZIOMT 1023 K, 2ron+BII 930 76,0 2325 2,50 1655 1,78 0,56
773K, 2rog,
10 [II-AHB0, 1map 430 67,5 1360 3,16 2830 1,92 0,52
11  CIIX75[2] III-AHBO, 2mapu 361 60,7 1444 3,17 700 1,94 0,51
12 [II-AHB0, 3uapu 404 51,9 1252 3,10 776 1,92 0,52
13 Rq’B‘*l_?'_A_HOK(')M’ 622 59,9 1244 2,00 970 1,56 0,64
14 12XH(231{/IH ©rg) T BII=0,001 623 55,6 1160 1,86 890 1,43 0,70
15 APL2] ok BIT=0,0022 628 68,1 1281 2.04 1005 1,60 0,63
16 res, BII=0,004 642 67,9 1400 2,18 1117 1,74 0,57

17 20X [5] BII473 K 1150 53,9 1932 1,68 1276 1,11 0,9
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ITpodosacenns mabauyi 2.

Continuation of Table 2.

T'1113K +BII 423 K,

18 1860 16,5 3050 1,64 930 1,50 2,07

2rox
19 PIT13K+BIT4T3 K, 1990 46.7 3150 1,64 1152 0,60 1,67
50X [5] 2 ron
20 Plll?’lcsz 673K, 1560 48,6 2530 1,64 1248 0,80 1,25
21 F1113R2+rff 778K, 1900 57,2 1980 1,65 1080 0,90 1,11
22 yocoxs; BIMO+BI4T3E 1760 53,0 2870 1,63 774 0,44 2,27
23 BTMO+BII573K 1690 55,0 2770 1,65 900 0,53 1,90
24 gocoxs; BIMO+BISTSE 2205 38,0 3594 1,63 433 0,21 4,76
25 BTMO+BII773K 1570 40,0 2575 1,64 723 0,46 2,17
26  IIX15[5] 31133K+BII473K 2120 3,6 3460 1,63 1502 0,07 14,3
27 24XH0M<1:A[5]F115311c5+£1;9131c’ 765 73,5 1920 2,51 1362 1,78 0,56

28 65d[5] CraH MOCTaBKU 700 28,0 1183 1,69 800 1,14 0,88
29 10XCHI [6] V3m0B2K IpoKaTy 419 69,7 1223 2,92 1020 2,43 0,41
30 10XCH[I[6] ITonepex mpokary 445 73,7 1400 3,15 1175 2,64 0,38
31 V308K IpOKaTy 571 65,6 1290 2,26 1050 1,84 0,54
32 12I2M®T [6] ITonepek nmpoxkary 602 58,4 1282 2,03 975 1,62 0,62
33 15XCHI[7] CraH MoCTaBKU 328 68,0 1046 3,19 880 2,68 0,37

ITpumimrku: I' — rapryBauna; II0 — miuse oxomomxenusa; BII — Biamyck;
H, — Boguese cepenmoBuirie; 3III — 3Bapuwuit moB; II]I — mopomkoBuil apiT;
K® — xepamiunuit paioc; B — Bmict 60opy; BTMO — BucoxkoTeMIepaTypHa
TepMiuHa 00poOKa.

K =202 (8)
™ el

e [c] — momycTuMe po3paxyHKOBE HAIIPYKeHHA.

Ockinbku [6] < onp(O), TO kB, < K, aTie 32 yMOBHU k> 1 kB, MOXKe Juiiie
TeOPeTUYHO OyTU (HANMEHIINM) I'PAaHNYHO JOIYCTUMUM KoedillieHToM
samacy I HecTabijbHOI MiITHOCTI, HacIIpaB/Ii HeIPUAATHUM AJISI IPaK-
TUYHOT'O 3aCTOCYBaHHA.

Binomo, mo [c] < G2, Ockinbku K,, > 1, BogHOUAC, AK AJIA CTAOLIb-
HUX CTaHiB MIiITHOCTI 3aB:KAU k, < 1, IIT0 X0U i He Mae HiAKOro iHKeHep-
HOT'O CeHCY AK MOKAa3HMKAa 3amIacy MiITHOCTi, aJjie IJisd BUMipy BeJUYUHU
HecTabimbHOCTI MiITHOCTI, AKIMO £, > 1 14 CTOIiB 3 HEBEIUKUM 3aIIacoM
ILJIACTUYHOCTL Yy, KoedimieHnT £, < 1 ogHO3HAYHO MOKe OyTU BupasKe-
HUU TOKA3HUKOM CTYIIEHIO OKPUXUYyBaHOCTi £, cromy mix miero KH.

Tomy B TabmuIi 1 HaBeAeHO KOJOHKY 3 IOKa3HUKOM k,, a Ha puc. 4 mo-
aEThCA BAJIEIKHICTD B, BiJ Yk, 3 AKOT0 BUIHO, IO BCi CcTAJ MOMKHA PO3Ti-
JINTH Ha IBa KJIacu — HU3BKOI MIITHOCTI G, < 1000 MIIa i Bucokoi mi-
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HOCTi G, > 1000 MIla, aki 36epiraioTs cBOI0 6a30By MiIIHICTB Gy 5 Y BUPO-
6ax 3 KH (tpimunoro) (k, < 1) mpu yg > 20% i yg > 50% Bigmosigxo.

4000+ 100
3000
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= 3
= 20004 X
';;: =
)
10004
A
0 T T T T T T T T T T T 0
0 400 800 1200 1600 2000 2400

o, ,, MIla

0,2

Puc. 2. B3aemo3B’A30K MiITHOCTI (G 5), IIACTUYHOCTI (Yk) Ta rPaHUYHOI MiIHO-
cri (Sg) craseii (Taba. 2) y pasi BunpoOyBaHb INIaJKUX 3pasKiB Ha poaTar [9].

Fig. 2. Relationship between strength (c,,), ductility (ygx) and ultimate
strength (Sg) of steels (Table 2) when tensile testing smooth specimens [9].
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Puc. 3. SanexHicTh MiITHOCTI 3pasKiB 3 TPIIIIMHOIO ¥ pasi TPUTOYKOBOTO 3TUHY
Gco Bii MitHOCTI cTaseit (3a janumu tada. 2) [9].

Fig. 3. Dependence of the strength of specimens with a crack at three-point
bending o, on the strength of steels (according to Table 2) [9].
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WY, %o

Puc. 4. 3anexuicTs MiHiMaIbHO HEOOXigHOTO 3amacy MiIHOCTI k, (KoedimieHT
0e3IIeYHOT0 HaBaHTAKEHHA) Bifl IJIACTUYHOCTI Yy AJIA cTajIell ABOX KJaciB Mill-
HOCTi: I — Gy, > 1000 MIla; 2 — 6, , < 1000 MIIa.

Fig. 4. Dependence of t

he minimum required safety margin k&, (safe load fac-

tor) on the ductility y, for steels of two strength classes: 1—o,, > 1000 MPa;

2—0,5,<1000 MPa.

2,01

1,6

0,4

0,0

r

Puc. 5. 3ame:xHicTh KoeditieHTa k, Bix 3maMocTiiikocTi craseii B, He3aJIeKHO

BiJ KJIacy MiITHOCTI Gy 5.

Fig. 5. Dependence of the coefficient &, on the break resistance of steels B, re-
gardless of the strength class o, ,.
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Taxwuit po3moAis cTayieii Ha KJacH MiIlHOCTI OOYMOBJIEHUHI THUM, IO
MiIIHIIIIIM cTaJAM IpuTaMaHHa MeHIIa gedopMalliiiHa 3MiITHIOBAHICTD,
a HU3LKOMIITHMM — HaBIIaKu, OiJbIII BUCOKUH ITOKA3HUK AedopMaIlriii-
HOTO 3MirHeHHS XojaomoHa nn [11].

Ockinbku, pakTop n IPUCYTHIN y gedopmMalliiimomy pesepBi mimmHoCTi
B, srigmo (4), To 3ajdexxHicTb k, Big B, IeMOHCTPYyEe €IMHY 3aKOHOMIip-
HicTBb [IJ1g cTajei Bcix piBHIB MmimuocTi (puc. 5). Kputuunuii pisens B,
IS TIepexony Big cTabilbHOI 10 HecTabiabHOI Oy (O¢o) BUPOOY 3 TPiliu-
HOIO CTAHOBUB OJHO3HAUYHO BeauuuHy B,. = 1,63. [[1a iHmux 3paskis 3
KiJIBbIIeBUM HAAPi3OM y pasi po3TAry KPUTUYHUIN PiBeHDb Mepexoay cTa-
HOBUTL B,, = 2 [9]. ®Pisuuna mpupoma KPUTUYHOrO PiBHA MOKA3HUKA
3namocTifikocti B,, y pasi pyiiHyBaHHS 3pas3KiB uu Bupob6iB 3 KH morpe-
0ye OKPeMOTO PO3TJIALY.

4. OBI'OBOPEHHS PE3YJIbTATIB

IlincymoBytoum HaBeJeHi BUIIle Pe3yabTaTU aHAIIBY AOCTiMKEeHHI KOM-
IJEeKCY MeXaHiuHMX BJACTHUBOCTEH cTajiell Ha 3pasdkKax B OTHOPITHUX
cunoBux moJax (OCII) i B Heoguopiguux cunoBux noaax (HCII) ma spa-
3kax 3 KH 3a gaHuMu aBTOPChKUX Ta iHIINX OMyO0JIiKOBaHUX POOIT, IO
BUKOpUcCTaHi aBropamu [9], Mo:KHaA 3po6uTH IIeBHi y3arajibHEHi BUCHO-
BKHU IIIOJIO POJIi IIJIaCTUYHOCTI B 3amobiranui KpuxkocTi BupobiB 3 KH
i KyTOM 30pYy BTPaTH CTabiILHOCTI MiITHOCTI.

MexaniuHi BractusocTti MeTtaiis i cronis B OCII (G 2, Wk, Sk) € 6a30-
BUMHU, AKi B peandbHux ymoBax HJIC Bupoby (HCII) cyTTeBO CIIOTBOPIO-
IOThCA Uepes JoKaJgisalliro mporecis mianaHocTi B 3oHax KH abo B mic-
IAX CKYITUeHHA 3aJIUITKOBUX HAIPYKeHb Ta iH. 3aBAAKY MJIACTUYHOCTI
y X 30HAX iIyTh IpoIlecHu, AKi 3 04HOTr0 OOKY, 3HIMAIOTh IIiKK JOKAJb-
HUX HaIPYKeHb, a 3 iHIIToro 00Ky, BHACJIILOK HpoIieciB gedopMaliiiino-
To 3MiITHEeHHA MeTaJy BeIyTh OO0 BiIHOBJIEHHA IPYKHOTO CTAHY ITUX ITi-
KiB. [lna moramMHaHHA HeO0aKaHOTO IIPOIecy JIOKAJbHOTO 3MilTHEHHS
BUKODHUCTOBYIOTh Jedopmaniiitnuii pesepB Minuocti B,=Sk/Cj,, II0
BificTpouye 3apoMiKeHHA PYHHYBAHHA I0 OiJIbIII BUCOKUX PiBHIB HaBaH-
TaxKeHHsA BUPOOY Oyp. AJle pyHHYBaHHA HEMUHYUYe, KOJU pe3epB B, Bu-
yepnaeTbcd. Tomy Benuumua B, (pasoM 3 ygx) KOHTPOJIIOE KoedillieHT
0e3IIeuyHOro HaBaHTaMKeHHA k,, IKUI 3a yMOBH k, < 1 rapauTye cTabiibHe
BigTBOpEeHHA 6a30BOi MIIHOCTI G ; Y MiITHOCTi BUPOOY Gyp. 32 HEZOCTAT-
HBOI IJIaCTUYHOCTI 1ysa maHoro tTuny KH Benrnunna mapamerpa k, > 1 mo-
3BOJISIE TapPaHTYBaTHU I[1iCHiCTh BUPOOY 3a PaXYHOK HOPMYBaHHS PiBHSA
Moro HaBaHTAXKEHHA 3TiTHO 3 BEIUUYUHOIO k,.

Y BukIazeHin TyT mapagurmi crabijipHOCTI MilfHOCTi, AK 6auMMO,
3HUKAE iHIa mapagurMma — KPUXKOCTI K TaKoi, TOOTO HeMae IoTpedu
BU3HAYATU TeMIIepaTypy Kpuxkocti merany T mig miero KH (HusbKux
TeMIepaTyp), oOCKiabKu mapameTrp T, HiYOro He AOJA€ OO0 TPaKTyBaHHS
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Onr YU G, caMe 3a TeMiepatypu Tk = 293 K. To6To BaskIuBime MmaTu Mi-
py cTabimbHOCTI MimHOCTI camoro BupoOy 3a Temneparypu T = T, HiK
remneparypa T, 3a AKoi gaHuii BUpib OyJe KPUXKUM i HeIIPUIATHUM
Ias pobotu, axino T, He € TeMIepaTypoIo eKcILryaTaiii Bupoby. 3BicHo,
i B KoHIenIii cTabiIbHOCTI MIiITHOCTI 3aIHUINIAETHCA IIPObIeMa IIepeHoCcy
ctabisbHOCTi Bif 3paska 3 KH mo peanbHOoro Bupody, K i B KOHIIEOIil
KpPUXKOCTi. AJle y IbOMY € CYTTEBA BimMiHHicTE. [[J15 mepeHeceHHa Mipu
crabinbHOCTi B,yr (B,.) U k, Bix 3paska 3 KH mo Bupo0y mocTaTHBO ITi-
IibpaTu y 3pasKy TUIIOBUII KOHIIEHTPATOD HAIPY:KEHb, AKUN MOIEII0E
I'pafieHT HaIpyKeHb (medopMailliii) y 3pasky, OJusbKuil 10 r'paJieHTa
Hampy:KeHb (medopmaririit) y HalOiIbII mpobaeMHOMY Micili y BUpPOOi.
s mporo Juiiie moTpioHO AeTanabHO Hocaigutu xapaxTtep HIC y Bupo-
0i. IIpuHIIMIIOBO Taka IpobJieMa OOCTYIHA JJA BUPIIIEHHA B paMKax
CyYacHUX MOKJINBOCTEN MeXaHIKM pyHHYBaHHA.

Kopucuo sayBaxkuTu, 1110 eKcllepruMeHTaJbHI faHi B TabJ1. 1 oTpuMaHi
Ha CTaHIAPTHUX 3pasKax 3 HOPMATHUBHOIO TPill[MHOIO, IPU3HAUEHUX
I BUBHAUEHHA IMOKasHWKa TpimmHocTifikocTi K, 3rifHO 3 cTaHmap-
ToM [12]. ITokasuuk K, 103BOJIsI€ BUBHAUUTH PO3MIip TPiIluHMU, 3MaTHOI
JI0 BTPATU CBOEI cTabibHOCTI i mpuBecTu A0 pyHHYBAHHA 3a BiZoMOTO
3HAUEeHHS HAIPYIKEHHS Ggy. AJie 3 puc. 4 Ta 5 BUIHO, ITI0 IJIA BCiX cra-
Jeit 3i crabinbHoI0 MinHiCTIO (B, < 1) yV TaHOMY 3pa3Ky HadBHA TPillfuHA
He MOJKe BTPAaTUTHU CTaOLILHICTD y MeKaxX IPYKHOTO HaBaHTAYKEHHA 3
HOMiHaJIbHUM HAIPY'KEHHAM Oy < Gg 5. OTiKe, Ha IUX CTANIAX 3 BUCOKOIO
ILJIACTUYHICTIO MOKasHUK K, He peaisyeThcd i He0OXiIHO 3aCTOCOBYBa-
TH 3pa3Ku 3 GLIBIITOI0 TOBITUHOIO, 1100 cTBOopuTU yMoBu AJdA HIIC miac-
kKoi medopmarii [13]. Boguouac Bemuuuna B,., > 1 Ha cTaHIZapTHOMY
3pasKy BiKe Bimobpaskae KilbKicHY Mipy cTabGiIbHOCTI HAABHOI TPIITUHU
y naHoMy maTepiaJi 3a remmuepatypu Tk = 293 K, 1110 TaK0XX MOXKe MaTu
MeBHY IMPAaKTHYHY 3HAUMMICTDL, ajle MeTOJMYHO HabaraTo IpoCTiIle 3a
Bu3HaueHHA K.

Ha ocuoBi rkoumemnirii crabijibHOCTiI MiITHOCTI MOYKHA CYTTEBO CIIPOC-
TUTHU iCHYIOUY CHCTEMY aTecTallii MeTaliB Ha KPUXKiCTh AJid BUPOOiB 3
KH. 3aranpuunii TpUHIUI BU3HAUEHHS KOHCTPYKIIIMHOI mMpuIaTHOCTI
MeTajay IMOJATAaE B TOMY, IO 3a PaXyHOK ILJIACTUYHOCTI Yy (a Kpaire
3namocTifikocti B,) He momyctutu y Bupobi 3 KH JokambHOrO pyiiHy-
BaHHA Y 30Hi maactuunocTi KH. Ile MoxkauBo, aKIio k, < 1. ¥ BUOagry
HEJIOCTATHBOI IIJACTUYHOCTI MeTasly AJs AaHoro BupoOy (k, > 1) cuin
3HU3UTH KJIAC MIITHOCTi MeTaJsy abo 3acTocyBaTHu OiabITuii KoediiieHT
3amacy MimHocTi a1 Bupoby K, TPAHUYHO BUCOKUM 3HAUEHHAM SKOTO
MosKke OyTu BenuuuHa k,. Ik 6aunmo, y Takiii cxemi aTecrairii Hemae He-
00XimHOCTI BUKOPUCTOBYBATH MMOKA3HUK KPUTUUHOI TeMIIepaTypu Kpu-
xKocTi T AJid MeTasy 3a KpuTepieM yaapHoi B’ A3KOCTi.

€ migcraBu ouiKyBaTHU, 110 HOLIOHMI Mig0ip ONTUMANBLHIX MOKAa3HU-
KiB MinHOCTI G, , 1 mIacTUYHOCTI Yy (260 3s1aMocTilikocTi B,) BUABUTHCA
KOPUCHUM i e(peKTHBHUM y 3aJauvax 3a0esleueHHs HALIMHOCTI KOHC-
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TPYKIIIMHOI MiIITHOCTI TaKMX BaKJINBUX €JIEMEHTiB KOHCTPYKIIil IK IIPO-
TOHNYHI 3’¢fHAHHSA 3 TBUHTOBOIO HAPi3KOIO HA IIPOTOHMYAX, B AKUX 3a-
CTOCYBaHHSA BHCOKOMIITHIUX CTaJieil i CTOIIiB 0Cco0JIMBO e(PeKTHUBHO, Ha-
OPUKJIAZ, Y JiTaKoOyIyBaHHI.

5. BUCHOBRKH

1. T'o10BHUM HACJTIAKOM JJIS MEeXaHiUHUX BJIACTUBOCTEHN MeTaJy YU BU-
poby 3 Heomuopinuum BugoMm HIIC y crami KpuxKocTi € BrpaTa cTabiinb-
HOI MiItHOCTi, a He BTpaTa MJIACTUYHOCTI.

2. Mipa cTabiaTpHOCTI MiITHOCTI IPOABIAETLCS Y CIIiBBIAHOIIIEHHI MiIlHO-
cTi BUPOOY Gyr (Ocp) 1 MeTaTy G 5t AKIIO Gy (Gco) > Gp 2, MilTHICTH BUPOOY
crabinbHa, AKIIO Gyr (Gcg) < Gy s — HecTabinbHa. CTabinbHICTE BUpPasKe-
Ha y KoeditienTi B, (metan) i B Byr (B,.) (3pasok 3 KH).

3. s crabinpHoi MmirHOCTi BupoOy (3paska 3 KH) By (B,.) > 1 HiAKOTO
PO3PaxXyHKOBOTO 3amnacy MirnuocTi K, B IPpUHITUIIL He ToTpioHo (B, < 1).
s HecTabinbHOI MimHOCTI BUpoOy KoedilmieHT HeoOXximmoi Oesmexu
HaBaHTaKeHHS k, > 1 € OpieHTOBHUM IpaHNYHO HU3BKUM KoediirieHToM
samacy mimaocti K, IJid rapaHToOBaHOI 0e3IeKy HaBaHTaKeHHA BUPOOY
3 KH.

4. MinnicTs 3paska 3 Tpimuuoio [12] y pasi sTuHY G, € cTabiIbHOIO A5
BCix cTaJjieil 3 pesepBoM MirHocTi B, > 1,63, a00 3 HOpMAaTUBOM IIJIACTHY-
HOCTi yg > 20% (m14 6, 5 < 1000 MITa) i yx > 50% (mus 6, ,> 1000 MIIa).
5. Ilomanpiia KOHKpeTH3alliss HOPMATHUBIB cTabiabHOI MimHOCTI mJIs
3paskiB 3 pisauMmu tTunamu KH morpebye BigmoBigHuX mocaigxkeHb abo
CHCTEMHOT'0 aHAaJi3y eKCIIepUMEeHTAJIbHUX JaHUX, OIIyOJiKOBAHUX B JIi-
TepaTrypi.

ABTopU BHUCJIOBIIOIOTE IMUPY NOAAKY akagemMikam HAH Ykpaiunu ®i-
pctoBy Ceprito Onekcitiosuuy i Korpeury Ceprito OJiekciifioBuuy 3a Ko-
PHMCHIi 3ayBaKeHHs, iHTepec i maigHi AucKycii mig uac 00roBOpeHHS IPOo-
0JieM KPUXKOCTi MeTaJiB i BUPOOiB AJIA pO3POOKM KOHIIEIIIIil cTabiabHO-
cTi MimHOCTi.
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Penakiisa sxypuaay MHT moBizomise unrauiB npo nepeamniary (I[0 IOUMHAETHCS 3 Oy Ab-AKOT0 MiCAIA
Bunycky). sKypuaax MHT Bxoauts 3a ingexcom 74312 no «Karasmory Buganb YKpainu». PeKOMEHIAYEMO
oOpMUTHU IEPEAILIATY
1) y BifgisieHHAX MOIITOBOrO 3B’ A3KY uepes meHTpanisoBane arenrcTso JIIPTIB «ITPECA» (By:. I'eopris
Kupnwu, 6yzn. 2a, 03999 Kuis, Ykpaiua; Tenedarxcu: +380 44 2890774 / 2480377 / 2480384 / 2487802 /
2480406); e-mail: pod_ukr@presa.ua, rozn@presa.ua, info@presa.ua) a6o
2) uepes Internet:

http://presa.ua/metallofizika-i-novejshie-tehnologii.html?___SID=U
(mepepmnarawuit ingekc MHT: 74312) a6o &
3) GeamocepeHiM mepepaxyBaHHAM
Yy TPUBHSAX:
«OTPUMYBAUYY»: IncTuryT Metanodisuku im. I'. B. KypaiomoBa HAH Vkpainu
Ha po3paxyHKoBuil paxyHok Ne UA058201720313291001201001901 B 6auky I'VIKCY B M. Kuesi
Kopg 6anky: 820172
Kopx equnoro gep:kaBHOTO peecTpy mianpueMcTB i oprauisaniit Ykpainu (EIPIIOY): 05417331
s «IIOCTAYATBHUKA» — IacturyTty mMeranodisuku im. I'. B. Kypaiomoa HAH Ykpainu
CBigo1TBO IJIATHUKA TOKATKY Ha fogany Bapricts (IIIB) Ne 36283185, inauBigyanbHuii mogaTKOBUM
uomep (IITH) 054173326066
Kox npusnauenusa miatexy: 25010100
IIPUBHAYEHHS IJIATEXKY: 3a :KypHaa «Merasodisuka Ta HOBiTHiI TexHoJorii» (ToM(11), HOMep(u),
pik(pokn)) aiss PBBIM® HAHY
MIACTABA: nepegoriata 100%
B iHo3eMHill BamoTi (fonapax CIIIA, eBpo) uepes BigmoBigHi 6anku-kopecnonzenTu AT «[lep:xaBHuii
EeKCITOPTHO-iMIopTHMH GaHK YKpaiHu»
«OIEP3KYBAUY »: Dimian AT «[lep:kaBHUIT eKCIOPTHO-iMIIOpTHU 6aHK YKpainu» B M. Kuesi (Ykpaina,
04053 Kuis, Byn. Bynssapuo-Kyzapasceka, 11°)
Ha po3paxyHKoBuil paxyHox Ne UA603223130000025308000000067
M®O 322313
mist «IIOCTAYATBHUKA» — IHcTuTyTy Meranodisuku im. I'. B. KypaiomoBa HAH Vkpainu
IIPUBHAYEHHSA OILJIATU: 3a KypHaJ « MeranodisuKa Ta HOBiTHI TexHoJorii» ans PBB IM® HAHY
IIJICTABA: nepenomwiata 100%
3a Tperim cmoco6oM mepearuiaTa HeoOXximHO moBimomuTu pegakmiro MHT 3a momToBoi0 agpecoro:
Iacruryr meranodisuku im. I'. B. KypaiomoBa HAH Vkpaiuu, PBB,
6ysbB. Akanemika BepHaacwkoro, 36,
03142 Kuis, Ykpaina
(e-mail: mfint@imp.kiev.ua, paxc: +380 44 4242561, Temedon: +380 44 4249042)
JaTy CILJIATH, Ha3By MiAIpUeEMCcTBa a00 iM’dA mepeAIIaTHUKA, agpecy AJd MOIITOBOI JOCTABKHY, a 3a Heo0-
XigHOCTH — CBOI PEKBI3UTH AJI5 IIOJATKOBOI HAKJIALHOIL.
IlepioguunicTs — TOM 3 12 BUmycKiB y DiK.
3 ypaxyBaHHSM II€PECHJIAHHS IOIITOI0 IJIs ePeJIJIaTHUKIB B YKpaiHy mepeIiaTHa BapTiCTh: OLHOTO
npumipauka sunycky — 170 rpa., Tomy — 2040 rpH.;
IJIA 1HO3eMHUMX IIepeAILIATHUKIB IlepefIliaTHA BapTiCTh: OAHOTO NpUMipHMKa BumycKy — 13 USD
(11 EUR), Tomy — 156 USD (132 EUR).

3pasox das onaamu pivHoL nepednaamu
PaxyHoK-(pakTypa

«IIOCTAYAJIBHUK » : ITncTuTyT Meranodisukun HAH Vkpainu
«OJIEPYKYBAY»: Dimian AT «lep:kaBHUIT eKCIIOPTHO-iMIopTHM 6aHK YKpainu» B M. Kuesi

(Yxpaina, 04053 Kuis, Byn. Byassapuo-Kyzapasceka, 11°)

Ha po3paxyHKoBuii paxyHok Ne UA603223130000025308000000067,

M®O 322313
TIPU3HAYEHHSA IUIATEXY: 3a sKypHaa « Meranodisuka Ta HOBiTHI TexHoOrii» q1st PBB IM® HAHY
«IIJIATHUK » :
MIACTABA: nepegomiata 100%

Ne HaiimeHnyBaHHSA Ox. Bum. Kiaskicts y KoMmiaexTi Iina Cyma
| emomortis (stmodro is wocras.  mpi 12 13USD 156 USD
: (11 EUR) (132 EUR)

KOIO IOIITO0)

Cyma 10 eniatu 156 USD
(132 EUR)



mailto:pod_ukr@presa.ua
mailto:rozn@presa.ua
mailto:info@presa.ua
http://presa.ua/metallofizika-i-novejshie-tehnologii.html?___SID=U
mailto:mfint@imp.kiev.ua

	Cover_02
	MFiNT_First page
	MFiNT.44.02.I-IV
	MNT_INFORMATION_V-X
	INFORMATION FOR FOREIGN SUBSCRIBERS
	ИНФОРМАЦИЯ ДЛЯ ИНОСТРАННЫХ ПОДПИСЧИКОВ
	Редакция надеется на плодотворное сотрудничество со своими постоянными и будущими авторами и подписчиками и убедительно просит всех, ознакомившихся с данным сообщением, способствовать максимально широкому информированию всех заинтересованных лиц и ор...

	MFiNT.44.02.141-150
	MFiNT.44.02.151-157
	Blank page_158
	MFiNT.44.02.159-174
	MFiNT.44.02.175-190
	MFiNT.44.02.191-209
	Blank page_210
	MFiNT.44.02.211-222
	MFiNT.44.02.223-240
	MFiNT.44.02.241-250
	MFiNT.44.02.251-272
	MFiNT.44.02.273-288
	MFiNT_Last page
	Рахунок-фактура



<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /CMYK

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile ()

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [612.000 792.000]

>> setpagedevice



