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

A MONTHLY RESEARCH JOURNAL

METALLOPHYSICS

AND

ADVANCED TECHNOLOGIES
(Metallofizika i Noveishie Tekhnologii)

Editorial
Announcements

New Metallic
Materials and
Synthetic Metals

Amorphous and
Liquid States

Metallic Surfaces
and Films

FOUNDED IN SEPTEMBER, 1979

Volume 48, No. 8; August 2026

CONTENTS

Information for Foreign Subscribers
Information for Contributors

Influence of LaH, Additions on Characteristics of TiFe-
Based Hydrogen-Storage Alloys Manufactured via
Hydrogen-Assisted Powder Metallurgy
Z.LIU,Y.WANG, T.CHENG,Y.SONG, D. SAVVAKIN,
N.LI,and O.IVASISHIN

Influence of Y and Al Addition on the Glass-Forming
Ablllty Of Complex Alloyed Fe40750,4(TM, A1)29,1737.5Y1.87
Z(Si, C, B)19.7722 AHOyS
I.K.YEVLASH,M.S.NIZAMEYEV,0.M.SEMYRGA,
0O.1. BOSHKO,andV.K.NOSENKO

Patterns of the Relationship between the Limit
Potentials of the 06 KhN28MDT Alloy and Its Indicators
in a Gap with a Chloride-Containing Medium Present in
the Operation of Heat Exchangers

A.V.DZHUS, O. E. NARIVSKYI,S.0O. SUBBOTIN,
G.V.SNIZHNYI,and T.V. PULINA

Magnetic Post-Processing of Additively-Manufactured
Inconel 718 Superalloy: Functional Microrelief Evolution
and Surface Strain Hardening

D.A.LESYK,B.M. MORDYUK, O. STAMANN,
D.GROCHALA,S.S.SALII, M.M.LYTVYNENKO,
M.V.ROMANENKO,M.I.ANYAKIN, and A. LAMIKIZ
Comparison the Efficiency of High-frequency Impact
Surface Hardening of Ti—-6A1-4V Titanium Alloy
Manufactured by Metallurgical or Additive Routs in
Vibration Chambers

VII

775

791

807

827

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



CONTENTS, No. 8 (Vol. 48)

S.M.VOLOSHKO,A. P. BURMAK, B.M. MORDYUK,
M.O.VASYLYEV,T.A. KRASOVSKYI, and

O.A. VYSLYI 843
Physics of Strength | Microstructural and Phase Evolution of AISI 316
and Plasticity Stainless Steel Produced by Selective Laser Melting and

Hot Rolling during Heat Treatment and Ultrasonic

Impact Treatment

S.M.VOLOSHKO,I.A.VLADYMYRSKYI,
M.I.ANYAKIN,N.A. SHAPOVALOVA, M. M.VORON,

and A. P. BURMAK 865

Gradient Metals’ Microstructure Change under Severe

Plastic Deformation: A Review
I.E.VOLOKITINA,A.V.VOLOKITIN,

T.D. FEDOROVA,E.N. RESHOTKINA, and
G.M.ZHUMANAZAROVA 889

Influence of Ti—6A1-4V Alloy Microstructure and

Processing Parameters of Hot Deformation (Forging) on

the Formation of Cup-Shaped Product

O.M.IVASYSHYN,H.A. BAHLYUK,

V.I. BONDARCHUK,S.F. KYRYLYUK, and

P.Ye. MARKOVS'KYY 907

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

Executive Managing Editor—O. S. Gatsenko

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

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

Editorial Office Address:

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

36 Academician Vernadsky Boulevard, UA-03142 Kyiv, Ukraine

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

Media Identifier R30-03171

Approved for publication by the Academic Council of the G. V. Kurdyumov Institute for Metal Physics of

the National Academy of Sciences of Ukraine
Published in English or Ukrainian languages according to resolution of Editorial Board of the journal

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

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

Issue DOI: https: / /doi.org/10.15407 /mfint.48.08

11 ISSN 1024-1809. Metallophysics and Advanced Technologies. 2026. Vol. 48, No. 8


mailto:mfint@imp.kiev.ua
http://mfint.imp.kiev.ua/
https://doi.org/10.15407/mfint
https://doi.org/10.15407/mfint.48.08

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

METAJO®PISURA
TA

HOBITHI TEXHOJOTII

LLLOMICAYHUA HAYKOBWA XXYPHAN
3ACHOBAHWM Y BEPECHI 1979 p.

Tom 48, No 8; cepniens, 2026

3MICT
Pemaxmiiiui Iadopmaria ans 3aKOPAOHHUX MEPEeAIIaTHUKIB
GUOVICINEHIET Iadopmarnisa aia aBTopis
Hogi meranesi Brmutus nonaBanna LaH, na xapakTepucTUKYU BOSHE-
MaTepisiau Ta AKYMYJIIOBAIbHUX CTOIiB Ha ocHOBi TiFe, Burorosmenmx
CHMHTEeTHYHI METO/[OM IIOPOIIKOBOI METAIYPIil 3 y4aCTIO BOLHIO
MeTan 3.JI10, U. BAHI, T.YEHI , H.COHI,I. CABBAKIH,
H.JII,O.IBACHIITUH
AwmopdHuii Bmutus gogasanus Y it Al Ha 3gaTHICTB 1100 YTBOPEHHS
i pigKui cTaHu CKJIA CKJIQJHUX JIeroBaHuX cTOIiB Feso-50,4(ITTM, Al)gg 1-
37,5Y1,872(Si’ C’ B)19,7722
I.K.€BJIAIII,M.C. HIBAMEEB,0. M. CEMHUPTA,
O.1. BOIIKO, B. K. HOCEHEO
Meramiuni 3pasKu B3a€MO3B A3KY MisK 'PAHNYHUMMY IIOTEHIIiAIaMKI
IMOBEPXHi Ta cromry 06 XH28M/IT i fioro moKasHUKaMHU y 3a30pi 3
ILTiBKK XJIOPUABMICHUM CepeIOBUILIEM IIi T Yac poOOTH

TeIlJI0O00OMiHHUKIB .
A.B.JPKYC,0. E. HAPIBCbEKUH,C.O.CYBBOTIH,
I'B.CHI)KHHHU,T.B.I1YJIITHA

MaruerHe mica00po0IAHHA aJUTUBHO BUTOTOBJIEHOTO
cynepcromty IHKoHeab 718: eBosioliss GyHKIIIOHATBHOTO
MiKpopeabedy Ta gedopMalrifine 3MiITHeHHS ITOBEPXHi
A.A.JIECHR,B. M. MOPJJIOR,0. CTAMAHH,
I[.TPOXAJIA,C.C.CAJIIU,M.M.JIUTBHHEHKO,
M.B.POMAHEHEKO,M.1. AHAKIH,A. JAMIKI3

ITopiBHAHHA e(heKTUBHOCTHU BUCOKOYACTOTHOI'O YIAPHOT'O
3MinHeHHd y BibpanifHux KaMepax IOBePXHi THTAHOBOTO
crormy BT6, BUTOTOBI€HOr0 METaAyPTililHUM Ta a IUTUBHUM
crocobamMu

C.M. BOJIOIIRO, A.I1. BYPMAR, B. M. MOPJ]IOR,
M.O.BACHJIBEB, T.A. KPACOBCBbRHU U,
O.A.BHCJIOHU

VII

775

791

807

827

843

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

I



CONTENTS, No. 8 (Vol. 48)

dizuka mingHOCTH MikpocTpykTypHi Ta (ha3oBi 3MiHu HeipsxaBifiHOI KpuUITi

Ta IJIaCTUYHOCTU AISI 316, BUTOTOBJIEHOI METOLOM CEJIEKTHUBHOTO

JIa3ePHOr'0 TOILIEHHS Ta rapAvoro BaJbIIOBAHHA i yac
TePMiUHOTO 00POOISTHHS I YIBTPA3BYKOBOTO YAAPHOTO
00pobIeHHs .

C. M. BOJIOIIIKO, I.A. BJIATHUMHUPCbKHUH,
M.I.AHAKIH,H.A. ITATIOBAJIOBA, M. M. BOPOH,

A.II. BYPMAK 865

3MiHU I'pPafieHTHOI MiKPOCTPYKTYPU MeTAJiB IIif yac
iHTEeHCHUBHOTO IJIACTUYHOTO Ae(hOPMYBAHHS : OTJISA,
1.€.BOJIORITIHA,A. B. BOJIORITIH,

T.[]. PEJIOPOBA, €. H. PEIIIOTRIHA,
I''M.JKYMAHA3APOBA 889

Bruiue mikpoctpykTypu crony Ti—-6A1-4V i mapamerpis

rapayoi gedopmarii (KyBaHHS) Ha (hopMyBaHHA BUPOOY Y
BUTJISAA] yari

O.M.IBACHIIIUH,T.A. BAIJIIOR, B.I. BOH/JAP9 VK,

C.©. KUPUJIIOR,II.€. MAPKOBCBbKEUH 907

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

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

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

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

Anpeca pefakuii:

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

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

En. nowra: mfint@imp.kiev.ua

lpeHTudpikatop megia R30-03171

3atBepA>KeHO [0 APYKY BYeHOO pagoto IHCTUTyTy MeTtanodiauku im. I'. B. Kypaiomosa HAH Ykpainu
LpyKy€eTbCsi 3a NOCTAHOBOIO peaaKLifHOT Koerii >KypHany aHrniicbKolo abo yKpaiHCbKOO MOBaMu
MignucaHo po apyky 28.08.2026 p. ®opmar 70x100/16.

Ym. apyk. apk. 12,35. 06n.-ua. apk. 11,36.

Tupaxk 55 np. 3am. Ne 0000 Big 28.08.2026 p.

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

Caiit »xypHany: http: / /mfint.imp.kiev.ua
DOI (>kypHany): https:/ /doi.org/10.15407 /mfint
DOI (sunycky): https:/ /doi.org/ 10.15407 /mfint.48.08

v ISSN 1024-1809. Metallophysics and Advanced Technologies. 2026. Vol. 48, No. 8


mailto:mfint@imp.kiev.ua
http://mfint.imp.kiev.ua/
https://doi.org/10.15407/mfint
https://doi.org/10.15407/mfint.48.08

INFORMATION FOR CONTRIBUTORS

INFORMATION (GUIDELINES) FOR CONTRIBUTORS

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

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

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

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

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

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

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

1977) (in German).

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

Mir: 1974) (Russian translation).

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

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

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

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

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

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

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

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

p.12.

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

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

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

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

ISSN 1024-1809. Metallophysics and Advanced Technologies. 2026 Vol. 48 A%


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

TH®OPMAIIIA OJISI ABTOPIB

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

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

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

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

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

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

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

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

the top.

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

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

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

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

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

ures will be charged to the authors.

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

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

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

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

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

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

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

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

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

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

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

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

within 5 days of receipt.

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

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

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

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

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

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

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

Vernadsky Blvd., UA-03142 Kyiv, Ukraine;

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

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

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

(Last Name, First Name, Affiliation)

Correspondence Address:
Phone and e-mail:

(Signature) ) (Date)

VI ISSN 1024-1809. Meranodisuka Ta HOBiTHI TexHoJorii. 2026. T. 48


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

INFORMATION FOR CONTRIBUTORS

IHOOPMAIIIA (ITPABUJIA) AJIAA ABTOPIB

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

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

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

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

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

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

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

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

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

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

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

8. Hammcn Ha pucyHKax (0cO6G/IMBO Ha ITiBTOHOBUX ) CJIiJ| 10 MOKJIMBOCTI 3aMiHUTH JIi TEPHUMY IO3HAYEHHIMU
(zabpaHuMU Ha KOHTPAcTHOMY (DOHi), a KprBi modHaunTy IudpamMu a60 pisHUMU TUMIAMMY JIiHii/MapKepiB, AKi
MaroTh GyTH po3’SICHEeHUMU B IJIICaX JO PUCYHKIB abo B Texcti. Ha rpagikax yei sinii/Mapkepu MaioTs 6yTu
JIOCTaTHBOI TOBIIIMHY/PO3MIPY AJI AKiCHOTO BiATBOPEHH IX Y 3MeHIIIeHOMY B 2—3 pasu BUIVIAAL (PEKOMeHI0BaHA
TI0YaTKOBA IITUPHHA PUCYHKA — 12,7 cM). CBiT/IMHY MarOTh Oy TH YiTKUMU Ta KOHTPACTHIMU, a HAIICH Ta II03HA-
YeHHSA MalOTh He 3aKPUBATH iCTOTHI JeTaJi (I Yoro MOKHA BUKOPUCTOBYBATH CTPLIKM). 3aMiCTh 3a3HAUYEHHSA B
MiATEeKCTOBITI 30UIBIIIEHHS IIiJ] Yac 3MOMKHU 0asKaHO IPOCTABUTH MaciiTab (Ha KOHTpacTHOMY (DOHi) Ha omHiil 3
imemTumuynux cBitauH. Ha rpadikax miamvicu o oceil, BUKOHAHI MOBOIO CTATTi, MAIOTh MiCTUTH O3HAUEHHS (a60
HaMeHyBaHHS) BeJIMYWH, 1110 BiIKJIaIaI0THCS B3JIOBK OCEH, 1 BiZIiIeHl KOMOIO iXHi OAMHUII BUMipIOBaHHS.

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

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

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

ISSN 1024-1809. Metallophysics and Advanced Technologies. 2026. Vol. 48 VII


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

TH®OPMAIIIA OJISI ABTOPIB

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

ITigniucu aBTOPiB: (I1.1.B., nara, agpeca, Tei., e-mail)
VIII ISSN 1024-1809. Meranodisuka Ta HOBiTHI TexHoJorii. 2026. T. 48



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

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

Memanogi3. HOBIMHI MeXHOL. National Academy of Sciences of Ukraine
Metallofiz. Noveishie Tekhnol. Published by license under
2026, vol. 48, No. 8, pp. 775-789 the G. V. Kurdyumov Institute for Metal Physics—
https://doi.org/10.15407/mfint.48.08.0775 N.A.S. of Ukraine Publishers imprint.
Reprints available directly from the publisher Printed in Ukraine.

PACS numbers: 61.43.Gt, 61.72.sh, 64.75.Lm, 81.05.Rm, 81.20.Ev, 88.30.R-

Influence of LaH_ Additions on Characteristics of TiFe-Based
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TiFe-based alloys are promising candidates for solid-state hydrogen storage
due to their low cost and excellent reversibility near room temperature. How-
ever, the conventional powder metallurgy (PM) manufacturing method often
induces severe surface oxidation of Ti powders, which significantly hinders
the activation and degrades the hydrogen-storage capacity of produced TiFe
alloys. In this work, low-cost TiFe-based alloys are synthesized via hydrogen-
assisted powder-metallurgy route. To mitigate the oxygen impurity issue, La
hydride (LaH,) is introduced as an oxygen scavenger and pore-forming agent.
The results indicate that the addition of La plays a dual role: it reacts with
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oxygen to form stable La oxides, thereby reducing the oxygen content within
the main TiFe matrix, and creates a porous microstructure that facilitates
hydrogen redistribution inside the material. Characterization by O/N/H
analysis and XRD confirms that, while the total oxygen content increases
with La doping, the formation of La-oxide precipitations reduces the concen-
tration of oxygen dissolved in the TiFe matrix. Consequently, the La-doped
alloy exhibits superior activation properties and a reversible hydrogen-
storage capacity of 0.96% wt. at 40°C compared to 0.58% wt. for the un-
doped alloy. This study provides a feasible strategy for preparing high-
performance TiFe-based alloys via a cost-effective PM route.

Key words: TiFe alloy, La hydride, hydrogen-assisted powder metallurgy,
pore-forming effect, hydrogen-storage capacity.

Cronu Ha ocHOBI crionyku TiFe € mepcreKTUBHIMU MaTepigjgaMu AJISA TBEPIO-
¢asHoro 36epiranusa Iimporeny saBaAKU IXHill HU3BbKill BApTOCTi Ta 34aTHOCTI
060pOTHBO B3aemMoaiaTu 3 I'izporeHom 3a KiMmHaTHOI Temneparypu. IIpore, cra-
HIapTHI HOPOIIIKOBiI TeXHOJIOTii BUTOTOBJIEHHSA ITMX CTOIIIB YacTO IMPU3BOAATH
IO HaAMipHOTO OKMCHEHHSA IIOBEPXHi IIOPOIIKIB, IO IEPEIlKOoAKae aKTUBAIIil
CTOIY Ta IMOHMIKY€E 3MaTHICTh HaKonuyyBatu [igporen. ¥ 1iit poboTi cTomu Ha
ocuoBi TiFe 6ys0 cmHTE30BaHO METOMOIO0 IIOPOIITKOBOI MeTaJyprii 3 BuKopuc-
TaHHAM HaBOJHEeHUX MOpoIKiB. 1106 smeHIIINTY TPOOIeMy 3 foMimKoio OKcu-
reny, rizpun La (LaH,) 6yB BBegeHuit AKk BOupay OKCUT'eHY Ta TOPOYTBOPIOBAY.
PesynbTaTi moKasyoTh, 110 JodaBaHHsA La Bigirpae moasiifiny poJib: BiH pearye
3 OKcureHoM, yTBOpPIOOUY CcTabilIbHI oOKcuau La, TMM caMUM 3MEHIIIYIOUN BMiCT
Okcureny B ocHoBHiit marpuni TiFe, Ta cTBOpIOE MOPUCTY MiKPOCTPYKTYDY,
AKa crpude mepeposnoniny linmporenmy Bcepenuui marepisnay. IociimxeHHA
CIIeUeHoro cToiry 3a momomoroo aHanisu O, N, H i peHTreniBcokoi audparirii
OiATBEPAKYE, IO, Xoua 3arajbHuUil BMicT OKcureny s0iabinyerbcs 3 La-
Jer'yBaHHSM, YTBOPEHHS BUIAiJIeHb oKcuay La ameHInye KoumenTrpaiio OKcu-
reny, posunmHenoro B marpuili TiFe. Jleroarnmii La cTom meMOHCTPyE UyIOBi
aKTUBAIIifiHI BJIacCTUBOCTI i1 060pOTHIO BOgHEBY MicTKicTh (0,96% wmac.) 3a 40°C
mopiBuaxo 3 0,58% wmac. Aaa Heserosanoro cromy. Ile qocaifKeHHA IPOIOHYE
MOKJIUBY CTpPATETiIo oflep:KaHHA BUCOKoedeKTUBHUX cTomiB Ha ocHOBi TiFe 3a
IOIIOMOTOI0 eKOHOMiIYHO e(heKTUBHOT'O TOPOIITKOBOTO IIiAX0Y.

Karouosi caoBa: cron TiFe, rigpun Jlanramy, BoagHeBa MOPOIITKOBA METAJTyp-
I'ig, epeKT TOPOYTBOPEHHA, BOJHEBA MiCTKiCTh.

(Received 8 July, 2026, in final version, 16 July, 2026 )

1. INTRODUCTION

The escalating global energy crisis has propelled the hydrogen indus-
try into the spotlight, driven by hydrogen high energy-density and
clean-combustion characteristics [1-8]. Within this sector, hydrogen
storage and transportation are pivotal. Conventional methods, such as
high-pressure gaseous and cryogenic-liquid storage, are hampered by
significant drawbacks, including safety risks and high energy con-
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sumption, respectively [3, 6]. Solid-state hydrogen storage emerges as
a promising alternative, offering high volumetric capacity and en-
hanced safety [8—10]. Among various solid-state materials, TiFe-based
alloys are particularly attractive due to their low cost and excellent re-
versibility near ambient temperatures[11, 12].

The synthesis of TiFe alloy is commonly achieved through arc melt-
ing, mechanical alloying, and powder metallurgy [13—19]. Arc melting
produces an as-cast microstructure with coarse grains, which length-
ens the diffusion path of hydrogen and limits the hydrogen-storage ki-
netic properties of the alloy [15]. Mechanical alloying tends to cause
cold welding of powder particles, which requires the addition of organ-
ic process-control agents and introduces carbon impurities consequent-
ly [16]. In contrast, powder metallurgy, specifically hydrogen-assisted
powder sintering, presents distinct advantages, including a simple
process and low production cost [18, 20, 21]. The inherent porosity in
sintered alloys provides effective pathways for hydrogen diffusion,
optimizing kinetic behaviour[19, 22].

However, the powder-metallurgy route faces a critical challenge—
the severe surface oxidation of Ti powders during processing. This ox-
ide layer acts as a barrier, hindering hydrogen diffusion, impeding ac-
tivation, and degrading the overall hydrogen-storage capacity [23].
Previous studies have confirmed that a high oxygen concentration
suppresses the formation of the primary TiFe phase and that dissolved
oxygen in the TiFe matrix can destabilize the metal hydride by reduc-
ing the desorption enthalpy [24]. Therefore, precise control of oxygen
content is paramount for enhancing the alloy performance.

To mitigate the detrimental effects of surface oxidation, recent
studies have explored the use of La-based additives. Chen et al. demon-
strated that adding LaH; to V-Ti—Cr—Fe alloys decreased the propor-
tion of titanium oxides and improved hydrogen adsorption—desorption
capacity [25]. Similarly, Alam et al. found that, in mechanically al-
loyed TiFe, the in situ formation of LaH,; promoted heterogeneous
pores’ nucleation and provided diffusion channels for hydrogenation
[26]. These findings suggest that rare-earth doping is an effective
strategy for oxygen control, where the additive reduces the oxygen
content in alloy matrix, weakens surface oxide layers, and accelerates
hydrogen diffusion via the formation of LaHs.

In this work, we fabricate both pure and La-doped TiFe alloys, using
a cost-effective hydrogen-assisted powder-metallurgy route. We in-
troduce La hydride (LaH,) as a dual-function additive serving as both
an oxygen scavenger and a pore-forming agent. A series of characteri-
zation tests are conducted to investigate systematically the synergistic
regulatory effect of La doping on the microstructure and hydrogen-
storage performance. This study aims to clarify the intrinsic modifica-
tion mechanism of La, focusing on its role in powder activation, phase
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formation, and the optimization of hydrogen adsorption/desorption
thermodynamics and kinetics. Our findings reveal a cooperative mech-
anism, wherein La doping constructs hydrogen-diffusion channels,
while achieving purification of TiFe lattice, providing practical guid-
ance for optimizing the fabrication of high-performance TiFe-based
hydrogen-storage materials.

2. MATERIALS AND METHODS
2.1. Preparation of TiFe Alloys

TiH, powder (99.9% purity, <45 um) and pure iron powder (99.9% pu-
rity, <38 um) were adopted as raw materials. The atomic ratio of Ti
and Fe was fixed at 1:1 for all samples. 1% wt. La hydride (<38 yum)
was introduced into one group, while the other group contained no ad-
ditive. The two groups of weighed powders were placed into a container
and mixed in a powder-mixing machine at 30 rpm for 6 hours. The as-
obtained Ti—Fe mixed powders were loaded into a mould, sealed under
vacuum, and then subjected to cold isostatic pressing at 300 MPa with
a holding time of 300s. The green compacts were placed in a vacuum
sintering furnace. Upon reaching a vacuum level of 1-107% Pa, the fur-
nace was heated at a rate of 10°C/min. After completion of the dehy-
drogenation stage, the temperature was maintained at 1200°C for 2
hours, followed by furnace cooling to room temperature.

2.2. Characterization

Phase identification was conducted by x-ray diffraction (XRD, PANa-
lytical Empyrean) using CuK, radiation from 20° to 90° at a scan rate
of 10°/min. Oxygen content was measured by an O/N/H analyser
(LECO-ONH 836). The microstructure and elemental distribution were
observed by scanning electron microscopy (SEM, Thermo Fisher Verios
5 UC) equipped with energy-dispersive x-ray spectroscopy (EDS).
Room-temperature compression tests were carried out on a universal
testing machine (MTS-E43.104) at a strain rate of 1 mm/min, with
specimen dimensions of @5 mmx10 mm.

2.3. Hydrogen-Storage Performance Measurement

All samples were activated and tested under equal experimental condi-
tions. To activate hydrogen sorption, vacuum heat treatment was per-
formed at 700°C to reduce the thickness of the surface oxide film. The
initial hydrogenation conducted at 700°C under 50 bar hydrogen pres-
sure was adopted to expose the fresh alloy matrix. Ten adsorption—
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desorption cycles were subsequently carried out to stabilize the hydro-
gen-storage capacity. Finally, pressure—composition—temperature
(PCT) tests were performed at 40°C on a hydrogen adsorption—
desorption instrument (H-Sorb X600PCT-Pro, CIQTEK) to evaluate
the hydrogen-storage performance.

3. RESULTS AND DISCUSSION
3.1. Pore-Forming Effect of La Addition

Figure 1 shows the metallographic micrographs of undoped and La-
doped TiFe alloys, illustrating the differences in micromorphology and
pore structure between the two samples. Low-magnification images
show that interconnected macropores exist in both specimens, while
the La-doped alloy contains a substantially larger amount of
macropores. High-magnification metallographic observations further
exhibit the matrix microstructure [27]. Micropores can be found in the
undoped sample, yet the La-doped TiFe matrix contains much denser
and more abundant micropores. The comparison demonstrates that La-
doping promotes the development of both macropores and micropores
and produces a well-developed dual-scale porous structure.

Figure 2 shows the SEM morphologies and elemental distribution

Fig. 1. Metallographic images of undoped and La-doped TiFe alloys at differ-
ent magnifications: undoped alloy (a), La-doped alloy (b).
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Fig. 2. SEM morphologies and elemental distribution mappings of undoped
and La-doped TiFe alloys: undoped alloy (a), La-doped alloy (b). The marked
points in Fig. 2, b represent the selected regions for EDS point scanning.

mappings of undoped and La-doped TiFe alloys. Ti and Fe elements ex-
hibit inhomogeneous distribution in both samples. The signal intensity
of Ti and Fe declines obviously within the pore areas, indicating low
concentrations of Ti and Fe on pore walls and interiors. In contrast,
oxygen displays obvious localized enrichment in many pore regions,
including large pores and tiny micropores. In the La-doped sample,
prominent La signals emerge mainly in partial micropore areas, where
oxygen is also enriched. Comparatively, strong La signals are barely
observed on large pores that indicates that La-containing phases tend
to aggregate preferentially within the micropores rather than large
pores.

To further explore the elemental composition difference between
micropore regions and dense matrix regions of the La-doped sample,
three positions marked in Fig. 2, b were selected for EDS point scan-
ning. The atomic percentages of Ti, Fe, O and La at these testing points
are summarized in Table 1. Point 1 and point 3 are in micropore re-
gions. The results show extremely low Ti and Fe contents, while O and
La account for the overwhelming majority, with combined atomic per-
centages exceeding 90% . In contrast, point 2 is situated in the dense
matrix area away from micropores. This position is dominated by Ti
and Fe, and only a small amount of oxygen can be detected; nearly, no
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TABLE 1. Elemental composition gained by EDS point scanning at the marked
spots in Fig. 2, b.

Points | Ti, % at. | Fe, % at. | 0, % at. | La, % at.
1 2.1 1.5 61.9 34.5
2 48.2 44.9 6.8 0.0
3 4.2 2.4 60.5 32.9

La element exists in this region. The quantitative data further verify
that La and O tend to accumulate within the micropores of the La-
doped TiFe alloy forming small precipitations (particles of 2 um in
size).

Combined with metallographic observation, SEM morphology, and
EDS elemental analysis results, the effect of La-doping on the micro-
structure of TiFe alloy can be clarified. The undoped TiFe alloy con-
tains inherent pores after sintering. After La-doping, the macropore
size of the alloy increases obviously, while the number of internal mi-
cropores rises significantly. SEM and EDS tests confirm that La and O
elements preferentially accumulate in micropore regions rather than
in dense matrix areas. The enrichment of La and O inside the mi-
cropores induces the generation of abundant micropores. In general,
La-doping effectively promotes the formation and development of the
dual-scale pore structure of sintered TiFe alloy.

3.2. Effect of La Addition on Oxygen Redistribution in the Material

The phase composition of undoped and La-doped TiFe alloys was char-
acterized by XRD, and the corresponding patterns are presented in
Fig. 3. Both samples contain the main TiFe phase together with the
impurity Ti,Fe,O phase [27]. Ti,Fe,O forms during high-temperature
sintering via reactions between the alloy matrix and trace residual ox-
ygen. This impurity phase exerts a poisoning effect on the hydrogen-
storage system of TiFe-based alloys [28]. Clear differences in phase
constituents are identified between the two samples. Compared with
the undoped TiFe alloy, new diffraction peaks belonging to La,O,
emerge in the XRD pattern of the La-doped specimen [29]. The appear-
ance of the La,O; phase verifies that the doped La element possesses
strong oxygen affinity and consumes partial oxygen impurities in the
alloy matrix during the sintering process. Since partial oxygen partic-
ipates in the formation of La,0;, the oxygen source for generating the
harmful Ti,Fe,O phase is reduced correspondingly [30]. This competi-
tive oxygen-consumption behaviour inhibits the generation of detri-
mental Ti,Fe,O phase with La-doping.

O/N/H analysis was further adopted to characterize quantitatively
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Fig. 3. X-ray diffraction patterns of undoped and La-doped alloys.

TABLE 2. Oxygen, nitrogen and hydrogen contents of undoped and La-doped
alloys.

Samples 0, % wt. N, % wt. H, % wt.
undoped alloy 0.306 0.00577 0.00426
La-doped alloy 0.472 0.00581 0.0109

the variation of oxygen content, and the measured data are summa-
rized in Table 2. The total oxygen content does not decrease after La-
doping, but it shows obvious upward trend. This observation suggests
that noticeable part of oxygen impurity can be introduced in the alloy
with initial lanthanum hydride powder. What is more important, the
effect of La-doping leads to a redistribution of oxygen inside the sin-
tered alloy material. This leads to purification (deoxidization) of the
TiFe lattice (matrix) rather than of the sintered material as a whole.
This trend can be explained with the support of previous SEM observa-
tions and EDS mapping as well as point scanning results.

Multiple characterization results demonstrate jointly that La is not
uniformly distributed in the sintered TiFe alloy, but accumulates as
small precipitations preferentially within the micropores and grain-
boundary regions. Owing to high oxygen affinity, La drives oxygen
impurities to migrate out from the TiFe-alloy matrix toward porous
and defective zones. The migrated oxygen reacts preferentially with
enriched La to generate La,O; precipitations rather than forming
Ti,Fe,O inside the matrix [31].
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Consequently, although La addition increases the statistical total
oxygen content of the alloy in macroscopic measurement, the for-
mation of La,O,-phase precipitations fundamentally enables the effec-
tive deoxidation of the alloy matrix, reducing the oxygen impurity dis-
solved in the TiFe crystal lattice. The oxygen impurities, which origi-
nally poisoned the hydrogen-storage performance, are transferred and
consumed in the defect regions that reduces the content of harmful
Ti,Fe,O phase in the matrix and purifies the alloy microstructure. Fur-
thermore, the in situ generation of La,O; particles in pore regions is
consistent with the pore-forming effect concluded in the previous sec-
tion. The oxygen migration and phase-transformation behaviour in-
duced by La-doping achieve simultaneously matrix purification and
microstructure optimization, which provides an improved matrix
structure for the hydrogen-storage reaction of TiFe alloy.

3.3. Compressive Mechanical Performance

Room-temperature compression tests were carried out to investigate
the mechanical performance of undoped and La-doped TiFe alloy. Fig-
ure 4 presents the compressive stress—strain curves of the two sam-
ples. Table 3 summarizes the corresponding average peak compressive
stress and fracture strain. The stress—strain curves show obvious dif-
ferences between the two alloys. The undoped TiFe alloy achieves a
higher peak stress, while the La-doped TiFe alloy exhibits a delayed

—— TiFe

Strain, %

Fig. 4. Representative compressive stress—strain curve of undoped and La-
doped TiFe alloys.
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TABLE 3. Average peak compressive stress and fracture strain of undoped
and La-doped TiFe alloys. Data are expressed as mean + standard deviation.

Sample Stress, MPa Strain, %
undoped alloy 60.1+6.79 8.04 + 3.96
La-doped alloy 32.25+6.72 11.47+2.23

peak position. Combined with the statistical data in Table 3, the aver-
age peak compressive stress of undoped TiFe alloy is of (60.10+6.79)
MPa, which reduces to (32.25+6.72) MPa for La-doped TiFe alloy. In
terms of fracture strain, undoped TiFe alloy reaches (8.04 + 3.96)%,
whereas La-doped TiFe alloy increases to (11.47 + 2.23)%.

The variation of mechanical properties can be associated with the
microstructure evolution induced by La-doping. As discussed above,
La addition promotes the in situ formation of La,0; particles and gen-
erates abundant micropores within the alloy matrix. Under compres-
sive load, these micropores and dispersed La,0O particles act as stress-
concentration sites, accelerating crack initiation and propagation and
lowering the bearing capacity of the alloy. Meanwhile, the porous mi-
crostructure provides space for plastic deformation, which accounts
for the larger fracture strain of La-doped TiFe alloy.

These results demonstrate that La-doping reduces the peak com-
pressive strength and improves the deformability of undoped TiFe al-
loy. From the perspective of practical processing, the decline in com-
pressive strength brings favourable advantages for the hydrogen-
storage TiFe alloys. La-doped TiFe alloy can be crushed into fine parti-
cles under lower external force, simplifying subsequent pulverization
and granulation procedures [32]. Combined with foregoing discussion,
La-doping inducing La,O; formation simultaneously realizes TiFe-
matrix deoxidation and pore construction, regulating alloy mechanical
properties. Such comprehensive modification improves the machina-
bility of TiFe-based alloys and facilitates subsequent activation and
hydrogen-storage applications [30].

3.4. PCT Hydrogen-Storage Performance

Figure 5 presents the PCT curves for the undoped and La-doped TiFe
alloys at 40°C. The PCT measurements reveal significant differences in
both the plateau characteristics and the hydrogen-adsorption capacity
between the two samples. The undoped TiFe sample exhibited a slop-
ing-plateau region spanning approximately 10-25bar (1-2.5 MPa).
The hydrogen concentration increased substantially as the pressure
was raised. At the end of this plateau region, the hydrogen-adsorption
capacity reached approximately 0.58% wt. Upon further pressuriza-
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Fig. 5. PCT curves for the undoped and La-doped TiFe alloys at 40°C.

tion to 50 bars, the hydrogen concentration continued to rise gradual-
ly, ultimately reaching 0.81% wt. In striking contrast, the La-doped
TiFe sample displayed a considerably flatter plateau, with the majority
of hydrogen adsorption occurring within the narrow pressure window
of 5—15bars. Within this short interval, the hydrogen concentration
increased rapidly to approximately 0.96% wt., exceeding the plateau-
end capacity of the undoped sample. Upon further pressurization to
50 bar (5 MPa), the total hydrogen concentration reached approxi-
mately 1.20% wt., which is 0.39% wt. higher than the value obtained
for the undoped sample.

The markedly improved hydrogen-storage performance of the La-
doped sample can be rationalized on the basis of prior XRD, SEM—-EDS
and O/N/H analyses. The XRD and O/N/H analyses have demonstrat-
ed that La-doping reduces the amount of Ti,Fe,O phase through pref-
erential oxygen scavenging, preserving the chemical purity of the TiFe
matrix [33]. Since Ti,Fe,0O is an inert phase that does not participate in
hydrogen adsorption, its removal is directly contributing to the higher
total capacity. Simultaneously, the pore-forming effect of La (increase
in total volume of dual-scale pore structure) provides a more extensive
network of hydrogen-transport pathways. The enhanced porosity facil-
itates the infiltration of hydrogen gas into the interior of the sample,
accelerating the kinetics of hydrogen uptake and enabling a more com-
plete utilization of the TiFe matrix. The steeper plateau observed in
the La-doped sample (5—15 bars vs. 10—25 bar) suggests that the im-
proved pore network reduces the pressure hysteresis in sintered TiFe
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alloys.

The synergy between the pore-forming and matrix purification of
La-doping is therefore evident in the PCT behaviour: the deoxidation
effect increases the intrinsic hydrogen-storage capacity of the matrix
by reducing the inactive Ti,Fe,O phase, while the pore-forming effect
enhances the hydrogen accessibility and uptakes kinetics through the
creation of a more open microstructural network [19]. This dual mech-
anism—chemical purification of TiFe matrix coupled with physical
channel creation—accounts for the simultaneous increase in both the
plateau capacity (0.96% wt. vs. 0.58% wt.) and the ultimate capacity
(1.20% wt. vs.0.81% wt.) of the La-doped sample.

3.5. Phase Constitution and Impurity Variations after PCT Cycling

To investigate the phase stability and internal elemental variation of
undoped alloy and La-doped alloy after long-term hydrogen adsorption
and desorption cycling, XRD phase characterization and O/N/H anal-
ysis were performed on the cycled alloy samples. The phase structural
changes before and after cycling were analysed, based on the XRD re-
sults, while the variations of oxygen and hydrogen elements were
summarized and discussed, according to the O/N/H test data.

XRD test results shown in Fig.6 reveal that no new diffraction
peaks are observed for the undoped alloy after PCT cycling. In compar-
ison, a new diffraction signal appears for the La-doped alloy, which can

l — 50% Ti+50% Fe
e A A

L —— 50% Ti+50% Fe (1% LaH,)

LaH
s, X A

| La, O, PDF#96-153-1453
| | | | | I . I |
Ti,Fe,0 PDF#01-083-1915

| [ P .. |
‘ FeTi PDF#00-019-0636
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Fig. 6. XRD patterns for the undoped alloy and La-doped alloy after PCT hy-
drogen absorption—desorption cycling.
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TABLE 4. O/N/H elemental contents of alloys before and after PCT cycling.

Samples | 0, % wt. N, % wt. H, % wt.
undoped alloy 0.760 0.0293 0.0295
La-doped alloy 0.749 0.0357 0.0897

be preliminarily assigned to La-hydride phase (marked in Fig. 6). This
indicates that the La-containing phases in the matrix, such as La ox-
ide, can react with hydrogen upon PCT cycling to form La hydride.

As summarized in Table 4, residual hydrogen content rises for both
alloys after PCT cycling, while a considerably higher magnitude in-
crease is observed for the La-doped alloy. Accordingly, it may be in-
ferred that La-containing phases (e.g., La oxide) within the La-doped
alloy react with hydrogen to produce La hydride. This inference is well
supported by the foregoing XRD observations.

Combining the above XRD and O/N/H characterization results, the
two sets of experimental evidence jointly indicate that La-bearing con-
stituents inside the La-doped alloy undergo hydrogenation reactions
during PCT cycling to produce La hydride.

4. SUMMARY

In this work, we studied comparatively microstructure, mechanical
properties and hydrogen-storage performance of TiFe alloy and La-
doped TiFe alloy fabricated by hydrogen-assisted powder sintering.
The addition of La brought an evident pore-forming effect inside the
matrix, modifying the internal pore structure of sintered samples.
Moreover, La-doping realized local accumulation of oxygen impurity
with formation of lanthanum-oxide precipitations in TiFe matrix, re-
moving harmful Ti,Fe,O phase and purifying the TiFe lattice.

Compression-test results demonstrated that the La-doped alloy pos-
sessed lower compressive strength relative to the undoped alloy. This
reduced strength facilitates crushing the alloy into fine powder parti-
cles, which supports subsequent activation and practical application
for hydrogen storage.

PCT characterization confirmed the improvement in hydrogen-
storage performance derived from La modification. The La-doped alloy
exhibited a smoother and more stable hydrogen-adsorption platform.
Its hydrogen-storage capacity on the platform was higher than that of
the undoped alloy, and the ultimate hydrogen capacity measured at
5 MPa outperformed the undoped counterpart too.

Characterizations after hydrogen adsorption—desorption cycling
show increased residual hydrogen content in both alloys. A higher hy-
drogen increment can be observed for the La-doped alloy. It can be con-
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cluded that La hydride is formed through the reaction between La-
bearing phases and hydrogen during cycling.

In summary, La-doping optimizes the microscopic structure, crush-
ability and overall hydrogen-storage performance of the TiFe alloys.
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The influence of Y and Al alloying on the glass-forming ability of bulk metal-
lic glasses of the Feso-50.4(TM, Al)z29.1-37.5Y0-2(Si, C, B)19.7-22 system alloys with
different content of transition metals (TM) and metalloids is investigated.
An extensive analysis of the amorphization tendency of the studied alloys is
carried out with a comparison of the effectiveness of several criteria. In rap-
id-quenched bulk samples of the complex alloyed alloys studied in the article,
a number of non-equilibrium structures are observed (namely, purely amor-
phous, amorphous—crystalline (nanocomposite) and nanocrystalline ones)
that indicates a significant dependence of the structure of this group of al-
loys on cooling conditions. As shown, the main factor determining the amor-
phization tendency of Fe-based alloys is the proximity of the alloy composi-
tion to the eutectic. Alloying the alloys with yttrium and aluminium signifi-
cantly increases the melt amorphization tendency.

Key words: eutectic alloys, nanocrystallization, amorphization, melt quench-
ing, bulk metallic glasses, glass-forming ability.
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aHaJidy cxmabHOCTH A0 amopdisarii mocaimyKyBaHUX CTOIB 3 MOPiBHAHHAM
e(peKTUBHOCTY KiIBKOX KpUTEpPiiB. ¥ IIIBUAKO3arapTOBaHMX 00 €MHHUX 3pas-
Kax CKJAaJHOJEeT'OBaHUX CTOIIB, MOCJTiMKeHUX y pobOoTi, cmocTepiraeTbesa pam
HEPiBHOBaKHUX CTPYKTYD, a caMe, ITOBHicTIO aMopdHi, aMophHO-KpuCcTaTiuHi
(HaHOKOMITIO3WTHI) Ta HAHOKPUCTAJIIYHI, IT[0 CBIIUNTH PO 3HAUHY 3aJI€KHICTD
CTPYKTYpH Iliei rpynu cTomiB Bif yMoB oxonom:xeHnHA. [lokasamo, 110 OCHOB-
HUM YMHHUKOM, IIT0 BU3HAYAE CXUWJILHICTHL M0 amopdisalrii cTomiB Ha oCcHOBI
Fe, € 6iu3bKicTh cKJIagy CTONY MO0 €BTeKTUKHU. Jler'yBaHHs cromiB ITpiem i
AnromizieM 3HAUHO TMiABUIITYE CXUABHICTE A0 amopdisarii posromy.

KarouoBi croBa: eBTeKTUYHI cTONM, HAHOKPUCTATIi3allidg, amopgdisalria, sarap-
TyBaHHS PO3TOIIB, 00 €MHI MeTaJIeBi CTeKJIa, 3MaTHICTh 10 CKJIIOYTBOPEHHA.

(Received 21 April, 2025; in final version, 3 March, 2026 )

1. INTRODUCTION

The development and use of bulk metallic glasses (BMGs) are of signif-
icant interest to modern scientists. Currently, BMGs, which are pro-
duced by melt quenching at rates <100 K/s, have been obtained in al-
loys based on Zr, Pd, Mg, Ti, Ni, Fe [1, 2]; among these BMGs, iron-
based alloys occupy a special place both from a commercial and techno-
logical point of view, since they have a unique combination of relative-
ly low cost with high strength characteristics, wear resistance, corro-
sion resistance, magnetic and even antibacterial properties [3—5]; the
competitiveness of bulk amorphous alloys (BAAs) also depends on their
amorphization tendency, strength characteristics in combination with
satisfactory plasticity, corrosion resistance, thermal stability of the
structure, and manufacturing technological regimes, which should be
as close as possible to traditional casting technologies.

For the development of BAAs, modern researchers mainly use topo-
logical criteria for the glass forming ability of metal melts [6]; one
such criterion is a large (=12%) difference in the atomic diameters of
the alloy components, number of which there must be at least three[1];
the second criterion emphasizes that the atomic sizes of the alloy com-
ponents and their concentrations must correspond to certain ratios
that provide the densest packing of atoms in the disordered structure
[6]; according to Turnbull’s thermodynamic criterion [7], the glass
forming ability of the alloy increases with increasing normalized glass
transition temperature T, = T,/ T, where T, and T are the glass transi-
tion and liquidus temperatures, respectively; to reduce T of iron-based
alloys, it is necessary to add metalloid alloy to them, as well as some
refractory metals (Zr, Nb, Mo, etc.); the addition of refractory metals
also contributes to an increase in the glass transition temperature due
to an increase in elastic moduli [8]; according to the results of experi-
mental studies of the influence of alloying elements on the glass form-
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ing ability of iron-based alloys, it was found that small (1.5—-2 at.%)
additions of yttrium and other rare earth metals have the most effec-
tive effect on reducing the critical cooling rate; thus, the critical
thickness of amorphous castings of Fes5CrisMo14C14BsY2 and
Fe5OCr14M014CMBGDy2 alloys is of 4 mm [9], FesoCri0MoyC10BeEr:Ni; al-
loy is of 8 mm [10], (Fess.35CrsCosMo12.8Mn11.2C15.8B5.0)98.5Y 1.5 and
(Fe44.3CrioMo12.8Mni1.2C15.8Bs.0)0s.5Y1.5 alloys is of 12mm [11], and
Fe41Co7Cr15:M014C15B6 Y2 alloy is of 16 mm [12]; such critical thickness
values of BAAs are record-breaking at the present time; partial re-
placement of Fe with other transition metals has a less pronounced ef-
fect on the amorphization tendency of alloys: the critical thickness of
the FessMo0:4C15B7 alloy casting increases from 2.5 to 4 mm when al-
loyed with Mn, Cr, and W (FesMn10Mo1sCrsW1C16Bs) [13], and a change
in the Fe/Co ratio from 9:1 in the [(Feo.9C00.1)0.75B0.2Si0.05]9sNb4 alloy to
1:1 leads to an increase in the critical thickness of the ingots from 2 to
5 mm [14].

The strength properties of BAAs are an important criterion from
the competitiveness point of view. As it known, amorphous metal al-
loys are characterized by a high level of hardness, strength, and wear
resistance [15] due to the disordered nature of their structure, in
which there are no defects in the crystal structure. Among the known
amorphous metal alloys, the strongest are alloys based on the Fe—B
system. Their strength limit exceeds 3500 MPa [15]. The level of me-
chanical properties of amorphous metal alloys largely depends on
changes in their chemical composition. For example, an increase in the
B content to 17.5 at.% in the FersSiioBi15 alloy instead of Fe causes an
increase in the strength limit to 3900 MPa [16]. Therefore, research is
focused on finding such combinations of alloying elements that would
simultaneously increase the level of both strength properties and the
amorphization tendency of alloys. For Fe-based alloys, the optimal al-
loying elements are Co and Nb, the addition of which made it possible
to create a number of high-strength alloys of the
[(Fe1-xCox)o.75B0.2S10.5]osNbs composition with a compressive strength
limit of 3900-4250 MPa, which are amorphized in the form of rods
with a diameter of 2to 5mm [17, 18].

An additional potential for increasing the strength properties of
BAAs is the formation of crystalline phases in the initial amorphous
matrix [16, 19], as was observed, for example, in amorphous alloys
based on Al [20]. However, currently for Fe-based alloys, this issue
remains almost unexplored.

Thus, based on the analysis of literature data, it can be concluded
that the problem of creating a new class of structural materials, i.e.,
bulk amorphous alloys, is extremely relevant, but far from resolved.
Further comprehensive research is needed, aimed at finding new alloy
compositions with increased characteristics of glass forming ability,
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thermal stability, strength, and plasticity, as well as reduced sensitivi-
ty to the purity of components and casting conditions.

Based on the above, the main idea of this study was to establish the
influence of chemical composition (alloying with yttrium and alumini-
um) and production conditions on the amorphization and nanocrystal-
lization tendency of complex alloyed iron-based alloys for further de-
velopment of high-strength composites.

2. EXPERIMENTAL/THEORETICAL DETAILS

Research and development of methods for rapid melt quenching were
carried out on alloys of the Fe40750,4(TM, A1)29,1737,5Y072(Si, C, B)19,7722
system with different content of transition metals and metalloids, the
chemical compositions and markings of which are given in Table 1.

The alloys were synthesized (melted) taking into account the physi-
cochemical approach [21] to predict facilitated glass formation, which
is based on the properties of the alloy components and the features of
their interaction, reflected in the phase diagrams. In particular, the
formation of glasses is facilitated by the presence of deep eutectics on
binary (Fe—B, Fe—P) and ternary (Fe—B-Si, Fe—P—C) phase diagrams, a
significant (not less than 15%) difference in the atomic diameters of
the components (transition metals and metalloids), a large difference
in their valence [7, 22, 23], as well as the presence in each alloy of sig-
nificantly more than three components with large negative enthalpies
of mixing (AH™*). In general, variations in the composition of alloyed
alloys were carried out to increase their ability to amorphized and pro-
cessability during casting (quenching, including ultrafast) on air.

When obtaining bulk amorphized ingots (plates and rods) of new
alloys, made by refining from the initial industrial alloys and raw ma-
terials, it was shown that the method of casting the melt under excess

TABLE 1. Marking and chemical composition of the studied alloys.

Total metal-

No. |Alloy mark Chemical composition, at.% loid content,
at.%
1 HBRM-4 Fes0.6Criz.sMno.s Mo1.9Nbz2Alo.2Cuo.5B16.2C2Siz.5 20.7
2 HBRM-4-1 Fess.5Cri4.1Mno.sW1.9sMosNbo.oAlo.1Cuio.5B17.1C2Si1.6 20.7
3 HBCY-1 Fe49.7C04.5Cr14.7M09.3B3.6C13.5514.6 Alo.1 21.7
4 HBCY-1-1 Fe40C05.3Cr16.6W3.9M010.5Mno.2B4C14.9Si1.7A11 Y 1.0 20.6
5 HBCY-2 Fe50.4C04.5Cr14.8M09.3Mno.4B9oCoSiz.5Al0.1 20.5
6 HBCY-2-1 Fe4s.6C05.4Cri5.9W3.9Mo07.90Mno.6Bo.sCo.8Si0.1A11 Y2 19.7

7 HBCY-3 Fe42.4C06.6Cr15.6M013.4B5.8C14.6511.6 22

8 HBCY-3-1 Fes1.6C07.1Cr15.3M012.8B5.9C14.8Si0.6Al0.1 Y 1.8 21.3
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TABLE 2. List of studied samples and their cooling rates calculated using
empirical equations from works [26—30].

Alloy mark Ribbon thick- | Evaluated Bulk samples Evaluated
ness, um speed, K/s speed, K/s
HBRM-4 20 5.85x106 Plates—3/5 mm 340/208
HBRM-4-1 19 5.92x105 Plates—3/5 mm 340/208
HBCY-1 28 2.06x10° Plates—2/5 mm 505/340
HBCY-2 25 2.93x10° Plates—2/5 mm 505/340
HBCY-3 28 2.06x108 - -
HBCY-1-1 40 6.82x10° Rod—3.8 mm 414
HBCY-2-1 30 1.66x10°¢ Rod—3.5 mm 448
HBCY-3-1 - - Plate—3.6 mm 448

pressure (higher than 0.5 atm.) into a copper mould with a thickness of
2-3 mm in a protective atmosphere of argon or helium makes it possi-
ble to obtain them almost completely in an amorphous state for rods
with a diameter of 3—3.5 mm, made of complex alloyed alloys HBCY-1-
1 and HBCY-2-1 containing yttrium and aluminium.

Thus, the obtained rapidly cooled samples, the list of which is given
in Table 1, had the form of ribbons, plates and rods of various thick-
nesses.

Using the R(D) dependences [24—27] for different ranges of thick-
nesses, as well as taking into account the difference in the cooling rate
of ingots in the form of plates and rods with the same values of thick-
ness and diameter according to the geometric parameters of all the
studied strip and bulk samples studied in this work, the cooling rates
were calculated, which, together with the list of samples, are given in
Table 2.

3. RESULTS AND DISCUSSION

X-ray studies of rapidly cooled ribbons showed that their diffraction
patterns had a form typical of amorphous metal alloys (Fig. 1).
Analysis of the angular positions of the scattering maxima, the
heights of the first maximum I(26) and the interatomic distances r;
showed that for the ribbons of all the studied alloys in the initial state
the atomic structure is quite similar. The dimensions of the CSR(L)
calculated from these data are within 1.11-1.61 nm (Table 3), which is
also typical for metallic glasses. This indicates that the technological
parameters of the melt-spinning method used in this work provided
cooling rates sufficient to suppress completely the crystallization pro-
cess in the studied melts. The obtained values of L of the initial amor-
phous ribbons for different groups of alloys do not correlate with the
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Intensity, relative units

20, Deg.

Fig. 1. Diffraction patterns of rapidly cooled ribbons of alloys: HBCY-1 (1)
and HBCY-2 (2).

TABLE 3. Structure parameters of the studied alloys.

Alloy mark Half-width 205, deg. CSR dimeqsion, L, Averzflge interatomic
of halo, deg. ’ nm (fraction, X) distance, nm
HBRM-4 9.28365 52.38 1.23 0.249
HBCY-1 7.05809 51.44 1.61 0.254
HBCY-2 7.62558 51.38 1.49 0.254
HBCY-2-1 10.260 51.123 1.11 0.255

chemical composition and their tendency to amorphization. Thus, the
minimum dimensions of the CSR obtained both for ribbons of the yt-
trium-doped alloy HBCY-2-1 (1.11 nm) with a high and for HBRM-4
(1.23 nm) with a low tendency to amorphization.

From a physical point of view, the most accurate quantitative char-
acteristic of the melt tendency to amorphization (TA) is the minimum
(critical) cooling rate, R., at which the experimentally detectable frac-
tion of the crystalline phase (usually <1%) does not have time to form
in the melt.

However, these measurements are quite complex and to date, exper-
imentally determined R. for bulk metal alloys (BMAs) based on Fe have
been given only in a few works. The data available in the literature on
the amorphization of a wide range of metal melts have allowed us to
establish empirical correlations between the values of R. and D. and a
number of thermodynamic criteria characterizing the tendency of
melts to glass formation [22]. In particular, qualitative criteria for the
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tendency are the relative glass-transition temperature Ty, = T./T), the
temperature range of the existence of a supercooled melt Ty, — T, and
the ratio ym = (2T ons — T)/T1 [31].

By comparing the results of structural studies of a number of ob-
tained alloys, it was found that the use of the y criterion allows for a
qualitative prediction of the critical thickness of ingots. However, the
expansion of the range of alloys studied revealed certain discrepancies
between the predictions made using this criterion, and further analysis
of the TA given in the literature led to the development of a number of
new thermodynamic criteria that more correctly characterize the con-
ditions of melt amorphization. Based on this, in this work an extended
analysis of the TA of the studied alloys was carried out with a compari-
son of the effectiveness of several criteria.

As TA criteria, in addition to the y criterion, two more criteria,
Yn=2Tons—Ta)/Ty and o =T, /T - 2Tg/(Tg +T)), were selected, for
which, in Ref. [33], the empirical dependences of the cooling rates
[K/s] are given in the form R.(y)=1.333x10%'exp(-111.138y), Re(Ym) =
=3.947x10"exp(—43.802y,) and R.(w) =1.833x103exp(54.639m).

One of the most important characteristics of amorphous alloys is
thermal stability (crystallization onset temperature T..s), since it de-
termines the temperature—time limits in which the physical properties
inherent in the amorphous structure are preserved. In addition to the
T.ns temperature, the value of which was estimated mainly at a heating
rate of 10 K/min, the DSC thermograms shown in Fig. 2, contain indi-
rect information regarding the structure of rapidly cooled ribbons and
the nature of the transition of amorphous phases to the equilibrium
crystalline state. As can be seen from the data presented, the transition
of amorphous phases in the studied alloys begins at different tempera-
tures and occurs in two (alloy HBRM-4, Fig. 2, a), three (alloys HBCY-
1 HBCY-2, HBCY-3 Fig. 2,b), four (alloy HBCY-2-1, Fig. 2,¢) and
even in five stages (HBCY-1-1, Fig. 2, d).

A common feature of all thermograms of rapidly cooled ribbons of
the studied alloys without exception and additional confirmation of
the amorphous nature of their structure is the presence of a small en-
dothermic effect immediately before the onset of crystallization,
which is a sign of a glass transition, the quantitative characteristic of
which is the glass transition temperature, T, (temperature of the in-
flection point of the thermogram).

In addition to the temperatures T, and To.s, the parameter y also in-
cludes T), which is an important technological characteristic of the cast-
ing process, since it significantly determines the viscosity of the melt.

A common feature of the thermograms of the studied alloys (Fig. 3)
is a large endothermic effect, from which melting begins and which,
with increasing temperature, is accompanied (except for alloy HBCY-
2-1, Fig. 3, b) by anumber of weaker endothermic reactions.



798 I.K.YEVLASH, M. S. NIZAMEYEV, I. V. ZAGORULKO, O. M. SEMYRGA et al.

@ HBRM-4 a
=
5]
>
=3 Exo
=
E
>‘? \
=
G
-
=
3
1 l 1 1

400 600 800 1000
T, K

HBCY-2

A

Heat flux, relative units

400 500 600 700 800 900 1000

Heat flux, relative units

Heat flux, relative units

HBCY-1 b

Exo

ey e

400 500 600 700 800 900 1000

T, K
HBCY-2-1 d
Exo
1 L L 1
600 800 1000 1200
T, K

L

T, K
HBCY-2-1

35

E

3

©

2

el

=}

E T

b

e Exo

=

S

-

o

@

am

1 1
800 900

1000 1100 1200

T, K

Fig. 2. DSC thermograms of amorphous ribbons of alloys of grades: crystalli-
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Fig. 3. Melting thermograms measured at a heating rate of 10 K/min., of the
initial ingots of the studied alloys: HBCY-1-1 (a); HBCY-2-1 (b); HBCY-3-1
(c); HBCY-3 (d).

Thermal reactions that occur at higher temperatures correspond to
the melting of carbide and boride phases, which ends at the liquidus
temperature.

The TL. values estimated from these data are given in Table 4 and
marked with asterisks, in contrast to the Ti. measured using optical
pyrometry.

From the above relationships and the data in Table 4, it follows that
the differences in the values of the y and yw criteria, which reflect the
relative TA of the studied alloys, are due, first of all, to the differences
in the liquidus temperatures (Fig. 3), the higher values of which indi-
cate a significant deviation of the alloy composition from the eutectic.

The obtained R, values for the HBCY-1-1, HBCY-2-1 and HBCY-3-1
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TABLE 4. Thermal stability parameters of amorphous phases during continu-
ous heating at a rate of 10 K/min; thermodynamic criteria characterizing the
TA of the studied alloys; critical cooling rates and critical thicknesses.

Alloy Tg, Tons’ RC(Y)’ DC(Y)’
mark TL’ K K K Tg/TL Y K/S mm Ym Rc('Ym), K/S DC(Ym)’mm
HBRM-4 1320 767 798 0.58 0.382 176 2.36 0.637 300 3.417

HBCY-1 1388 762 794 0.549 0.369 813 1.37 0.595 1.89x10°® 0.267
HBCY-2 1438 807 827 0.56 0.368 825 1.34 0.589 2.47x10®° 0.245
HBCY-3 1517 849 875 0.56 0.370 765 1.4 0.594 1.98x10®° 0.263
HBCY-1-1 1467° 866 896 0.59 0.384 150 2.5 0.588 2.62x10® 0.379
HBCY-2-1 1437° 840 874 0.585 0.384 153 2.5 0.621 614 1.639
HBCY-3-1 1429" 857 879 0.60 0.385 142 2.6 0.631 391.5 1.718

* Ty values measured from DSC thermograms

alloys doped with yttrium and aluminium are noticeably (more than 5
times) higher than for the HBCY-1, HBCY-2 and HBCY-3 alloys.

The estimates of the cooling rates of a 3.5 mm thick bar and a 3.6
mm thick plate, made using the dependence Ig R =8.06-1.691g D
[28], give values of 140 and 137 K/s, respectively, which are close to
the critical cooling rates R. for the HBCY-2-1 and HBCY-3-1 alloys
(153 and 142 K/s, respectively), calculated using the thermodynamic
criterion y (Table 4). The analysis shows that the thermodynamic crite-
rion y can be useful for a preliminary assessment of the tendency of
alloys to amorphization.

Among the alloys studied that did not contain yttrium and alumini-
um, both HBCY-1 and HBCY-2 are characterized by a high ability to
amorphized and thermal stability of the amorphous state. For a more
detailed study of the tendency of these alloys to amorphization, ingots
of alloys HBCY-1 and HBCY-2 with a thickness of 2 mm were pro-
duced, but their phase compositions were practically identical to those
of ingots with a thickness of 5 mm. Figure 4 shows the diffraction pat-
terns obtained from samples cut from the lower parts of ingots with a
thickness of 2 mm of alloys HBCY-1 and HBCY-2.

As can be seen from the above data, both samples have a crystal
structure consisting of solid solution crystals based on a-Fe, tetrago-
nal phase of the Fe;B type, Cr23Cs type phase with a complex cubic lat-
tice and Fe;C; phase, the lattice of which belongs to the rhombic sys-
tem. From the data in Fig. 4, it follows that the redistribution of
amorphized elements (increasing the B concentration in the HBCY-2
alloy by 6 at.% due to 5 at.% C and 1 at. % Si) did not lead to significant
changes in the phase composition of the ingots, except for a noticeable
decrease in the content of Fe;C; carbide.

In addition, a comparison of the diffractograms shown in Fig. 4
shows that the interference lines of a-Fe and carbides and borides
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Fig. 4. Diffraction patterns of ingots (bottom) 2 mm thick of alloys HBCY-1
(B-376) (1) and HBCY-2 (B-379) (2) in the initial state (symbol ¢—lines of the
tetragonal phase FesB, o—a-Fe, x—Cr23Cs phase, v—FerCs-type phase).

formed in the HBCY-1 alloy ingot are noticeably wider than in the
HBCY-2 alloy ingot, which indicates a smaller size of nanocrystals in
the first of these alloy.

It follows from the diffraction patterns of bulk samples of the
HBCY-2-1, HBCY-3-1 and HBRM-4-1 alloy ingots shown in Fig. 5 that,
despite the relatively close cooling rates, their structure is noticeably
different. If the diffractogram of the HBCY-2-1 alloy ingot (Fig. 5, a)
contains only a diffuse maximum, which is typical for bulk metallic
glasses, then in the diffraction patterns of the remaining samples, re-
flections from crystalline phases are observed: in the HBCY-3-1 alloy
against the background of the maximum from the amorphous phase
(Fig. 5, b), while in the patterns of the HBRM-4-1 alloy (Fig. 5, ¢) no
signs of amorphousness are observed.

Calculations of the relative fraction of the crystalline phase, X, and
estimation of the crystal size showed that the structure of the HBCY-3-
1 alloy plate contains approximately 10% o-Fe crystals, the average
size of which is 12.4 nm, and the bulk density is 1023 m™3. Such parame-
ters are typical for the so-called nanocomposite structures that are
formed during partial crystallization of amorphous phases upon heat-
ing, which was observed, in particular, in amorphous ribbons of the
HBRM-4 alloy [33]. The surface layers of the HBCY-3-1 plate con-
tained a small amount of ultrafine (nanosize) carbides and borides
identified (marked) on the diffractogram. By gradually grinding the
HBCY-3-1 plate, it was possible to establish that all the detected nano-
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Fig. 5. Diffractograms (CoK radiation) of rapidly-cooled bulk alloy samples:
a—HBCY-2-1 (rod with a diameter of 3.5 mm); b—HBCY-3-1 (plate with a
thickness of 3.6 mm); c—HBRM-4-1 (rod with a diameter of 2.7 mm).

crystals were formed in its surface layer. The presence of an amor-
phous phase in the inner layers of the ingots and its smaller amount on
the surface is at first glance somewhat unexpected, since the surface
layers are cooled in direct contact with the walls of the copper casting
mould at a higher rate. Nevertheless, a similar effect (formation of
crystalline layers on the surface of the castings) was observed in a
number of works when obtaining ingots from bulk amorphized alloys
based on Fe[34] and Zr [35].

The structure of the HBRM-4-1 alloy ingot consists of a-Fe crystals
and phases isomorphic to the borides Cr:sCs (Fe:sBs), FesB and
(Fe, Cr):Cs. The estimates showed that the average size of a-Fe crystals
and Feg3Bs boride in the structure of the HBRM-4-1 alloy rod is 19.0
and 32.0 nm, respectively.

As a generalization of the results of the structural analysis, we note
that in the bulk rapidly cooled samples of complex alloyed alloys of the
studied system (Fe, Co)—(Cr, Mo, W, Nb)-Y—(C, B, Si, Al), a number of
non-equilibrium structures are observed: purely amorphous (HBCY-2-
1), amorphous—crystalline (nanocomposite) (HBCY-1, HBCY-2,
HBCY-3-1) and nanocrystalline (HBRM-4, HBRM-4-1), which indi-
cates a significant dependence of the structure of this group of alloys
on the cooling conditions. Doping of alloys with Y and Al noticeably
increases the tendency of melts to amorphization, which is probably
associated both with the optimization of the atomic packing density in
the melt due to the addition of large atoms, and with the formation of
an oxide protective film on the surface of the solidifying melt.

It is expected that active development of technological processes for
casting amorphous Fe-based alloys, close to industrial ones, as well as
the use of technical purity components and alloys as starting materi-
als, will reduce the cost of a new class of materials with unique sets of
properties to the level of existing tool steels. Further developments in
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this direction should be aimed at creating and developing a high-
performance technology for the industrial production of highly-
alloyed volume-strengthened structural nanostructured materials by
controlled crystallization of melts, amorphous ribbons and bulk ingots
of developed iron-based alloys; development of a technology for manu-
facturing electrodes from nanophase powder for applying wear-
resistant coatings using existing technologies.

4. CONCLUSIONS

1. The main factor determining the TA of Fe-based alloys is the prox-
imity of the alloy composition to the eutectic one. According to the re-
sults of the evaluations, the alloys doped with yttrium and aluminium
HBCY-1-1 (Fe4OCO5.3MH0.2CI‘16.6W3.9M010.5B4C14.9Si1.7A11Y1.9), HBCY-2-1
(Fes3.6C05.4Mno 6Cris.9Ws.0Mo07.9Bg.8Co.8510.1Al1 Y?) and HBCY-3-1
(Fe44.85CO7.1Mno.05CI‘15.3W0.01M012.sB5.9C14.SSio.6A10.1Y1.8) have the highest
tendency to glass formation, with critical ingot thicknesses of 2.5, 2.5
and 2.6 mm, respectively.

2. The main reason for the presence of nanocrystalline phases in the
surface layers of the HBCY-3-1 thin plate and their absence in the in-
ner layers is the intensive heterogeneous nucleation of crystals in the
surface layers, caused by their interaction mainly with oxygen resi-
dues in the casting atmosphere during a relatively long cooling time.
Reducing the influence of heterogeneous nucleation can be achieved by
improving the casting conditions (in particular, by choosing the at-
mosphere), as well as by selecting alloying impurities that reduce the
nucleation rate.

3. In the bulk rapidly cooled samples of complex alloyed alloys of the
studied system (Fe, Co)—(Cr, Mo, W, Nb)-Y—(C, B, Si, Al), a number of
non-equilibrium structures are observed: purely amorphous (HBCY-2-
1), amorphous—crystalline (nanocomposite) (HBCY-1, HBCY-2,
HBCY-3-1) and nanocrystalline (HBRM-4, HBRM-4-1), which indi-
cates a significant dependence of the structure of this group of alloys
on the cooling conditions.
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Patterns of the Relationship between the Limit Potentials of
the 06KhN28MDT Alloy and Its Indicators in a Gap with a
Chloride-Containing Medium Present in the Operation of Heat
Exchangers
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The article develops mathematical models based on regression trees to study
the relationship between the repassivation potential (E.,), free corrosion
potential (E,,) of the 06 KhN28MDT alloy in a chloride-containing media, its
chemical composition, and structure. As established, E,,, shifts in the posi-
tive side with an increase in Cr and Cu contents. Specifically, E,., shifts by
192.4 mV within the Cr content range of 23.12—-23.68 wt.% and reaches 0.5V
with Cu content up to 2.73 wt.% and Cr content up to 23.125 wt.%. A reduc-
tion in the mean austenite grain diameter from 16.5 to 11 nm shifts E_, to
the most negative side of 0.287 V. Additionally, when the Cu content exceeds
2.73 wt.% and Cr exceeds 23.125 wt.%, E,,, shifts further by 0.265 and 0.23
V, respectively. The hypothesis suggests that Cr forms dense oxide films,
while Cu provides anodic protection to grain boundaries. The E,, potential of
the alloy shifts to the most negative side of —0.4557 V as the Cr content de-
creases from 22.215 down to 21.84 wt.% and Mn decreases from 0.455 down
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to 0.31 wt.%. With carbon content below 0.053 wt.%, E_. is of —-0.41 V, while
the precipitation of Cr and Mo carbides from the austenite solid solution
causes only a slight shift in the negative direction. The most positive E,,,
value (—0.38 V) is achieved, when the mean austenite grain diameter exceeds
15.5 pym. An increase in Ni content from 27.675 up to 27.730 wt.% shifts E,
in the negative side by 0.17 V, indicating that Ni has a stronger effect on E,
compared to Cr and Cu. As found, a decrease in Cr, Mn, and Ni contents in the
alloy accelerates general corrosion, but slows down crevice corrosion due to
the redistribution of anodic currents. This trend is caused by the redistribu-
tion of anodic currents among a large number of dissolution centres of metal
atoms in the alloy composition. The constructed mathematical models are
recommended for enterprises, which produce plate-like heat exchangers from
this alloy to use to select optimal melts in terms of chemical composition and
structure, which will ensure maximum resistance of heat exchanger plates to
crevice corrosion in the recycled waters of enterprises.

Key words: 06KhN28MDT alloy, crevice corrosion, resistance to crevice cor-
rosion, repassivation potential, free corrosion potential.

VY crarTi po3pobieH0 MaTeMaTHUYHI MO/l Ha OCHOBI JepeB perpeciii ajaa moc-
JiJ’KeHHA B3a€MO3B A3KY Mi moreHmianamu penacusanii (E,,,), BiIbHOI Ko-
posii (E,,,) cromy 06 XH28M/T y xsJ0pugoBMicHOMY CEpEIOBUIIi, HOTO XeMiu-
HUM CKJIaZIOM i CTPyKTypoio. BeranoBIeHO, 110 E,., 3CyBa€TLCA B MOSUTUBHUI
6ix 3i s6inemenuam smicty Cr i Cu. 3oxpema, E , smimyersca Ha 192,4 MB y
niamasoni smicty Cr Big 23,12 go 23,68 mac.% i carae 0,5 B 3a magsaoctu Cu
mo 2,73 mac.% i Cr mo 23,125 mac.%. 3MeHIIIeHHS cepegHbOro JiAaMeTpa 3epHa
aycrerity Bix 16,5 mo 11 Mmxm amimye E ., 10 HaWBiJ €MHIIIOro 3HAUEHHA Yy
0,287 B. Bognouac, 3a Bmicty Cu > 2,73 mac.% i Cr > 23,125 mac.% E,, scy-
BaeThed 1e Ha 0,265 Bi 0,23 B BinmoBiguo. I'imoTesa moscH!oe, 1110 Cr dopmye
IiIbHI oKcugHI miaiBKu, a Cu aHomHO 3axwuiiae meski depeH. Ilorennian E,
CTOIIY 3CYBA€ThCS A0 MAKCUMAJLHO Bif eMHOrO 3HauenHs y —0,4557 B 3i sme-
Hiesuam smicty Cr Big 22,215 mo 21,84 mac.% i Mn Big 0,455 mo 0,31 mac.%.
3a Bmicty C menmme 0,053 mac.% E . cranoButs —0,41 B, a Bunaginaa kap0i-
i Cr i Mo auIie He3Ha4YHO 3Milgye ioro y Bif emuuii 6ix. HalimosutusHimne
snauenHsa E, . (-0,38 B) mocAraeTbes 3a cepefHBOTO AisiMETPa 3epHA ayCTEHITY
moHan 15,5 mkm. 36inbiienasa smicty Ni Big 27,675 mo 27,730 mac.% 3cyBae
E.., v Big emuuii 6ix Ha 0,17 B, 1110 cBigunTh 1po cuabHimuii Briue Ni Ha E,,
mopiBuaHo 3 Cr i Cu. 3'acosano, 110 smeHmenHa smicty Cr, Mn ta Ni y cromi
OPUMIBUAIIYE 3arajibHy, ajie YIIOBiJIbHIOE HIIIMHHY KOPO3ii0 uepes3 mepepos-
mozis aHogHUX cTpyMiB. TaKy TEeHIEHIIII0 3yMOBJIEHO IIEPEPO3IIOAIJIOM aHO-
HUX CTPYMiB Mi’K BeJIMKOIO KiJIbKIiCTIO IIeHTPiB PO3SYMHEHHS aTOMiB MeTaJiB y
ckaani cromy. IlobymoBaHi MaTeMaTUYHiI MOAe/Ii PEKOMEHAOBAHO IIiIIPHUEMCT-
BaM, AKi BUPOOGJIAIOTE MJIACTUHYACTI TEIIJIO0OMiHHUKY 3 I[bOTO CTOIIY, 3aCTOCO-
BYBAaTH IJIs BUOOPY ONTUMAJbHUX TOIJIEHb 384 XeMiUHUM CKJAIOM i CTPYKTY-
poio, AKi 3a0e3meyaTh MaKCHMAJLHUM OMip IJIACTHUH TEIJOOOMiHHUKIB IIi-
JIMHHi#A KOpo3ii B 060pOTHiX BofaxX MiAIIPUEMCTB.

Karouosi caosa: cror 06 XH28M/IT, minuaHa KOposisd, omip MiiinHHIA KOpo-
3ii, moTeHIiAN penmacuBailii, MOTEHIiAJ BiTbHOI KOPO3ii.

(Received 13 January, 2025; in final version, 15 May, 2026 )
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1.INTRODUCTION

The design features of plate-like heat exchangers can contribute to
crevice corrosion during their operation in the circulating systems of
enterprises [1, 2]. In particular, work [2] recorded localized corrosion
damage at the tops of corrugations between adjacent heat transfer
plates, on their surfaces under the recycled water sediment, and at the
ends of the groove for the rubber gasket. It is known [3, 4] that, under
such conditions, chloride-containing media can be acidified due to the
hydrolysis of corrosion products, accumulate chlorides, and locally
increase the temperature. The authors of studies [5—9] found that the
parameters of model-recycled waters, characterized by pH and chloride
concentration, have the most intense effect on the pitting resistance of
AISI 304 [5, 6], AISI 321 [7, 8] steels, and 06 KhN28MDT alloy [9]. The
effect of their structural heterogeneity on critical pitting tempera-
tures is half that of the media parameters, but higher than the chromi-
um content. Taking into account such dependences, some scientists
[10-14] propose protective coatings on the surface of heat transfer
elements of heat exchangers to prevent their pitting and crevice corro-
sion in the recycled waters of enterprises. In particular, coatings based
on composite [10, 11], polymeric [12, 13], and nanostructured films
[14] are considered promising today, as they reliably prevent the con-
tact of passivated steels and alloys with chloride-containing media.
This approach provides reliable protection of steels and alloys against
local corrosion, but it is quite expensive and time-consuming. At the
same time, papers [5-9] used a different approach to prevent such
problems; in particular, they developed mathematical models that es-
tablish the relationship between the CPT of steels and alloys and their
chemical composition, structure components, and parameters of mod-
el-recycled waters. This approach does not require additional re-
sources, and therefore is promising. Therefore, the article establishes
the dependence between the limit potentials of the 06 KhN28MDT alloy
and its indicators in a gap with a chloride-containing medium present
during the operation of plate-like heat exchangers.

2. EXPERIMENTAL/THEORETICAL DETAILS

In this paper, five industrial melts of 06 KhN28MDT alloy (analogous
to AISI 904L steel), which is used for the production of heat exchang-
ers, have been studied.

The chemical composition of the alloy has been previously deter-
mined [15] by chemical analytical and XRD methods using the SRM-25
installation. It is given in Table 1. In this Table: x;—C, carbon content
in steel, wt.% (£ 0.06); x,—Mn, manganese content in steel, wt.%
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TABLE 1. A real sample of dependences based on the results of the sample
studies.

Nos. alloy E. s |E.ps|AE,
melts X1 | X2 | X3 | X4 X5 | X6 | X7 | Xg X9 X0 *u| vy v
1 0.050.32 0.6 24.31 27.390.79 2.9 2.750.17110.009111 -0.4 0.8 1.2

2 0.0670.460.5722.68 27.650.592.782.68 0.1427 0.0036 24 -0.43 0.5 0.93
0.0680.540.5521.84 27.450.552.55 2.6 0.1918 0.004329-0.420.220.64
0.0480.570.6222.67 27.730.672.562.53 0.1692 0.004331 -0.4 0.550.95
0.05 0.310.5723.46 27.510.892.512.78 0.0931 0.003615-0.38 0.6 0.98
min 0.0480.310.5521.84 27.390.552.512.53 0.0931 0.003611 -0.5 0.1
max  0.0680.570.6224.3127.730.89 2.9 2.78 0.1918 0,009129 -0.1 0.7
multiplicity0.0010.010.01 0.01 0.01 0.010.010.01 0.0001 0,0001 1 0.01 0.010.01

o~ W

(<0.8); x5—Si, silicon content in steel, wt.% (<0.8); x,—Cr, chromium
content in steel, wt.% (22.00-25.00); x,—Ni, nickel content in steel,
wt.% (26.00-29.00); x,—Ti, titanium content in steel, wt.% (0.5-0.9);
x;—Mo, molybdenum content in steel, wt.% (2.5-3.0); x;—Cu, copper
content in steel, wt.% (2.5-3.5); xy—volume of titanium
carbonitrides, vol.% (0.0931-0.1918); x;,—volume of titanium sul-
phides, vol.% (0.0036—0.0091); x,;—d,, mean austenite grain diame-
ter in the alloy, pm (11-31); E,, is the free corrosion potential, V; E,,
is the repassivation potential, V; AE,,, is the criterion, V.

The variances of deviation of the alloy components are: carbon
+0.002, silicon #0.004, manganese +0.01, chromium #0.02, nickel
+0.03, molybdenum +0.02, copper +0.02, titanium +0.02, phosphorus
+0.02, sulphur £0.003 [wt.%]. The components of the structural het-
erogeneity of the 06 HN28MDT alloy have been determined in [15].

The resistance of 06 KhN28MDT alloy to crevice corrosion was eval-
uated by the ultimate repassivation potentials E ., free corrosion E,,
and AE,,, by the criterion determined by the formula

cor* (1)

The alloy was considered to be resistant to crevice corrosion, if
AE >0.05V [16]. The real values of the limit potentials E,,, E,,, and
AE of the 06KhN28MDT alloy criterion are given in Table 1. The gen-
erated variable factors (x,, ..., x;;) and output factors E.,, E,.,, and
AE,, are shown in Table 2.

Regression trees were used as the basis for constructing mathemati-
cal models (Tables 3, 4), which are the most popular method for solving
many practical problems [17], since they automatically select informa-
tive features (the most important x; of the model).

The quality of the mathematical models of Tables 3, 4 was evaluated
using the sum of squares of instantaneous mistakes[17]:

AE. =E

rep — Hrep

E
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TABLE 2. Generated samples.

S | X1 | Xo | X3 I Xy | X5 I X6 | X7 I Xg | X9 I Y10 I X1 lEcor’ VE e, V
1 0.05 0.32 0.60 24.31 27.39 0.79 2.90 2.750.17110.0091 11.00 -0.40 0.80
2 0.067 0.46 0.57 22.68 27.65 0.59 2.78 2.68 0.14270.0036 24.00 —0.43 0.50
0.068 0.54 0.55 21.84 27.45 0.55 2.55 2.60 0.1918 0.0043 29.00 -0.42 0.22
0.048 0.57 0.62 22.67 27.73 0.67 2.56 2.53 0.1692 0.0043 31.00 -0.40 0.55
0.05 0.31 0.57 23.46 27.51 0.89 2.51 2.78 0.0931 0.0036 15.00 -0.38 0.60
0.057 0.31 0.59 23.33 27.61 0.67 2.70 2.71 0.1807 0.0039 13.00 -0.41 0.33
0.061 0.51 0.62 22.15 27.51 0.78 2.66 2.750.1219 0.0043 23.00 -0.43 0.32
0.052 0.54 0.60 22.88 27.39 0.60 2.62 2.750.1524 0.0054 16.00 -0.41 0.36
9 0.057 0.54 0.61 23.09 27.60 0.79 2.52 2.67 0.09770.0059 19.00 -0.39 0.54
10 0.048 0.33 0.61 23.16 27.51 0.67 2.57 2.57 0.12770.0054 25.00 -0.38 0.73
40 0.055 0.43 0.58 23.52 27.58 0.77 2.70 2.63 0.1402 0.0040 18.00 —0.40 0.65
41 0.067 0.51 0.60 23.73 27.65 0.84 2.81 2.77 0.1041 0.0058 20.00 —0.40 0.87
42 0.053 0.32 0.60 23.63 27.44 0.60 2.78 2.63 0.1006 0.0059 14.00 —0.40 0.73
43 0.064 0.55 0.55 23.45 27.62 0.64 2.84 2.60 0.0958 0.0041 25.00 —0.41 0.95
44 0.062 0.51 0.59 23.88 27.40 0.69 2.61 2.65 0.1800 0.0051 22.00 —0.37 0.85
45 0.049 0.35 0.61 22.32 27.67 0.66 2.77 2.54 0.1656 0.0063 28.00 —0.44 0.42
46 0.054 0.41 0.56 24.22 27.54 0.5800 2.79 2.66 0.1255 0.0077 26.00 —0.37 1.22
47 0.053 0.45 0.58 22.23 27.59 0.87 2.55 2.750.14740.0060 14.00 —0.43 0.03
48 0.053 0.43 0.59 22.72 27.65 0.85 2.80 2.63 0.15270.0071 13.00 —0.45 0.18
49 0.058 0.39 0.59 24.17 27.54 0.56 2.87 2.76 0.1285 0.0050 25.00 —0.39 1.19
50 0.058 0.46 0.60 22.07 27.69 0.87 2.55 2.74 0.18290.0037 20.00 —0.43 —0.02

00 3O Ot W

S
E=Y W -y*). (2)
S=1
The sum of the squared mistakes for the potential: E_,=0.0027V,
E,,=0.2894 V; the standard deviation: E,.,=0.0001 V, E, ,=0.0058 V.

3. RESULTS AND DISCUSSION

According to the results of the analysis of the constructed mathemati-
cal model (Table 2), which is based on the defined regression trees (Fig.
1), the following trend was established, in particular, if the parameter
of the 06 KhN28MDT alloy x,(Cr) < 23.055 wt.%, then, we move to node
2, where, if x,(Mn)< 0.455 wt.%, then we move to node 4, then, pro-
vided that x,(Cr) < 22.215 wt.%, the free corrosion potential of the al-
loy E.,, is of —0.455714 V (node 3). It turns out that the most negative
value of the potential E_ , of the alloy in the gap correlates with a low
content of chromium and manganese within the standard for its pro-
duction (Table 1). It should be noted that under such conditions, the
resistance of the studied alloy to crevice corrosion in the model chlo-
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TABLE 3. Mathematical model that establishes the relationship between the
corrosion potential E,. of 06KhN28MDT alloy and its chemical composition
and structure components, based on regression trees.

Item

No. Dependences
1 if x, < 23.055 then node 2 else; if x, >= 23.055 then node 3 else —0.4126
2 if x, < 23.055 then node 2 else; if x, >= 23.055 then node 3 else —0.4126
3 if x5 < 27.575 then node 6 else; if x; >= 27.575 then node 7 else —0.38875
4 if x, < 22.215 then node 8 else; if x, >= 22.215 then node 9 else —0.444
5 if x,<0.053 then node 10 else; if x; >= 0.053 then node 11 else —-0.421818
6 if x,,<14.5 then node 12 else; if x,; >= 14.5 then node 13 else -0.379286
7 if x,<27.675 then node 14 else; if x; >=27.675 then node 15 else —0.402
8 fit=-0.455714
9 fit=-0.43375
10 fit=-0.41
11 fit=-0.42625
12 fit=-0.4
13 if x5 < 2.755 then node 16 else; if x5 >= 2.755 then node 17 else —0.375833
14 fit=-0.3975
15 fit=-0.42
16 fit=-0.37125
17 fit=-0.385

ride-containing media increases as its AE criterion, which was deter-
mined by Eq. (1), increases [16]. This is due to the fact that the lower
the potential E,,, of the alloy, the easier it is to give up electrons, con-
tributing to the ionization of metals in its composition at the anode
sites. Under such conditions, the density of anode currents in them
decreases due to their redistribution among a larger number of anode
sites. This is consistent with the information presented in Refs. [18,
19]. This tendency ‘slows down’ the transformation of metastable local
corrosion damage into stable damage.

A decrease in the content of manganese, as a surface-active chemical
element, most likely contributes to the depletion of the oxide film on
the surface of the 06HN28MDT alloy by chromium, which leads to a
shift its potential E. . to the negative side. Our hypothesis is based on
the information that Mn and Cu contribute to the formation of a pas-
sive film enriched in chromium [20].

From the analysis of the mathematical model (Table 3), it follows
that, if the chromium content in the alloy under study x,(Cr) > 23.055
V, then, its potential E_,, shifts to a positive side to —0.4126 V (item 1,
Table 3). However, provided that x;(Ni) < 27.57 wt.% (item 3, Table 3),
and x,[d,] < 14.5 pm (item 6, Table 3), its potential E, is of -0.4V
(item 12, Table 3). These dependences between the potential E., of
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TABLE 4. Mathematical model that establishes the relationship between the
repassivation potential E ., of 06KhN28MDT alloy and its chemical composi-
tion and structure components based on regression trees.

IIEIe;fl Dependences
1 if x, < 23.43 then node 2 else; if x, >= 23.43 then node 3 else 0.5538
2 if x, < 22.315 then node 4 else; if x, >= 22.315 then node 5 else 0.336774
3 if x,, < 22.5 then node 6 else; if x,; >= 22.5 then node 7 else 0.907895
4 if x,, < 22 then node 8 else; if x,; >= 22 then node 9 else 0.150769
5 if x;; <16.5 then node 10 else; if x;; >= 16.5 then node 11 else 0.471111
6 if x, < 23.68 then node 12 else; if x, >= 23.68 then node 13 else 0.786364
7 fit=1.075
8 fit=0.07875
9 fit=0.266
10 fit=0.286667
11 if x4 < 2.73 then node 14 else; if x5 >= 2.73 then node 15 else 0.563333
12 fit=0.6725
13 fit=0.851429
14 if x, < 23.125 then node 16 else; if x, >= 23.125 then node 17 else 0.523
15 fit=0.765
16 fit=0.5
17 fit=0.73

06KhN28MDT alloy in a gap with a model chloride-containing medium
and the content of nickel in it and the size of the austenite grain show
that the smaller they are, the more positive it is. Under such condi-
tions, the ionization of metals in its composition that are in contact
with the medium becomes more difficult. At the same time, it should
be noted that the finer the grain of the alloy austenite, the lower the
degree of incoherence between adjacent crystal-lattice atoms, and the
higher the resistance of metal atoms located at the grain boundaries to
ionization when in contact with a chloride-containing medium. This
helps to increase the potential E_ , of the alloy and reduce its resistance
to crevice corrosion in a chloride-containing media.

The influence of nickel on the resistance of 06 HN28MDT alloy to
crevice corrosion in a chloride-containing media cannot be assessed
only by the above dependences (E,.,—Ni content). After all, in Ref. [21],
it was found that steel consisting of 21 wt.% Cr, 6 wt.% Ni, and 2 wt.%
Mo has high pitting resistance in chloride-containing media because of
its pitting potential E ;; is of 0.56 V. However, in OKh21N5T steel, it is
equal to 0.428 V, which is due to the absence of molybdenum and a de-
crease in nickel content by 0.7 wt.%.

A further decrease in nickel content to 3.2 wt.% accelerates the shift
of the potential to the negative side. In addition, the role of nickel in
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x, < 23.055 x, = 23.055

x, < 0.455 A x,> 0.455 X,z 27.575

x,<22.5154%,2 22-515x1< 0.053Ax, = 0.053 %, < 14.5Ax,, = 14.5x, < 27.87

1=

x, 2 27.875

-0.45571 —0.43375 -0.41 -0.42625

-0.3975 -0.42

-0.37125 -0.385

Fig. 1. Regression tree showing the relationship between the free corrosion
potential £, of 06 KhN28MDT alloy in a gap with a chloride-containing solu-
tion and its chemical composition and structural components.

the pitting resistance of stainless steels is evidenced by the higher val-
ue of the potential E;; (0.23V) of Kh14Mn14N3T steel at its content of
3.1 wt.%, than Kh17AMnl14 with higher chromium content. At the
same time, it should be noted that the pitting resistance of the stain-
less steel 12Kh18N10T in chloride-containing media is much higher
than that of these steels. This information shows that a decrease in the
chromium content in steels reduces their pitting resistance more in-
tensively than that of nickel, even in the presence of a two-phase struc-
ture[21, 22].

It should be noted that the mechanisms of pitting and crevice corro-
sion of stainless steels and alloys in chloride-containing media are very
similar, so, the effect of nickel on their limit potentials is likely to be
the same. Obviously, it is not associated with compensating for the
negative effect of MnS inclusions on the pitting resistance of the alloy,
as is believed in Refs. [23, 24] for the chromium-nickel-molybdenum
steel 18Kh17N11M3, since only carbonitrides (Fig. 2) and titanium
sulphides (Fig. 3), which are even insoluble in solutions of many acids,
have been recorded in the 06 KhN28MDT alloy [25]. However, the po-
tential E_,, of the 06KhN28MDT alloy depends on the chromium con-
tent in the alloy and its grain size.

After all, from the analysis of items 1, 3, 6, 12 of the mathematical
model (Table3), it was found that the potential E_,, of the
06KhN28MDT alloy shifts by 0.0126 V in the positive direction if the
chromium content in it is more than 23.055 wt.%, nickel less than
27.575 wt.%, provided that the mean austenite grain diameter is less
than 14.5 ym. It was found that the potential E_ , of the studied alloy
shifts to the negative side to —-0.434615 V with an increase in the man-
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AT

Fig. 3. Titanium sulphides and carbonitrides in 06 HN28MDT alloy (x550).

ganese content from 0.455 up to 0.57 wt.% (item 2 of Table 3).
However, under the same conditions, when the carbon content (x,))

less than 0.053 wt.%, its potential E,, is of —0.41 V (items 5, 10 of Ta-

ble 3). Thus, it can be noted that the potential E,,, of the alloy under
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study shifts to the positive side by 0.0246 V (see items 1, 10 of Table
3), which reduces the rate of general corrosion but increases the proba-
bility of crevice corrosion. The mechanisms of this process were men-
tioned above. In addition, at such carbon content in the alloy, accord-
ing to Ref. [25], it is almost completely dissolved in the austenite solid
solution. Under such conditions, the length of the boundaries of inclu-
sions with the austenitic matrix decreases due to a decrease in the vol-
ume of the carbide phase in the vicinity of titanium nitrides and a de-
crease in the total length of the boundaries of austenite grains and in-
clusions with its solid solution.

From the analysis of the mathematical model (item 3 of Table 3), it
was found that if the nickel content (x;) in the alloy is greater than or
equal to 27.575 wt.%, then, its potential E_, is of —-0.38878 V. Conse-
quently, under such conditions, it has practically the most positive
value, which contributes to a decrease in AE criterion of the alloy and
its resistance to crevice corrosion. This is due to the fact that the criti-
cal passivation potential of Ni (+0.15V) is much more negative than
that of Fe (+0.46 V) [26]. However, when the nickel content in the alloy
under study is less than 27.675 wt.% (item 7 of Table 3), its potential
E_,. is of —0.3975V (item 14 of Table 3). These dependences indicate
that the corrosion potential E,,, of the 06KhN28MDT alloy is of about
—0.39 V, when the nickel content in it varies in the range from 27.575
up to 27.675 wt.%. It has been recorded that chromium contributes to
the shift of the potential E ., of the studied alloy in the negative direc-
tion to —0.444 V (item 4 of Table 3). However, according to the infor-
mation (items 4, 9 of Table 3), under some conditions it can have a
slightly more positive value (E,,,=-0.43375 V). Thus, according to the
results of data analysis (items 4, 9 of Table 3), it turns out that the cor-
rosion potential E . of 06KhN28MDT alloy has the most negative val-
ue when the chromium content in it is higher than 22.215 wt.%. This is
due to the fact that under such conditions, according to Gerasimov
[27], the surface of the alloy is covered with a monolayer of chromium
atoms. It is known [26] that the critical passivation potential of chro-
mium is even more negative (-0.35V) than that of molybdenum
(-0.20 V) and titanium (-0.25 V). This tendency contributes to the fact
that the AE criterion of the 06 KhN28MDT alloy increases, since its
corrosion potential E_, shifts significantly to the negative side when it
contains more than 22.215 wt.% chromium. The mechanisms of in-
creasing the resistance of the studied alloy to crevice corrosion in a
chloride-containing media under the condition of a negative shift in
the potential E_,. were mentioned above.

It was mentioned above (item 2 of Table 3) that the potential E,, of
the 06 KhN28MDT alloy was —0.434615 V, if the manganese content in
it was less than 0.455 wt.%, or —0.41V, provided that x,(C) <0.053
wt.% (items 5, 10 of Table 3). However, with an increase in the carbon
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content in the alloy above 0.053 wt.%, a shift of its corrosion potential
E,. in the negative direction to —0.421818 V (item 5 of Table 3) or to
-0.42625V (item 11 of Table 3) has been recorded. This tendency is
most likely due to the fact that manganese increases the solubility of
carbon in the solid solution of austenite of 06 KhN28MDT alloy, since
there is information that it and chromium [28] thus affect the solubili-
ty of nitrogen, which, like carbon, is a chemical element of the intro-
duction in the crystal lattice of a solid solution of austenite of stainless
steels and alloys. This contributes to the growth of its parameters and,
obviously, facilitates the ionization of chromium atoms on the surface
of the 06 KhN28MDT alloy. Under such conditions, the released elec-
trons accumulate on its surface, shifting the free corrosion potential
E_,. to the negative side. This contributes to an increase in the AE crite-
rion of the studied alloy in a crevice with a chloride-containing medi-
um and, taking into account information from [16], increases its re-
sistance to crevice corrosion.

It was mentioned above that the free corrosion potential E, . of the
06KhN28MDT alloy in the gap with a model chloride-containing medi-
um was —0.4 V (see item 12 of Table 3) if its mean austenite grain diam-
eter (x,;) was less than 11.4 ym (item 6 of Table 3). However, with its
growth over 14.5 ym, a shift in the potential £, of the alloy to the pos-
itive side to —0.379286 V has been recorded (item 6 of Table 3). This
corrosion behaviour of the studied alloy in a chloride-containing medi-
um is due to the segregation of copper, as a surface-active chemical
element, by the boundaries of austenite grains. Indeed, from the analy-
sis of the dependences, it was found that, if x;[d,] > 14.5 pm (item 6 of
Table 3), then, provided xg(Cu) < 2.755 wt.% (item 11 of Table 3), the
potential E_ . of the 06 KhN28MDT alloy is of —-0.37125V (item 16 of
Table 3). At the same time, if the copper content in the alloy was higher
than 2.765 wt.%, it ranged from —0.375833 (item 13 of Table 3) to
—0.385V (item 17 of Table 3). Thus, summarizing this information, it
should be noted that the potential E_,, of the 06 KhN28MDT alloy shifts
to the negative side by 9.2 mV with an increase in its copper content
from 2.755 up to 2.78 wt.% (melt 2 of Table 1). At the same time, it
shifts in the same direction by 20.7 mV with an increase in the mean
austenite grain diameter from 14.5 up to 31 yum (item 6 of Table 3).
Thus, it can be noted that the effect of the mean austenite grain diame-
ter of the 06 KhN28MDT alloy on its potential E_, is more than twice as
great as the copper content. However, in general, the higher the copper
content in the alloy and its mean austenite grain diameter, the more
negative the value of the E_, potential. This positively affects the alloy
resistance to crevice corrosion in a chloride-containing media by the
above mechanisms.

It was mentioned above about the effect of nickel in the composition
of the 06 KhN28MDT alloy on its corrosion potential £, in a gap with a
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chloride-containing medium (item 3 of Table 3). In particular, it was
found that it is of —0.4 V (item 12 of Table 3), when the nickel content
in the alloy is less than 27.575 wt.%, and the mean austenite grain di-
ameter is of 14.5 pm. It should be noted that the potential E., of the
studied alloy shifts to the negative side to —0.379286 V (item 6 of Table
3) with an increase in the mean austenite grain diameter (x;;) from
14.5 up to 31 ym and to —0.402 V (item 7 of Table 3) or —-0.42 V (item 15
of Table 3) with an increase in the nickel content from 27.675 up to
27.75 wt.% (Table 1). Under such conditions, the potential E . of the
06KhN28MDT alloy shifts in the negative direction by 20.7 mV with
an increase in the mean austenite grain diameter by 16.5 num (items 6,
12 of Table 3) and by 4.5 (item 7 of Table 3) or 22.5 V (item 15 of Table
3) in the positive direction with an increase in its nickel content by
0.055 wt.%. Thus, it turns out that nickel has a much stronger effect
on the potential E_, of the 06KhN28MDT alloy in the gap than the
mean austenite grain diameter. At the same time, it should be noted
that the joint effect of these alloy parameters on its E_, potential is
manifested when x;(Ni) <27.575 wt.% (items 3, 6 of Table 3), since it
shifts to the negative side by 20.7 mV with an increase in the mean aus-
tenite grain diameter from 14.5 up to 31 pm.

Summarizing the above, it can be noted that the corrosion potential
E . of 06KhN28MDT alloy in a crevice with a chloride-containing solu-
tion depends on the content of chromium, manganese, nickel, carbon,
copper, and the mean diameter of the austenite grain. In particular,
the synergistic effect of chromium and manganese on this potential
was revealed, since it has a maximum negative value (-0.455714 V),
when the chromium content is less than 22.215 wt.%, and manganese
0.455 wt.%. This contributes to the growth of the AE criterion of the
alloy and its resistance to crevice corrosion. At the same time, it was
found that the potential E_ . of the studied alloy decreases to —-0.4126 V
when the chromium content in it is greater than 23.055 wt.%. This is
due to the difficulty of ionization of metal atoms in the alloy, since its
surface consists of a monolayer of chromium atoms that form a dense
passive film.

In addition, with such chromium content in the alloy, provided that
the nickel content is less than 27.575 wt.% and the mean austenite
grain diameter is of 14.5 nm, its potential E_,, is further shifted to the
positive side to —0.4 V. This leads to a decrease in the AE criterion of
the 06 KhN28MDT alloy and its resistance to crevice corrosion. This
tendency is due to the fact that at the minimum austenite grain diame-
ter in the alloy, the lowest degree of incoherence between the atoms of
adjacent crystal lattices is recorded at its boundaries, which compli-
cates the ionization of metal atoms in these areas of the alloy. Mean-
while, the less nickel in the alloy than the above-mentioned amount,
the more positive the value of the potential E_,,, since the lower the
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nickel content in it, the more iron, whose critical ionization potential
(+0.46 V) is more than three times more positive than that of nickel
(+0.15V). At the same time, it was found that the larger the mean
grain diameter of the austenite of the 06 KhN28MDT alloy is over 14.5
nm, the more positive the value of its corrosion potential E,,,. At the
same time, it is of 13.8 mV more positive when the copper content in
the alloy is less than 2.755 wt.%. This is most likely due to the fact that
copper, as a surface-active chemical element, can segregate at the
grain boundaries of austenite, which increases the potential gradient
between the austenite solid solution and its grain boundaries, promot-
ing the ionization of metal atoms and the accumulation of electrons on
the alloy surface.

The analysis (Fig. 4) showed that the repassivation potential E ., of
the 06 KhN28MDT alloy, which is characterized by its ability to restore
protective passive films in local corrosion damage, depends on the con-
tent of chromium (x,), copper (x;3), and the mean austenite grain diam-
eter (xq;). It should be noted that, unlike the corrosion potential E,,, of
the alloy under study, it does not depend on the content of manganese
and nickel, which, as established above, significantly affect the ability
of metal atoms in its composition to ionize.

From the analysis of the mathematical model (Table 4), it follows

x,2 23.43

x,, < 22 . . x, < 23.68 A x,> 23.68

1.075

x, < 2.73

0.266  0.28667 0.6725  0.85143

0.07875

0.5 0.73

Fig. 4. Regression tree showing the relationship between the repassivation
potential E,  of 06KhN28MDT alloy in a gap with a chloride-containing solu-
tion and its chemical composition and structure components.
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that if x,(Cr)<23.43 wt.% (item 1 of Table 4), then, it is necessary to
consider the dependences when x,(Cr)<22.315 wt.% and x;,[d,] <22
pm (items 2, 4 of Table 4). Under such conditions, the repassivation
potential E , of the 06KhN28MDT alloy in the gap will be 0.07875V
(item 8 of Table 4). However, if the chromium content in the studied
alloy is greater than or equal to 23.43 wt.%, then it shifts intensively
towards the positive side to 0.5538 V (item 1 of Table 4). This contrib-
utes to an increase in the AE criterion of the 06 KhN28MDT alloy (see
Eq. (1)) and its resistance to crevice corrosion in a chloride-containing
media.

It should be noted that, as established above, the corrosion potential
E_,. of the studied alloy does not significantly shift to the positive side
with an increase in its chromium content in this interval (Tables 3, 4).
This trend suggests that chromium helps to reduce the intensity of
general corrosion. Taking into account the intensity of chromium’s
influence on these potentials, we can note the positive role of chromi-
um in the alloy resistance to crevice corrosion in a chloride-containing
media. This is consistent with the information presented in Refs. [5-9,
27-31] about the effectiveness of alloying stainless steels and alloys
with chromium to increase their resistance to local corrosion.

The analysis of the developed mathematical model (items 2, 5, 10 of
Table 4) showed that the effect of chromium (x,) on the repassivation
potential E,., of 06KhN28MDT alloy is closely related to the mean aus-
tenite grain diameter (x;;). In particular, it was found that it is
0.336774 V, when the chromium content (x,) is greater than or equal to
22.315 wt.% (item 2 of Table 4). It should be noted that under such
conditions, the repassivation potential E,., of the studied alloy is 0.217
V more negative than when the chromium (x,) content is greater than
or equal to 23.43 wt.% (items 1, 2 of Table 4). This shows that even the
chromium (x,) content in the alloy in this interval itself significantly
affects its E,,, potential. At the same time, it was found that at such a
chromium content in the alloy (x,>22.315 wt.%; item 2 of Table 4),
when the mean austenite grain diameter (x,;) is less than 16.5 pm (see
item 5 of Table4), its E,,, potential is even lower and amounts to
0.286667 V (item 10 of Table 4). This proves that the grain boundaries
strongly affect the potential E,,, of the 06KhN28MDT alloy in a chlo-
ride-containing medium, shifting it to the negative side. This compli-
cates the repassivation of local corrosion damage to the alloy in the gap
with a chloride-containing media, which is associated with structural
defects at the austenite grain boundaries. It should be noted that even
at the maximum chromium content in the alloy under study within the
production standard (Table 1), the effect of the mean austenite grain
diameter on the repassivation potential E,., is stronger than the chro-
mium content. This generalization is confirmed by the identified de-
pendences between these indicators. In particular, it was recorded that
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the repassivation potential E,,, of the 06KhN28MDT alloy is 0.6725V
(item 12 of Table 4), if the mean austenite grain diameter (x,;) is less
than 22.5 pm (item 3 of Table 4) and the chromium content is of 23.68
wt.% (item 6 of Table 4). At the same time, it becomes very positive
(0.907895 V, item 3 of Table 3), when the mean austenite grain diame-
ter (x,;) of the alloy under study is greater than or equal to 22.5 um.
This once again proves that defects in the alloy structure along the
austenite grain boundaries have a stronger effect on its potential E,,,
in a gap with a chloride-containing medium than the ability of chromi-
um to form passive films on the surface of local damage on it. After all,
it was also found that under such conditions (x,; > 22.5 ym, item 3 of
Table 4), the repassivation potential E,., of the 06KhN28MDT alloy is
1.075 V (item 7 of Table 4). However, even a slight decrease in the
mean austenite grain diameter by 0.5 ym (x,;) > 22 pm (item 4 of Table
4) can lead to a very intense shift in the potential E,., of the alloy in the
positive direction from 0.10266 V (item 9 of Table4) to 0.150769 V
(item 4 of Table 4). The influence of the mean austenite grain diameter
(x,;) and chromium content (x,) in the alloy 06 HN28MDT on its E,,,
potential in a gap with a chloride-containing medium was mentioned
above. At the same time, the analysis of the developed mathematical
model (Fig.4) showed that this structure indicator (x,;) of the alloy
and its copper content also affect its ability to repassivate local corro-
sion damage in the gap. In particular, it was found that the re-
passivation potential E,, of the 06KhN28MDT alloy in the crevice is
0.471111 V (item 5 of Table 4), when its mean austenite grain diameter
(x,,) is greater than or equal to 16.5 pm. At the same time, it was found
that it does not significantly shift to the positive side up to 0.5V (item
16 of Table 4), if the copper content (x3) is less than 2.73 wt.% (see item
11 of Table 4) and chromium 23.125 wt.% (item 14 of Table 4). Thus,
taking into account the dependence between the potential E,,, and the
content of chromium, copper, and the mean grain diameter of austen-
ite, when it is in the range from 16.5 up to 22.5 um, and the content of
copper and chromium is less than the mentioned values, it can be noted
that these indicators do not greatly affect it. At the same time, it was
found that the potential E,., of the studied alloy varies from 0.786364
(item 6 of Table 4) to 0.851429V (item 13 Table 4), if the chromium
content (x,) in it is greater than 23.68 wt.% (item 6 of Table 4) and
from 0.563333 (item 11 of Table 4) to 0.765V (item 15 of Table 4), if
the copper content (x;) is greater than 2.73 wt.% (item 11 of Table 4). It
should be noted that at such a content of chromium and copper in the
06KhN28MDT alloy, the effect of chromium on its repassivation po-
tential is by 1.23 times more significant than that of copper. This may
be due to the fact that copper contributes to the enrichment of the pas-
sive oxide film with chromium in local corrosion damage [32].
According to the results of the analysis of dependences (item 4 of
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Table 4), it was found that the repassivation potential E,., of the
06KhN28MDT alloy in a gap with a chloride-containing medium varies
in the range from 0.523 to 0.73V, if the chromium content in it is
greater than or equal to 23.121 wt.%. At the same time, as mentioned
above (items 6, 13 of Table 4), it varies in the range from 0.786364 to
0.851429V if the chromium content is greater than 23.68 wt.%. Thus,
it can be noted that the potential E,,, of the 06KhN28MDT alloy shifts
rapidly towards the positive side by 192.4 mV with an increase in its
chromium content from 23.125 up to 23.68 wt.%. This leads to an in-
crease in the alloy resistance to crevice corrosion in a chloride-
containing media.

Summarizing the above, it can be noted that the repassivation po-
tential E,,, of the 06KhN28MDT alloy in a gap with a model chloride-
containing medium depends on the content of chromium, copper, and
the mean diameter of the austenite grain. It was found that it shifts to
the positive side with an increase in the content of chromium and cop-
per. The effect of chromium on the potential E ., of the alloy is strong-
er than that of copper. In addition, it is manifested by the most intense
shift of the E,., potential in the positive direction by 192.4 mV with an
increase in the chromium content from 23.121 up to 23.68 wt.%. Un-
der such conditions, it most effectively contributes to the reparation of
local corrosion damage on the alloy surface in the gap, forming dense
oxide films with a minimum number of pores [33, 34], where chloride
ions can adsorb from the media and contact the alloy. Copper is known
[32] to contribute to the enrichment of oxide films with chromium. It
was found that the potential E,., of the 06 KhN28MDT alloy has almost
the most negative value of 0.286667 V, if the mean austenite grain
diameter is less than 16.5 pm. It has been found that under such condi-
tions it shifts to the positive side to 0.765V, if the copper content is
less than 2.73 wt.%, and to 0.73 V, if the chromium content is less than
23.125 wt.%.

It has been established that the corrosion potential E., of
06KhN28MDT alloy depends on the content of Cr, Mn, Ni, Cu, and the
mean austenite grain diameter. In particular, it has been recorded that
it has the most negative value of —0.455714 V, if the content of chro-
mium and manganese is less than 22.215 and 0.455 wt.%, respectively.
This shows that the surface of the alloy accumulates electrons due to
more intense ionization of metals at the anode areas. Under such con-
ditions, the oxide films on the alloy surface are less dense due to a de-
crease in its chromium content. Under such conditions, the general
corrosion is accelerated, but local corrosion is ‘slowed down’ due to the
redistribution of the anode current density between a larger numbers
of anode metal dissolution places on its surface. It was found that the
potential E. . of the alloy shifts to the positive side to —-0.41V, if the
carbon content in it is less than 0.053 wt.%, i.e., it is dissolved in a solid
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solution of austenite. When carbides precipitate from the alloy’s aus-
tenite solid solution, a slight shift of E_,, to the negative side has been
recorded. It has been found that the potential E,, of the alloy has the
most positive value of —0.3 V, if the mean austenite grain diameter is
greater than 15.5 nm. This contributes to a decrease in the AE criterion
of the 06KhN28MDT alloy and its resistance to crevice corrosion. It
was found that the potential E.., of the alloy significantly shifts to the
negative side (= 0.17 V), if the nickel content in it is more than 27.675
wt.%. This trend improves the alloy resistance to crevice corrosion in a
chloride-containing media. This is consistent with the information in
Ref.[21].

4. CONCLUSION

Based on the results of the analysis of mathematical models developed
on the basis of regression trees, it was found that the repassivation
potential E,., of the 06 KhN28MDT alloy in the gap with a model chlo-
ride-containing medium intensively shifts to the positive side by 192.4
mYV with an increase in its chromium content from 23.12 up to 23.68
wt.%. This leads to an increase in the AE-criterion of the alloy and its
resistance to crevice corrosion due to the formation of a dense chromi-
um-containing oxide film. It has been found that the potential E,,, of
the alloy has the most negative value of 0.287 V, if the mean austenite
grain diameter is less than 16.5 pm. It was found that under such con-
ditions, the potential E,,, of the alloy shifts to a positive value of 0.5V
if the content of copper and chromium in it is less than 2.73 and 23.125
wt.%, respectively. It is recorded that this potential shifts further in
the positive direction to 0.765 and 0.73 V, if the content of copper and
chromium in the alloy is more than 2.73 and 23.125 wt.%, respective-
ly. It is shown that, under such conditions, the effect of copper on the
potential E,, is of 0.035V stronger than that of chromium. This is
most likely due to the fact that copper contributes to the enrichment of
the passive oxide film on the surface of the 06 KhN28MDT alloy with
chromium, which increases its resistance to crevice corrosion. It has
been established that the corrosion potential E,, of the alloy has the
most negative value of —0.4557V, if the content of chromium and
manganese in it is less than 22.215 and 0.455 wt.%, respectively. This
contributes to the accumulation of electrons on the alloy surface due to
the intensification of general corrosion, which leads to a decrease in
the probability of crevice corrosion in a chloride-containing media. It
has been shown that the precipitation of carbides (Cr, Mo) from austen-
ite solid solution at a carbon content of more than 0.053 wt.% contrib-
utes to a slight shift of the E,,, potential to the negative side. It is
proved that the potential E_, of the alloy has the most positive value
~-0.38YV, if the mean austenite grain diameter is greater than 15.5
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nm, regardless of the copper content. It was found that this potential
shifts to the negative side by 2 0.17 V, if the nickel content in the alloy
is more than 27.675 wt.%. This leads to an increase in the alloy re-
sistance to crevice corrosion.
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Nickel-based superalloys with enhanced operational properties are key mate-
rials for producing safety-critical components. Additive manufacturing of-
fers a new way to manufacture critical components, enabling the production
of superalloy structures with complex shapes, which are unattainable by con-
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ventional manufacturing methods. The laser powder bed fusion (LPBF) pro-
cess is used for manufacturing superalloy components. Post-processing
methods are required to improve the surface integrity, because LPBF parts
with complex geometries suffer from various defects located both on the sur-
face and near-surface layers. Today, post-processing methods are being de-
veloped to improve surface integrity in LPBF-produced parts. In this work,
magnetic needle finishing (MNF) is applied for surface post-processing of
Inconel 718 superalloy manufactured via LPBF. The effects of magnetic nee-
dle finishing under optimised conditions on surface morphology, functional
relief performance, microstructure, and hardness are investigated. The re-
sults indicate that the surface integrity of the LPBF-manufactured 718 alloy
is improved by generating a smoothed surface microrelief with a strain-
hardened subsurface layer (the macrohardness increased from =32 HRCio to
=39 HRC10) through the high-energy MNF post-processing. Reducing and
levelling the amplitude parameters (the R. parameter is decreased from
~4.0pm to =2.0 um) of microirregularities in the MNF-finished Inconel-
alloy samples due to the multiple-angle impact of magnetic pins resulted in a
redistribution of surface load, which is favourable for the functional perfor-
mance of the LPBF-produced parts. A decrease in crystallite size as well as an
increase in lattice strain and dislocation density due to the surface plastic
deformation of the near-surface layer are confirmed.

Key words: magnetic finishing, Inconel 718, laser powder bed fusion, post-
processing, surface integrity, functional relief performance, microstructure.

Hiknesi cymepcronu 3 mosinimeHMME eKCILTyaTAIiiHUMU BJIACTUBOCTAMU €
KJIIOUOBMMU MAaTEPifAaMu IJisd BUPOOHUIITBA KPUTUYHO BAXKJIUBUX TETAJIB,
BiJl AKUX 3aJIeKUTH 0e3meKa. AIUTHUBHE BUPOOHUIITBO BifKpUBA€ HOBUII CIIO-
ci6 BUTOTOBJIEHHA BiAMOBiZaNbHUX MAETAJTIB, YMOMKJIUBIIOIOUN OAEPKAHHSA
KOHCTPYKIIil i3 cymepcToniB cKJIagHol (hOpMM, CTBOPEHHS AKUX € HEMOKJIU-
BUM KJACUUYHUMU MeToZaMu 00pobsiernHsA. [Jig BUTOTOBJIEHHS MeTaJiB i3 cyme-
PCTOIIiB 3aCTOCOBYETHCS IIPOITEC JIA3EPHOT'O IOIIIaPOBOTO CTOIJIEHHSA IIOPOIIKY
(JITICIT). Omuak Bupobu ckJamuoi reometpii, BuroroBaeni meromoio JITICII,
MaroTh pisHOMAaHiTHI medeKkTH, posTamoBani AK 6e3mocepesHBO HA MOBEPXHI,
Tak i B IPUIIOBEPXHEBUX IIapaX, IO 3yMOBJIIOE HEOOXiHICTH 3aCTOCYBaHHA
MEeTOMiB IOCTOOPOOJIEHHA AJSA IMOJIMINeHHsA IfijicHocTu moBepxHi. Chorommi
AKTHUBHO PO3POOJIAIOTHCS HOBiI MeTOAM ITOBEPXHEBOTO (MiHINITHOTO 00pO0IeHHA
IeraJiB, BuroroBienux meromaoro JITICII. ¥V it poboTi ansa gimintHoro mocrto-
O6pobneHHA mTOBepxHi cymepcrony IHKOHesL 718, BUIOTOBJIEHOrO METOIOIO
JITICII, 6yso sacTocoBaro marueTHe QiHinrae 06pobdaeraas (MPO). Hocmimxe-
HO BrimB M®PO 3a onTHMi30BaHUX PEXKUMIB HA MOP()OJIOTiio TOBEePXHi, QYHK-
IioHaAJbHI XapaKTEePUCTUKU Peabedy, MiKPOCTPYKTYPY Ta TBEPIAiCTh. Pesyib-
TaTU CBiguaTh, IO IiJiCHiCTH mMoBepxHi BupobseHoro 3a JIIICII-TexHooTi€I0
cromy 718 OyJio moJimieHo 3a paxXyHOK ()OpMyBaHHsA 3TJIAMKEeHOT0 MiKpope-
abedy oBepxHi Ta HedopManifHOTO 3MiITHEHHA ITOBEPXHEBOTO IIapy (MakKpo-
TBepAicTh 30iabimuaca Big =32 HRC1o 1o =39 HRC1o0) 1in mieio BUCOKOEHEp-
retuyHoro M®PO. 3meHIIeHHA Ta BUPiBHIOBAHHA aMILIITYZHUX IIapaMeTpiB
MiKpoHeomHOpigHOCTE! (mapamerep R. 3menmmuBcsa Big =4,0 Mmxm mo =2,0
MKM) y 3paskax crony Iakonessb 718 micaa MPO Braciifok 6araToBEKTOPHO-
T'0 yIapHOTO0 BILUIMBY MarHeTHUX IITUQTIB IPUBEJIHU [0 TePEePO3IOAiNY MOBEPX-
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HEBOT'0 HABAHTAKEHHS, 110 € CIPUATINBAM YMHHUKOM IJIsI (DYHKI[IOHAJIBHUX
xapaxrepuctuk JIIICII-geraniB. YHacxigox moBepxHeBoi maacTudHOoi medop-
marnii migTBepAKeHO 3MEHIIIEHHA PO3Mipy KpucTaiiTiB i 86imbiensa gedop-
Mallii I'paTHUII Ta TYCTUHYT JUCJIOKAIIiH Y ITOBEPXHEBOMY Iapi.

KarouoBi ciioBa: maruetrHe Qimintae oopobdaennsa, Inkonens 718, nazepHe 1mo-
IIIapoBe CTOILJIEHHA MOPOIIKY, ITOCTOOPOOJIEeHH A, TTOBEPXHEBA IiIiCHICTD, hyH-
KI[iOHAJIbHI XapaKTEePUCTUKU Pebedy, MiKPOCTPYKTYpA.

(Received July 09, 2026 in final version, September 08, 2026 )

1. INTRODUCTION

Laser powder bed fusion (LPBF) technology is one of the advanced ad-
ditive manufacturing methods for producing complexly shaped nickel-
based superalloy components [1, 2]. The metal powder layer of a certain
thickness is selectively melted via a moving laser beam, generating a
layered 3D object. As compared to the LPBF process [1, 3—5], an over-
blown metal powder or metal wire at the direct energy deposition pro-
cess is placed in a specific place and melted by means of a high-energy
laser beam [6—8]. The advanced LPBF 3D printing process offers a new
alternative way for manufacturing small-size metallic components
with complex geometries. The LPBF technology is a very valuable ap-
proach for additive manufacturing heat-resistant alloy (Inconel) prod-
ucts[1, 3,9-12].

Surface integrity improvement in the nickel-based superalloy parts
produced by the LPBF technique is a crucial issue in the additive manu-
facturing routes. On the one hand, the application of specific heat post-
treatments needs to eliminate microstructural anisotropy, improving
the mechanical properties [10, 13—15]. On the other hand, surface mod-
ification treatments should be applied in combination with thermal
post-treatments to improve the surface and structural integrity in
nickel-based superalloys [4, 10, 14, 15—-17]. Currently, various conven-
tional mechanical and chemical surface post-treatment methods are
applied to reduce the surface roughness and enhance the mechanical
properties of Inconel alloys. Barrel/vibratory finishing [18, 19] and
abrasive finishing [4, 10, 20—22] have been used for the surface post-
processing of additively manufactured metal parts. The use of laser
polishing is another non-abrasive approach for the significant im-
provement of surface roughness [23]. Laser shock peening [17, 24], cav-
itation peening [25], and ultrasonic-based surface finishing [14, 17,
26—29] were also applied, aiming to induce nanostructuring and com-
pressive stresses. The mechanical surface post-treatment by ultrasonic
tools is one of the most effective approaches to enhance the surface in-
tegrity and properties in the near-surface layers of 3D-produced Ni-
based alloy parts. At the same time, ultrasonic methods are limited for
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surface finishing of complexly shaped and/or small-size geometries
compared to abrasive finishing methods. Magnetic-assisted surface
finishing, chemical and electrochemical surface modification (polish-
ing) are more flexible processes, which are applied for post-treatment
of metal parts with complex geometries manufactured via LPBF.

Nowadays, magnetically driven surface finishing methods are con-
sidered to improve the surface integrity of the nickel-based superalloy
components with complex geometries manufactured through LPBF
[16, 30]. During the magnetic abrasive finishing of the LPBF compo-
nents, the material is uniformly removed from both the external and
internal surfaces, eliminating the partially melted powder particles
and smoothing the surface (R, decreased from =7 pm to less than 1 pm
[31]. Magnetic abrasive finishing combined with vibratory machining
significantly reduced the surface roughness (R, values from 1.21 pm to
0.8 um under optimal conditions) of the LPBF-fused Inconel 939 com-
ponents [32]. In work [33], magnetic abrasive finishing was applied for
the surface post-processing of the heat-treated Inconel 718 alloy man-
ufactured by LPBF, mainly introducing high-angle grain boundaries
and subsequently improving mechanical properties.

Unlike traditional magnetic abrasive finishing, magnetic needle
finishing (MNF) uses magnetically driven ferromagnetic needles to
induce micropeening alongside surface smoothing. In the MNF pro-
cess, the material surface undergoes moderate plastic deformation
under the high-speed impact of magnetic needles, uniformly distrib-
uting impact dimples on the surface [30]. At the same time, attempts
to use magnetic needle finishing improving the surface integrity of the
nickel-based superalloy parts manufactured by LPBF are practically
absent. This research work examines the effect of wet magnetic needle
finishing on the functional microrelief, the surface roughness, micro-
structure and internal defects in the Inconel 718 superalloy parts
manufactured by the LPBF additive manufacturing method.

2. EXPERIMENTAL DETAILS
2.1. Powder Material and LPBF Method Description

For post-processing, Inconel 718 (IN718) alloy samples were manufac-
tured using the RENISHAW AM400 machine and a commercial nickel-
based pre-alloyed IN718 metal powder (the nominal chemical composi-
tion [wt.%] is the following: 50-55% Ni, 17-21% Cr, 4.7-5.5% Nb,
2.8—-3.3% Mo, 0.6-1.2% Ti, and 0.2—0.8% Al) with high quality. The
powder used contained spherical powder particles in the range of 10—-55
nm. IN718 alloy parts were manufactured by LPBF using a layer thick-
ness of 60 pum. The key parameters for manufacturing IN718 alloy parts
were a laser power of 200 W and a scanning speed of 700 mm/s, using a
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multidirectional scanning strategy with a stripe spacing of 5 mm.

2.2, Post-Processing Method Description

Surface post-processing of the LPBF-manufactured IN718 alloy sam-
ples was implemented using a magnetically driven magnetic needle
finishing (MNF) method. The MNF post-processing of the LPBF-
manufactured small-size parts was conducted under a variable magnet-
ic field using a multicomponent media, consisting of ferromagnetic
needles and an abrasive paste enriched with surface-active substances,
lowered into a chamber [16]. The MNF system comprised a cylindrical
processing chamber with liquid compound, a magnetic disk drive, and
an electric motor. The MNF process was performed for 30 min at room
temperature.

2.3. Experimental Methods Description

The surface samples before and after post-processing were observed by
a Mitutoyo Hyper Quick Vision WLI 3D optical profilometer (ISO
25178-2:2012 and ISO 21920-2:2021 standards) and 3D Taylor Hobson
Form Talysurf 120 contact profilometer (ISO4287:1997 and ISO
21920-2:2021 standards). The bearing area parameters (Spk, Sk, Svk)
and functional volume parameters (Vie, Vinp, Vve, Viv) Obtained from the
surface (0.5 mm by 0.5 mm area) were analysed. The profile roughness
(R., Ry, Ry, R:) parameters along the 0.8 mm sampling length were also
examined in this study.

The microstructure and bulk/surface defects in the build and scan
direction cross-sections of the LPBF-manufactured and MNF-
processed samples were observed by the Leica MEF4A and Polyvar 2
light optical microscopes (LOM), and the high-resolution TESCAN Mi-
ra 3 LMU scanning electron microscope (SEM).

X-ray diffraction (XRD) analysis was performed using a Rigaku
Ultima IV diffractometer. The quantitative analysis of residual inter-
nal defects was statistically carried out using the cross-sectional opti-
cal (unetched) micrographs obtained from the build direction by means
of the Image-Pro Plus software through grayscale threshold segmenta-
tion. Macrohardness measurements were performed on the unpolished
outer surfaces using a DIA-TESTOR 2Rc Rockwell hardness tester un-
der an indenter load of 10 kgf.

3. RESULTS AND DISCUSSION

The surface topography, functional microrelief parameters, and
roughness alterations are studied in the first part of this study (Figs.



832 D. A.LESYK, B. M. MORDYUK, O. STAMANN, D. GROCHALA, S.S.SALIl et al.

s, =217

005 15
S, = 14.6 nm e

035 : 035 040 045 050mm

Fig. 1. Surface morphology and height distribution (Ssx and Sk.) parameters of
the LPBF-manufactured (a) and MNF-finished (b) alloy IN718 samples across
Area 1 and Area 2.

1-3), while the structural-phase state and strain-hardened effect are
observed in the second part of this work (Figs. 4—6), clarifying the sur-
face integrity in the IN718 alloy specimens manufactured by LPBF and
subsequently post-processed by MNF.

3.1. Surface Microrelief and Morphology

The surface microreliefs/morphologies (Fig.1), functional bearing
capacity (Fiig. 2) and material volume parameters of the laser powder
bed fused and magnetic needle finished alloy IN718 samples were ex-
amined across two representative sample regions (Area 1 and Area 2)
and compared. The MNF process resulted in the removal of partially
adhered spherical powder particles due to surface plastic deformation
with multiangle collisions of needles, smoothing (£ S. parameter) and
flattening ({4 S, parameter) the surface. The MNF finishing slightly
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Fig. 2. Load-bearing (Sx, Sk, and Sv) parameters derived from Abbott—
Firestone curves for the LPBF-manufactured (a) and MNF-finished (b) alloy
IN718 samples across Area 1 and Area 2.
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Fig. 3. Surface roughness of the LPBF-manufactured and MNF-finished sup-
eralloy IN718 samples.

reduced the arithmetical mean height (S.=1.95um, 15%-reduction
compared to the LPBF sample) parameter, while the maximum peak
height (S,) parameter significantly decreased (from 20-25 pm to 10—
15 ym). The maximum valley height (Sy) values in the as-LPBF and
post-MNF samples are at the same level, confirming a negligible effect
of the high-speed needle impacts on the valley surface.

As illustrated in the topographic images (Fig. 1) of the measured
area (500 ymx500 pm), the boundaries of laser tracks were smoothed
but not completely removed/erased from the surface because the nick-
el-based surface samples were subjected to moderate MT conditions.
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Fig. 4. Macrostructure and microstructure of the LPBF-manufactured (a) and
MNPF-finished (b) alloy IN718 samples in the build (a—c) and scan (d—f) direc-
tions.

Thus, a flattened and wavy surface microrelief with a uniformly dis-
tributed dimpled texture (Fig. 1, b) due to the individual needle im-
pacts and traces of laser tracks is formed after magnetically driven
surface post-processing.

Comparative 2D surface morphologies and height distribution (S«
and Sk,) parameters that reflect the degree of roughness profile shift,
evaluated in the LPBF additive manufacturing conditions (Fig. 1, left)
and MNF post-processing conditions (Fig. 1, right), demonstrate that
the skewness values are a pronounced positive asymmetry (Sg> 0: +2.77
in Area I and +1.09 in Area 2) across both areas in the as-LPBF condi-
tions due to the presence of adhered powder particles and sharp peaks.

Conversely, application of magnetic post-processing using numer-
ous and repetitive pin impacts resulted in negative near-Gaussian
skewness values across both areas (Ss < 0: —0.39 in Area I and -0.53 in
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Fig. 5. Microstructure observation by SEM and LOM in the LPBF-
manufactured (a—c) and MNF-finished (d—e) alloy IN718 samples in the build
and scan directions.

Area 2), which is a relief with a predominance of valleys over peak. The
kurtosis (Sk.) values that represent the degree of the roughness profile
sharpness decreased from 14.16 /7.43 to 3.58 /4.10 after the MNF
treatment, indicating the elimination of high peaks and the formation
of a uniformly smoothed surface texture.

3.2. Functional Microrelief Performance

The functional bearing ratio values and volume parameters with the
minimised Spx/Vmp, expanded core Si/Vme, and moderate S.x/V, altera-
tions demonstrate that the generated surface in the MNF-treated sam-
ples possesses the ability to suppress the initial wear during running-
in ({4 Su) and increase the load-bearing capacity due to an increase in
the area of actual contact (T Si) (Fig. 2).
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Fig. 6. XRD phase patterns for the LPBF-manufactured and MNF-finished
alloy IN718 samples.

In addition, the depth of the valleys does not decrease, but rather
increases slightly or remains stable (2.35 pm to 3.49 ym in Area I and
3.69 um to 3.99 um in Area 2), confirming that the MNF process de-
forms the surface locally. The metal pins with multiple microimpacts
rotated at high-speed remove high peaks selectively without filling or
destroying the intertrack valleys that can create the condition of the
microreservoirs to retain lubricant (Vv from 0.0025 mm3/mm? to
0.0036 mm3/mm? in Area I).

The surface profile roughness (R., R,, Ry, and R;) parameters (Fig.
3), estimated from their profiles along the 0.8 mm sampling length,
indicate that the magnetically driven surface finishing treatment re-
sulted in a reduction in the surface roughness, correlating well with
the area surface roughness. The surface roughness (R.) parameter was
reduced from =3.7pm to =2.10 ym after the surface MT post-
processing, confirming a significant effect on surface quality im-
provement. It can be seen that a dramatic reduction in peak height (R;)
was achieved, dropping by over 50% (from =14.5 pm to = 6.5 um), indi-
cating effective removal of high-peak microasperities in the IN718
alloy through the MT finishing process.

Reducing and levelling the amplitude parameters of micro-
irregularities in the MNF-finished Inconel alloy samples due to the
high-speed impact of magnetic pins with various collisions leads to a
redistribution of surface load, which is favourable for the functional
performance of the LPBF-produced parts in extreme conditions. The
high-speed needle impacts on the surface ensure micropeening and
plastic flattening, rather than just removal of the partially melt-
ed/adhered powder particles from the surface. Thus, surface post-
processing using the magnetic needle finishing transforms the original
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rough and wavy-shaped surface into a smoothed and flattened surface
microrelief with a uniformly distributed dimpled texture, resulting in
improved surface integrity of Inconel 718 alloy prepared via LPBF.

3.3. Microstructure

To examine the near-surface structure, phase composition, and inter-
nal/surface defects in as-LPBF IN718 alloy before and after the MT
finishing, light optical microscopy, scanning electron microscopy, and
x-ray diffraction methods were applied in this study. The macrostruc-
ture and microstructure of the LPBF-manufactured and MNF-finished
alloy IN718 samples in the build (Fig. 4, a—c) and scan (Fig. 4, d—f) di-
rections are presented in Fig. 4 and Fig. 5.

Micrographs of the microstructure of the LPBF-manufactured and
surface post-processed IN718 alloy specimens obtained using LOM
(Figs. 4 and 5) and SEM (Fig. 5) with high-magnification along build
and scan directions demonstrated that the dendritic structure, con-
taining y [Ni—Cr-Fe] solid solution matrix with a face-centred cubic
(f.c.c.) lattice, mainly consists of elongated colonies of cells in the
build direction (Fig. 4, a—c, Fig. 5, a, Fig. 5, b), oriented parallel to the
primary thermal gradient during solidification, while the equiaxed
cellular colonies of finely dispersed cells are observed in the scan direc-
tion (Fig. 4, d—e, Fig. 5, c—f).

The microsegregation of some alloying elements, such as niobium
(Nb), molybdenum (Mo), and carbon (C) corresponds to interdendritic
Laves phase and carbides (MC) (Fig. 5, e), which are uniformly distrib-
uted within the intercellular regions [2, 22, 34, 35]. The LPBF-built
IN718 alloy specimens with a dendritic structure were characterised
by increased macrohardness (232 HRC1o). Finishing by MNF increased
the surface macrohardness by 220% (=239 HRC1o) owing to numerous
and repetitive pin impacts, which promote near-surface plastic defor-
mation resulting from micropeening and sliding.

Notably, based on the SEM micrographs (Fig. 5, f), the dendritic
cells were revealed to be precisely located at the subsurface edge of the
MNF-processed samples, confirming the lack of interfacial delamina-
tion, severe plastic folding or microcracking during the removal of
irregularities/peaks on the LPBF-formed surface. This confirms that
the numerous dynamic impacts of the metallic needles under the action
of an alternating magnetic field promote a controlled removal of metal
with the MNF process, in which localised work hardening is generated.
Additionally, as seen in Fig. 5, a (as-LPBF) and Fig. 5, b (post-MNF),
compared to the as-built IN718 alloy specimen [31], partially melted
powder particles and/or adhered spherical/ellipsoidal balls were re-
moved /reduced from the surface by the MNF finishing.

As noted above, the microstructure comprises the dendritic struc-
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ture regardless of the studied condition (as-LPBF and post-MNF), con-
taining y [Ni—Cr-Fe] solid solution matrix with a face-centred cubic
(f.c.c.) lattice, y' [Nis(Al, Ti)], Laves phases [(Ni, Fe, Cr)2(Nb, Mo, Ti)],
and MC carbides [(Ti, Nb)C], which are identified in the initial as-
LPBF condition (Fig. 6). Primary strengthening elements (such as Nb)
remain largely segregated within interdendritic Laves phases and MC
carbides and/or trapped in the solid solution matrix due to the ex-
tremely high cooling rates in the LPBF process.

The observed XRD patterns show a clear shift of the y/y" diffraction
peaks toward smaller 20-angles after the MNF post-processing (Fig. 6),
which is in strong agreement with previously published studies on sur-
face mechanical treatment via severe plastic deformation of the Inconel
718 manufactured via LPBF [19, 36]. The (220) peak shift (Fig. 6) cor-
responds to lattice expansion along the normal surface, confirming the
induction of beneficial residual compressive macrostresses (=1 GPa) in
the subsurface layer instead of the manufacturing induced tensile
stresses. Additionally, the moderate broadening of the y/y" diffraction
(220) peaks aligns with the reduction in crystallite size and the increase
in lattice strain (0.32%), providing clear evidence of notable near-
surface plastic deformation and dislocation accumulation (2.41-107*
m~2) in the parts subjected to the magnetic needle finishing process.

Thus, magnetic needle finishing is an effective method for surface
post-processing of IN718 alloy parts manufactured via the LPBF tech-
nique. In Refs. [37, 38], it was shown that MNF treatment under a spa-
tial composite magnetic field can significantly extend the processing
range, increase the effective processing area height by 200%, and im-
prove the uniformity of the workpiece surface morphology. The high-
quality MNF finishing is attributed to microcutting material removal,
surface smoothing through sliding, and surface hardening via mi-
cropeening. Compared to barrel finishing [39—41], which is used for
the surface post-processing of complexly shaped metal components,
magnetic needle finishing is a flexible post-processing method for the
LPBF-manufactured small-scale components.

4. CONCLUSION

The current study demonstrated that the high-quality magnetic needle
finishing (MNF process applied for surface post-processing of Inconel
718 alloy parts improved surface quality and microstructural charac-
teristics. The surface integrity of the LPBF-manufactured nickel-
based superalloy was improved by generating a smoothed surface mi-
crorelief with a strain-hardened subsurface layer, creating a synergis-
tic effect of hardening and finishing simultaneously.

The results indicate that the magnetic needle finishing (MNF) flat-
tened surface irregularities (R, parameter decreased from =14.5 um to
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~6.5 um) and improved surface finish consistency, eliminating par-
tially melted and adhered powder particles from the surface due to the
high-speed impact of magnetic pins with different surface collisions,
which promotes near-surface plastic deformation and surface smooth-
ing (R. decreased from 4.0 ym to = 2.0 um).

The functional parameters show that the formed surface reliefs in
the MNF-treated samples possess the ability to suppress the initial
wear during running-in (34 S;) and increase the load-bearing capacity
due to an increase in the area of actual contact (T Sx).

The observed surface hardening (increased HRC value from =32
HRC1oto=39 HRC,o) and high lattice microstrain measured by XRD is
attributed to the increased dislocation density and grain refinement
within the fine dendritic structure of the MNF-processed near-surface
layer of the IN718 alloy specimens. In addition, the XRD data con-
firmed formation of residual compressive macrostresses after applying
the MT finishing.
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ro sminnueHHA KyabkaMu (BU3K) i BiOpokaMepu 3 KOJIMBAHHAMU ii THAa Ta CTi-
HOK. [TokaszamHo, 1110 MOHWKEHHA MIEPCTKOCTU ITOBEPXHi, (POPMYyBaHHSA CTUCKA-
JbHUX 3aJUITKOBUX HATPY:KEHb i 3HAUYHOTO 3MillTHEHHS BAAETHCA TOCATTU He-
3aJIe}KHO BiJl cxeMUu iHiNiloBaHHSA yAapiB KyJbKaMU y BUKOPUCTAHUX YJIbTPA3-
BYKOBHUX BiOpoKamepax 3a yMOBU BUOOPY MEeBHUX OINTUMAJLHUX PEXKUMIB 00-
pobaenHs. Bupomos:k 4 XB 00pOOJISHHS 3a TOIIOMOTOI0 BUKOPUCTAHUX YJIbTPA-
3ByKoBuX ycTaHoBOK BUS3K i Biopokamepu JOCATHYTO 3MillTHeHHS 3pas3KiB IIic-
JIsT TapAYOTro BasbIlioBanuA Ha 22,6% (4,72 I'Tla) i 24,9% (4,81 I'lla) BigmoBiz-
HO. 3MiITHeHHA 3yMOBJIEHO (JOPMYBAHHAM 3aJUNIKOBUX CTUCKAJILHUX HAIPY-
skeHb (—1560 MIla) mig uac o6pobaaHEA y Bibpokamepi mopiBHaHO 3 BU3K
(-1240 MIIa), nonpibHenHaAM KpucTaliTiB a- (14-19 am) i B-das (36-63 um) y
nopiBHAHHI 3 Buxigaum cranoMm (150 um i 174 um Bigmosimmo). CJIT-spasku
micaa BU3K i Bibpoxkamepu 3a3Ha0Th 3MminuenHsa Ha 51% (6,61 I'lla) i 46,7%
(6,41 I'TTa) BixnmoBigHO mMOpiBHAHO i3 BuxigHuMm cranom (4,37 I'Tla). ¥V mopis-
HAHHI 3 ycTanoBKo0 BU3K 3anponoHoBaHa BiGpokamepa ae 3MOTY OlepsKaTu
AK MO3M0BXKHI KOJMBaHHA ii HA, TaK i KOHIIEHTPUYHI KOJMBAaHHA CTiHOK, IITO
migBuIlye e@eKTUBHICTh CTA0iJILHOTO TAa KEpPOBAHOTO eKCcIpec-00pOoOIaHHS
IeTasiB i By3JiB cKJIamgHOI (hopMHU, a TAKOMK MJIACKHUX i TOHKHUX METAJIeBUX Je-
TAJiB TUIIY JIOIIATEH ABUTYHIB.

KaiouoBi ciioBa: cejleKTUBHe Jla3epHe TOIJIEHHS, BICOKOUYACTOTHE 3MiIlTHEHHSA
IIOBEPXHi KyJIbKaMU, IIePCTKICTh, 3aJIUIITKOB] HAIPYy KeHH, MiKPOTBEPAiCTh.

The features of the surface hardening of titanium alloy Ti—-6A1-4V manufac-
tured by metallurgical (hot rolling (HR)) and additive selective laser melting
(SLM) methods are investigated, using two types of ultrasonic installations,
which provide different modes of excitation of a vibration chamber filled
with steel balls, namely, high-frequency ball hardening, i.e., surface mechan-
ical attrition treatment (SMAT), and a vibration chamber with oscillations of
its bottom and walls. It is shown that a surface roughness reduction, the for-
mation of compressive residual stresses and significant hardening can be
achieved regardless of the initiating scheme of ball impacts in the used ultra-
sonic vibration chambers, if certain optimal processing modes are selected.
Within 4 minutes of treatment using the SMAT unit and the vibration cham-
ber, the HR samples are strengthened by 22.6% (4.72GPa) and 24.9%
(4.81 GPa), respectively. The strengthening is due to the formation of resid-
ual compressive stresses (of —1560 MPa) during processing in the vibration
chamber compared to SMAT (of -1240 MPa), the refinement of o- (of
14-19 nm) and P-phase (of 36-63 nm) crystallites compared to the initial
state (of 150 nm and 174 nm, respectively). The SLM samples after SMAT
and the vibration chamber undergo strengthening by 51% (6.61 GPa) and
46.7% (6.41 GPa), respectively, compared to the initial state (4.37 GPa).
Compared to SMAT unit, the proposed vibration chamber allows producing
both longitudinal vibrations of its bottom and concentric vibrations of the
walls that increases the efficiency of stable and controlled express processing
of parts and assemblies of complex shape, as well as flat and thin metal parts
such as engine blades.

Key words: selective laser melting, surface mechanical attrition treatment,
roughness, residual stresses, microhardness.
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1. BCTYII

Turas i AOT0 CTONH IIOCiZAIOTH OJHE 3 IIPOBiTHUX MiCIIb cepen KOHCTPY-
KIiHUX MaTepifadiB Ajas aBigIiifHOI, KOCMiuHOI, eHepreTUYHOI Ta Me-
JOUYHOI IPOMMCIOBOCTEN 3aBASKMN BUCOKOMY CIIiBBiJHOIIIEHHIO MiITHOC-
THU 0 TYCTUHU, KOPOBiAHIN CTiKOCTi Ta 34aTHOCTI IPAIlIOBATH 34 €KCT-
peMaJIbHUX TeMIlepaTypHuX yMoB [1, 2]. Oguaum i3 HaGigIbII BUKOPUC-
TOBYBAHUX CTOIIiB y I1iii rpyii € cron Ti-6Al1-4V (BT6), 1o xapakTepu-
3yeThCs cTabiIbHUM (ha30BUM CKJIAIOM i MPUIATHICTIO 0 Pi3BHUX CIIOCO-
0iB TepMiuHOTO Ta MexaHiuHOro 00pobAHD [3]. OcTaHHIM YacoM 3poc-
Tae iHTepec A0 amuTUBHOTO BuUpoOHUITBA (AB) merajiB i3 THTaHOBUX
cromiB [4, 5], 30KpeMa MeTOHOI0 CEJeKTUBHOTO JIA3EPHOTO TOILJIEHHS
(CJIT), 110 mae 3MOTy BUTOTOBJIATHU BUPOOM CKJIAAHOI reoMeTpii 3 MiHi-
MaJIbHOIO KibKicTIo Bigxonis [6].

Pasowm i3 TuM, Bigomo, 1110 CTPYKTYpPAa Ta BJIACTUBOCTI TUTAHOBUX CTO-
oiB, oxgep:xauux CJIT, icToTHO BiApisHAIOTHCA Bif MaTepidsiB Tpaau-
mifiHOI MeTanyprii uepes BHCOKI r'pafieHTH TeMIepaTyp i MIBUAKiCTH
OXOJIOMKeHHA y mpolieci ¢popmyBanHa mapiB [7]. Ile mpusBoauTs 10
YTBOPEHHS TEKCTYPOBAHUX CTPYKTYP, AaHI30TPOIIil MeXaHiYHIX BJIaCTHU-
BOCTEH i BMCOKOT'0 PiBHA 3aJUINKOBUX HAIIPYKEHb, IO MOKe HeI'aTUBHO
BILIMBATU Ha €KCILIyaTalliiiHi xapakTepuctuku nperadis [8]. ua yey-
HeHHS ITUX HeJOJiKiB i MOJimIIeH A BJACTUBOCTEN MOBEPXHEBOI0 MIapy
MEePCIEeKTUBHUM € BUKOPHCTAHHSA Pi3HMX BMCOKOYACTOTHHUX MeXaHiu-
HUX METOJiB I0BepxHeBOro moaupikyBaHHsS AK QIiHIITHOrO IMOCT-
mporiecy [9]. Cepen HUX Ba)KJIMBe Miclle 3aiMalOTh IOBEPXHEBI yJabTpa-
3BYKOBi TexHoJOTil iHTeHCMBHOI maactuunoi medopmarnii (ITLO) [10],
SIKi MalOTh BUCOKY e(DeKTHUBHICTB i Jal0Th 3MOTy (DOPpMYyBaTH HAHOCTPY-
KTYpPOBaHUI 3MIiITHeHHUH IIIap METAJIeBOI IIOBePXHi i3 BUMiHUM PO3IOIi-
JIOM 3aJIUIIKOBUX HANpPY:KeHb cTucHeHH: [11, 12]. Ile moBHOIO Mipoio
CTOCYETBLCA I afUTUBHO BUTOTOBJIEHOTO TUTaHOBOTO cToiry BTG, BiracTu-
BOCTi I eKCIJyaTallilHuiI pecypc AKOTO MOKHA 3HAUHO MOJIIIIIIINTH,
HAIIPUKJIAL, BABiUi migBuimmuTm rpaHuvHy BTOMHY MinHicTs [13]. Lle
0cOo0JIMBO BaKJIMBO [IJA BUPOOiB, IO IPAIIOIOTh B YMOBaX IUKJIUHOTO
3MiHHOTO HAaBAHTAKEHHA, TAKUX AK JIOMATi, KOMIIPECOPHI AMCKHU raso0-
TYypOiHHMX ABUTYHIB JIiTaKiB Ta iHIi getasi ckaaguoi popmu. OcKinbKu
HaMOiIbIN icTOoTHOIO mepeBaro AB e caMe MOMKJIMBiICTHL BUTOTOBJIATH
BUPOOU CKJIALHOI reoMeTPpUYHOI (popMu, 1ie moTpedye BuOOPY BiAmOBif-
HOT'O YJIbTPa3BYKOBOTO OOJIAHAHHSA Ta MIPUKJIAAeHOI eHeprii misa 3abes-
TIeYeHHs MOYKJINBOCTH 00PO0IeHHA BeITMKUX IIJIOI ITOBEPXOHD CKJIATHOL
reomeTpii.

3 1iei Touku 30py cepexn HU3KU moBepxHeBuX MetonaiB II1]I, rakux g
YIBTPa3BYKOBe 0OKOUYBAHHSA MOBEPXHIi posukamu [14], yapTpasByKoBe
HaHOKpHUcTaNiuHe MoaudikyBanuA moBepxHi [15], yabTpasByKoBe yaa-
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pHe 00pob6aeHHA [16], HANOIIBIT TPUAATHOIO € TEXHOJIOTiA BUCOKOUAC-
roTHOTO 3MinuHenHa Kyabkamu (BUSK — SMAT-—surface mechanical
attrition treatment) [17]. CyTb Takoro o6po6yIeHHS MOJIATaE€ B HACTYII-
"HOoMYy. OOpPOOIIOBAaHUM 3Pa30K CKJIALHOI (OPMU PO3MIIYETHCA Y KaMe-
pi, ocHalleHil BiOpaIiiHNM I'eHEPATOPOM, i 0OPOOIAETHCA KPUIEBUMU
KyJabKaMu 3a3Buuaii i3 Heipsxasiiitnoi kpumi. Yacrora BiOpartiii BakyyM-
HOI KaMepu Moxke 3MiHIOBaTHcsa B Meskax Big 20 I'm mo 20 kI'. B mpore-
ci 00pOOIAHHA KYJIbKH PE30OHYIOTEH i BAIapATHCA 00 IIOBEPXHIO 3pasKa
BIPOJOBK MEBHOIO MPOMiKKY uacy. IIIBUAKiCTh MOJBOTY Ta KiHeTHYHA
eHepris KyJbOK 3aJIe;KaTh BiJl YaCTOTH I'eHepaTopa, Bigmari 10 moBepxHi
3pasKa, a TaKo:K IXHLOro po3Mipy (Macu). HanpaAMKY yaapiB KyJaboK 00
MIOBEPXHIO € BUIAAKOBUMU Ta 3aBAAKH TAKUM OaraTopasoBUM JIOKAJIi-
30BaHUM MEXaHiUHUM yIapaM i3 BHCOKOIO YaCTOTOIO JOCATAETLCS iHTe-
HCUBHA ILTacTHUUYHA aedopMallia, IO COPHUAE IOAPiIOHEeHHIO 3epeHHOI
CTPYKTYpPU, 3aKPUTTIO MiKponaedeKTiB, 3MeHIIEeHHIO IIOPYBAaTOCTU Ta
MMiABUIMEHHIO 3HOCOCTiMKOoCTU I BTOMHOI MinmuocTu [18]. Boagmouac ma-
pamerpu (dacToTa I aMILIiTyZa) yJIbTPa3BYKOBUX KOJMUBAaHbL, TPHUBA-
JicTh OOpPOOJAHHA UYMHATH ICTOTHUH BIJINWB Ha KiHIEBUII pesyJbTar
aminaennsa [19].

HesBaskaiouu Ha 3HaUHy KiJIbKicTh mpailb, npucBsuenux BU3K, 6i-
JBIIICTH TOCTiKEHb CTOCYETHCA TUTAHOBUX CTOIIB TPAAUITIAHOTO BU-
poOHUIITBA, 30KpeMa IIicJA rapsauoro BajbI[IOBAHHSA a00 IIITaMIIyBaHHS
[20, 21]. Bonrus BU3K na ctorm BT6, onep:xaunuit CJIT, mocaigxeno He-
IOCTaTHLO. 3 OTVISAAY Ha BiIMiHHOCTI CTPYKTYP, KiIbKoCTel i TumiB me-
dexTiB (muciokarii, mopu, MiKpOTPiIIMHEMY) Ta PiBHIiB 3aJIUIIKOBUX HAa-
Ipy:KeHb, MOKHAa HPUIYCTUTH, IT0 edpexTuBHicTs BU3K masa Ttaxoro
MaTepiASy MaTuMe cBoi ocobsmBocTi [22].

Kpim Toro, cyuacHi mociimxeHHsS MTeMOHCTPYIOTH HEOOXimHicTh OII-
TUMi3aIlil peKUMiB yJIbTPA3BYKOBOTO OOPOOJIEHHS 3aJIeXKHO Bim Tumy
BUXiTHOI CTPYKTypH MaTepisaay. 3okpeMma, podoru [17, 18, 23, 24] Bka-
3YIOTh, IO AJIA aAUTUBHUX 3aTOTiBOK XapaKTEepPHOIO € BUIA UYYTJIUBIiCTD
IO Pe:KUMiB HaBaHTaXKeHHs, IT0 IIOB’ A3aHe 3 HaABHICTIO APiOHO3epHUC-
TUX KOJIOHHUX CTPYKTYP 1 HepiBHOMipHOro po3noziny ¢as. Baskausum €
TaKO}K THII 3aCTOCOBaHOI BiOpallifinoi Kamepu, OCKiJbKM 3a Pi3HUX
KOHCTPYKIIi#l 1 MeToAiB 30yI:KeHH i pi3HOI0 MOKe OyTH ¥ OIITHMAaJIbHA
KiHeTMYHA eHeprisa KYJbOK, ITI0 3MiAICHIOIOTE AedopMariiiine Mmoaudiky-
BaHHSA ITOBEPXHI AeTasiB cKJaagHol hopmu. Ile cTBOpIOE MepeyMOBHY AJIA
0iBIII feTaJIbHOTO BUBUEHHA eeKTUBHOCTU PidHUX crnocobiB BU3K sa-
JIeKHO BiJl TEXHOJIOTII olep:KaHHA TUTAHOBUX CTOIIiB.

TakuM YMHOM, METOIO HaHOi POOOTHU € JOCIiAKeHHS BILINBY PisHUX
croco60is BU3K 3a HOIOMOIomo CIEenisjJbHO BUI'OTOBJIEHOI'O IJSA I[LOT'O
BUCOKOTEXHOJIOTiUHOTO IIM(POBOro yJIbTPAa3BYKOBOrO OOJIAAHAHHSA HAa
MOpP(OJIOTiI0 TOBEPXHi, CTPYKTYPY, (has3oBuil ckiaan i MexaHiuHi BJac-
TUBOCTi TuTaHOBOTO cTorry BT6, omep:xanoro merogoro CJIT. Jisa mopi-
BHAHHA BUKOPHCTAHO TAaKOK mpoMmucaoBuii cron BT6, omeps:xkanuii ra-
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pauum BagdbioBanuaM (I'B). Oxmep:xani pesyabTaTé JaioTh 3MOTY BHU-
3HAUUTH ONITUMAJbHI mapaMeTpu (iHinraoro o6pobieHHa afuTUBHO BH-
roTOBJeHUX AeTasiB 3i cromy BT6 ckiaamuoi dpopMu A HigBUINEHHS
IXHiX eKCILTyaTal[iiHNX XapaKTePUCTUK, 110 € aKTYAJIbHUM 3aBIAHHAM
3aJ1 PO3BUTKY CYYaCHUX TEXHOJIOTiH y aBigKOCMiUHiN, eHepreTuYHii
i biomegmuHil ramysax.

2. METOJUKA ERKCIIEPUMEHTY

BukopucToByBaincsa 3pasku TUTAaHOBOTo ctory BT6 3 HacTymHMM XeMi-
yHuM cKJgagom (Bar.%): Ti — 85,21, Al — 6,18, V — 4,28, oxep:xkani
rapAYUM BaJbI[IOBAHHAM i CEJIEKTUBHUM JIA3€PHUM TOIIJIEHHAM.

I'B-spasku y BUriaAnai miacTuH AOoBXKUHOIO y 20 MM, IIHUPUHOIO Y
10 MM i ToBmmHOIO ¥ 5 MM (10,5 Mm) OyJsiu ofep:kaHi pisaHHAM ONPYTKiB
MEPHEHIUKYJIAPHO HATPAMKY BaJILI[FOBaHHS.

CJIT-3pasku 6yso0 BurororsieHo Ha 3D-npunTtepi Alfa-150D Komnanii
«AJIT Yxpaiau» («AgutuBHi ga3epHi TexHosorii Ykpainu»). Homina-
JbHA MOTYXHiCTh BOJOKOHHOTO iTep6iiioBoro Jasepa 3 JOBKUHOIO XBUJIL
y 1070 £+ 2 am ckaagana 200 Br, GpoxycHU gigsmeTep Ja3epHOro mpoMe-
HI — 45 MKM, IIBUAKiCTE cKaHyBaHHA — 500 MM /c, TOBIITMHA IIapy —
25 MKM i Bigmanb miTpuxyBaHHS — 150 MmKM. BukopucroByBaiu coe-
puuaHit moportiok crouny Ti—6Al-4V gucnepcHictio v 15-53 mxm. asa
3anobiKeHHA OKMCHEHHIO BUTOTOBJIEHHA 3pas3KiB IIPOBOIUIIOCA B iHEPT-
HOMY cepenoBuIIi Ar.

BucokouacToTHe yIapHe sMillTHeHHsS TOBepXHi 3paskiB cromy BT6 Ges
TOTIePETHBOTO ILIi(yBaHHSA MPOBOAMJIOCH i3 BUKOPUCTAHHAM KYJIbOK
IissMerpoM y 2 MM i3 HeipsKaBiliHOI KPUIli 3 BUKOPUCTAHHAM JBOX Pis-
HuUX ycraTKkoBuH. Ilepmia — me kamepa BU3K (puc. 1, a), y akiit erep-
rifg yJAIbTPa3BYKOBUX KOJUBaHb UepPe3 TOPEIbh COHOTPOA, PO3MIIIIEHOTO
Ha JIHI KamMepu, IepemacThCcd METAJIEBUM KYJbKAM i CTUMYJIIOE 1XHIiN
pPyXx y obMekeHOMY 06’€Mi MOBITPAHOTO cepeoBUIIA AOCiAHOI KaMepu
Ta BICOKOYACTOTHI yJZapu mo moBepxHi 3paska (mami — obpobsennsa I-
tuny). lIpyra — me Bibpokamepa (puc. 1, 6), BiOpyBaHHS CTiHOK i mgHa
K01 3abesIevuye KyJIbKU KiHEeTUUYHOIO eHeprieio (maai — obpobaenns I1-
tuny). 3a gomomoroio BU3K 3a cxemoio II-Tumy BraeTbCcs 3MEHIITUTHU
KiTbKicTh TeXHOJIOTIYHUX ollepalliii 00podaeHHsa BUPOOiB CKJIAZHOI Ta
HOKenoAiOoHOI hopMu (TUITY TTepa JIOTATKH KOMIIPecopa uu rasoTypobiH-
HOT'0 ABUTYHA) y MOPiBHAHHI 3i cxemoro I-tuny (puc. 1, a), Aka mepexnda-
yae 00po0JIeHHA JIUIITE 3 OAHOTO OOKY IIJIACKOro abo peabedHOro BUpoody
Ta HACTYHHY 3MiHY ILJIONMHYU OOPOOJIEHHS UM TO BUKODPUCTAHHS JBOX
3YCTPiUHUX AaKYCTUYHUX CHCTEeM, MOiJ eTHAHUX IO OAHiel Kamepu
(puc. 1, 8), 1110 Befe 10 301IbIITeHHA €eKOHOMIUYHUX BUTPAT.

Kamepu iHTerpyroThed A0 YIBTPa3BYKOBOI BiOpaIlliiiHoi cucremMu, sKa
CKJIAMAa€ThCsA 3 YJbTPA3BYKOBOTO II’€30KEpPaMidHOTO IIepeTBOPIOBaua,
IepeTBOpPIOBaUYa IIBUAKOCTH KoJuWBaHBL (OycTepa) Ta KOHIleHTpaTopa



848 C. M. BOJIOIIIKO, A. II. BYPMAK, B. M. MOPIOK ra iH.

Puc. 1. Cxematuune 300paxeHHA ycraHoBKUM BU3K mma o6pobienHa I-tumy
(a, 8) Ta Bibporamepu (COHOTPOA-KOHIEHTPATOP) AJA 00pobaenua II-tuny (6)
[20].

Fig. 1. Schematic view of device for high-frequency ball hardening of I-type
treatment (a,8) and vibrochamber (sonotrode—concentrator) for II-type
treatment (6) [20].

(coHOTpPOZA) ¥ KUBUTHCA BiJ IU(PPOBOTO €JEKTPOHHOTO I'eHepaTopa
[20]. AmmuiTyna yJabTpPasBYKOBUX MEXaHIUYHMX KOJMBAHBb (MiK-TiK)
cTaHOBUJA 25 MKM, TPUBAJICTL 00pPOOIeHHA 3MiHIOBaJacsa Bif 2 XB 10
8 xB, Biggans g0 3paska— 10 MM, KiIbKicTh KyJIbOK — 35.

IlepeTBOpIOBaY i3 BUCOKMM KoepimnieHToM eheKTUBHOCTH TpaHCchop-
MYy€ BHCOKOYACTOTHY eJIEKTPUUHY €eHepTrilo y IOTYKHi yJIbTpasByKOBi
MexXaHiuHiI KoJuBaHHA 3 yacToToo 0au3bko 20 KI'T, AKi mepegaroThbes
yepes OycTep i mifCUIIOIOTECA COHOTPOAOM. EHeprisa yabTpasByKOBUX
KOJIMBaHb Uepe3 TOPEIb COHOTPOA MEPENAETHCA MeTAJIeBUM KYJIbKaM i
CTUMYJIIOE PYX IX yV 3aMKHEHOMY HOBIiTpAHOMY 06’e€Mi eKcliepuMeHTa-
JBHOI KaMepu Ta BUCOKOUYACTOTHI yAapu IO MOBEPXHi 3paska. 3amisd
3MEHIIIeHHA TUCUNATUBHUX BTPAT IIiJ] Yac KOJUBAaHb COHOTPOJ YCTaTKO-
BUHU BUTOTOBJIEHO 3 TUTAHOBOTO cTorry BT22.

EnekTpoHHM r'eHepaTop i3 MOBHiICTIO MU POBUM KePyBaHHAM II0a€
JKMBJIEHHS Ha II’€30KepaMiuHMI IIepeTBOpIioBau. ¥ cXeMi reHeparopa
3aCTOCOBAHO CyYacHi MiKpPOIIPOIIECOPHI TEXHOJIOTii: cMHTe3y YacTOTH
DDS (Direct Digital Synthesis), mudpose dasoe aBToHaNANITyBaHHSA
PE30HAHCHOTO PEXUMY 3 aBTOMATHYHOIO amarTaliero A0 Tiei um iHImol
akycTuuHOi cucremu. I eHepaTop 06JIafHAHO PEryaATOPOM i crabimisa-
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TOPOM aMILITITyAN YJIBTPa3sBYKOBUX MEXaHiUHNX KOJUBAHB Y AiAIa30oHi
Big 5 mo 100% (60 MKM) i per'yaaTopoM yacy poGOTH 3a JOIIOMOTOIO ITu(-
poBoro rtaiimepa Big 0,01 ¢ mo 30 xB. Hampyra :KuBJeHHsS Tr'eHepaTopa
cramoBuTh 220 B, a BuxigHa mory:xHicTs — 10 2000 Br.

MikpoCTPYKTYDPY MOCIiAKeHO 3 BUKOPUCTAHHAM OINTUYHOIO METaJIo-
rpadiunoro mikpockormna iScope IS.1053-PLMi, a mikpoTBepaicTh 3a me-
Tomoio Bikkepca — 3a momomoroio mpuiany LHVS-1000Z (maBanTa-
skerHHa y 100 r 3 Burpumkoio y 10 c).

Mopdosorito moBepxHi 3pa3KiB JOCJIIIKEHO 3a JOIIOMOT'0IO0 CTePEeOMi-
Kpockomna Crystal 45 Konus i3 30igbineHHaM y gisamasoui Bixg x7 mo
x45 KpaT 3aJIeKHO Big MacIiITabiB CTPYKTYPHUX OCOOJUBOCTEH i Xapak-
Tepy moBepxHeBUX AedeKTiB. I[ad mosinmieHHA KOHTPACTHOCTU PEJIbE-
(y BUKOPUCTOBYBAJIM Per'yJbOBaHe CBITJIOMiOMHE OCBITIEHHA CTEPEeOMi-
KPOCKOIIa, BMiHIOIOUM KYT HaJiHHA CBiTJIA.

H1s1 BUBHaUEeHHA OBEPXHEBOTO PeJIbedy Ta MAaKPOCTPYKTYDPU 3aCTO-
coBano npodisomerep JITAI-8103 Plus.

s peHTTeHOCTPYKTYPHUX MAOCTiIKEeHb BUKOPUCTAHO AMMPAKTO-
meTp Rigaku UltimalIV (Bumpomimenns — Ag-Cu): iHTepBaa KyTiB
20 =20°-120°, xpok peecrpairii — 0,04°, yac BUTpPUMKHU B TOUIIi — 2 C.
Kinskicuuii hasosuii ckian crony BT6 pospaxoByBaBcsa Ha OCHOBI iHTe-
I'pajbHOI iIHTEHCUBHOCTU HellePeKPUBHUX AUPPAKIIHHIX MaKCUMYyMiB,
XapaKkTepHUX AJA KOKHOI asu, 3a PiTBeIb0BOIO0 METOI0I0 Y IIPOTPaM-
Homy 3abesnmeuenHi PDXL. YTouHenHa ¢a30BoOro CKJIANY 3AiMiCHIOBAIN
MIJIAXOM Iig0opy cTpyKTypHUX MozeiiB a-Ti (FIIIL, 194: P6;/mmc)i3-
Ti (OLIK, 229: Im—3m) 3 6asu ICSD (Inorganic Crystal Structure Data-
base) i1 yrouHeHHA MacHITabHUX (haKTOPiB, TapaMeTpiB I'paTHUILL, IIPO-
dimo gudparmiiiaux MakcuMyMiB i ¢poHy. 3acTocoByBauca PyHKITiSa
mpodinto «mceBmo-Port» i GoOHOBE MOMAETIOBAHHA ITOJiHOMOM. 3a pe-
3yJbTaTaMM YTOUHEHb BU3HAUAJIU KiMbKicHUM (asoBuil ckiaajg, po3Mip
obsnacreii KorepeHTHOro poacisuua (OKP) i crymins gedopmartiii Kpuc-
TaJgivHoi rpaTHuIi (g).

BuszHaueHHA BeJMUYMHU HANpPy:KeHb 1-TO POAy IPOBEIEHO METOHOIO
sin2y 3a 3MiHOI0 KYTOBOTO IOJIOKEHHA AUMPAKI[ITHOTO MAaKCUMYMY O-
Ti(110) gna suauensb KyTiB y =0°, =5, —10, —15, —20. [In1a sriamKyBaH-
HaA npodiniB gudparkmiiiHux MaKCUMyMiB BHKOPUCTOBYBaJacs
Savitzky—Golay-dyHKIlia, a qaa BigokpemaeHHa ¢ory — Sonneveld—
Vissers-¢pyHKIIiss. BusHaueHHA KYTOBOTO IIOJIOXKEHHA AMPPaAKIIAHUX
MaKCHUMYMiB IIPOBOUJIOCA HA OCHOBI 3HAUEHD MOJIOMKEHHA IeHTPY Baru.
OG6pOoOKY ofep:KaHuX JaHUX IPOBEAeHO 3 BUKOPUCTAHHAM IIPOTPAMHOTO
sabesmeuenud Rigaku Residual Stress Analysis.

3. PE3YJIbTATH 1 OFGTOBOPEHH S

Ha pucynKy 2 moxasaHO 3MiHM MiKDPOTBEPIOCTH IIOBEPXOHBL 3Pas3KiB
crony Ti—6Al-4V, o06pobieHuMX aBOMa PiSHUMU YJIBTPA3BYKOBUMU
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Puc. 2. 3mina mikporsepmoctu I'B- (a) Ta CJIT-ctonny BT6 (6) B 3amexHOCTi Bix
tpuBaygoctTu BU3K: 1 — o6pobaenusa I-tumy, 2— obpobaenns II-tumy.

Fig. 2. Change of microhardness of HR (a) and SLM (b) Ti—-6A1-4V alloy sam-
ples after SMAT (I-type) (1) and vibrochamber (II-type) (2) treatments.

YCTATKOBMHAMMU BIIPOJOBIK PisHOTO uacy. BuxigHe sHaueHHS MiKpOTBe-
pooctu gnas I'B-zpaska ckaamae 3,93I'TIa, gna CJIT-zspaska —
4,37 I'Tla. Ilicna pisHuUX THUIIIB 00PO0JEHHS CIIOCTEePiraeThbca aHaJoTiu-
Ha TeHIEHIid 3MiH MiKpOTBEpPAOCTH 3 YacOM, a caMe, 3pOCTaHHA ii Be-
JUYUHYU J0 MaKCUMAaJbHOTO 3HAUYEHHS 3 HACTYITHUM 3MEHIIIeHHAM BHA-
caimoK pernakcariiaux mpoiieciB. IIasa I'B-spaskiB makcuMmasibHi 3HA-
YeHHA MiKPOTBEPAOCTH HOCATAIOTHCA 3a 4 XB i craHoBiaaTh 4,72 I'lla
(+20%) i 4,81 I'lla (+22,4%) micaa oopodbaens I-tuny Ta II-tuny Bigmo-
Bimmo. TakuM YMHOM, JOCATAETHCSI MaMKe OJHAKOBE 3MiIlHEHHSA, 3yMO-
BJIeHe oOoMa TunaMu oopobiaenus. Ilicasa 8 xB gedopmMaIliiinoro BIJIUBY
MiKpoTBepaicTh amMeHITyeThesa 00 4,32 I'lla i 4,2 I'lla g oopobienns I-
tuny ta II-Tuny BigmoBigwo.

3minu wmikporBepmoctu CJIT-3paskiB mouymHAOTHL cHocTepiraTmcs
Juiie micasa oopobgeHb 000x TumiB ympomos:k 4 xB. OcHOBHA Bigmin-
HicTh moBeminKY MiKkpoTBepaocTu CJIT-3paskis Big I'B-3paskiB moisarae
B TOMY, III0 MaKCHMAaJbHi 3HaueHHA MiKpoTBepmoctu y 6,61 I'lla i
6,41 I'lla gna o6pobaenns I-tuny ta II-tunmy BigmoBimHO mocAraioTbes
3a yac y 6 xB. B qanomy pasi amintHeHHs ctaHOBUTBL 51% i 46,7%, a itoro
e(PeKTUBHICTEL € AeIo BUINOIO s o0pobiaenus I-runy. Hagmami cmocre-
piraernca sHeMminmHeHHS micad 8 XB mgedopMaliiiHOro BILIMBY OO 3HA-
yenby 5,81 I'llai 5,92 I'Tla g1 o6pob6iens I-tuny i II-tuny BigmosigHo.

BoueBuab, HaABHICTL IMEBHOTO «iHKyOaIliliHOTO» IIepioAy BimHOCHO
ctaJyoi mikporsepgoctu CJIT-3paskiB moB’sA3aHa 3 BUITIMU BeJIHUNHA-
MU IMIEPCTKOCTH IXHBOI IIOBEPXHi, eJIEMEHTH SIKOI Ae(pOPMYIOThCS BIIPO-
IOB2K IepIIuX 3 XB 00pobsenHs (puc. 2, a, 6).

ITapameTpu mIepCTKOCTU IMOBEPXHIi 3pasKiB ;o Ta micyss o6pobsieHHS
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TABJINIIA 1. XapakTepUCTUKHU IIIePCTKOCTH MoBepxHi crony BT6 micis o6po-
OJIeHb Pi3HUX TUIIIB.

TABLE 1. Dependences of the surface roughness of Ti—6A1-4V alloy on the
time of treatments of different types.

Cran 3pa3ka ITapameTpu I1€pPCTKOCTH
YMmoBu Tumn Tpupamictb R.,wrm | R, MxM | R, MEM
ollep:KaHHSA |00poOGJIeHHS| 0OPO0JeHH, XB @ 7 z
CJIT BUXigHMHI - 5,750 7,190 34,341
CJIT I 4 4,072 4,761 21,786
CJIT I 6 3,27 4,253 22,707
CJIT I 8 3,593 4,437 22,939
CJIT 1I 4 8,024 10,623 54,570
CJIT 11 6 5,133 6,548 34,115
CJIT 11 8 4,677 6,069 32,081
I'B BUXigHUHA - 1,336 1,681 8,832
I'B I 4 1,654 2,321 8,925
I'B I 8 2,524 3,234 10,567
I'B 1I 4 1,425 1,743 9,076
I'B 11 8 3,915 4,787 21,398
9 k

E 8

= 7

= 6

E 5

&' 34

E 2

1

TpuBaicTs 00pobKH, XB

Puc. 3. 3amexHocTi mepcTKocTu mosBepxHi crony BT6 Big uacy 06pobseHb pis-
HUX TUIIiB.

Fig. 3. Dependences of the surface roughness of Ti—-6A1-4V alloy on the time
of treatments of different types.

HaBeIeHo B TabJ. 1.

Ha pucyury 3 HaBeZeHO 3aJIeKHOCTi cepefHbOAPU(PMETHUHOI IIIepPCT-
koctu R, I'B- i CJIT-3paskiB Bix TpuBajsocTu ix 06pobaeHb 000X TUITIB. ¥
BUXiZHOMY cTaHi cepenue sHaueHH mepctroctu R, CJIT-3paskaey 4,3
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pasu Oinmbmmum mopiBHAHO i3 I'B-spaskom. Ilicas oO6pobmenma I-tumy
CJIT-3paska ynpomoB:k 4 XB BequunHa R, smeHiryersea go 4,072 mxm,
a s II-tuny — 306iJabIIyeThesa 10 = 8 MKM BHACJILOK YTBOPEHHS 3alla-
IUH i BUCTYIIiB, TOAL AK s 'B-3paskis icToTHUX 3MiH He Big0yBaeThCd.
30iIbIlIeHHA TPUBAJIOCTH Ae)OPMAIliliHOT0 BIJINBY 3YMOBJIIOE IIOCTYIIO-
Be 3MeHIIeHHdA 1epcTKocTi noBepxHi CJIT-3paska go = 3,6 1 24,7 MKM
3aJIe’KHO Big Ty 0OpOOJIeHHS.

Crinx sasHaumMTH, 1110 IIicjasa 8 XB 00pobaeHHsa II-Tuny B feAKUX TiadH-
kax CJIT-spaska, aki BimbHI Big cMyr i MamTh ryIagrky MopdoJioriio,
3HaueHHA R, 3SMeHITYeThCs (ITOPiBHAHO i3 4 XB) IPaKTUYHO HA IOPSIIOK
Beauunuu — A0 = 0,8 MM, Tomi Ak ana I'B-spaska R, HaBImaku 36iJb-
IIY€EThCS MIPAaKTUUYHO BTpUyYi (y 2,75 pasis).

IIpuumnoro 6inbinoi Buximaoi mikporBepaoctu CJIT-3paskiB TakoXxK €
0CcO0JMBOCTI iXHBOI CTPYKTYpHU. Pe3yabTaToM MuUKJIiUYHOI TepMiUuHOI ic-
Topii, aKky 3asHae 3pas3ok mixg yac CJIT, € popmMyBaHHS IIapyBaTOi CMYy-
racToi MakKpoCTPYKTypu 3 o- Ta [-dasu (puc. 4, a, 06), AKa 3ade3neuye
BUIIi 3HAYEHHA MiKpoTBepAaocTu 3D-BUPOOiB MOPiBHAHO 3 OyIb-IKUMU
iHmuMy TexHOJOTiAMU BupobHUIITBA [25]. [ificHOo, mpomec AB nerasis
3i cromry Ti—-6Al-4V € yHiKaJIbHUM uepes Te, 110 Hicjd 3D-IpyKy MOKe
O0yTH DOCATHYTO HAA3BUUANHO IUCIEPCHY MiKPOCTPYKTYPY, IO Ma€ mo-
IibHicThL mo Tiei, AKa cmocTepiraeTbcA ITiciid 3BaploBamHA abo rapry-
BauHda [26]. Taka npi6HO3EePHUCTICTH i BHAYHA I'YCTHUHA AUCJIOKAIil, AK
y AB-crani, Tak i micas o6pobsens I-tumy Ta II-Tumy, 3abe3meuyioTh
0inpmIi 3HauenHa MikporBepmoctu CJIT-3paska, HidK cTpyKTypa micias
rapsvoro BAJBLITIOBAaHHS, AKA IITe i MOXKe MAaTH O3HaKU Kpucragorpadi-
yHOi TeKcTypu. Pazom 3 TuMm, edekr sminmuernna I'B- i CJIT-3paskis 3a
yMOB 00po0seHb 000X TUIIB Maiyke ommakoBuii i ckiaamae 1,5TTIa i
2 I'Tla BigmoBigHO.

ITix vac ymapHoi Mmexaniunoi gedopmarrii y sibpoxamepi (II-tun o6po-
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Puc. 4. [Iesiunrerpania suxiguoi mapysaroi CJIT-ctpyxkrypu (a) micas o6po6-
aerHda II-tuny ynpoznos:k 4 xB (0) Ta 8 XB (8) (30inbIIeHHA X25 KparT).

Fig. 4. Disintegration of the initial layered SLM structure (a) after II-type
treatment for 4 min. (6) and 8 min. (8) (magnification x25).
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OJIeHHs) TaKa IIapyBaTiCTh TaJbMy€ BHECOK HAIPYKEHb 3 IPOTUJIEKHO-
ro OOKY 3pas3Ka J0 BUCIIIHINX HAIPYKeHb B 00’eMi i, BiAmmoBigHO, B H0OC-
JiIyKyBaHOMY HPUIIOBepXHeBOMY Iapi. I3 s30inbiennsam dacy o6poo-
JIeHHSI CMYTH VIIiJbHIOIOTECA Ta BUKOHYIOTH POJIb CTOIIOPA AJIA TUCJIO-
Kalliii, 1110 reHepyThCA B IpoIleci maacTuurol gedopmaririi, i me 3abes-
neuye Buinuii piBeus 3MminmHenmusa CJIT-zpaskiB mopiBHaHo 3 I'B-
3paskaMu (Hes3aJie;KHO Bil TUITY 00po0sieHHsA). 3 IOaabIIUM 30iIbITTeH-
HAM 4Yacy oOpOOJIAHHS HaKoIMueHol medopmairii ctae JOCTAaTHBO MJIA
mepepuBaHHA CMYT i moApibHeHHA iX Ha okpeMi ¢parmentu. Ile moxke
CTATU ONHI€I0 3 JOJATKOBUX IPUYNH 3MEHIIeHHSA 3HaueHb MiKpoTBep-
moctu, mio cmoctepiraerbea aaa CJIT-spaskis i3 mepesuinennam 6 xB
00pobaennsa. Taki ckiagHi TpanchopmMallii 3HaUHO POSIIUPIOIOTE Aidla-
30H JOCSKHUX MIiKPOCTPYKTYP i MexXaHiuHMX BjacTuBocTel miasa AB-
meraniB 3i cromy Ti—-6Al-4V (3ame:kHo Bifg TumiB i pesxumiB MexaHiuHO-
ro 06po06JIeHHS).

PosrisueMo GBI JOKJIATHO 0COOJIMBOCTI MOPGOJIO0Trii moBepxHi 3pa-
3KiB (puc. 5), 00pobIeHNX ABOMA PiSHUMU YJIHTPA3BYKOBUMU YCTATKO-

Puc. 5. Mopdoaoris moBepxHi (a—8) I'B- i (¢2—e) CJIT-3paskiB cromy BT6: a, 2 —
BUXigHUE cTraH; 6, 0 — 00pobaenns I-tumy, 1=8 xB; 8, ¢ — 00pobOaennsa II-
Tumny, T=38 xB (x150).

Fig. 5. Surface morphology of HR (a—8) and SLM (z—e) samples of Ti—6Al1-4V
alloy: a, 2—the initial state; 6, &—I-type treatment, t=8 min.; 8, e—II-type
treatment, =8 min. (x150).
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BuHaMu. IIopiBHAHO 3 IMOYATKOBUM CTAaHOM, ITiCJA YAAPHOI'O BILJINUBY
mopdgoJioria mosepxHi I'B- i CJIT-3paskiB 3a3Hae IMOMITHMX 3MiH, AKi
OpPOABIAIOTECA Y (POpMyBaHHI XapaKTEpPHOT'O SIMKOBOTO peibedy, aje
CTYIIiHb IUX 3MiH € pisHuMm. Ilicaa MaxcuMaJIbLHOTO Yacy oOpOOJIeHHS
II-Tunty moBepxXHeBUII penbed € OLabIT ApiOHMM i piBHOMipHUM I
CJT-cromy (puc. 5, e) mopiBasano 3 I'B-cromom (puc. 5, 8). Boxgmouac,
HaBiTH IicJId MaKCHMAaJbHOI TPUBAJOCTU OOPOOJIEHHS, MOMIKOMKEeHHS
MIOBEPXHi 3 YTBOPEHHAM MiKpoTpimuu abo iHmux aedeKTiB, AKi mo-
JKYTh HET'aTUBHO BILIMHYTH Ha MeXaHiuHi XapaKTepUCTUKHU, He Bimoy-
BatoThed aui ainsa CJIT-cromny, aui gisa 'B-cromy (puc. 6).

Ocxkinbku giaa CJIT-cTomy MakcuMaibHe 3HAUEHHA MiKpPOTBEPIOCTU
cIocTepiraeThcsa micasa 6 XB iHTeHCcHMBHOI maacTudHOl medopmailii, zHa
puc. 7 TomaTKOBO HaBeIeHO MOPiBHAHHSA BILJIUBY 00po0Jgenb I-Tumy Ta

Puc. 6. Mikpoctpyxrypa moBepxHi (a) CJIT- i (6) I'B-3paskiB cromy BT6 micas
00po6aenns I-tumy, 1= 8 xB (x400).

Fig. 6. Microstructure of the surface of SLM (a) and HR (6) samples of Ti—
6Al1-4V alloy after I-type treatment, 1= 8 min. (x400).

Puc. 7. Mikpoctpykrypa moBepxHi CJIT-cromy BT6 micas o6pobienHsa ympo-
IoBXK T=6 xB: I-runy (a) ra II-tuny (6) (x400).

Fig. 7. Microstructure of the surface of SLM samples of Ti—-6A1-4V alloy after
I-type treatment (a) and II-type treatment (6) for t= 6 min. (x400).
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II-Tuny came Takoi TPUBAJIOCTH HA MiKpPOCTPYKTYpY moBepxHi. ma II-
TUITY 00pPO0JIeHHA IOBEePXHA BUTIALAE OiabIN MOAPiOHEHOO 13 G1IBIITOI0
IJINOUHOIO 3alariH.

[na BuUABIEHHS CTPYKTYpPHO-(pasoBux 3min y croni BT6, omep:xano-
My # 00po0JIeHOMY PiBHMMHU CIIOCO0aMU, 3aCTOCOBAHO PEHTITEHOCTPYK-
TypHY aHanidy (puc. 8i9). Busnaueno Kinmbkicuuii paszoBuii cKaam, po-
3Mip obJiacTell KOTePEeHTHOT'0 PO3CigHHsA, CTYHiHb Aedopmaliii Kpucra-
Jiugoi rpaTHHUII Ta MaKpoHanpy:keHHA I poxy (taba. 2i3). IlopiBHIO-
BaBCA CTPYKTYPHO-(as30Buii cTaH 3paskiB crony BT6 miciis o6pobieHHsS
Ha MaKCHUMaJbHYy TBepmicTh (t=4xB gma I'B- i t1=6xB gma CJIT-
3pasKa), a TAaKOoK IIicJdA pesakcallii HanpysKeHb (T = 8 xB).

Ha pucynky 8, a mpeacraBieHo pparMeHTy 1u@paKkTorpam AJIsd BUXi-
nuoro crany I'B-3paskis i micaa obpobaenns I- i II-tuny TpuBaiicTio y
4 xB i 8 xB. OcHOBHIi pedekcu BignmosimaroTs a-dasi Turany iz I'ILII-
rpatHuteio ta B-dasi 3 OIIK-rparuumneio. ¥ BUXimfHOMY CTaHi 1e#l ABO-
dasuuii cTom MicTUTL OLIBINTY KiJdbKicThb 06’¢MHOI uacTKu o-(hasu;
00’emHa yacTka [-hasu ckaagae He Oiabiine 15%. Ilicaa o6podbaenns I-
ta II-Tuny TpuBasictio y 4 xB BinbyBaeTbca opmyBaHHSA AedopMaIliii-
HOI TEKCTYpH Ta IIEPEOpPieHTAIlis 3ePeH ITiJ] Mi€l0 MOBTOPIOBAHUX iMITY-

1-Buxinumnit ctan
|2 —Obpobra I-tuny, 6 xg 4 —O6pobra I-Tumy, 6 xB
|13 —O6pobra II-Tumy, 8 x8 5§ —O6pobra I-Tnmy, 8 x8
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IzrencusHicTs, BigH. on.

IvTenCHBHICTE, BigH. Of.
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Kyt mudpaxmii, rpag. Ryt madpaxmii, rpaz.
a 0

Puc. 8. ®parmentu audppaxrorpam (a) I'B- i (6) CJIT-3paskiB crony BT6 y Bu-
xigHOMY cTaHi Ta micasa o6pobaenus I-tumny i II-tumy pisaoi TpuBasocTu.

Fig. 8. Fragments of x-ray spectra of HR (a) and SLM (6) samples of Ti—6Al-
4V alloy in the initial state and after I-type and II-type treatments for various
durations.
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1-Buxigunii cram
2 — Obpobra II-tuny, 6 xg 4 —O06pobra I-Tumy, 6 X8
3— OGpoﬁRa I[-Tnny, 8xB 5 —O6p06Ha I-tumy, 8 x8
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Puc. 9. ®parmentu nuppaxrorpam (a) I'B- i (6) CJIT-3paskis cromy BT6 y Bu-
xXigHOMY cTaHi Ta micasa o6pobaenusd I-tumny i II-tuny pisaoi TpuBaszocTu.

Fig. 9. Fragments of x-ray spectra of HR (a) and SLM (6) samples of Ti—6Al-
4V alloy in the initial state and after I-type and II-type treatments for various
durations.

JbCHUX yIapiB, IO IPOABIAETLCSI B 3POCTAHHI iHTeHCHUBHOCTH pedJiek-
cy (002) i1 moum:keHHi inTeHcuBHOCTHU peduiekcy (101) Bix a-dasu Tura-
Hy. BiabI TpuBajie o6po0IeHHS YIPOLOBK 8 XB 3yMOBJIIOE 301IbIITeHH A
HAOiBHINPUHN AUGPAKIIHHNX MaKCHUMYMiB i 3MEHIIeHHS TEKCTYPH B
mHanpamky [001]. KinbkicTs -ha3u npaKTUYHO He SMiHIOETHCA I 00-
pobienHsa I-Tumy Ta geImo sMeHIITyeThCA AJIsd 00pooaenud I1-Tumy.

Ha pucynky 8,6 nHasemeno ¢parmentu audparrorpam amaa CJIT-
crorry BT6. ¥V nmopiBuannui 3 I'B-gpaskom y crpykrypi CJIT-cTomy crio-
crepiraerbea 93% a-dasu. Ockinbku o-asa mae OiabIly MiKpOTBep-
Iictb, HiK B-(asa, 1e € e ogHie0 3 IPpUYWH 0iIbITOI MiKPOTBEPAOCTHI
CJIT-3paska y BuxigHomy ctaHi mopiBasaHo 3 I'B-3paskom.

ITlicns o6pobaenua inTencuBHicTh peduekcy (002) Big a-dasu merro
3pocTae y MOPiBHAHHI 3 BUXiTHMM CTaHOM, OCOOJMBO AJIS BUIAAKY 00-
pobaenns I-tuny TpuBasicTio y 8 xB. Ile cBigunTh mpo mepeopieHTAaIio
3epeH 3a HAIPAMKOM IIepeBakKHOI TEeKCTypM IIiJ Aicio 6araTopasoBUX
iMomynbcHUX HaBaHTasKeHb [27]. OgHOUYAacHO iHTEHCUBHICTEH pedJieKcy
(101) a-dasu 3MeHITYETHCS, IO MiATBEPIKYE (hopMyBaHHA AedopMa-
MifTHOI TEKCTYpPU Ta IepeopieHTaIlilo KPHUCTAJiIB.

Kinvkicts B-dasu micaa o6pobieHHSA OYyAL-AKOTO TUIY IeIo 30ib-
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myeTbesa 10 10—11% mopiBHAHO i3 BUXIZHUM CTaHOM, ajie 3aJUIIAEThCA
BTPHUYL MEHIIIO0, Hixk y 'B-3paskax. BigcyTHicTh 3MiH KilbKicHOrO (ha-
30BOI0 CKJIAAYy CBigUMThH, HMOBipHO, IO OCHOBHiI TpaHchopmalrii, aki
3YMOBJIIOIOTh Pi3Ke 30inbinenusa Mikporsepgoctu aasa CJIT-spaska mic-
JIs1 6 XB 00PO0JIEHHSA CTOCYIOThCS o-(asu.

Kpim Toro, micia obpobaenns audpakmiiiai npodini momipHOo pos-
I PIOIOTHCA, IO IIOB’sA3aHe i3 MOAPiOHEeHHAM 3ePeHHOI CTPYKTYypH Ta
3pOCTaHHAM PiBHA MiKpomedopMalriii kpucradiuuoi rpatuaunili. I[Tomiomi
edeKTH cIocTepiraaucs i yac yabTpasByKOBOTO YIAPHOTO 3MilTHeHHS
y poborax [28] i [22], me BigsHaueHo, IO iHTeHCHUBHA ILJIacTUYHA aedo-
pmaiiig CJIT-cTomiB cynpoBOAKYeETHCA (POPMYBAHHAM Cy03epeH 3 BHCO-
KOIO I'YCTUHOIO AUCJIOKAIii.

Mo:kHa 3poOUTH BHCHOBOK, IIIO BCi YJIBTPa3BYKOBi IIpoliecu 3yMOB-
JIIOIOTH OPO0JIeHHA KPUCTAJITIB y mpumoBepxHeBomy Inapi I'B-cromy.
Bopuouac minimasbumMi po3mip Kpucraiitie I'B-cromy O0yB 3adikcoBa-
Huit micaa Il-tuny ob6pobaeHHa y BiOporkamepi: mna o-dasu (14 HMm)
YIIPOIOBIK Uacy 4 xB, AKUH BiAIOBiTae MaKCcUMaJIbHOMY 3HAUEHHIO MiK-
porBepnmocTu, a aAnaa B-dasu (17 HM) ynpomos:x 8 xB (Tabi. 2). Posmip
OKP, ak gua a-dhasu, Tak i ginda -dasu CJT-crony y BuXigHomy craHi, €
3HAUHO MEHIIUM IopiBHAHO i3 I'B-cTomom. Ilicia obpobaennsa Ak I-, Tax
i II-tuny icrorHux 3miH poamipy OKP me BigoyBaeTbcda. TobTo mompi6-
HeHHS 3epeH € BU3HAUYAJbHUM UYMHHUKOM 3MiH MiKPOTBEPAOCTH TiJIbKU
naa I'B-spaska.

IITo cTocyeThea mikpoaedopmalriii, To sHaueHHA € Ay 'B-cTony 1ric-
asa I-tumy o6pobeHHa 30iabITyeThCS micaa 4 XB 1 JeIo sMeHIIYEThCS
micasa 8 XB, ajie 3aMUINAEThCSA OiIBIIMM, HiXK y BUXiZHOMY cTaHi
(taba. 2). [Ina II-tuny obpobienHa Mikpogedopmaliia o- Ta -das Bix-
OyBaeThcA mo-pisHoMy. Ilicia 4 XB 3HAUEHHS € 3MEHIIIYETHCA IS O-
dasu BABiui Ta 36iabHTyeTHCA HA B-hasu 3 0,77% mo 2%. 13 36iabIIeH-

TABJINIIA 2. [IapameTpu KPUCTATiYHOI CTPYKTYpPH, KiJdbKicHUIT (asoBuit
CKJIa[ i BeIuunHa HanpysKeHb 1-ro poay I'B-crony BT6 y Buxigmomy crani Ta
micyist o6pobIeHHA.

TABLE 2. Parameters of crystalline structure, quantitative phase composi-
tion, and stresses of first kind for HR Ti—6A1-4V alloy in the initial state and
after treatment.

Tun Tpusajicts ITapamerep o/B-dhas Hanpy:xeHHA
06pobiienns | 06pobienns, X8 | OKP, am | e, % | Bwicr, % | o, MIla
Buxiguuii crau 150/174 0,33/0,77 90/10 -523/-
I 4 19/63 0,58/1,19 92/8 -1240/-
8 38/22 0,42/0,86 97/3 -398/—
I 4 14/36 0,15/2,0 95/5 -1560/—-
8 55/17 0,49/0,043 96/4 -762/—
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HAM Yacy HaBOaKM Oijbiroi medopmarrii 3a3Hae KpUCTaJIiuHa I'PATHUILA
a-pasu (0,5%), a gna B-dbasu € mae minimanbHe 3HaueHHA (0,043%).
Haa CJIT-cromy (Tabi. 3) 3a Bcix pesKuMiB 00poOJeHHA & 3pOCTae, AK
s o-dasu, Tak i gna B-dasu, mopiBHAHO i3 Buxigaum cranom. Ilicna
6 xB 00pO0JIeHHA OiJIbBIIL 3HAUEHHA £ cIocTepiraroTrbed aad II-tumy o6-
pobyieHHA mopiBHAHO 3 I-TumoM. AHaJriza ofep:KaHnX JaHUX YMOMKJINB-
JITO€ 3pOOUTY BUCHOBOK, IO B OCHOBHOMY JAe(OopMYyeTbCA I'DATHUILA [3-
dasu, a ocKijbKM i mabaraTo MeHIIe, HixK o-(Pasu, el YNHHUK BILJIUBY
Ha MiKpPOTBepPIiCThb He € iCTOTHUM.

IIporiec BHMCOKOYACTOTHOTO MeXaHiuHOro o00pobuaenHs I'B-cromy
cupuse GOPMYBAHHIO BUCOKOTO PiBHS CTUCKAJIbHUX 3aJUIITKOBUX MaK-
pouanpy:xeHb. Ilicaa 4 xB oopobaenua II-tumy (taba. 3) mocaraerhes
MaKCUMAaJbHUM piBeHb CTHUCKAJBLHUX Hampy:KeHb (—1560 MIla) mopis-
HSHO i3 TUM, ITIO0 YTBOPIOETHCA i Yac aHaJoTiuHOro o6pobieHHs [-Tumy
(—1240 MIla), i Buxigaum cranom (—523 MIla). Ilicoa 8 xB 11i 3HaAUEeHHA
3MEHINYyIThCa 10 —762 MIla i —398 MIla Bigmosimmo, 110 KopeJjoe i3
3MEHIIIeHHAM MiKpPOTBEPAOCTH Ta HiATBEPAKYE IIPOIecU pesaxcairii
HAIIPYKeHb.

TakuM YMHOM, AK IIOAPiIOHEHHS 3epeH, TaK i BUCOKi 3HAUeHHA CTHC-
KaJbHUX HATIPYKEHb € CIPUATINBUMYI YNHHUKAMU OJIA 3MilTHeHHSA II0-
BepxHi I'B-cTorry BT6.

Y Buximmomy crami CJIT-spaska HaIpy:KeHHS € PO3TATYBAJIbLHUMU
(+175 MIlIa) i BHACAiZOK BUCOKOUYACTOTHOI'O YIAPHOTO 0OPO0IeHHA 3Mi-
HI0I0TBH 3HaK [29]. Ilicia 4 xB o6pobsenns I- ra II-tuny smaueHHa ¢ 1o-
piBuioiors —1625 MIla i —1413 MIla, a micaa 6 xB 00po0eHHsA 30iJb-
myoThesa g0 —1815 MIla i —1642 MIlIa Bigmosigmo. Hazani BHacaigok
peaxcaliifHuX IPoIleciB BeJINUYNHA G 3MEHIITYEThCA, ajie He HaCTiIbKU

TABJMUIIA 3. [lapamerpu KpHUCTATiuHOI CTPYKTYpH, KidbKicHuUE daszoBui
ckJafn i BeanunHa HanpysKkeHs 1-ro poay CJIT-cronny BT6 y Buxignomy craHi Ta
micyist 06pobIeHHA.

TABLE 3. Parameters of crystalline structure, quantitative phase composi-
tion, and stresses of first kind for SLM Ti—6Al-4V alloy in the initial state
and after treatment.

Tun TpuBamicTsb ITapamerep o/B-da3 Hanpysxennsa
06pobiienns | 06pobienns, X8 | OKP, am | e, % | Bwicr, % | o, MIla
Buxigawuii cran 11/62 0,18/0,58 93/7 +175/—
4 20/36 0,67/0,49 89/11 -1625/-
I 6 18/32 0,37/0,79 90/10 -1815/-
8 928/67  0,7/0,79 89/11  —-1153/—
4 11/21  0,39/0,19 89/11  -1413/—
II 6 17/23 0,55/0,92 95/5 -1642 /-
8 12/39 0,2/0,45 89/11 -1211/-
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icToTHO, AK s Bunagky I'B-spaskis.

MakcumanbHe 3HaUeHHA HampysKeHb (—1815 MIla) aaa II-tuny o6-
pob6anenna CJIT-3paska yupooB:k 6 XB He3HAUHO BiApisHAeThCA Big Ma-
KcuMaJIbHOTO 3HaueHHa nasa I'B-spaska (—-1560 MIla), mocarmyroro Imi-
casa 4 xB 00pobsienua. CaMe TaKa TPUBAJIICTh YAAPHOTO BILINBY BiJIIOBi-
ITae MaKCUMAJLHUM 3HAUEHHAM MiKpoTBepaocTu. To6To 3HaUHO OiabIme
suauenua MiKkporsepaoctu CJIT-3paska mopiBuano 3 I'B-3paskom, cKo-
piIm 3a Bce, MOXKe 3yMOBJIIOBATUCSA He TiJIbKYM PiBHEM 3aJUINTKOBUX MakK-
poHanpy:KeHb CTUCHEHHS Ta IOAPiOHeHHAM 3€pEHHOI CTPYKTYPU.

Tomy BusasiaeHuit edext sminmueHHsa CJIT-cromy, ifiMoBipHO, cJrif
OB’ A3yBaTH i3 (Da30BUMU II€PETBOPEHHAMI, AKi CTOCYIOTHCSA B OCHOB-
HOMY O.-(hpasu (ocKinbKH ii 3HauHO 6iabIle i BoHA Mae OiIbIITy MiKpoTBe-
paicTte mopiBHAHO 3 [(-has3orp), a TaKOXK 3i 3MiHaAMM AMCJIOKAIiiTHOI
CTPYKTYPH.

CrocTepe:kyBaHiI Ha peHTIeHOTpaMax AUPpPaKIliiini pediekcu € cy-
nmeprosuirieio pedexcis Bixg o-dasu i o'-mapreHcuTy (IpocTopoBa rpy-
na P6;/mmc, a=0,293 um, ¢=0,467 um). Bausbki sHaUeHHA TapaMer-
piB rpaTHUI MUX (a3 NepenIkoIKalTh YiTKOMY PO3/ijJieHHI0 Tu(pak-
iAHUX MakcuMyMiB. 3rigHo 3 [26], HepiBHOBaKHI hasu Ta MopdoJiorii
€ xapakTrepHuoo o3Hako CJIT-cronmy BT6. ®@isnuny npuunny mepeodiry
0e3nu@ys3iiiHOr0 MapTEHCUTHOTO IIEPETBOPEHHS B mporeci 3D-IpyKy
3a0e3Ieuye BHCOKAa IMBUIAKICTH OXOJIOMKEHHS Ta (POPMYBaHHS IUCJIO-
Kallill BUCOKOI I'yCTHUHH.

Sk mpaBuio, f-crabisisaTopu MalOTH HEZOCTATHRO Yacy IJd AUDYH-
IYBaHHA 3 HOBOYTBOPEHOI a-(asu mim yac [} — o'-IepeTBOPeHH:A, AKe
BimOyBaeThCA 3a IIBUAKOTO TBepAHeHHsA. B pesyibraTi, 3 momepemHix
3epeH B-dasu yTBOPIOETHCA MapTeHCUTHA o -(hada B MJIACTUHYACTUX ab0
peiikoBux MopdoJIoTiaxX, PO3Mipyu AKMX BapilOIOTHCA Bifl KiJIBKOX MiK-
pomeTpiB mo necaTKiB HaHoMeTpiB [30]. IIa maprerncuTHa o'-(asa 36epi-
rae HagBHY CTPYKTYpY o-(hasu, aje MiCTUTh TigBUIIeHY KOHIIEHTPAILif0
B-crabinizaTopiB i 3asBMUail 3HAXOAMTHCS BCEPEAWHi IONMepemHix [3-
3epeH.

Astopu [31] 3a3HauaioTh, 110 ctpyKTypa CJIT-3paskiB moxke cKIama-
THCS 3 JBOX PisHUX BapisgHTiB MeTacTabinbHOI hasu, a came, He TiIbKHU 3
reKcaroHaJbHOI o-MapTeHCcUuTHOI ¢as3u, a i 3 HeBeaIuKoi KilbKkocTu Oa-
30II€HTPOBaHO1 opTopoMbiuHoi o -MmapTeHcuTHOI dasu (5,45-8,0 mac.%
V). To6To y cromi BT6 MoKyTh criocTepiraTucs ABa TUIIX MeTacTa0ijb-
HUX MapTEeHCUTHUX MIEPETBOPEHB, a caMe, B > o'if > a''.

3aBIsAKU MOIIapoBOMY ciioco0y BurotoBieHnusa CJIT-cTromy momepen-
HbO BUTOTOBJIEHI IITapy MaTEPisaay HArpiBalOThCA U OXOJIOMMKYIOTHCA Ki-
JbKa pasiB, TOOTO migmaioThCcA TEPMOIUKJIYBAHHIO, AKe BimpisHsaeTbcs
Big TpaauIifiHOro i30TepMiUuHOTO TePMiuHOTO 00POOIEHHA TUM, IO Yac
TEePMiYHOTO ITMKJY 3HAXOAUTHCA B MerKax MimicekyHna. Tomy samicTs [3-
(asu 3 PiBHOBasKHOIO KOHIleHTpAaIlielo BaHaairo yTBOPIOIOTHCA HAHOPO-
3mipui MeractabinbHi 00sacTi 3i 306iJbINIEHOI0 IOTO KOHIEHTPAIli€Io
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[31]. I came B mux obJiacTax, sbaraueHux B-crabijidyBaJsbHUMU ejIeMe-
HTaMH, 3a3BUUail CIocTepiraeTsca o''-MapTeHcuT. Moro yTBOpeHHA He
BUMAra€e TaKOro BeJIUKOTO IIePEOXO0JOMKeHHA, K IIe MOTPiObHo aaa o -
¢pasmu.

IIixg uac BECOKOUYACTOTHOTO MeXaHiuHOTr0 00pO0JIeHHA MOXKe BimOyBa-
THCS BUPIiBHIOBAHHSA KOHIleHTpAaIii V i1 poskJamaHHg o''-MapTeHCHUTY.
Sk Bimomo, Ha BiAMiHY BiJ o'-MapTeHCUTY, MOABA o' -MapTeHCUTY ITPU-
BOIUTH IO PO3M AKIIIEHHA, a HOT0 PO3KJIAAEeHHSI — 0 3aTBePAiHHS TH-
TaHoOBUX cTOIiB [32].

Kpim Toro, moxxe smimioBaTucsa Mopdosoria o'-MapTeHCUTy; BiH Mo-
JKe HabyBaTHu royryacToi (OPMH i TaKMM UMHOM 3a0e3IIeuyBaTy BUCOKUI
piBeHb 3MinHenHsa. Mo:kJuBi i1 inImri ¢pa3oBi mepeTBopeHHsa Ta TpaHcdo-
pMarii pucaoKamiiiHol CTPYKTYPH, OCKiJIBbKU ILIaCTUYHA AedopMarlris
CTUCHEHHSA BUKJIMKAE BUCOKY IiJbHICTHL AUWCIOKAIIIN i HAKOOWYEHHS
BHyTpimHBOI eHeprii [33]. KinbkicHa ananiza mexaHisMiB sMimHeHHA
moKasaja, IM0 € KpUTUUYHUI piBeHb medopmarlii, HuKUe SKOTO IIOCHU-
JIeHHS TUCJOKAIiAMU OyJI0 JOMiHYBaJIbLHUM IIOPiBHAHO 3 IIOCUJIEHHIM
Me:x 3epeH [34].

CrJamHUH BBAEMOYMH MijK YMOBaMH1 MisKITapoBoi pedopmarii Ta Bu-
CALTHUMY MeXaHiYHUMH BJIACTUBOCTAMU aAUTHUBHO BUTOTOBJIEHUX MaA-
TepiAdiB moTpedye HMOJANBINTNX CTPYKTYPHUX MOCTiIMKEeHb i3 3alyJeH-
HSM MeTOJY BUCOKOPO3AiIbUuoi eJIeKTPOHHOI MiKPOCKOMii.

4. BUCHOBRKH

1. Hesame:xHo Big cxemu iHiIiloBaHHA ymapiB KyJbKaMHu IO 00p00.Iio-
BaHill TOBepXHi, IOPiBHIOBAaHI yJbLTPAa3BYKOBI YyCTaTKOBUHU 3a IIEBHUX
OIITIMAJbHUX PEKUMiB 0OPOOJeHHA MOKYTh 3a0€3IMeUYNTH ITOHMKEeHHS
IIIePCTKOCTU, (POPMYBaHHS CTUCKANLHUX B3aJUIIKOBUX HAOPYKeHb,
3HaYHe 3MIiITHEHHSA, IIT0 MMO3NUTHBHO BIJIMBA€E€ Ha eKCILIyaTalliiHUN pe-
cypc 00pobeHuX MaTepiAIiB i MoKe CIIPUATU JOBrOTpUBAJIiil i Gesmeu-
Hill eKcmryarallii MmetajgeBuX BUPOOiB 1 KOHCTPYKILi#l B aBTOMOOiIbHIM,
MaIMUHOOYAiBHill, aBiAiliHilI TPOMUCIOBOCTAX Ta y OioMeguuHuX 3a-
CTOCYBaHHAX.

2. 3amporoHOBaHA BiOpoKamMepa YMOMKJIUBJIIOE OJEPKATH AK MO3T0BKHI
KOJIMBaHHA ii fHA, TaK i KOHIIEHTPUYHI KOJIMBAHHSA CTiHOK, IO ITiABH-
mye edeKTUBHICTL CTabiILHOTO Ta KepoBAaHOTO OOpOOJIeHHS AeTANiB i
BY3JiB ckJaagHol popmu. Y mopiBHAHHI 3 yecraTKoBuHOIO BU3K BiOpO-
KaMepa Ja€ 3MOTy 3[IilICHIOBATH eKcIpec-00pobieHHs 3 060X OOKiB miia-
CKHUX i TOHKMX MeTaJleBUX JeTajiB, HAIPUKJIAJ JollaTell ABUTYHIB abo
KOMIIpecopiB.

3. IlopiBaano 3 mikporBepzicTio HV,, BuximuHoro spaska cromy BT6
(3,85 'Tla), omep:kaHOro rapAYNM BaJIbIIOBAHHAM, BUKOPUCTAHI YJIbT-
PasBYKOBi yCTaTKOBMHHU 3a0e3IeumJii 3MiIlHEHHS MOro IIOBepXHi Ha
22,6% (4,72T'IIa) i 24,9% (4,81 I'Tla) yupomoB:;k 4 XB 00pOOIeHHA OJId
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BY3K i Biopokamepu BigmoBiguo. Taka pisKHUIS TOACHIOETHCA (hopMy-
BAHHAM MAaKCHMAJbHUX B3aJMUINKOBUX CTHUCKAJbHUX HAIPYKEeHb
(—1560 MIIa) mig uac o6pobsieHHA y BiOpoKaMepi TOPiBHAHO 3 METOHO0IO0
BY3K (-1240 MIIa). IToapi6uennsa kpucTtaaitiB a-dasu Ti 3a 4 xB 06po-
OJIeHHA BigOyBaeThCA A0 IPUOJIU3HO OTHAKOBOTO po3Mipy v 14—19 um (y

Buxigaomy cra"i — 150 am), Toxi Ak B-dasa (y BuximHomy craHi —
174 um) O6inbIn iHTEHCHMBHO NOAPiOHIOETHCA y BiOpokamepi (36 HM),
ami:x 3a BU3K (63 uM).

4. [Ina crony BT6, omep:kaHoro cejJleKTUBHUM JIA3ePHUM TOIJIEHHIM,
3abesneuyeThca 3minHeHHsa Ha 51% (6,61 I'Tla) i 46,7% (6,41 I'lla) mo-
piBHAHO i3 Buxigaum cranom (4,37 I'lla) nna BU3K rta Bibporkamepwu Bi-
OIIOBigHO, ajie HeoOXigHMIT uac 00po0aeHHs 30iabITyeThCs 40 6 XB uepes
HaABHICTH cTaxmii (=3 xB) nedopMyBaHHA €JE€MEHTIB OGiJIBII ITEePCTKOI
moBepxHi. [Ipi0HO3epHUCTICTh, IIAPyBATICTh CMYTacTOl CTPYKTYPHU Ta
HaaABHicTH o'- # o''-MapreHCUTy, cHOPMOBAHOIO BHACJIITOK BUCOKOI
IIBUIKOCTH OXOJIOAMKEHHs, 3a0e3IeUyIoTh BUIII 3HAUEeHHS MiKpOTBep-
moctu CJIT-3paska y BUXiZHOMY CTaHi.

5. Ilix uac o6pobenHa cmyracta 6ymoBa (a3oBUX CKJIANOBUX i HagBHI
MiskdasHi MeKi BUKOHYIOTh POJIb CTOIIOPIB IJIsA AUCJOKAaIiil, AKi I'eHe-
PYIOThCA B IIpolieci miaacTuuHoi medopmairii, 1o 3abesmeuye BUIITU pi-
BeHb 3MinmHeHHsa Ta MikpoTBepaoctu CJIT-spaskiB mopiBuano 3 I'B-
3pasKaMu Hes3aJIe;KHO BiJl TUIIYy 3aCTOCOBAHOTO MeXaHiuHOro 00pobieH-
HaA. Takox IiJTKOM MOKJIMBI ITpoIlecu eBOJIOIil Mopdosorii a'- Ta o''-
MAapTeHCUTY 3 IOoAPiOHeHHAM ab0 mepeTBOPEHHAM ITnX (PasoBUX CKJIa-
TOBUX.

BHECOR ABTOPIB

C. M. BoJio1iko po3pobuia KOHIEIIIil0 po00TH, BUKOHAJA aHAJTIi3y ofe-
pKaHUX eKCIepUMeHTAJbHUX pe3yJbTaTiB i ImiAroryBaja mepinuii Ba-
piaHT pykomucy. A. I1. Bypmak BUKOHaB PEHTTe€HiBChKi Ta MiKPOCKOIIi-
YHi JOCHiIKeHHA, a TAaKOX MaKeTyBaHHA pykonucy. Bb. M. Mopaiok
BUKOHAB Moan(iKyBaHHS ITOBEPXHI 3pasKiB 3a qomomorow ¥Y3¥YO0, B3aB
ydJacTh y aHAJi3i pesyJbTaTiB, a TAaKOK BUKOHAB peJaryBaHHA PYKOIIH-
cy. M. O. Bacusiber mpoaHaJiisyBaB JiTepaTypHi JaHi 1100 ITOBEpXHE-
BOTO 0OpOOJIEHHA TUTAHOBUX CTOIIIB MeToAaMu AeopMyBaHHSA IMOBEPX-
Hi, B3AB yuacTh y aHaiisi pesyabrariB. T. A. KpacoBcbKkuii po3pobus i
BUTOTOBUB HU3KY YJIbTPa3BYKOBUX iHCTPYMEHTIB 3aAJid IPOBEIEeHHSA
MoaudiKyBaHHA MOBepxHi 3paskiB. O. A. Buciuii BUTOTOBUB 3pa3Ku Ta
IIPOBiB MOCTiAKEeHHA MiKPOTBEPAOCTH MicJiA PIBHUX BUAIB 00POOJIEHHS.
Vi aBTOpU CXBAJUJIN OCTATOUHY BEPCiI0 PYKOIUCY.

Pob6oTy Bukouano 3a migrpumxyu MOH VKpainu B paMKax gep:xOiomixe-
THOI TeMu (N mep:k. peectparii 0124U001001) i wacTKoBOI miATPUMKHI
HAH Vxpainu (NeNe mep:x. peectpartrii: 01230102368, 0124U000361).



862 C. M. BOJIOIIIKO, A. II. BYPMAK, B. M. MOPJIOK ra in.

IODUTOBAHA JIITEPATYPA—REFERENCES

1. T. DebRoy, H. L. Wei, J. S. Zuback, T. Mukherjee, J. W. Elmer, J. O. Milewski,
A. M. Beese, A. Wilson-Heid, A. De, and W. Zhang, Prog. Mater. Sci., 92: 112
(2018).

2. Q. Zhao, Q. Y. Sun, S. W. Xin, Y. N. Chen, C. Wu, H. Wang, J. W. Xu,

M. P. Wan, W. D. Zeng, and Y. Q. Zhao, Mater. Sci. Eng. A, 845: 143260
(2022).

3. Z. Gao, X. Chen, S. Zhu, Y. H. He, and W. Xu, Int.J. Fatigue, 172: 107608
(2023).

4. M. O. Vasylyev, B. M. Mordyuk, and S. M. Voloshko, Prog. Phys. Met., 24,
No. 1: 5(2023).

5. M. O. Vasylyev, B. M. Mordyuk, and S. M. Voloshko, Prog. Phys. Met., 24,
No. 1: 38 (2023).

6. A. K. Singla, M. Banerjee, and A. Sharma, J. Manuf. Process., 64: 161 (2021).

7. N. Eshawish, S. Malinov, W. Sha, and P. Walls, J. Mater. Eng. Perform., 30:
5290 (2021).

8. N. Baskin and C. Yiice, J. Mater. Res. Technol., 30: 7006 (2024).

9. M. Chen, W. L. Deng, J. S. Li, C. H. Jiang, and V. Ji, Mater. Today Commun.,
46: 112901 (2025).

10. C. M. Boaomiko, B. M. Mopaiok, M. O. Bacunses, B. I. 3akies, A. II. Bypmaxk,
H. B. ®panuik, Memanogis. Hogimni mexno., 45, Ne 2: 217 (2023);

S. M. Voloshko, B. M. Mordyuk, M. O. Vasyliev, V. I. Zakiev, A. P. Burmak,
and N. V. Franchik, Metallofiz. Noveishie Tekhnol., 45, No. 2: 217 (2023).

11. G. I. Prokopenko, B. M. Mordyuk, M. O. Vasyliev, and S. M. Voloshko, Physical
Principles for Ultrasonic Impact Hardening of Metallic Surfaces (Kyiv:
Naukova Dumka: 2017); ISBN 978-966-00-1235-6

12. A.I. Dekhtyar, B. N. Mordyuk, D. G. Savvakin, V. I. Bondarchuk,

I. V. Moiseeva, and N. I. Khripta, Mater. Sci. Eng. A, 641: 348 (2015).

13. X.C. Yan, S. Yin, C. Y. Chen, R. Jenkins, R. Lupoi, R. Bolot, W. Ma,

M. Kuang, H. Liao, J. Lu, and M. Liu, Mater. Res. Lett., 7, No. 8: 327 (2019).

14. C. S. Liu, D. X. Liu, X. H. Zhang, D. Liu, A. Ma, N. Ao, and X. C. Xu, J. Mater.
Sci. Technol., 35, No. 8: 1555 (2019).

15. A. Amanov, I.-S. Cho, D.-E. Kim, and Y.-S. Pyun, Surf. Coat. Technol., 207:
135(2012).

16. M. O. Bacuinwes, B. M. Mopzwok, I'. I. ITpokonenxo, C. M. Booriko,

JI. ®. fnenko, H. I. Xpinra, Memanogis. Hogimui mexnoa., 40, Ne 8: 1029
(2018); M. O. Vasylyev, B. M. Mordyuk, G. I. Prokopenko, S. M. Voloshko,
L. F. Yatsenko, and N. I. Khripta, Metallofiz. Noveishie Tekhnol., 40, No. 8:
1029 (2018).

17. A.II. Bypmaxk, C. M. Bosotko, B. M. Mopaioxk, T. A. KpacoBcbkuii,

B. I. 3axies, I. A. Bmagumupcekuii, M. O. BacunweB, Memanogis. HogimHui me-
XHOJ., 44, Ne 11: 1453 (2022); A. P. Burmak, S. M. Voloshko, B. M. Mordyuk,
T. A. Krasovskyi, V. I. Zakiev, I. A. Vladymyrskyi, and M. A. Vasylyev,
Metallofiz. Noveishie Tekhnol., 44, No. 11: 1453 (2022).

18. Q. Zhang, B. B. Duan, Z. Q. Zhang, J. B. Wang, and C. R. Si, J. Mater. Res.
Technol., 11: 106 (2021).

19. J.Cai, H. Wu, Y. Tian, and X. Zhang, Sci. Rep., 15: 13548 (2025).

20. S. Diachenko, T. Krasovskyi, A. Burmak, S. Voloshko, V. Malinin, and


https://doi.org/10.1016/j.pmatsci.2017.10.001
https://doi.org/10.1016/j.pmatsci.2017.10.001
https://doi.org/10.1016/j.msea.2022.143260
https://doi.org/10.1016/j.msea.2022.143260
https://doi.org/10.1016/j.ijfatigue.2023.107608
https://doi.org/10.1016/j.ijfatigue.2023.107608
https://doi.org/10.15407/ufm.24.01.005
https://doi.org/10.15407/ufm.24.01.005
https://doi.org/10.15407/ufm.24.01.038
https://doi.org/10.15407/ufm.24.01.038
https://doi.org/10.1016/j.jmapro.2021.01.009
https://doi.org/10.1007/s11665-021-05753-w
https://doi.org/10.1007/s11665-021-05753-w
https://doi.org/10.1016/j.jmrt.2024.05.084
https://doi.org/10.1016/j.mtcomm.2025.112901
https://doi.org/10.1016/j.mtcomm.2025.112901
https://doi.org/10.15407/mfint.45.02.0217
https://doi.org/10.1016/j.msea.2015.06.072
https://doi.org/10.1080/21663831.2019.1609110
https://doi.org/10.1016/j.jmst.2019.03.036
https://doi.org/10.1016/j.jmst.2019.03.036
https://doi.org/10.1016/j.surfcoat.2012.06.046
https://doi.org/10.1016/j.surfcoat.2012.06.046
https://doi.org/10.15407/mfint.40.08.1029
https://doi.org/10.15407/mfint.40.08.1029
https://doi.org/10.15407/mfint.44.11.1453
https://doi.org/10.1016/j.jmrt.2021.01.091
https://doi.org/10.1016/j.jmrt.2021.01.091
https://doi.org/10.1038/s41598-025-89959-1

TIOPIBHAHHA E@EKTBHOCTI BUCOKOYACTOTHOI'O YIAPHOI'O SMILTHEHHS 863

B. Mordyuk, Proc. 7th Int. Sci. Pract. Conf. ‘Scientific Goals and Purposes in
XXI Century’ (19-20 Oct. 2024, Seattle, USA) (InterConf: 2024), p. 388.

21. T.Suzuki, K. Sakamoto, Y. Hirose, T. Okawa, H. Shimanuki, T. Nose, N. Ohta,
H. Suzuki, and A. Moriai, Adv. Mater. Res., 996: 736 (2014).

22. Z.Wang, Z. Xiao, C. Huang, L. Wen, and W. Zhang, Materials, 10, No. 10:
1203 (2017).

23. B. N. Mordyuk, A. I. Dekhtyar, D. G. Savvakin, and N. I. Khripta, J.Mater.
Eng. Perform., 31: 5668 (2022).

24. D. Yuan, L. Zhang, Y. Chen, D. Yuan, S. Shao, C. H. Guo, F. C. Jiang, and
J.D. Wang, Ultrason. Sonochem., 73: 105472 (2021).

25. S.M. Kelly and S. L. Kampe, Metall. Mater. Trans. A, 35: 1861 (2004).

26. E. Eshed and A. Shirizly, Materials, 18, No. 13: 3198 (2025).

27. H. Sun, C. Si, and J. Wang, Surf. Eng., 40, No. 1: 1 (2024).

28. X. Luo, X. Ren, Q. Jin, H. Qu, H. Hou, and L. Zhang, J. Mater. Res. Technol.,
13, No. 5: 1586 (2021).

29.  P.Mercelis and J.-P. Kruth, Rapid Prototyp.dJ., 12: 254 (2006).

30. W. Okuniewski, M. Walczak, M. Szala, and D. Chocyk, Eng. Failure Anal., 176:
109653 (2025).

31. N. Kazantseva, P. Krakhmalev, M. Thuvander, I. Yadroitsev, N. Vinogradova,
and I. Ezhov, Mater.Charact., 146: 101 (2018).

32. 0. M. Ivasishin, H. M. Flower, and G. Lutjering, Titanium’99: Sci. Technol.
(1999), p. 77.

33. M. Zhang, C. Liu, X. Shi, X. Chen, C. Chen, J. Zuo, J. Lu, and S. Ma, Appl. Sci.,
6: 304 (2016).

34. A. Mithal, V. S. Sridharan, N. Y. J. Tan, S. J. Ng, and Y. Chew, J. Mater.
Process. Technol., 343: 118982 (2025).


https://doi.org/10.51582/interconf.19-20.10.2024.039
https://doi.org/10.51582/interconf.19-20.10.2024.039
https://doi.org/10.4028/www.scientific.net/AMR.996.736
https://doi.org/10.3390/ma10101203
https://doi.org/10.3390/ma10101203
https://doi.org/10.1007/s11665-022-06633-7
https://doi.org/10.1007/s11665-022-06633-7
https://doi.org/10.1016/j.ultsonch.2021.105472
https://doi.org/10.1007/s11661-004-0094-8
https://doi.org/10.3390/ma18133198
https://doi.org/10.1177/02670844241298674
https://doi.org/10.1016/j.jmrt.2021.05.065
https://doi.org/10.1016/j.jmrt.2021.05.065
https://doi.org/10.1108/13552540610707013
https://doi.org/10.1016/j.engfailanal.2025.109653
https://doi.org/10.1016/j.engfailanal.2025.109653
https://doi.org/10.1016/j.matchar.2018.09.042
https://doi.org/10.3390/app6110304
https://doi.org/10.3390/app6110304
https://doi.org/10.1016/j.jmatprotec.2025.118982
https://doi.org/10.1016/j.jmatprotec.2025.118982




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

Memanogi3. HOBIMHI MeXHOL. National Academy of Sciences of Ukraine
Metallofiz. Noveishie Tekhnol. Published by license under
2026, vol. 48, No. 8, pp. 865—888 the G. V. Kurdyumov Institute for Metal Physics—
https://doi.org/10.15407/mfint.48.08.0865 N.A.S. of Ukraine Publishers imprint.
Reprints available directly from the publisher Printed in Ukraine.

PACS numbers: 43.35.+d, 61.72.Dd, 61.72.Ff, 61.72.Hh, 62.20.Qp, 81.20.Ev, 81.40.Ef

Microstructural and Phase Evolution of AISI 316 Stainless
Steel Produced by Selective Laser Melting and Hot Rolling
during Heat Treatment and Ultrasonic Impact Treatment

S. M. Voloshko®, I. A. Vladymyrskyi®, M. I. Anyakin®,
N. A. Shapovalova“, M. M. Voron™", and A. P. Burmak”
“National Technical University of Ukraine
‘Igor Sikorsky Kyiv Polytechnic Institute’,
37 Beresteiskyi Ave.,
UA-03056 Kyiv, Ukraine
“Physico-Technological Institute of Metals and Alloys, N.A.S. of Ukraine,
34/1 Academician Vernadsky Blvd.,
UA-03142 Kyiv, Ukraine

The effects of fabrication route, heat treatment, and ultrasonic impact
treatment (UIT) on the microstructure, phase composition, microhardness,
and residual stresses of AISI 316 stainless steel produced by selective laser
melting (SLM) and hot rolling (HR) are investigated. The SLM material ex-
hibits a fine cellular structure and higher austenite stability, manifested by a
lower susceptibility to the deformation-induced y — o' martensitic transfor-
mation compared with the hot-rolled steel. Heat treatment promotes micro-
structural homogenization, residual-stress relaxation, and an increase in the
y-phase fraction. UIT induces intense plastic deformation, refinement of co-
herent scattering domains, and compressive residual stresses. The maximum
microhardness reaches 7.6 GPa for the hot-rolled steel and 6.7 GPa for the
SLM material. The stronger hardening of the hot-rolled steel is associated
with its greater susceptibility to deformation-induced martensitic transfor-
mation. Prior heat treatment significantly affects the response to subsequent
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UIT, with annealing followed by UIT providing the largest and most stable
increase in microhardness. The results demonstrate the effectiveness of com-
bining heat treatment and UIT for controlling the structural and phase state
and mechanical characteristics of AISI 316 stainless steel produced by differ-
ent fabrication routes.

Key words: AISI 316, additive manufacturing, heat treatment, ultrasonic
impact treatment, microstructure, phase composition, microhardness.

HocrimKeHo BIINB TEXHOJOTiI BUTOTOBJIEHHS, TEPMiUHOT'0 00PO6JIeHHS H yIb-
TPa3BYKOBOTr0o ynapHoro oopobuenua (Y3Y0) Ha MiKpOCTPYKTYPY, (asoBUit
CKJIaZl, MiKpOTBEpP/iCTh i piBeHb 3aIUIIKOBUX HAIPY:KeHb Heip:KkaBifiHol Kpu-
mi AISI 316, oxmep:xaHOI METOHOI0 CEJIEKTUBHOTO JasdepHoro ToieHHs (SLM)
Ta rapauoro BajibioBaHHsa (HR). Martepisan, BuroroBienuit meromoo SLM,
XapaKTepU3yeThCA APiOHOAUCIIEPCHOI0 KOMipUYacTOI CTPYKTYPOIO Ta BUIIIOIO
crabinbHiCcTIO aycTeHiTHOI y-dasu, 1110 MPOABIAETHCA Y MEHIIi M CXMIBHOCTI J0
medopMaIniiHO-iHAYKOBAHOIO MapTEHCUTHOT'O IIEPEeTBOPEHHS Y — o IOPiBHA-
HO 3 rapsueKaTaHol Kpuiieio. Tepmiune o0po0JIeHHA CIIpHsAE TOMOreHisaiii
MiKpPOCTPYKTYpPH, pejaKcallii 3aJIruIIKOBUX HAIIPYKeHb 1 301/IbIIIeHHIO YACTKH
y-dasu. Y3YO 3abesneuye iHTeHCUBHY IJIACTUUHY AehOpMAaIlilo IOBEPXHEBOTO
mapy, 3MeHIIIeHHS PO3Mipy 06J1acTeil KOTepeHTHOTO PO3CiAHHA Ta POPMYBaH-
HS CTUCKAJBHUX HAIPYsKeHb. MaKcuMasbHa MiKpoTBepAicTh cArae 7,6 I'lla
I rapsuyexaTtaHoi Kpuili ta 6,7 I'lla gia maTepisany, oZep:KaHOrO METOLO0
SLM. Buira epexkTUBHiICTh 3MilIHEeHHA rapsueKaTaHol KPUIli moB’saA3aHa 3 6i-
JIBIIIOI0 CXMJIBbHICTIO I Mo medopMaIlliiHO-iHAYKOBAHOTO MapTEeHCUTHOIO IIepe-
TBOpeHHA. Ilonepense TepMiuHe 0OpOOJIEHHS iCTOTHO BIJINBa€ Ha e(PEKTUB-
HicTh momasbiroro ¥Y3VO0, mpuuomMy HaibOiabIlle Ta Ha6GigbII cTabilbHe Iif-
BUINEHHS MiKPOTBePAOCTH 3a0e3meuye moegHauHA Bignany 3 Y3V 0. Ogeprxkani
pe3yabTaT! MiATBEePAKYIOTh e)eKTUBHICTh KOMIIJIEKCHOTO 3aCTOCYBaHHS Tep-
MIiYHOTO Ta MOBEPXHEBOTO Ae)opMaIliiiHOro o6pobIeHHs A KepyBaHHSA CTPY-
KTYypHO-()a30BUM CTaHOM, MiKPOTBEPIiCTIO Ta 3aJUIIKOBUMHY HATIPYKEHHAMU
kpurti AISI 316, BUTOTOBJIEHOI PI3BHUMU TEXHOJOTIYHUMU METOLAMU.

Karouori cropa: AISI 316, aguTuBHe BUPOOHUIITBO, TepMiuHE OOPOOJEHHA,
VIABTPa3ByKOBe yZapHe o0poOJIeHHs, MiKPOCTPYKTypa, asoBuil cKiax, MiK-
POTBEpPIiCTh.

(Received 3 July, 2026; in final version, 22 July, 2026 )

1. INTRODUCTION

Austenitic stainless steels are important structural materials due to
their high corrosion resistance, excellent processability and non-
magnetic properties [1, 2]. Owing to their high deformability, these
steels are used to produce vessels for the chemical, energy and food in-
dustries, pipes, capillaries and various complex-shaped components,
including critical-purpose products [3].

The main grades of austenitic stainless steels include AISI 304, 306,
316 and 321. These steels are similar in chemical composition and me-
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chanical properties, but differ in the alloying additions that determine
their service performance. AISI 304, containing 18—-20% wt. Cr and
8-11% wt. Ni, is the most widely used base grade in the chemical and
food industries. A distinctive feature of AISI 316 is Cr content lower
by = 2% wt. and Ni content higher by = 2% wt. together with 2—3% wt.
Mo. This composition provides much higher corrosion resistance and a
lower susceptibility to intergranular corrosion; therefore, grade 316 is
often referred to as ‘marine’ or ‘chemical’ stainless steel. AISI 321 is
close in composition to AISI 304; however, it contains Ti providing the
highest heat resistance without loss of corrosion resistance. Owing to
its high resistance at elevated temperatures and improved weldability,
it is used for components of military equipment, including aviation
parts, heat exchangers and related products[2, 4, 5].

As was already mentioned, these austenitic stainless steels reveal a
similar set of mechanical properties. After quenching, their ultimate
tensile strength is of 480-580 MPa, yield strength is of 200—-250 MPa
and elongation is of 35-55% [2, 5, 6]. These properties can be effec-
tively modified by deformation and heat treatment. For example, cold
plastic deformation promotes grain refinement, the development of
crystallographic texture, and deformation-induced martensite for-
mation, increasing the microhardness from 340 to 540 HV. Depending
on the processing conditions, the resulting strength reaches 700-1600
MPa, while the elongation decreases to 2—20%, accompanied by dete-
rioration in corrosion resistance [7, 8]. Multiple equal-channel angular
pressing of AISI 316 steel refines the grain size to 10-40 nm and in-
creases the yield strength to 1480 MPa; however, these improvements
are achieved at the expense of high energy consumption [9]. By com-
bining deformation and heat treatment, the microstructural parame-
ters of austenitic stainless steels can be controlled effectively and their
mechanical properties can be varied over a wide range [10].

Despite these advantages and the possibility of controlling structur-
al properties, phase composition and mechanical characteristics, im-
provement of corrosion resistance remains a key issue for austenitic
stainless steels. Various surface treatments of steel products are pri-
marily used for this purpose. For example, in Ref. [11], the effect of
laser surface treatment on the chemical composition, surface morphol-
ogy and corrosion resistance of AISI 304, AISI 316 and AISI 321 steels
was investigated. A decrease in the concentrations of Cr and Ni and an
increase in O content at the surface were observed, resulting in differ-
ent corrosion resistance at a certain depth from the surface. The most
pronounced positive effect was obtained for AISI 321 owing to Ti mi-
gration towards the surface. However, the specimen surface remains
continuous only after treatment with low laser energies. When the en-
ergy density exceeded 100 J/cm?, cracks appear on the surface, signif-
icantly deteriorating corrosion resistance and fatigue strength. In con-
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trast, deformation-induced surface nanostructuring combined with
annealing led to Cr enrichment of the treated surface and, consequent-
ly, to a substantial improvement in corrosion resistance. Lei et al.
showed [12] that a preformed gradient nanostructured (GNS) surface
layer of 316L stainless steel was subjected to surface mechanical roll-
ing treatment (SMRT) followed by annealing at 700°C. Tensile tests
showed that the strength—ductility ratio is higher for the annealed
SMRT material, while grain size and hardness of the GNS layer remain
sufficiently stable. In addition, significant Cr enrichment was detect-
ed for the GNS surface layer after annealing, leading to a considerable
corrosion resistance enhancement. In Ref.[13], a =20-um thick
nanostructured surface layer was formed on a low-carbon steel plate by
surface mechanical attrition treatment (SMAT). In particular, the au-
thors showed that after SMAT, a much thicker Cr diffusion layer was
obtained compared to the coarse-grained specimen after chromizing,
especially at low temperatures. For the SMAT material, the tempera-
ture of chromium-containing compound formation is considerably
lower and the amount of chromium carbides is higher in comparison
with its coarse-grained counterpart. Thus, surface mechanical attri-
tion-assisted chromizing of austenitic stainless steels also improves
corrosion resistance.

Other methods of surface alloying and strengthening of austenitic
stainless steels were actively investigated in recent decades as well,
including plasma surface alloying [14], electrolytic coating deposition
[15], thermochemical treatment with simultaneous chromizing and
nitrocarburizing [16], aluminosiliconizing [17] to name just a few.
Austenitic stainless steels exhibit superior mechanical performance,
characterized by high yield and tensile strength, good ductility, excel-
lent fracture toughness, and enhanced fatigue and wear resistance,
when the modified surface contains a fine-crystalline structure both in
the base metal and in the coating phases. In particular, oxides, car-
bides or nitrides could simultaneously improve fatigue strength, cor-
rosion resistance and wear resistance. However, it should be noted
that, under sufficient mechanical loading, such surfaces might fail be-
cause of structural anisotropy.

A homogeneous fine-grained microstructure leading to higher cor-
rosion resistance compared to rolled products can be achieved by addi-
tive manufacturing of austenitic stainless steel components [18, 19].
For example, wire-arc additive manufacturing (WAAM) of AISI 316L
steel increases the material strength by 58% and the fatigue strength
by 10% [20]. Alloy produced by selective laser melting (SLM) reveal a
finer-grained structure with grain size of 1-5 um and higher ultimate
tensile and yield strengths of 650 MPa and 550 MPa, respectively, al-
beit with lower ductility compared with the same alloy manufactured
by conventional routes such as forging and casting [21]. The reduced
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ductility of SLM specimens is compensated by their higher strength.
Therefore, additively manufactured components made of austenitic
stainless steels are promising for subsequent surface treatment due to
fine-grained and homogeneous microstructure. Such treatment should
not promote grain growth but should refine grains, thereby increasing
surface hardness and, where possible, enrich the surface with intersti-
tial elements improving the corrosion and wear resistance. Since SLM-
fabricated 316L components reveal an anisotropic cellular structure
with a high density of dislocations and macrodefects, surface or de-
formation treatment should be combined with thermal annealing [22].
Since printed components usually have complex geometries, the
choice of post-processing approaches is limited. It should also be con-
sidered that prolonged exposure to high temperatures might be unfa-
vourable for structural modification of additively produced speci-
mens. So, additive manufacturing followed by heat treatment and sub-
sequent ultrasonic impact treatment represents an effective pro-
cessing route for producing austenitic stainless-steel components with
a homogeneous microstructure and enhanced mechanical and service
properties. The efficiency of this approach for surface grain refine-
ment and strengthening was demonstrated for metallurgically pro-
duced AISI 321 steel [23]. Another successful example is the combina-
tion of recrystallization annealing at 900°C for 1 hour with ultrasonic
surface modification of AISI 316 steel, which restore ductility while
maintaining an increased surface microhardness of =400 HV,[24].
Thus, the aim of the present study is to perform a comparative anal-
ysis of the structural properties, phase characteristics and hardness
changes of 316L steel produced by metallurgical and SLM routes after
heat treatment, ultrasonic impact treatment and their combination.

2. MATERIALS AND METHODS

Specimens of AISI 316 austenitic stainless steel with the following
chemical composition [% wt.] were used: Cr, 16-18, Ni, 10-14, Mo, 2—
3, Mn <2, Si <1, Cu £0.75, Fe—balance. Materials produced by two
routes were investigated: SLM and a conventional route (HR) involving
melting, formation of rolled stock and production of deformed billets.
SLM specimens in the form of parallelepipeds (15 mm in length,
8 mm in width, and 6.5 mm in height) were fabricated using an Alfa-
150D 3D printer manufactured by ALT. The printer was equipped with
a 200 W ytterbium fibre laser operating at a wavelength of 1070+ 2
nm, with a focused laser beam diameter of 45 um. The scanning speed
was 500 mm/s, the powder layer thickness was 25 yum, and the hatch
spacing was 150 um. Spherical AISI 316L austenitic stainless-steel
powder with a particle size range of 15—53 nym was used. To minimize
oxidation, the specimens were fabricated in an inert argon (Ar) atmos-
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phere[25].

Specimens of deformed AISI 316 stainless steel were produced by a
standard industrial metallurgical route. The starting components were
melted in an electric arc furnace, followed by argon-oxygen decarburi-
zation refining to ensure the specified chemical composition in accord-
ance with ASTM A240/A240M requirements for steel products in bar
form. After refining, the metal was cast into semi-finished products,
which were subsequently hot rolled and slowly cooled in air.

Both types of investigated specimens were subjected to heat treat-
ment; the treatment conditions are given in Table 1 in accordance with
ASTM A276.

AISI 316 stainless-steel specimens were subjected to ultrasonic im-
pact treatment both in the as-received state and after thermal impact.
The ultrasonic impact treatment (UIT) was carried out in air using a
UZG-300 device equipped with an impact head containing a cylindrical
10x18 mm striker made of hardened AISI 52100 steel [26]. A single-
contact normal impact-loading mode was used [27]. The amplitude at
the concentrator end face was 25 um, and the treatment duration was
varied from 30 to 300 s. During loading, each specimen received 10*-
10° impacts.

Microstructural studies were performed using an iScope IS.1053-
PLMi optical metallographic microscope. Microhardness was measured
by the Vickers method using an LHVS-1000Z tester under a 100 g load
and a dwell time of 10 s.

X-ray diffraction studies were carried out using a Rigaku Ultima IV
diffractometer with radiation CuK,: 206 range—20-120°, step size of
0.04° and counting time 2 s per point. The PDXL software package and
the ICDD international diffraction database (PDF-2, 2025) were used
to analyse the XRD patterns, calculate the coherent scattering domain
(CSD) size, lattice microstrain (¢) and perform quantitative phase
analysis. The quantitative phase composition was calculated from the
integrated intensities of non-overlapping diffraction peaks character-
istic of each phase using Rietveld refinement in PDXL.

TABLE 1. Heat-treatment conditions for AISI 316 stainless steel.

SLM alloy
1 As-received state SLM-0
2 Annealing at 1050 + 10°C for 30 min followed by furnace cooling SLM-T1
3 Annealing at 1050 + 10°C for 30 min followed by water quenching SLM-T2
Deformed alloy (hot rolling)
4 Initial state HR-0
5 Annealing at 1050 + 10°C for 30 min followed by furnace cooling HR-T1
6 Annealing at 1050 + 10°C for 30 min followed by water quenching HR-T2
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First-order residual stresses were determined by the sin*y method
from the change in the angular position of the y-Fe(311) diffraction
peak at y=0°, —-10°, —-20°, —30° and —40°. A Savitzky—Golay function
was used to smooth the diffraction-peak profiles, and a Sonneveld—
Vissers function was used for background separation. The angular po-
sitions of diffraction peaks were determined from the centre-of-
gravity positions. The data were processed using Rigaku Residual
Stress Analysis software.

3. RESULTS AND DISCUSSION

Figure 1 compares the microhardness and first-order residual-stress
level of AISI 316 steel produced by two routes, SLM and HR, in the as-
received state (0), after annealing (T1) and after water quenching (T2).

In the as-received state, the microhardness of the SLM and HR spec-
imens is close with a value of = 2.8-3.0 GPa (Fig. 1, a). This fact indi-
cates a relatively high strengthening level of both studied materials,
although the mechanisms responsible for their structure formation
differ substantially.

After heat treatment, the microhardness of the SLM specimen
slightly decreases and remains at about 2.5 GPa for both T1 and T2. By
contrast, the microhardness of the hot-rolled specimens increases from
2.8 to approximately 3.0 GPa after HR-T1 annealing and to 3.5 GPa
after T2 water quenching. This difference can be explained by the dis-
tinct microstructures of the two materials. In the as-built condition,
the SLM material is characterized by a fine cellular-dendritic micro-
structure and residual stresses formed during rapid solidification
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Fig. 1. Microhardness (a) and first-order residual stresses (b) in AISI316

stainless steel produced by selective laser melting and hot rolling in the as-
received state and after heat treatment.
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(Fig. 1, b). Heat treatment partially relieves these residual stresses
while preserving the refined microstructure, resulting in only a slight
decrease in microhardness.

For the hot-rolled state, heat treatment may primarily promote re-
covery, stabilization of the subgrain structure and, depending on the
heat-treatment temperature, recrystallization and precipitation of
secondary phases, which increases microhardness. The increase in mi-
crohardness after annealing is attributed to the microstructural
changes induced by heat treatment. Since the residual stresses are
largely relieved after annealing (Fig. 1, b), the observed strengthening
is likely associated with microstructural refinement rather than resid-
ual stress effects. In turn, water quenching preserves the recrystal-
lized microstructure and introduces residual stresses that are subse-
quently transformed from tensile to compressive during ultrasonic
impact treatment. Their magnitude nearly reaches the level typical for
the as-received SLM material.

To identify the specific features of microstructural changes in SLM
AISI 316 steel in more detail manner, comparison with the convention-
ally deformed material is required.

Figure 2, a shows that, in the as-received state, the SLM structure is
characterized by pronounced anisotropy and elongated overlapping
melt-pool tracks, which are typical for structure formation during ad-
ditive manufacturing. The boundaries between individual melt tracks
remain clearly visible, indicating the local nature of the thermal ef-
fect.

After annealing (Fig. 2, c¢), the microstructure becomes considerably
more homogeneous, and the boundaries between individual melt pool
regions become less distinct. The pronounced heterogeneity characteris-
tic of the as-built condition is substantially reduced, while localized con-
trast-rich regions remain visible within the microstructure. These
changes indicate significant microstructural evolution during anneal-
ing and are consistent with recovery and relaxation of residual stresses.

After water quenching (Fig. 2, e), the SLM specimens retain more fea-
tures of the as-received structure, which is related to the shorter high-
temperature exposure. The outlines of the melt pool regions become less
visible, and the structure becomes more homogeneous while retaining its
fine dispersion. The simultaneous substantial decrease in grain-
boundary contrast also indicates the occurrence of polygonization.

Considering the simultaneous changes in microhardness and residu-
al stresses, which will be discussed below, water quenching modifies
the microstructural and stress state of the material. The XRD patterns
reveal the coexistence of austenite y-Fe and deformation-induced mar-
tensite o'-Fe, indicating a two-phase y+ o' structure. The relative in-
tensities of the y- and o’-phase reflections change with increasing UIT
duration, reflecting the progressive y — o’ deformation-induced mar-
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Fig. 2. Microstructure of AISI 316 stainless steel produced by selective laser
melting (a, ¢, ) and hot rolling (b, d, f): as-received state (a, b), after anneal-
ing (c, d), after water quenching (e, f).

tensitic transformation. Therefore, the differences in residual stress
and microhardness between the heat-treated conditions cannot be at-
tributed solely to residual stress relaxation and are also related to
changes in phase composition and microstructure.

The hot-rolled material in the as-received state (Fig. 2, b) exhibits a
pronounced banded morphology, with elongated grains or structural
regions oriented predominantly along the rolling direction. Distinct
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dark contrast features are distributed within the elongated regions
and locally concentrated near their boundaries.

After annealing (Fig. 2, d), the banded structure is largely retained,
while the grains remain relatively intact and locally exhibit an increase
in size. This is reflected by an approximately 1.5—2-fold increase in the
apparent grain width, accompanied by changes in the morphology and
continuity of the intergranular regions. The dispersed contrast fea-
tures observed in the as-received condition become less pronounced af-
ter annealing, indicating significant microstructural evolution during
heat treatment. The low level of residual stresses after annealing
(Fig. 1, b) indicates substantial stress relaxation during the heat-
treatment process.

After water quenching (Fig. 2, f), the microstructure of the AISI
316 stainless steel exhibits features intermediate between those ob-
served in the as-received and annealed conditions. The heat treatment
results in an increase in the apparent grain width and makes some
grain boundaries more distinct, while regions with less distinct bound-
aries remain visible. The water-quenched condition is also character-
ized by a relatively high level of compressive residual stresses, compa-
rable to that measured in the as-received SLM material (Fig. 1, b). The
simultaneous increase in microhardness and development of compres-
sive residual stresses indicate a pronounced change in the mechanical
and stress state of the surface layer after water quenching.

Heat treatment promotes structural changes in both types of the in-
vestigated material; however, the effect varies to the different mecha-
nisms of initial microstructure formation. In the SLM material, owing
to the higher grain dispersion and the initially high level of compres-
sive stresses, recrystallization processes, particularly grain-growth
recrystallization, proceed more rapidly. In the hot-rolled material,
these processes occur more slowly and are less pronounced due to the
stable textured structure.

Figure 3 shows fragments of XRD spectra and the results of quanti-
tative phase analysis of AISI 316 stainless steel produced by selective
laser melting and hot rolling in the as-received state and after heat
treatment.

In the as-received state (Fig. 3, a), the austenitic y-phase predomi-
nates in the both cases. Its content is 299% for the HR specimen and
~93% for the SLM specimen. The results indicate partial martensite
formation during selective laser melting caused by the high thermal
gradients and substantial internal stresses typical for additive manu-
facturing.

After annealing (Fig. 3, b), the SLM material exhibits a pronounced
increase in the y-austenite fraction, reaching approximately 98% . The
XRD patterns show a dominant y-Fe phase, while the contribution of
the o'-Fe phase is substantially reduced after annealing. This phase re-
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Fig. 3. XRD patterns of AISI 316 stainless steel produced by selective laser
melting and hot rolling: as-received state (a), after annealing (b), after water
quenching (¢), and quantitative phase composition after different production
and treatment routes (d).

distribution is accompanied by a reduction in residual stresses, indi-
cating significant microstructural and stress-state changes during
heat treatment. The y-phase also predominates in the hot-rolled mate-
rial after annealing.

The most significant phase composition modification occurs after
water quenching (Fig. 3, ¢). In the both cases, the amount of a-phase
increases while the fraction of austenite decreases accordingly. How-
ever, the rate of these changes strongly depends on the fabrication
route. In the hot-rolled specimen, the a-phase fraction increases to
37% , whereas the y-phase content decreases to 63% . In turn, for the
SLM specimen, these changes are less pronounced: the a-phase content
is of 21%, while the y-phase fraction remains at 79% . This fact indi-
cates higher stability of the austenitic structure in the material pro-
duced by selective laser melting.

Thus, substantial differences in the phase composition of AISI 316
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steel depending on the fabrication route are achieved after the heat-
treatment stage. The material produced by selective laser melting
demonstrates higher stability of the austenitic phase and a lower ten-
dency to phase transitions, whereas the hot-rolled steel is character-
ized by a higher a-phase fraction after heat treatment and higher sen-
sitivity to subsequent deformation strengthening.

Since the phase composition, structural defectiveness and internal-
stress level determine the response of the material to external defor-
mation, the efficiency of ultrasonic impact treatment can also be ex-
pected to depend strongly on the structural state formed during heat
treatment stage. Therefore, the next step of the study examined the
effect of ultrasonic impact treatment and the combined effect of heat
treatment and UIT on microhardness, surface morphology, phase com-
position, coherent scattering domain size and residual stresses of AISI
316 steel produced by selective laser melting and hot rolling.

Figure 4 shows the change in microhardness of AISI 316 steel after
different treatment regimes.

All TO, T1 and T2 specimens exhibit a nonmonotonic change in mi-
crohardness with increasing UIT duration. For specimens not subject-
ed to heat treatment (T0), the microhardness varies in an oscillatory
manner with UIT time. For the SLM case, the hardness increases rapid-
ly to a maximum of 6.5 GPa after 80 s, and then sharply decreases to
4.5 GPa at 120 s, with the following increase up to 6.4 GPa at 210 s and
final decrease to 5 GPa. For the HR specimen (T0), strengthening oc-
curs in two stages: up to 6.5 GPa after 60s of UIT and up to 7.6 GPa
after 120 s, followed by a sharp decrease in hardness to 4.5 GPa. This
behaviour can be associated with efficient accumulation of crystal-
lattice defects, refinement of structural features and formation of a

(I) 60 120 180 240 OI 60 120 180 240
Treatment time, s Treatment time, s

Fig. 4. Microhardness of AISI 316 stainless steel produced by selective laser
melting (SLM, a), and hot rolling (HR, b) as a function of ultrasonic impact
treatment duration.
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strain-hardened surface layer at the initial stages of UIT, followed by
the onset of relaxation processes.

After annealing according to the T1 and T2 regimes, the initial mi-
crohardness values of the SLM specimens decrease relative to the TO
state due to relaxation of internal stresses and partial structural re-
covery. At the following stage, UIT leads to significant increase in mi-
crohardness. For the SLM—-T1 condition, the strengthening maximum
is delayed compared to TO and reaches 6.7 GPa after 120s of the
treatment, followed by a gradual decrease. The HR—T1 condition is po-
tentially the most stable: the hardness rapidly increases to 7.6 GPa af-
ter only 60s of the treatment and remains at a high level of 6.0—
6.4 GPa up to 240 s.

After water quenching (T2), the microhardness behaviour differs
depending on the production procedure. The SLM—-T2 sample shows
the poorest stability. Strengthening proceeds very slowly, reaching
only 5.06 GPa at a UIT duration of 180 s, and decreases to 3.1 GPa at
the final stage of the treatment (240 s), which is an indicator of com-
plete annealing and recrystallization. The hot-rolled stainless steel
(HR-T2) is characterized by a monotonic increase in microhardness
already at the initial stages of UIT, with a maximum value of 5.3 GPa
after 120 s, followed by stabilization at this.

Comparison of thermal and deformation effects on the microhard-
ness of stainless steel produced by selective laser melting and hot roll-
ing allows to found that the HR steel exceeds the SLM steel in maxi-
mum strengthening capacity: the maximum microhardness of HR ma-
terial reaches 7.6 GPa (T0 and T1 conditions), while, for SLM, it does
not exceed 6.7 GPa (T1 condition). The higher maximum microhard-
ness of hot-rolled specimens, especially after annealing, associated
with more effective strain hardening and formation of a finely dis-
persed substructure during UIT. In contrast, SLM specimens show a
smaller increase in microhardness during UIT, caused by the specific
cellular—dendritic structure and residual stresses formed during addi-
tive manufacturing.

Regarding the treatment duration required to achieve the maximum
hardness, the hot-rolled steel (HR—T1) responds much faster, reaching
its peak after 60 s of ultrasonic impact treatment, whereas the SLM—
T1 specimen requires 120 s to attain a comparable strengthening ef-
fect. It can be concluded that for AISI 316 steel produced by both SLM
and HR, annealing with a furnace cooling (T1) is considerably more
effective for subsequent ultrasonic strengthening since it creates pre-
requisites for phase or dispersion strengthening. In contrast, water
quenching (T2) makes the matrix excessively prone for rapid recrystal-
lization during UIT.

Figure 5 demonstrates the effect of ultrasonic impact treatment
(UIT) on the surface morphology of selective laser melted and hot-
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Fig. 5. Surface morphology of AISI 316 stainless steel produced by selective
laser melting (a, ¢, e) and hot rolling (b, d, f) after heat treatment and UIT
with duration that provides the maximum microhardness (Fig. 4): TO + UIT
(a, b), annealing, T1 + UIT (¢, d), water quenching, T2 + UIT (e, f).

rolled AISI 316 steel in the as-received state and after heat treatment,
with all specimens shown after the UIT duration that produced the
maximum increase in microhardness.

The SLM specimens have a specific highly dispersed initial struc-
ture, including submicron solidification cells and remnants of the
melt-track boundaries, which respond differently to deformation de-
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pending on the heat treatment. In the TO + UIT condition, a very fine,
heterogeneous surface morphology is observed. The high initial defect
density after 3D printing restricts dislocation motion. Thus, the de-
formation relief after UIT is strongly fragmented and rough, without
pronounced linear features. T1 annealing partly relieves internal
stresses and homogenizes the structure. After T1 + UIT, the surface
appears more uniformly deformed and exhibits somewhat larger mi-
crorelief features, suggesting a more extensive plastic flow during
UIT. After T2 + UIT, a fundamental change in morphology is observed.
A directional texture with numerous parallel deformation traces (slip
bands) is clearly visible on the surface. Water quenching brings the
steel to a highly plastic austenitic state, allowing the metal to deform
intensively under the impacts of the UIT striker and to form a pro-
nounced textured relief.

The conventionally deformed metal is characterized by a more mac-
roscopically homogeneous initial structure and different grain mor-
phology. In the TO + UIT condition, the surface appears as a heavily
work-hardened rolled structure. Ultrasonic treatment produces a cha-
otic fine-grained relief caused by superposition of UIT-induced plastic
deformation of the matrix already deformed by rolling. After T1 an-
nealing, recrystallization occurs and the hardening induced by rolling
is removed. Subsequent UIT of this stress-relieved surface forms a rel-
atively uniform, smooth microrelief with distinct boundaries of local
plastic-deformation regions. The quenched rolled steel surface after
UIT shows pronounced structural fragmentation. Visually, it appears
the darkest and most finely dispersed, indicating formation of an ul-
trafine or nanostructured sublattice in the near-surface layer because
of a high degree of deformation of quenched austenite.

Figure 6 presents the XRD analysis results. The fragments of the
XRD patterns (Fig. 6, a, b) contain typical reflections from austenite y-
Fe(111), martensite a’-Fe(110) and y-Fe(200). After UIT, the intensity
of the o'-Fe(110) peak gradually increases, especially for the hot-rolled
material, indicating development of the y — o' deformation-induced
martensitic transformation under cyclic impact loading. For the SLM
specimens, the changes in the peak intensity are less pronounced, sig-
nalizing a higher stability of the austenitic structure.

For the SLM material (Fig. 6, ¢), the CSD size gradually decreases
from = 32 nm and = 22 nm for y-Fe and o’'-Fe, respectively, to 12 nm and
6 nm. For the hot-rolled material (Fig. 6, d), the CSD size of the y-phase
decreases from 17 to 12 nm during the initial stages of treatment and
then increases to 30 nm with increasing treatment duration. The CSD
size of the o’-phase remains nearly unchanged up to 180 s before also
increasing to approximately 30 nm. These changes reflect the evolu-
tion of the coherently diffracting domain structure during UIT and are
consistent with the accumulation of lattice defects at the initial treat-
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Fig. 6. Fragments of XRD patterns (a, b), CSD size (¢, d), and quantitative
phase composition (e, f) as a function of ultrasonic impact treatment of AISI
316 stainless steel produced by selective laser melting (a, ¢, e) and hot rolling

b,d, ).

ment stages, followed by their rearrangement during continued de-

formation.
For the SLM material (Fig. 6, e), the austenitic phase remains domi-



MICROSTRUCTURAL AND PHASE EVOLUTION OF AISI 316 STAINLESS STEEL 881

nant throughout the treatment cycle; its content decreases only from
99 to 82% . A different behaviour is observed for the hot-rolled mate-
rial (Fig. 6, f). After only 60s of UIT, the y-phase fraction decreases
sharply from 99% in the initial state to 20% . The phase composition
then stabilizes, indicating considerably lower austenite stability after
hot rolling and a high susceptibility to deformation-induced marten-
sitic transformation.

For the SLM material (Fig. 7), the level of compressive residual
stresses rapidly increases after UIT. The maximum value is reached
after 60 s and is approximately —250 MPa. Subsequently, the stresses
gradually relax to about —88 MPa after 240 s. In the hot-rolled materi-
al (Fig. 7), the initial state is characterized by tensile stresses; UIT
produces compressive stresses in the surface layer after 180s of
treatment at a level of —100 GPa.

Formation of compressive stresses is accompanied by intensive mar-
tensitic transformation and strengthening of the surface layer.

These results agree well with the microhardness measurements. For
the SLM specimens, the increase in microhardness after UIT is mainly
associated with accumulation of compressive residual stresses and dis-
location strengthening, while the contribution of martensitic trans-
formation remains limited due to the high austenite stability. For the
hot-rolled material, the dominant strengthening mechanism is the in-

200
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—400
M"’(].\\ __,..--'"(]
M HR-T2 |
._.-ﬁ}""
-600 ! !
4] 40 80 120 160 200 240
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Fig. 7. Residual stress evolution as a function of ultrasonic impact treatment
duration for AISI 316 stainless steel produced by selective laser melting and
hot rolling.



882 S. M. VOLOSHKO, I. A. VLADYMYRSKYI, M. I. ANYAKIN et al.

tensive y — o’ deformation-induced transformation, accompanied by a
sharp increase in the martensite fraction and formation of compressive
stresses. This is why the structural and microhardness changes after
UIT are much more pronounced for the hot-rolled material compared to
the AISI 316 stainless steel produced by selective laser melting.
Figure 8 shows XRD patterns, calculated changes in quantitative
phase composition, coherent scattering domain size and first-order
stresses for AISI 316 stainless steel produced by SLM and HR after an-
nealing and subsequent ultrasonic impact treatment. The XRD pat-
terns (Fig. 8, a, b) reveal diffraction peaks corresponding to austenite
v-Fe(111) and (200), as well as deformation-induced martensite o'-
Fe(110). With increasing UIT duration, the intensity of the o'-Fe re-
flections gradually increases, suggesting the progressive y — o' defor-
mation-induced martensitic transformation. Simultaneously, diffrac-
tion peak broadening is observed, indicating a reduction in the size of
coherently diffracting domains and/or an increase in lattice mi-
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Fig. 8. Fragments of XRD patterns (a, b), change in CSD size (¢, d), and
change in quantitative phase composition (e, f) in AISI 316 stainless steel pro-
duced by selective laser melting (a, ¢, ) and hot rolling (b, d, f) after anneal-
ing (T1) and ultrasonic impact treatment.
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crostrain associated with plastic deformation of the surface layer.

For SLM AISI 316 steel (Fig. 8, ¢), the CSD size of the austenitic y-Fe
phase sharply decreases from = 145 nm in the initial state to 55 nm af-
ter only 60 s of UIT. Further increase in treatment duration does not
cause additional CSD refinement. For o/'-martensite in the initial state,
a somewhat smaller CSD size of =~ 125 nm is observed; after UIT during
60 s, as for y-Fe, the CSD size also sharply decreases.

For HR AISI 316 steel (Fig. 8, d), the CSD-size variation at the ini-
tial deformation stages is similar: the CSD sizes of y-Fe and o'-Fe de-
crease sharply from 140 nm and 162 nm in the initial state to 18 nm
and 58 nm after 60s of UIT. Increasing the UIT duration leads to a
gradual increase in the y-Fe CSD size to 40 nm, whereas the o'-Fe CSD
size continues to decrease and remains at = 20 nm after 120 s of the
treatment.

The quantitative phase analysis results (Fig. 8, e, f) show a gradual
decrease in the y-phase fraction and a corresponding increase in the o'-
martensite content with increasing UIT duration for both fabrication
routes of AISI 316 stainless steel.

For the SLM specimens (Fig. 8, ¢), the austenite content decreases
from =295% to 280%, while for the HR material (Fig. 8, f) o/-phase
formation is much more intensive: the y-phase content decreases from
=79% to =38% after 180s of UIT. The higher amount of the formed
o'-phase indicates a higher tendency of the rolled structure to form
martensite.

The first-order residual stresses in AISI 316 stainless steel produced
by selective laser melting and hot rolling after annealing and subse-
quent ultrasonic impact treatment are shown in Fig. 7. For the SLM
steel after T1 annealing, tensile stresses of ~ 250 MPa are registered.
After UIT, compressive stresses with a maximum value of ~ 150 MPa
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are formed in the surface layer after 120 s of the treatment, followed
by the partial relaxation. For HR specimens, minimum stress values
are also observed near 120 s of the treatment; however, their absolute
magnitude is somewhat lower (= 120 MPa) and further treatment de-
creases the level of compressive stresses.

Figure 9 presents the XRD results for AISI 316 stainless steel after
water quenching (HT-2) and subsequent ultrasonic impact treatment.
The evolution of quantitative phase composition, CSD size, and first-
order stresses as a function of deformation-treatment duration is shown.

The fragments of the XRD patterns (Fig. 9, a, b) identify (111) and
(200) diffraction peaks from the austenitic y-Fe phase and (110) peak
from martensitic o’-Fe. With increasing UIT duration, the intensity of
the o'-Fe(110) diffraction peak increases, indicating development of
they —» o’ deformation-induced transformation.

For SLM AISI 316 steel, the austenite to martensite transformation
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Fig. 9. Fragments of XRD patterns (a, b), change in CSD size (¢, d), and
change in quantitative phase composition (e, f) in AISI 316 stainless steel pro-
duced by selective laser melting (a, ¢, ¢) and hot rolling (b, d, f) after water
quenching (T2) and ultrasonic impact treatment.
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occurs less intensively compared to the HR steel, indicating a lower
tendency of the structure after water quenching (HT-2) to undergo
martensitic transformation under deformation.

For the SLM specimen after water quenching (Fig. 9, c¢), the CSD size
of austenitic y-Fe sharply decreases from = 130 nm in the initial state
to 45 nm after 60 s of treatment. Further increase in treatment dura-
tion does not lead to a significant decrease in CSD size. The CSD size of
o'-Fe remains substantially smaller (= 25 nm) and does not change with
increasing treatment duration. For HR AISI 316 steel (Fig. 9, d), the
CSD-size variation during UIT is similar.

The quantitative phase composition of AISI 316 stainless steel pro-
duced by different routes was determined from the XRD results (Fig.
9, e, f). For the both fabrication routes, after water quenching (T2) and
ultrasonic impact treatment, the y-Fe content decreases with increas-
ing UIT duration. For the SLM specimens (Fig. 9, ¢), the y-phase con-
tent decreases from = 99% to= 76% after 240 s of UIT. The process oc-
curs gradually, indicating relatively high austenite stability after wa-
ter quenching. In the hot-rolled specimens (Fig.9, f), martensitic
transformation is much more intensive: the y-phase fraction decreases
from 86% to 40% after 240 s of the treatment.

UIT after water quenching induces compressive residual stresses in
the surface layer (Fig.7). For the SLM specimens, tensile residual
stresses of approximately 230 MPa are present after water quenching;
after 60 s of UIT, they change sign and become compressive (—185 MPa).
With further increasing treatment duration, the residual stress values
change in a non-monotonic manner, which may be associated with local
heating and stress relaxation during continued deformation. For the
hot-rolled AISI 316 steel, this effect is considerably more pronounced:
compressive residual stresses exceed —550 MPa after 120 s of UIT, in-
dicating severe plastic deformation of the surface layer.
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These results show that, after water quenching, subsequent ultrason-
ic impact treatment causes formation of deformation-induced o'-Fe
martensite, reduction of the CSD size of the austenitic phase at the ini-
tial stages of UIT and accumulation of compressive residual stresses.

At the same time, SLM-produced AISI 316 steel exhibits higher aus-
tenite stability, while the HR material is characterized by more inten-
sive martensitic transformation and formation of higher compressive
stresses.

4. CONCLUSIONS

AISI 316 stainless steel produced by selective laser melting exhibited
higher stability of the austenitic y-phase during UIT, manifested by a
less pronounced y— o' deformation-induced martensitic transfor-
mation and a different microhardness evolution compared with the
hot-rolled material. This behaviour is attributed to the cellular-
dendritic microstructure and residual stresses characteristic of the
SLM process.

Hot-rolled specimens are characterized by a much more intensive
martensitic transformation during UIT, accompanied by a substantial
increase in the o’-phase fraction and formation of higher compressive
residual stresses. These factors provide the maximum microhardness
values after 120 s of the treatment. At the same time, after the optimal
UIT duration exceeded, partial stress relaxation and phase-
composition stabilization are observed; this slows slowing down the
further strengthening.

Analysis of coherent scattering domain size changes showed that
short-term UIT reduces the CSD size of the y-phase, indicating refine-
ment of the coherently diffracting domains during the initial stages of
plastic deformation.

Combining water quenching with UIT increases the susceptibility of
the material to deformation-induced martensitic transformation and
promotes the formation of higher compressive residual stresses. This
effect is more pronounced for the hot-rolled material. In SLM speci-
mens, austenite remains more stable even after water quenching, con-
firming the distinct microstructural characteristics of additively
manufactured AISI 316 stainless steel.

Thus, the efficiency of ultrasonic impact treatment is governed by
the initial structural state of the material. Hot-rolled AISI 316 steel
shows reveal more intensive deformation strengthening and marten-
sitic transformation after UIT, whereas while the steel produced by
selective laser melting is characterized by higher austenite stability
and slower kinetics of changes in phase composition, microhardness
and residual stresses.

This work was performed within the framework of budget-funded
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Gradient Metals’ Microstructure Change under Severe Plastic
Deformation: A Review

I. E. Volokitina, A. V. Volokitin, T. D. Fedorova, E. N. Reshotkina,
and G. M. Zhumanazarova

Karaganda Industrial University,
30 Republic Ave.,
KZ-101400 Temirtau, Republic of Kazakhstan

Research of gradient-structure conditions in metals is rapidly developing
area of materials science providing opportunities for creation of materials
with unique properties. Long products such as bars and wires are of special
interest here as combination of harder surface layer and softer inner part
within them allows optimizing a number of mechanical properties. Such gra-
dient shift provides higher durability due to hard outer layer, efficient load
distribution across the section, reducing stress concentration in critical
points and, more importantly, increasing overall product plasticity. In case
of sudden impact, e.g., a hit, softer inner layer may absorb the energy, pre-
venting breakdown. This review study looks into various methods of obtain-
ing gradient metals, mainly based on severe plastic deformation. Their influ-
ence on metal-materials’ microstructure and properties as well as most effi-
cient areas of application for some of them are studied.

Key words: gradient metals, severe plastic deformation, microstructure.
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HaBCTBA, II0 IIBUIKO PO3BUBAETHCS Ta BiIKPUBAE MOYKJIUBOCTI /I CTBOPEHHA
MaTepianiB 3 yHikasmbpHUMY BiracTuBocTaAMU. OcobuBU iHTEpPEC TYT mpeacTa-
BJIAIOTH OBTi BUPOOU, TaKi AK IPYTKY Ta APiT, OCKLILKY IOETHAHHSA TBEPAOTO
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pAn MexaHiuHUX BaactuBocTeid. Takwil rpafieHTHUI 3CyB 3a0e3meuye BUIILY
MiIlHiCTh 3aBAAKM TBEPAOMY B30BHINTHLBOMY ITapy, e(eKTHBHOMY POBIOIiTY
HaBaHTAXXEeHHA II0 Iepepisy, BMEHINIEeHHIO KOHI[eHTPAIlil HAIIPYyKeHb Y KPUTHU-
YHUX TOUKAX i, I[0 OiJBII BasKJIMBO, MiABUIIEHHIO 3arajJbHOI IIJIACTUYHOCTH
BHpPOOYy. ¥ pasi pamToBOro BIJIWBY, HATPUKJIAL YAAPY, M’ AKIINUH BHYTPIMIHIN
mrap MoJKke BBiOpaTu eHepriio, 3amobiraioun pyuHyBaHHIO. ¥ IIbOMY OTJISITOBO-
MY IOCHiIKeHHi PO3TIAAAI0ThLCA Pi3HI MeTOIM OlepsKaHH I'PASi€EHTHUX MeTa-
JiB, TOJTOBHUM YMHOM, Ha OCHOBi cuabHOI miuacTuuHoi gedopmarrii. BuBuaers-
cd IXHiY BIJIVB Ha MiKPOCTPYKTYPY Ta BJIIACTUBOCTI MeTaJIeBUX MaTepidAiiB, a
TaKO0K HalOiibmI eheKTUBHI 00JIaCTi BaCTOCYBAHHS AeAKUX 3 HUX.

KarouoBi ciioBa: r'pamienTHi MeTanu, cUJIbHA IJaacTUUYHA medopMarllis, MiKpo-
CTPYKTypaA.

(Received 25 February, 2025; in final version, 13 May, 2025)

1. INTRODUCTION

Gradient materials are specific group of materials distinguished by
smooth controlled change of chemical composition or microstructure
properties by volume. This is not random non-homogeneity but special-
ly created gradient intentionally imbedded in material structure in or-
der to achieve specific properties. Unlike traditional homogeneous ma-
terials, whose properties are consistent throughout the volume, gradi-
ent materials express gradual shift from one phase or composition to
another one. This approach provides massive opportunities for crea-
tion of materials with unique properties unachievable with traditional
methods [1-3].

The notion of gradient materials was mentioned in international sci-
entific periodicals for the first time in history in 1972, when Massa-
chusetts Institute of Technology published results of a brainstorm by
metallurgist M. B. Bever [4, 5]. Although Bever’s study was financed
by USA’s Advanced Research Project Agency, immediate activities did
not follow. Only ten years later, gradient metal alloys program in
Michigan Technical University in Houghton, MI resulted in a number
of publications and reports in conferences. Meanwhile, national pro-
gram of commercial supersonic space shuttle development started in
Japan; thermal barrier coating development for this ambitious project
became an objective for an enormous research program and gradient
material studies. First results were published only in Japanese, then
occasionally in other international periodicals and conferences. The
program quickly took off and had impressive results, which were
shown in 50 of 70 reports in First International Symposium in Sendai
in 1990. At the same time, some laboratories in Germany, Switzerland,
France, Belgium, and Finland started independent studies, including
ones on gradient material structure.
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Gradient-materials’ area of use is incredibly wide, including metals,
ceramics, polymers, composites and even biomaterials [6—11]. For ex-
ample, gradient can be used in metal alloys for mechanical strength and
durability increase. Take an example of casehardened steel: surface
layer is enriched with carbon, which provides high strength and dura-
bility, while the inner layer remains plastic and impact viscosity. This
smooth transition between hard and soft layer prevents cracking and
increases overall reliability of the detail. Similar effect is achieved with
steel nitridation, where nitrogen diffuses into surface layer, forming
nitride phases increasing corrosion resistance and wearability.

Welding seams, although not always designed as gradient materials,
often show gradients of composition and microstructure due to weld-
ing process peculiarities. Alloy elements segregation, uneven phase
distribution and grain size change are possible, which may significant-
ly influence seams’ mechanical properties. Special welding and further
treatment technologies are used to minimize these negative effects.

Ceramic materials also can be modified using gradient technology.
For example, creation of porosity gradient allows controlling material
strength and thermal conductivity. Higher porosity may be necessary
in some areas for less weight, lower porosity to provide necessary
strength in other areas of component[12].

Material surface hardening using ion exchange or ion implantation
is another example of successful gradient technology application. Ion
implantation allows implementing alloy element atoms into surface
layer of material, creating concentration gradient. This leads to sur-
face physical-mechanical properties change, for example, strength and
durability increase [13].

Semi-conductor technologies include multiple examples of gradient
structures. Classical p—n-transition in diodes and transistors is basi-
cally a gradient structure with smooth change of charge carriers’ con-
centration. More modern semi-conductor devices use much more com-
plex gradient structures to control current and voltage properties[14].

Gradient-materials’ application in materials science is caused by in-
ability of most monolithic materials to resist different types of loads
simultaneously. This includes mechanical (rupture, compression,
bending, fatigue), thermal (high or low temperatures, temperature
gradients), chemical (corrosion, oxidation, aggressive environments)
and even radiation loads. Engineering objective becomes more compli-
cated considering additional criteria such as environmental safety,
raw material availability and cost, reuse and recycle possibilities, and,
in case of medical or bioengineering use, biocompatibility.

Gradient materials suggest fundamentally different approach. In-
stead of rapid transition from one material to another, a smooth tran-
sition in properties from core to coating is created [15-17]. This is
achieved through controlled change of material chemical composition,
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structure or microstructure in the intended direction. This approach
allows minimizing inner tensions at the separation line and provides
strong cohesion between different zones of the material. As a result,
high reliability and longevity of the whole structure are achieved. Var-
ious methods are used for gradient-materials’ creation: spraying, dif-
fusion sintering, selective laser sintering, etc. Method selection de-
pends on specific material and required properties. Gradient transition
may deal with not only chemical composition but also microstructure
(for example, grain size), which allows to manage material mechanical
properties more flexibly. Gradient-materials’ study is a promising area
of contemporary material science allowing creating highly reliable and
durable components for various engineering areas. Further research is
concentrated on developing new methods of gradient materials crea-
tion, their properties modelling and structure optimization to achieve
maximum efficiency in specific areas of application [18-20].

In conclusion, it can be said that gradient materials are promising
area in material science bringing new possibilities for creation of ma-
terials with unique pre-designed properties outperforming those of
traditional materials. Continuous technology development allows cre-
ating even more complex and efficient gradient structures, expanding
their area of application in different spheres of science and engineer-
ing. Research in this area continues, leading the way to new discover-
ies and innovations.

2. OBTAINING GRADIENT MICROSTRUCTURE THROUGH
SEVERE PLASTIC DEFORMATION METHODS

Contemporary technologies allow managing properties’ anisotropy in-
tentionally in such processes as drawing and rolling. Change of tense-
deformed state may create functional gradients of properties, which is
especially important for creation of materials, which should possess
various properties depending on terms of use. For example, in aircraft
and vehicle industry, it is important to have materials capable of taking
high loads in some areas and remain light and flexible in others[21].

Recent years have seen active development of severe plastic defor-
mation (SPD) methods with size reduction of microstructure in specif-
ic areas of processed material [22—-30]. These methods allow improving
materials’ strength properties significantly at a sufficient level of
plastic deformation. Besides, it should be notes that, with development
of nanotechnologies and nanolevel processing methods, possibilities of
materials’ structure and properties management vary even more. This
creates new ways of creating high-functional materials, which can be
used in various areas, from medicine to electronics.

SPD technologies have a number of attractive features allowing to
obtain materials with ultrafine-grain structure and improved mechan-
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ical properties, such as higher strength, hardness, and plasticity
[31-35]. At first sight, it seems that SPD should become commonly
used, considering its advantages. However, its wider practical use is
limited by a number of significant obstacles.

One of main reasons is necessity to apply ultrahigh pressure
(5—6 GPa and higher) to achieve desired gradient ultrafine-grain struc-
ture. Such pressures create extreme equipment load, causing its faster
wearing and, subsequently, higher production costs. Development and
application of stronger long-life instruments capable of resisting such
loads is one of key objectives for wider SPD use. Research in this area
includes development of new instrumental materials, use of innovative
coatings and perfection of press equipment structures [36—39].

The second serious barrier is lack of available practice-oriented refer-
ence literature describing SPD principles and methods. Lack of detailed
manuals and recommendations on technological processes development
impairs SPD implementation in industry. Engineers lack information to
develop optimal processing modes, selection of proper equipment and
product quality control. Effort is required to arrange knowledge on
SPD, create learning guides, write review articles and organize special
extension courses for engineering and technical personnel.

The third limiting factor is necessity to reconsider all technical-
economical concept of production and sales of products obtained using
SPD. Despite better properties, ultrafine-grain materials may require
changes of existing technological chains, which cause higher expenses.
This requires complex analysis of costs and benefits from SPD imple-
mentation considering not only equipment and instruments cost but
also potential rise of product quality and competitiveness.

Manufacturers’ conservatism and unwillingness to give up tried-
and-tested technological processes also stops wide use of SPD. Transi-
tion to new technology is always connected to risks and requires signif-
icant investments. To overcome this obstacle, massive awareness-
building effort should be done among manufacturers in showing SPD
advantages providing consulting assistance with new technologies im-
plementation.

2.1. Methods for Obtaining Limited Length Billets

There are many ways to obtain gradient microstructure in limited
length billets through methods. The most popular method of obtaining
gradient microstructure is high-pressure torsion (HPT), where shear-
ing deformation occurs in flat cylindrical samples. In the process sam-
ple is placed between two punches and deformed by rotating one punch
or rotating both punches in opposite directions (Fig. 1, left) [40, 41].

In the first version, (unlimited) sample may flow radially between
punches. Radial deformation here is limited by only internal friction
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Fig. 1. High-pressure torsion: instruments and operating principle (left,
[40]), and difference between ‘limited’ and ‘unlimited” HPT (right, [41]).
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Fig. 2. Comparative deformation (left [41]) and accumulated shear defor-
mation (right [42]) depending on radius and number of rotations.

and friction between the sample and the punch. In this version, sample
thickness reduces and diameter increases. Sample thickness in ‘limited’
version is constant throughout the process. Thus, a distinctive radial
deformation gradient occurs depending on number of rotations (Fig. 2).

Accumulated shear deformations rapidly increase radially from disc
centre at first, but at longer distances become more linear. Formed mi-
crostructures show these gradients in grain size and shape [41].

At the beginning of HPT, as a rule, laminated structures are formed
which turn into equiaxial structures as deformation increases due to
grain fragmentation, starting from the edge of sample. Average grain
size also initially grows from the edge to the centre of the sample. At
enough elongation, saturated grain size is reached, when further de-
formation does not cause structural changes. Thus, highly homogene-
ous microstructures may be obtained in HPT samples after enough ro-
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tations [41, 43].

Another widespread method is equal-channel angular pressing
(ECAP). Its idea is the following: a billet is extruded through fitting
rig along two channels with the same cross sections crossing at
90-135°. After each pass, the billet is rotated along its axis by 180°
(Fig. 3). Deformational impact of ECAP creates various defects of alloy
crystals, changing material microstructure. As a result, there is con-
secutive decrease of grain size due to formation of grid of small-angle
boundaries and, then, large-angle boundaries. The advantage is that
ECAP can be repeated several times without billet size change, and ap-
plied tension can be increased to any level.

Besides, critical shear instability may be caused by deformation di-
rection change, for example, when switching from regular shear (at
ECAP) to variable loading with axial compression—extension (at fa-
tigue) (Fig. 4, b). Depending on grain boundaries stability in shear

Route A
-
(N Route Be
e 1
f : 4)./&5'}'1921:‘:1“: J [
Route C
—2aX y
o _—
a b c

Fig. 4. Alternative models of shear bands formation in UFG materials: local
grain coarsening spreading along the shear (a); shear band formation through
deformation mode change and following coarsening [45] (b).



896 GRADIENT METALS’ MICROSTRUCTURE CHANGE

band grain coarsening caused by deformation may occur.

2.2. Methods of Obtaining Long Billets

However, the abovementioned methods practically cannot be used to
obtain long billets in industrial conditions. Thus, research of gradient-
structure conditions in metal materials is a rapidly developing area of
contemporary material science. Long products such as bars and wires,
where combination of hard surface layers and soft core provides
unique set of mechanical properties, are of special interest. Such archi-
tecture allows increasing wearability significantly, evenly distribute
loads across bar section and, subsequently, increase overall plasticity
and breakdown resistance. This is especially important for details
working under high friction or impact loads.

‘Conform’ method based on SPD principles is used in electrotech-
nical industry for making heavy-duty copper busbars and cables with
higher conductivity [46—48]. Nanostructured implants obtained using
SPD are used in medicine and show increased biocompatibility and bet-
ter acceptability in human body that is promising way for creation of
more effective and safer medical products. In addition, there has been
research of SPD use in aerospace industry for creation of light and
strong materials for aircraft construction as well as automobile manu-
facturing for creation of details with higher wearability. SPD oppor-
tunities are enormous, and further research in this area may lead to
creation of new materials with unique properties and expansion of this
technology area of application [49, 50].

Main way of metal pressure treatment used in contemporary techno-
logical processes of wire making is drawing performed in one-piece die.
This process is a key technological operation where two main tasks are
solved: obtaining wire with set shape and size and forming required
physical-mechanical properties, which define quality and functionali-
ty of the final product. For solving the first task size of initial billet
(wire rod) should be carefully selected, intermediate billet size should
be defined, and drawing transitions for each section should be calcu-
lated. This allows optimizing technological process and providing high
preciseness of obtained product. Another aspect is choice of proper
equipment and tools, which must correspond to set parameters and
provide process stability.

The second task is to define steel grade, which will be used in the
drawing process and to set optimal values of reduction per pass and
overall reduction. These parameters are necessary to achieve set physi-
cal-mechanical properties regulated by corresponding state standards
and technical conditions. It should be noted that wire properties such
as strength, plasticity and corrosion resistance directly depend on
choice of steel grade and processing conditions.
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However, despite all achievements in drawing, obtaining ultrafine-
grain structure providing high physical-mechanical properties of wire
using traditional drawing in one-piece die appears to be impossible.
This is related to quasi-monotonic character of deformation limiting
the ability to achieve required material properties. As a result, re-
searchers and engineers started looking for alternative processing
methods that could overcome these limitations.

A classic example of gradient-structure formation is non-monotonic
shear deformation during drawing with controlled shear [27, 28]. In
case of using low-carbon steel, this method allows to create structure
gradient from coarse-grain core to nanostructure surface layers pos-
sessing ultrahigh microhardness. Experiments have proven multifold
wearability increase for such processed products compared to initial
material. However, it should be noted that gradient-structure for-
mation is just one of tools of managing properties. Gradient interac-
tion with other effects such as texturing, phase transformation and
chemical composition change opens new possibilities for fine-tuning of
local material properties.

Significant potential in this area is shown by dynamic strain ageing
(DSA). DSA is seen at severe plastic deformation leading to formation
of ultrafine-grain and nanostructural states [51, 52]. Simultaneously
with grain size decrease, there is material strength and hardness in-
crease, which is related to point defects and dislocations build-up; this
prevents dislocations movement. Combination of gradient-structure
formation methods and DSA allows creating products with gradually
changing properties from nano- to macrolevel. For example, a product
with nanostructural durable surface layer changing into more plastic
coarse-grain core, which provides higher impact viscosity.

Managing gradient structure and DSA opens prospects for creation
of functional materials with set properties. For example, composite ma-
terials where gradient structure improves adhesion between compo-
nents or a product with controlled cracking resistance, where gradient
transitions facilitate crack-propagation energy dissipation. Besides,
development of gradient structure methods modelling and computer
design allows optimizing technological processes and predicting fu-
ture material properties. Further research should be aimed at study of
various deformation process parameters’ (temperature, deformation
speed, deformation rate) impact on gradient-structure formation and
DSA display as well as development of new control methods and meas-
urement of local properties in gradient-structure materials. In the
longer term, this will allow to create high-efficient and durable prod-
ucts for various industries from machinery to aerospace and medicine.

Annealing is used in some cases to restore material plasticity, even
if it means less gain in strength characteristics at SPD stage. Depend-
ing on specific case, further thermal treatment may simply restore ma-
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terial, while another one may cause local recrystallization.

Influence of such annealing is shown in Fig. 5 with types of micro-
structures and changes in microhardness of non-alloyed copper sam-
ples deformed by 8 passes of hot ECAP and then annealed at different
temperatures [53].

This tendency shows significant drop of microhardness between
210°C and 250°C. Flow curves between initial copper state and after 8
passes of ECAP show rise of strength properties to the detriment of
plasticity, but annealing at 200°C for 20 minutes after SPD shows
simultaneous rise of strength and plasticity properties, which is unu-
sual for annealing treatment effect. In authors’ opinion, this can be
explained by formation of small recrystallized grains with fewer dislo-
cations than in initial grains, but their small size facilitates macro-
scopic increase of flow stress.

Another promising process allowing obtaining gradient microstruc-
ture in bars is cross rolling and one of its types—radial-shear rolling
(RSR) patented in Ref. [564]. Its difference from cross rolling is rolling
of one-piece bar through three-roll layout with large feeding angles.
Unlike well-known processes such as equal-channel angle pressing and
Bridgman anvil deformation, RSR has a number of advantages, includ-
ing lower deformation force, no limits for billet length and ability of
rolling with significant elongation ratio without destruction.

Radial shear rolling differs from other metal pressure treatment in
the fact that it does not only provide high quality of final product but
also allows reducing its production costs significantly. In the process
of radial shear rolling, typical spiral macrostructure formation occurs,
which is explained by specific force and kinematic conditions appear-
ing during technological tool impact on the billet. Due to this, differ-

| [@—=—= CG Copper
A——= 8-pass
RA | &—*—= 8-pass+Annealing
T L& F N

Microhardness (HV)

0 50 100 150 200 250 300 350 400 450 500 550 G &0 0,520 5740 &
Annealing Temperature (°C) Strain (%)

Fig. 5. Influence of annealing temperature on non-alloyed copper after 8 pass-
es of hot ECAP: microphotographs and change of microhardness depending on
temperature (a) change of flow stress after annealing at 200°C for 20 minutes
(b) [53].
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ent metal layers movement trajectories with different pitch and
movement angle of screw lines display complex patterns. As a result,
apart from general material structure reduction, there is layer-by-
layer orientation of reduced structure, where each layer obtains its
own unique movement trajectory, which in its turn influences mechan-
ical properties of obtained product [55, 56].

At RSR, deformation zone follows state of stress close to all-round
compression with high shear deformations. In outer layer, each small
trajectory-oriented element is exposed to compression deformation
along billet radius (diameter), deformation along movement direction
and, respectively, stretching deformation across the screwing trajec-
tory (Fig. 6). Metal structural composition elements obtain form of
isotropic particles of high dispersion ability separated from each oth-
er. Tendency towards formation of structured banded orientation and
reticulation caused by general billet elongation is thus suppressed.
Such metal deformation conditions do not exist in any known station-
ary bar-making process. Overall, along the billet volume, metal heli-
coidal egress within the groove along set trajectories with slowing of
surface layers and speed-up of core ones creates volumetric macro-
shear effect. Macroshear deformations are extremely favourable for
non-defect plastic deformation of metal and facilitate significant in-
crease of billets’ technological deformability [54].

Authors of the study [68] have shown obtained gradient microstruc-
ture of bar section (Fig. 7). However, this method can be used only for
deformation of limited length bars, as the authors of Ref. [569] have
noted, RSR uses very expensive planetary stands.

Study [60] performed experimental research of RSR technological
possibilities for obtaining small-diameter titanium-alloy rods with
gradient microstructure from small diameter ingots. Influence of roll-
ing patterns and thermal deformation conditions on macro- and micro-
structure of obtained ingots and mechanical properties was studied.
Production layout, which was experimentally proven at RSR stands,

ot
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Fig. 6. Radial-shear rolling overview [57].
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Fig. 7. EBSD study of the gradient microstructures of rolled bar longitudinal
sections [58].

can be suggested as foundation for high-technological minirolling line
with flexible production plan.

There are studies considering possibilities of combining RSR and
drawing [61], since use of traditional drawing as final operation after
various SPD processes allows to eliminate all drawbacks (geometrical
roughness, pores, etc.) of preliminary deformation [15, 26].

Study [26] looks into evolution of copper wires’ microstructure and
mechanical properties during deformation in rotating equal-channel
echelon matrix followed by drawing. As a result of deformation, ul-
trafine-grain gradient microstructure with high share of large-angle
boundary grains was obtained. Use of such strengthened wire in con-
struction will allow reducing structure weight due to smaller diameter.

Study [15] developed new way of wire deforming—‘pressing-
drawing’, which is more effective than previously known ways of ob-
taining metal with ultrafine-grain structure. The example of tough-
pitch copper deformed using pressing—drawing process shows that com-
bination of ECAP and traditional drawing leads to formation of struc-
ture with fine homogeneous equiaxial grain with mostly large-angle
boundary. These results could be achieved using shear deformations oc-
curring in equal-channel matrix, which caused formation of material
structure different from one formed through traditional methods.

As an alternative solution to improve metal deformation process,
study [565] suggested innovative combination of radial shear rolling
and traditional drawing. This technology forms a unique combination,
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Fig. 8. Rolling and drawing process overview [55].

which allows increasing metal treatment significantly. The process be-
gins from rod rolling through cone-shaped rollers positioned at 120° to
each other (Fig. 8). This specific configuration provides even defor-
mation spreading throughout material volume, which, in its turn,
promotes structure homogeneity improvement. This is especially im-
portant for obtaining high-quality metal products with set properties.

Besides, combination of radial shear rolling and drawing allows re-
ducing overall treatment time significantly. This happens due to the
fact that both processes, namely, deformation and rod profile for-
mation, are done simultaneously. This approach speeds up production
process and reduces energy and material costs.

During simultaneous rod drawing through rollers and drawing-
block there are tension stresses, which, as studies have shown, reduce
force required for drawing. This is caused by formation of screw-
shaped dents on rod surface after radial shear-rolling step. These dents
do not touch drawing-block during drawing, which reduces overall
force by 15-17%. This significant force reduction eases the process and
increases equipment lifetime [62].

Rod deformation is done using gripping unit, which carefully and
effectively provides rod movement through both deforming units. In
the gap between these two units, rod torsion occurs that additionally
improves mechanical properties of the final product.

As a result of such deformation, gradient microstructure with im-
proved mechanical properties is formed in the rod (Fig. 9).

Thus, suggested solution combines advantages of both radial-shear
rolling and traditional drawing, which allows optimizing metal treat-
ment process, improve product quality and reduce costs. Implementa-
tion of this technology may bring significant changes in metallurgical
industry and open new possibilities for high-quality metal-products’
making.

Studies and experience accumulated over the recent years show that
radial-shear rolling combines advantage of traditional methods and
ability of intense grain-size reduction, even nanoparticles’ dispersion
and controlled microstructure gradient state.
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Tum

Fig. 9. Rod microstructure after deformation: rod section optical image (a);
surface area (b); neutral area (c); central area (d) [62].

1 2 3 4 5 6 7.8

Fig. 10. Wire deformation overview [63].

Research presented in the study [63] looks into evolution of copper
wires’ microstructure and mechanical properties during deformation
in rotating equal-channel echelon matrix followed by drawing
(Fig. 10). As a result of performed experiments, ultrafine-grain gradi-
ent microstructure with high share of large-angle boundary grains
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(Fig. 11) was obtained. This discovery is important for construction
industry, as use of such strengthened wire in construction will allow
reducing structure weight due to smaller diameter, which in its turn
may lead to material saving and better operational characteristics.
Combination of cross rolling and following pressing in angle equal-
channel matrix allows to implement stressed—strained state with intense
shear of surface metal layers during screw rolling in first deformation
zone and combination of intense shear deformation of angular pressing
and torsion in second deformation zone. In this case, central part of the
billet, which was not fully treated in the first deformation zone, is in-
tensely treated in the second deformation zone through another proce-
dure—in echelon ECA matrix. This creates good conditions for for-
mation of ultrafine-grain structure throughout the whole round billet.
Besides, study of angular pressing and torsion parameters is of interest.
Technically, this is a process of continuous pressing with billet torsion
elements inside the matrix, which increases level of cumulative defor-

Fig. 11. Copper wire microstructure after three deformation cycles.
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mation throughout billet volume and facilitates central-area treatment.
Same as in method [38], less homogeneous torsion deformation is covered
by more homogeneous and intense shear deformation at ECA pressing,
which evens out occurring non-homogeneity after torsion.

Combination of cross rolling and following pressing in angle equal-
channel matrix allows to implement stressed—strained state with in-
tense shear of surface metal layers during screw rolling in first defor-
mation zone and combination of intense shear deformation of angular
pressing and torsion in second deformation zone. In this case, central
part of the billet, which was not fully treated and elongated in the first
deformation zone, is intensely treated in the second deformation zone
through another procedure—in echelon ECA matrix. This creates good
conditions for formation of ultrafine-grain structure throughout the
whole round billet.

3. CONCLUSION

Combining gradient structures and thermal treatment brings new pos-
sibilities for material properties improvement. Thermal treatment,
such as annealing and tempering, may significantly change metal mi-
crostructure, which in combination with gradient properties allows
achieving optimal combination of strength, plasticity and wearability.
This is especially important for components working under heavy
loads and temperatures. Thus, analysis of contemporary energy-saving
technologies of obtaining metals and alloys with gradient structure
and ability of combining them with thermal treatment is an important
and promising area of research. This area not only promotes creation
of efficient durable materials but also accepts challenges of contempo-
rary industry requiring implementation of innovative and sustainable
solutions. In the future, further development of this area can be ex-
pected, which will lead to creation of new high-quality metal products
with unique properties demanded in various industries.

Funding: This research has been/was/is funded by the Science
Committee of the Ministry of Science and Higher Education of the Re-
public of Kazakhstan (Grant No. AP19678974).

REFERENCES

1. I. E. Volokitina, A. V. Volokitin, M. A. Latypova, V. V. Chigirinsky, and
A. S.Kolesnikov, Prog. Phys. Met., 24, No. 1: 132 (2023).

2. P.Wang, L. Zhao, J. Liu, M. D. Weir, X. Zhou, and H. H. K. Xu, Bone Research,
2:14017(2014).

3. I. Volokitina, A. Volokitin, E. Panin, and B. Makhmutov, Symmetry, 16, No. 9:
1174 (2024).

4. M. B. Bever and P. E. Duwez, Mater. Sci. Eng.,10: 1 (1972).


https://doi.org/10.15407/ufm.24.01.132
https://doi.org/10.1038/boneres.2014.17
https://doi.org/10.1038/boneres.2014.17
https://doi.org/10.3390/sym16091174
https://doi.org/10.3390/sym16091174
https://doi.org/10.1016/0025-5416(72)90059-6

10.

11.
12.

13.
14.
15.
16.

17.

18.

19.

20.

21.

22.

23.
24.

26.
26.

27.
28.
29.

30.
31.
32.

I. E. VOLOKITINA, A. V. VOLOKITIN, T. D. FEDOROVA et al. 905

M. Shen and M. B. Bever, J. Mater. Sci., 7: 741 (1972).

A. Bychkov and A. Kolesnikov, Metallogr., Microstruct., Anal., 12, No. 3: 564
(2023).

M. Danilenko and V. Gorban, Mater. Sci. Forum, 503: 787 (2006).

V.Bhavar, P. Kattire, S. Thakare, and S. Patil, IOP Conf. Ser.: Mater. Sci. Eng.,
229:012021 (2017).

S. Ramakrishna, J. Mayer, E. Wintermantel, and K. Leong, Compos. Sci. Technol.,
61, No. 9:1189 (2001).

B. Sapargaliyeva, A. Agabekova, G. Ulyeva, A. Yerzhanov, and P. Kozlov, Case
Studies in Construction Materials, 18: €02162 (2023).

1. E. Volokitina, J. Chem. Technol. Metall., 57, No. 3: 631 (2022).

dJ. Jauk, H. Vasatko, L. Gosch, K. Ristoski, J. Fiissl, and M. Stavric, Ceramics, 6:
2243 (2023).

S. Grigoriev, A. Metel, M. Volosova, and Y. Melnik, Mech. Ind., 16: 711 (2015).
W. Shockley, The Bell System Technical Journal, 28: 3 (1949).

1. E. Volokitina and A. V. Volokitin, Metallurgist, 67: 232 (2023).

I. E. Volokitina, A. V. Volokitin, and E. A. Panin, Prog. Phys. Met., 23, No. 4: 684
(2022).

N. Zhangabay, B. Sapargaliyeva, U. Suleimenov, K. Abshenov, A. Utelbayeva,
A. Kolesnikov, K. Baibolov, R. Fediuk, D. Arinova, B. Duissenbekov,

A. Seitkhanov, and M. Amran, Materials, 15: 5732 (2022).

1. Volokitina, A. Volokitin, A. Denissova, and Y. Kuatbay, and Y. Liseitsev, Case
Studies in Construction Materials, 19: 02346 (2023).

D. A. Sinitsin, A. E. M. M. Elrefaei, A. O. Glazachev, D. V. Kuznetsov,

A. A. Parfenova, E. I. Kayumova, and I. V. Nedoseko, Construction Materials and
Products, 6, No. 6: 2 (2023).

A. Nurumgaliyev, T. Zhuniskaliyev, V. Shevko, Y. Mukhambetgaliyev,

B. Kelamanov, Y. Kuatbay, A. Badikova, G. Yerekeyeva, and I. Volokitina, Sci.
Rep., 141: 7456 (2024).

A.D. Korotaev, A. N. Tyumentsev, I. Y. Litovchenko, Phys. Met. Metall., 90: 36
(2000).

A.V.Volokitin, I. E. Volokitina, and E. A. Panin, Prog. Phys. Met., 23, No. 3: 411
(2022).

1. E. Volokitina, Prog. Phys. Met., 3, No. 24: 593 (2023).

1. Volokitina, A. Volokitin, E. Panin, T. Fedorova, D. Lawrinuk, A. Kolesnikov,
A. Yerzhanov, Z. Gelmanova, and Y. Liseitsev, Case Studies Construct. Mater.,
19: 02609 (2023).

A. Volokitin and E. Panin, Metallogr. Microst.Anal., 11, No. 4: 673 (2022).

B. Sapargaliyeva, A. Agabekova, S. Syrlybekkyzy, L. Nurshakhanova,

F. Nurbaeva, A. Kolesnikov, G. Sabyrbayeva, A. Izbassar, O. Kolesnikova,

Y. Liseitsev, and S. Vavrenyuk, Case Studies Construct. Mater., 19: e02256
(2023).

A.Volokitin and D. Kuis, J. Chem. Technol. Metallurgy., 56: 643 (2021).

M. Hawryluk, J. Ziemba, and P. Sadowski, Materials Science, 50: 74 (2017).
E.V. Galieva, V. A. Valitov, R. Ya. Lutfullin, and A. A. Bikmukhametova, Defect
Diffus. Forum, 385: 150 (2018).

1. E. Volokitina, Metal Sci. Heat Treat., 63: 163 (2021).

S. Lezhnev, A. Naizabekov, and E. Panin, Procedia Eng.,81: 1499 (2014).

S. Lezhnev and A. Naizabekov, Procedia Eng., 81: 1505 (2014).


https://doi.org/10.1007/BF00549902
https://doi.org/10.1007/s13632-023-00966-y
https://doi.org/10.1007/s13632-023-00966-y
https://doi.org/10.4028/www.scientific.net/MSF.503-504.787
https://doi.org/10.1088/1757-899x/229/1/012021
https://doi.org/10.1088/1757-899x/229/1/012021
https://doi.org/10.1016/S0266-3538%2800%2900241-4
https://doi.org/10.1016/S0266-3538%2800%2900241-4
https://doi.org/10.1016/j.cscm.2023.e02162
https://doi.org/10.1016/j.cscm.2023.e02162
https://doi.org/10.3390/ceramics6040136
https://doi.org/10.3390/ceramics6040136
https://doi.org/10.1051/MECA%2F2015093
https://doi.org/10.1002/J.1538-7305.1949.TB03645.X
https://doi.org/10.1007/s11015-023-01510-7
https://doi.org/10.15407/ufm.23.04.684
https://doi.org/10.15407/ufm.23.04.684
https://doi.org/10.3390/ma15165732
https://doi.org/10.1016/j.cscm.2023.e02346
https://doi.org/10.1016/j.cscm.2023.e02346
https://doi.org/10.58224/2618-7183-2023-6-6-2
https://doi.org/10.58224/2618-7183-2023-6-6-2
https://doi.org/10.1038/s41598-024-57529-6
https://doi.org/10.1038/s41598-024-57529-6
https://doi.org/10.15407/ufm.22.03.411
https://doi.org/10.15407/ufm.22.03.411
https://doi.org/10.15407/ufm.24.03.593
https://doi.org/10.1016/j.cscm.2023.e02609
https://doi.org/10.1016/j.cscm.2023.e02609
https://doi.org/10.1007/s13632-022-00877-4
https://doi.org/10.1016/j.cscm.2023.e02256
https://doi.org/10.1016/j.cscm.2023.e02256
https://doi.org/10.1177/0020294017707161
https://doi.org/10.4028/www.scientific.net/DDF.385.150
https://doi.org/10.4028/www.scientific.net/DDF.385.150
https://doi.org/10.1007/s11041-021-00664-y
https://doi.org/10.1016/j.proeng.2014.10.180
https://doi.org/10.1016/j.proeng.2014.10.181

906

33.
34.
35.
36.
37.
38.
39.
40.

41.
42.

43.
44.
45.
46.

47.

48.
49.

50.
51.
52.

53.
54.

55.

56.

57.

58.

59.
60.

61.

62.
63.

GRADIENT METALS’ MICROSTRUCTURE CHANGE

G. Kurapov, E. Orlova, and A. Turdaliev, J. Chem. Technol. Metallurgy., 51, No. 4:
451 (2016).

H. Tian, H. L. Suo, O. V. Mishin, Y. B. Zhang, D. Jensen, and J.-C. Grivel,

J. Mater. Sci., 48: 4183 (2013).

R.Yuan, Acta Mechanica, 234: 4147 (2023).

A. Naizabekov and E. Panin, J. Mater. Eng. Perform., 28: 1762 (2019).

S. Lezhnev and E. Panin, Advanced Materials Research, 814: 68 (2013).

A. Naizabekov, A. Arbuz, S. Lezhnev, and E. Panin, Phys. Scr., 94, No. 10: 105702
(2019).

S. Ramesh Kumar, K. Gudimetla, B. Tejaswi, and B. Ravisankar, Trans. Indian.
Inst. Met.,70: 639 (2017).

D.J.Lee, E. Yoon, D.-H. Ahn, B. H. Park, H. W. Park, L. J. Park, Y. Estrin, and
H. S. Kim, Acta Mater., 76: 281 (2014).

A.P. Zhilyaev, T. R. McNelley, and T. G. Langdon, J. Mater. Sci., 42: 1517 (2007).
Y. Estrin, A. Molotnikov, C. H. J. Davies, and R. Lapovok, J. Mech. Phys. Solids,
56: 1186 (2008).

A. Vorhauer and R. Pippan, Scr. Mater., 51: 921 (2004).

M. Rifai, H. Miyamoto, and H. Fujiwara, Metals, 4: 55 (2014).

H. Mughrabi and H. W. Hoppel, Int.J. Fatigue, 32: 1413 (2010).

S. Atefi, M. H. Parsa, D. Ahmadkhaniha, C. Zanella, and H. R. Jafarian, JJ. Mater.
Res. Technol., 21: 1614 (2022).

X.Pang, Y. Zeng, S. Li, Z. Li, P. Shen, B. Zhang, and W. Deng, J. Mater. Res.
Technol., 23: 4479 (2023).

V. Ayati, M. H. Parsa, and H. Mirzadeh, Adv. Eng. Mater.,18: 319 (2016).

M. Kawasaki, B. Ahn, H. J. Lee, A. P. Zhilyaev, and T. G. Langdon, JJ. M ater. Res.,
31: 88 (2015).

X.L. Wu, P. Jiang, and L. Chen, Mater. Res. Lett., 2, No. 4: 185 (2014).

G. Aleshin, G. Raab, and 1. Kodirov, Key Eng. Mater.,743: 191 (2017).

S. Zhao, C. Meng, F. Mao, and G. Gottstein, Acta Mater., 76: 54 (2014).

A. Habibi and M. Ketabchi, Materials and Design, 34: 483 (2012).

S. P. Galkin, Method of Screw Rolling: Patent 2293619 RF. MIIK B21B, 19/00;
NITU MIS;iS - No. 2006110612/02, applied for 2007. 04.04.2006; publ.
20.02.2007 (Bulletin of Inventions, No. 5) (2007).

1. Volokitina, A. Volokitin, and E. Panin, J. Mater. Res. Technol., 31: 2985 (2024).
I. E. Volokitina and A. V. Volokitin, Metallofiz. Noveishie Tekhnol., 46, No. 9: 850
(2024).

A. Arbuz, A. Panichkin, F. Popov, A. Kawalek, K. Ozhmegov, and N. Lutchenko,
Metals, 14, No. 1: 53 (2024).

A. Arbuz, A. Kawalek, A. Panichkin, K. Ozhmegov, F. Popov, and N. Lutchenko,
Materials, 16: 7547 (2023).

V. A.Kharitonov and M. Usanov, Metallurgist, 57, Nos. 11-12: 1015 (2014).

B. V.Karpov, P. V. Patrin, S. P. Galkin, E. A. Kharitonov, and I. B. Karpov, Met-
allurgist, 61: 884 (2018).

S. Lezhnev, A. Naizabekov, D. Kuis, A. Kasperovich, and E. Panin, 30th Anniver-
sary International Conference on Metallurgy and Materials (May 26-28,2021,
Brno, Czech Republic), p. 193.

I. Volokitina, A. Volokitin, and B. Makhmutov, Symmetry, 16, No. 8: 997 (2024).
A. Volokitin, I. Volokitina, M. S. Sonmez, A. Denissova, and Z. Gelmanova, Sym-
metry, 16, No. 11: 1515 (2024).


https://doi.org/10.18323/2782-4039-2022-1-73-81
https://doi.org/10.1007/s00707-023-03606-2
https://doi.org/10.1007/s11665-019-3880-6
http://dx.doi.org/10.4028/www.scientific.net/AMR.814.68
https://doi.org/10.1088/1402-4896/ab1e6e
https://doi.org/10.1088/1402-4896/ab1e6e
https://doi.org/10.1007/s12666-017-1073-2
https://doi.org/10.1007/s12666-017-1073-2
https://doi.org/10.1016/j.jmps.2007.10.004
https://doi.org/10.1016/j.jmps.2007.10.004
https://doi.org/10.3390/met4010055
http://dx.doi.org/10.1016/j.ijfatigue.2009.10.007
https://doi.org/10.1016/j.jmrt.2022.09.103
https://doi.org/10.1016/j.jmrt.2022.09.103
https://doi.org/10.1016/j.jmrt.2023.02.107
https://doi.org/10.1016/j.jmrt.2023.02.107
https://doi.org/10.1557/jmr.2015.257
https://doi.org/10.1557/jmr.2015.257
https://doi.org/10.1080/21663831.2014.935821
https://doi.org/10.4028/www.scientific.net%2FKEM.743.191
https://doi.org/10.1016/j.actamat.2014.05.004
http://dx.doi.org/10.1016/j.matdes.2011.07.029
https://doi.org/10.1016/j.jmrt.2024.07.038
https://doi.org/10.15407/mfint.46.09.0845
https://doi.org/10.15407/mfint.46.09.0845
https://doi.org/10.3390/met14010053
https://doi.org/10.3390/ma16247547
https://doi.org/10.1007/s11015-014-9838-x
https://doi.org/10.1007/s11015-018-0581-6
https://doi.org/10.1007/s11015-018-0581-6
https://doi.org/10.37904/metal.2021.4108
https://doi.org/10.37904/metal.2021.4108
https://doi.org/10.37904/metal.2021.4108
https://doi.org/10.3390/sym16080997
https://doi.org/10.3390/sym16111515
https://doi.org/10.3390/sym16111515

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

Memanogi3. HOBIMHI MeXHOL. National Academy of Sciences of Ukraine
Metallofiz. Noveishie Tekhnol. Published by license under
2026, vol. 48, No. 8, pp. 907-918 the G. V. Kurdyumov Institute for Metal Physics—
https://doi.org/10.15407/mfint.48.08.0907 N.A.S. of Ukraine Publishers imprint.
Reprints available directly from the publisher Printed in Ukraine.

PACS numbers: 06.60.Vz, 46.50.+a, 61.72.Ff, 61.72.Hh, 62.20.M-, 81.20.-n, 81.40.Np

Influence of Ti 6Al 4V Alloy Microstructure and Processing
Parameters of Hot Deformation (Forging) on the Formation
of Cup-Shaped Product
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The influence of the microstructure type of the titanium Ti-6Al-4V alloy on
the formation of a cup-shaped part by two-stage hot plastic deformation by
forging is studied. As found, surface cracks in a strictly localized region
form in the case of a globular o + 3 microstructure, whereas this is not ob-
served in a microstructure with unrecrystallized plastic particles of the a-
phase. A scheme explaining such a locking action of the a-phase plates is pro-
posed, and performed finite-elements’ simulation has established the occur-
rence of a complex stress state in this area, which causes the nucleation of
surface cracks.

Key words: titanium, Ti-6Al-4V alloy, microstructure, hot deformation,
forging, stresses.

HocimKeHO BIJIMB TUIY MiKPOCTPYKTypu TuTaHoBoro crouy Ti—-6Al-4V ma
dopMyBaHHSA UAIIONOAi0OHOI meTasi ABOCTANiMHUM rapsauuM IIJIaCTUUYHUM Je-
dopMyBaHHAM KyBaHHAM. ByJio BUABJIEHO, II[0 YV BUIIAAKY IJI00yasapHOL o + 3-
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MiKpPOCTPYKTYPH YTBOPIOIOTHCA MOBEPXHEBi TPIIIMHU Y CTPOTO JOKAaJIi30BaHiMi
06JacTi, ToAi AK y MiKPOCTPYKTYPi 3 HEKPUCTATiB0BaHNMHU IJIACTUYHUMU Yac-
THHKaMu o-(hasu I[HOT0 He CIIOCTePiraeThca. 3arPOIIOHOBAHO CXEMY, IIT0 IOsC-
HIOE TaKy 3aMUKAaJbHY [OiI0 ILIaCTUH o-(asu, a mpoBefieHe MOJEII0OBAaHHA Me-
TOJOM CKiHUEHHUX eJIeMeHTiB BCTAHOBUJIO BUHUKHEHHS CKJIAJHOTO HaIIpyiKe-
HOTO CTaHYy B I[if 06J1aCTi, 1110 BUKJINKAE 3aPOAKeHHA IOBEePXHEeBUX TPIII[UH.

Karouosi ciosa: tutaH, cromn Ti—6Al-4V, mikpocTpyKTypa, rapade medopmy-
BAaHHA, KYBAHHS, HAIIPYKE€HHI.

(Received 17 July, 2026, in final version, 22 July, 2026 )

1.INTRODUCTION

Titanium alloys are ones of the most important structural materials
for a wide range of applications due to the unique combination of their
properties—high specific strength and ductility, fatigue characteris-
tics, corrosion resistance, and non-magnetism [1-3]. In addition, these
alloys are characterized by good processability; to obtain the desired
properties, they are subjected to various types of deformation and heat
treatment [2—4]. These treatments can be divided into treatments for
the purpose of creating a certain internal phase composition and mi-
crostructure (which determines the mechanical characteristics of the
material) and treatments that form a specific product. Often, the op-
timal parameters and modes of these two types of treatments do not
coincide. For example, to obtain the considered most optimal globular
(equiaxed) microstructure in titanium alloys, thermomechanical
treatment with compression ratios of more than 80% is required, car-
ried out at temperatures lower than the B-transition temperature
[3, 5]. At the same time, to simplify the processes of shaping in various
types of deformation (from rolling to pressing and forging) and to use
effectively equipment and tools, it is desirable to carry out defor-
mation processing at the highest possible temperatures. The latter ap-
proach critically spoils the microstructure of titanium alloys, cata-
strophically reducing their properties, firstly plasticity [5, 6]. At the
same time, it is impossible to state unequivocally that titanium alloys
have one universal microstructure for all cases and practical applica-
tions. For example, the highest strength characteristics are possessed
by alloys with highly dispersed inclusions of the primary o-phase ob-
tained by quenching from temperatures of a single B-phase field and
subsequent aging [1, 7], while the resistance to crack propagation and
high-temperature creep is better in a coarse-grained lamellar micro-
structure[1, 6, 8]. The present work is concerned with the study of the
influence of the structural features of the microstructure of the Ti—6
Al-4V [wt.%] alloy on its hot deformability in the manufacture of such
arelatively simple, but widely used in real practice object as a ‘cup’.
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2. MATERIAL AND EXPERIMENTAL PROCEDURE

Two ¥30 mm rods (Fig. 1, a) of commercial Ti—-6Al-4V [wt.%] alloy
produced by different companies were used as initial material to pro-
duce ‘cup’ shaped object (Fig. 1, b) by means of two-step hot forging.
One of these rods has bi-modal type of microstructure type consisting
of primary a-globules and fine mixture of lamellae secondary a.+ 3 in
all locations—in the centre and near the rod edge (Fig. 2, a, b). The sec-
ond one is characterized by similar bimodal microstructure in the cen-
tre (Fig. 2, ¢), but not completely recrystallized microstructure with
laminated in longitudinal direction a- and B-phases in the zone near the
edge of the rod (Fig. 2, d).

Hot forging of the samples of the rods with both microstructures
was performed in two steps. In the first step, after heating at 920°C for
30 min, the outer hemispherical shape of the forged peace was formed
with a die. Moreover, in the second, the inner cavity was formed using
a reverse extrusion scheme of deformation. At least 5 forged pieces
were produced from each type of the rods.

The manufactured forgings were first examined over their entire
surface to detect possible defects. Cracks were found on the outer sur-
face of products made from the rod with microstructure 1, while prod-
ucts made from the rod with microstructure 2 had no defects. The arti-
cle containing surface defects was then cut (as shown in Fig. 3) for a
detailed study of the microstructure and its relationship with crack
formation. Microstructural studies were performed using scanning
electron microscopy (SEM, using TESCAN Vega 3 microscope) on sec-

&30 mm

|
|23 55 mm
&40 mm
|
f
g —5- 3 \ ]
< é \ |
R 20 mm
&

i Zak

a b @30 mm

Fig. 1. Schematic presentation of the initial rod (a) and final shape of the
forged piece (b).



910 0.M.IVASYSHYN, H. A. BAHLYUK, V.I1. BONDARCHUK et al.

Fig. 2. Microstructure of the 1% (a, b) and the 2™ (¢, d) @30 mm rods in the
initial state in the centre (a, ¢) and near the edge (b, d). (SEM, SE).

tions prepared according to the standard method for this alloy in its
etched with Kroll solution state[9].

To explain the influence of hot deformation conditions on the locali-
zation of stresses and deformations during the formation of forged
pieces, a finite element simulation was carried out by means of the fi-
nite element method [10] using the DEFORM 2D/3D software. Based
on the modelling results, the deformed state was established and the
distribution of effective strain g, in the forging volume at various
transitions was analysed:

Si = gj.; J(ég_ ér)2 + (éz_ E::(p)z + (ér_ é‘P)z + §Yfzdt ’ (1)

) ov, . o, . | 2 1(0V. oV
82: 2, €. = r’ €, = ,er— r+_2, (2)
0z or o 2

0z or



INFLUENCE OF Ti-6Al-4V ALLOY MICROSTRUCTURE AND PROCESSING 911

where V,.and V, are radial and axial components of the velocity vector.

3. RESULTS AND DISCUSSION
3.1. Study of Microstructure after Hot Deformation

During the initial visual examination, cracks were found in areas (A),
(B) and (C) indicated in Fig. 3, b and Fig. 4, a. In two areas marked as
(A) and (C), cracks are visible, directed tangentially at an angle of ap-
proximately 45° from the outer surface into the depths of the forged
peace (1-4 in Fig. 4, a). The presence of such cracks in the products is a
fact, causing their complete rejection. All these cracks had practically
the same character and appearance. Details of the microstructure of a
typical crack 4 are shown in Fig. 4, b—e. In Figure 4, b, it can be seen
that the crack extends to a depth of approximately 2 mm from the sur-
face. At its most superficial edge (Fig. 4, c—locations (A) and (B) are
identical), traces of plastic deformation are visible in the areas both
around the crack itself (marked by arrow 1) and at the outer surface of
the forging (arrow 2). However, in the deeper zone at the tip of the
crack (Fig. 4, ¢), it is already clearly visible that it grew along a narrow
channel of a highly deformed structure, which is very similar to the
adiabatic shear band (ASB [11], marked with an arrow). Moreover, this
ASB extends dipper into the deformed material (Fig. 4, e).

An adiabatic shear band is a narrow region in a material, often a
metal, where intense shear deformation occurs under high strain rates,
leading to a rapid temperature rise that is not dissipated to the sur-
roundings. The formation of ASB involves complex microstructural

Fig. 3. General view of the divisional ones of the forged pieces (a) and its
cross-section in the layer (1), where the surface cracks were discovered (b).
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Fig. 4. General view (a) of section 1 (from Fig. 3, b), and microstructure of the
crack 4 (b—e) in the different locations indicated in (b). Arrows in (c—e) indi-
cate elements of microstructure discussed (SEM, BSE).

changes, such as dynamic recrystallization, which contribute to the
observed material softening [11, 12].

These results of microstructural studies explain the nature of the
formation of such deep cracks in the microstructure of the 1 type due
to the localization of deformation in certain areas of the surface with
the formation of adiabatic shear bands. The special nature of such ASB
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[13] leads to strong local heating of the material and its weakening,
which causes cracking. Nevertheless, these results do not explain how
the initial stage of the origin of such cracks occurs. In addition, this
does not explain the fact that, in the microstructure of the 2™ type
with a banded structure of phases in the near-surface layers, cracks do
not arise.

To solve this problem, additional studies were carried out in other
areas to detect smaller cracks, those at the earliest stage of crack initi-
ation. Such cracks (Fig. 5) were found in area (B) shown in Fig. 4, a. In
Fig. 5, a, b, it is evident that small cracks originate in the surface layer
itself at the boundaries between the stronger particles of the a-phase
[8] and the softer interlayers of the B-phase. Further, with increasing
load, such cracks continue to spread in depth along the same ‘weak-
ened’ interphase a/p boundaries. A similar phenomenon, in principle,
was observed earlier, mainly in the case of the spread of fatigue cracks
under alternating loading [14].

In the forged pieces obtained from rods with the second type of mi-
crostructure, no cracks were found. However, analysing the above re-
sults, one can come to a fairly well founded conclusion that even if such
a microcrack can form on the surface, then, as can be seen in Fig. 2, d,
there will be no such ‘weakened’ o/B-interphase boundary in front of
it.

Instead, the tip of the microcrack will rest against a plate of strong-
er a-phase, which will lie across its path. A comparison of these situa-
tions is shown in the form of a conditional diagram in Fig. 6. It is obvi-
ous that, for the propagation of cracks deeper inside the forging body
(shown in Fig. 4), the nucleation of such small cracks on the surface is

Fig. 5. Small (initial) cracks on the surface of forgings processed with 1% mi-
crostructure rod. Red arrows indicate direction of cracks (SEM, BSE).
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[g Local stress impact Local stress impact
Crack initiation and growth Crack stopped

Microstructure 1 Microstructure 2

Fig. 6. Scheme illustrating influence of microstructure in the surface layers
on surface cracks propagation.

anecessary condition.

3.2. Modelling of Deformation

The results of modelling the temperature fields and the deformed state
of the forging volume during each of the two deformation transitions
confirm the hypothesis regarding the deformation nature of the local
temperature changes (Figs. 7-10). First of all, it should be noted that
the deformation production of a product of this shape is carried out in
two stages: first, by forming an intermediate bell-shaped product from
a cylindrical blank (Fig. 7, a), and then by forming an internal cavity
inside it (Fig. 7, b).

As can be seen from Fig. 7, a, already at the first forging operation,
in which the open-die forging scheme is implemented in most of the
forging volume, preheated to 920°C, deformation heating of the mate-
rial occurs, which is accompanied by an increase in temperature to
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Fig. 7. Distribution of temperature fields in the forging volume after the first
(a) and second (b) forging operations.
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more than 970°C in local zones subjected to greater deformations.

In the second forging transition, the temperature of the lower (cy-
lindrical) part of the forging and the peripheral layers of the spherical
part of its surface, due to contact with the colder working surface of
the die, decreased to 750-820°C in the cylindrical part and to
890-960°C on the lateral spherical part (Fig. 7, b).

The deformation nature of temperature changes in local zones of the
forging is confirmed by the results of modelling the effective strain dis-
tribution across its cross-section (Fig. 8), which correlates quite closely
with the nature of the temperature distribution. As can be seen in
Fig. 8, a, the highest values of effective strain are observed in the cen-
tral zone of the forging during the first pass and decrease in the radial
direction towards the peripheral areas. In contrast, the lower cylindrical
zone of the forging is marked by the minimum values of effective strain.

At the same time, in the peripheral region of the forging, bordering
the transition zone from cylindrical to spherical surfaces, there is a
narrow region of increased deformation (indicated by an arrow), di-
rected tangentially at an angle of approximately 45° from the outer
surface into the depths of the forged peace (Fig. 8, a). Its location and
direction are similar to the area and direction of cracks in the forging,
as shown in Fig. 3 and Fig. 4.

However, taking into account the fact that the effective strain is a
scalar quantity, which is considered as a generalized indicator of de-
formations [15] to identify the causes of the cracks formation on the
surface of forgings, it is obviously also necessary to have information
on the distribution of radial and axial deformations over the volume of
the forging at different stages of deformation. Thus, the analysis of
the patterns of radial deformation fields distribution shows, that, sim-
ilarly to the pattern of the effective strain, already at the first stage of
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Fig. 8. Distribution of effective strain fields in the forging volume after the
first (a) and second (b) forging operations.
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the process in the peripheral region of the forging at the boundary of
the transition from cylindrical to spherical surfaces, a narrow zone of
increased level of radial deformations with a positive sign (arrow) is
also formed, which corresponds to tensile deformations.

The level of the values in this zone after the first transition is in the
range of 0.30-0.38 (Fig. 9, a); however, during the forging process at
the second transition, they gradually decrease from 0.21-0.36
(Fig. 9, b) to a value close to zero (Fig. 9, c, d).

The noted effect of reducing the level of the values at the second
transition is due to the ‘wedge-forming’ action of the punch when it is
pressed into the forging body, at which the rate of radial deformation of
local volumes located in the zone of action of the punch acquires a sig-
nificantly negative value, i.e., compression deformations are realized.

Obviously, the hypothesis given regarding the mechanism of crack
occurrence from the point of view of the deformed state of the forging
can be considered debatable referring to the significantly larger values
of tensile radial deformations in the central zone of the forging (direct-
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Fig. 9. Distribution of radial deformation fields in the forging volume after

the first (a) and second (b—d) forging operations.
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Fig. 10. Distribution of axial deformation fields in the forging volume after
the first (a) and second (b) forging operations.

ly under the punch), reaching the values of 1.2-1.6 and more, in
which, nevertheless, cracks are not observed. However, the assessment
of the values of axial deformations ¢, under the punch shows that, in
this zone, they reach negative values up to —-1.5——1.9 (which indicates
a significantly compressive nature of the deformations). This fully
compensates for the tensile radial deformations and makes it impossi-
ble for the material to crack in this zone.

In contrast, the value of ¢, on the side surface of the forging in the
area of crack formation, although it has a negative value (of about
—0.011) (Fig. 10), approaches zero in magnitude, which in no way can
compensate for significant tensile deformations.

4. CONCLUSION

Thus, the results of the microstructure study clearly demonstrated
that the formation of surface cracks in a strictly localized region oc-
curs in the case of the initial alloy microstructure of the globular type,
which was previously considered the best in terms of mechanical prop-
erties. However, in contrast to this, the microstructure with incom-
pletely globularized phases showed no such cracking. Based on a de-
tailed study of the microstructure of surface layers and the nature of
the initiation and propagation of such cracks in them, a scheme was
proposed that shows the inhibitory effect of lamellar particles of the
stronger a-phase on the growth of a such surface cracks.

To explain the somewhat unexpected location of formation of such
cracks, a finite element simulation of such hot deformation was car-
ried out. Based on the obtained data, a hypothesis is proposed regard-
ing the mechanism of crack formation on the side surface of the forg-
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ing from the point of view of their deformed state. It is based on the
formation of noticeable tensile deformations in this zone during the
forging process, while local axial deformations approach zero in mag-
nitude, which in no way compensates for tensile deformations.

Part of this work was performed in G. V. Kurdyumov Institute for
Metal Physics, N.A.S. of Ukraine within the framework of the project
060/23 funded by the National Academy of Sciences of Ukraine.
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