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AHHOTaNUs

Beeoenue. CoBpemeHHbIe MaTepHabl TPEOYIOT ITyOOKOTr0 HOHUMAHHS UX CTPYKTYPBI U1 IPOTHO3UPOBAHUS IKCILTya-
TallMOHHBIX CBOICTB. IIpuMeHeHNe pa3nuuHBIX METOAMK M MPOrpaMM AJs BU3yalM3alMd, TAKHX KaK ONTHYECKas U
JIEKTPOHHAsT MUKPOCKOIINS, OTPAaHIYECHO IBYMEPHBIMU M300paKEHUSIMH, YTO 3aTPyAHSET ACTalbHBIA aHanmn3 Mopdo-
noruu. HecMoTpsi Ha Hanw4we MCCIETOBAaHWN B ATOH OOJACTH, CYIIECTBYET HEIOCTaTOK B TIOHUMAaHHU TPEXMEpPHOU
OPraHM3aIIOHHOW CTPYKTYphl MaTepHaloB, YTO CO3/AeT MPOOENbl B 3HAHWW O BIMSHUH I€OMETPUU Ha (HU3HUECKHe
cBoiicTBa komro3utoB. [Iporpamma ImageJ Obuta BeIOpaHa /Il JaHHOTO MCCIIEIOBaHMs Oylarogapsi CBoeil MHOrOo(yHK-
UOHAJIBHOCTH M IOJJIEPXKKE MHOXKECTBa (OPMATOB, YTO 3HAYMTENHHO yrpolnaer aHaiau3. OHa Takke npejaiaraer
MOMIHBIC MHCTPYMEHTHI MJIsI aBTOMAaTHU3allMu ITPOLECCOB U ITO3BOJIACT H3BJICKATH 3D-I/IH(1)OpMaIlI/IIO H3 ABYMCPHBIX
U300paKeHHUH, YTO KPUTHYHO JUIsS TOYHOH WAEHTH(HUKALMHK CTPYKTYPHBIX KOMIIOHEHTOB. Hactosiuee uccienoBaHue
HAaIIPaBJICHO Ha yCTpaHEeHHe HemocTaroleil nudopmarmu, Gokycupysch Ha aHaIH3e MOP(OJIOTHH CTaIBHOTO (GeppuTo-
MapTEHCUTHOT0 KoMIo3uTa. Llens paboTsl — uaeHTuduKanus 3D-CTpyKTypbl TOBEPXHOCTH KOMIIO3HTA, YTO TO3BOJIUT
YIYYIIUTh TOHUMAHUE €T0 SKCIUTYyaTAMOHHBIX XapaKTEPUCTUK M MOATBEPANTH 3HAYMMOCTH BBIOOPA MOIXOSIINX Me-
TOJIOB BU3YyaJIU3alNH.

Mamepuansl u memoodsl. B xadecTBe MCXOAHOTO MaTepHaa il aHalu3a ObIIIO BEIOpAaHO M300pakeHHE MUKPOCTPYK-
TYpPBI CTAIBHOTO €CTeCTBEHHOTo (eppuro-mapreHcutHoro kommnosura (E®@MK), nomyyeHHOE Ha ONTHYECKOM MHUKpO-
ckorie Meram PB-22. PaccmarpuBaemasi MEKpOCTPYKTypa cOCTOUT U3 2-X (a3, rae cBemioi ¢azoii ssisercs depput, a
TEeMHOW — MapTeHcHT. Vcnosnb3oBanack nporpamMma Imagel, agantupoBaHHast 1101 pa3jiduHble (OPMaThl JIEKTPOHHO-
MHKPOCKOIIUYECKHX M MeTamiorpaguiyeckux M300paKeHuil U MO3BOJISIONMas MOJdy4YnuTh NIMPOKUA Habop reomerpuye-
CKHUX XapaKTePHCTHK TOBEPXHOCTH.

Peszynomamut uccnedosanus. Vccnenosanue ¢ UCHOIb30BAaHUEM NIPOTPAMMHOT0 obecredeHust Image] MUKPOCTPYKTY-
PBI CTaJBHOTO (PePPUTO-MAPTEHCUTHOTO KOMIIO3HUTA BBIABHJIO XapaKTEPHYIO CTPOYEHYHYIO CTPYKTYPY, COCTOSIIYIO H3
cBetnoil ¢a3el (peppura) u TeMHOU ¢a3el (MapTeHcHTa). OOpaboTKa M300pakeHUH, BKITIOYas MacmITabupoBaHHE U
CETMEHTALNIO, ITPUBEJIa K IPE0OPa30BaHMIO B YepHO-0eIbIif hOpMaT, 4TO MO3BOJIMIIO YETKO BU3YaTH3HPOBATh TPAHUIIBI
Mexay (azamu m reomerpuueckue (opMmbl dacTuil. UeTwlpexnmapaMmeTpuueckas KanmuOpoBouHas ¢yHkunus Ponbapna
obecrieuniia JONOJIHUTEIbHBIC JJAHHBIC O IUIOMIA/N, CTAHAAPTHOM OTKJIOHEHWH, aCHMMETPUH U 3KCIIECCe, YTO 3aTpy/-
HSIET aHAINM3 CTPYKTYpHl. B pesynbrate ormeueno 40,8 % ruromany, 3aHsATeINA GeppuroM, u 59,2 % — MapTEeHCHUTOM.
[Ipoduiap MoBepXHOCTH MOKa3bIBAET YEPENOBAHHE CIIOEB W3 PAa3OPUEHTHPOBAHHBIX KPUCTAIJIOB, a KOJIMYECTBEHHAs
nHpOpMaNys MO3BOIIA CO3AaTh YeTKoe 3D-n300paxkeHre TOBEPXHOCTH KOMITO3HTA.

Oécyscoenue. VIamepsieMast B TUKCEISIX TOJIIMHA TPAHUIL 36PEH OKa3bIBACTCS TOHBIIIE, YeM B JIPYIHX rpadMyecKux peiak-
TOpax, 3a CYET Yero MU3MEHSETCs IUIONAb U COOTBETCTBEHHO KOJIMYECTBO CBETNION (hasbl. V3MeHeHHe KOJIMYECTBEHHOTO
cooTHoIeHus (a3 «heppuT-MapTEHCUT» CBSI3aHO C TEM, YTO B IPOrpaMMe TOJABIISIETCS «ITyM» H300paKeHUsI U Hepacro-
3HaHHas cepas aza MPOoUHTHIBAETCs OoJiee YETKO: YacTh €€ OTHOCUTCS K CBETJIOM (ase, u 4acTh — K TEMHOM.
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B ycnoBusix COBpEMEHHBIX TEXHOIOTHH U BBICOKUX TPEOOBAHUI K MPOYHOCTH U M3HOCOCTOMKOCTH, TIOHUMAaHUE MUKPO-
CTPYKTYPBHI CTAHOBHTCS KJIFOYEBBIM JJIsI ONTHUMH3ALUH CBOWCTB MaTepHaIoB. BbIOOp MOAXOASIINX METOIOB BU3Yyaln3a-
II1H, TAaKUX KaK MPUMEHEHHE MPOrpaMMHOro obecrnedenus Imagel, He TOIBKO MO3BOJSAET MOMYIUTh TOUYHBIE JAHHBIE O
pacripeneneHun ¢a3, HO TAKXKE CIIOCOOCTBYET Ooliee IITyOOKOMY aHAIM3y MEXaHHYECKUX CBOMCTB, TAKUX KaK TBEPAOCTh
U YCTOMYUBOCTb K KOPPO3UU. DTH aCMEKThl BaXKHbI B KOHTEKCTE POCTa HHHOBAIIMOHHBIX TEXHOJIOTUH, TJ€ HaJIe)KHOCTh
U I0JTOBEYHOCTh MAaTEPHAIOB UTPAIOT LIEHTPAIBHYIO POJIb.

3aknouenue. Ilpumenenne nporpaMmMHoOro komiuiekca Imagel s Busyanusanuu B 2D u 3D rpaduke u kauecTBeHHO-
T'0 ¥ KOJINYECTBEHHOTO aHalIi3a MOP(OJIOTHH OBEPXHOCTH I'€TEPOTreHHBIX CTPYKTYPHBIX COCTOSIHUM MaTepUaioB SBJIs-
ercsi ynoOHbIM, 3(dexkTHBHBIM U MH(OPMATHBHBIM CIIOCOOOM TOJYYEHHSI F€OMETPUYECKUX XapaKTEPUCTUK HaCTHI]
CTPYKTYPHBIX COCTABIISIOIIMX. Takke BO3MOXKHO NMPOBEACHHs KapTUpoBaHHs (HOPMBI U pa3MepoB 4YacTHil. ABTOMATH-
3aIusl mpolecca MPUBOIUT K SKOHOMHUH 3aTpaT BPEMEHH U PECYPCOB, MUHUMU3UPYET BIMSIHUE CYOBEKTHBHBIX (aKToO-
POB Ha pe3yibTaT Ha Pa3HbIX 3Tanax NpoBeAcHUs aHanusa. Mnentnduxanus 3D-cTpyKTypbl TOBEPXHOCTH KOMIIO3UTA
MIOMOTAEeT YIIyOUTh 3HAHUS O €r0 JKCIUTYaTal[MOHHBIX XapaKTEpPHCTHKAX, YTO KpailHe akTyalbHO B YCJIOBHUSIX COBpE-
MEHHBIX TEXHOJIOTHYECKHUX TPEOOBaHUN. JTO MOHUMAHKE MO3BOJIIET Pa3padaTeiBaTh HOBBIC MaTepUalbl, yIyqIllaTh UX
XapaKTEePUCTHKH, TAKHE KaK MPOYHOCTH, H3HOCOCTOWKOCTh M YCTOHYMBOCTD K KOPPO3HH, a TAK)XKE MPEACKa3bIBATh, KaK
MaTepHabl OyIyT BeCTH ceOsl B peaIbHBIX YCIOBHSX.

KiaroueBble ciioBa: ImageJ, KOMIIO3UT, MAPTCHCHUT, HpO(l)I/IJ'IL MNOBCPXHOCTH, MMTUKCEJIb, MUKPOCTPYKTYpa, macirab

BJIaFOI[apHOCTI/l. ABTOpLI BbIpaXKaroT 6J'IaFOZ[apHOCTI) peaakuu MW PCUCH3CHTaM 3a BHHUMATCJIBHOC OTHOUICHUEC K
CTaThC U YKa3aHHbIC 3aMCUYaHUsA, KOTOPBIC IMTO3BOJIMJIN MMOBBICUTH €€ KAaUCCTBO.
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Abstract

Introduction. Modern materials require a deep understanding of their structure in order to predict their performance
properties. However, the use of various imaging techniques and programs, such as optical and electron microscopy, is
limited to two-dimensional images, making it difficult to fully analyze the morphology of materials. Despite research in
this field, there is still a lack of knowledge about the three-dimensional organization of materials, leading to gaps in our
understanding of how geometry affects the physical properties of composite materials. ImageJ was chosen for this study
due to its versatility and ability to support multiple formats, simplifying the process of analysis. It also offers powerful
tools for automated processing and allows users to extract three-dimensional information from two-dimensional images.
This is crucial for accurately identifying structural components. The current study aims to fill in the missing information
by analyzing the morphology of a steel ferrite-martensite composite. The aim of the work is to determine the 3D surface
structure of the composite, which will improve understanding of its performance characteristics and confirm the
significance of selecting appropriate visualization techniques.

Materials and Methods. An image of the microstructure of a steel natural ferrite-martensitic composite (NFMC),
obtained using a Metam PB-22 optical microscope, was chosen as the starting material for analysis. The microstructure
in question consists of two phases: the light phase being ferrite and the dark phase being martensite. The Image]
program, which has been adapted to various formats of electron microscopic and metallographic images, was used to
obtain a wide range of geometric characteristics of the surface.

Results. A study using Imagel software on the microstructure of a steel ferrite-martensitic composite revealed a
characteristic lineage structure consisting of a light phase (ferrite) and a dark phase (martensite). Image processing,
including scaling and segmentation, led to the conversion to black and white format, allowing for clear visualization of
the boundaries between the phases and the geometric shapes of the particles. The four-parameter Rodbard calibration
function provided additional data on area, standard deviation, skewness, and kurtosis, making it difficult to analyze the
structure. As a result, ferrite occupied 40.8% of the area, while martensite occupied 59.2%. The surface profile revealed
an alternating pattern of misoriented crystals, and the quantitative information allowed for the creation of a clear 3D
image of the composite surface.
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Discussion. The thickness of grain boundaries in pixels was found to be thinner in this graphic editor than in others,
which affected the area and, consequently, the amount of light phase. The change in the quantitative ratio of ferrite-
martensite phases was due to the program's ability to suppress image “noise” and more clearly read the unrecognized
gray phase, with some of it belonging to the light phase and some to the dark phase.

With the advancement of technology and the increasing demands for strength and wear resistance, understanding the
microstructure of materials has become crucial for optimizing their properties. The selection of appropriate imaging
techniques, such as the use of ImageJ software, not only allows for accurate data on phase distribution, but also contributes to
a more in-depth analysis of mechanical properties such as hardness and corrosion resistance. These aspects are important in
the context of the development of innovative technologies where reliability and durability are essential factors.

Conclusion. The use of the ImageJ software package for visualization in 2D and 3D graphics and qualitative and
quantitative analysis of the surface morphology of heterogeneous structural states of materials is a convenient, effective
and informative way to obtain geometric characteristics of particles of structural components. It is also possible to map
the shape and size of particles. Automation of this process leads to time and resource savings, minimizing the influence
of subjective factors on results at different stages of analysis. Identification of the 3D surface structure of composites
helps to deepen our understanding of their operational characteristics, which is crucial in the context of modern
technological demands. This knowledge allows us to develop new materials with improved properties such as strength,
wear and corrosion resistance. Furthermore, it enables us to predict how materials will perform in actual conditions.

Keywords: ImagelJ, composite, martensite, surface profile, pixel, microstructure, scale
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Beaenne. B Hacrosmiee BpeMs B 0OJNACTH MaTepHAalOBEICHUS aKTHBHO HCIIONb3YIOTCS MHOXKECTBO METOIHMK H
CIIIIMATM3UPOBAHHBIX KOMIIBIOTEPHBIX HPOrPaMM, KOTOPbHIE IO3BOJIAIOT PACIIMPATH BO3MOXKHOCTH BH3yalU3aLlUH
CTPOEHHSI MAaTEPHAJIOB 32 CUET IOBBIIICHHS pa3pellaroniei CioCOOHOCTH. DTO, B CBOIO OYepellb, YBEINYUBAET BEPOSIT-
HOCTb TPOTHO3MPOBAHMUS IKCIUTyaTAllMOHHBIX CBOWCTB. Mop(oorus moBepXHOCTH, €€ XUMHYECKUI COCTaB M CTPYK-
TYPHBIC KOMIIOHCHTBI ABJIAIOTCA KIIHOYCBBIMU IMOKA3aTCIAMU IPHU U3YYCHUU CTPYKTYPbhI MAaTCpHaAJIOB, IMTOCKOJbBKY OHH
HaNpsIMyI0 BJIMSIOT Ha WX CBOMCTBA, MOBEIEHHE M 3KCIUTyaTallMOHHBIE XapaKTEPUCTUKU. TpajuIMOHHBIE METOJIBI
omnpeneneHust MOP(OJIOTHH OBEPXHOCTH MATEPUATIOB BKITIOYAIOT HECKOJIBKO KIIFOUEBBIX TEXHHUK, KOTOPHIE TO3BOJIIOT
OLICHUTH TOIOTPaHIo, IIEPOXOBATOCTh, CTPYKTYPY M Ae(EKTHl MOBEPXHOCTH. K HUM OTHOCATCA: onTHYEeCKass MHKPO-
CKOITHSI, CKAHUPYIOIIAsl AIEKTPOHHAsE MUKPOCKOIHS, TPAHCMUCCHOHHASI AJIEKTPOHHAsI MUKPOCKOTIHS, TPOGHIOMETPHS U
npyrue. OTHaKo BCe 3TH METO/BI, HECMOTpS Ha IIUPOKOE MPUMEHEHHE, Aal0T BO3MOXKHOCTh MOJIYy4aTh TOJIBKO ABYMEp-
HBbIE H300pakeHUs, 9TO OrpaHYNBAET HH(OPMAIHIO O penbede TOBEPXHOCTH, GOpMHUPYEeMOM (pa30BBIM COCTaBOM Ma-
TCpUaja, v, Kak IpaBujio, SABJIAIOTCA paspymiarOliuM METOAaMH KOHTPOJIA. BwmecTe ¢ TeM Hconb30BaHUE nmporpamm-
HBIX aJITOPUTMOB COBPEMEHHBIX LU(POBHIX TEXHOJIOTHH MO3BOJISIET U3BJIeKaTh 3D MH(OpMaIUio U3 IByMEPHOTO U300-
PaKEHUS CTPYKTYpPHI 0€3 IMOTepH pa3pelieHs, a Takke odecreunBaeT d3PPEKTUBHOE XpaHEHHE U OBICTPYIO HHTEpIpe-
taruio 3D n300pakeHN Kak Ha MHUKpO-, TaK ¥ Ha HAHO-YPOBHX. DNeKTpoHHBIE 3D CTpyKTypHBIE N300paskeHHs IMo-
BBIIIAIOT JIOCTOBEPHOCTH MOP(OIIOTHUECKOI OpraHU3alliy Marepuana Oiaronaps NPenM3HOHHOM NeTanu3anud. JTo
MO3BOJISIET OCYLIECTBUTH TOUYHYIO OLIEHKY F€OMETPHUYECKHX Pa3MEepOB CTPYKTYPHBIX KOMIIOHEHTOB U JIOKAJIBHO OIIpejie-
JIUTh UX (U3MYECKUE U MEXaHWYECKHE CBOMCTBA C MUHMMAIIBHBIMU MOTPEIIHOCTSIMU. [Ipu BbIOOpE mporpamm Jjist BU-
syanuzanui 3D n3o0pakeHHi BaXKHO YUMTHIBATH NMOCTABJICHHBIE 1IEJIH U 33a7a4y MCCIIIOBAHUs, a TaKKe yI00CTBO pa-
00THI ¢ HHTEpdEHCOM U ero (GyHKIHMOHAIEHBIE BO3MOXKHOCTH. B HacTosIee BpeMs CyIECTBYET MHOKECTBO HPHKIA-
HBIX TIPOTpamMM Ui 00paboTKM M300pa)keHuil ¢ pasHOOOpa3HBIM HabopoM Bo3MokHOCTeH. Cpean JOCTYMHBIX IIpO-
rpaMMHBIX KOMIUIEKCOB, Takux kak Adobe Photoshop [1], Gimp [2], CellProfiler [3], Huygen [4], Leica QWin [5],
Gwyddion, ImageJ BeInenseTcss MHOTO(YHKITMOHAEHOCTBIO, TOIACPKKON MHOXKECTBAa (POPMATOB, THOKOCTHIO, TIPOU3-
BOAWUTENBHOCTHIO M BO3MOXKHOCTSIMH aBTOMATH3AIIMH. DTH Ka4eCcTBa JIENaloT e€ 0COOCHHO BOCTpeOOBaHHOM MpH padoTe
¢ mobpaxenusmu [6]. [ludposoii criocod 00pabOTKH U300paKeHUI 1T aHaIM3a peiibeda MOBEPXHOCTH C HUCIIOIB30-
BaHMEM nporpaMMel Imagel] nmo3Bossier usBiekars 3D nHdopmanuio 13 IByMEpHBIX H300paKeHHH, TOJyYEHHBIX METO-
JAMH OTITHYECKOM MHKPOCKOIMH, 0e3 moTepu pasperreHust [7]. DT0 0COOEHHO BaKHO MpH HaeHTH(HUKAUH MOphoIIo-
THH CTPYKTYPHBIX KOMIOHEHTOB KOMITO3HTA M MOCJEAYIOIIEH HHTEPIPETAIMU ero CBOMCTB B 1ieJIoM. B nanHol paboTte
porpaMMHBIN nakeT Imagel] BnepBble MpUMeHSIETCS 111 NCCIEAOBAHUS €CTECTBEHHOTO (DepPUTO-MAaPTEHCUTHOTO KOM-
mo3uta [8]. Llems pabGoTer — wuneHTH(UKANSI MOPQOJIOTHH TOBEPXHOCTH CTAIBHOTO ECTECTBEHHOTO (heppHTO-
MapTEHCUTHOT'O KOMIIO3UTA C UCIIOJIb30BaHHEM MPOrpaMMHOro obecrieueHus Imagel.
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Martepuansl 1 MeToAbl. OOBEKTOM HCCIEIOBAHUS SABIIOCH H300paKEHHE MUKPOCTPYKTYPBI €CTECTBEHHOTO dep-
PUTO-MapTEHCUTHOTO KOMIIO3MTA, NTOJyYEHHOTO ¢ IOMOIIBIO ONTHYECKOro MUKpockona Meram PB-22 [9].

st monmyv4eHust JOTOJHUTENIFHON nHpopManuyu o cTpykTypHoM coctostan EDOMK B pabore Opita ncnonb3oBaHa
nporpamma Imagel, amantupoBaHHas MO pa3iudHbIE (HOPMATHI SITEKTPOHHO-MUKPOCKONNYECKHX W MeTayuorpadude-
ckux nzooOpaxenuii [10]. OHa Mo3BONISET pacCYUTATh IUIOMIAAb, JUIUHY, 00bEM, IEPUMETP, YIIOBBIE Pa3Mephl TOBEPX-
HOCTHU CTPYKTYPHBIX COCTaBJISIIOIUX, B TOM YHCJE CO CTATUCTHUECKUMHU IOKA3aTEeNIIMU KaK B MMUKCEJIBHBIX 3HAUECHUSX,
tak u B cucteme CH [11]. Ilpu 3TOM reomMeTpruecKue XapakKTePUCTHKH ONPEACIISIIOTCS B PE3yiIbTaTe MOCIeI0BaTeIbHO-
IO KapTHPOBAHUS CTPYKTYPBI (pHC. 1) C MOCIEAYIONMM HHTErPUPOBAHUEM BCEH MIIOIIaan u3oopaxenus [12].

.
- ®

¥

Pl Fn Bl T

L

Puc. 1. [TocnenoBarenpHOE KapTHpOBaHHUE CTPYKTYypsl EOMK

Ommst «Set Measurements» mporpamMmbl MO3BOJISIET PACCUUTATh KakK OOIIyIO, TAK M OTHOCHUTENBHYIO IIIOIIAIN YACTHI]
CTPYKTYPHBIX COCTAaBIISIOIINX, a TAKOKe UX cpemHuid pasmep [9—12, 13]. KamnbpoBodnas geTsipexmapaMmerpudeckas (QyHKIHs
Ponbapna, cornacHo ypaBHEHHIO 1, TOUHO HAEHTH(HULIMPYET OTTEHKH YepHOTo U OeNoro Onaroiaps aHauu3y HHTEHCHBHOCTH
MTUKCEJICH BIOJIb IMHUK BHYTPU M300paXkeHUs U Tipeodpa3syet 2D-noBepxHocTh B 3D-n300pakenue [13, 14].

a-b
y=d+——07, M
X
1+ —
c
rae y — 3HadeHHe (YHKIHWW; X — HE3aBUCHMas IMepeMeHHas; d — MaKCHUMalbHOe 3HaueHUe (YHKIUHU (BEPXHSA

aCHMITOTa); ¢ — MUHUMaJIbHOE 3Ha4YeHWe (QYHKUUHM (HWXKHSS aCHUMITOTA); b — mapamerp, ONpeAessionui HaKIOH
(KpyTH3HY) KPHBOIf; ¢ — 3Ha4YeHUE, IPH KOTOPOM (YHKIIMS IPHHUMAET 3HAaUEHHE, PABHOE CPEeTHEH TOUKE MEXIY d U d.

E®MK — xoMIT03UT Ha OCHOBE TOPSYEKaTaHOH JOIBTEKTOMIHON CTPOUTEIbHOH cTamm 1412 ¢ mcxomaHoi cTpoued-
HOM (eppuTo-nIepInTHOI cTpyKTypoil. [Tocne 3akankn u3 MeKpuTHueckoro uatepBaia temneparyp (MKH) crpykry-
pa Takoro KOMIIO3UTa NPEICTABIsIET cO00i uepemyronuecs ciion GpeppuTa 1 MapTEHCHUTA, BBHITIOJIHSIONIETO POJIb apMH-
pytomeii cocrapistoneil. Takast CTpyKTypa MO3BOJISIET MOIyYaTh HEOOBIYHOE COOTHOIICHHE BBICOKOM IIACTHYHOCTH,
BA3KOCTU M IIPOYHOCTH.

U3BectHO, uto B EOMK 0CHOBHBIE TIOKa3aTeNM MEXaHUYECKUX, (D3NYECKUX M SKCIUTYaTallMOHHBIX CBOMCTB ONPEIEIISIOTCS
XAMHYECKUM COCTaBOM M KOJMYECTBEHHBIM cOOTHOIIeHHEM (a3. CooTHOImEeHHe 00bEeMHBIX JI0NIeH (epphTa 1 MapTEHCHTA, a
TaKKe MUKPOTBEPIOCTH YIIPOUHSIOMICH (has3bl 3aBUCAT OT TeMreparypsl 3akanku 13 MKH. YcraHoBI€HO, UTO TpH 3aKaJIKe TIPH
temreparype 730 °C oObeMHast 10711 MapTEHCUTHON COCTaBJISIIOIIICH He mpeBbiact 25-30 %, a e MUKPOTBEPIOCTh COCTaBIIs-
er 735-740 MITa. Ipu 3akanke mpu 6omnee BbIcokoi Temmeparype — 780 °C — ¢dopMupyercst CTpyKTypa MapTeHCHTa ¢ O0IIb-
el oobemMHoI noneit — 55-60 %, Ho ¢ Gonee HU3KON MHUKpPOTBEpHOCTBIO — 450455 MITa. [loHmKeHne MUKpPOTBEPIOCTH
CBSI3aHO C TeM, YTO NPH yBEJIMUEHNH TemriepaTypbl 3akaiku B MKU komidecTBo yrieposia B MapTeHCUTe yMeHbInaeTcs [ 15].

Pesynbrarnl uccnenoBanus. Ha puc. 2 g, momydeHHOro ¢ MOMOLIBIO ONTHYECKOTrO0 MHKpockonma Meram PB-22,
TIpeZCTaBlieHa XapakTepHas cTpodeunas ctpykrypa EOMK, cocrosimas u3 «cinoeB» cBemon (a3sl — eppruTa U TEeMHOU
¢da3er — maprencura. OMHAKO AeTaNM3aIMs CTPYKTYPHBIX COCTaBIISIONIMX 3aTpyaHUTENabHA. [Tocie mpeaBapuTebHON
00paboTKH N300paXKeHHsl MyTeM II0CIIEI0BaTENFHOTO0 MaclITaOMPOBAaHMS, CETMEHTAIIMN U M3BJICUYEHUS] TEOMETPHUYECKUX
XapakTepucTuk mnporpamma ImageJ tpancgopmupoBana n3obpaxeHue B 4epHO-0enblii 8-OuTHEIN dopmaT (puc. 2 6), rae
Ka)KZIbIii THKCENTb — 3TO OJIHO OaiiToBoe 3HaueHue B auanasone ot 0 o 255, odo3Hauaromiee sipkocth. KapTiHa Mukpo-
CTPYKTYPHI IIpHOOpETaeT BBICOKYI0 KOHTPACTHOCTB, @ HA HEH YETKO IPOCMAaTpUBAIOTCS TeoMeTpudeckas (hopMa 4acTuil,
TpaHuObl MEXAy (a30BBIMH CIOAMH, 4YTO CYIIECTBEHHO pacHIMpsieT BO3MOXXHOCTH CTPYKTYPHOTO aHalu3a
2D u300paskeHnit MOP(OIOTHH T€TEPOTeHHOMN CTPYKTYPBI €CTECTBEHHOTO (hePPUTO-MapTEHCUTHOTO KoMITo3uTa [ 16].
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Puc. 2. Mukpoctpykrypa EOMK nocne 3akanku u3 MKH (cBetnas o6macth-hepput, TeMHAs 00J1aCTh-MapTCHCHT):

a — mukpoctpykrypa EOMK no 06pabotku B mporpamme ImagelJ; 6 — mukpoctpykrypa EOMK nocie npeobpasoBanus

B YepPHO-0eIyIo TpauKy ¢ OMOIIBI0 KOMIIBIOTEPHOM porpaMmbl Imagel

Hcnonb30BaHue yeThipexapaMeTprueckoil kamubpopounoi ¢yukiuu Poxbapaa (puc. 3) mo3BoiIMiIo U3BJIEYb JOIOJ-

HHUTENbHYIO MH(POPMALHUIO O 3aJaHHBIX B onmuy «Set Measurementsy mapameTpax CTPYKTYpPHBIX COCTAaBIISIFOLIMX — 00-

el TUTOIIa I UCCIICOBAHMS (O6J'IaCTL), CTaHAApTHOM OTKJIOHCHUH, aACUMMETPUU U SIKCHECCE IMTUKCEIIBHOT'O I/I306pa)KeHI/IH,

JI0JIe TIIOIIAIN M TIEPHMETPE aHAMM3MPYEMBIX (a3. 3HadUeHHs yKa3aHHBIX NTapaMeTpOB C YU9E€TOM MacIITaOMPOBAHHS IIPH-

BeeHsbl B Tabule 1.
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Puc. 3. Yersipexnapamerpudeckas kanubpoBounas Gynkius Ponbapna,

10 ocu X — pacCTOsIHUE BJIOJb JIUHUM, OCU ¥ — MHTEHCUBHOCTb IIHKCENIEH

Tabuuna 1
PesynbTaThl 3a1aHHBIX U3MEPEHUH B TUATIOTOBOM OKHE «Set Mesurementsy
Iapametp 3HaveHue
O6macTs (mukc)/(MrM?) 313908 / 66789
CranmapTHOE OTKIIOHEHUE 124,7
Acummerpus 0,4
Hons mnomaan ceetnoit Gazs — deppura (%) 40,8
Hons mnotaan temHo# ¢a3pl — mapteHcuta (%) 59,2
Cpeanee 3Hau€HUE CEPOTrO LIBETA 101,0
[epumerp (mukc)/(Mrm) 2248 /478,3
DKkciece -1,8

XuMHUUYECKHE TEXHOJIOTHH, HAYKH O MaTepualiaX, MEeTaTypris
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[o mosry4eHHBIM AaHHBIM OBLT MOCTPOCH JBYMEpHbIit rpaduk nmpoduis (puc. 4), U3 KOTOPOTO CIEAYET, YTO HA MO-
BepxHocTH EOMK cdopmupoBaHa cTpodedHas CTPYKTypa, OTIIHIATEIHHON 0COOCHHOCTHIO KOTOPOI! SABIISETCS HAINYIHE
YepeAyIOMIUXCS CIIOEB MapTEHCUTA B (EPPHUTa, COCTOSIINX U3 PA30OPUEHTHPOBAHHBIX B MPOCTPAHCTBE KPHCTAIIIOB, HA
YTO yKa3bIBAIOT JIOKAJIbHBIE MAKCUMYMBI 1 MUHIUMYMBI IPO(IIIS.

140+

120
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80+

3HaueHue ceporo 1Bera

60+

40+ . . ‘ . ‘
0 10 20 30 40 50

Paccrostnue, Mkm

Puc. 4. Ilpoduns nosepxaoctu EOMK

C moMmolIibI0, BCTPOSHHOM B oriuio «Set Measurementsy TomoaHATEeIbHOM QyHKIMU «Analyze Particlesy Obita mpo-
BesieHa (GUIIbTpalys 00bEKTOB 10 pa3MepaM U (Gopme, YTO Ao BOZMOXKHOCTh ONPEJETIHTh OOIIYI0 U OTHOCHTEIBHYIO
TUTIONIAIA PAaCCMATPHBAEMBIX CTPYKTYPHBIX COCTABIISIOIINX, & TAakkKe MX cpeaHuid pasmep. Takum oOpa3oM, cyMMapHOe
YKCJIO YaCTHI[ TSMHOU M CBETJIOH (a3l 1Mo Beell wiomiaay u3odpaxenus cocrapiser 1 088, cpemu koropbix 27 316 Mxm?
wm 40,8 % or obmelt mromaan B 66 789 MKM? 3aHATHI CBETNOH (heppUTHON COCTAaBIAIOMIEH CO CPETHHM pa3Me-
pom 4,72 MM, a octaBmascs moist 39 473 mxm? mmm 59,2 % — TemHOH (a3oil MapTEHCHTa CO CPEIHHM pPa3MEpoOM
5,29 mxMm. KonmaectBeHHas: HHGOPMAIHS O PACIIONIOKCHAN U HHTCHCHBHOCTH MTUKCEJeH MTO3BOIIIIA TTOTyIUTh YeTKoe 3D-
n3obpaxenue npoduis nosepxaoctn EOMK (puc. 5).

0,2

i i
£ ”"
L _‘ru-rllt

Al 1;' 'ﬁ
i |||

0,1

47,0 MkM

53,4 MKM

Puc. 5. 3D-n3o06paxenue npodmis nosepxuoctu EOMK
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Oocy:xaenne. 13 pador [17, 18] u3BecTHO, YTO MPOLIEHTHOE COOTHOLIEHHE (a3 peppuTa U MapTEHCUTA NPU TEMIIe-
patype 3akanku 790-800 °C B cpegrem cocrapiser 35/65-30/70. KomudecTBeHHOE COOTHOMIEHHE eppruTa U MapTeH-
CHUTa Ha HMccaemryeMoM B mporpamme Imagel] m300pakeHHN 0Ka3aloch, COOTBETCTBEHHO, ~ 40/60. OTKIOHEHHE TOY-
YEHHBIX JAHHBIX OT Pe3ysbTaToB padoT [17, 18] oObscHseTcst Tem, 4To B mporpamme Imagel ocymiectBisiercs: oopa-
60TKa M300paXKEeHHsI 10 MHTEHCUBHOCTH TIMKOB, YTO IO3BOJISIET O0Jiee TOUHO MPOCMAaTPUBATh IPaHUIIBI 3epeH. M3meps-
eMasl B MMKCEJISIX TONIIMHA TPAHUI 36PEH OKa3bIBACTCS TOHBIIE, YEM B APYTHX TPa(QUUECKUX PEAAKTOPAX, YTO, B CBOIO
odepesb, U3MEHSET IJIOIAAb U COOTBETCTBYIONIEE KOTMIECTBO CBETION (ha3bl. VI3MEeHEHHE KOTMIECTBEHHOTO COOTHO-
meHust Ga3 «peppuT-MapTEeHCHT» CBA3aHO C TE€M, YTO B IIPOTpPaMMe IOJABISIETCS «IIyM» M300pa’keHus, U HepacIo-
3HaHHas cepas (a3a CUMTHIBAacTCsl Oosiee YETKO: JacTh €€ OTHOCHUTCS K CBETJIOH (ase, a yacTh — K TéMHOMU. [lomyuen-
HBIE PE3yJIbTATHI MO3BOJIIIOT O0JIee TOYHO KOJIMYECTBEHHO 0XapaKTEPH30BaTh CTENEHb HEOIHOPOIHOCTH U PACIIONIONKE-
HUe QeppuTa U MapTEHCHTa Ha HCCIIelyeMOM M300pakeHHH. Pe3ynbTaThl XOpOIO COrNacyloTcs ¢ JaHHBIMH padoT U B
LIEJIOM COOTBETCTBYIOT MOJYYEHHBIM BH3YaJIbHBIM N300PaKECHUSIM.

3akmrouenue. [Iporpamma Imagel npegocrapnser ynoOHble HHCTPYMEHTHI Ul BU3YalH3allui U JOKYMEHTHPOBA-
HHS Pe3yJIbTaTOB UCCIIEIOBAaHUN FeTEPOT€HHBIX CTPYKTYPHBIX COCTOSHUN MaTE€pHUalIOB Pa3IMYHOrO (YHKIIMOHAILHOTO
Ha3Ha4YeHHs, TO3BOJISIS CO3/[aBaTh OTYETHl C HAMIAAHBIMU WnIoctpanusiMu opmara 2D u 3D rpaduku. Hlupoknit
(YHKIMOHAT BCTPOSHHBIX OIIIHMI TO3BOJISET OLCHMBATh PA3IMYHbIE TEOMETPHIECKHE IapaMeTphl MOP(HOIOTHN YaCTHII
1, Ha 3TOH OCHOBE, IPOBOIUTH aHAIN3 (POPMBI, PA3MEPOB, PACTIONOKEHHUS, KOIHUECTBA U AAXKE OCYILIECTBIISATh KAPTUPO-
BaHue. [I[ppuMeHeHne JaHHOTO MPOTPAMMHOTO KOMITIEKca A u3ydeHust Mmopdororun nmosepxaoctd EOMK myTem 06-
paboTku pororpaduit MUKPOCTPYKTYPHI CYIIECTBEHHO MOBHIMIAET 3(pPEeKTHBHOCT, TOYHOCTh U OOBEKTUBHOCTH HCCIIE-
JOBaHMS. ABTOMAaTH3aIMS [IPOIECCA 3HAYNTEIHHO SKOHOMHUT BPEMS U YEJIOBEUECKUE PECYPCHI, a TAK)KE MUHHUMU3UPYET
BapraOeNbHOCTh JaHHBIX, CBSI3aHHYIO C Py4HOI 00paboTkoi. Mcnonp30BaHne TaknX HHCTPYMEHTOB OCOOEHHO IIeJIeco-
00pa3HO B COYETaHWH C TPAJULHOHHBIMHA METOJIAaM{ MOJIYYCHHS JAHHBIX, YTO MO3BOJISIET MOJIYYUTH OOjee MOIHOE U
HaJIe)KHOE MPECTaBICHUE O CBOMCTBAX U CTPYKTYPE MaTepHaIoB.

Cnucok qurepatypsl / References

1. Tim Gréning, Lizhen Tan, Ishtiaque Robin, Yutai Katoh, Ying Yang. A Novel Design of Transitional Layer
Structure between Reduced Activation Ferritic Martensitic Steels and Tungsten for Plasma Facing Materials. Journal of
Materials Research and Technology. 2023;24:4285-4299. https://doi.org/10.1016/j.jmrt.2023.04.019

2. Garcia JuM, Accioly Monteiro AC, Barcelos Casanova AM, Checca Huaman NR, Monteiro SN, Brandao LP.
Microstructural Analysis of Phase Precipitation during High Temperature Creep in AISI 310 Stainless Steel. Journal of
Materials Research and Technology. 2023;23:5953-5966. https://doi.org/10.1016/].jmrt.2023.02.175

3. Karin P, Chammana P, Oungpakornkaew P, Rungsritanapaisan P, Amornprapa W, Charoenphonphanich C, et al.
Impact of Soot Nanoparticle Size and Quantity on Four-Ball Steel Wear Characteristics Using EDS, XRD and Electron
Microscopy Image Analysis. Journal of Materials Research and Technology. 2022;16:1781-1791.
https://doi.org/10.1016/j.jmrt.2021.12.111

4. Setareh Medghalchi, Ehsan Karimi, Sang-Hyeok Lee, Benjamin Berkels, Ulrich Kerzel, Sandra Korte-Kerzel.
Three-Dimensional Characterisation of Deformation-Induced Damage in Dual Phase Steel Using Deep Learning
Journal Materials & Design. 2023;232:112108. https://doi.org/10.1016/j.matdes.2023.112108

5. CrapogotitoB B.B., T'ony6 FO.U. Lugposvie uzobpasicenus. Om noayuenusi 0o obpabomxu. Munck: OUIIN
HAH Bbenapycu; 2014. 202 c.

Starovoitov VV, Golub Yul. Digital Images. From Receipt to Processing. Minsk: UIIP NAS of Belarus; 2014. 202 p. (In Russ.)

6. ITycrosoiitr B.H., Honraues }0.B., domOposckuii FO.M., lyka B.B. CrpykrypHast opraHuzaims M CBOMCTBa

€CTECTBEHHOT'O CTaJbHOTO (ePPUTHO-MAPTEHCUTHOTO KOMIO3UTA. Memainogedenue u mepmudeckas obpabomxa
memannos. 2020;(6(780)):15-21. URL: https:/mitom.folium.ru/index.php/mitom/article/view/251 (mata oOparieHus:
01.06.2025).

Pustovoit VN, Dolgachev YuV, Dombrovskii YuM, Duka VV. The Structure and Properties of a Natural Steel
Ferritic-Martensitic Composite. Metallovedenie i Termicheskaya Obrabotka Metallov. 2020;(6(780)):15-21. (In Russ.)
URL: https://mitom.folium.ru/index.php/mitom/article/view/251 (accessed: 01.06.2025).

7. Bepuesu H.JI., PycakoB B.A. O KOHTpOJie IPOYHOCTH METAIa KOHCTPYKTUBHBIX JJIEMEHTOB ILJIABYYUX KPAHOB.
besonacnocms mexnozennuix u npupoonwix cucmem. 2022;(3):50-51. https://doi.org/10.23947/2541-9129-2022-3-48-53

Vernezi NL, Rusakov VA. On the Control of Metal Strength of Structural Elements of Floating Cranes. Safety of
Technogenic and Natural Systems. 2022;(3):50-51. https://doi.org/10.23947/2541-9129-2022-3-48-53

8. ITycroroiir B.H., [onraues FO.B., [lomOposckuii FO.M. Bammictudeckass CTOWKOCTh CTali CO  CTPYKTYPOW

XUMHUYECKUE TEXHOJIOTHH, HAYKH O MaTepuaiax, MeTaTyprus

€CTECTBEHHOTO (PepPUTO-MApPTEHCUTHOTO KOMIIO3HTa. hesonacnocmes mexnozennvix u npupoorsix cucmem. 2022;(3):54-59.
https://doi.org/10.23947/2541-9129-2022-3-54-59

227


https://doi.org/10.1016/j.jmrt.2023.04.019
https://doi.org/10.1016/j.jmrt.2023.02.175
https://doi.org/10.1016/j.jmrt.2021.12.111
https://www.sciencedirect.com/journal/materials-and-design
https://doi.org/10.1016/j.matdes.2023.112108
https://www.elibrary.ru/item.asp?id=43006123
https://www.elibrary.ru/item.asp?id=43006123
https://www.elibrary.ru/contents.asp?id=43006121
https://www.elibrary.ru/contents.asp?id=43006121
https://www.elibrary.ru/contents.asp?id=43006121&selid=43006123
https://mitom.folium.ru/index.php/mitom/article/view/251
https://www.elibrary.ru/contents.asp?id=43006121&selid=43006123
https://mitom.folium.ru/index.php/mitom/article/view/251
https://www.elibrary.ru/item.asp?id=49304610
https://www.elibrary.ru/contents.asp?id=49304603
https://www.elibrary.ru/contents.asp?id=49304603&selid=49304610
https://doi.org/10.23947/2541-9129-2022-3-48-53
https://doi.org/10.23947/2541-9129-2022-3-48-53
https://www.elibrary.ru/item.asp?id=49304611
https://www.elibrary.ru/item.asp?id=49304611
https://www.elibrary.ru/contents.asp?id=49304603
https://doi.org/10.23947/2541-9129-2022-3-54-59

https://bps-journal.ru

228

Hyka B.B. u ap. Unentuduxanus Mop}poi0rum noBepxXHOCTH CTAJIBHOI0 €CTeCTBEHHOIO ...

Pustovoit VN, Dolgachev YuV, Dombrovskii YuM. Ballistic Resistance of Steel with the Structure of a Natural
Ferrite-Martensitic =~ Composite.  Safety  of  Technogenic = and  Natural  Systems.  2022;(3):54-59.
https://doi.org/10.23947/2541-9129-2022-3-54-59

9. 3unsbeprieiir M.A., Tempyk B.J. Ilpumenenue nakera Imagel mis oOpaboTku n300pakeHHH, MOITYyYSHHBIX

3NIEKTPOHHON CKaHHpYFoLIeil MUKpOCKomHeil (Ha mpuMepe aHanuza oymaru). [lonumepHvie Mamepuansl u MmexHOIOSUU.
2017:3(1):71-74.

Zilbergleit MA, Temruk VI. Package Imagel. Application for Image Processing Obtained Scanning Electronic
Microscopy (Paper Analysis). Polymer Materials and Technologies. 2017:3(1):71-74. (In Russ.)

10. Modpde A.M1. Metox OLEHKH HEOJHOPOAHOCTH BBIZCICHHON oOnacT. Hccrnedoganue 3emau u3 KOCMOCA.
2013;(3):92-94. https://doi.org/10.7868/S0205961413020048

Ioffe Al. Method for Estimation of a Given Area Relief Roughness. Earth Research from Space. 2013;(3):92-94. (In
Russ.) https://doi.org/10.7868/S0205961413020048

11. Burger W, Burge MJ. Digital Image Processing. An Algorithmic Introduction Using Java. Second Edition.
London: Springer; 2016. 811 p.

12. Atpomenko C.A., Maiiep C.C., Cwmupnos B.J., CrpykrypHO-]a3oBoe COCTOSHME MeTajlla penbca C
BHYTPCHHEH TPEHIMHON IOCNe ITUTENBHON dKCIuTyatanuu. JKypuan mexuuveckou ¢gusuxu. 2021;.91(9):1363—-1368.
https://doi.org/10.21883/JTF.2021.09.51215.72-21

Atroshenko SA, Maier SS, Smirnov VI. Structural Phase State of the Metal of a Rail with an Internal Crack after Long-Term
Operation. Zhurnal Tekhnicheskoi Fiziki. 2021;91(9):1363-1368. (In Russ.) https:/doi.org/10.21883/JTF.2021.09.51215.72-21

13. Torres AL, Bidarra SJ, Pinto MT, Aguiar PC, Silva EA, Barrias CC. Guiding Morphogenesis in Cell-Instructive
Microgels for Therapeutic Angiogenesis. Biomaterials. 2018;154:34—47. https://doi.org/10.1016/j.biomaterials.2017.10.051

14. Rueden CT, Schindelin J, Hiner MC, DeZonia BE, Walter AE, Arena ET. ImageJ2: Image] for the Next
Generation of Scientific Image Data. BMC Bioinformatics. 2017;18(1):529. https://doi.org/10.1186/s12859-017-1934-z

15. Duka VV, Pustovoit VN, Ostapenko DA, Areféva LP, Dombrovskij YuM. The Use of the Atomic Force
Microscopy to Investigate the Structure of Steel 14G2. IOP Conference Series: Materials Science and Engineering.
2019;680:012023. https://doi.org/10.1088/1757-899X/680/1/012023

16. lyxa B.B., Apednesa JL.II.,, Ilycrosoiir B.H., Kucenera JI.A. HccnenoBanue CTpOUeUHOH CTPYKTYpPbI
CTPOMTENIBHOW CTali METOJIOM aTOMHO-CHJIOBOM MuKpockomuu. [Tucema o mamepuanax. 2020;10(4(40)):445-450.
https://doi.org/10.22226/2410-3535-2020-4-445-450

Duka VV, Aref'eva LP, Pustovoit VN, Kiseleva DA. Study of the Lineage Structure of Building Steel by Atomic Force
Microscopy. Letters on Materials. 2020;10(4(40)):445-450. (In Russ.) https:/doi.org/10.22226/2410-3535-2020-4-445-450

17. Apedrera JLII.,, [ykxa B.B., 3abmsaxa N.}O. B3aumocBsi3p CTPYKTypHO-()a30BOTO cOCTaBa C MEXaHU3MOM
pa3pyIIeHus] BBICOKOMPOYHOUW CTPOUTENBbHOWU cTanmu. [lucema 6 owcypran mexnuyeckou ¢husuku. 2022;48(8):39-42.
https://doi.org/10.21883/PJTF.2022.08.52366.19093

Arefeva LP, Duka VV, Zabiyaka 1Y. Relationship between the Structural-Phase Composition and the Fracture
Mechanism of High-Strength Contruction Steel. Technical Physics Letters. 2022;48(8):39—42. (In Russ.)
https://doi.org/10.21883/PJTF.2022.08.52366.19093

18. Duka VV, Arefleva LP, Mitrin BI, Pustovoit VN. Investigation of the Fracture Structure of a Composite Material
after Bending Test by Atomic Force Microscopy. IOP Conference Series: Materials Science and Engineering.
2021;1029:012059. https://doi.org/10.1088/1757-899X/1029/1/012059

006 asmopax

Banentuna Baagumuposna lyka, crapumiii iperojaBarels, kadenpa «MaTepruaaoBeJcHIe U TEXHOJIOTHH METAJIIOB)
JoHCKOTO TOCYmapcTBeHHOTO TexHW4eckoro yHuBepcurera (344003, Poccmiickas ®enmepamms, 1. PoctoB-Ha-/loHy,
wr. [arapuna, 1), SPIN-kon, ORCID, ScopusID, valentina.duka.92@mail.ru

Jiionmuna IlaBaoBHa ApedbeBa, 1TOKTOp (U3MKO-MAaTEMAaTHYEeCKUX HAYK, JOICHT, JOIEHT, Kadeapa
«MatepualioBe/icHIE W TEXHOJIIOTHH METauioB» JIOHCKOTO TrOCyNapCTBEHHOTO TeXHHUYeCKoro yHuBepcurera (344003,
Poccuiickass ®enepanusi, T. PoctoB-Ha-lony, 1. [arapuna, 1), SPIN-kox, ORCID, ScopusID, ResearcherID,
ludmilochka529@mail.ru

3asnenenHblil 6K1A0 ABMOPOB:

B.B. lyka: pa3paboTka KOHUeNIHH, (HOPMaTIbHBIH aHaJ U3, MPOBEJCHNE UCCICAOBAHU, BaIHIalUs PE3yIbTaTOB,
BH3yaln3allis, HallFiCaHHe YePHOBHUKA PYKOIIHCH.

JLII. ApejbeBa: pa3paboTKa KOHICNINH, KypHpOBaHHE NAaHHBIX, pa3padOTKa METOIOJIOTHH, IPEIOCTABICHUE
pecypcoB, HaygHOE pyKOBOJACTBO, HAIMCAHIE PYKOIHNCH — BHECCHHE 3aMEUaHUI U MCIIPABICHHMN.


https://bps-journal.ru/
https://doi.org/10.23947/2541-9129-2022-3-54-59
https://www.elibrary.ru/item.asp?id=29762190
https://www.elibrary.ru/item.asp?id=29762190
https://www.elibrary.ru/contents.asp?id=34526553
https://www.elibrary.ru/contents.asp?id=34526553&selid=29762190
https://www.elibrary.ru/contents.asp?id=34526553&selid=29762190
https://doi.org/10.7868/S0205961413020048
https://doi.org/10.7868/S0205961413020048
https://doi.org/10.21883/JTF.2021.09.51215.72-21
https://doi.org/10.21883/JTF.2021.09.51215.72-21
https://doi.org/10.1016/j.biomaterials.2017.10.051
https://doi.org/10.1186/s12859-017-1934-z
https://doi.org/10.1088/1757-899X/680/1/012023
https://www.elibrary.ru/item.asp?id=44296313
https://www.elibrary.ru/item.asp?id=44296313
https://www.elibrary.ru/contents.asp?id=44296298
https://doi.org/10.22226/2410-3535-2020-4-445-450
https://doi.org/10.22226/2410-3535-2020-4-445-450
https://journals.ioffe.ru/journals/4
https://doi.org/10.21883/PJTF.2022.08.52366.19093
https://doi.org/10.21883/PJTF.2022.08.52366.19093
https://doi.org/10.1088/1757-899X/1029/1/012059
https://www.elibrary.ru/author_profile.asp?authorid=1060822
https://orcid.org/0000-0001-7266-7224
https://www.scopus.com/authid/detail.uri?authorId=57204642574
mailto:valentina.duka.92@mail.ru
https://www.elibrary.ru/author_profile.asp?authorid=594592
https://orcid.org/0000-0003-2431-6897
https://www.scopus.com/authid/detail.uri?authorId=24176599100
https://www.webofscience.com/wos/author/record/J-4075-2017
mailto:ludmilochka529@mail.ru

Be3onacHocTh TeXHOTEHHBIX H MPUPOAHBIX cucTeM. 2025;9(3):221-229. eISSN 2541-9129

Konghnuxm unmepecog: aBpTopbl 3asiBJSIOT 00 OTCYTCTBHH KOH()JIMKTA HHTEPECOB.
Bce asmopubi npouumanu u 0006puiu 0KOHYAmMeEbHbLI 6APUAHN PYKORUCU.

About the Authors:
Valentina V. Duka, Senior Lecturer of the Department of Materials Science and Technology of Metals, Don State
Technical University (1, Gagarin Sq., Rostov-on-Don, 344003, Russian Federation), SPIN-code, ORCID, ScopusID,

valentina.duka.92@mail.ru

Lyudmila P. Aref’eva, Dr. Sci. (Phys.-Math.), Associate Professor, Associate Professor of the Department of
Materials Science and Technology of Metals, Don State Technical University (1, Gagarin Sq., Rostov-on-Don, 344003,
Russian Federation), SPIN-code, ORCID, ScopusID, ResearcherID, ludmilochka529@mail.ru

Claimed Contributorship:

VV Duka: conceptualization, formal analysis, investigation, validation, visualization, writing — original draft
preparation.

LP Aref’eva: conceptualization, data curation, methodology, resources, supervision, writing — review & editing.

Conflict of Interest Statement: the authors declare no conflict of interest.
All authors have read and approved the final manuscript.

MocTynuia B pepaxumio / Received 10.06.2025
ITocTtynunia nocie penensuposanus / Reviewed 30.06.2025
IIpuasaTa k nyonankanuu / Accepted 14.07.2025

XUMHUYECKUE TEXHOJIOTHH, HAYKH O MaTepuaiax, MeTaTyprus

229


https://www.elibrary.ru/author_profile.asp?authorid=1060822
https://orcid.org/0000-0001-7266-7224
https://www.scopus.com/authid/detail.uri?authorId=57204642574
mailto:valentina.duka.92@mail.ru
https://www.elibrary.ru/author_profile.asp?authorid=594592
https://orcid.org/0000-0003-2431-6897
https://www.scopus.com/authid/detail.uri?authorId=24176599100
https://www.webofscience.com/wos/author/record/J-4075-2017
mailto:ludmilochka529@mail.ru

