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AHHOTaNMSA

Bgenenue. VccnenoBans! (ha3oBbie MPEBPAICHIS, TPOUCXOIAIINE B OKAJIMHE TP BO3ACHCTBIN Ha Hee HAHOCEKYHIHBIMH
Ta3epHBIMHA HMITyITbcaMu. OTpeeNieH HCXOIHBINA (a30BbIil COCTAB OKAJIMHBI U ()a30BbIi COCTAaB TIOBEPXHOCTHOTO CIIOS,
MOABEPTIIETOCs J1a3epHOMY Bo3zeiicTBrio. OOpaboTka ITOBEPXHOCTH 00pa3IoB OCYIIECTBISUIACH B UCTIAPUTEIHHOM
peXHMe JIa3epHOTO BO3ACHCTBHS M MPUBOIHIIA K abmsiiuy okanuHbel. MeTon. McciienoBanucs aBe rpymisl 00pasoB u3
JIUCTOBOTO rOpsiueKaTaHoro npokara yriepoaucroi crainu mapku Cr3 (E235-C, Fe 360-C). Ilepsas rpymmna cocrosiia
13 00pa3loB C UCXOAHOI MOBEPXHOCTHIO OKAJIHHBI U 00pPA3LOB ¢ MEXaHMYECKU NUTH(OBAHHOMN MOBEPXHOCTHIO.
HccnenoBanuch (a3oBblil U 2IEMEHTHBII COCTaBBI, a TakKe MOP(OIOrHIECKHe MapaMeTpbl HCXOHOW OKaIHHBI. Bo
BTOPYIO TPYMITy OBUIM BKJIIOYEHBI 00Pa3Ibl C TIOBEPXHOCTHIO OKATHHBI, 00pa00TaHHOW HAHOCEKYHIHBIMH JIA3€PHBIMHU
HMITYJTbCaMU HaHOCEKYHHOTO UTTEpOMEBOTO BOJIOKOHHOTO Ja3epa ¢ MaKCUMaJIbHOH cpeaHei MourHocThio 30 BT.
Jlns ckaHMpPOBaHHS TIOBEPXHOCTH 00PA3LOB MMyYKOM JA3ePHOTO M3IYYEHHUS MPUMEHSIIACH JBYXKOOpAMHATHAS
CKaHUpYIOIIasi CHCTeMa Ha OCHOBE rajbBaHOCKaHepoB. Pa30BBINH cOCTaB OKAJIMHBI OMPEAEISIICS METOJIOM
CIIEKTPOCKOITMH KOMOWHAIIMOHHOTO paccesHust cBera. Mopdoornueckue napamMerphl IOBEPXHOCTH U JIEMEHTHBIN
COCTaB 00pa3II0B UCCIEOBAINCH METOIAMU CKAHUPYIOIIEH IEKTPOHHON MHUKPOCKOIIUH, aTOMHO-CHIIOBOI MUKPOCKOITHI
U DHEProfIMCIIepCHOHHOrO aHaiau3a. OCHOBHBIE pe3yabTaThl. VccienoBanus (Ha3oBOro cocraBa NCXOAHOW OKaIHHBI
MOKAa3aJIH, YTO OHAa COCTOUT B OCHOBHOM W3 MarHETHTA, IPU 3TOM BIOCTHUT B COCTaBE OKAJIMHBI OOHApyXKEeH HE ObLI.
YcraHOBIIEHO, YTO TPU 00pabOTKE OKAJIHHBI B MCIIAPUTEIHHOM PEKUME B 30HE BO3CHCTBHUS JTA3€PHOTO UMITYJIbCA
(hopmupyeTcst KpaTep, IOBEPXHOCTh KOTOPOTO MOKPHITA 3aCTHIBIINM PacIlIaBOM OKaJIHHBEL B pacruiaBe mpoHCXOIHT
(hazoBoe mpeBpamieHne ¢ 00pa3oBaHHeM BIOCTHTA. [Ipu 3aCThIBAHWH pacIUIaB PaCTPECKHUBAETCS, YTO CBA3AHO C
MIPOU30IIEeAINM (ha30BBIM IpeBpamnieHreM. [lokazaHo, 9To B Iporecce JIa3epHOil OYMCTKH HCTIAPUTETEHOMY MEXaHH3MY
YAAJCHUS] OKAJIHHBI COIyTCTBYET (pa3oBOE MPEBpAIIEHNE CMECH MarHeTHUTa ¢ METATMYECKHM JKEJIe30M B BIOCTHT.
O6cyxnenne. [TonydeHHbIC Pe3yIbTaThl MOTYT OBITH MOJIOKEHBI B OCHOBY CO3/IaHHsI HOBO#l BBICOKOA(h(EKTHBHON
TEXHOJIOTHUH HaSepHOﬁ OYUCTKH HOBCpXHOCTI/l CTaJIk OT OKAJIMHBI.
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Ja3epHasi 0O4MCTKa, (a30BbIe MPEBPAIICHHs] OKAJIHHBI, TEPMOMEXaHHUIECKOE Pa3pyLICHHE OKAJIHHbI, HAHOCEKYHIHBII
BOJIOKOHHBIH J1a3ep, CTPYKTypa MPOKATHOI OKaJIMHBI, PAMaHOBCKas CIIEKTPOCKOINS OKaJINHBI
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Abstract

The phase transformations occurring in scale when exposed to nanosecond laser pulses are investigated. The initial phase
composition of the scale and the phase composition of the surface layer exposed to the laser have been determined. The
surface treatment of the samples was carried out in the evaporative mode of laser exposure and led to scale ablation.
Two groups of samples from hot-rolled carbon steel sheets of the St3 grade (E235, Fe 360) were studied. The first group
consisted of samples with an initial scale surface and samples with a mechanically ground surface. Based on these
samples, the phase and elemental composition as well as the morphological parameters of the initial scale were studied.
The second group includes samples with a scale surface treated with nanosecond laser pulses. A pulsed nanosecond
ytterbium fiber laser with a maximum average power of 30 watts was used. A two-coordinate scanning system based
on electroplating scanners was used to scan the surface of the samples with a laser beam. The phase composition of
the scale was determined by RAMAN spectroscopy. The morphological parameters of the surface and the elemental
composition of the samples were determined by scanning electron microscopy (SEM), atomic force microscopy (AFM),
and energy dispersion analysis (EDX). Studies of the phase composition of the initial scale showed that it consists mainly
of magnetite, while wustite was not detected in the scale. It has been established that during the processing of scale in
the evaporation mode a crater is formed in the area affected by the laser pulse the surface of which is covered with a
solidified melt of scale. A phase transformation occurs in the melt with the formation of wustite. Upon solidification, the
melt cracks, which is associated with the phase transformation that has occurred. Thus, it is shown that in the process of
laser purification, the evaporative mechanism of scale removal is accompanied by a phase transformation of a mixture
of magnetite and metallic iron into wustite. The results obtained can be used as a basis for the creation of a new highly
efficient technology for laser surface cleaning of steels from scale.

Keywords
laser purification, phase transformations of scale, thermomechanical destruction of scale, nanosecond fiber laser, structure
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BBenenune

VYnaneHne OKCHIHBIX CIIOEB C TIOBEPXHOCTH ropsdeKa-
TaHbIX YIVIEPOANCTBIX CTaslel (IPOKAaTHOHW OKaJIMHBI) — aK-
TyaJbHAas 3a[a4a UII COBPEMEHHOTO MTPOM3BoACTRA [ 1, 2].
Peanu3zanus TeXHONOIHMM Ja3€pHOI OUUCTKU IOBEPXHOCTH
METAJUIONPOKATa TO3BOIUT PEIINTh MHOXKECTBO IIpo0iIeM
B JITaHHOW c(epe, CBA3aHHBIX C MCIOIb30BAHUEM YCTape-
BAarOIMUX MCXaHUYCCKUX U XUMHUYCCKHUX MCTOJ0B OUUCTKU.

ITo cpaBHEHUIO ¢ TPAAUIIMOHHBIMH METOJAMHU JIa3epHas
OYHMCTKa METaIIONpoKaTa o0iagaeT CIeAyOIMMHU TIpe-
HMYIIECTBAMHU: OTCYTCTBHEM BPEIHOIO BO3ACUCTBHS Ha
OKPY’KaIOIIY0 CPEIY U 3M0POBBE JIFOICH, OTCYTCTBHEM pac-
XOAHBIX MAaT€pUaIOoB U HHCTPYMCHTOB, HU3KUMU OKCILTya-
TaQUOHHBIMH 3aTparaMu, OTCYTCTBUEM UM MUHHUMAJIbHBIM
MOBPEKICHUEM OYHUIIIaeMO MOBEpXHOCTH MeTasa [3-9].

B HacTosimiee Bpemst Hauboliee pacpoCTPaHCHEI JBa
OCHOBHBIX TTOJIX0/Ia K JIa3¢pHON OYHCTKE, OCHOBAHHBIC Ha
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[.B. Xyp6a, B.M. Xypb6a, B.I. Beiiko, [.B. MaHbknH, M.B. Xykos, A.3. MNyliwa

MIPUMEHEHUH JINOO UMITYJIbCHBIX UTTEPOMEBBIX BOJOKOH-
HBIX Ja3epoB (Ualle BCEro ¢ HAHOCEKYHAHOW JIUTENb-
HOCTBIO MMITYJIbCa), THOO0 HEIPEPBIBHBIX UTTEPOUEBBIX
BOJIOKOHHBIX J1a3epoB. [Ipn o0onx moxxonax, Kak MpaBHIIo,
yAaJieHHe 3arpsi3HEHUH OCYIIECTBIIAIOT 3a CUET Hcrape-
HUA TIPH HarpeBe BBIIIC TEMIIEpaTypsl KuneHus [3—12].
OpHako ucmapeHne OKCHAHBIX CI0EB H 0COOCHHO OKai-
Hbl — BECbMa 3HEProeMkui npouecc. McnapurensbHas
Ja3epHasl OYMCTKA NMPOKATHON OKAJIMHBI C MTOBEPXHOCTH
rOpsiYeKaTaHOM CTalld XapaKTepU3yeTCsl HU3KOM IPOU3BO-
mutenbHOCTHIO [ 10, 11]. HarpeB moBepxHOCTH cTamu npu
€€ OYUCTKE U3JTy4eHHEM HEIPEPhIBHOIO Ja3epa B UCHapu-
TEIbHOM PEKUME BO3JEHCTBUS MPUBOIUT K OKUCIIECHUIO,
OIUIABJIEHUIO, 3aKaJIKe Wi oTiycKy [13]. B ciayuasx, korna
TaKoe TEPMHUECKOE BO3JEHCTBHE Ha MOBEPXHOCTh CTaJIU
HEJIOMYyCTHMO, OYMCTKA HETIPEPHIBHBIM JIa3ePHBIM H3ITy4e-
HHUEM HE MOXKET ObITh IPUMEHEHA.

W3BecTHO, 9TO JIa3epHYI0 OUUCTKY BO3MOXKHO OCYILECT-
BIIATH C TIOMOIIBIO PA3JIMYHBIX (PU3NUIECKUX MEXaHU3MOB,
CBSI3aHHBIX C MHTEHCHBHBIM, JJOKAJIbHBIM U HEpaBHOMEP-
HBIM HarpeBOM yAAJIIEMOT0 3arpsi3HEHHOTO CJIOsI, OTAEIb-
HBIX YaCTHII B 3TOM CJIO€, a TAK)KEe OCHOBHOTO MaTepuaia.
B pesynbrare Takoro HarpeBa B 30He JIa3epHOM 00pabOTKH
B OCHOBHOM BO3HHKAIOT TEPMOMEXaHUYCCKUEC HAIIPSIKCHUA,
TEpPMOXMMHUECKHE ITPpeoOpa3oBaHusl, ra3uduKaus OCHOB-
HOTO MaTepuala, TePMOIcCOpOHs aIcopOUpPOBaHHOTO
TIOKPBITHEM Ta3a, u JApyrue. [Ipu ourcTke TakKe BO3MOKHBI
JIOTIOJTHUTEIBHBIC MEXaHU3MBbI, KOTOPbIE MOTYT BHOCHTb
3HAYUTEIBbHBIN BKIaJA B 9(p(hEeKTUBHOCTH 1 IIPON3BOAUTEIb-
HOCTB Iporiecca. Hampumep, mpy moBepXHOCTHOM HCTIa-
PEHNU MaTepHaa U JOCTaTOYHBIX JUIS 3TOTO IIOTHOCTSIX
MOIIHOCTH JIa3€PHOTO N3ITy4eHHs pa3pylIeHHE MaTepuaa
NPOUCXOAUT TAK)KE 3a CUET JEHCTBUS yOAapHON BOJIHBI,
BBIHOCA PAacIuIaBa MO JCHCTBUEM JaBICHHS OTJIa4uH Iapa
WM ero Bckumnanus [14, 15].

B pabotax [16—18] paccMoTpeHa BO3MOXXHOCTh Tep-
MOMEXaHHUYECKOTO pa3pylLIeHUs MPOKaTHON OKaJMHBI.
Jist pa3pyleHnst OKallMHbI KCIIOIB30BAJICs HENPEPBIBHBIH
BOJIOKOHHBIH J1azep. Harpes moBepXHOCTH OKaJIMHBI OCY-
IIECTBILSLICS JI0 TEMIIEpaTyp, He TPEPHIBAIONINX TEMITEpa-
TYpy €€ KUIeHHs.. Pa3pylienne oKaaiHbI IIPOUCXOIHIO B
pe3ynbraTe IeHCTBUS COBOKYITHOCTH MEXaHU3MOB: HU3Me-
HEHNI B XUMHUYECKOM COCTaBE OKAJIMHBI M BOSHUKHOBEHUS
pacTAruBarOIIUX HAIPSDKEHUN Npu ee oxaxxaeHud. [1o pe-
syasTaraM [ 16—19] pa3paboran crocob ma3epHOil OUHCTKN
METaJIJIONPOKaTa OT OKAJTHHBL.

Lenp HacTosmiel paboThl — HcciieoBaHue (Ha3oBbIX
MpeBpalleHUu B OKaJIHHE, a TaKXKe ONpeeIeHUE POIH
TEPMOMEXaHUYECKHUX HAMpPsKEHUH B Ipolecce Ucnapu-
TEJIbHOM JIa3epHON OYMCTKHU MeTaJIoNpoKaTra OT Hee.
AKTyaJIbHOCTB pabOTHI CBsI3aHa C BO3PACTAIOIINM HHTEpe-
COM COBPEMEHHOIO MPOMU3BOACTBA K TEXHOJIOTUSAM Ja3ep-
HOW aHTHKOPPO3MOHHOH 00pabOTKHU U J1a3epHON OYMCTKH
MTOBEPXHOCTH TNpokara. [y BEICOKOITPOM3BOANTEIBHOM
Ja3epHON OYMCTKH MOBEPXHOCTH CTAIN OT OKAJIMHBI HEOO-
XOZMMO HUCKaTh 3P (HEeKTUBHBIE MEXAHU3MBI €€ PA3PYILICHUS
U yrajeHus. B 3TOM KOHTEKCTe NMpeACTaBIseT UHTEPEC
HCCIICIOBAHNE MEXaHU3MOB pa3pylICHNUs OKAaJIHHBI 32 CIET
TEPMHUYECKUX HANpsIKEHUH (KOTOpPbIe MOTYT BO3HUKATh
NP IIMKIMYECKOM HarpeBe U OXJIAXIICHUH) U 3a cyeT (a-
30BBIX IIPEBpAIlCHUI B OKaJIMHE Npu ee HarpeBe. HoBuzHa

paboThl COCTOUT B BBISBICHUHU (hAa30BBIX MPEBPALICHUH B
OKaJMHE BO BpeMs JIa3epHON OYUCTKU MPU UCHAPEHUH,
1 B 000CHOBaHHMH U JEMOHCTPAIlMM BO3MOXHOCTHU Tep-
MOMEXAaHUUYECKOTO pa3pylIeHUs] MTPOKATHON OKAJIMHBI B
pexxume BozzelcTBus. Pe3ynbrarsl paboThl MOTYT OBITH
TIOJIO’KEHBI B OCHOBY CO3/JJaHUSI HOBOM BBICOKOI((EKTHB-
HOM TEXHOJIOTMH JIA3€PHONW OUUMCTKU OBEPXHOCTHU CTajlel
OT OKaJIMHBI.

O0pa3ubl U MeTOIMKA IKCIIEPUMEHTA

Hccnenyembie 00pasipl ObUTH BBIPE3aHbI U3 JICTOBOTO
ropsidekatanoro npokara cramu Mapku Ct3! Tonmmuon
5 mm. C13 — yrmepoaucrasi cTanb OOBIKHOBEHHOTO Kaue-
cTBa, aHajiorom 1o cranaapry MCO 630:19952 spusercs
ctaib E235-C (Fe 360-C). ConepxaHue yriiepona B CTalu
0,14-0,22 %. Ha moBepXHOCTH CTaJBHBIX JINCTOB B MPO-
1ecce X MPOU3BOJICTBA ObLIT CHOPMHUPOBAH PABHOMEPHBIH
TOHKHUH CJIOM POKAaTHOM OKaJMHbI TEMHO-CUHETO LIBETA.

[yt 00pabOTKK MOBEPXHOCTH 0OPA3I[O0B METAJIONPO-
Kara JIa3epHBIM HU3JIy4YE€HHEM HCIOJIb30Bajlach YCTaHOBKA
Ja3epHOM TPaBUPOBKHU C UMITYJIbCHBIM BOJIOKOHHBIM HT-
tepbuesbiM stazepom RFL-P30Q (Raycus, Kurait) mak-
cuMabHOM cpennel momHocTy 30 BT, ¢ 1MHON BOJHBI
1060—1085 HM, TUaMETPOM BBIXOIHOIO Iyyka 6—8 MM,
napamerpomM M2 < 1,6. CKaHUpOBaHHUE MMOBEPXHOCTH 00-
Pas3moB Ja3epHBIM ITyYKOM OCYIIECTBISUIOCH C TIOMOIILIO
JIByXKOOPAWHATHOW CKaHUPYIOIIEH FOJIOBKH IPOU3BOICTBA
Sinogalvo, ¢ ucnions3zoBanuem F-theta oobekTrBa ¢ oxyc-
HbIM pacctostareM 300 mm. JIJ1st TaHHOTO JIa3epPHOTO UCTOY-
HHUKa 1 00BbEKTHBA PACUETHBIN AUAMETP JIA3ePHOTO MyYKa
B IIOCKOCTH (DOKYCHPOBKHU COCTaBMJI 0K0JIO 100 MKM.
Bo3sneiicTBie Ha MOBEPXHOCTh OKaJIHMHBI BBITOIHEHO TPH
yacToTe ciefoBaHus UMIynbcoB 60 k['1, sHepruu B MM-
nynbee 0,5 Mk (comtacHo XapaKTepuCcTHKaM 3asiBICHHBIM
MPOM3BOAMTEIIEM Ja3ePHOT0 UCTOUHHUKA). [Ipy maHHBIX
3HAUEHMSX YHEPTUU B UMITYJIbCE M YACTOTHI CICOBAHMS
UMITYJIbCOB, [UTUTEIBHOCTh UMITYJIbCA, U3MEPEHHAs IO
TIOJTYBBICOTE CUTHAJAa ¢ moMmonIsio poronnoma DA-256
(Poccus), pasen 190 £ 10 uc. IIpu gaHHBIX 3HAYCHUAX
SHEPIHH, JJIUTEILHOCTH UMITYIbCa U THAMETPE JIA3EPHOTO
IATHA CPEAHAA INIOTHOCTh MOIIHOCTHU B IMATHE COCTABJIACT
npumepHo 3-107 Br/cm2.

OO0pa3ubl ObUIH pa3leneHsl Ha aBe rpynmbl. [lepsas
rpyrmnma oO0pasloB He MoJBepraiach Jia3epHOMY BO3JIEH-
crButo. O6pazery 1.1 — HCXOHOE COCTOSIHUE TIOBEPXHOCTH
oxanmuubl. O0pazen 1.2 — numpoBka okanuHbl HITH(O-
BasbHON Oymaroil P2000 3epHucTOCTBIO 5—7 MKM B JIBYX
MepIEeHANKYISPHBIX HarpaBieHusx. lInudoska nponsse-
JIeHa BPYUYHYIO /10 YAAJICHUS OKAJIMHBI B LIEHTPE HUTH(Ye-
MOTO Y9acTKa, 4TO OBUIO OMPEIENCHO 110 MOSBICHHUIO CBET-
701 00JIACTH, COOTBETCTBYIOIIECH MOBEPXHOCTH cTaimu. Bo
BTOPYIO TPYIIIY BOIIIN 00pa3ibl ¢ 00padOTKOI MOBEPXHO-
CTHU UMITYJIbCHBIM J1a3epHbIM u3iaydeHueM. [lon nefictBuem

I TOCT 380-2005. Cranp yriepoauctas 0OBIKHOBEHHOTO
kauectBa. Beeaen 01.01.2008. M.: Craunaprurdopm, 2007. 16 c.

21CO 630:1995. Koncrpykiuonnsie cranu. [Ipokar Toncro-
JIMCTOBOM, IIMPOKOIIOJIOCHBIH, COPTOBbIC U (pacOHHBIE MTPOPH-
au (ISO 630:1995 «Structural steels — Plates, wide flats, bars,
sections and profiles», NEQ).
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JIa3epHBIX UMITYJIbCOB TIPOUCXO/IMIIO y/laJIeHUE OKaJIHHBI,
B 30HE JICHCTBUS Ja3€pPHOT0 MUMITyJbca (hOPMHUPOBAIUCH
Kparepsl. BoznelcTBre J1a3epHOro M3Iy4eHHs ¢ epednc-
JICHHBIMU XapaKTePUCTUKAaMH Ha CHJIBHO MOIVIOIIAIOIINE
Marepuabl, HAIpUMEp OKAJIMHY WIN CTallb, 00eCTIeunIIo
Harpes BbIIIE TOpora KuneHus [8]. YnaneHne okaauHbI
BBITIOJTHEHO 32 CUET HArpeBa €€ B TEUCHHE INTEIHHO-
CTH JIA3€PHOTO MMITYJIbCA BBIIIE TEMIEPATyphl KUIICHUSI.
Ha o6pa3nax 2.1 u 2.2 6s11u chOpMUPOBAHBI KpaTEPHI,
paccTosiHue MEXKy KpasMu KpaTrepoB IPEBBIIIANIO UX IU-
ametp. O0paserr 2.1 — 00pabOTKa OMUHOYHBIM JIA3EPHBIM
UMITYJIBCOM (B K@XK/yI0 00JIaCTh BO3/ICHCTBHS IIPUXOJUTCS
OJIMH UMITYJIBC), 0Opaserr 2.2 — o0paboTka 10 umMItyscamu
(npuxoautest 10 ummynbscoB). O6pasupt 2.3 u 2.4 — o0Opa-
00TKa NpH NEPEKPBITHH JIa3EPHBIX MSTEH B CTPOKE CKaHU-
poBaHust Ha 75 % OT UX AMAMeTpa M NEPEKPBITHU CTPOK
CKaHUpPOBaHMA Ha 75 % OT AMaMeTpa JIa3epHOro MsTHA.
Ob6pasen 2.3 obpabaTeiBajcs 3a oxuH mpoxon. O6paser
2.4 — 3a 9yeThIpe MpOoXoJa, TaK Kak MPH ITOM OKalWHa
MOJIHOCTBIO yrassuiack. Ha puc. 1 cxemMaTnuHO nmoka3aHsl
TPACChl CKAHMPOBAHMUS JIA3EPHBIM ITyIKOM.

3ameTnMm, uTo 00pasibl 2.1-2.4 BEIOpaHBI U3 COOTBET-
CTBYIOHIIUX MOATPYHIT IJId ACMOHCTpalN XapaKTCPHBIX
pesynbraroB. Kaxkgas moarpynmna Bkitodaia B ceOs He
MeHee Tpex 00pa3noB, 00pabOTaHHBIX B OJIMHAKOBBIX yC-
noBusix. Kaxaplit oOpaser nmen miomas NOBEPXHOCTH,
JIOCTaTOYHYIO JUUIsl IPOBEACHHST HEOOXOIMMOT0 Yuciia U3-
MepeHHni 1 00eCTIeueHNs CTaTUCTHYECKOH JI0CTOBEPHOCTH
TIOJTY4EHHBIX PE3yJIbTaTOB.

Buewmnuii Bua Kparepos, MOJIYUYEHHBIX IPU BO3JAEH-
CTBHH JIA3EPHBIMHI UMITYJIbCAMHU, PETUCTPUPOBAJICS C TIOMO-
IIBI0 CKAaHUPYIOMIETO MIEKTPOHHOTO MHUKpockomna (COM)
Inspect (FEI, CIIA). I3mepeHus narepaibHBIX pa3MepoB
kparepoB B COM mpoBOAMINCH B BaKyyMe TIPHU IaBICHUU
103-10-4 ITa u yckopsttoreMm Hanpsbkenuu 20 kB B pesku-
Me BTOPUYHBIX 3JIEKTPOHOB, paboyee paccTOsIHUE OT KOJIOH-
HBI J10 00pa3ia — 7 MM, pa3Mep IsITHA My4Ka dJIEKTPOHOB
coctaBmwi — 3,5 yci. efl.

[Ipo¢uib TOBEpXHOCTH KPaTEpOB UCCIEAOBAH C I10-
MOIIBIO CKAHMPYIOIIET0 30H10BOT0 MUKpocKomna Ntagra
Aura (NT-MDT, Poccust). Tonorpadus moBepXHOCTH Kpa-
TEPOB M3yYEHA C MOMOMIBIO MOJyKOHTAKTHOTO PEKUMa
aTOMHO-CHIIOBOH MUKpockoruu (ACM) it yMEHBIICHUS
JeHCTBUS 30H/A HA CTPYKTYpPBI IIOBEPXHOCTU Kparepa.
W3yuenne o6pa3oB MPOUCXOAIIIO B BO3AYIIHON cpene

Puc. 1. Tpacca ckaHUpOBaHUS Ja3ePHBIMU UMITYJIbCAMU
MOBEPXHOCTH A1 06pa3uoB: 2.1 u 2.2 (a); 2.3 u2.4 (b)

Crpenkamu 0003HAYCHO HANPABICHUE CKAHUPOBAHUSI, KPYTraMy —
na3epHsbIe MsITHA Ha 00pabaThIiBaeMOil MOBEPXHOCTH 00Pa3IioB

Fig. 1. Surface scanning path with laser pulses: for Samples 2.1
and 2.2 (a); for Samples 2.3 and 2.4 (b)

npu cpenHeit Temneparype 21-23 °C U 0THOCUTENBHOI
BIQXXHOCTHU B mpenenax 40-45 %. [lpu usmepeHusix uc-
TMIOJIE30BAJIACH TACCHBHAS U aKTHBHAas BUOpO3aInuThl. J{i1s
IOCTHPOBKH 30H]1a ¥ BbIOOpa obmactu 1t ACM n3mepeHuit
NpUMEHEHa MHTErpUpOBaHHast onTudeckas cucrema Optem
(Qioptiq, CIIIA).

[Ipu mccnenoBaHUM MCXOMHOTO (Da30BOTO COCTaBa
(BXOmAIIMX B COCTAaB OKAJMHBI OKCHIOB JKele3a) U Ipe-
o0pazoBaHus (a3 OKaJTUHBI MOJ AEHCTBUEM JIa3€PHOTO
HarpeBa peaJu30BaH METO]] CIIEKTPOCKOITNH KOMOMHAIIN-
onnoro paccesaus cseta (KPC). JlanHbI onTHyeckuit
METOJ1 YCTICIIHO UCTIONIB3YeTCs I UCCIIEOBAHUS CTPYK-
TYpBbI, COCTaBa M POCTPAHCTBEHHOTO pactipesesieHus das,
HalpuMep OKCHJOB U OKCUTHJPOKCHIOB jKeie3a, oOpa-
30BaBIINXCS KaK €CTECTBEHHBIM oOpa3om [20-22], Tak
W B pe3yJbTaTe HaNpaBJICHHOTO JIA3EPHOTO BO3/ICHCTBHS
IIPU Pa3JIMYHBIX TEMIEPATypPHBIX U BIAKHOCTHBIX PEXXH-
Max [23-25]. Conpsixenne cnekrpomerpa KPC ¢ onride-
CKHUM MHUKPOCKOIIOM TTO3BOJISIET MOTydaTh HH(YOPMALIHIO O
(ha30BOM cocTaBe HEMETAUNIMIECKUX (OKCHIHBIX) 00pa3o-
BaHMH ((ha3bl BIOCTHTA, MATHETUTA, TEMAaTHTa U APYTHE) C
MPOCTPAaHCTBEHHBIM Pa3pELICHUEM B eTHHUIIBI MUKPOMET-
pos [24].

Cnexrpsl 0butH osryuensl Mmetosiom KPC B reomerprn
obparHoro paccesHus [26] Ha cuekrpomerpe LabRam
HRS800 ¢ Bo30y»x/1eHHEM TIPU UCTIOIH30BAHUH BCTPOSHHOTO
He-Ne naszepa (Horiba Jobin Yvon, ®panrwst). muaa Boi-
HBI JIa3epHOTO n3IydeHus cocrasisuia 632,8 uMm. Ero ¢o-
KyCHPOBKA OCYILECTBISLIACH C UCIOIb30BaHnEM 50 00b-
eKTHBa C YHCIOBOU amepTypoii 0,75. CpeqHsiss MOUTHOCTh
JIa3epHOTO M3ITyYeHHUS Ha (OKYCHOM PACCTOSHUU OT 00b-
extuBa coctaBmsia 0,1 MBT (paspemenue naMepeHus —
0,01 MxBT) 11 n3MepeHa ¢ NCTIOIb30BAaHNEM U3MEPUTEIS Ja-
3eproil MomHocti Mapku LaserCheck! (Coherent, CIIIA).
[Tpu cremKe creKkTpoB pUMeHeHa JUu(paKIMOHHAs peLeT-
ka 600 mt/mM. Jlnamerp uprcoBoi quadparmMbl COCTABIISII
150 + 0,5 mxM. BpeMmst HakoTIeHHs! OTHOKPATHOTO CIIEKTpa
KPC B kax/10M citydyae nouompanoch HHANBHAYAIBHO U Ha-
xoauiock B uHTepBase 200—-600 c. Breibop sToro Bpemenu
OCYIIECTBIISIICS HA OCHOBAHUH COBOKYITHOCTH CJIE/TYIOIINX
(haKTOpOB: CeUEHUs pPacCesHUs MCCIEAYEMbIX BEIIECTB
(OKCHIOB M OKCHUTHAPOKCHIOB JKejle3a), MX KOJIHMIECTBa,
YYBCTBUTEJIBHOCTH JETEKTOPA, & TAKXKE KOPPEKTHOCTH
paboThl anropurMa GpUabTpanuy craiikos? [27]. B uenom,
nojo0paHHble BpeMeHa HakorieHus criekTpoB KPC mo3Bo-
JSLTH Ha/Ie)KHO PErMCTPUPOBATh Ha criekTpoMerpe LabRam
HRS800 B nnTepecyromux obnactax (Kparepax u BO3Je
HUX) JlaXKe clladble CIeKTpaibHble 0COOCHHOCTH, TaKHe
Kak, HalpuMep, MUK I0JIOCH MOIIOLIEHNsT MarHETUTa pac-
M0JI0KEHHBINA 0K0J10 310 cM~!, ¢ cooTHOIIEHNEM curHam/
rym 6onee 3/1. Uuco mOBTOPOB OIHOKPATHBIX CIIEKTPOB
KPC 651510 BBIOpaHO B KOJIWYECTBE JIBYX, YTO CBSI3AHO C
pabotoit anropurma Spike Filter no ynanenuto craiikos

I LCh. LaserCheck Power Meter [DnekTponHbIi pecypc].
Pesxxum nocryna: https://www.coherent.com/laser-power-energy-
measurement/meters/lasercheck (zara obpamenus: 25.11.2024).

2 Labspec. LabSpec 6 Spectroscopy Suite Software Meter
[DnexTponHsblit pecype]. Pexxum noctyna: https://www.horiba.
com/int/scientific/products/detail/action/show/Product/labspec-
6-spectroscopy-suite-software-1843/ (nata oGpauieHus:
25.11.2024).
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(B aHIIOS3BIYHBIX HAyYHBIX paboTax MHOTIA BMecTo spike
HCIIOJIB3YETCSl aHAJIOTHYHBIN 110 CMBICIY TEPMUH COSMIC
rays) [27].

HccnenoBanue pazoBbiX NpeBpalieHUl B OKaJIUHe
NPH JIA3ePHOIl 0UHCTKe

OkanrHa Ha MOBEPXHOCTH CTAJIEH — CIION OKCHIAO0B
Kese3a (4epHOro, CH30T0 WM TEMHO-KPAcHOTO IBETa) —
(dopmMupyeTcs B pe3ysibrare TepMHUUECKOi 00paboTKu cTa-
JIeil B OKHCINTENBHON atMocdepe, Hanpumep, Mpu 1po-
KaTke (MpokaTHas okainuHa). TOHKas TUICHKA MPOKATHON
OKAJIMHBI TIOTY9aeTCsl OMHOPOIHOMN IO CBOMM CBOWCTBAM
u OoJee MIACTHYHOMU, YeM KIIACCHYECKas TeUHasi OKaJH-
Ha. Takas oxaJMHA B OCHOBHOM COCTOWT W3 TIEPBHUYHOTO
MarHeTHTa U MPOIYKTa paciiaia BIOCTUTa — CMECH MarHe-
THATa U MeTaIn4eckoro xene3a [28-33]. OHa He umeeT
BBIPAKEHHOU CIIOMCTOCTH, 00JIaIaeT BHICOKOU anre3meit
K TIOBEPXHOCTH CTaJM ¥ XOPOLIO CONPOTHBISIETCS MeXa-
Huueckomy BozaeicTBuio [34]. Ilpu Temmneparype Bbllie
570 °C B oxanmune Gopmupyercs BlocTHT. [Ipu Temnepa-
Typax 6osiee 1250 °C BIOCTHT CTAaHOBUTCS IIACTUYHBIM U
COIPOTHBIICHHE C/IBUTY B CJIOE BIOCTHTA CTAHOBUTCS OJIH3-
KHM K HYJTI0. B CBSI3M ¢ 9THM IIpH BBICOKOH TemIieparype
XapakTepHa YMCHBIICHHAS BEIMYMHA aATre3UH OKAJHHBI K
moBepxHOCTH MeTamia [35]. Pazmuuns xosddunrenton
TETUIOBOTO PACIIUPEHUS CI0CB OKaIMHBI M MeTajlla, a
TaKKe CHIDKCHHE aATe3nd IMpU (POPMHUPOBAHUU BIOCTHTA
SBJISIOTCS TIPEATIOCHUTKAMH JUTS pa3pyIIeHNS OKAJIMHBI IPH
JIA3epPHOM HarpeBse U NOCIeyIoNneM ObICTPOM OXJIaXICHHN
3a CYeT TerIonpoBOHOCTH. OCHOBHBIM IPEUMYIIECTBOM
HCIIONIb30BAHMS JIa3ePHOI0 M3JIYUYEHHs B KA4€CTBE MCTOU-
HUKa TeIuIa JUIsl HarpeBa u peaju3alii MeXaHu3MOB, IpH-
BOJISIIIMX K y/aJI€HUIO OKAJIHMHBI, SBJISETCS JJOKAIBHOCTD U
BBICOKasi CKOPOCTh Harpesa. B aTom ciyyae ynaneHue mare-
puana (Jla3epHyI0 OYHCTKY) MOXKHO ITPOBOJIUTH C BKJIAJIOM
SHEPTUU MEHBIINM, YeM IPH JPYTHUX crioco0ax HarpeBa
(B me4ax, OTKPHITHIM [UTAMEHEM, TOKAMH BBICOKOH JacTo-
THI ¥ T. 11.). BeIgenenne Tenia B OKaquHe, Kak U B JPYTUX
CHJTPHO TIOITIOMIAOIINX MaTepHaIax, IPOHCXOAUT B TOHKOM
TTOBEPXHOCTHOM CJIO€, TONIIIMHY KOTOPOTO MOJKHO OIIpese-
JIUTh TIO TIOKA3aTeJI0 MOMIONICHUS] MaTepHata sl JUTHHBI
BOJIHBI MCIIOJIb3yeMOro u3inydenus. [lokazaresis morio-
LIEHUS] OKAJIMHBI TIPU JITTMHE BOJHBI 1,06 MKM cOCTaBisieT
43 675 oOparHbIX caHTUMETPOB!, a rIyOrHA IPOHUKHO-
BeHus u3nyuenus — 230 am. BromyOs Termio pacmpoctpa-
HSIETCSl 3 CUCT TEIUIONPOBOAHOCTH, TOJIINHY IIPOIPETOTO
CJI0S1 i MOXKHO OIIEHHUTH COITIACHO BBIPAKEHUIO /i = \1;(;_1, e
0, — TeMITepaTypOIPOBOIHOCTh MaTepraia (1151 MarHeTHTa
10-6 M2/c [36]), T — IMTENBHOCTL BO3AEHCTBHS (HAIIPH-
Mep, TIUTEIHHOCTh Ja3epHOTO UMITYhca) [§]. Ympasmss
rmapaMeTpaMu JIa3epHOTO BO3ACHCTBUSA: ITHTEIHHOCTHIO
HMMIYJIbCa, pa3MEPOM IISITHA, PHEPTHEH B UMITYJIbCE, YaCTO-
TO¥ ClieJOBaHUSI IMITYJIbCOB, & TAKIKE CKOPOCTHIO CKAHHPO-
BaHUs J1Ia3€PHBIM ITYYKOM IMOBEPXHOCTH, MOKHO YIIPABIATH
TOJIMHON M TEeMIEepaTypoil MPOrpeToro cjios Marepuania.

1 Optical constants of Fe304 (Iron(ILIII) oxide, Magnetite)
Querry 1985: n,k 0.21-55.6 pm [DnexrponHslii pecypc]. Pexunm
nocryna: https://refractiveindex.info/?shelf=main&book=Fe304
&page=Querry (mara obpamenus: 25.11.2024).

[Tpu BO31EHCTBUU OJUHOYHOTO JIA3€PHOTO MMITYJIbCca Ha
OKaJMHY (MarHeTHT) B IPUBEICHHOM peXHMe paboThl Jia-
3epHOH ycTaHOBKH (pa3nest «O0pasibl 1 METOAMKA SKCIIe-
PHMEHTa») ITyOnHa mporpeToro ciost nocturaet 0,5 MKM,
IIPU TOM TIOBEPXHOCTh HArPEBAETCS CYIIECTBEHHO BHIIIE
TEMIIEpaTypbl KUIICHHS.

Ha puc. 2 mpezncraBier BHEUTHUN BHI OTACIHHOTO
a0ISIIIMOHHOTO KpaTepa, 00pa30BaHHOTO B pe3yibTaTe
BO3JICHCTBHUS OJUHOYHOTO JIA3€PHOTO UMITyIbca (00pa-
3e11 2.1). YnaneHue okaauHbI IPOUCXOAUT B OCHOBHOM 3a
cueT ucnapeHus. PacmiaB okaauHbI 0cTaeTcs B 001acTH
Jla3epHOro Bo3jeicTBys. [laBieHue mapa npuBoIMT K IIPO-
ru0y BaHHBI paclijiaBa M BbIJIABIMBAHUIO YaCTH paciliaBa
Ha nepudepuro kparepa, riae Gopmupyercs: Bamuk. [locie
OKOHYAHMS JIA3€PHOT0 MMITYJIbCa PACIIAB HA TOBEPXHOCTH
aOJIAIIMOHHOTO KpaTepa 3acThIBACT.

Muxkpopenbed 1 MUKPOIPOQHIIb IIOBEPXHOCTH Kpa-
Tepa, 00pa30BaHHOTO OJMHOYHBIM JIA3€PHBIM HUMITYJIECOM
MpezcTaBieH Ha puc. 3. MakcnManbHas TIyOnHa KpaTepa
HaJl yPOBHEM HCXOJHOM IMOBEPXHOCTH 00pa3la 1 BBICOTA
BaJIMKa pacIuiaBa CoCcTaBisuia mpuMepHo 1,5 Mxm. Bricota
BaJIMKa pacruiaBa Takke OMu3ka K 1,5 MKM.

Jl1st ynaneHus OkajauHbl B IEHTPE Kparepa 10 OBEpX-
HOCTH CTajii noTpedoBasock 10 UMITyJIbCOB, PUXO/Is-
IIMXCSl B OJIHY M Ty e obnactb. Ha puc. 4 npencrasnen
aOJSIMOHHBIN KpaTep B oOpasue 2.2, chopMHUPOBAHHBIH
npu BosaeiicTBun 10 nasepHsix umnynbcoB. [losBnenue
MOBEPXHOCTH CTAJIM Ha JTHE Kparepa MACHTUPHIUPYETCS
Kak [0 BHEIIHEMY BHIY (M3MEHSETCS TOTIOJIOTHS paciula-
Ba), TAK 1 110 PEHTICHOBCKOMY CIIEKTpY (CHIKAeTCsl Macco-
Bast 1ons kuciopona). [ToBepxHOCTh paciiaBa u3 MopHCTOi
U TPELIMHOBATON, XapaKTEpHOU Ul paciulaBa OKaJUHBI,
B o0yacTu Kparepa, e Obula JOCTUTHYTA IMMOBEPXHOCTH
CTaJIi, CTAHOBUTCS TIIaJIKOM, Oe3 TpenuH 1 mop. MaccoBast
JIOJIST KUCIIOpOJia B OKAJIMHE Ha KParo Kparepa COCTaBISIET
6onee 41 %, B ienTpe kparepa — 12 %.

DJIeMEeHTHBII aHaIU3 TPOBOJUIICS METOIOM dHEPTOANC-
NepCUOHHON peHTreHoBckol cnekrpockonuu (EDX). Coop
nanabix EDX ocymiecTBisieTcss B HMITYJIIBCHOM QopMe.
Koraa Bxoasmye UMITYJIbCBI HAPSDKEHHST WITH TOKA U3Me-
PSIIOTCSL UMITYJIBCHBIM IIpolieccopoM B aetekrope EDX,
JIETEeKTOp (PaKTUIECKN OTKIJIIOYAETCS Ha MEPUO BPEMEHH,
Ha3bIBAEMBI MEPTBBIM BpEMEHEM. J[pyrumu cioBamu,

Puc. 2. COM-n300paxeHue Kpatepa B OKaJrHe, 00pa30BaHHOTO
OJMHOYHBIM JIa3epHBIM UMITyJIbcoM (0Opazert 2.1)

Fig. 2. SEM image of a crater in the scale formed by a single
laser pulse (Sample 2.1)
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Puc. 3. Muxpopensed (a) u mukponpoduiib (b) HOBEpXHOCTH KpaTepa B OKaJInHe, 00pa30BaHHOTO OJANHOYHBIM JIA3€PHBIM
umIyascoM (obpasernt 2.1), CHATHIN BIOJb OTPE3Ka Ha MOBEPXHOCTH OKAJIMHBI, TIOJyYSHHBIH C TOMOIIIBIO aTOMHO-CHAIOBOM
MHKPOCKOITUH

Fig. 3. Microrelief (a) and microprofile (b) of the crater surface in the scale formed by a single laser pulse (Sample 2.1) taken along a
segment on the surface of the scale, obtained using atomic force microscopy

korna cuctema EDX He mojcuuThIBa€T BXOJSAIINE PEHT-
reHoBckue (OoTOoHbI, a 00padaTeiBaeT paHee COOpaHHbBII
CHUTHAJI, OHa CYMTACTCs «MepTBOi». MepTBoe Bpems (Dead
Time, DT) onpexnensercs kax:

DT = (1 - Rout/Rin) x 100 %,

rae Rout u Rin — CKOPOCTHU CUETa Ha BBIXOZE U BXOJIE.

Curnan EDX peructpuposaincs ¢ nomomisio COM
Inspect (FEI, CILIA) npu yckopsiomieM HalnpspkeHUH OKO-
10 20 kB, DT cocrasnsno 30-40 %, nuameTp natHa 3JeK-
TPOHHOTO My4Ka cocTaBui — 4,5 ycit. e1. OnTuMaabHBIMU
B OOJIBIIIMHCTBE CiTy4daeB sBIsttoTcs 3HaueHus DT ot 15 1o
40 % (oxomo 1500 u 5000 wmtt./c) [37].

B tabnuie nmpuBeneHB BOJHOBBIC YHCTa (POHOHOB,
OTpe/eNICHHbIC HA OCHOBAHUY MONTyYeHHBIX cieKTpoB KPC
JUIsE MACHTU(UIMPOBAHHBIX TIyTEM CPAaBHEHHS C JaHHBI-
MU paboThl [21] okcHIOB Kene3a (reMaTtuTa, MarHeTHTa,
BIOCTHUTA).

Puc. 4. COM-n300paxkeHne kparepa B OKaJIHHe, 00pa30BaHHOTO
10 nazepubIMH HMIyIbcamMu (00paszers 2.2).
B neHTpe kparepa BUIHA OIUIABICHHAS TTOBEPXHOCTH CTAITH
(yxazaHa CTpeJIKOit)
Fig. 4. SEM image of a crater in the scale formed by 10 laser
pulses (Sample 2.2). A fused steel surface is visible in the center
of the crater (indicated by an arrow)

ITomyuennsie cnextpsl KPC 06pa3noB mpeacTaBiaeHb!
Ha puc. 5. ['emMaTuT B 00pa3nax uACHTUDUIUPYETCS 110
XapakTepHBIM THKaM noiockl B ciektpe KPC npumepHO
220 cm 1 11290 cM 1, MarHeTUT — 110 XapaKTEPHOMY THKY
670 cmL, BrocTuT — 1o muky 660 cm1.

XapakTepHbIe /ISl UCXOJHON MTOBEPXHOCTH OKAJIMHBI
(obpaszer 1.1) KPC (puc. 5, @) comepkar moiaocsl, KOTOPbIS
MO>KHO OTHECTH K MarHeTUTy U remarury. Ha puc. 6 moka-
3aHa o0macTh obpasma 1.2 (mocne numboBKH), B KOTOPOU
canmanuch KPC. BumHo, 9T0 OKannHa UMEET TOPHUCTYIO
cTpyKTypy. CIIEKTPHI OT IUIOCKOH MMOBEPXHOCTH (pHC. 5, D)
COOTBETCTBYIOT MAarHETHUTY, a OT Op (pHC. 5, ¢) — MarHe-
TUTY W TEMATHUTY U MIOBTOPSIIOT CIIEKTPBI HCXOHON MOBEPX-
HOCTH OKaJIMHBI.

ITo Bceit nTyOMHE OKaIMHBI BO BCEX 00pa3iiax B OCHOB-
HOM COJICPKUTCSI MArHETUT. | eMaTuT pHUCYTCTBYET TOJIBKO
B BHJIC CJIEJIOB Ha MOBEPXHOCTAX, KOHTAKTHPOBABIIHX C
BO3JyXOM J10 nuIN(OBKU. BlocTHTa B MCXOAHOM OKalnHe
obHapy»xeHo He 0buT0. [ToydeHHbIe pe3yabTaTsl OATBEp-
JKJTATOTCSI MICCIICIOBAHUSIMU Tpoliecca (POpMUPOBAHNUS TIPO-
KaTHOW OKaJMHBI. [IpokaTHast OKalnHa COCTOUT B OCHOBHOM
M3 MarHeTUTa U METAITMYECKOTO JKene3a. MexaHnueckast
CMECh MarHeTHTa M METAJUTHUECKOTO JKene3a o0pasyeTcs
B pe3yJbTaTe peakiuy pachajga BIOCTUTA BO BPEMsI OCTbI-
BaHUS MpoKaTta Mpu Temnepatype Hivke 570 °C [28-35].

OcoOblif HHTEpEC MPEACTABISIIOT XUMHUECKHUE TMpe-
00pa3oBaHusl B OKAJMHE, POUCXOASIINE PU JIA3EPHOM
Harpese. [loyueHHbIE ¢ TOBEPXHOCTH KPATePOB CIIEKTPBI
KPC noka3bIBaioT, 4TO 3aCTHIBIIUHN paciijiaB COCTOUT U3
BrocTuTa (puc. 5, d). JlaHHbII pe3ynbraT MOXHO OOBSICHUTD
TE€M, YTO NpH HarpeBe okanuHsel Boime 570 °C u3 mexaHu-
YeCKOW CMECH MarHeTHTa M METAJUIMYECKOTO JKeJie3a Mo-
JKeT 00pa30BBIBATHCS BIOCTUT. B xoz1e nccnenoBanmii Obuto
00OHAapy’KEeHO, UTO HAa TIOBEPXHOCTH Kparepa B oopasie 2.1
3aCTHIBIINH pacIulaB pacTpeckaics Ha (PparMeHTHI ¢ Tpo-
JOTBHBIMH pa3MepaMu OKoJIo 2—5 MKM (puc. 7).

Ha puc. 8 npuBeneHnsl n300paxeHus MOBEPXHOCTEN
00pasos 2.3 u 2.4 npu 06padoTke 3a oxuH (puc. 8, @) u 3a
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Tabnuya. BoIHOBBIE YHCIIA TUKOB B CIIEKTPaX KOMOMHALIMOHHOTO PACCESIHHUS OKCHJIOB Kelle3a B COCTaBe UCCIICOBAHHON OKaIMHBI U
IpUBeAEHHBIE B padote [21]

Table. The wave numbers of peaks in the Raman spectra of iron oxides in the composition of the studied scale and given in [21]

BosnroBoe unciio, cm!

Coenunenne
Pesynerarel HacTosIEeH PabOTHL JlanHble n3 padotsr [21]
I'emarut 220, 290, 410, 500, 610 225,293,412, 498, 612
Maruetut 310, 540, 670 310, 540, 670
Broctur 660 652
a b
, 20000 - , ]
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Puc. 5. CiekTpsl KOMOMHAILIMOHHOTO PaCcCEesIHUSI: HCXOAHASI TIOBEPXHOCTh OKaIuHbI (00paser 1.1) (a); uumnpoBaHHas TOBEPXHOCTH
OKaJIMHBI, TUT0CKast o0nacTh (o0paser 1.2) (b); mopa Ha MOBEPXHOCTH OKaJIHHBI (00pasew 1.2) (¢); KpaTep OT OAMHOYHOTO MMITYIIbCa
(obpaszen 2.1) (d)
Fig. 5. Raman spectra: the initial surface of the scale (Sample 1.1) (@); the polished surface of the scale, a flat area (Sample 1.2) (b);

a pore on the surface of the scale (Sample 1.2) (¢); a crater from a single pulse (Sample 2.1) (d)

20 MKEM

Puc. 6. Muxpodororpadus numQpoBaHHON ITOBEPXHOCTH
okaJMHbI (00paser] 1.2), B IepeKpeCcTUH HAXOANUTCS OTKPHITas

nopa

Fig. 6. Micrograph of the polished surface of the scale
(Sample 1.2), with an open pore in the crosshair

Puc. 7. COM-u300paskeHne NOBEPXHOCTH Kparepa B OKaJIMHE,
00pa30BaHHOTO OJMHOYHBIM JIa3ePHBIM UMITYIILCOM (0Opaserr 2.1)

Fig. 7. SEM image of the crater surface in the scale formed by a

single laser pulse (Sample 2.1)
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MccnepoBaHme GasoBbiX NPEBPALLEHMIA OKANVHBI YINEPOANCTON CTanm Npy Na3epHOmM OYNCTKE. ..

20 MKM

Puc. 8. COM-n300paskeHus HOBEPXHOCTEH 00pa3NoB, MOTYUYCHHBIX B PE3y/IbTaTe CKAaHUPOBAHMS ¢ 75 % MepeKphITHEM JIa3ePHBIX
uMIyabcoB: oopasen 2.3 (1 mpoxon) (a); obpazen 2.4 (4 mpoxona) (b)

Fig. 8. SEM images of the sample surface formed as a result of scanning with 75 % overlap of laser pulses: Sample 2.3 (1 pass) (a);
Sample 2.4 (4 passes) (b)

yeTsIpe (puc. 8, b) mpoxona. 3a OUH MPOXOA TPOUCXOANT
yAaJCeHUE CJI0Sl OKAIWHBI Ha TIIyOWHY MEHBIIE TONIINHBI
Bcel TIeHKH okaiwHEL. [loBepxHOCTH 00Opasma 2.3 ocra-
€TCsl IOKPBITOH OIUIABIEHHBIM OCTaTOYHBIM CIIOEM OKalH-
Hbl. [Tocne yeTsipex MpoxooB MOBEPXHOCTh 0Opa3ua 2.4
MIOJTHOCTBIO OYUCTUIIACh OT OKAJIMHBI, CTENICHb OYUCTKH
COOTBETCTBYET Sa3 10 CTaHAAPTY OYUCTKU METAINYCCKOM
nosepxHoctu [SO 8501-11. B ominume ot paciuiaa crajiu
TPEHIMHOBATOCTh pacIulaBa OKaJWUHBI IPH 3aCTHIBAHUU
HOCHUT SIPKO BBIpayKeHHBII Xapakrep. K pacTpecknBaHuio,
BEPOSITHO, MPUBOAST PA3INUNE TETUIO(PU3NUECKUX CBOMCTB
HarpeToro BEpXHEro u 0oJsiee XOJIOAHOTO HIKHETO CJo-
€B OKaJIMHBI U ()a30BbIC MPEBPAIICHUS B €€ CTPYKTYpe.
ConepkaHue BIOCTHTA B 30HE JIa3€PHOTO BO3JIEHCTBUSA
PEeTUCTPUPYETCS BIUIOTH A0 ITOJIHOTO YIAJICHUS OKaJIH-
Hel. Criextpsr KPC cost Ha TOBEpXHOCTH KaK OTJAEIFHOTO
KpaTepa, TaK ¥ IIOBEPXHOCTH, 00pa30BaHHOM B pe3yibTrare
CKaHUPOBAHUS C IEPEKPHITHEM JIa3€PHBIX UMITYJILCOB, Ha-
npuMep obpasna 2.3, COOTBETCTBYIOT CIIEKTPY BIOCTHTA.
[ToTHOCTH TBEPAOTO BIOCTUTA OOJIBIIE, YEM TIOTHOCTD
TBEPAOTO MarHeTuTa NMpuMepHO Ha 15 % u Oosee yeM Ha
30 % Ooutbllie, YeM TUIOTHOCTh paciiiaBa MarHetuta [36].
K pactpeckuBaHMIO 3aCTHIBILIETO paciulaBa OKaJHHBI, Be-
POSITHO, TIPUBOMAT PACTIATUBAIONINE HANPSHKCHHS, BO3HH-

1 ICO 8501-1:2007. [ToAroTOBKA CTATBHON TOBEPXHOCTH
Triepe]; HaHeCEHHEeM JIAKOKPACOUHBIX MAaTePUasioB U OTHOCSIIINX-
cs K HUM TIPOJAYKTOB. Bu3yanbHas omeHka YHCTOTHI IIOBEPX-
Hoctd. Yacts 1. CreneHb OKHCIEHUS U CTENEHU MOATOTOBKU
HETIOKPBITOH CTaJbHON MOBEPXHOCTH U CTAIBHOM MMOBEPXHOCTH
rocJie MOJHOTO yaajneHus npeskHux nokperruit (ISO 8501-1:2007
Preparation of steel substrates before application of paints and
related products — Visual assessment of surface cleanliness —
Part 1: Rust grades and preparation grades of uncoated steel
substrates and of steel substrates after overall removal of previous
coatings).

KaIOIINE M3-3a YBEIMUCHHS €€ TUIOTHOCTH MpH (Ha30BOM
TIPEeBpAIICHIH MAaTHETHTA BO BIOCTHUT.

W3 momy4eHHBIX pe3yNbTaToB, BUIHO, YTO COBOKYII-
HOCTh TEPMOMHAYIIMPOBAHHBIX (DA30BBIX MpPEBpAIICHUN U
TEPMOMEXaHUYECKUX HANPSKEHHH BHOCHUT BKJIAJ B IPO-
LlecC UCapuTeIbHOM Jla3epHOil ouncTku. Bo3Hukaromas
npu 00pa3oBaHUM IUIa3Mbl yAapHas BOJIHA B OKaJIWHE U
JIaBJICHUE OT/Ia4M apoB [15] MOr'yT OTpbIBaTh ()parMeHThI
pacTpecKaBlIeiics] OKaIHHBbI.

3akaouenune

B pabore npoBezieHb! ucciieoBaHus (pazoBbIX MpeBpa-
LICHUHI B CTPYKTYpE MPOKATHOW OKaJIMHBI YIJIEPOJUCTON
CTaJIM, IPOUCXOAANIUX B MpoIlecce Ja3epHOIl OUUCTKU B
peXuMe UCTIapeHUs MoJ ASHCTBHEM HaHOCEKYHIHBIX UM-
ITyJILCOB BOJIOKOHHOTO NTTepOreBoro jazepa. OOHapyKeHo,
YTO CYIIECTBEHHBIN BKJIAJ B MPOLIECC OUUCTKH BHOCSAT
TEePMOMHYIIIPOBaHHBIE (Pa30BbIC IPEBPAILICHNS U TEPMO-
MEXaHNYECKUE HaNPSDKCHUS.

MeTo10M CITEKTPOCKOITMN KOMOMHAIIMOHHOTO pacce-
STHHAS CBETa MCCIeqoBaH (pa3oBBI cOCTaB MCXOAHOM Tpo-
KaTHOM OKAJIMHBI TOPSYEKAaTaHOTO MPOKATa CTAIH MApPKH
Cr3, a Taxxe (ha30BBIi COCTaB OKAIMHBI TIOCIE JTa3ePHOTO
BO3JEHCTBUSA. B pe3ynbrare BO3AEHCTBUS JIA3€PHOIO M-
IyJbca NPOUCXOANT UCIIAPEHHE OKAIUHBI U 00pa3oBaHUe
ee pacmapa. [TokazaHo, 4YTO OCHOBHOM HEMETaITMYECKOI
COCTaBJISIONIEH HCXOAHOM MPOKATHOW OKAJMHBI SBIISETCS
MarHeTuT. B 3acThIBIIEM MOCIIE JIa3epHOTO BO3AEHCTBUSA
pacmiaBe OKaJIMHBI MIPOUCXOAUT MPEBPAIIEHUE CMECH
MarHeTUTa U METaJNINYECKOTO JKeJe3a BO BIOCTUT.

BckpeIThie TepMOMEXaHUUYECKHUE SIBICHUS U (Da3oBbIC
MPEBPAIEHUS, COMYTCTBYIONINE UCIAPEHNIO TPOKATHOU
OKaJIMHBI, HY’KJAIOTCSI B TAJIIbHEHIINX MCCICOBAHNIX JUTS
pa3pabOTKH HOBBIX METOIOB JIA3EPHOI OYHUCTKHU C MOBBI-
IIEHHBIM KQUECTBOM M IPOU3BOUTEILHOCTHIO.

186

Hay4HO-TexHMU4YeCckunii BECTHUK MHDOPMALMOHHbLIX TEXHONOM I, MEXaHUKKN 1 onTukn, 2025, Tom 25, N2 2
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2025, vol. 25, no 2



[.B. Xyp6a, B.M. Xypb6a, B.I. Beiiko, [.B. MaHbknH, M.B. Xykos, A.3. MNyliwa

10.

14.

17.

20.

Jluteparypa

. Wang X., Ai R., Yang Q., Wang S., Zhang Y., Meng Y., Ma X. Effect

of oxide scale structure on shot-blasting of hot-rolled strip steel //
Peer] Materials Science. 2020. V. 2. P. ¢ 9. https://doi.org/10.7717/
peerj-matsci.9

. Bin S., Cheng L., Du C.-Y., Zhang J.-K., He Y.-Q., Cao G.-M. Effect

of oxide scale microstructure on atmospheric corrosion behavior of
hot rolled steel strip // Coatings. 2021. V. 11. N 5. P. 517. https://doi.
org/10.3390/coatings 11050517

. Li X., Huang T., Chong A.W., Zhou R., Choo Y.S., Hong M. Laser

cleaning of steel structure surface for paint removal and repaint
adhesion // Guangdian Gongcheng/Opto-Electronic Engineering.
2017. V. 44.N 3. P. 340-344.

. Kayahan E., Candan L., Aras M., Gundogdu O. Surface cleaning of

metals using low power fiber lasers // Acta Physica Polonica A. 2018.
V. 134.N 1. P. 371-373. https://doi.org/10.12693/aphyspola.134.371

. LuY, Yang L., Wang Y., Chen H., Guo B., Tian Z. Paint removal on

the 5SA06 Aluminum alloy using a continuous wave fiber laser //
Coatings. 2019. V. 9. N 8. P. 488. https://doi.org/10.3390/
coatings9080488

. Kravchenko Y., Klimentov S., Derzhavin S., Mamonov D.,

Karpov N., Mayorov A. Optimization of laser cleaning conditions
using multimode short-pulse radiation // Optical and Quantum
Electronics. 2020. V. 52. N 6. P. 280. https://doi.org/10.1007/s11082-
020-02399-1

. Sun X., Yu Q., Bai X, Jin G., Cai J., Yuan B. Substrate cleaning

threshold for various coated al alloys using a continuous-wave laser //
Photonics. 2021. V. 8. N 9. P. 395. https://doi.org/10.3390/
photonics8090395

. Beiixo B.II., Cyvupuos B.H., Unpkos A.M., Illaxuo E.A. Jlazepnas

OUNCTKa B MAIIMHOCTPOCHUH U npudopoctpoenuu. CII6.: HUY
WUTMO, 2013. 103 c.

. Veiko V., Samohvalov A., Ageev E. Laser cleaning of engraved rolls

coupled with spectroscopic control / Optics and Laser Technologies.
2013. V. 54. P. 170-175. https://doi.org/10.1016/j.
optlastec.2013.05.015

Chen G.X., Kwee T.J., Tan K.P., Choo Y.S., Hong M.H. High-power
fibre laser cleaning for green shipbuilding // Journal of Laser Micro/
Nanoengineering. 2012. V. 7. N 3. P. 249-253. https://doi.
0rg/10.2961/jlmn.2012.03.0003

. Deschénes J.M., Fraser A. Empirical study of laser cleaning of rust,

paint, and mill scale from steel surfac // Minerals, Metals & Materials
Series. 2020. P. 189-201. https://doi.org/10.1007/978-3-030-36556-
117

. Beiiko B.IL., Illaxno E.A. ®u3nudeckue MeXaHU3MBI JIJa3epHOIT OUHCT-

xu noBepxHoctu // V3Bectus Poccuiickoii akanemun Hayk. Cepust
¢dusnueckas. 2001. T. 65. Ne 4. C. 584-587.

. Zhuang S., Kainuma S., Yang M., Haraguchi M., Asano T.

Characterizing corrosion properties of carbon steel affected by high-
power laser cleaning // Construction and Building Materials. 2021.
V. 274. P. 122085. https://doi.org/10.1016/j.conbuildmat.2020.122085
Beiixo B.II., Mytun T.1O., Cmupnos B.H., Illaxxo E.A., barume C.A.
Jla3epHasi O4HCTKA TOBEPXHOCTEIl METAIIOB: (PU3NUECKUE MIPOLIECChI
u npuMeHeHue // M3BeCTHs BBICHINX y4eOHBIX 3aBEICHHUII.
ITpubopoctpoenue. 2008. T. S1. Ne 4. C. 30-36.

. Jlubencon M.H., fxosines E.b., [llanasiouna I'. 1. Bzaumozeiicteie

JIa3epHOTO M3IIyYCHHUS C BEIIECTBOM (cmioBas onTuka). YacTs 2.
JlazepHblii HarpeB M pa3pyLIeHHe MaTepUaoB. YueOHOe mocodue.
CII6.: HUY UTMO, 2014. 181 c.

. XKyp6a JI.B., XKyp6a B.M., Beiixo B.IL., ITyitma A.3. UccrenoBanue

mpolecca J1a3epHOi OYHCTKH METaJUIONpoKaTa oT okanuHel // do-
tonnka. 2024. T. 18. Ne 6. C. 436—449. https://doi.org/10.22184/1993-
7296.FR0s.2024.18.6.436.449

Kypba [I.B. UccrnenoBanne Gpu3n4ecknx MEXaHHU3MOB Ja3epHOI
OYUCTKU IIOBEPXHOCTH TOPSYEKATaHOIO METAJIONPOKATa OT OKAJIMHbI
IIPU BO3ACHCTBHU HEIMPEPBHIBHOTO JIA3EPHOTO U3IYUCHUS C ATHHOMH
BostHBI 1,06 MxM // X1 Konrpece Mooabix y4énbix: COOpHUK Hayd-
HBIX Tpy#oB koHrpecca. T. 2. CI16.: HUY UTMO, 2022. C. 231-233.

. XKyp6a [1.B., XKyp6a B.M., [Tyitmra A.D. JlazepHast O4HCTKa IOBEPX-

HOCTeH KOHCTPYKIM TPyOOIIPOBOIHOTO TPAHCIIOPTa YIIEBOIOPO-
noB // Bypeune u HedTs. 2023. Ne S2. C. 61-67.

. XKypba B.M., XKyp6a /I.B., ITyitmra A.D. Criocod na3epHoH O4HCTKU

METaIIMYECKUX NoBepXHOCTeN oT okaiuHbl. [Tarent RU2812150C1.
Bron. 2024. Ne 3.

Hanesch M. Raman spectroscopy of iron oxides and (oxy) hydroxides
at low laser power and possible applications in environmental

11.

12.

13.

14.

15.

17.

20.

References

. Wang X., Ai R., Yang Q., Wang S., Zhang Y., Meng Y., Ma X. Effect

of oxide scale structure on shot-blasting of hot-rolled strip steel. Peer./
Materials Science, 2020, vol. 2, pp. e 9. https://doi.org/10.7717/peerj-
matsci.9

. Bin S., Cheng L., Du C.-Y., Zhang J.-K., He Y.-Q., Cao G.-M. Effect

of oxide scale microstructure on atmospheric corrosion behavior of
hot rolled steel strip. Coatings, 2021, vol. 11, no. 5, pp. 517. https:/
doi.org/10.3390/coatings11050517

. Li X, Huang T., Chong A.W., Zhou R., Choo Y.S., Hong M. Laser

cleaning of steel structure surface for paint removal and repaint
adhesion. Guangdian Gongcheng/Opto-Electronic Engineering, 2017,
vol. 44, no. 3, pp. 340-344.

. Kayahan E., Candan L., Aras M., Gundogdu O. Surface cleaning of

metals using low power fiber lasers. Acta Physica Polonica A, 2018,
vol. 134,no. 1, pp. 371-373. https://doi.org/10.12693/aphyspola.134.371

. LuY, Yang L., Wang Y., Chen H., Guo B., Tian Z. Paint removal on

the 5SA06 Aluminum alloy using a continuous wave fiber laser.
Coatings, 2019, vol. 9, no. 8, pp. 488. https://doi.org/10.3390/
coatings9080488

. Kravchenko Y., Klimentov S., Derzhavin S., Mamonov D.,

Karpov N., Mayorov A. Optimization of laser cleaning conditions
using multimode short-pulse radiation. Optical and Quantum
Electronics, 2020, vol. 52, no. 6, pp. 280. https://doi.org/10.1007/
$11082-020-02399-1

. Sun X., Yu Q., Bai X, Jin G., Cai J., Yuan B. Substrate cleaning

threshold for various coated al alloys using a continuous-wave laser.
Photonics, 2021, vol. 8, no. 9, pp. 395. https://doi.org/10.3390/
photonics8090395

. Veiko V.P., Smirnov V.N., Chirkov A.M., Shakhno E.A. Laser

cleaning in mechanical and instrument engineering. St. Petersburg,
NIU ITMO, 2013, 103 p. (in Russian)

. Veiko V., Samohvalov A., Ageev E. Laser cleaning of engraved rolls

coupled with spectroscopic control. Optics and Laser Technologies,
2013, vol. 54, pp. 170-175. https://doi.org/10.1016/j.
optlastec.2013.05.015

. Chen G.X., Kwee T.J., Tan K.P., Choo Y.S., Hong M.H. High-power

fibre laser cleaning for green shipbuilding. Journal of Laser Micro/
Nanoengineering, 2012, vol. 7, no. 3, pp. 249-253. https://doi.
0rg/10.2961/jlmn.2012.03.0003

Deschénes J.M., Fraser A. Empirical study of laser cleaning of rust,
paint, and mill scale from steel surface. Minerals, Metals & Materials
Series, 2020, pp. 189-201. https://doi.org/10.1007/978-3-030-36556-
1.17

Veiko V.P., Shakhno E.A. Illaxno E.A. Physical mechanisms of laser
cleaning. Izvestiya Rossiiskoi akademii nauk. Seriya fizicheskaya,
2001, vol. 65, no. 4, pp. 584-587. (in Russian)

Zhuang S., Kainuma S., Yang M., Haraguchi M., Asano T.
Characterizing corrosion properties of carbon steel affected by high-
power laser cleaning. Construction and Building Materials, 2021,
vol. 274, pp. 122085. https://doi.org/10.1016/j.
conbuildmat.2020.122085

Veiko V.P., Mutin T.Yu., Smirnov V.N., Shakhno E.A., Batishche S.A.
Laser clearing of surfaces of metals: physical processes and
application. Journal of Instrument Engineering, 2008, vol. 51, no. 4,
pp- 30-36. (in Russian)

Libenson M.N., Iakovlev E.B., Shandybina G.D. Interaction Between
Laser Radiation and Matter (Power Optics). Part 2: Laser Heating
and Destruction of Materials. Study guide. St. Petersburg, NIU
ITMO, 2014, 181 p. (in Russian)

. Zhurba D.V., Zhurba V.M., Veiko V.P., Puisha A.E. Investigation of

the process of laser descaling of mill metal. Photonics Russia, 2024,
vol. 18, no. 6, pp. 436-449. (in Russian). https://doi.
0rg/10.22184/1993-7296.FR0s.2024.18.6.436.449

Zhurba D.V. Study of physical mechanisms of laser cleaning of hot-
rolled metal surface from scale under the influence of continuous laser
radiation with a wavelength of 1.06 um. 1/" Congress of Young
Scientists: Collection of Scientific Papers. Vol. 2. St. Petersburg, NIU
ITMO, 2022, pp. 231-233. (in Russian)

. Zhurba D.V,, Zhurba V.M., Puisha A.E. Laser cleaning of surfaces of

structures of pipeline transport of hydrocarbons. Burenie i Neft’, 2023,
no. S2, pp. 61-67. (in Russian)

. Zhurba D.V., Zhurba V.M., Pujsha A.E. Method for laser cleaning of

metal surfaces from scale. Patent RU2812150C1. 2024. (in Russian)
Hanesch M. Raman spectroscopy of iron oxides and (oxy) hydroxides
at low laser power and possible applications in environmental

Hay4HO-TexXHU4eCcKuii BECTHUK MHDOPMALIMOHHbLIX TEXHONOM M, MeXaHUKK 1 onTukun, 2025, Tom 25, N2 2
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2025, vol. 25, no 2

187


https://doi.org/10.7717/peerj-matsci.9
https://doi.org/10.7717/peerj-matsci.9
https://doi.org/10.3390/coatings11050517
https://doi.org/10.3390/coatings11050517
https://doi.org/10.12693/aphyspola.134.371
https://doi.org/10.3390/coatings9080488
https://doi.org/10.3390/coatings9080488
https://doi.org/10.1007/s11082-020-02399-1
https://doi.org/10.1007/s11082-020-02399-1
https://doi.org/10.3390/photonics8090395
https://doi.org/10.3390/photonics8090395
https://doi.org/10.1016/j.optlastec.2013.05.015
https://doi.org/10.1016/j.optlastec.2013.05.015
https://doi.org/10.2961/jlmn.2012.03.0003
https://doi.org/10.2961/jlmn.2012.03.0003
https://doi.org/10.1007/978-3-030-36556-1_17
https://doi.org/10.1007/978-3-030-36556-1_17
https://doi.org/10.1016/j.conbuildmat.2020.122085
https://doi.org/10.22184/1993-7296.FRos.2024.18.6.436.449
https://doi.org/10.22184/1993-7296.FRos.2024.18.6.436.449
https://doi.org/10.7717/peerj-matsci.9
https://doi.org/10.7717/peerj-matsci.9
https://doi.org/10.3390/coatings11050517
https://doi.org/10.3390/coatings11050517
https://doi.org/10.12693/aphyspola.134.371
https://doi.org/10.3390/coatings9080488
https://doi.org/10.3390/coatings9080488
https://doi.org/10.1007/s11082-020-02399-1
https://doi.org/10.1007/s11082-020-02399-1
https://doi.org/10.3390/photonics8090395
https://doi.org/10.3390/photonics8090395
https://doi.org/10.1016/j.optlastec.2013.05.015
https://doi.org/10.1016/j.optlastec.2013.05.015
https://doi.org/10.2961/jlmn.2012.03.0003
https://doi.org/10.2961/jlmn.2012.03.0003
https://doi.org/10.1007/978-3-030-36556-1_17
https://doi.org/10.1007/978-3-030-36556-1_17
https://doi.org/10.1016/j.conbuildmat.2020.122085
https://doi.org/10.1016/j.conbuildmat.2020.122085
http://T.Yu
https://doi.org/10.22184/1993-7296.FRos.2024.18.6.436.449
https://doi.org/10.22184/1993-7296.FRos.2024.18.6.436.449

MccneposaHuve ¢a3oBbix NpeBpaLLeHnin OKanuHbl yrnepoancTon ctanm npy Na3epHom OYNUCTKE. ..

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

magnetic studies // Geophysical Journal International. 2009. V. 177.
N 3. P. 941-948. https://doi.org/10.1111/j.1365-246x.2009.04122.x
De Faria D.L.A., Venancio Silva S., de Oliveira M.T. Raman
microspectroscopy of some iron oxides and oxyhydroxides // Journal
of Raman Spectroscopy. 1997. V. 28. N 11. P. 873-878.
https://doi.org/10.1002/(SICI)1097-4555(199711)28:11<873::AID-
JRS177>3.0.CO;2-B

Prokuratov D.S., Davtian A.S., Vereshchagin O.S., Kurganov N.S.,
Samokhvalov A.A., Pankin D.V., Povolotckaia A.V., Shimko A.A.,
Mikhailova A.A., Somov P.A., Parfenov V.A. Laser cleaning of
archaeologically corroded iron objects with inlays // Optical and
Quantum Electronics. 2020. V. 52. N. 2. P. 113. https://doi.
org/10.1007/s11082-020-2231-z

Veiko V.P., Karlagina Y., Moskvin M., Mikhailovskii V., Odintsova G.,
Olshin P., Pankin D., Romanov V., Yatsuk R. Metal surface coloration
by oxide periodic structures formed with nanosecond laser pulses //
Optics and Lasers in Engineering. 2017. V. 96. P. 63—67. https://doi.
org/10.1016/j.optlaseng.2017.04.014

Sutton A.T., Kriewall C.S., Leu M.C., Newkirk J.W., Brown B.
Characterization of laser spatter and condensate generated during the
selective laser melting of 304L stainless steel powder // Additive
Manufacturing. 2020. V. 31. P. 100904. https://doi.org/10.1016/].
addma.2019.100904

Sanchez-Tovar R., Leiva-Garcia R., Garcia-Anton J. Characterization
of thermal oxide films formed on a duplex stainless steel by means
of confocal-Raman microscopy and electrochemical techniques //
Thin Solid Films. 2015. V. 576. P. 1-10. https://doi.org/10.1016/j.
tsf.2014.12.024

Encyclopedia of spectroscopy and spectrometry / ed. by Lindon J.C.,
Tranter G.E., Koppenaal D. Academic Press, 2016. 3584 p.
Wiemann J., Fabbri M., Yang T.R., Stein K., Sander P.M.,
Norell M.A., Briggs D.E.G. Fossilization transforms vertebrate hard
tissue proteins into N-heterocyclic polymers // Nature
Communications. 2018. V. 9. P. 4741. https://doi.org/10.1038/s41467-
018-07013-3

Chen R., Yuen W. Oxidation of low-carbon, low-silicon mild steel at
450-900°C under conditions relevant to hot-strip processing //
Oxidation of Metals. 2002. V. 57. N 1-2. P. 53-79. https://doi.
org/10.1023/A:1013390628475

Chen Rex, Yeun W.Y.D. Review of the High-Temperature Oxidation
of Iron and Carbon Steels in Air or Oxygen // Oxidation of Metals.
2003. V. 59. N 5-6. P. 433-468. https://doi.
org/10.1023/A:1023685905159

Temmsaxos FO.H. Pacnag BrocTHTa, BXOASINETO B COCTaB OKAJIHHBI //
Bectruk KOXHO-YpaabCKOro rocy1apCTBEHHOTO yYHHUBEPCHUTETA.
Cepust: Xumust. 2009. Ne 23 (156). C. 36-42.

Naipinij S., Sukieum S., Namprai R., Nilsonthi T. Formation of
thermal oxide scale and its adhesion to hot-rolled low carbon steels
with different final strip thicknesses // E3S Web of Conferences. 2022.
V. 355. P. 02008. https://doi.org/10.1051/e3sconf/202235502008
Cao G., Wu T., Xu R., Li, Z., Wang F., Liu Z. Effects of coiling
temperature and cooling condition on transformation behavior of
Tertiary oxide scale // Journal of Iron and Steel Research International.
2015. V. 22. N 10. P. 892-896. https://doi.org/10.1016/S1006-
706X(15)30086-8

Shizukawa Y., Hayashi S., Yoneda S., Kondo Y., Tanei H., Ukai S.
Mechanism of magnetite seam formation and its role for FeO scale
transformation // Oxidation of Metals. 2016. V. 86. N 3-4. P. 315-326.
https://doi.org/10.1007/s11085-016-9638-8

Choi J.W., Choi J.W. Convective heat transfer coefficient for high
pressure water jet // ISIJ International. 2002. V. 42. N 3. P. 283-289.
https://doi.org/10.2355/isijinternational.42.283

I'pynes A.IL., 3uns6epr 10.B., Tunuk B.T. Tpenue u cMa3ku npu
o6paborke meraiios aasienuem: CripaBounnk. M.: Merajutyprusi,
1982.310 c.

Devoino O.G., Gorbunov A.V., Lapkovsky A.S., Lutsko N.I.,
Shpackevitch D.A., Gorbunova V.A., Koval V.A. Data sets formation
on the physical properties of oxide scale components for theoretical
assessment of efficiency parameters of laser cleaning of carbon steels
and related processes // Science & Technique. 2024. V. 23. N 3.
P. 192-203. https://doi.org/10.21122/2227-1031-2024-23-3-192-203
Liao Y. Practical Electron Microscopy and Database. 2006.
[Dnexrponnsiii pecype]. URL: https://globalsino.com/EM/page4639.
html (nara o6pamenus: 02.12.2024).

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

magnetic studies. Geophysical Journal International, 2009, vol. 177,
no. 3, pp. 941-948. https://doi.org/10.1111/j.1365-246x.2009.04122.x
De Faria D.L.A., Venancio Silva S., de Oliveira M.T. Raman
microspectroscopy of some iron oxides and oxyhydroxides. Journal
of Raman Spectroscopy, 1997, vol. 28, no. 11, pp. 873-878.
https://doi.org/10.1002/(SICI)1097-4555(199711)28:11<873::AID-
JRS177>3.0.CO;2-B

Prokuratov D.S., Davtian A.S., Vereshchagin O.S., Kurganov N.S.,
Samokhvalov A.A., Pankin D.V., Povolotckaia A.V., Shimko A.A.,
Mikhailova A.A., Somov P.A., Parfenov V.A. Laser cleaning of
archaeologically corroded iron objects with inlays. Optical and
Quantum Electronics, 2020, vol. 52, no. 2, pp. 113. https://doi.
org/10.1007/s11082-020-2231-z

Veiko V.P., Karlagina Y., Moskvin M., Mikhailovskii V., Odintsova G.,
Olshin P., Pankin D., Romanov V., Yatsuk R. Metal surface coloration
by oxide periodic structures formed with nanosecond laser pulses.
Optics and Lasers in Engineering, 2017, vol. 96, pp. 63—67. https://
doi.org/10.1016/j.optlaseng.2017.04.014

Sutton A.T., Kriewall C.S., Leu M.C., Newkirk J.W., Brown B.
Characterization of laser spatter and condensate generated during the
selective laser melting of 304L stainless steel powder. Additive
Manufacturing, 2020, vol. 31, pp. 100904. https://doi.org/10.1016/j.
addma.2019.100904

Sanchez-Tovar R., Leiva-Garcia R., Garcia-Anton J. Characterization
of thermal oxide films formed on a duplex stainless steel by means
of confocal-Raman microscopy and electrochemical techniques. Thin
Solid Films, 2015, vol. 576, pp. 1-10. https://doi.org/10.1016/j.
tsf.2014.12.024

Encyclopedia of Spectroscopy and Spectrometry. Ed. by Lindon J.C.,
Tranter G.E., Koppenaal D. Academic Press, 2016, 3584 p.
Wiemann J., Fabbri M., Yang TR., Stein K, Sander P.M., Norell M.A.,
Briggs D.E.G. Fossilization transforms vertebrate hard tissue proteins
into N-heterocyclic polymers. Nature Communications, 2018, vol. 9,
pp. 4741. https://doi.org/10.1038/s41467-018-07013-3

Chen R., Yuen W. Oxidation of low-carbon, low-silicon mild steel at
450-900°C under conditions relevant to hot-strip processing.
Oxidation of Metals, 2002, vol. 57, no. 1-2, pp. 53-79. https://doi.
org/10.1023/A:1013390628475

Chen Rex, Yeun W.Y.D. Review of the High-Temperature Oxidation
of Iron and Carbon Steels in Air or Oxygen. Oxidation of Metals,
2003, vol. 59, no. 5-6, pp. 433-468. https://doi.
org/10.1023/A:1023685905159

Teplyakov Yu.N. Disintegration of the wustite, intrance in
composition iron oxidation. Bulletin of the South Ural State
University. Series Chemistry, 2009, no. 23 (156), pp. 36-42. (in
Russian)

Naipinij S., Sukieum S., Namprai R., Nilsonthi T. Formation of
thermal oxide scale and its adhesion to hot-rolled low carbon steels
with different final strip thicknesses. E3S Web of Conferences, 2022,
vol. 355, pp. 02008. https://doi.org/10.1051/e3sconf/202235502008
Cao G., Wu T, Xu R., Li, Z., Wang F., Liu Z. Effects of coiling
temperature and cooling condition on transformation behavior of
Tertiary oxide scale. Journal of Iron and Steel Research International,
2015, vol. 22, no. 10, pp. 892—896. https://doi.org/10.1016/S1006-
706X(15)30086-8

Shizukawa Y., Hayashi S., Yoneda S., Kondo Y., Tanei H., Ukai S.
Mechanism of magnetite seam formation and its role for FeO scale
transformation. Oxidation of Metals, 2016, vol. 86, no. 3-4, pp. 315—
326. https://doi.org/10.1007/s11085-016-9638-8

Choi J.W., Choi J.W. Convective heat transfer coefficient for high
pressure water jet. ISLJ International, 2002, vol. 42, no. 3, pp. 283—
289. https://doi.org/10.2355/isijinternational.42.283

Grudev A.P. Friction and Lubrication in Metal Forming. Handbook.
Moscow, Metallurgija, 1982, 310 p. (in Russian)

Devoino O.G., Gorbunov A.V., Lapkovsky A.S., Lutsko N.I.,
Shpackevitch D.A., Gorbunova V.A., Koval V.A. Data sets formation
on the physical properties of oxide scale components for theoretical
assessment of efficiency parameters of laser cleaning of carbon steels
and related processes. Science & Technique, 2024, vol. 23, no. 3,
pp. 192-203. https:/doi.org/10.21122/2227-1031-2024-23-3-192-203
Liao Y. Practical Electron Microscopy and Database. 2006. Available
at: https://globalsino.com/EM/page4639.html (accessed: 02.12.2024).

188

Hay4yHO-TexHn4eckuii BECTHUK MHDOPMALMOHHBLIX TEXHONOMMIA, MEXaHUKKN 1 onTukn, 2025, Tom 25, N2 2
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2025, vol. 25, no 2


https://doi.org/10.1111/j.1365-246x.2009.04122.x
https://doi.org/10.1002/(SICI)1097-4555(199711)28:11<873::AID-JRS177>3.0.CO;2-B
https://doi.org/10.1007/s11082-020-2231-z
https://doi.org/10.1007/s11082-020-2231-z
https://doi.org/10.1016/j.optlaseng.2017.04.014
https://doi.org/10.1016/j.optlaseng.2017.04.014
https://doi.org/10.1016/j.addma.2019.100904
https://doi.org/10.1016/j.addma.2019.100904
https://doi.org/10.1016/j.tsf.2014.12.024
https://doi.org/10.1016/j.tsf.2014.12.024
https://doi.org/10.1038/s41467-018-07013-3
https://doi.org/10.1038/s41467-018-07013-3
https://doi.org/10.1023/A:1013390628475
https://doi.org/10.1023/A:1013390628475
https://doi.org/10.1023/A:1023685905159
https://doi.org/10.1023/A:1023685905159
https://doi.org/10.1051/e3sconf/202235502008
https://doi.org/10.1016/S1006-706X(15)30086-8
https://doi.org/10.1016/S1006-706X(15)30086-8
https://doi.org/10.1007/s11085-016-9638-8
https://doi.org/10.2355/isijinternational.42.283
https://doi.org/10.21122/2227-1031-2024-23-3-192-203
https://globalsino.com/EM/page4639.html
https://globalsino.com/EM/page4639.html
https://doi.org/10.1111/j.1365-246x.2009.04122.x
https://doi.org/10.1002/(SICI)1097-4555(199711)28:11<873::AID-JRS177>3.0.CO;2-B
https://doi.org/10.1007/s11082-020-2231-z
https://doi.org/10.1007/s11082-020-2231-z
https://doi.org/10.1016/j.optlaseng.2017.04.014
https://doi.org/10.1016/j.optlaseng.2017.04.014
https://doi.org/10.1016/j.addma.2019.100904
https://doi.org/10.1016/j.addma.2019.100904
https://doi.org/10.1016/j.tsf.2014.12.024
https://doi.org/10.1016/j.tsf.2014.12.024
https://doi.org/10.1038/s41467-018-07013-3
https://doi.org/10.1023/A:1013390628475
https://doi.org/10.1023/A:1013390628475
https://doi.org/10.1023/A:1023685905159
https://doi.org/10.1023/A:1023685905159
https://doi.org/10.1051/e3sconf/202235502008
https://doi.org/10.1016/S1006-706X(15)30086-8
https://doi.org/10.1016/S1006-706X(15)30086-8
https://doi.org/10.1007/s11085-016-9638-8
https://doi.org/10.2355/isijinternational.42.283
https://doi.org/10.21122/2227-1031-2024-23-3-192-203
https://globalsino.com/EM/page4639.html

[.B. Xyp6a, B.M. Xypb6a, B.I. Beiiko, [.B. MaHbknH, M.B. Xykos, A.3. MNyliwa

ABTOpBI

Kyp6a Januaa BiaaguMupoBHy — MIIaJIIUH HAayuHbIH COTPYI-
Huk, OO0 «HIIIT BOJIO», Canxkt-IlerepOypr, 199034, Poccuiickas
Deneparmst; acimpant, Yausepeurer UTMO, Cankr-IlerepOypr, 197101,
Poccniickas ®enepauus, https://orcid.org/0009-0001-6814-1737, zhurba.
danila306@ya.ru

Kyp6a Baagumup MuxaiinoBny — resepainbHbiil gupexkrop, OO0
«HIIIT BOJIOy, Caunkr-IletepOypr, 199034, Poccuiickas ®enepanus,
8¢ 57076349300, https://orcid.org/0009-0006-9919-3106, vizhurba@
yandex.ru

Beiiko Bagum IMaBi1oBHY — JOKTOp TEXHHYECKHX HayK, mpodeccop,
IIABHBII Hay4dHBIH coTpynHuK, YauBepcuteT UTMO, Cankr-IletepOypr,
197101, Poccwuiickas denepanys, s¢ 7005095644, https://orcid.org/0000-
0001-6071-3449, vadim.veiko@mail.ru

Manbkun Imutpuii BacuaseBu4 — xaHaugatr GU3NKO-MaTeMaTH-
4yecKkHuX Hayk, crnennanuct, Cankr-IlerepOyprekuil rocynapcTBeHHBII
yHusepcuret, Cankr-ITetepOypr, 199034, Poccuiickas denepauus,
8¢ 57190487236, https://orcid.org/0000-0003-3114-3410, dmitrii.pankin@
spbu.ru

7KykxoB Muxauni BajepbeBuY — KaHM1aT TEXHUYECKUX HAYK, HAyYHbIH
coTpyauuk, MHCTUTYT aHanmuTHIeckoro npubopocrpoenus PAH, Cankr-
ITerepOypr, 198095, Poccuiickas deneparus, s¢ 55800160700, https:/
orcid.org/0000-0003-3361-6947, cloudjyk@yandex.ru

Iyiima Anexcanap IayapioBuy — KaHIUIAT TEXHUYCCKUX HaYK,
HavyaJbHUK Hay4yHO-TexHUUeckoro orzaena, OO0 «HIIIT BOJIO», CaHkr-
IerepOypr; 199034, Poccuiickas deneparms, https://orcid.org/0009-0000-
6589-6723, pujsha@mail.ru

Cmamws nocmynuna 6 pedaxyuio 05.07.2024
Ooobpena nocne peyenzuposanus 21.02.2025
Ipunsma x nevamu 30.03.2025

[©Nolel

Authors

Danila V. Zhurba — Junior Researcher, NPP VOLO LLC, Saint
Petersburg, 199034, Russian Federation; PhD Student, ITMO University,
Saint Petersburg, 197101, Russian Federation, https://orcid.org/0009-
0001-6814-1737, zhurba.danila306@ya.ru

Vladimir M. Zhurba — CEO, NPP VOLO LLC, Saint Petersburg,
199034, Russian Federation, s¢ 57076349300, https://orcid.org/0009-
0006-9919-3106, vizhurba@yandex.ru

Vadim P. Veiko — D.Sc., Professor, Chief Researcher, ITMO University,
Saint Petersburg, 197101, Russian Federation, s¢ 7005095644, https://
orcid.org/0000-0001-6071-3449, vadim.veiko@mail.ru

Dmitrii V. Pankin — PhD (Physics & Mathematics), Specialist, St.
Petersburg State University (SPbSU), Saint Petersburg, 199034, Russian
Federation, s¢ 57190487236, https://orcid.org/0000-0003-3114-3410,
dmitrii.pankin@spbu.ru

Mikhail V. Zhukov — PhD, Scientific Researcher, Institute for Analytical
Instrumentation of the Russian Academy of Sciences (IAI RAS), Saint
Petersburg, 198095, Russian Federation, s¢ 55800160700, https://orcid.
org/0000-0003-3361-6947, cloudjyk@yandex.ru

Alexander E. Puisha — PhD, Head of the Scientific and Technical
Department, NPP VOLO LLC, Saint Petersburg, 199034, Russian
Federation, https://orcid.org/0009-0000-6589-6723, pujsha@mail.ru

Received 05.07.2024
Approved after reviewing 21.02.2025
Accepted 30.03.2025

PaboTta focTynHa no nueH3nm
Creative Commons
«Attribution-NonCommercial»

Hay4HO-TexXHU4eCcKuii BECTHUK MHDOPMALIMOHHbLIX TEXHONOM M, MeXaHUKK 1 onTukun, 2025, Tom 25, N2 2
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2025, vol. 25, no 2

189


https://orcid.org/0009-0001-6814-1737
mailto:zhurba.danila306@ya.ru
mailto:zhurba.danila306@ya.ru
https://orcid.org/0009-0006-9919-3106
mailto:vlzhurba@yandex.ru
mailto:vlzhurba@yandex.ru
https://orcid.org/0000-0001-6071-3449
https://orcid.org/0000-0001-6071-3449
mailto:vadim.veiko@mail.ru
https://orcid.org/0000-0003-3114-3410
mailto:dmitrii.pankin@spbu.ru
mailto:dmitrii.pankin@spbu.ru
https://orcid.org/0000-0003-3361-6947
https://orcid.org/0000-0003-3361-6947
mailto:cloudjyk@yandex.ru
https://orcid.org/0009-0000-6589-6723
https://orcid.org/0009-0000-6589-6723
mailto:pujsha@mail.ru
https://orcid.org/0009-0001-6814-1737
https://orcid.org/0009-0001-6814-1737
mailto:zhurba.danila306@ya.ru
https://orcid.org/0009-0006-9919-3106
https://orcid.org/0009-0006-9919-3106
mailto:vlzhurba@yandex.ru
http://D.Sc
https://orcid.org/0000-0001-6071-3449
https://orcid.org/0000-0001-6071-3449
mailto:vadim.veiko@mail.ru
https://orcid.org/0000-0003-3114-3410
mailto:dmitrii.pankin@spbu.ru
https://orcid.org/0000-0003-3361-6947
https://orcid.org/0000-0003-3361-6947
mailto:cloudjyk@yandex.ru
https://orcid.org/0009-0000-6589-6723
mailto:pujsha@mail.ru

