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AHHOTanus. BaXHBIMH XapakTepUCTHUKaMH METAJUIMYECKUX M3JeNUH TpU TNPOU3BOACTBE  SIBJISIOTCS
pacripezeneHue npumeceil 1 GOpMUPOBAHNE MUKPO- H MAaKPOCTPYKTYPHI B Pa3sIMUHbIX YacTsax naaenus. Llenbro
JaHHOM PaboThl SIBISICTCS TEOPETUUECKOE ONMUCAaHHE M MOJEIMPOBAaHKE IPOIEecca JIA3epPHOTO BO3JCHCTBUS Ha
CTAJIBHYIO TUIACTHHY, KOTOPOE MO3BOJISIET OMUCATh MO TEMIEPaTypbl U KOHLIEHTPALUH IpUMecH (yriiepoja) B
MaKpOCKOIMYECKUX MacmTabax Bcero wu3genus. Hammamem npyrux mnpuMeceii B JaHHOW pabote
npeHeOperaeTcsi. MoenbHbIE YpaBHEHUS BKIIOYAIOT YPaBHEHHUs COXpaHEHMS dHeprud, nud¢ysmm, OamaHca
NIPUMECEH, a TaKke ypaBHEHHE KMHETHKH IS MPOIECCOB KPUCTAIM3ALMK ¥ IUIABICHUA. MoJenb SBISETCS
KBa3MpPaBHOBECHOW M OJM3Ka IO MICONOTHH K MOAXOAy AByX(a3zHOH 30HbBI Ilo mMOMydeHHBIM 3aBHCHMOCTSIM
MIPOAHATU3UPOBAHBI IPOLIECCHl HATPEBa, IUIABJICHUS M KPUCTALIM3ALMK B MaTepuaie obpasna. MccnenoBaHus
MIPOBOAWIINCH TPH CTAlIOHAPHOM IIOJIOKCHWM HCTOYHHMKA JIa3epHOTO M3IydeHWs. Bappupys pasiudHble
mapaMeTpbsl MOJIENH, TONYyYEHBl ONpe/eleHHBIe 3aKOHOMEPHOCTH Iporecca. Jlnsd oO0bACHEHHUsS MOIy4YeHHBIX
3aBUCHMOCTEH, NCIIOJIb30BaHbI PE3YJIbTAaThl pa0OT MO CTaHAAPTHBIM BUAM Jla3epHoil 00paboTku. PaccuntanHbie
KPUBBIC IMMOKA3bIBAOT CUJIBHYIO B3aUMOCBA3b MCKIY MapaMETpaMu JIA3CPHOI'0 U3JTYUCHHA U XapaKTCPUCTUKaMU
cucTeMbl. PacdeTsl MO3BOJISIOT AETANBHO MPOCIEIUTh 3a HpoleccaMH (a3oBbIX NMPEBPALICHUH M ONpPEAEINUTb
XapaKTepHYIO TIIyOUHY MPOHUKHOBEHHS MaTepuaia. Moenb MoXeT ObITh pacIIpeHa Ha ciiy4aid MHOT0(a3HoOTo
OTIMCAaHUsI MHOTOKOMIIOHEHTHBIX cHcTeM. JlaHHas pabora sIBISETCS MEPBHIM IIarOM B HCCIEIOBAHHH MPOOIEM
JIETHPOBAHMS CTAIBHBIX M3/EJINI TOPOIIKOBBIMH CMECSIMH JIA3€PHBIM H3TydCHHEM.
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Summary. In production, important characteristics of metal products are the distribution of impurities and the
formation of micro- and macrostructure in various parts of the product. The purpose of this work is a theoretical
description and modeling of the laser action process on a steel plate, which allows describing temperature and
concentration fields on the macroscopic scales of the entire product. The model equations include the energy
conservation, diffusion, impurity balance equations and kinetic crystallization and melting equations. The model
is quasi-equilibrium and is conceptionally close to the two-phase zone approach. According to the obtained
dependencies, it is possible to analyze the process of heating, melting, and crystallization in the sample material.
The studies were carried out at a stationary position of the laser radiation source. We obtained certain regularities
of the process by varying different parameters of the model. The studies on the standard types of laser
processing such as metalworking by laser welding and electron beam welding can be used for the explaination
of the type of the dependencies obtained. The obtained curves show a strong relationship between the parameters
of laser radiation and the system characteristics. It is possible to clearly observe the processes of phase
transformations and determine the approximate penetration depth of the material. This model can be expanded to
include a multiphase description for multicomponent system. The results obtained in this work will be helpful in
further studying the problems of alloying of the steel products surfaces with powder mixtures.
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XIV Bcepoccuickas WwKona-koHdepeHUMA MONoabIX YYEHbIX C MeXAyHapoAHbIM yyactuem "KoMy-2022"

BBEJIEHUE

AnnutuBHoe mnpousBoAcTBO (AM — additive manufacturing) —3T0 CpaBHUTEIBHO HOBBII
croco0 00pabOTKM W CO37aHUsl W3/ Ha OCHOBE JlazepHON 00paboTku MartepuasioB. AM
MPEJICTaBIsIeT BCce OONBINMNA HWHTEPEC ISl HIMPOKOTO Kpyra oTpaciieidl MpPOMBIIUICHHOCTH U
NPUMEHEHUH, B TOM 4YHCIE s KPUTHYECKH BAXHBIX Ui OE30MaCHOCTH KOMIIOHEHTOB
A’POKOCMHYECKOHN MPOMBINIJICHHOCTH U Ta30BbIX TYpOUH. MeTallIn4ecKiue KOMIIOHEHTBI, 0COOCHHO
JIeTalld B PEAKTHBHBIX JBHUTaTENSIX, MOTYT OBITh KaK HM3TOTOBJIEHBI, TaAK U OTPEMOHTHPOBAHBI C
UCIIOJIb30BaHUEM TEXHOJOTUU AM; OgHAKO 3TO TpeOyeT CTPOrMX Mep KOHTPOJS KadecTBa IS
oOecrieyeHrs IEJIOCTHOCTU JIeTaleld, IMOCKOJIbKY MPOLECC MOXKET ObITh TMOJBEPKEH TaKUM
nedexraM, Kak TOJMOBEPXHOCTHAsh TOPHUCTOCTh [1], Tuioxas oTmenka MOBEpXHOCTH [2] u
HeXKellaTesIbHass MUKPOCTPYKTypa [3]. DTo Takke MOXKET IPUBECTU K OCTATOYHBIM HAMPSHKEHUSAM U
nedopmarusam [3]. BerauciaurensHOE MOJSIUPOBAHUE MOXKET CTaTh BKHBIM WHCTPYMEHTOM JUJIS
JYYIIEeTo MOHUMaHUs PU3NYECKUX SBIEHUI B AM Mpu 3KCIepuMEHTAIbHOM HCCIIEI0BAaHUU.

JlazepHast 0o0paboTka MarepuaioB, Jexkaiias B OCHOBe AM, B mocjenHee BpeMs crajia
BOXHBIM HAINpPaBIEHUEM B TEXHONOTUsAX mpousBojacTBa [4—6]. OcoOeHHOCTBIO Ja3epHOU
00pabOTKH SBIIIETCS BO3MOXHOCTh HM3MCHCHHS CBOWCTB MATEPHAIIOB BOJHM3U IMOBEPXHOCTH.
@duznyeckue MPOILECChl, MPUBOASAIIME K YKa3aHHBIM BblIe JedeKkTaMm, B IEPBYIO Ouepelb,
00yCIIOBJICHBI TIpOIECCaMK TIepEeKpUCTAILIN3auu [7] W mepepacnpenerneHus mnpumecu [8, 9],
BO BTOPYIO — HEOJHOPOIHBIM MPOTPEBOM, MOSBICHUEM YIPYIHUX U IJIACTUYECKUX AedopMaiiuii.
Teopernyeckoe H3ydeHHE TMIPOILIECCOB H3MEHEHUS TMOBEPXHOCTH MATEPUATIOB IMPHU JIA3EPHOM
o0JMy4eHMH U MOJETUpOBaHUE TexHonoruu AM mpeanonaraer MOCIEIOBATENbHBI  y4YeT
pPa3IMYHBIX (PU3HUYECKUX MEXaHU3MOB (POPMHUPOBAHUS TTOBEPXHOCTH M UX B3aUMOJICHCTBUE MEKITY
coOoif. Pa3zpaboTka monHON (u3mueckoi MOAENu U CPEACTB MOJEIHPOBAHUS TAaKUX IPOLIECCOB
MO3BOJIUT MEPEUTH K CO3/IAHUIO TEXHOJOTUYECKUX MAKETOB MPOrHO3UPOBAHMS CBOMCTB MAaTEPHAJIOB
11t AM TeXHOJIOTWH, aHAJTOTUYHO W3BEeCTHBIM [10 — 12].

B xauectBe mepBoro mara mo myTH pa3pabOTKH COOTBETCTBYIOIIEH MOJEIH CHUCTEMBI,
KOTOpasi TO3BOJIUT oOmucaTh (OPMUPOBAHHE CTPYKTYypbl wu3aenuii B AM, uMeeT CMbICT
TEOPETUYECKOr0 MCCIIE0BaHUs IPOLIECCOB MpOrpeBa MeTaljila M IepepacrnpeiesieHuss MpUMecH
BOJIM3U TOBEPXHOCTH HAa OCHOBE paHee M3BECTHBIX MOjENei. DTO MO3BOJIUT MOHSATh HEIOCTATKH
MOJICJIM ¥ PACIIUPUTH €€ JIJIsi 00JIee TOYHBIX PEIICHUM UCXOMAs U3 YCIOBUM MOCTABICHHOW 3a/1auHu.
KommnbrorepHoe MoaenupoBaHHE MPOILIECCOB TEIJIOMACCONIEPEHOCA U CPABHEHUE MOJYYEHHBIX
JAHHBIX pacueTa C HUMEIONIUMUCS AIKCIIEPUMEHTAIbHBIMU JaHHBIMU TIO3BOJISIET OTKAIMOPOBATh
TEOPETHUUECKUE TapaMeTpbl, ONPEAENSIONME BIUSHHUE JIA3€pPHOTO U3IYYEHHs Ha Marepual.
B kagecTBe M3BECTHOI MPOBEPEHHON MOJENIU ISl MPOLIECCOB IJIABICHUS-3aTBEPACBAHUS MOXKET
ObITh BHIOpPAHO HEpaBHOBECHOE 0000mIeHne mMojenu aAByxdaszHoit 30ubl [13, 14]. Ecnu B pamkax
PaBHOBECHOM MOJEJIM IIpolecca COCTaB pacTBOpa IOJHOCTBIO OIpPEAESeTCs] YpaBHEHUSIMU
JUKBUAYCa M COJMAYCa, HAIlle MCCIEIOBAHUE IMPEANoiaraeT HCHOJb30BaHUE KHUHETUYECKUX
ypaBHEHUW TIJIABJICHUS-3aTBEP/ICBAHUS HA OCHOBE TMOHSATHA TeperpeBa (MepeoxJIaxiacHus),
MOHMMAEeMbIX KaK OTKJIOHEHUS TEKYIIeW TemrepaTypsl OT JUHUH pPaBHOBeCUs (CONMUIyca WU
JTUKBUTYCA).

[enpro mpencTaBiICHHON PaOOTHI SBISETCS MCCIEAOBAHNUE BIUSHUS PEKUMOB 00pabOTKH Ha
nepepacnpe/iesieHie MIPUMECH Ha OCHOBE MOJIeNN JIByX(a3HOi 30HbI B TOBEPXHOCTHOM CJIOE CTalll
B IpoIleccax IUIABJIEHUS U MOCIEAYIOLIEro 3aTBepaAeBaHus. VICTOUHUK M3IIy4eHUs! B UCCIEAYEMbIX
pexuMax o0pabOTKH MPEIoIaraics CTaTHIECKUM.

OU3NYECKASA IMOCTAHOBKA 3A/TAYHN

PaccmaTtpuBaemas 3ajaya COCTOMT B M3YyYEHHH IIPOLIECCOB TEIUIOMAcCCONepeHoca Mpu
nornagaHvu JiasCpHOro HMITyjJbCa € IMPOCTPAHCTBCHHO pPaCHpCACIICHHBIM IMTOTOKOM SHCPTHUU Ha
MMOBEPXHOCTh S CTalbHOU neTanu, puc. 1. B maHHON paboTe COOTBETCTBYIONIMN TMOTOK SHEPTHH
CKOH(UTYpUpPOBaH HE TOJIBKO IO MPOCTPAHCTBY, HO W IO BpeMeHHU. Pacuer TemmepaTypHBIX U
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KOHIICHTPALIMOHHBIX TOJ€H TMO3BOJSET OLECHUTh XapakTEpHbIE pa3Mepbl NPOIUIABICHUS W
nepepacnpenesieHus npuMecd. B kadecTBe Marepuana s MOJAENMPOBAaHUA — BBIOpaHa
IJIoCKomapajienbHas craibHas 1uiactuka wmapku  AISI 1045 (Cranb 45).  Ilocnengnee
MO/Ipa3yMeBaeT, YTO IMPH MOJCIUPOBAHMU OBLUTH HUCIOJIb30BAaHBI MapaMETPhbl TEITOPU3NIECKUX
CBOWCTB JaHHOTO MaTepuayiia. TeM He MeHee, MpU pacyeTax IMPeanoyaraloch, 4YTO COCTaB
MaTepuaia 1o IpUMecH YYUTHIBAET, B IIENIAX MPOCTOTHI, TOJbKO HAJMYKE yriepojaa. 3aBUCUMOCTD
TeII0(U3NIECKUX MapaMeTPOB CTA OT TEMIIEPaTyphl U COCTaBa B3sATa M3 0a3bl JIaHHBIX MMaKeTa
LVMFlowCV [12]. Takum oOpa3oMm, Ha JaHHOM JTale€ MOJCIHUPOBAHUSA, PE3YyIbTaThI
MOJICJIMPOBAHHUS HE MPUBS3AHBI )KECTKO K KOHKPETHOMY MaTepuaiy, M03BOJisii TOBOPUTH CKOpee O
KaueCTBEHHOM ITOHMMAaHUM U COOTBETCTBUU C HaOJI0aeMbIMU Iiporieccamu. Bepuduxanus moaenu
Ha CBOWCTBaX KOHKPETHOTO MaTepuana u GOPpMUPYEMOM CTPYKTYphI B CTAJIM CTAHET BO3MOXKHA I10
Mepe pa3BUTHS MOJIETT B MHOTOKOMIIOHEHTHOM M MHOTO()a3HOM HalpaBlICHUSIX.

S{x siYs !‘Zs !t}

Puc. 1. CxemaTuveckoe n300paxeHue najeHusi MMIYyJIbCa Ja3epa HA MOBEPXHOCTh MeTaJlIa

Fig. 1. Schematic representation of the laser pulse incident on the metal surface

MopnenupoBanue Mpeanoyiaraio, 4YTO BCe paccMaTpuBaeMble (DHU3MUECKHE TPOIECCHI
MIPOUCXOJIAT HAa MAKPOCKOIMMYECKUX MacmiTadax. DTO TO3BOJIIET HCIOJIB30BATh ISl OIMHUCAHUS
¢dazoBoro mepexona mozens nByxdasHoil 30HBL [Ipu pacrpeneneHuN >HEPTHH JTa3epHOTO JTyda
MOJIaraioch, 4TO 3a HMCKIIOUYEHHEM DJHEPTUH, PACCeSTHHOM B OKPYXAIOIIYIO Cpeay IO 3aKOHY
Credana-bonpliMaHa U TerI000MeHa Ha TpaHUIIE C OKpYKaroIIeH cpefol mo 3akoHy HbproToHa,
OCTaJlbHAsi YacTh OHEPrHMM W3IIYYSHHs Jlazepa HAET Ha HarpeB wmarepuaia. B kadectse
XapaKTePUCTHK Jla3epa ObUIN MCIONIb30BaHbl CPEAHNE 3HAUCHUS MapaMeTpoB ycTanoBku JIMC 25/2
[15], ucrionp3yemoii B MaTepuanoBequeckux uccienoBanusax B HII MOM Y am®dUILL YpO PAH.

[Ipumep ormIaBlieHUsT TOBEPXHOCTH TMPH OJWHOYHOM HMITYJIbCE TMPUBEIACH Ha pHC. 2,
MOJIYYEHHOM B XOJie HcciefoBanus. Ha (oTo oT4eTIMBO BHJAHA HEPOBHOCTH 3aTBEPIICBIICH
MOBEPXHOCTH, YTO CBS3aHO C TEUEHHEM KHJIKOCTH B BaHHE paciuiaBa. B mpeacraBneHHO paboTe
BKJIAJIOM THAPOJIMHAMUYCCKUX TCUCHUH Ha JAHHOM JTare MpeHeOperaaoch, XOTs INIOTHOCTh (a3,
UCTONIb3yeMasi B pacueTaxX, y4YUTHIBACT 3aBUCHUMOCTh TEMIEpaTyphl. YUeT SBJICHHM
pa3OpBI3TUBAHUS  Karellb, HWCIApeHHUs MeTaula W THAPOJUHAMHYCCKHX TCUYCHHM, a TaKxKe
UCCIIeIOBaHNE WX BIUSHUS Ha TTyOMHY MPOIUIABIICHUS METajlula M TMepepachpeesieHne MpuMecu
OyZieT BBINTOJIHEHO B IMOCIEAYIOIIEM MOJCIHPOBAHWU. B maHHOW paboTe moiaraiock, 9To BHYTPH
nByx($a3HOW 30HBI, TJe MPOUCXOIUT Cerperanus, TUIPOAMHAMHUYECKUE SBJICHUS CIIIaKEHBI
(TTOCKOJTBKY TIO CYTH CBOJSATCS K TpoIleccaM MPOCaYMBaHWS BHYTPH ABYX(a3HOW 30HBI), U H3-32
ATOTO HE MOTYT CHJIBHO BIIHUATH HA MepepacipeieieHue yriepoa.
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Puc. 2. ®oT0 on/1aB/1eHHOH OBEPXHOCTH MeTAJIA IPH OAUHOYHOM UMITYJIbCe
Fig. 2. Photo of the melted metal surface with a single pulse

MO/JIEJIb ABYX®A3HOI 30HBI

Teopus nByxdasznoii 30HbI [13, 14] cBOAUTCS K YpaBHEHHSIM, BBIpAXKAIONIUM HA0Op 3aKOHOB
COXpaHEHMs JUIs IPOLIECCOB TEIIOMaccoNepeHoca B MHOro(asHoil cpene.

KopoTko ocTaHoBHMCS Ha OCHOBHBIX IOJIOKEHUSAX Mojenu. ITockonbky Monenb sBIsSETCS
MaKpOCKOIMYECKOH, B €MHUIIE 00beMa MOXKET COJIEpKaTbCs KakK >KUIKas, TaKk U TBepjaas (asbl.
Jonro xunkoil ¢asel B eauHuIe odObemMa 0003HAUMM Kak L, Torma 1oiisi TBEpHoW (a3l paBHA
S=1-L. Buyrpu o0bemMOB (a3 3TH JOJIM PaBHbI HYJIIO JUOO €AMHUIE, B TO BpeMs Kak BHYTpHU
IBYX (ha3HOU 30HBI, Co/lepKaniXx 00¢e (asbl, JOIH MEHSIOTCS MEXITY HYJIEM H SIUHHUIICH.

Onucanne nuddy3un B 001acTax, Kak ¢ OJHOPOAHOM (da3oil (TBepAol U KUAKOW), TaKk U B
obmact nByx(a3HOW 30HBI, OCHOBaHO Ha 3akoHe Puka. B nByxdazHoii 001acTiH OOBIYHBIN 3aKOH
@duka CTAaHOBUTCS HEKOPPEKTHBIM M3-3a OTCYTCTBHUS pPABEHCTBA XHMHYECKOTO IOTEHIHANA
yriaepoaa B TBepAod (a3e W XUMHUYECKOro TOTEHIMANa B KUAKOW (aze MPU OJHOM U TOW XKe
KOHIIeHTpaluu. OLeHKa XapaKTepHOH CKOPOCTH 3aTBEp/AEBaHUS INPH JIA3€PHOM OOIYyYEHMH HaeT
BenmmunHy nopsiaka 0.2 — 0.1 mm/(°C-c), 4To MO3BONISET TOBOPUTH O MPUMEHUMOCTH PAaBHOBECHOU
auarpaMMel - coctostHuA. Mcxoas W3 3TOro, IepepacnpesieieHue NpuMecH Mexay (asamu
OTIpe/IeIIIeTCS] COOTHOIIEHUAMH OajlaHCa, OCHOBAaHHBIMHM Ha PaBHOBECHOM JuarpaMme COCTOSHUS.
Kpome Toro, nMHMU JMKBHAYCAa U COJMUAYCA, ONPEAENSIONIMMU I'paHUIbI ABYX(a3HOH 30HBI MO
KOHUEHTpauuu (Ipyu JaHHOW TemmepaType), OyldemM cuuTaTh 3aJaHHbIMM (DYHKUIUSMH OT
KOHIIEHTpaluu npumecu. Torja ypaBHEHHsI MOJIEIH MOYKHO 3allicaTh B BUJIE:

- 3aKOH COXPaHEHHUs YHEPTUU:

or
C,(N)p(T) == =V(ATIVT)=q—+==, )

- ypaBHeHus 1uddy3un B TBEpIOH U KUAKOU (ha3ax u 6amaHC MpUMecH MeXAy hazaMu:

o
E(LCL +SC,)=V-(LDVC,), )
d C, o o o

—(LC,)=——5-=8, =(SC,)=KT)C, =S,

ar( ) k(T) ot ar( ) =kT) Lot (3)
- KHHETUYCCKUEC YPAaBHCHHUA NI KPUCTAJUIN3AllUU U TIJIaBJICHUA:

oL oL

—_—= T-T (C y — = T-T7,(C 5

5 BT -T,(C))) 5 BT -T(Cy)) @)
- YPaBHEHHs JIMHUW JTUKBUAYCA U COJIUYcCA:

TL :TL(CL)s TS :TS(CS)' (5)
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B ypaBHenusix wmopenu (1 —5) mnpuHsATe crenyromme o0003HaueHUs: 1 — JOKalbHas
TeMmmeparypa, 1, —TemmepaTypa JHKBHAyca, Iy —Temmeparypa comugyca, C,(T') — ynenpHas
TEIIOEMKOCTb, p(T) — mnoTHOCTH BEIIICCTBA, q — TeTIoTa KPUCTAILTU3AINH,
A(T) — rennonpoBonHocTs,  C, —KOHUEHTpanus  mpumecu  (yrmiepoga) B pacluiaBe,
C, — KoHLeHTpauusi npumecu (yrieponaa) B TBepaod ¢ase, k —koadduiuent pacnpeneneHus,
D —xoabduunent mudpdysun, f — kuaerndeckuii koapduuueHt pocra, 0Q/0f — MOIHOCTD PH
nazepaoM  oOmyuenuu.  Koaddumuent  pacnpenmenenus k=C (T)/C,(T)  saBusercs
TEPMOJUHAMHYECKAM MOHATHEM W XapaKTEpHU3yeT OTHOIICHWE PABHOBECHBIX KOHIICHTpAIM Ha
rpanuie (a3 pactBopoB. Bennunna 0Q/0f 3aBUCHT OT KOOPAMHAT U BPEMEHH, & TAKIKE ONUCHIBACT
dbopMy J1a3epHOTo H3ITydeHHs (OJTHOPOTHOE HITU TAyCCOBO).

HauanpHoe pacnpeneneHue TteMmmnepaTypbl oOpas3ia 10 OOJIydeHHsl TPUHITO pPaBHBIM
1, =20°C, HavanbHOE cojep:kaHue yriaepoga B cramu cocrtaBiasuio C, =0.45%. Ha rpanumax
pacyeTHO 00JacTH 3aJaBaJUCh YCIIOBHS TPETHErO PO, Iojaras TEMIEpaTypy OKpYyKarolien
cpeapl 20 °C. Ha KoHTaKkTe Marepval M BO3AYX TaKKE 3aJaBajoCh YCIOBHE TPETHETO poJa,

YUYUTBIBAOIICC TEII000MEH C BO3yXOM IIO 3aKOHY HeroTona u IIOTCpU HAa HU3JTYUCHUC. 3HaueHUs
BCJIMYHH B MOJCJIN U YPABHCHUAX IIPU YUCIICHHOM PCIICHUUN ITPEACTABIICHLI B Ta6nnue.

Tabauua — 3HayeHus: BeJJMYUH B MoJeu M ypapHeHusx (1) — (5) npu yMcIeHHOM pelieHuu

Table — Values of quantities in model and equations (1) — (5) for numerical solution

Beanuuna Ha3zBanue 3HaveHue
Quantities Name Value
Pa3meps! miiacTuHbI
X X
Xo» Yo% Plate size 3.6%3.6%2.0 MM
dx lar mo koopauHaTe 0.1 Mv
Coordinate step )
dt Ilar no BpemMeHHu 0001 ¢
Time step '
T Temnepatypa okpy:kawuieii cpeabl 20°C
0
External temperature
C HavajabHasi KOHIIEeHTPaNUs yriepoaa 0.45 %
0 .. . B 0
Initial carbon concentration
d JluamMerp Jia3epHOro nsirHa 800 MKM
Laser beam diameter

PE3YJIBTATBI MOJAEJIMPOBAHMUSA

Jlnst pelieHus MOCTaBJIEHHOW 3ajjauyd ObUI MCIOJIb30BaH MaKeT MPOrpaMM KOMIIBIOTEPHOTO
MozenupoBanus nuteiHbix mponeccoB LVMFlowCV [12]. B ¢yHkumnoHnane nporpammsl €cThb
BO3MOXXHOCTH 11 MOJEJIMPOBAHUS pAJia 33[a4, B YACTHOCTHU JOCTYIIHbI YpaBHEHUS JMKBHUIyCa U
conuayca Uil KOHKPETHBIX MaTepUalioB, JOCTYIHBI 3aBUCUMOCTU TEIIOPHU3NYECKUX MMapaMeTpOB
OT TEMIIEPATypbl U KOHIIEHTPALMU MIpUMecH, (POpMUpPOBAHHE T€OMETPHH 00pa3lia U MyyKa Jiazepa.
[TakeT Takxe nMpeaocTaBiseT JO0CTATOYHO XOPOIINE BO3MOXKHOCTHU IO BU3YyaIM3al[ii BbIUMCICHHUH B
MIPOCTPAHCTBE M KOHTPOJIIO BBIYMCISIEMBbIX BennuumH. Ha 0a3e makera peann3oBaHbl YHCICHHBIE
MOJIYJIM, MOJEJIUPYIONIME MPOIIECChl HarpeBa o0JacTH CTAJbHOM JeTalu Ja3epHbIM HCTOYHHUKOM,
¢da3oBBIl Tepexoa M TepepacnpenenceHue npumecd. [l pacueTa HCIOJNB30BaHbl HESBHBIC
YHCJIEHHbIE JITOPUTMBbI PELLICHUs] ypaBHEHUS TEIUIONPOBOAHOCTU M ypaBHEHUH quddy3un.

Ha nmepBoM 1miare paccMOTPEHO BIMSHHE MOUIHOCTH W3IY4YeHHS Ha T[IIyOUHY
HPOIIABICHUS Z4ep, B MaTEpHae. Bo Bcex pacueTax auameTp JiazepHoro Jiyda d = 800 MKM.
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Fig. 3. Graph of the dependence of z4,,(¢) at Py= 180 W on the type of laser radiation:
(G-red) Gaussian distribution, (H-blue) homogeneous distribution

Ha rpaduke (puc.3) BumgHO,

4TO B CIy4yae TayCcCOBOTO paCHpEeNCHUs MeTall
MpOIUIaBIsSIETC TIIy0Xe, YeM IMpU OJHOPOJHOM paclpeesieHud. JTO CBSA3aHO C TEM, 4YTO IpU
raycCoBOM paclpeieNieHuu OoJblliasi 4acTh MOIUIHOCTH HM3IY4YCHHs] KOHIIEHTPUPYETCS B LIEHTpPE
Jy4ya. A Tpu OJHOPOJHOM MOIIHOCTU IIJIOTHOCTH H3JIyYEHHUS, 3TO HU3IYYEHHE pacHpelessieTcs
paBHOMEpPHO Ha Oonbliell 00NAacTH OT LEHTpa Jiyda, 4YTO NPUBOAUT K YMEHBIUCHHIO Zgeph.

JlanpHenmme pacyeTsl IPOBEACHBI IIPU OJHOPOIHOM PACIIPEICICHUN U3IyUEHHUs.

Ha puc. 4 npezacrapneH onpeaeseHHbI XapakTep U3MEHEHUS BEJIMYUHBI POIUIABICHUS OT P
U 7. MBI BUJIUM, YTO C YBEJIMYEHHEM MOIIHOCTU MeTall MpoIruiaBiseTcs riyoxe. CpaBHUTENbHBIE
pacueThl IOKa3bIBAIOT, YTO Kak M B SKCIEPUMEHTANbHBIX MJaHHBIX [15] momydaercs siBHas
3aBUCUMOCTb MOILHOCTU MAJArOLIEro H3JIy4YeHUS U BPEMEHU BO3JEUCTBUSA Ha BEIMYHUHY
MIPOIUIABJICHHUSI B IIOJUIOKKE, TaK W 110 BBIYMCIMUTEIBHBIM JAHHBIM II0Jy4aeM HWJICHTHUYHBIE

3HaueHus. BennunHa riryOMHBI IPONIABIEHHS Zgepn B CPEHEM BapbupyeTcs oT 20 10 200 MxM.
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Puc. 4. l'nyonHa nponJiaBjieHusi MaTepuaJia B 3aBUCHMOCTH OT MOIIHOCTH Pynpu 7 =20 mc

Fig. 4. The penetration depth of the material depending on the power P, with =20 ms

72

CHEMICAL PHYSICS AND MESOSCOPY, 2022, vol. 24, Ne 4



XIV Bcepoccuickas WwKona-koHdepeHLMA MONoabIX YY€HbIX C MeXAyHapoAHbIM yyactuem "KoMy-2022"

2400

24007
1800
X X 1800
g e
3 1200 3
© ©
— —
(] (]
Qo Q.
E E 1200 4
2 600 - 2
T T 1 T T 1
0,00 0,02 0,04 0,06 0 100 200 300
Time, s Coordinate, um
a) b)
Puc. 5. TemnepatypHble 3aBUCUMOCTH BA0JIb ocu Z npu Py =180 Bt u 7=10 mc
Fig. 5. Temperature dependences on the z coordinate at Py= 180 W and 7= 10 ms
(a) n13menenne T co BpeMeHeM B lIeHTpe Bo3JeiicTBUSA (b) pacnipocTpaneHnne Tenja Briayos odopasua B

. . MoMeHT Bpemenu = 0.01 ¢
the change of T over time in the center of influence P

heat transfer of deep into the sample at time 7= 0.01 s

B npouecce pacuera (puc. S, a), npu BbHIOPAaHHOM pPEXUME BO3AECUCTBUS C MOIIHOCTBHIO
nusnydenus F, = 180 Bt u murensHocTr uMnyibca = 10 Mc, IPOMCXOAUT HArpeB 10 TEMIIEPATYP

T .. =2200K . IIpy Takux 3HA4YEHHWAX HCIIAPEHUE BEIIECTBA C IOBEPXHOCTH 0Opasna MOXHO He

yuutbiBaTh. Ha (puc. 5,b) BuaHO pasaencHue TpaHHnbl (a3 mpu Temreparype IUIaBICHHUS
T =1700 K, 4TO COOTBETCTBYET JAHHBIM I10 JKEIE30yTIEPOJUCTHIM CTAIISAM.
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Fig. 6. Concentration dependences of C at different time moments

Takke B JaHHOM peXUMe OBUIM TMOJYYeHBl KOHIICHTPAIMOHHBIE 3aBUCHUMOCTH.
Ha monydeHHbIX Tpadukax mnepepacupeneseHus: MPUMECH MOXKHO YBHJIETh, KaK B IPOIECCE
TUTABJICHUS M KPUCTAIIM3AI[MN MEHSETCS 3HaueHUs KOHIIEHTpaluu yriepona (puc. 6). JluHamuka
BO BpPEMEHHU MPOUCXOAUT CICAYIONIMM O00pa3oM: CHayaja MPOUCXOIUT TOMAIUIABIICHHUE TBEPIOU
¢dazer (MmomenT Bpemenu (.03 c¢), 3areM pacruilaB HauyMHAET O0OTramaThCsl 3a CYET HACHIIICHUS
npumecn u3 TBepaor Gazer (t=0.05c). [lo mepe mnporuraBieHHs 3TOT HACBIIIEHHBIN CIIOM
KHUJKOCTA HAUWHAET CABUTAThCS Beien 3a ¢ponToMm tuiaBneHus (t= 0.1 c¢). [locne mpekpamieHus
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TUTABJICHUS TTPOUCXOUT MPOLIECC BHIPABHUBAHU MPUMecH 110 00beMy BaHHBI paciiasa (t = 0.12 c).
B nocnenyronme MOMEHTBI BpEMEHU POUCXOJUT NOCTENIEHHOE BEIpaBHUBAaHUE IPUMECH B 001aCTH
3arBepaeBanus (t=0.15... 1.5). I'padux Ha puc. 7 sSBHO MOKa3bIBACT BO3HUKHOBEHHUE T'PAHUIIBI
IBYX(a3HO! 30HBI, a TAKXKE OTCIOJAa MBI MOXKEM IPEIIOI0KUTh, YTO INIyOMHA MPOIUIABICHUS IS
JaHHOTO pekuma cocrtaBister nopsaka 100 mxm. s Bpemen t =1 u 5 ¢ rpaduku pacnpeneneHus
IIpUMeCH TpejacTaBieHbl Ha puc. 8. Ha pucyHke BHIHO, 4TO KOHLEHTpAlMs NMPUMECU B LIEHTpE
BaHHBI OKAa3bIBAaeTCs OOJbIE, YEM B CpPEIHEM IO TIyOMHE BaHHBI. DTO CBSI3aHHO C TEM, YTO
pemasiach o0ObEMHasi 3ajaya W cerperanus BbITAIKHBaja JIMLIIHIOK IPUMECh HE TOJBKO IO
HANpaBJICHUIO K IOBEPXHOCTH 00pa3iia, HO U C OOKOBBIX CTEHOK.

A unMeHHO, mIpolecc IepepaclnpesieleHuss MOXKHO IPEeACTaBUTh ce0e KaK IOCTENEeHHOE
3aTBepJeBaHNe O0pa3la, HAYMHAIOLIEECS C OJHOTO W3 ero KOHIOoB. OCHOBHBIMH IapaMeTpamMu
nporecca SBJISAIOTCS 00beM 3aKpUCTANIM30BaBILEICS YacTH paciuiaBa (o o0beMa paclliaBa),
a TaKk)Ke KOHIEHTpAlUU MPUMECH B OCTaBILEHCs yacTu paciuiaBa. OTTankuBaeMas TBepaoi (aszoi
IPUMECh HAKaIIMBAETCSl 10 MEpe NPOTEKaHMs KPHUCTAIM3allMd B paciuiaBe. DTO yBEJIMYEHUE
KOHLEHTPALlMU PUMECH B PacCIUIaBe MPUBOJIUT K [TOCTEIIEHHOMY YBEJIMYEHHUIO €€ KOHLEHTPAllUU B

TBepAOH (haze M K pe3yJabTUPYIOLIEH Cerperanuu MpuMecH 1mo o0beMy o0pasia, MOoJBEpP KEHHOM
na3zepHoi o0paboTke.
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Fig. 7. Concentration dependence C at time = 0.01 s
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Poct KOHIlEHTpalMM TPUMECH B BEPXHHX CJIOSAX JKUIKOCTH (HOPMHUpPYET TOTOK,
HaNpaBJICHHBIA K IIEHTPY BaHHBI paciuiaBa. Takoe K€ MOBEICHHE MOXHO YBHJIETh B HEKOTOPBIX
paboTax o mpeobiagaHuu NepeHoca o OOKOBEIM cTeHKaM kaHaia [18, 19]. Uto Ml u Habm0q2aEM
Ha pucC. 8 — 9, NOJIIy4EHHBIX IPU MOJECIUPOBAHUH.
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Fig. 9. Temperature and concentration field profiles at time = 0.01 s

CymecTByronme mpeacTaBieHust 0 (GOPMUPOBAHUM CTPYKTYPHI KaHalla MPOIUIABICHUS IS
TAKOTO THMA Jla3epHOW O0OpabOTKM HEJIOCTATOYHBI il OOOOIIEHUS pe3yabTaToB pacyera,
MOCKOJIbKY ~ TEOPETHUECKHEe U  OKCIIEPUMEHTaJbHbIE HCCIEIOBAaHUS  COBEPIIAOTCS  MpHU
OIMPCACIICHHBIX YCIOBUAX U HA PA3JIMYHBIX TUIIAX 060py11013aH1/I${. MosxkHo AHAJIM3UPOBATH TUIIOBBIC
MIPOLIECCHI TIPU JIa3epHOI 00paboTKe ¢ MPOTIaBIeHHNEM Ha M3BECTHBIX YK€ paboTax mo oopaboTke
MeTajula JIa3epHOM CBApKOW M DIIEKTPOHHO-Iy4eBOM cBapkoi [16, 17]. Bocnombs3zoBaBmmch
W3BECTHBIMHU TPEACTABICHUSMHU JIaHHOTO MPOIECCa MOXKHO TMONYYUTh JOCTATOYHO OJIM3KHE K
HAIlIeH 3a]1a4€ Pe3yIbTaThl.

3AKIIOYEHHUE

B ngannoit pabGoTe mpeAcCTaBiICHBI PE3yNbTAaThl HCCIEAOBAaHUS MOJICIBHON  3a/ayw,
UMUTHUPYIOIIEH MaJieHue JIa3epHOTO JIy4a Ha MOBEPXHOCTh Marepuasa (CTalu) C MOCIEAYIONINM
MIPOIJIaBICHUEM U 00pa30BaHUEM >KUJIKOM BaHHBI HAa MOBEPXHOCTU. PaccMoTpeHHas Mojienb Tero-
MaccorepeHoca peanu3oBaHa B pamkax mnakera LVMFlowCV u coOTBETCTBYeT MO CBOUM
xapaktepuctukam jazepy JIMC 25/2, mnpumenseMoMy i HCCIEIOBaHUNW B  oOmactu
Matepuanosenenus B Y iMmOUIL VpO PAH.

B kauectBe mepBoro miara paspaboTaHa mporpaMma YHUCICHHBIX pacdeToB JJIsi ypaBHEHUU
TEIUIONPOBOAHOCTH U AU(Py3uH, MPOBEICHBI TECTOBBIC PACUYETHI, MOACIUPYIONINE Ja3ePHBIN JTyd
KaK TIOBEPXHOCTHBIA TEIUIOBOMI MCTOYHHMK C TayCCOBBIM M PaBHOMEPHBIM pacIpe/lelICHHEM.
B xoMmbroTepHON MOJENH YYTEHbI paJHallMOHHbIC TOTEPH HA TEIJIOBOE U3yUYEHUE U 3aBUCUMOCTh
MMEIOLUXCS TeTTOPU3NYECKUX MapaMeTpoB OT TemrepaTypbl U coctaBa. PazpaboranHas mMojenb
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ocHOBaHa Ha Mojenu nByX(daszHoii 30HBI (1 —3), (5) ¢ y4eTroM HEpaBHOBECHOW KUHETHKHU (4)
3aTBepACBaHMs, ONPEICIISIONIeH epepacnpeeieHne MpUMecu Mexay dazamu.

B pesynbrare mpoBeAeHHS psila  BBIYMCIUTEIBHBIX JKCIEPUMEHTOB TOJTBEPKICHA
11e1eco00pa3HOCTh MPUMEHEHUs MPEeANIoKeHHON Mozenu. [lpencTaBieHbl pe3ynbTaThl pacu€éToB
OTHOCUTEIILHOW KOHIICHTpAIlMK TIPUMECH U paclpeielicHus TeMIepaTypbl BAOIL oOpasia.
[TocTpoeHbl KpHBBIE, KOTOPbIE MOKA3bIBAIOT 3aBUCUMOCTh M3MEHEHHsI KOHLIEHTpAllUU MPUMECH B
pe3ynbrate na3epHoit o0paboTku. I[lomydeHHBIE pe3yNbTaThl MOTYT CIYXHUTh TECTOM JUIS
JaJIbHEHIIIeT0 YCIOKHEHUS MOJIEH, KOTOPOE Mpe/oaraeTcsl Kak B IUIaHE JalbHEHUIIero pa3BuTus
TEOPETUYECKON MOJIENU, TaK M B YCIOKHEHUHM 00bekTa uccienoBanus. [locnennee mpeamnoaraer

pa3pa60TKy MOZCIIN C JICTUPYIOIHUM IMOPOIIKOM Ha IIOBEPXHOCTHU METAJLIA.
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