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AnHomayusA. Ha ceromHsAmMHUN AeHb NEpes UCCICAOBATEIAMU U HPOMBIIIICHHOCTHIO CTOUT 3a[ada yIydIIeHHs (PU3HKO-MEXaHHYECKHUX CBOHCTB
Pa3IMYHBIX METAUIMYECKUX u3zenui. [l ynpouHeHHs: KOHCTPYKIMH CYIIECTBYIOT Pa3IM4HbIE TEXHOJIOIMH 0OpabOTKU MOBEPXHOCTH Mare-
puana myTeM BBICOKOTEMIEpaTypHOTO BO3MEHCTBHA. bonbInoil HHTEpec MpU ATOM BBI3BIBAET MPUMEHEHHUE JIA3€PHBIX TEXHOIOTHH. BrICOKOCKO-
POCTHOM JIOKAJIbHBIH JIa3epHBIIl HArpeB MOBEPXHOCTU MaTepHalla ¢ MOCIeLYIOIMM ObICTPBIM OXJIAXKCHHEM IIyTeM OTBOJA TEIlIa B INyOb 00beMa,
a TaKKe OTCYTCTBHE MEXaHUYECKOTO BO3CHCTBHUS IIO3BOILIIOT IOTYyYHTh YHUKAIbHBIC HEPABHOBECHBIE CTPYKTYPHI C IIHPOKUM HaOOPOM CBOMCTB.
OueBUIHO, YTO pa3BUTHE ITHUX TEXHOJOrui Tpedyer rnyOokuX (yHIAMEHTAIbHBIX McclenoBaHuil. B Hacrosieil pabdore MeTonoM Moleky-
JAPHON IMHAMHUKHU BBIABILUINCH OCOOCHHOCTH CTPYKTYPHBIX H3MEHEHUI MOBEPXHOCTHBIX CIIOEB KPUCTAJLIA JKele3a IPU BHICOKOTEMIIEPATypPHOM
Bo3/eiicTBIU. BbIO0Op Takoro Meroza 00yCIIOBIICH TEM, UTO pacCMaTpUBAEMble SIBJICHHS 3aTPYAHUTEIBHO U3yUaTh IyTEM PeallbHbIX IKCIIEPUMEHTOB
1 IPAMBIX HAaOMIOeHUH. YCI0BHSA KOMIIBIOTEPHOTO SKCIIEPUMEHTA OBbLIH 3a1aHbI TAKUM 00Pa30M, 4TOOBI OCIIE IPOXOXKICHUS TOUKH TEMIIEPATyPbl
[UIABJIEHHUS B MOJICIIMPYEMOH cucTeMe Nmpoucxoam (aszoBblil nepexol, NpH KOTOPOM OCYILIECTBIISETCSl OTPBIB YACTUI] OT NMOBEPXHOCTH KUIKOH
(ba3pl. B pesynpTare mpoBEAEHHOIO HCCIEAOBAHKS BBIIOIHEHA OLGHKA IOPOTOBOM TeMIepaTyphl KEKTHPOBAHHA YaCTHUIl H IPOBEJCHO UCCIIe-
JIOBaHHE MEXaHW3MOB 00pa3oBaHMs KIacTepoB 4acTull. IIpu HarpeBe NMPOMCXOIUT yBEIHMUYEHHE KOIMYECTBA KJIACTEPOB, a MPH OXJIAXKICHUU —
€ro yMeHbIICHUE, HO IIPH 3TOM Pa3Mephl KIACTEPOB YBEIHMIUBAIOTCA, YTO CBUACTEIBCTBYET O pealH3allii MEXaHH3Ma KOHICHCAIUH IPOTYKTOB
abusuuy. JJONmONHUTENBHO NPOBEACHO MCCIEI0BAaHUE BIMSHMS BHEIIHEro JABJICHUS HAa MOJEIMPYeMylo cucTeMy dactHll. [lokazaHo, uto mpu
YBEIMYCHUHN JABICHHSA KOIMYECTBO KIACTEPOB YMEHBIIACTCS.
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Abstract. Today, researchers and industry are faced with the task of improving the physical and mechanical properties of various metal products.

To strengthen the structures, there are various technologies for processing the material surface by high-temperature exposure. At the same time,
the use of laser technologies is of great interest. High-speed local laser heating of the material surface followed by rapid cooling with heat removal
into the volume depth, as well as the absence of mechanical action, allows us to obtain unique nonequilibrium structures with a wide range of proper-
ties. Obviously, the development of these technologies requires deep fundamental research. In this work, the molecular dynamics method revealed
the features of structural changes in the surface layers of an iron crystal under high-temperature exposure. The choice of such a method is due to the fact
that the phenomena under consideration are difficult to study through real experiments and direct observations. Conditions of the computer experi-
ment were set in such a way that after the melting point is reached, a phase transition occurs in the simulated system, during which particles are sepa-
rated from the surface of the liquid phase. As a result of the study, the threshold temperature of particle ejection was estimated and the mechanisms
of particle cluster formation were investigated. When heated, the number of clusters increases, and when cooled, it decreases, but at the same time
their sizes increase, which indicates the implementation of the condensation mechanism of ablation products. Additionally, the influence of external

pressure on the simulated particle system was studied. It is shown that as the pressure increases, the number of clusters decreases.
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[ BBEAEHME

[lox Bo3meiicTBHEM BBICOKHX TEMIIEPaTyp CTPYKTypa
Marepuana mpeTepreBacT U3MEeHeHHs. V3ydeHune BIUSHUS
BBICOKHX TEMIICpPATyp Ha CTPYKTYpHBIC M3MEHCHHUS METal-
JIOB B 00JIACTH MEXaHHWKH KOHJICHCUPOBAHHBIX CPEll CTABUT
MHOKECTBO 33/1a4, CBSI3aHHBIX C OCHOBHBIMHU CBOMCTBAMU H
CTPYKTYpHBIMH U3MEHEHHSAMHU MarepuanoB. Cieayer oTMe-
THUTB, YTO B IOCIICTHEE BpeMsT HAOIOIAETCS POCT HHTEpeca K
METOJIaM MOTy4EHHsI HAHOYACTHI] ITyTEM PACIbUICHUS MaTe-
pHanxa IMpH BBICOKOTEMIICpATYpHOM Bo3aeucTBuu. OOmy-
YCHUE YIBTPAKOPOTKUMH JIA3€PHBIMU HMITYIbCAMH HMEET
npakTrHdeckuid uHTepec [1; 2], moaToMy eMy MOCBSIIEHBI
KakK JKCIIEpUMEHTAJIbHBIC, TAK U TEOPETUYCCKHE HCCIEI0-
Banus [3 —5]. B Hacrosiiiee BpeMsi CyIIeCTBYIOT TEOPETH-
YECKHE METOIbI, KOTOPhIe OCHOBBIBAIOTCS HA MOCTPOCHUH
TEIIOBBIX Mozelei [6], pa3dpoce OaxaHca YHEPrHH UCITyC-
KaHus Jazepa [7]. DTo MO3BOJISIET OLIEHWUTH BO3ZCHCTBHE
Ja3epHOro OONydYeHHS Ha W3MCHEHHE ITOBEPXHOCTHOTO
ctpoenusi. CleyeT OTMETUTh, YTO XapaKTepHbIE IS Ja3ep-
HOTO OOJyYEHHsI MaTepUaliOB SIBIICHUS aOJIIMU U IECOpO-
[IUH UCCIICA0BAIH C UCIIOIh30BAHHEM METO/Ia MOJICKYIISIPHO-
JMHAMHUYecKkoro mozenupoBanus [§; 9]. IlpumenutensHO
K TBEP/IbIM TEJIaM MOJICKYJISIpHAs TUHAMHUKA MOYKET MOKa3aTh
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paznuuust aecopOuuu OT almsiuu, Mpeacka3arh pacipe-
JIeNieHre KiacTtepoB B oOpasmax [10 — 12], pacnpenenenue
YaCTHII [0 PAJAUAIBLHON U 0CEBOW CKOPOCTSIM U OOBSCHUTH
3aBHCUMOCTh a0JISIIMU OT CBOKMCTB Nazepa [13 — 15], Takux
KaK IJIOTHOCTh SHEPTUH U JUTUTEIBHOCT HMITyJbea [16; 17].
W3BecTHO, 9TO TSI MHOTHX MaTEPHAIIOB TPOIECC a0ISIUH
CONpOBOXKIAeTCsl (hOpMUPOBAHHEM KJIACTEPOB dYacThil. B
KauecTBE MEXaHW3Ma HX 00pa30oBaHMs paccMaTpUBAIOTCS
MPOLIECChI KOHJCHCAINU 00JIaka »KEKTUPOBAHHBIX YACTHUII,
(ha30BbIil B3pHIB, THIPOIUHAMUYECKOE pacIIbUICHHE B (OTO-
mexanndeckue 3ddexrer [18; 19]. B pamkax HacTosiiei
paboThl OBUIO BBIMIOJIHEHO HCCIICOBAHNE MEXaHH3MOB
00pa30BaHuUs KIACTEPOB YACTHII.

B METOAUKA UCCNEAOBAHUA

Jis  peanusanu  YHMCICHHOTO OSKCIIEpUMEHTa ObLI
BBIOpaH METOJ] MOJICKYJIIPHOM TUHAMMKH, TTO3BOJISIOIIHIA
peann3oBaTh MOJICIIMPOBAHUE PA3TMYHBIX CTATHCTUYCCKHIX
aHcamOJIell YacTHIl, a TaK)Ke€ BBINOJHUTL COITOCTABIICHHE
HOHy‘IEHHLIX pe3yJ'H)TaTOB B peaHbHOM BpeMeHI/I.

Peanuzanust MOeTUPOBAHHUS 10 METOTY MOJICKYJISIPHON
JUHAMHUKHU BO MHOI'OM 3aBHCHUT OT IOTCHIMaJIa ME)K4Yac-
TUYHOTO B3auMoJieHcTBHs. [Ipy BBIYMCICHUH MOTEHIMAIA
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IPUMEHSIN MOJICNb «IIOTPY>KEHHOTO aroMay, 0a3upyro-
LIYIOCS] Ha TEOPHUHU pacueTa AIEKTPOHHOU CTPYKTYPHI MHO-
T'MX CUCTEM 4YaCTHll B (1)1/131/11(6.

IIpu pacuere cucTEMBI YaCTUL, MOAECIUPYEMOI B UCCIIE-
JoBaHuM, crpownn sdeiikn mertamia (OLK pemerkn)
C MapameTpoM pemeTku a,= 2,855 A, xotopsle TpaHc-
JIMpOBalu BAOJIb Oocedl X, y, z. llomydeHHass pacueTHas
srYeiika IMUTHPOBAJIa KPICTAILT JKeJe3a U BKIIFoUaia B ceOs
30 000 vactuu. beckoHeuHy0 MPOTSHKEHHOCTh KpUCTaIa
MOTYYMIA TIPU HCIIONB30BAHUN MEPUONUIECKUX TpaHHU-
HBIX yCJ'[OBHﬁ, a i COo3daHusl MOBCPXHOCTHU BAOJIb OCHU
OpIUHAT MPUMEHSIIH CBOOOIHBIE TPaHINYHBIC YCIOBHUSI.

B xozxe MonenupoBaHus pacueTHYIO sUEHKy pa3zOuBasn
Ha 00J7acTH, B KaKIOH M3 KOTOPBIX 3a/IaBaJld ONpeE/IeIIeH-
HYI0 TEeMIIepaTypy, yOBIBAIOIIYIO MO Mepe YHAAJICHUS OT
MOBEpXHOCTH. [IpH MCIONB30BAaHUK MOIETH MOTYyOEeCKO-
HEYHOTO TBEPAOTO Tella AHAINTHYECKH TOYHOE pPEIICHHE
TETIOBOH 3a1a4M MOYKHO TIOJyYHUTh ITyTEM WHTETPAIbHBIX
npeobpazoBanuii [20]. IIpu 5TOM, eciM MHTEHCHBHOCTH
WCTOYHHKA ITOCTOSHHA, TO PACHpelNeleHHe TeMIIepaTyphl
1o mIyOrHe 00paslia Ha CTaJiuy HarpeBa OMpeersieTcs Kak
(hYHKIHS KOOPAMHAT 10 hopmyJie:

24q . y
T(y, t) =——+atierfc , (1)
A 2\ at
e A 0,68 — mommomareabHas CHOCOOHOCTh, ¢ =

=3,5+ 6,5 MB1/cM? — ruiotHOCTS 3Heprum; A = 80 Br/(M-K) —
ko3 PUUMEHT TEIIONPOBOAHOCTH; @ = 2,621-107° M%/c —
TEMIIEPaTypONpOBOAHOCTh; T = 10-107!2 ¢ — nnmTeNnbHOCTH
BO3JICUCTBUS.

Oyukrumsa ierfc(x) sBIsSeTCS MHTErpasoM OT (PyHKIUHU
WHTETpaJia BEPOSITHOCTH:

0
ierfc(x) = j erfc(x)dx. 2)
X

[Toce Toro, Kak j1azepHOE BO3CHCTBHE MPEKpaIaeTCs,
HACTYMACT CTAAUs OXJIAKICHUS, paclpe/eicHUe TeMIepa-
TYPBI ONIPEIENIIETCS 110 CIIeAyIomIeh Ghopmyle:

T(y, t):% Jatierfe A

2\Jat
~Jalt—vierfe] —2—||. 3)

2 a(t—r)

[l PE3YNLTATBI MCCNEAOBAHMIA U MX OBCYKAEHUE

JUst BBISIBIICHUS KIIACTEPOB CHCTEMY YacTHIl pa30uBaIn
Ha HECBA3aHHBIE IPYIIIBI HA OCHOBE KPUTEPUS PACCTOSHUS,
IIPUHATOTO DPAaBHBIM YIABOCHHOMY 3HAUEHHUIO IIapamerpa
pemetku. [log oTnenbHBIM KiIacTepoM OyaeM MOHHUMATh
TPyNIly 4acTHll, KaKAas M3 KOTOPBIX yAaleHa OT OAHOMI
WM HECKOJIBKUX YacTHIl TOM k€ IPYIIbl Ha PacCTOsSHUE,
He MpeBBIIIaolIee paanyc oope3anus. [locie BBIABICHUS
KJIACTEPOB YAaCTHUL OHU PACKPalIMBAIOTCS B OIIPEACICHHbII

.
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J
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Puc. 1. Buzyanuzauust uaeHTuUInpyeMbIx Kinactepo yepes 10 (a)
u 18 nc (6) moxenbHoro Bpemenu (¢ = 5 MBr/cm?;
L[BETOBAsS] BU3yaJIH3AIlUsI COOTBETCTBYET pa3Mepam KIIacTepOB)

Fig. 1. Visualization of identified clusters after 10 (@)
and 18 ps (6) of model time (¢ = 5 MW/cm?;
color visualization matches sizes of clusters)

LBET B 3aBMCUMOCTH OT €ro pasmepos. LIBeToBas ramma
MEHSIIach ¢ (PHOJICTOBOM Ha KPACHYIO IO MEPE YBEITUUCHHS
KOJIMUECTBA YaCTHULL, IIPUHAIEIKAIIUX KIIACTEPY.
[IpoBenennoe uccien0BaHUE MOKA3ajo, YTO B IIpoLecce
HarpeBa WACHTU(HUIUPYETCS MOCTECIICHHO YBEIWYHUBAIO-
mieecs KOJIMYECTBO KJIACTEpOB, KOTOPbIE, Kak IPaBUIIO,
MPEACTABISIOT COOOM OIMHOYHBIC dacTHibl (puc. 1, a).
B mporiecce oxmmakqeHUs KOMUYECTBO HACHTH(DUIINPYEMBIX
KJIaCTEPOB YMEHBIIAETCS, a UX Pa3Mepbl YBEIMUYUBAIOTC,
TO €CTh paHee PKEKTHPOBAHHBIC YACTHIIEI HAYMHAIOT 00be-
JIUHSTBCS B rpynmnsl (puc. 1, 6). B paccMoTpeHHON Mojenu
peanm3yercsi MeXaHU3M KOHICHCAIHHY TIPOILYKTOB aOJIsIIHH.
W nenTuduimpoBanHble KNACTEPhI IPU PA3IHIHON III0T-
HOCTH JIa3€pHOI0 M3JIY4YEHUs NpEICTaBICHbl Ha pHC. 2.

a o 6

Puc. 2. Buzyanuzauusi uaeHTUQUIIPYEMBIX KiIacTepoB uepes 20 mc
MOJIETFHOTO BPEMEHH IPH IUIOTHOCTH SHEPTHH JIA3ePHOTO
usnydenus 3,5; 5,0 u 6,5 MBt/cm? (a — 6)

(uBeTOBasI BU3yaM3allisi COOTBETCTBYET pa3MepaM KIIacTepoB)

Fig. 2. Visualization of identified clusters after 20 ps of model time
at a laser radiation energy density of 3.5; 5,0 and 6.5 MW/cm? (a — 6)
(color visualization matches sizes of clusters)
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a o 8

Puc. 3. Busyanuzauus naeHTUQUIHPYEMBIX Ki1acTepoB uepes 20 mc
MOZIeTIbHOTO BpeMeHHt npu fAasienun 1, 2 u 3 I'la (a —6)
(¢ = 5 MBT/cM?; BeTOBast BU3Yyanu3alus COOTBETCTBYET
pa3Mepam KIacTepoB)

Fig. 3. Visualization of identified clusters after 20 ps of model time
at pressures of 1,2 and 3 GPa (a — 6) (¢ = 5 MW/cm?;
color visualization matches sizes of clusters)

N, Ki1acr.

£, Ic

Puc. 4. I3MeHeHne KoIu4ecTBa KIaCTEPOB IIPH MOACIHPOBAHHI
py pasnu4HoM fasiennu (¢ = 5 MBt/cm?)

Fig. 4. Change in the number of clusters during simulation
at different pressures (¢ = 5 MW/cm?)

Bonbinasi mI0THOCTh YHEPTHH JIA3€PHOTO M3IYUYCHHUS CIIO-
co0OCTByeT 00pa30BaHUIO OOJIBIIEr0 KOJMUSCTBA KIIACTEPOB
(s g =3.5, 5,0 u 6,5 MBt/cM? cocrasuser 6, 23 u 38
COOTBETCTBEHHO).

Bbuto mpoBeAeHO WCCICAOBAHUE BIIMSHUS JaBICHUS
B CHCTEME Ha KOJMYECTBO (DOPMHUPYIOIINXCS KIACTEPOB.
Asroput™ 0apocTaTHpPOBaHHS, TIPUMEHSEMBIH TIPH MOJIe-
JUPOBAHWM, 3aKIIOYACTCS B TOM, YTO OOBEM CHCTEMEI
CTAHOBHTCSl TICPEMEHHON BEIMYMHON, 3HAYCHUE KOTO-
poit MeHseTCs, YTOObI NaBJIECHHE B CHCTEME OCTaBaIOCh
noctostHHbIM [20]. Kitactepsl mpu pazauyHOM JaBlICHUH
TIpe/ICTaBIEHBI Ha pUC. 3.
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KomuecTBo KJIIACTECpPOB MNPHU YBCIUYCHUUN [JaBJICHUA
yMeHbIIaeTcs. M3MeHeHne ux 4nuciia B IMpoecce MOAeNH-
pOBaHUs PENCTABIEHO HA puUC. 4.

- BblBOAbI

B pesynprare mHpOBENEHHOTO MHCCIIENOBAHUS Oblia
IIOCTPOEHA MOJENIb ¢ MOMOIIBK METOAa MOJEKYISPHOM
JUHAMUKH, KOTOPas Aajia BO3MOXXHOCTh H3YIHTh IPOIIEeCC
Ja3epHOM abmsauy, NPOTEKAOIUI MO BAUSHUEM KOPOT-
KUX UMITYJIbCOB C MaJIoi MI0THOCTEIO. [IpoBeneno ucciue-
JoBaHKe (POPMHUPOBAHNUS KIIACTEPOB YACTHUI] IPHU A0JISALUH.
[TocTpoena umcnoBas 3aBUCHMOCTH KOJIIMYECTBA CHOPMU-
POBaHHBIX KJIACTEPOB OT BO3ACUCTBYIOLIETO HA HUX JaB-
JEHUsI.
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