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MeTtaumyecKkye U3ensi, U3TOTOBJIEHHEIE C TIOMOIIBIO aIIUTUBHBIX TEXHOJIOTHM, OOBIY-
HO UMEIOT HeOJIaronpusiTHbIE MeXaHUUEeCKHME XapaKTepUCTUKU. JlazepHO-ymapHO-BOJIHO-
Bast 00paboTKa — 3TO MeXxaHuYecKasi 00paboTKa MOBEPXHOCTEM C BLICOKOK CKOPOCTBIO Ae-
(hopMUpoOBaHUs, KOTOPAs YIIPOUHSIET MPUTIOBEPXHOCTHBIN CJION U3MEUs 1 00eCTieYnBaeT
co3maHue OJIaronpUsITHBIX MEXaHUUEeCKMX CBOMCTB. B HacTosIIeit ctaTbe ImyTeM o0beman-
HEHMSI TEXHOJIOTUIA JIa3epHO-YIapHO-BOJHOBOM OOPAaOOTKM M aIIUTUBHBIX TEXHOJIOTMA
pa3pabarbeiBacTCs TMOPUIHAS aqAUTUBHASI TEXHOJIOTUSI, M WCCICAYETCS POJb Ja3epHO-
YIapHO-BOJHOBOI 00pabOTKM B THOPUIHONM agAUTUBHOM TEXHOJIOTUH C UCIIOJb30BaHUEM
MeTola KOHEYHBIX 3JIeMEeHTOB. [lojlydeHHBbIE pe3yJibTaThl IOKa3bIBAIOT, YTO 4YacTOTa
YIPOUYHEHHOTO CJI0S SBJISIETCS KPUTUUECKMUM TEXHOJOTUYECKUM TTapaMeTPOM, BIIUSIOILIUM
Ha mepepacIipeeicHIe OCTaTOUHBIX HAIIPSKEHU A, KOTOPBIM CHJIBHO 3aBUCUT OT KOJIMYe-
CTBa Tellia, BblaelisieMoro B Tporecce 3D-nevyatu. biaaronapst moy4eHHBIM pe3yjibTaTaM,
pa3paboTaHHasI TEXHOJOTUS TMOPUIHAS aJIMTUBHAS TEXHOJIOTHUS ITOJyJdaeT CBOE MECTO B
Pa3HOBUIHOCTSIX aAAUTUBHBIX TEXHOJIOTUI U MMeeT MOTeHIIUAI JJIsI BHEAPEHUST Ha TIpaK-
TUKE B KauyeCTBE HOBOIO CHOCO0A IMPOM3BOACTBA BHICOKOKAYECTBEHHBIX METAJUIMYECKUX
W3OEINii.

Karouegvle croéa: anINTUBHBIE TEXHOJOTUU, JIa3€pHO-yOIapHO-BOJIHOBAasA 06pa60TKa, rn-
6pI/IIlHaH alAUuTUBHaA TEXHOJIOIrus, METO KOHECYHBIX 2JIEMEHTOB, OCTAaTOYHbLIC HAITPsAXKE-
HUA
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CBolicTBa METATMYECKUX U3NETNI, CO3MaHHBIX C TIOMOIIBIO aIAUTUBHBIX TEXHOJOTHI
(AT), ocraroTcst BaXXHBIM M aKTyaJIbHBIM HampaBJIeHHEM MCCIeOOBaHUIA BO BceM mupe [1].
HeynosnerBopuTenbHble MEXaHUUECKHE CBOMCTBA MOJYYEHHBIX U3EIUI U HU3Kasl MPOU3-
BOJUTENbHOCTD SIBJISIIOTCSI OCHOBHBIMU TEXHUUYECKUMMU MPETSITCTBUSIMU 151 O0JIee IIMPOKO-
rO BHEIPEHUs Ha MPaKTUKe TEXHOJOTMU aaauTUBHOro nmpousBoactsa (All). B wactHocTH,
OoJibllIMe pacTsruBalolne ocrarouHble HanpsikeHust (POH), u, kak cnencrsue, pactpecku-
BaHUsI, OCTAIOTCS CEPbE3HOI MPOOIEMOit J1 SKCILTyaTallMOHHBIX XapaKTEPUCTHUK TOJTyUeH-
HbIx 3D-n3nenuii. CeronHs mjist cHATUSI POH 00BIYHO MCIOIB3YIOT TEPMHUYECKYIO 00paboT-
Ky. X0oTs1 TepMooOpaboTKa AeicTBUTEIbHO yMeHbIlaeT POH, npenoTBpalias 6onbliiue ae-
dbopmaluu 1 pactpeckrBaHre, OHa UMEET CBOU OUEeBUIHbBIE HENOCTATKU [2].

Tubpunnbie anauTuBHbIe TexHOJOTUU (IAT) BOZHUKIIN KaK COBMECTHOE MCITOIb30BaHNe
knaccuyeckux AT ¢ OTHUM WU HECKOJbKMMU BTOPUYHBIMU TEXHOJIOTUSIMU, KOTOPbIE 10-
MOJIHSIOT APYT Ipyra U B UTOTe BO3HUKAET CUHEPreTU4ecKuit a(pdeKT, 4To 6JIaronpusiTHO
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Puc. 1. Cxema rubpuaHoii anautusHoi TexHosoruu (I'AT) ¢ ucnonbzoBanueM coBmeltieHust TexHosnoruii [IOM (B
KayecTBe repBUYHOM TexHonorun) u JIYBO (B kauecTBe BTopnuHoii TexHosoruu): I — [IOM; 2 —JIYBO; 3 — onun
u3 cioeB FAT-uznenus.

oTpaxkaeTcsl Ha Ka4eCTBe IOJIydaeMbIX U3AeNid U UX (YHKIIMOHAJIBbHBIX XapaKTepUCTH-
Kax [2]. I[mOpumHast annuTUBHASI TEXHOJIOTUS, UCIIOJb3YIOIIasi MeXaHNUEeCKyl0 00paboT-
Ky IMOBEPXHOCTH, TaKyl0 KakK Jia3epHO-yIapHO-BOJHOBYIO o6pabotky (JIYBO), npen-
cTaBjsIeT OOJIBIION MHTEPEC, HATIPUMeEP, MPU MTPOU3BOACTBE MOAMIUITHUKOB, Pa3IMYHbBIX
MHCTPYMEHTOB U IITAMMOB, U3-3a criocobHocTu JIYBO K ynpouHeHM0 U co3naHuto OJia-
TONIPUSITHBIX CKMMAIOIINX ocTaTOuHbIX HarpsikeHuid (COH) Ha rimyOmHax, IIpeBhIIIa0-
X OOBIYHYIO TITyOMHY ITpoHUKHOBeHUsT COH, moCcTyITHBIX IIpU KJIaCCUYESCKOI ITOBEPX-
HOCTHOM 00paboTKe.

JIYBO nipu pacnipocTpaHeHUM yIapHOU BOJHBI B MaTepuralie BbI3bIBAET CUJILHYIO TIJIaCTH -
YyecKyio JedopMalmio ¢ BBICOKOM CKOPOCThIO 1e(hOPMUPOBAHUSI, YTO CO3/IA€T B TPUITOBEPX-
HOCTHO#1 o6siactu MolHbIX nosieit COH. CnenoBartenbHO, MOBBILIAETCS] YCTATOCTHAS AOJTO-
BEYHOCTh U UBHOCOCTOMKOCTh MaTepHAaJIOB 3a CYET 3aMeIJICHHST 3apOXKICHYS U pacIpocTpaHe-
HUS TpellldH. B HacTrosIel craTtbe MpemiaraeTcsl coueTaHue aJyIMTUBHOTO TTPOU3BOICTBA C
TIOCJIOMHBIM JIa3€PHO-YIapPHO-BOJIHOBBIM YIIPOYHEHHMEM B KauyecTBe HOBOIO IOAXoma K
yIIpaBJeHUI0 00beMHBIMU MeXaHU4YeCKUMU cBolicTBamu ['AT-uznenuit, Kotopoe npojajena-
€T UX CPOK CJTY>KOBI.

Cxematusammsi ruopuanoii anautusHoi Texnonoruii (FAT). B ruGpunHoii anaiuTuBHOM Tex-
HOJIOTUHU TIEPBUYHOM TEXHOJIOTUEH NOJIKHA OBITh OMHA M3 TPAAUIIMOHHBIX alIUTUBHBIX TEX-
HOJIOTUX — JIMOO TEXHOJIOTHS mpsiMoro ocaxkaeHus marepuana (Directed energy deposition
DED, B nansheiem — [IOM), 1160 TeXHOJIOTHS CIUIABICHUS B OPOIIKOBOM CJIo€ (POW-
der bed fusion PBF), 1160 TexHOJOrUsI U3roTOBJIEHUSI OOBEKTOB C UCIOJIb30BAaHUEM JaMU-
HupoBaHus (laminated object manufacturing LOM). B HacTosieil crtatbe TEXHOJIOTHUS
[TOM BbICTYyIIaeT B Ka4eCTBE MEPBUYHOI TEXHOJIOTUM, OOBbENUHSICH ¢ TexHosiorueit JIYBO,
KOTOpasl BHICTYITaeT B KauecTBe BTOpUYHOM TexHoioruu. Cxema I'AT, ¢ ucrioab3oBaHUEM
texnosnoruit [IOM u JIVBO, noka3zana Ha puc. 1.

Koneuno-anementHoe moneaupoanue I'AT. I1pu ITOM no Mepe noGaBiaeHMsI CI0EB BO3-
HUKAIOT OCTaTOYHbIE HAMPSIKEHMsI, KOTOPbIE C KaXKIbIM IIIarOM MEHSIIOTCSI, UTO BJIMSIET Ha
MeXaHMYeCKHUe CBOMCTBA U TOCEAYIOIINE DKCITyaTallMUOHHBIE XapaKTePUCTUKU TOTOBOTO
uznenusi. OCHOBHBIMU 3JIEMEHTaM1, HEOOXOMUMBIMU JIJIs1 YCIIEIITHOTO MOJETUPOBAHUS TEX-
Hojyornu [TOM, IBIISIIOTCS: ABVKYIIMIICS MCTOYHUK TeIlIa (B HAIlIEM clIydae — Jla3ep), CIIO-
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Puc. 2. Cxema [y1st MofieTupoBaHust TeXHOIOruu AT ¢ TeIJIOBBIMU M MEXaHUYECKMMU TPAHUYHBIMU YCJIOBHUSI -
mu: I — nmeqataemoe 3D-u3nenue; 2 — nmomioxkka; 3 — y3esx Ne 751 B KOHEYHORJIEMEHTHOM MOJEIIH.

€006 moGaBIeHUsT HOBBIX CJI0€B, TPAHUYHBIC YCJIOBUS U MOJIETh MaTepuraia, XapaKTepuCTUKI
KOTOPOTO 3aBUCST OT TEMIIEPATypPHI.

st monenupoBaHust TexHonornu AT paszpaboraHa aBymMepHasi Monesib (puc. 2).

Ha momnmoxky Hanocutcst 20 cioeB, Kaxmbiid mmpuHoit 30 MM 1 tommuHOi 0.3 MM.
IMonnoxxka nmon ciosimu uMmeeT pa3mepsl 30 MM Ha 8 mMm. st MmonenupoBaHust AT paspaba-
TBIBAIOTCS Cpa3y JBE MOACJIM C UISHTUYHOM reoMeTpueii: onHa — ISl TEMJI0BOTO aHAIM3a
(ITOM), npyrast — miist MexaHudeckoro aHaiausa (JIYBO). B renioBoit Moaenu MCTIOIb3YIOT -
csl KOHeYHbIe asieMeHThl Tuia DC2D4, koTopbie MpeacTaBisiioT coboit 4-y3noBble nuddy-
3UOHHBIE TETUTOMPOBOISIINE JIEMEHTBI, UCTIOIb3yeMbIe IIJIST U3MEPEeHUs TeMIiepaTyp, BO3-
HUKAIOIIX TPU TMMPUMEHEHNH JBVIXYIIEToCs UCTOYHMKA Teria. B MexaHu4eckoi Momenu
HMCHOJIb3YIOTCSI KOHeUHbIe a1eMeHThl Tuia CPE4, koTophie npencTaBissioT coooii 4-y310BbIe
OWIMHEeTHbIe TUTOCKUE NeopMallMOHHbIE SJIEMEHThI, KOTOPbIe CIIOCOOHBI ONPENeIsITh HAIPsI-
>KEHMSI, BO3HUKAIOIIME KaK OT UICTOUYHMKA Teria, Tak 1 ot JIYBO. Pa3Mepbl KOHEUHBIX 3JIeMEH-
TOB B cJlosiX cocTaBisitor 20 X 20 MKM, a B TTOIJIOXKKe OHM ropasno 6osbiie 80 X 80 MKM, UTOOBI
MUHUMU3UPOBATh BpeMs BeruuciaeHuii. JlodaBiienue Matepuana Bo BpeMs AT momemmpy-
€TCsI TIOCPEACTBOM ITOC/IeNOBaTeIbHON aKTWBAIlMM HOBOTO HabGopa 3JEMEHTOB B Hadalie
KasK/Ioro 1ara (MCIoIb3yeTcsl TaK Ha3bIBa€MbIii METO HEAaKTUBHBIX 2JIEMEHTOB).

st MoneIMpoBaHUs AMHAMUKM TeMIepaTyp, Bo3HUKawux Bo Bpemss [IOM B kaxxmom
cJjloe, WCIIONb3yeTcsl METOAMKA NBMXKYylIlerocsi TerioBoro mortoka [3]. TeroBoit moTok
TpeaCcTaBlIieH KaK HepaBHOMEPHO pacrpene/ieHHOe TeTUIo, BEIMYMHA KOTOPOTO 3aBUCUT OT
MECTOTIOJIOKEHUST U BpeMeHU. [IpUHSTO, YTO TETIOBOI TTOTOK COOTBETCTBYET rayCCOBY pac-
npenejaeHnIo, MOJASIMPYETCsI C MCII0JIb30BaHUEM KOHeUHO3IeMeHTHoro nmaketa ABAQUS, B
yacTtHoctu, noanporpammoit DFLUX, u paBeH [4]

“2(x-vi)’
CP 2
g=“5e 7, (1)

ar
rae C — ko3 PULMEeHT NOIIoIIeHUs; P — MOIITHOCTB JIa3epHOro usiydyeHus, Bt; r — paguyc
JIa3€pHOTrO JIyya, M; v — CKOPOCTb CKAHUPOBAHMUSI TETMJIOBOTO MOTOKA, M/c. OCHOBHbIE Napa-
MeTpbl TexHosnornu [TOM, KoTopble MCHONB3YIOTCS IJIsl MojaeJupoBaHus Tipoiecca AT,
MIpUBEICHBI B Ta0. 1.
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Taomuna 1. [TapameTrpsl TerioBoro nmoroka npu AT

Pasmep mazepHoro CKOpoCTh JlnmHa
Mo1uHocTh 1a3epa, Bt
MSITHAa, MM CKaHUPOBaHUs, MM/C CKaHWPOBaHUsI, MM
400 1.36 10 30

TakuMm 06pa3oM, K MOJE/IM CTaBSITCSI TETIOBbIEC TPAHUYHBIC YCJIOBUSI O TEIJIOMPOBOAHO-
CTM, KOHBEKLIMU U uznydyeHuto. [lepenaya ternsa Mexmy CIosIMU YIYUTBIBAETCSI yepe3 KO-
(bULIMEHT TErIONPOBONHOCTU k, KOB3(hOUIIMEHT KOHBEKTUBHON Terutonepenady 2 u Koad-
buumeHT uznyyeHus €. Ternsao, oTBOAMMOE MOIJIOXKE, OMpENesieTcss Yepe3 CBOOOIHYIO
KOHBEKLIMIO B HUKHEH YacTU MOMIOXKU A3 = 1000 Br/(M? K). TpaHU4HbIE YCIOBUS IUIS
MPUHYANUTEbHONW KOHBEKIIUU W M3JIyUEHMSI 3aJal0TCSl Ha BEpPXHEil MOBEPXHOCTU KaXKIOTO
CJ10s1 BO BpeMsl HaHeceHus1 Matepuaina i, = 100 Br/(M2 K), € = 0.62. TeM caMbIM yYUTHIBAET-
¢ Kak TeTIo, repeaaBaeMoe yepe3 MHEPTHBIN ra3, BIyBaeMoOro B BaHHY C pacIijlaBoOM, TaKk 1
TeIUIO0, U3JIy4eHHOE B OKpyxXamwliyto cpeny. CBOOOIHASI KOHBEKIIMS B OKPYXKAIOIIYIO CPEdy
3a/1aeTCS B KAUeCTBE TPAHUYHBIX YCIOBUIT Ha KPasiX CIOEB U MOUIOXKH A, = 25 Bt/ Mm% K).

MoneaupoBanue 100aBieHus caosA. YToObl cMOAEIMPOBaTh 100aBJIeHe HOBOTO CJIOSI BO
BpeMs [TOM, GonbIIMHCTBO MccenoBaTesieil NCMONb3YIOT OJUH U3 ABYX METOMOB: METO]
TUXUX JIEMEHTOB U METOJl HEAKTUBHBIX 2JIEMEHTOB [5]. B MeToie TUXUX 3]IEMEHTOB B CAMOM
Hayasle aHaJiM3a B MOJIEJIM yXe MPUCYTCTBYIOT TeyaTaeMble 3JIEMEHTBI, HO UM MpUCBauBa-
IOTCSI TIOHWXKEHHBIE CBOIMCTBA MaTepuaja. DTHU CBOIMCTBA IOJydalOTCS MyTeM YMHOXCHUSI
HaYaJIbHBIX CBOMCTB Ha COOTBETCTBYIOIIME KO3(MOUIIMEHTH MacliTabupoBaHus [6]. Die-
MEHTHI C TIOHMXXEHHBIMU CBOMCTBAMU CHauaJla HUKAK He BJIUSIOT Ha mpoliecc (MX KakK OyaTo
ob1 HeT). [To Mepe mpoaABMXXEHMS TIpollecca U TOTOBHOCTH 3TUX TUXUX 2JIEMEHTOB K MevaTH,
UM MPUCBauBAIOTCSl peajbHble CBOMCTBA MaTepuasa, TeM caMbIM 0003HaYyaeTCsl UX MOsBIe-
HU€ B MOJIEJIU.

MeTon HEaKTUBHBIX 3JIEMEHTOB — 3TO €lll€ OAWMH MOAXOM, aHAJIOTMYHBII METOLY TUXOTO
ajieMeHTa. PasHuIia MeX1y HUMU 3aKJII0YAeTCSl B TOM, YTO OCaXKIEHHBIE 3JIEMEHTHI 1eaKTH -
BUPOBAHBI C CAMOTO Hayayia aHaJin3a. DJIEeMEHTbl aKTUBUPYIOTCS Ha KaXkIIOM 3Tarie 1o OT-
NeJIbHOCTU (MJTA B BUJIE CJI0sT), KOT/Ia MICTOYHUMK TEIlUIa BO3/IEMCTBYET Ha ATOT cioii. B HacTo-
s11eit cTaTbe UCTIONIb3YETCS UMEHHO 3TOT METO/I.

Hccaenyemsriit MaTepuan. B cratbe ncciienyercs nommuitHukoBast ctanb [IX15 (3apyOesk-
Hblii aHajmor — AISI 52100), koTtopasi IIMPOKO MPUMEHSETCSI B MAalIMHOCTPOUTEIBLHOM U
aBUAllMOHHO-KOCMUYECKON OTpacisX, MpUYeM He TOJbKO IS TPOU3BOJICTBA MOMIIUITHU-
KOB, HO U JPYrux nertayieii, rae TpeOyeTcsl BbICOKAsl TBEPAOCTh, UBHOCOCTOMKOCTh U KOH-
TaKTHas IPOYHOCTb.

[1pu aHanuze Teruionepenayu Ijisi OoNpene/ieHus TeMIIepaTypHbIX MOJIEH MCITOJIb3YIOTCS
MeXaHU4YeCcKre U Teriodr3nieckre CBOMCTBA, 3aBUCIIIME OT TeMIiepaTypbl. B Tab. 2 mpu-
BeIEHBI yIIpyTue CcBoicTBa (3aBUCUMOCTb Moayis FOHra m koaddunmueHra IlyaccoHa ot
TeMrepaTyphbl).

3aBUCHUMOCTH ITACTUYECKUX U q)MBVl‘{CCKI/[X CBOIICTB (npeﬂena TCKYUYCCTH, IJIaCTUYECKOM
nedopmaiiiu, mapameTpoB omnpeaestolero cooTHoueHus IxxoHcoHa—Kyka, mioTHocTH,
K03 dUIIMEeHTa TETJIOBOTO paciupeHus, KoadhGUIMeHTa TeTUIONPOBOIHOCTH) OT TeMIIepa-
TYpBI IPUBEICHEI B [7].

OO0mas cxeMa KOHEYHOIJIeMEeHTHOro moaemposanusa I'AT. [I1s MomearMpoBaHUs TEXHOJIO-
run AT Obl1 MCoJIb30BaH KOHEeYHO3JIeMeHTHBIM makeT ABAQUS, B yacTHOCTU — ero
monyan ABAQUS/Standard (ans ompeaeieHus TeMIlepaTyp W TEPMOHANPSIKEHU) U
ABAQUS/Explicit (u1s1 onpeneneHnst ocTaToYHbIX HarpsikeHuit npu JIYBO). Biok-cxema
MpolieTypbl MOACIMPOBAaHUS MoKa3aHa Ha puc. 3. st monenupoBanus AT paspabaTbiBa-
IOTCSI cpasy JIBe MOJIEJI C UISHTUYHOW reoMeTpureit: olHa Monesb Uil aHaJiu3a Tpolecca
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Tabmuua 2. 3aBUCMMOCTbD YIIPYTMX XapaKTepPUCTUK NOAIIMITHUKOBO cTaiu LIIX15 oT TeMnepatypbl

Temmneparypa, K Mopnyns FOnra, I'Tla Koadpduuuent I[Tyaccona
295 201.33 0.277
473 178.58 0.269
673 162.72 0.255
873 103.42 0.342
1073 86.57 0.396
1273 66.58 0.490

Teruronepenayn ¢ aneMeHTamu DC2D4, a npyrast — mj1st aHaim3a HaIIPSDKEHWI ¢ 3JIeMeHTa-
mu CPE4.

IIpu monenmupoBanuu I'AT (puc. 3) cHayajla aHaIU3UPYETCs MPOIeCC TeIUIoNepeaadyn 1
ONpENESIIOTCSl paclpeeeHus TeMIIepaTyp Mo CJIosiM, Jajiee MOoJlydeHHbIe TeMIlepaTyphbl
SKCITOPTUPYIOTCS JIJIsl BBIYMCICHUST TEPMOHAMPSIKEHU I, BOSHUKAIOIIMX OT BO3/IECTBYUS BbI-

Bruruucinenue repmoHanpspkeHuil mpu [IOM

Bbruucienue temmeparyp

Buruucienue
TepMOHAaTPSLKeHUI

BrruncieHre ocTaTOYHBIX
HanpsxkeHuit pu JIYBO

Hauano

Hauano

Bri6op Tinos
3JIEMEHTOB U CBOMCTB
marepuasa

Br16op cBoiicTB
Marepuana u
IPAaHUYHBIX YCIOBUI

HauanbHbie ycnoBus:
WMITOPT HATIPSKEHUI

!

Bbi60p TepMuuecKux
IPaHUYHBIX YCIOBU

l

HavanbHbie ycoBus:
UMIOPT HATIPSIXKEHUI,
ecim ectb JIYBO

IpunoxeHnue
VCTOYHMKA TeTIa

!

Bruruuciienue
TeMmIiepaTyp

[Mpunoxenue
> TeMrepaTyp oT
TETIJIOBOTO aHa3a

!

l

Konen TerutoBoro
aHajausa

JloGaBnsieTcs
HOBBI cJTOM?

AKTUBALIVSA

Her

Brruucnenue nedop-
MalMii U HaTIpsKEHU

Konerg
aHaaM3a
TepMOHAIIPsI-
XKeHuit?

AKTUBALIA

HOBOTO CJ105

1

[MpuoxeHune naBIeHUST
ot JIYBO

1

BrruucneHue ocraTou-
HBIX HATIPSDKEHUI

Komnern Her
MOJETMPOBAHUS

TrAIT?

HOBOTI'O CJIOA

Puc. 3. bnok-cxema monenupoBanust [AT ¢ ucnonpzoBanuem JIYBO.
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YUMCJIEHHBIX TeMIlepaTyp. 3ateM aHanusupyetcs npoueaypa JIYVBO, roe B kauecTBe Havallb-
HBIX JTaHHBIX UMITOPTUPYIOTCSI TEPMOHAMPSIKEHUSI, BOBHUKAIOIIME OT 100aBJIECHUS CJIOEB, U
OIPEICISIFOTCS OCTATOUHbIE HAMPSDKEHUSI, YeM U 3aBepIlaeTCs TTePBbIii LIMKJ YITPOYHEHMSI.
B cienytomiem 1ukie no6aBisieTcsl ellle OMMH Habop CJIOEB U OMSTh MPOUCXOOUT aHAW3
Terutonepenadr. B aToM aHanu3e HaNPSKEHUST OT PACCUUTAHHBIX 3aHOBO TEMIIEPATyp BbI-
YUCJISIFOTCS C YIETOM HAIIPSDKeHU M, BOZHUKAIOMUX OT npenbiayiieit TYBO, koTophie B 3TOM
aHaJiM3€e BBICTYNAIOT B KQUeCTBE HaYaJbHbBIX JaHHBIX.

DTOT ke IUKJ MTOBTOPSIJICS IO TeX Mop, MoKa He HarevaTaloTcsl Bce ciou. Pa3Hble acmiek-
ThI TAKOTO MOJICJIMPOBaHUS TIpUBeneHbl B paboTax [8§—15]. OcobeHHOCTH MOAECTUPOBAHUS
tonbko JIYBO npuBenens B [ 16, 17].

IToyyeHHbIe pe3yabTaThl U X aHAAM3. B HacTosI1Iel cTaThe TIPOBOAUTCSI MONIEIMPOBAHUE
5-ti xapaktepHbIx 11t AT pexxumoB: 1) BMecto AT uccinenyercs uncras AT (T.e., pexxum
6e3 JIYBO); 2) texuonorusa JIYBO nmpuMmeHsieTcsl TOTbKO Ha OKOHYATEIIBHOI ITOBEPXHOCTH
(pexum noBepxHocTHOU JIYBO); 3) I'AT nipu ucnionszoBanuu JIYBO uepes kaxknpie 10 cino-
eB (I'10-pexxum); 4) ucnonb3zoBanue JIYBO uepes kaxnbie S cioeB (I'5-pexxum); 5) ucnomiab-
3oBaHue JIYBO Ha kaxnom cioe (I'l-pexkum). Pe3ynbTaThl 3TUX IISITU CJIy4aeB COMOCTaBIISI-
IOTCSI M aHAJIU3UPYIOTCS, OTIpeNesisisi TeEM CaMbIM BJIMSIHUE YaCTOTHI YIIPOYEHHOTO CJIOST Ha
XapakTep pacIpee/IieHUsI OCTATOYHBIX HAMPSIKEHWI B CAaMBIX CJIOSIX. 3aMETHM, 4TO BCE CITy-
Yay MOACIUPYIOTCS IS ucciiemyeMoro Matepuana IIX15.

Pacnpenesiennsi 0CTaTOYHBIX HANPSDKEHHWI B M3aeud npu pa3Hbix pexmMmax I'AT. OkoHua-
TeJIbHBIE pacIIpele/ieHrs] OCTaTOUYHBIX HANPSDKEHUM 110 IyOouHe (puc. 2, Mo HampaBIeHUIO ))
IUISI BCEX 5-TU MCCIIEMyeMBbIX peXXUMOB IToKa3aHbl Ha puc. 4. Pexxum “be3 JIYBO” npencraB-
JsteT coboit monenb TpaguionHoit AT 6e3 JIVBO. U3 rpacduka (puc. 4, kpusasi 1) BUIHO,
YTO OCTATOYHBIE HAMPSIXKEHUST B 3TOM PEXMME BO BCEX CJIOSIX PACTSATUBAIOIINE U3-3a HETIpe-
PBIBHOTO IIPUJIOKEHMSI TEIUIOBOTO ITOTOKA K cIosIM (B u3mesmu Bciogy umeem POH). Ortor
HETIPEePBIBHBIN TETIJIOBOM ITOTOK PaCIIMPST MaTeprai M BhI3biBaloT B HUX POH, BenmuumHa
KOTOPHBIX B c10s1X Kojebaercs 600—1325 MIla. [Inst corocTaBieHUsT pPe3yIbTaTOB B pa3HbIX
TMOPUAHBIX PeXUMaXxX OblJI CMOAEINPOBAH U PEXUM OIHOKPATHOTO J1a36PHOTO YIIPOUHe-
HUSsI, HAHECEHHOTO Ha MTOBEPXHOCTh MOCJe Hare4yaTaHusl ABaaaToro cjios (“pexum mo-
BepxHocTHoi JIYBO”). B aToM ciyyae Henb3sl cKa3aTh, YTO uMeeT MecTo uuctas AT,
T.K. 30ech JIYBO He monHOCTBIO compsiraercs ¢ TexHonorueit [IOM.

Cxkopee Bcero, 37IeCh MMEET MECTO TPAJAULIMOHHAST TEXHOJIOTHS Ja3epHO-YIapHO-BOJIHO-
Boli 06padoTku noBepxHocTu. Kak Bunum (puc. 4, nunus 2), POH ot JIYBO npeBpamator-
cs1 B COH m mocturaior cBoero Mmakcumyma B BeamauHy 1120 MITa. COH B aTom ciygae co-
XpaHsoTCs 10 youHbl 4.9 MM, nanee oHu nepexonsaT B POH. Takxke Obliy McciaenoBaHbl
TPY TMOPUIHBIX PEeXHUMa TPU Pa3IMYHBIX YACTOTaX YIIPOUHEHHOTO cJiosl (puc. 4, TMHUU 3—J).
Imyounna COH yBenuuuBaeTcsi o0 Mepe YBEJIMYEHUs 4acTOThl YIMPOYHEHHOIO CJIOSI OT
5.8 mm mist I'10-pexxuma 10 6.5 mm ast I'S-pesknma. 3aech JOCTUTAeTCI CBOeOoOpa3Hast TouKa
HACHIIEHNS, T.K. TIPU JaJIbHEHIIIeM YBETUUYSHUN YaCTOTHI YIIPOUHEHHOTO CJIOSI 1O €IMHUIIBI
(I'l-pexxum) mmyouna COH ymenbiaercst 1o 6.3 MMm. XOTsI, HECMOTPSI Ha TOCTUKEHUE TOY-
KW HACBIIIEHUS, BUAUM, YTO MOBBILIEHUE YaCTOThl YIIPOUHEHHOTO CJIOSI YBEJIUYUBACT IIU-
puHy obsiact co COH. 3aMeTuM, uyto BearurHa nuKoBbiX 3HaueHuit COH st Beex ciyva-
eB BapbupyloTcst oT —1120 no —1220 MI1a.

AHa;m3 u3MeHeHus1 Temmepartypbl. JlMHAMUKa TEPMUUYECKOTO COCTOSTHUSI BO Bpemst AT
“MeeT pellampllee 3HaYeHWe ISl U3YYeHMST SBOJIIOLMU OCTAaTOUHBIX HAMpPSDKeHUN B U31e-
s, TeMmriepatypbl, BOSHUKAOIINE OT TETUIOBOTO ITOTOKA BO BpeMsI TOOABIICHUS CJIOSI, CTH-
MYJIMPYIOT BO3HMKHOBEHME TaK Ha3biBaeMoro 3¢ dekra “repmudeckoro nogasieHuss” COH
u apyrux 3¢ dekToB, Bo3HuKawlux B pe3yiabrate JIYBO [18]. [Ipu MonennpoBaHUM TEXHO-
noruu ITOM TernioBoii MOTOK HampaBJsieTCsl Ha KaXKIbIi CJIOM U OIIpeaeasieTcsl pacipeaeie-
HUEe TeMIepaTyp, BO3HUKawouX Bo Bpems 3D-neuatn. TeMnieparypsbl, o6pasylolieiics B pa-
Hee 100aBJIEHHBIX CJIOSIX, TAKXKe M3MEHSIIOTCS 110 Mepe HaHeceHUsl HOBBIX ciioeB. Jlist Ha-
OII0ICHUS 32 AMHAMMKO TeMIIepaTyp ISl yIoOCcTBa ObLI BEIOpaH y3ex HoMmep 751 (puc. 2) B
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Puc. 4. [Tpodunm ocTaTOYHBIX HAINpPSIKEHU (GHES) JUIs1 M3ydaeMbIx 5-tu pexkxumoB I'AT: 7 — pexum 6e3 JIVBO;
2 — pexum noBepxHocTHoit JIYBO; 3 — I'l0-pexum; 4 — I'5-pexum; 5 — I'l-pexkum. CieBa oT BepTUKaJIbHOI

HyHKTI/IpHOﬁ JIMHUU PACITOJIOXKEHBI CJION 1—20 meyaTaemMoro nsnenaund, cripaBa — IOIJIOXKa.
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Puc. 5. VI3aMeHeHMst TeMIepaTypbl BO BpeMeHH o Mepe go6aBiieHus Beex cioeB usnenus (1—20) B yane Ne 751 (puc. 2);

T| — TemmiepaTypa miaBieHust; T, — KpUTHdecKast TeMIeparypa.

cepearHe BEpXHEe YacTH MOMIOXKKHU. B 3TOM y371e paccunTaroTcst TeMIiepatrypbl OT 106aBie-
Hus Beex 20 cioeB. U3MeHeHMST TeMIiepaTyphbl BO BpeMeHM 10 Mepe T00aBJICHMS CJIOEB MO~
KaszaHBI Ha puc. 5. [Ipu gobGaBieHnM mepBoro cjios (MMHUSA [) MUKOBas TeMIepaTypa Ha
BepxHel yacTy nomioxku pocturaeT 2700 K. ITpu nobaBieHMM BTOPOTo CJIOS TeMIepaTypa
coctaBisaeT yxe 1544 K. I1o mepe mobGaBiieHUsI CISAYIOIIMX CJIOEB ITMKOBasI TeMIlepaTypa B
y3Jie yMeHbIIIaeTcsl dKCIToHeHIManbHo. Kak usBectHo [19, 20], TeMnepaTyphl BbIIlle KPUTHU-
yecKoil temriepatypsl (mpubnusuresnbHo 820 K), BIUSIOT Ha MUKPOCTPYKTYpY clioeB. TeM-
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repaTypa B UCCJIEAYEMOM Y3Ji€ BbIIlIE KPUTUUECKOI TeMIlepaTyphl 10 100aBJICHUS CEIbMOTO
cnost. Korna moGasisieTcsi BOCbMOIA CJIOM, TeMrieparypa IajaaeT HUXKe TeMITepaTyphl Iepexo-
na (oHa pasHa 778 K). DTo yka3bIBaeT Ha TO, UTO TEIUIOBOM MOTOK IMPU 100aBJIeHUU HOBOTO
CJI0S1 BIUSIET HA MUKPOCTPYKTYPY CEMM CJIOEB MO HUM. XOTS B 3TON cTaThbe M3MEHEHUE
MMKPOCTPYKTYPBI HE pacCCMaTpUBAETCs, OYeHb BaXKHO 3HATH 00 3TOM XOTs ObI Ha Ka4eCTBEH-
HOM YpOBHE.

BoiBoapl. PazpaboTaHa KoHeuHO-3eMeHTHasl 2D-mMoaens TMOPUIHO anaIuTUBHON TeX-
Honoruu (I'AT), cocTosiiast OT rmocjiefoBaTeIbHO MPUMEHSIEMBIX TEXHOJIOTHUI IMPSIMOTO Oca-
xnenust marepuaia (IIOM) n na3zepHo-ynapHO-BoHOBOIT 06padoTku (JIYBO). I[Tokazano,
4yTO OJIaromaps IMOCIOMHOMY YIIPOYHEHUIO cioeB 1o TexHoaoruu JIYBO, Bo Bpems I'AT B
reyaTaeMbIX M3IENIUSIX 00pa30BBIBAIOTCS CKMMalolde octaTouHble HarpsokeHus (COH),
KOTOPBIE XOTh U MCITBITHIBAIOT TEIUIOBOE 1/WJIM MEXaHUYECKOe TiepepacrnpeacieHue, MoJIHO-
CThIO HE MCYE3aI0T U OCTAIOTCSI B U3MICJINU.

IToxazaHo, 4TO yMeHBIIIEHNE YACTOTHI YIIPOYHEHHOTO ¢Jios ¢ 20 10 5 yBeInInuBaeT ITyou-
HY YIIPOYHEHHOTO c0s (T.€., cos co crabmnpHbeiMu COH). Takke 1mokasaHo, 4To ITyOMHa
YIIPOYHEHHOTO CJIOSI MaKCHMMaJlbHa MPpU YIPOYHEHUHN Kaxmoro 5-ro cios (B I'S-pexume),
T.e., TTOKa3aHO, YTO, YIIPOYHEHME Yallle, YeM 4epe3 KaXIble MATh CJI0eB, HEe YBEJIMYUBAET
ryouny COH, yTo uMeeT BaxxHOE MpaKTUUECKOE 3HAaUeHUeE.
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