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AHHOTALMUA

AxtyanbHocTb. CoBpeMeHHble ra3oTypbuHHble aBuratenu TpebyloT moBbileHWs paboueii TeMnepaTypbl 4AS YBeNWMYeHUS
3 dEKTUBHOCTM, YTO NPUBOAMT K 3KCTPEMANbHBIM TEPMUYECKUM Harpy3kaM Ha MaTepuanbl. TemnepaTtypa npogyKToB Cro-
paHWs B aBWAABUraTeNIAX MOXKET MPEeBbILIATb TOYKM NABNEHUSA UCTONb3YEMBIX XapOMPOYHbIX CMJIAaBOB, YTO OrpaHW4MBaEeT
WX npuMeHeHue. [lns 3awmTl pabounx aeTaneit NPUMEHSIOTCS TEPMO3ALLMTHBIE MOKPLITUS W CUCTEMBI OXNAXEHUS C UC-
nosib30BaHMEM nephopaLMoHHbIX 0TBEPCTUI. TexHOMOMMA NasepHoi nepdopauuy SBnseTcA NepcnexTMBHLIM MeToA0M, obe-
CMEeUMBaIOLLMM BBICOKYI0 TOYHOCTb M 3KOHOMUYECKYID 3dEKTUBHOCTb MPU U3rOTOBMIEHMM OTBEPCTMIA B KapoBblX Tpybax
C TepMO3aLUMTHBIM MOKPbITUEM. Pa3paboTka U ONTUMM3aLMSA TaKUX TEXHOMOTMIA aKTyanbHbl A1 aBUALMOHHO-KOCMUYECKOM
0Tpacnu v obLiero MalWMHOCTPOEHNS, rae TpebyeTcsa banaHc Mex oy KayecTBOM, MPOM3BOAUTENBHOCTBI) U CTOMMOCTHIO.
Lienb paboTbl — pa3paboTka paLuoHanbHOro TEXHUHECKOr0 PeLLeHus 1S la3epHoi nepdopaLmm XapoBbix TPYb ¢ HaHeCeH-
HbIM TEPMO3aLLUMTHBIM MOKPbITUEM, 00ECMEYMBAIOLLETO ONTUMANIbHOE COYETaHWE TOYHOCTH, KauecTBa NOBEPXHOCTU U NPou3-
BoauTenbHocTW. PaboTa HanpaefieHa Ha aHanu3 CyLecTBYIOLUMX MeTodoB nepdopauuu, WX CpaBHeHMe W 0BoCHOBaHWe
Bblbopa oNTUMarbHOI TEXHOMOMMU.

Matepuansl n MeTogpl. B pabote npoBefeH TEXHUYECKUI aHanU3 CYLLECTBYHOLLMX peLueHuid nephopaumn Kak Ha npumepe
aBMaLMOHHO-KOCMUYECKUX, TaK U 0OLLENPOMBILLIEHHBIX NPUMEHEHMIA. PaccMoTpeHbl BapuaHTbl BbINONHEHUS nepdopauum
}KapoBbIX TPYO MO MMEIOLIMMCA B OTKPBITBIX UCTOYHWKAX AaHHbIM. KCMepUMeHTabHas YacTb BKIYana UCMosb30BaHUe
CepUIHON YCTAHOBKU MATUKOOPAMHATHON Na3epHoi 06pabotku CJIM520 ¢ BONMOKOHHBLIM J1a3epoM.

PesynbTathl. AHanu3 nokasan, uYTto nasepHas nepdopauums NPeBOCXOAUT anbTepHaTUBHLIE METOAbI MO TOYHOCTU U CKOpO-
ct1 o6paboTku. OnTMManbHble NapaMeTpbl Na3epHOro U3ydeHns 0BecneunBaloT MUHUMaNbHOE TEPMUYECKOE BO3AEHCTBME
Ha TepMO3aLLUMTHOE MOKPbLITUE W BbICOKYI0 BOCMPOM3BOAUMOCTb. JKCMEPUMEHTHI BbISBUIM, YTO UCMOMb30BaHMe AfIMHHOGbO-
KycHoro 06beKTMBa obecneunBaet cTabunbHOCTb AuameTpa U GopMbl 0TBEPCTUM, @ HAHECEHME 3aLLMTHOM NacTbl C HUTPUAOM
bopa no3BoNIAET UCKIKUMTL NOSBNEHWE BbINJIECKOB BOKPYr OTBEPCTUN.

3aksnitoueHue. JlasepHas nepdopaums ABnseTcs 3QPEKTUBHLIM PELLEHUEM [J1S U3rOTOBNEHUS OXNaXKAaloLLMX OTBEPCTUM
B JKapoBbIX Tpybax ¢ TepMO3alLUMTHLIM NOKPbITUEM. [IpeanoeHHas TexHonorms obecneynBaeT BLICOKYH TOUHOCTb, KauecTBO
1 BOCMPOWU3BOAMMOCTb, YTO [enaeT ee NpeAnouTUTeNbHOW AN aBUALMOHHO-KOCMUYECKUX MpUMeHeHnd. [anbHenwume uc-
Cnef0BaHMs MOTyT BbITb HanpaBeHbl Ha U3yYeHWe BIMSHUA 3alLUMTHOW NacTbl HA BEMUYMHY M3MEHEHHOTO CTIOS.

KnioueBble cnoBa: xxapoBas Tpyba; TepMO3alLMTHOE NMOKPLITUE; Na3ep; CBEpJIEHUE; Nepdopauus.
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ABSTRACT

BACKGROUND: The efficiency of a contemporary gas turbine engines can be improved by increasing the operating temperature
inside the engine, resulting in extreme thermal stress on materials. The temperature of combustion products inside aircraft
engines can reach temperatures exceeding the melting points of the alloys used, limiting their applications. To protect working
parts, thermal control coatings and cooling systems with punch holes are used. Laser perforation is a promising method that
provides high precision and cost-effectiveness of hole punching processes for combustion liners with thermal control coatings.
The development and improvement of such technologies is relevant for the aerospace industry and general mechanical
engineering, where a balance between quality, performance, and cost is required.

AIM: To develop an efficient laser perforation solution for combustion liners with thermal control coating, providing an optimal
combination of precision, surface quality, and performance. The paper analyzes and compares existing punching methods
to support the choice of the best possible technology.

METHODS: The paper provides a technical analysis of existing perforation solutions for aerospace and general industrial
applications. Punching options for combustion liners are considered based on data from open sources. The experimental part
included the use of a serial five-axis laser processing machine SLP520 with a fiber laser.

RESULTS: Analysis showed that laser perforation outperforms alternative methods in terms of accuracy and processing speed.
Optimal laser radiation parameters ensure the lowest thermal effect on the thermal control coating and high repeatability.
Experiments showed that a long-focus lens ensures fixed diameter and shape of the holes and a boron nitride protective paste
helps prevent splashes around the holes.

CONCLUSION: Laser perforation is an effective punching solution for cooling holes in combustion liners with thermal control
coating. The proposed technology provides high precision, quality, and repeatability, making it preferable for aerospace
applications. Further research may be aimed at studying the effect of protective paste on the thickness of the modified layer.
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CBAPKA, POACTBEHHBIE MPOLIECCHI
W TEXHONOI UK

BBEJJEHUE

AkTyanbHocTb pa3paboTkv TexHonoruu nepdopauuu
»apoBbix Tpyb, nokpbiTbix T3[1, onpenensetcs, B TOM 4uc-
ne, BOCCTAHOBNEHNEM CaMOMNETOCTPOEHUS [J1S1 TPaXLAHCKOM
aBuauuu B PO. K npuMepy, Ha cerogHsALLHMIA eHb MUHNpOM-
ToproM P® B paMKax KOMMEKCHOM NporpaMMbl pasBUTMS
aBMaLMOHHON OTpac/W 3asBMISETCA, YTO MO MTOraM BbIMos-
HeHus nporpammbl K 2031 rogy 6yaet BoinywieHo 994 rpax-
AAHCKUX caMoneTa.

OpHoOW M3 3apay AaHHOW MpOrpaMMbl SIBNIAETCSA Mpo-
M3BOACTBO OTEYECTBEHHBIX KOMMEKTYIOLWMX, B TOM YuUCNIE
aBMaUMOHHBIX ABuratenieit. C y4eToM ycneLlHon peanvsaumm
nporpaMM WMMOpPTO3aMeLLEHNA U MOAOTOBKU CEpUIHOID
NPOM3BOACTBA aKUMOHepHbIM 0bwecTBOM «06befmnHeH-
Has [BuWrateNnecTpouTenbHas Kopnopauus» npegycMoTpe-
Ho o 2030 ropa npom3BoAcTBO 4964 emuHuL aBurateneit
B 0becrneyeHne CEpPUIAHONO BbIMyCKa CaMOJIETOB U BEPTONETOB
oTeuecTBEHHOro npou3BoAcTea [1].

Mpy Npou3BOACTBE COBPEMEHHBIX FAa30TYpPOUHHBIX ABM-
rateneii HeobxoauMMo M3roTaBnMBaTh 6ONbLIOE KONMMYECTBO
OXNAKOAKLLMX OTBEPCTUI B Pa3fMYHbIX AeTansX ABuratens,
B TOM 4MC/ie B XapoBbIX Tpybax, W3roTOBMEHHBIX U3 JKapo-
MPOYHBIX CM/IABOB HA OCHOBE HUKENS M MOKPbITbIX T3,

JlasepHoe cBeprieHWe fiBNSETCA XOPOLLO 3apeKoMeH[0-
BaBLUeN cebs TexHomornel 0bpaboTkM pasnnuHbIX AeTanei
B aBMaLMOHHbIX ABUraTensx bnarogaps BO3MOXHOCTAM 06pa-
BOTKM LLIMPOKOIO CMeKTpa MaTepuanoB (B T.u. AM3ANEKTPUKOB
1 KOMMO3WUTHBIX MaTepyUaroB), BLICOKOW NMPOU3BOAUTENBHOCTH
npouiecca, MUHUManbHOMY TEMJIOBIOXEHUIO U BO3MOKHOCTAM
0bpaboTku feTanei nof pasHbIMM yriaMmu.

K oxnaxpaatoLLmM oTBepCTUAM B KOMMOHEHTaX aBUALMOH-
HbIX [iBUraTeNei NpeabsABIATCA NOBbLILLEHHbIE TEXHUYECKUE
TpeboBaHuUs: OTCYTCTBME TpPELUMH, Majible 3HauyeHus Lue-
POXOBATOCTU M M3MEHEHHOIO CNOSl, OTCYTCTBUE BbIM/IECKOB
W HanmbIBOB CO CTOPOHbI BXOAA W BbIXOAA, a TAKIKE Malble
0BasNbHOCTb U KOHYCHOCTb.

BonblwKHCTBO Mpepbiaylwux MccnefoBaHuiA No ceepre-
HUWIO XKapOoMPOYHBIX CMIAaBOB HA OCHOBE HUKENS, KaK C HaHe-
ceHHbIM T3I, TaK 1 6e3, HanpaBneHbl Ha U3yUeHWe BAMSHUA
Ha Ka4yecTBO NOJTy4aeMbIX OTBEPCTUI TUMOB J1a3epHbIX MCTOY-
HWKOB M UX NapaMeTpoB, TaKMUX KaK 4acToTa U [JIUTENIbHOCTb
MMNYNbCOB, CPEAHAA M NMMKOBAs MOLLHOCTb, MIOTHOCTb MOLLL-
HOCTU W T.4.

R. Bathe u G. Padmanabham B [2] 6bino npoBeaeHo uc-
CnepfoBaHue ceepnieHns otBepcTuid B In718, nokpeitom T3I1,
Nd:YAG na3epoM W BhLISIBNEHO BAMAHWUE AJIUTENIBHOCTU UM-
Nynbca M MAOTHOCTM MOLLHOCTM Ha AWaMETP W KOHYCHOCTb
OTBEPCTUA. YBENMUYEHUE MAOTHOCTU MOLLHOCTW W JIUTENb-
HOCTW UMNYySbCa NPUBOAMT K YBENIMUEHMIO AMaMeTpa 0TBep-
CTUI M YMEHBLLEHUIO KOHYCHOCTU, HO NpU 3TOM K MOABNEHUIO
MUKpoTpeLumH Kak B T3[, Tak u MeTanne.

S. Marimathu u ap. B [3], a Take M. Naeem B [4] no-
Kasanu npevMyLLEeCTBa HeMpepbIBHbIX M KBa3WHENpepbIB-
Hblx (QCW) BONOKOHHLIX NlasepoB no cpaBHeHuto ¢ Nd:YAG
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nasepamu NpuU CBEPNEHUM OTBEPCTUIA B IKApPOMPOYHBIX
Cnnaeax Ha 0CHOBe HUKens. lpeuMMyllecTBamMu ABNAKOTCS:
CKOPOCTb CBEPNIEHMSA OTBEPCTUIA, KAYeCTBO MOSy4aeMbIX OT-
BEPCTUHA, B YACTHOCTM, MEHBLUMA U3MEHEHHBIN CJIOW, MOYTH
MOJTHOE OTCYTCTBME MUKPOTPELLMH 1 oTcnoenms T3IN.

Xiaomao Sun u ap. B pabote [5] npoBenu 3KcnepuUMeH-
TanbHble UCCNe0BaHNSA TennoBbiX IQQEKTOB NpX CBEpPIEHUM
In718 ¢ T3MN nukocekyHaHbIM NasepoM. CornacHo pesynbrartam
3KCMEPUMEHTOB, NPX LOCTUKEHUM HEODXOAMMOIA NOpOroBoiA
3HepruM UMNYnbCa, 4acToTa NOBTOPEHUA UMMYNbCOB SBNIAETCA
Haubonee BaXHbIM (PaKTOPOM, BAUSIOLLMM Ha HaKomieHWe
Tenna, Npu CBEpIEHN MUKOCEKYHAHBIM 1a3epoM.

Changlong Zheng n ap. (cM. [6]) Ha ocHoBe 3Kcnepu-
MEHTaJIbHbIX [JaHHbIX, @ TaKXKe TePMOMEXaHUYEeCKoW Mofe-
NN KNnaccuduumpyioT U OMUCHIBAKT MEXaHU3M MOSABNEHUSA
W NOBEeflEHUS TPELLMH NpU CKOPOCTHOM CBEpJIEHUM MUKOCE-
KyHAHbIM nasepoM. CornacHo pesynbTaTaM pacyeToB U 3KC-
NEepUMEHTOB, NPEeANOYTUTENbHONM OKA3bIBAETCS CTpaTerus
CBEPNIEHMS C UCMO/Ib30BAaHUEM HWU3KOW 4acTOTbl NOBTOPEHUS
MMMYNbCOB A1 YNYYLLEHUA KA4eCTBa OTBEPCTUMN.

Sezer H.K. n gp. B [7] uccneposanu BinsiHME yra Ha-
KJI0Ha Ny4a Ha BENIMYMHY 30HbI TEPMUYECKOTO BAUSIHUS U NO-
BefeHue T3[1 npu na3epHoM cBepAeHMK. bbiso yCTaHOBJEHO,
4TO MPY YMEHbLLEHWM YIMa K NOBEPXHOCTW 06pa3La yBenuym-
BAETCS 30Ha TEPMUHYECKOIO BAMAHMS, @ TAKIKE YBENUUYMBAETCS
pa3mep TpeLumH B T3[1.

McNally u ap. B cBOEM nccnepoBaHuu [8] oTMevaloT Bax-
HOCTb U NPEMMYLLLECTBA N1a3ePHOr0 CBEPNIEHUSA LeTaNel aBua-
LMOHHBIX ABUraTesen, B ToM uncne nokpbitbix T3[1.

Bo Bcex npuBeLeHHbIX UCCNef0BaHUAX U3y4anoch Jlasep-
HOe CBEp/eHMe OTBEPCTMIA B apONpOYHbIX ClaBax Ha HUKe-
neBoW 0CHOBe C HaHeceHHbIM T3[1 n be3 Hero, Bo3geiicTBKE
NasepHbIM U3NTyYEeHUEM OCYLLLECTBAANOCh CO CTOPOHbI MeTa-
Na C NOKpbITUEM.

B Hactoswwei paboTte npoBeAeHbl 3KCNEPUMEHTANbHblE
UCCNeSoBaHMA AJ1S M3YYEHWS| BO3MOXKHOCTW JN1a3epHOro
CBEp/IeHUs }aponpoyHbIX CTaneil Ha HWKeNeBOW OCHOBE
C HaHeCeHHbIM TEepMO3aLLMTHbIM MOKPLITUEM, C BO3LeM-
CTBMEM J1a3epHOTO0 W3/ly4eHUs CO CTOpPOHbI MeTanna
0e3 noKpbITUS.

3KCNEPUMEHTAJIbHAS PABOTA

MaTepMan U 3KCnepuMeHTalibHaA YCTaHOBKA

JlasepHoe cBepneHue OTBEPCTMM, PacrONIOMEHHbIX
nog, yrnamun 40°, 60°, 75° n 90° K HopManu NOBEPXHOCTH,
BbINOJIHANOCL B 006pasLiax M3 KaponpouyHoi CTanu MapKu
XH50BMTIOB (3M648-BW). Ha BHYTpeHHei noBEepXHOCTM Ha-
HeceHo TepMo3alLmTHoe nokpbiThe Zr0,+7%Y,0; ¢ noacnoem
MHX20K2010. Mpu obpaboTke YacTb 06pa3LoB Obina NOKPLITa
nacTton HUTpMaa bopa co ctopoHsl T3I1.

JKCNEepUMEHTBLI N0 CBEPNIEHMWIO MPOBOAMUIMCH HA CEPUIHOM
YCTaHOBKe NATUKOOPAMHATHOM NasepHon obpabotku CJ1M520
(puc. 1). JlazepHas ycTaHOBKa NpeAHasHayeHa Ans CBapKu,
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pe3ku U nepdopaunu aetanei cnoxHon Gopmbl. Komnnekc
pa3pabortaH Ang 3ajay aBUALMOHHOMO [BUraTeNiecTpoeHus,
C y4eToM Tpeb0oBaHWiA K BbICOKOW TOUHOCTM M KauyecTBy 06-
paboTku petanein.

YcTaHOBKA OCHaLLeHa eMKOCTHbIM [aT4yMKOM Ans aBTo-
MaTU4YeCKOro yrpaBneHns QOKycoM, a TaKKe CUCTEMOI Ma-
LUMHHOTO 3PEeHMs, KOTOpasi NO3BOJIAET pacno3HaBaTb Npoduib
obpabatbiBaemoii noBepxHocTM ans 6asvpoBaHusa OTHOCK-
TENbHO PenepHbIX TOUeK U Ba30BbIX NOBEPXHOCTEN.

Mpyn npoBeLeHNM IKCNEPUMEHTOB BbI1 MCMOMb30BaH BO-
JIOKOHHBIN na3ep. M3nyy4eHune nepeaaBanoch No ONTOBOJIOK-
Hy AvameTpoM 50 MKM [0 KonnmMatopa ¢ GOKyCHbIM pac-
ctosiHueM 100 MM. DoKycupyioLmMe TUH3bI UCNONb30BaNUCh
€ QOKYCHbIM paccTosiHMeM 64 MM U 145 MM. PaccunTaHHble
no dopmyne (1) u3 [9] nnameTpsbl chHOKycMpOBaHHOMO M3NY-
UeHMs coCTaBUNM 32 MKM U 73 MKM COOTBETCTBEHHO.

d=2 a)l-% (M
1

rne @, — pagmnyc U3MyyeHns Ha BbIXOAE U3 BOJOKHA, f; —
doKycHoe paccTosHMe KonnuMaropa, f, — (oKycHoe pac-
CTOsIHME 0ObeKTMBA.

OTBEpPCTUA M3rOTaBAMBANMCL Ha MIOCKMX 0bpasuax.
B KaxnoM pspy BbINOHANOCh HECKO/BKO OTBEPCTHIA € OAM-
HaKoBbIMW NapaMeTpaMu C MCMONIb30BaHWEM OfHOMW CTpa-
Ternn obpabotku. Mocne npoBeaeHUs nabopaTopHbIX MC-
CnefoBaHWi BbiK onpefenieHbl ONTUManbHbIE NapaMeTpel
W BbIMoSHEHa 06paboTka 0bbeMHOro MMMTaTOpa }apoBoii
Tpy6bI.

Metannorpaduyeckuit aHanus oTBepcTUM

Mpu noarotoske obpasuos cobnioganac ocobas ocTo-
POKHOCTb, MOCKONBbKY TEPMO3ALLMUTHOE MOKPLITUE OYEHb
xpynkoe. O6pasel, 3axuMancsa TakuM 06pa3oM, 4Tobel pe-
MKYLWMIA OUCK MPOXOAMN CHayana uyepe3 TepMO3alLMTHOe
MOKpbITUE, ANA MUHUMM3ALMM €ro MoBpeXAeHui. 3ateM
0bpasubl 3anpeccoBbiBanuch B Gakenut, nocne 4ero Lin-
toBanuch ¢ NocnefoBaTesbHbIM YMEHBLIEHWEM 3PHUCTOCTH
wnudoBanbHon byMary u GUHMLLHO NONMPOBKOIA anMasHoi
nacton. Ytobbl BbISIBUTb U3MEHEHHBIN CNOK, 06pa3ubl Bbin
NpOTpaB/ieHbI.

Puc. 1. CepuitHas ycTaHOBKa NATUKOOPAMHATHOM Na3epHOM 06paboTku
CIn520.
Fig. 1. Serial three-axis laser processing machine SLP 520.

[lns onpepneneHus HanWuMa BbINAECKOB M Ham/blBOB
BOKPY OTBEPCTUIA, HAaNWYMS CKONIOB M OTC/I0EHUS TepMo3a-
LMTHOTO MOKPbITUSA, @ TAKIKE U3MEPEHNS U3MEHEHHOIO CNos
¥ MUKPOTPELLMH Bbisi NpOBEAEH 0CMOTP NOBEPXHOCTM Mony-
YeHHbIX OTBEPCTUM Ha 3NeKTPOHHOM MuKpockone TESCAN
MIRA3 LMH. KonunyecTBeHHasi OLleHKa M3MEHEHHOro cnos
NpoBoAMAach NyTeM U3MepEHUs B BOCbMU PaBHOYLANEHHbIX
TOYKaX BAONb NepesHen U 3aHeN KPOMOK 0TBEpPCTHIA. bbinu
NPOaHanu3MpoBaHbl BCe OTBEPCTMS, MOJYUYEHHbIE HA KaX-
[0M pexume cBepneHus. B pesynbratax npuBefeHo Mak-
CMManbHoe 3HaYeHNe U3MEHEHHOTO CoS.

PE3YJIbTATbI
Cepua 1

B xoze nepBoii cepum aKcnepuMeHTa bbino npoceepneHo
LIeCTb MaTpuL, OTBEPCTMIN Ha Pa3HbIX pexkmMmax 06paboTku

Puc. 2. 06wLmii BUA 0TBEPCTUIA: @ — BMA CO CTOPOHBI BXOAA S1A3ePHOr0 U3MyYeHust; b — BU[, CO CTOPOHbI BbIXOAA N1a3ePHOM0 U3YYeHMs.

Fig. 2. General view of the holes: a, view from the laser input side; b, view from the laser output side.
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Puc. 3. Bbinnecky, Bua co CTOPOHbI Bbixofa: @ — pexuM N2 3; b — pexum N2 4,

Fig. 3. Splashes, view from the output: @, mode 3; b, mode 4.

C UCnosb3oBaHWeM 06beKTMBA C (POKYCHBIM PaccTOSHMEM
64 MM. 06LLMiA BUA OTBEPCTUIA NpuBeLEH Ha puc. 2. Ocmotp
MOBEPXHOCTW, NMPOBELEHHBIA Ha 3IEKTPOHHOM MUKPOCKONE,
MOKas3al, YTo CKOMOB TEPMO3aLLUMTHOTO NOKpPLITUA BOAM3M OT-
BEPCTUIA He UMeeTCs.

MukpoaHanus, npoBefieHHbI Ha MUKpoLnudax, npuro-

TOBNEHHbIX BAO/b OTBEPCTUM, NOKa3an, yto:

» (DaktnyecKas TonwmHa obpasua ¢ ydetom T3[ cocras-
nset ot 2,53 0o 2,61 MMm.

o (DaKTUYecKuii yron BbINOIHEHWS OTBEPCTUIA K NOBEPXHO-
cT1 obpasua coctaenset 90°.

» Bce otBepcTua ckBO3HbIe, Gepera OTBEpPCTMIA POBHbIE,
6e3 BosHucTocTH. Ha pexmnmax N2 3 n N2 4 no beperam
OTBEPCTMI UMEIoTCA BbIMEecKM (puc. 3).

o [lnameTp 0TBEpPCTUIA He CTabunbHLIA, MeHsAeTCA
no rnybuHe oTBepcTMs M UMeeT GopMy MECOYHbIX Ya-
COB: Ha BX0[ie B 0TBEPCTUE bosbLLe, Ha BbIXOAE MEHBLLE,
B CepeduHe OTBEPCTUA CaMblii MMHWUMasbHBIA AuaMeTp
(puc. 4).

» B u3MeHeHHOM cnoe u B MaTepuane obpasua TpeLumH
He BbISIBNIEHO.

«  OtcnamBanuit/nospexaeHni T3MN no rpaHuLe ¢ 0CHOBHBIM
MaTepuasioM B NpOLLECCe CBEPSIEHUS HE UMEETCS.
Pe3ynbTaThl MUKpoaHanu3a npusefeHbl B Tabn. 1.

Cepus 2

B xope BTOpOii cepum 3KCmepuMeHTa 6Obino  Bbl-
MONHEHO CBepneHue [ABYX 06pasuoB ¢ Mcnosb3oBa-
HMEM O00beKTMBA C (OKYCHbIM paccTosHueM 145 MM,
OonH u3 00pa3uoB 6bin MOKPBIT MAacToi C HUTPUAOM
bopa ANA OUEHKN BAMSHUA aHTUNPUIApHOro MOKPBITUA

DOl https://doi.org/1052899/24141437_2025_03_365

400 MKM

1

Puc. 4. DopMa necoyHbIX Yacos.
Fig. 4. Hourglass shape.

Ta6nuua 1. PesynbTatbl MUKpOaHanu3a oTBEPCTHIA, NOMYUYEHHBIX B XOfe
nepBOil CepuM 3KCNIEPUMEHTA

Table 1. Microscopic analysis of holes punched during the first series
of experiments

Homep BbicoTa Bbinneckos, |  [My6uHa uaMeHeHHoro cos
pexuMa MKM no 6eperam OTBEPCTUIA, MKM

1 - 26

2 - 33

3 no 120 27

4 1o 106 31

5 - 29

6 - 65
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Ha BbICOTY BbIN/ECKOB. bbino npoceepneHo no BoceMb Ma-
TPUL, OTBEPCTUM Ha KaxaoM obpasue, UCMoMb3ys OMHAKO-
Bble TEXHOJIOMMYECKME PEKMMBI, HO NP Pa3NMYHOiA CTpaTerim
cBepneHus. YeTHble psabl — TPenaHUpOBaHWe, HeYeTHble —
no oddcetHoi ctpatermn. 06wmin BUL 06pasLoB NpuBeaeH
Ha puc. 9, 6.

OcMotp noBepxHOCTH 06pa3LoB, NPOBEAEHHBIN Ha 3NeK-
TpoHHOM MuKpockone TESCAN MIRA3 LMH, nokasan, uto cko-
0B TEPMO3ALLMTHOTO MOKPLITUS BOMU3M OTBEPCTUIA HE UMEET-
csi. Ha noBepxHocTv 06pa3LioB o CTOpOHbI BbIXOAA J1a3EPHOM0
U3MTy4eHmns, NPeuMyLLEeCcTBEHHO Ha obpasue 6e3 3aluTHOI
nacTbl ¢ HUTPUIOM 60pa, BOKPYr 0TBEPCTUIA UMELDTCA BbiMJle-
CKV U HannbIBbl.

MuKpoaHanus, npoBefieHHbI Ha MUKpoLnudax, npuro-
TOBNEHHbIX BAO/b OTBEPCTUM, MOKa3an, yto:

pw- e Jareias
BT
2 ‘QG-IU’- » :-: -
et e
s e e .w
R 1? 6}5
i @M;O: .i 2 2 2
.| e
. S0 e Ke - S T
'J;&, : e s » g
Cj8Fn E4 L3
| s ] e~y e

Puc. 5. 06wwmit BUA OTBEPCTUN CO CTOPOHBI BXOAA J1a3epHOTO M3My4eHus:
a — obpaseL, NOKPbITLIA NacTo; b — obpase 6e3 nacTbl.

Fig. 5. General view of the holes from the laser input side: a, sample
covered with paste; b, sample without paste.
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(MaKTnyeckas TonwmHa obpasuos ¢ yyetom T3[ cocTas-
nset ot 2,6 go 2,7 MM.

(DaKTUYeCKUA Yron BbINOSHEHWUA OTBEPCTUIA K NOBEPXHO-
cTn obpasua coctaenset 90°, 75°, 60°, 40°.

Bce oTBepcTus ckBo3Hble, bepera OTBEpCTUWA POBHbIE,
6e3 BOIHUCTOCTH, CNeSOB OT Bpe3aHus Jiyda Nlasepa Ha BCex
UCCNefoBaHHbIX 0bpasLax He UMeeTcs.

[lnaMeTp otBEpCTMI CTabUNBbHBIN, GOPMY NECOYHBIX YacoB
He umeeT (puc. 7).

B u3MeHeHHOM croe u B MaTepuane obpasua TpeLumH
He BbISIBNEHO.

OtcnamBauii/noBpexaeHuii T3M1 no rpaHuLe ¢ 0CHOBHBIM
MaTepuasnoM B NpOLLECCe CBEPNIEHMUS HE UMEETCS.

PesynbTaTbl MMKpoaHanusa 00pasuoB nNpuBeAeHb
B Tabn. 2 n 3.
e S

* o & @ f\' '&i .i »

® o ® = "“h 'h",’
e o o » '-’:.-"‘0 }‘

c o o £x,

¢ o &
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» em
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Puc. 6. 06Luuit BUD 0TBEPCTUIA CO CTOPOHDI BbIXO/A N1a3EPHOT0 WU3My4eHMs:
a — obpaseL, NOKpbITEI NacTol; b — obpasey 6e3 nacTbl.

Fig. 6. General view of the holes from the laser output side: a, sample
covered with paste; b, sample without paste.

Puc. 7. Mukpownmdel oteepctuit: @ — 90° K nosepxHocTi; b — 40° K noBepxHOCTH.
Fig. 7. Microsections of holes: g, at 90° to the surface; b, at 40° to the surface.
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CBAPKA, POACTBEHHbIE MPOLECCHI

Tpyab! CaHkT-MeTepbyprckoro rocyaapcTBeHHOro

W TEXHOJ10T KA Tom 4, N2 3, 2025 MOPCKOr0 TEXHUYECKOro yHUBEpCUTETa
Tabnuua 2. Pe3ynbTathl MUKpoaHanu3a Ha obpasLie ¢ nacton
Table 2. Microscopic analysis of a sample with paste BbIBODIbI
" Bbicota My6uHa JKCnepuMeHTanbHbIe  UCCNefoBaHUs  MpOBOAUIIUCH
oMep Yron HaknoHa o
MaTpuusl | K nosepxvocTw, © |  BPVIECKOB, | M3MEHeHHOrO LS U3y4eHus J1a3epHOT0 CBEP/IEHMs OTBEPCTMIA B aponpoy-
MKM CTIOR, MM HOM CT/IaBe Ha OCHOBE HUKENA C HaHEeCEHHBIM TePMO3aLLNT-
1 90 22 25 HbIM MOKPbITUEM MPY BO3AEHCTBUM Na3ePHOM0 U3NTyYeHus Co
2 90 45 55 CTOpOHbI MeTansa be3 NoKpbITUS. Pe3ynbTaThl NpescTaBneHs
3 75 _ 3 C COOTBETCTBYIOLLMMYU MAMIOCTPALMAMM.
4 75 ~ 0 B xope BbINonHeHNs uccnesoBaHUi bblam nonyyeHsl cre-
OyloLMe BaXHbIE pe3ynbrarhl:
5 60 34 28 1. Ina cBepneHus poBHbIX M CTabunibHLIX N0 (opme
6 60 - 6/ 1 AnaMeTpy 0TBEPCTUiA He0bX0AMMO UCTO/b30BaTh 06BEKTHB
7 40 - 30 C (OKYCHBIM paccTosHUEM 145 MM.
8 40 _ 7% 2. MNpu cBepneHun 0bpasLoB ¢ BO3LENCTBUEM J1a3epHOTO

Ta6nuua 3. PesynbTaThl MMKpoaHanu3a Ha obpasue 6e3 nacTbl

Table 3. Microscopic analysis of a sample without paste

BbicoTa [nybuHa
Homep Yron HakmoHa
o | BbINIECKOB, M3MeHEHHOro
MaTpuLbl K MOBEPXHOCTH,
MKM C1osl, MKM

1 90 - 20
2 90 - 23
3 75 - 28
4 75 105 3
5 60 73 30
6 60 173 68
7 40 84 29
8 40 238 74

M3Ny4eHUs CO CTOPOHbI MeTana 0e3 MOKPbITUSA CKOMOB U OT-
cnoenuit T3M1 He Habniopaetcs.

3. HaHeceHue 3aWuTHOM NacTel ¢ HUTpULOM Bopa no-
3BONSET MOYTU WUCKIIOUUTL NOSBNIEHUE BbIMNECKOB BOKPYr
OTBEPCTUW, HO NPV 3TOM NPOCEKMBAETCS YBENUYEHNE TYyou-
Hbl UI3MEHEHHOTO CNoS B CpaBHeHUM ¢ obpasuoM be3 macTbl,
uyTo TpebyeT AOMONHMTENBHBIX UCCIIEA0BAHMIA.

4. Ceepnenve no oddceTHOM CTpaTeru No3BonseT noy-
YaTb MeHbLUYI0 FyOUHY M3MEHEHHOIO COA U MEHBLLYIO Bbl-
COTY BbINNIECKOB B CNy4ae cBepneHns obpasua 6es nactbl.

5. Mpu yMeHbLUeHMM yra HaKMoHa K NOBEpXHOCTW 06-
pabaTtbiBaeMon MOBEPXHOCTU MyBUHA M3MEHEHHOro Cros
YBENMUYMBAETCSA HE3HAUUTENBHO.

Takum 0bpa3oM, nasepHoe CBepIeHMe MOXKET ObITb YCMeLLHO
UCMonb30BaHo Ans nepdopaumm 0TBEPCTUM B 3KapoBbIX Tpybax
C HaHECEHHbIM Ha BHYTPEHHEN NOBEPXHOCTU TEPMO3aLLUUTHBIM
MoKpbITUEM. HeobxoouMbl AanbHemLIMe 3KCMEpUMEHTaNbHbIE

SEM HV: 20,0 KV MIRAITESCAN
View fleld:3,20 mm

Puc. 8. CpaBHeHWe KayecTBa OTBEPCTUIA, NPOCBEPSIEHHbIX NOA YoM 40° K noBepxHOCTK. Bup, o CTOPOHbI BbIX0AA Na3epHOro usny4exus: @ — obpased,
NOKPbITLINA NacToii; b — obpasel, 6e3 nactel.
Fig. 8. Qualitative comparison of holes drilled at 40° to the surface. View from the laser output side: a, sample covered with paste; b, sample without

paste.
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uccnenoBaHMA Ha CKOPPEKTUPOBAHHDIX, C YHETOM MOJTyYeHHbIX
pe3ynbratoB, TEXHONIOMMHYECKUX PeXUMaX, C Liesblo UCKITYeHUA
nosssieHnA BbilnJj1ieCKoB ¥ MUIHUMU3aUun I'J'IYGVIHbI M3MEHEHHOro
CNosi M UCCNeAOBaHUs BAIMAHUS 3aLLMTHOM MacTbl C HUTPUAOM
60pa Ha BeJINYUHY U3MEHEHHOIO CJ104.

AOMNOTHUTENIbHAA UHOOPMALUA

Bknap, aBTopos. f.[. MuroaneB — nowvck nybavKaumin mo Teme CTaTby,
nosyyeHne 1 0bpaboTKa 3KCMepUMEHTambHbIX [aHHBIX, HamvcaHWe py-
KOMWCK, peaakTMpoBaHWe TEeKCTa PYKOMMCK, CO3AaHWE W300paxeHni;
E.B. PaeBcknin — pefakTvpoBaHWe pyKonwcK, 3KCMepTHas OLEHKa, YT-
BepxeHve GrHanbHol Bepcuu. Bee aBTopel ogobpuv pykonucs (Bepcuio
ans nybnuKkaumm), a Takxe COracumMch HECTU OTBETCTBEHHOCTb 3a BCe
acneKTbl paboTbl, rapaHTUpYs Haflexalliee pacCMOTPEHME U peLLeHmre Bo-
MPOCOB, CBA3aHHBIX C TOYHOCTLIO M [JOBPOCOBECTHOCTbLIO 06O €8 YacTut.
UcTounnkmn dmHaHcupoBaHms. ABTOpLI 33ABNAIOT 06 OTCYTCTBIW BHELLHErO
(VHaHCVPOBaHWA NMPY NPOBEAEHNN UCCTIEN0BaHWA.

KoHtnukT uHTepecoB. ABTOpbI AEKNapVpyIOT OTCYTCTBYE ABHBIX U MOTEH-
LMasbHbIX KOHMMKTOB MHTEPECOB, CBA3aHHbIX C MybnMKaLmei HacTosLLen
CTatbm.

OpuruHanbHocTb. [1py co37aHMM HacTosLLEN paboTsl aBTOPbI HE MCMOMb-
30BaNv paHee 0nybiMKOBaHHble CBELEHNS (TEKCT, MMKOCTPaLMK, AaHHbIE).
leHepaTVBHBbIV UCKYCCTBEHHBIV MHTEIUTEKT. [Py CO3AaHMM HACTOSILLIEN CTaTbyt
TEXHOMOMM reHepaTMBHOID VCKYCCTBEHHOMO VHTENTEKTa He 1CMomb30Bait.
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PaccMoTpeHue u peleH3upoBakme. HacToAlan paboTa nofaHa B xypHan
B MHMUMATMBHOM NMOPAAKE M paccMoTpeHa no obbl4HoM MpoLieaype. B pe-
LIeH3MPOBaHMM Y4aCTBOBANW OfIUH PELIEH3EHT, YneH PeakLIMOHHON Konfe-
UM 1 HayuYHbII PeaaKTop M3AaHms.
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