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JIABEPHASA ABJIALUA HBETHBIX METAJIJIOB CABOEHHBIMUA
HAHOCEKYHJHBIMHA UMITYJIbCAMHU YAG:Nd**-JIABEPA
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[IpencraBneHsl pe3ysbTaThl HKCIIEPUMEHTAILHOTO HCCIIEIOBAHHS a0JSIIMU aJllOMHUHUSI, MEIU M HEep)KaBeIoIeH
CTaJI CIBOCHHBIMH HAHOCEKYHIHBIMHU HMITyIIbcamu ¢ 3Hepruei 50 m/x (25 mIx+25 m/Ix). [lokazaHo, 9TO MakcH-
MaJIbHBII BBIHOC MaTepHaa (TONIIMHA a0JIMPOBAHHOTO CJI0ST) IPOUCXOANT IIPU MEXKUMITYJILCHOM HHTEpBaJie PAaBHOM
1 MKc. s amoMIHAS OH COCTaBIISUT ~5.5 MKM, A Menn ~2.5 MKM U 71 Hep:kaBeromnei ctann 1.67 MKM 3a oJTuH
C/IBOCHHBII UMITYJIbC. [Ipy MOHOUMITYTECHOM abJISIIIMK BRIHOC MaTepuana cocTaBisit ~0.53 Mxm i anromuHus, 0.21
MkM Jutst Menu u 0.18 Mxm 171s1 HepakaBetotiei cranu. TakuM 00pa3oM, 3¢ GeKTUBHOCTD Ja3epHO abJsIUK CABOCH-
HBIMH JIa3€PHBIMU UMITYJIbCaMH IIPH MEXUMITYJILCHOM MHTEpBajie B | MKC B ~5 pa3 BbIIIE IS allFOMHUHUS, B ~6 pa3
BBIIIE UTsI M U B ~4.5 pasa Belle s HEPXKABEIOIICH CTalld, M0 CPABHEHUIO C MOHOUMITYJICHOU aOssiueii (B
pacueTe Ha eUHHUILY 3aTPaYeHHOM SHEPIUH JIA3EPHOTO U3ITyUYEeHHUS).

Kniouesvie cnosa: nazepHast abusiyst; IByXUMITYJIbCHAsI aOJISIMS; MEXKUMITYJILCHBIA WHTEPBAJ; BHIHOC MaTepH-
aJa; SpO3UOHHBIN TIIa3MEHHBIH (haKell; CIBOCHHBIE JIa3epHBIE UMITYJIBCHI.

LASER ABLATION OF NON-FERROUS METALS BY DOUBLE
NANOSECOND PULSES OF YAG:Nd** LASER
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The results of an experimental study of the ablation of aluminum, copper and stainless steel by dual nanosecond
pulses with an energy of 50 mJ (25 mJ + 25 mJ) are presented. It is shown that the maximum removal of material (the
thickness of the ablated layer) occurs at an interpulse interval of 1 ps. For aluminum, it was ~5.5 um, for copper, ~2.5
um, and for stainless steel, 1.67 um in one double pulse. With monopulse ablation, the material removal was ~0.53
pm for aluminum, 0.21 um for copper, and 0.18 um for stainless steel. Thus, the efficiency of laser ablation with
double laser pulses at an interpulse interval of 1 ps is ~5 times higher for aluminum, ~6 times higher for copper, and
~4.5 times higher for stainless steel, compared with single-pulse ablation (calculated per unit of expended energy of
laser radiation). The material removal by the second laser pulse relative to the first one was calculated. With an inter-
pulse interval of 1 ps, the removal of material by the second laser pulse exceeds the removal of material by the first
pulse by ~9.5 for Al, ~11 for Cu, and ~8 for stainless steel. With an increase in the interpulse interval, the removal of
material by the second laser pulse decreases compared to the first one. Already at 1~5 ps, it decreases by 1.5 times.
At 7~50 ps, the removal of material is reduced by almost half. This is due to a decrease in the temperature of the
erosion crater remaining after the action of the first laser pulse over time.

Keywords: laser ablation; double pulse ablation; inter-pulse interval; material removal; erosion plasma flare; dual
laser pulses.

BBenenue pOBKa, TpaBUPOBKA, Jla3epHAs pe3Ka, Ipo-
JlazepHast aOmsIusi - TEXHOJIOTHYECKHIA IIMBKa OTBEPCTHUM, OYMCTKA U3JEIINUN, CTPYK-
MPOIECC MPEIM3UOHHOTO YAaJICHUSI MaTepH- TypUpOBaHKE MOBEPXHOCTH U T.1. [1-3]. Bro-
aja C MOBEPXHOCTU M3JETUS MyTeM BO3/CH- poe, 3TO HCIOJIb30BaHNWE BBIHECEHHOW IHC-
CTBUSI Ha HEE¢ KOHIIEHTPUPOBAHHOTO TMOTOKA MEPrUPOBAHHON MacChl BEIIECTBA - CIICK-
na3zepHoro msnydeHusi. Ee pa3Butue uaer B TpPaJIbHBIM aHaNMU3, HAaHECEHHE TOHKHX ILie-
JBYX HampaBlieHusX. [lepBoe, 3TO BBIHOC HOK, CHHTE3 HaHOMaTepHaJioB u T.1. [4-6].
(ymaneHnue) marepuaina Il MPUIAHUS O00b- B paborax [1-3, 7, 8] oTmMeuanoch, 4To Hc-
€KTy HY>KHOU ()OpPMBI U/WJTH CBOMCTB - MapKH- MOJI30BAHNE CIBOCHHBIX JIA3EPHBIX HUMITYIIh-
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COB, a TAKXK€ MX I[yrOB, 3HAYUTEIIHLHO yBEJIH-
YHBAET CKOPOCTh JIA3EPHOU PE3KH, IPOITUBKU
OTBEpPCTHH (CKOPOCTh BHIHOCA MaTepHaia) 1o
CPaBHEHHIO C HCIOJb30BAHUEM OJIMHOYHBIX
UMITYJIbCOB.

B pa6orax [2, 3, 7] yka3bIBaJIoCh, 4TO TEp-
BBIN JIa3€pHBIA HMMITYJIbC Pa3orpeBaeT 00-
JacTh B3aMMOJCUCTBUS, @ BTOPOUM HMMITYJIBC
3HAYUTEIBHO OoJiee F3PPEKTUBHO B3aUMOJICH-
CTBYET C «TOpSYCi» MOBEPXHOCTHIO.

B [9] skcniepumentamu o adssiwu Ni-Cr
criaBa, Harperoro no0 Temrepatypbl 600-
1200°C, mokazaHa BakHas pOJIb TEMIIEpa-
TYpBI KpaTepa, OCTaBIIEHCS MOCIe ICHCTBUS
NIEPBOTO JIA3€PHOT0 UMITYJIbCa, Ha 3P (HEKTUB-
HOCTh B3aHUMOJICHCTBUSI BTOPOTO JIA3€PHOTO
UMITYJIbCa C MUIICHBIO.

Llenbro HacTOSIMIEH paOOTHI SIBISIETCS OII-
TUMH3AIMS YCJIOBUH TMPOTEKAHUS JABYXHM-
MYJIBCHOTO PEXHMMa Ja3epHOU aOJSIUK IS
00pabOTKH IIBETHBIX METAJLIOB.

JKCNEePUMEHTAJIbHASI YCTAHOBKA

OKcriepuMeHTallbHAsE ~ YCTAHOBKa  IIO-
npoOHo ommcaHa B [3, 5-7]. Ee ocHOBY co-
craBnsn YAG:Nd®* nasep, paborarommii Ha
JnuHe BOHBI 1.06 MKM Kak B pexuMe Ofu-
HOYHBIX, TaK ¥ B PeKUME TeHEpaIly CIBOCH-
HBIX UMITYJICOB U3IyUYEHUS IUTEITHHOCTHIO
1o ~15 He. MexXuMnyJIbCHBIM UHTEPBAJ T MOT
U3MEHAThCA B Auanasone 1-300 mxc. DHeprus
JIA3epHBIX UMITYJIBCOB cocTaBisia 25 mJx.
HccnenoBanack 3¢ (HEeKTUBHOCTh MPOIIUBKH
OTBEpCTUi B MacTuHKax u3 amomuaus (Al)
u meau (Cu), Tommunoit mo 0.1 MM, U Hepka-
Beroriert ctanmu 12X 18HI9TJI (v/5 cramu) To-
mmHOoN 0.2 MM. M3nydenue nmazepa (oxycH-
pPOBAJIOCHh HA TTOBEPXHOCTH IIIACTHHOK (HOKY-
cupyromei cucteMoi. [ImoTHOCTh MOIITHOCTH
MaJIaloNIero M3JIy4YeHUs ~10° Br/cm?. Hna-
METp TSTHA Ja3epHOTO HM3IYYCHHS Ha IIa-
CTHHKE C y4eTOM pacIIMpeHHs] KpaTepa BbI-
TECHEHHEM pacIliaBa JaBJICHUEM TapOB ObLT
menbIe 0.5 mm.

Pe3ysabTaThl 1 NX 00CYy:KIeHHE

Ha puc. 1 npuBeeHBI 3aBUCHMOCTH YHUCIIA
C/IIBOCHHBIX JIa3ePHBIX HMITYJIbCOB, HEOOXO-
TUMBIX JUTst Tipo6ost tactuHoK Al, Cu u H/%

CTaJIM OT MEXHUMITYJILCHOTO MHTEpBaIa T. Mu-
HUMAaJIbHOE YMCJIO CBOCHHBIX JIA3€PHBIX UM-
MyJIbCOB, HEOOXOAUMBIX Jisi IPOOOsi OTBEP-
CTUH, HaOJIOJaeTcsd NPU MHUHUMAIbHOM Me-
YKUMITYJIbCHOM MHTEpBaje paBHOM t~1 Mkc. B
stom ciryyae Al rulactuaka npomuBanachk 18-
10 MTApaMH JIA3€PHBIX UMITYJIbCOB, MeHas 39-
10, a TUIACTMHKA U3 H/X ctanu 120-10 (cym-
MapHo 36, 78, u 240 uMITyIbCOB).

Jl1 IpOIIMBKY OTBEPCTUH MIPU UCIOJIB30-
BaHUHM OJUHOYHBIX JIA3€PHBIX HMMITYJIBCOB C
sHepruei B 25 Mk Heooxoaumo 6n110 ~190,
~480 u ~1100 uMITyJIbCOB COOTBETCTBEHHO.
Pa3zmMepsl kpaTepoB OCTaBaIMCh MPAKTHUECKU
HEM3MEHHBIMH TIPU MIEPEX0E OT OAMHOYHBIX
Ja3€pHBIX UMITYJIbCOB K CABOCHHBIM.
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Puc. 1. 3aBucuMOCTH 4YHCNa CABOEHHBIX HWMITYJIHCOB
HEOOXOAMMBIX IS TPO0OS INIACTUHOK OT T

BriHOC MaTepuana U3 aJlOMUHUEBOM Iia-
CTHHKH IpH T~1 MKC cocTaBisit ~5.5 MKM 3a
OJIMH CIBOEHHBIM MMIIyJbC. B pacuere Ha
OJIMH JIa3epHbId uUMMyJsibc ~2.75 Mkm. Ilpu
MOHOUMITYJIbCHOM MPOIINBKE BBIHOC MATEPH-
ana coctaBuia~0.53 MKM 3a OZJIH UMITYJIbC.

BriHOoC MaTepuana U3 MEIHOW MIACTUHKHU
COCTaBHI ~2.5 MKM 3a OJWH CIBOCHHBIA UM-
myssc (~1.25 MKM B pacuere Ha OJIUH Ja3ep-
HBIM UMITyNbe). BriHOC Marepuania mpu Mo-
HOMMITYJIbCHOM TIPOIIMBKE OTBEPCTHUS CO-
ctaBisut ~0.21 MKM 3a OZMH UMITYJIBC.

BriHOoc MaTepuana W3 TIACTUHKU H/K
cTanu coctasBisul ~1.7 MKM 3a OQUH CIBOEH-
HbIH umiyisc. (~0.85 MkM B pacuere Ha OJMH
nazepHbIil uMnyJsc). [Ipu npoboe maacTUHKH
MOHOMMITYJIbCaMH BBIHOC cocTtaBisn ~ 0.18
MKM 32 OJINH UMITYJIbC.
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Takum o0pa3om, >PPEKTHBHOCTH Ja3ep-
HOU a0 CABOCHHBIMU J1a3€PHBIMU HM-
nyJabcaMu rmpu t~1 MKcC B ~5 pa3 Boimie st Al,
B ~6 pa3 Boiie st CU u B ~4.5 pa3a BblIe
JUIL H/K CTalld, TI0O CPaBHEHHIO C MOHOHMM-
NyJbCHOM abisiuuelt (B pacyeTe Ha OJAUH UM-
IyJIbC).

[TpoBeneM oueHKy 3(()EKTHUBHOCTU BBI-
HOCa MaTepuasia U3 Kparepa BTOPBIM Ja3ep-
HBIM UMITYJICOM OTHOCHTEJIBHO 1epBoro K o
aHasioru# ¢ [2]. K - 3To OTHOIICHHE TONIHHBI
abJIMPOBAHHOTO CJI0S BTOPBIM JIa3€PHBIM HM-
MyJbCOM K TOJIIIMHE a0JMPOBAHHOTO CIIOS
nepBeIM  uMmmyibcoM.  llomaras, — ytO
N1h1=N2h2=d, rae N1 - komu4ecTBO OaUHOY-
HBIX HUMIYJbCOB HEOOXOAMMBIX [UIsl TIPO-
IMBKK OTBepcTusi, h1 - BBIHOC Marepuana
OJIMHOYHBIM HUMITYJbcOM, N2 - KOJIWYECTBO
C/IBOCHHBIX HMITYJILCOB (KOJIMYECTBO Iap) He-
00XOIUMBIX ISl MIPOIIUBKH OTBEpCTHsA, h2 -
BBIHOC MaTepHaja mapoi UMITyJIbCOB, d - To-
nuHa wiactuHky. ho= hi+Aho, roe h1 u Aho —
CKOpPOCTH BBIHOCA MaTepHaja HepBbIM (01u-
HOYHBIM) ¥ BTOPBIM JIa3€PHBIM UMITYJIECOM B
rape COOTBETCTBEHHO. [lomyunm

k=Ah2/Ah1=N1/N2—1.

Paccunrannas mo stoii hopmyie ¢ dek-
THBHOCTh BBIHOCA MaTepHaia IUIACTHHKH K
BTOPBIM JIa3€pHBIM HMITYJICOM COCTaBIISIET
~9.5 mst Al, ~11 s Cu u ~8 mist v/ cTany.
OTO 03HA4aeT, YTO BTOPOW JIa3epHBIA HM-
nyJbsc Ipu T~1 MKC oOecrieynBaeT BRIHOC Ma-
Tepuaia U3 KpaTepa B yKa3aHHOE YHCIIO pa3
OoJpIuii, yeM nepBoiid. [1pu yBemuueHun Me-
KHUMITYJIbCHOTO HHTepBana 3((HEeKTUBHOCTh
BBIHOCA MaTepuaia BTOPHIM Ja3epPHBIM HM-
nynbcoM K camxaercs. Tak, npu 1~50 mkc K
MPaKTHYECKH BIBOE MEHbIe, yeM mpu t~1
MKC. DTO 00yCIIOBIIEHO CHHKEHHUEM TeMIIepa-
TYpbI 3PO3MOHHOTO KpaTepa, OCTaBIIeics mo-
cJie IeMCTBHUS MEPBOTO Ja3epHOT0 UMITYJTbCa C
TE€YEHHEM BPEMEHHU.

3akino4enue

OKCIIepUMEHTAIFHO TIOKa3aHa BBICOKAs
3¢ pekTUBHOCTH Mpoliecca Ta3epHoii a0IsaIun
[[BETHBIX METAJIOB C UCIOJIH30BAHUEM C/IBO-
CHHBIX JIa3€PHBIX HAHOCEKYHIHBIX HMITYJIb-
coB. OCHOBHO¥ BKJIa/1 B POCT 3P (HEKTUBHOCTH

aOJSIIMK BHOCHUT BTOPOH JIa3€PHBII UMITYJIBC.
TonmuHa abIMpPOBAHHOTO CJIOS BTOPBIM Jia-
3€pHBIM HMITYJIbCOM NPAKTUYECKU Ha IOps-
JIOK TIPEBBIMIAET TONIUHY aOJIUPOBAHHOTO
CJI0s IEPBBIM JIA3€PHBIM UMITYJIbCOM. Makcu-
MasbHast 3()()EKTUBHOCTh JBYXHUMITYJIbCHOMN
abysuu JOCTUTAETCS IMPHU MallbIX MEXHM-
NYJIbCHBIX MHTEpBaiax (mopsaka 1 Mkc).
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