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JIABEPHASA TEXHOJIOI'UA YIAJEHUA INOJUUMHUIHOI'O
INIOKPBITUA C KBAPIEBBIX KAIINJIJIAPOB

B cratbe mpencraBiieHBl pe3yabTaTHl MO JIA3€PHOM METONMKE YNAJICHWs 3alUTHOrO MOJMMMHIHOIO MOKDPBHITHS
C KBapIEBBIX KallMJUIIPOB MO CPABHEHHIO ¢ TEPMHYECKHM METOIOM OYMCTKH IIPU IIOMOIIU Tra30Boi ropenku. [loka-
3aHO, YTO MCIOJIb30BaHUE UMITYJIbCHOTO YIBTPa(UONETOBOr0O Ja3epPHOTr0 M3IYYeHHs ITO3BOJISET YAAJATh 3aIUTHOE
MTOJTMAMHUHOE TTOKPHITHE 0e3 He0OXOAMMOCTH JOIOTHUTEITHFHON MEXaHHIeCKOW 00pabOTKH KammuisipoB, Oe3 Ha-
rpeBa, pucKa MOsBIECHHUS AehopManuidi 1 AeQeKTOB KammwuisipoB. JlasepHas TEXHONOTHS yAAIEHHS MOIMUMUIHOTO
TOKPBITHS C KBAapIIEBOTO KAaNMILIAPa MO3BONSET PEAM30BaTh BBICOKYIO BOCHPOW3BOAMMOCTH TEXHOJIOIMYECKOTO
nporecca U SBISETCS NePCIIeKTUBHOM ISl CEpUIHOrO MPOU3BOJICTBA JINHEEK KAIIMIIIAPOB.

Kniouesvie cnosa: nazepHoe ynaieHUe 3alIMTHOTO TOKPHITHS, KBAPLEBBIH KATMLIAP, TOTUUMU,

YIBTPaQHOIETOBbIH J1a3ep

METO/IbI OUNCTKHU KATINMJUIAPOB

OnHUM W3 OCHOBHBIX 3JIEMEHTOB T'€HETHYECKOI'0
anammsaropa "Hawodop 05" wm mpyrux mpubopos
Ha OCHOBE KalMUIIPHOTO 3jeKTpodopesa sBisercs
nuHelka kammuisipos (JIK), koropas B 3HAUNTENEHOM
CTEIIEHH OIpEACsIeT OCHOBHBIE XapaKTEPUCTUKU
npubopa [1]. Karmmmsiper, ucnonp3yemsie s co3aa-
Hus JIK, TOKPBITHI TOMTMUMHIIHON 3aITUTHON 0001104-
KO# 1 oOecredeHns: MEXaHUIeCKOW MPOYHOCTH [2].
[Ipu m3roroBnennn JIK HeoOXoauMo JTOKaNbHO yaa-
JISITh 3AIIMTHOE MOKPBITHE C KaWJUIIPOB AJIsl obecrie-
YEHUSI BBICOKOW OINTHUYECKOH MpPO3pavyHOCTH B 30HE
JeTEKTUPOBAHHUS.

[IpousBoauTeny KanwusIpoB PEKOMEHAYIOT Pa3Iny-
HBIE METOMBI YHAJEHWs 3aIlUTHOrO TMOKPHITHSA [3] —
TepMHUUYECKUE, XMMHYECKHNE, MEXaHUYECKHEe U Ja3ep-
HBIE.

K rtepmMuueckum meromam yaajJieHHs 3allUTHOTO
MOKPBITHSI OTHOCSITCS MCIOJNb30BAaHUE IJIAMEHHU Ta30-
BOW T'OpEJIKY, HCIOIb30BAHUE PA3IHYHBIX DJIEKTpHUeE-
CKUX HarpeBartelnei, MyenbHOi meun, rmia3Msl [3].

B kauecTBe mpoCTEHIIEro TEPMUYECKOr0 METOHAa
OYHMCTKM NPOM3BOAMTENb KalWUIPOB Ipeliaraer
HCIIONIB30BaTh IIaMs 3a)KWTANKH [3], oTMedas, 9To
Takas OYNCTKA SIBIISIETCS AOCTAaTOYHO A (EeKTUBHOM,
HO IPUBOJUT K MOBBIIIEHHON XPYNKOCTH KBapLEBOI'O
Kaluisipa B 30HE OYMCTKH. B KauecTBe Hauydiiero
METO/1a TEPMUYECKOro yJaJleHUs 3alUTHOH 000J04-
KA PEKOMEHAYETCS HCIOJIb30BaTh  KHCIOPOAHO-
BOJIOPOJHOE IJIaMsl, KOTOPOE XOPOLIO yJIalsieT MOJu-
UMHJ U OCTaBJISET KanmMusip npodHbiM. OnHAKO BbI-
COKas TemIlepaTypa BOJIOPOAHOTO IUIAMEHH —

10 2600 °C — MOXeT PUBOIUTH K JedopMaIiii Ka-
nuisipa. Vicnone3oBaHne ra3oBbIX rOpeoK ¢ Ipomna-
HOM, OyTaHOM M JPYTMMH Ia3aMH Tak)Ke BO3MOKHO,
XOTSI PE3YJIbTaThl HECKOJIBKO XYK€ IO CpPaBHEHMIO
C BOZOPOIHBIM IJIAaMEHEM H3-3a Ooiiee HU3KOH TeM-
nepatypsl mamenn (800—-1500 °C). Ilpu Takoit Tem-
nepaType Ha OUYHMINAEMOM KalMJUIIpe MOIyT OcCTa-
BaThCs CIEABI IOTMUMHUIA.

XOopomuM TePMUYECKHM METOAOM OYHCTKH OO0JIb-
LIMX YYaCTKOB KaIlWJIJISIPOB SIBJISIETCSI MCIIOJIBb30BaHHUE
mydensHol meun. [Ipu Temmeparypax 6omee 600 °C
KapOOHHM3aLMsl U OTCIIaNBaHKUE MOJUMMHIA IPOUCXO-
quT B TedeHue 30-60 muH. BpeMms ouucTkd MOXKET
OBITh YCKOPEHO 3a CyeT IOBBILEHHUS TEMIIepPaTyphl
WM 100aBJIeHUs KHCIOPO/Aa B HarpeBaeMblil 0ObeM.
OTOT METox He HapylaeT MNPOYHOCTh Kallujuisapa.
Pa3HOBHIHOCTBIO 3TOr0 CrIoco0a SBISETCS MCIIONb30-
BaHHE DJIEKTPUUYECKOIO Harpesartess, HaIpuMep HU-
XpPOMOBOW NIPOBOJIOKH, HAMOTAHHOM Ha KBapLEBYIO
TpyOKy. Takoii HarpeBaTedh XOPOIIO yHANISET TOJNH-
WMUJHYIO 000J0YKYy, HO, KaK MpaBuio, Tpedyer mo-
MTOJIHUTENPHON OYMCTKU. PasnuyHble peann3anuu
3TOTO METO/a TpeACTaBlIeHb B paboTtax [4—6]. Xopo-
I0 yAajsieT 3allUTHYI0 IOJIMHMUAHYIO OOOJOUYKY
JIEKTPONyroBas Ija3Ma, OIHAKO B IPOLEcCEe TaKon
OYHMCTKM MOKET BO3SHHMKHYTB II€PErpeB M pacIliaBlie-
HUE KBapLEBOT0 Kaluuisipa.

Jie XMMIYecKOi OYHCTKH pa3paboTYMKH Kallvi-
JSIPOB  PEKOMEHIYIOT HCIOJIB30BaTh KOHIEHTPHUPO-
BAHHYIO CEpPHYIO KHUCIOTYy npu Temmepatype 100—
130 °C, mapsr a30THOW KHCIOTHI [7] Ipu KOMHATHON
TeMIepaType U CHIIbHBIE menodu 8, 9].
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Jlns MexaHM4eCcKOM OYMCTKH WHOTAA HCIIOJIB3YIOT
HOXX CO CMEHHBIMH Jie3BHusAMHE, Hanpumep X-ACTO 2.
Hcnonp3oBaHne MEXaHMYECKUX METOJOB OYHMCTKU
MOXET TIPUBOOUTH K MOBPEXKICHHIO Kalwuisipa
1 YBEJIMYECHHUIO XPYIKOCTH KBapLEBOT0O KaMUJUIIpa 13-
3a IOSIBJICHUS] MUKPOAE(EKTOB.

Jns nazepHON OYMCTKH MPOW3BOAMUTENM KalMILIs-
POB PEKOMEHIYIOT MCIIOJb30BaTh 3KCHMEpHBIE Jla3e-
pBl M Ja3epsl MH(PaAKpacHOTO AMAIla30HA, KOTOPHIE
00ecreunBarOT YHCTOE YAaJleHHe 3alluTHON 000104-
KA C KOHTPOJEM O4YMIIAeMON 30HBI Kalluuispa.
C yderoM CHEKTpaJbHBIX XapaKTEPUCTHK IOIJIOLIe-
HUS TOJIMUMHUAHONH OOOJOYKHM M KBAapLEBOTO KamwJ-
Jsipa UCIOJIB30BaHUE 3KCUMEPHBIX JIa3epPOB IO CPaB-
HEHHIO C Jla3epaMH MH(PAKPacCHOro Auana3oHa sBIs-
ercsi Oojee MEepCIEeKTUBHBIM BBHUIY OTCYTCTBHUS IIO-
TJIOLIEHUS N3TY4YEHHUs] SKCUMEPHBIX JIa3epoB B KBaple
U, KaK CIEICTBHE, OTCYTCTBUS KaKHUX-THOO IOBPEXK-
JIEHUI KBapla B NPOLIECCE OUUCTKHU. PeXUM X0I0AHON
abmAIMM paccMaTpUBaeTcsl Kak Hambolee Tepcrek-
TUBHBIA [JI1 CEPUMHOrO MPOU3BOACTBA PA3TUUYHBIX
3JIEMEHTOB, I'/ie HE0OXOUMO HCII0Ib30BATh JIOKAJIBHO
OYHIIIEHHbIE KBapIIeBbIe KaIMMILIAPHI [3].

OUHMCTKA KAITMJIJIAPOB ITPH TIOMOIIU
I'’A30BOUM I'OPEJIKA

OKcIlepUMEHTalIbHAasl IPOBEPKa TEXHOJOIMU Tep-
MHUYECKOM M JIa3epHOM OYUCTKA IPOBOAUJIACH
Ha KBapIieBblx Kanmuiipax Polymicro Molex [2]
TSP050192 (BHemnHuii muamerp 186 = 6 MKM, BHYT-
peHHMI auaMeTp Kamwniipa 50 £ 3 MKM, TONIIMHA
3aIMUTHON OTUUMUTHONW 000moukn 14 + 1 MKMm).

JUIl OuMCTKH KBapLEBBIX KallWIISIPOB HCIOIB30-
Bajach Tras3oBas TIOpeNKa, 3ampaBieHHass OyTaHOM.
MakcumManbHasi TemIeparypa IUIAMEHH COCTaBIISET
mpumepHo 2100 °C. Ilepen ymameHWeM 3amuTHON

Puc. 1. IIpomecc oYMCTKH KBapUEBHIX KaNHMJUIIPOB
IIpY [IOMOLIU T'a30BOM TOPEIKHU.

000JI0YKM KalmWjuIAp IMOMELIAETCs B CIELUATbHYIO
onpaBKy Uil (HUKCALMU KalWULsipa U OrPaHUYEHUS
30HBI 09UCTKH (10 MM), Kak 3TO 1MOKa3aHOo Ha puc. 1.

JIOCTOMHCTBOM HCHOIB30BaHUSA Ta30BOH TOPEIKH
JUISL OYMCTKH KalWUIAPOB SIBJIAETCS HEBBICOKAsl CTOM-
MOCTb PACXOAHBIX MAaTEPUAJIOB U TEXHOJIOTUH B LIETIOM.

K HenmocTaTtkaM 3TOro Meroza cienyer OTHECTH:

— IUIOXYIO BOCIIPOM3BOJMMOCTD YCIIOBHM OUHCTKH:
TEeMIIepaTypbl, PaBHOMEPHOCTM HarpeBa, BpPEMEHH
TEMIIEpaTypHOro BO3ACUCTBUS;

— Tocie BO3JCUCTBUS IJIaMEHEM TOpENKU IpOoHucC-
XOAMUT KapOOHM3ANHS TOTMUMHUIHON 000TOYKH U Tpe-
Oyercst MexaHW4YeCKasl OYMCTKA CIIEUAIbHBIM HOXKOM,
YTO MOXKET NPHUBOAMTH K MOBPEKACHUIO M IIOJIOMKE
KaIlnuIsIpoB;

— CyOBEKTHBHBIH KOHTPOIIb YCIIOBHUH OYHCTKH Ka-
HNUIJISIpa MOYKET NMPUBOAMUTH KaK K HEMOJHOMY yZajie-
HUIO 3aIUTHON OOONIOYKH MPH HEAOCTATOYHON TeM-
nepatype, Tak U K JaedopMari Ju00 OIUTABICHUIO
KaIluisipa pyu Ype3MEPHOM HarpeBe;

— HU3KYIO CKOPOCTb OUUCTKH;

— OYMCTKA KalUJUIIPOB TpeOyeT creluaabHbIX Ha-
BBIKOB U BBICOKOW KOHLIEHTPALlUM BHUMAHMS,

— B IIpoLecce TEePMHUYECKOW NECTPYKLHUH IOJIH-
MMH/IA BBIIEISIOTCS] BBICOKOTOKCHYHBIE BEIECTBA;

— TEXHOJIOTMYECKHE OIPaHUYECHHS: HEBO3MOKHOCTb
OYHCTKM HECKONBbKHMX KallWUIAPOB OJHOBPEMEHHO, He-
BO3MO)KHOCTh OYHCTKH KamunipoB B coOpanHoi JIK,
HEBO3MOXXHOCTh aBTOMATH3aIMH IIPOLIECCA OUUCTKH.

[Ipomecc OYMCTKM KBapLEBBIX KaUJUIIPOB INPH
[IOMOILM Ia30BOM FOpPENKHU NOKa3aH Ha puc. 1.

daken MIIaMeHN UMEET CIIOKHYIO CTPYKTYpPY U He-
paBHOMEpHOE pacmpeneneHue temmeparypsl. Hepas-
HOMEpPHOCTh HarpeBa Kalnujulsipa B IPoLecce OUMCTKU
BHJIHA HA pUC. 2 — yBETHMYEHHOM (parmMeHTe puc. 1,
rze BUJHO, YTO TEMIlepaTypa Kalujusipa, Harperoro
IUTAMEHEM TOpEJIKH, MO MPUOIU3UTENbHBIM THPOMET-
PUYECKUM OLEHKaM BapbHpyeTcs npumepHo oT 580
1o 1300 °C. B obmact MakCHMaJTbHOTO HarpeBa Mo-
XKeT NMPOUCXOIUTh pa3MsArdyeHue u aedopmanus KBap-
LIEBOr0 CTEKJa, TeMIleparypa Hadana Jaedopmanuun
kotoporo cocrasiser 1180 °C. B menocpencrseHHoit
ONMM30CTH K 3aXMMaM METaJUIMYEeCKOM ONpaBKH Ka-
NP TEMHBIH M €ro TeMIepaTypa HE INpEBbIIIAeT
600 °C wu3-3a TEI00TBOJA, TOrAa KakK Ul JIEeCTPYK-
LMY NOJIMMMUAA HeoOXOoAuMa TeMIlepaTypa He MeHee
600-800 °C. B 3toii 06s1acTH HEJOCTATOUHON TEMIIe-
paTyphl HONMUMHIHAS 000104Ka OyIeT yIausiaThCsl He
MOJHOCTBIO, U MOTpe0yeTcsl NONOJIHUTENbHAs Mexa-
HUYECKasl OYMCTKA, YTO TaKKE MOXET IPUBOIUTH
K MOBPEXKICHUIO KBApLEBbIX KaNWUIIpoB. TakuMm o00-
pa3oM, MOXHO HPENNONIOXKUTh, YTO NPUYMHAMH BO3-
HUKHOBEHUS! 1e(DEKTOB KBAPLEBHIX KalMJULIPOB B MPO-
Lecce TEPMHUYECKOH OUYMCTKH SIBJISIFOTCS HEKOHTPOJIHU-
pyeMble YCIIOBHUS YAQICHUS] HOIMUMMIHONW OOOJIOYKH,
HEPaBHOMEPHOCTh HarpeBa, BO3MOXXHOCTh IIeperpeBa
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900 - 1050 °C

1250 — 1300 °C

530—580"°C

Puc. 2. HepaBHOMEpHBIH HarpeB KamMUIApa B IUIAMEHH TOPEITIKU

0

Puc. 3. TIpumepsl 1edekToB, BOSHUKAIONIHMX MPHU OYUCTKE KAMJUISPOB MNIAMEHEM Ia30BOi FOPEIKH.

a — HENOJHOe yAaJeHHe 3alUTHON O0OJIOYKH M3-32 HEIOCTATOYHOH TeMIepaTyphl MM SKCIo3uLuu; 6 — nedopmarus
KaluIsipa n3-3a MeperpeBa; B — MOJOMKa Kalwiisipa U3-3a YBEITHUCHUS XPYIKOCTH WM YPE3MEPHOT0 YCHIIMS MPU MeXa-
HUYECKOH OYHCTKE; I — OIUIABJIEHHE 3aIIUTHOH 000JIOUKH U Ae(PEKThI OT MEXaHUYECKOW OUHUCTKH

Kanmwuisipa, ero aedpopmanus, a TakkKe dype3Mep-
HbIE€ YCHJIUS P MEXaHUYECKOM YIaJleHMH KapOOHU-
3UPOBAHHOTO CIIOSL.

[Ipumepsl pa3nu4HBIX BUAOB [e(EKTOB, BO3HU-
KalOLUIMX NPH OYMCTKE KBAPLEBBIX KAaIMUIPOB IUIA-
MEHEM TOpeNKHU, IPECTaBICHbI Ha puc. 3.

Pe3ynbTar 0uMCTKY Kanmuisipa jaMeHeM I'OpeNKy
IIPU ONTUMAIBHBIX YCIOBUAX IOKa3zaH Ha puc. 4. Ilo-
cie 00paboTKH TUTaMEHEeM TOPETKH Ha Kamwuispe 00-
pasyercst ciol U3 MPOLYKTOB TEPMHUUYECKOH NECTPYK-

HAVYYHOE ITPUBOPOCTPOEHME, 2025, Tom 35, Ne 2

UM TIOTUUMHUAHONW o0omoukn (a). MexaHmdeckas
OYHMCTKa 3TOr'0 CJIOS IO3BOJISIET IONYYUTh OUYHILEH-
HBI KBapIeBbIid Karmuisip (0).

OuniieHHble KaOUISIPbl TOABEPratoTCs TIIATENb-
HOMY BH3yaJbHOMY KOHTPOJIO IPU IOMOLIM MHUKPO-
cKoma JUis OTOPAaKOBKHM KamWJUIApOB C AedekTraMu.
[IpakTuyeckuid ONBIT UCIIOJIB30BAHUS FA30BOM TOPEIKU
mokaspiBaeT, 4to npuMepHo 10% or obmiero uumcna
OYMILAEMBIX KallWJUISIPOB UMEIOT Pa3IMYHbIE 1€(EKTHI.
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Puc. 4. Pe3ynbTaThl OYUCTKH KAMIUIAPA UIAMEHEM TOPEJIKU IIPU ONTHMAIBHBIX YCIOBHSX.
a — KapOOHM3UPOBaHHAs 3aIUTHAs 00O0JIOYKa TOCie 00pabOTKU TIAMEHEM TOpeNKd, 0 — KapOOHU3UPOBAHHBIN CIION
yIaJIeH IIPU TOMOLIH CIICHUATEHOTO HOXA

Kanunmsipe! ¢ BeIABIEHHBIMU Ae(EKTaMU HE MCIOIb-
3ytotcs i usrorosnenus JIK. Kpome sBHBIX medek-
TOB, CYLIECTBYIOT CKpBITBIE Ie(EeKTbl KalWUIIPOB,
KOTOpbI€ BU3YaJIbHO HE 3aMETHBI, U 3TH KaIlMJUIPbI
ucnonb3yrores s usrorosnenus JIK. IlpenBapu-
TeJIbHBIE OLIEHKH I10Ka3bIBAIOT, YTO MPOLEHT KaIlwi-
JISIPOB CO CKPBITHIMH Ae(EKTaMH COCTABISICT OpHEH-
THpoBO4YHO 1%. Vcnonp3oBaHHE TakMX KalMIUISIPOB
MPUBOIUT K TeM wiu uHBIM nedekram JIK, kotopsie
BBIBJIIIOTCSL Ha 3Tale TeCTHpoBaHWS TOToBBIX JIK
WK B IPOLIECCE UX HKCIUTyaTallu B cOcTaBe Iproopa.

U3 daktnyeckn m3rorosneHapix B 2023 1. 747 JIK
¢ 8 xanmmmsapamu 26 JIK nmenn paznudHbie e eKTsl,
910 cocTaByisieT mpumMepHo 3.5% or obmero ymcna
nzrotoBieHHblx JIK. 5 JIK u3 oflmero umcia umenu
SIBHO BBIP@)XEHHbIE Ie(pEeKThl KalWUIIpOB, YTO CO-
crasiisier npuMepHo 0.7% ot obmero 4ncna u3roTos-
seHHbIX JIK. MOXXHO NpeAnonoxuTh, 4TO IPHU YBEIH-
yeHUM KonuyectBa kKanuwuisipoB B JIK mpouent JIK
¢ nedexramu OyneT pacTd MPOMOPIHOHAIBHO YHCITY
kanuusipos B JIK.

JIJ1 O4NCTKHM OTHOTO Kamujuisipa MpH MOMOLIN Ta-
30BOM TOpenku Tpedyercs oT 3 10 8 MHH B 3aBHCHMO-
CTH OT KBaJIM(PUKANINHU orepaTopa, a Jurst ounctku 100
KaImUIIpoB HE0OXoauMo yxke oT 5 g0 13 ¥ gucroro
pabouero BpeMeHH. TeXHOJIOTMYeCKHE OrpaHUYCHUS
OIpeneNsOT BO3MOXXHOCTb OYUCTKH TOJBKO OJHOIO
Kaluisipa OTHOBpEeMEHHO. Takas TeXHOJIOrHs He I10-
3BOJISIET MPOU3BOAWTH OUYNUCTKY B coOpanHou JIK
U aBTOMAaTHU3UpOBaTh Ipouecc ouncTku. Kpome toro,
IPH TEPMHUUYECKON AECTPYKLUHU HOINMHUMHUAA BBIIEIS-
FOTCS BBICOKOTOKCHYHBIE BemecTBa [10-12]. Pabora
C OTKPBITBHIM IUIAMEHEM SIBJISIETCS] IOTEHLINAIBHO T10-
)apoonacHod. TepMuyeckuil METOA OYUCTKU KBaplie-
BbIX KalIMJUIAPOB IPH ITOMOILM ra30BOM TOPENIKU Majlo
HMPUTOAEH VIl CEPUMHOrO MPOU3BOACTBA JMHEEK Ka-
NWISIPOB U3-3a HU3KOW NMPOU3BOIUTENBHOCTH U BBI-
COKOT'0 YpOBHS Opaxa.

JIABEPHAS OYUCTKA KAIINJLVISIPOB

C uenplo ynydiieHHsl Ka4ecTBa OYUCTKM M MHMHH-
MH3alIUN KOJIWYeCTBa Je(EeKTOB MPOM3BOIUTEND Ka-
MUApOB [3] peKOMEHAyeT WCIONIb30BaTh dKCHMEP-

HBbIE Ja3epsl M Jia3epbl MHQPPAKPACHOTO IHara3oHa
(COy-nazepni). Ilpuyem ucnonszoBanue CO,-nmazepa
sBIIseTCS] (PAKTUYECKH TEPMHUUYECKUM METOIOM OYHCT-
KH{, IOCKOJIbKY M3Iy4EHHE 3TOr0 JIa3epa MOrIomaercs
KaK IMOJMMMUIOM, TaK M KBapueMm. lcnonb3oBaHue
9TOTO Jia3epa sIBJISETCs NPUBJIEKATEIbHBIM OJlaromapst
YUCTOMY HCTOYHUKY TelJla M TOYHOMY KOHTPOIIIO
TEeMIIepPaTyphl.

Jns peanuzauuu Merona jJa3epHONW OYMCTKH B Ha-
cTosme paboTe WCIONh30BAINCE WH(PaKpacHOE
(MK) m3myuenne COy-mazepa (A = 10.6 MKM) U yIBT-
paduoneroBoe (YD) uznyuenne (A = 355 am). [lomm-
UMHIHOE TIOKPBITHE IMTOJHOCTBIO MOIJIONIAET H3IIyde-
HUE C JUTMHOHN BONHBI Kopode 450 HM WM TIpOITyCKaeT
n3nydeHue B auanaszone 500-850 um (puc. 5). Crexrp
MOIJIOLIEHUS! OJMMMHUIHOTO TIOKPBITUS TONy4eH
Ha criekrpodoromerpe HitachiU3410.

[TonuuMuaHOE MOKPHITHE TAKXKE IOTJIOMAET U3ITy-
YyeHHe C JUIMHOH BOJHBI, JauHHee 5.0 MkM. ITockoib-
Ky Ha JuyinHe BONHBI 10.6 MKM TOMHUMHJ U KBapIl 00-
Jafal0T BBICOKUM IIOTJIOIIEHHEM, yJdalleHHE 3aIluT-
HOH 00OJOYKM NPOUCXOIUT 32 CUET TEPMHUYECKOro
HarpeBsa marepuaina OOOJIOUKM M CaMOro Kamwuispa,
YTO MOXXET MNPHUBOAUTH K MOSABICHUIO Ae(EKTOB
B IIPOLIECCE OYHMCTKHU.

100
80
60

710 RSO R USRS 0 J: OWR TRUEY RN SRS NS SO0 R S .

MponycKaHue (%)

20

0

% T L3 | ¥ T L T L T * T L T W T ¥ 1
450 500 550 600 650 700 750 800 850 900
[innHa BOMHbI (HM)

Puc. 5. Criektp nponycKaHus MOITMUMHUIHON 000I0UKH
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Puc. 6. 1300paxenne Kanmuiuisapa, OYUIIEHHOTO TIPH T10-
mom CO,-nazepa (A = 10.6 Mxm)

Pesymprater ounctkn mpu momorm CO,-nmazepa
(A = 10.6 Mxm) mpexacTaBiIeHbl Ha puc. 6. Y naneHue
3alIUTHOH  OOOJIOUKM  KalMJUIIPOB  IPOMCXOAMIIO
3a cyeT HarpeBa W CropaHusl mMarepuana OOOJOYKH.
MexaHW4ecKOol OYMCTKH TOCie JIa3epHoH 0O0paboTKH
HE MPOU3BOANIOCH. MOIIHOCTD JIa3epHOro U3JIy4eHUs
(JIN) cocraBnsuma 3.0 Br, wactora mOBTOpeHUS WM-
nynbcoB  JIM 5k, cKOpocTh CKaHHpPOBAHUSA
100 mm/c. OurcTka TPOU3BOIMIIACH TTYTEM BpalleHUs
KaIluisipa, MOCKOJIBKY KBapll 3a CUET CBOErO IOIJIO-
LICHUS HE MPOIyCKaJl W3Iy4YeHHE Ha MPOTHBOIOJIOXK-
HYIO CTOPOHY. OTO HE IIO3BOJII€T OIHOBPEMEHHO
O4MIIaTh OoJiee OAHOI0 KaMIIsipa

Ha m3o06paskenun (puc. 6) 3aMeTHa TIeproandecKast
CTPYKTypa BII0JIb Kanmwuisipa. [IpudrHa ee BO3HUKHO-
BEHMsI MOJKET OBITh CBS3aHA C OIUIABJIEHUEM KBaplie-
BOr0 KalWsipa NMPH CKAaHUPOBAHUM JIA3€PHBIM JIy-
goM. OCTaTKOB MOJUUMHUAHON 00OIOYKM Ha OYHIICH-
HBIX Y4YacTKax KanuUIsIpoB He 3aMeTHo. /s ycrpa-
HeHns d¢dekra MepruoanIecKoro OIUTaBICHHUS KBap-
LEBOr0 Kalujuisipa, BO3MOXKHO NPOBEACHUE ONTHMHU-
3alid PEeXKUMOB 0OpabOTKH, HO OT HEOOXOTUMOCTH
BpallleHHsl Kalujulipa HE OTKas3aTbCs, YTO CO3Jaer
orpeeNeHHble HeyJ00CTBa MPH HCIOIb30BAaHUH Ta-
KOT'0 THIIa Ja3epa.

Jli MUHUMH3alMK HarpeBa Kalwuisipa B IIpoLec-
C€ OUYMCTKHM OBbUIO NPEIJIOKEHO HCIOJIb30BaTh HM-
mynecHoe yibTpaduoneroBoe JIM ¢ miwHON BOIHBI
mnydeHus A = 355 aM. M3nydeHne ¢ Takod JIITHHOMN
BOJIHBI XOPOLLIO IMOIJIOIAETCS HOJIMUMHUAHBIM 3aIUT-
HBIM TIOKPHITHEM M IPAKTHYECKH HE IOIJIOIIAETCS
KBapILeM, YTO MO3BOJIET YAAIATH 3aIUTHOE IOKPbI-
THE Yepe3 KBapLEBbIil KallwuLsp, He Bpalas Kamwi-
nsip. Micnonb30BaHMe KOPOTKUX JIA3€PHBIX UMILYJIbCOB
MO3BOJIIET PEAN30BaTh PEKUM Ja3epHOi abisiium,
KOrZla HarpeB MPOMCXOAMUT TOJBKO B 3aLIUTHOH 000-
JIOUKE, a CepALleBMHA KBapLEBOr0 KalMUIIpa He yc-
IeBaeT HarpeBaThCs 3a CUET TEIUIONPOBOJHOCTH Ma-
Tepuana.

Heo0xoaumyro NmIOTHOCTh MOLIHOCTU JIA3EPHOTO
W3IY4eHHUs] AJIsl pean3allid Takoro pekuma yziaje-
HUS 3aIIUTHOW 000JI0YKH MOYKHO OLEHUTh, UCIIOIb3Ys
TOHKOIUICHOYHYIO MOZEJIb TEMJIOBBIX HMPOLIECCOB MPH
Jla3epHOM Bo3aericTBuu [13]:
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Jz
(71 _n)plclhl 1+§

4y = > (1)

At
IZie ¢o — IUIOTHOCTh MOIIHOCTH HaJaIOLIEero H3Jyde-
HUS;

A = (1 — R) — mornomarenbHas CrocOOHOCTh 3a-
IIATHOH 000JI0YKH;

R — ko punieHT oTpaskeHus MOINUMHUIA;

T, — HavalpHasg TeMIepaTypa;

T, — temmeparypa HarpeBa IOKpBITHS;

p1. 2 — TUIOTHOCTHh Matepuana (1 — momummun, 2
— KBapi);

1,2 — TEMJI0EMKOCTh MaTepuana (1 — nonmumuz,
2 — KBapm);

hy — TommuHa Matepuana (1 — momuumun);

{ — JUINTENBHOCTh UMITYJIbCA;

y— pch ©)

pzcz\/aizt ’

ay = (ky/pycy) — TemIepaTypoIrpoBOIHOCTD MatTe-
puana (2 — xBapi);
k, — TETopPOBOJHOCTh MaTeprana (2 — KBapiy).

IMapamerp ¥ ompezesnsier MHTEHCHBHOCTh TEILIO-
OTBOJIa M3 3aIIUTHON 00OJIOYKA B MaTepHall KaIlvIIIs-
pa W XapakTepu3yeT OTHOIIEHHE KOJIMYecTBa TeIuia
B 3alUTHON 000J0YKE K KOJIMYECTBY TEIUIA, 3aMaceH-
HOTO B TIPOTPETOM MaTepHale camMoro Kamujuisipa.
Ecmu W > 1, TemnooTBoa B MarepHal KalrLIspa
MaJ ¥ 3aIIuTHas 00O0JOYKa HarpeBaercss Kak aanada-
Tryecku m3onupoBanHas. Ecam W < 1, To Harpes
3aIIUTHON  OOOJOYKH  OMpEeNeNnsercs  TerIonpo-
BOJHOCTHIO KaIMIUTSIPA, a XapaKTEPUCTHKHU 3aIMUTHON
000JTOYKH BIIHSIFOT TONHKO HAa KOIWYECTBO TOTIIOMICH-
HOH 3Hepruu. B npoMexXyTo4HOM ciaydyae IpOUCXOIUT
TEIUTOBOW 0OMEH C MaTepHaioM KaruJuisipa.

[Napamerps! momuuMuaHON o0omouky [14] u xkBap-
ma [15], HeoOXomuMbIe I OIEHKH IUIOTHOCTH MOIII-
Hocth mo (1) mpuBenmenst B Tabm. 1. Mamekc "1"
B opmyiie (1) 1 B Tab1. 1 OTHOCHUTCS K IMTOTHMHUMUIHOMN
3aIMUTHON 0000YKe, a WHACKC "2" K KBapIeBOMY
KaIuuispy.

Havanpnast Ttemmeparypa mporiecca COCTaBIISIET
T, = 300 K, temneparypa HarpeBa npH Ja3epHOM Ha-
rpeBe TO TPHOMH3UTEIHHBIM THPOMETPHYECKIM
onenkam coctasister 77 ~ 1800 K.

[lornomarenpHas CIIOCOOHOCTh  MTONHUMHUTHON
000ITOUKH T YMCIIEHHBIX OIIEHOK BhIOpaHa paBHOMN
A= 0.7, OCKONBKY KO3(PPHUIIMEHT OTpakeHUs IpH
HOpMaJTHPHOM TIaJICHUU Ha HCIIONIb3YeMOH JUTMHE BOI-
HBI cocTaBiser mpuMepHo 0.1 1 HeOOXOTUMO yUUTHI-
BaTh oTpaxkeHne DpeHens OT Kpyryiod MOBEPXHOCTH
KarmuJuispa.
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Taoa. 1. [TapaMeTpsl OTUMMHUIA U KBapIia

[apamerp IMomaumug (1) Kgapr (2)
p — IIOTHOCTb, KI/M 1400 2201
¢ — TermnoeMKkocTh, JIx/(kr - K) 1130 1052
k — TeronpoBonHOCTB, BT/(M - K) 0.29 1.38
a = k/(pc) — TemIiepaTypoIpoBOAHOCTb, M’/C 1.83-107 6.0-10"
h — TommuHa MaTepuaa, M 14-10° 150 - 10°
b4 86.96 —
A 0.7-0.8 0

[TockonbKy Al SKCHEPUMEHTAIBHOM IPOBEPKU
MPEUTIOKEHHOTO METO/Ia HWCIOIB30BAIICSA JIa3epHBIN
HCTOYHUK (A = 355 HM) C ATUTENBHOCTHIO MMITYIhCa
t = 20 HC W YacCTOTOH ClIEeNOBAaHUS HUMIYJIbCOB Fyyy
or 1 mo 150 xI'm, TO 1A OIEHOK HMCITOIB30BAIMCH OTH
e TTapaMeTphl.

Omnenka HEOOXOAWMOW TIOTHOCTA MOIIHOCTH IS
yAaneHus 3alUTHOW OOOJIOUKM JTaeT 3HAYeHHe HeoO-
XOAWMOM TIOTHOCTH MOITHOCTH JIA3€PHOTO M3ITyde-
Hus:qo = 1.68 - 10" Br/m’.

CpenHio0 MOITHOCTh JIA3€PHOTO W3ITyYeHUs, He-
O00XOAMMYIO JUTSL JIa3epHOW OYHCTKH KaIlJUIIPOB,
MOKHO HAWTH CIIEAYIOIIAM 00pa3oM:

7-D?
P=q,-S=q,-——, ),
4
TIe
zD?
S= — TUIOIAAb JIa3epHOr0 Jyda Ha IIO-

BEPXHOCTH 3aLIUTHOI 000JI0YKY;
D — auamerp na3epHOro yiyya.

C yderoM MIMTENBHOCTH Ja3€pHOIO HMIIYJbCa
W YacTOTHl CJIEAOBaHHS MMITYJIbCOB CPEIHIO MOII-
HOCTb JIa3epa MOXKHO 3aIlNCaTh:

P=P-t-F, @),

P, — nmkoBasi MOIIIHOCTb Jla3epa;

t — JUTHTENBHOCTD UMITYJTBCA;

F — sddextrBHAsA YacTOoTa CICTOBAHUS UMITYIIb-
COB.

O} PeKTHBHYIO YaCTOTYy CIEIOBAaHUS HMMITYIIbCOB
OIIPENENSIIOT COOCTBEHHO YaCTOTOH CIIEJOBAHHS M-
MyJBCOB Jlazepa Fyy,, a TakkKe ImapaMerpamMu CKaHH-
poBanms. Ecnm ckaHWpoOBaHWE MPOM3BOAUTCS CTPOTO

MOTEpEeK JMaMeTpa Kanwmuisapa d, CKOPOCTh CKaHUPO-
BaHMS paBHA V, pa3Max CKaHHpoBaHUSA L, TOo d3hdek-
THUBHAs YacTOTa CKAHWPOBAHHS PaBHA:

d
F= I F..
Torma BeIpaXkKeHHWE A pacueTa HEOOXOIMMOH
MOIITHOCTH J1a3epa MOXKHO 3aIUcaTh CIETYIOINM 00-
pazom:

_qo-7r-L.D2
" 4.4.d F,°

AMIl

(5).

Ha a1y BenmunHy CHIIBHO BIUSET TOYHOCTH (POKY-
CHPOBKH HM3IIy4E€HHUS W YacCTOTa CIEAOBAHUS WMITYIIb-
COB. YBeNnMYeHNE pa3Maxa CKAaHHPOBAHUS YMEHbBIIAET
3 PEKTUBHYIO YaCTOTy CICIOBAHUS HMITYJIBCOB.
UwncneHHbBIE OIIEHKN HEOOXOIMMON MOIIHOCTH Ja3epa
BBITIOJTHMM U AuaMmerpa kamanrapa d = 180 MM
Y BEJIMYMHBI pa3Maxa ckaHupoBaHus L = 5.0 M.

Pe3ynbTaThl pacdeTroB mpejacTaBieHbl Ha pHUC. 7.
W3 mony4eHHBIX YWCIEHHBIX OIIEHOK CIIEAYeT, YTO
it 3G (PEeKTHBHOTO yIalleHusl 3alUTHOTO TTOKPBITHS
C KBapIIeBOT0 KaMWUIsApa MPH pa3yMHON (OKYCHPOB-
K€ JIa3epHOro Jyya B mATHO auamerpoMm 50-100 Mxm
U yactorax cieaoaHus umnyiabcoB S0—100 kI'r goc-
TaTOYHO WCIIOJNIB30BATh JIA3EPHBIH HCTOUYHUK C MUKO-
BOM MOIIHOCTBIO 1-5 BT.

1t 3KCepUMEHTAIBHON peain3aluil MeToJa Jia-
3epHON OYHCTKH C MHHHMAaJIbHBIM HArPEeBOM KaIlWII-
aapa ucnoas3oBasioch Y® JIM ¢ niauHOW BONHBI
355 HM cO ClIeQyIIIUMH HapaMmMeTpaMu: JIUTEb-
HOCTbh uMnyJjbca 7 = 20 HC, 4YacTOTa CJIEIOBAHUS UM-
nyinbcoB 50 kl'm, auamerp nstHa 40 MKM, MakcH-
MaJlbHas MOIIHOCTH J1azepa 3 BrT.

HAVYYHOE I[TPUBOPOCTPOEHME, 2025, Tom 35, Ne 2
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Puc. 7. 3aBrcUMOCTh HEOOXOAMMOM MOIIHOCTH JIa3epa OT JAUaMeTpa Ja3epHOro
Jy4a TPH Pa3IUIHBIX YaCTOTaX CJIEIOBAHUS UMITYIIHCOB.

Puc. 8. Pe3ysnbraThl 04MCTKH KanuyuIsipoB TpH nomortn Y d-nazepa (A = 355 HM) B CpaBHEHUH C TEPMHUYESCKUM METOJIOM
(ourcTKa TITAMEHEM Ta30BOH TOPENKH).
a— Py, = 2.0 Br, F=50 k"1, v, = 350 MM/c, unciio npoxomos 6;
60— P, =2.5Br, F=50 kl'u, v, = 400 Mm/c, 4nciio npoxonos 6;
B— Py, = 1.7 Br, F'=50 kI'11, v, = 350 Mm/c, uncio npoxoaos 7;
I' — KalWUIAp, OYUIIEHHBIH IUIAMEHEM TOPEJIKH PH ONTUMAJIBHBIX YCIOBHAX

Pe3ynpraTel OYMCTKHM KalWJUIAPOB TPEACTaBICHBI
Ha puc. 8. KadecTBo 04HMCTKH B Tporiecce 00paboTKu
KOHTPOIMPOBAJIOCh BU3YAJIIbHO TPH TIOMOIIH ITYITBI
¢ yBenmdeHueM 10X, KOJIHMYECTBO MIPOXOAOB pa3BepT-
KM JIeNaJloCh MHHHMAIbHBIM JO ITOJTHOW OYHCTKH
B HaOmomaeMol 30HE. JlOMOJHHUTETHHOM MEXaHHYe-
CKOI OYHMCTKH KalMJUIAPOB HE TPOU3BOIUIOCH.

HAVYYHOE ITPUBOPOCTPOEHME, 2025, Tom 35, Ne 2

Ha puc. 8, a, 6, BUIHO, YTO CJIEHOB OILTABJICHHS
KaWJUIIPOB HAa Kparo 30HBI OYMCTKHA HeT. OCTaTKOB
MOTMUMUIA Ha KBapIEBOM KaIHMIUISIpE HET, HUKAKOH
MEXaHMYEeCKON OYMCTKU HE Mpou3Boauiiock. Kadect-
BO KaIWJUISPOB TIOCJIE OYUCTKH YAOBIETBOPUTEIHHOE.

Ha puc. 8, B, clenoB oIuTaBiIcHHS KaIMLIIPOB
Ha Kparo 30HBI OYUCTKH TakKe He 3aMeTHO. OCcTaTKoB
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NOJIMMMUJA Ha KBapLEBOM KalMUIAPE HET, HUKAKOU
MEXaHUYECKOM OYMCTKHA He Mpous3BoAmiiock. Kauecr-
BO KalWUIPOB IIOCJE OYMCTKU 3HAYUTENBHO BBILIE
10 CPAaBHEHHMIO C IIEPBBIMU HKCIIEPUMEHTAMHU.

Ha puc. 8§, r, mokazaHsl pe3yiabTaTbl OYUCTKU
KBapLeBOr0 KanmwjuiApa IJIaMEHEM Tra30BOM TOpeNKd
IPU ONTUMAJIBHBIX yCIOoBUsX. KauecTBO ouncTKH Ka-
MAJUTAPOB JIA3epHBIM H3TydeHueM (puc. 8, a—B) Tpak-
TUYECKM HE OTIMYAETCS OT KadecTBa TEPMUUECKOU
ouucTku (puc. 8, r). Ilpu manpHEHIIEH ONMTUMU3AINH
PEKHMOB JIa3epHOH 00pabOTKH KaMUISIPOB BO3MOXK-
HO NOJTy4eHHe 0osee BBICOKOTO KauecTBa OYHCTKH.

N3 ounmenasx Y P-j1azepoM KammnisIpoB ObLIa
coOpaHa mpoOHas JTUHeHKa KauUIIpOB W ITPOBENECHO
TecTupoBaHue Ha mpudope "Hanodop 05". donoBOE
n3nyuenue B JIK, HM3roToBIeHHOW M3 KaIWJUISAPOB,
OUMIIEHHbIX Npu nomomu Y ®d-na3zepa, cocTaBiseT
npumepHo 20 000 enuHUII, YTO COMTOCTABUMO C YpPOB-
HeM ¢(ona JIK, W3rOTOBIEHHBIX TIO TPAAWIIMOHHON
TEXHOJIOTMU M3 KalWJUIIPOB, OYUILEHHBIX INIAMEHEM
ropenku. Kpome toro, 6bu1a mpoBeneHa MpoCTpaHCT-
BeHHas KanuOpoBka (puc. 9).

Ha puc. 9 orobpaxkaercs Tabnuia ¢ pe3yinbraTaMu
MPOCTPAHCTBEHHOI KaTnOPOBKH, TpaduK ¢ podriieMm
PaMaHOBCKOTO pAacCesHUs JIa3epHOTO HM3IIyYEHHS
Ha Bome B Kammigpax. OrmOarommas MaKCHMyMOB
MMMKOB Ha Tpaduke UMEET KOIOKOI000pasHyto (hopmy
C MAakCUMYMOM B LEHTPaJbHBIX Kamwuiapax. Illuku

B. E. KYPOUKUH u np.

B KpailHUX KanmwmUIspax UMEIT AOIMyCTUMBINA pa3dpoc
10 aMIUTUTYZAAM.

Takum 00pa3oM, MOJyYEHHbIE HKCIIEPUMEHTAIIb-
HBbIE PE3yNbTaThl IMOATBEP)KIAIOT BO3MOXKHOCTH HC-
nonb3oBaHuss Y@ JIM 1 OYMCTKM KanWJUISIpOB
OT HOJIMUMHUAHON 000JIOUKH.

K nocrovnHcTBaM na3epHOM TEXHOIOIHM YIAICHHS
3aIUTHON TIOMMUMHIHON OOOJOYKH C KBapIEBBIX Ka-
nuuIsipoB npu noMown Y ® JIN crienyer oTHecTu:

— Xopouyr BOCHPOU3BOAMUMOCTh YCIOBUU OYH-
CTKH Onarojaps BBICOKOW CTaOMJIBHOCTH JIa3epHBIX
apaMeTpoB.

— Huskwii oxxugaeMerii ypoBeHb 1e()eKTOB KaIuii-
JSIPOB KaK CIEACTBUE BBICOKOH CTaOMJIBHOCTH YCIO-
B OYHCTKH M OTCYTCTBUS CYOBEKTHBHOTO (haKkTopa
IIPH BBIOOPE ONTHUMAJIBHOTO PEXHUMA.

— Ouuctka MPOU3BOAMUTCS B PEKUME XOJIOAHOU
abmsauun — 0Oe3 3aMeTHOro HarpeBa Kamwmnisipa
U TePMUYECKUX Ie(opMaryii, IOCKONbKY AJISI OUHCT-
KU HUCHOJB3YIOTCSA KOPOTKHE MMIYJbchl U Y@ JIA
He IOTJIOIAETCSl KBApLEM.

— B mpouecce o4MCTKH NMPOUCXOAUT IMOJIHOE yra-
JIEHHE TOJUMMHUIHON 3aIUTHOH OOOJIOYKH, MEXaHH-
YecKas OYMCTKa Kaluiusipa He TpeOyercsi, OTCYTCTBY-
€T PUCK MEXaHMUYECKOT 0 MOBPEKICHUS KalHUISIpa.

— Yuactue omepaTopa B IPOLIECCE OYUCTKH CBO-
IOUTCS. K YKJIAAbIBAHUIO KAIMUIAPOB HA MPEIMETHOM
cToJie M cOopy KallMIISIPOB 110CIIE OYUCTKH.

M

4 81 8
Dlcememes soecmcomerancioment & KT TF ¢ [0 [c]6 [2][w1]2
B
Dow dwmTps | §

L0t WiPSs B R G M Cramcre
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Puc. 9. Pe3ynbrarhl TeCTUPOBAHMS IPOOHON JIMHEHKH KATMIIISIPOB.

HAVYYHOE I[TPUBOPOCTPOEHME, 2025, Tom 35, Ne 2
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— OxwunaemMblil YypOBEHb OABIIEHUS Ae(DEeKTOB MpU
Ja3epHON OYMCTKe KanmuisipoB — meHee 1.0%, dro
CYIIECTBEHHO HMJKE, YeM IPU HCIOIb30BAHUM JUIS
OYMCTKHY KallWJUIAPOB IJIaMeHH ropeiku (oxoso 10%).

— BrIcoKast CKOPOCTh OUMCTKH: ISl OZHOBPEMEH-
HOi ounctkn 100 kKammuApoB moTpedyercs OKOIIOo
1 MUH, YTO CYLIECTBEHHO MEHBIIIE, YEM NPH UCIOIb-
30BaHMHM AJIS1 OYMCTKU KalWUIIPOB IIJIAMEHH T'OpPENIKU
(ot 5 mo 13 1).

— JlazepHas ouncTka 00aaeT BRICOKONH TEXHOJO-
ruyHocThio. Ilepexon Ha npyrme Tumopasmepbl Ka-
NUWIUIPOB NPAKTHYECKH HE TOBIUSET HA PEXKHUMBI
OYMCTKH U €€ CKOPOCTb.

— Jlazepnas ouuctka Y@ JIM mo3BoisieT MpoU3BO-
Tk 00padotky JIK 6e3 HeoOXoaMMOCTH ee BpaleHusl.

— JlazepHyr0 OYMCTKY MOXKHO JIETKO aBTOMAaTHU3U-
poBaTh. B mpouecce o4MCTKH KanMJUISIPOB IPOU3BO-
IUTCS. OOBEKTUBHBIN KOHTPOJIb KaYeCTBA OUUCTKH.

— JlazepHas ouncTka He TpeOyeT HUKAaKUX Pacxoll-
HBIX MaTEpPHAaJIOB.

— JlazepHas ouncTKa sBIsAeTcCs Oojee OGe30macHON
TEXHOJIOTUEN MO CPaBHEHUIO C OYMCTKOW IPHU MOMO-
M ra3oBoil ropenku. JlazepHass ycTaHOBKa MOXET
OBITh 000pYZOBaHA JIOKAJIBHOW BBITSDKKOH M CHCTe-
MOH OTBEIEHMs IMPOAYKTOB pasioxeHus. OmepaTop
HaXOIUTCSA BHE 30HbI OUUCTKH. OriepaTop HE KOHTAK-
TUPYET C TOKCUYHBIMU MPOLYKTaMHU Pa3JI0KEHUS IO-
JUMMUAA U JIa3€PHBIM H3JIydeHueM. TeXHOJOrus sB-
JISITCS TT0’Kapo0e30IacHOM.

Oco0eHHOCTH JTa3epHON TEXHOJOTMH OYHCTKH Ka-
NUUIAPOB B COITOCTABIICHUH C OCOOCHHOCTSMH OYHCT-
KU KaIlMJUIAPOB NIPY MOMOIIM T'a30BOM TOPEITKH Mpea-
CTaBJICHBI B Ta01. 2.

Ta6u. 2. OcoOeHHOCTH Ja3epHON TEXHOJIOTHH OYUCTKH KalMUISIPOB B COITOCTABICHUU C TEXHOJIOTHEH OYHCTKU

KaIlMUIIPOB IIPY TIOMOIIY T'a30BOI TOPENKH

OuncTka IaMeHEM TOPEIIKN

JlazepHast ounCTKH

VYCroBHS OUYUCTKH KOHTPOJHUPYIOTCS CyObek-
TUBHO. [loXas BOCHIPOM3BOAMMOCTb YCIOBHIA
OYMCTKH:

— TeMIepaTypbl 1 paBHOMEPHOCTH HarpeBa Ka-
HNUIIsIpa,

— BPEMEHHU TEMIIepaTypHOI'0 BO3AEHCTBUS

PexxuM ouncTku 3aaercs nporpaMMoil yrpasiie-
Husl. Xopomass BOCIPOU3BOAUMOCTb YCIOBUH
OYNCTKH OJaromapsi BBICOKOW CTAaOMIIBHOCTH Xa-
PaKTepUCTHK JIa3€PHOTO M3JIyYCHHUS U CKaHU-
pYIOLIEH CUCTEMBI

B npouiecce 04nCTKN MOT'YT BO3HUKATh J€(EKTHI:
— HEIOJIHOE yJaJIeHHE 3allIUTHON 000JI0UKH,

— nedopmanus ¥ OIUIABJIECHHE KaWUIIpa NpH
Heperpese;

— HaIUTBIBBI Ha KParo 3alUTHON OOONOYKH, IO-
JIOMKH KalWusipa

MoOIIHOCTb U3JIy4€HHS U CKOPOCTb CKAHUPOBAHUS
BBIOMPAIOTCSl ONTHMAJIBHBIMHU JUISL TTOJTHOTO yAa-
JICHUs 3aIUTHOM O0OJIOUKH, HarpeBa Kanmwusipa
HE NIPOMCXOIUT, Ae(EKTHI B IPOLIECCE OUUCTKH HE
BO3HHKAIOT

Tpebyercss MexaHMUYeCKass OYUCTKA MPOLYKTOB
KapOOHM3aLUH TOJTMUMUAA

MexaHuueckas OUMCTKa He Tpedyercs.
3amuTHas 000JI0YKa YAAISETCS TOTHOCTHIO

Bricokwmii mporieHT Opaka TpH HCIOIB30BAHHH
ra3zoBoil ropenku — mnpumepHo 10.0% ot 00-
LIEro YMClla OYMIIAEMbBIX KallWIISIPOB

Oxnpaemblii npoueHT Opaka — He Oosee 1.0%

Hu3skas ckopocTh OUHCTKH:
0.12-0.2 xanwwisipa B MUHYTY

BrIcokas ckopocTh OUHMCTKHU:
100 xanusuIsIpoOB B MUHYTY

HAVYYHOE ITPUBOPOCTPOEHME, 2025, Tom 35, Ne 2
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Tabu. 2. [Ipoooncenue

OuncTka IaMmeHeM TOpPEIIKN

JlazepHast ounCTKH

Texnomornueckue OIr'paHUYCHUS — HEBO3MOXK-

TpebyroTcs crienuanbHble HaBBIKM U BBICOKAs
KOHLIGHTpALlM1 BHUMAaHUS

TexHomoru4yeckue NpeuMyIIeCTBA — MOXHO
HOCTb:
OYMIIATE!
— OYMCTKH HECKOJBbKHX KallMWIISIPOB OIHOBpE-
MEHEHO — HECKOJIbKO KallWJIJISIPOB OHOBPEMEHHO,
; . — Kanmusipsl B coopannoit JIK,
— OYHCTKH KanuJUTSIpoB B coOparHoit JIK,
— BO3MOYKHA aBTOMaTH3aLus Ipoiecca
— aBTOMAaTH3aLMHU IPOLECCa OUHCTKI
VYyactue omnepaTopa CBOAMTCS K  YKJIaJKe

U IOCIENyIomeMy cOOpy OYMILEHHBIX KallvlIs-

poB

[Ipu Tepmuueckold AECTPYKUMU MNOIUUMHUAA
BBIZIEJISIIOTCSI TOKCUYHbIE BellecTBa. TexHomo-
rus moxkapoormacHas. Heobxomumo coOmrome-
HUE TeXHUKH 0e300aCHOCTH

OmnepaTop He KOHTAKTUPYET C TOKCHYHBIMH TIPO-
OYKTaMHd Pa3NIOKEHHsI TOMMMMUA M J1a3epHBIM
n3nmydeHneM. TeXHOJOorusi SBISETCS MoXkapoOe-
30ITaCHON

HeB03MOXXHOCTD HCHONB30BAaHUS NMPH KPYITHO-
cepuitHoM npousBoactee JIK

Bricokuii moTeHIHan npu KPpymHOCEPUITHOM ITPO-
n3Bozctee JIK

HeBbIcOKkasi CTOMMOCTh PacXOJHBIX MaTepPHAJIOB
W TEXHOJOTUU. J[OTOMHUTEIbHBIC PACXOIbI HE-
00X0aMMBI 11 OOecCIieueHHsT TEXHHKH 0e30-
ITACHOCTH

Pacxonnpie martepmansr He TpeOyroTca. Crom-
MOCTh 000pyIOBaHUSI OBICTPO OKYIAaeTCsl TpH
KPYITHOCEPUITHOM TTPOM3BOICTBE

https://www.molex.com/content/dam/molex/molex-dot-
com/en_us/pdf/product-reference-guides/polymicro/user-
guide-
lines/polyimide _removal from_silica fibers_or_ tubes.pdf

. Karger B.L., Nelson R.J. Window burner for polymer

coated capillary columns. European patent application,
application number 90303085.6. Date of publication of
application 31.10.90 Bulletin 90/44.

11.

[Tony4yeHHble pe3ynbTaThl NOKA3bIBAIOT, YTO OYM- 5. Tongbi J., Boise Id. Removal of polyimide from dies.
CTKa KanWUIAPOB IPU NOMOIIM HMIYJIbCHOro Y ®- United States Patent, Patent Number: 5925260. Date of
nasepa SIBJSETCS MEPCHEKTUBHBIM U BBICOKOTEXHOJIO- Patent: Jul. 20, 1999.

THYHBIM METOJIOM. 6. Leduc MR, Linde HG, Viens G.P. Method for removal
of cured polyimide and other polymers. United States Pa-
tent, Patent No.: 6319884 B2. Date of Patent: Nov. 20,
CIIMCOK UCTOYHUKOB 2001.
7. Lindberg P., Roeraade J. A new technique for stripping of

1. Anexcees A.U., Benos I0.B., Manouenxo O.I1., Monaxo- polyimide coating from fused-silica capillaries // Electro-
6a 10.4., Hamvipoe A.H., Opexos B.A., Konoeanoe C.B., phoresis. 1998. Vol. 19, iss. 14. P. 2445-2446. DOI:
Kypouxun B.E., [lempos A.U. 'enetTnueckuil aHaIn3aTop 10.1002/elps.1150191415
ans pparmentroro anammsa JAHK // Hayanoe mpuGopo- 8. Kreuz J.A., Hawkins Ch.M. High speed etching of polyi-
crpoenme. 2012. T. 22, Ne 4. C. 86-92. URL: mide film. United States Patent, Patent No.: 4426253.
http://iairas.ru/mag/2012/full4/Art12.pdf Date of Patent: Jan.17, 1984.

2. Polymicro  Capillary = Tubing Documentation. URL: 9. Bard S.L. et al. Wet etching of thermally or chemically
https://www.molex.com/en-us/products/capillary- cured polyimide. Patent No.: 4846929. Date of Patent:
tubing/capillary-tubing-documentation Jul.11, 1989.

3. Polyimide Removal from Silica Fibers or Tubes, 10. Kapton® Products of Decomposition (dupont.com)

https://www.dupont.com/content/dam/electronics/amer/us
/en/electronics/public/documents/en/EI-10145-Kapton-
Products-of-Decomposition.pdf

Bawapun B.A., Yenyp C.B., Toakau I1.T. u dp. Tokcuko-
JIOTUS TPOAYKTOB TOPEHUSI MOJMMEPHBIX MaTepHajoB: yu.
ITocobue. CII6.: OO0 "Uza-o "Jlemia", 2022. 104 c.

HAVYYHOE I[TPUBOPOCTPOEHME, 2025, Tom 35, Ne 2



JIABEPHAS TEXHOJIOI'MA YIAJIEHNA TTOJIMMMUAHOI'O TTOKPBITUA 13

12. TOCT 12.1.007-76 Bpenmusie BemectBa. Knaccudpukarms ~ Hucmumym ananumuueckozo npuoopocmpoenus PAH,
1 001mue Tpe6oBaHus GE30IaCHOCTH. Caukm-Ilemepoype (Kypouxun B.E., Braoumupos @.J1.,
URL: https://base.garant.ru/3922227/ Anvoexeesa A.C., Kopnesa H.A.)

13. Beuixo B.I1., lllaxno E.A. JlazepHble TEXHOIOTUH B 3a/a-
yax u npuMmepax. YueOnoe mocobue. CII6,: Yuusepcurer  Hayuno-npoussoocmeennoe npeonpusmue 6010KOHHO-

NUTMO, 2014. 88 c. ONMuUUEecKo2o u nazeprozo ovopyoosanus HIIITT
URL: https://books.ifmo.ru/file/pdf/1715.pdf "BOJIO", Cankm-Ilemepoype (Bonxkos M.B., Llusx-
14. Unfilled Thermoset PI (ASTM D6456 Type I). mun M.C., 7Kypba /].B.)
URL: https://www.makeitfrom.com/material-
properties/Unfilled-Thermoset-PI-ASTM-D6456-Type-1
15. KBapueoe crexio (Bukunenus). URL:

Konrakter: Baadumupos @edop Jlveosuu,

https://ru.wikipedia.org/wiki/%D0%9A%D0%B2%D0%B fedor.vIv3008@gmail.com

0%D1%80%D1%86%D0%B5%D0%B2%D0%BE%D0%
B5_%D1%81%D1%82%D0%B5%D0%BA%D0%BB%

0,
DO%BE Martepuan noctymmi B pemakuuio 20.01.2025

HAVYYHOE ITPUBOPOCTPOEHME, 2025, Tom 35, Ne 2



NAUCHNOE PRIBOROSTROENIE, 2025, Vol. 35, No. 2, pp. 03—19 ISSN 0868-5886

LASER TECHNOLOGY FOR REMOVING POLYIMIDE
COATING FROM QUARTZ CAPILLARIES

V. E. Kurochkin', F. L. Vladimirov', A. S. Al’dekeeva’',
N. A. Korneva', M. V. Volkov’, M. S. Shlyakhtin®, D. V. Zhurba®

'nstitute for Analytical Instrumentation of RAS, Saint Petersburg, Russia
2JSC "Scientific Industrial Enterprise of Fiber Optics and Laser Equipment"” (NPP VOLO), Saint Petersburg, Russia

The article presents the results of a laser method for removing a protective polyimide coating from quartz
capillaries in comparison with a thermal method using a gas burner. It has been shown that the use of pulsed
ultraviolet laser radiation allows the removal of the protective polyimide coating without the need for additional
mechanical processing of the capillaries, heating, the risk of deformation and defectation of the capillaries. La-
ser technology for removing polyimide coating from quartz capillary allows for high reproducibility of the tech-
nological process and is promising for commercial production of capillary arrays.

Keywords: laser technology, removing of polyimide coating, quartz capillary
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METHODS OF CAPILLARY CLEANING

One of the main elements of the genetic analyzer
Nanofor05 and other devices based on capillary elec-
trophoresis is the capillary set (CS), which largely
determines the main characteristics of the device [1].
The capillaries used to create the CS are coated with
a polyimide protective coating to ensure mechanical
strength [2]. When manufacturing the CS, it is neces-
sary to locally remove the protective coating from the
capillaries to ensure high optical transparency in the
detection zone.

Capillary manufacturers recommend various me-
thods for removing the protective coating [3] — ther-
mal, chemical, mechanical and laser.

Thermal methods for removing the protective coat-
ing include the use of a gas burner flame, the use of
various electric heaters, a muffle furnace, and plasma

[3].

As the simplest thermal cleaning method, the capil-
lary manufacturer suggests using a lighter flame [3],
noting that such cleaning is quite effective but leads to
increased fragility of the quartz capillary in the clean-
ing zone. As the best method of thermal removal of
the protective coating, it is recommended to use
an oxygen-hydrogen flame, which removes polyimide
well and leaves the capillary strong. However, the
high temperature of the hydrogen flame — up to
2600 °C — can lead to deformation of the capillary.
The use of propane, butane, and other gas burners is
also possible, although the results are somewhat worse
compared to a hydrogen flame due to the lower flame
temperature (800—1500 °C). At this temperature, trac-
es of polyimide may remain on the capillary being
cleaned.

A good thermal method for cleaning large sections
of capillaries is to use a muffle furnace. At tempera-
tures above 600 °C, carbonization and exfoliation of
the polyimide occurs within 30-60 min. The cleaning
time can be accelerated by increasing the temperature
or adding oxygen to the heated volume. This method
does not affect the strength of the capillary. A varia-
tion of this method is to use an electric heater, such as
a nichrome wire wound on a quartz tube. Such a hea-
ter removes the polyimide coating well but usually
requires additional cleaning. Various implementations
of this method are presented in [4-6]. Electric arc
plasma removes the protective polyimide coating
well, but overheating and melting of the quartz capil-
lary may occur during such cleaning. For chemical
cleaning, capillary developers recommend using con-
centrated sulfuric acid at a temperature of 100-130 °C,
nitric acid vapors [7] at room temperature, and strong
alkalis [8, 9].

For mechanical cleaning, a knife with replaceable
blades is sometimes used, for example, X-ACTO 2.
The use of mechanical cleaning methods can damage
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the capillary and increase the fragility of the quartz
capillary due to the appearance of microdefects.

For laser cleaning, capillary manufacturers rec-
ommend using excimer lasers and infrared lasers,
which ensure clean removal of the protective coating
and inspection of the cleaned capillary zone. Given
the spectral absorption characteristics of the polyimide
coating and quartz capillary, the use of excimer lasers
is more promising than infrared lasers due to the ab-
sence of absorption of excimer laser radiation in
quartz and, as a result, the absence of any damage to
quartz during the cleaning process. The cold ablation
mode is considered the most promising for serial pro-
duction of various elements where it is necessary to
use locally cleaned quartz capillaries [3].

CLEANING CAPILLARIES USING A GAS BURNER

Experimental testing of the thermal and laser
cleaning technology was carried out on Polymicro
Molex [2] TSP050192 quartz capillaries (outer diame-
ter 186+ 6 um, inner diameter of the capillary
50 £ 3 um, thickness of the protective polyimide coat-
ing 14 £ 1 pm).

A gas burner filled with butane was used to clean
the quartz capillaries. The maximum flame tempera-
ture is approximately 2100 °C. Before removing the
protective coating, the capillary is placed in a special
mandrel to fix the capillary and limit the cleaning
zone (10 mm), as shown in Fig. 1.

Fig. 1. The process of cleaning quartz capillaries us-
ing a gas burner.

The advantage of using a gas burner to clean capil-
laries is the low cost of consumables and the technol-
ogy as a whole.

The disadvantages of this method include:

— poor reproducibility of cleaning conditions: tem-
perature, uniformity of heating, time of temperature
exposure;

— after exposure to the burner flame, carbonization
of the polyimide coating occurs, and mechanical
cleaning with a special knife is required, which can
lead to damage and breakage of the capillaries;

— subjective control of the capillary cleaning con-
ditions can lead to both incomplete removal of the
protective coating at insufficient temperature and to
deformation or melting of the capillary at excessive
heating;

— low cleaning speed;

— cleaning of capillaries requires special skills and
high concentration;

— highly toxic substances are released during the
thermal destruction of polyimide;
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— technological limitations: impossibility of clean-
ing several capillaries simultaneously, impossibility of
cleaning capillaries in an assembled CS, impossibility
of automating the cleaning process.

The process of cleaning quartz capillaries using
a gas burner is shown in Fig. 1.

The flame torch has a complex structure and un-
even temperature distribution. The uneven heating of
the capillary during cleaning is seen in Fig. 2 —
an enlarged fragment of Fig. | — making evident that
the temperature of the capillary heated by the burner
flame, according to approximate pyrometric estimates,
varies from about 580 to 1300 °C.

Fig. 2. Uneven heating of the capillary in the burner
flame.

In the region of maximum heating, softening and
deformation of quartz glass can occur, which defor-
mation start temperature is 1180 °C. In the immediate
vicinity of the clamps of the metal mandrel, the capil-
lary is dark, and its temperature does not exceed
600 °C due to heat dissipation, whereas for the de-
struction of polyimide, a temperature of at least 600—
800 °C is required. In this region of insufficient tem-
perature, the polyimide coating is not completely re-
moved and additional mechanical cleaning is required,
which may also lead to damage to the quartz capilla-
ries. Thus, it can be assumed that the causes of defects
in quartz capillaries during thermal cleaning are un-
controlled conditions of removal of the polyimide
coating, uneven heating, the possibility of overheating
the capillary, its deformation, and excessive efforts
during mechanical removal of the carbonized layer.

Examples of various types of defects that arise dur-
ing cleaning of quartz capillaries with a torch flame
are shown in Fig. 3.

Fig. 3. Examples of defects that occur when cleaning
capillaries with a gas burner flame.

a — incomplete removal of the protective coating
due to insufficient temperature or exposure; 6 —
deformation of the capillary due to overheating; B —
breakage of the capillary due to increased brittleness
or excessive force during mechanical cleaning; r —
melting of the protective coating and defects from
mechanical cleaning

The result of cleaning a capillary with a torch
flame under optimal conditions is shown in Fig. 4.
After treatment with a torch flame, a layer of thermal
destruction products of the polyimide coating is
formed on the capillary (a). Mechanical cleaning of

this layer allows us to obtain a cleaned quartz capil-
lary (0).

Fig. 4. Results of capillary cleaning with a torch
flame under optimal conditions.

a — carbonized protective coating after treatment
with a torch flame, 6 — carbonized layer removed
using a special knife

The cleaned capillaries are subjected to careful
visual inspection using a microscope to reject capilla-
ries with defects. Practical experience of using a gas
torch shows that approximately 10% of the total num-
ber of cleaned capillaries have various defects.

Capillaries with identified defects are not used in
CS. In addition to obvious defects, there are hidden
defects of capillaries that are not visually noticeable,
and these capillaries can appear in CS. Preliminary
estimates show that the percentage of capillaries with
hidden defects is approximately 1%. The use of such
capillaries leads to certain defects in CS, which are
detected at the stage of testing finished CS or during
their operation as part of the device.

Of the 747 8 capillaries CS manufactured in 2023,
26 CS had various defects, which is approximately
3.5% of the total number of CS manufactured. 5 capil-
laries out of the total number had clearly expressed
defects of capillaries, which is approximately 0.7% of
the total number of manufactured capillaries. It can be
assumed that with an increase in the number of capil-
laries in a CS, the percentage of defected CS will
grow proportionally to the number of capillaries in the

Cleaning one capillary using a gas burner requires
from 3 to 8 min depending on the operator's qualifica-
tions, and cleaning 100 capillaries requires from 5 to
13 h of working time. Technological limitations de-
termine the possibility of cleaning only one capillary
at a time. This technology does not allow cleaning in
an assembled CS and automating the cleaning process.
In addition, highly toxic substances are released dur-
ing the thermal destruction of polyimide [10-12].
Working with an open flame is potentially hazardous.
The thermal method of cleaning quartz capillaries us-
ing a gas burner is not very suitable for serial produc-
tion of capillary sets due to low productivity and
a high level of defects.

LASER CLEANING OF CAPILLARIES

In order to improve the cleaning quality and mi-
nimize the number of defects, the capillary manufac-
turer [3] recommends using excimer lasers and infra-
red lasers (CO, lasers). Moreover, the use of a CO,
laser is actually a thermal cleaning method, since the
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radiation of this laser is absorbed by both polyimide
and quartz. The use of this laser is attractive due to the
clean heat source and precise temperature control.

To implement the laser cleaning method in this
work, infrared (IR) radiation of a CO, laser (A =
=10.6 pum) and ultraviolet (UV) radiation (A =
=355 nm) were used. The polyimide coating com-
pletely absorbs radiation wavelengths shorter than
450 nm and transmits radiation in the range of 500—
850 nm (Fig. 5). The absorption spectrum of the po-
lyimide coating was obtained on a Hitachi U3410
spectrophotometer.

Fig. 5. Transmission spectrum of polyimide coating.

The polyimide coating also absorbs radiation wa-
velengths longer than 5.0 um. Since polyimide and
quartz have high absorption at a wavelength of
10.6 pm, the protective coating is removed by thermal
heating of the coating material and the capillary itself,
which can lead to the appearance of defects during the
cleaning process.

The results of cleaning using a CO, laser (A =
= 10.6 pm) are shown in Fig. 6. The protective coating
of the capillaries was removed by heating and burning
the coating material. Mechanical cleaning after laser
processing was not performed. The laser radiation
(LR) power was 3.0 W, the LR pulse repetition rate
was 5 kHz, and the scanning speed was 100 mm/s.
Cleaning was performed by rotating the capillary,
since quartz does not allow radiation to pass to the
opposite side due to its absorption. This does not al-
low cleaning more than one capillary at a time.

Fig. 6. Image of a capillary cleaned with a CO, laser
(A=10.6 um)

The image (Fig. 6) shows a periodic structure
along the capillary. The reason for its occurrence may
be related to the melting of the quartz capillary during
laser beam scanning. No remains of the polyimide
coating are noticeable on the cleaned sections of the
capillaries. To eliminate the effect of periodic melting
of the quartz capillary, it is possible to optimize the
processing modes, but the need to rotate the capillary
cannot be eliminated, which creates certain inconve-
niences when using this type of laser.

To minimize heating of the capillary during the
cleaning process, it was proposed to use pulsed ultra-
violet LR with a radiation wavelength of A = 355 nm.
Radiation with such a wavelength is well absorbed by
the polyimide protective coating and is practically not
absorbed by quartz, which allows removing the pro-
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tective coating through the quartz capillary without
rotating the capillary. The use of short laser pulses
makes it possible to implement a laser ablation mode
when heating occurs only in the protective coating,
and the core of the quartz capillary does not have time
to heat up due to the thermal conductivity of the ma-
terial.

The required laser radiation power density for im-
plementing this mode of removing the protective coat-
ing can be estimated using a thin-film model of ther-
mal processes under laser action [13]:

)

T-T hll
( 1 H)plcl 1[ +2‘P

At

where g is the incident radiation power density;

A = (1 — R) is the absorptivity of the protective
coating;

R is the polyimide reflection coefficient;

T, is the initial temperature;

T) is the coating heating temperature;

p1. 2 is the material density (1 — polyimide, 2 —
quartz);

c1,, 1s the material heat capacity (1 — polyimide, 2
— quartz);

hy_, is the material thickness (1 — polyimide, 2 —
quartz);

t is the pulse duration;

4y = > (1)

y— pch )

pzcz\/ajt ’

a2 = (kly 2 /pl, 2 C, 2) 1s the thermal dlffl.lSlVlty of
the material (1 — polyimide, 2 — quartz);

ki, » is the material thermal conductivity (1 — po-
lyimide, 2 — quartz).

The parameter ¥ determines the intensity of heat
removal from the protective coating into the capillary
material and characterizes the ratio of the amount of
heat in the protective coating to the amount of heat
stored in the heated material of the capillary itself. If
Y > 1, heat removal into the capillary material is
small and the protective coating is heated as adiabati-
cally insulated. If ¥ < 1, then the heating of the
protective coating is determined by the thermal con-
ductivity of the capillary, and the characteristics of the
protective coating affect only the amount of absorbed
energy. In the intermediate case, heat exchange with
the capillary material occurs.

The parameters of the polyimide coating [14] and
quartz [15] required to estimate the power density ac-
cording to (1) are given in Tab. 1. Index "1" in formu-
la (1) and in Tab. 1 refers to the polyimide protective
coating, and index "2" to the quartz capillary.
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Tab. 1. Parameters of polyimide and quartz

The initial temperature of the process is 7,, = 300 K,
the heating temperature during laser heating according
to approximate pyrometric estimates is 77 ~ 1800 K.

The absorption capacity of the polyimide coating
for numerical estimates is chosen equal to 4 = 0.7,
since the reflection coefficient at normal incidence
and the wavelength used is approximately 0.1 and it is
necessary to take into account the Fresnel reflection
from the round surface of the capillary.

Since the experimental verification of the proposed
method used a laser source (A = 355 nm) with a pulse
duration of # = 20 ns and a pulse repetition frequency
Foun from 1 to 150 kHz, the same parameters were
used for the assessments.

Estimation of the required power density for re-
moving the protective coating gives the value of the
required laser radiation power density: ¢qo =
= 1.68 - 10" W/m’.

The average laser radiation power required for la-
ser cleaning of capillaries can be found as follows:

7-D?
P=gq,-S=gq,- , (3)s
4
where
zD?* .
S= 1s the area of the laser beam on the sur-

face of the protective coating;
D is the diameter of the laser beam.

Taking into account the duration of the laser pulse
and the pulse repetition rate, the average laser power
can be written:

P=P-1-F, (@),

P, is the peak power of the laser;

t is the pulse duration;

F is the effective pulse repetition rate.

The effective pulse repetition rate is determined by
the laser pulse repetition rate Fy,, and the scanning
parameters. If scanning is performed strictly across
the capillary diameter d, the scanning speed is v, the
scanning range is L, then the effective scanning rate
is:

F = i : F umn *
L
Then the expression for calculating the required la-
ser power can be written as follows:

PH:qO.H.L- D? .
4-t-d F

UMII

).

This value is strongly affected by the accuracy of
radiation focusing and the pulse repetition rate. An
increase in the scanning range reduces the effective
pulse repetition rate. Numerical estimates of the re-
quired laser power are performed for a capillary di-
ameter of d = 180 pm and a scan range of L = 5.0 mm.

The calculation results are shown in Fig. 7. From
the obtained numerical estimates, it follows that for
efficient removal of the quartz capillary protective
coating using reasonable focusing of the laser beam
into a spot with a diameter of 50-100 pum and pulse
repetition rates of 50—100 kHz, it is sufficient to apply
a laser source with a peak power of 1-5 W.

Fig. 7. Dependence of the required laser power on
the laser beam diameter at various pulse repetition
rates.

For the experimental implementation of the laser
cleaning method with minimal heating of the capillary,
UV LR with a wavelength of 355 nm was used with the
following parameters: pulse duration T = 20 ns, pulse
repetition rate 50 kHz, spot diameter 40 pm, maxi-
mum laser power 3 W.

The results of capillary cleaning are shown in
Fig. 8. The cleaning quality during the processing was
monitored visually using a magnifying glass with
a magnification of 10%, the number of scanning passes
was made minimal until complete cleaning in the ob-
served zone. Additional mechanical cleaning of the
capillaries was not performed.

Fig. 8. Results of capillary cleaning using a UV laser
(A =355 nm) in comparison with the thermal method
(cleaning with a gas burner flame).

a— P, =20W, F=50kHz, vy, = 350 mm/s, num-
ber of passes 6;

6 — Py, =2.5W, F=50kHz, v, = 400 mm/s, num-
ber of passes 6;

B— P, =1.7W, F=50kHz, v, = 350 mm/s, num-
ber of passes 7;

r — capillary cleaned with a burner flame under op-
timal conditions

Fig. 8, a, 6, show that there are no traces of capil-
lary melting at the edge of the cleaning zone. There
are no polyimide residues on the quartz capillary; no
mechanical cleaning was performed. The quality of
the capillaries after cleaning is satisfactory.

In Fig. 8, B, the traces of capillary melting are also
not noticeable at the edge of the cleaning zone either.
There are no polyimide residues on the quartz capil-
lary; no mechanical cleaning was performed. The
quality of the capillaries after cleaning is significantly
higher compared to the first experiments.
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Fig. 8, 1, shows the results of cleaning a quartz ca-
pillary with a gas burner flame under optimal condi-
tions. The quality of capillary cleaning with laser rad-
iation (Fig. 8, a—B) is practically no different from the
quality of thermal cleaning (Fig. 8, ). With further
optimization of the laser processing modes of capilla-
ries, it is possible to obtain a higher quality of clean-
ing.
A trial set of capillaries was collected from capilla-
ries cleaned with a UV laser and tested on the Nano-
for 05 device. The background radiation in the CS
made from UV laser-cleaned capillaries is approx-
imately 20000 units, which is comparable to the
background level of the CS made traditionally from
burner flame-cleaned capillaries. In addition, spatial
calibration was carried out (Fig. 9).

Fig. 9 shows a table with the results of spatial cali-
bration, a graph with the profile of Raman scattering
of laser radiation on water in capillaries. The envelope
of the peak maxima on the graph has a bell-shaped
form with a maximum in the central capillaries. The
peaks in the outer capillaries have an acceptable
spread in amplitudes.

Fig. 9. Test results of the trial set of capillaries.

Thus, the obtained experimental results confirm
the possibility of using UV LR for cleaning capillaries
from a polyimide coating.

The advantages of laser technology for UV LR-
based removing the protective polyimide coating from
quartz capillaries include:

— Good reproducibility of cleaning conditions due
to the high stability of laser parameters.

— Low expected level of capillary defects as a re-
sult of the high stability of cleaning conditions and the
absence of a subjective factor when choosing the op-
timal mode.

— Cleaning is performed in the cold ablation mode
without noticeable heating of the capillary and ther-
mal deformations, since short pulses are used for
cleaning and quartz does not absorb UV LR.
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— During the cleaning process, the polyimide pro-
tective coating is completely removed, mechanical
cleaning of the capillary is not required, there is no
risk of mechanical damage to the capillary.

— The operator's participation in the cleaning
process is reduced to laying the capillaries on the ob-
ject table and collecting the capillaries after cleaning.

— The expected level of defects during laser clean-
ing of capillaries is less than 1.0%, which is signifi-
cantly lower than when using a torch flame to clean
capillaries (about 10%).

— High cleaning speed: for simultaneous cleaning
of 100 capillaries, it will take about 1 min, which is
significantly less than when using a torch flame to
clean capillaries (from 5 to 13 h).

— Laser cleaning is highly technological. Switching
to other capillary sizes will have virtually no effect on
the cleaning modes and the speed.

— UV LR-based cleaning allows processing of CS
without the need for its rotation.

— Laser cleaning can be easily automated. During
the process of cleaning capillaries, objective quality
control of cleaning is carried out.

— Laser cleaning does not require any consu-
mables.

— Laser cleaning is a safer technology compared to
gas burner cleaning. The laser unit can be equipped
with a local exhaust and a system for removing de-
composition products. The operator is outside the
cleaning zone. The operator does not come into con-
tact with toxic polyimide decomposition products and
laser radiation. The technology is fireproof.

The features of laser capillary cleaning technology
in comparison with the features of capillary cleaning
with a gas burner are presented in Tab. 2.

Tab. 2. Features of laser capillary cleaning technolo-
gy in comparison with capillary cleaning technology
using a gas burner

The results obtained show that cleaning capillaries
using a pulsed UV laser is a promising and high-tech
method.



