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I Mosvipcruii 2ocydapemeennviii nedazoeuueckuii ynusepcumem um. M. IT. [llamsxuna,
Mosvips, Tomensckas obracme, Pecnyonuxa Berapyco
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BJIMAAHUE ABTOOBJIYYEHUA HA ®OPMUPOBAHUE HAHOPASMEPHBIX CJIOEB
30JI0TA TP HOHHO-JIYYEBOM HAIIBIVIEHUN

AHHOTaIMs1. MeTo710M HOHHO-ITyYeBOI0 HAaNbUIEHUS IOy Y€HbI IIIEHKH 30710Ta TONIMHOMN 2—13 HM Ha KpEMHHEBBIX M KBap-
LIEBBIX MOI0KKaX. IToka3aHo, 4TO MPHMMEHEHUE NOMONHUTENBHOM ONepaliy HallblIEHHs C MOCNIEAYIOIUM PACTIBIIIEHHEM CII0s
30J10Ta TOJIMHON 2—3 HM MO3BOMISET CHU3UTH IIEKTPUUYECKOE COMPOTUBIIEHNE H MTOBEPXHOCTHYIO IEPOXOBATOCTH MOJIyUaeMbIX
MEeTaJIJTMYECKUX MJIEHOK M0 CPABHEHHIO C aHAJIOTMYHBIMHU TIJIEHKaMHU, NOJTyYeHHBIMH O€3 €€ NCoNIb30BaHus. Pe3ynbraTel H3mMe-
pEHHUS TeMIIepaTypHOro K03 pUINEeHTa COTPOTHBICHNS 00Pa3L0B HAHOPA3MEPHBIX IUICHOK 30JI0TA HA KPEMHHUEBbIX ITOAJIOKKAX
TIO3BOJIMIIN 3aKJIIOUUTh, YTO HAIBIISEMbIE TNIEHKH CTAHOBATCS CIUIOIIHBIMM IPH TOMILUHE 6—8 HM. Pe3ynbTaTsl onTHYECKNX
U3MEPEHMI TIJICHOK 30710Ta TONIIUHOM 10 HM, TI0JTy4eHHBIX Ha KBAPLEBbIX MOUI0XKKAX, TOKA3aJIH, 4TO KOI(Q(HIUEHT OTpaKeHHs
9NIEKTPOMArHUTHOIO U3JIydeHUs Ha JuinHe BonHbI 850 HM Ha 2,8 % BbILIE COOTBETCTBYIOMIEro KO(QGHUIIMEHTA Ul TaKHX Ke
IUICHOK, MOJIy4eHHBIX 0€3 HCIO0JIb30BaHuUs JaHHOU onepauuu, 1 cocrasiser 83 %. BaxHyro ponb B (JopMUPOBAHUM HaHOpA3-
MEpHBIX CIIOEB 30JI0Ta UTPAIOT IIPOLECCHI ABTOOOIYYEHH I PACTYIIEr0 CJIOSI BLICOKOIHEPreTHUECKON COCTABIIAIONIEH T0TOKA aTo-
MOB 30510Ta. [Ipy MCIIONB30BAHMN JOMOTHUTEIBHON OIEPalliy HAIBIICHU/PACIIBIICHUS IPOUCXOAUT BHEIPEHHE B MOIIIOKKY
BBICOKOPHEPI€THYECKUX aTOMOB 30JI0Ta Ha Ii1yOuHy 10 2 HM. C OHOIf CTOPOHBI, 9TU aTOMBI SBJISIOTCA HCTOYHUKAMHU TOYCUHBIX
Je(heKToB B IIPUIIOBEPXHOCTHOM HapyIICHHOM CJI0€ IOAJ0XKKH; a C APYTOi — OHU CIIy’KaT JAOHOIHUTEIbHBIMH LIEHTPAMU KJIa-
cTepoobpa3oBaHus. 3a cYeT 3TOro oOecreynBaeTcsl BbICOKAs aAre3us clIos MeTaja K MOIJIOKKE, U, KaK CIEACTBHE, IJIEHKU
30J10Ta CTAHOBATCS CIIOMIHBIMU M G0Jiee OIHOPOHBIMH 10 MUKPOCTPYKTYpe. MeTOI HOHHO-ITy4EBOT0 HAIIbLICHH S MOJKET OBITH
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INFLUENCE OF THE AUTOIRRADIATION ON NANOSIZED GOLD LAYERS FORMATION BY THE ION-
BEAM DEPOSITION

Abstract. 2—13 nm gold films were obtained by the method of ion-beam sputtering on silicon and quartz substrates. It is
shown that the use of an additional operation of deposition followed by the sputtering of a gold layer of 2-3 nm thickness
makes it possible to reduce the electrical resistance and surface roughness of the metal films, in comparison with similar films
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obtained without its use. The results of measuring the temperature coefficient of resistance of nanosized gold films on silicon
substrates allowed us to conclude that the films deposited become continuous at a thickness of 6-8 nm. The results of optical
measurements of 10 nm gold films, obtained on quartz substrates, showed that the reflection coefficient of electromagnetic
radiation at a wavelength of 850 nm is 2.8 % higher than the corresponding coefficient for the same films obtained without
using this operation, and is 83 %. An important role in the formation of nanoscale gold layers is played by the processes of
self-irradiation of the growing layer of the high-energy component of the gold atoms flux. When using an additional operation
of deposition/sputtering, high-energy gold atoms are implanted into the substrate to a depth of about 2 nm. On the one hand,
these atoms are point defects in the surface damaged layer of the substrate; on the other hand, they serve as additional centers
of cluster formation. This ensures strong adhesion of the metal layer to the substrate and, therefore, the gold films become
continuous and more homogeneous in microstructure. The method of ion-beam deposition can be successfully applied to ob-
tain high-quality conductive optically transparent nanosized gold films.

Keywords: ion-beam sputtering/deposition, nanosized gold layers, electric resistance, surface roughness, autoirradiation
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BBenenue. HanopasmepHbIe clion METaJIJIOB TOJIIMHON B HECKOJIBKO €UHUIL — JIECITKOB HAaHOMeE-
TPOB MPEICTABISAIOT COO0W OOJNBIION HAYUHBIM M MPAaKTHUYECKUH nHTEpec. B yacTtHocTH, ocoboe BHU-
MaHHe K 30JI0TY, CBA3aHHOE C €T0 MOBBIIIEHHON CTOHKOCTHIO K KOPPO3UH U BHICOKOH 3JIEKTPOIPOBOIHO-
CTBI0, O0YCIIOBHIIO €T0 HIMPOKOE MPUMEHEHHE B PA3JIMYHBIX 00JIACTAX DIIEKTPOHUKH U IPHOOPOCTPOE-
HUW B Ka4eCTBE MPOBOMASIIUX W 3aIIUTHBIX MOKPHITHH. Kpome TOro, crmocoOHOCTh HaHOPa3MEPHBIX
cioeB 3o70Ta [1, 2] mpomyckaTh 0oJiee MOJIOBUHBI MAJAIONIETO cBeTa IpH moriomeHun B 10-20 % [3]
ITO3BOJIIET MX HMCIIOJIB30BAaTh B YCTPONCTBAX IMJIA3MOHUKH ¥ HAaHO(OTOHWKH [4, 5], HAapuMep, B TIa3-
MOHHBIX IIelsiX [6], HaHONma3epax [7], onTuyeckux Meramarepuanax [8], (POTOHHBIX THMEPKPHUCTAI-
nax [9] u 1. 1. B cBsI3U ¢ 9THM MOTyUYEHUE KAUeCTBEHHBIX CJIOCB 30JI0Ta HAHOMETPOBBIX TOJIIUH SBIISI-
eTcsl BAKHOM Hay4YHO-TEXHUUYECKOU 3a/1aueil.

OnHuM U3 KIIOYEBHIX (DAKTOPOB, ONPENENSIOMNX CTEIICHb KauecTBa MOJIy4aeMbIX TOHKHX CJIOEB
METaJJIOB, AUAJIEKTPUKOB U TIOIYIIPOBOJHUKOB 1 BIUSIONIMX Ha XapakTep MPOTEKAIOUINX B HUX (uzu-
YEeCKUX MPOIECCOB, HATPUMED CBSI3AHHBIX C TIPOIECCAMH TOKOTIEPEHOCA, SBISETCS IIEPOXOBATOCTH I10-
BepxHOCTH. C YMEHBIIIEHHEM TOJIIMHBI 3TOT MapaMeTp HAaYMHAET BHOCHTH BCE 0OJiee 3aMETHBIN BKJIa/l
B 3JIEKTPOCONPOTHBIIEHNE METAJUIMYECKHUX TJIEHOK Yepe3 3epKalbHOE OTPaKeHHE DJIEKTPOHOB OT 00e-
HUX MOBEPXHOCTEH MJIEHKHU.

Jlnst modydeHns HaHOpPa3MEPHBIX CJIOEB METAJIJIOB NMPUMEHSETCS IIeNbIN PsJl METOJIOB, CPeIr KO-
TOPBIX 0CO00€ MECTO 3aHUMAET METOJ] HOHHO-IyueBoro Hamnbuienus 3, 10]. Jlanubiii MeToj| ObLI BIiep-
BbIe TpeayiokeH B HaydHO-pakKTHYEeCKOM LEHTpE MO0 MaTepHAIOBENECHUIO ISl CyOHaHOPa3MEepHOTO
MTOJIMPOBAHUST ONTUYECKUX TOBEpXHOCTEH [11] mis SKcTpeMaabHON ONTHKH (ACTPOHOMUS, JIa3epHEIE
3epKajia ¥ TUPOCKOIMBI), a TaKXKe IJIaHAPU3ALUN KEPAMUUYCCKHUX IMOMJIOKEK CETHETORJICKTPUKOB [12]
npu (GOPMUPOBAHUH CIIOUCTBIX MAarHUTORNIEKTPUYECKUX CTPYKTYp [13], Mcmonb3yeMbIX B KadecTBe
CEHCOPOB MAarHUTHBIX MoJieil. OH UMEET psi NPEUMYIIECTB Mepe APYTUMH BaKyyMHBIMH METOIAMHU.
C ofHOI CTOPOHBI, paclbUICHUE SIBISETCS HU3KOTEMIIEpaTyPHBIM MPOLIECCOM, YTO MO3BOJISIET B Kade-
CTBE UCXOJJHOW MUIICHH HCIOIb30BaTh TYTOIUIABKHE MaTeprajbl U CHHTE3NPOBATh COSIMHEHNU S, KOTO-
pBIe TIPAKTUYECKA HEBO3MOXHO MOTYYUTh TEPMHUUECKUM HcnapeHneM. Kpome Toro, mpu HarmblIeHHT
oOecrieunBaeTCsl BBHICOKasi aAre3rss HAHOCUMBIX IUICHOK K MOJJIOKKE, X OJHOPOAHOCTDH IO TOJILIMHE
Y TTIOCTOSIHCTBO XUMHUYECKOro coctaBa. C Apyroi CTOPOHBI, MaJible CKOPOCTH HAIBIJICHUS] MAaTEPHUAJIOB
MTO3BOJIIOT KOHTPOIUPOBATH MPOIECC NX HAHECEHUs W TIPOBOIUTH MCCIIEAOBAHUS KaK Ha HadaJIbHBIX
CTaMSIX 3aPOXKJICHMS, TaK U IPH 00pa30BaHUU CIJIOMIHON IIeHKH [3, 14-17].

JlaHHOe uccreIoBaHue MPEICTaBIsIeT CO00M MPOJoILKeHHEe padoT, HavaThiX B [3, 14, 17], mo ¢op-
MHPOBAHUIO TOHKUX CJIOEB METAJIOB HOHHO-TYYeBBIM METOJIOM M M3YUYEHHIO X CBOWCTB. B WacTHO-
CTH, pa3BUTHE UJEH, CBI3aHHBIX C BO3/IEHCTBUEM BBICOKOIHEPTETUUECKON COCTABIISIIOIIEH TOTOKA pac-
MBUISIEMBIX aTOMOB (aBTOOOyU€HHUE) Ha PACTYILIUH CIIOW MeTajia, MO3BOJISAET OOBSICHUTH MONyUeHHE
Ka4eCTBEHHBIX CIIOEB B HAHOPAa3MEPHOM COCTOSTHUH Ha Pa3TMYHBIX TTOIIIOKKAX.

L]env Oannotl pabomel — UCCIIEIOBAHUE CIIOEB 30J10Ta TONIUHON 2—13 HM, TOJIYYEHHBIX Ha TOJIOK-
Kax KpeMHHS U KBaplla METOJ0M MOHHO-Ty4eBOro HamblieHus [3, 17] ¢ mpuMeHeHHeM JONOTHUTEIbHOMN
OTIepaIliy HAITBUIEHHUS W TIOCIIEAYIOIET0 PACHBIICHHS CIIOSI 30JI0Ta TOIMIINHON HECKOJIBKO HAHOMETPOB.
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MeTtoauka 3KcnepuMeHTAa. /|15 MOIydeHUss TOHKUX CIIOEB 30JI0Ta MCIIOIH30BAJICS METOJ NOHHO-
nydeBoro HambuleHUs. [lepen HampUIEHHEM TPOM3BOAMIIACH OUYMCTKA KPEMHHUEBBIX U KBapLEBBIX MOJI-
JIO’)KEK OT IMOCTOPOHHUX IMOBEPXHOCTHBIX NpuMeceil B TedeHnue 120 ¢ mydykoM MOHOB KHUCIOPOJA SHEP-
rueit meHee 0,3 k3B u Tokom myuka 0,10—-0,15 mA. Hanecenue ciiost 3010Ta Ha TOJJI0XKKY OCYIIECTBIIS-
JIOCh PACIBUICHHEM MUIICHH 30J10Ta MOHAMHU KHCIopoaa ¢ 3Heprusimu 1,5-1,6 k3B u TokoM MOHHOTO
nyuka 0,10—0,25 MA B Bakyyme He xyxe 0,2 [Ta. Ckopoctb HanbuieHus coctanisiia 0,15 Mkm/4.

JL1st HambIIIeHUsT HAHOPa3MEPHBIX CIIOEB 30J10Ta UCTIONB30BAIUCH TPU PEKUMA: HETIOCPEIICTBEHHOE Ha-
nplIeHne (pekuM 1), HarmbUIEHHE ¢ BpallleHHeM MO/JIOKKH 0e3 JIOMOTHUTEIBHOTO PAaCbUICHUS (PEXUM 2)
Y HaIbLICHHE C BPAIICHUEM TIOJIJIOKKH U JIOTIOTHUTEILHBIM HAIlbLJICHUEM/pacibIEHHEM HaHOPa3MEPHOTO
cnost 30510Ta (pexum 3). [Ipu ucrnoib30BaHUK TOTOTHUTEIBHON ONepaliiy HAITbUICHHS/PACTIBIICHUS ITEPE/T
HarblJICHHEM OCHOBHOT'O CJIOSI Ha MOJJIOXKKY HAHOCHIICS IEPBOHAYAIBHBIN CIIOW 30J10Ta TOIILUHON 2—4 HM
B Teuerne 50—100 c. PacmpuieHne 3TOro ciios OCyIIECTBISIIOCh HOHAMH KHCIIOpOJa ¢ DHEprueid MeHee
0,3 k3B u ToxoMm myuka 0,10—0,15 MA 10 CUE3HOBEHUS METATTMYECKON MMPOBOAUMOCTH.

DJNeKTpUYecKre U3MEPEHHS TTPOBOIUIIUCH C TIOMOIIBI0 CTAHJAPTHOTO JIMHEHHOTO YeTHIPEX30H10-
Boro metona [18] Ha ocHOBe yCTaHOBKH mM3MepeHus yaenbHoro conpotusieHus MYC-3. Ilo pesynbra-
TaM M3MEPEHMH PacCYMTHIBAJIOCH MIOBEPXHOCTHOE comporuBieHue R, (Om/[]). Onpemenenue Tommm-
HBI HAHOPa3MEPHBIX CIIOEB 30JI0Ta BCeX 00pa3loB MPOBOIUIIOCH 110 IKCIIEPUMEHTAIEHON 3aBUCHMOCTH
TOJIIIUHEI OT BPEMEHU HAIBUICHHS MPU (PUKCHPOBAHHBIX PEKUMax HAIbUJICHHS. TeMIepaTypHbIid KO-
a¢punment conporusienus (TKC) paccunteiBanics B TemmnepatypHoM uHTepBajie ot 293 mo 373 K co-
TJIacHO BhIpaxkeHUIo o = 1/Ry(R—Ro)/(T-Tp).

[oBepxHocTHast MOpdosorust 00pa3oB HCCIe0BalaCh METOJAMH aTOMHO-CHUJIOBOW MHUKPOCKO-
nuu (ACM) Ha ckaHupyIomeM 30H10BoM Mukpockone NanoEducator. [Iporpammusiii kommiekc MTM
Surface Explorer Ha ocHoBannu fanHbIX ACM MO3BOJNI MONYYUTh N300pakeHUsI TPOQHIIS TOBEPXHO-
CTH M paccyuTaTh 3HaYCHUS e cperHeapuPMeTHIecKoil R, 1 cpeHeKBaIpaTHIecKoi R, IepOXoBaTo-
cTHU. JI71s HATTATHOCTH HEPOBHOCTH MOBEPXHOCTH MPOTPAaMMOM OBLITH NCKYCCTBEHHO yBEITHMYEHBI.

CreKTpbl OTpaXXeHUS M MPOIYCKaHUS MJICHOK 30JI0Ta Ha KBAPLEBBIX MOAJIOKKAX OBLIH IOy YEHBI
Ha cnektpodoromeTpe HITACHI-340 B maTepBane mqiauH BoH oT 200 10 1000 HM.

PesyabTaThl U MX 00CysKIeHHMe. 3aBUCUMOCTb NOBEPXHOCTHOIO AJIEKTPOCONPOTHUBIECHUS R OT
TOJIIIUHEI d JJIS TIJIGHOK 30JI0Ta B 00JacTH TOMIIHH 2—13 HM MMeeT XapaKTepHBIA BHJl yOBIBAIOIICH
¢yuknuu (puc. 1). TloBepXHOCTHOE AIIEKTPOCONPOTUBICHHE TAKKE YMEHBIIACTCS KakK IMPH Bpalie-
HUU TIOJJIOKKH, TaK ¥ BBEJACHUU JIOMOJHUTEIHFHOW ONepaliy HaIbUICHUs/PaclbUICHUs] HaHOpa3Mep-
HOrO cJjos 3onota (puc. 1, Tabmn. 1), mpuyeM B TIOCIEAHEM Cily4yae 3TO yMEHBIICHHUE SIBIsieTcs Oolee

'./ MaccuBHblit 06paseL| Tadnuwma 1. 3HayeHUS NOBEPXHOCTHOrO
204 ¥ 3JIEKTPOCONPOTHBIIEHUS Ry HAHOPa3MepHbIX
VA cJI0€B 30J10Ta, a TaKXKe cpeJHeapupmeTHyecKkoii R,
2 ‘-\ W CPeIHEKBA/IpaTHYeCKoli R, mepoxoBaTocTH HX
q 15 ‘. MOBEPXHOCTH B 3aBHCHMOCTH OT TOJIIUHBI d U YCJIOBHI
= '\ . / HANbLIEHUS
o
& 10 “\ Table 1. Surfaceresistance R, of nanosized gold
\,\ 4 layers, arithmetic-mean R, and root-mean-square R,
N \\ A\ roughness of their surface in dependence on a thickness d
54 3 e .\g\A\ and deposition conditions
St —
0 . . . . . . . TosnmuHa cios TTlapameTpsl Pewnm nonyuenus
0 2 4 6 8 10 12 14 30J10Ta, HM CJIOEB 30J10Ta peKUM 1 peXUM 2 PeKHM 3
d. 2.5 R,owO | 194 | 175 | 147
Puc. 1. 3aBHCHMOCTH TOBEPXHOCTHOTO DJIEKTPOCONPOTHB- R/R., um - - 0,2/0,3
nenust Rg oT Tonmmuebl d cloeB 30710Ta, MONYYEHHBIX He- 5,0 R,, Om/0] 8,7 7.6 6,2
MOCPEACTBEHHBIM HamblicHHEM (/), ¢ BpaLICHUEM MO/JIOXK- RR.. it ~ ~ 0.1/0.2
K (2), ¢ BpallleHHEeM TIOJIOKKH U HPHUMEHCHHEM Olepalin
HAMBIIEHUA/PACTIBUIEHHS] HAHOPA3MEPHOTO 105 30710Ta (3) 10,0 R, Om/U] 4.9 4,0 3,3
Fig. 1. Dependence of surface resistance R, on a thickness d R,/R., am - 0,6/0,8 | 0,3/0,4
of the gold layers obtained by the direct deposition (/) with 13,3 R,, Om/C] 4,0 33 2.8
a substrate rotation (2), with substrate rotation and additional RIR 2 7
application of a nanosized gold layer deposition/sputtering (3) o'tz IM 0,2/0,3 _ 0,2/0,3
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3HAUMUTEIbHBIM. HaumeHbliee 3Hau€HUE yIEJIBHOIO 3JICKTPOCOIPOTUBIICHUS, MOJIYyUYCHHOE KaK IIpo-
N3BEJCHNE TOBEPXHOCTHOTO CONPOTHUBIICHUS HA TOJILMHY IUIEHKH, OKa3ajoch paBHbIM ~31 OM-HM,
YTO HPEBBIIACT COOTBETCTBYIOIIEE 3HAUYCHUE P IS 30J10Ta B MACCUBHOM COCTOSIHUH, KOTOPOE IIPH
293 K cocrasiuser 2,35 107 Om- M (23,5 Om- M) [19].

OTHOCHUTENBHBIN BKJIAJ TOBEPXHOCTU B IEKTPOPHU3MUECKUE CBOWCTBA MPOBOIALINX IIJICHOK yBe-
JIMYMBAETCSl C YMEHBIICHUEM HMX TOJILUHBI, IOATOMY IOBEPXHOCTHOE 3JICKTPOCONPOTUBIICHUE R, Xa-
pakTepu3yeT CIoCOOHOCThH HE TOJIBKO IMPUIIOBEPXHOCTHBIX 00JIACTEH, HO M BCEHl HAHOMETPOBOH MJICHKH
B LIEJIOM IPOTHBOEHCTBOBATH MPOTEKAHUIO MIEKTPUUECKOro Toka. CiienoBarenbHO, OHO OTPaKaeT cTe-
MIeHb KauecTBa IIJICHKH B CMBICJIEC €€ CIUIOUTHOCTH M OJHOPOIHOCTH KaK I10 TIyOMHE, TaK M BAOJIb IO-
BEPXHOCTH, @ YMEHBIIEHUE R C POCTOM TOJIIHMHBI CBUACTEILCTBYET 00 yBEIMUECHUH CTEIIEHU OTHOPOI-
HOCTH IIPH MEPEX0/Ie OT HECIUIOMIHBIX MJIEHOK K MacCUBHBIM 0Opa3uaM. TonmmHaa MacCHBHOTO 00pa3ia
JIOCTATOYHO BEJIHMKA MO CPaBHEHHIO C pa3MepOM XapaKTEpPHOM HEOJHOPOAHOCTH Ha €ro NMOBEPXHOCTH,
MOATOMY COCTOSIHHE MOCJEIHEH He UTpaeT CKOJIbKO-HUOYAb 3HAYMMOH ponu. B aTom ciydae ynensHoe
3NEKTPUYECKOE COMPOTUBIIEHNE Py IOCTOSIHHO M TOBEPXHOCTHOE AJIEKTPOCONPOTUBIICHHE YMEHbIIAeTCA
o 3aKoHy Ry = pg/d ¢ pocToM TONIIUHBI d cnosi (cM. puc. 1, mpepbiBUcTas JuHus). OnHAKO B claydae
TOHKHUX TUIEHOK CYIIECTBEHHO OOJIbILINE 3HAYEHUS YIEBHOIO AIEKTPOCONPOTUBIEHUS P MPUBOASAT, CO-
OTBETCTBEHHO, K OOJIBIINM 3HAUCHHSIM MTOBEPXHOCTHOTO AJIEKTPOCOMPOTHBIICHHUS.

OueHp BaxkHYI0O HMHPOpPMALHIO 00 YIBTPATOHKHUX CIOSX METAJUIOB MOTYT IPEIOCTaBUThH JaH-
Heile 0 TKC. YMmenblieHne temmeparypHoro koddduiuenta o MIEHOK 3070Ta TONIUHOKW 10 HM
¢ 4,07-10° K 10 2,72-107* K'!, nonyueHHBIX Iy MCIIOIB30BAHUH JOMONTHUTEIBHOMN ONEPAUN Ha-
MBLUICHUS/PACTIBIICHHS], CBUACTEIBCTBYET 00 yIyUIICHHH WX TEPMOCTAOMIBHOCTH B JIAHHOH 00JIacTH
TOJIIIUH HaHOpa3MepHBIX MIeHOK. [Ipu 3Tom ¢ poctom Tommuusl meHkn TKC crpemutcs k cBoemy
3HAYCHHIO, XapaKTepHOMY JJIs1 00BEeMHOTO MaTepHaa (puc. 2), 9TO CBUIETEIbCTBYET O (POPMUPOBAHHUH
CIUTOIIHOM MPOBOAIICH MIIEHKH. 3HaYeHNEe JAaHHOTO KOO PHUITMEHTA JJIs 30JI0Ta B MACCUBHOM COCTOSI-
HUH TIPH KOMHATHOI TEMIIEpaType Ha IOPsIOK BhIIIe i cocTasisier 3,9 - 107> K! [20].

Cwmena 3raka y TKC ¢ «—» Ha «+» B obmacTu TomuH 6—7 HM (CM. prC. 2) CBUIETEIBCTBYET O Tepe-
XO0JIe IIJIEHKH OT OCTPOBKOBOI'O THIIAa MUKPOCTPYKTYPbI K ceTuaTomy [21]. B oGiactu ¢ oTpunaTebHbIM
TKC xapakTepHa OCTPOBKOBasI MPOBOAUMOCTb, KOTOpAsl OMPEIESETCs] PACCTOSIHUEM MEKIY OCTPOB-
KaMHM, UX pa3MepaMu U TeMIiepaTypoil. TemmneparypHas 3aBUCUMOCTD yJI€JIbHON 3JIEKTPOIPOBOAHOCTH
HMEET aKTUBALlMOHHBIN XapaKTep U OTBEeUaeT ypaBHEeHUIO AppeHuyca [20]

c=AT -exp & , ()
kT
000440 = = — f - - - - m - - - — = rie A — He 3aBUcCsIIas OT TEMIIEpaTy pbl IOCTOSH-
Hasi, Ey — DHEprus axTUBALUUHU DIJIEKTPONPO-
BOJIHOCTH.

OCHOBHBIMH MEXaHHU3MaMH B 3TOH 00JIACTH,
OTBETCTBEHHBIMHU 3a MEPEHOC 3apsjia, ABIAIOTCS
TEPMOSJIEKTPOHHASI AMUCCUS M TYHHEIMPOBa-
HHE 3JIEKTPOHOB, PACIOJOXKEHHBIX BBILIE YPOB-
Hst @epmu. C pocToM TeMIIepaTypbl TPOUCXOTUT
YBEJIMYEHHUE Pa3MEpPOB METAJJINYECKUX OCTPOB-
KOB M B HEKOTOPBIX 00TACTAX HECIIJIONTHOH TIJICH-

KH TIPOMCXOUT UX CIWSHHE, TPUBOIA K PE3KOMY
BO3pACTaHUIO DJIEKTPOIPOBOJHOCTU. YIEIBHOE

TKC maccuBHoro o6pasua
(3,9-10°%K™)
0,002

o, K

0,000

~0,002 -/

2 4 6 8 10 12 14
d, HM

Puc. 2. 3aBucumocTh TemmepaTypHOro koddduiuenrta siek-

TPOCONPOTHUBICHUS O OT TOJLIMHBI d CJIOEB 30JI0TA, MOJY-

YEHHBIX HaNblICHUEM C IPUMEHEHHEM OIepalliy Harlblie-
HUSI/pacIblIICHISI HAHOPA3MEPHOTO CII0S 30JI0Ta

Fig. 2. Dependence of the temperature coefficient of

resistance o on the thickness d of gold layers obtained by the

deposition with additional application of a nanosized gold
layer deposition/sputtering

AIIEKTPOCONPOTUBIICHHE M €r0 TEeMIEPaTypPHBIH
KOO(PHUITUEHT 3aBUCAT OT OTHOCHTEIHEHOTO 00B-
e€Ma CIUIOIIHBIX YYaCTKOB IIJICHKH M SIBJISFOT-
cs CyMMOH JBYX COCTaBJISIIOIIMX, CBS3aHHBIX
CO CIUIOIIHOM M HECIUIONIHON YacTSIMM IIICHKHU.
OnHaKo B OTIIMYHME OT TOHKHX CJIOEB, IPEICTaB-
JICHHBIX XWMHYECKH aKTHBHBIMH MaTepUallaMH,
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B CJIyyae IJICHOK 30JI0Ta 3TO HE MOXET ObITh CBSI-
3aHO ¢ 00pa30BaHUEM MOTYIPOBOASIINX OKCH/IOB
BCJIEACTBHE T'€TTEPUPOBAHUS I'a30B U3 aTMocde-
pol [20]. IIpu nepexose B 00JaCTh C MOTOKHUTEINb-
HBIM KO3(QHUIIMEHTOM (. HaYMHAeT MpeodiagaTh
¢u3MUecKr HECIUIONIHAS, CceT4aras CTPYKTypa,
KOT/Ia OCTPOBKHU WJIM I'PAHYJIbI DJIEKTPUUECKHU CO-
eIMHSIIOTCS APYT C APYTOM, 00pasys MPOBOJISIIUC
MOCTHKH.

B obnactu cymecTBOBaHUS CIUIONIHBIX OJHO-
POAHBIX IJICHOK HAaMOOJBLINK BKJIAJ B YACIBHOE
3JIEKTPOCONPOTHUBIIEHUE BHOCUT PACCESHUE 3JIEK-
TPOHOB Ha CTPYKTYPHBIX Je(eKTax (B OCHOBHOM,
Ha OJUHOYHBIX BAKaHCHUSIX U 00pPa30BaHHBIX UMHU
KJIAaCTepax BHYTPH 3€peH, a TakXKe Ha I'paHuLax
3epeH), €clIM UX TOJIIMHA CPaBHMMAa WJIM IIpe-
BBIIIACT CPEIHIOW JJIMHY CBOOOIHOrO mpobera
3JIeKTPOHOB. 11151 30710Ta 11MHa CBOOOIHOTO MPO-
Oera aJIeKTPOHOB cocTaBiisiet 37,7 um [22].

B Merannax ¢ HU3KUM yJIEJIbHBIM 3JIEKTPOCO-
NPOTUBJICHHEM (hopMa IpaHull 3epeH He OKa3bIBa-
€T 3HAaYUTEJIBbHOTO BO3JCHCTBHUS HA MPOLECC pac-
CesTHUSI HOCUTENICH, TTOCKOIBKY T'PaHUIBI UMEIOT
HEeOOJIBIIYIO TOJIIMHY 10 CPABHEHHUIO CO CpeIHEH
IUTHHOM CBOOOIHOTO Ipodera 3JIeKTPOHOB ITPOBO-
JUMOCTH.

Pesynmsraret  ACM  uccrnefoBaHHid TOBEPX-
HOCTH 00pas3loB CJIOS 30JI0Ta TONIUHOW 10 HM
(puc. 3), MOMYYEHHBIX B Pa3HBIX PEKHUMax, IO-
Ka3aJM, YTO BKJIOYECHUE IOTIOJIHUTEIBHOW Ole-
pauuy HambLICHUS HAHOPA3MEPHOI'O CIIOSI 30J10-
Ta U €ro MOCIHeIyIOEero PaciblICHHUs TIPUBOIUT
K YJIy4YIICHUIO KadecTBa MOBEPXHOCTH, O YEM
CBHUJICTEILCTBYET CHIDKEHHE €€ IIepOXOBATOCTH
(cMm. Tabmn. 1). OOpaser, MONYYSHHBIH C HUCHOIb-
30BaHUEM JONOJIHUTEIBHON OIepaluy Hallblile-
HUs1/paclbUIeHUs], IPU BU3YaIbHO OoJiee TiIaIKou
MOBEPXHOCTH U, COOTBETCTBEHHO, 00je€ HU3KHUX
MoKa3aressix MepoxoBarocTu R, u R, (cMm. Tab. 1)
o0nagaeT MEHBIIUM 3HAYEHUEM ITOBEPXHOCTHOI'O
AJIEKTPOCOIPOTHBIICHUS TI0 CPaBHEHHIO ¢ 00pa3-
LIOM, TIOJIy4EHHBIM 0€3 MPUMEHEHHUsI JaHHOH ore-
panuu (cM. puc. 1).

Ha puc. 4 mpencraBieHbl CHEKTpPBl OTpaske-
HUSL M TIPOITYCKaHUS JByX 0OpasloB CIIOEB 30-
noTa ToiaumuHoM 10 HM Ha KBapLEBOU MOIJIOKKE,
MOJYUYCHHBIX B Pa3HBIX yCIOBHsX. M3 rpadukos
ClenyeT, yTo oOpasel, MOJyUYeHHBIH ¢ UCIOIb30-
BAaHUEM OIEPALMU HAINbUICHUS/PACIIBUICHUS, Ha-
yrHast npuMepHo ¢ 700 HM (KpacHBINH U OJVKHHH
NK-criekTp) numeeT 3HaUCHUS KOI(DPHUITUESHTOB OT-
paskeHust R u normomieHus 4 Boiure, a kodpduuu-
€HTa NpoIycKaHus I — HUXKE, YeM aHaJOTMYHbIN

0 X, MKM

Puc. 3. Tonorpadusi moBepXHOCTH 0Opa3LOB CIOEB 30JI0TA

TONIMHON 10 HM, MOJNYYEHHBIX HAIBUICHHEM C BpPAIlCHHU-

€M IOJVIOXKKH (a), C BpalleHHEM MOUI0KKH U TPHUMEHEHUEM

oIepanuy HalbUICHHS/PACIIbUICHHUST HAHOPa3MEPHOTO CIIOS
3oiota (b)

Fig. 3. Surface topography of the 10 nm gold layers, obtained

by the deposition with substrate rotation (a), with substrate

rotation and additional application of a nanosized gold layer
deposition/sputtering (b)
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Puc. 4. CriekTpsl OTpaKeHHS M MPOIYCKaHUsA Ha oOpas3max

30;10Ta ToMMHOM 10 HM Ha KBapLEBOH IMOJJIOXKKE, MOJIY-

YEHHBIX HAMBIJICHUEM C BpallleHUeM NOIJIOXKKH (/) U ¢ mpH-

MEHEHHEM HaIIbLICHUS/PACIIbICHUS HAaHOPA3MEPHOTO CIIOS
3070712 (2)

Fig. 4. Reflection and transmission spectra of 10 nm
gold samples on the quartz substrate, obtained by the
deposition with substrate rotation (/), with substrate
rotation and additional application of a nanosized gold layer
deposition/sputtering (2)



140 Proceedings of the National Academy of Sciences of Belarus. Physical-technical series, 2021, vol. 66, no. 2, pp. 135-144

obpa3err, MoTy4YeHHBIN 0e3 MpUMEHEHUS JaHHOH oneparuu. [IprudeM aHam3 COOTHOIICHUH MEX Iy OIl-
THYeCKUMH Kod(pruIueHTaMu Ha JyTuHE BOHBI 850 HM TSI CJTOCB 30JI0Ta, TIOTYYCHHBIX ¢ TPUMEHEHU-
€M JIOTIOJTHUTEIIHHON orepanuu HamblieHust/pacubuieHus (R = 83,0 %, T=4,6 %, A = 12,4 %) u 6e3 ero
npumenenuns (R = 80,7 %, T = 6,8 %, A = 12,5 %), IO3BOJISIET 3aKIIOYNTH, YTO OTPAKCHHUE YBEIIMINBA-
€TCS B OCHOBHOM 32 CUET YMEHBIIICHHS MPOMYCKAHUsI, a HE TIOTJIOIICHHS BOJIH. DTO CBHUJICTEILCTBYET
0 OoJiee KaUeCTBEHHOM CTPYKTYpE HAaHOPa3MEPHBIX CIIOEB, YTO MOJTBEPKAACTCS JaHHBIMHU HCCIISI0BA-
HUN ACM U 31eKTpUYECKUX U3MEPEHUH.

Takoe ke COOTHOIICHHE MEX]y ONTUYSCKUMU KOI(PPUIIMEHTaMK OTPaXKEHUsSI U MPOIYCKAHUSI Ha-
OJIF0JTaeTCS B ATUX JKE CJIOSIX Ha JutrHe BOHBI MeHee 300 M (OyoxkHuil YD-nuana3oH), OqHaKo Ux ad-
COJIFOTHBIC 3HAYCHHUS TOPA3/I0 MECHBIIE U3-32 OOJIBIIETO MOMJIOIIEHUS 3JICKTPOMArHUTHOTO U3JTyYCHHUSL.
AHaIM3 ONTHYECKUX XapaKTePUCTUK Ha JuirHe BOJHBI 308 HM (00pasell, MoJy4YeHHbIH ¢ TPUMEHEHU-
€M BBIIIICYKa3aHHOW ONepaliy, UMEeT 3HAUYCHUSI COOTBETCTBYIOMIMX Kod(pdunueHToB R = 29,8 %, T =
8,2 %, A= 62,0 %, a 6e3 ee npumenenus — R = 28,7 %, T = 10,4 %, A = 60,9 %) noka3aiu, 4To B JaHHOU
00JacTH JUTMH BOJH OTPa)KEHUE HE3HAYUTEIIPHO YBEIUYHBACTCS 3a CUCT OCJIAOJICHUS MPOIYCKaHUS
IIPU OTHOCUTEILHO HEOOIIBIIIOM BO3pACTaHUU TIOTJIOMICHHS (CM. puC. 4).

Jnst 00bsicHeHMsT (HGOPMHUPOBAHUS KAUECTBEHHOTO CILIONIHOTO CIIOSI METaJllIa Ha MMOBEPXHOCTH IO~
JIOKKH HEOOXOAMMO Y4eCTh, UTO paclpe/ie]ieHne pacbICHHBIX aTOMOB METaJlla 10 SHEPTHH, COriiac-
HO [23], uMeeT HenpepbIBHBIM CIEKTP OT MUHUMAJIbHOU 3HEepruu E i, 10 MakCUMaabHOU E .\, Iepena-
BaeMOI HEMOJBHIKHOMY aTOMY MHIIIEH! HaJEeTArOIIeH YacTUIIeH TP IEHTPAITBHOM YIIPYTOM CTOJIKHO-
BEHHH.

Cornacao MomudunmpoBanHoit Teopun danbkoHe W 3UTMyHAA (TEOpHS JTWHEHHBIX KaCKaJOB),
npeaioxkeHHon B 1981 r. n yuuThIBaromei posib NOBEPXHOCTH B PaCHbUICHUH [24], moporoBast SHEPrus
pacHBUICHUS ONPEICTIAETCS CIIEAYIOIIUM BhIpaKEHHUEM:

EZEL Q)

min = 4
4y (1 - Y)
rae U — sHeprus cyOnumanuu; 4; — MaKCUMasbHasl JOJIsI SHEPIUH IEPBUYHBIX YaCTHILI, KOTOPAst MOXKET
OBITh II€peJjaHa aTOMaM MHILEHU JJIs UX JaJIbHEHIIEro paciblIeHUs B OAHOM CTOJIKHOBEHHH;
4M M
— 112
Y= 2 (3)
(M, +M,)
— MaKCHUMaJIbHas JI0JIs SHEPIMH HAJIETAIOIIE YaCTHIIBL, NIepeaBacMas IIepPBOHAYAIbHO MOKOAIEMYCS
aTOMY MUIIECHH B OJJHOM CTOJIKHOBEHUU; M| U M, — COOTBETCTBEHHO MACCHI HAJIETAIOLIETO U MOKOSIIIe-
rocst aTOMOB.
MaxcuMainbHas SHEPIHs PACIIBUIEHHBIX YaCTHI] PABHA

E . =AE-U. “)

[l 30710Ta TIPH CPEIHEH SHEPTHHU PACIBUIAIONINX HOHOB KHciaopoaa 1,5 koB u BeIOpaHHOM 3Hade-
HuH Heprun cyomumanuu U = 3,8 3B pacuets! mo popmynam (2)—(4) naroT Enin = 19 3B 1 E . =297 9B.

KOIMYeCTBO PACIBUICHHBIX YaCTHI] (S, BBIIETAIOMMX B ¢IMHIYHOM TENECHOM yrie dQ u nMeio-
IUX SHEPTHH, 3aKJIIOUCHHBIE B HHTEepBajie oT £ mo E + dE, annpokcuMupyeTcss PyHKIHEH pacmpene-
nenus [24]

s M E E
=2 ) ®)

= 1+
dQdE 2(E+U)3 E+U

rae U = 3,8 5B, Bu1 koTopoii mokas3aH Ha puc. 5.

[loTok aTOMOB PacHbLICHHOTO METalljla MOKHO YCJIOBHO Pa30WUTh Ha JBE YacTH: OCHOBHYIO U BBI-
cokoauepreTuyeckyio [14, 17]. OcHOBHasl 4acCTh COCTOMT M3 aTOMOB CO CPEIHEU 3Heprueul, mpumep-
HO paBHOM TerioTe ucrnapenus (A 300Ta =~ 4 5B/aTom), a BEICOKOPHEpreTHYecKasi BKIIOYAaeT aTOMBI
¢ s"eprueit ~ 40-200 »B [23, 25].

MakcumMyM Ha pacrpefesieHuH oTBedaeT sHepruu 2,5 3B. HecMOTpst Ha TO YTO AHEPreTUUEeCKUn
cnexTp (5) aTOMOB PACIBUISEMOr0O BEIIECTBa aCHMIITOTHYECKH MPUOIMKAESTCSI K HYIIO Tpu £ — OO, 1H-
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TErpUpys €ro Mo YHEPTUHU 10 HauOOIbIIeH YHEP-
run yacturl 300 3B, MOKHO OIIEHHUTL OTHOCHUTEIIE-
HOE€ KOJTUYECTBO aTOMOB PACHbLIIEMOT0 BEIIeCTBa
B OCHOBHOM M BBICOKO3HEPIe€THUYECKOM 4YacTsAX 1,0
cnekTpa. Eciu mpuHSTH, YTO HHU3KOIHEPreTH-
Yeckas IpyIIa aTOMOB XapaKTEPH3yeTCsh DHEp- arom, 16 %
TUSAMH, 3aKII0YeHHBIMU B uHTepBane 0-20 3B, \

a DHEPreTHYEeCKUM NHama3oH BBICOKOAHEPreTH- 041

yeckux yvactull npoctupaercs ot 40 go 200 3B, 0.2- \
TO OTHOCHTENbHAs JI0Jisi aTOMOB IepBOW oOiia- 00 .

CTH cocTaBisgeT 65 % oT 0o0Iero moToka, a BTO- "0 10 20 30 40 50
poii — 16 % (cm. puc. 5). Huskosneprernueckne E. k3B
4acTUIbl (POPMHUPYIOT CJIOH 30JI0Ta, TOTJa Kak
YaCTHUIbI OOJBIINX DHEPIHil MPOHHUKAIOT B IIPH-
MTOBEPXHOCTHYIO 00JaCTh MOJJIOKKHU B BHUIE TO-
YEUHBIX JC(PCKTOB.

CornacHo oIeHKaM, MPOBEIEHHBIM METOIOM
MonTte—Kapio ¢ ucnons3oBanueM nporpamMmmuoro nakera SRIM (moapoOHyro uHpOpMALHIO O MPO-
rpaMMHOM TaKeTe CM. Ha WWW.STim.org), CpeJHui mpoder aToMOB 30i510Ta ¢ dHeprueit 50 »B B mac-
CHBHON MaTpHIle KPEMHHS COCTaBISICT 2 HM M CONMPOBOXIaeTcs oOpa3oBanneM 0,4 BaKaHCHHW/HMOH,
a ¢ sneprueit 200 3B npoder cocTaBiseT 0koJIo 3 HM 1 00pa3yeTcst 6 BakaHCUI/UOH (Tali1. 2).

B nmanHOM ciydae peanmu3yeTcs PEeXHM aBTOOOIY-
genust [14, 17] HaHOpa3MepHOTO CJOS 30J0Ta BBICOKO- Ta6numa 2. Pesyabrarnl
SHEPreTUYECKOM COCTABIISIONIEN IMOTOKAa aTOMOB 30JI0Ta. MOAEIHPOBAHMS C TOMOIIBIO HPOTPAMMET
[IpuBeneHHBIE pacyeThl, a TAaK)KE MOJCIMPOBAHUE C TIOMO- SRIM raryGiiist npogera aTomos 301012

B MaTpHLie KPeMHUA
HIpi0 mporpaMMHoro naketa SRIM mokazanu, 9To BBICOKO- Table 2 Resultsof SRIM simulation
JHEPreTUYECKUE aTOMBI CIIOCOOHBI BHEAPUTHCS B IPHUIIO- of gold atoms path in a silicon matrix
BEPXHOCTHBIM CJIOM TOJIOKKKA Ha TIAyOWHY 10 YeThIpex

1,41 HuakoaHepreTnyeckme

aToMmbl, 65 %
e

BbicoKo3HepreTuyeckue

Puc. 5. Pacnipenenenue aToMOB pacnblIEHHOTO METala Mo
SHEPrusiM, coriacHo (5)

Fig. 5. Energy distribution of scattered atoms according to (5)

MOCTOSTHHBIX KPUCTAJINUECKON pemeTku [17], 9To cocTas- Dueprits TpozonbHsiii Kosmuectso
aTOMOB npober aToMOB BaKaHCHil

nseT okoyio 2 HM. [myOuHa BHenpeHus ae(ekToB CpaBHU- somota, »B | 3010Ta B KpemIH, 1AM 1 Hom
Ma C TOJIIAHON MCXOTHOTO HAPYIICHHOTO IMMOBEPXHOCTHOTO 25 1,640,2 0
CJI05 TIOJITIOKKU €CTECTBEHHOTO TTPOUCXOXKACHUSI. 50 20402 04

B ycnoBusix mpoBeZieHHOTO B paboTe IKCIIEpPUMEHTa TTpU 100 25403 22
Toke noHHOTO Imyuka / = 0,10—0,25 MA, Tomaau noaI0KKI 150 29403 4.0
S=10cm?, BpeMeHHn HanbuieHU f = 50—100 ¢ 1 OTHOCUTETh- 500 31403 5.9
HOM [T0JIe BCEX BBUICTAIONIMX ATOMOB PACIBIISIEMOTO BEIIIE- 250 33404 76
CTBa C JOCTATOYHOW YHEPrHei JUIsl BHEIPEHUS Ha 3aJaHHYIO 300 35404 94

rryouny <x> = 2 HM, paBHOH M = 0,16, KOHIIEHTpAITUS TO-
YeYHBIX Je(EKTOB B MPUIIOBEPXHOCTHON OOJIACTH TOMAJIOXK-
KU TITyOMHON <X >

n= YLn 6)
eS<x>
coctasur 2,5-10*' — 1,5-10%2 cm >, te e = 1,6-10"° Ko — AJIEMEHTAPHBIN ANEKTPUUYECKUM 3apsia, ¥ =
1-2 — k03P PUITHEHT pacIBUICHHS 30JI0TA.

BU/IHO, YTO IPM KOHIEHTPALMK aTOMOB B KpeMHuH 1 = pN,/pu = 2,33 r/em® - 6,022 - 10%* mons !/
28,086 r/momb = 5 - 10°2 cM® KonM4YecTBO TOYEUHBIX AeeKToB cocTaBiseT 5—30 % OT MOBEpPXHOCT-
HOM IJIOTHOCTH MaTepHaa MOJJIOKKH.

[Ipu komuuectBe 3TUX nedekToB MeHee 10 % OT MOBEPXHOCTHOW IJIOTHOCTH MaTepuaja MOJIONK-
KM HE MPOUCXOIUT YXYIIICHUS UCXOJHOTO KauecTBa IMMOBEPXHOCTH MOJIOKKH M €€ OCHOBHBIX CBOWCTB.
Brenpennsie aTOMBI 30510Ta SBISIOTCS, C OTHOW CTOPOHBI, TOYCYHBIMHU Ie(hDeKTaMH B ITPUIIOBEPXHOCTHOM
HapyLIEHHOM CJIO€ TIOJUIOKKH, & C IPYTOW CTOPOHBI, CIY’KaT JAOMOTHUTEIBHBIMHU IIEHTPAMH KJIaCTEPOo00-
pazoBanus. OHH IPUBOIAT K ynmydmieHuro aare3uu [14, 16, 17] uz-3a hopMupoBaHHs AOTOIHUTEITBHBIX
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(hm3uUecKuX CBsI3ei BHEAPEHHBIN aTOM 30J10Ta — OCaKACHHBIN amaToM 30y10Ta. I1pn 3TOM 1715 mpeoTBpa-
LICHUS TPaHyJIUPOBAHUS ILICHOK 30JI0Ta TOIIUHON MEHEE 2 HM TPOU3BOAUTCS YAAJICHHE TIOBEPXHOCTHO-
'O CJIOSI 30JI0Ta paclbUIEHUEM HOHaMU Kucioposa ¢ sHeprueit Mmenee 300 5B 6e3 ynaneHus moBepXHOCTH
MOAJIOKKH, YTO IMO3BOJIACT COXPAHUTH BHCAPCHHLIC B MMOAJIOKKY aTOMbI 30JI0Ta. CKOpOCTI) pacCibUICHUA
CJIOSI 30J710Ta MENIJICHHBIMHU HOHAMHY KHCIIOPOJIa B Pa3bl MPEBBIIIAET CKOPOCTh PACTBIIICHHSI METAIITIOOKCH]I-
HBIX TIOJIOKEK, U yJIAJICHHE CJIOsI 30J10Ta 0e3 3aTparuBaHus MOBEPXHOCTH MOJIONKKH MOXKET (PUKCHPO-
BaThCs M0 MOMEHTY UCUE3HOBEHH S METAILTHYECKOH IIPOBOANMOCTH Ha MOBEpXHOCTH 0Opasna. [loBTopHoe
OCaXKJICHHUE CJIOSI 30JI0TA B yKA3aHHBIX BBIIIE YCIOBUSIX ITO3BOJISET HE MEHEE YeM B 2 pa3a yBEIUYUTh YUC-
JI0 BHEJIPSHHBIX aTOMOB 30JI0Ta, JIOTIOJHUTEIIBHO YCHINBAIOIINX aIFe3UOHHYIO CBSI3b. JTO U MO3BOJISIET
chopMHUpOBATH HA TIOMJIOKKE CIUIONTHOM CIION 30JI0Ta TOJIITHHONW B HECKOIBKO aTOMHBIX CJIOEB.

3akaroyenue. TakuM 00pa3oM, METOJ] HOHHO-TYYEBOT0 HANIBICHUS B COYCTAHUU C JIOTIOJIHUTEIb-
HOW orepariieil HambUICHU/PAaCbUICHUs HAHOPA3MEPHOTO CIIOS M BPAICHHS TOMJIOKKH MTO3BOJISET
[oJIy4aTh HaHOPa3MEPHBIC CIIOM 30JI0Ta BBICOKOrO KadecTBa. OHM 00JIaJalOT MEHBIIUM 3HAYCHHEM
YAETHHOTO AIIEKTPOCOMPOTHBIICHUS, & UX TOBEPXHOCTH XapaKTepHu3yeTcss OOJNbIIe OTHOPOTHOCTHIO
U SIBJISETCS MEHee mepoxoBaroil. [Ipu 3ToM pe3ynbraThl U3MEPEHHS TEeMIIEPaTypPHOTO KO3PPUITUCHTA
AEKTPOCONPOTUBIICHHS MTOKA3aJIH, YTO TJICHKA 30JI0Ta CTAHOBHUTCS CILIONIHOW MPHU TOJIUHE 6—8 HM.
Koaddunment orpaxenus Ha anuHe BOIHBI 850 HM ISl TICHOK 30Ji0Ta ToimuHol 10 HM Ha 2,8 %
BBIIIIE, €M COOTBETCTBYIONIUH KOI(D(PUIIMEHT ISl TAKUX JKE TUICHOK, MTOJYYSHHBIX 0€3 HCIOIb30BaHMUS
JIAHHOM OoTepalum, U cocTaBisieT 83 %. YaydllleHne KauecTBa CI0EB METasla IIPU UCIIOJIH30BAHUH JI0-
MTOJTHUTEIFHON OIepaIiiy HAITBIJICHHS/PACTIBIIICHHUST TPOUCXOUT BCIICACTBUE BHEIAPECHHS B TIOMIIOKKY
BBICOKOOHEPTETHYECKNX aTOMOB 30JI0Ta B YCJIOBHSAX aBTOOOmydeHUs. C OFHON CTOPOHBI, 3TH aTOMBI
SIBJISIFOTCS. UCTOYHUKAMHM TOYEYHBIX NIe(DEKTOB B MPUIIOBEPXHOCTHOM HAPYILICHHOM CIIO€ TOJIOKKH,
a ¢ Ipyrou — ciy’kaT JOMOJIHUTEIFHBIMHU IIEHTPAMHU KJIACTEPOOOpa30BaHMs. 3a CUET ITOr0 o0ecredu-
BAETCs BBICOKAs aJre3Usl CJIOS 30JI0Ta K MOJJIOKKE.
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®OPMHUPOBAHUE CTABMJIBHOM JTE®EKTHOMN CTPYKTYPHI
B KPEMEHUMEBBIX TUOJAX 'EHEPATOPOB IIIYMA

AnHoTanus. VccnenoBansl BO3MOKHOCTH M METOJIBI CO3/IaHUA CTaOMIBHOM 1e()EKTHOM, B TOM YHCIIE TUCIOKAIIMOHHOM,
CTPYKTYPHI BOJIN3U 30H p—n-TIEPEX0J0B KPEMHUEBBIX JUO/IOB FEHEPATOPOB IIyMa Ha IIACTHHAX C KPHCTAJIOrpadHIecKoM
opuentanueii (111) u (001). DpdexTrBHOE yHpaBiIeHHe pacHpeaeIeHHeM HEKOHTPOIUPYEMBIX TPUMecel B MOHOKPHCTAILIIU-
YECKOM KPEMHHH JOCTUTAETCS MyTeM (OPMHUPOBAHUS B €ro 00beMe CTaOMIBHON AMCIOKaMOHHON CTPYKTYpHl. [Ipu aToM
JUTSL TIOJTY9EHUST BOCIIPOM3BOAMMEIX XapaKTEPUCTHK JMOIOB T'EHEPATOPOB IIyMa HEOOXOAMMO, YTOOBI INIOTHOCTh JHUCIIOKA-
1Hif OblJIa OAHOPOAHOM 1O BCeH TIIOMIa I IIaCTHHBL. [T0CKOJIBbKY Ha Kparo AUCIOKAIMOHHOTO ClIe/ia MIOTHOCTh AUCIOKANN
HECKOJIBKO HMXE, €M B €r0o CepeinHe, TO 3TO 03HAYACT, UYTO AMCIOKAIIMOHHBIE CIEbI, 00pa30BaHHBIC COCETHUMH 30HAMH
OILJIABJICHUS C IIOMOILBIO JIA3E€PHOrO IyuKa, JOJDKHBI IepeKpbiBaThcsl. Ha OCHOBaHMM AKCIEPUMEHTAIbHBIX UCCIIEI0BAaHUN
YCTAQHOBJICHO, YTO HEOOXOAMMasl CTENeHb PABHOMEPHOCTHU MJIOTHOCTH T'€HEPUPYEeMbIX Ae()EKTOB TOCTUTACTCS MPU COOIIO-
nernn ycnosus a = (1,5-5,0)d, rne a — mar, d — mupuHa Ja3epHOro MATHA Ha MacTuHe. [Ipomecc ommaBiaeHUs TPOBOIIIIH
B Ccpelie a30Ta C IIPUMEHECHUEM JIa3epPHON yCTaHOBKU IeTTepupoBaHusd. PeanbHas UpUHA 30HbI OIIABICHUS OKa3ajlach He-
MHOTro0 0OJIbIlIe TUAMETPa J1a3epHOro MATHA 3a CYeT TEMJIONPOBOJHOCTH KPEMHHUS U cocTaBuia ~10 MKM. YcuneHue reHepa-
WU TACIOKAIMI Ha 00pa3yomuXcs BKIOYEHNUAX Si3Ny B OTIUYHE OT AUCIOKanuid Ha rpanuie Si—SiO, NPUBOAKUT K AOTOJ-
HUTEIBHOMY PaCUIMPEHHIO TUCIOKAIIMOHHOIO cliefia Ha pabodeil MOBEpXHOCTH MIacTUHBI. CTaOMIBHOCTD TUCIIOKAIIMOHHOM
CTPYKTYPBI, @ TAK)KE HATMYNE B MECTaX AUCIOKAINHA MPUMECHBIX U BTOPUUHBIX AaTOMOB METAIIJIOB B HCCIEYyeMOH CTPYKTYype
ND 103L nmoxTBepkaeHBl METOIOM BTOPHYHON MOHHOM Macc-crnekTpockonuu (SIMS). Pe3ynbraTsl HcciaenoBaHUS IPOIIITH
anpobaiuio B OAO «MHTEI'PAJI» — ynpasnstomas komnanus xoiaauara « AIHTETPAJI» u MoryT ObITh HCIIOTIB30BaHBI IIPU
M3TOTOBJICHUHN KPEMHHEBBIX AHOJOB T€HEPATOPOB IITyMa.

KiroueBble €10Ba: MOHOKPUCTA/UIMYECKUN KPEMHUH, THOJ T€HEpaTop IIyMa, TBEpPAOTEIbHAS CTPYKTypa, IPUMECH,
JUCIIOKALMH, TIpoliecc (OPMUPOBAHHUSI, CBOMCTBA

Jast uutupoBanusi: @opmMupoBanue cTaOUIBHON Ae(EKTHON CTPYKTYPHI B KPEMEHHUEBBIX ANOAAX TEHEPATOPOB HIyMa /
B.B. EmenbsnoB [n ap.] / Bec. Ham. axan. maByk Bemapyci. Cep. ¢i3.-toxnH. HaByk. — 2021. — T. 66, Ne2. — C. 145-153.
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FORMATION OF A STABLE DEFECTS STRUCTURE IN SILICON NOISE DIODES

Abstract. The possibilities and methods of creating a stable defective structure, including dislocation structure near
the zones of p—n-transitions of silicon diodes of noise generators on plates with crystallographic orientations (111) and (001)
have been investigated. The effective distribution control of uncontrolled impurities in monocrystalline silicon is achieved
by forming a stable dislocation structure in its volume. In order to obtain the reproducible characteristics of noise generator
diodes, it is necessary that the dislocation density be homogeneous throughout the plate area. Since the density of dislocations
is slightly lower at the edge of the dislocation trail than in the middle, this means that the dislocation traces formed by the ad-
jacent melting zones with the help of a laser beam should overlap. On the basis of experimental studies, it has been established
that the necessary degree of uniformity of the density of defects generated is achieved by compliance with the condition of
a = (1.5-5.0)d, where a is a step, d is a width of the laser spot on the wafer. The melting process was carried out in a nitrogen
environment using a laser hettering unit. The real width of the melting zone turns out to be slightly larger than the diameter of
the laser spot due to the thermal conductivity of the silicon and is about 10 pm. Increased dislocation generation on the SizNy
inclusions, as opposed to dislocations on the Si—SiO, border, leads to an additional expansion of the dislocation track at the
work surface of the plate of noise diodes. The presence of the stable dislocation structure, as well as the presence of impurities
and secondary metal atoms in the noise diodes ND 103L structure are confirmed by the secondary ion mass spectroscopy
(SIMS) method. The results of the study have been tested at Corporation “INTEGRAL” (Belarus) and can be used in the man-
ufacture of silicon noise diodes.
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Beenenue. M3BecTHO, 4TO paboTalOmIKEe CPEACTBA BHIYUCIUTEIBHON TEXHUKH H3JIy4atoT 3JIEKTPO-
MarHUTHBIE BOJIHBI, TIEPEXBAT KOTOPBIX MO3BOJSET MOJIYUYUTh HECAHKIIMOHUPOBAHHBIM JOCTYN K OTO-
Opaxkaemoi nH(popMmaiuu ¢ paccrosaust 6osiee 100 m [1]. DddexTuBHas 3anuTa 3TOH WHOOPMALIUU
JOCTUIAETCs UCTIOIb30BaHUEM ICHEPATOPOB IIyMa, pabOTAIOIUX B TOM )K€ YaCTOTHOM Juana3oHe [2].
[IpuHuun AeHCTBUS TaKMX T'EHEPATOPOB OCHOBAH Ha IpoLEccax I'eHepaluy U PEeKOMOMHALMM HOCHU-
TeJel 3apsja Ha 3JCKTPUUYCCKH aKTHBHBIX Je(eKTax B 00JacTH p—n-Tiepexoaa MOoTypPOBOJHUKOBBIX
puOOPOB, TaK HA3BIBAEMBIX AMONOB reHepatopos uryma ('), mim nryMOBBIX 1HOIOB. YTIpaBieHHE
I1e(EeKTHOCTHIO MOIYTPOBOIHUKOBOIO MaTepraa (daie BCero KpeMHHU 1) HO3BOJISIET YIIPaBIISTh Xapak-
TEPUCTUKAMU TAKUX T€HEPATOPOB.

OnHUM M3 MPUEMOB BO30YXKJCHHS IIyMa B TOJYIPOBOJHUKOBOM IPUOOpPE (Yalie BCEro IAHOJE)
ABJISIETCS JISTHPOBAHHWE €r0 Marephaia MPUMECSMHU, CO3MAOINMH TIyOOKHe ypOBHU B 3allpelieH-
Hoif 30He [3]. Kak mpaBmiio, 3T mpuMecH coiepikarcs yKe B HCXOITHOM KpeMHUH [4—7] nubo HEeKOoH-
TPOJUPYEMO BHOCSITCSI B TEUECHHE TEXHOJIOTMUYECKOTO LMK CO3JaHMs aKTUBHBIX obOjacTell mpubopa.
VYipasrneHnue pexxuMaMu GOPMHUPOBAHHSI ITUX 00JACTEH MO3BOJISIET CKOHLIEHTPUPOBATH IIPUMECH B aK-
THUBHOW 00JIACTH M JOOUTHCS IMPUEMIIEMOTO yPOBHS TeHeparmuu. OOmKUM HEeTOCTATKOM U3BECTHBIX TEX-
HUYECKHUX PELICHUH SIBISETCS IOCTOSIHHOE MepepacipeieieHue puMecei 1o BceMy 00beMy KPeMHHUS
oA IeficCTBHEM MEXaHMYECKUX HaNpsKEHUH, KOTOpPBIE B CBOIO OYEpeb MOABEPIKEHBI MOCTOSIHHOM U~
HaMUKe, 00YCIIOBIICHHOH CTPYKTYpPHO-(ha30BBIMU MpEBpalieHUsIMU. BenencTere aToro Tpedyemoe pac-
IpeaesicHue IpUMecel, OTBETCTBEHHBIX 3a TEHEPALUIO Iy Ma, SIBJSETCS KpailHe HEBOCIIPOU3BOAUMBIM,
a BBIXOJ] TOHBIX TPHOOPOB HUZKHM.

D¢ dexTuBHOE yIpaBieHUE pPaCHpeACICHUEM HEKOHTPOIUPYEMBIX IpUMEcCEl B MOJIYNPOBOIHU-
KOBOM KPEMHHHU OOBIYHO JIOCTHTAETCS IMyTeM (OpMUPOBAHUS B 00beMe IIACTHHBI CTA0MIIBHOW JIHC-
JIOKaLIMOHHON CTPYKTYPHI, MOMJIOLIAIOIEH 3TH IpUMecH. Takue CTPYKTypbl, Ha3blBaeMble F€TTEPaMH,
NnpegHa3HaueHbl sl yOaleHUsT HEKOHTPOJIMPYEMBIX MpHMEced M3 aKTHUBHBIX 0OJIACTEH MpUOOpPOB.
HayuHble OCHOBBI M TEXHOJIOTHSI UX POPMUPOBAHUS B HACTOSIICE BpEMs 0OTpabOTaHbI JOCTATOYHO XO-
pomro. Oxaako mpumeruTensHO K JII'LI TpedyeTcst pemuTs 00paTHyIo 3a7a9y — CO3/1aTh CTAOMIBHYIO
Ne(GEeKTHYIO CTPYKTYPY UMEHHO B aKTUBHOM 00JacTu mpudopa.

Takast cTpyKTypa MOXeT ObITH cO3/laHa IMy4KoM Ja3epa (nareHT PecyOnuku benapycs Ne668 ot
03.01.95 «Crioco6 nazepHOro reTTepupoOBaHUs IPUMECEH B MOITYNPOBOJHUKOBBIX IMIACTHHAXY, ABTO-
pe1 — 2. K. Jlamumkwii, B. A. 3enennn, B. A. [Tumunenko, B. WM. Kyneraues, C. b. Jlactockwit). [Tox Bo3-
JEWCTBUEM JIA3EPHOTO ITyYKa BO3HUKAIOT 30HBI TUIABJICHU I, KOTOPBIE OBICTPO OXJIaKIAI0TCS M KPUCTAJI-
JU3YIOTCSl B HEPABHOBECHBIX YCIIOBHUSX, 32 CUET YEro CO3Aar0T OOJIACTH MOBBIIICHHBIX MEXaHHUYECKUX
HanpsokeHni. [lepemenieHune 1a3epHOro yda 1Mo HOBEPXHOCTH MIACTUHBI HPUBOAUT K BOZHUKHOBEHHUIO
napajulebHbIX 30H IIJIABJICHUS C U3MEHEHHONW MOp(Qoiorueil NOBEpXHOCTH U BKJIIOYCHUSIMH IPOLYK-
TOB B3aMMOJCHUCTBUS KPEMHHUS C OKpY’Katomiel cpenoil. @opMupoBaHue AUCIOKAUOHHON CTPYKTYPBI
[pH JajbHEHIIeH TepMooOpaboTKe MPOTEKAeT 3a CUET pellaKCallMd KaK TEPMHUYECKUX HaIpsDKEHUH,
BO3HUKIINX BCJICJICTBUE HEPABHOBECHON KPUCTAJIU3AIINH, TAK U CTPYKTYPHBIX HAIPSOKEHHUH Ha Tpa-
HULE pa3zieia KPEeMHUS C BHOBb O0Opa30BaHHBIMU BKIIIOUEHUSIMU.

Pacnpenenenue NIO0THOCTH JUCIOKALNN IO 00bEMY MJIACTUHBI ONPEIeIIsIeTCs] B3AUMHBIM PACHOIo-
JKCHHEM TIJIOCKOCTEH IeHepalliy U CKOJIBKEHU S JTUCIIOKAIUi 1 pabouell TOBEPXHOCTH, TO €CTh 3aBUCHT
OT ee KpucTtajutorpaduyeckord opueHtannu. [loatomy mporeccsl nedexkroodpazoBaHNs HEOOXOAMMO
paccMaTprBaTh B TECHOW B3aMMOCBSI3H ¢ KpUCTAJIOrpaduuecKuMy (pakTopaMu, B TOM YHCIIE C OPHEH-
Tanuel niuacTuHel. [Ipu 5TOM ciemyeT yuecTb TOT GakT, yTo GopMUpOBAHUE CTPYKTYPBI FEHEPATOPOB
nryma Tpedyer Hanuuusi CTaOWIIBHOW CeTKH JAMCIOKAIMH B aKTHBHOM 00JIACTH, TO €CTh BOJNM3H Jnlie-
BOM MOBEPXHOCTH IJIACTUHBI.

Takxe ciaeqyeT OTMETHTb, YTO MPOBEACHHUE J1a3epHOH 0OpabOTKM KpPEeMHHUS Ha BO3AYXE IPUBO-
OUT K B3aMMOJICHCTBHUIO PACILIABICHHOTO KPEMHHUS C KHCIOPOJAOM M 00pa3oBaHHEM €ro OKCHIOB,
MPEMMYIIECTBEHHO AUOKCHIa. BKIIoueHre NMOKCHAA KPEeMHUS B 30HBI IJIABJICHHUS BIeUeT 3a cOOOif
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BO3HMKHOBEHHE BOKPYI' HHMX JIONOJIHHUTEIbHBIX 00NacTell MEXaHUYECKUX HaIpsKeHWH, 00yCIOBIIEH-
HBIX Pa3HOCTBIO KOAPQPULIHUEHTOB JIMHEHHOTO TEPMUYECKOTO PACHIMPEHUSI KPEMHHSI U €ro JUOKCHJA.
OTH BKIIIOUYEHUS TAKXKE SIBISIOTCS LEHTPAMHU 3apOXKICHH S JUcIoKannid. OZHAaKO TUOKCUA KPEMHHUS Xa-
paKTepusyeTcs HaJIMYUeM MHOXKECTBA CTPYKTYpPHO-(a30BbIX MEPEXOIOB B MIMPOKOM TEMIIEPATypPHOM
MHTEpBalie, YTO IPEAONPEALISICT HHTEHCUBHOE U clIa00yIPaBIIsIeMOE CKOIBKCHUE AUCIOKALUHI B IPO-
1IeCCe M3TOTOBIICHUS TTPHOOPOB.

3amaueil HACTOSAIIETO MCCICAOBaHUS SIBISETCS CTAOMJIM3aLMs JAHUCIOKAIIMOHHOM CTPYKTYDBI
B KpeMHUeBHIX muractTuHax opueHTaruu (111) u (001), aTo 0OKa3pIBACT MOJIOKUTEITHLHOE BIIMSTHUE HA BOC-
MPOU3BOAMMOCTD 3a1aHHbIX napameTpoB I u ux TemnepaTypHyIo 1 BpEMEHHYIO CTA0MIBHOCTb.

MeToaunka uccienoBanus. M3yueHne MUKpPOCTPYKTYphl B ocobeHHocTed Tononoruu ' mpo-
BOJIMUT METOJIOM PAacTPOBOH AIeKTpoHHOH MuKpockonuu (POM) mpu momomnn anmaparta Hitachi
S 4800 (Slmonus), a TakKe METOJIOM BTOPUYHO-MOHHOH Macc-cnekTpockonuu (SIMS) na Bpemsinposner-
HOoM Macc-ciekTpomeTpe TOFE.SIMS 5 (bupmer IONTOF, ['epmanus).

KoHTponb 37eKTpoPHU3NUECKUX MapaMeTPOB KPUCTAIIIOB OCYLIECTBISIIN C UCIOIb30BaHHEM 30H-
noBoii craHiuu Cascade (CLLA), a anekTpH4ecKuX napaMeTpoB IHOAOB HOCIE COOPKH — IPU MOMOLIH
komruiekca Agilent B 1500 A (CIIA), a Takxe Ha crielMaIn3UPOBAHHOM U3MEpHUTEIIE TapaMeTPOB IIy-
moBbIx uogoB AKHN ]I (OAO «Ilnanapy, PecnybOnuka benapych).

Pe3yabrarsl u 00cy:kaenue. Co3manue 3a1anHoN Me(heKTHOCTH B KPEMHHUEBOU TTAaCTHHE obecTre-
YUBaeTCs JIA3EPHBIM ITyYKOM, HAIPABICHHBIM ¢ 00paTHOW CTOPOHBI IIACTUHBI, MOJ] JCHCTBUEM KOTO-
poro GopMHUPYIOTCS apajliebHbIE 30HbI OTUIABIICHUSI C OIPEACICHHON IIUPUHOM U ILIarOM.

Haubonee sHepreTHYECKH BBITOIHBIE KPUCTAIIOrpadUUIEeCKHE TUIOCKOCTH TeHepalluu AUCIOKAIUH
3a/1al0TCsl KpUCTAIIOrpadMuecKUMU HAIPaBICHUSIMH PACIONIOKEeHHsI 30H IJ1aBieHus. Pacnipenenenue
MIJIOTHOCTH JTUCIOKAIMH 10 00beMY TUTACTHHBI ONPEAETACTCS B3aUMHBIM PACIIOI0KEHUEM TIIIOCKOCTEH
reHepalyy U CKOJIBKEHUS TUCIOKAINi 1 paboyeil TOBEPXHOCTH, TO €CTh 3aBUCUT OT €€ KPUCTaJJIOrpa-
¢uueckoii opueHTanuu. Hamu paccmarpuBainuch CTPyKTYpbl, H3TOTOBJIEHHBIC HA TUIACTUHAX C TAKUMHU
KpUCTaIIOTpadMuIecKUMH TUIocKocTsiMH, Kak (111) u (001).

B xpemuueBoii mnactune opuenTaruu (111) ¢ monupoBaHHOW pabodeill MOBEPXHOCTHIO W TOJIIHU-
HOM, oOecnednBaromell Heo0X0MMYI0 IPOYHOCTH, Ha Hepabouell cTopoHe JazepoM (popMupoBaIu na-
pajuieNnbHbIe 30HBI IUIABJICHUS ¢ onpeneieHHbIMU mwupruHoi (10-100 MKM) M 1marom, mpu 3TOM 30HBI
IUIaBJICHUS] ObUIM OPUEHTHUPOBAHBI, 1O KpailHeH Mepe, B OJHOM M3 BO3MOXKHBIX KpHUCTasulorpaduue-
CKMX HampapyieHn# Tuna <112>, a Takxe cofepajau BKIIOYSHHUS] HUTPUJIA KPEMHUS.

IIpu 5TOM HCHOIB30BaHA YCTAHOBKA JIA3€pHOr0 rerrepupoBanusi IM-227, koTopas MO3BOJSAET pe-
TyJIINpOBaTh pa3Mep JIa3epHOTO MATHA B ITUPOKHUX IMpesieiax, i YCTAaHOBJIEHO, YTO OIJIaBJICHHUE MOBEpX-
HOCTH KpEeMHHUS, HEOOX0OUMOe ISl TeHepaly AUCIOKAlMi MPH MUHUMAaJIBHONW CKOPOCTH CKaHUPO-
BaHUs, HaOMonaetcs mpu quamerpe maTHa ~100 Mmkm. C y9eToM OTMEYEHHOTO TPOIECC OIIABICHHUS
MIPOBOJIMIIN B cpefie a30Ta. MoITHOCTH J1a3epHoro Jyya gocturaia 120 Br, a ckopocTh CKaHHpOBaHUS —
mo 1,2 M/c. MUHUMATBHBIA IHaMeTp JIA3€pHOTO TISTHA COCTABISET HECKOIBKO MHUKPOMETPOB, OJTHA-
KO BBUJTy OOJIBINON MJIIOTHOCTH MOIIHOCTH M3JIyYEHHS Ja3epa B 3TOM Cllydyae peasibHas IHPUHA 30HBI
OIJIABJICHUS OKa3aj1achk HEMHOIO OOJIbLIE JUaMeTpa Ja3epa 3a CUeT TEMJIONPOBOAHOCTH KPEMHHUS H CO-
craBuia ~10 MKkwm.

JlelicTBUTENBHO, B MOHOKPUCTANIMYECKOM KPEMHHUHM OCHOBHBIMU IJIOCKOCTSIMU CKOJIBXKEHHUS TUC-
JIOKAITAH SBJISIOTCS KpucTauiorpadudeckue miockoct tuma {111} u {110}. B mmactuHe opueHTaTuN
(111) mnockoctu Tuna {111} pacronoxkeHs! mox yriamu o, = 0, TO eCTh IapajIeNbHO TTOBEPXHOCTH,
a miockocTH THMa {110} pacronoxeHsl Mo yriaaMu oz = 90°, To eCTh IIePHeHIHKYISPHO TTOBEPXHOCTH.

OpueHTanus 30H OTJIABICHUS B HATIPABIICHUSIX [110], [101] 1 [011] mo3BOMsIET chopMUPOBATH CETKY
puciokanmii B miockoctsax (110) u (111), (101) u (111), (011) u (111) moMapHO, COOTBETCTBEHHO KPH-
crayuorpadguyeckoMy HaIrpaBJICHUIO OPUEHTAIIMN 30HBI TUTaBIICHHs. | eHepalus TMCIOKAIMi MMEHHO
B 3THUX IIJIOCKOCTSX SHEPreTHUECKU HanOoJee BHITolHA U 00YCIOBJICHA TEM, YTO BO3HHUKAIOIIUE OT Me-
XaHUYECKUX HANpsKEHUH Ha IPaHULE pa3zAeia U3rubarolue MOMEHTHI NepIeHIUKYIISIPHbEI T'paHULaM
3TuX 30H. [Ip1 3TOM reneprupyemble AUCIOKAINY [IEPECEKAIOTCS IPYT C APYTOM Ha HEKOTOPOM paccTos-
HUU OT IOBEPXHOCTH IUIACTUHBI, B PE3YJIbTATE YEro WX AaJibHelIlee NPOHUKHOBEHUE B HAIIPABICHUH
paboueii TOBEPXHOCTH OJIOKUPYETCs BCICACTBUE 00pa30BaHUS UCIOKAIIMOHHBIX TOIYTIETElb, 3aKpell-
JICHHBIX KOHLIAMHU Ha 00paTHOM CTOPOHE IJIACTHHBI.
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B nanHOM crydae UMEHHO B OTMEYEHHBIX TIJIOCKOCTSIX YHEPTHs 00pa30BaHMS TUCIOKANNA MUHU-
MajbHa. [Ipy 5TOM JUCIOKAalMK MPAaKTHYECKH OeCHpensaTCTBEHHO MPOpacTaloT Ha pabouylo MoBepX-
HOCTh U (DOPMUPYIOT Ha HEH XapaKTEPHBIN NUCIOKAIMOHHEIN ciell, (hopMa KOTOPOTO COOTBETCTBYET
(dhopme 30HBI TIaBneHus. OnHaKo (aKTHYecKas MIMPUHA 3TOTO Cliefa HECKOJIBKO OOJBIIE MIUPHHBI
30HBI IIJIaBJeHUs. JlaHHOE siBIieHHEe 00yCIOBICHO cieayromumu dpakropamu. [To mepe dpopmupoBanus
30H OTUTABJICHUSI BO3HUKAIOIINE B IJIACTHHE MEXaHMYECKHE HATPSDKEHUSI YACTHYHO PENIAKCUPYIOT de-
pe3 ee neopmanmio, To ecth U3rud. IIpu 5TOM BO3HUKAeT B3aUMOICHCTBHUE JIOKAIbHBIX MEXaHUUECKUX
HANPSOKEHHH, BBI3BAHHBIX COCEAHUMH 30HAMH IIJIaBJICHUS, HA HEKOTOPOM PACCTOSHUHU OT TOBEPXHO-
CTH IJIACTUHBL BelnnunHa 3TOro B3aMMOACWUCTBHUSI 3aBUCUT OT IIMPUHBI 30H TUTABJICHUS M PACCTOSHUS
Mexy HumH. [locienyroniast TepMooOpaboTKa A aKTHBHOM MeHEepalMy JUCIOKAUK TPUBOIUT K UX
BO3HHKHOBEHHIO HE TOJHKO B COOTBETCTBUU C JICHCTBHEM BEKTOpPA HAIPSIKEHUI OT KOHKPETHON 30HBI
IJIaBJICHUS, HO U B 00JaCTH B3aMMOJCHCTBHU S HANPSIKEHUH OT COCETHUX 30H.

Co3nanue cTaOMIIBHOW JUCIOKAIIMOHHOW CTPYKTYpbl B 00OBEMe IMOJYNPOBOJHUKA B JalbHEH-
mieM oOycllaBiIMBaeT yIpaBliseMoe ocaxaeHue (ympaBisieMOil cerperauun) B o0NacTu p—n-nepexona
JIETUPYIONINX U HEKOHTPOIUPYEMBIX TEXHOJIOTHYECKUX (POHOBBIX MPUMECEH, TAKUX KaK MeJlb, Kele3o,
KaJIBIHH, a TaKXKe APYTUX MPUMECed, TOM YUCIIe MIEJOYHBIX METAJUIOB U X coeAnHeHui. Takue me-
TaJUIbI, KaK U3BECTHO, TaK)ke (OPMHUPYIOT B 3aMPELICHHON 30HE MOJIYIPOBOJHUKA TPH OOpaTHOM CMe-
EHUY HOHU3NPOBAHHBIE TITYOOKHE YPOBHH, CITOCOOCTBYIOIINE MUKPOIIJIa3MeHHOMY TTymYy [8].

BxortoueHust HUTpua KpeMHUs, 00pa30BaHHOTO ITPU B3aUMOACHCTBUH PACILIABICHHOTO KPEMHUSI
C a30TOM, 10 CPABHEHHIO C IMOKCUIOM KPEMHHUS SBISIOTCS OoJiee 3PPEKTUBHBIMU IIEHTPAMH 3aPO3K/Ie-
HUSI TUCIOKaWid. ITO OOYCIIOBJICHO TE€M, YTO HCIIOJIIB30BAHNE BBHICOKMX TEMIIEPATYp MPHU U3TOTOBIIE-
HUUW TIOJYIIPOBOJHUKOBBIX MPHOOPOB U OTCYTCTBHE MOIMMOP(HBIX mpeBpamieHuil SisN, npuBoguT
K BOBHHKHOBEHHIO 00JIe€ BRICOKMX MEXaHUYECKUX HAIPSOIKCHHUH Ha rpaHulle pazaena Si—SisNy, uem Ha
rpanuie Si—SiO, [9, 10]. YcuneHnue reHepanuu JUCIOKaIMH Ha BKIIOUeHUAX SisNy BiieueT 3a coOol J10-
MTOJIHUTEIFHOE pacIlIupEeHUe AUCIOKAIIMOHHOTO clie/ia Ha paboueil moBepXHOCTH. JJis moiryyeHus Boc-
MPOU3BOJUMBIX XaPaKTEPUCTHK NIYMOBBIX THOAOB HEOOXOIUMO, YTOOBI MIOTHOCTD JUCIOKAUN Oblia
OJTHOPOJTHOM TIO BCeHl ruromaay miacTuHbl. [lockonbKy Ha Kparo AMCIOKAIIMOHHOTO cjefia TUIOTHOCTh
JUCIIOKALMH HECKOJIBKO HIDKE, YeM B €r0 CepeauHe, TO 3TO O3HAyaeT, YTO AMCIOKALMOHHBIC CIIEABI,
00pa30BaHHbIC COCEIIHUMHU 30HAMHU TLIABJICHUS, IOJIKHBI TIEPEKPBIBATHCS.

[Ipu mpoBeneHNH SKCIIEPUMEHTAIBHBIX UCCIIEIOBAHUN C THUTBHON CTOPOHBI KPEMHHEBOH IJIACTH-
Hbl opueHTanuu (111) mazepom GopMupoBalin mapalijelbHble 30HBI OIUIABICHHS C ONpPEACICHHBIMH
mupuHoi (10—100 MKM) 1 THATOM.

Ha puc. 1 cxemaTnueckn noka3aHo cedeHne KPEMHUEBOH TIACTUHBI C 30HAMH JIBUKEHU S AUCIIOKa-
LW, TOMEYEHHBIX TOYKaMH.

[111]

2 2 a d

Puc. 1. Tlonepeunoe ceueHne KpeMHHUEBOH IJIACTHHBL [ — IJIACTHUHA,

2 — 30Ha MJIaBJeHHS, 3 — aKTHBHAsI 0071aCcTh, 4 — 30Ha TeHEepPAIUH JIUCIIO-

KallWif; ¢ — mar, b — TUCIOKAIIMOHHBIN cliell, ¢ — 0071acTh MEPEKPHITHS,
d — mupuHa,  — TONIINHA TTACTHHBI

Fig. 1. Cross-section of the silicon wafer: / — a wafer, 2 — zone of welding,

3 — an active area, 4 — zone of dislocations generation; @ — a distance,

b — the dislocation track, ¢ — an area of re-covering, d — width, ¢ — the
wafer thickness
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Ha ocHoBanMM MPOBENECHHBIX MCCIEIOBAHII YCTAHOBJIEHO, YTO HEOOXOMUMas CTENeHb paBHOMEP-
HOCTH IJIOTHOCTH T€HEPUPYEMBIX JIePEKTOB ToCTUTAeTCs pu cobmtonenmnu yenosus a = (1,5-5,0)d, rae
a — 1Iar, d — MUpUHA JIA3ePHOTO TISITHA HA TIJIACTHHE.

JlonoHUTENbHBIM  (PAKTOPOM, CHOCOOCTBYIOIIUM TEHEPAllMU JHCIOKAIMH, SIBISETCS HEKOTO-
pasi HEOTHOPOIHOCTH Kpasi 30HBI OIJIaBJICHUs, 00yCIOBIEHHAS KaK IMYyJIbCAlHel JTa3epHOTO JTyda, TakK
Y TIpoIiecCaMy KOHBEKIINH PACIUIaBI€HHOTO KPEMHHUSI.

Crabunu3anus IUCIOKAlMOHHON CTPYKTYpPhl B IUTACTHHE JOCTHTAeTCs CICAYIOIIUM 00pa3oM.
MexaHuueCKHE HANIPSDKEHU ST HA ThUIbHOU (Hepaboueit) CTOPOHE MIaCTUHBI, 00YCIIOBJICHHBIE ITpoIiecca-
MU HEPaBHOBECHOH KPHCTAITN3AINHI KPEMHHS ¥ HAJIMYUEM B 30HAX OTLIABIICHUS BKIIFOUEHUN HUTPH/IA
KpPEMHHUSI, TIPH TepMoOoOpabOoTKe pelakcUpyloT depe3 oOpa3oBaHWE NHUCIOKAIMM, KOTOpBIE JOCTHUTa-
10T aKTUBHBIX 001acTell Ha nuLeBod (paboueli) MOBEPXHOCTH IIIACTHHBI B HAMOOIIEE SHEPrETHIECKH
BBITOIHOM KpucTtaiiorpaduueckom Hampasienuu [111] B mimockoctu (110), mepneHANKYISIpHON TTO-
BEpXHOCTH. Takoe B3aMMHOE PACIIOJIOKEHNE MPEUMYIIECTBEHHON MIOCKOCTH Te€HEepalun TUCIOKaIUH
Y TJTOCKOCTH MTOBEPXHOCTH TIACTUHBI MPENONPEAETIeT MAKCHMAIBHO JOCTHKUMYIO TIJIOTHOCTH AUCIIO-
KalWi IpU MUHUMAJIbHBIX MEXaHUUYECKUX HAMPSIKEHHUSX, TOCKOJIBKY PACHOIOKEHHE JUCIOKALUN MO
YTJIOM K TIOBEPXHOCTH COTIPOBOXKIAETCS YBETUYCHUEM HX JUIMHBI H, COOTBETCTBEHHO, OOIBITNMH DHEP-
TeTHYECKUMU 3aTpaTaMu Ha UX oOpa3oBaHue. MUHMMabHAas IJIMHA JUCIOKALUH, JIeKAIUX B paccMa-
TPUBAEMBIX TIOCKOCTAX, OOYCITaBIMBAET M NAIbHEHIIYIO YCTOWYHNBOCTh K BO3JIEHCTBUIO Pa3IMIHBIX
TEXHOJIOTMYECKUX (DAKTOPOB, TOCKOIBKY UX PacIIeIIeHUE Ha Oosiee KOPOTKHE 3BEHbS MEHEE BEPOSITHO.
BxtoyeHnst HUTpUAA KPEMHUS B 30HaX TUIABIICHUS TEPMUUYECKH CTAOMIBHBI M HE TIOJBEPIKEHBI I10-
JTUMOP(HBIM TIPEBPAILICHHUSIM, TIOATOMY I'eHEpUPyEeMble MMM JHCIOKAIIMH HEe CKIOHHBI K CAMOYHUYTO-
JKEHUIO0, KaK B CIIydae ¢ BKIIIOUEHUSIMH JHOKCHAA KpeMHUs. DOopMUpOBaHUE PACIIUPSIONICHCS 30HBI
reHepaluy AUCIOKAIUi 3a CYeT B3aMMOJICHCTBHS JIOKAJIbHBIX MEXaHUYECKUX HAIPSKEHHUM OT cocel-
HUX 30H IJIABJICHUS, a TAKXKE 3a CUET MYyJIbCALUH Ja3epa U HAJIWYUs BKIIOUCHUH Si3N, mo3BossieT Ha
paboueli MOBEPXHOCTH IIACTUHBI TIOTYYUTh PABHOMEPHYIO TUIOTHOCTh JMCIOKAIIHH 3a cueT o0iacTei
MEPEKPHITUA C AUCIOKAIIMOHHBIX CIIEIOB b OT COCEHMUX 30H oruiaByieHns. CTaOMIbHOCTh HCTOUHHUKOB
JMCIIOKAIAN, 00yCIIOBIIEHHASI OpUEHTAIIUEH 30H OIJIaBJICHHUS U TEPMOCTAOMIBHOCTHIO BKJIFOUEHUH HU-
TpUJa KPeMHHUS, Ta€T BO3MOXKHOCTD JIETKO YNPABIATh UX IUIOTHOCTHIO Ha paboueil cCTOpOHE IMIacTu-
HBI B akTUBHBIX 00nacTsax I ucxoast u3 BeiOOpa COOTHOIIEHHS MEKIY IIUPHHON d 1 1IaroM a 30H
oruiaBiieHUs. Bocrpon3BogMMBIE U yTIIpaBIIsieMble TapaMeTphl Je(eKTHOCTH KPEMHHSI, B CBOIO OYEpe/Ib,
MO3BOJISIIOT MOJTy4aTh BOCIPOM3BOAMMBIC ANIEKTpHUecKkue xapakrepuctuku AL

Hnsa nmactua opuentanuu (001) miockoctr tuma {111} HaKJIOHEHBI K MOBEPXHOCTU IO YTIIOM
~54°44', nnockoctu (110) u (110) nepresaukyaspHsI eif, a mnockoctu (101), (101), (011) u (011) Hak0-
HEHBI o7 yTiIoM 45°,

30HBI OIIABICHUSI HA TOBEPXHOCTH miiacTuHbl opueHTanuu (001) MOryT OBITH BBIIIOJTHEHBI B OHOM
M3 IByX OCHOBHBIX KpUCTAJLIOT pahuecKnX HarpaBieHuH, a umeHHO <100> mmm <110>.

IIpu opueHTany 30H OMJIaBJIEHUS B OJTHOM U3 JIBYX BO3MOKHBIX HanpasieHui Tuna <100>, To ecTsb
B HarnpasJyieHusx [100] u [010], renepanusi U CKOABXKEHUE TUCTOKALUM BO3MOXKHBI TOIBKO B INTIOCKOCTSIX
(101), (101), (011) u (011), KOTOpBIE HAKJIOHEHBI MO YIIOM 45° K MOBEPXHOCTH IIACTHHBL [ eHeparus
JUCIIOKAIM MMEHHO B AITHUX IIJIOCKOCTSX B JIAHHOM CiIydae JHEPreTHUYeCKH HawmOollee BBITOIHA
1 00yCIIOBJICHA TEM, YTO BO3HUKAOIUE N3rHOAIOIIIe MOMEHTHI IIEPIICHANKYISPHBI 30HaM TUTABIICHHUSL.
ITnockoctr (101), (101), (011) u (011) mepreHANKYISAPHBI APYT APYTY, OSTOMY TEHEPUPYEMBIE B STHX
MJIOCKOCTSIX JIUCIIOKAMU OJIOKUPYIOT APYT JIpyra B TOYKAX UX MEPECeUeHUs ¢ 00pa30BaHUEM JIMCIIOKA-
LUOHHBIX MOJyIETENb, 3aKPEIJIEHHBIX KOHIAMH Ha 00paTHON CTOpOHE Tu1acTuHBL. KonnyecTBo nucio-
KaIluii, MpopacTalonfX B aKTHBHYIO 00J1aCcTh, B 3TOM ClIy4yae HUYTOKHO MaJIo.

IIpu opueHTaUMHK 30H MJIABJIEHUS B OJHOM U3 IBYX BO3MOKHBIX HarpaBieHuii Tuna <110>, a umen-
Ho B HampaBieHusX [110] u [110], reHepaus U CKOIBKCHUE TUCITOKAITUN BO3MOXKHBI B INTOCKOCTSIX
(111), (111), (111), (111), (110) u (110). OxHAKO B CBSI3H C TEM, YTO MIOCKOCTH Thma {111} HAKIOHEHHI
K TOBEPXHOCTH, PHEPreTHYEeCKH, HanOoJiee BBITOJHBIMHU TUIOCKOCTAMH OOpPa30BAaHHS M CKOIBKEHUS
jucnokanuii sisores miockoetu (110) u (110), KOTOpbIe TEPHEHANKYISAPHE! TOBEPXHOCTH [IACTH-
Hbl. Briustane mimockocreit Tuna {111} mposBIiisieTcss B TOM, 9TO AUCIOKAIIMU PACTyT HE CTPOTO TO ILIO0-
ckoctam (110) u (IEO), a ¢ HEKOTOPBIM OTKJIOHEHHEM B CTOPOHY COIPSIKEHHBIX ¢ HUMHU IUIOCKOCTEH
(111), (111), (111), (111), To ecTh BeepOOOPA3HO OT 30HEI IIABJICHUS C IIIOCKOCTAMU cumMeTpun (110)
u (110). Ceyenne 06IaCTH TOBBIMICHHON TUIOTHOCTH IUCIOKAINN B 00BEME IIACTUHBI TIOCKOCTBIO,
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MIEPIICHANKYJIISIPHON PACIIONIOKEHHUIO 30H IUIABJICHUS, B 9TOM CIIy4ae MOXKHO YCIIOBHO MPEICTABUTH Kak
Tparelunto, KOTopasi MCHbIITUM OCHOBAaHUEM OIUPACTCS Ha 30HY TUIABJICHUS Ha HEepabouel CTOpPOHE, a ee
0oJIBIIIee OCHOBAHME TIPEACTABISACT COOOH MUCITOKAITMOHHBIN CIIET 3TOH 30HBI HA pabovel TIOBEPXHOCTH
[IJIACTHHBI, TO €CTh 00JIACTH MOBBIIICHHOM JIe()EKTHOCTH Ha paboyeli MOBEPXHOCTH IIACTUHBI HECKOJIBKO
IIMpe 30HBI TUTABJICHHsI. YMEHBIIIEHHE T1ara 30H TUTaBIICHHS TPUBOIUT K PACITUPEHHUIO TUCIIOKAIITHOHHOTO
CJIe/ia BCIICICTBUE YCUIICHUS B3aUMOZICHCTBUS IUCIIOKAIIHIA, PACIIOIOMKEHHBIX B INIOCKOCTSX Tuma {111},

OtoOpakeHre HATUYUS U (PAKTUYESCKON AUCIOKAIINU HEKOTOPHIX IIPUMECHBIX aTOMOB B HCCIIETye-
moit ctpykrype AUl ND 103L mpencraBieno Ha puc. 2. BuaHo, 94T0 pacmonoxeHue Meau Kak TH-
MMIYHOTO TPEACTABUTEINSI HEKOHTPOJIUPYEMO BHOCHMOTO METaJlIa B TEUEHHE TEXHOJIOTHYECKOTO ITUKIIa
CO3/1aHMS aKTUBHBIX 00JacTel mprubopa (3a cyeT HeJOCTATOUHOM OYHCTKU MPOMBIBHBIX BOJ, TEXHOJIO-
TUYECKON OCHACTKH, 000PYIOBaHMS) CKOHIICHTPUPOBAHO B IIEHTPE AKTHUBHON 00JaCTH BHICOKOJIETHPO-
BaHHOH Qochopom CTPYyKTYpHI, B MECTAX TTPOPACTAHUS TUCIOKAIIHH.

HekoTopble KOTMYECTBEHHBIC XAPAKTEPUCTHUKHU AUCIOKALMOHHON CTPYKTYpPHI MO MOBEPXHOCTHU
nutrda JAI'I, noxydennsie Ha Macc-cniekTpomerpe TOF.SIMS 5 (ta6a. 1), u mpoduin KOHIEHTpAIHH
HEKOTOPBIX U3 HUX mpuBeaeHbl Ha puc. 3. [Ipouents Boixona rogusix AT B TeXHOIOTHUECKOM MPO-
[Iecce X U3TOTOBJICHHS TMOKa3aHbI B TA0M. 2.

125 - F o5 125 - ;'80
100 — 22.0 100 — :_60
75 _ : 75 _ I
50 E— 50 E-
25 — 25 —
0 l_'_'_'_'_l_'_'_'_'_l_'_'_'_'_l_'_'_'_:_ 0 d
mkm O mkm 0 40 80 120

p-
Puc. 2. Pactipenenenust npuMecHbIX aToMoB: a —Cu™, b — P~

Fig. 2. Distribution of impurity atoms of: a — Cu™, b — P~

Taonuma 1. Haauuue moJ0KUTEJBHBIX H OTPULATEIBHBIX HOHOB
HA MOBEPXHOCTH HLIM(a Auoaa-reHepaTopa myma ND103

Table 1. Presence of positive and negative ions on the surface of the microsection
of the diode-noise generator ND103L

I/IZMepeHHLIS 3HA4YCHUA
HOJ’IO)KI/ITGHLHLIE HOHBI OTpI/IHaTCHBHBIe HOHBI
18627254 N Si* 29662070 on
4421623 N K 17329162 N OH~
4214105 I C;Hy 2179843 F~
2230391 Na* 1791666 I (on
1119333 I Ca" 818130 Si~
569385 N H 557149 I Ccr
373001 Mg" 299754 0;
105523 Al 173096 N S~
35456 Fe* 3877 P~
26160 c’
22065 NN Ti
6815 I FeH;
3013 Cr'
2536 I B*
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Tabnuma

Fig. 3. Etching profiles of some dopants and secondary ions: / —Si,2-0",3—-P,4—-Cu”

2.

Oco00eHHOCTH MJIACTHH U UX BJHSIHUE HA }Ie(l)eKTHOCTL U BBIXO/ IT'OAHBIX TUO0/I0B r€HEPATOPOB IIyMa

Table 2. Particularities of the wafers and their influence on defects and reproducibility of noise generators diodes
Opuentauusa | lllupuna zon Iar 30n Bup Brioue- | IlnotHoets | Bbixon roa-
30H OIlJIAaBJICHU I OIlJIaBJICHU A HHUH B 30HBI nncnoxauuﬂ, HBIX l'[pl/l60— Hpnmel{aﬂne
OIJIaBJICHU S d, MKM a, MKM OIlIaBJICHUSA CM poB, %

[001] 8 40 Si3Ny 3-10* 45,0 Mautasi mypHHA 30HBI OILIABJICHHS, OJIOKHPO-
BaHHUE AUCIOKANMH 1O TuIockocTsM {111}

[110] 10 50 SisNy 8-10° 74,0

[110] 50 100 SisNy 5-10° 79,0

[110] 100 200 SisNy 6-10° 70,0

[111] 120 200 SizNy 2-10* 54,9 bonpmas muprHa 30HbI ONJIABIEHU S, HEOIHO-
POAHOCTH IIOTHOCTH AUCIOKAIIAN

[110] 50 60 SizNy 7-10* 55,1 3anpenenpHbId IIar 30H OIUIABICHUS, KOPO-
OJIeHUEe MIACTHH

[110] 50 75 Si3Ny 8-10° 72,0

[110] 50 250 Si3Ny 6-10° 78,0

[110] 50 400 SizNy 2-10* 55,0 3anpenenbHbI IIar 30H OIUIABJICHHS, HAINIHE
o0acTeld MOHMKEHHOM TNIOTHOCTH TUCIIOKAIII

[110] 50 250 Si0, 8-10* 68,2 Hannume oGmacTedl MOHMKCHHOM IIOTHOCTH
JIACIIOKAIU I

[110] 50 100 Si3Ny 5-10° 80,0

[110] m [110] 50 100 Si3Ny 2-10° 79,0

[100] 50 100 SizNy 3-10° 44,5 O06pa3oBaHue AUCIOKAMOHHBIX IETENb Ha 00-

[010] 50 100 SisN, 8-10! 44,0 paTHOM cTOpoHe 06e3 UX MpopacTaHus Ha pabo-

[100] u [010] 50 100 SisN, 2-10" 41,1 | *yrocropony

IIpumeuanue:

MPOIIEHTAaM BBIXOJA TOIHBIX M3CITHIA.

TEMHBIM IIBETOM BBIJICJICHBI INTACTUHBI C TEXHOJIOTUICCKUMU PEXXKUMAMHU, IPUBOAAIIUMHU K HU3KUM



152 Proceedings of the National Academy of Sciences of Belarus. Physical-technical series, 2021, vol. 66, no. 2, pp. 145153

3akarouenue. [Ipemnoxenus no crabunuzanuu Ae(EKTHOCTH, B TOM 4YMCJIE AMCIOKALMOHHOM
CTPYKTYpBI IJTaCTUH KpeMHus [11] 1 mpoBeaeHHbIE HHCTPYMEHTAIbHBIE U TEXHOJIOTMYECKHE UCCIIEN0-
BaHMS TOKa3ajd MPUHIHUNHAIBHYIO BO3MOKHOCTH HAIPABIECHHOTO YMIPaBJIEHUS IC(PEKTHOCTHIO BBI-
COKOJIETUPOBAHHBIX KpeMHMEBBIX cTpykTyp HI'LLl B TexHomormyeckom mnpouecce MX H3rOTOBJIECHHUS.
CpasuuBas Bo3MokHocTH co3fanus J{I'I na mnactunax ¢ opuentarnuii (111) u (001), MOXHO OTMETHTH
Oonee MWHPOKHE TEXHOJOIMUECKUE BO3MOXHOCTH mocienHuX. ONHAKO TaKhe MIACTUHBI OTINYA0TCS
OoJiee BBICOKOW CTOMMOCTBIO M 00Jiee HU3KOH MeXaHWYeCKOH TPOYHOCTHIO, YTO TIOBBILIAET TPeOOBaHUS
K TEXHOJIOTHYECKOMY 000pYJOBAaHHUIO U OCHACTKE.
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N3HOCOCTOMKOCTbh HAHOCTPYKTYPUPOBAHHBIX METAJIJIONOJUMEPHBIX
CAMOCMASBBIBAIOIXCSA ITOPOIIKOBBIX KOMITIO3UTOB

Annoranusi. [IpoBeneHHbIE MUKPOCTPYKTYPHBIE UCCIIEAOBAHUS C UCIOJIB30BAHUEM METOJOB CKAHHMPYIOIIEH AJIEKTPOH-
HOU MUKPOCKOITUU U TPUOOTEXHUYECKUE UCIIBITAHUS C IPUMEHCHUEM CTAHIAPTHBIX METOJOB U3YUCHHS XapaKTEPUCTUK TPe-
HUS ¥ U3HAITUBAHMS TO3BOJIVIIH YCTAHOBUTH MEXaHU3M IOBBIIICHUS M3HOCOCTONKOCTH HAHOCTPYKTYPHUPOBAHHBIX METAJIIO-
MOJTMMEPHBIX CAMOCMA3bIBAOIINXCSI KOMITO3HLIMOHHBIX MaTepraiioB. [lokazaHo, 4TO MOTUTETPadTOPITUIICH, CONCPKAIIUICS
B TIOPOILIKOBOI MEIHOH MaTpHIle, MO3BOJISCT Ha MOBEPXHOCTH TPEHUS chOPMHUPOBATH MOJUMEPHBIC CIIOH, CIIOCOOCTBYIOLIHE
CHIDKEHHIO KO3(h(DHUITMEHTA TPEHUS U MOBBIIICHUIO HATPY30UYHO-CKOPOCTHBIX PEKMMOB AKCILTYaTallly y3J1a TPEHUS, a IIPH pas-
PYLIEHUN JaHHBIX CJIOEB B MPOLEcce TPEHUSI HAHOCTPYKTYPHI YITIepoa, pacipeaeseHHble B 00beMe MEIHOH MaTpHLIbl, Tpe-
MATCTBYIOT PAa3BUTHUIO MTPOLIECCOB CXBATHIBAHMS, BOSHUKAIOUIMX MIPHU B3aUMOJCHCTBUY MUKPOHEPOBHOCTEH Ha MMOBEPXHOCTSIX
MaTepuasa i KOHTpTeNa. YCTaHOBIIEHO, YTO TPY 3HAYSHUAX JaBJICHUs B TpUOOKOHTaKTe BbIlIe 1,5 MIla mpoucxoauT BeITECHE-
HHE TOJTUMMEPHOT0 HAIIOJHUTENS U3 30HbI TPEHUS U MPAKTUYECKH MMOJIHOE BJIABIMBAHNUE HAHOCTPYKTYP YIJIEposa B OTKPHITHIC
YYacTKH MOBEPXHOCTH MEIHON MaTPHUIbl KOMIIO3UTA, B PE3YJIbTAaTEe YEro YaCTUIIbI HAHOCTPYKTYPHOI'O YIJIEPOJHOIO HAMIOJIHU-
TeJIs HE UMEIOT BO3MO)KHOCTH MEPEMEIIATHCS 110 TTOBEPXHOCTH TPEHHUS M HE MPENSITCTBYIOT Pa3BUTHUIO MPOLIECCOB CXBATHIBA-
HUS OBEPXHOCTEH KOMIIO3UITHOHHOTO MaTepuaia U KOHTpTela. [IoBbIIeHe CKOPOCTH CKOJIhKEHHUS BhITIE 1,5 M/C cOpoOBO-
JKIACTCSl POCTOM TEMIIEpaTypbl B TPHOOKOHTAKTE, YTO BEJCT K ACCTPYKIUHU ITOJTUMEPHOTO HATIOIIHUTEIIS U IIOTEPE UM CBOMCTB
camMocMa3biBaHusl. Takyke HHTEHCHBHOE TEIIOBBIJICIICHIE B TPHOOKOHTAKTE COIMPOBOXKAAETCS 00pa30oBaHUEM U HAKOIUICHUEM
CTPYKTYPHBIX Ie()EKTOB MOBEPXHOCTHBIX CII0EB KOMIOZUITHOHHOTO MaTepraja ¢ COMMyTCTBYIOIINM CHUKEHUEM €T IPOYHOCT-
HBIX CBOMCTB, MOBHIIICHUEM KO3 (HUIIHEHTa TPEHUS M HHTeHCH(DUKaLel mpoecca H3HAIINBAHIS KOHTaKTHPYOLINX TTOBEPX-
Hocteil. [Ipr 9TOM CKOpPOCTH CKONIBKEHUS BhILIE 1,5 M/C CHOCOOCTBYIOT AOCTATOYHO OBICTPOMY BBIHOCY HAaHOCTPYKTYP yIJe-
pona u3 30HBI TPEHHUS M, COOTBETCTBEHHO, YXYAUICHUIO TPUOOTEXHUYECKUX XapaKTEPUCTHK KOMIO3UIMOHHOTO MaTepHaa.
[Nony4deHHbIe pe3yabTaThl HCCISIOBaHUIT MOTYT OBITh HCIIOJIb30BaHbl B MAIIMHOCTPOCHNH, Ha TPAHCIIOPTE U B SHEPreTHKE.
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WEAR RESISTANCE OF NANOSTRUCTURED METAL-POLYMER SELF-LUBRICATING POWDER
COMPOSITES

Abstract. Tribotechnical tests and microstructural studies were carried out. Wear mechanism of nanostructured metal-
polymer self-lubricating composite materials has been established. This mechanism involves in the formation of separating
polymer layers on the friction surface, which reduces the coefficient of friction and running-in period of parts of friction units.
Carbon nanoparticles move along the friction surface, hinder the development of seizure processes during the interaction of mi-
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croroughnesses of the contacting surfaces of the material and the counterbody during the destruction of the separating polymer
layers. It was found that the polymer filler is displaced from the friction zone, carbon nanoparticles are pressed into the open ar-
cas of the surface of the copper matrix of the composite when the pressure in the tribocontact is higher than 1.5 MPa. The tem-
perature in the tribocontact increases, the polymer filler degrades, the carbon nanoparticles are removed from the friction zone,
the strength properties of the composite decrease, the friction coefficient and the wear rate increase at a sliding speed above
1.5 m/s. The obtained research results can be used in mechanical engineering, transportation industry and power engineering.

Keywords: composite materials, carbon nanotubes, onion carbon nanostructures, polytetrafluoroethylene, friction coef-
ficient, wear intensity

For citation: Pasovets V. N., Kovtun V. A., Pleskachevsky Yu. M. Wear resistance of nanostructured metal-polymer
self-lubricating powder composites. Vestsi Natsyyanal'nai akademii navuk Belarusi. Seryya fizika-technichnych navuk =
Proceedings of the National Academy of Sciences of Belarus. Physical-technical series, 2021, vol. 66, no. 2, pp. 154-160
(in Russian). https://doi.org/10.29235/1561-8358-2021-66-2-154-160

BBenenue. /letanu MamuH U MEXaHU3MOB, MMOBEPXHOCTU KOTOPBIX HAXOMSATCS B KOHTAaKTE W Iie-
peMemaTcs IPYyTr OTHOCUTEIBHO JpYTa, MOJBEPraioTCcs M3HAIIMBAHWIO, YTO B CBOIO OYEPEIb BEICT
K YXYJIUICHUIO UX SKCILTYaTAllMOHHBIX XapaKTePUCTUK. {71 MOBBIICHUS HAJEKHOCTH U JOJITOBEYHO-
CTH Y3JIOB TPEHUS HEOOXOAMMO 00ECIIEYNTh MOIepKAaHNE TAKMX XapaKTePUCTHK TTOBEPXHOCTEH Tpe-
HUsI, KOTOPBIE TAPAaHTHPYIOT BHICOKUE TPHUOOTEXHHUECKUE XaPAKTEPUCTUKN MAaTEPHAJIOB HA BCEX JTa-
Max 3KCIUTyaTallMOHHOro nukia [1].

Takxke HE0OXOUMO OTMETHUTh, YTO MPUMEHEHHE HEKOTOPBIX MAPOK KHUJIKHX U IJIACTUYHBIX CMa-
30YHBIX MAaTEPHAJIOB HA HE()TSIHOM UM CHHTETUYSCKOW OCHOBE MHOTJA MPHBOJUT K 00pa30BaHUIO Be-
IECTB, 00JATAONNX BBICOKOW TOKCHYHOCTBIO [2]. OTKa3 OT MPUMEHEHHUS CMa30YHBIX MaTepHaJIOB
YKa3aHHOTO KJjiacca TpeOyeT pa3pabOTKU HOBBIX CaMOCMA3bIBAIOIIMXCS KOMIIO3HIIMOHHBIX MaTepHa-
JIOB, YJIOBJIETBOPSOIINX TPEOOBAHUSAM HAJAECKHOCTH U AKOJIOTHYHOCTH.

OnHuM U3 MyTel pelieHus: JaHHOW MPOOJIeMbl SBJIsieTCS pa3padoTKa CONMPSKEHHBIX JAeTaliell y3-
JIOB TPEHUS U3 MaTePUaJIOB, 00JIaIa0IIUX HU3KUM KOI(PPHUITUSHTOM TPEHUSI, BRICOKOW M3HOCOCTOHKO-
CTBIO M 3KOJIoTHYeckn Oe3omacHbIX. [Ipn aToM motpedHOCTs TpoMbIieHHOCTH PecryOnukn benapychb
B KOMITO3UI[MOHHBIX MaTepuajax, MpeaHa3HaYeHHbIX IS pa0OThl, HAIIPHUMED, TOJIBKO B YCIOBHSIX Ma-
JIOHATPYKEHHBIX Y3JI0OB TPEHUS MAIIUH ¥ MEXaHW3MOB Pa3IMYHOTO HAa3HAUYEHUsS, COCTABIAET OKOJIO
1000 T B rOog ¥ UMEET TEHACHIINIO K YBEJIMYCHHIO [3].

Hamu ycTaHOBJI€HO, YTO HAHOCTPYKTYPHUPOBAHHBIE METAJIIONOIUMEPHBIE KOMIIO3UIIMOHHBIE MaTe-
pranel TpUOOTEXHUYECKOTO Ha3HAYCHUS 00Jada0T JOCTYITHON IICHONH M BBICOKOW M3HOCOCTOMKOCTBIO
npu padoTe B PEKUME «CYXOTO» TPEHHUS U MPEACTABISAIOT COOOH KOMIIO3HTHI, COACPXKAIIUE B CBOEM
COCTaBe MOPOIIKH METAaJIOB, HAIPUMEP MEIH, XapaKTepPU3yIOMIeNcss BRICOKOH TEIIONPOBOIHOCTHIO,
YMEpPEHHOH CKJIOHHOCTBIO K CXBAaTBIBAHUIO, XOPOLICH MIACTHYHOCTHIO, HEBBICOKOH TBEPAOCTHIO U ObI-
CTpoW MpupabaThHIBAEMOCTHIO B IPOIECCe TPEHUS; TOJMMEPOB, HAPUMEp MOIUTETpadTOPITUICHA
(IIT®D) ¢ Temmneparypoii Hadaja TEPMOOKUCIUTENbHOU JecTpyKuuu 420 °C 1 HU3KUM KO3 PHIIHEH-
tom Tperus (0,04—0,09); HaHOCTPYKTYp yTiepona, HallpuMep B BUJIE CMECH YTIIEPOJHBIX HAHOTPYOOK
(YHT) n n1ykoBHYHBIX HAHOCTPYKTYp yriaepoxa (JIHY), ornuuaromuxcss BRICOKUMHU TPUOOTEXHUUE-
CKHMH U (PU3UKO-MEXaHUUSCKUMHU XapaKTepUCcTuKamu [4].

BaxxHBIME TpeNMYIIIECTBAMH TTOPOIITKOBBIX KOMITO3UTOB TIEpe]] IPYTUMH MaTepraiaMu, JeIaron -
MU MX KOHKYPEHTOCIIOCOOHBIMHU, SIBJISIIOTCS BBICOKAsi TOYHOCTh (JOPMBI 1 PA3MEPOB IIPHU U3TOTOBJICHHH,
4YTO 00ECIIeYnBaeT CHIKEHUE 3aTpaT Ha JTaIbHEHIITYI0 MEXaHHUECKYI0 00paboTKy, a TaK)Ke MUCTIOIh30-
BaHUE pecypcocOeperamnx METOA0B OIYYCHHU S, TO3BOJISIFOIINX JTOCTHTATh KOA(PPHUIIMEHTA UCIIOTb-
3oBaHus Marepuaina 0,97-0,98 [5, 6].

[Ipornieccsl M3HAMKMBAHNS COBPEMEHHBIX KOMITO3UIIMOHHBIX MAaT€pPHANIOB CIOXKHBI, UYTO OOBACHSIETCS
B3aMMOJIEHCTBUEM 3JIEMEHTOB MHOTOKOMIIOHEHTHBIX CHCTEM B IPOLIECCE TPEHHUS, COIMPOBONKAAIOLIUMCS
oOpa3oBaHueM 4acTuil n3Hoca. ClieyeT OTMETUTh, YTO peasIbHbIC TIOBEPXHOCTH O0JIAat0T OMpeIeeH-
HOH 1mepoxoBaTocThio. [llepoxoBaToCTH B Mpoliecce TPEHHUsI KOHTAaKTUPYIOT ¢ 00pa30BaHUEM ISTE€H KOH-
TaKTOB C pa3MepaMH OT HECKOJIBKHUX HAHOMETPOB JI0 HECKOJIBKUX MUKPOMETpPOB. [Ipu 3TOM B3anmozen-
CTBHE IIEPOXOBATOCTEH Jake MPHU MAJIBIX OOIIMX HArpy3Kax MPUBOAUT K BOSHUKHOBEHHIO 3HAYUTEIBHBIX
KOHTAKTHBIX JIaBICHUHN U Temrieparyp. Ha ceromHsimHuil 1eHb Ui 00BSCHEHUS MPOIIECCOB M3HAININBA-
HUSI MaTePUAJIOB UCIIOJIB3YIOTCS HECKOJBKO Teopuil: Teopus uHamuBaHus M. B. Kparensckoro, B ocHo-
BE€ KOTOPOH JISKUT THIIOTE3a O JBOWCTBEHHOCTH MPHUPOABI TPEHHSI, 00YCIOBICHHOM are3MOHHBIM B3au-
MOJICVICTBHEM M MEXaHWYECKUM Je(hOpMUPOBAHIEM Ha MATHAX KOHTAKTA, YTO MPUBOJUT K HAKOIIJICHHUIO
JNeEeKTOB, SIBIISIONIMXCS OoyaraMu paspyuieHus [7]; Teopusi cxBaThiBanus MertauioB A.Il. CemeHoRa,
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Oazupyromascs Ha 00pa30BaHUN METAINTMYECKUX CBS3€H MPU TPEHUH B pe3ysbTaTe COBMECTHOTO Ijia-
CTHYECKOTr0o J1e(OPMUPOBAHNUS, IPUBOIAIIETO K OOBEAMHEHNUIO KPUCTAIIIMUECKHX pemeTok [§]. Tpenue
METaJIOTTOTUMEPHBIX KOMIIO3UTOB OITHCHIBAETCS 00JIee CIIOKHBIMHA MeXaHU3MaMH [9)].

BaxHbIM BOIIPOCOM B TpOIECCE U3YUEHHS] MEXaHU3MOB TPEHUS U U3HAIIMBAHUS HaHOCTPYKTYpH-
POBaHHBIX METAJUIONOIUMEPHBIX KOMITO3UITMOHHBIX MaTEPHUAJIOB SBIISIETCS UCCIIEOBAHUE POJIU TIepe-
HOCa BEMIECTBA C OJHOTO KOHTAKTHUPYIOWIEro Tena Ha apyroe [10]. DToT mporecc cocTaBiaseT OCHOBY
MeXaHH3Ma CaMOCMa3bIBaHUs KOHTAKTHUPYIOLIUX MaTepHaioB pa3HoW pupobl. [Ipu sToM 3HaUNTE h-
HOE BIIMSHHE Ha ITPOIIECC MePEeHOCca BEIIEeCTBA IPU KOHTAKTHOM B3aUMOAECHCTBUU TPYLIUXCS TTOBEPXHO-
CTell UMEIOT JIaBJIEHNE B KOHTAKTE CONMPSKEHHBIX TTOBEPXHOCTEH U CKOPOCTh CKOJIBKEHUS, TTPEBHIIIIE-
HHE€ KPUTHYECKUX 3HAYCHH I KOTOPHIX MPUBOIUT K BBIXOAY U3 CTpos y3ia TpeHus [11].

Lenv pabomyul 3aKirOUaNach B UCCICIOBAaHUM MEXaHW3Ma TPEHUS W W3HAIIUBAaHUS HAHOCTPYKTY-
PUPOBAHHBIX METAJUIONOIMMEPHBIX CaMOCMAa3bIBAIOIINXCS KOMIIO3UIIMOHHBIX MAaTEpHAJIOB, a TaKXKe
OIpeIeNICHIH JUana30HoB UX HaIe)KHOT0 (PyHKIIMOHUPOBAHUSI.

Matepuajibl 1 MeTOIMKA IKCNepuMeHTa. B ncciienoBanny B KauecTBE METAJUTMYECKOH MaTpPHIIbI
ucnoinb3oBaics nmopomok Meau [IMC-1 (I'OCT 4960-2017). B kxauecTBe HaHOpa3MEPHBIX HATIOJTHHUTEICH
MaTpUIbl TpUA pa3paboTKe HOBHIX HAHOCTPYKTYPHPOBAHHBIX KOMITO3UIIMOHHBIX MaTE€pHAJIOB TpHUMe-
Hslach cMech, copepkamias 20 % YHT u 80 % JIHY B Bujie KOMOMHHPOBAHHOTO YIJICPOIHOIO HAHO-
CTPYKTYPHOTO HAITOJIHUTENS. B KadecTBe TOJTUMEPHOTO HAITOJHUTEIST UCIIONB30Bacs Toporiok [1TdD
(FOCT 10007-80), mutakupoBanubiii mo TY 21-0282050-09-88 000s10uk0ii MEAX TOJIIHHOW 5—7 MKM.
ConeprkaHue HAHOCTPYKTYPHOTO HAMOJIHUTENS B MaTepualtie coctanisiio 0,07 mac.%, ITTOD — 6 mac%.

OO6pa3isl hopMupoBauch myteM npeccoBanus npu jaabieHun 400 MITa. Criekanue mpou3BOIH-
JI0Ch ITyTeM TIPOIMYCKAaHHs EKTPUYECKOT0 TOKa IIOTHOCTHIO 400 A/MM? B Teuenue 1,5 c.

TpuboTeXHUYECKHE UCTIBITAHUS TIPOBOAMIN B peKUMe caMocMa3biBaHus Ha Mamuae CMILI-2 Tpe-
HHUEM CKOJILKEHHS 10 CXEME «BaJl — YAaCTUUYHBIA BKJIAABIIDy Mpu Harpyske 0,5-2,5 MIla, ckopocTtu
cronpxenus 0,5-2,5 m/c u TeMrieparype okpyxatorier cpenbl 295 K. Marepuaiom KOHTpTEa CIyKH-
na cranb 45 tBepaocthio 44 HRC, mepoxoBarocts noBepxuoct Ra = 0,32—-0,40 mxm. [loBepxHOCTH
TpeHUsT 00Pa3IOB TMePe]] UCIBITAHUIMH 00€3)KHPUBAIINCH CIIUPTOM TUApOIu3HbIM. [IpupaboTka mpo-
Bommitachk mpu Harpy3ke 100 kIla 7o oOpa3oBaHUs MOJHOTO KOHTAKTA MO BCEH MOBEPXHOCTH TPCHHSI.
KoaddunueHT TpeHUs 1 HHTEHCUBHOCTH U3HAIIMBAHUS ONPEACISLIUCH I PEKUMA YCTAHOBUBIIIETOCS
Tpenus. Kaxmoe npeacraBienHoe 3Ha4eHNE TPUOOTEXHUUECKUX XapaKTEPUCTHUK — CPETHEE TPeX U3Me-
peHuit. MUKPOCTPYKTYPHBIE HCCIIEAOBAHHS TIOBEPXHOCTH TPEHUS 00Pa3LOB OCYIIECTBISUIN C UCTIOIb-
30BaHHEM CKaHHUpyromei anexTponnoit Mukpockonuu (VEGA II LSH, Tescan, Yexwus).

PesyabraTsl U ux odcy:xaenue. Ha puc. | npencraBieHsl 3aBUCUMOCTH KO3 duumenta TpeHus
Y WHTEHCUBHOCTH W3HAIIMBAaHMS HAHOCTPYKTYPHUPOBAHHBIX METAJIIONMOIMMEPHBIX KOMIO3HITHOHHBIX
MaTEpHAaJIOB OT JAaBJICHUS B TPUOOKOHTAKTE. YCTAHOBJICHO, YTO B MHTEPBAJIC 3HAYCHUN JABJICHUS OT
0,5 no 1,5 MIla me HabmromaeTCs 3HAUUTEIIHHOT'O YXYAIICHHUS XapaKTePUCTHK TPEHUS W U3HANTHBAHU S
uccaenyeMoro kommnosuta. [lpu nanpHeiineM yBelInueHUH NaBieHHUS B KOoHTakTe oT 1,5 mo 2,5 MIla
3aMeTeH CYIIECTBEHHBIN POCT WHTEHCUBHOCTH M3HAINMMBAHUS U KOd(h(UIIEHTA TPEHUS, 3HAYCHHS KO-
TophiX nipu gasieHuu 2,5 MIla nocturarot coorBercTBenHO 0,53—0,54 Mmxm/km u 0,32—0,33.

PesynbraTh nccneoBaHuil Tak)Ke OKAa3alid, YTO MOBBIIIIEHHE CKOPOCTH CKOJIBKEHHS B MHTEPBAJe
3HaueHuit ot 0,5 mo 1,5 M/c Takke He OKa3bIBACT 3HAUUTEIHHOIO BIUSHUS Ha KOOPPUIUEHT TPEHHUSI
Y MHTEHCUBHOCTH W3HamuBaHus (puc. 2). Tak, B JaHHOM HHTEpBaJie CKOPOCTeH 3HaueHU s Kod(huiireH-
ta TpeHus coctapistor 0,10—0,14, a *HTEHCUBHOCTH W3HamKBaHus He npeBbiinaet 0,06—0,07 MKM/KM.
OnHaKo najbHeiIIee yBeInYeHHe CKOPOCTH CKOIBXKEHHS JI0 2,5 M/C BEJIET K MOBBIIIIEHUIO WHTEHCUBHO-
CTH M3HANIMBaHM B 3,5 pa3a npu BozpactaHuu kodpdumuenta tperns 1o 0,33—0,34.

AHanu3 Noay4YeHHBIX KCIEPUMEHTAIBHBIX JAHHBIX U PE3YJIBTaTOB MUKPOCTPYKTYPHBIX UCCIEI0-
BaHWH MO3BOJIMJT YCTAHOBUTH MEXaHU3M TOBBIIICHUSI H3HOCOCTOHKOCTH HAHOCTPYKTYPUPOBAHHBIX Me-
TaJUIONOJIMMEPHBIX KOMIIO3UIIMOHHBIX MaTEPUaJIOB B YCIOBHAX TPEHHs 0€3 cMa3KH, KOTOPbI COCTOUT
B cilefyIomeM. B HaganpHBIN epuo MPH BCTYIUIEHWH B KOHTAKT JBYX CKOJB3SIINX APYT OTHOCHTEh-
HO ApYyTa MOBEPXHOCTEH MPOUCXOAUT AehOPMHUPOBAHHE MUKPOHEPOBHOCTEH. [Ipr ’TOM KOMIIOHEHTHI
Pa3JIMYHOTO CTPYKTYPHOTO YPOBHS, PACIOJIOKEHHBIE Ha MOBEPXHOCTH TPEHHU S, HCIIBITHIBAIOT pa3iind-
HbIE BUABI 1eOpMaLMK: METAJTTNYECKHE YACTUIBI MATPHUIIBI M METaJUIMYecKasi 000JI0uKa MOTMMEPHO-
T'0 HATIOJHUTEIS — YIPYTYIO U MJIACTHYECKYTO, TIOIMMEPHBIN HATIOTHUTENb — BI3KOYTIPYTYIO U BSI3KO-
MJIaCTHYECKY0, HAHOCTPYKTYPHBIM HATIOJHUTENb JeOpPMAIUU HE TTOJIBEPraeTCsl.
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Puc. 1. 3aBucumocts k03¢ punineHTa TPEHUS 1 HHTEHCUBHO-

CTH M3HALIMBAHUSA TTOPOIIKOBBIX HAHOCTPYKTYPUPOBAHHBIX

METaJIJIONOIUMEPHBIX CaMOCMAa3bIBAIOIIUXCSI KOMITO3UIIH-

OHHBIX MaTE€PHAJIOB OT JaBJICHHS B TPHOOKOHTAKTE IIPU CKO-
pocTu ckonbxkeHus 1,5 m/c

Fig. 1. Dependence of the friction coefficient and the wear
rate of the powder nanostructured metal-polymer self-

CKOpOCTb CKONMbXEHNs, M/C

Puc. 2. 3aBucumocTs KO3GGUINEHTa TPEHUS M WHTEHCHB-

HOCTH W3HAIIUBAHUS MOPOIIKOBBIX HAHOCTPYKTYpPUPOBaH-

HBIX METAJIJIONOJUMEPHBIX KOMIIO3UIIMOHHBIX MaTepHaIOB
OT CKOPOCTH CKOJIbXKeHU IIpu AasieHuu 1,5 Mlla

Fig. 2. Dependence of the friction coefficient and the wear
rate of the powder nanostructured metal-polymer self-
lubricating composite materials from the sliding velocity at

lubricating composite materials from the tribocontact pressure of 1.5 MPa

pressure at sliding velocity of 1.5 m/s

[Ipy ckonbXEeHUM KOHTPTENA IO MOBEPXHOCTH HAHOCTPYKTYPHUPOBAHHOTO METAIIONOIMMEPHO-
0 KOMITO3UTa TIPOUCXOUT pa3pylleHne Mmiakupyoommx odonodek [ITOD n ynanenne u3 30HBI Tpe-
HUS METAJUTMYECKUX YaCTHUIl U3HOCA, OTACICHHBIX OT FPaHyJ INIAKUPOBAHHOTO mojauMepa (puc. 3, a).
®parMeHThI IUTAKAPYIOIIEH 000JI0YKH MOTYT OBITH BEIHECEHBI M3 30HBI TPEHH S Wi TTorioeHs! [ITDD,
MMEIOIUM CIIOCOOHOCTH 0OBOJIAKMBATH MHOPOJIHBIC YaCTHUIIBL. B nanpHeiimem gedhopMupyeMble 4acTu-
el [ITOD cozmarot pa3aenuTenbHbIe IOTUMEPHBIE CJIOM Ha MTOBEPXHOCTH TPEHHS M YaCTUYHO TIEPEHO-
CSATCS Ha MIOBEPXHOCTh KOHTpTENa (puc. 3, b).

B mporiecce TpeH#s Ha HEKOTOPBIX yYaCTKaX MOBEPXHOCTH BO3MOXHO pa3pyIIeHUE TIOBEPXHOCTHBIX
pas3IeNuTeNbHBIX IOJIMMEPHBIX CIIOEB U BOZHUKHOBEHHUE MTPOIIECCOB 00pa30BaHMUSI CBS3EH, KOTOPHIE OIpe-
JISNSIOT aJr€3MOHHYI0 COCTaBIISIONTYTO TpH TpeHuH. Takum oOpa3oM, ciou [ITDD He siBisOTCS CIIoNI-
HBIMHU U K3-32 CJIa00i aJire3un K METajly MOTYT YHOCHUTBCS M3 30HBI TPEHHUS TPH JOCTHKEHUH KPUTH-
yeckoit Tonuuubl 10—40 M (puc. 4, a). IIpu sTom nponykTsl nzHoca [ITPD MokHO paccMaTpuBaTh Kak
rpannygHyto cmasky [12]. Ilpu paspymeHn#n pa3nenuTedbHbIX TOIUMEPHBIX CIIOEB CO3AAaeTCs BO3MOXK-
HOCTb BO3HHUKHOBEHHS TPOLIECCOB CXBAThIBAHUS METAJUTMYECKONW MAaTPHLIBI KOMITIO3UIIMOHHOTO MaTepua-
na u KoHTpTena. OIHAKO YaCTUIBI HAHOCTPYKTYPHOTO HATIOTHHUTENS, HAXOMAIINECS B 30HE KOHTAaKTHOTO
B3aMMOJICHCTBUS IOBEPXHOCTEN TPEHMsI KOMITO3UIIMOHHOTO MaTrepuana U KOHTPTeNa, Ha y4acTKax, B KO-
TOPBIX JTOJHKHO TMPOU30MTH B3aMMOJIEHCTBHE TOBEPXHOCTEH MaTEpHaIoB, MPEMATCTBYIOT IMPOIIECCY CXBa-
THIBAHUS MEX/y YACTHUI[AMH KOMITO3UIIMOHHOTO MaTepHralia U KOHTpTena (cM. puc. 3, ¢ u 4, b) [13, 14].

Crnenyetr OTMETHTB, YTO TIPH 3HAYEHUSX JABJICHUS B TpuOoKoHTakTe Bbime 1,5 MIla mpoucxomut
BBITECHEHHE TIOJINMEPHOTO HATIOJIHUTENS U3 30HBI TPEHMS U MPAKTHUECKH TOJIHOE BABJIMBAHNWE HAHO-
CTPYKTYp yIJIepojia B OTKPBITHIE YUYACTKH TIOBEPXHOCTH METHON MaTPHIIBI KOMITO3UTA, B PE3yIbTATE YETO
YaCTHUIIBI HAHOCTPYKTYPHOTO YTJIEPOJHOTO HANOIHUTEIS HE MMEIOT BO3MOXHOCTH IEPEMEIIaThCs T10
TIOBEPXHOCTH TPEHHUS U HE TIPEIISITCTBYIOT Pa3BUTHIO MPOIIECCOB CXBATHIBAHUSI TIOBEPXHOCTEH KOMIIO3H-
[IUOHHOTO Marepuana 1 KoHTpTena (puc. 3, d). [loBbllieHHe CKOPOCTH CKONILXKEHHMSI BhIIe 1,5 M/c conpo-
BOXK/JIAETCSI POCTOM TEMITEPATYPhI B TPHOOKOHTAKTE, YTO BENIET K YACTUYHOU TEPMO- U TEPMOOKUCITUTEITh-
HOM JIECTPYKIHUHU TIOJIMMEPHOTO HATIOJIHUTEIS U TIOTePe UM CBOWCTB caMOCMasbIBaHUs. Tak)ke MHTEHCHB-
HOE TeTJIOBbIACICHIE B TPUOOKOHTAKTE CONPOBOXKAAETCSI 00pa30BaHUEM M HAKOIUICHHEM CTPYKTYPHBIX
Je(eKTOB MOBEPXHOCTHBIX CIIOEB KOMIO3WIIMOHHOTO MaTephasia ¢ COMyTCTBYIOUINM CHIKEHHEM €ro
MPOYHOCTHBIX CBOMCTB, MOBBIIICHHEM KO3()(UIMEHTa TPeHHUs] U MHTEHCU(UKALUel mpoliecca N3HAIIHU-
BaHMS KOHTAKTHUPYIOMHUX TOBEepXHOCTEH [15]. [Ipm 3TOM CKOpOCTH CKOMBKEHHS BBIMIE 1,5 M/C crmocoo-
CTBYIOT JIOCTaTOYHO OBICTPOMY BBIHOCY HAHOCTPYKTYP YIJIEpOAa W3 30HBI TPEHUS M, COOTBETCTBEHHO,
YXYALICHAIO TPHOOTEXHNYECKNX XapaKTePUCTHK KOMITO3UIIMOHHOTO MaTepHaa.
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Puc. 3. MonenupoBaH#ie MPOLECCOB TPEHHS M M3HAIINBAHUS HAHOCTPYKTYPHPOBAHHBIX METAJIONOINMEPHBIX CAMOCMa3bl-
BAIOIMXCSl KOMIIO3ULIMOHHBIX Marepuaios: / — yactuusl meau, 2 — [ITOD, 3 — mexanas obonouka [ITDD, 4 — kouTpTeIo,
5 — yrieponHbie HAHOTPYOKH, 6 — TyKOBUYHBIC HAHOCTPYKTYPBI YIIIepoia

Fig. 3. Simulation of friction and wear processes of nanostructured metal-polymer composite materials: / — copper particles,
2 —PTFE, 3 — copper shell of PTFE, 4 — counterbody, 5 — carbon nanotubes, 6 — onion carbon nanostructures

SEM HV: 20.00 kV Date(m/d/y): 09/22/19 | SEM HV: 30.00 kV Date(m/d/y): 11/18/08 1 1
View field: 39.68 ym Det: SE Detector 1pm VEGAW TESCAN s’ View field: 13.23 ym Det: SE Detector 2 ym VEGAW TESCAN s’
Date(m/d/y): 09/22/19 Name: 2,5.tif Digital Microscopy Imaging n Date(m/d/y): 11/18/08 vladk Digital Microscopy Imaging n

Puc. 4. Pa3pynienne noBepxXHOCTHOTO pa3AeIUTEIbHOIO MOTUMEPHOTO CIIOS B MPOIEcce TPEHNUs (@) U MOBEPXHOCTh TPEHUS
HAHOCTPYKTYPHUPOBAHHOI'O METAJUIONOIMMEPHOTO CAMOCMa3bIBAIOIIEr0CS KOMIIO3UIIMOHHOr0 MaTepuana (b)

Fig. 4. Destruction of the surface separating polymer layer during friction (a) and friction surface of nanostructured metal-
polymer self-lubricating composite material (b)
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3akirodyenue. [IpoBeneHbl TPUOOTEXHUUECKNE HCIBITAHUS U MUKPOCTPYKTYPHBIE HCCIIEIOBAHUS
HAHOCTPYKTYPHUPOBAHHBIX METAJUIONOIMMEPHBIX CaMOCMAa3bIBAIOIHUXCS KOMIIO3UTOB, COJIEPKaAIIUX
B CBOEM cocTaBe nopouiku menu, omeaHeHHoro IIT®D u cmecu YHT u JIHY. Ananus pe3ynabTaToB
WCCJIEZIOBAaHNN MO3BOJINI YCTAHOBUTH MEXaHHU3M TMOBBIIIEHUS N3HOCOCTOMKOCTH KOMIIO3UIIMOHHBIX Ma-
TEpHaJIOB JAHHOTO KJIACCa, KOTOPBII 3aKIII0YAeTCsl B TOM, YTO IIPU TPEHUU 0€3 CMa3KH CoJepKaluncs
B Marepuase [ITDD no3sossieT cHopMUPOBATH PA3ACIUTEIbHBIC CJIOU, HAXOIAIUECS HAa TIOBEPXHOCTH
TpeHusl, crocoOCTByOINE CHIKeHHIO Koapuuuenta TpeHus 10 0,10—0,13 u cuiibl TpeHUs! B KOHTaK-
Te, MUHUMU3aLUH1 IEpHOJia MPUPAOOTKH AeTaleH y3J10B TPEHHS U NOBBIIIEHUIO JOIYCTUMON HAarpy3KH
Ha y3en TpeHus (qasienus 1o 1,5 MIla u ckopocTu croibxkenus 10 1,5 m/c). [Ipu paspylieHun JaHHBIX
CJIOEB B IPOLIECCE TPEHUSI HAHOCTPYKTYPBI YIIIEPOa, pacipeesieHHbIe B 00beMe METaJIJIONOIMMEPHOH
MaTpHIIBl, IO MEpe M3HAIIMBAHUS MaTepHalia BBIXOJAT Ha MOBEPXHOCTH, MEPEMEIIAIOTCS 10 TTOBEPX-
HOCTH, MPEMATCTBYIOT Pa3BUTHIO NPOLIECCOB CXBAThIBAaHUS MPU B3aUMOJAEHCTBUN MUKPOHEPOBHOCTEN
KOHTAaKTHPYIOIUX IOBEPXHOCTEH Marepuaja U KOHTPTENa, YTO MO3BOJISIET CHU3UTh MHTEHCHBHOCTb
n3HamuBanus marepuana 10 0,06—0,07 Mkm/KM.

Ilpu yBenuyeHUM HArpy304HO-CKOPOCTHBIX PEKHMMOB 10 3HaueHUM naBieHus Boime 1,5 Mlla
U CKOPOCTH CKOJBKEHHS Ooiee 1,5 M/c MPOUCXOASIT YaCTUYHAS TEPMO- U TEPMOOKHCIUTENbHAS Jie-
CTPYKLMSI, a TAKXKE BHITECHEHUE TOJIMMEPHOTO HAMOIHUTEISI U3 30Hbl TPEHUSI, BBIHOC U BIABIMBAaHUE
YaCTHUIl HAHOCTPYKTYp yTJIeposa B MOBEPXHOCTh METAJIJIa MATPHUIIBI, YTO COIIPOBOXKAAETCS 00Opa3oBa-
HUEM M HaKOIJICHHEM CTPYKTYPHBIX Ae()EKTOB MOBEPXHOCTHBIX CJIOEB KOMIO3MIIMOHHOIO MaTepua-
Jla ¢ COIMYTCTBYIOIUM CHUXKEHHEM €r0 MPOYHOCTHBIX CBOWCTB, MOBBIIIEHHEM KO PULIMEHTa TPEHUS
W MHTeHCH(UKaLKel mporuecca N3HAIIMBAHUS KOHTAKTUPYIOLUINX TOBEPXHOCTEH.

Pe3ynpraThl IpOBENCHHBIX HMCCICAOBAaHUI MO3BOJIMIM Pa3padOTaTh HOBBIE HAHOCTPYKTYPHUPO-
BaHHBIE METAJUIONOJIMMEPHbIE CaMOCMAa3bIBAIONIMECS KOMIIO3WLIMOHHBIE MaTepHalibl, 3allUIIEHHbIE
narentamu Pecniyonuku benapyce n Poccuiickoit ®@enepaunu (BY 21703, BY 18890, RU 2374346,
RU 2405 848), koTopble BHEAPEHBI M UCIOIB3YIOTCS B Y3JIaX TPEHHUS aBTOMOTPY309HOM, CTPOUTEIBHOM
U CEJIbCKOXO3AMCTBEHHON TEXHHMKH, a TaKXKe TEIIODHEPreTHUeCKOro M MOXKapHOro aBapHilHO-cnaca-
TEIBHOTO 000PYIOBAHUS.
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ELECTROCHEMICAL POLISHING OF MATRIX STENTS OF THE 316LVM
STEEL USING MICROSECOND PULSES

Abstract. With the development of minimally invasive treatment technology, coronary stents made of corrosion-resistant
steel are in demand for restoring the patency of blood vessels. The effectiveness of coronary stenting depends on various fac-
tors, but the quality of the surface of the stents is a major factor. The higher the quality of the surface of the stent is, the less
negative the effect on the circulatory system, arterial walls, and the higher the biocompatibility of the stent is. The complex
shape, small cross-section, size, and low rigidity of coronary stents are the main reasons for the inability to ensure high sur-
face quality using mechanical finishing methods. Therefore, electrochemical methods are used to polish stents. For electro-
chemical polishing (ECP) of stents, an electric mode based on direct current is traditionally used. The disadvantages of direct
current ECP are excessive metal removal and the need to use electrolytes of complex compositions, often containing toxic
components. As an alternative to the traditional ECP with the use of direct current, we have proposed a method of pulsed ECP
using pulses of microsecond duration for polishing stents. The use of pulsed current allows one to achieve a significant in-
crease in the efficiency of the SEC process, when, due to the localization of the anodic dissolution, the smoothing speed of the
microroughness of the treated surface, referred to the total metal removal, increases significantly. The paper presents a com-
parative analysis of ECP modes using direct and pulse current to change the surface roughness, removal, radius of curvature
of the edges, and corrosion resistance on the example of stents made of the 316LVM stainless steel. Based on the results of the
studies, technological regimes of pulsed ECP were established that provide the highest quality polishing of the stent surface
with a small metal removal with a slight rounding of the edges.

Keywords: current pulse, electrochemical polishing, coronary stent, electrolyte, efficiency of smoothing microrough-
ness, microroughness
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SJEKTPOXUMHNYECKOE IOJIUPOBAHUE MATPUYHBIX CTEHTOB U3 CTAJIA 316LVM
C UCITIOJIB30BAHUEM MUKPOCEKYHJIHbBIX UMITYJIbCOB

AnHoTanus. C pa3BUTHEM TEXHOIOIHMH MaJOWHBA3MBHOIO JIEUEHUS] KOPOHAPHBIE CTEHTHI U3 KOPPO3HOHHOCTOMKHX CTa-
Jell MONyYNIN IIMPOKOE PACIIPOCTPAHEHHE IPH BOCCTAHOBICHUHU MPOXOAMMOCTH KPOBEHOCHBIX COCYIO0B. D((heKTHBHOCTH
CTEHTHPOBAHMS KOPOHAPHBIX COCY/OB 3aBHCHT OT PAa3IMYHBIX (JAKTOPOB, OJHAKO OCHOBHBIM (PAaKTOPOM SIBIISIETCS KAaueCTBO
MIOBEPXHOCTH CTEHTOB. UeM BbIIIEe KaueCTBO IOBEPXHOCTH CTEHTA, TEM MEHbIIE HEraTUBHOE BJIMSHUE OKa3bIBaeTCs Ha KPo-
BEHOCHYIO CHCTEMY, CTEHKH apTepHii U TeM BbIIIe OMOJIOTHYECKas COBMECTUMOCTD cTeHTa. CrnoxHas Gpopma, Masoe CeueHue,
pa3Mepbl M HU3Kasl )KECTKOCTh KOPOHAPHBIX CTEHTOB SBISIOTCS OCHOBHBIMH ITPUYNHAMHI HEBO3MOKHOCTH 00ECIICUCHHUST BBICO-
KOT'0 KauecTBa MOBEPXHOCTH C UCIIOIH30BAaHNEM MEXaHNIECKUX clIoco00B puHunIHON 00padoTku. [ToaTOMY JUIsl TOTHMPOBAHHUS
CTEHTOB IIPUMEHSIOTCS NEKTPOXUMUYEcKHe MeTobl. Jliist anexTpoxumuydeckoro noauposanus (OXII) cTeHTOB TpaaULIMOHHO
WCTIONB3YETCs IIMEKTPHUCCKUI PeKUM, OCHOBAaHHBIA Ha MOCTOSHHOM Toke. Hemoctatkamu DXII Ha MOCTOSTHHOM TOKE SIBJISI-
I0TCS YPe3MEPHBIH CheM MeTalllla H HEOOXOAUMOCTH HCIIOIb30BaHUS MJICKTPOIUTOB CIOXKHBIX COCTABOB, YACTO COACPIKAIINX
TOKCHYHbIC KOMIIOHEHTHI. B kauecTBe anbTepHaTUBbl TpaguoHHoMy OXI1 ¢ npuMeHeHreM OCTOSIHHOIO TOKA HaMU JUIS T10-
JUPOBAHMS CTEHTOB MPEJIOKEH METO UMITyIbcHOTO DXII ¢ HCIoIb30BaHNEM NMITYIECOB MUKPOCEKYHIHON ATHTENBHOCTH.
[IpuMeHeHNe IMITYTHCHOTO TOKA MO3BOJISIET JOOUTHCS CYIIECTBEHHOTO MOBLIIIeHHS Y dexTuBHOCTH Mporecca DXI1, korna 3a
CUeT JIOKAJIM3AI[MH aHOTHOTO PACTBOPEHUS CKOPOCTH CIIIA)KHBAHHSI MUKPOHEPOBHOCTEH 00padaThIiBaeMoii MIOBEPXHOCTH, OTHE-
CEHHas K 001IeMy ChbeMy MeTalla, 3HAYUTEIbHO Bo3pacTaeT. [Ipeactasnen cpaBHUTENbHBIN aHanu3 pexumoB IXII ¢ mpumene-
HHUEM MOCTOSTHHOTO ¥ UMITYJICHOTO TOKa Ha W3MEHEHHE MIePOXOBATOCTH TIOBEPXHOCTH, ChEMa, pajinyca 3aKpyTIeHHUS KPOMOK
U KOPPO3UOHHOH CTOMKOCTU Ha IPUMEpPE CTEHTOB U3 KOPPO3UOHHOCTONKON cranu 316LVM. Ilo pe3ynbraraM BbIIOJHEHHBIX
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HCCIIEZIOBAaHUI YCTAHOBIICHBI TEXHOJIOTHYECKHE PEKUMBI HMITyJIbcHOro DXII, obecrednBarole Hanboee Ka4eCTBEHHOE M0-
JTHPOBAHHME MOBEPXHOCTH CTEHTOB IIPH MAJIOM CheME MeTaJlJla ¢ HE3HAYUTEIbHBIM CKPYTJICHHEM KPOMOK.
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Introduction. To increase the biological lumen and maintain the patency of the blood vessel after
percutaneous transluminal angioplasty, stents are used in medical practice [1, 2]. Stents are made from
implant materials widely used in medicine, such as nitinol, titanium, cobalt-chromium alloys, and corro-
sion-resistant steels. These materials combine high resistance to corrosion, strength, resilience, and radi-
opaque properties [3]. In this case, the most important property of stents, which has a significant effect
on their corrosion resistance in an aggressive environment of the body, biocompatibility and the risk of
a repeated decrease in the vessel lumen in the implantation zone, is the quality of their surfaces [3-7].

Currently, for the shaping of matrix-type stents, laser cutting from a tubular blank is used, the disad-
vantage of which is the formation of burrs, scale, and surface defects in the cut area [8]. The main part of
the burr is preliminarily removed by mechanical methods and chemical etching [8—10]; to ensure a high
quality of the surface of the stent (Ra up to 0.1 um), electrochemical methods are used. Electrochemical
polishing (ECP) of stents provides not only an improvement in the surface quality but also leads to
the formation of a clean and uniform passive layer, the elimination of surface defects [11-14], an im-
provement in the mechanical properties of the treated surface and an increase in its corrosion resistance
[3, 4, 6, 15-20]. In the production of stents from various implant materials, electrolytes and ECP modes
are effectively used, which makes it possible to obtain a set of required performance characteristics.
The processes of ECP developed to date for stents made of nitinol [7], corrosion-resistant steel [20, 21],
titanium alloys [22, 23] provide high-quality polishing with a significant decrease in surface roughness
and an increase in the corrosion resistance of the surface layer.

The main disadvantage of direct current ECP is excessive uncontrolled metal removal [25], which is
especially unacceptable when processing small-section products such as stents. Another disadvantage is
the need to use electrolytes of complex compositions containing a number of materials, including toxic
components [25]. The use of a pulsed current makes it possible to achieve a significant increase in the
efficiency of the ECP process, when, due to the localization of anodic dissolution, the rate of smoothing
of microroughness of the treated surface, referred to the total metal removal, increases significantly.
The duration of the pulses allows the influence on the thickness of the diffusion layer around the treated
surface during the ECP process. Therefore, by changing the pulse duration, it becomes possible to con-
trol the rate of redox reactions and metal removal [25]. Thus, it becomes possible to high-quality polish-
ing in electrolytes without the addition of toxic components such as fluorides, methanol and chromic an-
hydride. So, earlier in our work [26], it was established that the use of pulse modes in the process of ECP
provides a significant decrease in surface roughness with a small removal of metal. The highest values
of the efficiency of smoothing microroughness, defined as the ratio of the change in roughness ARa to
metal mass Am removal, are achieved for the bipolar pulse mode at a current density of i = 0.75 A/cm?
and for a unipolar pulse mode at an anode current density of i, = 1.0 A/em?. The efficiency values ob-
tained for pulsed modes are two times higher than the maximum efficiency (at i = 0.5 A/cm?) for the
traditional ECP using direct current. Accordingly, it is most advisable to use pulse modes for processing
precision parts, products, or parts of small sections and rigidity (including stents), for which excessive
metal removal from the treated surfaces is not allowed.

The purpose of this work is a comparative analysis of ECP modes with the use of direct and pulsed
currents for changes in surface roughness, metal removal, changes in size, and corrosion resistance on
the example of stents made of the 316LVM corrosion-resistant steel, as well as the establishment of tech-
nological ECP modes that provide the highest quality polishing of the surface with a relatively low metal
removal and geometry changes (radius of curvature of edges).

Materials, equipment, and research methods. The studies were carried out on samples of coronal
stents made of the 316LVM corrosion-resistant steel, obtained by laser cutting from drawn pipes with
dimensions 2.4 X 0.2 mm (Figure 1). The surface area of the stents is 3.8 cm?.
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As a pretreatment before ECP to remove burr formed af-
ter laser cutting, acid etching was carried out in a solution
of the composition HF (1 %), HNO;3 (9 %), and H,0O (90 %)
at 45 °C for 15 min in an ultrasonic bath. After acid etching,
the stents were washed in water [27]. The roughness of the
surface of the initial samples was Ra 0.22 um.

ECP of the samples was performed in an electrolyte of
the following composition: 50 % — phosphoric acid, 25 % — Figure 1. The appearance of test samples
sulfuric acid, 20 % — glycerol, 5 % — distilled water. The elec-
trolyte temperature was maintained within 33+5 °C. The required value of the current density was set
by changing the voltage. To process the samples, we used experimental equipment consisting of an ad-
justable constant voltage source [29], a block of the system for forming pulses of a given duration, a bath
with devices for heating, cooling, and stirring the electrolyte (Figure 2).

Adjustable constant
voltage source

Bath

Block of the system
for forming pulses

Figure 2. Experimental equipment for research

The measurement of the surface roughness of the samples before and after processing was carried out
using an MII-4 micro interferometer. Electron microscopic photographs of the surface of the samples before
and after processing were obtained on a VEGA Il LMV scanning electron microscope. Optical photographs
of the surface of thin sections of the samples before and after processing were obtained using an Altami
MET]1 metallographic microscope. The shape of the current pulses was monitored with an S8-46/1 oscil-
loscope. The mass was measured with an Ohaus PA214C weigh-scales. The control of corrosion resistance
was carried out using a PI-50-Pro-3 pulse potentiostat-galvanostat in a 0.9 % sodium chloride solution.

For the treatment duration t, the values of 2, 4, 6, 8, 10, and 12 min were taken. The amplitude of
current density for the pulsed ECP was 1.3 A/cm?, and for the ECP at a direct current was of 0.65 A/cm?.
The accepted values of the current density ensure the equality of the amount of technological current for
the investigated processes of pulsed ECP (PECP) and ECP at direct current (Figure 3). The duration of
the no-current pause between pulses, equal to half of the period 7, is compensated by twice the ampli-
tude of the current /pgcp at a pulsed ECP relative to the ECP on a direct current /gcp.
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) . t

T
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Figure 3. Diagrams of the shape of the pulses during ECP at a constant current (a) and pulse ECP (b)
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ARa, um Results and discussion. To establish the pulse
] duration that provides the best surface quality (the

0141 smallest surface roughness), the samples were pre-
0.12 1 liminarily processed with the following characte-
0.10 1 ristics:
0.08 - pulse duration t = 10, 20, 40, 80, 160 and 320 ps;
0.06 1 duty cycle S=2;
0.04 1 peak current density of pulses i = 1.3 A/cm?;
0.02 1 processing time ¢ = 8 min.

0 , , , , , , , , , The obtained dependence of the change in

0 40 80 120 160 200 240 280 320 360 the surface roughness of the samples ARa on the
“H pulse duration T during the pulsed ECT is shown in
Figure 4. The effect of pulse duration in the process of pulsed ~ Figure 4. The maximum improvement in surface
ECP on the change in surface roughness of samples quality is observed at a pulse duration of 40 ps.
High processing quality at this value of the pulse
duration is achieved by creating the most favorable conditions under which comparable and high rates of
anodic dissolution and surface passivation are provided, which makes it possible to completely remove
dissolution products and restore the concentration of active components in the processing zone and ensure
the maximum rate of smoothing of the surface microrelief with minimal material removal. Later in this
work, when processing samples in the pulsed mode, the value of the pulse duration was taken to be 40 ps.
Figure 5 shows the results of experimental studies of the effect of treatment duration 7 on the change
in surface roughness and removal of stent material in the process of pulsed ECP and ECP at direct cur-
rent. From the presented dependencies it can be seen that when using both the pulsed ECP mode and
the traditional ECP using direct current, an approximately equal change in the roughness parameter Ra
takes place. In this case, the removal of material Am from the treated surfaces of the stent for the pulsed
mode is, on average, 2.5 times less than for the constant current mode. Less removal with an equal
amount of process current is explained by the passivation of the treated surface during the no-current
pause between pulses. Accordingly, when a pulse following the pause occurs, electrochemical disso-
lution does not begin instantly, but with a certain delay, commensurate with the duration of the acting
pulse, which has the main effect on the extraction. Intensive smoothing of the microrelief at low metal
removal in the pulsed mode is associated with the accelerated dissolution of primarily polarized micro-
protrusions on the treated surface as compared to passivated micro depressions.
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Figure 5. The effect of the processing time on the change in surface roughness (¢) and material removal (b) of the samples
during pulsed ECP and ECP on a direct current

Quantitatively, the efficiency of ECP of stent surfaces using a pulsed mode can be estimated by the
ratio of the achieved change in roughness to the mass of metal removed during processing. As shown
in Figure 6 of the diagram, it can be seen that in general, both for the pulsed mode and for the mode at
constant current, with an increase in the duration, the processing efficiency decreases. At the same time,
the efficiency of ECP with the use of the pulsed mode is on average 2.3 times higher than with the tradi-
tional ECP using direct current.
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In the process of stent implantation us-
ing a high-pressure balloon (up to 12 atm), there
is a possibility of vascular wall perforation.
Therefore, the edges of the stent frame elements
must be rounded [31]. On the other hand, exces-
sive rounding of the edges, along with a decrease
in the cross-section of the frame elements, leads to
a significant decrease in the stiffness of the stent
and, accordingly, to the loss of its ability to rein-
force the vascular wall. In modern stent production
processes, the main edge rounding is provided by
shot blasting, prior to electrochemical polishing
[5]. Therefore, directly at the stage of electrochem-
ical polishing, significant rounding of the edges is
undesirable (more than 20 microns). The use of the
pulsed mode allows reducing of the rounding of
edges during the polishing of stents (Figure 7). The
value of the radius of rounding of the edges r after
processing in the pulsed mode is on average 15 %
less than when processing with direct current. This
is achieved due to significantly less metal removal
in the process of pulsed ECP compared to DC ECP.

From those presented in Figures 5-7 experi-
mental dependencies, it follows that to ensure
a high quality of the stents surface under the con-
dition of small removal with a slight rounding of
the edges (10—15 um), the required duration of the
pulse ECP is 6—8 min.

Figure 8 shows polarization curves obtained in
0.9 % sodium chloride solution for initial stent sam-
ples and stent samples after pulsed ECP and direct
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Figure 6. Change in the efficiency of the processing time
with pulsed ECP and ECP on direct current
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Figure 7. The influence of the processing time on the change
in the radii of rounding of the edges of the stents

current ECP for 6 min. It was found that the type of technological current used in the process of ECP of
stents does not affect the protective properties of the surface. Pulsed ECP, as well as traditional ECP using
direct current, leads to a significant increase in the pitting potential ¢ of the studied stent samples — from 770

to 1370 mV.

Micrographs of the initial stent samples and samples after a 6-min pulse ECP are shown in Figure 9.
The surface of the original stent samples is characterized by the presence of scratches and other defects
formed as a result of preliminary mechanical, sandblasting, and chemical etching. The edges have laser-cut
burrs. As a result of the pulsed ECP, the relief of microroughness is smoothed out, and a smooth surface
that does not contain defects is formed. In this case, the rounding of the edges is insignificant (10—15 pm).
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Figure 8. The effect of pulsed ECP and ECP on direct current
on the change in the potential of the pitting surface of the stents



166 Proceedings of the National Academy of Sciences of Belarus. Physical-technical series, 2021, vol. 66, no. 2, pp. 161-168

SEM HV: 20.00 KV WD: 12,9380 mm VEGAN TESCAY
View field: 277.2ym  Det: SE Detector
SEM MAG: 716 x

SEMHV: 20,00 KV WD: 129760 mm VEGAN TESCAN
Viw field: 132.3ym  Det: SE Detector
SEM MAG: 1.50 kx.

SEMHV:2000kV  WD: 12,9760 mm VEGA TESCAY
View field: 1.98 mm Det: SE Detector
SEM MAG: 100 x

SEMHV:2000KV  WD: 13,3018 mm VEGAN TESCAN
field:132.3ym  Det: SE Detector 20 ym
SEM MAG: 1.50 kx

SEMHV:2000KV  WD: 13.1440 mm VEGAY TESCAY
View field: 199 mm  Det: SE Detector 500 pm
SEM MAG: 100

SEMHV:2000kV  WD: 13,8908 mm VEGAN TESCAY
View field: 243.4 ym  Det: SE Detector 50 ym
SEM MAG: 700 x

Figure 9. Microphotographs of stents before (¢, b, ¢) and after processing (d, e, f) pulsed ECP application

Conclusion. The use of pulsed modes in the process of ECP for products of small cross-section and
stiffness, for which excessive metal removal is not allowed, such as coronary stents, allows high-quality
surface finishing with high efficiency, at which the intensity of smoothing the microroughness of the
treated surface, referred to the total metal removal, increases significantly in comparison with tradition-
al ECP using direct current. The efficiency of ECP in the pulsed mode is, on average, 2.3 times higher
than with traditional ECP using direct current.

According to the results of the studies performed, it was found that the high quality of the surface of
stents made of the 316LVM corrosion-resistant steel under the condition of low removal (11-14 %) with
a slight rounding of the edges is achieved in the process of a pulsed ECP with a pulse duration of 40 ps,
a current density of 1.3 A/em? with a duration processing 6-8 min. Processing with such characteris-
tics leads to an improvement in the surface roughness Ra of 0.12—0.13 um, the formation of a smooth
surface, the removal of scale and burrs formed during laser cutting, as well as an increase in the pitting
potential in comparison with the initial state from 770 to 1370 mV.
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BAPBEPHBIE CBOMCTBA IINIEHKOOBPA3YIOIIUX CUCTEM
«MOKCHUJIHAS CMOJIA - AMUHHBIN OTBEPIUTEJIb»

AnHoTanus. V3y4deHsl Gu3nKo-MexaHHYECKHE H OaphepHbIe CBOHCTBA HEMUTMEHTHPOBAHHBIX MOKCHIHBIX TOKPBITHH,
MpeIHa3HaYeHHBIX IJ15 aHTUKOPPO3MOHHOM 3aIMTHl METAJIOB U CHOPMHUPOBAHHBIX U3 PA3JIMYHBIX MJICHKOOOPa3yIOMIHUX
CHUCTEM Ha OCHOBE 3IIOKCHHBIX CMOJ M aMUHHBIX OTBepAUTeeH. bapbepHble cBOMCTBA MOKPHITUI OLIEHUBAJIY II0 XapaKTe-
Py YaCTOTHBIX 3aBUCUMOCTEN EMKOCTH U CONPOTUBIICHUS OKPALICHHBIX METAJIJIMYECKUX IIIACTUH IIPU KOHTaKTe ¢ 3%-HbIM
BOJHBIM PacTBOPOM XJIOPHJa HATPHs, a TaK)Ke 110 BETMYMHE CMEIIECHHS IMOTEHIMAala pa30MKHYTOH IIEMH ¢ OKpAaIleHHBIM
AJIEKTPOJIOM B CPaBHEHUHU C HEOKPAIIEHHBIM. DKCIEPUMEHTAIBHO YCTAHOBICHO, YTO OOJBIIEE CONEPKAaHUE Tellb-(hpaKIuu
XapaKTEePHO IS MOKPBITHHA, COOPMHUPOBAHHBIX U3 HU3KOBSA3KUX TUIEHKOOOPa3yIoImuX cocTaBoB. [lokazaHo, 4To GU3NKO-Me-
XaHUYECKHE M 3alINTHBIC CBOWCTBA SMOKCHUIHBIX MOKPBITHI 3aBUCAT OT COACPKaHUS (QYHKIMOHATBHBIX TPy B SMOKCUI-
HOW cMoOJie M MPHUPOJBl AMHUHHOTO OTBepAuTens. OOHApYKEHO, YTO IS MOTYUYSHHS MOKPBITHH C JTYUYIIMMH CBOWCTBAMHU
IPEAIOYTUTEIbHEE UCII0Ib30BaTh AMUHHbBIE OTBEPAUTENN, KOTOPBIC XapaKTePU3yIOTCsI HEBBICOKUM COJCPKAHUEM aMUHHBIX
I'PYIII U CHHIKEHHOH J10JIeli BTOPUYHBIX aMUHOTPYIII. BbIsiBIeHa B3aMMOCBS3b MEX/y 3alIUTHBIMH CBOHCTBAMHU HOKPBITHH
U BEJIIMYMHAMH BOJOIOTJIOMEHHs. [IpeiIokeHo HCIoNIb30BaTh N3ydYeHHe 0COOCHHOCTEH BOIONOIIIOMICHHS TOKPBITHI KaK
MPOCTOH HKCIIPEcC-METO OLCHKH UX OapbepPHBIX CBOMCTB. PAaCCMOTPEHEI TEXHOIOTHNUYECKUE aCIIEKThHI IPUMEHEHHUS UCCIIENY-
€MBIX COCTABOB IIPU MMPOU3BOACTBE AHTHKOPPO3UOHHBIX JTAKOKPACOUHBIX MaTEPHAJIOB ¥ IOKAa3aHBI IIPEUMYIIIECTBA IPUMEHE-
HUS HU3KOBSI3KHMX 3MOKCHIHBIX TNIEHKOOOPa3yIOLIUX CHCTEM, HE COACPIKALINX HHEPTHBIX PaCTBOPUTEIICH.

KuroueBble cj10Ba: 3MOKCHIHASA CMOJIa, aMUHHBIA OTBEPAUTENb, OaphepHbIE CBOWCTBA, EMKOCTH MOKPBITHS, COMPOTUB-
JICHHE TOKPBITHS, HOTEHIMA PA30MKHYTOH LIE€MH, BOAOMNOIJIOIEHUE
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BARRIER PROPERTIES OF “EPOXY RESIN - AMINE HARDENER” FILM-FORMING SYSTEMS

Abstract. The article examines the physicomechanical and barrier properties of non-pigmented epoxy coatings formed
from various film-forming systems based on epoxy resins and amine hardeners. The barrier properties of the coatings were
evaluated by the nature of the frequency dependencies of the capacitance and resistance of the painted metal plates in contact
with a 3 % aqueous solution of sodium chloride, and also by the magnitude of the displacement of the open circuit potential
of the painted electrode compared to unpainted. It was experimentally established that a higher content of gel fraction is
observed for coatings formed from low-viscosity film-forming compositions. It is shown that the physicomechanical and
protective properties of epoxy coatings depend on the content of the functional groups in the epoxy resin and the nature of
the amine hardener. It was found that to obtain coatings with better properties, it is preferable to use amine hardeners char-
acterized by a low content of amine groups and a reduced proportion of secondary amino groups. A relationship was found
between the protective properties of coatings and their water absorption. It is proposed to use the characteristics of water
absorption of coatings as a simple method for assessing their barrier properties. The technological aspects of the use of the
studied film-forming systems in the production of anticorrosive paints are considered. The advantages of using low viscosity
epoxy film-forming systems without inert solvents are shown.
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BBenenue. K 6GapbepHBIM aHTHKOPPO3NOHHBIM JTAKOKPACOYHBIM MaTeprajiaM OTHOCST TaKue MaTe-
pHaJIbl, B COCTaBE KOTOPBIX COICPKATCS HHEPTHBIC MUTMEHTHI, HE OKa3bIBAIOIINE XMMHYECKOT0 BO3eH-
CTBHUS Ha MPOTEKaHWE KOPPO3NOHHBIX MPOIECCOB. Yale Bcero Takue MaTepualibl HAHOCATCS OTHOCH-
TEJIBHO TOJICTBIM CIIOEM W MPUMEHSIOTCS ISl OKpalIMBaHUs OETOHA, METAJIOKOHCTPYKIUH, BKITIOUAs
BHEIIHUE W BHYTpPEHHWE TIOBEPXHOCTHU PE3epByapoB, TPyOOIpOBOIKL. B pernenTypax JJakoKpacOYHBIX
MaTepuasioB 0apbEPHOTO THUIIA UCIIONB3YETCsl MOBBIIICHHOE COJACPKAHUE MUTMEHTOB, KOTOPhIE MOT'YT
4acTO MPHUJaBaTh MOKPBITUSM XOPOIIYI0 a0pa3HBHYIO YCTOMYHBOCTh M HIMEIOT OTHOCHTEIIEHO HU3KYIO
CTOMMOCTH. JIOCTOMHCTBAMM TaKWX MaTepUajioB SIBISETCS 00jee BHICOKHMN yPOBEHb SKOJIOTHYHOCTH,
00yCJIOBIICHHBIH OTCYTCTBHEM TOKCHYHBIX IMUTMEHTOB M IMOHWXCHHBIM COJCpPXKAHUEM JIETy4YHX Opra-
HUYECKUX COCIUHECHUH.

[InenkooOpa3oBaTenp, SABIASIACH OMHUM U3 OCHOBHBIX KOMIIOHEHTOB JIAKOKPAaCOYHOTO MaTepHaa,
OKa3bIBAaeT CYIECTBEHHOE BIIMSHUE Ha MHOTHE CBOWCTBa C(OPMHUPOBAHHOTO MOKPBHITHSA. 3alIUTHOE
JelicTBUE OapbepHBIX JIAKOKPACOYHBIX MOKPHITHI OMpeAensieTcss COBOKYTHOCTBIO Pa3Iu4HbIX (haKTo-
POB, K YHCITy KOTOPBIX OTHOCST: CHJTy aJIre3Wd K OKPaIINBaeMOU MOBEPXHOCTH, H3OJSAIHOHHYIO CIIO-
COOHOCTH M ANEKTpOXUMHUECKUe cBoiicTBa MokpeiThs [1]. [ToaTomMy co3manue BricOK03()(HEKTUBHOTO
0aphepHOTO JJAKOKPACOYHOTO MaTepraja HEBO3MOXKHO 0e3 MCIIOIb30BAHMUS TIEHKOOOPa3yIOIIen CrcTe-
MBI, 00€CTICUMBAOIECH JOJKHBIH yPOBEHD aAT€3MOHHBIX U N30JISIIIHOHHBIX CBOWCTB.

Bonpiryro moi0 mIeHKooOpas3yonUX CUCTEM aHTHKOPPO3HMOHHBIX JIAKOKPACOYHBIX MaTEPHUAIIOB
3aHUMAIOT SMOKCH/IHBIE CMOJIBI, KOTOPhIE HMEIOT XOPOIIYIO aJTre3UI0 U YCTOMUHBHI B PA3IUYHBIX arpec-
cuBHBIX cpemax. st popMupoBaHUS TIpH KOMHATHON TeMIiepaType MOKPHITHH Ha OCHOBE YKHKHX
STMOKCHJIHBIX CMOJI IPUMEHSIOT OTBEPIUTEIIHN, COJCPKAIIUE TICPBUYHBIC U BTOPUYHBIC aMHUHOTPYIIITHL.
[losToMy mpu pazpaboTke peuenTyp OapbepHBIX STMOKCHIHBIX aHTHKOPPO3HOHHBIX JAKOKPACOUHBIX
MaTEpHAaJIOB C LEIHI0 JOCTHKCHHS HEOOXOAMMOro KOMIUIEKCAa TeXHOIOTHYECKHX, (PU3NKO-MeXaHnve-
CKUX M 3aIUTHBIX CBOHCTB, KOTOPBIH OTBeuas Obl OCOOCHHOCTSIM JKCILIyaTaluu pa3pabaThiBa€MOro
MTOKPBITHSI, BHUMaHHE HEOOXOAMMO yIENSATh BEIOOPY HE TOIBKO CMOJIBI, HO M OTBEPIAHUTEINS.

MupoBoii MPOMBIIUIEHHOCTBIO BBIITYCKAETCS OOJBIIOE KOTHMYECTBO SMOKCHIHBIX CMOJ U OTBEPIU-
TeJel /ISl pa3IuYHBIX obnacTell mpuMeHeHus. Jlo HACTOSIIEro BpeMeH! He BBIpAOOTaHbI JOCTYITHEIE
MOJXO/IbI K JJOCTOBEPHOMY IPOTHO3UPOBAHUIO CBOMCTB JJAKOKPACOYHBIX MOKPBHITUH Ha OCHOBAaHUU Xa-
PaKTEpUCTHUK SMOKCHIHBIX CMOJ M OTBEPAUTEINEH MO OTAENBbHOCTH. MICX0Ms U3 3TOT0 YPOBEHB 3alIUT-
HBIX ¥ APYTUX CBOMCTB OMpPEENseTCs MyTeM UCIBITAHUN KaXJ0ro HHTEPECYIOIero COYeTaHHs ITOK-
CUJHOM CMOJBI U OTBEpAUTENS [2—5].

Lenv dannoii pabomul — onpeereHne YPOBHS GU3NKO-MEXaHUUYCCKUX H OaphepHBIX CBOHCTB AIOK-
CUJHBIX MOKPBITHI, OTBEPKJCHHBIX PA3JIMYHBIMU OTBEPAUTEISIMHU, U BBIOOP HanOOJIEe MOIXO/ISIIEIO
COYETaHUsI CMOJIbI M OTBEPAUTEINS JUIsl CO3JIAaHUSI HA €0 OCHOBE BHICOKOA(P(PEKTHBHOTO aHTUKOPPO3U-
OHHOT'0 JIAKOKPACOYHOT'0 MaTepraia 0apbepHOro THIIA.

JlocTrkeHne MOCTaBICHHON e HEBO3MOXKHO 0€3 MCIIOIB30BAHUS IOCTOBEPHBIX CIIOCOOOB OIIEH-
KM 3alIUTHBIX CBOMCTB JAKOKPACOYHBIX TMOKPBITHH. B nmuTepaType ommcaHbl BH3yallbHbIC, BECOBBIC,
JNEKTpUUECKHe, (PM3MIECKUE U aHATUTHIeCKre MeTonbl [6—10]. M3yuenue muTepaTypHBIX HCTOUHIKOB
MOKa3aJjo, YTO COBPEMEHHBIM U MH(OPMATUBHBIM METOIOM OICHKH 3alIMTHBIX CBOHCTB MOJIMMEPHBIX
MTOKPBITUI SIBIISIETCS €MKOCTHO-OMHYECKUH (MMITEAaHCHBIN), Oojiee cOBepIIeHHas (GopMa KOTOPOTO
M3BECTHA KaK UMIleAaHCHas crnekTpockomnus [1, 11-12]. JlaHHbIe MeTOABI OCHOBAHBI HA MCCICIOBAHUU
ANEKTPOXUMHUYECKIX CBOMCTB UCCIENYEMON CUCTEMBI IIPH MPOITYCKaHUH Yepe3 Hee MEPEeMEHHOT0 TOKa
pasnu4HOM yacToThl. IHTEpec TakKe MpeACTaBIseT CPAaBHUTEIBLHO MTPOCTas B armapaTypHoM o(opM-
JICHUH TIPOIIeTy pa U3MEPEHUS TIOTEHIINANIA PA30MKHYTOH IIEIH, TIO3BOJISIIONIAs OI[CHHBATh TEPMOIMHA-
MHUYECKYIO YCTOMYMBOCTH OKPAIIEHHOT0 MeTaa [8].

MarepuaJbl 1 MeTOABI HCCJIeI0BaHuIl. B Xone paboThl H3yyanu JOCTyIHBIE Ha PHIHKE TIOKCHI-
HBIC CMOJIBI HAa OCHOBE OMC(EeHONIa A M AMUXJIOPTHAPUHA, UCTIONTB3YEMBIC TIPH TTPOU3BOJICTBE AaHTUKOP-
PO3HOHHBIX JIAKOKPACOYHBIX MaTepHuaos (Tadm. 1).

B kauecTBe oTBepaMTENEH IMOKCHUAHBIX CMOJ MPUMEHSIN PAa3IMYHbIE COSAMHEHHUS, CO/EpIKaIIie
aMUHHBIE TPYIIIHI (Tabd. 2).

[MokpeiTus hopMupoBanu U3 cocTaBoB (Tadi. 3) HAHECCHHWEM AIIIJIUKATOPOM (TOJIIUHA MOKPO-
ro ciosg 200 MKM) Ha MEXaHWYECKH OYHUIIECHHBIE C TIOMOIIBI0 aOpa3WBHON MIKYPKH W 00€3KHpEeH-
Hble METaJUIMYECKHe MIacTUHbl U3 cTtanu mMapku 08 km ¢ pasmepamu 70X 150X 0,8 MM cornacHo
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Tadobawmma 1.

XapaKTepHCTHKH YMOKCHAHBIX CMOJI

Table 1. Characteristics of the epoxies
Maczo:a;l COf(Te;])(x(;Hne -
DHOKCHIHAS CMOJIA TuI cMoIBI Tun nponykra ALOJUA e SHOKCHA 1, 25 o,
JIETYYHX BC-| HBIX I'pYIII, Ma-c
mecTs, % MMOJIB/T
CHS Epoxy 210 (Spolchemie, Uexust) | Cmoina PactBop B kcuione 76,1 1,77 10,0
D41 Ha OCHOBE | pacTROp B cMeCH KCHJIONA € alleTo-
(00O «HIIK «Acrtat», Poccus) Owic- HOM B COOTHOIIEHUH 4 : 3 110 Macce 74,1 1,43 15,0
eHona A
KER 215 Sannxnop- Kunxas cMosa ¢ akTHBHBIM MOHO-
(Kumho P&B, Kopest) e — (YHKIMOHATIBHBIM pa30aBUTEIICM
(C12-14 ankui IIMIUARIOBEINA 3GHD) 100 4,88 1,0

T'OCT 9.402-2004 «EC3KC. IlokpsITHS TaKoKpa-
counsble. [lonroToBka MeTaIM4eCKUX MOBEPXHO-
CTell K OKpAlIMBAaHUIO», @ TAKKE HA CTEKJISHHBIE
acTuHbI ¢ pazmepamu 90 X 120 X 1,2 mm, moaro-
toBieHHble cornacHo 'OCT 8832-76 «Matepuainbt
JaKOKpaco4yHble. MeTonbl MOJyYeHUs JaKOoKpa-
COYHOTO TIOKPBITHS I HCTBITaHUN». COCTaBbl
IUISl HAHECEHHsS TOTOBHUIIM CMEILCHHEM 3IIOK-
CUJHOH CMOJBI C OTBEpPAMUTENEM, BBOJUMBIM
B CTEXMOMETPHYECKOM KOJIHMYECTBE, /0 IOJHOMI
ogHoponHoctu. (Ilox crexnomeTpuyeckuM KoJu-
YeCTBOM OTBEPIAUTEINs B JaHHOW paboTe MoHMMA-
eTcs Macca OTBEpAMTENs], pacCUUTaHHas IO Be-
JUYUHAM COJIEP’KaHUs STOKCUIHBIX M aMHUHHBIX
TPYNI B IPOIYKTE, BRIPAXKECHHBIX B MMOJIB/T.)

B cBs3u ¢ M3HAYAIBHO BBICOKOH BS3KOCTBIO
COCTaBOB Ha OCHOBE 3MOKCHUIHON cMoJbl D41 ux
JIOTIOJIHUTEJILHO Pa30aBiIsiid HEOOJBIINM KOJIH-
YEeCTBOM CMECH KCHJIOJA C ALEeTOHOM B Macco-
BOM cooTHomeHnu 4:3 no Bs3koctu 9-10 Ila-c.
B Tabun. 3 Takke mpeacTaBieHbl 3HAYCHUS BSI3KO-
CTH COCTaBOB, PACCYNTAHHBIE HA OCHOBAHWH BS3-
KOCTEH OT/AEIBbHBIX KOMIIOHEHTOB M UX MacCCOBOI'O
coaepkaHud B cMecu. TonImMHa NOKPBITUH MocTe
oTBepxJeHus cocrapisaia 80—110 mxm. Bee uc-
HBITAaHUS MPOBOAUIHN CIIYCTSI 7 CyT HOCJIE HaHe-
CCHMSL.

OneHKy (HU3MKO-MEXaHMYECKUX MOKa3aTeNen
c(hOpMUPOBAHHBIX MOKPBITUH OCYIIECTBISAIN IO
CTaHAApPTU3UPOBAHHBIM METOAMKAM: TBEPLOCTb
o 'OCT 5233-89 «Marepuais! JakOKpacOIHBIE.
Merton onpezeneHus: TBEPAOCTH 110 MAITHUKOBO-
My TPUOOPY» € TIOMOIIBIO MasSTHUKOBOT'O MPHOO-
pa tumma TMJI (Mastauk A (Kenura)), mpo4HOCTH
npu ynape — no I'OCT 4765-73 «Marepuainsl na-
KOKpaco4yHble. MeTos ompeaesieHus MPOYHOCTH

Tab6nwumoma 2. XapakTepHCTHKH aMHHHBIX
OTBepAHTeJIeH, HCI0JIb3yeMbIX B padoTe

Table 2. Characteristics of the amine hardeners

used in the research

Conepxanue | BaskocTs
CocraB
OTBCPHP[- AMHWHHBIX pu
MPOMBILIIEHHOTO o
Telb Tpymn, 25°C,
TpoAykra MMOJIB/T Ila-c
TOIIA | TerpasTuneHneHTaMuH 22,33 0,25
[IOITA | [MommdTHIIGHTIOTUAMUH 18,87 0,14
KCA W3odoponauamus, 6eH3u-
4103 JIOBBIW CIIUPT 5,22 3,00
D-45 70%-HBIi pacTBOp MOTHA-
MUIHOH CMOJIBI B KCHIIOJIE 3,06 0,50

Taonumpma 3. XapakTepucTHKA HCCaeTyeMbIX

CoCTaBOB
Table 3. A description of the studied film-forming
systems
KommnonenTs! menkoo6pasy- | Konnmdectso kommo-

No IOILIEH CHCTEMBI HeHTOB B cocTape | L acucTHAA
coeras SMOKCU/THAS OHOKCHA- OTBEPIHU- HB;;I;%CZE,
Ba evoua OTBEpIHTEND |Hast i;:ona, rens, % Ma-c
1 |CHS [I2ITA 91,42 8,58 9,16
2 |Epoxy |T3mA 92,66 | 734 | 928
3 210 2-45 63,35 36,65 7,43
4 KCA 4103 | 74,68 25,32 7,59
5 D41 [I2ITA 92,96 7,04 8,38
6 TOIIA 93,98 6,02 8,47
7 2-45 68,15 31,85 7,09
8 KCA 4103 | 78,50 21,50 7,17
9 |KER?215 [IIDITA 79,45 20,55 0,85
10 TOIIA 82,07 17,93 0,85
11 D-45 38,54 61,46 2,23
12 KCA 4103 51,68 48,32 0,76

npu yaapey, aaresuto — mo 'OCT 1514-78 «Marepuansl 1akokpacodnbie. MeToabl onpeaeneHus aare-

3UM» METOAOM pCIICTYATBIX HAAPC30B.

COZ[Cp)KaHI/IC renb—(bpaxunn yCTaHaBJIUBAJIN 3KCTpaKHHeﬁ HCAATrC3MPOBAHHLIX IIJICHOK CIIYCTA
7 CYT IIOCJIC HAHECCHUS B SKCTPAKTOPE COKCHeTa, B KOTOPOM B Ka4CCTBC OKCTpArcHTa UCIOJIb30BaJIn

arretoH [13].
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Omnpenenenre BOAOMOTIIONIEHHS MTPOBOJUIN Ha CBOOOJHBIX TUIEHKaX B 3%-HOM BOZHOM pacTBOpE
NaCl BecoBbIM METOJIOM IO UCTEUCHUHU 7 CYT Mocie HaHecenus [13].

B kauyecTBe OIHOTO M3 KPUTEPUEB OLEHKU OAapbEepPHBIX CBOMCTB MOKPBITHH HCIIOJIB30BAIN Xapak-
Tep YaCTOTHBIX 3aBUCUMOCTEN EMKOCTH M COTIPOTUBIICHHUS CHCTEM «OKpAIIeHHAs METAIITNYECKUX T1J1a-
CTUHA—DJJICKTPOJJIUT». YucneHHbIe 3HAYEHUSI EMKOCTH U CONPOTHUBJICHUA OIPCACIIAIN 10 PACUCTHOMY
I-V-merony [9]. AnnapatypHoe odopMieHHe TaHHOTO METOJa BKIIIOYaeT OCUMIIIOrpad, reHeparop
CUTHAJIOB Pa3lINYHON YaCTOTHI M PE3UCTOPHI C M3BECTHBIM compoTHBIeHHeM. O0IacTh NCIIBITAHUS Ha
TOKPBITHHU OI'paHUYMBAJIN MMOJUIIPONHUIICHOBBIM MUJIMHAPOM C BHYTPEHHUM JUAMETPOM 3 CM U BBICO-
Tol 6 cM, HanmoJdHEHHBIM 3%-HbIM pacTBopoM NaCl. M3mepeHus BBIMOIHSIN B YaCTOTHOM JHara3oHe
10%-10° T'i. BeiBoz 0 GaphepHbIX CBOIMCTBAX MOKPBHITHS JEIANH HA OCHOBAHWH aHAIN3a XapaKTepa da-
CTOTHBIX 3aBUCHUMOCTEH €MKOCTH M CONPOTHUBJICHUA: MaJIbIC U HCU3MCHHBIC 3HAYCHUSA €MKOCTU IIpU
BBIPA’KEHHOW 3aBUCHUMOCTH COIPOTHUBIIEHHS OT YaCTOTHI TOKA CBUJETENBCTBYIOT O CIUIOIIHOCTH U Clla-
O60M HaOyXaHWH TOKPBITHS B UCCIeayeMoi cpene. Ecnu 3HaueHusT eMKOCTH BEJIMKH U 3HAYUTEIHHO 3a-
BUCST OT YaCTOTHI, @ COIIPOTHUBIIEHUE ITPU 3TOM CHHIKEHO, TO MCCIIeTyeMOe MOKPBITHE XapaKTepu3yeTcs
c1a0bIMU OapbePHBIMH CBOWCTBAMHU.

JpyruMm KpuTepreM OIIEHKH OaphepHBIX CBONCTB MOKPBITHUH CIY)KHJ TOTEHIIHAN Pa30MKHYTOH
uenu (Vpy, MB), KOTOpBIH ONpeNeNsiy ¢ MOMOLIBIO TOTEHIIMOCTaTa-TanbBanocTara P-2X 0OTHOCUTENBHO
XJIOPUACEPEOPSIHHOTO 3JEKTPOJa CPAaBHEHHMsI IOCIIE BBIICPKKH METAJUIMYECKUX IMJIACTHH C HAHECEH-
HBIMHU Ha HUX TMOKPHITHSAMU B 3%-HOM BogHOM pacTBope NaCl B Teuenne 24 4. CmemnieHue MoTeHITHaa
B OoJiee TIOJIOKUTENBHYIO 00JIaCTh CBUACTENBCTBYET O TPUOOPETEHUH OKPALIEHHBIM METAJTHYCCKUM
ANEKTPOAOM OOJIbIIEH TEPMOINHAMUYECKON YCTOWYMBOCTH B UCCIIEIyEMOH Cpe/ie IO CPaBHEHHIO C He-
OKPAlICHHBIM JJIEKTPOIOM. Bennuuny cMelleHns noTeHuana pa3soMKHyToi tenu AV, MB, paccun-
TBIBAJIU 110 opMyJie

AVou =Voir =Vous @
rie V" — 3Hauenne noTeHuuana pasoMKHyTOR LeMu JUIs OKpalleHHOro MeTailia, MB; V|, — 3HaueHue
MOTEHIMaIa PAa30MKHYTOW LETH AJI1 HEOKPAIICHHOT0 MeTajlia, MB.

Yewm Oombie AV, TeM GONBIIYI0 TEPMOAMHAMUYECKYIO YCTOWYMBOCTH UMEET METAILI C HAHECEH-
HBIM Ha HETO MOKPBITUEM, TO €CTh TEM BBILIC 3aIIIUTHBIC CBOUCTBA Y TAKOT'O IIOKPBLITUA.

PesyabraTsl u ux oocy:kaenue. Quzuxo-mexanuueckue ceoiicmea nokpvimuii. B 1adn. 4 npuse-
JeHbl (PU3NKO-MEXaHWYEeCKHEe CBOMCTBA OKPHITHH, COOPMHUPOBAHHBIX U3 UCCIIEAYEMBIX COCTABOB.

W3 Bcex omnpeenieHHbIX B padoTe (PU3NKO-MEXaHUISCKHX CBOWCTB HAUOOJIBIINI HHTEPEC MPEICTaB-
JIeT aJAre3us, B MEHbIIEH CTENeHN — MPOYHOCTh NpU yaape. TBepIocTh MpU ONMpeaeSIeHHBIX YCIOBUAX
MOXET OTpaXxaTb CTCICHb OTBCPKJIACHUA ITOKPLI-
THW, HO €€ 3HAYeHHs] YYBCTBUTENIBHBI K COCTOS-
HUIO TIOBEPXHOCTH: HAJINUME HEPOBHOCTEH, IIEPO-
Table 4. Physico-mechanical properties of the XOBATOCTH, JINTIKOU MIICHKA OTBEPAUTCIIA U T. 1.

studied coatings [okperTust, chopmMupoBaHHBIE OTBEpPANTE-
asmu TIDITA u TOITA, uMeroT BBICOKHE IIOKa3a-

Taonuuma 4. DOusHKo-MeXaHHYECKHE CBOICTBA
HCCJIelyeMbIX NOKPBITHI

o Otsepantens | pom | 7oA 5.45 |kcaa03| Temu tBepmoctu (0,61-0,75 OTH. en.), HO HU3KHE

Tsepdoemm, omm. < MoKasarenu anresun (2—3 0amma) M MPOYHOCTH

CHS Epoxy 210 072 061 054 o7 mpu yjape (mo 10 cm). Ha moBepxHOCTH JaHHBIX

a1 06 | 06a | oa7 o1 MOKPBITUN HAOJIIOAAJIACH JIMIKAs TIJICHKa, 00pa3o-

. - . - BaHHAsI BCIICACTBHE MOOOYHOrO TMporiecca Kapoo-

KER 215 0,73 0,70 054 | 040 HU3AIMKA C Y4aCTHEM aMUHOB, BJAard U YTJICKUC-

lIpounocms npu yoape, et JIOTO Ta3a BO3/1yxa. XOpoliasi TBEPIOCTh U HU3Kas

CHS Epoxy 210 > > % 100 MPOYHOCTh PHU yAape MOKPBITUH, OTBEPIKICHHBIX

241 10 > 63 100 TIDITA u TOITA, MoxeT ObITh 00BSICHEHA C1a00i

KER 215 = = 100 25 KUHETHYECKOH TMOKOCTBIO MaKpPOMOJICKYJ, 4YTO

Aozesus, barn 00YCIIOBIIEHO MAJlbIM PAaCCTOSHHEM MEXKIY pe-

CHS Epoxy 210 3 2 ! ! AKIIMOHHOCIIOCOOHBIMU TPYIIIAMH B MOJIEKYJIaX

241 3 3 ! ! JTAHHBIX OTBEPAUTENCH U, KaK CICCTBHE, BEICOKOH
KER 215 i 1 1 1 IJIOTHOCTBIO CIITMBOK B 3MOKCHIHOM TOJIMMEpE.
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TlokpbiTHA, OTBEpXKIEHHBIE MOJUAMUIHBIM Tab6nuna 5 Copepxanue reab-gppakunu
oTBepauTeneM -45, XapaKTepH3YIOTCS XOpo- B MOKPBITHSIX HA OCHOBE HCCJIe/lyeMbIX COCTABOB
meil aaresueii (He Gonmee 1 Gasna) IPOYHOCTHIO Table 5. Thegelfraction content in coatings based

b
on the studied film-forming systems
npu ynape 65-100 cm u umerot TBepaocth 0,47— gsy

0,54 otH. en. Oreepantens| MOMA | TOMA | D-45 | KCA 4103
VYV nokpertuit ¢ orBepauteneM KCA 4103 Ha-  |cyona Conepranue remb-(paxiu, %
Omonaerca Oonee HU3KME 3HAYEHUS TBEPAOCTH | CHS Epoxy 210 79,0 77.3 85,0 74,7
(0,17-0,40 oTH. exn.) mpy MAaKCUMAITBHBIX ITOKa3aTe-  |94] 82,7 83,0 85,7 77.5
JsX ajare3uu (He 6osee 1 Gaiia) M MPOYHOCTH MPH | KER 215 86,5 92,9 93,6 88,8

ynape (#e menee 100 cm). MckiroueHne cocTaBiseT
mienkooOpasytoras cuctema KER 215-KCA 4103,
JUTsL KOTOPOH 3HaU€HHE MOCJICIHErO M0Ka3aTelisl PaBHO 25 €M, YTO MOXKET OBbITh CBS3aHO C MOBBILICHHOM
KECTKOCTBIO SIOKCHIHOIO IOJIMMEpa, OOYCIOBJICHHOW BBICOKMM COAEPXKAHHUEM SIHOKCUIHBIX TPyl
B cmouie KER 215 u nanuuunem B ctpykrype orBepautens KCA 4103 mectuuieHHoro nukia [14].

Takum 00pa3oM, TOJIBKO MOKPBITHS, CPOPMUPOBAHHBIE C TOMOIITBI0 oTBepAuTenei I-45 n KCA 4103,
COYETAIOT XOPOILYI0 a[r€3UI0 U IIPOYHOCTH IIPH yIape.

[lonHoTa TpOTEKaHUsT XMMHUUYECKOH PEaKLHMH MPH TUIEHKOOOPa30BaHUM MOXKET OBITH OLICHEHA I10
COIEP)KAHUIO Iellb-(ppakLuy B MOKPBITUAX, YTO JA€T IPEACTABICHNUE O CTEIEHHU KOHBEPCHH IIOKCH -
HBIX ¥ aMHHHBIX TpyIIl. B Ta0n. 5 npuBeaeHsl 3Ha4eHUs COACPKaHUS Ielib-(OpaKUU B TOKPBITUSAX HA
OCHOBE HCCIIEIYEMBIX IJICHKOOOPA3yIOIUX CUCTEM.

W3 tabmn. 5 BUIHO, YTO cozepKaHue relib-Ppakiui BO BCEX MOKPBITUSX Oonee 75 % u Bo3pacTaer
B psany CHS Epoxy 210, 9-41, KER 215. B 3ToM ke psly YMEHBIIAETCs BSI3KOCTb COOTBETCTBYIOLIUX
KOMITO3UIHH (cM. Tabm. 3). Tak, coctaBbl Ne9—12 Ha ocHoBe HH3KOBs3K0M cMoibl KER 215 dopmupyror
HOKPBITHS, Telb-(PpaKius KOTOpEIX Oonee 86 %, B TO BpeMs Kak CTeNeHb CIIMBKH MOKPHITHI HA OCHOBE
Oosiee BSI3KMX CMOJI B COYETAHUH CO BCEMH MCCIIEyEeMbIMHU OTBEpAUTEIIMU MeHee 86 %. CrenoBarebHo,
OoJiee BBICOKAs CTENICHb CUIMBKHM HAOMIOAACTCS MPH POPMUPOBAHUHU MOKPHITHI Ha OCHOBE KOMIIO3UIIHIH
C M3HAYaJIbHO MEHBILIEH BSI3KOCTBIO, TAK KaK B HUX 3HAYUTEJILHO MO3KE MPOSIBISIIOTCS AU PYy3HOHHbBIE
OTpaHUYEHMSI, CBSI3aHHBIE CO CHMKEHNEM TOABIYKHOCTH MOJIEKYJT B IIPOIIECCE OTBEPIKACHUSI.

Ji1st mpoBEpKH TOr0 MPEATNONIOKECHNS HAa OCHOBAHUU JAHHBIX Ta0ll. 3 U 5 MOCTpoeHa auarpaMmma
paccesiHus (puc. 1) 1Sl B3aUMOCBS3U COACPKAHUS I'esib-(OPAKIUU B IOKPBITUH OT BS3KOCTH COCTaBa
U paccyuTaH kodpduuueHT Koppeisiuuu [Tupcona, koTopslit okazaics paseH 0,79, 4To TOBOPUT O J10-
CTaTOYHO BBICOKOH CHJIC CBSI3U MEKIY yKa3aHHbI-

MU nepeMeHHbIMU [15]. 100

Takum 00pa3oM, yCTaHOBJICHO, YTO Ha COAEP-
KAHHE TeIb-QPaKLUU B UCCIECIYEMBIX IOKPBITHU-
X BJIMSHUE OKa3bIBaeT BS3KOCTh KOMIIO3MIIMHU ] .
«3MOKCUAHAS CMOJIA — OTBEPAUTEIIb.

dnekmpoxumuueckue ceolicmea uccieoye-
Muix nokpeumuii. Ha puc. 2 npeacTaBiieHbl 4aCTOT-
HbIE 3aBUCHMOCTH JorapupMa eMKOCTH CHCTEM
«OKpallleHHass MeTaJUIMYecKas IJIaCTHHA — 3JICK-
TPOJIUTY, CHOPMUPOBAHHBIX U3 HCCIEAYEMBIX CO-
CTaBOB.

AHann3 XapakTepa YaCTOTHBIX 3aBUCUMOCTEH
€MKOCTH TMOKa3bIBAET, YTO 3HAYCHHUS EMKOCTEH
UCCIIEAYEMBIX CHUCTEM HAXOHASTCS B JUAaNa3oHe
ot 107" 10 107 ®. [IpakTHYECKH MOTHOE MOCTO-
SHCTBO 3HAYEHWH €MKOCTH COXPaHSIOT CHCTe- Bsi3KoCTb, M-
MBI, BKJIIOYAIOIIUE IIOKPHITHS, OTBEP’KICHHBIC
9-45 u KCA 4103. 3T0 cBUAETENBCTBYET O XOPO-

X GapbepHEIX CBOHCTBAX JAHHBIX TOKPHITHIL. Fig. 1. Scattering diagram for the relationship between the

Heckomnbko CHHKCHHBIMH 0apbepHBIMH  CBOH-  content of the gel fraction in the coating and the viscosity of
CTBaMu 06Haﬂa}0T IIOKPBITHUS HA OCHOBE COCTABOB the COl’IlpOSitiOl’l

CopepxaHue renb-gpakumm, %
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Puc. 1. IlnarpamMma paccessHUsI ISl B3AaUMOCBS3H COACpPIKA-
HUS renb-(pakiuy B TOKPHITHH U BA3KOCTH COCTaBa
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Puc. 2. YacTOTHBIE 3aBUCHMOCTH €MKOCTH CHCTEM «OKpAIICHHAsi METAJUINYECKast MIaCTHHA—3JICKTPOINT»: COCTAaBbl Ha OC-
Hose cmounbsl CHS Epoxy 210 (a), 941 (b), KER 215 (¢)

Fig. 2. Frequency dependencies of the capacitance of the “painted metal plate — electrolyte” systems: compositions based on
CHS Epoxy 210 (a), E41 (b), KER 215 (c) resins

D41-1I3I1A, 241-245, uTO NPOABISIETCS B NOBBIICHHBIX HAYAJIbHBIX 3HAYCHUSIX EMKOCTEH U UX YMEHb-
[IEHUH C POCTOM YaCTOTHI IEPEMEHHOT0 ToKa (pHc. 2, b). CHCTEMBI C TOKPHITHSIMH Ha OCHOBE COCTaBOB
CHS Epoxy 210-1I3ITA, CHS Epoxy 210-T3OIIA, 941-TOITA, KER 215-TI0ITA, KER 215-TOIIA,
UMeEIoIIHe elne 0osiee BhIpaKeHHbIE YaCTOTHBIE 3aBUCIMOCTH 3HAUYEHU I eMKOCTel, 00J1ajat0T MIIOXUMHU
H30JISIIIMOHHBIE CBOWCTBAMH, YTO TaKke ObLIO MOATBEPKACHO BU3yaJIbHBIM HAOIIOICHUEM 04aroB Kop-
PO3UH Ha OKpAIIEHHBIX METAJUTMYECKHUX MIaCTHHAX.

Takum 00pa3om, 1o 3HaYEHUSIM eMKOCTel Mpu yacTtoTe nepemenHoro Toka 100 ' (HauanbpHas rpa-
HHIIa 9aCTOTHOTO THANa30Ha U3MEPEHN) NCCIIETIOBAHHBIE CHCTEMBI MOXKHO Pa3/IeUTh HA TPU TPYTIIIHL:

1) ¢ onHO3HAYHO XOpomMMH GapbepHBIME cBoiicTBamu (emxocTh 10719-107 @) — cocrassl
Ne3, 4,8, 11, 12;

2) ¢ nuoxumu GapbepHBIMHU cBOficTBaME (eMKocTh 10—107> @) — coctasst Ne 1, 9, 10;

3) cucTembl, 3aHUMAIOIIUE IPOMEKYTOYHOE 3HAYeHNE (EMKOCTh 1078 ®), — coctaBel Ne2, 5, 6, 7.

CreayromumM 1aroM UcclieloBaHus O0apbepPHBIX CBOMCTB MOKPBITHH SIBIISUIICS aHAIHM3 4aCTOTHBIX
3aBHCUMOCTEH CONPOTUBIICHUS TEX e CHCTEM (pHC. 3).
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Puc. 3. HacToTHBIC 3aBUCUMOCTH COIIPOTHBIICHUSI CUCTEM «OKPAILICHHAS METAIINYECKAs! [TACTHHA — DJIEKTPOJIMTY». COCTABBI
Ha ocHoBe cMoibl CHS Epoxy 210 (a), 941 (b), KER 215 (¢)

Fig. 3. Frequency dependencies of the resistance of the “painted metal plate — electrolyte” systems: compositions based on
CHS Epoxy 210 (a), E41 (b), KER 215 (c) resins
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U3 puc. 3 BUIHO, 4TO 3HAYCHUS COMPOTHBIICHHS CUCTEM HAXOATCA B Ananasone ot 102 1o 107 Om.
Xoporune H30IALHOHHBIE CBOMCTBA MOKA3bIBAIOT Bce MOKPBITHS, oTBepxkaeHHble KCA 4103 u D-45
(3a mckimoueHHeM coctaBa D41-45), ykasaHHbIe CHCTeMBI HMeOT comporusienne 10*-107 Owm.
Ha rpaduke yacTOTHOH 3aBUCHMOCTH CONPOTHBIICHUS Y CUCTEM C TUIOXUMH O0apbepHBIMU CBOHCTBAMHU
HaOmromaeTcs maaTo B oomactr HU3KUX 9actoT (100—1000 I'mr) u B 11e710M CHIDKEHHOE COTTPOTHUBIICHNE.
Oto xapakrtepHo jis cucteM CHS Epoxy 210-TI3ITA, CHS Epoxy 210-TJITA, 541-TOITA KER 215-
II2ITA u KER 215-TOI1A, uMeromux conpoTUBICHNE 10°-10° Om. Cucremsr D41-TIDIIA, D41-245
3aHHMAIOT IPOMEXKYTOUHOE 3HAUCHHE U XapaKTEPU3yIOTCs conpoTuaeHueM 10°-10° Om.

[Iyrem aHanm3a 4aCTOTHBIX 3aBUCUMOCTEIl €MKOCTH M COIPOTUBJICHUS 3aMEUCHO, UTO OapbepHbIC
cBoiicTBa MOKpBITHH, oTBepkaaeMbIx [IDITA u TOIIA, yxyamaroTces npu BO3pacTaHUU COAEPKAHUS
3MOKCUIHBIX I'pynn B cMoie. Habnronaemast 3aKOHOMEPHOCTb, BO3MOXHO, CBsI3aHA C BO3pPAcCTAroOLICH
CKOPOCTBIO OTBEPKJCHUS MIPH Nepexoe K SMOKCUIHBIM CMOJIaM ¢ OOJNBIIMM COACPIKAHUEM DITOKCH/I-
HBIX TPYyNI. YBEIMYEHHE CKOPOCTH IK30TEPMUUECKON PEaKIMH MOBBIIIAET TEMIIEpaTypy IIEHKOOOpa-
3YIOLIEH CUCTEMBI, YTO MPHU MOBBIIIEHUH BA3KOCTH CHUCTEMBI BCIEJACTBUE 00pa30BaHUs MAKPOMOJIEKYI
MOXET MPUBECTH K 00pa30BaHUIO JOKAJIbHBIX IEPErPEeBOB U, KaK CIEICTBHE, 00pa30BaHUIO 1e(EeKTOB
pasnuuHoi nmpupozasl. CrenyeT OTMETUTh, YTO HEOIHOPOAHOE 10 00BEMY CHCTEMBI ObICTpOE BO3pac-
TaHUE MOJICKYJIIPHOI MacChl U BA3KOCTH SIBIISIETCS HPUUMHON CHUKEHMSI TEPMOIMHAMUYECKON COBMe-
CTUMOCTH KOMITOHEHTOB, YTO MOET BBI3BIBaTh (ha30BOE pasjieicHue B cucteme [14].

Cucremsl ¢ orBepauteneM KCA 4103 He3aBUCHMO OT ATIOKCHTHON CMOITBI, HA KOTOPOH OHH c(hOpMU-
POBaHBI, UMEIOT YaCTOTHBIC 3aBUCHMOCTH, XapaKTEPHBIE JIJIsl TOKPBITHH C XOPOIIUMHU OapbepHBIMH CBO-
ctBaMU. [IOKpBITHSI, OTBEPKACHHBIE D-45, UMEIOT MPAKTUUYECKU aHAJOIMYHbIE CBOMCTBA, UCKIIFOUCHUE
cocraBisieT cucteMa D41-045, xapakTepu3yronasicst 00JbIIeH eMKOCTBIO M MEHBIITUM COIPOTUBIICHHEM.

JpyruM METOAOM HCCIICIOBAHUS 3ALIUTHBIX CBOMCTB SMOKCHIHBIX TIOKPBITUH SIBIISLIOCH OIlpeiesie-
HHE NOTEHIMAIA PAa30MKHYTOM 1enu Vp,,, MB. B Tabin. 6 npencrasiensl 3Ha4eHus V), nocne 24 4 Bos-
neiictBus 3%-Horo BoxHoro pactsopa NaCl.

Tadnuma 6. IoTeHHuaa pa30MKHYTOIl Henu UccaeyeMbIX HOKPHITHIH OTHOCUTEILHO
XJI0pcepedpPsSIHOTO 3JIEKTPO/Ia CPABHEHH I

Table 6. Theopen circuit potential of the studied coatings vs silver/silver chloride
reference electrode

Orseparens AIA | TOIA | 545 | Kca4103
Cmoma Vows MB/AV,,,, MB
CHS Epoxy 210 -510/70 —485/95 —412/168 —454/126
D41 —530/50 —490/90 —435/145 —358/222
KER 215 —475/105 —460/120 —420/160 —395/185
Heoxpamenusiit MmeTan -580

Kax BusHO n3 Tabi. 6, 11 BCEX OKPAICHHBIX JIEKTPOIOB HAOIIONAETCA CMELMIEHUE VB OIOKH-
TCJIBbHYIO CTOPOHY IO CPABHCHUIO C HECOKPAIICHHBIM 3JICKTPOA0OM. B 3aBucumocTH ot YPOBHS 3allIUT-
HBIX CBOMCTB TIOKPBITHH BETMIMHA CMEIICHHS TTOTeHITHAa cocTaBisgeT oT 50 go 222 mB. HaubGombimee
cMmelneHue, paBHoe 222 MB, Ha0I01a10Ch ISl METAJLTMYECKOTO 3JICKTPOJIa, OKPAIIEHHOT'O0 COCTaBOM
941-KCA 4103. 3ameueHo, 4TO Ha BEJIMYMHY CMELICHUS MOTEHIHAJIa OKPALIEHHOIO METAJJIUYECKO-
T'O JJICKTPOJa BJIUAHHC OKA3bIBAIOT CWUJIa aAre€3uu U 6ap1>epHLIe CBOMCTBA HAHECEHHBIX HOKpLITI/IP'I.
Tak, BeTMYMHA CMEIICHHS MOTEHIIMAIA 3aBUCHT OT MMPUMEHSAEMOTO OTBEPAUTEINS M BO3PACTACT B PSIIY
[I3ITA, TIIIA, 3-45, KCA 4103, B 3TOM 3Ke psily YBEIHUMUBACTCS aAre3us U ylydIaloTcst OapbepHble
CBOMCTBA MOKPHITHH.

AHanu3upyst HaOnroJaeMble 3aKOHOMEPHOCTH, MOJKHO CJIeNIaTh BBIBOJ, UYTO Ha OapbepHBIC CBON-
CTBa JIOKCHIHBIX MOKPHITUH OOJIBIIOE BIHMSHUE OKa3bIBACT MPHPONA MPUMEHSIEMOT0 aMHHHOTO OT-
BEPIUTENSA: CTPOCHHUE €0 MOJIEKYJ, BKJIOYasi pacCTOSHHE MEXAY aTOMaMH a30Ta, CIyXKaIllUMHU IpH
OTBEPKJIEHUHU y3JaMH 00pa3yromieicss TpOCTPAaHCTBEHHON CETKH, W HEMOCPEICTBEHHO COACpIKAHHE
aMHUHHBIX rpyni. [IpuMeHsieMble OTBEpAUTENN COACPKAT B CBOEH CTPYKTYPE NEPBUUHBIE U BTOPUUYHBIE
aMUHOTPYTIIBI, TPUYEM COOTHOIICHHWE MEXy TPyNIaMHi CYIIECTBEHHO Pa3IuvaeTcs, YTO OKa3hIBaeT
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BIIMSTHUE HAa MEXAaHHM3M OTBEP)KJIEHUS M 0COOEHHOCTH 00pa3yromeiicss ceTku. M3ohoporanamMuH, BXO-
nsmuit B KCA 4103, comepsXUT TOTBKO TIEPBUYHBIC aMHHOTPYIIIBI, a YBEIWUYCHUE TOJH BTOPUUHBIX
aMUHOTPYTI TPOUCXOAUT B psaxy I-45, TEITA, IIDITIA. B atom xe psaay HaOmiomaeTcs yxy/IIIeHHe
3aIUTHBIX CBOWCTB MOKPBITHH, UTO MOXET YKa3bIBaTh Ha HAJIMYHE B3aUMOCBSI3U MEXIy JOJIeH BTO-
PUYHBIX aMHUHOTPYIIIT B AMUHHOM OTBEPIIATENE U 3alIUTHBIMU CBOWCTBAMH STIOKCHTHBIX TTOKPBITHH.

Booonoznowenue uccnedyemuvix nokpetmuit. Ha puc. 4 npencrasieHsl TpaduKu 3aBUCUMOCTH BO-
JIOTIOTJIOIIEHU ST TOKPBITUH Ha OCHOBE MCCIIETYEMbIX COCTABOB OT BPEMEHHU UCIIHITAHUSL.
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Puc. 4. 3aBUCUMOCTB BOJOIOIJIOLICHUSI IOKPBITUI OT BpEMEHM UCIBITaHUA: cocTaBbl Ha ocHoBe cmonbl CHS Epoxy 210 (a),
941 (b), KER 215 (c)

Fig. 4. Dependence of water absorption of coatings on test time: compositions based on CHS Epoxy 210 (a), 241 (b),
KER 215 (c) resins

[lo Bemm4mHE BONOMOTIIOMICHUS TTOKPBITHS HA OCHOBE MICCIIENYEMBIX TIEHKOOOPa3yIOMINX CHCTEM
pasnensioTcs Ha JIBE T'PYIIIHL:

1) TOKPBITHS C OTPUIIATENBHBIM BOJAOMOTIIONIEHUEM;

2) TOKPBITHS C TIOJIOKUTEIHHBIM 3HAYEHUEM BOAOOTIIONICHHS.

K nepBoii rpynme oTHOCSTCS NMOKphITUs Ha ocHOBe cocTaBoB [IDIIA-CHS 210, II9ITA-541,
[I2ITA-KER 215, TOIIA-CHS 210, TOITA-KER 215. Jlns nokpbeITuii, chOPMUPOBAHHBIX U3 COCTA-
BoB KCA 4103—CHS 210, 3-45—CHS 210, 5-45-341, KCA 4103—341 BenuuwHa BOAOMIOIJIOMICHHS
B Ha4aJIBHBIN TIepro]] ObLiIa TIOJOKUTEITHHOM, HO IOCTHUTIIA OTPUIATENbHBIX 3HAYeHHH crrycTs 6—16 cyT
nucneiTannii. CHIKEHUE BETUYHHBI BOJIOTIOTIIONIEHUS BO BCEX CITydYasX MPOUCXOAUT, CKOpee BCEro, 3a
CYeT JIECTPYKIMU MaKPOMOJIEKYJI U BHIMBIBaHHUS JAe(PEKTHBIX CIOEB BCIEACTBHE (PU3UKO-XUMUUYECKOTO
B3aUMOJIENCTBHA co cpenoil. Ko BTopoii rpymnme oOTHOCSTCS MOKPBITUS Ha OCHOBE cocTaBoB TOITA-241,
945-KER 215, KCA 4103—KER 215, n3 kotopsix 345-KER 215 u KCA 4103—KER 215 B npouecce uc-
MBITAHUS HE IEMOHCTPUPOBAIIA CHUKEHU S BOAOIOTIOUICHUS MU €T0 3HAYUTEIBHOTO YBEIIMUCHHUS, YTO
TOBOPHUT 00 UX CTAOMILHOCTH B BOAHOM PacTBOPE COJH.

AHann3 0coOEHHOCTEH BOAOMIOIIIOMICHHS TIOKa3aJl, YTO HauOOJBIIYyI0 THAPOPOOHOCTH B BOJHOM
pactBope NaCl umeroT nokpeiTHsi Ha ocHOBe coctaBoB D45—KER 215 u KCA 4103—KER 215. U3 nan-
HOW Mapbl MOKPBITUIA MaJbIM 3HaYeHHeM BojomnoromeHus (1,73 %) BolIenseTcs MmICHKOO0pa3yolast
cuctema KCA 4103—KER 215.

JlaHHble, MONYUYEHHBIE IO OMPEENIEHUIO BOJOMOTIJIONIEHUS, COTIACYIOTCS ¢ OCOOEHHOCTAMH dYa-
CTOTHBIX 3aBHCHMOCTEH €MKOCTH M CONMPOTHUBIICHHUS: TIOKPBITHS C OTPULIATEIHHBIM BOJOTIOTIIONIEHHEM
MMEIOT YaCTOTHBIE 3aBUCHMOCTH €MKOCTH M CONPOTHUBIIEHHUS, XapaKTePHBIE JJIs TOKPHITHH C IJIOXH-
MU 6apbepHBIMU CBOHCTBaMU. [109TOMY M3ydeHHe 0COOCHHOCTEH BOMOMOTIIOMICHUSI TIOKPBHITHI MOYKHO
paccMarpuBaTh Kak IPOCTOM IKCIIPECC-METO] OIIEHKH UX 0apbepHBIX CBOWCTB.
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Buioop cucmemul cmona — omeepoumens 011 co30aHUA 1AKOKPACOUHO20 Mamepuania 6apbepHozo
muna. [IoMIMO HENOCPENCTBEHHO (DPU3MKO-MEXaHMUYECKUX U 3AIIUTHBIX CBOMCTB MOKPHITUN HE MEHBILICE
3HaUEHHE UMEIOT TEXHOJIOTMYECKHE CBOWCTBA CMECH AIIOKCHIHOM CMOJIBI M OTBEPAUTENS, @ TaKKe yJI00-
CTBO paboTHI ¢ Hel. V3BeCTHO, UTO B 0apbepHBIX JIAKOKPACOYHBIX MAaTEpPHaIaX UCIOIb3yeTCs MOBBILICHHOE
COZIEp’)KaHUE TTUTMEHTOB, YTO MOXKET BBI3bIBATh TEXHOJIOIMUYECKHE TPYAHOCTH B MPOLIECCE MTPOU3BOACTBA
Y HAaHECEHUS MaTepuasa 0 NMPUYUHE €r0 BBICOKON BS3KOCTH, BbI3BAaHHbIE BBHICOKOW CTEIEHBIO HAIlOJIHE-
HUS. BS3KOCTH MOXKET OBITh CHM)KEHA PAa3NUYHBIMU IYTSMHU: IPUMEHEHHWEM DPAaCTBOPHUTENEH, MOBBIIIE-
HUEM TeMIIepaTypbl, UCIOJIB30BAHUEM HHU3KOBS3KOTO IICHKOOOpasylolero Bemectsa. [lociaeHuit myTh
BUANUTCSI OOJIee ONTHMANbHBIM C TOYKU 3PEHUS 3aIIUTHBIX CBOHCTB MOKPHITHH, TaK KaK HMCKIIIOYAIOTCS
BO3MOXKHBIC ITPOSIBJIICHUSI HETaTHBHOT'O BJIMSIHUS PACTBOPHUTENICH Ha CBOMCTBA (POPMUPYEMBIX TOKPBITHIA:
YXyIIICHUE aare3uy n3-3a aacopOLMK pacTBOPUTENS HA AKTUBHBIX LIEHTPaX IOBEPXHOCTU OKpallUBae-
Moro metajuia [16]; BO3HUKHOBEHHE TIOp M My3bIpei B MOKPHITHH, BHI3BAHHOE MCIIAPEHUEM PAaCTBOPUTE-
JIs1 B IIPOLIECCE BBICHIXAHUSI; TIOBBILIEHHOE BOAOMOMIIONIEHNE U MPOHUIIAEMOCTh MOKPBITUH U3-3a HAJTUYHS
OCTaTOYHBIX PACTBOPHUTENEH, 0COOCHHO NMPH YBEJINYECHUH UX TOJILIMHBI, YTO XapPAKTEPHO Il TOKPBITHH
0apbepHOTO THIIA.

ITo manuabIM Tab. 1 BugHO, uTO dMoKcHIHAs cMoiia KER 215 nMeeT HaMMEHBINYIO BSI3KOCTh, PaB-
Hyto 1 Ilac, a cogepkamuiicss B cocTaBe pacTBOPUTENb SIBISETCS aKTUBHBIM, TO €CTh OH CHOCOOCH
XUMHUYECKH B3aMMOJICHCTBOBATH C OTBEPAMTEIEM M BXOAUT B CTPYKTYPY 0Opa3yIoIIerocs nojiumepa.
CrnenoBaTenbHO, Maiasi BA3KOCTh JAHHOM CMOJIBI MO3BOJMUT B Cilyyae HEOOXOOMMOCTH HCIIOJIb30BaTh
3HAYUTEIFHO MEHBIIIEEe KOIMUECTBO HHEPTHBIX PACTBOPUTENEH 1 pa30aBUTENeH.

AHanu3upys NOJTyUYeHHBIE Pe3yNbTaThl, MOYKHO 3aKJIIOYNTh, YTO HAUIYUIINM M3 BCEX MUCCIIEAOBaH-
HBIX B JAHHOM padoTe coueTaHUil CMOJ U OTBEPAUTEINCH sl U3TOTOBJICHHS aHTUKOPPO3UOHHOTO JIAKO-
KpacoyHOro marepuaia sipisiercs snokcuaHas cmona KER 215 ¢ amunnbsim otBepautenem KCA 4103
(coctaB Ne 12). ITokpeITHS Ha OCHOBE JAHHOTO COCTaBa, IEMOHCTPHUPYS JOCTATOYHBIN YpOBEHb (pr3u-
KO-MEXaHHYECKUX CBOWCTB, UMEIOT JyUIIHe 3al[UTHbIE CBOMCTBA, YTO MOJATBEP)KJACHO aHAJIN30M Ha-
CTOTHBIX 3aBHUCUMOCTEH €MKOCTH M CONPOTHUBIIEHUS, ONpEeIeHNeM MOTEeHIMajaa pa3oMKHYTON 1eNH
Y U3YUYCHHEM OCOOCHHOCTEH MX BOAOMOTIIOIICHHSI.

3akJIr04eHne. YCTaHOBJICHO, YTO Ha OapbepHbIE CBOMCTBA SMOKCHIHBIX OKPBITUH BIUSAET KaK CO-
Jep’KaHue aMUHHBIX TPYII B OTBEpAUTEIE, TaK U BEIMYUHA COACPIKAHMS ATOKCUIHBIX TPYIII B JTOK-
CHJIHOM cMoJie. DKCIIEPUMEHTAIEHO OOHAPY KEHO, YTO IIPU OTBEPIKACHUN aMUHHBIMH OTBEPIUTEISIMH
¢ OONBIIMM COAEP)KAaHUEM aMHUHOTPYII SMOKCHIHBIX CMOJ C OONBIIMM COAEPKAHMEM SHOKCHIHBIX
rpynn GpopMupyoLIecs HOKPBITUS MMEIOT IUIoXue (PU3MKO-MEXaHMUYECKHE U 3aIlMTHBIC CBOWCTBA,
YTO MOXET OBITh BBI3BAHO MEPETPEeBOM U (Ha30BBIM PACCIOCHHEM TAKUX IJIEHKOOOPa3yIOIMHUX CHCTEM.
3aMeueHo, YTO MpU yBEIHMYEHUHN J0JIU BTOPUYHBIX aMUHOTPYIIIT B AMUHHOM OTBEPIUTENE IPOUCXOIUT
YXYJIIEHNE 3aIUTHBIX CBOMCTB SMOKCUIHBIX MOKPHITUH.

[oaTeepkneHa MHPOPMATUBHOCTH METOAA aHAIN3a YACTOTHBIX 3aBUCUMOCTEl €MKOCTH M COIPO-
TUBJICHUSI 1P OLIEHKE 0apbepHBIX CBONCTB IOKPBITUH Ha OCHOBE Pa3INYHBIX COUCTAHHH SMOKCHAHBIX
cMonl u oTBepauTenei. [lokazano, 4T0 MPUMEHEHUE MOJMAMUIHOTO OTBEpAUTEN D-45 U aMHUHHOTO
otBepauTenst KCA 4103 nmo3BossieT Moay4uTh HOKPBITHS C HAUTYYIIMMU 3allUTHBIMU CBOMCTBaMHU.

OOHapy>keHO, YTO COAEePKAHUE Teb-PPAKLUHUH B OTBEPKACHHBIX MOKPBITUAX 3aBUCUT OT BSI3KOCTH
IICHKOOOPa3yIomei CHCTEMBI.

DKCHEepUMEHTalIbHO TT0Ka3aHO, YTO IMOJUMEpHBIE IUIEHKH C IMJIOXHMH O0apbepHBIMU CBOHCTBAMH
UMEIOT OTPULIATENIFHOE BOAOMOIIIONICHHE, KOTOPOE MOXKET OBITh O0YCIIOBJICHO JECTPYKIMEH MaKpOMO-
JIEKYJ U BEIMBIBaHHEM Je(PEKTHBIX ci0eB. [103TOMY H3yUueHne 0COOCHHOCTEH BOIOMOTIIONICHU S IOKPHI-
TUH MOXET CIY>KUTh IMPOCTBIM 3KCIPECC-METOAOM OLEHKH MX OapbepHBIX CBOWCTB U CTAOMIBHOCTH
B BBIOpPAHHOU KHUIKOU cpere.

Joka3zaHo, 4TO SMOKCHAHAS IJICHKOOOpa3ylolas CUCTeMa, COCTOSIIAsl M3 SIOKCHIHOW CMOJIBI
KER 215 u orBepautens KCA 4103, umeeT ONTUMAaIbHOE COYETAHHE TEXHOJOTMYECKUX, (PU3UKO-
MEXaHMYECKHX U 3aLIUTHBIX CBOMCTB M3 BCEX MCCIEJOBAHHBIX B JAaHHOH paboTe MIEHKOOOPa3yIOMUX
CHCTEM, UYTO JIeJIaeT €€ JIyUIINM BbIOOPOM ISl CO3AaHus OapbepPHBIX AHTUKOPPO3UOHHBIX JIAKOKPACOY-
HBIX MaTepHaJIoB.



178 Proceedings of the National Academy of Sciences of Belarus. Physical-technical series, 2021, vol. 66, no. 2, pp. 169179

Cnucok ucnoJjib30BaHHBIX HCTOUYHUKOB

1. Posendensn, M.JI. AHTUKOPPO3HOHHBIE TPYHTOBKHM ¥ HMHTHOMPOBAHHBIE JIAKOKPACOYHBIC IOKPBITUS /
W.JI. Pozengensn, ®. U. Pyounmreitn. — M.: Xumus, 1980. — 200 c.

2. IMomyyeHue HOBOTO MaTepHaja Ha OCHOBE SIOKCHAHBIX OJIMTOMEPOB ISl POPMUPOBAHUS 3aLIUTHOTO aHTUKOPPO3H-
onHoro nokpsiTust / A.B. ITectos [u ap.] / Kypn. npuxnazn. xumuu. —2020. — T. 93, Ne3. — C. 385-391.

3. 3uranmmuua, M.P. BnwusHue otTBepauTeneli Ha AHTHKOPPO3HOHHBIE CBOMCTBAa OIOKCHIHBIX IOKPBITHH /
M. P. 3uranmmna, ®. A. Konos, A. B. Baxus / BectH. Kazan. texson. yu-ta. — 2013. — T. 16, Ne 11. — C. 228-229.

4. Tankuna, 10.B. OtBepaurenu nis snokcugHbix cuctem / F0. B. lankuna // JlakokpacodHble MaTepUaIbl H UX IIPUME-
Henue. —2016. — Ne 10. — C. 19-21.

5. Bausnue oTBepauTeneil Ha MUKPOCTPYKTYPY U CBOMCTBA MOAU(DUIIMPOBAHHOIO SMOKCUIHOTO CBA3YIOLIETO IS TO-
IuBocTOiKoro nokpeitust / B. A. Ky3uenosa [u np.] / Bee marepuanst. — 2012, — Ne11. — C. 38—41.

6. MeToapl OLEHKH HMPOTHBOKOPPO3HOHHON 3()(HEKTUBHOCTH JTAKOKPAacOYHBIX MOKphITHII / A.B. CopokoB [u np.] /
Bectn. Kazan. Texnoun. yn-ta. — 2012, — T. 15, Ne24. — C. 68-75.

7. Murray, J.N. Electrochemical test methods for evaluating organic coatings on metals: an update. Part I: Introduction
and generalities regarding electrochemical testing of organic coatings. / J.N. Murray // Progress in Organic Coatings. —
1997. — Vol. 30, iss. 4. — P. 225-233. https://doi.org/10.1016/S0300-9440(96)00677-7

8. Electrochemical Evaluation Technologies of Organic Coatings [Electronic Resource]. — Mode of access: https:/www.
intechopen.com/books/coatings-and-thin-film-technologies/electrochemical-evaluation-technologies-of-organic-coatings  —
Date of access: 07.06.2020.

9. Murray, J.N. Electrochemical test methods for evaluating organic coatings on metals: an update. Part II: Single test
parameter measurements. / J.N. Murray / Progress in Organic Coatings. — 1997. — Vol. 31, iss. 3. — P. 255-264, https://doi.
org/10.1016/S0300-9440(97)00084-2

10 Murray, J.N. Electrochemical test methods for evaluating organic coatings on metals: an update. Part III: Multiple
test parameter measurements. / J. N. Murray // Progress in Organic Coatings. — 1997. — Vol. 31, iss. 4. — P. 375-391, https://doi.
org/10.1016/S0300-9440(97)00099-4

11. Loveday, D. Evaluation of Organic Coatings with Electrochemical Impedance Spectroscopy. Part 1: Fundamentals
of Electrochemical Impedance Spectroscopy / D. Loveday, P. Peterson, B. Rodgers / JCT Coatings Tech. — 2004. — Ne 1. —
P. 46-52.

12. Barsoukov, E. Impedance Spectroscopy. Theory, Experiment, and Applications / E. Barsoukov, J. Ross Macdonald. —
John Wiley & Sons, 2005. — 595 p. https://doi.org/10.1002/0471716243

13. Kapsikuna, M. U. HcnbITanue 1akoKpaco4HbIX MaTepuasioB U mokpeituii / M. W. Kapsikuna. — M.: Xumusi, 1988. — 272 c.

14. DnokcuHbIe 0OJUrOMephI U KieeBbie kommosuiuu / 0. C. 3aiines [u ap.]. — Kues: Hayk. mymka, 1990. — 200 c.

15. Taiigsimes, U. I1. Ananus u o6pabotka ganubix / W.I1. Taiineimes. — CI16.: [Tutep, 2001. — 752 c.

16. dpunbepr, A.C. Anrtukopposuonusie rpyHtoBku / A.C.dpunbepr, O.®d. Unxo, T.B.Kamunckas. — CII6.:
000 «HUITPOUHC JIKM u I1 ¢ OIl», 2006. — 168 c.

References

1. Rozenfel’d I. L., Rubinshtejn F. 1. Anticorrosion Primers and Inhibited Coatings. Moscow, Khimiya Publ., 1980. 200 p.
(in Russian).

2. Pestov A. V., Osipova V. A., Koryakova O. V., Gorbunova T. L., Smirnov S. V., Veretennikova 1. A. Obtaining a new
material based on epoxy oligomers to form a protective anti-corrosion coating. Russian Journal of Applied Chemistry, 2020,
vol. 93, no. 3, pp. 400—405. https://doi.org/10.1134/s107042722003012x

3. Ziganshina M. R., Konov F. A., Vahin A.V. The effect of hardeners on the anticorrosive properties of epoxy coat-
ings. Vestnik Kazanskogo tekhnologicheskogo universiteta = Bulletin of the Technological University, 2013, vol. 16, no. 11,
pp- 228-229 (in Russian).

4. Galkina Yu. V. Hardeners for epoxy systems. Lakokrasochnye materialy i ih primenenie = Russian Coating Journal,
2016, no. 10, pp. 19-21 (in Russian).

5. Kuznecova V. A., Deev 1. S., Kondrashov E. K., Kuznecov G. V. The effect of hardeners on the microstructure and
properties of the modified epoxy binder for a fuel-resistant coating. A/l Materials, 2012, no.11, pp. 38—41 (in Russian).

6. Sorokov A. V., Stepin S. N., Kayumov A. A., Sitnov S. A., Kuznecova O.P. Methods for assessing the anticorrosive ef-
fectiveness of paint coatings. Vestnik Kazanskogo tekhnologicheskogo universiteta = Bulletin of the Technological University,
2012, vol. 15, no. 24, pp. 68—75 (in Russian).

7. Murray J.N. Electrochemical test methods for evaluating organic coatings on metals: an update. Part I: Introduction
and generalities regarding electrochemical testing of organic coatings. Progress in Organic Coatings, 1997, vol. 30,
iss. 4, pp. 225-233. https://doi.org/10.1016/S0300-9440(96)00677-7

8. Electrochemical Evaluation Technologies of Organic Coatings. Available at: https:/www.intechopen.com/books/
coatings-and-thin-film-technologies/electrochemical-evaluation-technologies-of-organic-coatings (accessed 7 June 2020).

9. Murray J.N. Electrochemical test methods for evaluating organic coatings on metals: an update. Part II: Single test
parameter measurements. Progress in Organic Coatings, 1997, vol. 31, iss. 3, pp. 255-264. https://doi.org/10.1016/S0300-
9440(97)00084-2



Becui HanpisHanbHait akansmii HaByk benapyci. Cepblst disika-ToxHiuHbIX HaBykK. 2021. T. 66, Ne2. C. 169179 179

10. Murray J.N. Electrochemical test methods for evaluating organic coatings on metals: an update. Part I1I: Multiple
test parameter measurements. Progress in Organic Coatings, 1997, vol. 31, iss. 4, pp. 375-391. https://doi.org/10.1016/S0300-

9440(97)00099-4.

11. Loveday D., Peterson P., Rodgers B. Evaluation of Organic Coatings with Electrochemical Impedance Spectroscopy.
Part 1: Fundamentals of Electrochemical Impedance Spectroscopy. JCT Coatings Tech, 2004, no. 1, pp. 46-52.
12. Barsoukov E., Ross Macdonald J. Impedance Spectroscopy. Theory, Experiment, and Applications. John Wiley &

Sons, 2005. 595 p. https://doi.org/10.1002/0471716243

13. Karyakina M. 1. Testing of Paints and Coatings. Moscow, Khimiya Publ., 1988. 272 p. (in Russian).
14. Zajcev Yu. S., Kochergin Yu. S., Pakter M. K., Kucher R.V. Epoxy Oligomers and Adhesive Compositions. Kiev,

Naukova dumka Publ, 1990, 200 p. (in Russian).

15. Gaidyshev 1. P. Analysis and Data Processing. St. Petersburg, Piter Publ., 2001. 752 p. (in Russian).
16. Drinberg A. S., Icko E. F., Kalinskaya T. V. Anticorrosion Primers. St. Petersburg, OOO “NIPROINS LKM i P s OP”

Publ., 2006. 168 p. (in Russian).

HNndopmanus 00 aBTopax

Tlomanyux Anexcanop Huxonaesuu — acnmpant, be-
JIOPYCCKUI TOCYNapCTBEHHBIH TEXHOJIOTMYECKHH YHHBEp-
cutet (yn. Ceepanoa, 13a, 220006, Munck, Pecrrybnnka
Benapycs). https://orcid.org/0000-0002-8409-2955. E-mail:
alexander.potapchik@mail.ru

Ezoposa Anna Jleonuoogna — KaHIUIAT TEXHUYCCKUX
HayK, JIOIEHT, JIOLCHT Ka(eApsl MOIMMEPHBIX KOMIIO3UIIH-
OHHBIX MaTepHuayoB, benopycckuil rocyiapcTBEHHBIH TeX-
Hosornvyeckuil ynusepcuteT (yn. Csepmiosa, 13a, 220006,
Munck, Pecnybnuka Bemapyck). E-mail: a 1 egorova@
mail.ru

Information about the authors

Alexander N. Potapchik — Postgraduate Student,
Belarusian State Technological University (13a, Sverdlov Str.
220006, Minsk, Republic of Belarus). https://orcid.org/0000-
0002-8409-2955. E-mail: alexander.potapchik@mail.ru

Anna L. Egorova — Ph. D. (Engineering), Associate
Professor, Department of Polymer Composite Materials,
Belarusian State Technological University (13a, Sverdlov Str.
220006, Minsk, Republic of Belarus). E-mail: a 1 egorova@
mail.ru



180 Proceedings of the National Academy of Sciences of Belarus. Physical-technical series, 2021, vol. 66, no. 2, pp. 180185

ISSN 1561-8358 (print)
ISSN 2524-244X (online)

UDC 678.027.94 Received 26.03.2021
https://doi.org/10.29235/1561-8358-2021-66-2-180-185 TMoctynuma B pexakumio 26.03.2021

Viktar V. Varapayeu, Uladzimir G. Barsukou, Yauheniya T. Varapayeva

Yanka Kupala State University of Grodno, Grodno, Republic of Belarus

EVALUATION OF INFLUENCE OF METHOD FOR PREPARING
ON MICROPOROSITY OF SINTERED POLYTETRAFLUOROETHYLENE-BASED
COMPOSITIONS

Abstract. The aim of the work is to assess the influence of the method for preparing on the porosity of sintered polytet-
rafluoroethylene blanks as well as PTFE mixtures with carbon fiber and additives of powdered graphite. The article provides
a comparative analysis of the method for preparing influence on the microporosity of sintered blanks made of filled and un-
filled polytetrafluoroethylene. Microporosity has been determined through the comparison of the actual and theoretical (for
a non-porous material) density of blanks, calculated by the methods of structural mechanics of composites. The studies made
it possible to establish that the porosity of the unfilled polytetrafluoroethylene blanks pressed at a pressure of 70...80 MPa
stands at 1.3 to 5.9 %. An exception was a specimen obtained by sintering in a jig, which has reached apparent density
2200 kg/m? equal to theoretical density. It has been established, that the porosity of blanks obtained from polytetrafluoroeth-
ylene filled with shredded carbon fiber and powdered graphite stood at 0.4 to 3.9 %. An exception was a specimen with a high
mass content of filler (40 %), in which the porosity was 16 %. It has been ascertained that sintering in a constrained state helps
to reduce the residual microporosity for both the filled and unfilled polytetrafluoroethylene. This shows the technical efficien-
cy of sintering in a constrained state, despite the increased labor intensity of the manufacturing process and the sophistication
of technical equipment.
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B.B. Boponaes, B.I'. bapcykos, E.T. Boponaesa

I'poouenckuii eocyoapcmeaennulii ynugepcumem umenu Anku Kynanwi, I poono, Pecnybnuxa benapyco

OLHEHKA BJIMSIHUS CIIOCOBA MOATOTOBKHW HA MUKPOIIOPUCTOCTD CIIEYEHHBIX 3AIOTOBOK
U3 KOMIO3UIUI HA OCHOBE OJIUTETPA®TOPITHJIEHA

Annoranus. [IpencraBieHsl pe3yasTaTsl pabOTH, HETbI0 KOTOPOH SIBIISIACH OLCHKA BIUSHHS CIIOCO0A ITOATOTOBKH HA
MIOPUCTOCTH (POPMOBAHHBIX 3aTOTOBOK M3 IIOPOIIKOOOPA3HOT 0 IOIUTETPAPTOPITHUIICHA, & TAKIKE €T0 CMECeH ¢ yTIepOIHBIM BO-
JIOKHOM U J100aBKaM¥ MBUIEBHIHOTO TpaduTa. J{Is1 JOCTHKEHHSI TOCTABICHHON 1IN OBLT BEITIOIHEH CPaBHUTEIBHBIN aHATH3
BIIMSIHUS CII0C00a TTOATOTOBKH Ha MUKPOIIOPHCTOCTH CIEYEHHBIX 3arOTOBOK M3 HAMOJIHEHHOTO M HEHAIIOJHEHHOIO Mpecc-Ma-
TepHaja Ha OCHOBE MOIUTETpadTOPITHICHA. METOMONOTHs ONpeeIeHUs] MUKPOIIOPHCTOCTH 3aKII0YaIach B pacueTe COOT-
HOIIEHUS (PAaKTHUECKON IUIOTHOCTH 3arOTOBOK M TEOPETUUECKOH JUIsi OECTIOpHCTOro MaTepuana, OmpeeleHHOH MeTofaMu
CTPYKTYPHOH MEXaHUKH KOMIIO3UTOB. Pe3y/IbTaThl BBIOIHEHHBIX HCCIEOBAHUI MTOKA3aI1, 9TO 3aTOTOBKY U3 HEHATIOIHEHHO-
ro ¢ropomnacTa, cnpeccoBanuble mpu gaBiaeHnu 70...80 MIla, xak mpaBuio, UMeIOT HOPUCTOCTH OT 1,3 10 5,9 %. Uckmrouenne
COCTaBIsAET 00pa3ell, MOTyIEeHHbIH CIIEKaHUEM B YCIOBUSX BCECTOPOHHETO CXKATHS, y KOTOPOTO OblIa JOCTHUTHYTA HyJeBas
MOPUCTOCTh. [IOPUCTOCTH 3ar0TOBOK, MOJNYYEHHBIX U3 (TOPOIMIIACTA, HATIOIHEHHOTO N3MEJIBYEHHBIM YTIIIEPOJHBIM BOJIOKHOM
1 TIBUICBUIHBIM I'padUTOM, COCTABIIACT B A0COMOTHOM OoubiinHCTBE cityyaes oT 0,4 110 3,9 %. Mckitouenue npeacrasiser 00-
paszeln ¢ cofepxkanueM HanoaHuTens 40 Mac.%, y KOTOpOro NopucTocTh paBHa 16 %. Kak a71s ncxoqHoro, Tak M J71st HAIOJIHEH-
HOT'O MOJHUTETPaPTOPITUIICHA CIIEKaHHE B YCIOBHIX BCECTOPOHHETO CHKATHsI BO BCEX OMBITAX CIOCOOCTBOBAJIO YMEHBIICHHIO
0CTaTOYHOW MUKPOIOPHUCTOCTH. DTO CBUICTEIBCTBYET O TEXHUUECKOU IP(HEKTUBHOCTH TAKOr0 METO/A MOJIyUeHHUs U3ACIINH,
HECMOTDSI Ha TIOBBIIIEHHE TPYIOEMKOCTH IIPOLIECCA U YCIOKHEHHE CPENICTB TEXHUYECKOTO OCHAIICHUSI.

KioueBsbie ci1oBa: nonuteTpadTOpITHIICH, IPECC-KOMITO3UIHS, YIIIEPOHOE BOJIOKHO, TpaUT, INIOTHOCTD, TOPUCTOCTH
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Introduction. Composite materials based on polytetrafluoroethylene (PTFE) have a complex of unique
properties including abnormally low coefficient of friction when working without lubrication, in vacuum
and at cryogenic temperatures as well as high chemical resistance to the action of reagents and biofluids,
and they are widely used in various industries. Products of PTFE are used in friction units in mechanical
engineering [1-6], including chemical machines and units [7, 8], in compressor technique [9], electrical en-
gineering [10] and medicine [11]. Products from PTFE-based compositions are manufactured by pressing
blanks from a pre-prepared mixture of components (raw pressing composition) followed by sintering [12].

Despite the progress achieved in the field of creating fluorine composites, many phenomena occurring
during pressing and sintering processes are insufficiently studied [13—16]. In particular, the scientific and
technical literature does not say enough about the issues of possible existence of residual microporosity in
the blanks. The existence of such microporosity in fluorine composites was experimentally established in
a number of papers [17-20]. However, the patterns of its formation have not been adequately studied. It is
known that the process of pressing powder materials includes several successive stages [21, 22]: elastic
deformation of filler particles and polymer matrix, emergence of a plastic state area (stage of constrained
elastic-plastic deformation), shift of this area to the surface of particles (free plastic flow with an intensive
change in the porosity and volume of the pressed material, an increase of its density). At the final stage of
the deformation process the deformable material “blocks” the remaining pores and thus hinders the release
of gaseous products contained in them, which is the reason for the preservation of the residual microporosi-
ty of the pressed material after removing the load. Subsequently, while sintering blanks, this microporosity
can not only persist, but even increases, since sealed air remaining in the micropores expands in volume
with a rise of temperature. This final stage of blanks deformation has not been adequately studied.

The aim of the work is to assess the influence of the method for preparing on the porosity of sin-
tered polytetrafluoroethylene blanks as well as PTFE mixtures with carbon fiber and additives of pow-
dered graphite.

Methodology for theoretical and experimental research. Experimental studies were carried out
in two phases. At the first phase, the influence of the methods for preparing blanks of unfilled PTFE on
their density and microporosity was assessed, and at the second phase a similar series of experiments
on composites containing carbon fibers and powdered graphite was carried out. As the object of re-
search composites based on PTFE of brand PN-90 according to State Branch Standard 10 007-80 (densi-
ty pm = 2200 kg/m?®) were used . The following materials were used as fillers: carbon fiber (CF) of brand
LO-1-12N produced by JSC SvetlogorskKhimvolokno (density py= 1500 kg/m?) and powdered graphite
(PG) according to Technical Conditions 48-4802-20-90 (density p, = 2250 kg/m?).

The theoretical density of non-porous composite pyji,m was determined by the methods of structural
mechanics under the condition of conservation the mass of the system. The mass of gaseous products
inside the pores was neglected while evaluation the porosity of the specimens due to its insignificance in
comparison with the mass of the resulting products.

The schemes of the specimen preparation are shown in Table 1.

Table 1. Compound and manufacturing technology of specimens from PTFE-based composites

Compo-
site Compound of the composite Technology particularities
symbol

K1 PTFE - 83 %; CF — 16.5 %; PG — 0.5 % | Tribostatic spray deposition of ultrafine PTFE on carbon fiber tape
followed by exposure at 340 °C for 20 min; normal sintering mode

K2 PTFE — 70 %; CF —29.5 %; PG — 0.5 % | Mechanical activation of the compound by rolling; normal sintering mode
K3 PTFE — 75 %; CF —24.5 %; PG — 0.5 % | Mechanical activation of the compound by rolling; normal sintering mode
K4 PTFE — 70 %; CF —29.5 %; PG — 0.5 % | Mechanical activation of the compound by rolling; sintering in the jig
K5 PTFE — 75 %; CF —24.5 %; PG — 0.5 % | Mechanical activation of the compound by rolling; sintering in the jig

K6 PTFE - 70 %; CF —29.5 %; PG — 0.5 % | Mechanical activation of the compound by rolling; sintering in the jig;
compression of the blank in the pressing mold after sintering

K7 PTFE — 60 %; CF —39.5 %; PG — 0.5 % | Mechanical activation of the compound by rolling; sintering in the jig

K8 PTFE — 75 %; CF —24.5 %; PG — 0.5 % | Mechanical activation of the compound by rolling; sintering in the jig;
compression of the blank in the pressing mold after sintering
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The technological operations shown in Table 1 were carried out in accordance with technical re-
gulation, which embraced at the initial stage the preparation of raw materials. This readying included
shredding a carbon fiber tape to obtain fragments of carbon fibers of the required length, as well as me-
chanical activation of PTFE in a paddle mixer with paddle rotation frequency of not more than 1500 s .
Further, the prepared fillers (CF and PG) were loaded into the paddle mixer, which already contained the
mechanically activated PTFE.

Upon manufacturing of the composite, conventionally marked in Table 1 as “K1”, the carbon tape
fiber was coated with the ultrafine PTFE by spraying it from a tribostatic gun. Afterward the pow-
der-coated carbon fiber tape was kept at 340 °C for 20 min, and then shredded.

In order to reduce the porosity of the composite and increase the efficiency of the sintering process,
the compound was mechanically activated by rolling before pressing blanks (in Table 1 — “mechanical ac-
tivation of the compound by rolling”, specimens K2—K8). The prepared portion of the composite material
was passed between two rotating rolls at roll-speed-ratio of 1:1.25. Thus, the brittle film of the composite
material was obtained, which then was grinded in a four-paddle mixer. The compound was dried in dry-
ing ovens with forced air circulation in trays at a temperature of 150+5 °C for 4 h.

The blanks pressing process was carried out in steel pressing molds with a hydraulic press in all
cases. Weighed dosing was used to obtain the exact height of the blanks. After drying in the oven and
weighing the compound was freely filled in the pressing mold and carefully leveled with a soft-metal
plate in order to achieve uniform density.

Three stops were made from the moment of initial compression of the compound until the moment
when the manometer begins to register the final target pressure. After each stop, a 5 s exposure was
carried out. Upon reaching the final target pressure, the exposure was carried out for 3 min. The gauge
pressure was adjusted to achieve a specific compression pressure of 70—-80 MPa.

The blanks were sintered in electric furnaces with a rotating hearth and forced air circulation in
a free state as shown in [19], or under conditions of all-round compression using jigs [17]. The blanks
were loaded into the furnace at a temperature of 20 to 50 °C. The heat treatment of the blanks was car-
ried out according to the regime providing for heating to 360 °C at a rate of 0.5 deg/min and exposure
upon reaching 150 °C and 312 °C for 3 h. Sintering was performed at a temperature of 360 °C. Further,
the blank was cooled at a rate of 0.5 deg/min to a temperature of < 50 °C with exposures for 3 h at
a temperature of 325 °C and 150 °C.

Specimens K6 and K8 after the heat treatment were exposed under the pressure level of 70—80 MPa in
a pressing mold with specified geometric dimensions in accordance with the approach described in [23].

The apparent density of the composite after sintering the blanks was assessed according to State
Branch Standard 15139-69 by the method of measurement and weighing. Specimens were rods with
geometric dimensions @23 X 70. The mass of the specimens fluctuated from 51 to 55 g, and the volume
was from 27.75 to 29.64 cm’.

The experimental data were processed using standard statistical methods. The arithmetic mean
values of the indicators, the standard deviation were defined. The confidence interval according to
a Student’s T-test was determined at a confidence level of 0.95. The number of tests in experiments was
at least 5 for each kind of material. The experimental data were processed on a computer using the stan-
dard Microsoft Office 11 software.

The theoretical (limit) density of a non-porous composite was calculated by the formula

P
Pt = p’" o 1)
CpptCphtey "
Py Pq

where ¢,,, ¢ ¢, — the mass content of the matrix, carbon fibers and graphite respectively in wt.%; ps, P
Ps Pg — the densities of the ideal non-porous composite, matrix, carbon fibers and graphite respectively.
The porosity of the composite can be described by the formula
V
0 =1 _1_ " P __P_ )

V4 b
Vi Pre 17 Prs
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where 0, — the porosity of composite; V,,, — the volume of the non-porous (monolithic) part of composite;
V' — the volume of the composite; m;, — the mass of the ideal non-porous composite; p — actual density of
the composite.

Formula (2) is the alternative to State Branch Standard P 56679-2015 and makes it possible to cal-
culate the porosity of blanks and products. It can be used under the conditions of the known composite
compound, theoretical and actual density. In doing so, the theoretical density is calculated via formu-
la (1) and actual density should be measured experimentally.

Research results and discussion. The Table 2 shows the effect of various technologies of specimen
preparation on the density and microporosity of unfilled PTFE.

Mechanical activation of powdered PTFE by rolling and sintering in a jig were carried out according
to the technology similar to the mentioned in the Table 1 above.

Table 2. Actual values of density and porosity in unfilled PTFE

Technology particularities A““lfé/ﬁ?my’ Re'ativi/ﬂde“my’ Porosity, %
Mechanical activation of powdered PTFE by rolling + quench hardening 2071 94.1 5.9
Normal sintering mode 2113 96.0 4.0
Quench hardening 2171 98.7 1.3
Mechanical activation of powdered PTFE by rolling + normal sintering mode 2137 97.1 2.9
Sintering in the jig 2200 100.0 0.0
Mechanical activation of powdered PTFE by rolling + sintering in the jig 2160 98.2 1.8

Quench hardening of unfilled PTFE was carried out in water at 20 °C in order to improve the phy-
sical and mechanical properties due to reduce in the degree of material crystallinity. The obtained value
of the actual density was 2171 kg/m® and exceeded the level considered normal for the hardened PTFE
(2150 kg/m?) [24]. The most likely cause for the increased density was that the degree of crystallinity
of the specimen was above 50 % due to the relatively considerable thickness of the specimen (23 mm).
In this case the low thermal conductivity of PTFE has led to the fact that hardening had not occurred in
the entire volume of the specimen.

Analysis of the data in Table 2 shows that the porosity of the blanks from unfilled PTFE fluctuated
from 1.3 to 5.9 %. An exception was a specimen manufactured by sintering in a jig, which has reached
the zero porosity (density 2200 kg/m?). This density value indicates both the monolithic state and a high
degree of crystallinity of the blanks’ material. In combination, it allows expecting a relatively high hard-
ness and resistance to loads of the product , which is in line with the test results.

The Table 3 shows the results of calculating the theoretical (limit) and relative density, as well as
porosity of PTFE filled with carbon fibers and powdered graphite in dependence of technology particu-
larities.

. . Table 3. Theresults of calculating the theoretical
The analysis of the data in Table 3 shows s

(limiting) density, as well as the relative density

that the porosity of the specimens of PTFE filled and porosity of composites
with carbon fiber and powdered graphite varied
in the great majority of cases from 0.4 to 3.9 %. , Density of specimens

. . . Composite theoretical Calculated
An exception was a specimen K7, which had the symbol | for non-porous | actual, ke/m® | relative, % | Porosity, %
16 % porosity rate. However, this should not be material, kg/m?
considered as an experimental error, since simi- Kl 1962.70 1887 96.1 39
lar porosity parameters (0, = 15.4-15.9 %) were K2 1861.93 1814 97.4 2.6
also recorded by other researchers during free K3 1899.44 1858 97.8 22
sintering of composites [22]. Appar'ently, such K4 1861.93 1801 967 33
ahlarge gap in 121716 Vzlu}:: of the f})(;lrozllty 1t()etweeltg K5 1899.44 1892 99.6 04

imen n r n
the specimen K/ and the rest of the blanks coul K6 1861.93 1821 97.8 22
be explained by the existence of a certain limit - Fr— o 00 50
content value of fillers at which PTFE of PN-90 : : :
K8 1899.44 1892 99.6 0.4

brand can perform the function of monolithic
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matrix in a polymer composite material. When the content of the filler exceeds the 30—40 wt.%, it
becomes extremely difficult to avoid the formation of microclusters of the fibrous modifier, which
cannot be destroyed by any of the existing technological methods. Further the microclusters be-
come a zone of accumulation of air microinclusions, which increase in volume with a rise in tem-
perature while sintering, and cause the increased porosity of products. The influence of the mass
content of the filler on the possibility of forming a non-porous blank from a PTFE-based composite
is confirmed by the fact that the calculated porosity of the blanks with 25 wt.% filler turned out to
be significantly lower than the calculated porosity of the blanks with 30 wt.% filler, while manu-
facturing technology was identical (K3 < K2, K5 < K4, K8 < K6). Nevertheless, the relatively high
porosity of specimen K1 (filler content 17 wt.%), as well as unfilled PTFE specimens (see Table 2),
indicates that up to 30 wt.% the technology is crucial for the formation of a non-porous structure of
blanks made of PTFE-based composites.

Applying such techniques as mechanical activation of the compound by rolling, sintering in a jig and
compression of a blank in the pressing mold after sintering makes it possible to reduce the porosity of
the products of filled PTFE even below the products of unfilled PTFE.

The result can be considered to be obtained due to a decrease of size and quantity of pores, which, in
the authors’ opinion, were the result of significant differences in the parameters of electrophysical, ther-
mophysical, mass and dimensional characteristics of the particles in the pressing compound. Sintering in
the jig creates the conditions for the elimination of microcavities due to the peculiarities of the thermo-
physical characteristics of PTFE particles and CF fragments. Thermal expansion of the components in
a jig causes strain stresses, which then presumably lead to the generation of interfacial layer PTFE—CF
with lower defectiveness of structure. The absolute majority of CF fragments become to be connected
by polymer interlayers, which increase the strengthening effect of the filler due to the rise of the propor-
tion of the mechanical component of the adhesive force at the interfacial layer [23].

Application of the developed techniques allows increasing the parameters of stress-strain and
tribotechnical characteristics of PTFE-based composites 1.5-2 times in comparison with current
technical regulation. Testing of seals made of PTFE-based composites in compressor equipment at
chemical enterprises (e.g., JSC “Grodno Azot”) have shown that the application of technique of com-
pression of the blank in the pressing mold after sintering can increase the service life of seals at least
by 2 times. And piston rings made by sintering in the jig worked 3 times more than similar products
obtained by normal sintering mode (e.g., at JSC “SMNPO — Engineering” compressors).

Conclusion. The effect of the method for preparing on the microporosity of sintered blanks of
filled and unfilled polytetrafluoroethylene was evaluated by the methods of structural mechanics of
composites and experimentally. Microporosity was calculated as the ratio of the actual measured
density to the theoretical density of a non-porous material, evaluated by the methods of structural
mechanics of composites. The research findings allowed claiming that the porosity of the pressed at
a pressure of 70—80 MPa unfilled PTFE blanks was from 1.3 to 5.9 %. An exception was a specimen
obtained by sintering in a jig, which has reached zero porosity (density 2200 kg/m?). The porosity
of blanks from PTFE filled with carbon fiber and powdered graphite was from 0.4 to 3.9 %. An ex-
ception was a specimen with a high mass content of carbon fibers (compound: PTFE — 60 %; CF —
39.5 %; PG — 0.5 %), in which the porosity was 16 %. Sintering in a constrained state (in a jig) in all
experiments led to the reduction of the residual microporosity for both the unfilled and filled PTFE.
That proves the technical efficiency of this technique, despite the increased labor intensity of the
process and the sophistication of technical equipment.
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MJIACTUYECKOE TEUEHUE U30TPOIMHOIO )KECTKOIUIACTHYECKOTI'O TEJA
IMPU OTHOPOJHOI JE®OPMALIUU

AHHOTanus1. BpInoaHeH MaTeMaTHYeCKUil aHaIu3 MPOLECCOB MTACTHYECKOro TeYEHHsI IIPH OHOPOIHON IMJIOCKOM, oce-
CHMMETpPHYHOI U 00beMHOH nedopmanuy. B ocHOBY aHann3a 1oJ0XKeHO Hapy)KHOe (OpPMOM3MEHEHHE Tela, ONpeelsoIee
MepeMeIleHIe MaTepHalbHbIX TOYeK. [IoKa3aHo, 4TO IJIACTHYECKOE TEYCHHE N30TPOITHOrO KECTKOIIACTHYECKOrO Tela IpH
MIJIOCKOH 1eOopMaiyl MOJYNHEHO TUIEPOOINYECKOMY 3aKOHY, TPU OCECHMMETPUYHON 1 00BEMHON — 3aKOHY OOpaTHBIX KBa-
apartoB. [IpocTpaHCTBEHHO-I€OMETPUYECKUE BBIPAKEHHS 3THX 3aKOHOB MO3BOJMIHM PACKPBITh U IO-HOBOMY OOBACHUTH (u-
3MYECKYO CYIIHOCTb IUIACTHYECKOro c/iBHra. JIoka3aHo, YTO HAIPSHKEHHOE COCTOSIHUE Tea IPU OAHOPOAHOH nedopmariu
PacCTSKCHUS-CIKATHUS SIBIISICTCS CIIOKHBIM M HE MOXKET OIPEeNsAThCs KaK «IHHeHHoe». HopManbHoe HampspkeHne, CoBIaiato-
11ee ¢ HalpaBJICHUEM PE3yJIbTHPYIOLIET0 YCHIINS Ae(OPMUPOBAHUS, HE SBJISCTCS [TIaBHBIM, TAK KaK B IJIOLIA/IKAX, IEPIICHIU-
KYJISIPHBIX STOMY HAIIPaBJICHHIO, KACATeIbHbIC HANPSKEHUSI HE PABHBI HYJII0. [IpHUBEICHBI IPUMEPBI PELICHNS TEXHOJIOTnYe-
CKHUX 3aJ1a4: SKCTPY3HMHU IIMIMHPUYECKUX 3arOTOBOK U BOJIOYEHHS TPOBOJIOKH, IPOKATKH IIUPOKOH ITOJIOCHI MPSIMOYTOIEHOTO
npoduist. [lokazaHo, 4TO 3a7a4H 1T0 OIPEIETICHUIO HANlPSXKEHHO-1e(OPMIPOBAHHOTO COCTOSHHS H30TPOITHBIX JKECTKOILIACTH-
YECKHX TEJI 10 U3BECTHBIM TPACKTOPHSIM MEPEMEILICHHS MAaTePHAIbHBIX TOUCK SBISIOTCS CTATHYECKH ONPEASTHMBIMH.
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BBejnenne. B 0cHOBY COBpEMEHHOM TEOPUHU MIACTUYHOCTH TMOJIOKEHA TUIIOTE3a, COTVIACHO KOTOPOM
MJIACTUYECKOE TeUCHHUE Ae(POPMHUPYEMOTo Tejia OCYIIECTBISCTCS MO MOBEPXHOCTSIM (JIMHUSM) CKOJIb-
JKEHUS TIO/I JACWCTBHEM MaKCHUMAabHBIX CIBUTAIONINX HAMPSHKCHWH MOCTOSHHOW BETHMYHHBI, PABHOU
KOHCTAHTE TUIACTUIHOCTH. JIMHUN CKOBKECHUS OMPENSIIIIOTCS HEe KaK TPACKTOPUH PE3yIbTHPYIONINX,
a KaK TPaeKTOPHUU TJaBHBIX KacaTelIbHBIX HampshkeHuit. OOIee pelieHune 3a/1a4u o IUIoCKol jaedop-
Malli{, He COTJIACYIOIeecss ¢ KHHEMaTHYECKUMU YCIIOBUSIMH, CBOJHUTCS K OINPENEICHUIO HAMIPSKSHHUH
BJIOJIb OTHX TpaekTopui [1].

B cinydae ocecummeTpudHOl nedopmaliud TpeXMEpHbIC YPaBHEHHS MAaTEMaTHUUECKOH TEOpUH
MJIACTUYHOCTH PEMIAI0TCS COBMECTHO C YIPOIIEHHBIM YCJIOBHEM IJIaCTUYHOCTH Tpecka m acco-
IUUPOBAHHBIM C HUM 3aKOHOM TEUEHHUS ISl HAMPSIKEHHBIX COCTOSIHUM, COOTBETCTBYIONMUX peOpy
MoBepXHOCTU TekydecTu [2]. Cuctembl quddepeHnranbHbIX YPAaBHEHHH B YaCTHBIX MMPOU3BOIHBIX
TUTIepOOTNYECKOTO THIIA U KPaeBbIe 3aJ]a9M ISl HUX CBOMATCS K HETMHEHHBIM ypaBHEHUIM 715 00-
JacTeil ¢ HEM3BECTHBIMU T'paHUIaMU. Perenne »TuX ypaBHECHUNU OOBIYHO CBSI3aHO C MPUHITUIIHATE-
HBIMU MaTeMaTHYECKUMH TPYIHOCTSAMH, YTO BBIHYKJIaeT MPUOETraTh K OrPaHUYCHUSM B BHJE THIIO-
T€3 U AOMYyIIEHUH.

OueBuIHO, YTO NaJbHEWIee Pa3BUTUE TEOPUHU IIACTUYHOCTU U Pa3pylICHHUS HEPa3pPBIBHO CBs-
3aHO C PEIIeHHEeM MPOCTPAHCTBEHHO-TEOMETPUUYECKUX 3a]1ad (DOPMOM3MEHEHHUsI TPU yCIOBUH «EIUH-
CTBEHHOCTH» TINIACTUYECKOT0 TeueHus [3]. be3yciioBHO, caBUTAIONINE HAMPSIKEHUS B 1ehOpMHUpPyEeMOM
METaJljIe MPUCYTCTBYIOT, 3€PHA-KPUCTAJUIUTHI TIOBOPAYMBAIOTCS M BBITATUBAIOTCS B HAINPAaBICHHH
NEHCTBUS Pe3yIbTUPYIONINX HAMPSOKEHUH BIJIOTH 0 0Opa30BaHMS BOJOKHHUCTBIX CTPYKTYp. B aTOoM
1 3aKJII09aeTCs MPUPOAA TIIACTUYSCKOTO CIBUTA, OTHAKO HUKAKOTO CKOJBKEHUSI CJIOCB METaJlIa APYT
OTHOCHUTEIIBHO JIPYTa B JCHCTBUTEILHOCTH HE TPOUCcXoAuT. Ciiou Metauia 1eOpMUPYIOTCS U ITepeMe-
IIAOTCS] COBMECTHO, OTIepeKast FIIM 3aTOPMaKuBast IPYT IPyTa, HO TP ITOM MEKaTOMHOE B3anMOJIeH-
CTBHUE B J€(POPMHUPYEMBIX KPUCTAJIIUNYSCKUX PEIISTKAX HE MpeKpaiiaeTcs. Beskuii MaKpOCKOMMUECKHA
C/IBUT WJIU CKOJIBKEHHUE 110 aTOMHBIM IIJIOCKOCTSIM C HAUOOJBIIIEH TIIOTHOCTHIO AaTOMOB M HAKOTLIEHHBIX
NeEeKTOB 0 JOCTHIKEHUH OMPEACTCHHOT0 KPUTHIECKOTO 3HAYCHHS TPUBOJIUT K CPEe3y MIIU CKOIY, TO
€CTh K pa3pylieHuio MeTaiia. [IpuMepaMu MOTYT CIIYKUTB SIBJICHUS TPEIIMHOOOPA30BaHUS B 3aTOTOB-
KaX MpU NPUMEHEHHH MHCTPYMEHTOB IPSIMOYTOJIBHOM KOH(UTYpaluu: B MpoIleccax BHIAABIMBAHUS
MOJIOCTEH MMJIMHAPUIECKUMHU ITyaHCOHAMH, MTPOTIATHBAHUS IIPYTKOB Yepe3 MPSIMOYTONBHYIO MaTPHILY
WJIU BOJIOKY, BBIPYOKHU-ITPOOUBKH 3arOTOBOK U JIP.

Takum 00pa3oMm, MaTeMaTHYECKOE MOJEITUPOBAHUE MPOIECCOB IIACTHYECKOTO (hOPMOU3MEHEHUS
METaJJIOB Ha OCHOBE KOHIICTIITNH CKOBKECHHUS CIIOCB IPYT OTHOCHUTENBHO IpyTra MPH AOMYIICHUN pas-
pBIBa CKOPOCTEH MO TPAaCKTOPHSM TJaBHBIX KacaTEIbHBIX HAMPSIKCHUH MPOTUBOPECUUT (PUIUUCCKOM
MIPUPOJIE TUTACTHYECKOTO CABUTA. B OCHOBY TEOpHH MIACTUYHOCTHU JIOJDKHBI OBITH ITOJIOKEHBI 3aKOHBI
MJIACTUYECKOTO TCUCHHUS IIPU OMPECIISIFOIIEM HApYKHOM (hOPMOM3MEHEHUU COBMECTHO C yPaBHECHHSI-
MU MEXaHUKU CILIOIIHON CPeJlbl: PABHOBECHU I, INIACTUYHOCTH, HECXKUMAEMOCTHU U Hepa3pbiBHOCTH. [1of
MIJIACTUYECKUM CIIBUTOM CIIeYeT IOHUMATh MTOCIIEIOBATEIIEHOE ITepeMeIieHe, IEpecTpOeHUEe MaTepH-
aJIbHBIX TOYCK HJIM OJIHOPOJIHBIX 0ObEMOB I10 €IUHCTBEHHO BO3MOXKHBIM TPACKTOPHUSAM 0€3 HapyIICHHU S
CIUIONIHOCTH Tella. MaTreprasibHasi TOYKa B MEXaHUKE — ATO AJIEMEHTapHBINH 00bheM, JBUKYIIHICS O
CBOCH €IMHCTBECHHOW TPACKTOPHUH U MIPETEPIICBAIONINI MTPH dTOM AchOopMaIuio caBura. Bextop mepe-
MEIICHUS TOYKH B KaXJIbIH (PUKCUpPYEMbIii MOMEHT BPEMEHHU HAIPABJICH B CTOPOHY JICHCTBUS PE3yJib-
THPYIOIIETO, HO HIKAK He TJIaBHOTO KacaTeIhbHOTO HANPsOKEHUs. Pe3ynpTupylolliee Wiu CIBUTAIOIICE
HaIpsDKEHWE PaBHO KOHCTAHTE MJIACTUYHOCTH M HAIPABJIEHO MO KacaTeNbHOW K TPAeKTOPHUH B JaH-
HOM TOUKE.

3aKoH MJIACTHYECKOTo TeyeHus. PaccMoTpuM ciydaii ujaeanbHOM OqHOPOAHON nedopmaiuu 00-
pasilia — OJTHOOCHOE pacTshkeHue win cxarue (puc. 1). HanpsbkeHHO-1epOpPMUPOBAHHOE COCTOSHUE,
MJACTUYECKOE TCUCHHME METAJIa IPY ATUX JIBYX BUJIAX HATPYIKEHUS OTIUYAFOTCS JIUIIh HATPABICHUEM
NIEHCTBUS CHII, TO €CTh 3HAKOM M HHUYeM Oonee. [IpsMple THHUW WIIH TIIIOCKOCTH OCTAIOTCS TMPSIMBIMH
U TJIOCKUMHM, TTapaJifieIbHBIC MPSMBIC U MapajliebHbIC TIIOCKOCTH OCTAIOTCS MapaslIeIbHBIMHU TOCTIE
nedopmaruu. ['eomeTprudecku mogoOHBIE U TIOAOOHO PACIOIOKEHHBIE AJIEMEHTHI Tela OCTATCS Teo-
METpPHYECKH MOJ0OHBIMH. llepemernienns MaTepruaabHBIX TOYEK SIBISIIOTCS JIMHEHHBIMHU (DYHKITUSIMH
KOOPJIMHAT, BEJIMYUHBI OTHOCUTEIBHBIX JIe(hOpMaIliii TOCTOSHHBI,
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Puc. 1. IInactTuueckoe TeueHUe MeTaLIa IIPU OJHOPOIHOM nedopMaruu: a — miockas, b — oceciMMeTpuyHas fedopManus

H

Fig. 1. Plastic flow of metal with uniform deformation: a — flat, b — axisymmetric deformation

Hedbopmupyemslii o0paser] coxpansieT GopMy MpsIMOYTOJILHOTO Napaiefenuneaa Ipu MIOCKON Uil
obwemMHoOM nedopmartuu (puc. 1, @) u popMy MITHHAPA TTPH OCECHMMETPUIHOHN Aedopmaruu (puc. 1, b).
Beinenum BHYTpH 00pasia HEKOTOPYIO TOUKY 4 ¢ Ha4aJIbHBIMHU KOOPAHHATAMU X, Vo, Zg WU 7o, Qg, Z, TPa-
EKTOPHIO TePEeMEIIEHUST KOTOPOH MBI XOTUM ONPEACTUTh, & TAK)KE KHHEMATHIECKH 3aIPeIeHHBIH 00heM
ABCD, B xoTOpBIi TOUKa 4 monacTe He MOxeT. Mcxons u3 ycnoBus noctossHcTBa oobema A BCD, nmeem:

IIPH TIOCKOH ehopManuu B JEKapTOBBIX KOOPIWHATAX

20Xy Cr
ZoXo = ZX wm z =00 ="/ )
b X
npu 00beMHOM Aedopmaru
ZoVoXg C
XoYoZo =Xyz HHHZ:M:_V; (2)
Xy Xy
[IPU OCECUMMETPHYHOI AehopMaIiK B IIMIUHAPHYSCKUX KOOPAHMHATAX
2
zoty C,
nr0220 =z um z = 320 = r—; 3)

Bo Bcex cimyudasx TpaeKTOpHs TOUKH ONpesesieHa ee HadalbHbIMU KOOPAMHATAMH, @ UMEHHO KOH-
crantamu C. [Ipu mtockolt nedopMannu nepeMerieHue TOYKH MOAYNHEHO THIePOOITHUECKOMY 3aKOHY,
IIPH OCECUMMETPUIHOM NI 00BbEMHOI — 3aKOHY 00OpaTHBIX KBaJIPaToB.

@opmyna (1) sBaseTcs ypaBHEHHEM pPAaBHOCTOPOHHEH THNEpOOIBI M MpeACTaBiseT coboil Tpa-
EKTOPHIO NEPEMELICHUs MaTepUalbHBIX TOYEK 00pas3la B IJIOCKOCTSAX, NEPHEHIMKYISIPHBIX OCH Y.
®Oopmynst (2) u (3) — oOpaTHO KBaJpaTHIHBIC TPACKTOPHH TOUYCK COOTBETCTBEHHO B MAarOHAJIBHBIX
1 MEPUJIMAHHBIX IIOCKOCTAX, IIPOXOAIINX Yepe3 och z. B cuily oceBoil CHMMETpPHUU HArpy>KeHus Tpa-
EKTOPHH NEPEMELLICHHS] TOUEK SBJISIIOTCS CEMEHCTBOM KPHUBBIX BO BCEX UETHIPEX KBaApaHTaX.

[Tpu mtockoit aedopmanuu (puc. 2, @) ypaBHEHHE KacaTeJIbHOHN B TOUKe K KpuBoii (1) mMeeT BUA:

c,Y ¢
E _ g(180° — o) = —tgo=| =——L; @)
X X X

tga—&' cosa, = ! = X ; sino = ! = < . ®)
¥ 1+tg’a [y +CJ%. ’ 1+ctg’a /x4+CJ% ’
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TIPH OCECUMMETPUIHOM (puc. 2, b) — K KpUBOH 3:
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Puc. 2. HanpsixkeHHOE COCTOSIHHE MaTE€PUaIbHOW TOUKHU BJIOJIb TPAGKTOPHUHU TIEPEMEILEHUs: a — IIocKas aedop-
Marnus, b — ocecumMMeTpudHas aeopmarus

Fig. 2. Stress state of a material point along the trajectory of movement: a — flat deformation, b — axisymmetric
deformation

Oco0eHHOCTh HJIeaTbHON OHOPOIHOM MIACTHYECKOH eopMaIiii pacTHKEHUA-COKATH 3aKITI04a-
€TCsl B TOM, YTO OHA IIPOTEKAET NPH OTCYTCTBUH YIJIOBBIX Aedopmannii. I3MeHst0TCs pa3mMeps! 00pas-
11a Y COXPaHEHUH ero GOPMBIL: IapaiesIenUIe ] IePEeXOAUT B Hapajuieenune,], HIINHIP B LUIHHP.
MarepuasibHble TOYKH, JISKALIUEC HA BEPTHKAIBHON MPSIMOil AB unu ropu3oHTaibHoi AD (cM. puc. 1),
MEPEMEIIAOTCS M0 PAa3IUYHBIM TPAEKTOPHUAM U IIPEOI0JIEBAIOT PAa3IMYHbIE PACCTOSHHUS, HO MPU ITOM
OCTAIOTCS Ha 3TUX MPSAMBIX, IEPEMeIIasich CHHXPOHHO, HE OTPBIBAsACH APYT OT JIpyTa.

Ilox cuHXPOHHBIM NEpPEMEILEHHEM TOYEK, CIIOEB MM 00BbEMOB Je(OPMUPYEMOTro Teja ClIeayeT Io-
HUMaTh NEpEeMEIleHUEe, IPU KOTOPOM COXPAHSETCsl T€OMETPHUECKOe MoAo0ue Kak Hapy>XKHOU (popmel
TeNa, TaK U €ro BHYTPEHHHUX 3JIEMEHTOB. UeM MEHbIIIE BEJIMYMHA YTIIOBBIX AeQOopMauii, TeM OONbLIYIO
MJIACTUYHOCTB MPOSIBISAET METAJI M TEM DHEPreTHUECKH MEHEee 3aTpaTeH MPOLEeCC MIaCTHYECKOro Je-
tdhopmupoBanus. CHHXpPOHHOCTh TIEPEMELICHUS MaTepHabHBIX TOUCK KaK SJUHCTBEHHO BO3MOXKHOC
nepeMeleHne Mpu OJHOPOIHON JieopMalnu obecrieynBaeTcsl Oiaronapsi MpoCTPaHCTBEHHO-TeOMe-
TpudeckuM cBoiicTBaM pyrkmmit (1)—(3).

Habmronaemble Ha moBepXHOCTH 00pasla Mpu pacTsDKeHUH mojocsl (inHuu) Jlropepca—YepHoBa
(ITYJI) ecThb cieacTBHE HE3HAYUTEIHFHOIO OTKJIOHEHHUSI OT CHHXPOHHOCTH IIEPEMEIIEHHS CIIOEB MeTall-
na. Crenbl mepeMelIeHus1 CTAaHOBSITCS BUAMMBIMU. VX Gopma ogHO3HAYHO MOATBEPKAAET TUIepooIIn-
YeCKHH 3aKOH IJIACTHUYECKOTO TEUSHHS IIPH MII0CKON AedopMari 1 00paTHO KBaJApaTHYHBIH 3aKOH —
IIPU OCECUMMETPUYHOM.

Hambonee TmartenpHOE M IOCTOBEpHOE HccienoBanue nedopmamnuii Jlromepca—UepHoBa mpose-
JICHO TPYTIIONW YYEHBIX TOJ PYKOBOICTBOM mpodeccopa B.U. [lanunosa [4]. ABTOpbI OTMEYAIOT, YTO
3apoXkACHUE TIOJIOCH HAYMHAeTCs ¢ OPMHUPOBAHUS KIMHA 1e(POPMHUPOBAHHOTO MaTepHaia B cpeHer
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Puc. 3. [lnactudeckoe
TeYeHHe MeTaljia Io
00paTHO KBaapaTH4-
HBIM  TPaeKTOPHIM
IIPU PACTSDKEHUH -
JUHAPUIECKOTO  00-
pasua — mporecc 00-
pa30BaHUS «LIEUKN»
Fig. 3. Plastic flow of
metal along inverse
quadratic trajectories
under tension of a
cylindrical specimen —
the process of “neck”

4acTH 00pasia, KOTOPBIH, PACIIUPISACH, PACTIPOCTPAHSIETCS K MTPOTHBOTIOI0KHO-
My Kparo obpasma. [Ipopactanne monocsl B BUie KJIWHA MPOUCXOANT 0 Tepece-
YeHHs Bcero cedeHws oOpasmna. Tak 3akanumBaetcst popmupoBanue [1UJ] u Ha-
YUHAETCS pacIiIupeHue; (PpOHTHI MOIOCHl NMEPEMENIAlTCs B MPOTHBOIOIOKHEIE
CTOPOHBI OTHOCHTEIEHO ApPYT Apyra. HakiioH ()pOHTOB K OCH PACTSIKEHUS Me-
HseTcs B peaenax oT 60° B MoMeHT (opmupoBanus 10 90° mepen oCTaHOBKOH.
CrnienoBatesibHO, OT OJTHOTO 3apojibliia Beerna hopmupyercs napa Gpponros [TYJI,
KOTOpBIE 3aTeM MepEMEeIaloTCs B TPOTHBOIOJIOXKHbIE CTOPOHBI.

JlaHHO€ onrcaHue IIACTUYECKOT0 TEUESHHS MeTaJlja ITPU OJHOPOIHOM Aedopma-
MY TIONTBEP>K1aeT IPUBEACHHEIC BIIIC MATEMAaTHIECKHE TIOCTPOSHUS (CM. pHc. 1).

B omHOM M3 TOTIEpEYHBIX CEUESHUN MUIUHIPUISCKOTO 00pasiia Mpu pacTsKe-
Hun (AB), ipu Hanu4uun nedeKTa-KOHIICHTPAaTopa HaAPsHKECHUH, pacxol MeTala,
MEpPEeMEIIaeMoro Mo JUTUITHYECKUM TPASKTOPUSIM BBEPX W BHHU3 B HaIlPaBICHUHI
ocH z, ynaupaeTcs (puc. 3). CoceHue con yBIEKAIOTCS 3THM TEUSHHEM — 00pa-
3yeTcs meiika, KOTopasi IPUBOJUT K POCTY HAIPSIKEHUS BCIICACTBHE YMEHBIICHHS
noniaau cedeHus. OOpaser pa3pyuaercs, Mpyu 3TOM MOBEPXHOCTh pa3pyIIeHUs
OpPTOrOHAJIBHA K OCHU Z, TO €CTh K PACTATUBAIOIIEMY HAMPSHKCHHUIO.

JlaHHBIN KCIIEPUMEHTANIBHO MOATBEPKAaeMbli (DaKT HE COTIacyeTcsl C T€O-
pUEi TMHUHN CKOJIBKEHUSI, COTJIACHO KOTOPOH pas3pyIlieHue 00pasiia JOIKHO ObLIO
OBl MpoM30UTH TOA YriaoM 45° TO ecTh MOJ YIJIOM JCUCTBUS MAaKCUMAIIBHOTO
TJIABHOT'O KacaTeILHOT0 HAPSHKCHUS TP TIIAaBHOM HOPMAJIbHOM HAIMPSKEHUH G.

OTKJIOHEHHSI OT CUHXPOHHOCTH MEPEMELICHUS MaTepUaNIbHBIX TOYEK MPUBO-
JIAT K MAaKPOCKOITMYECKUM YTJIOBBIM Aieopmanusim Tena. Hanmpumep, npu ocajke
HUJIMHPUYECKOro o0pas3iia TOpMOXKEHHE MeTalljla CHJIaMH TPEHHsI Ha KOHTaKT-

formation HBIX MOBEPXHOCTSIX MPUBOJUT K UCKPUBJICHHIO OOKOBOM MOBEPXHOCTH — 00Opa3el]

npuobperaet Gopmy «0ouku». B camoM MeTaiie mosiBiaseTcs ceTka CHMMETPUY-
HBIX pa3HOHAIPABJICHHBIX 00PaTHO KBAJPATHYHBIX TPaeKTOPHUH (3), OPTOTOHAIBHBIX K MIOBEPXHOCTIM
Harpy>xeHusl. B IpuKOHTaKTHBIX 00nacTsAX 00pa3yroTcs 3aCTOWHBIE 30HbI, Y OOKOBOW MOBEPXHOCTH —
30Ha IEUCTBUS PACTATUBAIOLIUX HATPSIKEHUH.

CdhopmynupoBaHHBIN 3aKOH MJIACTUYECKOTO TECUCHHS], PABHO KaK U €ro MaTeMaTHYeCKUe BbIpake-
Hust (1)—(3), sBasercs GyHAaMEHTAIBHBIM, IPEACTABISET COOOW OCHOBY JIJIsl pacueTa JIF0OOTo mpoliec-
ca MJIaCTHYECKOH aedopMalni, TaK Kak Jro00i mporece miacTu4eckoi qeopManui COCTOUT U3 MPO-
LIECCOB «PACTSIKEHUSI-CKATHSI.

HedopmMupoBaHHOEe COCTOSIHHE M30TPOMHOIO KECTKOIMJIACTHYECKOro Tesa. /(s MmoaHOTH U3-
JIOKEHUsI MaTeprasia ¥ 000CHOBAaHUS AAJbHEHITNX MAaTEeMaTHYECKHX PAacueTOB IMPUBEIEM H3BECTHBIC
(dbopmybl s pacyeTa aedopmariiuii [5]. B ar000i Touke qehopMUpyeMOro Telia mpy OgHOPOIHOM I1J10-
CKOM Aeopmariu
8x=—=—82=—%=—A—h;8 :%zo; ®)

ox oz h™ 7 oy
IIPU OJHOPOIHON OCECUMMETPUYHON AeopMaIiu

_Ou,  Ah_ Ou. 1AhL u. 1AL
LS E g, s =, = =—— &, =§,. (9)
oz h or 2h % r 2h ¢
Oxpy>Hast CTereHb JiehopMallii PaBHA PaIHaibHON. DTO YIIPOIIAST PACUEThI HAITPSDKEHHOTO COCTOS-
HUSI, UCXOJISI U3 YCIIOBUH COOCHOCTH M TIPOTIOPIIMOHATIBHOCTH BEKTOPOB HAMPSKESHUH U IehopMaIiuii.
OnpeneieHue HANMPSIZKEHHOT0 COCTOSIHMSI MaTePHAIbHONH TOYKM MO TPAEKTOPHHU ee IepeMe-
IIeHUsI VIS pacYeToB B MexaHuKe. [Ipearnonoxum, 4to Touka 4 ¢ Ha4aJbHBIMU KOOpPIMWHATAMH (Z(,
X() PacroJIOKEeHa B IIEHTPE MACChl AIEMEHTAPHOTO MapaJulesIenuIie/ia, TPAaHH KOTOPOTO MapaliieabHbl
KOOPIWHATHBIM OCSM X, z (CM. pHC. 2, @). [lpn omHOpOXHON TIIOCKOH medopmalinm 3Ta Touka rmepemMe-
[[aeTcs Mo TPACKTOPUHU B BHJIC PABHOCTOPOHHEH rumepOosbl (1) moj AeHCTBUEM pe3ylbTHPYIOIIETO
C/IBUTAOIIETO HANPSKEHHUSI, PABHOTO KOHCTAHTE IUIACTUYHOCTH T = k. DJeMeHTapHbId 00beM, mpe-
CTaBISAIOIINN cOO0H MaTepHabHYIO TOUKY, IEPEMEIIASTCs apaielIbHO cCaMOMY ceOe, COXpaHsisi CBOe

€

b
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MOJIOKEHHE B MPOCTPaHCTBE. B Kax bl PUKCHPOBAHHBIM MOMEHT BPEMEHH BEKTOP MEPEMEIEHHS TOY-
K1 4 COBIAJIacT C HAIlpaBJICHUEM KacaTeabHOH K runepoose (1).
YpaBHEHUS PaBHOBECHS DJIEMEHTAPHOT0 00beMa UMEIOT BHI:

kcosadydz = o dydz + 1 _dydx;

ksinodydyx = . dydx + <. dvd-. {10

Ilocne mpeoOpazoBaHUi M COKpAIICHU, ¢ yueToM (4), (5) momydnm:

6. =x> Cxz +—k ;
) Cf 11x4+C}
P 11
T

c.=C,| L4+ ——|.
z Sl 2
X 4/x4+C%

Pemas coBmecTHO cucteMmy ypaBHeHuit (11) ¢ yciaoBuem miuactuyHocTH Museca auist IIOCKOM Jie-
dopmanun

(0, —0.) +4c2, =4k2, (12)
HoJIy4aeM KBaJIpaTHOE ypaBHEHHUE, U3 KOTOPOTO HAXOAMM BEIMYMHY KacaTeIbHbBIX HAITPSIKCHHU:
2 2 2
4 0 2 2 2
(x —Cf) 2k(x —Cf) (x +Cf) 5 (x —Cf)
T+4 TXZ+ 'sz+k 2 5 -4 0
Cix Cfxz1 Ix* + C?- x' +Cy
WM
2,2 2 2
af val2 2Kb L |y, (13)
c : N d

rz[eazxz—Cf;b=x2+Cf;c=Cfx2;d=x4+Cj2f.

IloncTanoBKoil T, = T,, B ypaBHeHus (11) onmpezenseM BeIMUUHY HOPMAJIbHBIX HATIPSDKEHUH Gy U G.
J17151 OCeCUMMETPUYHOTO HAMPSIKEHHOTO COCTOSIHUS (CM. pHC. 2, b) ypaBHEHUSI paBHOBECHS 3JICMECH-
TapHOr0 00BbEMa 3aIUIIYTCS CIACAYIOIIUM 00pa3oM:

kcosardedz =c, (r + dr)d(pdz +1,.rdodr — o ,dodrdz; (14)

ksinardegdr = o_rdedr +_, (r + dr)dedz.

[locne cokpamenuii Ha rdpdz v rdodr monyaum:

LA

kcosa=ao, +(c5, -c
r dz

¢

. dz dz
ksinoo=c.+71.,.—+71T..—.
V4 zr Zr
dr r
dr dr
TIpeneOperas cinaraeMbIMH, COCPKANAMH OECKOHEUHO MaJible — W —, MPOU3BE/IEM 3aMCHY TPHU-
z

roHOMETpHUYecKNX (YHKIUH BbIpaxkeHussMH (6), (7): r

3 Tz k
G, =T + ;
2C, Jr* +4c? )
c.=2C; Lo + k

P 142

Bripaxenus (15) He conepkar OKpyKHYI0 KOMIIOHEHTY HANPSIKEHUH G, DTO 00CTOATENBCTBO SB-
JIAETCS BIIOJIHE 3aKOHOMEPHBIM, TaK Kak ¢ yueToM (9) 6, = 6,. B ypaBHenun paBnosecus (14) ciarae-
MOg, cofepKallee Pa3sHOCTb ITUX HAPSIKEHUH, 00paIiaeTcst B HyIb.
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Pemas coBmecTHO cuctemy ypaBHeHHUH (15) ¢ yclmoBHeM IJIACTHYHOCTH Mwu3eca Il OCeCHMMe-
TPUYHOU AepopManuu (G, = G):

(o, —o. )2 +3t2 =3k, (16)
TOJIy4aeM KBaJIpaTHOE YpaBHEHHE, U3 KOTOPOTO HAXOIUM BEIMINHY KacaTeIbHBIX HAIIPSKCHU:
2 2 2
(r*-4c7) 2k(r* =26, ) (r +2¢,) (r-2¢,)
74—3 TI‘Z+ T,‘Z‘l‘k ﬁ—3 =0
4CS ¥ 2CTI"3 \/1’6 + 4-C?2 r+ 4Cv
HIn
212 2 2
“’2’ i3 g 2kab ) 5o, (17)
c eJd d

rnea=r"—2C;b=r +2C;c=2Csr;d =r° +4C?.

[TomcTaHOBKOIA T,, = T, B ypaBHeHUs (15) ompenesnseM BeTUINHY HOPMATbHBIX HAMMPSOKEHUH G, U G..

Beruncnenus no dopmymnam (11), (13), (15), (17) moka3bIBatoT, 9TO HAMPSHKEHUS TIPH OIHOPOTHON
nedopMaIiuu pacTsIKEHUS-CKATHS TTPECTABISAIOT cO00H (PYHKIIMK KOOPIHUHAT, HAMPSKEHHOE COCTO-
STHUE SIBJISICTCS CJIOKHBIM M HE MOXKET ONMPEACIATHCS KaK «IMHEHHOoe». B muomankax aefcTsust HOp-
MaJIbHOTO HANPSKCHHUS G, HEPICHIUKYISIPHBIX OCH Z, KacaTelIbHbIC HAIIPSKEHH S HE PaBHBI HYJIIO, Clie-
JIOBATEJILHO, HAIIPSIKEHHE G, HE SBJISICTCS TJIaBHBIM.

IIpumepbI TexHOJIOrMYecKHX 3aAa4. [[pruMepamu uieanbHON OJJTHOPOIHOMN IIacTUYecKol nedopma-
nuu 0e3 TPeHUS SABISIOTCS TPOIIECCH BOJIOYSHHSI M OKCTPY3UH B BOJIOKAX M MaTpUIax, mpoduis KOTOPBIX
BBITIONTHEH 110 OOPATHO KBAaAPaTUIHOH 3aBUCUMOCTH (3) (prc. 4). DTH IPOIECCH OTINYAIOTCS OT IPOIIec-
COB PACTSDKCHUS WM CKATUS [UJIMHAPUIECKUAX 3aTOTOBOK JIUIIh HATIPABICHHEM IUIACTHYECKOTO Tede-
HUS1, KOTOPOE TaK )K€, KaK U B paHee PACCMOTPEHHBIX CITy4asiX, OAYMHEHO 3aKOHY 0OpaTHBIX KBaIPaTOB.
Tpaektropru nepeMeIeHnst MaTepUaIbHbIX TOUEK MPECTABIISIIOT cO00M cemelcTBO KpuBhIX (3). [Ipu oT-
CYTCTBUU TPEHUS IJIOCKHE CEYEHUs IPYTKOB MIIM MPOBOJIOKH (4B, CD, EF n np.) OCTaroTCsl IIOCKUMHU.

Jnst yBenuuenust koddduumenra penykiuu (K = D/d) nenecooOpa3Ho MpUMEHITh KOMOMHHPOBaH-

HBIU poduis MaTpuilbl. [Ipoduite MaTpUIIBI, BEITIOTHEHHBIH
D 10 KPUBOW TIEPBOTO KBaJPaHTa, IJIABHO MEPEXOIUT B TAKYIO
V4 K€ KPUBYIO TPETHETO KBaJIpaHTa (CTPOUTCS MOBOPOTOM KpH-
S Boit Ha 180°). Koopnuuara Touku nepexona C ompeaensercs
7* T o gopmyne r = (D + d)/4.

Pacuer HanmpskeHHO-IE(QOPMUPOBAHHOTO COCTOSTHUS
MeTajljla B MpOoIeccax BOJOYEHUS MU IKCTPY3UH MPOU3-
BOJIUTCA TIO TeM ke (opmyiaM, YTO U JJIS OZHOPOIHOTO
«pacTSIKEHUA-CKATHSY. BCAKME OTKIOHEHHS OT 3aKoHa
0o0paTHBIX KBaJPAaTOB, B YACTHOCTH IPH MPOEKTHPOBAHUHU
WHCTPYMEHTA, MPUBOIAT K 00pa30BaHUIO OO 3aCTOMHBIX
30H, TUOO TPEIINH B Ae(pOopMHUpPyEeMOM MeTalle.

[Ipumepom 0THOPOIHOH MIOCKOW IedopManuu ciaeayeT
CUMTATh TAK)KE MPOKATKY LIMPOKOH MPSIMOYTOIBHOM MOIOCHI
(puc. 5). Ayra AD Kkpyryioro Bajika MpakTHYECKH COBIAJIaeT
no nmpoduito ¢ runepodonoit ABC (1). llonepeunsie ceueHus
IIOJIOCHI U, B YACTHOCTH, €€ MJIOCKUN Topel EF npu MaJblx
W CPEIHHUX TOJIIUHAX S W CTENECHSAX 00KaThus S/s OCTaroT-
Csl TUIOCKHMH.

Puc. 4. Marpuna ¢ o0paTHO KBaJpaTHYHBIM
npoduneM (3) 175 SKCTPY3UH LUTHHIPHYECKIX BbIBOIbI
3arotoBok: K = D/d =3 (D =30 mMm, d = 10 mm)
. . . . IImactudeckoe TeueHHUE HU30TPOITHOI'O KECTKOIIJIaCTUYC-
Fig. 4. Inverse quadratic die (3) for extrusion = .
of cylindrical billets: K = D/d = 3 (D = 30 mm, CKOro Tejia nmpu OJHOPOAHOU ITJIOCKOU Z[e(bopMaHI/II/I noa4u-
d =10 mm) HEHO THTEPOOTMIECKOMY 3aKOHY, TIPH OTHOPOIHON OCECHM-
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METPUYHON U 00beMHOU nmedopMariuu — 3aKOHY OOpaTHBIX 7
KBaJpaToB. MaTeMaTU4YeCKUE MPOCTPAHCTBEHHO-TE€OMETPH-
YECKHE BBIPAKEHUS ITUX 3aKOHOB 00ECTICUNBAIOT CHHXPOH-
HOCTBb NEPEMCUICHUA CMEKHBIX ITOTOKOB U, TAKUM 06pa30M,
MO3BOJITFOT PACKPBITh (U3NYECKYIO CYIIHOCTh IIIaCTHYe-
CKOT0 JIe(hOpMUPOBAHHSI.

HampsxkeHHOe COCTOSIHHME Tena MPH OJHOPOIHOW Jie-
(dopMaruu SIBISETCS CIOXKHBIM U HE MOXKET ONPEICIISIThCS
Kak «JnHelHoe». HopMmanbHOe HampsiKeHHe, COBMajarolee
C HamNPaBJICHUEM PE3YJIBTUPYIOLIEr0 YCUus neopMupoBa-
HUS, HE SIBJISETCS TJIABHBIM, TaK KaK B IJIOMIAJIKaX, MIEPICH-
MUKYJISPHBIX DTOMY HAaIlPaBJICHHUIO, KaCaTEIbHBIE HAIPsIKe-
HHS HC paBHBI HYJIIO.

3amayn 10 OMpeAeNICHUIO HAIPSKEHHO-e(OPMUPOBAH-
HOT'O COCTOSTHUS U30TPOIHBIX KECTKOMIACTHIECKUX Tell TI0
HU3BECTHBIM TPACKTOPUAM MECPEMEIICHU A MAaTCPHUAJIbHBIX TO-
YeK SBISIOTCS CTATUYECKHU ONPEASTUMBIMU, UMEIOT 3aMKHY-
TOE aHAJIUTHYECKOE PEIICHHE.

Puc. 5. IlpokaTka HIMPOKOH NPAMOYTOJIBHON
MOJIOCH! (TTOCKast Ae(OpMarHsi)

Fig. 5. Rolling a wide rectangular strip
(flat deformation)

O0603Ha4eHUs], IPUHSITHIE B CTATHE

0, T — HOPMaJIFHOE U KacaTelIbHOE HANIPSDKEHHUST; 1 — IIEpEMEIIeHne MaTepHaIbHON TOUKH; € — CTeNeHb aedopmannn; /i —
BBICOTA 00pa3na; Ak — Iy Th 1e(OpPMUPOBAHHUS; k — KOHCTAHTa IUIACTUYHOCTH.
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ONTUMM3BAIIUAA YITIA KOHYCHOCTU KOH®Y30PA CTPYHHOI'O ATITIAPATA,
HCHOJb3YEMOTI'O JIJI1 PEBEPCUBHO-CTPYMHOI OUUCTKHU 'PEBHBIX BUHTOB
OT KOPPO3UH

Annortanms. [IpuBeneHa HOBasi TEXHOJOTHs peBepcuUBHO-cTpyiHONH ounctku (PCO), pa3zpaboraHHas aBTOpamwy,
C NMOMOIIIBI0 KOTOPOH MOJKHO BechbMa 3((PEKTUBHO yIaIATh MPOLYKTHI KOPPO3UH € PA3IHYHBIX IIOBEPXHOCTEH, B TOM YHCIIE
1 C METAJTHYECKOH MOBEPXHOCTU IPeOHOr0 BUHTA. B OCHOBY TaHHOW TEXHOJIOTHH MONOKEH (GU3NUECKUH MTPUHIINII, 3aKITI0-
YAIOIIUHCS B TOM, YTO CTPYs pabodeil »HUAKOCTH (ITyJIblla Ha OCHOBE PEYHOTO IecKa 1100 OEHTOHUTOBOI IIIMHBI) IIPH COyAa-
PEHHH C OUUIIAeMOM NOBEPXHOCTHIO pa3BopaunBacTcs Ha 180°, 4TO MIPUBOAUT K YCUJICHUIO CTPYHHOIO BO3AEHCTBUS HA O4H-
I1aeMYI0 NMOBEPXHOCTH B 1,5—2 pasa 3a cueT BOSHUKHOBEHUS PEakTHUBHOW cocTaBisitomeil. s obecreueHUus OTMEUCHHOTO
pasBopoTa cTpyH OblIa pazpaboTaHa OpUTHHAIbHAS KOHCTPYKIHS Kopryca. OXHUM U3 OCHOBHBEIX 3JIEMEHTOB B 3TOH KOH-
CTPYKIUH ABIISICTCS CTpye(dopMHpYIOIIee yCTpoiCTBO, nMmeroee Gopmy koHdysopa. [IpuBeneHHbIe TeOpeTHIECKUE UCCIIe-
JIOBaHUs [TOTEPh Haropa paboyeil )KUAKOCTH B KaHalle KOH(Y30pa OCHOBAHBI HA MCCIIIOBAaHUH (DYHKIIMH NOTEPh HAIIOpa Ha
IKCTPEMYM. DTO MO3BOJHUIIO MOTYUUTh 3aBUCUMOCTH JJISl PacueTa ONTHMATIbHOTO yTila KOHYCHOCTH B ITMPOKOM JHANa30He
gmcen PeifHonbaca, XapaKTepU3yIOMUX TypOYyIeHTHBIN pPeXXUM IBIKCHHS C YyI€TOM BIHMSHHS INIOTHOCTH pabodeil xKHUAKO-
CTH, € JMHAMHYECKOH BI3KOCTH, CPEHEH CKOPOCTH JBIDKCHHS pabouei )KHIKOCTH, paguyca KoH(py3opa. Takke onpenene-
Ha 3aBHCUMOCTH OT KO (HUIIMEHTA SKBUBAJICHTHOU MIEPOXOBATOCTH, TO €CTh OT IOCTEIICHHOI'0 N3HOCA KaHala KoHdy3o0pa.
INomy4yenHoe aBTopamMu BeIpasKeHHE [Tl pacdeTa ONTHMATIbHOTO YTJIa KOHYCHOCTH KOH(Yy30pa MOXKET OBITh PEKOMEHI0BAHO
MIPH IPOEKTHPOBAHUH aNIapaToB CTPYHHON OYUCTKH U JPYyTUX yCTAHOBOK CTPYHHOH TEXHUKH.

KuroueBsle ciioBa: rupoabpa3uBHasi O4MCTKA, KOHPY30p, YToJl KOHYCHOCTH, PEBEPCUBHO-CTPYyIifHAs OYUCTKA, METaJI-
J4yeckas IOBepPXHOCTh, KOPPO3Usl, SKBUBAJIEHTHAS LLIEPOXOBATOCTh

Jas uutupoBanus: ONTHMHU3AIMS yTiIa KOHYCHOCTH KOH(y30pa CTpyHHOTO anmapara, HCIoJIb3yeMOro JIIsl PEBEPCUB-
HO-CTpYITHOM ouncTKM rpeOHBIX BUHTOB OT Koppo3un / B. C. KoBanesnd [u ap.] / Bec. Hamn. akan. maByk benapyci. Cep. ¢i3.-
THXH. HaByK. — 2021. — T. 66, Ne2. — C. 194-201. https://doi.org/10.29235/1561-8358-2021-66-2-194-201

Vitaly S. Kovalevich, Igor V. Kachanov, Igor M. Shatalov, Valentin V. Veremenyuk, Alexey V. Filipchik

Belarusian National Technical University, Minsk, Republic of Belarus

OPTIMIZATION OF THE TAPER ANGLE OF THE JETTER CONFUSER USED FOR REVERSIBLE BLAST
CLEANING OF PROPELLERS FROM CORROSION

Abstract. It is shown that it is very effective to remove corrosion products from various surfaces, including the metal
surface of the propeller, using the new technology of reverse-jet cleaning (RJC) developed by the authors. The RJS tech-
nology is based on the physical principle that the jet of the working fluid (pulp based on river sand or bentonite clay), upon
impact with the surface to be cleaned, turns 180°, which leads to an increase in the jet effect on the surface to be cleaned by
1.5-2 times due to the occurrence of the reactive component. To ensure the marked turn of the jet, an original design of the
body was developed, which is distinguished by a patent novelty. One of the main elements in this design is a jet-forming
device in the form of a confuser. The presented theoretical studies of the pressure loss of the working fluid in the confuser
channel, based on the study of the pressure loss function to the extremum, which made it possible to obtain a dependence
for calculating the optimal taper angle in a wide range of Reynolds numbers characterizing the turbulent mode of motion
taking into account the influence of the working fluid density and its dynamic viscosity, the average speed of movement of
the working fluid, the radius of the confuser, as well as the coefficient of equivalent roughness, i.e. from gradual wear of
the confuser channel. The resulting dependence can be recommended for calculation in the design of jet cleaning devices
and other installations of jet technology.

Keywords: hydro abrasive cleaning, confuser, taper angle, reverse-jet cleaning, metal surface, corrosion, equivalent
roughness

For citation: Kovalevich V. S., Kachanov I. V., Shatalov I. M., Veremenyuk V. V., Filipchik A. V. Optimization of the ta-
per angle of the jetter confuser used for reversible blast cleaning of propellers from corrosion. Vestsi Natsyyanal nai akademii
navuk Belarusi. Seryya fizika-technichnych navuk = Proceedings of the National Academy of Sciences of Belarus. Physical-
technical series, 2021, vol. 66, no. 1, pp. 194-201 (in Russian). https://doi.org/10.29235/1561-8358-2021-66-2-194-201
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BBenenue. Hanbonee yHuBepcanbHBIM U dPPEKTUBHBIM METOIOM OYHUCTKH METAJUIMYECKHX II0-
BEPXHOCTEH, B TOM YHCIIC M IMOBEPXHOCTEU I'PeOHBIX BUHTOB OT KOPPO3UH, SIBISICTCS CIIOCOO THUIIPO-
abpa3WBHON OYMCTKH C PEBEPCHUBHO-CTPYUHBIM PEKHMOM 00paboTKH. OCHOBHBEIM paOOYNM DIIEMEH-
TOM YCTaHOBKHU peBepcuBHO-cTpyiiHOW ounctku (PCO) sBnsercs koHdysop (mareHT PecnyOnuku
Bemapychb 19543 «YCTpoWCTBO JIT OYUCTKH OT KOPPO3UH TUIOCKOH CTaTBLHOW MOBEPXHOCTHY», aBTOP —
.B. KauaHoB).

AHamTATHYECKUNA 0030p TUTEPATyPHBIX HCTOYHUKOB [1—8] MOKa3kIBaET, YTO KOPPEKTHOTO peIIie-
HUS 33J1a49¥ 10 ONPEACIICHUIO ONITUMAJIBHOTO yTJia KOHYCHOCTH KOH(Y30pa JI0 HACTOSINEr0 MOMEHTA
HaifaeHo He O0bplT0. KoH(uryparnus kananga koHpy30pa, a TAakKKe COOTHOIICHUE TIIOMANAeH BXOIHOTO
Y BBIXOJHOTO OTBEPCTUN HAIPSIMYIO ONPEACIISIIOT Mmpolecc (opMUpOBaHUs TOTOKA paboyue KUJIKO-
ctu. [l co3manusi BBICOKOCKOPOCTHOTO MOTOKa pabodeii )KUAKOCTH CTPYyePOPMHUPYIONTUNA ammapaT
PCO nomxen o0iaiaTh ONTUMAIBHBIM MpoduiieM KOHPY30pa, KOTOPBIH TECHO CBSI3aH C YIJIOM KO-
HYCHOCTH OL.

[IpoBeneHHbBIC paHee UCCICIOBAHMS 110 ONPEICIICHUIO ONTHUMAIBHOTO YIJIa KOHYCHOCTH KOH(Y30-
poB [1] TO3BOISIOT CleaTh CIEAYIONINE BEIBOMIBI:

KO3(PHUITUCHT CKOPOCTHU ( C YBEIMYCHHEM yTIJla KOHYCHOCTH KoH(y30pa o oT 0 10 45° Bo3pacraer
ot 0,82 1o 0,98;

KO3 PUITUSHT pacxola | IpU YBEIWYSHUH yria kKoHycHocTH oT 0—13° pe3ko Bo3pacraer, a mpu
JaJIbHEHIIIEeM U3MEHEHHUH oL KO (PHUITUEHT L MEIIJICHHO YOBIBAET;

KO3 PHUITUEHT CKOPOCTHU ( JIOCTUTACT MAKCHMAJIBHOTO 3HAYCHUS IPU yTJIe KOHYCHOCTH 45°, a Mak-
CUMAaJIBHBIA KO (PHUITUEHT pacxofa |l OTMeUYaeTCs P yTiie KOHYCHOCTH, paBHOM 13°,

Amnanus paHeC MOJYYCHHBIX BbIBOJOB, IMOKA3bIBACT, YTO OHU IIOJYUYCHBI SMIHNPUYCCKUM IIYTCM
¥ JIOCTaTOYHO TPOTHUBOPEUUBHL. [loaTomMy yenvto Odannoii pabomul SBUIOCH NETAalbHOE YTOYHEHUE,
a TakXe TeopeTHdeckoe (MaTeMaTHdeckoe) 0OOCHOBaHME BBIOOpA ONTHMAJIBHOIO YTIiia KOHYCHOCTH
KOH(y30pa CTpyHHOro anmapara.

MeTtonauka ompeesieHUsl ONTHMAJIBHOTO YIja KOHYCHOCTH. C IIeJIbI0 TEOpETUYECKOro (Mare-
MaTHYeCKOro) OOOCHOBaHUS OINTHMAJIBHOTO yTiia KOHYCHOCTH O KOH(y30pa cTpye(pOopMHUpPYIOIIETO
yCTpoiicTBa ObliIa pellieHa BapUalMOHHASI 33Jia4ya 110 MUHUMHU3AIUHU MTOTEPh HATlOpa B TIOTOKE KU KO-
CTH, KOTOPBIY MPOXOAUT depe3 kaHai KoH(py3opa. [Ipu pacuere xoH(y30pa mojHas MOTEps HAMOpPa Ha
TPEHUC OIPEACIIAIACh KaK CyMMa ABYX BUJAOB MOTCPbL HAIlopa (I/ICXOI[H 13 KJIACCUYCCKUX IMpeAcTaBJic-
HHH O TIOTEPAX HAIOPa): HOTEPU HAMOpPa Ha TPEHHE MO JUIMHE /i, © MECTHBIC IOTEPU HANOPA HA IJIaB-
HOe cyxeHue Ky [9, 10]:

h=hup+ hye. ey

IMoTeps Hamopa Ha TpeHHWE IO UIMHE PAaCCUUTHIBANIACH C MCIOIb30BaHUEM (opmyisl [lapcu—
BeiicOaxa, 3anucanHoil B quddepennuansaoM Buae. s pacueTa mpuHUMAICS KOH(PY30p KPYIIIOro
CeYeHHUsI C MPSMOJIMHEHHONW oOpa3yromnieil u ¢ yrioM o mpu BepuruHe. O003HaYUM paiiyc BXOJHOTO
OTBepCTHS KOH(Y30pa 4epes 7|, a BEIXOJHOTO — 7 (puc. 1).

a
2 al
A
s
! dr 4
vy 1% & Vo
& ¥ 3 S
—

Puc. 1. PacyeTnas cxema KOH(y30pa, MPUHATAS A ONPEICICHUS ONTH-
MaJIbHOTO yIjla KOHYCHOCTH Olor

Fig. 1. Design scheme of the confuser, adopted to determine the optimal
angle tapers Olyp¢
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Tak xak paguyc ceueHus: KOH(Y30pa U CpenHssl CKOPOCTb ABUIKEHMS )KMJIKOCTH BJIOJIb KOH(DY30pa
SIBJISIFOTCSI BEJIMUMHAMU NIEPEMEHHBIMH, TO ISl JIEMEHTAPHOI0 OTpe3Ka KOH(Y30pa MOXKHO 3alHCaTh
clenyouyo GopMyy Il ONpeAeiIeHus IOTEPh Hamopa Ha TPEHHUE I10 AJINHE:

2
d v
dhy, =h—-—, 2
2r 2g
rae A — THAPaBINUECKHi KOXQOUIIMEHT TPEHHS; Vv — CpeIHss CKOPOCTh B MIPOM3BOJIEHO B3SITOM Cede-
HUU r; dl — 3eMeHTapHas IJMHa y4acTKa oOpa3ytomeil KoHpy3opa, BeTnYuHa KOTOPOH OIpenemseTcs
U3 IpSAMOYToiIbHOro Tpeyroibuuka ABC (puc. 1) o popmyie

a=—4 3)

.a
sin—
2

rie dr — npupaileHue paanyca Kondysopa Ha OECKOHEYHO MaJIOM PaCCTOSTHUU dl MEX]ly ero KUBBIMH
CEUCHUSIMH; O — yTOJI KOHYCHOCTH KOH(]Y30pa, oo € (0; 180°).

Hcnonb3yst ypaBHEHHE HEPa3phIBHOCTH M CIIONIHOCTH MOTOKA YHUJIKOCTH MPH YCTAHOBUBIIEMCS
JIBHOKCHUH, MOXKHO 3aITUCATh BBIPAKEHUE JJIS ONPE/ICIICHHS 3HAYCHUSI CPEHEH CKOPOCTH Ha 3IIEMEH-
TapHOM y4acTke d/

v=n| 2], @

T7Ie v, — CKOPOCTH Ha BBIXOAE n3 KoH(py30pa (puc. 1).
[Noncrasus Beipaxenus (3) u (4) B (2), moryyaem:
2 4
dhy =h—2 .28 )
.o
4g s1n5 r

Kak nokaspiBaeT MHXEHEPHasl NMPaKTHUKA KCIUTyaTallMd TPyOOIPOBOIHBIX CHUCTEM, I'MApaBIHYe-
cKui K03()(HUIUEHT TPeHUsI A B IINPOKOM Juana3oHe unces PeitHonbaca Re sBisiercss BenuunHOMN ne-
PEMEHHOM.

Omnpenenenue oNTHMAJBHOIO yIJIa KOHYCHOCTH ¢ Y4eTOM BJIMSIHMSI H3HOCA BHYTPEHHeM Mo-
BepXHOCTH KOH(Yy30pa. Panee npenoxxennble pemenus [1-3] mo onpeneaeHno ONTUMAIBHOTO yIiia
0L KOHYCHOCTH KOH(Y30pOB, HCIIOJIB3YIOIUXCS B YCTPOHUCTBAX CTPYHHON OYMCTKH, HE YUYUTBIBAIOT I10-
CTENeHHBI U3HOC BHYTPEHHUX CTEHOK KaHaja KoH(y30poB. g yueTa BIUSAHIUS H3HOCA BHYTPEHHEN
MIOBEPXHOCTU KOH(Y30pa Ha ONTUMAJIBHBIM yIroJl KOHYCHOCTH HaMM NPENaraeTcs sl ONpeleaeHUs
KodpdumenTa A ncnoiab3oBats Gopmyny A.Jl. Ansrmryns [9, 10]

0,25

§+ﬁ , (©)

A=0,11-
Re

rine K5 — 5KBUBaJICHTHAsI pABHO3EPHUCTAS [IIEPOXOBATOCTh, OMpeeiisieMast [0 CIIPaBOYHOU JIUTEPAType
B 3aBHCHMOCTH OT Mapku Marepuaia, Hapumep [9, 10]; Re — uncno Pelinonwaca, ompeaensemMoe u3
hopmyITbr
vd  2pvy -1}
Re= pva _<pvyh ’ (7
2 I3 n-r
h

rae V=V,| = | — CpemHss CKOPOCTb IBM)KCHMS )KMIKOCTH Ha ydacTke d/ KoH(y30pa; p — IUIOTHOCTh
r

KHUJIKOCTH; |l — JAMHAMHYECKHH KOI((PHUINEHT BA3KOCTH JKUIKOCTH; d = 27 — AHAMETpP IONEPEIHOTrO
ceueHHs KOH]y30pa Ha dJIEMEHTapHOM ydacTke d/.
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IToncrasnss (6) u (7) B ypaBHeHHE (5), TOTydaeM

Ky 3dpr ) i
|2 T BT (8)
2r pvyery r

dh,,, =0,0275

.o
gsin—

st Toro 94ToOB HAWTH 3HAYEHHME NOTEPh HA TPEHHUE MO JIIUHE /p, HEOOXOAMMO MPOUHTETPUPO-
BaTh BbIpakeHUe (8) 1Mo oTpe3Ky [r;; 71]. B ssBHOM Buae NaHHBINA MHTETpajl BRIUUCIUTH HEBO3MOXKHO.
IToaTOMy cenaem onpeaeiaeHHbIe TpeoOpa3oBaHMmsl.

0,25

Pacemorpum GyHkumio f(x)= (1 +— Ha IpoMexyTKe 7,55 <x < 0,

X d H- r2
Ha garHOM mpoMexyTKe, HCITONb3Ysl METOJ] HANMEHBIITUX KBAPATOB, OTY (PYHKIIUIO alllIPOKCHMHUPYEM
443 _
: ,52- 0.94 Hust 7,55 <x< oo makcumanbHast a0COIIOTHAS TI0-
X

rpemrHOCTh coctaBisgeT 0,006, a MakcuMaIbHass OTHOCUTEIBHAS MOTPemHOCTh — Beero 0,5 %. Torma,
ucnonb3ys (8), Oyaem uMeTh

dhy, =0,02752 2 v L{/E@ 68j0 25"__0 027522 Ka Kozs[ 90534 ,x—0,94J. dr_
gsmg r X l" \/Eg Sil’lf X 7>
2 2
HpeIICTaBI/IM OTO BBIPAKCHUC B BUJE, y)106HOM JJIA UHTCTPUPOBAHUA:
0,25 0,94
dhy, =0,0231 Bk o 0 B Lius 2 | Lla o
gsinE " Kopyy -1y 17 K5pv, 13 r

B mensax cokparieHus qadbHEHITUX BBHIKIAI0K BBEAEM B PACCMOTPEHHE CIICAYIONTHE 0003HAUCHHS:

’
n=-%+<1- crenens cyxeHns KoHpysopa, A = "

n K5pv

Cpp =0 ozslg(lfﬂ 25(0,2341-(1—714’25)—19,68/1.(1—n2’25)+18,78A0’94-(1—n2°37)). (10)
2

2

Torna nmocne unterpupoBanus (9) mo oTpesKy [rp; 71] HAXOAMM BBIpaKEHHE ISl IOTEPb HAIopa
0 JJINHE:

_ o . (11)

. a
sin—
2

Dy

IIpu pacuere MeCTHBIX TIOTEPh HAIIOpPA Ha IJIABHOE Cy)KEHHUE HCIoNb3yeM dopmyiny Beiicbaxa [9]
2

A%
h c = Cn.c 2_25 (12)
g

rae (. — kKoa(h(pUIHeHT THAPaBINIECKOr0 COMPOTHUBIEHHUS Ha TUTABHOE CY’KEHUE, KOTOPBIA B COOTBET-
CTBUHU C pekoMeHanusiMu [9, 10] MOXKHO OIpeeuTh CICAYOIUM 00pa3oM:

1 2
Crie = ke (g— lj : (13)
rae ky . — K03QOUIUEHT CMATUCHHUS; & — KOOQPUIIUEHT CXKATUS CTPYH, PABHBIH 110 JAHHBIM [5, 6]
£=0,57+—20% (14)

L,1-n°
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ITo rpaduueckoit 3aBucuMoCcTH k. = f(o), yctanoBinenHoi A.Jl. Anprmynem u A. . Kagumy-
HOM [9, 10], mosyueHo clenyroIiee BRIpaXeHue JIs onpeaeseHust KodppuimenTa cMITIeHus:

3,45
k :0,6-(singj L0038 61, (15)
I1.C
2 sing
2

Beipaxenue (1) 11st onpesienieHust MOJHOW MOTEPH HAMopa Ha TPeHHE B KOH(Dy30pe ¢ yueTom ¢op-
My (11)—(15) 3anumercs B claeayIoneM BU/Ie:

C 3,45
h((x)= P + 0,6-(sing] +M+0513 .Cn, (16)
sin & 2 sin &
2 2
rac
cnz(_-1] --£=0,2059—— .2, a7
€ 2g (1—0,851-n2) g

Jlist onpezeseHns ONTUMAJIbHOTO YIJIa KOHYCHOCTH Olgyy, IIPH KOTOPOM IIOJIHBIE IIOTEPH HAIIOpa Ha
TpeHue OyayT MUHUMAIbHBIMH, HCCIEIyeM Ha KCTpEeMyM BhIpakeHue (16), KoTopoe UMeeT TaKo xe
BUJ, Kak U Beipaxkerue (17) B [3]. CinemoBaTenbHO, BO3MOXKHO UCIIOJIB30BATh MOMYUEHHEIE B [3] pe3yb-
TaTHI AJIs1 HAXOXKICHUSI TOYUKH MUHAMYyMa (pyHKIUU TIOTEPB:

>

1
. (C,, +0,0138C, \4.45 . C, 4,45
oy = 2arcsin| —2 =2arcsin| ——2—+0,0067 . (18)
2,07C, 2,07C

n

(03

VYunteiBasg paBerctsa (10) u (17), MOKHO MPEIIOKUTH MPH HAXOXKACHUH YTIA oy, 110 hopmyste (18)
UCTIONIb30BaTh BBIPaKCHUE

C

ﬁ=No -(N1 ~N,-A+ N, -A0’94), (19)
f— 2 2 >
rae A =ﬁ; Ny 030542% Ij—; 025; Ny =0,2341-(1=n* ); N, =19,68-(1-n"7);
-n

Ny =18,78-(1-n>"7).

Amnamu3 pacdetoB o Qopmyse (18) mokassiBaeT, 4TO IJIs KOHCTPYKTHBHO OOOCHOBAHHBIX 3HA-
YeHHWI TapaMeTpoB, BXOASIINX B JaHHOE BBIPAKEHHUE, YCIOBHE pa3pelnMocTd U3 [3] BhIMONHSAETCH,
a IpY Pa3IUYHBIX 3HAUEHUAX BBIXOJHON CKOPOCTH Vv, MUHHUMAJIbHBIE ITOTEPU HAIOpPa U, KaK CIEICTBUE,
MaKCHUMaJIbHOE BO3ACHCTBHE CTPYH padodel ®HUAKOCTH OyIyT OTMEUaThCs MPH 3HAYCHUHU yTia KOHYC-
HOCTH O = 40—45° (puc. 2).

AHa/IM3 NPOBEJEHHOI0 TEOPeTHYeCKOro (MareMaTH4ecKoro) uccjenoBanusi. IIpoBeneHueie
TEOPETHUECKUE UCCIIECAOBAHNS ONTUMAJIBHOIO YIJIa KOHYCHOCTH CTPye(hOopMUPYIOIIETro KoH(y3opa 1o-
3BOJIMJIH TIOJTYYUTHh MaTEMATHIECKYT0 3aBUCUMOCTH (18) it onpeneneHust ONTHMAaIBHOTO TI0 DHEPro3a-
TparaM yTria KOHYCHOCTH KOH(Y30pa Olyyy C YUSTOM HIMPOKOTO Anana3zona yuced Re u koaddunuenta
SKBUBAJIEHTHOU LIEPOXOBATOCTU K.

OTnnunTensHOM 0cobeHHOCTHIO (opMyibl (18) cienyeT cunTaTh BO3MOXKHOCTH ydeTa BJIMSHUS Ha
BEIMYHHY YITIA Olopy TAKUX BAXKHBIX THAPOJUHAMUYECKUX U KOHCTPYKTUBHBIX [TAPAMETPOB, KaK JHHAMU-
4ecKasi BSI3KOCTb | U IIJIOTHOCTb paboyell JKUIKOCTH P; CPEAHSSI CKOPOCTh CTPYH Ha BBIXOAE U3 KOH(Y30-
pa v,, BXOTHOM 7| ¥ BBIXOJTHOH 7, painychl KOH(Y30pa ¥ BETNYNHBI SKBUBAJICHTHON IIEPOXOBATOCTH K7,
AHaNN3 TIOJTyYeHHBIX MaTeMaTHUECKUX U TpauiIecKuX 3aBUCUMOCTEH MTOKA3bIBACT CIISyOIICe:

1. Ilpu u3mMeHeHnH cTeneHu cykeHust Koudysopa n (puc. 3) B npeaenax 00,9 onTumManbHBIN yrom
KOH(Y30pa Ol U3MEHSIETCSl HE3HAYUTENIBHO U HAaXoquTcs B peaenax 40—42° To ecTb ONTUMAaJIbHBIM
YIJIOM B 3TOM CIy4ae MOXHO CUUTATh Olyyy = 41°.
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Puc. 2. 3aBUCUMOCTD MOJIHBIX MOTEPh HaIopa s (M) OT yria

KOHYCHOCTH 0. (Tpaj) IpH CICAYIOMHUX MapaMeTpax: n =

0,3125, 5= 0,625 MM, v = 3,5-107° Mm?/c, K = 107> MM, 1 m3-

MEHEHHH BBIXOIHOU ckopoctu: I — v, = 150 m/c, 2 — vy =
200 m/c, 3 — v, =300 m/c

Fig. 2. Dependence of the total head loss /4 (m) on the taper

angle a (deg) with the following parameters: n = 0.3125, r, =

0.625 mm, v =3.5-10"% m%/s, K5 = 10> mm, and the output
speed: [ — v, =150 m/s, 2 — v, =200 m/s, 3 — v, =300 m/s

Puc. 3. 3aBHCHMOCTBH ONTHUMAJBEHOTO yTNA Oy (TPax) OT

CTETICHH CY>KeHHUsI KOH(Y30pa 1 = r,/r| IPH CIEAYIOIUX Ha-

pameTtpax: 7, = 0,625 MM, v = 3,5+ 107°% M%/e, K5 = 1073 mwm,

1 U3MEHEHUH BBIXOAHOI ckopocTh: [ — vy = 150 m/c, 2 — v, =
200 m/c, 3 — v, =300 m/c

Fig. 3. Dependence of the optimal angle o, (deg) on the degree

of confuser narrowing n = r,/r; with the following parameters:

r,=0.625 mm, v =3.5-10"m?%s, K5 = 10~ mm, and the output
speed: 1 —v, =150 m/s, 2 —v, =200 m/s, 3 —v, =300 m/s

2. U3meHnenue (noBeieHne) Ko3(GpuirenTa SKBUBaJICHTHOHN IEPOX0BAaTOCTH K MPUBOJNT K yBe-
JWYEHUIO 3HAYCHUS ONMTUMAILHOTO YTJIa KOHYCHOCTH Oloyy (PHC. 4), KOTOPBIN U3MEHSIETCS B THATIa30HE
3HaYeHu# 0T 41 10 42°, TO €CTh B CPEJTHEM OITHUMAJIBHBIM yTJIOM KOHYCHOCTH KOH()Yy30pa MOYKHO CUH-
TaTh Oy, < 41,5°.

3. M3meHeHue (OBBIIICHUE) TMHAMUYECKOH BSI3KOCTH |l ¥ INIOTHOCTHU P pab0oYeid ®UJIKOCTH, KOTO-

PbIC MOXKXHO BbIPAa3UTh YHUBCPCAJIIbHBIM KOB(b(I)I/IIII/IGHTOM KMHEMAaTUYECKOM BA3KOCTHU V = E, OpUBOAUT

K YBEJIMYEHHUIO 3HAUEHUs ONTHUMAJIBHOTO yTla KOHYCHOCTH Olyyr (PHUC. 5), KOTOPBINA TaKKe HU3MEHSETCA
B HEOOJIBIIIOM AMana3oHe 3HaueHui ot 41 10 42°, TO ecTh B CPEIHEM ONTUMAIIBHBIM YIJIOM KOHYCHOCTH
KOH(Y30pa MOKHO CUUTATh Ol < 41,5°.

4. Pa3mepsl BBIXOJHOTO ceueHHsI KOH(PY30pa, KOTOPbIE BBIPAXKAIOT Yepe3 AUaMeTp WU Paiuyc 7,
MIpUMEHseMble Ha MIPAKTHUKE MPU OYMCTKE METAIITNYECKUX TIoBepXHOCTeH B mpeaenax 0,5-2,0 MM, 910
COOTBETCTBYET ONTUMAIBHOMY YTJIy KOHYCHOCTH KOH(]Y30pa (COrfacHo puc. 6) Oy, = 41-42° 10 ecTb
B CPEITHEM Olyyr = 41,5°

PaccMoTpeHHBIN aHATN3 U3MEHEHUS! 3HAUCHUH ONTHMAJIEHOTO yTiia KOHYCHOCTH KOH(Y30pa Olonr
yctanoBku PCO B 3aBUCHMOCTH OT T€OMETPUUSCKHUX MapaMeTpoB KoH(py3opa (1, ), PU3HIECKUX TTa-
pamMeTpoB padouei )KUIKOCTH (P, V, Vo, 1), @ TAKKE OT IKBHUBAJICHTHOM 1IEPOXOBATOCTH K~ MMOKa3bIBACT,
YTO 3TOT ONTUMAJbHBIN YroJ KOHYCHOCTU HaXOAUTCs B npenenax 41—-42° u xopouio coraacyeTcsi ¢ oIl-
TUMaJBHBIM YTJIOM KOHYCHOCTH KOH(Yy30pa (Cloy, = 40—45°), BEIOpaHHBIM U3 YCIOBHSI MUHUMAJIbHBIX
TUAPABINYECKUX MOTEPD Ay, IpH padote yctaHoBKH PCO. OTCrona MOXKHO cliesiaTh BBIBOJ, YTO ONTH-
MaJIbHBIM JIUAIa30HOM YTII0B KOHYCHOCTH KOH(Y30pa, KOTOPBI MO’KHO PEKOMEHI0BATH JIJISI HCIIOIb30-
BaHM B IPOMBIIUICHHBIX YCTAHOBKAX CTPYHHOW OUHUCTKH, SBISACTCS Oloyy = 41-42° (a0 = 41,5°).
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Puc. 4. 3aBHCUMOCTh ONTHUMAJBHOTO YIJA Oy, (Tpam) OT

SKBHUBAJIECHTHOW LIEPOXOBATOCTU K5 (MM) NMPHU CIEAYIOLIUX

mapameTpax: 7, = 0,625 mm, n = 0,3125, v = 3,5-107° m%/c,

W M3MEHEHUH BBIXOJHOU cKopocTu: I — v, =150 M/c, 2 — v, =
200 m/c, 3 —v, =300 m/c

Fig. 4. Dependence of the optimal angle o (deg) on the

equivalent roughness K5 (mm) with the following parameters:

7= 0.625 mm, n = 0.3125, v = 3.5-10"°® m?/s, and the output
speed: 1 —v, =150 m/s, 2 —v, =200 m/s, 3 — v, =300 m/s
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Puc. 5. 3aBHCHMOCTH ONTHMAIbHOTO YTHA Oloyy (Tpan)
0T KHHEeMaTH4yeckoro kodduimeHTa BS3KOCTH V = W/p
MpHU CIeNYMUX napamerpax: r, = 0,625 mm, n = 0,3125,
Ky = 1073 MM, U U3MEHEHUU BBIXOJHOW CKOPOCTHU: [ — v, =
150 m/c, 2 — v, =200 m/c, 3 — v, =300 m/c
Fig. 5. Dependence of the optimal angle oy (deg) on the
kinematic coefficient of viscosity v = p/p with the following
parameters: 7, = 0.625 mm, n = 0.3125, Ky = 1073 mm, and the
output speed: / —v, =150 m/s, 2—v,=200m/s, 3 —v, =300 m/s

Puc. 6. 3aBUCHMOCTH ONTHMANBHOTO yTIA Oy (TPam) OT
BBIXOJTHOT'O paJuyca OTBEPCTHS KOH]y3opa 7, (MM) IIpH clie-
Ayromux mapamerpax: v = 3,5-107% m%/c, n = 0,3125, Ky =
10 MM ¥ H3MEHEHHH BBIXOIHOM ckopoctu: I — v, =150 m/c,
2—v,=200wm/c, 3—v,=300wm/c
Fig. 6. Dependence of the optimal angle o,y (deg) on
the outlet radius of the confuser opening r, (mm) with
the following parameters: K5 = 107 mm, n = 0.3125, v =
3.5-107° m?/s, and the output speed: 7 — v, = 150 m/s, 2 —
v, =200 m/s, 3 —v, =300 m/s

3akJjioueHnue. Honyqua MaT€MaTU4YCCKas 3aBUCUMOCTDH (18) AJIsd OompeaAcICHUs ONTUMAJIBHOI'O

(o moTepsiM Hatopa /4) yriia KOHYCHOCTH KOH(PY30pa Olyyr € YISTOM CTEIICHU CXKATHS 71 B K0P HUITH-
CHTA Tr'MAPaBJIUYICCKOIO TPCHUA. Ha ocnoBanuu HOJ'Iy‘ieHHOﬁ 3aBUCUMOCTHU NOCTPOCHBI KPHUBLIC U3MC-
HEHHUS ONTHUMAJIBHOTO yTIIa KOHYCHOCTH KOH(Y30pa Olonr = f(h), Oonr = f(1), Oonr = fV), Oonr = f(K3),
o = f(r,), KOTOpBIE COTIACYIOTCS ¢ pe3yJibTaTaMu psijia ucciieoBanuii [3, 5, 7].

[MonydeHHOE BBIpXKEHHE MOXKET MPUMEHSTHCS IS pacyera MPH MPOSKTHPOBAHUU KOH(Y30pOB
nu CprﬁHLIX arnmnapaTroB, MPEAHa3HAYCHHBIX IJI MCIIOJIB30BaHMA B IMPOMBIINIJIICHHBIX YCTAHOBKax Cprf/‘I-
HOUM OYKCTKH, THAPOMOHUTOPAX, YCTAHOBKAX MOXKAPOTYIICHHS U APYTHX YCTAHOBKAX CTPYHHON TEXHUKH.
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PA3BUTHE MMAPOILJIA3BMEHHOI'O OBJIAKA IIPU JIABEPHOM BO3JEICTBUU
HA OBPA3EL, HAXO/JSILIIAICS B J)KUJKOCTU

AHHOTANHUsI. DKCIEPUMEHTAIbHO UCCIIEI0BaH Mporecc GopMHUPOBaHHSI MAPOra30BOro o0pa3oBaHus y HOBEPXHOCTH 00-
JydaeMoro Metayia. M3ydeHsl 0coOeHHOCTH M3MeHeHHs (JOPMBI U pa3Mephbl apora3oBOro «ITy3bIpsi» Ha Pa3HBIX CTaIUsIX
Ipoliecca, B TOM YHUCIE U TI0CIe 3aBepIleHNs Ja3epHoil 00paboTkyu MaTepHaia. YCTaHOBJICHO, YTO MPH HCIOJIB30BAHUY U3-
nydenus nazepa [OP-100M, paGoraromiero B pexxumMe cBOOOHOM reHepariy (IJIMTEIBHOCT UMITyJIbca — 1,2 MC, TUIOTHOCTh
notoka ~ 10° Br/em?), popma moBepxHOCTH KpaTepa, GOPMHUPYIOIIErocs Ha MOBEPXHOCTH PACIIONOKEHHOTO B BOE 00Iyda-
emMoro o0pasua, MPUHININAIBHO OTINYACTCs OT TONOrpaduu JIyHKH, KOTOpas chOopMUpoBasiach B pe3ysbTaTe BO3JCHCTBUS
JIa3epHOTO UMITYJIbca C TEMH K€ IapaMeTpaMy Ha aHAJIOTMYHBIH 00pa3ell, OKpYKEHHBII BO3yXOM IIPH HOPMAJIBHOM JlaBJIe-
uuu (10° Tla). TTokasaHo, 4TO CYIECTBEHHOE OTANUME (hOPMbI HOBEPXHOCTH KpaTepa, chOPMUPOBABIIETOCs B Pe3y/IbTATE BO3-
JEUCTBHS JIa3€PHOTO UMITYJIbCA C OAMHAKOBBIMHU MapaMeTpaMH Ha OJMHAKOBBIE 00pas3Iibl, OKPYKEHHBIE BO3AYXOM M BOJIOH,
OIpEAeISIeTCSI IPUHIMITHAIIEHO PA3JINYHBIM XapaKTePOM TEUCHHMS TIa3MBl M I1apOra30BOH CMECH B YKa3aHHBIX CIIydasiX.

KuroueBble c10Ba: IMIYJIBLCHOE JIA3EPHOE U3ITYUYCHUE, CKOPOCTHAS ToJlorpaduyeckas KHHOChEMKa, KpaTep, aporaso-
Boe 00pa3oBaHKe, IPOIYKTHI 9PO3HUH, pa3INune TSUCHHs ITapora3oBoi cMecH

Jas nuTupoBanus: Pa3BUTHE MapoIula3MEeHHOro oOJaka IpH JIa3epHOM BO3AEHCTBHM Ha oOpasel, HaXOASIIUHCS
B xuakoctu / C.B. Bacunbes [n ap.] / Bec. Han. akan. maByk Bemapyci. Cep. ¢i3.-1oxH. HaByk. — 2021. — T. 66, Ne2. —
C. 202-211. https://doi.org/10.29235/1561-8358-2021-66-2-202-211

Sergey V. Vasiliev, Aleksey Yu. Ivanov, Andrey V. Kopytskiy, Anastasia L. Sitkevich

Yanka Kupala Grodno State University, Grodno, Republic of Belarus
STEAM AND PLASMA BUBBLE EVOLUTION ON LASER TREATING OF A SAMPLE BEING IN LIQUID

Abstract. An object of investigation is pointed - the metal articles being in water and exposed to pulse laser treating. The
purpose of research was the investigation of the processes occurring near the metal target treated by pulse laser radiation with
flux density ~10° W/ecm . The results of the experimental investigation of the pulse laser treating of a led target being in water
are described. The process of steam and gas plume generation on the surface of the irradiated metal was investigated exper-
imentally. The features of steam and gas plume form and dimensions evolution on different stages of the process (even after
completion of laser treating of the material) were investigated. It is shown that when using GOR-100M operating in free os-
cillating regime (pulse duration 1.2 ms, laser radiation flux density ~10® W/cm™2), the form of a crater developed on the irradi-
ated target surface being in water essentially differs from the topography of the crater developed on the analogical target sur-
rounded by air at normal pressure (10° Pa). It is pointed in the conclusions that the substantial difference of the forms of crater
surfaces developed as a result of processing of the identical targets being in water or air by laser pulses with the identical
parameters , determines by principally different character of plasma and steam and gas mixture flow in the mentioned cases.

Keywords: pulse laser radiation, fast holographic filming, crater, steam and gas plume, erosion products, different steam
and gas mixture flow

For citation: Vasiliev S. V., Ivanov A. Yu., Kopytskiy A. V., Sitkevich A. L. Steam and plasma bubble evolution on laser
treating of a sample being in liquid. Vestsi Natsyyanal nai akademii navuk Belarusi. Seryya fizika-technichnych navuk =
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BBenenue. 3a 4eThIpe MOCIEAHUX AECATHIICTHS JIa3epHBIE W, B YACTHOCTH, JIa3€PHO-TIJIa3MEHHBIE
TEXHOJIOTHH HAIJIN IIHPOKOE MPUMEHEHHE MPEK/e BCEro B pe3Ke, CBAPKE, CBEPJICHHH OTBEPCTHH,
YIIPOYHEHWH, PACIIBUICHUH, TepMOpacKaibiBaHuU. ClenyeT OTMETUTh TaKXke JTa3epHble (poToxumMmde-
CKHE MPOIIECCH U pa3aelicHue N30TomoB [1—4].

B Hamm nHU 3a70)KeHBI OCHOBHEIE MPEICTABIEHUS O MEXaHW3MaX pa3pylIeHHs] TBEPABIX TeJ, Ha-
XOMSIMXCS B TA30BOI CPEle, Na3epHBIM H3IYYeHHEM C IUIOTHOCTBIO moToka ~ 10°—10'° Br/em? [5].
YcTaHOBIIEHO, YTO KOHEYHBIH PE3yNBTAaT BO3JACHCTBHS JTa3epHOTO M3IYUEHHUS HAa MaTephanl BechMma
YyBCTBHUTEJIEH K TapaMeTpaM U3NydeHHs (AJWHA BOJHBI, MPOCTPAHCTBEHHO-BPEMEHHAA CTPYKTYpa),
a TaKXe K COCTOSTHUIO TIOBEPXHOCTH 00pabaThIBaeMOro BEIIECTBAa U €0 COCTaBy; IPU 3TOM BHYTpEH-
HSSl B3aUMOCBSI3b TIEPEUNCIICHHBIX MTPOIECCOB IPUBOAUT K BEChMa CIIOKHOW KapTHHE MPOTEKAHUS Jia-
3epPHO-TIJIA3MEHHOW 00pabOTKHM MaTepHalioB.

OnHako peanbHas KapTHHA B3aWMOJEHCTBHS UMITYJIbCHOTO JTa3€PHOTO M3ITYyYEHHUS C KOHIEHCHPO-
BaHHBIMH CpeJlaMU He CBOAMTCS JIUIIH K Pa3BUTHIM MPEACTABICHUSIM B MOJessiM. Erie MeHee n3ydeHsl
MIPOLIECCHI, HHUITMHPYEeMbIe B3aNMOJICHCTBHEM JIA3€PHOTO N3ITYyUeHUsI YMEPEHHONH HHTEHCHBHOCTH C Be-
IIECTBOM, HAXOZSITUMCS B JKUIKOCTH.

Llenv dannoli pabomel — NiccenoOBaHUE TPOIIECCOB, MPOTEKAIONTUX BOJIU3N MUIICHH MPU BO3/CH-
CTBHH M3JTy4eHHs HMITYJIbCHOTO J1a3epa ¢ MIOTHOCTHI0 moToka ~ 10° Br/cm? Ha MeTanmuueckuii oGpa-
3ell, PacIoJIOKEHHBIN B BOJIE.

MeToauka uccJie10BaHUi 1 IKCIIepUMeHTaIbHasl ycTaHOBKa. CXeMa dKCTIepUMEHTaTFHON yCTa-
HOBKH, KOTOpPast HCIIOIB30BaJIach IIPY MPOBEICHUH SKCIIEPUMEHTAIBHBIX NCCIIEAOBAHNMN, TIPUBEIcHA Ha
puc. 1.

Puc. 1. Cxema 3KcriepuMEHTaJIbHON YCTAHOBKU

Fig. 1. Experimental setup diagram

Wznyuenue pyouHoBoro nazepa 'OP-100M /, paboTaBiiero B pe:kxuMe CBOOOHOM reHepanuy (-
TEIBFHOCTh UMIyNbca T ~ 1,2 Mc, niuuHa BoHBI A = 0,694 MkM; BpeMeHHas (hopMa HMITYyJIbCa U3IIyUe-
HUS IPUBEICHA HA PUC. 2), Ipoiast yepes (POKYCHUPYIOIIYIO CHCTEMY 2, HAaIPaBJIsJIOCh Ha PACIIOIOKEH-
HBIN B KIOBETE ¢ BOJOI oOpasen 3. B kauecTBe (hOKyCHPYIOMNX NIPUMEHSUINCH KaK OJHOJIMH30BBIE, TaK
U 1By XJINH30BBIE CUCTEMBI, KOTOPBIE MO3BOJISIIIN CTPOUTH H300paxkeHue quadparmsl 4 Ha IOBEPXHOCTH
oOpasna 3. DTo AaBajio BO3MOXXHOCTH (POPMUPOBATH HA OBEPXHOCTH MUILEHH OJHOPOIHOE MATHO (o-
KYCHPOBKH M3JIy4YeHHUs C Pe3KUMH I'paHuuamMu. Juamerp D noayueHHOro TaKUM 00pa3oM MsTHA U3ILY-
YEeHHUs C PE3KUMU KPasMU BapbUPOBAJICS B X0Z€ 3KCepuMeHTOB OT 1 10 2 MM. YacTs (~ 4 %) nazepHoro
u3nydeHus (nanee — JIM) Hanpasisiiack nepenHeil rpaHblo CTEKISIHHOTO KJIMHA J B U3MEPUTENb SHEP-
run UMO-2H 6, BxoaHOM 3pa4oK KOTOPOTO pacrojaraics B (POKaIbHON IMIIOCKOCTH JTUH3bI 7. DHEPrus
Ja3epHBIX UMITYJILCOB £\ BapbupoBasiack B mpezaenax oT 5 go 60 [x. KoakcnaneHbIH (OTORTIEMEHT
ODK-14 §, curnan ¢ KOTOporo nogasascs Ha Bxox ocumnorpada C8-13, mpumeHsics 11t perucTpa-
LMY BPEMEHHON ()OPMBI JIa3€PHOT0 HUMITYJIbCA.

st u3ydeHus: npocTpaHCTBEHHON M BPEMEHHOM 3BOJIIOLIUH JIAa3€PHOTO (hakesa B X0JI€ BO3ACHCTBHS
JIN Ha obpa3err CTIOTBH30BAJICS METOJT CKOPOCTHOM ToJIOrpauieckoil KHHOChEMKH [6].
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KroBeTa ¢ 001y9aeMbIM 00pa3IioM OMEIIAIach B OJTHO U3
mwieu uHTepdepomerpa Maxa—llenaepa 9. Untepdpepomerp
ocBemaycs W3JIydeHHeM pyOmHOBoro mnaszepa [0 (A =
0,694 MKM), pabOTaBIIETO B PEKUME CBOOOIHOM T'eHEPALIUU.
JmuTensHOCTh UMITYJThCa U3y YeHHU ST 30HIUPYIOIIETO JIa3epa
coctasinsna ~ 400 mMxc. Cenekuusi MonepeyHbIX MO 30HIH-
PYIOILIETO J1a3epa OCYIIECTBIsIach quadparMoi, TOMEIIeH-
HOW BHYTPb PE30HATOPA, a MIPOAOIBHBIX — dTasioHoM Dadbpr—
[lepo, ucnonab30BaBUIMMCSI B Ka4eCTBE BBIXOIHOI'O 3€pKaja.
3oHaupyrolee U3TydeHne HAPaBisiIoch B Koyummmarop /1,
KOTOPBIN obecriednBall MojayueHue napaieIbHOrO CBETOBO-
Puc. 2. OcuniorpaMma uMIynsca U3Iyde- o rryyga JEAMETPOM O 3 CM, YTO MO3BOJISIO HAGIIOAATH 33
HIL fasepa FOP'ZI(%) ?A/II;CEI;ZPOCTL PASBEPTIH  hasBuTHEM MApOIIA3MEHHOr0 00IaKa.

Fig. 2. Oscillogram of the GOR-100M laser I/IHTep(bepOMeTP OBLIT COSTBIKOBaH CcO CKopocTHOU (ho-
radiation pulse. Sweep rate 200 ps/increment ToperucTpupyiomieii kamepoii COP-IM /2, nnockocts do-
TOIUIEHKH B KOTOPOH OBbla COMpsKeHa C MEPHUIHOHAIBHBIM

CEUCHHMEM BO3JICHCTBOBABILIETO Ha 0Opa3el] Ja3epHoro Jydya

pu omoru oobekTrBa /3. CKkopocTHas Kamepa padoTalia B pexXuMe Tyl BpeMenn. OnucaHHas cxe-
Ma [O3BOJIsIJIa PETUCTPUPOBATH Pa3BEPHYTHIE BO BPEMEHH TOJIOrPaMMBbI C(HOKYCHPOBAHHOTO H300paske-
Hust nazepHoro (axena. [lomyueHHBIE OT/ICNBHBIE KAPHI TOJIOrpaMM 00eCIIeunBal BpeMEHHOE pa3pe-
menue 0,8 MKC (BpeMst SKCIIO3UITUH OJTHOTO KaJpa) U IPOCTPAHCTBEHHOE pa3pelieHue 1o TOI0 00beKTa
~ 50 mxm. JdudppaxknuonHas 3¢p(eKTUBHOCTH TOJOrPaMM HO3BOJISIIA B CTALMOHAPHBIX YCIOBUSX BOC-
CTaHABIIMBATh M PETUCTPUPOBATH HHTEP(PEPEHIIMOHHBIC U TEHEBBIC KAPTUHBI UCCIIETyEMOT0 TIpoIiecca.

JKCcIepUMeHTaJIbHbIe pe3yiabTaThl. lccienoBanus mokasanu, 4To Tomorpadusi Kparepa, Io-
JIYYEHHOTO TPH BO3JEHCTBUH JIA3€pHOTO M3TyYEHHUs Ha MOTPYKEHHBIM B BOAY CBHHIIOBBIA 0Opasers
(puc. 3), cymecTBeHHO OTJIMYaeTca OT (JOPMBI MOBEPXHOCTH KpaTepa, chOPMUPOBABILETOCS B PE3Yilb-
TaTe BO3JCHCTBHS JIA3€pPHOT'O0 MMITYJIbCa C TEMH K€ IapaMeTpaMu Ha aHAJIOTUYHBIN oOpaszel, OKpy-
JKEHHBIIl BO3yXOM NpH HopManbHoM aasiennu (10° I1a, puc. 4). s u3ydeHus (popMbI MOBEPXHOCTH
o0pa3oBaBIIlerocs Ha MJIACTHHE KpaTepa HMCIOIb30BaJICS METO/ MPOEKINH moinoc [7]. YcTaHoBIeHO,
YTO B MIEPBOM Clly4ae TIOBEPXHOCTh KpaTepa 1memM3000pasHasi, BCIICHEHHAs!, MAaKPOCKOIIMYeCcKasl JIyHKa
MIPaKTHYECKH OTCYTCTBYeT. Bo BTOpOM cilyyae «BHYTpPEHHSS» 30HA KpaTepa (JIyHKa) HMEeT POBHYIO
MOBEPXHOCTh, OyPTUKH U JTyUH, MpUIrHa HOpMHUPOBaHHS KOTOpBIX onucana B [§]. [Ipu aTom Tomorpa-
¢us kparepa (puc. 4, b) o0ycnoBieHa pacupeneieHUeM SHEPIUH 0 MATHY (POKYCHPOBKHU Ja3€PHOIO
m3aydeHus [§].

Ha puc. 5 mpencraBiieHbl TEHEBBIE KapTHHBI, BOCCTAHOBJICHHBIC C TOJIOIPAMM, KOTOPBIE 3aperu-
CTPUPOBAHBI OMUCAHHBIM METO/IOM B Pa3JUYHBIE MOMEHTHI BPEMEHH MOCJe Hadaiaa BO3JIEHCTBUS W3-
Jy4eHUsl Ha BEIECTBO. BUAHO, YTO y MOBEPXHOCTH oOiydaeMoro obdpasua (popMHupyeTcss maporaso-
BOE 00pa3oBaHme («ITy3BIPEY), (hopMa KOTOPOTO MEPBOHAYANIEHO OHM3Ka K chepuueckoit. Obpa3oBaHue

Puc. 3. ®oTorpaduun KpaTepos, MOJyUSHHBIX IPH BO3/ACHCTBUU HAa CBUHIIOBBII 00pa3ell, pacroIoKeHHBIH B BOJIE, Ta3epHBIX
umnyibeoB ¢ sueprueit 10 [Ix (a), 20 Ix (b), 40 Tx (c)
Fig. 3. Photographs of craters obtained when a lead sample located in water was exposed to laser pulses with an energy of
107 (a), 20T (b), 407 (c)
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Puc. 4. ®ororpadust kpaTepa, HOIYIEHHOTO [IPHU BO3ICHCTBIH JIa3epPHOT0 UMITYJIbca ¢ sHeprueit 40 J[)k Ha pacrioI0KeHHbIH
B BO3yXe CBUHIIOBBII 0Opaser (a), u Tonorpamma kparepa (b)

Fig. 4. Photo of a crater obtained by exposure of a lead sample located in air to a laser pulse with an energy of 40 J (a) and
a topogram of the crater (b)

Puc. 5. TeHeBble KapTHHBI MapOra3oBoro odpa3oBaHus, 3aperucTpupoBannbic yepe3 10 mkc (@), 50 mkce (b), S00 mMxc (c),
1200 mxkc (d), 2000 mxc (e), 3000 mkc (f) mocie Havasa J1a3epHOTO BO3/ICHCTBUS HA CBUHIIOBBIN oOpasemn. /luaMeTp mous
3peHus 4 cm

Fig. 5. Shadow patterns of a vapor-gas formation recorded in 10 pus (@), 50 us (), 500 ps (c), 1200 ps (), 2000 ps (e), 3000 ps (1)
after the start of laser exposure to a lead sample. Field of view diameter is 4 cm

OBICTPO yBEJIINYUBAETCS B pa3Mepax, OCOOEHHO Ha paHHUX CTaAusAX Impouecca. B tabnuue npencrasie-
HBI OIPEAEICHHBIE 10 TEHEBBIM KapTHUHAM 3aBUCHMOCTH Pajinyca «Iy3bIpsi» U CKOPOCTH €ro pocTa OT
BpeMeHH. BbiOop 3HaueHMI BpeMeH OT Havalla BO3JICHCTBUS Ja3€PHOT0 U3IyUYeHHS Ha METaNTMYCCKHIH
oOpa3sel, Kak OyZeT yKa3aHo Jajiee, COOTBETCTBYET pa3/ieiaM MEKIy CTaAUsIMHU Pa3BUTHUS «ITy3bIPS».
[TpubnusurensHo Yepe3 1 Mc mocie Havajga BO3ACHCTBHS (OpMa «ITy3bIps» HAUMHAET M3MEHSITh-
Csl, Ha OCH JIa3epHOro nmydka gopmMmupyetcs BoIykiIocTh. [locie nmpekpatienus Bo3aedcTus (~ 1,2 mc)
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3aBucumocTH ONPEACJICHHOI0 10 TECHEBBIM KaPTHUHAM pa3Mepbl aporaszoBoro O6pa30BaHI/Iﬂ CTaoOUIHU-

paauyca naporazoBoro 00pa3oBaHusl U CKOPOCTH ero 3UPYIOTCS, ¥ TOIBKO YEPE3 ~ 1,5 MC HAYWHACTCS
pocTa oT BpeMEHHU o

€Tr0 MCIAJICHHBIN pacriamu. CYH.IGCTBGHHO, 4To IIpu

Dependencies of the radius of the vapor-gas formation
3TOM HE TOJBKO YMEHBIIAIOTCS Pa3MEPBI «ITy3bI-

and the rate of its growth on time, determined from the

shadow patterns ps», HO W CIy4ailHBIM (HE TIOBTOPSIONIMMCS OT

OITHOTO DKCTIIEPUMEHTA K IPYTOMY) 00pa3oM U3Me-

Bpewms, npomeaiiee or Havasia HACTCA €T0 Q)OpMa. Ho naxe qgepes 3 Mc moclie Ha-

BO3/ICHCTBHSI, MKC 10 | 50 | 500 |1200| wgaja BO3AEHCTBHS JIa3€pPHOTO M3IyUEHHUS Ha II0-

Pasmep «iy3pips» Bosb 1yda BEPXHOCTH MeTasIa (To ecTh uepes ~ 1,8 Mc mocire
Jazepa, MM 221 40 | 75 9,5

MpeKpalieHusT BO3JEHCTBUS) MapOIIa3MEHHOE
o0Opa3oBaHue HE HcYe3acT.

Crenyetr OTMETUTh, YTO MpPH pa3MEICHHH
B CXEME€ JKCIEPUMEHTAlbHOH YCTaHOBKH Tepes
oobextuBoM [3 cBeTodrmmsTpa KC-17 (0bmacth
nponyckanus 0,69-2,7 MkM) Ha (QOTOIIECHKE CBEYCHHS Kalleldh He HaOmomaeTcs. BuaHa TOIBKO 00-
JIACTh TOPEHUS Y TIOBEPXHOCTH MeTaia. MOKHO MPEIIONI0KUTh, YTO KATUTH MOJACBEYHBAIOTCS U3TyUe-
HUeM Jiazepa. [Ipu 3TOM Karutk THArHOCTHPYIOTCS Ha BCEX DTAlax JIa3epHOro BO3JACHCTBHS HA METall-
JTHYecKuii oOpa3zetl.

[Toce w3BnedYeHHWsT OOMYUESHHOTO CBHHIIOBOTO OOpasila Ha €ro MOBEPXHOCTH BOJNHM3H Kparepa
(B 30HE pacIpOCTpaHECHUS OCHOBAHHUS ITAPOTa30BOTO 0OPa30BaHMS) BUICH OCIIBIN HAJIET (ITOPOIIIOK), KO-
TOPBIA Ha BO3JyXe OBICTPO MEHSET I[BET — CTAHOBUTCS KeNTOBaTO-OyphiM. [Ipu oOiydeHnn cBUHIIA
B BO3IYIITHOM OKPYXCHUU (OPMHUPOBAHUS TIOAOOHBIX MOPOIIKOB He Habmromaetcs. OdeBuaHO, OebIit
MOPOIIOK — 3TO THJIPOOKUCH CBUHIA, KOTOpasi 00pa3oBaiach B X0Jlc KOHTAKTa Pa3orpeToro mMeraia
C KUCIIOPOJIOM U BOJISTHBIM TIAPOM:

JlnameTp «Iy3bIps», MM 23139 |62 | 71

CKOpOCTb epeMeleHu st
TPAHMIIBI «ITY3BIPS», M/C 220 | 45 8 2,5

2Pb + O, + 2H,0 = 2Pb(OH),.
B nanpneitmem Pb(OH), pasznaraercs ¢ o6pa3oBaHrueM OKCHJa CBUHIIA:
Pb(OH), — PbO + H,0.

[locne nmpoBeneHNs SKCIEPUMEHTA, KaK NMOKa3bIBAIOT XMMHUUYECKHMI aHAN3 U aHAJU3 C UCIOJIb30-
BaHHEM PEHTICHOBCKOro crekrpomerpa ElvaX, B Boge mosBIsSeTCSs HEKOTOPOE KOJIMYECTBO CBUHIIA.
Ha puc. 6 npeactaBieHbl peHTICHOIPaMMBI PaCTBOPOB BOJBI, B KOTOPOM HaXOJWJIHCh 00pa3ibl MpH
OIHOKPATHOM (@) M YEeTBIPEXKpaTHOM (b) Bo3AEHCTBHM Ha 00pa3ell J1a3epHbIX UMITYJIbCOB C SHEPrUeH
30 JI>)x. YCTaHOBIIEHO, YTO NP OJAHOKPATHOM JIa3€pHOM BO3JECHCTBMM KOHLEHTpAIMsA CBUHLA B BOJE
cocrasisina 0,686 %, nmpu nBykpaTHoM — 1,582 %, npu yeTbipexkpaTHOM — 2,328 %.

OnHako Macca BBIHECEHHOIO MeTajljla, Jake C y4eTOM MacChl 3aTBEPAEBIINX CBUHIIOBBIX Kalellb,
COOpaHHBIX Ha JTHE KIOBETHI, HEBEJIMKA M CYLIECTBEHHO YCTYMAET BEIHOCY MAacChl U3 TYHKH ITPH BO3/CH-
CTBUH JIa3€PHOI0 M3JIyYCHHs Ha 00pasell, pacrnoiokeHHbIH B Bo3ayxe. OO0 3TOM Ke CBHACTEIbCTBYET
U pa3Hua B GpopMme 1 pa3mepax Kparepa (cM. puc. 4).

OO0cy:kaeHue pe3yJabTaToB. V3BecTHO, YTO MPH BO3ACHCTBUH Ha 00pasell JIa3epHOr0 H3JTYUYCHHUSI
C TlapamMeTpaMH, COOTBETCTBYIOIIUMHU OIMCAHHOMY SKCIIEPHMEHTY, Y MOBEPXHOCTH MHIICHU (HOpMU-
pyeTcst maporia3MeHHoe oOpazoBanue (JlazepHblid Qaxen). [Ipun mazepHoM BO3ACHCTBHHM Ha METalll,
OKpY’KEHHBI# ra3zoM npu gasiennn 10° [1a, mia3MeHHOE 06pa30BaHIE MOXKET JOCTHIATh PAa3MEPOB He-
CKOJIBKMX caHTHUMETpoB [6]. IIpu Bo3neiicTBUM Ha OKpPY>KEHHBIH BOAOW 0Opaser cBeTsascs o01acTb
Ja3epHoro (akena UMEeT 3HAUUTEIbHO MEHBIINHI pa3Mep — ~ 1 MM; Temreparypa Ha ero rpaHule paB-
Ha ~ 7000 K [9]. [lanHOE pa3inune CBS3aHO ¢ MHTEHCUBHBIM HarpeBaHMEM M HUCHApEHUEM BOJABI, YTO
U IPUBOAUT K 00pa30BaHHIO MAPOra30BOro «Iy3bips». CoaepKUMOE «ITy3bIps» COCTOUT U3 ABYX KOM-
MOHEHT — MPOAYKTOB 3p0O3uu o0iydaemMoro obpasua (B HalleM cilydyae — HapoB CBUHIA) M BOISTHOTO
napa. YpaBHEHUS IBH)KEHUS STUX KOMIIOHEHT UMEIOT CIEeYIOUUN BU:

ypaBHEeHUs Dilnepa 11 Kak10i U3 KOMIIOHEHT:

plaa—lt/+p1(l7-V)V=—Vp, pzaa—(l]+p2(l7-V)U=—Vp;
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Puc. 6. PenTreHorpaMMbl pacTBOPOB BOABI, B KOTOPBIX HAXOAHINCH 00pa3mbl IIPH OAHOKPATHOM (@) M YeTBHIpEXKpaTHOM (b)
BO3/ieiicTBUY Ha 00paser Ja3epHBIX UMITYILCOB ¢ 3Heprueit 30 [k

Fig. 6. X-ray diffraction patterns of water solutions in which the samples were located upon single (¢) and four-fold (b)
exposure of the sample to laser pulses with an energy of 30 J
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YpaBHEHUS HEMTPEPHIBHOCTH JJ151 KaXJ10H U3 KOMIIOHEHT:
Py ; 7 = opy | . =\ )
= div(pV ) = A3 (r —1y), = div(p,U) = B(3(r =1, );

YPaBHCHUSA COCTOAHUA OJI1 Ka)KIIOI‘/'I 13 KOMIIOHCHT:

R,T R,T
P=PtDPyD1=P1— —Pr=Pr—
My 12%)

YpaBHEHHS TEIJIOMACCONEPEHOCa ATl KaXK/10M U3 KOMITOHEHT:
or > . oT - .
PICH1 = +pic,V VT = le(OLIVT), P2Cp2 s +pyc, U VT = le(OL2VT),

KOTOPBIC IPU CIIOKCHUHN NAK0T
oT = = .

31ech p; — MIOTHOCT ra3a MPOLYKTOB aGIISIHH, Py — IIIOTHOCT BOASHOTO Mapa, I/ — CKOPOCTh Tede-
HUSI ra3a MPOIYKTOB abmsiiuu, U — CKOPOCTh TEUEHHs BOASHOTO mapa, A(f) — MIOTHOCTh MOIHOCTH
HCTOYHHUKA TIPOAYKTOB abnsmuu (BpeMeHHast (popma oBTOpseT (GopMy BO3IEHCTBYIOMIETO HMITYIILCA),
7 = ro — ypaBHEHHE I'PAHHUIIbI [JIA3MEHHOT0 00pa30BaHus Yy TIOBEPXHOCTH MUIICHH, B(f) — TUIOTHOCTb
MOIIHOCTH HCTOYHUKA BOJISTHOTO T1apa, 7' = 1, — ypaBHEHHE I'PAHUIIBI TTAPOTa30BOTO My3bIPs, p; — Map-
LUaJIbHOE JaBICHHE ra3a MPOAYKTOB aONALNH, p, — MaplUuajIbHOE AaBICHUE BOISHOTO mapa, 1 — TeM-
nepaTypa CUCTEMBI, [lj — MOJISIpHAs Macca IPOIYyKTOB 3PO3UH, L, — MOJIIpHAsi Macca BOJASHOIO Iapa,
R, — ynuBepcajbHas ra30Bas HOCTOSHHASA, Cp — TEMIOEMKOCTD IIPH MOCTOSHHOM JIaBJIEHUH TIPOYKTOB
3PO3MH, C,p — TEMIOEMKOCTh ITPU MOCTOSHHOM JABICHUH BOISHOIO Iapa, o — KO3(Q(HUIUEHT TerIo-
IIPOBOJHOCTH IIPOAYKTOB 3pO3UH, O — KOAGGHUIUEHT TEIUIONPOBOIHOCTH BOASIHOTO Hapa, /1 — yIelb-
Has TEIUIoTa MapooOpa3oBaHMs BOAHL, p, — aTMochepHoe naBieHue, M — macca BOABI B KIOBETE, S) —
IUTOIIAb TTOBEPXHOCTH MApOra3oBOTrO IMY3bIPs, ¢ — YCKOPEHHE MOBEPXHOCTH Mapora3oBOro MY3bIPS,
(ocl +a, )|V T|
h
B MOMEHT MaKCHMaJIbHOCTH Pa3MEpOB My3bIPsl, ONMPENessieMOro M0 TeHEBBIM KapTHHAM. 3HAUCHHUS 7,
B pa3IWYHBIC MOMEHTHI BPEMEHH ONPECIISIIUCH 110 TEHEBBIM KapTUHAM, MOJO0OHBIM MPUBEICHHBIM Ha
puc. 5 (kak yxe yKa3aHo, OHH PerucTprUpoBaiuch yepe3 Kaxkaple 0,8 MKc). 3HaueHHUs 7y ONPeeIsIIUCh
KaK paguyc CBETALICHCS 001acTH y HNOBEPXHOCTH MUILEHH, 3apErHCTPUPOBAHHOM IPU pa3MEIeHUH
B CXEME IKCIIEpUMEHTATLHONW YCTAaHOBKH Tiepen 00bekTHBOM /3 cBeTodmiasTpa KC-17.

Pemast nanHyro cucteMy ypaBHEHWH ¢ TpaHUYHBIMU ycioBusmu: T|r = ry = 7000 K, Tlr = r, =
=31B3K, V,|z=0=U,z=0=0, (p —plr=r,=a M/Sp, nonyuum ciaeayonui xapakTep JBUKCHUSI
[1apora3oBod CMeCH.

[ToTok TopsYMX MPOAYKTOB 3PO3UH SMUTHUPYETCS HEOONBIINM IJIAa3MEHHBIM 00pa3oBaHUEM (TIoTIe-
peuHble pa3Mepsl MOTOKa HE MPEBBILIAIOT JUaMeTpa MiATHA (POKYCHPOBKH M3JIyUCHHUS) HABCTPEUy Jia-
3epHoMy Jryuy. Ha mepBoii craguu (¢ < 10 MKC) BBHAY BBICOKHX TUIOTHOCTH W TeMIIEpaTypbl MPOTYK-
toB 3po3uu (1] = ro = 7000 K) pazneT mma3mer mogo0eH HAOIIOMaeMOMY TIPH BO3IECHCTBHUH JTa3epPHOTO
M3ITy4YeHUs Ha o0pasell, PaclojoKEeHHBIH B BO3ayxe. /IBUKeHHE MPOAYKTOB dPO3UU CBEPX3BYKOBOE
U IPAKTUYECKH OJJHOMEPHOE (BEIIECTBO PaAHalIbHO PA3JIETACTCS OT UEHTPA MSITHA (OKYCHPOBKH H3ITY-
yenus). [Ipr 3TOM TOAYKTHI 9PO3UHU OXJIaKIAIOTCS, Hcnapsisa Bogy. CKOPOCTh MepeMeIeH s IPaHuLIbl
I1ApOIIIA3MEHHOT0 «ITy3bIpsi» U » TaKiKe cBepx3ByKoBas. M3 30HBI 3p0o3un HaOII0IAeTCs HHTEHCUBHBIN
BBUIET KaleJb CBUHLA B KOHIEHCHPOBAHHOM COCTOSIHUU.

Ha BTopoii craguu nporecca (10 mxc < ¢ < 50 MKc) ABHKEHHE MTPOAYKTOB SPO3HH TMO-TIPEKHEMY
cBepx3BYKoBoe. OfHAKO Ha 3TOM CTaAMM Macca BOIASHOIO Iapa yXKe 3HAUUTEJBbHO MPEBBIIIAET MaCCy
MPOAYKTOB 3PO3HH, COJIEPIKAIIUXCS B «ITy3bIpe». CKOPOCTh NepeMenIeHU s TPaHUIbI TAPOIIIa3MEHHOTO
«rry3pipsi» U , CTAHOBUTCS JI03BYKOBOIf, CKOPOCTh TeueHHs napa U Takyke JO3BYKOBas U CyIIECTBEHHO
menbiie U »» HO cpejiHee 3Hauenue |U|ocTeneHHo yBeanunBaeTcs. JIBUKEH e CONEPKUMOTO KITy3hIps»
MO-MIPEeKHEMY MPaKTUYECKH OJHOMEpHOe. YacTh HcrmapeHHBIX MPOAYKTOB SPO3UHU BBIXOAUT 3a Mpere-
JIBL KITY3BIPSD» U 00pa3yeT BOJSHOMN I'ellb.

B(t)=D |r =1, D - K03 (PUITHUEHT, ONPEeACIIABITUNACS UCXOISI U3 MACChl BOASHOTO ITapa
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Puc. 7. 3aBUCHMOCTH MapIUAIBLHOTO JaBICHHUS Ta3a mpo-  Puc. 8. 3aBUCHMOCTH CKOPOCTH TEYECHHUS Ta3a MpPOSYKTOB
IyKTOB a0usiuu (*) u BoasgHOro napa (0) ot BpeMeHH abnsauuu (*) u BoasHOTrO mapa (0) Ha pacctosHUU # = Ar/2 oT
Fig. 7. Dependences of the partial pressure of the gas of TMOBEPXHOCTH NAPOra30BOro 00pasoBAHUs OT BPEMEHH
ablation products (*) and water vapor (0) on time Fig. 8. Dependences of the flow rate of the gas of ablation

products (*) and water vapor (0) at a distance » = Ar/2 from
the surface of the vapor-gas formation on time

Ha tpetseit cranuu nporecca (50 Mxc < ¢ < 500 MKC) CKOPOCTH BCEX KOMIIOHEHT, HATIOTHSIOIINX
«Iy3bIPbY», CTAHOBSITCS JO3BYKOBBIMHU. VX mepeMelnieHrne MO-MPexKHEMY MPAKTHUYECKH OJHOMEpHOE.
Cucrema ypaBHeHI/Iﬁ JABUIKCHH S KOMIIOHCHT CUCTEMBI NTOIMYCKACT JIMHCAPpU3aIllUTO.

Ha puc. 7 u 8 npuBeneHbl 3aBUCHMOCTH OT BPEMEHH IMapIHAIbHBIX JAaBIEHUH Ta3a MPOAYKTOB
a0JISILIMK p| M BOJSIHOTO T1apa p, U CKOPOCTEH TEUCHMS T'a3a POAYKTOB a0IsIuu Vu BOJISTHOT'O I1apa U
COOTBETCTBEHHO Ha PacCTOSHUU ¥ = Ar/2 OT IOBEPXHOCTH «ITy3bIpsi». CyIIECTBEHHO, YTO B KOHIIE pac-

cMaTpUBaeMOll CTaJuu Ipolecca TEYCHHE BOASHOIO Tapa
CTaHOBHUTCS CBEPX3BYKOBBIM, U, CJICIOBATENIBHO, JINHEApU3a-
U YPaBHEHUH MBMIKEHUS KOMITOHEHT CHCTEMBlI CTAHOBUT-
Cs HEJIOIIYCTUMOM.

Ha geTtBepToii ctaguum mporiecca (¢ > 500 MKC) TedeHHE
BOJISTHOT'O T1apa TepecTaeT ObITh OXHOMEPHBIM. J[OCTHTHYB
TPAHHUIIBI «ITy3BIPS», TOTOK BOASHOTO IMapa MepeMeniaeTcs mo
KacaTeJbHON Mapora3zoBoro o0pa3oBaHus K MHUILECHHU, JOCTH-
raeT ee, WJET BJ0Jb MUIICH! K [IEHTPY BIUIOTH JIO TJIa3MEH-
HOTO 00pa30BaHMsl, HArPEBACTCS M HAIIPABISCTCS HABCTPEUY
Jy4y Jazepa BMECTE ¢ IPOAYKTaMHU 3po3uu. Takum o0pazom,
IIOTOK BOZASIHOTO Mapa, MAYIIMM K LIEHTPY Kparepa, HE JAAaeT
BBITEKATh )KMJKOMY METAJUIy U3 JIYHKH U BCIICHUBAET €rO0.

Cremyetr OTMETHTb, UTO TIPH ACHCTBUU HA TOT XKe 00pa-
3e1 OAMHOYHOro nuyka nazepa ['OP-100M (pexxum momymnu-
POBaHHOH MOOPOTHOCTH) IIIUTEIBHOCTHIO ~ 1 MKC C JHEp-
rueit ~ 1,5 J[’k TOBEepXHOCTH KpaTepa ocTaBalach IIagKoi
(puc. 9), momoOHOM TpencTaBiIeHHON Ha puc. 4, a, HO caMm
KpaTep ObUI Topa3no MeHee ryOokuM. [Ipu sTom B xone
pa3BHUTHS MAPOra3oBOro 00pa30BaHUs HAOIIOIATACH TOIBKO

Puc. 9. ®ororpadus kparepa, MOIYUYCHHOTO

Mpy BO3JIEUCTBUH Ha CBUHIIOBBIN 00pa3selt, pac-

MOJIOKCHHBIH B BOJAE, OJUHOYHOIO JIA3€PHOTO
uMITysbca ¢ sHeprueit 1 J[x

Fig. 9. Photo of a crater obtained by exposing
a lead sample located in water to a single laser
pulse with an energy of 1 J
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niepBasi ctaaus. [locne 3aBepiIeHns pocTa «Iry3bIps» ero pa3Mephl MEJICHHO YMEHBIIAIHCh Oe3 cyIe-
CTBEHHOT'O MU3MEHEHUS (POPMBI.

CrnenmoBarenbHO, «BCTIEHEHHOCTE)» TIOBEPXHOCTH KpaTepa, KoTopasi Haboaanach Mpu BO3ACHCTBUN
Ha TIOBEPXHOCTH METaJUIMdecKoro obpasma minyuenus snazepa ['OP-100M, paboTaBiero B pexume
CBOOOAHOM reHepanuu (IIUTENbHOCTh UMITYJIbca T ~ 1,2 MC), MOSBISETCS TOIBKO MOCHE HAPYLICHUS
OJTHOMEPHOCTH (pauaIbHOCTH) TEYCHUS Tapa.

Kpome Toro, BeposATHO, Ha 4eTBEPTOH cTaauu mporecca (¢ = 500 MKC) B 30HE CONPUKOCHOBCHUSI
«TIPSIMOTO» U «0OPaTHOTO» TE€UYEHUH mapa 00pa3yroTcs BUXPH, KOTOPBIE 3aIOJIHSIOT MOYTH BECh 00BEM
«ITY3BIPS». DTHM OOBSACHSICTCS CITyIalHBIH (HE TTOBTOPSIOMIUICS OT OIHOTO SKCIIEPUMEHTA K IPYTOMY)
XapakTep paciaja naporazoBoro oopa3oBaHusl.

3akurouenue. B pe3yibrare nmpoBeeHHBIX SKCIIEPUMEHTAIBHBIX HCCIEIOBAaHUN OBIJIO YCTaHOBIIE-
HO, YTO TIPH HCIIOJI30BaHWH m3aydeHus jdazepa ['OP-100M, paGoTaromiero B peskuMe CBOOOTHOMN Te-
Hepaluu (JUIMTENBHOCTh UMITYIbca — 1,2 Mc, MIOTHOCTH TmoToka ~ 10° Br/em?), hopma moBepxHOCTH
Kparepa, (GOpMHUPYIOIIErocs Ha TOBEPXHOCTH 00Jy4aeMoro oopasiia, pacroioKeHHOTO B BOJIE, PUH-
LUMHAAIBHO OTIUYAETCS OT Tomorpaduu JTyHKH, COPMHUPOBABIIEIC B pe3yJbTaTe BO3/IEHCTBUA Jia-
3epHOTO UMITYJIbCA C TEMU K€ MapaMeTpaMy Ha aHaJOTHYHbIN 00pasell, OKPY>KEeHHBIH BO3AYXOM IPH
HopmanbHoM napiernn (10° T1a). IToka3aHo, 4TO CyIIECTBEHHOE OTIHYHNE (hOPMBI TIOBEPXHOCTH KpaTe-
pa, KOTopsli chopMHUPOBAIICS B pe3yibTaTe BO3JACHCTBHS JIA3EPHOIO UMITYJIbCA C OJAMHAKOBBIMU Iapa-
METpaMH Ha OJIMHAKOBBIE 00Pa3Ilbl, OKPYKEHHBIE BO3yXOM M BOAOH, ONpEAeseTCs NPUHLIUITNATBHO
Pa3JIMYHBIM XapaKTepOM TEUEHHUS IJIa3Mbl ¥ ITapOra30BOi CMECH B yKa3aHHBIX CITydasX.

HOHy‘-IeHHBIe PpEe3yabTaThl MOT'YT 6LITI) NPUMEHCHBI Ha IMPOMBILNIJICHHBIX MPCANPUATUAX U B Opra-
HU3aLUAX, UCHIONB3YIOMHUX Ja3epHYI0 00pad0TKy MaTepHasoB.
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P.E. IlepBenénok, A.JI. Cuuko
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®A30BASA CUHXPOHUM3ALIUA B CUCTEME KOPPEKIIU ITAPAMETPOB
MUTAIOIIETO HAITPSIDKEHUSI METOJIOM AJIAITUBHON ®UJIBTPAIITANA

AHHoTanms. PaccmoTpena aganTuBHas (a3oBas aBTONOACTPOHKA YACTOTHI, KOTOpAs MO3BONIAET yIy4IIHTh CTAOHIIb-
HOCTh CHHXPOHM3ALIUU aKTUBHOTO (HIBTPA, JOOUTHCSA Ka4ECTBEHHONW KOMIIEHCAI[MH BBICIINX FapMOHMUYECKHX COCTaBIISIO-
[IMX TOKA, MOTPEOIIEMOro aBTOHOMHBIME OO0bekTamu. ClieoBaTebHO, MPUMEHCHHE TAKOr0 aKTHBHOIO (DUIBTpa Cylie-
CTBEHHOTO YJIYYIIUT Ka4yecTBa IEKTPOIHEPIUH U HOpMaJibHOE Oe3aBapuiiHoe pyHKIIMOHHPOBAHUE 00OPYIOBAHUS B LIEJIOM.
Cucrema ynpaBieHUs ¢ aJaNTHBHOW (ha30BOIl aBTONOJACTPOHKON YacCTOT MMEET JOCTOMHCTBA, BEIpa)KaeMble B HAJEKHOM
1 3(p(HeKTUBHOM CHCTEMe YIIPaBICHHS, JaeT BOZMOKHOCTh OIEPaTHBHO PearnpoBaTh Ha JUHAMHUYIECKHE H3MEHEHUS HATrpy3-
KU, 9TO XapaKTepHO IS paboThl PYHKIIHOHAIBHOTO 000PYIOBAaHUS aBTOHOMHBEIX 00BeKTOB. CHCTEMa yIpaBlIeHHS CTAHO-
BHUTCS B Oojiee THOKOU, HaJeKHOMU, 3 (heKTHBHOM 1 obecreunBaeT MOTyYeHHe MTHOBEHHOTO 3HAY€HHUs TOKa KOMIICHCALIUU
M0 U3MEPEHHBIM 3HAYEHMSM KPHUBOH TOKa HAarpy3kW. BeluncieHust BO3MOKHO MPOBOIUTH B PEKHUME PEaTbHOTO BPEMEHHU.
Anroputmbl LMS, NLMS, RLS paccMoTpeHBI B KauecTBe HACTPOMKH BECOBBIX K03 GHUIIMEHTOB aAa THBHOI (ha30Boii aBTO-
MOACTPOIKHN YaCTOTHI B CHCTEME KOPPEKIIMH ITapaMeTPOB MUTAIOLIEr0 HAPsKeHNs. Ha 0oCHOBE MMUTAIIHOHHOT'O MOJEIUPO-
BaHUsI AJITOPUTMOB, ITpoBeieHHOro B cpere MATLAB, cnenan cpaBHUTENbHBIN aHanu3 ux d¢dexTuBHOCTH. [lokazaHo, 4To
HaWBBICIIEE KAYeCTBO MOIABJICHNUS U MUHUMAJIEHOE BPeMsI IIEPEX0JHOT0 mponecca uMmeeT aaroputM NLMS. DToT anropurm
paboTaeT B pexHuMe peasbHOT0 BPEMEHH ¥ PEKOMEHYeTCs JIUIsl IPUMEHEHHS B CHCTeMe KOPPEKIINHK TToKa3aTeel MUTalole-
T'O HaIPSKEHNUS.

KiroueBble cj10Ba: cucteMa aBTOHOMHOT'O 3JIEKTPOCHAOKEHUS, aBTOHOMHBIN OOBEKT, CUCTEMA YIPABICHUS, YCTPOU-
CTBO CHHXPOHH3aLlU¥, aKTUBHbIH (UIBTD, alanTHBHASA (pa30Bast aBTOMNOJICTPOIKA 4aCTOTHI

Jas uutupoBanus: [lepsenénok, P. E. da3zoBas CHHXpOHHU3AIUs B CHCTEME KOPPEKIIUU NapaMeTPOB IMHUTAIOIIEro Ha-
MpsKEHUs MeToioM agantuBHoi ¢punsrparuu / P. E. [lepsenénok, A.JI. Cunko / Bec. Hai. akan. HaByk benapyci. Cep. ¢i3.-
ToXH. HaByK. — 2021. — T. 66, Ne2. — C. 212-219. https://doi.org/10.29235/1561-8358-2021-66-2-212-219

Roman E. Pervianenak, Alexander L. Sitsko

Military Academy of the Republic of Belarus, Minsk, Republic of Belarus

PHASE SYNCHRONIZATION IN THE SYSTEM OF SUPPLY VOLTAGE PARAMETERS CORRECTION
BY THE ADAPTIVE FILTRATION METHOD

Abstract. An adaptive phase-locked loop is considered, which makes it possible to improve the stability of synchronous
active filters, to achieve compensation for high-quality harmonic components of the current consumed by autonomous ob-
jects. Therefore, the use of such an active filter will improve the power quality and the normal trouble-free operation of the
equipment in general. A control system with an adaptive phase-locked loop often has the advantages of a reliable and efficient
control system. It makes it possible to quickly respond to dynamic changes in the load, which is typical for the operation of
functional equipment of autonomous objects. The control system becomes more flexible, reliable, efficient and provides an
instantaneous value of the compensation current from the measured values of the load current curve. Calculations can be
carried out in real time. LMS, NLMS, RLS algorithms are considered as adjusting the weighted adaptive phase-locked loop in
the system for correcting the supply voltage parameters. Based on the simulation of algorithms carried out in the MATLAB
environment, a comparative analysis of their effectiveness is made. It is shown that the NLMS algorithm has the highest
suppression quality and minimum transient time. The NLMS algorithm works in real time and is recommended for use in the
supply voltage correction system.
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Beenenne. Crcrema aBTOHOMHOTO 3J1eKTpocHaOkeH!s (CADC) SABISETCS HEOTHEMIIEMOI YaCcThHIO aBTO-
HOMHBIX 00beKkTOB (AO). Ee 3amaueii kak dyHkunoHanbHOM cucteMbl AO sBisietcst GecriepeboiiHoe odec-
TIeYeHre MoTpeOuTeNeH NEKTPUIECKON SHEPTHe ¢ TpeOyeMbIM Ka4eCTBOM BO BCEX PEKMMAaxX PadOTEHI.

B cocrar ¢yHKImoHaIBHOTO 000pyaoBaHus AO BXOMSIT neKkTpuyeckue Harpy3ku (OH) ¢ HenuHen-
HOW BOJIbTAMIIEPHOHN XapaKTepUCTUKOW. | maBHas ocobeHHOCTh Takux DH — moTpebieHne HeCHHYCOU-
nmaiapHoro toka. Ilpu cpaBHUMBIX MomHOCTSIX CADC nepeMeHHOro ToKa U UMITYJIbCHON (HEITMHEWHOM)
HArpy3KH UCKaxkaeTcs (hopMa CHHYCOMIAIBHOTO HANPsDKEHUA. JlaHHbIe MCKa)KeHUs OKa3bIBAIOT OTPH-
aTe’IbHOE BIMSHUE HAa (QYHKIIMOHATIBHOE 000pynoBanue AOB, 4To BeIpakaeTcsi B COKpAIlCHHH CPOKa
CITY>KOBI U3OJIAIHMH JICKTPUUECKUX MAIIMH U allapaToB 3J1eKTPOOOOPYI0BaHUS, B CHHIKCHUH KOADHU-
[IMEHTa MOLTHOCTH ¥ ANEKTPOMAarHUTHOIO MOMEHTA Ha BaJly aCHHXPOHHBIX ABUTaTenen u ap. [1].

CoBpeMeHHas CHIIOBas AIEKTPOHUKA MO3BOJISIET CO3/IaBaTh CUCTEMBI KOPPEKIIMU KayecTBa MUTAIO-
IeTO HAIPSDKCHUS Ha OCHOBE MapajiIeIbHBIX aKTUBHBIX QrIBTpoB (AD) [2]. [Ipunnumn neiictBus AD
OCHOBAaH Ha aHaJIM3€ TapPMOHMK TOKA WJIM HANPSIKCHUS HEIMHEHHON Harpy3KH U T€HEPaLUU B CHCTEMY
anekTpocHaO)keHnss CADC TakuX e TapMOHHMK TOKA MW HAIPSHKEHUS, HO C MMPOTHUBOIOJIOKHON (ha-
30. IIpu 3TOM KOHTpPOJIb NIOKA3aTeNIel KaueCcTBA AIEKTPUUECKON DHEPIUH, U3MEPEHUE AKTUBHOMI U pe-
AKTHUBHON MOITHOCTH TPeOyIOT CHHXPOHHU3AIWH. J[JI1 CHHXpOHHU3AIINH UCTIONB3YETCS HAIIPSKEHHE, KO-
TOpPOE MOKET OBITh HCKAKEHO M3-32 HAJTMYHSI FTAPMOHUK, KOMMYTAIlHOHHBIX TTOMEX H JIP.

CHHXPOHHU3AIINIO Yallle BCETO BBITTOIHSIIOT IT0 CUTHATY OCHOBHOM 4aCTOTHI TPSIMOH TTOCIIEIOBATEb-
HOCTH. DTy 3ajJauy PeIIaroT, TPUMEHssT (PHIIBTPBI HU3KUX YacToT [3, 4], dunsrp Kanmana [S], cuctemsr
(hazoBoii aBTomoncTpoiiku 4actoTel (PAIIY) [6]. OgHaKo 3TH MOAXOIBI HMEIOT PsiJi HEJOCTATKOB, HE
MO3BOJIAIONINX WX MPUMEHSTh MPHU JucOanaHce HArPy3KH MEXAy (azaMu, TapMOHUYECKUX HCKaXkKe-
HUH, Bapualliy YaCTOTHI.

IoBbimenue 3(ppeKTHBHOCTH YCTPOIiCTBA CHHXPOHHU3ALMH B CHCTEMe YIIPaBJIeHHS aKTHBHO-
ro ¢puasTpa. B crarbe npennaraerca paccMOTPETh NMPOLECC aJalTUBHON CHHXPOHU3ALMHU B CUCTEME
yrpasieHus (CY) AD, kKoTopblii TO3BOIISIET PYHKITHOHUPOBATH AD B perkuMe peabHOT0 BpeMEHH TTPH
M3MEHEHUH XapaKTePUCTUK HEIMHEIHON HATPy3KH.

B GonpmmHCcTBE CityyaeB ycTpoiicTBo cuaxpoHmn3anuu (YC) HaXoauTcs BHE 3aMKHYTOTO KOHTYpa
perynupoBanus CY AD, 1 nosToMy J1000i JecTabuIn3npyomui (akTop, U3MEHSIOMNWN HapsiKeHne
CADC, mpuBOIUT K OTKJIOHEHHUIO €€ BBIXOAHBIX XapakTepucTuk. Ecau AOB paboraer oT mpombImi-
JICHHOW CeTH «OOJIBIIOI» MOIIHOCTH (MUHMMAaJIbHbIC MUCKa)KCHHUSI M CTAOWJIBHBIC MapaMeTphl CETH),
TO B 9TOM CIIy4ae MOKHO MOJYyYHTh YCTONYHMBBIM HEHCKaKEHHBIM CHTHAIl CHHXpOHU3amuu. OqHaKOo
B CJIy4ae CeTH «MaJIoi» MOIIHOCTH, KOTOPO B OOJBIIMHCTBE MPAaKTHUECKHUX ciydaeB sBhsgerca CADC
AOB, nonyueHre HEMCKAXEHHOT0 CUTHAJa CHHXPOHHU3AIUU SBISETCS JIOCTATOYHO CIIOXHOUW 3ajauei,
TaK KaK TaKOH CHUTHAJ JOJKEH TOYHO COBIIANATh O (ase ¢ mepBoil rapmonnkoit Hampspkerust CADC.,

[lepBble ycTpoiicTBa CHHXPOHM3ALMU CTPOMIINCH MO Pa30MKHYTOMY NPUHIUITY U MPEACTABIISUIIN
co00i1 TocIe10BaTeIbHOE BKIIOYCHHE, HAITPUMEp, allepuoUYecKOro (GHIIbTpa MepBOTo MopsAaIKa 1 pe-
JIEHOr 0 3JIEMEHTa ¢ CAMMETPUYHBIMU OTHOCUTEIBHO HYJEBOI'O YPOBHSI TOPOraMy MepeKIodeHus [7].
I'maBHBIM HemoOcTaTKOM TOAOOHBIX YC ABISETCS TO, 9TO B HHUX 3a/IaHHBIN yTOJN CHHXPOHU3AINH CY-
[IECTBEHHO MEHSIETCSl IPU OTKJIOHEHWW aMIUIMTY/ABI M YaCTOThI HAIPSKEHHS CeTH [8], 4TO Hen30e:KHO
MIPUBOJIUT K aBapUIHBIM CUTYAIIUSIM U cO0SM B paboTe HE TONBKO CUIIOBEIX AD, HO U B IIeTTIOM 000pY-
nosanus AO.

[IpumeHeHre TONOCOBBIX (PHIIBTPOB, KOTOPBIE BBIJICNISIOT TMOJE3HYIO COCTABIISIONIYIO YaCTOTHI
HaNpsDKeHUs ceTH 0e3 (pa3oBoro cipura, MoXeT ObITh dPPEeKTUBHO mpu padbore AD B ceTn «Majoi»
MotrHOCcTH. OTHAKO OCHOBHBIM HEJIOCTATKOM 3THX CXEM SBISETCS TCeHEPHUPOBAHWE MMHU HEKaHOHUYE-
CKHMX TapMOHHK, BBI3BIBAIOIINX IIPOOJIEMBI rapMOHINYeCcKOil HeycToiunBocTH [9]. [loaTomy momocoBsie
¢uneTpel B cucremMax ynpasineHuss AD He HCNoNb3yIOTCs. B CBA3M € 3TUM U1l ylydIICHHUs] Ka4ecTBa
curHana cuaxpormsanuu B COAC mpemmaraercss Bocnonb3oBaThess MAITY Ha OCHOBE amanTHUBHOMN
¢unsrpaunn (AGAITY). CocTaBHOH 4acTbio alanTUBHOIO (DUIIBTpa, KOTOPAasi OTBEYACT 3a U3MEHEHUE
€ro TapaMeTpoB, ABISIETCA MPUMEHIEMBI aJTOPUTM aaN TAIllHH.

Cy1iecTByeT MHOXKECTBO aJITOPUTMOB, Pa3IUYAIOUIUXCS OBICTPOTOM CXOIMMOCTBIO W BBIUUCIIHU-
TENBHOH CII0KHOCTHI0. HaMu ipoBeieH cpaBHUTENBHBIN aHaan3 Tpex anroputMoB: LMS, NLMS, RLS.
B kauecTBe kpuTepreB cpaBHEHHS ObLIIN BBIOpaHbI KOO(Q(ULIMEHT MOJaBIEHUSI IOMEXH, CKOPOCTh CXO-
JTMMOCTH K YCTAaHOBUBIIEMYCS] PeKUMY M BEIYUCIUTEIbHAS CIIOKHOCTH [11].
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ITpunnun neiictBusi AGAITY cocTouT B MOJACTPONKE TAKTOBOM HAaCTOTHI CUCTEMBI MO YaCTOTY
OCHOBHOW rapMOHHUKH ceTu. [Ipu 3TOM Takol moaxon ocHoBaH Ha mpeobOpazoBanusax [lapka—Iopesa
n Kimapka, 4acTo UCTIOIB3YEMBIX JIUIS YIIPABJICHHUS KOMITIEHCATOpaMH peakTHBHON MomHOCTH [10].

[IpeobpaszoBanus [lapka—lopeBa u Kiapka nexaTr B OCHOBE TEOPUU «MTHOBEHHOUN MOIIHOCTH,
KOTOpasi 000CHOBBIBAET BO3MOXKHOCTE HCITOJIB30BaHUSA cUCTeMbl DATIY BMECTO OTIACIBHON CHCTEMBI
cuaxponuszanuu [10]. OnHako Mpu HaJIMYHUK BBICHINX TAPMOHUK U IIIYMOB B CUTHajaX TOKOB U Hamps-
KEeHUH TpedyeTcs, 4To0bI mpeodpazoBanus [lapka—l opeBa ObIITM CHHXPOHU3HPOBAHBI Kak 110 (ha3e, Tak
U 110 4acTOTe ¢ (pa3HbIMH HATIPSIKCHUSIMH CETH.

Maremarunuyeckass moneab ADAIIY. MzsectHo, uTo cuctema DAIIY cocTouT U3 ciaenyrOMMUX
aneMeHTOB: (azoBoro nerekropa (O/1), punbrpa Huzkux yacror (PHY) n ynpasisiemoro reneparopa
(YT). Crpykrypa @AIIY npexacrasiena Ha puc. 1. Ha @/ moctynaioT BXOAHbBIE CUTHAJIBI M CUTHAJIBI
¢ Beixozia Y. ®JI cpaBHuBaeT ¢asbl curnana usMmepurenbHoil cucteMbl CADC u YT, u Ha ero Beixoze
(hopMupyeTcst CUTHAI OLTUOKH.

®A30BbIt OUNBTP
t t s(t
U0 [ETEKTOP You(l) H3KIAX YACTOT ®
uBle(t)
VIIPABTISIEMbII]
FEHEPATOP

Puc. 1. CtpykrypHas cxema cucteMsl (pa30BOi aBTOIMOJCTPOIKHN YaCTOTHI: Uy (f) — BXOI-
HOU CUTHAJT; Uy« (f) — BBIXOTHOW CUTHAJ YIIPABIISIEMOT0 TEHEPATOPA; Uy (f) — CUTHAI, TIPO-
MOPIIMOHANIBHBIN Pa3HOCTH (Pa3 CHUTHANA Uyy(f) U Uy,x(f); S(f) — BBIXOXHOM CUTHAN QUIBTpa
HU3KUX Y4aCTOT, MPEAHA3HAYCHHBIN JJIsI YIIPABIECHUS YaCTOTON yIPaBIsIEMOT0 TeHepaTopa

Fig. 1. Block diagram of the phase-locked loop system: u,,(f) — input signal; u,,;,(f) — output

signal of the controlled generator; u,,,(f) — signal proportional to the phase difference of the

signal u,(f) and u,,,(?); s(f) — the output signal of the low-pass filter, designed to control
the frequency of the controlled generator

Just noBermenust d¢dextuBHOCTH paboThl cucteMbl DAITY B yclOBHSX HECTAMOHAPHOCTH
BXOJHBIX Bo3aekcTBUl npenioxeHa cuctema ADAIIY [13], B kotopoit D] cuHTE3UpOBaH HAa OCHO-
B€ aJTOpUTMa aJalTUBHON (IIIBTpAnuu. [[7s MOBBIIIEHNs] KaueCcTBa PETyINPOBAHUS CXEMBI, YMEHbB-
LICHUs OMIMOKM PeryJupoBaHUs M BpPEMEHM MepexonHoro mpouecca Bmecto OHY wucnonbzoBan
MIPOTNIOPITHOHATBPHO-HHTET palibHO-uPepertupyromuii perymnsatop ([T -perynsTop).

cos

®da3o0Bbii
NeTekTop

r-r-r———71+——--—---"---"---"--"-"-"-"-""-:"""-" " - - 1
: . ” Perynstop !l ,  Ynpaensembii :
| Wy, = 0+ t rexeparop |
I Ut _ I i 0,1
| _ Gl | nna- s |2Y
I up(f) dq Il | perynstop |
| I | |
| U;U)» abc oo oo oo -——-—-—-—-——-—-——p
| X .
| sin
|

X
: 2 cos
| X
: L sin
|
|
|
|
|
|
|
|

Puc. 2. Cxema cucTeMbI aanTUBHOI (ha30BOI aBTOIMOACTPONKY YaCTOTEI

Fig. 2. Diagram of the adaptive phase-locked loop
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Pacemorpum mportenypy cuaTe3a cucteMbl ADAIIY ¢ anropurmamu LMS, NLMS, RLS, xoTopas
3aKJIF0YaeTCs B HAXOXKJICHUH KOA(PPHUIIMEHTOB BEKTOPa BECOB, MUHUMHU3UPYIOLIET0 (a30oBOro CHrHaia
paccoriacoBaHus Mexxay curHanamu Ha Bxoge @/ u curnanamu Ha Beixone Y1 [13].

ITocie mpeobpaszoBanus [lapka—I'opeBa n Knmapka curaan HampsoKeHHST CETH MOYKHO TIPEICTABUTH
B BUJE psiga Oypoe: N

U,()=Usin(wgt +¢))+ X U, sin(nogt +¢,), 1
n=2
rae Uy(?) — nanpsoxenue Ha Bxone ®JI; U; u U, — aMnuTyia NEPBOM M n-iH raPMOHMKH COOTBETCTBEH-
HO; ()| U (0, — Ha9aJIbHAs (paza MepBOi U 71-i TAPMOHUKH COOTBETCTBEHHO; () — YIJIOBas YacTOTa CETH;
N — KOJIMYECTBO TAPMOHHUK.
®Da30BbIi Yo MepBOY TAPMOHUKH () HATIPSKEHUSI CETH ONPEAeIsIeTcs 1o hopMmyie

@, =0, + A0, Q)

rae 0; u AB; mpeaCcTaBISIOT OICHEHHBIN (Pa30BbIi YroJl HAPSKEHNUS OCHOBHOM TapPMOHHMKH HaTpsiKe-
HUS ¥ OIIMOKY OLCHUBAHMS COOTBETCTBEHHO.
Torna rapMOHUYECKHI KOMIIOHEHT 72-I'0 OPSIKA MOXHO MPEACTaBUTh CICAYIOIIUM 00pa3oM:

nwot + @, =n(oyt+0,)+ e, —nd, =n(wyt+06,)+nAb, + (¢, —ne,). 3)
IMoncraBus Beipaxkenue (2) u (3) B BeipakeHue (1), momyuaem:
U, (1) =U, cos(AB,)sin(wy + 6;) + U, sin(AB, ) cos(wyr +6;) +
o {Un.[cos(nAGI +(9,, — no))sin(n(wyt +6,)) +} “)
ios | +sin(nAd; + (¢, —ne,)) + cos(n(wyt +0;))]

Hanpsixenune U,(f) (4) mpenctaBum B BUIE MPOU3BEAEHHMS IBYX BEKTOPOB: BEKTOPAa TPHT OHOMETPH-
yecKuX QyHKIHH X 1 BeKTopa Beco W:

W =[U, cos(A6,),U;sin(A6)),...,

U, cos(nA®, + (9, —ne,)),U,, sin(nA®; + (¢, —ne)))]"; ©
X =[sin(wyt + 6,),cos(wyt + 6,),...,sin[n(my¢ + 0, )],cos[n(wyt + 61)]]T. 6)

Torna ypaBaeHue (4) IpUMET CIISIYIOMINI BUI:
U,=w'x, ()

rae U, — oleHKa BBIXOJHOTO HAIPSKCHUSL.
OO6o3HauuM  cocTaBistomme  BekTopa  BecoB  wy; =U;cos(AB;), w, =U;sin(A6,),...,
Wiy = U, cos(nAB; + (¢, —noy)), wi, = U, sin(nAb, + (¢, —ne,)), Toria
T
WZ[W”,le,...,Wnl,an] . (8)
[Mycts W) 0603Ha4aeT BeKTOp BecOBBIX Kod(pduirenToB cucteMbl ADATIY Ha k-Mm mare, a Wy, —
BEKTOP BECOBBIX K03(puirreHnToB Ha (k+1)-mrare. Toraa pasMep mara BecoBbIX K03 puimeHToB
Wit = Wi =Wy ()
s xaxnoi napel (X, Uy) cylecTByeT 1o KpaliHel Mepe OJMH BEKTOP BECOBBIX KO3(P(HIMEHTOB

W) + | TaKoi, 4TO BBINIOJIHSETCA CIEAYIOIIEE YCIOBHUE:

Uy =Wiia Xy (10)

e Wk+ +1 — @PMUTOBO COMPsIKEHHAsE MATPUIIA.
OnrnbKka OIEHKH aJrOPUTMOB (POPMYIIUPYETCS B COOTBETCTBUHU C BBIPAKCHHUEM
_ _t
ek—qu—Wk X (11)

Oco0eHHOCTH BBIYUCINUTENBHBIX Mpoleayp anroputmos [13, 15] LMS, NLMS u RLS u ux Bbrauc-
JUTENbHAs CJI0KHOCTD CBEICHBI B TAOINUILY.
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XapakTepHUCTHKH aJaNITHBHBIX aJITOPHTMOB

Characteristics of adaptive algorithms

Anroput™m BerumncnurenbHas npoueaypa (k — 9nucio nrepannii) BeruucnuTenbHas c10kKHOCTh
HanMeHnbpmmx cpeHUX KBagpaToOB V- 2N cnoxeHui
pea Ap Wea =W, +ne X, >
(LMS) 2N yMHOXEHU I
HopmanusupoBanHblil cpeiHUX KBaJgpa- W W n X 3N ClIOXKEHHUH,
=W +———X.e o
ToB (NLMS k+1 k 2 + Kk 3N yMHOKEHHI
( ) 5+ XX, y ;
JIeJICHHE
PexypcHUBHBIN HAMMEHBIIUX KBAJIPaTOB voo— T 2N? + 3N crioxeHuit
yp AP Wi =W+ 8e, ) N
(RLS) . 3N“+3N yMHOXEHHI,
R, X, JieJIeHHe

8 TTRXE,
Rkjl =" [R/;l _gkXI:RI;]]

Opumedanue )—kodbOUIHEHT 3a0bIBAHUS, 1) — IIAT CXOAUMOCTH, R;' — MaTpuia, BeMHCIEMas PEKYPCHBHO
Ha KaKIOW WTeparuu, g, — BEKTop KodbduunueHtoB Kammana, sIBASIOIIUICA MO CyHIECTBY HAOOPOM MEPEMEHHBIX IIaroB
CXOAMMOCTH JJISl KaXKJIOTO BECOBOTO KO3 (HUIIMEHTa, 87 — MasIoe IeHCTBUTENBHOE YHCIO, & = 0,0lcf, cf, — UCTIEPCHUS BXOTHOTO
CHUrHaJIa aalnTHBHOTO (HUIBTpA.

Bxonnoit curnana nna IHU/I-perynsaropa ACAIIY nprHuMaeT 3HaueHNe
Wiy U, sin(A,)

Jwh +wh  JUZsin?(A0,)+ U cos>(A0,)

d

=sin(A8,). (11)

x I —

HccnenoBanue mogeau cucrembl ADAITY. [t MmogenupoBanus pabOTHl aIaTUBHBIX aJITOPUT-
MoB B ADATTY Ob11 ricnionb30BaH nporpaMMHbiid komiieke MATLAB [14].

A Vabc
labc

A Iref|

=) b
> o
®
@ |&
w
»

Vdc1

CA3C Ad

jo—a|C A A C n___La c o—

Breaker5

:
N

l R,
o3

CA YC“—L_C "

Harpyska

@

Vdc2

Harpyska

Puc. 3. IMuTanioHHast MOJeNIb aKTUBHOTO (PUIIBTPA C HEMMHEHHO HATPy3KOi

Fig. 3. Simulation model of an active filter with a non-linear load

MogenupoBaHHe BBITIOTHEHO MPHU CIEAYIOMNX YCIOBUAX:

1) Ilpu moaxaOYeHUH HEJITMHEHHOW Harpy3Kku B mpoMexyTke Bpemenu 0,1-0,8 ¢ mpoucxonut npo-
Bau HanipspkeHus B 20 B (puc. 4).

2) Ywucno BecoBbIX KodddunmenTos 32, mar cxogumoctu LMS-anropurma 1 = 0,1, NLMS-anro-
putma 1 = 0,35; koapunmeHt 3adpiBanust B RLS-anroputme A = 1, HauanbHbIe 3HAYCHUS] BEKTOPOB
Hynesble [11].

3) Koodpuuuentsr IIU]I-perynsaropa K, K;, Ky pasubt snauenusam 300, 10000 u 1 cooTBETCTBEHHO.

Kax Bunno u3 puc. 5, RLS-anroputm u LMS-anroputm O6yayTt cxoguthes nocne 100-it utepammmy,
NLMS-anroputm cxogutcs Ha 60-if uTepanum.
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Fig. 5. Signal-to-noise versus iteration number: / — NLMS,
2-LMS, 3 -RLS

YacTOTHI HA OCHOBE aAanTUBHOM Qunbrpanun ¢ NLMS

Fig. 6. Schedule of network frequency change from time

to time: / — network frequency change; 2 — changing the

frequency of the phase-locked loop based on adaptive

filtering with RLS; 3 — changing the frequency of the phase-

locked loop based on adaptive filtering with LMS; 4 —

changing the frequency of the phase-locked loop based on
adaptive filtering with NLMS

W3 puc. 6 BUIHO, U4TO NMPU U3MEHEHUH YaCTOThI CeTH OTHOCUTENBHO /= 50 'l B nuanasone + 1,2 I'a
COOTBETCTBYIOITHE H3MEHEHUs cOOTBETCTBYIOT B ADAITY ¢ RLS + 0,9 I';, B A®@AITY ¢ LMS £ 0,6 I'n,
B ADAIIY ¢ NLMS =+ 0,2 T'i. U3menenne yactoTel B ADAITY ¢ NLMS mMeeT HauMeHbIIIee 3HAYCHUE,

yT0 coorBercTBYeT 'OCT 32144-2013.
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3akarouenne. Ha ocHOBe MMHUTAITMOHHOTO MOAEITHPOBAHUS alrOpuTMOB amanTaruu LMS, NLMS
u RLS B cpene MATLAB cnenan cpaBHUTENBHBIN aHaM3 uX dQpexTuBHOCTH. [loKa3aHo, 4TO HAWBBIC-
1Iee KaueCcTBO MOJABICHUS U TYUIIYI0 CXOIUMOCTh uMeeT aliroput™ NLMS. JlaHHBII anropuTM uMeeT
MIPOMEXKYTOUYHYIO BBIYUCIUTEIBHYIO CIOKHOCTH (Mexky LMS u RLS), paboTaeT B pesxumMe peasbHOTO
BPEMEHHU, MIO3ITOMY MOXET ObITH PEKOMEHIOBAH JJIs1 KOPPEKIINH ITOKA3aTEeIeH MUTAIOIIET0 HATIPSIKCHUSL.
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BHEIIIHUI TEINIOOBMEH B IICEBJOOKNKEHHOM KBA3SUBHJIUCIEPCHOM
3EPHUCTOM CJIOE

AnnoTtanms. [IpuBeneHbl pe3ynbTaThl IKCIEPHMEHTAIBHOIO UCCIICAOBAHMS BHEIIHETO TEIJI000MeHa ¢ TPYOHBIM Myud-
KOM B IICEBIOOKH)KEHHOM OMJUCIIEPCHOM CIIO€ C BBIPAKEHHOW OMMOJAJIBHOCTBIO PACIIPENeNICHHs YacTHIl 110 pa3Mepam.
YCTaHOBICHBI 3aBUCHMOCTH KOA(QGHUIIUCHTa TEILUIOOTAaYH OT CKOPOCTH (DUIBTpAlUU BO3JyXa, BIUSHHUC MAacCOBOU JOJIH
KPYIHBIX YacTHI] B CMECH Ha MaKCHMaJbHBIH KOX(PPHUIMEHT TeraooTnaun. [lomydeHa MHTEPIONAIHOHHAS 3aBHCUMOCTD
IUIS pacdyeTa ONTHMAaJbHOW CKOPOCTH (PUIBTPALlMU HCCIEAYEMBIX cMecedl. B KkadecTBe SKBHBAJICHTHOrO IMaMeTpa MpH
pacdeTe TEMJIOOTAAYH PEKOMEHIOBAHO MCIOIb30BaTh CPEIHENOBEPXHOCTHBIM JUAMETpP YaCTHUIl HMOJIHAMCHEPCHONH CMECH.
Pa3paboraHa MeTOIMKa pacyeTa MAaKCHMaJIBHOTO KOA(PPUIIMECHTA TEIIOOTAAYH U ONMTHUMAIbHONU CKOPOCTH (QUITBTPAIUH IS
KBa3HOUIUCIIEPCHOTO KUIISAIMIETO clios. MeToI OCHOBAH Ha MCIIOJIb30BaHUU KO3()(PUIIMEHTOB TEIIOOTIAYH U ONTHMAJBHBIX
CKOpPOCTEH (PIIIBTPAIIIH OTACIBHBIX COCTABISIONINX OUIHCIIEpCHOM cMecH. [lomyueHbl ypaBHEHHS 1Tl pacyeTa MaKCHMaJTb-
HOro K03 punreHTa TEI00TaaYM U ONITUMAIBHON CKOPOCTH (DUIBTPAIIUU B OMIUCTIEPCHON CMECH.

KuroueBbie cjioBa: Tenia000MeH, KUIISIINAN CIIOH, OMIUCTIEPCHBIN CIIOH, 5KBUBAJICHTHBIN AMaMETpP, MAaKCUMAaJIbHBII KO-
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EXTERNAL HEAT-EXCHANGE IN A QUASI-BIDISPERSE GRANULAR FLUIDIZED BED

Abstract. This paper presents the results of an experimental study of the external heat-exchange with a tube bun-
dle in a bidisperse fluidized bed with marked bimodality of particle size distribution. The dependence of the maximum
heat-transfer coefficient on the rate of air filtration was determined. The influence of the mass fraction of large particles
on the heat-transfer coefficient in a mixture has been established. An interpolation dependence for calculating the optimal
filtration rate of the investigated mixtures has been obtained. It is recommended to use the average surface diameter of the
polydisperse particles mixture as the equivalent diameter when calculating the heat-exchange. A method for calculating the
maximum heat-transfer coefficient and the optimal filtration rate for a quasi-bidisperse fluidized bed has been developed.
The method is based on the use of heat transfer coefficients and optimal filtration rates of individual components of the
bidisperse mixture. The equations for calculating the maximum heat-transfer coefficient and the optimal filtration rate in
the bidisperse mixture has been obtained.

Keywords: heat-exchange, fluidized bed, bidisperse bed, equivalent diameter, maximum heat-transfer coefficient, opti-
mal filtration rate
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BBenenune. TexHHKa ICEBIOOKM)KECHHS, KaK H3BECTHO, IMOJIyYMJa LIUPOKOE PACHPOCTPAHCHUE
B Pa3IMYIHBIX OTPACIIAX MPOMBINIICHHOCTH. [ICeBMOOKIKEHHBIH (KUTISIIINI) CIOH TBEPABIX YaCTHIL
o0JalaeT TAKUMH YHHKAJIbHBIMH CBOWCTBAMH, KaK BBICOKHE KOA(PPUIIUSHTHI TEILIONPOBOAHOCTH, BbI-
COKasi M30TEPMUYHOCTh CJIOS U MPAKTUYECKU HJIeaJbHOE TepeMenInBanie TBepaoi ¢aspl. Beicokne
K09(h(UIIUEHTHI TEMI000MEeHa C TTOTPY>KEHHBIMHU MOBEPXHOCTSIMU U CTEHKAMU armapaTa 3Ha4uTEeIbHO
YIPOIIAIOT OPraHU3alfio OTBOA U TOABoAA Tera [1].
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B nocnennne roap! MOSBUIICS HHTEPEC K UCTIONB30BAaHUIO TEXHOJIOTHUH TICEBIOOKIDKEHUS IS Tep-
MHUYECKOH MepepadOTKH Pa3IMYHBIX BHJIOB OMOOTXOIOB (TOppeduKanus, rasupuKanus, CKUTaHUE).
B Takux mporieccax KHIISAIINN CI0H 3a4acTyI0 IPEACTaBIsAET COO0H CMeCh IBYX MO IUCTIEPCHBIX COP-
TOB YacTHII, KOTOPbIe MOT'YT CYIIECTBEHHO OTIMYAThCsl (POPMOIL, pa3MepaMH H MIOTHOCTBHIO: YaCTHIL
nHepTa pa3mepom mopsaka 0,2 +2,0 MM 1 9acTHI] mepepadaTeiBaeMOro MaTeprana. JJaHHbIH KT
CJIOH YCIIOBHO MOKHO Ha3BaTh KBa3zuOuaucrepcHbiM. CMECH 4acTHUI] pPa3HOTO pa3mMepa U IIOTHOCTH —
0COOBIN KIIACC 3€PHUCTHIX CIOEB, THAPOMHAMUKA U TETIOOOMEH B KOTOPHIX U3Y4YEeH HEIOCTATOYHO.

Lenv nacmosiwyen pabomsl — SKCIIEPUMEHTAIIEHOE UCCIIEIOBAHNE BHEITHETO TEIII000MEHa TICEB/0-
OXKHMIKEHHOTO TTOJIUIUCTIEPCHOTO CIIOSI C MOTPY)KEHHBIM TOPU30HTAIBHBIM ITYYKOM TPYO MpU pa3ind-
HBIX MAaCCOBBIX COOTHOIIEHUAX KOMIIOHEHTOB, COCTaBIISIOIINX CIIOM.

MeTtoauka wucciaegoBaHusi. lccrnenoBaHue TemiIooOMEHA MOMUIUCIEPCHOTO CIOS YacTHI]
C TPYOHBIM TYYKOM BBITIOJTHEHO HA J3KCIIEPUMEHTAIBHON YCTaHOBKE, CXeMa KOTOPOW IpHBeleHa Ha
puc. 1. OCHOBHBIM 3JIEMEHTOM SKCIEPHUMEHTAJIBHON YCTAaHOBKM SIBJISETCA MPO3pavdHasl MUIHHIpHYE-
cKas KaMmepa TceBIooKImkeHHoro (kutsmero) cios (KC) mmamerpom 172/180 MM, BEITIOTHEHHAS W3

Puc. 1. Cxema 3KcriepuMEHTaIbHON yCTaHOBKM: / — BO3AYXOAYBKa, 2 —
KJIanaH ImpeloXpaHuTeNbHbIH, 3 — peryiupymoias apmarypa, 4 — pacxo-
Jomep, 5 — TepMornapa, 6 — razopaclpeaeanTenabHas pemerka, / — Tpyo-
HBIN MYYOK, § — KUISALUHN clIoH, 9 — kamepa KUIsero cios, /0 — 1aT4uk
nepemnajna naBieHus, // — unerp, /2 — gaT4nK TeriooOMeHa
Fig. 1. Scheme of the experimental setup: / — blower, 2 — relief valve,
3 — control valves, 4 — flow meter, 5 — thermocouple, 6 — gas distribution
grid, 7 — tube bundle, § — fluidized bed, 9 — fluidized bed chamber, 10 —
differential pressure sensor, // —filter, /2 — heat-exchange sensor
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opranudeckoro crekia. Boicota kameps! — 1,2 M. ['a3opacnpenennrenbHas peLieTka npeicTaBisieT co-
00l1 crieueHHBIH MOPOILIOK HeP KaBeIOIIeH cTaly TONIIUHON 10 MM 1 )KUBBIM ceueHueM ~ 3 %.

B kamepy KC skcnepuMeHTa bHOrO cTeHAa Oblla YCTAaHOBJIEHA KacceTa M3 TOPU30OHTAJBHBIX LIU-
JUHAPUYIECKUX 3JIEMEHTOB, IMUTHPYIOIUX TPYOHBII nmy4ok. HapyxHbIl auaMeTp HUIMHAPHYECKUX
aneMeHTOB cocTaBiisil 30 Mm. TpyOHBIA MyYOK MMEJ MAXMaTHYI0 CXEMY pPAcHOJI0KEHUS 3JIE€MEHTOB.
Har Tpy6 Sp X Sg = 55X 50 MM. Uncao ropu3oHTaIBHBIX PSIIOB TPYO B MyuKe paBHsuIOCh 4. B TpeThem
pALy IMydKa OB YCTAHOBJICH JIATYHK TETIOOOMeHa (pHC. 2), MPEACTaBISIIONIIT cO00H METHYIO TPYOKY
C BHYTPEHHUM HarpeBaTresieM U MOIKITIOUYEHHBIN K PeryInpyeMOMy HCTOYHUKY TUTaHusA. Temmeparypa
MIOBEPXHOCTHU JaTurKa U3MePSAIach XpPOMEIb-KOIeneBoil TepMornapoi. J{s HCKITIoYeHHs TOPLEBbIX M0-
Tepb KOHLbI JaTYMKa ObUIM TETJION30JIMPOBAHBI (PTOPOIIIACTOBBIMU MIPOOKAMU.

Puc. 2. laruuk TerooOMeHa: / — raifka ctaruparomas, 2 — KOJIIadyoK TEIIOM30IUPYIOMIHHA, 3 —
CIUPAJIb DIIEKTPOHATPEBATEINS, 4 — MEIHBII IUITUHAD, 5 — TpyOKa M3 Hep:KaBeIoel cTain, 6 — KO-
POJIeK TepMOTaphl

Fig. 2. Heat-exchange sensor: / — tightening nut, 2 — heat-insulating cap, 3 — electric heater spiral,
4 — copper cylinder, 5 — stainless steel tube, 6 — thermocouple

s vcclieioBaHus TEIIIO0OMEHA MKy KHIISAIUM CJIIOEM U TIOBEPXHOCTBIO MCIIOJIb30BAJICS ME-
TOJI CTAIIHOHAPHOT'O TEIJIOBOTO MOTOKA, M0 KOTOPOMY KO3(P(GUIHEHT TEIIOOTIAYH OMPEASIISIICS 10
hopmye [2]

P U-1
o= = , (1)
F-AT F-AT
rie P — MOITHOCTS, BBIZEIsIeMasi HarpeBareneM, BT; U — Hanpspkenne, B; [ — cuna toka, A; F — mio-
11a/1b TEMJIOO0T/IAIONIeH TOBEepXHOCTH, M2; AT — Pa3HOCTh TEMIEPATyP MEKIY NOBEPXHOCTDH JaTUMKa
U TICEBJIOOXKUKEHHBIM cioeM, °C.

s rccnenoBaHus TEIIOOTAAYN TPYOHOTO MTydKa OB BEIOpaH METO. JIOKAJIBLHOTO (MECTHOTO) MO-
JICIIUPOBAHUSI, KOTOPBIN 3aKJII0YACTCSI B TOM, UTO B OIBITAX YYaCTBYET TOJIBKO OJ[HA U3 TPYO, pacroio-
JKEHHas B TOM MECTE, [I€ MPOU3BOAUTCS UCCIEIOBAaHUE TEII00TAauH [3].

B xauecTBe 00BEKTOB UCCIIEIOBAHUS OBLIN B3STHI CMECH JIBYX COPTOB MOMU(PAKIIMOHHBIX YaCTHIIL:
OJIMBUHOBBIN — KBApIEBBINA TIECKH (CMeCh |); ONTMBHHOBBIN NECOK — MEJIETHI U3 coloMbl (cMmech 11). Jloms
KPYIHBIX YaCTHUII B cMecH () B dKcriepuMenTax BapbupoBajiack oT 0 10 100 %. 'uctorpamMmmer pacmpe-
JICJICHUH YacTHUI B UCCIEYEMBbIX MOJHUAUCIIEPCHBIX CIIOSX MPUBEACHBI Ha pUC. 3.

Oo6cy:kaenue pe3yabraToB. Ha puc. 4, 5 mpencTaBieHsl dSKCIIEPUMEHTAIBHBIC 3aBUCHMOCTH KOd (-
(UIMEeHTa TEIUIO0T/AaYH OT CKOPOCTH (PUIBTpAIK B IICEBIOOKIKEHHOM clioe cMeceid | u 11 mpu pas-
HBIX MaCCOBBIX JOJSAX KPYIHBIX YACTHULL.

Kax BugHO M3 pHc. 4, 5, ¢ pOCTOM J0JM KPYITHBIX YacTHI] B CMECH MaKCUMAJbHBIH KOd(PPHUITHEHT
TETUIOOTIIAYH Olyax TATAET, UTO, OUYEBUIHO, CBSI3aHO C POCTOM PKBUBAJCHTHOTO JUAMETPA YACTHUIL CJIOS
U MOJTBEPKIaE€TCsl SKCIIEPUMEHTAIBHBIMU AaHHBIMU [4, 5].

B cootBercTBHM ¢ ypaBHeHHEM (1) W MPaBUIIOM OMpPENENICHNS TOTPENTHOCTEH KOCBEHHBIX H3Me-
peHuii [2] oTHOCHTE IBHAS OTPEIIHOCTh U3MEPEHUS KOAPPHUIIUSHTOB TEIIOOTIAUU ONPEASsAIach 1o

bopmyie
2 2 2 2
8(1 — g + M + £ + E , (2)
1 U T F
rae Al, AU, AT, AF — COOTBETCTBEHHO JTOTyCcTHMAast a0COIOTHAS TTOTPEITHOCTh U3MEPEHHUS CHUITBI TOKA,

HaMpsOKEHUS, TEMIIEpaTypHOro HAropa, IJIoMaau MOBEPXHOCTU JaTYMKa, ONpeesieMas XapaKTepu-
CTUKaMH H3MEPUTEIHHOTO ITprbopa.
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Puc. 3. 'uctorpaMMbl pacnpeaeneHuii YacTHI] HCCIEyEMbIX CMECEH: @ — OJTMBUHOBBIN MECOK — KBAapLEBbIH MEeCOK, b — onu-
BUHOBBIH [1ECOK — MEJIJICTHI

Fig. 3. Histograms of particle distributions of the studied mixtures: @ — olivine sand — quartz sand, b — olivine sand —pellets
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Puc. 4. 3aBucumocTh KO3(QGUIHMEHTA TEIUIOOTAAYH OT CKO-
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Fig. 4. Dependence of the heat transfer coefficient on the
filtration rate for mixture I at different mass fractions of
large particles
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Puc. 5. 3aBucHMOCTh KOA(QHUIIHEHTA TEIUIOOTAAYH OT CKO-
poctu dusbTpannu st cMecH 1 mpu pasHbIX MacCOBBIX JI0-
JSIX KPYTHBIX YaCTHUIL

Fig. 5. Dependence of the heat transfer coefficient on the
filtration rate for mixture II at different mass fractions of
large particles

B pesyibpraTe MakcuMasibHasi OTHOCHUTEINBbHAS TIOTPEITHOCTh U3MEPEHHST KO PHUIIMEHTA TEII00T-
Jla4y B IICEBIOOKIKCHHOM KBa3UOMIMCIIEPCHOM CJIo€ cocTaBuiIa He 6onee 8 %.
C0XXHOCTB pacyeTa TEIJIOOTIauu B IICEBA00XKIDKEHHOM CJI0€ MOJUIUCIEPCHBIX CMEecel ¢ LIupo-

KUM (paKIMOHHBIM COCTaBOM 3aKJIFOYaeTCs B HEOOXOIMMOCTH BHIOOPA SKBUBAJICHTHOTO JUAMETpPa Ya-
ctul. CylIecTBYIOT pa3HbIe CIIOCOObI HAXOXK/ICHUS SKBUBAIICHTHOTO JTUaMETpa, CPEId KOTOPHIX Hau-
OoJblliee PACIPOCTPAHEHUE TONYYMII METOJ YCPEIHCHHS Pa3IUYHBIX CTCICHEH AMaMETPOB YaCTHII
OTHENbHBIX (pakimuit [1]:

K K
dm = znidi ' (3)
IIpu K = 1 ompenensieTcs cpeaHeBecoBoil quametp, a npu K = —1 — cpenHenoBepXHOCTHBIN Jina-
MmeTp. [IpuMeHnTENnBHO K HecIeayeMbIM KBa3HOMAUCIIEPCHBIM cucTeMaM (opmyda (3) mpuMeT BUA:
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o) N
d =d=¢| ¥ d"n® |+ (I-9) > d®m? | - cpennesecosoii uamerp; )
i=1 i=1
1 .
d,=d, — CPEIHETIOBEPXHOCTHBIN AHAMETD. ®)

N3 (2)

( (p) ; d§2)

N ()

n

B [6] ycTaHOBJIEHO, YTO CPEIHEBECOBOM AUAMETpP B Ka4eCTBE SKBHBAJICHTHOTO JAacT CYIIECTBCH-
HO 3aHUXKCHHBIC 3HAUCHU A KOC—)(b(bI/IHI/ICHTa TCIJI00TAAYU U HpeI[HO‘-ITI/ITeJ'H)HO UCITIOJIB30BATh CpCZ[HC-
HOBerHOCTHLIP'I ZII/IaMeTp. AHaJII/I3 HOJIyT-IeHHBIX SKCHepI/IMeHTaHBHLIX JAaHHBIX TAKXC IIOKa3aJl, 4YTO
HCHOJIb30BaHue (5) U1 pacueTa SKBUBAJICHTHOIO AUAMETPA JIYUIIE OIMCHIBACT OMBITHBIC JaHHBIC.

Jst 06001IeHNsI TOTYYEHHBIX ONBITHBIX JaHHBIX HCIOJIB30BAJICS METOI 000OIIEHHS C TOMOIIBIO
MaKCUMAIIBHBIX KO3()(PHUIIMEHTOB TEMIO0TIAa4YH OTIACIBHBIX COCTaBIISIIOIINX CMECH “anx " a}}m, KO-
TOpbIC B OOJBIIMHCTBE CIYYacB MOKHO PACCUMTATH MO OJHOW W3 M3BECTHBIX dMIUPUUYECKUX (Hop-

My [1, 5, 6]. Ilpu 3TOM TIOTyYeHHBIE JaHHBIC OBLITH 000OIEHBI B BUJIE IBYX MPOCTHIX YPABHEHUH:

(amax )mix ¢ OLmax +(1-9)- 0Lmaxﬂ ©)
1 1-
- I(p R 2 (7)
(amax )mix max  %max

AHAJOTHYHBIM 00pa3oM OB 00OOIIEHBI ONBITHBIE TAHHBIE IO ONITHUMAJBHBIM (IO TEIIOOOMEHY)
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Puc. 6. 3aBHCUMOCTB TIOJIOKEHUS MAKCHMYMa KO3 PHUITHCH-
Ta TETUIOOTAAYH OT KpUTEpUst ApXxumena:

Ar Ar
/-Re, =—+— 2-Re =———+—]1
" 18+0,61VAr 1 o 1400+5,22+/ Ar 1
Ar
“Re J: 4 Re,, = 0,121Ar" [1];
™ 1845 20VAr
5—Re,, = 0,004Ar"* (3kcnepuMeHTAIbHEIC JAHHEIE)

Fig. 6. Dependence of the maximum heat transfer coefficient
position on the Archimedes criterion:
Ar ) Ar

S — e = —
18+O,61\/Ar[] " 1400+5,224/Ar

Ar
-Re,, = 0,121Ar" [1];

e =———[1]; 4
' 18+5,224/Ar g

5—Re,, = 0,004Ar"* (experimental data)

[1;

€, =

CKOPOCTSIM (HIIBTPAIIIHN HCCIENYEeMBIX CMECEH:

(uopt )ml

(p uopt +(1 (P) uopta (8)

1 - ;P +111(P ©)
(uopt )mix uopt uopt
Jis HaxoXKJeHHus ONTUMAaJbHOM CKOpPOCTH
(pUIABTPALIMK OTICJIBHBIX KOMIIOHEHTOB, COCTaB-
JISIOIIMX CMECh, Ha OCHOBE OITBITHBIX JaHHBIX
(puc. 6) Oblna MoNMy4YeHa WHTEPIIONSIIMOHHAS 3a-
BHCHMOCTH BHJIA

Re,, =0,004Ar"%.

(10)

Jns cpaBHeHUS Ha puc. 6 MMOKa3aHBI 3aBUCU-
MOCTH MaKCHMyMa Kod((uImeHTa TermiooTnaqn
OT KpHUTepus ApXHMena IS paccMaTpruBaeMbIX
OMIMCIIEPCHBIX CMECEei YacTHll, KOTOpbhIe OBLIH
paccuuTaHbl O APYTUM U3BECTHBIM (OpMYyJiaM.

B rabuuiie npuBeneHbl U3MEPEHHBIC BEIHYH-
Hbl MAKCUMAaJIbHOTO KO3(DPHIIMEHTA TEIJI00TAAYH
(Otmax)sens ONITHMAJIBHOM CKOPOCTH (DUIIBTPALIMH
(Uopt)sken M paccunTannbie 1o (6)—(9). s pacue-
Ta KOod(pHUIIMEHTa TEIIOOTIAYH OTASIBHBIX CO-
CTaBIAIOIINX CMECH BhIOpaHa opmyiia, Mpeaio-
>keHHast backakoBbiM [5]:

Nu, .. =0,85Ar"" +0,006Ar"° Pr®¥  (11)

Hdpyrue pacmpocTpaHEHHBIE 3aBHCHMOCTH
JUIS. HAXOXKJEHUS KOI(PPUIIUCHTA TEIIOOTAaqn
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K TIOT'PYKEHHBIM B cJIoi TenaM (hpopmyna 3adpomackoro [7], Bapeiruna—Martromuaa [1]) maroT comocTa-
BuMbIe ¢ (11) pe3yabrarsl.

PacueTHble U IKCNEPUMEHTAJIbHBIC JaHHbIC 1JIA UCCIEAYEeMbIX cMmeceit

Calculated and experimental data for the mixtures under study

Chtecs 0 | dnmo @ | g GO | D el | G0 O G O g0 (8. 10 9) e
I 0 0,27 378 310 0,18 378 378 0,21 0,21
0,25 0,33 351 285 0,27 346 336 0.40 0,26
0,50 041 321 278 0,38 314 301 0,60 0,35
0.75 0,54 288 241 0.48 282 274 0,79 0,51
1,0 0,80 251 - - 251 251 0,98 0,98
11 0 0,27 378 310 0,18 378 378 0,21 0,21
0,125 0,31 358 292 0,30 350 318 3,05 0,25
0,250 0,36 337 270 0,36 322 275 5,89 0,29
0,350 0,42 318 250 0,45 299 249 8,16 0,32
1,0 8,10 152 - - 152 152 2290 | 22,90

U3 TabnuIsl BUIAHO, YTO SKCIIEPUMEHTAIILHBIC H PACYCTHBIC BEJTMYUHBI KOO (HUIIMEHTA TEIIO0T/Ia-
YU Jy4Ille COrJIacyrTCs npu pacuere no Gopmyde (7), uem (6). OcoOeHHO 3TO XapaKTepHO st cmecu 1

d
—L 220 |. PacueTHbIc 3HAYCHHS ONTUMAJIBHON CKOpOCTH (1)I/IJ'ILTpaI_II/II/I TAKKC JIydlIC COOTBCTCTBYIOT

1
SKCTIEpUMEHTAIBHBIM TIPH HCIIONB30BAHMH JIJIS €€ pacdyeTa 3aBUCUMOCTH Bua (9). B aTom ciryuae myd-

d
1IIee COBIA/ICHHE TOKa3bIBaeT cMech [ | ——=2.5 |.
11

3akaouenne. PazpaboTtan MeTon pacyeTa MaKCUMaJlbHOTO KOO PHUIIUEHTA TENI00TAAYH U ONTHU-
MaJIbHON CKOPOCTHU (QUIBTPAINH ISl 3EPHUCTOTO CIIOSI IBYX COPTOB MOJUIUCTIEPCHBIX YACTHUIL, KOTO-
pBIe MOTYT CYIIECTBEHHO OTJIMYAThCS (OPMOH, pazMepaMu U NMIOTHOCTHIO. [Ipu pacuere TeniaooTna-
YU B TAKUX MOJIMIUCIIEPCHBIX CIIOSIX PEKOMEH/IOBAHO HCIIOIh30BaTh CPEAHETIOBEPXHOCTHBIHN THaMeTP
B KayecTBE SKBUBAJICHTHOIO. /{71 HAXOXJEHUs ONTHMAIbHON CKOPOCTH (HIBTPAIUU OTIEIIBHBIX
COCTABIISIOIIUX, PACCMaTPUBAEMbIX OUJIUCIIEPCHBIX CMECEH, MPeJI0KeHA HHTEPIIOISAIIHOHHAS 3aBH-
cumocTs (10).

[lonyueHHBIE 3aBUCUMOCTH AJIs1 pacdeTa MaKCUMaJbHOTO Kod(pduuneHTa Terootaadu (7) u onTu-
MaJIbHOH CKOpOCTH (huibTparu (9) mo3BOISIOT YIOBJICTBOPUTEIBHO OMMUCATH OMBITHEIC TaHHBIC.
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d — CPeTHEIIOBEPXHOCTHBIIT THaMETP CMECH, M; d] — CPETHEBECOBON MAMETpP KPYIHBIX YaCTHIL, M; d] — CPETHEBECOBOM JHa-
METpP MEIKHUX YaCTHII, M; di(l) — AMaMeTp YacTHIl i-i (GpaKIuu NepBOro Marepraia OMIUCHEPCHON CMecH, M; di(z) — IuaMeTp
YacTHIl i-i pakLuU BTOPOro MaTepHana OUIUCIIEPCHON CMECH, M; 1); — MaccoBast A0Jis i-i ppaxiuu; @ — MaccoBast 10Jis
KPYIHBIX YACTHI] GHIUCIIEPCHOM CMECH; 1 — CKOPOCTh (DUIBTPALIMH ra3a, M/c; o — KodhuiuenT Tennooraaun, Br/(m? - K).

Hnoexcer: s —gactusl; f —ras; t — BuTanne; mf — Hauano NCeBIOOKIDKEHUS; MiX — CMECh YaCTHUII; Opt — ONITUMAIBHBIN;
max — MaKCUMaJIbHBIH; 9KCI — 9KCIIEPUMEHTAJIBHBIH.

—yncno PeliHonbpaca; |L — IMHAMIYECKas BA3KOCTD ra3a, Kr/(M-C); v —
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CALIBRATIONS COEFFICIENTS FOR DETERMINATION OF CONCENTRATIONS
OF VACANCY-OXYGEN-RELATED COMPLEXES AND OXYGEN DIMER IN SILICON
BY MEANS OF INFRARED ABSORPTION SPECTROSCOPY

Abstract. Vacancy-oxygen complexes V,0,, (n, m = 1) in crystalline silicon are nucleation centers for oxygen precip-
itates, which are widely used as internal getters in modern technologies of production of silicon-based electronic devices
and integrated circuits. For the controllable formation of oxygen precipitates in Si crystals in the technology processes the
methods of determination of concentrations of the V,0,, complexes are required. The aim of the present work was to find
values of the calibration coefficients for determination of concentrations of the V,0,, defects in Si from intensities of in-
frared (IR) absorption bands associated with the local vibrational modes (LVM) of these complexes. A combined electrical
(Hall effect) and optical (IR absorption) study of vacancy-oxygen defects in identical silicon crystals irradiated with 6 MeV
electrons was carried out. Based on the analysis of the data obtained, the values of the calibration coefficient for the determi-
nation of concentration of the vacancy-oxygen (VO) complex in silicon by the infrared absorption method were established:
for measurements at room temperature (RT) — NVO = 8.5- 10"+ oy cm >, in the case of low-temperature (LT, T = 10 K)
measurements — Nygo = 3.5 10" oo cm ™, where oo-rT(LT) are absorption coefficients in maxima of the LVM bands due
to the VO complex in the spectra measured at corresponding temperatures. Calibration coefficients for the determination of
concentrations of other V,0,, (VO,, VO3, VO4, V,0 and V;0) complexes and the oxygen dimer (O,) from an analysis of infra-
red absorption spectra measured at room temperature have been also determined.
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KAJIMBPOBOYHBIE KOOOOPUITUEHTHI 1)1 ONIPEJAEJEHUA KOHIHEHTPAIIU BAKAHCUOHHO-
KHCJIOPOJHBIX KOMIIJIEKCOB H KHCJIOPOJAHOI'O JUMEPA B KPEMHHUUN METOJOM UK-IIOTJIOLLIEHU A

AnHHoTanus. BakaHcnoHHO-KUCIOpOaHbIe KOMILIEKCH V,,0,, (1, m 2 1) B KpUCTaJlIaX KPEMHHUS ABIISFOTCS IICHTPaMU 3a-
PO JIEHUSI KUCIOPOJIHBIX IPEIUIINTATOB, KOTOPBIE IIUPOKO HCIIOJIB3YIOTCS B KQUeCTBE BHYTPEHHUX I'€TTEPOB HEXKENATEIb-
HBIX TIpUMeceil B COBPEMEHHBIX TEXHOJIOTHUSIX U3TOTOBICHUS KPEMHHUEBBIX AJIEKTPOHHBIX MPUOOPOB M MHTETPATBHBIX MH-
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KkpocxeM. [IIst KOHTPOTHPYeMOro (OPMUPOBAHUS KHCIOPOAHBIX MPEIUIUTATOB B KPUCTANIIAX Si B TEXHOIOTHUECKHX MPO-
neccax HeoOXOAMMBI METOABI N3MEPEHHS KOHIIEHTpany KoMiiekcoB V,0,,. Llemabio HacTosmel paboTs! ObITI0 HAXOXKACHHUE
KaJTMOPOBOYHBIX KOA()OHUIMEHTOB I ONpeeIeHHs KOHIEHTPALMH BAKAHCHOHHO-KHUCIOPOAHBIX Ae(EKTOB B KPEMHHUHU U3
nHTeHCUBHOCTEH nosoc uHppakpacuoro (MK) norsomenuns, cBA3aHHBIX C JIOKaJIbHBIMU KoJiebaTtenbHbIME MogaMu (JIKM)
9TUX KoMmIuiekcoB. C ucnonb3oBanueM aekTpudeckux (3ddext Xonna) n ontrueckux (MK nmornomenue) namepenuii npose-
JICHO KOMILJIEKCHOE UCCIIeI0BaHNE BAKAHCHOHHO-KHUCIOPOIHBIX IIEHTPOB B KPUCTAJIAX KPEMHHS, OOTYUYSHHBIX AJIEKTPOHA-
MU ¢ sHeprueit 6 MaB. Ha ocHOBe aHann3a osry4eHHBIX JaHHBIX YCTAHOBJICHBI 3HAYCHUS KaJIMOPOBOYHBIX KOI(P(PHUIUEHTOB
JUTSI OTIpe/IeNICHNsT KOHIIEHTPAaIlMU KOMILIeKca BakaHCcH-Kuciopo (VO) B KpeMHNU METOAOM MH(PAKPACHOTO MOTJIOMICHHSL:
JULs H3MEPeHHUI pu KoMHaTHOM Temneparype (RT) — Nyg = 8,510 ayo.pr ¢M™, B ciiyuae Huskoremmeparypubix (LT,
T = 10 K) usmepenuit — Nyo = 3,5+ 1016‘01\/0_“ CM’3, TJI€ Oyo-RT(LT) — KOOPPHUIMEHTHI MOMJIOMEHNSA B MAKCHMYMaXx I0JIOC
JIKM kommiekca VO B crieKTpax, H3MEPEHHBIX IIPH COOTBETCTBYIOMIECH TeMITepaType. YCTaHOBICHBI TaK)Ke KaTHOPOBOYHEIE
KOX(QQHUIMEHTHI [T ONpeaesieHUs] KOHIEHTPANH IPYyTHX BaKaHCHOHHO-KHCIOPOTHBIX KOMIUIEKCOB V,0,, (VO,, VO3, VOy,
V,0 u V;0) u kucaopoanoro gumepa (O,) U3 aHaIH3a CIIEKTPOB MOTJIOLUICHUSI U3MEPEHHBIX TPU KOMHATHOU TeMIeparype.

KuroueBble cjioBa: KpeMHUH, BAKAHCHOHHO-KHCIOPOAHBIE KOMIIJIEKCHI, KUCIOPOAHbIE TUMEPHI, KojeOaTeabHbIE MOJI0-
CBI MOTJIOIIEHHUSI, KaTHOPOBOUHBIE KO3 DUIIMEHTHI

Jas uutupoBanus: KannOpoBounbie KOdQGUIHUEHTHI ISl ONpe/ie/ieHHs] KOHICHTPALUU BaKaHCHOHHO-KHUCIIOPOIHBIX
KOMIUIEKCOB M KUCIIOPOJIHOTO JuMepa B KpeMHHH MeTonoM MK-nornomenwus / Y. @. Mensenesa [u 1p.] / Bec. Hau. akan. Ha-
ByKk benapyci. Cep. ¢i3.-1axH. HaByK. —2021. —T. 66, Ne2. — C. 227-233. https://doi.org/10.29235/1561-8358-2021-66-2-227-233

Introduction. Oxygen is one of the most abundant and technologically important impurities in sili-
con [1]. Oxygen concentration in silicon crystals grown by the Czochralski technique (Cz-Si) is in the
range of (5-10)- 10'7 cm™, often exceeding concentrations of other impurity atoms. In as-grown Si crys-
tals oxygen is mainly present in the form of interstitial (O;) atoms [1]. The O; concentration in crystalline
Si is usually determined from room temperature (RT) measurements of the intensity of the infrared (IR)
absorption band at 1107 cm™! [1, 2] with the use of the following equation: [O;] = Ky.0;* 01107 cm >, where
K, o; 1s a calibration coefficient and o197 is an absorption coefficient at the maximum of the band at
1107 cm™". The most widely used value of the calibration coefficient is K,.o; = 3.14- 10" cm™ [2, 3].

Although interstitial oxygen atoms in Si are electrically neutral and immobile at RT, they effec-
tively interact with intrinsic lattice defects, vacancies and self-interstitials, other impurity atoms and
themselves upon radiation and thermal treatments, so contributing to the formation of a large variety of
electrically and optically active oxygen-related radiation- and thermally-induced defects [1, 2]. Nearly
all these oxygen-related centers give rise to local vibrational mode (LVM) lines, which can be detected
by the IR absorption spectroscopy [2, 4]. Fourier-transform infrared (FT-IR) absorption spectroscopy
has been successfully used in the studies of many oxygen-related aggregates including vacancy-oxy-
gen-related complexes V,,0,, (n = 1-3, m = 1-4) [2, 4-10]. Among the VO,, defects only the VO complex
(A-center) [11] and the VO, complex being in a metastable state [8] can be detected by electrical mea-
surements in n-type Si crystals. On the other hand, absorption lines due to many of the V,0,, defects
have been identified in the FT-IR absorption spectra [2]. For prediction of changes in electrical and
optical properties of Cz-Si crystals upon radiation and thermal treatments it is necessary to know the
absolute values of defect concentrations. However, the available information on calibration coefficients
for the determination of concentrations of the vacancy-oxygen related complexes by IR absorption is
very limited [12—14].

In 1986 Oates and Newman [12] determined the calibration coefficient for determination of con-
centration of the vacancy-oxygen complex from magnitude of the VO related absorption peak at
830 cm! (measurements at RT). According to their work, [VO] = (6.1 -10'%)- 0,30 cm >, where ogs is
an amplitude of the vibrational absorption band at 830 cm™'. Oxygen-rich Si samples doped with tin and
irradiated with 2 MeV electrons at RT were studied in the work. After the irradiation the main vacancy-
related defects were tin-vacancy complexes. Upon further annealing at about 160 °C these complexes
started to dissociate and the released vacancies were captured by O; atoms to form VO defects. The
concentration of removed O; was measured and assumed to be equal to the concentration of the gener-
ated VO complexes. Such procedure seems to be rather reliable. A very similar calibration coefficient
for the determination of the VO concentration in Si was later obtained by Davies et al. [13] in their work
on modeling the generation kinetics of radiation-induced defects. However, in both cases [12, 13] the IR
absorption measurements were carried out with a rather low spectral resolution, the measured full width
at half of maximum (FWHM) of the 830 cm™! band was about 9 cm™" in the spectra presented. The ac-
tual FWHM of this band in the spectra measured at RT is less than 6 cm ™! (about 5.3 cm™ [9, 15]) and
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therefore the values of the calibration coefficients determined in Refs. [12] and [13] for the 830 cm™! line
are questionable. IR absorption measurements with a higher resolution are required for the correct deter-
mination of an absorption coefficient for this line.

In the present work, in order to determine the calibration coefficient for calculation of concentration
of the VO complex from intensity of the absorption line due to this defect, direct measurements of the
concentration of A centers by the Hall effect method were carried out, and IR absorption spectra were
measured on identical samples irradiated with the same doses of 6 MeV electrons. Furthermore, based
on the consideration of positions and geometry of oxygen atoms in the lattice for a number of other va-
cancy-oxygen related centers and the oxygen dimer the calibration coefficients for determination of con-
centrations of these defects from infrared absorption measurements at room temperature are proposed.

Experimental details. We have used two similar sets of oxygen-rich Czochralski-grown phospho-
rus-doped n-type Si crystals with a resistivity of about 1 Q-cm. Both sets were irradiated with 6 MeV
electrons at RT with the same doses in the range of (1-5)-10'® cm™.

The VO concentration (concentration of the defect with £-— 0.18 eV energy level in the gap) in one
set of samples was determined by an analysis of the temperature dependences of free carriers, n, ob-
tained by means of the Hall effect measurements in the temperature range 77—-400 K. The dependences
of n were calculated taking into account the temperature dependence of the Hall factor and analyzed
by the application of the conventional method based on the solution of the electrical neutrality equa-
tion [16]. Besides, to determine the parameters of radiation-induced defects in the samples used, the
differential method [17] has been also used, according to which a position of the energy level (£p) and
the concentration of a defect (V) can be determined from the dependence of the value Y = kT(dn/dF) on
F = Ec— Ep, where Er is the Fermi level position. Ionization of a defect results in appearance of a peak
in the Y(F) dependence, and if the levels of various defects are located far enough from each other
(AEp> 3.5 kT), then multiple peaks occur in the Y(¥) dependences. For ordinary defects with positive
values of electron correlation energy (U > 0), the ordinate of the band maximum is Y, = 1/4 N, where
N is concentration of a defect, and the abscissa of the band maximum, Fp,,«, corresponds to the energy
level position in the band gap [17].

Another set of samples was used for FTIR absorption measurements. For optical measurements the
samples were polished to an optical surface on two sides and the dimensions were 10X 6 X3 mm?. The
IR absorption spectra in the wavenumber range 4004000 cm™ were measured using a Bruker IFS
113v spectrometer at temperatures of 20 and 300 K with a spectral resolution of 0.5 or 1 cm™!, respec-
tively. The concentrations of interstitial oxygen ([O;] = 1-10'® cm™) and substitutional carbon ([C,] =
2-10' cm™) atoms were determined from measurements of intensities of absorption bands at 1107 and
605 cm™! using calibration coefficients 3.14- 10" cm™ and 0.94- 10" cm 2, respectively [2, 3].

Absorption coefficients of the bands due to vacancy-oxygen complexes were determined by fitting
the relevant absorption lines with Lorentzian components with contributions due to silicon isotopes (*°Si
and °Si) being taken into account [15, 18].

Results and discussion. Figure 1 shows, as an example, the temperature dependences of the free
electron concentration {n(7)} measured for an as-grown Si sample (curve /), and a sample irradiated
at room temperature to a dose of 1.3-10'° cm™ (curve 2) and further annealed at 150 °C for 30 min
(curve 3). It is known that irradiation of moderately doped n-type Cz-Si crystals with fast electrons re-
sults in the formation of vacancy-oxygen and vacancy-phosphorus centers, divacancies (V,) and defects
with an energy level at £ — 0.125 eV, which is related to a complex consisting of the Si self-interstitial
atom and two oxygen atoms, 10, [19, 20].

A precise determination of the A-center concentration by an analysis of the n(7) dependences mea-
sured after irradiation is rather difficult because of the presence of divacancies (the second acceptor level
of V, is at E-— 0.21 eV [21-23]) and the 1O, defect. Divacancies contribute to the value of the total con-
centration of defects with energy levels in the range £ — 0.18—0.21 eV and because of the close positions
of the VO(-/0) and V,(-2/-) levels a careful analysis of the experimental n(7T) dependences is required
for the separation of contributions of the VO and V, defects. The 10, defect is known to annihilate upon
heat-treatments in the temperature range of 100—125 °C. To eliminate the contribution of the 10, defect
into the n(T") dependences, the 30-min annealing was performed at 150 °C.
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Figure 1. Temperature dependences of carrier concentration

in Cz-Si crystal: / — before irradiation, 2 — after irradiation

with 6 MeV electrons at 7= 293 K to a dose of 1.3-10'® cm ™2,
3 — after 30-min annealing at 7= 150 °C
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Figure 2. Dependence of the quantity Y = kT(dn/dF)
on F = E¢ — Ep, obtained by a numerical differentiation
of the dependence 3, shown in Figure 1

After that we have carried out an analysis of the
measured n(7) dependences (Figure 1, curve 3),
taking into account the well-known position of
the A-center level, E- — 0.18 eV [21]. The con-
centration of A-centers determined from an
analysis of the n(7) dependence was found to be
Na=(3.05£0.2)- 10" cm™.

In another way the concentration of A-centers
can be determined from the differential Y(F') de-
pendences [17]. The Y(F) dependence presented
in Figure 2 for the Si sample irradiated with elec-
trons and annealed at 150 °C indicates the pres-
ence of only one peak with its maximum at about
E-—0.18 eV. The contribution of divacancy results
only in a slight change of the peak shape. Based
on the fact that for ordinary defects the ordinate of
maximum Y, = 1/4 N, the value of the concentra-
tion of the radiation-induced A-centers was found
to be Ny = (3.15£0.1)- 10" cm ™. The average val-
ue of the A-center concentration deduced from the
analysis of the data obtained by means of electrical
measurements for a few Cz-Si samples irradiated
with 6 MeV electrons to a dose of 1.3-10'® cm™ is
found to be Ny = (3.1£0.1)- 10" cm™>.

The absorption bands related to VO in the neu-
tral charge state (lines with their maxima at 830
and 836 cm™' in the spectra measured at room
temperature and low temperature, respectively) as
well as in the negative charge state (lines at 877
and 885 cm! in the RT and LT spectra, respec-
tively [2]) were detected in the absorption spectra
recorded at 20 K and room temperature (Figure 3).
It is found that the values of half-width at half of
the maximum of the bands due to VO° and VO~
are very close and are equal to 2.35 cm! and
53 cm! in the low-temperature and room-tem-
perature spectra, respectively. The sum of the
absorption coefficients of the lines at 836 and
885 cm! (spectrum 7 in Figure 3) has been deter-
mined as 0.089 cm™!, while the sum of absorption
coefficients of the lines at 830 and 877 cm™! (spec-
tra 2 and 3 in Figure 3) is 0.036 cm .

The combined analysis of the obtained electri-
cal and optical data has allowed us to deduce the

following values of calibration coefficient for the determination of the VO concentration in silicon by
IR absorption: RT measurements — [VO] = 8.5-10'®- (ag39 + a1g77) cm >, LT measurements (< 20 K) —

[VO] =3.5-10"" (0ig36 + 01gg5) cm™.

We have also estimated the calibration coefficients for determination of concentration of the VO
complex from the values of integrated absorption coefficient (IA, area under absorption bands) due to
the VO related absorption lines. It has been found that values of the integrated absorption due to the VO
related bands are very close in the RT and LT absorption spectra, about 0.21 cm 2 for the samples irradi-
ated to a dose of 1.3-10'° cm™. So, we can alternatively write [VO] = 1.5 10'®- TAyo cm ™, where 1Ay is
the integrated absorption coefficient of the bands due to the VO defect.
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Based on the calibration data obtained for
the VO center and assuming that the oscillator
strength of the oxygen atom vibrations as well
as the shape of absorption bands are the same
for the oxygen atoms located in the Si vacancy
with different environments we have also esti-
mated calibration coefficients for the determina-
tion of concentrations of the VO, (LVM related
band with its maximum at 889 cm™! in the RT
absorption spectra [2, 7]), VO3 (bands at 905
and 969 cm™' [7]), VO, (band at 985 cm™' [7]),
V,0 (band at 826 cm™ [15]) and V30 (band at
839 cm! [15]) complexes in silicon by infra-
red absorption measurements at room tem-
perature. The concentrations of the above men-
tioned complexes can be determined as: [VO,] =

0.20
7= Teas = 20K

2,3 Treas =300K

0.15

e
—
o
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4.25-10" agge cm™>, [VO;] = 8.5-10' (algps +
Ologo)/2 cm >, [VO,4]=4.25-10'° - aggscm™, [V,0] =
8.5 10" 0igr6 cm ™, [V50] = 8.5 10" - 039 cm ™.

The oxygen dimer (O) is expected to play
a key role in a number of oxygen diffusion and
precipitation phenomena [1, 4, 24], including
the formation of the center responsible for the
light-induced degradation of silicon-based solar
cells [25-28]. The control of concentration of the dimer is required for prediction of changes in electrical
and optical properties of Si: O crystals upon different radiation- and heat-treatments. In the most stable
“staggered” configuration [29, 30] the oxygen dimer gives rise to two LVM-related absorption bands
with their maxima at 1012 and 1060 cm™' in the spectra measured at LT and at 1013 and 1062 cm ™! in
the RT spectra [2, 24, 31]. The configurations of two oxygen atoms in the staggered configuration re-
semble those for the single interstitial oxygen atoms [29, 30], so, it can be expected that the oscillator
strengths for vibrations of each oxygen atom involved in O,; are close to that for the O; atom. However,
the calibration coefficient K, = 3.14-10"7 ¢cm™ cannot be used for calculations of the dimer concen-
tration in the same way as for single interstitial oxygen atoms, because of different HWHM values
for the bands due to O; and O,,. In the absorption spectra measured at room temperature the HWHM
value of the band at 1107 cm™ due to O; is 34 cm™! [2], while that of the band at 1013 cm™! due to Oy is
7.8 cm™! [2, 24]. For calculation of the dimer concentration it is necessary to use the calibration coeffi-
cient for integrated absorption of the O;-related band at 1107 cm ™. This coefficient has been determined
as Kia.o;= 0.94-10' cm™! [32]. Otherwise, it is possible to use the value of absorption coefficient of the
0,,-related band at 1013 cm™ and K, o; = 3.14-10"7 cm™, but the obtained value should be corrected
by the ratio of HWHM values of the 1013 and 1107 cm ™' absorption bands. This approach gives [0,;] =
3.14-10"7(7.8/34) - ogi3="7.2- 10 041913 cm .

Conclusions. From a comparison of the data obtained by means of electrical and optical measure-
ments the following expressions for determining the concentration of A-centers in silicon by IR absorp-
tion have been derived: for measurements at room temperature Nyo = 8.5 10° - (aig30 + 0tg77) cm ™, in the
case of low-temperature measurements, Nyo = 3.5 10'° (ag36 + 0iggs) cm™. The calibrations coefficients
for determination of concentration of a number of more complex vacancy-oxygen related defects (VO,,
VO3, VOy4, V,0 and V;0) and the oxygen dimer from optical absorption measurements at room tempera-
ture are proposed.

Figure 3. Fragments of absorption spectra measured at

20 K (/) and at room temperature (2, 3) for a Cz-Si sample

([0,]=1.0-10'8, [Cs] =2-10', [P] = 5-10"° cm3), which was

subjected to (Z, 2) irradiation with 6 MeV electrons to a dose

of 1.3-10' cm™ and (3) subsequent annealing at 150 °C for
30 min
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3ABUCHUMOCTHU XAPAKTEPUCTUK KPEMHUEBBIX ®OTOYMHOXHUTEJENX
OT TEMIIEPATYPbI

AHHOTanus. V3y4eHsl 3aBUCUMOCTH XapaKTEPHCTHK OT TEMIIEPaTyphl OKPY’KAIOMEH CPembl TpeX THIIOB KpEeMHHe-
BEIX (OTOyMHOXKHUTeNel. B kauecTBe 00BEKTOB MCCIIEAOBAHNS MCIOIB30BAINCE ONBITHEIE 00pa3nsl Si-DDY co cTpyKTy-
poit p*—p—n" npoussoncrtea OAO «Murerpany» (Pecniybmuka Benapycs), cepuiino Beiyckaembie Si-d2Y KETEK PM3325
n ON Semi FC 30035. IlpuBenena cxema yCTaHOBKH U METOJMKA HCCIICOBAHUS. BEITOIHEHBI H3MEpeHNs BETUYHUHEI (POTO-
TOKA OT HHTEHCUBHOCTH 3aCBETKH, PaCUeThl KPUTUIECKOH U TOPOrOBOM MHTEHCHBHOCTH, THHAMUYECKOTO AMana3oHa peru-
CTPUPYEMOT0 ONTHYECKOr0 M3IIydeHHs. [IpencTaBieHsl 3aBUCUMOCTH (POTOTOKA OT MHTEHCUBHOCTH 3aCBETKH IIPH Pa3HBIX
TeMIIepaTypax OKpPy’KaromeH cpe/ibl. YCTaHOBIJICHO, YTO JAHHBIE 3aBUCUMOCTH UMEIOT JINHEHHBIH yYacTOK, JUIMHA KOTOPOTO
XapaKkTepu3yeT 3HaYCHNE KPUTHYECKOH HHTEHCHBHOCTH M3JIy4EHUS, a YroJl HaKJIOHA JMHEHHOr0 y4acTKa K OCH HHTCHCHUB-
HOCTH — YYBCTBHUTEIBHOCTh Si-DIY k onTuyeckomy u3inydeHuro. OmpeaesieHo, 4TO POCT TEMIEPaTypbl MPUBOAUT K PO-
CTY BEJIMYUHBI KPUTUYECKOW MHTCHCHBHOCTH M CHMIKEHHUIO YyBCTBHTEIBHOCTH. [IpeacTaBieHbl 3aBUCHMOCTH HOPOTOBOM
MHTEHCUBHOCTH M3JIy4eHHUS OT MEepEeHaINpPsKeHUs IPU PasHbIX TeMIepaTypax okpyxaromeil cpensl. Hanbomnee cunbHo 3a-
BHUCHMOCTB TTIOPOTOBON MHTEHCUBHOCTH OT MEPEHANPSIKEHUs MPOSABIASTCA MPU HANPSIKEHUU NMUTAHHUS HUXKE HANPSIKEHUS
mpo0ost. YCTaHOBIEHO, UTO TOPOrOBas HHTEHCHBHOCTh M3IyUEHMS ITOBBINIAETCS C POCTOM TEMIEpaTyphl U 3aBUCHMOCTD
MMOPOTOBOM MHTEHCHBHOCTH OT TEMIIEpaTyphl OJMHAKOBA AJA BeeX mccaenyeMberx Si-ODY. OmpeneneHo, 4To 3HAUCHUE TH-
HaMHYECKOTO JMAaNa30Ha C POCTOM TEeMIIepaTyphl YMEHBIIAETCS, YTO BEI3BAHO OOJiee 3HAYUTEIBHBIM H3MEHEHHEM MTOPOTo-
BOM HHTEHCHBHOCTH 10 CPABHEHUIO C KPUTHUECCKOH. Pe3ynbraTs! HccinenoBannii MOryT HalTH IPHMEHEHNUE MK pa3paboTke
1 KOHCTPYHUPOBAHHUHU NIPHOOPOB U YCTPOUCTB IS PETHCTPALUHU ONTHIECKOT0 M3ITydeHHs Ha ocHOBe Si-DDV.

Kiio4eBbie cj10Ba: KpeMHHEBBIH (OTOYMHOXKNTEIb, TMHAMUYCCKUN AUATIa30H, KPUTHUIECKAst H TOPOroBast HHTCHCUBHOCTH

Jas  uuTHpoBaHHs: 3aBUCHMOCTH XapaKTEPUCTHK KPEMHHEBBIX (OTOYMHOXHTEIEH OT TeMmmepaTypsl /
W.P.I'ynakoB [u np.] / Bec. Ham. akan. maByk bemapyci. Cep. ¢i3.-TaxH. HaByk. — 2021. — T. 66, Ne2. — C. 234-240.
https://doi.org/10.29235/1561-8358-2021-66-2-234-240
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CHARACTERISTICS DEPENDENCE OF THE SILICON PHOTOELECTRONIC MULTIPLIERS
ON TEMPERATURE

Abstract. The characteristics dependence on the ambient temperature for three types of silicon photoelectronic multi-
pliers have been studied in this research. The prototypes of Si-photoelectronic multipliers with a p*—p—n" structure produced
by JSC Integral (Republic of Belarus), serially produced silicon photoelectronic multipliers KETEK PM3325 and ON Semi
FC 30035 have been used as objects of research. We present the setup diagram and research technique. Measurements of
the photocurrent magnitude versus the illumination intensity, calculations of the critical and threshold intensities, and the
dynamic range have been performed. We also present the photocurrent dependences on the illumination intensity at different
ambient temperatures. As it was found, these dependences have a linear section, the length of which characterizes the critical
intensity value, and the inclination angle of the linear section to the intensity axis characterizes the photodetector sensitivity
to optical radiation. It has been determined that the temperature increase leads to an increase in the critical intensity value
and to a decrease in the sensitivity value. We present the dependences of the threshold intensity on the overvoltage at different
ambient temperatures. The dependence of the threshold intensity on overvoltage is most strongly pronounced when the supply
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voltage is below the breakdown voltage. It was found that the threshold intensity is increased with the temperature increase
and the threshold intensity dependence on the temperature is the same for all investigated photodetectors. It was found that
the dynamic range value is decreased with the temperature increase, which is caused by a more significant change in the
threshold intensity as compared to the critical one. The results given in this article can be applied when developing and de-
signing the tools and devices for recording optical radiation based on silicon photoelectronic multipliers.

Keywords: silicon photoelectronic multiplier, dynamic range, critical and threshold intensity

For citation: Gulakov I. R., Zenevich A. O., Kochergina O. V., Lemeshevskaya A. M., Saroka S. A. Characteristics de-
pendence of the silicon photoelectronic multipliers on temperature. Vestsi Natsyyanal 'nai akademii navuk Belarusi. Seryya
fizika-technichnych navuk = Proceedings of the National Academy of Sciences of Belarus. Physical-technical series, 2021,
vol. 66, no. 2, pp. 234-240 (in Russian). https://doi.org/10.29235/1561-8358-2021-66-2-234-240

Beenenne. Han6Gosnee yacto 1u1si perucTpaliuy ONTHYECKOTO U3y YE€HNU S MaJIOH HHTEHCUBHOCTH HC-
MOJIB3YIOTCS 3JEKTPOBAKyyMHBIC (POTOJICKTPOHHBIC YMHOKUTEIH U OJHO3JIEMEHTHBIC JIABUHHBIE (O-
TonpueMHUKH [1]. B mocnennue ronapl 1y JeTEKTHPOBAHUSA ONTHYECKOIO U3JTyUeHHUs] HAYMHAIOT MpPU-
MEHSTHCSI MHOTO3JIEMEHTHBIE JIJAaBUHHbBIE (DOTOIPUEMHHUKH, KOTOPbIE MOIYUNIIN Ha3BaHHE KPEMHHUEBbIE
doroymuoxutenu (Si-O2Y). Itu GoTONPUEMHUKH 110 CPAaBHEHHUIO € AIICKTPOBAKYYMHBIMH (DOTORIICK-
TPOHHBIMH YMHOKUTEJISIMH UMEIOT OoJiee HU3KOe HANpPSIKEHHE MUTAHUS U BBICOKYIO UyBCTBHUTEIb-
HOCTH B BUIUMOM 1 ONMKHEH HHPpaKpacHO 001acTH CEKTpa, 007Ia1af0T JOCTaTOYHO XOPOIIei Mexa-
HUYECKOU MPOYHOCTHIO. B OTiIMYMe OT OHO3IEMEHTHBIX JIABUHHBIX (hOTONpHeMHHKOB Si-ODY nmeer
0OMBIIYIO TUIONAAb POTOYYBCTBHTEIBHON MTOBEPXHOCTH, @ TakKe Oosiee BBICOKUI KOA(PPHUIIHEHT yCu-
nerus pororoka. Ctpykrypa Si-OIY — 310 MaTpHIla p—n-TIEPEX0A0B, KaXKIBIH U3 KOTOPBIX SBIISCTCS
JaBUHHBIM (oToanonoM. Bee p—n-mniepexonbl MOAKIIIOYEHBI TapaJljieIbHO APYT K APYTY M K 00IIel Ha-
rpyske [1]. [Ipu oqHOBpEeMEHHOM MOTJIOUICHUH HECKOJIBKHX (POTOHOB B pa3HBIX p—n-liepexogax B Ka-
KJIOM U3 HUX (OPMHUPYETCS UMITYJIbC TOoKa. B pesymbrare curnan Ha Beixozae Si-DIY mpexacrasisieT
€000l CyMMapHBI UMITYJIBC TOKA BCEX p—H-TIEPEXOI0B.

OnHoli 13 HanboJee BaKHBIX XapaKTEPUCTHUK JIABUHHOTO (POTONMPHEMHHUKA SBIISIETCS JUHAMHYE-
ckmit quanazol (I'OCT 17772—-88 «IIpueMHUKH U3y YEHHS TTOTYTPOBOAHUKOBEIE (DOTOIIEKTPHIECKIE
u GporonpueMHble ycTpoiicTBa. MeTonsl n3MepeHus POTOINEKTPUUECKUX apaMETPOB U OIPEACICHUS
XapakTepUCTUK»). OIHAKO HECMOTPSI Ha OOJBIIOE KOTUYECTBO MyOIUKaLUK MO U3YUYEHHUIO XapaKTepu-
ctuk Si-OJY [2-5], OTCYTCTBYIOT CBEJICHHUS O BIMSHUHU Ha BEIUYMHY X JTMHAMHYECKOTO AUAa30Ha,
MOPOTOBYIO U KPUTHUYECKYIO HHTEHCHBHOCTD Takoro ¢akropa, kak remuneparypa. [loatomy yens uccie-
0068aHUs — N3y4YeHUE 3aBUCUMOCTH XapakTepucTuk Si-ODY oT TemmnepaTypbl OKpysKalolel cpeibl.

JKCcHeprMMeHTalbHAas YCTAaHOBKA M MeTOAUKA Hcc/ieloBaHWil. B kauecTBe 0OBEKTOB HCCIe-
JI0BaHMsSI OBLIM MCIOJIB30BAaHbl ONBITHBIE 00pasibl Si-DDY co cTpyKkTypoil p'—p—n' mpousBoncTsa
OAO «Unterpan» (Pecniybnuka benapyck), cepuilHO BbIlycKaeMble KpEMHHEBbIE (DOTOYMHOKUTEIH
KETEK PM3325 u ON Semi FC 30035.

Ha puc. 1 npeacraBieHa CTpyKTypHas cXemMa SKCIEPUMEHTAJIbHON YCTaHOBKH, HA KOTOPOI BBIIIOJI-
HSJINCh UCCIIEIOBaHUs. B KauecTBe MCTOYHMKA ONTHUYECKOIO M3Iy4YEHHS UcNosb3yeTcsa cBetonnon C
C JUTMHOW BOJIHBI m3nyuyeHus 650 HMm. /laHHas qiIMHA BOJIHBI ONTHYECKOTO M3Jy4EHUSI COOTBETCTBY-
€T MaKCUMyMYy CIIEKTPaJIbHOW YYBCTBUTEIBHOCTH HccienyeMbix Si-DDY. OnTudeckoe U3aydeHne OT
ceeronuona C yepe3 ontudeckoe BoslokHO OB Hampasinsiercsa k arTeHtoaTopy AT. ATTeHroatop ocia-
0JIsIeT HHTEHCUBHOCTH M3JIyUEHUs, PACTIPOCTPAHSIIONIET0Cs [0 ONTHYECKOMY BOJIOKHY, B UHTEpBaJie OT
107'° 10 107 Br/cM?. BbIXOJ] aTTEHIOATOPA COSMMHEH OITHIECKIM BOJOKHOM C BXOIOM MOIYJISITOpa M.
Paboroii MmogynsiTopa ynpasisieT ycTpoiicTBo ynpasinenust YII. B ciydae, korna Ha ympaBIisiOLINi
BXOJ1 MOAYJISITOpPa OT YCTPOICTBA yIPaBiICHUs MOJaeTCs HAIPsXKeHNE, COOTBETCTBYIOIIEE JIOTMUECKOMY
HYJIIO, U3JIy4YCHHE HE IIPOXOAUT Yepe3 MOAYJIATOP B ONTHUYECKOE BOJOKHO U HE noctymnaeT Ha Si-DIY.
Korna na ynpasisromuii BXo1 MOIYJISITOpa OT YCTPONCTBA YIIPaBICHUS MTOJASTCSl HAPSIKEHHE, COOT-
BETCTBYIOIIEE JIOTHYECKON eIMHNIIE, ONTHYECKOE U3TyUeHHUE MPOXOAUT Yepe3 MOAYIISTOP U MOCTYIaeT
B OIITUYECKOE BOJIOKHO U Ha Si-DIY.

Si-®BVY nomeniex B kamepy Teruia u xonoaa KTX, koTopas mo3BoisieT U3MEHSTh TeMIIEpaTypy cpe-
Iel oT 243 o 313 K. BeiOpaHHBIi TeMTiepaTypHBIH AHANa30H OMPEACISICTCS YCIOBHSIMHE, IPH KOTOPBIX
HanboJiee 4acTo AKCITyaTupyrores Si-OJY. OTMeTnM, 4TO B 3TOM AHaNa30HE TeMreparyp (usmde-
CKHE CBOMCTBA UCIIOJIB3YEMOr'0 OIITHYECKOTO BOJIOKHA HE MU3MEHSIIHCh.
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Puc. 1. CtpykTypHas cxema 3KCHepUMEHTAIbHON yCcTaHOBKHU: I — HCTOUYHUK MOCTOSIHHOT'O HAIpS-

xkenwns, C — ceetoauon, AT — artenroarop, OB — onTudeckoe BOJIOKHO, A — amriepMeTp, B — BOJIbT-

metp, YII — ycrpoiicTBo ynpasienus, M — moxymsatop, R, — pesuctop Harpysku, KTX — kamepa
TeIIa U X0JI0Ja

Fig. 1. Structural diagram of the experimental setup: I — DC power supply, C — light-emitting
diode, AT — attenuator, OB — optical fibre, A — ammeter, B — voltmeters, YII — control device,
M —modulator, R,, — load resistor, KTX — heat and cold chamber

Hampsoxerne Ha Si-DOY momaBaioch OT UCTOUYHHWKA MUTAaHUS W ¥ KOHTPOIUPOBAIOCH BOIBTME-
TpoMm B. Amnepmerp A ucnonb3oBaics A7 U3MEPEHUS] BETUYUHBI 3JIEKTPUUYECKOr0 TOKa, NMpOTeKa-
romero gepe3 Si-ODY. IlocnenoBarensro ¢ Si-DDY ObIT MOAKIIOUEH HATpy304YHBIH pesuctop Ry =
1 kOMm, orpaHUYUBAKONIUN TOK, TPOTEKatOIIHi uepe3 Si-DDY.

B cayuae, korna Ha ynpaJIsSIOIIME BXOA MOAYJIATOPA NOAABAJIOCH HANPSKEHUE, COOTBETCTBYIOLIEE
JIOTMUYECKOMY HYJII0, aMIIEPMETP PErUCTPUPOBaJI TEMHOBOM TOK /;, poTekaroiuii yepes Si-dIY B oTcyT-
CTBHUE MAJAIOIIEr0 HA HErO ONTUYECKOro U3JIyueHus. Eciu Ha ynpaBIsiomuil BXoJ MOAYJISATOpa MoJaBa-
JIOCh HANpPSKEHHE, COOTBETCTBYIOIIEE JIOTHYECKON SMHUIIE, TO aMIIEPMETP PErHCTPHPOBAI OOTHIT TOK
Iy = Iy + I, nporekaromuii yepes Si-OIY 1pu BO3AEHCTBUM Ha HETO ONITHYECKOTO M3JTyYEHHSL.

Cornacao 'OCT 17772-88, nis n3MepeHus NWHAMHYECKOTO IWana3oHa yCTAaHABIMBAaeTCS Ha-
YaJIbHOE 3HAUYE€HHE WHTEHCUBHOCTHU ONTHYECKOT0 U3JIy4eHHs, IpU KOTOpoM (oTOTOK B 2 pa3za Oosblie,
YeM TEMHOBOM TOK. MI3MEpSIOT COOTBETCTBYIOUIYIO BEJINUYUHY HHTCHCUBHOCTH M3J1y4eHUs J U 3Ha4Ye-
Hue ¢otoroka. [locie yero HHTEHCHBHOCTH ONTHYECKOTO M3JyUeHUS MOBBIIIAIOT Ha (PUKCHPOBAHHOE
3Ha4YeHHE, 1 BHOBH M3MEPSIOT COOTBETCTBYIONINE BETUIMHBI (POTOTOKA U MHTEHCHBHOCTH U3ITyUYECHHUS.
3areM OIATh MOBBILIAIOT MHTCHCUBHOCTH Ha TaKoe ke (PMKCHPOBAHHOE 3HAUCHHE W MIOBTOPSIOT U3Me-
penue. GUKCUPOBaHHOE 3HAYEHUE WHTEHCHBHOCTH HM3JIYyUEHUS MOAOMPATOCh TaK, YTOOBI KOIUYECTBO
9TUX M3MEPEHUH OBLIO paBHO AecsTu. [lo pe3ynbraraM u3MepeHuil onpeaensiach 3aBUCUMOCTh (OTO-
TOKA OT UHTEHCUBHOCTH ONTHYECKOr0 u3itydenust: Iy = f{J).

Ha ocHOBaHMM HEPreTUYECKON XapaKTepucTHKH Iy = f{J) ycTaHOBIE€HA KPUTHYECKAs MHTEHCHB-
HOCTb M3JTy4eHHs Jy, JUI1 KOTOPOH OTKJIOHEHHE (JOTOTOKA OT JIMHEWHOIO 3aKOHA 3aBUCUMOCTH Iy, = f(J)
cootBeTcTByeT 20 % ('OCT 17772-88).

[Ipu onpenenenny NOPOroBOH MHTEHCUBHOCTH J;; HCIIONIB30Baach cieayomas Gpopmyna:

I,
=l 0]

J =

II

rue Ji — cpeaHee KBaIpaTuyeckoe OTKIOHEHHUE BEJIMYMHbBI MHTEHCUBHOCTH M3JIy4YeHUS; [y — TOK LIyMa;
I,y — poroTok, coorseTcTBYIOMMI J; [2]. IloporoBas HHTEHCUBHOCTh — 3TO MUHHUMAJIbHAsl MHTEHCUB-
HOCTh ONTHYECKOTO U3ITyYEeHHUsI, KOTOPYIO MOXKET 3aperucTpupoBathb Si-DIY.

BennuynHa 1MHaAMHYECKOro Jihana3oHa [ HaX0o[uJIach CIeAYImUM o0pa3om [2]:

JK

Jus



237

Becui HaupisnanbHail akagsmii HaByk benapyci. Cepbist disika-ToxHiuHbIX HaByk. 2021. T. 66, Ne2. C. 234-240

Hanpsxerue npo0ost GOoTONpHEeMHHUKOB YCTaHABINBAJIOCH [0 BOJIBTAMIIEPHON XapaKTEPUCTUKE CO-
rIIacHO MeToauke, onucanHol B [1]. Mccnenyembie Si-DDY uMeroT pazauvHble HAMPSOKEHHUS MPoOost
Uvp, MO3TOMY IIPY CPAaBHEHHMH MX XapaKTEPUCTHK MCIIONL30BANIN BETMYUHY IE€PEHANPSIKEHHS, Ope/e-
agemylo cnenyromum oopasom: AU = U, — Uy, Tie U, — Hanpsbkenue nuranus Si-POY.

Pe3ynabraThl H3MepeHus u ux odcy:xaenne. Hampsokenue mpobost aiia nanubix Si-OIY cocTasisiio:

Unp = 27,0 B — s KETEK PM3325;

Unp =247 B — g ON Semi FC 30035;

Unp = 37,5 B — nna Si-®Y npoussoactsa OAO «Murerpan».

Ha puc. 2 npencraBieHsl TUIHYHBIE 3aBUCUMOCTH (POTOTOKA OT MHTEHCUBHOCTH ONTHYECKOU 3a-
CBeTKH, nonydennslie 1y poronpuemanka ON Semi FC 30035 npu nepenanpsixennn AU =0 B u niu-
HE BOJIHBI ONITHYECKOT0 M3NydeHus: 650 HM JJIsl pa3HBIX TEMIIEpaTyp OKpysKaromei cpeapl. OTMeTHM,
YTO OCTaJIbHBIC BU/bI (POTONPUEMHHUKOB UMEIHN aHAJIOIMUHbIE 3aBUCUMOCTH.

W3 momyuyeHHBIX 3aBUCUMOCTEH (CM. pucC. 2)
CJIElyeT, YTO NPH OAWHAKOBBIX 3HAUCHMSIX HH-
TEHCUBHOCTH PErUCTPUPYEMOTO ONTHUYECKOTO U3-
JYyYCHHsI yBEIWYEHUE TEeMIEPaTypbl HPUBOIUT
K YMEHBIICHHUIO 3HaueHHusI GoToToKa. DTO 00yc- 79
JIOBJIGHO TEM, YTO C MOHMYKCHUEM TEMIIEPATyphI
YMCHBIIIAETCSl BEPOSITHOCTh paccesHusi CBOOOJ-

Ip-10°% A

80 -

60

HBIX HOCHTEJICH 3apsia Ha KoJneOaHUSIX KpUCTaldl- 50 2
JINYECKOM PELIETKH B IOJYIIPOBOAHUKOBOU CTPYK- 0

Type QoTonpueMHuKa. B pe3ynbrare yBeanunBa-

eTCsl BEpOSITHOCTH TOTO, UTO B 00JaCTH JJABUHHOTO 30

YMHOXKEHHSI HOCUTENb 3apsiia MPHOOpeTeT SHep- 20

TUI0, HEOOXOIMMYIO A yNapHOM MOHM3aLUu.

OTO TPUBOAMT K yBeiauuyeHUto koddduimenra 10 ¥

J-10°, Br/ew’

ycusienust 1 pororoka. Takike ¢ yMeHbIIEHHEM : . . . . . .

TeMIepaTypbl HaOIIOAAETCSI POCT KBAaHTOBOH d(- 0 25 5 75 10 125 15 175

¢dexTuBHOCTH peructpanuu Si-OOY.
Boszpacranue Temneparypsl IPUBOANT K yBe-

Puc. 2. TunuuHble 3aBUCUMOCTH (POTOTOKA OT MHTEHCHBHO-
cTu 3acBeTKH: [ — mpu Temmeparype 243 K, 2 — npu temme-

JUYEHUIO KPUTHYECKOH HMHTEHCHBHOCTH H3Iy-
yenust. Tak, mns ¢oronpuemanka ON Semi FC
30035 mpu AU = 0 B u T = 243 K Benuuuna
Je = 7,5-107° Br/cm?, a mpu TOM ke 3HAYCHHH

patype 278 K, 3 — mpu Temneparype 313 K
Fig. 2. Typical dependences of the photocurrent on the
illumination intensity: / — for temperature 243 K, 2 — for
temperature 278 K, 3 — for temperature 313 K

nepeHanpsikeHuss u temneparype 313 K J, =

11,0- 107 Br/em?. Ipu AU = 0 B u temmeparypax 243 K u 313 K st KETEK PM3325 kpurnueckue
3HAYEHUs] HHTEHCHBHOCTH coctaBsuin J, = 4,0-107% Br/em® u J, = 6,0-107° Br/cm? cooTBeTCTBEH-
Ho. U1t TOro ’ke 3HAa4YeHUs IEepPeHANpPsDKEHUsl KpuThueckue mHTeHcuBHocTH Si-DJY mpousBoacTsa
OAO «UnTterpam» coctapmusin J, = 12,0-107° Br/em® npu 7 =243 K u J, = 13,610 ° Br/em? npu T =
313 K. HanOonpime 3Ha9eHUST KPUTHYECKOH WHTCHCUBHOCTH XapaKTepHBI I Si-DDY mpon3BoacTBa
OAO «UHuterpan», naumensiue — 11 KETEK PM3325.

B uccnenyemoM uHTEpBalie TEMIEpPaTyp 3aBUCUMOCTh Jy OT T sABisieTcs JUHEUHOU. sl OLleHKH
3TOM 3aBUCUMOCTH HCIOJL30Ban oTHOmeHUe AJ /AT, tae AJ, — U3MEHEHUE KPUTHYECKON UHTECHCHUB-
HOCTH, COOTBETCTBYIOLIEeE U3MeHEeHHI0 TeMreparypbl AT, Tak, Benuuuna AJ /AT B uccinenyeMom Jua-
nma3one temmepatyp npu AU = 0 B nmena cienyromue 3HaYCHUS:

AJJAT =4,3-10"° Br/(cm? - K) — qutst ON Semi FC 30035,

AJJAT=2,9-10" Br/(cm?- K) — st KETEK PM3325,

AJJAT =2,0-10"° Br/(cm?-K) — nus Si-®DY npoussoactsa OAO «MHTerpam.

Takum 00pa3om, Hamboee CUiIbHAs 3aBUCUMOCTH J, oT T HaOmromaetcs mist ON Semi FC 30035,
a HauMeHbIIas 3aBUCUMOCTh — s Si-ODY mpousBoacrea OAO «MuTterpany. Kak cnexyeT u3 nomy-
YEHHBIX 3HaUeHUU AJ /AT, Wi mommep kaHus MOCTOSHHOTO 3HAYCHUS KPUTHICCKOH HHTECHCUBHOCTHU
usnyuenus npu AU = 0 B nis ON Semi FC 30035 TpeOyertcs Oosiee BhICOKas CTaOMIM3aIUs TeMIIepa-
TYpBI, 9eM a1 Apyrux Si-ODV.
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Puc. 3. 3aBUCHMOCTb 4yBCTBUTEIBHOCTH OT TEMIEPATYPbIL:
1 —ON Semi FC 30035, 2 - KETEK PM 3325, 3 — Si-®3Y
npoussozactsa OAO «MHTerpam»

Fig. 3. Dependence of sensitivity on temperature: / — ON
Semi FC 30035, 2 — KETEK PM 3325, 3 — Si-PEM OJSC
“INTEGRAL”

Bce 3aBucumocTy, oka3aHHble Ha puc. 2, UMe-
IOT pa3Hblil yroyl HakJOHa JIMHEMHOrO yyacTka
K OCH J, YTO TOBOPHUT O TOM, YTO M3MCHEHHE TEM-
nepaTypsl BIIEUET M3MEHEHHE YyBCTBHTEIBHOCTH
¢doTorpueMHUKa K ONTHYECKOMY H3JIYUYCHHUIO.
Ilog 9yBCTBUTENHHOCTHIO TIOHMMAETCS BEIMYMHA
S = AI(b/AJ, rae Al — M3MeHeHue ¢dotoToka, co-
OTBETCTBYIOIIEE M3MEHEHHIO MHTEHCUBHOCTH AJ.
3aBUCHUMOCTH YyBCTBUTEJIBHOCTH OT TEMIIEPATY PbI
npu AU = 0 B npencraBnena Ha puc. 3.

Kax cnenyer m3 mpeacTaBieHHBIX 3aBUCHMO-
CTeH, MpPHU YMEHBIIEHWHU TEMIIepaTyphl YBEIH-
YUBAETCSI YyBCTBUTEIBHOCTh Yy BCEX HCCIEAYye-
Mbix Si-ODY. Hanpumep, nis ¢goTornpueMHUKa
ON Semi FC 30035 ipu AU=0 B u T'=243 K uys-
CTBUTEIBHOCTH cocTaBisier S = 8,0 A-cm?/Br,
a IpH TOM K€ 3HAUCHUHM MepeHaNpsKCHUS
u temneparype 7 = 313 K § = 1,0 A-cm?/Br.
IIpu AU = 0 B u remnepatypax 243 K u 313 K g
KETEK PM3325 3HaueHus 4yBCTBUTEIHHOCTHU
cocraBmsumn S= 10,7 A-cm*’/BruS=2,5 A cm?/Br
COOTBETCTBEHHO. JlJIs TOTO K€ 3HAaUCHUs IepeHa-

NpsDKEHUST KpUTHYecKrue MHTeHCHBHOCTH Si-ODY mpomssojactBa OAO «HHuTerpan» cocrapusiau S =
12,5 A-cm?/Br npu T'=243 K, S=47 A- cM?/Br npu 7 = 313 K u umenu HanOONbIIUE 3HAYCHUS BO
BCEM HCCIIEAyeMOM MHTEpBaJIe TEMIIEpaTyp MO CPaBHEHUIO ¢ NpyTruMu Si-DDY.

Ha puc. 4 npejcraBiieHbl 3aBUCUMOCTH IIOPOTOBOM HHTCHCUBHOCTH U3JTYYCHHUSI OT MePEHATIPSIKESHU S
s porompuemunka ON Semi FC 30035 mpu pasHBIX TemIepaTypax oKpyskaromiei cpenst. s npy-
rux Si-ODVY fgaHHbIe 3aBUCHMOCTH OBUTH aHAJIOrHYHBIMU. Hanbonee cuimbHast 3aBUCUMOCTE J,; o1 AU

Jy-1078,
Br/cm?

25T

-2

T
1 2
Puc. 4. TunuuHble 3aBUCUMOCTH MOPOTOBOM MHTEHCHUBHO-

CTH U3JIyYCHHS OT IEpeHaIpsHKeHUs (POTONPUEMHHKA IS
pasznuuHbIX Temmneparyp: / —313 K, 2-278 K, 3 -243 K

Fig. 4. Typical dependence of the threshold intensity of the

surge of the photodetector for different temperatures: 1 —
313K,2-278K,3-243K

HaOIoaeTCs N7l MHTEpBaia TepeHAIPSIKSHUI
AU =-1,5+0,0 B, ipu 3TOM 3aBUCUMOCTH yCHIIH-
BaJlach C POCTOM TemmepaTrypsl. [[is oueHku 3a-
BUcHMoOcCTeH J, oT AU ncrmonab30Banach BEITUUHNHA
OTHOHIICHUA HU3MCHCHUA HOpOI‘OBOﬁ HMHTCHCUBHO-
¢t AJy; K COOTBETCTBYIOIIEMY H3MEHEHUIO IPH-
noxkeHHOro K Si-DJY Hanpsikenus nutanus AU,.
JlaHHas olLleHKa MoKa3ana, YTO C MOHM)KEHUEM
Temmeparypsl BenuunHa AJ,/AU,, yMeHbBIIaeTcs.
Tak, 5TH BENTWYUHBI JJIsl [Uana3oHa MepeHarps-
xkeHuid AU = —1,5+0 B umeroT crnenyromue 3Ha-
YCHUA:

st potonpuemuuka ON Semi FC 30035 —npu
temnepatype 243 K AJ,/AU, = 1,0- 10~® Br/(cm?* B),
ipu 313 K AJ, /AU, = 25,9- 1078 Br/(cm? - B);

s poronpuemanka KETEK PM3325 — nmpu
temnepatype 243 K AJ,/AU, = 1,3-10~% Br/(cm?* B),
ipu 313 K AJ,/AU, =2,9- 1078 Br/(cm? - B);

st Si-ODY  mpomssoactea OAO  «UHTer-
pam» — mpu Temmeparype 243 K AJ /AU,
1,8-10° BrAcm?'B), mpu 313 K AJ/AU, =
7,0-1078 Br/(cm? - B).

Takum 00pa3om, U3 TONYUYEHHBIX PE3YJIBTa-
TOB CJICAYET, YTO C IOBBIMICHHUEM TEMIIEpATy-
pBI ISl OOecTiedeHrs TIOCTOSTHCTBA 3HAYCHUS J;
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B 9TOM JHara30He NepeHanpsHKeHn Heo0X0IMMO
NPEabSIBISITL OoJice BBICOKHE TPeOOBAaHUS K CTa-
OMIBHOCTH HAIPsDKCHUS TUTaHUS Si-DDY.
ABTOpaMH yCTaHOBJIEHO, YTO B HCCIIEyEMOM
UWHTEpBaje TEMIIEpaTyp 3aBUCUMOCThH IOPOro-
BOIl MHTEHCHUBHOCTHM HU3Jy4YEHHS OT TeMIlepary-
PBL ABISETCA JUHEHHOM IJIsI BCEX UCCIENYyEMBbIX
Si-dBY. Jlnsg OUEHKH 3aBUCUMOCTU IOPOTOBOM
WHTCHCUBHOCTH M3JY4YEHUs OT TeMIepaTypbl
OKpY>Kalollei cpenpl HCIONb30Balach BEIUYH-
Ha, paBHas OTHOIIEHHIO W3MEHEHHUs IMOpOroBOi
WHTEHCUBHOCTU AJ; K COOTBETCTBYIOIIEMY H3-
MeHeHuIo Temreparypbl A7, Bennunna AJ /AT =
1,1-107'° Br/(cm?- K) s Bcex mccmenyeMsix do-
tonpueMHukoB npu AU = 0 B, 1o ectb 3aBucH-
MOCTb ITOPOrOBOM MHTEHCUBHOCTH OT TE€MIIEpaTy-
PBL Y Bcex uccaeayeMbix (GOTOMpUEMHUKOB Obliia
OJIMHAKOBOM MPHU 3TOM MEPEHAPSKEHUH.

D
2000+
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1000+

AU B

fal
r L T \"
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Puc. 5. Tunuunas 3aBHCHUMOCTh AHMHAMHYECKOTO JgHama-
30Ha OT NEpPEHANpPsDKEHUs I pasHbBIX TeMIepaTyp Ha
npumepe poronpuemurka ON Semi FC 30035: 7 — 243 K,

2-278K,3-313K

Fig. 5. Typical dependence of the dynamic range on

overvoltage for different temperatures on the example of a

photodetector ON Semi FC 30035: 7 — 243 K, 2 — 278 K,
3-313K

Ha puc. 5 nmoka3aHbl TUITHYHBIE 3aBUCHUMOCTH
JUHAMHYECKOTO JMana3oHa OT MepeHaNpsKEeHUs
MpHu pa3HbeIXx Temmeparypax Si-DJY. Bce mpen-
CTaBJICHHBIE XapaKTEPUCTUKU UMEIOT IPKO BBIpa-
KEHHBI MAaKCUMYM, COOTBETCTBYIOIIMN Hamps-
KEHUIO 1po0Oosi. [losiBiIeHNe JaHHOrO MakCuMyMa
00yCIIOBIICHO TIOBEICHNEM KPUTHUECKOH 1 TTIOPOTOBOI HHTEHCHUBHOCTEH. [1py N3MEHEHUH TeMIIepaTyphl
TEHJACHIIMU COXPAHSIOTCS AJS BCEX MCCIEAYEMBIX BHIOB ()OTOMPHEMHUKOB, 8 UMECHHO JMHAMUYCCKHH
JMara30H TaKKe HMEeT MAaKCUMYM, COOTBETCTBYIOIIMI HANPSKEHUIO IPOO0s], U C POCTOM TeMIlepaTy-
PBI BEIMYMHA TUHAMUYECKOTr0 JUana3oHa yMEeHbIIaeTcs.

3aBUCHUMOCTH AMHAMUYECKOr0 JHANa30Ha PEruCTPUPYEMOro ONTHYECKOI'O M3JIy4YEeHHUs OT TeMIle-
paTypsl HUMEIOT JINHEHHBIN XapakTep. Hanbosee cuinbHas 3aBUCUMOCTh JUHAMHUYECKOTO AHAna3oHa OT
temrieparypsl HaOmtonaercss y KETEK PM3325, a cmabas — y Si-®32Y npoussoacrea OAO «HTETpam».
Tak, 3Ha4eHHs] OTHOIICHHS U3MEHEHHU I BETUYNH TUHAMUYECKOT0 Auana3ona AD U TeMIeparypsl OKpy-
xatomeit cpensl AT pu AU = 0 B auist uccnenyeMbix (OTONPUEMHUKOB PAaBHBL:

nns KETEK PM3325 AD/AT =-17,9 K,

nns ON Semi FC 30035 AD/AT=-9,7 K\,

s Si-dAY npoussonctea OAO «Muterpam» AD/AT =-5,6 K.

Kak cnenyet n3 nomy4ennsix 3HadeHuit AD/AT, nisi noaaep:KaHusl MOCTOSIHHON BETMYNHBI AHHA-
mudeckoro auamnazona mpu AU = 0 B mmss KETEK PM3325 tpeGyetcs Oosiee BBICOKasi CTaOMIA3AITHS
TeMIepaTypsl, ueM st Apyrux Si-ODY.

3akirouenue. VccnenoBanus xapakrepuctuk Si-DJY mokaszaiw, 9TO POCT TEMIEPATYyphl MPH-
BOJIUT K YBEJIWYEHHUIO KPUTHYECKOH M MOPOroBOM MHTEHCHUBHOCTEH PErucTpUpPYeMOro ONTHYECKO-
ro M3Iy4eHHs. 3aBUCUMOCTb HMOPOrOBOH MHTEHCHUBHOCTH OT TEMIIEPATyphl IUIsl BCEX HCCIICAYEMbIX
(doroymHOXKUTENEH onMHaKoBa. HambOonee cuiibHasi 3aBUCUMOCTh KPUTHYECKOW MHTEHCHBHOCTH OT
teMrieparypsl Habmomaercs At Si-OOY ON Semi FC 30035, a cmabas — nis Si-DIY nmpousBojacTBa
OAO «MuTerpam».

BennmunHa nuHaAMHUYECKOTrO JUamna3oHa ¢ pOCTOM TeMIepaTypsl ymeHbliaercs. Hanbonee cunpHas
3aBUCHMOCTD IMHAMHYECKOTO JAMarna3oHa oT TemrepaTrypbl Hadmogaetcs y Si-OJY KETEK PM3325,
a cnabas —y Si-®BY npoussoncta OAO «HHTEerpamy.

PocT TemmiepaTypbl IPUBOIUT K YMEHBIIEHUIO YyBCTBUTENbHOCTH Si-DDY. Hanbonpmne 3HaYCHUS
YyBCTBHTEIBHOCTH BO BCEM HCCIIEyEeMOM HHTEpBaje TeMreparyp Hadmoaanucs y Si-OJY npousBoa-
ctBa OAO «UHTerpamy, a Haumenbmne —y ON Semi FC 30035.

[lonyueHHble pe3yibTaThl MOTYT OBITH MCHOJIB30BAHbI MIPH Pa3pabOTKe U KOHCTPYUPOBAHUH IPHU-
OOpOB M YCTPOWCTB ISl pErUCTPAIMH ONITHYECKOTO H3TydeHns Ha ocHoBe Si-DIY.
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HOBBIINEHUE TOYHOCTHU CUCTEMbI ABTOMATHUYECKOI'O YIIPABJIEHUS
BECIIWJIOTHOTI'O JIETATEJIBHOI'O AIIITAPATA B YCJIOBUSIX HECTAHMUOHAPHBIX
INOMEX

AHHOTanus. PaccMOTpeH MOAXOJ K PENIEHNIO MPOOIeMbl MOBBIIIECHUS TOYHOCTH CHCTEMbBI aBTOMAaTHUYECKOTO yIpaB-
JIeHUs1 OECHHMIJIOTHBIX JieTaTenbHbIX anmnapaToB (BJIA) B yciaoBusX HecTalMOHApPHBIX MOMeX. Takue MmoMexXu 0O0yCIIOBIICHBI
CllyyallHBIMM U3MEHCHHSMU IIYMOB U3MEPUTEIILHBIX JaTUUKOB, KOTOpPBIC YCTaHOBIICHBI B I1aHepe BJIA, mpu cMeHe kypca,
KpeHa u BBICOTHI moieTa BJIA 3a cuet mepecTpoiiku mim TpanchopManuu pexxuma paboThl IBUTATENBHON ycTaHOBKH BJIA.
Hecrarnuonapablie NIyMbl HE TTO3BOMSIIOT MOTYYHUTh MAKCHMAIBHOTO (G deKTa MPUMEHEHUS! TEOPHUH ONTHMATbHON (HIBTpa-
IIMM, OCHOBAaHHOH Ha kiaccuueckoM ¢uibTpe Kanmana. [Ipensioxxer MeToa cTaOMIN3aUH IIyMOB AaTYMKOB 33 CUET MPH-
MEHEHHsSI CXeMBI ITyMOBOH aBTOMaTHUYECKOH peryJIMpOBKU YCHJICHHS, yCTAaHOBJIEHHO mepen ¢puinsrpom Kamxmana. st ero
KOJIMYECTBEHHON OLICHKHU aBTOPaMH pa3paboTaHa KOMIBIOTEpPHAs MOJETh U IPOBEAECHO THHAMUIECKOE MOACIHPOBAHHE 10
TECTOBBIM CHTHAJaM, KOTOPOE MOKAa3aJ0 MPHMEHHUMOCTh KIacCHUecKoro ¢uibTpa KanmmaHa B HECTAIMOHAPHBIX YCIOBHUSX
U yMEHBIICHNE OMUOOK (UIBTPALIMN CUCTEMbl aBTOMATHUECKOT0 YIIPaBICHUS.

KuaroueBsie cioBa: ¢puinsrp Kanmana, cuctemMa aBTOMaTHYECKOrO YIPABICHU s, OSCIMIIOTHBIH JIeTaTeIbHBIN almnapar,
KOMIIBIOTEPHAsl MOJICIIb, aBTONUIIOT, JINHEIHbIC CTALlUOHAPHBIC U HECTALlMOHAPHBIC CUCTEMBbI YIIPABICHHUS, CXEMa LIyMOBOMI
ABTOMATHYECKON PETYITUPOBKHU yCHUICHUS

Just nmTupoBanus: fAusina, 0. @. [loBpleHne TOYHOCTH CHCTEMBI ABTOMATHYECKOT 0 YIIPaBICHU I OECIIMIIOTHOT O JIeTa-
TEJIBHOTO amlapara B yCJIOBHX HecTalimoHapHbIX omex / 10. . fAupina, 10. B. I'punnes, A. A. I1laBnes // Bec. Hau. akan. Ha-
Byk benapyci. Cep. ¢i3.-taxH. HaByk. —2021. — T. 66, Ne2. — C. 241-249. https://doi.org/10.29235/1561-8358-2021-66-2-241-249

Yury F. Yatsyna, Yury V. Gridneyv|, Aliasandr A. Shchauleu

Scientific-and-Production Centre of Multifunctional Unmanned Systems of the National Academy of Sciences of Belarus,
Minsk Republic of Belarus

INCREASING THE ACCURACY OF THE AUTOMATIC CONTROL SYSTEM OF UNMANNED AIRCRAFT
UNDER CONDITIONS OF NON-STATIONARY INTERFERENCE

Abstract. An approach to solving the problem of improving the accuracy of an automatic control system for unmanned
aerial vehicles (UAVs) in conditions of non-stationary interference is considered. Such interference is caused by random
changes in the noise of the measuring sensors, which are installed in the UAV, when changing the yaw, roll and flight altitude
of the UAV due to restructuring or transformation of the operating mode of the propulsion system of the UAV. Non-stationary
noises do not allow obtaining the maximum effect of applying the theory of optimal filtration based on the classical Kalman
filter. The authors proposed a method of stabilizing sensor noise by using a noise automatic gain control circuit installed in
front of the Kalman filter. For its quantitative assessment, a team of authors developed a computer model and carried out
dynamic modeling based on test signals, which showed the applicability of the classical Kalman filter in non-stationary condi-
tions and a decrease in the filtering errors of the automatic control system.

Keywords: Kalman filter, automatic control system, unmanned aerial vehicle, computer model, autopilot, linear station-
ary and non-stationary control systems, noise automatic gain control circuit
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Beenenue. IIpoekTupoBanne cucTeMbl aBTOMAaTUYECKOTO YIPABJICHHUS IJIsl PELICHUs crienuduye-
CKHX 3aJ1a4 TojIeTa OCCITUIIOTHRIX JieTaTeabHEIX anmnapaToB (bJIA) mo 3agaHHON TPAeKTOPUH SIBIISICTCS
MIPUOPHUTETHOM 3aauell. B coctaB OecnuIoTHBIX aBUAMOHHBIX KoMIuiekcoB (BAK) BXxoasT BKiTroueH-
HbIe B 001IMii KOHTYp yrpasineHus: bBJIA OoproBas anmaparypa HazeMHoro myHkra ynpasienus (HITY)
C YEeJIOBEKOM-OIEepaTOpPOM U ammapaTypa JIMHUM CBA3U U panuoymnpaienus mexay HIIY n BJIA. Ha
oopty BJIA mHaxomsTcs mmoTakHO-HaBHTAMOHHBIA KoMmIuieke (ITHK) ¢ msaTukanambpHOW cHCTEMOM
aBroMatnueckoro ympasieHus (CAY) mo tpem yriam Ditnepa (Kypca, TaHTaka, KpeHa) 0 CKOPOCTH
u BeicoTe nojieta. [THK takxke oOecnieunBaeT ynpasieHue 1eneBoit Harpyskoit (L[H) B Buje onruue-
CKOH MJIM MH(PpaKpPacCHOHW KaMepbl ¢ THpocTaduIn3npoBanHol miatdopmoit. Takas cucrema BAK c¢ Ha-
3€MHBIM U OOPTOBBIM 000PYIOBaHHUEM IPEACTABIACT cOO0H 00Ul KOHTYP ynpaBieHus nonerom bJIA
u ManeIid KoHTYp HaBeaenus L{H ¢ rupommardopmoii u mmanepom BJIA.

VYrpasnenue nosetom BJIA ¢ TOMOIIBI0O OCHOBHOTO KOHTYpa 3aKJII0YaeTCsa B BbIACPKUBAHUH 3a/1aH-
HOH TpaekTopuu ieHTpa Macc BJIA, a Takxe B opueHTanuu u ctabunuzanuu mianepa bJIA otHocuTens-
HO 3TOro 1eHTpa macc. Mapupyt nonera bJIA 3agaercss oneparopoM Ha JIEKTPOHHON KapTe C UCIIONb-
30BaHUEM reorpa(uyeckoil cucTeMbl KOOpPAMHAT, KOTOpas Ha OOpTy TPaHC(HOPMHUPYETCS B CBA3aHHYIO
cucteMy koopauHar riaHepa bJIA. Jlnst npoknaasiBanus MapuipyTta onepatop B HITY nHa kapre 3anaer
npocTpaHcTBeHHoe aBHkeHne bJIA B Buje moBopoTHBIX MyHKTOB MapuipyTa (IITIM) ¢ ykasanuem non-
TOTBI, LIMPOTHI, BBICOTHI U ckopocTHu nojiera bJIA B kaxoi Touke I1IIM. MapiipyTHoe 3aaHue 1o Jiu-
HUW paInoOyTpaBIeHNs Yepes3 anmnaparypy npuema-nepenadn nanabix (A1) moceutaercs Ha 60pt BJIA
B OJIOK HABUTAITMHU U TpaekTopHOTO yrpasieHus CAY. Ha Berxone manHoro 0o0ka opMUPYIOTCS 3a71ar0-
II[1€ HAaBUTALMOHHBIE CUTHAJBI TPeOyeMbIX YIJIOB Difjepa, CKOPOCTH M BBICOTHI MOJIE€Ta, KOTOPHIE MOYKHO
TIPEJCTAaBUTh B BUJE TPAHCIIOHHPOBAHHOTO BeKTOpa yrpasienus UL = [y, v, ¥, v, H] JUIs MATH KaHATIOB
CAY. Kaxaplil kaHan npeAcTaBiIseT cOOOH CaMOCTOSTEIbHYIO CUCTEMY aBTOMATHYECKOTO yNPaBIICHUS
C OTPHIIATEIHHON OOpaTHOM CBS3BI0 M BKIIFOUACT IMOCIIEMOBATEILHO coenuHeHHbIe aBTommiioT (All) co
CXeMOH pa3HOCTH, POPMHUPYIOLIHIA (UIBTP Ha OCHOBE IPOIOPIHUOHATBHO-HHTETPATbHO TUuddepeHIraib-
Horo peryistopa (ITM/I-perynaropa), pysieBoil MpuUBOj CO CX€MOI MIMPOTHO-UMITYJIBCHOM MOIYNALNU
(ILIMM), nnanep BJIA ¢ maTunkamu, 610Kk KoMIuiekcupoBanus, uistp Kaamana u 6ok 6ecrardop-
MeHHOH nHepuuaibHo-HaBUTannonHo# cuctembl (BUHC). Tpu kanana CAY yrnoB Diinepa obecrieunBa-
FOT CTAOMIIM3AITNIO YTIIOBOTO TIOJIOKEHMSI IaHepa bJIA mpu mpsMONTHMHEHHOM TOJIETe B TPOCTPAHCTBE 110
KYPCY Y, TAaHTaXXy L M KPEHY Y, a TaK)Ke KOOPAMHUPOBAHHBII Pa3BOPOT MPH HYJIEBOM YIJIe CKOJIBKEHHSL.

IIpodsema npumenennsi apronujaora (AIl) B CAY ¢ u3BeCTHBIMH KECTKUMHU HEU3MEHHbIMHU
napamerpamu. Ha puc. 1 npeacrasnena cxema CAY kanana tanraxa ¢ All B Buie cxeMbl pa3HOCTH
u ¢ [IN/I-perynaropomM, KOTOpEII oOecrieurBaeT HEOOXOAUMEBIE THHAMUYECKHEe CBOWCTBA KOHTYypa CAY.
3axoH ynpasnenust All A pyns BBICOTHI KaHaja TaHTaXka ¢ AeMII(epOM OMHCHIBAETCS YpaBHEHUEM

SPB:KP(U—6)+12‘(U—G)—KUJ®, 1)

rne Kp, K, u K, — koapdunmenTsr nepenauu [1U/I-perynstopa All
[lepenarounyro xapakTepUCTUKY KaHalla TaHraxa njaaHepa bJIA MOKHO pencTaBUTh B BUIE

o(p) _ K,(1+pT,)
Spp [7(1 +28,Thp + Tozpz)

a o0u1yro nepeaaToyHyro xapakrepuctuky CAY kaHaja TaHraxka 0e3 yueTa BIUSHUS PyJIEBOrO PUBO-
Jla BO3MOXKHO 3aIIMCaTh CIEIYIOINM 00pa3oM:

_o(p)

Ky (P) = o(p) = Kl'[[/l[[ (P)

Ku(p) =

)

K, (1+pT,)
P(l +28Typ + Tozpz)

©)
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Puc. 1. Cuctema aBTOMaTHUYECKOTO yhopaBJICHUS KaHalla TaHTraXKa B KOHTYPE 0eCIUIOTHOTO ABUAITMOHHOI'O KOMIIJICKCA

Fig. 1. Automatic control system of pitch channel in the circuit of the unmanned aerial system

Henocrarkom Takoit cxembl CAY sBisieTcs yXyAllleHHEe TOYHOCTHBIX Xapaktepuctuk All ¢ mocto-
sHHBIMU Kod(duruentamu Kp, K, u K, Ipu U3MECHCHUHN MapaMETPOB MEPEIaTOTHON XapaKTEPUCTH-
kU (2) mnanepa bJIA 3a cueT u3MeHeHus ero Beca, KOHCTPYKIUU, LIEHTPOB MacC U adPOAMHAMUYECKUX
cun. JIns KoMITeHCany BcexX ATUX mpeodpazoBannii B CAY BBoAsAT podacTHbIN All ¢ pasnuaabIMU
JMIMHAMUYECKUMH CXeMaMU Tiereld o0paTHOM cBs3u. B pobacTHOM aBTONMIIOTE €ro K03 PUIIMEeHTHI oI
CTpamBaIOTCs T0J] U3MEHSIONNe mapameTpsl miaHepa bJIA Tak, 9To0bl 00ecednTh MUHHUMAIbHBIE
OIIMOKY NEPEXOTHOT0 M YCTAHOBUBIIIETOCS PEKUMOB YIIPABIICHUS MOJICTOM.

Bropas npobnema tounoctu CAY kaHama TaHTaka MPOSBIISIETCS B BO3PACTAaHWH OIMIMOOK yIpaB-
JICHUS TIPU PE3KOM U3MEHEHHH YHciia 000pPOTOB JBUTATENS camoseTa. M3BecTHO, YTO OITUOKHU yIpaB-
nernsi B CAY B OCHOBHOM OIPENENSIOTCS JABYMS BUJIAMU: IMHAMHYECKUMH ONTNOKAMHU CUCTEMBI TIPH
00palboTKe MOJIC3HOT0 CHTHAA U (DIYyKTYal[MOHHBIMHU OIIMOKAMHU 3a CUET IIYMOB JIMHUU PaUOyTIPaB-
JICHUsI U JaTYMKOB IUIaHepa JieTarenabHoro amnmnapara [1—4]. Peanbusie nonetsl BJIA mokasanu, 4To
HEMOCTOSTHCTBO OOOPOTOB JIBUTATEIIsI caMojieTa MPUBOJUT K PE3KOMY BO3PACTAHUIO MTYMOB JTaTUYHKOB
U K YBEJIIMYEHUIO (DIyKTYaIMOHHBIX OIIHOOK.

Paccmotpum BiusHue 3TUX 01HO0K 1o cxeme moaenu CAY BJIA, npencraBieHHO# Ha puc. 2.
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Puc. 2. CprKTypHa}I CXeMa MOJCJIU CUCTEMbBI aBTOMATUYECKOI'O YIIPABJIICHU S 0EeCIUIOTHBIM JIETATEIbHBIM anrapaTtom

Fig. 2. Structural diagram of the unmanned aerial system automatic control system model

3anaronme BXOIHbIE CUTHAJIBI C OJI0KA HABUTAIMK MONA0TCs Ha Bxox CAY B Bujie BEKTOpA yIIpaB-
nenus UT = (uy, uy,...u,,) 1 ©3MEPEHHOTO 3HaueHHs BekTopa U = —LX ¢ y4eToM MaTpHIlbl yIpaBIeHHs
B(?) pazmepa n X m. Taxxe o nuHuM paguoynpapieHus Ha BXox CAY MOCTyMalT ITyMBI B BUIE BEKTO-
pa BosmymeHns W1 = (W, wy,...W,,) C y4eTOM MaTpHIIbI Bo3MyIIenus G(f) pasmepa n X m. Mozens All,
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pyJieBoro mpuBoza, manepa bJIA u memei oOpaTHON CBS3HM MPENCTABISAET COO0W TUHAMHYECKYIO MO-
nenb 00bekTa CAY, KOTOpas OMUCHIBAETCS BEKTOPHO-MATPUIHBIM MU (HEepeHITNATBHBIM ypaBHEHUEM

X(0)=A(0)X (1) +G ()W (1) + B(1)U (1), )

rie X(f) — MepHBIH BEKTOP COCTOSIHUS CHCTEMBI (MaTpHIIa-CTOI0C), A(f) — MaTpHUIla COCTOSTHUS pa3Me-
panXn.

VYpaBHeHue (4) MoOmyIUpyeTCs ¢ TMOMOIIbI0 (Gopmupyromero ¢uisrpa (OPD), npeacraBieHHOrO
B MoJeNn 00beKTa CUCTEMBI, 1 (pritbTpa Kanmana.

YuuTeIBas IPUHIMI YIIPABJICHUS TI0 OOPAaTHOW CBSI3U 3aMKHYTOH CHUCTEMBI, IMHEHHOE YpaBHEHUE
BEKTOpA yIIpaBJCHHS 00PATHOM CBSI3U MOXHO 3aIKCATh TAKUM 00pa3oM: U=-LX , T7ie MaTpuua L BbI-
OupaeTcs UCXOAsS U3 3a/1a4¥l yIPaBJICHH, KOTOpas oOecredruBaeT 3amnac yCTOWYNBOCTH WK TpeOoBa-
HUSI K KQ4eCTBY MEPEXOHOTO Tporiecca. Toraa I 3aMKHYTOH CHCTEMBI MTOMYYUM YpaBHEHHUE Iepe-
MEHHOT'O COCTOSHUS X () nns mepeMEeHHBIX YIIPABICHUS U BO3MYILICHUSI:

X (1)=[A(t)-B(t)L(1)] X (1)+G ()W (1). 6)

BbIxoHbIe H3MEPEHHBIE CUTHANBI C TATYMKOB IJIaHEpa caMojieTa MOYKHO 3alucaTh BEKTOPOM H3-
MEpPEHUSI:

Z(1)=H(1)X (t)+v(1), ©)
rae Z(f) — m-BeKTOp M3MEPEHHS BBIXOIHBIX IMAPAMETPOB CHUCTEMBI, KOTOPHIH OMpEAeTsIeTCs KoInude-
CTBOM JaTYUKOB; H(f) — maTpuIa uamepeHust m X n; v(t) — m-BeKTOp OMHOOK (ITyMOB) U3MEPEHHUSI.

[To m3meperHOMy BekTOpy Z(f) onpenenstor BekTop coctossaus X(f) CAY, KOTOPBIH 3aBHCUT OT IIIHU-
PHYHBI CIIEKTPOB IMOJIC3HOTO CUTHAIA U ITYMOB. ECTECTBEHHBIM KPUTEPHEM KadeCTBA CUCTEMBI U3MEPCHHUS

CUTHAJIOB SIBJISIETCS] MUHUMYM AMHAMHUUYECKOH U (DIyKTyallMOHHOM OIIMOKU. A 3TO 3a[a4ya ONTUMAJIbHOM
JUHEHHON (PUIBTpaLKU, IPU KOTOPOH TOCTUTAETCS MUHUMYM JUCHEPCUU OIIMOKH (UIBTpaLnu:

M[(X—)?)T (X—)?)} — min. )

OCHOBHBIMH TPEOOBAaHUSMHU K ONTHMAJIbHON KAaJIMAaHOBCKOH (MIIBTpAaLlMU SIBISIOTCS JOMYLICHUS
OTHOCHTEJIBHO BXOAHBIX ITYMOB W(f) ¥ lyMOB U3MepeHUs V(f), KOTOPbIE TOIKHBI OBITH TayCCOBCKHUMH
OeTBIMH IITyMaMH| C HYJICBBIM MaTeMaTtudeckuM oxunanueMm M[W(f)] = 0, M[v(f)] = 0 u xoppensnoH-
HBIMH MaTpULIAMU:

Mw (W’ (1) ]=0(r)s(r 1),
M V(! (1) = R(1)8(t' 1),

rne O(f), R(f) — MaTpuIlbl BXOAHBIX IIIYMOB M OIIN0OOK U3MEpPEHUS, 8(1' - t) — cumBon Kponekepa.
W3BecTHO, 4TO ONTUMAaIbHAS OLEHKA BEKTOPA COCTOSHUS CUCTEMBI (4) onpenensieTcss ypaBHEHHEM

f(z)=A(t))?(z)+K(t)[Z(t)—H(z))?(t)], ©)
P(1)

rae K (1)= mH "' (t) — marpuna xosdduumenta nepenaun ¢punrrpa Kanmana, P(f) — KOppesIHOH-
t

Has MaTpuia omuOKu ¢puibTpaund AX (Z) =X (t) -X (t), KOTOpas oIpeaensercs MaTpuuHbiM audde-

PEHIIMAIBHBIM YPaBHEHHUEM

P=A(t)P+PA" (1)-PH" (t)R™'(t)H () P(t)+ G (¢)0(t)G' (1). (10)

)

CrpykrypHas cxema ¢unbrpa Kanmana B coctaBe CAY npuBeneHa Ha puc. 2, OTKyJaa BUIHO, YTO
¢unprp Kanmana npezicrapiisier co00i MOJICNIb JMHAMUKHA CHCTEMBI X (Z) = A(I)X (t) B Buje @D, Ha
BXOJI KOTOPOTO TMOCTyMaeT omunoka A(f) oreHKn BeKkTopa Z(f) depes rnepecTpanBaeMblii KOOPPHUITUESHT
tdunwrpa K(f):

A(t)=K (1) Z(t)-H (1) X (1)]. (11)
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Puc. 3. Curaansl IryMoB JaTYUKOB JTHHEHHBIX YCKOpEeHUH o ocsim X, Y, Z

Fig. 3. Noise signals for linear accelerometer along the axes X, ¥, Z

Hnst peanuzanuu ¢punsTpa Kanmana HeoOxoanMa anmpuopHas HHPOpMaIus 0 MaTeMaTHIECKONH MO-
nenu oobekta (PD), 0 craTUCTHKE M MOLTHOCTH BXOJHBIX M U3MEPUTEIBHBIX IyMOB. HeTouHOCTB 3TOM
MHPOPMALMK TPUBOAUT K BO3PACTAHUIO OMIMOOK (DMIIBTPALMH, YTO B CBOIO OYEPEb YBEIUIUBAET 00-
e omnoku CAY.

Takske onucaHHble anropuT™bl Guisrpa Kaamana npurogHs! Ay CTallMOHAPHBIX OOBEKTOB U CTa-
LMOHAPHBIX BXOIHBIX M M3MEPEHHBIX LIyMOB. M3MepeHHBbIC mIyMBbl (MOLIHOCTh M «OKPALICHHOCTHY)
OTIPEAETAIOTCS OOPTOBBIMHU JIATYMKAMH TIOJNE3HBIX CHUTHAJIOB NMPOCTPAHCTBEHHOTO NBMKEHUS BJIA.
IIpu HabGope BBICOTHI MM M3MEHEHHH Kypca mojieta BJIA 3HaunTEeNnsHO pacTyT 00OPOTHI IBUTATENS,
YTO NPUBOJIUT K PE3KOMY BO3PACTAaHUIO MOIHOCTH IIYMOB JaTYMKOB U K YXYAILICHHIO TOYHOCTH pado-
o1 CAY, punwsrpa Kanmana u BUHC. PeanbHble n3MepeHHbIE ITyMbl JATYMKOB JTUHEHHBIX YCKOPEHHH
(AJ1Y) u ux cnextpsl aist asuratens ¢ N = 9700 o6/mun BJIA B nonere «bycen M40» nokazansl Ha
puc. 3 u 4 1o TpeM ocsim 11 paznugaHou Taru gsurateist: 100 %, 75, 50 u 30 %

st yeTpaHeHus 3TOTO SIBJIICHUS aBTOPAMU IPEAIaraeTcsl MOJIC3HbIE CUTHAIBI ¢ IIyMaMH JaT4YUKOB
nepen punasrpom Kanmana npomnyckars yepes cXxeMy IIyMOBOH aBTOMAaTHYECKONW PEryJINPOBKH yCUJIe-
aus (LHAPY), koTopasi cTaOMIn3upyeT MOIITHOCTH ITYMOB Ha Bxoje ¢uinbTpa KaaMaHna u Bcel cXeMbl
ympasienus. Cxema HIAPY u npuHIun ee paboTsl aHAJIOTHYEH CXEME aBTOMATHUYECKOW PETYIHPOBKH
yeunenus (APY), Ho monoca ¢uibTpa mepBoi cXeMbl MUHUMYM Ha TOPsII0K OOJIbIIEe BTOPOU.

Cxema HIAPY npencraBmsier co0oii peryaupyeMblil YCHINTENb ¢ 00paTHOW CBSI3bIO 1O CHTHAIY
uryma (puc. 5).

[TpuHuun paboTh TAKOH CXEMBI ONHUCHIBACTCS YPaBHEHUEM

(Pc +P£) K (Egapy), = (P, +By),, = const, (12)
BX BbIX
Kmax

rae P, Py — MOIIHOCTH cUrHania u myma, K (Em APY) =
Ko +owyapy

TYJIUPYEMOrO YCUIUTEI.

Ecnn MOIIHOCTE IIyMa Ha BXOJE YCHJIMTEINS] YBEIUYUTCS, TO MTHOBEHHO YBEJIMYHUTCS MOIIHOCTH
9TOr0 IIyMa Ha ero BbIxoje, kotopas B nenu LLHAPY nerextupyercs, GuibTpyeTcs U B BUAC yIpaBIs-
IONIEr0 HANpPsDKEHUSI Ha BTOPOM BXOJ/I€ YCHIIMTEINSI yMEHbIIAeT ero kodhduuueHt ycuieHus. B utore
MOIIHOCTH IIIyMOB Ha BBIXOJI€ YCHJIMTENsl YMEHBLIAETCS, YTO MPUBOIUT K CTaOMIM3alUy IIYMOB Ha
Bxone gunprpa Kanmana. Takum o6pazom, n1000e H3MEHEHHE MOIIIHOCTH IIYMOB Ha BXOJE YCHIIUTEIIS

— KOO PUITUEHT YCUIICHHUS pe-
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Single-Sided Amplitude Spectrum of X(t)
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Fig. 4. X-axis noise spectrum of the linear accelerometer
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Fig. 5. The noise automatic gain control system

cxembl LITAPY npuBoauT Ha €ro BhIXOJIE K CTA0OMITM3AIIUY ATUX IITYMOB 0€3 HCKa)KEHHUsI CIICKTPa 1M0JIe3-
HOT'O CUTHAJ [P MPaBHIIBLHO BEIOpaHHOH mojoce ¢uibrpa LITAPY.

Metoauka 3xcnepumenta. CornacHo puc. | 1 2 pa3zpaboTaHa KOMIBIOTEpHAsE MOJIENIb TPeXKa-
nHajsHOM CAY mo yriam Diinepa (puc. 6) U IpOBEIEHO KOMIIBIOTEPHOE MOJICIIMPOBAHUE TPEX KaHAJIOB
CAY BJIA npu mozeTe B peasbHON aTMocdepe.

Ha puc. 7 mokxa3aHsl 3MIOpbI CUTHAJIOB TPeX KaHaJIOB Dilyiepa npu Bo3jeiicTBuu Ha Bxox CAY cran-
nmapTaeIX curHanoB STEP. Dmiopa 1 oroOpaxkaer curaan STEP-emnamaHas QyHKIIHS C BXOTHBIMH
mymamu W, smropa 2 — mrymsl JaTYMKOB V' 1O MOIHOCTH HA TPHU IMOPsJIKa BBIIIE BXOJHBIX IIYMOB,
amtopa 3 — curran u mymbl CAY Ha Bxone ¢unsrpa Kanmana, smtopa 4 — curHan Ha BeIxoze GpuibTpa
Kanmana, smtopa 5 — curnan omuoOku Guiibtpariuu GribTpoM KajiMana.

Ha puc. 8 nokazans! smroper GuitbTpa Kanmana B cocrae CAY kaHana TaHraxka. Omropa 1 oro-
OpakaeT mone3Hblid curHai ¥ nryMbel Ha Bxome CAY, smiopa 2 — mymbl JaTYUKOB HA BXOJE CXEMBI
¢unsrpa Kanmana, smtopa 3 — mone3Hslid cUTHa ¢ BXOAHBIMH mymMaMu CAY M mrymamu JaTyuKOB,



247

Becui HaupisnanbHait akagsmii HaByk benapyci. Cepsist (i3ika-ToxHiuHbIX HaByk. 2021. T. 66, Ne2. C. 241-249

Q[OIYAA [BLIO® PAUUBTIUN UR JO WAISAS [0T)UOD drjewione ay) Jo [opowt soyndwo)) 9 ‘S

eiedernire 0I0HIIOLRLAI OJOHLOITHIINA9 guHOIgRdIIA 0IONOORHIBWOLER [INQLOUD IIrOTOIN NNIQOHQAEEOVM ‘9 dud

\ :papalas uoisa,

146191°0+2510°0
1+8622°0

10y U3y
019
ey

—1 1

ypd abebuer

[

JuesU0)

MEBA 38IN00
1013 :
om  zu
MEA
NEA PH
MBA
[y e
1 guasAsang
waysisang
4 €Ul
I -Alzao Lwasfsqng
- Zulle quno

_l\HAAl Lo




248 Proceedings of the National Academy of Sciences of Belarus. Physical-technical series, 2021, vol. 66, no. 2, pp. 241-249

Puc. 7. Dmropa curnanos kypca (@), Tanraxa (b) u KpeHa (c) CHCTEMbI aBTOMAaTHYECKOTO yIPaBICHUS OSCIIIOTHOTO JeTa-
TEJILHOTO ammapaTa 6e3 MaHeBpa

Fig. 7. Curve of heading (a), pitch () and roll signals (c) of the automatic control system of an unmanned aerial vehicle
without maneuvering

smiopa 4 — TOJEe3HBI CHUTHAN ¢ ITymMaMH Ha Beixoze ¢uuibsrpa KamMana, smiopa 5 — mrymsl curHama
omnOku ¢punsrpannu ¢punsTpa Kanmana. Mcnons3zoBanue cxemsl LIIAPY ymenbiaeT 3Tu omunoku 60-
nee yem B 10 pas.

Ha puc. 9 smropsl 1 1 2 oToOpakaroT BXOJIHOM 1 BBIXOAHOM curHaisl cxembl LHIAPY, snropsr 3—5 —
curHal perymupoBanus koddduruenta K(Ejapy).

IAM-M"«OMVAAv.lefm{ulh-M»\b-t\rMMWhm'ﬁwf;\hnw—\»mww

vl

Puc. 8. Dmiopel currama TaHraxa ¢wibTpa  Puc. 9. Dmiopbl HECTalMOHAPHBIX CHUTHAJIOB B CH-
Kanmana CTeMe aBTOMATHYECKOIro YIIPABJICHUS C IIyMOBOIi

Fig. 8. Curve for the pitch signal of the Kalman filter aBTOMATHYECKOH PEryTHPOBKOH yCHIICHHS

Fig. 9. Curve of non-stationary signals in an
automatic control system with automatic noise
control of gain
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BoiBoabl. Cxema [IIAPY mipu mpaBHITEHO BRIOPAHHOM TIOJI0CE PETYIUPOBAHMUS TTO3BOJISICT CTAOMITH3H-
poBaTh MOLTHOCTH UTYMOB Ha BXoje GpuibTpa KanmaHna u OBBICUTh TOYHOCTH pabOThI CIEASIIeH cucte-
MBI 32 CUET BbINOJMHEHUs TpeboBanuii k pmiibTpy Kanmana. PaccMoTpeH nepexon K peleHuo NpooaeMbl
noBelmeHust TouHocTu CAY BJIA B ycroBHsIX HecTallMOHapHBIX MoMmeX. 3BecTHO, 4TO Mpu peanbHbIX
nonetax bJIA 1o mapupyTy npu MU3MEHEHMH Kypca, KpPeHa, BBICOTBI PEKUM pabOThl IBUTATENsl PE3KO
M3MeHsieTca. DTO MPUBOAUT K PE3KOMY CKauKy LIyMOB JaTYMKOB, KOTOPHIE YCTAaHOBJIEHBI HAa KOPITyCe
rtanepa BJIA. Takyke HecTalMOHAPHBIE IIYMBI HE TTO3BOJISIIOT IPUMEHUThH TEOPHIO ONTHMAIBHON (PHITh-
Tpaly U COOTBETCTBEHHO Kyiaccuueckuii puiasrp KanMana. Beixon u3 JaHHOM CHTyal[Md MOXET ObITh
NOJNy4YeH IyTeM MPUMEHEHUS aJanTHBHON (GHUIBTpanMy JUOO0 CTAOMIM3AIMM LIYMOB TEXHUYECKHUMH
cpencTBaMH. ABTOpaMU MPe/JIosKeH BTOPOH METO ] CTAOMIIM3AIINH IITYMOB TATYUKOB 33 CUET NPUMEHEHU S
cxembl LITAPY nepen ¢punbrpom Kanmana. [{ist ero KoTMuecTBEHHOH OLIEHKH pa3paboTaHa KOMIIBIOTEP-
Has MOJZIENb U IIPOBENIECHO AMHAMHUYECKOE MOJEIIMPOBAHUE, KOTOPOE MOKa3al0 MPUMEHUMOCTD KIIACCHYe-
ckoro ¢unpTpa Kanimana B HecTallMOHAPHBIX YCIOBUSAX U yMeHbIIeHHEe omnook CAY.

Cnucok ucnojib30BaHHBIX HCTOUYHUKOB

1. BopoGbes, B.I. ApromaTtmueckoe ympasienue moieroM camoinetoB / B.I. BopoOwes, C.B.Kysnemos. — M.:

Tpancmopr, 1995. — 447 c.

2. Bepemeenko, K. K. Ynpasnenue n HaBeeHne OSCIMIIOTHBIX MaHEBPEHHBIX JIETATEIBHBIX AlapaToOB HA OCHOBE COBpE-
MeHHBIX nH(popmaunoHHbIX TexHonoruit / K.K. Bepemeenko, A.H. I'onoBunckuii, B.B. Uucapos. — M.: ®usmarnut, 2013. —

280 c.

3. Xapun, E.I. KommniuekcHast o0paboTka wuH(MOpPMAaUM HABUTAIIMOHHBIX CHCTEM JICTATEJNBHBIX aIllapaToB /

E.T" Xapun. - M.: MAU, 2002. — 260 c.

4. Kalman, R.E. A New Approach to Linear Filtering and Prediction Problems / R.E.Kalman // J. of Basic
Engineering. — 1960. — Vol. 82, iss. 1. — P. 35—45. http://doi.org/10.1115/1.3662552

References

1. Vorobyov V. G., Kuznetsov S. V. Automatic aircraft flight control. Moscow, Transport Publ., 1995. 447 p. (in Russian).

2. Veremeenko K. K., Golovinsky A. N., Insarov V. V. Control and Guidance of Unmanned Maneuverable Aircraft
Based on Modern Information Technologies. Moscow, Fizmatlit Publ., 2013. 280 p. (in Russian).

3. Kharin E. G. Complex information processing of navigation systems of aircraft. Moscow, Moscow Aviation Institute,

2002. 260 p. (in Russian).

4. Kalman R. E. A New Approach to Linear Filtering and Prediction Problems. Journal of Basic Engineering, 1960,

vol. 82, iss. 1, pp. 35—45. http://doi.org/10.1115/1.3662552

Nudopmanus 06 aBTopax

Ayvina FOputi @Ppanyeeuy — KaHAUIAT TEXHUYECKUX
HayK, JIOIEHT, fupekTop HaydHO-TpON3BOACTBEHHOTO LIEH-
Tpa MHOTO(yHKIMOHAIBHBIX OECHMHIOTHBIX KOMIIJIEKCOB
HanvonansHolt akagemun Hayk benmapycu (yn. Kymnpesu-
qa, 10/7, 220141, Munck, Pecniyonuka Benapyce). E-mail:
yanvad008@gmail.com

[Tpuones IOpuii Bacunveguy — XKaHIUAAT TEXHUYECKUX
HayK, JOLEHT, BeAYLMI Hay4HbIi coTpynHuK, HayuHo-npo-
W3BOJICTBEHHBIH LEHTP MHOTO(YHKIHOHAJIBHBIX OCCIHIIOT-
HBIX KoMIulekcoB HarmonansHoW akagemnu Hayk bemapycn
(yn. Kynpesuua, 10/7, 220141, MuHck, Pecriy6nuka benapycs).

Ll]asnes Anexcandp Anexceesuy — KaHIUOAT TEXHUYE-
CKHX HayK, 3aMECTUTeNb JUPEKTOopa M0 Hay4YHOW padoTe,
Hay4HO-IpOM3BOJCTBEHHBIH LEHTP MHOTO(YHKIIHOHAIb-
HBIX OECIMIOTHBIX KOMIUIeKCOB HalnoHaJIbHOI akageMun
Hayk bemapycu (yn. Kynpesuua, 10/7, 220141, Munck, Pe-
cny6nuka Benapyce). E-mail: s-alexandr2007@yandex.by

Information about the authors

Yury F. Yatsyna — Ph. D. (Engineering), Associate
Professor, Director of the Scientific-and-Production Centre
of Multifunctional Unmanned Systems of the National
Academy of Sciences of Belarus (10/7, Kuprevich Str.,
220141, Minsk, Republic of Belarus). E-mail: yanvad008@
gmail.com

Yury V. Gridnev — Ph. D. (Engineering), Associate
Professor, Leading Researcher, Scientific-and-Production
Centre of Multifunctional Unmanned Systems of the
National Academy of Sciences of Belarus (10/7, Kuprevich
Str., 220141, Minsk, Republic of Belarus).

Aliasandr A. Shchaulew — Ph. D. (Engineering),
Deputy Director, Scientific-and-Production Centre of
Multifunctional Unmanned Systems of the National
Academy of Sciences of Belarus (10/7, Kuprevich Str.,
220141, Minsk, Republic of Belarus). E-mail: s-alexan-
dr2007@yandex.by



250 Proceedings of the National Academy of Sciences of Belarus. Physical-technical series, 2021, vol. 66, no. 2, pp. 250-256

ISSN 1561-8358 (Print)
ISSN 2524-244X (Online)

JAHAI'HOCTHKA U BE3OIIACHOCTbh TEXHUYECKHX U ITPUPO/IHBIX CUCTEM
DIAGNOSTICS AND SAFETY OF TECHNICAL AND ENVIRONMENT SYSTEMS

VIK 614.841 Ioctynuna B pegaxiuro 30.03.2021
https://doi.org/10.29235/1561-8358-2021-66-2-250-256 Received 30.03.2021

A. M. Kunak

HUU noosicaproii 6esonachocmu u npodinem upe3suluaiinblx cumyayuti Munucmepcmea no upe3sbiiaHbim
cumyayuam Pecnyonuxu Benapyco, Munck, Pecnybnuxa benapyco

MOJIEJIMPOBAHUE MEXAHU3MA I'ETEPOI'EHHOI'O UHI'MBUPOBAHMUSA
AKTHUBHBIX IEHTPOB ILIAMEHHM CTPYHHOM I'OPSIIIEN CUCTEMbI YACTULIAMHU
OTHETYIAIIEI'O NIOPOLIKA

AHHOTaIMA. AKTYaJlbHOCTh PabOTHI 00YCIIOBIEHA OTCYTCTBHEM Ha HAcTOsIlee BpeMsl (GU3MUECKOH MHTepHpeTaluu
nporecca TyWEHHs CTPYHHBIX TOPSIIMX CHCTEM OIHETYINAIMMH ITOPOIIKAMH, BaKHON JUIsl obecredeHus: 3hp(HeKTHBHOTO
TYIICHHS TI0’KapoB HA Ta30HE(TIHBIX KOMIIJIEKCAX M OIMACHBIX XMMHYECKHX IIPOM3BOACTBAaX. PaccMoTpeHa maTemaTmue-
CKast MOJIeNIb KHHETHUKU PEAKIUU TeTepPOreHHOr0 MHIHONPOBAHNS aKTHBHBIX IIEHTPOB IJIAMEHU CTPYHHOH ropsmeil cucte-
MBI YaCTHUI[aMH OTHETYIIAIIEr0 MOPOIIKA B HEYCTAHOBUBIIEMCS PEXKHUME B MPUOIMKEHHH YUCTO MOJIEKYIISIPHOTO MEpeHoca
BEILECTBA B 30HE PEAKIMH. YCTAHOBICHBI O0LIME 3aKOHOMEPHOCTH MEXaHU3Ma IeTePOreHHOr0 MHIMOUPOBAHUS aKTHBHBIX
LIEHTPOB IJIAMEHH YaCTHIIAMM OTHETYILIAIIEro MOPOILIKa B YCIOBUAX, KOTAa aKTUBHBIE YaCTULIBI IPOJYKTOB FOPCHUS yda-
CTBYIOT HE TOJBKO B AH(PHY3MOHHOM, HO U B KOHBEKTHBHOM HepeHoce. [loka3aHo, YTO KOHBEKTHBHOE JBIKCHUE aKTHBHBIX
LEHTPOB TUIAMEHH MOBBIMIAET CKOPOCTh PEeaKIIUU FeTePOreHHOr0 HHI'MONPOBAHNS X YaCTHIIAMH OTHETYIIAIIErO BEIIeCTRA.
Iomy4enHsle pe3ynbTaThl MO3BOISIOT ONTUMHU3HPOBATH YCIOBHS MOAAUM OTHETYIIAMIErO MOPOIIKA B CTPYHHYIO TOPSIILYTO
cuctemy sl 9 GEKTHBHOTO MOJaBICHHS IIITAMEHU.
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MODELING OF THE MECHANISM OF HETEROGENEOUS INHIBITION OF THE ACTIVE FLAME
CENTERS OF A JET BURNING SYSTEM BY FIRE EXTINGUISHING POWDER PARTICLES

Abstract. The relevance of the work is due to the lack of a physical interpretation of the process of extinguishing jet
burning systems with fire extinguishing powders, which is important for ensuring effective fire extinguishing at gas and oil
complexes and hazardous chemical industries. A mathematical model of the reaction kinetics of heterogeneous inhibition of
active flame centers of a jet burning system by fire extinguishing powder particles in an unsteady mode is considered in the
approximation of a purely molecular transfer of matter in the reaction zone. The regularities of the mechanism of heteroge-
neous inhibition of the active flame centers by the particles of the extinguishing powder under conditions when the active par-
ticles of the combustion products participate not only in diffuse, but also in convective transport are established. It is shown,
that the convective motion of the active flame centers increases the reaction rate of heterogeneous inhibition of their particles
of the extinguishing agent. The results obtained allow us to optimize the conditions for the supply of fire extinguishing pow-
der to the jet burning medium for effective flame suppression.
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Beenenue. TymieHue noxapoB CTPYHHBIX FOPSIILIUX CHCTEM, K KOTOPBIM MOKHO OTHECTH I'a30BBIE,
ra30KOHJEHCATHbIE, HEPTSIHbIE U Ta30HE(TAHbIE «KOMIAKTHBIE» (OHTAHBI, a TAKKE HEKOTOpPHIC BO3-
TOpaHus MPH aBapUsSX Ha MaruCTPaNbHBIX Ta30MpOBOJAX M B3PhIBaX TEXHOJIOTHMYECKOro 000pyaoBa-
HUS C TOPIOYMMHU BELIECTBAMM, HAXOASIINXCS IO BBICOKMM JJaBJICHUEM, SIBJISIETCA OQHUM U3 HauOoee
CJIO’KHBIX IPOLIECCOB KaK B TAKTMUYECKOM, TaK M TEXHOJIOTHYECKOM IJ1aHe. CI0KHOCTh TEXHOJIOTHH TY-
HICHUSI CTPYHHBIX TOPSALINX CUCTEM MEPEUYHCICHHBIX THIIOB COCTOUT B HEOOXOIMMOCTH MOAa4H B 30HY
TOPEHUS OTHETYIIAIIETO BEIIECTBA B YCIOBHIX MOITHOTO TEIJIOBBIJICICHUSI U OOJIBIIMX CKOPOCTEH ro-
proueil cpenbl, UTO HAKJIAJbIBAET 0COObIE TPEOOBAHMUS HA BHIOOP BUAA OTHETYILNAIIEIO BEIIECTBA, CIO-
COOOB M TEXHHYECKUX CPEJCTB TYLICHHUS B Ka)KJIOM KOHKPETHOM CITy4ae.

dopmMa «KOMIIAKTHOTO» TOpPSIILEro ra3oBoro Gonrana umeet Buj Qakena [1]. Beicota dakena mo-
xeT pocturath ~80—100 M, a MaKCHMaTBHEIN JUAMETP €r0 y OCHOBAHUS COCTaBIATH ~10—15 M [2].

IIporecc ropenus (hakenoB KOMIMAKTHBIX Ta30BbIX (DOHTAHOB sBIETCS AUPPY3HOHHBIM [3-5], TO
€CTb roproyas razoBasi cMech QOpPMHUPYETCS B pe3ybrare JUPPy3MOHHOTO MEePEMEIINBAHMS MOJIEKYIT
rasza CTpyH M KHCJIOpOJa U3 BHEIIHEH BO3AYIIHOH cpenbl. [lo Mepe ynaneHust oT ycThs OHTaHa CKO-
POCTh YaCTHII TOPIOYETO T'a3a MajaeT, U OHM HAYMHAIOT TiepemMemmaTthes (AU QyHInpoBaTs) B CTOPOHY
OKpY>Karollel BO3AYIIHON cpeabl. B 3To e Bpemst BHYTpPb CTPYU IPOHUKAIOT [IOTOKU BO3/YyXa, YBJIe-
KaeMble CTpyeH.

Ha HekoTopoit BEICOTE OT YCThSl JOHTAHA U HEKOTOPOM YAAJICHUH OT YCIOBHON OCH ra30BOW CTPYH
dbopmupyeTcst clIoi ra30BO3LYIIHOM CMECH C COCTaBOM MOJIEKYJI TOPIOYEro rasa U KHUCIopona, 0ams3-
KMM WJIM PaBHBIM cTeXHOMeTpuueckoMy [2, 6]. Ilpu 3akuraHuu cMecu B JaHHOM CJIO€ Pa3BHBAIOTCS
LEMHbBIC PEaKIIMH OKUCICHUS IPOIYKTOB TOPEHHUsI, KOTOPBIE MOAICPKUBAIOTCS MOCTOSTHHON OAMUTKOM
30HBI PEAKIMH CBEKUMH TOPLHUSIMH FOPIOYETO Ta3a M BO3yXa. 30Ha XUMHUYECKHX PEaKIUi, UM 30HA
TOPEHHUsI, OTCBEYMBACT IUIAMEHEM, KOHTYPBI KOTOPOro (IIOBEPXHOCTH (haKelia) paclosiararoTcs MEKIy
MOBEPXHOCTSIMH BEPXHETO M HUYKHEr0 KOHLUCHTPALMOHHBIX IPEAENIOB PACHpPOCTPAHEHMsS IUIAMEHH.
OpOoHT MITaMeHU CTaOUIU3UPYETCs B HIDKHEH yacTH (pakena, B CJI0€ CO CTEXHOMETPUIECKHM COCTaBOM
roproueil cMecHu, B KOTOPOM IIPOIIECC TOPEHUS 030K K KHHETHYECKOMY, U CKOPOCTh ()pOHTa TIaMe-
HU paBHa CKOPOCTH HOTOKY cMecHu. Bbliue cios crabunuszanuu, BBEpX 1o (ppoHTY MIaMeHH, B CIOSIX
¢ 00eHEeHHON KOHIEHTpalKeld KUCIOPOAa MPOUCXOAUT (PaKTUUYECKH JOrOpaHue MPOAYKTOB TOPEHHUSL.
TommuHa 30HBI TOpeHUs He npeBbimaeT ~10 MM [4]. BricoTa ee, onpeaensemast BAOIb HAMIPaBIICHUS,
napa’juieIbHOTO OcH (hakesa, OYeBUIHO, OYJIET 3aBHCETh OT PACCTOSHUSI OT OCH U MOXKET COCTABIISThH
JIECSTKU METPOB [7].

TyIeHye MOIIHEIX Ta30BbIX GoHTaHOB (1e6uT (5-8)- 10° M/CyT) MOKET OCYIIECTBIATLCS OrHETY-
nranuMu nopourkamu. OHUM U3 TIEPCIIEKTHBHBIX CIOCOOOB TYIICHUS TI0KapOB HA Ta30BBIX U Ta30He-
(TSIHBIX CKBaKMHAX ABJISETCS NPUMEHEHUE MJIsl TYLICHUS rOpsKX (POHTAHOB Ia30IOPOLIKOBBIX BUX-
peii (matent RU 895174 E21 B35/00 «Cnoco0 TyiieHus MOXapoB Ha ra30BbIX M Ta30HEPTSIHBIX CKBa-
’knHax», aBropel — J[.I. Axmaros, b. A. JIlyrosnos, B.A. Menerun, B.®. Tapacos, H.E. Uepnyxus;
natedT RU 2 616 039 C1 «Crnoco6 BUXpeBOTO MOPOIIKOBOTO TYIIEHUS TOPAIINX (JOHTAHOB HA ra30BbIX,
He(TAHBIX U Ta30HE(PTIHBIX CKBAKUHAX», aBTOp — B. . 3aberaes).

CyTb cniocoba cocTouT B (YOPMUPOBAHUH PsAZla BUXPEBBIX KOJIEI, 3aMI0THEHHBIX YAaCTHIIAMU OTHE-
TyHIAIEero MOPONIKa, IBUKYIIUXCS BIOJIb OCH (paKena CHU3Y BBEPX, MPH MOCIEI0BATEIHFHOM MOAPHIBE
PacIoI0KEHHBIX HA METAJUIMUECKOM IIOI0HE KOHLIEHTPUUECKUX KOJIBLEBBIX 3aPsi/I0B B3PbIBYATOrO Be-
IECTBA, OXBATHIBAIOIIMX TOPSIINNA (haKed CKBa)KUHBI, U PACHbUICHUs OTHETYIIAIETrO MMOPOLIKa, pac-
TIOJIOKEHHOTO MEXKy 3apsiaaMu. TyieHne akena oCyecTBIsSETCs BCISACTBUE OTpbIBA GPOHTA IJia-
MEHH OT CTPYH TOpIoYell CMECH B Pe3yJIbTaTe Pe3KOro CHUKEHHUSI CKOPOCTH IJIaMEHHU, 00YCIIOBIICHHOM
MHIUOMPOBaHMEM aKTHUBHBIX LIEHTPOB INIAMEHH YaCTUIL[AMH OTHETYILAIIET0 MOPOLIKA.

Crioco06 npeanonaraetT NpUMEHEHUE HAHOIOPOIIKA, KOTOPBIM 3aIOJIHSIOT [IEPBOE BUXPEBOE KOJIBLIO
(marent RU 2 616 039 Cl). [locaenyronme BUXpEBBIE KONbLA 3aMOMHSIOTCS OOBIYHBIM (HE HaHOpa3-
MEpPHBIM) OTHETYLIAIUM MOpoLKoM. VX Ha3HaueHHe COCTOUT B 00ECHEUEHUH HAJEKHOCTH TYILIECHHUS
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noxapa. [Topoiiok goctaBisieTcss B 30HY TOPEHUS SHEPryuei ynapHO BOJIHBI, BOSHUKAIOIIEH TTPU MO/-
peiBe 3apsiaa. Kpome aBrokeHMS BOOJB OCH (hakesia, YaCTUIBl OTHETYIIAIIET0 MOPOIIKa BHYTPH BUXPS
00J1a/1af0T KPYTOBBIM JIBH)KEHUEM, TIPUUEM JIMHEWHAsI CKOPOCTh UX Ha HaYaJIbHOM dTare o0pa3oBaHUs
BUXPsl HAMHOTO OOJIbIIIE CKOPOCTH BHXPS BJOJIb ocH (hakena. CKOpocTh BUXPs BAOJB (hakera MOKeET
coctaBisaTh ~50—100 m/c (matent RU 895174 E21 B35//00).

Oco0eHHOCThIO PEeaKIM HHTHOMPOBAaHUS aKTHBHBIX IIEHTPOB TUIAMEHHU (akena ropsmero (hoHTa-
Ha, B YACTHOCTH T'€TEPOICHHOTO MHIHOMPOBAHUS MX YaCTHUIAMHU OTHETYIIANIErO MOPOIIKa, SBISETCS
TO, YTO B 30HE PEAKLMU AaKTHUBHBIC YACTHII IUIAMEHH yYacTBYIOT Kak B AU(Qy3uOHHOM, TaK U B KOH-
BEKTHUBHOM JIBIKEHUH. | eTeporeHHoe HHTHONPOBaHNE IMPOUCXOINUT B 30HE PEaKINy, B KaHAJIaX U MHU-
KpOITYCTOTaX, 00pa30BaHHBIX YACTUI[AMH OTHETYIIAIIETO IMOPOIIKA, H 32 BPeMsI IPOXOXKICHUS BUXPEM
30HBI ropenusi. Hanbomnee BaKHBIM MOMEHTOM B MpoOLIEcce OTPhIBa (hakesna OT roprouei cTpyn GpoHTaHa
SBJISETCS OBICTpOe M 3PPEKTUBHOC HHTHONPOBAHNEC YAaCTUIIAMHU OTHETYIIAIIETO BEMICCTBA aKTUBHBIX
LIEHTPOB IIJIAMEHH B 30HE cTa0MM3anuu dakesa.

Hecmotpst Ha uMeroLuiicss ONOKUTENbHBIN ONBIT TYIIEHHUS Ta30BbIX (POHTAHOB, HAIIPUMED, C IIPU-
MEHEHHEM ITHEBMATHYECKUX MOPOIMKOBHIX Turameniogasutesneii Tumna [1I1I1-200 (mareat RU 2 616 039
Cl), Ha JaHHBII MOMEHT OTCYTCTBYET aHAJIM3 MEXaHU3Ma TYIICHUSI CTPYHHBIX TOPSLINX CUCTEM Or'He-
TYIIAIAMH MTOPOIIKAMH U TOAXOIOB K BEIOOPY PEKUMOB TYIICHHS.

Llenv pabomer — oneHka d(h(HEeKTUBHOCTH WHTMOMPOBAHNS aKTUBHBIX IIEHTPOB INIAMEHHU CTPYWHBIX
TOPSIILIUX CHCTEM YacTHIIAMHU OTHETYIIAMIET0 MOPOLIKA B YCIOBHIX HECTAIMOHAPHOTO B3aNMOICHCTBHSI
JUTSl BBISIBJICHH S ONITUMAIIBHBIX PEKUMOB TYTIICHUS.

MaremaTuyeckasi MojieJib KHHETHKH PeaKIMi TeTepOreHHOr0o MHrHOMpOBaHUS AKTHBHBIX
LEeHTPOB IJIAMEHH CTPYIHOI ropsiiieii cucTeMbl YaCTULIAMHU OTHETYIIANIEro MOPOILIKA B HeyCTa-
HOBHBIIIEMCH pexkuMe. bynem momaraTe, 9TO B 001aCTh peakIMy 30HBI CTAOMIN3AINH (dakena ¢ ycTa-
HOBUBILEICS B HEH CKOPOCTBEO TOPEHUSI, IPUMEPHO PABHOM CPEAHEKBAAPATUYHOMY 3HAUYEHUIO COCTAB-
JISIOUIEH MyJIbCAIHOHHON CKOPOCTH CTPYH TOPIOYEro ra3a B HANPaBJICHUH €€ IBUXEHU [4], monaeTcs
OTHeTymIanui mopomok. [logaga mopormka MOXKET OCYIIECTBIATHCSA KaK C UCIOIB30BAaHNEM BUXPEBBIX
KOJIEII, TaK ¥ UMITYJIbCHBIM BOpachIBAHUEM C PUMEHEHHEM ITHEBMATHYECKUX My HICK.

B HekoTOphIii MOMEHT BpeMEHH ¢ B 001acTH ropeHus cHopMUPYETCs CIIOH MOPOIIKa 110 KOHTYPY
30HBI cTa0mmn3anuu (akena. KapTuHa 3an0THEHNS 9aCTHIIAMH OTHETYIIAIIETO MTOPOIIKa 30HBI CTa0u-
nu3anuu Qaxena npeacTaBieHa Ha puc. 1.

B kananax ciosi, a Tak’ke MUKPOIIOJIIOCTSIX, 00pa30BaHHBIX YaCTUIIAMHU TIOPOIITKa, OyIyT MPOTEKaTh
peaKuu reTepOoreHHOr0 MHrHOMPOBAHUS AKTUBHBIX YaCTHUI] TUTAMEHH TTOBEPXHOCTHIO YaCTHUI] TIOPOIII-
Ka 3a BpeMsl HaXOKJICHUSI UX B 30HE TOpeHus. JJaHHbIe MUKPOCTPYKTYPBI HCIIOTHSIOT POJIb CBOe0Opas-
HBIX OTHEIPETpauTEeITbHBIX 3JIEMEHTOB.

[IpoBeneM OlleHKY M3MEHEHHUsI KOHIICHTPAllMA aKTHBHBIX LIEHTPOB TuiameHu C B pe3ysbraTe pe-
aKIIMM TeTepOreHHOro MHrubupoBaHus. s MPOCTOTHI BHIKJIAZOK PACCMOTPHM MPOLECC TeTepo-
FeHHOM peakiuu, MPOXOAsIIed B OTJAEIbHOM KaHaJle CJIOA.
Beibop Takoro mpuOJIMIKEHHUs THUIA peakTopa BO3MOXKEH
BCJIE/ICTBHE TOT'O, YTO Pa3Mepbl aKTUBHBIX YaCTHIl Ha JBa-
TpH TOPSIKA MEHBIIIE Pa3MEPOB YaCTHUII MOPOIITKA. 3a30PHI,
oOpa3yeMble YacTHUIIAMHU MOPOIIKA, AOCTATOYHO BEIUKH
B MacmiTade aKTHBHBIX YaCTHI] INIAMEHH U JIOITYCKAIOT aj-
COpOIMI0O MX TOBEPXHOCTBHIO YACTHI] TOPOIIKA M BOCCTa-
HOBJICHUE DTUX aKTHUBHBIX YACTHUIl JPYTUMHU POACTBEHHBI-
MH WU HEPOJICTBEHHBIMU aKTHBHBIMHU YaCTHIIAMU, KOTO-
pBle ¢ HUMH CTOJIKHYTCS, B pe3ynbrare auddy3noHHOrOo
WJIM KOHBEKTUBHOTO JBUKEHHSI BHYTPH JAaHHOTO PEaKTOpa.
Puc. 1. Monenbnas crpykrypa Qakema: [ — [peanonoxkum, 4To KaHall UMEET CTPYKTYPY TOJIOro, He
(pouT miamenu, 2 - 30Ha CTaGHIMSAMN A= psa e HHOrO B MACIITA6E Pa3MEPOB AKTHBHBIX YaCTHIL

MeHH, 3 — CTPYys TOPIOYEro rasa
Fig. 1. Model structure of the flambeau; / —  WAMEHH IMIHHIDA € OKBUBAICHTHHIM JHAMETPOM deg.
flame front, 2 — flame stabilization zone, 3 — jet  YCIOBHOE H300paKCHHE TAKOrO KaHala, 00pa30BaHHOro Ya-
of combustible gas CTHIIAMU TIOPOIITKa B 30HE TOPEHM S, IOKA3aHO Ha pHC. 2.
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ITockonbky 3amaueit pabOTHI SABJISETCS TOTyUCHUE 00- ‘©§80
IUX 3aKOHOMEPHOCTEH T€TePOreHHOr0 WHTHOUPOBAHUS g@é@
AKTUBHBIX IIEHTPOB IUIAMEHH CTPYHHBIX TOPAIIUX Cpel oSe %
B YCJIOBHSIX HECTAIIMOHAPHOCTHU MPOTEKAHUS PEaKIIUU HHTU- & o9 Q@; o
OupoBaHus, 3aMUIIeM ypaBHEHUE MEPEeHOCa aKTUBHBIX ICH- % 50 S
TPOB IJAaMEHHM BHYTPH KaHaJla TOJIBKO IS MOJEKYJISPHOU 2080, 00052 20 2 0B, 60

YaCTH JTOTO IIporiecca. YUeT BKJIaa TypOyJICHTHOW COCTaB-

. Puc. 2. YcnoBHas kapTuHa pacrnpeneneHus 4a-
JAIOIIEH NEPEHOCA aKTUBHBIX YAaCTHUIl MJIAMEHH, OYEBUIHO,  cryy OrHeTylAlero Mopowka B 30HE CTabH-
OyZeT BakeH MpHU TUIAHHUPOBAHUHU TPOBEACHUSI M3MEPEHUN  nmsanuu miameHu ¢akena B UKCHPOBaHHBIN
WHTCHCHBHOCTH HMHTUOMPOBAHUS aKTHBHBIX JACTHII. MOMEHT BPEMEHU

C yquOM yHaCTHH AKTUBHBIX YaCTHUIl KaK B 111/1(1)(1)}’31/1' Flg 2. Conditional picture of the distribution of
OHHOM, TaK U B KOHBCKTHBHOM [BIXCHHM BHYTpH KaHaja 11¢ eXtinguishing powder particles in the flame
stabilization zone of the torch at a fixed time
MOJIyYMM CIEAYIOLIEE YPAaBHEHUE NIEPEHOCA BEIIECTBA B pe-
aKTope:
oc aC 1oC o°C

— 4w, —=D| —+—|, 1
ot Wa@z ror 0% M

rae C = C(t, z, r) — KOHIIGHTPAITNS AKTUBHBIX YACTHII TIJIAMEHH, KF/M3; z, ¥ — IPOJOJIbHAS U TTONIepeYHast
KOOPJIMHATBHI CUCTEMBI OTCUYETA, CBA3aHHON C IEHTPOM KaHaja; W, — MOAYJIb CKOPOCTH KOHBEKTHUBHO-
T'O JIBH)KEHUS aKTUBHBIX YaCTHI] MIJIAMEHH, PABHBIN MPUMEPHO CPETHEKBAIPATUIHOMY 3HAYEHUIO MPO-
JIOTTEHON KOMTIOHEHTHI MTYJIHCAIIHOHHON CKOPOCTH CTPYH TOPIOYEro rasa, m/c; D — ko3 dunuent more-
KyJIApHO# 1uddy3un vacTu, m>/c.

VYpasaenue (1) 3amucaHo B MPEIIONIOKEHHH MaJOCTH KO3(PPUIIUEHTA TPOJAOTHLHON MOJEKYIISp-
HOM nudPy3un aKTHBHBIX YACTHIT IIJIAMEHH TI0 CPaBHEHHIO ¢ KOX(PPUIIHECHTOM KOHBEKTUBHOT'O TIepe-
HOCa HX.

Jononuaum ypaBHeHue (1) TpaHUYHBIMY M HA4YaJIbHBIMU YCIIOBUSMH [8]:

(pL)  —{e] @
or r=Reg 4 r=Req
oC ,
(Ejrﬂ)_o, (3)
C(t=0,z=0,r=0)=Cy; “)
C(t—>»)=0. ()

31ech Y — BEpOSITHOCTh aACOPOIMH aKTHBHBIX YaCTHIL TOBEPXHOCTHIO YACTHUIIBI TOPOIIKA; U — CPEIIHSIS
TEIJIOBasi CKOPOCTh aKTUBHOM 4acTHIlbl, M/c; Cy — UCXOJHAS KOHIICHTPAIIXSI aKTUBHBIX YaCTHII IIaMe-
HU, KT/M°, R.q — panuyc KaHana, M.

VYcnosue (2) oTpakaeT AMHAMUKY T€TEPOreHHOTO MHTMOMPOBAaHUSA aKTUBHBIX YAaCTHUIl B KHHETHYE-
CKOU 00JacTH peakuuu. YcioBue (3) CBUAETENbCTBYET O KOHEYHOM 3HAYEHWU KOHIECHTPAIMH aKTHB-
HBIX YaCTHIl Ha OCH KaHasia. YcioBue (5) ykas3plBaeT Ha TO, uTo pemreHue (1) qomkHO ObITh 3aTyXaro-
IIUM TIpY OONBIINX 3HAYCHUSAX .

VYpaeuenue (1) ¢ ycnoBusimu (2)—(5) He UMeeT aHAJUTUYECKOTO PEIICHUS. YUHTBIBAsI TO, YTO
B HaIllleH 3aJl1ade OCHOBHOW MHTEPEC MPEACTABISICT H3yUSHUE BIUSHUSI HECTAIIHOHAPHOCTH IIpoIecca
B3aMMOJICHCTBHS YaCTHUIl OTHETYIIAIIETO MMOPOIIKa C aKTUBHBIMHU [IEHTPaMU TIaMeHHU Ha 3P peKTUuB-
HOCTh TYUICHHS IJIaMEHH, JaHHOE PEUICHHE MOXET OBITh IMONyUYeHo, ecliu B ypaBHeHu# (1) u ycio-
BusX (2)—(5) nepeiitn ot kounenTpanun C k KoHnenTpanuu C, yCpeTHEHHOI 110 HATPABIEHHIO Z, TO
ecTh

— 14
C(t,r)z—fC(t,z,r)dz, 6)
I
rie [ — a3 deKTUBHAS TONIIWHA 30HBI PEaKIUH, M.
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[epeiins B ypasaenusx (1) u (2)—(5) ot C k C u pemas NoJAy4YeHHYIO CUCTEMY YpaBHEHUH OTHO-
curenbHO C, MOTYYUM ISl U3MEHEHHsI KOHLeHTpanun C, aKTUBHBIX YaCTUI B KHHETUYECKOH 001acTi
peaxkLuu clIeyollee COOTHOUIEHUE:

C =CyJo WD -7 |eXp L , (7

eq Tk

rae Jo — Gynknus beccens HyneBoro pona HyIeBOTO MOpPAAKa; deq = 2R.q — SKBUBAICHTHBIA JHAMETP

1
KaHaja, M; T, = — BpeMsI 00pEIBa IIENH TOPEHMS, C.
C T A+ Oy (D) PP b

VYpasaenue (7) xapakTepusyeT M3MEHCHHE CpeIHEH KOHICHTPAIlUM aKTUBHBIX YACTHUIl IJIAMECHU
BJIOJIb paJinyca KaHaya 7 B 3aJJaHHbIA MOMEHT BPEMEHH £.

3a BpeMst B3aUMOJCHUCTBHUS f;,,; YACTHI] OTHETYIIIAIIETO IMMOPOITKA C aKTUBHBIMH IIEHTPAaMHU ILIAMEHH,
KOHIIEHTpaLus 51'{ WHTUOMPOBAHHBIX aKTHBHBIX YaCTHII OYIET paBHA

C, =Cyt, | 2L —J, m_. l—exp| —2L | ||, ©)
k 0%k 0 d D
Tk eq Tk
rae tint = l/V, V= Viav +V§ay — MOAYJb OTHOCUTEIIBHOU CKOPOCTH ABUIKCHHUS YACTULl OTHCTYIIALICTO
MOPOIIKA M CTPYH T'OPIOYEro ra3a B 30HE CTAOMJIM3AIMK ITUIAMEHHU, V., M V_, — HPOEKIIMH OTHOCH-

Pay pay,
TEJIIBbHBIX CKOpOCTefI Ha KOOPAWHATHBIC OCHU X U ).

AHann3 3¢ (eKTUBHOCTH TeTepPOreHHOr0 HWHrHOMPOBAHHS AKTHBHBIX HEHTPOB MJjaMe-
HHU CTPYHHBIX FOPSIIUX CHCTEM YACTHLAMH OTHETYIIAIIEro MOPOIIKA B YCJOBHSAX HeCTALMO-
HapHOro B3aumoleilicTBus. [IpennoxenHas Moaesb MEXaHHW3Ma I€TEPOr€HHOr0 MHIMOWPOBaHUS
AKTUBHBIX IIEHTPOB IMJaMEHU YaCTHUIAMU OTHETYIIAMIETr0 MOPOILIKAa B CTPYWHBIX TOPSIIMX cpelax
tuna Qaxena ra3oBoro GOHTAaHA SBIAETCI HOCTATOYHO I'PyObIM 0TOOpakKEeHHEM peasbHOrO Ipolec-
ca TyIIeHHUs ra30BOT0 (JOHTaHA OTHETYMIANUM MOPOMKOM. OCOOEHHOCTHIO €€ SIBISIETCS TO, YTO OHA
MO3BOJISIET BBISIBUTH OOIIME 3aKOHOMEPHOCTH TYIIEHHUSI OTHETYIIANINM TTOPOLIKOM JIBHIKYLIEHCs ro-
pAlLei cpeasl.

Ananu3 BelpaxkeHus (9) I KOHIEHTpaAllMM aKTUBHBIX IIEHTPOB IJaMEHU CTPYHHOW ropsiieit
CHCTEMBbl, HHTHOMPOBAaHHBIX YaCTHIIAMH OTHETYLIAILET0 TOPOLIKA, TOKA3bIBAET, YTO 3P (HEKTUBHOCTD
HHTUOUPOBaHUS ONpeesieTcs Kak JUCIEPCHBIMY XapaKTePUCTUKAMHU OIHETYINAIIEro OPoIlKa, 3a-
NAIOUIKUMK BEJMYHMHY T1apaMeTpa deq, TAK U KWHETUYECKUMHU N1apaMeTPaMK aKTHBHBIX LEHTPOB U yC-
noBusMH Tymenus. [Ipouecc oOpbiBa nemneil peakiuu ropeHus 4acTUIIAMK OIHETYIIAIIEr0 MOPOIIKa
IPOUCXOIUT TeM d(hdeKTHBHEE, YeM OOJbIle JUCIIEPCHOCTH YaCTHUIl IOPOIIKA U BPEMs B3anMOJICH-
CTBUS fin UX C AKTUBHBIMH LIEHTPAMHU IJIAMEHHU M YeM MeHbIle 3 PeKTUBHAS AIIUTENBHOCTD PEaKLIUH
WHTUOUPOBAHUS Ty.

W3 nomy4yeHHOro BBIpaKEHUS ISl IJIUTEIBHOCTH PEaKlUUd MHTUOMPOBAHUS Ty BHUIHO, YTO CKO-
pPOCTh peakuMy UHIMOMPOBAHMS 3aBUCUT HE TOJIBKO OT XapaKTEPUCTHUK AU(D(Y3HOHHOTO MOJIEKYJIsp-
HOT'O JIBHOKCHHSI aKTUBHBIX YaCTHI] TUIAMEHH, HO U MX MIPOJIOJILHON CKOPOCTH B 30He ropenus. [Ipuyem
CKOPOCTB PEaKINil HHrHOMPOBAHMSI BO3PACTACT C YBEIMUYECHHUEM MTPOAOJILHON CKOPOCTH aKTHBHBIX Ya-
CTHUL. DTO SIBIECHUE CIIOCOOCTBYET YMEHBIICHUIO BPEMEHHU OOpbIBa LiETIEeH FOPEHUsI U yIydllaeT ycilo-
BUS TyLIEHUS TOPALIEH CTPYUHON CUCTEMBI.

Ouenka ckopoctu ki = yu/d.q peakuun reTepOreHHOr0 HHruOMpPOBaHMs MOJIEKYJI KUCIOPOIa C MO-
JspHOI Maccoit = 1610~ kr/monb 1 guamerpom 1,5 10710 M B kuHeTHUYECKOI 061aCTH €€ TeUCHHS,
06YCIIOBIIEHHO# TONBKO X AH((Y3HOHHBIM JBIKEHHEM, IOKA3bIBAET, 4TO OHA paBHa ky = 3,39 10° 1/c.

Pacuer ckOpoCTHM HPOM3BOAMIICS B HPEIIOJNIOXKEHMM, YTO TeMIeparypa B 30HE ropeHus I =
973 K, armocdeproe nasnenne P = 10° [a, y = 102, u = 1,13- 10> m/c, D = 5,84 10> m?/c, muametp d,
YacTHIl OFHETYLIAIIEro MOpOoIIKa paBHsuIcsS 50 MKM.
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Jns onpenenenus d.q MCTIONb30Banach popmyna [9]

4 2®ed,, 1"
4 3(1-g) (ah
rae @ — dakrop Gopmbl yacTuiy (s mapoodpasubix yactun @ = 1); € = (V' — V)/V — nopo3HocTh 4a-
CTHII TOPOIIIKA B clloe; V' — o0mui 00beM, 3aHUMAaeMBbIi CII0eM YacTHIl, M°; Vy — 00beM, 3aHUMaEMBbIi
4acTMLAMM TIOPOIIKA B CIO€, M*; dj, — AMaMETP SKBUBAJICHTHOTO Iapa, UMEIOLIETO TOT KE 00BEM, YTO
Y yactuia nopoika, M. [Ipu pacuerax npumensiica napametp € = 0,5.

JlobaBka Ak = v,/l kK CKOPOCTHU pEaKIIUU reTePOreHHOI0 UHTUOUPOBAHUS aKTHBHBIX YaCTHUII, 00y-
CJIOBJICHHASI X KOHBEKTHBHBIM IBIDKEHHUEM, HAIpUMep, Mpu ckopocTH v, = 100 m/c 1 3ddekTUBHOM
TONImKHE 30HbI peakiuy [ = 10 MM paBHa Ak = 10° 1/c,

N3 comocTaBneHus BeMWIWH ki 1 Ak clemyeT, 9TO OHU IPUMEPHO OJHOTO Mmopsiaka. Takum obpa-
30M, KOHBEKTHUBHOE JIBM)KCHHE aKTHBHBIX YaCTHI] INIAMEHHU CIIOCOOCTBYET MOBBIMIEHUIO 3PPEKTUBHO-
CTH MHTMOMPOBAHUS UX YaCTUI[AMHU OTHETYIIAIIETO MOPOIIKA.

JpyruM BaxxHBIM (PaKTOPOM MIPH TYHICHUH CTPYWHBIX TOPSIIINX CPe sIBISETCS oOecredeHrne Heoo-
XOJIUMOM CKOPOCTH YaCTHIIAM OTHETYIIAIIETO MOPOIIKA B 30HE ropeHus. BaskHa He TONBKO BEJIMUMHA
abCOTIOTHOTO 3HAYSHHSI CKOPOCTH, HO U ee HarpaBlieHue. 13 onpeneneHms BeIpaKeHNsT BpeMEHU B3au-
MOJICHCTBHS YaCTHII IOPOIIIKA C AKTUBHBIMU LIEHTPAMU TJIAMEHHU CJIEIYET, YTO JUTUTEIIBHOCTh IIPOIIEeC-
ca YBEITMYMBAETCS C YMEHBIICHHEM OTHOCHTEIbHOW CKOPOCTH YACTHUII TIOPOIIKA U CKOPOCTH TOPIOYeH
CMECH B 30HE CTaOMIM3alUH IIJIAMEHH. JTa CKOPOCTh OyJIeT MUHUMAaJbHA, €ClTU a0COJIF0THAsI CKOPOCTh
YaCTHII ITOPOITKA OYACT MPUOITHKATHCSA K aOCOTIOTHON CKOPOCTH TOPIOYEH CTPYH B 30HE CTAOMITU3AITUN
MIJIAMEHH, U COBIAJATh C HEH 10 HAIIPABJICHHUIO.

Takue ycJIOBHUS MOYTH HJCATBHO CO3JAIOTCS MPU TYIHICHUH (PakesoB (POHTAHOB I'a30IMOPOIIKOBbI-
MU BUXPSMH, JBHKYIIMMHUCS CHU3Y BBEPX IO OcH (akerna. YacTHIbI TOPOIIKa MepeMenaloTcsl B 30He
TOPEHUS TI0 CIUPAJICBUIHBIM TPACKTOPHUSIM, 00J1a/1asi COCTABJISIONICH CKOPOCTU B HAIIPABJICHUH J[BHU-
JKEHUSI TOPIOYel cMecH, MPHOIMKAIOIEenHcs o abCOoNOTHOMY 3HAYeHHUIO K a0COIFOTHOMY 3HAYEeHUIO
CKOPOCTH CMECH.

3akjrouenue. Pazpaborana MaTemMaTrdeckasi MOJIETb KHHETHKH PEaKIINH TeTepOreHHOI0 HHTHOH-
pOBaHUsI aKTUBHBIX IIEHTPOB IJIAMEHU CTPYWHOH TOpSIIEH CHCTEMBI YaCTUIIAMH OTHETYIIAIIETO I0-
pOIIKa B HEYCTAHOBUBIIIEMCS PEXKIIME.

YcTaHOBIIEHBI 3aKOHOMEPHOCTH MEXaHHW3Ma I'€TEPOrC€HHOT0 MHTHMOWPOBAHMS aKTUBHBIX IIEHTPOB
MJIAMEHM YaCTUIIAMH OrHETYILIAIIEro TOPOIIKA B YCIOBHUAX, KOT/Ia aKTUBHBIC YaCTHIIBI TPOyKTOB I'0-
PEHUS YYaCTBYIOT HE TOJIBKO B AU(PPY3HOHHOM, HO ¥ B KOHBEKTHBHOM TIEpEHOCE.

W3 cooTHOIICHUS JIJIsi YCPEIHECHHOM KOHIICHTPAIMH MHTUOWPOBAHHBIX aKTUBHBIX YaCTHI IJIAMEHH,
TIOTYYEHHOTO JIJIS HEyCTAaHOBHBIIIETOCS TIPOIecca TYIIEHUs, CIeAyeT, 4To APPEeKTUBHOCT, HHTHONPOBA-
HUS TEM BBIIIIE, YeM MEHBIIIC pa3Mep YaCTHIL TOPOIIIKA U YeM MEHBIIIE UX TOPO3HOCTH (4eM OOJIbIIe UX 00b-
emMHast KoHIeHTparusl). C yMeHBIIIEHHEM JTaHHBIX TTapaMeTPOB YBEITHUNBACTCS KaK HHTEHCHBHOCTh HHTH-
OMpOBaHUS aKTHUBHBIX YaCTHI], TAK U CKOPOCTh PEAKIIMU TeTEPOreHHOTr0 MHruOupoBanus. CKOpOCTh peak-
ITUH TIOBBIIIIAETCS TAK)KE BCIIEICTBHIE YUACTHS aKTHBHBIX YACTHI] B KOHBEKTHBHOM JIBUKEHUH, IPUYEM OHA
TeM 0OJIbIIe, YeM OOJIbIIE CKOPOCTh YaCTHUIl U YeM MeHbIIIe 3(p(QEeKTHBHAS TOIIIMHA 30HbI PEAKIUH.

BrrsiBneno takxke, 9To 3PPEKTHBHOCTE TYIICHUS IIJIaMEHU CTPYHHOM TOpAIIEH CUCTEMBI 3aBHCUT
OT BPEMCHH B3aUMOJICHCTBHS YACTHI[ MOPOIIKA C aKTUBHBIMH IICHTPAMH IUIAMEHH. DTO BpPEMS TeM
Oompie, yeM Onroke aOCONIOTHAsi CKOPOCTh YACTHII MOPOIIKAa K CPEAHEKBAAPATHYHOMY 3HAUEHHUIO
MYJIBCAIIHOHHON CKOPOCTH CTPYH TOPIOUETO ra3a M 4eM OJvKe HalpaBlieHUE ABUKCHHS WX K HalpaB-
JICHUIO JIBMOKCHUSI CTPYH.

[lomy4yeHnHble pe3yabTaThl TO3BOISIOT ONTUMU3HPOBATH YCIOBHUS IMOJA9H OTHETYIIAIIErO MOPOII-
Ka B CTPYHHYIO TOpAIIYI0 cucTeMy il 3Q(ekTuBHOro mnojaasicHus miaMeHd. OrHETYIAUl opo-
IIOK CIIEAYET IOCTABIATH B 30HY CTAOMJIM3AIMH IJIAMEHH T10 HAIIPaBJICHHIO, KaK MOYKHO Oojee Oyn3-
KOMY K TIPOJIOJIBHOMY HaIpaBJICHUIO CTPYHU TOPSIICH CUCTEMBI, a CKOPOCTh YaCTHI] IOPOIIKA JIOJKHA
MPHOIMKATHCS K CPENHEKBAAPATUYHOMY 3HAUYEHHUIO MYJIHCAIIOHHONW CKOPOCTH CTPYH TOPIOYEro rasa
B 30HE CcTa0WIM3anuu IiaMeHu. JlJisi TyIeHus TUIaMEeHU CTPYWHOM ropsilieil CUCTEMBI CIeyeT MpH-
MEHSTH OTHETYIIAMIUN MOPOIIOK C BBICOKON JHMCIEPCHOCTHIO M HEOOXOIUMO 00CCIIEYMBATh BHICOKYIO
00BEMHYIO0 TIJIOTHOCTH €T0 B 30HE CTa0MIIM3AIUU TIIIAMEHH.
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