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CTpykTypa u TpHOOTEXHHYECKHE CBOMCTBA XPOMOBBIX NOKPBITHH,
c(hOpMHPOBAHHBIX JIEKTPOAe(POPMALMOHHBIM IJIAKHPOBAHHEM
rH0KMM MHCTPYMEHTOM

Y.-kop. HAH Benapycu, 10KT. TexH. Hayk, npod. B. K. Illener”, kann. Texn. nayk M. A. Jleanueny',

Maructp texs. Hayk E. B. Hnnnnqykl), unxk. C. M. Ha3apOBl)

”Benopyccxnﬁ HAIIMOHAJIFHBIN TeXHUYeCKui yHuBepcuTeT (MuHCk, Pecriyonuka benapycs)

© benopycckuil HallMOHANIBHBIN TEXHUYECKUH yHUBepcureT, 2019
Belarusian National Technical University, 2019

Pedepar. [IpuBeneHs! pe3yabTaTel HCCIIENOBAHUI CTPYKTYPHI U TPHOOTEXHHUECKUX CBOMCTB XPOMOBBIX TIOKPBITHH, CHOPMH-
POBaHHBIX METOJOM JJICKTPOAEPOPMALIIOHHOTO IIAKUpOBaHUsA THOKUM MHCTpyMeHToM (DIII'U), BEIMOIHEHHBIX C LETIbI0
OLIEHKHU TIEPCNEKTHB UX NMPUMEHEHUsS] B KAU€CTBE albTEPHATUBHI rajlbBAHUIECKOMY XPOMHUPOBAHHUIO, HIMPOKO HCIOIB3YEMO-
My TP U3TOTOBJIECHHH MITOKOB T'MAPOLMINHIPOB METALUIOPEXYIINX CTAaHKOB. B KadecTBe rMOKOro MHCTPyMEHTa IpHMe-
HSUJIMCh BPALIAIOIIAEC] METATIMYECKUE HIETKU ¢ IPOBOJIOYHBIM BOPCOM, BBIIOIHEHHBIM U3 cTanu 651" u HepkaBerolei cra-
au 03X17H14M2. Marepuan-noHop npu DJIIIT'M — koMnakTupoBaHHbI OPYCOK, MONYYEHHBIN MyTEeM CIICKaHUs CMECH I10-
POIIKOB YHCTOTO XpOMa M HAHOPa3MepHOii anmaszHo-rpadutoBoil muxtel YIAT. Tlo pe3ynbraram ucciaeIoBaHHN yCTaHOBIIE-
HO, 9TO NpH (HOPMUPOBAHHUY TOKPHITHH IIETKOH M3 HEPXKABEIOMIEH CTAIM B COCTAB MOKPHITHS IPHBHOCSATCS JICTHPYIOIIHE
DJIEMEHTBI IPOBOJIOYHOI'O BOpCaA, TAKUE KaK XpOM U HUKEJIb. Tal(, B Cj1y4dae MUCII0JIb30BaHU HIETOK € MPOBOJIOYHBIM BOPCOM U3
Hepakagetomeil ctanu 03X17H14M?2 xonuuecTBO XpoMa M HHUKENS B IUNTAKHPOBAHHOM CJIO€ HOKPBITHS IO MPOLEHTHOMY CO-
JIep>KaHUIO COOTBETCTBEHHO B 5,3 1 9,6 pa3a Oouble, 4eM B MOKPBITHH, CHOPMUPOBAHHOM IIETKON U3 cTain 6517, 9To0 MOXKeT
CII0cOOCTBOBATH MOBLIIIEHHIO KOPPO3MOHHON CTOMKOCTH MOKPHITHH. [IpH 3TOM penbed MOBEpXHOCTH HOKPHITHSI HUMEET pas-
BUTYIO HIEPOXOBATYIO CTPYKTYPY, COCTOALLYIO U3 IJIOTHO YJIOXXEHHBIX U BBITAHYTBIX B HAllPpaBJICHUU BpallCHUSA IIECTKU pas-
JIMYHBIX 1O pasMepaM MHUKPOYACTHUI] XpOMa, a TAKXKE CTIIAXXCHHBIX MUKPOBBICTYIIOB 1 MHKpOyFJ'[y6J'[eHPIl>’I, ﬂe(beKTbI TMOKPBITUA
B BUJI€ HECIUIOMIHOCTEH M OTCIOCHUH OTCYTCTBYIOT. TpHOOTEXHUIECKHE NCTIBITAHUS BBITOJIHSINCH B YCIOBUSAX «TPAHUIHON
CMa3K/» Ha MallFHe TPEHHS BPAIATEIbHOTO TUIIA, pealn3yIoiel TpeHHe Pe3HHOBOTO HHJICHTOPA 10 IIOCKOH MOBEPXHOCTH
Bpalaromerocs Jucka. ITo JaHHBIM TpI/I6OTeXHPI'-leCKI/IX HCTIBITAHUI YCTAHOBJICHO, YTO B YCJIOBUAX «TPAHUYHOI'O TPEHUSA)
CITapeHHBIX 00Pa3LOB «ANCK C MOKPHITUEM — PE3NHOBBIM POJIMK) HANMCHBIINMHU 3HAUCHUSIMH BEIHYUH Koddduimenra Tpe-
HUs CKONbXeHus (f;, = 0,023) 00manaioT XpoMoBble TOKPHITHSA, chopmupoBannbie MeTogoM DM, kotopeie B 7,5 pasa
MEHBIIIE, YEM Y XPOMOBBIX, OJYYEHHBIX raJbBaHUIECKUM OCaXACHHEM. B TO *e BpeMst H3HOC PE3MHOBBIX POJIMKOB B Mapax
C raJbBaHMYECKMMM XPOMOBBIMH MOKPBITHSAMHU OKa3bIBAJICS MEHBIIUM, YEM B Iapax ¢ IOKPbITHEM, CHOPMHPOBAHHBIM Me-
topom DIITU.

KnrodeBble cj10Ba: 2JIeKTpoAehOPMALIOHHOE ITAKUPOBAHNE THOKUM HHCTPYMEHTOM, IITOK THAPOLMIIMHAPA, BPALIAIOIIasics
MeTaJlInyecKas LIeTKa, MaTepHall-qOHOP, MOKPBITHE, FAIbBAHUYECKUH XPOM, YJIbTPAAUCIEPCHAs alIMa3HO-TpadUTOBast ILIHX-
Ta, KOYQQUIMEHT TPEHHs CKOJIBKEHUS, «TPAHHIHOE TPEHHE, H3HOC, IIEPOXOBATOCTD

Jast murupoBannsi: CTpyKTypa u TpUOOTEXHUYECKHE CBOWCTBA XPOMOBBIX IOKPHITHH, c()OPMUPOBAHHEIX JIeKTpoedopma-
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Structure and Tribological Properties of Chromium Coatings Formed
by Electrodeformation Cladding with Flexible Tools

V.K. Shelegl), M. A. Levantsevich”, Y. V. Pilipchukl), S. M. Nazarov"

YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. The paper contains results of investigations on structure and tribotechnical properties of chromium coatings formed
by a method of electrodeformation cladding with flexible tools (EDCFT). The purpose of these investigations is to assess
prospects for application of the coatings as an alternative to galvanic chrome plating which is widely used in manufactu-
ring hydraulic cylinder rods of metal-cutting machines. Rotary metal brushes with a wire pile made of 65I-steel and
03X17H14M2-stainless steel have been used as a flexible tool. A compacted bar obtained by sintering a mixture of pure
chromium powders and a nano-sized diamond-graphite blend UDDG has been employed as a donor material for EDCFT.
According to results of the research it has been established that alloying elements of wire pile such as chromium and nickel
are added to a coating composition while forming coatings a stainless steel brush. So in the case of using brushes with wire
pile of 03X17H14M2-stainless steel the amount of chromium and nickel in a clad coating layer is 5.3 and 9.6 times higher in
percentage, respectively, in comparison with the coating formed by a 65I-steel brush that can contribute to improvement
of coating corrosion resistance. At the same time, surface relief of the coating has a developed rough structure consisting
of chromium microparticles having various size that are tightly packed and elongated in the direction of brush rotation and
there are no flaws in the form of discontinuities and delaminations. Tribological tests have been performed under conditions
of “boundary lubrication” on a rotary friction machine that implements friction of a rubber indenter on a flat surface of a rota-
ting disk. According to data of the tribotechnical tests it has been ascertained that under conditions of “boundary friction” for
such paired samples as “coated disc — rubber roller” chromium coatings formed by the EDCFT method, have the lowest va-
lues of a sliding friction coefficient (f;, = 0.023) which are 7.5 times lower than chromium coatings obtained by electropla-
ting. At the same time the wear of rubber rollers in pairs with electroplated chromium coatings has turned out to be less than
in pairs with the coating formed by the EDCFT method.

Keywords: eclectrodeformation cladding with a flexible tool, hydraulic cylinder rod, rotating metal brush, donor material,
coating, electroplating chrome, ultradispersed diamond-graphite mixture, coefficient of sliding friction, “boundary friction”,
wear, roughness

For citation: Sheleg V. K., Levantsevich M. A., Pilipchuk Y. V., Nazarov S. M. (2019) Structure and Tribological Proper-
ties of Chromium Coatings Formed by Electrodeformation Cladding with Flexible Tools. Science and Technique. 18 (5),
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BBenenne

B paznuunbIX THDAX TUAPONPUBOAOB METAIIIO-
PEXYIIUX CTaHKOB IIMPOKOE MPUMEHEHHE IOITy-
YWIM TUAPOLUMIUHAPEl BO3BPATHO-TIOCTYMATEIb-
HOTO JBM)KEHUS, UCIOJIB3YIOIINE B KauyecTBE Trep-
METH3UPYIOMINX 3JIEMEHTOB MaH)KETHBIE PE3NHO-
Bble yruotHeHus [1, 2]. [lns obecnedeHus: Haaex-
HOW TepMmeTH3anuu (YIUIOTHEHHS) COEIMHEHUS
«IITOK — PE3UHOBAs MaHXKETa», a TAKXKE BBICOKOM
HM3HOCO- U KOPPO3UOHHOM CTOMKOCTH MOBEPXHOCTH
IITOKA B TIOJTOOHBIX THIPOIMIINHAPAX TOBEPratoT
TraJIbBAHUYECKOMY XPOMHPOBAHHIO C OCAXKICHHUEM
CJI0sI TBEpAOTro Xpoma ToimuHon 20-25 MM [3].
OJHAKO TEXHOJIOTMH TallbBAHMYECKOIO0 XPOMHUPO-
BaHMSI SIBJISIIOTCS DKOJOTUYCCKHA BPETHBIMH M JI0-
CTaTOYHO DJHEProeMKuMu [4], B CBSI3U C UeEM,
HaIpyUMep B YCIIOBHUSIX MEJIKOCEPUHHOTO U WHAU-
BUJyaJbHOTO TPOM3BOJCTB, MPH HEOOXOIUMOCTH
OCaXJIeHHsI XPOMOBBIX TOKPBITHA Ha pa3zHOO00-
Pa3sHBIX M0 HOMEHKJIATYpe W HEOONBITUX MapTHIX
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JeTanell CTaHOBSITCS COBEPIICHHO HEpeHTalelb-
HbIMU. [lo3TOMY BO3HHMKaeT ocTpas MOTPEOHOCTH
B W3BICKAHUHM HOBBIX, CPAaBHUTEIHO HEIOPOTHX
croco00B (HOPMHUPOBAHUS XPOMOBBIX IOKPBITHI
B KauecTBE aNbTEPHATHUBHI TaIhBAaHHUECKOMY XPO-
MHPOBaHHUIO.

CToHUT OTMETUTH, YTO K HACTOSIIEMY BpPEMEHHU
W3BECTHBI TIOJIOKHUTENILHBIE TPUMEPHI TPUMECHEHHUS
TEXHOJIOTHI TUMEp3BYKOBOM MeTayumzanuu [5], ra-
30TEPMHUYECKOTO U IUIA3MEHHOro HambuieHus [6, 7],
3IIEKTPOMCKPOBOI0 U JAa3€pHOro JiernpoBaHus [8, 9]
W JPYTHX, KaK allbTEPHATHUBBI TaTbBAHHYECKOMY
xpomupoBaHuio. OHAKO BBICOKasi CTOUMOCTb HC-
MOJIb3yEMOT'0 TEXHOJIOTHYECKOTO 000pYIOBaHUS U
PacXOMHBIX MaTepHANIOB, a TAKXKe HEOOXOIUMOCTh
TIPUBIICYCHUS BBICOKOKBATA(HUIIMPOBAHHBIX ~CIIe-
UATUCTOB Ul €r0 OOCIYKMBaHUS CACPKUBAIOT
UX HIMPOKOE MPOMBIIIICHHOE PUMEHEHHE.

B mocnenHue Tompl modydaeT pa3BUTHE CPaBHU-
TEJIbHO HEZOoporas, MaJO3HEProeMKasi U KOJIOoTHye-
CKHM YHCTas TEXHOJIOTWS, OCHOBAaHHAs HA IPHMEHe-
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HHU METOJIa 3JIEKTPOAe(OPMAIHOHHOTO TUIAKUPOBa-
Husl TuOkuM mHCcTpyMentoM (DAIIM), rme croit
TIOKPBITHSL HAa TIOBEPXHOCTH JieTanu (HOopMUpYeTCsl 3a
CUeT TIepeHoca BOPCOM BpalLlaroLIeics MeTauInde-
ckoit metkn (BMIL]) gactudek marepuana TOKPHI-
THsI (IOHOPA), @ C LIENBI0 HHTEHCH(UKAIINH TIPOoIiecca
wakupoBanuss Ha Bopc BMII[ m nmoHop moparor
anexTpudeckoe Hanpsbkerue [10, 11]. Ycranosneno,
YTO XPOMOBBIE TOKPBITHSI, C(HOPMHUPOBAHHBIE C HC-
nonb3oBanueM TtexHoioruu D/IIIM u3 moHOpOB,
MOJTyYEHHBIX ITyTEM CIICKaHHsl CMECH ITOPOILIKOB Y-
CTOTO XpOMa M HAaHOPa3MEpHOH ajMa3HO-TpaduTo-
Bot mmxTel Y /AT (TY Pb 28619110.001-95) mpo-
u3BozctBa HIT 3AO «Cunra» (Pecnybnuka bena-
PYCh), B PEXHME «CYXOro» TpPEHHS C PEe3UHO-
BEIM KOHTPOOpa3lOM HWMEIOT TPHOOTEXHUYECKHE
XapaKTepUCTUKH, COIMOCTaBHMbIE C TaJlbBaHWYE-
CKMMH XPOMOBBIMH TOKPBITHSIMH, YTO CO3/aeT
XOpOIIME TPEINOCBUIKH Ui MX TMPAKTHYECKOTrO
npumeHeHus [11]. OgHako B X0oAe HpPOBOAMMBIX
ucciaenosannii Texuonorur D/AIIN ObLI0 BBISB-
JIEHO, YTO Ha Ka4ecTBO (hOPMHUPYEMBIX CIIOEB XPO-
MOBBIX TIOKPBITHI MOXET OKa3bIBaTh BIIHSHUC
MaTepual, U3 KOTOPOro M3rOTOBJIEH BOPC MPOBO-
JIOUHOH IIETKH, 4 UMEHHO: U3 MPY>KUHHOU MPOBO-
JIOKM U3 cTanu 651" win HepkaBerollel MPOBOIOKH
u3 cramu 03X17H14M2. Kpome Toro, BciaeacTBUE
OTCYTCTBHS JAaHHBIX O TPUOOTEXHHYECKHX Xapak-
TEPUCTUKAX TUIAKUPOBAHHBIX XPOMOBBIX MOKPHI-
THI B YCIOBHAX «TPAaHHYHOTO» (CMEIIAHHOTO)
TPEHUs], XapaKTEPHOTO ISl COMPSDKEHUH «IITOK —
pesnHOBast MamXkeTa» [l12], TpWU3HAHO TIENeco-
00pa3HbIM BBITIONHUTH JIOTIOJIHUTEIBHBIE HCCIIe-
JTIOBAHMUA.

Llens paboThl 3aKitoYanach B OLEHKE BIHSIHUS
Marepuasia npoBojouyHoro Bopca BMII] Ha cTpyk-
TypHO-()a30BBI COCTAaB CIOEB XPOMOBBIX MOKPBI-
THH, COOPMUPOBAHHBIX C MCIIOIB30BAHUEM TEXHO-
moruu DTN, n ux TpUOOTEXHUIECKUE XapaKTe-
PHUCTUKH B YCIIOBHSAX «TPAHUYHOTO» TPEHHUSI.

MeToauka uccjaea10BaHuN

CtpykTypHO-(Da30BBIE HCCIEIOBAHHUS TPOBO-
Mich Ha oOpasmax turactuH (10x6x2 mMm) u3
cramu 45 (HRC 43...45) ¢ XpoMOBBIM MIOKPEITHEM,
c(hOpMHUPOBAaHHBIM M3 JIOHOPA, MOIYYCHHOTO Me-
TOJaMH IOPOIIKOBON METAJUTyprdd IMyTEeM CIIeKa-
HUSI CMECH IMOPOIIKOB YHUCTOrO XpOMa M HaHOpa3-
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MepHoW anmazHo-rpaduroBoit mmxTel YIAI (He
bonee 1 mac. %). DnexTpoaedopMaioHHOE TUIa-
KHPOBaHKME OCYIIECTBISUIOCH MTOOYEPETHO Bpallia-
IOLIMMUCS] METAJUIMYECKUMH MIETKaMH ¢ rodpupo-
BaHHBIM BOPCOM, BBIMIOJHEHHBIM M3 cTanu 650
u Hepxkaseromei cramu 03X17H14M2 (nmpousBoz-
ctBa upmbr OSBORN). [lnameTp u mmpuHa Iue-
TOK cocTaBIsum cooTBeTcTBeHHO 200 m 30 MM,
JMUHEHHass cKkopocTh Bpamenus 30 m/c, auamerp
u BouteT Bopca 0,2 u 40 mwm, cuna Toka [ = 140 A.
[locme 00pabGoTku TOMIMMHA CHOPMUPOBAHHOTO
CJIOSl TIOKPBITHSI, U3MEPEHHOTO C IMOMOIIBIO MpHU-
6opa MTILI-3, cocraBmna 3—5 MKM U1 IOKPBITHH,
c(OPMHUPOBAHHBIX INETKOW C BOPCOM, BBITIOIHEH-
HBIM U3 ctanu 650, u 7-10 MKM — JIJ1s1 TIOKPBITHH,
c(hOpMHUPOBAaHHBIX IIETKOW C BOPCOM U3 HEpKa-
Berowie cranu. I[lapameTp mepoxoBarocTu IO-
BepxHOocTH Ra mokpseitus: 0,25-0,35 MxM — s
MOKPBITHS, BBHITIOJHEHHOIO IIETKON U3 ctanu 651,
u 0,7-0,9 MKM — IIETKON U3 HEPKABEIOLIEH cTamnu.

Hnst Metaimnorpaduueckoro aHain3a MOBEpX-
HOCTHBIX CJIOCB 00Pa3loB, MOJIBEPTHYTHIX JieopMa-
LIMOHHOMY IUIAKHMPOBAHHIO, HCIIOIB30BAICS MHBEP-
TUpoBaHHbIM MuKpockon «Amsramu MET 1MTh».
TpaBneHne MUKPOCTPYKTYpHl HUIH(OB TPOBO-
IWIOCh C HUCIHOJb30BaHMEM peaktuBa Kyppa-
Ha (HCI — 50 mi; CuSO, — 10 r; H,O — 50 mi),
a takke Mapome (50 mur HCl; 2 1 CuSOy;
50 mn C,HsOH; 50 mi H,O).

PeHTreHOCTpYKTYpHBIM aHalu3 uccienye-
MBIX 00pasloB BBHIMOTHSIN Ha audpakTOMeT-
pe APOH 3.0 B monoxpomartuszupoBanHoM CoK
O-M3ITYYeHUH TIPH yCKopsroleM Harpsokerun 30 kB
U aHOZHOM TOKe 15 MA. PeHTreHoBckas cheMKa
OCyIIECTBIsUIach ¢ (POKycHpoBKOil mo bparry —
Bpenrano B pexume CKaHHpPOBaHUS (IO TOYKaM)
¢ marom 0,1° 1 BpemMeHeM HaOOpa MMITYJIbCOB Ha
touky 10 c. C mensto uccnenoBanus (Ha3oBoro co-
CTaBa TOHKHX ITOBEPXHOCTHBIX CJIOEB ObLI NpHMe-
HEH METOJI CKOJIB3sIero myuka (¢ = 6°). s pac-
mmdpoBkr  (Ha30BOTO COCTaBa HMCIOJIB30BAIACDH
KapToTeka cTaHAapTHHIX criekTpoB PDF. O6pabot-
Ky JaHHBIX PEHTI€HOCTPYKTYPHOI'O aHaju3a OcCy-
LIECTBISIM C IIOMOIIBI0 aBTOMAaTH3UPOBAHHOTO
nporpamMmmHoro komiuiekca DiffracPlus EVA.

st npoBeneHus TPUOOTEXHUYECKUX HCIBITA-
HUI HCNONB30BaM 00pas3lbl B BHJE JAUCKOB H3
cranu 40X nuamerpoMm 70 MM M TOJIIMHOU 5 MM,
MOJBEPrHYThIE O0OBEMHOH 3aKajKe g0 TBepAO-
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ctu 50 HRC wu mnocienyromedd nuindoBKe 10
Ra = 0,2-0,3 mMxm. B kauecTBe KOHTpPOOpPa3IoOB
MPUMEHSUIN  IMJIMHAPUYECKHE POJUKU JHaMeT-
poM 6 MM U AnuMHON 12 MM, U3rOTOBJICHHBIC W3
Macj00€H30CTOMKON PEe3NHBI ¢ MOAYJIEM YIIPYTO-
ctu 15 Mlla.

Ha miockux moBepXHOCTSIX IUCKOB METOAAMHU
ranpBanndeckoro ocaxuaenus u DTN popmu-
POBAIH XPOMOBKIC TIOKPBITHSI.

B xauectBe Martepuana-goHopa npu DI
WCIOJh30BAIA KOMIIAKTHPOBAHHKIN OpYCOK, TIOTY-
YEHHBIN MyTeM CIEKaHUsI CMECH TIOPOIIKOB YHCTO-
ro XpoMa W HaHOpa3MEpHOH aMa3HO-TpadHUTOBOM
mmxtel YIAT (TY Pb 28619110.001-95) mpowus-
BoactBa HIT 3AO «CuHra» B KOoan4ecTBE HE 0O-
nee 1 mac. %.

OnexTpoaeGopMaioHHOe TIAKHPOBAaHUE THO-
KMM MHCTPYMEHTOM BBITIONHSIIA BPAIAIOIIEHCS ITH-
TUHIPUIECKON ImeTKoi pazmepoM 200x20x22 MM
C JJIMHOW M MaMETPOM IPOBOJIOYHOI'O BOpca CO-
orBeTrctBeHHO 55,00 m 0,25 mm. Texuonorwu-
geckre pexumel DJIIIN: nuHelHas CKOPOCTHh
BpameHus merkd 30 M/c, HaTAr 2 MM, YHCIIO
MPOXOJ0B IIETKH §, YacToTa BpamIEHUS J¥C-
ka 7,3 mMun . BenuuMHa M0OIaBaeMOro HampsoKe-
uust 40 B, cuma Toxka 140 A. Tommmua cios
XPOMOBBIX IMOKPBITHH, CHOPMUPOBAHHBIX CITO-
cooom DTN, He mpeblmana 5—7 MKM, MUKPO-
TBepaocTs HV,, = 612-634.

ONEeKTPONUTHYECKOE XPOMHPOBaHME C Oca-
xKaeHueM cios Teepaoro (HV,, = 990-1200) xpo-
Ma TomuHOM 30—35 MKM BBITIOTHSIIOCH IO TUTIOBOH
texHoyorun, npuMensemoit Ha HIT 3A0 «Cunray.
[IpuueMm Tpu nucKa ¢ TaTbBaHUYECKUM XPOMOBBIM
TTOKPBITHEM TMOJBEPTAIH TOCIEIYIOIEeMy HUTH(O-
BaHWIO W TPU — NUIN(POBAHUIO, 3aTEM IOJHUPO-
BaHUIO0. COOTBETCTBEHHO TPHU JAHCKA C XPOMOBBI-
MU TIOKPBITHSMHU, CHOPMHUPOBAHHBIMU METOIOM
OMIII'N, TonpKO MONKMPOBAINCH U TPU — HCTIONb-
30BAJIMCh B HCXOJHOM COCTOSIHWH, T. €. Oe3 mociie-
IOyoued nUTMQOBKH W MOJIUPOBKH. TpuboTEeXHU-
YEeCKHe UCTIBITAaHUS SKCIIEPUMEHTAIBHBIX 00pa3IoB
JTIUCKOB C TMIOKPBITUEM MTPOBOIMIM Ha MAIIHHE Tpe-
HUS OJHOCTOPOHHETO BpAIllEHUS, pPeaTu3yroIen
TpPEeHHE TOPIIOBOW MMOBEPXHOCTH PE3UHOBOTO POJIH-
Ka (KOHTpoOpasIa) 1o IMIOCKOH MOBEPXHOCTH JHC-
Ka C MIOKPBITHEM.

HcnbiTanus Ha TpeHWE W W3HOC BBITIOJIHSIIN
MIPH CIIEAYIONMUX YCIOBUAX: CKOPOCTh BpallIeHUS
JMCKA C TOKPHITHEM 834 MMH ', OTHOCHTENbHAS
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CKOPOCTh CKOJIBKCHHS POJIMKA 10 JUCKY 2,4 M/C;
ylIeiabHas Harpy3ka B 30HE KOHTaKTa TopIia po-
JTUKa ¢ moBepxHocThIO naucka 0,5 MlIla; mpo-
JOJDKUTENBHOCTh  UCHBITAHUM — KaXJI0M  mapel
TpeHus: coctaBisuia 120 MHUH, 4TO COOTBETCTBOBA-
mo mytu Tperns 17280 m. B xome TpuboTexHH-
YEeCKUX WCIBITAHUA BOCHPOM3BOAMIICS PEXHM,
MPUOJIVDKEHHBIA K PSKUMY «TPAHUYHOTO» TPEHUS,
T. €. K PEeXUMY TPEHHS C OTPaHWYCHHOH Toxa-
Yyel CMa304HOro Marepuana. B cBsi3u ¢ 3TUM cMa-
3BIBAHHE JTOPOXKKHU TPEHUS HA JUCKE OCYIIECTBIIS-
J0Ch (PUTHIIEM, TIPOTIUTHIBAEMBIM KalleIbHBIM CITO-
cobom (12 kamenp B MHHYTY) THAPABIMYECKAM
maciom M101°2.

Perucrpamuro MOMEHTa CHIIBI TPEHUS CKOJIb-
JKEHUSI, KOTOPBIN 3aTeM MepecUnUTHIBAICH B KO3(]-
(GUIMEHT TpeHHs CKONbXKEHUS frp, HPOBOJHIN
Ha MPOTSHKEHUM BCErO LIMKIIA MCMBITAHUN KaXKI0U
napel TpeHus. I3Hoc Am pOJIMKOB U JAUCKOB OIle-
HUBAJIM 110 BEJIMYMHE yOBUTH UX MACCHI, OMIPEIes-
€MOl MO Pa3HOCTH Macc A0 U IMOCJE HCIbITa-
HUH MyTeM B3BEIIMBAHNUS Ha AHAINTHYIECKHUX BECAX
BJIP-200 ¢ Tounoctsio 10 0,00001 r.

JKcnepUMeHTAIbHbIE Pe3yJIbTaThI

Uzyuenne Mop¢osoruu MOBEPXHOCTH XPOMO-
BBIX IOKPHITUH, CQOPMUPOBAHHBIX METOAOM
OJIII'1, mokazano, 9To penbed MOBEpXHOCTH TI0-
KPBITHSI IMEET Pa3BUTYIO IIEPOXOBATYIO CTPYKTY-
py (puc. la), cocTosmIyo U3 TUIOTHO YJIOKEHHBIX
U BBITSHYTHIX B HAIPABICHHU BPALICHUS IIETKH
pPa3NUYHBIX O pa3MepaM MHUKPOYACTHIl XpOMa,
a TakKe CIVIAKEHHBIX MHUKPOBBICTYIIOB M MHKPO-
yrayonennii. JlepekTsl TOKpHITHS B BUAE He-
CIUTOITHOCTEH M OTCIIOCHUH OTCYTCTBYIOT.

Mexny cii0eM XpOMOBOI'O IOKPBITHSA U OCHOBOM
HaOJTIo1aeTCs TPaHUIIa pasjena 0e3 BUAUMBIX MpH-
3HAKOB HAIMYHS POMEKYTOUHOTO ciios (puc. 1b).

HccnenoBanue CTpyKTYphl M (ha30BOr0 cocTa-
Ba IUIAKMPOBAHHBIX CIIOEB XPOMOBBIX TOKPBHITHH
BBISIBHJIO TIPUCYTCTBHE B HHUX ayCTEHHTa U XPO-
Ma (puc. 2, tabn. 1). Ilepuon xkpucramimde-
CKOM pEIIEeTKH IIaKUPOBAaHHOI'O XpOMa COCTAaBIIS-
eT a = 0,2884 um. [Ipu 3TOM KOJIMYECTBO XpoMma
W HUKENS B IUIAKUPOBAHHOM CJIOEC TIOKPBITHS,
c(hOpMHUPOBAHHOM LIETKOM M3 HEpKaBerolel cra-
M, TI0 TIPOIIEHTHOMY COJIEPIKaHHIO COOTBETCTBEH-
HO B 5,3 u 9,6 paza Oousbliie, 4eM B TOKPBHITHH,
chopMupoBaHHOM TIeTKOM 13 ctanu 651 (Tabdm. 1).
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Puc. 1. Doto penbeda moBepXxHOCTH (a) 1 MUKPOCTPYKTYpHI (b) 00pa3ua u3 cramu 45 ¢ XpOMOBBIM OKPBITHEM,
cOpMHPOBAHHBIM METOIOM JIEKTPO/Ie(HOPMALIMOHHOTO IIIAKAPOBAHMUS THOKMM HHCTPYMEHTOM

Fig. 1. Photo of surface relief (a) and microstructure (b) for steel-45 sample
with chrome coating formed by electrodeformation cladding [EDCFT] method with flexible tools
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Puc. 2. DparMeHTHI pEHTT€HOBCKUX AU(PPAKTOTPaMM XPOMOBBIX IMIOKPHITHH, CHOPMUPOBAHHBIX METOAOM BIICKTPOIEPOPMAIIHOHHOTO
[UIAKMPOBAHHS THOKUM HHCTPYMEHTOM Ha IIOBEPXHOCTH CTaHU 45 ¢ HCHOJIb30BaHUEM BPAAIOIINXCSI METAIUIMYECKUX IETOK
C BOPCOM, BBINOJTHEHHBIM U3 ctanu 651 (a) u Hepxkaserouiei cramu 03X17H14M2 (b)

Fig. 2. Fragments of X-ray diffraction patterns for chromium coatings formed by EDCFT method on surface
of steel-45 using rotary metal brushes [RMB] with wire pile made of 65T -steel (a) and 03X 17H14M2-stainless steel (b)

Tabauya 1
XuMHYecKHii COCTAaB XPOMOBBIX MOKPBITHIA, C()OPMUPOBAHHBIX HA OBEPXHOCTAX 00pa3LOB U3 cTAIU 45
METO/10M 3J1eKTPOo1e(OPMALHOHHOI0 IVIAKHPOBAHUS TMOKUM HHCTPYMEHTOM C HCII0JIb30BAHHEM BPAIIAIOLIUXCSH
MeTAUINYECKUX [ETOK ¢ BOPCOM, BHINMOJHEHHBIM U3 cTamu 651" (1) u Hep:kaBeromeii ctaau 03X17H14M2 (2)

Chemical composition of chromium coatings formed on surfaces of steel-45
samples by EDCFT method using RMB with pile made of 65I'-steel (1) and 03X17H14M2-stainless steel (2)

Ne o6pazma Al Si P S Cr Mn Ni Cu Zn Mo Fe
. TlokpoiTne 0,441 0,060 | 0,016 | 0,506 | 0,556 | 0,181 | 0,153 0,020 OcHoBa
OcHoBa 0,132 | 0,441 0,052 | 0,017 | 0,121 0,557 | 0,185 | 0,170 OcHoBa
5 TlokpeiTHe 0,187 0,681 0,074 | 0,014 | 2,697 0,660 1,739 | 0,195 0,015 OcHoBa
OcHoBa 0,101 0,476 | 0,053 | 0,002 | 0,123 | 0,552 | 0,181 | 0,175 0,010 OcHoBa
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Mawiunocmpoenue

OO0Opa3oBaHue ayCTCHHTAa B ITOBEPXHOCTHBIX
CJIOSIX TUTAKMPOBAHHBIX O0pa3IloB, a TAKXKE IMOBBI-
IIIEHHOE COJepKaHMe XpoMa M HHKENS B TOKPHI-
THH, CHOPMHUPOBAHHOM IIETKON W3 HEprKaBEIOMICH
CTaJld, CBUJICTEIILCTBYIOT O TOM, YTO B IPOIIECCE
OMIII'N, napsay ¢ 9acTHYKaMH MaTepuaia JOHO-
pa, B COCTaB XPOMOBOTO ITOKPBITHS HHKOPIOPH-
PYIOTCS. W YacCTHYKM MaTepuaia MpPOBOJOYHOIO
BOpca MIETKH, YTO MOXKET CIOCOOCTBOBATh YCHIIE-
HUIO €T0 aHTHKOPPO3UOHHBIX CBOWCTB.

AHanu3 pe3ybTaTOB U3MEPEHUN IIEPOX0BATO-
CTH TIOBEPXHOCTH 3KCIIEPUMEHTAJIHHBIX 00pa3IoB
JTUCKOB 0€3 IMOKPBITHS U C XPOMOBBIMHU TTOKPBITHSI-
MH, C(HOPMUPOBAHHBIMU TaJIbBAHUYECKUM 0Ca-
xkaeareM u metogom DI, mokasan, 4rto miIst
TaJIbBAHMYECKUX XPOMOBBIX IOKPBITHH TOCIEIy-
IoIast MocJie NLIU(POBAHUS TOJUPOBKA CJIa00 BIIH-
seT Ha CHIDKEHHE Kak pa30dpoca 3HAYCHHI, TaK U
o0Iero ypoBHS IIEPOXOBATOCTH IOBEPXHOCTH
(puc. 3, cron6upsl 2, 3). s 3TUX MOKPHITHIA MONH-
POBKa CITOCOOCTBOBAIA CHIKEHHIO TTapaMeTpa IIe-
POXOBaTOCTH MOBEPXHOCTU Ra B cpeHeM Ha 6 Y.
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0.4 -
0,3 + .
0,2 - - - -

0,1 ~

LLlepoxoBaTocTb Ra, MKM

0.0 T T T T T

Puc. 3. lnarpamma o01iero ypoBHS U pa3dpoca 3HaUYCHUH
BEJIMYMH NapaMeTpa [IePOXOBaTOCTH HOBEPXHOCTH Ra
9KCHEPUMEHTAIBHBIX 00Pa3I0B AUCKOB C XPOMOBBIMH

MOKPBITUSIMU: | — €3 TTOKPHITHS; 2 — C TaIbBaHUIECKHM
XPOMOBBIM HOKPHITHEM NOCIIE MITH(OBAHNS;
3 — T0 ke mocIte MUM(OBAHNS U MOCIISYIOIIETO ITOTMPOBAHYIS;
4, 5 — ¢ XpOMOBEIM ITOKPHITHEM, C(HOPMUPOBAHHBIM
NEKTPOAEHOPMALMOHHBIM IUIAKMPOBAHUEM M'MOKHM
HUHCTPYMEHTOM, B HCXO/THOM COCTOSIHHU
U C MOCJIEAYIOIMM MOJIMPOBAHUEM COOTBETCTBEHHO

Fig. 3. Diagram of general level and variation in values
of surface roughness parameter Ra for experimental samples
of disks with chromium coatings: 1 — uncoated,

2 — with electroplating chrome plating after grinding;

3 — with electroplated chrome plating after grinding
and subsequent polishing; 4, 5 — with chrome plating,
formed by EDCFT in initial state
and with subsequent polishing, respectively
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Y [OWCKOB C TJIAKMPOBAHHBIMH XPOMOBBIMHU
MOKPBITUSAMHU LIEPOXOBATOCTh MOBEPXHOCTH Kak
Mo o6IeMy ypoBHIO, TaKk M TI0 pa30dpocy 3Haue-
HUH BETMYHWH TapaMeTpa Ra 3HAYUTEIHHO OOJIb-
e, 4eM y TrajbBaHUYECKHUX XPOMOBBIX MOKPHI-
it (puc. 3, cronbupr 4, 5). Ilpm sTom xoTs
MoCITeAyIomasl MOJMPOBKA TUTAKMPOBAHHBIX XPO-
MOBBIX TOKPBITHH W CHW)KAaeT MapaMeTp Iie-
poxoBarocTd mnoBepxHoctd Ra c¢ 0,71-0,92 no
0,32-0,51 MKM, TeM He MeHee OH OOJIbIlE, YeM
y TallbBAHMYECKUX HETOIUPOBAHHBIX XPOMOBBIX
mokpeITHit  (Ra =0,18-0,26 mxwm). OpnHako, He-
CMOTpS Ha Xy[IIHE MMOKA3aTelH IIePOXOBaTOCTH,
Mo pe3yibTaTaM TPUOOTEXHUYECKUX HCTIBITAHUH
YCTaHOBJIEHO, YTO TMapbl TPEHUS C oOpas3maMu
C HETIOJIMPOBAaHHBIMUA M TOJIUPOBAHHBIMHU TLIAKU-
POBaHHBIMH XPOMOBBIMU TOKPBITUSIMH, CHOPMH-
poBarHbIME MeTonoM DTN, obnamaroT HauMeHb-
IIMMHU 3HAYCHUSIMH BEIWYMH KO3 (UIMEeHTa Tpe-
HUS CcKoJkkeHus (puc. 4, kpuBble 4, 5) Hexe-
U mapbl ¢ o0pa3luamMH ¢ TajJbBaHUYECKUMH He-
MOJIMPOBAHHBIMA U TIOJIMPOBAHHBIMH TOKPBITHSI-
Mu (puc. 4, KpuBble 2, 3), a TakkKe mapbl 0e3 Io-
KpbITHs (puc. 4, kpusas 1).
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ITponomKHUTENbHOCTD HCIBITAHUN, MUH

Puc. 4. 3aBucumocTtr K03 GUIMEHTA TPEHUS CKOJIBKCHHUS
IUISL Tap TPEHHUS ¢ 00pa3IiaMi ¢ XpPOMOBBIMH ITOKPBITHIMA
OT HPOJODKUTEIBHOCTH UCTIBITAHUMH: | — 6€3 MOKPHITHS;
2 — ¢ TaJbBAaHMYECKUM XPOMOBBIM ITOKPBITHEM
nocie nupoBaHus; 3 — T ke nocie HUUQoBaHuUs
1 HOCJISAYIOLIEro MOIUPOBaHus; 4, 5 — C XPOMOBBIM
HOKPBITHEM, CPOPMHUPOBAHHBIM IEKTPOASHOPMALMOHHBIM
[UIAKAPOBAHHEM THOKMM HHCTPYMEHTOM,

B MCXO/IHOM COCTOSIHHH U C MOCICAYIOIIHM
MOJIMPOBAHHEM COOTBETCTBEHHO

Fig. 4. Dependences of sliding friction coefficient for friction
pairs with chrome coating samples on test duration:

1 — without coating; 2 — with electroplating chrome
plating after grinding; 3 — with electroplated chrome
plating after grinding and subsequent polishing;

4, 5 — with chrome plating formed by EDCFT in initial
state and with subsequent polishing, respectively
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KoadduiiueHT TpeHHUS CKOJIBXKCHHS Yy map ¢
o0Opa3laMy C IUIAKUPOBAHHBIMU IOJIMPOBAHHBIMU
XPOMOBBIMH TOKPBITHSMH B Ha4aJbHBIN M 3aKITIO-
YUTENbHBIA MMEPUOJbI UCTIBITAHUN OKA3aJICA COOT-
BETCTBEHHO B 4,5 u 7,5 pa3a McHbIIE, 4eM y 00-
pasuoB C TaJIbBAHUYECKUMH HETIOJUPOBAHHBIMU
XPOMOBBIMH MOKPHITUSIME (puc. 4, KpuBas 2).

Kak BujHO W3 MpejicTaBlIeHHBIX HA PUC. 4 3aBU-
CHUMOCTEMW, 3HaYeHUs] BeJIMIMH KO3 PHULIUEHTa Tpe-
HUSI CKOJIBKEHHMSI Ul BCEX MCIBITHIBAEMBIX Hap
TpeHHS Ha MPOTSHKEHUH 80 MHH ITMKJIA UCITBITAHUHN
UMEIOT TEHJICHITIO K CHIDKCHUIO. [Ipu AToM K03d-
(ULMEHT TpeHHs CKONBKEHHsS Ul Map TPEHHS C
oOpasramMu 06e3 MOKPBITHS W C TaJbBaHMYECKUMHU
HETIOJIMPOBAHHBIMU U TIOJMPOBAHHBIMU XPOMOBBI-
MH MOKPBITHSIMH YMEHBIIAETCSI OTHOCUTENIFHO IIep-
BOHAUYaJbHBIX 3HAUECHUU B cpenHeMm B 1,2-1,24 pa-
3a (puc. 4, kpussie 1, 2, 3), a 415 nap ¢ oopasiamu
C TUIAKUPOBAaHHBIMH HETIOJMPOBAaHHBIMH M TOJHU-
POBaHHBIMH XPOMOBBIMM TIOKpHITHsIMH — B 3,1
u 1,4 pa3a coorBercTBeHHO (puc. 4, Kpusble 4, 5).
Hanee Habnromaercst crabuim3anusi nmporiecca Tpe-
HUSL Yy BCEX MCIBITHIBAEMBIX Iap C oOpas3namu
C XpOMOBBIMH HOKPBITUSIMU, KPOME Tap ¢ oOpasia-
MU 0€3 MOKPBITHSA, TIe 3aMETHO BO3pacTaHHUE BENH-
YHHBI KO3 UIMEHTa TPEHUsS CKONbKeHus (puc. 4,
kpuBas 1). K KoOHIy 1mKiIa WCHBITaHWNA CperHee
3HAUEHHE BETMYMHBI KO3 (HUIIMEHTa TPEHUS CKOJIb-
JKEHUS ISl TpyImuXcst map cocrasisuio: 0,24 — st
obpasmoB Oe3 mokpertust; 0,185 — mms oOpasmos
C TaIbBAaHUYECKUMH HETOJIMPOBAHHBIMU IOKPbI-
tusimu; 0,224 — i 00pasloB ¢ rajibBaHUYSCKUMU

3,0

N
®

noarpoBaHHBIMU MOKpbITUsAMY; 0,031 1 0,023 — s
00pa3oB ¢ TUIAKUPOBAHHBIMH HETIOJIMPOBAHHBIMU
Y MTOJIMPOBAHHBIMH TOKPBITUSMH COOTBETCTBEHHO.

MOXHO MPeanoN0oKnUTh, YTO CHIKCHHUIO 3HA-
YeHUH BeNWYMH KOd(PQPHUIMEHTa TPEHUS! CKOIbXKe-
HUS Y TIap ¢ o0pasnamu ¢ TUIAaKUPOBAHHBIMHU XPO-
MOBBIMH TTOKPBITUSIMA CIIOCOOCTBYET Pa3BUTHIN
MHUKpopenbed HMX TOBEPXHOCTH, XapaKTepHU3YIO-
NIMACS HAJMYUEM CTIIaKEHHBIX MUKPOBBICTYIIOB
1 MHKPOYTITyONeHu# (MUKpokapMaHOB) (puc. 1a).
[TogoOHBIE MHKpOKapMaHbl, KaKk H3BECTHO, 00Ia-
JAIOT CIOCOOHOCTHIO MOBBIMIATH THAPOEMKOCTH
MOBEPXHOCTHOTO CJIOs, JIy4llle YICpKUBAIOT CMa-
304HBIH MaTepHal W B mpoluecce (PPUKIHOHHOTO
B3aUMOJICHCTBUSL C KOHTPTEIOM OO0ECIeUnBaIOT
BO3MOXXHOCTb BO3HUKHOBEHHS THUIAPOJUHAMUYC-
ckoro 3(¢dekra B 30He KoHTakTa. K uuciy ux mo-
JIOKHUTENBHBIX CBOMCTB OTHOCSAT TaKXKE U TO, UTO
NpY MpeTHaMepeHHOM (POpMUPOBaHUU Ha MOBEPX-
HOCTH, HAalpUMep INTOKAa THAPOLUWINHIPA, OHH
CHOCOOCTBYIOT CHW)KEHHIO YCWIIMSI CTparuBaHU
LITOKA B Cly4yae ero JAJUTEIbHOW BBIIEPKKH B He-
MOJIBMP)KHOM COCTOSIHUH TIOJI Harpy3Kod Oyiaromapst
CIIOCOOHOCTH COXPAaHEHHUS CMa304HOW TUIGHKH Ha
Tpyluelicsa noBepxuoctu [13, 14].

[To pesynpTaram uccieIOBaHUN BEIUYHUH W3-
HOca 00pa3loB YCTaHOBJICHO, YTO HAMMEHBIIUH
W3HOC KaK JIUCKOB C TOKPBITHSAMH, TaK M PE3UHO-
BBIX KOHTPOOPA3IOB UMEIOT Mapbl TPEHUS C JHC-
KaMd C TaJbBaHUYECKUMH HENOJIMPOBAHHBIMU
XPOMOBBIMU TOKPBITHSIMH, T. €. 00pabOTaHHBIE
TOJIbKO TITH(OBaHNEM (pUC. 5, cTonberr 2).
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‘ Oanck Oponuk  BcymMmapHbBIA M3HOC

Puc. 5. [lnarpamMma 3HaY€HHH BEINYUH H3HOCA [UIS ITAp TPEHMs ¢ oOpasnaMu: 1 — 6e3 HOKpHITHS;
2 — ¢ raJbBaHMYECKUM XPOMOBBIM ITOKPBITHEM I10CIIE LUTH(OBaHYS; 3 — TO %K€ MOocie NUIM(OBAHUSA U MOCIEAYIOIIETO OJIHPOBAHMS;
4, 5 — ¢ XpOMOBBIM IOKPBITHEM, CHOPMUPOBAHHBIM JIEKTPOIe(hOPMAIMOHHEIM ITIAKHUPOBAHUEM THOKUM HHCTPYMEHTOM,
B UCXOJHOM COCTOSIHUM U C IIOCJICAYIOLIUM IIOJIUPOBAHUEM COOTBETCTBEHHO

Fig. 5. Diagram of wear values for friction pairs with samples: 1 — uncoated;
2 — with electroplating chrome plating after grinding; 3 — with electroplated chrome plating after grinding and subsequent polishing;
4, 5 — with chrome plating formed by EDCFT in initial state and with subsequent polishing, respectively
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Mawiunocmpoenue

Heckonbko OonbIuii M3HOC HWMEIOT Taphl C
TUTAKUPOBAHHBIMHU TIOJIMPOBAHHBIME  XPOMOBBIMHU
NOKpeITHsIMEA (pUC 5, cTonben 5). [ns atux map
XapaKTepHO TO, YTO XOTS M3HOC JUCKOB OBLT U CO-
MOCTaBUM C M3HOCOM JUCKOB C TaJbBaHUYECKUMU
HETIOJTMPOBAaHHBIMU MOKPBITUSMHU, U3HOC UX PE3U-
HOBBIX KOHTPOOPa3IoB okasancs Ha 0,3-10° r
BBHIIIIC 3HAYCHWA HM3HOCA KOHTPOOpa3IoB map C
TaJIbBAHNYECKUMH HETOJMPOBAHHBIMHU TTOKPBITH-
AMA. Y OCTaJbHBIX MAap TPEHUS, MOJBEPTHYTHIX
UCTIIBITAHUSAM, 3HAYCHUS BEIIMYMH W3HOCA JIUCKOB
U KOHTPOOpPa3I0B 3aMETHO IMPEBHIIIAN TPEIBITY-
e (puc. 5, ctonomst 1, 3, 4).

BBIBO/JIbI

1. [Ipu popMHUpOBaHHH XPOMOBBIX IOKPBITHH
METOOM 3JIEKTPOePOPMALUOHHOTO IIIaKHPOBa-
HUsSI THOKUM HMHCTPYMEHTOM Ha XMMHYECKHH CO-
cTaB c(OPMUPOBAHHBIX CJIOEB, IOMUMO 3JIEMEHT-
HOTO COCTaBa CaMOT0 MaTepuajia JIOHOpPa, BIIHSET
U MaTepuan Bopca, U3 KOTOPOro U3roTOBJIEHA NPO-
BOJIOYHAsA ILETKa. B ciydae ncHosibp3oBaHUS Iiie-
TOK C TPOBOJIOYHBIM BOPCOM H3 HepKaBerolIen
ctann 03X17H14M2 konudecTBO XpoMa U HUKEISA
B IJIAKUPOBAHHOM CJIO€ MOKPBITHS 1O MPOLEHTHO-
My COJIep>KaHUIO0 COOTBETCTBEHHO B 5,3 u 9,6 pa3za
Ooublie, 4eM B TIOKPBITHH, CPOPMUPOBAHHOM IIIET-
kol m3 cramu 650, Ilpm 3TOM penbed MoOBEpXHO-
CTH TIOKPBITUSI HMEET Pa3BUTYIO LIEpOXOBa-
TYI0 CTPYKTYPY, COCTOSIIYIO U3 IUIOTHO YJIOXEH-
HBIX U BBITSHYTBIX B HAaIllPaBJICHUH BpAIlCHUS
IIETKH Pa3IMYHBIX II0 pa3MepaM MHUKPOYACTHIL
XpoMa, a TaKKe CIVIAXKEHHBIX MUKPOBBICTYIIOB U
MUKpOYTIyOsieHuid. JleeKTbl MOKpBITHS B BHIAC
HECIUIOIIHOCTEN M OTCIIOEHUN OTCYTCTBYIOT.

2. IllepoxoBaTocTh IOBEPXHOCTH IUIAKHMPOBAH-
HBIX TIOKPBITHI 10 TompoBkH (Ra = 0,71-0,92 Mxwm)
u niocie noiaupoBku (Ra = 0,32-0,51 MxkM) Kak 1Mo
o0mieMy YpoOBHIO, TaKk M O pa30Opocy 3Ha4YeHHit
BEJIMYMH NapaMeTpa Ra BbIlIE, YeM y TralbBaHH-
4yecKuX HemonmupoBaHHBIX (Ra = 0,18-0,26 Mxwm)
u nonupoBaHHbIX (Ra = 0,17-0,24 mMxMm) xpomo-
BBIX MOKPBITHHA. OHAKO, HECMOTPS Ha MOBBIIICH-
HYIO IIEPOXOBATOCTh MOBEPXHOCTH IUTAKMPOBAHHBIX
XPOMOBBIX HOKPBITHH, IO pe3yibTaTaM TpHOOTEeX-
HUYECKUX HCIBITAHUNA YCTaHOBJIEHO, YTO Maphbl
TpeHus: ¢ o0pa3laMy C HENOJMPOBAHHBIMU M IIO-
JMPOBAaHHBIMH  IUIAKUPOBAHHBIMU  XPOMOBBIMHU
HOKPBITUSIMH, C(OPMHUPOBAHHBIMH METOIOM 3JIEK-
TpoaehOpMaOHHOTO TNIAKUPOBAHUS THOKUM HH-
CTPYMEHTOM, 00J1alal0T HAUMEHBIINMU 3HAYEHU-
MU BEJTMYUH KO UIMEHTA TPEHUS CKONbXCHUS,
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YeM mapbl ¢ 00pa3lamMy ¢ rajlbBAaHHYECKHUMU HETOo-
JUPOBAHHBIMU U TIOJIMPOBAHHBIMU MOKPBITHAMH, 2
Take mapel 6e3 mokpeiThsa. CpemHee 3HAUYCHHE
BEJIMYHHBl KOA(P(UIMEHTa TPEHUS CKOJIBKECHUS
Ui Tpyluxcs map coctasisuio: 0,24 — mis obpas-
moB 0e3 mokpeitus;, 0,185 — mist oOpasior
C TaJIbBAHUYECKUMH HETIOJIMPOBAHHBIMHU TTOKPHITH-
svu; 0,224 — mis 00pasloB ¢ TalbBAHUYECKUMH
nonupoBaHHeIMUA TIOKpbeITHAMEU; 0,031 u 0,023 —
JUIs. 00pa3IoB C IUIAKWUPOBAaHHBIMU HETTOJIMPOBaH-
HBIMH W TOJMPOBAHHBIMH IOKPBITHAMH COOTBET-
CTBEHHO. MOHO MPEIION0KUTh, YTO CHIKEHHIO
3HAYCHUH BENMYHH KO3 UIMEHTa TPEHUS CKOJIb-
XKEeHUsl y map ¢ oOpasuaMu C IJIaKUPOBAHHBIMHU
XPOMOBBIMH TOKPBITHSMHU CHOCOOCTBYET pa3Bu-
THIH MHKpOpeNbed) UX MOBEPXHOCTH, XapaKTepH-
3YIOIIMICS HaJIWMYMeM CTIaKEHHBIX MHUKPOBBICTY-
OB U MUKPOYTIyOJIeHn# (MHUKpOKapMaHOB), KO-
TOpBIE TIOBBIIIAIOT THAPOEMKOCTh TOBEPXHOCTHOTO
CIIOSI, Jy4Ille YACPKUBAIOT CMa304HBIA MaTepHal
U B mpouecce (QPPUKIMOHHOTO B3aUMOACHUCTBUS
C KOHTPTEJIOM 00ECIEeUNBAIOT BO3MOXKHOCTh BO3HHK-
HOBECHMSI THIPOAMHAMUYECKOro 3(ddekra B 30HE
KoHTakTa. OJHAaKO, HECMOTPS HAa HU3KHE 3Haue-
HUS BEJIMYUH KOA(PPULNEHTA TPEHHUS CKOJIBKEHHS
y Tap C IUIAKHPOBAaHHBIMUA XPOMOBBIMH TOKpbI-
TUSIMH, HauMEHBIIUH H3HOC PE3MHOBBIX KOHTP-
0o0pa3LoB OTMEYEH y Map C TajlbBaHUYECKUMHU
HEINOJIMPOBAaHHBIMH ~ XPOMOBBIMH  IIOKPBITHSMH,
T. €. 00pabOTaHHBIX TONBKO MUIN(OBAHUEM.

3.Ilo pe3ynpTaTaM HCCIECOOBAHUN BEJIUYUH
n3HOCa 00Pa3LoB YCTAHOBJIECHO, YTO HAMMEHBILIUH
H3HOC KakK JWCKOB C TIOKPBITHSAMH, TaK M PE3UHO-
BBIX KOHTPOOPAa3LOB WMEIOT Mapbl TPEHUS C JAWC-
KaMH C TaJbBAaHWYECKUMH HENOJMPOBAHHBIMU
XPOMOBBIMH TOKPBITHAMH. [ 3THX map xapax-
TEPHO TO, YTO XOTSA M3HOC JAMCKOB OBUI M COTMOCTa-
BHM C M3HOCOM JMCKOB C IUTAKMPOBAaHHBIMHU I10JIU-
POBaHHBIMH IOKPBITHAMH, H3HOC HUX PE3UHOBBIX
KOHTpoGpasmoB okasancst Ha 0,3 - 10~ T MmeHblre
3HAYEHUI BEJIMYMH M3HOCA KOHTPOOPA3LOB Map C
MIaKUPOBAHHBIMH OJIMPOBAHHBIMH MOKPBITHSIMH.

4. Pe3ynbTaThl TPOBEIEHHBIX HCCIICIOBAHMIMA
MO3BOJISIIOT 3aKJIOYUTh, YTO TEXHOJOIHs (GopMu-
pOBaHUs TOKPBITHH Ha OCHOBE XpOMa METOJOM
3K TPOo1e(hOPMAIIMOHHOTO TUIAKUPOBAHUS THOKUM
WHCTPYMEHTOM, XOTS U 00J1afjaeT onpeieieHHbIMH
HEIOCTAaTKaMH, TJIaBHBIM M3 KOTOPBIX MOXKET OKa-
3aThCs MOBBIILICHHBIH U3HOC KOHTPTEN, BHIOJIHEH-
HBIX W3 PE3WHbI, OJTHAKO B CHITy TIPOCTOTHI €€ pea-
JU3alK1, MaJlol SHEPrOEMKOCTH U HKOJIOTHYECKON
YUCTOTHl BIOJHE MOKET OBITH HCIIONB30BaHA B
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MIPOMBIIIUIEHHOCTH JUIA XPOMHPOBAHUS J1eTaien
TUAPOTIPHUBOIOB.

5. OBITHO-NIPOMBILIICHHAsT anpoOalysi U BHEA-
pEHHE TEXHOJIOTHH 3JIeKTpoie(hOpMaIMOHHOTO TIIa-
KAPOBaHWS THOKMM HMHCTPYMEHTOM BBIITOJTHEHEI
B OAO «MuHCKMI 3aBOJI aBTOMAaTHYECKUX JTHHUH
umenn [I. M. MamepoBay. IlokpeiTua U3 xpoma,
nerupoBannoro YJIAT, Obutu chopMUpOBaHBI Me-
TOJIOM 3JIEKTPO1e(hOPMALMOHHOTO IUIAKUPOBAHUS
TUOKUM MHCTPYMEHTOM Ha pa0O4YMX MOBEPXHOCTSIX
MITOKOB  THAPOIMJIMHAPOB OOBEMHBIX THIPO-
MPUBOJIOB THIPABIMYECKOTO 00OPYIOBaHHS CTaH-
KOB (puc. 6a). McnbpiTaHUS MITOKOB C TOKPHITHEM
«xpom + YJIAT» B cocTaBe THAPOIMIMHIPOB
MPOBOAMUIN HA MUHCKOM 3aBOJI€ aBTOMAaTHYECKUX
muanid nMenu II. M. MamepoBa Ha wucHbITa-
TenpHOM cTeHne (puc. 6b). B Xoxe wucmbITanmii
YCTaHOBJIEHO, YTO OTBITHBIE THAPOLMINHAPHI TOI-
HOCTBIO COOTBETCTBYIOT MPENBABIAEMbIM TEXHU-
YECKUM TpPeOOBaHUSAM W TPUTOIHBI JIS DKCILTya-
TallMd B COCTaBe TUIPONIPHUBOJIOB CTAHKOB.

Puc. 6. DopmupoBaHue TOKPHITUA «XpoM + YA »
METOJIOM IEKTPOAe(POPMALIIOHHOTO IUIAKHPOBAHUS
THOKAM HHCTPYMEHTOM Ha Pa0OYHX MOBEPXHOCTAX
[ITOKA THAPONIHH/IPA (a) 1 IpoBepKa () yHKIIMOHUPOBAHUS
[ITOKA C TIOKPBITHEM B COCTaBe ruporiaipa (b)

Fig. 6. Formation of “chromium + ultradispersed detonation
diamond graphite charging material” coating by EDCFT
method on working surfaces of hydraulic cylinder rod (a)
and checking of rod operation with coating
in composition of cylinder (b)

[ Hayka
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CITMCOK OBO3HAUYEHU

DANIU (EDCFT) — oanekrpoaedopMallioHHOE I1a-
KupoBaHHe THOKUM HMHCTpyMeHTOM (electrodeformation clad-
ding with a flexible tool);

VIAI' (UDDG) — yabTpaauciiepcHas aaMasHo-rpadu-
toBas mmxra (ultradispersed diamond-graphite mixture);

BMII[ (RMB) — Bpamaromascsi MeTa/ulfdeckasi IeTka
(rotary metal brush);

Jrp (fip) — KO3 durmenT Tpenus ckoswxkenus (coefficient
of sliding friction);

Am (Am) — BecoBoit uzHoc (weight wear).
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Abstract. The influence of high-speed particle fluxes on changes in the structure and properties of materials has been wide-
ly studied currently. The effect exerted by particles moving at very high speeds can have both negative (in spacecrafts)
and positive character (dynamic processing of tool steels). Therefore a task for studying an effect of high-speed particle flows
on structure change in tool steels and improving their performance properties has been set in the paper. The study has used
an explosive method for creation of a high-speed flow of SiC + Ni and Al,0O; particles. Samples after dynamic alloying have
been subjected to diffusion nitriding. Microstructure of specimens made of X12M, R18, R6MS5KS5- steel has been studied
using optical and electron metallography. Wear resistance of the samples has been also tested on a friction machine. Theoreti-
cal and experimental results on a complex effect of high-speed microparticle flows and nitriding on a structure and properties
of tool steels have been obtained during the research. It has been established that dynamic alloying by particles leads to for-
mation of a specific structure in a composite material reinforced with channels. Central fiber (channel) zone with powder par-
ticles residues is surrounded by areas of amorphous state which is succeeded by a zone with a nanocrystalline fragmented
cellular structure. Then we observe a zone with a microcrystalline structure that transits to a zone with crystalline structure
which is characteristic for a matrix material of structural steel. The obtained data can expand and complement some ideas
about mechanisms for dynamic loading of solids and condensed matter, plastic deformation, physical mechanics of structural-
ly inhomogeneous media at different levels, a number of effects arising from collision and ultra-deep penetration of micropar-
ticles into metals. It has been shown that wear resistance of high-speed steel subjected to dynamic alloying in the quenched
state is increased by 1.2 times in comparison with wear resistance of steel alloyed in the annealing state.

Keywords: dynamic alloying, microstructure, nitriding, wear resistance
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Mawiunocmpoenue

00paboTKe HHCTPYMEHTAIbHBIX cTanell. [TosToMy ObITa mocTaBiIeHa 3a7a4a UCCIEAOBAHMS BO3ICHCTBHS BBICOKOCKOPOCTHBIX
MIOTOKOB YacTUl] Ha M3MEHCHUE CTPYKTYpbl MHCTPYMCHTAJIPHBIX CTaJleil U IOBBIIICHUE MX JKCILUIyaTALIUOHHBIX CBOICTB.
B pabote ucrnons30Baics B3pEIBHOW METOA CO3aHMs BRICOKOCKOpocTHOro noTtoka yactull SiC + Ni n AL O;. O6pasis! nmocie
JUHAMHYECKOTO JISTHPOBAHUS MOIBEPTaINCh U HY3NOHHOMY a30THPOBaHHIO. MUKPOCTPYKTypa 00pa3noB u3 craieil X12M,
P18, POM5KS m3y4anach ¢ IMOMOILIBIO ONTHYECKOH M 3IIEKTPOHHON Metaiuorpaduu. McmbIThIBanach M M3HOCOCTOHKOCTB
00pa31oB Ha MAaIIMHE TPEeHUI. B Xo/e nccienoBaHuii MOIydeHbl TEOPETHUECKUE U SKCIEPUMEHTAIBHBIE PE3YJILTATHI 110 KOM-
IJIEKCHOMY BO3JECHCTBHIO BBICOKOCKOPOCTHBIX IIOTOKOB MHKPOYACTHUIl M a30THPOBaHMs Ha CTPYKTYpy U CBOMCTBa HHCTPY-
MCHTAJIBHBIX CTAJICH. Y CTAHOBIECHO, YTO JUHAMIYECKOE JITHPOBAHNE YACTHUIAMH TIPHBOJNT K ()OPMHUPOBAHUIO CIEIH(pUUe-
CKOM CTPYKTYpHI KOMITO3HI[IOHHOTO MaTepHajia, apMHPOBAHHOTO KaHamaMH. LleHTpanbHas BOJOKOHHAs (KaHAIBHAs) 30HA
C OCTaTKaMM YaCTHIl TIOPOIIKA OKpYyXKeHa o0nacTsMu ¢ aMOpGHBIM CTPOCHHEM, OHa CMEHSETCS 30HOH ¢ HaHOKPUCTaJUTHYe-
CKOM (hparMeHTHPOBAHHOI TYEUCTON CTPYKTYpOil. 3aTeM HaOJII0JaeTcsl 30Ha C MUKPOKPHUCTAIUINYECKOI CTPYKTYpPOH, KoTopast
HEePEeXOUT B 30HY KPUCTAJUIMYECKOTO CTPOEHHS, XapaKTepHOIo Uil MaTpUYHOI0 MaTepHaia KOHCTPYKIMOHHOM ctaiu. Ilo-
Jy4eHHbIE JaHHBIE MOTYT PAacUIMPUTh M IOIOJHUTH HEKOTOpbIE MPEACTAaBICHUS O MEXaHU3Max TUHAMHUYECKOIo Harpy-
JKEHUsS] TBEPIBIX T M KOHICHCHUPOBAHHBIX Cpel, IUIaCTHYecKod nedopmarnuu, GpU3MYECKOH MEXaHUKH CTPYKTYPHO-
HEOJHOPOIHBIX CPEJ Ha Pa3IMYHBIX YPOBHAX, O psie S(P(PEeKToB, BO3HUKAIOIIUX HPH COYAAPEHHH H CBEPXIIIyOOKOM
NPOHUKAHUHA MUKPOYACTHUIl B METAJUIbI. Y CTAHOBJICHO, YTO M3HOCOCTOMKOCTH OBICTPOPEXYILEH CTaju, MOJBEPTHYTON IHUHA-
MHUYECKOMY JITUPOBAHUIO B 3aKaJICHHOM COCTOSIHUH, YBEJIMUMBaeTcs B 1,2 pa3a 0 CPaBHEHUIO ¢ M3HOCOCTOMKOCTBIO CTalIH,

HeFHpOBaHHOﬁ B COCTOSIHHUHU OTXKHUTra.

Knawuesble ciioBa: JAUHAMHUYECKOC JICTUPOBAHUEC, MUKPOCTPYKTYpa, a30TUPOBAHUC, HM3HOCOCTOHKOCTh

Jas uurupoBanusi: [ToBblIcHHE CBOWCTB HHCTPYMEHTANBHBIX CTaJel METOIOM AnHamMudeckoro nerupopanus / A. C. Kamm-
HI4eHKO [u ap.] // Hayxa u mexnuxa. 2019. T. 18, Ne 5. C. 369-379. https://doi.org/10.21122/2227-1031-2019-18-5-369-379

Introduction

Currently, the influence of high-speed particle
flows on changes in the structure and properties
of materials is widely studied. It is established that
high-speed flows of dust particles due to the effect
of super-deep penetration can cause failure of elec-
tronic devices at space stations. As a result, some
special measures must be developed for protection
of electronic units in space environment [ 1, 2].

One of the promising directions and methods of
materials processing are high-energy pulse me-
thods that provide dynamic restructuring of the
structure and properties. At present, extensive
scientific, theoretical and experimental data on the
investigations of physical and mechanical properties
of metals surface layers under pulsed loading are
obtained. Much less results were published on the
study of deep layers in condensed matters [3—5].

So far, the basic peculiarities of high-speed de-
formation of metals and changes in their properties
in the zone of the shock wave penetration have
been established [6]. But the mechanism of interac-
tion of high-energy flows of powder particles with
the matrix is not fully explained. There is practical-
ly no explanation for the formation of electromag-
netic radiation and magnetic fields, the formation
of which is fixed, as well as their effect on thermo-
dynamic, chemical and electrical properties, struc-
tural and energy changes in condensed media.

Improving the operational stability of machine
parts and mechanisms, tools are inextricably linked
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to the increase in the physical and mechanical
characteristics of the metal (wear resistance, tough-
ness, bending strength), as many parts, including
cutters for mining machines, operate in conditions
of abrasive wear, sudden temperature changes and
shock loads. The complex solution of questions
dealing with the increase in durability of products
is an important problem for machine-building
branch in general and mining one in particular.

Increasing the wear resistance of working bo-
dies’ parts and tools is mainly achieved by alloying
and deposition of wear-resistant protective coa-
tings, chemical and thermal treatment, as well as
the use of special materials.

A significant disadvantage of traditional har-
dening methods is that the increase in wear re-
sistance is usually accompanied by a decrease in
bending strength and toughness. In addition, scarce
and expensive elements (tungsten, cobalt, molyb-
denum, etc.) are used for alloying and hardening.

Therefore, non-traditional technologies of me-
tals and tools hardening are of interest. One of
these methods is the use of explosive hardening
of parts, including tools for the mining industry
including the production of potassium salts. Earlier
studies have been implemented dealing with the
development of hardening technology of tool steel
by the method of dynamic alloying with the appli-
cation of the explosion energy to accelerate the
flow of the alloying substances [7, 8].

The study of the processes accompanying the
interaction of the high-speed particles flow with
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a metal matrix contributes to the understanding
of the dynamics of changes in the state of matter.
Modes of dynamic action of the particle flow pro-
vide a change in the physical and mechanical pro-
perties of metals and non-metals, as well as the
evolution of their structure [9, 10]. Features of par-
ticle penetration contribute to the formation of com-
posite materials with an increased level of properties
that is important for practical applications.

The main features of the technology of mate-
rials explosion treatment with high-speed flows
of powder particles include: high concentration
of energy introduced into the impact zone, locality
and precision processing at significantly lower to-
tal energy consumption. Due to this, it is possible
to reduce and combine certain types of processing,
as well as to ensure a controlled process of forming
the structure of materials. The use of cumulation of
energy flows and powder particles allows solving
one of the problems of obtaining composite mate-
rials, including structured ones and materials with
new properties.

This work is devoted to the study of the pro-
cesses of microstructure and properties formation
in specimens, as well as the mechanism of the base
material hardening due to complex processing of
tool steels during the dynamic alloying of the metal
matrix by powder particles and nitriding.

Materials and methods of research

The experiments were carried out on cylin-
drical samples with a diameter of 8 mm made
of steel X12M, R18, R6M5KS5 and processed by a
high-speed flow of particles SiC+ Ni and Al,O;
of fraction 50-100 pm. The background pressure was
about 2 GPa, the exposure time was about 40 ps.
Steel specimens after pulsed exposure to the pow-
der particles flow were cut from the processing
side to a depth of 1 mm. After that, the specimens
were subjected to diffusion nitriding for 1 hour.
The wear resistance of steel alloyed with SiC pow-
der was evaluated by determining the wear rate of
the samples in the machine Al-1 during the fric-
tion with the grinding wheel (GOST 2424-83).
The specific pressure was maintained at 0.6 kg/cn’.
The speed of the circle rotation was 330 min .
Explosive matter “Ammonite 6ZV” was used in
amount of 200 g. The microstructure of the sam-
ples before and after treatment was investigated
using the microscope “Metam-21, electronic mic-
roscope “Stereoscan-360”. Phase analysis of the
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samples was performed on the X-ray diffractome-
ter DRON-3 in Fek, monochromatized radiation.

Results and discussion

Optimization of the scheme and modes of dy-
namic alloying of hardened tool steel. The fact that
the impact and penetration of particles is inextrica-
bly linked to the loading of the barrier (sample)
with dense high-speed particle flow, an important
aspect is the optimization of the process and the
correct choice of processing method. This feature
causes necessitates of more detailed study of the
structure of the particle flow formed by the explo-
sive accelerator. Scheme of accelerator is depicted
in fig. 1. It is necessary to establish the relations
between the flow parameters and peculiarities of
the particles penetration into the processed sample,
as well as the degree of their influence on overall
process. These parameters are an important condi-
tion for process control and ensuring required
properties of the product.

5 4 3 2 1
[ f / \
| f \
—T 7 %4_‘;———’—::"-{ ’/ 7 ..‘\_;‘\L’\_‘T‘ﬁ- < «leu——v-l
4. < B -
N |
g L

Fig. 1. Scheme of microparticles accelerator design:
1 — guide of the particles flow with the desired diameter;
2 — adjusting (focusing) support; 3 — chamber of the
of particles flow formation; 4 — body of the explosive device;
5 — cumulative funnel (lens)

The simplest means of controlling the flow pa-
rameters are the change of technological features
of the accelerator, including the choice of the op-
timal geometric configuration of the accelerator
for specific technical purposes, the design of its
elements, the quantity and quality of the explosi-
ves used for this purpose. The main elements of the
accelerator are the powder container and the
adjusting support. The adjusting support is a thick-
walled steel pipe and is used to set a predetermined
distance from the powder container to the work-
piece, as well as to focus the powder jet formed
during the compression of the container with the
powder by charge of the explosive. Fig. 2a shows
a scheme of steel R6MS5 treatment.
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The shape of the container affects the speed
of the jet and the uniformity of the powder particles
distribution along its flow. Containers made
of aluminum sheet 1.5 mm thick with the shape
of a hemisphere, a hollow cylinder or three do-
cked hemispheres of different diameters were
used (fig. 2b). Non-uniformity of surface treatment of
alloyed specimens was observed after using a con-
tainer in the shape of a hemisphere. It was found for
this case that zones of significant plastic deformation
were observed along with shallow micro-craters
(0.5-1.0 mm) which evenly distributed on the sur-
face. The depth and diameter of plastic deformation
zones reach 8-10 and 1518 mm, respectively.

The presence of such heterogeneous in the de-
gree of plastic deformation zones leads to stresses
that adversely affect the properties of the product
and contribute to the process of cracking during
subsequent heat treatment.

The container in the form of three docked hemi-
spheres of different diameters allows increasing the
uniformity of processing. The maximum velocity of
the powder particles jet can be obtained using a con-
tainer in the form of a hollow cylinder, which follows
from the basic ratio of the cumulation theory

o =20,
tgg
2

where o, — velocity of the jet, m/s; @, — rate of col-
lapse of the cladding elements, m/s; a — angle of
collapse, deg.
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The containers with the powder composition
in the form of a cylinder with an inner diameter
of 25 mm were used in experiments conducted.
The higher particles speed (in the case for a con-
tainer of cylindrical shape) contributes to the in-
crease in the depth of their penetration into the ma-
terial, but also increases the danger of crack for-
mation and destruction of parts. Therefore, to
obtain high-quality products, it is necessary to in-
crease the distance between the explosive accelera-
tor and parts made of quenched high-speed steel in
comparison with the distance that provided high-
quality hardening of the same steels parts in the
annealed state. High hardness (61~66 HRC) of
quenched high-speed steels dramatically increases
the risk of cracking during dynamic alloying,
which makes it necessary to study the structural
state of the steel after quenching.

In high-speed steel parts the a—y transfor-
mation and dissolution of some excess carbides in
the resulting austenite occur during the process of
heating for quenching. After quenching in the
structure of steel part of austenite (residual) and
excess carbides, as well as martensite, retained.
During the explosive alloying of quenched steels a
volume network of microchannels forms in their
structure, and the processes of residual austenite
peening take place.

og

Fig. 2. Scheme of steel R6MS5 specimen’s treatment: 1 — electric detonator; 2 — explosive charge; 3 — casing of the explosive charge;
4 —lens; 5 — powder; 6 — adjusting support; 7 — set with specimens; 8 — container; 9 — sand
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Dynamic alloying of quenched high-speed
steel, which does not contain a certain amount
of residual austenite in its structure, leads to crac-
king or destruction of products. It is caused by low
plasticity of martensitic crystals. Cracking is also
observed if a large amount of residual austenite
(4045 %) is retained in the structure of the steel.
It associates with high structural stresses arising
during quenching. The optimum amount of resi-
dual austenite at which dynamic processing be-
comes possible is approximately 20 % for tung-
sten-molybdenum steels and 25-30 % for tungsten-
cobalt ones.

Thermal stresses arising in high-speed steel af-
ter quenching lead to cracking of the samples du-
ring dynamic processing. To reduce thermal stres-
ses it i1s necessary to implement low-tempera-
ture tempering. Tempering, which is carried out at
temperatures below 150 °C, does not lead to a de-
crease in hardness. Tempering at temperatures
of (200-350) °C reduces hardness by 2—4 units
of HRC.

Possible schemes of dynamic alloying of quen-
ched high-speed steel were experimentally ve-
rified:

1. Repeated introduction of alloying particles
with intermediate annealing. In this scheme, it is
necessary to carry out annealing between the dy-
namic processing operations at a temperature
above o—y transformation ((900-950) °C) to re-
move high structural stresses formed during
quenching and dynamic alloying. During this
treatment the processes of steel softening are inten-
sively taking place. The experiments carried out
showed a low efficiency of hardening during pro-
cessing according to this scheme.

2. Simultaneous introduction of alloying parti-
cles in three mutually perpendicular directions.
When processing in this scheme of high-speed
steel in the annealing state, it is possible to ensure
a uniform distribution of microchannels in the vo-
lume of products. As a result, there is the increase
in the level of mechanical properties and elimi-
nation of their anisotropy. However, treatment in a
quenched state leads to the destruction of steel
products and therefore cannot be recommended.

3. Single introduction of alloying particles in a
given direction (usually from the end surface).
When processing according to this scheme, parts
are placed at a certain distance from the explosive
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accelerator, and the explosive charge is detonated.
This mode of particles introduction into the
quenched high-speed steel is the most technologi-
cally advanced, because this scheme allows obtain-
ning high-quality products and provides high man-
ufacturability of the hardening process.

Complex processing of quenched steel. The
combination of steel processing operations with
high-speed particle flows and nitriding leads to the
appearance of a surface layer with an unusual
structure. Along with the solid nitrided layer of
steel with a thickness of 40 to 60 microns, to a
depth of 140 microns a layer of nitrided vertical
columnar structures surrounded by areas of the
original steel structure is formed (fig. 3).

The abrasive tests of samples with simulta-
neous impact loading showed that the samples
hardened by complex technology have a wear re-
sistance of 1.5-2.5 times higher than that of the
original steel X12M and after diffusion nitriding.

obr.S bok.pov,

TC-903 22624 00300

Fig. 3. Microstructure of the surface layer of steel X12M
after treatment with a flow of particles and nitriding

Samples treated with a mixture of powders
50 % SiC + 25 % AlLOs + 25 % Si;N, showed the
highest level of wear resistance (increase in 23 ti-
mes). Their structure of nitrided zones was the
most developed and the diffusion nitriding layer
had depth up to 70—80 pum.

Dynamic alloying of materials by powder par-
ticles, in particular SiC, under the conditions of
their penetration leads to the formation of a struc-
ture with many channels, different from the struc-
ture of the base material. The study of the fine
structure by diffraction electron microscopy al-
lowed us to establish that the channel zone consists
of a central fiber zone with the remains of pow-
der particles, which is surrounded by an amor-
phous zone of 810 um wide. The amorphous zo-
ne passes into a nanocrystalline one with thickness
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of 15-20 um with further transition into a micro-
crystalline zone with thickness of about 30 pm,
followed by a transition to the crystalline state
characteristic of the matrix material.

The formation of channel structures is accom-
panied by intense plastic deformation, both due
to the penetration of particles and the compression
of the channel walls behind the particle. As a re-
sult, even with a single exposure, the material
acquires properties characteristic for a composite
material with a pronounced anisotropy. Amor-
phous-like elements of the structure are formed
in narrow local areas due to the accumulation of
energy that are resistant to thermal effects. As a
result of research it was established that after
shock-wave loading there is a grain refining by
1.8-2.5 times compared to structure of initial steel
in the area of microparticles penetration.

Thus, the analysis of the obtained results allows
us to conclude that the wear resistance of the tool
steel X12M strengthened by the complex techno-
logy increases by 1.5-2.5 times. One of the reasons
for the increase in wear resistance is the formation
of a layer with the structure of the composite mate-
rial, reinforced by channel zones, which play the
role of reinforcing elements. The combination of
methods of volumetric dynamic alloying by pow-
ders particles and surface treatment of parts by dif-
fusion nitriding can by 2.0-2.5 times increase the
performance of the die tool.

Influence of particle flow treatment on the
structure of tool steel. The structure of high-speed
steel after quenching consists of martensite, excess
carbides, insoluble during heating under quen-
ching, and residual austenite. In the structure of
steel after etching, there is the presence of pores,
which, obviously, are formed during the braking
out of the carbide phase. Tool steel R6MS was
used as the processed material, which was subse-
quently applied for the cutting insert of cutters
RKS-1 type for mining combines used for the pro-
duction of potassium ore. Steel R6MS5 has high
mechanical characteristics in the initial state, and
complex heat treatment is applicable to it provid-
ing dispersion hardening (fig. 4).

It is obvious that the preliminary treatment by
the powder particles flow should affect the pro-
cesses of diffusion redistribution of alloying ele-
ments and carbon in the structure of R6MS steel
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during heat treatment and accordingly change its
properties (fig. 5).

Fig. 4. Structure of the initial steel REMS:
a — after annealing (x5000);
b — after quenching from 1220 °C (x2500);
¢ — after quenching from 1220 °C
and triple tempering at 560 °C (x2500)

Fig. 5. The structure of steel ROMS5 treated
by high-speed flow of Ni + SiC powders:
a — after annealing; b — after quenching from 1220 °C (x2500)

Dynamic micro-alloying of quenched steel
does not lead to any noticeable changes in its struc-
ture. For example, the density and pore size do not
increase, which emphasizes the complexity of the
process of powder particles penetration into quen-
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ched steel. Steel etchability slightly increases and
therefore it becomes possible to identify marten-
site in the structure. After a single tempering (at
560 °C) for one hour the formation of zones, which
differ in etching and chemical composition is ob-
served in the structure of high-speed steel REMSKS
in a quenched state, subjected to dynamic alloying
using a powder mixture Ni + SiC (fig. 6).

| B .'.0 =5

Fig. 6. Microstructure of steel ROM5SKS
after a single tempering at 7= 560 °C
(etching in a 10 % solution of nitric acid) (x2500)

Studies conducted with a SEM “Stereo-
scan-360” with micro-X-ray spectral analysis al-
lowed to establish that these zones contain an
increased content of W and V, obviously, in the

form of a carbide phase. At the same time, such
alloying elements as Cr and Mo are evenly dist-
ributed between the matrix and the reinforcing
zones (fig. 7).

The average size of the zones observed on the
cross sections with respect to the direction of in-
troduction of the alloying jet is 5—7 pm. With the
increase in the duration of tempering the size of the
reinforcing fibers increases and reaches 8—10 pm.
Analysis of the steel structure in the hardening
zone after a triple tempering at 560 °C (fig. 8) re-
vealed the following.

In the center of the zone there is a significant
amount of vanadium with the content ~45 % of all
the studied elements, and there is no Nickel and
Titanium. The presence of Nickel was recorded at
some distance from the center, but the amount of
vanadium (~3 %) was significantly reduced, and
the content of the remaining alloying elements ap-
proached their average content in R6M5KS5 steel.
The formation of zones with a high content of va-
nadium carbide helps to increase the wear re-
sistance of steel. Changes in the structure of the
R6MS5 tool steel occur because the particles flow
impact and their penetration into the steel (fig. 9).

b

Fig. 7. Microstructure of steel ROMSKS in characteristic radiation, (x2500):
a — tungsten; b — vanadium; ¢ — chromium; d — molybdenum

[ Hayka
wrexHuka. T. 18, Ne 5 (2019)

375

Science and Technique. V. 18, No 5 (2019



Mawunocmpoenue

b

Fig. 9. Structural fragments of microparticles penetrated into the structure of steel R6MS at a depth of 4 mm from the surface:
a — longitudinal micro-section; b — transverse micro-section

Structures and properties of P6MS5 steel in the ini-
tial quenched and non-quenched state are different.
These features remain after processing by high-speed
particle flow, as the influence of penetrating particles
is different on structural components of steel. Penet-
rating particles form discrete fibers in the direction
of penetration leading to anisotropy of properties.
The treatment results in the increase in wear re-
sistance in the transverse direction in 1.5-2.0 times.

Due to the shock-wave action there is a cru-
shing and redistribution of carbide phases. As a
result, the treated steel after standard heat treat-
ment has a hardness of HRC = 58—64. Additional
information about the influence of dynamic alloy-
ing on changes in the fine crystal structure of the
tool steel was obtained by X-ray study. The data
obtained are summarized in tab. 1.

Table 1
Data on X-ray analysis of ROMS5KS tool steel
spegfnen Specimens studied parI;:Illt::itZi, A Wlldle(;nng oflines, rad.zj)o 3 Size of VCL, A
1 Initial steel 2,8693 - - 4000
2 Treated with aluminum oxide powder 2,8709 2,7 7,7 -
3 Treated with titanium carbide powder 2,8726 2,9 10,1 3827
4 Treated Ni + SiC powder mixture
After quenching from 1220 °C and annealing at 560 °C
5 Without treatment with explosion 2,8754 7,915 37,467 163
6 Treated with Al,O3; powder 2,8771 8,716 40,885 154
7 Treated with TiC powder 2,8774 9,028 40,663 136
8 Treated with Ni + SiC powder mixture 2,8776 8,580 40,553 146
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As can be seen from Table 1, the parameters
of the fine crystal structure of the initial material
are changed under the influence of the particle
flow. The change in these parameters depends on
the material used to form the jet of the working
substance. The crystal structure changes dra-
matically after quenching from a temperature
of 1220 °C and a triple tempering at 560 °C.
There is a decrease in the size of the blocks (areas
of coherent scattering) and an increase in the re-
lative micro-distortions of the structure leading to
the lines broadening. The smallest block size is
observed in the case of titanium carbide applica-
tion and the largest increase in the micro-
distortion of the structure is observed for the use
of a silicon carbide + Nickel mixture.

The influence of dynamic alloying
on the hardness and wear resistance
of quenched steel

Studies were carried out on samples made of
R6MS5KS steel. Dynamic alloying was implement-
ted using explosive accelerators with cylinder
shape containers. Powders SiC + Ni, TiB, were
used as alloying substance. The hardness of steel
depends significantly on the modes of heat treat-
ment and pulsed loading. The amount of residual
austenite increases in the structure of high-speed
tool steel with the growth in the heating temperature
for quenching and, accordingly, the ability to harden
increases. The average velocity of the particles in the
jet is about 880 m/s for a cylindrical container with
the powder (titanium diboride powder).

The hardness of the processed samples increa-
ses with the growth in the velocity of the particles
in the powder jet, which is apparently due to an
increase in the average pressure level of the shock
waves arising from the collision with the surface of
the processed specimens. The results of the hard-

ness measurements of the samples after quenching
and dynamic alloying are shown in tab. 2.

As can be seen from the above data, the ma-
ximum of the hardness increment of the parts
processed by the explosion is observed when
using an explosive accelerator with a container
in the form of a cylinder and equal to 2.5 units
HRC at a quenching temperature of 1240 °C.
However, the use of this accelerator, which pro-
vides an increase in the particle speed and the
average pressure level of the shock waves, great-
ly increases the cracking of the treated samples.
As a result, it requires the use of special methods
to prevent its occurrence. Probably more appro-
priate is the use of an accelerator with a con-
tainer in the form of three docked hemispheres.
The maximum hardness increase for samples
of R6MS5KS steel is 2.0 units HRC. The latter cir-
cumstance is due to the influence of cobalt, which
enhances the ability to harden the solid solution.
It is very important to compare the effect of dy-
namic alloying on the increase in both hardness
and wear resistance of high-speed tool steel.

Influence of dynamic alloying of quenched
steel on its wear resistance was carried out on
R6MSKS steel samples with a diameter of 14 and a
length of 50 mm. Dynamic alloying was carried
out using an accelerator with a container in the
form of three docked hemispheres. A mixture of
Nickel and silicon carbide powders were used for
alloying. Wear resistance tests were performed
applying Al-1 unit with the following parameters:

— rotation speed of the counterbody (abrasive
wheel) — 2.6 m/s;

— rotation speed of the test samples ~0.17 m/s;

— the number of simultaneously tested samp-
les— 6 PCs.;

— specific pressure on the sample — 2 - 10° Pa.

The results of the wear tests are shown in tab. 3.

Table 2

Data on specimens made of R6MSKS steel

Ne Steel

. Mode of treatment
specimen type

Heating temperature Hardness, HRC,

under quenching, °C

Hardened steel | Non-hardened steel

1 P6MSKS5 Quenching + Dynamic microalloying

(SiC + Ni) with cylinder shape container 1200 65,0 64,0
2 P6MSKS The same 1220 66,5 65,0
3 P6MS5KS5 The same 1240 68,0 66,0
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Table 3
Wear resistance tests of ROMSKS steel
Ne Heating Relative
spe- | temperature under wear Remarks

cimen| quenching, °C | resistance

1 1220 1,0 Non-hardened steel

2 1220 1,9 Hardened steel

3 1240 - Cracks were seen

A comparison of the data in tab. 2 and 3 shows
that there is no direct relationship between the
hardness and wear resistance of the hardened steel.
The maximum wear resistance is achieved by
quenching from the temperature of 1220 °C,
and the maximum hardness — by quenching from
1240 °C. This is probably because with an increase
in the heating temperature under quenching the
degree of martensite alloying and the amount
of residual austenite increase, which is intensively
riveted during shock wave processing. As a re-
sult, significant increase in hardness takes place.
However, along with this, there is the formation
of microcracks in the structure of steel after dy-
namic alloying, which determines the reduction of
wear resistance. The wear resistance of steel hard-
ened in the annealing state and subjected to further
quenching from 1220 °C and tempering at 560 °C
is 1.6 times higher than the wear resistance of non-
hardened steel, but 20 % lower than the wear re-
sistance of steel hardened in the quenched state.

The results of laboratory tests on the strength
and wear resistance of high-speed steel R6MS in
the initial state and after treatment with high-speed
flows of Ni + SiC particles are presented in tab. 4.

These tests of hardened R6MS5 steel allowed to
establish the optimal sequence of technological
operations and to choose a hardening powder ma-
terial in relation to the working conditions of the
mining tool installed on the working bodies of the
tunneling and purification potassium salt-mining
combines. Cutting inserts (fig. 9) after the exp-
losive processing were subjected to a triple tem-

pering at 560 °C and subsequent grinding using
centerless-grinding machine to obtain a certain
diameter.

The practical application
of the method of dynamic alloying

Hardening of metals by the proposed method
using explosives is a promising technology to im-
prove the properties of parts made of tool steels
and steels such as G13L. The hardness of the sur-
face layer of parts made of G13L steel increases
from HB 175-180 to HB 400. It is worth to note
that the hardened by explosion steel has a grea-
ter ductility than after cold rolling. This is typical
for other steels. For example, the impact strength
of R6MS5 steel after triple treatment increases by
20-30 %.

The service life of railroad arrow cross cores
made of steel G13L increases in 2.0-2.5 times after
treatment with the products of the explosion.
As well, many parts for agricultural machinery are
manufactured from the same steel. As an example,
cutting parts for metalworking and for mining ma-
chines, the inserts made of tool R6MS5 steel pro-
cessed by dynamic alloying are shown in fig. 10.
As a result of alloying, their wear resistance
increased in 1.7 times.

Replacing the hard alloy with hardened R6M5
steel allows slightly change the size of the cutting
tool. It is possible to reduce the insert diameter
from 9.0 to 7.0 mm since the impact and bending
strength of R6MS steel are higher in comparison to
the VK8 hard alloy. As a result, the energy con-
sumption of the potash ore mining process be-
comes lower. The new material made it possible
to abandon the traditional technology of fixing the
insert and holder with soldering. The connection of
the insert with the holder is carried out by pressing.
Long length (26 mm) of insert allows increasing
the number of tool regrinding during operation re-
sulting in the reduction of maintenance cost.

Table 4
Testing results on strength and wear
Msteris under anenching, °C empersarevc | owMPa | Wear, mmkm
Initial steel R6EMS 1210-1215 535-555 3820-3940 0,35-0,45
Steel treated with SiC 1180-1185 540-555 3820-3830 0,28-0,30
Steel treated with Ni 1210-1220 535-555 4210-4310 -
Steel treated with SiC + Ni mixture 1210-1220 580-600 4410-4560 0,18 -0,22
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Fig. 10. Parts manufactured using the dynamic alloying method: a — metalworking cutters; b — cutters for mining machines; ¢ — inserts
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Pedepar. IIpencraBineHbl 9KCIIEPUMEHTAIbHbIEC UCCIEIOBAHUS KOMIO3UIUOHHBIX IIOPOIIKOBBIX MaTEpHAIOB s [1J1a3MEHHO-
IO HAlbUICHUS, IOJYyYEHHBIX CIOCOOOM 1H((Y3MOHHOrO JIETHPOBAHHS HOPOIIKOBBIX MAaTEpPHalOB HA OCHOBE ayCTEHHTHBIX
craneil. BousiBneHo, 4To rimaBHBIME (akTopamu, GopmMupyromUME AU(GY3HOHHBII CIION Ha MOPOIIKOBOM MaTepuale, sIBIs-
I0TCSI COCTaB HEOOXOMMOI HAChINIAOIIEH cpebl, TeMIepaTypa 00paboTKH 1 AIUTEIBHOCTh XMMHKO-TEPMUYECKOTO BO3/CHi-
crBusi. Co3manue opHOGa3HBIX cinoeB AMGOY3UH BO3MOXKHO TOJIBKO B CIydac MHHUMAIBHOTO YPOBHS TEMIIEpaTypHO-
BPEMEHHBIX XapaKTEPUCTUK MPH TEPMHUUECKOH 00paboTke. ITOMY TakKe CIIOCOOCTBYIOT IPHMEHEHHE Cpefl ¢ HeOOJbIION
KOHIIGHTpaIyeil 0opa ¥ BBeICHHE B HACHILIAIOIIYIO CMECh U3 TOPOLIKA J0OABOK, TOPMO3SIIIUX MPOLECC HACHIIEHUS (TaKHX
KakK yrjiepos, alloMUHuH, kpeMHui). C yueToM NPOBEAECHHBIX ¢ IOMOIIBI0 MUKPOPEHTT€HOCIIEKTPAIbHOIO aHATIM3a UCCIIEI0-
BaHUH PACIOJIOKEHHS 3JIEMEHTOB, CIIOCOOCTBYIOIIUX JICTUPOBAHUIO MOPOLIKA, a TAK)KE€ MUKPOAIOPOMETPHUYECKUX XapaKTe-
PUCTUK MOAPOOHO pacCMOTPEHBI CTPOEHHE M COCTaB MOPOUIKOB. C MOBBILIEHUEM CTENEHH JIETUPOBAHHOCTH IMOPOILKOBOIO
MaTepualia COCTaBJISAIONIAs BHICOKOOOPUCTOMH (ha3bl Bo3pacTacT. S3HAYUTEIbHBIC U3MECHEHHS (ha30BOTO COCTAaBa, TaK JKE KakK H
XHMHYECKOr0, 3aMeTHbI NIpH 1} (Py3uoHHON 00paboTKe CIACSAYIOLIUX JISTHPOBAaHHBIX NOPOLIKOBBIX MaTepuanos: [1P-X18HO,
IMP-X18H10, TTIP-X18H15. BriTecHsieMsblii OopraamMu B TIEPEXOIHYIO 30HY CBOOOIHBIN YIIIEPO CO3[aeT C XPOMOM JHCIIEpC-
HbIe KOMIIIEKCHbIE KapOWIHbIE COCAMHEHHs. JTO MOATBEPIKIACTCS XapaKTepoM paclpeieNeHus] KapOoumzooOpasyomux co-
CTaBJISIIONIMX B MOPOIIKOBOW yacTuie. Bee kapOugooOpasyronye »IeMeHThl B OTIMYHE OT HeKapOHI000pasyromero Kpem-
HUSI UIMEIOT XapaKTepHble KOHIEHTPALIOHHbIe MUKU-BCIIeckd. KpeMHUit npakTHdyecku He NPUCYTCTBYET B PaCCMOTPEHHOH
¢asze FeB u oOHapyxuBaeTcs MUIIs B O9eHb HE3HAUUTEIILHOM KONMUYecTBe B nccaenyemoit dase Fe,B; oH orTecHsercs BbI-
cokoOOpUCTEIME (hazam K HoAcio0. Vi3MeHeHNe ke MUKpOoTBepaocTH uccienyeMbix a3 FeB u Fe,B cBs3zano ¢ pactsope-
HHUEM COOTBETCTBYIOIINX JITHPYIOIINX 3JIEMEHTOB B HAX M MCK)XKEHHEM KPHCTAJUTMIEeCKON pemreTku B 6opunax. [TorooHoe
SIBJICHHE XapaKTEPHO TAKXKe JUIS HACHIIIEHUS C IPUMEHEHUEM OOpa MM IPHU MPOBEACHUN XUMHKO-TEPMUIECKOH 00paboTKu
JIETHPOBAHHBIX CTAJICH; OHO OTMEYEHO B psiJie MCCIeJOBaHUH. YBeIUIeHHe MUKPOTBEPIOCTH sIpa JacTHIBI IpH ee 6opupo-
BaHMHU BBI3BAHO OTTECHEHHEM YTJIIEPOAA M JIETUPYIOMIUX 3JIEMEHTOB pacTyIuM (GpoHToM GopumHbix (a3. [Ipu moseimennn
TEeMIEePaTypHOTO PEeXHMMa M yBEJIMUCHHUH BPEMEHH INIPOBEICHHS OOPHPOBAHHS M A0 pealm3anuy d¢pQekra Ipu BCTPEIHON
1 y3uH TPOUCXOAUT TIepeMellleHHe 30HbI AApa C MOBBIIICHHON MHKPOTBEPOCTHIO K CEP/IIIEBIHE YaCTHIIHL.

KiroueBble cj10Ba: KOMIO3UIMOHHBIE MaTepuaibl, 11} (y3HOHHOE JIerHpoBaHue, IIOPOIIOK Ha OCHOBE CTaJICH ayCTEHUTHOIO
KJ1acca, MUKPOPEHTI€HOCHIEKTPAJIbHbIN aHAJIN3, MUKPOIIOPOMETPHUCCKHE UCCIIEIOBAHMS
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Abstract. The paper presents experimental studies of composite powder materials for plasma spraying obtained by a method
for diffusion alloying of powder materials based on austenitic steels. It has been revealed that main factors forming a diffusion
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layer on a powder material are a composition of the required saturating medium, treatment temperature and duration of che-
mical and thermal exposure. Creation of single-phase diffusion layers is possible only in the case of a minimum level of tem-
perature-time characteristics during heat treatment. This is also facilitated by the use of media with a low concentration of
boron and introduction of additives inhibiting saturation process (such as carbon, aluminum, silicon) into a saturating mixture
of powder. Structure and composition of powders have been thoroughly investigated with the help of X-ray microanalysis
that has made it possible to study location of elements contributing to powder alloying and micro-durametric characteristics.
A component of high-boride phase is increasing due to higher degree of powder material alloying. Significant changes in
phase composition, as well as the chemical one, are noticeable in diffusion processing of the following alloyed powder mate-
rials: PR-X18N9, PR-X18N10, PR-X18N15. Free carbon being displaced by boride into a transition zone creates dispersed
complex carbide compounds with chromium. This is confirmed by distribution nature of carbide-forming components in a
powder particle. All carbide-forming elements have characteristic concentration peaks-bursts in contrast to non-carbide-
forming silicon. Silicon is practically not present in the considered FeB phase and it is found only in a very small amount in
the studied Fe,B phase; it is pushed aside by high-boride phases to a sublayer. The change in microhardness of the FeB and
Fe,B phases under study is associated with dissolution of corresponding alloying elements in them and distortions of a crys-
tal lattice in borides. A similar phenomenon is also characteristic for saturation while using boron or while making chemical
and thermal treatment of alloyed steels, it has been noted in a number of studies. The increase in microhardness of a particle
nucleus during its boriding is caused by displacement of carbon and alloying elements by growing front of boride phases.
A core zone moves with an increased microhardness to a particle core while increasing temperature mode and time of boroni-
zation and up to realization of the effect with counter diffusion.

Keywords: composite materials, diffusion alloying, powder based on austenitic steels, X-ray microanalysis, microdurametric
investigations

For citation: Panteleenko F. I., Okovity V. A., Panteleenko A. F. (2019) Materials for Gas-Thermal Spraying Obtained by
Diffusion Alloying from Powders Based on Austenitic Steels. Science and Technique. 18 (5), 380—385. https://doi.org/10.
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BBenenne

basupysice Ha aHanmM3€ MOPOIIKOBBIX MaTepua-
JIOB, TIPAMEHAEMBIX I Ta30TEPMHUYECKOTO HaITbI-
JICHUsI, MOXKHO KOHCTAaTHPOBATh, YTO caMOMIIOCHI
SBIISIIOTCS OJHUM M3 CaMBIX BaJKHBIX MTOPOIIKOBBIX
MaTepUANIOB, MPUMEHSEMBIX JUIS TOIYYCHUS pa3-
JIUYHOTO Kjacca 3alllUTHBIX MOKPBITUH. [Ipy 3TOM
caMO(ITIOCYIOIHECs TOPOIIKH HAa OCHOBE TaKHUX
JJIEMEHTOB, KaK HHUKEJIb U KOOAIbT, UMEIOT PSII
HepocTaTkoB. OHU 00J71a/Ial0T BBICOKOH CKJIIOHHO-
CTBI0O K TPEIIMHOOOPA30BaHUIO IPH TPOIECCe
HAIUTaBKH, JIOBOJILHO TUIOXO ITOJIBEPTatOTCs MOCIIe-
IyIOIell MeXaHW4ecKol o0paboTke W HMMEIOT
OYEHBb BBICOKYIO CTOMMOCTH, YTO 3aTPyIHSET WX
WCTIOJIB30BaHUE TPH BOCCTAHOBIEHUHM W3HOIICH-
HBIX aetaneii. B Pecrryonuke benmapych B Hammamm
€CTh OTPOMHOE KOJHYECTBO OTXOIOB OT 00paboT-
KM CTaJlel, MOPOIIKOBBIX MaTepHAIOB ayCTCHHT-
HBIX CTajiel OYeHb KPYMHBIX (pakuuid [1-5].
[Moatomy oueBumgHa mpobiaema pa3pabOTKU HEIO-
porux caMOQIIIOCYIONIMXCS TTOPOITKOBBIX MaTepH-
aJI0B Ha OCHOBE ayCTEHUTHBIX CTaJCH W CO3JaHUC
HA WX OCHOBE 3alIMUTHBIX MOKPBITHH C TpeOyeMbI-
MU 3KCIUTyaTalliOHHBIMH CBOMCTBAMH.

Ctpykrypa u ¢a3oBblii cocTaB
KOMMO3WIMOHHBIX MATEPUAJIOB

I'maBHBIME (hakTOpaMu, KOTOpPBIE OMPEAENIIOT
cTpoeHue TUQGY3UOHHOTO CIOS HA TOPOIIKOBOM
MaTepuane, SBISIOTCS TEeMIICPaTypHBIC XapakTe-
PUCTHKH W JINTENBHOCTh MPOBOJAUMOM XUMHKO-
TEPMHUYECKON 00pabOTKH, & TAaKKE COCTaB HACHI-
HIAOIIEe MOpOIIKOBOM cpenbl. Jlnsg mnosydeHus
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HEOOXOMUMBIX OAHO(a3HBIX MU Y3HOHHBIX CIOCB
IPOLECC IPOBOISIT IPH MHUHUMAIBHBIX YPOBHSIX
TEeMIIEPaTYPHBIX M BPEMEHHBIX PEXHUMOB 00paboT-
ku [4—6]. IIpy TIOBBIICHUH CTETICHH JIETHPOBAHHO-
CTH TIOPOIIKOBOTO MaTepHana COCTaBILOmIas (asbl
C BBICOKMM COfIep)KaHHEM Oopa HpH COXPaHCHUH
OCTATLHBIX TIAPaMETPOB OOPaAOOTKH YBEITHUMBACTCSL.
Coznanne HEOOXOAMMBIX OXHO(A3HBIX OOPHIHBIX
CJIOEB Ha ayCTEHUTHBIX IIOPOLIKOBBIX MaTepuasax 10
CHX TIOp ocTraercs mpobiemoit. Ompenesronm
YCIIOBHEM, CIIOCOOCTBYIOIIMM IOTYYEHHIO TaKUX
oHO(a3HIX TUPQY3HOHHBIX OOPUIHBIX CJIOEB, SB-
JsleTcsl MOAJEPKaHUe HEBBICOKHX (DMKCHPOBAHHBIX
TEeMIEPaTYPHBIX U BPEMEHHBIX XapaKTEPUCTHK XH-
MHKO-TEPMHUYECKOH 00pabOTKH. ITOMY TakXke CIIo-
COOCTBYIOT NPHMEHEHUE Cpell C MaloW KOHIEHTpa-
el 6opa W BBOJ CIICIMAIBHBIX «TOPMO3SIIIHX)
ANIEMEHTOB (TaKWX, KaK yIIepoJl, aTFOMUHUNA, KpeM-
HHI) B IOPOLIKOBYIO HACBIILAIOIIYIO CMECh.
MHUKpPOCTPYKTYpa HOpPOIIKOBOI'O MaTepuaia
IIP-X18H15 mnocne mnposenennoii auddysuon-
HOW OOpabOTKM B TMOPOIIKOBOM CMECH COCTa-
Ba 3/8SiC + 3/8B4C + 1/4Fe ¢ ognodazubm (Fe,B)
n 1ayxdazueivu ciosimu (FeB + Fe,B) mpusenena
Ha puc. 1. Pe3ynpTaThl mOMy4YeHbI C TOMOIIBIO MHUK-
POPEHTTEHOCTIEKTPATIGHOTO aHAJIM3a, a TAKKE Xapak-
TEPUCTUK MUKPOAIOPOMETPHICCKHUX MCCIIEOBAHMA.
[Ipn muddysnonHoN 00pabOTKE JIErMpOBaHHBIX
nopommkoBbix MarepuaioB [1P-X18H9 (ITP-X18H10,
IMP-X18H15) HabnronmaroTcst 3aMETHBIE HM3MECHEHUSI
Kak (a3oBOro, Tak M XUMHYECKOT'0 COCTaBa IOPOIL-
Ka. BeITeCHsAEMBIH ¢ TTOMOIIBIO OOPUIIOB B TIEPEXOI-
HYyI0 30HY MaTepuayia yriiepoll CO3JaeT C XPOMOM
JICIIEPCHBIE KOMIUIEKCHBIE KapOUIHBIE COSIMHECHUS.
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Puc. 1. MuxpocTpykTypa nopouikosoro marepuana [TP-X18H15
rocIte mposeaeHHoH g dy3nonHoit 06paboTkH
B TIopomKoBoit cmecu cocrasa 3/8SiC + 3/8B,C + 1/4Fe:
a— c ogHodasueMm cioeM Fe,B (t=1 4, 7= 840 °C);
b — ¢ nByxdazueimu cnosimu FeB + Fe,B
(t=34, T=1000 °C) (x500)

Fig. 1. Microstructure of PR-X18N15-powder
after diffusion treatment in powder mixture
of 3/8SiC + 3/8B4C + 1/4Fe composition:
a — with single-phase layer Fe,B (t=1h, 7= 840 °C);
b — with two-phase layers FeB + Fe,B
(t=3h, T=1000 °C) (x500)

OTO TOATBEP)KAAET XapakTep pacmpenese-
HUsI KapOua000pa3yroImuX 3JIEMEHTOB B YacTHIIE.
Bce kapOmmooOpasyromnye 3JIeMEHThl COXPAHSIOT
XapaKTepHbIE JUI HUX MUKH-BCIUICCKH 110 KOHIICH-
Tpauun. VHTepecHa XapaKTepUCTHKa pacrpeerne-
HUSl B Marepuayieé KpeMHHs. DJIEMEHT MpaKTh4e-
CKku He mpucytcTByeT B (aze FeB, omnako 00-
Hapy>XUBaeTcsi B HEOOJBIIOM KoiudecTBe B (a-
3e Fe,B u BrITecHsAeTCS BBICOKOOOpUCTBIMU (haza-
MH K TIO/ICJIOIO.

B konlle naHHON 30HBI COJIEpKAHUE KPEMHHUS
MaKCHMaJibHO. JTO BHJIHO KaK B XapaKTEpUCTH-
YECKOM M3JIYYCHHH, TaK U HA KOHIICHTPALMOHHOM
KpUBOM MaTepuana. B cepiaieBUHE MOPONIKOBOM
YacTHLbl KPEMHHMH paclpenesieH JOBOJBHO paB-
HOoMepHO. OTCyTCTBHE K€ KPEMHHS B paccMart-
puBaemoii dasze FeB, a Takxe ero ocHoBHas poJb
B Iporecce caMo(IIiocoBaHUsI MaTepuaia roBO-
PAT O XKeJaTeNbHOCTH MOJNyYeHHUS B 00O0JOUYKe
matepuana ¢asel Fe,B, cmabo pactBopstomeit
kpemuuii [7]. Heobxomumo oOecrieueHue mao-
ro (mo 0,5 %) xonnyecTBa KpPEeMHHS B HCXOJ-
HOM (1m0 nuddy3noHHOH 00pabOTKH) MOPOIIKE,
a TaKkXKe BBEACHHUS B IOPOIIKOBBIH MaTepHal
3HAYUTENBHBIX KOJIMYECTB OOpa KaKk OCHOBHOTO
(harocyroero 3JIeMeHTa.

Ha mukpotBepnocts 60puaHbIX a3 u sjupa ya-
CTHIIBI OKa3bIBAIOT BIIMSTHHUE JIETUPYIOIIUE dIIEMEH-
TeI. MuKpoTBepnocTh a3 FeB u Fe,B nzmensiercs
3a CUET PACTBOPEHUS B HUX JIETHPYIOMIUX 3JIEMEH-
TOB M WCKa)KCHHH, MPOUCXOSMIINX B KPHCTAJUIU-
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4ecKuX pemeTkax Oopunos. [lomoGHoe sBieHHe
COITyTCTBYET MHOTIOKOMIIOHEHTHOMY HAaCbIILIEHHIO
¢ IMpUMeHEeHueM Oopa, a TakKe UMEET MECTO NpHU
XHMHUKO-TEPMHUUECKON 00paboOTKe JETUPOBAHHBIX
MaTepHaoB. YBEJIWYEHUE MHUKPOTBEPJIOCTH sipa
YacTULBl B cilydae ee OOpHUpOBaHUS BBI3BAHO OT-
TECHEHHEM YIJIEpOJa U JICTUPYIOLIUX 3JIEMEHTOB
pactymumM GponToM OGopunaHbix ¢as [8]. [pu mo-
BBILLICHUU TEMIIEPATYPHOTO PEXUMA U YBEINUCHUH
BpeMeHH OopupoBaHHs Npu BcTpeyHoil auddy-
3UM O0JIACTH SIJ[pa C BBICOKOH MHKPOTBEPJOCTHIO
CMeIaeTcss K CEpIIEBHHE IOPOIIKOBOMH YacTH-
usl  (puc. 2). i MOPOLIKOBBIX —MaTepHaIoB
IMTP-X18H9 (ITP-X18H10, ITP-X18H15) xapaktep-
HO BBITECHCHHE TaKWX JIETHPYIOUIMX 3JEMEHTOB,
KaK XpOM U HHUKENb, B CEPILEBHHY MOPOLIKOBOH
YacTHUIIBl pacTyLIUMH OOpUAaMU.
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Puc. 2. Pacnipenenenne MUKpOTBEPJOCTH 110 IOPOLIKOBOI
YaCTHIIE B 3aBUCHMOCTH OT MaTepHasa MopoIIKa:

1,2 —-TIP-X18H10 (1 - 7=900 °C, 1 =2 y;
2-T=1000°C, t=3u); 3 —TIP-X18H15 (7= 1000 °C, 1 =4 u)
Fig. 2. Distribution of microhardness on powder
particle depending on powder material:

1,2 -PR-X18N10 (1 -7=900°C,t=2h;
2-T=1000°C, t=3h); 3-PR-X18N15 (7=1000 °C,t=4h)

3aBHCUMOCTb MHTErPaIbHOH MHUKPOTBEPAOCTH
CEpAIEBUHBI MOPOLIKOBOM YaCTHLBI OT TeMIlepa-
TYPHBIX M BPEMEHHBIX ITapaMeTpOB Ipu 00paboTKe
MOpOLIKA MIPUBEICHA HA PHUC. 3.

[Ipu nerupoBanuu GOpUAHBIX (a3 XPOMOM HX
MHUKPOTBEPAOCTb YBEIMYUBAETCS. OTU 3JIEMEHTBI
B Cilydae 0Opa3oBaHUsI TBEPABIX PACTBOPOB 3aMe-
nieHusl B Oopuzaax jkenes3a BIUSIOT Ha TMPOYHOCTD
KOBQJICHTHBIX CBS3€H B CaMUX KPHCTAIUIMYECKHX
pemeTkax. [Ipu MOBBIIIEHUH JTOHOPHOHM CIIOCOOHO-
CTH aTOMOB MeTajlla YBEJIMUMBAIOTCSI CBSA3U COCIH-
HEHUsT «0Op — MeTaluly, COOTBETCTBEHHO OyAeT
Oonblile MUKPOTBEPAOCTh OOpUAHBIX (ha3 IMOPOIIIKA.
XUMHUKO-TepMuUecKas 00paboTKa ayCTeHUTHBIX Ma-
TEPHAIOB XapaKTEPU3YEeTCsl LIENBIM PSIOM OCOOEH-
HOCTEH 0 CPaBHEHHUIO C YIIIEPOJUCTHIMU M HU3KO-
JIETUPOBaHHBIMH CTATIMHU [9].
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Puc. 3. 3aBUCUMOCTb HHTErPAIbHON MUKPOTBEPAOCTYU CEpALIEBUHBI TOpolKoBoil yacTuusl [TP-X18H15 or:
a — nponoswkuTeabHocTy Tuddy3nonnoit 06padotku (7 = 880 °C); b — BenuuuHbI TEMIEpaTypsl (T =2 1)

Fig. 3. Dependence of integrated core microhardness in powder particle PR-X18N15 on:
a — duration of diffusion treatment (7 = 880 °C); b — temperature (t = 2 h)

B nmannom ciyyae auddysuoHHBIE OOpHIHBIC
CIIOM B TOPOIIKOBBIX MaTepuajiax HMEIOT pPOBHOE
CTpPOEHHE, MIOJIbYaToe CTPOSHHE OTCYTCTBYET; 0O-
pHIBI 00J1a1at0T 00JIee BRICOKOH MHUKPOTBEPIOCTHIO,
NpepacioiokKeHb! K MOSIBICHHUIO TPEIMH U CKOJIOB.
[IprurHaMy SIBISFOTCS BO3HUKAIOIIME PACTSATHBAO-
M€ OCTATOYHBIC HAMpPSHKEHHS Ha TPAaHHLE MEKTY
(hazamu FeB u Fe;,B.

Hns cnost GOpUIOB ayCTEHUTHOTO MaTepuana
9Ta rpaHuna (a3 MpaKTU4EeCKH JHHEHHA, B OTIH-
YHe OT YIIIePOAUCTHIX U HU3KOJIETHPOBAaHHBIX CTa-
el ¢ rpaHmnedl 3y0uaroi (3Ur3arooOpazHOiN)
(hopMBI, MOCKONBKY KOHIEHTpPAlHsl HaNpsHKEHUH
CYIIIECTBEHHO BBIIE. 3HAYEHHE TOJIIMHBI OOpH/I-
HOTO CJIOS Y XPOMOHHUKENEBBIX ayCTEHUTHBIX Ma-
TEpPHUaJIOB B TPU pa3a MEHbIIE, 9eM y YTIIepPOIH-
CTBIX. BOpHIHBIA CNOW Ha ayCTEHHTHBIX CTallsX
coctonut u3 6opumoB xenesa (FeB u Fe,B) u xpo-
Ma (CrsB;, Cr,B), a mepexoaHast 30Ha — U3 kapouga
xpoma Cry;Cg 1 TBEpAOTO pacTBOpa Oopa B aycre-
HUTe. MacmTabubeIii pakTop mpu mporecce Oopu-
POBaHMSI MEITKUX YaCTHUI] TOPOLITKOBOI'O MaTepHaia
[TP-X18H15 urpaer 3HaYUTEIBHYIO POJIb.

UccnenoBarne CTPYKTYpHI MOPOIIKOBOTO Ma-
tepuana [IP-X18H15 mocme 6opupoBanms B Tede-
aue 10, 30 u 60 muH (puc. 4) Moka3ano, 4TO TOIb-
KO NpH Manoil BpeMeHHOW Bbigepkke (10 mwuH)
CTPYKTypa MaTepuana COOTBETCTBYET Kiacchuye-
CKOMY BapHaHTy, NOJIy4aeMOMY MpH OOPHUPOBAHUH
cTajeil ayCTEHUTHOro Kiacca.

IIpy yBenmWdYeHWH UIMTENBHOCTH W TEMIIepa-
TYpHBIX PEXKHMOB OOpabOTKH BMECTE€ C POCTOM
I Hy3NOHHOTO €O TPOUCXONAT M3MEHEHHS B
SJIpe YacTUIBI, 00 3TOM CBUIETEIHCTBYET YBEIH-
YeHHe MHUKPOTBEPIOCTH sijipa. Bo3pacraeT m Muk-
POTBEPAOCTh OOPHUIHOTO CJIOS YacTullel ¢ 1,4 10
2,1 MIla, npoucXOAUT TaKXe OXPYMTIUBACMOCTH
CJIOd C IMOBBIMNICHUEM TEMIICPATYPHBIX PEKUMOB
obpabotku ¢ 880 mo 1000 °C. Onmna U3 mpUYUH
9TOTO — yBeJIMYEHHE KOIHYECTBA BBICOKOOOPHUCTON
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¢a3er marepuana FeB. B matepuane aycreHuTHOM
Sapo HaOMIONAeTCsl TOJIBKO MPHU MAJION MPOAOIIKU-
TeapbHOCTH U (GY3NOHHOW 00paboTKH, a 3areM
TEMHas 30Ha 3aXBaThIBAaeT BCE SAPO, MOPOIIOK
CTaHOBHTCSl (eppoMarHuTHBEIM. B pesynbrare us-
3a mepepacrpeesieHus JIETUPYIOIUX 3JEMEHTOB,
BBITECHSIEMBIX PAacTyIIUMH OOpUAHBIMU (a3amu,
B MOJICIOC TPOUCXOAUT HoinuMopdHoe (Y — o)
MIPEBpAICHNE, YTO U OOBSICHACT MEPeXoj MOpPOLI-
KOBOT'O MaTepualia U3 MapaMarHUTHOTO COCTOSHUS
B (heppomMarHuTHOE.

Puc. 4. MuxpoctpykTypa nopouixosoro Marepuaia [IP-0X18H9
npu Temneparype 6opupoBanus 880 °C
C MPOIOIDKUTENBHOCTHIO, MUH: @ — 10; b — 60 (x500)

Fig. 4. Microstructure of PR-X18N9-powder
borated at temperature of 880 °C for, min:
a—10; b—60 (x500)

Pesynbprarhl (ha30BOro peHTTEHOCTPYKTYPHOTO
aHallM3a CBHJIETENBCTBYIOT O MPHCYTCTBHH B 00-
PUPOBAaHHOM TIOPOIIKOBOM MaTepHualie y-TBepAOTrO
U o-TBepAoro pacteopos, ¢a3 FeB, Fe,B, nebomns-
mmx crnenoB 6opuma xpoma CrsB;. CTtpykTypy u
XMUMUYECKHI COCTaB TOPOIIKOBBIX YaCTHI] IOCTe
orepauy OOPUPOBAHUS TIO3BOJIMIN yYTOYHHUTH WC-
ciemoBanus, ocymiecTieHHsie Ha COM Nanolab-7.
AHanmm3 Metautorpad@uIecKux, MHUKPOIIOPOMETPH-
YeCKHX JaHHBIX W PEe3yJIbTaTOB MHKPOPEHTTEHO-
CIIEKTpaIbHOTO aHamm3a (Tabm. 1) maer BO3MOXK-
HOCTh CHIENaTh CIIAyromee 3akmodyeHne. Ha mo-
pomkoBeix Matepuanax I1P-X18H9, ITP-X18H10,
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ITP-X18H15 OGopumHblii cimoit (0gHO- WM ABYX-
(hasHbIil) (GopMHUpPYETCS B 3aBUCHMOCTH OT YCJIO-
Buii muddy3nonHoit oOpabotku. JIByxdazHbrit
cinoit (FeB, Fe,B) nokaszan Ha puc. 4b. DneMeHTHI
HUKEIb, YIIIEpOJl, XPOM BBITECHAIOTCS B TIEPEXOI-
HYI0 30HY pactymumu 6opugamu [10].

Tabauya 1
MukpoTBepa0CTh U XMMUYECKHI COCTaB
CTPYKTYPHBIX KOMIIOHEHTOB GOPHPOBAHHOTO
nopoukosoro marepuana IP-X18H15
(emecs B4C +1 % AlF;, T=1000 °C, t = 30 mun)
Microhardness and chemical composition of structural
components in borated PR-X18H15-powder material
(mixture of B,C +1 % AlF;, T=1000 °C, T = 30 min)

" ConepxaHnue,
CTpyKTypHast COCTaBJIAIOIIAs MIEI’a % 10 Macce
Cr | Ni | Fe

3epHo B LEHTPE HOPOLIKOBOI
YaCTUILLI 240 7 8
BrlzeneHue 1o rpaHuIiam 3epeH
(ceTka) B LIGHTPE MOPOLIKOBOH

YaCTULLI 7150 6 0
JlucriepcHble BKIIOUYEHUS B BUJIE

MaJIoOYeK B MePEX0JHOM 30He 100 1 7
Marpuunas ¢asza nepexogHon

30HBI — 2 0

Kak u B ciyuae ¢ y-Fe, B a-Fe ckopocts aud-
(y3un 27IeMEHTOB HUKEIA, XKele3a U XpoMa, o0pa-
3VIOIIMX B MaTepHale PacTBOPHI 3aMelleHHs, Ha
HECKOJIbKO TIOPSAKOB HKXKE, YeM CKOPOCTb AU(-
¢y3sun B Matepuane yriepoaa. Koadduument
muddy3un yriepoga B marepuaine npu 1000 °C —
okoo 2,6 - 107 em?/c, a xpoma B y-Fe pu 1050 °C —
58 - 10" cwm’/c. IlpuHEMas BO BHHMAHHE, YTO
CKOpOCTh 3epHOrpaHNYHON nuddy3un B Marepua-
nie Topasno Oosbie, 4eM B 0ObeMe 3epHa, BHITAII-
KHBAaeMBbI B sJIpo yriepona HauumHaetr auddyHau-
poBaTh IO TpaHUIAM 3€PEH M MPH JOCTHKCHHH
TpeOyeMOol KOHLEHTpauuu o0pazyeT B MaTepHuale
ceTKy kapOumoB xpoma. [loaTBep kaeHneM ciyxat
JlaHHbIE Ta0. 1. DJIeMEHT yriaepo mocie oopa3o-
BaHMs KapOWIOB (CBA3aHHBIA B HHUX) TEpsiET CBOE
3HaYeHHWE KaK OCHOBHOH aycTeHu3aTtop. BoiTec-
HSEMBIH OOpHIaMH B IIOACIONH XPOM CO3MAET I0-
NOJTHUTENIbHOE (DeppPUTH3UpYIOIee BO3JEHCTBHE.
B cransx, comepxamnux 6ornee 15 % xpoma (xpo-
MOHUKEJIEBBIX), NPH HAarpeBe aOCOIOTHO YHUCTOM
v-bazpl He oOpa3yeTcss M MOXET CYIIECTBOBATH
TOJILKO cMech (pa3 y + o

B wunTepBane temmneparyp (600-900) °C npu
MIPOIOJDKUTENBHONW BBIICPKKE HA TAKHX y4acTKax
CTaJlM C TIOBBIIICHHBIM COJIEPXKaHUEM XpoMma obpa-
3yercsa o-aza. Ona (opmupyeTcs B OCHOBHOM
u3 o-(haspl, 3T0 MOATBEP)KIAET KOHLEHTpALUs ee
BKJIIOUCHHUI B BUJE MANOUYEK B TOACIOE, BOZMOXK-
HO BBIJCTIeHHE ee U3 Y-(a3bl. XUMHUUECKHil ke Cco-
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CTaB M MHKPOTBEPJOCTh 3THUX BKIFOYECHHUH-TIAJIO-
gek (Tabi. 1) xapakTepHsI 1 G-ha3bl.

KonunuecTBOo xpoma B MaTpu4HO# (ase mepe-
XOJTHOW 30HBI (30HA TOBBLIIICHHOW TPAaBUMOCTH)
B MOJICJIOC OKAa3hIBACTCS HE3HAYUTCIHHBIM B Pe-
3ynbrate oOpa3oBanus o-Qa3bl. [lepeuunciieHHbIe
Mpoliecchl Hamboyiee CBOWCTBEHHBI IMOJCIOI U
HauMeHee aKTHBHO MMPOTEKAOT B IIEHTPE YaCTHUIIHL.
[Tpu 3TOM IO Mepe NBMKEHUST OOPHIIOB K CEepIe-
BHHE YaCTHIBI B HEH TaKkKe TMPOUCXOIUT aKTH-
Banus OOO3HAYCHHBIX SBIICHUH, O YEeM CBUJIC-
TEJIbCTBYIOT TpHBEJCHHBbIE B Tabn. 1 JaHHEIE.
PactBopenuto xapOunoB u (ukcanuu yriepona
B Y-pacTBOPE CIIOCOOCTBYIOT BBICOKHE TEMIIEPATyPhl
npu nuddy3nonHoi obpadoTtke (bomee 900 °C),
OHHU TakKe HE TO3BOJITIOT 00pa3oBaThCs O-dase.
[TosromMy Tipu yBeIMUYEHHM TEMIIEPATyphl MPOIIEC-
ca OopupoBaHMS CTEHCHb (DEPPUTHU3AIUU TTOPOIII-
KOBOTO MaTepuajia YMEHBIIACTCS, YTO U MOJTBEP-
KIAaeTCs TIPOBEJACHHBIMU OKCIEPUMEHTAMH TI0
OIICHKE (PepPOMArHUTHBIX XaPaKTEPUCTHUK IOPOIII-
KoBoro marepuana [11].

BBIBO/IbI

1. C ygeToM SKCHEpIMEHTATLHBIX 3HAYCHUH T10-
cTpoeHa quarpamma (hazoBOTO COCTaBa TMOMYYCHHBIX
T PY3MOHHBIX OOPUIHBIX CJIOEB YIS IIOPOIITKOB Ha
OCHOBE CTaJIeil ayCTeHUTHOTO KJIacca, IMO3BOJISIOIIAS
obecrieunBaTh CO3MaHWE HEOOXOMUMOro (ha3oBOTO
cocraBa i Py3nOHHBIX CIOEB.

2. [IpoBeneHsl WccCiIeqOBaHUS KHHETUKH TIPO-
necca auddy3noHHONH 00pabOTKH psiAa MOPOLIKO-
BBIX MarepuaiioB. [loka3aHo, 4YTO MpHU yBEIWYCHUN
COJICPXKaHUS JICTUPYIONUX 3JICMEHTOB WM YTJIie-
pona B nopouke [TP-X18H9 npoucxoaur ymeHsb-
IICHUE TOJIIUHBI TU(Py3HOHHOTO cios. JlaHHBIC
COTJIACYIOTCSl C JIPYTUMH DPE3yJIbTaTaMU XUMHKO-
TEPMHUUYECKON 00pabOTKH KOMITAKTHBIX TOPOIIKO-
BBIX MaTE€pPHAJIOB U MOATBEPKIAIOT TJIABEHCTBYIO-
IIYI0 POJb yIiepoaa M JETUPYIOUINX 3JIEMEHTOB B
TopmokeHnu nuddy3nm 6opa U KpeMHUS.

3. HaiineHnsr TemnepaTypHble U BpeMEHHBIE Ta-
pameTpsl auddy3noHHONH 00pabOTKH, rapaHTHPY-
romue obpaszoBanne omHodazHoro (Fe,B) mokpsi-
THS Ha TIOPOIIKOBBIX MaTepHajaX Ha OCHOBE CTa-
Jie aycTeHMTHOro kjacca. IlokazaHo, 4YTO C
MOBBIIIICHHEM TEMIEPATYPhl, TPOJAODKUTESILHOCTH
¢ Gy3UOHHON 00pPa0OTKY M CTEIICHH JISTHPOBAH-
HOCTH 00pabaThIBAEMOr0 IMOPOIIKA PACTET OIS
BbICOKOOOpHCTOl (a3wl FeB. Ilpu nuddysnonnoi
00paboTKe TOPOIIKOBBIX MaTEpHAIOB H3Y4EHO
pacnpeziesiecHue JISTHPYIOIUX 3JIEMEHTOB. BbisiB-
JICHO, YTO XPOM B HauOOJbIIICH CTEIICHH PacTBOPSI-
ercs B haze Fe,B n HesHaunTensHO — B (haze FeB.
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DJIEKTPOXMMHMYECKasi MPOIIMBKA MUKPOOTBEPCTHH B TPYOUYaTOM
CTYNEHYaTOM KOHLIEHTPATOPEe-BOJHOBO/AE MeIMIMHCKOr0 Ha3HAYCHUS
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Pedepar. Pa3BuTHiO ynbTpa3ByKOBBIX TEXHOJIOTHH JICYEHHSI COCY/IOB B MOCIEAHEE BPeMs YACISIOT OOJIbLIOE BHUMAHHE BO
BCEM MHpe. ABTOpaMH CTaThbU COBMECTHO ¢ Kapauosioramu u3 bemMAIIO u PHIIL] «Kapauonorus» pa3paboTaHbl HOBBIHA
3¢ QEeKTHBHBII METOZ JICYCHUS U YIBTPa3BYKOBOE 00OpPYHOBAHHE, MO3BOJIIONINE BBHIIONHATH Pa3pylICHHE BHYTPHCOCYIH-
CTBIX 00pa30BaHUi C OJJHOBPEMEHHBIM MOBBIIIEHUEM 3JIACTUYHOCTH COCYANCTOM CTEHKH. [IpeMMyIecTBaMi METOa SIBISIOT-
Csl OTCYTCTBHE OIIEPAaTUBHOTO BMEILATEIbCTBA, HU3KAsl BEPOSTHOCTb OCIOKHEHUH, HEOObIIas CTOMMOCTD JiedeHnst. OCHOB-
HOH KOMIIOHEHT pa3pa0OTaHHOTO YIBTPa3BYKOBOTO OOOPYIOBAaHMS — CTYIEHUATHI KOHIEHTPATOP-BOJHOBOJ TPyOUaToro
THIIa, UMEIOLIMIT Ha AUCTATEHOM KOHIE ChepryecKknii HAKOHEYHHK C OJTHUM OCEBBIM OTBEpCTHEM AuamerpoM 0,5 MM u Tpems
panuanbHBIMU OTBEepCTHSIMU auaMeTpamu 0,3 MM, pacmosioKeHHBIMH oA yriaoM 120° apyr oTHocuTensHO Apyra. OCHOBHOM
3¢ deKT NpruMeHeHNsT KOHIIEHTPaTopa-BOIHOBOA JOCTUTAETCS 3a CUET yJIbTPa3BYKOBOTO BUOPOMEXaHHIECKOTO BO3AEHCTBHS
cepryecKkuM HaKOHEYHHUKOM Ha BHYTPHCOCYAMCTOE OOpa30BaHHE C IOCICAYIOIMM YAAICHHEM IPOAYKTOB pa3pyLICHUS
IyTeM MX aclHUpalMd U3 cocyaucToro pycna. JlonomHutensHslil addekt odecrneynBaeTcs 3a cUeT KaBUTALMOHHOTO BO3ZEH-
CTBHUS Ha COCYANCTOE 00pa3oBaHHE M CTEHKH COCyZa depe3 OTBEpCTHs B ChepnuecKoM HAKOHEUHHKE ITOTOKAMH JKUIKOCTH,
H0/1aBacMOif 0 BHYTPEHHEH IOJIOCTH CTYNEHYAaTOro KOHIEHTPATOPa-BOJIHOBOJA, YTO CHOCOOCTBYET 3HAYUTEIBHOMY YIIyd-
IICHUIO 3JIACTUYECKHUX CBOICTB COCYJUCTON CTEHKH IPH aTePOCKIIepo3e U caxapHoM auadere. {1 JOCTHKEHUS MaKCHMalb-
HOH >()(heKTHBHOCTH BO3IEHCTBHS KaBUTHPYIOIIEH CTpyeil Ha BHYTPHUCOCYIHUCTBIE 00Opa30BaHMs U Ha COCYIHCTYIO CTCHKY
HE0OX0IMMO 00eCIeUUTh BBICOKME TOYHOCTh U KauecTBO MOBepXHOcTel (opMupyembix MukpooTBepeTuii. lo pesyiabraTram
aHaIM3a 0COOCHHOCTEH CYIIECTBYIONIMX METOOB (opMOOOPa30BaHHUsI OTBEPCTUH MAJIOr0 TMAMETPa TPEAIOKEH METO HIICK-
TPOXMMHYECKON TPOIIMBKH, ITO3BOJITIONINH II0JIy4aTh TOYHBIE MUKPOOTBepCTUs IuameTpoM 0,3 MM C BEICOKUM KaueCTBOM
HOBEPXHOCTH Ha JIETAIAX MAJOr0 CEYCHHs M KECTKOCTU. B cTaThe mpe/ncTaBieHbl pe3ynbTaThl HCCIISJOBAHUS BIMSHUS Mapa-
METpOB Mpolecca 3IEKTPOXMMUYECKOH NMPOLIMBKU (HANPSIKEHUs, KOHIEHTPAMM M pacXoja dJIEKTPOJINTA) Ha pPa3Mepbl
1 (opMy TOITydaeMbIX MHKPOOTBEepCTHH. Pa3paboTaHbl OCHOBHBIE PEXUMBI IIPOIIECCa INEKTPOXUMHIECKOH MPOIINBKHY, 1103~
BOJISTIOIIME C(HOPMHUPOBATH MUKPOOTBEPCTHS B CHEepUUECKOM HAKOHEYHHKE TPYOUaTOro KOHIIEHTPATOpPa-BOIHOBOJAA Tpedye-
MBIX TOYHOCTH, Pa3MepoB U GOPMBI.

KiroueBbie cj10Ba: KOHLEHTPATOP-BOIHOBO/, ChepryecKknii HAKOHEYHHK, MUKPOOTBEPCTHE, IIEKTPOXHMHYECKas IIPOLINBKA,
AIIEKTPOJIUT, HANPSUKEHHE, PACXO0l, KOHI[CHTPALIHUS

Jlns nuTHpOBaHMs: OJNEKTPOXUMUYECKas TPOIIMBKA MHKPOOTBEPCTHH B TpyOYaTOM CTYNEHYAaTOM KOHIIEHTpaTope-
BOJIHOBOZIe MenunuHcKoro HasHauenwst / 0. I'. Anexcees [u mp.] / Hayka u mexuuxa. 2019. T. 18, Ne 5. C. 386-394.
https://doi.org/10.21122/2227-1031-2019-18-5-386-394

Electrochemical Cutting of Micro-Holes in Tubular
Stepped Concentrator-Waveguide for Medical Purposes

Yu. G. Aliakseyeu”, A. Yu. Korolyov”, A. S. Budnitskiy", Dai Wengqi"
YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. A great attention has been recently paid to development of ultrasound technologies for treatment of blood vessels
throughout the world. Authors of the paper have developed a new effective treatment method and ultrasound equipment that
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Mechanical Engineering

allow to carry out destruction of intravascular formations with simultaneous increase in elasticity of a vascular wall together
with cardiologists from Belarusian Medical Academy of Postgraduate Education and Republican Scientific and Practical Cen-
ter “Cardiology”. Advantages of the method are absence of necessity in surgical intervention, low probability of complica-
tions, low cost of treatment. The main component of the developed ultrasonic equipment is a tube-type stepped concentra-
tor-waveguide having a spherical tip at a distal end with a single axial hole of 0.5 mm-diameter and three radial holes
of 0.3 mm- diameter located at an angle of 120° relative to each other. The main effect for application of the concentrator-
waveguide is achieved by ultrasonic vibromechanical action of a spherical tip on intravascular formation with subsequent
removal of destruction products by their aspiration from a vascular bed. An additional effect is provided due to cavitation
action on vascular formation and vessel walls by flow of fluid supplied via an internal cavity of the stepped concentrator-
waveguide through the holes in the spherical tip. This contributes to a significant improvement in elastic properties of a vascu-
lar wall in atherosclerosis and diabetes. It is necessary to ensure high accuracy and quality of surfaces for the formed micro-
holes in order to achieve maximum efficiency of the cavitation jet impact on intravascular formations and on the vascular
wall. According to the analysis results on specific features of existing methods for small-diameter hole shaping, an electro-
chemical hole cutting method has been proposed which allows to obtain accurate micro-holes with a diameter of 0.3 mm and
high surface quality in parts of small cross section and rigidity. The paper presents results of study on effect of electrochemi-
cal holes cutting parameters (voltage, concentration and consumption of electrolyte) on size and shape of the formed micro-
holes. Main modes of electrochemical holes cutting process have been developed which allow to form micro-holes in a sphe-
rical tip of a tubular concentrator-waveguide with required accuracy, dimensions and shape.

Keywords: concentrator-waveguide, spherical tip, micro-hole, electrochemical hole cutting, electrolyte, voltage, consump-
tion, concentration

For citation: Aliakseyeu Yu. G., Korolyov A. Yu., Budnitskiy A. S., Wenqi Dai (2019) Electrochemical Cutting of Micro-

Holes in Tubular Stepped Concentrator-Waveguide for Medical Purposes. Science and Technique. 18 (5), 386-394.
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BBenenne

B kadecTBe anbTEpHATHUBHI CYIICCTBYIOIIUM
JIOPOTrOCTOSIIIIMM U TPAaBMATUYECKUM MPOLEAypam
YCTPAaHEHUSI HENPOXOJUMOCTH MaruCTpalbHbIX
apTepuil HWKHUX KOHEYHOCTEH pa3paboTaH METOx
paspylieHns BHYTPHUCOCYAWCTBIX OOpa3oBaHUA —
yIIbTpa3ByKoBas pekanamuzamus [1]. Merox ocHo-
BaH Ha NMPHUMEHEHUHU YIBTPa3ByKOBOTO 00OpYHO-
BaHMsI, TJIABHBIM KOMIIOHEHTOM KOTOPOIO SIBJISET-
Cs CTYNEHYAThld KOHLIEHTpaTOp-BOJHOBOA. Panee
pa3paboTaHbl KOHCTPYKIIMMA W TIPOIECCHI TOTyYe-
HUSl CTEP>KHEBBIX CTYNEHYAThIX KOHLIEHTPATOPOB-
BOJHOBOJOB AJuHOM A0 1200 MM ¢ MUHUMAaJb-
HBIM JMaMETPOM JucTagbHOM crymeHu 0,5 M.
Hnst hopMooOpazoBaHusl CIOXKHBIX MOBEPXHOCTEH
CTEP>KHEBBIX KOHLEHTPATOPOB-BOJIHOBOJOB CO3/a-
Ha OpuruHajibHasA TEXHOJIOrvusA, OCHOBAaHHas Ha
ANEKTPOIUTHO-TUIA3MEHHOW 00paboTKe, KOoTopas
HCIIOJIb30BANaCh 1O A3TOTO B IPOMBIIUICHHOCTH
TOJIBKO JI4A (1)I/IHI/IIHHOI‘/'I OTACIIKH TIOBEPXHOCTH
U yIaJeHUs 3ayCEHUEB Ha U3ICTUAX U3 Pa3INUHbIX
METaJUIMYECKUX MaTepuanoB [2—6]. IIpumenenue
pa3sMEpHOH 3JIEKTPOIUTHO-TUIA3MEHHOM 00pabOTKH
MO3BOJWIIO TOCTUTHYTh BBICOKMX HPOYHOCTHBIX U
aKyCTUYECKUX MOKa3aTeNIeH MoTydaeMbIX U3ICTUM.

st obecriedeHnss BOBMOXKHOCTH TTOJIa4YH KU/~
KOCTU B 30HY JHCJIOKallMd BHYTPUCOCYAUCTOIO
00pa30oBaHMS C IEJIHIO JIOTIOTHUTENBHOTO KaBHUTa-
UOHHOTO BO3/ACHCTBHs pa3paboTaHa HOBas KOH-
CTPYKLUSI — CTYNEHYaThlil KOHLIEHTPATOP-BOJHO-
BOJ TPyOuYaTOro THUNA C TMOJBIM C(HEPUUISCKUM
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HaKOHEYHUKOM, HaJM4Yhe KOTOPOro II03BOJIIET
MaKCUMaJIbHO 3(PQEKTUBHO pa3pyliaTb BHYTPHCO-
cyaucTele 00pa3oBaHHMA 32 CYET BHOPOYIAPHOTO
BoznelicTBus [7, 8]. B chepudeckoM HaKOHEUHH-
ke mmerorcs ocepoe (0,50 £ 0,05 mMm) u Ooko-
Beie (0,30 = 0,05 MM) MHUKpOOTBEpCTHS, TpeAHA-
3HAUYEHHBIE AJIs BO3ACHCTBUs OOpasylomiencs: Ka-
BUTHPYIOLIEH CTpyell Kak Ha BHYTPUCOCYIUCTOE
o0pa3oBaHMe, TaK M HA INOPAXKEHHBIH y4acTOK CO-
CYAMCTOH CTEHKH, YTO TO3BOJSECT BOCCTAHABIIH-
BaTh IMIPOXOJUMOCTbL COCyda C OJHOBPCMCHHBLIM
MOBBIILIEHUEM 3JIACTUYHOCTU COCYIUCTOH CTEH-
ku (puc. 1).

Puc. 1. Chepraeckuii HAKOHETHUK

CTYIIEHYAaTOT'0 KOHICHTPATOpa-BOJIHOBOAA pr6‘IaTOI‘0 THIIA

Fig. 1. Spherical tip
of tube-type stepped concentrator-waveguide

D¢ (heKTHBHOCTh KABUTAIIMOHHBIX TMPOIECCOB
BO MHOTOM OIpPEJIENseTCs KadyecTBOM MOBEPX-
HOCTEH, C KOTOPBIMH CONpHUKacaercs pabodas
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KUAKOCTH [9]. DieMeHTsl MHKpOpebeda, BbICTY-
narolue M3 JaMUHApHOTO MOJCIOS NpH TypOy-
JIEHTHOM TEYEHHWH >XHUIKOCTH, BBI3BIBAIOT BHUXpe-
o0pa3oBaHHE C TOHIKEHHEM [aBJICHHUS B MECTE
oOpa3zoBanus Buxpeil. Takum 00pazom, BBICOKas
[IEpOXOBATOCTh ITOBEPXHOCTH BHYTPH MHKPOOT-
BEpCTHS NPUBOANT K Ooliee paHHEMY BO3SHHKHOBE-
HUIO KaBUTALIMOHHBIX TpoueccoB. [losTomy s
MakCHMaNbHO 3(()EKTHBHOTO BO3JEHCTBHS KaBU-
TUPYIOIIEH CTpyei Ha BHYTPUCOCYIUCTBIE 00pa3o-
BaHUSI M COCYAUCTYIO CTEHKY HeoOXoammo obec-
MEYUTh BBICOKHE TOYHOCTh M KAadeCTBO TOBEPX-
HOCTeH (OPMUPYEMBIX MUKPOOTBEPCTHH.

OceBoe OTBEpCTHE, OKAa3bIBAIOIIEE OCHOBHOE
KaBUTAIlMOHHOE BO3JEMCTBHE MPHU pa3pylIeHUH
BHYTPUCOCYIUCTBIX 00pa3oBaHuii, Qopmupyercs
B TIpoIlecce IMONYYCHUs] CPEPHUUECKOro HaKOHEeY-
HUKa pasfgadedl M 3aBasibLoBKOM. dopmupoBaHue
OOKOBBIX MHKPOOTBEPCTHUH B CEPUUECKOM HAKO-
HEYHUKE C BBICOKOH TOYHOCTBIO SIBJISIETCSI CIIOXK-
HOW TEXHUYECKOW 3ajgaueil B CBSI3U C OCOOEHHO-
CTSIMH KOHCTPYKLHMH KOHIIEHTPaTOPa-BOJIHOBOJA,
001aJaf0IEr0 HU3KOM JKECTKOCTBIO, TOHKOM CTEH-
KO, MaJIbIMU pazMepamMu padoder 4acTH.

B Hacrosimee Bpemsi B MPOMBIIIIIEHHOCTH CY-
IIECTBYET MHOYKECTBO CIIOCOOOB TMONYyYEHHS] MUK-
pootBepctuii auamerpamu 0,2-0,3 MM, BKIOYaro-
IMX MEXaHWYEeCKOE CBEpIJICHHE, CBEpJICHUE Jiaze-
pOM, DBIEKTPOIPO3NOHHOE W XHMHUYECKOE CBEp-
JICHWE, THIPOoaOpa3suBHYI 00pabOTKy, a TAaKkKEe MX
pa3iuYHbIe COYETAHMS, KaXIbIi U3 KOTOPhIX UMe-
€T CBOM NpeuMyIlecTBa U HeaocTaTku. OIHUM U3
TPaJULMOHHBIX METOAOB SIBISIETCS MEXaHHYECKOE
CBEpIIEHUE MUKPOOTBEPCTHH, MOTyYUBIIEE IIUPO-
KO€ paclpoCTpaHEeHWE TPH TPOHM3BOJICTBE IEYaT-
HBIX TUIAT AJs anexTponpudopos [10]. Ha meuar-
HBIX IDIaTax, KOTOpble, KakK NpaBWJIO, H3TOTaB-
JTUBAIOTCS W3 JIETKO MOJIAIOIINXCS MEXaHUIECKON
00paboTKEe TMONMMEPHBIX MaTepUaIoB, BO3MOXK-
HO TIOJIy9eHHUE MHKPOOTBEPCTHH AHAMETPOM
710 0,1 mm [11]. OCHOBHBIM HEIOCTAaTKOM MEXaHH-
YEeCKOro METOJ[d, B TOM 4YHCJIe TPUMECHUTEIBHO K
NPOLECCY MOIYYEHHUS] OTBEPCTHH B CHEPUUIECKOM
HaKOHEYHUKE, SBJSIETCS HEBO3MOKHOCTH CBEpIIe-
HUSI MEKPOOTBEPCTHH B HEKECTKUX U TOHKOCTCH-
HBIX JeTasIX.

JlazepHOe cBepiIeHHE TMO3BOJISIET MOJIyYaTh OT-
BEPCTHA [HUAMETPOM, COU3MEPHMBIM C JITUHOU
BOJIHBI U3JIy4EHHsI C JOCTAaTOYHO BBICOKOW TOYHO-
CTbIO TO3uIHOHUpoBaHUs. CyIIecTByeT MHOXe-
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CTBO PabOT 110 HCCIIEIOBAaHUIO PEKUMOB U CIIOCO-
0OB Ja3epHOrO CBEPJICHHS MHKPOOTBEPCTUH B
KOPPO3HOHHOCTOMKUX CTaJsIX, IOATBEPXKAAIOIINX
11€J1eCO00Pa3HOCTh UCIIOJIb30BaHUS JIa3€pHON TeX-
HOJIOTHH IS MTONYYECHHUS! U3ACIUA Majoro pasme-
pa, oO0paboTka KOTOPHIX IOJDKHA YyIIOBIETBOPATH
BBICOKMM IIapaMeTpaM IO TOYHOCTH M KayecT-
By [12—17]. Cpenu HEIOCTATKOB Ja3€pPHOrO0 METO-
Jla CBEPJICHUS — HU3KOE KayeCTBO IOBEPXHOCTH,
OrpaHHuYEHHE IO TOJNLIMHE MaTepHuaja, 3aBHCHU-
MOCTBh XapaKTePHCTHUK 00pabOTKH OT THIA Jazepa
U CJIOKHOCTH ()OPMHUPOBAHUS [NIyXUX OTBEPCTHH.

l'umpoabpasuBHOE cBepiieHHE OCOOEHHO 3(-
(P)eKTUBHO TNPHU OYKMCTKEC WM 00pabOTKE MHOTHX
TPYAHOOOpadaTHIBAEMBIX MAaTEPHAJIOB: TUTAHOBBIX
cruiaBoB [18], pa3nuyHBIX BUIOB BBICOKOIIPOYHBIX
kepamuk [19] u craneit [20], a Takke KOMITO3UT-
HeIXx MartepuaioB [21]. Ilpu ruapoabpasmBHON
pe3Ke He co3aeTcsl pa3phIBOB B CTPYKType MaTe-
pHuana, KOTOpbIi TakKHM 00pa3oM COXpaHseT CBOU
NepBOHaYaNbHble cBOMcTBa. OAHAKO, Kak U TpPHU
JIa3epHOM CBEpJICHUH, THapoadpa3uBHas o0paboT-
Ka HE JIaeT BO3MOXXHOCTH CBEPJICHHSI TIIyXUX OT-
BEPCTHH.

AJBTepHATHBOH MEPEUYHCICHHBIM METOAAM I10-
JydEeHUs OTBEPCTHH MalbIX JUAMETPOB SBISIET-
csl DIEKTPOXUMHYECKas IMPOIIMBKA C MPOKAYKOH
AIIEKTPOJIUTA MEXKAY 3SJIEKTPOIOM-UHCTPYMEHTOM
u oOpabaTeiBacMOi aeTansio. B [22] BEIMOMHSAIACH
CpaBHHUTEJbHAs OLEHKAa METOAOB MEXaHHYECKOTO,
JIA3EPHOTO U MIEKTPOXUMHUYECKOTO CBEPJICHUS IpU
pa3paboTke HamOoJjiee ONTUMAIBHOTO IIpollecca
MOJYYeHUS MHUKPOOTBEPCTHH B TOHKOCTCHHBIX
miactuHax (0,5 MM) U3 THTAaHOBOTO CIUIaBa. YcCTa-
HOBJICHO, YTO MEXaHMYECKOE U JIa3€pPHOE CBepJIe-
HUE HE O0ecrneuuBaroT TPeOyeMON TOYHOCTU pa3-
MEPOB MHKPOOTBEPCTHH M KaueCTBa MOBEPXHOCTH.
DJEeKTPOXMMHUYECKas MPOIINBKA, B CBOIO OYEpE.b,
MO3BOJIMJIA TIOJyYUTh TOYHBIE OTBEpCTHUs 1O (Hop-
M€ M pa3MepaM € BBICOKMM KadeCTBOM IOBEPXHO-
cti. Takum 00pa3oM, METOA 3JIEKTPOXUMUUIECKOH
MPOIIUBKY MOXKET OBITh MCIOJIB30BaH It GOopMu-
pOBaHUsI TOYHBIX OOKOBBIX MHMKPOOTBEPCTHH B
cepruueckoM HaKOHEYHHKE TPyOuaTOro KOHIICH-
TPaTopa-BOIHOBOJA C JIOCTHIKEHHEM BBICOKOTO
KayecTBa HMX IMOBEPXHOCTH A 3(P(PEKTHBHOTO
BO3JCHCTBHS KaBUTHPYIOIIEH CTpyeill Ha BHYTpPH-
COCYUCThIE 00Pa30BaHUS 1 COCYIUCTYIO CTEHKY.

Henp nanHO#M paboTel — pa3paboTka U Ucce-
JIOBaHHE PEKUMOB DJICKTPOXMMUYECKOH IMPOIINB-
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KM, O0ecreyuBaromx (GpOpMHPOBAHUE MHKPOOT-
BepcTUil TpeOyeMOol TOYHOCTH B TOHKOCTEHHBIX
JIETaJsIX MaJiol JKeCTKOCTU U pa3MepoB U3 KOPPO-
3MOHHOCTOMKOM CTalld, MPUMEHSAEMbIX B MEIUIINH-
CKOM TEXHHKE.

MarepuaJibl, 000py10BaHUE
M METOABI HCCJIeN0BAHMI

HccnenoBanue pexuMOB  3JIEKTPOXUMHUECKON
IIPOLIMBKY MHKPOOTBEPCTHI IIPOBOIWIM Ha 00pas-
nax cepuyecKux HAaKOHEYHWKOB TPyO4YaToOro KOH-
LEHTPATOPa-BOJIHOBOAA C TOMIIMHON cTeHKH 0,15 Mm
U3 Koppo3uoHHOcToMkoW cranu 12X8HIOT.
Jnst mpolMBKM  MCIIONB30BAJIACh  TPAAWLIMOHHAS
CXeMa CIUIOIIHOTO CTEP’KHEBOTO MEIHOTO 3JIEKTPO-
Jla-MHCTPYMEHTA, HalIPaBJIIEMOr'0 10 ONPEAEICHHBIM
KOOpAMHATaM, C OJHOBPEMEHHOW MpOKa4yKoi pabo-
yel )KUAKOCTU MEXTY 3JIEKTPOIOM-UHCTPYMEHTOM U
o0OpabaTbIBaeMoOii JeTanbio. B kadecTBe 2IreKTposmTa
MIPUMEHSN BOAHBIN pacTBop NaNOs [23].

OKcnepuMeHTaIbHOE 000pyIoBaHue, pa3pado-
TaHHOE ISl BBINIOJHEHUS MCCIICAOBAaHUN PEXXUMOB
3NMEKTPOXUMHUYECKON MPOILUBKH, IPEICTABICHO Ha
puc. 2. MenHblil 3JEKTPOA-UHCTPYMEHT C IIOMO-
IIbI0 LIAHTOBOT'O 3aKMMa 3aKpeIIsieTcsl Ha IIBYX-
KOOPJIMHATHOM  MHKPOMETPHYECKOM  CTOJIMKE.
MUKpOMETPUYECKUI CTONMK I03BOJIIET TOYHO
[IO3ULIMOHUPOBATh 3JIEKTPOA-UHCTPYMEHT OTHOCHU-
TEJIFHO NPOJOJBHOM OCHM TpyO4yaToil 3aroTOBKH,
a Takke o0ecreunBaeT TIABHYIO 110/1a4y dJIeKTPO-
Ja-MHCTpYMEHTa B 30HY 00paboTtku. llozummonn-
pOBaHHE TO BEPTUKAIBHOW OCH OCYIIECTBIISIETCS
C MTOMONIBIO HANPABIISAIONIEH Maphl C COEAMHEHUEM
«JIACTOYKUH XBOCT», KOTOpasi IIPUBOAUTCS B IBU-
JKEHHE BUHTOBOM Mepeaayei.

TR

Puc. 2. DxcniepuMeHTaIbHOE 000py10BaHHE
JUISL 9JIEKTPOXUMHUYECKOH NPOLIMBKU MUKPOOTBEPCTUI
Fig. 2. Experimental equipment
for electrochemical broaching of micro-holes
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O6pazen 3a)krMaeTcsl B KYJAuKOBBIM MaTpoH,
KOTOPBIA 3aKpeIuleH Ha Baly. Bam ycraHoBieH
B JIUDJICKTPUYCCKUX KPOHIITEHHAX U3 (PTOpOIUIa-
cTa. Bpamennem Bana BOKpYT OCH yCTaHaBJIHBAET-
csl TpeOyeMBbIi YIIIOBOM MIar B3aMMHOTO PacIojo-
JKCHHSI TTPOIIMBACMBIX OOKOBBIX OTBEpCTUH B ce-
puyeckoM HakoHeuHuke. IIpu 3TOM  OceBoe
MepeMelieHre Bajia OTHOCHUTEIBHO JHUAJIEKTpUYe-
CKUX KPOHIITEHHOB OTPaHUYCHO NBYMS (UKCUPY-
FOIIIUMH KOJIBI[AMH.

Hns paGoTel 00OpyAOBaHHS HCHONB30BANICS
HUCTOYHUK MUTAaHUS C PEryJUpOBKOH pabouero
HampspxeHus oT 12 mo 20 B u cuyoit Toka 1o 8 A.
[TonoxuTenbHBIN MONTIOC UCTOYHUKA TUTAHUS TOJ-
KITFOYaJICS K 00pasily, OTPHUIIATENBHEIA — K MEIHOMY
3JIEKTPOLy-UHCTPYMeHTy. Jlo3upoBaHHas mojaua
JNEKTPOITUTa B MEXKAIIEKTPOTHOE MPOCTPAHCTBO U
pacxo/ AMEKTPONIMTa KOHTPOJIHPOBAIUCH M H3Me-
HAJIMCh B IIMPOKOM JIMAla3oHE C IOMOIIbIO
mmpuieroro no3aropa Perfusor Compact S. Kon-
LEHTpas JJIEKTPOJINTa HW3MEHSIach B Tpene-
nmax 20-30 % c marom 5 %; pacxoj 3JIEKTPOIIU-
ta 40-80 mu/MuH ¢ marom 20 miu/mMuH; pabodee
Hanpspbkenne 12—-18 B ¢ marom 3 B. Ilpensapu-
TEJIHHO YCTaHOBJIEHO, YTO JJIS MOJIy4E€HHUSI OTBEp-
ctuii muamerpom 0,30 MM TIpH TONIIWHE CTCH-
ku 0,15 MM auamMeTp 3MeKTpoAa-MHCTPYMEHTa AOJ-
)keH coctaBiaTh 0,05-0,09 mm. s BBIOTHEHUS
WCCIICIOBAaHUKA OBUT TPHHAT MEIHBIA JIIEKTPOJ-
HUHCTPYMEHT € IuaMeTpoM akTUBHOU yactu 0,07 MM.

OrneHka pa3MepoB U COCTOSHHSI TIOBEPXHOCTEH
(hopMHUPYEMBIX MHUKPOOTBEPCTHI MPOU3BOAMIACH C
MOMOIIIBIO AJIEKTPOHHOTO MUKpockomna Tescan Vega.

Pe3yabTaTthl ucciaegoBaHui
U UX o0cysKaeHue

B kagecTBe mpumepa Ha puc. 3 MpeACTaBICHBI
¢dortorpaduu MHKPOOTBEPCTHH [UII HEKOTOPBIX
PEXUMOB 00pabOTKH.

Kak BugHO u3 ¢ororpaduit MUKPOOTBEPCTHIA,
PEKHUMBI 3JICKTPOXUMUYECKON IMPOIIMBKH CyIIe-
CTBEHHO BJIMAIOT HE TOJIBKO HAa TOYHOCTH Pa3MepoB
u GopMy TPOIIUTHIX MHKPOOTBEPCTHH, HO M Ha
Ka4yeCTBO NPHWJICTAIONIEH K MPOIIMTOMY MHKPOOT-
BEPCTUIO MOBEPXHOCTH. B wacTHOCTH, Ha puC. 3a
MOKa3aH Kparep C OONBIINM paglycoM Ipuile-
raomei o0nacTu TpaBieHUs, oOpasylomuiics
MPU HU3KOM KOHICHTPALMH SJIEKTPOJIUTA U BBICO-
KAX 3HAYCHUSX HANPSDKEHUS W pacxoja dJIeKT-
ponura.
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SEMHV:20.00kvV  WD: 13.3170 mm Lo VEGAN TESCAN

SEM MAG: 250 x SEM MAG: 200 x

SEMHV:20.00kV  WD: 13.6690 mm Lot VEGAW TESCAN

View field: 1.31 mm  Det: SE Detector 200 um

SEM MAG: 151 x

SEMHV:20.00kV  WD: 13.1450 mm
View field: 794.0 m  Det: SE Detector 200 ym n View field: 991.3 ym  Det: SE Detector

VEGAW TESCAN SEMHV:20.00 kv WD: 13.2820 mm Lot VEGAN TESCAN
7 View field: 1.13mm  Det: SE Detector 200 ym 1
[/ Jptvist /]

SEMHV:20.00kvV  WD: 13.4180 mm | IS VEGAN TESCAN
View field: 991.3 jm  Det: SE Defector ;
SEM MAG: 200 /]

Puc. 3. ®ororpadun mukpooTsepctuii: a — 20 %, 18 B, 80 mu/mun; b — 20 %, 15 B, 60 mu/muH;
¢ —30 %, 18 B, 60 ma/mun; d — 25 %, 12 B, 60 ma/mun; € — 25 %, 15 B, 60 mi/Mun

Fig. 3. Photos of micro-holes: a — 20 %, 18 V, 80 ml/min; b — 20 %, 15 V, 60 ml/min;
¢—30%, 18 V, 60 ml/min; d — 25 %, 12 V, 60 ml/min; e — 25 %, 15V, 60 ml/min

CHmxeHre 3HaYCHH pabouero HamnpsHKeHHUS U
pacxoma oanekrtpoiauta (puc. 3b) He BemeT K
YMEHBIICHUIO pajiiyca KpaTepa, OJHAKO CIoco0-
CTBYET 3aMETHOMY yMEHBIICHHIO MHTEHCHUBHOCTH
TpaBJIeHUs1 mpuieraromieid oobnactu. Ha puc. 3¢
[IOKAa3aHO OTBEPCTHE, MPOLIMTOE NPH MOBBIIICH-
HBIX 3HAYCHUSAX KOHICHTPAIMKM AJICKTPOIUTA U
pabouero HampspkeHUs. YBETHMUEHHE KOHLEHTpa-
UM TO3BOJISIET MOJYYUTh TIAAKYI0 CKPYIJICHHYIO
MMOBEPXHOCThL 0e3 00pa3oBaHMs KpaTepa, OJTHAKO
IIpyu  BBICOKOM pa60qu HaIMpsOKEHUHU CKOPOCTh
BHCKTPOXHMHQCCKOﬁ IIPOUIMBKKU OYC€Hb BCJIMKA,
BCJIEJICTBHE 4ero HaOmoziaeTcss oOpa3zoBaHUE OT-
BepcTUsi OOJBIIOr0 JIMameTpa, HPEBBILIAIONIETO
TpeOyemoe 3HaueHue Ha 42 %. Pexxum 31exTpo-
XUMUYECKOH MpPOIIMBKM C KOHLEHTpaLUeH 3Jek-
Tponuta 25 %, pabGounm HampsokeHuem 15 B
U pacxoaoM 3jekTpoiuTa 60 MJI/MUH IO3BOJISET
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MOJYYUTh OTBEPCTHE C TJIAJAKOH BHYTpEHHEH IO-
BEPXHOCTHIO M MHUHHMAIGHBIM PaJHyCOM 3aKpyT-
nenus (puc. 3e).

PaccmoTpuM BrusIHHE XapaKTEPUCTHK IMPOIEC-
ca 9JJEKTPOXMMHUYECKOW MPOIIMBKU HA JUAMETP
(hopMUpyeMOTro MHKpPOOTBEpCTUsI Ooree moapod-
Ho. Ha puc. 4 mpencrasieHa TpexmepHas 3aBHCHU-
MOCTh M3MEHEHHs JuaMeTpa MpOLIMBAEMOIr0 OT-
BEpCTUsl OT paldoyero HampsDKEHHsT W pacxona
aneKTponuTa A KoHueHtpamuu 25 %. [lossimie-
Hue pabouero HanpspkeHus ¢ 12 1o 18 B mpusomut
K YBEIUYEHHUIO UAMETpa MPOIIUTOTO0 OTBEPCTHSI.
[Ipu 3Hauenusx HampspkeHus 12 B mpoucxomut
3aMETHOE yMEHBIICHHE Kparepa, oOpa3yroIerocs
BOKPYI' OTBEPCTHSI B MPOLIECCE HEKTPOXUMHUIECKOM
npommBky (puc. 3b). OnHaKO NpU HU3KOM 3HaUe-
HUM pabovyero HanpspKeHHWsS YMEHbBLIAETCS! MPOU3-
BOJIUTENBHOCTh TpOLiecca MPOIIUBKYA U IOBBIIIA-
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€TCsl BEPOATHOCTb 3aMBIKaHHS 3JEKTpoAa Ha 00-
pasery ®3-3a MaJoOd BEIWYMHBI MEXDIEKTPOA-
HOTO TIPOMEXYTKa. YBEIUUeHHEe pabodero Hamps-
>keHus 10 18 B cyliecTBeHHO MOBBIIIAECT TPOU3BO-
JUTENLHOCTh 00paboTku. OMHAKO TpU 3TOM -
METpP TPOIIUTOTO OTBEPCTHS OOJIbIIE HOMHUHAIb-
HOro 3HaueHuss Ha 32-38 %, 4YTO MpEBHIIIAET
TpebyeMble momyckd. COOTBETCTBEHHO ITPOIITHB-
Ky Ienecoo0pa3HO BBHIMONHATH TPU HANPSHKEHUN
oxono 15 B.

0,40
0,35
0,30
0,25
0,20
0,15

[unameTp oTBEpCTUS, MM

Puc. 4. 3aBucuMocTb JUaMeTpa IpoIUMBaEMOr0 MUKPOOTBEPCTHS
0T pab0overo HaNMpsHKEHUs MPU Pa3THIHBIX 3HAUYSHUIX
pacxoza Ajsl KOHIEHTpaLuy 1eKTponuta 25 %

Fig. 4. Dependence of broached micro-hole diameter
on operating voltage at different flow rates
for electrolyte concentration of 25 %

Ha puc. 5 npencrapiieHa 3aBUCUMOCTh JUAMET-
pa IpOLIUTOrO0 OTBEPCTHUS OT pacxoia dICKTPOIUTA
st kornenTpanuit 20, 25 u 30 % npu Hampsixe-
Huu 12 B. U3 nmony4yeHHOUM 3aBUCHMOCTH BUIHO,
YTO C YBEIMYEHHEM pacXoAa 3JIEKTPOJINTa depes
MEXAJNEKTPOIHBIA  MPOMEXKYTOK  YMEHBIIACTCS
pasmep dopmupyeMoro B pe3yibTaTe MpPOIIWBKH
MHKPOOTBEPCTHS. ITO CBSI3aHO C W3MCHCHHEM
MPOBOJUMOCTH DJIEKTPOJIUTA B MEKIIEKTPOJHOM
MIPOMEKYTKE B 3aBUCUMOCTH OT COJICP’KaHUS B HEM
MPOIYKTOB 3JECKTPOXUMUYECKOTO PACTBOPECHHUSL.
HenocraTounass cKOpOCTh TOTOKA JJICKTPOJIMTA B
MEXDIIEKTPOAHOM 3a30pe He 00ecrednBaeT CBOE-
BPEMEHHOTO U JIOCTATOYHOTO yJaJIeHUS MPOIYKTOB
aHOJIHOTO PacCTBOPEHUS U BOJOPOJA, BBIIEISIONIC-
rocs Ha KaroJe, U, KaKk CIe/ICTBUE, YBEITUINBACTCS
COTIPOTUBJICHUE B MEXDIJICKTPOIHOM 3a30pe W
CHIDKAETCs TNIOTHOCTh ToKa [24]. Tak, B X0/€ 3KC-
MEPUMEHTOB TIPU 3HAYCHISIX PACX0/Ia AIEKTPOIUTA
meHee 40 mi/MUH HaONIOMAIOCh YacTOe 3aMbIKa-
HHe o0pasiia ¢ IEKTPOJOM-UHCTPYMEHTOM.
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[ToBrimienue pacxoma saektponuta (ot 40
1o 60 Mi/MUH) IPUBOJUT K 00Jiee HHTCHCUBHOMY
yIAICHUIO TPOIYKTOB JJIEKTPOXUMHYECKOTO pac-
TBOPEHHUS U3 MEXKDIIEKTPOAHOIO IMPOMEXYTKAa U
cTa0MIM3alMy MpoIecca 3MEKTPOXUMUYECKOW Mpo-
muBKy. [Ipu TakoM pacxone obecreunBanoch (hop-
MHPOBaHHE MHUKPOOTBEPCTHI MPABUILHON (OPMBI
CO CIJIa’)KCHHBIMHU KpasiMU. I‘I}Z)C?;MCpHI:.IC 3HA4YCHUA
pacxona snektponurta (0onee 60 MJI/MUH) MPUBO-
I K HapylmIeHWI0 CTaOWIBHOCTH Mpoliecca
MMPOMIMBKH, YTO BbIPAKaJIOCh B YaCTOM 3aMbIKaHHUHU
U OIUIABJICHUH 3JIEKTPOAA-MHCTPYMEHTa. DTO MO-
XKeT OBbITh CBA3aHO C BO3HHKHOBEHHEM KaBUTALU-
OHHBIX SIBJIGHHM, YTO Haubojee XapaKTepHO IpH
00paboTKe HEKECTKUM JIIEKTPoJoM [24], KakuMm
U SIBISETCS] MCIOJB3YEMBIH AIIEKTPOI-UHCTPYMEHT
nuamerpom 0,07 mm.

0,35- C=30% d= 0,3 MM
d, Mm
0,25+
0,15 T T T T T ]
30 40 50 60 70  Q,mn/muH 90

Puc. 5. 3aBucuMOCTb AHAMETpPa MPOLINTOTO MUKPOOTBEPCTHUS
OT pacxojia MEKTPOJIUTA IPU PA3TUIHBIX 3HAYCHHSIX
KOHLIEHTPALUH 3JEKTPosIuTa Al paboyero Hampspkenus 12 B

Fig. 5. Dependence of broached micro-hole diameter
on electrolyte consumption at different
concentrations of electrolyte for operating voltage of 12 V

IloBblmieHNE KOHLEHTPALUK JJIEKTPOJIUTA B
AIIEKTPOXUMHUUECKUX TpoIeccax MPUBOAMUT K yBe-
JUYEHHUIO MPOBOJUMOCTU M COOTBETCTBEHHO K MO-
BBIILICHUIO TJIOTHOCTH TOKa. 3aBHCHMOCTh AMA-
MeTpa MpPOIIMBAEMOT0 OTBEPCTHS OT KOHIIEHTpa-
LUK 3JEKTPOJHUTa NpeAcTaBieHa Ha puc. 6. Ilpu
MaJIOi KOHIEHTPALUK 3JEKTPOJIUTa He oOecredu-
BAaIOTCS yCJIOBUSI, HEOOXOJUMBIEC JAJISI AJIEKTPOXH-
MHYECKOTO PAaCTBOPEHHUS MPOIIMBAEMOr0 MaTepu-
ana. Tak, B mpolecce NPOIIMBKH OTBEPCTHH C
MIPUMEHEHUEM 3JIeKTposinTa KoHueHTpanueil 20 %
HabJro#anoch 4YacToe MpUBapUBaHHE U OOPHIB
aNeKTpoAa-uHcTpyMeHTa. OHaKO IpH 3ToM obec-
nednBanack Hanbosee TOYHAs T€OMETPHs MPOIIHU-
BaeMoro otBepctus (120 MxM) 6e3 oOpazoBaHUs

391



Mawiunocmpoenue

Kparepa (puc. 7a). B ciiyuae upe3MepHO BBICOKOM
koHueHTpamu (30 %) cHUKanack TOYHOCTDH IPO-
mmBaeMoro orsepctus (150 mMxm), a Ha BXoze B
oTBepcTue GopMHUpoBaAICS Kpatep (puc. 7¢) pocra-
TOYHO O0NBLIOTO pasMepa (auamerpom 1o 0,65 Mm
u rayounoit go 0,15 mMm). Hawmbomee mpuemie-
MBbI€ PE€3yJIbTaThl ObUIM JOCTUTHYTHI Ha PEXHUMaX
IPOIIUBKU C IPUMEHEHHEM 3JIEKTPOJIUTA KOHIIEH-
Tpammeit 25 % (puc. 7b), mpu KOTOPHIX 0OecTeyn-
BAJIUCh CTAOMJIBHOCTH 3JIEKTPOXMMHYECKOTO IIPO-
1ecca, A0CTIKEeHHe TpeOyeMol TOYHOCTH U Kade-
CTBa IOBEPXHOCTH (DOPMHUPYEMBIX MHKPOOTBEP-
CTHH, a TaKKe MUHHMMAJbHBIE Pa3Mepbl KpaTepa
Ha BXOJIE B OTBEPCTHE.

®dororpadus odpasna co chepruuecKUM HAKO-
HEYHHKOM TPyOUYaTOTr0 KOHLIEHTPATOPa-BOJIHOBOAA
C TPOIIUTHIMA MUKPOOTBEPCTHSIMHU, TIOTY4IEHHBIMH
C WCIOJb30BAaHHEM YCTAHOBJICHHBIX IO pe3yibTa-
TaM HCCIIENOBaHUS NapaMeTpoB IIporecca, obec-
[IEYMBAIOIINX BBICOKYK) TOYHOCTb IIOJy4aeMbIX

MHMKPOOTBEPCTUHN WU KAYECTBO MpHUJIEratoed K HUM
TTOBEPXHOCTH, CTAOMIIBHOCTE TIporiecca (HampsoKe-
Hue 15 B, pacxonm smektposnnra 60 MII/MEH, KOH-
LEeHTpalus ekTpoiauTa 25 %), npeacraBieHa Ha
puc. 8.

0,41 -

A U=18B

d, MM O U=158 ©

0,31 o oS -0

d=03mm >
U=128B
0,24

0,1 . . .
17 22 27 C% 32

Puc. 6. 3aBucuMOCTb AHAMETPa MPOLINTOTO MUKPOOTBEPCTHUS
OT KOHIIEHTPALUHK JIEKTPOJINTA MIPU PAIUYHBIX 3HAUCHHAX
pabouero HanpspKEHUs Ui pacxoa daekrpoanrta 80 Mi/MUH

Fig. 6. Dependence of broached micro-hole diameter
on electrolyte concentration at different operating voltages

for electrolyte consumption of 80 ml/min

Puc. 7. ®ortorpadun nutndoB mpoIUTHIX MUKPOOTBEPCTHIA:
a—20 %, 15 B, 60 ma/mun; b — 25 %, 15 B, 60 ma/mun; ¢ — 30 %, 18 B, 60 mi/Mun

Fig. 7. Photos of metallographic sections in broached micro-holes:
a—20%, 15V, 60 ml/min; b —25 %, 15 V, 60 ml/min; ¢ — 30 %, 18 V, 60 ml/min

Puc. 8. ®ororpadust HaKOHEUHNKA C IPOMIUTEIMH MHKPOOTBEPCTHIMH

Fig. 8. Photo of tip with broached micro-holes
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BBIBOJIbI

1. Pe3ynpraTsl aHanu3a MeTon0B (HOpMHUpPOBa-
HUsI MHKPOOTBEPCTHH B TOHKOCTEHHBIX JAETaIsX
MaJIOH KECTKOCTU M Pa3MEpOB C IOMOIIbBI0 MeXa-
HUYECKOTO, JIA3EPHOT0, THAPOAOPa3UBHOTO U IIEK-
TPOXUMHUYECKOTO CBEPJICHUS, @ TAKXKE PE3yIbTaThl
9KCIEPUMEHTAIBHBIX HCCIECAOBAaHUN 3JIEKTPOXU-
MHUYECKONW TEXHOJIOTMH IIOKa3ajld, 4TO C YIETOM
TpeOOBaHM, IPEABSIBIAEMBIX K MUKPOOTBEPCTHSIM
B CQepHUECKUX HAKOHEUHHKaX YIbTPa3BYKOBBIX
CTYIEHYAThIX KOHLIEHTPATOPOB-BOJHOBOJIOB Me-
JULMHCKOTO Ha3HaueHWs, Hanbosee mpruemMiIeMbIM
METOAOM HX IOJYYEHHUS SIBJIACTCS 3IEKTPOXUMU-
Yyeckas MPOIIMBKA, MO3BOJSIOMIAs (OPMHPOBATH
TOYHBIE MHUKPOOTBEPCTHUS C BBICOKMM KayeCTBOM
BHYTPEHHEH IOBEPXHOCTH C OTKJIOHEHHEM II0
muametpy He 6omee 0,05 M.

2. B pesynpraTe 3KCIEpUMEHTAIBHBIX HCCIe-
JOBaHUH BIHMSHUS HANpPSHKCHHS, KOHLEHTPAaLUU
M pacxoja MIEKTPOJIUTA B IIPOLECCE BIEKTPOXU-
MHYECKOM NPOLIMBKM Ha TOYHOCTH Pa3MEpPOB U
(dhopMBI TONTyYyaeMbIX MHUKPOOTBEPCTHH yCTaHOB-
JICHO, YTO AJsl 00ecieueHusl JOMyCTUMOTO OTKJIO-
HEHMs AMaMeTpa MUKPOOTBEPCTHH, BBICOKOIO Ka-
YecTBa W T'€OMETpPHUM IIPWIETarollel K HUM IO-
BEPXHOCTH, a TaKke CTabWIBHOCTH TMpolecca
HEOOXOJMMO BBINIOJIHATE 00PabOTKY CO CIEAYIO-
UMW MapaMeTpamu: HampspbkeHue 15 B, pacxop
anektponuTa 60 MII/MHH, KOHIIEHTPAIUS JIIEKT-
ponuta 25 %.
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Biausinue BeJIMUMHBI 3aM1aJIbHOM IMOPIHH IU3CJIBLHOI0O TOIINBA
ra3oam3¢/JIbHOI0O IBUraTejada Ha napaMeTpbl €ro paﬁoqero Ipoiuecca
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Pedepat. C TeueHneM BpeMEHHU K ABUTATEISIM BHYTPEHHETO CrOPAaHUS MPEABIBISIETCS BCe OObIne TpeOOBaHMIA, BRI3BAHHBIX
HE0OXOMMOCTbIO 3KOHOMUM TOILUIMBA, CHIXKEHHS BBIOPOCOB 3arpsi3HAIOLIMX BEIECTB B aTMoc(epy, MOBBILICHHS HAIEKHO-
CTH paboThl, YMCHbLICHUS rabapuTOB M 3aTpayMBaeMbIX MAaTepUalOB, MacChl, YPOBHS ILyMa, YNPOIUEHUS H3TOTOBICHUS
U dKCILTyaTanuu. B ropogax, rae KoJu4ecTBo ABUTaTeNeH 0O4eHb BEIMKO, UCIIOIb30BAaHME ra3a B KA4eCTBE TOIUIMBA II03BOJIA-
€T 3HAUUTEIbHO CHU3UTH 3arps3HEHHE OKpY)Karolleil cpeabl. B HEKOTOPBIX cTpaHax ecTh OTHENbHbIE SKOJIOTHUECKHE MPOo-
rpaMMBbl, CTUMYJIHPYIOIE IepeBo/ ABUraTeseil ¢ OeH3uHa Ha ra3. OJHaKo B HACTOsIIIEE BPeMs IPUMEHEHHUE I'a30BbIX J[BUTa-
Tened Ha aBTOMOOMIIBHOM TPAHCIIOPTE OTPAaHMYCHO, YTO CBA3AaHO C PSAAOM IPOOJIEM TEXHHYECKOTO M JKCIUIyaTallMOHHOTO
xapakrtepa. C [eNbI0 pelIeHns JaHHOH 3a[ady M MpEeJOTBPAIICHUs] BO3MOXKHEIX MPoOJieM Ha y)ke TOTOBOM JIBHTATele MpH-
OeraroT K MaTeMaTH4YeCKUM pacyeTaM M MOJENUPOBaHUIO. B pamkax mccienoBaHMs MO YCTAHOBJICHHIO BIMSHUS BETHYUHBI
3amajgbHON MOPLUH JU3ENTFHOTO TOIUIMBA Ta30/M3ENBHOTO JIBHraTellsl Ha mapaMeTpsl ero pabodero mpoiecca HeoOXOIHMMO
pa3paboTaTh COOTBETCTBYIOUIYIO METOJNKY pacdera. B CBsI3M ¢ 3THM IpOBeIeH aHANIN3 METOJMK U IPOTPaMM pacuera pa-
Oouero mporecca JBUTaTeNs, pa3paboTaHa METOIHMKA pacueTa pabodero mporecca ra3oau3enabHoro asurarens. [IpoBeneHo
pacdeTHOe HCCIeJOBaHUE MO pa3pabOoTaHHON METOIMKE. Y CTAHOBJICHO BIIMSHHE BEJUYHHBI 3allalbHOM MOPLUUH AU3EIBLHOTO
TOILUTHBA Ha 3()(EKTUBHBIEC U YKOIOTHUYECKHUE MTOKa3aTeny paboThl qBurarteis. PacueT mpoBoIuiICs A1 HOMUHAIEHOTO PEXH-
Ma paboThI JBUTaTeNs, Ta30BOE TOILUIMBO — IPONAaH-OyTaH. B kauecTBe MCXOMHBIX HaHHBIX A pacdeTa MPHHATH KOHCTPYK-
TUBHBbIC mapamerpbl asuratens ['J[-243. YcraHoBieHBI CleIyrOIIME 3aBUCUMOCTH: MO MEpE YBEIMUYEHHs 3alallbHOW IOp-
IIMU AN3EJIbHOTO TOIUIMBA (JOJM 3aMEICHHs ra30BOr0 TOIUIMBA AM3ENIbHBIM) HAOII0JaeTCsl HEKOTOPOE CHHKEHHE MOIIHOCTH
JBHTATENS, a TAKXKE MPH MPHHATHIX ycnoBusx — poct CO, npu camxennn CO u NO.

KnioueBble ci0Ba: TOMIMBHAS 3KOHOMHUYHOCTb, 3KOJIOTHUECKHE TpeOOBaHMs, METONKA, HCCIEAOBAaHNE, YpaBHEHHUE, pa3pa-
00TKa, MOIIIHOCTh, KPYTSIINA MOMEHT, PacXoj TOIUINBa

Jaa uutupoBanus: Bepmuna, I'. A. BiusHue BeauyuHbl 3a1aabHOM HOPLUUK AU3ENBHOIO TOILIMBA ra30JU3€IbHOTO JABUIa-
Telsl Ha mapaMeTpsl ero padodero nporecca / I'. A. Bepmna, O. C. Beictpenkos // Hayka u mexuuxa. 2019. T. 18, Ne 5.
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Influence of Diesel Fuel Ignition Portion Value
on Working Process Parameters of Gas-Diesel Engine

G. A.Vershina”, O. S. Bystrenkov"
YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. More and more requirements are imposed to engines of internal combustion due to the passage of time. These re-
quirements are caused by the necessity to save fuel, to reduce emissions of pollutants into the atmosphere, to improve opera-
tional reliability, to reduce size and cost of spent materials, weight, noise level, to simplify manufacturing and operational
processes. Use of gas as a fuel in the cities where number of engines is extremely large can significantly reduce environmen-
tal pollution. Some countries have separate environmental programs that encourage transfer of engines from gasoline to gas.
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Mawiunocmpoenue

At present, however, the use of gas engines in road transport is limited due to a number of technical and operational problems.
Mathematical calculations and simulations are applied in order to solve this task and prevent possible problems in a manufac-
tured. As part of the research to establish an influence of the diesel fuel ignition portion value in a gas-diesel engine on pa-
rameters of its operational process, it is necessary to develop an appropriate calculation method. In this regard, an analysis
of methods and programs for calculation of the operational engine process has been carried out, and a method for calculation
of an operational process for a gas-diesel engine has been developed in the paper. A computational study has been made
in accordance with the developed methodology. The paper has revealed an influence of the diesel fuel ignition portion value
on effective and environmental performance of an engine operation. The calculation has been performed for a nominal mode
of the engine operation, gas fuel — propane-butane. Design parameters of a I'/I-243-engine have been taken as initial data for
the calculation. The following dependences have been established: as a diesel fuel ignition portion is increasing (replacement
proportion of gas fuel with diesel), there is some decrease in engine power, and under the accepted conditions, there is an
increase in CO, with a decrease in CO and NO.

Keywords: fuel efficiency, environmental requirements, methodology, research, equation, development, power, torque, fuel
consumption

For citation: Vershina G. A., Bystrenkov O. S. (2019) Influence of Diesel Fuel Ignition Portion Value on Working Process
Parameters of Gas-Diesel Engine. Science and Technology, 18 (5), 395-400. https://doi.org/10.21122/2227-1031-2019-18-5-
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BBenenne

Hayuno-uccnenoBareabCKUMU U KOHCTPYKTOP-
CKMMHU OPTraHU3aIUsIMHU B O0JIACTH MAIIMHOCTPOE-
HUS HAKOIUICH OOJIBIION OMBIT KOHCTPYHPOBAHWSI,
JIOBEJICHUST ¥ BBEJICHMSI TBUTATEIICH B DKCIDIyaTa-
uuto. HalieHbl crnenuanbHble METOJbl pacueTra
arperaToB, CUCTEM U DJIEMEHTOB JBHUratTescH, Cro-
coOBI TIOJT0OOpPa OCHOBHBIX KOHCTPYKTHBHBIX KO-
pensiuui, cXeM KOMIIOHOBKU KaK BCEro ABUTATENs,
TaK U ero y3inos [1-4].

C yXecTOueHHEM HOPM, MPETBSIBIIEMBIX K
JIBUTATEISIM BHYTPEHHETO CTOpAaHWS, BHEIPSIINCH
KaTaJIUTUYCCKUE CUCTEMBI JOOYHMCTKH, COBPEMCH-
Hbl€ TOIUIMBHBIE CHUCTEMBbI, YCTPONCTBA AJI pery-
mupoBaHus (a3 rasopacmupeneNeHUs U CHCTEM
TypOOHaTyBa, CIIOCOOBI M3MEHEHUS CTETICHH CXKa-
TUSA JIBUTaTENs, KOTOPbIE B COBOKYIHOCTH [alOT
ABUTATCIIIM BO3MOXHOCTH COOTBETCTBOBATH HdaH-
HBIM HOPMaM M COBPEMEHHOMY ypoBHIO. OIHAKO
Takoe TIIIyOOKOE PEryJUpOBaHHE M YIPaBJICHUC
JIBUTATEJIEM CHIEJald €ro KOHCTPYKIUIO ropaslio
cioxkHee. COOTBETCTBEHHO ISl YCKOPEHHUS Mpo-
Hecca KOHCTPYUPOBAHHUS JBUraTessi OpraHu3a-
MU COBEPILCHCTBYIOT Pa3BUTUE 3TOTO Mpolecca.
C 3TOH 1eNbl0 IPUOETraloT K Pa3BUTHIO KOMITbIO-
TEPHOTO MOJICITUPOBAHUS:

*OHO TIPEIOCTABIISCT JAaHHBIE, KOTOPHIE MOTYT
OBITH TIOJTYYECHBI TOJBKO MPH TMOJHOM HATYPHOM
UCCIECAOBAHUU ABUTATENS C MPUMEHEHUEM, B TOM
YHCIie, COBPEMEHHBIX TEXHOJIOTWH JIa3epHOW Har-
HOCTHKHU;

*JaHHAas I/IH(i)OpMaHI/IH CTaHOBUTCA JOCTYIIHA
Ha HA4YaJIbHBIX CTAaAWUAX KOHCTPYUPOBAHUA, TOIrJa
Kak Oyaymui ABUraTeNb H300pa)KeH TOJIBKO Ha
YepTexKax;

*KOMILIEKCHYI0 WH()OPMAITHIO OT CIOXKHOU MO-
JISIIM MOKHO HCIIOJIb30BaTh Ha 00JI€e MEJIKUX NPU
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pa3paboTKe aJirOPUTMOB PETYJIMPOBAHUS U YIIPaB-
JIEHUS IBUTATEIEM.

Ha coBpemeHHOM 3Tarie pa3BUTHSA K JIBUTATEIIO
MPEIbIBISIOTCS pa3indHble TpeOOBaHMs: HE0OXo-
IAMBI BBICOKAs 3KOHOMHUS TOIUINBA, COOTBETCTBHE
9KOJIOTHUYECKUM CTaHIapTaM, TAKUM KaK CHUKCHUE
TOKCUYHOCTH T'a30B, BHIOpAChHIBAEMBIX B aTMOC(]e-
py; TIOBBIIIEHUE YPOBHSA O€30TKa3HOCTU B paboTe,
KOMITAKTHOCTh; YMEHbIIICHHE 00bheMa TpPUMEHsIE-
MBIX MaTEpHaJIOB, MAacChl, YPOBHS LIyMa; YIPOIIle-
HHUEC U3IOTOBJICHUA U 3KCHHyaTaHI/II/I.

Llens nccnegoBanmii — COCTaBACHUE METOIUKH
pacdera pabodero mnporecca ra3oiu3eiIbHOro JIBU-
rarens. [IpoBeneHbl pacueThl MO pa3pabdoTaHHON
METOJIMKE, KOTOpas MPUMEHEHa B COBOKYITHOCTH
C METOJOM pacueTa PaBHOBECHOI'O COCTaBa IPO-
JYKTOB CTOPaHUs, OTIPEICICHO BIMSHUC BEIMUNHBI
3amajbHOM IMOPIUH OU3EJIbHOr0 TOIIMBa (I0JIH
3aMeIICHUs] Ta30BOr0 TOIUIMBA JM3CIIbHBIM) Ha
3¢ (eKTUBHBIC, SKOHOMHYECKUE M KOJOTUYCCKUC
MOKA3aTe)IM PA0OThI IBUTATEISL.

OcHoBHAfl YacTh

B nacrosimee BpeMs I pelIeHUs CTOJIb ILIH-
POKOro Kpyra 3ajad NPHHATO BBIAEIATH JIBE OC-
HOBHBIE TpyMNIIBI MOJENIEH, peanu3yeMblX B pas-
JUYHBIX NPOTPaMMHBIX cpeaax [5]: mocTpoeHue
mozeneir [IBC, koTopble MOIXOIAT K paccMoTpe-
HUIO JABHraTessl Kak K COBOKYIHOCTH TEpMOAMHA-
MUYECKHX CUCTEM; MOJEIH, OCHOBAaHHBIE Ha 3aJa-
Yax THAPOJWHAMHUKU (M3BECTHAsI B 3apyOEKHBIX
ucrounukax kak Computational Fluid Dynamic,
wmu CFD). Ilpu ucnosb30BaHuM MOCIEIHUX BECh
JBUTaTeNb pa3duBacTca Ha OTAEIBbHBIE TpeXMep-
HbIE AreMeHTHI (puc. 1). J[ns kaxxaoro u3 ajaeMeH-
TOB MOJENMpPYETCs CUCTEMa YpaBHEHUH coxpaHe-
HUS SHEPTUHU, MACChI, UMITYJIbCa H COCTOSTHHMS.
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Tepmonnnamudeckne moxenu JIBC pasBuBa-
JOTCSI ¥ COBEPUICHCTBYIOTCS Ha NPOTSHKEHUH Ooiee
CTa JeT.

Puc. 1. Cetka ns pacuera

Fig. 1. Calculation grid

Hawnbonee n3BecTHOW W IpUMEHSIEMON Moje-
JbIO SIBJIAETCSI METOJMKA TEIUIOBOI'O pacdeTa JIBU-
ratens, paspaboranHas eme B 1907 r. mpodec-
copoM B. U. I'puneBenxuM. MeTon OCHOBaH Ha
PaccMOTPEHUH PacuyeTHOI'O IIUKIJIA, KOTOPbIH OTIN-
YaeTcsi OT JAECUCTBUTEIBHOIO PSAIOM JOIYIICHUI
u ynpoueHuil. bepyTcs 3a OCHOBY HOJIOXKEHHS
TEPMOJIUHAMUKN U TepMoxumuu. Cienyer oTme-
TUTh, YTO METOJUKA OYECHb MOCIeNoBaTeNbHa, J0-
CTaTOYHO IIOJHO W HAIAJHO JEMOHCTPUPYET
CYLIHOCTh MPOHMCXOSIINX B JBUTATENE SIBICHUU.
JlaeT BO3MOMKHOCTH JJIsi TPOBEACHUS pacyer-
HBIX HWCCIIEIOBaHWH, JOTOJHEHUS M COBEpLICH-
CTBOBaHMsI METOJIMKH ISl pelieHus 0oJee oOmup-
Horo kpyra 3azad. Hanmo ckasare, yTo Bmocnen-
CTBMM HaJ YJIy4IlI€HHEM JIaHHOH METOIUKH pado-
tamu H. P. bpummnr, E. I'. Masunr, A. C. Kyrne-
moB, H. ®. Pazneiines, A. C. Opmun, b. C. Creu-
KHH U Jp.

B HacTosiee BpemMsi KpynHENIIUMH HAyYHBIMU
OpraHu3alMsAMU HMHTEHCHBHO DPa3padaThIBAIOTCS
OporpaMMbl MO yAYYIIEHHIO pabouux mpolec-
coB /IBC Ha ocHOBE alropuTMOB PEIIEHUS BOMIPO-
COB TUAPOJMHAMHUKH C IPUMEHEHHEM MOJeNei
C IBIXKYIEWca CTeHKOU. B maHHON Moaenn MOXXeT
MMHUTUPOBATHCS MMOJa4a TOIUIMBA B LWIMHAPHL U
komtektopel JIBC ¢ mocienyromuM JIBHKEHHEM
ra30BBIX MTOTOKOB B 00BEMHOM MOCTaHOBKE. B paz-
JUYHBIX OTPAaciIsIX HauOoJjblIee pacnpoCTpaHEHUE
noyqminn Takue nporpammel, kak STAR-CD (CD
Adapco); FIRE (AVL); VECTIS (Ricardo); Fluent
(Fluentlnc.) u KIVA (LosAlamosNationalLa-
bo-ratory). JlaHHOoe mporpamMMHOE oObOecredeHne
MOKET MOJEIUPOBATh Pa3BUTHE TEUYECHHUS rasza H
paclbplIIBA€MOro TOIUIMBA B KaMepe CrOpaHus
JBUraTessi, ABWKCHUE TOIUIMBHBIX IUICHOK, TEMIIe-
paTypHbIE TONS U KOHIEHTpaluio paboyero Ttena
B pabouem oObeme (puc. 2). PazsuBaercs Monenu-
poBanue smuccun caxu, NO, u CO. OgHako 3Tu

[ Hayka
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3aJjaud OKOHYATEJIbHO HE PEIICHBI IPUMEHHUTEIBHO
k caxke 1 CO. [locToBepHOCTH pe3yNIbTaTOB pacde-
Ta HE BCErZla Ha BEICOKOM ypoBHE. CyIlIeCTBEHHYIO
TPYAHOCTH NpH Huctnons3oBanuu CFD ceroans BbI-
3bIBAIOT TPYAOEMKOCTh pacyeToB M HE00X0au-
MOCTb ITPUMEHEHUS CYNEPKOMITBIOTEPOB.

Kaxxnas u3 maHHBIX rpynn Mojesei Hampasie-
Ha Ha pelleHNe ONPeeIEHHOro Kpyra 3ajad.

Puc. 2. T'a3oquHamMu4ecKre POLEecCh B LIWIMHAPE ABUraTeNs

Fig. 2. Gas-dynamic processes in engine cylinder

ITpn paspaboTke Momenu pabodero mporecca
ra30M3eILHOTO ABUTATENs 32 OCHOBY ObLIa B3STA
Monens I'puneBenxoro — Masunra [6]. Benuunna
3aMaJbHOW MOPLHMH TU3EIBHOTO TOIUIMBA YYWTHI-
Bajlach MPH pacdeTe TEOPETHYECKH HEOOXOIMMOTr0
KOJIM4YeCcTBa BO3AyXa (KMOJIb) Ui cropaHus | kr
CMEeCH JKUIKOTO ¥ Ta30BOr0 TOIUIMBA

Ly =qly + (1-9)L,

7€ ¢ — BEIMYMHA 3aIlabHOM TOPLUH JU3EIBHOTO
torumBa, %; L, L, L, — TeopeTHYecKH HE06Xo0-

IMMOE KOJIMYECTBO BO3Myxa (KMOJB) IUIS Cropa-
HUA 1 Kr cMecH XUAKOr0 M Ta30BOr0 TOIUIMBA,
JKUJIKOTO TOILIMBA, Ta30BOr0 TOILIMBA COOTBET-
CTBEHHO.

MeTtoauka pacyera paBHOBECHOI0 COCTaBa
NMPOAYKTOB CrOPaHus

IIpn wmCHONB30BaHMM JAaHHOW METOIUKH BO3-
MOYKHO paccuMTaTh KOHIEHTpamuu 11 paBHOBec-
HBIX NIPOIYKTOB CIOPaHMs IJIsi CMECH NApOB TOILIU-
Ba ¢ BO3xyxoM. I IpoBelieHus pacyeTra JIOKHbI
OBITh M3BECTHHI 3HAUCHHS KOI(PHUIMEHTA N30BITKA
BO3/yXa, TeMIlepaTypsl U masnenus [7-9]. lannas
MOJIeTIb II03BOJISIET JOCTATOYHO TOYHO PACCUUTATH
napaMmeTpsl mpouecca cropanus. Haubonee nocto-
BEpHBIE PE3yJIbTaThl MOMYYarOTCs TIPH BBITIOJIHEHUH
pacyeToB MO BBISABICHUIO KOHIEHTPALW OCHOBHBIX
TOKCHYHBIX KOMIIOHEHTOB OTpaOOTaBLIMX Ta30B,
takux kak CO u NO.
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OCHOBHBIC ITOMYIIEHUS B MOIETH: TPOTYKTHI
CTOpaHUs CUUTAIOTCS WACATLHBIMH Ta3aMH, B CH-
CTEeME TIPOIIeCC TOPEHHUS TOJTHOCTHIO 3aBEPIICH H
YCTAaHOBJICHO XUMHYECKOE PAaBHOBECHE MEXIY
KOMIIOHEHTaMu. B TakoMm cnydae cucrema onpese-
JISIeTCS 3aKOHAMHM COXPAHEHMs BEIIECTBA, NEUCT-
ByIoIUX Macc u [lanbToHa.

Ilocne 3aBepiieHus mpolecca XUMHUYECKOE
paBHOBECHE MEXIy OOpa3yOIIMMHUCS KOMIIOHEH-
TaMH CTOPaHHS YCTaHABIMBAETCS TIO CIICTYIOIITIM
peaKIusm:

CO,2 CO +0,50,;
H,02 H, +0,50,;
H,02 OH +0,5H,;
H,2 H+H;
0,2 0+0;
N,2N+N;

N, + 0,2 2NO,

B naHHBIX ypaBHEHUSIX MOXKHO BUJIETH 11 KOM-
MIOHEHTOB, KOTOPHIC B HAUOOJbIIICH CTENIEHH 00pa-
3YIOTCS TTOCJI€ CTOpaHHWS TOIUIMBA W 3aBEPIICHHS
Bcex peakuuit: CO,, CO, H,0, H,, H, OH, O,, O,
NO, N, u N. Jlns onpeeneHus X KOHIICHTpaui
Tpebyercss coctaBuTh 11 ypaHenmit. C 3To# IIe-
JIBI0 UCTIONB3YIOT YETHIPE YPaBHEHUS MaTepHUalib-
HOTO OaylaHca ¥ CeMb YpaBHEHHI PaBHOBECHSI.

YpaBHeHUS MaTepUAIBHOTO OajlaHca COCTaB-
JISIOT TO KaXJIOMY 3JIEMEHTY HUCXOJHOW CMECH Ha
OCHOBE HEHM3MEHHOCTH 4YHCJIa aTOMOB J3THX D3JIe-
MEHTOB B XOJI€ PEaKIIUH:

C
Mo, + Mg :_2(1+Yr)5

My o+ My, +%MH +%MOH :%(Hyr);

1 1
My, +5MNO +§MN =0,790L, (1+7,);

1 1 1
MCoz +M02 +§MCO +EMH20 +EMO +

1 1 (@)
+5MOH +EMNO :(3—2+0,21GL())(1+'Y},),

rae C, H, O — MaccoBsle 1011 yraepoaa, Boaopoaa
1 Kucnopojsia B 1 Kr Tormmmsa; Ly — TEOPETHICCKHU
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HEeoOX0oAMMOe KOJMYECTBO BO3AyXa IS Cropa-
HUs | KT TOIUIMBA; ¥, — KOO PUIIMEHT OCTaTOYHBIX
ra3zoB; M, — 4uciI0 MOJIE COOTBETCTBYIOIINX KOM-
TIOHEHTOB.

YpaBHEHUS paBHOBECHS], BBITCKAIONINE W3 3a-
KOHa JIEUCTBYIOIIUX MAcC, COCTaBIISAIOT MO KaX0M
pPEeaKIK CHCTEMBI B CIICIYIOIIEM BHUJIC:

-0,5

Mo, P

Mco\/Mo2 My
MHZO N
MHz ,/MO2 M,
M, 0,5

M\/;TMZ;
M[
peli)

K =

N~

K, =

WO

K=

;/

;/

0,5
K _ MN ])z

7_\/]‘4_1\]2 j‘42 >

rae K, — KOHCTaHTbl PaBHOBECHUSI XUMHUECKUX pe-
akiuii; My — oOllee 4HuCIIO MOJEH KOMIIOHEHTOB
MIPOTYKTOB CTOpaHUSI.

KoHcTaHTBI paBHOBECHS MOYKHO PAaCCUUTAThH TIO
CIICIYIONIAM  aIMMPOKCUMHUPYIOIIUM YPaBHEHUSIM
B 3aBUCHMOCTH OT TEMIIEPATYPHI:

K, =3,4447.107T "5 exp| 222322,
R
K, =24,142.10°T 0 lexp| 227410,
RT.
K, =15,088-1077, 0 115exp| 288968 |
R,
K, =13,17927,"**exp % :
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K, =156,6265T."*exp —249964 |,
RT,

K, =6,0469T """ exp 21235 ),
RT,

K, =79,8151T,"*exp 475224 )
RT,

IIpn matematnyeckoMm mozenupoBanun JIBC
CTaBUTCS 3a/laya HE TOJBKO pacdyera COOTBETCT-
BYIOIIMX IIPOLIECCOB, HO U IPUMEHEHHs JaHHOU
MOJENU A U3Yy4YCHHS W YCOBEPIICHCTBOBAHHSA
UCCIIClyeMOro OOBbEKTa METOJaMHU YHCJIEHHBIX
9KCIepUMEHTOB. TakuM 00pa3oM, COBMECTHOE HC-
NOJIb30BaHUE METOAMKH pacuera [ puHeBerkoro —
MasuHra B COBOKYITHOCTH C METOJUKOW pacyera
PaBHOBECHOU KOHIICHTPAIIUHU MPOJTYKTOB CrOPaHUs
MO3BOJIICT ONPENENUTh BIMSHUE PA3THMYHBIX KOH-
CTPYKTHBHBIX NapaMeTpoB IBUTratens Ha d¢p¢ek-
TUBHBIE, YKOHOMHUYECKHUE M OJKOJOTHYECKHE TIO-
Ka3aTelu.

Ha ocHOBaHMM JaHHBIX METOJUK OBLIO MPOBE-
JEHO MOJIeIMpoBaHKue paboyero mpouecca ra3oau-
3€JIBHOTO JIBUTATENIsI, YCTAHOBIICHO BIIMSHHUE BEJIU-
YUHBl 3alajJbHON HOPUUH AM3EIBHOTO TOIUIMBA
Ha 3((}EeKTUBHBIE M IKOJOTMYECKHE TOKa3aTelu.
B kauecTBe HWCXOINHBIX JaHHBIX JJIsI pacueTa
NPUHATHl KOHCTPYKTHBHBIE IapameTpbl ABHUraTe-
nsa [J1-243 [10].

Pacuer npoBonwiics UIsI HOMUHAJIBHOTO PEKU-
Ma paboThl JBUTATEINs, FA30BOE TOIUTUBO — IPO-
naH-OyTtaH. [IpuaNManocek, yto KodhdunmeHT ns3-
ObITKa BO3/yXa OCTABAICS HEM3MECHHBIM M paB-
HbIM | Ipy W3MEHEHUH HOPLUMHU AU3EIBHOIO TOII-
nuBa. [Ipu 3TOM 10 Mepe yBeIHueHHs MOPLUH IHU-
3eJbHOT0 TOIUIMBA YMEHBIIAJIAach AONS Ta30BOrO
TOIIJIMBA, & AMANAa30H HapLUaibHOM N0 IU3EIIb-
HOTO TOIUIMBA BapbHpOBAJCA B TIpeAenax oOT 5
10 30 %.

Kak mokaszanu mccnenoBaHus, 0 Mepe YBElH-
YEeHHs 3alajbHOM MOPIMU IU3EJIBHOTO TOIUIMBA
(monmwm 3ameleHHs] ra30BOr0 TOIUIMBA TU3EILHBIM)
HaOJIIONaeTCsT HEKOTOPOE CHW)KEHHE MOIIHOCTH
nBuratens (puc. 3).

[Ipoucxomutr 3T0 BCIEACTBUE TOrO, YTO IH-
3€JIbHOE TOIUIMBO O0JIaZaeT MEHBUIMM 3HAYCHHEM
HU3IIEH TEeIUIOTHl CrOpaHusi, YeM Tra3oBOe, IpH

Hayka
wrexHuka. T. 18, Ne 5 (2019)

YBEIMYCHUU TMOAA4YM JIU3EJIbHOTO TOIUIMBA CYyM-
MapHas TEIIOTa CTOPAaHMs CMECH I1agaceT, dTo,
B CBOIO OuYepe/ib, NPUBOJUT K CHIDKECHUIO TeMIIepa-
Typsl 17 ¥ NaBIECHUA py.

Pazymeercs, mpomopnuoHaIbHO YMEHBIITHTCS
YaCOBOM PacX0]l Ta30BOTO TOIUIMBA M YBEITUIUTCS
4acoOBOM pacxoj] AMU3EIbHOro TomiIuBa. B cBOIO
ouepelib, 3TO MPUBEIACT K U3MEHEHUIO TOKCUYHBIX
COCTABJISIFOIIIX OTPAa0OTABIINX Ta30B.
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Puc. 3. 3aBucumocts 3¢ hexTnBHOIT MOIHOCTH
ra3oJU3€eabHOr0 ABUraTells OT BEIMYHMHBI 3alalbHOM NOpLUU
JIU3EJIbHOTO TOILINBA

Fig. 3. Dependence of effective power
for gas diesel engine on values
of diesel fuel ignition portion

3aBUCHMOCTh KOHIICHTPAIIM OCHOBHBIX TOK-
CUYHBIX KOMITOHEHTOB OTpaboTaBmmx ra3os (CO,
NO u CO,) OT BeTUYHHBI 3alIbHON TTOPINH JIH-
3€JbHOTO TOIUIMBA (IOIH 3aMELICHHS Ia30BOI0O
TOIUIMBA IU3EIbHBIM) MpHUBEieHa HA puc. 4. Mox-
HO OTMETHTh, YTO BCICIACTBHE CHUIKECHHS TEMIIE-
paTypbl ¢ POCTOM BEJIMYUHBI 3alajbHOW MOPLIHUU
IU3eIbHOTO ToIuhBa HaOmomaercss poct CO, m
camkenne CO u NO.

1,55 9,55
CO.NO, % | co, CO,, %
CcO
1,50 | 9,50
NO
1,45 9,45

0 5 10 15 20 25 4,% 35

Puc. 4. 3aBucumoctsb BeiOpocos CO, CO,, NO
OT BEJIMYWHBI 3aMTEHON TOPIUH AU3EIBHOTO TOIUTUBA

Fig. 4. Dependence of CO, CO,, NO-emissions
on values of diesel fuel ignition portion
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BbIBO/JbIL

1. Ilpemyoxkena MeTomuka pacdeTa pabodero
IpoIecca ra3oIn3eIbHOTr0 JBUTATEIS C YISTOM I1a-
paMETpOB PaBHOBECHOT'O COCTaBa MPOIYKTOB CTO-
paHusi OTpabOTaBIIMX r'a30B, YTO MMO3BOJIIET OMpe-
nenmuth 3(pQeKTHBHBIE MOKa3aTenu padOThl IABH-
raTens, a TaKKe BEIMYHUHY BBIOPOCOB BPEIHBIX
BEIIECTB OTPabOTaBIINX Ia30B.

2. [IpoBeneHpl pacueTHbIE HCCICAOBAHUS I10
BIUSHHUIO BEJIMYWHBI 3aMAIGHON TOPIUH JAU3EIb-
HOT'O TOIUIMBA (JIOJIM 3aMEIIECHHUsS T'a30BOI0 TOILIH-
Ba JM3eNbHBIM) Ha 3(deKkTuBHBIE M JKOJIOTHYe-
ckhe Tokasatenu paboTel apuratens. [lo mepe
YBEJIMYCHHS 3aMabHON MOPIUU TU3EITHHOTO TOTI-
JauBa (IOJMIM 3aMEIICHHS Ta30BOr0 TOIUIMBA M-
3€JIbHBIM) TIPY IPUHATBHIX YCJIOBUSAX HAOJIOJACT-
Csl HEKOTOPOE CHMKEHUE MOIIHOCTH JBUTATES,
a taxoke poct CO, npu camxennn CO u NO.
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About Application the Tyre-Road Adhesion Determination
of a Vehicle Equipped with an Automated System
of Brake Proportioning
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Abstract. The paper considers a method for calculation and evaluation of an automated brake proportioning system and it also de-
scribes assessment of efficiency while using cohesion forces of an automated system during vehicle braking process (MAZ 256200 ta-
ken as an example). A method for efficiency estimation of the vehicle braking equipped with an automated brake proportioning
system is graphically presented in the paper. A comparable analysis has been made in order to evaluate vehicle braking efficiency in
three various conditions of its wheel motion during braking process. The paper contains description of braking processes for a vehicle
at its idealized braking, at braking with an operating automated system and at braking with blocked wheels. Mathematical dependences
have been proposed and they make it possible to calculate a coefficient of cohesion forces used by an automated brake proportioning
system on the basis of time parameters for vehicle braking process. The proposed mathematical dependences take into account design
peculiarities of the automated system, i.e. a diagram of modulator arrangement on axes of the vehicle. The executed analysis for cal-
culation accuracy of the coefficient pertaining to use of cohesion forces of the automated system with and without taking into accout
rolling force resistance of the vehicle wheels has demonstrated a possibility to apply the proposed calculation methods for carrying
out auto-technical expertise while investigating road-traffic accidents involving transport facilities equipped with such systems as
ABS. The paper proposes a dependence for identification of a vehicle braking distance on the basis of the coefficient on use of cohe-
sion forces by the automated brake proportioning system. The executed experimental investigations on both test and serial models
of the automated brake proportioning system have allowed to justify theoretical discussions concerning application of tyre-road
adhesion in the operational process of the vehicle brake proportioning system. The investigation results have shown high efficiency of
the test automated brake proportioning system developed by Chair of Automobiles in the name of A. B. Hredescul at Kharkiv Na-
tional Automobile and Road University under the following braking conditions: dry road surface and compacted snow cover.

Keywords: automated brake proportioning systems, ABS, braking system, brake control, realised adhesion, synergy of wheel
and bearing surface, coefficient of used cohesion forces, braking distance, stopping distance, vehicle
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TOPMOJKEHHSI KOJIECHOTO TPAHCIIOPTHOTO cpefcTBa (Ha mpumepe aBTodyca MA3 256200). 'padmueckn npencrasieH u 060c-
HOBaH Croco0 OIEHKH 3(PQPEKTUBHOCTH TOPMOXKCHHS TPAHCIIOPTHOTO CPEACTBA, OOOPYJOBAHHOIO aBTOMATH3MPOBAHHON
CHCTEMOH PeryjaMpoBaHUs TOPMO3HOro ycuius. IIpoBeneH cpaBHUTENbHbINH aHaMU3 3GOEKTUBHOCTH TOPMOXKEHHUS TpaHC-
IIOPTHOT'O CPEACTBA B TPEX PasHbIX YCIOBUAX ABHXKECHUS €ro KOJeC MpHU TOpMOkeHHU. OIMCaHbI MPOLECCHl TOPMOKECHUS
NIPU UJICATN3UPOBAHHOM TOPMOXKEHHH, TOPMOXKECHHHU IPU paboTe aBTOMAaTH3UPOBAHHON CHCTEMBI, a TAKKE TIPH TOPMOXKESHUH
TPAHCIIOPTHOTO CPEACTBA C 3a0JIOKUPOBAHHBIMM KojecaMu. [IpeuiokeHbl MaTeMaTH4eCKUe 3aBHCHMOCTH, MO3BOJIAIOILIUC
paccuuTaTth KO3(QOHULIMEHT UCHOJIb30BAHUS CHIIBI CLEIUICHHS aBTOMATU3MPOBAHHON CHCTEMOl pEeryIMpoBaHUs TOPMO3HOIO
YCIIIUSI Ha OCHOBE BPEMEHHBIX ITapaMeTpPOB IIpoIecca TOPMOXKEHHUS TPAHCIIOPTHOTO CpercTBa. [IpenoskeHHbIe MaTeMaTHde-
CKHE 3aBUCHMOCTH YYHUTHIBAIOT OCOOCHHOCTH KOHCTPYKIIMH aBTOMAaTH3UPOBAHHOW CHCTEMBI, T. €. CXEMY PacIOJIOKEHHST MO-
IYJSTOPOB Ha OCSIX KOJIECHOTO TPAHCIIOPTHOTO CPECTBA. BHIMOIHEHHBII aHAIN3 TOYHOCTH PacueToB KO PHUIMEHTa HCTIOb-
30BaHUS CHJIBI CLETUICHHST aBTOMaTU3UPOBAHHON CHCTEMOH C yUeTOM U 0e3 y4eTa CHJI CONPOTHBIICHUS Ka4eHHsI KOJIeC TPaHC-
TIOPTHOTO CPEJICTBA TOKa3aJl BO3MOXKHOCTH HCIIOJIB30BAHMUS MPEUIOKEHHBIX METOJIOB PAacueTa B IPAKTHKE aBTOTEXHIMUYECKUX
IKCMEPTH3 NPH PACCICAOBAHUH JTOPOKHO-TPAHCHOPTHBIX MPOUCIIECTBUI C y4acTHEM TPAHCIOPTHBIX CPENICTB, 000PYI0BaH-
HBIX TaKUMH cucteMamu, kak ABS. IlpeanoxeHa 3aBUCUMOCTb ONpeeIeHUs TOPMO3HOIO IIYTH KOJIECHOTO TPAHCIIOPTHOTO
CpencTBa Ha OCHOBE KOd((HIMEHTA UCIIOIb30BAHMS CHIIBI CIIEIUICHNS] aBTOMaTU3MPOBAHHON CHCTEMOI perylnpoBaHHs TOP-
MO3HOTO yCHIIUS. BBITIONHEHHBIE 3KCIepHMEHTANbHBIE UCCIIOBAHNS ONBITHOTO U CEpPHUIHOTrO 00pa3oB aBTOMAaTH3UPOBAH-
HOH CHUCTEMBI II03BOJIMIIM MOATBEPIAUTh TEOPETUUECKUE PACCYXKIECHUS B OTHOUIEHHH UCIIOJIB30BAHUS CUI CLEIUIEHHS B IPO-
recce pabOThl aBTOMAaTHU3MPOBAHHON CHCTEMBI PETyIMPOBAHHS TOPMO3HOTO YCHIIHS KOJECHOTO TPAHCIIOPTHOTO CPEICTBA.
PesynpTarsl HccneqoBaHUH MOKA3all BEICOKYIO 3()(heKTHBHOCTH pabOTHI SKCIICpUMEHTAIbHOW aBTOMaTU3MPOBAaHHOM CHCTe-
MbI, pa3paboTaHHOl Ha Kadenpe aBromobOmieit mmenu A. B. I'pemeckyna XapbKOBCKOro HaIl[MOHAJIBHOIO AaBTOMOOHIIBHO-
JIOPOXKHOTO YHUBEPCUTETA, B YCIIOBUSIX TOPMOXKEHHSI TPAHCIIOPTHOTO CPEICTBA HA CyXOM ac(aJbTOBOM M YKAaTaHHOM CHEX-
HOM ITOKPBITHSIX.

KiroueBble c10Ba: aBTOMaTH3HMPOBAHHBIC CHCTEMbI PEryJIMPOBaHUS TOpMO3HOro ycuwiusd, ABS, TopmosHnas cucrema, Top-
MO3HO€ YIpPaBJICHHE, Peali3yeMoe CLCIUICHHE, B3aUMOICHCTBHE KOJIeca C OIIOPHOW MOBEPXHOCTBIO, KO3POUIMEHT UCIIOIb-
30BaHMUSI CHJIBI CLICIICHHS!, TOPMO3HOH IyTh, OCTAHOBOYHBIH IyTh, TPAHCIIOPTHOE CPEICTBO

Jas nutupoBanus: OO HCIONIB30BAaHUM CHJI CLEINIEHHS KOJEC TPAHCIIOPTHOTO CPEACTBA, 000PYJOBaHHOTO aBTOMATHU3HU-
poBaHHOI1 cucTeMoil peryaupoBanus TopmosHoro ycunusi / JI. H. JleoutseB [u ap.] / Hayka u mexnuxa. 2019. T. 18, Ne 5.
C. 401-408. https://doi.org/10.21122/2227-1031-2019-18-5-401-408

Introduction

The modern society actively utilises vehicles in
everyday life, and this fact influences the traffic
safety. To enhance the latter automated systems of
brake proportioning were installed since the middle
of the 20" century. Although electronic devices
appeared, the rate of road accidents remains on the
high level. In this regard there appear issues con-
nected with the definition of objective parameters
of a vehicle motion.

Sources analysis

As far as we know from forensic science, the
good condition of the brake control contributes
greatly to the safe driving a vehicle. According to
UN/ECE R13-09: 2002 brake control of a modern
vehicle is equipped with at least three braking sys-
tems such as the service, the emergency and the
parking one.

Increase of the efficiency of the mentioned
braking systems is provided by automated (ABS,
ESB, EBL, EBD) or automatic (source stability)
systems. But in spite of the automated devices in-
stalled on the braking systems, we still need some
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time to brake the vehicle. The braking distan-
ce depends on the initial braking speed, reaction
of a driver and the speed at which braking fini-
shes (fig. 1).

If the trace of the tyre protector remained on
the road, the braking distance can be quite accu-
rately calculated by means of the following rela-
tion (1) [1].

ooV 2 bl
Sstoped ~ 3 6e[tr+tp+53 +Sadh’ (1)

where v;, v, — speed at the beginning and the end of
the braking process, km/hour; ¢, — time of reaction
of a driver, s; ¢, — time of pressure increase in the
drive of the braking system of a vehicle, s; z;, — time
of the vehicle slowdown increase, s; S”, — length

of the tyre protector trace, m

2
bl (Vb _Ve) . )
adh =~ s

25.92gf,,

2 =9.81 m/s® — acceleration of freefall; f;; — coeffi-
cient of adhesion that is calculated while dragging
the blocked wheel on the road surface.
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Applying relation (1) it is not difficult to identi-
fy the initial speed of the vehicle braking before an
accident takes place. It should be noted that the
result of calculation by means of relation (1) is
based on the so-called blocked wheel adhesion co-
efficient, that is calculated through the special
methodology [1], the essence of which is presented
mathematically by the following relation:

P
S =G—”, 3)

a

where P, — force of pulling the blocked wheel, N;
G, — weight with which the wheel presses on the
road surface, N.

Owing to the fact, that most vehicles are
equipped with automated or automatic systems
preventing wheels blockage, application of relation
(1) which includes relation (2) does not allow ob-
jective evaluating an accident outbreak. That is
because automatic systems may apply properties of
tyre-road adhesion in different ways, depending on
the mode of a vehicle movement. [1-10].

Objective and problem statement

The objective of the following research work is
to define the braking distance of a vehicle
equipped with an automated system of brake pro-
portioning. The task of this work is to develop a
methodology for calculation the stopping distance
of a vehicle using the coefficient of application the
tyre-road adhesion phenomenon by an automated
or automatic system of brake proportioning.

Theoretical basis of methodology
for calculating the braking
and the stopping distance of a vehicle

It is known that when wheels are rolling, the
tyre adhesion coefficient does not coincide with the
coefficient of a blocked wheel [1, 5]. Therefore, ap-
plication of relation (2) for calculating the stopping
distance by means of relation (1) is impossible.
So instead of relation (2) we use relation (4) to calcu-
late the stopping distance in case the wheels of a ve-
hicle are rotating. This relation (4) respects the influ-
ence of the automated brake proportioning system on
the process of braking a vehicle

2

with ABS _ (Vb - Ve) 4

adh ~ . o ( )
25.92¢j,,

where € — dimensionless coefficient of application
of the tyre-road adhesion by an automated brake
proportioning system,; j,, — average deceleration of
the vehicle, m/s’.

Coefficient of application the tyreroad adhesion
is calculated experimentally for every series of ve-
hicles equipped with automated systems. Experi-
ments are carried out on certified testing grounds.
According to FEuropean standards [6] vehicle
equipped with ABS are allowed to be exploited
provided that the coefficient of wheel traction ap-
plication while operating this system does not ex-
ceed the range of 0.75, in any climate and weather
related conditions. The upper range may be increa-
sed by 10 % that is connected with accuracy of
calculating of the coefficient of application of the
wheel traction.

1. Driver I 2. Driver reacts and | 3. Slowdown 4. A vehicle
admits danger| presses the brake pedal | of a vehicle stops I
! increases |
ke
| C I 5
| 3
=
2
% ! t‘ﬁ
= 2.8 I =
Moment of 3 5% 5 =
danger % L5 355
oceurence NS S=3 Tyre trace information
VSR %S
2 S 25
SEZ 55 % The distance covered by the vehicle
SIS QE during decelaration process
NS = ] -
g =5 Braking distance
Stopping distance

Fig. 1. Illustration of stages of breaking a vehicle
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Certifying a modern vehicle on the basis of ap-
plication the tyre-road adhesion and conditions
of compliance with the requirements of the vehic-
le resistance, there are defined the following cate-
gories of ABS: I category, II category or III ca-
tegory [6].

To understand the physical nature of the coeffi-
cient of application the tyre-road adhesion by an
automated system, we must investigate various
processes of braking the vehicle with the same ini-
tial speed (fig. 2).

In the (fig. 2) there are presented processes of
braking a vehicle in 3 different modes: braking
with blocked wheels, idealised braking and braking
of a vehicle under the influence of ABS.

In the (fig. 2) there are the following symbols:

v and v denote the speed of a vehicle and one

of the wheels in the mode of braking with blocked
wheels; v and v denote the speed of a vehicle

and one of the wheels in case of idealised braking;

szthABS and szthABS

) W — mean speed of the vehic-
le and one of the wheels when braking is done by
the ABS.

Analysing processes of braking presented
in (fig. 2) we can make several conclusions: firstly,
using automated brake systems deteriorates the
quality of braking in comparison to the idealised
process of braking, secondary the automated sys-
tems improves properties of braking compared to
braking with blocked wheels. However comparing
the mentioned processes is not quite proper, since
there are different grip processes between the vehi-
cle and the road surface. Thirdly the maximum
value of slowing down the vehicle that is forced to
brake by means of the automated brake proportio-
ning systems is a bit lower than slowing down the
vehicle by means of grip properties between the
tyre and the road surface. The third conclusion lies
in the fact that that, the automated systems grip
brake proportioning spends some time for bra-
ke release of the wheels and, thus deteriorates the
effectiveness of braking compared to idealised
braking.

Is is obvious from the graphic of decelera-
tion (fig. 2b) that relation j;y 4zs to0 jis is the coeffi-
cient of application the tyre adhesion (g). It can be
presented mathematically in the following way:

= ]wit{f:ABS‘ (5)
Jid

404

with ABS
Va

with ABS

J,my/s?

% Braking initiation L s

Fig. 2. Graphical presentation of various processes
of breaking a vehicle

If to assume theoretically that slowing down of
the vehicle with the working automated brake pro-
portioning system started at the same speed as
slowing down under idealised conditions, we can
record the following:

g=—ti_ 6)

twith ABS

where #,; — time interval of braking the vehicle un-
der the speed reduction 40 km/hour to 20 km/hour
at the edge of the adhesion property of all the
wheels of a vehicle and the road surface. This is
done without application the automated brake pro-
portioning system; ¢,y 4ps — time interval of braking
the vehicle under the speed reduction 40 km/hour
to 20 km/hour with operating the brake proportio-
ning system.

However it is necessary to mention that recon-
struction of the braking process conditions (espe-
cially the ideal ones) is a difficult task, that can be
influenced by a number of facts. Therefore interna-
tional standards [6] suggest calculating the coeffi-
cient of application the tyre-road adhesion by
means of relation (7) taking into account the influ-
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ence of the resistance value of the front and back
wheels and operational features of the brake pro-
portional system as well

Js
g=-25—, (7
gky

where jg — average slowing down of the vehicle
that had been made to brake by means of the auto-
mated brake proportioning system; kj,, — means the
average value of the maximally realised wheel
traction of the vehicle when the latter is made to
brake in the proper operational conditions (k-factor
of the power-driven vehicle [6, 11-15])

den + den
zfl 1 Gf2 2 ; (8)

a

ky

fi, f» — maximally realised adhesion between
wheels and the road surface on the corresponding
axes of the vehicle [6]:

_ Zid(l)L - 0.01561 .

1=

9
b+hzid(1) ©)

sz(Z)L - 0.0lOb .

fr=——i; (10)
a_hzid(z)

EY FE® — dynamical loads on the correspon-

ding axes of the vehicle which is made to brake
under the influence of the brake proportioning sys-
tem:

F" = CZ (b+hzy); (11)
F" = GL (a—hzg). (12)

In relations (9)—(12) we use such parameter as
the coefficient of braking (z), that allows evalua-
ting the intensity of stopping a vehicle ideal bra-
king and when applying the brake proportioning
systems as well.

It should be noticed that when calculating the
maximum realised adhesion, the coefficient of
braking should be applied (z;4;) which is obtained
when the wheels are rolling on the edge of adhe-
sive properties between tyres and the road surfa-
ce [6]. Also, when calculating dynamic loads on an
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axis of a vehicle, the coefficient of braking (zy)
should be applied [6].

Coefficient of braking in idealised condi-
tions and braking with the automated system can
be calculated by means of the corresponding rela-
tions [6]:

. 0566, 13)
ia(i) bt
0.849
zZg = o (14)
N

where #;,;) — time interval of braking the vehicle
under deceleration of 40 km/hour to 20 km/hour on
the edge of grip features between the wheels of the
axes and the road surface without application the
automated systems of brake proportioning; 5 —
time interval of braking the vehicle under decelera-
tion of 45 km/hour to 15 km/hour with application
the brake proportioning system.

In the (fig. 3) there is displayed the difference
between the time of braking the vehicle with the
brake proportioning system and the time of braking
the vehicle in case of idealised braking.

It is known from technical and scientific
sources [1-6] that a brake proportioning system
can be installed only on certain axes of a vehicle.
That is why we should admit that relation (7) at
this rate turns into relations (15) and (16).

v, km/h with ABS
a

45 with ABS

404 ———

204
154————

Fig. 3. Comparison of idealised braking and braking
with application a brake proportioning system

When calculating the coefficient of application
of traction by the automated brake proportioning
system that is installed on the front axes of a vehi-
cle, we should consider influence of the back
wheels rolling resistance on the front axes as well
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as dynamic load applied and maximum realised
adhesion. So, in this case the coefficient of applica-
tion the tyre-road adhesion can be calculated by
means of relation [1, 6]

gy = 2802~ 001G, (15)
SEY
In case the automated system is installed only
on the rear axis, the coefficient of application
the tyre-road adhesion is defined by means of rela-
tion [1, 6]

_ 2,G, —0.01G,

Srear - f den ’ (16)
242

where Gy, G, — normal reactions of the road sur-
face under static conditions, on certain axes of
a vehicle.

If relations (7), (15) and (16) are expressed by
means of relations (13) and (14), and also consi-
dering that j, = zg, then we can record expres-
sions for calculating the coefficient of application
the tyre-road adhesion by an automated system

installed on both axes of a vehicle or on the front
or rear axis only:

0.849L
€= -
(t5b+0.849h)(0.566L - 0.015at,, |
taqb+0.5661
17)
0.849L
- ;
+(tsa—0.849h)(0.566L—0.0lbtid(z))
fy(ay ~0.566h
(0.849L ~0.015atg )b,y +0.566h )
€ fiont = 5
" (05661 -0.015at,, ) (bt +0.849k)
(0-849L — 0010t )12~ 0.566h)
rear = - (19)

(0.566L ~0.01061,,, )(t5a—0.849h)

But if the wheels rolling resistance is not con-
sidered, relations (17)—(19) will be as follows:

1.5
T 1b+0849%  t,a-0.849 °
_|_

(20)

406

o LSty tuP+0.566h
Jront =g tch+0.849h

_ I.Stld(z) . tld(Z)Cl - 0.566h

& = g
e tg tsa—0.849h

(22)

To prove the theoretical assumptions there
were carried out calculations of applications the
wheel traction while operation of the ABS pro-
duced by OS (Ekran) “Belarus” and the ABS de-
signed at Kharkiv National Automobile and High-
way University (KNAHU), installed on the bus
MAZ 256200 on methods controlled by the UN
Regulations [6].

The ABS produced by (“Ekran”) [5] has an in-
dividual principle of pneumatic pressure modula-
tors that respects peculiarities of axial driving and
driving with an unstable wheel. The ABS designed
at Kharkiv National Automobile and Highway
University has an individual principle of control
of the back axis and an axial principle of control
of the front one, that, after all, ensures drivability
of a vehicle. Experimental investigations were car-
ried out under the conditions of series of braking
on the dry road surface, the temperature of the en-
vironment being 30 °C, and on the compacted
snow cover, the temperature of the environment
being -5 °C.

During the experimental investigations there
was used measuring equipment designed at the
Chair of Automobiles in the name of A. B. Hre-
descul. The measuring equipment has 27 channels
of information recording from pressure, move-
ment, wheel rolling and acceleration gauges which
were spanned on specialised spanning boards.

The results of the carried out experimental in-
vestigations of braking a bus MAZ 256200 equip-
ped with a serial ABS ( produced by “Ekran”)
and a trial model of an ABS ( designed at Kharkiv
National Automobile and Highway University) are
presented in the tab. 1. Results of calculations by
means of relations (6), (17) and (20) are presen-
ted in tab. 2. Comparison results of calculations
by means of relations (6) and (20) with results
of calculations by means of relation (16) we can
find out the average bias of calculations. The latter
is not more than 4.5% and 7.5 %. The correspond-
ding biases A; and A, are presented in the tab. 2.
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Table 1
Results of experimental investigations of the braking process of a bus MAZ 256200
equipped with different automated systems ABS
Marking L b a h ts Lid(1) tid2) Lyith ABS tia
Dry road surface 1,11 1,23 0,80 1,63 0,79
Equipped (ABS OS “Ekran”) 1,93 | 2,27 | 0,90
Compacted snow 3,85 4,10 2,39 3,57 1,98
Dry road surface 1,86 1,83 1,14 1,93 0,91
Loaded (ABS OS “Ekran”) 1,59 | 2,61 | 0,98
Compacted snow 40 3,59 3,92 2,29 33 1,80
. . Dry road surface 1,10 1,23 | 0,795 1,63 0,79
Equipped (ABS designed at 193 | 227 | 0.90
KNAHU) Compacted snow 3,76 | 4,10 | 220 3,57 | 1,98
i Dry road surface 1,82 1,83 1,09 1,93 0,91
Loaded (ABS designed at y 159 | 2.61 | 0.98
KNAHU) Compacted snow 356 | 392 2,19 330 | 1,80
Table 2

Results of calculation the coefficient of application the tyre-road adhesion with an automated system ABS
when braking a bus MAZ 256200 in the conditions of dry road surface and compacted snow cover

Relation number Bias of calculations, %
Marking
(17 (6) (20) A Ay

Dry road surface 0,978 0,988 0,962 1,0 2,6
Equipped (ABS OS “Ekran”)

Compacted snow 0,775 0,828 0,741 6,4 10,5

Dry road surface 0,771 0,798 0,753 34 5,6
Loaded (ABS OS “Ekran”)

Compacted snow 0,774 0,786 0,741 1,5 5,7

Dry road surface 0,987 0,994 0,971 0,7 2.3
Equipped (ABS designed at KNAHU)

Compacted snow 0,794 0,900 0,759 11,8 15,7

Dry road surface 0,787 0,835 0,769 5,7 7,9
Loaded (ABS designed at KNAHU)

Compacted snow 0,781 0,822 0,748 5,0 9,0

Biases of calculations A, and A, were defined
by means of the relation

A max(a”; aj)—mm(a”; sj)

l

100 %, (23)
max(817; 8j)

where €;; — value of the coefficient of application
the wheel traction with operating the automated
systems, that is defined by rotation (17); g; — value
if the coefficient of application the wheel trac-
tion (6), (17) and (20).

Analysis of calculation biases of the coefficient
of application the wheel traction allowed finding
out that calculations based on relation (6) are more
accurate than the ones based on relation (20) which
is does not respect the wheels rolling resistance
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during braking the vehicle. The biases of calcula-
ting by means of (6) is twice different from the
ones based on relation on the accident.

Hence, it is possible to state that in proper to get
an efficient evaluation of the accident outbreak to
calculate the braking way of the vehicle by means
of relation (4) we should use relations (17)—(19),
which respect the rolling wheels resistance influ-
ence driving operation the automated brake propor-
tioning system. Also relation (6) can be used,
though it gives a worse result since the calculation
bias in this case in up to 5 %.

CONCLUSIONS

1. Release of braking the wheels of a vehicle by
means of the automated brake proportioning sys-
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tem results in increasing the time of braking the
vehicle (itself), and, thus increasing the breaking
way of a vehicle compared to the idealised process
of braking the vehicle.

2. The suggested relations (6), (20)—(22) allow
evaluating the influence of the automated sys-
tem of brake proportioning on the process of bra-
king a vehicle with an average bias that does not
exceed 7.5 %.

3. Calculations based on relation (6) have a less
bias than the ones based on relations (20)—(22),
since the latter do not respect the influence of the
rolling wheels resistance, on the effectiveness of
braking.

4. Provided that there is no criminological
councils and forensic teams do not possess the in-
formation about the time of braking the vehicle,
the average value of the coefficient of application
the tyre-road adhesion determination can be used.
This value is 0,8 applicable for an equipped and
loaded vehicle regardless of the weather and cli-
mate conditions, available in the circumstances
of the vehicle operation.
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Pedepat. B crarhe nokasano, 9To CO37aHME MaTepUaloOB C aHTUMUKPOOHBIM M aHTHUTPHUOKOBEIM JEHCTBHEM HpeJIoaraet
BBEJICHUE B HUX CIEIMANBHBIX 100aBok. OfHMM U3 HampaBlIeHUH OGOPHOBI C MIIECHEBBIMU TPUOAMU ABJIAETCS BKIIOYEHHE JI0-
6aBOK OMOIMIOB PACTUTENHHOTO MPOUCXO0XKICHHS B CTPYKTYPY MOJIUMEPHBIX MAaTEPHUANIOB, HCIIOJIB3yEMbIX JUISl H3TOTOBICHUS
ynakoBkd. OCHOBHas 3a/laya aHTUMUKPOOHBIX OOABOK — CHIDKEHHE KOJIMYECTBa MUKPOOOB B Macce M3ZENUsl U Ha €ro Io-
BEPXHOCTU. AKTUBHOCTh aHTUMUKPOOHBIX COEIMHEHMH 3aBUCUT OT TaKMX MapaMeTpPOB, KaK KOHLEHTPAIUs aKTHBHOTO KOM-
noHeHTa, pH, Temmeparypa, TMI moiMMepa, METOX BBOAA (C INTACTH(HKATOPOM WM B paclulaBe) M BpeMsl MX KOHTAaKTa
¢ moimumepoM. Kpome Toro, ciemyer yduThIBaTh TaKOH HEMaJIOBAXKHBIH (hakTOp, KaK TyBCTBHTEIHHOCTH MHKPOOPTaHU3MOB.
CoBpeMeHHbIE IUICHOYHbIE MOJMMEPHBIE MaTepHalibl 00eCIeunBaloT JIMIIb ONPEeIeHHBIH yPOBEHb 3alHUTHI IPOITYKIHH.
OHu He MOTYT HaNpaBJICHHO BO3IEHCTBOBATh Ha OMOXUMHYECKHE M MUKPOOHOJIOTHYECKHE H3MEHEHNUS B YIIAKOBAaHHOM IIPO-
naykre. Heo6xonmumo mpon3BoIUTh HOBBIE YITAKOBOYHBIE MAaTEPHAIIbI C W30MPATENbHON MPOHUIIAEMOCTHIO, CO3a0Iue Oapbep
Ha ITyTH M3JIHUIIHE HHTEHCUBHOTO Ta30- M BIAro0OMeHa, IOCTYIUICHUS] MUKPO(IOPEI N3BHE, NPETATCTBYIONINE PA3BUTUIO He-
JKETAaTeTbHBIX MHKPOOPTaHW3MOB Ha yMAaKOBBIBAEMBIX M3AENUSIX. B KadecTBe OCHOBBI A OAKTEPHIUIHOTO YNAKOBOYHOTO
MaTrepHana ObUTH BBIOpaHBI moauMepsl. MccienoBaHnsIMH yCTAaHOBIIEHO, YTO JOCTATOYHO XOPOIIO MHTHOMpoBana (TOpMO3H-
J1a) pocT IIecHeBhIX rpuboB kommozunus [19BJ] 98 % + JIXKK + JIDTA (IT9BJ] — monmstunen Beicokoro aasnenust; JDKK —
JHUCIPONOPIHOHNPOBAHHAs )XUBHYHAS KaHH(poib; JIOTA — nusTuneHTpramMuH), a Takxke, 4ro xommosumus [19B/] ¢ nobas-
KaMH TaJIJIOBOTO IeKa U MOJIMATUIICHIIOIMAMKHA [T0Ka3ali Pe3Koe YXYALICHUE IPOYHOCTHBIX XapaKTEPUCTHK, a C yBEIUYCHU-
eM J100aBKH mpeamnonaraeMoil cMecu cocHoBoi sxuBnaHON kanugpomm (CXKK) ¢ ADTA (6onee 2 %) n KK pesko yxyama-
I0TCSl TIPOYHOCTHBIE XapaKTEPUCTUKH MaTepHaa.

Knwuesrbie cioBa: yIlakOBKa, HAHOTEXHOJIOTUH, aHTI/IMI/IKp06Ha$I AKTHUBHOCTbD, ITIOJIMMEPHBIC MaTCpuUalibl, MI/IKpO(l)HOpa, nu3-
6I/IpaTeJH)Ha$I MNpOHUIAEMOCTb, MUKPOOPraHU3MbI, F8.3006M6H, BJIArO0OMEH

Jns nuTHpOBaHUsA: DKCIEPUMEHTAIBHBIC HCCIICJOBAHUS IO ONPEICICHHIO COCTaBa MOJMMEPHBIX YIAaKOBOYHBIX Mare-
puanoB ¢ OuouuaHeiMu nobaBkamu / B. B. Kyssmuu [u np.] / Hayka u mexnuxa. 2019. T. 18, Ne 5. C. 409-415.
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Experimental Investigations on Determination
of Polymer Packing Material Composition with Biocide Additives

V. V. Kuzmich”, N. G. Kozlov?, I. I. Karpuninl), 0. V. Balabanova”

YBelarusian National Technical University (Minsk, Republic of Belarus),
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Abstract. The paper shows that creation of materials with antibacterial and antifungal action presupposes an introduction of
additives in them. One of the directions concerning fight against mold fungi is an inclusion of biocide additives having vege-
table origin in structure of polymer materials used for manufacturing packing products. The main mission of anti-microbial
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additives is reduction of microbe amount in product mass and on its surface. Activity of anti-microbial compounds depends on
the following parameters: concentration of active component, pH, temperature, polymer type, introduction method (with plas-
ticizer or in melting state) and time period of their contact with polymer. In addition it is necessary to take into account such
not unimportant factor as sensitivity of micro-organisms. Modern film polymer materials ensure only a certain level of pro-
duct protection. They can not targetedly affect biochemical and microbiological changes in a packing product. It is necessary
to develop new packing materials with selective permeability that create a barrier on the way of extremely intensive gas- and
moisture exchange, outside microflora flow, and prevent an evolution of undesired micro-organisms on packing products.
Polymers have been selected as a basis for a bactericide packing material. Investigations have shown that composition inclu-
ding PEHP 98% (polyethylene of high pressure) + DGR (disproportionate gum rosin) + DETA (diethylenetriamine) has inhi-
bited (hindered) sufficiently in a good way growth of mold fungi and PEHP composition with additives of tallow pitch
and polyethylenepolyamine has demonstrated a rapid deterioration of strength characteristics and an increase in additive of the
supposed mixture including pine oleoresin (POR) with DETA and DGR (with DETA more than 2%) hinders rapidly strength
material characteristics.

Keywords: packing, nano-technology, anti-microbial activity, polymer materials, microflora, selective permeability, micro-
organisms, gas-exchange, moisture exchange

For citation: Kuzmich V. V., Kozlov N. G., Karpunin 1. 1., Balabanova O. V. (2019) Experimental Investigations on Deter-
mination of Polymer Packing Material Composition with Biocide Additives. Science and Technology, 18 (5), 409-415.
https://doi.org/10.21122/2227-1031-2019-18-5-409-415 (in Russian)

BBeagenune

IIpobrmeMa 3amuTHl MaTEPHUATIOB, W3ICITHA U
COOPYKEHHHA OT OHMOJOTHYECKOTO MOBPEKICHUS
aKTyallbHa, TaK Kak TOJbKO YYTCHHBIC IOTEPU
OT OWOMNOBpeXJeHUH coctaBusoT 5—7 % crou-
MOCTH MHUPOBOI MPOMBIIUICHHOW MTPOAYKIUU U
UMEIOT TeHACHINIO K pocTy. V3 HeopraHmdecKkmx
BEIICCTB ()YHTUIMIHON aKTUBHOCTHIO OOJIAJA0T
cepa (B TOHKOJHUCIIEPCHOM BHJIE) U €€ COCIUHE-
HUS (TIOMUCYIb(UIBI KT U Oapusi, OKypHBa-
are SO,), COTM METALIOB, OCOOCHHO MEIH, PTY-
TH ¥ KagMmus (OAHAKO IMOCIEAHHE JBAa TOKCHYHBI
W JUIS 9eJ0BeKa, MO3TOMY Ha MPAKTUKE HCIIOJNb-
3YIOTCS TOJIBKO COSIMHEHUS MeAu — cynbdar, re-
MHOKcHII, XJopokcun) [1, 2] W3 opraHmdecKkux
BeIIeCTB (DYHTHIMIHBIMH CBOMCTBAMH O0JIaaioT
COJIM Y Pa3IUYHBIC TPOU3BOJHBIC JTUTHOKAPOAMHU-
HOBBIX KHCJIOT, B YaCTHOCTH TE€TPaMETUITHYpPaM-
nucynbua. BeICOKyo GyHTHIUIHYIO U OaKTepHu-
MUJAHYI0 aKTHBHOCTH MPOSBISIOT TPOU3BOJHBIC
(heHoJI0B, HO M3-32 PUTOTOKCUYHOCTH OHHU MPHME-
HSIOTCS B OCHOBHOM KaK aHTHUCENTHKU. B xadecTse
CHUCTEMHBIX (D)YHTHIIHIIOB HUCIOJIB3YIOT HEKOTOPHIC
abuper 1 amuabl GochopHEIX U THODOCHOPHBIX
kucaotT (kuratud, O-3Tuin-8,8-nudeHungurunodoc-
dar (3mudendoc, xuHocan) u O-OyTiI-8-3THII-
8-0em3mwiautno-pocdar (koreH). DyHrUIMIHON aKk-
TUBHOCTBIO O0JIQaf0T HEKOTOPhIE AHTUOMOTHKU:
MUKIIOTEKCUMUJI, CTPENITOMHIINH, Tpru3e0(yIbBYH,
OTacTHIMIMH, TTOTMOKCHH M KaCyraMHIIHH [3, 4].

MexaHu3M JIeHCTBUSI OOJBIIMHCTBA (hyHTHUIIH-
JIOB W3BECTEH JIUIIb B 00mux depTax. Yamie Bcero
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(yHTUIUABI TEHCTBYIOT HA TPHUOBI HEMOCPEACT-
BEHHO, BMEIINBAACh B OMOXMMHUYECKUE PEAKIIHH,
MPOUCXOSAIINE B TPUOHBIX KIIETKaX, TUO0 OJIOKH-
pys GepMEHTBI, YIPABIISIONINE 3TUMH PEAKIIUSIMH.
OyHrUOUAB U3 TPYII TPUA30JIOB, MOP(OIHHOB,
MUPUMUAIUHOB, HMHIA30JI0B, THIIEPAa3WHOB HWH-
THOUPYIOT OMOCHHTE3 3ProcTepHHa — OJHOTO W3
BXHEHIINX KOMITOHEHTOB KIJIETOYHBIX MEMOpaH.
dochopopranmueckue (GYHTHIHIBI  TOJABISIOT
CHUHTE3 JIUIHUIOB, BXOIALINX B COCTaB 3TUX MEM-
Opan, B yactHocTH (hocdaruamnxonuna. ['Hapox-
CUNIMPUMUIUHEI (STUPUMOIL H JIP.) U MPOU3BOIHBIC
allaHWHA MHTHOWPYIOT CHHTE3 HYKJIEHHOBBIX KHC-
JIOT, @ aHTUOMOTHKHU (IIUKIOTCKCUMUJ, OJIACTUIIN-
IIWH, KaCyraMHUITMH) — CHHTE3 Oellka. AHTHOMOTHK
MTOJIMOKCHUH, JIEHCTBYS Ha COOTBETCTBYHOIIUE (hep-
MEHTHI, TTOAABIISET MPOIeCC 00pa30BaHUs XUTHHA
y rpu0oB.

Co3maHre MaTepuajoB ¢ AHTHMHKPOOHBIM U
AHTUTPUOKOBBIM JIEHCTBHEM IPEATIONAraeT BBee-
HHE B HUX CHEIHAIBHBIX 100aBoK [3—5]. OnHuM n3
HampaBieHU OOpHOBI C TJIECHEBBIMH T'pubaMu
SIBIIICTCSL BKJIFOUCHHE JT00ABOK OWOIMIIOB pacCTH-
TEIHHOTO MPOUCXOXK/CHHS B CTPYKTYPY TOJIAMEP-
HBIX MaTEpPHaJIOB, UCIOIB3YEMbIX JJISI M3TOTOBJIEC-
Hus yrmakoBkd. OCHOBHAsI 3a/1ada aHTUMHUKPOOHBIX
N00aBOK — CHI)KEHHE KOJHMYEeCTBA MHKpPOOOB B
Macce HW3JCNUsA M Ha €ro IOBEPXHOCTH. AKTHB-
HOCTb AHTUMHKPOOHBIX COCJAMHEHHUH 3aBUCUT OT
TaKMX TapaMeTPOB, KaK KOHIEHTPAIUs aKTHBHOTO
KOMIIOHEeHTa, pH, TemmnepaTypa, THI MOIUMEpA,
MeToJT BBoja (C IuacTH(PUKaTOpOM WIIM B paciuia-
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B€) M BpeMs MX KOHTakTa ¢ noaumepoM. Kpome
TOTO, CIEAYEeT YYUTHIBATh TaKOW HEMalOBa)KHBIN
(daxkTop, KaK YyBCTBUTEIBHOCTh MHKPOOPTAaHU3-
MoB. COBpeMeHHbIE MJICHOYHBIE MOJIMMEPHBIE Ma-
Tepuaibl O00ECTIEUMBAIOT JIMIIL ONpEACICHHBIN
YpOBEHb 3amuThl NpoayKumd. OHM HE MOTYT
HaIpaBICHHO BO3/EHCTBOBATH HA OMOXMMUYECKUE
U MUKPOOHOJIOTHYECKHE M3MEHEHHs B yNaKOBaH-
HOM mpoaykre. HeoOxoaumo co3naBaTe HOBbIE
YIIaKOBOYHBIE MaTepualibl ¢ M30UpaTeNbHOM Mpo-
HHUIIAEMOCTBIO, CO3/IaloNne Oaphbep Ha IMyTH W3-
JIMIITHE MHTEHCHUBHOI'O Ta30- M BiIarooOMeHa, Mo-
CTYIUICHHUSI MUKPO(DIIOPHI U3BHE, MPEMSATCTBYIOLIUE
Pa3BUTHIO HEXeJaTeNbHBIX MHUKPOOPIaHU3MOB Ha
YIaKOBBIBAEMBIX M3zenusX. [6, 7]. B kauecTse oc-
HOBBI JIIsl OaKTEPUIMIHOTO YIIAaKOBOYHOTO Mare-
puaia BEIOpaHbI OJTMMEPHI.

AHamM3 COBPEMEHHBIX TEXHOJOTUH H3TrOTOB-
JeHns1 OaKTepUIMIHBIX MOJMMEPHBIX YHaKOBOY-
HBIX MAaTepualoB MIpeasaracT OCHOBHBIC IUICHKO-
o0pasyrolmue moJMMepHble MaTepUallbl, aKTHBHbIC
aHTUMHUKpOOHBIe 100aBku. Hanbonee pacnpoctpa-
HEHHBIMH SBJSIFOTCA aHTHCENTHKH, NOJIy4YCHHBIC
Ha OCHOBE KaHU(OIH, CKHIIUAapa U TaIJIOBOTO
macna [3, 8, 9]. @yHrunuaHbIe CBOWCTBA KaHU(O-
Jiel W TaJUIOBOTO TieKa, MOJU(HUIIMPOBAHHBIC JHa-
MHUHAaMH, MO3BOJISIIOT MOJIYy4aTh aHTHCENTHKH, KO-
TOpbIe 00J1aJat0T BHICOKOM aKTMBHOCTBIO U MOJIAB-
JSIOT POCT IJIECHEBBIX T'pUOOB Aspergillus niger,
Alternaria sp., Penicillium chrysogenum, Penicil-
lium sp., Aureobasidium sp., Paecilomyces variotii.

Bricokne (u3nMKo-xMMUYecKHe CBOWCTBA U
BO3MOXHOCTh TIPOM3BOJICTBA TEPIIEHOWIHBIX IPO-
OYKTOB Ha XMMHYECKHX Npennpustusix bemapycu
OTKPBIBAIOT ILIWPOKHE IEPCHEKTHBHI IS paspa-
OOTKHM M IPOM3BOACTBA HA UX OCHOBE HOBBIX aHTU-
CENTUYECKUX COCTABOB C yNIyYIIECHHBIMH IKCILTya-
TaIlMOHHBIMH CBOHCTBAaMH.

HcnbiTaHue NOJIMMEPHBIX IVICHOK
Ha HaJu4Hne GyHrumuIHbIX CBOHCTB

O1eHKY (YHTHITUIHBIX CBONCTB IDICHOK TPO-
Bomwin coriaacHo [10-13], a Takke OIECHUBAIN
¢ JaHHBIMH, TpuBencHHbIMHU B [14, 15]. B coot-
BETCTBUH CO CTAaHAAPTOM METOJl 3 yCTaHABIMBAET
HaMM4YUue QYHTUIUAHBIX H  (YHTUCTATUYECKUX
CBOWCTB M TpUOOCTOMKOCTh MaTEpUAIIOB U UX
KOMITOHEHTOB B YCIIOBUSX, IMHTHPYIOIUX MUHE-
panbHBIE W Opranuueckue 3arpssHeHus. [Ipomon-
JKUTEIBHOCTh UCIIBITAHUS HE MeHee 14 cyT.

[ Hayka
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Jns onpenenenus QyHTHIUAHBIX U (QyHTHCTA-
TUYECKUX CBOWCTB MOJUMEPHBIX MICHOK TOTOBUIIN
cpeny Yaneka-/{okca ¢ arapom, pa3nvMBajiv B Yall-
xu Ierpu B xommuectse 20-30 cM’ U maBanu 3a-
CThITh. [lonvMepHbIe TUICHKH OYMINAIM OT BHEII-
HUX 3arpsA3HEHUI MPOTUPAHUEM OSI3EBBIM TaMIIO-
HOM, CMOUYEHHBIM 3TUJIOBBIM CIIUPTOM.

Jlnst uccienoBanus OHOTO BUJIA TUICHKU TOTO-
BUJIM TIsITh vaiek [letpu ¢ arapom, B KOTOpBIE TI0-
MeIland [0 OAHOMY OOpa3slbl IUIGHOK pa3Mepa-
Mu 50x50 MM M 3apaxkanu CycCHeH3ueil crop rpu-
00B (Aspergillus niger, Alternaria sp., Penicillium
chrysogenum, Penicillium sp., Aureobasidium sp.,
Paecilomyces variotii) B cpene Yanexa-/loxca
C caxapo3oil ImyTeM paBHOMEPHOTO HAaHECEHHS ee
C TOMOIMIBIO MYJIbBEpHU3aTOpa. 3apakeHHBIE 00-
pasibl BBIACPKUBAIA B OOKCE IPH TEMIIEpaTy-
pe (25 £ 10) °C u OTHOCUTETHHOU BIIAKHOCTH BO3-
nyxa 1o 80 % 40 BBICHIXaHHUS Kamelb B Teue-
uue 1 4 (puc. 1). [lapamienpHO ObUTH MOCTABICHBI
KOHTPOJIbHBIC Yaliku [leTpu [Uisi OIECHKH >KH3HE-
CIIOCOOHOCTH CITOp TPUOOB.

Puc. 1. 3apaxxeHHBIH 00pa3el] INICHKH IIepe]] HCTIBITAaHUEM

Fig. 1. Contaminated sample of film prior to testing

Yamku [letpu momemanu B kKaMepy W IPOBO-
IWIN UCTBITaHuA mpu Temmepatype (29 = 10) °C
Y OTHOCUTEIBHOW BIIAXKHOCTH Bo3ayxa Oonee 90 %.
Ornenky crerneHu oOpacTaHHs TPOBOAWIM Ha 7
u 14 cyr.

B cootBerctBuu ¢ I'OCT 9.049 mo merony 3
OlleHKa TPHOOCTOWKOCTM MaTepualia OCYIIEeCTB-
JIAach MO CTENCHH PAa3BUTHS IUICCHEBBIX TPH-
00B (Tabum. 1).

DYHTUCTATUYECKOE NEUCTBUE ISl TIPOTYKTOB
KHU3HEJESITETBHOCTH MHKPOOPTaHU3MOB WM XHMHU-
YEeCKHX BEIICCTB MPOSBIIETCS B 3aJIePKKE U OCTa-
HOBKe pocta rpuboB. I[Tocie yaamenus: ¢pyHrucra-
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TUYECKOTO areHTa pPOCT CHOBA BO30OHOBIISICTCA.
OyHrUIHUIHOE NEHCTBUE — TO KOT/Ia TPUOBI MMOJI-
HOCTBIO YHUUTOXKAIOTCS.

Tabauya 1
OueHka rpu6ocToiKOCTH MaTepuaia

Evaluation of material resistance to fungi

CreneHb pa3BUTHS
IUICCHEBBIX IPHOOB,
Oamt

Ornenka MaTepuaia

0 CutbHBIH QyHrHCTaTHIECKHH YD HEKT

CupHOE BIHsHEE QYHIHLHIHOTO
sddekra usz-3a nuddynanposanus
BEIIECTBA B IUTATEIBHYIO CPELy

0 (oOpaser + 30Ha
HMHTHOMPOBAHUS, MM)

1 Crnabast QyHrUIUAHOCTD

2-5 OyHrunuaHbN 3G GEKT OTCYTCTBYET

CreneHb pa3BUTHS TUIECHEBBIX TPHOOB Ha Ma-
TepUuasie 1O MEeCTHOAJUILHOM IIKale COrjacHO
I'OCT 9.048 npuseneHa B TaodI. 2.

Tabauya 2
CreneHnb pa3BUTHSI IIECHEBBIX rPUGOB

Degree of mold fungus development

Bann XapaxrepucTuka dania

Ilon MuKpOCKOTIOM IpopacTaHue CIiop U KOHUAUN
He 00HapyXeHO

ITox MEKPOCKOTIOM BUIHBI IIPOPOCIIUE CIIOPHI
1 He3HAUUTEIBHO Pa3BUTHIA MULIEIUI

ITox MUKpOCKOIIOM BUJIEH Pa3BUTHINA MHILIEIIHIHA,
BO3MOXKHO CIIOPOHOLIEHHE

HeBoopyX&eHHBIM B3TJIS,I0M MULIEITUI
3 |u (WIKN) CIOPOHOILICHUE €/IBa BUIHBIL,
HO OTYCTIIMBO BHHBI I10]{ MUKPOCKOIIOM

HeBoOpy>KEHHBIM B3IJIAI0M OTYETIMBO BUJHO
4 |pa3Butue rpubOB, HOKPHIBAIOLINX MeHee 25 %
UCHBITYeMOH MOBEPXHOCTH

HeBoopy»eHHBIM B3IIIII0M OTYETIIMBO BHIHO
5 |pa3ButHe rpuboB, NOKphIBaOIKNX Ooiee 25 %
UCHBITYEeMOH MOBEPXHOCTH

Oo6paszen 1, komno3unus 1
(nnenka 6e3 10OaBKH)

7-€ CyT.: HEBOOPY>KEHHBIM B3TJISLIOM MULEIHNA
Y CIIOPOHOLICHUE €/1Ba BUAHBI, HO OTYETJINBO BH-
HBI 110/ MUKPOCKOITOM — 3 Oasura.

14-e cyT.: HEBOOPYKEHHBIM B3IJIAJIOM OTYET-
JIMBO BHJHO pa3BUTHE IPUOOB, MOKPHIBAIOIINX 0O-
nee 90 % wucnopITyeMOll moBepxHOCTH, — 5 Oai-
708 (puc. 2).
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Puc. 2. ®oro obpasua 1 nocne 7 u 14 cyT. ucnbITaHus
Fig. 2. Photo of sample 1 after 7 days and 14 days of testing

O6paser 2, KOMITO3UIHS 2

7-€ CyT.: HEBOOPY>KEHHBIM B3TJIIOM OTYECTIIH-
BO BHUJIHO pa3BUTHE T'PUOOB, MOKPHIBAIOIIMX ME-
Hee 25 % HCIbITyeMol oBEpXHOCTH, — 4 Oara.

14-¢ cyT.: HEBOOPY>KEHHBIM B3IJIAJIOM OTYET-
JIUBO BUITHO Pa3BUTHE TPUOOB, TIOKPHIBAIOIINX OKO-

no 70 % wucnelTyeMoi NOBEpXHOCTH, — 5 Oain-
noB (puc. 3).
7 cyT. 14 cyT.

Puc. 3. ®oto ob6pasua 2 nocne 7 u 14 cyT. UCHbITAaHUS

Fig. 3. Photo of sample 2 after 7 days and 14 days of testing
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ITo cpaBHenuro ¢ obOpasiom 1 (0e3 m0OaBKH),
oOpaszery 2 moKa3adl MEHBUIYIO TI'PUOOCTOMKOCTD
crycTs 7 cyT. DTO MOXKET OBbITh CBS3aHO C TEM, UTO
(hyHrUIUAHBIE NO0ABKM HA MHUHHMMAaJIbHO WHTHOU-
PYIOIIUX KOHIICHTPAIMSIX MOTYT CTHMYJIUPOBAThH
poct miuecHeBbIX rpuboB. Cryctst 14 cyT. cTeneHb
oOpactaHusi MUKpoMmHIleTaMH oOpas3ia 2 Obuia
MeHbIIIe, 4eM oOpasma 1.

O6pasen 3, komno3unus 3

7-¢ CyT.: TOJ MHKPOCKOIIOM BHICH Pa3BHTBIN
MHUIIENNH, BO3MOXKHO CIIOPOHOLICHUE — 2 Oania.

14-e cyT.: HEBOOPYXEHHBIM B3IJISIOM MULETAN
U (WIM) CIIOPOHOIICHHE €/1Ba BH/IHBI, HO OTYETIIU-
BO BUJIHBI [10J] MUKPOCKOIIOM — 3 6asuia (puc. 4).

14 cyr.

Puc. 4. doto obpasua 3 mocne 7 u 14 cyT. ucnpitanus

Fig. 4. Photo of sample 3 after 7 days and 14 days of testing

Ha npotsoxennn 14 nHeit otMedeHO HHTHOUPO-
BaHHE pOCTa IUIECHEBBIX IPUOOB BO BCEX YaIIKax
[letpu Ha moBepxHOCTH 00pasua 4 Mo CpaBHEHUIO
¢ obpazrom 1.

[ Hayka
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Oopa3zen 4, komno3uuus 4

7-€ CyT.: HEBOOPYKEHHBIM B3IJISIIOM MULIECIAN
Y (WTH) CIIOPOHOIICHNE €/1Ba BUAHBI, HO OTYETIIH-
BO BHUJIHBI 11O/ MUKPOCKOITOM — 3 Oajura.

14-e cyT.: HEBOOPY>KEHHBIM B3TIISIOM OTYET-
JUBO BUAHO pa3BUTHE TI'PUOOB, IMOKPHIBAIOLINX
okoso 60 % ucneITyeMol MOBEPXHOCTH, — 5 Oai-
708 (puc. 5).

7 cyt. 14 cyr.

Puc. 5. doro obpasna 4 nocne 7 u 14 cyT. HCHBITaHUSL

Fig. 5. Photo of sample 4 after 7 days and 14 days of testing

OO6paser 5, KOMIO3UIHAS 5

7-e CyT.: HEBOOPY>KCHHBIM B3TJISIOM MUIICTHI
U (WIH) CIIOPOHOILICHNE €1Ba BUIHBI, HO OTYCTIIH-
BO BUJIHBI 110]] MUKPOCKOIIOM — 3 OaJuia.

14-e CyT.: HEBOOPYXCHHBIM B3IJIZOM OTYET-
JIMBO BHIIHO pa3BHUTHE rprOOB, NoKpbiBatonmx 10 %
WCIBITYEMOH MOBepXHOCTH, — 4 Oaiuta (puc. 6).

Takum o0pa3om, BO BcexX IUIEHKaX (YHTHUINA-
HBIE CBOICTBA OTCYTCTBYIOT, OJJHAKO HaOII0IaeTCs
¢ynrucratndeckuii 3ddext B obpasue 3. OO6pa-
3en 5 WHruOUpoBan (TOPMO3HII) POCT TUIECHEBBIX
rpuboB, cycta 14 cyt. Habnromanoch oOpacTaHue
oxoso 10 % nosepxHocTH 00pa3LOB.
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Puc. 6. ®oto obpazua 5 nocne 7 u 14 cyT. ucHbITaHUS

Fig. 6. Photo of sample 5 after 7 days and 14 days of testing

BbIBO/IbI

1. U3yyena meroauka, KOTOpasl 3aKIIOYaeTCs
B TOM, YTO MaTepual 3apaxaioT CIIOpaMH IUICCHE-
BbIX rpuboB B Boje. IlmecHeBbie TpulbI pacTyT
TOJBKO HA THUTATEIbHBIX BELIECTBAX, COJEpIKa-
IIUXCS B MaTepuare.

2. llpoBeneHa sKcmpecc-OleHKa CIOCOOHOCTH
BakyyMHOTO auctwiuiata BJ[-2 ¢ pacTBopeHHBIMHU
B HeM (pyHTMIUIHBIMH JOOABKaMH NPOTHBOCTOSTH
MTOPaXEHUIO 00pa3IoB IUIECHEBBIMU TPHUOaMH, 1O
KOTOPO# ompezessyiach cTaaus pa3BUTUSI TPHOOB
M0 HIeCTHOAIUTHHOM IIKaJIe.

3. B pesynbTare MpoBEACHHBIX HCCICIOBAHUN
BBIOpaHBI B KAUEeCTBE OAaKTEPULIUAHBIX CPEICTB JUIS
NOJMMEPHBIX MaTEepPHaiOB CJEIYIOIINE COCTABBI:
cMech cocHOBO# xuBu4yHON Kanugomu (CXKK)
n npudtunentpuamuHa (ADTA) (30 %), cmech
JUCTIPONOPIMOHUPOBAHHON KUBUYHON KaHU(O-
m (JKK) n nustunentpuamuna (A9TA) (30 %),
CMech TaJUIOBOIO TeKa W TONMHATHIICHIIONHAMU-
Ha (30 %). B xauecTBe MOTMMEPHOTO CBS3YIOLIETO
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ObUI HMCTIONIB30BaH IMOJUITHIICH BBICOKOTO JaBlie-
uus ([I9B).

4. B pe3ynbTare UCCIeIOBAHUM MOIYIUITH, YTO
HanOosee BBICOKMH (YHTUCTATUUECKUH SPPEeKT
JOCTUTHYT B KOMIO3HIUH: MOJUITHIIEH BBICOKOTO
nasienus (98 %) U cMechb COCHOBOW >KMBHYHOU
kaHudou ¢ AUITIIIEHTpUaMUHOM (2 %)).

5. UccrnenoBanusMu yCTaHOBJIEHO, YTO AOCTa-
TOYHO XOPOIIO MHrHOMpoBaja (TOPMO3Wia) POCT
IJIeCHeBbIX TpuO0B kKommozuius: [19BJ] (98 %) +
= KK + I9TA. Komnosunus [19B/] ¢ no6as-
KaMH TaJUIOBOTO TI€Ka W MOJIMITHIICHIIOIUAMHUHA
MoKazajia pe3Koe YXYyIIIeHHWE IMPOYHOCTHBIX Xa-
PAKTEpUCTHK, a C YBEIIMYCHUEM JOOABKHU MPEIO-
JlaraeéMo¥ cMecH COCHOBOMW JKMBHYHOW KaHH(]OIH
¢ I0TA u JUKK ¢ IOTA 6onee 2 % pe3ko yxya-
MIAFOTCS MPOYHOCTHBIC XAPaKTEPUCTHKH Mare-
puana.
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Pedepart. OGocHOBaHA 11eT1€CO00PA3HOCTD KPEIICHHS JIMH3 C TOHKUM IIEHTPOM (IABOSIKOBOTHYTHIX, INIOCKOBOTHYTBIX U OTpPH-
LATeNbHBIX MEHHMCKOB) 32 HEpabouylo LHJIMHAPUYECKYIO MOBEPXHOCTh. DTO HCKIIOYACT MX TEMIEPaTypHYIO nedopMariuio
Ha CTaauu OJOKHMPOBKH, SIBISIFOLIYIOCS HNPHYMHOMN MOSIBJICHHS HEYCTPAHUMBIX MHUKPO- U MAKPOIOTPEIIHOCTeH Ha MCIIONHH-
TEJFHBIX TTOBEPXHOCTSX JETANH MOCIE e¢ pa30JIOKUPOBKY, M BHI3BIBAECT aCTHTMATU3M B U300pakeHHH, GOpMUpyEeMOM ONTH-
KO-3JIEKTPOHHBIM TPHOOpPOM. PaccMOTpeH 3acTHYHBIA METOJ| KPEIUICHHs JIMH3BI 32 ¢ OOKOBYIO MOBEPXHOCTh M OIMHCaHa
KOHCTPYKIIMSI YCTPOMCTBA ISl MEXaHUUECKOTO KPEIUIEHUs AeTalel paccMaTpUBAEMOIO TUMA IPU UX OJHOBPEMEHHOW JBY-
CTOpOHHEH abpa3uBHOIT 00pabOTKe B YCIOBHAX CBOOOAHOTO MPUTHPaHHs. M37I0)keHa METOANKA OTpeeIeHHs HallPsSHKEHHOTO
COCTOSIHUSI JIMH3, B OCHOBY KOTOPOH MOJI0KE€HA MaTeMaTHIeCcKast MOAETbh OJHOPOIHOTO YIIPYTOT0 U30TPOIHOTO AehOpMHPO-
BaHWsI TBEPJIOTO TEJA, YIUTHIBAIOIIAS METOJ KOHEYHBIX 3JIEMEHTOB, 3aKIFOUAIOIIUICS B allIPOKCHMAIIHU UCCIIEyEeMOTO Tela
MOJIEITbIO, MIPE/ICTABIIAIONIEH cO00l COBOKYITHOCTh B3aUMOCBSI3aHHBIX MEXKAY CO00i B y3JIOBBIX TOUYKAX 3JIEMEHTOB C KOHEY-
HBIM YHCIIOM CTeleHel cBOOObI. BHITIONHEHBI HCCIIeIOBaHUS XapaKTepa pacupeieneHus neopMaiuii B JIMH3E, MO3BOJIHB-
M€ YCTAHOBHUTH MPSIMO HPOMOPIHOHANEHYIO 3aBUCHMOCTh TIEPEMEIICHUN B IICHTPE JCTadH OT BEIWYHHBI YCHIIMH 3aKUMa.
BrisBiieHo HECYIICCTBCHHOC BJIMSIHUC BEJIMYMUHBI CUJIBI 3aKMMa U YIIPYIUX XapaKTCPUCTUK JIMH3bI HA OIITUMAJIBHOC I10JIOXKE-
HHE TUIOCKOCTH TPHJIOKESHUS yCUITHH ee 3axuMa. [IpennoxeH OECKOHTAKTHBII METOJ] KOHTPOJIS MOTPEIIHOCTeH Ha MOJINPO-
BaHHOH IMOBEPXHOCTH JIMH3BI TIOCPEACTBOM HHTEPPEPOMETPA C ITATOHHOW (PPOHTAIBEHOM MOBEPXHOCTBHIO.

KirroueBsre cinoBa: onTudeckas AeTanb, HANPsHKEHHOE COCTOSHHE, HAKIIeeUHOe BEIECTBO, yIpyTas AeopMariis, OXHOBpe-
MEHHas! IByCTOPOHHss 00paboTKa, JOKaIbHas MOrPENIHOCTh

Jns nutupoBanus: MccienoBanne HanmpspKeHUH B ONTHYECKHX ACTAAX co cheprueckumu nosepxHocTsMu / A. C. Kozepyk
[m np.] // Hayka u Texnuxa. 2019. T. 18, Ne 5. C. 416-421. https://doi.org/10.21122/2227-1031-2019-18-5-416-421

Investigations on Stresses in Optical Components with Spherical Surfaces

A. S. Kozeruk”, Y. L. Malpica"?, M. I. Filonova", V. O. Kuznechik"

YBelarusian National Technical University (Minsk, Republic of Belarus),
PUniversity Yacambu (Barquisimeto, Venezuela)

Abstract. The paper has substantiated an expediency to fix lenses with a thin center (biconcave, flat concave and negative
meniscus) to a non-operational cylindrical surface. This avoids their temperature distortion at the blocking stage which is
a reason for occurrence of irremovable micro and macro errors on executive surfaces of a component after its unblocking and
it causes astigmatism in an image which is formed by an optical-electronic device. The paper considers a method for attach-
ment of a lens to its side surface and it contains a design description of the device for mechanical attachment of the studied
lenses during their simultaneous double-sided abrasive processing under free-grinding conditions. The paper presents a me-
thodology for determination of a stressed state in lenses, which is based on a mathematical model of a uniform elastic isotropic
deformation of a solid body. This approach takes into account a finite element method which consists in an approximation
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of a body under study with the help of a model presenting a set of elements with a finite number of freedom degrees which are
interrelated at node points. The investigations have been executed with the purpose to study a nature of deformation distribution in
a lens which made it possible to establish a directly proportional dependence of displacements in the center of the part on the mag-
nitude of clamping forces. The paper reveals an insignificant influence of a clamping force magnitude and elastic characteristics
of a lens on an optimum position of an application plane of its clamping forces. A non-contact method for monitoring errors on a
polished lens surface using an interferometer with a reference front surface has been proposed in the paper.

Keywords: optical component, stress state, adhesive substance, elastic deformation, simultaneous double-sided processing,

local error

For citation: Kozeruk A. S., Malpica Y. L., Filonova M. 1., Kuznechik V. O. (2019) Investigations on Stresses in Optical Com-
ponents with Spherical Surfaces. Science and Technology, 18 (5), 416-421. https://doi.org/10.21122/2227-1031-2019-18-5-416-421

(in Russian)
BBenenne

B HacTosmiee Bpemsi Ipu MU3TOTOBJICHUN OMNTH-
YeCKHX JeTanell B BUAE JIMH3 HCIIONb3YIOT TEXHO-
JIOTHIO WX OJHOCTOpPOHHEH oOpaboTkm [1]. TexHo-
JIOTUSl TPYMOEMKasi W TPHUBOJUT K 3arpsS3HEHUIO
oKpy>Karome cpeas [2]. Kpome Toro, mpu Harpe-
BE CTEKJa, CMOJIBI W IUTAaHINIAHOBI (MeTasia)
BCleACTBUE HeoauHaKoBbIX 3HaueHuil TKJIP mpo-
ucxoaut ympyras jaedopmanus geraneit [3], Ha
pabodeil TOBEpXHOCTH KOTOPHIX ITOCIE pa30iIoKH-
POBKH BO3HHMKAIOT JIOKAJbHBIE MOTPEITHOCTH [4].
OTUX 3aTpyaHEHWH MOXXHO W30€kKaTh, €CIH HC-
MOJIE30BaTh TEXHOJOTHIO JBYCTOPOHHETO (hop-
MOOOpa3oBaHus JHUH3 [5] MpH MX KpPEIUICHHH 3a
MUIMHIPHYECKYIO MOBEpXHOCTh. OmHAKO ISl ee
peaiMzaniii Ha TIPaKTUKe TpeOyeTcs MeEeTOoJuKa
oTpeeNieHNs] ONTHUMAIFHOTO TOJIOKEHUS 3aKHM-
HOT'O KOJIbIIa Ha OOKOBOHM IMOBEPXHOCTH JIMH3HI B
nporecce NUTMGOBaHUS U MOJUPOBaHUsS [6] U Ha
JTare 3aKperieHus B onpase [7].

MeToauka onpeaeaeHns HANPSIKEHU
B OIITHYECKHX AE€TAJIAX
co cheprUECKUMHU MOBEPXHOCTAMH

Jlis aHanu3a HaIpPSHKEHHOI'O COCTOSIHUSA JIMH3
NpU KPEIJICHUH UX 32 OOKOBYIO LIMJIMHAPHYECKYIO
MOBEPXHOCTh HCIIONB30BAJACh MaTeMaTHUYEeCKast
MOJENb YIpyroro naeopMHPOBAHUS TBEPLOTO
Tena [8].

Armpobarnusi paccMaTprUBaeMoOil MOJENH, IIPH-
TOJHOM AJIsl BCEX THUIIOB JIMH3 (IBOSKOBBIIYKJIOH,
JIBOSIKOBOTHYTOM, TIJIOCKOBBIITYKJIOH, TIIOCKOBO-
THYTOH, MOJIOKUTEIBHOTO M OTPULATENBHOTO Me-
HHCKOB), IPOBOIMIIACH JUISI IBOSKOBOTHYTHIX JIMH3
JuameTpoM 64 M.

[Ipu BbIMONHEHUH YHMCIEHHBIX HCCIICAOBaHUN
MIPUHMMAJIA BO BHUMaHUE, YTO 3aKperyieHHe JHH3
B L[aHI'€ OCYILIECTBIISIETCS YEPE3 Pa3pe3Hoe KOJIbLO

Hayka
wrexHuka. T. 18, Ne 5 (2019)

Majiol IMpHUHBI (He Oojee 1 MM), KOTOpoe pac-
rmoylaraeTcsi Ha OOKOBOW TTOBEPXHOCTH JIMH3BI
U TIepellaeT Ha Hee PaBHOMEPHOE YCWIIHE 3aKH-
Ma OT JICTIECTKOB IIaHTH. PacueThl MPOBOIUINCH
JUTSL TAH3 C PaiiycaMy KPUBU3HBI BBITYKIBIX TO-
BepxHOcTed R = 61,38 MM u R, = 81,44 mm
n3 onruyeckoro crexia mapok JIK7 u K108,
MMEIONINX pa3Hble 3HAYEHHWS YIPYTHX XapaKTe-
PHUCTHK.

[TocTaBnenHas 3amaya pemranach B MOCIeI0Ba-
TEIBHOCTH: CO3JIaHue 001aCTH, COOTBETCTBYIOIICH
YeTBEPTON YaCTH JIMH3BI C yUETOM €€ TeOMeTpHye-
CKHX TIapaMeTPOB C pasJlelIeHneM 3TOW 00yacTh
Ha KOHEYHOE WYHCJIO OJIIEMEHTOB; OIpeaeIeHne
TPaHUYHBIX YCIIOBHHA MO CMENICHWAM CTEeKJIa Ha
nepudepruu y4acTKoB.

Ecnu npuMeHHTH JIEKapTOBY CHCTEMY KOOP-
nuHaT OXYZ ¢ HauanoM B TOUKE MEPECEUCHUsT OCU
JISTalli C e¢ BEPXHEH MOBEPXHOCTHIO, TO HA HOP-
Malsax K IutockoctsiMm XOY u ZOY nedopma-
X CTEKJIAa OYIyT OTCYTCTBOBATH (CHMMETPUIHAS
3a/1a4a).

IIpoBenenue uccienoBaHuii

C uCroNb30BaHUEM BBIIICYTIOMSHYTOW Mare-
MaTHYECKOH MOJICNTH BBIOJTHEHBI YUCIICHHBIC HC-
CIICZIOBAHMS, 1Ieb KOTOPHIX — ONpeEeICHUE Jie-
(dopManuu cTeKIa Ha OCH JICTAlM B 3aBHCUMOCTH
OT KOOpPJIMHATHI Y MOJIOKECHUS KOJbIAa Ha €€ IU-
JIUHAPUICCKON MOBEPXHOCTH U BEIIMYUHBI YCUIIHS
3aKUMa.

[TomyuenHble pe3ynbTaThl pacueTa JJis JTUH3BI
m3 crekia mapku K108, npuBenennsie Ha puc. 1,
MOKa3bIBAIOT MPSIMO MPOTOPIUOHAILHYIO 3aBHCH-
MOCTh MEXJy BEIUYMHON JieopMalu # CTeKIa
Ha OCH JIMH3BI U yCWIIHEM ee 3axuma p. [locneny-
IONUE PACUYCThl BBITOMHIN JUIS YCWIAH 3a)KU-
Mma 2,5E5 u4,5ES Ila.
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2,50F5 3,00E5 3,50F5 p, [a 4,50F5
-2,00E-8
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\
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Puc. 1. 3aBucumocTs nepeMerieHui # crexkiaa mapku K108
Ha OCH JIMH3bI OT YCHIUS 35KUMa p

Fig. 1. Dependence of K108-grade glass displacements
along lens axis u on clamping force p

PesynbTaThl pacyera mnepeMEIlleHU B CTEK-
ne Mapok K108 u T®105 mis pa3nmudHbIX 3HAUYE-
HUH ¥ U pnpencrasneHsl B Tadd. 1 u 2.

Tabmma 1
3HavyeHHs] MaKCUMAJIbHON JedopmManuu u, MM,
B crekjie Mmapku K108 nist paznunynbix
KOOPAMHAT Y, M yCHiIMii 3a:KuMa p

Values of maximum deformation x, mm,
in K108-grade glass for various values
of coordinate Yk and clamping force p

YK’M

105 05E3 | 0,152 |-025E-2|-035E-2|-0,45E-2

2,565 |-0211E-7]-0,838£-80,504£-8|0,179E-7[0,305 -7

4,5E5 |-0,379E-7|-0,151£-7|0,906E£-8|0,323 £~7|0,548 -7

Ta6mna 2
3HavyeHHs] MaKCUMAJIbHON JedopmManuu u, MM,
B crekjie Mapku Td®10S5 past pa3au4HbIX
KOOPAMHAT Y, M yCHiImii 3a:KuMa p

Values of maximum deformation #, mm,
in TF105-grade glass for various values
of coordinate Yk and clamping force p

YK’M

15 05E3 | -0,15E2 |-025E2|-035E2|-045E2

2,555 |-0313E-7|-0,127E-8/0,731£-8] 0,263 £-7|0,448 -7

4,5E5 |-0,564E-7(-0,229E£-7|0,131 E-8| 0,473 £-7|0,806 £-7

3HadeHMs, TPUBEJACHHBIC B TaOIWIAX, CBH-
JICTEIILCTBYIOT O TOM, YTO IPH 32KUMHOM YCHU-
muu 2,5:10° — 4,5-10° Tla ¥ TIONOXKEHHH CHI 3a-
’)KHMa Ha pacCTOSHUM 1,5 MM OT cpemHero Ha
MWINHIAPUYECKOW TIOBEPXHOCTH JIETAIH TPOTUO
€¢ WCIOJIHUTEIBHONH IOBEPXHOCTH YBEIUYMBa-
eTCs, a TPH JAIbHEHIIEM CMEIICHUH ILIOCKO-
CTH TPUIOKEHHS CHJI 3KMMa — YMCHBIIACTCS.
DTO 3HAYMT, YTO HaMOOJee BBIFOJHOE ITOJIOXKE-
HHE IUIOCKOCTH 3aKUMa JIMH3bI HAXOIUTCS MEXK-
Jly TAaHHBIMU 3HAYCHUSMU U HE 3aBHCUT OT YCHJIUS
3aKUMa.
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Jis mpoBepKU pe3ysIbTaTOB pacuera IpoBe-
JIeHBI 3KCIIEPUMEHTAIIbHbIE MCCIIEI0BAHMS TI0 BBISIB-
JICHUIO 3aBHCHMOCTH BEJIMYMHBI MECTHOH (JIOKajb-
HOW) morpemHOCTH AN HHTep(EpEeHIMOHHOTO
KOJIbLIa Ha MOJMPOBAHHOH pabodell MOBEpXHOCTH
JIeTalld ¢ TIPeXKHUMH MapaMeTpaMH OT TOJI0KEHHUS
IUIOCKOCTH €€ 3aKHMa Ha IWIMHAPWYIECKOW TMOo-
BepxHOCTH. lIpuM 3TOM HCHOIB30BAIOCH YCTPOM-
CTBO [UISI 3aKpeIUieHHs JAeTajdl IOCPEACTBOM
KECTKOT'0 KOJbIla (MEXaHUYECKHI METOJ Kperuie-
HUS), TOKa3aHHOE Ha puc. 2.
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Puc. 2. Cxema ycTpoiicTBa U1 KPEIUICHHS JINH3BI
3a OOKOBYIO OBEPXHOCTh

Fig. 2. Diagram of device for attaching lens
to side surface

B maHHOM yCTpOWCTBE IBa YIOPHBEIX cekTopa 1
C yrimaMmu packpbiTust o 119° u cooTBeTcTBYIO-
UMMM paguyCcaMy KpUBU3HBI HETIOABM)KHO CMOH-
TUPOBaHbl Ha OCHOBAHUHU 2 KOHLEHTPUYHOH OCH
muH3b! 3. [Ipu 3TOM OCHOBaHHE PacIOJIOKEHO Ha
0a30Boii moBepxHOCTH cToa 4. TpeTuii 3aKUMHOM
CEKTOp 5 aHAJIOIMYHOM KOHCTPYKLHH YCTAHOBJIECH
C BO3MOXHOCTBIO CMEIIEHHS B IUIOCKOCTH, IIEp-
MEeHAMKYISIPHOM ocH nmuH3bl. CMeleHne cexropa 5
OCYIIIECTBIISIETCS C TIOMOIIBIO BUHTA 6 B CTOHKE 7.
Ha ynopsbix 1 1 3aKMMHOM 5 CEKTOpax 3aKpen-
JIEHBl y3KHE CEKTOPBI-KOJIbIa 8, BHYTPEHHSSA IO-
BEPXHOCTh KOTOPBIX BHIMONHSACT (YHKIHIO Oa3u-
pyroLIei.

Ecmu k OoKkOBOI MOBEPXHOCTH, HampUMep
JBOSIKOBOTHYTOH JIMH3bI, IPUJIOKUTH PagraIbHbIE
C)KMMAIOIIUE YCHIINA B TUIOCKOCTH, MEPIEHANKY-
JISIPHOM €€ OCH W HaxOoNsIIehcs BOMW3H JMHUHA A
nepeceueHuss ee OOKOBOM M HW)KHEH HCIONHU-
TEJIbHOI NOBEPXHOCTEN C paJuyCOM KPHUBH3HEI R,
TO 3HAYEHUE MOCIETHET0 YMEHBIIUTCS, T. €. IO-
SIBUTCSI JIOKaJIbHAsl MOTPEIIHOCT B BUAE «SIMBD».
[lo mepe cmeleHUs MIIOCKOCTH AEUCTBUS CHKH-
MAalOIUX YCWJINH B HaIlpaBIEHUM K MOBEPXHOCTHU
C paguycoM KpUBHU3HBI R, «siMa» OyIneT yMEHb-
IaThCsl U B KOHEYHOM UTOTE€ CTAHET HE3aMETHOM.
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IInockocTh, B KOTOPOU pajualibHble CHJIbI CHKa-
TUS HE MPUBOIAT K AeQOpMaIliy JIHH3bI, Ha3bIBa-
€TCsl TPAHUYHON IUIOCKOCTBIO JIEUCTBHS CHKMMa-
FOLLUX YCHUIIUH.

AHaNOruyHbple 3aKOHOMEPHOCTH MPOUCXOIAT
MPU CMEMICHWH IUTOCKOCTH JEWUCTBUS CHKAMAIO-
MUX YCWINA OT IIMHUM B mepecedeHuss OOKO-
BOM U BEPXHEU HCIIOJHUTEIBHON IOBEPXHOCTEU
JIUH3BL.

[InockocTh, TEepHNEHAWKYNSAPHAS OCH JIMH3BI
U pacrlojoXeHHas MEXIy TPaHUYHBIMU IUIOCKO-
CTSIMH JISHCTBUSI CXKUMAOIINX YCHITNH, HAa3bIBACT-
Csl CPEIMHHOM TIOCKOCTHIO ehopManuii.

[Ipn kaxxaoMm 3akpervieHud JAeTaiu cuja 3a-
’)KkMMa Oblla MOCTOSIHHOM M coctaBiasuia 0,1 H,
YTO 00€CIIeYnBajIOCh C MMOMOIIBIO TAPUPOBAHHOTO
KITI0Ya.

Benuuuny cmemienus konblia Yy MO LWAJIUH-
JIPUYECKOW TMOBEPXHOCTH JIMH3BI OTCUYHUTHIBAIN
OT TMJIOCKOCTH, KacaTelbHONM K BEpIIMHE Nep-
BOI1 cheprueckoil MOBEPXHOCTH C PAINyCOM KpH-
BU3HEI R;.

Kontpons morpemHoctn AN mpoBoaunu  Oec-
KOHTaKTHBIM ~ METOJIOM  TIOCPEACTBOM  HHTEp-
(hepomerpa ¢ ITATOHHOH (QPOHTATHEHONW TIOBEPX-
HOocThIO [9]. Cxema wuHTepdepoMeTpa IOKa3aHa
Ha puc. 3. [Ipu ero ucmonbp30BaHUU HEOOXOIUMO
obecreunTh UHTEPHEPEHIHIO TyUel, OTpaKeHHBIX
OT STAJIOHHOM MOBEPXHOCTU A 31eMeHTa 7 U KOH-
TPOJMPYEMOI MOBEepXHOCTH B nuH3bI 8. {151 3TOTO
B TIPOCTPAHCTBE MEXKIY OOBEKTUBOM 6 U 3JEMEH-
TOM JIOJDKHO MTPOU30MTH HaJIOKEHUE YIIOMSHYTHIX
Jy4el, 9TO BO3MOXKHO B CiIydae, KOTJla OHU HUIYT
10 OJHOMY W TOMY e cienly. JlanHoe TpebGoa-
HUE Peaqu3yeTcs TOJMBKO IS JIydeH, Malarorlnx
Ha NoBepXHOCTH A U B mo nHopmamsam. CrenoBa-
TEJbHO, TPeOyeTCcs ONpeeICeHHOE PACIIONOKCHUE
JeMeHTa 7 OTHOCHUTENLHO OOBEKTHBA 6 M KOH-
TPOJUPYEMOI JeTamud 8 OTHOCHUTEIHHO D3JIEMEH-
Ta 7. JIns BBISICHEHMS 3TOTO PACIOJIOKEHHUS MPO-
aHaM3UpyeM cxemy uHTephepomerpa.

Ily4ok nydeit ot ucrounuka 1 mocie KOHIEH-
copa 2 TpOXOAMT TOUYeHHYI auadparmy 3 U ma-
paJIENBHBIM ITYYKOM BBIXOJHT U3 OOBeKTHBa 4
KomtumaTopa. OTpa3uBIIMCH OT MOMYTIPO3PAYHOI
TrpaHd TMPU3MBI-KyOa 5, U3Iy4YeHHE HaIlpaBisieTCs
B 00beKTUB 6 U coOupaercs B ero (oKyce, ¢ KOTO-
PBIM COBMEIICH IIEHTP KPUBH3HBI ATATOHHOH cde-
PUYECKOI TTOBEPXHOCTH paguycoM R, dJIeMEHTa 7.
Ilpu sTOoM nmeranms 8 yCTaHABIMBAIOT TakK, YTOOBI
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LIEHTP KPHUBHU3HBI KOHTPOJHPYyEeMOil ee cepude-
CKOIl moBepxHOCTM B pamuycom R coBmamai
¢ Toukoil (7 poKycHpOBaHHS JIydeill CTEKIOM 7.
Jlyun, oTpakeHHbIE OT 3TAJIOHHOW MOBEPXHOCTH A
3JIeMEHTa 7 W OT MOBEPXHOCTH B KOHTpOJIHpye-
MO# gmeranmm 8, WHTEp(EPUPYIOT MEXITy COOOM.
OOBekTHBOM 9 3Ta MHTEpPEPCHIIMOHHAS KapTHHA
MIPOCLIUPYETCS B IIIOCKOCTh ceTKU 10 3putenpHoit
TpyOBI 12 1 paccmatpuBaeTcs yepes ee okysap 11.

Puc. 3. OnTuueckas cxema HHTEphepomeTpa
C STAJOHHOHU (PPOHTAIBHON TOBEPXHOCTHIO

Fig. 3. Optical scheme of interferometer
with reference front surface

PesynbTaThl M3MepeHUN JIOKAJIBHOW MOTrperI-
HocTH AN Ha nepBoi 1 U BTOpoi#l 2 MOBEPXHOCTSX
JeTand NpoJeMOHCTPHPOBaHbl Ha puc. 4. AHanu3
PHUCYHKa IMOKa3bIBaeT, 4To MpH Y, = 2,6 MM Benu-
gpHA aedopMarii HHTEP(EPESHIMOHHOTO KOJIbIa
Ha 00enX MOBEPXHOCTAX JIMH3bI MIPHUHUMAET paB-
Hbl€ 3HAYEHHS, YTO COIJIACYeTCs C pe3ynbTaTaMu
TEOPETUIECKUX UCCIEI0BAHUI.

HccnenoBanu Taxke METOJ KPETJIEHUS JTUH3BI
3a ee HepabOUyI0 HUIMHAPHUYECKYIO MOBEPXHOCTD
C TOMOIUBIO KJIESIIEro BeLecTBa (3JIACTUYHBIN
meton kperuienus [10]). IIpu sTom ucmonb3oBa-
U TPHUCTIOCOOJICHNE, COCTOsIee M3 ONpaBKu 4
(puc. 5) ¢ HEeHTpaTbHBIM OTBEPCTHEM S5, TUAMETP
KOTOporo Ha 4 MM Ooibllle quaMeTpa JIMH3BL 1,
Y TOJICTaBKU 3 ¢ Oa3upyromeii KOJbIICBOW KaHaB-
KOH 2.
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Puc. 4. 3akOHOMEPHOCTb U3MEHEHHSI BEJTMUNHBI
nedopmMaruy HHTepHEPEeHIUOHHOTO Koblia AN
Ha UCTIOJIHUTENBHBIX TOBEPXHOCTSIX JIMH3bI
B 3aBHCHMOCTH OT IOJIOKEHHSI CKUMAIOIIUX YCUITUI

Fig. 4. Regularities in changes of deformation value
for interference ring AN on executive lens surface depending
on position of clamping forces
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Puc. 5. Cxema KperuieHHs JTUH3bI
C TOHKHUM LIEHTPOM (PJIACTHIHBIN METON)

Fig. 5. Scheme for attaching lenses
with thin center (elastic method)

TloncraBky BMecTe ¢ JIMH30M M OMpPaBKOM Ha-
TPEBAIU J0 TEMIIEPATYPHI TIABJICHUS HaKIeeuyHON
CMOJTBI, KOTOPYIO B Buje mapukoB 6 (8—10 miT.)
IuaMeTpoM 3—5 MM IIOMEIIAJId B 3a30p MEXIy
nuH30M u ompaBkoi. Ilocne pacnnaBieHust cMo-
JISTHBIX IIAPUKOB MOJCTaBKY C JIMH30UA U OMPaBKOM
OXJIXK TAJIH.

Uzmepenune ¢opmbl nHTEpPEPEHIIMOHHBIX KO-
nen HproToHa Ha MNONMPOBAHHOM MOBEPXHOCTH
JIMH3bI MPOBOJMIN OECKOHTAKTHBIM METOAOM Ha
uHTEepPEepOMETpPE C ATAJOHHOH (POHTAITBHOW TO-
BEPXHOCTBIO JI0 M IOCTE €€ IACTHYHOI0 Kperuie-
HUS 332 IWIMHOPUYECKYIO MOBEpXHOCTh. M3mepe-
HUS TI0Ka3aJid OTCYTCTBHE Ac(QOpMaIiMy JETalH,
B TO BpEMSl KaK KpEIUICHHE 3TOM K€ JIMH3BI MO
KJIACCHYECKOMY cnocoOy (3a OJHY M3 HCIIOJHH-
TEJNILHBIX CEPHUUECKUX MOBEPXHOCTEH) MPUBEIIO
K TIOSBIICHUIO JOKAJIBHOW IMOTPEIIHOCTH Ha BTO-
poii chepruueckoil TOBEPXHOCTH B BHJE JedopMa-
i uHTephepeHMOHHON KapTuHbl 10 AN = 0,3
MIMPUHBI HHTEP(PEPEHLIUOHHOTO KOJIbIIA.
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[ mpakTU4eckol peanu3alud  MeXaHHYe-
CKOTO METOJa KPETUIeHHUs JINH3 3a OOKOBYIO IO-
BEPXHOCTh TpeJJiaraercs ycTpoucTtBo (puc. 6),
cozeprkallee OCHOBaHHE 1, HA KOTOPOM C BO3-
MOKHOCTBIO BpAIllEHUsS YCTAHOBJIEHBI JIETIECTKH 2
C ECTKO 3aKPETJICHHBIMU B HUX OCBIO 3 U TOJIKa-
TeneM 4, 32KUMHYIO ONpaBy 5, HECYILYIO 3a:KUM 6
C BUHTOM 7 M CHa0O)XCHHYIO MMa30M 8, 32)KMMHOE
KOJIBIO 9 ¢ KpyroBeIM na3zoMm 10 Ha ero BHEIIHEH
OOKOBOH MOBEPXHOCTH, a TAKXKE JIMCTOBYIO pPE3U-
Hy 11, oxBaTpIBatoryro nuH3Yy 12, mpu STOM 3a-
KHUMHO€ KOJBLO YACPKUBACTCS 3a)KHUMHBIMHU JIe-
MECTKaMH, BXOASAIIMMHU B KPYTOBOM 1a3 3aKUMHO-
T'0 KOJIBIIA.

Puc. 6. YcTpoHCTBO U1 MEXaHUUECKOTO KPEIUICHHS JINH3

Fig. 6. Device for mechanical attachment of lenses

IIpn wucnonb3oBaHMM  YCTpOICTBA  BBINOJHS-
10T clenyromue aedcTBus. B 3akumHOE Kombro 9
C JIUCTOBOM Pe3WHOI yCTaHABIMBAIOT JHMH3Y 12, mo-
MEIIAI0T UX MEXAY JIEMECTKAMU M MOBOPAYUBAIOT
32)XKHMHYIO OIIPaBy IO 9aCOBOM CTPEIIKE Ha OCHOBA-
Hud. [Ipy 3TOM 3akKMMHas ompaBa CBOMM Ia3oM &
BO3JICICTBYeT Ha phlyaru 4, KOTOpbIE, Bpallasch
BOKPYT' OCH, BXOIST B HpoJoibHbIM ma3 10 Ha
BHEIITHeW OOKOBO MOBEPXHOCTH 30KUMHOTO KOJIbIIA
u (UKCUPYIOT NMH3Y B ycrpoiictse. [locie 3toro
BUHTOM 7 MPWXUMAOT 3KUM 6 K 32)KUMHOU Oompa-
BE M OCHOBAHUIO, TIPEJOXPaHss TEM CaMbIM 0cCIal-
JIEHUE KpeTUIeHHsI JIMH3bI B YCTPOICTRE.

BbIBO/IbI

1. BoisiBiicHa HE3HAYMTENIbHAS KOppeianusa
OINITUMAJIBHOTO IOJIOKCHHS IIJIOCKOCTU IMPUIIOKE-
HUA YCI/IJII/Iﬁ 3aXKUMa JIMH3bI 110 €€ HUJIWHIAPpUYC-
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CKOM MOBEPXHOCTH OT BEIWYMHBI ITHUX YCUIUU
Y HE3aBUCUMOCThH JJAHHOTO TIOJIOKEHUS JUIS JeTa-
Jeil U3 pasHBIX MaTepHaoB. DTO TO3BOJISIET BBI-
OMpaTh OTMEYEHHYIO IJIOCKOCTh IO pPEe3ysbTaTaM
pacdera HamNpsHKEHHOTO COCTOSIHUS OOBEKTa WC-
CIIETOBaHMS OT OJHOTO YCHUIHSI €r0 3a)KuMa IS
T000T0 OTJIENBHO B3STOTO OMTUYECKOTO CTEKIIA.

2. Pa3paboranHOe yCTPOWCTBO I MEXaHUYE-
CKOTO KPEIUICHUS JIMH3 JaeT BO3MOXXHOCTh MeXa-
HU3HUPOBATH WX OJIOKHPOBKY U TEM CaMBIM CO3A€T
MPEINOCHUIKY JIJIl YBEJIIMYCHHS TPOU3BOIUTEIIb-
HOCTH W3TOTOBJICHHUS JIeTajell, CHIKCHHS WX Ce-
0ECTOMMOCTH W YMEHBIIEHUs 3arpsA3HEHUS OKPY-
JKAIONICH Cpelbl KaHICPOTCHHBIMU BEIICCTBAMU
(heHONBHOW  TPYMIBI, KOTOpPBIE  BBIICISAIOTCS
HarpeBaeMol HaKJIEEYHOW CMOJIOH B TpaJuLMOH-
HOM TEXHOJIOTUYECKOM TMPOIIECCE ONMTHYECKOTO
IpUOOPOCTPOCHHUSL.
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Kaaccudguxkanus rugpaBIn4ecKUX CUCTEM
JJISl lIepEeKAaYUBAHHUS BHICOKOBA3ZKHUX KHIKOCTEH
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Pedepar. ['ugpaBnuyeckue cHCTEMBI, IPUMEHSIEMBIE B MEXaHU3MaX M MAlIMHAX, MPEIHA3HAUCHBI ISl OCYIIECTBICHHUS MeXa-
HUYECKHX TepeMelIeHHil: TToAbeMa IPy30B, IPECCOBAHMS MaTepHasoB, NepeMelleHns] pabounx opraHoB u mp. B kadecTse
paboUMX KUAKOCTEH B HUX HCIHOJIB3YIOTCS MHHEpAlIbHBIC Maciia, o0sajarolyue Majoil BA3KOCTbI0. K TakuM *KUIKOCTSAM clie-
JIyeT OTHECTH IHILEBbIC IPOAYKTHI (Me]l, TaTOKy, CMOITy, (haplll, TeCTO, HacTy, KPEMbl, KPaXMaJlbl), CTPOUTEIIbHbIC MAaTEPHAIIbI
(TIMHY, IEMEHT, FepPMETHK), HeTEIPOLYKTHI U T. JI., KOTOPbIE BCTPEYAIOTCS B XMMHYECKON M TEKCTHIIBHOM, BUHHOM 1 X11€00-
MEKapHOH, KOCMETHUUECKON U KOHAUTEPCKOM, MOJIOYHOM U JIAKOKPACOUHOM, CTPOUTENBHON POMBILIEHHOCTH, a TAKXKE B IPY-
rux cdepax AesATenbHOCTH. BMecTe ¢ TeM B pasiUUYHBIX OTPACISX HAPOIHOTO XO3SCTBAa MCMOMIB3YIOTCS TMAPABINYECKHE
CHCTEMBI, IPeJHA3HAYECHHbIE [UIs EpEKauuBaHUs MM TPAHCIOPTUPOBAHUS pabouel »HUIKOCTH, 00afaroNel BEICOKOH BsA3-
KOCTbI0. OZIHAKO OITMCAHMIO NMOAOOHBIX THIPABINYCCKUX CHCTEM, UX KIAacCH(HUKALUHU, OCOOCHHOCTEH YCTPONCTB, U3 KOTOPBIX
OHH COCTOSAT, YAGJICHO HEJIOCTaTOYHOEC BHUMaHHE. B CBA3M € 3TMM B cTaThe IPMBEICHA KIaCCH(UKALMA T'MIPaBINYECKUX
CHCTEM NI MepeKauuBaHUs M TPAaHCIOPTHPOBAHHS BBICOKOBA3KHMX KMAKOCTEH, JaHO OMMCAHHE MX COCTaBa, MPUBEICHBI
OCHOBHBIC Pa3HOBUJHOCTH HACOCOB U yCTpOﬁCTB JUIA YIIpaBJIEHUS W BBINOJIHEHUS TEXHOJIOT'MYECKHUX 3a7av, IHUPOKO UCIIOIb-
3yEMBIX B Pa3JIMUHBIX OTPACIAX NPOMBIIIEHHOCTH. I1oKka3aHo, 4TO BCe HACOCHI, NPUMEHAEMBIE UL STHX LieJIeH, MOXKHO pa3-
JIeTIMTh Ha JBE IPYIIBL: JMHAMHYECKHe U 00beMHBIe. [IpeacTaBiaeHbl CXeMbl YyCTPOUCTB, KpaTKOE ONMCAHKUE U TPUHIMN JIeii-
CTBHUS HACOCOB, MCIIOIB3YEMBIX AJIS 9THX Ienell. [IpoBeaeHHbII aHaIN3 MOKa3all, YTO SKCIUTyaTalysl THAPABINIECKUX CHCTEM
JUISL TIepeKadKW BBICOKOBS3KMX JKHAKOCTEH BBI3BIBAET HEOOXOAMMOCTH IAlbHEHIIEro WCCIEOBAHMS HX XapaKTEpHCTHK,
a Taroke Pa3pabdOTKH METOAUKH PAacyeTOB M MPOSKTHPOBAHHSI.
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Classification of Hydraulic Systems for Pumping Highly Viscous Liquids
I. S. Lugovaja"

YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. Hydraulic systems used in mechanisms and machines are intended for mechanical movements: load lifting, material
pressing, moving of working bodies, etc. Mineral oils with low viscosity are used in them as working fluids. Such liquids
include food products (honey, molasses, tar, minced meat, dough, pasta, creams, starches), construction materials (clay, ce-
ment, sealant), petroleum products, etc. which are found in chemical and textile, wine and bakery, cosmetic and confectionery,
dairy and paintwork, construction industry and many other areas of activity. At the same time, hydraulic systems are used in
various sectors of the national economy, which are designed for pumping or transporting a high-viscosity working fluid.
However, description of such hydraulic systems, their classification, specific features of the devices of which they consist,
has yet received insufficient attention. In this regard, this paper provides a classification of hydraulic systems for pumping
and transporting highly viscous liquids, a description of their composition, main types of pumps and devices for controlling
and performing technological tasks widely used in various industries. It is shown that all pumps used for these purposes can
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be divided into two groups: dynamic and volumetric. The paper presents schemes of devices, a brief description and operational
principle of pumps used for these purposes. The executed analysis has shown that an operation of hydraulic systems for pumping
highly viscous liquids necessitates further study of their characteristics, as well as development of methods for calculation and design.

Keywords: highly viscous liquids, transportation, devices of hydraulic systems, classification

For citation: Lugovaja I. S. (2019) Classification of Hydraulic Systems for Pumping Highly Viscous Liquids. Science and
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BBenenne

I'unpaBnuyeckue CUCTEMBI MIMPOKO TPUMEHS-
IOTCS B Pa3IMYHBIX arperarax TeXHOJOTHYECKOTO
HA3HAYEHHS: TPAHCIIOPTHBIX MallWHAaX, METallIo-
PeXYIIMX W MPECCOBBIX CTaHKaxX W T. 1. B kaue-
CTBE paboYMX >XUIKOCTEH B HUX HCIOIB3YIOTCS
MUHEpaJbHbIE Macia, O0JaJaroIIue HEBBICOKOH
BA3KOCTBI0. BMecTe ¢ TeM CyIIECTBYIOT pa3HbBIE
MEXaHW3Mbl W MAaIlliHBI, TpeJHa3HAYEeHHBIC IS
MOJIaY ¥ TPAHCIIOPTUPOBAHUS KUAKOCTEH C BBI-
cokoit BsizkocThio [1, 2]. OmHako aHamu3 JuTe-
paTypHBIX WMCTOYHHKOB IMOKAa3bIBACT, YTO JAHHO-
My BOIIPOCY YJICIICHO HEI0CTATOYHO BHHMAHUSI.
B gacTHOCTH, HET CBEACHHWA O KJIacCH(pUKAITIH
THUAPABIMYECKUX CHCTEM U YCTPOMCTB, M3 KOTO-
PBIX OHH COCTOSIT. B CBSI3M ¢ 5THM B cTaThe mpen-
JIOKEHa KIACCU(UKAIMS WCIOIb3yeMBIX THUIpPaB-
JUYECKUX CXEM IS TEPEKAYKH BBICOKOBS3KHX
JKUAKOCTEH, HACOCOB M JIPYTMX YCTPOWCTB, TPHU-
MEHSEMBIX IS TUX IENeH.

Bce xuakocTu Aenar Ha ABa Kiacca: HBIOTO-
HOBCKHE W HEHBIOTOHOBCKHE. K mepBBIM OTHOCAT-
¢S Boja, He(PTEMPOAYKTHI C HU3KUM COJICPKaHUEM
napadwuHa, pacTUTeNbHBIC Macyia U 1p. HeHproTo-
HOBCKUE KUIKOCTH JCTATCS Ha!

— BS3KOIUIACTHYHEIC (MJTH OMHTaMOBCKHE);

— TICEB/IOTUIACTHYHBIE;

— IUJaTaHTHBIE.

[TepexaunBaHuEe BBICOKOBS3KUX JKUIKOCTEH U
JKUAKOCTEH, HE O0JIaJaroIuX TEKYy4eCThIO, MPeJ-
CTaBJISICT OTpeECICHHbIE TPYIHOCTH W3-3a BBICO-
KOTO BHYTPEHHETO TPEHHsI CIOEB KUAKOCTH H TIO-
Teph IPOU3BOIUTEIHLHOCTH B TpyOompoBoe [3, 4].
K TakuM XHIKOCTAM CIIeyeT OTHECTH IHIIEeBBIC
OPOAYKTHl (Mell, MaTtoKy, cMoiy, (apii, TecTo,
MacTy, KPeMbl, KpaxmaJjbl), CTPOUTEIBHBIC MaTe-
puanbel (TIMHY, IIEMEHT, T€PMETHK), HedTenpo-
IOYKTBl U T. 1., KOTOPBIE BCTPEUYAIOTCS B XUMHUYE-
CKOM M TEKCTWIbHOM, BHHHOM H XJieOomekap-
HOM, KOCMETUYECKON U KOHAUTECPCKOM, MOJIOYHOU
U JJAKOKPACOYHOH, CTPOUTEITHLHON TPOMBIIILIEHHO-
CTH, a TaKXe B JAPYrux chepax AesTeIbHOCTH.

Knaccudpuxanus
H COCTAB THPABJINYECKUX CHCTEM

I[J'ISI IMEPCKAUYKN U TPAHCHIOPTHUPOBAHUA BBICO-
KOBA3KHUX )I(HI[KOCTeﬁ IIPUMECHAIOT THUAPABINYC-
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CKHE€ CHCTEMBI, OTJIMYAIONIUECS OT THIIOBBIX T'MJI-
PaBIMYECKHAX CXEM COCTaBOM, KOHCTPYKTUBHBIMH
0COOEHHOCTSIMH U CBOMCTBAMH IE€PEKAYMBAEMBIX
BBICOKOBA3KUX KHUIKOCTEM.

I'maBHasg oTnMuuTeNnbHAs OCOOCHHOCTh — Ha-
3HauYeHue paboyeil >KUIKOCTH B CpPaBHHUBAEMBIX
cucreMax. Ecim B TpagWIMOHHBIX THIpaBINYE-
CKUX cHcTeMax pabouasi JKUIKOCTb SIBISACTCS CPpe-
CTBOM JJIs1 IPpeoOpa30BaHus OJHOTO BHUJA SHEPTHH
B JIPYroil C LEJIBIO BBIIOJHEHUS MEXaHUYECKOU
paboThl MEXaHU3MOM, YCTPOHCTBOM HJIM MAallH-
HOM, TO B paccMaTpUBAaE€MbIX TI'MJPABINYECKUX
CHUCTEMax BBICOKOBSI3KHE >KMJIKOCTH — JTO Mare-
pHanbHOE TeJI0, KOTOpoe HEOOXOAUMO MepeKadaTh
U3 OIHOW €MKOCTHU B APYTYI0, THO0 IUIsl BBIIIOIHE-
HUS OIpeNEeJeHHbIX TEXHOJOTHYEeCKUX 3a7ay
(pacmbuieHHs, CIIMBA, HAHECEHHS HA TIOBEPXHOCTH
u np.). Ux coctaB U pacHoiOXkKEHUE 3IEMEHTOB
OTIPENEIIOTC  (PYHKIMOHAJIBHBIM Ha3HAYEHUEM
U BUJOM, COJEp)KaHHEM TBEPHAbIX BKIIOYEHHUU B
TPaHCIIOPTUPYEMOH KUJIKOCTH, KOHCHCTEHIUEH,
MOJIEKYJIIPHBIM MU3MEHEHUEM, BO3MOKHOCTBIO I10-
TepH 1eJIocTHOCTH (puc. 1).

OYHKIHOHATLHOE |
Ha3Ha4YeHHEe |

I'unpaenudeckne
CHCTEMEI

KoHCTpYKTHBHOE
HCIIOIHEHHe

Bun marepuana
H KOHCHCTEHIIHA
SEHOKOCTel

——

Puc. 1. Kinaccupukanus ruipaBIHdeCcKUX CUCTEM
JIJIS1 BBICOKOBSI3KHX JKHUKOCTEH

Fig. 1. Classification of hydraulic systems
for highly viscous liquids

CocTaB 3TUX THUIPABINYECKUX CHUCTEM 3aBU-
CUT OT 00JIACTH NMPUMEHEHUS, Ha3HAYCHHS, BA3KO-
CTH KXHUIKOCTH U MOKET BKITFOUATh B CEOS pa3iInd-
HBIE YCTPONCTBA, OCHOBHBIE M3 KOTOPBIX — HACO-
cHI (puc. 2).

[lepexkaunBaHue BBICOKOBS3KUX O KHAKOCTEH
TpeOyeT OOJIBIIUX 3aTpaT MOIIHOCTH TPUBOJA,
Y 10 3TOM MpUYMHE HACOCHI, IPUMEHSIEMBIEC B Tpa-
IUIIUOHHBIX THUApPOCXeMaX, HE MOTYT OBITH HC-
[10JIb30BaHbI B NOJHOU Mepe. Tun Hacoca 3aBUCUT
OT CBOWCTB BBICOKOBSI3KMX MarHUTHO-PEOJIOTHYE-
CKUX JKHUJIKOCTEH.

423


https://doi.org/10.21122/2227-1031-2019-18-5-

Mawunocmpoenue

' CocTtas THOPaBIHYECKHX CHCTEM |

VetpoiicTea nns

H3MEHEHHH CBOHCTE
KHIOKOCTH

Hacocser

TeXHOMOTHYeCKOTO

VYerpoficTea
P BenoMorarenbHbIE
— YCTPOHCTEA

Puc. 2. YcTpolicTBa TuAPaBINYECKUX CUCTEM [UIS EpEKauUBAHUS BBICOKOBSI3KUX JKUAKOCTEH

Fig. 2. Devices of hydraulic systems for pumping highly viscous liquids

st 5TOM 1enu NMPUMEHSIOT MPEUMYIIECTBEHHO
HACOChI, KOTOPhIE MOXHO pa3leiuTh Ha ABE TPYII-
IIbI; TUHAMUYECKUE U 00beMHbIe. K MTuHaMUYecKiM
OTHOCSITCS JIOTIACTHBIE (IICHTPOOCIKHBIE U OCEBBIC),
a K 00bEMHBIM — TaKHE Pa3HOBUIHOCTU, KaK BUHTO-
BOH, IIeCTEpPEHHBIN, MEMOPaHHBIN, MIEPUCTATHETHYC-
CKHWil, KyJTa4dKoBbIM, mMrmeruiepHeld. Knaccuduka-
IIUsT TUX HACOCOB MIPHUBEIEHA HA PHC. 3.

Hacocbl 417 NepexaymBaHUA BLICOKOBASKUX MUAKOCTEHR
Junamudeckue Obvemuse

pun

IepucTansTideckie
I HnmemnepHsie I

IllecTepeHHEIe

IL1acTHHYATEIE

Kynauxoseie

il

MemOpanHsie

B KOTOpPHBIX siBisieTcs mectepHs 1. [Ipu Bpamenun
LIECTEpPHU Ha CTOPOHE BCAaChIBaHUS Hacoca 2 Co-
3[IaeTcsl pa3peKeHne, BBI3bIBAIOLICE Nepenas 1aB-
JICHWs, TIPUBOAALINHA K 3alOJHEHUIO MEX3y0oro
MPOCTPAHCTBA BSI3KOH Cpelbl U ee MepeMeIICHHIO
B 30HY HarHeTanus 3, a 3aTeM — B MaTpyOOK Ha-
MOPHOM MarucTpaiu (puc. 5).

NMnennepHslil Hacoc NpeaHa3HayYeH s [epe-
KauMBaHUSA  Pa3HOOOpPAa3HBIX  KHAKOCTEH
BsA3KkOocThIO 10 6000 cCT, MATKHX, 9yBCT-
BHUTEJBHBIX, BCIICHUBAIOIINXCS Cpefl, a TaK-
e CYCHEH3UH ¢ TBEpABIMU BKIIOYCHHSIMH.
On paboraer B [uama3oHEe TEMIIEPATyp
10 90 °C m mpu HU3KHX CKOpOCTSX, CO-
JEpKUT THOKYIO KpBUIbUATKy W3 HepxKa-
Betoeit cranu 1 (puc. 6).

[npokoe NprMEHEHHE B MEIHULIHE IS
MepeKauMBaHys KPOBH MALMEHTOB U MacTo-
00pa3HBIX BEIIECTB HAIUTH TEPUCTATIbTH-
yeckue Hacocsl [5—10]. Koncrpykunu nepu-
CTabTHYECKUX (TIIAHTOBBIX) HACOCOB Jie-
JSITCS Ha TPYyOOUHbBIE, B KOTOPBIX JehOpMU-
PYEMBIM 3JIEMEHTOM SIBIISIETCSI OJJHOPOHAS
TpyOKa, ¥ UUIAaHTOBBIE, TAe Aehopmupye-

Puc. 3. Kitaccugukanus HaCOCOB ISl BRICOKOBSI3KUX JKUIKOCTEH

Fig. 3. Classification of pumps for highly viscous liquids

Kaxxnplii U3 nepeynciieHHbIX HacOCOB o0OecIie-
YyUBaeT Mepeaady JSHEPIMH [Jis1 OCYIIECTBICHUS
IBIDKEHHA pabouero opraHa TEXHOJIOTMYECKOH
MAIlIMHL WM MEXaHHYECKOTO YCTPOMCTBA W IIO-
TOMY KOHCTPYKTHBHO OTJIMYA€TCS OT HACOCOB,
MpeIHAa3HAYCHHEBIX 71 HArHETAaHUS MaJIOBI3KUX
JKUIKOCTEH.

Hawnbonee pacnpocTpaHeHHBIM BapUAHTOM ISt
TIepeKauYMBaHUs BHICOKOBA3KUX M HETEKYUHX KHJI-
KocTeil Bs3kocThio 0 1 - 10° ¢Cr siBisieTcs: BUH-
ToBo Hacoc (puc. 4). Ilpurmmm ero pa®oTsI
noto0eH nefcTBuIo mHeKa. [lepexaunBanue Kuma-
KOCTH TIPOUCXOJIUT TIEPEMEIICHUEM €€ BIOJb OCH
BUHTa | B Kamepe, OOpa30BaHHOW BHUHTOBBIMH
KaHaBKaMH U TOBEPXHOCTHIO Kopmyca 2.

PacripocTpaneHHBIMU TS IEPEKAYUBAHUS BSI3-
KUX JKUIKOCTSH B TIPOMBIIUICHHOCTH SIBIISIOTCS
HACOCHI IIECTEPESHHOTO THIA, Pa0OYUM OpraHOM
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MBIM 3JIEMEHTOM CIIy’)KUT MHOTOCIOMHBIN
LUTAHT, YCWICHHBIA KopaoM. [IpuHimn aei-
CTBHSI OOBEMHBIX HACOCOB IIEPHCTANIBTHYC-
CKOTO THIIa OCHOBAaH Ha IIEpeJaBINBAHUH
TpyOKk# 1 BpamaromMMHUCS POIUKAMH 2, KOTOpBIE
MPOTAJIKUBAIOT JKUIKOCTh BIiepes (puc. 7).
Jnsa ycnoBuii paboTBl B PEKUME CyXOro XOAa
W TepeKaunBaHHUs 3arpsa3HEHHBIX KHUIKOCTEH |
cpen, comepxkamux 10 90 % TBepABIX wYacTHUI
JHaMEeTPOM OKOJIO 3,5 cM, IepeKadynBaHus arpec-
CHBHBIX XHMHUYECKHX CpEl, BKJIIOYAsi KHCIOTEHI,
IEJIOYH, CIIUPTHI, 3GUPBI U APYrUe, MOTYT OBITh
WCIIONIb30BaHBl MEMOpaHHbIE HAcoChl (puc. 8).
MemOpaHHBIE Hacoc COAECPKUT THOKYIO JAua-
¢parmy (MeMOpaHy), 3aKpeIUICHHYIO MO KpasM,
KOTOpasi, U3ru0asich, BBIIOIHACT QYHKIHUIO MOPIL-
HSl TIOPIITHEBOTO HACOCA B PE3yJbTAaTe M3MCHEHHS
JaBJICHUS BO3/yXa B IHEBMATHYECKOM IIPHBOJIC
WIH KHIKOCTH B THUAPABIMYECKOM IIPHBOJE.
[IpuHIIMTT TEHCTBUS MEMOpPAaHHOTO HAacoca 3aKIIo-
YyaeTcsl B CO3JaHUU Pa3HOCTH JABJICHUS Ha BXOJE
1 BBIXOJI€ CHCTEMBI C THEBMOTIPHBOAOM.
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Puc. 4. BuaToBO# Hacoc

Fig. 4. Screw-type pump

Puc. 7. Cxema pabOTHI EPHCTATETHYECKOTO HACOCA

Fig. 7. Operational scheme of peristaltic pump

Kyma4ukoBbie HACOCHI OTHOCSTCS K POTOPHBIM H
SIBIITIOTCS. OJMHHUMM W3 CaMbIX HAJCKHBIX THIIOB
HACOCHOTO 00o0pymoBaHus. WX OTIMYAIOT TaKkKe
HAIEKHOCTh  KOHCTPYKIIMM, BBICOKas  H3HOCO-
CTOMKOCTh, HH3Kas MyJbCallvsi, HU3KUH YPOBEHb
BuOparu 1 nryma. [IpuHImn paboThl OCHOBaH Ha
TepeKavYBaHNH JKUIKOCTH B ITOJIOCTH, 0Opa30BaH-
HOU MEXIy POTOpaMHU U KOPIycoM Hacoca. PoTopsl
MOTYT OBITH OITHO-, IBYX-, TPEX-, IITH- U MYJIBTH-
JICTIECTKOBBIMH, a TaK)Ke DKCKIFO3UBHBIMA BHHTO-
oOpasHepiMu (puc. 9) — B 3aBUCHMOCTH OT THIIA
NepeKaunBaeMOoM KHUJIKOCTH.

ITopuiHeBble HACOCHI OTIMYAIOTCS MPOCTOTOM
1 HaJIeXKHOCTBIO B padote (puc. 10). x nmpumens-
10T IS TIEpeKauYMBaHUs )KUJIKOCTEH BBHICOKOU BSI3-
KOCTH W ITOHIKEHHOH BIIAYKHOCTH JIFOO0H KOHCHC-
TEHIMK (BIAXXHOCTBIO HEe MecHee 78 %) Ha 00ib-
Y0 TaTLHOCTHh TpaHcropTupoBku. OHHM comepar
MopILIeHs 1, COBepIIAIONIMIT  BO3BPaTHO-NIOCTYIIA-
TENFHOE JBIKCHHE OT KPHUBOIIHUITHO-IIIATYHHOTO
MexaHn3Ma 2; JBa KiamaHa 3 U 4 00ecreuuBaroT
JIBIDKCHUE KHIKOCTH B OJTHOM HAITPaBJICHUH.
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Puc. 5. lllecTepenHslii Hacoc

Fig. 5. Gear-type pump

Puc. 6. Cxema paboTs
HMIIEJUIEPHOTO Hacoca

Fig. 6. Operational scheme
of impeller pump

Boinyck »u1akocTi
LlapukoBbiit knanaH
Kopnyc

Pacnpenenutens
BO3gYXa

MpoTouHas kamepa

t Briyck suakoctn Lo

Puc. 8. YcrpoiicTBo MeMOpaHHOTO Hacoca

Fig. 8. Design of membrane pump

Kpome Toro, rumpaBiIMdecKue CHCTEMbI IS
MEePEKAYMBAHKS BA3KUX KHIKOCTCH BKIIIOYAIOT B
ce0s YCTpOWCTBA JUISi BBIMOJHCHUS Pa3INYHBIX
TEXHOJIOTHUECKUX 3aJlad B 3aBUCHMOCTH OT WX
Ha3HaueHusd. K HHUM OTHOCSTCS YCTpONCTBa AJid
HAHECEHUS BBICOKOBSI3KHX JKUIIKOCTEH Ha MOBEPX-
HOCTbH H3HCHHI>'I; A iEpEMEIINBaHuA, 3aII0JTHCHU S
rnpuaes, pacriblICHUA, CJIMBA, q)HHBTpaHI/II/I, OT-
MyCKa JKHJKOCTH, JIeTa3aliu, J03UPOBAHHUS U T. JI.

B cocrtaB xuikocTeil MOTyT BXOIUTH U3MEJb-
YeHHbIe (pakiuu, Topd W Ipyrue MaTepHhabl.
OnHako OHHM OTIMYAIOTCS 00Jiee HU3KOH MPOU3BO-
JUTEIFHOCTBIO 10 CPABHEHHIO C IIEHTPOOCKHBIMU
HacocamH. [ MIpaBIMUECKUE CHUCTEMBI JJISI BBICO-
KOBSI3KUX JKUAKOCTEH MOTYT COJIEpIKaTh Pas3iiny-
HBIC YCTPOWCTBA JJIsl MMOJTOTOBKH BBICOKOBA3KHX
YKHUJIKOCTEH, KOHTPOJIsl U 0TOOpa mpod, 00paboTKH
TPAHCHOPTUPYEMBIX KUIKOCTEH, H3MEPEHUS W
W3MEHCHHUS BSI3KOCTH, ammapaThl JJIs JIera3aiuu
xuakoctd u np. K ux ymciy cinemyer oTHeCTH
TaKXE YCTpOﬁCTBa JJIA CMEUIIMBaHUA MHOI'OKOM-
TMOHCHTHBIX BBICOKOBS3KUX JKUAKOCTCH B BHJC
MEIIATIOK PAa3IMYHOTO THIA, TPAHYISATOPOB WU
YCTPOMCTB JUIsl U3MENBYECHUS HAITOJHUTEIIEH.
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Puc. 9. PoTopsl KyJ1auKOBBIX HACOCOB

Fig. 9. Rotors of cam-driven pumps

K ycrpoiictBam u MexaHu3MaM TEXHOJOTHUYE-
CKOI0 HA3HAYEHUS OTHOCSTCS YCTpPOWMCTBA JUIst
HaHECEHMsI Ha MOBEPXHOCTh BHICOKOBSI3KOI'O MaTe-
puana A 3aluThl OT KOPPO3UH, I PACIBLICHUS.
K ycTpoiicTBaM BCcrioMoraTenbHOr0 Ha3HAUCHUS —
YCTpOMCTBA ISl TO3UPYIOIIEH MoAaun MaTepuana,
€MKOCTH M HAKONHUTENH XHUIKOCTH, TPyOOmpoBO-
ITbI, (PYITBTPHL.

IlpoBeneHHBIN aHaU3 IMOKa3all, 4TO BOMPOC,
CBSI3aHHBIN C DKCIUTyaTalWed TMIPaBIMYECKUX CXEM
C BBICOKOBSI3KUMH KUAKOCTSIMHU, TPEOYET nanbHen-
IIeTO W3YYeHUS W Pa3padOTKH METOIAMKH WX pac-
YETOB ¥ MPOCKTHPOBAHUS.
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Fig. 10. Scheme of single-cylinder
single-action pump
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Pedepat. BrinonHeHs! UCHIBITaHKS HA YCTAIOCTh KOHCTPYKIMOHHBIX CTaJei U TUTAHOBOI'O CILIABA IIPH Pa3IMYHBIX YaCTOTaX
IIUKINYECKOTO HarpyKeHus, B pe3yJbTaTe KOTOPHIX BBIBICHBI 3aKOHOMEPHOCTH M3MEHEHHs IOKa3aTeneil COMmpoTHBIEHUS
YCTaJIOCTH U CTaOMIBHOCTU MOBE/CHUS UCIIBITAHHBIX MaTepHaioB. M3MeHeHNne 9acTOTHI NUKINIECKOTO HATPY)KSHUS BIUSIET
Ha TPOJOJDKUTENBFHOCTS PAa30BOTO (B TEUECHHE OJHOTO IUKJIA) MPeObIBaHMS MaTepHala B HArPY>KeHHOM COCTOSIHHHM, 4TO CKa-
3bIBAETCS HA €ro JIONroBe4HOCTH. [TOMHMO 3TOro, ¢ POCTOM YacCTOTHI LIMKJIOB HArPY3KH CKOPOCTH Ne(hOPMHUPOBAHHUS BO3pac-
TaeT, a BpeMs HapacTaHWs HalpsDKEHHUsS YMEHBIIAETCS, OAHOBPEMEHHO YBEIMYUBAIOTCA MCKaXKECHUS KPUCTAUIMYECKOH pe-
MIETKH 3a CUET COKPAIIEHUS BPEMEHU Pa3BUTHs MpoLEcca pa3ylnpouHeHHs. JlaHHbIH MpoIiecc COMPOBOXKAAETCS POCTOM HH-
TEHCUBHOCTHU JPOOJICHUS 3epeH Ha (PparMeHTH! U OJIOKK U UX Pa30pUEHTHPOBKOH. VICTIBITaHUS HAa NUKINYECKYIO TIPOYHOCTD
00pa31oB HCCIEAYEMbIX MaTepUaIOB IPOBOMIN IPH Pa3IMYHBIX YaCTOTaX M KOMHATHOH TeMIlepaType Mo CIEAyIOMNM CXe-
MaM Harpy»eHHsi: KOHCOJIbHbIA LUKINYECKUH MonepeyuHblid n3rud miockoro odpasia; KOHCOJIbHBII U3ri0 C BpalleHHEM LiH-
JHMHPUYECKOT0 00pasiia; 0ceBOe pacTsHKEHHE MO IylbcupyomeMy HMKTy. s aHaam3a M OLEHKH paboTOCIIOCOOHOCTH
U CTaOMJIBHOCTH HCIBITAHHBIX MAaTE€PUAJOB MPHMEHSIN KOIUYECTBEHHBIE OLIEHKHM MOKAa3aTelsl CONPOTUBIEHUS YCTalOCTU
B BUJI¢ TaHTCHCA HAKJIOHA JIEBOW BETBU KPUBOH YCTaJOCTH K OCH LUKJIOB. [l 06pabOTKH IOJIy4EeHHBIX Pe3yJIbTaTOB BOC-
MOB30BATNCH METOJAMH MaTeMaTHIECKON CTaTUCTUKH. | 'padudecKkre 3aBHCHMOCTH KPHUBBIX YCTAJIOCTH CTPOWIHN B JIOTapUd-
MHYECKHX KOOPAMWHATAX, YTO MO3BOJIMIIO MOTYYHTh CHPSIMICHHE allIPOKCUMUPYIOINX JUHUH SKCIIEPUMEHTAIbHbBIX JaHHBIX.
B xone uccnenoBaHuii yCTaHOBJIEHO: YacTOTa HArpy>KEHHs MMEET HEOJHO3HAUYHOE BIMSIHUEC HAa COIPOTUBIICHHE YCTaJIOCTU
U3-32 Pa3Inuuil MaTepuanoB B CBOEH peakiMu Ha M3MEHEHHE CIIEKTpa HAarpy3oK B pa3sHbIX 30HaX yCTalIOCTHOIO Mpolecca,
HO IIPU 3TOM OOHapY>KEHO, ITO MOBHIIICHHE YCTAIOCTHOH MPOYHOCTH NPUBOAUT K YMEHBIICHHUIO HAKIIOHA KPUBOH yCTalIOCTH
HE3aBHCHMO OT CHIDKCHUSI MIIM yBEJIMUECHUSI YaCTOTHI Harpy3kH. [IpeioxkeH HOBBIN MOAXOJ K OIEHKE MUKINIECKOH MPOYHO-
CTH U JOJNTOBEYHOCTH MaTEePUalIOB, KOTOPBI BKIIIOUAeT B ceOs CHCTEMY MapaMeTpoB U3 OTHOCHTEIBHOTO KOd(dHIleHTa
OTPaHNYCHHOHN BBIHOCIUBOCTH, KO3 (UINEHTa KOPPEISIMY U TaHTeHca HAKIOHA KpruBoi yctanoctn. O603HaueHa THHAMUKA
TMOBEICHUS PE€AJIbHBIX ﬂeTaJ’[el‘r’I MaIllvH U KOHCprKuHﬁ, U3TOTOBJICHHBIX U3 3THUX CIUIABOB, B YCJIOBUAX JKCILTyaTalluH.

KnwueBbie ciaoBa: gyacrora IUKJIOB HAarpyKCHusd, CONPOTHUBIICHUE YCTAJIOCTU, HNPOYHOCTb, NOJIIOBEYHOCTD, CcTaOMIIBHOCTD
IMMOBE€ICHUSA, KOHCTPYKIIMOHHAA CTaJlb, TUTAHOBBIN CILJIaB
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Influence of Loading Frequency on Fatigue of Construction Materials
V. V. Mylnikov"

YNizhny Novgorod State University of Architecture and Civil Engineering (Nizhny Novgorod, Russian Federation)

Abstract. Investigations have been carried out in respect of structural steel and titanium alloy fatigue at various cyclic lo-
ading frequencies and these investigations have made it possible to reveal regularities in changes of parameters pertaining to
fatigue resistance and stability behaviour of the tested materials. A change in cyclic loading frequency affects duration of
a single (during one cycle) stay of the material in the loaded state and it has an impact on its durability. In addition, with an
increase in frequency of load cycles, deformation rate becomes higher, and stress build-up time is decreasing, while distortion
of a crystal lattice is increasing due to reduction of time for development of a weakening process. This process is accompanied
by an increase in intensity of grain crushing into fragments and blocks, and their disorientation. Tests on cyclic strength of the
studied material samples have been carried out at various frequencies and at a room temperature according to the following
loading schemes: cantilever cyclic transverse bending of a flat sample; cantilever bending with rotation of a cylindrical sample;
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axial tension on a pulsating cycle. Quantitative estimates of a fatigue resistance index in the form of slope tangent in a left
branch of the fatigue curve to a cycle axis have been used in order to analyze and evaluate performance and stability of the
tested materials. Methods for mathematical statistics have been applied to process the obtained results. Graphic dependences
of fatigue curves have been plotted in logarithmic coordinates that allowed to obtain straightening of approximating lines for
experimental data. The investigations have revealed that loading frequency has an ambiguous effect on fatigue resistance due
to some differences in materials in respect of their reaction to changes in a load spectrum within different areas of the fatigue
process, but at the same time it has been found that an increase in fatigue strength leads to a slope decrease in the fatigue
curve regardless of a decrease or an increase in a load frequency. The paper proposes a new approach to assess a cyclic
strength and durability of materials, and it comprises a system of parameters including a relative coefficient of limited endu-
rance, a correlation coefficient and a slope tangent of the fatigue curve. Behavior dynamics for real machine parts and struc-
tures made of these alloys under operating conditions has been indicated in the paper.

Keywords: frequency of loading cycles, fatigue resistance, strength, durability, stability of behavior, structural steel, titani-
um alloy

For citation: Mylnikov V. V. (2019) Influence of Loading Frequency on Fatigue of Construction Materials. Science

and Technology, 18 (5), 427-435. https://doi.org/10.21122/2227-1031-2019-18-5-427-435 (in Russian)

BBenenne

N3ydyeHne 3aKOHOMEPHOCTEH COMPOTUBICHUS
YCTaJIOCTH KOHCTPYKIIMOHHBIX MaTepHUANOB MMEET
MIEPBOCTETICHHOE 3HAYEHHUE MPH MPOTHO3UPOBAHUN
MPOYHOCTH, JOIATOBEYHOCTH U OCTATOYHOTO pecyp-
ca JieTaneil MallnH U KOHCTpyKiuil. Ha mpounoct-
HBIE MapaMeTPBl CIUIABOB MPH YCTAJIOCTHBIX UCIIBI-
TaHUAX BIHUAIOT MHOTHE (DAKTOPHI, TAKUE KAK TEM-
nepaTypa, aCMHMMETpHS Harpy>KeHHst, MacIITaOHbIH
3¢ eKT, YacToTa, LIEPOXOBATOCTh IOBEPXHOCTH,
KOHLEHTpanusa HanpspkeHud u T. O. [lpu stom
KOKABIHA (PaKTOp MOXKET HCHBITHIBATH KOMILIEKC-
HOE B3aWMOJICUCTBUE JENUCTBYIOIIMX OJITHOBPEMEH-
HO C HUM JIpyTHX (PaKTOpOB, KOTOpPHIE MOTYT Kak
YCHJINBATh €r0 JEeHCTBHE, TaK M OCIa0JATh WA
BOOOIIE WCKIIOYaTh €ro BIMSHWE Ha pa3BUTHE
npoiecca mnoBpexaeHuil. IIpu TmaTeapHOM H3y-
YEeHNH XapaKTePUCTHK W3MEHEHHs ITOKazaTesen
CONPOTHUBIICHHUS YCTAJIOCTH C OJHOBPEMEHHBIM Y4e-
TOM BceX (pakTOpOB M Pa3IMUYHBIX CXEM Harpy-
JKEHUH BO3HHMKAIOT 3HAYUTENbHBIE TPYAHOCTH,
MOSTOMY JAaHHBIH Tpolecc yaoOHee pa30OUTh Ha
9KCIEPUMEHTABHO-TEOPETUIECKOE H3YUYEeHHE OT-
nenbHBIX (hakTopoB. B cTaree mccnenoBancs ¢ax-
TOP 4aCTOTHI HUKIMYECKOTO HArPY>KEHHS HA MPOY-
HOCTh U JIOJITOBEYHOCTh LIMPOKO HCHOIb3YEMBIX
KOHCTPYKITHOHHBIX MaT€pPHAaJIOB.

PacripoctpaneHo MHeHHE HEKOTOPBIX HCCIIEO0-
BaTeNel, 9TO YacTOTa ITUKJIOB HArpy3KH IpH HOP-
MaJbHBIX yCIIOBHSIX HE OKa3bIBAET CYIIECTBEHHOTO
BJIMSIHHSI HA COTIPOTHBJICHHE YCTAIOCTH METaJIOB
u craBos [1, 2]. pyras rpymnmna y4eHsIX mpuaep-
JKUBAETCSI MHEHHS, YTO YBEJIHMYEHHE YacTOTHI
Harpy>kKeHUs] HEU3MEHHO MPHUBOJMT K MOBBIIICHHIO
nuKInyeckon npounoctu [3-5]. Kpome Toro, us-
MEHEHHE 4YacTOThl LHUKIUYECKOTO Harpy>KeHHs
BJIMSCT HA MPOAOJKUTEIBHOCTE Pa3oBoro (B Tede-
HHUE OJTHOTO IIMKJIa) MpeObIBaHUs MaTepuaia B Ha-
IPY’KEHHOM COCTOSIHUM, YTO OTpa)KacTcsl Ha JOJ-
roBeyHocTd [6]. Bo3pacTanue 4yacTOTBl Harpysku
MPUBOAUT K POCTY CKOPOCTH naehOopMHUpOBaHUS
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MaTepHaia, IpU TOM BpeMs HapacTaHWs Hamps-
KEHUSl YMEHBIIAETCs, OAHOBPEMEHHO BO3pacTaloT
HCK)KEHUSI KPUCTAJUTMIECKON PELIETKH 3a CUeT CO-
KpallleHUs BpEeMEHH Pa3BUTHUS IPoLiecca Pa3ynpoy-
HeHud. [JaHHBIN npouecc conpoBOXAAETCS POCTOM
WHTEHCUBHOCTH JAPOOJICHHsI 3epeH Ha (pparMeHThI
u OJOKH M uX pazopueHTUpoBKo. [lapuc [7], uc-
CIICIOBABIINH HEKOTOPBIE YacTOTHI B HHTEpBAJC
Mexay 4 u 100 ', cnenan 3akiar0deHue, YTo CKO-
POCTh IIMKIMYECKOTO HArPY>KEHUsI IMEeT He3HAUH-
TENBbHOE BIMSHUE HA POCT YCTAIOCTHOW TPEIINHBI
B YMEPEHHBIX YCIOBHUSIX BHEIIHEH Cpeabl, HO JAPY-
rue uccnenoBanus (Schijive), HaoOopoT, yKa3bI-
BAalOT HAa YCKOPEHHE pocTa IIPU YMEHBLICHUH
gacToTel. 13 3TOrO Cliemyer, 4TO 4acToTa Harpy-
KEHUsI UMEET HEOIHO3HAYHOE BIIMSHME Ha COINpO-
TUBJIGHUE YCTAJOCTH M3-32 Pa3jIM4uil MaTepHaioB
B CBOEH pEeaKkUMU Ha U3MEHEHHE CIEKTpa Harpy30K
B pPa3HBIX 30HAX yCTAJIOCTHOTO mporecca [§—10].

Takum 00pa3oM, aHaNW3 POCCHHCKHX W HHO-
CTpaHHBIX MYOJMKAIMHA MOKa3bIBaeT, YTO OJHO-
3HAYHOTO ITOHUMAaHHs OCOOEHHOCTEH BIIMSHUS
(akTOpa 4acTOTHl LIMKJIOB Ha YCTalOCTh Ha JaH-
HBII MOMEHT He cymecTByeT [10].

Pe3ynbraTel nccienoBaHui Ha YCTaJOCTb, W3-
JaHHbIC B BHJIE HAay4YHBIX CTaTel W MOHOTpadui,
KacaloTcst B OOJBIICH CTETIEHH BHICOKOYACTOTHBIX
CIEKTPOB HArpy>K€HHs M Yallleé BCEro TeX 4acToT,
IpU KOTOPBIX MPOSABISIFOTCS BHOpPALMM Y3J0B H
JeTayell pa3auYHbeIX ManiuH. OTHAKO O4YEeHb 4acTo
JeTajad MAllUH U 3JIEMEHTbl KOHCTPYKLUH, HaIIpH-
Mep NpeIoXpaHUTeNbHbIC MEMOpaHbI, KOJIOHHAS U
TEII00OMEHHas anmnapaTypa, MPOKaTHbIE CTaHbI,
MPEUMYIIECTBEHHO HCIIOJIB3YEMbIE B MeETaJLIyp-
TMYECKOM M XHMHUYECKOM MAalIMHOCTPOCHUH, pa-
00TaOT UIMTENFHOE BpeMs C BECbMa HU3KOM
4acTOTON HarpyxeHus — a0 5,0 I'u. DTot cnektp
Harpy>KeHUsl SIBJISICTCSI MAJIOM3YYEHHBIM BBHY OOJb-
IOW NPOAOJDKUTEIBHOCTH WCHBITaHUA. Tak, Uit
JIOCTIKEHHS HapaOOTKU OIHOTO oOpaslia cpaBHU-
TenbHOM 6aspl 10° uKiIoB mpu wactore 2 'y yxo-
muT 139 4 HenpephIBHOM pabOTHl YCTAaHOBKH.
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OObIYHO TIpU pacueTax ACHCTBUTEIBHBIX 3ara-
COB IIMKJIMYECKOW MPOYHOCTHU IIPENesbl BHIHOCIIU-
BOCTH CIIJIABOB BBIOMPAIOT IO 3HAYEHUSIM U3 Me-
TIIYPrUUeCKUX CIPAaBOYHHMKOB, IIOIYYEHHBIX B
OCHOBHOM TIpW BpAIllCHUW C H3TUOOM 00pasioB
Ha CcTaHzapTHOW Oa3e WCMBITAHWA MNpU YacTo-
tax 50,0 I'm u Gomee (mo 166,7 I'm). [ToaTomy mmst
pacuera JEeHCTBUTENBHBIX 3alacoB YCTaJOCTHOM
IPOYHOCTH B YCJIOBHUSAX HH3KOYACTOTHBIX [Uaria-
30HOB OJKCIUTyaTallud JeTajeld HeoOXOJMMO BBO-
UTHh TIOTIPABOYHBI KOX(P(QUIMEHT Ha BIHSHHAC
YacTOTHl IMKIOB. V3/10)KeHHOE [O0Ka3bIBaeT IIO-
TpeOHOCTh B TNPOBEACHUH HCCIEIOBAHUN ycCTa-
JIOCTHOM HPOYHOCTH KOHCTPYKLUMOHHBIX MaTepHa-
JIOB B mpexaenax oT mosied repry mo 5,0 I'm, dro
U SBWJIOCH MOTHBALMEH U1 MPOBEINCHUS HACTOS-
IIET0 MCCIIENOBAHMS C IENbI0 OMpeAeNeHHs BINA-
HUsI 9acTOTBhI HAarpy>KEHHsl U CXEMbl Harpy3ku Ha
JUHAMUKY W3MEHEHUs IoKa3areiell CONpOTHUBIIC-
HUSI YCTAIOCTH M CTAaOMJIBHOCTU TOBEACHHUS KOH-
CTPYKLMOHHBIX MAaTE€pHajoB B COMOCTABICHUH C
JAHHBIMU, TIOJYYEHHBIMH IIPH HCHBITAHUSAX W3
CTaHJAPTHOTO JHAaIla30Ha YacTOT.

MaTepna.nbl U METOAbI HCCJICAOBAHUA

B kauectBe MarepuanoB AJsl HMCCIICAOBaHMI
ObUIM BBIOpAHBI HCIIOIb3yEMbIE B MALIMHO- U aBUA-
CTPOCHHUH CIUIaBhI, NPEACTABICHHBIE B TaOm. 1.
Taxk, Harpumep, ctanu 40 u 40X Hanu MHUPOKOe
IPUMEHEHHUE [T U3TOTOBJICHUS BAJIOB U IIECTEPECH
B y3J1ax MalllMH ¥ amlmnaparoB, paboTaloOUIUX C HU3-
KOH 9acTOTOH IUKJIOB, C YIETOM Yero ObLI BRIOpaH
CHEKTp HArpyKeHHsi B IPEICTaBICHHOM HCCIIe-
noanuu. TutanoBbii cmmaB OT-4-1 u crans

30XT'CH2A dyacTo HUCHONB3YIOTCS B aBHACTpOE-
HUU. B yacTHOCTH, HA aBUAIIMOHHBIX IPEANPUATU-
ssx Huxknero HoBropoma M3roTaBiuMBarOT pblyaru
maccu camoneta u3 craan 30XI'CH2A, pabotaro-
e py yacToTax Harpyxeunus ot 0,17 I'm.

Tabauya 1
Hccaenyemble CILIaBbI M BHIbI HATPY:KeHHS

Investigated alloys and types of loading

Crnas LII/I;({IIa(f;(:g? I'o Hpeﬂzz,lﬁcli‘[{: o HCHEII;;IHI/M
2,00 920
Cramp 40X 2,70 920
100,00 920
2,00 780
Crais 40 2,70 780 KUBLO
46,70 780
1,00 722
OT-4-1 37,00 722
0,17 1800
0,17 1280
Crab 40,00 1800 OPIIL
30XTCH2A 40,00 1280
3,33 1500 IO
50,00 1500
Hpumeuyanue. KMBLIO — KOHCONBHBINA WU3rHO Bpallaro-
mierocst nuMHApudeckoro obpasua; OPIIL] — oceBoe pacts-
XKeHue 1o nynscupytomemy muxiay; KIITUIIO — xoncoms-
HBIH [UKIMYECKAHN MTOTIEPEYHBIH N3THO INIOCKOTO 00pasia.

HcnbiTanust 00pa3loB Ha yCTalOCTh MPOBOIM-
M 1pu KoMHaTHOH TeMnepatrype 20 °C no pexu-
MaM HarpyeHHusl, ToKa3aHHBIM Ha pHcC. 1.

a b c
1 P
e A P=PzP, P
VT T !
P P
I
M=+PI P=P +P,
(o) a & =
/N N/
\/ t ol Q\/ t 0;\\://: \V/t
Ll A
I e
$

min

©

Puc. 1. Cxemarnueckoe H306pa}KeHHe BUJIOB HArpyXCHUA 06pa3u03 IIpU yCTAJIOCTHBIX UCHBbITAHUAX!
a — KOHCOJIbHBIN M3TH0 Bpalmaromerocs NUIMHAPUICCKOIo 06pa3l_[a;
b — KOHCOJIbHBIH L[I/IKJII/I‘{CCKI/Iﬁ nonepe‘{Hmﬁ H3TU0 IJI0CKOTO 06pa311a; C — 0CEBOC PACTAKECHUE T10 IIYJIbCUPYIOLICMY ITUKITY

Fig. 1. Schematic representation of loading types for specimens during fatigue tests:
a — cantilever bending of rotating cylindrical specimen;
b — cantilever cyclic transverse bending of flat specimen; ¢ — axial extension in pulsating cycle
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C menpro aHaJIM3a M OIEHKH pabOTOCIIOCOOHO-
CTH W CTaOWIBHOCTH WCIBITAHHBIX MaTepHajioB
MIPUMEHSITH TTapaMeTPhI, TPUBEICHHBIC HIKE.

JIsT KOJMWYEeCTBEHHON OIICHKH HCIIOJIb30BaIN
3HAYCHHS TIOKA3aTElNsl COMPOTHBIICHHUS YCTATIOCTH
B BUJIC HAKJIOHA KPUBON yCTaNoCTH tgo.,, K OCH KO-
JIMYSCTBA ITUKIIOB NV

tga, =180 (1)
dlgN

re G — UUKINYECKOe HamnpshKeHue;, N — Komde-
CTBO LIMKJIOB.

B [11] otmedeHO, uTO YeM OOJIbIIIE TTOBPEXKIa-
€MOCTh MaTepHajia B YCJIOBHAX LHKIUYECKOTO
Harpy>keHusi, TeM Kpyde TpapuK 3aBUCUMOCTH KO-
JMYECTBA IUKJIOB OT MPUKJIAJABIBAEMOT0 HarmpsiKe-
Hus. [lokazaTeneM MoJOOHBIX M3MEHEHUH MPUHAT
TAHTEHC yTJIa MEXIYy OChIO aOCINCC U ammpOKCH-
MalMOHHOM JNHHHMEH yctamoctu — tga,,. dusndye-
CKHU CMBICH tgol, PacCKphIBACTCS B TOM, UTO BEIIU-
YHHA MPOTHBOJIEKAIIETO KaTeTa B paccMaTpHBae-
MOM cilyyae TNpeACTaBIseT coOOi HampshKeHHe,
MpH KOTOPOM paboTan Marepual, a MIpuiexKale-
ro — KOJWYECTBO IIMKIIOB, KOTOPOE BBIIEpXKAIN
0o0pasmpl ToJ HArpy3KoH 10 paspymieHus. 3Hast
YaCTOTYy HArpy)XCHHUs, HECJIOKHO OIPEICIUTh
BpeMsI HaXOXXIICHUS IOJ] Harpy3kod (HapaboTKy).
Takum 00pa3oM, HaKIIOH tgol, MOKa3bIBACT IMHA-
MUKy HaKOIUICHHS KOJIWYECTBA IUKIIOB HArpyKe-
HUS TIPU U3MEHEHHH HArpy3KH, T. €. 4YeM IOJIOXKe
HAKJIOH KPHBOW YCTAaJIOCTH — MEHBIIE tgal,, TEM
JTOJIBbIIIe paboTaeT MaTepuall (IOJITOBEYHOCTh YBe-
JUYMBAETCS) TPYW HE3HAYUTEIHFHOM CHHKCHHU
HanpsokeHusi. W HaoOopor, yem Kpydye HaKIOH
KPUBOM YCTalIOCTH, TeM OOIbIIe 3HAYCHUE tgal,, U
MEHBIIIE JOJITOBEYHOCTH 00pa3iia WilK JeTallu.

[TockonbKy tgo, HAPSIMYIO CBS3aH C TUHAMHU-
KOH HaKOIUJICHHS MOBPEKACHUN B MPOIECCE IUK-
JIUYECKOTO HArPYKEHUS U C TMOCICAYIONINM pa3-
pymenuem oOpasiia, B TaHHOW CTaThe 3TOT Iapa-
METp UCIOIB30BAICS B KAueCTBE MPOYHOCTHOU
XapaKTePUCTUKH UCCIICyEMOT0 MaTepuara.

Jns  00paboTKM TONYYEHHBIX pPe3yJbTaTOB
MIPUMEHSIT METOBl MATEMAaTHYECKOW CTATHUCTUKH.
C uenpio CHpsSMIICHHS AlPOKCUMUPYIONINX JIH-
HUH 9KCIEPUMEHTAIBHBIX JaHHBIX IS MOCTPOE-
HUSl KPUBOW YCTaJOCTH MCIIOJIb30BaIM Jiorapud-
MHUYECKHe KOOPANHATHI B ypaBHEeHUH [11]

lgo=(Igo), —tga, IgN, 2

IIe O — HaNpsDKeHHE TPU JOCTH)KEHHWH COOTBET-
cTByIOIEro N; G, — Hanpspkerne mpu N = 1, otce-
KaeMoe JIMHUEW KpuBOH yctanoctu; N — KoiIude-
CTBO IIMKJIOB HAarpy>KeHHUS O pa3pymieHus (Ioiro-
BEYHOCTD).
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3nauenue (1go)y BEIUUCIISIIN 110 hopMyJie

(lgoy), =lgo—xylg N, 3)

rae lgo, Ig N — cpennue 3nadyeHus mo norapud-
MaM HamnpsHDKCHHUS U KOJUYECTBA IUKIIOB, KOTOPBIC
OTIPEIEIISUIN CIIEAYIOINM 00pa3oM:

2o = Zlg" g N = ZlgN )

[oncrasmnsis (4) B (3), momyunm:

), = ZlgG_KlegN
n

(lgGO 0

)

Hucnepcuro 1o lgo u 1gN onpenensin mo Bbl-
pPaKECHHAM:

Sx = SlgN* - (ZlgN) . ©

n—1

5 _Zlgc (Zlgc)

o=
¢ n—1

(D

rae S, s Sige— AUCIEPCHS MO KOINYECTBY LHKIIOB

gC
Y TI0 HAIPSDKEHUIO; 71 — YHCIO SKCIEPUMEHTAb-
HBIX JIAaHHBIX.

s onpeneneHus ko3 uIueHTa KOppesium
WCTIOJIb30BAI YPaBHEHHE

KﬁSIgN

=—c ®)

KOp
Slgcs

rae Kg — KooQQUIMEHT PErpeccuu, KOTOPhIH ompe-
J€NAEeT HaKJIOH KPHBOM YCTaJOCTH, Kp = tgoL,,.

Kosdduument xoppensumu K, oToOpaxka-
eT CTeNeHb CXOJMMOCTH IOCTPOCHHOTO rpaduka
KPHUBOH YCTAJIOCTH C TOJyYEHHBIMH pe3yJbTaTaMU
9KCIEPUMEHTA, KOTOPBI NPUMEHWIN KaK IOoKa3a-
TEeNb CTENEeHU CTAaOMIBHOCTH MOBEACHUS HCCIen0-
BaHHBIX CIJIABOB.

Jnisi  CpaBHUTENBHOM OLIGHKM MPOYHOCTHBIX
XapaKTEpUCTHK  Ha TpeOyemoii 0a3e wucHbITa-
Huit (N = 10° 1uK/I0B) GBI BBEICH OTHOCHTEIIb-
HBIH KO3()(UIHEHT OrpaHMYCHHOW BBIHOCIHBO-
CTH ¥, BBIYUCIISIEMBIH 110 opMyIIe

g = ©)

GB

6
TIIE€ On=10 — Hal'[p}DKCHI/Ie COOTBETCTBYIOILIEE JOJI-
roseunoctu N = 10° ko, Ml]a.
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IIpuHATEIT KO3PGUIIMEHT OTPaHUICHHON BHI-
HOCITUBOCTH Y TO3BOJISIET IMPOW3BOANTH CpPaBHU-
TENTbHYIO OIIEHKY OTHOCHTEIHHO MaKCHMAalIbHBIX
MPOYHOCTHBIX XapPaKTEPUCTUK (TpeAes MPOYHO-
CTH O,) KaK OJIHOTO MaTepuaia MpH Pa3HbIX CIIEK-
Tpax HaArpy>XeHUs, TaK W CPaBHHUBATH Pa3IMYHbIC
MaTepHaibl 0e3 KaKUX-THOO CIIOXKHBIX pPacyeTOB.
Uem oH Ommke K €IWHUIIE, TEM BBIIIE yCTaJIOCT-
HBIE XapaKTePUCTHKH HCCIEeIyeMOTro MaTepuana —
MOBPEKIaEMOCTh MEHBIIIE U BBIIIE pabOTOCIIOCO0-
HOCTB 3TOTO MaTepuaia Ipyu MPUOIKEHNH K Tpe-
JIETTLHBIM Harpy3Kam (o).

YuuTtbiBass KOHCTPYKIIMOHHBIE OCOOCHHOCTH
UCTIOJB3yEeMBIX YCTAaHOBOK JIIi WCIBITAHUH Ha
ycranocte M pexkomenpauuun ['OCT 25.502-79
«PacueTpl 1 uCIBITAaHKUS HA MTPOYHOCTH B MAIIIUHO-
CTpoeHUH. MeToIbl MEXaHWYECKUX WCIBITAHUN
METauIoB. METOJbl HCIBITAHUI HAa YCTalIOCThbY,
JUTSL WCCTIEIOBAaHWA OBLTH HM3TOTOBJIIEHBI IIIOCKHE
U IIHHIPUYECKUE 00pa3Isl HEOOBINX pa3Me-
pOB, m300pakeHHBIC Ha pHC. 2.

a
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b
) 06 10
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Puc. 2. Dckuzbl 00pa3noB: a — MWIMHAPHIECKHIT 0Opazerr:
@D =5 mm; @D, =8 Mm; R =5 mm; [ =30 mym;
b — mrockwit obpazert: 1 =3 Mm

Fig. 2. Specimen sketches: a — cylindrical specimen:
@D =5mm; D, =8 mm; R =5 mm; /=30 mm;
b — flat sample: 4 =3 mm

Pe3yabTarhl ncciiegoBanmnii

Cranp mapku 40X, moaBepruyTas UCIBITAHUAM
OpU TPeX YacTOTax 3HAKOINEPEMEHHOrO Harpyxe-
HUs (), TIOKa3ana pocT YCTaJOCTHON MPOYHOCTH
¢ yBenmdeHneM ® (puc. 3). 3mech HEOOXOIUMO
OTMETHTB, uTo Tipu ® = 2,7 I'1t (puc. 3, xpuBas 2)
B 30HE HHM3KHX BEJIMYHH [IOJTOBEYHOCTH N 3Ta
CTallb TOKAa3bIBACT YBEIWYCHHYIO IMKINYECKYIO
MPOYHOCTh IO CPaBHEHHIO C OKCIEPHUMEHTAMH,
nosryaeHHBIMU TIpu o = 2,0 I'x (puc. 3, kpuBas 1).
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Puc. 3. Kpussle ycranoctu cramu 40X s o, ['m:
1-2,0;2-2,7;3-100,0

Fig. 3. Fatigue curves of 40X-steel for o, Hz:
1-2.0;2-2.7;3-100.0

OpHako 3a CYET YBEIWYCHHS YIia HaKJIO-
Ha KpHUBas yCTaJOCTH OIMyCKaeTcs HWXKe, U Ha Oa-
3e N = 10° LIMKJIOB HAOJIONAIOTCA MEHBIINE 3HA-
YeHUS BEJIWYUH OTPAaHWYEHHBIX JOJTOBEYHO-
ctelt (Ny = 27 ry < Ny = 20 ry)- PaboTocniocoGHOCTH
cranmu 40X 3HAYUTENBHO BO3pAcCTacT MpPU O =
= 100,0 I'u (puc. 3, kpuBas 3), 4yTO BBIpaXKAETCS
B CYIIECTBEHHOM HapallMBaHWW KOJMYECTBA ILIHK-
JIOB JI0 pa3pyUIeHHs IPU HE3HAYUTENbHBIX CHUKE-
HUSX HANpPsDKCHUN W TPOSBISICTCS B YMEHBIIIC-
HAW HakioHa tga,, mo 0,1337. Takoe moBeneHUe
MaTepraiga MO3BOJSET XapaKTepH30BaTh 3aJaH-
HBIE YCIIOBUSl LUKIMYEecKoi pabotel cramu 40X
KaKk HanboJiee ONTHMaJbHBIE M3 COMOCTaBICHHBIX
Ha puc. 3 (I HUX YpaBHEHHUS KPUBBIX yCTAIOCTH:
1 —1go =2,65—-0,2655IgN; Ky, = 0,901; 2 —Igo =
=297 - 0,3293IgN; Ky = 0,8956; 3 —lgo =
= 2,297 — 0,13371gN; Kyop = 0,9411). Takum 06-
pa3oM, MOXXHO IMpearnojiaraT, 4T0 B YCIOBHSIX
AKCIUTyaTallid PEaNbHBIX JeTallell MalluH U KOH-
CTPYKIHH, W3rOTOBICHHBIX 3 cranu 40X, cHu-
KEHHE YacTOTHl IHMKJIMYSCKOTO HATPYKEHUS, CO-
MPOBOXKIIAEMOE YBEIMUYEHUEM JTUTCIIEHOCTH WX
NpeObIBaHMsI B HATPY>KEHHOM COCTOSIHHH, OyIeT
YMEHBIIIATh UX OCTATOYHEIN pecypc.

Pe3ynbTaTel 3KCIEpUMEHTOB cTanmu Mapku 40,
MIPOWLTIOCTPUPOBAHHEIE HA pHC. 4 (U1 HUX ypaB-
HEHHMsA KpUBBIX ycramoctu: 1 — lgo = 2,244 —
— 0,08771gN; Kiop = 0,779; 2 — 1go = 2,4275 —
— 0,13111gN; Kiop = 0,9977; 3 — 1go = 2,353 —
— 0,161gN; Kiop = 0,98), nokaspiBaloT NpOTUBOIIO-
JIO)KHYIO TEHICHIIWIO W3MEHEHUS IHKINIECKON
MIPOYHOCTH B cpaBHEHUM co cranbio 40X — poct
YaCTOTHI IWKJIOB HarpyXeHus () CHIKAET yCTa-
JIOCTHYIO TIPOYHOCTb.

[Ipn HuM3KWMX dYacToTax HarpyxeHus o 2,0
u 2,7 I'u (puc. 4, xkpussie 1, 2) B MaloOIMKIOBOI
obnactu HaOIIOMaeM paBHBIC BEIWYHHBI YCTa-
JIOCTHOH NMPOYHOCTH NMPH OJUHAKOBOW HapaboTKe.

431



Mawiunocmpoenue

1000
900

800
700 a 0 1
600

500
400 s

300

200

Hanpspkenne, MIMa

100
10° 10° 10° 10° 10’
KonnyecTtBo umknos N
Puc. 4. Kpussle ycranoctu ctanu 40 s o, '
1-2,0;2-2,7;3-46,7

Fig. 4. Fatigue curves of 40-steel for , Hz:
1-2.0;2-27;3-46.7

CHmxeHue Harpy3kK IpU HUCHBITAaHUSX MOCIHE-
OYIOUIMX 00pa3loB MOKAa3bIBaeT pa3iUuue B Ha-
KJIOHaX KPUBBIX yCTAJOCTH MPU Pa3HBIX HacTOTax
Harpy’>KeHUs W, COOTBETCTBEHHO, WMEIOT 3Hade-
Hus tgo, = 0,0877 mpu o = 2,0 I'm u tga,, = 0,1311
npu ® = 2,7 I'y, yto npuBoauT K pasnuiie B 50 MIla
BBIICP/KHBACMO# Harpysku Ha Oaze N = 10° muk-
noB. PaborococobnocTs cranu mMapku 40 mamaet
C YBEITMYEHHEM YacCTOTHI IUKIMYECKOTO HarpyKe-
Hus 1o 46,7 I'n (puc. 4, kpuBas 3), Ipu 3TOM HE
HAOI0JaeTCA CYNIECTBEHHOTO U3MEHEHHs TaHTEH-
ca yrijia HakJioHa KpuBOM ycranoctu tga,. [Ipupa-
IIEHHE JIOATOBEYHOCTH N TIpH YMEHBIIEHUHU
HaIpsUKEHUH HOCUT TIOXOXHM XapakTep ¢ pe3yib-
TaTaMH, NOJYYeHHBIMH IIpu ® = 2,7 I'l; pasnuune
HAOMI0OaeTcd B TPWIOKEHUH MEHBIIUX W3THO0-
HBIX MOMEHTOB B XOJI¢ DKCIIEpUMEHTA MPH HacTO-
te 46,7 I'. Insg ctamm 40 MOXHO TIPEATIONOKHUTS,
YTO CHIDKEHHE YacTOTHI HArpy>KEHHUs pealbHO-
ro 00BEKTa, COMPOBOKIAEMOE YBEIIMICHUEM [IJIH-
TETBHOCTH €r0 EeIWHOBPEMEHHOTO NpeOBhIBaHUS
MOJT HArpy3KO#, Oy/IeT yBeNInInBaTh €r0 OCTaTOY-
HBIN pecypc.

OKcrepuMeHTaNbHBIE PE3YIbTaThl 00pa3loB U3
BbIcOKOKauecTBeHHOU cTanu 30XT'CH2A c paznoit
MIPOYHOCTBHIO, MOJIBEPTHYTHIX HCIBITAHUAM IO pa3-
JUYHBIM CXEMaM [UKIMYECKOrO HarpyXeHus,
NpeACTaBieHbl Ha puc. 5 (A7 HUX YypaBHEHHS
KpuBbIX yctanoctu: 1 —lgo =4,0779 — 0,30101gN;
Kop = 0,9890; 2 — lgo = 3,9821 — 0,30101gN;
Kwop = 0,9795; 3 — Igo = 3,9239 — 0,2552IgN;
Kop = 0,9900; 4 — Igo = 3,7682 — 0,24661gN;
Kop = 0,9834; 5 — lgo = 3,3432 — 0,08723IgN;
Kiop = 0,8404).

Wcnbrranus cramu 30XI'CH2A BbIABUIM, YTO
npu yactore nukioB kak 0,17 I'u, Tak u 40,0 I' co-
MIPOTUBJICHNE YCTAJIOCTH CTaJIU C MPEAEIOM IpoU-
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HOCTH o, = 1800 MIla BeIme, yeM y oOpasIoB C
MOHWKEHHBIM TpenenoM o, = 1280 MlIla. Bmecte
C TeM YacToTa IUKJIOB HArpy>KeHHUs B WHTEpBaje
or 0,17 no 40,0 I't okaspiBaeT 0OoJiee CHILHOE
BIUSHUE HA TOKa3aTeld CONPOTHUBICHHS YCTaJo-
ctu cranu 30XT'CH2A ¢ o, = 1800 MI1a.
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Puc. 5. Kpussle ycranoctu 06pasioB u3 cramu 30XT'CH2A:
®=0,17Tu (1, 2) 1 40,0 I'n (3, 4) 1 cCOOTBETCTBYIOIINE
UM 1npenens! npoyroctu o, = 1800 (1, 3) u 1280 (2, 4) MIla;
5-®=50,0TIy, c,= 1500 MIla
Fig. 5. Fatigue curves of specimens made of 30XI"CH2A-steel:
o =0.17Hz (1, 2) and 40.0 Hz (3, 4) and corresponding
tensile strengths o, = 1800 (1, 3) and 1280 (2, 4) MPa;
5-®=50.0 Hz, 5, = 1500 MPa

B nenom cymecTBeHHBIX OTJIMYHN B COMPOTHB-
JICHUM YCTaJOCTH JAaHHOW CTalid, MOJABEPKEHHOU
UCTIBITAHUSIM TIPH OCEBOM PACTSHKEHUH T10 TYJIbCHU-
pyrolieMy LMKy, He HaOnromaerca. Tak, mpu ya-
crote HarpyxeHuss o = 40,0 I'n yrae! tgo,, moka-
3bIBAIOT HE3HAYMTEIbHOE pacxoxkIeHue: tgo,, =
= 0,2552 and cranu ¢ npeneaoM MpPOYHOCTH G, =
= 1800 MIlIa u tga,, = 0,2466 ¢ o, = 1280 Mlla,
amnpu o = 0,17 I'm BooOIe HAOMOTAECTCS pPaBEeH-
CTBO, YTO XapaKTEepPU3yeT MaTepHuasl ONPeeICHHOM
YCTOWYMBOCTBIO K BOCHPUATHIO LUKIMYECKHX
Harpy3oK II0 JKeCTKOH cxeme Harpy:xeHus. Cyiue-
CTBEHHBIC OTJIMYHMS OT PACCMOTPEHHBIX DKCIIe-
PUMEHTOB OOHAPY)KHMBAIOTCA IPH CMEHE BUAA HC-
NBITAHUKA Ha HCIBITAaHUSA 1O cXeMe JedopMaluu
MTONIEPEYHOTO M3rubda IUIOCKMX 00pasloB, Tep-
M00OpabOTaHHBIX HA KaTETOPHIO MPOYHOCTH O, =
= 1500 MlIla. HaGmomaercst 3HAYUTETHLHOE YMEHB-
LIEHNE HAaKJIOHA KPUBBIX ycTajocTy ¢ tga,, = 0,301
mpu ® = 0,17 ' ans oOpasuos ¢ o, = 1800 Mlla
u o, = 1280 Mlla (puc. 5) mo tga, = 0,15051
mpu ® = 3,33 I'm ¢ o, = 1500 MIIa (puc. 6, kpu-
Bast 3). AHaJOTHYHAs TMHAMHUKA U3MEHEHUS ITOKa-
3aTesiell CONPOTUBIICHUS] YCTAJOCTH IPOCIIEKHBA-
eTcs U Ipu 0osiee BBICOKMX 4acTOTaX LIUKIMYECKO-
ro Harpyxenus (40,0 u 50,0 I'y), mpu 3TOM 0OHa-
PYXEH pOCT LMKIMYECKOW IPOYHOCTH Ha Oasze
N = 10° muknos B 1,5-2 pasa. Heo6xommumo oTme-
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TUTh, YTO HE3aBUCUMO OT BUJIa HCIILITAHUN CTallb
30XI'CH2A 1moKka3pIBaeT yBEIMYCHUE ITUKIIAYE-
CKOH MPOYHOCTH C pocToM ® (puc. 5, 6, kpuBas 3)
¥ B OTOM IIJIaHEe OHA BEJIeT ce0sl aHAIOTUYIHO CTaJIN
mapku 40X, mo3ToMy HOpeArnoyioKeHHe 00 ycio-
BUSX OKCIUTyaTallidl peajbHBIX [eTalleid MallnH
Y KOHCTPYKIIUH, U3JI0)KEHHOE BHIIIC B OTHOIICHUU
cramn 40X, TPUMEHUMO M IJII BBICOKOIIPOYHOM
cranmu 30XT'CH2A.
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Puc. 6. Kpussle ycranoctn 06pasioB uist o, ['m:
u3 TuTaHoBoro crasa OT-4-1:
1-37,0;2—1,0 u cramu 30XI'"CH2A: 3 - 3,33

Fig. 6. Fatigue curves of specimens for ®, Hz:
from OT-4-1-titanium alloy:
1-37.0;2 - 1.0 and 30XT'CH2A-steel: 3 —3.33

C pocToM 4acTOTHI Harpy3KH MPH UCTIBITAHUIX
ob6pasnoB n3 tutaHoBoro cruraBa OT-4-1 wabro-
JaJIOCh YXYALICHWE CONPOTUBICHUS YCTAIOCTH,
ToKa3arenb tgo,, KOJMMIECTBEHHO Bo3pacTaeT (puc. 6:
ypaBHEHHSI KpUBBIX ycTanoct: 1 —lgo = 3,5866 —
— 0,22191gN; Kiop = 0,9799; 2 — Igo = 3,2607 —
— 0,14611gN; Kiop = 0,9899; 3 — Igo = 3,4446 —
— 0,150511gN; Kiop = 0,9994). Onnaxo Oonee kpy-
TOM HaKJIOH KpuBOH ycrajoctd mpu o = 37,0 I'n
HE CKa3blBAaeTCi Ha BEIMYMHAX OTPAHUYEHHBIX
MKIIOB ycTanoctd Ha 6aze N = 10° qukioB — uk-
JMyecKasi IPOYHOCTh oauHakosa. [lono6Hoe noBe-
nenune crutaBa OT-4-1 cpaBHUMO C pe3yibTaTaMu
ucnbiTanuil cranu 40X B 00J1aCTH HU3KUX 4acTOT
HarpyxeHus (puc. 3, kpusble 1, 2) B 3epKalbHOM
oToOpakeHnn. PaKkTUYECKH MBI HaOIIOTaeM TIPO-
TUBOIIOJIOKHYIO KapTHHY W3MEHEHHUS MOKa3aTess
COIIPOTHUBIICHUS YCTAJIOCTH B CPABHEHMU C PHC. 3.

Takum 00pa3oM, UcCIeIOBaHUs MPEICTABIICH-
HOHW TPyMITbl IIUPOKOUCTIONB3YEMbIX KOHCTPYKLH-
OHHBIX MaTEepPHaJIOB IOKAa3alM, YTO BCE HCIBITAH-
Hble KOHCTPYKUHMOHHBIE CTald W CIUIABBI TaKXKe
[IONAAal0T B JABE TPYMIbI, ONpPEIEICHHbIE HaMHU
paHee: B OJHOM CIIy4ae ¢ pOCTOM YacTOTHI LIUKJIOB
Harpy»keHus o yJIy4IlaeTcs COIPOTHBIEHUE yCTa-
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JIOCTH CIUIABOB — MOKa3aTelb tgol,, KOIMYECTBEHHO
cumxkaetcs (ctamu 40X, 30XI"CH2A, TUTaHOBBIH
criaB OT 4-1), B apyroM — HA000POT, YXYIIIAETCSI
(cranb 40, Tutanossrii crutas OT 4-1).

3aKOHOMEPHOCTH NMPOYHOCTHBIX
XapPaKTePUCTHK U CTA0WILHOCTH
NOBe/eHNsI CIUIABOB

B pamkax mpeacTaBieHHOTO MOAXO0Aa MPEAIo-
JlaraeTcsl aTTEeCTOBBIBATH HCCIICIOBAHHBIE MaTepU-
anpl MO JUHAMUKE JBOJIIOLMU TOKazareie tgo,,
Kwp 1 7. Cxema Ha3BaHHBIX IIaPaMETPOB B CO-
MMOCTABIIEHUH C AKCHEPUMEHTAIBFHBIMUA JTAHHBIMU
W TPOYHOCTHBIMH TIOKA3aTeNsIMU MPEJICTaBICHA
Ha puc. 7.

JlaHHas cucTeMa HapamMeTpoB IO3BOJIIET 00-
CTOSITEILHO OTOOpakaTh (PYHKITMOHAIBHBIE CBSI3H
1 3aKOHOMEPHOCTH IOBEACHUS MaTepHajoB MpHU
WCIIBITAHUSX HA YCTAJIOCTh C y4ETOM H3MEHEHUS
4acTOT HarpyXeHus (C yBETHYEHHWEM YacTOTHI
Harpy>KeHUs BpeMs TpeObIBaHUS TOJ| HATPy3KOH
YMEHBIIIAeTCsl, 4TO MokKazaHo Ha puc. 7). Ilo mHe-
HUIO aBTOpa, CUCTEMa JIaeT BO3MOXKHOCTH oOecrie-
YUTh LEIOCTHOCTh OMHCAHHUSA COBOKYIHOCTH IpO-
[IECCOB YNMPOYHEHHS-PA3yNIPOYHEHHS, HE YTIIyO-
JAACh B PAacCCMOTPEHHE TaKHMX CYIIECTBEHHBIX
MapaMeTpoB, Kak MOUCTOPCUS KPHUCTALTMIECKON
pEIIETKH, Pa30pUEeHTHPOBKA OJOKOB M 3€peH U
JpYyrux, KOTOpbIE B TOM WM UHOW Mepe CKa3blBa-
FOTCS Ha 3HAYEHUSIX UCTIOJB3yEeMbIX MTOKa3aTeeH.

ON =103

102 10® 10* 105 105 N

o/

Puc. 7. Cxematuueckoe H300paKeHUE CUCTEMBI TTIOKa3aTesei
OILICHKH ITOBE/ICHUS] MaTepPHaJIOB
IIPY UCIIBITAHUSX Ha YCTAJIOCTh

()

Fig. 7. Schematic representation of indicator system
for assessing behavior of materials
in fatigue tests

Pe3ynbpTaThl BBIYMCIEHUWN YyKa3aHHBIX Iapa-
METPOB 10 TOJYYEHHBIM O3KCIEPUMEHTAIHHBIM
JTAaHHBIM TIPECTABIICHBI B Ta0I. 2.
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Tabauya 2
Tloka3zaTesu CNJIABOB MPH PAa3HBIX YaCTOTAX HATPY:KEHHUS

Parameters of alloys at different loading frequencies

6
On=10 » K
Kxop X

Matepuan | o, ' tga,, MTla

20 | 02655 | 115 | 0901 | 0,125

Cranps 40X 2,7 0,3293 105 | 0,8956 | 0,114

100,0 | 0,1337 310 0,411 | 0,337

2,0 0,0877 540 0,779 | 0,700

Crais 40 2,7 0,1311 480 0,9977 | 0,610

46,7 0,16 250 0,98 | 0,320

1,0 | o,1461 | 240 [ 0,9899 | 0,230
OT-4-1

37,0 | 02219 | 240 |0,9799 | 0,230

Craib (6, =
1280 MIla)
30XT'"CH2A | 0,17 | 0,3010 235 0,9795 | 0,180

Craib (6, =
1800 MITa)
30XI'CH2A | 0,17 | 0,3010 275 0,9890 | 0,153

Craib (6, =
1280 MITa)
30XI'CH2A | 40,0 | 0,2466 200 | 0,9834 | 0,156

Cransb (o, =
1800 MTTa)
30XI'CH2A | 40,0 | 0,2552 265 | 0,9900 | 0,147

Crras 333 | 0,15051 | 360 | 0,9940 | 0,210

30XT'CH2A | 50,0 | 0,08723 | 635 | 0,8404 | 0,420

MaxkcumMasbHasi LUKIMYEeCKas MPOYHOCTh CTa-
mu 40X obnapyxuaetcs npu yactore 100 I'm, uro
KOJINYECTBEHHO BBIPAXKECHO B YBEJIWYECHUH 3Haue-
HUH Kiop U ¥, TIPH 3TOM tgOL,, 3AMETHO YMEHBIIAET-
Csl M0 OTHOUICHHWIO K pe3ysibTaTaM IPH HCIbITa-
HMSIX B auanasoHe Hu3kux dactor 2,0 m 2,7 T'n
U XapaKTepU3yeTCsl MOBBIIICHHEM JIOJITOBEYHOCTH
W CTOMKOCTH 3TOU CTaIH MOJ JEHCTBHEM LIUKIINYE-
ckux HampsbkeHuid. HaOmromaetcs yBennuenue
CTaOMIBPHOCTH TIOBeNeHUS cTanm Mapku 40X B 00-
JacTH TOBBIIEHHUS CKOPOCTH JAedopMupoBaHus,
YTO TOATBEPXKIACTCS YMEHbIIECHHEM pa3dpoca
9KCIEPUMEHTAIBHBIX JaHHBIX U YHCICHO BBIpaXke-
HO K03 durpenTom koppensunu K, = 0,9411.

UcnpiTanuss mpu HU3KUX YacTOTaxX LHKIMYeE-
CKOTO0 HArpyXeHHsl IOKa3bIBAlOT HEOJHO3HAYHOE
pacnpenesnieHue TNPOYHOCTH M JIOJITOBEYHOCTH.
Ilpu © = 2,7 I'm Marepuan BBIACPKUBAET CYIIIE-
CTBEHHO OOJbIIME HaNpsDKEHHUs, 4eM NP ® =
= 2,0 I'u mpu oaMHAKOBO#H Hapabotke B 10° 1uk-
noB, HO Ha Oase nomroseunoct 10° kodpdu-
IIMEHT ) OKAa3bIBACTCS HIXKE MU CONPOBOXKAACTCS
BBICOKMM 3Ha4e€HHEM tgo.,, YTO TOBOPHUT O OOJNBILEM
pasynpounenuu cranu 40X npu 4actoTe Harpyxe-
aHus 2,7 I'm. J{nsg 2Trx 9acToT HaOMIOmaeTcs cpe-
Hs1s1 CTAOMIIBHOCTD MOBEACHUS MaTepraa, KoTopast
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WACHTUQHUIUPYETCS OTHOCUTEIBHBIM  ITOCTOSH-
CTBOM pa30poca SKCIIEPUMEHTAIBHBIX JAaHHBIX U
BBIpQ)KE€HA MPAKTUYECKH OJUHAKOBBIM K03(hdu-
IUEHTOM KOPPEISIINH.

[IpencraBnenHple 4YWCICHHBIE 3HAYCHHS TI0
ctanmu 40 B Tabn. 2 mpu o = 2 ['m geMoOHCTPUPYIOT
BBICOKO€ 3HAa4YE€HHWE ), U OYEHb HU3KYI0 BEJINYH-
HY HaKJIOHa KpPUBOM yCTaJIOCTH tgo.,, HO MaJblii
MOKAa3aTeNb CTa0WIBHOCTH TIOBEACHHUS MaTepHha-
na Kp=-0,779 ykasblBaeT Ha HEIpPEACKasye-
MOCTh paboThl Marepuana. To ecTb HpU OJHOM
Y TOM K€ 3HAYEHUHU HAIPsDKEHUH MPH 3TOM 4acTo-
T€ pa3pyLIeHHE MOXET MPOU3OWTH JOCTATOYHO
ObICTPO, a MOXKET He mpom3oiitu BoBce. C Bo3pac-
TaHUEM YacTOTHl Harpy>KeHUs tgo.,, YUCIEHHO pac-
TeT, KOPPOUIMEHT Y CHIKACTCS — IMKINYecKas
MIPOYHOCTH MAJAET, HO NIPH ATOM HY>KHO OTMETUTH
O4YeHb OobIue 3HadYeHUS KOIQPHUIIMEHTOB KOp-
peNsLMU MIPH YacToTax Harpyxenus 2,7 u 46,7 I'n,
YTO TOKa3bIBa€T MOCTOSIHCTBO Pa0OTHI CTalM BO
BCEM JMAaIa30He JJOJrOBEYHOCTH.

AHanu3 NOJy4YEeHHBIX PE3yJIbTaTOB IO THUTAHO-
Bomy cmaBy OT-4-1 BbIABISET OJMHAKOBBIE 3HA-
YeHHS ¥, TIPU Pa3INYHBIX YacTOTaX, OAHAKO CYIIe-
CTBEHHO MEHbIllee 3HadeHue tga,, mpu o = 1 '
MOKa3bIBaeT OoJice BBICOKYIO NMPOYHOCTH 33 BEChH
MepHuoj LUKIOB Harpy3kd, B TO BpeMs Kak cTa-
OMJIBHOCTD TUTAHOBOTO CIUIaBa OYECHDb BBICOKA, UTO
noarsepxaaeTcs Kop.

VY cranu 30XT'CH2A MakcumanbHbIEe 3HAUCHUS
MIPOYHOCTH ¥ JIOJTOBEYHOCTH BBISBICHBI TIPU ® =
= 3,33 u 50,00 I'u, 4TO B OCHOBHOM CBS3aHO CO
CMSTYEHHEM CXEMBbl HAarpyXeHHs W TMOITBEpK-
JaeTcsl 3HaueHUsAMHU napameTpoB u3 Tadn. 2. Cra-
OMJIBHOCTD CTaJM NPW Pa3HbIX BUAAX HCIBITAHUH
OUE€Hb BBICOKA, YTO M OTpa)kaeTcs B LIMPOKOM €€
MIPUMEHEHUU B AaBUACTPOEHUHU I BBICOKOHATpy-
JKEHHBIX JeTaneu, npasaa, npu o = 50 I'u 3ameuen
HEKOTOPBIHN ee cra/l.

BbIBO/IbI

1. Ha ocHOBaHMH SKCTIEPUMEHTAIBHBIX JTAHHBIX
ycTaHoBieHo, 4yto y craiedt 40X, 30XI'CH2A
C TIOBBIIIICHUEM YacCTOTHI ITUKIHYECKOTO Harpyxke-
HUSl YCTaJIOCTHAas MPOYHOCTh U JIOJTOBEYHOCTH
BO3pacTalOT, HAOIIOMAETCS YBEIMYCHHUE CTAOWIIb-
HOCTH TIOBEJICHUS B OO0JIACTH TOBBIIIEHUS CKOPO-
ctu aeopmupoBanus, a y craieit 40, 30XI'CH2A
n TtuTaHoBoro crutaBa OT-4-1 cHmwKarTCH, TPHU
3TOM BBISIBJIEHA BBICOKAs! CTAOMIBHOCTH PaOOTHI BO
BCEM JHMaIa3oHe JOJITOBEYHOCTH, 33 UCKIFOYCHUEM
cramm 40 mpu ® = 2 I'm.

2. [loBBIlIIEHHE YCTATIOCTHOW MPOYHOCTU TPH-
BOJWT K YMCHBIICHUIO HAKIIOHA KPHBOW YCTaJO-

Hayka
urexHuka. T. 18, Ne 5 (2019)



Mechanical Engineering

CTH tgol,, HE3aBICHMO OT YMEHBIIICHHUS WIIN YBEIH-
YEHHUSI YaCTOTHI HATPY3KH .

3. [IpemtoskeH HOBBIA IMOMXOJ IJIS aTTECTAITIH
MaTepHaloB, KOTOPBIH BKIIOYAaeT B ceOsl CHCTEMY
MapaMeTpoOB M3 OTHOCHUTEIHHOTO Ko3(duimenTa
OTPaHWYICHHONW BBIHOCIHUBOCTH, K03(pdurmenTa xKop-
pensauyi W TaHTeHCca HAKJIOHAa KPWUBOW YCTaJIOCTH,
YTO TIO3BOJIIET OOCTOSITEIBHO OTOOpakaTh (PyHK-
[IUOHAJIBHBIE CBS3M W 3aKOHOMEPHOCTH TIOBEICHUS
MaTepHAJIOB IIPY UCIIBITAHNSAX Ha YCTaJIOCTb.

4.C yd4eroM TMPOBEIEHHBIX HCCICIOBAHHIMA
MOJKHO TIPEAIOoJiaraTh, YTO B YCIIOBHUSX JKCILTya-
TaIUM PeaNIbHBIX JCTAJICH MAIIMH U KOHCTPYKIIHIA,
m3roToBiacHHBIX U3 ctaau 40X, 30XI'CH2A cHu-
JKEHUE YaCTOThl IMKJIMYECKOTO HArpyKEHUs, CO-
MPOBOXK/IAEMOE YBEIMUCHUEM JTUTEIIbHOCTH WX
npeObIBaHUS B HArPYKCHHOM COCTOSHHUH, OyneT
YMEHBIIIaTh WX OCTaTOYHBIA pPecypc, a M3TOTOBIIEH-
HeIx u3 cramu 40, u tutanoBoro cimasa OT-4-1, —
yBeNMW4YUBaTh. Takum 00pa3oM, MPH U3TOTOBICHUN
BaJIOB, pa0OTAIOMIMX MPH OYE€Hb HU3KUX YaCTOTaxX
Harpy>XeHusi, IpH BBIOOpe MarepHuana Uil WX W3-
roroBieHnss Mexay cramsmu 40 u 40X mpu mpo-
YUX PaBHBIX YCIOBHSX (CTOMMOCTBH 3THX CTaylel
CYIISCTBCHHO HE pa3IiM4yaeTcs, W MPOYHOCTHHIC
XapaKTePUCTUKK ONHM3KU MPHU ONPEICIICHHBIX Me-
TO/ax 00pabOTKN) peKOMEHIyeTCst OpaTh ctaib 40,
a mpu yacrorax 50 ['u u Oonee — cranb 40X.
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OnTumMH3anus npouecca OYUCTKHA CTOYHBIX BOJ
MOCTOB MOWKH ABTOTPAKTOPHOI TEXHUKH 10 JHEPreTHYeCKUM 3aTpaTaM

Kananaarsl TexH. HayK, 101eHTHI A. B. prTOBl), M. M. Jleuxo”,

umk. M. A. Boiiko”

1)Ee:nopyccm/nﬁ TOCYIapCTBEHHBIN arpapHbId TeXHUYeCKUH yHuBepcuTeT (MuHCK, Peciyonmka benapycs)

©Obenopycckuil HalMOHANbHBINA TEXHUYECKUH yHUBepcuTeT, 2019
Belarusian National Technical University, 2019

Pedepat. PaccmoTpen mpomnecc ouncTkH HedTecogepKaliux CTOKOB C MPUMEHEHHEM 3JIEKTPOKOArymsIHu, 3neKTpodioTa-
IIMU U 3JEKTPOMAarHUTHOTO THIPOIMKIIOHA, pealn30BaHHbIN Ha TabopaTopHOil ycraHoBke (maTeHT PecmyOnuku bemapych Ha
n3obperenne Ne 21229). HccmenoBaHust IPOBOJWINCE C IETBI0 ONTHMH3ALMH yIEIBHBIX YHEPro3aTpaT Ipolecca OYHCTKA
CTOKOB OT TOIIMBHO-CMa30YHBIX BEHIECTB. MeToaM1 HCCIIEIOBAaHMS SBISUIUCE 0030p JIUTEpaTyphl, CPAaBHUTEIBHBIA aHAJH3,
9KCIIEpHMEHT, MaTeMaTindeckoe Moaenuposanne. Cosepskanne HETEIPOLYKTOB B CTOYHBIX BOAAX JIO U ITOCIIE OYHCTKHU Olle-
HUBAJIOCh B aHAJIUTHYECKOH JabopaTopuu BelopyccKoro rocymaapcTBEHHOTO arpapHOr0 TEXHHYECKOTO YHUBEPCHUTETa IO
CTaHJApPTHBIM METOAUKaM. BhImosHeHa ouncTka He(hTecoAepKAIUX CTOKOB Ha TaOOpaTOPHOH yCTAHOBKE C IIOMOIIBIO METO-
Ja 3JeKTPO(IOTOKOArYISLMH C yIAJCHHEM BCIUIBIBIIETO IIIAMa B 3JIEKTPOMAarHUTHOM THMAPOLMKIOHE. J[aHHBINH crocob
OYHCTKH TI03BOJISIET TIOBBICUTH CTENEHb 00€33apakKUBaHUs BOJBI, 00ECIEUNBACT 3aMKHYTOE BOJAOCHA0KEHUE, PAllMOHAIBHOE
HCTIONb30BaHUE BOJHBIX PECYPCOB, CHIKEHHE BPETHOTO BO3JACHCTBUS 3arpsA3HSIONIMX BEIIECTB HA OKPYXKAIOMIYIO CPERy.
IIpoBeneHo miaHupoBaHUe KCIEpUMEHTa. Peann3oBan TpexypoBHeEBbIN miaH bokca — benkena. Pemena 3amada ontumusa-
UM TIPOIIeCca OYMCTKH I10 YHEPreTHYECKHM 3aTpaTaM, He yXyamias TpeOyeMbIX IoKaszaTeseil KOHICHTpauu HeTeIpoayK-
TOB B BOJIE MOCJE OYHCTKU. [loyrydeHBl MaTeMaTHYecKHe MOJAENU U OIpENIeNICHBl ONTHUMAJBHBIE PEXHMBI OYUCTKH IIPU
HaMMEHBIINX YJEIbHBIX 3HEPTeTHYECKHX 3aTparax M JOCTATOYHO BBICOKOW CTENCHM OYMCTKH. 3HAYMMOCTh KOd((HIMEH-
TOB PErpeccuy OLEHUBaNach 10 Kpureputo CThIOAEHTA. YCTaHOBIEHO, YTO HAa MPEJIOKCHHOHW yCTaHOBKE CTENICHb OYHCT-
KH CTOKOB TIOCTOB MOMKHM aBTOTPAKTOPHOW TEXHHKU MOXHO JOCTHYb MPH ee mpousBoauTensHoctu G = 0,7 51/c, mIoTHOCTH
ToKa j = 150 A/M°. CTeneHb OYHCTKH, ONpeaenseMas OTHOIICHHEM KOHIEHTPALHIT 3arpsS3HATENS 0 M MOCIE OYHCTKH, CO-
craBisieT 99,9 %. Pe3ynbTaThl MOTYT OBITH HCIOIB30BAHBI MPU PEATH3alMU MHKPOIPOLECCOPHOTO YIPABIECHHS PEKHMOM
OYHCTKH, TIPHHSB B KAYECTBE YNPABISIONIEr0 BO3AECHCTBHA Takue (AKTOPhI, KaK MCXOJ{HAs KOHIIEHTPAIUs 3arpsi3HEHUH, po-
H3BOJUTEIHHOCTD YCTAHOBKH, INIOTHOCTH TOKA 3JIEKTPO(IOTOKOAryIsTOpa.

KiroueBble c10Ba: 31€KTPOKOATrYIIALHsA, JEKTPOGIOTALMSA, JEKTPOMArHUTHBII TMAPOLUKIIOH, KOHTPOJIIEP, IUIAaHUPOBAHUE
9KCHEPUMEHTA, ONITHMU3ALHS

Jaa nuruposanus: Kpyros, A. B. Ontumusanus npouecca O4UCTKY CTOYHBIX BOJ IOCTOB MOMKU aBTOTPAKTOPHON TEXHUKU
o sHepretudeckuM 3arpatam / A. B. Kpyros, M. M. [leuko, M. A. Boiixo // Hayka u mexnuxa. 2019. T. 18, Ne 5. C. 436—
442. https://doi.org/10.21122/2227-1031-2019-18-5-436-442

Optimization of Wastewater Treatment Process
on Energy Costs at Truck and Tractor Washing Posts

A. V. Krutau”, M. M. Dechko”, M. A. Boika"
YBelarusian State Agrarian Technical University (Minsk, Republic of Belarus)

Abstract. The paper considers a process pertaining to purification of oily effluents while using electrocoagulation, electro-flotation
and an electromagnetic hydro-cyclone, implemented with the help of a laboratory unit (Patent of the Republic of Belarus
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for the invention No 21229). The investigations have been carried out with the purpose to optimize specific energy consump-
tion for the process of cleaning fuel and lubricants effluents. The following investigation methods have been applied — a litera-
ture review, a comparative analysis, an experiment execution, a mathematical modeling. Content of oil products in wastewater
before and after treatment has been evaluated in the analytical laboratory of the Belarusian State Agrarian Technical Universi-
ty in accordance with standard methods. Purification of the oily effluents has been made with the help of a laboratory unit
while using electroflotocoagulation method with removal of floated sludge in an electromagnetic hydrocyclone. This cleaning
method makes it possible to increase a degree of water disinfection, provides a closed water supply, rational use of water re-
sources, reduction of harmful effects of pollutants on the environment. An experimental design technique has been worked
out and a three-level Box — Behnken design has been implemented in the paper. The problem concerning optimization of the
purification process on energy costs has been solved without worsening the required concentration indices of petroleum pro-
ducts in water after treatment . Mathematical models have been obtained and optimal purification modes have been deter-
mined at the lowest specific energy costs and with sufficiently high degree of purification. Significance of regression coeffi-
cients has been estimated by Student criterion. It has been established that while using the proposed unit it is possible to ob-
tain a degree of wastewater purification at automotive equipment washing stations with its performance G = 0.7 I/s, current
density j = 150 A/m’. The degree of purification, determined by ratio of pollutant concentrations before and after purification,
is up to 99.9 %. The results can be used in implementation of microprocessor control of cleaning mode while taking an initial
concentration of pollution, unit capability, current density of an electroflotocoagulator as control action factors.

Keywords: electrocoagulation, electroflotation, electromagnetic hydrocyclone, controller, experimental design technique,
optimization

For citation: Krutau A. V., Dechko M. M., Boika M. A. (2019) Optimization of Wastewater Treatment Process on Energy
Costs at Truck and Tractor Washing Posts. Science and Technology, 18 (5), 436-442. https://doi.org/10.21122/2227-1031-

2019-18-5-436-442 (in Russian)

BBenenne

B cenbckoxo3giicTBEHHBIX OpraHuzanuax Pec-
nyonukn benapych Ha MOHKY aBTOTPakTOPHOM
TEXHUKHM M Pa3IM4YHBIX CEJIbXO3MAIIMH 3aTpadu-
BAIOTCsI 3HAUMTENbHBIE 00bEeMBI BOABI. Kpome ToO-
ro, oOpa3oBaHHbIE NPH 3TOM CTOYHBIE BOJBI CO-
JepKaT pa3Iu4yHble MUHEPAJIbHBIE 3arps3HEHUS U
0c00EHHO HE(TENPOAYKTHl B J03aX, MPEBHIIIAIO-
KX [IPEJEIBHO AOIYCTUMBIE IIOKA3aTeNH, a TAKXKE
CHUHTETHYECKHE [OBEPXHOCTHO-aKTUBHBIC Bellle-
ctBa (CIIAB).

B crokax mocToB MOMKHA aBTOTPAKTOPHOM TeX-
HUKH U CEIbCKOXO3SIHMCTBEHHBIX MaIlluH IpUCyT-
CTBYIOT HE(TENPOAYKTHI, IOBEPXHOCTHO-AaKTUB-
Hbl€ BEIIECTBA U JIPYI'He 3arps3HUTENH, OTHOCS-
HiMecs K 4Yucily HaumOoJiee OMacHBIX ISl OKpYKa-
oueil cpenpl. MccnenoBaHusMu, MPOBEICHHBIMU
panee Ha kadenape anexrporexuuku BIATY [1, 2],
a TaKke B JMUTEPATYPHbIX HCTOYHUKAX [3—6]
YCTaHOBJIEHO, YTO MPOLIECC OUUCTKU CTOYHBIX BOJ
ot HedrenpoaykroB u CIIAB moxeT ObITH 3-
(eKTUBHO peanu30BaH SJIEKTPOXUMHUYECKUM BO3-
JNEUCTBHEM, YIpPAaBIsSEMBIM PsIOM  (aKTOPOB:
(U3UKO-XUMUUECKUMH, 3JICKTPUUECKUMH U THUA-
ponuHamMuyeckuMHu. OZHUM W3 BO3MOMKHBIX TEX-
HUYECKHX PEUICHH, Pean3yomuX MPoIecc Ouu-
CTKU He(TecoJepKaluX CTOKOB, SIBJISIETCS 3JIEK-
TPOGMIOTOKOATYJISIMSI C yIaJCHHEM BCIUIBIBIIETO
nJiaMa B JJIEKTPOMAarHMuTHOM THAPOIMKIIOHE.
OTOT METOJI OYMCTKU MO3BOJISIET MOBBICUTH CTe-
MeHb 00€33apayKUBaHUs BOABI U O0CCIICUUTH 3aM-
KHYTOE€ BOJOCHAa0)XEHHUE, PAllHOHAIBHOE HCIOJb-
30BaHUC BOJHBIX PECYPCOB, CHUKCHUEC BPCIHOI'O
BO3I[CI‘/‘ICTBI/I$I 3arpsA3HAIOIMIUMX BEIICCTB Ha OKpPY-
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xKaromyio cpeny. O4ncTKa IMyTeM 3JIEKTPOKOary-
JAUWW U 3JIEKTPOGIIOTAIIMN XOPOIIIO UCCIeT0BaHa
B psne padot, Hanpumep B [5, 6]. OnHaKO B HHUX
HE paccMaTpHUBAETCs pPacxoj]l HHEPropecypcoB.
ABTOpBI CTaThbU CTAaBUJIHU 33Ja4y JOOWUTHCA MEHb-
LIMX 3HEpro3aTpaT MpH OYHCTKE, HE CHIDKas Ka-
YeCcTBa Ipolecca.

OcHoBHAsl YaCTh

3amada ONTUMH3ALKHU MPOLIECca OYUCTKU CTOY-
HBIX BOJl BKIIIOYAET MOCTPOCHUE (PU3NUECKOH H
MaTeMaTU4YeCKOW Mojeneil mpolecca U onpezesne-
HHUE ONTHMAIBHBIX 3HAUYEHHH YNPaBISIOUIMX (ak-
TOPOB, O0ECIEUNBAIOIINX MHHHUMAJIbHBIE JHEpre-
TUYECKUE 3aTpaThl Ha €IMHMIYy 00beMa OYHCTKU
CTOYHBIX BOJ NpH TpeOyeMOM YpOBHE KauecTBa
ouncTku [7-9].

DKcIepuMeHTaIbHBIE UCCIIEIOBAHUS POBOAM-
much Ha jabopaTopHOW ycTaHoBKe (puc. la), co-
CTOSIIIEH W3 HAcoca, BBIIPSIMUTENBHOIO OJIOKa,
AIIEKTPOKOAryyaTopa, 3JeKTpodiaoTaropa, 3ieK-
TPOMAarHUTHOTO THUAPOLMKIOHA, EMKOCTH AJISI MO-
JEeTBHOTO COCTaBa 3arpsi3HEHHBIX W OYHMIICH-
HBIX BOJ, COEIMHUTENbHBIX LUJIAHIOB, CPEACTBA
KOHTPOJISI TEXHOJIOTHYECKOr0 IPOLECCa OYHCTKU.
JJist KOHTPOJISL U yHpaBJICHUs MPOLIECCOM OYHCTKH
HCTIONB30BAINCH CIICAYIOIIUE NPUOOPBI: BOJIBT-
MeTphl YHHBepcainbHble B7-65, B7-58/2, myHTHI,
koHaykromerp KII-202, wmymetumerp uudpo-
ot UTB 1818, mpomiennue B yCTaHOBIEHHOM
MOPSIKE TOCYAapCTBEHHYIO TIOBEPKY, IIPOrpaMMH-
pyemsrit koHTposutep Simatic S7-1200, coctosmmii
W3 IEHTPAJBHOTO Mpoleccopa, OJI0Ka MATAHHs, MO-
JyJisl BBOJA-BBIBO/IA IUCKPETHBIX CUTHAIOB, MOIYJIS
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BBOJIa-BbIBO/Ia AHAJIOTOBBIX CHTHAJIOB, CEHCOPHOMN
nanenu omnepatopa KTP700 Basic PN (puc. 1b).
CxeMy cocrtaBnsnu coriacHo [3—6]. B kauectBe
CTOYHBIX BOJ| HCITOJIb30BAJIMCh MOJICTIHHBIE BOJHBIC
CTOKM C COJIEpKaHUEM He(TENpOAYKTOB B HHX
ot 1800 mo 2200 mr/m.

TexHUYeCcKUil ypOBEHb IMpOIECCa OYUCTKU
CTOYHBIX BOJ[ OMPENCISACTCS IBYMS Ba)KHEHIIN-
MU TapamMeTpaMu: KauecTBoM ouucTku (C, Mr/i),
XapaKTepU3yeMbIM OCTATOYHBIM  COZCpPKaHUEM
He(TENMPOAYKTOB B CTOYHBIX BOJAAX, U YACIbHBIMU
sueprosarpatamu (s, Jk/M’). B ucmonb3yemoit
JUIT MOWKM TPY30BBEIX aBTOMOOWJIEH OCBETIICH-
HOUM MPOM3BOJICTBEHHOM CTOYHOM BOZE KOHIICHTpA-
1Sl MEXaHUYECKUX MPUMECEH HE JTOJDKHA TPEBhI-
math 70 Mr/i, 11t MOHKH JErKOBEIX aBTOMOOHIIEH
1 aBTOOYyCcOB — 40 MI/J1, KOHIIEHTpaIUs HeTerpo-
JIYKTOB — coOTBeTCcTBeHHO 20 1 15 ™Mr/m [7].

Conepxanne HEPTEIPOIYKTOB B CTOYHBIX BO-
JlaX JI0 Y TOCJe OYMCTKY OLIEHUBAIOCH B aHAJNTH-
YECKOU JTabOpaToOpuu YHUBEPCUTETA MO CTAHAAPT-
HBIM METOJIUKaM (PYKOBOJCTBO MO XUMHUYECKOMY
aHanu3y BOJ). Pe3ynbTaTsl MpPOBENEHHBIX HCCIe-
JOBaHUM OTOOpaHHBIX MPOO OPOPMIISITUCH MTPOTO-
KOJIaMH.

[lomHas yaenpHas SHEPTOEMKOCTh OUYUCTKH CO-
CTOWUT U3 MPSIMBIX M OBEIIECTBICHHBIX 3aTpat, OT-
HECCHHBIX K TOJJOBOMY 00BEMY OYUCTKU CTOKOB

9S = éZ(anpi—‘r 9051’ )5

rme Q — ToJ0BOH 00BEM OYHCTKM CTOKOB, M';
Opi> Dosi — YJAECIbHBIE NIPSIMBIE U OBELIECTBICHHBIE
3atpatsl i-ro Buaa, MJIx (kBt-u).

W3BecTHO ompeneneHne yIENbHBIX MPSMBIX U
OBEIECTBICHHBIX dHEpro3arpar mo metomauke [10].
K mpsiMbiM 3HeprozarparaMm OTHOCSITCS 3aTpPaThl,
CBsI3aHHBIE ¢ MOTPEOJICHUEM YCTAHOBKOW AJIEKTPO-
SHEPrUM Ha OYHCTKY CTOKOB. K oOBeliecTBicH-
HBIM — 3aTpaThl Ha W3TOTOBJICHHE, XpaHCHUE, 00-
CIIyKMBaHHE YCTAHOBKHU, COOp U MOJIa4y CTOKOB Ha
OYHCTKY, KOTOPBIC OMPEACISIOTCS C YIETOM JHEp-
TFEeTHYECKUX SKBUBAJICHTOB.

OnHaKO BO3MOXHOCTH JHEPreTHYECKOro aHa-
JU3a M0 YKa3aHHOM BBIIIE METOJUKE OrpaHHYHBA-
IOTCSL TEM, YTO B OOJIACTH OYHCTKH CTOKOB CEllb-
CKOXO3SIICTBEHHOTO TPOU3BOJICTBA, BO-TIEPBBHIX,
OTCYTCTBYET PETHMOHATBHBIA WM OOLICHAIMOHAITh-
HBI OaHK JaHHBIX, [TO3BOJISIONIUI aBTOMATH3HPO-
BaTh MOKMCK M HAKOIUICHWE MH(OPMAIIMH IO SHEP-
rOpeCcypcocOeperkeHNI0, OCOOCHHO OBCIICCTBIICH-
HBIX 3Hepro3arpaTr. Bo-BTOpPBIX, 3aTpaThl SHEPIHU
M PECYPCOB YaCTUYHO WJIH MOJIHOCTBIO OKYIAIOTCS
CHIDKEHHEM pHUCKOB HaHECEHHs yiepba THIpo-

ctepe.

230B,50 'y

Beon

CTOKOB OunLeHHble

CTOKW Ha cBpoc
1nv B 060pOTHbIN
LK1

POCOPHONE
SHOT ON POCOPHONE F1 LLinam
B LLNamMoHaKonuTenb

Puc. 1. Buemnuii Bux (a) u cxema (b) SKCIIepUMEHTAIBHOW YCTAaHOBKH: 1 — 3JIEKTPOKOATYIISITOP; 2 — dIeKTpodIoTaTop
CO IITAMOHAKOIUTEIEM; 3 — AJIeKTPOMArHUTHBIN THAPOLUKIOH; 4 — anekrpox; 5 — ucrounuk mutanus (UI1); 6 — 6iok kounTposutepa (BK);
7 — KoMIIbIOTEp; 8 — KaHaJI U1 OTBOAA BCIUIbIBaromero nuama; Al, A2 — ammnepmerp; V1 — BonbTMmeTp; /7 — NaTYNK TOKA;
ET — nenurens Hanpsokenus; LT — natauk ypoBHst; Q7 — IaTUUK 3IEKTPONPOBOAHOCTH (KOHAYKTOMETD); F'T — pacxomomep;
UR — MHOTOKaHaIbHBIN aHanoro-udpoBoii npeodpaszosatens; UY — MHOrOKaHaIbHBII [IM(POaHATIOrOBbI TpeoOpa3oBaTelb;
U — curHan ynpasieHus; A — JTOTH4ecKuii curuan ynpasineaus bK

Fig. 1. Appearance (a) and scheme (b) of experimental unit: 1 — electro-coagulator; 2— electroflotator with sludge collector;
3 — electromagnetic hydrocyclone; 4 — electrodes; 5 — power source (PS); 6 — controller unit (CU);
7 — computer; 8 — channel for removal of floated sludge; A1, A2 — ammeters; V1 — voltmeter; /T — current sensor;
ET — voltage divider; LT — level sensor; QT — conductivity sensor (conductivity meter); F'7T — flow meter;
UR — multi-channel analog-to-digital converter; UY — multi-channel digital-to-analog converter;
U — control signal; A — logic control signal CU
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[TosToMy Iui1s onTHMHU3alMK SHEPro3arpar Ha
OUYHUCTKY HCIOJIb30BAIM CTaTUCTUYECKYIO O0pa-
OOTKy IOJy4EeHHBIX B XOJI€ IKCIIEPHMEHTOB IaH-
HBIX KayecTBa 00€3BPEKMBAHUSA CTOKOB M IPSMBIX
yAETIBHBIX 3aTpart 3nekTposHepruu [11]. C yuetom
TOTO, YTO MAaTEPHAJIOEMKOCTh YCTAHOBKU OTHOCH-
TEJIBHO HEOOJbLIast M NPUMEHSETCS AJsl PELICHUs
9KOJIOTHUECKUX MpoOJeM M CHWXKEHHUs pacxona
BOJIHBIX PECYPCOB (3aMKHYTasi TEXHOJIOTUS TIOAAYH
BOJIBI Ha MOMKY), OBELIECTBICHHBIMH 3aTpaTaMH
MIpeHeopery.

Ha mnpsimble ynenbHble 3HEprosatpaTsl OyayT
BJIMATH CIIeyronue (GaKkTopbl:

— WCXOJHAsl 3arpsi3HEHHOCTb CTOYHBIX BOJ
nedrenpoxykramu u CIIAB, /M’ (0T 9TOTO 3aBH-
CHUT IPOJOJDKUTEIIBHOCTh OUUCTKH);

— MPOU3BOJUTENBHOCTh YCTAHOBKH 110 OYUCTKE
CTOKOB, M’/

— HaIlIPSDKEHHOCTh  DJIEKTPUYECKOro Iojsi B
anekTpodoToKoaryisrope, B/m;

— IIOTHOCTH TOKA JIEKTPOKOAryIsTopa, A/M’;

— HaIllPSDKEHHOCTh MAarHUTHOTO IIOJIL B 3JIEK-
TPOMarHUTHOM IIMKIIOHE, A/M, U JIp.

PaccunTate mnpuBeneHHBIE YIENbHBIE 3aTpa-
51 (BT-9/M”) MOKHO 110 crieyrormeii hopmyie:

H2
c :(jEJr%Jt: JE+ ““2 t

rJie j — TUIOTHOCTh TOKa AIEKTPOQIIOTOKOATYIIATO-
pa, AN E - HANPSHKEHHOCTh  AJICKTPUIECKO-
ro moiyis B djiekTpodoTokoarymarope, B/m; H —
HANPSHKEHHOCTh MAarHUTHOTO TIOJS B 3JICKTpOMar-
HUTHOM IUKJIOHE, A/M; B — BeIUYMHA MarHUTHOM
WHAYKIWA B THAPOUMKIOHE, T1; L, — MarHWTHAs
MIPOHHUIIAEMOCTh CcepiaedyHuKa, ['H/M; ¢ — mpomo-
JKATEIbHOCTh OYMCTKH, Y.

[Ipouecc oumctkm, puzndeckas MOAEIh KOTO-
poro peamm3zoBaHa Ha JTaOOPATOPHON YCTaHOBKeE,
3aBUCHT OT CJICTYIOIIUX (DaKTOPOB:

e HICXOJTHOM KOHIICHTpAIINH 3arpsA3HEHUM X, T/IT;

e POU3BOIUTEILHOCTH TIpoIiecca X, J1/c;

e ITIOTHOCTH TOKA AJIEKTPOKOATYIIATOPA X3, AN

e HAIIPSDKEHHOCTH ~ JICKTPUUYECKOTO  TOJI B
aeKTpoKoaryJssaTope Xy, B/Mm;

e HAIIPSDKEHHOCTH MAarHUTHOTO TOJSI B DJIEK-
TPOMAarHMUTHOM THJIPOLIUKIIOHE X5, A/M.

B nensx cHmwxeHUs pazMepHOCTH (HaKTOPHOTO
MPOCTPAHCTBA HA OCHOBE 3KCIIEPTHBIX OIICHOK
MPOBEJICHO PaH)XMPOBAHHE HA3BaHHBIX (DaKTOPOB

Hayka
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[0 CTEMEHW WX BIUSHHUS HAa KAdeCTBO OYHCTKH.
C y4eToM paHKUPOBaHUS U C IEJbI0 YIPOIICHUS
MaTeMaTH4ecKor mojenu ¢axTopel Xy U Xs He
BapbUPOBAIY 1 3a()MKCHPOBAIN HA YPOBHSX: HAIpS-
KEHHOCTh DJICKTPUYECKOTO TOJS B JJICKTPOKOAry-
naTope Xy = 60 B/M; HanmpspKeHHOCTh MarHUTHOTO
moJist Anekrporuaponukiona Xs= 10 A/m. Unrep-
BaJbl BapbUPOBAHUS YIPABISIONUX (HAKTOPOB
MIPUBEICHBI B Ta0I. 1.

Tabauya 1
VYpoBHH BappHpPOBaHHSI YIPABJISIIOIIUX (paKTOPOB

Variation levels of control factors

®dakrop
Hexonsas IIponsBoan
YposeHs KOHLEHTpaIys Tl; JILHOC’ZI[L [TnoTHOCTB
BAPBUPOBAHUS | 3arpsi3HEHUH, TOKa, AP
npotrecca, Ji/c
Vivht

X X X3

OcHOBHOM 2000 0,5 100

Bepxwuuit (+1) 2200 0,7 150

Huwxnwii (—1) 1800 0,3 50

Wurepan
BapbUPOBaHUS 200 0,2 50

B kauectBe mMaTemaTHueCKOH MOJENH, OMHUCHI-
BaIOIIEH 3aBHCHMOCTH TMapaMeTpPOB ONTHMHU3AINN
OT YHIPaBJISAIOMKUX (AaKTOPOB, BEIOPAHO YpaBHEHUE
perpeccuu B BUe MOJIHHOMA 2-TO TIOPSAKA

3 3 3
Y, =by+ ) bX,+ ) b X.X;+ ) bX].
i=1 i=1 i=1
=l
J>i
Jnist M3ydeHus: 3aBUCUMOCTH CTENIEHU OYUCTKU
W yIeNTbHON DHEPrOeMKOCTH TpoIecca OT Tpex
YOPaBIAIONINX (PAaKTOPOB peann30BaH TPEXypPOB-
HeBbI M1aH bokca — benkena. MaTtpuua miaHa u
pe3ynbTaThl OMBITOB MIPUBEEHBI B Ta0I. 2. 3HAYH-
MOCTh KO3((DHIIMEHTOB perpeccuy OICHUBAIACh
o xkpureputo CrbrofeHTa. Ilnan He opToroHaneH
JUTS  KBaApaTHUYHBIX A(PQEKTOB, MOITOMY HE3Ha-
guMble KOA(D(OUIIMEHTH HCKIIOYAIHNCh TIOIIaro-
BO (Taou. 3).
B pesynbprare momrydeHsl afeKBaTHBIE TIO KPH-
Tepuro Owuiepa perpecCHOHHBIE MOJIENH CO CTaTH-
CTHYECKH 3HAYUMBIMU KOd(PPHUIIMECHTAMH:

Y, =2,574+0,065X, —0,123X7;
Y, =2,191+0,109.X, +0,083X,X, —0,085X;.
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Tabruya 2
MaTtpuua miaHa U pe3yJbTaThl ONBITOB
Design matrix and results of experiments
; ¢ 27 s : :
2 e g a7 v a7 = =
T & = O O 3 - 3 -
z e | =z s = = =]
] & g £ o 2 £ 5 3 == 3%
3 S | B = = Z 2 = 3 = 3 =
23 s 522 E g 2 5 583 S | z&% 5
SIS =4 S = S = g g
2 - |82E & |E2% 5 =g c 5 | E55| B
= 9 =583 = Fg 3 = b g = 2 YR =
g2 21288 2 28 2 sES | 2 | G55 | 2
==l 5 |03 = S X3 = 2 2 8 = 2 2 8 =
— ) — )
X X5 X3 n Y Sy Y RSS, Yy S; Yy RSS,
1 1 0 4 2,56 0,0257 2,29 0,0182 2,64 0,0063 2,38 0,0086
1 -1 0 4 2,66 0,0195 2,15 0,0156 2,64 0,0004 2,22 0,0046
-1 1 0 4 2,58 0,0363 2,04 0,0089 2,51 0,0050 2,00 0,0016
-1 -1 0 4 2,57 0,0435 2,23 0,0663 2,51 0,0037 2,17 0,0042
1 0 1 4 2,53 0,0460 2,40 0,0689 2,52 0,0002 2,21 0,0342
1 0 -1 4 2,52 0,0157 2,28 0,0011 2,52 0,0000 2,21 0,0042
-1 0 1 4 2,36 0,0236 1,94 0,0020 2,39 0,0021 2,00 0,0033
-1 0 -1 4 2,26 0,0609 2,04 0,0050 2,39 0,0159 2,00 0,0018
0 1 1 4 2,46 0,0008 2,18 0,0714 2,45 0,0001 2,11 0,0054
0 1 -1 4 2,75 0,0008 2,00 0,0054 2,45 0,0893 2,11 0,0113
0 -1 1 4 2,36 0,0179 1,98 0,0320 2,45 0,0083 2,11 0,0159
0 -1 -1 4 2,39 0,0065 2,03 0,0630 2,45 0,0038 2,11 0,0058
0 0 0 12 2,55 0,0309 2,21 0,0858 2,57 0,0006 2,19 0,0003
Tabauya 3
Ko3¢ppuuuenTsl perpeccun U X a0CoJIOTHBIE NIOTPELIHOCTH
Regression coefficients and their absolute errors
VnenbHas 3HEProeMKOCTh Y CrerneHb OYUCTKU Y,
O6o3Hauenne 3 AGcomoTHas AGcomoTHas
3Havenue, kKBr-u/m 3uauenHue, Mr/a
MOTPEIIHOCTD HOTPEIIHOCTD
by 2,5500 0,0947 2,2100 0,0936
by 0,0650 0,0580 0,1087 0,0573
b, 0,0463 0,0580 0,0150 0,0573
by —-0,0288 0,0580 0,0188 0,0573
by, —-0,0275 0,0820 0,0825 0,0811
bis -0,0175 0,0820 0,0550 0,0811
bys —-0,0650 0,0820 0,0575 0,0811
b -0,0175 0,0854 0,0425 0,0844
by 0,0600 0,0854 -0,0750 0,0844
b3 -0,1200 0,0854 -0,0875 0,0844

ITonyyeHHble ypaBHEHMsI PErpeccUd MOKa3bl-
BalOT, YTO TPOM3BOAWUTENBHOCTH TpoIlecca B HC-
CJIETOBAaHHOM JHalla30HE BapbUPOBAaHUS HE OKa-
3BIBACT CYIIECTBEHHOTO BJIMSHUS Ha CTENEHb
OYHMCTKH, HO BIUSET HA YAENBbHYIO SHEPTOEMKOCTh
BO B3aMMOJIECTBHUU C MCXOJHOM KOHIEHTpaluen
3arpsisHenuil. [Ipu 3ToM ynenpHas SHEProeMKOCTh
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CHIDKAeTCsl TP YMEHBLICHUH HMCXOJHOW KOHIICH-
Tpayy 3arps3HCHAN W OJJHOBPEMEHHOM yBeInYe-
HUU TIPOU3BOIUTENIEHOCTH (pHC. 2).

BnusiHMe MIOTHOCTH TOKa BIIEKTPOKOATYJNSATO-
pa Ha 00a mapaMeTpa ONTHUMH3AIMH TPOSBISICTCS
Yyepe3 KBagpaTudHble 3(PQEKThI, KOTOPHIE yKa3bl-
BAIOT, YTO ONTUMAJbHBIC 3HAYCHUS 3TOTO (paKkTopa
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HAXOJSTCS HAa TPaHMIIAX MHTEPBaJia BAPbUPOBAHUS.
[Ipu sTOM cCTeneHb BIWSHMA IUIOTHOCTU TOKa Ha
YPOBEHBb YIEJNBHBIX 3HEPro3aTpaT yBEIMYHBAETCS
NpU YMEHBIIEHUH MPOU3BOAUTENHFHOCTH MpoLecca
OYHUCTKH (pHC. 2a).

3aBUCUMOCTh ypOBHEH KOHIEHTPALUH 3arps3-
HUTENSI OT UCXOIHOW KOHIIEHTPALMH MOCIIe OYHCT-
KA TI0A0OHA 3aBHCHMOCTH YpOBHEH 3HeprosaTpaT
ot 3Tux ke (akropoB (puc. 3a). [Toaromy mnapa-
METPBI ONITUMHU3ALUKN HE SIBISIOTCS KOH(IUKTYIO-

UMM, ¥ ONTUMAJbHBIA 1O 00OMM MapaMeTpam
PEKHM OYUCTKU PEaM3yeTCsl Ha TPaHHUIIaX HCCIie-
JIOBAaHHOTO WMHTEpPBaNa BapbUPOBAHUS TUIOTHOCTH
TOKa 3JICKTPOKOATyJISITOpa.

ITpu 5TOM | yAeIbHBIC SHEPrO3aTPAThI, H OCTA-
TOYHAsE KOHIICHTpAIMsSI  3arps3HUTENs  TOCIe
OYNCTKHU CHWXAIOTCA NpHU YMCHBIICHUH €r0 HUC-
XOJHOW KOHIIEHTpAlluud M MPOU3BOJUTEIbHOCTU
nporiecca. CTENeHb OYUCTKU, OMpeAessieMas OT-
HOIIICHAEM KOHIICHTPAIUI 3arpA3HUTENS 0 U TO0-
CJIe OUMCTKH, cocTaBiseT 10 99,9 % (puc. 3b).

VPOBHH y/IeIBHOM HEProeMKOCTH, KBT-u/M’
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Puc. 2. YpoBHU yAETIbHOM SHEPTOEMKOCTH B 3aBUCHUMOCTH OT UCXOHOM KOHLIEHTPALUH 3arpsA3HCHUH,
IUTOTHOCTH TOKA 3JIEKTPOKOATYJIATOpa IPH Pa3INIHOI MPON3BOANTEILHOCTH nponecca ounctku: a — 0,3 m/c; b — 0,7 n/c

Fig. 2. Levels of specific energy consumption depending on initial concentration of pollution,
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Mawiunocmpoenue

BbIBO/JbI

1. BpImonHeHO MOAETMPOBAaHUE ONTUMH3ALNN
Ipolecca OYMCTKH CTOKOB IOCTOB MOMKHM aBTO-
TpakTOpHOU TexHUKH. [lomyueHbl MaTeMaTnieckue
MOJIEIM M ONpEAeNeHbl ONTHUMAJbHBIE PEHKUMBI
OYMCTKH TIPM HAWMEHBIINX YAEINBHBIX SHEPTeTH-
YECKUX 3aTpaTax M JOCTATOYHO BHICOKOM KadeCTBE
0ouucTKH (110 99,9 %).

2. Pe3ynbTaThl MPOBEIEHHBIX MCCIIEIOBAHIHN IT0-
Ka3aJd, 9TO CTENEHb OYHCTKH CTOKOB ITOCTOB MOUKH
ABTOTPAKTOPHOW TEXHUKU Ha NPEAsOKEHHOHM ycTa-
HOBKC MOXHO AJOCTHUYL IIpU €€ MPOU3BOJUTCIHLHO-
ctt G = 0,7 n/c, miotHocTH ToKa j = 150 A/M’.
[lony4yeHnsle 3HaueHWs OYAYT HCIOJIB30BaHbI
IIpU peanu3aliid MHUKpPOIPOLIECCOPHOro yIpaBiie-
HUS PEKUMOM OYHCTKH B KAYECTBE yIPABIISFOIIETO
BO3JICHCTBHS.
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