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HCCJEJOBAHUE OCOBEHHOCTEM KOHTAKTHOI'O B3AUMOJIEHCTBUS
3YBBEB MY®T TPAHCMUCCHUHU TEXHOJIOI'NYECKOI'O OBOPYJIOBAHUSA

B cmamuve uccnedosansvi ocobennocmu sxcnayamayuu 3y04amoix My@m, eviseieHbl aKxmopul, e1usio-
wue Ha pacnpedenenue HAZPY3KU NO NAMHY KOHMAKMA, U NPeONiodCeHbl AHATUMUYecKue 3a8UcUMOCmu Ol
onpeoenenus y2io8 KOHMaKmuposaus 3y0ues.

Kniouegwie cnosa: syonamas mygpma, Konmakmuoe e3aumooeicmsue, pacnpeoeienue HazpysKu, yeoi
KOHMAKMUPOBaHUsl, I601b8EHMHbIU NPOPUILD.

V. Yu. Glushko, N. V. Mikhailov

STUDY OF THE CONTACT INTERACTION FEATURES OF COUPLING TEETH IN
TRANSMISSION OF PROCESSING EQUIPMENT

The article examines the features of contact interaction of coupling teeth, identifies factors influencing the load
distribution over the contact patch, and proposes analytical dependencies for determining the contact angles.
Keywords: gear coupling, contact interaction, load distribution, contact angle, involute profile.

1. BBenenue

3y6uarsie MydThI [1, 2] HaXOAAT MIUPOKOE MPUMEHEHHUE B PA3IMYHBIX MAIIMHAX U Me-
XaHU3Max Omarogaps WX CIOCOOHOCTH TepelaBaTh 3HAYUTEIBHBIC KPYTSIIAE MOMEHTHI IPU
CPaBHHUTEIHHO HEOONBIINX rabapuTax, MPOCTOTe KOHCTPYKIIMU U BOZMOKHOCTH KOMITEHCUPO-
BaTb HECOOCHOCTH BajioB. OIHAKO OHM UMEIOT CYLIECTBEHHBIM HETOCTAaTOK — MalyIo J0JIr0-
BEYHOCTb. [[poBe/IeHHbIE MHOTOYMCIIEHHBIE UCCIIEOBAaHUS MOKA3bIBatOT, 4TO 0K0jI0 70...80 %
BBIXOJIa U3 CTPOsI 3yOUaThiX My(T MpHU IKCIUTyaTalluu MPOUCXOAUT B PE3YIbTaTe KOHTAKTHBIX
paspylieHuii 1 u3Hoca padoueil moBepxHocTH 3yObeB [3, 4, 5]. OT0 00yCIOBICHO TE€M, YTO
00bIYHO 3y0uaThie My(TH pabOTAIOT B YCIOBUAX MEPEKOCOB M CMEIICHUIN OCel COeTMHSIEMBIX
BaJIOB, KOTJIa HArpy3Ka KOHIIEHTPUPYETCS Ha BEpIIMHAX U TOpIAxX 3yObeB. TeXHOIOTrHYECKUE
OIIMOKM HM3TOTOBJICHUS M MOHTa)Ka BBI3BIBAIOT JIOTIOJHHUTEIbHBIC KOHIEHTPALUU HATPY3KU
MIPEBBIMIAIONINE JOMYCTUMBIE, YTO U MPUBOJIUT K MPEXKICBPEMEHHOMY BBIXOIY UX U3 CTPOS,
MOCKOJIbKY CIIOKHMBIIIHMECS METOJbI pacyeTa SIBISIOTCS BeChbMa MPUOIMKEHHBIMH BBUIY TOTO,
YTO HE YUYWTHIBAIOT PEANbHBIX YCIOBUN pacrpenesieHus Harpy3kd Ha TSATHE KOHTaKTa B3au-
MOJIEHCTBYIONINX 3yObEB.

[ens paGoTHI 3aKIIFOYAETCS B BBISIBICHHH OCOOCHHOCTEW KOHTAKTUPOBAHUS U OTpeEe-
JICHUH BIHUSHUS UX Ha paclipelielieHre Harpy3KH M0 MATHY BHYTPEHHETr0 KOHTaKTa 3yObeB MO-
TyMyQdThI B O00NMBI.

B cooTBeTcTBUY C MOCTAaBICHHOMN IENBI0 B pabOTE OMPE/IEIeHBI CIEAYIONINE 3a1a4u:

1. BeIsIBUTh 0COOCHHOCTH KOHTAKTUPOBAHUS U OTPEIEITUTh BIUSHUS WX Ha pacrpee-
JICHHE Harpy3KH M0 MSITHY BHYTPEHHETO KOHTAKTa 3yObeB MY(T C SBOJIbBEHTHBIM MPOQHUIEM.

2. Pa3paboTarh CTPYKTYpHBIE CXEMBI, TTOKA3bIBAIOIIEH BIMSHUE TEOMETPUICCKUX, TEX-
HOJIOTUYECKUX M IKCIUTYaTallUOHHBIX (JAKTOPOB HA paclpe/eieHHe Harpy3Kd MO MIATHY KOH-
TakTa 3y0a My(dThI

3. BbIABUTH 3aBUCUMOCTH JJIsl ONPEAEICHUS] MAaKCUMAJIbHBIX YIJIOB KOHTAaKTUPOBAHUS
Ha OCH MaKCUMAaJIbHOTO MepeKoca 3y0a OT reOMeTpUUYECKUX TapaMeTpoB 3yObeB My(T.

© I'mymxo B. 1O., Muxaiinos H. B.; 2025
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4. BBIIBUTH 3aKOHOMEPHOCTH B paclpe/ieliecHHe Harpy3Kd Ha ISTHE KOHTAaKTa IM03BO-
JSIOIIME B JANbHEWIIeM pa3pabarbiBaTh METOIMKH pacueTa JUisl ONpeesICHUs] KOHLICHTPAIuU
Harpy3KkHd, yYUTHIBAIOIIHE OCOOCHHOCTH KOHTAKTa 3yObeB My(T.

2. OcHOBHOE coepkaHue H pPe3yJbTaTbl padoThl

Ha pucynke 1 mokaszaHo 3areruieHue 3y04aroil MyQThl ¢ 3yObsIMH 3BOJIBBEHTHOTO
npoduiis, KOTOpbIE B3aUMOJACHCTBYIOT B YCIOBHUSIX NEPEKOCOB OCEH BTYIKH OTHOCHUTEIHHO
0001iMBI, B Toukax A 1 B — ocoObie mosiokeHus 3yObeB BTYJIKH OTHOCUTEIBHO 3yObeB 000¥i-
MbI [3].

|
23

Pucynok 1. Ocobble nonoxeHus 3yObeB BTYJIKH OTHOCUTEIBHO 3yObeB 000MMBI: 1 —
OCb BTYJIKH, 2 — 0Cb 000#MbI, 3 — 3y0 BTYJIKHM B MOJI0KEHUH MAaKCUMAaJIbHOTO repexoca, 4 —
3y0 BTYJIKH B TIOJIO)KEHUH MAaKCUMAaJIbHOTO HAKJIOHA, 5 — 00oitma

[Ipu HECOOCHOCTH COEIMHEHHBIX BAJIOB BTYJIKA MEPEKOIIEHA 10 OTHOLIEHUIO K 000ii-
Me Ha yroil . B Touke A 3y0 BTYIKM HaXOAUTCS B MOJIOKEHUH MaKCUMAJILHOTO HAKJIOHA, a B
touke b, mexarmieit Ha ocH, pacmosokeHHON o yritoM 90° k Touke A, ciemyeT MOoJoKeHNe
MaKCUMaJIbHOTO Tiepekoca. [Ipu BpameHnn My(Thl Kaxablii 3y0 BTYJIKH JBaXKIbI TpoOeraer
9TH 0COOBIC MONTOKEHHUS. MeX Ty HUMH UMEET MECTO COBMEIICHUE TIepeKoca U HaKJIOHA 3yOb-
€B.

OTKJIOHEHUE OCeW 3alleTUIeHUsT Ha YroJl @ BBI3BIBAET TAHTCHIUAJIBHBIE CMENICHUS
3yObeB, KOTOPBIE BEAYT K TMOSBICHUIO HEPABHOMEPHBIX 3a30POB MEXKIY 3yObSIMHU 110 TIEPUMET-
py COCONHCHUA. TaHFeHHI/IaJ'II)HI)Ie CMCIIICHUA BKCTpeMaJ'H)HI)I B ITOJIOXKCHUHN MAKCHUMAJIBHOI'O
MepeKoca, MOITOMY B HaYaJIbHBII MOMEHT BpAIIeHUsI TIPU HAarpy3ke My(Thl 3yObsl B HUX UMe-
10T NIEPBOHAYAIILHOE CONPUKOCHOBEHUE U HaWOOJBIIYIO 110 BEJIMUKMHE HArpy3Ky. Yem Oomblie
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OTKJIOHEHHS OCel, a TaKkKe 4eM OOJIbIle )KeCTKOCTh 3yOheB, TeM CHIIbHEE KOHLIEHTPUPYETCS
Harpy3ka B 30HaX MakCUMaJbHOIO MX nepexoca. Kpome Toro, Ha TaHreHIMAIbHbIE CMEIIEHUS
HaKJIaJ(bIBAIOTCS] TEXHOJIOTUYECKHE OMIMOKU MIaroB 3yObeB, KOTOPBIE TaKXKe MPHUBOAAT K He-
PaBHOMEPHOMY pacIpeesIeHNI0 OOKOBBIX 3a30pOB, U 3y0Obsl JOMOJIHUTEIIBHO HAIPYXKAIOTCSA 10
HepUMETPY HEPAaBHOMEPHO [3].

Bbimie 6b110 CKa3aHO O HEPAaBHOMEPHOCTH PACHpPENENICHHs] Harpy3Ku IO MEPUMETPY
3aneruieHust MyQpTel. BMecte ¢ TeM HepaBHOMEPHOCTD paclipeesieHUs] Harpy3KH TaKKe HMEET
MECTO Ha IATHE KOHTaKTa 3yObeB, KOTOPasl BIMAET HA KOHLUEHTPAIMIO KOHTAKTHBIX HaIlpshKe-
HUU U IPOYHOCTb.

Ha pucynke 2 n3zo0pakeHa CTpyKTypHas CXeMa, [T0Ka3bIBaIOIIasl BIMSHUE T'€OMETPHU-
YEeCKHX, TEXHOJIOTHYECKUX M IKCIUTyaTallHOHHBIX ()aKTOPOB Ha paclpelieieHue Harpy3Kd 10
IATHY KOHTaKTa 3y0a My(Thl. 37€ch paclpeesieHue Harpy3KH 10 MATHY KOHTAaKTa paccMmar-
pUBaeTcs B pa3ieabHONM B3aMMOCBSI3U — 110 LUIMPHUHE U 110 JJIMHE. Takoe pa3/ieseHue NpUuHATO
JUIS TOTO, 4TOOBI JIydllle BbIPa3UTh BIMSHUE Pa3IUYHbIX (PAKTOPOB HA XapakTep pacupesaese-
HUS HarPY3KH M TOYHEE Y4eCTh UX JACUCTBUE B JAILHEHIINX pacyerax.

PacrpedeneHie Haz 3Ky 10 MATHY KCHMKMA 3400 Myemy

Pucrpedereae Hazgyawy o -=— | {OHMOKTADT |« Pacipedenehte Hozayaky 1o

wupure 10 komakme. = | CORIPNS | o | o e ko
HamepumT

e T~

Bruswie popy
ey sl Vs2utkag depapmalus 3y

Sean nepexaca 3y0a &, — Y200 KoHmOKMUPOODHLS | ~— 9207 HOKOHE 340bel 1,

B

| npsromHeUHES |——
| KPOGOAUHEUHOS 1—-—

o BiugHue pacuansHsx
BAUSHUP NEDEKOCT OCEU | |BAUSHLIE MEXHONGZLHECK LY paoda
nozpeukocmel CHeuerLy oced
OmknoHesus Umknoresus
ooy 300 POCTIONOXEHLS 3y06E0
Mexauseckag TeoHusecKas
oipadomka 3uieel Aok et

Pucynok 2. CTpykTypHasi cxema BIUSHHUS OCHOBHBIX ()aKTOPOB Ha pacrpesiesieHue
Harpy3KkHM 1o MATHY KOHTaKTa 3y0a My(TbI
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Ha pacnpenenenue Harpy3Ku Mo IUpUHE MATHA KOHTAaKTa 3y0a (1o obpasyromieil) oc-
HOBHOE BJIMSTHUE OKa3bIBaIOT: (popma oOpaszyromieit 3yda (paauyc KpUBU3HBI), YToJl IEPEeKoca
3y0a w; U TEXHOJOTUYECKHE MOTPEIIHOCTH H3roToBieHus. Cpasy OTMETHM, 4TO ajs 3yda
BTYJIKU C TIGPEMECHHOW KPUBH3HOW 0Opa3yroleili M3MEHEHHE ero mnepekoca Oy/leT BBI3bIBATh
U3MEHEHUE pajinyca KpUBHU3HBI 00pa3yloliel B TOUKe KOHTAKTa, TaK Kak 3y0 BTYJIKH IOBOpa-
YHBAETCS] OTHOCUTEILHO 3y0a 000MBI.

TexHonmornueckue MOTPENIHOCTH HM3TOTOBJICHUS OOYCIOBIMBAIOT OTKJIOHEHHE 00pa-
3yroleit 3yda oT UaeaIbHOTo MoJIokKeHus. [t 3y0ObeB MyDT ¢ mpSIMOJIMHEHHBIME 00pa3yro-
IIMMHU 3TO OTKJIOHEHHE MOXXHO XapaKTEPHU30BaTh YIIOM OTKJIOHEHHUS pealbHOM oOpasyromen
OT MJCATLHOW I TEXHOJIOTMYECKUM YIJIOM HECOBMAJCHHS O00Pa3yrOIIUX 3yObeB BTYIKU W
000iiMbI w,. [ToaTOMY pacrpenenenue Harpy3Kku 1o MHUpUHE 3yObeB ¢ MPSIMOIUHEHHBIMU 00-
pasyronmMu OyJeT 3aBUCETh OT CyMMAapHOTO yIiia MEXAY UX 00pa3yIOIIMMHU, KOTOPBIN Ompe-
JensieTcs mo popmyse:

Wy = Wy + Wy,

Jlig 3y0beB ¢ KPUBOJIMHEWHBIMU O00pa3ylOIMMU TEXHOJIOTHUYECKHE MOrPEIIHOCTH UX
U3TOTOBJIEHUS] 00YCIIOBIMBAIOTCS OTKJIIOHEHUEM PaJuyCOB KPUBU3HBI peanbHOI 00pasyroleit
3y0a OT 3aJJaHHBIX WACATbHBIX 3Ha4eHWH. OqHAKO B JaHHOW paboTe BIMSAHUE TEXHOJIOTHYE-
CKUX IOTPELIHOCTel Ha paclpelesieHe Harpy3ku Ho mupuHe 3y0a (mo oOpasyromeil) He
paccMarpuBaeTcCs, TaKk KaK UX J€WCTBHUE HECYILIECTBEHHO 10 CPAaBHEHUIO C BIIUSHUEM I1EPEKO-
ca, KOTOpbI B 3aBUCHUMOCTH OT (opMbl oOpasyromiedl 3y0a OKa3blBaeT IIaBHOE BIIUSHHE.
Kpome Toro, B JaJlbHEMIINX pacdyeTax IPHUHATO JOIYILIEHHE, YTO B3aMMOJCHCTBYIOIIME I10-
BEPXHOCTHU a0COIIOTHO IVIaJIKKE, a 3yObsi 000HMBI UMEIOT IPSIMOJIMHEHHbIE 00pa3yroIue.

OcCHOBHOE BIMSHUE HA PaCIIpe/Ie]IeHUe Harpy3KH 10 BBICOTE MATHA KOHTaKTa (110 Mpo-
U3BOJAIIEMY KOHTYPY B HalpaBI€HUU BBICOTHI 3y0a) OKa3bIBAE€T YroJl KOHTAaKTUPOBa-
HUS [f MEXIYy DBOJBBEHTHBIMU NMPOGWISIMHA (PHUCYHOK 3), BEIMYMHA KOTOPOTO 3aBHCHUT OT
u3ruOHo nedopmany 3yObeB U ONpeeNnsIeTcs CleAyIIUMHI (akTopamMu:

1. Yrmom nepekoca 3y0beB w;.

2. TexHOTOTHYECKUMH TIOTPEIIHOCTSIMH HU3TOTOBIICHUS 3yOheB [6, 7, 8].

3. PajnanbHBIMM CMEIIEHUSIMH OCEH BTYJIKM OTHOCHUTEIBHO 000HMBI.

4. Yriom HakioHa 3y0a wy (pUCYHOK 1).

B panpHelmmx pacderax pacupelesIeHHs Harpy3Kd IO MSTHY KOHTAaKTa IOCIEIHUM
(dakTopoM npeHeOperaeM, Tak Kak IMPOYHOCTHOM pacueT My(T MpOU3BOIUTCS AJisi 3yObes,
HaXOSIIUXCS HA OCH MaKCHMaJbHBIX MEPEeKoCcoB (PUCYHOK 1), rae aelcTByeT HauOosbIIas
Harpy3ka ¥ yIiibl HAKJIOHA UX OTCYTCTBYIOT.

HccnenoBanus, B yCIOBUSX NPOM3BOACTBA M HA HATYPHBIX oOpasliax 3yOuaTrbiX MyQT
Ha sKkcniepuMeHTanbHoM crenae I/l mia ucnbitanuil 3y0uarsix My(dT, MO3BOIMIN YCTaHO-
BUTh, YTO MPU IKCIUTyaTallud UX IUIOMIAJKa KOHTAKTa MOXKET HAaXOIUThCS Ha BepIIMHE 3y0Oa
000iiMBbI (pUCYHOK 3, @), Ha BepIInHE 3y0a BTYIKH (PUCYHOK 3, 0) WJIM B pEIKUX CIydasiX paB-
HOMEPHO paclipejiesieHa M0 BhICOTE B3aWMOICHCTBYIOINX 3yObeB (pUcyHOK 3, B). Ilpu sTom
HAUXyALIUM CIIy4aeM KOHTAaKTUPOBAHUS SBJISETCS TaKOW, KOT/a MJION[a/IKa KOHTAKTa BHIXOIUT
Ha BeplIMHYy 3y0a o0oiimMbl. Tak Kak MpU PaBHBIX YCIOBUSAX HArpyXeHHs KECTKOCTh 3yda
000i1MBbI BbIIIE, YeM 3y0a BTYJIKH, TOATOMY IPU B3aMMOJAEUCTBUHU 3y0a BTYJIKH IO BEpIIMHE
3y0a 000iiMbI yron f Oyner Oomblie, YeM MpHU B3aMMOJCHCTBUU 3y0a 0OONMBI 1O BEpIIMHE
3y0a BTYJKH, U Harpy3ka Oyiet 0oJjiee KOHIIEHTPUPOBAHHOM.
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a) 6) B)

)

Pucynok 3. 3anennenue napel 3yobeB: a— f§ > 0; 6 — f < 0; B— [ = 0; r — untepdepeHIm-
OHHAs KapTUHA ITOJIOC B TIOJISIPH30BAHHOM cBeTe Ha 3yoe BTyiku npu f = 0,00218 pan, P =
120 H (z = 24, m = 5mm, B = 20 mm, ucxonssiii koHTyp o CT C3B 308-76)

CyMMapHBIi yroi KOHTAaKTHPOBAHUS [ MEXIy SBOJBBEHTHBIMH NMPO(UISIMUA 3yObeEB,
0OyCIIOBIIEHHBI OIUCAHHBIMM BbINIE (PAKTOpAMH, OMNPEAETCH AHAIUTHYECKH IO METONLy
"MaKCUMyM-MUHUMYM"":

B =P+ B2+ Bs (D

rae [, — JIIEMEHTAPHBIN yroid KOHTAaKTHPOBAHUS MEXY dBOJIBBEHTHBIMH MPO(QHIISIMH 3yObeB,
BO3HHKAIOIIUII OT Nepekoca 3y0a BTYIKH OTHOCUTEIBHO 3y0a 000iMBbI;

[, — DIeMeHTapHBII Yyrojl KOHTAaKTHPOBAHMS, BOSHUKAIOIIHIA OT TEXHOJIOTHYECKHX TTOTPEITHO-
CTeil U3roTOBNIEHUS 3yObEB;

f3 — dIeMeHTapHBIN yroJl KOHTAaKTHPOBAHHS, BO3ZHUKAIOMIMKA OT CMEIIEHUSI OCeH BTYIKH OT-
HOCHUTEIIbHO 00ONMBI.
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DneMeHTapHBIN Yrojl KOHTAKTUPOBAHUS [51, BOSHUKAIOLIHHA OT IepeKoca Ocel BTYIKU
OTHOCHUTEJIBHO 000IMBI, onpeieneH 1o popmyie:

Br=— (2)

rae AS — HopMasbHBIA OOKOBOM 3a30p MEXKIY ABOJIBBEHTHBIMU ITOBEPXHOCTSIMH 3yObEB, BO3-
HUKAIOIIUN OT UX TAHTCHIIMAJIbHBIX CMEILCHHUII;
T — paauyc JeNUTEIbHON OKPYKHOCTH 3yObEB 3allCTUICHHUS.

Bocrmonb3oBaBimucek Gpopmyaamu padbotsr [1] asist onpenencHus Benuuunbl AS, Haxo-
JTUM YIJIbl KOHTAaKTUPOBAHUS P

— 1J1s 3y0a BTYJIKH C KPUBOJMHEHHON 00pasyromiei (3y0 000HMBI C MPSIMOIUHEHHOM
oOpasytolen):

2

R W
gk = (—1 — sin aw) —cos?y, (3)
T 2
— 17151 3y0a BTYJIKH C PSIMOJIMHEHHOM 00pa3yromieii:

Bw

B = o —costp, (4)

rae R, — maBHBIN paanyc KpUBU3HBI OOKOBOM MOBEPXHOCTH 3y0a;
Q,, — YTOJI 3alleTIICHUS;
@ — YTOJI IepeKoca OCel BTYJIKU OTHOCUTEIILHO 000WMBI;
1) — NOJSPHBIN YToJl, KOOPAUHUPYIOLIUI MOJI0kKEHNE 3y0a B 3alleTICHUH;
B — mimpuHa 3y04aroro KOHIIa BTYJIKH.
Jlnst 3yOuathix My(T BBITYCKaeMbIX Ha psijieé MAalIMHOCTPOUTENBHBIX 3aBOJOB OH HAaXO-
JUTCS B CIIEAYIOLINX MpeJenax:

—0,000977 pax < B, < 0,001498 pa, (5)

3HaUUTENBHOE BIUSHNE Ha YroJl KOHTAaKTHPOBAHHS 5 MEXKIy SBOJIBBEHTHBIMH Tpodu-
JSIMH OKa3bIBACT DJICMEHTAPHBIA YTroJ KOHTAKTUPOBAaHHS [§3, BOSHUKAMOIIMA OT paJdalibHBIX
CMEIIEHUH OCeH BTYIKH OTHOCHUTEIBHO 00OWMBI. MakCHMalbHas BEITMYMHA SJIEMEHTAPHOTO
yIJla KOHTaKTUPOBAHUS 3 HA OCH MaKCHMAJIBHOTO IepeKoca 3yba ompeernsieTcs o Cliemyo-
et popmyie:

2eq ) Ty |2 T,
+ tg“arccos — arccos , (6)
Ts Taz21 Taz21

Bs = £ |arctg

e eq — BEeJINYMHA PAJHAIbHOTO CMEIICHUsI OCEeH BTYJIKU OTHOCUTENIEHO 000MMBI;
T, — PaJyC OCHOBHOM OKPY>KHOCTH 3yObEB 3alleTIICHUS;
Tq2,1 — PAIMyC BEPIIMH 3yObeB 00OMMBI WIIU BTYJIKH.
IIpu  HaxoxzaeHuu 3 B BbIpakeHMH (6)  cieqyeT  HOACTaBIATH — 3HaYe-
HUE T, WIH T,1 IPU B3aUMOAECHCTBUM 3yObeB MO BepIIMHE 3y0a 00O0HMBI WM BTYIIKH, €CIIH
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0Chb 000HMBI CMeIIeHa OTHOCUTEIBHO OCH BTYIIKHM B HANPaBICHUH K PaccMaTpuBaeMoMy 3yOy
WM K IPOTUBOIIOJIOKHOMY.

B Beipaxenusix (5) u (6) 3HaK IUIIOC YKa3bIBa€T HAa TO, YTO KOHTAKT OCYIIECTBIISETCS
o BepIInHe 3y0a 000iMBbI, a 3HAK MUHYC — I10 BEPIIMHE 3y0a BTYIIKH.

[Tpu manpix yrmax xoHTaktupoBanus S (1o 0,01 pam) muromaaka KOHTaKTa MO BBICOTE
3y0a MOXET pacHpeesiaTbCcs Ha 3HAYUTEIbHYIO0 YacTh 3BOJBBEHTHOTO Mpoduiist (PUCYHOK 3,
r). [Ipu 3TOM pacnpenenenne KOHTaKTHOW HArpy3ku He OyleT COOTBETCTBOBATh paclpesese-
Huto 1o ['epiy, Tak Kak B OCHOBE €r0 TEOPHUH MOJO0KEHO JOIYILEHUE, YTO MATHO KOHTAKTa
BECbMa MaJIO 10 CPABHEHMIO C pa3MepaMM CKUMaeMbIX Tesl. Kpome Toro, Harpy3ka Ha IsiTHE
KOHTaKTa BbI3bIBAeT MPOrud 3y0a, COM3MEPUMBINA C KOHTAaKTHBIM CONMKEHHEM, YTO BEChMa
CYLIECTBEHHO CHM)XAE€T KOHTAKTHbIE HAIPSDKEHUS 110 CPAaBHEHUIO C OIpeNeNsieMbIMH 110 ['ep-
Iy, TaK KaK IPOUCXOIUT AedopMaliis MOBEPXHOCTH 3y0a, KOTOpas BIMSAET HAa HANpPSHKEHUE B
KOHTAKTE.

3. 3akjiouenue

Takum 00Opa3om, pacrpeneneHue HAarpy3kd Ha ISITHE KOHTakTa 3y0a My(Thl mMeeT
cnenuduyeckrue 0COOEHHOCTH, 00YCIOBICHHBIE TEM, YTO PANyChl KPUBU3HBI 3BOJIbBEHTHBIX
npoduiiei B3aMMOJICHCTBYIONICH Mapbl 3yObeB OJIM3KH, KPOME TOTO OKa3bIBAIOT BIMSHUE DKC-
HJ'IyaTaIII/IOHHI)IC U TCXHOJIOTNYCCKUEC q)aKTOpr. HOBTOMy JJIA onpeneneHHﬂ KOHIIGHTpaIII/II/I
HAarpy3kd Ha ISATHE KOHTaKTa 3y0a My(Thl HEOOXOAMMO pa3paboTaTh METOIHMKY €€ pacuera,
y‘-II/ITI)IBaIOH_Iy}O B ITIOJTHOM O6T)€Me OIIMCAHHBIC BBIIIC ABJICHNA.
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AHAJIW3 U CUHTE3 IPUHIUITIUAJIBHO-CTPYKTYPHBIX MOJIEJIEN
NHOTOYHO-IPOCTPAHCTBEHHBIX TEXHOJTOI'HYECKUX CUCTEM
HEITPEPBIBHOI'O JEUCTBUA

B cmamve paccmampusaemces memoouxa cunmesa NPUHYURUATLHO-CIPYKIMYPHBIX MOOenel NOMOYHO-
NPOCMPAHCBEHHbIX  mexHoaocudeckux mooyaeu (IIIITM), npednasHayeHHbIX 018 CO30aHUA NOMOYHO-
npocmparcmeenHvix mexnonocudeckux cucmem (IITC) nenpepwisnozo oeticmsus. [loxkaszano, umo s¢gpgpexmug-
HOe NpOEeKMupogaHue Makux CUCEM B03MOJICHO HA OCHO8e (YOPMANLHO20 ORUCAHUA O0ObLEMHO-
NPOCMPAHCMBEHHBIX CIMPYKMYP U NPUHYUNUATLHBIX KUHEMAMUYEeCKUX cXem ¢ NpUMeHeHueM Memooo8 0eKOMno-
suyuu u komnosuyuu. Ilpeonodxcen areopumm cuHmesa NPUHYURUATLHO-CMPYKmypHuix modeneti IITITM, ocho-
6AHHYIL HA PA3NI0JNCEHUU CNIOJICHbIX CIMPYKIMYP HA dNeMEeHmAapHble OGUIICEHUS U JJeMEeHmbl ¢ NOCAeOYVIOWUM
@opmuposanuem ynopaodouenuvix kopmedxcei. Paccmompenuvt npumeper cunmesa IIITM ¢ pasnuunvim uuciom
BXOOHBIX U BLIXOOHBIX NOMOKO8 NPEOMEmos oopabomxuy, a maxice 0CoOeHHOCMU NPOCMPAHCMEEHHO20 08UICE-
HUsL DA306bIX MEXHON02UYECKUX 6030eticmeutl. IIpoananuzupoeansl cnocodbl Op2anu3ayul 3a2py3Ku U 6blcpy3Ku
npeomemos 06pabomKy NPocmotl U CIOHCHOU KOHQUypayuu U NOKA3AHO UX IUAHUE HA KuHeMamuyeckue u
ounamuueckue xapaxmepucmuxu IIIITM. [lonyuennvie pesyromamol pacuupsiom 603MOICHOCIU AGMOMAMU-
suposanrozo npoexmuposarus IIIITC blcokoll npou3eo0UmenbHOCHU U CIONHCHOU NPOCPAHCMEEHHOU CMPYK-
mypbi.

Kniouegvle  cnoea:  nomoyHO-npoCcMpAaHCMGEHHAS — MEXHONO2UHECKAs  Cucmemd,  NOMOYHO-
NPOCMPAHCMBEHHbIL  MEXHONOSUYeCKUll ~ MOOYIb,  NPUHYURUATLHO-CIMPYKMYPHAA — MOOenb,  00beMHO-
NPOCMPAHCMBEHHAS CIMPYKIMYPA, KUHEMAMUYECKAs, CXeMa, OeKOMNO3UYuUsl, KOMRO3UYUs, npeomemsl 0opabom-
K.

D. S. Zharkikh, A. N. Mikhailov

ANALYSIS AND SYNTHESIS OF PRINCIPAL AND STRUCTURAL MODELS OF CONTINUOUS
FLOW-SPACE TECHNOLOGICAL SYSTEMS

The paper presents a methodology for the synthesis of principal structural models of flow-type technological
machines (FTTMs) intended for the development of continuous flow-type technological systems (FTTSs). It is
shown that efficient design of such systems can be achieved on the basis of a formal description of volumetric—
spatial structures and principal kinematic schemes using decomposition and composition methods. An algorithm
for the synthesis of principal structural models of FTTMs is proposed, which is based on the decomposition of
complex structures into elementary motions and elements followed by the formation of ordered tuples. Examples
of FTTM synthesis with different numbers of input and output workpiece flows are considered, as well as the
features of spatial motion of basic technological actions. Methods for organizing the loading and unloading of
workpieces of simple and complex configurations are analyzed, and their influence on the kinematic and dynam-
ic characteristics of FTTMs is demonstrated. The obtained results expand the possibilities of automated design
of high-performance FTTSs with complex spatial structures.

Keywords: flow-spatial technological system, flow-spatial technological module, fundamental structural model,
volumetric-spatial structure, kinematic diagram, decomposition, composition, processing objects.

1. Baenenmue

YcKkopeHue TEMIIOB TEXHUYECKOTO Iporpecca sBIsAETCS OQHOW U3 OCHOBHBIX 3a/1a4 B
pasBuTuM MammuHocTpoeHus [1, 2]. OgHAaKO 3TO HE MBICIUMO 0e3 NaTbHEHIIEero pa3BUTHS
TEXHOJIOTMYECKUX CHUCTEM, OCYILECTBIIAIOLUIUX ITPOU3BOIACTBEHHBIC IPOLIECCHI IMOIYyYECHUS
NPOMBIIUICHHOH npoaykimu [3, 4]. B cBoro ovepens, X MabHEIIee pa3BUTHE HEBO3MOKHO
0e3 mepexosa OT pelieHHsl JIOKAJIbHBIX Mpo0ieM aBTOMATH3allMK K pealu3aluy MPUHIUIIOB

© XKapkux [I. C., Muxaiinos A. H.; 2025
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KOMIIUIEKCHOM aBTOMAaTU3allMd IPOU3BOJICTBEHHBIX IIpoleccoB. Takas ke, TEeHAEHLHUs 0CO-
O0eHHO penbeHO, HAOMI0JAeTCs B AJIEKTPOHHOM, METUIIMHCKOM, aBUAIIMIOHHOM U SHepreTuye-
CKOM MPOMBIIUICHHOCTSAX HPU Pa3padOTKe BHICOKOMHTEHCHBHBIX TEXHOJIOTHYECKUX MpOIleC-
COB U CO3JJaHMsI Ha UX OCHOBE BHICOKOA((EKTHUBHBIX TEXHOJOTHYECKUX cucteM. Bmecrte ¢
TEM, HECMOTPS Ha JIOCTUTHYTBIE YCIIEXH B TOM HAIIPABJIICHUH, 3aIIPOCHI IPAKTUKHU BBI3BIBAKOT
HEOOXOUMOCTh JalIbHEHIIer0 TMOBBIIMICHUS YPOBHS aBTOMAaTH3allUU IPOU3BOJCTBEHHBIX
MIPOLIECCOB HA OCHOBE CO3JaHMsl KAYECTBEHHO HOBBIX TexHoJoruueckux cucteM — IIITC ne-
pepeIBHOTO AeiicTBus [5, 6].

Lenpto paboThl siBIsieTcs pa3paboTka 1 000CHOBaHME METOAMKH CHHTE3a MPUHIUITH-
AIbHO-CTPYKTYPHBIX MOJIEJIEH OTOYHO-IIPOCTPAHCTBEHHBIX TEXHOJIOIMYECKUX MAIIUH Ha OC-
HOBE JICKOMITO3UIIMMA U KOMIIO3UIIMH OOBEMHO-TIPOCTPAHCTBEHHBIX CTPYKTYP U MPHHLUIIH-
QIbHBIX KHHEMATHYECKUX CXEM JUIsl TIOBBIIICHUS YPOBHS aBTOMAaTH3aluu U 3(P(HEKTUBHOCTH
npoektupoBanus [IIITC HenpepbIBHOrO 1EHCTBUS.

2. O6mas yacTb padboTbl

[Ipu npoexkTHpoBaHUM NPUHUUNUAIBHO-CTPYKTYpHBIX Mozenei IIIITC Bo3zHuKaroT
0oJbIIME TPYAHOCTH M3-332 HAIMYUS 3HAYUTEJILHOTO YUCIIA AJIEMEHTOB U MOACUCTEM 00BEM-
HO-IIPOCTPAHCTBEHHOM CTPYKTYpPbl MOJENIN U CI0KHOTO COCTaBa NPUHUUIHNAIBHON KHHEMa-
tudeckoir cxembl [IIITM, a Takke B CBSI3M C OOJBIINM IEepeOOPOM pa3IUYHBIX BapHAHTOB
MoJiesIell U CXeM IIPU UX TeHEpUPOBAHUU. DTO MPUBOIUT K BO3SHUKHOBEHHIO 3a]1a4 OOJIBLION
pazmepHocTU. OJHAKO ATH TPYAHOCTH JIETKO IPEOJIOJIEBAIOTCS NPU aBTOMATU3HPOBAHHOM
npoextrpoBanuu IIIITM u ucnonb3oBaHUS METOJIOB TEXHUYECKONM KMOEPHETUKH, TAKHE KaK
JICKOMITO3UIIHS M 00beTUHEHHSI (KOMITO3UIIUS ) DIICMEHTOB MoJielieit u cxem [6].

B ocHOBY MeToauKu cHHTE3a MPUHUMIUAIBLHO-CTPYKTYpHBIX Mozenen [IITTM nosno-
JKEHa OTepanus JACKOMITIO3UIIUN 00BEMHO-TIPOCTPAHCTBEHHON CTPYKTYPHON MOJAETH W TPUH-

nunuanbHoN knHeMatndeckon cxemsl [IIITM Ha aneMeHTapHbIE CTPYKTYPBI S trl.gb) U JIBUKE-

(4)
HUA A, 3aTEM O6’b€):[I/IHeHI/IH COOTBCTCTBYIOIIUX JJICMCHTAPHLIX CTPYKTYP Strik N JIBUXKC-

HUU Q;;, B YIOPSAOYEHHBIC MAPHI U Jajiee O0BEAMHEHHS ITUX YIOPSAIOYCHHBIX Map B OOIIYIO
MPUHIUIINAIBHO-CTPYKTYpHYIO0 Mozenb [IIITM. C nomoupio Takux Mmpoueayp ¥ MCIoiIb30-
BaHusi OBM MoxHO co3aaBaTh J00bIE THIIA TPUHIIMIHAIBHO-CTPYKTYpHBIX Mojeneit [TITTM.
Kpome Toro, MOXHO TeHEpUpOBAaTh OOJBIIOE YHCIO BapUAHTOB MPUHIUIUATIBHO-
CTPYKTYPHBIX MOJIEJIEN U BECTH MX HMCCJIEJIOBaHUS B 30HaX JAJIEKHUX OT TOTrO, YTO JIEKUT Ha
suay [3].

B cxemaTnueckom Buje Mpoueaypa CHHTE3a NPUHIUITHAIBHO-CTPYKTYPHBIX MOJENIEH
[TTITM mpeacTaBisieTcss 3aBUCUMOCTBIO [5]:

Str, 1)

rje Str; — CTpyKTypa NPUHIUIHAIBHO-CTPYKTYpHOM Mojenu i-ro ITITTM;

11
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Stry, — ctpykTypa K-ro xoprexa i-ro I[MI1TM;

— 3HaK JICKOMITO3UIMH O00BEMHO-TIPOCTPAHCTBEHHON CTPYKTYPHOH MOZIEITU W TPUHIIUITH-
allbHOM KMHEMATUYECKOM CXEMBI;
® — 3Hak (omeparop) OObEAMHECHHSI SJICMEHTOB.

CYH_IHOCTB oreparopa ACKOMIIO3UIIUA @ 3aK/II04YacTCA B PACUJICHCHUN HA P B3aHMMO-

CBA3aHHBIX JIOKAJIBHBIX 3JIEMCHTAPHBIX COCTaBJIAOIIHNX MOACIIN StT'l(cl)) " CXCMBI 4;. O0BeM-

HO-IIPOCTPAHCTBEHHAsA CTPYKTYpHas MOJEIb W IPUHLUIMAIbHASA KUHEMAaTHYeCKas CXeMa
[TITTM, Kaxk mpaBHIIO, JIETKO pacHapauIeIUBAIOTCSA C IIOMOILBIO METOAA ACKOMIIO3HMLIUU, U

MOSTOMY JICKOMITO3HUIIMSI CIOXKHBIX CTPYKTYyp HauOoiee 3¢h(eKTuBHA NMPH HATMYUH MHOTO-

MMpOoHCCCOPHBIX BBIYHUCIMUTCIBHBIX MAIlIWH. 3aMeTI/IM, YTO ACKOMIIO3UIUA StT'l(d)) " a; MOXCT

BBITIOJIHSITHCS TTApAJUICILHO WJIM TTOCIICIOBATEIHLHO B 3aBUCUMOCTH OT ONEPATHUBHBIX BO3MOXK-
HocTeit DBM.
(@)

Paznienenvie MHOXKECTB Str; " M @; TODKHO NPOM3BOIUTELCS 10 TEX IIOP, OKA OHU HE
OyAyT pacujieHeHbl Ha IPOCTbIE 3JEMEHTbI, KOTOpPbIe MOKHO IpPEICTaBUTh MHOXXECTBAMH.
[lanee, BbIIONHSAETCS OOBEIMHEHUE FIEMEHTOB MHOXECTB B YIOPSIOUYEHHbIE Mapbl (KOpTe-
xHu). [Toce uero peanusyercs o0beIUHEHNE KOPTEXEN B IPUHIUITHAIBHO-CTPYKTYPHYIO MO-
JIeTb, KOTOpasi MOXKET OBITh TPE/ICTABICHA MHOKECTBOM KopTexei (1):

Stry = {Stryy, Striy, ..., Strip ). (2)

Takum oOpa3om, MpH CUHTE3€ NMPUHIUNHAIBLHO-CTPYKTYpHbIX Mozenel ITIITM Bbi-
IIOJIHAETCSL IBOMHAs KOMIIO3ULIMU JJIEMEHTOB KOpTexel M koprexkel. IIpm atom ympasise-

MBIMH ~ IIEPEMEHHBIMM  SIBJISIOTCA  CTPYKTYpPHBIE  I1apaMeTphl Stri@) 00bEMHO-
IIPOCTPAHCTBEHHOW CTPYKTYPHOM MOJENHM M KMHEMAaTUYECKHE MapaMeTphbl d; NPUHLUIINAAIb-
HOM KrHeMaTndeckoi cxemsl ITIITM [5].

Pemenue 3aaun cuHTE3a CYIIECTBEHHO 00JIErYaeTcsl MpU MCIOIb30BaHUM aBTOMATH-
3UPOBAHHOTO MPOEKTUPOBAHM, 00ECIIEUMBAIOLIET0 BBINMOJHEHHE Ha DBM aHamuTHuecKux
pacyeToB M IOCTPOEHUE NMPUHLUIINAIBHO-CTPYKTYPHBIX Mojeseld npoektupyemsix ITIITM.
Oto obecneunBaercs Onarojaps (GopMalbHOMY MPEACTABICHUIO 3TUX MOJIENIeH Ha COOTBET-
CTBYIOILIEM QJITOPUTMHYECKOM s3bIKe. [lomydeHne onmcaHus NPUHIUIUAIBHO-CTPYKTYPHBIX
moneneit [IIITM saBnsercs ucxoaHol nHdopmanuent Ui MOCISAYIOIIETo 3Tana MPOeKTUPO-
BaHMs napaMeTpusanuu 1 komnoHoBku [HIITM.

IIpu 3aBeplIeHNN CHHTE3a NPUHIUINAIBHO-CTPYKTYpHOU Moaenu 1-ro IIIITM, Haun-
HAETCsl MMOCTPOEHHE MPUHIMIHAIBHO-CTPYKTYpHOI Mozenu 2-ro ITIITM, 3arem 3-ro IIIITM
Y TaK Jajiee J10 MOJHOI0 CO3/1aHUs BCEX MPUHIMIHNAIBHO-CTPYKTYpHBIX Moaenen ITIITC.

Ha pucynke 1 mpuBeneHs! NpuUHIMNHAIBHO-CTPYKTYpHbIe Mozaenu IIIITM, Beimo:n-
HEHHbIE Ha 0a3e 00BEMHO-TIPOCTPAHCTBEHHOM CTPYKTYPHOU MOJIENH C MOACUCTEMaMHU BTOPO-
ro knacca. Ognako B npaktuke cuHre3a [IIITC moryr ObITh ciay4yaw, KOrJa KOMIIO3ULIUS
NPUHIUIHAIBHO-CTPYKTYPHBIX ~ MOJENell  BBINOJHAETCS  HAa  OCHOBE  OOBEMHO-
IIPOCTPAHCTBEHHOW CTPYKTYpHOM MOJENN C IOJACUCTEMAaMHU TPETBErO KJIacca, YETBEPTOTrO
KJ1acca 1 0oJiee BHICOKOTO Kilacca.

B kaudectBe mnpmMepa npoBenEeM CHHTE3 MPUHLIUNHAAIBHO-CTPYKTYPHOU MOJAEIH
[TIITM Ha ocHOBe 00EMHO-TIPOCTPAHCTBEHHON CTPYKTYPHOIH MOJIENU C MOACUCTEMAMHU Tpe-
Thero kiacca. I[Ipu 3TOM BO3bMEM NPUHIMNHAIBHYIO KMHEMAaTHYECKYIO CXEMY 4YETBEPTOU
HOATPYIIIBI TPEThed rpynmsl [5]. DTa npuHIHMIUaTbHAas KHHEMAaTHYeCKas CXeMa COCTOUT U3
TpEX INEMEHTAPHBIX JBHKECHHUN: ;1 — NPAMOJIMHENHOE OCEBOE JBUKEHHE, (;, — BpallaTellb-
HOE JBW)XEHHE, ;3 — BpallaTelabHOE ABM)KEHME. Kaxnoe u3 coueTaeMbIX 3J€MEHTapHBIX
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JBUKCHHUM, pacCMaTPUBAEMOE B OTAEIBHOCTH, SIBIISICTCA IPOCTBIM, & PE3YJIbTUPYIOIIA UX —
CJIOKHBIM TPAHCIOPTHBIM [BHKEHHEM, KOTOPOE BBIIOJHSIECTCA 110 BUHTOBOM IIONEPEYHOMN
SMHUIUKIION]IC, TPACKTOPHIO KOTOPOI MOXKHO MPEACTaBUTh BhIpaKEHHEM [5]:

( 1+ Vio
X; =1 + Rcos2nniT (—) ;
Viz

. 1+ Vi2

{ y; = Rsin2nngT (—) ; 3)
Viz
_n3Tty

k 4= Vi2 ’

rIe X;, Vi, Z; — KOOpJMHATHI TpaeKTOpUu aABuxkeHue bTB;
R — pagnyc OCHOBHO OKpPY»KHOCTHU IMOJICHCTEM BTOPOTO KJIAcca;
T — paJuyc OCHOBHOM OKPY>KHOCTH IOJCUCTEM TPETHETO KJlacca,
N3 — 4acTOTa BPAIIaTeIbHOTO JIBUKCHHUS (3]
t1 — OCeBOIl 1Iar 3J1€MEHTOB MOJICUCTEM IIEPBOTO Kiacca;
Vi, — KOJHMYECTBO MO3MLMH MOACHCTEM IEPBOrO Kjlacca B MO3ULMU IOACUCTEMBI BTOPOIO
KJiacca;
T — Bpems.
[Ipunumas ky = 1 u ucnonws3ys BeIpakeHus paboTHI [6], onpeaenseM (YHKIIHOHATIb-
HYIO 3aBHCUMOCTb JJIEMCHTapHbBIX JABMXCHUM [6, 7]:

Wrp3
Wrpz == = 4)
L
tiWrp2
Vo =5 ©)

TJIe Wrp3 — YIJIOBas CKOPOCTh BPAIATENLHOTO IBUKEHUS d;3;
Wrp2 — YIJI0Bast CKOPOCTh BPAIIATENBHOTO IBHKEHUS A3 ;
Vrp1 — JIMHEHHAS CKOPOCTH OCEBOTO MPSIMOIMHENHOTO JIBHXKEHUS Q1 -
beps BO BHUMaHuWe OCOOEHHOCTH pPabOTHI MOJYJsA, OOBEMHO-TIPOCTPAHCTBEHHYIO

CTPYKTYPHYIO MOJIENIb M IPUHIIMITHATIBHYIO KHHEMAaTHUECKYI0 cxemy cuHTesnpyemoro [1I1TM
MOYKHO 3aITUCaTh C TOMOIIIBbIO MHOXECTB [6]:

ser® = {Stri(ld))' ser®, Strig@}, (6)

a; = {aj;, ajz, a;3}, (7)

VYuuteiBas 3TO, NPUHUUIIAAIBHO-CTPYKTYpHYIO Mozens IIIITM mpeacrasiasieM MHO-
JKECTBOM KOPTEKEN:

Str; = {(Strl.(lcb), al-l), (Strl.(zcb), aiz) , (Stri(;b), ai3)}, (8)

MammuHHas peanusanus NPUHIUIIKAIBHO-CTPYKTYpHBIX Monenel [IIITM Beinonuser-
cst Ha DBM 1o cxeme 3aBucumoctu (1).
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Ha pucynke | npezacraBiieHa IpUHLIMIIMAIBHO-CTPYKTypHas Mozenb IIIITM, cocras-
JIieHHas Ha ocHoBaHuU BbIpakeHus (8). 3aeck BTB 1 umeroTcs mpocTpaHCTBEHHO-BPEMEHHYO
KOMITOHOBKY, OJ1arojiapst KOTOpoil OHU MepeMeIarTcsl 0 BUHTOBOW MOMEPEYHON SMHUIMKIIO-
u7e 2 3a CUeT JBYX BpallaTEIbHBIX JABWKEHUU d;3, (jp U OCEBOrO IPSIMOJIMHEWHOIO JABHIKE-
HUs a;q. Jnst aroro, moacucreMsl 3 MEpPBOro Kiacca MOCIEAOBATEIbHO PACIIONararTcs Ha
KaX/10 IO3ULIMHU MOJICUCTEM 4 BTOpPOro Kiacca ¢ (pa30BbIM CMELIEHHEM, KOTOPOe ONpeaess-
ercs o popmysie [6]:

t= ]
Vi2 9)

7€ tg - BEJIMYMHA OCEBOTO (ha30BOTO CMENIEHHUS MOJCUCTEM NIEPBOTO KIIACCa B KAXK/I0H 1103H-
LIMU TIOJCUCTEM BTOPOIO KJlacca.

[Ipu 3TOM noacucTeMsl 4 BTOPOro Kjiacca Ha KaKA0W MO3ULUH MOJCUCTEMBI 5 TPEThe-
ro Kjacca JOJKHbBI ObITh IOCJIEOBATEIbHO MMOBEPHYThl OTHOCUTENIBHO JIPYT Apyra Ha ¢azo-

BBIW YIOJI:
a,a;
y(b = )
21

(10)

rac ]/(b — (1)213OBI>II\/JI YroJ nocjaeaoBaTCJIbHOI'O IMOBOPOTA MMOACUCTEMEBI BTOPOI'0 KjlacCa OTHOCH-
TCJIbHO APYT ApYyTra Ha Ka)KHOﬁ MO3HUIUHU ITOACUCTEMBI TPETHETO KJIaCCa,

1 — yroja MExay InmoACUCTEMaMHU IICPBOro KiracCa Ha MO3UIHH ITOACUCTEMBI BTOPOI'O KJ1acca,
ay — YIroJI MEXAY NoACUCTEMAaMU BTOPOI'O KjlacCa B IMOJACUCTEME TPETHETO Kiracca.

2;;1} 3
\ |0 4
O
o 3;/(1)
b .5;
Q = A 4
H ; i
. M 1
| —6
*ail
, q e
O -
4 T
—— S
aiZ

Pucynoxk 1. IlpunuunuansHo-cTpykTypHas moaens [IITTM
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bnaronmapst Takoit KOMIOHOBKH OJIOKM TexHOjormueckoro Boszaeicteus (bTB) 1 mo
noJicucTeMam, 00ecreqrBaeTCsl UX MPOCTPAHCTBEHHOE JBMKEHHUE 1O OJHOW MPOCTPAHCTBEH-
HOU TPAEGKTOPHUH 2, UTO MO3BOJIAET BECTH 3arpy3Ky npeameros oopadotku (I10) 6 mo ogHOMYy
MIOTOKY V; ¥ MX BBIFPY3KY 110 OTHOMY IOTOKY W;.

IIpu coBmectHOM aBrxkeHuu BTB 1 u [1O 6 peanusyercs TEXHOIOrMYECKOE BO3ZEH-
cTBUE opyauii U cpenctB 006padotku Ha [10 6. IIpu sTom BTB 1 HenpepbIBHO HUPKYITHPYIOT
[0 3aMKHYTBIM PEKYPPEHTHBIM TPACKTOPUAM 7, MO3ULHMH IOJCUCTEM MEPBOTO Kilacca — IO
3aMKHYTBIM PEKYPPEHTHBIM TPAa€KTOPHUSAM BpPaLIAaTEIbHOTO JBUKEHUS (jp, @ MO3ULUU MOJCU-
CTEM BTOPOTO KJacca — MO 3aMKHYTBIM PEKYPPEHTHBIM TPACKTOPHSAM BPAIATEIBHOIO JIBUKE-
HUs a;3 [7].

B npakruxe npoextuposanus IIIITM BcTpedaroTcs ciydad, KOraa OJHO 3arpy304HOe
WM Pa3rpy304HOE YCTPOMCTBO HE YCIIEBAET NMPOU3BOAUTH 3arpy3Ky wiau pasrpysky [1O B
BTB IIIITM. ITostomy Ha IIIITM ycTaHaBiIMBaeTcsi HECKOJIBKO 3arpy304YHbIX M pPa3rpy3ou-
HbIX ycTpoicTB U [1O mocTynarT N0 HECKOJIBKUM BXOJIHBIM MOTOKAM Viq, Vi3, ..., Vi, & BbI-
IPY’XKar0TCsl IO HECKOJIBKUM BBIXOJIHBIM TMOTOKAM W1, Wiy, ..., Wi,,. B 00I11eM ciiydae, 4yucio
BXOJIHBIX TIOTOKOB MOXET OBITh HE PABHO YHCITY BBIXOJHBIX MOTOKOB [10.

Kpome Toro, mpu o6padotke [10 HeckoNbKHX HOMEHKIATYp, B psAAE ClaydaeB MpuMe-
HsatoTcs [IIITM ¢ HeCKOIbKMMH BXOJHBIMH M BBIXOAHBIMU 1TOTOKaMu [10.

B aTux cnyuasx, npu cuHTe3€ NPUHIUNHAIBEHO-CTPYKTYpHBIX Moaeneil [IIITM neob-
XOJIUMO YUUTBIBATh TPEOYEMOE YUCIIO BXOJHBIX M BBIXOJHBIX MOTOKOB 1O U B COOTBETCTBUM
C ATUM 33J1aBaTh YUCJIO MPOCTPAHCTBEHHBIX TPAEKTOPHUI OTHOCUTEIBHOIO JABUKEHUS IPOTO-
koB [10O B IIIITM nyrem BBeleHHS COOTBETCTBYIOIIUX (PYHKIIMOHAIBHBIX 3aBUCHUMOCTEH
MEXIY 3JIEMEHTAPHBIMU JIBM)KCHHSIMHU TMPUHLUUNHAAIBHON KUHEMAaTUYECKOM CXEMbI TpaHC-
noptHoro nBvxeHus bTB u ITIITM.

Ha pucynke 2 npuBeieHa NpUHIMIHAIBLHO-CTPYKTypHas Mozaens [IBTM c tpems
BXOAHBIMU TIOTOKaMU [10 v;q, Vi, V;3 ¥ TpeMs BIXOAHBIMH TTOTOKaMU 110 w;q, Wiz, wys. To-
CTPOEHUE JTOW NPUHLUUNHAIBHO-CTPYKTYpHOU Mozaenu [IBTM BbINONIHSAETCS aHAJIOTMYHO
NPUHLIMITAAIBHO-CTPYKTYPHOM MOJenu, peicTaBieHHoN Ha pucyHke 1. OnHako 31ech aie-
MEHTapHbBIC IBMKEHHS ;1 U Aj; UMEIOT CICAYIOIYIO (DYHKIIMOHAIBHYIO 3aBHCUMOCTH [5]:

S kotywrp; (12)
Tpl — 21 ’

rae ko — 9MCIIo 3aX010B BUHTOBBIX TpaekTopuii (ko = 3).

B npuanmnmansHo-cTpykrypHoit Mmoaenu [IBTM (pucynok 2), BTB 1 nepemematorcst
10 BUHTOBBIM TPAEKTOPUAM 2 M pacnoiararorcs oceBbiMH nporokamu 3. 10 4 nmocrynarot B
[IBTM nocpeAcTBOM TpeX TPAHCHOPTHBIX POTOPOB 5, 6, 7 10 BXOAHBIM MOTOKAM Vjq, Vjy, V;3,
a BBIIPY)KAIOTCS TpPeMsl TPAHCIOPTHBIMM poropamMu 8, 9, 10 mo BBIXOAHBIM IOTOKam
Wi1, Wiz, W;3. [Ipu coBmectHoMm aswxkennu bTB 1 u I10 4 peanusyercss TEXHOIOTHYECKOE
BO3/eHcTBIE Oopyauii U cpeactB o0padboTku Ha [10 4. Ilpu stom BTB 1 HenpepbIBHO LUPKY-
JUPYIOT MO 3aMKHYTBIM PEKYPPEHTHBIM TPAEKTOpPUsAM 11, MHAMBUIYaNbHBIM JUIS Ka’KJIOTO
0CEBOr0 NOTOKa 3.

[IpuHnmnuaneHO-cTpyKTYpHast Moaensb [ICTM ¢ nBymMsi BXOZHBIMU IOTOKAMM Vjq, Vi
U JIByMSI BBIXOJHBIMH IOTOKaMH W;q, W;, TIpUBEJeHa Ha pUCYHKE 3. 311ech (QyHKIIMOHATIbHAS
3aBUCUMOCTD DJIEMEHTApHBIX JBUKEHUN U OINPENCIIACTCS Ha OCHOBAHMM BBIPAKECHUM, MPEN-
CTaBJICHHBIX B pabote [6], 0JJHAKO /I MPUBEACHHON MPUHIMITHATBHO-CTPYKTYPHOU MOJIEITH
3HayeHue k, = 2. B npuHmmMnuansHo-cTpykTypHOH Mozaenu, BTB 1 nmepemematorcs no cnu-
paJIbHBIM TPAEKTOPUSM 2 U pacroiaraloTcs paguanbHbiMu notokamu 3. I10 4 moctynaroT B
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I[ICTM nocpencTBoM JBYX TPAHCHOPTHBIX POTOPOB 5 U 6 1O BXOAHBIM MOTOKAM Vjq U Vjp, @
BBITPYKAIOTCS ABYMsI TPAHCIIOPTHBIMU POTOpaMU (Ha pUCYHKE 3 HE IMOKa3aHbl) 110 BHIXOJAHBIM
MOTOKaM W;; U W;,, Tonbko npu coBmecTHOM JiBr>keHur bTB 1 u 110 4 BeinosnHseTcst TeXHO-
JIOTUYECKOE BO3JACUCTBUE Opyauii U cpeactB oopadotku Ha I10 4. ITpu stom BTB 1 Takxke
HEIMPEPHIBHO MUPKYJIUPYIOT MO 3aMKHYTBIM TPACKTOPHUSAM 7, UHJIMBUAYAIBHBIM ISl KaXI0TO
pamuansHOro moroka 3 [6, 7].

c W,
¢ 1 O 1 9 e ~
)
~
Wy 4 P
) 8
2 Wl
1
4
W
6
-~
5
e Vi

Pucynoxk 2. [IpunuunuansHo-cTpykTypHas Mojens [IBTM ¢ Tpemst BXOJIHBIMHU M BBIXO/IHBIMU
notokamu [10

[Tpu npoextuposanuu IIIITM B psne cayyaeB BOZHHKAET IMpobdieMa pelieHus BOIpo-
ca 3arpy3ku u BoIrpy3kH 1O cnoxHON kKoHpUrypanuu. ITo CBA3aHO C T€M, UYTO B 30HE 3a-
rpy3ku u BbIrpy3ku 110, Hecymue opranbl u npueMHUKH cMexHbIX [IIITM cosepmator
CJIO’KHBIE TPAaHCHOPTHBIE ABMKeHUs. [Ipu 3TOM M3-3a cnoxHol koHpurypanuu 10 u ciaox-
HOM KMHEMATHUKH TPAaHCIOPTHOT'O ABM)KEHUS MHOT/A 3aTpyAHsIeTCs 3arpy3ka u Boirpyska [10.

Otmerum, uro 1O npoctoit hopmbl epesaroTcs OT MPEIbIYIIETO K MOCIeAYIOIEMY
[TIITM 0GBIYHBIMU METO/IAMHU, TPUMEHSIEMBIMU B POTOPHBIX JTUHUSIX, HAIPUMED, C TIOMOIIBIO
TPaHCIOPTHBIX pOTOPOB WK HenocpeAacTBeHHO oT IIIITM k IITTM.

Jnisa cnoxunoit popmel [10, ynpomienue nporecca 3arpy3ku u Boirpysku [10 ¢ TITTTM,
MOYET OBITh IOCTUTHYTO IPHU HCIIOIB30BAaHUM CIEIYIOUINX CIIOCOOOB:

1. Ilpn mocTynieHun HeCylMX OPraHoB WM NpueMHUKOB BTB B 30HY 3arpy3ku wi
BoIrpy3ku [10 ¢ IIIITM npou3BoauTcs OCTaHOBKA OJHOTO MJIM HECKOJIBKUX 3JIEMEHTapHBIX
JBM)KEHUW MPUHLIMIUATILHON KnHeMaTtndeckon cxemsl [IIITM Bo Bcex mo3unmsx BCeX Kiac-
COB MOJICUCTEM 00bEMHO-IIPOCTPAHCTBEHHOU CTpYKTypHOU Mojenu ITITTM.

2. IIpu mocTyniaeHun HeCyIIMX OopraHoB wiu npueMHukoB bTB B 30Hy 3arpy3ku umm
BeIrpy3ku [10 ¢ TIIITM npousBoauTcst OCTaHOBKA OJHOTO MM HECKOJIBKHX 3JIEMEHTApPHBIX
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JBW>KEHUW PUHLUMNHUATBHOM KnHemaTuyeckoil cxeMbl [IIITM Bo Bcex mO3ULMAX MOJCUCTEM
TOJIBKO T€X KJIACCOB OOBEMHO-TIPOCTPAHCTBEHHOW CTpykTypHOU Momenu I[IIITM, xoTopsie
HAxXOoJATCs B 30HaX 3arpy3ku wid Boirpysku [10.

3. IIpu mocTynjaeHun HECYIMX OpraHoB WK NpueMHUKOB bTB B 30HYy 3arpy3ku win
BoIrpy3ku [10 ¢ IIIITM npou3BoauTcs OCTAaHOBKA OJHOIO MM HECKOJIBKMX 3JIEMEHTAPHBIX
JIBUOKEHUW MPUHIMIIKMAIBHOW KuHeMaTnyeckor cxeMbl [IITTM B ofHOM MO3UMLIMM MOJICUCTEM
TOJIBKO T€X KJIacCOB 00BEMHO-IIPOCTPAHCTBEHHON CTPYKTYPHOU MOJIENIN, KOTOPHIE HAXOIATCS
B 30HAaX 3arpy3ku u Beirpysku 110 [7].

Pucynoxk 3. [IpunuunuansHo-cTpykTypHas Mozens IICTM ¢ 1ByMst BXOJTHBIMHU M BBIXO/IHBI-
Mu nnotokamu I10

Takue rpaHUYHBIE PEHIEHUs] MO3BOJISIIOT YIPOCTUTh MPOLIECC 3arpy3KM U BBITPY3KH
[1O cnoxxHo# (GOpMBI 3a CYET YIPOIIECHUS KUHEMATUKU CIOXHOU CTPYKTYpBI IPUHIUITHAIb-
HOM KMHEMaTUYECKOUN cxeMbl TpaHcnopTHOro ABwkeHus [IIITM B 30Hax 3arpy3ku U BBITPY3-
ku [1O. Ilpu »sToM B 30HE 3arpy3ku U BbIrpy3ku [IO MoOkeT MpUCyTCTBOBaTh TOJBKO OJHO
AJIEMEHTAPHOE MPSAMOJUHENHOE WM BpallaTeIbHOE ABUKEHHUE, HUCIOJIB3YEMOE B POTOPHBIX
WM POTOPHO-KOHBEWEpHbIX MamuHax. [loatomy mnponecc 3arpy3ku u Beirpy3ku [1O B
[IIITM, BbIONHSAEMBIA B COOTBETCTBUM C MPEIJIOKEHHBIMH TEXHUYECKHUMU PEIICHUSMH, BE-
JIETCS AHAJIOTMYHO POTOPHOM WJIM POTOPHO-KOHBEHEpHOW 3arpy3ku W BbIrpy3ku [10. Oto
3HAUUTENBHO yIpoIaeT npouecc 3arpy3ku u Beirpy3ku 110 ¢ [IIITM u pe3ko pacmupsier ux
TEXHOJIOTUYECKUE BO3MOKHOCTH.

Opnnako 3ameTuM, 4To Ipu 3arpyske u Beirpyske 110 ¢ IIIITM no nepsoMmy BapuaHTy
MPUCYTCTBYET OOJbINass HEPABHOMEPHOCTh JBIKEHUH. DTO MOXKHO MPOCIEAUTh HAa IPUMEPE
MPUHIMIINAIBHO-CTPpYKTypHOU Moaenu [IBTM, npencraBienHoi Ha pucyHke 4, a. [Ipunnu-
NUaJIbHast KUHeMarndeckas cxema 3T1o [IBTM cocTouT u3 aByX a1e€MEHTapHbIX IBUKEHUN a;q
U Qj; TpUYEM BpallaTeIbHOE JBUKEHUE ;5 BBITIOIHAETCS HEMPEPHIBHO, @ OCEBOE MPSAMOJIH-
HEWHOE JIBIKECHUE PEalU3yeTCsi ¢ OCTAHOBKAMU B 30HAX (1, Q3 ..., Py,,. ITO MPUBOAUT K
3HAUUTENBHBIM TUHaMHYeckuM Konebanusm BTB 1 u nepeMenieHuo ux mo JOMaHOW BUHTO-
BOM TPAEKTOPHH 2, U4TO B PAJIC CydaeB MOKET OrPaHMYMBATh MPUMEHEHHE 3TOTO CIocoda Ha
MPaKTHUKE.
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ITo BrOopomy criocody 3arpy3ku u Beirpy3ku [10 c IIIITM obecnieunBaercs ymyuiie-
HHE KuHematudecknx napamerpoB IIIITM, Tak kak B 9TOM cCilydae CHMDKAIOTCS JTUHAMHUYE-
CKHe KosiebaHus 3a cueT 0osiee paBHOMEPHBIX MAapaMETPOB KHHEMATUYECKUX JBHKECHUN. ITO
CBSI3aHO C TE€M, YTO OCTAaHOBKAa OJHOTO WMJIM HECKOJBKHUX JBM)KCHH BBIIOJIHIETCS TOJIBKO B
30He 3arpy3ku wiu Beirpysku I10 [5, 7].

1<

(U

Pucynok 4. BapuaHTsl NpUHIMIHAIBHO-CTPYKTYpHBIX Mozeneit IIBTM c¢ paznuunbiMu cxe-
MaMHU KHHEMAaTUKU OCEBOT0 ABM)KEHHUS: a — C HECKOJIBKUMHU OCTAaHOBKAaMU 34 OJIUH TIOJIHBIN
000poT, 0 — ¢ OJTHOM OCTAHOBKOM 3a OJIMH MOJHBIA 000POT, B — C HECTALIMOHAPHBIM JIBUKEHH-
€M I10 TpaHuLaM

Ha pucynke 4, 0 npezacraBieHa NpUHIMIIUAIBHO-CTPYKTYpHas moaens [IBTM, B ko-
TOPOY 3a OJIMH MOJIHBIM KNHEMATHYECKUI LUKJI BPAllaTEIbHOTO ABUXKEHUS Oy, MPSIMOJINHEN-
HOE OCEBOEC JIBM)KCHHME OCTAHABIIMBAETCSA B OJHOM 30HE ¢ IO yriy moBopota moxayns. IIpu
sToM BTB 1 nepemeniaercs mo BUHTOBOW TpaeKTopuu 2, 6ojiee paBHOMEPHOH, 4eM Ha pUCYH-
ke 4a. Takol crioco0 3arpy3ku u BeITpY3KkH uctonb3yetcs B [IIITM nist 06paboTku 3y0uaThix
U3JICIIUN.

Haubonee mnpuemieMblM C TOUKH 3pEHHUS CHUKEHHS TUHAMHYECKHUX KoJeOaHui
[ITTM u yBenuueHus! X MPOU3BOIUTEIBLHOCTH SBJISIETCS TPETU crtocod. ITOT crnocol pea-
JU3YETCS 3a CYET HECTAMOHAPHOCTH JIBUKEHHS MOTOKOB MOJICUCTEM OJHOTO MM HECKOJb-
KHX KJIacCOB Yy 30H 3arpy3ku u Beirpy3ku [10. Ha pucynke 4, B BpamaTeabHOe IBIKEHUE Ay
BBITTOJTHSICTCSI HETIPEPBIBHO, & JIBIKEHHE A;; CTAIlMOHAPHO TOJHKO HA y4acTke l,, Ha ydacTke
[, oHO M3MeHsieTCs OT HyJIS /10 3HAYEHUS Ha yyacTke ly, a Ha ydacTke [, u3MeHsercs OT 3Ha-
YeHHsI KOTOPOe Ha ydacTke [y 10 Hyist. Takum oOpa3om, B 30HaX 3arpy3ku U BeITPY3kH [10 1o
yIily @1 IPSMOJIMHEWHOE IBWKEHHUE ;1 PaBHO HYII0. 1103TOMY 31€CH IPUCYTCTBYET TOJIBKO
Bpamenue u I1O crnoxHOW KOH(UTypaluu JIETKO 3arpy’KaeTcs U BBITPYKAIOTCA TPAHCIOPT-
HBIMH poTOpam# [7].
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3. 3ak/104yeHue

B npencraBnenHoit pabore paszpaboTaHa MeETOIMKAa CHHTE3a MPUHIMIIHAIBHO-
CTPYKTYPHBIX MOJIENICH, B OCHOBY KOTOpPOH IOJOXKEHA OMeparus JEKOMIIO3UIIUU O00BEMHO-
MPOCTPAHCTBEHHOM CTPYKTYPHOH MOJEIN M MPUHIUIHAIBHON KHHEMaTHYeCKOH CXeMbl Ha
DJIEMEHTAPHBIE CTPYKTYPHI U JIBIXKEHUS, 3aTeM O00bEIMHEHUSI COOTBETCTBYIOIINX JJIEMEHTAp-
HBIX CTPYKTYp U JIBXKEHUH B YHOPSJAOYEHHbIC Maphl U Jaliee 00beIUHEHUS! ATHX YHOPSA0-
YEHHBIX Map (KOpTeXei) B OOIIyI0 MPUHIMIHAILHYIO-CTPYKTYpHYI0 Moaenb [ITITM. C mo-
MOIIBIO TAKUX MPOLIETYP MOKHO CO37aBaTh JIFOObIE THIIBI IPUHIIUIIHAIBEHO-CTPYKTYPHBIX MO-
nenen [TITTM.
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HNCITOJIB30BAHUE TOHKUX IIVIEHOK U3 OKCHU/10B METAJIVIOB

Ilpedcmasnena memoouka uccie008anusi MOHKONIEHOUHBIX MAMEPUAIO8, GKIIOUAIOWAs CHEKMPOPo-
momempuio u 06pabomKy CheKmpos nponyckanus. IKCNEPUMEHMATbHO U3YUeHbl ONMUYECKUe CB0LICMBA NIEHOK
OKCUOA 0]106a, NOJLYYEHHBIX CAPEU-NUPOIU3OM npu pasiuunvix memnepamypax (200—400 °C) u pazuom konuue-
cmege cnoes (20—100). Ilo usmepennvim cnekmpam nponyCKanus Onpedesera WUPUHa 3anpeweHHOl 30Hbl.

Knrouegvie cnosa: cnou, oxcuod on106a, npubop usmepenus, no0I0ICKA, ONMUYECKUe C80lCMad.

A. V. Zvyagintseva, S. V. Dolzhenkov, V. V. Kulneva

APPLICATION OF THIN METAL OXIDE FILMS

A technique for studying thin-film materials is presented, including spectrophotometry and the processing of
transmission spectra. The optical properties of tin oxide films obtained by spray pyrolysis at various tempera-
tures (200-400 °C) and with different numbers of layers (20—100) have been experimentally studied. The band
gap width was determined from the measured transmission spectra.

Keywords: layers, tin oxide, measuring device, substrate, optical properties.

1. Beenenue

ToHKHEe MIEHKM Ha OCHOBE OKCHUJOB METAJUIOB HAXOJAT LIMPOKOE NMPUMEHEHHUE B
YCTPOMCTBAX MHUKPOAJIEKTPOHUKH M (POTOBOJBTAMKH OJaronaps CBOMM YHHKAJIBHBIM JJICK-
TPUYECKMM M ONTHYECKUM CBOHCTBaM. OcoOblii MHTEpeC CpeAu HUX MPEACTaBIIAET OKCH]
osoBa (SnO2) — IMKMPOKO30OHHBIM MOJIYNPOBOJHUK N-TUIIA, UCHOJIb3YEMBIH B IMPO3PAYHBIX
AJIEKTPOJAX, FA30BbIX CEHCOpaX M 3JIEMEHTaxX COJIHEYHOM sHepreTuku. CoBpeMeHHbIE HCCIle-
JIOBAaHUS HATPABJICHBI HA KOHTPOJIMPYEMOE U3MEHEHHE CBOIMCTB TaKMX IUICHOK 3a CYET BHIOO-
pa MeTojla CHHTE3a, BapbUPOBAHUS TEMIIEPATyPhl OCAXKJIEHHS, TOJIIIUHBI U COCTABA.

OmHUMHU W3 CaMBIX JIOCTYITHBIX CUYHMTAIOTCS JKUAKOCTHBIE METOJbI, TAaKHE KaK 30JIb-
refib TEXHOJIOTUS M CHped-NIUPOIN3, KOTOpble HE TPEOYIOT CIIOKHOTO CIEeNUATU3UPOBAHHOTO
BaKyyMHOT'0 00OpYIOBaHHS W TIO3BOJISIFOT MOJTy4aTh IMOKPBITHS HA OOJBIINX TUIOMIAISMX TPU
OTHOCHUTEJIBHO HM3KHUX 3arparax. B pabortax [1-7] paccMaTpuBaroTCsi pas3M4HbIE ACHEKTHI
CHHTE3a M MCCIICJIOBAHHSI CBOWCTB METAJUIOOKCHIHBIX TUICHOK, TOJTYYEHHBIX KUAKO(MA3HBIMU
METO/IaMHU.

HecmoTpst Ha mMeronrecs TOCTHYKEHUS, ONTHYECKUE CBOMCTBA IUIEHOK OKCHJIA OJI0Ba,
c(OpPMHPOBAHHBIX METOAOM CIpeH-NUponIn3a, TPeOYIOT JaTbHEHIIero u3y4eHus B 3aBUCUMO-
CTH OT TEXHOJIOTHUECKUX MapaMeTPOB — TEMIIEPATYPHI MOUTOKKH M KOJMYECTBA HAHECECHHBIX
cjl0eB. B cBsA3M ¢ 3TUM 11eNbI0 JaHHOH pabOTHI SIBJISETCS MCCIeI0BaHUE ONTUYECKHX CBOMCTB
TOHKHX TUIEHOK OKCHJIa OJIOBA, IMOJYYEHHBIX CIPEH-TTUPOIM30M M3 30JIb-TeIb pPacTBOpa IMpH
pasnnuHbIX Temnepatypax (200400 °C) u ¢ pa3abM konudecTBoM cioeB (20—-100). [ns no-
CTHIKEHUS TTOCTaBICHHOM IIeTH PELIAINCh CIIeTyIONINe 3a1a4H:

1. [Monyuenne oOpa3LoB MIeHOK SN0, METOJIOM CIPEH-MUPONN3a MPU BapbHUPOBAHUU
TEMIIepPaTyphI MOJI0KKHU U YHCIIa CIIOEB.

2. I3MepeHne CeKTpOB ONTUYECKOTO MPOMYCKaHHs MOTYYEHHBIX TUIEHOK B BUAMMOM
JIana3oHe ¢ TIOMOIIBIO CTIEKTPO(POTOMETpA.

3. Onpenesnenre MUPUHBI 3aIPEIICHHON 30HBI HA OCHOBE aHajM3a CHEKTPaJIbHbBIX 3a-
BHUCUMOCTEN KO3 (UIIMEHTa MOTJIOMIEHHUS.

© 3earunnesa A. B., [lomkenkos C. B., Kyneuera B. B.; 2025
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2. OcHOBHOE co/lep:KaHNe U Pe3yJbTaThl pad0Thl

W3mepenust ypoBHsI MPOMYCKAaHUS CBETA MOJYYEHHBIX OKCUAHBIX IJICHOK BBIMOJIHSA-
muck Ha crekrpodoromerpe momenu CIIEKC CCII-715-M mpoussoactea AO «JIOMO»
(Cankt-IletepOypr). @yHKIMOHUPOBAHUE JAHHOTO MpUOOpa Oa3zupyeTcsl Ha SIBJICHUU H30H-
paTeNIbHOTO CIEKTPAIBHOTO MOTJIOMICHHUS IPU MPOXOKICHUN CBETa Yepe3 0Opasiibl, HaXO0Is-
nMecs B TBepaoi miu xkujakon ¢asze. [Ipudop compsiraercs ¢ nepcoHaibHbIM KOMIIBIOTEPOM,
YIIPABJICHUE OCYLIECTBIISETCS ¢ IMTOMOIIBI BHEIIHErO MPOrpaMMHOro kKomiuiekca «Yd-BU/I
CIIEKC»y.

OObexTamMu UCCIeIOBaHMsI BBICTYNUJIM TUIGHKHA OKCHA 0JI0Ba, c(hOpMUPOBAaHHBIE Me-
TOJIOM CHpeH-TIUpon3a U3 30Jb-Telb pacTBopa. Ilpomecc mpoBoauics mpu TeMIeparypax
nomnoxku 200 u 400°C ¢ Bapuanueit uucna cioes (20, 40, 60, 80, 100).

[lopsmox mpoBeneHUs SKCHEpUMEHTa ObUT cieayromuM. McxoaHbslM MaTepuanioMm
(mpexypcopom) ciykmi quruapar xjaopuaa onosa (SnCl2-2H20) ¢ xonnentpamueit 0,5 M,
pPacTBOPEHHBIM BEIIECTBOM BBICTYMAl H30MPONIIIOBBIM crupT. [IpuroroBineHHBIH cocTaB
MIOJIBEPTaJICs IEPEMEIIMBAHUIO B TEUSHHE OJTHOTO Yaca, IOCJIe Yero BhACpKUBaIC 24 Jaca.

Hanpienue SnO2 oCyIIeCTBISAIOCH C UCMOJB30BaHUEM PACTBOPA, MOATOTOBICHHOIO
JUTSI 30J1b-T'€JIb TEXHOJIOTUH, MeToIoM crpeii-uponm3a (CIII'3). Pabouuit pacTBop momemai-
csl B pe3epByap aBTOMATU3UPOBAaHHOW HambLTuTENbHOM cucteMbl Y CII-3. Pabouee naBnenue
MOJIJICP)KUBAIOCh HAa ypoBHE 3 Oap. @opmupoBaiock pasiaundnoe yucio ciioes (20, 40, 100) ¢
nay3oi B 30 cekyna nociue kaxabix 10 cioeB 1 BO3BpaTa HarpeBaTeIbHOTO AJIEMEHTa K 3a-
JIaHHOM TemriepaTtype. Temmneparypa HarpeBatesns ¢pukcupoBaiack Ha otMeTkax 400 C (cepus
A) u 200°C (cepus b). Pacnbuiurens Haxoauics Ha pacctossHuu 400 MM oT mouiokku. B ka-
YECTBE MOJI0KEYHOI0 MaTepHala MPUMEHSI0Ch CTEKIIO.
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Pucynok 1. CieKTpbI ONITHYECKOTO MPOITyCKAaHUS TUNIEHOK OKCH/Ia 0JI0BA, H3TOTOBJICH-
HbIX ipu Temneparype 200 °C

I[HSI CO3JaHus TOHKHX CJIOCB SnO> MMPUMCHSJICA 30JIb-T'CJIb COCTAB Ha Oaze XJopuaa

onoBa (SnClz:2H20) (0,5 M) u uzonponwmiosoro cnupra (C3HgO). KomnoHeHTHI cMmemmBa-
JUCHh TPU KOMHATHOM TeMIIEpaType ¢ UCIOJIb30BAHUEM MAarHUTHOW MEIIANIKA Ha MPOTSHKEHUN
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1 yaca, 3aTeM pacTBOp BbIAEpKUBaICS 24 yaca.

Hanecenne coctaBoB MpoU3BOAMIIOCH HAa CTaHJApTHBIE MPEIMETHbIE CTEKIa (pa3mep
26x76x1 mm, TOCT 9284-75), npenBapuTelIbHO MPOLIEAIINE OUYUCTKY B YJIbTPa3BYKOBOM
BaHHE C MPUMEHEHUEM JTUCTHUILTUPOBAHHOM BOJIBI U M30MPOMHIOBOTO CIIUPTA.

[TporpeB cTEKIISIHHON OCHOBBI BBITIONHSIICS ¢ moMOIb0 HHPppakpacHoro (MK) kepa-
MHYECKOTo HarpeBaTens radaputamu 245x60 mMMm. CTEKI0 pa3Memanoch Mo IEHTPY BIOJIb
HarpeBaTeJIbHOM NaHeN! JUIsl 00ecieueHusl paBHOMEPHOCTH Harpesa. [l reHepannu asposo-
a5 ucniob3zoBatics asporpad OPHIR AC004A (muamertp coria — 0,3 MM), BO3AyX MOAaBaICs
0Oe3MacisiHBIM MOPIIHEBBIM KoMIpeccopoM AS186. B mporecce HambLIeHUs: JaBlieHUE CO-
cTaBJsI0 3 O6ap, pacCTOSHKE OT COTUIA JI0 MOJIOKKH paBHsUIOCH 400 MM.

1,2E+15
1E+15
8E+14 [
I

|

6E+14

2E+14
. %

0,5 1,5 2,5 3,5
hv, B

(ahv)?

Pucynok 2. CrieKTp HOIIONIeHHs IIEHKH OKCHIa 0J10Ba B KoopauHatax (ahv)? = f(hv),
M3TOTOBJIEHHBIX TIpH Temmneparype 200 °C
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Pucynok 3. CieKTpbl ONITHYECKOTO MPOITYCKAHUS TUICHOK OKCHJIA 0JIOBA, H3TOTOBIICHHOM MTPH
temnepatrype 300 °C

TexHomnorueit 6bUI0 MPETYCMOTPEHO, UTO MOCIIE KAXKIOTO JecATOro cios aenaercs 30-
CEKYH/IHas Iay3a sl 3aKpeIICHUs] HAHECEHHOI0 MaTepuala U BOCCTaHOBJIEHUs TeMIIepaTyp-
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HOTO pexuma Harpesateliss. KOHTpobs TeMrepaTypbl MOBEPXHOCTH BBITOJIHSIICS TUPOMETPOM
HoldPeak hp-1500. Ocaxxnenue mieHok Benock mpu temmeparypax 200, 300 u 400°C.

AHanM3 ONTHYECKHX XapaKTePUCTHK BHIMONHsUICA Ha crekrpodoromerpe CITEKC
CCII-715-M (AO «JIOMOp). YcraHOBIEHO, YTO B BUAMMOM 00JIaCTH CHEKTpa IUICHKH Xa-
pakTepu3yrTCs Mpo3padyHocThio Ha ypoBHEe T = 60—80%. bpin BeramcieH KO3IPHUITUESHT TT0-
[JIOIICHUS, a IMyTeM [EePEeCTPOCHUS CIEKTPaIbHOW 3aBHCHUMOCTH B KOOpIMHATax
(ahv)? = f(hv) onpeneneHa MUPUHA 3ANPEIIECHHON 30HEL

[Tonyuyennbie ontuueckue nanubie s Temnepatyp 200, 300 u 400°C orpaxeHsl Ha
pucyHkax 1—7. 3HaueHUs IHUPUHBI 3AMPEIICHHON 30HbI COCTABWIM: 11 Temrneparypsl 200 C
—3,96 5B, n1s 300 C — 3,98 5B, s 400 C — 3,98 3B.
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Pucynok 4. CrieKTp NOTIONIeHus IIEHKH OKCHa 0j10Ba B koopaunatax (ahv)? = f(hv), us-
rotoBiieHHOM Tipu Temmneparype 300 °C
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Pucynok 5. CrieKTpsl ONITHYECKOTO MPOITYCKAHUS TUICHKH OKCHJIA 0JI0Ba, U3TOTOBJICHHOHN TPH
temnepatrype 400 °C

AHalli3 ONTUYECKUX XapaKTEPUCTHK IJIEHOK JMOKCHA 0JI0Ba MPOBOAMIICA MO TaKUM
napameTpam, Kak ypOBEHb CBETOMPOIYCKaHHs B BUIUMOW OOJACTH CIIEKTPa U pacCUMTaHHAS
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HIMPUHA 3anpenieHHol 30061 [1-7]. B pe3ynbrare ycTaHOBIIEHO, YTO MPO3PAYHOCTH 00PA3IIOB
Bappupyercs B npenenax T = 60-90 %. Hamnyumme nokazarenu npo3pavyHOCTH, TOCTUTAK0-
e 80—85 %, QUKCHUPYIOTCS Y CIIOEB OKCHAA OJIOBAa, CHOPMUPOBAHHBIX NPU TEMIIEpaType
200 °C.

I'paduk 3aBHUCHMOCTH Kpasi MOJIOCHI MOTJIOMIEHHUS, COOTBETCTBYIOLICH MPSMBIM MEX-
30HHBIM TIEpeXo0/iaM, OT YHEPIHH CBETOBBIX KBAHTOB IPE/ICTaBJICH Ha pUCYHKe 7. BrimonHeH-
HBIE pacueThl IO3BOJISIIOT OLEHUTH LIMPUHY 3alpELEeHHON 30HbI B nHTEpBaie 3,93-3,97 3B.
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PucyHok 6. CrieKTp HorIonieHus IIeHKH OKcHa o10Ba B koopaunatax (ahv)? = f(hv), us-
roroByieHHOH npu Temmnepatype 400 °C
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Pucynok 7. CnekTpbl ONITUYECKOTO MPOITYCKAHUS TUIEHOK OKCH/Ia 0JI0OBA
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Pucynok 8. CriekTp MorionieHus IIeHKH OKCHa 0j10Ba B koopaunartax (ahv)? = f(hv)

5. 3akir04eHue

VY CTaHOBIIEHO, YTO MPO3PAYHOCTh UCCIEAYEMbIX 00pa3lloB B BUJMMOM 00JacTH CIIEK-
Tpa Haxogutcs B auanazoHe T = 60—80 %. B xoxe 00paboTKu SKCIIEPUMEHTATBHBIX TaHHBIX
BBIYHCIICH KO GHUIMEHT MOTJIONICHUS; ITyTEM IIePECTPOCHUS CIIEKTPAIBHBIX 3aBUCHMOCTEH B
xoopauHarax (ahv)? = f(hv) Obuta onpejeeHa MIMPUHA 3alPELICHHON 30HBI JUIS CEPUH
00pa3IoB ¢ BApHPYEMbIM KOJIMYECTBOM HaHECEHHBIX CIIOEB.
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OUKJIOBAS IMTPOU3BOAUTEJIBHOCTDB U PE3EPBBI IIOBBILIEHUSA
IMPOU3BOJUTEJIBHOCTH NIOTOYHO-IIPOCTPAHCTBEHHBIX
TEXHOJIOI'MYECKHUX CUCTEM HEIIPEPBIBHOI'O JEMCTBUSA

B cmamwe paccmampueaiomest 6onpocel onpeoeneHuss YUKIo8oU Npou3800UMeEIbHOCHU NOMOYHO-
npocmpancmeennvlx mexnonozudeckux cucmem (IIITC) nenpepvisnozo Oeticmeus. Tlokazano, ymo yukioeas
nPOU3800UMENLHOCH OOHO3HAYHO ONPeOensiemcsi CMpYKmypol 6a306blX MeXHOI0SUYECKUX 6030elicmeutll u
8peMeHeM NONHO20 KUHEeMAMUYECKO20 YUK, 8KIIOUAIOWe20 OCHOBHOE U 6cnomozamensioe epems. [lonyuenvl
0000WéHNble  aHATUMUYECKUe 3a8UCUMOCU Ol  pPACYéma YUKIOBOU NPOU360OUMENbHOCIU  NOMOYHO-
APOCMPAHCMEeHHbIX mexHoao2uveckux mooyaei (IIIITM) ¢ mMyrbmuniukamueHou u MyTbmMUnIUKAMUGHO-
A0OUMUBHOU KOMNO3UYuel 6a308blX MeXHOL02UYECKUX 8030€UCMEUl NPU OMKPLIMbIX U 3AKPbIMbIX CIPYKIMYPAX
aooumuerou wacmu. IIpoananusuposano enusiHue CmpyKmypHulX NApamMempos, OCHOBHO20 U 6CHOMO2AMENbHO2O0
BPEeMEHU HA YPOBEHb YUKILOBOU NPOU3EOOUMENbHOCIU U KOIPDUYUEHM UCNOIb308AHUSL NOTHO20 KUHEMAMUYe-
CK020 YUKIA. Bulsienenvl 0CHOBHbIE pe3epebl NOSbIUEeHUS. NPOU3B00UMETbHOCMU HA YPOBHE CMPYKMYPHLIX peuie-
Hutl, obecneyusaouue UHMEHCUGUKAYUIO mexHoro2uieckux npoyeccos npu npoexkmuposanuu ITTTC evicoxou
U C6EPXBbICOKOU NPOUBOOUMETILHOCU.

Kniouesvle cnosa: yuxiosdas npouszgooumenbHoCnb, NOMOYHO-NPOCMPAHCINEEHHAS. MEXHOI0SUYECKAsL
cucmema, OCHOGHOE 8pPeMsl, 8CHOMO2AMENbHOe 8pPeMsl, KOdp@uyuenm npou3eo0umenbHOCmu, CmpyKmypHast
Mooenb.

D. O. Kiselitsa, A. N. Mikhailov

CYCLICAL PRODUCTIVITY AND RESERVES FOR INCREASING THE PRODUCTIVITY

OF CONTINUOUS FLOW SPATIAL TECHNOLOGICAL SYSTEMS

The article discusses issues related to determining the cycle productivity of production flow technological sys-
tems (PFTS) based on rotary and rotary conveyor machines. It is shown that cycle productivity is unambiguous-
ly determined by the structure of basic technological actions and the time of a complete kinematic cycle, includ-
ing main and auxiliary time. Generalized analytical dependencies have been obtained for calculating the cycle
productivity of PPTM with a multiplicative and multiplicative-additive composition of basic technological influ-
ences for open and closed structures of the additive part. The influence of structural parameters, main and auxil-
iary time on the level of cycle productivity and the coefficient of utilisation of the complete kinematic cycle is
analysed. The main reserves for increasing productivity at the level of structural solutions that ensure the inten-
sification of technological processes in the design of high - and ultra-high-performance PPTS have been identi-
fied.

Keywords: cycle productivity, flow-space technological system, main time, auxiliary time, productivity coeffi-
cient, structural model.

1. Bgenenmue

Bosbiirie BO3MOXXHOCTH B PELICHUH NMPOOJIEMbl MHTEHCHU(DHUKAIIMKA U aBTOMAaTHU3aLUU
MIPOU3BOJICTBEHHBIX IPOLIECCOB OOECIEUMBAET NMPUMEHEHUE TEXHOJOTHYECKUX CHUCTEM He-
IPEPHIBHOTO JACUCTBUS, BHIMOJIHEHHBIX HA 0a3e POTOPHBIX U POTOPHO-KOHBEHEPHBIX MAIUH,
a TakXke NOTOYHO-MpocTpaHCTBeHHbIX TexHonornyeckux cucreM (IIIITC) u morouno-
MPOCTPAHCTBEHHBIX TexHonorumdeckux monyned (IMIITM). Teopus u mpakTuka cO3qaHUS
ATUX MallWH MO3BOJIMIa BO MHOTOM CHSITh OCTPOTY 3TOM MpoOIeMbl JUIsi MACCOBOTO MPOU3-
BOJICTBA M3/EIHH OTHOCHUTEIHHO MEJKHMX Pa3MepoB U 00paldaThIBa€MbIX 1O CPAaBHUTEIHHO
npocThiM TexHoJorusM [1, 2]. Kpome Toro, 3TOT OMBIT ABJISETCS OCHOBOW YIS TAJIbHEUIIIETO
pa3BUTHUA HUCCIEAOBAHUN B 3TOM HAIIPABICEHUHM U COBEPLICHCTBOBAHUSA METOIOB IIPOECKTUPO-
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BaHUS TEXHOJIOTUYECKUX CHUCTEM, CIIOCOOHBIX OXBAaTHTh 0ojee MMPOKUN KiIacC M3ACTHHA H
HPUTOHBIX ISl PEATU3aLUH CIIOKHBIX TEXHOJIOTMYECKHUX Iporeccos [3, 4].

Lenpto pabOTHI SBIISCTCS UCCIEIOBAHHUE BIUSHUS CTPYKTYPHBIX HapaMeTpoOB M Bpe-
MEHHBIX XapaKTEPUCTUK IIOJIHOIO KMHEMAaTHYECKOr0o LHUKJIA Ha LMKJIOBYK IIPOU3BOJUTEIb-
HocTh [IIITM u BeIsSIBIEHME pe3epBOB mNoBblieHUs: npousBogutenbHocTu [IIITC Ha sTane
CTPYKTYPHOT'O IPOCKTUPOBAHUS.

2. O0mas yactb padoThl

IIpoextupoBanue IIIITC Bcerna 6a3upyercss Ha CTPYKType TEXHOJIOIMUECKOIO Ipo-
necca. B mpornecce npoeKkTUpoBaHUS TEXHOJIOTMYECKON CHUCTEMBI, €11€ HE UMEsI CTPYKTYPhI
[TIITC MOXXHO OINpPENETUTh €€ TEXHOJOTHYECKYIO0 MPOU3BOIUTENBHOCTh B 3aBUCHMOCTH OT
MOIIIHOCTH MHOKECTBA €JMHUYHBIX TEXHOJOTUYECKHX 30H U OCHOBHOTO (pabouero) BpeMeHu
TEXHOJIOTHYECKOTO BO3JICHCTBUS OpY/IHii U cpeacTB oopadorku Ha [10 [5, 6].

Bwmecte ¢ TeM, co3maBaemoii IIIITC nmonHbIil KHHETHYSCKUH UK BKIIOYAET B ce0s He
TOJIBKO 3aTpaThl BPEMEHU Ha TEXHOJOTMYECKOE BO3JIEHCTBUE OPYIUN U CPEACTB 00pabOTKU
Ha [1O, Ho u BcioMoraTenbHOEe BpeMs Ha 3akuM U paz:xuM [10 B BTB, noasoa u oTBOI MH-
crpymentoB Kk [10 [2]. B aTom cityuae, BpeMsi MOJIHOTO KHHEMATHYECKOTO IHKIa (pabodero
uKIia) oymet cienyroiee [3]:

Tyi = Toi + Ty 1)
rae T,; — Bpems OJIHOTo KHHeMaTuyeckoro nukna i-ro IITM.

[Ipu 3TOM Bpems kuHematuyeckoro nukia u crpykrypa bTB B IIIITM onHo3HauHO
OmpenesseT UUKIOBYIO IPOU3BOJUTEIBHOCTD.

[MuknoBas nmpousBoauTeNbHOCTh xapakrepusyeT Bolmyck [IO B IIIITC B ycnosmsax
OecriepeboiiHOM ee paboThl ¢ 3aJaHHOW (QYHKIMOHATIBHOW CTPYKTYPOH M OOBIYHO ONperens-
€TCsl Ha CTaJNU IPOECKTUPOBAHMUSL.

OO6miee ypaBHEHHE MJIA OMNpPENCICHHUS IUKIOBON mpousBoguTenbHocTu [IIITM ¢
MYJIbTHUILUTHKATHBHON Kommosuieir BTB [6], umeeT ciemyromuii Bu:

p p
[Tvi [Tvi
H = k=1 — k=1 (2)
l Ty Toi + Ty ’

rie Hui — IUKJIOBAst MPOU3BOAUTENLHOCTE I-ro [TITTM.

Ananu3upys BeipaxkeHue (2) MOKHO OTMETHTh, YTO HA MOBBIIICHUE IIUKJIOBOW MPOH3-
BOJUTEIHLHOCTH BIIUSIIOT CJIEYIONTHE (haKTOPHI:

1. VBenuueHue nopsiaka (4ucia MO3UINA) V;, BCEX KIIACCOB MOACHCTEM.

2. YBeau4ueHne KOJIMYeCTBa KIaccoB P MOACUCTEM.

3. YMeHbILICHUE BPEMEHH MOJIHOTO KHHEMATUYECKOTO MKIa Tyy;.

3n1ech, U3MEHEHHE MEePBBIX ABYX (hakTopoB BIUsAIOT Ha cTpykTypy IIIITM, a nu3mene-
HUE TpeThero (pakTopa MPUBOIUT K MHTEHCU(UKAIIUHU TTpoliecca 00paboTKH U (PyHKIIMOHUPO-
Banus [1TTTM [6].

Ha pucynke 1 mpuBeneHa 3aBUCUMOCTH IIMKJIOBOM MPOU3BOJAUTEIHHOCTH OT BPEMEHU
nosiHoro knHematudeckoro nukia [IIITM. I'paduxu npencrasnens mis [IIITM co cnemyro-
HIMMHU (PYHKIIMOHATIBHO-CTPYKTYPHBIMU MoeIsIMHE [5]:
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LSr® = A A A

' i Ni3=1 y=1 7y =1 yi(’?issﬂizﬂn)’
' ! Miy=11,=17,,=1 i(133.1112.011)7
3 Sl‘l"((p) = /8\ 1;)\0

. : Ufzzlﬂflzlyi(niz’nil),

' i M2 =111 =1 im0

KpOMe TOro, pocCT HHKHOBOﬁ MPOU3BOAUTCIIBHOCTU BO3MOXKCH 3a CUCT HU3MCHCHUA
CTPYKTYPBI IIOJIHOI'O KHHEMATUYCCKOI'O HUKIJIA. 3,[[605 34 CUCT YMCHbIICHHUA BCIIOMOI'aTCIIbHO-
'O BPECMCHHU MPOU3BOJUTCA YBCIMYCHUC HHKHOBOfI MMPOU3BOANTCIILHOCTH. 3aBUCHMOCTE TUK-
JIOBOM IMPOU3BOJUTCIIbHOCTH IIIITM ot BcnoMOraTenbHOro BPEMCHU NIPpUBCACHA HAa PUCYHKC

2[5, 6].
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C
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Pucynoxk 1. 3aBUCMMOCTb IUKIIOBOM MTPOU3BOINU-
TEJIBbHOCTH OT BPEMEHU IIOJIHOIO KUHEMATHYe-
ckoro nukna [IIITM nis pa3nu4HbIX BapUaHTOB
CTPYKTYPHBIX PELICHUI
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I'padux 1 mnpeacraBneH ans
T,; = 10 c; rpaduku 2, 4, 6, 7 —
s T,; = 20 ¢; rpaduku 3, 5 —
s Toy; = 40 c; Ilpu atom rpa-
¢uku 1, 2, 3 npeacraBiaeHbI IS
I[IIITM co cnenyrouiei CTpyk-
TYpOU:

(cZ)) 4 6 100
Stri = /\,1 /\*l /\,1 yi(ni3!77i2’77i1 )
Mi3=1 2= 1=

I'paduxu 4, 5 cocraBieHsl IS
(YHKIIMOHATIbHO-CTPYKTYPHOI
MOJIEIIH:

((D) 4 6 50
Stri" = A A A Y, .
J 77[3:1 77[2:1 77“:1 1(7713!7712’771])

I'padpux 6 mpenacraBineH Juis

cienyromed  (QyHKIIMOHATBHO-
CTPYKTYpHOU MOJAENH:

(cZ)) 6 100
Str\" = A Ay, .
! ’7[2:1 ]7“:1 yl(niZ ”7“)

I'padux 7 npusenen s QyHk-
HHOHAJIBHO-CTPYKTYPHON MOJIe-
U

(cD) 6 50
Str\" = A Ay, .
! ’7[2:1 ]7“:1 yl(niZ ”7“)

Cnenyss OCHOBHBIM TO-
JIOXKCHUAM TCOPHUU IMPOU3BOAU-
TEJIbHOCTH, aHAJINU3 TEXHOJIOTH-
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yeckoro norennuana npousoaurensHoctu IIIITC cnexyer ocymecTBiaTs no ko3dduimen-
Ty MPOU3BOAUTEILHOCTH [5]:

I i
o= — (7)

Iy,
rae 77; — koadduunent npousBoaurensHocTy i-ro [TIITM;
I1,, — TexHoIorn4eckas mpou3BoanTesbHOCTh I-ro ITIITM mmm nukioBast Mpou3BOANUTEINb-
HOCTb IIpU 7’5, ONM3KOM MM PAaBHOM HYIIIO.

3mech:

m, =*=—. (8)

10

(8) B (7), momy-

I,
mrt |

40 A\
CTaBJIAgA : \

30
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20 \ B
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19,
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]
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Pucynok 2. 3aBUcHMOCTb IMKJIOBOM MPOU3BOAUTEIBHOCTH
IIIITM oT BCnOMOraTeiabHOTO BPEMEHU

_ To 1 ©
T, +Ts &

1

i

;

rae & — K03(pdUIUMeHT, XapaKTepU3yIOIIUil CTENIEHH UCIOIB30BAHUS MOJHOTO KMHEMATHYe-
ckoro mukna i-ro IITTM.
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Pesynprathl pacdyeroB ko3(dduimeHTa mpou3BOAUTENLHOCTH B 3aBUCUMOCTH OT OC-
HOBHOT'O BPEMEHHU pab04YMX XOJ0B MHCTPYMEHTOB NPE/ICTaBIECHbl HA PUCYHKE 3 IS pa3iny-
HBIX 3HAYEHUM BCIIOMOTraTEIbHOIO BPEMEHHU.

n

!
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Pucynok 3. BiusiHue 0CHOBHOTO BpeMeHHU Ha K03 du-
LUEHT MPOU3BOAUTEIHHOCTH

[TpomenaB cOOTBETCTBYIOIINE MPe0OPa30BaHUS B BRIPAKEHUH U UCTONB3YST (POPMYIIBI
(8) u (7), ypaBHEHUE sl ONIPEACIICHHS [IMKJIOBON MPOM3BOIUTEILHOCTH MOYKHO TPEJICTABUTh
creayomnmmM oopasom [5]:

k=t 10
n; T, (10)

p
[Tva [Tva
k=1

ui =
l Toi

i€i

Crnenyer nMeTh BBUAY, YTO TEXHOJIOTMUYECKAsl M LIUKJIOBAsl IPOU3BOJUTEIBLHOCTH paB-
Hbl MEXJy COOOM U SBISAIOTCS TEOPETHUUECKON MPOU3BOIUTEIBHOCTHIO, KOTOPBIE OIpeaes-
I0TCS Ha COOTBETCTBYOIMN 3Tanax npoekrtupoBanus IIIITC. Ilpu sTom TexHOIOrmueckas
IIPOU3BOJUTENIBHOCTh HAaXOJAWUTCS HA OdTale IMPOECKTUPOBAHMS TEXHOJIOTMYECKOTO Iporecca
st ITIITC, a nukinoBas NpoOM3BOJUTENBHOCTD ONPEAEIAETCS HEIOCPEACTBEHHO Ha ATAle CO-
3/1aHUSI CTPYKTYPBI M KOHCTpYKTUBHOM peanuzanuu [ITTTC.

JIro6oi III1TM ¢ MynbTUIDIMKATUBHO-aJIMTUBHON Kommo3unueld BTB Moxer nmeTsh
OTKPBITYIO WJIM 3aKPBITYIO0 CTPYKTypy amautuBHOM ydactu IIIITM. B OoTkpbITON CTpyKTYype
apautuBHON vactu [IIITM IIO HenpepblBHO MOJAIOTCA U MEPEMEINAIOTCS OT 3JIEMEHTa K
DJIEMEHTY C OJIMHAKOBBIM LHKIOM T, .

B 3akpwitoii ctpykrype agautuBHoi yactu IIIITM I1O nonparoTcst mocne Toro, Kak
npeasiaymye [1O monHoCThI0 TPORJET BCE MIEMEHTHI aJANTUBHON YacTh cTpyKTypsl [IITTM.
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[Muxnosas npoussBoautesnbHOCTh [IIITM ¢ MyJIbTUIUIMKATUBHO-aJAUTUBHON KOMIIO-
3UIUeH GJI0KOB TexHomorundeckoro Bosaeiicteust (BTB) mpu OTKpBITOM CTPYKTYpE aIIuTHB-
HOU 4acTH, onpeessiercs no dpopmyse [6]:

p p
Hvik Hvik
H- — k=2 — k=2 ) (11)

i
TU i1 T077i1 + T377i1

rae Tm7i1 — BpeMs pabo4MX X0/10B UHCTpYMeHTOB B BTB ninu ocHOBHOE Bpemsi TEXHOJIOrH4Ye-

CKOI'0 BO3/ICHUCTBHS;

Tem — BpeMs XOJIOCTBIX XOJ0B MHCTPYMeHTOB B bTB miu BcriomorarensHoe Bpems.
1

Jns npyrux crpykrypHbiXx mogeneit IIIITM ¢ MynbTHINIMKaTUBHO-aAAUTHBHON KOM-
nosunueit  BTB, sBndromuxcs  NpOMEXYTOYHBIMM — BapHaHTaMH  (DYHKIIMOHAJIBHO-
CTPYKTYpHBIX Mojenelt (5) u (3), HuKIoOBas MPOU3BOAUTEIILHOCTD ONPEACIISICTCS] aHAJIOTUYHO
IIPUBEICHHBIM BBILIE PACCYXKICHUSAM.

Cnenyer otmeTuTh, 4TO npu npoektupoBanuu IIIITM ¢ MynapTUIUIMKATHUBHO-

anIuTHBHON Kommo3unueid BTB 00blYHO HCIONB3YyeTCsl 3aKpbITas CTPYKTypa aJJIUTHBHOI
vacti [4, 6].

3. 3aki04yeHue

[TpoBenennsie ucciaenoBaHus HampasieHbl Ha co3manue [IIITC, mpenHa3HaueHHBIX
JUTSL peaTu3aliii TEXHOJIOTUIECKUX MPOIIECCOB BBICOKOW W CBEPXBBICOKOM MPOU3BOAUTEIBHO-
CTH ¢ 00BEMHO-TIPOCTPAHCTBEHHOM CTPYKTYPOH, SIBISIOTCSI BTOPBIM 3TAllOM MPOEKTUPOBAHUS
[TIITC u nmo3BoMsIOT mepetu K nocienyromum stanaMm npoekrupoanus IIIITC na Gonee
BBICOKHX YPOBHSX aOCTparupoBaHusl.
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OCOBEHHOCTHU PACITPEJIEJIEHUE HATPY3KU 110 IATHY KOHTAKTA
3YBBEB MY®ThI I1PH BJIM3KUX PA/INY CAX KPUBU3HbBI 9BOJIbBEHTHBIX
MPOPUJIEN B YCJIOBUAX OTCYTCTBHUA MEPEKOCOB OCEH BAJIOB

B pabome paccmompenvi ocobennocmu pacnpedenenus Haspy3Ku no nsammy KOHmakma 3yoves mygmol 6
VCI0BUAX OMCYMCMBUSL NepeKocog ocell 6an0s. Ilpedcmasiena memoouka paciema pacnpeoeienus Hazpy3Ku no
NAMHY KOHMAKmMa 3y6be6 My@mui npu OIU3KUX PAOUYCAX KPUBU3HBL I60TbEEHMHBIX NPODUILEL C YIEeHOM Yeia KOH-
MaKmuposanust u u3eubHou oepopmayuu.

Kniouesvie cnoea: 3youamas mygpma, pacnpeoenenue Hazpy3Ku, NAmHO KOHMAKmad, 3601b8eHMHbLL NPo-
@unv, paduyc KpususHbl, Y20i1 KOHMAKMUPOBAHUS, 6HYMPEHHee 3ayenieHue.

N. V. Mikhailov, A. M. Lakhin

FEATURES OF LOAD DISTRIBUTION OVER THE CONTACT PATCH OF COUPLING TEETH AT
CLOSE RADII OF CURVATURE OF INVOLUTE PROFILES UNDER CONDITIONS OF ABSENCE
OF AXIS MISALIGNMENT

The paper considers the features of load distribution over the contact patch of the coupling teeth in the conditions
of absence of shaft axes misalignment. The technique of calculation of load distribution over the contact patch of
the coupling teeth at close radii of curvature of involute profiles is presented, taking into account the contact angle
and bending deformation.

Keywords: gear coupling, load distribution, contact patch, involute profile, radius of curvature, contact angle,
internal gearing.

1. BBenenune

3yOuarbie My(QThl SBISIOTCS OJHUMHU M3 Haulojiee pacHpOCTPaHEHHBIX 3JIEMEHTOB
TPAHCMHUCCHUN TEXHOJIOTMYECKOTO 000PYI0BaHMs, YTO 00YCIIOBIEHO UX BBICOKOM Harpy304HOil
CIIOCOOHOCTBHIO, KOMITAKTHOCTBIO M CHOCOOHOCTHIO KOMIIEHCHPOBAaTh HECOOCHOCTh COEUHSIE-
MBbIX BasioB. OJTHAKO MTPAKTHUKA SKCIUTyaTallMM MOKA3bIBAET, YTO UMEHHO 3y04arble My(Thl 4acTo
BBICTYNAIOT «CJIa0BIM 3BEHOM» B KHHEMAaTHYECKUX Lensax ManH. CTaTUCTHKA OTKa30B CBHIE-
TEJIbCTBYET, 4TO A0 80% BBIXOI0B U3 CTPOsI 3yOUaThIX My(T CBSI3aHO C KOHTAKTHBIMH pa3pyle-
HUSIMU U MHTEHCUBHBIM HU3HOCOM pabO4YMX IMOBEPXHOCTEHN 3yOheB, BEI3BAHHBIMU HEPAaBHOMED-
HBIM paclpeAeI€HUEM Harpy3KH 110 IATHY KOHTAKTa.

AKTyaJlbHOCTb HAaCTOSIILIETO UCCIIEJOBAHUS O0YCIIOBIIEHA TEM, YTO CYIIECTBYIOLINE HH-
YKEHEPHbIE METO/Ibl pacueTa 3youaTsix My(pT 0a3upyroTCst IPEUMYIIECTBEHHO Ha KIIaCCUUECKON
teopuu ['epiia, KoTopasi mpeanoaaraeT, YTo pa3Mephbl IIIOMAAKN KOHTAKTa MaJibl 10 CPaBHEHHUIO
C pazMepamu B3auMojeicTByOmuX Tesl. C yBelIWYeHHeM HalpsHKEHHOCTH PadoThl 3yOuaThix
My(T HECOCTOSTETLHOCTH IIPUBBIYHBIX METO/IOB UX pacyeTa cKa3bIBaeTcs Bce Oosee pe3ko. ITo
CBSI3aHO IMPEXKJIE BCETO C TEM, UTO MPU ONPEIEIECHNN KOHIIEHTPALMN HAarpy3KH Ha ISITHE KOH-
TaKTa 3y0a He YUUTHIBAETCS, YTO KOHTAKTUPYIOIIKE TOBEPXHOCTH 3yOheB UMEIOT OJIM3KHE pa-
JIMYChl KPUBU3HBI BOJIBBEHTHBIX NMpoduiel n3-3a HAIM4YMUA MEXy HUMH HEOOJIbIINX YITIOB
koHTakTupoBanus 8 10 0,01 pa.

Ilenpto maHHOW pabOTHI SBISETCA pa3padOTKa METOAMKH pacdyeTa KOHIICHTPAIUH
Harpy3KkHd Ha [ATHE KOHTAKTa BHYTPEHHET0 3alleIICHHs 3yObeB, UTO MMO3BOJISIET YU€CTh OCOOCH-
HOCTH UX B3aUMOJEHMCTBUSI U IPOM3BECTU pacueT HEPABHOMEPHOCTH paclpeiesieHUs Harpy3Ku
Ha MATHE UX KOHTAKTa B YCIOBHSIX BHYTPEHHETO 3allelICHHsI 3yObeB MPH OIM3KUX pajrycax

© Muxaiinos H. B., Jlaxun A. M.; 2025
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KPUBU3HBI SBOJIbBEHTHBIX MPOQUICH C yUeTOM BIIUSHUS IKCIUTYaTAI[MOHHBIX U TEXHOJIOTHYE-
CKHX (hakTOpOB.

B cooTBeTcTBUM ¢ TOCTABICHHOM 1IENIBIO B pa0OTE ONPEAEIICHBI CIeYIONIUE 3a1auH:

1. MccnenoBars BIMSHUE yIila KOHTAKTUPOBaHUsS [ HA paclpe/ielicHue Harpy3Kd I10
ISATHY KOHTaKTa 3yObeB ¢ IPSIMOJUHEHHBIMU 00pa3yIOIIMMH, B3aUMOICHCTBYIOIINX Oe3 mepe-
Koca

2 Pa3paboTarh METOAMKY pacueTa KOHIIEHTPALWU HAarpy3Kd, OCHOBAaHHYIO Ha 3aMEHE
9BOJILBEHTHBIX MPOQUIICH MMIMHAPAMHE C OJTH3KUMH PalnyCcaMu KPUBH3HBI.

3. [IpencraButh S0P pacHpeaeIeHUs Harpy3KH 0 MATHY KOHTAKTa 3y0a BTYIIKH C TIpsi-
MOJIMHEHHOU 00pa3yroleii, B3auMOJICHCTBYIOIIETO ¢ 3y0oM 000iiMbI O€3 mepekoca.

OTu 3aa4y peuIaroTcs B IaHHOM padoTe.

2. OcHOBHOE coepkaHue U pPe3yJbTaTbl padoThl

B cBs3u ¢ TeM, 4TO paguychl KpUBU3HBI 3BOJIBBEHTHBIX Mpoduiel OJIM3KH, [0 BBICOTE
3yObeB, B3aUMOCHCTBYIONINX O€3 mepekoca, MPUHATO JOMYIIeHNE, YTO Harpy3ka pacrpene-
JIeHa B COOTBETCTBUM C KOHTaKkTHOM 3anadyei M. 5. lllTaepmana o cxxaTuu ynpyrux Tel, paau-
yCBbI KOTOPBIX TouTH paBHHl [ 1]. Kpome Toro, cormacHo MeToxy 0ToOpakeHus!, IPUHSATHI TOTIOI-
HUTEJIbHBIC JIOMYILEHHS O pacpe/ie]IeHNH Harpy3Ky Ha MATHE KOHTaKTa 3yoa My(dTsl [2].

[Ipeamnonoxxum, 4To MEXy 3BOJIBBEHTHBIMHU MPOGWIAMHU Mapbl 3yObeB My(QTHI C TIpS-
MOJMHEHHBIMU 00pa3yloIMMH, B3aUMOJICHCTBYIOIUX 0€3 IepeKoca, UMEEeTCsl YToJl KOHTaKTH-
poBanus [ (pucyHOK 1, a), BOSHUKAIOLINI M3-32 MOTPEITHOCTEH MX M3TOTOBJICHUS U Paliallb-
HBIX CMEILEHUH OCel BTYJIKH OTHOCUTEIBHO 000iMbl. [Ipy npunoxeHnu Kk MyQTe Harpy3ku oH
YMEHBILIAETCs 10 yIia 3, BciencTBre n3rnbHoi nedopmanuu 3yobeB. BBuay Toro, uro B3au-
MOZICHCTBUE Maphl 3yObEB PEaTU3yeTcsl 10 BEpIINHE 3y0a 000WMBI, yMEHBIIIEHHE yIIa KOHTAK-
TUPOBaHUs OYyJIET OIPEeIIATHCS ero U3rnOHOM fedopMarueil, Tak Kak MpHu AeHCTBUH Harpy3Ku
0 BEpIIMHE 3y0a OH MEHee JKECTKHM, YeM 3y0 BTYJIKU IIPU JEHCTBUM HAarpy3KH Y HOXKKH.

3azady oInpeeneH!sl HEpaBHOMEPHOCTHU PACNIPEAEICHHUS HArPy3KH 110 ISTHY BHYTPEH-
HEro KOHTaKTa 3yObeB IpH OJIM3KUX pajnycax KpUBHU3HBI ABOJBBEHTHBIX NMPOQHIEH peliaecm
IIyTEM 3aMEHBI €€ 3aJaueil O CXKaTUM LWIMHIPOB BHYTPEHHEIO KOHTAKTa, PaJuyChl KOTOPBIX
MOYTH PaBHBIL. 3a1aBAsICh PAIUYCaAMU 111 U T34 (PUCYHOK 1, a) IMIIMHIPUIECKUX TOBEPXHOCTEH
yepe3 pajinychl KpUBU3HBI MPOMU3BOASIINX KOHTYPOB 3yObEB BTYIKH M OOOHMBI B TOUKe A,
MOKHO BOCCO3/1aTh YCJIOBUSI KOHTAKTUPOBaHUs pabouux MOBepXHOCTEH 3yObeB My(Thl. [1pu
3TOM PaguyChl KPUBU3HbI IMJIMHAPUIECKUX ITOBEPXHOCTEN OMPEAEIIAEM U3 YCIOBUS TOTO, YTO
u3ruOHas nedopManus yxKe Ipor301UIa M YCTaHOBIIEH YO KOHTaKTUPOBaHus [, (pUCYHOK 1,
a) MeX 1y 3BOJIbBEHTHBIMU MPODUIIMHU.

Yuuteiasg, 4to paaumyc-Bektop 1, = OA = 0Q; + Q1A (pucyHok 1, a), ypaBHeHHE
HBOJILBEHTHI MOYKHO TNPEICTaBUTh B TAKOM BUJIE:

1y, = 15[(sin@ — @ cos @)i + (cos ¢ + ¢ sin @)j]. (1)
Tak Kak OKPYXHOCTb pajuyca Ty SBiIseTcs 3BoibBeHTOH mpodus AA”, to A0, =

T30 — PaJyc KPUBU3HBI SBOJBBEHTHOTO MTPOQUIIS.
Ha ocHoBaHMM 0COOEHHOCTEN MOCTPOECHMS 3BOJIBBEHTHI MOYKHO 3allACaTh CIEIYIOIUE

3aBUCHUMOCTH:

0=¢—a=tga—aq; )
¢ =tga;
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7AB
a = arccos —; 3)
Ty

rae @ — 3BOJIBBEHTHBIN YIroJl, 3HAYEHUsI IPUBEIECHBI B CIIPAaBOYHMKAX

(p — YrOJ pa3BEepHYTOCTH;

@ — yroJ npouiIst B TOUKe Ha KOHIIEHTPUYECKON OKPYXKHOCTH 3aJ]aHHOTO pauyca 7y.
Panuyc oCHOBHOM OKpPY>KHOCTH OIpeensieTcs 1o Gpopmyre:

mz
= 5C0say, “)

TJIe M — MOAYIb 3yObeB;
Z — YHCIIO 3yObeB.

\//a\ Q,Z)Q_ﬂ el J\) 21| =
VAN = /
/N e 02 \\ f /
/ N\ WYY . )
/f' ™ \\I’ \ ~—) /
N S
| ~——t
0 / a)
2,
2
/‘i A?
A
7,
7
gy
\ n I 0)

Pucynok 1. OcobeHHOCTH B3aUMOIEHCTBUS 3yObEB BTYJIKH U 000HMBI:
a — cxeMa KOHTaKTHPOBaHUs 3yObeB, O — pacipeesieHle Harpy3KH MO BBICOTE IBOJIb-
BEHTHOTO Mpodus
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VYuuteiBas (2) u (3), paaguyc KpUBU3HBI 3BOJIBBEHTHOrO NMpoduist B Touke A (pucy-
HOK 1, a) onpenensiem o Gpopmysie:

rB
T11 = Ty 4 = Iy tgarccos —, (%)
Ta2

1€ ¢4 — Yroji pa3BepHYTOCTH IBOJIBBEHTHOIO IPO(PUIIS B TOUKE A;
T4z — PaaUyC BEPIIUH 3yObeB 000WMBEI.
[Tpunumast Bo BHUMaHUE PUCYHOK 1, a u hopmyiy (3), HAXOIUM 3aBUCUMOCTH:

o—u

B
tg P, = I COS Ay 1,
Ta1
e Uy =U——
u
TOrAa tgB,=tgp — T (6)

3nech, § — 3a30p MEX]y NPOTUBOIOJOKHBIMU OT 30HBI KOHTAKTUPOBAHMS BOJIbBEHTHBIMU
npodWIsIMU Ha Ayre pajuyca BeplliuH 3yObeB BTYJIKH U 00OWMBI JI0 UX U3ruoa;
u,— m3MeHenue Toukd A"’ mo nyre paguyca BepuidH 3yObEB BTYJIKH T,; [PH HATPYKECHUH
My(THI;
u — usrubHas nedopmanus 3y0ObeB B TOUKE A, HOPMaJIbHAS 110 TIPOQHITIO;
L — nniHa 3BOJIBBEHTHOTO poduist Ha yuactke AA" .

JnmuHa myru L sBoasBeHTHOTO Tpodmis Ha ocHoBanuu (1) mpu x = x(t),y = y(t) u
t € (¥ry,» Pr,,) OUPENETACTCSA YPABHEHHUEM:

Prai (pZ P
b= \/"’z(t) +y*(®) dt = [redp =n1,—1,"
Praz

VuaursiBast (2), (3) 1 puCyHOK 4, a, HAXOAUM JUTHHY AyTH 3BOJIbBEHTHOTO npoduist AA":

T, T T,
L== (tg2 arccos — — tg? arccos —B) (7)
2 al Ta2

AHan3upysi 30Hy KOHTAaKTUPOBAHMSI, OXBATHIBAIOIIETO M OXBAaTHIBAEMOTO IIMJIMHIPOB
(pucyHoK 1, a), MeXy KOTOPBIMH HMEETCS YTOJl KOHTAKTUPOBAHUS [3,;, HAXOAUM CJIEIYOLIYIO
3aBHCUMOCTb:

tg B = 2(ry — 7’11)’
T T
€ 711 — PaAuyC KPUBU3HBI OXBATHIBAEMOI MOBEPXHOCTH;
T51 — paanyc KPUBHU3HBI OXBATHIBAIOIIEH TOBEPXHOCTH.
Orcrona

21 = (1 + gtgﬁu) T11- (8)
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[Ipeamonaras, yTo B MeCTE€ KOHTAKTa painyChl KPUBU3HBI HBOJIBBEHTHBIX MpOQHIIeH U
LWINHAPOB paBHEI U tg B, = (tg B,,)¢, rae € — ko> uImMenT nepexona u NPUHMMAs BO BHU-
MaHue (6), HaXOIUM 3HAUCHUE T3, JUISI KOHTAKTHPYIOITUX 3yObeB MY(THI:

Tt u\¢€
;=1 +E(tgﬁ —Z) T11 9)
BBeneMm 0003HauyeHmE
T U\¢
K1=1+§(tgﬁ—z) (10)
Tornma
11 = Kiriq. (11)

3naueHue kKod(dduireHTa mnepexoaa &€ 3aBUCUT OT KOHCTPYKTHUBHBIX OCOOEHHOCTEH
3yObeB, I HBOIBBEHTHOTO Ipoduiist € = 0,92 (MOTy4eHO SKCIEPUMEHTAIBHBIM ITyTeM) [3].

[Tocne HarpyxeHuss MyQpThl Ha MOBEPXHOCTH KOHTaKTa 3yObeB OyleT IeicTBOBaThH
TOJILKO HOPMAJIBHOE JaBlieHHE (M3 MPEANOI0KEHHUS, YTO CKUMAaeMble pabodre MOBEPXHOCTH
abCOMIOTHO TIajiKue), Kotopoe oboznavaercs P(¢) (pucynok 1, 6). Torna Ha 9BONBBEHTHBIN
aneMeHT KL moBepxHOCTH 3y0a OyaeT 1eicTBOBATh Cuia:

dp(@) = p(@Ir,e dé (12)

ITpou3sBens 3aMeHy 9BOJIBBEHTHBIX NpoduiIel mapsl 3yObeB (PUCYHOK 1, a), B3auMozie-
CTBYIOLLIUX B YCJIOBUSIX BHYTPEHHErO KOHTAKTa NP OMU3KUX paguycax KpUBU3HBI — IUJIUH-
JpaMu, pauychl KOTOPBIX OYTH paBHBIL, B ypaBHeHUH (12) MOXKHO cuutarh 141 = 1,¢. Ha oc-
HOBAaHUH [IEPBOTO JOMYIICHHUS IPOU3BEIEM 3aMeHY ITapaMeTpoB B ypaBHenuu (12), rae p(@) =
p(y) u de = dy (pucyHok 2).

Torna nenvkoM mepenieM K penieHno KoHTakTHol 3aaaun U. 5. Hltaepmana [1], rae
Ha 3JIeMeHT KL 0XBaTbIBa€MOM MOBEPXHOCTH JACHCTBYET CHIIA:

dp(y") = p(y rdy’. (13)
CooTHolleHre, KOTOpOe UMEET MeCTO B 00JI1aCTH KOHTAKTA!
Usy + Uy = yeosy' = (ra1 = 111)(1 = cos ), (14)
rne Ui, u Uy, — MOJHBIE paiaibHbIE IEPEMEILICHHUS] TOYKH TIEPBOTO U BTOPOTO TeJa B Mpeie-
Jax OT —Yq 10 Yo TO y';

y — cONmKeHne B TOUKE HA9alIbHOTO KOHTAKTa;
Yy — YTOJ JI0 pacCMaTpUBaeMOl TOYKU B 00JIACTH KOHTAKTA.
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Pucynok 2. Dnropa pacnpeneneHus: Harpy3ku 1o NATHY KOHTaKTa 3y0a BTYJIKHU C PSMOJIU-
HelHOI 00pa3zyroliei, B3auMOIEHCTBYIOIIETo ¢ 3yOoM 000iMbI 6€3 mepekoca

IIponenbiBas COOTBETCTBYIOIME NpeoOpa3oBaHUS U Y4YUThIBasg, 4YTO (yHK-
st p(X) MomKHA OBITh BCJIECTBHE CUMMETPHH YETHOM /utst oOnacTu koHTakTa 0 < x < X, a
TaKXe MpeJosarasi CormacHoO MeToay oToOpaxeHus [1], 4To ecnu MoaynpoCTPaHCTBO, Ha KO-
TOpOE AECUCTBYET CUJIA, pa3pe3aTh INIOCKOCThIO, IPOXOIAIIEH Yepe3 3Ty CHILY, TO HAIlPSKEHUS,
KOTOpBIE UCTIBITHIBAET OTOPOIIEHHAs YacTh IPOCTPAHCTBA, JOJKHBI BO3ZHUKATh B OCTaBLICHCS
yacTu (pucyHok 2). Torna st 3y0beB MyQT ¢ IPSIMOJIMHEMHBIMU 00Pa3yIOLUIMMH, KOHTAKTUPY-
foIMx 0e3 mepekoca, yuuThias (6), B MWIMHAPUYECKUX KOOpPIUHATaX Oy1eM UMETh:

/ / ly=v'l , ly+y'l
2v1(1+ Ky) JJ° p(v")[cos(y —y") Intg"== + cos(y + ") In tg == —

!

Yo
2cosycosy’lntg%]dy’ —x;(1+ Kl)f p(y))[sinly—y | +sinly+y'| —
0

— Yo
2cos ysiny']ldy’ + 4v;(—cos y)f p(yHdy' = (K; —1)(1 —cosx); 0 <y <Yy
TB Yo 0
Br,arccos— | p(y)cosydy =P;, (15)
- Ta2 Jo

rne B — mumpuna 3yObeB BTYIKU; P; — Harpyska, IedcTByromas Ha 3y0.
Oco0eHHOCTD MOJIyYeHHON CHUCTEMBbl MHTErPAJIbHBIX YPaBHEHMH COCTOUT B TOM, YTO
OHa OTIpeNIeTISIeT XapaKTep pacipeeeHus Harpy3Ku M0 MATHY KOHTAKTa, MPSIMO He 3aBUCSIIUN
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Pucynok 3. MI3mMeHeHMe JUIMHBI [ISITHA KOHTAKTA:
a — B 3aBUCHMOCTH OT Y/I€JIbHON Harpy3ku
0 — B 3aBUCUMOCTH OT YIJIa KOHTaKTUPOBAHUS
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Pucynok 4. I3MeHeHre MaKCUMAJIbHOTO KOHTAKTHOTO JIABJICHUS:
a — B 3aBUCHUMOCTH OT YZIEJIIbHON Harpy3Ku
0 — B 3aBUCUMOCTH OT yTIJIa KOHTAaKTHPOBAHUS
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OT pPaJuyCcOB KPUBU3HBI MIOBEPXHOCTEH, a (yHKIIMOHAIBHO BBIPAYKEHHBIH B 3aBUCUMOCTH OT
yIJla KOHTAaKTUPOBAHHUS 5.

Pemienue 370t 331241 CBOIUTCS K PEILICHUIO HHTETPO-TU(PPepeHIINaTBLHOTO ypaBHEHUS
[Ipannris [4], MeToA penieHrs KoToporo npesjoxeH Bekya [1]. OHo cBoguTCs K 3aMeHe OJJHOM
U3 (QyHKIHMH TPUOIMKCHHBIM BBIPOKEHHEM, OTHAKO PEIICHHE TAKOTO YpPaBHEHUS MOJIY4aeTcs
B 3aMKHYTOM BU/I€ U MOJIYYEHHBIE ONPEACICHHbIC HHTETPaJIbl HE BBIPAXKAIOTCS B SIBHOM BUJIE.
IToaTOMY pelieHrne CuCTEMbl YPaBHEHHM IIPOU3BOJUM METOOM KOHEYHBIX Pa3HOCTEM.

Ha pucynke 3, a uzobpaxeH rpaguk U3MEHEHHUs JUIMHBI MATHA KOHTAKTa IO BBICOTE
3y0a, B 3aBUCUMOCTH OT YAEIbHON HAarpy3ku P /B, NpuioXeHHOH K 3y0y MPpH pa3InYHbIX yIilax
KOHTakTHpoBaHus. [lapamMeTpsl ATHA KOHTAKTa ONPEACIISLTUCH AJIs 3yOUaThix My(T CO cieny-
IONUMHU  XapakTepuctukamu: m = 5,5mm, Z = 22, a,, = 20°, B = 20 MM, Marepuan crajib
20X2H4A. Ha pucynke 3, 6 npencrasiieH rpadik U3MEHEHHS JUIMHBI IISITHA KOHTAKTA IO BbI-
coTe 3y0a B 3aBUCHMOCTH OT yIJla KOHTAaKTUPOBAaHUS [§ TIpU (PUKCUPOBAHHBIX HATrpy3Kax. M3me-
HEHHE JUIMHBI IIATHA KOHTaKTa npu yrax [, meapmux 0,014 pan, umeer 6osee BhIpaKEHHBIN
XapakTep, 4eM Mpu OONBIINX €r0 3HAUYCHUSX.

W3 rpadukoB prcyHKa 4 CIIEAyeT, 9TO TEXHOIOTUIECKHE OTPEIIHOCTH U SKCIUTyaTalln-
OHHbIE (PAKTOPHI, XapaKTEPUIYIOIIHUE yroj KOHTAaKTHUPOBAHUS [f , OKa3bIBAIOT CYIIECTBEHHOE
BJIMSIHME Ha BEJIMUMHY MAaKCHMaJIbHOIO HOPMAJIbHOTO KOHTAKTHOTO AaBiieHus P;.

[IpuBeneHHbIe 3aBUCUMOCTH OTHOCSITCS K CIy4ar0 KOHTaKTUPOBAaHUS 3yObeB 0€3 UX Tie-
peKoca ¢ PSIMOJIMHEHHON 00pa3yrolei, KoTia Harpy3Kka, BOCIIpUHUMaeMas 3yObsiMU, pacrpe-
JiefieHa 10 HOpMaJjii K KOHTaKTUPYIOIIEH MOBEPXHOCTU. B 3TOM ciydyae Ha KOHTaKTHOM ILIO-
11aJIKe KacaTejabHasi Harpy3Ka OTCYTCTBYET B CHIIy TOTO, UTO HET OTHOCUTEIbHBIX IepeMellie-
HUM 3yObeB.

3. 3aki0ueHue

B pesynbrare mpoBeneHHOTO MCCIeAOBaHHS OBLIM BBISBICHBI M MPOAHATHU3UPOBAHBI
OCOOCHHOCTH pachpeeNieHus] Harpy3Kd Mo MATHY KOHTakTa 3yObeB My(T, paboTarounmx B
YCIOBUSAX OJU3KHUX paJlyCOB KPUBU3HBI 3BOJIbBEHTHBIX MPOQUIIEH ITPH OTCYTCTBUU MTEPEKOCOB
oceil. YCTaHOBIIEHO, YTO TPAAUIIMOHHBIE METOIBI pacyeTa, Oasupyromrecs Ha Teopun lepia,
HE YUUTHIBAIOT cliel(PUKY BHYTPEHHETO 3alleTIeHHs] 3yOuaThiX My(T, IJi€ paAnyChl KpUBU3HbI
B3aMMO/ICHCTBYIOIINX MTOBEPXHOCTEN MOYTH PaBHBI, YTO MPUBOIUT K CYIIECTBEHHBIM TOTPEIII-
HOCTSIM IIPH ONIPEJECIICHUH HANPSKEHU.

Pa3paborana meTommka pacueTa KOHILIEHTpAllMM Harpy3kd, OCHOBaHHAas Ha 3aMeEHE
9BOJIBBECHTHBIX HpO(i)PIJ'IGfI HUINHApPAaMHU C OJIM3KUMHU paanycaMu KPUBU3HEBI C UCIIOJIB30BAHUEM
koHTakTHOM 3amaun U. f. lllraepmana. [lonydeHbsl aHaTUTHYECKUE 3aBUCUMOCTH JIJIS OTIpEie-
JICHUS! YIVIa KOHTaKTHPOBAHUS C y4€TOM M3TMOHOM Aepopmanuy 3yObeB U TEXHOJIOTHUYECKUX
norpenHocTe n3roropneHus. Ha ocHoBe perenust uHTerpo-nuddepeHmanbHbIX ypaBHEHU I
MCTOAOM KOHCYHBIX ITOCTPOCHBLI Fpa(l)I/I‘-IeCKI/IC 3aBUCHUMOCTH, ITOKA3bIBAIOIIUC BJIIMAHUC YTJIa
KOHTAKTHUPOBAHUS W YIACIbHOW HArpy3kd Ha JUIMHY MSTHa KOHTaKTa. YCTaHOBIEHO, YTO
HanOOJIbIIEE BIMUSHHE HA AJIMHY IATHA KOHTAKTa OKa3bIBAIOT YITIBI KOHTAKTUPOBAHHUA MCHCC
0,014 pan. IpennoxeHHas METOAWKA IMO3BOJIIET OOJiee TOYHO OMPEAEISATh KOHIICHTPAIHIO
Harpy3km 1 MOXET OBITH PEKOMCHAOBAHA AJId MHXXCHCPHBIX pacuy€TOB SY6'-IaTI)IX My(i)T Ha CcTa-
JUU TIPOCKTHPOBaHMs. B paboTe BBIMOTHEHBI MCCIEAOBAaHUS OCOOCHHOCTEH pacrpenencHus
KOHTAKTHOHM Harpy3ku 3yObeB, KOTOpas MpeJICTaBIeHa B BUJE JITI0pa pacIpeIeIICHUs Harpy3Ku
0 MATHY KOHTAKTa 3y0a BTYJIKH C IPSIMOJIMHEWHOMN 00pa3yrolieid, B3auMOIeHCTBYIOIIETO C 3Y-
O60M 0001MBI O€3 TIepeKoca.
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OCOBEHHOCTH 1 OCHOBHBIE IIPUHIUIIBI IPOEKTUPOBAHUA
INOTOYHO-ITPOCTPAHCTBEHHbIX TEXHOJTOI'MYECKUX MOJAYJIEU

B cmamve paccmompenvt dannvie 0 0cOOEHHOCMAX U OCHOGHLIX NPUHYUNAX NPOEKMUPOBAHUS NOMOY-
HO-NPOCMPAHCMBEHNbIX MOoOYel. Paspabomansl KOMNOHOBOUHbIE CXeMbl NOMOYHO-NPOCIMPAHCIEEHHBIX MeX-
HONIO2UYECKUX MOOYIel.

Kniouegoie cnoea: nomouno-npocmpancmeenubiii mexHoI02u4eckuil Mooyib, KOMNOHOBKA, 00beMHO-
NPOCMPAHCMBEHHASA CIMPYKIMYPA, KOHCMPYKYUSA, NPUHYUNRUATLHO-CIMPYKIYPHASL MOOEIb.

D. V. Ogrenich

FEATURES AND BASIC PRINCIPLES OF DESIGNING FLOW-SPACE TECHNOLOGY MODULES
The article discusses the data on the features and basic principles of designing flow-space modules. Layout
schemes of flow-space technology modules are developed.

Keywords: flow-space technology module, layout, three-dimensional structure, design, fundamental structural
model.

1. BBegenue

OpHMM M3 TJAaBHBIX OTPaHUYEHUI pPOCTa MPOU3BOJUTEIHHOCTH B COBPEMEHHBIX IPO-
U3BOJICTBEHHBIX CHCTEMax SIBJISCTCS HE CTOJIBKO TE€XHOJIOTMYECKHE BO3MOKHOCTU 000pYyo-
BaHMsI, CKOJIBKO JIOTUCTUYECKUE U3IEPKKHU U JUIMTEIBHOCTh IIPOU3BOACTBEHHOrO 1MKIIa. Tpa-
JUIMOHHBIE JIMHEWHBIE LIEXOBbIE CTPYKTYpPbI CO3Jal0T M30BITOUHBIE 3arachkl MEXONEpaloH-
HOTO 3aJieN1a U TpeOyIOT 3HAYUTENbHBIX 3aTPaT BPEMEHU Ha TPAaHCIOPTUPOBKY, YTO MPOTUBO-
pPEUUT NPUHIMIAM OepeXJIMBOrO MPOU3BOJACTBA. B CBSI3M € 3TMM BO3pacTaeT akTyalbHOCTb
pa3paboTK KOMITAKTHBIX M 3P QEKTUBHBIX IPOU3BOJICTBEHHBIX CTPYKTYp [1, 2].

ITorouHo-npocTpaHcTBEHHBIN TexHonmornueckuit Mmoayns (IIIITM) npencrasnser co-
0ol (PYHKIIMOHAIBHO U KOHCTPYKTHBHO 3aBEpPLICHHYIO SUEHKY, Ille 000pyAoBaHHE O0beIu-
HEHO HE TOJILKO 00IIel TeXHOJIOTHEH, HO U 00IIel HeCyIel KOHCTPYKIIHEH, YTO B CBOIO OYe-
peab TpedyeT BoIpaOOTKM HOBBIX MPUHIIUIIOB KOMIIOHOBKH.

Lenp pabotel: pa3spadboTka kKoHKpeTHbIX [IIITM, oGecnieunBaromux KayeCTBEHHO HO-
BbI€ CBOMCTBA M TEXHOJOTMYECKHE BO3MOXHOCTH, OOecreunBas U peannusys KOMIUIEKCHYIO
aBTOMATHU3ALUIO TPOU3BOACTBEHHBIX IIPOLECCOB.

B nanHoi1 paboTe pemaroTcs cieayromne 3a/1a4u: UCCIEI0BaTh OCHOBHbBIE TTapaMeTphl
[TIITC ¢ pa3nuyHbIMA KOMIIOHOBKaMH TEXHOJOTMYECKUX 30H, CIIPOCKTUPOBATh KOHKPETHBIE
BapuanTsl [1I1TC, paccmorpets ocodbennoctu npoektuposanust [IIITC.

2. OcHOBHOE cojiep:KaHNe PadoThI

IIpn mocTtpoeHMM NPUHLUNUAIBHO-CTPYKTYpHBIX Mozenen IIIITM Bceil morodHo-
npocTpaHCcTBeHHO# TexHonornueckoi cuctembl (ITIITC), BbIMOTHSETCS MPOSKTHPOBAHKE
IIIITM ¢ napamerpuszanuei ux napamerpos. [Ipu 3ToM nmociaenoBarenbHo, B 3aBUCUMOCTH OT
uepapxuueckoro yposHs crenenu cioxHoctu [IIITC co3naercs KOHKpeTHOE KOMIIOHOBOYHOE
pemenue IIIITC. IIpoektupoBanue IIIITC Ha kax10M ypOBHE UX CIOXHOCTH BEAETCS C HUC-
nosib3oBanueM o6mie monenu noctpoenus [IIITC. D1o maeT BO3MOKHOCTH TPOSKTHPOBATH
[TIITC ucxoxas u3 MO3UIMIA CUCTEMHOTO MOAX0/a U BECTH pa3pabOTKy €€ 3JIEMEHTOB MOCH-
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crem 6e3 oTpbiBa oT pazpadotku Beeit [IIITC. Ilpu 3TOM pe3ynbTaThl IPOSKTUPOBAHUS HILTIO-
CTPUPYIOT C NOMOILBIO KOMIIOHOBOYHBIX CXEM.

Komnonosounas cxema I[IIITC 3to yeprex B3aumHoro pacnoioxenust IIIITM, tex-
HOJIOTUYECKUX MAIIMH U OCHOBHBIX Y3JIOB C YKa3aHHEM HEOOXOJUMBIX KOHCTPYKTHBHBIX Ia-
pameTpoB.

B mponiecce npoektupoBanus [IIITC He0OX0aUMO yIUTHIBATH OCOOEHHOCTH MX pabo-
Thl U 3KCIUTyaTauuu. [103TOMy MOJKHBI palliOHAIBHO BBIMOIHSITHCS TEXHOJOTUYECKUE OIle-
paruu, noamnporecchl u nporecchl. [Ipu 3tom korCcTpyKuus [TIITC gomxkHa ObITH KOMITAKTHA
U MMETh BBICOKUI KOA((UIMEHT MCIOIB30BaHHUS TEXHOJIOTHYECKOTO MPOCTPaHCTBA. B aTOM
cinyuae nipoektupoBanue [II1TC Beaercs ¢ yuerom ynooctBa oocnyxkuBanus [II1TM, ux mox-
CUCTEM U D3JIEMEHTOB. 31€Ch IPEAYCMAaTPUBAETCS BO3MOYKHOCTH JOCTYIIHOI'O MX OCMOTpA,
CMEHbI HHCTPYMEHTA, yAaJeHHUs Opaka U OTXO/J0B, HACTPOHKH Ha TOYHOCTH U T. 1. bonee To-
ro, HEOOX0IMMO IPETYCMOTPETh U pa3padOTaTh SKOJIOIMUYECKHE MEPONPUITHS MO YTHIIN3a-
[[UU OTXOJIOB MPOU3BOJICTBA. A Tak)Ke JOJKHBI OBITH MPOPAOOTaHBI BOMPOCHI, CBA3AHHBIE C
o0venquuenreM I1I1TM B IIIITC u ontuMansHOM UX KOMIIOHOBKE. BMecTe ¢ TeM, He0oOX0au-
MO TIpeIyCcMaTpUBaTh BO3MOXKHOCTh HOPMAaU3allui, YHU(PUKAIMU U CTaHJAPTU3AIMA OCHOB-
HBIX COOPOYHBIX AJIEMEHTOB H MOJICUCTEM.

Haznauenwue IIITC — peanuzanus BoO BpeMEHU TEXHUYECKUX (DYHKIIUM, IPEICTABICH-
HBIX UEPAPXUUECKOI cXeMOi, HeOOXOIMMBIX ISl IPe00pa3oBaHus 3aroTOBOK B u3aenue. [Ipu
9TOM KaXKJas COCTaBIAIOIIAs (DYHKIMS MOXET PEaTu30BaThCS OTIEIbHOW SJIeMEHTapHOU
HOJICUCTEMON ¢ YHU(DUIIMPOBAHHOM cTpyKTypoii [3]. [I03TOMY B OCHOBY METOAMKH MPOCKTH-
poBanus [IIITC moxxeT ObITh MpeanoKeHa Oomepanus TEXHOJIOTMYECKOTO YMHOXKEHHUS MHO-
KECTB PEATM3YEMBIX COCTABIIOMUX (YHKIMHA M yHUQUIMPOBAHHBIX CTPYKTYp, COOTBET-
CTBYIOIIUX MpUHATOMY ypoBHIO aBromaTtuzanuu [IIITC. Otmerum, uyTo yHU(DULIIHPOBAHHBIE
CTPYKTYPhI aBTOMaTH3HPOBAHHBIX CHCTEM PaCCMOTPEHBI B padote [3].

Ha ocHOBaHuM NpHBEIEHHBIX BbIIIE COOOpAXKEHU, TPOLIEypa aBTOMAaTU3UPOBAHHOTO
npoekTrpoBanus [IIITC MoxkeT ObITh cCXeMaTUYECKH MpeJICTaBlIeHa 3aBUCUMOCTBIO:

o ———lIxg,l,

ey | Xg,]l
2 o e, | o

]r“ "xm”y

rae F.— cymmapnas pynkuus, peanuzyemas [TITC;

fi — anemenTapHas coctaBisiomias QyHKIUU I-i SJIeMEHTapHOMN MOACUCTEM;

llxs;|l, — ynuduimposannas crpykrypa i-if s71eMeHTapHON MOJICHCTEMBI, COOTBETCTBYIOIIAS
IPUHSATOMY YPOBHIO aBTOMATH3AIlHH;

||l x|l — obmas komnonoBounas crpykrypa IIITC.

Otmernm, 49TO pasaencHue F,. Ha dJIeMEHTapHBIE COCTABISIONINEG (DYHKIMH TOJDKHO
IPOU3BOJIUTHCS 70 TEX MOP, MOKA COCTaBHAs PYHKIUK He OyIeT MpeacTaBlieHa KaK COBOKYII-
HOCTh TAKOTO MHOXKECTBA f;, KaKaas Imapa KOTOPBIX PEalH3yeTcsl JTHOO TONBKO MOCIIea0Ba-
TENbHO, JINOO0 TOJBKO MapaiienbHo. Takoe pasjieneHne Heo0X0 MO, YTOObI (HOPMATH30BAHO
BBITIOJTHATE ONEpaTtop 00beNHEHHS DIIEMEHTAPHBIX YHU(UIIMPOBAHHBIX CTPYKTYpP B OOIIYIO
crpykrypy npu kommonoBke IIIITC. braarogaps 3Tomy, onepartop 0ObeANHEHHS MOXKET pea-
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JM30BATh OOIIYI0 KOMIIOHOBOYHYIO CTPYKTYPY (hOpMaIM30BaHO, YTO MO3BOJISET C OMOIIBIO
OBM BbmonHaTh KOMIOHOBKY [IITTC 1 BBISBIATH BCIO 00J1aCTh BOBMOYKHBIX PEIICHHH.

IIpoexktupysa xoukpetssiii Bapuant [IIITC u IIIITM HeoOXxoauMo CTpeMHUThCS K pa-
BEHCTBY WJIM KPAaTHOCTH XapaKTEPUCTHK HAJECKHOCTH M CTOMKOCTH HMX DJIEMEHTOB M IIOJCH-
creM. [Ipu sTom BeimomnHsst komnoHoBKY [TIITC Heo6X0aMMO yuuTHIBaTH y100CTBA PEMOHTA,
HaJlaJKu U dKcIutyarauu. Cinenyer umerb BBUAY Takxke ctoumMocTs IIIITC, cpok okynaemo-
CTH KallUTAJIBbHBIX 3aTpaT, METAUNIOEMKOCTh KOHCTPYKLIMM U APYTHE TEXHUKO-3KOHOMUYECKUE
XapaKTEPUCTHKHU.

Ilocne paccMoTpeHus: TEXHUYECKUX BOIIPOCcOB mnpouecca npoekrtuposanus [IITC, Ha
OCHOBAHUHU KOTOPBIX BEJETCS 3CKU3HAs IPOPA0OTKA U 3aTeM Pa3pabaThIBAIOTCA TEXHUYECKUN
pabouue mpoektsl [IIITC. 3nech 1OMKHBI OBITH YUTEHBI TAKHME KATETOPUU TEOPUU KOMITO3H-
UM, KaK MPONOPLIHOHAIBHOCTh, MacIITaOHOCTh, KOMIIO3ULIMOHHOE PAaBHOBECUE, €AMHCTBO
xapakrepa GopMbl BceX eMeHTOB. COBOKYITHOCTh 3TUX KaTETOpUi aeT TapMOHUYHYIO Iie-
noctHOCTh (popmbl cozaaBaeMbix [TITTM u IIITC.

B mportecce pacueroB snemenToB u nozacucteM IIIITC Bexercs mpopaboTka clieayro-
LIMX [1apaMEeTPOB:

— KMHEMaTU4ECKUX MOKa3aTeseH;

— KHHEMaTHYECKHUX XapaKTEPUCTHUK, ONPEEIAIOINX MPOYHOCTb U xecTKocTh IIIITC;

— IMHAMUYECKUX [1apaMETPOB, FapAHTUPYIOIIMX Ka4e€CTBO U JOJITOBEYHOCTh IKCILIya-
tamuu III1TC;

— DHEPreTUYECKHUE XapaKTEPUCTUKH;

— UH(OPMAIIMOHHBIX XapaKTEPUCTHUK;

— DKOHOMHUYECKHUX IOKa3aTese.

[Tpu o6veaunenuu IIITM u [IIITC HEOOXOAMMO CTPEMHUTHCS K TOMY, YTOOBI TIPOU3-
BoauTenbHOCTh Beex [IIITM Obina paBHa, a Takke 4TOOBI BBIMOJHSJICSA OajaHC BXOIHBIX U
BBIXOJHBIX MaTEPUATIbHBIX, SHEPTeTUYECKUX U MH(POPMAIlMOHHBIX MOTOKOB. [Ipu 3TOM Kaue-
CTBEHHBIH ypoBeHb IpoekTupyeMsbix IIIITC onpenensrores ciemyromue noka3aTean: TEXHU-
YECKHE, HAJCKHOCTh U JOJITOBEYHOCTh, YPOBEHb CTAaHJIAPTU3ALMH, TEXHUYECKON JCTETHKH,
TEXHOJIOTMYECKUE, DKOHOMUYECKME U OpraHU3allMOHHbIE. BMecTe ¢ TeM, IpHU MPOEKTUPOBA-
Huu [MIITC HeoOX0onuMO BeCTH yueT KOHBIOHKTYPHI PhIHKA.

PaccmotpuM nipumeps! KOHKpETHBIX BapuaHToB [IITTM.

[Ipumep 1. BeIOIIHMM NPOEKTHPOBAHUE ITOTOYHO-BUHTOBOTO TEXHOJIOTUYECKOIO MO-
aynst (IIBTM) [3] Ha OCHOBe MpPHUBENCHHBIX BBINIC COOOPAXKCHUH IO MPHHIHITHATIBHO-
CTPYKTYPHON MOJENH.

Ha pucynke 1 npencrasinena komrnoHoBouHas cxema [IBTM, nHa pucyske 1, a — npo-
JOJIBHBIN paspes. 1, 6 — monepevHsIi.

I[IBTM coaepxut pabouuii BUHTOBOH IIHEK 1 ¢ MepeMEHHBIMU T'€OMETPHUECKUMHU Ta-
pameTpaMu Crupaiu 2, )K€CTKO CMOHTHUPOBAHHBIN MOCPEICTBOM XBOCTOBHMKOB 3, 4 U CTaka-
HOB 5, 6 Ha mumTax 7, 8§ ocHOBaHUA. B KaX10M moToke 0J0Ka TEXHHUYECKOTO BO3JEHCTBUS
(bTB) 9 na 3Be3noukax 10, ycTaHOBIEHHBIX Ha KpoHIITEHHaX 11, pa3MelieH 1ienHOi KOHBEH-
ep 12. [Ipu 3TOM Ha Hapy>KHOU CTOPOHE 3BEHBEB LIEMMHOr0 KOHBelepa 12 3akperens bTB 9,
noJI3yHbl 13 KOTOPBIX 3allelieHbl ¢ BUHTOBOM crHpaibio 2 pabouero mHeka 1. B mepuop
HarpyeHus, npojonsHas ock bTB 9 pacnonoxena napamienbHO IpoI0JIbHONR ocu pabodero
niHeka 1. Tak kak pabounii BUHTOBOM IIHEK 1 MMeeT nepeMeHHble TeOMEeTPUUECKUEe apaMeT-
pbl, To pacctosinue H (pucynok 1, a) mepemenHo no Beicote I[IBTM, uto obecneunBaet pado-
yee nepemernienne moia3yHoB 13 BTB 9 B mepuoa paboTel TexHOnorndeckoro moayis. Ha
XBOCTOBHKax 3, 4 paboyero BUHTOBOTO IIHEKa 1 MOocpescTBOM MOIMUIHUKOB 14 CMOHTHPO-
BaHa BepXHAS 15 u HIKHAA 16 MOBOPOTHBIE IIAHIIANObI, CBS3aHHBIE MEXK]y COOON KOJIOH-
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kamu 17 (pucynok 1, 6). Ha moBopoTHBIX 1utanmaitbax 15, 16 3akperieHsl KpoHIITEHHBI 11 1
MOJUIUITHUKOBBIE OMOPHI 18, B KOTOPHIX pa3MelleHbl TPAHCIIOPTHBIE BUHTOBBIE IIHEKH 19 ¢
MOCTOSTHHBIMUA T€OMETPUYECKUMH TMapameTpamu cnupanu (mar t = const). [lpu 3Tom Bna-
JUHBI CIIMpaJId TPAHCIIOPTHBIX BUHTOBBIX IIHEKOB 19 3aneruiensl ¢ BoicTynaMu 20 1EMHOTO
KOHBelepa 12, N3roToBJIEHHBIMU Ha BHYTPEHHEH CTOPOHE €r0 3BEHBEB.
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Pucynox 1. KomnonoBounasi cxema [IBTM: a — mpoosibHBIN pa3pes, 0 — MonepeuHbii pa3pes

Ha BepxHeit moBopoTHOM MuiaHmai6e 15 ycTaHOBICHO YEPBSYHOE 3y0UaTOe KOJIECO
21, cBsi3aHHBIE ¢ MPUBOOM BpaieHus 22. [Ipu 3ToM TpaHCIIOpPTHBIE BUHTOBBIE MIHEKH 19 mo-
CpelICcTBOM 3y0uaThIX Kojiec 23, 24 u 25 cBsi3aHHbIE ¢ 3y0UaThIM KOJIECOM 26, )KECTKO 3aKper-
JIEHHBIM Ha cTakaHe 6. J{1s moBBIIEHUS TOYHOCTU No3uimonupoBanus bTB 9 otHocuTensHO
paboyero BUHTOBOTO IIHEKa 1, IeHOM KoHBelep 12 CMOHTUPOBaH B HAIPABISAIOMIUX 27.

IIBTM pabotaer cnenyroumm oopazom. [10 mo BXoJHOMY NOTOKY «a» 3arpyaercs B
BTB 9, 3akpenneHHble HA HapyKHOW CTOPOHE 3BEHBEB LIEMHOro KoHBeiepa 12. [Ipu satom
Osaroiapst HEPEPHIBHOMY BpAILEHUIO B HANPaBICHUM «B» BepxHeH 15 u HumxHel 16 moso-
POTHBIX IJIAHIIAKW0, YCTAHOBJIEHHBIX Ha MOJMIMITHUKAX 14 XBOCTOBUKOB 3, 4 paboyero mHeka
1, peannsyercs nocrosiHHbIe nepeMenieHnst bTB 9 B HanpaBineHU «c», KOTOPOE BBIOJIHSAET-
Csl 32 CYUET BpallleHUsl TPAHCHOPTHBIX BUHTOBBIX IIIHEKOB, CBSI3aHHBIX C LIETHBIM KOHBEHEpOM
12 mocpencTBoM BBICTYIOB 20. 371€Ch HEMPEPHIBHOE BpallleHHE MOBOPOTHBIX IUIAHIIANW0 15 n
16, cBA3aHHBIX MEXKIY COOOM BEPTUKATHHBIMH KOJIOHKaMH 17, peanu3yeTcst 4epe3 4epBIIHYIO
nepenady 21 mpuBosoM BpalleHus 22, 3aKpelyIEHHBIM Ha IUIMTE 7 OCHOBaHMs. BpaieHue
TPAHCHOPTHBIX BUHTOBBIX IIHEKOB 19, CMOHTHMPOBAaHHBIX B MOJIIMIHUKOBBIX oOropax 18,
OCYIIIECTBIISIETCS KUHEMaTH4eCKo niepenadeii 23, 24, 25 cBs3aHHOM ¢ 3y04aThIM KoJiecoM 26,
JKECTKO CMOHTHPOBAaHHBIM Ha CTakaHe 6 HM)KHEW IIUThl 8 ocHoBaHus. [Ipu nmepememenuun
LIENHOro KOHBelepa 12, pa3memeHHoro Ha 3Be3noukax 10 kponmrelinoB 11, bTB 9 3auen-
JISIOTCS MoJI3yHaMH 13 ¢ BUHTOBOM criupaibio 2 paboyero mHeka 1, )KecTko CMOHTHPOBaHHO-
ro B crakaHax 5 u 6. IIpu sTom 3a cuer nepemeHHOCTH paccrosiHus H (pucyHok 1, a) BUHTO-
BOM crimpanu 2, ipu npoxoxaeanu bTB 9 texHomornueckoii 30Hb1, peau3yercs TpeOyeMbIid
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pabouuii xox moa3yHoB 13, yTo u obecneunBaeT 00paboTKy u3aenuii. Hanuuue Hanpasisio-
X 27 NOBBIIAET TOYHOCTh U JKECTKOCTh Mo3ulMoHupoBaHus bTB 9, 3akpemieHHbIX Ha
3BeHbSX LiemHOro kousekiepa 12. Ilocie oOpaboTku mpeameToB oo6padotku (I10), oHu BbI-
rpyxatorcs u3 bTB 9 mo BeixogHOMY MOTOKY «d» W MepeaaroTcs Mo TEXHOJIOTHYECKOH Iie-
nouke K cneayromemy [TIITM s nocnenytromieit oopadorku [10.

HcnonszoBanne 3toro [IBTM nHaubosnee 3pdekTruBHO ISl peaii3aliiy MTaMIIOBOY-
Heix omnepanuii [10 u3 mmactmacc. HukioBas npousBogutensHocTh [IBTM moxkeT ObITH
orpeesieHa 1o cienymolei Gopmyne:

_ Vi1Vi2
Hui - lT ,l ) (2)
ui

rae I1,; — nuknoBas nmpousBoaureibHOCTE [IBTM;
T;; — BpeMs IOITHOTO KHHEMATUYECKOTO 1IHMKIIA,

V;1 — konndectBo bTB B 01HOM LIEMHOM KOHBEWEPE;
V; — KOJIMYECTBO IeMHbIX KoHBeHepoB [IBTM.

Omnwucannsiii [IBTM 3amiuiies aBTOPCKUM CBHIACTEILCTBOM [3].

IIpumep 2. BpInonHUM KOMIIOHOBKY IIPUHLUIIAAIBHO-CTPYKTYPHOM MOJENIN IOTOYHO-
CIHpaJIbHOTO TexHooruueckoro moayis (IICTM) [4, 5].

Ha pucynke 2 npuseaena komnonoouHas cxema [ICTM c nByms sipycamu. B nepsom
Apyce BbINOIHAETCS 3aBajIbIIOBKA CAMOCTOIIOPSAIIUXCS FaeK, a BO BTOPOM — 3a4€KaHKa.

[ICTM wumeer muianmaiiOy 5 pasMelIeHHYI0 Ha Baly 6 pa3MEUIeHHOM MOCPEICTBOM
NOJUIMITHUKA 7 B CTakaHax 8, 9, KoTopble 3aKkperuieHbl Ha mmTax 13 u 14 ctaHuHBI MOTYJIS.
Ha nutanmiaiiGe 5 ycTaHOBJIEHBI 3B€3/10UYKH 4 Ha KOTOPBIX MOHTUPYIOTCS LIETHbIE KOHBEHEpbI
3 ¢ 6nokoxepxkarensiMu 2, B KoTopbix 3akpemisitoress BTB 1. Ha Banmy Takke ycTaHOBJIEHBI
BepxHss MiuaHmaiba 20 ¢ HWKHUM LenHbIM KoHBeilepoMm 19. Ha BepxHeil mianmaiiée 17
pa3menieHsl puBoAbl 11 BpaiieHus enHbIx KoHBelepoB 3, 15, 19, koTopeie CBs3aHbI ¢ HUMU
KMHEMaTU4YEeCKUMHU IlepeadaMu U pexykropom 10. Dnexktposneprus k npusoaam 11 nogaer-
Csl uepe3 TOKOChEeMHUK 12, pacmoiokeHHBIM Ha cTaHuHe 9. B HMKHEl yacTu Bajia 6 yCTaHOB-
JeHa mecTepHs 18 i obecrnieueHns BpaleHUs TEXHOJIOTHUYECKOT0 MOJTYJIS.

[Mpencrapnennsiii [ICTM 3ammuiieH aBToOpckuM cBuaeTenscTBOM [5]. LlukioBas mpo-
u3BoauTenbHOCcTh [ICTM Moxket ObITh onpezesneHa no ¢popmyse (2), ero sKcriayaTanus Omnu-
caHa B pabore [4].

ITpumep 3. KomnoHOBOYHas cXeMa MOTOYHO-TIIO00MTHOTO TEXHOJIOTHYECKOT0 MOJTYJIS

(III'TM) [6] npexncrasnena Ha pucynke 3. B III'TM unctpymentst 1 BTB 2 B TexHonornue-
CKOM 30HE BXOJAT B 3allerieHue ¢ riio0ouHbIM uepBsikoM 3. IIpu atom BTB 2 xectko 3a-
KPEIUISIFOTCS 10 IEPUMETPY POTOPOB 4, KOTOPbIE MOHTHUPYIOTCSI Ha OCSAX S5, PacloiOXKEHHBIX B
NOJIIMITHUKAX 6 Ha OMopax 7, yCTaHOBJIEHHBIX Ha HIDKHEH 8 u BepxHel 9 miaHmaibax. ['no-
OouHBINA YepBsAK 3 JKECTKO 3aKkperuieH B ctakaHe 10, pasmemenHoMm Ha rumTax 11, u umeer
CHEHUAJIBHYIO CIHMpajb C MapajljIeIbHBIMU CTOPOHAMU MOBEPXHOCTEH, B3aUMOJEHCTBYIOINX
¢ momyHamu nHCTpyMeHTOoB | BTB 2.
Crinpanb rI000MIHOTO YepBska 3 UMeeT NepeMeHHbIe TeOMETPUUYECKHIE apaMeTpbl BUTKOB U
oOecrieunBaeT Ha BXOJi€ B IVIOOOW] paccTOSHUE MEXIY MapauieIbHbIM CTOPOHAMHU pPaBHOE
h,, a Ha BBIXOZIE h,. 31€Ch PA3HOCTh MEXIY PAaCCTOSHUSIMU h; U h, paBHa HEOOXOAUMOMY
paboueMy nBHKeHUIO HHCTpyMeHTOB 1 BTB 2.
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Pucynok 2. KomnonoBounasi cxema [ICTM: a — mpoosibHBIN pa3pes, 0 — MonepeuHbii pa3pes

Bepxusis nnanmai6a 9 MOHTHUpPYETCsl Ha MOJIIMIHUKE 12, yCTaHOBJIEHHOM Ha XBO-
CTOBHKE ri10o0oua 3, a HIKHSAA TulaHmaiba 8 Ha moammumHuKe 13, ¥ CBsI3aHBI MEXKIY COOOM
omopamu 7. Ha HymkHEH maHmaite 8 pacnonaraercs 3yodaroe koyieco 14, CBSI3aHHOE C TIpHU-
BOJIOM BpaueHus 15 mogys.

B nponecce padotsl [II'TM peanu3zyroTcst Ba 31€MEHTAPHBIX BpAIATEIbHBIX JBUXKE-
HUil «a» u «B». [Ipu npoxoxxaenuu bTB 2 yepes rmobouy 3 peanusyercs pabouee ABUKEHHE
MHCTPYMEHTOB |, KOTOpOE BBIMOJIHAETCS MO KacaTeIbHOW K OKPYXHOCTH MOBOPOTa POTOPOB
4. T10 noctynatot B BTB 2 1o BXxogHOMY MOTOKY V, a BBITPYKalOTCS MO BBIXO/ HOMY IOTOKY
W. 1{ukioBas MpoU3BOUTEILHOCTD ONpeessercs mo Gopmysie (2).

IMpencraBnennsiii [II'TM 3amuiieH aBTOPCKAMH CBHICTEIbCTBAMH |[6].

3. 3akJIl0ueHue
OcHOBHBIE Pe3yJbTaTOM MPOBEACHHBIX B HACTOSIIEM pa3Jiele UCCIEI0BaHUIN SBUIOCH
pa3paboTka OOIMX MPUHIUIOB KOMIOHOBKU U mpoekTupoBanus II1TC, kotopeie MOXXHO
0000IIUTH B CIEYIONTUX BHIBOJIAX:
VY CTaHOBIIEHO, YTO OpPraHU3aLUs JIBUKEHUH 00BEMHO-IIPOCTPAHCTBEHHOU CTPYKTYp-
Hoit moxaenu IIIITM BemonHsercs Ha 0a3e KOMIIO3HUIIMH OOBEMHO-TIPOCTPAHCTBEHHOU
CTPYKTYpPBI U NPUHLUINHAAIBHON KHHEMATUYECKOW CXEMBI TPAHCIIOPTHOTO JIBUKEHHUs, KOTO-
past popMaM30BaHO BBIPAXKAETCSI C MOMOIIBIO0 MPUHIMITHAIBHO-CTPYKTYPHBIX Mojeneil. Ha
0a3e MPUHLIMIHNAIBHO-CTPYKTYPHBIX MOZesel BbinonHsercss komrnonoska [IITTM u IIITC.
Pa3paborana MeTonrka cCUHTE3a MPUHIUIHAIBHO-CTPYKTYPHBIX MOJIENEH, B OCHOBY KO-
TOpPOW TOJIOKEHA omeparysi AEKOMIO3UINU 0OBEMHO-TIPOCTPAHCTBEHHON CTPYKTYpPHOH MO-
JIe Y MPUHOHANHAIIBHON KUHEMATUYECKOM CXEMBbI Ha dJIEMEHTapHbIE CTPYKTYPBI M JBUXKE-
HUS, 3aTeM 00BEIMHEHHSI COOTBETCTBYIOIIMX AJIEMEHTAPHBIX CTPYKTYpP M IBUKEHUN B yIOpPS-
JIOYCHHBIC Tapbl U Jajiee OOBEAMHEHUs JITHX YIOPSAOYEHHBIX Tap (KOpTExei) B OOIIyIO
NPUHLIMIINAAIBHO-CTPYKTYpHYI0 Moaens [IIITM. C nomonipro Takux Npoueayp MOXKHO co3za-
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Pucynok 3. KomnonoBounas cxema [1I'TM: a — mpoaobHBIii pa3pes, O — monepedHblit
paspes

BaTh JIFOObIE TUIIBI MPUHIUITHAIBHO CTPYKTYpHBIX Mojeneit [TITTM.
C ucnonbp3oBaHUEM pa3paOOTAHHBIX MOJOKEHUI B JAHHOM CTaTh€ MOKHO BECTH IIPO-
E€KTHUPOBAaHUE KOHKPETHBIX BapuaHTOB pa3innuHbiX Tumos [HIITC.
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1. CamoxBanoB, E. W. Jlorucruueckue cuCTeMbl KOMIBIOTEPHO-UHTETPUPOBAHHBIX
MPOU3BOJICTB (TPAHCIIOPTHO-CKIIAJICKOE U 3arpy304HOE 00eCIeyeHHe MPOU3BOJICTBEHHBIX CH-
creM): yue6Hnoe nocooue. Y. 1 / E. 1. CamoxBanos, B. A. I'peuntaukoB. — Mocka: CrtaH-
kuH: Snyc-K, 2004. — 224 c.

2. Crenanos, B. U. Jloructruka npou3BojicTBa: yaeOHoe mocobue / B. U. Ctemanos. —
Mocka: MTHOPA-M, 2021. — 200 c.

3. A. c. 1669762 CCCP MKHU B 30 B 11/12. BunToBoi#i TexHONMOTHYECKHA poTop / A.
H. Muxaiinos; Ony6:1. 15.08.91, bron. Ne 30. — 3 c.

4. Muxaiinos A. H., Tepntok H. O. [IporpeccuBHble METO/IbI MPOU3BOICTBA U3AEIUN
Ha MOTOYHO-CNUPATILHBIX TEXHOJIOTHYECKUX MOAYISIX //TexHomorus u opr. np-Ba, 1990, Ne 3,
c. 15-18.

5. A. c. 1588556 CCCP, MKU B 30 B 11/12. Cmoco6 o0paboTku u3aenuii Ha
TexHoJorudaeckoM porope / A. H.Muxaiinos, H. D.Tepnrok; Ony6u. 30.08.90, bron. Ne 32, —
3c.

6. A. c. 1618672 CCCP, MKU B 30 B 11/12. Crmoco6 o0OpaboTku u3aenuii Ha
MOTOYHO-TTIO00MIHOM TexXHosoruueckoMm moayne / A. H.Muxainos, H. D.Tepurok; Omyo0u.
07.01.91, bron. Ne 1. -3 c.

[Moctynmna B peaxouternto 23.05.2025 .

48



Ilpoepeccusnvie mexunonozuu u cucmemvl MAUUHOCHPOEHUS. Ne 4(91)°2025

YAK 621.9.02:621.9.048

T. G. Ivchenko, Ph.D.
Donetsk National Technical University, Donetsk, Russia
Ten./Daxc: +7 949 3349006

THE ESTIMATION OF POSSIBILITIES OF THE TURNING PRODUCTIVITY RISE
WITH THE USE OF COATED CARBIDE CUTTING TOOLS AND
TECHNOLOGICAL CUTTING FLUID

An optimization method for selecting turning parameters based on the maximum productivity criterion has been
developed for machining with coated carbide cutting tools and technological cutting fluids. A mathematical
model of the turning process was formulated, incorporating constraints related to the permissible cutting tem-
perature. Using linear programming techniques, analytical relationships describing the optimal cutting condi-
tions as functions of the principal turning parameters were obtained. A productivity growth factor was intro-
duced to account for the increased service life of coated carbide tools as well as the cooling and lubricating per-
formance of the technological cutting fluid. On the basis of this factor, the potential for productivity improvement
under various turning conditions with the application of coated tools and cutting fluids was evaluated.
Keywords: turning, optimization, cutting temperature, coated tools, cutting fluid, productivity.

T. I'. UBueHKo

OILIEHKA BO3MOKHOCTEM IMOBBIIIEHUS TIPOU3BOANTEJIbHOCTH TOUEHUS TP
IMPUMEHEHHMU TBEPJOCIIJIABHOI'O PEXXYIIEI'O HHCTPYMEHTA C ITIOKPBITUEM U
TEXHOJOT'MYECKOM CMA30YHO-OXJIAXKIAIOIEN )KUIKOCTH

Paspaboman memoo onmumuzayuu pexcumos pesanus npu MOYeHUu no KpPUmepuio MaKCUMAIbHOU
nPoU3600UMENbHOCIMU C NPUMEHEHUEM MEEPOOCNIABHO20 PENCYUie20 UHCMPYMEHMA ¢ NOKPbIMUEeM U MexXHOJ0-
2uueckol cmMazouHo-oxaaxcoaioueli rcuoxkocmu. Chopmuposana mamemamuieckas mMooeib npoyecca mo4eHust
¢ yuemom ocpanuyenuil no donycmumou memnepamype pesanus. C ucnonvb3o8anuem mMemooos JuHeuHo20 npo-
2PAMMUPOBAHUSL NOTYYEHBL AHAIUMUYECKUE 3AGUCUMOCIU ONMUMATILHBIX PENCUMOS8 PE3AHUsL OM OCHOGHbIX Na-
pamempos mouenusi. Beeoén xoapuyuenm pocma npouzeooumenbHOCmU, YHUMbIEAOWUL Y8eIUdeHUe CIMOUKO-
cmu meepOOCnIA8HO20 UHCMPYMEHMA ¢ NOKPbIMUEM, d MAKICe OXAANCOAUUE U CMA3IEAIOuUe CEOUCMEA
MEXHONO2UUECKOT CMA30YHO-0XadcOalowel Jcudkocmu. Ha ocnoge 0annozo koaghguyuenma epinoinena oyen-
KA 803MOANCHOCIMEN NOBGLIUUEHUSL NPOU3EOOUMETIbHOCIMU NPU PASIUYHBIX DEXNCUMAX MOYEHUsL C NPUMEHEHUEM UH-
CmMpyMenma ¢ nOKpulmuem 1 CMAa304HO-0XAANCOAIoUetl HCUOKOCU.

Knrouesoie cnoea: mouenue, onmumuzayusi, memMnepamypa pe3arust, UHCMpYMeHm ¢ ROKPbImuem, cma-
30UHO-0XJIANCOAIOWASL HCUOKOCT, NPOU3BOOUMETLHOCHIb.

1. Introduction

The intensification of the cutting process remains a central challenge in the machining
of mechanical components. At present, the most effective approach to increasing machining
efficiency involves the use of coated carbide cutting tools (CCT) in combination with techno-
logical cutting fluids (CF) [1]. These technological solutions enable higher cutting speeds and
feeds while maintaining acceptable tool life and surface quality.

To achieve maximum benefit from their application, it is necessary to implement op-
timization procedures for selecting cutting parameters based on criteria such as maximum
productivity or minimum production cost [2]. Among the available optimization techniques,
linear programming is widely employed for determining optimal cutting speed and feed rate
under operational constraints when maximizing productivity.

However, intensification of the cutting process inevitably leads to a significant in-
crease in cutting temperature. This necessitates the incorporation of thermal constraints into
optimization models. The studies presented in [3] provide methods for calculating heat flows
and cutting temperatures during turning with the use of cutting fluids, enabling the solution of

© Ivchenko T. G.; 2025
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optimization problems with explicit consideration of temperature limitations under various
machining conditions.

Optimization problems for turning operations with the use of cutting fluids have been
successfully addressed in previous studies [4, 5]. Nevertheless, the obtained results cannot be
directly extended to coated carbide cutting tools, whose performance characteristics — particu-
larly tool life — are substantially influenced by coating properties and thermal effects. There-
fore, further development of optimization methods that account for the increased durability of
coated carbide tools is both relevant and necessary. Such an approach makes it possible to jus-
tify higher cutting parameters and achieve a significant rise in machining productivity.

The objective of the present study is to refine the method for optimizing turning condi-
tions and to evaluate the potential for productivity enhancement, taking into account the com-
bined influence of cutting fluid and coated carbide cutting tools.

2. The main contents and outcomes of activity

By optimization of cutting regimes, productivity is accepted as an objective function
of the machining which maximum is reaching at a minimum of basic time at rough turning
limitations on possibilities of the cutting tool (1); on the maximum permissible cutting power
N (2); on maximum permissible of cutting temperature ® (3); on maximum permissible cut-
ting tool strength (4); on maximum permissible ranges of a rotational speed nyin (6), Nmax
(7) and the feed Syyin (8), Smax (9) operate, at finish turning on maximum permissible of ma-
chined surface roughness R, (5), additionally operates in place of limitation on maximum
permissible cutting tool strength. As a result of linearization of objective function and limita-
tions by taking the logarithm the mathematical model of the cutting process expressed by sys-
tem of the linear inequalities is defined (X! = In n; X2 = In §):

At rough turning

X1+ y,X2 < b,

(np + DX1 + ypX2 < by,
2 X1+ y,X2 < bs,
LypX2 < by,

X1>bg, X1 < b,

X2 > bg, X2 < b,

\(X1 + X2) - max,

(1)

at finish turning

(X1 +yy X2 < by,

(np + X1 + ypX2 < by,
2.X1+ y,X2 < bs,
$ksX1+ kyX2 < b,
X1>bg, X1 < b,

X2 > bg, X2 < b,

\(X1 + X2) - max,
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b, = In(1000C, K, K" /nDT™t*));

b, = In(6 - 103"+ Ny /CpKpKyp (D) P+ V%) ;

bs; = In(1000%0 /N KoKy (D)) ;

b, = In(347Y3%K,,/CpKpKppt CP=077) ;

bs = ln(Ra(T[D/]-OOO)kS/koKR Kur);

be = Inny,in; by = Innyey s bg = InSpin be = 1N Sy gy

where T — tool life; t — depth of cut; D — diameter of machining; C,, K, and x,,, y,,, m — factors
and the indexes characterizing degree of influence of depth, feed and tool life for cutting
speed; Ky — factor, which takes into account the increase of coated carbide cutting tool life;
n —synchronous speed; Cp, Kp, Xp, ¥p, 1, — factors and the indexes characterizing degree of
influence of depth, feed and cutting speed for cutting force P,; Kjp — factor, which takes into
account the oiling properties of CF for cutting force; 7 — efficiency of transmission of ma-
chine tool; k,, Kz, k,, k3 — factors and the indexes characterizing degree of influence of feed
and cutting speed; Kyr — factor, which takes into account the oiling properties of CF for treat-
ed surface roughness; Cy, Ky and z;, y; — factors and the indexes characterizing degree of in-
fluence of cutting speed and feed for cutting temperature; K, — factor of temperature lower-
ing, which takes into account the cooling properties of CF.

The example of definition of optimum of cutting regimes at rough and finish turning
of steel 45 is reduced on a figure 1.

X

.

%

)

Xo <3
Xy 7
> 3
X ‘
) f\\\
u
APN
3 3
i & — / 3]
, A D & , A %)
"2 2 _1X2.0 X2 "3 o _1X2 0 X2
a) o JE;'J O AT O

Figure 1. Graphs of determination of the optimum regimes at rough turning (t=3mm; 7=30min;
¢=5mm) — a) and finish turning (t=1mm; 7=60min; Ra=3,2mkm) — b) with use of CCT and CF

Polygon ABCD on reduced figure 1 represents the area of possible decisions at turn-
ing without CCT and CF. The objective function accepts the maximum value to a point C, for
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which the sum of distances to shafts (X1+X2) is maximum to what the extremely possible
position of the line 10 characterizing objective function testifies. The point C is a cross point
of limitations on possibilities of the cutting tool (1) and cutting tool strength (4) at rough turn-
ing and on a roughness of machined surface (5) at finish turning. Coordinates of a point C
(X1,,X2,) are required the best values of parameters.

The use of CCT increases tool life and changes limitations on possibilities of the cut-
ting tool (1.¢r). However, the presence of temperature limitation does not allow realizing the
possible of the cutting regimes increase. The point C; is a cross point of limitations on maxi-
mum permissible temperature of cutting (3) cutting tool strength (4) at rough turning and on a
roughness of machined surface (5) at finish turning. Coordinates of a point C; (X1,1,X2,1)
are required the best values of parameters.

The use of CF deletes temperature limitation and increases the cutting regimes. The
point C2 is a cross point of limitations on possibilities of the cutting tool (1,¢7) and cutting
tool strength (4) at rough turning and on a roughness of machined surface (5) at finish turning.
Coordinates of a point C, (X1,,, X2,,)are required the best values of parameters.

Optimum cutting regimes — feed S, and cutting speed V, can be define analytically:

At rough turning:
Sil — (34C1,35t(0,77—xP)K(p/CPKPKMP)l/yp (2)
. {(@/C@K@Kotxtsg;)l/ “ 0 < 0y, 5
i1 =
CyKy KT /T™e*v S0, if 0 < Oy
At finish turning:
( ks
O (ko KpKyp) ™\ etk
CoKoK, R/ *3¢xe Af 6 < 6o;
Sop =1 \Feftelloftg ) )
R, T™kstksXv k1=yvk c o0
At > 0;
\ koKRKMR(CVKVK{,n)% 0
1/ks |
. {(Ra/koKRK,V,Rs(’jz1 if 0 < 0, -
02 —
CoK KT /T™ S8, if @ > 6.

where 0,4, ©,, — boundary value of cutting temperatures for which it is necessary to consider
temperature limitation:

m\ Zt mks3 i’t:i}’it
091 = Cokot™ (VI ) — Ral S
ol [ORAYC) Tmxy koKR(CVKVK’Ir‘n)kg
CoKyKIM\*  [340c135£077=x0) 15
0. — g S KK ¢ ¢
02 oo Tmexy CPKP
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The results of analysis of cooling and oiling proper-ties for different CF are presented
on table 1, 2, 3 [3].

The analysis for followings most widespread CF: Akvol-2 (CF, which owns the most
expressed cooling properties); Ukrinol-1 (CF, which owns the most expressed cooling proper-
ties and partly oiling properties); MR-1y (CF, which owns the most expressed oiling proper-
ties and partly cooling properties) is carried out. MR-1y has the minimal factors of tempera-
ture lowering K,, factors cutting force at rough turning K,,;p and machined surface roughness
at finish turning K.

The use of CF ensures possibility of optimum feeds S, and cutting speed V,.r rise
in comparison with optimum cutting regimes S, and V, at machining without CF.

Table 1. Factors of temperature lowering Ko for different CF

Machining material Factors of temperature lowering Ko for different CF:
Acvol-2 Ukrinol-1 MR-1y
Constructional steel 0,85 0,82 0,78
Stainless steel 0,80 0,76 0,73
Table 2. Factors Kwp of cutting force lowering at rough turning for different CF
Machining material Factors of t cutting force lowering Kap for different CF:
Acvol-2 Ukrinol-1 MR-1y
Constructional steel 1 0,95 0,85
Stainless steel 1 0,9 0,8

Table 3. Factors Kmr of machined surface roughness lowering at finish turning for different
CF

Machining material |Factors of machined surface roughness lowering Kur for different
CF:
Acvol-2 Ukrinol-1 MR-1y
Constructional steel 1 0,97 0,9
Stainless steel 1 0,95 0,85

Quantitatively the rise of machining productivity can be justified based on factor
K = S,ciVocr/S,V,. Ground fixed analytical dependences of optimum feeds S, and cutting
speed 1, on machining conditions, the factor of machining productivity rise at the expense of
use CF for rough turning K; and finish turning K, is defined:

K(;anz\T/ﬁKTWf if Ko = Ko1;

Ky =4 (CyKy K" ( CoKo )”1 Cprt(xP_0’77) " (6)
Mt J\O t=x 34c125K3°
- i N, — Yt = Zt
! z' 2 YpZt ’
YvZt — Yt
ng = ———
YpZt
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K) Ko K ,1f Ko, = Koy,

K, =1$ (C K KT (C@K@> ( R, )"8 (7)
T™mtxv Ot kOKR
kg — ks Ve Z
Ny =——"——; N = ;

yeks — zcky’ > YpZt

ks ks—ki
¥ k1—3’vk3’ 7 yth_Ztkl'
n pze — ye) (ky — k3)
8

N (Yeks — zekqy) (kg — }’vk3).

where Kp; = 0/0,,,Ky, = 0/0,, — the factor considering cooling action of CF, which de-
fines a limiting value for which it is necessary to consider temperature limitation.

Graphs of dependence of factors Ky, and Ky, on cutting feed ¢ and machined surface
roughness R, (in the conditions of the machining, specified earlier) for different values tool
life T are reduced on figure 2.

The factors considering cooling action of CF, which defines a limiting value, for
which it is necessary to consider temperature limitation, are higher than cutting depths at
rough turning (figure 2, a) and machined surface roughness at finish turning (figure 2, b) are
higher.

With the use of the known normative information [6] the factors of machining produc-
tivity rise for different steels: steel 45, steel 30XI'C, stainless steel X18H9T can be presented:

—-2,6 —0,17 10,2 .
KO KMP KT ’ K02K015t45J

Kistas = {
’ 2,6K9%3 /TO2£028;

—3,0,,—-0,06,0,2 .
KO KMR KT , K02K025t45f

Kostas = {1,24K$’23R3'9/T0'2to’ls;

—-2,6 1—0,17 1,0,2 .
Ko Kyp ™ Ky, Ko 2 Koistzoxecs

Kistzoxee = {
34Ky /TO2(028;

~3.0 =0,06 0.2 _
Kyr K Ko = Kozstzoxacs

Kost30x6c = {2 14K° zsRo 9 /024015,

2 ,,-0,5,,0,25 _
Ko “Kyp K™, Ko = Koistxismors

K =
1stX18HOT
0,29
44K [TO?*>¢02;

S2K0V g 025 _
Ky » Ko 2 Koasex1snors

Kastx1gHor = 3,251{0 29R0 3/T° 25403
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The results of estimation of possibilities of the turning productivity rise with the use of
technological cutting fluid based on presented method are reduced on figure 3-5.

Graphs of dependence of factors of machining productivity rise K; and K, on factor of
temperature lowering K, considering cooling action of CF at rough and finish turning of dif-
ferent steels are reduced on figure 3.

o) Ko

\\\\ Y?téomm
0o 0.95 \ \ ‘\
T=60min \
0.8 T=30mun _ D-Q'TEBEIMM\ < -
\Hzﬁ
-""hl—...____‘__ \
0.7 Fe— 0.5 N
T=15|mm T=15 miin \
0.6 0.8 |
1 2 3 4 £,
2 mm 7 2.5 5 3035 Rg. mkm

Figure 2. Graphs of dependence of factor Ko and Koz on cutting feed t at rough turn-
ing — a) and on machined surface roughness Ra at finish turning — b)

The machining productivity with use of CF rises in connection with reduction of fac-
tor of cutting temperature lowering to the level defined by removal of temperature limitation
and then productivity remains constant. The subsequent change of factor of cutting tempera-
ture lowering becomes inexpedient from the point of view of machining productivity rise.

The greatest increasing of the productivity can be reached for stainless steel X18HOT
at finish turning. Graphs of dependence of factor of machining productivity rise K; and K, on
factor of temperature lowering K, for different factors Kyp and Ky which takes into account
the oiling properties of CF for cutting force at rough turning and machined surface roughness
at finish turning are reduced on figure 4.

he I
! Z " lsteel H18HAST
1.6 1.6

steel X18HIT N steel 303TC

14 N 1 4 \\ \
steel 303TC \:k steel 45 \\ \

1.2
1.2 \ .
steel 45
1 ' 1

0.7 08 4 09 Ko 07 08 4 09 Ky

Figure 3. Graphs of dependence of factors of machining productivity rise K1 and K> on factor
of temperature lowering Ko for different steels at rough turning — a) and finish turning — b)
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Machining productivity is higher than factors Kyp and Ky are less that corresponds
to higher oiling properties CF. The greatest increasing of the productivity can be reached at
value factors Kyp which takes into account the oiling properties of CF for cutting force at
rough turning (figure 4, a) and small value factors Kj;z which takes into account the oiling
properties of CF for machined surface roughness at finish turnings (figure 4, b).

Graphs of dependence of factor of machining productivity rise K; and K, on factor of
temperature lowering K, for different cutting depth at rough turning and machined surface
roughness at finish turning are reduced on figure 5.

iy it

PR W—
1.5 k74 1.5 \
| &r=2 N Er=1 NN

1
0.7 0.3 0.9 Ka 0.7 0.3 B) 0.9 Ka

Figure 4. Graphs of dependence of factors of machining productivity rise K1 and K> on factor
of temperature lowering Ko for different factors Kr, which takes into account the increase of
coated carbide cutting tool life at rough — a) and finish — b) turning steel 45
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Figure 5. Graphs of dependence of factors of machining productivity rise K; and K>on
factor of temperature lowering Ko for different factors K7, which takes into account the in-
crease of coated carbide cutting tool life at rough — @) and finish — ) turning steel X18H9T

Machining productivity is higher than cutting depths at rough turning and machined
surface roughness at finish turning are higher. The greatest increasing of the productivity can
be reached at great values of cutting depth (figure 5, a) and great values of the machined sur-
face roughness (figure 5, b).

The results of estimation of possibilities of the turning productivity rise with the use of
coated carbide cutting tools based on the presented method for different steels are reduced on
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figure 6 and figure 7.

Machining productivity is higher than factors K, which takes into account the in-
crease of coated carbide cutting tool life, are higher. The greatest increasing of the productivi-
ty can be reached at finish turning.

3. Conclusion

As a result of the conducted research, a methodology for optimizing turning parame-
ters based on the criterion of maximum productivity has been developed. The approach incor-
porates the application of coated carbide cutting tools and technological cutting fluids. A
mathematical model of the turning process was formulated, accounting for constraints im-
posed by permissible cutting temperature. Using linear programming techniques, analytical
relationships describing the optimal cutting conditions as functions of the principal turning
parameters were derived.

A productivity enhancement factor was introduced to quantitatively reflect the com-
bined effects of increased tool life of coated carbide inserts, as well as the cooling and lubri-
cating performance of technological cutting fluids. The influence of temperature reduction —
considering both the thermo-physical properties of the cutting fluid and the characteristics of
coated carbide tools for different steel grades — on the productivity growth factor was estab-
lished.

An assessment of the potential productivity gains achievable through the application
of coated carbide tools and cutting fluids under various turning conditions was performed.
The results demonstrate that productivity improvements for all investigated steels are more
significant in finish turning than in rough turning, reaching up to 30%. Moreover, greater
productivity growth was observed in machining stainless steel X18H9T compared to structur-
al steel 45, with increases of up to 25% under both rough and finish turning conditions.

The maximum productivity gain was achieved in finish turning operations with the
combined use of coated carbide tools and technological cutting fluids: up to 2.5-fold for stain-
less steel X18HIT and up to twofold for structural steel 45.

The proposed method can be applied to evaluate the potential for productivity en-
hancement across various machining scenarios involving coated carbide cutting tools and
technological cutting fluids.
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DEVELOPMENT OF TECHNOLOGICAL RECOMMENDATIONS FOR THE
FORMATION OF BORIED POWDER FOR PLASMA SPRAYING OF NICKEL
ALLOY

The article describes the choice of the method and medium for diffusion alloying of nickel alloy powders. One of
the main and most effective ways to protect parts from high-temperature corrosion and oxidation is to create a
nickel-based plasma coating system on their working surface. Their performance properties depend on the order
of distribution of y - and f - phases in the formed y-solid solution. In the technologies for creating heat-resistant
coatings based on nickel, a whole range of alloying materials (zirconium, tungsten, molybdenum, rhenium, haf-
nium, niobium, tantalum, vanadium, etc.) are introduced into these systems to further improve performance
properties. They affect the thermal stability of the precipitates of the strengthening y” - phase. Carbon and boron
are also introduced, promoting the formation of carbide and boride phases, increasing fracture toughness, creep
time, and long-term strength period. Based on a number of advantages (simplicity, general availability, reliabil-
ity of the technology, high stability of results, possibility of repeated use of the saturating medium) for diffusion
saturation of powders based on nickel alloys in order to ensure high performance properties, the method of satu-
ration in powder media of boron and silicon carbides was selected. It was found that from the point of view of
ensuring the stability of the shell thickness, good fluidity and stability of the dispersion composition, the best
ratio of the saturating medium to the saturated one is in the range of 4:1, the ratio in the saturating medium is
B4C-SiC (40%:60%) with approximate equality of particle sizes and their size of 40-60 um, and sodium fluo-
rides in an amount of 1-1.5% are most suitable as an activator.

Keywords: nickel-based plasma coatings, method and environment for diffusion alloying of nickel alloy pow-
ders, diffusion saturation of powders, study of structure and properties, performance characteristics.

®. U. [lanTteneenko, B. A. OxoBurslii, O. I'. leBoiino, A. A. JIutBunko, T. U. benauk,
B. IO. Cepena, B. B. OxoBursblii

PA3PABOTKA TEXHOJIOTUYECKAX PEKOMEHJIAIIUI IO ®OPMUPOBAHUIO
BOPUPOBAHHOI'O MOPOIIKA JJIs1 IIJIASMEHHOI'O HAIIBIJIEHW S HUKEJIEBOT O
CIIJIABA

B cmamve onucanvt sb160p memooa u cpeovi 015 OUPDY3UOHHO20 1ecUpOBaAHUs. NOPOUIKOE HUKEICEbIX
cnnagos. OOHUM U3 OCHOSHBIX U Hauboee dPPekmHuviX cnocobos ONiA 3auumsl Om 6030€lCMEUs 8blCOKOMeMne-
PamypHuix Koppo3uu U OKUCIeHus 0emanell A6isAemcs co30anue Ha ux pabouell NOBEPXHOCTU CUCTHEMb] NAA3-
MEHHBIX NOKPLIMULL HA HUKeNegoll ocHose. Hx sKcniyamayuontsle c80licmed 3a68ucsm om nopaoka pacnpeoese-
HUSL 8 CPOPMUPOBAHHOM V- mBepOOM pacmeope v’ - u f§ - gas. B mexnonozcusx coz0anus sxcaponpoyHvix noKpbi-
muil Ha 6aze HUKens, O OANbHEUWe20 YIVUUeHUs IKCHIYAMAYUOHHBIX CEOUCME 8 OAHHbIE CUCTNEMbl 68005
yenvlil CneKmp ecupyrouux Mamepuailos (WUpKoHuil, 8016(pam, MoauboeH, peHull, 2agHuil, HUOOULl, MAHMAJ,
sanaouti, u 0p.) OHU OKA3LIBAIOM GIUAHUE HA MEPMOYCMOUUUBOCHb GblOeNeHUll ynpounsiowed v’ - gasol.
Beoosm maxoice yenepoo u 6op, cnocobcmsyrowumu 06pazosanuro KapouoHvlx u 60pUOHLIX as, nogvluaruiue
BA3KOCMb PA3PYULEHUS, 6DeMsL NOAZYHeCu, Nepuod OIUmenbHoU npoyHocmu. Mcxods uz pada npeumyujecme
(npocmoma, 06ued0CmynHocms, HAOEHCHOCHb MEXHOI02UY, BbICOKAA CIADUTLHOCIb Pe3YIbMamos, 803MOMHiC-
HOCMb MHO2OKPAMHO20 UCNOIb308AHUsL HACKIWaiowell cpedbl) 015 OUPDY3UOHHO020 HACBIWEHUS NOPOUWKO8 HA
OCHOBe HUKeNegblX CNIABO8 C Yelblo 0becnedeHus 6bICOKUX IKCNIYAMAYUOHHBIX CEOUCHE BbIOPAH MEMOO HACHI-
WeHus 8 NOPOWKOBbIX cpedax Kapouodos bopa u KpemHus. YcmanoeieHo, 4mo ¢ moyku 3peHus obecneyenus
CMAbUILHOCMU  MOAWUHBL  000NIOUKY, XOpowiell meKydecmu U YCMoUuuugoCcmu OUCHEPCUOHHO20 COCMA8A
HAUNIYYWUM A6IAemCcs. COOMHOUueHUe Hackluaiowell cpedbl K Hacblujaemol 6 unmepsane 4:1, coomnoutenue 6
nacviyarowetl cpede B4C-SiC (40%.60%) npu npumepnom pasencmae pazmepog yacmuy u ux seauyune 40-60
MKM, d 8 Kauecmee akmusamopa Hauboiee yenecoodpasuvl pmopucmole Hampuii 8 Konuvecmee 1-1,5%.
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Knroueevie cnosa: niazmenuvix NOKpbIMull Ha HUKe1e8oll 0CHOge, Memoo U cpeda 07 Oupy3uoHH020
Jlecuposanuss NOpoOWKO8 HUKeNegblx Cniasos, OuPdy3uonHoe Hacvlyenue nopoulkos, Uccie008ane CmpyKmypol
U c80liCm8, IKCNIYAMAYUOHHbIE XAPAKMEPUCTUKU.

1. Introduction

Since the beginning of the 21st century, the use of thermal spray coatings to improve
the quality of parts in various industries has become the norm. If at first thermal spraying
technologies for restoration or strengthening were used for important or expensive parts due
to the high cost of high-quality materials, the complexity of technological processes, the need
for qualified personnel, problems with subsequent processing, then after many years of devel-
opment in the technological and theoretical aspects of this area, they have become more ac-
cessible. New types of spraying have been developed - high-speed, hybrid, plasma spraying
technologies in air and vacuum have been improved, methods for feeding small and submi-
cron powder materials have been developed, processes for subsequent high-energy processing
have been developed, modern spraying equipment has been automated and computerized, i.e.
thermal spraying processes are becoming standard. At present, in the Republic of Belarus, res-
toration and strengthening technologies are used in various industries for a wide range of in-
dustrial equipment parts. The main characteristics of coatings that determine their high-
quality use are operational: hardness, adhesive and cohesive strength of adhesion, porosity.
However, a number of questions remain regarding the application of these technologies, espe-
cially in agriculture. As a rule, the indicators of reducing the cost of restoration and strength-
ening processes come first, the acquisition of high-quality powder materials is difficult, and
technological equipment has a long service life. It is necessary to create materials, if possible,
on a local raw material base or from inexpensive components that are available and relatively
inexpensive for applying wear-resistant and corrosion-resistant coatings that operate under
high-temperature conditions. One of the main and most effective methods for protecting parts
from high-temperature corrosion and oxidation is the creation of a nickel-based plasma coat-
ing system on their working surface. Their operational properties depend on the order of dis-
tribution of y* - and B - phases in the formed y- solid solution. In the technologies of creating
heat-resistant coatings based on nickel, for further improvement of operational properties, a
whole range of alloying materials (zirconium, tungsten, molybdenum, rhenium, hafnium, nio-
bium, tantalum, vanadium, etc.) are introduced into these systems. They affect the thermal
stability of the precipitates of the strengthening y" phase. Carbon and boron are also intro-
duced, promoting the formation of carbide and boride phases, increasing the fracture tough-
ness, creep time, and the period of long-term strength.

2. Selection of the method and environment for diffusion alloying of nickel alloy
powders

Analysis of existing methods and techniques of boriding processes shows that the most
common is processing in powder media [1-15] due to its manufacturability and applicability
for processing powder materials [9, 10]. Boriding in liquid media is unacceptable due to the
problems of extracting processed powder materials from melts and cleaning them; boriding in
liquid media is unacceptable. Application in industry of processing in electrolyte solutions has
not found due to its non-ecological friendliness. Due to the complexity of the equipment, low
reliability and instability of the results of the technology - the explosion hazard of boriding in
gaseous environments has also not found wide application. Boriding using technical boron
carbide powder as a saturating medium has a number of qualitative advantages due to general
availability, simplicity and reliability of the technology, high stability of the results, the possi-
bility of repeated use of materials of the saturating medium. For the diffusion alloying meth-
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od, we selected technical boron carbide powders as the main boron-containing components,
and for borosilicate coating, the silicon-containing saturating component is silicon carbide in
powder mixtures [8-10]. To conduct preliminary studies for borosilicate coating, the ratio of
boron carbide and silicon powders was 40:60 [1, 2]. Further, it was assumed that it was neces-
sary to optimize the compositions of the saturating medium and the conditions during diffu-
sion processing. The important role of the ratio in the powder mixture of the saturating and
saturating media is known. Their optimal ratio was established empirically at constant tem-
perature-time values (Figure 1). From Figure 1 it is evident that the formation of a continuous
boride layer on the M-roll powder material is observed when the amount of boron carbide is 4
times or more greater than the amount of metal powder in the mixture. A smaller amount does
not ensure the formation of a continuous boride layer, which subsequently causes the for-
mation of low-quality coatings. With an increase in the proportion of boron carbide from 4 to
5 parts, the power of the diffusion source increases, and the growth of the continuous borated
layer is activated. At ratios of 5:1 and higher, the growth of the diffusion layer stabilizes.
Based on the fact that with a further increase in the proportion of the saturating medium, the
proportion of metal powder decreases and the productivity of the process for obtaining borat-
ed powder material decreases, we refused to further increase the proportion of the saturating
medium. The study of the effect of the ratio of components in the powder mixture on fluidity
also showed that with an increase in the proportion of metal powder over 25%, fluidity deteri-
orates sharply (Figure 2). This pattern occurs with an insufficient amount of boron carbide in
the mixture, in which case the particles of the metal powder sinter together. The results of

chemical-thermal treatment directly depend on the particle sizes of the powder media [14, 15].
10
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Figure 1. Effect of the ratio of the saturating and saturable media during boriding of
nickel-chromium-aluminum-yttrium (1) and nickel-cobalt-chromium-aluminum-yttrium (2)
powders for 2 hours at 900°C on the thickness of the continuous diffusion layer

Studies of the effect of the particle sizes of the saturating and saturable media on the
thickness of the diffusion layer on spheroidized metal powder (Figure 3) have proven that the
best results are obtained with equal particle sizes constituting the powder mixtures. In this
case, the size of the powder particles should be within 40-60 um. Reducing the size of the
powder particles to less than 40 um reduces the thickness of the resulting layer due to deterio-
ration in the gas permeability of the powder mixture for moving the vapor-gas phase with bo-
ron halides. At particle sizes over 60 um, due to the decrease in the total surface area of the
powder particles of boron carbide and metal powder, the process of formation of boron hal-
ides and the amount of boron itself capable of diffusion decrease. An important characteristic
of the technology is the possibility of multiple use of the saturating mixture. The study of the
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frequency of use of the saturating mixture made it possible to establish the following pattern.
With an increase in the frequency of use of the powder mixture, the proportion of the fine

fraction of boron carbide (less than 40 um) increases and the flowability of the powder wors-
ens (Figure 4).
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Figure 2. Effect of the mixture component ratio on the fluidity of the processed nickel-
chromium-aluminum-yttrium powder (T=9000, t=2h)
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Figure 3. Effect of the particle size of the powder medium on the thickness of the diffusion
layer during boriding of nickel-chromium-aluminum-yttrium powder for 2 hours at a tempera-
ture of: 1 —800°C; 2 — 900°C a — saturating medium; b — nickel-chromium-aluminum-yttrium

powder
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Figure 4. Effect of multiplicity when using a saturating powder mixture without regenera-
tion on the particle size of the saturating mixture (1) and the flow properties of the rocessed
nickel-chromium-aluminum-yttrium powder (2)
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Figure 5. Effect of multiplicity when using a powder mixture on the boron content in it

The grinding of the boron carbide powder occurs due to its interaction with activating
halides, with oxygen and the gradual transformation of a certain part into volatile compounds
with the corresponding depletion of the powder in boron (Figure 5). A sharp increase in the
proportion of fine fraction occurs after 6-7 times the mixture is used (without regeneration).
The nature of the effect of multiplicity on the fluidity (see Figure 5) of the processed powder
is similar; a study of the appearance of the powder material using a microscope indicates the
sintering of the smallest particles of boron carbide to the metal powder of the m-croll (Fig-
ure 6, a).

This is additionally confirmed by the increase in the integral hardness of the layer
sprayed from the processed powder with a decrease in the thickness of the diffusion layer on
the powder and its microhardness (Figure 7). Before the six-fold use of the saturating powder
mixture, there is some increase in the thickness of the diffusion layer on the powder material,
caused by an increase in the reaction surface of boron carbide. Then, when using the mixture
and grinding it, there is a decrease in the thickness of the diffusion layer with a decrease in the
amount of boron in the saturating mixture, which is caused by a decrease in the gas permea-
bility of the mixture. A decrease in the supply of boron halides to the processed surface of the
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metal powder causes a simultaneous decrease in both the proportion of the high-boron phase
in the diffusion layer itself on the powder material and the microhardness of the diffusion lay-
er (see Figure 7). Therefore, the main factor limiting the frequency of use of boron carbide is
grinding and, accordingly, deterioration of the technological and physical-mechanical proper-
ties of the processed powder. Accordingly, it is advisable to use the saturating mixture with-
out regeneration no more than 6-7 times. After that, the resulting small fractions are screened
out with further use of the mixture. The effect of the activator on the results of diffusion pro-
cessing of metal powder was studied. Sodium fluoride, aluminum fluoride and ammonium
chloride were taken as activators (Figure 8).

a b
Figure 6. Appearance a) and microstructure b) of diffusion-alloyed NiCrAlY powder
(x300)
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Figure 7. Effect of multiplicity when using a powder mixture on the thickness (1), mi-
crohardness of the boride layer on nickel-chromium-aluminum-yttrium powder (2) and on
the hardness of the sprayed layer (3)
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Figure 8. Effect of the type of activator on the thickness of the diffusion layer when
boriding m-grain for 2 hours at a temperature of 950°C
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Figure 9. Effect of the activator type 1 — NHA4CI; 2 — NaF; 3 — AIF3, its amount in the
mixture (b) on the hardness of the sprayed layer during boriding of m-roly for 2 hours at a
temperature of 950°C

The best results were obtained when using sodium fluoride and aluminum fluoride as acti-
vators (Figure 9) in an amount of no more than 1-2%. The activator - ammonium chloride
shows a good result in terms of layer thickness during diffusion treatment in the mixture, but
has a number of significant drawbacks: the dispersion of boron carbide powder worsens and
increases due to corrosion by chlorides, with repeated use of mixtures their gas permeability
worsens, the surface of the metal powder is deformed, its fluidity is worse, and the tendency
to corrosion increases upon contact with the atmosphere. The main reason for the increase in
intensity when adding 1-2% of the activator of diffusion saturation of the powder is the pres-
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ence of a sufficient amount of boron fluorates formed in the powder mixture, actively trans-
porting boron to the saturated surface of the m-roll. In the absence of sodium fluoride in the
mixture, B203, contained in an amount of up to 3.5 wt.% in boron carbide, can play a signifi-
cant role of the activator. The scheme of the installation for diffusion boriding is shown in
Figure 10. In accordance with the previously conducted studies, we optimized the boriding
duration, temperature conditions, the ratio of the components of the working mixture during
boriding in a rotating container, and the rotation frequency of the container. Mixing of the
components of the powder mixture is best carried out for 20-30 minutes in drum-type mixers
at a rotation speed of 60-100 rpm. The optimal rotation frequency of the container n, ensuring
maximum mixing of the working mixture during boriding of powders, was determined based
on the source [13]. According to the calculation results using the dependence from the source,
the value of n, consistent with the capabilities of the installation, should be 60-100 rpm. The
prepared powder mixture is packed in a container. The container is sealed by backfilling with
layers of boron carbide and silicon carbide. When heated at temperatures of 600-700°C, boron
carbide reacts with oxidizing silicon carbide and creates a sintered layer of borosilicates seal-
ing the container. The studies have shown that the rate of formation of diffusion layers at a
temperature below 800°C is low to create the required properties in the powder (experiments
were carried out in the range of 700-1000°C at 25°C and holding for 3-4 hours). Therefore,
heat treatment was carried out at 850-1000 °C for 3-4 hours. Further increase in temperature
is impractical, since there is a decrease in the significance for activation of cyclic defor-
mation-recrystallization processes in the mobile working mixture during boriding. After the
processing, the container was cooled, opened and the mixture was subjected to magnetic sepa-
ration. The isolated diffusion-alloyed m-krol powder was used to obtain sprayed coatings, and
the saturating medium was reused. The appearance of the obtained diffusion-alloyed powder
material is shown in Figure 6, a. As can be seen from Figure 6, b in section, each powder par-
ticle is formed from a core and a diffusion layer of a certain thickness and phase composition.
The thickness of the diffusion layer, its structure, phase, chemical composition for each type
of powder material depend on the type of saturating mixture, process temperature and dura-
tion of diffusion treatment. It is clear that the technological properties of the obtained powder
materials also depend on the parameters listed above.
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Figure 10. Scheme of the setup for diffusion borating of powders 1 — engine;
2 — reducer, variator; 3 — cardan coupling; 4 — supports; 5 — container; 6 — furnace
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Concerning the ratio of components in the working mixture - to form thin-film ceram-
ic shells with a thickness of about 8-10 um (according to the accepted criterion) on the parti-
cles of the powder material, it is necessary to significantly reduce the proportion of the satu-
rating medium. Experiments have shown that the ratio of the volumes of the saturated powder
and the saturating medium (99% amorphous boron, 1% sodium fluoride) should be fixed at
the level of 1 — 3. This composition of the working mixture was placed in a sealed container
made of heat-resistant steel. The degree of filling the container with the powder mixture was
selected taking into account the recommendations of the source [13] and was approximately
70%. Borating of powder materials was carried out at different durations (t) with analytics of
the change in the thickness of the diffusion shell. The results of the conducted research are
presented in Table 1.

Table 1. Results of the study on the optimization of the boriding process

Thickness of the diffusion shells, um
t=2,0h t=3,0h t=4,0h

Composition of the powder material

Nickel-chromium-aluminum-yttrium 4,9 6,3 8,4

Note — The table provides average data on the thickness of the shells

As can be seen from Table 1, the averaged data on the shell thickness indicate that the
optimal duration of boriding is 4.0 h. With this duration, a thickness of 8.4 um is achieved,
which corresponds to the adopted optimization criterion. At the same time, metallographic
analysis of the powder particle sections showed that there is an increase in the interval in
which the shell thicknesses obtained in one boriding duration mode are located. For example,
for a duration of 2.0 h, a change in thickness from 3.8 to 4.9 um was observed. It should be
noted that the lower limit of this interval does not correspond to the optimization criterion.
Thus, a duration of 2.0 h does not ensure stable formation of a sufficient thickness of the
cladding shells. Therefore, the optimal duration of boriding is finally accepted as 3-4 h.

3. Conclusions

The method and medium for diffusion alloying of M-roll powders have been selected,
and technological recommendations for boriding nickel M-roll have been developed. Based
on a number of advantages (simplicity, general availability, reliability of the technology, high
stability of results, the possibility of repeated use of the saturating medium) for diffusion satu-
ration of powders based on m-rolays in order to ensure high performance properties, the
method of saturation in powder media of boron and silicon carbides was selected. It was
found that from the point of view of ensuring the stability of the shell thickness, good fluidity
and stability of the dispersion composition, the best is the ratio of the saturating medium to
the saturable one in the range of 4:1, the ratio in the saturating medium B4C-SiC (40%:60%)
with approximate equality of particle sizes and their size of 40-60 um, and sodium fluoride in
an amount of 1-1.5% is most appropriate as an activator. It was revealed that 6-7 times the use
of the saturating mixture without regeneration ensures stable results. However, its further use
leads to deterioration of the technological and physical and mechanical characteristics of the
processed powder due to significant grinding of the boron carbide powder. Regeneration con-
sists of screening out the fine fraction (smaller than 40 pum). The highest stability of results in
terms of the diffusion layer thickness is provided by saturating media containing 40...80%
B4C, 20...60% SiC with a content of saturable powder based on m-rabbits of 25...33%.
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ITPABUJIA

NMPeICTABJEHUS] MATEPHATIOB B ME:KIYHAPOAHBbIH COOPHUK HAYYHBIX TPY/A0B
®I'BOY BO «/loHeukuii HAUMOHAJbHBIN TEXHUYECKH YHUBEPCUTET
«[TPOI'PECCHUBHBIE TEXHOJOI'M U CUCTEMbI MALLIMHOCTPOEHU A »

MexayHapoaHblii COOPHUK HAy4YHBIX TPYAOB JlOHENIKOro HAIMOHAJIBHOIO TEXHHYe-
ckoro yHuBepcureta «lIporpeccuBHbIE TEXHOJIOTHHU U CUCTEMbI MATMHOCTPOEHUSD) U3AAETCS
¢ 1994 roma. B aTom cOOpHUKE MyOIHKYIOTCSI YICHBIE U CIICIUATUCTHI Oosiee yem u3 35 cTpaH
Mupa.

COOpHUK Hay4HBIX TPYAOB SIBJISETCS CHEIUAIBbHBIM H3JaHUEM, HAyYHO-TEXHUYECKHE
CTaTbU KOTOPOTO MPOXOAAT 00si3aTeIbHOE pelleH3npoBaHue. J[aHHbIN COOpPHUK BKIIIOUEH B
CJEIYIOLIKE TPOrPaMMBI:

1. B cOopHuke MOryT myOJMKOBaTbCS HAYYHO-TEXHHYECKHE CTAThU U PE3yJIbTATHI
JTUCCEPTAIIMOHHBIX PaloT.

2. CoopuuK BKIIIOUYEH B nepedeHs BAK .

3. CoopHuk umeet cait http://ptsm.donntu.ru JIouHTYV, r. JloHenk.

4. Coopuuk BriroueH 6a3y ganubix PUHIL (Poccuiickuii nHIEKC HAYYHOTO IUTH-
poBaHus) (inueH3HOHHBbIH Aorosop Ne 177-04/2013 ot 12.04. 2013 r.) u pa3menieH Ha
caiire HOb (Hayunas snekTponnas oubimoreka, r. Mocksa, Poccus, http://elibrary.ru

5. Jlannblii cOopHUK MMeeT MeskayHapoanyro uuaekcanuio ISSN 2073-3216 (1e-
yatHas Bepcusi) 1 ISSN 2518-7120 (ceTeBoe u3nanue)

Cratbu mpencTaBisieMble B JaHHBIN COOPHUK TOJMKHBI OTBEUATh CJIEAYIOIIUM TpeOo-
BaHUSIM.

Cogepxanue ctaTeil JOHKHO OTpaXkaTh HOBBIE JOCTHIKEHUS HAYKU U TEXHHUKHU B 00Ja-
CTH MAaIllMHOCTPOEHHUS, UX MPAKTUYECKOE 3HAUEHUE, COOTBETCTBOBATh TEXHUYECKOM HaIpas-
JIEHHOCTU COOpHHUKA U MPEJICTaBISITh UHTEPEC JUIsl IIUPOKOT0 Kpyra CIelnaIiCcToB.

B craTtbe 10MKHO OBITH KPaTKO U3JI0KEHO TO HOBOE U OPUTHHAJIBHOE, UTO pa3zpabora-
HO aBTOpaMH, MOKa3aHO MPEUMYIIECTBO NEPEe] aHAJIOTaMU IpeIaraeMblX pa3padoTOK, ONHU-
CaHbl UX OCOOCHHOCTU M MpaKTUYeCKas 3HAaUUMOCTb. Pe3ynbTaThl paboThl HE JOJKHBI IPE-
CTaBJISITHCS B BUJIE TE3UCOB.

OTBETCTBEHHOCTh 3a HapyllleHHE aBTOPCKUX MpaB, 32 HECOOJIOJCHUE NEHCTBYIOIUX
CTaH/IapTOB U 32 HEJOCTOBEPHOCTh B CTAThE JIAHHBIX MTOJIHOCTbIO HECYT aBTOPHI CTATHHU.

[TpucnanHble B peAaKIIMOHHYIO KOJUIETHIO CTaTbU MOJBEpraroTcs 00s3aTeIbHOMY pe-
LEH3UPOBaHUIO. PelakiiMoHHas KOJIEr sl OCTaBJIsieT 32 COO0M MpaBO BHOCUTH B TEKCT CTaThU
U3MEHEHUs PeAaKIIMOHHOTO XapakTepa 0e3 corjacoBaHMs ¢ aBTOpaMH, a TaKKe He IMyOJIHKO-
BaTh CTaTbH, KOTOPBIE HE OTBEYAIOT HAILIUM TPEOOBAHUSIM.

SI3BIKM mpeacTaBiIeHUs PYKOUCEN: PYCCKHMH M AaHTJIMHCKHUI.

OCHOBHAA TEMATHUKA CBOPHUKA

Temaruka mpencTaBiIsieMbIX CTaTell JOJKHAa OCHOBBIBATHCSA HA MpoOieMax MalluHO-
CTpOEHMS (MEXaHUKH) U MIPEICTABIATHCS B pAMKax CIEIYIOIINX HAIPaBICHUN:

1. IlpakTrka ¥ MEpCIEeKTUBBI CO3JaHUS U IPUMEHEHHS IPOIPECCUBHBIX U HETPaJULIH-
OHHBIX TEXHOJOTMH MamuHocTpoeHus. VHTerpupoBanHble TexHoiorud. Coopka B MaIIMHO-
u npubopoctpoeHnr. AOpa3uBHbIE U BUOpOAOpa3sMBHBIE TEXHOJIOTHH. [ MOpuaHbIE U KOMOU-
HUPOBAHHBIE TEXHOJIOTMHM MAIIMHOCTpOeHus. HaykoeMKkHe TEXHOIOIMM MallIMHOCTPOEHUSI.

2. MexaHu3zanus 1 aBTOMaTH3aIUs TPOU3BOJICTBEHHBIX MPOIIECCOB MAIIMHOCTPOCHHUSI.
[TporpeccuBHOE 000pPYI0BaHNE MAITMHOCTPOUTEIBHBIX POU3BO/ICTB.

3. KommnekcHas aBToMaTH3aus IPOEKTUPOBAHUS, TOATOTOBKHU U yIIPaBJICHHS MaIllH-
HOCTPOUTEIbHBIM ITPOU3BOJCTBOM.
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4. IIpobnembl co3aHus M IPUMEHEHUS TPOTPECCUBHBIX HHCTPYMEHTOB M HHCTPYMECH-
TaJbHBIX MATEPHAJIOB B MAIIMHOCTPOCHHH.

5. YmopapieHue Ka4ecTBOM MPOAYKIMHA U TEXHUYECKHX CHCTEM MAaITUHOCTPOCHHUSI.
[Tpo6ieMbl HH)KEHEPUH TOBEPXHOCTHOTO CIIOSI U3/ACTHUH.

6. CoBpeMeHHBIE POOIEMBI MAIIIMHOBEICHUS U JICTAJICH MAIllKH.

7. CoBpeMeHHbIE MPOOIEMbl HHKEHEPUU MATEPUANIOB. Y IPOUHSIONINE TEXHOJIOTHH U
MOKPBITUST M3ACITUN MaIIMHOCTPOCHUs. HaHOMaTepuaibl 1 HAHOTEXHOJIOTHH B MaIllTMHOCTPO-
CHUU.

8. Bompockl MOJIETMPOBaHUS U PACUETOB CIOKHBIX TEXHOJIOTHUYECKUX CHUCTEM Malllu-
HOCTPOCHHUS.

B pamkax cOopHHKA MOXHO MPEACTaBIATh PEKIaMy MPOAYKIUHU, KOTopas Oyaer mo-
MeIlIeHa MOCJI€ PYKOIKUCEN CTaTei.

COJEPKAHUE CTATEN

Hay4Ho-TexHMUYEeCKHE CTaThH, MPEJICTABIsEMble B JAHHBIH COOPHUK JOJKHBI UMETh
CJIEYIOIINE IIEMEHTHI:

- IIOCTAHOBKA MPO0OJIeMBbl B O0ILIEM BUJE U €€ CBSI3b C BAXXHBIMH HAYYHBIMU M IPAKTHU-
YECKUMHU 3aJaHUSIMU;

- aHQJIN3 MOCJEAHUX JTOCTHKEHUH M MyOJUKAIUi, B KOTOPBIX HAYaToO peIIeHue JaH-
HOU MpOOJIEMBI, BBIJICIICHUE HEPEIICHHBIX paHbIIe YacTeid oOmei mpoOieMbl, KOTOPBIM TO-
CBAILIACTCS JaHHAs CTAThs;

- opMynpoBaHUeE LIETU U TTOCTAHOBKA 33]1a4 paOOTHI;

- Ipe/ICTaBJIIEHUE OCHOBHOI'O MaTepHualla UCCIIE0BAaHUS C MOJHBIM 000CHOBaHUEM I10-
JYYCHHBIX HAYYHBIX PE3yJIbTAaTOB, (OPMYIHPOBAHUE PEKOMEHIALINH;

- BBIBOJIBI 110 JAHHOMY HMCCJIEZJOBAHUIO U NEPCIEKTUBBI NalbHEUILIErO pa3BUTUS JaH-
HOT'O HaIlPaBJICHHUS.

NPEJCTABJIEHUE MATEPHUAJIOB
Jlis puHATHS pelieHrs o BKIIYEHUH MaTepuaioB Bamell ctatbu B cOOpHUK HEOO-
XOAMMO BBICJIATh B a/IpeC PeIaKIIMOHHOMN KOJJIETHH ClIeTyolIee:
® 3asBKY M CBEJICHUsS 00 aBTOPAX CTaThH;
® MaTepHabl CTaThU;
® SKCIIEPTHOE 3aKIFOUSHNE O BOBMOYKHOCTH ITyOIMKAIUK CTaThH B OTKPBITOH MEYaTH;
e BCe MaTepuaibl OTIpaBsitoTes mo E-mail agpecy: mntk21@mail.ru

TPEBOBAHUSA K OPOPMJIEHUIO

1. Teker craThu BbInonHsAeTCst 00beMoM OT 7 A0 10 cTpanui (00s13aTeIbHO MOJIHbIE
crpannubl), popmat A4 (210x297 mMm) ¢ mosnsgmu: BepxHee U HuxkHee — 30 MM, a JieBoe U
npasoe - 25 mMm. CtpaHuiel He HyMepoBaTb. CTaTbi 0(OPMHUTH C IPUMEHEHHUEM PEAaKTOpa
WinWord (e mmxe Bepcun 6,0) mpugprom Times New Roman, BBIIOTHEHHBIM B COOTBET-
CTBHH C 00pa31ioM opopMIIeHUs, MEeXCTpOouHbIid uHTEpBal - 1,0, mpudrt — 12pt. Marepuans
MPEJICTaBUTh B JIEKTPOHHOM BH/IE.

2. Tlopsinok odopmienusi. Marepuansl JOKHBI OTBEYaTh CIEAYIOMIEH CTPYKTYpPHOM
cxeme: YJIK, nHunmansl u (paMuianu aBTOpOB, y4€Has CTENEHb U 3BaHUE (COKpallleHHE IO
['OCT 7.11 u 7.12), nonHoe Ha3BaHHWE OpraHU3alMi W cTpaH, Tex./¢pakc, E-mail, nazBanue
CTaTbH, aHHOTAIUS Ha SI3bIKE CTaThH, KIIOYEBBIE CIIOBA, OCHOBHOM TEKCT, 3aKIIOUYEHUE WU
BBIBO/JIbI, CIIMCOK JIMTEPATYyphl, JONOJHUTENIbHAS aHHOTALUS Ha AHTJIMICKOM sI3bIKE C KIIOYe-
BBIMH CJIOBaMH, BHU3Y TIEPBOM CTpaHMIIBI HEOOXOIUMO yKa3aTh aBTOpCKuil 3Hak - ©. YK
neyaTaTh MPONUCHBIMU (’KMPHBIMH) OyKBaMH B BEpXHEM IIPaBOM YIJy HE OTCTyHasi OT BepX-
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Hero nosisg. Ha cienyromeil crpoke cieBa >KUPHBIMH CTPOYHBIMH OyKBaMH — HHHMIIUAJBI U
(paMuIMM aBTOPOB C YUEHBIMH CTETICHSMHU U 3BAaHUSIMU, Ha CIEIYIOIIUX CTPOKaX — IOJHOE
Ha3BaHUE opeanuzayutl u cmpan (4epes 3amsaryo, cieBa). Ha ciexyroieit ctpoke KypcuBOM
cieBa — Tel./GaKc U 91eKkmponHblll adpec OAHOTO U3 aBTOPOB. Uepes3 0uH MHTEpBaJ - Ha3Ba-
HHUE CTAaThH, NleYaTaTh MPONUCHBIMU (KUPHBIMH) OyKBaMH, 0€3 MEePeHOCOB, IEHTPUPOBATH IO
HIMPUHE, MAKCUMAJIBHO TPHU CTPOKH. Uepe3 OAuH MHTEpBaJl - aHHOTAIUU C KIIOYEBBIMH CJIO-
BaMU (CIIOBO aHHOTAIlMsl HE MHUINETCS) Ha JBYX s3bikax mpudrTom 10 pt, kypcusom. Uepes
OJIMH UHTEPBaJ — MaTepuaibl CTaTh, MIPUQPT 12 Pt (3bIK U3II0KEHUS — 110 BHIOOPY aBTOPOB,
MexcTpouHblid uHTEepBai 1,0). BHU3Y nepBoii cTpaHUIIbI CTaThl HEOOXOIUMO yKa3aTh aBTOP-
ckuii 3HaK - ©. Mexy COOTBETCTBYIOIIUMHU pa3zesiaMU CTaTbU HEOOXOIUMO JeJIaTh UHTEp-
BasL. (Cm. oOpasenr opopmieHus MaTepuanon). Ad3ai Tekcra — 1,25.

3. I'padmueckuii matepuan (PUCYHKH, TpadHKH, CXEMBI) CIEAYET BBIMOJIHATH B (op-
mare *.bmp, *.gif, *.pcx, *.dwg, *.jpg - pasmepamu He MmeHee 60x60 MM BHEAPCHHBIMH 00BEK-
Tamu (TI0 X0y MarepuaioB). Bce mo3umym, 0003HaYeHHBIE HA PUCYHKE, TOJDKHBI OBITH 00b-
sCHEHBI B TeKcTe. [lo3unmu Ha pUCYHKE TOJDKHBI pacrojiarathes 1o 4acoBoil crpenke. [lof
KaXIbIM PHCYHKOM YKa3bIBaeTCs €ro HOMEp M Ha3BaHue, Hampumep: PucyHok 3. Cxema
ycrpoiicTBa. TekcT Ha3BaHUS PUCYHKA IPYHIIUPYETCs ¢ pUCYHKOM. Kaxkablii pHCYHOK TOJKEH
UMETb OJIMH MHTEPBAJ CBEPXY U CHH3Y.

4. ®opMyIbl 1 MaTEMaTHYECKHE 3HAKH JIOJDKHBI ObITh MOHATHBI. [lokazaTenu, crenenu
Y WHJEKCHI JOJDKHBI OBITh MEHBIIIE OCHOBHBIX 3HAKOB M BBIMIOJHATHCS B COOTBETCTBHH C pe-
naktopoM dopmyn Microsoft Equation. @opmynbsl HOMepyIOTCs (CIpaBa B KPYTIJIBIX CKOOKaX,
HE OTCTyMasi OT MPABOTO I0JIsA), TOJIBKO B TOM CIIydae, €Clid Ha HUX B TEKCTE UMEIOTCS CChLII-
Ki. Mexay KpailHUMU 3HakaMu (OPMYJIIbI U TEKCTOM JIOJIKEH BBIOIHATHCS OJAWH WHTEpPBAI.
@DOopMyIIBI BBEITIOTHSIOTCS KYPCHBOM.

Cruab dpopmya aias Microsoft Equation: Full - 12 pt, Subscript/Superscript - 10 pt,
Sub-Subscript/Superscript - 8 pt, Symbol - 12 pt, Sub-Symbol - 10 pt.

5. Bce TabnuIibl TOMDKHBI UMETh Ha3BaHKUE U MOPSIKOBBIN HOMEpP M pacmoiaratbCs mo-
CJIe YIIOMHUHAHUS TI0 TeKCTY, HanpuMep: Tabmuma 2. Knaccudpukauus mydt. Kaxxnas tabnmiia
JIOJKHA MMETh OJIMH MHTEPBAJl CBEPXY U CHU3Y.

6. Cnucok JauTEepaTypsl JOJDKEH OBITh MPHUBENEH B KOHIIE CTATBH B COOTBETCTBHH C
I'OCT 7.1-2003 . IlepeueHb CCHUIOK JOJKEH OBITh COCTABIIEH B MOPSIKE YIIOMUHAHUS B TEK-
cte. CchUIKM Ha JIMTEpATypy 3aKiIodaeTcss B KBaapaTHble ckoOku. KonuuectBo Oubnmorpa-
(rUecKux MCTOYHUKOB JOJDKHO OBITH HE MEHEe 5, B TOM 4ucie 3 UCTOYHMKA JIOJKHO OBITh
NPEJICTaBJICHBI 32 MOCIIeIHUE 5 JIeT.

7. daiin co cTaTtbeil HEOOXOAMMO Ha3BaTh MO (aMUTUSAM U HHHUIIMAJIAM aBTOPOB B CO-
oTBeTCcTBHHU ¢ pabotoit (Harpumep: Banos U.U., [lerpenko I1.I1.)

8. Matepuaisbl cTaTbU MPECTABISAIOTCS B SJIEKTPOHHOM BUJIE.

9. Marepuaibl, He OTBEYAIONINE NEPEYNCICHHBIM TPEOOBAaHUSAM U TEMaTHKE TaHHOTO
cOOpHUKA, a TaKXkKe MOCTYMHBILKE B PEIAKIIMOHHYIO KOJJIETHIO C OMO3/1aHUEM, ONy0JIMKOBA-
HbI He OYIYT.

CTATHU JOJKHBI UMETH CJEAYIOMYIO CTPYKTYPY:
1. YAK (Hampumep, YK 621.01) (pacronarate BBepxy crpasa, MPHUQPT KUPHBIHA, 12

pt).

2. MHunmanbl U pamuun aBTopoB (CiieBa, mpudT XKUpHBIA, 12 pt), yueHas cTeneHb
U 3BaHUE, 3aT€M Ha CJIEAYIOUIeH CTPOKE - MOJHOE Ha3BaHUe opeanuzayull u cmpan (ciesa, 12
pt), Ha crieayroieit ctpoke — Ten./hakc u snekmponnslii aopec (cresa, kypcus, 12 pt).

3. Ha3Banue cratbu (cieBa, MpUQT KUPHBIHA, 12 Pt, MAKCUMYM TpH CTPOKH).
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4. IlycThie CTPOKH, MEKCTPOUYHBINH HHTEPBAJ U pa3Mepsl mpudra crarbu. [ly-
CTBIE CTPOKHU BBIOJHSIOTCS MEXKIy HA3BaHUEM CTaTbH - BBEPXY M BHU3Y, NEpPEI COOTBET-
CTBYIOUIMMH pa3zzaenamMu padoThl (OJUH MpoOeIT) U CIIMCKOM JIUTEPATYPHI, a TAKKE MEXY J10-
MTOJITHUTEJIbHOW aHHOTAIMEeH BBEpXy M BHU3Y. MexcTpounblii naTepBai — 1,0. Pasmep mpud-
Ta cTaThi - 12 pt, pa3mep mpudTa aHHOTAIMIA U aBTOPCKOTO 3HaKa - 10 pt.

5. Aunomauuu (Abstract) (croso annomayusn ne nuwemcs), (kypcus, 10 pt). Ilepsas
AHHOMAYUS NUUEMCSL HA A3bIKe CMAmbU, d 6MOPAsl HA AH2IUUCKOM, eCliu CIAmbsl Had aHeUlL-
CKOM s13blKe, Nnepeasi AHHOMAyUus NUWLEMCsl HaA AHeIULICKOM SI3blKe, d 8MOpas — HA PYCCKOM
A3bIKe.

B annomayuu npusoosmcs Kpamkue c8e0eHus 0 6cell Cmamve 8 YeloM HA S3blKe
cmamovu. Obvem annomayuti npubauzumenvHo 0o 10 cmpok, anHomayus 8bINOIHAEMC Kyp-
CUBOM.

6. Knroueswvte cnosa (Keywords) (npusooumces 5-6 kurouesvlx cioe cmamoit), 6binoJi-
HAIOMCSL KYPCUBOM Ha cledyioweil cmpoke om annomayuu. (kypcus, 10 pt)

7. Beenenme (Introduction). (12 pt)

Bo BBeneHHH IPUBOAUTCS aHATUTHYECKUI (MCTOpUYECKU) 0030p COBPEMEHHOTO CO-
CTOSTHUSI BOIIPOCA MCCIICAOBAHUS, BBIMOIHACTCS MMOCTAaHOBKA MPOOJIEMBI UCCIEIOBAHUS WIIH
MOKa3bIBACTCS aKTyaJlbHOCTh JAHHOTO UCCIenoBaHus (paboThl). 37eCh HYXKHO 00s3aTeIbHO
yKa3aTh pe3yJIbTaThl MOCIETHUX MCCICIOBAHUN IPYTUX aBTOPOB. A Takxke c(HOpMYIHpPOBATH
EJTb ¥ 33]1a41 UCCIICIOBAHHIA.

8. OcHOBHOe conep:kaHHe W pe3yabTaThl padorsl (The main contents and out-
comes of activity). (ABTOpsI MOTYT JAOTOIHATH paboTy ApyrumMu paszaenamiu) (12 pt).

B manHoM pasnene u3mararoTcs M MOAPOOHO Pa3zbsCHSIOTCS MOJYYECHHBIE aBTOPAMHU
TEOPETUYECCKHE TMOJIOKEHHUS U MPAKTUICCKUE Pe3yibTaThl. [IpUBOASTCS MPUHATHIE TUTIOTE3bI
U UCHOJb3yeMble JOIMYIIEHUS, Pa3bsCHIIOTCS MajJOW3BECTHBIE TEPMHUHBI, aOOpEeBHATYPHI U
ycloBHBIE 0003HaueHus. J{Is1 TEOpETHYECKUX TON0KEHUH MPUBOSTCS MX JI0KA3aTeNbCTBA U
HEo0X0/IMMble MaTeMaThdyeckue npeodpazoBaHus. s SKCHEpUMEHTAIbHBIX HCCIEI0BaHUN
KPaTKO OMHCHIBAIOTCS METOIAMKH MX TPOBENICHHS, CIOCOOBI 00pabOTKM NaHHBIX U PE3YITbTAThI
IPOBEPOK aJIEKBATHOCTH U JOCTOBEPHOCTH PE3YJIbTATOB.

9. ABTOpCKHIi 3HAK. BHU3Y MepBoii CTpaHMIBI CTaThH HEOOXOJMMO yKa3aTh aBTOP-
ckuii 3HaK - ©. Hanpumep: © Mpanos M., [Terpenxko ILIL.; 2025 (10 pt).

10. Baxmouenue (Conclusion) (12 pt)

B 3axiroueHun M3nararoTcsi BHIBOABI MO MOJTYYSHHBIM aBTOPaMH pe3yabTaTam, OIH-
CBIBAIOTCS IPUMEPHI X MPAKTUIECKOTO TPUMEHEHUS, TIPEIIaraloTcsl peKOMEHJAIIMA OTHOCH-
TEJIbHO MX HCIIOJIb30BAHUS, MPUBOISTCS BBIBOJBI, 4 TAKKE YKA3bIBAIOTCS MEPCIEKTUBHI Jallb-
HEUITUX UCCIICIOBAaHUM IO TaHHOW TTpoOIeMaTHKeE.

11. JIntepatypa (References). (12 pt)

Crucok TUTepaTypHbIX UCTOYHUKOB JOJDKEH OBITH COCTaBJICH B MOPSIAKE CCBHUIOK Ha
HuX. CCBUIKM HA JIUTEPATYPY B TEKCTE CTAThH 3aKIIOUYAIOTCS B KBaJpaTHbIE CKOOKU. Kommde-
CTBO OMOMHOTrpahMIECKUX HCTOTHUKOB JIOJDKHO OBITH HE MeHee 5-6, B TOM Yncie 3 NCTOYHU-
Ka JIOJDKHO OBITH 32 OCJETHHE 5 JIeT.

AJIPEC PEJAKIIMOHHOM KOJLIJIETUU:

Poccwuiickas ®enepanmst, 283001, JIHP, r. Jlonenk, yn. Aprema, 58, JloaHTY, kaden-
pa «TexHOJIOTHSI MalIMHOCTPOSHUS», PenakionHas koyierusi coopauka «lIporpeccuBHbIe
TCXHOJOTUU U CUCTCMBbI MaIHI/IHOCTpoeHI/IH)).

Tea.: +7 856 3010840, +7 856 3010805;

Teu. m06.: +7 949 306-08-79.
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[TyGnukanus crareil B MeXTyHapOJHOM COOpHUKE HaydHBIX Tpya0B «lIporpeccuBHbIe
TE€XHOJIOTUHU U CUCTEMBI MAILIMHOCTPOCHUS - BBINOJHACTCH 0eCIIATHO.

Obpasey oghopmnenus mamepuanos

V]IK 621.85.05-034 (12 pt)

(mycTas cTpoka - 12 pt)
N. . UBaHoB, 1-p TexH. HayK, npod., I1. I1. [Terpenko, accuct. (12 pt)
JIOHEIKU# HallMOHAIBHBIA TEXHUYECKUH YHUBEpPCHUTET, I. Jonenk, JIHP (12 pt)
BpsiHCKuM#t rocyapcTBEHHBIN TEXHUUECKHI YHUBEPCUTET, T. bpsiack, Poccust (12 pt)
Ten./®@axc: +7 856 3050104; E-mail: tm@fimm.donntu.ru (kypcus, 12 pt)
(mycras cTpoka - 12 pt)
OCHOBBI CTPYKTYPHOI'O CHUHTE3A CBOPOYHbBIX CUCTEM
(cneBa, 12 PT, )KUPHBIM, 3ATJIABUE MAKCUMYM TPU CTPOKH)
(mycras ctpoka - 12 pt)

B cmamuve npusedenuvt oannvle no cmpykmypHomMy cunmesy cOOPOUHbIX ... .

.. ypagnenutl onucwlgarouux npoyecc coopku uzdenuti. (kypcus, 10 pt, oo 10 CmpOK)

K'moqeebte €106a: CMPYKMypa mexHoio2uu, cunmes, npoyecc, mexnonoaus, coopka. (kypcus, 10 pt, 5
...6 c1086)

(mycras ctpoka - 10 pt)
I. 1. lvanov, P. P. Petrenko (10 pt)
(10 pt)
BASES OF THE STRUCTURED SYNTHESES OF THE ASSEMBLY SYSTEMS (10 pt)
The efficient design of assembly machinery is vitally important .. -
. ..as noun description of functlons of presented in the paper
Keywords structured syntheses process of the assembly, technological system. (xypcus,10 pt)

(mycras crpoka - 12 pt)

1. Beenenue (12 pt)

COOpOUHBIE CHCTEMBI SIBJISIFOTCS CIIOKHBIMHA MEPapXUUECKUMU cucteMaMu. OTHUM 13
ycioBuil [1] MOBBIIIEHUS MPOM3BOAMTEIBLHOCTH ... COOPOYHBIX TEXHOJOTMYECKUX CHCTEM
(PUCYHOK 5). TEXHOIOTHUECKUE CHUCTEMBI ... ..teutettentettent ettt eateate e ee et eaenaeaneen

(mycTas cTpoka - 12 pt)

2. OcHOBHOE cojiep:KkaHHe U pe3yJabTaThl padoTsl (12 pt)

Jnst cOOpKH U3AEIHI IUPOKO MIPUMEHSIOTCS TEXHOJIOTHYECKHAE CUCTEMHI ............
UH()OPMAIIMOHHBIC U JAPYTHE TTOTOKK MOTYT OBITh OIMCAHBI CICIYIOINM 00pa3oM:

k, =+a’+b?, (1)

rac km - OJICMCHT MHOXCCTBA,
© Ueanos U.U., [lerpenxo I1.I1.; 2022 (mpuBoAUTCs BHU3Y MEepBOit cTpaHuipbl cTathr, 10 pt)

.................... MO3BOJIMJIN pa3paboTaTh OOIINE aNrOPUTMbI (PYHKIIMOHUPOBAHUS CUCTEMBI.
(mycras cTpoka - 12 pt)
3. Oommii anroputm u pekomenaamuu (12 pt)
BrinonHeHHbIe Hccae10BaHNs TO3BOJIMIIN pa3padoTaTh OOLIUI adTOPUTM ...............
....................................................... OCHOBBIBAETCSI HA HTEPALIMOHHOM ITOJIXOJIE.
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(mycras cTpoka - 12 pt)
4. lIngposnie mogeau (12 pt)
B pa6ote paspaboransl 1u(pOBBIC CTPYKTYPHO-TOTHUECKUE MOJEIN CTPYKTYPhI CO0-
POYHBIX CHCTEM, BBIITOJHEHHBIC C TPUMEHEHUEM OCHOBHBIX MOJIOKEHHUI aareOpbl CTPYKTYp

(mycTas ctpoka - 12 pt)

5. 3axmouenue (12 pt)

Taxum 00pa3oM, BBIIIOJHEHHBIE UCCIIEA0BaHMS T03BOJIMIIA PEATU30BaTh CIeNyOLIee:

1. Pa3paboTaTh METOJIUKY CUHTE3a CTPYKTYPHBIX BAPHUAHTOB ...uvvnreeneeennneanneennnnn.
...................................... OTJIIMYUTEILHON OCOOCHHOCTBIO JaHHON METOUKH.

2. YCTaHOBUTD 3AKOHOMEPHOCTH ...uuventtentteententeenteenneeenteenneeeneeenneeneeenneenes
....................................... MIO3BOJIMJIM IIPOU3BECTH MPOLIECC UTEPALIUH.

3. Pa3paboTaTh PEKOMEHIAIIMH .. ... uuueeneeeneeeneeenneenneeeneeeneeanneeneeaneeanneenneens
........................................ BHE/IPUTH Ha MPOU3BOJICTBE.

(mycras cTpoka - 12 pt)
JIUTEPATYPA:
(uentpupoBars,12 pt, He MeHee 5 ... 6 OubIHOrpapUUECKUX HCTOUYHUKOB)

1. Kuwm, U. I1. Uccnenoanue >pdextuBHOCTH poTopHbIX MammH / WU. T1. Kum. — K:
KIIH, 1985. — 123 c. ISBN 966-7907-22-8.

2. Ycrioros, A. B. HanexxHocTs TexHonorudeckux MamuH / A. B. Ycrioros. — Jlo-
Henk: JJouHTY, 1998. — 425 c¢. ISBN 966-7907-23-6.

3. CamenbeB, A. A. Coopka mamme / A. A. CasenseB — M.: Hayka, 2009. - 342 c.
ISBN 966-7907-26-9.

4. Muxaiuios, A. H. OcHoBBI cuHTe3a (QYHKIMOHATIbHO-OPUEHTUPOBAHHBIX TEXHOJIO-
ruti /A. H. Muxaiinos — Jlonenk: JJonHTY, 2009. — 346 c. ISBN 966-7907-24-4.

5. ba3pos, b. M. Monynsusbie Texnonoruu / b. M. bazpos. — M.: MammHoctpoenue,
2000. — 368 c. ISBN 5-217-03061-5.

6. Cumopos, . A. Yder nmepeMeHHOCTH MapaMeTpOB Mpoliecca TOUYeHHs (PaCOHHBIX
MOBEPXHOCTEH NpHU ONpeAeTIeHUH ONTUMAIbHBIX pexkuMmoB pesanus / M.A. Cugopos, A.H.
AnexuH //HaykoemMkue TEXHOJOTMM B MAIIMHOCTPOCHUM: €XEMECAYHBIH Hay4dHO-
TEXHUYECKUHA U MPOM3BOJCTBEHHBIHN XypHal. — M: MammuHoctpoerue. — 2024, - Ne 9. — C.
11-17.

7. JIrobummH, A. H. OcobeHHOCTH TOJIMPOBKH JIOMATOK C KOPPO3UOHHBIMU pa3pyllie-
Husamu nokpeituit /A. H. JIro6mun, A. H. lleiiko, b. JI. Hepamkosckuii // IIporpeccuBHbie
TEXHOJIOTUU M CUCTEMbI MAIIMHOCTPOCHUS: MEeXTyHapOAHbIH ¢0. HayuyHBIX paboT. — JloHenK:
JouHTY, 2025. — Bem. 1 (25). — C. 207-212

mycras cTpoka - 12 pt)
IToctynuna B peIKOJIJIETUIO (mara moctymienust craten, 10 pt)
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