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PaccmoTpena mocneioBaTeNIbHOCTb pacyeTa COCTAaB/IAIONIMX CUIBI PE3aHUA M KPYTAIIEro
MOMeHTa Ipyu (pesepoBaHNN TBEPIOCIUIABHBIMYU KOHIIEBBIMU (pesamit. AITOPUTM pacyeTa
BK/IIOYAeT B ce0s MepeXof OT TaHTeHIMAIbHON 1M pafiyanbHOM COCTAaB/IAIMINX CU/IBI pe3a-
HMA K COCTAaB/IAIOIIMM CHUIBI B CTAHOYHOI CHMCTeMe KoopfuHaT. Ha BMHTOBOII pexxylelt
KpoMKe (Ha LMIMHApUIecKoll (epudepuitHol) IOBEPXHOCTI U AyTe 3aKpyIIeHNsA BepIIy-
HBI 3y0a) BBIIE/ICHBI Be YacTU. DT YaCTH PeXyllell KpOMKY pasOUTbI Ha YYaCTKM, I KO-
TOPBIX BBIIIOIHEH PacyeT ¢ MOCIEAYIOMNM CYMMUPOBAaHUEM COCTABILAIOIINX CUJIBI Pe3aHus
BJIOZIb OCEll CTAaHOYHOJ CUCTeMBI KOODAMHAT U KPYTALIETO MOMEHTa OTHOCUTENBHO OCU
¢pesbl. [IpoBesieH aHaMM3 COCTAB/IAIONIMX CUIBI ¥ KPYTAIIETO MOMEHTA B 3aBMCUMOCTU OT
ITyOVMHBI pe3aHus, Ioflaul, Yncia 3yobes (pesbl, M3HOCA JIE3BUA U Paiuyca 3aKpyI/IeHNs
BepiuyuHbL. [T0Ka3aHO COOTHOIIECHNME CIJI Pe3aHNs U KPYTALIETO MOMEHTA JJL YCTIOBUIT pe-
3epOBaHVsI KOHCTPYKLVIOHHOI YITIEPOJMCTOI CTa/IM ¥ aTIOMVHIEBBIX CIIaBoB. ITo paspa-
60TaHHOMY ITOPUTMY COCTaB/IeHa pacyeTHas IPOTPaMMa, C IOMOIIbI0 KOTOPOI MOXKHO
OCYILIeCTBIIATh OIEPATUBHBIN pacyeT CUJI Y1 MOMEHTA JUIA Pas/INYHBbIX YCIOBUIL (pesepoBa-
HyA. PacyeTHble IOKasaTenM MOTYT OBITH MCIIOIb30BAaHbI KaK TEXHOJIOTMYECKIe OrpaHmye-
HMA B 3a7a4aX ONTMMM3ALVIM, a TAKXKe J/I IPOYHOCTHBIX PacyeTOB IHCTPYMeHTa, dppesep-
HOJ OCHACTKY ¥ BBIOOpa KOMIIOHEHTOB IIPUBOJIOB ()pe3ePHBIX CTAHKOB.

KrioueBble cmoBa: KoHIeBasA (pesa, COCTAB/IAIINME CHIbI, MOMEHT pe3aHis, I/TyOMHa pe-
3aHMs, YUCTIO 3yObeB, U3HOC 3y6a

This paper presents a computational sequence for calculating the components of the cutting
force and torque when milling with carbide end mills. The calculation algorithm includes the
transition from the tangential and radial components of the force to the force components in
the machine coordinate system. On the helical cutting edge, two parts are highlighted: one on
the cylindrical (peripheral) surface and the other one on the arc of the rounded tip of the tooth.
These parts of the cutting edge are divided into sections where the calculation is performed, fol-
lowed by summation of the force components along the axes of the machine co-ordinate sys-
tem and the moment relative to the axis of the cutter. An analysis of the components of the
force and torque depending on the depth of cutting, feed, number of teeth of the cutter, blade
wear and radius of the tip rounding is performed. The ratio of forces and moments for various
milling conditions of structural carbon steel and aluminum alloys is shown. The developed al-
gorithm is applied in a computational program that can be used to perform operational calcula-
tions of forces and torque for various milling conditions. The calculated parameters can be used
as technological limiters in optimization problems, as well as for strength calculations of tools,
milling equipment, and the selection of components of milling machine drives.

Keywords: end mill, force components, torque, cutting depth, number of teeth, tooth wear
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B aspokocMmdecKoit MpOMBIIITIEHHOCTH, MalIVHO-
U NpUOOPOCTPOEHUM VCIIONB3YIOT KOPIIyCHBIE Je-
TaMM C PAsUYHBIMM TabAPUTHBIMU pasMepamMy U
HazHayeHueM. OOpabaTbiBaeMble MaTePUAIbl MOX-
HO PasdUTh Ha TPU TPYIIIBL KOHCTPYKLVOHHbBIE
CTa/my, BBICOKOJIETMPOBAHHBIE KOPPO3MOHHOCTOI-
Kyie CTa/IM 1 a/lIOMUHMeBBIe CIUIaBbl. [Ipyu 06paboT-
Ke KOPITyCHBIX JIeTaieil 60/IbIIoi 06beM MeXaHIde-
CKUX OIlepanuil TPUXOAMUTCS Ha ¢pesepoBaHme
KapMaHOB, I1a30B M YCTYNOB. IIpuMeHSIOT coBpe-
MEHHBIE DEeXYIIJe WHCTPYMEHTbl, B YacCTHOCTH,
1ie/IbHbIe TBEPAOCIUIaBHbIE (pe3bl.

B cBsA3M ¢ 3TVM BO3HMKaeT aKTya/sbHasi HAYYHO-
TeXHMYeCKasl 3ajiauya MOBbIeHVs 3 eKTUBHOCTA
Y HaJeXHOCTU MCIIOIb30BAHMS ITUX MHCTPYMEH-
TOB Ha MHOTOKOODAVHATHBIX CTaHKaX C IIPO-
TPaMMHBIM yIpaBieHyeM. B gacTHOCTH, Ipu mpo-
eKTUpPOBaHMM ollepanyy (pe3epoBaHMs HYKHO
YYUTHIBATh OTPAHMYEHMS IO MOIJHOCTU ¥ KPYTs-
I[eMy MOMEHTY IIIVHAENA (pe3epHOro CTaHKa.
[lnsa obecniedeHus 3TON 3a/jauy HEOOXOAMMO pas-
pabaTpiBaTh pacyeTHble METOJUKMU I10 CUTOBBIM
napamerpaM ¢ppesepoBaHuI.

Ilenp paboThl — pas3paboTKa MOmeNMM U pac-
YeTHOJ METORMKI CUJI Pe3aHus, KPYTSAILEro Mo-
MeHTa [yIsI IeJIbHBIX TBEPAOCIUIaBHBIX ¢pe3 ¢
BJMHTOBBIM 3y0OM Ha LIM/IMHAPUYECKON YacTH, I/
UCIIO/Ib30BaHMS B QITOPUTMAX ONTUMU3ALUU U
yIpaB/ieHus: CTaHKaMy C KOHTPOJIEM CUJIOBBIX I10-
KasaTeJIeit.

PasBuTie pacuyeTHBIX METOOB IO CU/IAM pe3a-
HUS OTMEYEHO Ha MPOTSDKEHUU [JIUTETBHOTO Iie-
puopa BpeMenu. Tak, B IMTepaTypHOM 0630pe pa-
60TelI [1] mpuBeeHa MOJIe/Ib pacueTa CUJI Pe3aHus,
npennoxxennass M. Bekom (M. Weck) u K. Teitre-
nom (K.Teipel) B 1977 r., jyis1 KoTOpOIt Cua pesa-
HUA 3alMchbiBaeTcs Kak F =Kaph , Tme K — KOH-
CTaHTa, 3aBUCALIAsI OT 00pabaThIBAEMOrO MaTepm-
ama M CKOPOCTM  pe3aHus, OIpefesieMas
9KCTIepPUMMEHTANbHO; d, — OceBas IMyOmHa; h —
TOJIIIHA CPe3aeMOro CJIOsL.

0. Anrunarac (Yu. Altintas) mcmonb3oBan u
PaCUIVIPU 3TOT IOAXOM U IIPEIOKITT BBIpKeHIe
pna pacyera cunbl pesanus F=Ka,h+K.a,
(K., — mapameTp, OIpefe/nseMblii 3KCIepPUMeH-
TQJIbHO), B KOTOPOM IPY HY/IEBOJl TOJIIVHE BTO-
poe caraeMoe YYMTBIBAeT BJIMSHUE PeEXYIIei
KpOMKH [2].

C.A. Tobmac (S.A. Tobias) u K. Crsman
(G. Stepan) mpeyOXWIN HEMMHENHYI0 3aBVICHU-
MOCTb CWIBI pe3aHVsi OT TOMIIMHBI YHAIIEMOTO
cnoa [1] F=Ka,h*, the x — BTOpOIl 3KCIIepH-
MEHTa/IbHBII TIapaMeTp.

P.I1.X. ®accen (R.P.H. Faassen) mcrnonbsoBai
KOMOVHAIMIO IPeAbIAYIINX MOJeeil Ui oIpefe-
JIeHNA TaHTeHuManbHou F, m pagmanpHonl F, co-
CTaBJIAIONINX CUJIBI pe3annus [3]:

Ft:Ktaphx+Kteap; F,ZKraphx-i-K,eap,

roe K, K., K,, K,, — napamerpsl, olpepense-
MBble 9KCIIePUMEHTATIBHO.

AHaOrMYHbI MOAXON TPpUMeHeH B pabore [4]
IUIsL aHAIUTUYECKOTO pacyeTa CUJI pe3aHus Hpu
bpesepoBaHnM dYepe3 IMOCTOSIHHbIE ISl TaHHOTO
obpabaTbiBaeMoro Marepuana Ko3(UIMEeHTH,
IIPOIOPLVOHATbHBIE TOMIIVHE CPE3aeMOTO CIIOSL.

PasButieM u3/I0XKEHHBIX IOAXONOB ABISETCH
pacrpocTpaHeHHasi B HacTosllee BpeMs 3apyOex-
HBIMM MHCTPYMEHTA/IbHBIMU pUpMaMy MeTORMKA
pacdera cuiI pesaHms depes ymenbHyio cuiy. Co-
IJIACHO 3TOV METONMKE, A NI060ro BUa Ne3BuUii-
HOJl 0OpabOTKM TaHTeHIMaabHasi COCTABIIAIOIAS
CUJIBI Pe3aHMSI

F. =bhK.K ; =bh"k K s,

rie b — mmpuHa cpesaemoro cnos; K. — ypenb-
Hasg cula pesaHmsa; K; — IONpPaBOYHBIN KO3(-
¢buiyeHT; m — TIIOKasaTelb CTENeHV; K.q; —
yAeIbHAsA CUIA, HIPUXONALIAACA Ha eAVMHUIY IUIO-
Ay cpe3a.

3HaueHUs YAe/NbHON CUIBL M IIOKasaTes CTe-
HEeHV TIPUBENEHbl IS TPYHI 0O6pabaTbiBaeMBbIX
MaTepuanoB B CIPABOYHBIX JIMTEPATYpe U MaTePU-
a/laX MHCTPYMEHTa/IbHbIX ¢upM. B yactHOCTH, 3T
¢dopMyna ucnonp3oBaHa [jIA pacdeta cui Qpese-
POBaHNUsA U HOCTEAYOL[Ero IIPOYHOCTHOTO pacyeTa
MHCTpyMeHTa [5].

B oTedecTBeHHOII CIIpaBOYHOII /UTEpaType [6,
7] mis pacdera CKOPOCTH Pe3aHMsi M ee TaHTE€HIIN-
aJIbHOM COCTABJIAWOIIEN MCIONAb3YIOT CTEIIEHHbIE
ypaBHEHNs

. C,d7"K, . p _ Cyt*s]B"z’K, )
Tmvgsvg)v Buvgpy ) din® ’
rne C,, C, — IIOCTOSHHBI&; gy, My, Xy, Yy, Uy,

Pv> X, ¥, U, p, g, w — TIOKa3aTenu creneHei; d —
muamerp ¢pessl, MM; K,, K, — HOIpaBoYHbIe KO-
appuuments; T — CTOMKOCTb MHCTPYMEHTA, MIH;
t,s, 1 B — raybuHa, mogava Ha 3y0 ¥ IIMpUHA
dpesepoBaHMA COOTBETCTBEHHO, MM; Z — YHC/IO
3yObeB; 11 — YacTOTa BPALEHVs IITIMH/E/S, MIH .

[lepeMeHHbIe, BXOAAILIME B COCTaB BBIpaXKe-
Huii (1) manel B obmenpuusToit 3ammucu. Ilocro-
SHHBIe, TIOKA3aTeM CTeIeHeil, IIOIpaBOYHbIe KO-
3QPNULMEHTH TPUBENEHbI B COOTBETCTBYIOLINX
Tab/MLaX CIPAaBOYHMKOB [  OTPAaHMYEHHOTO
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Y)MCIa COYeTaHMiI Hap oOpabaTbIBaeMblil Mare-
pMal — MHCTPYMEHTA/IbHbII MaTepuaa IO OT-
[e/bHBIM BUJjaM Pabo4MX MHCTPYMEHTOB, B 4acT-
HOCTH, TI0 KOHIIEBBIM (ppe3am.

CpaBHeHMe pacyeToB IO BbILIE NPUBEEHHBIM
¢dopMynnaM IIOKasbIBaeT OTHOCUTENBHO O/Nu3Kue
pe3ynbrartsl [8].

Crenennble ypaBHeHUA (1) MO3BOJAIOT paccym-
TaTh CHaYaja CKOPOCTb Pe3aHNs, 3aTeM TaHTEHIIN-
TBHYIO COCTABJIAIOIIYIO CHJIbI, MOMEHT, MOLIHOCTDb
pesaHMs M MCIONb30BaTb 3TN 3aBUCUMOCTU Kak
OrpaHNYeHNMs Py BbIOOpPE CTaHKA U IPOYHOCTHOM
pacdere mpucrocobmenns. Tak, B y4eOHOM AycIm-
wmHe «[IpoekTupoBaHue onepanyii MEXaHNYeCKOM
06paboTKI» IPeTyCMOTPEHO JOMAIIIHee 3afjaHlie 110
pacueTy IOKasaTesnell Qpe3epoBaHMA IO CTEIEH-
HBIM YpaBHEHMAM, a I IIPOBEPKMU pe3ylIbTaToB
paspaboTaHa nnporpamma Dz2_17.exe.

B xadectBe mpuMepa B Tab/1. 1 mpuBeleHDI pe-
3y/IbTAaThl pacyeTa IO CTeIeHHBIM ypaBHeHMAM (1)
IOpU pasIMYHbIX 3HAYEHMAX INOJA4M Ha 3y0 s
ycnoBuit 06paboTKy KOHLIeBOI (ppe3oit u3 TBepLo-
ro crtaBa Mapku T15K6 momHOro masa B 3aroToB-
Ke 13 cramu 45. 3HaueHus MapaMeTpoB COCTABIIIN:
t =12 mm; B = 12 Mm; d = 12 MM; 4ncio 3yObeB
z = 3; croiikoctb T =60 MuH. 3HaueHUs OCTOSH-
HBIX, TIOKa3aTesell CTeleHell U MOIPaBOYHBIX KO-
3QPNULMEHTOB 3aMMCTBOBaHbI U3 CIIPAaBOYHM-
Ka [6].

Cepbe3HbIM HEOCTAaTKOM yKa3aHHBIX BBIpaXke-
HUIT ABJIAETCSA TO, YTO OHU OTPAXKAIOT U 06006LIa0T
pe3y/nbTaThl SKCIEPVMEHTA/TbHBIX JAaHHBIX, COOT-
BETCTBYIOIVIX KOHKPETHBIM YC/IOBUAM MeXaHMde-
ckoll 06paboTku (mpexxae Bcero mo BupaMm dpese-
pOBaHNUA, MHCTPYMEHTAJIbHOMY ¥ oOpabaTbiBae-
MOMy MaTepuanaMm). VI3MeHeHMe 3TUX YCIOBMI
IPUHATO OTPAKaTb IONPABOYHBIMU KOIPPuUIu-
eHTaMl. B MaTeMaTn4eckoM CMBICIE 3TO O3HAYaeT
IPOIOPLUMOHATbHOE MacIITabMpoBaHMe HeNTVMHel-
HBIX YPaBHEHUII, YTO MOXXeT IPUBECTM K 3HAUM-
TEIbHBIM PacYeTHBIM IOTPELIHOCTSM.

Bosnblnoe 4mcno MccmenoBaHMil HalpaBIeHO
Ha JCIIO/Ib30BaHNe KOHEYHO-3JIEeMEHTHOTO MOJie-

Tabnuya 1

JMPOBaHMA  IIpolecca  CTPYKKOOOpasoBaHMA,
pacdeTa CUI 1 TeMIIepatyp pe3aHus. B vactHocty,
pacdeT cu A ppe3epoBaHNA IMPOBOJAT B IIPO-
rpammHoll cpege ABAQUS c¢ wucnonbsosaHueMm
MOJeN [UHAMUYECKOTO paspylLIeHNs] MaTepuaa
I>xoncona — Kyka [9]. Ilogo6Hoe mMopmenupoBa-
Hlle BO3MOXKHO B MCCIIEIOBATe/IbCKUX /1abopaTo-
PUSIX U 3aTPYAHEHO [/Is1 MICIIO/Ib3OBAHNUS B MHXKe-
HEePHBIX IIPUIOXKEHNAX.

OCHOBBIBasICb Ha IPOBEEHHOM 0030pe JuTe-
paTypHbIX MCTOYHMKOB, OOOCHOBaHa HEOOXOMM-
MOCTb PasBUTHA aHAIUTUYECKMX METOIOB pacyeTa
CIUJIOBBIX IIAPaMeTPOB IIpollecca (pe3epoBaHMA.
B HacTos1Ielt cTaThe IpUBeeHa METOAVKA, T03BO-
nAomas 6e3  JOIOMHUTEIbHBIX SKCIEPUMEHTOB
paccunTaTh CUIBI M KPYTSALINIT MOMEHT IIpU 06pa-
00TKe TBEPAOCIUVIaBHBIMM KOHI|eBbIMU (pe3amu
3aTOTOBOK V3 Pa3/IMYHbIX MAaTEePUAJIOB.

[ToMrmMo OTMedeHHBIX (AKTOPOB METOAMKA
YUUTHIBAET BIMsIHIE T€OMETPUYECKIX TTapaMeTPOB
3yba ¢pes3b: Y M O — IepefHEro M 3agHero yr-
JIOB; (® — YIJIa HAaK/JIOHA BMHTOBOV IVHUU 3y6a
K OCY; ¥ — pajiuyca 3aKpyIrJeHys BepunHbl. KoH-
1eBas ¢ppesa MMeeT CeAyOIe KOHCTPYKTUBHbIE
IapaMeTpbl: HAPYXKHBII fiuaMeTp d M YucIo 3yOb-
eB z. Takoll MHCTpyMeHT oOpabaTbiBaeT a3 WIn
YCTYII ¢ LIMpUHOI pe3anus B (pasmep, mapasienb-
HBII ocu ¢pe3bl) U ITyOMHON pesanus t (pasmep,
HepIeHANKY/IAPHBI OCH).

KunemaTnyeckumy mapamMeTpamm SIB/SIIOTCS
YacTOTa BpallleHnsA 1 U Nojada ¢ppesbl CO CKOPO-
CTBIO S,. VIHCTpPyMeHT BpalljaeTcsl U IepeMeliaeT-
Cs C KMHEMAaTUYeCKUMM JBIDKEHUSMM, KaK IIOKa-
3aHO Ha pUC. 1, aCTHbIT C/Tydait — OH 00pabaThl-
BaeT IIOJIHBI Ia3, Korja ImybuHa QpesepoBaHys
paBHa [uameTpy MHCTpyMeHTa. [lokaszana ¢pesa ¢
IIpaBOJl BUHTOBOJ KaHABKOI U IPaBOPEXYIasl.

Kaxppiit 3y6 ¢pesbl MMeeT Ha4a/JbHYI0 TOYKY
KOHTaKTa 7, Ha Jyre OKPY>KHOCTM B IUIOCKOCTH
craHouHoit cucreMsl koopanuatr (CCK) OX Y. Z.
B 1o/10>XuTEIPHOM HalpaBIeHM) YIJIOBas KOOp-
AMHATa \, MOMOXeHWs 3yba Ha Jyre KOHTaKTa
OTKJIaZbIBAETCS OT TOYKM 711, IPOTUB XOJIa YACOBOI

PesynbraThl pacuera o CTeieHHbIM ypaBHeHusM (1)

ITopauva s, MM/3y6 CKopocTb pesaHus v, M/MUH

Curna pesanus P, H Kpyrammit moment M, H-m

0,03 180,7
0,05 158,2
0,07 145,0
0,10 132,1
0,12 126,0

1235,1 7,4
1780,7 10,7
2266,0 13,6
2925,5 17,6
33335 20,0
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CTPENIKM, B OTPUIATETBHOM — IIO XOfy 4acOBOIi
crpenku. [Ina npsamosy6oit Gppesbl KOHEYHOI TOY-
KOJI KOHTaKTa fABJIfAeTCSA Touka m,. I ¢pessl ¢
BUHTOBBIM 3y60M 1 yI7IoOM >0 KOHeYHas TOYKa
KOHTAKTa MMeeT OTpUIATe/IbHOe 3HAa4YeHue YIa
IIOJIOXKEHMS .

Ha cxeme, npuBeneHHoOI Ha puc. 1, Takxe Io-
Ka3aHa CucTeMa KOoppaMHAaT YZ, ocb Y Hampas-
JleHa B BepllMHe 3y0a IO pajuycy, ocb Z — IO
KacaTeJIbHOMl K OKPY)KHOCTM BpallleHus 3yba.
Boaroil cucreme KOOpAMHAT TPafULMOHHO [
OIIpefieNieHN s IapaMeTpPOB pe3aHysl 33/jaHbl pajy-
anpHasA P, u TaHreHuuanbHasg P, cocTaBifmoliye
CHJIBL.

Pexxymas xpoMka 3yba paspiefieHa Ha JBe 4a-
CTU: BUHTOBYIO KPOMKY 12 € YIJIOM HaKJIOHa K OCI
¢dpessl ® U KPOMKy IO Ayre 23 ¢ pajuycoM 3a-
KpYIJTIeHusA BepUIVHBI . [[IMHa BUHTOBOI KPOMKM
3y6a Ha UWIMHAPUYECKoi yactu ¢pessl b ompepe-
JleHa YIPOILIEeHHO KaK TMIIOTeHy3a pa3sBEPHYTOTO
IpsMOYTONbHOTO TPEyTO/IbHMKA U pasfefieHa Ha
N, ydacTkoB. Touka TmepecedeHNUs BUHTOBOIA
KPOMKM 12 ¢ OKPY>XHOCTbIO HapY>KHOTO JyiaMeTpa
¢dpessr B mnockoctu CCK ob6o3naueHa Ha puc. 1
KaK 1;.

KpoMmka mo myre Taxxe pasébura Ha k y4acTKoB,
KOXJBIII M3 KOTOPBIX MMeeT WMpuHy b; =relk,
pajinyc OTHOCUTENIbHO OCU BpaleHus ¢pessl R; u
YIJIOBYI0 KOOPAMHATY €;. UMC/IO0 y4acTKOB Ha Iu-
JIMHAPUYECKON 1 pagMyCHON YacTAX 3yOa IpoIop-
I[MIOHAJIbHO COOTBETCTBYIOLIMM JI/IMHAM.

Kaxpplit i-1f y4acTOK Ha BUHTOBOI KPOMKeE 3Y-
0a MMeeT YITIOBYI0 KOOPAMHATY \/; U COOTBET-
CTBYIOLIYIO KOOpAMHATY 1o ocu OZ. — z;.

Ha BMHTOBYIO PpeXyIlyl0 KPOMKY KaXK[JOTO
y4acTKa CO CTOPOHBI 00pabaTbIBaeMOro MaTepuasna
IeliCTBYeT TaHTeHIManbHasA P, (1o kacaTenbHOI K
OKPY>KHOCTM BpamleHusa) um pagmanpHas P, (mo
Pammycy) coCTaB/AOIIMe CUIbI pe3aHns. VX Mox-
HO pas/IoXUTb Ha mpoponbHylo F,; (1o Hampasie-
HMI0 nofiaun) u nonepeynyio F,; cocrasnsmomye
cubl pesanus, gericteyromue B CCK.

OceBaa cocraBnAwomas cunbl pesanua Ej;
HaiimeHa 1o pekomeHpanusM A.M. Posen6epra,
a TakKe 10 CIIPaBOYHBIM AaHHBIM [6]. CooTBert-
crByromne BekTopel B CCK ompepeneHnl ux npo-
eKIVAMMA:

* 714 YIJI0BOM KOOPAMHATHL ; < Tt/2

Fi =P cosy; — Py siny;;
Fyi = P;siny; + Py cos\y; 5 (2)
in = 0,28P21tg (D;

Puc. 1. Cxema #jis pacdera cuI Ipu ¢ppesepoBaHUN
KOHIIeBOJI (ppe3oir

* 17151 yTJIOBOJ KOOPAMHATHL \; = Tt/2
in = _Pzi sin (\|fl _TC/Z) —Py,‘ CoS (\|], - TE/Z);
F); = P, cos (y; —m/2) =Py sin (y; —m/2);  (3)
in = O,28P21tg .

Ha pagmycHyto 4acTpb pexxyleit KpoMKu 3yba 23
y4acTKa [JelCTBYIOT TaHreHumanbHas P, u HOp-
MambHaA N; cocraBnaiomuye cuiabl pesannsa. Ha
puc. 1 ImokasaH YacTHBIN CIydail, Korja ; = /2.
AHa/IOTMYHO BUHTOBOJ PeXYlleil KpOMKe oIlpefie-
TIEHBI KOOpAMHATBI BeKTOpoB B CCK:

* 17151 YIJIOBOJ KOOPAMHATHL \; < Tt/2

F. =—N;sing; siny; + P, cosy;;
F,i = N;sing; cosy; + P,; siny;; (4)
E,; =N, cosg;;
* 17151 yIJIOBOJ KOOPAMHATHL \; = Tt/2
F,; =—N;sing; cos (y; —m/2)— P,; sin (y; — 7t/2);
F,; = —N;sing; sin (y; —n/2) + P,; cos (y; —7/2); (5)
E,; =N, cosg;.

TakuM 06pa3om, I TeKyIero MonoXeHus 3y-
6a ¢pesbl, 3agaBaeMOro yIrjaoM IHOTOXEHUA \,,
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MOXXHO OIIpENEeNUTb CyMMapHble COCTaBJIAIOLYE
cunbl pesanusa B CCK u KpyTAImit MOMEHT Ha
BUHTOBOM M PafjyCHOM YaCTAX PeXYIIell KPOMKHA
CYMMMPOBAHMEM II0 YIaCTKaM:

np k np k
Fx :zin +2in; Fy zszi +2Fy1’;
i=1 i=1 i=1 i=1
k (6)

np )
4 > Pi+> P, R

np k
F, =) Fi+) Fi; M= .
Z z 2000 io i1 1000

i=1 i=1

[ist pacdera mo BbipakeHUs M (2)—-(6) Heob6xo-
VMO 3HAThb TAHICHIWAAbHYIO, PafiMAIbHYI0 M
HOPMA/IbHYIO COCTABJISIONINE CU/IbI pe3aHus, Jeil-
CTBYIOLIYie Ha KaXK/IOM y4acTKe BIHTOBOII U paju-
YCHOII 4YacTell pexyleil KpoMKI. Bompocsl ompe-
JieJIeHNsI TOJIIMHBI CPe3aeMOro CJIosl, YI/Ia C/IBUTA,
CUJIBL CTPYXXKOOOPA30BaHMs, TaHTEHIMANIbHON U
paguanpHOl COCTAB/SIOUIMX CUIBI Pe3aHus IO
y4acTKaM peXxylleil KpOMKM i 00Iero ciydas
006paboTKM KOHIEBOIT Gpe3oit (B TOM 4uCIe € MO-
fladell, HAIIPaBJIEHHON IOJ YIJIOM T K TOPU30H-
TQJIBHOJ IUIOCKOCTHM) IOAPOOHO PacCMOTPEHBI B
cratbsx [10, 11]. [Tpy ropu3oHTaTbHOM ABVKEHUU
nopaun (cM. puc. 1) yron Bpesanus T=0, a BuA-
HII€ TOPILIEBOJ PEeXYIIieil KPOMKY MCKITIOYEHO.

Ina pacdyera yrma casura [3; MCIIOIB30BAHO
BBIp@KEHME, YYUTHIBAIOIIEe €ro 3aBUCUMOCTb OT
IIVPVUHBI y4acTKa b;, TOJIMHBI CpPe3aeMOro C/ost
Ha y4YaCTKe KPOMKU d;, YIPYIOil IIOCTOSAHHOM ™M
IIBYX COIIPMKACAIOIIUXCSA MaTepuanos (0O6pabaThl-
BaeMOTO ¥ VHCTPYMEHTAJIbHOTO) U HepeSHEero yr-
ma y;: Bi=f(bi, a;,m, y;). 3HaueHUe IepefHEro
yIJIa yCpeJHEHO C y4eTOM ero M3MeHeHM 110 paj-
YCy OKpyI/TIeHUs: KpoMKu. PesympTupytomas cuia
CTPY>XKKOOOpa30BaHNUsA Ha IepefHell MOBEPXHOCTH
paccuMTaHa dYepe3 Yroja CABMIA U KacaTelbHOE
HalpsDKeHMe B IUIOCKOCTM — CHABMIa Tyt
R, :f(bi) ai, Bi) Tp)-

HopmanbHble 1 KacaTelbHble CWIBI Ha JyTe
OKPYIJIEHMsI peXXyllell KPOMKY M 3aJHell IOBepX-
HOCTU MHCTPYMEHTA OIIpefe/ieHbl 4epe3 KOHTAKT-
HOe [jaB/ieHNe, IVIOIIafb KOHTaKTa U Ko3dhduuu-
eHT TpeHus. TaHTeHIVaNbHAsA U pajuaabHas CO-
CTaBJIAIOIINE CWIBl Pe3aHMs Ha KaX[OM yJacTKe
PEeXYIIeil KpOMKY MMEIOT BUJ,

Pzi :Rczi +szi + By

Pyi :Rcyi +Pmyi + P,
rme R, Ry n P, P, — cocTaBnAmolue OT
CUJIBL CTPY>KKOOOPa30BaHUA M PAUATBHON CYJIBI
Ha paguyce OKpyrneausa Kpomku; F, m P, — cuna
COOTBETCTBEHHO TPEHUs ¥ HOpMaJIbHas Ha 3ajHeil
IIOBEPXHOCTU JIE3BUSL.

(7)

AHamUTUYeCKUI pacyeT COCTABJIAIOUINX B BbI-
paxenusax (7) m3noxeH B psfe paboT aBTOpa,
B TOM uycite 1o ¢ppeseposanmio [10, 11]. ITo ypos-
HIO 3TM pacyeThbl ABIATCA MHXEHEPHBIMU M, B
JaCTHOCTH, UX MUCIONb3YIOT CTYHLEeHTDI IIPU BbIIOJ-
HEHM! JOMAIIHEro 3aflaHusA II0 OCHOBaM TeOpUM
pesaHuA. MeTofuKa pelieHns IpuBefeHa B yueo-
HOM nocobun [12].

XapaKTepHOil 0COOEHHOCTBIO U OIIpefielIeHHON
HOBM3HOM pacyeTa CUJI pe3aHMsA B JAHHOM CTaTbe
ABJISETCS MepexXOf, OT KaXK/IOTO y4acTKa KO BCell
peXylleil KpOMKe IIyTeM CyMMMPOBaHUA CUI
BCCK u MOMeHTa OTHOCUTENBHO OCU (pe3bl.
AHamMTIYeCKN pelnTb TaKylo 3afady TPYAHO, IIO-
3TOMy pelleHNe HallJ[eHO aITOPUTMMYECK! U IO
paspabortannoit mporpamme Trailer_mill.exe.

Bei6paHbl 6a3o06vie ycn06us VI 3HAYEHUA ITIapa-
MeTpOB: KOHIeBass ¢pesa M3 TBEpAOro CIUIaBa
mapkn T15K6 mmamerpom d =12 Mm; nepemHmit
yron y=16° sagHuit yron o =15°% yrom HaklIoHa
KPOMKI K ocM ® = 45° paguyc 3aKpyrieHus Bep-
muHbl ¥ =0,2 MM; PafiuyC OKPYITIEHUsA KPOMKMU
p=0,01 MM; M3HOC IO 3ajHell IIOBEPXHOCTU
h, =0; umpuna ¢dpesepoBanus B=12 mwm. [ns
obpabarpiBaeMOro MaTepuana — cram 45 — mpu-
HATa 4acToTa Bpamenus n = 4200 MIH '; mopgaya
Ha 3y0 s, =0,05 Mm.

TommmuHa cpesaeMoro cnos a; AIAd KaKHoro
yJ4acTKa IIMPUHON b; CO CBOMM YIIOM KOHTAaKTa
\J/; OIpefe/eHbl 10 M3BECTHBIM BbIpKeHMAM. [l1s1
BUHTOBOTO 3y0a, IO/I0XKeHVe KOTOPOTO B KaXK/IblIil
MOMEHT BpeMeHM 33[JaHO YITIOM \,, IUIOMIafib
Cpe3aeMoTo CJI0A OIpefe/ieHa CYMMIPOBaHIeM TI0
yJacTKaM:

np
Fy =Y a:b; cos .
i=1
3HaueHue mapamerpa F, HeIOCPeNCTBEHHO B
pacderax He NCIONB30BAHO ¥ PAacCMOTPEHO s
aHa/M3a MOJIOXKeHMA 3yba ¢ HamOObIIMMY 3HaYe-
HVSIMM IUTOLIA/IM, MOMEHTA U CUJIbI Pe3aHNUA.

[Tony4yeHsl Cepyroliye pesyabTaThl mpu 6as3o-
BBIX YC/IOBMAX II0 OZHOMY 3YOY:

* 3aBMICHMOCTD IUIOLIAJM CPe3aeMOTO CI0si OT
yI/Ia IIo/IoKeHus 3yba ¢pessl Ipy pasHoIl ITyOuHe
pesanus (puc. 2); npu ob6paboTKe IOTHOTO Iasa
mIyouHOM t=d =12 MM ¥ mmpuHOi B=12 MM
YTOJ1 KOHTaKTa usmeHnsercs ot 180 mo -1 139

* 3aBYICUMOCTD IUIOLIAJM CPe3aeMOTO C/I0sA OT
yI/Ia IOTIO>KeHMs 3y6a (pessl AJIA pasINYHbIX 3Ha-
YeHUI! yI7Ia HAaK/IOHAa KPOMKY IIpu 06paboTke MoJ-
HOTO masa (puc. 3, a): ¢ yBeIM4YeHNreM yIIa HaK/Io-
Ha KPOMKM pacTeT yrojl KOHTAKTa, a MaKCUMyM
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Fab’ MM2

0,4 |-
03 -
02 - /

0,1 /
0 —‘(/;4/ | | | | |
~150 -100 =50 0 50 100 s, rpan

Puc. 2. 3aBuCHMOCTb IIOLIAAM CPe3aeMOro cost Fy
OT yI7Ia ITOJIOXKeH s 3y6a \y,, dpe3nl mpu rnyouHe
pesanmst t =12 (1), 10 (2), 8 (3) n 4 mm (4)

IUIOIIA/VI Cpe3a CMEIAeTCs K MEHbIIMM 3HA4eHM-
SIM yI7Ia IIOTIO>KEHMS;

* 3aBMICUMOCTDb KpYTAIIET0 MOMEHTa OT yIJIa
HO/MOXKeHus 3yba ¢pessl (puc. 3, 6); HanbobIIee
3HAa4YeHJe MOMEHTa IIOBBIIIAETCS C POCTOM yI/a
HAKIOHa KPOMKY, 4TO CBA3aHO C YyBeIMYEHUEM
IV PUHBI KPOMKY;

* 3aBVMICHMOCTb COCTAaB/ISIOLINX CU/IbI Pe3aHMs B
CCK ot yra nono>xeHus 3yba ¢ppessl Ipu yrie ero
HaK/IoHa ® = 45° (puc. 4).

Pacuer MOMeHTa U COCTaBIIAIOLINX CUJIBI pe3a-
HMS BBINIOJTHAJICA, €C/IU TOJIIIVMHA CPe3aeMOTO CI0s
Ha y4JacTKe KpOMKM a; >1,75p, B IIPOTUBHOM CITy-
Yae NPUHUMANNCh Hy/leBble 3HaueHus. I'paduknu
MOMEHTA Ka4eCTBEHHO He OT/IMYAIOTCA OT TAKOBBIX
UL IUIOIIA/YI CPe3aeMOTO C/IOsl, @ MaKCMMajIbHbIe
3HAYEHNs] COBIAJAIOT 1O yrmy monoxenus. Co-
CTaB/IAKIAsA CUIBL pesaHMs F, IOYTM /A BCex
YIJIOB IONOXeHus 3yba ¢pe3bl MMeeT OTpuIja-
Te/lIbHOE 3HAYeHNe, T. €. IeVICTBYeT Ha MHCTPYMEHT
IpPOTUB ABVDKEHUA mojaun. [lia 6onbImux oTpu-
IJaTe/JIbHBIX 3HAYEHUIT 3TOTO YITIA COCTABJIAIOIIASA
cunel F, [ieiiCTByeT Ha MHCTPYMEHT II0 HAIlpaBJe-
Huio aByokeHnA nofgaun. Cocrasnsmomas cunsl F),
uMeeT IIOJIOKNUTE/IbHOE 3HAa4YeHMe ¥ JeICTBYeT Ha
(dpesy «IIpOTUB Bpall[eHVsI», & COCTABIIAIOAS CU-
nbl F;, — Ha IINMH/IENb CTaHKa.

MoOMeHT U COCTaBJIAIOIIME CUIBL Pe3aHUs IS
0IHO3y06011 (pe3bl MMEIOT SIPKO BBIPAXKEHHBIN ITe-
pEeMEeHHBIII XapaKTep, MX MaKCUMa/lIbHble 3HaYeHNUs
He COBIIQZIAIOT IIO YIIy IIOJIOXKEHUs 3y0a, 4To 3a-
TPYAHSET UX M3MepeHMe ¥ KOMMIeCTBEHHOe OIIpe-
fieTieHye TP TIPOBENEHMM SKCIEPVMEHTATbHBIX
VICCTIE[IOBAHUIT C JCIIO/Ib30BaHMEM CTaH/JapTHOTO
IMHaMOMeTpa.

C yBemmyeHMeM IIOfAYM COCTABJIAIOLINE CHJIbI
pesaHys M KPYTALMII MOMEHT pacTyr. B Tabm. 2

IpUBeeHbl UX 3HA4YeHMs /I OfHO3Y00i ¢pessl,
COOTBETCTBYIOLIYIE YIIy TOJMOXeHus \, =33°
C MaKCYMaJIbHBIM 3HaUeHVeM KPYTSIIero MOMEHTa.

PacyeTHble 3HaUYeHMs KPYTSILIET0 MOMEHTa CO-
OTBETCTBYIOT 3HAUEHMAM, ITOTyYeHHBIM II0 SMIIU-
PUYECKMM CTEIIeHHBIM 3aBUCHMOCTSAM ¥ IIpUBe-
IEeHHBIM B Tab1. 1.

[l pasnmuuHBIX 06pabaThiBaeMbIX MaTepUaIoOB
COCTABJISIIOIIVIE CUIBI Pe3aHNs U KPYTAILMIT MOMEHT

Fab7 MM2

0,5}
04}
03+
02}
0,1 F

O L
—150 —100 90 60-30 0 30 60 90
a

WYn, TPAN

M,H-M

9,

—-60 -3

7
6
5
4
3,
2
1
0
-1

|
0 30
7]
Puc. 3. 3aBucumocTu mioiagu cpesaemoro cnost Fy, (a)
U KpyTsliero MoMmenta M (6)

OT yI7Ia MONI0OXKeHus 3y6a y,, dpess
IIpy yIIe ero HaxmoHa ® = 0 (1), 30 (2) m 45° (3)

20 -90 60 90 120 v, rpax

F,H
1000 /2
3
500

0

=500

—-1000 : : !
-120-90 -60-30 0 30 60 90

Wn, TPAA

Puc. 4. 3aBUCHMOCTD COCTABIISAIONINX CUTbI PE3aHNUS
BCCK F, (I), F, (2)u E, (3) or yrna nonoxenus
3yba \, Qpesbl Ipy yIe ero HaKJIOHa ® = 45°
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Tabnuuya 2
Pe3ynpraThl pacueTa COCTABISIOINX CUIbI Pe3aHUS U KPYTSIEr0 MOMEHTA 0FHO3Y00i1 (pessI
[PV PasIMIHBIX 3HAYEHISIX MOaYN Ha 3Y0

CocrasAmoomue cuibl pesanus, H

ITopaya Ha 3y6

KpyTtammit MoMeHT

Sp MM E, F, F, M,H-m
0,05 -797,8 1439,0 465,2 10,0
0,08 -1072,0 2149,0 691,4 14,8
0,12 -1357,0 3017,0 972,4 20,8

YBEMYMBAIOTCA C POCTOM IPOYHOCTM M COOTBET-
CTBYIOLIETO HAIPsDKEHMs B IUIOCKOCTM CABura. B
TabJ1. 3 IPMBEIEHbl COOTBETCTBYIOIIME PE3Y/IbTAThI
UL QIIOMVMHVEBBIX CIUIABOB B CPaBHEHMH C 6a3o0-
BBIM 0OpabaTbiBaeMbIM MarepuaaoM. Jacrora Bpa-
I[eHVsT LINVHAETIS 1 IpU 00paboTKe aMOMIUHMEBBIX
CIUTIaBOB TIPMHATA paBHOI 12 000 MuH "

C yBenmmueHreM uucia 3yObeB (pesbl pacTeT
4UCTI0 3y0beB, OMHOBPEMEHHO PEXYIIMX M Haxo-
IAMIMXCA Ha IyTe KOHTAKTa. ] 6a30BbIX YCIOBMII
HAYa/bHBII  yTON  TIONOXKeHUA 3yb6a  dpesbl
v, =180°, a koHeuHbIit ¥, =—113°. Takum obpa-
30M, CyMMapHBIIl yTOJT KOHTAaKTa IO IIOJIOXKEHWIO
3yba cocrapyseT 293°, B OTIM4YNE OT yI/Ia KOHTAKTa
1o fyre obpabarbiBaeMoli MOBEPXHOCTH I Ppe-
3bI C IIPSIMBIM 3yOOM, paBHBIM 180°.

Ot umcna 3yObeB Qpesbl 3aBUCUT paBHOMeEp-
HOCTb 00paboTKM, KOTOPYI OyZieM OLieHMBATh IO
VI3MEHEHUIO0 KPYTSAIIEr0o MOMEHTa IPY BpallleHUu
VHCTPYMeHTa. Pe3ynbTaTbl aHamm3a IIOJIOXEHWA
3yObeB M COOTBETCTBYIOIVIX MOMEHTOB IIO CyM-
MapHOMy Iy KOHTaKTa I JBY- U Tpex3yOoil
¢dpe3 npuBesieHbI HA PUC. 5, A U 6 COOTBETCTBEHHO.
31ech BUIHO, 4TO y (pe3bl C IBYM:A 3yObAMM CyM-
MapHbIII KPYTSAIINIT MOMEHT MMeeT 3Ha4MTe/IbHOe
U3MeHeHMe, a y ¢pesbl ¢ TpeMs 3yObsIMU OH He-
CKOJIbKO 6OJIbIIle, HO €0 M3MEeHEeHNe CYI[eCTBeHHO
MeHblIIe.

Jna mectusy6oit ¢ppespl CyMMapHbBII MOMEHT
3HAYMTE/IBHO BO3PACTaeT, TaK KaK BCe 3yObs AB-
JIAIOTCA OHOBPEMEHHO PEXYIIMMIY, H3MeHeHMe
MOMEHTa TaKoe Xe, KaK y Tpex3y0oro MHCTPYMeH-

Tabnuya 3
PesynbTaThl pacuyera COCTaB/ILAIONINX CHIbI pe3aHNsA U KPyTALIero MOMEHTa
V1A pa3IMYHBIX 00paGaThIBaeMbIX MATEPUATIOB
Hanpsoxenne K it
Marepuar [Tpenen Hll\)/;)SHOCTI/I TBepﬁ)ﬁTb HB, . KI;CTM J— Cocrapsromye cymbl pesanyt, H ﬁ}(’;fizm
v MR : t,, Mlla F, F, F, M, Hwm
AMr6 300 858 285 -295 540 175 3,7
16 400 1142 380 -390 713 231 5,0
B95T1 524 1497 498 -464 847 274 5,9
Cranb 45 631 1828 583 -797 1438 465 10,0
M,H-Mm M, H-Mm
9 ./W\
g F 1 10
Z I 8r 4 2- ~3
5+ 6l
4 -
3 | 3 2/ 4 B
2+ 2L
) \ /
0 L | . . 1 0 L LOL I I I I / ]
-150 -100 50 0 50 100 y,,rpax  —-150 -100 -50 0 50 100 ,, Tpax

6

Puc. 5. BiustHue yria nonoxenns syba , ABy- (a) u Tpexayboii (6) dpes Ha KpyTAILUIE MOMEHT M:
1 — cyMMapHbIif; 2-4— OT IIEPBOTO—TPEThero 3yObeB
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Ta. Pe3ynbraThl aHa/mM3a puBeneHs! B Ta6/. 4. [Jo-
HO/IHUTE/IbHO NOKa3aHO 3HaueHMe koadduimenTa
paBHOMepHOCTU IepudepuitHOro QpesepoBaHus,
KOTOPbI/i paBeH OTHOLIEHWIO IIVPUHBI ¢pesepo-
BaHMA K oceBoMy Huary 3yobeB (K, =(Bz/nd)tg o)
U IOJDKEH CTPEMUTHCA K IIe/IOMY YMCTTY.

AHarnornyHble pe3y/IbTaThl IMOTY4YeHBI IO CO-
CTaB/IAIOIMM CWIBl pe3aHusA. MUHUMaIbHbIE,
MaKCMMajIbHble 3HAYeHUs1 ¥ M3MEHEHMs [0 JBYM
COCTaBJIAIOLIVM CHUJIbI Pe3aHNUA NIPY Pa3sHOM 4UCIIe
3yObeB (pe3nl mpuBeneHbl B TaO1. 5. Crexyer oT-
MEeTUTDb 3HAUUTe/IbHOE YBeTNYeHIe COCTAB/IAIONINX
cubl Jiist Gpesbl C MIECThIO 3YObsMIL.

Taxoke IpOaHA/MN3MPOBAHO BIMAHME HA CUJIBI
pesaHMs pajyyca 3aKpyI/IeHUs BepIIVHBL © M W3-
HOoca 3y0a, KOTOPBIII MOJXKET XapaKTepU30BaTbCA
IIByMs ITapaMeTpaMIL: 3HaYeHMeM IUIOAKV M3HO-
ca I10 3ajiHell IIOBEPXHOCTH M, ¥ PafjiycoM OKpYT-
JIeHNA KPOMKH P .

C yBenmueHueM paguyca 3akpyrieHnus BepIlu-
HbI 3y6a yMeHbILIACTCA AJIMHA PeXYIeil KPOMKY Ha
IVUIMHAPUYECKON YacTy 12 U yBeIM4IMBAETCA IJIN-

Tabnuya 4

Ha iyru pajuycHoit actu 23 (cm. puc. 1). Cregyer
YYMUTBIBATD, YTO YJaCTKM Ha Ayre 23 MMEIT COOT-
BETCTBYIOL[JI€  PAAUYChl  OTHOCUTEBHO  OCHU
¢pesbl R;, KOTOpble MeHbIIle, YeM PafIyC LVI/IVH-
IpUYecKoit 4acTu QHpesbl.

B Tabs. 6 mpuBeneHbl 3HAYEHUA KPYTAILUX MO-
MEHTOB /I KPOMOK 3y6a (pesbl IIpy pa3HOM pa-
Juyce 3aKpyI/leHuA ero BepmmHbl [In1a mccrepo-
BaHNUA NPUHATH CIEAyIOIME 3HAYEHUA IapaMeT-
poB: momaya Ha 3y6 s,=0,12 MM, paguyc
OoKpyrneHusa KpoMku p=0,01 MM 1 U3HOC 11O 3af-
Hell moBepxHocTy h, =0,1 mm. IlepBbIit 3y6 nMen
YTO/ TIOTIO>KEHM S, COOTBETCTBYIOLMII MaKCUMaslb-
HOJ IIJIOLafiyi CPe3aeMOoro Cjnos, BTOPOl — YIoi
HIO/IOKEeHNA Yepe3 yIIoBoli mar 3yobeB. OTMedeHa
TEHJEHIUs CHIDKEHMA KPYTAILLETO MOMEHTa II0
UVMIMHAPUYECKON KPOMKE M YBENWYEHUA KpYyTH-
IIero MOMEHTA IO Jiyre pajuycHoit kpoMku. Cym-
MapHbI/I MOMEHT YMEHBLIAETCA C YBEIMYEHNEM
pamiyca 3aKpyIIeHNs BepUIMHbI 3y0a.

C yBennueHMeM M3HOCA 3afHEN IOBEPXHOCTHU
COCTABJIAIOLINE CUIBl PE3aHMA UM KDPYTAIMIA MO-

3HavyeHUsI CyMMapHOTO KPYTSAILIEro MOMeHTa U K03 puieHTa paBHOMEPHOCTI
TIpU pasHOM 4Yucie 3y0beB ¢pesbl

CyMMapHbIii KpyTAIm Uit MOMeHT, H-M

Yicro 3y6beB z

KoadduumenTt paBHomepHoctu K,

MVHVMAa/IbHBIN MaKCYMaJIbHBIN U3MeHEeHMe
1 0 10,00 10,00 0,32
2 4,40 10,00 5,60 0,63
3 9,94 10,67 0,73 0,96
6 20,15 20,91 0,76 1,91

Tabnuuya 5

3HayeHUA COCTABIAIOIINX CWIbI p€3aHUA IIPU pa3HOM YUCI€ 3y6beB qJPCSI)I

Cocrasnsiomasa cuibl F, H
X
Yucro 3y6bes z

Cocrasnsaromas cunsl F,, H

MUHUMA/IbHAA MaKCUMajibHasA  M3MEHeHUe  MMHVMajbHasg MaKCUMajbHasA = M3MEHeHUe
1 -985,3 146,9 1132,1 -6,2 1535,0 1541,2
-895,1 -682,6 212,5 1351,5 1534,7 183,3
-1694,5 -1477,0 2174 2795,4 2999,6 204,2
Tabnuua 6
3HaveHUA KPYTALIIX MOMEHTOB IIPU PasHOM pajuyce 3aKpYI/IeHVA BepUIMHBI 3y06a
Pajiyc Yucno ygacTkoB Kpyrammit MmomenT, H-m
I Bl n, k 10 UMIMHAPUIECKON KPOMKE IO PafiiyCHOM KPOMKe CYyMMAapHBbIf
0,2 17 1 23,33/1,76 0,23/0,20 25,52
1,0 16 2 22,15/1,09 1,24/0,56 25,04
2,0 14 3 20,59/0,48 2,61/1,15 24,84
3,0 13 5 18,80/0,52 3,41/1,54 24,27

HpumewaHue. B uncnurene ,HPO6I/I YKa3aHbl 3HAaYE€HVA KPYTALETO MOMEHTA OT IIEPBOTO 3y6a, B 3HaM€HaTeIe — OT BTOPOTO.
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Tabnuya 7

3HaYeHNA COCTAB/LAIONINX CWIbI Pe3aHNA U KPYTAILero MOMeHTa
NP pa3sHOM M3HOCe 3aIHeli HOBEPXHOCTH 3y0a ¢pessnl

Cocrassromnye cuisl pesannd, H

UsHoc h,, MM

Kpyrammit moment M, H-m

F, F, F,
0 -1603,1 3001,9 1053,3 22,45
0,1 -2760,3 3191,2 1225,2 25,52
0,3 -5186,2 3543,9 1562,9 31,48

Tabnuua 8

3HavyeHNA COCTABIAIOUINX CIIBI Pe3aHNs U KPYTAIEero MOMEHTa
IIPU pasHOM pajyuyce OKPYTI/IeHUsI KPOMKH

COCTaBHHIOH.U/IC CINJIbl p€3aHNA, H

Papiryc okpyrnenus KpoOMKM P, MM

Kpyrammit moment M, H-m

F, F, F,
0,01 -2760,3 3191,2 1225,2 25,52
0,02 -2923,4 3471,7 1264,5 26,13
0,03 -2936,1 3699,4 1208,4 25,89

MEHT pacTyT. B pacdere NpMHATO JoNylleHUE O
paBHOMEPHOJ IUIOIIAfIKe M3HOCA IO 3aJHeil IIo-
BEPXHOCTYU LMJIMHAPUYECKOI U PafiiyCHON YacTen
pexyleit KpoMKu 3y6a. B Tabn. 7 npuseneHs! 3Ha-
YEHMS COCTAB/IAIOIINX CHU/IBI PE3aHNA U KPYTAILEro
MOMEHTA IIPY PAa3HOM M3HOCE 3aJHeil ITOBEPXHO-
ctu 3y6a pessl.

V3Hoc 3y6a ppesbl B Bujie yBeIMUEeHNS paguyca
OKPYITIEHUA PeXYIlell KPOMKM NPUBOJUT K M3Me-
HEHVIO 3HAYEHMJI COCTAB/IAIOLVX CUJIbl PEe3aHUA U
KpyTALIero MOMeHTa. B Tab. 8 mpuBeneHbl 3Haue-
HUA COCTAaB/IAIIMX CHIbI M KPYTAIIEr0 MOMEHTa
JUIA M3HOLIEHHBIX 3yObeB (pe3bl B BUJie paBHOMEP-
HOVl IUIOLIAKM IO 3afHell IIOBepXHOCTH h, =
=0,1MM ¥ OKpyITIeHUA PeXylleil KPOMKK C pas-
TMYHBIM pafguycoM. [j1d pacdeTa NMpUHATHI CENy-
IOlVie 3HAYEHM A ITapaMeTpoB: nojgayda s, = 0,12 mm;
papuyc oxpyrnennsa kpomku p=0,01 mm; paguyc
3aKpYITIEHNA BepUIMHbI 3y6a r =0,2 MM.

KpyTAuuit MOMEHT U COCTaBIIAIOIIAs CUTIBL pe-
3aHuA F,, [eiicTByIomas BAOMb O pe3bl, Ipak-
TUYecKu He usMensaorca (cMm. tab. 8). Cocrasisa-
I0Ilasd CWIbl pe3aHysA II0 HAIPABIEHUIO CKOPOCTU
mogauu F, u nepneHpgukynspHas en F, Bospac-
TaloT B rOpa3fio MeHbIIell CTeleHu, 4YeM IIpU yBe-
MMYEHUN U3HOCA.

C yd4eTroM IpOBEEHHOTO aHAIM3a COCTABIIAIO-
X CUIBl M KPYTAILIETO MOMEHTa pe3aHus Ipu
06paboTke KOHIEBOI (pe30oit MOXXHO OTMETUTh
CTIefyIolIyie O0IIIye OTOKEeHNA:

* IVHMEN IIPUIOKEHNUA MOMEHTA sBJISETCA OCh
MHCTPYMEHTA, IIO3TOMY pacyeTHbIe 3HAYEHUA Kpy-
TAIETO MOMEHTa MOTYT OBbITb IPUMEHEHBI Kak

OTpaHMYeHNUA NpK BbIOOpe LINMHAENA Ppe3epHOro
CTaHKa, a TakoKe /IS pacyeTa ppe3epHOro MaTpoHa;

* TOYKA TPWIOXKEHUs CIWIbI Pe3aHMsl KaK CyM-
MapHOTO BEKTOpa IO COCTaBJIAIOLIMM BJONb OCel
CCK He ormpefiesieHa; YCTIOBHO COCTABJIAIOMIVIE CUIBI
MO>XHO IIPWIOXNTD B LIEHTP Ppe3bl U UCIIONb30BATh
X JUIs1 BBIOOpa IPUBOJA IOJa4M U pacyeTa fedop-
MaIuii 371IeMEHTOB TEXHOIOTMYEeCKOM CUCTEMBI;

* 111 IPOYHOCTHOTO pacyeTa MHCTPYMEHTa He-
11e7eCO00PasHO NIPOBOAMTh CYMMUPOBaHNE IO
BbIpOKeHMAM (6), a TpaHNYHbIE YC/IOBMSA Ha JIe3-
BMM 3y0a HEOOXOAMMO 3aJjaBaTh B BUJE paclpefe-
JIEHHOJM HArpy3KMU II0 Y4acTKaM BJOJb pPexyllei
KPOMKU 3y6a GpesblL.

Pa3paboTaHHBIT ITOPUTM U IIPOrpaMMa HO3BO-
JIAI0T paccyMTaTh IO y4acTKaM BHOJIb pexyllell
KPOMKI IapaMeTpbL: JIMHBl KOHTAKTHBIX IUIOILIA-
TOK T10 IepeHeN U 3a/jHell IIOBEPXHOCTAM C Y4€TOM
OKpYI/IeHMsI KPOMKU; KacaTe/lbHble I HOpMajIbHbIe
JaB/IeHIS]; TAHT€HIMA/IbHYIO U PAlUA/IbHYIO COCTaB-
NAIIMIME CUIbl Pe3aHMs; COCTAB/IAIOLINE CUJIBI pe-
3anua B CCK.

B xauecTBe mpuMepa Ha puC. 6 TOKa3aHO U3Me-
HEHlEe COCTABJIAKLIMX CUJIbI Pe3aHNsA 110 YYaCTKaM
I UUIMHAPUYECKON YacTU PEeXYILell KPOMKM
IpK yCnoBuAX ¢pesepoBaHus M0 6a30BOMY Baplu-
aHTy (yron HakIoHa 3yba K ocu o =45° wu3HOC
h, =0). 3y6 ¢pesbl 3aHUMALT YIIIOBOE MOTIOXKEHNE
W, =33° T. e. uMeeT HaMbO/MbIINE IUIOLIANb Cpe-
3aeMOTO Cl0S M KPYTALMII MOMEHT B COOTBET-
CTBUU C puc. 3, au 6.

Pexxymas kpoMka pasbura Ha CeMHaAlaTh
Y4acTKOB, CepefVHbl KOTOPBIX MMEIT COOTBET-
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CTBYIOIIVIE YITIOBbIE KOOPAMHATBI — YIJIbI KOHTaK-
Ta — B mmMamasoHe ;= 33,0...145,6°. O6ias
mmHa KpoMkn b=16,7 MmM. [Ipn cymmmpoBannn
COCTaB/IAIOIIMX CUJIbBI PE3aHMUA 10 BCEM yIaCTKaM
IOTyY€eHbl crefgyomue 3sHadenmsa: F, =-798 H;
F,=1439H; F,=465H. 3910 COOTBETCTBYET
rpaduKaM, IpUBENEeHHBIM Ha pUC. 4 [/ BHIOpaH-
HOTO yIJIa TIOJIOKEHMA. YITIOBasA KOOPAMHATA, Xa-
PaKTepusyIolas IOJI0KEHNE yJacTKa Ha pPeXXyLel
KPOMKe, MOXeT OBITb IlepecyMTaHa B COOTBET-
crByromye nuHerinble B CCK:

X; =£sinwi; Vi =—£cosw,-; Zi =M.
2 2 2tg ®

Touky NmpunoKeHUsA COCTABJIAIONMX CUTBI pe-
3aHMA Ha KaXJOM y4acTKe MOYXHO YCIOBHO CUM-
TaTb TOYKOJ I€pecedeHus IepefHell M 3amHell
HOBepXHOCTeil. B aToM cnyyae mMoryr ObITh pac-
CYMTAHbl pafyaJbHble HANPDKEHNA OT COCpPeNo-
TOYEHHOI CMJIBI B PEXYIeM KIMHE VHCTPYMEHTa
U BBINOJIHEHA IIPOBEpPKa 10 IIPOYHOCTHOMY KpM-
tepuio. CooTBeTCTBYIOMmME GOPMYIIBI IIA pacyeTa

F,H

100 - o ° ‘e, 3
50

_150 1 1 1 1 1 1
20 40 60 80 100 120 W;, Tpaj

Puc. 6. 3aBUCMMOCTDb COCTABIIAIOIINX CUJTBI
pesanus F, (1), E, (2) m F, (3) Ha y4acTKax
BJIOJIb PEXYILEN KPOMKM OT YITIOBOM KOOPAMHATHI \Y;

M,H-Mm

0,8
0,7+ -

0,6 = / s
0,5
04

0’3 | | | | | |
20 40 60 80 100 120  w;, rpax

Puc. 7. 3aBUCUMOCTD KPyTAILETO MOMEHTa M
Ha y9aCTKaX BIOJIb PEXYILEel KPOMKI OT YITIOBOIL
KOOPAMHATHI \Y; mpy usHoce h, = 0 (1) n 0,1 mm (2)

CO CChUIKaMM Ha IE€PBOMCTOYHMKM IPUBEMEHDI B
yae6HOM mocobun [12]. I MpOYHOCTHOTO pac-
YyeTa JIe3BMSI MHCTPYMEHTa 110 METOAY KOHEYHBIX
37IEMEHTOB CUJIBI C/IelyeT 3aMEHUTh KOHTAKTHBI-
MM [JaBJIEHUAMM C PeaJbHbIMU pasMepaMy KOH-
TaKTHBIX IIOILAJOK.

Pacnipepenenne KpyTAIero MOMEHTA 110 y4acT-
KaM Ha peXyllell KpOMKe I/ HyJIeBOro M3HOca U
U3HOCa 3ajHell moBepxHocty h, =0,1 MM mokasa-
HO Ha puc. 7. 3fecb MaKCMMabHO€e 3HaYeHME MO-
MEHTa COOTBETCTBYET Y4aCTKy C YIJIOBOM KOODPJU-
HaToit VW; =90° M JIMHENHBIMM KOOpAMHATaMM
yi =0; x; =6 MM; z; =5,9 MM.

BroiBojabI

1. Pacuer cum pesaHus M KpyTSAIEro MOMEHTa
[0 CTENEHHbIM 3aBUCUMOCTSIM, MPUBEEHHBIM
B CIIPaBOYHBIX JIMTEPATYPHBIX MCTOYHMKAX, MOX-
HO IPOBOAUTH TONBKO I COOTBETCTBYIOLINX
YCTIOBUIA, OTIpefie/IeHHBIX MPeX7e BCEro BHIOOpOM
VHCTPYMEHTAJIBHOTO 11 00pabaThiBaeMOro MaTepu-
a7oB. VIcmonp3oBaHMe MONMPAaBOYHBIX K03ddum-
€HTOB MOJXKET TPUBECTM K 3HAYUTETBHBIM IIO-
rpemHOCTAM. Pacder TaHreHUMaNbHOM COCTaBIA-
Iollell CUIBL pe3aHyuss IO YAEIbHON Cuie u
TOJII[VHE CPe3aeMOro C/I0sI ABJISIETCS Pa3HOBUIHO-
CTBIO pacyeTa II0 CTEIIeHHbIM 3aBYICUMOCTSIM.

2. PagpaboTaHHas MeTOAMKA IO CH/IAM Pe3aHMs
Yl KPYTAIEMY MOMEHTY /Il 06pabOTKM KOHIIEBBI-
Mu ¢pesamin, peann3oBaHHas MPOrPAMMHO, I03-
BOJISIET BBIIIOTTHUTD PacyeT IO 3aJaHHBIM YC/IOBM-
SIM ¥ TIapaMeTpam 6e3 TOTIOTHUTENbHBIX 9KCIIEPH-
MeHTOB. [IpoaHanM3MpoBaHO BIUsIHUE ITYOMHBI,
HIOfIa4uy, M3HOCA JIe3BYS C YI€TOM BJIVISIHUA LIMPU-
Hbl (ppesepoBaHMs U AyaMerpa ¢pesbl Ha CUJIBI
pesaHmsa ¥ KpYTALIMII MOMEHT. 3HadyeHMe yIia
HAKJIIOHa KPOMKM K ocu (pesbl LienecoodpasHo
yBeIM4MBaTh 10 45°, a 4ucn0 3y0beB — [0 Tpex
JUI IOBBIIIEHNMS PABHOMEPHOCTM OOPabOTKIL.
YBennumBaTh 4MCIO 3yObeB [JO LIECTV HeLeIeco-
006pasHO B CBSI3U C POCTOM CWUJIBI pe3aHMsi U Kpy-
TSI[Er0 MOMEHTA.

3. DKCIEepUMEHTHI [0 CUIAM Pe3aHys U KPYTsi-
[eMy MOMEHTY Ipyu (pesepoBaHMM MOXXHO IIPO-
BOJMTD TO/IBKO IIPY YCIOBMAX, 00eCIedrBaIOINX
JOCTaTOYHYI0 paBHOMepPHOCTh. s o6Imx ycmo-
BUIl (pe3epoBaHMsI MaKCHMabHble 3HAYEHUS CO-
CTaBJIAOLINX CU/IBI Pe3aHNsI U MOMEHTA He COBIIa-
[AIOT II0 YI/Ty KOHTAKTA.

4. PacyeTHasi MeTOAVKa MOXXeT ObITb pacmpo-
CTpaHeHa Ha Jipyrue BUJbI ¢ppesepoBaHus 1 obpa-
OaTbIBaeMble MATEPUAIBI.
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