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AHHOTAIIUA B nacmosiwee @pemss 0emanu MAuwluH CMAHOBIMCS 6ce 00aee CNOJNCHbIMU U MOYHbIMU. B smux ycnosusix
npumenenue MHozoocesblx cmankog c¢ HIIY asnaemcsa OelicmeenHbiM peuieHueM NOCMAGIeHHbIX 3a0ay, MaK KAaK pasiutHble
KOMNOHOBKU 3MUX CMAHKO8 NO380JSI0OM 00pabamuvléams 0emanu pasHoU ceputiHocmu, 2abapumos u Kongueypayui. B pabome
npeocmasnena Kiaccugurkayua Oemanei, mpebylowux namuocegoi obpabomxu. Paccmompenvt ocobennHocmu u pesepsvl
nosvluieHUss IPGeKkmusHocmy NnAMUOCesol 0opabdomku  vloenenHvlx munoe oemaneti. OmOeNbHO PACCMOMPEHbl Memoobl
nosvluieHuss 3QPeKmueHoCmy NAMUOCEBOt 00pabomKu demaell CIOHCHBIX Popm (muna mypOUHHBIX TONAMOK, KPbLIbYAMOK U Op.)
Ha gcex amanax obpabomku (uepHosas obpabomxa; noayyucmosas odopadbomxa, uucmosas obpabomka). Bvidenenvr momenmeoi,
KOmopvlMm cledyem yoeusimb 0co60e GHUMAHUe Npu NAMUOCEBOU 0bpabomke O0emaneil CIONCHLIX (OPM MUna MOHOKOIECO U3
MOHOTUMHOU 3A20MOBKU.

Kniwouesnie cnosa: namuocesas obpabomka; oemanu ClONCHbIX HOPM, MOHOKONECO; 8Ubpayus,; cmpameis 06padomxu.

REVIEW OF MODERN METHODS OF FIVE-AXIS MACHINING ON CNC MILLING
MACHINES OF COMPLEX PARTS SUCH AS BLISK FROM MONOLITHIC BILLET

I BONDAR™, D. KRIVORUCHK(’

Department of Manufacturing Engineering, Machines and Tools, Sumy State University, Sumy, UKRAINE

ABSTRACT At the present time, the parts of the machines are becoming more complex and precise. This requires the development
of new machining technologies. In these conditions, multi-axis CNC machining is one of those technologies. Various configurations
of five-axis machines allow processing parts of different series, dimensions and configurations. In spite of the 20-year history of
development, this approach still requires increasing efficiency in implementation to modern tasks. This article presents classification
of the parts requiring five-axis machining. Three types of parts are identified: prismatic parts;, molds, stamps; parts of complex
forms. Each of the types of parts requires different approaches to processing, different methods for improving efficiency. The features
of processing of parts of complex forms such as blisk are considered separately. In this article methods of increasing the efficiency of
five-axis machining of complex parts (such as turbine blades, impellers, etc.) at all stages of processing (roughing, semi-finished
processing, finishing) are considered. It was noted that special attention during the machining of blisk should be given:

- to the control of collisions between machine components and parts;

- to control and reduce of vibration during the machining of thin-walled parts;

- to simulation of machining on the machine;

- to productivity issues.

All listed items are detailed in this article.

Keywords: Five-axis machining, parts of complex forms, blisk; machining strategy, the trajectory of machining; vibration.

BBenenue Ha peiHKe msTHOCEBBIX — 00padaTHIBAIOIIUX
LEHTPOB IPEJCTABIEHO OIPOMHOE KOJMYECTBO MOJEJeH
B coBpeMeHHBIX YCIIOBHSX BBICOKOH KOHKYPEHIIMM  Pa3iIMYHBIX KOMITAaHOBOK, YTO ITO3BOJIAET 00pabaThIBaTh
BOIIPOCHl  TIOBBIIICHHMS  KauyecTBa  INPOW3BOAMMOW  JEeTaNM  Pa3iIMYHOM  CepuHHOCTH, TabapuToB W
MPOAYKINM W  COKpAlICHUs] CPOKOB W3roToBiieHWs  KoH(urypammu [1]. Crnemyer ydyuTHIBaTh, 4TO JIETAIN
aKTyalbHBl BO BCEX OTPacisaX MANIMHOCTPOCHHS.  Pa3iM4YHBIX KOH(QHIypauuid ¥ Ha3Ha4YeHHS TPeOyIOT
CrnemoBaTenbHO, pacTeT IOTPEOHOCTH W3TOTOBICHHUSA  PA3IHYHBIX MMOIXOA0B K 00paboTKe.
JeTaad Ha OJHOM CTaHKe (CM. puc 1) ¢ MHHMMAalbHBIM BMmecte ¢ Tem mpeicTaBiIeHHBIE Ha  PBIHKE
KOJIMYECTBOM YCTAQHOBOB, YTO 3HAYUTENBHO COKPAINAET TEXHUYECKHE pEeIICHHS, PpEealnu3ylollie MATHOCEBYIO
BpeMsl ~ W3TOTOBJICHHMA JETAIM M  CIOCOOCTByeT  00paboTKy Ha ¢pesepHbix crankax c¢ UIIY, Bce eme
NOBBIIICHUIO ee KadecTBa. llarmoceBas o0OpaboTka  TpeOyer COBEPLICHCTBOBAHUS u HOBBIILICHUS
obecrieunBaer BO3MO>KHOCTh M3roToBNeHUs: AP QPEKTUBHOCTH JUIS pealiM3allii COBPEMEHHBIX 3a/au.
NPOCTPAHCTBEHHO  CIIOXKHBIX JleTajled COBPEMEHHBIX
MaIlMH C BBICOKOH TOYHOCTBIO U KaYECTBOM.
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eab padoThI

Lenpto nanHOW pabOTHl SBISETCS pa3lIeleHue
JIeTaje, TPeOYIOIIMX ISITHOCEBOI 00pabOTKH, Ha KIIaCChI
C BBIABICHHEM OCHOBHBIX MOMEHTOB, Ha KOTOpBIE
ciegyeT oOpaTWTh BHUMAaHME, BBLIBICHHE OCHOBHBIX
TEHJCHIMI B Pa3BUTHU MATHOCEBOI 00OpabOTKH meraneit
CIIOKHBIX (opM (TMIAa MOHOKOJECO) U pPE3epBOB
MOBBIMIEHUS €€ 3P (PEKTUBHOCTH.

Kanaccudukanus aeranei, Tpedy0mux nsiTuoceBoi
00paboTKHU

IIatnoceBass o6paboTka SBISIETCS COBPEMEHHBIM

[IPOCTPAHCTBEHHO  CJIOXKHBIX u3Aenud. KommnoHoBku
MSTHOCEBBIX CTAHKOB JAI0T BO3MOXXHOCTh 00padaThIBaTh
JieTanu pa3nu4HON CEpUIHOCTH, rabapuTos,
koHOurypauuit. Ho cremyer yduTsiBaTh OCOOCHHOCTH
00pabOTKM JeTaliell pas3auyHOW KOHGHUTypalu |
MIPUMEHSIEMOCTH.

B 3aBucuMOCTH OT KOH(Urypaluu JAeTaiu,
TpeOyOIUe MATHOCEBOW 00PaOOTKH MOXKHO pa3eiIUTh
Ha TpH Tuma (puc. 2):

- IPU3MATHYCCKUE JICTaJIH;

- Ipecc-(OPMBI, IITAMITBL,

- JeTall CIOXHBIX (opM (THHa TypOMHHBIX
JIONIATOK, KPBUTBYATOK H JIP).

Paznenensl netanu TakuM o0pa3oM MOTOMY, YTO Y

TPEHIOM B MeTaio00padaThIBAONICH  KaXIOr0 M3 THUIIOB JeTalell eCTh CBOU HIOAHCHI IpU
MIPOMBIIUIEHHOCTH, obecrieunBast HIMpOKUEe  00paboTke, crocoObl  MOBBIIIEHUS  3()(HEKTHBHOCTH
TEXHOJIOTUYECKHE BO3MOXKHOCTH W3TOTOBJICHHUS  ITPOM3BOAMMOM MPOIYKIINH.

vear
'90 |91 |'92 ('93 |'94 |'956 |'96 |'97 |'98 ('99 |00 |'0O1 |'0O2 (03 (‘04 'O5 |'06 |07 |‘0O8 | — |17

Puc. 2 - Knaccugpuxayusi demaneii, mpeoyrowux namuocegou 0opabomxu

Hanmpumep, mpu o00paboTke NpH3MATHYECKHX
AeTajiell TPACKTOPUM JABWXKCHUS MHCTPYMEHTa OOBIYHO
HE XapaKTepH3yIOTCS OOJIBIION CIOXHOCTBIO, HO B
JaHHOM THIIE JieTajlell akTyallbHa MUHUMH3ALHS BPEMEHN
oOpabotkn. B HacTosmmee BpeMs AN COKpAIICHUS
BpeMeHH 00pabOTKH CYILIECTBYET MHOMKECTBO CIIOCOOOB.
Bribop ontumainbHON TpaeKTopuu 00pabOTKU — OIHO U3
MIepPCIIEKTUBHBIX HaIpaBJICHUH, AKTHBHO

pasBuBatomuxcs. Ha puc. 3 s nmpumMepa npencTaBieHo
CpaBHEHHE CTaHJApTHOM W  yCOBEPIICHCTBOBAaHHOU
TPOXOMAANbHON crparernii  oOpaboTtku. [lociemmsis
XapaKTepH3yeTcsl CIIaXXCHHBIMH TPAaCeKTOPUSIMH, YTO B
OTJIMYUH OT OCTPBIX YIJIOB B CTAaHIAPTHOI CTpaTeruu He
BJIEYET 3a COOOH IBIKEHHE MHCTPYMEHTa C YCKOPEHHEM
U KaK CIIeJICTBHE YCKOPEHHOT0 U3HOca HHCTpyMeHTa. [Ipn
00paboTKe HEpaBHOMEPHBIX IOBEPXHOCTEH (KaHABOK,
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BEICTYTIOB) JeTan c HCTIOJIH30BAHUEM
YCOBEPUICHCTBOBAHHOM  TPOXOMAAIBHOM  CTpaTeruu
o0paboTkn  obOecredymBaeTcs  IMOCTOSIHHBIA  yTOJ

HepeKpBITHS, 4TO obecrnieunBaet [2, 3]:

— JUTMTEIIBHBINA CPOK CITYKOBbI HHCTPYMEHTA,;

— BBICOKYIO IIPOU3BOIUTEIHEHOCTb.

[Mocnennsis pa3paboTKa B JTaHHOM HalpaBlICHUH —
crparerusi Vortex (cTparerust Ajsl BBICOKOCKOPOCTHOH U
MIATUOCEBOU 00paboTkn). Jlannas CTpaTerus
mpenctaBinsier  coboit  reHepamuio  CAM-cuctemoit
0COOBIX «BHXPEBBIX» TPACKTOPHH, OOECTICUNBAIOIINX
MIOCTOSTHHBIM ~ yron  mepekpeiThs. Kak  ciencrtsue,
00eCTIeYnBarOTCs CTA0MIBHBIE PEXKUMBI PE3aHMS.

Oerpse Crnaxensas

Yo Nonmas
- wnpuna

[P—— scos

nasax
o : O of

Kpyroe Noabopma

epesane yrnon Onmwue.

Noctomnas nogaa
C L O/

a) cmanoapmuas 0) ycosepuieHCmeo8anHasl
Puc. 3 — Tenoenyuu ycosepuieHcmeo8anusi co8pemeHHol
cmpamezuu 06pabomku

Hpyroii moaxonl K YMEHBUIEHUIO BpPEMEHHU
00pabOTKM — COKpalICHHE W ONTHMHU3ALUSA IyTH
TPaeKTOpUU HHCTpyMeHTa mpu oOpaborke. Tak B [4]
ONMCaH METOJ ONpeJeNeHHus IIMPUHBI  00pabOTKH
(paccuMTaHHOW Kak TIEPEeceYeHHue  DIUIUITHYECKOTO
npoduist, SIBISIONIMACS IPOEKIMEeH HIKHEH dacTu
WHCTPYMEHTa B  IUIOCKOCTh  MEPHEHAMKYJSPHYIO
HaIlpaBJICHUIO NOAA4YM) C AATBHEHIINM T'eHEpHUPOBAaHHEM
TPAaeKTOPUU WHCTPYMEHTa C MOCTOSHHOW BBICOTOM
rpedemka Uil KOHHIEBBIX ¢pe3. B nampHelmem meron
OTpeneieHns] MHPUHBI 00paboTKM OBUT YTOYHEH W

ycoBepmieHCTBOBaH [5-7]. OmHako Bce 3TH METOMBI
BBIUMCIAIOT  IMHPUHY  TOJOCHI 00paboTkH B
OINIPEJICICHHOM MeCTé Ha OCHOBE OJIHOW  TO03bI

MHCTPYMEHTA, YTO MPHUBOAUT K CYIIIECTBEHHBIM OLIHOKaM
B TpeacKazaHuu rpebemrka, Tak Kak JIBUOKEHHE
WHCTPYMEHTa JI0 U TMOCJE OINpPEJEIICHHOTO IOJIOKCHHUS
BiuseT Ha Gopmy ymansemoro marepuana. B [8] omucan
QITOPUTM, OCHOBaHHBIH Ha Ooilee TOYHOM U
pEATMCTUYHOM pacueTe HIMPHHBI ITOJIOCH 00paboTKH M
TeHEepaIMy TPASKTOPUH ISTHOCEBOro MHCTpyMeHTa. Kak
TONBKO TIO3WLMM HMHCTPYMEHTa H3BECTHBI, MOXKHO
paccuuTaTth IIHMPHHY TIIONOCH 00paboTkm (CWHAA U
KpacHas KpuBas Ha pucynke 4). IIpoanammsmpoBas
OIMPUHY TIOJIOCHI MeXaHW4eckoil o0pabotku (puc.4
(cpaBa)), MOKHO 3aMETUTh, YTO B HEKOTOPBIX PETHOHAX
TPAEKTOPHS HHCTPYMEHTA CIIMIIKOM CHJIBHO IIEpeTeKaeT B
HEOOpabOTaHHYIO 30HY, OCTABJISSI OCTATOK MaTepualia Ha
rpaHuIe, B TO BpeMs Kak B IpyruX 30HaX 3(pdeKTUBHOCTH
00paboTKM OYeHb HH3Kas (CHHAS KpHBas IIOYTH Ha

rpaHune JTUHUA Oe3 00paboTkm). DTO O3HAYAET, UYTO
YacTH TPaeKTOPHUM HHCTPYMEHTa  JOJDKHBI  OBITh
OTpPETYJIMPOBAHBI IS JIYYIIErO HCIIOIb30BaHMS IIMPHHBI
1oJ0Cckl 00paboTKM (30Ha ¢ HU3KOH APPEKTUBHOCTHIO HA
pucyHke 4), mubo Onmke K rpaHulle, YTOObI MOTHOCTHIO
00paboTaTh HEOOPaOOTAHHYIO 00JIACTH HA TPAHUIIC.

Ju1st neraneii Tuna npecc-popM XapaKkTepHO:

- U3rOTABJIMBAIOTCS M3 TBEPABIX MaTepPHAJIOB;
- K HAM BBIZIBUT'AIOTCSI BHICOKHE TPEOOBaHUS K KaueCTBY
TIOBEPXHOCTH.

I[Ipu o6pabotke QopmooOpasyromeli OCHACTKH
(HampuMep, MTaMITOB, TIpecc-GopM, TUTHEBHIX HOPM H T.
1.) 6oJbIIOEC BHIMAaHUE YACNSIOT KaueCTBY MOBEPXHOCTH,
MIPOU3BOIUTENTFHOCTH 00paboTKH, BO3MOKHOCTH
UCIIONB30BaTh 3aKaJCHHBIE MaTepuaibl. 3/1ech OYeHb
3¢ (GeKTUBHBI BBICOKOCKOPOCTHAsT 00pab0OTKa, CUMYJISIIHS
00paboTKH u BO3MOXKHOCTb aBTOMaTHUYECKOTO
OTCIIC)KMBAHMSI U3MECHEHHH B KOHCTPYKLUH HU3IEIHS WA
OCHACTKH.

I8 HeobpaboranHaa obnacte

TpaekTopua obpabotku
[Janexo ot rpaHuLy

TPaeKTopHA ABHHEHHA
MHCTPYMEHTa

06paboTkn

Puc. 4 - Ananuz mpaexmopuu obpabomxu

OcobeHHOCTH 00pa0OTKH JeTaliell CII0KHBIX (hopM
THIIA MOHOKOJIECO

Hetanu cJa0KHBIX ¢OpM THIA TYpOHMHHBIX
JIONIATOK, MOHOKOJIECA U T. J. SBISIFOTCS OJHUMH W3
OCHOBHBIX 3JIEMEHTOB JIOMATOYHBIX MAIMH, KOTOPbIE B
3aBUCUMOCTH OT B3aMMOJEWCTBHS C TIOTOKOM paboueit
cpeapl ObBarOT pasHbix THHOB (puc. 5) [9]. B
3aBUCHUMOCTH oT TUIIa JIOITATOYHOH MalInHbI )5
KOHKPETHOW KOHCTPYKIIMH pabouue Kojeca Takxke OyayT
pa3IMYHBIMH 10 KOH(HUIypamud U KOHCTPYKTHUBHO-
TEXHOJOTMYECKOMY Npu3HaKy. PasnuyarorT nBa Kiacca
pabounx Kojiec B 3aBUCHMOCTH OT KOHCTPYKTHBHO-
TEXHOJIOTUIECKOTO Ipu3HaKa (puc. 6) [10, 11]:

- paboume Koyieca, C JIOMATKAMH M JIHCKOM
M3TOTaBIMBAaEMBIMHU OTACIHHO (pHC. 6, a);

- MOHOKoOJleca, C JIOmaTKaMu u
M3rOTaBIMBAEMBIMHU KaK eIuHOE 11es1oe (puc. 6, 0).

IMCKOM

He 3aBucumo oOT Kjjacca W KOHKPETHOM
KOHQHUryparmuu pabodWx KOJeC CYIIECTBYET psif
XapaKkTepUCTHK,  BaXHBIX  0Opu  00paboTke  Ha

MSTHKOOPJMHATHOM 00pa0aThIBAIOIEM ILIEHTPE, CXOKHUX
JUTs BceX pabouyux KoJiec:
- XapaKTepU3yIOTCs CI0KHOI reoMeTpuei;
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- XapaKTEPU3YTCA 5-oceBbIMU
TPAEKTOPHSIMHU;
- XapakTepU3YIOTCS MOHIKEHHEM XKECTKOCTH B 00IacTi
TOHKOCTEHHBIX 3JIEMEHTOB JCTAJIH;
- YacTO HW3TOTaBIMBAIOTCS W3 TPYAHOOOPaOATHIBAEMBIX
MaTepHanos.

[Ipu 0OpaboTke pabounx Koyiec 0co00e BHUMaHHE
CIeyeT yAeIATh:
- KOHTPOJIO HaJ CTOJKHOBEHHMSMH Y3JIOB CTaHKa |
9JIEMEHTOB JICTAIIH;
- KOHTPOJIIO W TOHWKEHUIO BUOpammu mpu o0paboTke
TOHKOCTEHHBIX 3JIEMCHTOB IETAJIH;
- CUMYJISIIIHA 00pa0OTKU Ha CTaHKE;
- BOIIPOCAM ITOBBILIEHHS IPOU3BOIUTEILHOCTH.

CJIIOKHBIMH

Jlonaro4ynsle MAIIHHBI

MamuHbI-HCIOTHATETH

ManmunbI-IBHraTe 1IN

Kommnpeccopst | Bentmastopst Hacocsi Typouns

PaguanbHbIe

Ocesbie

Puc. 5 - Tunvi 1onamounvix Mmawiun

i

a) 0)
Puc. 6 - Knaccol pabouux xoaec 6 sagucumocmu om
KOHCMPYKMUSBHO-MEXHOL02ULECKO20 NPUSHAKA

[TatnoceBast o0OpaboTka siBisieTcss  Haubosee
aKTyaJbHBIM METOJIOM H3TOTOBJICHUS MOHOKOJEC U3
MOHOJMTHOM 3arotoBkH [12]. Texnpouecc ¢pesepoBanus
MOXKHO TOApa3fenuTh Ha Tpu 3Tama [13]: depHOBas

00paboTKa;  MOJy4UCTOBass  0OpaOOTKa,  YHCTOBAas
o0paboTka.
Ha orane uepHOBOW 00pa0OTKM 3arOTOBKU  IpU

M3rOTOBJIEHMH MOHOKOJIECA yHAIACTCS MPAKTUYECKN BECH
00bEM MeTaja M3 MEKJIONATOYHOI'O TIIPpOCTpPaHCTBA.

Taxxke Ha 95TOM OJTame, €ClM 3TO  HEeoOXOIHMMO,
BBIPAaBHHUBAIOTCS NPHUITYCKH Ha HNOBEPXHOCTSAX CHHHKH U
KOpBITA [1epa JIONATKH U IIOBEPXHOCTH BTYJIKH.

KoneuHblli pe3yjbraT 4YepHOBOM OOpaOOTKH -
3aroTOBKa C PaBHOMEPHBIM cjoeM mpuirycka [14]. Ilpu
00pabOTKe Ha TPEXKOOPAMHATHOM CTAaHKE YepHOBas
o0paboTka ME>KJIOIIATOYHOTO MIPOCTPaHCTBA
OCYUIECTBIISAICTCSl MOCJIENOBATENIBHO C JABYX CTOpOH,
Janblie HeoOXOJMMO TMOBEPHYTh NEIHMTENbHBIA THCK
CTONa  IIPHUCIIOCOONICHUs C 3aroTOBKOM Ha  Imar
CIISYIOIIeH JIOMAaTKH, ¥ IOBTOPUTH LHMKI 00paboTKU
CHavaJa HeoOXOAUMOe KOJIM4YecTBO pa3. [laTnoceBas e
00paboTKa MO3BOJISET BHIOIHUTH JaHHYIO OIEPAIHIO 3a
OOWH YCTaHOB, YeM CYIIECTBEHHO COKpPAIAeT BpeMs
obpabotku [15].

3agaveil TeXHONOra-MPOrpaMMHCTa Ha  dTame
MOJY4YUCTOBOM  00paboTkn  siBisieTcss  oOecriedeHue
TOYHOCTH  pasMepoB, (GOpM U  PACHONOKEHHS
MOBEPXHOCTEH, KaK yKa3aHO B TpeOoBaHMsIX pabodero
qeprexa.

UYucToBast 00pabOTKa SBISIETCSI OKOHYATEIbHBIM
9TAllOM W JODKHA olecriednBaTh TpeOyeMoe KadecTBO
MOBEPXHOCTHOTO CJI0s (ILIEPOXOBATOCTb U T.11.).

MeTtoabl 4epHOBOIi 00padoTKH paGo4ero KoJieca THIA
MOHOKO0JIECO U3 MOHOJIUTHOI 3ar0TOBKH

UYepnoBass o0OpaboTka paboyero Kojeca THIIa

MOHOKOJIECO U3 JIMTOW  3arOoTOBKM  MpeAIojaraer
IpOpe3Ky  MEXJIONaTOYHBIX  KaHAJOB, IIPU  3TOM
yaansercs TpakTHYeCKH Becb O00beM MeTajna u3
ME3KIIONAaTOYHOTO IPOCTPAHCTBA.

IIpenBaputenbHas  mpope3ka  MPOU3BOAUTCS
¢dpezamu  pa3IMYHOW  KOHOUTYpalMM CO  CBOMMH

JOCTOMHCTBAMH U HEJIOCTATKAMH.
OmrH U3 CcImocoOOB TMPOPEKH MEKIOMATOYHBIX
KaHAJIOB - TIpOpe3Ka OUCKOBOW (pe3oit. [laHHBIA THIT
00pabOTKM  BBICOKONIPOM3BOMUTENBHBIN.  HemocraTok
JITAHHOT'O MeToJa: HEBO3MOXHO obpabatsiBaTh
MOHOKOJIECa ¢ OO0JIBIIION 3aKPYTKOM 1mepa JOMaTKH.

Bropoii criocob - ppesepHas 00paboTKa KOHIICBOM
¢bpe3oi, JIAHHBIH METO[L SIBISIETCS Oonee
BocTpeboBaHHBIM. O0paboTKy KOHIIEBOH (pe3oil MOKHO
BBINIOJIHUTh ~ Pa3IMYHBIMH  CTPAaTETHMSAMHM:  IUIOCKas
00paboTKka IO CTpOKaM; BEpTHKAIbHOE (IUTyH)XKEPHOE
(dpe3epoBaHue).

IIpu cTpounoM ¢pe3epoBaHUN MEKIIOTIATOYHBIH
KaHam oOpasyeTcsi B CIEACTBHHM MHOT'OIPOXOJHOTO
OornbaHus JIOMATKH KOHHUYECKOW (Ppe3oil ¢ MOCTOSIHHBIM
nepeMelieHieM Mo ee BbICoTe. MeToJ CTPOYHOTro
¢dpesepoBanust obecrieunBacT 0oJiee POBHBIA  ChbeM
Marepuana, 4eM MpU IUIYHXKEPHOM (pe3epoBaHUN U
MO3BOJISICT M30€kaTh YCTYNOB Ha 00pabaThiBaeMOW
noBepxHoctu [16].

[MnymxepHoe  QpesepoBaHue  mpearojaraer
00paboTKy TOPLIEBOil MOBEPXHOCTHIO U JIBHKECHUE MOAAYH
Broib ocu ¢pesbl (puc. 8). IIpmeHeHue IUTyH)XEpHOTO
¢bpe3epoBanus (B CpPaBHEHHH CO CTPOYHBIM) IMO3BOJISCT
MOBBICHTb JKECTKOCTh W YMEHBIIUTH BUOPALMIO BO BpEMs
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mmporecca pe3aHds, TaK KaK TOBBIMIACTCS CTOWKOCTH
WHCTPYMEHTa 3a CYeT TOro, YTO OCHOBHOE YCHIIHE
pe3aHus HaIlpaBJIeHO BIOJIb OCH MHCTpyMeHTa [16]. Kak
CJICJICTBHE — IMOBBIIIACTCS MPOU3BOIUTEIBLHOCTD, TaK KaK
MOBBIINICHHAs ~ CTOWKOCTh ~ HMHCTPYMEHTAa  IO3BOJISIET
IMOBBICUTH IOJAYy A0 MAaKCUMAJIbHO BO3MO>KHOM JJIA
KoHKpeTHoro crtanka [17, 18]. Hemoctratkom maHHOrO
MeToja  sIBIIeTCsl  OoJiee  BBICOKOE  3HAYCHUE
MEXCTPOYHBIX  TpEOCIIKOB, YeM CTPOYHOM
¢dpezepoBanum [18].

npu

Puc. 7 - IIpopeska medxcionamoynvix Kanaios 0cesvlx
MOHOKOJIeC OUCKOBOTU (pe3oil:
1 — duckosass modynvras gpesa;
2 — MOHONUMHASL 3a20MOBKA.

Onun u3 croco6oB MOBBILIEHUS
MIPOM3BOANTEIBHOCTH  TPOPE3aHUs  MEKJIOMATOYBIX
KaHaJIOB M3 LENbHOM 3aroTOBKH SIBIISICTCS NPUMCHEHHE
KOJIBIICBOTO HMHCTPyMEHTa (MHCTPYMEHTa B BHJE Tena
BpAaIllCHUs, HMMEIOIET0 BHYTPEHHIOI  IOJOCTh, C
PEXKYIIMMH KPOMKaMH, PACIIONIOKESHHBIMH HA HapY>KHOIA,
BHYTPEHHEH W TOpLEBOW dacTh HMHCTpyMeHTta) [9]. Ha
llaHHLIfI MOMECHT HUCCIICA0OBAHbI HECKOJIBKO THUIIOB

KOJIBIIEBBIX HHCTPYMEHTOB, KOTOPHIC MOTYT IPUMEHSATHCS
JUISL TIPOPE3aHHsT MEXKIIONIATOUBIX KaHAIOB MOHOKOJIEC!

- KoJIbIIeBast (pesa;

- KOJIbIICBAS TTHJIA;

- YallleuHbIil amMa3HbIi KpyT.

Puc. 8 - IInynowceproe gpezeposarue mMexrcionamoyrozo
xauana [18]:
1 — medicnonamounwiii Kanan 6 Havaire 0OPaboOmKiL;
2 — MedHCIONamouHblll KAHA 8 KOHYe 00pabomKu

Puc. 9 - Hozpewrocms popmoobpazosanus

MEINCTONAMOUHBIX KAHATI08 KONIbYEGIM UHCIPYMEHMOM.
1 — meopemuueckuil npoghuns nepa 1onamxu;
2 — yoanenuwvili 00bem Mamepuaia MexicionamoyrHo2o
Kauana,
3 — cnotl npunycka;
4 — croti memanna, 06PA306AHHBLIL U3-30 NOSPEULHOCHIU
gopmoobpazosanus.

B nporniecce 06paboTKN OTMeUaeTcsT 3HAUNTETbHAS
MOTPemrHoCTh  (opMooOpa3oBaHus O,  TPUIHHOU
BO3HMKHOBEHHSI KOTOPOW SIBIISIETCS HECOOTBETCTBHE
npodmirs Jomatok u (HopMooOPa3yoMmEero KOIbLIEBOTO
uHCTpyMeHTa (puc. 9) [19]. YMeHbImaeTcs MorpenrHocTb
MyTeM T000pa ONTHUMAJBbHBIX MapaMETPOB PEXYILIETO
WHCTpyMEHTa (MakCHMallbHasi ¥ MWUHHMMAaJIbHasl IIMPHHA
peKylled 4YacTH, IuaMeTp HWHCTPyMEHTa M TiIyOuHa
BHYTpEHHEH TIOJIOCTH) B 3aBUCHMOCTH oT
TEOMETPUYECKHX MapaMeTpoB MOHOKojeca. Takxke
ClIelyeT OTMETUTh, YTO MaKCHMAJIbHO TPHOIMKEHHYIO K
TEOPETHUYECKO (opMe MEKIIONATOYHOTO KaHaja MOXKHO
MOJTYYNTh TP YBEIMYEHHHM  KOJMYECTBA  OCEH
YOpaBJICHUSA, CIENOBATEIbHO, IIATHOCEBas 00paboTKa
MTO3BOJISIET YMEHBIIIUTE TOTPEITHOCTE (POPMOOOPA30OBAHUS
0  CPaBHEHMIO C  TPEXOCEBOW W  SBIISETCA
npeanoyTuTenbHoii. OOUMH W3 TJIABHBIX HEIOCTATKOB
JIAHHOW  TEXHOJIOTMM  OOpabOTKM -  OTCYTCTBHE
aBTOMATU3UPOBAHHBIX METOJUK YIpaBIICHUS ABHKEHUEM
KOJIBIIEBOTO WHCTPYMEHTa, a pPYYHOH pacuer OYeHb
TPYIOEMKHIA. ABTOMaTU3UPOBAHHBIC METO/IMK!
coBpemeHHbIXx CAM-cucreM crocoOHBI  paccyMTarh
TPAaEKTOPUIO JABIKEHUs HMHCTPYMEHTa C  BHEIIHEH W
TOpLIEBOU pexyien YacTho. CrieoBatenpHo,
HEOOXOAMMO MPOM3BECTH JOIOIHUTEIBHBIE TOCTPOCHHUS,
qTOOBI CHCTEMa Y4YMTHIBAJAa BHYTPEHHIOI DEXYIIYIO
JaCTh.

MeToabl NOHM:KEHUSsI BUOpaMu IpH 00padoTKe
TOHKOCTEHHBIX 3JIEMEHTOB MOHOKOJIECA

Ilpu Qpe3epoBaHUM TOHKOCTEHHBIX DJIEMEHTOB
JieTaned, TakuX Kak KOMIIPECCOPHbIE JIONMATKH Ha
MSTHOCEBBIX  00pa0aThIBAIOIIMX LEHTPAaX OJHOH U3
OCHOBHBIX NpoOJIeM sBJIsI€TCS BUOpalus, KOTOpas
BO3HHMKAeT BCIIEACTBHE HHU3KOW JKECTKOCTH JIOIIATKH,
HU3KOH KECTKOCTH IATHOCEBOIO CTaHKa 110 CPABHEHHMIO C
TPEXOCEBBIM TaKMX K€ TabdapuTOB M  CHW)KEHHE
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s)kectkoctd CITM]L crcTeMbl B IICIOM H3-3a €€ CJIOXKHOM

MIPOCTPAHCTBEHHON KOH(UTyparmu [1, 20].
Bosnukaromiass BUOpaiysi OTPHLATE]IBHO BIHSET Ha
KaueCcTBO  0Opa0OTaHHOM  IOBEPXHOCTH, TOYHOCTH

U3TOTOBIICHHSI, MOXET IPHUBECTH K OOpPa30BaHUIO Ha
00paboTaHHOM MOBEPXHOCTH Ae()EKTOB W MOpYE JIETajH,
CHIDKEHUIO d(pQeKTuBHOCTH 00paboTku [21].

OnuH U3 METOZOB OHIKEHUs BUOpallMy Ha dTare
MOJYYNCTOBOM ¥  YHCTOBOM  00OpabOTOK  sIBIsIETCS
npuMeHeHne JeMndupyomux cped.  Jdemmndupyroras
cpena, KOTOpast 3aMoJHAET MEKJIOATOYHOE
MIPOCTPAHCTBO 00pabaThIBaCMbIX MOHOKOJIEC,
cnocoOctByert [9, 22, 23]:

- TMOBBIIMICHUIO JKECTKOCTH TOHKOCTEHHOTO 3JIeMEeHTa
JIeTaIu;

- YMCHBIIAET 3HAYEHHE OTKJIOHEHHS TOHKOCTEHHOTO
JJIEMEHTa JETaM OT IOJIOXKEHHsI PaBHOBECHS B MOMEHT
pe3anus Gpe3oit;

- 3¢ hekTuBHOMY 10/IaBJICHUIO KoyieOaHui
TOHKOCTEHHOTO 3JIEMEHTa JIETAJId BO BPEMS XOJOCTOTO
X013, MEXy IByMs pe3aM1 COCEIHUX 3yObeB (hpe3bl;

- MOBBIIICHUIO KayecTBa 00pabOTaHHOM MOBEPXHOCTH.

Jnst OLIEHKU 30H YCTOWYUBOCTH K
aBTOKOJICO0aHUIM MIPUMEHSIOT TaK Ha3LIBaEMBIE
«JIETIECTKOBBIE  JTHArPaMMBbD) (puc. 10) [24],

OIIpeZIeTsIEMBIE PACUYETOM MJIsi JAHHOTO HHCTPYMEHTa U
TEXHOJOTMYECKOH  CHCTEMBI. Wndopmanus o
HecTaOMIIbHBIX (30HBI HaJl KPUBOW) M CTAOMIIBHBIX (30HBI
O] KPUBOI) 00JaCTAX IMO3BOJISET ONpPENeNUTh IIyOuHY
pe3aHusi B COOTBETCTBUM CO CKOPOCTHIO BpalleHHS
LIMUHIENS, [PU KOTOPOM TEXHOJOTHMuYecKas CHCTeMa
Oyzner BuOpoycroiuuBoi [25, 26]. OgHaKo, qrarpaMMbI
CTaOMIIBHOCTH HE TTOCTOSIHHEI B ITpoliecce 00paboTKH, T.K.
1Mo Mepe YAIEHUs TNPHUIyCKa HM3MEHSIOTCS U
JUHAMHWYECKUE yCIOBUs pe3aHus [27].

Ha monmxenne BuOpamum TpH TSATHOCEBOI
00paboTKe MOXKHO TIOBIUATH TIPH TIOMOIIM BBIOOpA
WHCTpYMEHTa momxoxasmeir reomerpru [24]. Tak, Gonee
KECTKOW M TIpo4HOi Oynmer ¢pe3a ¢ OoJbIIMM
JMaMEeTpoM,  CIIeIOBAaTeNIbHO,  HYXXHO  BbIOMpaTh
MaKCHUMAaJIbHO BO3MOXHBIH auamMeTp (pe3bl HUCXOIs U3
reoMeTpur oOpabaThiBacMOW jgetanu. Ecim auaMeTpbl
OJIMHAKOBHI — O0JIee BUOPOYCTOWYHB Oy/IeT MHCTPYMEHT C
OOJIBIIMM  KOJIMYECTBOM 3YObEB, HO C YBEJIMYCHHEM
KOJINYeCTBa 3yOBbEB YXYIMIAETCS OTBOJA CTPYXKKH, 3TO
TOXeE CJEIyeT yYUThIBaTh. B nmamnazoHe BOSHUKHOBEHHMS
pereHepaTHBHBIX aBTOKoeOaHuit 3¢(dekTuBHEIM Oyaer
npuMeHeHne ¢pe3 ¢ 3yObsMH, 3aTOYCHHBIMHU I10 3aTHEH
MTOBEPXHOCTH, (Ppe3 ¢ MepeMEeHHBIM Iarom 3yoneB [29],
(dpe3 ¢ pasHuIeil B yriiax HakJoHa cOCceIHUX 3yObeB [30].
PeFeHepaTI/IBHBIe aBTOKOJ€0aHNS BO3HHUKAIOT TOJIBKO B
OIIPE/ICTICHHOM JIMana3oHe YacTOT BPALICHUs IIITHH/EIS.
Ecmu ompenensironiee  cootnomeHne(OC) - OTHOIICHUE
BPEMEHU pe3aHusi OIHUM 3yOoMm (tpe3) K mepuoay
COOCTBEHHBIX KOJIGOAHWH dJIEMEHTa 3aroTOBKU WIIU
TexHooruueckoi  cucremsl  (Tcks), HaxomuTcs B
JauanasoHe oT | g0 7, TO BO3HUKAIOT pereHepaTHBHBIE
aBTokonebanmsa. Ecmu OC He HaxoguTcs B 3TOM
JMana3oHe, BO3HUKAIOT BBIHYXKICHHBIC KOJNEOAHUS U

MIpUMEHEHHE HECHMMETPUIHBIX ¢bpe3 Oyner
HedQPEKTHBHO M MOXET NPUBECTH K BO30YKICHHIO
JIOTIOJIHATENIbHOW ~ HEYPAaBHOBEIIEHHOCTH  Mpoliecca
o0pabotku [31].

nstable Region

Depth of

Stable Region

spindle Speed

Puc. 10 - Tunuunas nenecmrosasn ouazpamma
cmadunbHOCmu

CtpaTterus o0padoTkn

[Ipu nsTHOCeBOl 00pabOTKE MOHOKOJIEC BBUILY HX
CIIO)KHOH  TOHKOCTEHHOW  TOBEPXHOCTH,  Y3KOTI'O
MEKJIOIIATOYHOTO IIPOCTPAHCTBA, BCE €IIE€ €CTh MHOTO
po0JIeM C TOYHOCTHIO, KAYeCTBOM M 3(PPEKTUBHOCTHIO
00pabotkn. OOpaboTka YCIOBHO TOApa3fcisieTcs Ha
00pabOTKy JOMAaTKH, MEXJIOMATOYHOTO TIPOCTPAHCTBA
(cTymmim), paccekaTenss W CBS3YIOMIMX WX SJIEMEHTOB
(banpaka W ckpymieHus Jomatku) (cMm. puc.11).
OCHOBHBIMHU CTpaTerusMu 00pabOTKU, pealn3yeMbIMH B
coBpemeHHbIx CAM-cucremax, uisi 00pabOTKH SIBIISIOTCS
IIPOEKIMS TTOBEPXHOCTH (st 00paboTKH
MEKJIOIIATOYHOTO MPOCTPAHCTBA) U «OOKOM (hpe3bD» (st
o0paboTku  JlomaToKk  Koyeca  Kommpeccopa)  [32].
Henocrarok cTparernii — 60J1b110i1 BBIJIET HHCTPYMEHTA U
3ape3bl W TpedyeTcsi KOPPEKTUPOBKA  IIPOrPaMMBI
BpyuHyto. OOmuii cMBICI peNaKTUPOBAHUS JTAHHOW
CTpaTeruu 3aKIFOYaETCs B TOM, YTOOBI
MIEPEOPUEHTUPOBATE OCh HMHCTPYMEHTa MOCEpPEIUHE
MEXXIJIOIATOYHOTO  MPOCTPAaHCTBA M TEM  CaMbIM
YMCHBIIUTH BBUICT (bpe3l)1 N HUCKIKYUTh BO3MOXHOCTH
3ape3oB. Knaccuueckuil MeTo pelieHus NaHHOW 3ajadu
TpeOyeT OT MHKEeHepa-pOrpaMMHUCTa TITyOOKHX 3HAHUH B
MSITHOCEBOH 00pabOTKEe, YMEHHSI CTPOHMTH CHPABOYHBIC
IIOBEPXHOCTH B CAD CUCTEME. Bpems
NPOrpaMMHUPOBAHUSI MOXET 3aHUMATh OT HECKOJBKHX
YacoB JO HECKOJIBKMX JHEH (B 3aBUCHMOCTH OT
CIIO’KHOCTH HM3JICITHS).

Bonee COBPEMEHHBII METOL
IIPUMEHEHHE MOJYJII «MOHOKOJIECO», JMOCTYITHOIO B
coBpemeHHBIX CAM-cuctemax. C  HUCHONB30BaHUEM
JAHHOTO MOJYJIi HHXEHEP-IPOrPaMMHUCT  BBIOMpaeT
TEOMETPUIO,  ONpPEACIAIOUIYI0  MOHOKOJIECO  WIIH
KpBUIBYAaTKy B OTHAEJbHbIE HAOOpBl [aHHBIX; 3aJacT

00paboTKH-
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BEIMYMHBl T[NIyOMHBI ¥ IIMPUHBI PE3aHUs, CIIOCO0
HakioHa  ¢pe3sl  (aTaku). Hanee  mporpamma
ABTOMATHYECKH OIPE/eIsIeT YroJl HaK/IOHA MTOBEPXHOCTEH
JIONIATOK, O00pa3yromMX MEXKJIONacTHOE IPOCTPAHCTBO,
YTO TMO3BOJISIET CO3/1aTh TPACKTOPHIO 0€3 pa3pbIBOB, YTO
SIBJISIETCSI B&YKHBIM TIPH 00pabOTKe MOHOKOJIECA, TaK KaK B
HEKOTOPBIX CITydyasiX BEpPTHKaJIbHOE BpE3aHHE B MaTeprall
(BO3HMKaET M3-3a pa3pbIBa TPACKTOPUH) HE JOIMyCTHMO. B
JTAHHOM MojyJie 00paboTKa JIOIaTOK BEAETCS BEPIIMHON

¢pe3pl, YTO  CHEUUATBHO  HPETyCMOTPEHO Ui
(¢pe3epoBaHUs]  TMPOYHBIX  CIUIABOB,  OJHAKO IS
¢pezepoBaHust  OOKOBBIX  IOBEPXHOCTEH  JIOMIATOK
MOHOKOJIECA, W3TOTOBJICHHBIX, HarpuMmep, u3

AIOMUHHUEBBIX CIUIaBOB, Oonee d¢ddexrtuBHON Oyner
00paboTka OOKOBBIX TOBepxHOCTeH OokoM ¢pessl. Ilo
CPaBHEHHUIO C KJIACCHYECKUMH CTpaTerusiMu 00paboTKu
NPUMEHEHNE MOJIYJsl «MOHOKOJIECO» COKpAaIlaeT Bpems
NporpaMMHUpPOBaHus OoJee yeM B JiBa pasa [32].

Crynuua Nonarxa

Bangax

Puc. 11 - Cxema obpabomku monoxoneca
BriBoabl

Paznuune xoHpuUrypauuii ¥ NpPUMEHSIEMOCTH
Jeraneil TpeOyeT pa3iuYHbIX MOJXOJ0B K X 00paboTKe.
B 3aBucuMocTH OT KOH(UIypanu¥ BBIIEIECHO TPH THIIA
JeTaneil: nmpu3MaTW4ecKue JAeTanu;  npecc-(hopMsl,
LITAMIIBI; JETali CIOXKHBIX (GOpM (THMa TypOWHHBIX
JIOIIATOK, MOHOKOJIEC U JIp).

Jeransm mnpu3MaTHdeckodl KOHQUrypamuu He
CBOWCTBEHHBI CJOXXHBIC TPAGKTOPHH, HO aKTyajbHa
MHUHHMMH3anus BpeMeHn oopabortku. Jleranu Tuma mpecc-
(hopM HacTO M3rOTABIMBAIOTCSA M3 TBEPABIX MATCPHAJIOB,
IIPU WX W3TOTOBJICHWM OONBIIOE BHUMAHHWE YACISAIOT
KadeCcTBY IMOBEPXHOCTH. JleTamm cnoxHBIX (Gopm (THma
TYpOUHHBIX JIONATOK, MOHOKOJIEC U JIP) XapaKTePH3YIOTCs
CJIOKHOM reoMeTpuei; CIIOKHBIMU 5-0ceBBIMU
TPaeKTOPUSIMU; TIOHM)KEHHEM IKECTKOCTH B 00JacTu
TOHKOCTEHHBIX 9JIEMEHTOB JIeTaIu; 4acTo
U3TOTaBJINBAIOTCS u3 TPYyAHOOOPadaTHIBAEMBIX
MarepuanoB. IIpn o0paboTke Kaxaoro THIa JaeTajel
HEOOXOJIMMO YYMTBHIBATh BCE HMX OCOOEGHHOCTH W
MIPEbSBISIEMbIE K HUIM TpeOOBaHMS.

IIpn ¢pe3epoBaHMN TOHKOCTEHHBIX 3JIEMEHTOB
JeTayel, TaknX Kak KOMIIPDECCOpHBIE JIONAaTKh Ha

MATHOCEBBIX  00pabaTHIBAIOIITIX
OCHOBHBIX TpoOJIeM SABISETCS BUOpalus, KoTopas
BO3HHMKAeT BCIIEACTBHE HHU3KOW JKECTKOCTH JIONATKH,
HU3KOW KECTKOCTH ISATHOCEBOTO CTaHKA [0 CPABHEHHUIO C
TPEXOCEBBIM TaKuUX JK€ TadapuToB H  CHH)KEHHE
xectrkoctu CIIM]] cuctembl B 1IeJIOM U3-3a €€ CIOKHON
MIPOCTPAaHCTBEHHOW KOH(UTYpaLuu

B cumy Toro, uro BHOpOYCTOHYMBOCTH mHporecca
(bpe3epoBaHus 3aBUCHT HE TOJILKO OT PEXXHUMOB PE3aHMs,
HO W OT JXECTKOCTH TEXHOJIOTHYECKOH CHCTEMBI B
TEKyIIEM €€ COCTOSHWH NEpCIEeKTHBHBIM HalpaBisieM
sBisiercst pazpadorka CAM cucrem, CIIOCOOHBIX eIe Ha
CTaI¥ TPOEKTUPOBAHM 00pabOTKH CIIPOTHO3UPOBATH H
ydecTs JegopMannio W BHOPAIIMOHHOE COCTOSIHUE
TEXHOJIOTUYECKON CHCTEMBI, BHOCS, HAIPUMED, MTONPABKU
B TPACKTOPHIO HHCTPYMEHTA M PEXKHUM PE3aHUsI.
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