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PaCCMOTpeHa aKTya/IbHaA npo6neMa M3HOCAa pEXyLEro NMHCTpyMEeHTa IIpu MeXaHN4YeCKOM
06pa60TKe COBPEMEHHDBIX KOMIIO3MIIVIOHHBIX MaTE€pUNalOB. V[CC)’[CI[OBaHI/Ie HallpaB/JI€HO Ha
KOMIIZIEKCHOE M3y4Y€HUE B3aMIMOCBs3eN MEXny (l)I/I3I/IKO-MeX3HI/I‘{eCKI/IMI/I CBOJICTBaMM 00-
pa6aTbIBaeMOI‘0 MaTepuana, TeOMETPUIECCKUMN TIapaME€TpaMI PEXYIIETO MHCTPYMEHTA U
XapaKTE€pOM €Tro M3HOcCa. Ocoboe BHUMaHIIE YAEIEHO aHa/INn3y IpOoIeCCOB, BO3HMKAOIINX
npn ('bpe3epOBaHI/II/[ CTEKJIOIVIACTMKOB, KOTOPbI€ ITPEACTAB/IAIOT 3HAYNTE/IbHYIO CIIOKHOCTD
IJIsT MeXaHUYeCKO O6pa6OTKI/I 13-3a aHN30TpoImn " HeOI[HOpO,HHOﬁ[ CTPYKTYPhbI. Brimorn-
HeH MHOTOACIIEKTHBIN aHaIn3 (l)aKTOPOB, BANUAIONINX HAa CTOMKOCTD peXymnx MHCTPYMEH-
TOB pPa3HbIX MapoOK. MCCTIC)IOB&HI)I IIPOYHOCTHbIE XapaKTEPUCTVKM KOMIIO3MIIMOHHOIO
MaTtepuaiia, a6pa3MBHOCTb ApPMIUPYIOINX KOMIIOHEHTOB I TEPMUYECKNE ABJICHNA B 30HE pe-
3aHMA. BeImTomHeHBI CpaBHUTE/IbHAA OLE€HKAa Pa3/IMYHbIX TUIIOB MHCTPYMEHTA C M3HOCO-
CTOMKUMMU TIOKPBITUAMM M aHA/IN3 MEXaHM3MOB MX Pa3pylICHNA. HpI/IBe,HeHI)I pe3ynpbTaThl
BU3Yya/IbHOTO Ha6}'[IO]_I€HI/IH 3a IIOBE€OECHMEM l'IO)'[I/IMepHOI‘/'I MaTpHuLbl IIpU TEPMUIECKOM BO3-
IEeCTBUM U 3a MOCTAEACTBUAMM HaIUIIAaHUA CTPY>XKHM Ha PEXYIIYyI0 KPOMKY. YcraHnoBneHbt
OCHOBHbIE 3aKOHOMEPHOCTU, OIIpE€AECIIAI0IMNE MHTEHCMBHOCTD M3HOCA PEXYIINX KPOMOK.
[TokaszaHo, 4TO HPO6)’[eMbI CTPY>XXKOYyAa/neHnsA " TEIVIOIIEpefavn OTpaHN4INMBaAIOT CTOMKOCTbD
pexXymero MHCTpyMEHTa IIpU pa60Te C KOMIIO3MIVIOHHBIMN MaTe€puaiaMu. HO)IY‘ICHHbIe
JaHHbIE€ ITO3BOINIIN C(bOpMY}'II/[pOBaTb IIpaKTNYIECKNE€ pEKOMEHJalIUN I1I0 BbI60pY PEXyHEro
VMHCTPYMEHTA M ONTUMHM3aLINM PEXVMOB O6pa6OTKI/I. P€3y}IbTaTbI NCCIEJOBAaHUA MMEIOT
Ba)KHO€ 3HaY€HME [JIs1 COBEPIICHCTBOBAHMA TEXHOJ/IOTMYECKUX ITPOLIECCOB MeXaHNYeCKOM
06p3.60TKI/I KOMITIO3MIIMOHHBIX MaT€puajioB I MOTYT ObITH IIpUMEHEHDI B IIPOM3BOJCTBEH-
HBIX YCIIOBMAX M1 IIOBBIIIEHNA OHepaL[VIOHHOﬁl Q(l)q)eKTI/IBHOCTI/I " CHIVDKEHMA 3KCITyaTa-
IIMOHHDIX 3aTpar.

EDN: APHNIF, https://elibrary/aphnif
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The article discusses the actual problem of cutting tool wear during machining of modern
composite materials. The research is aimed at a comprehensive study of the interrelation-
ships between the physical and mechanical properties of the processed material, the geomet-
ric parameters of the cutting tool and the nature of its wear. Special attention is paid to the
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analysis of processes occurring during the milling of fiberglass, which present significant
difficulties for mechanical processing due to anisotropy and heterogeneous structure. In the
course of the work, a multidimensional analysis of the factors affecting the durability of
tools of various brands was carried out. The role of strength characteristics of a composite
material, abrasiveness of reinforcing components and thermal phenomena in the cutting
zone is investigated. The experimental part includes a comparative assessment of various
types of tools with wear-resistant coatings and an analysis of the mechanisms of their de-
struction. Of particular interest are observations of the behavior of the polymer matrix un-
der thermal action and the consequences of chip sticking to the cutting edge. The key pat-
terns determining the intensity of wear of cutting edges are established. The main factors
limiting the durability of cutting tools when working with composites are identified, among
which are the problems of chip removal and heat transfer. The obtained results allow us to
formulate practical recommendations on the choice of cutting tools and optimization of
processing modes. The presented conclusions are important for improving the technologi-
cal processes of mechanical processing of composite materials and can be applied in pro-

duction conditions to increase operational efficiency and reduce operating costs.
EDN: APHNIF, https://elibrary/aphnif
Keywords: cutting modes, cutter wear, carbide end mills, composite materials and polyure-

thane

B coBpemMeHHOM NPOM3BOJCTBE HAOMIOAETCS aK-
TUBHOE pACIpPOCTPaHEHNEe PA3TNIHBIX BUIOB
KOMIO3uIMOoHHbIX MarepuanoB (KM). Bonbuias
vqacTh msgenuit u3 KM 6n1mska mo ¢opme K roro-
BBIM JIETa/IsIM, OJHAKO HEKOTOpbIe U3 HUX TpeOy-
I0T JIOTIO/IHATE/IbHOV MeXaHU4eCKoil 00paboTKM.
B cBsi3M ¢ 9TUM MCCIenOBaHMe BAUSHUS CBOWICTB
obpabaTbIBaeMOro Matepuaaa Ha M3HOC pexylle-
ro uHcTpyMeHTa (PV) sBnsercs ocHOBHBIM (ak-
TOPOM [Isl ONITUMU3ALNY TEXHOTOTMIECKUX MPO-
IIeCCOB MeXaHM4YeCKoil 00pabOTKM COBpeMeH-
HbIx KM.

KM — ou4eHb C/IOXKHBIN TUI Marepuana Jyis
nm1060r0 BMa MeXaHU4ecKoi oopabotku. braropa-
Pl BBIpQ)KEHHOJ aHM30TPOINMM CBOJICTB, a TaKXe
HEOIZHOPOJHOCTU CTPYKTYPbI OHU TPeOYIOT CIIel-
apHOrO PU [1-3]. Pexxymuit MHCTPYMEHT HO/DKEeH
0671a71aTh M3HOCOCTOMKVM ITOKPBITHEM, ITO3BOJIA-
IOIIMM YBEIMYUTD CTOMKOCTb PEXYILeln KPOMKMU
[4-6]. Ocoboe BHUMaHUE CTIeAyeT YAEIATh BBIOOPY
TaKUX TeOMETPUYECKMX IapaMeTPOB PexyIiei
KpOMKI [7-12], Kak yron mogbemMa COMpany, Io-
maab pabodeil MOBEPXHOCTM 3yba M IepesHMIt
yroin. B COBOKYITHOCTY 9TU IapaMeTpsl II03BOJIAIOT
HpOAIUTh CPOK Cmyx6bl PU [13, 14] u momyuursb
IIOBEPXHOCTY BBICOKOTO KauecTBa 6e3 HapyLIeHNs
CTPYKTYPHOIJI 1I€IOCTHOCTY 00pabaThiBaeMOro Ma-
tepuana [15-18].

Bei6op pe>xuMoOB pe3aHysi CYLeCTBEHHO BINSA-
eT Ha KauyecTBO IIOTy4aeMOJl IIOBEPXHOCTH, a TaK-
e Ha cKopocTtb usHoca PY [19-21]. Ot cmocoba
3aKperuieHusi 0OpabaThIBaeMONl [eTamu 3aBUCST
TOYHOCTD €€ pa3MepOB ¥ BO3MO>KHOCTb BO3HUKHO-
BeHMsI BuOpaumii, KOTOpble HEraTMBHO CKa3bIBa-

1oTCs1 Ha croiikoctu PU [22-24]. Kpome Toro, cHI-
3UTh TEIUIOBOE BO3JE/ICTBME KaK Ha PEXYIIYIO
KPOMKY, TaKk 1 Ha obOpabaTbIBaeMblil MaTepual,
IIOMOXKeT IPaBMWIBHO MOJOOpaHHas cCucreMa
oxnakgenns [25-28].

Ilenp paboTbl — oOIpefeNieHNe 3aBUCUMOCTI
xapakrepa m3Hoca PVl oT ¢usmKo-MexaHMYeCKNX
coiictB KM 1 reomerpuyeckux mapaMeTpoB pe-
JKYyILell KPOMKMU.

[TogpobHO uccmenoBanbl (HUNKO-MeXaHUIeC-
KMe CBOJiCTBa 0OpabaTblBaeMOro MaTepuaia, JC-
XOfIsl U3 KOTOPBIX BbIOpaHa cTparerus 06paboTKu.
[/t onipenenenysi HPUYMH U3HOCA TIPOBEEHO UC-
CTIef[OBaHIe PEeXYIeil KPOMKM MCIIBITYeMbIX KOH-
neBbIX ¢pe3. Ha ocHOBaHMY NOTYy4YeHHBIX JaHHBIX
BBIABJIEHBI 3aBMCMMOCTM Xapakrepa usHoca PV, a
TaK)Ke TeOMeTpUYecKie IapaMeTpsl Pexylei
KPOMKM, BIMAIOIIVE Ha CTOMKOCTb PJI.

O6bexThI M MeTOABI MccnegoBaHua. O6pabarel-
BaeMbIM MaTepuajaoM BBIOPAaH CTPOMTEIbHBIN
IIBe//IEP, M3TOTOBIEHHBINI METOJOM IIyITPY3UIL.
HanonHutenem  ABIANOCh — BBICOKOMOJY/IbHOE
CTeK/IOBOJIOKHO, MaTpulieli — MOIMypeTaHOBOe
cBasywollee. B kadectse PV BbicTynanm KoHIleBble
¢pessr  P0801060002500D00 ¢upmer AXIS n
870060.0 kommauuu SECO (puc. 1).

O6e ¢pesbl framMeTpoM 6 MM, BBIITOJTHEHHBIE U3
TBepporo crasa WC-Co ¢ IOKpbITHEM U3 ION-
KPMCTA//IMYeCKOTO a/iMasa, — paIlNuIbHble. Tum
XBOCTOBMKa 00enx ¢pe3 — LMIMHAPUYECKNUIL.
Y dpesst dupmbr AXIS monmHas gaMHA M IIMHA
pexxy1iert yacTu paBHbI 60 1 25 MM, y ppe3bl KOM-
nanuy SECO — 65 1 18 MM COOTBETCTBEHHO.
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Puc. 1. BHeurHmit Bup KOHIIEBBIX ¢pe3
P0801060002500D00 ¢pupmsr AXIS (a)
n 870060.0 xommanuu SECO (6)

[Tpu uccnenoBaHNM MCIIOIb30BAHBI C/IEAYIOLIVIE
METOJIBI: TUIPOCTATIYECKIE VICHBITAaHNA IJIS OIIpe-
[e/IeHNs] IUIOTHOCTU MaTepuasa; MCIbITAaHWUA BbI-
KMTaHMEM I HaxoXpeHusa KoapduiueHTa ap-
MUPOBaHMsA; OIpefieNieHre TBeppocTy o bapkory;
AMHAMMYECKUII MeXaHM4eckuit aHamms u pudde-
peHIManbHO cKaHmpywomas kanopumerpus (ICK)
IUIA HaXOX[EHUA TEeMIIePaTypbl CTEKTOBaHUA IO-
JINYPETaHOBOTO CBA3YIOLIEr0 1 KOo3pduimeHTa
TEIVIOEMKOCTY  CTeK/IOIIACTMKA;  BU3Ya/IbHBbIIl
OCMOTp C IOMOIIbIO 00OPYAOBaHMA A/ MaKpo-
CbeMKJ; M3MepeHNUe TeMIIepaTypbl C IIOMOIIbIO
nudposoro rermnosusopa FLIR C5.

OKCIepUMeHTaIbHAA 4acThb. VICIbITaHNA IIPOBO-
ounu Ha TpexoceBoM ctanke BEAVER. 3arorosky,
M3TOTOBJIEHHbIE U3 IIBe/IePa, YKIafbIBaIM Ha
nof10KKy. O6pabaTbiBaeMblil MaTepuan (UKCK-
POBA/IM C TOMOIIIBIO CTATbHBIX MPYDKIUMOB 1 KIeTi-
KOVl JIGHTBI, NpeJHa3HaYeHHON I CHIDKEHUA
BubOpanmit. OxnakpeHne ¢pesbl OCYIIECTBILANN
nyTeM oOfyBa BO3yXOM IIOJ AaBjeHueM. Ilepso-
Haya/IbHble PEXMMBI pe3aHusA MOfOMpanu C yde-
TOM PeKOMEH/IalIMil IPOM3BOUTENIA U Bufia 06pa-
6aTpIBaeMOro mMartepuana (B COOTBETCTBUM C KIac-
cudukanmeit marepmana TS3 — Thermosetting
glass-fibre composites).

Vicxonst M3 XapaKTepUCTUK CTaHKa, a TakKe
JaHHBIX, TIOJYYEHHBIX B pe3y/lbTaTe KCIIepUMEH-
Ta, BBIOpAHBI CIEAYIOLe PEeXXVMBI Pe3aHMA: CKO-
pocTb pe3anus v. = 113 M/MuH; nogava Ha 3y6 S, =
= 0,01 MM/3y0; yacToTa BpallleHNsA IINVHAENA 1 =

= 6000 Mmua"; MUHYTHad nopava vy = 600 MM/MuH;
mypKuHa pesannss — 6 MM (¢ppesepoBaHue B Ias);
ITyOuHa pe3aHus — 6 MM.

Cpenunit koo duieHT HaNONMHEHUS OIpene-
JIAMM TyTeM BBDKWUIAQHMA, @ CPEJHION IUIOTHOCTD
CTEK/IOIIACTMKA — C IIOMOLIBIO I'MIPOCTATUYECKO-
ro ucnbitanus. I1o pesynpTaTaM TeCTMpPOBaHMs Ha
tBeppocth 1o 'OCT P 56761-2015 (Metop, ompe-
Ie/IeHNs TBEPAOCTH IO Bapkoiy) moiydeHBl crie-
Ayrolye IapaMeTpbl: 00'beMHast HOJIs1 BOMOKHA —
60 %; cpepHAA IUIOTHOCTD p = 1,212 r/cM%; TBEp-
mocTb 1o bapkony (cpesHee apudpMeTdeckoe 3Ha-
yeHme) — 41 + 2.

Bri6op 3HavyeHus nopaun Ha 3y6 S; 00ycnoBieH
BBICOKOJI a0pa3MBHOCTBIO CTEKJIOBOJIOKHA, TBEPJIO-
CTBI0 MaTepuana 1o bapkosny 1 HU3KOI TeIIONpo-
BogHOCTBIO crekmoractuka (0,23 Br/(m-K)). Ma-
Jas TOjaya IO3BOJIAET CHMU3UTh MEXaHUYECKYIO
HArpysKy Ha PeXyIIyl0 KPOMKY, YMEHBIINTD Tell-
JIOBBIfieIeH}e B 30He pe3aHMs ¥ MUHUMM3MPOBATD
PUCK pacclIoeHVs Marepyana, XapaKTepHbI i
¢dpesepoBanmsa KM.

[TonydeHHbIe [JaHHBIE CBUJIETEBCTBYIOT O BBI-
COKMX IIPOYHOCTHBIX XapaKTepPUCTUKaX 06pabaThi-
BaeMOro Marepuana. 3Ha4yeHVs OOBEMHON [OMN
CTEK/IOBOJTIOKHA ¥ TBEPJOCTY YKa3bIBalOT Ha BO3-
HYKHOBEHYVIE MOBBIIICHHBIX CWJI pe3aHus Ipu 06-
paboTke Takoro marepuana. Kpome Toro, Bbicokas
TBEPAOCTb CTEKJIIOBOJIOKHA OyfleT HeraTMBHO CKa-
3bIBATbCSl Ha LIE/IOCTHOCTY 3aIVITHOTO ITOKPBITHSA
KOHI[eBOJT (ppe3bl, a TakKe Ha TeOMETPUIECKUX
IapaMeTpax ee peXXyLINX KPOMOK.

MsBectHO, uTO cBolictBa KM Ha OCHOBe Mart-
pun u3 nomumepHbix KM (ITKM) cymecTBeHHO
3aBMICAT OT TeMIepaTyphl. [/ nsydeHns BIUAHUA
Marepuaaa Ha npouecc usHoca PV onenensl ter-
nodusndeckre u (HUINKO-XMMUYECKUE CBOJCTBA
obpasuos [IKM B mmpokoMm AmamasoHe TeMIlepa-
Typbl. Tepmorpammel [JCK nommyperaHoBoro cBs-
3ymolero 6e3 apMMUpPYIOLIEro HAIlOJTHUTE/IA IIpYBe-
IeHbl Ha puc. 2, rae 1 — TeMIepaTypa CTeKIOBa-
HuA T = 70 °C 1pu yAenbHol Te/I0eMKOCTH Cp =
= 0,514 JTx/(r-K).

HecmoTps Ha TO, 4TO SIPKO BBIPQ)KEHHOTO Tell-
TIOBBIfIeNIeHNsI B 00pasile He HaO/MI0aeTCsl, MOXKHO
OTMETUTh HEKOTOpPOe OTK/IOHEeHMe OT 6a30BOl /M-
HMM, 9YTO MO>XKET YKa3bIBaTh Ha IPOLECC I0OTBEp-
xpeHus. [lna oneHku yupyrogedopMalOHHBIX
CBOJICTB CTEK/IOIUIACTMKA WCCIEHOBAHBI 00OPasIibl
CBASYIOILIETO HAa JMHAMUYECKOM MEXaHNYEeCKOM
ananmsarope (JMA).

[lna yroyHeHus XapakTepa Ilpoljecca Ha Opyc-
Kax nommyperaHa 60X10X2 MM IIpoBefleH aHaju3
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Puc. 3. Tepmorpamma [IMA 1 (o) u 2 (o)
HOJIMypeTaHOBBIX 00Pa3L0B

yupyrogepOpManyOHHBIX ~ XapaKTepUCTUK  Ha
JIMA. 3aBucrMOCTb MOZAYIS YIPYTOCTU 0OpasIioB
B VICXOJIHOM COCTOSIHUM OT TeMIIepaTypbl IpK pas-
JIMYHBIX IIapaMeTpax 3aKaJKM IpuBeleHa Ha
puc. 3.

BupHO, 4TO MCXORHBIN OOpasel] uMeeT TeMIle-
paTypy CTEKIOBaHMA, OIPefie/IAeMyI0 IO Hepernby
mopyna ynpyroctu (Tg-Onset), paBryo 70 °C.
JomonuuTtenpHast TepMooOpabOTKa BBI3BIBAET I10-
BBILICHJE TeMIIepaTyphl CTeK/IOBaHUA obpaslia,
4TO XapaKTePHO M/IA MPOLECCOB HOOTBEPIKICHNA.
CreyeT OTMeTHUTB, YTO B IIpoliecce TepMooOpa-
OOTKM B 30He pe3aHUsA HPOUCXONUT CyIIeCTBEH-
HbII1 HarpeB MaTrepyana BbIIlle TeMIIepaTypbl CTEK-
JoBaHyA. DTO MPUBOANT K IIEPEXOfy MaTepuana B
BBICOKO3/IACTUYECKOe COCTOSIHME, @ B COBOKYIIHO-
CTM C IIpolieccaMy TOOTBEpP>KAEHNS — K BBICOKOII
aAre3ny K IOBEPXHOCTI KOHIIEBOI (ppesbl.

TemnepaTypy B 30He pe3aHMA ONIPENEAIM C
IOMOLIbI0 TerIoByu3opa. CheMKy IPOBOAMIN BO

BpeMsa paboTbl craHka. O6paboTka MaTepuana
IOpOXOAWIa C WCIONb30BAHMEM  BO3JYLIHOTO
oxMaxaeHus. [IiA 3aKkpelUleHus feTamy Ha IOJ-
JIO>KKe 13 (paHepbl MCIIO/MIb30BA/IN CTabHBIE NPU-
xuMbl. ITo pesynbraTtaM MccefoBaHNA BBIABIEHO,
qto st ppes dupmpr AXIS cpenussa Temmeparypa
B 30He pesaHuA cocTasifgeT okoso 183,3 °C, a md
¢pe3 xommanuy SECO — 204 °C.

TakuM o6pasom, Kak B IIepBOM, TaK U BO BTO-
poM ciy4ae TeMIepaTypa B obpabarbiBaeMoil 06-
JaCTU  CYLIECTBEHHO IIPEBBINIAET TEMIIEPATYPY
CTeK/IOBAHNU:A ONYPETAHOBOTO CBA3YIOIIETO, YTO
IPUBOJUT K JIOKQ/JIBHOMY IIePeXOfy CBS3YIOIero
B BBICOKO3/IACTMYECKOE COCTOSHME VM HATMIIAHWIO
CTPY>KKM Ha peXYILIyl0 KpoMKy. Takoe IIOBBI-
IIeH/Me  TeMIlepaTypsl  OOYC/IOBJIEHO  OYeHb
HU3KOJ TEIUIONPOBOJHOCTBIO  CTEKJIOIIACTUKA
(0,23 Br/(M-K)), KoTOpasi CyIiecCTBEHHO CHIDKAET
OTBOJ TeIJIOTHI M3 30HBI pe3aHys KakK depes Io-
BEPXHOCTb JleTa/li, TaK M 4epe3 CTPYXKy. Kpome
TOTO, MOBBILIEHJE TeMIIePAaTYPhl CBA3aHO C BBICO-
KUMM YIPYTOIPOYHOCTHBIMM XapaKTePUCTUKAMU
CTEK/IOIUIACTMKA, YTO BBI3BIBAET YBE/ITNYEHNUE CYIbI
pe3aHius, BCIECTBYE Yero IOBBIIIAETCSA TeMIlepa-
Typa B 30He pe3aHMsl.

HecMoTps Ha 3HaUMTE/NbHBIN HarpeB B 30HE pe-
3aHus (1o 204 °C), paboTOCIIOCOOHOCTD AIMa3HOTO
HOKPBITUS He CHIDKAETCS M3-3a TePMUYECKON Jie-
Tpajlaliiy ¥ OKVC/IEHMA, TaK KaK TeIIOCTOMKOCTDb
HO/IMKPUCTA/UINYECKOTO a/IMasa COCTaBjsAeT 6oiee
700 °C.

C noMOIbI0 BM3YaIbHOTO OCMOTpa KOHIIEBOII
¢dpe3pl Ha 000pyOBaHMM IJII  MaKpOCBHEMKMU
OIIpefie/IeH XapaKTep M3HOCA ee PeXYyIeil KPOMKI,
BBIABJIEHBI 3aKOHOMEPHOCTY MKy BUIOM M3HOCA
U PU3MKO-MEXaHUYECKUMM XapaKTepPUCTUKAMU
obpabaTpiBaeMOro MaTepuana.

BHemHuit BUJ M3HONIEHHbBIX PEXYIIVX KPOMOK
KOHIIeBBIX ¢pe3 ¢pupmbr AXIS mokasaH Ha puc. 4.
Xapakrep usHoca ¢pesbl Ne 1 mpezcrasiser co6oit
BBIKpAIMBaHME PeXYIlell KPOMKY, BCIE[CTBIE
Yero MOABJIAKTCA KOHILEHTPATOPbl HAIPsDKEHMI,
HapyuIamolye IpoljecCc pABHOMEPHOTo M3HAIINBA-
HuaA mocnenHei. Takoll BUA M3HOCA CBUETENb-
CTBYeT O BBICOKOII >KeCTKOCTM 00pabaTbiBaeMOro
MaTepuana, YTO IPUBOAUT K YBETUYEHUIO CYJIBI
pe3aHust BO BpeMsl ppe3epoBaHN.

Y ¢pesbr Ne 2 HabmogaeTcsA CTMpaHye 3alUTHO-
TO HOKPBITHSI, M3TOTOBTIEHHOTO U3 IOIMKPYUCTAIN-
YeCKOro ajaMasa, OCaXmeHHoro meropoM Physical
Vapor Deposition, 4To ykasbIBaeT Ha BBICOKYIO a0-
pasuMBHOCTb OOpabaTpiBaeMoro Marepuana. Kpome
TOTO, TepMOTpelMHbl Ha dpesax Ne 1 u 3 Takxe
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Puc. 4. BHemIHMit BUJ, MSHOIIEHHBIX PEXYIINX KPOMOK
KOHIIeBBIX (pes pupmbr AXIS

Puc. 5. BHeuHwit BUJ, M3HOIIEHHBIX PEXYIINX KPOMOK
KoHLeBbIX ¢ppe3 SECO

CBUJETENIbCTBYIOT O CU/IbHOM TEIUIOBOM BO3JIel-
crBuM Ha HuX. OJJHaKO, HeCMOTPs Ha OOJIBIION 13-
HOC PeXYIIeil KPOMKM, IIOJIOCTU MeX[Ay 3yObsaMu
OCTAIOTCA YMUCTHIMU. ITO CBA3AHO C NPABU/IbHBIMU
reoMeTpUYeCKIMIY apaMeTPaMy PEeXYILUX KPOMOK
BBU/Y OOJBIION IUIOLIaAy 3y6a M HAIM4MA IIOTI0-
JKUTE/IbHOTO IIEPeJHEro YI/Ia, KOTOPbIE NTO3BOJIAIOT,
HECMOTPsSI Ha CYLIeCTBEHHBINI M3HOC, OTBOJUTD
CTPYXXKY, He JaBas ell HaJIMIaThb Ha pabodylo 30HY
(bpesbl, 4TO IIPOZIEBALT CPOK €e CITyXKObI.

BHemmHmit ByJ, M3HOMIEHHBIX PEXYIINX KPOMOK
KOHLIeBbIX (¢pe3 kommanum SECO mokasaH Ha
puc. 5. Y dpesst Ne 1 0T4ETIMBO BUIHBI TEPMOT-
peIIVHbI, CBUAETENbCTBYIOIME O KOlMebaHmAX
TeMIlepaTypsl B 30He pe3aHud. Y ¢pesbl Ne 3 xa-
pakTep M3HOCA yKasblBaeT Ha BBHIKpAIMBaHUE pe-
XYIIell KPOMKY, YTO IIpeAIoaraeT BBICOKue abpa-
3MBHOCTD 1 XKeCTKOCTb 00pabaThIBaeMOro MaTepu-
ama. Y ¢pes N 2 m 4 IPUCYTCTBYIOT CIIefbl
IIacTu4eckoit gedopmanyn 3yoneB. Kpome rtoro,
Ha BceX (pesax BUIHO, Kak oOpabaTbiBaeMblit Ma-
Tepya 3abMBaeT KaHaBKM MEXHAy 3yObAMM Ha pa-
6oueit moBepxHocTy PUL.

Boicokas afresus MaTepyuana TaKXe MOXET
OBITh CBSI3aHA C IIEPEXONOM B BBICOKO3/IACTHYE-

CKOe COCTOsIHUe NPV Harpese U C IIPOLIeCCOM JI0-
OTBEpP)KAEHMA IpU MeXaHMYeCKOil o6paboTke.
Hanunanne npuBoguT K CHYDKeHNIO 3pPeKTuBHOI
wiomany 3yba, 4TO HEraTMBHO CKas3blBaeTCsA Ha
monroBeyHocty PVl mpm TakoMm Bupme o6paboTkm
ITKM. CHmkenne 5¢QeKTNBHOI ITOBEPXHOCTU
pexy1eit KpoMKu ¢pessl BCIECTBIE HATUIIAHUS
MaTepyaza IIOBBIIIAET BAMAHME M3HOCA pabodeit
IOBEPXHOCTY Ha OCTaBIIYIOCSA 9((HEKTUBHYIO
IO/ 3y0a, YTO NPUBOJUT K CYLIECTBEHHOMY
YBEIMYEHNIO CYJIBI Pe3aHNA M, COOTBETCTBEHHO, K
TEIUIOBOMY BO3JEIICTBUIO Ha (¢pesy, yMeHblIas
061t CPOK ee CITy>KOBI.

[TosiBNeHMe TEPMOTpELIMH M BbIKpALIMBaHNA
(cM. puc. 4 u 5) IpU OTCYTCTBUM CNIEHOB OKNCIIE-
HVsI Q7IMasHOTO IIOKPBITUs IIOATBEPXKJAeT, YTO
OCHOBHBIM MEXaHM3MOM M3HOCA ABJIAETCA YCTa-
JIOCTHOE PaspyILIeHNMe PeXylleil KPOMKM IIOf, Jeif-
CTBUEM LMKINIECKMX VAAPHBIX U TEPMOLVIKIIINYeE-
CKMX Harpysok, a He TepMU4ecKas Aerpajjalus MH-
CTPYMEHTA/IbHOTO MaTepuaia.

ITpn cpaBHeHMHM XapakTepa M3HOCA PEXYIIUX
KPOMOK, @ TaKXe TIeOMeTPUYeCKMX IapaMeTpOB
KoHIeBbIX ¢pe3 ¢upm AXIS u SECO BbIABIEHBI
ClIefiylolyie 3aKOHOMEPHOCTH:

* TEIVIOBOE BO3JIEVICTBUE SB/IAETCSA OCHOBHBIM
(aKTOpOM, YCKOPSIOLIMM M3HOC PeXyIleil KpoM-
KJ, TaK KaK OHO IIPUBOAMUT K TEPMOLMKINIECKIM
HAIIPsDKEHUAM, CIIOCOOCTBYIOLIMM  3apOXKJECHIIO
YCTQJIOCTHBIX TPELIVMH, U CHIDKaeT CTabV/IbHOCTD
HOMMMEPHOIl MAaTpUIIbl, YCWIMBAas Ha/IUIIaHMe
CTPYXKI;

* mpu BeI6Ope ¢pespr s o6padorku [TKM ¢
1Ie/IbI0 0becIiedeHN s HanbOIbIIEro CPoKa CIIyKObI
HeoOXOMVIMO YAenATb 0coboe BHUMaHUeE pasMepy
paboueit mwromaay 3yba, a TaKKe HAKJIOHY Iepel-
HETO YIJIa; KaK BUAHO U3 PUC. 6, pasMep pexyLinx
3ybbeB 1 mepenumit yron ¢pesst Ne 1 (870060.0)

Puc. 6. BHelHuit Buj peXXyInX KpOMOK
KOHIIeBbIX (pe3
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CyLIeCTBEHHO MeHbllle, 4eM Yy ¢pespl Ne 2
(P0801060002500D00). IToaTomMy CpOK CITy>KObI
¢dpessr Ne 1 B 10 pa3 MeHblue, yeM y Ne 2 (BBIXOJ,
¢dpe3bl u3 cTpos PpUKCHUpOBAIU IpK ee MOTIOMKe,
760 IpU JOCTVDKEHUM KPUTUYECKOTO 3aTyIUIeHUA
peXyleil KpOMKY, OIIPEeNleNIAeMOrO 110 IIeperpeBy
MaTepuana B 30He pe3aH).

BroiBopabl

1. Onpenenensl PU3MKO-MeXaHMYECKIE CBOJI-
ctBa obpabarsiBaemoro IIKM, Biusromme Ha xa-
paKTep M3HOCA pexylleil KpOMKYU KOHIIeBON pe-
3bl. JKCIIEPMMEHTAJIbHBIM ITyT€M BBIABJIEHBI OC-
HOBHBIe (paKTOPBI, CHIDKAOIME CPOK CIy>K6b1 P

2. OTMe4YeHO, 4YTO TeIIOCTOMKOCTb TBEpO-
CIUIaBHBIX KOHIIEBBIX ()pe3 ¢ a/IMasHbIM MOKPBITH-
€M 3HAUUTEIbHO IpeBbIIIAeT Ipefie/IbHYI0 TeMIle-
parypy pesanus (204 °C). Ilo aroit mpuymHe an-
MasHOe IIOKpBITME COXpaHAeT CBOJCTBA IIpU
TeMIlepaTypax, MHOTOKPAaTHO IPEeBBIMIAIOIINX JI0-
CTUTaeMble B 30HE pe3aHMs, KINacCUYeCKUil TepMu-
4eCcKMil M3HOC He ABJsAeTcA omnpefendomuM. Oc-
HOBHBIM MEXaHU3MOM paspyuleHusa Takoro PU
CTaHOBATCA YCTAJIOCTHOE paspylleHMe U BbIKpa-
MIYBaHME PEXYLUX KPOMOK IOJ, [eiiCTBUEM IJUK-
JMMYECKMX YZIapHbIX HAarpy3oK IIpM KOHTaKTe C
JKE€CTKUM apMUPYIOIINMM BOTOKHOM.

3. Ilo pesynbTaTaM McCleOBaHUsA YCTaHOBJIE-
HO crlefyoliee:

* OCHOBHBIM (PaKTOPOM, BIVAIONIVIM Ha M3HOC
pexylleil KPOMKM, ABNAIOTCA KaK TBEPAOCTb I

JInuteparypa

JKECTKOCTb apMUPYIOIIEr0 BOTOKHA, TaK U TeMIIe-
patypa CTEeKIOBaHMs CBS3YIOLIEro; HU3KMIT KOad-
GUIVEHT TeIIONPOBOSHOCTM  CTEK/IOIIACTUKA
yCyryonsieT BAusHMe APYruX (akTOpOB M IPUBO-
JUT K JIOKAJIBHOMY POCTY TeMIlepaTypbl B oOpaba-
ThIBAEMOI 30HE PE3aHII;

* HU3Kasl TEIUIOEMKOCTh MaTepuana CBOJUT K
MMHJMYMY OTBOJ, TEI/IOTHI BMeCTe C YAa/LsieMoii U3
30HBI pe3aHbsi CTPYXKKOIL; J/IsI TIOBBIIIEHNS CPOKa
cay>x6n1 PV mpu o6paboTke KOHCTPYKIMOHHBIX
CTeK/IOIIACTUKOB BaKHO obecnednTb 3PQeKTnB-
HYIO CHICTEMY €T0 OX/TaXK/IeHVIsT;

* cTOiKOCTD PV CylllecTBEHHO 3aBUCHUT OT reo-
METPUYECKMX IIapaMeTpPOB PEeXYIeil KPOMKMU
(mromagy 3y6a u mepepHero yria); gppesa ¢ 6071b-
1Ieil IUIONAaAbIo 3y0a Mpofo/KaeT paboTath Haxe
IpY 3HAUYNTETTBHOM M3HOCE PeXyIlell KPOMKM, YTO
3HAUUTENIBHO YyBE/INMYMBAeT CPOK ee CIyXObl;
HaIM4Me IOIOXKIUTE/IbHOTO HepPefHero yriaa ymyd-
IIAaeT CTPY>KKOOTBOJ, T€M CaMbIM OTBOJS 4YacTb
TEIUIOTHI, @ TAK)Ke YMEHbIIaeT BO3MOXKHOCTD 3a01-
BaHMsI KAHABOK MEXAY 3yObsIMIH.

4.Ha OCHOBaHUM IIOJyYEHHBIX HAHHBIX PEKO-
MEH/IOBAaHO MCIIOJIb30BaTh KOHIIEBbIe Qpesbl C yBe-
JIMYEHHOM IUIOLIAZIbI0 PEXYILero 3yba 1 MOTOXKM-
TE/IbHBIM IIepeHUM YIJIOM i obecriedeHus a¢-
(eKTMBHOTO OTBOJA CTPY>KKM, a TAKXKe IIPUMEHSATD
aKTMBHOE BO3MYIIHOE OX/IaX/eHNe I/IsI KOMIIeHCa-
MU HU3KOM TEIIOMPOBOTHOCTI CTEKTOIIACTUKA
Yl YMEHBIIIEHVs] TeMIIepaTyphl B 30HE Pe3aHus HU-
JKe TeMIlepaTypbl CTEeK/IOBaHMs IIOIMMEPHOI MaT-
PUIIBL.

[1] Celik Y.H., Tirkan C. Investigation of mechanical characteristics of GFRP composites pro-
duced from chopped glass fiber and application of taguchi methods to turning operations.
SN Appl. Sci., 2020, vol. 2, no. 5, art. 849, doi: https://doi.org/10.1007/s42452-020-2684-5

[2] Slamani M., Chatelain J.F. A review on the machining of polymer composites reinforced with
carbon (CFRP), glass (GFRP), and natural fibers (NFRP). Discov. Mechanical Engineering,
2023, vol. 2, no. 1, art. 4, doi: https://doi.org/10.1007/s44245-023-00011-w

[3] Du J., Geng M., Ming W. et al. Simulation machining of fiber-reinforced composites: A re-
view. Int. J. Adv. Manuf. Technol., 2021, vol. 117, no. 2, pp. 1-15, doi: https://doi.org/

10.1007/s00170-021-07531-3

[4] Chanpariyavatevong A., Boongsood W. Tool wear characteristics of ticn/al203 coated carbide
inserts while turning glass fiber reinforced epoxy resin under cryogenic cooling. Key Eng.

Mater., 2021, vol.

891,
www.scientific.net/KEM.891.143

PP 143-149,  doi:  https://doi.org/10.4028/

[5] Kannan C.R, Das A.D., Manivannan S. et al. Machinability study on uncoated, coated and
coated with treated tool in turning of GFRP. AIP Conf. Proc., 2022, vol. 2446, no. 1,
art. 140007, doi: https://doi.org/10.1063/5.0108236

[6] Sousa V.F.C., Silva F.J.G. Recent advances on coated milling tool technology—a comprehen-
sive review. Coatings, 2020, vol. 10, no. 3, art. 235, doi: https://doi.org/10.3390/

coatings10030235



#05(794) 2026

M3BECTWA BBICIHIVX YYEBHBIX 3ABEJIEHNN. MAIIIMHOCTPOEHME 67

[7] Voss R. et al. Influence of fibre orientation, tool geometry and process parameters on surface
quality in milling of CFRP. CIRP. J. Manuf. Sci. Technol., 2017, vol. 18, pp. 75-91, doi:
https://doi.org/10.1016/j.cirpj.2016.10.002

[8] Sheikh-Ahmad J., He Y., Qin L. Cutting force prediction in milling CFRPs with complex cut-
ter geometries. J. Manuf. Process., 2019, vol. 45, pp. 720-731, doi: https://doi.org/
10.1016/j.jmapro.2019.08.009

[9] Ma ]., Jia Z., He G. et al. Influence of cutting tool geometrical parameters on tool wear in
high-speed milling of Inconel 718 curved surface. Proc. Inst. Mech. Eng. B, 2019, vol. 233,
no. 1, pp. 18-30, doi: https://doi.org/10.1177/0954405417716495

[10] Padmakumar M., Shiva Pradeep N. Effect of cutting edge form factor (K-factor) on the per-
formance of a face milling tool. CIRP. J. Manuf. Sci. Technol., 2020, vol. 31, pp. 305-313,
doi: https://doi.org/10.1016/j.cirpj.2020.06.004

[11] Zhou Y., Xing T., Song Y. et al. Digital-twin-driven geometric optimization of centrifugal
impeller with free-form blades for five-axis flank milling. J. Manuf. Syst., 2021, vol. 58-B,
pp. 22-35, doi: https://doi.org/10.1016/j.jmsy.2020.06.019

[12] Denkena B., Grove T., Pape O. Optimization of complex cutting tools using a multi-dexel
based material removal simulation. Procedia CIRP, 2019, vol. 82, pp. 379-382.

[13] Zhang L., Zhong Z., Qiu L. et al. Coated cemented carbide tool life extension accompanied
by comb cracks: The milling case of 316L stainless steel. Wear, 2019, vol. 418-419, pp. 133—
139, doi: https://doi.org/10.1016/j.wear.2018.11.019

[14] Zhang Y., Zhu K., Duan X. et al. Tool wear estimation and life prognostics in milling: Model
extension and generalization. Mech. Syst. Signal Process., 2021, vol. 155, art. 107617, doi:
https://doi.org/10.1016/j.ymssp.2021.107617

[15] Chen Y., Guo X., Zhang K. et al. Study on the surface quality of CFRP machined by micro-
textured milling tools. J. Manuf. Process., 2019, vol. 37, pp. 114-123, doi: https://doi.org/
10.1016/j.jmapro.2018.11.021

[16] Yaka H. Measurement of surface quality and optimization of cutting parameters in slot mill-
ing of GFRP composite materials with different fiber ratios produced by pultrusion meth-
od. Surf. Rev. Lett., 2021, vol. 28, no. 10, art. 2150095, doi: https://doi.org/10.1142/
50218625X21500955

[17] Alazemi F.K.A.O.H. et al. Optimization of cutting tool geometry for milling operation using
composite material-a review. Journal of Advanced Research in Materials Science, 2021,
vol. 76, no. 1, pp. 17-25.

[18] Chandra A. et al. Optimisation of machining parameters for CNC milling of fibre rein-
forced polymers. Evergreen, 2023, vol. 10, no. 2, pp. 765-773, doi: https://doi.org/
10.5109/6792826

[19] Hassan S.M.E.B.S., Shafei S.B., Rashid R.B.A. Optimization of machining parameters in
milling process for high speed machining using Taguchi method for best surface roughness.
IOP Conf. Ser.: Mater. Sci. Eng., 2020, vol. 864. no. 1, art. 012110, doi: https://doi.org/
10.1088/1757-899X/864/1/012110

[20] Mansour G., Kyratsis P., Korlos A. et al. Investigation into the effect of cutting conditions in
turning on the surface properties of filament winding GFRP pipe rings. Machines, 2021,
vol. 9, no. 1, art. 16, doi: https://doi.org/10.3390/machines9010016

[21] Yardimeden A. Estimating of cutting force and surface roughness in turning of GFRP com-
posites with different orientation angles using artificial neural network. Rev. Adv. Mater.
Sci., 2022, vol. 61, no. 1, pp. 955-968, doi: https://doi.org/10.1515/rams-2022-0286

[22] Wojciechowski S., Twardowski P., Pelic M. Cutting forces and vibrations during ball end
milling of inclined surfaces. Procedia CIRP, 2014, vol. 14, pp. 113-118, doi: https://doi.org/
10.1016/j.procir.2014.03.102

[23] Sun Z., Geng D., Zheng W. et al. An innovative study on high-performance milling of car-
bon fiber reinforced plastic by combining ultrasonic vibration assistance and optimized
tool structures. J. Mater. Res. Technol., 2023, vol. 22, pp. 2131-2146, doi: https://doi.org/
10.1016/j.jmrt.2022.12.054

[24] Liu J., Chen R, Ren C. et al. Effects of axial and longitudinal-torsional vibration on fiber
removal in ultrasonic vibration helical milling of CFRP composites. J. Manuf. Process.,
2020, vol. 58, pp. 868-883, doi: https://doi.org/10.1016/j.jmapro.2020.08.071



68

M3BECTV BBICHIMX YYEBHBIX 3ABEJEHUN. MAIIIMHOCTPOEHNE #05(794) 2026

[25] Shahabaz S.M., Sharma S., Shetty N. et al. Influence of temperature on mechanical proper-
ties and machining of fibre reinforced polymer composites: a review. Engineered Science,
2021, vol. 16, pp. 26-46, doi: http://dx.doi.org/10.30919/es8d553

[26] Jia Z., Fu R., Wang F. et al. Temperature effects in end milling carbon fiber reinforced pol-
ymer composites. Polym. Compos., 2018, vol. 39, no. 2, pp. 437-447, doi: https://doi.org/
10.1002/pc.23954

[27] Soepangkat B.O.P., Norcahyo R., Pramujati B. et al. Multi-objective optimization in face
milling process with cryogenic cooling using grey fuzzy analysis and BPNN-GA methods.
Eng. Comput., 2019, vol. 36, no. 5, pp. 1542-1565, doi: https://doi.org/10.1108/
EC-06-2018-0251

[28] Wang J., Ge J., Chen G. et al. Sustainable cooling/lubrication induced thermo-mechanical
effects on ultrasonic vibration helical milling of CFRP/Ti-6Al-4V stacks. Int. J. Lightweight
Mater. Manuf., 2023, vol. 6, no. 3, pp. 311-328, doi: https://doi.org/10.1016/
.ijlmm.2023.02.002

References

[1] Celik Y.H., Tirkan C. Investigation of mechanical characteristics of GFRP composites pro-
duced from chopped glass fiber and application of taguchi methods to turning operations.
SN Appl. Sci., 2020, vol. 2, no. 5, art. 849, doi: https://doi.org/10.1007/s42452-020-2684-5

[2] Slamani M., Chatelain ].F. A review on the machining of polymer composites reinforced with
carbon (CFRP), glass (GFRP), and natural fibers (NFRP). Discov. Mechanical Engineering,
2023, vol. 2, no. 1, art. 4, doi: https://doi.org/10.1007/s44245-023-00011-w

[3] Du J., Geng M., Ming W. et al. Simulation machining of fiber-reinforced composites: A re-
view. Int. J. Adv. Manuf. Technol., 2021, vol. 117, no. 2, pp. 1-15, doi: https://doi.org/
10.1007/s00170-021-07531-3

[4] Chanpariyavatevong A., Boongsood W. Tool wear characteristics of ticn/al203 coated carbide
inserts while turning glass fiber reinforced epoxy resin under cryogenic cooling. Key Eng.
Mater., 2021, vol. 891, pp. 143-149, doi: https://doi.org/10.4028/www.scientific.net/
KEM.891.143

[5] Kannan C.R., Das A.D., Manivannan S. et al. Machinability study on uncoated, coated and
coated with treated tool in turning of GFRP. AIP Conf. Proc., 2022, vol. 2446, no. 1,
art. 140007, doi: https://doi.org/10.1063/5.0108236

[6] Sousa V.F.C., Silva F.J.G. Recent advances on coated milling tool technology—a comprehen-
sive review. Coatings, 2020, vol. 10, no. 3, art. 235, doi: https://doi.org/10.3390/
coatings10030235

[7] Voss R. et al. Influence of fibre orientation, tool geometry and process parameters on surface
quality in milling of CFRP. CIRP. J. Manuf. Sci. Technol., 2017, vol. 18, pp. 75-91, doi:
https://doi.org/10.1016/j.cirpj.2016.10.002

[8] Sheikh-Ahmad J., He Y., Qin L. Cutting force prediction in milling CFRPs with complex cut-
ter geometries. J. Manuf. Process., 2019, vol. 45, pp. 720-731, doi: https://doi.org/
10.1016/j.jmapro.2019.08.009

[9] Ma ]., Jia Z., He G. et al. Influence of cutting tool geometrical parameters on tool wear in
high-speed milling of Inconel 718 curved surface. Proc. Inst. Mech. Eng. B, 2019, vol. 233,
no. 1, pp. 18-30, doi: https://doi.org/10.1177/0954405417716495

[10] Padmakumar M., Shiva Pradeep N. Effect of cutting edge form factor (K-factor) on the per-
formance of a face milling tool. CIRP. J. Manuf. Sci. Technol., 2020, vol. 31, pp. 305-313,
doi: https://doi.org/10.1016/j.cirpj.2020.06.004

[11] Zhou Y., Xing T., Song Y. et al. Digital-twin-driven geometric optimization of centrifugal
impeller with free-form blades for five-axis flank milling. J. Manuf. Syst., 2021, vol. 58-B,
pp. 22-35, doi: https://doi.org/10.1016/j.jmsy.2020.06.019

[12] Denkena B., Grove T., Pape O. Optimization of complex cutting tools using a multi-dexel
based material removal simulation. Procedia CIRP, 2019, vol. 82, pp. 379-382.

[13] Zhang L., Zhong Z., Qiu L. et al. Coated cemented carbide tool life extension accompanied
by comb cracks: The milling case of 316L stainless steel. Wear, 2019, vol. 418-419, pp. 133—
139, doi: https://doi.org/10.1016/j.wear.2018.11.019



#05(794) 2026

M3BECTWA BBICIHIVX YYEBHBIX 3ABEJIEHNN. MAIIIMHOCTPOEHME 69

[14] Zhang Y., Zhu K., Duan X. et al. Tool wear estimation and life prognostics in milling: Model
extension and generalization. Mech. Syst. Signal Process., 2021, vol. 155, art. 107617, doi:
https://doi.org/10.1016/j.ymssp.2021.107617

[15] Chen Y., Guo X., Zhang K. et al. Study on the surface quality of CFRP machined by micro-
textured milling tools. J. Manuf. Process., 2019, vol. 37, pp. 114-123, doi: https://doi.org/
10.1016/j.jmapro.2018.11.021

[16] Yaka H. Measurement of surface quality and optimization of cutting parameters in slot mill-
ing of GFRP composite materials with different fiber ratios produced by pultrusion meth-
od. Surf. Rev. Lett., 2021, vol. 28, no. 10, art. 2150095, doi: https://doi.org/10.1142/
50218625X21500955

[17] Alazemi F.K.A.O.H. et al. Optimization of cutting tool geometry for milling operation using
composite material-a review. Journal of Advanced Research in Materials Science, 2021,
vol. 76, no. 1, pp. 17-25.

[18] Chandra A. et al. Optimisation of machining parameters for CNC milling of fibre rein-
forced polymers. Evergreen, 2023, vol. 10, no. 2, pp. 765-773, doi: https://doi.org/
10.5109/6792826

[19] Hassan S.M.F.B.S., Shafei S.B., Rashid R.B.A. Optimization of machining parameters in
milling process for high speed machining using Taguchi method for best surface roughness.
IOP Conf. Ser.: Mater. Sci. Eng., 2020, vol. 864. no. 1, art. 012110, doi: https://doi.org/
10.1088/1757-899X/864/1/012110

[20] Mansour G., Kyratsis P., Korlos A. et al. Investigation into the effect of cutting conditions in
turning on the surface properties of filament winding GFRP pipe rings. Machines, 2021,
vol. 9, no. 1, art. 16, doi: https://doi.org/10.3390/machines9010016

[21] Yardimeden A. Estimating of cutting force and surface roughness in turning of GFRP com-
posites with different orientation angles using artificial neural network. Rev. Adv. Mater.
Sci., 2022, vol. 61, no. 1, pp. 955-968, doi: https://doi.org/10.1515/rams-2022-0286

[22] Wojciechowski S., Twardowski P., Pelic M. Cutting forces and vibrations during ball end
milling of inclined surfaces. Procedia CIRP, 2014, vol. 14, pp. 113-118, doi: https://doi.org/
10.1016/j.procir.2014.03.102

[23] Sun Z., Geng D., Zheng W. et al. An innovative study on high-performance milling of car-
bon fiber reinforced plastic by combining ultrasonic vibration assistance and optimized
tool structures. J. Mater. Res. Technol., 2023, vol. 22, pp. 2131-2146, doi: https://doi.org/
10.1016/j.jmrt.2022.12.054

[24] Liu J., Chen R, Ren C. et al. Effects of axial and longitudinal-torsional vibration on fiber
removal in ultrasonic vibration helical milling of CFRP composites. J. Manuf. Process.,
2020, vol. 58, pp. 868-883, doi: https://doi.org/10.1016/j.jmapro.2020.08.071

[25] Shahabaz S.M., Sharma S., Shetty N. et al. Influence of temperature on mechanical proper-
ties and machining of fibre reinforced polymer composites: a review. Engineered Science,
2021, vol. 16, pp. 26-46, doi: http://dx.doi.org/10.30919/es8d553

[26] Jia Z., Fu R., Wang F. et al. Temperature effects in end milling carbon fiber reinforced pol-
ymer composites. Polym. Compos., 2018, vol. 39, no. 2, pp. 437-447, doi: https://doi.org/
10.1002/pc.23954

[27] Soepangkat B.O.P., Norcahyo R., Pramujati B. et al. Multi-objective optimization in face
milling process with cryogenic cooling using grey fuzzy analysis and BPNN-GA methods.
Eng. Comput., 2019, vol. 36, no. 5, pp. 1542-1565, doi: https://doi.org/10.1108/
EC-06-2018-0251

[28] Wang J., Ge J., Chen G. et al. Sustainable cooling/lubrication induced thermo-mechanical
effects on ultrasonic vibration helical milling of CFRP/Ti-6Al-4V stacks. Int. J. Lightweight
Mater. Manuf., 2023, vol. 6, no. 3, pp. 311-328, doi: https://doi.org/10.1016/
.ijlmm.2023.02.002

CraTba noctynuia B pegakunio 23.03.2026



70 M3BECTV BBICHIMX YYEBHBIX 3ABEJEHUN. MAIIIMHOCTPOEHNE

#05(794) 2026

Nudopmanus 06 aBTopax

IOUPEHIIVNKOB Anekcanfp BsadyecnmaBoBm4 — TexHMYe-
ckuin cnenuanuct. Komnanng «TexHonukonb» (390000, Ps-
3aHb, Poccuiickas Oepepauns, ynr. BocTodHBIl Ipomyser,
1. 21, e-mail: sasha89225006998@mail.ru).

XAJIMKOB Amup AitpatoBud — acnmpanT Kadegpsl Ipous-
BOJICTBA JIETATE/IbHBIX ammaparoB. KasaHCKuil Hal[IOHaIbHbII
VICC/IE/IOBATE/NbCKMIT TexHU4ecKuit ynupepcuter um. A.H. Ty-
noneBa — KA (420111, Kasaup, Poccuiickas Peneparus,
yi. K. Mapkca, 7. 55, e-mail: halikov.amir@mail.ru).

XAMUIYUVIMH Ockap JlenHapoBr4 — KaHAufaT TeXHMUYe-
CKUX HayK, MHOLeHT Kadefpsl HIPOM3BOACTBA JIeTAaTeTbHbIX
anmapaToB. KasaHCKMII HaIVOHA/IBHBIN MCCIER0BATeNIbCKIUI
TexHuuecknit yHuBepcurer um. A.H. Tymonesa — KAU
(420111, Kasanb, Poccmitickas @epepauma, yn. K. Mapkca,
1. 55, e-mail: khamidullinoskarl@mail.ru).

Information about the authors

TSIRENSHCHIKOV Alexander Vyacheslavovich — Tech-
nical Specialist. Technonicol (390000, Ryazan, Russian Federa-
Bldg. 21,

tion, Vostochny Promuzel, St., e-mail:

sasha89225006998@mail.ru).

KHALIKOV Amir Ayratovich — Postgraduate, Department
of Aircraft Production. Kazan National Research Technical
University named after A.N. Tupolev — KAI (420111, Kazan,
Karl Marx St, Bldg. 55,

Russian Federation, e-mail:

halikov.amir@mail.ru).

KHAMIDULLIN Oskar Lenarovich — Candidate of Science
(Eng.), Associate Professor, Department of Aircraft Produc-
tion. Kazan National Research Technical University named
after A.N. Tupolev — KAI (420111, Kazan, Russian Federa-
tion, Karl Marx St, Bldg. 55, e-mail: khamidullinos-
karl@mail.ru).

ITpocb6a cchUIaThCS Ha 3Ty CTATHIO CIERYIOIUM 00pasoM:
Hupenmukos A.B., Xamukos A.A., Xamupymwma O.JI. BmusaHne cBOICTB KOMIIO3MIIMOHHOTO MaTepiana Ha M3HOC
TBEPAOCIUIABHBIX KOHIIEBBIX ppes. M3s8ecmust svicuiux yueOnvix 3aéedenuti. Mawunocmpoenue, 2026, Ne 5, c. 61-70.

Please cite this article in English as:

Cirenshikov A.V., Khalikov A.A., Khamidullin O.L. The effect of composite material properties on the wear of car-
bide end mills. BMSTU Journal of Mechanical Engineering, 2026, no. 5, pp. 61-70.

N3patenbctBo MI'TY um. H.JD. baymana

npeIaraeT YnTaTensam yaeonoe nocooue [I.B. Bunorpagosa
®OPMOOSP\%\30?AHME [v) o
MPH NESBUHHON OBPAOTKE «DopmooOpa3zoBaHMe IPY T€3BUITHOI 00pabOTKe»
|

L [TokasaHO MeCTO 0OpPabOTKM pe3aHNeM B OOIIell CTPYKTYPe TEXHOIIO-

TMYeCKUX IIPOLIECCOB, PACKPBITHI OCHOBHbIE IOHATUA TEOPUM Ppe3aHusd,
KpPaTKO OIJICAaHbI OCHOBHBIE BMIbI JIE3BUITHOV 0OpPaOOTKM, PACKPBITHI UX
0COOEHHOCTH, IMOKa3aHBl CIOCOOBI (hopMOOOpasoBaHMsI, MPUMEHsIEMbIE
[PY pe3aHUM, MIPEUMYIECTBA M HEMOCTATKY KaK[OTO U3 HUX. VI3MoKeH
ITOPUTM TIOCTPOEHVsI T€OMETPUYECKUX MAPAMETPOB JIESBUIT PEXYIIUX
UHCTPYMEHTOB, NIPUBEEHDBI IPUMEPbI ONPEIETIEHUS YIIOB JIE3BUIT HEKO-
TOPBIX NMHCTPYMEHTOB. HaHO BBEICHME B KMHEMATUKY PE€3aHUA: OIMCAHbI
CHUCTEMBI KOOPANMHAT, VCIIOIb3yEMbI€ IPU MTPOCKTNUPOBAHNUM U U3TOTOBJIE-

HUM PEeXYIIMX MHCTPYMEHTOB, a TAaK)Ke IOTPEUIHOCTY, BOSHUKAOILIE IIPU
3aMeHe O[JHOII CHCTeMBbl KOOPAIMHAT Ha APYTYIO.
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