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OdncepTaumoHHUAT Tpya € ob6cbaeH 1 Haco4veH 3a 3awmTa oT KategpeHusa cbeet
Ha KaTegpa ,lEexHONorMs Ha MaLMHOCTPOEHETO U MeTanopexewm MalvHN® KbM
,MaWnHHO - TexHonornyeH dakyntet Ha TY-Cocdwma Ha penoBHO 3acefaHue,
nposefeHo Ha 26.06.2023.

My6nuyHaTta 3awmTa Ha AncepTaunoHHNa Tpya we ce cbetom Ha 05.10.2023 r. ot
13:00 yaca B KoHpepeHTHaTa 3ana Ha BUL, Ha TexHudeckn yHusepcuteT - Coua Ha
OTKPUTO 3acefjlaHMe Ha Hay4HOTO Xypw, onpefeneHo cbec 3anosen Ha Pektopa Ha TY-
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npod. Aa-p uHx. Oumutbp Hepenyes KapacTtoaHoB

MaTepvanute no 3awmrata ca Ha pas3rnosfioXeHMe Ha WHTepecyBalumMTe ce B
KaHuenapuaTa Ha MawwuHHO - TexHonornyeH cakyntet Ha TY-Codwmsna, 6mok Ne3,
KabuHeT N2 3230.

[JucepTaHTbT € pegoBeH [OKTOpaHT kKbM kKategpa “TexHomorns Ha
MaLUMHOCTPOEHETO U MeTanopexel MawuHu® Ha ,MaluHHO - TeXHONMOornyeH
dakynTeT“. M3cnegBaHusita No AMcepTauMoHHaTa pa3paboTka ca HanpaBeHu oT
aBTopa, KaTo HAKOW OT TAX Ca NOAKPENEHM OT HayYHOU3CIIEA0BaTENCKM MPOEKTH.

N3cnepBaHuaTa, CBbpP3aHN C eKcnepuMeHTanHaTta paborta no ancepraumara, ca
nposefeHun B “SAALSS”, Prizren, Kosovo.
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3arnasue: EKcnepumMeHTanHO u3cnegBaHe Ha MaTemMaTUYHO MopenupaHe u
ontumm3sauma Ha INCONEL 718 npwu cTtpyroBaHe vpes LMY

Tupax: 30 6pos
BJTATOOAPHOCTMW:
ABTOpa U3passiBa cneumanHu 6naroaapHoOCTU Ha:

Mpod. gH Tleoprm TopopoB u pou. A-p KoHctaHTMH KambepoB, MowuTte
PBKOBOAUTENU N PBLKOBOAMTENN, KOUTO MW JaL0Xa Bb3MOXHOCT Aa paboTa B obnacTtra
Ha obpaboTkaTta Ha cnnaeu Inconel 718, NOCTOAHHOTO MM Hacbp4aBaHe N NON30TBOPHU
Anckycum 3a n3pabotBaHeTo Ha gunsnioMHaTa paboTa.

N Hakpas, bux nckana ga nakaxa cbpAeyHn 6narogapHOCTU Ha BCUMYKM YNleHOBE
Ha MOETO CeMencTBo, 0C0H6eHO Ha Mos Cbnpyr ApTaH Xanunu 3a HeroBaTta 6e3kpanHa
nogkKpena n HacbpyeHune, KakTo U Ha Mos NbsALW, cMH TeoH, 3a TAXHOTO TbpneHne u
pa3bupaHe.
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I. OBLLA XAPAKTEPUCTUKA HA OMCEPTALNOHHUA TPY
AKTyanHocT Ha npobnema
Cynep cnnaeta Inconel 718 e Han-CbBpeMeHeH TeXHUYEeCKW maTepuarn, LUMPOKO Mnon3BaH B
NPOV3BOACTBOTO MOpPaAM M3KIYMTENHaTa CU  YCTOMYMBOCT Ha KOPO3UA, W3KIK4YMTENHA
M30PBHXIIMBOCT M BUCOKA rpaHMua Ha npoBrayaHe npu BUCOKM TemnepaTypu. Tasu cnnase
OOMKHOBEHO Ce U3MNon3Ba B KOHCTPYKUMSITA HaA PeakTUBHW OBUraTenu, SAPEHU peakTopu U
TYypOuHHM pBuratenn. Ta uMMa peguua OTIMYUTENHU KayecTBa, BKIHOYMTENHO MO-HUCKA
TONIONPOBOAMMOCT, Aobpa AKOCT M NPEBBb3XOAHUM MEXaHU4YHU CBOMCTBA, HO € MHOro TpYyAEH
MaTepuan 3a obpaboTka nopagu oTaensHaTa BUCOKA TOMMMHA NPU psi3aHe, HUCKO KayecTBO Ha
NMOBBPXHOCTTA, CUIHO M3HOCBaHE Ha MHCTPYMEHTa, KOeTO BOAU OO0 KpaTbK XMBOT U HUCKA
npousBoauTenHocT. lNMpouecnTte Ha psizaHe, KakTo 0OMKHOBEHO, Ce pa3rfnexzar no OTHOLWEHue
Ha napamMeTpu KaTo CUIIN 1 MOLLHOCT Ha psA3aHe, TeMnepaTtypa Ha ps3aHe, Ma3aHe, Ka4yecTBO Ha
MOBBPXHOCTTA, M3HOCBAHE M XMBOT Ha WHCTPYMeHTa. ToBa npoyyBaHe npeacraBA eaviH
aHanuTU4YeH nperneg no OTHOLWEHME Ha rpanaBoCTTa Ha MOBBPXHOCTTA, W3HOCBAHETO Ha
WHCTPYMEHTA N eKCNNoaTauMoHHNTE XapaKTepUCTMKM Ha XUBOTa HA UHCTPYMEHTa BbB Bpb3Ka C
OCHOBHUTE NPOM3BOACTBEHN NapaMeTpu Ha npoLuecuTe Ha obpaboTka.
Hay4Ha akTyanHocT
OT camoTO Havano npouecute Ha 06paboTka, KOUTO Ce M3MOon3BaT B MPOMULLNIEHOCTTa, ca
n3npaBeHn npep npeav3BUMKaTENICTBOTO Aa HAMEpPAT OCHOBHA TEXHOMOrMA 3a Cb3gaBaHe Ha
WHXEeHepHa OCHOBa 3a onpepensHe Ha noaxopAwmMTe napameTpu Ha obpaboTtka, 3a ga ce
NMOCTUrHE BMCOKA NpPeAcKa3yeMoCT U NPOU3BOAUTENHOCT MO BPEME Ha MpoLeca B NpakTukara.
Te3n npepusBuKaTencrea ce npeoponsABaT C u3cnefsaHe U pa3paboTBaHe Ha eMnupuyHa
METOAONOrNs, Hay4Ha (4pes3 Nnpeaukumust) MeTOAONOMNsl U KOMMITbPHO-0a3npaHa TeXHoNorMa 3a
OLEeHKa Ha WKOHOMM4YeckaTa edeKTMBHOCT. [loBeyeTo um3cnegoBaTenn M3Mnon3saT OCHOBHO
eMIMUPUYEH aHann3 Ha JaHHW, 6a3npaH Ha perpecroHHa TEXHWKA, KOATO € MOLLEH MHCTPYMEHT
3a MoAenvpaHe M aHanu3 Ha peariHuM Mpouecu, YMeTo ecTecTBO M MoBeAeHue He MmoraTt Aa
6baaT 06ACHEHN C NoMoLLTa Ha TeopeTnyeH noaxod. MHOro npoyysaHus NoOKaseaT, Ye ycnexobT
Ha perpecuoHHusa aHanuM3 3aBucu OoT m3bopa Ha noaxopaswaTa opma Ha MaTeMaTU4ecKu
MOAENM W 4Ye eKCnoHeHumanHata opma ocurypsiBa Han-nogxopawoTo n  edeKTUBHO
NpUMbNNXeHNe Ha ekcrnepuMeHTanHuTe AaHHu. MeTogonorusta 3a peakuusi Ha MOBBbPXHOCTTA
(RSM) wn3non3ea rnaBHO MeToAa Ha CTaTUCTMYecKaTa perpecusi, Tbil Kato € MNpakTU4eH,
MKOHOMMYEH W CpaBHUTENIHO JleCeH 3a u3non3BaHe. ToW aHanuaupa CTaTUCTUYECKM
€KCMepUMEHTANHN AaHHW, NflaHMpaHn Aa AOCTUMrHaT A0 BanuaHW U 06EKTUBHU 3aKITIOUYEHNS.
HayyHo aucuunnuHupaHa cuctema, U3BeCTHa KaTo MeTofa Ha Taryyum, ce u3nons3ea 3a OLeHKa
W npunaraHe B MpakTMKa MO OTHOLUEHWE Ha CTOKW, npouenypu, Pecypcu, WHCTPYMEHTU U
CbOpbXeHusi. Ype3 aHanuampaHe Ha OCHOBHWUTE paKTopu, BRMSAELM BbPXy npoueca wu
ONTUMM3NPAHE Ha TEXHONOrnATa UM Au3anHa, 3a Aa OCUrypAaT Hanu-[obpute pesynTtaTun, Tesu
nopgo6peHnsa ce CTPeMAT Aa NoaobpAT XenaHuTe KayecTBa, KaTo CbLEBPEMEHHO MUHUMU3MPAT
KONUYECTBOTO FPELLKM.
MpaKTuyecka npunoXxXmmoct
M3cnegBaHeTo Ha NoBeOEHWETO MpUM U3HOCBAHE Ha peXewmTe WHCTPYMEHTU TPaguuUoHHO
pa3unta Ha OOLWMPHW eKCnepuMeHTanHu npouenypu, KouTo u3uckeat Bpeme u napu. OT
npoy4BaHuUsTa, NoNyyYeHn B guceprauuaTa, onpegensaHeTo Ha BpeMeTo 3a ynotpeba Ha npoaykT
Ce oueHABa Bb3 OCHOBaA Ha obwwmsi Opon HaTOoBapBaHWs 4Ype3 eKcTpanofnauus Ha KpuBuTe
KOHCYMauusa-BpeME, KOETO 3HaYMTENIHO HamMansaBa Te3n pa3xoaun. JIMHenHnTe maTemMaTuyecku
MoAenu, pa3paboTeHn B 3cneaBaHeTo, NO3BONABAT aHann3 Ha pe3ynTtaTuTte, BKNunTenHo Ra,
VB u TL. Te nossonaBaTt MoAenupaHe W ONTUMU3MpaHe Ha MnapamMaTtbp MOOTAENHO WK
€[HOBPEMEHHO, YMCIIEHO UK rpadn4HO, U Ca NOAXOAALLM 33 U3MNON3BAHE KAKTO B CEPUIHMU,
Taka u B MacoBu Npon3BoACTBa.
Nacnepsartencka paborta n anpobauus
InceptaumoHHoTOo M3cnegsaHe e nposeneHo B "SAALS Industry" MNpuspeH 1 B nabopatopusaTa
Ha PakynTeTa No MaWMHHO UHXEHEePCTBO Ha YHuBepcuTeTa B lNMpuwmHa
MNMpencraesHe Ha aucepTauusaTa
OucepTaumoHHnaT Tpya € [OKNnagBaH B KaTegpa ,TexHOnorMs Ha npou3BOACTBOTO W
mMeTanopexeum mawmHn”, ®UT, TY-Codus.
My6nukyBaHe Ha pe3ynTaTuTe NO AUCEePTaLUOHHUA TPYL,
CobliectBeHuTe pe3ynTatv OT AMCEPTALMOHHUS Tpya ca npueTtn B 3 Aoknapa, pedepupaHu B
SCOPUS n Web of Science.
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II.CbABbPXAHVE HA OUCEPTALUMOHHUA TPY[Q

1. BbBepeHue
1.1 Llenun Ha uacnegsaHeTo
OcHoBHaTa Uen Ha AWcepTaumMOHHUS TpyA € MoaenupaHe u pa3paboTBaHe Ha MNPOrHO3HU
MaTemMaTMyecKu Mofenu, KOUTo CBbp3BaT rpanaBoCcTTa Ha MOBBLPXHOCTTA, M3HOCBAHETO Ha
WHCTPYMEHTa W XUBOTa Ha WHCTPyYMEHTa C TpW napameTbpa Ha pd3aHe B npoueca Ha
CTpYyroBaHe: CKOpPOCT Ha psA3aHe (v), nogaBaHe (f) n gbnbounHa Ha pssaHe (o). Teanm mopenu
non3earT JIMHEeNHa perpecusa OoT MbpPBU pef, Ha rpanaBoCTTa Ha MOBBbPXHOCTTA, M3HOCBAHETO Ha
MHCTPYMEHTA W XMBOTA Ha WHCTPYMEHTA, KOUTO Han-gobpe OTroBapAT Ha YCTAHOBEHUTE
KpUTepun, M ce nnaHnpa pa 6baat pas3paboTeHn € nomowTa Ha MeToposiorvaTa  Ha
NoBbpXHOCTTa Ha peakuus (RSM) n aHanna Ha gucnepcuata (ANOVA). BropuuHaTta uen e ga ce
onTumMmn3npaT napameTpute Ha o06paboTka, KOMTO LWe [AosBegaT A0 aKypaTHa oOueHKa Ha
obpaboTka no Bpeme Ha cTpyroBaHe Ha cnnasu Inconel 718 ¢ WC-Co BNoXKu ¢ nokputue npwm
cyxu ycnoBusa. Tpetata uen e rpaMyHo ONTUMU3MPAHE Ha JIMHEWHW PErpecuoHHU MOoAEenNw,
KOeTo no3BonsBa Bu3yaneH n3bop Ha onTumanHute ycnoesusa Ha obpaboTka cnopep onpeaeneH
KpUTEPUNA.
1.2 O6xBaT 1 hOKYyC Ha u3cneaBaHeTo
ToBa n3cnepsaHe obxBalla obpaboTBaemocTtTa Ha Inconel 718, KonTo ce cunTa 3a TPyAeEH 3a
psi3aHe maTepuarn, He caMO MopaAu HEeroBUTe MexaHU4HW CBOMCTBA, HO M Mopagu HeroBaTa
nowa TOnnonpoBOAMMOCT, KOSAAITO MOXe fAa [osefe [0 MpexaeBpeMeHHO W3HOCBaHe Ha
WHCTPYMEHTUTE U JIOLIO Ka4yeCcTBO Ha KpanHUs npoaykTt. B Ta3u Bpb3ka € OT ronsamMo 3HadeHue
Aa ce onTMMu3upaT napameTpute Ha obpaboTka, KaTto Taka ce nopobpsaT napameTpuTe Ha
npoueca no OTHOLIEHVE Ha KayeCTBOTO M LeHaTa Ha npoaykTa. M3cnensaHeto e dhokycupaHo
BbpXy pa3paboTBaHETO Ha MOAXOQALM MATEMATUYECKN MOLENU MO CUCTEMATUYEH, HAYYeH U
HageXAeH HauvH, KOUTO WHTerpupaTt eKCrnepuMeHTasnHW, aHanUTUYHWU W YUCNIEHW 3HaHWUS B
obnacTTa Ha nnaHMpaHeTo Ha NPOM3BOACTBEHNSI MPOLEC U ONTUMU3UPAHE Ha XapaKTEPUCTUKNUTE
Ha peakuus Ha npoueca KaTo rpanaBoCT Ha NOBbPXHOCTTA, U3HOCBAHE Ha MHCTPYMEHTA U XUBOT
Ha MHCTpyMeHTa. Te3n MoAenu npefocTaBAaAT AOCTaTbYHO TEXHOMOMMYHN AaHHW, 3a Aa OCUTYPSAT
e(PEeKTUBHOTO W3MOM3BaHE Ha pexewmuTe WHCTPYMEeHTUM M MawwuHW. M3non3eBaHeTo Ha
KOMMIOTbPHO nognomorHato npoussoacteo (CAM) B npoueca Ha o6paboTka uypes
n3nonssaHeto Ha CNC un DNC mawwmHHM 06paboTkm € Haco4yeHO KbM Cb3[aBaHETO Ha
HafleXaHu cuctemn 3a obpaboTka Ha AaHHK, 3a Aa Ce OCUrypy onTMMarnHa Npou3BOAUTENHOCT
Ha MeTanopexeLimTe MaLlnHW.
1.3 MNpepusBukatencrea
Bbnpekn 3HaunTenHns HanpeabK Ha TpaauMUMOHHUTE TEXHOSMOMMN U pa3BUTUETO Ha pexelunte
WMHCTPYMEHTU, MawmHHaTa obpaboTka Ha Inconel 718 ce cunTta 3a ronsiMo nNpean3BUKaTENCTBO
nopaau NpUCbLUNTE XapaKTepUCTMKM Ha Te3un 6a3npanun Ha Ni cynep cnnaeu, obpaboTkata Ha
KOUTO BOAM [O TrONAMO M3HOCBAHE HA WHCTPYMEHTa W CbOTBETHO KpaTbK XMBOT Ha
nHcTpymeHTa. CnepoBaTenHo uenta Ha u3cneaBaHeTo € m36opbT Ha MOAXOAALM pexeLum
WHCTPYMEHTU 1 NapaMeTpuTe Ha obpaboTka KaTo CKOPOCT Ha pA3aHe, CKOPOCT Ha nofaBaHe U
AbnboyrHa Ha psiaHe. Te3n napameTpu UrpanT BaxHa ponsa 3a ePeKTMBHOTO U3MON3BaHE Ha
WHCTPYMEHTUTE U MO TO3W HAYMH 3HAYUTENTHO BNUSAT BbPXY 06LIMTE NPOM3BOACTBEHN pa3xoau.
1.4 MeToponorusa Ha uscnegBaHeTo
B ToBa npoyuyBaHe we 6bae pa3paboTeH cucTeMaTUveH U3cnenoBaTencku nnaH, KOWTO e
npegocTaBuM  AaHHUTE U pel3yntatute, Heobxooumu 3a TecTBaHe Ha xunoTtesaTa. 3a
nonyyaBaHeTO Ha Ta3n UHdopMauusa e HeobxoauMO Aa ce U3BbPLUN eKcnepuMeHTanHa pabota
B nabopaTopHu ycnoBusi, KbAETO € Heo6X0AMMO Aa ce NMpou3BeaaTt AaHHU, KouTo we 6baat
nogoxoddwin 3a TecTBaHe Ha onpefeneHn XapakTepUCTMKUM U Mo TO3U HadyvH Aa ce Mnonyyu
OCHOBHa BXOAHa MHopMaLmsa 3a nocneapalla obpaboTka 1 aHanu3 n U3roTBAHE Ha N3BOOM.
N3cnepBaHuat matepuan Inconel 718 oOGMKHOBEHO Ce M3Nof3Ba 3a peakTMBHW ABUraTenu u
rasosu TypbuHu. B ekcnepumeHTanHuTe nacneaBaHus e nsnonssaH MetoabT Taguchi Design of
Experiments (DOE) c wu3amepBaHe, o06paboTka u cuctemaTuaupaHe Ha pesynrature.
PerpecnoHHMAT aHanu3 Ha pe3ynTaTute BOAM A0 MPOrHO3HM EMMUPUYHU MaTeMaTUYeCKM
MOAENW, KOWUTO OnucBaT 3aBUCUMOCTUTE Ha W3OpaHUTE W3XOOHU XapakTepUCTMKM OT
napameTpute Ha obpaboTka. B npoueca Ha onTumMM3auusa € u3non3BaH yCTOWYMB MOAEN Ha
Taguchi, konTo ocurypsBa Han-gobpaTta KOMOMHaAUMA OT NapaMeTpu Ha pA3aHe, KOUTO MoraT Aa
AoBenart oo onTUManHu pesyntati npy obpaboTka.
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OvnnomHaTta paboTa e pa3feneHa Ha cefem rnasu.

aBa 1 n3cnegsa cblUecTByBalMs onNUT B MalnHHaTa obpaboTtka Ha Inconel 718 3aepHo ¢
onucaHue Ha uenuTe Ha ulcnegBaHeTo, NnpeameTa u MEeTOA0NOrMATa Ha N3CneaBaHeTo.

MnaBa 2 npepoctaBa npernen Ha npeguwHu U3cnefBaHuss U TEOPETUYHUM CbOoOpaxeHus B
nutepaTypaTta, BKIOYMTENHO KUHEMATUKA U hakTopu, BMSELM BbpXy Npoueca Ha CTpyroBaHe,
TeopeTnyHn (reoMeTpu4yHu) MOoLEeNn Ha rpanaBoCT Ha MOBBLPXHOCTTA, W3HOCBAHe Ha
WHCTPYMEHTA M XMUBOT Ha MHCTPYMEHTA, KaKTO U TEXHWKN 3@ MoAenupaHe n onTumMu3vpaHe B
npouecuTe Ha CTpyroBaHe.

naBa 3 npegnara obwy, nperneg Ha NnapaMmeTpuyHUTe onTuMm3aumnoHHn metoam (DOE) n 3agbn-
6o4eHOo pa3rnexgaHe Ha NpUNOXUMOCTTa Ha meToaa Taguchi B ekcnepumeHTanHaTta pabora.
naBa 4 pa3paboTBa MeTofonorvaTa 3a CTpyroBaHe Ha cnnas Inconel 718, kakto n metoaute
3a U3NUTBaHe, M3MNof3BaHN 3a U3MEpPBaHEe Ha rpanaBoCTTa Ha NOBbPXHOCTTA, N3HOCBAHETO Ha
WHCTPYMEHTA N XUBOTA Ha MHCTPYMEHTA.

aBa 5 n3cnegBa Bb3MOXHOCTUTE 3a 06paboTka M aHanu3 Ha eKCrNepUMEHTanHU AaHHu,
pa3paboTBaHe Ha NPOrHO3HW MaTeMaTUYECKN MOLENN, CTaTUCTUYECKN aHanM3 1 ONTUMU3NPaHe
Ha o6bpaboTBaemMocTTa Ype3 n3bop Ha Han-gobpata KOMOMHaALMA OT NAapaMeTpu Ha pexnma.
naBa 6 onucea rpaduyHata ONTUMU3aUNS U OLEHKa Ha JIMHEWHUTE perpecuoHHW MOAEenu OT
NMbpBu pes Ypes 2D-KoHTYpHU rpadmkn n 3D-NOBBPXHOCTHU rpachunku.

nmaBa 7 cbabpxa 3aknw4veHuAaTa OT pucepTaumnarta, HayyYeH MPUHOC, HayYHWU/MPUIOXHM,
MPWUNOXHN MPUHOCKU, KAKTO U NpeanoXeHne 3a 6baelum nscnegsaHmsa no Temara.

2 JIUTEPATYPEH OB30P

21 O606LeHune
Tas3n rmaea npepocTaBsa onpeaeneHns n MHopmMaumsa OTHOCHO NflaHMpaHUTe M3CneaBaHus Mo
AvcepTaumoHHus Tpya. Llenta Ha rmaBaTa e aa ce HanpaBw Nperfnes Ha HayvyHaTa nuTepaTypa u
METOAONMOMMYHMTE MPUHLMNKU, OTHAcAWM ce OO TeMuTe U npobnemute, obcbxpaHu B TOBa
n3cnenBaHe, U crnep ToBa Aa pa3paboTu TeopeTMyHa pamka 3a NpeasyioXeHOTO MU3cnenBaHe.
KoHuenuusta, gaHHUMTe M MHOpMauMaTa ce cbbupaT OT pas3nNYyHU U3TOYHWMUM, 3@ Aa ce
pa3bepe KoHuenuusita u 3HaHWUATa UNN AaHHUTE, NOMe3HU 3a NPoeKTa.

2.3 'panaBocT Ha obpaboTBaHaTa NOBbpPXHMHA
eomeTpusita Ha obpaboTBaHMA OeTann U MUKporeomeTpusita Ha obpaboTeHaTa MOBbLPXHOCT
CbCTaBnsABaT KayecTBOTO Ha obpaboTeHaTa NOBBLPXHOCT. [eomeTpusita Ha pJeTamna ce
onpegernsa oT TOYHOCTTa Ha M3MepBaHuATa, (hopMaTa U B3aMMHOTO Pa3rofioXEHNE Ha ABE UK
noBeye MNOBBLPXHOCTM Ha peTanna. MukporeomeTpuaTa Ha obpaboTeHaTa MOBBLPXHOCT Ce
onpeaens oOT rpanaBocTTa Ha obpaboTeHaTa MOBBLPXHOCT. ['panaBoCcTTa Ha MOBbLPXHOCTTA ce
OTHacs 4o nopeauua oT MUKPOCKOMUYHN FEOMETPUYHN XapaKTePUCTMKM Ha Marnku BoTbOHATUHM
M BbPXOBE C pPas3fMYyHO pa3CToOsHME W BUCOYMHA, KOUTO OOWKHOBEHO Ce MOCTaBAT MO
HeAEeTEPMUHUCTMYEH HauMH BbpXy obOpaboTeHa NoBbPXHOCT. [narpama Ha MNOBbLPXHOCTHaTa
obpaboTka, Purypa 2.5 nokasea napameTpuTe Ha rpanaBoCTTa Ha NOBbPXHOCTTa Ra, KbaeTo
Ra ce onpepens kaTto cpegHata Bapvauus Ha npodwuna Ha rpanaBocTTa OT LeHTpanHaTa JIMHuA

(m). v,
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durypa 2.5 ApuTMeTUYHO ocpefHeHa rpanasocT, Ra - auarpama

KakTo ce Buxaa Ha durypa 2.5, cernacHo JIS B 0601 [18] (1994), cTtoHocTTa Ha Ra e no-Hucka
OT AeWcTBMTENnHaTa BMCOYMHA HA BapuauuMuTe Ha rpanaBoCTTa, MOpagu TOBa OCpeAHsiIBaHe,
nonyyeHo ot (YpaBHeHue 2.6). lNpubnuamtenHata CTOMHOCT Ha CpPegHOTO apUTMEeTU4HO
OTKNoHeHue Ha Ra npoduna e:

1
Ra ~ L3Il (2.7)
2.4 Mop,enw 3a ornpeaendHa Ha N3HOCBaHETO U D,'bJ'IFOTpaVIHOCTTa Ha UHCTPYMEHTa
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CnocobHocTTa 3a NporHo3upaHe 1 MoAenvMpaHe Ha M3HOCBAHETO Ha MHCTPYMEHTa U OYaKBaHWUS
XMBOT Ha WHCTpPYMEHTa MNpu psA3aHe Ha MeTan e oT rofidMo 3HayeHue 3a OocurypsiBaHe Ha
34paBuv, NpegsuanmMm n ctabunHu cuctemn 3a obpabotka. NponsBoanTenmuTe Ha UHCTPYMEHTH
n3non3eaTt MOAENU 3a XUBOT Ha MHCTPYMEHTA, 3a [Aa NOMOrHaT Ha KpanHuTe noTtpebutenu c
ONTUMarHu AaHHW 3a psa3aHe, NyGnMKyBaHW B OHNAWH KaTano3u Unu oHnamH yeb npunoxeHus.
B 3aBMCMMOCT OT HyXAUTE Ha NOTPEOUTENA HA MHCTPYMEHTA, NMPON3BOACTBEHUAT MPOLEC MOXE
Aa 6baoe onNTMMK3MpaH WM 3a MakcMManHa MpPOU3BOAMTENHOCT, WUIINM 3a MOCTUraHe Ha Hau-
HUCKMN NPOU3BOACTBEHN pa3xoan. [loBegeHne Ha XuBoTa Ha MHCTpyMeHTa, criopeg Clocke F. [9]
(2011) e cnocobHocTTa Ha paboTewa ABOWKa (MHCTPYMEHT M AeTann) ga u3gbpxaT Ha
onpegeneH npouec Ha psizaHe. ToBa ce BAMse OT U3LPBLXIMBOCTTA Ha pexewmsa pbb Ha
WHCTPyMeHTa, 06paboTBaeMoCTTa Ha AeTanna n OT YCroBUATA Ha XMBOT HA UHCTPYMEHTa, dur.
(2.7).

Cutting edge //
durability [
(Tool) X

TOOL LIFE CONDITIONS
Tool Workpiece Machine Cutting Process Environment
Form - Material - Dynamic a - Kinematics - Cutting fluid
Cutting edge - Geometry static stiffness - Cutting - Thermal
geometry conditions boundaries
Cutting tool
material

Tool Life Machinability

Behaviour

Tool life criterions

Tool wear

Resultant force, cutting power
Surface roughness

Chip form and temperature

(Material)

Tool life parameter

Tool life

Tool life travel path
Tool life quantity
Tool life volume

®urypa 2.7 BnusiHne Ha JbNroTpaiHOCTTa Ha MHCTpyMeHTa, Clocke F. 1 (2011)

lMporHo3npaHnTe CTOMHOCTN Ha CKOPOCTTa U XMBOTA Ha MHCTPYMEHTa ca noka3aHu Ha Purypa
2.8 Npyn KpuTepun 3a ObNTOTPaArMHOCT Ha WMHCTpymMeHTa oT 0,3 mm CTpaHM4YHO M3HOCBAHe,.
Heobxoaumu [OMbAHWUTENHWM U3CneABaHusl, 3a Aa Ce HanpaBu YpPaBHEHMETO 3a XMBOTa Ha
WHCTPYMEHTa MpakKTU4ecKn MonesHo B LMpoka obnact Ha npunoxeHue. Kronenberg M. [37]
(1927) oka3Ba Han-ronamMo BNusSHWE BbpXy TOBa U3cnensaHe.

(1) (2) R (3)
0.3 mm Tool life criterion given as flank wear level
) K f
= i
= i
- i
|
= i
= i
S i
—_— |
b 1
S i
e !
Initial wear zone '+ Severe wear zone
|
1 1 1 :T=41

20 30 40

Time of cutting (min)

durypa 2.8 BrniuaHue Ha CKOpoCTTa - V BbpXYy U3HocBaHeTo- VB npu Tpu pa3nnyHu ckopoctu [36]

[lobpe n3BecTHOTO ypaBHeHUe Ha Tennwvp, aecduHnpaHo okono 1900 r., KaKTo U HeroBuTe Mno-
KbCHWN TpaHCcOpMaL MM ONMCBaT BPb3KUTE MEXAY XMBOTA HA MHCTPYMEHTa 1 NapamMeTpute Ha
o6paboTka M BKJOYBAT HAKOSIKO KOHCTAHTW 3a PasfvyHM KOMOWHALUMU OT WMHCTPYMEHTU WU

6
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MaTepuasnun Ha petanna.

ve T = Cp (2.12)

KbAETO; V - CKOPOCT Ha pA3aHe (m/min), TL - XMBOT Ha MHCTpPyMeHTa (min), m - eKCroHeHTa B
3aBUCUMOCT OT paboTHMA MaTtepuan, maTepuana Ha WHCTPYMEHTa, reoMeTpusita Ha
NHCTpyMeHTa 1 cnymnaa 3a pasaHe. CT - KOHCTaHTa, NpeAcTaBnsaBalia CKOpoCcTTa Ha psa3aHe,
koaTo Bogn Ao 1 min uHctpymeHT xuBoT. Sheng J. [39] (2015) B cBOETO nNpoy4yBaHe cuuta, 4ye
N3HOCBAHETO Ha peXelums MHCTPYMEHT ce cryyBa oTnpen (U3HOCBaHe Ha KpaTepu) v 0T3ap,
(n3HOCBaHe Ha pnaHra) B KOHTaKT CbC CTPYXKU U AeTannu. B noBeyeTo cnyyam Te ce noassasat
e[lHOBPEMEHHO 1 B3aumMogencTeaT nomexay cu, cnopeg Waluyo et. an. [40] 2020 r., ®wur. (2.9).
2.6 MatemaTnyecko mogenvpaHe Ha obpaboTBaemocTtTa

Llenta Ha n3non3eaHMTe MeTOAM € fa ce nornyyaT mMaTeMaTMyecKu MoAaenu Ha npoueca Ha
o6paboTka, T.e. Aa ce nony4yat QyHKUMM 3a obpaboTBaeMocT. ToBa ca MaTeMaTuyecku Mogenu,
ype3 KOUTO ce ONncBa B3aMMO3aBMCUMOCTTa Ha BXOOHUTE U U3XOQHUTE napameTpu Ha npoueca
Ha obpaboTka W NpeacTaBnaBa NpubnMxXeHMe Ha AeucTBuTenHata opma Ha yHKUMATa Ha
npoueca. MatemaTnyeckute mMoaenu Ha psa3aHe Ha meTan TpAbeBa pa moraT ga npegnoxart
cnepgHata uHdopmauua, crnopeq TpeHt m Pant [72] (2000): 1) lNporHo3a 3a XuBoTa Ha
nHcTpymeHTa, TL=TL(Xi), 2) NporHo3a 3a ka4ecTBOTO Ha obpaboTeHaTa noBbpxXHOCT R=R(Xi). 3)
MporHo3a 3a ynpasneHne Ha cTpyxkute, C=C(Xi), 4) lNporHo3a 3a HaToBapBaHuATa BbPXY
nHctpymeHta F=F ((Xi), getamna u npucnocobnenusta, 5) llporHo3a 3a TOYHOCTTA Ha
06paboTBaHMTE KOMIMOHEHTM!.

KT

KB = crater width

KM = crater centre distance \ * l
KT = crater depth Wear notch
KA = crater area (self defined) M;L%/UB. \JL

VB = average wear-land with VBmax

VBmax = maximum wear-land with
r=radius of cutting edge

View on major flank

®durypa 2.9 CxemaTn4HO NpeacTaBsHe Ha U3HOCEH pexeLl, MIHCTPYMEHT

2.6.1 MaTemaTnyeckn mogenum
MopenuTte ¢ NMHeNHa perpecusi ca Han-OCHOBHUTE W CriefoBaTENHO YECTO U3MNON3BaHW, KaTo
ypes3 U3MNOoN3BaHETO Ha NMpaBUITHMTE TPaHCHOPMaUUN Ha HENMUHEWHN MOAENN, N Te ce cBexaar
A0 T03u mogen. NoNMHOMHOTO ypaBHEHME € HaN-4eCTO M3MON3BaHUAT OT JIMHENHUTE MOAENMN.
Bcsika cTteneH Ha nonnMHOMHa (byHKUMS MOXe [a Ce U3Mof3Ba KaTo eEMMMPUYEH MaTeEMATUYECKU
mogen. Cnopep Sarabia u Ortiz [76] (2006), no-ronamata 4acT OT eKCnepuMeHTanHuTe
n3cneaBaHus, U3Non3BallM MNPOLECU Ha psi3aHe KaTo MaTemMaTU4ecKu Mopenu, U3nbiHABaT
MOZENM OT MbpBa CTEMNEeH, KakTo crneppa:

y=by+ YK b x;+¢ (2.21)

Toaun mopen e ¢ nuHenHa perpecud ¢ p=k+1 koeduumeHTn n k He3aBUMCUMN MPOMEHITNBM.
2.7 MNMoaxop, npu mogenupaHe u oNTUMU3auus

CrpaTernute 3a MofenupaHe 1 ONTUMU3MpaHe B MPOLIECUTE Ha psi3aHe Ha MeTan ca NoApobHO
pa3rnegaHun B nybnukaumata Ha Mukherjee n Ray [83] (2006) c akueHT Bbpxy (a) TEXHUKM 3a
mopenupaHe u (b) TexHWKM 3a oNTUMKU3auUMA, BKITYUTENHO CTaHOAAPTHN U HEKOHBEHLMOHANHN
(eBONIOUMOHHM) TEXHUKU 3a ONTUMU3ALMSA, KaKTO e nokaszaHo B ®durypa 2.11. ToBa npoyyBaHe
CbLLIO TaKa U3ACHW, Ye TEXHUKUTE 3a MoAeNnpaHe N ONTUMM3auus ca N3non3BaHn B NOCnegHNTe
npoyyYBaHUs nopagu TPygHOCTTa Npu onpeaensaHe Ha Han-gobpute napameTpu Ha obpaboTka ¢
nomMoLLTa Ha MaTeMaTUyeckn Mmoaern.
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durypa 2.11 Knacudukauus Ha TEXHUKUTE 3a MofenupaHe (a) n ontummnsaumsa (6) B npoueca
Ha psA3aHe Ha meTan

2.8 N3soau

e OT HanpaBeHMAT NUTepaTypeH 0630p € U3roTBeHa KOHLIENUUS U ca onpeaerieHn uenuTe Ha
TOBa U3cnepBaHe v TE3NTE Ha Ta3n LOKTOPCKa CTyaus.

e OcBeH TOBa, TO3U Nperneq NpPeaocTaBy AOCTaTbYHO HayyHa MHoOpMauua 3a onpepensiHe
Ha u3bopa Ha TeopeTM4YHa W eKCNepuMeHTanHa Wu3crnegoBaTesnicka MeToAoNorus,
CTATUCTUYECKM METOAM 3@ aHanu3 U MNOTBbPXAEHWEe Ha pe3ynTtatuTe, MEeTOAOoNorns Ha
MOAEnvMpaHe n onTuMuanpaHe Ha yHKuMnTe 3a obpaboTBaemMocT, M360p Ha TEXHWKKU 3a
n3mMepBaHe, Noaxoasia obpaboTka, TMN M KAYeCTBO Ha pexeLum MHCTPYMEHTU U Ap., KOUTO
ca pasrnefaHu nogpobHo B criegsalumTe rnasu.

2.9 MoTtuBaumsa

Bbnpekn 3HauUMTENHUA HaNpeabk B TEXHONMOrMUTE 3a pexelum UHCTPyMeHTu, obpaboTkaTa Ha

Inconel 718 Bce olle ce cmsATa 3a ronsaMo npeauM3BuKaTencTso. Bb3 ocHoBa Ha n3bpoeHuTe no-

rope npeav3BuUKaTencTsa, ToBa M3cneaBaHe Gelle MOTUBMPAHO OT HeobxoauMMocTTa Aa ce

JonpuHece 3a uscneaBaHeTo Ha obpaboTBaemocTTa Ha cynep cnnasTa Inconel 718, 3a ga ce

nonyyaTt nNpOrHO3HM MatematundyeCkn Mopgennm n pga ce onpependatr ontumMarnHmtTe HuBa Ha

napameTpute Ha obpaboTka, 3a Aa ce AagaTt Han-[obpu pel3ynTaty 3a XapakTepUCTUKMTE Ha
peakuuAaTta, T.€. rpanaBOCT HaA MNOBBPXHOCTTA, U3HOCBaHe Ha WHCTPyMEHTa W XUBOT Ha

WHCTPYMEHTA.

2.10 Llen Ha pucepTaunoHHUA TPYA,

Llenta Ha ToBa M3cnefBaHe € Mo CUCTEMATUYEH, HAy4YeH U HAaEeXAEH HauyMH Aa ce pa3paboTar

MPOrHO3HW EMMUPUYHN MaTEMATUYECKN MOAENWN, KOWUTO WHTErpvpat eKCrnepuMeHTasnHu,

YUCIIEHW W aHanNUTUYHU 3HaHuUA B obnacTTta Ha nnaHMpaHeTo uU ONTMMU3NPAHETO Ha

npon3eBoacTBeHnaA npouec.



EkcnepuMeHTanHo uscneaBaHe Ha MaTemMaTU4HO MoaenupaHe u onTumusauus Ha INCONEL 718 npu ctpyroBaHe ypes LIMY

OcBeH TOBa wu3cnegBaHeTo LWe no3sonu ¢opmupaHeTo Ha 6a3a OT 3HaHMA, KOATO C
WHCTanupaHeTo Ha NOAXOAALM CeH30pu € HeobxoauMma 3a noflydaBaHe Ha WHTENUreHTHa
cuctemMa 3a obpaboTka.
HAYYHOU3CJIIEOQOBATENCKN 3AOAUN
3a nocTuraHe Ha UenTa Ha gucepTaLnoHHUA TPYA ce NOCTaBAT CneaHuTe OCHOBHU 3a4au4u:
e [lpoBexaaHe Ha eKcrepuMeHTanHn TeCcToBe B npoLeca Ha Cyxo CTpyroBaHe C nomoLura
Ha opToroHanHara peweTtka Taguchi.
e /I3BbplBaHe Ha CTAaTUCTUYECKU aHanu3n ¢ NOMOLLTa Ha MeTOA0MOrMN 3a CbOTHOLLEHNEe
curHan/wym (S/N) n aHanu3 Ha gucnepcuata (ANOVA).
e l3cnegBaHe Ha BNWAHWETO Ha MapameTpuTe Ha pA3aHe KaTo CKOPOCT Ha pA3aHe,
CKOPOCT Ha nogaBaHe u AbnboynHa Ha psAidaHe BbpXy OTroBopute Ha obpaboTkara.
e AHanuavpaHe Ha rpanaBoCTTa Ha MNOBBbPXHOCTTA 4pe3 u3MepBaHe Ha cpegHaTa
rpanasoCT Ha nosbpxHocTTa (Ra).
e OueHKa Ha BrnoLwlaBaHeTo Ha U3HOCBAHETO Ha CTpaHaTta Ha nHcTpymeHTa (VB).
e TecTBaHe Ha M3OPBLXANBOCTTA Ha MHCTpymeHTa (TL) 4Ype3 uamepBaHe Ha KpuTMYHaTa
CTOMHOCT Ha N3HOCBAHE Ha CTpaHMTe Ha UHCTpymeHTa (VB).
e [lpoBexaaHe Ha NOTBbPXAaBaLLM eKCriepuMEHTanHn TeCTOBE ONTUMarHN pe3ynraTy.

3. METO[, HA TAI'YY/ YPE3 EKCMNEPUMEHTANEH ON3ANH

3.1 Mpernep Ha NaBa 3
B Tasn rnaea we 6baat npepctaBeHn AeUHULMMTE U OCHOBHWUTE MPUHUMNKU Ha
KOHTpOJNa Ha Ka4yecTBOTO, KaTo MiiaHnpaHe, NpoBEXAaHe M aHann3 Ha eKCNEPUMEHT KaTo Lo,
AOKaTo MeToabT Ha Taryum we 6bae pasrnegaH nogpobHo. OcHoBHATa Len Ha AuM3ariHa Ha
ekcnepumenTute (DOE) e pa ce ycrtaHoBM onTMmariHa NMpoOM3BOAUTENHOCT Ha Mpoueca 4pes
onpegensaHe Ha oNTMMasiHUTE HUBA Ha BXOAHWUTE NPOMEHNIMBY Ha NpoLieca.

3.4 EKcnepumeHTaneH gusamH no metona Ha Taryuu
MeToabT Ha TaryuuM 3a NpoOEKTUpaHe Ha EeKCNEpPUMEHTU € MPOCT CTaTUCTUYECKM

WHCTPYMEHT, BKJ1H0YBALL, CUCTEMA OT OPTOroHanHW MacuBu, KOATO NO3BOSIABA MakcumaneH 6pon
OCHOBHM edekTM gAa ObaaT oueHeHu Mo 6Ge3npucTpacTeH HavyMH C MUHUManeH 6pon
€KCMepuUMeHTanHn onutu. TOM € MNPUIIOXEH 3a MPOrHO3MpaHe Ha 3HA4YUTENHUS MPUHOC Ha
AM3aiHa Ha NpPOMEHNMBMTE W ONTUManHaTa KomMOumHauus OT BCsiKa MNPOMEHNMBa 4pes
npoBexaaHe Ha eKCnepumMeHTU B peanHo Bpeme. EkcnepumeHTuTe ce npoBexnaT Mo HauuH,
KOMTO onpepensa obxsata Ha NPOMEHNMBOCTTA, NPOU3TUYaLLa OT NPOMAHATa Ha KOHTPONMpaHu
dakTopn 1 HeKOHTponupaHu gaktopu (wym), ot Roy R. [93] (2010).

3.4.2 EkcnepumeHT TMN Robust-Design

Cnopepg, Phadke M. [99] 2012, meTogbT Ha Taryun, nseecteH cbluo kato Robust-Design,
€ WHXEHEpeH Tnpouec 3a MoBMWIABAHE Ha MNPOU3BOOMTENTHOCTTA MO BpPEME Ha
Hay4YHOM3cnegoBaTencka 1 pa3BoMHa AENHOCT, Taka Ye BMCOKOKA4YeCTBEHM CTOKM ga moraTt ga
6baaT cb3aaneHn 6bP30 1 Ha EBTUHA LIEHA.

MoaxoabT Ha Taryynm 3a Ka4yeCcTBEHO WHXEHEpPCTBO B3emMa npeaBup BCcuyku dasv Ha
pa3paboTBaHETO Ha NMpoayKTa Unn npoueca, HO KOHTPONbT Ha NMapaMeTpuTe € OT peluaBallo
3HayeHWe 3a nofyvyaBaHe Ha BWCOKO KayecTBO M HUcka ueHa. OnTtumanHute HuMBa Ha
napameTpuTe (eENemMeHTUTE) Ha NpoLeca ce n3bumpaT Ypes3 NPoeKTUpaHe Ha NapamMeTpu, Taka ve
BIIMSAHNETO Ha HEKOHTpONMpyemMn pakTopu ga nma Bb3MOXHO Hal-Marko Bb3[eNCTBUE BbpXY
NPON3BOAUTENHOCTTA Ha cucTemarTa.

[MeT OCHOBHWM MHCTPYMEHTa CbCTaBnsaBaT CTpaTerMaTa 3a yCcTomymBocT, cnopen Phadke
M. [99] (2012).

1. P-onarpamaTta ce u3non3Ba 3a KaTeropusavpaHe Ha NPOMEHNMBUTE Ha MpPOAyKTa B
€MeMEHTM Ha WyM, KOHTPOJ1, curHan (Bxof) U OTroBOp (M3XOA), KAaKTO € NnoKasaHo Ha durypa
3.1.

2. WpoeanHaTa popma Ha Bpb3KaTa CUrHanN-oTroBop, KakTo Ce CbAbpXa B KOHUenuuaTa 3a
npoekTupaHe 3a ocurypsiBaHe Ha 6e3ynpeyHa paboTta Ha cuctemata OT BUCOKO HMBO, Ce
onpegensa matemMaTU4eCcKun C NOMOLLTa Ha naeanHaTta (pyHKuuS.

3. 3a ga ce m3uncnu pasmepa Ha 3arybute, KOMTO NOTPebUTENAT NoHacA B pe3ynTaT Ha
OTKIOHEHNE OT XeNnaHata MNpPOM3BOAMTENIHOCT, Ce W3Non3eBa KBagpaTudHata yHKUMSA Ha
3aryba, n3BecTHa CblLo KaTo pyHKUMA Ha 3aryba Ha Ka4yecTBo.
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4. Upe3 nabopaTopHn TecToBe CbOTHOWEHMETOo curHan/wym (Signal-to-Noise Ratio) ce
M3Mnon3Ba 3a NPorHo3mpaHe Ha Ka4yecTBOTO Ha NoneTo.
5. C orpaHu4yeH 6pon TecToBe Ce M3Mon3BaT OPTOroHanHM MacuMBM 3a MosflydaBaHe Ha

HapgexgHn AaHHU OTHOCHO KOHTPOJIHUTE CbaKTOpI/I (napameTpM Ha p,m3a17|Ha).
(Design parameter)

Controllable inputs
X X2 X p ]

Measurement
Input raw materials, s Evalyat!on
components, Monitoring
subassemblies, and Control
and/or l
Ll Product/Process
Signal factors y = Quality characteristic Output Product
(CTQs)

z) )

2 :q
Uncontrollable inputs
(Noise factors)

®urypa 3.1 P-gnarpama Ha npogyKT unu npouec, ot Montgomery D. [130] (2009)
Taryun ce 3acTbnBa 3a u3cnegBaHe Ha OCpedHEHMs OTroBOp 3a BCEKWM LMKbS1 BbB

BbTPELHNA MacuB, KakTo M 3a u3crefBaHe Ha Bapvauunte, WU3MNon3Ballku CbOTHOLUEHWe
curHan-wym (STN), koeTo e BHUMaTenNHo noadpaHo.

o OcHoBeH oTroBop:

— 1

y= HZinzl Yi (3.2)
. CtaHpapTHO OTKITOHEHKE:

s= [z, U (3.3)

OcBeH TOBa U3NOM3BaHETO Ha CbOTHOLWeEHNEeTO curHan/wym (STN) KaTo cTaTUCTUKa 3a
n3mepBaHe Ha MNPOU3BOOMTENHOCTTA € efHa OT MHOroTO KPUTUKM KbM nogxoga Ha Taryuu.
Hoknagute Ha STN 6sxa NOANIOXEHN Ha KPWUTWUKW, 3alloTO MOHSAKora pAasaT darniimeu
pe3yntatn. Bbnpekn ye TexHukata Ha Taryum € no-manko nonynsipHa OT Kracuyeckus
eKCrnepyMeHTaneH An3ainH, T npegnara Ha NpakTUYHUS UHXEHeP NOIe3HO MACTO, OT KOETOo Aa
3ano4yHe, KoraTto ucka ga nopobpu kayectsoto. OcHOBHaTa Mpu4YMHa 3a TOBa €, Ye MbpPBUAT €
doKycupaH Hain-Beye BbpXy KaueCTBEHUTE MHXEHEPHN haKTopKW, AOKATO BTOPUAT € (poKycupaH
npeouMMHO BbpXy CTaTucTudeckute acnekTtu. Nonsata ot nogxoda Ha Taryum e, ye TOW BKMOYBa
CTaTUCTUYECKN TEXHWKU B CONMAHA MHXEHEepHa npoueaypa.

Cnopepn Kamal et al. [103] (2012), uma Tpun yecTo cpeliaHm (popMU Ha CbOTHOLLEHUS
curHan/wym (STN), KouTo NpeacTaBnsABaT MHTEPEC 3a ONTUMU3NPAHE HA CTAaTUYHKN Npobnemu:
KonkoTo no-manko, Tonkosa no-gobpe (3a Aa HanpaBuTe OTroBOpa Ha cucTeMaTta Bb3MOXHO
Han-ManbK):

1
SN, = —10log (3 2L, y?) (3.4)
HomuHanHo Hal7|-D,06pOTO (38 HamMalndaBaHe Ha NPOMEeHJTINBOCTTa OKOJ10 u,enTa):
52
SNy = 10log (%) (3.5)

Konkoto no-ronsimo, Tonkosa no-gobpe (3a Aa HanpaBuTe OTroBOPa Ha cucTemMaTta Bb3MOXHO
Han-ronam):
SN, = —10log (1 ;Lliz) (3.6)
n yi

VpeanHuTte HMBa Ha (pakTopa ca Te3un, KOMTO MakCMMn3npaTt U3NCKBAHOTO CbOTHOLLEHNE
curHan/wym (STN) cnep aHanu3 Ha cboTHOWeHneTo curHan/wym (STN), 3a ga ce yctaHOBAT
npeanoynTaHNTe CTOMHOCTU Ha napameTtbpa. Cnep kato BCUYKKM CbOTHoweHua Ha STN ca
N34nCNEHN 3a BCEKU LMKbBI HA eKcnepuMeHT, Taryum npenopbya rpauyeH noaxon 3a aHanus
Ha paaHHuTe. Mpu rpaduyHmA noaxop CboTHoWweHnsaTa Ha STN u cpegHUTE OTrOBOPK Ce HaHacAaT

10
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3a BCeKn hakTop CrpsAMO BCSKO OT HeroBute HuBa. Cnep ToBa rpacmknte ce nscneasart, 3a Aa
ce ,n3bepe nobegutenat’, T.e. ga ce u3bepe HaKTOPHOTO HMBO, KoeTo (i) Ham-pobpe
Makcummanpa SN un (i) goBexpga cpegHOTo A0 uenTta (MM Makcumuaupa uinm MUHUMWU3upa
CpeAHOTO, B 3@aBUCMMOCT OT Crnyyas).
3.4.3 Tllopxop Ha Taryun KbM eKcunepumMeHTasneH au3anH

Robust design o3HayaBa HamMupaHe Ha oNTUMarnHN HaCTPONKU Ha KOHTPOSNHUTE hakTopu,
3a fa ce Harnpasu NPOAYKT WM NpoLec HeYyBCTBUTENEH KbM LyMoBu dakTopu. CTbnkute,
Kouto TpabBa Aa ce cneppart, 3a ga Cce MNOCTUrHe TakbB AM3alH Ha Taryuu, ca u3bpoeHun Ha
®urypa 3.2. cnopen Phadke M. [104] (1989) & Tapan B. [105] (1993). Cnopepf cTbnkute,
BKMOYEHM B MeToaa Ha Taryuu, Tpsabsa ga ce npoBenaT cepusi OT ekcnepuMmeHTu. Mo-gony e
OnucaH KasycbT Ha AOKTOpCcKaTa aucepTaumsi 3a ONTMMU3UpaHe Ha napamMmeTpuTe Ha npoueca
Ha psa3aHe Ha cnnasTa Inconel 718 Ha CNC cTtpyr. lNpouenyparta e gageHa no-gony:
Crobnka 1. UgeHTuduumnpaHe Ha ocHOBHa (byHKLMA, LieN U Ka4eCTBEHN XapaKTepUCTUKK
OcHoBHa cyHkums: ObpaboTka Ha cnnasu Inconel 718 B8 CNC ctpyr
Llen n pesyntatn: OnpenensHe Ha HanW-go6puTEe HACTPOMKM Ha NapamMeTpuTe Ha npoueca 3a
ONTUMM3MpPaHe Ha peakuMuTe Ha npoueca.
KauectBeHn xapaktepuctuku: [OIUPEeKTHO wu3mepBaHe Ha OTroBopa 3a rpanaBoCcTTa Ha
MOBBPXHOCTTA Ha HACTOAWOTO Wu3cCfeABaHe, M3HOCBAHETO Ha WMHCTPYMEHTa M XMBOTA Ha
WNHCTPYMEHTA.

Planning the experiment

Identification of Main Function, Objective and Quality Characteristics

Determining system parameters (control factors, noise factors, machine parameters)
Identifying the objective function to be optimized

Defining the control factors levels

Ll IR S J

Determining the experimental design by orthogonal array
!

Performing the experiment
6. Conducting the Matrix Experiment

1 |

Analyzing the Experiment Results
7. Analyze the data and determine optimum levels for control factors

L |

Confirmation Experiment
8. Predict the performance and confirmation of the experimental design

®urypa 3.2 Metopg Ha Taguchi npu npougecHa onTMMmu3auns

Tabnuua 3.1: KoHTponHu hakTopu n TSXHOTO HUBO

@ CKopocCT Ha psizaHe CkopocT Ha [IbnboynHa Ha
aKTopm
(v) nopasaHe (f) pazaHe (d)
HuBo 1 100 0.071 0.2
HuBo 2 120 0.092 0.4
Hueo 3 140 0.125 0.6

Cmbnka 2. OnpepensHe Ha napaMeTpuTe Ha cuctemata (KOHTponHu pakTopy, LUYMOBM
¢dakTopu, NnapamMeTpu Ha MalLMHaTa)
KoHTponHu chakTopu: CKOPOCT Ha psi3aHe, CKOPOCT Ha NofaBaHe U AbN604YMHA Ha paA3aHe.
lWymoBwn chbakTopu: BUGpaLmmn, TemnepaTypHU NPOMEHN, YMEHUSI HA OonepaTopa, CbCTOSIHME Ha
MaluMHaTa U MHCTPYMEHTa, MPOMEHN B MaTepuana).
Ctbnka 3. UaeHTuduumnpaHe Ha uenesarta (pyHKUUA 3a ONTUMM3UpaHe

Llenta Ha papeH npouec Moxe fa 6bAe MUHUMYM, HOMUHAN UNU Makcumym. B To3n
cnyyan e wmsbpaHo: LleneBa dyHKumsA: KonkoTo no-mManbk e, TonkoBa no-gob6bp e STN
KoenumeHTbT 3a Tasu yHkumna (Popmyna 3.4), 3a rpanaBoCT Ha NOBBPXHOCTTA U U3HOCBAHE
Ha wuHcTpyMeHTa. LleneBa dyHkuma: Konkoto no-ronamMo €, ToOfkoBa MNo-gobpo e
cboTHoweHneto STN 3a Ta3u pyHkums (Popmyna 3.6), 3a XMBOT HA UHCTPYMEHTA.
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Ctbnka 4. OnpepensHe Ha HUBaTa Ha KOHTPONHUTE (hakTopu

Bb3 ocHOBa Ha npoy4deHaTa nutepaTypa 3a obpaboTBaemocTTa Ha cnnas Inconel 718 n
N3NON3BaHNTE BIIOXKN OT KapbuaHu pexewwm nictpymeHtn CCMTO9T308N-SU knac AC5005S,
nokputn ¢ PVD yntpa mHorocnoeH TbHbK crion AITiSIiN, Tpute napametbpa Ha obpaboTka
(KoHTponHK dakTopu), pasrnefaHum B ToBa M3crnegBaHe, ca: CKOPOCT Ha ps3aHe, CKOPOCT Ha
nopgaBaHe U AbnboymHa Ha psa3aHe. Benukn Te 6axa 3agafeHn Ha TpU pasnuyHM HUBa (BUXTE
Tabnuua 3.1).
Crobnka 5. OnpepensiHe Ha eKCriepuMeHTanHuA naH Ype3 OpToroHaneH Macus

PasBuTMeTo Ha opToroHanHaTa peweTka ce npunucBa Ha cbp P. A, ®uwbp.
MbpBOHaAYanNHWTE My ONUTKM 3a M3MNON3BaHE Ha OPTOrOHaNHM MacuBKM Ca HanpaBeHM 3a [a ce
cnpaBu C ekcnepumMmeHTanHaTta rpewka. Otroraea, KakTto e nocodyeHo ot Pon P. [93] (2010),
Taryun e moamduumpan opToroHasnHUs Macue, 3a Aa OLEHU He caMo edeKTa Ha uacneaBaH
(akTop BbPXY CpefHusa pe3ynTtaT, HO U Oa onpepenu gucnepcuaTa OT cpegHus pesynTar.
OpToroHaneH macme e Habop OT Yucna C KOJNOHW, KOMTO ca YCMNOpPeaAHU efHa Ha Apyra, Koeto
O3HavaBa, 4Ye BCUYKW nogpeneHn ABONKM 4YMcna ce nosiBABaT BbB BCAKA [ABOMKA KOJIOHU
e[HaKkbB O6poi NbTM KAaKTO Ha HAaN-HUCKOTO, Taka U Ha Han-BMCOKOTO HUBO.

Ctbnka 5.1 lNpoekTupaHe Ha MaTpuyYEH eKCNepUMEHT Ha OPTOroHaNIHM MacuBM

CraHpapTHa Tabnuua Ha opToroHasieH MacvB Ha Taryum e nokasaHa Ha (Purypa 3.2),
KOATO Ce M3MNOoN3Ba 3a u3cneaBaHe Ha UsanoTo napaMeTpuyHO NPOCTPAHCTBO C orpaHnyeH 6pon
ekcnepumeHTn. MNpeaun HAKoM faa ce onuTa aa usbepe optoroHaneH macus (OA) 3a npoBexaaHe
Ha eKCrnepuMEHTM 3a ONTUMM3auUs Ha AM3ariHa, TpabBa NbpBO Aa uaeHTUdMLMpa KnoyoBute
dakTopn, kKouto TpsAbea ga 6baaT npoyyeHn B npoueca, 6pos Ha HMBATa, KOMTO Ca Bb3MOXHMU
3a Bcekn hakTop, ABE B3aUMOAENCTBUA MexXAy hakTopuTe 1 cneumanHu TpygHOCTU B TEKyLUUTe
ekcrnepumeHTn TpsibBa ga 6baat u3cnegBaHu. OpToroHanHMTE MacuBM ca  cneumaned
CTaHOapTeH eKcnepuMeHTasneH An3anH, KOUTO M3MCKBaA ManbK 6por eKCnepuMMeHTanH1m onuTu,
3a [a ce YCTaHOBW OCHOBHUAT eheKT Ha (hakTopa BbpXY U3xoaa.

Tabnuua 3.3 EKCnepyMeHTanHo MaTpMyHO odhopmMmIieHne Ype3 opToroHaneH macus L9

Ekcn. N2 |CkopocT Ha psa3zaHe (m/min) MopasaHe (mm/rev) | Obnbo4nHa Ha psisaHe (mm)
1 1 1 1
2 1 2 2
3 1 3 3
4 2 1 2
5 2 2 3
6 2 3 1
7 3 1 3
8 3 2 1
9 3 3 2

3a usbop Ha opToroHaneH MacuB TpsbBa ga Obae uKCUMpaH MUHUMANHUAT OpoMn
€eKCrnepuMeHTK (TecToBe), kouTo Tpsbea aa 6bAaT npoBeAeHu, KONTo e aageH ot: Raj T. [107]
(2011).

Nragueni = 1+ NV (NL-1) (3.7)
KbAeTO; Nraguchi - OPON ekcnepumeHTn, KouTo Tpsbea aa ce nposegat, NV - 6pon npomeHnnsu
(dpakTopm), NL - 6pown HuBa, Homep ,1“ - Tpn nNpebposiBaHe Ha obwwuTe cTeneHn Ha ceobopa
(DF), nacnepoBatenart npuceosiea ,1“ DF Ha obwus cpeneH OTroBop B u3cneaBaHeTo. ToBa
3ano4yBa ga 6pou DF kato 1., cnopep Tapan P. [105] (1993). B T0o3u cnyyan Ha gunnomMHO
n3cnegBaHe 3a Cyxo CTpyroBaHe Ha crnasu Inconel 718 ca n3bpaHun Tpu NPOMEHNMBU Ha TpU
HuBa (Tabnuua 4.1), T.e. NV = 3 u L = 3, cnegoBaTteniHo MUHUMANHUAT 6Gpoii eKCNEPUMEHT!,
KouTo TpabBa ga 6baaT npoBeaeHwy, e obae:

Ntaguchi = 1+3(3-1) = 7, MuHumaneH 6pon onutu (3.8)

TpsbBa aa ce n3bepe opToroHaneH MacuB No TakbB HAYMH, Ye 0OLWMAT BpoN eKCnepMMeHTasHm
Cepun B OCHOBHWUSI €KCrepuMeHT ga 6bae no-ronam ot obwua DF (YpaBHeHue 4.8) Ha
ekcnepumeHTa. CrnegosaTtenHo TpsibBa aa ce npoBepat NoHe 7 ekcnepumeHTa. Bb3 ocHoBa Ha
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TO3n opToroHaneH macuB (OA) TpabBa fa ce usbepe 103K, KOUTO UMa Han-manko 7 peaa, T.e.
eKCrnepuMeHTanHM cepun. Taryun maeHTuduumpa HAKOMKO OCHOBHW OPTOroHasiHM MacuBa,
KOWUTO TOV Hapeye ,cTaHaapTHn OA*: L4(2%), L8 (¥), L9 (3*) L12 (2™, L15 (4°), L16(2"°) L'16(2™),
L27 (3") u pp., n3bpoenn B Tabnuua 3.2., cnopen Tapan B. [105] (1993). CneposaTtenHo
MbpPBUAT OPTOroHaneH macuB, KOMTO Moxe Aa 6bae m3bpad, e L9 (33). B Ttasm gokrtopcka
auceptauuns nscnegeatHe L9 (33) € JoCTaTbyHO.

3.5 3aknoyeHve

MeTtoabT Taryuu onpegens "onTMMM3aupaHeTo" KaTo onpepensiHe Ha Han-pobpute HMBA Ha
KOHTpOSHU haKTopu, NPy KOUTO CbOTHOLLEHMETO CUrHan/lWymMm € MakCuManHo.

EKCI'IepI/IMeHTVITe, n3non3BaHn 3a ornpepgendHe Ha HaVI-IJ,O6pVITe HMBa, Ce€ OCHOBaBaT Ha
OpTOroHasiHn mMmacumeun, KOUTO Ca 6anaHC|/|paH|/| Nno OTHOLWEHNe Ha BCUYKN KOHTPOJIHU CbaKTopVI,
KaTo CbLUEeBpPEMEHHO Ca MaJ1KoO Ha 6p0|71.

B pesynTaT Ha ToBa pecypcute (MaTepuanu u Bpeme), HeobxoayMm 3a TeCcToBeTe, ca CblLo Taka
MUHUMAaIHW.

MoaxoabT Ha Taryum KaTo MeTof, 3a ONTUMKU3ALMA Ha MpoLeca ce OCHOBaBa Ha 0ceM MpoLeca
Ha nnaHupaHe, NpoBexaaHe U aHanusMpaHe Ha AaHHU OT MaTPUYHU EKCrepuMEeHTH, 3a Aa ce
OTKPUAT ONTUMArHUTE HUBA Ha KOHTPOSTHUTE NapamMeTpu.

OcHoBHaTta uen e noanobpXaHeTo Ha Malika BapuaunmAa Ha MU3Xoaa BbIPEeKun Haln4mnmeTo Ha
LYMHM BXOA4O0BE, KOETO npasu npoueca CTa6I/IJ'IeH, T.€. yCTOI7I‘-IVIB Ha BCAKakKBW Bapunauun.

4 EKCNEPUMEHTAINHA METOOUKA

4.1 Npernen Ha naBa 4
Llenta Ha Ta3n rnaea e Aa npeaocTaBn HeobxoaumaTta ekcnepumMmeHTanHa nHdopmauus
3a MalWMHHUTE UHCTPYMEHTU, U3MEpBAaTENTHUTE YCTPONCTBA, MaTepunarna Ha geTtanna, pexewimre
WHCTPYMEHTU U CTOMHOCTUTE U HMBaTa Ha napameTpuTe Ha obpaboTka, KakTo M MPOTOKONa,
M3Non3BaH B TOBa U3cneaBaHe.
4.2 OueHkKa Ha obpaboTBaeMOCTTa U NPOTOKON 32 U3MepBaHe
3a ekcrnepuMeHTMpaHe Ha oLeHkKaTa Ha obpaboTBaeMoCcTTa Ha MaTtepuana Ha AeTanna
oT cnnaB Inconel718, pexewuTe WHCTPYMEHTU W TexHWUTe napameTpu ca o6siCHeHM B
cnepBawmTe nogpasgenu.
4.2.1.1 MawmnHEH UHCTPYMEHT
EkcnepumeHTuTE 65Xa NpoBeAeHn Npu YCroBusa Ha cyxo psA3aHe Ha mawmnHeH CNC cTtpyr
GOODWAY, tun GLS-200 M ®urypa 4.1. cbc cnegHute cneumdukauuu:

Kanauntet 51 mm
MowHocTt 7.5 kW
[OunameTbp Ha 3aBbpTaHe 280 mm
Jhonka 500 mm
ObnxuHa Ha MalumHaTa 340 mm
MakcumanHa ckopocT 4200 rpm

KoHTpon CNC

4.2.1.2 Pexelly NnacTuHn
B ToBa wu3cnegsaHe, TBBLPOOCMNABHUM WHCTPYMEHTaNHM BIIOXKU cbrnacHo 1SO
cneundpukauma CCMTO09T308N-SU Sumitomo knac AC5005S, nokputu c¢ PVD yntpa
MHOrocnoeH TbHkocnoeH npouec AlTiSiN, ce nanonssaTt 3a TeCToBeTe 3a KparlHO CTPYyroBaHe Ha
cnnasTa Inconel 718. BnoxkuTte ca 34paBo 3akpeneHn kbM Abpxay 3a MHcTpymeHTn SCLCR
2020 K89, ®urypa 4.2.
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THE ULTIMATE MACHINING POWER

{OODW.Y.

@21.C

L

@1.C=9.925; S=3.97; @d=4.4;
r=0.8

a) b)

®urypa 4. 2. a) Hoxoabpxayu SCLCR 2020 K89 - Techno Takim, b) Pexewa nnactuHa CCMT
09T308N

4.2.1.3 Anapart 3a u3amepBaHe Ha rpanaBoCTTa Ha NOBbLPXHOCTTA
YCTpOWCTBOTO 3@ TeCTBaHe Ha rpanaBocTTa Ha noBbpxHocTTa Mitutoyo SJ-310 bewe

M3NON3BaHO B W3CNeABaHETO 3a W3MEpBaHe Ha CpegHOoapuUTMEeTMyHata CTOMHOCT Ha
OTKNMOHeHuATa Ha npodwmna (Ra). durypa 4.3 nokassa TecTep, W3MNON3BaH 3a
ekcrnepumeHTupaHe. Tabnuua 4.1 noka3ea o6wuTe cneuudmkaummn Ha ypeaa 3a M3MepBaHe Ha
MOBBbPXHOCTHA TBBPAOCT, W3NON3BaH MO BpeMe Ha eKCnepuMMeHTa, CbC CrnegHuTe

cneuudukaummn:

Tabnuua 4.1 OCHOBHM NapaMeTpu Ha anapaTa 3a U3MepBaHEe Ha rpanaBoCcT

Vi3amepBaHa CKOpOCT 0.25, 0.50, and 75 mm/s
CKOpOCT Ha BpblUaHe 1 mm/s
OueHeHa gbnXxunHa 12.5 mm
Tun petekTop Differential inductance
Cwuna Ha nnb3raHe 0.75 mN
CtaHnpapT 3a rpanaBocT JIS, DIN, ISO, ANSI
[ bnXxunHa Ha B3emMaHe Ha npobu 0.25mm, 0.8mm and 2.5mm
O6xBaT Ha NoKa3BaHe 0.01-100 p

Bcuukn cTOMHOCTM Ha rpanaBocTTa 6sxa W3MEepeHu TpU MbTM U CaMO CpPeaHuTe
CTOMHOCTM 651Xa U34ncneHu, 3a a ce cBeaaT 0 MUHUMYM eKCNEPUMEHTANHUTE IPeLLKK.
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CDmrya 4. 3 N'amepBaHe Ha rpanasocT ¢ Mitutoyo SJ-310

4.2.1.4 OnT4YeH MMUKpPOCKOon
M3mepBaHETO Ha W3HOCBAHETO HA WHCTPyMeHTa O6elle W3BbPLUEHO HA OMTUYEH
MWKPOCKON 3a pexeL, MHCTpPyMeHT Carl Zeiss ¢ ysenuyeHue 15 x 8, KoeTo no3sonsasa ABNXEHNE
no Tpu ocn durypa 4.4. OQurutanHa kamepa AmScope MU1403B, obopyasaHa cbc codpTyep 3a
Windows, e MOHTMpaHa Ha ONTMYHUS MUKPOCKOM, KOETO Mo3BoNsiBa pa3paboTka, M3MmepBaHe,
pefAakTMpaHe N CbXpaHeHUe Ha N306paxeHuns.
4.2.2 Matepuan Ha 3arotoBkarta
MaTtepuandbT Ha getanna, usnon3eaH KaTo obpasel, 3a M3nuTBaHe, € ropelo obpaboTteHa
cnnae Inconel 718, Kpbrbn NPbLT OT 0bpa3eL, 3a U3NUTBaHe ¢ aMameTbp 63,5 mm 1 gbnXuHa
500 mm ce m3nonsea 3a TECTOBETE 3a CTpyroBaHe npu pdasaHe. Cblo3HUKBT Inconel 718 e
npon3seneH B ObeaMHEHOTO KparncTBO M MaTepuanbT e ceptuduumpaH ot Special Metals
Wiggin Limited cbc ceptucpumkaT 3a nposepka N2 433803 v 1, 28 asryct 2020 r., cbrnacHo
craHgapt EN 10204-3.1/ISO 9001/EN/AS/JISQ 9100 , npegctaBeHo B [lpunoxenune F.
XNMNYECKUAT CbCTaB MO TEMIOBHN MPOLEHTU U MeXaHn4HUTE cBoncTBa Ha Inconel 718 ally ca
JajeHn cboTtBeTHo B Tabnuua 4.2 n 4.3.

Tabnuuya 4.1 XumumyeH cbetaB Ha Inconel 718

C Si Mn | Al Co |Cr Fe Mo | Nb | Ni Ti Se

0.03]/0.06|0.071049|0.25|19.3|17.3 3.3 |5.28|529|0.96 | <3
]

®durypa 4.4 OntnyeH mukpockon Carl Ziss ¢ uncposa kamepa AmScope MU1403B 14MP

Tabnuua 4.2 MexaHu4Hu cBocTBa Ha Inconel 718

Akoct |MNpoena|Moayn Ha MAbTHOCT Touka Ha TebpaoCT Tebppoct cnepn,  (Tonnonposo
Ha OMbH| YBaHe FOHr (k /m3) ToneHe( (HBW) TepMn4yHa anmMocT

(MPa) | (MPa) | (MPa) 9 C) obpabotka (HBW) | (W/mK)

1197 1248 | 205%x10° 819 1290 245 411 11.20

4.2.3 OnpepensiHe Ha NapameTpuTe Ha 06paboTka U TeEXHUTe HMBa
TeopeTuyHUTE No3HaHMA, NpeacTaBeHV B TpeTaTa rnasa, o6AcHABAT yHKLUMOHanHaTa
Bpb3ka Ha BXOOHWTE, HE3aBUCMMO TMNPOMEHNMBU KOMMWYECTBA C W3XOOHWTE, 3aBUCKUMO
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NPOMEHNNBM KONIMYECTBA Ha npoueaypute 3a 06paboTka Ha OTAENSAHE HA YacTULM.

Bb3 ocHOBa Ha Te3u KOHcTaTaumm 6sxa n3bpaHu BXOAHUTE pasmMepu, KOMTO e onuiiat
3a[l0BOSIUTENHO peakuumMTe WM U3XOQHUTE CTOMHOCTM Ha W3cnegBaHata npoueaypa Ha
obpaboTka. EaHa OoT OCHOBHWUTE 3afayn Ha MeTanoobpaboTBaluuTe MalMHK € Aa no3Bonsasar
nU3BbpLIBAHETO Ha obpaboTeawm onepaumm c HeobxogumaTta TBbPAOCT, Aa noemat
BMOpaumuTe, reHepupaHu no Bpeme Ha obpaboTtkaTta, U Aa ocurypsat HeobxogumaTta MOLLHOCT
Ha obpaboTka. Bcuyko no-rope 3aBucu OT MaTepwana Ha petawna, OT reoMeTpusita u
MaTepuana Ha pexeLumsi UHCTPYMEHT 1 OT NMPUIIoOXeHUTe NapaMeTpu Ha obpaboTka.

Hacokute 3a n36op Ha 30HM Ha NnapameTpuTe Ha 06paboTka, CbrnacHoO NPenopbKUTE Ha
NPOU3BOAMUTENST HA WHCTPYMEHTa W cbliecTByBawata 6asa [faHHM He ca HambiHO
3agoBonuTtenHu. CnegoBaTenHo, 3a Matepuana Ha aeTtaina, u3non3eaH B TOBa U3cneaBaHe U
BMOXKWUTE Ha MpunaraHuTe pexewim MHCTPYMEHTW, Ca U3BbpLUEHM OOLUMPHW NMpenBapuUTesnHu
TEeCcToBe, KOMTO ONpeaensT rpaHuuaTa Ha CTOMHOCTUTE Ha napameTpute Ha obpaboTka, T.e.
OnanasoHa Ha BXogHuUTe npomeHnueu. [lpeavwHWTe TecToBe oOnpeaenst KpuTepunte 3a
M3HOCBaHE Ha WHCTPYMEHTa 3a npunoxeHata pexewa nnova VB = 0,3 mm. dakrtopHute
HMBa Ha NapameTpuTe Ha 0bpaboTka, KouTo TpsibBa Aa 6baaT M3cneaBaHu, U NPUNUCBAHETO Ha
HMBAaTa ca nokasaHu B Tabnuua 4.3.

Tabnuua 4.3 NapameTpn Ha 06paboTka

MapameTpu Ha pazaHe | CumBon Mspka Huea
1 2 3
CKOpOCT Ha psi3aHe Y m/min 100 120 140
lMopaBaTenHa ckopocT f mm/rev 0.071 0.092 0.125
Obnbo4yunHa Ha psA3aHe d mm 0.2 0.4 0.6

Bb3 OcHOBa Ha Au3aiiHa Ha ekcniepumentute (DOE), Mnasa 3, ce usnonsea L9 (3°%)
OM3aliiH Ha OpTOroHasieH MacvB Ha Taryyn, Tbi KaTo AaBa OTHOCUTENIHO TOYHA MPOrHo3a 3a
BCMYKUN CPeOHMN CTOMHOCTM Ha NPOMEHIMBUTE Ha OTFOBOPA M CbLLOTO € Noka3aHo B Tabnuum 4.4
n4.5.

Tabnuua 4.4 OdopmneHne Ha KoAupaHa ekcrnepuMeHTanHa maTpuua ¢ u3non3BaHe Ha L9
opToroHaneH macmB 3a R,, VB u TL

Ne | CkopocT (n/min) | lNMopgaBaHe (mm/rev) ObnboymHa (nm) Ra (pm) VB(um) | TL (min)
1 1 1 1 0.23 80 30.44
2 1 2 2 0.30 85 28.25
3 1 3 3 0.32 92 25.91
4 2 1 2 0.24 110 24.53
5 2 2 3 0.28 121 23.35
6 2 3 1 0.31 120 2412
7 3 1 3 0.20 152 18.41
8 3 2 1 0.23 153 18.18
9 3 3 2 0.28 170 14.8
Tabnuua 4.5 EcTecTBEHO eKCnepMMeHTanHo MaTpuyHo odopmreHune, nanonssawo L9
opToroHaneH macme 3a R, VB and TL
Ne | Ckopoct (mm/min) | lNogasaHe (mm/rev) ObnboymHa (nm) Ra (um) | VB (um) | TL (min)
1 100 0.071 0.2 0.23 80 30.44
2 100 0.092 04 0.30 85 28.25
3 100 0.125 0.6 0.32 92 25.91
4 120 0.071 04 0.24 110 24.53
5 120 0.092 0.6 0.28 121 23.35
6 120 0.125 0.2 0.31 120 2412
7 140 0.071 0.6 0.20 152 18.41
8 140 0.092 0.2 0.23 153 18.18
9 140 0.125 04 0.28 170 14.8

4.2.4 EkKcnepumeHTanHa paborta

3a pga ce usBbpwart ekcrnepumeHTtanHute TectoBe Ha CNC ctpyr GOODWAY, 3D
OM3aiHbT Ha Modena Ha aeTawna 6elwe HanpaBeH B codTyepa SolidWorks CAD u cnepn ToBa
ype3 coptyepa AZ-CAM 6elue nporpamupaH, 3a Aa ce U341cnm NbTsa Ha pa3aHe Ha TECTOBE Bb3
OCHOBa Ha [M3aliHa Ha eKcrepyuMeHTuTe Ha Taryum, npeacTtaseH B [NpunoxeHue A.
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EkcnepumeHTanHute TectoBe 6Axa npoBegeHW MO MeTodaa Ha Taryyum CbrnacHo

cTaHpapTHaTa opToroHanHa pewetka L9(3%), Tabnuua 3.3, cbotBeTHO Tabnuua 4.5.
4.2.4.1 Tpouec Ha U3MepBaHe Ha rpanaBocTTa Ha NOBbPXHOCTTA

panaBoCcTTa Ha MOBBPXHOCTTA Ce M3MepBa C NoMoLWTa Ha MPEHOCUM MPOUNIOMETBP
Tnn ctunyc, Mitutoyo SJ 310. MNpodunoMeTbpbT € HAacTpOoeH Ha rpaHnyHa gbixuHa Ac = 0,8
mm, 2CR ¢untbp, HanpevHa ckopocT 1 mm/s n Hanpe4vHa gbxnHa 4 mm mm. ['panaBocTTa Ha
noebpxHocTTa (Ra) ce wu3mepBa 4ype3 nocTaBAHe Ha nuceua MeprneHauKynspHoO Ha
MapKUPOBKUTE 3a CKOPOCT Ha NofaBaHe Bbpxy obpaboTeHaTa NOBBbPXHOCT KbM Kpasi Ha cpe3a u
CTOMHOCTUTE Ha M3MEepBaHe Ha rpamnaBoCTTa Ha MOBBLPXHOCTTA ca NoKasaHu B Tabnuuu 4.4 n
4.5, pokaTo CbOTBETHUTE UM NPOGUNN ca NoKa3aHu B gombnHeHne B., durypa B-1 go B-9.
4.2.4.2 Npouec Ha usmepsaHe Ha MU3HOCBAHETO Ha UHCTPYMEHTa

OueHKaTa Ha XMBOTa Ha MHCTPYMEHTa BKIIKOYBa Cepusi OT TeCcToBe, KOMTOo Tpabsa aa ce
N3BBPLUAT NPU pasfnnyHM YCNOBUS Ha pA3aHe, A0KATO peXeLmMAT MHCTPYMEHT ce nospean. Tasu
npouegypa He caMO OTHEMa peauua WHCTPYMEHTM, HO CbLUO Taka M3WCKBA MHOrO Bpeme U
paboTeH maTepuarn, ocobeHo No BpeMe Ha yCnoBusiTa Ha npoueca Ha 06paboTka, ocurypsiaLLm
Nno-4bNbI XMBOT Ha MHCTPYMEHTa, KakTo ce cbobuwaBa oT Mehrban et al. [40] (2008 r.). B
HacTosiwaTa paboTta Gelle Bb3npuetTa MeToAosNornsi, Npu KOATO MpouechbT Ha obpaboTka ce
n3BbpLIBa B 7-8 NnpeMrMHaBaHMA Npy BCAKO U3NUTBAHE Ha YCNOBUATA Ha ps3aHe C ObMXWHa OT
125 mm, B cepusi OT A€BET ONnTa, KaTo BCEKN MbT CE 3aMeHA HOB pexeLl, pbo.

Tabnuua 4.6 EcTtectBeHO ekcnepumMeHTanHo MaTpuyHo odopmMneHne, wusnonssawo L9
OpPTOroHaneH MacuB 3a M3HOCBAHE Ha UHCTPYMEHTA U XUBOT HA MHCTPYMEHTA

N | MapameTpu Ha pa3aHe EkcTpanonaumoHHu
o TexHonorny M3mepeHnn cTtonHocTn cTorHocTM HaTL (min)
HK 3a VB max= 300 (um)
napameTpu
Dv-Average Moppenba 1 2 3 4
DIAn- Ha TL=(VBmax-a)/b
rotation/min. n3mepBaHe
V F d Dav /N Homep onepaunn Tot.
1 Np 2 2 2 2 8 a 18.728
100 0.071 0-2 60/531 VB (mm) 80 160 200 264 b 9.242
t (min) 6.63 13.27 19.9 26.54 TL 30.44
2 100 0.4 Np 2 2 2 2 8 a 39.333
0.092 58/549 VB (mm) 85 150 175 222 b 9.226
t (min) 4.95 9.9 14.85 19.8 TL 28.25
3 100 0.125 0.6 Np 2 2 2 2 8 a 59.302
56/569 VB (mm) 92 160 170 190 b 9.289
t (min) 3.52 7.03 10.55 14.07 TL 25.91
4 120 0.071 0.4 Np 2 2 2 2 8 a 61.602
54/708 VB (mm) 110 171 184 255 b 9.718
t (min) 4.98 9.95 14.93 19.9 TL 24.53
5 120 0.6 Np 2 2 2 2 8 a 87.303
0.092 52/735 VB (mm) 121 180 194 222 b 9.107
t (min) 3.7 7.39 11.09 14.79 TL 23.35
6 120 0.2 Np 2 2 2 2 8 a 91.63
0.125 50/764 VB (mm) 120 130 190 205 b 10.828
t (min) 2.62 6.54 7.85 10.47 TL 19.24
7 140 0.071 0.6 Np 2 3 2 7 a 120.816
48/929 VB (mm) 152 188 204 b 8.228
t (min) 3.79 9.48 13.27 TL 18.41
8 140 0.092 0.2 Np 2 3 2 7 a 126.238
46/969 VB (mm) 153 182 215 b 9.558
t (min) 2.8 7.01 9.81 TL 18.18
9 140 0.125 0.4 Np 2 3 2 7 a 150.034
44/1013 VB (mm) 170 225 230 b 10.135
t (min) 1.97 4.93 6.91 TL 14.80

MbpBUTE ABE NpeMUHaBaHWA 6axa M3NON3BaHW 3a ONpefensHe Ha MoAena Ha U3HOCBaHe Ha
cTpaHuTe Ha uHcTpymeHTa (VB) u nonydyeHuTe pel3yntatM ca nokasaHu B pasgenv 4.4
CcboTBETHO 4.5. CTOMHOCTT@ Ha CTPaAHMYHOTO U3HOCBAHE Ha pexeljaTta nnacTuHa ce n3mepsa
cnep Bcekn 1-3 npemuHaBaHWsi NOA OMNTMYEH MMKPOCKOM Ha WMHCTPYMEHTU U HanpaBeHuTe
n3obpaxeHusa ce cbxpaHsasaT B lMpunoxeHne C (Purypa C-1 po C-33), pokato BpemeTo 3a
orpaHvM4yaBaHe Ha WM3HOCBAHETO HA WMHCTPYMEHTa € OLUEHEeHM Bb3 OCHOBA Ha obwwus 6pon
NpeMuHaBaHMA W OT eKCcTpanonauuaTa Ha KpMBUTE Ha M3HOCBaHe-BpeMe CblflacHO
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ypaBHeHuneTo. (2.22), cbxpaHaBaH B NpunoxeHune D (Purypa D-1 po D-9), ToBa 03Ha4aBa, 4ye
XMBOTBLT Ha WHCTPYMEHTa Ce OLeHsiBa 4Ype3 MOHTMpaHe Ha Han-nogxogswia INHUA BbpXy
AaHHUTe, nonajalum B CTabunHoTo (paBHOMEpPHAa) 30Ha Ha U3HOCBaHe U cnep ToBa HaMupaHe Ha
BpeMeTO, 3a KOeTO Le HaCTbNM MakCumarnHo n3HocsaHe Ha ctpaHuTe ot 300 um, n nonyyeHute
pe3yntaTtu ca npeactaBeHun B Tabnuua 4.6. KputepusaTt 3a MakCMMasnHoO U3HOCBaHE Ha CTpaHuTe
ot 300 pm ce ocHOBaBa Ha nuTepaTypaTa, KakTo 1 Ha NPenopbKMTE Ha NPOU3BOAUTENS.
4.3 3aknioyeHve

Tasn rnaBa npepoctaBs  nogpobHO  obsicHeHMe Ha  MeTogosnorMATa  Ha
€KCMNepUMEHTanHOTO TeCTBaHe BbB Bpb3Ka C TEXHUKUTE 3@ M3MepBaHe W orpaHuyaBawmte
KpUTEpUn, KOUTO ca U3MNON3BaHN 3a NOCTUraHe Ha LenuTe Ha U3crneaBaHeTo.
* [lpoTOKONBT 3a M3MepBaHe Ha NapameTbpa rpanaBoCcT Ha NoBbpXHocTTa (Ra),
* MpoTokon 3a namepsaHe Ha W3HOCBAHETO Ha MHCTpymeHTa (VB) c KpuTMYHa MakcumarnHa
rpaHu4Ha ctonHocT oT 300 pm
» OnpepensaHe Ha BpeMETO 3a XUBOT Ha MHCTPyMeHTa (TL) Bb3 OCHOBa Ha KpUTUYHATa CTOMHOCT
Ha M3HOCBaHe Ha MHCTPYMEHTa Ype3 eKkcTpanonaumnsa Ha KpyBuTe Ha M3HOCBaHe BbB BpeMeTO 3a
OeBeT eKcrnepuMeHTanHu Tecra.

5. MATEMATUYECKO MOAENUPAHE N ONTUMU3AUMNA HA OTITOBOP NPU MAWLMHHA
OBPABOTUMOCT

5.1 Mpernepn Ha MnaBa 5

Ta3u rnaBa npeactaBs obpaboTkaTa U aHanu3a Ha eKCnepuMeHTanHW AaHHU, KakTo U
onuT 3a pa3paboTBaHe Ha NOAXOAALUM MaTeMaTUYeCcKu MoAenu C MHOXECTBEHa perpecus oT
MbpPBU pef, KOUTO e onpeaensT CTENeHTa Ha BNUAHWE Ha napaMeTpute Ha obpaboTka BbpXy
e(eKTMBHOCTTa Ha M3MEpBaHUATA, MOJSIyYEHU OT €eKCrnepumeHTa, pa3paboTeH B npeauviiHa
rnaea. OpTtoroHanHata maTpuua L9 Ha Taryum 6elle nsnon3saHa 3a HaMMpaHe Ha ONTUMaNHOTO
HMBO Ha eKCrnepumMeHTanHu pakTopu 3a MUHUMWU3UPAHE Ha W3HOCBAHETO Ha WHCTPYMEHTa,
MakCUMU3VpaHe Ha XMBOTa Ha WHCTPYMEHTa W MUHUMU3MpPaHe Ha rpanaBocTTa Ha
NoBbpPXHOCTTA. EKcnepumeHTanHuTe pes3yntatm 3a rpanaBocTTa Ha noBbpxHocTTa (Ra),
M3HOCBAHETO Ha MHCTpyMeHTa (VB) u xuBoTa Ha uHcTpymeHTa (TL) 6sxa aHanuanpaHu ypes
aHanm3 Ha gucnepcuaTta (ANOVA), HopmaneH TecT, NMHENHa perpecus oT NbpsBu pep, aHanus
Ha onNTUMM3aTopa Ha OTroBopa M TeXHUKA Ha noaxopd Taguchi, uanonssankn coptyep Minitab
18.

5.2 MatemaTuyecko MogenupaHe Ha rpanaBoCTTa Ha MOBLPXHOCTTA, M3HOCBAHETO U

XUBOTa Ha UHCTPYMEHTa

EkcnepumeHTanHute pesynrtaTtu, MonyyYyeHu B rnpepullHarta rnaesa, ce uanoni3saT 3a
n3BexaaHe Ha MaTeMaTu4eckuTe MOLENN Ha peakuusita Ha o6paboTBaeMoCT KaTto rpanaBocCT
Ha NMOBbPXHOCTTA, U3HOCBAHE Ha CTPaHUTE U XMBOT Ha MHCTPYMEHTa Ype3 perpecuoHeH aHanus.
Te3n mopenu npefocTtaBAT Bb3MOXHOCT 3a KfacupaHe Ha onTuMmanHutTe napameTpu Ha
o6paboTka OT ONTUMArHO NPUNOXUMUTE PELLEHUS.

5.2.1 PerpecuoHeH aHanus

3a uenuTe Ha TOBa u3cregpaHe TexHUKaTa Taguchi crnyxum KakTo KaTo METOAOSOrnA 3a
eKcrnepuMeHTanHns AM3anH, Taka 1 Kato MeTof, 3a aHanua. EkcnepumeHTanHute pesynrtaTtu ce
aHanuaupar ypes CTaTUCTUYECKN METOo[, 3a U3MepBaHe Ha NPou3BOAUTENHOCTTA, U3BECTEH KaTo
cboTHoweHneto S/N. OueHkaTa Ha MNosflydYeHUTe eKCrnepuMeHTanHu pe3ynTtatu ce M3BbpLuBa
ype3 npeBpbLAHETO UM B CbOTHOweHueto curHan-wym (S/N). W3uucnsasaHeTo Ha
cboTHoweHnsa S/N n3mnckea n3non3sBaHeTo Ha eavH OT TpuTe MeToAa, B 3aBUCMMOCT OT BUAa Ha
n3MepBaHaTa XxapakTepuUCTUKa: HOMUHANHUAT MeTof, NO-MankuaT € no-gobbp mMeTon unu no-
roneMusiT € no-Ao6vp meton. Tbh KaTo € XenaTenHo CTOMHOCTUTE Ha rpanaBocTTa Ha
NOBbPXHOCTTA Aa Obaar Haw-mankute, 3a Aa ce onpepenat cronHoctuTe Ha S/N B ToBa
n3cnensaHe, dopmynata CbOTBETCTBA Ha NpuHUMNA ,MNO-MankoTo e no-gobpo“, pageHo B
ypaBHeHue. (3.4). PerpecMoHHUAT aHanu3 npeacraBs Bpb3KaTta Mexay NpoMeHNnBuTe cnopeq,
MaTemMaTMyecku Moaer, KOWTO OTroBapsa Ha Habop oT npumepHu aaHuu [5.1]. B 1031 cnyyan
PErpecuoHHMAT MOAEN e KakTo crneapa: B 1o3m cnyyanm perpecMoHHusT mogen 6e3 akTopHo
B3aVMOAENCTBUE € KaKTO crefBa:
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y=b0+b1'X1+b2'X2+b3'X3 (51)

KbEeTO: Y € OLueHKaTa Ha OTroBopa Ha 06paboTBaemMoCTTa Ypes3 perpecMoHeH Mogen, Xy, Xa, Xs,...,
npeacTaBnsiBaly CbOTBETHO (hakTopu 3a obpaboTka. KoeduumneHtute Ha perpecust by, bo,... by
ca CbOTBETHWUTE OueHeHn edektu, a by e paBHO Ha obwarta cpegHa peakuuss Ha
o6paboTBaemMocT.

5.2.1.1 [OucnepcnoHeH aHanu3 (ANOVA)

Bewe cnomeHaTo no-paHo, 4ye TpsibBa Aa ce M3BbLPWM TECTbT 3@ 3HAYMMOCTTa Ha
perpecuoHHMA Mogen, TeCTbT 3a 3HAYMMOCTTa Ha OTAenHUTEe KoedUUMEHTM Ha mogena u
TeCTbT 3a fMnca Ha cboTBeTCcTBME. TabnuuuTe 3a aHanu3 Ha aucnepcum oBUKHOBEHO ce
n3non3eat 3a obobliaBaHe Ha MNpoBeAeHUTe TecTOBM ekcnepumeHTu. Tabnuum 5.1 go 5.3
noka3seat Tabnuuute ANOVA 3a mogenuTte Ha NOBbPXHOCTTa Ha NnHenHua otrosop Eq. 5.2 po
5.4 3a rpanaBoCT Ha MOBBPXHOCTTA, U3HOCBAHE Ha WHCTPYMEHTa M XWBOT Ha WMHCTPYMEHTA.
EkcnepMMeHTanHuaAT AM3anH U CTaTUCTMYECKUST aHanu3 6saxa M3BbPLUEHN CbINacHO MeToAa
Taguchi ¢ nomowuta Ha codptyep Minitab 18. EkcnepumeHTanHute pesyntati 3a CTOMHOCTUTE Ha
rpanaBoCcTTa Ha noBbpxHocTTa (Ra), usHocBaHeTo Ha WHcTpymeHTa (VB) M XuBoTa Ha
nHctpymenta (TL) 6sixa aHanu3upaHu ¢ aHanu3 Ha gucnepcusita (ANOVA), m3nonseaH 3a
naeHTuduumpaHe Ha 3Ha4YMMOCTTa Ha hakTopuTe BbpPXY OTroBopuTe Ha obpaboTBaemocTTa.
Pesyntatute ot ANOVA Ha rpanaBocTTa Ha NOBbPXHOCTTA, M3HOCBAHETO HA UMHCTPYMEHTa U
XMBOTa Ha MHCTPYMeHTa ca aaaenun B Tabnuum 5.1, 5.2 n 5.3. To3n ctaTUcTMYeckn aHanus delle
M3BbPLLEH 3a HUBO Ha 3HauumocT a = 0,05, T.e. 3a HMBO Ha gocTtoBepHOCT oT 95%. CuuTa ce, ye
n3toyHuumTe ¢ P-ctomHoctn (P<0,05) nmat ctatnctuyeckn 3Haumm MpMHOC KbM MEpPKUTE 3a
edeKTnBHOCT, goknaaBaHu oT Rao n Kambagowni [113] (2016).

Tabnuua 5.1 nokasea pesyntatnte oT ANOVA 3a rpanaBocTTa Ha nosbpxHoctta. OT
pe3yntatute e BUOHO, Ye CKOpOCTTa Ha nogaBaHe (f) e Han-3HauYUUMUAT NapamMeTbp C HEroBuUs
npuHoc ot 65,70%, cnep, ToBa CKOpPOCTTa Ha paA3aHe (v) kato BTopuyeH daktop ¢ 23,30% u
AbnbounHata Ha pasaHe (d) kato Tpetu Bnusew, gaktop ¢ ot 1,07% BHOcka. Tbi KaTo OT
aHanusa Ha Tabnuua 5.1 Mmoxe pa ce Buan, 4e P-cTtonHOCTMTE Ha cKopocTTa Ha pasaHe (0,019)
n ckopocTtTa Ha nogasaHe (0,02) ca no-manku oT HMBOTO Ha 3HayumocT a = 0,05, ToraBa moxe
Aa ce 3aKsoyu, Ye NbpeuTe ABa (pakTopa BAUSAELLM BbpPXy rpanaBoCTTa Ha MOBbPXHOCTTa nmaTt
HanW-ronsaiMo 3Ha4deHue, AokKaTo AbnbouynHaTa Ha psA3aHe c HenHata P-ctomHocT (0,496) no-
ronama ot (0,05) e He3HaunTenHa. Tabnuua 5.2 n 5.3 nokasea pesyntatute ot ANOVA 3a
NM3HOCBAHE N XMBOT Ha MHCTPYMeHTA. AHanu3bT Ha pasgenu 5.5 n 5.6 ycraHoBu, Ye MbpBUAT
dakTop, BnuseLl, Bbpxy U3HOCBAHETO Ha MHCTpymeHTa (VB) n xunBoTta Ha uHcTpymeHTa (TL), e
CKOpPOCTTa Ha psi3aHe ¢ HerHua npuHoc oT 95,18%, cbotBeTHO 89,00%, cnep ToBa CKOPOCTTa Ha
nopaesaHe ¢ 3 ,22%, cboTBETHO 5,94% n abnbounHata Ha pasaHe ¢ 0,29%, cvoTBeTHO 2,07%
KaTo BTOPUYHM (PAKTOpX, MMa MO-Manko 3HayeHue MNpu KOHTPONMpaHe Ha M3HOCBAHETO Ha
nHctpymeHTa (VB) n xuBoTta Ha mHcTpymeHnTa (TL). aHanu3 Ha Tabnuua 5.2 e BugHo, ye P -
cTonmHocTuTe Ha perpecnoHHusa mogen (0,0001), ckopoctTa Ha pasaHe (0,0001) n ckopoctTa Ha
nogasaHe (0,017) ca no-manku ot (0,05), KoeTo 03HayaBa, Ye Te€ 3HAYUTESTHO BMUAAT BbPXY
N3HOCBAHETO Ha MHCTPYMEHTa, AoKaTo Abnbo4YnHaTa Ha psa3aHe ¢ HeroeaTa P-ctonHocT (0,342)
€ No-Marsko 3HaymMma.

Tabnuua 5.3 nokassa pesyntatute oT ANOVA 3a xuBoTa Ha uHCTpymeHTa. OT
pe3yntatute Moxe Aa ce BUAW, Ye CKOPOCTTa Ha pA3aHe (V) € Han-3HauYMMUAT napameTbp C
npuHoc ot 89%, cneaBaH ot nopasaHeTo (f) ¢ 5,94 % n gbnbounHaTta Ha psizaHe (d) ¢ 2,07 %
MMa MNoO-Manko 3HayeHWe 3a KOHTpPOSMpaHe Ha CTOMHOCTHUSA XMBOT Ha WHCTpymeHTa. OT
aHanuMsa Ha Tabnuua 5.3 e BuAHO, Yye P - cTomHoCcTUTE Ha perpecuoHHus mogen (0.0001),
ckopocTtTa Ha pasaHe (0.0001) n ckopoctta Ha nogasaHe (0.025) ca no-manku ot (0.05), koeTo
O3Ha4yaBa, Ye Te 3HAYMTENHO BNUSAAT BbPXY XMBOTA Ha UHCTPYMEHTA, A0KaTO Ab/nboynHaTa Ha
pA3aHe ¢ HenHaTa P-ctonHocT (0,1211) e no-manko 3HaymMma.

5.2.1.2 lpenckasyemy mateMaTU4ecKM MOLENM Ha rparnaBocTTa Ha MOBBbPXHOCTTA,
N3HOCBAHETO Ha MHCTPYMEHTA U XUBOTa Ha UHCTPYMEHTa

Bpb3kata mexay napameTpute Ha ob6paboTka (CKOPOCT Ha psidaHe, CKOpPOCT Ha
nogaBaHe M AbnbouyvHa Ha psA3aHe) U peakummTe Ha o6paboTka KaTo rpanaBoCT Ha
noBbpxHocTTa (Ra), nsHocBaHe Ha WHcTpymeHTa (VB) u XuBOT Ha uHcTpymeHTa (TL) 6sxa
MOAENMpaHn 4Ype3 NMHeNHa perpecus Bb3 OCHOBa Ha ypaBHeHue. 5.1. KoedumumeHTute Ha
nuHemnHa perpecus by, by, by n by ca onpepenexnn ¢ nomowta Ha coptyep Minitab-18, kakTo e
nokaszaHo B Tabnuum 5.1, 5.2 n 5.3. lMNonyyeHnTe NPOrHO3HM MoOJENu ca npencTaBeHn B
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cnegHuUTe ypaBHEeHUA:

PerpecnoHeH aHanus: Ra cpeuy v; f; d
AHanus Ha ancnepcusaTa

M3tounnk DF  Seq SS MpuHoC Adj SS AdjMS  F-CtonHoct P-CtonHocT
Perpecns 3 0,012629 90,07% 0,012629 0,004210 15,11 0,006
v 1 0,003267 23,30% 0,003267 0,003267 11,73 0,019
f 1 0,009213 65,70% 0,009213 0,009213 33,07 0,002
d 1 0,000150 1,07% 0,000150 0,000150 0,54 0,496
Mpewwka 5 0,001393 9,93%  0,001393 0,000279
O6wo 8 0,014022 100,00%
Pestome Ha mopena
S R-sq R-sq(ad)) PRESS R-sq(pred)
0,0166900 90,07% 84,11% 0,0058786 58,08%
PerpecvnoHHo ypaBHeHne
Ra = 0,2574-0,001167 v+ 1,439 f+0,0250d
PerpecvoHeH aHanus: VB cpewy v; f; d
AHanus Ha ancnepcusaTa
MN3TOYHMK JF SeqSS TpuHoc  AdjSS \djMS F-CtorHocT P-CtomnHocT
Perpecus 3 3212,88 38,69% 212,88 737,63 125,44 0,00004
% 1 7920,67 35,18% 920,67 920,67 362,92 0,00001
f 1 268,21 3,22% 68,21 68,21 12,29 0,017
d 1 24,00 0,29% 24,00 24,00 1,10 0,342
Ipewwka 5 109,12 1,31% 09,12 21,82
O6wo 8 3322,00 00,00%
Pestome Ha moaena
S -sq ig(adj) ESS ;q(pred)
67168 69% ,90% 1,828 5,29%
PerpecroHHo ypaBHeHune
VB =-125,2 + 1,8167 v + 245,6 f + 10,00 d
PerpecvoHeH aHanus: VB cpewy v; f; d
AHanus Ha ancnepcusaTa
Source DF SeqSS Contribution AdjSS AdjMS F-Value P-Value
Regression 3 200,370 97,02% 200,370 66,790 54,18 0,00031
Y 1 183,817 89,00% 183,817 183,817 149,11  0,00007
f 1 12,268 5,94% 12,268 12,268 9,95 0,02524
d 1 4,284 2,07% 4,284 4,284 3,48 0,12111
Ipewka 5 6,164 2,98% 6,164 1,233
O6wo 8 206,534 100,00%
Pestome Ha mopena
S R-sq R-sq(adj) PRESS R-sq(pred)
1,11028 97,02% 95,23% 20,9700 89,85%

PerpecnoHHO ypaBHeHue
TL =63,05-0,2768 v —-525f—-4,23d
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Ra =0.2574-0.001167 v + 1.439 f + 0.0250 d (um) (5.2)
VB =-125.2 + 1.8167 v + 2456 f+ 10 d (um) (5.3)
TL =63.05-0.2768 v-52.5f-4.23 d (min) (5.4)

5.2.1.2.1 BanuagnpaHe Ha NpOrHo3HU Mogenu
3a fa ce TecTBa CTaTUCTUYecKaTa BanuMOHOCT Ha npeackasyemuTe moaenu, Tpsabsa aa ce
OLEHAT HAKOW aHanu3u u MarHocTu4Hu rpadukm, kato 'pacmknte Ha HopmanHaTa BEpPOATHOCT
Ha ypaBHeHuns 5.2 po 5.4, nokaszaHum Ha cdurypu 5.1 go 5.3, n F-ctaTuctmyeckm Tect OT
pesyntatute ot AHann3 Ha Pa3agenu 3a otknoHexne 5.1 go 5.3.

Normal Probability Plot Normal Probability Plot
(response is Ra) (response is VB)

Percent
9
.
Percent
3

-003 -0,02 -001 000 oo 002 003 -10 =
Residual Residual

®durypa 5.1 HopmarnHa BepoaTHOCT 3a Ra ®urypa 5.2 HopmanHa BepoaTHocT 3a VB

Normal Probability Plot
(response is TL)

Percent
3

Residual

®durypa 5.2 uarpamv Ha HopmanHaTa BeposTHOCT 3a TL

Kakto ce Buxpa Ha cdurypn 5.1 no 5.3, octatbumTte cnegsaT nNpubnuanTenHo npasa
NYHWA B HOpPManHuTe rpaukn Ha ocTaTbuMTe, KOETO O3HayaBa, Ye rpelkuTe ca HopMasiHo
pa3snpegeneHn. ToBa pa3snpepeneHve, nokasaHo Ha durypuTe no-rope, nokasea, u4e
NpeAnonoXeHNeTo 3a HOPMASHOCT Ha rpeLukaTa € BanugHo.

ToBa ocurypsiea nogkpena 3a pa3paboTeHUTe NPOrHO3HW JIMHENHW PErPECUOHHN MOAENU Ha
rpanaBoCTTa Ha MOBBbPXHOCTTA, M3HOCBAHETO HA MHCTPYMEHTa U YpaBHEHWETO 3a XMBOT Ha
MHCTpyMeHTa. 5.2 o 5.4, ye ca CTAaTUCTMYECKU 3HAYMMK, afEeKBATHU U TOYHW, KOETO € B
CbOTBETCTBME CbC CbOTBETHUTE F-cTatuctnyeckm ctomHoctn (15.11; 12544 n 54.18) n P -
ctomnHocTu (0.006; 0.00004 n 0.00031) n e no-manko ot 0.6; 0,004 n 0,031 npoueHTa WaHc, 4e
KPUTUYEH

F - cTOMHOCT MOXe Aa Bb3HUKHE Nopagu LWyMm.

Ot ananu3a Ha pas3genu 5.1 pgo 5.3 e ouyeBMAHO, Ye u3YUCNeHuTe CbOoTBETHM F-
cTtonHocTm (66.15; 125.44 n 54,18) Ha Ra, VB n TL ca no-BMCOKM OT KpuTUYHaTa F-CTOMHOCT Ha
Tabnuuarta F(DF1/DF2) =F(3/5)=5,4095), kakTo ce Buxaa OT Tabnuuute Ha pbKOBOACTBOTO Ha
Beyer W. [114] (2017). B F - Tabnuuarta ¢ KpUTUYHN CTOMHOCTUN KONOHUTE ONpenenaT Yucnurens
Ha cteneHuTe Ha cBobopa (DF 1), nokato pegoBeTe onpeaenst 3HameHatens (DF2).

F-TecTbT wu3rnexga € CTaTUCTMYEeCKU TeCcT, KOWTO HaW-4ecTo Cce Wu3nonssa npu
CpaBHsAIBaHe Ha CTaTUCTUYECKM MOAENU, KOMTO ca bunm MOHTMpaHM KbM Habop OT AaHHK, 3a Aa
ce uaeHTMdUUMpa MoAenbT, KOMTO Han-gobpe OTroBapsi Ha nonynauuaTa, OT KOSTO ca
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N3BNeYEeHn JaHHUTE.
AKO CTOMHOCTTa Ha F-cTaTucTuyeckusa TecT e No-BMCOKa OT CTaTUCTMUKaTa, U3vncreHa ot
HyneBaTa XunoTe3a, TOraBa MOXE [a Ce 3aK/yu CTaTUCTUYECKM 3HayumMa Bpb3Ka Mexay
npeanKTopa u NpoMeHNnBaTa Ha pesynrara.
5.2.1.3 AHanus Ha Taryum: ChoTHOWweHue curHan - wym (STN).

B meToga Ha Taryum TepMyMHBT S - 03Ha4YaBa curHan v NnpeacTasnsaBa XxenaHaTta ctomHocT, a N -
WYM MpencraBnsBa HexenaHata cTomHocT. [lapameTpute Ha npoueca (dakropute) € Hawn-
BMCOKOTO cboTHoweHne S/N (STN) BuHarM paBaT Han-gobpoTO KayecTBO C MUHMMArHa
amcnepcusi, KakTo ce cbobulaBa B HeroBaTta kHura ot Phadke M. [104] (1989).

Tabnuua 5.4 Pe3yntatu oT ekcnepumeHTa n koeduumeHT STN 3a rpanaBoCcT Ha MOBbPXHOCTTA

Ne | CkopocT (m/min) MopaBaHe (mm/rev) Obn6oynHa nm) Ra (um) S/IN
1 100 0.071 0.2 0.23 12.8033
2 100 0.092 04 0.30 10.3980
3 100 0.125 0.6 0.32 9.8429
4 120 0.071 0.4 0.24 12.3958
> 120 0.092 0.6 028 | 11.1641
6 120 0.125 0.2 0.31 10.1915
7 140 0.071 0.6 0.20 14.1328
8 140 0.092 0.2 0.23 12.7278
9 140 0.125 04 0.28 10.9387
Tabnuua 5.5 Pe3yntatu oT ekcnepumeHTa n koeduuneHtT STN 3a 3HOCBaHe Ha MHCTPYMEHTa
Ne | CkopocT (/min) MopaBaHe (mm/rev) Obnbo4ynHa mm) Ra (um) S/N
1 100 0.071 0.2 80 -38.0618
2 100 0.092 04 85 -38.5884
3 100 0.125 0.6 92 -39.2758
4 120 0.071 0.4 110 -40.8279
5 120 0.092 0.6 121 -41.6557
6 120 0.125 0.2 120 -41.5836
7 140 0.071 0.6 152 -43.6369
8 140 0.092 0.2 153 -43.6938
9 140 0.125 04 170 -44.609
Tabnuua 5.6 Pe3yntatu oT ekcnepMmeHTa 1 cboTHoweHne STN 3a XMBOT Ha MHCTPYMEHTa
Ne CkopocT (m/min) MopaBaHe (mm/rev) Obn6o4ymHa fnm) Ra (um) S/IN
1 100 0.071 0.2 30.44 29.66889
2 100 0.092 04 28.25 29.02037
3 100 0.125 0.6 25.91 28.26935
4 120 0.071 04 24.53 27.79395
S 120 0.092 0.6 23.35 27.36574
6 120 0.125 0.2 24.12 27.64755
7 140 0.071 0.6 18.41 25.30108
8 140 0.092 0.2 18.18 25.19188
9 140 0.125 0.4 14.8 23.40523

Tabnuua 5.7 Pesyntatu npn STN cbOTHOLWEHNS 1 cpefHu cTonHoCcT 3a Ra, VB n TL

Taguchi Analysis: Ra versus v; f; d Taguchi Analysis: VB versus v; f; d Taguchi Analysis: TL versus v; f; d
Response Table for Signal to Noise Response Table for Signal to Response Table for Signal to Noise
Ratios Noise Ratios Ratios

Smaller is better Smaller is better Larger is better

Level v f d Level v f d Level v f d

1 11,04 13,05 11,90 1 -38,64 -4084 -41,11 1 28,99 2759 27,50

2 11,21 1143 11,30 2 -41,36  -41,31 -41,34 2 27,60 27,19 26,74

3 12,60 10,38 11,64 3 -4398 -4182 -41,52 3 2463 2644 26,98
Delta 1,56 2,67 0,60 Delta 5,34 0,98 0,41 Delta 4,35 1,15 0,76
Rank 2 1 3 Rank 1 2 3 Rank 1 2 3
Response Table for Means Response Table for Means Response Table for Means

Level v f d Level v f d Level v f d

1 0,2833 0,2233 0,2567 1 8567 114,00 117,67 1 28,20 24,46 24,25

2 0,2767 10,2700 0,2733 2 117,00 119,67 121,67 2 24,00 23,26 22,53

3 0,2367 03033 0,2667 3 15833 12733 121,67 3 17,13 2161 22,56
Delta 0,0467 0,0800 0,0167 Delta 72,67 1333 4,00 gz:i 1 1.07 5'55 ;'72
Rank 2 1 3 Rank 1 2 3
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Tabnmum 5.4 po 5.6 nokaszeaT Tabnuuata Ha oTroBopa 3a STN CbOTHOLIEHMETO Ha
rpanaBoCcTTa Ha MNOBBLPXHOCTTA, W3HOCBAHETO HAa WHCTPyMEHTa M XMBOTA Ha
nHCcTpymeHTa.Tabnuum 5.4 po 5.6 nokassat Tabnuuarta Ha otroBopa 3a STN CbOTHOLLEHNETO Ha
rpanaBoCTTa Ha MOBbPXHOCTTA, M3HOCBAHETO HA UHCTPYMEHTA U XMBOTA Ha MHCTpPyMeHTa. [lo-
[05y eKcnepuMeHTanHuTe gaHHu 6axa aHanMsnpaHu ¢ nomoLlTa Ha Metoga Taryum, 4pes KoMTo
cboTHoweHnata S/N U CcTOMHOCTUTE Ha HuBaTa 6Axa wusvmcneHn ¢ nomowuta Ha STN
YpaBHEHUNETO ,KONKOTO MO-MasnkKo € No-fobpe” 3a rpanaBoCcTTa Ha NOBBPXHOCTTA M UBHOCBAHETO
Ha WMHCTPYMEHTa, KaKTO M ,KONKOTO MO-rofiiMO € No-gobpe” 3a XMBOT Ha MHCTPYMEHTa npwu
ONTUMAarHM YCNoBuA Ha psA3aHe cbrnacHo Tabnuuu 5.4 go n 6.6, a nonyyeHuTe pelyntatu ca
npeacraBeHn B Tabnuum 5.7.

5.3 OnTumMuaunpaHe Ha peakumuTe Ha obpaboTBaemMocT

3a fga ce peanu3anpa oNTUMU3NPaAHETO Ha NpeackasyemMuTe MaTeMaTuydecku Moaenu ot
Eq.5.2 oo 5.4, ce usnckBa KOMOMHauma OT (QaAKTOPHU HUBA, KOUTO €OHOBPEMEHHO [Aa
M3NbNHABAT W3UCKBaAHWATa, OMpedeneHn 3a BCEeKM OT OoTroBopute U aktopuTe 3a
obpaboTBaemocT. B Tasn paborta ontumusauusata ce M3BbLPLUBA YUCIIEHO M rpaduyHO BbH3
OCHOBa Ha AMarpamMuTe Ha rnaBHuUTe edpekTn 3a CpegHUTe CTOMHOCTU Ha CboTHowweHneTo STN
Ha curypu 5.4 po 5.6, dyHKUMATaA 3@ oNTUMMU3NPaHe Ha peakuuaTa Ha durypm 5.7 0o 5.9 nu
KOHTYpHUTE rpadukn Ha durypu. 5.10 go 5.12, 3a pga ce onpepenat onTMManHuTe
KOHCTPYKTMBHW YC/IOBUA 3a NosflyYaBaHe Ha HUCKM CTOMHOCTM Ha rpanaBoCcTTa Ha NOBbPXHOCTTA
(Ra) 1 nsHocsaHeTo Ha nHcTpymeHTa (VB), KakTo 1 BUCOKM CTOMHOCTWU Ha U3LAPBLXIIMBOCTTA Ha
nHctpymenTa (TL).

5.3.1 Npachukn Ha OCHOBHUTE epeKTU 3a aHanuM3 Ha cpegHUTe CTOMHOCTU M
CbOTHOLLEHUETO CUrHan/lym

Ot STN cboTHOWweHWATa, AageHn B Tabnuua 5.7 a, b n ¢, ca M3roTBeHn rpadukn Ha
OCHOBHUSI ehekT ¢ nomoLluta Ha codtyepa Minitab-18 n ca nokasaHun cboTBETHO Ha curypu 5.4
po 5.6. NpacdhukuTe no-rope nokassaT MpoMsHaTa Ha OTroBopute Ha obpaboTBaemocTTa C
npomMsiHata B NapameTpuTe Ha pasaHe. B rpadwukute durypn 5.4 po 5.6, octa X nokasea
CTOMHOCTTa Ha BCEKM NapaMeTbp Ha npoLeca Ha Tpy HMBa, a ocTa Y - CbOoTBETHaTa CTOMHOCT Ha
oTroBopa. Crnep ToBa ce M3BbpLUBA aHanNu3, 3a Aa ce onpeaeny KoeuuMeHTbT Ha KopurmpaHe
Ha BCEKU OCHOBEH (hakTop OT Auarpamarta Ha OCHOBHWUTE e(eKTU Ha peakuuaTa 3a cpepgHata
CTOMHOCT U CbOTHOLWeHMeTo STN.

Ha curypa 5.4 a) n 6) moxe pga ce BMAM, Ye C yBENMYABAHETO HA HMBATa Ha CKOPOCTTa
Ha psi3aHe (V) UMa 3HauuTenHa NpoMsAHa B HaMansiBaHETO Ha rpanaBoCTTa Ha NOBbPXHOCTTA Ha
napameTtbpa (Ra), gokaTto ¢ yBennyaBaHe Ha CKOpocTTa Ha nogasaHe (f) cblo Mma 3HaunTenHa
npoMsaHa, HO B YyBeNu4aBaHe Ha rpanaBoCTTa Ha noBbpxHocTTa. OT Apyra cTpaHa, C
yBenumyaBaHe Ha AbnboynHaTa Ha pa3aHe A0 CpefHOTO HMBO ce HabnaaBa Manka npomsHa B
yBenMyaBaHeTO Ha rpanaBoCTTa Ha MOBbLPXHOCTTA, a Ccfieq ToBa A0 BMCOKOTO HUBO, Marnka
NPOMsiHa B HaMansBaHETO Ha rpanaBoCTTa Ha NOBBbPXHOCTTa ce Habnoaaga.

Korato ®wur. 5.4.a) un b) 6axa pa3rneaaHu, ce Buas, 4e HMBO (3) Ha CKOPOCTTa Ha psidaHe
(v) n HmBo (1) Ha ckopocTTa Ha nopasaHe (f) U gbnbounHata Ha paAsaHe (d) ca edeKTUBHU
napameTpu 3a HaW-HUCKa CTOMHOCT Ha rpanaBoCTTa Ha MOBBPXHOCTTA B €KCNEPUMEHTANHOTO
nscneasaHe. OnNTuManHUTE NapaMeTpyM Ha paA3aHe 3a NapamMeTbpa Ha rpanaBoOCTTa Ha
noBbpxHocTTa Ra 6sxa vsfids (v3=140 m/min, f;= 0.0.071 mm/rev 1 d1=0.2 mm).

Main Effects Plot for SN ratios
Data Means

v f d

Main Effects Plot for Means
Data Means

v f d

027
g s \/
026

Mean of Means
Mean of SN ratios

10,0
022 100 120 140 0,071 0,092 0,125 02 04 06

100 120 140 0,07 0,092 0125 0.2 04 0.6
B i B B 3 B Signal-to-noise: Smaller is better

durypa 5.4 uarpama Ha OCHOBHUTE e(PeKTn 3a cpefiHM CTOMHOCTU U cboTHoweHne STN 3a Ra
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Main Effects Plot for Means Main Effects Plot for SN ratios
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®urypa 5.5 [narpama Ha oCcHOBHUTE ePeKTH 3a CpeAHN CTOMHOCTU U cboTHoweHne STN 3a VB
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Signal-to-neise: Larger is better
®durypa 5.6 dnarpama Ha ocHoBHUTE ehEKTN 3a CpefHUN CTOMHOCTU 1 cboTHowweHne STN Ha TL

Tb KaTo onTumanHata kKombuHauusa vs, f;, di He cblluecTByBa B nNpoBeaeHaTa
€KCnepuMeHTanHa maTpuua, ToraBa CTOMHOCTTa Ha MapamMeTbpa Ha rpanaBocTTa Ha
noBbpxHocTTa (Ra) 3a onTumanHute ycnosua 6elle u3yncneHa Bb3 OCHOBA Ha MPOrHO3HOTO
ypaBHeHne dopmyna 5.2, a ctonHoctTa My e Ra=0,246 um, kakTo ce Buxpa B Tabnuua 5.8.
Tabnuua 5.8 OnTMManHu ycnoBusa 3a rpanaBoCcT Ha NOBbPXHOCTTA

[NapameTbp Hawn-no6bpo H1BO CronHocT lMporHo3upaH-Ra, um
CKopocCT Ha pasaHe, m/min 3 140

NopaBaHe, mm/rev 1 0.071 0.246

ObnboymHa Ha psa3aHe, mm 1 0.2

durypa 5.5 nokasea Tabnuuata Ha peakuuata 3a STN koeduumeHTa Ha U3HOCBaHe Ha
cdnanra (VB) 3a ,no-mMankoTo e no-gobpo”, Nony4yeHo 3a pa3nnyHn HUBA Ha NapameTpu.
®durypa 5.6 noka3ea gnarpamarta Ha rnaBHuUTe edpekTu Ha peakuusita 3a CpegHUTe CTOMHOCTU U
Tabnuuata Ha cboTHOoWeEHNeTo STN Ha U3QPBXIMBOCTTa Ha MHCTpyMeHTa (TL) 3a ,,no-ronamMoTo
€ No-Aobpo“, Nony4YeHo 3a pasnnyHU HUBa Ha NapamMeTpu.

B aHanusa Ha Bb3AEeNCTBMETO Ha CboTHoweHneTo STN HMBOTO Ha dhakTopa we 6bae
n3bpaHo Taka, Ye Aa Aafe MakCMManHoTO CboTHoweHne STN KaTo Han-noaxoAdAwo HMBO Ha
dakTop. Cnep nscnegsaHe Ha courypu 5.5 n 5.6 ce Bngsa, ye CKOpocTTa Ha paA3aHe Ha HMBO 1 (V),
CKOpocCTTa Ha nogasaHe Ha HuBoO 1 (f) u abnbounHaTta Ha psisaHe Ha HMBO 1 (d) ca edeKTUBHU
napameTpy 3a HaW-HUCKaTa CTOMHOCT Ha U3HOCBaHe Ha uHcTpymeHTa (VB) n Han-Bucokata
CTOMHOCT Ha WU3APbXIMBOCTTa Ha WHCTpymeHTa (TL) B ekcnepumeHTanHo wu3cnepnBaHe.
CnepoBaTenHo onTMMasnHUTE napaMmeTpu Ha pA3aHe 3a N3HOCBAHE Ha MHCTPYMEHTA U XUBOT Ha
nHcTpymeHTa ca v4fids (v4=100m/min, f;=0,071, mm/rev, d1=0,2 mm), kakTo ce BuXxaa B Tabnuum
5.91n5.10.

Tabnuua 5.9 Ontumanuu ycnosus 3a VB

[MapameTbp Han-pobpo HuBO CronHoct MporHosupaH -VB, pm
CKopoCT Ha pa3aHe, m/min 1 100 75.91

NopaBaHe, mm/rev 1 0.071 )

ObnbouyunHa Ha psa3aHe, mm 1 0.2

Tabnuua 5.10 OnTumanHm ycnosus 3a TL

MapameTbp Hai-no6po H1MBo CTonHoct MporHo3upaH -TL, um
CKOpoCT Ha psizaHe, m/min 1 100

lMogasaHe, mm/rev 1 0.071 34.504

ObnboynHa Ha psa3aHe, mm 1 0.2
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5.3.2 Axanus Ha onTUMKU3aTopa Ha peakuuaTa
OnTumMmsaTopbT Ha OTroBOpa Ce M3non3Ba 3a uaeHTuduumpaHe Ha KoMmbuHaumaTa oT
HaACTPOMKN Ha BXOAHU NPOMEHNUBU, KOUTO ONTUMU3UPAT €dMH OTFOBOP UK Habop OT OTroOBOPW.
CodtyepbT Minitab Bepcua 18 ussbpluBa nsuncnenune, 3a ga onpegenn Ham-gobpata onuua u

Ccb34aBa onTMuMnM3aumMoHHa rpanMKa .
v f d

Optimal - ioh 140,0 0,1250 0,60
D: 0.9897 iy [1400] (0.0710] (0,20
Predict  Low 100,0 0,0710 0,20
Ra
Minimum
y = 0,2012
d =0,98971
®urypa 5.7 MNMoaxopsuwata CTOMHOCT Ha BCEKM (PakKTop, KOMTO BNuAe BbpXY rpanaBoCcTTa
3 v t d
SPE?;OI High 140,0 0,1250 0,60

Y cur [100,0] [0,0710] [0,20]
Predict  Low 100,0 0,0710 0,20

VB
Minimum
y = 75,8596
d = 1,0000

é,ﬁi—i,

CDl/lrypa 5.8 nOLI,XO,D,FILLI,aTa CTOMHOCT Ha BCEKMU CbaKTOp, KOMUTO BNuse BbPXYy M3HOCBAHETO
3 v t d
S,F:'?;é High 140,0 0,1250 0,60
e Cur [100,0] [0,0710] [0,20]
Predict  Low 100,0 0,0710 0,20

N~ i_x_"m'

TL
Maximum
y = 30,8033
d = 1,0000

®durypa 5.9 Nopxoasiwarta CTOMHOCT Ha BCEKM (DaKTOP, KOWTO BNNSAE BbpPXy AbAroTpanHoCcTTa
MpomsaHaTa Ha napameTpuTe Ha BXOAHWUTE MPOMEHSIMBW B Ta3n MHTEpPaAKTMBHA CXeMa
Nno3BOMifiBa M3BbLPLUIBAHETO Ha aHanuM3 Ha 4YyBCTBMTENHOCTTa, KOETO MOXe pAa posene [o
nopobpsiBaHe Ha MbpBOHA4YanHWA OTroBop. 3a Aa HamMepu Han-noaxoaAwmMTe CTOMHOCTM (HMBA)
Ha napameTpuTe Ha pA3aHe, KOMTO Han-gobpe BNUSAT BbpXy rpanaBoOCTTa Ha MOBBPXHOCTTA
(Ra), nsHocBaHeTo Ha uHcTpymeHTa (VB) n xuBoTta Ha uHcTpymeHTa (TL), uacneposaTtenar
nsnonaea Minitab Release 18, Response Optimizer n nzdupa xenaHoto yHkuusa Ramin, VBmin
n TLmax Hamepu nogxogsmMTe CTOMHOCTM Ha KOeMUUMEHTUTE Ha ps3aHe U NonyyeHuTe
CTOMHOCTM Ca noka3aHu Ha ¢urypu 5.7 po 5.9. Cnepn oueHka, NofnydeHUTe CTOMHOCTU 3a
MUHUMarnHa rpanaBocT Ha nosBbpxHocTTa (Ra) n naHocesaHe Ha nHcTpymeHTta (VB), KakTo u 3a
MaKcuMarneH XuBoT Ha MHcTpymeHTa (TL) ca kakTo cneaBa:
'panaBoCT Ha MOBBLPXHOCTTA: CKOPOCT Ha psaA3aHe (HMBO 3), CKOPOCT Ha nogaBaHe (HMBO 1) u
AbnbouvHa Ha psa3aHe (HMBO 1). MuHMmanHata cTomHOCT ce nporHo3upa Ha 0,2012 (um),
o4yakBa ce ga 6bAae pocTurHata CbC CKOPOCT Ha pA3aHe v=140 m/min, CKOpPOCT Ha nogaBaHe
f=0,071 mm/rev n gbnbounHa Ha pazaHe d=0,2 mm, n ontumanHa ot d=0,9897 mm, kakKTo ce
BMXAa Ha durypa 5.7.
M3HOoCcBaHe Ha WMHCTpPyMEHTa: CKOPOCT Ha psi3aHe, CKOPOCT Ha nopaBaHe U AbnbounHa Ha
psi3aHe, Ha KOUTO U TpuTe cboTBeTcTBaTt (HMBO 1), T.e. ckopocT Ha psa3aHe v1=100 m/min,
ckopocT Ha nogasBaHe f1=0,071 mm/o6 n abn6ounHa Ha psizaHe d1=0,2 mm. MNMpeasuaeHaTa
MUHUManHa ctonHoct e VB=75,8596 (um), a ontumanHata d=0,9765 mm, kakTo ce Buxaa Ha

durypa 5.8.

25



EkcnepuMeHTanHo uscneaBaHe Ha MaTemMaTU4HO MoaenupaHe u onTumusauus Ha INCONEL 718 npu ctpyroBaHe ypes LIMY

N3apbXnuBOCT Ha MHCTpyMeHTa: Noaxoasawarta CTOMHOCT 3a M3APBXIMBOCT HAa MHCTPYMEHTA €
Han-BUcokaTa u Han-gbnrata ctomHocT npu 30,8033 muHyTM. Onpepensiiky CKOpoCTTa Ha
psizaHe kato 100 m/min, ckopocTTa Ha nogaBaHe kato 0,071 mm/rev n agbnboynHata Ha pa3aHe
kato 0,2 mm, T.e. onTumanHaTta CToMHocCT cnopeg cdurypa 5.9 e d=1 mm.
5.4 TecT 3a NOTBBLPXAEHUE

Cnep onpepensHe Ha ONTMMAsiHOTO HUMBO Ha NapamMeTpuTe Ha npoueca, crefBalmaT
etan Oewe pna ce npeaBuay wn Banupgupa nooobpsIBAHETO Ha XapaKTEPUCTUKUTE Ha
NPOV3BOAMTENHOCTTA, KaTo ce u3noni3esa kKoMbuHaumaTa oT napameTpu. TexHukaTa Ha Taryum un
perpecuoHHMTe ypaBHeHMA 6axa NOAMOXEHN Ha NOTBbPXAABaLLO TECTBaHE Ha NapamMeTpuTe Ha
npoleca Ha onNTUMasHU 1 NPOU3BOSIHN HMBA.

Tabnuua 5.11. PesyntaTtn 3a NnoTBbpXAEHNE 3a MeToAa Ha Taryum u nnHerHa perpecus

MeTog Ha Taryun TnHenHa perpecusn
Hueo OuakBaHe MporHoza Ipewka (%) | OyakBaHe | lMporHoza peLuka (%)
Ra (um)
vsf1d1(Optimum) 0.195 0.186 4.61 0.19 0.201 3.1
vofadz (Random) 0.276 0.289 4.71 0.27 0.259 6.16
vifads (random) 0.322 0.329 2.13 0.322 0.326 1.23
VB (mp)
v1f1d1(Optimum) 75 76.67 2.22 75 75.91 1.21
vofadz (Random) 118 116.67 1.13 118 119.4 1.18
vifods (Random) 86 86.33 0.38 86 85.07 1.1
TL (min)
v1f1d1(Optimum) 30 29 3.33 30 30.8 2.67
vofadz (Random) 23 23.57 2.48 23 23.31 1.35
vavodi(Random) 19 18.42 3.1 18.62 2

CpaBHeHMETO Ha pe3ynTaTute OT TeCTa C OMaKBaHMTE CTOMHOCTU, NOJTyYEHM OT MeToa Ha
Taryun n perpecnoHHuTe ypaBHeHus (YpaBHeHua 5.2 oo 5.4) e npeacraseHo B Tabnuvua 5.11.
Pesyntatute OT TecTa 3a MNOTBbpPXAEHME MNOKa3BaT, Ye M3MEpPEeHWTe CTOMHOCTU nonagaTt B
pamMkuTe Ha 95% poBepuTeneH NHTepBar, Taka Ye U34nMcnsaBaHeToO Ha NPOLIEHTUTE Ha rpellkaTa
Ha XapakTepPUCTUKUTE Ha peakuusTa e B MPUEMITMBU FPAHNLIN, C U3KITIOYEHNE Ha NPOU3BONTHOTO
HMBO V,f,d, Ha MapameTbpa 3a rpanaBOCT Ha MOBBLPXHOCTTA 3a MPOrHo3uMpaHaTa JIMHEWHa
perpecusi. KoHCTaTauumuTe nokaseaT, 4Ye wMeToabT Taguchi e HagexpeH nogxon 3a
MWHUMM3NPAHE Ha rpanaBOCTTa Ha MOBBLPXHOCTTA, M3HOCBAHETO Ha MHCTPYMEHTA, KakTo 1 3a
MaKCMMU3NpPaHe Ha XUBOTA Ha MHCTPYMEHTA, KOETO BNSAE BbPXY HaMansBaHETO Ha BPEMETO 3a
o6paboTKa M NPOM3BOACTBEHUTE pa3xoAMm, KakTo B NMpoueca Ha CTpyroBaHe Ha cnnas ¢ LiMY.
Inconel 718. CnepoBaTtenHo Ta3u oNnTUMM3aLma MOXe Aa Ce CYMTa 3a yCreLlHa, KakTo ce Buxaa
OT pe3ynTaTute oT TECTOBETE 3a NOTBbPXAEHME.

55 3aknioyeHue

EkcnepumeHTanHute gaHHM OT cTpyroBaHe Ha Inconel 718 ¢ uanon3BaHe Ha TBbPAOCMIABHM
NNacTVHM 3a peXewm WUHCTPYMEHTU C MOKPUTUE Ce aHanmaupaT ¢ nomouwTa Ha codTyep 3a
cTaTucTudecka cumynauusa 3a NporHo3vpaHe Ha edekTa OT pa3nnyHu BXOASALLM napameTpu Ha
06paboTKa, KaTo CKOPOCT Ha paA3aHe, nogaBaHe 1 AbN604YMHA Ha pA3aHe BbpXy rpanaBocTTa Ha
NMOBBPXHOCTTA, UBHOCBAHETO Ha CTPAHUTE HA MHCTPYMEHTA U XUBOT Ha MHCTPYMEHTA.
MpeonoxeHnte Moaenn Ha NUHeENHa perpecusa oT MbpPBU pef, KOMTO Han-pgobpe oTroBapsiT Ha
yCTaHOBEHUTE Kputepun, ca obcbaenn no-rope. OTroBopute morat ga 6baat NnpeaBnaeHn BbLB
BCSAKa cpefHa To4kKa, KaTo ce U3non3eaTt agekBaTHUTE MOAENN.

ANOVA Ha npeackasyemute perpecroHHM Mogenn ngeHtnduumpa Han-gonpyHacawms gakrtop
3a rpanaBocTTa Ha MOBBbPXHOCTTA € CKOpOCTTa Ha nopaBaHe 65,70%, [okaTo 3a M3HOCBAHETO
Ha MHCTPYMEHTa M XMBOTa Ha UHCTPYMEHTa e CKopocTTa Ha pA3aHe ¢ 95,18% cboTBeTHO 89%.
KoHcTaTaumnte nokaseart, Yye MeToabT Taguchi e HagexaeH NoAxo4d 3a MUHUMWU3MPAHE Ha
rpanaBoCTTa Ha MOBbPXHOCTTA, UBHOCBAHETO HA MHCTPYMEHTA, KaKTO M 3a MakCMMU3MpaHe Ha
XMBOTA Ha WMHCTPYMEHTa, KOETO BNMsie BbpPXYy HamansiBaHETO Ha BpPeMeTo 3a obpaboTka u
Npov3BOACTBEHUTE pa3xoaun B npoueca Ha CNC cTtpyroBaHe Ha cnnas Inconel 718.

Taswn rnaBa npeacrtasn metofda Taguchi KaTo HageXxneH MeTof, 3a onpefensHe Ha oNTUMarsHu
napameTpu Ha obpaboTka 3a nogobpsaBaHe Ha XxapaKTEPUCTUKMTE Ha peakums 3a MUHMMarnHa
rpanaBoOCT Ha MOBBLPXHOCTTA, U3HOCBAHE Ha WHCTPYMEHTA, KakKTO WU MaKCUManeH XMBOT Ha
MHCTpyMeHTa. CbLLo Taka, eKCNepUMEHTanHuAaT au3anH Ha Taguchi nogobpsiBa KayecTBOTO,
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HamanaBa pa3xoauTe U ocurypsaBa CTabuiiHu AU3anHEpPCKN peLLeHns.
Pe3yntaTute OT TecToBETE 3a NOTBbPXAEHME NOKa3BaT, Ye Ta3u ONTMMMU3auua € ycnewHa.
6 TPA®NYHA ONTUMN3ALIMA HA PETPECMOHHN MOLENA
6.1 Tlpernep HanaBsa 6

Ta3su rnaBa npeactassa rpauyHaTa onTMMU3aumua 1 OLEeHKa Ha NIMHENHUTE perpecuoHHM
MOZENV OT MbpBY pea, NoyYeHn OT eKCcrnepuMeHTanHu pesynTtaTt B npeaxogHarta rnasa Eq. 5.2
no 54. C nomowrta Ha codtyepa Minitab -18 6sixa reHepupaHu KOHTYpHU rpadukm u
NMOBBPXHOCTHWU rpadnkK, KOMTO MoraT rpacdmyHo Aa 06AcHAT pe3ynTata, 6e3 ga HaBnu3aTt B
TBbpAE MHOro NoApobHOCTM B TEXHUYECKUS acnekT Ha TemaTta. 2D KOHTypHuTe gmarpamu 6gaxa
n3non3BaHn, 3a Aa nokaxaT rpauMyHo ONTUMU3MPAHETO HA Bb3MOXHUTE CTOMHOCTU Ha
XapaKTepucTMKnTe Ha peakuuaTta. B ponbnHeHue, 3D rpadmknte Ha NOBBPXHOCTTA ce
n3nons3eat 3a Wu3cneaBaHe Ha Bb3MOXHaTa Bpb3Ka, KOATO CbLECTBYBa Mexay Tpu
NPOMEHNNBY, T.e. MPOMEHNMBA Ha XapaKTepucTukata Ha peakuuaTa U OBe He3aBUCUMM
NPOMEHNNBMW.

6.2 AHanus Ha KOHTYpHU rpacukmn

KOHTYypHWUTE Amarpammn no3BonsaBaT Aa Ce NpeacTaBsaT TPUM3MEPHU rpaduky BbpXY
OBYN3MepHa NOBbPXHOCT C NMOMOLLTA Ha NpegoCTaBeHN BXOAHW NPOMEHNUBW, T.e. C hakTopuTe
X Ny, HAHECEHUN BbPXY CKanuTe X Uy, 1 CTOMHOCTUTE Ha OTroBopa, NPeACTaBeHN OT KOHTYpHU .
durypun 6.1 o 6.3 nokasBaT KOHTYPHUTE AuarpamMu, NoslydeHn 3a rpanaBoOCT Ha MOBbPXHOCTTA
(Ra), nsHoceaHe Ha ctpaHuTe (VB) 1 n3gpbuXxnmBocT Ha MHCTpymeHTa (TL) 3a cpegHOTO HMBO Ha
¢dakTopuTe Ha pA3aHe.

140

- >0 [} X
Hold Values Hx)'ldo\/oaglges
d o4 X

v m/min

0,08 D,‘BQ 0,10 on 0,12
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a) b)
®durypa 6.1 2D KOHTYpHU guarpamu; a= f-v, b=d-v; Ha NOBbPXHOCTHaTa rpanaBocT

140
\

0,08 0,09 0,10
f mm/rev

a) b)
®durypa 6.3 2D kKoHTypHU anarpamu; a= v-f, b=f-d; XuBoT Ha nHcTpymeHTa (TL)
KoHTypHWTE gmarpamu, nokasaHu Ha urypm 6.1 a, b u ¢ po 6.3 a, b 1 ¢, nokaseaT KopenauusTa
MeXAy CKOpOCTTa Ha pA3aHe U CKopocTTa Ha nopaBaHe (v-f), ckopocTTta Ha ps3aHe u
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AbnbounHaTta Ha pasaHe (v-d) n ckopocTTa Ha noaaBaHe n AbnboynHata Ha uspassaHe (d-f). OT
aHanu3a Ha KOHTYpHWUTE Auarpamu, nokasaHu Ha ¢wurypu 6.1 a, b n ¢ po 6.3 a, c n d, ce
YCTa@HOBM, Y€ KOHTYypHUTE rpadmkum ca npaBaTa nuHuA. CnepoBaTenHo, noaxopAwmaT
MaTeMaTMyeckn MOAEN 3a MPOrHo3vpaHe Ha onTMMasniHata CTOMHOCT € MOAEeNnbT Ha JIHENHA
perpecus Eq. 5.2. AHanuaupankmn ®urypm 6.1 a, b n ¢, bewe HabnopaBaHo, Ye Han-HUCKaTa
CTOMHOCT Ha rpanaBocTTa Ha nosbpxHocTTa (Ra), otkputa Ha ®ur. 510 a, € B TbMHO CUHATA
obnact Ha rpacdmkaTta Ra nog <0,22 um ¢ npnbnuantenyu ycnosus Ha pasaHe (f = 0,082 mm/o0,
v = 128 m/min n d = 0,4 mm). TbMHOCMHMTE obnacTn Ha amnarpamarta Purypa 6.2 a, b n ¢
npeacrtaBnaBat obnactn ¢ ONTUMasnHW yCrnoBuA Ha psA3aHe Ha W3HOCBAHE Ha WHCTPYMEHTa,
AoKaTo TbMHO3eneHnuTe obnacTtun nokaseaT, 4ye VB ce Bnowasa nopagu ycrnoBusita Ha psisaHe.
HabniopaBa ce, 4ye Han-gobpaTta ctomHocT Ha VB e nog <80 um 6nu3km go ycnosusita Ha
pazaHe (v = 100-103 m/min, f = 0,071-0,08 mm/rev n d = 0,2-0,4 mm), KaKTO ce BMUX[a Ha
durypa 6.2 ¢ . OT KOHTYpHaTa anarpama, nokasaHa Ha ®urypa 6.3 a, b u ¢, ce Habniopasa, 4e
Han-gobpaTa CTOMHOCT Ha XUBOT Ha MHCTpymeHTa (TL) e > 28 MnHYTM B 3eneHa TbMHa 30Ha.
®durypa 6.3 ¢, 3a ycnoBuaTa Ha psisaHe (v = 100-106 m/min, f = 0,071-0,10 mm u d = 0,2-0,5
mm).
6.3 AHann3 Ha NOBBLPXHOCTHU rpacOnKu

3D KOHTypHUTE rpacdumkm ca u3BecTHM cbuwo Kato 3D NOBBLPXHOCTHU rpacukm,

M3NoN3BaHn 3a NpeacTaBsaHe Ha TpuM3MepHn AaHHW. 3D NOBBLPXHOCTHUTE Auarpamu ca Bupg,
rpacdmka, KOATO MOXe Aa ce M3Mon3Ba, 3a Aa Ce u3cneaBa Bb3MOXHaTa Bpb3ka, KOATO
CbLUECTBYBaA MexXAy Tpy NpOMeHNNBMN. NIPOrHO3HUTE NPOMEHNBU Ca HaYepTaHM Mo OCUTE X N Y,
[OKaTo npomMeHnuMBaTa Ha OTroBop (z) e mM3obpaseHa KaTo HenpekbcHaTa NoBbpXHOCT (3D
rpacdhuka Ha NOBbPXHOCTTA).
B TtoBa npoyuBaHe 6sixa HayepTaHu 3D rpadmkm Ha NMOBBLPXHOCTTA C MomoLUTa Ha codTyepa
Minitab-18, 3a oa ce Hamepu Bpb3KaTa MeXay NMPOMEHNNBU Ha peakumdaTa KaTto rpanaBoCT Ha
noebpxHoctTa (Ra), maHocBaHe Ha WHcTpymeHTa (VB) M XuBOT Ha uHCTpymMeHTa TL) ¢
napameTpute Ha pasaHe (v, f n d), konto ca nokasanu B Npunoxenne E, durypn E-1 go E-27.
[MOBBbPXHOCTHUTE AMarpamMu rnokasBaT Kak eAHa NPOMEHNIMBA Ha OTroBopa Ce OTHacs KbM ABa
¢dakTopa C TpeTu 3agbpXaH Bb3 OCHOBa Ha mMofena B ypaBHeHue. 5.2 po 5.4. Te wumar
paBHUHHA )opMa B CbOTBETCTBME C YCTAHOBEHWUS MOAEN, T.e. IMHEEeH MoAen OT MbpBU pep.
®urypu E-2, E5 n E-8 nokaseaTt ehbekTa Ha CKOpOCTTa Ha psa3aHe (V), ckopocTTa Ha nogaBaHe (f)
n abnboymHata Ha pasaHe (d) Bbpxy rpanaBoCTTa Ha MNOBBLPXHOCTTA, CbOTBETHO KopenauuaTa
mexay v-f, v-d n f-d BbpXxy Hesl, 3a CpeAHOTO HMBO Ha 3agbpXaHa CTOMHOCT.

Moxe pa ce BuMAW, Ye C yBenu4aBaHe Ha CKOPOCTTa Ha pA3aHe rpanaBocTTa Ha
NMOBBbPXHOCTTA HaMansBa, [LOKATO CKOpPOCTTa Ha nogaBaHe M AbnbouynHaTa Ha paA3aHe ce
yBenuyaBar, rpanaBocTTa Ha NoBbpPXHOCTTa ce yBenuyasa. ®urypun E-11, E-14 n E-17 nokassaTt
edeKTa Ha CKopoCTTa Ha psa3aHe (V), ckopocTTta Ha noaasaHe (f) u abnbounHaTta Ha psisaHe (d)
BbpXy M3HOCBAHETO Ha MHCTpyMeHTa (VB), cboTBETHO KOopenauusata mexay v-f, v-d u f-d Bbpxy
Hero, 3a CpeAHO HMBO Ha CTOMHOCT Ha 3agbpXxaHe. Moxe ga ce BuAuW, Yye C yBenvyaBaHe Ha
CKOpPOCTTa Ha psi3aHe rpanaBoCTTa Ha MOBBbPXHOCTTA HamansBa, AOKaTO CKOpOCTTa Ha
nogaBaHe M AbnbouymMHaTa Ha psA3aHe ce yBenu4yaBaT, rpanaBoOCTTa Ha MOBBPXHOCTTa ce
yBenu4yasa. ®urypu E20, E-23 n E-26 nokaseaT ehekTa Ha CKOpOCTTa Ha psa3aHe (v), CKopocTTa
Ha nopasaHe (f) n abnbounHaTta Ha pA3aHe (d) BbpXy XuMBOTa Ha UHCTpyMmeHTa (TL), CbOTBETHO
kopenaumara mexay v-f, v-d u f-d Ha TO, 3a CpeQHOTO HMBO Ha CTOMHOCT Ha 3agbpXxaHe. Tyk
MOXe [a Cce BMAMW, Y€ C yBenuyaBaHe Ha CKOpPOCTTa Ha pA3aHe, CKOpPOCTTa Ha nogaBaHe u
AbnboyrHaTa Ha pA3aHe XMBOTBLT HA MHCTPYMEHTa Hamansea.
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6.4 3akrnoyeHve

B Tta3n rnaea 65axa KOHCTpynpaHu Moaenu OT NMbpBU ped 3ae4HO C KOHTYPHU guarpamu, 3a na ce
Aafe Bb3MOXHOCT 3a Mo-neceH mM36op Ha nogxofswia KOMOMHaumMsi OT CKOpPOCT Ha pA3aHe,
CKOpPOCT Ha nopaBaHe M AbnbouvvMHa Ha pA3aHe, 3a Ja Ce Hamepu onTumanHata obnacTt Ha
rpanaBOCT Ha NOBBPXHOCTTA, M3HOCBAHE HA MHCTPYMEHTA U XMBOT HA MHCTPYMEHTA.
Pesyntatute oT rpacmyHata onTUMmM3auusi ca MHOro nones3Hn 3a 6bp3o n3bupaHe Ha
CTOMHOCTMTE Ha NapameTpuTe Ha CTpyroBaHe B CepBM3a, 3a Aa Ce nofy4yu onpegesfieHa
XapaKTepUCTMKa Ha peakuus.

2D KOHTypHaTa puarpamMa Kato rpaduyHa TexHuKa 3a OnTMMM3auus NOo3BONsABa BU3yaneH
n36op Ha onTUManHuTe ycrnoeus Ha obpaboTka cnopen onpeneneH KpUTepun.

Cbwo T1aka, 2D KoHTypHu guarpamm u 3D nOBBLPXHOCTHW rpadukm Ha dyHKUuATa 3a
XenaTtenHocT Npu BCeKM ONTUMYM MOraT Aa Cce U3MNon3BaT 3a u3cnegsaHe Ha pyHKUMATa BbB
(haKTOPHOTO NPOCTPAHCTBO.

NPUHOCH

7.2.1 Hay4Hm npuHocu
MonyyeHnTe MaTemMaTM4eCKM MOAENU, KOUTO ONucBaT Bpb3kaTa Mexay napameTpuTe Ha
psidaHe M peakuumuTe Ha 06paboTka, ca MOCTUrHATU 4Ype3 TEOPETUYHU U EKCMEPUMEHTanNHN
n3cnegsaHuns. Te3n mogenu NO3BOMsiBAT MPOrHO3MpaHe Ha M3HOCBAHETO Ha MHCTPYMEHTA,
XWBOTa Ha MHCTPYMEHTa U rpanaBoCTTa Ha NOBbPXHOCTTA.
PaspaboTBaHe Ha eMNUMpUYHM MaTeEMaTUYECKN MOAENW, KOUTO MHTErpupaT eKCrneprMeHTarnHu,
YACNEHU W aHaNUTUYHW 3HaHMA B ob6nacTTa Ha nnaHMpaHeTo W OonNTUMU3auusiTa Ha
NPOU3BOACTBEHNSA NPOLEC MO CUCTEMATUYEH, HAYYEH N HAAEXAEH HAYVH.
ToyHOCTTa M 3HA4YMMOCTTa Ha NpeAackalyemMuTe MaTteMaTU4ecKu MOAenu OT MbpBY ped Ha
peakumnTe Ha 06paboTBaeMOCT ca BanuaupaHu 3a YCroBUS HA KOCO pA3aHe Bb3 OCHOBA Ha
CpaBHEHME Ha [aHHUTE OT EKCMEepPUMEHTanHW W aHanMTU4YHW pe3yntaTtu, ny6nukyBaHu B
pas3nuyHN Hay4YHU U3cneaBaHns.

29



EkcnepuMeHTanHo uscneaBaHe Ha MaTemMaTU4HO MoaenupaHe u onTumusauus Ha INCONEL 718 npu ctpyroBaHe ypes LIMY

7.2.2 Hay4HO-NpUnoXHu NpMHOCH
Pe3yntatute oT nscnegsaHeTo nossonasaTt hopMupaHeTo Ha 6a3a OT 3HaHUA, KOATO 3aefHO C
MHCTanuUpaHeTo Ha NOAXOASALUM CeH30pu € HeobxoauMma 3a noflydaBaHe Ha WHTENUreHTHa
cuctema 3a obpaborTka.
MNMpenckadyemnte Mopenu Ha npoueca Ha o6paboTka nognomaraT aHanu3a Ha
ONTUMMU3ALUMOHHNTE NpobieMn B MKOHOMMKATa Ha MalLUMHHaTa o6paboTka, B NpuioXxeHuaTa 3a
ontumusauma Ha CNC aganTtusHo ynpasneHue (ACO) n npu oopMynupaHeTo Ha CUMynaunoHHU
Mogenu, n3non3saHn B 6asnTte AaHHN 3a paA3aHe Ha MeTarn.
AHanu3bT Ha edeKTa Ha BCeKM napamMeTbp BbpXy BCAka peakuua Ha obpaboTka u
B3aMMOLENCTBUATA MeXAYy MnapameTpuTe U3ACHABA, Ye rpanaBoCcTTa Ha MOBbPXHOCTTA,
M3HOCBAHETO Ha CTpPaHWUTE U XMBOTa Ha MHCTPYMEHTa MoraTt Aa 6bAaaTt KOHTpPOonMpaHu Ha eTana
Ha NpoeKkTupaHe Ha npoleca Ha pA3aHe, KOeTo e Hal-e(PEeKTUBHO N Han-eBTUHO HauUH.

7.2.3 TpunoxHu npuHocu
AHanu3bT Ha MOBEAEHWETO MNPU U3HOCBAHE Ha peXewmTe WHCTPYMEHTM OOMKHOBEHO ce
OCHOBaBa Ha OBLUMPHM eKCnepMMEHTarnHM TeCTOBE, KOUTO OTHEMAT BPEME U ca CKbNu. Bbnpekun
TOBa € [0Ka3aHOo, Ye M3MON3BaHeTO Ha eKcTpanonaunoHeH noaxop, 6asupaH Ha KpuBWUTE Ha
N3HOCBaAHE B CbOTBETCTBME C ypaBHEHME 2.22, 3HAaYUTENHO HaMansiBa Te3n pa3xoau.
PaspaboTteHnte nNUHENnHW MaTemMaTU4ecku MOAEenuM OT MbpBU pen MNo3BONsBaT aHanu3 Ha
oTroBopuTe Ha obpabotkata, BknouutenHo Ra, VB u TL. Te nossonsABaT MogenupaHe wu
ONTUMM3MpPaHe Ha BCEKN OTFOBOP MOOTAENHO UM €AHOBPEMEHHO, YUCIIEHO UNKN rpaddu4HO 1 ca
noaxogsliM 3a M3Mon3BaHe KakTo B CEPUNHW, Taka U B MacOBW MPOM3BOACTBEHN NPOLECU Ha
psi3aHe.
lMpoyyBaHeTO pa3KkpuBa, 4Ye C YyBeNu4aBaHe Ha MapaMeTpuTe Ha paA3aHe NnpouechbT Ha
NM3HOCBaHe Ha CTpaHuUTe Ha uHcTpyMmeHTa (VB) we ce Bnowwn.
lMpoyyBaHeETO CbLLO Taka Nokassa, Ye C yBenvyaBaHeTO Ha HAKOM OT NapaMeTpuTe Ha ps3aHe
XUBOTBHT HA UHCTPYMEHTa HamarnsBa.

7.3 MNpenopbka 3a 6baewm nscnensaHns

CobuecTtByBaT ob6aye HAKOM Bb3MOXHOCTU 3a noaobpsiBaHe Ha CNOCOBHOCTTa 3a NPOrHo3upaHe
Ha MoaenuTe 3a peakuusa Ha obpaboTBaemocTTa. Bb3 ocHOBa Ha pe3yntaTute U aHanu3a Ha
eKCNepuMMeHTanHMTe AaHHM ce npeanarat Te3u Npenopbku 3a Mno-HaTaTblwHa pabota B
crnepgHuTe obnacTu:

B ponbnHeHne KbM NIMHEWHUTE perpecuoHHN MoAenu oT MbpBU pef, KaTo Apyra antepHaTvMBa
3a MporHo3vpaHe Ha OTroBopute Ha obpaboTBaemMocTTa MoraT Aa Ce M3non3saT MOAENN OT
BTOPW pes, Uin NO-BUCOKM, KAKTO U EKCTMIOHEHLMAITHU.

N3cnepBaHeTto Moxe pa ObAe paswMpeHo 4Ype3 BKIKOYBAHE Ha MoBevye OTroBOpM 3a
06paboTBaEMOCT (KaKTO 1 CUNN Ha psidaHe, TemnepaTypa, MOLHOCT Ha MaluMHaTa U T.H.), 3a Aa
ce fafe NbJfiHa KapTMHa Ha obpaboTkaTa Ha cnnas Inconel 718.

lMpoyuyBaHeTo MOXe Aa 6bae pasWwmMpeHo Ypes3 BKIIOYBAHE Ha NoBeYe napameTpu Ha psisaHe,
KaKTO M pafMycC Ha Bbpxa Ha MHCTPYMEHTA, bIbJ1 HA pexewmsi pbb Ha MHCTPYMeEHTa (Kr) u ap.
lMpoBexaaHe Ha Npoy4YBaHe Ha pasfNNYHU KOMOMHAUMM OT MaTepuanu Ha AeTawna U pexeLum
WHCTPYMEHTM MO BPEME Ha MOKpa U nonycyxa obpaboTka.

eomeTpusiTa Ha pexelumTe BMOXKM MOXe Oa ce MNpPOMeHs, 3a Aa ce m3cnenBa edekTbT oT
pasnnMyHN BUAOBE BIIOXKU. Hanpumep nNpomMsiHa Ha HakMoHeHWA brbn (yn) U brbna Ha dnaHra
(an).

HacTtoswute TeHOeHUMM B MHAOYCTPUArHOTO pa3BUTME Ha aBTOMATM3MpaHa M3MepBaTesHa
TEXHUKa 3a n3MepBaHe Ha NapamMeTpuTe Ha M3HOCBaHe Ha MHCTpymeHTa (VB) B peanHo Bpeme,
PbYHMTE U CKbMU M3MEPBAHUSA Ha M3HOCBAHETO Ha MHCTPYMeEHTa We 6baaT HEeHYXHU u crneq
KaTo 3Hae napameTbpa Ha M3HOCBaAHE Ha WHCTPyMEHTa B peaniHo BpemMe, onepaTopbT Ha
MalmMHaTa LWe MOXe 3a perynupaHe Ha nporpamuvpaHaTa TpaekTopusi Ha ps3aHe, 3a pa ce
n3berHe n3kpuBsaBaHe Ha 0bpaboTeHnTe pa3mepu Nopagu U3HOCBAHE HA MHCTPYMEHTA, KaKTo
ce nocoysa B n3cneasaHeTo Ha Mikotajczyk et al. [110] (2018 r.).

B 6baewm npoyyBanusi, Taryum Kato MeTof, 3a eAMHNYHA ONTUMU3aLmUs, KOMOUHMpPaH C aHanms
Ha CMBUTE BPb3KW, MOXE [a PeEN MHOrOBapuvaHTHUTE XapaKTepUCTUKM Ha peakuusita Ha
npowueca, KouTo OOMKHOBEHO Ca M3BECTHM KaTo MHOroueneBa ONTUMM3auus, KOATO UMa
Bb3MOXHOCT @ ONTUMU3NpPa NoBeYe 3aBUCMMU NPOMEHITMBI €HOBPEMEHHO.
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EkcnepuMeHTanHo uscneaBaHe Ha MaTemMaTU4HO MoaenupaHe u onTumusauus Ha INCONEL 718 npu ctpyroBaHe ypes LIMY

AHOTAUWA

[lokTopckaTta auceptaums ce ¢okycupa Bbpxy obpaboTBaemMocTTa Ha cynep cnnasTa
Inconel 718, Han-pa3npocTpaHeHaTa cynep cnnaB Ha 6a3ata Ha HUKesn, KOATO ce M3noniBea
LUMPOKO B KOCMMU4YeckaTa, aBToMobunHata W eHepruiHata MPOMULLIIEHOCT nopagu
N3KITYNTENHUTE CN TEPMOMEXaHNYHM cBOMCTBa. OCBEH TOBa € MOCNOBMYHO TPYAEH 3a pA3aHe
MaTtepuan mnopaguM KpaTKua XMBOT Ha WHCTPYMEHTa W HUCKaTa Mpou3BOAUTENHOCT Ha
obpaboTka. Bbnpekn 3HauuMTeNHMA HanpeabK B TEXHONOrMATA Ha PEXELUTEe UHCTPYMEHTH,
obpaboTkaTa Ha Inconel 718 octaBa 0OCHOBHa TPy[HOCT.

B pesyntat Ha TOBa 6fxa npoBeAeHM OOWMPHW W3CNeaBaHWsi, KOUTO BKIYBAT
KUHEMaTuKa n akTopu, BRvsewm Bbpxy MNpoueca Ha CTpyroBaHe, TEOPEeTUYHW MOAENnN Ha
rpanaBoCT Ha NOBBLPXHOCTTA, M3HOCBAHE Ha WHCTPYMEHTA W XMBOT HA WMHCTPYMEHTA, KaKTO U
cTpaTerum 3a MogenupaHe u onTMMu3mpaHe B NpoLLECUTE Ha CTPyroBaHe.

OcHoBHaTa UuUen Ha TexHukuTe 3a MawumHHa obpaboTka e p[ga npoumsBexpat
BMCOKOKa4YeCTBEHU CTOKM C HWUCKa ueHa. B pesyntat Ha ToBa MKOHOMMKaTa Ha MallMHHaTa
06paboTka e BaxXeH acnekT 3a NOCTUraHeTO Ha Takaea Lien.

3a ga ce npousBexaaT Bb3MOXHO Han-gobpute apTukynn, € U3KIMKUYUTENIHO BaXHO Aa ce
n3bepat nogxopsaLmTe ycnosusi Ha 06paboTka, KaTo CKOpPOCT Ha psi3aHe, CKOPOCT Ha nogaBaHe
n AbnboynHa Ha psa3aHe.

MpobnemMbT ¢ MKOHOMMKaTa Ha obpaboTkaTta BKN4YBa M36op Ha Han-[o6GpuTe nNnapameTpu
Ha pA3aHe, 3a pfJa Cce MakCuMuM3vpa WM MUHUMU3WPA [afeHa ueneBa  yHKUMS.
MakcumnanpaHe Ha HopmaTa Ha nedanba, MUHUMMU3NPAHE Ha €OUHWYHMTE NPON3BOACTBEHM
pa3xoan, MakCMMMU3npaHe Ha NpOM3BOACTBEHATa HOpPMa M T.H. ca NpuMepu 3a o6y uenesu
YHKLMM 33 ONTUMU3MPaHEe Ha NapamMeTpuTe Ha pA3aHe.

MpobneMbT C MKOHOMMKATa Ha MawwuHHaTa obpaboTka Bkn4yBa M360p Ha noaxogsLm
napameTpy Ha psi3aHe 3a MakCuMu3npaHe U MUHUMU3MpaHe Ha uenesa yHkums. MNpumepu
3a 4ecTo cpellaHn Lenesun (pyHKLMM 3a ONTUMU3MpaHe Ha napaMmeTpuTe Ha pa3aHe BK4YBaT
MakCUMM3npaHe Ha HopmaTa Ha nevyanba, MUHUMU3MpaHE Ha €ANHWYHUTE NPOU3BOACTBEHM
pa3xoau, MakCUMMU3NpaHe Ha CKOPOCTTa Ha MPOU3BOACTBO U T.H.

3a pa ce NoCTUrHaT Te3n MKOHOMUYECKN Lienn, NpobnembT ce pellaBa Ype3 NpoekTMpaHe u
NpoBeXAaHe Ha €EKCNEepPUMEHTaNHO u3CcnefABaHe, KakTo M 4pe3 u3bop Ha mMeToau 3a
MaTeMaTMyecko MogenvpaHe M ONTUMU3MpaHe Ha npoueca, KOMTO BOAAT A0 ONTumarHa
KOMOMHaUMA OT nmapamMeTpu Ha Mpoueca, KakTo U TAXHaTa Kopenauusa C XapakTepuCcTUKUTE Ha
N3XOL4HUTE peakuum.

B ponbnHeHne kbM ekcnepumeHTanHaTa paboTa, TexHukata Taguchi, meTogonoruaTa Ha
NOBbpXHOCTTa Ha peakuuata (RSM) u aHanu3bT Ha gucnepcuaTa 6saxa wM3nonseaHu 3a
ONTUMM3NPaAHE W MaTeMaTU4YecKo MoAeNnupaHe Ha OoTroBopuTe Ha ob6paboTBaemMocTTa.
N3rpageHn ca MHOXECTBO JIMHEMHU MOAENU OT MbPBU pef, 3a Aa Ce CbMNOCTaBAT peakuuuTe
(rpanaBoOCT Ha NOBBLPXHOCTTA, W3HOCBAHE Ha CTPaAHUTE W XUBOT HA WHCTPYMEHTa) W
napameTpuTe Ha obpaboTka.

AHanu3bT Ha anucnepcusaTa b6elle n3non3BaH 3a u3cneaBaHe Ha edpekTa OT NnapameTpuTe Ha
psisaHe BbpXxy OTroBopuTe Ha obpaboTkata. OnTuMmu3aTopbT Ha oTroBopuTe Ha Minitab-18
ONTUMM3NpPaA MHOrOBPONHN OTFOBOPU, M3MNON3BanKK PyHKLMUTE 3a XxenatenHoct Ramin, VBmin
n TLmax. OnTuMmnsaTopbT Ha oTroBopuTe Ha Minitab-18 onTumMmanpa MHOro6poriHM OTroBopw,
n3non3sanku pyHKkunnTe 3a xenartenHoct Ramin, VBmin n TLmax.

B pesyntat Ha TOBa pa3paboTeHuTe NWHENHM MaTeMaTU4eCKM MoAaenu oT MbpBU pen
MO3BOJISIBAT aHaNnM3 Ha OTroBOpuUTE Ha obpaboTkaTa, BKITHYMUTENHO NapaMeTbp 3a rpanaBoCT Ha
noBbpxHOCcTTa (Ra), napameTbp 3a M3HOCBaHEe Ha CTpaHuTe Ha MHcTpymeHTa (VB) n XuBOT Ha
nHctpymeHnTa (TL). Te no3sonaBat MOAENMpaHe U ONTUMU3MpPaHEe Ha BCAKa XapakTepucTuka Ha
peakuns nooTAENHO WU €AHOBPEMEHHO, YUCMEHO WK rpacuyHo, M ca noaxogdAwm 3a
N3NoN3BaHe KaKTo B CEPUIHM, Taka 1 B MacOBU NPOMU3BOACTBEHUN NPOLIECU HA psi3aHe.
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. GENERAL CHARACTERISTICS OF THE WORK
State of the art
Super-alloy Inconel 718 is a state-of-the-art technical material for manufacturing engineering
due to its outstanding corrosion resistance, exceptional toughness and high yield strength at
high temperatures. This alloy is commonly used in the construction of jet engines, nuclear
reactors and turbine engines. It has a number of distinctive qualities, including a lower thermal
conductivity, good strength and superior mechanical properties, but is very challenging to
machine due to the production of high cutting heat, low surface quality, heavy tool wear which
results in short tool life and low productivity in machining process.
Cutting processes, as usual, are addressed in terms of their influence on cutting forces and
power, cutting temperatures, lubrication, surface quality, and tool wear and life. Further, to
summarize the state-of-the-art, this study presents an analytical and graphical review regarding
the investigation of the surface roughness, tool wear and tool life performance in relation to the
main production parameters of the machining processes.
Scientific actuality
From the beginning, the machining processes that have been used in industry have faced the
challenge of finding an essential technology to create an engineering foundation for determining
the appropriate machining parameters in order to achieve high predictability and productivity
during the application of processing process in practice. These challenges are overcome with
research and development of empirical methodology, scientific (predictive) methodology and
computer-based technology for assessment of reasonable economic machining.
For these reasons, most researchers use mainly empirical data analysis based on regression
technique, which is a powerful tool for modeling and analyzing real processes, the nature and
behavior of which cannot be explained using a theoretical approach. Many studies have shown
that the success of a regression analysis depends on the choice of the appropriate form of
mathematical models, and that the exponential form ensures the most appropriate and effective
approximation of the experimental data. The Surface Response Methodology (RSM) mainly
uses the statistical regression method because it is practical, economical and relatively easy to
use. It statistically analyzes experimental data planned to reach valid and objective conclusions.
A scientifically disciplined system known as the Taguchi method is used to assess and put into
practice advances in goods, procedures, resources, tools, and facilities. By analyzing the main
factors influencing the process and optimizing the practices or designs to provide the best
outcomes, these enhancements strive to enhance the desired qualities while concurrently
minimizing the amount of errors.
Practical applicability
The study of tool wear behavior of cutting tools traditionally relies on extensive experimental
procedures that require time and money. From the studies obtained in this thesis, the
determination of the time for the consumption of a limiting device is estimated based on the total
number of passes by the extrapolation of the consumption-time curves significantly reduces
these costs. The linear mathematical models developed in the investigation enable the analysis
of processing responses, including Ra, VB and TL. They allow modeling and optimization of
each response separately or simultaneously, numerically or graphically, and are suitable for use
in both serial and mass production cutting processes.
Thesis work release
Dissertation research was carried out at the "SAALS Industry" Prizren, and in the laboratory of
Faculty of Mechanical Engineering at the University of Pristina
Thesis work conformation
The dissertation work has been reported to the Department of Manufacturing Technology and
Machine Tools, FIT, TU-Sofia.
Publication of thesis results
The substantive results of the Dissertation Thesis have been accepted in 3 papers, referenced
inSCOPUS and Web of Science.
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Il. CONTENT OF DISSERATION

1. Introduction

1.1 Research objectives

The primary objective of this study is modeling and developing offline predictive mathematical
models that relate surface roughness, tool wear, and tool life to three cutting parameters in the
turning process: cutting speed (v), feed rate (f), and depth of cut (d). The first-order linear
regression predictive models of surface roughness, tool wear and tool life that best fit the
established criteria will be develop using Response Surface Methodology (RSM) and analysis of
variance (ANOVA). The secondary objective is to optimize the machining parameters that will
produce the best machining response during the turning of Inconel 718 alloys with coated WC-
Co inserts in dry conditions. The third objective is graphically optimization of linear regression
models which allows visual selection of the optimum machining conditions according to certain
criterion.

1.2 Research scope and focus.

This research covers the machinability of Inconel 718, which is considered a difficult to cut
material, not only because of its superior material properties, but also because of its poor
thermal conductivity, which can lead to premature tool wear tools and poor finish of the final
product. In this regard, it is of great importance to optimize the processing parameters, to
strengthen the performance results of the process in relation to the quality and cost of the
product.

The research has focused on developing suitable mathematical models in a systematic way,
scientific and reliable way, that integrate experimental, analytical and numerical knowledge in
the field of production process planning and optimization of response characteristics of process
as surface roughness, tool wear and tool life. These models provide sufficient technological data
to ensure the efficient use of machine tools and personnel. The rapid use of computer-aided
manufacturing (CAM) in the machining process through the use of CNC and DNC machine tools
has concentrated on the importance of creating trustworthy machining data systems to ensure
optimum productivity from the pricey machinery involved.

1.3 Research challenges and objectives

Despite a significant advance of traditional cutting tool technologies, however, the machining of
the Inconel 718 super alloy is considered a major challenge due to the intrinsic characteristics of
those Ni-based super alloys, the machining of which promotes high levels of tool wear of coated
inserts used respectively a short tool life.

Therefore, the aim of research aim selection of the appropriate cutting tools and the machining
parameters as cutting speed, feed rate and depth of cut, play an important role in the efficient
utilization of machine tools and thus significantly influences the overall manufacturing costs

14 Research methodology

In this study, a systematic research plan will be developed that will provide the data and results
needed to test the hypothesis. To obtain this information it is necessary to implement
experimental work in laboratory conditions where it is necessary to produce data that will be
suitable for testing certain characteristics and thus obtain basic input information for subsequent
processing and analysis and drawing conclusions.

The machining material will be Inconel 718 super alloy, which is typically used for jet engine and
gas turbine operations. In experimental research, the Taguchi method Design of Experiments
(DOE) will be applied with the measurement, processing and systematization of results.
Regression analysis of the results will lead to predictive empirical mathematical models that
describe the dependences of selected output characteristics on machining parameters. Robust
Taguchi design will be used in the optimization process, which provides the best combination of
cutting parameters that can lead the optimal machining response.

The Thesis Work is divided into seven chapters.

Chapter 1 presents developments towards machining of Inconel 718 together with a description
of the research objectives, subject and methodology of the study.

Chapter 2 provides an overview of previous research and theoretical considerations in the
literature, including kinematics and factors affecting the turning process, theoretical (geometric)
models of surface roughness, tool wear and tool life, as well as modeling and optimization
techniques in turning processes.

Chapter 3 offers an overview of the design of experimental methods (DOE) as well as a
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thorough explanation of Taguchi's method design of experiment.
Chapter 4 elaborates on the methodology of turning Inconel 718 alloy, as well as the testing
methods used to measure surface roughness, tool wear, and tool life.
Chapter 5 introduces experimental data processing and analysis, development of predictive
mathematical models, statistical analysis, and optimization of machinability responses by
selecting the best levels combination of cutting parameters.
Chapter 6 describes the graphical optimization and evaluation of the first-order linear regression
models trough 2D-contour plots and 3D-surface plots.
Chapter 7 contains the thesis's conclusions, scientific contribution, scientific/applied, applied
contributions as well a proposal for future research on the topic.
2 LITERATURE REVIEW

2.1 Chapter overview
This chapter provides definitions and information regarding the anticipated doctoral thesis
project. The chapter's purpose is to first review the scientific literature and methodological
principles pertaining to the topics and issues discussed in this study, and then to develop a
theoretical framework for the proposed research. The concept, data, and information are
gathered from a variety of sources in order to comprehend the concept and knowledge or data
useful to the project.

2.3 Surface roughness
The geometry of the workpiece and the micro geometry of the machined surface make up the
quality of the machined surface. The geometry of the workpiece is determined by the accuracy
of measurements, shape and mutual position of two or more surfaces of the workpiece. The
micro geometry of the machined surface is determined by the roughness of the machined
surface. Surface roughness refers to a series of microscopic geometric features of small valleys
and peaks of varying spacing and height that are usually placed in a non - deterministic manner
on a machined surface. Diagram of surface finishing, Figure 2.5 shows surface roughness
parameters Ra, where Ra is defined as the average variation of the roughness profile from the
center line (m).

Y
r\ m

N PN /
X% R N, [ X

i A /ZARVAGE /YN

Figure 2.5 Arithmetical Average Roughness, Ra - diagram

As seen in Figure 2.5, according to JIS B 0601 '® (1994), the Ra value is lower than the actual
height of the roughness variations, due to this averaging derived from (Eq. 2.6). The
approximate value of the mean arithmetic deviation of the Ra profile is:

Ry ~ =3I lyil
(2.7)

2.4 Tool wear and tool life models

The ability to predict and modeling tool wear and expected tool life in metal cutting is great
importance to ensure robust, predictable and stabile machining systems. Tool manufacturers
use tool life models to help end users with optimal cutting data published in online catalogs or
online web applications. Depending on the needs of the tool user, the production process can be
optimized either for maximum productivity or to achieve the lowest production costs. Tool life
behavior, according by Clocke F. ™ (2011) is the ability of a working pair (tool and workpiece) to
withstand a certain cutting process. This is affected by the durability of the cutting edge of the
tool, the machinability of the workpiece and by tool life conditions, Fig. (2.7).
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TOOL LIFE CONDITIONS

Tool Workpiece Machine Cutting Process Environment
Form - Material - Dynamic a. - Kinematics - Cutting fluid
Cutting edge - Geometry static stiffness - Cutting - Thermal
geometry conditions boundaries
Cutting tool
material

Cutting edge // Tool Life Machinability
durability [ Behaviour (Material)
(Tool) \
\\
Tool life criterions Tool life parameter

Tool wear

Resultant force, cutting power
Surface roughness

Chip form and temperature

Tool life

Tool life travel path
Tool life quantity
Tool life volume

Figure 2.7 Tool life behaviour, by Clocke F. ! (2011)

For a tool life criterion of 0.3 mm flank wear, hypothetical speed and tool life values are
displayed in Figure 2.8. Further research became necessary after him to make the equation of
tool life practically useful in a wide field of application. Kronenberg M. #” (1927) was exert the
greatest influence on this research.
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Figure 2.8 Effect of cutting speed - v on tool flank wear - VB for three cutting speeds [36]

The well-known Taylor equation, discovered around 1900, as well as its later transformations
describe the relationships between tool life and machining parameters and include several
constants for different combinations tools and workpiece materials.

ve T = Cyp (2.12)

where; v - cutting speed (m/min), TL - tool life (min), m - an exponent depending on work
material, tool material, tool geometry and cutting fluid.C - @ constant representing the cutting
speed that results in 1 min tool life. Sheng J. ®* (2015) in his study consider that cutting tool
wear occurs on the front (Crater wear) and on the back (flank wear) in contact with chips and
workpieces. In most cases, they occur simultaneously and interact with each other, according to
Waluyo et. al. “? 2020, Fig. (2.9).
2.6 Mathematical modeling of machinability functions

The purpose of complex methods is to obtain mathematical models of the machining process, i.e.
to obtain machinability functions. Machinability functions are mathematical models by which
describes the interdependence of input and output parameters of the machining process and
represents an approximation of the actual shape of the process function.Mathematical models of
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metal cutting should be able to offer the following information, according to Trent and Wright I’?
(2000):1) Prediction of tool life, TL=TL(Xi), 2) Prediction of the quality of machined surface
R=R(Xi). 3) Prediction of chip control, C=C(Xj), 4) Prediction of the loads on the tool F=F ((Xi),
the workpiece and the fixtures, 5) Prediction of the accuracy of the components being machined.

KB KM]—
KT
b
B zone B
KB = crater width
KM = crater centre distance { = I
KT = crater depth Wear notch
KA = crater area (self defined) VB ﬁ
VB = average wear-land with VBmax
VBmax = maximum wear-land with

r= radius of cutting edge

View on major flank

Figure 2.9 Schematic representation of worn cutting tool

2.6.1 Mathematical models
Linear models are the most basic and hence frequently employed. By using the proper
transformations and nonlinear models, a huge number are reduced to this model. The
polynomial equation is the most often utilized of the linear models. Any degree of polynomial
function can be used as an empirical mathematical model. According to Sarabia and Ortiz I"®!
(2006), the majority of experimental research using cutting processes as mathematical models
fulfill first-degree models as follows:

y=bo+ Ik bi-xi+e
(2.21)

This model is a multiple linear regression with p=k+1 coefficients and k independent variables.
2.7 Modeling and optimization technique

The modeling and optimization strategies in metal cutting processes are reviewed in Mukherjee
and Ray's publication ¥ (2006) with a focus on (a) modeling techniques and (b) optimization
techniques, including standard and unconventional (evolutionary) optimization techniques as
shown in Figure 2.11. This study also made clear that modeling and optimization techniques
have been used in recent studies due to the difficulty in determining the best machining
parameters using a mathematical model.

a) | Empirical Modelling Technique |
[
| Regression | Artificial Neural Network-based on | | Fuzzy Set Theory-based on |
* # Error Other I l -
_ - i Propagation Learning Static Dynamic
Single I Muluiple I Multivariate Learning Techniques System System

J’=bo+Ef:15i '%"‘Z?ﬂbii'xiz"‘f

v
k
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b) Optimization Tools and Techniques
Conventional Technigues [Optimal Solution] Non-Conventional Techniques [Near Optimal Solution(s)]
|
# Y
Design of Mathematical Iterative Search X Problem
Experiment I [Iel:id'-li . Specific
(DOE) ¥ 4 v - Heuristic
Search G
Dynamic Non-linear Linear e
Programming Programming Programming
(DP)-based (NLP)-based (LP)-based
Algorithms Algorithms Algorithms
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Taguchi Factorial 3 Vol Simulated o ._' .l‘ll
Method-based Design- Response Surface Algonthm Annealing Search
based Design Methodology
(RSM)-based

Figure 2.11 Classification of modelling (a) and optimization (b) techniques in metal cutting

process
2.8 Conclusions

° From this review of the contemporary literature, it has been reached to compile the

motivation and lay out the objectives of this research and theses of this PhD study.

o Additionally, this review has provided sufficient scientific information to determine the

selection of theoretical and experimental research methodology, statistical methods of analysis
and confirmation of results, methodology of modeling and optimization of machinability
functions, selection of measurement techniques, suitable processing, type and quality of cutting
tools, etc., which are explored in detail in the following chapters.

2.9 Motivation
Despite significant progress in cutting tool technologies, the machining of Inconel 718 is still
considered a grand challenge. Based on the challenges listed above, this research was
motivated by the need to contribute to the machinability study of the Inconel 718 super alloy in
order to obtain predictive mathematical models and determine the optimal levels of machining
parameters to give the best results for response characteristics i.e. surface roughness, tool wear
and tool life.

2.10 The thesis goal
The goal of this research is, in a systematic, scientific and reliable way, to develop predictive
empirical mathematical models that integrate experimental, numerical and analytical knowledge
in the field of planning and optimization of the production process.
Furthermore, the research will enable the formation of a knowledge base, which, with the
installation of appropriate sensors, is hecessary to obtain an intelligent processing system.

RESEARCH TASKS

To fulfill of the goal of the dissertation thesis, the following primary tasks are specified:

. Conducting experimental tests in the dry turning process using the Taguchi orthogonal
array.

o Performing statistical analyzes using signal-to-noise ratio (S/N) and analysis of variance
(ANOVA) methodologies.

o Investigating the influence of cutting parameters such as cutting speed, feed rate and
depth of cut on machining responses.

. Analyzing the surface roughness by measuring the average surface roughness (Ra).

o Evaluation of tool flank wear degradation (VB).

o Tool life (TL) testing by measuring the critical value of tool flank wear (VB).

. Conducting confirmatory experimental tests optimal results.
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3. DESIGN OF EXPERIMENTS BASED ON TAGUCHI'S METHOD

3.1 Chapter Overview
In this chapter, the definitions and basic principles of experiment design will be presented, such
as planning, conducting and analyzing an experiment in general, while the Taguchi method will
be explored in detail. The primary objective of Design of Experiments (DOE) is to establish
optimal process performance by determining the optimal levels of process input variables.

3.4 Taguchi method design of experiment
The Taguchi method of design of experiments is a simple statistical tool involving a system of
orthogonal arrays that allows a maximum number of main effects to be estimated in an unbiased
fashion with a minimum number of experimental runs. It has been applied to predict the
significant contribution of the design of variables and the optimum combination of each variable
by conducting experiments on a real-time basis. The experiments are performed in a way to
determine the range of variability resulting from the variation of controlled factors and
uncontrolled factors (noise), by Roy R. ! (2010).

3.4.2 Robust-Design of experiments

According to Phadke M. 9 2012, the Taguchi Method, also known as robust design, is an
engineering process for enhancing productivity during research and development so that high-
quality goods can be created rapidly and at a cheap cost.

The Taguchis approach of quality engineering takes into account all phases of product or
process development, but parameter design is crucial for obtaining high quality and cheap cost.
Optimal levels of process parameters (elements) are chosen through parameter design such
that the influence of uncontrollable factors has the least possible impact on system performance.
Five main tools make up the Robustness Strategy, according to Phadke M. ! (2012).

1. A P-Diagram is used to categorize a product's variables into noise, control, signal (input),
and response (output) elements, as shown in figure 3.1.
2. The ideal form of the signal to response relationship as contained by the design concept

for making the high level system operate flawlessly is specified mathematically using the ideal
function.

3. To calculate the amount of loss a user incurs as a result of deviating from the desired
performance, one uses the quadratic loss function, also known as the quality loss function.

4, Through laboratory tests, the Signal-to-Noise Ratio (index) is used to forecast the field
quality.

5. With a limited number of tests, orthogonal arrays are utilized to acquire trustworthy data
regarding control factors (design parameters).

(Design parameter)
Controllable inputs
X X2 "‘l‘ l

Measurement
Input raw materials, G Eval_uatnpn
components, Monitoring
subassemblies, and Control
and/or 1
e Product/Process
Signal factors y = Quality characteristic Output Product
(CTQs)

Z) 4] :‘l
Uncontrollable inputs
(Noise factors)

Figure 3.1 P-Diagram of product or process, by Montgomery D. 3% (2009)

Taguchi advocates examining the mean answer for each run in the inner array as well as
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examining variation using a signal-to-noise ratio (STN) that has been carefully selected.
. Main response:

= 21 1Yi (3.2)

° Standard deviation:

s= [z, &2 (3.3)

Additionally, the use of signal-to-noise ratio (STN) as a performance measurement statistic is
one of the many criticisms of Taguchi's approach. STN reports have come under fire for
occasionally producing false results. Although the Taguchi technique is less popular than
classical experimental design, it offers the practical engineer a helpful place to start when
looking to enhance quality. The key reason for this is that the first is mostly focused on quality
engineering factors while the second is primarily focused on statistical aspects. The benefit of
Taguchi's approach is that it incorporates statistical techniques into a solid engineering
procedure.

According to Kamal et al. "% (2012), there are three common forms of signal-to-noise (STN)
ratios of interest for optimizing static problems:

. Smaller the better (for making the system response as small as possible):
1

SN, = —10log (2 L, y?)

(3.4)
° Nominal the best (for reducing variability around a target):

- v

SNt = 10log (52)

(3.5)
. Larger the better (for making the system response as large as possible):
SNy, = —1010g( = 1;2)

(3.6)

The ideal factor levels are those that maximize the required signal to noise (STN) ratio after
analyzing the signal to noise (STN) ratio to establish the preferable parameter values. Once all
of the STN ratios have been computed for each run of an experiment, Taguchi recommended a
graphical approach to analyze the data. In the graphical approach, the STN ratios and average
responses are plotted for each factor against each of its levels. The graphs are then examined
to ‘pick the winner,’ i.e., pick the factor level which (i) best maximize SN and (ii) bring the mean
on target (or maximize or minimize the mean, as the case may be).

3.4.3 Taguchi approach to the experiment design

Robust design means finding the optimal control factors settings to make a product or process
insensitive to noise factors. The steps to be followed to achieve a Tag%uchl s robust design are
listed in Figure 3.2. according to Phadke M. '™ (1989) & Tapan B. '"®! (1993). According to
steps that are involved in Taguchi's Method, a series of experiments are to be conducted. Below
is the case study of the doctoral thesis for the optimization of the cutting process parameters of
the alloy material Inconel 718 on CNC turning machine. The procedure is given below:

Step 1. Identification of Main Function, Objective and Quality Characteristics

Main function: Machining of Inconel 718 Alloys in CNC turning machine

Objective and results: Determining the best settings of process parameters to optimize the
responses of process.

Quality characteristics: Direct measurement of response for the present investigation surface
roughness, tool wear and tool life.

Step 2. Determining system parameters (control factors, noise factors, machine parameters)
Control Factors: Cutting speed, feed rate and depth of cut.

Noise Factors: Vibrations, temperature variations, operator skill, machine-tool and tool condition,
material variations).

Step 3. Identifying the objective function to be optimized

The target of a process may be a minimum, nominal or maximum. In this case is selected:

10
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Objective function: Smaller the better STN Ratio for this function (Eq.3.4), for surface roughness
and tool wear. Objective function: Larger the better STN Ratio for this function (Eq.3.6), for tool
life.
Step 4. Defining the control factors levels

Based on the researched literature on the machinability of Inconel 718 alloy and the carbide
cutting tool inserts used CCMT09T308N-SU grade AC5005S coated with PVD ultra multi-layer
thin layer AITiSiN, the three machining parameters (control factors) considered in this study are:
cutting speed, feed rate, depth of cut. All of them were set at three different levels (see Table
3.1).

Planning the experiment

Identification of Main Function, Objective and Quality Characteristics

Determining system parameters (control factors, noise factors, machine parameters)
Identifying the objective function to be optimized

Defining the control factors levels

VAW

Determining the experimental design by orthogonal array
!

Performing the experiment

6. Conducting the Matrix Experiment

1

Analyzing the Experiment Results
7. Analyze the data and determine optimum levels for control factors

L |

Confirmation Experiment

8. Predict the performance and confirmation of the experimental design

Figure 3.2 Taguchi's approach to process optimization

Table 3.1: Control factors and their level

Factors Cutting speed (v) Feed rate (f) Depth of cut (d)
Level 1 100 0.071 0.2
Level 2 120 0.092 0.4
Level 3 140 0.125 0.6

Step 5. Determining the experimental design by orthogonal array

The development of the orthogonal array is credited to Englishman Sir R. A. Fisher. His initial
attempts at using orthogonal arrays were made to manage experimentation mistake. Since then,
as stated by Roy R. ! (2010), Taguchi has modified the orthogonal array to assess not only the
effect of a factor under study on the average result, but also to determine the variance from the
average result. An orthogonal array is a set of numbers with columns that are parallel to one
another, meaning that all ordered pairs of numbers appear in each pair of columns the same
number of times at both the lowest and highest levels.

Step 5.1 Design of the matrix experiment of orthogonal arrays

A standard table of Taguchi orthogonal array is shown in (Figure 3.2), which is used to study the
entire parametric space with a limited number of experiments. Before one attempts to select an
orthogonal array (OA) to lead design optimization experiments, it needs to first identify the key
factors should be studied in the process, number of levels which are possible for each factor, two
interactions between factors and special difficulties in running experiments should be
investigated. Orthogonal arrays are a special standard experimental design that requires a small
number of experimental trials to find the main effect of the factor on the output. For selecting an
orthogonal array, the minimum number of experiments (tests) to be conducted shall be fixed
which is given by: Raj T. '°1(2011).

11
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NTaguchi =1+NV (NL-1) (37)

where; Nraguchi - NUmber of experiments to be conducted, NV - number of variables (factors),

NL - number of levels, Number ‘1’- In counting the total Degrees of Freedom (DF), the researcher
assigns ‘1’ DF to the overall response average in the study. This starts counting the DF as 1.,
according to Tapan P. "% (1993). In this thesis study case for dry turning of Inconel 718 alloys
are selected three variables at three levels (Table 4.1), i.e., NV = 3 and L = 3, therefore the
minimum number of the experiments to be conducted will be:

Nraguehi = 1+3(3-1) = 7, minimum runs (3.8)

Orthogonal array should be selected, in such a way that the total number of experimental runs in
main experiment should be greater than the total DF (Eq. 4.8) of the experiment. Hence at least 7-
experiments are to be conducted. Based on this orthogonal array (OA) is to be selected he
which has at least 7 rows i.e., experimental runs. Taguchi identified several basic Orthogonal
Arrays which he called ‘standard OAs’: L4(2%, L8 (27), L9 (3*) L12 (2'), L15 (4°), L16(2")
L’16(2"), L27 (3") etc., listed in table 3.2., according to Tapan B. [ (1993). Therefore, the first
orthogonal array that can be selected is L9 (3°). In this doctoral thesis study L9 (3% is sufficient.

Table 3.3 Experimental matrix layout using an L9 orthogonal array

Exp. No. Cutting speed (m/min) Feed (mm/rev) Depth of cut (mm)

1 1 1 1

2 1 2 2

3 1 3 3

4 2 1 2

5 2 2 3

6 2 3 1

7 3 1 3

8 3 2 1

9 3 3 2
3.5 Conclusions
. The Taguchi method defines "optimization" as determining the best levels of control
factors at which the signal-to-noise ratio is maximized.
. The experiments used to determine the best levels are based on Orthogonal Arrays,
which are balanced in terms of all control factors while being small in number.
. As a result, the resources (materials and time) needed for the tests are similarly minimal.
. The Taguchi approach as process optimization method is based on eight processes of

planning, conducting, and analyzing matrix experiment data to discover the optimal levels of
control parameters.

. The main goal is on maintaining a small output variance despite the presence of noisy
inputs, which makes the process robust i.e. resistant to all variations.

4 EXPERIMENTAL METHODOLOGY

4.1 Chapter Overview
The objective of this chapter is to provide the necessary experimental information about the
machine tools, measuring devices, workpiece material, cutting tools and machining parameter
values and levels, and as well protocol used in this study.

4.2 Machinability assessment and measurement protocol
For the experimentation of the machinability assessment of workpiece material Inconel718 alloy
the machine tool and equipment’s, instruments, cutting tools and their parameters are explained
in the following subsections.

4.2.1.1 Machine tool
The experiments were conducted under dry cutting conditions on machine CNC lathe
GOODWAY, Type GLS-200 M Figure 4.1, with the following specifications:
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Bar Capacity: 51 mm
Power: 7.5 kW

Turning Dia: 280 mm
Swing: 500 mm

Machining Length: 340 mm
Max Speed: 4200 rpm
Control CNC

O O O OO0 OO OO0

THE ULTIMATE MACHINING SOWER

Us[o AR GLs-zoom

Figure 4.1 CNC Lathe Machine GLS-200 M

4.2.1.2 Cutting Inserts
In this research, carbide tool inserts as per ISO specification CCMT09T308N-SU Sumitomo
grade AC5005S coated with PVD ultra multi-layer thin layer AITiSIN process are used for the
finish turning tests of the Inconel 718 alloy. The inserts are rigidly attached to a toolholder
SCLCR 2020 K89, Figure 4.2.

@1.C=9.925; S=3.97; Jd=4.4;
r=0.8

a) b)
Figure 4. 2. a) Toolholder SCLCR 2020 K89 - Techno Takim, b) Cutting insert CCMT 09T308N

4.2.1.3 Surface roughness measurement apparatus
The Mitutoyo SJ-310 surface roughness testing device was used in the research to measure the
arithmetic mean of the profile deviations (Ra). Figure 4.3 shows the tester used for
experimentation. Table 4.1 shows the general specifications of the surface hardness tester used
during the experiment.
All roughness values were measured three times and only average values are calculated to
minimize experimental errors.

13
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Table 4.1 General specifications of the surface hardness tester

Measuring speed 0.25, 0.50, and 75 mm/s
Returning speed 1 mm/s
Evaluation length 12.5 mm
Detector type Differential inductance
Skid force 0.75 mN
Roughness standard JIS, DIN, ISO, ANSI
Sampling length 0.25mm, 0.8mm and 2.5mm
Display range 0.01-100 p

Figure 4. 3 Surface roughness measurements with Mitutoyo SJ-310

4.2.1.4 Optical microscope
Tool wear measurement was performed on a Carl Zeiss cutting tool optical microscope with 15 x
8 magnification, which enables movement along three axes Figure 4.4. An AmScope MU1403B
digital camera equipped with Windows software is mounted on the optical microscope, enabling
image development, measurement, editing and storage.

4.2.2 Workpiece Material

The workpiece material used as test specimen is Inconel 718 alloy hot treated, a round bar of
test specimen &63.5mm diameter and 500mm length is used for the cutting turning tests. The
Inconel 718 ally is United Kingdom-made and material is certified by Special Metals Wiggin
Limited, with certificate of inspection No. 433803 v 1, 28 Aug 2020, according to standard EN
10204-3.1/1SO 9001/EN/AS/JISQ 9100, presented in Appendix F. The chemical compositions
by percentage of weight basis and mechanical properties of Inconel 718 ally are given in
Table 4.2 and 4.3 respectively.

Table 4.1 Chemical composition of Inconel 718
C Si Mn | Al Co |Cr Fe | Mo |[Nb |Ni Ti Se
0.03/0.060.07/049]0.25]19.3 173 3.3 [528[529]0.96 | <3
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A
Figure 4.4 Carl Zeiss optical microscope with digital camera AmScope MU1403B 14MP

Table 4.2 Mechanical properties of Inconel 718

. . Hardness
sronginstengin moculus | DTSy | Meling Hardnoss - afterheat |l
(MPa) | (MPa) | (MPa) | \"9'MJ P (HBW) (W/mK)
1197 | 1248 |205x10°| 819 | 1290 | 245 411 11.20

4.2.3 Determination of machining parameters and their Levels
The theoretical knowledge presented in the third chapter explains the functional connection of
input, independently variable quantities with output, dependently variable quantities of particle
separation processing procedures.
On the basis of these findings, the input sizes were selected which will satisfactorily describe the
responses or output values of the researched machining procedure. One of the main tasks of
machine tools is to enable the execution of machining operations with the required rigidity, to
take over the vibrations generated during machining and to ensure the necessary machining
power. All of the above depends on workpiece material, on the geometry and material of the
cutting tool, and on the applied machining parameters.
The guidelines for the selection of the processing parameter zones, according to the
recommendations of the tool manufacturer and the existing database were not completely
satisfactory. Therefore, for the material of the workpiece used in this research and the inserts of
the applied cutting tools, were performed extensive preliminary tests, which determined the limit
of values of the processing parameters, i.e. the range of the input variables. The previous tests
determined the tool wear criteria for the applied cutting plate VB .= 0.3 mm. The factor levels
of the machining parameters to be studied and the attribution of the levels are shown in Table
4.3.

Table 4.3 Machining parameters

Cutting Notation Unit Levels
parameters 1 2 3
Cutting speed v m/min 100 120 140

Fed rate f mm/rev 0.071 0.092 0.125
Depth of cut d mm 0.2 04 0.6

Based on the design of the experiments (DOE) Chapter 3, Taguchi’s L9 (3% Orthogonal array
designs is used as it gives a relatively accurate prediction of all the means of the response
variables and the same is shown in Table 4.4 and 4.5.
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Table 4.4 Coded Experimental matrix layout using an L9 orthogonal array for R, VB and TL

Exp. | Cutting speed Feed Depth of cut Ra VB(um) | TL (min)

No. (m/min) (mm/rev) (mm) (um)
1 1 1 1 0.23 80 30.44
2 1 2 2 0.30 85 28.25
3 1 3 3 0.32 92 25.91
4 2 1 2 0.24 110 24.53
5 2 2 3 0.28 121 23.35
6 2 3 1 0.31 120 24.12
7 3 1 3 0.20 152 18.41
8 3 2 1 0.23 153 18.18
9 3 3 2 0.28 170 14.8

Table 4.5 Natural experimental matrix layout using an L9 orthogonal array for R, VB and TL

Exp. | Cutting speed Feed Depth of cut Ra VB (um) | TL (min)
No. m/min) (mm/rev) mm) (um)
1 100 0.071 0.2 0.23 80 30.44
2 100 0.092 0.4 0.30 85 28.25
3 100 0.125 0.6 0.32 92 25.91
4 120 0.071 0.4 0.24 110 24.53
5 120 0.092 0.6 0.28 121 23.35
6 120 0.125 0.2 0.31 120 24.12
7 140 0.071 0.6 0.20 152 18.41
8 140 0.092 0.2 0.23 153 18.18
9 140 0.125 0.4 0.28 170 14.8

4.2.4 Experimental Work
To perform the experimental tests on the GOODWAY CNC lathe, the 3D design of the
workpiece model was done in SolidWorks CAD software and then through AZ-CAM software
was programmed in order to calculate cutting path of tests based on Taguchi's design of
experiments, presented in Appendix A.
The experimental tests were carried out based on the Taguchi method according to the standard
orthogonal array L9(3%), Table 3.3, respectively Table 4.5.

4.2.4.1 Surface roughness measurement process
Surface roughness is measured using a portable stylus-type profilometer, Mitutoyo SJ 310. The
profilometer was set to a cut-off length of A, = 0.8 mm, a 2CR filter, a transverse velocity of 1
mm/s and a transverse length of 4 mm. The surface roughness (Ra) was measured by placing
the stylus perpendicular to the feed rate marks on the machined surface towards the end of the
cut and the surface roughness measurement values are shown in Tables 4.4 and 4.5, while their
respective profiles are shown in Appendix B., Fig B-1 to B-9.

4.2.4.2 Tool wear measurement process

Tool life evaluation involves a series of tests that must be performed under various cutting
conditions until the cutting tool fails. This procedure not only consumes a number of tools, but
also requires a lot of time and work material, especially during machining process conditions
ensuring longer tool life, as reported by Mehrban et al. “% (2008). In the present work, a
methodology was adopted in which the machining process was carried out in 7-8 passes in each
cutting condition trial in a length of 125 mm, in a series of nine trials replacing each time a new
cutting edge. The first two passes were used to determine the tool flank wear (VB) model, and
the obtained results are shown in Tabs. 4.4 respectively 4.5. The flank wear value of cutting
insert is measured after each 1-3 passes under a tools optical microscope and the images taken
are stored in the Appendix C (Figure C-1 to C-33) ,while the time for a limiting tool wear is
estimated based on the total number of passes and from the extrapolation of the wear-time
curves according to Eq. (2.22) stored in Appendix D (Figure D-1 to D-9), that's mean that tool life
is estimated by fitting a best-fit line on the data falling in the steady
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(uniform) wear zone, and then finding the time by which a maximum flank wear of 300 um would
occur, and obtained results are providing in Table 4.6. The criterion of a maximum flank wear of
300 um is based on literature, as well as, the recommendations of manufacturer.

Table 4.6 Natural experimental matrix layout using an L9 orthogonal array for tool wear and tool
life

No Cutting parameters Extrapolation
Technologica Measurements values values of
| parameters TL (min) for
VB max= 300
(um)
Dv-Average Order of 1 2 3 4
DIA measure TL = ( VBmax-
n- ment a)/b
rotation/min.
\% F d Dav/n Number of passes Tot.
1 Np 2 2 2 2 8 a 18.728
100 | 0.071 0-2 607531 VB (mm) 80 160 200 264 b 9.242
t (min) 6.63 13.27 19.9 26.54 TL 30.44
2 100 0.4 Np 2 2 2 2 8 a 39.333
0.092 58/549 VB (mm) 85 150 175 222 b 9.226
t (min) 4.95 9.9 14.85 19.8 TL 28.25
3 100 | 0.125 0.6 Np 2 2 2 2 8 a 59.302
56/569 VB (mm) 92 160 170 190 b 9.289
t (min) 3.52 7.03 10.55 14.07 TL 25.91
4 120 | 0.071 0.4 Np 2 2 2 2 8 a 61.602
54/708 VB (mm) 110 171 184 255 b 9.718
t (min) 4.98 9.95 14.93 19.9 TL 24.53
5 120 0.6 Np 2 2 2 2 8 a 87.303
0.092 52/735 VB (mm) 121 180 194 222 b 9.107
t (min) 3.7 7.39 11.09 14.79 TL 23.35
6 120 0.2 Np 2 2 2 2 8 a 91.63
0.125 50/764 VB (mm) 120 130 190 205 b 10.828
t (min) 2.62 6.54 7.85 10.47 TL 19.24
7 140 | 0.071 0.6 Np 2 3 2 7 a 120.81
48/929 6
VB (mm) 152 188 204 b 8.228
t (min) 3.79 9.48 13.27 TL 18.41
8 140 | 0.092 0.2 Np 2 3 2 7 a 126.23
46/969 8
VB (mm) 153 182 215 b 9.558
t (min) 2.8 7.01 9.81 TL 18.18
9 140 | 0.125 0.4 Np 2 3 2 7 a 150.03
44/1013 4
VB (mm) 170 225 230 b 10.135
t (min) 1.97 4.93 6.91 TL 14.80

43  Conclusions

This chapter provides a detailed explanation of the experimental testing methodology in relation
to the measurement techniques and limiting criteria that were used to meet the objectives of the
study.

* The protocol for measuring the surface roughness parameter (Ra),

* Tool wear measurement (VB) protocol with a critical maximum limiting value of 300 pm

* Determination of tool life (TL) time based on the critical value of tool wear by extrapolation of
time wear curves for nine experimental tests.

5.MATHEMATICAL MODELING AND OPTIMIZATION OF MACHINABILITY RESPONSES

5.1 Chapter Overview

This chapter presents the processing and analysis of experimental data, as well as an attempt to
develop suitable mathematical models with first-order multiple regression, which will determine
the degree of influence of processing parameters on the performance of measurements
obtained from the experiment developed in the previous chapter. Taguchi's L9 orthogonal array
was utilized to find the optimal experimental factors level for minimizing tool wear, maximizing
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tool life, and minimizing surface roughness. The experimental results of surface roughness (Ra),
tool wear (VB) and tool life (TL) were analyzed by the Analysis of Variance (ANOVA), Normally
test, first-order linear regression, response optimizer analysis and Taguchi approach technique
using Minitab 18 software.

5.2 Mathematical modeling of surface roughness, tool wear and tool life
The experimental results obtained in the previous chapter are used to derive the mathematical
models of machinability response as surface roughness, flank wear and tool life using
regression analysis. These models provide the possibility of ranking the optimal machining
parameters from the optimal feasible solutions.

5.2.1 Regression analysis
For the purpose of this study, the Taguchi technique served both as the methodology for the
experimental design and the method of analysis. Through a statistical method of performance
measurement known as the S/N ratio, the experimental results are analyzed. The evaluation of
the obtained experimental results is done by converting them to the signal-noise ratio (S/N).
Calculating S/N ratios requires using one of three methods, depending on the sort of
characteristic being measured: the nominal method, the smaller is better method, or the larger is
better method. Since the surface roughness values are desired to be the smallest in order to
determine the S/N values in this research, the formula corresponds to the principle ‘smaller is
better given in Eq. (3.4). Regression analysis presents a relationship between variables
according to a mathematical model that fits a set of sample data [5.1]. In this case, the
regression model is as follows: In this case, the regression model without factor interaction is as
follows:

y:b0+b1'X1+b2'X2 +b3'X3
(5.1)

where: y is the estimation of machinability response by regression model, x4, X2, X3, represent
to machining factors respectively. The regression coefficients bq, b,,... bs, are respective
estimated effects, and by is equal to the total mean of machinability response.
5.2.1.1 Analysis of variance (ANOVA)

It was mentioned earlier that the test for the significance of the regression model, the test of
significance on the individual coefficients of the model and the test for lack-of-fit should be
performed. Analysis of variance tables are commonly used to summarize test experiments
performed. Table 5.1 to 5.3 shows the ANOVA tables for the linear response surface models Eq.
5.2 to 5.4 for surface roughness, tool wear and tool life. The experimental design and statistical
analysis was carried out according to the Taguchi method using Minitab 18 software. The
experimental results of surface roughness (Ra), tool wear (VB), and tool life (TL) values were
analyzed with Analysis of variance (ANOVA), used to identify the factors significance on the
machinability responses. The results of ANOVA of surface roughness, tool wear, and tool life
was given in the Tables 5.1, 5.2, and 5.3. This statistical analysis was performed for a
significance level of a = 0.05, i.e. for a confidence level of 95%. Sources with P-values (P<0.05)
are considered to have a statistically significant contribution to the performance measures,
reported by Rao and Kambagowni ['**1(2016).

Table 5.1 shows the results of ANOVA for surface roughness. It is evident from the results that
feed rate (f) is the most significant parameter with its contribution of 65.70%, then cutting speed
(v) as a secondary factor with 23.30% and depth of cut (d) as the third influencing factor with of
1.07% contribution. Since it can be seen from the analysis of table 5.1 that the P-values of the
cutting speed (0.019) and the feed rate (0.02) are less than the significance level a = 0.05, then
it can be concluded that the first two factors affecting the surface roughness have the greatest
significance, while the depth of cut with its P-value (0.496) greater than (0.05) is insignificant.
Table 5.2 and 5.3 shows the ANOVA results for tool wear and tool life. The analysis of Tabs 5.5
and 5.6 found that the first factor affecting the tool wear (VB) and tool life (TL) is the cutting
speed with its contribution of 95,18%, respectively 89,00%, then the feed rate with 3,22%,
respectively 5,94% and the depth of cut with 0,29%, respectively 2,07% as secondary factors,
has less importance in controlling the value tool wear (VB) and tool life (TL).From the analysis of
Table 5.2, it is evident that the P - values of the regression model (0.0001), cutting speed
(0.0001) and feed rate (0.017) are less than (0.05), which means that they significantly affect
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tool wear, while depth of cut with its P-value (0.342) is less significant.

Table 5.3 shows the ANOVA results for tool life. From the results, it can be seen that the cutting
speed (v) is the most significant parameter with its contribution of 89 %, followed by the feed (f)
with 5.94 % and the cutting depth (d) with 2.07 % has less importance in controlling the value
tool life. From the analysis of Table 5.3, it is evident that the P - values of the regression model
(0.0001), cutting speed (0.0001) and feed rate (0.025) are less than (0.05), which means that
they significantly affect tool life, while cutting depth with its P-value (0.1211) less significant.

Table 5.1
Regression Analysis: Ra versus v; f; d Analysis of
Analysis of Variance Variance
Source DF SeqSS Contribution AdjSS AdjMS  F-Value P-Value for surface
Regression 3 0,012629  90,07%  0,012629 0,004210 1511 0,006 roughness
Y 1 0,003267 23,30% 0,003267 0,003267 11,73 0,019
f 1 0,009213 65,70% 0,009213 0,009213 33,07 0,002
d 1 0,000150 1,07% 0,000150 0,000150 0,54 0,496
Error 5 0,001393 9,93% 0,001393 0,000279
Total 8 0,014022 100,00%
Model Summary
S R-sq R-sq(ad)) PRESS R-sq(pred)
0,0166900 90,07% 84,11% 0,0058786 58,08%
Regression Equation
Ra = 0,2574-0,001167 v+ 1,439 f+0,0250d
Table 5.2
Regression Analysis: VB versus v; f; d Analysis
Analysis of Variance of _
Source F 35eqSS Contribution Adj SS AdjMS  *-Value >-Value ]yartlanlce
Regression 3 1212.88 98.69% 212,88 173763 12544  1,00004 V%a(:o
\Y L '920,67 95,18% '920,67 '920,67 362,92 ),00001 (VB)
f L 268,21 3,22% 268,21 268,21 12,29 0,017
d L 24,00 0,29% 24,00 24,00 1,10 0,342
Error 5 109,12 1,31% 109,12 21,82
Total 3 31322,00 100,00%

Model Summary

S -sq ig(adj) ESS ;q(pred)
67168 69% ,90% 1,828 5,29%

Regression Equation

VB =-125,2 + 1,8167 v + 245,6 f + 10,00 d
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Table 5.3 Analysis of Variance for tool life

Regression Analysis: TL versus v; f; d
Analysis of Variance

Source DF SeqSS Contribution AdjSS AdjMS F-Value P-Value

Regression 3 200,370 97,02% 200,370 66,790 54,18 0,00031
v 1 183,817 89,00% 183,817 183,817 149,11  0,00007
f 1 12,268  5,94% 12,268 12,268 9,95 0,02524
d 1 4,284 2,07% 4,284 4,284 3,48 0,12111

Error 5 6,164 2,98% 6,164 1,233

Total 8 206,534 100,00%

Model Summary
S R-sq R-sq(adj) PRESS R-sq(pred)
1,11028 97,02% 95,23% 20,9700 89,85%

Regression Equation

TL =63,05-0,2768v —52,5f—-4,23d

5.2.1.2 Predictive mathematical models of surface roughness, tool wear and tool life
The relationship between machining parameters (cutting speed, feed rate, and depth of cut) and
machining responses such as surface roughness (Ra), tool wear (VB), and tool life (TL) were
modeled by linear regression based on Eqg. 5.1. Linear regression coefficients b4, by, bz and by,
have been determined using Minitab-18 software, as shown in Tables 5.1, 5.2 and 5.3. The
obtained predictive models are presented in the following equations:

Ra =0.2574-0.001167 v + 1.439f + 0.0250 d (pm)

(5.2)
VB =-125.2 + 1.8167 v +245.6 f + 10 d (um)
(5.3)
TL =63.05-0.2768 v-52.5f-4.23 d (min) (5.4)

5.2.1.2.1 Validation of predictive models
In order to test the statistical validity of the predictive models, some analyses and diagnostic
plots should be evaluated, such as Normal Probability Plots of Egs.5.2 to 5.4, shown in Figures
5.1 to 5.3, and F- statistic test from results of Analysis of Variance Tabs 5.1 to 5.3.

Norma Probability Plot Normal Probability Plot
(response is Ra) (response is VB)

Percent
9
.
Percent
=

-003 002 -001 000 o0 002 003 10 .
Residual Residual

Figure 5.1 Normal probability charts for Ra Figure 5.2 Normal probability charts
for VB
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Normal Probability Plot
(response is TL)

Residual

Figure 5.2 Normal probability charts for TL

As seen in Figs 5.1 to 5.3, the residuals approximately follow a straight line in normal residual
plots, implying that the errors are normally distributed. This distribution shown in the figures
above shows that the assumption of normality of the error is valid.
This provides support for the developed predictive linear regression models of surface
roughness, tool wear and tool life Eq. 5.2 to 5.4 that they are statistically significant, adequate
and accurate, which is consistent with the respective F-statistic values (15.11; 125.44 and
54.18) and P -values (0.006; 0.00004 and 0.00031) and is less than 0.6; 0.004 and 0.031
percent chance that a critical
F - value could occur due to noise.
From the analysis of Tabs 5.1 to 5.3, it is apparent that, the calculated respective F-values
(66.15; 125.44 and 54,18) of Ra, VB and TL are higher than the table critical F-value
F oF1or2=F 315=5.4095), as seen from handbook tables of Beyer W. [''* (2017). In the F - table of
critical values columns specify the numerator degrees of freedom (DF1), while rows set the
denominator’s (DF2).
The F- test appears to be a statistical test that is most often used when comparing statistical
models that have been fitted to a set of data, in order to identify the model that best fits the
population from which the data were drawn.
If the value of the F-statistic test is higher than the statistic calculated from the null hypothesis,
then a statistically significant relationship between the predictor and the outcome variable can
be concluded.

5.2.1.3 Taguchi analysis: Signal - to - noise (STN) ratio
In Taguchi method, the term S - stands for signal and represents the desirable value, and N -
noise represents the undesirable value. The process parameters (factors) with the highest S/N
(STN) ratio always give the best quality with minimum variance, as reported in his book by
Phadke M. ['°(1989).
Tables 5.4 to 5.6 shows the response table for STN ratio of surface roughness, tool wear and
tool life.

Table 5.4 Experiment results and STN ratio for surface roughness

Exp. | Cutting speed Feed (mm/rev) Depth of cut (nm) Ra S/N

No. m/min) (um) Ratio
1 100 0.071 0.2 0.23 12.8033
2 100 0.092 0.4 0.30 10.3980
3 100 0.125 0.6 0.32 9.8429
4 120 0.071 0.4 0.24 12.3958
5 120 0.092 0.6 0.28 11.1641
6 120 0.125 0.2 0.31 10.1915
7 140 0.071 0.6 0.20 14.1328
8 140 0.092 0.2 0.23 12.7278
9 140 0.125 0.4 0.28 10.9387
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Table 5.5 Experiment results and STN ratio for tool wear

No. | Cutting speedm/min) |Feed (mm/rev)| Depthofcutmm) | VB (um) S/N
1 100 0.071 0.2 80 -38.0618
2 100 0.092 0.4 85 -38.5884
3 100 0.125 0.6 92 -39.2758
4 120 0.071 0.4 110 -40.8279
5 120 0.092 0.6 121 -41.6557
6 120 0.125 0.2 120 -41.5836
7 140 0.071 0.6 152 -43.6369
8 140 0.092 0.2 153 -43.6938
9 140 0.125 0.4 170 -44.609
Table 5.6 Experiment results and STN ratio for tool life
No. | Cutting speedtm/min) | Feed (mm/rev) | Depth of cut mm) | TL (min) S/N
1 100 0.071 0.2 30.44 29.66889
2 100 0.092 0.4 28.25 29.02037
3 100 0.125 0.6 25.91 28.26935
4 120 0.071 0.4 24.53 27.79395
S 120 0.092 0.6 23.35 27.36574
6 120 0.125 0.2 24.12 27.64755
7 140 0.071 0.6 18.41 25.30108
8 140 0.092 0.2 18.18 25.19188
9 140 0.125 0.4 14.8 23.40523

Table 5.7 Response for STN Ratios and Means for Ra, VB and TL

Taguchi Analysis: Ra versus v; f, d Taguchi Analysis: VB versus v; f; d Taguchi Analysis: TL versus v; f; d
Response Table for Signal to Noise Response Table for Signal to Response Table for Signal to Noise
Ratios Noise Ratios Ratios
Smaller is better Smaller is better Larger is better
Level v f d Level v f d Level v f d
1 11,04 13,05 11,90 1 -38,64 -40,84 -41,11 1 2899 2759 27,50
2 11,21 11,43 11,30 2 -41,36  -41,31 -41,34 2 2760 2719 26,74
3 12,60 10,38 11,64 3 -43,98 -41,82 -41,52 3 2463 2644 26,98
Delta 1,56 2,67 0,60 Delta 5,34 0,98 0,41 Delta 4,35 1,15 0,76
Rank 2 1 3 Rank 1 2 3 Rank 1 2 3
Response Table for Means Response Table for Means Response Table for Means
Level v f d Level v f d Level v f d
1 0,2833 0,2233 00,2567 1 85,67 114,00 117,67 1 28,20 2446 2425
2 02767 02700 0,2733 2 117,00 119,67 121,67 2 2400 2326 22,50
3 02367 03033 02667 | |3 15833 127,33 121,67 3 1ni3 2161 2256
Delta 0,0467 0,0800 0,0167 Delta 72,67 13,33 4,00 gz:i 11'0? 2‘85 ;'?2
Rank 2 1 3 Rank 1 2 3

a) b) c)

Tables 5.4 to 5.6 shows the response table for STN ratio of surface roughness, tool wear and
tool life. In the following, the experimental data were analyzed using the Taguchi method
through which S/N ratios and level values were calculated using the STN equation "the smaller
is better" for surface roughness and tool wear as well as "the larger is better" for tool life, in
optimum cutting conditions

according to Tabs 5.4 to and 6.6, and the obtained results are presented in Tables 5.7.

53 Optimization of machinability responses

To realize the optimization of predictive mathematical models Eq.5.2 to 5.4, searches a
combination of factor levels is required that simultaneously fulfill the requirements set for each of
the machinability responses and factors. In this work, the optimization is performed numerically
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and graphically based on the Main Effects Plots for means values of the STN ratio in Figures 5.4
to 5.6, Response Optimizer Function Fig. 5.7 to 5.9 and Contour Plots Figs. 5.10 to 5.12 in order
to determine the optimal design conditions for obtaining low values of surface roughness (Ra)
and tool wear (VB), as and high values of tool life (TL).

5.3.1 Main Effects Plots for Means and Signal-to-Noise Ratio Analysis
From the STN ratios given in the Table 5.7 a, b and ¢ main effect plots were drawn using
Minitab-18 software and shown in the Fig 5.4 to 5.6 respectively.

Main Effects Plot for Means

Data Means Main Effects Plot for SN ratios

Data Means
v f

v f d
13,0
125
028 E
12,0
027
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026
025 no
L% 10,5
02 04 06
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10,0
100 120 140 0,071 0,092 0,125

d
100 120 140 007 0,092 0,125 0.2 04 06
’ ’ : : : ! Signal-to-noise: Smaller is better

Figure 5.4 Main Effects Plot for Means and STN ratio for Ra
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Figure 5.5 Main Effects Plot for Means and STN ratio for VB
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Figure 5.6 Main Effects Plot for Means and STN ratio of TL

The graphs above show the variation of the machinability responses with the change in the
cutting parameters. In the plots Figs 5.4 to 5.6, the X-axis indicates the value of each process
parameter at three levels and the Y-axis the corresponding response value.

Analysis is then performed to determine the adjustment factor of each main factor from the
response main effects plot for the mean and STN ratio.

In figure 5.4 a) and b) it can be seen that with the increase in the cutting speed levels (v) there is
a significant change in the decrease of the surface roughness of parameter (Ra), while with
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increasing of feed rate (f) also there is a significant change but in increasing of surface
roughness. On the other hand, with an increase in the depth of cut up to the middle level, a
small change in the increase of the surface roughness is observed, and then up to the high
level, a small change in the reduction of the surface roughness is observed.

When Fig. 5.4.a) and b) were examined, it was seen that level (3) of the cutting speed (v), and
level (1) of the feed rate (f) and depth of cut (d) were the effective parameters for lowest value of
surface roughness in the experimental study. The optimal cutting parameters for parameter of
Ra surface roughness were vsfid; (v3=140 m/min, f;= 0.0.071 mm/rev and d{=0.2 mm).

Since the optimal combination v, f;, d; does not exist in the conducted experimental matrix,
then the value of the surface roughness parameter (Ra) for the optimal conditions was
calculated based on the predictive equation Eq. 5.2, and its value is Ra=0.246 um, as seen in
Table 5.8.

Table 5.8 Optimum Conditions for Surface Roughness

Parameter Best level Value Predictive-Ra, um
Cutting speed, m/min | 3 140

Feed rate, mm/rev 1 0.071 0.246

Depth of cut, mm 1 0.2

Figure 5.5 shows the response table for STN ratio of flank wear (VB) for “smaller is better”
obtained for different parameter levels.

Figure 5.6 shows the response main effects plot for means and STN ratio table of tool life (TL)
for “larger is better” obtained for different parameter levels.

In the STN ratio impact analysis, the factor level will be chosen to give the maximum STN ratio
as the most appropriate factor level. After examining figures 5.5 and 5.6, it was seen that level 1
cutting speed (v), level 1 feed rate (f) and level 1 depth of cut (d) are effective parameters for the
lowest value of tool wear (VB) and the highest value of tool life (TL) in an experimental study.
Therefore, the optimal cutting parameters for tool wear and tool life were v,f;d; (vi=100m/min,
f;=0.071, mm/rev, d1=0.2 mm), as seen in Tables 5.9 and 5.10.

Table 5.9 Optimum Conditions for VB

Parameter Best level Value Predictive-VB, um
Cutting speed, m/min | 1 100
Feed rate, mmirev | 1 0.071 75.91
Depth of cut, mm 1 0.2
Table 5.10 Optimum Conditions for TL
Parameter Best level Value Predictive-TL, um
Cutting speed, m/min | 1 100
Feed rate, mm/rev 1 0.071 34.504
Depth of cut, mm 1 0.2

5.3.2 Response Optimizer Analysis

The response optimizer is used to identify the combination of settings of input variables that
optimize a single response or set of responses. Minitab software version 18 performs a
calculation to determine the best option and creates an optimization graph. Modifying the
parameters of the input variables in this interactive scheme enables the performance of
sensitivity analysis, which can lead to an improvement in the initial answer.
In order to find the most appropriate values (levels) of the cutting parameters that best affect
surface roughness (Ra), tool wear (VB), and tool life (TL), the researcher using Minitab Release
18, Response Optimizer and selecting the desirability function Ramin, VBmin @and TLnax found the
appropriate values of the cutting factors, and the obtained values shown in Figs 5.7 to 5.9.
After evaluation, the values obtained for minimum surface roughness (Ra) and tool wear (VB),
as well as for maximum tool life (TL) are as follows:

e Surface roughness: cutting speed (level 3), feed rate (level 1) and depth of cut (level 1). The

24



EXPERIMENTAL RESEARCH OF MATHEMATICAL MODELING AND OPTIMIZATION OF INCONEL 718 IN CNC TURNING PROCESS

minimum value is predicted at 0.2012 (um), expected to be reached with cutting speed v=140
m/min, feed rate f=0.071 mm/rev and depth of cut d=0.2 mm, and optimal of d=0.9897 mm, as
seen in Figure 5.7.

Tool wear: cutting speed, feed rate and depth of cut that all three correspond to (level 1), i.e
cutting speed v4=100 m/min, feed rate f;=0.071 mm/rev and depth of cut di=0.2 mm. The
predicted minimum value is VB=75.8596 (um), and optimal d=0.9765 mm, as seen in Figure 5.8.
Tool life: The appropriate tool life value is the highest and longest value at 30.8033 min.
Determining the cutting speed as 100 m/min, the feed rate as 0.071 mm/rev, and the cutting
depth as 0.2 mm, i.e. the optimal value according to Figure 5.9 is d=1 mm.

Optimal . v f d

D: 0,9897 High 140,0 0,1250 0,60
T Cur [140,0] [0,0710] [0,20]
Predict Low 100,0 0,0710 0,20

Ra
Minimum
y =0,2012
d = 0,98971

_(—_/_T__/__/__/_’—_ |

Figure 5.7 The appropriate value of each factor which effect to surface roughness

Optimal . v f d
D.p 10po High 140,0 0,1250 0,60

C Cur [100,0] [0,0710] [0,20]
Predict Low 100,0 0,0710 0,20

VB

Minimum

y = 75,8596

d = 1,0000

S Z_/_iii —— |

Figure 5.8 The appropriate value of each factor which effect to tool wear

Optimal v f d
D 1000 High 140,0 0,1250 0,60
S Cur [100,0] [0,0710] [0,20]
Predict  Low 100,0 0,0710 0,20

TL
Maximum
y = 30,8033
d = 1,0000

Figure 5.9 The appropriate value of each factor which effect to tool life
54 Confirmation test
After determining the optimal level of process parameters, the following stage was to predict and
validate the improvement of performance characteristics using the combination of parameters.
Taguchi technique and regression equations were subjected to confirmatory testing of process
parameters at optimal and random levels. The comparison of the test results with the expected
values derived from the Taguchi method and the regression equations (Eg. 5.2 to 5.4) is
presented in Table 5.11. The results of the confirmation test show that the measured values fell
within the 95% confidence interval, so the calculation of the error percentages of the response
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characteristics are within acceptable limits, except for the random level v,f,d, of the surface
roughness parameter for the predicted linear regression. The findings show that the Taguchi
method is a reliable approach for minimizing surface roughness, tool wear, as well as
maximizing tool life, which affect the reduction of machining time and production costs as in the
CNC alloy turning process. Inconel 718.Therefore, this optimization can be considered
successful, as evidenced by the results of the confirmation tests.

Table 5.11. Confirmation results for Taguchi method and linear regression

Taguchi method Linear regression
Level

Exp Predict Error (%) Exp Predict Error (%)
Ra (um)
vafidi(Optimum) | 4 195 | 0.186 4.61 019 | 0.201 3.1
vafd2 (Random) 0276 | 0.289 4.71 0.27 0.259 6.16
vifsds (random) 0.322 | 0.329 2.13 0.322 | 0.326 1.23
VB (mp)
vifid+(Optimum) 75 76.67 2.22 75 75.91 1.21
vafadz (Random) 118 116.67 1.13 118 119.4 1.18
vif2ds (Random) 86 86.33 0.38 86 85.07 1.1
TL (min)
v4f1d1(Optimum) 30 29 3.33 30 30.8 2.67
vafada (Random) 23 23.57 2.48 23 23.31 1.35
v3vodi(Random) 19 18.42 3.1 18.62 2

5.5 Conclusion

. The experimental data from turning Inconel 718 using coated carbide cutting tool inserts
are analyzed by means of the statistical simulation software for predicting the effect of various
input machining parameters such as cutting speed, feed and depth of cut on the surface
roughness, tool flank wear and tool life.

. Suggested first-order linear regression models that best fit the established criteria are
discussed above. The responses could be predicted at any mid-points using the adequate
models.

° ANOVA of predictive regression models identified the most contributing factor to surface
roughness is feed rate 65.70%, until for tool wear and tool life is cutting speed with 95.18%
respectively 89%.

. The findings show that the Taguchi method is a reliable approach for minimizing surface
roughness, tool wear, as well as maximizing tool life, which affect the reduction of machining
time and production costs in the CNC turning process of Inconel 718 alloy.

. This chapter presented the Taguchi method as a reliable method for determining optimal
machining parameters for improving response characteristics for minimum surface roughness,
tool wear, as well as maximum tool life. Also, Taguchi experimental design improves quality,
reduces cost, and provides robust design solutions.

. The results of the confirmation tests indicate that this optimization was successful.

6 GRAPHICAL OPTIMIZATION OF REGRESSION MODELS

6.1 Chapter overview
This chapter presents the graphical optimization and evaluation of the first-order linear
regression models obtained from experimental results in previous chapter Egs. 5.2 to 5.4. Using
Minitab -18 software were generated Contour plots and Surface plots that can graphically
explain the result without going into too much detail in the technical aspect of the subject. The
2D contour plots was used to show graphically optimization of possible values of response
characteristics. In addition, the 3D surface plots are utilized to investigate the possible link that
exists between three variables i.e. response characteristic variable and two independent
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variables.
6.2 Contour Plots Analysis

Contour plots make it possible to represent three-dimensional graphs on a two-dimensional
surface with the help of provided input variables, i.e. with the x- and y- factors plotted on the x-
and y-scales and the response values represented by contours. Figures 6.1 to 6.3 show the
contour plots obtained for surface roughness (Ra), flank wear (VB) and tool life (TL) for the
middle level of the cutting factors. The contour plots shown in Figs 6.1 a, b and cto 6.3 a, b and
¢ shows the correlation between the cutting speed and feed rate (v-f), the cutting speed and
depth of cut (v-d) and the feed rate and depth of cut (d-f).

>0,
Hold Values
0,092

008 009 o010  om 012
f mm/rev

a) b)
Figure 6.1 Effects of the experimental parameters and 2D contour plots; a= f-v, b=d-v;
of surface roughness

dmm

Figure 6.2 Effects of the experimental parameters and 2D contour plots; a= v-d, b=f-d;
of tool wear (VB)

T
<2
21- 22
m2-23
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W2- 25
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0,08 0,09 0,10
f mm/rev d mm

a) b)
Figure 6.3 Effects of the experimental parameters and 2D contour plots; a= v-f, b=f-d;
of tool life (TL)

From analysis of the contour plots shown in Figs 6.1 a, b, and c to 6.3 a, c and d revealed that
the contour plots are the straight line. Therefore, the appropriate mathematical model for
predicting the optimal value is the linear regression model Eq. 5.2. Analyzing Figs 6.1 a, b and
c, it was observed that the lowest value of surface roughness (Ra) found in Fig. 510 a, was in

27



EXPERIMENTAL RESEARCH OF MATHEMATICAL MODELING AND OPTIMIZATION OF INCONEL 718 IN CNC TURNING PROCESS

the dark blue area of the Ra plot below <0.22 um with approximate cutting conditions (f = 0.082
mm/rev, v = 128 m /min and d = 0.4 mm). Dark blue areas in the plot Figure 6.2 a, b and c,
represent areas of optimal cutting conditions of tool wear, while dark green regions indicate that
VB is deteriorating due to cutting conditions. It was observed that the best VB value was below
<80 pum near cutting conditions (v = 100-103 m/min, f = 0.071- 0.08 mm/rev, and d = 0.2-0.4
mm), as seen in Figure 6.2 c. From the contour plot shown in Figure 6.3 a, b and c, it was
observed that the best value of tool life (TL) was > 28 min in green dark area. Figure 6.3 c, for
cutting conditions (v = 100-106 m/min, f=0.071-0.10 mm and d = 0.2-0.5 mm).

6.3 Surface Plots Analysis
3D contour plots are, also known as 3D surface plots used to represent three-dimensional data.
3D surface plots are a type of graph that can be utilized in order to investigate the possible link
that exists between three variables. The prediction variables are plotted on the x- and y-axes,
while the response variable (z) is depicted as a continuous surface (3D surface plot).
In this study, 3D surface plots were drawn using Minitab-18 software to find the relationship
between response variables such as surface roughness (Ra), tool wear (VB) and tool life TL)
with cutting parameters (v, f and d) which are shown in Appendix E, Figs E-1 to E-27. Surface
plots show how one response variable relates to two factors with a third on hold based on the
model in Eq. 5.2 through 5.4. They have a planar shape in accordance with the established
model i.e. first-order linear model. Figs E-2, E5 and E-8 show the effect of cutting speed (v),
feed speed (f) and depth of cut (d) on the surface roughness, respectively the correlation
between v-f, v-d and f-d on it, for the middle level of hold value.
It can be seen that as the cutting speed increases, the surface roughness decreases, while the
feed rate and depth of the cut increases surface roughness increases. Figs E-11, E-14 and E-17
show the effect of cutting speed (v), feed rate (f) and depth of cut (d) on the tool wear (VB),
respectively the correlation between v-f, v-d and f-d on it, for the middle level of hold value. It
can be seen that as the cutting speed increases, the surface roughness decreases, while the
feed rate and depth of the cut increases surface roughness increases. Figs E20, E-23 and E-26
show the effect of cutting speed (v), feed rate (f) and depth of cut (d) on the tool life (TL),
respectively the correlation between v-f, v-d and f-d on it, for the middle level of hold value. Here
it can be seen that with the increase in cutting speed, feed rate and depth of cut, the tool life
decreases.
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6.4  Conclusion

o In this chapter, first-order models were constructed along with contour plots to enable
easier selection of the appropriate combination of cutting speed, feed rate and depth of cut to
find the optimal area of surface roughness, tool wear and tool life.

o The results of the graphical optimization are very useful for choosing the values of the
turning parameters in the workshop quickly in order to obtain a particular response
characteristic.

o The 2D contour plot as graphical optimization technique allows visual selection of the
optimum machining conditions according to certain criterion.
o Also, 2D contour plots and 3D surface plots of the desirability function at each optimum

can be used to explore the function in the factor space.
CONTRIBUTIONS

7.2.1 Scientific contributions
o The obtained mathematical models that describe the correlation between the cutting
parameters and the processing responses are achieved through theoretical and experimental
research. These models enable the prediction of tool wear, tool life and surface roughness.
o Development of empirical mathematical models that integrate experimental, numerical
and analytical knowledge in the field of production process planning and optimization in a
systematic, scientific and reliable way.
o The accuracy and significance of first order predictive mathematical models of
machinability responses are validated for oblique cutting conditions based on comparison of the
experimental and analytical results data published in various scientific researches.

7.2.2 Scientific/Applied contributions
o The results of the research enable the formation of a knowledge base, which, together
with the installation of appropriate sensors, is required to obtain an intelligent processing
system.
o Predictive models of the machining process assist in the analysis of optimization
problems in machining economics, in CNC adaptive control optimization (ACO) applications,
and in the formulation of simulation models used in metal cutting databases.
o The analysis of the effect of each parameter on each machining response and the
interactions between the parameters makes it clear that surface roughness, flank wear and tool
life can be controlled at the design stage of the cutting process, which is the most effective and
cheapest way.

7.2.3 Applied contributions
o The wear behavior analysis of cutting tools is conventionally reliant on extensive
experimental tests that are both time-consuming and expensive. However, the utilization of the

29



A)

EXPERIMENTAL RESEARCH OF MATHEMATICAL MODELING AND OPTIMIZATION OF INCONEL 718 IN CNC TURNING PROCESS

extrapolation approach based on the wear-time curves in accordance with Equation 2.22 has
been shown to significantly reduce these costs.

. The first-order linear mathematical models developed enable analysis of processing
responses, including Ra, VB and TL. They allow modeling and optimization of each response
separately or simultaneously, numerically or graphically, and are suitable for use in both serial
and mass production cutting processes.

° The study reveals that as cutting parameters are increased, the process of tool flank
wear (VB) would become worse.

. The study also shows that with the increase of any of the cutting parameters, the tool life
decreases.

7.3 Recommendation for future research

However, there are some opportunities for improving the forecasting capability of the
machinability responses models. Based on the results and the analysis of the experimental data,
these recommendations for further work is being proposed in the following areas:

. In addition to the linear regression models of the first order, as another alternative for the
prediction of machinability responses can be used the second order or higher models as well as
exponential.

. The research can be extended by including more machinability responses (as well as
cutting forces, temperature, machine power etc.) to give a complete picture of the processing of
Inconel 718 alloy.

. The study can be extended by including more cutting parameters as well as tool nose
radius, the tool cutting edge angle (k;), etc.

o Conduct study on different workpiece material and cutting tool combinations during wet
and semi-dry machining.

° The geometry of the cutting inserts can be varied to study the effect of different types of
inserts. For example, changing the rake angle (y,) and flank angle (ap).

° Current trends in the industrial development of automated measuring technique to

measure tool wear parameters (VB) in real time, manual and expensive tool wear
measurements will be unnecessary, and after knowing the tool wear parameter in real time, the
machine operator will be able to adjust the programmed cutting path to avoid distortion of
processed dimensions due to tool wear, as state in study of Mikotajczyk et al. "' (2018).

. In future studies, Taguchi as a single-optimization method combined with Gray Relation
Analysis can solve the multi-variate response characteristics of the process which are generally
known as multi-objective optimization, which have the possibility to optimize more dependent
variables simultaneously.
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ANOTATION

This PhD research focuses on the machinability of Inconel 718 super alloy, the most
common nickel-based super alloy that is widely employed in the aerospace, automotive, and
energy industries due to its exceptional thermomechanical properties. It is also a notoriously
difficult-to-cut material due to its short tool life and low machining productivity. Despite
substantial advancements in cutting tool technology, machining Inconel 718 remains a major
difficulty.

As a result, extensive research was carried out, which included kinematics and factors
influencing the turning process, theoretical models of surface roughness, tool wear, and tool life,
as well as modelling and optimization strategies in turning processes.

The primary purpose of machining techniques is to produce high-quality, low-cost goods. As
a result, machining economics is an important aspect in reaching such a goal.

To manufacture the best items possible, it is critical to select the appropriate machining
conditions, such as cutting speed, feed rate, and depth of cut.

The machining economics problem entails choosing the best cutting parameters in order to
maximize or minimize an objective function. Maximize profit rate, minimize unit production cost,
maximize production rate, etc. are examples of common objective functions to optimize cutting
parameters.

The problem of machining economics comprises selecting the appropriate cutting
parameters to maximize or minimize an objective function. Examples of frequent objective
functions for optimizing cutting parameters include maximize profit rate, minimize unit production
cost, maximize production rate, and so on.

In order to achieve these economic objectives, the problem is addressed by designing and
conducting an experimental research as well as the selection of mathematical modeling and
process optimization methods that lead to the optimal combination of process parameters as
well as their correlation with output responses characteristics.

In addition to the experimental work, the Taguchi technique, response surface methodology
(RSM), and Analysis of Variance were used to optimize and mathematically modeling the
machinability responses. Multiple first-order linear models were built to correlate the responses
(surface roughness, flank wear, and tool life) and machining parameters.

Analysis of variance was used to examine the effect of cutting parameters on processing
responses. Minitab-18's answer optimizer optimizes numerous responses using the Ramin,
VBmin, and TLmax desirability functions. Minitab-18's answer optimizer optimizes numerous
responses using the Ramin, VBmin, and TLmax desirability functions.

As result, the developed first-order linear mathematical models enable analysis of
processing responses, including surface roughness parameter (Ra), tool flank wear parameter
(VB) and tool life (TL). They allow modeling and optimization of each response characteristic
separately or simultaneously, numerically or graphically, and are suitable for use in both serial
and mass production cutting processes.
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