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CkiHYeHHO-eJJleMeHTHe MO/IeJII0BAHHSI Mpolecy MiKpo(pe3epyBaHHS HITHHOJIY

YV bacamvox eanysax npomucnogocmi cmpimko 3pocmae nOnum HA MIHIAMIOPHI BUCOKOMOYHI
BUPOOU, WO CIMUMYNIOE NOMPeDY 68 eheKMUGHUX MexXHON02IAX iX eueomoenenns. Mikpogpesepysanns e
HaUubibwl  YHIBEPCANbHUM — NPOYECOM MIKpOpI3aHHa Memanieé i cniagis. MikpogpesepysatHts
Xapakmepu3yemuvcs CKIAOHUMU YMOBAMU CIPYICKOYMBOPEHHA MA SUCOKUMU NUMOMUMYU  CUTAMU
pizanns. I1i0 yac 06pobKu maxux 6axickooOpoOONOSAHUX MAMEPIANi, K HIMUHONU, Yi He2amueHi
egexmu 3HaAUHO NIOCUNIOIOMbCS Yepe3 IX 0cooausi Qizuko-mexaniyni eracmueocmi. Tomy 0ocnioxncenHs
npoyecie MiKpogpesepyeanis HimuHoNie 3 Memoio 3abe3neyents Ucoxoi egpekmusnocmi ix oopodKu €
AKMYAnoHUM NUMAHHAM OASl CYYACHO20 PIBHA Memanooopobnux mexnonoeiu. Poboma npuceauena
PO3pOOYI  CKIHUEHHO-eNleMeHmHOl MoOeni 0OpoOKU na3a HA NIOCKIl NOBEPXHI 3A20MOBKU 3 HIMUHOTY
(Nise5Tia353a 8azo10) 0603y6010 meepdocniasHoio mikpogpesoro y npocpamuomy komniexci DEFORM-3D.
Iokpokoeo onucano emanu po3pobku modeni. Poszenanymo ocobausocmi niocomoexku CAD-mooOeneti
3a20MO6KU Ma ¢hpe3u, HANAWMYBAHHA 6IACMUBOCMEN THCMPYMEHMY, BUSHAYEHHS MOOeli NOBediHKU
00po0OII08aH020 Mamepiany, eeHepayii CKIHYeHHO-eleMeHMHOI CIMKU, HANAUMY8AHHSA YMO8 KOHMAKMY.
B pesynomami cxinuenno-enemenmmoz0 MOOen08aHHA NPoyecy Cyxo2o Mikpogpesepy8ants HimuHoIy
@pesoio diamempom 1 mm 6YI0 BUIHAUEHO CUAU PI3AHHA ONA MAKO20 PercuMy 0OpoOKuU: WeUOKicmb
pizanns — 20 m/xe, enubuna pizanns — 0,2 mm, nodaua na 3y6 — 0,003 mm. Adexeamuicmv po3pobdieHoi
Mooeni niomeepodICceHo NOPIGHAHHAM 3 Pe3YNbMAMAaMy GIACHUX eKCNepUMEHMANbHUX GUMIDIOGAHL CUT
pisauna  Ona  auanoziynux — ymoe  00poOku.  Pospobnena  cKinuenHO-eneMeHMHA — MOOelb
MiKpogpesepysants 6yde UKOPUCTIAHA OAs NOOATbWOT ONMUMI3ayii MexHONOoIUHUX napamempie
DI3aHHA HIMUHONLY 3 MemO NiO8UeHHs eqheKMUBHOCI NPoyecy MIKpOOOPOOKU Ybo2o Mamepiany.

Kniouosi crosa: NiTi; naz; cuna pizanns; mikpogpesa; DEFORM-3D.

AxTyajbHicTh TeMH. MikpodpesepyBaHHS — 11 TIPOLIEC BUTOTOBJIEHHS BUCOKOTOYHHX JPIOHMX AeTanel uu
MIKPOCTPYKTYp Ha MOBEPXHI MaTepiady 3 BUKOPHCTAaHHAM MIKPOIHCTPYMEHTIB (HiaMeTpoM 10 1 MM BKITFOYHO).
Mikpodpe3epyBaHHS BIAPI3HAETHCS BiI TPOLECY TPAAUIIAHOTO (Ppe3epyBaHHS HASBHICTIO «MacIITaOHOTO
edexTy» Ta «eekTy MiHIMaJIbHOI TOBLIMHH 3pi3y». MaciuTaOHuii edeKkT nojisrae y HeNiHIHOMY 3pOCTaHHI
MUTOMOI CHJIM pi3aHHs, KOJM [MOJa4ya Ha 3y0 3MEHINYETHCS 1 CTa€ MEHIIOK 3a pajaiyc pi3ajibHOI KPOMKH.
HecnpusiTinuBi yMOBH CTPY>KKOYTBOPEHHSI BIUTMBAIOTh Ha IPOLEC BHIAJICHHS Marepiany, IO MPU3BOJHUTH IO
30UIBIIEHHS CHJI pi3aHHs, TEMIlEpaTyp Ta TepTs B 30HI pisaHHsA. Bce 1e B CBOIO 4epry 3Ha4yHO MOTipIIyE
CTIHKICTh iHCTpyMeHTy. Ha MexaHi3M BHIAJCHHS CTPYKKH TaKOX BIUIMBAE e(eKT MiHIMAJIbHOT TOBLIMHH 3pi3y
(ploughing effect) — suaunwmit pamiyc pi3agbHOI KPOMKH, TMOPIBHSHO 3 TOBIIMHOIO 3pi3y, MPHU3BOIHUTH IO
HETaTUBHOTO KiHEMAaTHYHOTO NEPEJHBOTO KyTa pi3ajJbHOrO IHCTpyMEHTAa. Takuii HeraTMBHHMH KYyT CTHCKae
BEPXHIO YaCTHHY MaTepiaiy, 10 MPU3BOIUTH JI0 IIAcTU4HOI Aedopmariii 6e3 pizanns [1].

Inrepmeranin NiTi exBiaromuoro ckmaay (= 55 % Ni), Bigomuii sIK HITHHON, € HAWMOMyJISPHIIIAM
MarepianoM 3 eeKToM 1mam’ati popMu. 3aJISKHO Bil TEMIIEPATYPH 1 HANpY)KEHHS BiH NepeOyBae B ayCTEHITHIH
abo MapreHcutHiit ¢azi. HituHoMM HanexaTh 10 Ba)KKOOOPOOIIIOBaHMX MaTepialliB uepe3 BUCOKe aedopmariiine
3MIIHEHHS, OCOONMBI  TNpYXHO-IehopMamiiHi  XapaKTePUCTHUKH, CHWIBHY  aires3ilo Ta  CKJIQJHE
CTPYKKOYTBOpEHHs. Taki BIaCTUBOCTI MaTepiaiy, sik HU3bKa TEIJIONPOBiIHICTh, BUCOKA MTUTOMA TETUIOEMHICTH 1
HU3BKUH e(eKTUBHUNA MOAYIIb NMPYKHOCTI, HAKJIaJal0Th JOAATKOBI 0OMeXeHHs. 3rajlaHi YNHHUKH 3YMOBIIOIOTh
KPUTUYHO HH3BbKY OOpOOJIOBaHICTh, BHACTIMOK BHCOKOI NMUTOMOI €Heprii Ta CHJl pi3aHHS, IHTEHCHBHOTO
3HOIIYBaHHSI IHCTPYMEHTIB Ta HAJUIMIIKOBOTO YTBOPEHHS 3aJMpOK. Bce Iie HeraTMBHO BIUIMBAE Ha SIKICTh
MIOBEPXHEBOTO IIapy TOTOBOTO BUPOOY [2—4].

3BaXkalouM Ha OKPEMO 3raJiaHi 0COOJIMBOCTI Hpoliecy MikpodpesepyBaHHS 1 0OpOOIIOBaHOCTI HITHHOIMIB,
CTa€ OYEBW/IHOI0 BCS TEXHOJONYHA CKIAIHICTh caMe MikpodpesepyBaHHs 1poro crmiaBy. OcKiIbKH
00poO0IIOBaHICTh HITHHOMIB € YHIKaJIbHOIO 1 BCE IIl€ HEJOCTAaTHHO BUBUECHOIO, JJISI OTPUMAaHHS MaKCHUMajbHO
MOXJIMBOT KUIBKOCTI JJAHUX TPO XapaKTEepUCTHKH IIPOLECY pi3aHHA IUX IHTEpMETalifiB HEOOXiIHI He JuIIe
eKCIIepUMEHTAIIbHI JOCIIIKEHHS, a 1 KOMI'I0TepHE MOIEITIOBAHHSL.

Bimomi mporpaMu ckiH4eHHO-elleMeHTHOro aHamidy, Taki sk DEFORM, ABAQUS, LSDYNA, ADVANT
EDGE, ANSYS EXPLICIT DYNAMICS Tta iHmi, 3HaXOmATh IMHPOKE 3aCTOCYBAHHS IS JIOCIIIKCHHS
NpOIIECiB pi3aHHss MeTamB i civaBie. [Iporpamue 3abesneuennss DEFORM-3D opienToBaHe Ha MOIECITIOBAHHS
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NpoLeciB pi3aHHs, TepMOOOPOOKH Ta OOPOOKH THCKOM KOHCTPYKLIHHHX MarepiaiiB, BUPI3HSIETHCS BiJHOCHOIO
TPOCTOTOO BUKOPHUCTAHHS, 3pyIHUAM iHTEpPEHCOM i MOXKIIUBICTIO OTPUMYBATH CTabUIBHI pe3yapTatH [5].

Ha cporopHimHii AeHP BiZOMO TpPO MESAKU HAKOMMYCHHN IOCBIN MiKpodpe3epyBaHHS HITHHONY, IPOTE
MUTaHHS 3a0e3meueHHsT ePeKTHBHOCTI I[HOTO MPOIeCcy MOTPEOYIOTh MOAAIBINOTO JAOCIiIKeHHS. ToMy po3poOka
CKiHYCHHO-CIIEMEHTHOI MOJIeNli MiKpo(pe3epyBaHHS HITHHONY 3a0€3MeYHTh MOXKIHMBICTD OLTBII TIIMOOKOTO
aHAJI3y CHJIOBHX, TEMIIEPATypHUX Ta IHIIMX XapaKTEPHCTUK IpoIiecy 0OpoOIeHHS, MO MO3BOJIUTH IPOBOIUTH
HAyKOBO OOIPYHTOBAaHHH IOIIYK MUIAXIB IMiABHIICHHA €(PEKTHBHOCTI TaKMX TEXHOJIOTIYHHMX mporeciB. Lle i
(hopMye aKTyalbHICTh POOOTH.

AHaJi3 OCTaHHIX JoCTiMKeHb Ta MyOJdikamiii, HA AKi CIUPATHCS aBTOPH. MOJIECIIOBaHHS MPOLECIB
MeXaHI9YHOI 0OpOOKM KOHCTPYKLIHHHMX MarepialiB € 3pY4YHHUM IHCTPYMEHTOM, SKHH JOIOMara€ BH3HAYaTH
CHJIOBI, TeMIeEpaTypHi XapaKTEPHCTHKH IPOLECy pi3aHHs, HalpyKeHHs, aedopmamii TOIo, ONTHMI3yBaTH
PEKUME 00pOOKH, TEOMETPHYHI TApaMETPH IHCTPYMEHTY Ta iHII yMOBH 00poOieHHs. 1le 0co0MMBO BaXKIMBO B
Cy4acHOMY BHPOOHHMIITBI, Ji¢ IMIBUIKICTh MPUHHATTS PIillICHh Ta BUTPATH Ha PO3POOKY TEXHOJOTIYHHUX IPOLECIB
MAaIOTh BEJIMKE 3HAYCHHS AJIS YCIIIIHOI peai3alii MpoeKTiB.

Poboru [6-15] mpucBAYeHI TNHWTaHHAM pPO3POOKHM CKIHYCHHO-CJIEMEHTHHX MOJENeH  Iporecy
Mikpo(dpe3epyBaHHS METaiB Ta cIuIaBiB. Tak B [6—9] ommcaHo CKiHUEHHO-EIEMEHTHE MOICIIOBAHHS MPOLECY
Mikpo(dpe3epyBaHHS 3arOTOBOK 3 pisHHX THHIB cmiaBiB y mporpami ABAQUS/Explicit. Astopu
BHUKOPHUCTOBYBAIIM po3p00JIeHI MOIENI Al BU3HAYCHHS CHJI pi3aHHs Ta MOJIB HANIPYKEHb, K B IHCTPYMEHTI, TaK
i B 3aroToBIi. B ormsaoBiit po6ori [6] onmcyeTses MacmitabHu# epekt, ehekT MiHIMATBHOI TOBIIMHE CTPYKKH,
e(eKTH MIKpPOCTPYKTYpPH Ta AMHAMIKH Pi3aJIbHOTO IHCTPYMEHTY, SIKi BIUIMBAIOTh HA OCHOBHI MEXaHI3MHU Pi3aHHs
Ta sKicTh MoBepxHi. B 3a3HayeHux pobortax [7-9] po3pobisiiacs came OpPTOrOHalbHA CKIHYEHHO-EJIEMEHTHA
MOJIETIb IPOLIECY, 1110 HAKIIA/IA€ NIeBHI OOMEXEHHs Ha OTPUMaHi pe3yJIbTaTH.

Astopamu [10] 3milicHEHO CKiHYEHHO-EJIEMEHTHE MOJENIOBAHHSA MIKPOKIHIIEBOrO (h)pe3epyBaHHS CILIABY
Al6061-T6 B mporpami ADVANT EDGE, 1110 103B0JIsI€ IPOrHO3YBAaTH PE3yIbTYIOUY HIOPCTKICTh, MIKPOPETbED
MOBEPXHI BHACIHIJIOK KIHIIEBOTO MIKpO(pe3epyBaHHS, a TAaKOX BIAXWICHHS BiX IUIOIIMHHOCTI TPH 3HOCI
IHCTPYMEHTY.

VY [11-14] noka3aHo, HIO CKiHYCHHO-CJIEMEHTHA MOJeNb Mpolecy MikpodpesepyBaHHs, po3pobieHa B
DEFORM, 3a6e3mneuye OTpUMAaHHS LIJIKOM JOCTOBIPHUX PE3yIbTATIB IIOMO CHJI i TEMIIEPAaTypHHUX TOJIB y 30HI
pizanHs. Aptopu [11, 12] mis mociimKeHHS MpOIeCy CTPYKKOYTBOPSHHS il Yac MiKpoQpesepyBaHHS
3aCTOCYBaJIM CKIHUEHHO-EIEMEHTHE MOJIETIOBAaHHS rporecy B 2D-mocTaHOBII U1 OCITIHKEHHS XapaKTEePUCTHK
npouecy pizanus. e 703BoHI0 BU3HAUNTH BIUIMB MOKPHUTTS cBN 3i 30inbIeHHM pajiilycoM pi3ajbHOI KPOMKU
Ha CWJIM pi3aHHs, TEMIIEpaTypy IHCTPYMEHTY, KOHTaKTHUI THCK, IIBHIKICTh KOB3aHHs 1, TaKMM YHHOM,
MBUIKICTE 3HOCY iHCTpyMenty [11]. V [12] 3milicHeHO MpPOTHO3YBAaHHS PO3MOINY 3yCHJb, HAMPYXEHb i
TEMITEpaTyp 3 ypaxyBaHHIM e(eKTy MiHIMAJILHOT TOBILHHH 3Pi3y.

[TutaHHST TPOCTOPOBOTO CKIHUEHHO-EJIEMEHTHOTO MOJEIIOBaHHS Hpoliecy MiKpodpe3epyBaHHs B Iporpami
DEFORM-3D BucBitieni B po6orax [13-15]. Awnami3 BIUIMBY pIi3HHX KYTiB HAXWIy pi3ajbHOI KPOMKH
IHCTPYMEHTY Ha CHJIM Pi3aHHS, HAOPYXXEHHS B IHCTPYMEHTI Ta TeMmIepaTypu pi3anHs 3ailicieHo B [13].
Astopu [14, 15] npeactaBuin CKiHYEHHO-CIEMEHTHI MOJEN Ui HPOTHO3YBaHHS TEMIIEPATYPHHX MOJIiB
IHCTPYMEHTY Ta 3aTOTOBKH B TIPOIIeCi MiKpodpe3epyBaHHs Pi3HUX CILIABIB IIPU 3MIHHAX YMOBaX Pi3aHHI.

Pesynprati BUKOHAHOTO aHANI3y JITEpaTypH CBig4aTh MPO TEPCIEKTHBHICTE 1 BHCOKY €(EKTHBHICTH
MOJICTIFOBaHHS TIpoIiecy Mikpodpe3epyBaHHS B TPUBHUMIPHIH MOCTAHOBI 3a moroMororo mnporpamu DEFORM-3D.
DEFORM-3D BBaKa€ThCs HAWOLIBIN MPAKTUYHOI MPOrPaMOI0 Ui MOJEIOBaHHs aedopmaiiii ta 00poOKH
martepiaiiB. Bin mictute m’sth pisaux TmiB cumysii: ALE Rolling, Steady-State machining, Ring Rolling,
Steady-State extrusion, Lagrangian Incremental. Meton Lagrangian Incremental € Ha#Ginbin po3MOBCIOKEHHM,
OCKIJTbKH BUKOPUCTOBYETHCS ISl BCIX TPAAUIIHHUX MPOIIECiB (POPMOYTBOPEHHS, TEIUIONEpeaadi Ta TEpMOOOPOOKH.
Ile#i meronm Ga3yeThcs Ha ifei (iKCOBaHMX TOYOK Yy Marepiani, sIKi Ha3WBalOThCA By3lamu. [lim gac mporecy
nedopmarlii i By37M MOXKYTh 3MIITyBaTHCS i 3MIHIOBATH CBOE TOJIOXKEHHS BiJHOCHO MOYATKOBOTO cTaHy. Metop
JI03BOJISIE BPAXOBYBATH TaKi 3MIllIeHHs Ta JeopMariii, 100 OTPUMATH TOYHI pe3yJabTaTi MojeroBanHs [16].

DEFORM-3D no3Bosisie iHxKeHEepaM Ta JOCITiTHUKAM aHAJi3yBaTH MOBEMIHKY MaTepialiB MiJ 4ac 0OpoOKH,
NPOTHO3YBaTH HAaNpyXeHHs, Jedopmamnilo Ta iHII TapaMeTpd, IO JOMOMarae B ONTHMI3alii NporeciB
BUPOOHMIITBA Ta TOKpAIIEHHI SKOCTI mpoxykuii. basa maHux marepianis, sika MicTUTh Oiu3bko 145 HaOopiB
JIaHUX TIPO HAIPY>KEHHS TEKYy4OCTi MaTepiaiB, CHPOIIYE MPOLIEC MOJICIIOBAHHS CKIHUYEHHO-EJIEMEHTHOI MOJETI.

Hespaxaroun Ha 3HA4YHY KiTBKICTH JOCHIIKEHb 3 MOJETIOBAHHSA MPOIECIB MiKpodpesepyBaHHS PI3HHX
METaJiB Ta CIUIaBiB, JiTepaTypHUH aHaNli3 CBITYUTH MPO HEJAOCTATHIO KUIBKICTh POOIT MIOJA0 PO3pOOKH
CKIHYEHHO-eJIEMEHTHOI Mojen oOpoOKHM Mma3iB came y 3aroToBkax 3 HITHHONY. OCKITBKM IIe Mmatepiai
BIZIPI3HAETHCS OCOOIMBUMHE (Pi3UKO-MEXaHIYHUMH BIACTHBOCTSIMH i Ma€ BHCOKY IEPCIEKTHBY 3aCTOCYBAaHHS B
iHHOBAIifHUX BUpPOOax, TO po3poOKa CKIHICHHO-EIEMEHTHOI MoJeli Horo MikpodpesepyBaHHS € aKTyalbHUM
HAYKOBO-TEXHIYHHUM 3aBJIaHHSIM.

MeTo10 cTaTTi € po3poOKa CKIHUEHHO-EJIEMEHTHOT MOJIEi MPOLECy CyXoro MikpodpesepyBaHHs HITHHOIY,
sIKa JI03BOJISIE BU3HAYMTH YacOBi peastizalii CKJIaJ0BUX CHII pi3aHHS.
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Buknanennsi ocHoBHoro Marepianxy. Jlns OTpuMaHHA JaHMX IMOJO CHJI pi3aHHS B Hpoleci
Mikpodpe3epyBaHHS HITHHONY, SKi CTaHyTh 0a3010 [JIsI TOPIBHAHHS 13 pe3yJbTaTaMH KOMIT FOTEPHOTO
MOJICTIOBaHHS IIpoLieCy, OYJIO IMPOBEACHO EKCHEepUMEHTalbHEe BUMIPIOBAaHHS CHI pi3aHHA. ExcnepumeHt
mpoBoauBCs Ha oOpoOmorogomy mentpi mozeni DMU 80 eVo Deckel Maho B ymoBax cyxoro pi3aHHs.
dpesepyBaBes 1a3 MUPHHO | MM i TOBXKHHOIO 5 MM Ha TUTOCKIii TTOBEpXHi 3aroTOBKH po3mipom 30%30 mm [17]
31 crutaBy NisgsTlazs. OO6poOka pOBOAMIIACS KIiHIIEBOIO TBEpAOCIUIaBHOIO ¢pe3oto GARANT Master Titan 3
TiAIN mokputrsam [18]. Cumm pisanHs BuMiproBand 3a jgomomororo muHamomerpa Kistler 9257B (puc. 1).
OTpuMaHi JaHi HaBeJICHO B TaOIHIIi 2.

Puc. 1. Bumipiosanns cun pizanms npu Mikpo@pesepysanti nasa

CkiHYEHHO-€JIEeMEHTHa Mojenb Oyma pospobmena B mporpami DEFORM-3D  BigmoBimHO 10 yMoOB
eKCIepUMEHTY (IIBHAKICTH pizaHHS — 20 M/XB, momada Ha 3y0 — 0,003 MM Ta rimmbuHa pizasasa — 0,2 MM, giaMeTp
¢pesn — 1 mm). [ po3paxyHKY BHKOPHCTOBYBAIWCS Taki MapaMeTpu: MeTon — Jlarpamka;, pexuMm —
nedopmarnist Ta TEMI000MIH; KUNBKICTh KpoKiB MojemoBanHs — 2000; temrieparypa cepemoBHINa — IMOCTilHA 1
nopiBaioe 20 °C; xoedimieHT KOHBEKIII — moctidHmiA i gopiHIoe 0,02 H/c/mm/ °C; THmm 00’€KTiB: 3aTOTOBKa —
TUIACTUYHA, IHCTPYMEHT — KOPCTKHH.

Po3pobka CKiHYEeHHO-EIIEMEHTHOT MOIEIl 31IHCHIOBAIACS B 3a3HAYCHIH a1l MTOCITiJOBHOCTI.

1. ¥V nporpami SolidWorks po3po6iero 3D-Mo/1emb 3aCTOCOBYBAHOI Mij 4ac eKcrepuMenTy dpesu (puc. 2).

7

Puc. 2. Mikpogpesa: a — koncmpykyis ¢ppesu (pomo), 6 — cnpowgerna 3D-mo0dens
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2. HananryBaHHs BIaCTHBOCTEH IHCTPYMEHTY.

Bymno Bubpano T 06’€xTa — JKOPCTKHIA — IIeH cTaH BU3Ha4Yae 00’ €KT K HenedopMoBaHuii 1 30epirae 3agany
oMy 1mouyaTkoBy reomerpito. IIpy IboMy Yac po3paxyHKY CKOPOUYETHCS, HOPIBHAHO 3 NPYKHO-IUIACTHYHUM
tunoM. Y Bianmi «llepemimenss Oymu 3amaHi gacrota obepraHHus ¢pe3u 6366 006/XB Ta JiHIiHA IIBUAKICTH
nozadi 0,63 mm/c.

3. Po3podka 3D-mMozerni 3aroToBKY 3 TIONEPEIHIM BUPi30M.

MonemtoBaHHS BCHOTO Hacy OOpOOJICHHA MMa3a JOBXKHHOI 5 MM morpeOyBaThMe 3HAYHOTO dYacy Ta
KOMIT'FOTEpPHUX pecypciB. BpaxoByrouu 1ie, 0yino po3pobieHo crpoiieHy 3D-Mo/enp 3aroTOBKH 3 MOMEPEIHIM
BHUpi3oM (puc. 3).

=

Puc. 3. 3D-mo0env 3a20moexu 3 nonepeonim supizom

4. BuzHaueHHs MOJielIi [TOBEIIHKKA 00pOOIIIOBAHOTO MaTepiany.

TouHicTh pe3ynbTaTiB, OTPUMAaHUX ITIPH MOJEIIOBaHHI Ipolecy Mikpodpe3epyBaHHs, 3aJIeKUTh Bij
KOPEKTHOCTI 3aBJaHHS XapaKTEPUCTHK 00poOiroBaHOro Matepiany. KoedirieHTr piBHSHHS Oyiau B3sATI 3 0a3u
nannx DEFORM-3D (ta6u. 1).

Tabnuys 1
Hapamempu mooeni nosedinku mamepiany 3a20Mo8KU

IMapamertp 3HayeHHs
Hedopwmarris, % 0-0,6
IBunkicte gedopmarii, 1/c 0,001-10
Temmneparypa, °C 850-1100
Monyns FOnra, MIla 75000
Koedimient [Tyaccona 0,3
[TouaTkoBa Temmepatypa, °C 20
Tenmonposigaicts, H/(c-K) 10
Temnoemuictp, Hx/(K-M?) 0,3
KoedilieHT TeruioBoro BUPOMiHIOBaHHS 0,7
I'ycruna, r/m° 6,45
MexaHIYHUH €KBiBaJIEHT TEeIIOTH, JIK 0,9

5. 'eHepartist CKiIHYEHHO-EJIEMEHTHOT CIiTKH.

Cucrema DEFORM mnpononye aBa criocodu reHepauii citku. «System Setup» — HanmamTyBaHHS CiTKH
BUKOHYETBCSl 332 3aMOBUYBAaHHSAM IIiJl 4ac TeHepalii ciTku Ta ii mojanbinoi pecTpykTypuzamii. Metox
«User Defined» mo3Bosste caMoCTiiiHO BHOWpaTH MOBEpXHi A TeHepamii ciTku. ICHYe TakoX JBa THIH
HAJIAIITYBaHb MIJIBHOCTI CiTKH: «Relativy — 06upaeThest KiNbKICTh €leMEHTIB Ta KOe(IIlie€HT 1X CITiBBiHOMIEHHS,
«Absolute» — obupaeTbecst KoedillieHT CITiBBIIHOIIECHHS CJIEMEHTIB Ta PO3MIp eleMeHTa (MaKCHMAIBHUN YH
MiHIMaJTbHAN).

Citka pizangpHOrO IHCTpyMeHTY MicTimiia 32000 CKIHYEHHHX EJCMEHTIB 3 VIMUIBHEHHSM Ha pi3ayibHIii
yactuHi (puc. 4, a). Citka 3arotoBku Mmictuiaa 75000 ckiHueHHHX eneMeHTiB (puc. 4, 6) 3 JOKaJIbHUM
YIIUIBHEHHSIM y 30HI B3a€EMOJII1 3 IHCTPYMEHTOM.
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Puc. 4. Cimka ckinueHHUx enemenmis: a — ihcmpymenm, 6 — 3a20moexa

6. YMOBHU KOHTAaKTy.

[lix yac HamamTyBaHHS YMOB KOHTakTy OyJi0 BH3HaueHO poiii MK 00’extamu: Master — iHcTpymeHT i
Slave — 3arotoBka; Tun TepTs — Shear (3cyB), koedirient Teprs mocTidHuit i gopiBaioe 0,6; KoedimieHT
termooominy 11 H/c/mm/°C.

VY pe3ynbTaTi MOAEMIOBAHHS ITIPOIECY MiKpo(pe3epyBaHHS OyJi0 BU3HAUEHO YacOBI peamizamii CKJIATOBHX
cuit pizanHs (puc. 5), sKi IpeacTaBIeHo B Ta0HII 2.

Puc. 5. Cxema mikpogpeszepysanns naza

Sk BUAHO i3 Tabnuui 2, MakcMManbHe 3HaueHHs cunu Py mocsrae 34 H, Py — 47 H, i P, — 12 H. Taxi
3HAYCHHS CHJI PI3aHHS € JOCHTb 3HAYHUMU IS (hpe3u JiaMeTpoM | MM i 3aCTOCOBAHUX PEKHMIB Pi3aHHS, 110
MOYKHA MOSICHUTH 0COOJIMBUMHE BJIACTHBOCTSIMU HITHHOITY, SIKI 1 3yMOBITIOIOTH CKJIQIHICTh HOT0 00pOOIeHHS.

OckinlbKH KOMIT'0TEpHa MOJIeJTb TIpoliecy Mikpodpe3epyBaHHs He BPaxoBYeE YCiX (DaKTOpiB, sIKi BIUIMBAIOTh
Ha 3HAYCHHS CHJI pi3aHHs, HANpPHKIAJ, BiOpailii TEXHOJOr1YHOT CHCTEMHU, MOXUOKH YCTaHOBKH 1 3aKpillICHHs
IHCTPYMEHTY Ta 3arOTOBKH, BIUIUB MOKPHUTTS (pe3H, ITOXUOKH PO3MIpIB €IEMEHTIB CUCTEMH, 3HOC IHCTPYMEHTY
TOIIO, TO HIJIKOM JIOTIYHOTO € BiMIHHICTh B OTPHUMAHUX 3HAYCHHSX CHJI Pi3aHHS BiJl €KCIICPUMCHTAIBHUX.
[pw oniHIi BiAHOCHOT MOXMOKK 3HAYCHb CHJI Pi3aHHSA 32 MaKCUMaJbHUMH (IIIKOBUMHM) 3HAYEHHSIMH OTPUMAHO
Taki pezynbrati: Py — 6,25 %, Py — 11,9 % Tta P, — 0. OTxe, po3paxoBaHi BiJHOCHI OXHOKH MiX pe3yJIbTaTaMu
EKCIIEPUMEHTY 1 MOJICIIIOBaHHS 3HAXOJAITHCS B MEKax JONMYCTHMHX 3Ha4eHb 1, BiATak, po3poliieHy CKiH4eHHO-
€JIEMEHTHY MOJIEJIb IIpoLiecy Mikpodpe3epyBaHHS HITHHOIY MO>KHA BBRKATH aJIeKBaTHOIO.
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Texuiuna inorcenepis

Tabnuys 2
Crnadosi cunu pizanns nio uac mikpogpesepysanns nimunony NisesTiazs
(S = 0,003 ymm, Ve = 20 m/xe, t = 0,2 mm)
Pe3ysbTaTH eKCIEPUMEHTY | Pe3ynbTaTH MOAETIOBAHHS
P Px{HL,

28

21

T (c)

T (c)

T (Mc)

I

‘YMoBHI no3Ha4eHHst: Px — cuna nogaui, Py — ropusoHTalbHa CHIT, TIEPIICHAUKYIISIPHA 10 Mofiadi, P, — BepTHKaNbHA CHIIa Pi3aHHS

BHCHOBKHM Ta MePCHEeKTHBH MOJAJBIINX AOCTiMKeHb. BHKOHAHO EKCIepHMEHTATBHE JOCIIIKCHHS Ta
CKiHUEHHO-eJIEMEHTHE MOJIENTIOBAHHS Tpoliecy 00poOku cruiaBy Nisgs T 435 IB03YOOK0 KIiHIIEBOIO MIiKpO(hpe30ro
nmiametpoM 1 MM, mpu ImBUAKOCTI pizaHHs 20 M/xB, rmOuHi pizanns 0,2 MM Ta nojayi Ha 3y6 0,003 mm.
CkiHYCHHO-€JIEeMEHTHa MOJeNb Iporecy Oyma po3pobrmena 3a gomomororo mporpamu DEFORM-3D 3a
CTaH/IapTHOIO IIPOLIeAYypolo. B pe3ynbraTi NpoBEAGHUX [OCHIPKeHb OyJ0 BH3HAUYEHO 4YacoBi peasizaiiii
CKJIJIOBHX CHJI pi3aHHs. BcTaHOBIIEHO, 1110 MakcuMalibHe 3Ha4eHHs cuin Py cranosuts 34 H, Py — 47 H, P, — 12 H.
Taxki 3HAYCHHS CHJI Pi3aHHS € JOCUTh BUCOKMMHU i (ppe3u aiaMerpoM 1 MM i 3aCTOCOBAHUX PEXKHMMIB Pi3aHHS,
IO TOSICHIOETHCS OCOOMMBUME  (Di3MKO-MEXaHIYHIMH BJIACTHBOCTSAMH HITHHONY, SIKi 1 3yMOBIIOIOTH HOTO
Ba)XKOOOPOOIIIOBAHICTb.

AZeKBaTHICTb PO3pPOOJICHOT CKIHYEHHO-EIEMEHTHOI MOAENI MiATBEPDKYEThCS PE3yJbTaTaMH ITOPIBHSIHHS
3HAYCHb CHJI Pi3aHHS, BH3HAYCHHX CKCIICPUMCHTAIBHO 1 B PE3YyJbTaTi MOJCIOBaHHSA. BimHOCHI MOXHOKH
3HAYCHb CHJI Pi3aHHA 32 MAaKCUMalbHUMH 3HAYCHHAMHU Taki: 6,25 % mna cwm momawi Py, 11,9 % misa
TOpH30HTaNbHOI cmn Py, neprnenukysapaoi monaui, 1 0 it cumu P,. OTxe, po3paxoBaHi BiTHOCHI MOXHOKH
MK pe3yiabTaTaMH €KCIIEPUMEHTY 1 MOJIETIOBaHHS 3HAXOAATHCA B MEXaxX JOMYCTHMHX 3HAYEHb 1 PO3poOseHy
CKiHYEHHO-EJIEMEHTHY MOJIENb MPOoIIecy Mikpodpe3epyBaHHS HITHHOIY MOXHA BBaXaTH a/IeKBaTHOIO.

3a3HayeHa CKiHYEHHO-EIIEMEHTHAa MOJENb Mpolecy MikpodpesepyBaHHS, po3pobieHa B MIPOTPaMHOMY
komiutekci DEFORM-3D, Oyne 3acrocoBaHa st MOAANBIINX JOCHIPKEHb 3 METOI0 ONTUMI3allii yMOB 00pOOKH
3aroToBOK 3 HiTHHONY. Lle 3a0e3mednTs MOXKIMBICTH OUTHII TNIMOOKOTO aHAJi3y CHJIOBHX, TEMIIEPATypHHUX Ta
IHIIMX XapaKTePHUCTUK MpoIlecy OOpOOJCHHS, IO O3BOJHUTH MPOBOJUTH HAYKOBO OOIPYHTOBaHUWIl IOIIYK
NUISAXIB MABUIICHHS CPCKTUBHOCTI TAKUX TEXHOJIOTTYHUX IPOIIECIB.
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Tomashevskyi O.0., Balytska N.O., O.1. Prylypko
Finite element modeling of the nitinol micro-milling process

The demand for miniature precision products is growing rapidly in many industries, which stimulates the need for efficient
manufacturing technologies. Micro-milling is the most versatile process for micromachining metals and alloys. Micro-milling is
characterized by difficult chip formation conditions and high specific cutting forces. When machining such difficult-to-machine
materials as nitinols, these negative effects are significantly amplified due to their special physical and mechanical properties.
Therefore, the study of nitinol micro-milling processes to ensure high machining efficiency is a very important issue for the
current level of machining technologies. This work is devoted to the development of a finite-element model of machining a
groove on the flat surface of a nitinol workpiece (NisssTiazs by weight) with a two-tooth carbide micro-mill in the Deform-3D
program. The methodology of model development is described step by step. The features of preparing CAD models of the
workpiece and the cutting tool, setting the tool properties, determining the model of the behaviour of the machined material,
generating a finite element mesh, and setting the contact conditions are considered. As a result of the finite element modelling of
the process of dry micro-milling of nitinol with a 1 mm diameter tool, the cutting forces for the following machining conditions
were determined: cutting speed 20 m/min, cutting depth 0.2 mm, feed per tooth 0.003 mm. The adequacy of the developed
model was confirmed by comparison with the results of the experimental measurements of cutting forces for the same machining
conditions. The developed finite-element model of micro-milling will be used to further optimize the technological parameters of
nitinol cutting in order to increase the efficiency of the micromachining process of this material.

Keywords: NiTi; groove; cutting force; micro milling cutter; DEFORM-3D.
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