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CHAPTER 4. IMPROVEMENT OF SCIENTIFIC APPROACHES TO THE
DEVELOPMENT OF PHYSICO-MATHEMATICAL AND TECHNICAL
DIRECTIONS

4.1. Mechanics of Forming Hollow Products from Tubes to Achieve Optimal Quality
and Interchangeability: Stress-Strain State and Kinematics

MEXAHIKA ®OPMYBAHHJI IIOPOXKHUCTVMX BUPOBIB 13 TPYb 1JI51
OJOCATHEHH OIITMMAJIBHOI AKOCTI TA B3BAEMO3AMIHHOCTT:
HAITPY>KEHO-OJE®OPMOBAHWW CTAH I KIHEMATHUKA

CyuacHe MammMHOOYIyBaHHS, MeTajlypriiHe oOJjlagHaHHA Ta TPAHCIIOPTHI
cucTeMy TIOTPeOyIOTh IIMPOKOTO 3acTOCYyBaHHS OCECVIMETPUYHWIX TOPOXKHMCTVIX
JleTajieVi, 30KpeMa pOJIVMKIB POJIbraHriB, KOHBEEPHVX POJIVIKIB, OIIOPHMX 1 HaIPAMHMX
esteMeHTiB. Taki BUpoOM mpalfo0Th B yMOBax UK/ITIYHVIX HaBaHTaXeHb, iHTEHCMBHOTO
3HOCY Ta MHiABUIIEHVX KOHTAaKTHWMX Halpy’XeHb, IO BUCYBa€ JXOPCTKI BUMOIM [0 IX
reoMeTPUYHOI TOYHOCTI, MIITHOCTI Ta JOBrOBIYHOCTI.

Tpapuiniai criocobu BUTOTOBJIEHHSI MOAIOHMX JeTasiert (MexaHiuHa oOpoOka 3
MacVBHOI 3arOTOBKM, 3BapIOBaHHS OKpeMUX eJIeMeHTiB, IITaMITyBaHHS 3 HOHaJIbIINM
pO3TOYYBaHHSIM)  XapaKTepu3yIOTbCcd  3HAYHOIO  MaTepiaJloOEMHICTIO,  BUCOKMMM
eHepreTMYHVMIM BUTpaTaMy Ta HasBHICTIO CTPYKTYPHMX HEOAHOPimHOCTeVl y 30Hi
3’enHanp. HasBHicTP 3BapHMX IIBiB a00 KOHIIEHTPATOpPiB HAIpPYyXeHb 3HIVDKYE
eKCIUTyaTallilHy  HaJiiHicTe  BMpPOOIB Ta  yCcKIagHIOE — 3a0esmedyeHHs  IX
B3a€EMO3aMIiHHOCTI.

@opMmyBaHHS TOpPJIOBMH OeslocepeqHbO Ha TPYOHI 3aroToBli MeTOHOM
poTaminHoi OOKaTKM € edeKTMBHOIO aJIbTepHATMBOIO 3a3HAYeHMM TEeXHOJIOTIiSIM.
ITporiec 3abe3neuye roKasi3allito IIacTUIHOI JedpopMallii B 0OMekeHirt 30Hi KOHTaKTY,
palioOHaAJIBHUN IIepePO3IOIUI MeTajly Ta MOXJIVBICTE OTPVMAHHS IIePexigHMX IUITHOK
CKJIaJIHOT KOHiryparlii 6e3 1ogaTKOBMX CKJIaJaJIbHIX Olepalliil.

Oco0mmBoi  akTyasibHOCTI HaOyBae (OpMyBaHHS BiTHOCHO TOHKMX TOPJIOBUH,
KOJIV HeOOXiZTHO 3MEHIINUTM JliaMeTp Hpu 30epeXeHHi 10CTaTHbOI TOBLIVHW CTiHKM Ta
Hecy4ol 37aTHOCTI BUpoOOy. Y Takmx ymoBax MexaHika IIpoIecy BM3HAYAETHCS
CKJIaJIHMM HaIlpyXeHo-71edOpMOBaHMM CTaHOM, 3MiHHOIO TeOMeTpPIi€l0 ocepelKy
Iedpopmaliii Ta BIUIMBOM TepMOMexaHiuHMX paKTOpiB.

Q@opMmyBaHHSI TOpJIOBMH Ha TpPYOHMX 3aroToBKax MeTOHAOM JIOKaJIbHOTO
IUIACTUYHOrO JledpOpMyBaHHS € CKIaJHMM IIPOCTOPOBMM IIPOIIECOM, IO IIOE€HHYE
pajgiajibHe CTVUCKaHHH, TaHTeHI[aJIbHUI 3CYB 1 OCHOBUI IIepepO3NOOUl MeTaly B
oOMe>KeHiV 30Hi KOHTaKTy iHCTpyMeHTa i3 3aroroBkoro. Ha BimmiHy Bif TpaguiiitHmX
oIeparliyn ITaMIyBaHHsS abo pedyKyBaHHs, poOTallilfHa OOKaTKa XapaKTepu3yeTbCs
HecCTalliOHapHICTIO HaBaHTaXXeHH:d, IepeMillleHHsIM oOcepellKy JedopMariil B3IIOBX
IIOBepPXHi 3arOTOBKM Ta 3MiHHOK TeOMeTpPi€r0 KOHTaKTHOI IUIOIIaIKN.

OcobymBicTIO opMyBaHHSI BiIHOCHO TOHKMX TOPJIOBUH € HeoOXimHicTh
3a0e311eueHHs 3HAUHOIO 3MeHIIIeHHs JTliaMeTpa 0e3 KPUTUYHOTO 3MEeHIIIeHHS TOBIIHY
CTIHKM Ta 0e3 BTpaTM CTIIKOCTi OOOJIOHKM. Y HMX yMoBax IIpoliec BU3HA4Ya€ThCs
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CKJIaJHVM HaIIpyXKeHO-le(pOpMOBaHMM CTaHOM, Yy SIKOMy OJHOYAacHO peali3yIoThCs
CTUCKYIOUi, PO3TATyIOYi Ta 3CYBHI KOMIIOHEHTM HampyXeHb. OpieHTallisl I'OJIOBHUX
Halpy>XeHb 3MIHIOETBCS B Mipy IlepeMillleHHsI KOHTaKTHOI 30HW, IO OOYMOBIIIOE
IIPOCTOPOBUVI XapaKTep IUIaCTUYHOI Tedil MeTary.

KinemaTuka Impollecy BU3Ha4da€TbCd B3a€EMOJIiEI0 00epTalbHOIO PyXy 3arOTOBKW,
IIOCTYIIAJIBHOIO IepeMillleHHs iHCTpyMeHTa Ta JIOKaJIbHOTO KOB3aHH: B 30Hi KOHTaKTY.
Besmmumna uacTkoBoro oGxaTTs 3a OAMH 00epT, TreoMmeTpis poOOYOi ITOBepxHi
iHcTpyMeHTa, KoedillieHT TepTs Ta TeMIlepaTypHUI peXuM (POpMyIOTb CTPYKTYpPYy
ocepenIKy dedopmMallii Ta XxapakTep PO3IOAiTy JiorapudpMiuHMx gedopMalliii y3g0BxK
TBipHOI TOPJIOBUHN.

HocrimpkeHHsT HaIpy>keHO-1edOpMOBaHOIO CTaHy i KiHeMaTukyu popMyBaHHS €
HeOoOXiTHOIO TIepeTyMOBOIO BCTAHOBJIEHHS 3aKOHOMipHOCTeV IIepepO3IOAUTy TOBIIMHN
CTiHKM, BM3HAUeHHs MeX TeXHOJIOTIUHMX MOXJIVMBOCTeN IIpOolleCcy Ta IPOTHO3YBaHHS
cwioBux mnapamerpiB. Came aHali3 MexaHIKM JIOKaJIbHOI IUIACTMYHOI Aedopmartii
I03BOJIA€ TIepPevTH Bill eMIIipUYHOro Iif00py peXMMiB 10 HayKOBO OOI'PYHTOBAHOIO
KepyBaHHS (POpMyBaHHSIM.

Orxe, MeTOIO JAaHOTO MiAPO3AUTy € cucTeMaTu3allid MeXaHidHWX YsBJIeHb ITpO
dopMyBaHHS TOpJIOBMH Ha TpyOax, aHajli3 HaIpy>kKeHO-IedOpMOBaHOIO CTaHY,
KiHEMaTWMYIHMX OCOOIMBOCTeT ocepenKy AedopmMariii Ta BCTAaHOBJIEHHS KiTbKiCHWIX
3B’S3KiB MiX TeoMeTpi€lo iHCTpyMeHTa, peXuMmaMu aedOpMyBaHHS Ta CTPYKTYpPOIO
IUIACTUYHOI Tedil MeTaJly.

ITportec popMyBaHHS TOPJIOBMH Ha TPyOYacTMX 3arOTOBKax MeTOIOM pOTallilTHOT
OoOKaTKM iHCTpYMEHTOM TepTs HaJIeXXWUTh 10 KJlacy JIOKaJIi30oBaHMX OCeCMeTPUYHMIX
IpoLIeciB  TUIACTMYHOTO (POPMO3MIHEHHSI 3 PyXOMOW 30HOI0 gedopmarii. Voro
cenmdika IoysArae y IIO€AHAHHI pedyKyBaHHs JiaMeTpa 3 OJHOYACHOIO 3MiHOIO
TOBILIVIHM CTIHKM, IO IIPVHLIMIIOBO Bigpi3HAE€ HaHWMII IPOLeC Bil KIACUYHMX CXeM
BUTSKKY, OOTVICHEHH UM PO UTIOBaHHS.

Y Bumaaxy dpopMyBaHHS TOpJIOBMH BiIIHOCHO MaJIoro [iaMeTpa (Do/D = 2..4)

BiIOyBaeThCH:

e 3HaYHe 3pOCTaHHS KPVBU3HM OO0JIOHK;

e JIOKAJIi3allif IUIaCTMYHOI 30HU B 0OMeXeHil 00J1acTi KOHTaKTy;

e icTroTHa 3MiHa HaIlpy>XeHO-1ed>OPMOBaHOIO CTaHy B3[I0BX YTBOPIOIOYOT;

e  IIepepO3IIOAUI TOBIIVMHY CTIHKM B OCLOBOMY Ta paiaJIbHOMY HaIIpsMax.

binbmnicTe  icHylOUMX —aHaJITMYHMX IIAXOAIB  Oas3yloTbcsd Ha  rilloTesax
TOHKOCTIHHOI OOOJIOHKM, IUIOCKOI AedopMarlii abo OpumylleHHi IIpo BiICyTHiCTb
BUTSDKKM  B3[IOBX yTBOpIorodoi. Taki HOpuIlylneHHs € KOPeKTHVUMU JIVIe I

) . = ) .
obMexeHOro fiara3oHy BiTHOCHMX TOBIIVH (5/D = 0.1) Ta IIOMIPHUX CTYIIeHIB

penyKyBaHHs. Y BUIaIKy ¢opMyBaHHS TOPJIOBMH MaJIOTO BiTHOCHOIO [iameTpa IIi
IIepelyMOBY ITIepecTaloTh Oy TV aJeKBaTHVIMIA.

Otxe, HEOOXITHMT y3araJbHEeHUN IIiIXil, 10 BpaxoBye:

e  3MIiHHICTb FreOMeTPii KOHTaKTHOI IUIOIIAIK;

e  EBOJIIOLIIO KPVBWM3HM OOO0IIOHK;

e  IIPOCTOPOBUI XapaKTep HaIpy>XeHOIr'o CTaHy;
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e KiHEMaTWYHY HecCTalliOHapPHICTb IIPOLIeCy.

I'eomeTpisi KOHTaKTy Ta mapamMeTpu pyxy. ['eomeTpiss KOHTaKTy iHCTpyMeHTa i3
TPyO4acTol0 3aroTOBKOIO Ta KiHeMaTW4Hi IapaMmeTpy IIpoIlecy BU3HAYAIOTh O0a30BY
CTPYKTYpPYy HaIlpy’KeHO-1edOpMOBaHOIO CTaHy Hpu (pOpMyBaHHI TOPJIOBUMH METOIOM
poTauinmHOoi oOKaTKM. Y cydacHMX HOCIIKEHHSIX MpolleC PO3IISAHAEThCI 5K
JIOKaJIi30BaHa HecCTalliOHapHa IUIaCTMYHa Tedid 3 PYyXOMOIO 30HOI0 Jedopmaliil,
IIPOCTOPOBOIO KiHEMAaTMKOIO Ta eBOJIOLIMHOI0 3MiHOIO TeomeTpii BupoOy [2-4, 12].
Came moegHaHHS 00epTaJIBHOIO PyXy 3arOTOBKM Ta IIOCTYIAJIbHOTO IlepeMillleHHS
iHcTpyMeHTa dpopMye crielindidyHy IBMHTOBY TPa€KTOPil0 KOHTAKTY, IO IIPUHIIUIIOBO
Bipi3Hsi€ 11e11 ITpollec Bif, KIIACMYHIIX OCECMETPIUYIHIX CXeM OOPOOKM THCKOM.

Hexam TpyOdacTa 3aroTroBka IIOYaTKOBOTO pajiyca Ry 1 TOBIIMHM CTiHKMU
Sp00epTaeTbcsi 3 KYTOBOIO IIBUAKICTIO @, TOHI K IHCTPYMEHT TepTs IepeMilllyeTbCs
B3IOBX oci 3i mBuakicrio v. OcboBa IIofavya 3a OAMH o00epT BU3HAYAETHCS
CITiBBITHOIIIEHHSIM

h= o 1)

[TapameTp h Mae He nuIe KiHeMaTUYHWU, a VI CTPYKTYPOYTBOPIOIOUMII 3MICT: BiH
BU3Ha4a€ KPOK I'BMHTOBOTO ITepeMillleHHsI KOHTAaKTHOT IUIOMIAIKY, CTYIIHb IIePeKPUTTS
IOCJIiIOBHMX 30H JledpopMaliii Ta iHTEHCMBHICTh HAKOIIMYEeHHS IIacTUYHOTL JedpopMariil
3a OUKJI HaBaHTaXeHHsS [12]. 3i 3MeHIIeHHSM mHomadi IiABWUINYETbCS PiBHOMIPHICTBH
Iepepo3noaiyly medopmallii, ogHaK 3pocTa€ TPUBAICTH IIPOIeCy Ta €HepreTHdHi
BUTpaTH, 1110 HiTBepIKeHO B poboTax [5, 9].

KoHTakT MiX iHCTpyMeHTOM i 3aroTOBKOIO peasli3yeTbcsi B OOMeXeHil 30Hi
IIVMPUHOIO b, fKa 3aJIeKUTh BiJl KyTa Haxwily poOo4ol IIOBepXHi iHCTpyMeHTa ¢,
JIOKQJIBHOI TOBIIVIHV CTiHKM §, MUTTEBOTO pafliyca R Ta KoediljieHTa TepTs p. ['eoMmerpis
IIi€T 30HM € 3MIHHOIO B IIpolleci penyKyBaHHs, OCKUIBKM 31 3MeHIIIeHHSAM pajiyca
BiIOyBa€TbCcA IIepeposIoNiyl HOPMaJIbHMX 1 HOTMYHMX CKIAJOBUX KOHTAKTHOI
B3aeMopil. [lociimkeHHsl mporieciB neck-spinning II0KasyioTh, IO HaBiTh He3Ha4Ha
3MiHa KyTa ¢CyTT€BO BIUIMBA€E Ha JOBXWHY IUIACTMYHOI 30HU Ta XapaKTep Tedil MeTary
[2, 4].

Puc. 1 — Cxema B3aemofiil 3arOTOBKM Ta IHCTpPyMeHTa B MepuIiaIbHOMY
HaIIpAMKY
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Ha BinmMiny Bin TpaguiiviHMX Mopesieri, y SK1X KOHTaKTHa IUIOIIAIKa BBaKAEThCS
dikcoBaHOIO B MPOCTOPi, peaJlbHUI MpPoOIleC XapaKTepu3yeTbcsd 11 TBUHTOBUM
repeMiIlleHHsIM Y3[I0BX HoBepxHi 3aroToBku [2, 3]. KyToBe 3MillleHHSI KOHTaKTHOI 30HN
3a OIVIH 00epPT BU3HAYAETHCH SIK:

dp =1 (2)

Takym uymHOM, QoOpMyBaHHS TOPJIOBMHM Ma€ AVCKPETHO-HaKOIIMYyBaIbHU
XapakTep: KOXXeH 00epT CTBOPIOE HOBY JIOKaJIbHY 30HY IUIACTMYHOI Iedopmariii,
YaCcTKOBO IIepeKpuBaroum IionepenHro. Bervamna A¢ BU3HaA4Yae CTyIIHb HNePEKPUTTS
nedopMoBaHMX IUISHOK i Oe3rocepeTHbO BIUIMBAE HA CTAOUTHHICT TOBIIVHM CTIHKM Ta
reoOMeTpUYHy TOYHICTh Hpodimo. 3MeHIIeHHs Ag CIpuse 3IIaJPKeHHIO I'pajli€HTiB
nedpopmarliii, Tofi K MIOro 3pOCTaHHS MOXe IIPU3BOOUTI O XBWISCTOCTI IIOBEPXHI Ta
HepPiBHOMIpHOT'O PO3IOAUTY HalIPy KeHb.

[IIBMaKicTe TOUKM Ha IOBEPXHI 3arOTOBKM Ma€ ABi B3a€EMHO IIePIIeHIVKYJISAPHI
CKJIaJIOBi: OKPYXKHY:

v, = wR, ©))

Ta OCbOBY:

v, = W 4)

Pe3ynbTyioua IBUIKICTh KOB3aHHS BIJHOCHO IHCTPYMEHTA BU3HAYAETHCA SIK:

vg =+ (@R)*+12. (5)

HasiBHiCTP [BOX OpPTOrOHaJIBHMX CKJIaOBUX (OpPMye IPOCTOPOBe IIOJIe
IIBUIIKOCTeV! KOB3aHH#, sKe He MOXe OyTM ajeKBaTHO OIIVcaHe JIMIIe y IUIOIIMHI
MepuaioHaJIbHOro Ilepepizy. Came 11 IIPOCTOPOBICTE 3yMOBJIIOE€ CKIIQIHWII PO3IIOALT
IOTUYHMX HaIIPy>XXeHb, HeOJHOPIOHICTh IHTEHCMBHOCTI IUIACTMYHOI Tedil Ta
dopmyBaHHS TpajieHTiB HakonmdeHOI Iedopmalii 110 ToBIIMHI CcTiHKKM. YmcernbHi
MOJIeJIi Ta eKCIIepMMEeHTaIbHI [JOCIIPKeHHs IiATBepIKYyIOTh, IO IrHOPYBaHH:I
IIPOCTOPOBOrO  XapakKTepy IIBUAKICHOTO TIIOJS  IPU3BOOUTH A0  3aHVDKEHHS
PO3paxyHKOBVIX KOHTaKTHVMX HAaIIpy>XeHb i IIOMWIOK y IIPOrHO3yBaHHiI TOBIIVIHM Ta
npodisro ropsosunm [1, 4, 7].

Oco0mmBoi yBarm noTpeOye CIiBBiTHOIIEHHS v/w, sIKe BU3Hadae KiHeMaTUYHY
nofdibHicTe mporecy. 3MiHa IIPOTO BiJHOIIEHHS 3a He3MIHHUX TI'eOMeTPUYHMX
IapaMeTpiB 3MiHIOE CTPYKTypy HdedOpMalliflHOro II0jId Ta XapaKTep JIOKasli3arlil
IacTnuHol 30HM. Y poborax [3, 9] mokasaHo, IO onTMMi3allid IIbOTO IlapameTpa
IIO3BOJISIE 3HVM3UTM IIIKOBI KOHTAaKTHI HaIpy)XeHHs Ta 3abes3reunTyt cTaOUIBHICTB
IIpolLlecy Py 3HAaUYHMX CTYIIeHsIX pelyKyBaHH:.

Taxym unHOM, reoMeTpis KOHTaKTy Ta HapaMeTpy pyXy pOpMyIOTh KiHeMaTU4YHy
OCHOBY MexaHikm d¢opMyBaHHsa ropsosuH. Ilogaua h, KyToBe 3MilleHHA Ag i
CIIBBIJHOIIEHHs v/w  BUCTyHAIOTh KJIOUOBMMM KepylouuMMM IlapaMeTpaMu
IIPOCTOPOBOI JIOKasIi3alii gedopmallii Ta dpopMyBaHH: HaIlpyKeHO-IIeddpOpMOBaHOIO
cTaHy. Ix KopeKkTHe BpaxyBaHHsI € HEOOXIITHOIO YMOBOIO 3a0e3IeueHHsI TeOMeTPUIHOL
TOYHOCTi BMpOOiB BiIOBiIHO 10 BMUMOT BinmosinHO no craggapris ISO cepit 286 (ISO
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286-1, ISO 286-2), mo permaMeHTYIOTb CUCTeMy IHOoIyckiB i mocamox [10, 11] Ta
IJIBUILCHHS BiITBOPIOBAHOCTI TEXHOJIOIITYHOIO IIPOIIeCy.

dopmyBaHHA Hanpy>kKeHo-gedopMoBaHOro crany. dopMmyBaHHS HaIpPy>KeHO-
medOpMOBaHOTO CTaHY IIpM OOKAaTIi TOPJIOBMH TPyOUacTMX 3aroTOBOK € HACIiIKOM
JIOKaJT1i30BaHOI KOHTAKTHOI B3a€MOfil iHCTpyMeHTa 3 00epTOBOIO OOOJIOHKOIO, IIIO
nepeOyBae y CKJIaJHOMY IIPOCTOPOBOMY II0JIi miBMaKocTet. Ha BigMiHY Bif, KJTacMaHMX
ocecMeTPUYHMX 3a7a4 Teopil 000JI0HOK, Y ITpolieci spinning forming 30Ha IWIaCTUYHOT
nedopmallil Mae OOMeXXeHMI XapaKTep i epeMilllyeTbcsl TBMHTOBOIO TPAEKTOPi€r0, 110
0OyMOBJIIO€ HecTalliOHapHICTh HaIIPy KeHOro cTaHy [2-4, 12].

Y 30HI KOHTaKTy (POPMYIOTBCS TaKi OCHOBHI CKJIaZIOBiI Hallpy>XeHb: paiaJbHi &,
OKpPY>KHi (TaHTeHIliaJIbHi) og; OCbOBI o; JOTWYHI HAIIPy>XeHHs TepTs T.

PamiaspHi HampyXeHHs BU3HA4YalOTbCsl KOHTAaKTHMM THCKOM IiHCTpyMeHTa,
OKpPYXHI — yMOBaMM OOTMCKaHHS OOOJIOHKM IIpV 3MeHINeHHi pajiyca, OCbOBi —
BUTSDKKOIO a00 CTVICKaHHSIM Y3I0BX YTBOPIOIOYOT, TOi SIK JOTMYHI CKJIaIOBi TIOB g3aHi 3
KOB3aHHSM y KOHTaKTHi 30Hi. CyKyIIHiCTb IIMX KOMIIOHEHT pOpMY€ TPUBUMIPHUI
HaIIpY>KeHUV CTaH i3 IlepeBakaHHAM CTUCKYIOUMX CKJIQJOBUX Yy paliaJlbHOMY Ta
OCbOBOMY HaIIpsiMaXx.

PiBHOBara ejleMeHTApHOIO KUIBIIEBOIO eJjleMeHTa OOOJIOHKM  OIVCYEThCS
avidepeHIiaJIbHVM CIIiBBiTHOIIIEHHSIM

dog | og=or _
dr + r - ﬂj (6)

ITI0 BiOOparkae B3a€MO3B 30K MK OKPYKHIMMM Ta pPafiayIbHVIMM HaIIPy KeHHIM
B yMOBax ocecuMeTpuduHoro HabOmmokeHHs. [Ipore B peasbHOMy 1Iporleci Iie
CIIIBBIIHOIIIEHHS IIOBMHHO [OIIOBHIOBATUCSA YypaxXyBaHHAM OCbOBUX TI'pali€HTIB i
JOTUYHMX CKIIa[I0BVIX, 3yMOBJIEHVX I'BMHTOBOIO KiHEMATMKOIO KOHTAKTY.

ITepexin MaTepiasly B IUIACTMYHMUV CTaH BU3HAYa€TbCd YMOBOIO TeKydocTi. [l
130TpOIHOro MaTepiasly JOIIUIbHMM € BUKOPVCTaHH:A eHepreTMYHoro Kpurepiro Miseca:

oF +al+a? —ogo,—a,0,— 0.0 = 2k7, (7)

Ile k — omip 3cyBy MaTepiaily. 3acTOCyBaHHS IIbOTO KPUTePilo JTI03BOJIsI€ BpaxyBaTu
B3a€MOJIII0 BCiX TOJIOBHMX HaIIpy>XeHb Ta BU3HAYNUTU iHTEHCUBHICTH €KBIBaJICHTHOTO
HaIIpy>XeHH: B 30Hi JedopMaliil.

OcobymBicTio mporiecy QopMyBaHHS TOPJIOBMH € IIOEJHAHHSA JIOKQJIBHOTO
pafiaJIbHOro OOTMCKaHHA 3 OCBOBMM II€pepO3HOAIOM MeTaly. 3a yMOB 3HAYHOIO
penyKyBaHHs OKPY>KHI HalIpy>KeHHsI IepexXOAATh Y CTaH CTUCKY, TOAi K OCbOBI MOXYThb
3MIHIOBaTV 3HaK 3aJIe)KHO BiJ, CITiBBiTHOIIIEHHS: ITapaMeTpiB v/w, KyTa ¢ Ta KoedillieHTa
TepTs. EKceprMeHTaIbHI Ta 4MCeIbHI TOCT/DKeHH IOKa3yIoTh, IO 31 3pOCTaHHIM
KyTa Haxwly iHCTpyMeHTa 3pOCTa€ 4YacTKa OChOBOI'O CTWCKY, TOIi K 3MeHIIIeHH:
rofgadi crpisie OUIBII PiBHOMIPHOMY pPO3IIOJIiTy HaIpykKeHb 110 TOBIINMHI cTiHKM [1, 4,
7].

JJOoTr4HI Hanpy>XXeHHS TepTs, IO BU3HAYAIOTHCS CIIBBIIHOIIEHHAM T = up,
ICTOTHO 3MIiHIOIOTH KapTWMHY HaOpy>XXeHOro craHy. BoHM 3yMOBIIOIOTH 3CyBHI
Iedopmaliii y IToBepxHeBUX IIapax Ta GOpPMYIOTh I'palieHT iHTeHCHMBHOCTI fedopmariii
1o ToBIIMHI. Y poborax [5, 9] mokasaHo, 110 HeXTyBaHHS HOTUYHOIO CKJIaIOBOIO
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IIPU3BOAUTD A0 3aHVDKeHHS IIPOrHO30BaHMX KOHTaKTHMX HaBaHTaXKeHb Ta IIOMIWIOK y
BU3Ha4YeHHi CWJI pOpMyBaHHS.

BaxwimBoro  XxapakTepuMCTMKOIO €  eBOJIOLIVHWUIA ~ XapakTep  HaIpy>KeHO-
medopMoBaHoro cranHy. KoxeH 00epT 3aroToBKM CYIPOBOIKYETBCS IIOBTOPHUM
HaBaHTa)KeHHAM MaTepiaJly B 30HI IIepeKpPUTTsI KOHTaKTHWMX CJIIiB, IO CIPUYMHSIE
HaKOIIMYeHH: IUIacT4YHol Aedopmartii. OTke, HAaIpYy>XKeHHH B OyIb-SKII1 MOMEHT 4acy
BU3HAYAIOTbCSL He JIMIINe MUTTEBMMM IeOMeTpUYHMMM IapaMeTpaMmy, a ¥ icTopiero
nedopMyBaHHS.

Takym 4umHOM, HampyXeHO-ZedOpMOBaHMUI CTaH HpU (POpPMyBaHHI TOPJIOBUH
CJTiJT, PO3IVIAIATH SIK ITPOCTOPOBUII, HeCTalliOHAPHUVI Ta €BOJIIOLIIVIHVIV IIPOLIeC, y IKOMY
pamiasbHi, OKPY)XXHI Ta OCBOBI CKJIaJIOBI HamIpy>KeHb B3a€MOIIOB s3aHi depe3 yMOBU
piBHOBary, KpuUTepin IUIaCTMYHOCTI Ta KOHTaKTHY B3aeMOJiI0 3 iHcTpymeHTOM. Came
KOMIUIEKCHU MJXid 10 ommcy IbOro cTaHy 3abe3leuye ajeKBaTHe ITPOTHO3YBaHHS
KOHTaKTHMX HaBaHTa)keHb, TOBIIMHY CTiHKM Ta MeX TeXHOJIOTiYHOI CTIVIKOCTI IIpoLiecy
[3,13].

KonTakTHi Hanmpy>keHHs1. KOHTakTHI HaIlpy>XeHHsI € BU3Ha4aJIbHVIM CVJIOBUIM
IapaMeTpoM IIpoliecy (OpMyBaHHS TOPJIOBMH i Oe3rocepeqHbO BIUIMBAIOTH Ha
po3IoaI wiacTM4HOI Jedopmariil, cTabiTbHICTh TOBIIMHM CTiHKM Ta €HepProcVIIOBi
ITOKa3HMKN 0OKaTkyi. HopMasbHe KOHTaKTHe HampyXeHHsI pdOPMYEThCS BHACITIIOK
JIOKaJIbHOI B3a€MOZIiT IHCTpyMEeHTa 3 IIOBePXHEIO 3aTOTOBKY Ta 3aJIeXKUTh Bill KOMIUIEKCY
reOMeTPUYIHMX, KiIHeMaTUYIHMX 1 TpMOOJIOriuHIX YMHHMKIB.

Y 3arayibHOMy BUIJIANI HOPMaJIbHWVI KOHTaKTHUM TVYCK MOXKHA ITOAATH SIK:

Ex R
p=k-f —”*R—*ww*ﬁfﬂ) 8)
o o

ne k— omip 3cyBy Matepiainy; Sp/Rg— BIJHOCHaA TOBIIMHA 3aroToBKV; R/R;—
IIOTOYHWI CTYIIiHb pelyKyBaHHs; u— KOedillieHT TepTs; ¢ — KyT HaxXuily pobodoi
IIOBEpPXHi IHCTpyMeHTa; A@ — KyTOBe 3MillleHHs KOHTaKTHOI 30HM 3a OIVH 00epT.

@yHKIlA f BimoOpaXkae CyKyIHWI BIUIMB reoMeTpil KOHTAKTy Ta KiHeMaTUKM
rporecy. 3i 3MeHIIIeHHsIM pajiiyca RKOHTaKTHa IUIOIIA 3MiHIOEThCS, IO IIPU3BOIUTD 10
3poCTaHHS NUTOMMX HaBaHTaXeHb. BogHouac 3meHIIeHHs Iopadyi (i, BiAmoBigHO, Ag)
crpusie OUIbII PiBHOMIpPHOMY pO3MOAUIY KOHTAKTHOTO TWCKY B3HOBX TI'BMHTOBOI
TpaeKTOpii. AHaJIOTiUHI TeHOeHIIil Bi[J3HadeHi B O )KeHHX IIPOLeciB pOTaLilIHOrO
dopMyBaHHS Ta POTaLiIHOTO BUTSDKHOIO OpMyBaHHSI TpyOuacTmx BUpOOIB, Ae
IIOKa3aHO iCTOTHY 3aJIeXKHICTh MIKOBMX KOHTaKTHWMX HaIpPy’>KeHb Bifl CIIIBBiIHOIIIEHHS
reOMeTPUYHMX ITapaMeTpiB i pexxnmis nedopmysanss [1, 3, 4].

OnHak HaBefleHe IIpeJICTaBJIEHHS € JIMIIe JIOKJIBHVIM OIIVICOM MWUTTEBOIO CTaHY.
PeastbHMI IIpOIIeC XapaKTepU3yeThCs OaraTopasoByM IIPOXOIKEHHSIM KOHTaKTHOT 30HU
yepe3 CyYMDKHI [UISHKM IIOBEPXHI, IO 3yMOBJIIOE€ IIMKJIIIUHe IIlepeBaHTaKeHHS
Marepiaty. Y pesysbTaTi KOHTaKTHI Hallpy>KeHHsI BU3Ha4alOThCd He TUIBKY IIOTOYHVIMM
reOMeTPUYHVMM CIIiBBITHOIIIEHHSIMM, a 11 iCTOpi€lo IoepegHboro JedpopMyBaHH:.
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3 Ho3uIiM MexaHiKM IUIACTMYHOCTI Ile O3Hadae, IO IlapaMeTp p3aJleXXUTh Bif
HaKoIM4YeHOol IUIacTM4HOI Jedopmartii. Ilpy kKoxHOMYy 00epTi 3aroToBKM BUHMKA€E
npupict nedopmariii Az;, a cyMapHa HaKoIldyeHa gedopMallisd BU3Ha4Ya€eThC K

ez =X A e, ©)

[aTerpastbHMIT  XapakTep IlapaMeTpa £yBimoOpa’kae eBOJIOLHI0 CTPYKTYpPU
MaTepiaJly Ta 3MiHy moro omnopy nedopmarii. 3i 30UIblIeHHSM HaKONMYeHOT
Oedopmaliii MOXIIMBe 3MillHEHHS Marepiajly, IO IIPUBOOUTHL [0 3pOCTaHHS
KOHTaKTHMX HaIpy’XeHb, a0o0, 3a MiIBUILIEHMX TeMIepaTyp, IX 3HVDKeHHs BHAC/IIOK
po3M’sKiteHHs. YncelbHI Mofesti Ipoliecy OOKaTKM IiITBEPAKYIOTh, 1110 BpaxyBaHH:
icTopii HaBaHTaXeHHS [JO3BOJIAE CYTTEBO IIABUINUTM TOYHICTh HIPOTHO3YyBaHHS
KOHTAaKTHMX CWJI 1 TOBITIMHM CTiHKM [5, 6, 9].

TaxyM unHOM, KOHTaKTHi HalIpy>kKeHH4 y Ipolieci GopMyBaHHS FOpPJIOBUH MalOTh
eBOJIIOLIIVIHUI XapaKTep i IOBMHHI po3IIAfaTucs K (PyHKIs He JIMIIe MUTTEBUX
reOMeTpMYHMX 1 KiHeMaTW4YHWX IIapaMeTpiB, a W IHTerpajbHOI HaKOIIMYeHOI
IwiacTnuHoi  nedopmarii. IrHOpyBaHHS  IIPOrO  YMHHMKA  IIPU3BOOUTH 10
HeJIOOLiHIOBaHH:I IIiIKOBMX HaBaHTa)kKeHb Ta IIOMWIOK y BM3Ha4YeHHi MeX TeXHOJIOIiYHOl
crinikocTi mportecy [13].

MexaHi3M 3MiHM TOBIIMHM CTiHKM. 3MiHa TOBIIVHM CTiHKM Ipy dopMyBaHHI
TOPJIOBMH € HaC/JOKOM CyMICHOI il pamiaJIbHOro peayKyBaHHsS Ta OCbOBOIO
nepeposnoaisty Metany. OCKUIbKM TIpoliec BiIOyBa€Thcsi B yMOBax IUIACTUYHOL
nedopwmaliii Oe3 yTBOpeHHs MOp 1 pPO3puMBIB, I JIOKAJIbHOI [IJIAHKM MaTepiaiay
CITpaBeINBOIO € YMOBa 30epeXeHHs 00 eMy.

151 erleMeHTapHOrO KUTbISE TPyO4acTol 3aroTOBKM IIOYATKOBOTO pafiyca Ry,
TOBIIVHU Sy Ta IOBXMHY eJleMeHTa dL, 00'eM 10 JedopMyBaHHS IOPiBHIOE:

ZERDSD dLﬂ,. (10)
ITicits medpopmyBaHHS, 3a YMOBM 3MeHIIIEHHS pajiiyca 10 R, 3MiHM TOBIIVHM [10 §
Ta JOBXVHM eJleMeHTa 10 dL, 00’eM HabyBae BUIIISAY:

2nRS dL. (11)
3 ypaxyBaHHSM yMOBM He3MiHHOCTi 00’eMy Ma€eMo:
2mRySydLy = 2mRSdL. (12)
3BijCH BUIUIMBAE CIIIBBIIHOIIIEHHS
— g Fodlo
S=So— (13)

OrpumMaHa 3aJIeXXHICTh BioOpakae 3araJbHMUM MexaHi3M 3MiHM TOBIIVHN: BOHa
BU3HAYa€ThCs He JIMIIe CTyIeHeM pafialbHOro pefyKyBaHHA Ry/R, a VI BiJHOCHOIO
3MiHOO JIOBXXVHM eJIeMeHTa B3/I0BX Yy TBOPIOIOYO].

Y rpaHuuHOMYy BUIIaIKy, KOJIM OChOBa BUTSDKKA BifICYyTHs (dL = dlg), Maemo

CIIPOIIIeHMI BUpa3:
5=5.%, (14)
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Ile criBBiHOIIIEHHS BIIIIOBiHa€ K/IAaCMYHI TOHKOCTIHHIM MoOmer OOOJIOHKM, B
AKiVI medpopMarliss po3mISHAEThCS SIK YNMCTO pafialbHe OO0TVCKaHH: 0e3 Iepepos3noniIy
MeTayly B3HOBX oci. IlomiOHe mpuIyIieHHs BUKOPWMCTOBYETHCS B Psfi CIPOIIEHVIX
aHAJTITMYHVIX MOJIeJIeVl IIPOIIeciB POTaLiTHOrO (popMyBaHHS FOpPJIOBUH [2, 5].

OmHak eKcrlepyMeHTaJIbHI Ta 4YMCeJIbHI [JOCIIKeHHS II0Ka3yloTh, IO IIPU
dopMyBaHHI TOPJIOBMH MaJIoro [iameTpa, OCOOJIMBO 3a BeJIMKMX KYTiB HaxwIy
iHCTpyMeHTa Ta 3Ha4HWMX CTyIeHiB pedyKyBaHH:, BMHMKAE IIOMiTHa OChOBa CKJIaJoBa
iacTnuHol fedpopmarit [1, 4, 7]. V upoMy BUIanKy AOBXMHA eleMeHTa 3MiHIOETBCS
(dL # dLy), i TOBIIMHA BU3HAYAETHCS K

S=5p21, (15)
me n = %— KoedillieHT 0chOBOI AedpopMallii, III0 BpaXOBYy€ BUTSKKY aboO CTMCK
Y3I0BX YTBOPIOIOYOL].

SIkmo 1 < 1, BiOyBaeTbca OCbOBa BUTSDKKA, IO CYIIPOBOKYETHCS HOATKOBUM
3MEHIIeHHsM TOBIIMHM. JIKITO X # > 1, Mae Miclle OCbOBe CTUCKaHHS, fKe CIIpuse
IIOTOBIIEHHIO CTIHKW. TakKyM 41MHOM, ITapaMeTp 1) XapaKTepu3ye epepo3noiiyl MeTary
MDK pafliaJIbHUM i OCbOBMM HaIIpsiMaMy Tedil.

[TpumymieHHs IIpO BiZICYyTHICTh OCHOBOI BUTSDKKM € HPUVHATHUM JIAINE IS
BiZTHOCHO TOBCTOCTIHHVIX 3aTOTOBOK 3a YMOBM

5/D < 0,1, (16)

Ko Aedopmallid Mae IlepeBakHO paiialbHUI XapaKTep, a ochOBa CKJIa/loBa €
He3Ha4YHOI0. Y BUIIAOKy DIMOOKOro pemyKyBaHHS, MaJIoro KiHIIeBOrO IdiaMeTpa Ta
3HAUYHOIO KyTa Haxwily IHCTpyMeHTa ¢OCbOBa CKJIaJOBa IUIACTMYHOI Tedil cTae€
BU3HAYaJIbHOIO. 3a VX YMOB KJIaCM4Ha TOHKOCTiHHa MOJeJIb BTpadac ajleKBaTHICTh, a
MexaHi3M 3MiHM TOBIIVHWM IIOBMHEH pO3IVIIATUCS $K Ppe3yJbTaT IIPOCTOPOBOIO
Ilepepo3noisty o0’ eMy Marepiaiy.

Orxe, eBOJIOIiA TOBIIMHM CTiHKM B MHOpolleci ¢OpMyBaHHS TOPJIOBUH €
GaraTopakKTOpHOIO Ta BU3HAYaAEThCS CIIBBIIHOIIEHHSIM paliajIbHOTO pelyKyBaHH:,
0cboBO1 JledpopMaliil Ta KiHeMaTMYHMX IlapaMmeTpiB Ipolecy. KopekTHe BpaxyBaHH:
IIbOIO MeXaHi3My € HeOoOXiJHOI0 YMOBOIO ITPOrHO3YBaHHSI TeOMeTPVUYHOI TOYHOCTI Ta
3a00iraHHsl JIOKaJIbHOMY IIOTOBIIEHHIO abo HaJAMipHOMY BWUTOHIIEHHIO CTiHKM
BUpoOY [3, 13].

Y3aranpHeHa wMmexaHiuHa Mojenb Imponecy. CucreMHUII aHajli3 reomerpil
KOHTaKTy, KiHeMaTMKM PyXy Ta MexaHi3My 3MiHM TOBIIVHWM CTiHKM Jja€ IIiJICTaBuU
posmIAaTH Ipollec popMyBaHHs TOPJIOBUMHU SIK CKJIa/JHY HeJIiHIVIHY TepMOMeXaHiuHy
CUCTEMY. Moro HPUHIIUIIOBI OCOOIMBOCTI IIOJIATAIOTh Y IO€QHAHHI JIOKaJIi30BaHOI
IUIACTMYHOI Teuil 3 Oe3lepepBHOIO €BOJIIOLIIEI0 reOMeTpil 3aroTOBKM Ta IlapaMeTpiB
KOHTAaKTYy.

ITporiec popMyBaHHS TOPJIIOBVHM JIOLJIBHO TPAKTyBaTH SK:

e HeCcmayloHAPHUL, OCKUIBKM HaIlpyXKeHO-IedOpMOBaHWUI CTaH 3MiHIOETHCSI B
4aci pasoM i3 nepeMilieHHsaM iHCTpyMeHTa Ta 3MeHIIeHHIM pajiiyca;
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e 0KAABHO OCeCUMempUuuHUll, ajke B MeXXax MajIol KOHTaKTHOI AUISHKY MOXJIVIBe
BUKOPVICTAaHHS OCECHMETPUYHOIO HaOJIVDKeHHS, IIpOoTe IJIO0AJIbHO IIpoIlec Mae
TBMHTOBUI XapaKTep;

o TMAKUI, W0 XAPAKMEPU3YEMbCA PYXOMOT0 NAACUYHOIO 30HO10, SIKa IepPeMilllyeThCs
B3/I0BX IIOBEPXHIi 3arOTOBKM 3 KPOKOM, BM3HaUE€HVIM ITofJavelo 3a OAVH 00epT;

e 3 npocmopobum nosem HANpYXkeHv, Y AKOMY OOHOYACHO IIPUCYTHI pafiasibHi,
OKPY>KHi, OCbOBI Ta JOTWYHI CKJIaI0Bi;

e 3 eBoaroyiliHow 3MIHOI MoBwuHu ma KpubusHu, IO BIUIMBAE Ha >XOPCTKICTh
00O0JIOHKM Ta YMOBVI PiBHOBArA.

Ha BigMiny Bif, KJTacMYHVIX MOJIeJIeVl OCeCMeTPUYHOIo peayKyBaHHs, y JaHOMY
Ipolieci reomerpis, KiHemMaTukKa i CWJIOBI (paKTOpM B3a€EMHO BIUIMBAIOTh OAMH Ha
OIIHOrO. 3MeHINeHHs pajiyca 3MIHIOE€ TOBIIVHY, IO, CBOEIO UYEProo, BIUIMBAaE Ha
JKOPCTKICTB 1 PpO3HOALT KOHTaKTHOrO THcKy. OnHOYacHO HiIBUINEeHHS TeMIlepaTypu B
30HI medpopMallii 3MiHIOE OIip 3CyBy Marepiasly, a OT)Ke — BeJIMYMHYy KOHTaKTHWX
HarpyxeHb. [lomgiOHMIT B3aeMO3B'sA3aHMII XapakTep IlapaMeTpiB BiI3HAYa€TbCS Y
CydacHMX [OCIDKeHHSX IpolleciB poTalimHOro QopMyBaHHd Ta pPOTaLlilIHOIO
BUTSDKHOTO (popMyBaHHS TpyOdacTmx BupoOis [1, 3, 4, 9].

YsaranpHeHO HOpMasibHe KOHTAaKTHe HaIIPY)XeHHS MOXHa IIPefACTaBUTU  SK
dyHKITIOHaIIPHY 3aJ1€XKHICTb:

o RD

me k— omip 3cyBy Marepiany; Sy/Ry— IOYaTKOBUV TeOMETPUYHUI ITapaMeTp
TOHKOCTIHHOCTI; R/R;— IIOTOYHWV CTyHiHb peAyKyBaHHS; ii— KOeillieHT TepTsd; ¢ —
KyT HaxWily iHCTpyMeHTa; w, ¥ — KiHeMaTW4Hi HapaMeTpu mpolecy; T — TeMIlepaTypa B
30Hi JedopMmallii; £z — HaKoNM4YeHa IUIacTU4YHa JedopMartis.

Oyukiligs € BigoOpaxae OaraTodakTOpHWUII XapaKTep IIpoliecy i BpaxoBye sIK
MWUTTEBI IapaMeTpy KOHTaKTy, TaK 1 eBOJIOLIVHI 3MiHM MaTepiany. BxmoueHH:
TeMIlepaTypy Ta HakoIMdeHOl HedopMariii [0 QyHKIIOHaJIBHOI 3aJIeXHOCTI €
IIPUHLIVIIOBO BaXKJIVIBUM, OCKUIBKM caMe IIi ITapaMeTpy BU3HA4aoTh 3MiHY MeXaHiuHMX
BJIaCTMBOCTE y IIpolieci OOKaTKI.

Taxym unHOM, MexaHiYHa Mozie)Tb POPMyBaHHsI TOPJIOBUHM Ma€ PO3IIISAATICA SIK
HeJIHIMHAa 3a7a4a KOHTAKTHOI IUIACTMYHOCTI 3 PYyXOMOKO 30HOI0 HaBaHTa)KeHHS,
3MIHHOIO TeOMeTpi€l0 Ta TepMOMeXaHiUYHWM 3B s3KoM HapamerpiB. Taxwum Tmiaxif
3a0e3nedye ajeKBaTHe IIPOrHO3yBaHHS KOHTAaKTHMX HaBaHTa’keHb, TOBIIVHM CTiHKU,
MeXX TeXHOJIOTIUHOI CTiMIKOCTi Ta FeOMeTPUYHOI TOYHOCTI BUPOOYy HpM Pi3HMUX pexXnmMax
dopmysanns [6, 13].

Brime TepTAa Ha dopMyBaHHA HaIpy>keHOro craHy. Teprs B mpolleci
dopMyBaHHS TOPJIOBMH BWMKOHY€E He JIMIlle JIOIIOMDKHY, a CUCTeMOYTBOPIOIOUY
yHKIIiI0O, OCKUIBKM BU3Ha4da€ XapaKTep KOHTAaKTHOI B3a€MOJil MDK iHCTpyMeHTOM i
ImedopMOBaHOIO 000JIOHKOIO. Y 30HiI KOHTaKTy IIOPs/, i3 HOPMaJIbHMUM TUCKOM P [ifOTh
JOTWYHI HalIPYy>KeHHS TePT

T = up, (18)

Ie p— KoedillieHT TepTs; p — HOpMaJIbHe KOHTAKTHe Hallpy KeHHs.
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Lle criBBiAHOIIEHHS BifIIOBigae KYJIOHIBCHKiVI MO TepTsd Ta € IMPUHATHUM
IUIs iH)KeHepHOro OMWCY IIpollecy OOKaTKM B yMoBax KoB3aHHH. Ilpore peasibHMII
PpO3MOIUI JOTUYHMX HaNpy>XeHb Y 30HI KOHTaKTy € HEeOAHOPITHWMM 1 3aJIeXWUTb Bifj,
IIPOCTOPOBOTO MOJISI MIBUAKOCTEVI, TeMIlepaTy Py Ta CTaHy HOBepxHi iHcTpyMmeHTa [3, 5,
8].

HoTnuHa cKjIagoBa CyTTEBO 3MiHIOE OajlaHC CWI y MepuIiOHaJIbLHOMY Ta
OKPY>XHOMY HaIlpsMax. Y MepuaioHaJIbHOMY Ilepepis3i BoHa popMye I0AaTKOBY OCbOBY
CKJIQJIOBY CTUCKY abo po3TAry, TOfi SIK B OKPY>XKHOMY HaIlpsMi BIUIMBa€E Ha piBeHb
3cyBHUX AedpopMaliint. YHACIIIOK IbOTO TepTs Oe3riocepeqHbO BIUIVMBAE Ha:

e JIOKAaJTi3allifO IUIACTUYHOIL 30HM;

e  BEJIMUMHY OCbOBOIO CTVICKY;

e IHTEHCHUBHICTB IIOTOBIIIEHHS a00 BUTOHINIEHHS CTIHKV;

e  CXWIBHICTh OOOJIOHKM O BTPATH CTiIKOCTI.

3a HM3BKMX 3HadyeHb KoedillieHTa TepTs MaTepiasl Jierile Hepepo3IOniIsaeTbCs
B3/I0BX YTBOPIOIOUOT, 1110 CIIPUSIE OCBOBIN BUTSDKIIL Ta OUIBIIT piBHOMIpHOMY pO3MOILTY
ToBIIMHN. HaTOMICTB 31 3pocTaHHAM p30UIBIITYEThCS YacTKa OCBOBOTO CTMCKY, IIIO MOXe
IIPU3BOAVTY 10 JIOKQJIbHOTO ITOTOBIIIEHHS Ta KOHIIeHTpalil TedpopMariii y By3bKil 30Hi
KOHTaKTy. IToiOHi 3aKkoHOMipHOCTI BCTaHOBJIeHi y poboTax, IPUCBYeHNX ONTUMIi3allii
pexxmMiB spinning Ta dieless necking [4, 5, 9].

OcobmnmBoi yBarm rnoTpeOye BIUIMB TePTsl Ha CTIiMKiCTh TOHKOCTIHHOI OOOJIOHKIA.
[TimBuineHHs OOTWYHMX HaOpyXXeHb CHPWUYMHSAE 3POCTaHHS 3CyBHUX KOMIIOHEHT
HaIpy>KeHOTO CTaHY, IO IiABUIIY€E PU3MK JIOKAJIBHOTO CKPY4YyBaHHS, XBVJIACTOCTI abo
yTBOpeHHsI HaIUIMBIB. 3a IIeBHMX yMOB TepTs MOXe iHiIlifoBaTM BTpaTy JIOKaJIbHOI
CTiVIKOCTi HaBiTh 3a BiTHOCHO HeBeJIVKIX 3HaueHb pajliaJIbHOTo pelyKyBaHH: [7, 13].

Y OitbmiocTi TpamMIIMHMX aHATLITUYHMX MOAEJIeNl TepPTs BPaxOBYETbCS SK
KoedillieHT, II0 MaclITaOye KOHTakTHY cwly. Takwi mingxim e cropomeHuM i He
BijoOpakae peaJIbHOTO MeXaHi3My Tedii MeTajly B yMOBaX IBMHTOBOTO IlepeMillleHHs
KOHTaKTHOI 30HU. IIpm dopMyBaHHI TOpJIOBMH MajIorO [liamMeTpa TepTs BUKOHYE
KiHeMaTU4YHO Kepylouy (PyHKIIif0, BU3Ha4Yar4l HallpsM i CIiBBIJHOIIEHHS CKIIalOBUX
ItacTMIHOI Teuil. 3i 3pocTaHHAM KoedillieHTa TepTsl 30UIBIITYETbCS YacTKa OCbOBOTO
CTUCKY B 30HI KOHTaKTy; 3pOCTa€ PU3MK JIOKJIBHOIO CKpy4YyBaHHsSI OOOJIOHKW;
IOCVWJIFOEThCSL HePiBHOMIPHICTh PO3MOAUTY TOBIIVHW; INOBUIILYETbCA IHTEHCHBHICTD
HaKOITMYeHH: IUIaCTUYHOI JlepopMaliil y IToBepXHeByX IIapax.

Taxym 4nHOM, KoedillieHT TepTsl € He JIMIIle eHepreTMYHUM IIapaMeTpoM, IIO
BU3HAYa€ PiBeHb CWIOBMX BUTpAT MPOIIeCy, a Vi CTPYKTYPOYTBOPIOIOYVM UVHHUKOM,
AKUI POPMYy€ IIPOCTOPOBY KapTUHY Hallpy>KeHO-1edOpMOBaHOIO CTaHy Ta BIUIMBAE Ha
MeXi TexHOJIOTiuHOI CTiKocTi dQopMyBaHHd. KopekTHe BpaxyBaHHSA TepTs €
HeoOXiTHOIO yMOBOIO ITOOYIOBM afeKBaTHOI MexaHidHOI Moesli IIpollecy OOKaTKM
TOPJIOBVIH.

KyT Haxmw1y pobouoi moBepxHi iHCTpyMeHTa @€ OTHMM i3 KIIIOUOBMX ITapaMeTpiB
rporecy opMyBaHHS TOPJIOBMH, OCKUIBKM BM3Hayda€ I'eOMeTpil0 30HM KOHTaKTYy,
HaIIpsIM pe3yJIbTYIOUOl CWIM B3a€MOIl Ta CIIIBBIIHOIIEHHS CKJIQJOBVX IIIBUIKOCTI

204



Collective Monograph Publishing House NES s.r.o.,
Nova Dubnica, Slovak Republic

KOB3aHHA. 3MiHa IIbOTO KyTa Oe3IlocepeqHbO BIUIVMBAE Ha XapaKTep IUIACTUYHOI Tedil
MeTaJly, IIVPVHY IUIACTUYHOI 30HM Ta YMOBV CTaOLUTBHOCTI 000IOHKM.
OcroBa nozava 3a oavH 00epT BU3HAYAETHCS CIIiBBITHOIIEHHSIM

h=-, (19)

(]
Jle v — IIBUJKICTh OCbOBOTO ITepeMillleHHs iIHCTPYMeHTa; w— KyTOBa IIBUIKICTb
oOepTaHHS 3aTOTOBKIA.
3 reoMeTpMYHOI TOUKM 30py V3rO/DKeHICTh KiHeMaTuKu pyxy Ta dopmu
IHCTpyMeHTa OIIVCY€EThCS CITIBBITHOIIIeHHIM

h = btan ¢, (20)

Oe b— 1muprHa KOHTaKTHOI IIOIIAIK.

Ile criBBimHOIIEHHS BimoOpaXkae 3B’S30K MiXX KPOKOM I'BMHTOBOTO ITepeMillleHH:
KOHTAKTHOI 30HM Ta I HPOTSDKHICTIO Y MePUAiOHAIbHOMY HallpsMi. TakuM 4mHOM, IIpu
dikcoBaHilt mojayi 3MiHa KyTa ¢ IIPU3BOAUTE A0 MepepO3HOAUTY TOBXIMHIM KOHTaKTHOI
OUIAHKY Ta 3MiHM iHTeHCMBHOCTI JIOKaJIBHOTO JepOpMyBaHH:.

3i 3MeHIIeHHSIM KyTa HaxWwly IHCTpyMeHTa 3pocTa€ INMpVHa KOHTAaKTHOL
IUIOIIAJIKM b, IO CIIPVYMHAE PO3MIVPEHHS IUIaCTUYHOT 30HM Ta 3MEeHIIeHHs IIMTOMOTO
KOHTaKTHOTO THCKY. [IpoTe mpm 11b0My 30UTBIITY€THCS YacTKa OKPY>KHOTI medopMariii, a
pamiaJIbHUM pedyKUinHmMi edeKT peayisyeTbcsd OUIBII IIOCTYHOBO. Y pe3ysIbTaTi
dopmyeTbCcs MiOBUILEHWII PiBeHb CTUCKYIOUMX OKPY)KHMX HaIlpy)KeHb, III0 MOXe
iHiITifoBaTV BTPATy CTiVIKOCTi TOHKOCTiHHOI OOOIOHKMA.

3a 30UIbIIIEHHS KyTa ¢ 30HA KOHTAKTy 3BYXXY€TbCS, KOHTAKTHWMI TMCK
KOHIIEHTPYEThCS, a CKJIaJloBa CWIM, COpsAMOBaHa B3[OBX OCi 3aroTOBKM, 3pocTae. Lle
IIPU3BOOUTD 0 IIOCMJIEHHSI OCbOBOIO CTUCKY Ta iHTeHcHUiKallil Ilepepo3Ioaily MeTary
B3[IOBX yTBOpIorouoi. IIpy HagMipHMX 3Ha4eHHsAX KyTa BMHMKAE PU3MK JIOKAJIBHOTO
IIOTOBIIIeHHS CTiHKM, POpMyBaHHs HaIUIMBIB i KOHIIeHTpallii gedopMallil y BY3bKii
30HI KoHTakTy. IlomiOHi 3aKOHOMIpHOCTI Bif3HaueHi y HOCIIKeHHsSIX IIpolleciB
poTalimHOI OOKaTKV TOPJIOBVMH Ta OITMMIi3allil mpodiro iHcTpyMeHTa [2, 4, 9].

Kpurranmit gianason KyTa ¢. AHasIi3 KiHeMaTUYHMX 1 CWJIOBYX CHiBBIIHOIIIEHb, a
TaKOX  y3aTaJIbHEHHS  eKCHepUMEeHTAaJIbHMX  JaHWX  [JO3BOJIIIOTH  BUAUIUTHU
panioHaJIbHUV IHTepBaJl 3Ha4YeHb:

30° = @ = 40°.

ITpm ¢ << 30%:

e  30UIBIIyETHCA IIMPUHA 30HY KOHTAKTY;

e  3pOCTa€ yacTKa OKPYKHOI JedpopMariii;

e  IJIBUIIYETbCS PU3MK BTPATU JIOKAJIBHOI CTiMIKOCTi OOO0JIOHKM.

ITpu ¢ = 40°%:

e 3pOCTa€ OChOBE CTUCKAHHS;

e dopmyeTbcs HaZIMipHe IIOTOBIIEHHS CTiHK;

e MOXJIVBe YTBOPeHHd HalUIMBIB i JIOKaJIbHa KOHIIeHTpallis JedpopMariil.
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OTxe, KyT HaxWIy pobOU0l MOBEpXHi iHCTpyMeHTa BU3HAYa€ He JIMIIIe TeOMeTpilo
NpodiII0 TOpPJIOBMHYM, a I MeXaHi3M Ilepepo3lofily IUIacTUYHOI AedopMarlii Mix
paniaJIbHVIM, OKPY>XHVM Ta OCbOBVIM HaIlpsIMaML.

KyT ¢ crip posmisamaTt K KiHeMaTYHWUI IapaMeTp KepyBaHHs MeXaHi3MOM Tedil
MeTaly. BiH dopmye cTpykTypy Hampy’keHO-IedOpMOBaHOIO CTaHy, BIUIMBAaE Ha
JIOKaJTi3allifo IUIaCTMYHOI 30HM Ta BM3HA4Ya€ MeXi TeXHOJIOTIYHOI CTIMKOCTI IIpOIlecy.
ParrioHasibHMI BUOip KyTa Haxwly iHCTpyMeHTa € HeoOXiTHOI0 yMOBOIO 3a0e3reueHHs
PIBHOMipHOI TOBIIVHM CTiHKM Ta CTaOUIBHOCTI POpMyBaHHS TOPJIOBUHIL.

TepmomexaHivHi acmekTn mponecy. [Ipornec dpopMyBaHHS rOpJIOBUH y peXXmmax
iHTeHCVBHOTO JIOKQJIBHOTO IUIACTMYHOTO J1edpOpMyBaHHS CyIIPOBOIKYETHCS CYTTEBUMM
TerwioBuMM edpektaMn. Hespakaroum Ha BiZHOCHO HeBeJIVIKY TPMBAJLICTh KOHTaKTy
OKpeMoOi AUISHKM 3 iHCTpyMEHTOM, BMCOKa iHTeHCUBHICTh HedopmMaliii Ta 3Ha4dHi
KOHTAaKTHI TMCKV 3YMOBJIIOIOTh JIOKaJIbHE ITABUIIIEHHs TeMIepaTypy. YHacIigOK IIbOro
MexaHi4Ha 3a/iada IIepexoquTh Y TePMOMEeXaHigHO 3B A3aHy.

TemmiepaTypa B 30HiI KOHTaKTy BU3HA4Ya€THCS CYMOIO:

e  IIOYATKOBOI TeMIlepaTypu 3aroTOBKM Ty;

e  TEIUIOBMIUIEHHS Bifl IUIaCTUYHOL Aedopmaliil;

e  TEIUIOBUIUIEHH Bifl TePTA B KOHTAKTHIiVI 30HI.

Y mpomeci 1mwiactTmuHOro AedopMyBaHHS 3HA4YHaA YacTMHA MexaHidHOI poboTm
nepexoguTs y  Temwio. lligBuieHnHs  TemIlepaTypu  MOXHa  OLIHUTM  3a
CITiBBITHOIIIEHHSIM:

aT = £o= (21)

e [f— dYacTKa MexaHiuHOI eHepril, IO MepexoauTb y TeIwio (KoedillieHT
Terwiopa-KBiHHI);, 0.,;— eKBiBaJleHTHe HaIIpy)XeHHS; £— HaKOIIMUYeHa IUIACTUYHA
nedopmallisi; p— IycTHa MaTepiajly; ¢ — IIMTOMa TeIUIOEMHICTB.

s GitbIIocTi MeTalliB y XoJIomHOMY JedopmyBaHHI f HabmvokaeTses 110 0,8-
0,95, 10 cBimUUTH PO BUCOKUI PiBeHb IIepeTBOPEHHs MexXaHIYHOI eHepril B Telvio. Y
30Hi JI0KaJIi30BaHOI JedpopMmaliil, xapaKTepHilt 111 0OKaTKy TOPJIOBUH, Ie IPU3BOANUTH
no dopMyBaHHS TeMIIepaTypHOTO MaKCUMyMy Oe3locepedHBO IIifi KOHTaKTHOIO
IUTOIIaAKOM0. [lomaTKOBMUM [IKepesioM TeIlla € po0OoTa Cijl TepTsi, iHTeHCUBHICTh SKOI
BU3HAYAETHCA BeJIMYMHOIO T = pp Ta IIBUIKICTIO KOB3aHHS.

OcKiJIbKM 30Ha KOHTaKTy Ma€ IBUHTOBUV XapaKTep IlepeMillleHHsI, TeMIlepaTypHe
I10JIe TAaKOX € HecTal[ioHapHVM i IIpOCTOpOoBO HeogHOPigHMM. IToBTOpHE IIpOXOIKeHHs
KOHTaKTHOI 30H) Yepe3 CyMiKHI JUIAHKM ITIOBepXHi MOXe CIIPUYMHATI KyMYJISTUBHUMI
TEIUIOBUM edeKT, OocoOIMBO 3a BEJIMKMX IIBUIKOCTENI OOepTaHHS Ta IiIBUIIEHVIX
3HauveHb KoedillieHTa TepTs.

ITinBuieHHss TeMmIlepaTypu OeslocepeqHbO BIUIMBAE Ha omip ngedopMaril
MaTepiaty. Y mepIiomy HaOJIVDKeHHI TeMIlepaTypHY 3aJIeXXHICTh OIOpPY 3CyBy MOXKHa
II0/1aTV Y BULJISII:

k = koexp (—aT), (22)

206



Collective Monograph Publishing House NES s.r.o.,
Nova Dubnica, Slovak Republic

ne ko— omip 3cyBy 3a 6a30BO1 TeMIlepaTypy; a— TeMIlepaTypHUi KoeditlieHT; T —
JIOKaJIbHa TeMIleparypa.

3i 3pocTaHHSIM TeMIlepaTypu oIip Aedopmallil 3MEHIITYETHCS, 0 TPU3BOAUTE 10
3HVDKeHHsI KOHTAKTHWMX HaIpyXeHb i HeoOximuol cwim d¢opmysaHHs. IIpore
OJHOYaCHO  aKTWMBI3yIOTbCS  CTPYKTYPHiI Ipollecu: OMHaMiyHe  BiJJHOBJICHH:,
peKpucTaisallis, 3MiHa TeKCTypyu Ta JIOKaJlbHa 3MiHa MexaHi3My Tedil Metaiy. Y
pe3yJIbTaTi 3MIHIOETBCS CHIBBIJHOIIEHHS MK paiaJIbHOIO, OKPY)KHOIO Ta OCHOBOXO
CKJIa0BMMM JledpopMalriii.

ITinuIieHa TeMIepaTypa MoXe MO3UTMBHO BIUIMBATY Ha CTaOUIBHICTB IIpoliecy,
3MEHIIYIOUM PU3MK KPUXKOTO PYMHYBaHHS abo JIOKaJIbHOI BTpaTy IUIACTUYHOCTI.
Bomrouac wHagMipHUM HarpiB 30aTHWUV CHPUYMHATY HEPiBHOMIPHICTH TOBIIVIHY,
3HVDKEHHS KOPCTKOCTI OOOJIOHKM Ta 3pOCTaHHS CXMITBHOCTI JI0 BTPATM CTiVIKOCTI.

TepMmomMexaHiuHa cKiIazioBa Ipoliecy popMyBaHHS FOPJIOBUH He € APyTOPsIHOIO.
Y mporeci poraminHoi 0OkaTku opMyeTbcs JIOKaJIbHA TepMOMexaHiuHa cucTeMa, B
JKiVl TeMIlepaTypa Ta HalIpy>XXeHHs IepeOyBalOThb Y B3a€EMHOMY 3BOPOTHOMY 3B SI3KY:
3pocTaHHsI HaIpyXeHb 1 medopmalil IigBHUINye TeMmIlepaTypy, a IIiABUIIEHHS
TeMIlepaTypy 3MiHIOe omip Jedopmalliil Ta CTpyKTYpy MaTepiaiy.

IrHopyBaHHs TeMmIepaTypHOro ¢akropa IIPU3BOAUTE O HEKOPEeKTHOIO
IIPOTHO3YBaHHS TOBIIVHM CTiHKM, KOHTAaKTHMX HaIpyXeHb i cwI oOkaTkm. Tomy
aJleKBaTHa MexaHi4Ha MOJe/Ib Mpollecy IIOBMHHA BpaxOByBaTW TepMOMEXaHidHy
3B’43aHICTh IIapaMeTpiB i posramaT ¢OpMyBaHHS TOPJIOBMHM 4K 3ajady 3
ypaxyBaHHSIM B3a€MO/il MeXaHiYHMX 1 TeIUIOBVX ITOJIiB.

Kpurepii moniOHocTi mpomecy. 3alesnedeHHs! BiTBOPIOBAHOCTI pe3yJIbTaTiB
dopMyBaHHSI TOPJIOBMH HpM 3MiHi MaciITaly 3aroToBku abo pexuMiB 0OpoOKm
notpedye dopmymoBaHHS KpuTepiiB mnopibHocti mporecy. IlomiOxicTs y maHOMY
BUIIAJIKy Ma€ po3IVIANaTiCd He JIMIIe $K TIeoMeTpu4Ha, a $AK KOMIUIeKCHa —
reoMeTpUYHO-KiHeMaTUYHO-TepMOMexXaHIuHa.

Teomempuuna nodibuicme. s 30epeskeHHsI CIIBBIHOIIIEHHS HaIIpyXeHb i
XapakTepy IUIACTMYHOI Teuil IIOBMHHI BUKOHYBATWCS YMOBM iHBapilaHTHOCTI
Oe3po3MipHIX ITapaMeTpiB:

Sp
— = const,
Ry

Ie 5, /Rp— IIOYaTKOBUII IIapaMeTp TOHKOCTIHHOCTI 3arOTOBK;
Ry
5— = const,
0
ne R, — pagiyc npodimo iHcTpyMeHTa (ab0 xapakTepHWUI pafliyc KpMBU3HM 30HNU
KOHTAaKTY).

ITepia ymoBa 3abe3reuye olHAKOBY KOPCTKICTb OOOJIOHKM IpYU MacIITaOyBaHHI,
Ipyra — nofgibHiCcTh reomMeTpil KOHTaKTHOI B3aeMopil. [TopyienHs myx criBBigHOIIIEHD
3MIHIO€ CIIiBBiIHOIIIeHHs MeMOpaHHMX i 3TMHAJIBHMX HaIPy>KeHb, 110 IPU3BOAUTE 10
3MiHVM MexaHi3My JedopMallii Ta yMOB CTiVIKOCTI.
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JlomaTkoBO MOBUMHHI 30epiraTvics mapameTpu:

@ = const,Ap = const,u = const,

III0 TapaHTy€ MOAIOHICTh reOMeTpil 30HM KOHTAKTy, KiHeMaTUKM 1i IepeMillleHHs
Ta YMOB TepTSI.
Kinemamuuna nodibnicms. OKpiM TeoOMeTpMYHMX CIIBBiHOINIEHb HEOOXiTHOIO €

KiHeMaTW4YHa OIiOHICTh, IKa BU3HAYAEThCS CTAJTICTIO BiTHOIIIeHHS
v
— = const.
)

Llevt mapameTp 3ama€ OCbOBY IIOAa4y 3a OAVH 00epT Ta BM3Ha4Ya€ KPOK I'BMHTOBOTO
IlepeMileHHs IUIacTMYHOI 30HM. 3MiHa CIiBBIIHOIIEHHS v/w HAaBiTh 3a 30epexeHH:
reOMeTpUYHMX IlapaMeTpiB MOPM3BOAWUTE [0 3MiHM CTPYKTypu HamIpy>XeHOo-
IedopMOBaHOIO CTaHy, CTyIeHs epeKpUTT AedOpMOBaHMX 30H i pPiBHS HaKOIMYeHOL
IUTIaCTMYHOIL JedopMarlii.

Tepmiuna nodibuicms. B yMoBax IiHTEHCMBHOTO JIOKaJIBHOTO IedOpMyBaHHS
CYTTEBOTO 3HAaueHHs HalOyBae TepMiuHa MOAIOHICTH, siKa IlepemgOavae 30epeXeHHs
1of1ibHOCTI TeMIlepaTy pHMX I0JIiB. Lle 03Hadae cTayricTe Ge3po3MipHMX ITapaMeTpiB, 1110
XapaKTepu3yroTh CITiBBiTHOINIEHHS MIX NIBUIKICTIO TEeIUIOBUIIJIeHHSI Ta
TeIUIOBiBeJeHHsIM (YMOBHO — ITOiOHICTh KpUTepiiB Terw1oBoi Andysii).

[TopymerHs TepMiuHOI MOAiOHOCTI 3MiHIOE TeMIlepaTypHY 3aJIeXHICTb OIOPY
nOedopmallii, a OTXKe — piBeHb KOHTaKTHVX HaIlpy>KeHb i XapaKTep IUIaCTMYHOI Teuil.

ITopiGHicTe TIporiecy pbopMyBaHHS rOPJIOBMH Ma€ OaraTodaKTOpHUI Xapakrep i
He 3BOMTBCS JINIIIE JI0 TeOMeTPUYHMX CIIiBBiJHOIIIeHb. [1J1s1 3a0e3edeHHs MacIITabHO1
Ta TEXHOJIOTiYHOI BiATBOPIOBAHOCTI HeOOXiJHO oOJHOYacHe BUKOHAHHS YMOB
reoMeTpUYHOI, KiHeMaTM4YHOi Ta TepMiyHOI mHoaibHOocTi. Jlnime KoMIUlekcHe
OOTpVMMaHHSA LMX KpuUTepiiB  [03Bojsse  30epertt CTPYKTypy  HaIpy>KeHo-
IedopMOBaHOIO CTaHy, XapaKTep JIOKasli3allil IUIacTMYHOI 30HM Ta MexaHi3M 3MiHU
TOBIIMHY CTiHKM IIpM 3MiHi MacIrtaOy abo pexnMiB popMyBaHHS.

Mexi TexHoIOriuHOI cTivikocTi. [Tporiec dpopMyBaHHS rop/IOBMH TOHKOCTIHHMX
TpyOUYacTix 3aroTOBOK CYIIPOBOIKYETHCS MII€I0 3HAUHMX CTUCKYIOUMX OKPYXKHMX i
OCBOBVIX HaIIpy>KeHb, III0 CTBOPIOE IIepeIyMOBU sl BTpaTH JIOKaJIbHOI abo 3arajibHOf
cTivikocTi 000I0HKNM. MexXi TeXHOJIOTIYHOI CTiVIKOCTI BU3HAYAIOThCS YMOBaMM, 3a SKMX
HaIIpy>XKeHo-1edpOpMOBaHMI CTaH 3aJIMIIAETHCS. KEPOBaHVIM 1 He IIepeXOIUThb Y PeXnM
HEeKOHTPOJIbOBaHMX POpMO3MiH [4, 7].

BrpaTm cTiviKOCTi MOXYTh HpPOSIBIIATUCA Yy BUIVIALL: JIOKQJIBHOTO CKPYy4YyBaHH;
XBWISICTOCTI CTIHKM; YTBOPeHHsI HaIUIMBiB; 0CbOBOIO KOpOOJIeHHH.

I[i sBMIla € HaCTiAKOM IIepeBUIIeHHS KPWUTUYHUX 3Ha4eHb CTUCKYIOYMX
HaIrpy>XeHb Y IIO€HAHHI 3 HeTOCTAaTHBOIO KOPCTKICTIO 0O0JIOHKIA.

YMoBa CTiVIKOCTi TOHKOCTIHHOI OOOJIOHKM B IIepIIIOMy HaOJIVDKeHHiI MoXe OyTu
3amycaHa gK:

g = Oxm (23)
e og — OKpYXHe HaIllpy>XeHHs CTUCKY; Oy — KPUTWMYHE HAIIPY>XEHHS BTpaTul

CTIVIKOCTI.
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[ TOHKOCTIHHOI  IIWIHAPWYHOI OOOJIOHKM  KPWUTWYHE  HaIpyXKeHHST
BU3HAYAETHCS CITiBBITHOIIEHHIM:

== (24)

Trp = 7

ne E— Momyiib pr>I<HOCTi MaTepiaHy; 5— ToOBIIMHA CTiHKM, R — IIOTOYHMI
paniyc.

3MeHIIIeHHs pajliyca IpY pelyKyBaHHI CYIIPOBOIDKYETHCS OJHOYACHOIO 3MiHOIO
TOBIIMHYM CTiHKM Ta )XOPCTKOCTi OOOJIOHKM. Y IIOYaTKOBIiV CTafil IIpoliecy 3MeHIIIeHHs
paniyca migBuIlye KPUBU3HY Ta 3HVDKYE CTIMKICTB O OKPY>KHOIO CTUCKY. BomHouac
JIOKaJIbHe IIOTOBIIEHHsS MOXe YacTKOBO KOMIIeHcyBaTw Ilevi edpekT. Takum dmHOM,
Me)Ka CTiVIKOCTi BM3HAYA€ThCS B3a€EMOIIEI0 TeOMETPUYHMX i cvi1oBMX dpakTopis [4, 9].

ITpu 3HAUHMX CTyIeHAX pelyKyBaHH:, KOJIV BUKOHY€EThCS YMOBa

5‘}01
D Lt}

TOHKOCTiHHa MoOjleJIb 0O0JIOHKM CTa€ HelpuAaTHOIO. Y ITbOMY BUIIAJKy MexaHi3M
BTpaTW CTIiVIKOCTi 3MiHIOETBCS: 3aMiCTh XBWIACTOCTI a0bo0 JIOKaJIbHOTrO KOpOOJIeHH:s
MOXYTh peayizoByBaTucsi 00'eMHI opMM IUIACTMYHOI HECTIVIKOCTi, IIOB'si3aHi 3
JIOKaJIbHOIO KOHIIeHTparliero gedpopmariii Ta popMyBaHHSM Harwmsis [3, 13].

J1omaTKoOBO Ha MeXYy CTIMKOCTI BIUIMBAIOTh TEePTs, TemIilepaTypa Ta KiHeMaTu4Hi
napameTpu mporiecy. Iligsuinents koedillieHTa TepTs 30UIbIIy€e OCbOBUM CTUCK, IIIO
IABUIIYE PU3MK JIOKAJIbHOI HECTIVIKOCTi. 3pOoCcTaHHs TeMIlepaTypy 3HVDKYE MOIyJIb
MIPY>KHOCTI Ta omip gedpopMariii, 3MiHIOIOUM KPUTUYHI YMOBYM BTpaTH CTivKoCTi [1].

MeXa TexHOJIOTiUHMX MOXJIMBOCTeV (POpMYyBaHHS TOpJIOBMH BU3HA4a€ThCd He
JMIIle TeOMeTpI€l0 3aroTOBKM, a KOMIUIEKCOM B3a€MOIIOB g3aHMX IIapaMeTpiB.
Y3arasibHeHO i MOXKHa ITOfaTy y BUIJIAA1 PYHKIIIOHaJIbHOT 3aJI€XKHOCTI

b a— J‘F ﬂ.l @ T)_. (25)

Zie napaMeTp ¥ xapakTepusye 3arac TeXHOJIOIYHOI CTIMKOCTI IIPOLecy.

OrtXe, OLIIHIOBaHHS JOIYCTMMOTIO CTyIIeHs pefdyKyBaHHs IIOBMHHO Oa3yBaTuCs Ha
OararodakTOpHOMY aHaJli3i, 110 BpPaxOBY€ JKOPCTKICTbP OOOJIOHKM, KiHEMaTuKy pPyXy
IHCTpyMeHTa, YMOBY TePTs Ta TEpMOMeXaHIUYHMV CTaH MaTepiary.

Vaaearvnena wonyenyia mexauiku cpopmybanns eoparobun. Ha ocHOBI BUMKOHaAHOTO
aHaJ1i3y mpoilec popMyBaHHS FOPJIOBMHY JOIIUILHO PO3ITIAIATY K CKIIaIHY HeJIiHiHYy
TepMOMeXaHiuHy CUCTEMY 3 €BOJIIOLIIMHOK T'e€OMEeTPI€I0 Ta PYyXOMOIO JIOKaJIi30BaHOIO
30HOI0 JTedpopmariii.

Vloro KOHIeNTyanbHi 03HAKV MOXKHA CPOPMYJTIOBATH TaK:

e  HecCTalllOHapHMV JIOKaJII30BaHWUVI IIPO1leC IUIaCTVUYHOI Teyil;

e  CHCTeMa 3 PyXOMOIO IBMHTOBOIO 30HOIO JedopMariii;

e  IIPOCTOPOBUII HAIlpyXeHO-1edOpMOBaHMI CTaH;

e TepMOMexaHIYHO 3B’g3aHa 3a7ayva;

e DOaraTrodpaKTOpHMII IIPOIIeC 3 €BOJIIOIITHOIO 3MiHOIO TOBIIVIHY Ta KPUBU3HIL.

KinemaTuna  remHTOBa  IpMpoda  KOHTaKTy — BU3HAva€  JVMCKPETHO-
HaKOIIMYYyBaJIbHUV XapaKTep IUIacTW4HOI fedpopmarii. Teprs dpopMye HampsiM Teuil
MeTajly, TeMIlepaTypa 3MiHIOe omip Aedopmallii, a eBOJIIOLS TOBIIMHM BIUIMBAa€E Ha
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KOPCTKICTh ODOJIOHKM Ta yMOBM CTiMKOcCTi. TakmMm 4MHOM, yci IapameTpu IIpoliecy
repeOyBarOTh y B3aEMHOMY 3BOPOTHOMY 3B’SI3KY.

YsaraspHeHa (PyHKIIIOHATIbHA 3aJI€XKHICTh KOHTAaKTHOTO HAIIPy>KeHHSI MOXe OyTu
Io/laHa y BUIJISIL

— . i_li.l ¥ .IE.I L
p=k-® DRD.H@“JTEE)J (26)

me dyHKIisa € BimoOpaxae 6baraTodaKTOpHMII i €BOIIOLIIIHI XapaKTep IIPOIIecy.

Takym umHOM, MexaHiKa ¢OpMyBaHHs TOPJIOBMH IIOBMHHA PO3IVIANATUC K
3ajaya KOHTAKTHOI IUIACTUYHOCTI 3 PYyXOMOIO 30HOK HaBaHTaXKeHHsl, 3MiHHOIO
reoMeTpi€l0 Ta TepMOMeXaHiuHMM 3B’s3KoM TlapaMerTpiB. Came TakwWim IAXif
3a0e3nedye ajekBaTHe IPOrHO3yBaHHS KOHTAaKTHMX HaBaHTa’keHb, TOBIIMHMU CTiHKH,
MeXX TeXHOJIOTIYHO] CTiMIKOCTI Ta BiITBOPIOBAHOCTi FeOMEeTPUYHNX ITapaMeTpiB BUpPoOy.

TaxyMm umHOM, IIpoIlec popMyBaHHS TOPJIOBMH TPyOYacTMX 3arOTOBOK MeTOIIOM
poTarinHoi OOKaTKM Ma€ IIPOCTOPOBUI, HecTaioHapHWII i OaraTodakTopHMII
xapakTep. KoHTakTHa 30Ha iHCTpyMeHTa IIepeMillly€ThCSI TBMHTOBOIO TPAEKTOPIETO, 110
3YMOBJIIO€ JIMCKPETHO-HaKOIMYyBaJIbHUN MeXaHi3M IUIacTU4HOI Jedopmariii. Y 38"a3Ky
3 MM KJIaCMYHI IUIOCKI Ta CIIPOIIleHi ocecMeTpUYHiI MofIelli He 3a0e311euyIoTh IIOBHOIO
OIIICYy peaJIbHOTO HallpyXKeHO-71eddOpPMOBaHOIO CTaHy, OCKUIBKM He BpPaxOBYIOTb
IIPOCTOPOBY CTPYKTYPY IIBUIKICHOTO II0JISI Ta €BOJIIOLIIIO reoMeTpil BUpoOy.

IToxaszaHo, IO KOHTaKTHI HAaIIPy>XXeHHs MaloThb eBOJIOLIVHUII XapakKTep 1
BU3HAYAIOTbCA He JIMIIe MWUTTEBUMMM TeOMeTPUYHMMM Ta KiHeMaTUYHVMW
IapamMeTpaMy, a W icTopielo 1edopMyBaHH#, sKa OIMCYE€TbCA IHTerpaJIbHUM
IapaMeTpoM HaKOIIMYeHOI IUIacCTMYHOI JedopMariii. MexaHi3M 3MiHM TOBIIVIHV CTiHKM
dopMyeTBCS CyMiCHOIO [i€f0 paliaJIbHOrO pefyKyBaHHS Ta OCbOBOIO IlepepO3HOAiTy
MeTaly. 3a yMOB IJIMOOKOro peAyKyBaHHsS Ta 3HAYHMX KYyTiB Haxwly iHCTpyMeHTa
ochOBa CKJIajloBa Tedii CTa€ BU3HAYaJIbHOIO, IO OOMeXye 3acTOCyBaHHS CIIPOIIIEHVIX
TOHKOCTIHHVIX MOZIeJIeVL.

BcranosiieHo, 1mio koedillieHT TepTd € He JMIlle eHepreTUYHNUM, a W
CTPYKTYPOYTBOPIOIOUVMM ITapaMeTpPOM IIpOoIecy, OCKUIbBKM BW3Hadae HaIIpsIM Tedil
MeTasly, XapaKTep JIOKaJli3allil IUIacCTMYHOI 30HM Ta CXMIbHICTh OOOJIOHKM A0 BTpaTu
crimkocti. KyT Haxwiy pobouoi moBepxHi IHCTpyMeHTa BUKOHYE (QYHKIIiIO
KiHeMaTU4YHOIO IlapaMeTpa KepyBaHHS IIpollecoM, pOpMyIouM CIiBBiITHOIIIEHHS MiX
pafiaJIbHOIO, OKPY’KHOIO Ta OChOBOIO CKJIaJOBMMM Aedopmallii Ta BIUIMBaO4YM Ha
PIBHOMIipHICTb TOBIIIVHW CTiHKW.

OOGrpyHTOBaHO, 11O HpolleC Mae€ BUPaKeHUI TepPMOMEXaHIYHUN XapaKTep:
JIOKaJIbHe TeIUIOBMUIEHHs B 30HI KOHTaKTy 3MiHIOE omip AedopMailii maTepiaiy,
piBeHb KOHTaKTHMX HaIlpyKeHb i yMOBM CTabUIbHOCTI dpopmyBaHH:. TeMiiepaTypa Ta
HaIlpy>XeHHs1 IlepeOyBalOTh y B3a€EMHOMY 3BOPOTHOMY 3B'$i3Ky, TOMYy irHOpyBaHH:
TeMIlepaTypPHOro ¢dakTopa IPU3BOAUTD A0 HOXMOOK Y IIPOTrHO3yBaHHI TOBIIMHM CTiHKM
Ta CWJIOBMIX ITapaMeTpiB IIpoLecy.

ITokazaHo, IO MeXi TEeXHOJIOTIUHOI CTiVIKOCTI BWM3HAYAIOTHCI KOMILIEKCHOIO
B3a€EMOJIi€I0 TeOMETPUYHMX, KiHeMaTUUHMX, TPUOOJIOTIYHMX 1 TepMiUHMX UMHHVIKIB.
Brpara crimKocTi MOXe IIpOSBIATUCSA Yy BUIVISAL  XBWISICTOCTi, JIOKAJIbHOTO

210



Collective Monograph Publishing House NES s.r.o.,
Nova Dubnica, Slovak Republic

CKpydYyBaHHS, HaIUIMBiB a00 OCBOBOTO KOPOOJIEHHS 1 3aJIeXUTh Bil XOPCTKOCTI
OOOJIOHKN, CTyIleHs pedyKyBaHHS, KyTa IHCTpyMeHTa, KoedillieHTa TepTsa Ta
TeMIIepaTy PHOI'O CTaHy MaTepiaily.

BcranosnieHo, mo mopibHicTe mporecy Mae KOMIDIEKCHUV XapakTep i He
3BOAUTBHCA JIMIIe JI0 30epeXeHHs TeOMeTPUYHMX CIIiBBiAHOIIeHb. [j1 3abe3neueHHs
MacIITabHOI Ta TEeXHOJIOTIYHOI BiITBOPIOBAHOCTI HeoOXigHe ofHOYacHe BMKOHAHHS
YMOB reOMeTpUUYHOI, KiHeMaTUYHOI Ta TepMiUHOI ITOiOHOCTI.

Taxym umHOM, MexaHika OpPMyBaHHS TOPJIOBMH IMOBMHHA PO3IJIAIATUCS SIK
HeJIiHiIHA TepMOMEXaHIYHO 3B’s3aHa 3ajada KOHTAKTHOI IUIACTMYHOCTI 3 PyXOMOIO
IBUMHTOBOIO 30HOIO JledpopMaliii Ta eBOJIOLiHOK TreoMerpiero. CdopmysiboBaHi
IIOJIOKEHHSI ~ CTBOPIOIOTH ~ TEOPETUYHY  OCHOBY UIS  IIOAJAJIBIIOTO  PO3BUTKY
PO3paxyHKOBVIX MOAEJIeV], BUSHaUeHHs MeX TeXHOJIOTIUHMX MOXJIVBOCTEN ITpoLiecy Ta
onTMMi3allii mapaMmerpis dopMyBaHHS 3 MeTOIO 3a0e3lIeYeHHs] TeOMeTPUYHOI TOUHOCTI
Ta cTabiyIbHOCTI BUPOOiB.
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4.2. Mechanics of Forming Hollow Products from Tubes to Achieve Optimal Quality
and Interchangeability: Mechanical Conditions for Quality Optimization

MEXAHIKA ®OPMYBAHHJI IIOPOXHMCTUX BUPOBIB I3 TPYb IJI51
JOCSTHEHH OIITMMAJIBHOI SIKOCTI TA B3BAEMO3AMIHHOCTT:
MEXAHIUYHI YMOBWM OIITUMI3ALIIL IKOCTI

3abesrieueHHsI ONTUMaJIbHOI SIKOCTI Ta B3a€MO3aMiHHOCTI IIOPOXHUCTVX BUPOOIB,
cpopMoBaHMX i3 TpPyDO, € KIIOUOBOIO BMMOIOIO CEepifHOTO BUPOOHMIITBA [eTaient
MaIll{H, 30KpeMa pOJIVKiB pOJIbraHIiB, KOHBEEpHMX Ta OIOpHMX ejieMeHTiB [1-3].
Excrutyarariivina HagiviHICTh TaKMX BUPOOIB BU3HAYAETHCS He JIMIIe IX MaTepiaIbHUMM
XapakTepucTMKaMM, a HacaMmilepesl CTaOUIbHICTIO TreOMeTpWYHMX IlapaMeTpiB
TOPJIOBVH, CITIBBICHICTIO ITOCAJKOBVX IIOBEPXOHb, PIBHOMIPHICTIO TOBIIVIHV CTIHKM Ta
BiZICYTHICTIO JIOKaJIbHVX 30H Ocj1a0OsieHHs [4].

SIkicTb cpopMoBaHOI ropIIOBMHM Oe3ocepeIHbO OB g3aHa 3 MeXaHiKOIO IIpoliecy
ii yrBopeHHs. HepiBHOMipHUI po3moniyl Aedopmalliyi, KoJIMBaHHA KOHTaKTHMX
HaIlpy>XeHb, HeCTaOUIbHICTh YacTKOBMX OOTMCHeHb aboO 3MiHa yMOB TepTd MOXYTb
IIPU3BOAUTI 0 OBaJIBHOCTI, KOHYCHOCTi, JIOKQJIbHOTO IIOTOHIIeHHsS CTiHKM Ta
BiIXWIeHHs po3MipiB Bi, HOMiHa/IbHUX 3HaudeHb [2,4,5]. TakuMm umHOM, mpobiema
AKOCTI Ma€ MeXaHi4Hy MHOpuUpoAy 1 IIOBMHHA pO3IJISAaTHCd dYepe3 IIPU3MY
3aKOHOMipHOCTe IU1acTNYHOI Jedopmariit [3].

B3aemo3aminHicTh BUpOOIB y cepiTHOMy BUPOOHMUIITBI IOCSTa€TbCs 3a YMOBU
BiITBOPIOBAHOCTI ITpoliecy dpopmyBaHH:. e mepenbauae BMKOHaHHS FeOMeTPUYHMX Ta
KiHeMaTU4YHMX yMOB IIOAiOHOCTI, cTaOUIBHICTL Oe3po3MipHMX IapaMeTpiB IIpoIlecy,
KOHTPOJIb BiTHOCHOTO OOTVMCHEHHsI Ta 3abe3ledeHHs OIHAKOBMX TepMOMeXaHiuHVIX
peXuMiB I mapTil 3aroToBok [6,7]. Jluiire 3a TakmMx yMOB MOXJIMBO TapaHTyBaTU
MiHiMa/IbHI BiAXVWIeHHs po3MipiB i cTaOiIbHI MexaHiuHi BJIaCTMBOCTI.
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Puc. 1 - ®opmu ropsioBuH TPyO, sIKi OTPUMYIOTh METOOM POTaLIilTHOT 0OKaTKM

Oco0nmBe 3HaUeHHS Ma€ BCTAHOBJIEHHSI TPaHMYHMX CIIiBBITHOIIIEHb MiX pajiiycoMm
TpyOW, TOBIIMHOIO CTiHKM, KYTOM HaXWIy IiHCTpyMeHTa Ta IIVPUHOIO OCEPENKY
medopMaril, ski 3abe3medyioTh pPIBHOMIpHMII IIepepo3Nonil MeTaily Oe3 BTpaTu
crimkocti obononkm [4,5,13]. BusHaueHHS IIMX MeXaHiYHWMX YMOB IIO3BOJISE
cdpopmyBaTy KpuTepil onTmMisallii mporecy Ta MiHiMi3yBaTH ITOXVOKV (POPMYyBaHHS.

TakuM umMHOM, HJaHUM IAPO3OUI COpPAMOBAHMI Ha BU3HAYeHHS MeXaHIuHMIX
IepeiyMoOB 3a0e3lleyeHHsI TeOMETPUYHOI TOYHOCTI, CTaOUIPHOCTI IIpoliecy Ta
CTPYKTYPHOI OOHOPIAHOCTI MaTepiayly sIK OCHOBV [IOCATHEHHs ONTMMAaJIbHOI IKOCTI i
B3a€MO3aMiHHOCTiI HOPOXXHUCTUX BUPODIB i3 TpyO.

IToHATTA sAKOCTI Ta B3a€EMO3aMiHHOCTI B yMOBax pOTaliffHOIro ¢popMyBaHHs.
SIkicTp TIOpPOXHMCTMX BUPOOiB, OTpMMaHMX i3 TPyO METOAOM POTaLiMHOI OOKAaTKMU
IHCTpyMeHTOM TepTs, € iHTerpaJIbHOIO XapaKTEePUCTMKOIO, IO BimoOpa’kae CTYIIHb
BIITIOBITHOCTI TeOMeTPUYHMX, MeXaHIYHMX 1 CTPYKTypHUX IlapaMmerpiB BupoOy
3alaHMM KOHCTPYKTMBHMM Ta eKcIulyararivHuM BumoraM [1,3]. Ha sinMiny Big
BUPOOIB, OTPUMaHMX MeXaHIYHOI0 OOPOOKOIO 3 MaCMBHOI 3aTOTOBKM, [PV POTAIIiTHOMY
dopMyBaHHI ocTaTOuHi IapameTpu BUPOOYy OpMYIOThCS OesrocepellHHO B IIpolieci
IUlacTMYHOl  JedpopMaliii, IO 3yMOBJIIOE TICHMUI 3B 'S130K MDK  MeXaHiKOIO
dpopmo3MiHEHHS Ta OKa3HMKaMM SIKOCTI [2].

Y sarasibHOMY BUIJIAAL SIKiCTH cpOPMOBaHOI TOPJIOBMHM MOXKHA ITPeACTaBUTH SIK
dyHKITiOHAIT:

Q = f(G,S, 0an, &, 5tr, Ry), (1)
Ile G — reoMeTpWYHI ITapaMeTpu (HdiamMeTp, KOHYCHICTb, OBaJIbHICTb, CIIiBBiCHICTB);
S5— Ppo3Homiyl TOBIIVIHU CTiHKW; Ou,— S3aJIMIIKOBI HaIpy)XeHHs, £— CTyIiHb
IDIACTUYHOT nedopmartii;

Str— CTPYKTYpPHUI CTaH MeTasly; R, — IlapaMeTpu ITOPCTKOCTi IIOBEPXHi.

OcobymBicTIO TIpoIlecy poTalimHOro ¢OpMyBaHHSI € Te, IO BCi CKIamOBi
dyHKIioHANy @ (QOPMYIOTBCS OFHOYACHO B MeXKax JIOKaJIbHOI 30HM IUIaCTUYHOI
medopMaliil, sKa IIepeMilllyeTbcsl B3OOBX 3aroToBku. Tomy Oynopb-fKa 3MiHa
KiHeMaTMYIHMX abo CYJIOBMX ITapaMeTpiB IIpollecy OesrocepeqHbO BimoOpaXkaeTbcs Ha
reOMeTPUYHMX i MeXaHiUHMX XapaKTepUCTUKax BUPoOy.
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[eomeTpyuHa $KiCTh y MHepIly 4Yepry BM3HA4Ya€TbCS TOYHICTIO (pOpMyBaHHHA
IiaMeTpa TOPJIOBMHM Ta cTabimbHicTIO mpodimio [4]. B ymoBax porarintHoi oOKaTKu
MOXKJIVIBI TaKi BUIV BIAXVJIEHB: OBaJIbHICTE IIepepisy, KOHYCHICTb, eKCIIeHTPUCUTET OCi
TOPJIOBMHM BiTHOCHO 6a30BOi MOBepxHi, XBWwisAcTicTh crinku [11]. Ix BuHUKHEHHS
3yMOBJIEHe HepiBHOMIpHICTIO HaIpyXeHO-IeddOpMOBaHOIO CTaHy, KOJIMBaHHSIM
KOHTaKTHMX HaIlpy>kKeHb Ta HecTaOUIBbHICTIO KiHeMaTMUYHMX IlapaMeTpiB (BiIHOIIeHH:
rojadi /10 KyTOBOT IITBUIKOCTI).

B3aemo3aminHicTh BUpOOIB y cepitHOMY BUPOOHMIITBI O3HA4Ya€ MOXXIIMBICTD
BCTAHOBJIEHH: [IeTasli 0e3 J0IaTKOBOI MiNTOHKM 3a YMOBV IOTPVMMAHHS BCTaHOBJIEHVIX
mormyckis [6,7,10]. MaTemaTi4aHO 11e MOXXe OyTM 3aIIVICaHO Y BUIJISIAL:

AG < Ty, )

e AlG — anKTMtIHe BIIXVWIEeHH: po3mipy, T; — IOMycCK.

[Ipore y BuUIIAAKy IUIAaCTMYHOrO (popMyBaHHS 3abe3lleueHHs B3a€MO3aMiHHOCTI
Ma€ He JIVIIe TeOMeTPUYIHN, a I MexaHiuHum Xxapakrep [3]. HepiBHOMipHWMIT posnomin
TOBIIVIHM CTiHKM a0O HasBHICTP 30H JIOK&JIPHOTO IIOTOBIIEHHS UM ITOTOHIIEHHS
IIPU3BOAUTHh 0 HEOJHAKOBOI JKOPCTKOCTI BMpoOiB, HaBiTh 3a JOTPUMAaHHS
HOMiHaJIbHMX po3MipiB. ToMmy KpurTepili B3a€eMO3aMiHHOCTI NOBMHEH BpaxOByBaTu
CTabUIbHICTD ITepepo3IOaiTly MeTaly:

% — min 3)

Kpim Toro, y niponeci poratiniHoro ¢popMyBaHHS (POPMYETHCS 110JI€ 3aIMIIKOBIX
HaIlpy>XXKeHb, $Ke 3aJleXUTb BiJl 1HTEHCMBHOCTI IUIAaCTMYHOI Jdedopmarlii Ta
TeMIlepaTypHoro pexwmy. HepiBHOMiIpHMI POSIOALUT 3aJIMIIIKOBUIX HaIIPy>KeHb MOXe
CIIPUYMHATU IIPYy>XXHe IIOBepHEeHHd IiciIs po3BaHTaKeHHs Ta HOHATKOBI reoMeTpu4Hi
BinxwienHs. OTxXe, 4KiCTh BUPOOY oI po3mspgaTit sIK pes3ysbTraT CyMicHOI il
MUTTEBOrO HaIpy>XKeHO-7edOpMOBaHOIO CTaHy Ta WOro eBOJIOLiI B IIporeci
nedopMyBaHHS.

Takym umMHOM, MHOHATTS 4KOCTI B yMOBax pOTallifHOro ¢OpMyBaHHS Ma€
OararodakTopHUM MexaHidHMI 3MicT. BOHO BM3HadaeTbcs y3rofKeHiCTIO KiHeMaTKM
IIpoliecy, CTaOUIPHICTIO KOHTAaKTHVX HaIpyKeHb, PiBHOMIpPHICTIO IUIaCTMYHOI Tedil Ta
KepOBaHICTIO TepMOMEXaHIYHOTO peXxumy. BsaeMo3aMiHHICTD IIpU IIbOMY € ITOXiITHOIO
Bif] cTaOUTBPHOCTI MeXxaHIUHMX yMOB (POpMYBaHHS i MOXe OyTu 3abe3reueHa Jniie 3a
YMOBM BiITBOPIOBAHOCTI HaIlpy>XKeHO-7edOpMOBaHOIO CTaHy B KOXHOMY IIMKII
necdpopMyBaHH.

OnruMisariiss SKOcTi Ta B3aeMO3aMiHHOCTI IHOTpeOye ¢oOpMyBaHHS CUCTEMU
MexaHIUHMX KpuUTepiiB, $AKi MOB'43yIOTb TIeOMeTPUYHi IIOKa3sHMKM BUpPOOy 3
ITapaMeTpaMy KiHeMaTMKV, KOHTaKTHOI B3a€MOIil Ta CTPYKTYpHUMM 3MiHaMVU MeTasly.

BrimB  Hanpy>keHO-mepOpMOBAHOIO (TaHy Ha TeOMeTPUMYHY TOYHICTb.
['eoMeTpruHa TOYHICTHP TOPJIOBMHM, CPOPMOBAHOI METOAOM POTAIlilTHOI OOKaTKwM,
Ge3nocepelHPO BU3HAYAETHCA XapaKTepoM HampykeHo-Hedopmosanoro craHy (HIC)
y 30Hi KOHTaKTy iHCTpyMeHTa i3 3aroToBKolo [2,4]. Ha BinMiny Bif craTuaHMX IIpoliecis
obtnckanHg, y gaHomy sunanky HJIC e mpocTtopoBuM, HecTallioHapHUM Ta TaKMM, 1110
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eBOJIIOLIIOHY€E B Mipy IlepeMilieHHs1 ocepenky dedopmartii. CaMe 151 eBOJIIOLIVIHICTD
3yMOBJIIO€ (POPMYBaHHS OCTaTOYHOTO ITpodito Brpody [5].

B

Puc. 2 - I'lons Hampy>keHb B 3aTOTOBIII IIi/], /1i€f0 OTHOCTOPOHHBOT'O OiYHOIO TUCKY

Y 30HI KOHTaKTy AifOTH pafiajibHi, OKPY)KHI Ta OChOBI Hanpy>XeHH:. PasiaibHi
HaIIpy>XeHHs BM3HAYaloTh CTYIIiHb 3MeHIIeHHS [jiaMeTpa, OKPYXHi — cCTaOUIBbHICTB
dopmMm 11epepisy, a OCLOBI — HepeposIIoiyI MeTaly B3[I0BX yTBoprorouoi. [TopymenHa
GastaHCy MiXK MM CKJIaZIOBVIMU IIPU3BOAUTD 10 BiIX1IeHb POPMIL

PamiasibHe IepeMillleHHsI eJleMeHTa 00OJIOHKM IIif, [1i€f0 KOHTaKTHOIO TVCKY MOXe
OyTu olliHeHe CIIiBBiJHOIIIEHHSIM:

u, =2 (4)

" ES

Jle p— KOHTaKTHe Hallpy>KeHHs, R — IIOTOYHUI pajliyc, 5— TOBIIMHA CTIHKYU, E —
MO/ JIb IIPY>KHOCTI.

30ibINIeHHsT KOHTAKTHOTO HaIlpy)XXeHHs abo 3MeHIIeHHsSI TOBIIMHWM CTiHKN
IIJIBUIIY€E BeJIMYMHY MPY>XKHOIO BiIHOBJIEHHs IIiciId pospaHTaXeHHd. Lle symosiioe
BiIX/WIeHHs (aKTMYHOIO JiaMeTpa Bil HOMIHaJIBPHOIO IICJIsI  3aBepIlleHH:
nedopmysaHHA [4,8].

Oxkpy>xHa edpopMaliisi BU3HAYA€ETHCS SIK:

£g = —, (5)
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a BIATIOBiJIHE HAIIPY >KEeHH::
og = Ecg. (6)
I[Ip mnepeBumIeHHI KPWUTUYHOIO PiBHA OKPYXHMX HaIPy>XeHb MOXJIVBe
BUHVKHEHHS JIOKaJIbHOI BTPATM CTiMIKOCTi OOOJIOHKM, IO IIPOSBIISIETBCS Y BUIISAML

oBaJIbHOCTL abo xBwrsctocTi [4]. KpuTnuHe HampyXeHHS TOHKOCTIHHOI OOOJIOHKM
MO>KHa OLIIHUTM SK:

ES
Ip = 3 )
YMoBot0 30epexeHHs reOMeTPUYHOL CTaOUTBHOCTI €:
Og < Ogp. 8)

Opnak y peansnomy mponeci HIC nme € ogHopimHuM no nepmmerpy. Yepes
I'BUHTOBUV XapaKTep HepeMillleHHsI KOHTaKTHOI 30HM (POPMY€ETbCs acMMeTpUYHe I10J1e
Hampy>XeHb, [0 MOXKe CIPUYMHATH eKCIeHTpucuTeT ropiaosuau [12]. TakmuM ummoM,
TOYHICTb (POPMU IHepepisy 3aJeXXUTh He JIWIIe BiJ BeJIMYMHY KOHTaKTHOTO TVICKY, a U
BiJI pIBHOMIPHOCTI 10TO PO3IOILTY.

OcboBi HalpyXXeHHsd BW3HA4yalOTh CTYIiHb BUTSDKKM abo CTUCKY B3I0BX
YTBOPIOIOUOl. SIKIIIO OChOBa CKJIajoBa HaJMipHa, BUHUKAE JIOKaJIbHE ITOTOBIIIEHHS

CTIHKV; SKIIIO HEeOCTaTHs — MOXJIMBE HaJMipHe ITOTOHINeHHS. YMOBHO MOXHa
3amcaTi KpUTepin 0CboBOI piBHOBarm:
T
gy 9
= tan lP‘I ( )

e T— [OOTMYHe HAIpyXeHHs TepTd, ¢— KyT Haxwly pobodoi IOBepxHi

IHCTpyMeHTa.
3BigcM BUMIUIMBAE, IO KyT HaxwiIy IHCTpyMeHTa NpsIMO BIUIMBA€E Ha
CIIIBBIIHOIIIEHHS MDK paiaJIbHMM 1 OCbOBMM CTMCKOM, a OTXKe — Ha IeOMeTpUYHY

TOYHICTh cPOPMOBAHOTO IIPOPIIIO.

CyTTreBUM (paKTOPOM € HaKoIM4eHa IulacTu4Ha JgedpopMariis. HepiBHOMipHICTB 11
pO3IIOAULY Y3OOBX YTBOPIOIOUOI NIPU3BOOUTL O Pi3HOI JKOPCTKOCTI AUISHOK
TOPJIOBVIHM, 110 MOXK€ BUKJIMKATV JIOKaJIbHI BiIXVUIEHHS IICIIA 3HATTS HaBaHTa KeHHS.
Tomy crabinbaicte HIC y xoxxHOMY IMKiIi medopMyBaHHS € HeOOXiTHOIO YMOBOIO
IIOCATHEHHS BiITBOPIOBAHOCTI PO3MipiB.

Takym 4MHOM, reoMeTpuyHa TOYHICTH y HpoIleci poTallifiHOro oopMyBaHHS €
pe3yJIbTaToOM  MeXaHiuHOI  piBHOBarM OOOJIOHKM B  yMOBax IIPOCTOPOBOTO
HaBaHTaXXeHH:, sKe IIOCTIMHO 3MIHIO€TbCA. OTXe, KOHTPOJIb SKOCTI IIOBVMHEH
3[IVICHIOBATMCS He JIMIIe 4Yepe3 TeOMeTpilo IHCTpyMeHTa, a uYepe3 KepyBaHH:
rmapamerpamMyut HIIC: BeIMUmMHOIO KOHTaKTHOIO TVICKY, CIiBBiJHOIIEHHSIM IIBUIKOCTEV
rogaui Ta obepTaHHs, KoedillieHTOM TepTs Ta TeMIlepaTy PHUM PeXVIMOM.

TaxyM umHOM, 3a0e3rieyeHHsI reOMeTPUUYHOI TOYHOCTI € MeXaHIiYHOIO 3ajiadero
y3TOKeHHsI HaIlpy>KeHO-1edpOpMOBaHOIO CTaHy 3 yMOBaMM CTilIKOCTi OOOJIOHKM Ta
MiHiMi3allii IPYy>KHOIO IIOBePHEHHS ITiCJ/Is pO3BaHTaKeHHSL.

®opMyBaHHA CTaOLTPHOI TOBIIVMHM CTiHKM AK KpuTepin sakocri. OmHuM i3
BU3HAYaJIbHMX ITOKa3HMKIB AKOCTI IIOPOXHUCTMX BUPOOiB, cdopMoBaHUX i3 TpyO, €
CTaOUIBbHICTh TOBIIMHM CTiHKM B 30HiI ropsiosuHu [1,4]. Ha sBigminy Big cyrto
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reOMeTPUYHMX TapaMeTpiB (fgiamMeTpa abo IOBXWMHM), TOBIIMHA CTiHKM BU3HAYaEe
KOPCTKICTh, HeCydy 3[OaTHICTb i [OBrosiuHicTh BUpoOy. HasiTh 3a moTpumManHA
HOMIHJIBHMX PO3MIpiB BIAXWIEHHS TOBIIVHVM MOXYTb CIPUYMHATY HepPiBHOMipHUM
PO3IIONiyT HAIIPY KeHb IiJI Yac eKCIUIyaTallil Ta 3HVDKeHHs pecypcy [5].

Y mporeci porauinHoro dopMyBaHHS Iepepo3HOAiI MeTally BigOyBaeTbcs 3a
yMOBU 30epexxeHHs 00’eMy. [l1sg esleMeHTapHOI AUISHKM OOOJIOHKM BUMKOHYETBHCS
CITiBBIITHOIII€HHS:

2RSSy dLy = 2nRS dL, (10)
ne Rg,5;,dLy— 11ovaTKoBi mapaMeTpw, R, S, dL— II0TOYHI IIapaMeTpu.

3Bincu BUIDIMBAE:
Rpdlg

5 =5, (11)

R dL’
SIxmmo oceoBa medpopmartis BincyTH ( dl = dLy ), TO

_¢ Ro
5=5; . (12)
IIpore B peasibHOMY IIpolleci BiOyBa€ThCsl YacTKOBa OCbOBa AedopMallid £z, 110
Monamndikye Bupas:
Ry -
5=S52(1+¢). (13)

TakyM uMHOM, TOBIIVHA CTiHKM € PYHKIi€I0 He JIMIlle pelyKyBaHH: [liaMeTpa, a
VI CIIBBIIHOIIEHHd MDK padiajlbHOIO Ta OCBOBOIO CKJIQJOBMMM JedpopMariii.
HepiBHOMipHICTb IIHOIO CIIBBiHOIIEHHS B3[IOBX YTBOPIOIOYOI HPU3BOOUTHL [0
dopMyBaHHS 30H OTOBIIIEHHS a00 TOTOHIIIEHHS.

Bemramma Bapiartii TOBIIVHY MOXe Oy T IIpecTaBIeHa sSK:

AS = f{Pi'{ﬂJmJ v, T, SD.I';RI}}J (14)

Jle IapaMeTpu IIpoLlecy BU3HavaloTh iIHTeHCUBHICTD IIepepO3IIoAITy MeTaily.

Oco0mmBoi yBarm moTpebye BIUMB KoedillieHTa TepTs. 3pocTaHHS p 30UIbIIyE
YacTKy OChOBOIO CTVCKY, IIIO MOXXe IPU3BOLUTHU A0 JIOKAJIBHOIO IIOTOBIIEHHS B 30HI
BUXOIy 3 ocepenKy Aedopmariii [2]. 3 iHIoro 00Ky, 3MeHIIIeHHs TepTsi CIpusde OUIbII
PIBHOMipHOMY PO3IIOIIy TOBIIVHM, ajle MOXKe 3HVDKYBaTU CTabUIbHICTD IIpoliecy yepes
HeJOCTaTHIV KOHTPOJIb Tedil MeTaly.

Kyr nHaxwiy pobouoi moBepxHi IHCTpyMeHTa ¢ TaKOX BM3Hadae XxapaKTep
nepeposnoninty. ITpu Masix 3HaYeHHSIX @IlepeBaXkae pajliajibHa CKJIazioBa gedopmariii,
II0 MOXe BUMKIVKATM HaaMipHe NOTOHIIeHH:dA. IIpu BelmMkuMx 3HadYeHHAX —
IIOCWJIIOETBCS  OCBOBUIL CTUCK 1 (POPMYy€TbCS MOTOBIIEHHsA. TaKuMM  4YMHOM,
ONTMMaJIBHUM iHTepBaJl KyTa 3a0e3ledye MiHiMi3allito rpajieHTa TOBIIMHM [8]:

a5 .
5.~ min (15)

3 ToukM 30py 3abesIeueHHs SIKOCTi HOIIUILHO BBOAUTY Oe3po3MipHMII IMOKa3HUK
CTaOUILHOCTI TOBIIIVHN:

As=""3 (16)
ze 5.,— CepelHs TOBIIVHA CTIHKM B TOPJIOBVHI.

217



European Vector of Modern Education,
Science and Production - 2026

YMoBa 3abe3rnedeHHs BUCOKOT IKOCTi MOXe OyTu cpopMysIboBaHa SIK:
A=z = A Tom (17)
TaxyM umrHOM, cTabLITBHICTD TOBIIVIHM CTiHKM € He HAaCJIiIKOM BUIIaIKOBOrO 30iry
IapaMeTpiB, a pe3yJIbTaTOM Y3IOIPKeHOro KepyBaHHs KiHeMaTMKOIO Ta KOHTaKTHOIO
B3aemoziero. OnTrMisaliisi MoBMHHA OyTV CIpsiMOBaHa Ha MiHiMi3aIlifo IIpOCTOPOBOTO
rpajjieHTa HaKOIIM4YeHOT IUIacTUYHOI JedopMalrrii:
Ve T 0. (18)

Came piBHOMIpHICTH pPO3MONUTY HaKOIM4YeHOI mHedopMaril 3abesmeuye
OITHOPIIHICT MeXaHIUYHVIX BJIACTMBOCTEV! i, BiTIOBiTHO, CTAaOUIBHICTD eKCIUTyaTalliTHMX
XapaKTepUCTVIK.

TakmuM uYMHOM, TOBIIVMHA CTIHKM € IHTerpaIbHMM IIOKa3HMKOM MeXaHi4HOI
Y3rofpKeHocCTi riportecy. [i crabitbHicTh Bu3sHaYaeThest GalaHCOM pasTialbHIX, OChOBUX i
TaHTeHIliaJIbHMX KOMIIOHEeHT nedopMallil Ta € OAHMM i3 KIIIOYOBUX KpUTepiiB
OIITUIMI3allil SIKOCTI.

Mexaniuni yMoBu 3a0e3ledueHHs B3a€MO3aMiHHOCTi. BsaemosamiHHiCTB
IIOPOXXHWCTMX BUPOOiB, cdhopMoBaHMX i3 TpyO MeTomoM poTaminHOlI OOKaTKm, €
HACJIiJKOM BiITBOPIOBAHOCTI MeXaHiYHOro cTaHy Iporecy dopmysanHs [3]. Ha
BiIIMiHY BIiZI IIpoILleciB pi3aHH#, e KIHIEeBUI PO3Mip BU3HAYAETBbCSA >KOPCTKOIO
reoMeTpi€lo iHCTpyMeHTa Ta KiHEMaTMYHOIO TOUHICTIO OOJIafHAHHS, y IUIACTUYHOMY
dopMyBaHHI OCTaTOUYHI IIapaMeTpu BUPOOYy QOPMYIOTBbCS Minm [i€lo0 HaIpyKXeHO-
IedOopMOBaHOIO CTaHy, SKWUI 3aJIeKUTh BiJi KOMIUIEKCY CWIOBMX, KiHeMaTWM4YHMX i
TepMiuHMX dakTopis. ToMy B3aeMO3aMiHHICTh y JaHOMY BUIIQJKy Ma€ MeXaHiuHY

npupony [4,8].

?s

I

a) TOpJIOBMHA BiTHOCHO MaJIOro JiaMeTpa
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® 102

1,5

0.5

-1,2

0) KoHiuHe gHMIIIE
Puc. 3 - Temmuler Ta rpadiku po3noauly pe3ysIbTYIOUMX JorapmdpMigHmX
nedopmarinn y3moBXx TBipHOI (&), iHTeHCcMBHOCTI medpopmariii (£;) Ta IOKa3HMKa
nedopMallirTHOrO CTaHy (¥;).

HowminanesHuit fiamMeTp ropyioBuHM JopiBHIOE D, a daxTtnmunmum — Dy, YmoBa
B3a€MO3aMiHHOCTI Yy TeOMeTPUYHOMY CeHCi Ma€ BUIJIALL;

| Dy — D, = Ty, (19)

e Tp — JOIIyCK.

Opmnak dakTnuHuUI AiamMeTp MNCiIs po3BaHTaXeHHS BU3HAYAE€TbCS CYMOIO
IUIaCTUYHOI Ta IIPY>XHOI CKJIaJ0BUX JedopMallil:

De=D,+AD,, (20)

ne D,— JiaMeTp y MOMEHT MaKCMMaJIbHOTO HaBaHTaXKeHH:, AD,, — BelMYMHa
HPY>XHOI'O IIOBEpPHEHHS.

IIpy>kHe 1TOBepHEHHsI ITPOIOPIIiViHe PiBHIO OKPY KHVX HaIlPy>KeHb:

cgR
AD,, ~ ==,

(21)
Otxe, HaBiTP HIpM OJHAKOBOMY 3Ha4eHHi IUIACTMYHOI Iedopmariil Bapiarlil
KOHTAaKTHOTO TUCKY abo TeMmmepaTypyu MOXYTb HPW3BOAUTU A0 Pi3HMUX BeIVMUMH
IPY>KHOT'O IIOBEPHEHHs, a Bi/ITaK — 10 IIOPYIIeHHs B3a€MO3aMiHHOCTI.
MexaHiuHOIO IHepeIyMOBOIO 3abe3lledeHHsI B3a€EMO3aMIiHHOCTI € CTaOUIBHICTB

HaIIpy>XeHo-71edpOpMOBaHOTO CTaHy y KOXXHOMYy LMKII JedpopmyBaHHH [2,4]. Beememo
BIJIHOCHY Bapiallifo KOHTaKTHOI'O TUCKY:

- _ Ap

O =" (22)
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3 ypaxyBaHHSM 3ajleXXHOCTi (21) MOXHa ITOKasaTy, IO Bapiallis KiHIIeBOro

o

miameTpa mpubIM3HO mpornopiinHa &, ToMmy ymMoBa 3abesredeHHsI po3MipHOT
CcTaOUIBbHOCTI Ma€ BUIJISII:
Op = Opap: (23)
[pyroio ckafoBoio € KiHeMaTW4YHA BigTBOpIOoBaHiCTh. YacTKoBe OOTVICHEHHS 3a
. . . . w
OIIVH 00epT BM3HAYAETHCS BiAHOIIIEHHSIM I10[1a4i O KYTOBOI MIBUIOKOCTI: k,, = = [6,7,12].

3MiHa I[BOrO CIIBBIIHONIIEHHd 3MiHIOE BeJIMYMHY HAKOIMYeHOI IUIaCTUYHOI
nedopmariii:

£r = E?:J_‘ﬂ £; “'*1,} (24)
Tomy it 3abe3nieueHHsT 0OTHAKOBOI TeoMeTpil HeoOXimHoO:
Akp _ o
— =
oy Uk (25)

TperiM BusHadaiibHUM (PaKTOpOM € TeMIlepaTypHui pexuM. Omip nedpopmariii
MaTepiaily 3aJIeXXUTh BiJ] TeMIiepaTy pu:

k = kge™T, (26)
HesHauni koimBaHHs Temileparypu AT BUKIMKaOTh 3MiHY omopy aedopmarlii,

0 3MiHIO€ KOHTaKTHi Halpy)KeHH:d Ta HaKONWYeHYy IUIACTMYHYy dedOopMaliiro.
BigmosigHo, yMOBa TepMOMexaHiYHOI cTaOiIBHOCTI:

AT = AT, 27)

Kpim Toro, HeoOXigHO BpaxoByBaTH CTilIKicTb o0OosioHKM. IlepeBurrieHHs
KPUTUYHOTO PiBHA OKPY>XHVX HaIlpy>KeHb:
EX
gg = Opp = ; (28)
NPU3BOAWUTE 10  JIOKaJIbHMX  BTpaT  CTIMKOCTi, IO  YHEeMOXXJIMBIIIOE
B3a€MO3aMiHHICTh HaBiTh 3a JOTPVIMaHH: HOMiHaJIBHIX pO3MipiB.
Taxkym umHOM, MexaHiuHI yMoBM 3a0e3leueHHSI B3a€MO3aMIiHHOCTI MOXKHa
ccpopMmyIOBaTH SIK CUICTEMY OOMeXkeHB [13]:
I —

akp _

ey (29)
AT = AT,
Jg = Ogp

Takym ymMHOM, B3a€EMO3aMiHHICTH y IIpolieci poTaliiHOro OpMyBaHHS € He
IIPOCTO  HACIOKOM  TOYHOCTI  oOjagHaHHA, a  pe3yJjlbTaToM  craOumisaril
OararodakTopHOi MexaHiuHOI cucreMu. TiIBKM 3a YMOBM CUMHXPOHi3allil CMJIOBUX,
KiHeMaTU4YHMX i TepMiYHMX ITapaMeTpiB (POpPMyeTbCsd BiITBOPIOBaHMUI HaIpy>KeHO-
medopMOBaHMUI CTaH, KU 3abe3ledye ONHAKOBUM IIepepoO3IOfAiyl MeTaly i
MiHIMaJIbHe IIPY>XHe ITOBepHEHH:.

OTxe, B3a€MO3aMiHHICTh € IOXiTHOIO Bifl MexaHi4HOI cTabUIBHOCTI mpoliecy, a ii
IOCSTHeHHsI IOTpeOye KOMIUIEKCHOTO KepyBaHHsS IlapaMeTpaMy ¢OpMyBaHHs, IO
BU3HAUYAIOTh €BOJIIOLII0 HaIpyXeHO-IedOopMOBaHOIO CTaHy B KOXHOMY IIMKJI
nedopmariii.
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KpurepiatbHa Momesrp MexaHiuHOI omTmMisanii skocri. Onrmmisariist SIKOCTI
IIOPOXKHUCTVX BUPODiB, cOpMOBaHMX i3 TPyO MeToOoM pOTalliitHOI 0OKaTKM, ITIOBVHHA
OasyBaTmcsd Ha CHUCTEMHOMY IIIXOMdi, IO BpaxoBye OaraTodakTOpHWMIT XapaKTep
niportecy ¢opmyBaHHs [3,5]. fIKicTh y IIbOMY BUIIAAKy He MOXEe PO3IVIAHATUCH K
HACJIiJOK MiHiMi3allil 0JIHOTO OKpeMOro IapameTpa (HapukiIafg, cvIn oOKaTku abo
BeJIMYMHM  OOTMCHEHHs), OCKUIbKM TIeoOMeTpWYHi, MexaHiuHi Ta CTpPYKTypHi
XapaKTepUCTUKIM BUpPOOy B3a€MOIIOB si3aHi depe3 HaIlpyXeHO-IedOpMOBaHUN CTaH
[1,2].

BeememMo y3arasibHeHMU PyHKITIOHAI SIKOCTI:

Q= F{:GJ S, Ozan: £, T}J (30)

Zie G — ITOKa3HMKVM TeOMeTPUYHOI TOYHOCTI; 5 — PO3HOIiI TOBIIVMHW CTIHKW; Gy —
3/IMIIKOBI  HaIPy>XeHHsS; £x— HaKoNM4YeHa IUlacTM4YHa pedpopmaitiss; T—
TeMIlepaTy PHUI peXX/M IIporLiecy.

3 mIpakTW4HOI TOYKM 30py ONTMMi3allis IojiArae y MiHiMisallii BigXWIeHb Bif
HOMiHaJIbHMX 3HadeHb [9]. Tomy pouinpHO mnepentn 10 0Oe3posmipHOi dopmu

dyHKIIIOHATY:

AD
"I’l = “-'1
Tp

AR z As
+wy— + Wy == 4w, F, (31)
Sep Tron £E

Ile w; — BaroBi KoedillieHTH, 110 BifoOpa’karoTh 3HAUYIICTh KOXKHOT'O ITOKa3HMKa.
Mertoro omrTmmi3sariii €:
¥ — min
[Tpw mpoMy mpoliec HOBMHEH 3aJ0BOIBHATY CUCTEMY MeXaHiqHVIX OOMeXXeHb:
Tg = Ogp,
£z < £, (32)
T < Ty

dynkitioHan ¥ 3aJIeXXMUTh Bil K€POBaHMX [apaMeTpiB IPOIecy:
=92 gl e 53). (33)
o o

Takvm unmHOM, 3azava omTMMI3arIlii 3BOAUTHCA OO0 BMOOPY TaKMx 3HAUYeHb KyTa
Haxwly IHCTPyMeHTa ¢, BiJHOIIEHHs IIofadi [0 IIBUIKOCTI oOepTaHHA v/w,
KoedillieHTa TepTs pTa TeMIlepaTypHOro pexmMmy T, Opu gKkux 3a0e3nedyeTbcs
MiHiMaIbHe 3HaueHH: ¥ IIpy BUKOHaHHI oOMexeHb (32).

ITpyHIINIIOBO BaXKJIMBMM € Te, IO IlapaMeTpu IIpolleCy BIUIMBAaIOTh Ha pi3Hi
CKJIaJ0Bl (YHKIIIOHalTy 3 pi3HOW0O iHTeHcuBHicTIO. Hampuxian, 30uIbleHHs KyTa
@©MOXKe 3MeHIIyBaTu PO3KWMI, TOBIIVHM CTIHKM, ajle OJHOYACHO IIiJBUIIYBaTV PiBeHb
3QJIMIIIKOBMX HaIlpyKeHb. 3MeHIIleHHs KoedillieHTa TepTs CcIpuse PiBHOMIpPHOCTI
nedopmallii, TpoTe MOXKe HOTipUIyBaTV CTaOUIbHICTH KOHTakTy. OTXe, omTMMi3allis
Mae OaraTokpuTepiaJIbHUN XapakTep i HoTpeOye KOMITPOMICHOTO PillleHHS.

TaxkyMm 4YmMHOM, KIIOYOBMM iHTerpylouMM IHapaMeTpoM € CTaOUIBHICTB
HaKOIIM4YeHO]I IUIaCTUYHOI TedpopMaliii:

Vez — 0. (34)
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PiBHOMIpHICTE PO3MNONUTY £r Y3[I0BX YTBOPIOIOYOi 3alesleuye OJHOYACHO:
MiHiMi3allifo rpajjieHTa TOBIIVHM; 3HIVDKEHHS 3aJIMIIKOBMX HaIpy’KeHb; CTaOUIBHICTD
reoOMeTPil ITiCIIsl pO3BaHTaXKeHHST; OJHOPIAHICTh MeXaHIUYHMX BJIaCTVBOCTEVL.

Orxe, onTmMmisariiss gKOCTi B IIpoleci poTaliHoro QopMyBaHHS IIOBMHHA
posIIanaTiCA SK 3alada KepyBaHHS eBOJIOLI€I0 Hallpy>kKeHO-1edOpMOBaHOIO CTaHy, a
He JIVIIIe K TIia0ip reomeTpil iHcTpyMeHTa a00 peXXMMiB IToadyi.

Kommiekcuun kpurepinn (31) mossossie dpopmaitisyBaT 3ajady Ta IepeviTit A0
1100Y10BY aJITOPUTMIB ONITMMaIBHOIO KepyBaHHS IIpoliecoM pOpMyBaHHS FOPJIOBUH i3
3a0e3redyeHHsIM 3aJaHOTO PiBHSA SAKOCTI Ta B3a€MO3aMiHHOCTI.

V3arasibHeHa MexaHiYHa KOHIIeNIIisA 3a0e3ledeHHS ONTMMAJIBHOI SIKOCTI Ta
B3aeMo3aMiHHOcTi. [lpoBemenuv aHami3 mokasye, mo 3a0e3ledeHHS ONTVUMAJIBHOL
SKOCTI Ta B3a€MO3aMiHHOCTI ITIOPOXXHMUCTMX BUPOOiB, cpopmoBaHmX i3 TPyO MeTOmOM
pOTaIinHOi 0OKaTKM, € pe3yJIbTaTOM KepOBaHOI €BOJIIOLI Hallpy KeHO-1edOpMOBaHOTO
CTaHy B yMOBax HecCTalliOHapHOI'O JIOKaJIBHOIO IUIaCTUMYHOTO popMo3miHeHHs. [Tpoiiec
dopmyBaHHS TOPJIOBMHM CJIiJL po3IVIsSAaT sIK CKIIaJHYy MeXaHIuHy cucTeMy, y SKii
B3a€EMOIIIOTh ~TPM  B3a€MOIIOB si3aHi  IIifcucTemMy: KiHeMaTW4Ha, CwIoBa Ta
TepMOMeXaHiuHa.

KinmemaTnuHa migcmcreMa BuU3HA4Yae IVICKPETHICTh 1 TPaeKTOPiIO IUIaCTUMYHOL
nmedopwmariii. BigHolmeHHs mopavi O KyTOBOI MIBMIKOCTi, BeJIMYMHA YacTKOBOIO
o0OTMCHeHHS 3a OOMH 00epT, reoMeTpis iHCTpyMeHTa (POPMYIOTH I10JIe IIBMIKOCTEN i
HanpsM Tedil MeTaiy. HeBiAnoBimHICTE KiHEeMaTUYHMX ITapaMeTpiB NPU3BOOUTH 10
HepiBHOMIpHOTO  HaKOHNM4YeHHs IUIacTM4YHOI  Jedopmanii Ta  dopmyBaHHS
IIPOCTOPOBOrO I'pafi€eHTa TOBIIVHN CTIHKM.

CuioBa mimcmcreMa XapaKTepU3YEThbCS — PO3MNOAUIOM KOHTAKTHOIO — TWCKY,
OKPYXKHMX i 0ocboBMX HallpyXeHb. CaMe DOajlaHC IIMIX CKJIa[IOBMX BU3Ha4Ya€ TeOMeTPUYHY
cTabiIbHICTH 000s10HKM. IlopyIeHHsI CWIOBOI piBHOBaryM CIPWYMHSIE OBAJIBHICTD,
KOHYCHICTh abo0 JIOKaJIbHy BTpaTy CTiKocTi. MexaHiuHa yMoBa 3a0esIieueHHs SKOCTi
Moxxe OyTu cdopMyIIbOoBaHa K MiHiMi3allis Bapiallil KOHTaKTHOTO TUCKY: &, — min.

TepmoMexaHiuHa mimcmcreMa BIUIMBaE Ha BeJIMUMHY omopy Aedopmailii Ta
CTPYKTYpy MeTaily. TeMIlepaTypHi KOJIMBaHHSA 3MiHIOIOTh XapaKTep IUIaCTMYHOI Teuil
Ta piBeHb 3aJIMIIKOBMX HaIpPyXeHb. BinmosimHO, cTabiIbHICTH TeMIIepaTypHOIO
peXnMy € HeoOXiJTHOIO YMOBOIO BiITBOPIOBaHOCTI Iportecy: AT — 0.

InTerparlia 3asHadyeHMX MiJICCTeM [I03BOJII€ COPMYJIIOBATU  y3araJbHEeHWU
MeXaHIYHWUI KPUTepi SIKOCTI:

Q= F(Eg Vey GEJSPJEJT). (35)

Y mint 3aj1eXXHOCTI KIF0YOBMM IHTerpyIoUMM IlapaMeTpOM BUCTYyIIa€ HaKOIIMYeHa
IUIaCTMYHa JedpopMaliisi £ Ta I OPOCTOPOBUI Ppo3Hoail. PiBHOMIipHICTH HOJA &5
3a0e3nedye: CTaOUIBHICTH TOBIIMHM CTiHKM; MiHIMi3aIlil0 3aJIMIIIKOBMX HaIIPy>KeHb;
3HVDKEHHS IIPY>KHOT'O [TOBepHEeHHS; BIITBOPIOBAaHICTh TeOMeTPUYHMX IIapaMeTpiB.

IIponiec  poramiHoro ¢QopMyBaHHA [OLIUIBHO poO3IJIAdAT  SK  3a7ady
CUHXpPOHi3allil KiHeMaTUYHMX 1 CWJIOBMX apaMeTpiB i3 ypaxyBaHHSAM TepMOMeXaHiqyHOT
B3aeMofiil. 3a0e3reueHHs SIKOCTI He € HAUIIKOM OKPEMOTO ONTMMaJIbHOTO 3HAaYeHHS

222



Collective Monograph Publishing House NES s.r.o.,
Nova Dubnica, Slovak Republic

KyTa HaxwIy iHCTpyMeHTa a0bo IIBMIKOCTI Hopadi; BOHO JOCSATAE€ThCS JIUIIE 32 YMOB
Y3IO/IKeHOCTI BCix paKTopiB, 1110 POpMyIOTh HaIlpy KeHO-1edOpMOBaHMI CTaH.

TaxyM umrHOM, onTMMaIbHA SKICTh Ta B3a€MO3aMiHHICTB BUpPOOIB € PYHKIIi€0
MexaHi9HOI cTabiIbHOCTI Imporecy. JocsiraeHHs 1i€l crabuIpHOCTI moTpebye:

e KepyBaHHS BeJIMUMHOIO Ta PO3IOIIOM KOHTaKTHOIO TUICKY;

e [ligTpyIMaHHS CTaJIOTO CIBBIIHONIEHH: KiHeMaTUYHMX ITapaMeTpiB;

e  KoHTpoIII0 TeMIepaTypHOro peXnmy;

e 3alesneveHHs PiBHOMIPHOCTI HAKOIMYEHOT IUIACTMYHOI JedpopMarii.

3anpornoHoBaHa KOHIIEMIlisd CTBOPIOE METOJOJIOTiYHy OCHOBY [IJIS ITOHAJIBIIOL
PO3pOOKI MaTeMaTUYHVIX MOJIeJIell KepyBaHHs IIPOIecOM POTaLiTHOro pOpMyBaHH: 3
METOI0 TapaHTOBAHOTO 3a0e3ledeHHSI $KOCTI Ta B3a€EMO3aMIiHHOCTI ITOPOXXHMCTMIX
BUPOOIB i3 TPYO.
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ANNOTATION

CHAPTER 1. MODERN BASICS OF ECONOMICS, MANAGEMENT AND
TOURISM

1.1. Olha Hirna OUTSOURCING AND EVOLUTION OF LOGISTICS PROVIDERS
IN THE CONDITIONS OF SUPPLY CHAINS TRANSFORMATION: CURRENT
TRENDS AND UKRAINIAN REALITIES

The essence of outsourcing and the evolution of 1PL-5PL logistics providers in the
context of supply chain transformation are investigated. Modern trends in logistics
development are analyzed. The role of 3PL-5PL providers in improving supply chain
efficiency is revealed. The peculiarities of the Ukrainian logistics services market in the
context of military challenges and integration into the European space are outlined. Key
barriers to the development of logistics outsourcing and directions for overcoming
them are identified.

Keywords: outsourcing, logistics providers, supply chain management, digitalization of
logistics.

1.2. Olha Korytska FOREIGN TRADE OF LVIV REGION: STRUCTURAL
TRANSFORMATIONS, GEOPOLITICAL CHALLENGES AND DIGITAL
MONITORING TOOLS

The dynamics of the Lviv region's foreign trade in 2019-2025 are analyzed using digital
statistical tools. The research examines the adaptability of domestic businesses to
martial law conditions, specifically through enterprise relocation and the development
of new logistics infrastructure. Structural changes in the export and import of goods are
identified, alongside the prioritization of European Union markets for the Lviv region's
trade. Strategic challenges for the sustainable development of the region are outlined.
Keywords: resilience, exports, imports, foreign trade, statistics, digital tools.

1.3. Yelyzaveta Mykhailova, Yevheniia Sribna ENERGY LOGISTICS AS A
SYSTEMIC DETERMINANT OF ECONOMIC SECURITY

This research substantiates the role of energy logistics as a systemic determinant of
economic security. Energy security is examined as an integral structural component of
economic security that directly affects macroeconomic stability and long-term
development. The evolution of logistics from a functional activity to an integrated flow-
based management concept is analyzed. Particular attention is paid to the economic
content and specific features of energy logistics, including continuity of energy flows,
capital intensity, and infrastructural constraints. The research demonstrates that
effective coordination of energy, information, and financial flows enhances the stability
of the national energy system and strengthens economic resilience.

Keywords: energy logistics, economic security, energy security, flow-based
management, system stability.

1.4. Kateryna Protsak PROFESSIONAL ADAPTATION OF WAR VETERANS:
SKILL-GAP ANALYSIS AND TOOLS TO OVERCOME IT IN THE LABOR
MARKET

The problem of professional adaptation of war veterans in the conditions of the
transformation of the labor market of Ukraine and post-war socio-economic challenges
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was studied. The focus is on the analysis of the skill-gap as a key barrier to the
reintegration of veterans into civilian employment, driven by the non-recognition and
non-recognition of military competencies. The peculiarities of skill-gap in traditional,
non-standard employment and entrepreneurial activity of veterans are analyzed.
Keywords: reintegration, professional identity, employment, military personnel.

1.5. Olena Karpii, Nataliia Mykhailyk MARKETING RESEARCH AS A STRATEGIC
INSTRUMENT FOR DEVELOPING COMPETITIVE STRATEGIES IN THE
INTERNET SERVICE PROVIDER MARKET

The chapter examines the role of marketing research as a strategic instrument for
shaping competitive strategies in the Internet service provider market. The importance
of a systematic analysis of consumer needs and behavioral factors in managerial
decision-making under conditions of intensified competition and economic
digitalization is substantiated. Based on the results of an empirical consumer study, the
structure of demand, brand awareness levels, key provider selection factors, and
sources of information influence are analyzed. The study identifies directions for
applying marketing insights to enhance the competitiveness of Internet service
providers.

Keywords: marketing research, consumer behavior, competitive strategies, Internet
service providers, service market, customer insights.

1.6. Olha Podra, Nataliia Petryshyn PROACTIVE MANAGEMENT AS A FACTOR
IN INCREASING THE COMPETITIVENESS OF ENTERPRISES IN FOREIGN
MARKETS

The theoretical foundations of proactive management as a modern management
concept aimed at ensuring the proactive adaptation of enterprises to dynamic changes
in the external environment and increasing their competitiveness in foreign markets are
studied. Scientific approaches to interpreting the essence of proactive management are
considered, its key features are systematized, and the feasibility of implementation in
conditions of increasing global uncertainty and competition is substantiated. Particular
attention is paid to the process-oriented approach as an instrumental basis for
implementing proactive management, its tools are studied, in particular, business
process modeling, a system of key performance indicators, responsibility matrices, risk
management tools, and BPM systems that ensure measurability, controllability, and
continuous improvement of enterprise activities. It is substantiated that the integration
of a process-oriented approach into the management system creates the prerequisites
for increasing operational efficiency, reducing the risks of foreign economic activity,
and forming sustainable competitive advantages of enterprises in foreign markets.
Keywords: proactive management, process approach, strategy, planning, foreign
economic activity, competitiveness, risk.

1.7. Nataliia Petryshyn, Olha Podra FEATURES OF PRICING IN E-COMMERCE IN
THE CONTEXT OF FOREIGN ECONOMIC ACTIVITY

The features of pricing in electronic commerce in the context of foreign economic
activity of enterprises are studied. The relevance of the topic is due to the rapid
development of information technologies and the globalization of entrepreneurship,
which requires the abandonment of traditional approaches to pricing. The scientific
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works of leading researchers are analyzed and it is established that the processes of
pricing in the conditions of electronic commerce remain poorly studied. The advantages
of electronic commerce for companies and consumers are systematized, the key
principles and methods of pricing are determined. The criteria for setting prices and the
main objectives of the pricing policy of enterprises engaged in foreign economic activity
are characterized. The key problems of pricing are identified and a comprehensive
approach to the formation of pricing policy is proposed. It is substantiated that an
effective pricing strategy allows an enterprise to increase profits, improve
competitiveness and ensure sustainable growth.

Keywords: pricing, electronic commerce, foreign economic activity, pricing strategy,
competitiveness, risk, sustainable development.

1.8. Yevhenii Podakov MODERN FEATURES OF FORMING THE TOURIST IMAGE
OF UKRAINE IN THE CONDITIONS OF GLOBAL TRANSFORMATIONS

The topic of the study is relevant and promising for Ukraine both during the full-scale
invasion and in the post-war period. The state of the tourism industry affects the
development of the tourism industry as a whole, the creation of tourist services, other
key segments of the economy - transport, construction, communications, trade, etc. The
formation of a positive tourist image proportionally affects the improvement of the
investment attractiveness of the tourism industry and the increase, on this basis, in the
volume of investment in the specified sector of the economy. The study examines and
substantiates potential ways of forming the tourist image of Ukraine during the period
of recovery from the crisis. The results of the study allow us to expand our
understanding of the impact of crisis conditions on the tourism industry and develop
more effective strategies for forming a tourist image.

Keywords: tourism; branding; image; problems; directions; state support.

1.9. Iryna Khoma MODERN BASICS OF STRATEGIC MANAGEMENT OF THE
ENTERPRISE AT THE BIFURCATION POINT IN THE FACE OF BUSINESS
CONFLICTS

The problem is considered, which in the conditions of modern foundations of
economics and management is relevant and reveals the importance of strategic
management of the enterprise at the point of decision-making in conditions of business
conflicts. The mechanism of strategic management of an enterprise at a bifurcation
point in conditions of uncertainty and the emergence of various conflict situations can
be made more effective if it is structured according to clearly identified elements of the
system.

Keywords: enterprise, strategic management, bifurcation point, business conflicts,
decision-making.

CHAPTER 2. INNOVATIVE AND MODERN FOUNDATIONS OF PEDAGOGY
AND PSYCHOLOGY

21. Nadiia Borysenko ETHNODESIGN AS A PREREQUISITE FOR THE
FORMATION OF ENVIRONMENTAL COMPETENCE OF LEARNERS

The theoretical foundations of environmental education of students in profile secondary
school and the role of the technological educational field in fostering an
environmentally responsible personality are revealed. The significance of ethno- and
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eco-design as a means of harmonizing human-nature relations, preserving national
cultural heritage, and maintaining ecological traditions is analyzed. The pedagogical
potential of studying the technique of weaving from pine roots in technology lessons
and the results of a survey of technology teachers regarding the implementation of
project-based activities in the educational process are highlighted.
Keywords: ethnodesign, environmental competence, profile secondary school,
technology lessons, pine root weaving.
2.2. Nataliia Burchak, Vitalii Sheiko, Denys Sutormin HEALTH-SAVING
TECHNOLOGIES AS A COMPONENT OF SUSTAINABLE DEVELOPMENT OF
THE EDUCATIONAL PROCESS
Health-saving technologies are an integral part of the modern pedagogical system,
which is determined by its ability to provide somatic and psychological comfort for all
participants in the educational process. The problem of integrating health-saving
technologies into the educational process as a sign of sustainable development of
education is based on the principles of advocacy, professional development,
implementation in the curriculum and involvement of communities, teaching staff and
school institutions to create a favourable educational environment for the health and
well-being of students.
Keywords: health-saving technologies, educational process, sustainable development,
health and well-being of students, sustainable development of the educational process,
age-specific characteristics of the schoolchildren's organism.
23. Inna Marynchenko PEDAGOGICAL SKILLS OF A TEACHER OF
TECHNOLOGICAL EDUCATION IN FORMING READINESS FOR TEACHING
PROJECT ACTIVITIES WITH A MATHEMATICAL COMPONENT
The relevance of the topic is determined by the fact that the successful organization of
project activities in the technological educational field requires a high level of
mathematical competence from the teacher as a fundamental condition for planning,
modeling and evaluating educational projects. The purpose of this work was to identify
the key components of the mathematical competence of a teacher of the technological
educational field, which are necessary for organizing project activities of students in
general secondary education institutions, as well as to determine the level of readiness
of teachers of this field for its implementation. At the ascertaining stage, arithmetic,
geometric and modeling components were identified, which form a holistic system of
mathematical readiness of a teacher of the technological educational field, combining
computational skills, spatial thinking and modeling ability. 16 experts were involved in
the study, who assessed the importance of mathematical skills necessary for organizing
students' project activities. At the formative stage of the experiment, the sample
consisted of 242 teachers of the technological and natural sciences. The arithmetic mean,
Kendall's concordance coefficient, Spearman's coefficient, Wilcoxon-Mann-Whitney test
and Pearson's x? test were used to analyze the data, which provided an objective
assessment and the ability to compare results in different groups of teachers. As a result
of the study, key components of readiness were identified: cognitive (knowledge of
methods and technologies), practical (ability to organize projects and apply digital
technologies) and motivational-value (interest in developing students' creativity). The
344



Collective Monograph Publishing House NES s.r.o.,
Nova Dubnica, Slovak Republic

teacher's mathematical competence includes arithmetic, geometric, modeling and
analytical-statistical skills. According to the results of expert assessment, 16 key skills
with a high average rating were identified. The concordance coefficient W=0.872
indicates the consistency of the experts. Assessment of the level of mathematical
competence of teachers showed that most participants have a sufficient level of basic
competence (79% overcame the 50% barrier). Correlation analysis of the arithmetic,
geometric and modeling components demonstrated the absence of dependence between
them. Analysis by work experience showed that teachers with more than 30 years of
experience have a statistically higher level of mathematical competence, while the type
of higher education does not affect the test results (x?=1.185 < critical 9.488). The
practical significance of the study is that the results obtained can be used as a scientific
basis for improving the organization and content of in-service training programs for
teachers in the technological education sector.

Keywords: educational measurements, pedagogical competence, testing, expert
assessment, advanced training, differentiated learning, professional experience.

24. Iryna Pinchuk, Kyrylo Ponomarenko, Guo Yiqing SOCIAL-ORIENTED
EDUCATION AS A MEANS OF DEVELOPING THE INNOVATIVE RECEPTIVITY
OF FUTURE TEACHERS

The article reveals the theoretical and practical foundations of socially oriented learning
as a factor in the development of innovative receptivity in future teachers. It
substantiates the importance of social interaction, cooperation, and reflective activity in
preparing future educators to implement educational innovations. The potential of
socially oriented learning as an environment for the formation of innovative thinking,
professional flexibility, and creative pedagogical activity is characterized.

Keywords: socially oriented learning, innovative receptivity, future teachers,
professional training, educational innovations.

2.5. Serhii Pishun INNOVATIVE AND MODERN PRINCIPLES OF THE
DEVELOPMENT OF PEDAGOGICAL SCIENCE

This article explores the innovative and contemporary principles of pedagogical science
development within the context of educational transformation and social challenges.
The article substantiates the role of innovations as a systemic factor in the
modernisation of the pedagogical paradigm. The focus is on interdisciplinary
integration, digitalisation, and the humanistic orientation of modern pedagogy. The
influence of modern scientific concepts on educational practice is also discussed. The
relationship between pedagogical theory and educational practice is emphasised.
Keywords: innovative principles, methodological basis, pedagogical science.

2.6. Roman Filiak STANDARDIZATION OF THE CONTENT OF ART SCHOOL
ACTIVITIES AS A TOOL FOR ENSURING THE QUALITY OF PRIMARY ART
EDUCATION

The article analyzes the role of standardization of educational content as a key
mechanism for improving the quality of education in art schools. The structure of
modern educational programs and their impact on the effectiveness of the educational
process are considered. The author argues that the introduction of unified standards
allows not only to unify the requirements for students' knowledge and skills, but also to
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create a transparent system for assessing the quality of work of out-of-school art
education institutions. Special attention is paid to the balance between regulatory
requirements and the preservation of the teacher's creative individuality.

Keywords: art school, standardization, quality of education, primary art education,
educational programs, competencies.

CHAPTER 3. SCIENTIFIC VIEWS ON LAW AND HISTORY

3.1. Oleh Morozov FROM THE HISTORY OF FISCAL ACTIVITIES OF CUSTOMS
OFFICES IN UKRAINIAN PROVINCES (SECOND HALF OF THE XVIII - EARLY
XX CENTURIES)

The purpose of the study is to conduct a comprehensive analysis of the fiscal activities
of customs authorities in the Ukrainian provinces of the Russian Empire from the
second half of the 18th to the early 20th century. The study examines the socio-
economic and international legal aspects that influenced the performance of fiscal tasks
by customs authorities during that period. Various factors that influenced the
profitability of customs offices are analyzed. Elements of fiscal control are
reconstructed, and the profitability of customs institutions is determined with the help
of archival documents. The conclusions prove that the results of the fiscal activities of
customs offices depended on the overall level of economic relations, the activity of
entrepreneurs, and the development of the consumer market. The strategic importance
of Ukraine in the foreign trade and customs policy of the empire is proven.

Keywords: customs revenues, foreign trade, customs tariff, customs duties, economy,
transit, smuggling, international law.

CHAPTER 4. IMPROVEMENT OF SCIENTIFIC APPROACHES TO THE
DEVELOPMENT OF PHYSICO-MATHEMATICAL AND TECHNICAL
DIRECTIONS

4.1. Tetiana Kulik MECHANICS OF FORMING HOLLOW PRODUCTS FROM
TUBES TO ACHIEVE OPTIMAL QUALITY AND INTERCHANGEABILITY:
STRESS-STRAIN STATE AND KINEMATICS

A mechanical concept of neck formation in tubular workpieces by rotary friction
spinning is formulated. The process is considered as a non-stationary
thermomechanically coupled problem with a moving plastic deformation zone and a
three-dimensional stress state. The regularities of contact stress formation are
established taking into account friction, temperature, and accumulated plastic strain.
The mechanism of wall thickness variation is substantiated and the conditions of
technological stability of the process are determined.

Keywords: rotary friction spinning; neck formation; contact stresses; stress-strain state;
thermomechanical processes; technological stability.

4.2. Tetiana Kulik MECHANICS OF FORMING HOLLOW PRODUCTS FROM
TUBES TO ACHIEVE OPTIMAL QUALITY AND INTERCHANGEABILITY:
MECHANICAL CONDITIONS FOR QUALITY OPTIMIZATION

The paper considers the mechanical prerequisites for ensuring geometric accuracy and
interchangeability of hollow products manufactured from tubes by spinning forming.
The decisive influence of the stress-strain state on the neck profile, wall thickness
stability, and the level of residual stresses is demonstrated. The role of kinematic, force,
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and thermomechanical parameters in quality formation is analyzed. A system of
mechanical constraints for dimensional reproducibility is formulated.

Keywords: spinning forming; stress-strain state; geometric accuracy; wall thickness;
interchangeability.

CHAPTER 5. THEORETICAL, METHODOLOGICAL AND HISTORICAL ASPECTS
OF THE ATHLETE TRAINING SYSTEM

5.1. Tetiana Maleniuk HISTORICAL ASPECTS OF THE DEVELOPMENT OF
GYMNASTICS IN THE WORLD AND IN UKRAINE (USING THE EXAMPLE OF
KIROVOGRAD REGION)

The development of gymnastics began in the 8th century BC. National gymnastic
systems had a powerful influence on the development of gymnastics. Men's gymnastics
has been represented in the program of the Olympic Games since 1896, and women's
gymnastics since 1928. Before the declaration of independence of Ukraine, Ukrainian
gymnasts won 34 Olympic awards. Since 1996, Ukrainian gymnasts have won 13
Olympic awards. Gymnasts of Kirovograd region have won 7 Olympic awards of
various kinds.

Keywords: artistic gymnastics, national gymnastic systems, Olympic sport, Ukraine,
Kirovograd region, Olympic awards, medalist athletes.

5.2. Viktoriia Babalich MODERN APPROACHES TO THE PHYSICAL TRAINING
OF VOLLEYBALL PLAYERS BASED ON CALISTHENICS

The paper substantiates the feasibility of using calisthenics in the training process of
volleyball players. An experimental physical training program incorporating
calisthenics elements was developed and tested, aimed at improving the physical
capacities of volleyball players. The positive effect of the proposed experimental
program on athletes” physical fitness indicators was demonstrated.

Keywords: calisthenics, physical training, volleyball players, physical qualities, training
process.

5.3. Halyna Panchenko FORMATION OF TEAM COHESION AS A COMPONENT
OF TRAINING OF YOUNG VOLLEYBALL PLAYERS AT THE STAGE OF
PRELIMINARY BASIC TRAINING

The study is devoted to the problem of forming team cohesion. The key factors
influencing the formation of team cohesion in sports are considered. The level of team
interaction of young volleyball players aged 11-13 is determined. The program for
forming team cohesion of young volleyball players aged 11-13 is presented.

Keywords: team cohesion, sociometric status, young volleyball players aged 11-13.

5.4. Sergiy Sobko FORMATION OF TECHNICAL SKILLS OF YOUNG FOOTBALL
PLAYERS AT THE INITIAL STAGE OF MULTI-YEAR TRAINING

An analysis of the characterological features of the formation and development of
technical skills of young football players at the initial stage of multi-year training was
made. Using normalized scales, the levels of technical preparedness of young football
players at the initial stage were determined. A program for the formation of technical
skills of young football players at the initial stage of multi-year training was developed
and its effectiveness was experimentally proven.

Keywords: technical skills, initial stage, young football players, training program.
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5.5. Sobko Nataliya PROGRAMMING OF THE PRE-COMPETITION CYCLE OF
ATHLETES OF SPECIALIZED BASIC TRAINING IN COMBAT SAMBO

An analysis of literary sources on the features of competitive activity and pre-
competition training in martial arts was carried out. A program (pre-competition
mesocycle) for training combat sambo athletes for the main competitions of the season
was developed and implemented. The effectiveness of the specified program was
proven by analyzing the results of their performance in competitions.

Keywords: athletes, pre-competition mesocycle, program, combat sambo.

CHAPTER 6. Serhii Onyshchenko THEORETICAL ASPECTS OF IMPLEMENTING
CLOUD TECHNOLOGIES IN THE EDUCATIONAL PROCESS OF TRAINING
FUTURE ENERGY INDUSTRY SPECIALISTS

This section of the collective monograph examines digital educational technologies,
which have taken an important place in modern society and have become one of the
fundamental aspects of improving and optimizing the educational process of training
future specialists in the energy industry. The emergence of new technical means has led
to the emergence of new approaches in education, new forms and methods in teaching.
The informatization of education has laid the foundation for the transition of the
educational process to a new level. The main task of this process is to train specialists
who will be in demand in the labor market, fluent in digital technologies, as well as
ensuring continuous training and advanced training through e-learning. In the modern
world, digital technologies act not only as a tool, but also as an environment that opens
up new opportunities: learning at any convenient time, continuous education, the
ability to create individual educational routes, as well as the transformation of
consumers of electronic resources into their creators.

The most important tool in the educational process associated with digital technologies
is cloud technologies. They are an environment for storing and processing information
that combines hardware, licensed software, communication channels and technical
support for users. These technologies are based on cloud computing, which is a form of
distributed data processing, where computer resources and capabilities are provided to
users in the form of Internet services.

Cloud technologies can be defined as a general term for data processing technologies
that provide computer resources to Internet users in the form of online services. They
create a convenient environment for storing and processing information. The use of
"clouds" is aimed at reducing costs and increasing the efficiency of enterprises. One of
the key characteristics of cloud technologies is their independence from the hardware
platform and geographical location. It is the implementation of cloud technologies that
can optimize the educational process of training future specialists in the energy
industry, simplify the assessment of educational achievements and create conditions for
self-assessment of applicants regarding the assimilation of educational material.
Keywords: digital technologies, cloud technologies, vocational education,
digitalization, digital competence, multimedia tools, cloud services.
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Ukraine

1.5. Olena Karpii - PhD in Economics, Associate Professor, Associate Professor of the
Department of Marketing and Logistics, Lviv Polytechnic National University, Ukraine
Nataliia Mykhailyk - PhD in Economics, Associate Professor, Associate Professor of
the Department of Marketing and Logistics, Lviv Polytechnic National University,
Ukraine

1.6. Olha Podra - PhD in Economics, Associate Professor, Associate Professor of the
Department of Foreign Trade and Customs, Lviv Polytechnic National University,
Ukraine

Nataliia Petryshyn - PhD in Economics, Associate Professor, Associate Professor of the
Department of Foreign Trade and Customs, Lviv Polytechnic National University,
Ukraine

1.7. Nataliia Petryshyn - PhD in Economics, Associate Professor, Associate Professor of
the Department of Foreign Trade and Customs, Lviv Polytechnic National University,
Ukraine

Olha Podra - PhD in Economics, Associate Professor, Associate Professor of the
Department of Foreign Trade and Customs, Lviv Polytechnic National University,
Ukraine

1.8. Yevhenii Podakov - Doctor of Economics, Associate Professor, Associate Professor
of the Department of Economics, Hotel, Restaurant and Tourism Business, Bohdan
Khmelnytskyi Melitopol State Pedagogical University, Melitopol, Ukraine

1.9. Iryna Khoma - Doctor of Economic Sciences, Professor, Professor of the
Department of Finance, Lviv Polytechnic National University, Ukraine
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Vitalii Sheiko - Dr.Sc. (Biology), Professor, Professor of the Department of General
Biology and Methods of Teaching Natural Sciences, Volodymyr Hnatyuk Ternopil
National Pedagogical University, Ukraine

Denys Sutormin - Teacher of Chemistry and Biology, Kyiv Professional College with
Enhanced Military and Physical Training, Ukraine

2.3. Inna Marynchenko - Candidate of Pedagogical Sciences, Associate Professor,
Associate Professor of the Department of Technological and Vocational Education,
Oleksandr Dovzhenko Hlukhiv National Pedagogical University, Ukraine

24. Iryna Pinchuk - Doctor of Pedagogical Sciences, Professor, Professor of the
Department of Pedagogy and Psychology of Primary Education, Oleksandr Dovzhenko
Hlukhiv National Pedagogical University, Ukraine

Kyrylo Ponomarenko - Postgraduate Student of the Third (Doctor of Philosophy) Level
of Higher Education, 3rd year of the Specialty 073 Management, Oleksandr Dovzhenko
Hlukhiv National Pedagogical University, Ukraine

Guo Yiqing - Postgraduate Student of the Third Level (Doctor of Philosophy) of
Higher Education, 2nd year of the Specialty 011 Educational, Pedagogical Sciences,
Oleksandr Dovzhenko Hlukhiv National Pedagogical University, Ukraine

2.5. Serhii Pishun - Cadidate of Pedagogical Sciences, Associate Professor, Associate
Professor of the Department of Primary Education Pedagogics and Psychology,
Oleksandr Dovzhenko Hlukhiv National Pedagogical University, Ukraine

2.6. Roman Filiak - Postgraduate Student, Mukachevo State University, Ukraine
CHAPTER 3. SCIENTIFIC VIEWS ON LAW AND HISTORY

3.1. Oleh Morozov - Doctor of Historical Sciences, Associate Professor, Head of the
Department of History and Theory of State and Law, University of Customs and
Finance, Dnipro, Ukraine

CHAPTER 4. IMPROVEMENT OF SCIENTIFIC APPROACHES TO THE
DEVELOPMENT OF PHYSICO-MATHEMATICAL AND TECHNICAL
DIRECTIONS

4.1.,4.2. Tetiana Kulik - PhD in Technical Sciences, Associate Professor, LLC Technical
University “METINVEST POLYTECHNIC”, Zaporizhzhia, Ukraine

CHAPTER 5. THEORETICAL, METHODOLOGICAL AND HISTORICAL ASPECTS
OF THE ATHLETE TRAINING SYSTEM

5.1. Tetiana Maleniuk - Candidate of Science of Physical Culture and Sport, Associate
Professor, Associate Professor of the Department of Theory and Methods of Sports,
Central Ukrainian State University named after Volodymyr Vinnichenko,
Kropyvnytskyi, Ukraine
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5.2. Viktoriia Babalich - Candidate of Pedagogical Sciences, Associate Professor,
Associate Professor of the Department of Theory and Methods of Sports, Central
Ukrainian State University named after Volodymyr Vinnichenko, Kropyvnytskyi,
Ukraine

5.3. Halyna Panchenko - Candidate of Pedagogical Sciences, Senior Lecturer of the
Department of Theory and Methods of Sports, Central Ukrainian State University
named after Volodymyr Vinnichenko, Kropyvnytskyi, Ukraine

5.4. Sergiy Sobko - Candidate of Pedagogical Sciences, Associate Professor, Associate
Professor of the Department of Sports Games and Mass Sports, Central Ukrainian State
University named after Volodymyr Vinnichenko, Kropyvnytskyi, Ukraine

5.5. Nataliya Sobko - Candidate of Science of Physical Culture and Sport, Associate
Professor, Associate Professor of the Department of Theory and Methods of Sports,
Central Ukrainian State University named after Volodymyr Vinnichenko,
Kropyvnytskyi, Ukraine

CHAPTER 6. THEORETICAL ASPECTS OF IMPLEMENTING CLOUD
TECHNOLOGIES IN THE EDUCATIONAL PROCESS OF TRAINING FUTURE
ENERGY INDUSTRY SPECIALISTS

4.1., 4.2. Serhii Onyshchenko - PhD in Pedagogical, Associate Professor, Associate
Professor of the Department of Professional Education and Technologies, Berdyansk
State Pedagogical University, Ukraine
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