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BCTVII

AKTyaJbHicTb TeMHu. [l cydyacHOro MammHOOYIyBaHHS HaA3BUYAHO
BaXJIMBHUM € YJIOCKOHAJICHHS ICHYIOUHX 1 pO3p00Ka HOBUX TEXHOJIOT1H BUTOTOBJICHHS
neTanel, siki 0 3abe3nedyBaid BUCOKY MPOIYKTHBHICTH 3 MIHIMAJIbHUMHU 3aTpaTaMH
MaTepiajbHUX, TPYNOBUX Ta EHEPreTUYHUX PECYpPCIiB, @ TAKOXK BHUCOKY SKICTb
BUpOOiB. OTHUM 13 MEPCHEKTUBHUX HAMPSIMKIB 0OPOOKH METaliB TUCKOM € MPOLIECH
JUCTOBOTO ILUTAaMIyBaHHs, 3a JOINOMOIOI0 SIKMX, MOYKHa OTpPUMYBaTH TOYHI, 3
BUCOKMMH €KCIUTyaTallliHUMU Ta MEXaHIYHUMHU BJIACTUBOCTAMHM, BHpooOu. [lo
(OpMOYTBOPIOIOYHMX HIMPOKO PO3MOBCIOKEHUX MPOLIECIB JIUCTOBOTO IITAMITyBaHHS
BIJIHOCUTBCS B1IOOPTYBaHHS OTBOPIB B JIMCTOBUX 3aroTOBKax 1 Mpodiisix, B
pe3ynpTaTi SKOTO 3a JOMOMOIOI0 IJIAaCTU4YHOI JedopMaliii BUXIIHOI 3aroTOBKH
YTBOPIOETHCSI TOPJIOBHHA, KA HEOOX1AHA Ul 3’€JHAHHS 3 IHIIUMHU JETalsIMH 3a
JIOTIOMOTOI0 Pi3b0H, PO3BAJIBIIFOBAHHS Ta 3BAPIOBAHHS.

[Tpu TpanuuiiHoMy BiZOOPTYBaHHI JIMCTOBUX 3arOTOBOK 3 OTBOPOM CTIHKA
TOPJIOBUHU 3aBX/AM IOTOHUIYETbCS 1 Ma€ HEIUIOCKUH TOpellb, IO IOTIpIIye
MEXaHIYHI Ta eKCIUTyaTalliiHI BJIACTUBOCTI aetaii. [ 3MEHIICHHS MOTOHIICHHS
BUKOPHCTOBYIOTh CIOCOOM B1IOOpPTYBaHHS 3aroTOBOK 3 OTBOpaMH 3 YaCTKOBHM
HabopoM MeTaly B ocepenky aAedopmarii. TomMy akTyalbHOIO 3ajlauelo €
pO3po0IeHHS CIOCO0y OTpPUMaHHS TOPJOBUH NUIAXOM NPOMUIIOBAHHS BHXITHUX
3aroToBOK 3 (POPMOYTBOPEHHSM IOPOXHUHHM BUIABIIOBAaHHAM 3 HACTYIHHUM
NpOOMBAHHIM TMEPEMUYKH TiJ MOoAaibllie BIAOOPTYBaHHS, SKUW 3a0e3neuye piBHY
CTIHKY  HEOOXIHOi  TOBINIMHM Ui 3 €JIHAHHA  JeTajlled  3BapIOBAHHSAM,
PO3BaJIBIIOBAHHSM, 3a JOTIOMOTOI0 PI3b0H, 110 B CBOIO YEPTY IiJBUIIUTH MEXaHIYHI
Ta EeKCIUTyaTaliiiHi BJIACTUBOCTI KOHCTPYKLIA 1 3MEHIIEHHS BHUTpaT MeETaly.
Bukopucrtanss 3npo@iibOBaHUX 3arOTOBOK CIPHUSE MOKPALIEHHIO MaKpOCTPYKTypHU
B1JI0OPTOBAHUX BUPOOIB Ta XapaKTEPUCTUK MILIHOCTI, IO 103BOJISIE€ 3aMIHUTH JIOPOTi
MapKyd MeTaly Ha OuUTbII JemieBl 0e3 3MIHM CIyOOBHX BJIACTUBOCTEH BHUPOOIB 1

BUKJIIOUUTH  MOJAJbILy TepMidyHy o00poOky. OTpumaHi BUpPOOM  HIMPOKO
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BUKOPHUCTOBYIOTHCSI B MAaIIMHOOYA1BHIM, MpUiaano0yIiBHINA, 000pOHHIM, XIMIUHIN Ta
XapyoBil TaTy3sx.

OzHi€r0 3 BUMOT MPOMUCIIOBOCTI B TETEPIIIHIM Yac € onepaTUBHE 1 eheKTUBHE
BIIPOBA/PKCHHS B BUPOOHUIITBO CY4aCHUX METO/IB 0OpOOKH MeTaiB TUCKOM. OJIHAK,
TEXHOJIOT1S BIAOOPTYBaHHA 3MPOQiIbOBAHUX JHCTOBUX 3arOTOBOK MPOEKTYETHCA HA
OCHOBI EKCHEPUMEHTAJIbHUX JaHUX Ta BUPOOHUYOMY JOCBiAl, BIACYTHI JaHI IO
CHWJIOBUM pPEXKHUMaM J1e(QOpMYyBaHHs, HaIpPyKEHO-1e(POPMOBAHOMY CTaHy 3aroTOBOK
npu  (GOpMOYTBOpPEHHI TOPJOBUH 3 NpOQiIbOBAHUX 3aroTOBOK, IO MOTpeOye
CTBOPEHHSI MaTEMaTUYHUX MOJEJIEH 3 BUKOPUCTAHHAM CyYaCHUX YMCEIbHUX METO/IIB
pO3paxyHKy Ta iX JOCHIJKEHHS. TaKoX BiICYTHI 1H)KEHEPHI METOAUKU PO3PaXyHKY
napaMeTpiB BiAOOpTyBaHHS 3MpPOQUILOBAHHUX 3aroTOBOK Ta JaHI MO BIUIMBY
KOHCTPYKTHUBHUX 1 TEXHOJOTIYHMX (aKTOpiB HA BKazaHWil mponec. OnepaTtuBHE
BU3HAUEHHS MapaMeTpiB TEXHOJIOTIYHUX IMPOLECIB KOMIT IOTEPHUMH METOJaMU
3a0e3neuye HEOOXIJIHI YMOBH JUISl iX HIBUJKOTO 1 €(EeKTUBHOIO BIPOBAIKEHHS B
BUPOOHUIITBO Ta CTBOPEHHS KOHKYPEHTOCIPOMOXKHOI mpoaykmii. Tomy Ttema
TUcepTaliitHoi poOOTH, sika HalpaBjeHa Ha: PO3POOJICHHS CIOCO0y BiIOOPTYBaHHS
NOMNEePEIHbO 3MPOPITLOBAHUX 3arOTOBOK INLIAXOM (OPMOYTBOPEHHSI TMOPOKHUHU
BUJIABJIIOBAaHHSIM; BCTAHOBJICHHS BIUIMBY KOHCTPYKTMBHUX, TEXHOJOTIYHHUX Ta
b13uKo-MexaHiuHuX  (AaKTOpIB  HA  MPOIEC  BIIOOPTYBaHHSA  TOIMEPEIHBO
3n1po(UTbOBAaHUX 3ar0TOBOK; BH3HAYEHHS MapaMmeTpiB, 110 3abe3nedyaTh HEOOXiAHI
dbopMmy 1 TOUHICTH BHUPOOIB 3 MPOTHO30BAHMMH BIACTHUBOCTSIMHU; PO3POOIEHHS
1H)KEHEPHOI METOJUKH PpO3paxyHKy IapaMeTpiB MONEePEeAHbOro MpodiIroBaHHA
3arOTOBOK Ta MOJIAJIBIIOTO BiAOOPTYBAHHS, € aKTyaJIbHOIO.

3B’f130Kk po0OTH 3 HAYKOBHMMH MNpOrpaMaMu, IJIAHAMH, TeMaMHU.
[IpoBeneHHs IOCTIKEHb AUCEPTAIIiHOI poOOTH TMOB’sI3aHE 3 JEPKOIOHKETHUMHU
HayKOBO-nochaiaaumu  podortamu (HJIP), siki BUKOHYBaJvcsi 1 BUKOHYIOTHCS B
HauionansHOMYy TeXHIYHOMY YHiBepcuTeTi YKpaiHu «KUiBChKMI MOMITEXHIYHUMA
IHCTUTYT» Ha Kadeapl MEXaHIKU IJIACTUYHOCTI MaTepiaiiB Ta pecypco30epiratounx
nporueciB: HJIP 0111U001581 tema Ne 2446m «Po3poOka KOHCTPYKIIiH IMITAMIIOBOTO

OCHAIIIEHHS JJIs peali3alii IUlacTu4Hoi jJedopmalii B Mpolecax XoJOAHOTO
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JUCTOBOTO 1 OO0 €MHOI0 INTaMITyBaHHS 1 OTpPUMaHHS BHUPOOIB 3 IiJABUIIECHOIO
HamiiHIcTIO 1 goBroBiuHicTION; HJP 0113U001854 Tema Ne 2646m «lligBumeHHS
IPOAYKTUBHOCTI BUTOTOBJICHHS Ta SIKOCTI BUPOOIB B (JOPMOYTBOPIOIOUMX IpOLIEcax
XOJIOZIHOTO JIMCTOBOIO INTaMIyBaHHsS». B HaBeneHux poOOTax aBTOp MNpUNMaB
y4acTh SIK BUKOHABEIIb.

Mera i 3aga4i gocaimkenb. MeToro poOOTH € BU3HAUYEHHSI KOHCTPYKTUBHUX,
TEXHOJIOTIYHUX Ta (I3UKO-MEXaHIYHUX IapaMeTpiB, 3a JOMOMOTOI SKHUX MOXKHA
Oyno 0 oTpuMyBaTH BUpOOH O€3 MOTOHIICHHS CTIHKU 3 MPOTHO30BAHOIO TOYHICTIO 1
po3MmipamMu B IIpoliecax BiIOOPTYBaHHS KPYIJIUX OTBOPIB Yy IOIMEPEIHBO
3Mpo(iTbOBAaHUX 3arO0TOBKAX.

JUis OCSTHEHHS TMOCTaBIEHOI METH B POOOTI MOCTaBJIEHI Ta BHUPIIIEHI
HACTYITHI 3aja4i:

1. Ha ocHOBI aHaITUYHOTO OTJISAY HAYKOBO-TEXHIYHOI JIITEpaTypH Ta aHAI3y
ICHYIOUHMX CIIOCOOIB BIJIOOPTYBaHHS KpPYIVIMX OTBOPIB y JIMCTOBUX 3aroTOBKaXx,
po3poOutu cnocid BiAOOPTYBaHHS, KM 3a0e3nedye OTpUMaHHS 31e(pOpPMOBAHOI
YaCTUHU 3 TIOCTIHHOIO TOBIIMHOIO CTIHKK 10 JOBXHHI Ta 0€3 BHUKPHUBICHHS
WTHIPUYHOT YaCTHUHH.

2. Po3poOuTH METOAMKY TEOPETUUYHHUX Ta EKCIEPUMEHTAIBHUX TOCIIIKEHb
nmpoiieciB  mpo(iIIOBaHHA 3aroTOBKM Ta 11 TOMAJBIIOTO BiAOOPTYBaHHS IS
BU3HAUEHHS TTapaMeTpiB, 10 BIUTUBAIOTH HA JIaHi MPOLIECH.

3. MertonoM cHoiibHOTO PO3B’S3KY HAOMMKEHUX AUGEPEHIIHHUX PIBHIHB
pIBHOBaru 3 YMOBOK IUIACTMYHOCTI OTPUMATH AaHAIITUYHI 3aJ€KHOCTI IS
1HKEHEPHUX PpO3pPaxyHKIB MapaMeTpiB MOMNEPEeIHbOT0 MPOQIIIOBAHHS JUCTOBUX
3arOTOBOK XOJIOJIHUM BHJIABIIIOBAHHSIM KOHYCHHUM ITyaHCOHOM Ta IOAAJIbLIOTO
B1JI0OPTYBaHHS OTBOPIB y BKa3aHUX 3arOTOBKAX.

4. Po3pobuTH CKIHYEHHO-EJIEMEHTHI MaTeMaTH4YHI MOJIEN BICECUMETPUYHOTO
B1JI0OPTYBaHHS OTBOPIB B TPAAUIIIHUX Ta MOMEPEAHBO 3MPO(UTHOBAHUX 3arOTOBKAX,
K1 BPaxOBYIOTh KOMIUIEKCHUM BIUIMB KOHCTPYKTHUBHHUX, TEXHOJOTIYHUX Ta (D13UKO-

MeXaHIYHUX (PaKTOpiB, 10 BIUTMBAIOTh HA (POPMOYTBOPEHHS BUPOOIB.



10

5. Po3paxyHKkOBMM UUISIXOM BHU3HAQYUTH BIUIMB TE€OMETPUYHOI (popmu
MyaHCOHIB, PaJilyCiB 3a0KPYTJIECHHS MaTpHIll Ta BITHOCHOI TOBIIMHM 3arOTOBKH Ha
BEJIMUMHY 3YCHIUIS JeopMyBaHHA, pO3MOJIT MUTOMHUX 3yCUIIb Ha JAePOpMYyIH0OUOMY
IHCTpYMEHTI Ta HaIpy>KeHo-Ie(opMOBaHUN CTaH 3aroTOBOK IMpH BiAOOPTYBaHHI
OTBOPIB y TOMEpeaHbo 3mpodinboBaHiii 3arotoBii. BcranoButu sKicTh BUPOOIB
IUIIXOM BU3HAYEHHS KIHIEBOI reoMeTpHYHOI (GOopMH Ta po3MipiB BiAOOPTOBAHUX
YaCTHUH, 3MII[HEHHS MeETally Ta CTYMiHb BUKOPUCTAHHS PECYpCy IJIACTUYHOCTI
31e(OpPMOBAHOTO METAIY.

6. IlpoBecTn eKcliepUMEHTaNbHI  JOCHIDKEHHS IS TJATBEPKEHHS
aJIeKBaTHOCTI PE3YJIbTATIB PO3PAXYHKIB IO OTPUMAHUX aHATITHUHUX 3AJIEKHOCTSIX Ta
PO3p00IEHUX CKIHUEHHO-EJIEMEHTHUX MOJIEIISX.

7. Po3poOutu pekoMeHaallii mo MPOEKTYBaHHIO TEXHOJOTii 1 IITaMIIOBOTO
OCHAILIEHHS JUIs TIONEPEelIHbOT0 MPO(UIOBAaHHS 3arOTOBOK Ta IMOAAJBIIOrO
BIIOOPTYBaHHS, BIPOBAJUTH Y BUPOOHMIITBO TEXHOJOTIYHI TMPOIECH IO
B1JI0OPTYBAaHHIO OTBOPIB y MOMEPEAHBO 3NPO(UIILOBAHUX 3ar0OTOBKAX.

O0'ext pocaimkennsi. Ilponiecu BIZOOPTYBaHHS KPYIJIMX OTBOPIB Y
TpaJMIIiiHIN Ta nonepeaHko 3npodiIbOBaHIN JIMCTOBIN 3arOTOBILI.

IIpeamer pocaigxenHs. KOHCTpYKTHBHI, TEXHOJOTIYHI Ta (hi3MKO-MEXaHIuHI
napamMeTpH TPOIECiB BiIOOPTYBaHHs, iX KOMIUIEKCHUI BIUIMB Ha CHJIOBI PEXKUMH
(GbopMO3MIHU MeTaly Ta SIKICTh BUPOOiB.

Metoau pociaixkeHb. UncenbHl €KCIIEPUMEHTH MPOBENIEHI 3 BUKOPUCTAHHIM
Metony ckiHueHHuX enemeHTiB (MCE) Ta JiiieH30BaHOTO MakeTy mporpam
DEFORM. Jlnsi CTBOpEHHSI 1HXKEHEPHOI METOJMKH BHU3HAYEHHS MapaMeTpiB
B1IOOPTYBaHHS OTBOPIB y MOINEpPEAHBO 3MPO(]IbOBaHIN 3ar0TOBII BUKOPUCTAHUIMA
TEOPETUYHUIA METOJ CHIIBHOTO PO3B’SI3Ky HAOJIMKEHUX pPIBHSHb PIBHOBaru 3
YMOBOIO  IUIACTUYHOCTI. EKcrmepuMeHTanbHl  JOCHIKEHHS TPOBOJWIINCS B
BUPOOHMUUX 1J1a00paTOPHUX YMOBAX 3 BUKOPUCTAHHAM YHIBEPCAJIBLHOTO ITPECOBOIO
oOnaHaHHS, 3 3aCTOCYBaHHSM CIELIAJIbHO BUTOTOBJIEHOTO OCHAILEHHS.

HaykoBa HOBH3HA OTpHUMAaHMX pe3yabTaTiB. HaykoBy HOBHU3HY MaroTh

HACTYITHI pe3yJIbTaTH pOOOTH:
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1. Bmepmie, 3a [0MOMOrol0 METOIY CHUIBHOTO PO3B’S3KY HAOIMKEHUX
nudepeHIliiHUX pIBHSAHb PIBHOBarM 3 yMOBOIO IUIACTUYHOCTI, MPOBEJICHO aHai3
IPOLECY BJAABIIOBAHHS KOHYCHOTO IIYaHCOHY B JINCTOBY 3arOTOBKY. 3 ypaxyBaHHSIM
TEpPTS Ta 3MII[HEHHS METaly, OTpUMaHi 3aJeKHOCTI ISl BU3HAYEHHS HApPyKEHOTO
cTaHy B ocepenky naedopmariii, MHUTOMUX 3yCHJIb Ha IIyaHCOHI Ta 3YCHJUIS
BIABJIIOBAHHS [UIsI PO3paxyHKIB MapaMmeTpiB IMONEPETHBOTr0  MPO(LITIOBAHHS
3arOTOBKH IT1]T TTOAabIIIE BIIOOPTYBaHHS.

2. Bmepuie, 3 BUKOPHCTAHHSIM METOJY CHIIBHOTO PO3B’A3KY HaOIMKEHUX
nudepeHIliiHuX piBHAHL PIBHOBArd Ta YMOBH IUIACTUYHOCTI, OTPUMaH1 aHAJITUYHI
3aNIeKHOCTI Ui BU3HAYCHHS HAMPYKEHO-Ie(hOpPMOBAHOTO CTaHYy 3aroTOBKH Ta
3ycuiuist 1eopMyBaHHS MPH BIAOOPTYBAaHHI KPYTJIMX OTBOPIB KOHYCHUM ITyaHCOHOM
y MONepeaHbO 3MPO(PIIILOBAHUX JTUCTOBUX 3arOTOBKAX.

3. Orpumanu mnojaiblINil pO3BUTOK MaTemaTtuyHi mojeni Ha ocHoBi MCE
MpoIeCiB  BiAOOPTYBaHHsS KPYIJIMX OTBOPIB Yy TPAAMIINAHIA Ta TMONEPEIHBO
3npodiIbOBaHIA  JIMCTOBIA  3aroTOBIIl B HANpPSIMKY  BHUSIBJICHHS  BIUIMBY
KOHCTPYKTHUBHUX, TEXHOJOTIYHUX Ta (i3uKo-MexaHIYHUX (akTopiB Ha Gopmy 1
po3MipH 371e(OPMOBAHUX 3arOTOBOK, 3MIITHEHHS Ta CTYMIHb BUKOPUCTAHHS PECypCy
MJIACTUYHOCTI 3/1e()OPMOBAHOTO METAITY.

4. Bmepme mpu BiZOOPTYBaHHI OTBOPIB y MOMEPEIHBO 3MPO(IIILOBAHUX
3ar0TOBKAX BUSBIICHUH BIJIMB F€OMETPUYHOI ()OPMU MTyaHCOHIB, BiIHOCHOI TOBIIMHU
3arOTOBKM Ha HampyXKeHO-7e(hOpMOBaHUI CTaH B OCepenKy aedopmaliii, 3yCHUIUIs
B11I0OpTYBaHHs, (GopMy Ta po3Mipu 37ehOPMOBAHUX 3aroTOBOK 3 YpaxyBaHHSIM
HaKonuyeHux aedopmallii Ta HampyxeHb, sIKI OTpPMMaHl B 3aroTOBII Ha CTaii
1poG1IFOBaHHS XOJIOIHUM BH/IaBIIFOBAHHSIM.

JlocTOBIpHICTH 1 OOTPYHTOBAHICTh pPE3YJNbTATIB JUCEPTALIHHOT POOOTH
3a0€3MeUyEThCSI CTPOTUM BUKOPUCTAHHSM CYYaCHUX TOJIOKEHb TEOPIi TIIACTUYHOCTI
Ta PpyWHYBaHHS TIpU XOJIOJHIM TUIACTHMYHIM  nedopmarii; OOIpyHTYBaHHAM
MaTreMaTUYHUX Mojenerd 3 BUKOpUCTaHHAM MCE; y3romkeHHsAM OAepKaHUX Yy
poOOTI pO3B’A3KIB Ta OIIHOK 13 BIJIOMUMHU 3 JIITEpaTypyd Ta OTPUMAHMMH pPaHIIIe

€KCIIEPUMEHTAJbHUMU JaHUMH; MNPUUHATHOIO KUIBKICTIO PE3YJbTATIB 3 BUCOKOIO
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BIIMOBIJHICTIO TEOPETHYHHUX JIOCHIUKEHb Ta HATypHUX BUIPOOYyBaHb IIpHU
PpO3pOo0JICHH] TTPOIIECiB BiAOOPTYBAHHS.

IIpakTH4yHe 3HAYEHHS OTPUMAHMX pe3yabTaTiB. [IpakTuyHe 3HaYCHHS
MarTh HAaCTYIIHI pe3yJIbTaTH POOOTH:

1. Po3pobneHo HOBuil ciociO BiAOOPTYBaHHS KPYIVIUX OTBOPIB Y HOMEPEAHBO
31npodIbOBaHIN JTUCTOBIN 3aroTOBII, SKUN 3a0e3Meuye eKOHOMII0 MeTaly Ha CTajii
OTpPUMaHHS OTBOPY Ta OTPUMAaHHS IICIA BiIOOPTYBaHHA 3/1e(POpMOBaHOT YACTUHU
3arOTOBKH 3 MOCTIITHOIO TOBIIMHOIO 1 6€3 BUKPUBJICHHS.

2. Po3po6iieH1 1HXKEHEPHI METOJMKH PO3pPaxyHKy IapaMeTpiB IMONEPEIHbOTO
npo(diTIOBaHHA JIMCTOBUX 3aroTOBOK XOJOIHWM BHUIABIIOBAHHSAM KOHYCHHM
MyaHCOHOM Ta TNapaMeTpiB BIAOOPTYBaHHS OTBOPIB KOHYCHHM ITyaHCOHOM Y
3npodinboBaHii 3arotoBii. MeETOAMKH JO03BOJISIOTh HA CTajli MPOEKTYBaHHS
TEXHOJIOT1] Ta IITAaMIIOBOIO OCHAILIEHHS BU3HAYaTH MapaMeTpu 0e3 J0OMpalfOBaHHS
iX TPYJIOMICTKUMH 3 BEJIUKOIO BapTICTIO EKCIIEPUMEHTAIBHUMHU POOOTaMH.

3. BcraHoBi€HI KOHCTPYKTMBHI, TEXHOJOTIYHI Ta (PI3UKO-MEXaHIYHI
napaMeTpH, skl 3a0e3meuyroTh Micis BIOOOPTYBaHHSA  374€(OpPMOBAaHY YaCTUHY
3arOTOBKH 3 MOCTIHHOIO TOBUIMHOIO CTIHKU Ta 0€3 BUKPUBJICHHS.

4. Po3pobneHi pexkoMeHparii mo mpodiTOBaHHIO BHUXIJIHUX 3aroTOBOK 1
MOJANBIIOMY BiIOOPTYBaHHIO Ta 3allpPOIMOHOBAaHI TEXHOJIOTIYHI TMPOIECH Ta
KOHCTPYKIIIi IITAMIIOBOTO OCHAILICHHS MOCIIOBHOI JIii 4151 TpO(17IF0OBaHHS BUXITHUX
3aroTOBOK Ta IX MOAAJBIIOrO BiOOPTYBAHHS, IO A0 3MOTY MO€JHATH MPOLIECH
npodiIIOBaHHS 3arOTOBKH, TPOOMBAHHS MEPEMHUYKHU Ta B1AOOpTYyBaHHs. PesynbraTu
po6otu BripoBamxkeni B TOB “IIpatt Yitni [laton”, M. Kuis.

5. Pesynbratu poOOTH BHKOPUCTOBYIOTHCS B HaBuaimbHOMY mporieci HTYY
«KIII» B nekmiiHUX Kypcax, Npy BUKOHAHHI 0aKaJlaBpChbKUX 1 MaricTepchbKUX pooit
CTYJIEHTaMHU CriemiaibHOCTI «O0aHaHH Ta TEXHOJIOTIT TJIACTUYHOTO (POPMYBaHHS
KOHCTPYKI1{ MalluHOOYAYBaHHS.

OcoOuctuii BHecok 3100yBaua. Y jucepranii HE BUKOPUCTaHI 1J1€i
CHIBpOOITHHKIB, IO CHPHSUIM BUKOHaHHIO poOotu. [lpm mpoBeneHH! AOCTIIKEHD,

pe3yibTaTH SKUX OMYOJIKOBaHI B CHIBaBTOPCTBI, aBTOPOM JucepTallii 3AiiCHEH1
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pO3poOKa MaTeMaTUYHUX MOJENeH BIAOOPTYBaHHS TPATULIIMHUX Ta 3P0 1TIHOBAHUX
3arOTOBOK, aJITOPUTMIB, PO3pPaxyHKH Ta aHali3 MPOILECiB XOJOJHOI jaedopmariii
METaJliB 3 BUKOPUCTAHHSAM METOJIB KOMIT IOTEPHOTO MOJICNIOBaHHS, aHali3 1
y3araJibHEHHSl Pe3yJibTaTiB TEOPETUYHUX Ta EKCIEPUMEHTAIbHUX JOCIIIKEHb,
pO3poOKa TEXHOJIOTIT Ta OCHAIICHHS 1 BIIPOBAKEHHS PE3yJbTaTiB Y BUPOOHHUIITBO.

Anpobanis pe3yJbTaTiB gucepraunii. Marepianu auceprariii MoBiIOMJICHI i
o0roBopeHi Ha Mi>xkHapOJHUX HayKOBO-TeXHIUHMX KoHbepeHmisx: XIII mixkHapo1Hiii
HAyKOBO-TexHIuHIN KoHGepeHuii «I[IporpeccuBHas TexHuka U TexHOJIOTUA-2012»,
Kuis-CeBactonons, 2012p; III MbKHapoaHii HayKOBO-T€XHIUHIM KOH(EpeHIil
«TeopeTruHi Ta NpakTU4HI TpoOieMu B 00poOIll MarepiaidiB TUCKOM 1 SIKOCTI
daxoBoi ocBiTi», Kuis, 2012 p.; IV MixkHapoaHiil HAyKOBO-TeXHIYHIN KOH(peEpeHii
«TeopeTnuHi Ta NpakTU4HI TpoOieMu B 0O0poOIl MarepiaidiB TUCKOM 1 SIKOCTI
daxoBoi ocBiTi», Kuis, 2013 p.; XIV Mi>kHapoHIN HAYKOBO-TeXHIYHII KOHpEpeHLii
«IIporpeccuBHasi TEXHUKA, TEXHOJOTUS M HWHXXEHEpHOoe oOpazoBaHue», Kwuis-
CeBacrononib, 2013p. Kpim Toro momoBiai Mo Temi IucepTaiii JOKJIagaaucs Ha
3arajbHOYHIBEPCUTETCHKUX HAYKOBO-TEXHIYHUX KOH(EPEHINISAX MOJIOAUX BYCHHUX Ta
CTYJICHTIB, CceKilis «MamuHoOyayBaHHsS», Miacekiis «MexaHika TIaCTUYHOCTI
MaTepiaiiB Ta pecypcosbepirarouux mporieciy, 2011-2014pp.

Iy6aikanii. Marepianu nuceprtanii ony6JikoBaHo y 12 HaykoBUX Mparnsx, 3
HUX 5 cTareld B MPOBIAHUX (PaXxOBUX BUAAHHAX (3 sSKUX | BXOAUTH J0 0a3u JaHUX

SCOPUS), 1 marent Ykpainu Ha KOPUCHY MOJIEh Ta 6 T€3 JOTOBIIEH.
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PO3/I1I 1

CYUYACHUH CTAH JIOCJIXEHB I10 BIJIFOPTYBAHHIO OTBOPIB Y
JIMCTOBUX 3AT'OTOBKAX

1.1. CnocoOu BiZOOPTYBaHHS OTBOPIB Y JIMCTOBUX 3arOTOBKAaX

BinbopTyBaHHs € OJHIEIO 3 OMnepalliii JUCTOBOTO IITaMITyBaHHS, B pe3yJIbTaTi
AKOi 3a JIOMOMOTOI0 IUIACTHYHOI JedopMariii BHXITHOI IUIOCKOT 3arOTOBKH
YTBOPIOIOTH OOPT MO KOHTYPY IMONEPEIHbO MPOOUTOr0 B HIM OTBOPY abo Mo
30BHIIHBOMY KOHTYpy. Ilpomecu BiZOOpTYBaHHSI BIJAPI3HSIOTHCS XapaKTepoM
nedopmariii, CXeMOI HApPy>KEHOTO CTaHy 1 BUPOOHUYNM MIPU3HAYCHHSM.

BigbopTyBaHHs OTBOpIB SBJIsIE COOOI0 YTBOPEHHSI OOPTIB KPYroM IMONEpeIHbO
poOUTHX OTBOPIB (1HKOIM 6€3 HUX) a00 MO Kpar MOPOKHUCTUX JCTAJICH 32 paXyHOK
PO3TATYBaHHS METaly.

BinbopTyBaHHs 30BHIIIHKOTO KOHTYPY SIBJISI€E COOOI0 YTBOPEHHS HEBHCOKUX
OOpTIB MO 30BHIIIHBOMY KPHUBOJIIHINHOMY Kpar 3aroTOBOK, SIKE BHUKOHYETHCS 3a
PaxyHOK po3TAry abo CTUCKY MaTepiaiy.

B Oaratbox IOCHIIHUIBKUX poOOTax, sKi BIOMI Ha JaHUW MOMEHT,
IPOMOHYIOTHCS HOBI CHOCOOM BIIOOPTYBaHHS, YCTaTKyBaHHS JUIsl HUX, a TaKOX
TEOPETUYHI Ta EKCIEPUMEHTalIbHI JaHl, Kl MPAKTUYHO 3aCTOCOBYIOTHCS IS
MOKPAIICHHS TPOIeCy BIIOOPTYBaHHS Ta SKOCTI BiAOOpPTOBaHMX BUPOOIB. Tak omauH
i3 crnoco0iB [1], mpomonye mnpoOMBKY 1 BiAOOpTYyBaHHS TOBCTHUX JIMCTIB CTalli
ToBUIMHOIO 2,5 MM. Ilpuuomy nuct nmpokatyrots npu 800-880° C 1 HAMOTYIOTH B
pyJson nipu 520-660° C .

boptu MokHA OTpUMYyBaTH HE JIMIIE B TUIOCKHMX 3aroTOBKax, a ¥ y TpyOax.
Croci6 otpumanas Gopra y TpyOi [2] 3amatenroBammii B CLIA y 1974 pomi
IOPOMOHYE OJHOYACHY BHUPI3KY 1 BIAOOpPTYBaHHS Yy TpyOdacTid 3arotoBui. Y

BIJIMOBIJTHOCTI 3 MATEHTOM, IHCTPYMEHT BUTOTOBJIEHUM 13 TBEPAOIO CIUIaBy, a HOro
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XBOCTOBUK 3 KpIMUThCS B MaTPOHI aBTOMATUYHOTO CBEPJJIMJIBHOIO CTaHKAa.
[HCTpYyMEHT Mae ABI NUISIHKU, HAa SKUX BUKOHAHA 2- 3axijHa pi3b0a — MIWIHAPUYIHY 4
1 koHiuHy 5. KoHIuHa 4YacTWHA MEPEeXOJUTh Yy BHUCTYI 6 Ha SKOMY 3HAXOAUTHCA
piKyda KpoMmkKa 7 3 OaraThbMa BHYTpIIIHIMH piLkyunmu 3yOmsmu 8. Ilo oci
IHCTpyMEHTa BHMKOHAaHUH OTBIp, B SKOMYy BCTaHOBJieHa mmuibka 12. TpyGy 11
BKJIAZIAIOTh B MATpPHIIIO, SIKa CKJIaaaeThcs 13 yactud 1 1 2. Jliamerp mopoknunu D
JTOPIBHIOE JlIaMETPy JUISHKU 4 TUTIOC 2 TOBIIMHHU CTiHKU TpyOu. Ilpm omyckanH1
IHCTpyMEHTa BUCTYI 9 YTBOPIOE B CTIHII TpyOHM 3ariuONeHHSA, a MOTIM piXyda
KpOMKa 7 BUKOHYE BUPI3KY OTBOPY 0€3 3aaupok, a Biaxin magae B TpyOy. Ilpu
MOJAJILIIOMY ONyCKaHHI IHCTpyMeHTa 3arin0iaeHHs 10 3aXoauTh B OTpUMaHUM OTBI,
migHIMAa€e HOTO Kpait 1 BiAruHae 00pT Bropy.

3a 10moOMOTo0 CHelliaIbHUX MyaHCOHA 1 MaTPHUIIl 32 OJIUH pOOOUMH X1 MOKHA
BUKOHYBAaTH orepallii mpoouBku i cepuunoro BimoopryBanus [3]. 3a poboumii xin
CTYyMIHYaTUM IyaHCOH TIOCIIJIOBHO BHKOHYy€ TIPOOMBKY, Bi1JIOOpPTYBaHHS 1
KanOpyBaHHs MmiBchepr B TOPOKHUHI Martpuill. B poOoTi mpuBeneHUi aHami3
npolecy, BUBeeHa popMyia Al BU3HAYEHHS HApy>KeHb 1 MOTPIOHOTO 3yCUILIS IPU
3/1iicHeH1 TpoOUBKH 1 chepuuHoro BigOOpTyBaHHs. {151 301IbIIICHHS ITAMITYEMOCTI
pu BiI0OPTOBYBaHHI [4] 3aCTOCOBYIOTh JI0ATKOBE CTUCHEHHS.

3anateHToBaHUM croci®0 yTBOpPEHHsS BiIOOPTOBAaHMX OTBOPIB Ha METaJiuHIN
dbonb3i [S] mpu3HAUYCHUH JJI1 BATOTOBJICHHS PKYYUX €JIEMEHTIB MEXaHI4YHO1 OpUTBU
13 ¢oaeru ToBmuHOWO 0,04-0,09 Mm. Ilum eneMeHTOM SIBISETHCS OMYKIWH AHCK 3
B1JIOOPTOBAHUMU OTBOPAMH 3 TOCTPUMH PIKYUYUMH KpPOMKamH. 3aroTOBKY KIIAaTyTh
HAa METAJIEBUM NMyaHCOH, Ha TMOBEPXHI SKOTO € BHUCTYIH, PO3MIIIEHI BIJMOBIIHO
PO3MIIIEHHIO OTBOPIB Ha pIKYy4oMy eideMeHTi OpuTBH. [1ij1 qi€ro enacTuYHOi MaTpHI
Ha 3aroTOBKY (OpMYIOThCs BUCTYIU. [10TIM BEpIIMHU 1IUX BUCTYITIB 31ILTIPOBYIOTHCS
ab0 BUIAIAIOTHCS IHIIMMHU CHOCOOAMM 1 OTPUMYIOTH Ha 3aroTOBLI BiIOOPTOBaHI
OTBOPH 3 TOCTPUMM KpPOMKaMH. Tako>X MOXJIMBHH BapiaHT CIOCOOY, 3T1JIHO SKOTO
MaTpullsl BUKOHAHA 13 METaly 1 Mae 3ariu0ieHHs no ¢opmi BUCTYMIB mig oTBopu. Ha

IO MATPHUITIO YKIAAAETHCS 3arOTOBKA 1 M1 JI€I0 €TaCTUYHOTO MTyaHCOHA YTBOPIOIOTh
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Ha HIl BUCTYIH, aHAJIOT14HI BUCTYNaM, OTPUMAHUX [0 NEPIIOMY BapiaHTy, BEPIIUHU
SAKUX TaKOX 31LI1(POBYIOTH 1 OTPUMYIOTH OTBOPH.

BinbGoproBani OTBOpM MOXKHA OTPUMYBATH 1 3a JIOIOMOTOIO ONpPAaBKH, SKa
obepTaeThCsl 3 BeAMKOW MBUAKICTIO [6]. YV maHOMy crmoco0i BHKOPHCTOBYETHCS
ornpaBka | 3 KOHIYHOIO YaCTUHOIO 2, MJIOCKUM TOpLEM 4 1 HWIIHAPUYHOIO JUISHKOIO
3, Hax sKor0 po3MmimieHuit MiTuuk S5 1 3eHkep 10. OmpaBka Moxe oOepTartucs 3i
mBuaKicTio 600 - 60 00/xB. 3aroToBKy 6 KjiaaayTh Ha Marpuiro 7. I[Ipu omyckaHHi
OTPAaBKH, SIKa O0EPTAETHCS 3 MAKCUMAIBHOIO MIBUIKICTIO, BUIIISETHCSA TEILIO, ITiJT
JIIE€I0 SIKOTO 3aroTOBKa CTa€ IIACTUYHOK. B 3arotoBIi yTBOPIOETHCS OTBIp 8 3
oopToMm 9, sikuii 3anoBHIOE 3arnuOneHHs y marpuuil 7. I[loTiM obepTraHHs ompaBKd
CMOBIIBHIOETHCA 10 60 00/XxB 1 MITYMK 5 Hapi3ae B OTBOpi pi3nOy, a 3eHkep 10
yTBOpIO€ ¢acky. OXO0JNOKEHHSI ONPABKU 1 3arOTOBKM BUKOHYIOTh MOBITPSIM a00 Ha
OC1 OMPaBKH BCTAHOBJIOIOTh KPUJIbUATKY BEHTHIIATOPA.

3 METO 3MEHIIEHHS PI3HOCTIHHOCTI OopTa 1 30LIBLICHHS WOr0 BUCOTH
MPOTOHYETHCS cIOCiO BIAOOPTYBAHHS OTBOPIB, MPU IKOMY Ha JUISHIII 3arOTOBKHU, L0
BiJIOOPTOBYETHCS, KOHIICHTPUYHO JIO0 OTBOPY, MEpeJ] BIMOOPTYBAaHHSM, €IaCTHYHUM
yaHCOHOM (DOPMYIOTH TO(p TOPOBUIHOTO Po3pizy [7].

PosrasieMo crnioci0 BiiOOpTyBaHHS OTBOPIB 3 MOTOBIICHHSIM CTIHKH M1 Pi360Y
(puc. 1.1) [8]. B 3aroToBiii A TOBHIMHOIO, HANPUKIAI, 1,5 MM IMyaHCOHOM 3 IJIOCKUM
TOPLIEM 1 3aTYIUICHUMH KPOMKaMu (OPMYIOTh Kpyrie 3ariuOJieHHs, BUTICHSIIOUU
YaCTUHY MaTepiaily 0 Kpato oTBopy. [Ipu nibomy nepudepis 3arotoBku 3adikcoBaHa
3aTUCKaueM (He MOKa3aHui) 3 KUIBIEBOIO MOPOKHUHOIO, B Ky 3aTiKae Mmarepial,
YTBOPIOIOYM TaKWM YUHOM MOTOBUIEHHS 2. Ha HacTynHill omnepaiii BHIANSIOTH
nepeMudky | B 3armmOieHHI, a MOTIM TPOBOJATH BigOOpTyBaHHs. Ha ocranHiii
orepailii Hapi3alTh pi3s0y 3.

Opnum 13 GaraThoxX CMocoOiB BiIOOPTYBAaHHS € CIOCIO TpPU3HAYCHHUM IS
BIIOOPTYBAaHHS OTBOPIB Ha MPAMOKYTHUX JAETAIAX TEMIOOOMIHHUKA, HAIpPHUKIIaA
ycTaHOBOK Juis kouaumionyBaHHs [9]. Crocid mepeadayae MpoOMBKY HEBEIHMKOTO
KpYIJIOr0 OTBOPY B aJIOMiHIEBIA 3aroToBii nyaHcoHoM | Ha myaHcon-maTtpumi I.

[ToTim omyckaetrbest maTpuis 11 1 BinOopToBye OTBip Ha 3aroToBuil. Ha HacTymHiit
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MO3UIIii, y BimOOpTOBaHUI OTBIp BBOAATH MyaHcoH II. Omyckaerbest matpuis III i
nyancoH Il yTBoproe Ha 3aroToBIll BiAOOPTOBAHMM OTBIp OUIBIIOTO JiamMeTpa 1
BUCOTH. B manomMy crmoco0i 3a0/1HO ONMUCAHUH 1 MITaMIl, B SIKOMY YTBOPIOIOTh PsiIu
B1IOOPTOBAHUX OTBOPIB. Y BEPXHIM YACTHHI INTaMIla 3HAXOJATHCS KOMILJICKTH
nyaHcoHiB | 1 xommiektn marpunps Il 1 I, a B HIWKHIA YacTUHI — KOMIUIEKTH
myaHcoH-MaTpullh | 1 myanconiB I, a Takox mignpyxuHeHui 3uimMad. Ha 3rimauli, 31
CTOPDOHHM BHUXOAY 3aroTOBKH, BCTAHOBJICHO TOJABAIBHUNA TIPUCTPIH, SKHAN
IPUBOJUTHCS BEPXHBOI YACTUHOIO MITaMma 1 (iKCye 3aroTOBKY MO BiAOOPTOBAHUM

OTBOpaM.

2 1

A
N

L

=7

3
Puc. 1.1. Cnioci6 oTpumaHHs OGOPTIB 3 MOTOBILICHOIO CTIHKOIO Mif pi3b0y.
3anpornoHoBaHui crnocid BiOOPTYBaHHS BIJI3HAYAETHCS TUM, IO 3 METOIO
301JBIIIEHHS BUCOTH OOpTa, 3aroTOBKY MPHKHMAIOTh IO Kpal OTBOpPY, a MOTIM
3OIACHIOIOTh  (POPMOBKY  KijblleBoro 3arnuOnenHs. Kinmese aedopmyBaHHS
IpoOBOAATH O3 mpuTrckaya [10].
B mxepeni [11], 3rimHO 3amaTeHTOBAHOTO CIOCOOY, 3aroTOBKa SIBJISIE COOOIO

TpyOy 3 psIOM OBaJIbHUX OTBOPIB. B 3aroToBKY BBOJSATH OMpPaBKY 1 BCTAHOBIIOIOTH il
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OTBIp HAIMpPOTH OBAIBHOTO OTBOpPY. Ha oBasbHMII OTBIp HAKIAIaIOTh KUIbLIEBY
MaTpuIo. Yepes OTBIp B 3ar0oTOBKY BCTAHOBIIOIOTH 3ITHYTUH IyaHcoH. O0epTarouu
IIyaHCOH, 1 OJTHOYACHO MiAiiiMarouu WOro Bropy, BUKOHYIOTH BijcopTyBaHHs. JlJis
JTAHOTO CIIOCO0Y BUKOPHUCTOBYETHCSI CTAHOK 3 IBOMA BEPTUKATIbHUMHU IITTUHEISIMU.

Crioci6 BHUrOTOBJIEHHS IJIACTMH 3 BIJOOPTOBAaHMMH OTBOPAMU HABEACHHUI B
[12]. OrpuMaHi MIacTHHY TPU3HAYCHI IS PO3MOITY PO3IUIABY MiHEPAIiB HA OKPEeMi
NoTOKUA. B 3aroroBiii, TOBIIMHA SKOI JOPIBHIOE TOBIIMHI TUIACTUHHU, B IITaMIIl
YTBOPIOIOTH 3arIMOJICHHS, B IKUX IOTIM MPOKOJIIOIOTH 0TBOpH. [licis 1poro oTBOpH
PO3IIUPIOIOTH 1 MPUAAOTh iM TpyOuacTy dopmy. HaBenenuit mpukiajg oTpuMaHHs
IJIACTUHU TOBIIMHOIO | MM, B kil yTBOprOOTh 90 3arnubieHp BUCOTOIO 1,5MM 3
HAMIBKPYTJIUM JTHOM 1 IMJIIHAPUYHUMH CTIHKaMH. JIHO 3arnuOiieHb MpPOKOJIIOIOTH 1
OTPUMYIOTH KOHI4HI OTBOpH AiameTpoM 0,1mm. /lami oTBOpM pO3MIMPIOIOTH TaKUM
YUHOM, IO Ha IUIACTUHI YTBOPIOIOTHCA LMJIHAPUYHI TpyOUacTi AUISHKA BHCOTOIO
2mM. [1OTIM 111 AUISTHKYA PO3TATYIOTH 1 TPOBOJASITH BIIOOPTYBaHHS BUCOTOIO 3MM.

JIns TOKpallleHHs SKOCTI BUPOOIB 1 3MEHIIEHHS TPYAOEMKOCTI MPOIECy
MPOTIOHYETHCSI CMOCIO, TIPU SKOMY 3aroTOBKY HArpiBarOTh JO TEMIIEpaTypu HUKYE
temnepaTtypu rapsdoi aedopmariii Ha 150°C — 200°C, a oOepTaHHsS TyaHCOHA B
mpoiieci BiOOPTYBaHHS BUKOHYIOTH 3 YHCJIOM OOEpTIB, IO BU3HAYAETHCS
BIJIMOBITHUM CITiBBiTHOIICHHSM [13].

B [14] onwmcanuii croci® oTpuMaHHs BiJOOPTOBAHUX OTBOPIB B METAJCBHX
netansx. Jlanuii crnoci6 mpu3HaueHUW JUIsl OTPUMAaHHS KPYTJIUX OTBOPIB 3 BUCOKHM
OOpTOM JJI1 HACTYIHOI'O Hapi3aHHS B HUX p13b0U. OTBOPU YTBOPIOIOTH MEPEBAKHO B
CTIHKaxX 3aKpHUTHX JeTayieii abo mpodimi i3 Al, Hanpukiaax npsMOKyTHUX TpyO. B
mkepeni  [15] BukmameHi pe3ysdbTaTH  TEXHOJOTIYHHX — OCHIKEHb IMPOIECY
TEpMOPPUKIIAHOT TPOOUBKHU JTMCTOBUX 3aroToBOK. OmucaHl KOHCTPYKIisA 1 poboTa
eKCIIEPUMEHTAJILHOTO ImTaMia. [lokazana MOXIJIMBICTH OTPUMaHHS BiJOOPTOBaAHUX
OTBOpPIB JIBOMa CIIOCOOaMHU: Ha OMopi, IO 00epTaeThcsa abo IMyaHCOHOM, III0
obOepraeThcsi. HaBesieHi OCHOBHI THIM BIJOOPTOBAHUX OTBOPIB, SIKI OTPUMYIOTHCS

TEPMOPPUKIIIHHUM METOIIOM.
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IIle oaun cmoci®0 BigOopTyBanHs HaBenenud B [16]. Ileit cmocid
BUKOPHUCTOBYIOTh JUIsl  BIIOOPTYBaHHS OTBOPIB B TpyOax Ta MOPOKHUCTUX JETAJISX.
BinOGopryBaHHs TpoBOAATH 1HCTpyMEHTOM 13, skl 3a JOMOMOror0 MiAHOMHHUKA
IPOTATYIOTh Yepe3 OTBIp.

[Tonepeanso TpyOH B 30HI OTBOPY 1 MOPOKHUCTHUM IHCTPYMEHT 13 HarpiBaroTh.
HarpiBansHuil npuctpiii 1 MicTUTh By30J1 HarpiBaua i OJIOK >KUBJICHHS 3, sIK1 3B’s3aH1
MDK COOOI0 MEXaHIYHO 3a JOMOMOror Oanku 4 1 (PyHKIIOHAJIBHO 3a JOIOMOI'OIO
TpyOompoBoiB 5 1 16. By3on HarpiBaua MiCTUTh KOpITyC 7, SIKHi MepeMIIIaeTbcsa Ha
ponukax 6. B kopmyci 7 BcTaHOBJIEH1 ra30Bi ropiiku 111 onmopu 12 asisa iHCTpyMeHTa
13. T'a3omoBiTpsiHa CyMill MiJIBOJUTHCA O TpyOONmpoBOAYy S5, Ha KIHII SKOTO
BcTaHOBJIeHWH BeHTWIb 14. Ilo TpyOompoBogam 16 momaerbcs 1 BiIBOAUTHCA
0XO0JI0/KyIoUa piavHa Bif muTu 10, Ha skii 3HaxoasaThes ropiaku 11. KepyBanus
1oJ1a4l OXOJIO0KYI0U01 pIIMHH B1IOYBa€ThCS 3a TOMOMOT 010 KianaHa 15. [Hctpyment
13 BUKOHAHU JBOIIAPOBUM (BHYTPIIIHIN IIap 13 3BUYAMHOI CTasl, a 30BHIIIHIN — 13
HEPKABIIOYO1).

Criocobu BimOOpPTYBaHHS Ta peKOMEHJAIll 10 HuX HaBenaceHi B [17]. 3okpema
pPO3TISAIAI0TECSA  CIIOCOOM BIOOPTYBaHHS B ITammax. HadnpocTimmid crnocid
BiJI0OPTYBaHHS — MPOKOJIFOBAHHS JINCTOBOI 3aTOTOBKHM KOHIYHUM a00 MipaMigabHUM
MyaHCOHOM Ha MWJIIHIPUYHIN a0o crymiHyacTii matpumi. Ha roctpiét kpowmiii
BUCTYIy MPOBOJUTHCS OOpI3Ka BIAOOPTYBaHHS MO BUCOTI. Buibll MILHY 1 SIKICHY
BiIOOPTOBKY OTPUMYIOTH 3a JBa mepexoau (mpoOWBKa OTBOPY 1 BiOOPTYBaHHS
CTYIIHYaTHM ITyaHCOHOM Ha BHUIIEONUCAHUX MATpHUILiX). Jis MOKpamieHHs SKOCTi
BIIOOPTYBAaHHS PEKOMEHAYEThCA NPOOMBKY 1 BI1IOOPTYBaHHS MPOBOJIUTH B
MPOTUIICKHUX HAMPAMKAX. 3a0KPYTJeHI TOBEPXHI IyaHCOHA, SKI TMPOBOMISTH
BII0OPTYBaHHS, MalTh OyTH TiagkuMu. CBEpAJIIHHS OTBOPIB MijA BiIOOPTYBaHHS
3a0e3mnedye Kpanry sIKicTh BiIOOpPTYBaHHS HIXK MpoOWBKa. B cTtarTi HaBejeHa cxema
BIIOOPTYBaHHA Yy KOMOIHOBAHOMY IITaMmmi 3 MPOOMBHUM IyaHCOHOM 1
B1IOOPTOBOYHOID MATPUIICI0O B HWIKHIM YacTHHI 1 3 IyaHCOH-MaTPHUICIO Bropi.
BinOopTyBaHHsS MpOBOAUTHCS OJTHOYACHO 3 MPOOMBKOIO 3a JOTIOMOTOK0 ITyaHCOHA 31

CTYIIHYATOI0 pOoO0YOI0 YaCTHHOW. HIDKHS YacTHHA MyaHCOHA MEHILOTO J1aMEeTpy
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IPOBOANUTH MPOOUBKY 3arOTOBKH, a IMOTOBIIEHA YaCTUHA — BinOopTyBaHHs. HaBeneHi
BapiaHTH BHKOHAHHS TaKUX IyaHCOHIB: 3 IUJIOCKMM Ta KOHIYHHMM IepexoiaMu BiJ
npoOMBHOI YAaCTHUHHM 1 3 MipaMifaibHOI0 MPOOMBHOIO YACTHUHOIO, sika 3ale3mneuye
BUJIAJICHHS BIJIXOJ1B BiJ MPOOUBKHU. 301IBIIIEHHS BUCOTH BiIOOPTYBAHHS 1OCSITAETHCS
B IITaMIIl 31 CTYMIHYACTUM IyaHCOHOM 1 MIJIPYKHHEHOI0 MPOOHBHOIO MAaTPHIICIO,
sKa TMOMIlIIeHa BcepeauHy BigOopTroBouHoi Martpuii. [lepepaxoBani (akropu, siki
BU3HAYaIOTh BUCOTY BIJOOpPTYBaHHS, HaBeJeHI (oOpMynu 1Jigi po3paxyHKy BHCOTH
BIIOOPTYBaHHA 1 JiaMeTpa OTBOpY IMiJ BigOoopTyBaHHs. JlaHi pekoMeHAalii mo
PO3MIIIEHHIO BIJJOOPTOBAHOTO OTBOPY Ha JeTaji: He MeHIle 3S 70 Kparo 4u 70
BIJIITHYTO1 YaCTHUHHU, 1 HE MEHIIIE 6S MK OTBOpaMHu, 1€ S — TOBIIIMHA 3arOTOBKH.

3rigHo croco0y HaBegeHomy B [18] B 3aroToBiii mpoOMBarOTh OTBIp, MiCIsA
4Yoro MPOBOJATH MONEpeaHe BiNOOpTyBaHHA. [lpu 1bOMYy TpIlIMHU, 3KOJH,
HEPIBHOCTI, SIKI YTBOPEHI Ha MOBEPXHI 3pi3y MpHU MPOOUBII, NEPEXOATh Ha TOPLEBY
MOBEPXHIO BiAOOPTOBaHOI YacTUHM. [ BuUIalieHHs BKa3zaHMX Je(EKTiB, Kpai
B1JIOOPTOBAHOT YAaCTUHU MIJJAI0Th HArpiBy CTpyMamH BHUCOKOI YaCTOTH, MICJS YOTO
BUJIABIIIOIOTh Ha Kparo KUTbIIEBY KaHABKY BcepeauHi abo 330BHI. 30HY (DOPMOBKH
PO3TATYIOTh, 1110 3a0e3neuye 3riaJKyBaHHs MOBEPXHI 1 BugaiaeHHs aedektin. Ilicms
[LOT'O MPOBOJATH KIHLIEBE B1IOOPTYBAHHS.

B [19] 3rigHO 3ampornoHOBaHOTO CMoco0y 3 METOH OTpUMaHHA Oopra 3
JUISTHKaMU O1TbIII0T BUCOTH, HIXK BUCOTA 1HIIIOI YaCTUHU OOpTa, OTBIp MPOOUBAIOTH 3
GbIrypHUM KOHTYPOM Ha JUISTHKaX 3 MEHIIOK BUCOTOI OOpTa, KW BIiAMOBIAAE
KOHTYpPY OTBOpPY B roTOBOMY BHp00i. Ha auisiHkax 3 OUIBIION BHCOTOIO OOpTa, IO
MaroTh ()OpPMY BHUCTYIIIB HOBEPHEHUX JI0 LIEHTPY OTBOPY 1 0OMEXKEHUX KOHTYPOM, IO
BIJINIOBIIa€ KOHTYPY LUX AUISHOK y TOTOBOMY BUpoOi. Buctynu, mo noBepHeHi 10
LHEHTPY OTBOPY, Nepe.l BIIOOPTYBAHHAM BIATUHAIOTh.

VY mxepeni [20] mponoHyeThCs CMOCIO, SIKUW BIZIPI3HIETHCS THM, IO 3 METOIO
B1JI0OPTYBaHHS OTBOPY 3 OOpTamMu, HAPABJICHUMH B CTOPOHY, SIKA MIPOTUIIEKHA PYXY
IHCTpYMEHTa, BIJOOPTOBaHY 4YacTHMHY TMOBEpPXHI JAUISIHKA 3aroTOBKH, WIO

nepopMyeThCS, 0XO0JIOKYIOTb.
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3rifgHo crocoOy, sikuii HaBeAeHMH B [21] 3 MeTO0, 1100 3a1mo0iraTH YyTBOPEHHIO
MIKpPOTPIIIMH Ha KPOMKaX OTBOPIB IIOMEpPETHE YTBOPEHHsS OOpTa MPOBOISITH
OJIHOYACHO 3 MPOOUBKOIO OTBOPY. BOpPT yTBOPIOIOTH 31 CTOPOHHM, KA MPOTUIICKHA
MPUKIIAJIaHHIO 3yCHILISA TPOOUBKU. 3YCHJIUIS KIHIIEBOTO B1IOOPTYBaHHS MPUKIIAIAIOTh
31 CTOpPOHM TIONEPEAHBO OTPUMAHOrO OoOpTa, 1 NpPU IBOMY MOMNEPEITHBO
BIIOOPTOBAaHUN OOPT BUPIBHIOIOTb.

B [22] npomnonyeThes criociO, Mpu IKOMY KIJbIIEBY 3ar0TOBKY J1e(QOpPMYIOTh B
MaTpHIl, TOPOKHUHA SIKOT MOTEPETHHO 3alIOBHEHA PO3YMHOM KHCIOT a0o0 JIYTiB B
3aJIE)KHOCT1 Bijl Marepiaily 3arotoBku. Ilicis mocsarHeHHs cryrieHi aedopmaiiii, sxa
BiJNOBIIae He MeHme 90% rpaHuyHO TOMYyCTUMOro KoedimieHTa BiAOOPTYBaHHS,
OJIHOYACHO 3 JIe(hopMyBaHHSM 3/IIHCHIOIOTh TPaBJICHHS KIHIIEBOI YaCTUHU OOpTa.

Y mxepem [23] mpomonyeThes crocid BiAOOpTYyBaHHS OTBOPY B TpyOi 3a
JIOTIOMOTOI0 MaTpHUIll Ta MyaHCOHa eincHoi Gopmu. [lyaHcoH BCTaBISIIOTH B OTBIp 1
B1IOOPTYBaHHS 3IIMCHIOETHCA 3a PAaXyHOK OJHOYACHOTO MigiiMaHHS 1 0OepTaHHS
MOB3YyHA, JI0 SKOTO W KPIMUTHCS MyaHCOH. MeHIa BiCh elilca KOpoTIa jJiaMerpa
otBopy Ha 50 — 100 mm, Oinbina BiCh eJlirca JOPIBHIOE IaMETPy OTBOPY ILIIOC
JIOTTYCK Ha MPY>KUHIHHA.

Croci6 BiZOOpTYBaHHs CTalieBUX TPyO HaBeaeHui B [24]. 3ampomoHoBaHuit
crioci6 mepenbavae BiZOOPTYBaHHS 3a JB1 onepaiii. Ha nmepmiii onepartii kpait Tpyou
MIJaI0Th TTONEPEAHOMY BIIOOpTYBaHHIO mifg KyToMm 45° no Bici. [HcTpymeHTOM
CIIy>)KMThb CTyIiHYacTa OIpaBKa, JAUISHKA $AKOi Mae JiaMeTp, L0 JOPIBHIOE
BHYTPIIIHBOMY JIIaMETpPy TPyOH, sika BBOJAUTHCS B TpyOy. KoHIuHA HiJIIHKA OMpaBKU
3M1MCHIOE BIAOOPTYBaHHS NpHU BBEACHHI OmpaBku B TpyOy. [pyroro omepari€ro
BUKOHYEThCS KIHIIEBE BIOOOpTyBaHHsA mig kyrom 90°. OOuasi omepairii
3M1MCHIOIOTHCS HA CHEllajbHIA MalluHi, B KA TpyOy 3aTUCKYIOTh 3aXBaTaMu, IO
MPUBOMASTHCS B IO TIAPOIMIIIHAPOM, a TOTIM BUKOHYIOTH MEPEMIIIECHHS OMPaBOK
THIITAM T1IPOLMITIHAPOM.

3rifHO 3ampornoHoBaHOro pimeHHs B [25] otBip mig BigOOpTyBaHHs
BUKOHYETHCS 3 TPO(DUIHLOBAHMM CIAJal0uYMM MO TOBIIMHI 3arOTOBKH J[1aMETPOM.

3aroToBKy B MaTpHUIII0 BCTAHOBJIOIOTh TAKUM YUHOM, 100 OUIBIINK J1aMEeTp OTBOPY
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OyB MOBEPHEHUI JI0 TAKOXK 3MPOQPITLOBAHOTO B MO3J0BKHHLOMY HAMPSAMKY ITyaHCOHY.
[Ipu BimOopTyBaHHI B 30H1 JAedopmaliii CTBOPIOETHCS OUIbII CHPUSATIUBUMN, YUM
3riHO  BIAOMOTO CIOCO0y, HampyXeHO-Ie(OopMOBaHUN CTaH, SIKUH JTO3BOJISIE
MIJBUIIUTH BEIUYMHY IPAHUYHO JOMYCTUMOro KoedillieHTa BIIOOPTYBaHHS 3a OJUH
nepexin. OIHOYACHO MIABHUINYETHCS SKICTh BHUTOTOBJICHHS JCTANCH ILIIXOM
3MEHIIICHHS IOTOHIIICHHSI 10 BUCOTI OOpTa.

B [26] omnucanuii po3poOiieHHE 1 JOCHIKEHHH e()EKTUBHUN METOJI
iHTeHCcH(iKallii mpouecy BiAOOPTYyBaHHS, SIKUH J03BOJISIE 3HAYHO PO3LIMPUTH HOTO
TEXHOJIOT1YHI MOKJIMBOCTI 1 OTpUMATH JeTail piBHOI TOBIIMHU. [IpuBeaeHuii MeTos
pO3paxyHKy CHUJIOBUX TMapaMeTpiB 3 YypaxyBaHHSM BIUIMBY (GOpMH poOOUYOTO
IHCTpYMEHTA.

Crnoci6 BigOOpPTYBaHHsS B 3aroTOBIIl 13 METAJICBOTO JINCTAa B IITaMmax 3a JiBa
nepexoan HaBeneHo B [27]. Ha mepmoMy mepexoi HpPOBOASATH BiOOPTYBaHHS
UWIIHAPUYHUM TTyaHcOHOM. Ha npyromy mnepexofil — (pacOHHUM IyaHCOHOM, SIKH
Ma€ KOHIYHY JUISHKY. 3arOoTOBKY JAe()OpMYIOTh B IITaMIIl 3 KOHIYHOIO MEPEXiTHOI0
YaCTHHOIO.

B mxepeni [28] naBemenuii crmoci® oTpuMaHHS BiOOPTOBAaHMX OTBOPIB B
JUCTOBOMY Matepiaii. 3rigHo crocoly, MpOTAToM poOOYOTo MPOIECy OJUH 32 OTHUM
YTBOPIOIOTHCSA 3aryIMOJICHHS, a MOTIM B JHI I[LOTO 3arJUOJICHHS] BUKOHYETHCS PO3pi3 1
MICJIA PO3MIUPEHHS [ILOTO PO3PI3Yy MPOXOIUTH BiAOOPTYBaHHS.

Croci6 mpo¢inpoBaHOTO BiIOOPTYBAaHHS OTBOPIB B JIMCTAaxX, HaBeaAeHUH B [29],
3aCTOCOBYETHCS, HAPUKIIA, IPU OTPUMAaHHI BIKOH B KY30BHHUX JI€TaJIsIX aBTOMOOLIS.
B 3aroroBii coyaTky BUpYOYIOTh OTBIP 3 pO3MipaMH, siKi BpaXOBYIOTh JiepopMaliito
npu BiZOOPTYBaHHI, a MOTIM OTPUMYIOTH NpOQIILOBaHUNA OOPTUK 3a PAXyHOK
IMOOKOT BUTSIKKH.

B [30] omucanmii crioci® BUrOTOBJICHHS pebep TEIIOOOMIHHHKIB, SIKI MAOTh
dbopMy CTpiukM 3 BIIOOPTOBAHMMHU OTBOPAMH 1 TOPU3OHTAILHUMH (DIIaHIIMU, SIKi
napayienbHi cTpiyii. [IoTiM B OTBOpH MOMILIAIOTH TPYOKH, B SIKUX LUPKYIIOE PlAMHA.
Pebpa BUTOTOBISAIOTH B IITAMIIl MOCIIIOBHOI Jii, sskuii Mae 4 po6Goui mo3umii. Ha

NepIii Mo3uilii B CTpiulll NpOOMBAIOTh TPU OTBOPH, SIKI pO3MIillleH] mija KyroM 120°
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oJMH 10 oAHoro. Ha apyriii mo3uilii mpoOUBA€EThCS OJUH OTBIpP OLIBIIOrO jJiamerpa.
[leHTp 1ILOTO OTBOPY CHIBMAJAA€E 3 IIEHTPOM, BIAHOCHO SIKOT'O MPOOUTI TPU OTBOPH, a
nepudepis MPOXOIUTh 3a HEHTPAMU TPHOX OTBOPIB, MEPETUHAIOUM O1JIbIIY YaCTUHY
TJIOINI BCEPEAMHI IIUX OTBOPIB. B pe3ynbrari yTBOproeThes irypa y BUIIISAI Koja 3
TpboMa ¢pectoHamu. Ha TpeTiit mo3uiiii mpoBOAUTHCS THYTTS nepudepii myaHCOHOM,
JiaMeTp SIKOTO TIEPEBHUIIY€ JIlaMeTp IyaHCOHa Apyroi onepaiii. Ha octanniif mo3umii
MPOBOAUTHLCA BIAOOPTYBaHHS, IIICIS SKOTO B CTPIYIll YTBOPIOIOTHCS BTYJIKH, a
¢anui, chopMoBaHi 13 (eCTOHIB, PO3MIILYIOTHCS TOPU3OHTAIBHO.

3rigHo PpilleHHs, 3amnpornoHoBaHoro B [31], oTBip mepea BixOOPTYBaHHSIM
OTPUMYIOTh HUIAXOM HAJPI3KU Marepiaay Mo He3aMKHEHOMY KOHTypy. Hanpizanwii
BIJX1Jl 3aJUINAIOTh 3B’S3aHUM 3 MaTepiaioM nepemuukoro. Ilpu BinbopTyBaHHS
nepeMuuka 30epiraerbes. Ilicnsa BimOOpTyBaHHS BIAXiA BUIAISIOTH MIPU MEXaHIYHIN
o0pobui Oopra, Hampukiaa, Npu HapizaHHl pi3pou. [lyaHcoH nns oTpuMaHHA
B1IOOPTOBAHOTO OTBOPY Ma€ YaCTUHY JUIS HAJPI3KU BIAXOAY 1 YacCTUHY JJIs
B1JI0OPTYBaHHS.

B mxepeni [32] mponoHyeThCs criociO BiIOOPTYBAaHHS OTBOPIB B TOHKOCTIHHHUX
TpyOax i3 m’skux MmetaniB: Al, Cu i t.n. Beepenuny TpyOu BBOISATH ONpPaBKy, B
pajnianbHOMY 3ariuOJieHH! sSKOi BCTAHOBJIGHMM eNacTUUHUM OJIOK 13 ypeTaHa,
HeomnpeHa abo moaiOHOro matepiany. 330BHI TpyOy OXOIUTIOE MATPUIlS, paJlaTbHUIMA
OTBIp SAKOI PO3MIIIEHUI HAIIPOTH OTBOPY B TpyOi. Uepes oTBOpU B MaTpulll 1 B TpyOi
BBOJIUTHCSA IIYaHCOH, SIKUWA BJABIIOETHCS B €IAaCTUYHHUI Osok. Marepian OJoKy
PO3JAETHCS B €IMHOMY BIAKPUTOMY HANpsSIMKY — B 3a30p MK IIyaHCOHOM 1 OTBOPOM
TpyOu. [Ipu 1pboMy KpOMKH OTBOPY BIIOOPTOBYIOTHCS 110 OTBOPY MaTpull. HaBeneHo
K1JIbKa BapiaHTIB CIIOCO0Y.

Po3uiMpeHHsi TEXHOJOTIYHUX BIACTUBOCTEN 3a paxyHOK 301JIbIIEHHS BUCOTH
BiIOOPTOBAHOT JIIJISTHKH 1 MTOKPAIICHHS YMOB PO3AUICHHS 1 BiIOOPTYBaHHS — OCHOBHA
MeTa croco0y HaBegeHoro B [33]. Ilpu peamizarnii cocoOy 3aroToBKa ONMHUPAETHCS
TIIBKU TEepU(EpIHHOI0 YACTUHOIO, HE MAa€ ONOPH MijJ LEHTPAIbHOK YAaCTHHOIO 1
KUIBLIEBOIO IUISHKOIO MK 3a3HAYEHMMH 4YacTMHAMHU. [lig BIUIMBOM €1aCTHUYHOTO

cepe/loBUIIla 3aroToBKa Jenio AedopMyeThCs 1 11 IEHTpajibHA YacTHHA OTPUMYE



24

oTopy, a KijblleBa AUIsHKA — HI. Cro4aTKy MPOXOJIUTh MPOOHBKA OTBOPY, a TIILKU
MiCJIs bOro BiOOpTYyBaHHS. B mporieci mpoOUBKH 1 BiZOOPTYBaHHS 3arOTOBKH JI0 il
IUISIHKY, $IKa YTBOPIOE OOPT NpUKIANaloTh 3ycwuid mianopy. Lltamm Bwimnye
KOHTEHHEp 3 €JAaCTUYHUM CEpEJOBMILEM, MATPUIO 1 BUIITOBXYyBad. Ha pobouomy
TOPIIl BUINITOBXYyBaua BUKOHAHA KUJIbIIEBA KaHABKa 3 PLKY4or0 KpoMKow. Kpomka B
MaTpHIll 3a0KpyryieHa. MaTpuilsi 1 BHINTOBXYyBa4 BCTAHOBJICHI Ha EIACTHUYHIM
MOAYIII 1 OUPAIOThCS Ha HEl, BCTAHOBJICHUMHU Ha X HEPOOOUUX KIHIISIX, 3SMIHHUMH
KUIBIISIMU. 3aroTOBKa BCTAHOBJIIOETHCS HAa MATPUITIO 1 BUIITOBXYBad. OIMyCKaeThCS
KOHTEWHEp 1 €TaCTUYHUM CEPEJOBUIIEM CIIOYaTKY BUKOHYETHCS MPOOMBKA, a MOTIM
B1I0OPTYBaHHS MPU 3MIIIEHH] BUIITOBXYBaya BIJIHOCHO MAaTPHIIi.

B [34] mpononyeThest criocid BimOOPTYBaHHSI OTBOPIB, MPH SKOMY 3arOTOBKY
neopMyroTh 3 OJHOYACHOI O00pOOKOI ocepeaky aedopmallii 10 IJIaCTUYHOTO
CTaHy €JEKTPUYHHM CTpyMOoM. [lpu 1pbOMYy CTpyM TMOJAIOTh IMITyJIbCAMH B
IEHTpaJIbHY YacTUHY ocepeaky aedopmallii Ha IMHUPUHY OOpOOKH, IO JIOPIBHIOE
0,35...0,45 niameTpa BiIOOPTOBAHOTO OTBOPY.

B 3anpononoBanomy crioco6i [35], sikuii mosiArae y BUpyOIi 1 BiTOOPTYBaHHI
OTBOPY, Ha TEPIIOMY eTari B MICISIX, K1 HaWOUIbII HaBaHTaXKeH1 BiA aedopmariii
py BIOOPTYBaHHI, BUTATYIOTh MiclieBi 3armbnenHs. Ha qpyromy etani BUpyOyrOTh
OTBOPH, K1 KPOMKOIO IIPOXOJATh MO JAHY BUTATHYTHX 3ariHOJI€Hb 1 B1IOOPTOBYIOTH
oTBOpH MOTpiOHOI dopmu. IIpu 3anponoHOBaHOMY TEXHOJOTIYHOMY IIpOIleCl Ha
omepaiisix BUTSKKA  MICIIEBUX  3aryidOJieHb, BUPYOKHM 1  BiIOOpPTYBaHHSA
3a0e3neuyeThCs 3HAUHMUM 3amac IUIACTUYHOCTI. TakuM YUHOM, TMPU HE3HAYHUX
KOJMBAaHHSAX MEXaHIYHUX XapaKTEPUCTHK B Tiplly CTOPOHY JJIsS INTaMITyEMOCTI
KOJIMBaHHsS Oy/e MepeKpuBaTHCsS 3amacoM IiacTMYHocTi. lle Jae MOXIMBICTBH
MIJBUIIUTH SKICTh J€Tajl 1 SMEHIITUTH COOIBApPTICTh BUTOTOBJICHHS JCTall.

JluckonoAiOHI eIeMEHTH MallliH HEePIJKO MOYKHA 3aMICTh JIUTBA a00 KyBaHHS
BUTOTOBJISITA 13 TOBCTOCTIHHOI'O JIMCTOBOTO MaTepiany. Taki aerai 4acTo MarTh B
IEHTP1 €JIEMEHT y BUTJISA/II CTYMHII 3 OTBOPOM, 1HOJI1 3 HAHECEHOI0 Pi3p00I0. B Takux
BUIAJIKaX IJisi TOTO, 100 HE BUKOHYBAaTHU JIE€Talb 13 JyK€ TOBCTOTO MaTepiany,

€JIEMEHT B LIEHTP1 BUTOTOBJISIIOTH OKPEMO 1 MPUEAHYIOTH MOTO 0 AETall 13 TOBCTOIO



25

JUCTOBOTO MaTepialy THUM 4YHM I1HIIUM crnocoOoM. BukoHaHHs Takoi omeparii 3
BHCOKOIO TOYHICTIO CKJIaJIHE TEXHOJIOT1YHO, 1 SIK HACII0K, KOHCTPYKIIisl BUSBIISIETHCS
noporor. B [36] mponoHy€eThCs BUTOTOBIICHHS IEHTPAIBHOTO €JIeMEHTa 13 Camoro
TOBCTOCTIHHOTO MaTepiajy 3a JIOIMOMOT0K TJIMOO0KOI BUTSKKH 1 BIIOOPTYBaHHS, MPHU
HEOOX1THOCTI BHKOHYIOYM Ha BIJOOPTOBaHIM YacTHWHI BHYTPIIIHIO a00 30BHIIIHIO
pi3p0y. [leTanbHO onmucaHa TEXHOJIOTIS pealizamii i€l MPOIo3ullii, 3anponOHOBaHHIMA
JUIT BUKOHAHHS oOrmepalii 1HCTPYMEHT 1 NPHUCTOCYBaHHsS, JOIIbHI, BHU3HA4YEHI
pO3paxyHKaMH 1 MiAKPIMJIEHI €KCIEPUMEHTOM, IOMYCTUMI T'paHHUIll 3aCTOCYBAHHS
naHoro crnocoOy. Bkaszani Marepiaiy, Ha SKAX MPOBOAWINCH EKCIEPUMEHTH,
ToBIIMHU JHCTIB (Big 2,0 mo 4,0 mm), miametpu crynumi (20, 25, 40, 65 mMwm),
BU3HAYCHI 3yCHILIS IIITAMITyBaHHS.

3riJiHO pillIeHHs, 3ampornoHoBaHoro B [37] cmociO yTBOpeHHsI OOpTIB B
MUPOKO(DIAHIIEBUX JETalIsX BKIIOYAE IITAMIIOBKY BHYTPINIHBOI TMMOPOKHUHU B
aucToBid 3arotoBul. I[lpw 1bOMY [OHHY YacTHHY 3aroTOBKHM pO3TATYIOTh B
paaialbHOMY HAmpsIMKY BiJ MO3J0BXKHbBOI OC1 JieTali 1 nepeopMoBYIOTh ii B CTIHKY
netami. TexHIYHWUN  pe3ynbTaT, SKUM  JIOCATAEThCS  TPU  BUKOPHUCTAHHI
3alPOIIOHOBAHOTO BWHAXOJy, IOJsrae B 3a0e3MeyYeHH] BUTOTOBJICHHS OUIBII
rMOOKUX BITOOPTOBOK, B TMIABUINEHHI KOe(illieHTa BHUKOPUCTAHHS METally, 1 B
3MEHIIIEHH] BAPTOCTI yTBOPEHHS BiIOOPTOBOK Y MHUPOKODIAHIIEBUX JACTAIAX.

B mxepeni [38] npornoHyeThest CociO BUTOTOBICHHS TOPOKHUCTUX BHUPOOIB 3
BiIOOPTOBAHMM OTBOPOM B JIOHHIA YaCTHHI 13 JIMCTOBOTO MaTepialy. 3TiTHO
3aMpoOINOHOBAHOTO CIMOCO0Yy B JIMCTOBOMY MaTepiaiai MpoOuBarOTh OTBIp 3
nemtocTkamu. OTBip 0OpoOJISIIOTH, MICAS YOro B MEIIOCTKaX MPOOUBAIOTH
TEXHOJIOT1YHI OTBOpH s (ikcamii HamiB)aOpukary B MpoIreci BUKOHAHHS
HACTYMHUX omeparliii 1mramnyBaHHsi. KoHTyp oOTBOpy, 1O TPOOHMBAETHCS
eKBIIMCTAHTHUM  KOHTYpPY OTBOpY Iicisi BimOopTyBaHHs. B pesynbrati
3a0e3MeUyEThCS PO3IIUPEHHS TEXHOJOTIYHUX BIIACTHBOCTEH IIPU IIITaMITyBaHHI
JeTajel 3 OTBOPOM B JIOHHIM YaCTHUHI Ha Mpecax-aBToMaTax.

B [39] omwmcanuit me oauH crocid BiIOOPTYBaHHS OTBOPIB B JIMCTOBIH

BaFOTOBHi. CYTI:: BHHaxo4y IIOJiAra€ B TOMY, 11O Ha MaTpUuOIO BCTAHOBIIIOIOTbH
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JUCTOBY 3aroTOBKY 3 MOMEPEIHbO MNPOCIYEHUM OTBOPOM. 3BEpPXY Ha 3aroTOBKY
BCTAHOBJIIOIOTh TEXHOJIOTIUHY HAKJIAJIKy TaKOX 3 MOMEPEIHBO MPOCIYEHUM OTBOPOM,
MECHIIIMM, HDDK B 3arOTOBI[l, Ha JIBl TOBIIMHM HAKJIAJIK{, 1 BUTOTOBJICHOI 13 OLIBII
MJIACTUYHOTO MaTepially piBHOI a00 OUIBIIOI TOBIIMHU JUCTOBOI 3aroToBKH. [licis
YOro 13 30BHIIIHBOT MOBEPXHI TEXHOJOTIUHY HAKJIAJAKy MPUTUCKAIOTH 10 3arOTOBKH
M0 TEPUMETPY MPUTHUCKAYEM, BUCTABIIAIOTH MyaHCOH 1 BKIIOYAIOTH IHIYKTOP, i
JIIE€I0 SKOTO 3aroTOBKa B 30H1 i1 gedopMaliii HarpiBaeThes, 1 pyXoM IyaHCOHA BHH3
MPOBOJISATH BiIOOPTYBaHHS OTBOPY. B pesymnbrari peanizarnii gaHoro crnocody Oymu
OTpUMaHl  JieTaJi 3  BiAOOPTOBAaHMMH  OTBOpaMH  BEJIMKOI  BHUCOTH 13
BaXKKOJIe(hOPMOBAHUX MaTepiaiB.

Cnoci6 300pku 3 BHKOpUCTaHHSM BifOopTyBanHs omnucanuii B [40]. [lpu
3aIPOIIOHOBAHOMY CTHOCOO1 JIBl TJIOCKI 3arOTOBKH IOMIIIAIOTh 3 JIBOX CTOPIH Ha
MaTPHULIO 31 HACKPI3HUM POOOYUM OTBOPOM. J[Ba CHIBBICHO PO3TAIIOBAHUX ITyaHCOHA
npoOHMBalOTh B 3arOTOBKax OTBOPU MO Marpuili. OTpuMaHi 3arOTOBKHA PO3MIIIYIOTh
CHIBBICHO 3 000X CTOpiH BiJpi3ka TpyOW 13 cTaji, IUIACTHKY, OpOH3M 1 T.I. 1
OJIHOYACHO MiJAl0Th BIAOOPTYBaHHIO JBOMa IyaHcoHaMu. Ilicis BinGopTyBaHHS
MyaHCOHU BXOJSTh BCEPEAMHY TpyOM, 0O0XKMMar4u MaTepial 3aroTOBOK IO i
CTIHKaM 3 YTBOPEHHSIM MIITHOTO 3’ €JHAHHSL.

B mxepeni [41] HaBenenuii cmoci0, skuil mpu3HaueHuidl s (HOPMyBaHHS
30BHINIHBOTO (DJIAHIIA HA KiHII METAJIEBOI TPYOH Mij Ji€r0 BiAOOPTYBaHHS. 30KpeMa,
croci0 BHUKOPHCTOBYETHCS MPHU BIAOOPTYBaHHI TPyO ENINTUYHOTO Mepepisy, sKi
MarTh CIipaJibHI TOQpH 10 BCi A0BXHHI. Taki TpyOH 4acTO BUKOPHUCTOBYIOTHCS B
XBUJIeBOJIax. BinOopTyBalbHUN NPUCTPiN sIBIsi€ COOOK MaTPUYHY TOJIOBKY, sKa
3’eqHAHA MTHAPUIHOKO IUISTHKOK 3 YIApHOI0 MOBEPXHEI0, M0 SKi HAHOCATH yIap
MOJIOTKOM a00 JIPyTMM IHCTPYMEHTOM JUIsl OTpuMaHHs (JaHisl Ha TpyOi. MaTuyHa
TOJIOBKA Ma€ HAMpaBISIOUUA BUCTYIN, SKUH BBOJUTHCS B TPyOy, 1 MOBEPXHIO JIJIS
BIIOOPTYBaHHS 3 PaJiyCoM 3a0KpYIJICHHS, KWW BHU3HAYA€ TEUII0 Marepialy Ipu
00poO0IIl.

B [42] mpomnonyroThCst crociO i MpUCTpiil MpU3HAYEHI, B MEPILy Yepry, s

MEXaHIIHOIO 3,€,Z[HaHH}I KalloTa ABUT'YHA 3 Hi,Z[CI/IJ'II-OIO‘{I/IM CIICMCHTOM. CYTI) CHOCO6y
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noJisira€ B TOMY, WIO BIJOOPTYBaHHA BUKOHYEThCS B JnBa erand. Jus iforo
MIPOBEJICHHS] BUKOPUCTOBYETHCSI IHCTPYMEHT JIJIs BiIOOPTYBaHHS 3 T1IPONPHUBOIOM 1
IBOMa poOOYMMH KpPOMKaMH, SIKAH 3a JOMOMOTOI0 JIBOX EKCIICHTPUKIB MOXKE
BIJIXWJISITUCS BIJl BEPTUKAJIBHOTO MOJOKEHHS 1 IOBEPTATUCS B HHOTO JIJISl TPOBEICHHS
BimOopTyBaHHs. OnucaHi MOAPOOUIl KOHCTPYKIIIT 1 poOOTH MPUCTPOIO.

Croci6 BimOOpTYBaHHS 1 HMPHUCTpil s Horo mpoBeacHHS HaBenaeHi B [43].
JaHuii crioci0 mpu3HAYCHHWM TMepil 3a BCe IS 3’€JIHAHHS BEPTUKAIBHOI CTIHKH
WTHIPUYHOT MOCYAUHH 3 TUIOCKUM JHOM, NMPUYOMY HOCYAMHA 1 JHO BUKOHAHI 3
pi3HUX MarepiaiiB. [IpucTpiil BiApI3HAETHCS BiJl BIAOMHX OUIBIIMMH HATIAHICTIO 1
IPOYKTUBHICTIO.

B mxepeni [44] onmcanmii croci® BiAOOpTYyBaHHS TOPJIOBHMHH Ha TPYOHUX
3aroToBKax. Y CTaTTl PO3IJISHYTHUH CIOCIO BUTOTOBJIEHHS TPIMHUKIB 13 TPYOHHUX
3aroTOBOK 0Oarato MepexigHUM IITAMIIOBKOIO 3 BHUKOPUCTAHHSM IIAPOBHUX
nyaHcoHiB. HaBeneHa MeToiuka po3paxyHKY pO3MIpiB OBaJIBHOTO OTBOPY i
B1JI0OPTYBaHHS FOPJIOBUHHU.

B mxepeni [45] onucyeTbes 3anaTeHTOBaHUM crociO BiiOOPTYyBaHHsS OTBOPIB B
JUCTOBUX 3aroTOBKax. 3riAHO JaHOTO CMOCO0Yy, BUKOPUCTOBYIOTH 3arOTOBKY 3
BUKOHAHUM Yy Hiil OTBOPOM, SKYy BCTAaHOBJIIOIOTh Ha JKOPCTKHM ITyaHCOH.
BinOopTyBaHHs OTBOpY 3IHCHIOIOTH MNUISIXOM MONEPEIHBOTO AePOpMYyBaHHS
MaTtepiajly B 30HI OTBOPY JO MOMEHTY YTBOPEHHsI OOpTa 1 OCTaTOYHOTO YTBOPCHHS
OopTa BIUIMBOM 3YCHJUIS Ha KPOMKY OTBOPY 3 OJHOYACHUM 30UIbIIEHHSM JlaMeTpa
OTBOPY. 3alIpONIOHOBaHUH CIOCIO JJO3BOJIIE OTPUMYBATHU SIKICHI B1I0OPTOBaH1 BUPOOU

1 BMEHIITUTH TPYIOEMKICTb.
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1.2. ExkcnepuMeHTaJIbHI HOCIIIKEHHS MO BIAOOPTYBAHHIO KPYTJIMX OTBOPIB Y

JIUCTOBHUX 3aroTOBKax

B crarti [46] po3rnsiHyTO Tpu Tuna aedopmailiii mpu BigOOPTyBaHHI OTBOPIB
KOHIYHMM ITyaHCOHOM 1 ITyaHCOHOM OXHUBaJbHOi (OpMH: YTBOPEHHS (pJIaHLIS;
YTBOPEHHSI PIBHUX KpaiB, SKI MalTh (OPMY MENIIOCTOK; YTBOPEHHS BUTATHYTOTO
3arnuOneHHs 3 AHOM. [Ipu BinOOpTyBaHHI MyaHCOHOM OXXKMBAJIbHOT (POpPMH MOTPIOHE
MEHIIIE 3yCWJUIS 1 OTPUMYIOTh OuIbII sAKICHI (JaHIll, HDK NpU BUKOPUCTAHHI
HamiBCEPUUYHUX 1 KOHIYHUX IYyaHCOHIB. 3aCTOCOBYIOTh CTYHIHYACTI MyaHCOHU 3
KOHIYHUM a00 TUIOCKUM TOpIEM (OCTaHHI NMPU HASIBHOCTI B 3arOTOBII MOMNEPEIHBO
npobutoro oTBOpY). EkcmepuMeHTH mpoBOAMJIM Ha 3pa3kax 13 JIaTyHI,
MAaJIOBYTJIEIEBOI CTajl 1 MiJi.

B [47] npuBeneHi pe3yibTaTH AOCIIKEHb IO BiAOOPTYBaHHIO OTBOPIB B
3aroToBKax 13 MarHieBoro ciiaBy MA2-1M 6e3 nonepennsoro HarpiBy. IlokazaHo,
0 B pe3yJibTaTl 3aCTOCYBaHHS KPYTWJIBHUX Y 3-KOJMBaHb, IO MiJABOASTHCS O
IyaHCOHA, MO>KHA OTPUMATH 3HaYeHHs KoedimienTa BigoopTyBanHs piBHi 0,42.

['eometpito nmeraneil, OTpUMaHUX BUTSKKOIO 1 pO300PTYBaHHSAM PO3TIISIIAIOTH B
[48]. Butsbkky 3 po30OpTYBaHHSM 3aCTOCOBYIOTH JIJISi MacOBOTO BHTOTOBJICHHS
KOpPOTKUX TpyOuacTux pertanei (mail®, BTYJIOK, NIIUIMIHUKIB 1 1H.). YMOBOIO
HAJIHOTO TMPOTIKAHHS TPOLIECY € PIBHICTh 3yCWIb /I OTPUMAHHS BUTSDKKOIO 13
(baHI BEpXHBOI YACTUHU JETall 1 pO300pTyBaHHAM JIJIsl OTPUMAaHHS HHXKHBOI. Tomy
YCHIIIHUX PE3yJbTaTIB JIOCATAIOTH JIMIIE MPU BIAMOBIAHUX BITHOIIEHHSIX JlaMeTpa
3aroToBku 1 ii oTBOpy. EKcCIiepuMEHTH NpPOBOAMIMCA Ha CTaJbHUX 3aroTOBKaxX
TOBIIMHOIO 2 1 5 MM Ta 3 TpbOMa pI3HUMHU AlaMeTpamu. Ha mijgcraBi qociimKeHHs
po3po0iieHa HOMOTpama Il BU3HAYEHHSI HEOOXIAHUX 3YCHJIb 1 PO3MIpIB JeTail To
po3MipaM 3aroToBku 1 mrTamna. HaBeaeHwil mpukiag BUKOPUCTAHHS HOMOTpaMHU.
JIns BU3HAYEHHSI pO3MIpY 3aroTOBKH, sKa MOTPiOHA IJI1 OTPUMAHHS JeTall 3aJaHuxX

PO3MipiB, 3aCTOCOBYIOTh METO/I TIOCIIIJIOBHUX HAOIMKCHb.
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B mxepeni [49] iineThest mpo Te, 1110 BAHUKHEHHSI PO3PUBIB KPOMOK OaHOK, SIKi
OTPUMAaHI BUTSDKKOIO 1 TOCHIIYIOYOK BHUTSKKOIO 3 TOTOHIIEHHSIM, BUKIIMKAHO
SKICTIO 1 TEXHOJIOTIE0  BUTOTOBJICHHS OaHOK. Bukmameni  pesyibTaTu
EKCIIEPUMEHTAJILHUX JIOCTIPKeHb, SIKI MPOBOJAWIMCA B MPOMHUCIOBHUX YMOBax 1 B
naboparopii BUpoOHHMKa xecTi. I[lpu BHUroTOBIEHHI OaHOK cHOCTepirajd 3a
KOJIMBaHHSIM TPOLEHTY Opaky IO po3pHuBaM, B 3aJE€KHOCTI BiJl MaKCHUMAJIbHOTO 1
MIHIMAJbHOTO TIOKa3HUKIB XIMIYHOTO CKJIaJy Marepially, MaKCUMaJIbHOI 1
MiHIMaJabHOI TOBIMHU Matepiany (0,155 1 0,165 mMMm), cocoOy 0Opi3ku, cTaHy 1
peryJifoBaHHs OCHallleHHs sl BinOoptyBaHHsA. bpak cranoBuB 0 — 54 N%.
HaiiGinpmmii BB Mano ocHamieHHsi. Tak $SK BUBYEHHS MpPUYMH Opaky B
IPOMHUCIIOBUX YMOBax OyJj0 Ba)XKUM, TO MPOBEIM JOCTIIKEHHS B JiabopaTopii, Ha
crieniajgbHIA HaliBaBTOMATUYHIN JiHii. JlocmikeHHs: Ha BIJOOPTYBaHHS MPOBOIUIH
Ha CHeliaJIbHIA YCTaHOBLI PO3/1aY€i0 KOHIYHUM ITyaHCOHOM, IIISIX SIKOTO JI0 PO3PUBY
CIY>KUB MOKa3HUKOM JOCHiKeHHsd. HaBeneHi pe3yiabTaTu JAOCHIIB, K1 MOKa3yIOTh
BIUIUB MEXaHIYHUX BJIACTUBOCTEN MeTaja, XIMIYHOTO CKJIaay 1 MIKPOCTPYKTYpH.
PesynpTaTi mocmimiB garoTh KOpPHUCHY 1H(GOpPMAIlio, MPOTe MOTPIOHO MEepeBIpUTH X
KOpeJsillil0 3 pe3yJbTaTaMu BiJIOOpPTYBaHHS OaHOK B TMPOMHCIOBUX YMOBax.
BcranoBneno HactymHe: nedopMyBaHHS JKECTi, SKa OTpUMaHa 13 KU sY0i CTajl, Ha
33% HmKYe, HIXK KECTi, SKa OTPUMaHa 13 CIOKIMHOI cTaji; HeMeTajeBl BKIIOYCHHS
HOPMAJILHOTO PO3MIpY HE BILUTMBAIOTH Ha 1eOpMyBaHHS 00p13aHOT KPOMKH.

B [50] npuBeneHi pe3yabTaT JOCTIIKEHb CYMIIIEHOTO MPOLECY MPOOMBKH 1
BIIOOPTYBaHHS OTBOPIB B JIMCTOBUX 3aroToBKax ToBHIMHOW 0,5 + 2MmM 13 cramni,
naryni ta Al — crmaBy. J{ocmiau mpoBOAMINCS 3a ABOMA CXeMaMH: 03 MpUTHCKaya i
3 IPUTUCKAYEM B1JIOKPEMIIEHOT YaCTUHH 3arOTOBKH.

B [51] HaBeneHi pe3ynbraTH AOCTITHUX POOIT MO BiIOOPTYBaHHIO OTBOPIB B
pexuMi HaamIacTUIHOCTI. [TokazaHa MOXKIIMBICTH JOCATHEHHS Ha cruraBax MAS 1
AMr6 3nadenn koedirienta BimOOpTyBaHHs piBHUX BignmosigHo 0,063 1 0,160, mo
BIIMOBIZIa€ MakcUMabHIM KpyroBid nedopmamii 1480 1 525 %. Ilokazana
MO>KJIMBICTh 3MEHIIIEHHSI PI3HOCTIHHOCTI, OTPUMAHUX BiAOOPTYBAaHHSIM, 32 PaXyHOK

Ha0Opy MICIIEBUX KiJIbIIEBUX MMOTOBILEHb 110 KPOMIIi OTBOPY.
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B crarri [52] onucaHi pe3yiabTaTy AOCIHIKEHb MOBEIIHKA TOHKOTO alFOMIHIIO
npu TPOOMBIIL 1 BIAOOPTYBAaHHI IT’ThbMa PI3HUMHU ITyaHCOHAMH, SIKI BIJPI3HSIIOTHCS
KyToM poOouoi yactunu. [IpoBomumnocs aBa BUAM NMPOOMBKM — KBa3ziCcTaTU4HA 1
nuHaMmiyHa. KBazicTaTuuHy MpOOMBKY JIMCTIB TOBIIMHOK 3,2 MM TPOBOAWIM Ha
YHIBEPCATBHOMY JOCHIAHUIIBKOMY CTEHJl, B SKOMY IIyaHCOH 3aKpiIJICHHUH Ha
BEpXHIN IUINUTI, @ IPUTHCHYTA 3ar0TOBKA MEPEMINIYEThCs Bropy. JliameTp 3aroToBKU
160 MM, giameTp i1 BUTbHOI Bl MPUTUCKHOTO KUIbI yacTuHu 120 mM. KyT pobGouoi
gactuau OyB piBHHM 20°, 40°, 60°, 90° 1 120°. BigHomeHHs AiaMeTpiB BUIbHOI
YaCTUHM 3arOTOBKH 1 IyaHcoHa Oys10 piBHE 8. Jlociau npoBoauiIn 0e3 3MallyBaHHS.
[[IBuaKIiCTH MiJHIMAHHS TOB3YHAa 5 MM/XB. /luHamiuyHy NpOOUBKY JOCIIKYBIM Ha
YCTaHOBIII, SIKa Ma€ TOJIOBKY, AHAJIOTIYHY THUM, SIKi 3CTOCOBYIOTHCSI B IPUCTPOSIX IS
BCTAHOBJICHHS IITUQTIB 1 T.II., 3 TPUIIAJIOM JJI1 BUMIPIOBAHHS IIBUJIKOCTI. Y CTAaHOBKA
MICTUTh TaKOX IPOMIKHY MAaTPHIIO, sSKa IOJIETIIyE HOPMAaJbHE IEepPEeMIIICHHS
37340l YaCTUHM IyaHCOHA J10 yAapy 00 3aroToBKY, 1 KOPIYC 3 LEHTPaJIbHUM
OTBOPOM JIJII YCTAaHOBKM 1 KpIMJIEHHS 3aroToBKW. JliamMeTp BUIbHOI YacTHHU
3arotoBk 80 MM, 1 BigHOWIEHHs ii A0 niamerpa myaHcoHa 8,4. Kyt poGouoi
YaCTUHU TMyaHCOHA Oyl Taki K, K 1 MpU KBazicTatuuHid npooOuBui. IIBuakicTh
najgarounx dactuH 421 wm/c. JlocmipkeHHS TMOKas3anmd, IO NPH KBa3iCTaTHYHIN
npoOWBIII OCHOBHUM BHJIOM Jedopmariii sIBIASETbCS YTBOPEHHS (DECTOHIB TIpH
BIIOOPTYBAaHHI HE3aJEXKHO BiJ KyTa myaHcoHa. I[lpum auHamiyHii 1poOuUBII
nyaHcoHam# 3 Kytamu 90° 1 Oinbiie BiAOYBaeTbcsl BUAAJIEHHS MaTrepialy 13 30HHU
yaapy aHajloriyHo npoOuBLi. [Ipy BUKOpUCTaHHI MYyaHCOHIB 3 MaJUMH KyTaMH
MOBEJIIHKA MaTepialy B 000X BHUIIaJIKaX aHaJIOriyHa, HE JUBJISIYMCh HA BEJIMKY
PI3HMINIO MIBUAKOCTI BXOJKEHHS IHCTPYMEHTA B 3aTOTOBKY.

Pe3ynbTaTu AociKeHb Mpoliecy BiIOOPTYBaHHS OTBOpIB JiameTpoMm 6,17 —
6,35 MM B 3pa3kax ToBHIMHOIO 1,62 MM HaBeneHi B [53]. BinbopTyBaHHS BUKOHYBaIH
IIyaHCOHAMM KOHIYHOI 1 OKUBaJIbHOI (hopMH JiameTpoM 12,7 MM. 3pa3ku 3aTHCKaIH
a00 BUIBHO BCTAHOBIIIOBAJIA HA JI3€pKajio MaTpulll. BUroTosieHi BoHu Oy 13 M’SIKOi
cTaui, Hepkapiroyoi craii 1 Ti. liamerp pobdounx oTBopiB Matpuils 20, 32 1 38,1 mMm.

JlocnixyBaiy npolec pydHyBaHHS KPOMKH, a TAKOX 3MIHY Xapakrepy Aedopmariiii
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miJ 4yac BiAOOPTYBaHHS 3 METOK BHM3HAUYEHHsI BIUIMBY aHI30TPOMIii BJIACTUBOCTEH
Marepialy. EkcnepuMeHTallbHI JaHi 10 BH3HAYCHHIO OpI€HTallll HaNpIMKY
pyHHYBaHHS 1O BIJHOLIEHHIO JO HamNpaBleHHS MPOKATKU 3pIBHIOBAIA 3
pe3yJbTaTaMu TEOPETUYHUX JIOCIIKeHb, 3aCHOBAHUX Ha HAWMPOCTIIINA Teopii
nedopMyBaHHS aHI30TporHOro Marepiany Xiwia. lIBuakicte nedopMyBaHHS B
eKkcrepuMeHTax Oyma 2,54 MM/XB. IX mpoBoaunu Ha BUHPOOYBaJIbHiM MalMHi
sycewisim 10 tc. Ilpu BigOopTyBaHHI 3aTUCHYTHX 3pa3KiB BHKOPHUCTOBYBAIU
INPUTHUCKHE KUIble, Sk (DIKCYBaoCs 3a JOMOMOIOK0 KUIBKOX MMuiboK. llnumpku
PO3MIIITYBaIM IO JYy31 OKPY>XKHOCTI JiameTpoM 66,3 MMm. MaTpuito momiiryBaiud B
OTBIp MaTpuileTpuMaya aiamerpoMm 31,8 MM, sIKMii BUKOPUCTOBYBAJIM 1 B SIKOCTI
npyroi matputi. [Ipu BigOopTyBaHHI 3pa3KiB, 3aTUCHYTUX MO nepudepii, ix aiamerp
nopiBHIOBaB 81,28 MM, JiaMeTp BUIBHO Jiexxauux 3paskiB 63,5 M. Ilpu BupizanHi
3pa3KiB 13 JIUCTA MPOBOJMIN MAapKyBaHHs HaIlPaBJICHHS IMPOKATKH. [3 KOKHOro TUITY
MaTtepiajly BUTOTOBISJIA TPU KOMIUICKTH 3pa3kiB. B JBOX KOMIUIEKTax 3pa3KiB
OTBOPU BHCBEPAJIOBAINUCS 1 PO3TOPTYBAIUCA, a KPOMKHM iX HUTiyBamu, TpeTii
KOMILJIEKT 3pa3KiB He MaB oOTBOpiB. [losoBMHA KyTa KOHIYHOTO ITyaHCOHA
nopiBHioBasia 30° 1 60°. V oXUBaJdbHUX IMyaHCOHIB BIJHOILIEHHS BHCOTH POOOUOT
YaCTUHU 70 pajiycy nopiBHIoBasio 2. IlepemimeHHs myaHCOHA KOHTPOIIOBAIU 3
tounicTio 0,0254 MM. B sikocTi 3marnyBaHHs BUKOPUCTOBYBaIH Tpadit. 3MIHIOBAIH
nedopmariii nmo toBumHI mig kyramu 0°, 45° 1 90° mo HampaBieHHS MPOKATKH, a
TaKOXX KyT, BUIMOBIHMM MICIIO pyHHYBaHHA. J[7s BH3HAYEHHS MEXaHIYHUX
BJIACTUBOCTEHN MaTepiany OyJu MpOBEIEHI MEXaHIYHI BUMPOOYBAHHS MPHU IIBUAKOCTI
1,27 mMm/xB 3pa3kiB, BUpizaHux 13 jaucta mig kyrom 0°, 45°, 90° 1 135° no
HaIpaBJIeHHS MPOKAaTKU. EKCIEpUMEHTAJIbHO BCTAHOBJICHO, IO 13 30UIBIIEHHSM
JiaMeTpa MaTpulll 3MEHIIYEThCS MaKCUMalbHa BEJIMYMHA IyaHCOHA 1 BeJIMYMHA
3ycuiutsl pyiiHyBaHHS. [IpuIyckaroTh, 110 13 3MEHIIEHHAM JiaMeTpa MaTpHIll BUCOTA
Ooopra 30UTbIIYEThCSA. PyHHYBaHHS 3pa3KiB 13 HEPKaBIIOYOI CTalll MOYHMHAETHCS
B3J/IOBXK HalpaBJIeHHs MPOKaTkH, 13 T1 mig kyrom 100°, 3pa3kiB 13 M 4KO1 cTajl — Mif

KyToM 90°.
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B pesyibTati npoBeAeHUX IOCIIKEHD, SIKI HaBeaeHl B [54], BCTaHOBJICHO, 110
CyMIIIIEHHs olepallii BiIOOPTYBaHHS OTBOPY 3 PO3/auel0 MO3UTHBHO BIUIMBAE Ha
crenidb  Qopmo3minu. KoedimieHT BIiZOOPTYBaHHS 3HAXOOUTHCS B  MPAMIN
3aJIEKHOCTI BiJI BEJIMYMHHU JIOAATKOBOTO CTHUCKAIOYOTO HABAHTAXKEHHS HA KPOMKaxX
orBOopy. IcHye o0macTp ONTHUMAaNbHUX 3HAUYEHb JOJATKOBOTO HAaBAHTAXCHHS,
KOHKPETHA JIJIs1 KOXKHOTO BUXIJHOTO JiiaMeTpa OTBOPY 3aroTOBKH. 3MEHIICHHS KyTa
KOHYCHOCTI KOHIYHOTO IIyaHCOHA TNPHUBOAUTH 1O 3MEHIICHHA KoedilieHTa
BIIOOpPTYBaHHA. EQEKTHUBHICTP pEBEPCUBHOIO BIAOOPTYBaHHS 3aJICKUTh BIJ
Koe(dillieHTa TMOINEepPeIHhOr0 BIAOOPTYBAHHS, 3MEHIIYIOYM SIKMH CIiJl BpaxoBYBaTH
HeOe3MeKy BUHUKHEHHSI TPIIIUH Ha KPOMKaX OTBOPY.

B mxepeni [55] onmcaHi ekcriepuMEHTaNbHI JOCIIKCHHS PI3HUX BapiaHTIB
YTBOPEHHS BHUCOKMX BiOOPTOBAaHMX YAaCTHH Ha CTAJIEeBUX JAeTalsX. Pe3ympraTw
EKCIICPUMEHTIB TMPEJCTaBlieHI Ha Jiarpami, Ha SKi MaKCHUMallbHa BHCOTa
B1IOOPTOBAHOT YaCTHHU TMpPEJCTaBIeHAa B 3aJIEKHOCTI BiJ JjJiaMeTrpa MpoOUTOro
OTBOpY 1 BapiaHTa BigOOpTyBaHHs. [loka3aHo TakoXX BiAXWJICHHS GIaHLs BIT
TJIONIUHHOCTI.

B [56] posrasgaerses HOpMOYTBOPSHHS TOPJIOBUHH MPU CYMIIIIEHOMY IpoIieci
dbopmoBKH, TIpOOMBKM 1 BimOopTyBaHHsA. Jledopmailii BU3HAYAIUCA METOAOM
KOOPJIMHATHO1 CITKW. BcCTaHOBIEHWI XapakTep pO3MOAUICHHS MEPHI10HATLHUX,
TaHT€HIIaJTbHUX 1 HOPMAJIbHUX HAIMPYXKEHb [0 TOBUIMHI AedopMalliil B310BK TBIPHOT
OopTa TOPJIOBUHHM B 3aJIEKHOCTI BiJI TEOMETPUYHUX TMapamMeTpiB IHCTPYMEHTA.
OTpumaHni AaH1 Opo 3MIITHEHHS MeTana 00pTa rOpJIOBUHHU.

B mxepeni [57] omucani pe3yiabTaTH IOCHIKEHb MPOILECY BiIOOPTYBaHHS
OTBOPIB 3 METOI0 BHU3HAYEHHS TMO3WTHBHOTO BIUIMBY CTHUCKAIOUHMX HAMPYKEHb, SKI
OpPUKIAJAeH]  MEePHeHIUKYISIPHO  TUIOHIMHI ~ 3arOTOBKM 32 JOMOMOIOIO
KoHTprOputuckavya. Crovarky JOCTIIKYyBalld BIUIUB PI3HUX KOMOIHAIll MapaMeTpiB
Ha TPaHUYHUN Koe(illeHT BIAOOPTYBaHHS MPU 3BUYAMHOMY BiOOpTyBaHHI. s
IbOT0 LIJICHANPABICHO 3MIHIOBAJIM THUI MaTepiajlly, HOro TOBIIHMHY, KOE(DILIEHT
BiOOpTyBaHHA 1 (opMy 1HCTpyMeHTa. B HacTymHii cepii eKCIepUMEHTIB

JOCIIKYBaJIM BIUIMB (OpPMH IMyaHCOHa 1 KOHTpoputuckada. OcoOnuBYy yBary
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3BEpTau Ha CrMocid OTpUMaHHsS OTBOPIB 10 BiAOOpPTYyBaHHS. BHKOpHCTOBYBamuCs
3pa3ku TOBHIMHOIO 1, 2 1 3 MM. EkciepuMeHTH BUKOHYBAJIM Ha Tiapornpeci MoABIHHOI
Iii 3 TIApaBIIYHUM KOHTpHpUTHCKaueM. [Ipu mpoBeneHHI mepimx eKCIEepUMEHTIB
3aBASKA JOCTaTHbO BHCOKMM HANPY>KEHHSIM CTHUCKY, SKi OyJau CTBOpEHl 3a
JIOTIOMOTOI0 KOHTPIIPUTHCKAUa, BJAIOCS 3MEHIIMTH KOoe(DilieHT BiOOPTYBAaHHS [0
50 %, mo BigmoBijae 30UIbLICHHIO BUCOTH OopTa A0 25 %. Ilpu 3Buuaiinomy
B1IOOPTYBaHHI Kpalll pe3yiabTaTH OTPUMYIOTh IpHU HamiBchepuuHit popmi podouoi
YaCTMHU IIyaHCOHA, a MpHU BIAOOPTYBaHHI 3 KOHTPHPUTUCKAYEM €(PEKTUBHILIHIMA
MyaHCOH 3 IJIOCKUM TOPIIEM, [IPU YOMY B I[bOMY BUIIQJIKy MOK€E OYTH MOMEPEKEHO
TUIIOBE JIJISI 3BUYAHOTO BIIOOPTYBAHHS yTBOPEHHS 00YKOMOAIOHOTO OOopTa.

OnTumizaiis cnocoOy BiZOOPTYBaHHS 3a TOMOMOTOI0 KOHTPIPUTHCKAYA, SIKUHA
CTBOPIOE JIOJATKOBI CTHUCKAIOUl HAIpy»KEHHS B 30H1 aedopmarii HaBeaeHi 1 B [58].
HedopmyBanHss npu BiAOOpPTYyBaHHI B OCHOBHOMY MpPOXOAUTh MiA  MAI€I0
TaHTEHIIaJIbHUX CTUCKAIOYMX HaIPYyKeHb. Tak fK MpU LbOMY 3amnac MIaCTUYHOCTI
HE3HAYHUN, TO SIK MPABUJIO, MPH BIIHOCHO HEBEJIWKHUX BIJHOIICHHSIX JlaMeTpa
¢manig (d1) mo miametpa otBopy (00) BUHHMKAIOTH PO3PHBH IO KPOMIII OTBOPY, SKi
IIPY NPOJOBXKEHH] orepallli 301IbIIYIOThCA 1 MPU3BOAITH 10 Opaky neraii. B mpoieci
JOCITIJIKEHHSI B1IOOPTYBaHHS 3 KOHTPIPUTHUCKAYEM BHUKOPUCTOBYBAIM 3pa3Ku 3i
ctam 1 3 Al, B AKuX OTBOPH OTPUMYBajIu MPOOMBKOIO 1 cBepuTiHHAM. JliameTp
OTBOPY BUKOHYBaM piBHUM 10 — 40 MM 3 iHTEepBajgom 2 MM. JIJisi BUBHAUYEHHS YMOB
nedopmariii, TpH SKAX MOXXHA YHUKHYTH TpPIIIMH TPU  BUKOPHUCTAHHI
KOHTPIPUTHCKAYa, 3MIHIOBAJIM TapaMeTpH, SAKi BIUIMBaJ M Ha BigHomieHHs d1/do.
BcTanoBieHo, 10 MeX1 3aCTOCYBaHHS CIIOCO0Y BiTOOPTYBAaHHS 3 KOHTPIPUTHCKAYEM
BU3HAUYAIOTBCA THUMH K T[apaMeTpaMu, II0 BIUIMBAalOTh Ha TpoOIec 1 TMpH
TpaauIlifHOMY BiIOOpTYBaHHI (MaTepiaj, TOBIIMHA 3arOTOBKH, CIOCIO OTpUMaHHS
OTBOPY), aJie BII3HAYAETHCS 3HAYHUIA BIUIUB CIIOCO0Y OTpuMaHHs 0TBopy. [IpoBeneni
JOCIIIJIKEHHSI MMOKa3aJiM, 110 3aCTOCYBAaHHA KOHTPIPUTUCKAYA MOXKE 3a0e3MeduTH
O11BITY BUCOTY (DJIaHIIS, HIXK TIPU TPAAUIIHHOMY B1IOOPTYBaHHI.

B [59] mocmimkyBaBcs mpoliec BiIOOpTyBaHHS B TOHKOJIMCTOBHUX MaTepiaiax 3

OCbOBUM MpHUTHCKayeM. JJig MOPIBHSHHS MPOBEIX E€KCIEPUMEHTH MO 3BUYAHHOMY
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B1IOOPTYBaHHIO B 1IEGHTUYHUX yMOBax. MexXi 3aCTOCYBaHHS CIIOCOOY BHU3HAYAIIU T10
BUHUKHEHHI TIEPETUCKIB abo0 TpIIMH Ha Kpaw CTIHKK OTBOpYy. Pe3ynbratn
BIIOOPTYBaHHA 3 MPOTUTUCKOM abo Oe3 HHOro B OUIBINIM Mipil 3ajexarh Bij
MaTtepially 3arOTOBKH, TaK caMo SK 1 3pOCTaHHS TpaHMIll JAedOpMyBaHHS, BUKIUKAHE
HAKJIQJaHHAM CTHUCKAIOUMX HampyXeHb. MakcumalibHe 30UTbIICHHS KOe(ilieHTa
BIIOOPTYBaHHA B TIOPIBHAHHI 13 3BHYAaHUM BIAOOPTYBaHHSAM OTpPUMAaId Ha
3aroTOBKax TOBIIMHOK 3 MM 13 Al 3 mpoOWTUM OTBOPOM MpHU BUKOPHUCTAHHI
IJIOCKOTO TYaHCOHY 1 pajiiycoM po6ouoi kpomku 5 mMm. KoeditieHT BimOOpTYBaHHS
30utbmBesa 3 1,69 no 3,38. HaiiGineiry aOcomtoTHY jaedopmaliiio OTpuMaiu Mpu
B1JIOOPTYBaHHI 3 MPOTUTUCKOM 3pa3KiB TOBIIMHOIO 3 MM 31 CTalll 3 MPOCBEPIICHUMHU
oTBOpamH, Koin KoedimieHT BinOopryBaHHs ckiaB 5,40. Ilotpibue 3ycusis
MPOTUTUCKY TMOJIIOHE 10 MAaKCUMAaJIbHOTO 3YCUIIISL TMPU 3BUYANHOMY BiJI0OPTYBaHHI.
Ha BenuuuHy 3ycusuis NPOTHUTHCKY BIUIMBA€ BUXIJHUN JiaMeTp OTBOPY: YUM BIH
MEHIIUH, TUM OUIBIIMMH MarOTh OYTHM HANpPYXEHHA CTUCKY. BIUIMB TOBIIMHH
Marepialy Ha MIHIMalbHy TOTPIOHY BEIWYMHY TPOTUTUCKY HE3HAYHUMU.
BceraHnoBiena TeHAeHIIIs 10 MOHMKEHHS. HUKHBOI TPAHULIl 3YCHIUIA 13 30UTBIICHHSIM
TOBIIMHH.

B cratTi [60] onmcyeTtnes poriec BiIOOPTYBaHHS 3 pajliabHUM IPUTHCKAYEM.
[Tpu BimOOpTYBaHHI MaKCUMAaJIbHO JOMYCTUME BIIHOIICHHS PO3MIUPEHHS (Iiamerpa
BimOOpTyBaHHsa d1/d0 — giamMerpa TMOMEpeAHBO MPOOUTOrO OTBOPY) MOKE
301IbIIYBATUCh 3aBIASKM TOMY, IO JOJATKOBO IO TPAAMIIMHOTO 1HCTPYMEHTY
BBOJISITbCS HANPY>KEHHSI CTUCKY B OCbOBOMY HANPSIMKY JOJATKOBHUM 1HCTPYMEHTOM.
[leit 1HCTpYMEHT Ji€ TPOTUJICKHO ITYaHCOHY, SK OCBbOBHM TIpuTHcKad. Jlpyra
MOJKJIUBICTh IOJIATA€ B TOMY, 11100 3aCTOCOBYBAaTH KOHIYHUI KOHTP-ITyaHCOH, SIKHI
CTBOPIOE HANpPYKEHHS CTUCKY B pajiaibHOMy HampsiMKy. [lyaHCOH NOMOBHIOETHCA
MOPOKHUHOIO, B SIKY TIPH BIAOOPTYBaHHI BXOJIUTh CBOIM KOHIYHHUM KiHIIEM BXOJHTH
KOHTp-IyaHCOH. [IpoBoAMIIMCH €KCIEPUMEHTH M0 B1AOOPTYBAHHIO JJI BU3HAUYCHHS
ONTUMAJILHUX PO3MIPIB KOHYCY MpHUTHCKayda. J{OCTiKyBaIUCh MPUTHCKAUl 3 KyTOM
30°,45% 1 60° 3 niamerpom ocHoBH 20, 30 1 40 Mmm. MeHmuii KyT KOHyca MPUBOAUTD

70 30UIbIIEHHS KOMIIOHEHTH CTUCKAIOYMX HAIPY>K€Hb B pajlalbHOMY HaIpsMKY.
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Tomy HEOOXiIHO BHOMpATH IO MOXJIMBOCTI MeHIIMN KyT. [lomideHo, mio mpu
OJIHAKOBOMY JliaMeTpl OCHOBH KOHYcCa MOTPIOHUHN IUISX MPUTUCKAYA 13 3MEHIIICHHIM
KyTa KoHyca 30uiblnyeTbes. Konye 3 kytom 30°, B MpOTHIEXKHICTh JABOM 1HIIMM
KyTaM, NPUBOAMTH JI0 3MEHUIEHHsS HAlMEHIIOro MOTPIOHOrO 3YCHIUIS IMPHUTHCKY,
KOJIM HAOJMMKA€ThCS 10 BIAHOIICHHS T'PAHUYHOTO PO3IMIMPEHHS ISl B1IOOPTYBAHHS
OTBOpPIB 3 pajiajJbHUM NpuTUCKadeM. /[ OCHOBHMX AOCHIIKEHb OyB BUOpaHHi
nputuckad 3 kytom 30° 1 miametpoM ocHoBU 40 MM. BHyTpiliHIi OTBip myaHCOHa
MaB JiaMeTp 42 MM, Tak 110 MPH JKUCTI TOBIIMHOIO 3 MM (JllaMeTp MmyaHcoHa 54 MM)
Ha IMyaHCOHI 3aJIMIIAETHCS BIIX1J 3 TOBIIMHOIO CTIHKM 6 MM. [Ipu BimOopTyBaHHI
OTBOpPIB 3 OCHOBUM IMPUTUCKAYEM HaMKpaluil pe3ysibTaT OTPUMYETHCS MPHU pajiyci
3a0KpyTiIeHHs 5 MM. TakuM ke BiH BUOMPAETHCS 1 17151 IOBHOTO MMyaHCOHA.

B mxepeni [61] omucyeTbcs MeTOAMKAa €KCIECPUMEHTATIBHOIO JOCIIIKECHHS
omepaiii THyTTs — (OPMOBKHM BHUIYKJIMX OOPTIB 3 BUKOPHUCTAHHS IMOJIIypETaHy.
Hiarpamu rpannyHux aedopmaiiiii BUNYKIUX OOPTIB MiATBEP/KYIOTh MO3UTUBHUN
BIUIMB BHUCOKHMX THCKIB Ha 3a0€3MEYEeHHs] BUTOTOBJIEHHS BUPOOIB 3 MOTPIOHUMHU
reOMETPUYHUMU MapaMeTPaMHU.

Ha Biaminy BiJ Kpyraux o0o0/iB, IPU BUTATYBaHHI MPSIMOKYTHUX, KBaJIpaTHUX,
OBJIBHUX 1 T.M. JETAJEW 13 JUCTOBOTO MeTajlia (PyHIaMEHTaIbHUX JOCIIIKECHb 1
pexkoMeHaIii 3HayHO MeHme. B crarri [62] ommcaHi MOCHIKEHHS MPOIECIB
BUTSDKKHM 1 B110OpTYBaHHS 000AIB, (hopma SIKMX BIAPI3HAETHCA BiA Kpyrioi. Mera
JOCIIKEHb — BHU3HAYEHHA pO3MIpiB 1 (opMu OTBOpIB [JIsi TOCIITYIOYOTO
BIIOOPTYBAaHHA 1 BCTAHOBJIEHHS MAaKCHUMalbHOI BHUCOTH BIJOOPTOBAHOI YAaCTHHH.
JlocniKeHHs TPOBOJUIIMCh HA TOHKOJIMCTOBUX METalax PI3HOrO THUIY 1 3 PI3HUM
CTYIIEHEM 3MILIHEHHS, B TOMY YHUCII 1 Ha CIIaBaXx.

B [63] npuBoasThCS pe3yabTaTH €KCIEPUMEHTAIBHHUX JOCHTIKEHb, Ha OCHOBI
SIKUX 3aIllPOTIOHOBAHI KpUTEPIi MPOTHO3YBAHHS TEXHOJIOTTYHUX BiJIMOB MPHU THYTTI —
GbOopMOBIII KPUBOJIHIHHUX OOPTIB €JAaCTUUHUM cepeaoBuieM. [lokazano, mo as
JeTaneil, Ha SKUX YTBOPWJIMCS TPIIIMHU 1 PO3PUBU MO KpoMill OOpTa, 3HAUYECHHS
KOe(DIIIEHTIB CTIMKOCTI PO3TATYBAHHS BUSIBUIIMCS OUIBIIMMH 3a TpaHuyHi. [l

neTaneil, Ha SKuUX OyJid BIJICYTHI PO3PUBH, KOEPIIEHTU CTIHKOCTI PO3TATYBAHHS
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OyJiM MEHIl TPaHUYHMX, [0 MIATBEPAKYE MOKIIMBICTh BUKOPUCTAHHS HAaBEJECHOTO B
CTaTTI KPUTEPIIO MPU aBTOMATU30BAaHOMY MPOEKTYBaHHI THYTTS — (QOPMOBKH JeTajiei
3 BUTHYTUM OOPTOM.

[Ipomec  xomomHOrO BIIOOPTYBaHHA OTBOPIB B TPYOHHUX 3aroTOBKax
BUKOPHUCTOBYETHCA JJISi BUTOTOBJICHHS TPIMHMKIB. |11 MpaKTUYHOTO BUKOPHCTAHHS
TaKUX JIeTajel HeoOX1He TOCITHEHHS MaKCUMAaJIbHOI BUCOTHU CTIHKU IIPU HE3HAYHUX
BIIXUJICHHSIX (opMH 1 po3MipiB. Ilicis npoOUBKU OTBOPY HOTO KPOMKH HLTI(DYIOTH,
NoTiM 300Ky BBOJSTh IHCTPYMEHT, KU MICTUTh KOHIYHUHN IyaHCOH 1 Matpuinto. /o
KIHI[Sl IyaHCOHA, SKUW BUCTYMA€ 13 OTBOPY, NMPUEAHYIOTh TATY, sfKa 3B’s3aHa 3
TAPOIMITIHAPOM — TaKMM YMHOM IyaHCOH MPOTATYIOTh 4epe3 OTBip. BcraHoBieHo,
IO HalpaBiieHa 3MiHa TEXHOJIOTii 1 MapaMeTpiB 1HCTPyMEHTa Ja€ MOXJIMBICTb
onTtumizamii mpouecy. [Ipu mpomy BupiliagbHe 3HaYeHHs Mae ¢opma OTBOpPY B
3arotoBll. Hampukiaa, BUKOHaHHS €JINCHOTO OTBOPY 3abe3nedye IMiJBULICHHS
(GbOpPMOCTIHKOCTI Kparo BIIOOPTOBAHOI YaCTUHM. 3aCTOCYBaHHS PEKOMEHJIOBaHUX
pO3paxyHKiB (GOPMHU OTBOPY Jla€ MOXKJIUBICTh HA TPAKTHII TOJIETIIUTH MPOEKTYBAHHS
BimOopTyBanHs. OnucaHi TOCTiPKEHHS HaBeaeH] B [64].

B mxepeni [65] BuknageHi pe3ynbTaTH CKCIEPUMEHTAIBLHOTO JOCIIIKECHHS
BIJTUBY OCHOBHUX (DaKTOPIB MPOIECY BUTATYBAHHS - BITOOPTYBaHHS Ha ()OPMO3MIHY
3aroToBoK 13 cram 08 ki ToBmmHOIO 0,6 1 1,2 MM, tiameTpoM 65 MM 3 oTBopamu 12,5
1 17,5 mm. BeraHoBieHO, 1110 BUKOPUCTAHHSI BUTATYBAaHHA - BiIOOPTYBaHHS 3aMiICTh
BUTATYBAHHA 3 HACTYINHUM NPOOMBAHHSIM OTBOPY J1a€ MOXJIMBICTH 3OUIBIIMTH
Koe(DiliEHT BUKOPUCTaHHS MeTany npu ToBuuMHI 1,2 MM Ha 5 — 13 %, a ipu TOBIIMHI
0,6 MM — Ha 14 — 18 % (nIpu MakcUMaNbHOMY MOTOHILIEHHI METANy Ha BHYTPILIHINA
kpowmini 19 125 % BiAMOBIAHO).

B [66] omucanuii po3poOieHUN CIOCI0 CTUCKAIOUOro THYTTS €JIAaCTUYHUM
CEPEOBUIIIEM JINCTOBUX JIeTaliel 3 MPAMOJIHIMHUMU 1 KPUBOJIHIMHUMHU OOpTaMu
BUITYKJIOT 1 BBITHYTOI (OpMHU 1 NPUCTPOIO sl WOro 3filcHeHHs. B pe3ynbrati
€KCIIEPUMEHTAJIbHUX JOCHIPKEHb BCTAHOBJIEHO, 110 B 30HI pajiyca CHPSKEHHS
CTIHKH 3 OOpTOM 3aMiCTh TPAJMIIIHHOIO IOTOHIICHHS JOCSTAa€ThCS TOTOBIICHHS

matepiany 10 10 — 13 %, npu 1boMy 3HaYHO 3MEHIIYETHCS NMPYXKUHIHHS OOPTIB, 5K
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3ruHaroTh.  OTpuUMaHiI  3aJ€XKHOCTI  JUIi  PO3pPaxyHKy KyTiB  NIPYKUHIHHS
OPSMOJIIHIMHUX 1 KPUBONIHIHHUX OOPTIB MPU CTUCKAKYOMY THYTTI €JIaCTUHYHHUM
cepenoBumieM. Jlerami, ski OTpHMaHI CTUCKAIOYUM THYTTSM, BOJIOJIIOTH OLIBII
BUCOKHMH MMOKa3HUKAMH MIITHOCTI, )KOPCTKOCTI, HAIMHOCTI 1 TOYHOCTI.

Bynu npoBeneH1 ekcriepuMeHTaIbHI JOCTIKEHHS 3 METOI0 OTPUMAaHHS JTaHUX
JUIE pO3pOOKH HAyKOBO OOIPYHTOBAHOI METOJMKH BH3HAUEHHS J1€(hOPMOBAHOTO
CTaHy Ha KpOMIIl OTBOpPY IUIOCKOi KpYIJIOi 3aroTOBKM B IMpOIECl 3TOPTKH —
BiZIOOPTYBAHHS 1 TIOCIIIyFOUOTO aHAi3y BUYEPITYBaHHS PECYPCY ILIaCTHYHOCTI [67].

JIns BU3HAYEHHS BIUIMBY aHi30Tpomii Ha ¢dopmy 1 po3Mmipu BUpoOy Oyiu
IPOBE/ICHI EKCIIEPUMEHTH O B1IOOPTYBAHHIO OTBOPIB MPHU KIMHATHIN TeMmepaTypi i
npu 600°C [68]. BuxopucroByBamucs 3pa3Kd i3 JHUCTIB THUTAHOBOTO CIUIABY
TOBIIMHOIO 1,5 MM 3 TIONEpenIHbO MPOCBEPAJIICHUMHU IEHTPATLHUMH OTBOpPaMH.
BcraHoBieno, 1o HasBHI HEOCECHMETPUYHI PpO3PUBH 1 BIIXWIEHHS, Takl SK
KopoOJsieHHs niepudepii daHis, eqncoBUAHICTb OTBOPY, HEPIBHOMIPHICTh BUCTYIIIB
B TIOBEpPXHI OTBOPY, HEPIBHOMIPHE PO3MOAUICHHS TOBIIMH TIICIAA  3HSITTS
HaBaHTaXeHHA. [Iporec BimOOpTyBaHHSA MPU BHCOKIN TeMmIepaTypl MOXKE 3HAYHO
NOKpamuTH (POpMyBaHHS, 3HU3UTH KOPOOJICHHS (IaHLsl 1 €TNCOBUIHICTH OTBOPY,
aJyie He TOKPAIUTh PO3MOICHHS TOBIIMH. [ 'pannunmii kKoedimmieHT BiOOpTYyBaHHS
JAHUM JIJIs1 TBOX PI3HMX CTaHIB.

B [69] posrisHyTa MOKJIMBICTH PO3IMIMPEHHS TEXHOJOTIYHUX MOXKIUBOCTEH
py BIAOOPTYBaHHI 32 paxXyHOK BUKOPUCTAHHS MyaHCOHA 3 MapaboigyHO0 (HOPMOIO
po00YOi YACTUHU 1 3MAILIEHHSIM 11 THCKOM KOHTaKTyIOUYUX IMOBEPXOHb. ['eomMeTpruyHi
napamMeTpu IyaHCOHIB BHM3HA4YE€HI EKCIIEpUMEHTaJbHO. AHAI3 TO0Ka3aB, IO
KoeQILI€HT BUTATYBaHHS NpU oMY 3HU3UBCS Ha 10 — 15%, a 3ycuns Ha 45 — 55%.

B po6ori [70] Buknanenuii crocid OLiHKKA TPaHUYHUX JePOpMaIlild JTUCTOBHX
MaTepiaigiB MUIIXOM TMPOBEIEHHS JOCTIIPKeHh Ha BIAOOPTYBaHHS IIEHTPAIHHOTO
OTBOPY B KPYTJIii 3aroTOBIl KOHIYHHUM JOPHOM B €JIaCTUYHIN MaTpHIll B YMOBax, sKi
ONMU3bKI 0 OMHOBICHOTO po3TAry. OTpHMaHi pe3yJlbTaTH BUKOPUCTOBYIOThH JIs

noOyZI0OBM €KCHEPUMEHTAIBHUX JlarpaM TpaHUYHUX CTIAKUX jAedopmaiiii 3
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HACTYMMHUM  iX 3aCTOCYBaHHSM TMpU MPOEKTYBAaHHI  Omepamiidi  JUCTOBOTO

mTaMITyBaHHS.

1.3. TeopeTuuHi AOCTIAKEHHS MO B1IOOPTYBAHHIO KPYTJIUX OTBOPIB Y JIUCTOBHUX

3aroToBKax

B crarri [71] HaBemeHi pe3ysibTaTH TEOPETUYHOIO aHATI3y IIPOIECY
BIIOOPTYBaHHA 3 OTOHILIIEHHSM JIeTajeil TUIY BTYJIKU 3 (UIaHILIeM, Y SIKUX TOBIIMHA
CTIHKH MEHIIIA TOBIIUHU (pJIaHIIS.

VY pe3ynbTaTi NpOBEACHOIO TEOPETUYHOTO aHaNi3y OTpuUMaHi Gopmynu s
BU3HAUEHHS OCHOBHMX TEXHOJIOTIYHUX MapaMeTpiB Npolecy BIAOOPTYBaHHSA 3
IOTOHIICHHSIM CTiHKH [72]. HaBemenHa MeToauKa poO3paxyHKY TEXHOJOTIYHOIO
poIIeCy BiAOOPTYBaHHS.

B [73] mnpomoHyeTbcs pillieHHS 3aaa4i 0 BH3HAYEHHIO IMUTOMHX 3YCHIIb
BIIOOPTYBaHHS OTBOPIB METOJOM BEPXHBOI OLIIHKU. BUKOpHUCTaHI MOJIS MIBUIKOCTEH
3 TPAEKTOPISIMA Yy BHIJSNAlI KPUBHX, IMapajelibHUX KOHTYpY IIyaHCOHa, SKi
KIHEMaTUYHO MOXJIMBI. 3MIHAa TOBIIMHM MaTepiady B Imporeci aedopmarii He
BpaxoByBaJlach. B pe3yibTaTi TEOPETUUYHHUX AOCHIKEHb OTpUMaHl (HOpPMYIH IS
PO3paxyHKy MUTOMUX 3YCHUJIb BiAOOPTYBaHHS CHEpPUUYHUMH, KOHIYHUMH 1 TUIOCKUMU
(UWTHAPUYHUMHK)  TIyaHCOHAMHM 3  ypaXyBaHHSM TIE€OMETPUYHUX  PO3MIpIB
IHCTpYMEHTa, YMOB TepTs 1 MEXaHIYHMX BJIACTUBOCTEM MaTepiaiy. 3amporoHOBaHA
METOJIMKa BpaxyBaHHs JepopMaIiiHOro 3MIIIHEHHS IIITAMIIOBAaHOTO METaly.

B mxepeni [74] BuBeneHi ¢hopMynu IIsl BU3HAYSHHS: TOBIIMHU 3arOTOBKH Ha
KpOMIIl OTBOPY 1 Ha Kpaw TOPJIOBHHH, JlaMeTpa OTBOPY NpPH 3aJaHidi BHUCOTI
TOPJIOBMHM, BHCOTH TOPJOBHHM TIpU 3aaHOMYy KoedIli€eHTI BiIOOpPTYBaHHS.

Bennunna KyTa Haxuily yTBOPIOIOUYOi F'OPJIOBUHU B MOMEHT YTBOPEHHS OTBODY, SKa
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BXOAUTh B (OPMYJIH, BH3HAUCHA EKCIIEPUMEHTAJIBHO B 3aJIEKHOCTI BIJ 3MIHU
koedimienty BindbopTyBanHs ais cram 10, natyni JI63M, Al

B crarti [75] omumcana cyrtHicTh mporecy BimOOpTyBaHHS. BkaszaHo, mio
MOXJIUBOCTI  ()OPMO3MIHM  TIPH  BIJOOPTYBaHHI  JIMITYIOTBCS  BIJIHOCHHM
MOJIOBKEHHSIM MaTepiaiy 3arotoBku (25 — 50 %). Po3paxyHok aiameTpa OTBOpY iz
BIIOOPTYBaHHSA MPOBOJUTHCSA TMPH JOMYIIECHHI, 10 YTBOPEHHsS OOpTa MPOXOAMTH
aHAJIOTIYHO MPOCTOMY THYTTI. 3ampornoHoBaHa (opMmyiia Ui po3paxyHKy Jiamerpa
OTBOpY HiA BinOopTyBaHHs. Takox AaHa (Gopmyna Juis BUSHAUYEHHS BUCOTHU OOpTa B
3QJICKHOCTI  BIJI BIJHOCHOTO TIIOJIOBXEHHsS Marepiany. HaBeneni mpukiaau
po3paxyHkiB. Onucanuii KOMOIHOBAHUM ITaMI JJis1 TPOOMBKH 1 BIIOOPTYBaHHS.

AHaJITHYHE BU3HAYEHHSI MAaKCHMaJbHOTO MEPUIIOHAILHOTO HAMPYKEHHS MPH
BIJIOOPTYBaHHI TOPJOBUHU 3 JHMCTOBUX 3aroTOBOK 3 MONEPEIHBOIO (POPMOBKOIO 1
OpoOMBKOIO JIOHHOI 4YacTWUHH 3 BUKopuctaHHsM ¢opmynu E. A. Ilomosa
posrisagaeTbess B [76]. BpaxoByeTbcs BIUIMB  3MIHH  TOBIIMHH, JIOBXKHHH
B1I0OOPTOBAHOT YACTUHM 3arOoTOBKH 1 11 3MillHeHHS npu nedopmyBaHHl. OTprmaHa
3aJIeXKHICTh TO3BOJISIE PO3paxyBaTH 3yCHILIS BiAOOPTYBaHHS.

B mxepeni [77] mnpoBemeHWi aHami3 MEPIIOr0 KPUTHYHOTO CTaHy B
BICECUMETPUYHUX TIPOIIecax BUTATYBaHHS 1 BimOopTyBaHHs. Lleil aHami3 BUKOHAHMIA
JUISL ABOX BUAIB 3aJIGKHOCTEH (MHINHOI 1 CTyHeHeBOi) HEOMHOPIAHOCTI MEXi
TEKY4OCTI1 JUCTOBOIO MeTajia 1 KyCKOBO-JIIHIMHOI YMOBHU TutacTudHOCTI. [IpoBenenuit
TaKOX aHaji3 JJIs CTYNMEeHEeBOi (yHKIlI HEOJHOPITHOCTI 1 KpuBoi Mizeca. OTpumani
pO3paxyHKOB1 (OpMyiH, Kl MOEIHYIOTh I'PaHUYHI KOE(DIIIEHTH BICECUMETPUYHHUX
MPOLIECIB BUTATYBAHHS 1 BIIOOPTYBaHHA 3 MapamMeTpPOM HEOJHOPIIHOCTI BUXIAHOIO
Marepiany.

B [78] HaBeneHi pe3yabTaTé TEOPETUYHOTO JOCIIIKEHHS MPOLECY MPYKHOT
BiJIIa4l JJUCTOBUX JI€Tajel 3 KpUBOJIHIHHUMU OOpTaMU BUITYKJIOT 1 BBITHYTO1 (hopMH
Py CTUCKAIOUOMY 3THHI €JacTUYHUM cepenoBuieM. Otpumani dopmynud s
pPO3paxyHKy KyTiB NPYXUHIHHA, SIKI MOKYTbh OyTH BUKOPHUCTaHI JJIsi KOPEKTYBaHHS
OCHAIIEHHS ISl THYTTS MPU CTUCKAIOYOMY 3THHI KPUBOJIHIMHUX 1 MPSMOIHINHUX

OOpTIB, a TAKOXX MPHU B1I0OPTYBAHHI OTBOPIB 1 BUTATYBaHHI.
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B mxepeni [79] BUKOHaHMI TEOpPETUYHUN aHaJI3 MPOIECY BiIOOPTYBaHHS
JIUCTOBOTO MaTepiaiay 3 ypaxyBaHHSM 3MIIIHEHHS, TEPTsS, HOPMAJIbHOI aHI30TpOMii,
KyTa KOHyca TBIPHOI IIyaHCOHa Ha OCHOBI Teopii miacTuuHoi Teuii. OTpumani
PIBHSIHHSL /11 OMMCY HAIPY>KEHOT'O CTaHy MpOaHali30BaHI 3 TOYKU 30PY BILIUBY
3MIIIHEHHSI, TOOY/T0BaH1 MOl PO3MOAUICHHS HanpyXeHb. OTprUMaH1 3aJ€KHOCTI, SKi
BU3HAYAIOTh €KCTPEMAaJbHUIN paZlyc KPOMKH B MOMEHT MaKCHUMAaJbHOTO 3YCHIUISA 3
ypaxyBaHHSAM II€pepaxoBaHUX BHUIlE (PAKTOPIB, MNPOBEIECHA EKCIIEpUMEHTaIbHA
nepeBipka Ha pi3HUX Marepianax. BusHaueni mons po3moauieHHs aedopmaiiii B
ocepenky aedopmarlliif, a TaKoXX TOBIIMHA KPOMKH 1 TBIpHOi OopTa B JOBUIBHHUI
MoMeHT. Otpumani Qopmynun [ po3paxyHKy 3ycuuisl AedOpMyBaHHS TMpH
BIIOOPTYBaHHI 1 BEJIMUKUHU poOOoTH Aedopmartii.

B [80] mnpencraBienuii ekcrepuMEHTAIbHO-aHATITHYHUA METOJ] aHAIi3y
pollecy BIAOOPTYBaHHS MOMEPEIHBO MPOOUTOr0 OTBOPY B JIMCTOBIM HEPKaBIFOUIM
crani. B sikocti mMatepiany BUOpaHa BHCOKOJIETOBaHa CTallb, sIka JIOOPE IMiAIA€ThCs
00poO11i B X0N0ogHOMY cTaHl. BuBeneni HamiBeMiipuyHi GOpMYIH AJis MOETHAHHS
HAWOUTBIII BAXKIMBUX TEOMETPUYHHX TMapameTpiB: KoedimieHTa BigOOpTyBaHHS,
MOTOHIIICHHS MaTepiany, BUCOTH IIUIKH.

B mxepeni [81] BuknameHi pe3yabTaTH aHATITHYHOTO JOCIIIKEHHS MPOIECY
BiIOOPTYBAHHS KPYIJIMX OTBOPIB JE€TaJIel 3 BITHOCHO BY3bKHUM (iaHIeM. Po3risHyTi
PO3MO/UIEHHS] HAnpy>KeHb B 30HI BIIOOPTYBaHHSA 1 B NpUTHCHYTOMY (rnaHui. B
pe3yNbTaTi CHITBHOTO PINIEHHS YMOB pIBHOBaru 1 IJIACTUYHOCTI BCTaHOBJICHI
ONTUMAJIbHI BIJHOIIEHHS MI) BHCOTOI BIJIOOPTOBAaHOT YAaCTUHU 1 MIMPUHOIO
HezieopMoBaHOro (iaHUsg B 3aJ€XKHOCTI BiJl 3yCWJUIL NPUTHCKAHHA. 3ajlaya Mae
MpPaKTUYHE 3HAYEHHS, SKE TIOJIATa€ Yy IMIJABUIICHHI KOE(IiEHTa BHUKOPUCTAHHS
Marepiany.

B [82] mpoBeneHmit TeOpeTHUHHI aHaTi3 MPOIECY BiAOOPTYBAaHHS KPYIIIHX
OTBOPIB B TOHKHX ITACTHHAX 3 YpaxXyBaHHSM B3a€MOIIOB’S3aHOI 3MiHU TOBIIMHH 1
nedopmaitiitnoro 3MiniHeHHs. [loka3ana MOKJIMBICT BUBHAYEHHSI IOTOYHUX 3HAYEHD

nedopmarliii B HeCTaHAApTHUX Tpoiecax (Gopmosmiau. B mporeci BimOopTyBaHHS
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BU3HAYEHA KOOPAUHATA MaTePI1aJIbHOTO €JIEMEHTA, SIKU PO3MEXKOBYE 00JIaCTh CTUCKY
1 pO3TATYBaHHS B MEPUJIIOHATBHOMY HAIPSIMKY.

B mxepem [83] ommcyeThcs oTprMaHa MaTeMaTHYHA MOJCHIb IIPOIECY
BiIOOpPTYBaHHS  V-MOMIOHUX  JIMCTOBUX  JETajeid, BUTOTOBJICHHX THYTTSIM.
BcranoBneno, 1m0 mpu BBEACHHI JOMYIICHHS MPO MOXKIMBICTh MOJOBKCHHS
¢daHLeBOi IISHKA JeTanl 1 3HEXTYBaHHSIM BIUIMBY CHJI TepTs, (¢aHenb
3HAXOJMUTHCS B MIOCKOAE(HOPMOBAHOMY CTaHi. 3 BUKOPUCTAHHSIM METOJy CKIHYEHUX
€JIEMEHTIB BHM3HAYEHI EMIOpU PO3MOJUICHHS JedopMaliii B MPY>KHO-TUIACTHYHIN
3aroToBlll. BuKOHaHI eKcliepMMEHTalbHI JOCHIPKEHHs Ha 3pa3kax 13 cTaiml, sKa
Mpu3HavYeHa ISl BUTATYBAaHHS, JJI1 BHCOKOMINHOI cTam 1 Al- crmaBy. 3HauyHa
yacTUHA MaTepiany (iaHId TMepeTikae 13 MNPAMOJIHIMHUX WOTO JAUISHOK Y
BUKPHUBIICHI, 1 caMe TYT JIOKai3ye€TbCs OCEpPeIoOK TIIaCTUYHOI Jedopmariii.
MaxkcumanbHa crenidb Jaedopmanii QuiaHus 30UTbIIyBajach MO Mipi 30UIbIICHHS
HOro MIMPUHM TO BIJHOIIEHHIO O pajlyCy THYTTA J€Tali 1 3MEHIIyBajach IpH
30UIBIIEHH] KyTa MDK TOJIKAMU JeTami. 3O0UIbIICHHS TIMOKa3HMKa 3MII[HEHHS 1
koedimieHTa aHI3OTpOIii MEXaHIYHUX BIACTUBOCTEH Marepialy 3aroTOBKH
MIPU3BOAWIIO JI0 3MEHIIIEHHS MaKCUMabHO1 aedopmaitii dianis. ExcnieprumeHTanbHO
BuU3HAYeH1 aedopmartii mpudmmzHo Ha 10 % mepeBuIyBaiu po3paxyHKOBI 3HAUCHHS.

B [84] 3ampomoHoBaHuii = BapiaHT = BHUKOPHCTAaHHS  OE3MOMEHTHOI
KIHIIEBOCJIEMEHTHOT MOJIeJl JUIsl BU3HAUYEHHS TPAHUIIl MIK BICECUMETPUYHUMU
BUTSATYBAaHHSM 1 B1IOOPTYBaHHSIM 3arOTOBKHU 3 OTBOPOM. PiimieHHs 311HCHIOBATIOCH HA
OCHOBI O€3MOMEHTHOT >KOPCTKOIUIACTUYHOI KIHIIEBO-CJIEMEHTHOT MOJEl O00O0JIOHKH,
110 feopmyeTbesi. AITOPUTM MOKPOKOBUM, IKUH BPAaXOBY€ 3MiHHI KOHTAKTHI YMOBH
1 TepTs y BIAMOBIAHOCTI 13 3akoHOM Kyrnona. Pesynbratéi 4ncensHOTO PIillieHHS IS
3aroTOBOK 3 PI3HUMH I'€OMETPUYHHUMHU MMapaMeTpaMu HaBEJEH1 Y BUTJIAII TaOlUIlb, HA
OCHOB1 SIKMX BCTaHOBJIFOBABCS JiaMETp OTBOPY, SKHM BIJMOBIAB TPAHUINl MIX
BUTATYBAaHHAM 1 BiI0OpTYyBaHHsM. [IpoBeeHO MOPIBHSIHHS TEOPETUYHOTO 3HAUYEHHS
BUXIJTHOTO JiaMeTpa OTBOPY 3 HOTO €KCIIEPUMEHTAJIBLHO 3HAWICHUM «KPUTHIHUM)
3HAUEHHSAM, 10 MIATBEPAUIO HAIIAHICTh YHCEIBHOTO MOJICTIOBAaHHS JIaHOTO

poIiecy.
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B crarti [85] HimeThes mpo cuctemy mporpamuoro 3adesneuenns WITES ms
TEXHOJIOTTYHOTO MPOEKTyBaHHS 3a gomnoMororo EOM mporieciB 0OpoOKU THCKOM.
3acTocyBaHHS IIi€] CUCTEMH TMOKAa3aHO Ha MPHUKJIaAl OTPUMAaHHS AeTalll «pi3pOoBa
Hakmaakay. [licins po3poOku KopucTyBadeM rpy00i TEXHOIOT1i BUTOTOBJICHHS JETall,
AKa CKJIAJa€ThCsl 3 TEpexoJiB: BHUpPYOKa, BIIOOPTYBaHHA OTBOpPY 1 THYTTH,
pO3pOOIISAIOTh  BIAMOBIAHI ~ TEXHOJIOT1YHI  KOoMmmoHeHTH. [licas  odopmieHHS
KOMITIOHEHTa «BUPYOKa» aKTHUBYIOTh KOMIIOHEHT «BIIOOPTYBaHHS OTBOPY». Y
BIAMOBIAHOCTI 3 YCTAHOBJICHMM QJITOPUTMOM BBOAATH JaHi Tpo  Gopmy
B1IOOPTOBAHOTO OTBOPY, (popMy 1 po3Mmipu OoOpTa, HABKOJUIIHE CEPEIOBHUILE 1
MaTepiaii Mpu aBTOMAaTUYHOMY KOHTPOJI, YW JIeKaTh J1aHI B MeXaX BCTAHOBJIECHUX
TPaHMIIb 3aCTOCYBAaHHS 1 00JIACTI BU3HAYCHHSI TEXHOJIOTTYHOTO KOMITOHEHTA. Ko
I yMOBa HE BHUKOHYEThCA, TO KOPHCTYBauy aBTOMATHYHO MPOMOHYIOTh
anbTepHATHBHI pimeHHs. Po3paXyHOK OKpeMUX TEXHOJOTIYHHUX IapaMeTpiB
BUKOHYIOTh B 3aJIEKHOCTI BiJl BUJly OOpTa 3a IOMOMOT0I0 3BUYATHUX PO3PaXyHKOBUX
BIIHOIIIEHh 200 (PI3MYHUX 1 TEXHOJIOTIYHUX XapaKTePUCTUK Martepiaiy. Ha ocHOBI
CHIBCTaBJICHHS MOTPIOHOTO 1 MAKCUMAJIbHO MOXJIUBOTO KOe(iIlieHTa BiTOOPTYBaHHS
MPUXOJISATH 10 BIAMIOBITHUX PEKOMEHIAIINA YK ajJbTepHATUBHUX pilieHb. [lapamerpu,
10 PO3PaxOBYIOTHCS: 3yCHIIIS 1 poOoTa Aedopmairii, hopmMa aKTUBHUX JACTAJICH 1 X1
MOB3yHA € TIepeyMOBaMU JJ11 KOHCTPYIOBaHHS IHCTpyMEHTA 1 BHOOPY MAaIlIMHHU.

OTpuMaHi 13 EKCHEPUMEHTAJIbHUX 1 TEOPETUYHUX JOCTIHDKEHb IIpU
BiIOOPTYBaHHI OTBOPIB CITIBBITHOIICHHS JIO3BOJISIIOTH 3IACHUTA MOJIEITIOBAHHS
XapakTepy KpHUBOI <«3yCWJUISI — TUISIX» JUIS  BapiaHTIB crocody ©0e3- 1 3
KOHTpHputuckauem [86]. Xopoiia BiANOBIAHICTh pe3yIbTaTIB 13 TEOPIi 1 MPAKTUKHU €
NEPEeyMOBOIO U TOAAJBIIONO PO3PAaxyHKY BIJHOIIEGHHS MapaMeTpiB mpu
B1IOOpPTYBaHHI OTBOpPiB. Bim0opTOBaHI YaCTMHW YacTO BUCTYNAIOTh SIK J10JATKOBI
dopMu Ha JMCTOBUX JeTaisX. J[As KOHCTpylOBaHHA HEOOXimHUX (opMm
B1IOOPTOBAHUX AUISTHOK 1 JUIsl 3a0€3MeYeHHs TEXHOJIOTIYHOCTI B paMKaX IMiJArOTOBKH
poboTH HEOOX1HA PO3pPaXyHKOBA OCHOBA y BUIJIS/II CHIBBIAHOIICHB 1 KPUTEPIiB, SIKI
JUISL HEP)KaBIFOYMX CTajled € IMe He B JOCTaTHIM KiibKocTi. [l BU3HAYCHHS

napaMeTpiB  BIJOOPTYBaHHS 1 TIONIYKY HEOOXITHUX TIEPEXOJIiB BaKJIUBUMHU
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SBIIIIOTBCS  JIOCATHEHH1  CIIBBIJHOIICHHS TPAaHUYHOTO PO3LIMPEHHS, BUCOTa
B1IOOPTOBAHOT YAaCTHMHHU, a TaKOXX TOYHICTh po3MmipiB 1 ¢opmu. [ns Bubopy
noTpiOHOro 00JiaJHaHHS HEOOX1IHO 3HATH OTPUMYBaAHI CKJIAJOBI1 3yCHIIb MPOIIECY 1
cun tepts. [Ipu nboMy motpiOHO OpaTu A0 yBard Ha piBHI 31 3YCHIISIM ITyaHCOHY
CKJIQJIOBl 3YyCWJIIS sl TNPUTHUCKAaya 1 KOHTPIPUTUCKAYa, SKIIO Ii €JIEeMEHTU
3aCTOCOBYIOTHCSI MU BiAOOpTYyBaHHI. B miTepaTypl HaBmaku 3aBXAU JTOKa3YyEThCS,
[0 TPH 3aCTOCYBaHHI €JIEeMEHTapHOI Teopil I po3paxyHKy aAedopmaiiii 1
Hanpy>XeHb B 0araTbOX BUIAJKaX JOCATAIOTHCS JTOCTATHI JJIs MPAKTUKHU PE3yJbTaTH.
Pe3ynpTaT mMoOKa3aHUX MIpPKyBaHb IOKa3ylTh, II0 BUKOPUCTaHHS 3aJIEKHOCTEH
€JIEMEHTapHO1 Teopil IIACTUYHOCTI MOXKE MPHUBOJAUTH JO XOPOIIOi BIJIMOBIAHOCTI
Teopli Ta eKCIEPUMEHTIB.

B [87] mnpuBemeni pe3yabTaTH TEOPETUYHHMX JOCIIKEHb  IIPOIECY
B1IOOPTYBaHHA (IaHIIB B JUCTOBUX 3arOTOBKAX 13 BaXKKOJe(OPMOBAaHUX CIUIABIB, B
T. 4. 1 TuTaHoBux. [loOyngoBaHa maTemMaTH4yHa MOJIEJb MPOLIECY, SKA JT03BOJISIE
BU3HAYUTH HAMPYKEHO-Ie(OPMOBAHUI CTaH 3aTOTOBKH.

Metoro pobotu B [88] Oyno MomenmioBaHHS NpOIECY BiTOOPTYBaHHS 3a
JIOTIOMOT'0I0 METOJTy KIHIIEBUX eJieMeHTiB. OTpuMaHi pe3yJbTaTu OyIyTh CIyryBaTH
OCHOBOIO JUIsl BUOOPY MapaMeTpiB MPOIECy 1 po3poOIIOBaHUX BUCHOBKIB TIPO HOTO
pe3yabTaTH.

B mxepeni [89] mpencraBieHi pe3yiabTaTH MaTeMaTHYHOIO MOJICIIOBAHHS
OpoleCy  BICECUMETPUYHOTO  BUTSATYBAaHHS  CYMIIIEHOTO 3  HENOBHHUM
B11I0OpTYBaHHSIM. Ha OCHOBI po3paxyHKy MEpHUAIOHATBHUX HANpPY>KeHb, HEOOX1THUX
s neopMyBaHHSL JIOHHOI 1 (hJIaHIIEBOT YACTUH 3arOTOBKHM, MOXHAa BCTaHOBUTHU
nominyrounii By dopmosminu. [lokazaHa MOXIUBICTH BUKOPUCTAHHS MOJEII IS
BU3HAUCHHS IMapaMeTpiB INTAaMIIOBKH JETaJiel 3 OTBOPOM B JIOHHINM YacTHHI.
Po3pobneni momeni MOXyTh OyTH BHUKOPUCTaHI TIpU  CTBOPEHI CHCTEM
aBTOMATU30BAHOTO IMPOEKTYBaHHS TEXHOJIOT1M IIITaMIOBKM BICECUMETPUYHUX
neraneit (CAD/CAM).

B [90] posrmsmaerscs pospodimena CAIIP, sika 103BoJIs€ 3 TOCTATHBOIO IS

MPAKTUYHOTO 3aCTOCYBAHHSI TOYHICTIO PO3POOJISITH MeTano30epiraroui TEXHOJOTIT
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BUTOTOBJICHHS JIeTajeil TUIly Tijd 0OepTaHHsS 3 OTBOPOM B JIOHHINM yacTuHi. Cucrema
MOXe OyTHM BUKOPHUCTAaHa TaKOX JJIs aHai3y AIMCHUX TEXHOJOTIYHHMX MPOIIECIB 3
METOIO 1X YJTOCKOHAJICHHS 1 MPOEKTYBAHHS HaWOIbII €(peKTUBHUX TEXHOJOTIH.

B crarTi [91] BigmidaeThCs, MO TEXHOJOTIS BiIOOPTYBaHHS OTBOPIB MOXKE
pO3TIsAaTUCA Ha MPAKTUIl SK CaMOCTIHHA TexHoJoriyHa omepauia. Llsg omepais
3aCTOCOBYETHCS, 30KpeMa, IJIsl ONTHMI3allii MpOLeCy BUTATYBAHHA 3 TaK 3BAHUMU
TEXHOJIOTIYHUMH OTBOpaMH. [loka3aHa MOXJIMBICTh MOJETIOBaHHS MPOLECY
BIIOOPTYBaHHA 3 BHUKOPUCTaHHSIM mporpamHoro 3abesnedenns PAM-STAMP.
Pe3ynpTaTi MOpPIBHIOIOTHCS 3 EKCIIEPUMEHTAILHUMH BUMIPIOBAHHIMU.

B mxepeni [92] po3mnoBigaeThCs MpPO Ppo3po0JIeHYy MaTEeMAaTHUUHY MOJIEIhb
BIIOOPTYBAaHHS JIMCTOBOIO METaly B 3araJlbHOMy BHUNAAKY IHJIIHIAPHYHUM
IyaHCOHOM 3 KYTOM KOHyca mpu BepmuHi o < 90°, sika BUKOPHCTOBYETHCS B
TeXHOJIOT1uHIN mpo6i 3i6ems — [Tomma (o0 =90°) mpu OIIHII MITAMITYEMOCTI, T03BOJISE
BU3HAYWTHU TOJISI HAMPYKEeHb 1 AedopMalliif Mo oCepeaKy IJIACTUYHUX JiepopMarlii,
HIMPUHY KPOMKH TBIPHOI PO3IIMPIOBAHOTO OTBOPY, AePopMyroue 3yCHIUIS 1 poOOTy
nedopmarlii 3 ypaxyBaHHSIM 3MIITHEHHS, HOPMaJIbHO1 aHi30Tporii 1 TepTsa. OTpumani
TEOPETUYHI 3aJICKHOCTI, Kl BU3HAYAIOTh €KCTPEMAIbHUN JlIaMETP PO3IIUPIOBAHOTO
OTBOpPY IIpH B1AOOPTYBaHHI B MOMEHT MaKCHUMAaJIbHOTO 3yCHUIUIA JehOpMyBaHHs, SKi
no0pe TOTOMKYIOThCSl 3 eKcrnepuMeHTambHuMu nanuMu (o0 =90°). PospoOnena
KOHCTPYKIlisl IITAMIIOBOTO OCHAIIEHHS JJIi MPOBEACHHS TEXHOJIOTIYHOI MpoOu Ha
BinmooptyBanHs 1o 3ibemo — Ilommy (KWI) no3Bomsie pexomenmyBatu ii is
3aCTOCYBaHHS B JOCTIAHUIIPKUX MaIlIHAX.

B [93] po3pobiiena maTemaTHyHa MOJCNb, SKa J03BOJSE IepeadadaTu
XapakTep mporecy (HOPMOYTBOPEHHS Ha OCHOBI BHpaxyBaHHS HaNpPyXeHb, SKi
HeOoOX11H1 )11 1eopMyBaHHS TOHHOI 1 (DJIAHIIEBOT YACTUH 3arOTOBKH.

BinoopryBanus ¢uaniiis [94] € BaxiuBuM mpoiiecoM GOpMyBaHHS JTHCTOBOTO
MeTay IpH BUTOTOBJICHI MaHeel Ky30BiB aBTOMOO1IIIB 1 BIJIUBAE HA AKICTh 300pKU
nanesnei. MojiesnroBaHHs BiIOOPTYBaHHS € MOPIBHSHO BAXXKOIKO 3a/1a4€t0, a 3/IaTHICTh
10 (opMyBaHHA TIpU I[HOMY TIPOIECI BHUBYEHA HEIOCTaTHhO. B maHiii poOoTi

JTOCIIKYETbCSI MOKJIMBICTh BUKOPHUCTaHHST METOJY KIHIIEBUX €JIEMEHTIB 3 KOJIOM
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AutoForm g MopjentoBaHHS — BIJOOPTYBaHHS — KPUBOJIHIMHUX  (pJIaHIIIB.
AHaI3YEThCS BIUIMB JESIKUX T€OMETPUUYHUX TMapaMeTpiB Ha (OPMOBKY IMPHU MPOIEeCi
BiI0OPTYBaHHS draHIiB. PesynbTaTu MOJIEJIFOBAHHS M1TBEPKEHI
€KCIIEPUMEHTAIBHO.

B [95] rtakox #merbcs mpo Te, IO BaXIWBUM IPOLECOM (OPMYBaHHS
JUCTOBOTO MeETaly € BiIOOPTYBaHHS BHYTPINIHIX KPOMOK, $KE€ IIMPOKO
3aCTOCOBY€ETHCS B aBTOMOOUIBbHIN TPOMHUCIOBOCTI. 31aTHICTh METaTy 10 (popMyBaHHS
Opu IbOMY 3aJI&KUTh BiJ BIANOBIIHUX NapaMmeTpiB mpouecy. B naniit pob6orti
MPE/ACTaBICHa MPYKHO-TJIACTUYHA TMpPOrpaMa METOJy KIHIIEBUX €JIIEMEHTIB I
BeJIMKUX JedopMaliiii, OCHOBaHAa Ha Mojeli eileMeHTiB 3arotoBok Mindlin‘a.
BpaxoByeTbcs Teopisi KBa3i-TEKy4dOCTI MpU MPYKHO-IUIACTHYHIA jaedopmariii 1
HOpPMaJIbHO aHI30TPOMHUN KpuTepid T1utacTuyHOCTi. [IpoBeneHo MopentOBaHHS
npolecy BiAOOPTYBaHHS BHYTPIIIHIX KpOMOK V- moaiOHOI feTani i3 JIMCTOBOTO
MeTally, 1 BU3HAYEHO BIUIMB FeOMETpii 1 MaTepially y BiANOBIIHOCTI 3 pe3yJbTaTaMu
po3paxyHkiB. KpiM Toro, nmpencraBieHa MaTeMaTHYHa MOJIEIb JJIsI BICECUMETPUYHOI
netam (BigOOpTyBaHHS TpyO) Ha OCHOBI 3arajbHO-AedopmariiiiHoi Teopii 1
MeMOpaHHOro MetoAy. B mMOpiBHSHHI 3 mMapameTpamMu Marepiajgy, reOMETpU4HI
napamMeTpu MarTh OUThIINN BIUIMB HAa (GOPMYBaHHS, OCOOIMBO KyT (hiaHIIs.
AHaNITHYHY MOJENb JIETKO BHKOPHUCTOBYBATH, aji€ BOHA JAa€ pEaybHI pe3yibTaTH
JIMIIE MPY MaJIMX 3HAYeHHX KyTa (iaHis ado Moro BUXiIHOT JOBXKHUHH.

B mxepem [96] po3pobiieHa METOMOJOTIS PO3PAXyHKY 3-MIpHOI MPYKHO-
MJIACTUYHOI MOJIEJl METOJy CKIHYEHUX €JIEMEHTIB, SKa OCHOBaHa Ha MpaBWJIl
texydocTi Prandtl-Reuss'a i kputepii Tekydocti Hill'a, BianoBinHo, sika acomiroeThes
3 OHOBIeHUM (dopmymoBaHHsSM Jlarpamka, IS MOJETIOBaHHS  MPOIIECY
BIIOOPTYBaHHA OTBOpIB emincHoi (opmu. Pe3ynpTaTd [aHOrO JOCHIIKEHHS
JO3BOJIMUIM  Kpallle 3pO3YyMITH TPOIEC BiAOOPTYBaHHS ENINCHUX OTBOPIB IS
MOKPAIIEHHS TEXHOJIOT11 I[bOTO MPOIECY 1 KOHCTPYKIIiT IHCTPYMEHTY.

[Ipu 3BHUAliHIN NpOOUBII OTBOPY HA MOBEPXHI 3pi3y YTBOPIOIOTHCS TPILIMHU,
0 3MEHIIye (OPMOBaHICTh MPU YTBOPEHHI (IAHIL 1 BIUIMBAE HA TEOMETPIIO

¢uanig, B TOMy 4Mcai i Ha Horo edekTuBHY BHCOTY. B [97] misa pimenHs 1iei
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po0JIeMu 3aCTOCYBAIM YMCTOBY BUPYOKY JUIsl OTpUMaHHs 0TBOpY. Jledopmaiiito mpu
B1IOOPTYBaHHI TaKOro OTBOPY MPOTHO3YBAJIM 3a JOIMOMOTOK METOAY KIHIIEBUX
eJIeMEHTIB. Pe3ynbTaT MOJIEIIOBaHHS METOJIOM KIiHIIEBUX €JIEMEHTIB MOPIBHIOBAJIH 3
pe3yJibTaTaMu  €KCIEpPUMEHTIB. BiaMideHa BIAMOBIIHICT, IIUX  PE3yJIbTATIB.
BucHOBKM 1aHOTO MOCHIPKEHHS MiATBEPAIIN, [0 BUKOPUCTAHHS YUCTOBOT BUPYOKH
JUIS OTPUMAaHHS OTBOPY MiABHUINYE (OpMOBaHICTh Ipu BinOopTyBaHHI. IlokazaHuii
B3a€MO3B’ 130K MI’K YMOBaMH BIJJOOPTYBaHHS TaKMX OTBOPIB 1 hopmoto (IiaHIIiB.

Cucrema anamizy JiHii 0Opi3KH 1 BIZOOPTYBaHHS KPOMOK JIMCTOBOTO METaly
BrockoHajaeHa Ha ocHoBi UGNX [98]. Buxoasum i3 iHBEpPCIOHHOTO METOAY, JIiHIs
0Opi3ku 1 (hOPMOBAHICTh JIMCTOBOIO METANy Ha OKpPEeMHX IUISHKaX (iaHus Moria
OyTH MPOTHO30BaHA y BIJMOBITHOCTI 3 TEOMETPi€r0 AeTaiti. MoaenoBaHHs Ha OCHOBI
UGNX no3BoJsie yHUKHYTH 3aTpaT yacy 1 TouHocTi Ha ctukoBi cuctem CAE 1 CAD.
3anpornoHoBaHy CHCTEMY MOXKHAa BHKOPUCTOBYBATH B SIKOCTI JOIOMIXHOTO
IHCTpyMEHTa JUIsi KOHCTPYKTOPIB 1 TEXHOJIOTIB ISl MPOTHO3YBAaHHS 1 ONTHUMI3AIlil
nporecy BiIOOPTYBaHHS KPOMOK Ha CTajli TMoOmepeaHboi po3pooku. Js
IIITBEPPKCHHS TOYHOCTI 1 €(pEKTUBHOCTI CUCTEMH TPOBEACHA 00pi3Ka 1 ONTHMI3aIlis
B1I0OpTYBaHHS (PJIaHLsl KpHJia aBTOMOOUIbHOI MaHesni. Pe3ynbTaTu MOpiBHIOBAIU 3
JTAHUMH CKCIICPUMEHTIB.

B po6oTi [99] po3risHyTO TIpoliecu BUTITYBAHHS-BIIOOPTYBaHHS KOPOOIACTHX
nerajnei 3 GuiaHIeM 1 OTBOPOM B JIOHHIM YaCTHUHI.

B mxepem [100] mpuBenmeHi KpUTHYHI TapamMeTpu MPOIECY BiIOOPTYyBaHHS
npu AeOopMyBaHHI JIUCTOBOI'O METANTy 3 HEOJHOPITHUM PO3MOIIICHHSIM MEXaHIYHUX
BJIACTUBOCTEN 1O paaiycy. s 1iporo OyB MPOBENECHHUM aHaAII3 KPUTUYHOTO CTaHy
MPOIIECY BICECHMETPUYHOTO BIJOOPTYBAHHS 3 BHU3HAUEHHSAM KoedillieHTa (CTYIEHS
BIIOOPTYBAaHHS) B 3aJIEKHOCTI BIJ MHapaMeTrpa pPO3MNOJIJIEHHS TpaHULl TEKY4dOCTi
Marepiany, mo naepopmyerbcs. AHaNi3 BUKOHAHWHM 71 JIHIMHOTO 1 CTEMIHHOTO
pPO3MOITY TpaHUIll TeKydocTi. JlOCHIPKeHHS TpOBEJEHI [JIsi KYCOYHO-JTIHIAHOI
anpoKcuMallii yMOBHM TEKy4OCTI 1 KpUBOI, siIKa BiAMNOBiAae enincy Miszeca.

Teopernunuii anamiz mporecy BiIOOPTYBaHHS KPYIJIMX OTBOPIB B TOHKUX

MJACTUHAX 3 ypaxXyBaHHSM B3a€MO3B’S13aHOI 3MIHM TOBIIMHM 1 JedopMaliiitHoro
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3MilHeHHs1 HaBeqeHuid B poOoTi [101]. Takoxx moka3aHa MOMKJIMBICTh BHU3HAYCHHS
TEeKy4HX 3HaueHb AedopMalliii B HecTallloHapHUX mpoliecax hopmo3MiHu. B mporect
BIIOOPTYBaHHS BU3HAUEHA KOOPAMHATA MaTEPlaJIbHOTO €JIEeMEHTa, KUl PO3MEKOBYE
00J1aCTh CTUCHEHHSI 1 pO3TATY B MEPUI1aIbHOMY HAMPSIMKY.

BusnauenHss mapameTpiB BiIOOPTYBaHHS 1 JOBXKHHH 3TBUHYYBAHHA NIpU
BUTOTOBJICHHI OTBOPIB IyaHCOHOM, IO OOEPTA€THCA, B TOHKOJIUCTOBOMY MeETall
npusBeneHo B poOoti [102]. PosrnsHyTo BIUIMB (POpMH 1 TEOMETPUYHHUX PO3MIpPIB
BIIOOPTOBAHOTO BUPOOY, SIKUU BUTOTOBJICHUN IyaHCOHOM, IIO OOEpTA€ThCS, HA
JIOBXKHMHY 3TBUHYYBAHHS 1 MIITHICTh P13b00BOT0 3’ €IHAHHS Ha 3pi3.

B po6ori [103] npoBeneHo AOCHiPKEHHST TapaMeTpiB BIIOOPTYBaHHS OTBOPIB
Ha 0a3i Deform 1 opToroHanpbHOTO €KCIEPUMEHTY. BIIMB po3mipy OTBOpY, 3a30py
MK MYaHCOHOM 1 MaTpHUIE0 1 pajilyca 3a0KpYIJI€HHS MaTpUlll JOCIIKYBaIH 3a
nonomoroto mporpam Deform-3D. Ilapamerpu Oynu mnpoananizoBani. Bupeneno
perpecuBHE pIBHSHHS 3a JOMOMOTOI METOJy HaWMEHIIMX KBajparTiB. PeasnbHi
napaMeTpu Mpolecy BiAOOPTYBaHHS OTBOPIB OyjiIM OTpUMaHiI 3 BUKOPHUCTAHHIM
OTNTHMI30BaHOI MaTeMaTUyHOi Mojiesi. PO301KHICT 3 pe3ynbTaTaMu €KCIIEPUMEHTIB
He nepesuiyBaia 6 %.

B mxepeni [104] omucyeTbcsi pPO3PAxXyHKOBE MOJCITIOBAHHS OCHOBHUX
napamMeTpiB B Tporecax (HOpPMOYTBOPEHHS TMIPU BHUTITYBaHHI-BiIOOPTYBaHHI.
Po3po0snieHi Mozieni BUTATYBaHHS-BIIOOPTYBaHHS JO3BOJISIOTh BU3HAYATH MTapaMeTpH
HanpyXeHO-1e(OPMOBAaHOTO CTaHy Ta TpaHUYHI XapaKTEPUCTUKH MPOLECY
(bOpMOYTBOPEHHS.

bararoonepauiiinuii mpouec: BUTATYBaHHS, BIIOOPTYBaHHA Ta 0OPI3KM TOHKHUX
JUCTOBUX METAJeBUX JIHMCTIB, onucano B poOoTi [105]. HocmimkyBaBcss KIaCUIHHIMA
OaratoornepaiifHuil Tpolec I[ITaMIyBaHHS JeTajlied CKjIagHOI TreoMeTpii B
nomepeHb0  1eOopMOBAaHOMY CTaHI 3 YTBOPEHHSIM KPHUBOJIHINHOI TOBEPXHI.
BpaxoByBaBcs BB aHizotpormii 1 edexty Bauschinger’a Ha 3ycuiuis 1 mpokaTky.
Po3pobiieHo cneniaibHuil TPUCTPIA AJi TOPIBHSHHS pPE3YJIbTaTIiB PO3PaxXyHKIB Ta
eKCIIepUMEHTIB. MOeNOBaHHS MOKa3ai0 JAesKi po301KHOCTI NMPU BUKOPUCTAHHI

MOPOKHUCTUX 1 UUIICHUX €JIEMEHTIB, HE [JHUBJISIYMNCh Ha OOMEXKEHHS B iX
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3aCTOCYBaHHI, 1 BIAMOBITHICTh MK pO3paxXyHKaMU Ta JOCIIDKCHHSMU. Pi3HUIIA B
MpOKaTi 1 piBHI HAMNpy»XEHb HEBEJIWKAa B KIHI MPOLECY, XO04U CIOCTEPIrajoch
o0OepTaHHA mepepi3y, AKe CIoYaTKy Oyso MepHeHIUKYISIpHE O OCHOBHUX BOJOKOH
IpH B1I0OPTYBaHHI.

3a pomomoroto mporpamu Deform-2D B pobGorti [106] mnpoBeneHa oriHka
MOJKJIMBOCTI 3MIHHM XapaKTepy PO3MOJIJICHHS TOBUIMHM y JETalei, Kl OTpUMaHi
BUTATYBAHHSAM Ta BUTATYBAaHHAM-B1IOOpTyBaHHAM. OTpuUMaHi J1aHi PO HaWMEHIII
3HAYEHHS TOBLIMHH 1 PO3MIILIEHHSI HEOE3MEUHOTo nepepi3y y AeTalield, siki OTpuMaHi
BUTATYBaHHSAM Ta BUTITYBaHHSAM-BIAOOpTyBaHHSAM. Ha OCHOBI  TOpIBHSHHS
MPUBEICHUX JaHUX PO3poOJIeHI PEKOMEHJAIll MO MPOEKTYBAaHHIO TEXHOJOTIUYHUX
IPOILIECiB BUTOTOBJICHHS MMOPOKHUCTUX JIeTalIel 3 OTBOPOM B JJOHHIN YaCTHHI.

Pesynpratn MaTeMaTHYHOTO MOJICNIIOBAHHS TMPOIECY BiCECUMETPUIHOTO
BUTATYBAaHHA, KM CyMIIIEHUH 3 B1IOOPTYBAHHSM IpH IUTAaMIyBaHHI JeTaled 3

OTBOPOM B JIOHHIM YaCTHHI, IpecTaBieHi B poooti [107].

BucHOBKH 1 mOcTaHOBKA 3a4a4 JOCIIKEHD

1. IIpoananizoBaHO Cy4aCHUM CTaH AOCTIIKEHb BIAOOPTYBaHHS: MPOOMBKA 1
BIIOOPTYBAaHHS TOBCTUX JIUCTIB CTajll; OTpUMaHHS Oopra y TpyOi; mpoOuBKa 1
chepuyHe BIIOOPTYBaHHA OTBOPY 3a OJMH X1A; BIIOOPTYBaHHA OTBOPIB Ha
MeTaiuHii (osb3l; BIAOOPTYBAHHS 32 IONOMOTOI0 OMPABKU; BiAOOPTYBAHHS OTBOPIB
y TpyOl 3a JIOMOMOTOK MATPUIlNl 1 IyaHCOHY €JINCHOI (opmu; BiIOOPTYBaHHS
OTBOpPIB B TOHKOCTIHHMX TpyOax 13 M’ SKUX MeTaliB; cnocid BigOOpTyBaHHS
TOpPJIOBMHU Ha TPYOHHMX 3aroTOBKAax; BiMOOPTYBaHHS 3 TMOTOBIIEHHSM CTIHKH T
p1360y; hopmyBaHHs (iaHIl HA KiHII TPYOH 3a TOMOMOTOIO BIIOOPTYBAaHHS.

2. IlpoananizoBaHi €KCIHEPUMEHTAJIbHI  JOCIIJKEHHS  BiAOOPTYBaHHS:
BU3HAUEHHS CTajiil nedopMyBaHHS 3aroTOBKHM; BIUIMB KyTa KOHYCY ITyaHCOHY Ha

BEJIMYMHY 3YyCWJUIA BiJIOOPTYBaHHS; MOPIBHSAHHSA MPOLEHTY Opaky MO po3puBaM B
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3QJIEKHOCTI BIJ XIMIYHOTO CKJIaJy Marepially, TOBIIMHU Martepialy, CIOCo0y
00pi3KH, CTaHy 1 peryJIOBaHHS OCHAIICHHS IS BIOOPTYBaHHS; BiIOOPTYyBaHHs 0€3
OpUTHCKaya 1 3 MPUTHCKaueM; BU3HAUYEHHs Koe(illieHTa BiAOOPTYBAaHHS B PEKUMI
HAJIMIJIACTUYHOCTI; BU3HAYCHHs BIUIMBY aHI30TPOIIi Marepialy Ha PO3PUBH ITiJ Yac
BIIOOPTYBAHHS; JOCHIKEHHs] PI3HUX BapiaHTIB YTBOPEHHS BUCOKHX OOpTIB; BILIMB
CTUCKAIOYMX HaNpYyXKeHb Ha Mpolec BigdopTyBaHHsA. HemocTtaTHRO MOCIHIIKEHO
BILUIUB reoMeTpii poO0YOoro IHCTpYMEHTY Ha BEJIMUUHY 3YCHJUIS MPU B1IOOPTYBaHHI 1
PO3MOIT IHTEHCUBHOCTI HaINpyXeHb, IHTEHCUBHOCTI JedopMallii, 3MIITHEHHS] METaITy
1 CTymiHb BHUKOPUCTAHHS pECypCcy IUIACTUYHOCTI. TakoX HEIOCTaTHHO
CKCIIEPUMEHTAJIBPHIX JaHUX TI0 TMPO(DITIOBAHHIO 3aroTOBOK [UIsl TMOAABIIIOTO
BIIOOPTYBaHHA Ta JaHUX O€3MOoCepelHb0 MO  caMOMy  BiJOOPTYBaHHIO
3npodiIbOBAHUX 3aTOTOBOK.

3. llpoanami3oBaHi TEOPETHYHI JOCHIKEHHS MPOLECIB BIAOOPTYBaHHSA
AHAJIITUYHMMM METOAAMM 1 METOJaMU KOMII FOTEPHOTO MOJEIIOBAHHSA: OTPUMAHHS
dbopmyn JUisi BU3HAYEHHS! OCHOBHUX TEXHOJIOTIYHMX MapaMeTpiB BiIOOPTYBaHHA 3
NOTOHIICHHAM CTIHKHM; BHU3HAY€HHs MHMTOMHUX 3YyCHUJb BIIOOPTYBaHHS OTBOpIB
METOJIOM BEpPXHBOI OLIHKH; aHali3 IMpolecy BIIOOPTYBaHHA Ha OCHOBI Teopii
MJIACTUYHOI TeYli; MOCHIKEHHS PO3IMOUICHHS HANpYyXXeHb B 30HI BiOOpPTYBaHHS,
BU3HAYCHI €MIOpW pO3MOAUICHHsS nedopmaliii 1 HanmpyXeHb Yy BiIOOpTOBaHIM
3arOTOBIIl 32 JOMOMOTOK) METOAY CKIHYEHHHMX €JIEMEHTIB, pPO3pPaxyHKOBE
MOJICJIIOBaHHS OCHOBHUX IapaMeTpiB B Mpolecax (OPMOYTBOPEHHS Mpu
BUTATYBaHHI-BIIOOPTYBaHHI, 3a JomnoMoroi mnporpamu Deform-2D B po6orti
IIPOBE/IEHA OLIIHKA MOKJIMBOCTI 3MIHU XapaKTepy pO3MNOIIJIEHHS TOBIIMHU Yy JIeTajei,
AKI ~ OTpUMaHl  BUTATYBAaHHAM-BIIOOpPTyBaHHsAM. HegoctaTHbo — po3pobiieHO
MaTEeMaTUYHUX MOJEJNEH, siIKi O BpaxOBYBaJM 3aJE€XKHICTh PO3MNOJALTY 1IHTEHCUBHOCTI
nedopMmariiii, I1HTEHCHUBHOCTI HampyXeHb, 3MIIHEHHS MeTaly 1 CTYMiHb
BUKOPUCTAHHSA pPECypCy IUIaCTUYHOCTI BIJI TeoMeTpuuyHuX (opMm podoyoro
IHCTPYMEHTY 1 3aroTOBKHM, WO BIIOOpPTOBYeThbcsl. He BCTaHOBIEH! aHaIITHYHI

3aJIEKHOCTI 7151 PO 1ITFOBaHHS 3aTOTOBOK.
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PO3/ILJI 2
PO3POBKA METOJIMK TEOPETUYHUX TA EKCIIEPUMEHTAJILHUX
JIOCJIKEHD ITPOLIECY BIIBOPTYBAHHS 3[TPO®IILOBAHOT
3AIOTOBKU

2.1. MeToanka TEOpETUYHUX JOCIIIHKEHD 3 BUKOPUCTAHHAM METOIY PO3B’SI3K
p p yp Yy

HaOJMKEHUX PIBHSIHB PIBHOBATrW 3 YMOBOIO MIJIACTUYHOCTI

2.1.1. Anani3 mapameTpiB, siKi BIUTMBAIOTh Ha MPOLIECH BIOOPTYBaHHS

Ak BKe 3a3Hayanocs, BiIOOPTYBaHHA — II€ OJMH 13 BUIIB (POPMO3MIHHUX
OpOLECIiB  JIMCTOBOIO INTaMOyBaHHS. SIK 1 KOXXEH TEXHOJOTIYHUNA MpoIlec
B1IOOPTYBaHHS Ma€ psiJl MapaMmeTpiB, K1 HA HbOTO BIUIMBaOTh. HalO1abIl BaXkIMBI
napaMmeTpH, K1 MarOTh MicCIle TP BIAOOPTYBaHHI MOXHA PO3AUIATH Ha TPH TPYIIU:

1. KonctpyktusHi napamerpu. Lle mapameTpu, siki BU3HAYAIOTHCS TEOMETPI€IO
neopMyrodoro 1HCTPYMEHTY — IIyaHCOHHM Ta MaTpHlll MpOCcTOoi 1 CKJIAIHOI
reOMEeTpUYHOI (POpPMHU, MapaMeTpy MPUTHCKAUA 1 TApaMEeTPH 3a30py MK ITyaHCOHOM 1
maTtpuiiero. Popma IHCTPYMEHTYy pa3oM 3 TEpTAM TNpU Tedii MeTalry Ha
KOHTAKTYIOUMX IMOBEPXHAX ITy>K€ BIUIMBAE HA XapakTep (HOPMO3MIHM METally MpH
XOII, a TakoX Ha CUJIOBI PeXUMH ASPOPMYBAHHS Ta PO3MOALT MUTOMHUX 3yCUIIb.
KinneBa reomeTpiss BHpOOy TaKOX BH3HAYAEThCS (POPMOIO I1HCTPYMEHTY Ta
TEOMETPIEI0 BUX1THOT 3arOTOBKH.

BB paniyca 3a0KpyrieHHsS MaTpuill Ha MPoIEeC BiAOOPTYBaHHS MOJIATAE B
TOMy, IO TIpH 3MEHIICHHI pajiyca 3aoKpYIJIEHHS 3MEHIIYEThCS BHCOTA
oTpumyBaHoro Ooprta. Ilpu BenmmkoMmy pafiyci 3a0KpYIJIEHHS BiTOOPTYBaHHS
XapaKTePU3y€EThCS BEIMKOI 3a0KPYTJICHOI YAaCTHHOK 1 MaJOl0 MHUIIiHAPUIHOIO
yacTuHOlO Oopta. Take BiIOOpPTYBaHHS MIAXOAUTH JUIS BUIIAJKIB, KOJIU MOTPIOHE
30UIBIICHHST KOPCTKOCTI KOHCTPYKIIi mNpu 11 Majgid Maci, Hampukiaa, Ipu

BIIOOPTYBaHHI TrabapUTHUX OTBOPIB 1 BIKOH B aBlalllMHUX, TPAHCIOPTHUX
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KOHCTPYKIISIX Ta 1H. BigOOpTyBaHHS 3 MaluM pajJilyCOM 3a0KpYIJIEHb 1 BEIUKOIO
HUAJIHAPUYHOI0 YaCcTMHOK OOpTa MOXKE€ 3aCTOCOBYBAaTHMChH TIPU  BIJOOpPTYBaHHI
HEBEJIMKUX OTBOpIB IMiJl pi3p0y abo KOJM KOHCTPYKTHUBHO TMOTPIOHO Matu
HUJIHAPUYHI B1IOOPTOBaHI CTiHKA. BUKOpHUCTOBYIOUM JaHI MOJEIIOBaHHS, OYJIO
BHU3HAUEHO BEJIMYMHY 3yCHJIb BIAOOPTYBaHHS MpHU PI3HUX pajiycax 3a0KpYIJICHHS
MmaTpuli. Tak Oyna BCTaHOBJIEHA 3aJI€KHICTh — YUM MEHILIUI pajiiyc 3a0KpyTJICHHS,
TUM OUIbIlIe 3yCWJUISL BIJOOPTYBaHHS, 1 HaBIAKH, SKIIO PajlyC 3a0KpYIJICHHS
301IBIIYETHCS, TO 3YCHUIUIA 3MEHIITY€E€ThCA.

Benukuii BriMB Ha Tporiec  BIIOOPTYBaHHS Mae TeomeTpudHa dopma
nyaHcoHa. Jlns BigOOpPTyBaHHS B OCHOBHOMY BUKOPUCTOBYIOTBHCS IIMJIIHJPUYHI,
KOHIYHI Ta cdepuyHi mnyaHcoHu. Big ¢opmu mnyaHcona 3anexaTb 3yCHUIUIA
B1IOOPTYBaHHS, X1l MOB3yHa Ipecy, KiHIleBa reomeTpudHa dopma 3aedhopMOBaHOT
3aroTOBKH, BEJIMYMHA 1HTEHCUBHOCTI JedopMalliil Ta IHTEHCUBHOCTI Hampy>keHb. B
LWIIHIPUYHUX [TyaHCOHAX BAXKJIMBUM MApaMETPOM € PajlyC 3a0KPYIJIEHHS JOHHOI
yacTUHM. Tak, HampukiIaa, YUM MEHIIUW paaiyc MyaHCOHA, THUM OUIbIIE 3YCHUJLIS
BIIOOPTYBAaHHA 1 MEHIIMH Xim moB3yHa mpecy. [lpum 30BciM Mammx pasiycax
BIJIOYBA€THCS 1HTEHCUBHE MPONPAILIOBAHHS CTIHKM 1 Ha JUISHKaX BIJOOPTOBAHOI
YaCTUHU YTBOPIOIOTHCS HeBenuki rodpu. [Ipu BimOOpTyBaHHI KOHIYHUM ITyaHCOHOM
BaXUJIUBY POJIb BIITPA€ KyT IMyaHCOHA — 3YCHJUIS 3MEHIIYEThCS 13 3MEHIICHHAM KyTa
1 HaBMaku. BUKOpUCTaHHA KOHIYHMX 1 CPEpUUYHUX IYaHCOHIB MOTpPeOy€e OLIBIIOrOo
XOJly TOB3yHa TIPECy B TOPIBHSHHI 3 IMNHAPUIHUMHU. KyT KOHIYHOTO MyaHCOHa
PaKTUYHO HE BIUIMBAE HAa PO3MOALI IHTEHCHUBHOCTI nedopmariiii. [edbopmoBanuii
CTaH CTIHOK IPH B1I0OPTYBAaHHI KOHIYHUMU 1 CHEPUYHUM ITyaHCOHOM MPAKTUYHO HE
BiZipi3HseThCcsA. [Ipu BimOOpTyBaHHI BiIOYBA€ThCS TOTOHIIECHHS Ta BUKPUBIICHHS
3n1eopMOBaHOT YACTUHHU, a TaKOXX BUKPHUBIECHHS TOPLS CTiHKH. Tak BHKOPHUCTaHHS
WTIHIPUYHOTO IMyaHCOHY NMPUBOAUTH J0 BUKPUBJICHHS CTIHKU B HaNPSMKY OTBOPY,
npuuoMy 30UTBIICHHS TiaMeTPy 3a0KpYTJICHHS 3MEHIIYE BEIMYMHY BUKPUBICHHS.
[Ipy BHUKOpUCTAHHI KOHIYHMX 1 C(HEpUYHUX IIyaHCOHIB BUKPHUBJICHHS CTIHKH

BiJIOYBAETHCS B IPOTUIICKHY CTOPOHY.
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2. Texnomoriuni napametpu. JlaHi mapaMeTpu BU3HAYAIOTHCS TEXHOJIOTTYHUMH
0COOJIMBOCTSIMU TIpH  BiOOpTyBaHHI. Jlo Takux BigHOCATBCS ¢dopMa BUXITHOT
3arOTOBKH, SIKA BU3HAYAETHCS M0 KPECICHHIO JIETall Ta 3aJIKUTh Bl TEXHOJIOTIYHUX
mpoIieciB, fAKI OyayTh BHKOPUCTaHI [JIi BUTOTOBJEHHA BHPOOY, HASIBHICTh
HEYCTaJeHOI Teyll MeTaly, JIOKaJbHUN XapakTep ocepeiky Aedopmarllii, CTYIiHb
nedopmMariii, BiIHOCHa TOBIIMHA 3aroToBkH (S0/d0)100, koedilieHT BiIOOPTYBAHHS
KBig = do/D Ta 1H.

dopma BUXIAHOI 3aTOTOBKHU MPHU BiAOOPTYBaHHI, @ TOUHIIIE OTBIp MPOOUTHI Yy
HI, BIUIMBAa€ Ha BHUCOTY OTpUMYBaHOTO Ooprta. TakuMm YMHOM, 100 OTpUMATH
NoTpiOHY BEIMYMHY OOpTa TMOTPIOHO 3a JOMOMOTOI0 AHANITUYHUX (OPMYI
BUpaxyBaTH, SKUM Ma€ OyTH OTBIpP 3arOTOBKH.

[Ipu 3011bIlIEHI BEIMYMHU 3a30pY B1IOYBA€THCS 301IBIIEHHS] BUCOTH 1 pajiiyca
3a0kpyriieHHa Oopra. Cryminb nedopmainii KpoMku OopTa TpH LBOMY HE
30UIBIIYETHCS, TaK SIK JIIaMETP BiIOOPTYBAHHS HE 3MIHIOEThCS. AJie 3a paXyHOK TOTO,
110 B ocepenok nedopmallii BTAryeTbes Oiibla KUIbKICTh MeTaly, Aedopmaiiisi bopTta
PO3MOIUISIETHCA, a TOTOHILIEHHS! KPOMKH JIEIIO 3MEHIIY€EThCsl. BcTaHOBIIEHO, 1110 TTPH
30UTbIIEH] 3a30py A0 8 + 10 TOBLIMH 3ycHIUIs BIAOOPTYBaHHS 3MEHIYeThcs Ha 30 —
35 %. BiAmoBiiHO 3HMKYIOTHCS 1 HANIPYXKEHHS y BITOOPTOBAHUX CTIHKAX, TaK SK BiJ
iXHPOT BEIMYMHU 3aJICKUTh OMmp MaTepiany JaeQopMyBaHHIO 1 3YyCHIUIA
B1JI0OPTYBaHHS.

Cryninp gedopmartiii mpu BiIOOPTYBaHHI OTBOPIB BU3HAYAETHCS BITHOIICHHIM
MK JiamMmeTpoM OTBOpY B 3arotoBmi 0o i giamerpom Oopra D abo Tak 3BaHMM
koedimieaToM BigoopTyBanHs Keig = do/D. KoedirieHT BitOOpTYyBaHHS MMOKa3ye Ha
CKUIBKH MO>KHA 30UJIBIITUTH IPOOUTHH OTBIp 0€3 pyiHYBaHHS.

Beanunna KBix 3a1eXuTh Bifg:

- XapakTepy OOpoOKM 1 CTaHy KPOMOK (CBEpIUTiHHS 4M MPOOMBKA, HASBHICTH YU
BIJICYTHICTb 3ayCEHIIIB);

- BIJHOCHOT TOBIIIMHHU 3arOTOBKH, sIKa BU3HAYa€ThCs BiaHOMCHHIM (S/do)100, ne S —
TOBII[MHA 3arOTOBKH, (0 — IiaMeTp MPOOUTOr0 OTBOPY:;

- poay mMaTepiaiy 1 Horo MexaHiuHUX BIaCTHUBOCTE;
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- popMu poOOYOi YACTHHM ITyaHCOHA.

Posrnsmaroun oTpuMaHHS OTBOPY CBEPJIIHHSAM ab0 MPOOMBKOIO B IITAMIIL,
KoeIIie€HT BIIOOPTYBAHHA B JIPYroMy BUMAJKy Ha 5 — 17 % OunbpIIMii B 3aJ1€KHOCTI
Big BimHomeHHs (S/do)100. Taka >k 3aJeKHICTH IMOMIYeHAa 1 NMPH BHUKOPHCTAHHI
chepruHuX a00 UMUIIHAPUYHUX ITyaHCOHIB.

JlocmiKyroun  BIUIMB  BIJIHOCHOT TOBIIMHU 3arOTOBKM Ha KOEQIIIEHT
B1IOOpPTYBaHHS, OyJI0O BCTAHOBJICHO, IO TPH PI3HUX TOBIIMHA 3aroTOBOK 1 TIPHU
pi3HUX JAlamMeTpax MpPOOUTHUX OTBOPIB, ane MpU OJIM3BKUX 3HAYEHHSX BIIHOLICHHS
nux BenuuuH KBijx OyB mpuOIM3HO 0THAKOBHM.

3. ®i3zuko-MexaHlyHi mapamerpu. Taki mapamMeTpu  BU3HAYAIOTHCS
BJIACTUBOCTSIMU MeETally, IO JAeQOopMyeThCs, a came: jiarpaMma IJIaCTUYHOCTI
MmaTepiany, sKa JO03BOJISi€ BHU3HAUATH MOXKJIHUBICTE pPYWHYBaHHS MeETaliB TIpU
XOJIOHIN (POPMO3MIHI TIO CTYNEHIO BUKOPUCTAHHS pecypcy IUIaCTUYHOCTI, Alarpama
ICTHHHUX HampyXeHb [JIsi BpaxyBaHHS 3MIIHEHHS METally NpH  XOJOJHIN
nedopmaiiii. B TenepinHiil yac npu MOJENIOBaHHI € MOXJIMBICTh BPaXyBaTH MPYKHI
BJIACTUBOCTI Matepiany, mo nedopmyerbes. Le no3Bomnse Buznauatu po3sutok HJC
(Hanpy>keHo-1e(OPMOBAHOTO CTaHY) IO BChOMY 00’ €My 3arOTOBKH.

[lepenik mapameTpiB Ta BIUIMB iX Ha (OPMO3MIHY MeETaly B IIpoliecax

BiIOOpTYBaHHS MMOKa3aHui Ha puc. 2.1.

ITapamerpu BinOOpTyBaHHS

KoncrpykTupHi TexHooTi4HI ®Di3uKOo - MeXaHigHI

1. l'eomeTpis myaHCOHIB
2. 'eomeTtpist MaTpHIlh
3. Benmuuna 3a30py
4. ®opma BUX1AHOT 3aTOTOBKU
5. Cryniup aedopmarii
6. BigHocHa TOBIIMHA 3aTOTOBKH
7. KoeoimieHT BinOOpTYBaHHS
8. HasiBHiCTB HeycTaneHoi Tedil
9. JlokanpHUI XapakTep OcepesKy
nedopmarii
10. Po3BaHTaXeHHA
3nehonMORAHOTO METATTV
11. Tun 3MameHHs
12. diarpama pyiiHyBaHHS
Marenianv 3aroTORKU
13. Ipy»Hi BIaCTUBOCTI MaTepiary
3aroTOBKU
14. [liarpama iCTHHHHX HATIPYKCHb
Marenianv 3aroTORKU

Puc. 2.1. [Tapametpu BigOOpTYBaHHS
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KoHCTpyKTHBHI, TEXHOJIOT14HI Ta (PI3UKO-MEXaHIYHI MapaMeTpH BILIMBAIOTh Ha
CXEMy HaIpyKEHOTO CTaHy Ta T1APOCTaTUYHHMM THUCK B ocepeaky aedopmariii, ki €
BU3HAYAIILHUMH I 3yCWJUIS AehOpPMYBaHHS, PpO3MOAUTY MUTOMHUX 3yCHJIb Ha
OCHAIIICHHI Ta TEXHOJIOTIYHOI IUIACTUYHOCTI MeTany (IUIACTHYHICTh METally TMpH
BUKOHAHHI Tiei uym 1iHmoi omnepamii ¢opmodminn XOII). Ilo 3ycummisam
nedhopmyBaHHS Ta PoOOTI AedopMaliii BUOMPAIOTh KOBAIbCHKO-TIPECOBE 001 THAHHS,

MATOMI 3yCHJLIA JI03BOJISIIFOTH PO3paxyBaTu Ae(POopMyrounii iHCTPYMEHT Ha MIIHICTb.

2.1.2. BukopucTaHHsl METOlY pPO3B’SI3KY HAOIMKEHUX PIBHAHb PIBHOBATU 3 YMOBOIO

MJTACTUYHOCTI JUTISl TEOPETHYHUX JTOCTIHKCHb

B naniii poGoTi TeopeTHUHi JOCHIPKEHHS MPOBOJUINCS 3 BUKOPHUCTAHHIM
METOJy PO3B’SI3Ky HAOJIMKEHUX PIBHSAHb PIBHOBATrW 3 YMOBOIO IJIACTUYHOCTI. MeTon
BUKOPHUCTOBY€ETbCA Ay aHanmizy mporeciB OMT (0O0poOku MeramiB THUCKOM). 3a
JIOTIOMOTOI0 JTaHOTO METOAY MOJKJIMBO OTPUMYBATH aHATITHYHI 3aJICKHOCTI IS
BU3HAUEHHS 3yCWIb 1e(OpMyBaHHS, PO3MOILITY MUTOMHX 3yCHJIb Ha AePOPMYyIOUOMY
IHCTpYMEHTI, po3MipiB ocepenky naedopmamii B mpouecax OMT 1 oTpumanHHs
YHCENbHUX 3HAUCHb BKa3aHUX 3YCHIIb.

Cythicth Metomy s anamizy mnpouneciB OMT monsirae B CHOUTBHOMY
BUpIIIeHH] nTudepeHiiiuux piBHsHb piBHOBaru (PP) 3 ymoBoro mnactuunocti. JIPP
B JICKAPTOBUX KOOpAMHATAX MalTh BUTIAN (M1 AePOpPMYBaHHS 3arOTOBKU

JOBUIBHOT (POPMHU):

oo ot or or oo ot or or 0
X, 0N 9% g Y Y TV O Y 997

=0 (2.1)
OX oy oz OX oy oz OX oy 0z
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YMoBy miiactuuHocTi ['ybepa —Mi3eca y BKazaHUX KOOpAMHATaX BU3HAYAIOTH I10

BUpAa3y:

Oj :i'\/(o'x _‘7y)2 +((7y _O'z)2 +(‘7x _O_y)z +6'(T>%y+73212 +TZZX):GS (2.2)

V2

B mmningpuunanx koopauHarax (p, z, ©) mpu (GOPMOYTBOPEHHI KpYTioi

BicecuMeTpuuHoi hopmu PP 1 yMOBY mIacCTUYHOCTI 3alMUCYIOTh TaK:

—0p or
+

oo o oo ot T
PP PE_g, 02, PP g (2.3)

op P oz 0z op P

o; 2%-\/(6p—69)2+(09—02)2+(02 —Gp)2+6-z'/232 = oy

[Ipu BupimeHHi naedakux BicecumeTpuyHux 3agad OMT 3ycTpivaroTbes
chepuuHi KoopauHaTH ( paaiyc p 1 aBa kyta O, ¢). JIPP qis Takoro Bunajaky mMaroTh

BUTIJIAA:

aap 1 or

pp 1 [ ]
? P a(/) +;. 2-0,0—(O'¢+O'9)+Tp(p.ctg¢) =0 (24)

ot oo
Py +£~ 4 +£'[3-T +(0' —Ug)-ctggo]:o
op p Op p Py \ @

MareMaTtnyHa CKJIaIHICTh CIiIbHOTO pimeHHs (2.1) 1 (2.2) abo (2.3) mpusena
CropoxxeBa M.B., Yukcosa €.I1. 1 [TonoBa €.0. 10 po3poOKu MeTOAY PO3PaXyHKY
MATOMUX 3yCWIb 1 3yCHIb AeOPMYBaHHS 10 HAOJWKEHUM PIBHSIHHSM PIBHOBAru 3
yMoOBoIo TiactTuaHocTi. CyTh MeToy moJjisirae B HacTymHoMmy [108,109]:

1. IIporrec OMT mnpuBOIATE 10 BiCECHMMETPUUYHOI a00 TUIOCKO1 3amadi. SAkiio
dbopma 3aroTOBKH CKJIAJIHA, TO ii PO3MOAUISIOTH Ha s 00’€MiB, Ha SIKI MOYKJIUBO

HAKJIACTH YMOBH BICECUMETPUYHOT a00 MIIOCKOT 3a/1a4i.
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2. Posnonin HopMalnbHUX HANpyXkeHb Op ( TyT N — y3arajabHeHa KOOPAUHATA:

e Moxe OyTH X, Y, Z a0 p , Z, ©) BU3HAYAIOTh TUILKM Ha KOHTAKTYIOYii ITOBEPXHI
3aroTOBKH 3 1e(DOPMYIOYUM IHCTPYMEHTOM, IO JOCTATHHO JJIsi BU3HAUYCHHS 3yCHILIS

nedopMyBaHHS IIJISXOM 1HTETPYBaHHS BHUpa3y A o, IO IUIOHI KOHTAKTYIOUOi

n

noBepxHi F:
Py = llondF (2.5)

B nekapToBUX KOpAUHATAX OTPUMYEMO:

Py=]loydzdy abo P,=[[o,dxdz abo P, =[[o,dxdy (2.6)
F F F
B nmmnmiHapuYHIX KOOpIMHATAX:

Py=llo,pddp abo P,=[[c,Rdez (2.7)
F F

3. JIudepenttiiftHi piBHSIHHS pIBHOBArH, skl B3sATI B (hOpMI 1 KOOpAUHATAX, 1110
BIJIMOBIIAIOTh YMOBI 3a7a4i CHPOIyIOTh. 71 1IbOTO MpUKMAIOTh, MO HOPMAaJIbHI
HaIpy>XeHHs 3aJIeKaTh TUIBKA BiJ OJHIET KoopauHaTU. ToAl MaeMO TUIBKH OJHE
PIBHSIHHSI pIBHOBArv, Ipu4oMy BOHO Oyjie MaTH MOBHI MOXI/IHI B3aMiH YaCTKOBHX.

4. YMOBY IJIACTUYHOCTI TaK0XK OepyTh HAOIMKEHOIO.

Jlns  BicecumeTpuuHOi 3ajmadi  HaOmwkeHi ymoBHM TuiactudyHocTi (HVYII)
3anucyroTh Tak [109]:

a) ko o | = oy #0,, TO HVII mae Burnsan:

2,
C,=0p = tpog, og—0,=%fog, o, —0,= iﬂas( ne B — koediuient Jlome ).
I3 Tprox BHpa3iB BUOMPAIOTH OAMH MO pI3HUII MaKCUMaJIbHOTO Ta

MIHIMAJILHOT'O HAMPY>KECHHS.

0) SAxiro 0, =0g »TO HVII mae Burnsin: o , -0, =+c

p 92 s
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B) [l miockoro Hampy)KeHOro crtaHy (Hampukiaa B HanmpsaMky Bici X) HVII

3allMCYIOTh TaK:

SAKIO oy -0z >0 1 ‘Gy‘>‘az ,T0 oy =*fog;

KO oy -0z <0,10 0y —07 =+f0g;

KO oy -0z >0 i ‘ay‘<‘az ,T0 07 =% fog.

.. oy+o
Jlns miockoro neopMoOBaHOTO CTaHy B HampsIMKY Bicl Y, KOJIH oy = %
HVII mae Burnan: oy —o; = tog.

2.1.2.1. TllocniioBHicTh BupimieHHs 3aj1ad OMT mMeTo10M po3B’sI3Ky HAOJIMKEHUX

PIBHSIHB PIBHOBAru 3 yMOBOIO TUIACTUYHOCTI

1. B 3anexnocTi Biag cxemu npoiecy OMT, ckinagaroTh po3paxyHKOBY CXEMY
nporiecy. 3aroTOBKM CKJIQJAHOI (GOpMH pO3MOJAUIAIOTE Ha PsiA 00’€MiB, 0 SIKUX
MO>KJIMBO 3aCTOCYBaTH YMOBY BICECUMETPUYHOI a00 TUIOCKOI 3a/1aui.

2. IloTiM 3amaroTh PO3MOAUT AOTHYHHMX HAIpPYKEHb JJII KOXHOTO 00’eMy.

3anexHICTh JOTUYHHUX HANpy>KEeHb 3alUCYIOTh HA MOBEPXHI, A€ Al€ AePOopMyrounii
IHCTPYMEHT 3 ypaxyBaHHsM 3HAaKy y BUIUIAMAL 7y = uoy, a00 7y = usos (TYT 41 fig-
KOeilieHT 1 (akTop TEPTS MK METAIOM 1 poOOYUM IHCTPYMEHTOM BiIIOBIJHO).
JIoTW4H1 HampyXeHHs Ha TMOBEPXHAX 3CYBY MDK O0’€MaMH MaiOTh BUIJISA

7, = o /+/3. Ha moBepxHsx, e He MAiIOTh HANpPYXKEHHS Ta HA BICAX CUMETpii

3arOTOBOK JIOTUYHI HAIPYXKEHHS JOPIBHIOIOTh HYJIIO.  Tak JuIisl IUIOCKO1 3ajadvi B

KoopauHatax X i Y. r,, =7, -2-y/h. Tyt h/2 - 1le noJOBHMHA BUCOTU 3arOTOBKH B
p X k Yy

y

HanpsIMKy Bici y. JIig BiceCHMETpUYHHUX 3aJady B IMIIHAPUYHUX 1 CHEpUIHUX
KOOpJAMHATax BIANOBIIHO: 7z =Tk -2-2/h, 7o = Tk 2-0la.
3. Jlns  Bcix 00’€MiB 3amUCYIOTh PIBHSHHS PiBHOBAaru i HaOJMMIKEHY YMOBY

MJIACTUYHOCTI. BuOUparoTh T€ piBHSAHHSA PIBHOBAarW, CKJIAJIOBOIO SIKOTO € JIOTHYHE

HANpPY>KeHHS 3 1HIEKCaMU, 10 OTPUMaHi B MyHKTI 2. PIBHAHHSA OTPUMYIOTh B IOBHUX
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noxigHuXx. st po3rissHyTUX PO3MOIIIIB JOTUUHUX HAMPYKEHb 1 3HANUJEHUX BiJ HUX
MOXITHUX PIBHSAHHS piBHOBAard MaroTh BUIs [108]:

JUTSI TUTOCKOT 3a/1aui B HAMIPSIMKY Bicl Y IEKapTOBUX KOOpAMHATAX

doy 72
" +T_0’ (2.8)

ne: h- Bucorta 3arotoBku abo 00’emy, 1110 1ePOpPMYETHCS
JUISL BICECUMETPUYHOI1 33/1aul B MUITHAPUYHUX KOOPJUHATAX
dO'p CHr=Cg 2.7 _

d,oJr Yo, Jrh

(2.9)

JUTsl BICECUMETPUYHOI 3a/1aul B CEepUUYHUX KOOpJIMHATAX 3 YpaxXyBaHHAM TOTO, IO

ctgf ~1/0:

dO'p 2-(o-p—0'0)+ 4ryp _

0, (2.10)
dp o, o

Ne: a- KyT MK KOHYCHUMU MOBEPXHIMHU J1e(POPMYIOYOTO IHCTPYMEHTY

4. Jlami po3AULSIIOTH 3MIHHI B PIBHSHHI PIBHOBArv 1 IUISIXOM 1HTETPYBaHHS
BUPIIIYIOTH Horo. JIOBIIbHI KOHCTAaHTH IIPU 1HTETPYBaHHI BU3HAYAIOTh 3 TPAHUYHUX
yMoB. KiHIIEBUM pe3ybTaTOM PIlI€HHS PIBHSHB PIBHOBArk 3 HaOJIMKEHOI YMOBOIO
IJJACTUYHOCTI TOBMHEH OYTH OTpUMaHUN BHpa3 ISl PO3MOAUTY HOPMaJbHUX
Hanpy>XKeHb Ha KOHTAKTYIOU1l MOBEPXHI MeTal — AePOPMYIOUUNA IHCTPYMEHT.

5. Jlam BuBOAATH (POpMyIly IJisi 3HAXO/KEHHS 3YCHWIUIS JeopMyBaHHS IO
dbopmynax (2.6) 1 (2.7).

6. [Ipu HasiBHOCTI JiHIT pO3MOALTY Teuli MeTaldy B 3aroToBli paaiycoMm R abo
BHUCOTH oOcepeaKy Aedopmaiiii h Bupasu Juisi 3HaAXOJKCHHS BKA3aHHX IapaMeTpiB
3HaXOJIATh 3 PIBHSHB:

P oP
®r —0 a6o — % -0 (2.11)
OR oh



59

2.2. Metoauka npoBeIeHHS! YUCEJIbHUX €KCIIEPUMEHTIB 3 BUKOPUCTAHHSAM METOMY

CKIHUEHHUX E€JIEMEHTIB

2.2.1. BUukopucTaHHs METOJly CKIHUEHHUX €JIEMEHTIB JIJIS aHATI3y XOJOAHO1

(GhOpMO3MIHU THUCTOBUX MaTepiaiiB

Meron ckinuenux enemeHTiB (MCE) BimHOCHTBCS O BapialliiHUX METOJIIB.
CyTHICTh BapiallitHOro METOAY MOJISITa€ B HACTYITHOMY: BUPIIIYIOTHCS (PyHKITIOHATH
MNOTYXHOCTEe a00 poOOTH, SIKI OTPUMYEMO MPU BUKOPUCTAHHI IMOJIIB MEPEMIILEHb 1
MIBUAKOCTEN YyacTuH MeTany. DyHKIIOHAIM 3aUCYIOThCS Y BUTIIAAI OaraTouieHa 31
3MIHHUMHU TapaMeTpaMu 1 KOOpAMHATHUMHU (yHKIissMU. OCHOBOIO MJig OIHUCY
nepeMiieHHs: a0 MBUIKOCTI 3@ TOMOMOTOI0 KOOPAMHATHUX (PYHKIIHN € pe3yibTaTtu
EKCTIIEPUMEHTAIbHUX JaHUX. TOYHICTH PIIICHHS 3aJI€KUTh Bl MPaBUILHOIO BUOOPY
KUIBKOCTI 3MIHHUX TapaMmeTpiB Ta TUIy KoopAuHaTHUX ¢yHkuii. Ilicas wyoro,
OTPUMYIOTH CHUCTEMY PIBHSHb B 3aJIEKHOCTI BiJl KIJIBKOCTI 3MIHHUX TapameTpiB,
IUIAXOM 3HAXO/KEHHS MIHIMYyMIB (YyHKIIOHANIB. BupiluMBIIKM JaHy cHUCTEMY
PIBHSIHB, 3HAXOJATh 3yCHJUIA epopMyBaHHS Ta BU3HAYAIOTh KIHIIEBY (DOpMO3MIHY.
Sk 1 KO)KeH METOJ, BaplalliiHui Maxij TeX mae cBoi Hemomiku. [Iporec BubGopy
GyHKUIA 17151 ONKUCY NEPEMIIIEHb 1 MIBUAKOCTEH € JOCUTh CKIIAJHUM, IO 3YMOBIIIO€
HEOOXITHICTh PO3MOITICHHS ocepenky aedopmarlii Ha TEBHY KIIbKICTh 00’ €MiB.
Kpim 115010, BBOIUTHCS A0AATKOBa po0OOTa, sKa 3aTpavaeThcs Ha MOJIOJIAHHS 3CYBY.
BuHuKae CKIAQIHICTh MPU PO3PAXyHKY poOOTH ab0 MOTYXHOCTI, sIKI HEOOXiJHI Ha
HoJI0JIaHHsL omopy JedopMyBaHHIO. TakoX BHHUKAIOTh TPYIHOIIl I TOYHOTO
BpaxyBaHHS TPaHUYHUX YMOB 1 3MilHEHHA npu JedopmyBanHl. Dopmysu, sKi
OTPUMYEMO B XOJ[I PO3PAXYHKIB € TyK€ 00’ €MHHMH, IO NMOTPEOyE€ BUKOPUCTAHHS
Cy4acHO1 OOUYHCITIOBATIBLHOT TEXHIKH.

MCE BxJito4ae pi3Hi MiAXOJIW JJISI BU3HAUCHHS MEPEMIllleHb Ta KOMIIOHEHTIB
HaIpy>KEeHO-1e(OPMOBAHOTO CTaHy MPHU BUKOPUCTAHHI IS aHaiizy (OpMO3MiHH

HPY>KHO-IIACTUYHOTO Ta KOPCTKO-TUIACTUYHOTO MaTepiaiiB, AKi pO3MOAUISIOTECA Ha
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MEeBHY KUIBKICTh CKIHUCHHMX €JIEMEHTIB, 1110 3B’sA3aHl MK COOOI0 B BY3JIOBUX TOYKaX.
Meton n03Bosi€e OTpUMATH TOUYHY 1H(OpMaIio mpo MmaTepian, mo aehopMyeThs,
gKa JOCTYIIHa TIOKA [0 TUIBKU JAOOPaTOPHOMY  EKCHEPUMEHTaIbHOMY
JOCIIPKEHHIO, @ TaK0XX 3 BUKOPHUCTAHHSAM €JIEKTPOHHO-OOUMCIIIOBAIBHUX MAaIIUH
METO] MPU3HAYCHUN JUIsI OTPUMAHHS BUXIJHUX JaHUX JJISl MIPOEKTYBAaHHS IMPOLIECIB
MeTaroQopMyBaHHS Ta IHCTPyMEHTa. 3a JOMOMOTOI0 CTBOPEHUX KOMEPIHUX
nporpam, MCE BUKOpPHUCTOBYETHCS JJISI BHUPIIICHHS PI3HUX JBOMIPHUX Ta
TphoxMipHux 3agad OMT. Jlo Takux 3amay BIAHOCATHCS: 3a7adl NPSIMOro Ta
3BOPOTHOTO BICECUMETPUYHOIO IIPECYBAaHHS; MPOLECH OCAAKU Ta MPSMOro
BU/JIABJIIOBAHHS; BU3HAUYEHHS BIUIMBY POOOUYOro 1HCTPYMEHTa Ta KOedilll€eHTa TepTs
Ha CHJIOBI P&XKHMMHU Ta MATOMI 3yCHIUISI BUJABIIOBAHHS; aHai3 MPOLECIB MJIOCKOTO Ta
BICECUMETPUYHOTO OCaJ)KyBaHHS, a TaKOX IPH BICECUMETPUYHOMY BHUCAIKyBaHHI,
pPO3paxyHOK TPOIECIB BUTATYBAaHHS, BIIOOPTYBaHHS, OOTHUCKY Ta 1H., BU3SHAYCHHS
HampyXeHHsd Ta Jaedopmaliii mo 00’eMy 3aroToBOK, BH3HAUCHHS CTYICHS
BUKOPHUCTaHHA PECYpCy IIACTUYHOCTI MaTepiaily Ta 6araTo 1HIIUX.

[TepeBarn Bukopuctanass MCE Bij IHIIUX METOMIB TEOPETHUYHOTO aHAII3Y
npoueciB. OMT: MCE no3Bosisie po3noAuIsTH Tpolec AepOpMyBaHHS Ha IEBHY
KUTbKICTh KPOKIB HABAaHTA)KEHHS, BUKOHYBATH aHali3 HEYCTaJeHOi CTajli MpYy>KHO-
1acTuYHoro aegopmysanHs, Bu3HayaTH po3BuTok HJIC no Bchomy 00’eMi meTaiy,
o nedopmyerbed. Le 103Bossie BUABIATH PaKTUUHI PO3MIpH OcepeaKy aedopmaliii;
MCE npu ananizi ¢opMO3MIiHU METady T03BOJISIE BPAXOBYBATH CKJIAJHY T€OMETPIIO
3aroTOBKH Ta Je()OpMyIOYoro iHCTPYMEHTY, a TaKOXX TepTs Ha KOHTAKTYIOUUX
MOBEPXHAX MIDK 3aroToBKOIO Ta Je(OpMYyHOUHMM IHCTPYMEHTOM; IIpU aHaji3i
dopmosminu 3a gomomororo MCE He BuHMKAae mpoOjeM MpU OJHOYACHOMY
BpaxyBaHHI KIHEMAaTHUYHUX Ta CTATHYHUX TPAaHUYHUX YMOB, 3MIIIAHUX TPAHUYHUX
ymoB; mipu BukopuctanHi MCE € MOXJIHMBICTh BpaxOBYBAaTH 3MIIHEHHS IILISIXOM
3aBAaHHS JlarpaMy ICTUHHUX Halpy>KeHb B JOBUIbHIN aHATITHUYHIM 3a7€XHOCTI, a
TAKOXX BHU3HAYAaTH MOXJIMBICTh PYHHYBaHHS METally HAa PaHHIX CTaJIsIX IPOLECIB
nedopmyBanss. [Ipu pospaxynkax MCE BpaxoBye Bci nmapamerpu XOIII, 30xpema i

napameTpu BiIOOPTYBaHHs, sIKI HaBeJleH1 Ha puc. 2.1.
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AHaJli3 OCHOBHUX IapaMeTpiB B1IOOPTYBaHHS Ta METOAIB TEOPETUYHOTO
aHalizy XoJOgHOTO nedopMyBaHHS MaTepialliB JO3BOJIMB BH3HAYUTH YMOBH
OTpUMaHHS BUPOOIB HEOOXITHOT (JOPMHU 3 MMPOTHO30BAHOIO SAKICTIO. byno BimMiueHO,
[0 MOJITIOBaHHA omnepalliid BimoopTyBaHHs Ha 0a3i MCE BpaxoBye BCi OCHOBHI
napaMeTpH, Kl BIUIMBAIOTh HAa CHJIOBI PEKHMMHU Ta XapakTep (OPMO3MIHU MeETaly.
Tomy B poOOTI OOTPYHTOBaHA MOKJIMBICTh OTPUMAHHS BKa3aHUX BUPOOIB ILIIXOM
CTBOpPEHHS MaTeMaTHYHUX Mojenei 3 BukopuctanHsM MCE mporeciB X010qHOTO
nedhopMyBaHHS, SKI 3a0€3MeUyIOTh CTBOPEHHS pecypco30epiraroumx mpoieciB 0e3
JIOOTIPAIIIOBAaHHS ~ eKCIEpUMEHTaIbHIUMH poOoTamu. CyTHICTH OOTIPYHTYBaHHS

[noJjesira€ B HAaCTYITHOMY:

1. KoHCTpykTHBHI, TEXHOJOTIYHI Ta (PI3UKO-MEXaHIYHI MapaMeTpu

BIUIMBAIOTh HAa CUIOBI pexumu jaedopmyBanHs P,, mutomi 3ycuis Ha

KOHTaKTYIOUHX MOBEPXHIX MK METAIOM, IO AehOPMYETHCS, Ta IHCTPYMEHTOM P, a
TaKOXK TIOKa3HUKA SKOCTI Q BupoOiB. Ockinbku 3ycwnis AehOpMyBaHHS
Py = f(IT, 011,14, ), maromi sycumna p = f (I x, 11,14, ), AKiCTH
BUpOOIB Q = f(H K,HT,H@M)e GYHKIISIME BKa3aHUX TapaMeTpiB, TO HEOOX1THO
BPaxOBYBAaTH iX KOMIUIEKCHHM BIUTMB, MPYU MOJICTIOBAHHI MPOIIECIB BiAOOPTYBaHHS,
HAa OTpUMaHHSI BUPOOIB HEOOXiAHOI (GOopMH 3 MPOrHO30BAHHMMHU BIIACTUBOCTAMHU
31eOpPMOBAHOIO MeTaly Ta HeoOXiaHOi ¢opmu 3 3a0e3MeYeHUMH BIACTUBOCTIMU
(puc. 2.2).

2. [Tponiec monentoBaHHs (POPMO3MIHM HEOOX1THO MOYMHATH 3 BUXITHOTO
MOJIO’KEHHSI 3arOTOBKM JIJIsi BpaxyBaHHA HEYCTaJ€HOI Teuli 1 1cTOpii PO3BUTKY
HaIpYy>KEeHO-1e(POPMOBAHOTO CTaHy II0 BChOMY 00’€My 3aroTOBKH, BHU3HAYCHHS
bakTHYHUX PO3MIPIB ocepenky aedopmairii, MOXIMBOCTI PYWHYBaHHS, KIHIIEBOI
reoMeTpii Ta 3MIIHEHHA 37ieopMoBaHOro Merany. KomiiekcHuii BIUIMB mapaMeTpiB
JI03BOJINTH MOJICITIOBAaHHSIM BHU3HAYUTH CXEMY HAIPY)KEHOTO CTaHY, CHJIOBI PEeKUMH,
pO3MOJIT  TMUTOMUX 3YCWJIb Ha OCHAIIEHHI Ta TEXHOJIOTIYHY IUIACTUYHICTD

s3nepopmoBanoro mertanmy. I[lo TEXHONOTIYHIM TIJIACTUYHOCTI € MOXKIIMBICTh
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BU3HAUEHHsS HEOOXITHOCTI TepMmiyHOi 00poOku (Bigmandy) JJisi BUKOHAHHS

MOAANBIINX OTeparlii.

KoHcTpyKTHBHI TexHosoriyH1 di3uK0-MexaHIuHI
napaMeTpu napaMeTpu napaMeTpu

MonentoBanHs poleciB oTpuManHs BUpo6iB metogamu XOILI

v

BusHaueHHs TEXHOJIOTYHOI MIaCTUYHOCTI, KIJIBKOCTI

TTeENEXO0ITR
A\ 4 A 4
OtpumanHs HEOOX1THOT OtpumanHs HE0OX1THOT
KIHIIEBOi reOMeTpii BUPOOIB 3 reoMeTpii BUpoOiB 3 3a7]aHOI0
IPOrHO30BaHOIO SIKICTIO MTPH AKICTIO TIPU PalliOHATbHUX
MIHIMQJIBHHUX CHUJIOBUX PEXHMAaX CUJIOBUX PEXKHUMAX

| !

A 4

dopMyITFOBaHHS MPAKTHYHUX
peKoMeHaaIn

Puc. 2.2. CxemMa nporHo3yBaHHsI Ta 3a0€3Me4eHHs IKOCTI BUPOOiB Mpu
MozentoBanH1 miporieciB XOIL
3. Ilpm orpumanni BHUpPOOIB HEOOXinHOI (OPMU 3 MPOTHO30BAHUMHU

BJIACTHBOCTSMH 371€()OPMOBAHOTO METATy BiJIKPUBAIOTHCS MOXKIIUBOCTI 3aMiHU MapKu
MaTepiany Ha OUTbII JemieBi 0e3 3MIHM CIY)KOOBUX BIACTHBOCTEH BHUPOOY, IO
3a0€3MeUnTh 3MEHIIEHHA 3yCWib Je@opMyBaHHS 1 TIJABUINEHHS CTIMKOCTI
IITAMIIOBOTO OCHAINEHHS. B TakoMy BHITaaKy SIKiCTh BHPOOIB € MPOTHO30BAHOIO JIS
MOAAITBINOT 00pOOKH BHPOOY a00 BUKOPUCTAHHS B BUPOOHUIITBI.

4. Jlna 3abe3neueHHs 3aJlaHOi SKOCTI BUPOOIB INMpU HEOOXiAHINA TeomeTpii
MOJICITIOBAHHSIM BCTAHOBIIIOETHCS KOMIUICKCHUM BIUIMB TMapaMeTPiB Ha XapakTep
dbopMO3MiHU MaTepiany 1 OTpUMaHHS KIHIIEBOi T€OMETpii BUpOOyY MpH parfioHaATbHUX

CUJIOBUX PEXHMax 3 TOYKH 30pYy CTIHKOCTI JAedopMyrdoro iHCTpyMeHTy. [Ipuuomy
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BpaxoOBaHO BH3HAYCHHS MOXJIMBOCTI 3aMiHM MapKu MaTepiaiay Ui 3MEHIICHHS
3yCWJIb JIe(popMyBaHHS MPpHU 3a0€3MEUCHH1 3a]1aHO1 SIKOCTI.

JIJ1si TOCKOHAJIBHOTO BUBUEHHS 1CTOPIl PO3BUTKY HAIpPyKEHO-Ie(POPMOBAHOTO
CTaHy, OTpUMaHHS KiHIIEBOI TreoMeTpli BHUpPOOIB MpHU BiAOOPTYBaHHI TMIPOIIEC
nedopMyBaHHS 3arOTOBOK 3 BHUXIJHOTO TIOJOKEHHSI PO3MOAUISETHCS HA TIEBHY
KUTBKICTh KPOKIB HaBaHTakeHHS. HaBeneH1 HMKYE CHIBBIIHOIIEHHS CTOCYIOTHCS

OJJHOI'O KPOKY HaBaHTAKCHHI.

2.2.2. AHani3 KiHIIEBOTO MPYKHO-TUIACTUYHOTO HANPYKEHO-1e(HOPMOBAHOTO

CTaHy 3 BUKOPUCTAHHAM MaJInX HCpCMiH_ICHB

Jlns ommcy NOBENIHKU MPYKHO-TUIACTMYHOTO 130TPOMHOTO TBEPIOTO Tija
OyZeMO BHKOPUCTOBYBAaTHM I10 NPHUHLHUITY MOXJIMBUX TIEpEMIleHb BapialiiiHe

PIBHSIHHSI POOIT:

[oy de,dv =g, o5ds (2.12)
\ S

, A€ o0;- KOMIIOHEHTH TEH30pPa HANpYKEHb, &; - KOMIIOHEHTH TEH30Pa Majux
nedopmariii; V- o00’em wmertamy, mo JedopMyeTbcs; g, - TOBEPXHEBE
HABAHTAXKEHHA;, J,- KOMIIOHEHTH MEpPEMIIleHb; 5- CUMBOJ Bapialii , S- MOBEPXHs
MeTaiy, A€ /i€ HABAaHTAKCHHSI. X - JIEKapTOB1 KOOPIUHATH.

3MiHa 1e(OPMOBAHOTO CTaHY OMUCYETHCA CHiBBiHOIIEHHIM Ko, moB’s13yrodu

IpUpicT MauX AedopMalliil Ta MepeMilieHb:

08 :E(id@ +id5,.j (2.13)
2\ 0Xj OXi
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Y Bumajgky Majgux NPYKHO-TJIACTUYHUX jAedopmalliii J1eBlaTopu pIBHSHb
G13UYHOTO CTaHy, SK1 3B’S3YIOTh MPUPICT AedopmMalliii Ta HampyKeHb, BBAKAIOTHCS
nponopuiiitaumu [110]. J{ns mpykHOTO CTaHy Tijia BKa3aHi PIBHSHHS NpEACTaBJICHI

3aKOHOM [ 'yka:

1

Jle - E- moayinb FOnra, v - koeditient ITyaccona. 3BopotHa dhopma piBHsHHS (2.14)

Ma€ BUI'TIA] .

I

da-.=26(d£ij+Vij d dg”j, (2.15)

ne G- MoayJb MPYXHOCTI 2 pony, Vi- cuMBoi Kponekepa.

JUis  mpyXHO-TUTACTUYHOHOTO CTaHy Tina, MO ASPOPMYETHCSA 3 130TPOIHUM
3MILHEHHSIM, 110 Teopii MIACTUYHOI TeUii MpUPICT MOBHOI JeopMarlii CKIadaeThC 3
IPUPOCTIB  IIACTUYHOI Ta MPyXHOi Aedopmaniii ds; =dsPj +de;°. Komnonentn
TEH30pa MPHUPOCTIB IJIACTUYHUX JedopMaliiii mpomopiioHalbHI JEBIaTOPHOMY Ta
JIOTHYHOMY HanpyxeHHsM dePij =dA*o;;(dA- kxoedimienT nponopuiitHoCTi, o ;-
KOMIIOHEHTHU TE€H30pa-eBlaTopa HaNpyXeHb). 3 BpaxyBaHHIM (2.15) mpupicT moBHOI

nedopmairii mae Buriisia piBHsHb [Ipannris-Peiica

do; L2

ijU0m

de; =dePy +dg;* = odA+
B ocransiii opMyii o, - KOMIOHEHTH IIAPOBOIO TEH30pPY HAIPYKEHb.
[Tpupict muactiunoi gedopmariii MOXKHA BU3SHAUUTH TaK:
o fof R 3 N
dePij =pi— =pla}, e ¢ - HEeBiN €MHUII HCBU3HAYCHUI CKASIPHUI MHOXHUK, a

f({o}, {g P } 7) =0 - QyHKUisA Tedii a0 yMOBa IUIACTUYHOCTI, y - MapaMeTp 3MIIHEHHS,

{g p} - HaKOTIMYCHA TJIACTUYHA JTepopmartis.
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B matpuunomMy Bursal nedopmarlii uepes nepeMilieHHs 1 HanpyKeHHs yepes

nedopmartiii a8 OpPYyKHOTO CTaHy TUIa BU3HAYalOTh HACTYNMHUMH BHUpa3aMH

BIJIIOBI/IHO:
te}=[Blls} (2.16)
fr}=| D Je}, (2.17)
ne [B]- marpuus mudepeHmiroBaHHS IEpeMilleHb, {0} — MaTpPHUIS BEKTOP

NEPEMIIIEHb, [De]- MaTpULA NPY>KHOCTI, {¢} — MaTpuIld BekTop nedopmariii. Bupasu
BKa3aHUX MaTpUllb OyyTh HaBEJEH1 HIDKYE.
JUist Tpy>KHO-TUTACTUYHOTO CTaHy Tila B MaTPUYHOMY BUTJISAI MOXKHA

3armcaru:

1
{de}= [De] {do}+p{a}. 3 11bOTO PiBHSAHHS MOXHA OTPUMATH BUPA3 JUIS 3HAXOKEHHS

HaIPYKEHb: {da}que}—[DpD{dg}z[Dep]{dg}. Tyt [Dp]={d }{d }T /(A+B) - MaTpuIA

miactmarocti, {d}=|D¢|a}, A={a) {d}=1{a) [De]{a}, A=H' - Haxwin jgiarpamu
ICTUHHHMX HaNpy»XeHb JIJIs T1a, 10 1ePopMyeThCs.

Posrnsiuemo Tino, mo gedopmyerbcs 06’emoMm V, Ha TMOBEpXHI S SKOTO
BU3HAUEHI TOBEPXHEBE HABAHTAXCHHS (HA YAaCTUHI Sg) 1 mepeMilleHHs (Ha 4acTHHI
Ss). IlepemimieHHss YacTMHOK Tila, SKI 3aJ0BOJIbHSAIOTH YMOB1 CIUJIBHOCTI
(CTIIBBIAHOLICHHSIM MIXK MEPEMIIICHHAMH 1 JedopMallisiMi) Ta TPAHUYHUM YMOBaM B
MEPEeMINEHHIX € KIHEMaTUIHO MOKIIMBUM. SIKIIO B3STH KiIHEMAaTHYHO MOYKJIMBE T1OJIC
nepeMilieHs {0}, TO HapY>KEHHS {0} BU3HAUYCHI IO MM TIEPEMIIICHHSIM HE 3aBXKIH
3aJJOBOJIbHSIIOTh YMOBI pIBHOBaru. TomMy B OCHOBY MOOYAOBH MaTeMaTHYHUX
MoOJieJIel TOKJIaJACHO BaplalliiHUK NPUHIUI, 3TiJHO SIKOMY CEepel  BIPOTiTHUX
KIHEeMAaTUYHUX pIlI€Hb, TOYHE pIIICHHS BIAMOBiIa€ aOCOMIOTHOMY MIHIMYyMY

dbyHKITIOHAIAa TOTEHIIaJIbHOI EHEeprii:
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1="lo} felav - [{a} {o)es. (218)

v S,

ne {0}’ — TpaHCIOHOBaHa MaTpPHIA-BEKTOp Hampyxkenus; {q} — TpaHcrnoHoBaHa
MaTpUIl - BEKTOp TIOBEPXHEBO HaBaHTakeHHs; dV — enemeHTapHuii 00'em; Sy —
eJIEMEHTapHA TUIOIIA, Ha SIKil 3aJ]aHe TOBEPXHEBE HaBaHTAKCHHS.

3anumieMo GyHKIIIOHAT 3 ypaxyBaHHsIM (2.5) 1 (2.6):

H:%j{é}T{ﬁ}[B]T[De Jav - j T{5)ds (2.19)

\Y

SK110 mpyKHO-IUIACTUYHE TUJIO allpOKCUMOBaHE Ha M CKIHUEHHUX €JIEMEHTIB 1
MAa€ YHUCJIO BY3JIIB CKIHUEHUX €JIEMEHTIB MOBEPXHI1, Y SIKUX BU3HAUEHI MEepEMIIICHHS,

To1 hyHKITIOHAT (2.8) TOPIBHIOE CyMi BKJIaiB OKPEMHUX CKIHUCHHUX €JIEMEHTIB:

M
n=yn™ (2.20)
1
ne H(m) - (QyHKIIOHAT mM-TO MPYXHO-IUIACTUYHOTO CKIHYEHOTO E€JIEMEHTA.

Bpaxosyroun (2.8):

no ene 10 nos.St

m=1 yts) 3| BIohv-" YIF} ) 221)

\

ne {F}={q}’St — 3ycunis B By3J0BUX TOUKaX

Minimizyemo Bupas (2.21) mo nepemiiieHHsM :

5y J’” o[y - %) —o (2.22)
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I[J'I}I OKpEMOIO CKiH‘{CHOFO CJICMCHTA Ma€EMO:
oike}-{Fi=o0, (2.23)

ne k¢ }= j [B] [D:]BJdV - MaTpuus sKOpCTKOCTI CKIHUEHOTO €IEMEHTY
\

Toni 11 BCl€T CHCTEMU CKIHUEHUX €JIEMEHTIB PIBHSHHS PIBHOBAru Ma€ BUTJISI:
[KJio}=1{F} (2.24)

- e {K }- MaTpuIs )KOPCTKOCTI BCi€i CUCTEMHU CKIHUEHUX EJIEMEHTIB

Bupa3z (2.24) € cucremoro JiHIHHUX PIBHSHB, 32 JIOTIOMOTOI0 SIKOi MOXKHA
3HAXOJIUTH TIEPEMIIIICHHS P BiAMOBITHUX TPAHUYHUX YMOBAX.

Komu nedpopmyrounii 1HCTpyMEHT Ha KOXHOMY KpOIll HaBaHTaKCHHS
NEPEMIIIAETHCS - BY3JIM CKIHUEHUX €JIEMEHTIB, Ha SIKI pO3/IiIeHa NMPY>KHO-TUIACTUYHA
3arOTOBKa, TEPEMIIIYIOThCS B HOBI ToyiokeHHS. [1[00 BHM3HAYMTH MepeMileHHs
BY3J1iB BUKOPUCTOBYEMO (2.24). [To nmepeMineHHsIM BY3/1iB 3 BUKOpHUCTaHHIM (2.16) 1
(2.17) 3moxemo BupaxyBaTu jgedopmariii Ta HampyxeHHs. KiHIeBl BelneunHH
HaIpy>XeHb 1 1epopmariiii OTpUMYIOTh JOJaBaHHSIM MPUPOCTIB BEJIMYUH, OTPUMAHUX
Ha KOXHOMY KPOTIII.

Jlns Oynb-sikux Oe3KiHEYHOMAaIMX MPHUPOCTIB BEJIUYUH B MPYKHO-TUTACTHUYHIN

obmacTi, piBHsSHHSA (2.24) Ma€ BUTIISA!

(KO }={ae ), (2.25)

ne {A5}- IPUPICT BEKTOpAa MEPEMIIEHb, {AFj- HPHPICT BEKTOpa CHIOBOTO
HAaBAaHTA)XCHHA. 3 ypaxyBaHHSIM BUpa3y UIg MaTpUIll >KOPCTKOCTI (2.25) MoxkHA

3alIMCaTH TakK:
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[ B {acidv ={aF} (2.26)

\

Tomi piBHSHHSA piBHOBaru JUisi J00Or0 pIiBHS HABaHTaXXEHHS OTPUMYIOThH
CyMyBaHHsAM Bupa3siB (2.26):

[ BT {olav ={F}, (2.27)

\Y

ne {F}=> {AF|- mocsruyTHii piBeHb CHIOBOTO HAaBAHTAXKCHHSI.

JIns BU3HAUEHHS KIHIIEBUX IMPUPOIINCHh HANpyXeHb Ta nedopmariii (s
MaJliX MepeMilieHb) BUKopuctoByeMo Metoauky 3enkesuda O.K., Mopo3osa €.M. 1
Hikimkosa I'.Il. OcHoBHa nepeBara JaHOI METOAMKHU TOJISITa€ B TOMY, MaTepiajibHi
YAaCTUHKU Je(OPMOBAHOIO TUIa MOXKYTh JIOCUTh TOYHO PYyXaTHCh IO Jiarpami
ICTHHHUX  HampyxeHb. Jlns mpukiaxy po3MITHEMO MEPEeMIIEHHS — OJHI€q
MaTepiajJbHOI YaCTUHKM TLNa Ha Jlarpami ICTUHHUX HamlpyXeHb. Tak, Ha Mepliomy
KpOIll HAaBaHTKEHHS, JJaHa YaCTHMHKA 3HAXOAUThCS B mojiokeHH1 1 (puc. 2.3) 1 mae

3HAYEHHS 1HTEHCUBHOCTI HAamNpyXeHb o, Ta IHTEHCUBHOCTI aedopmariii & 1

3HaxoauIacs B MpyxHoMy cTai. Toml ¢pyHKIIO Tedii MaTepiarly GepeMo y BUTIIAIL

1/2
f(o:e):(gVO'ileai'j] -0, (2.28)

ae Vo | :Vaoi,j—§V0'k’k 5 a Vaoi,j— OpPUPICT KOMIIOHEHT JeBlaTopa

K
HanpyXeHb, o, = 0,, + Mg" - anmpoKcuMallist AiarpaMu iCTHHHUX HaImpyXeHb (m1i n-

KoedIlieHTH, SKI BHU3HAYAIOTHCS IO BKa3aHii miarpami). lis mpyXHOro cTaHy B

touri 1 3amumemo: f, = f(ail)< 0. [Ticis 9oro mepexoauMo 10 HACTYITHOTO MPY>KHOTO

KPOKY HaBaHTaxeHHs - nonoxkenns 2. Toni o =0, +Vo,, a Vo, BUpaxyBaHe 1o
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MPUPOCTaM KOMIIOHEHT HanpyxkeHb Vo = [D]BJVs}. s nonoxenns 2 f, = f(o2)>0,

10 € HEJIOIMYCTUMUM CTAaHOM MaTepiany, mo jaepopmyerbes. Buznaunmo koedirieHT
I, 0 TIOKA3ye, sIka YaCTHHA MPUPOCTY HAMPYKEHb npykHa. [IpaBuibHO migiOpaHuii

Koe(DimieHT I TIOBMHEH 3aI0BOJIBHATH YMOBI f(O'il + rVai): 0(3 monoxxkeHHs 2

OITyCKaeMOCSI Ha JllarpamMy 1ICTUHHUX HaIPyKeHb).

O-S " 2
2
0, ]
o
=)
N
| T/ de |
0, B =
i 2 -
8,' 8! 8!

Puc. 2.3. [lonoxxeHHst YaCTUHKHU MaTepiaty, 1o 1ehopMy€eThbCs, Ha Aiarpami
ICTUHHUX Hampy>KeHb MPU KPOKaxX HaBaHTaXeHHS | 1 2.

[Tepme mpubnmkeHHst 175 KoedimienTa ' MOKHa BUPA3UTH 110 PopMyIi:

fl

A R (2.29)
2l

[Tokpareny OIiHKY /U1st 1 OTPUMYEMO TIO BUPA3Yy:

(2.30)

df :
ne {a}= {E} - oXiAHa PYHKIIT TeYil O HANPY>KEHHSIM.
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2.2.3. CKiHYEHO-€JIEMEHTHUN aHaJli3 KIHIIEBOT'O MPYKHO-TIACTUYHOTO

HaIpy>KeHO-1e(OPMOBAHOTO CTaHYy 3 BUKOPUCTAHHSM BEJIMKHUX MEPEMIIIEHb

[Ipu ©HeoOxigHOCTI BHpimieHHS 3amad 3a jgonomororo MCE 3 Benmukumu
MOBOPOTaMHU CKIHYEHHMX €JIEMEHTIB, MEPEMIIIEHHIMU Ta NPYKHO-TUIACTUYHUMHU
nedopMaliisiMu 1o 3aJIe)KHOCTSX, SIK1 HaBEJICH1 BUIIE, MOJKJIMBO HAIITOBXHYTHUCS Ha
HENPAaBWIBHICTh OTPUMAHUX pE3YNbTaTIB, AKIIO HPHU BEIUKUX T'€OMETPUUYHUX
HEJIIHIMHOCTSAX MaloTh MiCIle BEJIMKI IiacTuuHi aedopmariii. KpiMm HenpaBUIbHUX
pe3ynbTaTiB, pilieHHs Oyae pO3XOAMTHCS TPH ITEepalliiHOMYy MNpOUECl MpU TMEeBHIN
KUTBKOCTI KPOKIB HaBaHTa)KEHHS.

ITpu kiHneBuX aedgopMarlisix TPUHIIKI BIPTYaTbHOCT1 pOOIT Ma€ BUTJIS/L;

[ S0 EqdV = [q0; dS, (2.31)
v o0

ne V- 2. TeH30p HamnpyxeHb [liomu—Kipxroda, I _ TeHn3op aedopmariii I'pina—

S KOMITOHCHTH nepeMinens, a Vi S -

Jlarpanxa, 9  — 30BHiNIHE HAaBAHTAKEHHS,
00’eM 1 moma Tiia , ¢ € cuMBOJ Bapialiii. HaBegemo miaxig mpeacTaBieHHs I[[bOTO
PIBHSIHHS B CKIHYCHO-EJIEeMEHTHOMY  (opMmymtoBaHHI.  SIKIO  po3risjaaTu

nepopmyBanHs Tina 3a yac U+ Al 1o (2.31) mae Burs:

V S

Jlani 3anuiemMo BUpa3u AJi1 HACTYITHOTO KPOKY HaBaHTaKEHHS:

t+At o _t
sij = sij +sij (At) (2.33)
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t+At5i =t 5i +5i (At)

(2.34)

8 =g+ (at)

ne tsij’ t5i’ tqi, € BIANOBiAHO: 2-i TeH3op HampyxkeHb [lionn—Kipxroda,

MEepPEeMIIIeHHs] TOYOK TiJIa, 30BHINIHI CHJIM 3a 4ac t. Benwmuwmam Sij’ 6i, g €

NpUPICT BKa3aHUX BETMYMH Ha HACTYITHOMY KPOIli HaBaHTaXeHHs (a00 3a 4ac At).

Tenzop nedopmaiii I'pina—Jlarpanxa 3a yac t+ At Mae BUTJIS:

t+Atg zg(um& tHAtg  teAts teAtg ) (2.35)
ij 2 i j j,i 1i I j
3anuimemo:
trAte e 4 E (at) (2.36)
1) o
t 1t t te t
[Ipupict nedopmariiii 3a gyac At:
Eij (At)=e; +n, (2.37)
Tyr e =6 .+, +5 .5 +5 .o
S Y G T T T I T B N A W I
11e Moro JiiHIMHA YacTHHA TeH30pa aedopmMairiil, a CKiIagoBa
6o 5)
mij =01 91, j (2.38)
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€ Horo HemiHiiHa vactuHa. B ¢dopmymax (2.35)-(2.37) i (2.38) koMa o3Hayae

t
) 0" 5; )
YaCTUHHY TIOXIJIHY: TOOTO HANPHUKIIAI, ts. . — 1 e t5i € MEPEMILICHHS YaCTUHOK

ij = axj

TLIA 34 KpPOKH HaBaHTA)XCHHS 34 4ac t.

t+At

3 ypaxyBaHHSIM , 1IO: § Eij :5tEij - éEij :5tEij + éeij - 577” nepermmemo (2.32):

| tSi.o'tEi.dV+j tSi.aei.dV +] tSi.a‘ ni.dV+f Si.a‘tEi.dVJr
v ] y U y v 1

+ | Sijé eijdV+j Sij(mijdvzj tqi5t5ids+f tqiﬁﬁid8+ (2.39)

\ \Y S S

t[q.6%.dS + [q.65.dS
S | | g 1 1

VY piBasHHI (2.39) omepKyeMO PIBHICTH MEPIIOrO 4i€HA JIIBOi CTOPOHM 1 MPaBOTO

YJIeHa MPaBOi CTOPOHH, TOOTO

Y. s'E. dv = [Yq.5%6.ds (2.40)
v 0] g 1

IO BJIACTUBO NPUHLHUITY BIPTyaJIbHUX pOOIT y KoHpiryparii tc. Jani Apyrui 1

‘ICTBCpTI/Iﬁ YJICH HpaBO.l. YaCTHUHU MOXKEMO CKJIACTH.

['q,6'5,dS'+[q,55,dS = [ “*q,66,dS (2.41)

S

AHaNOTIYHO MOXKEMO CIIOJIYYUTH IM'ATUHN 1 IMOCTHI JOAAHKHU JIBOT CTOPOHU PIBHSIHHS

(2.39), npuiimatoun B yBary, IIo i + 1], J :éEij , @ y34Tl B yBary OCTaHHI WIECHU

J

[bOTO PIBHAHHS YIOPSAKYEMO:
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\Y Vv S v

3 ypaxyBaHHsM, 1m0 §"E; =¢E; i 670, =60, Ta Bupasis (2.41 i 2.42) 3’enHatu B

piBHsHHI (2.39) uneH 4 niBOi CTOPOHU 1 WieH 3 - mpaBoi CTOPOHH, TOOTO:
[s..5'E.dV = [q.s'5.dS (2.43)
SUi ] S

3 ypaxyBaHHsM 3aKkoHY [ 'yka piBHSHHS (2.42) MOXIIMBO JIIHEAPU3yBaTH

i = Cijrs®rs (2.44)

BpaxoBano, mo E . =e 200 6 =3

I[J'I}I CKIHYCHO-CJICMCHTHOI  ITOCTAHOBKH  MOJKJIMBO MNpeaACTaBUTH B

MaTPUYHOMY BUTJISIII ISl PILIICHHS HETHIMHUX 3a/1a4:
t t A
[ K, + KN}{A }={[t+ tAF]} (2.45)

ne K, — miHiiiHa YacthHa, a K, — HENIHIHA YacTUHHA MATPHUI >KOPCTKOCTI,

L N

AS MaTpurs-BekTop HeBimomux mepemimens, 't AUF — Matpuis-BexTOp 30BHimIHIX
CHIL

PiBusinns (2.43) 3 ypaxyBanasam (2.44) 1 miHeapu3zailii Ma€ BUTIIS;

t et
J Cijrser35 Eij dVv = ! 0;0°5,dS (2.46)
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B dopmymroBanni MCE 1 B MatpuuHiid Gpopmi:
[Kie iAo j=1aF | (2.47)

ne [K g |- Heninilina MaTpuis >K0pCTKOCTI, AS - NpUpiCT nepeMilIeHs 3a yac At

AF - IpUPICT 30BHINIHIX CHJI 32 KPOK HAaBAaHTAXKCHHS.

2.2.4. O6rpyntyBanss niaxoaiB B MCE miist ananizy reoMeTpuaHuX Ta Pi3UIHO

HENIHIMHUX 3a7a4 IPY>KHO-TUTACTUYHOTO AePOpPMYyBaHHS

IcHyroui KoMepIiiiHI mporpaMd Ta aBTOPCHKI PO3POOKH MOJETIOBAHHS
MPOIIECIB  MPYXKHO-TIJIACTUYHOTO  XOJIoHOro jaedopmyBanHs Ha ©6a3i MCE
BUKOPHCTOBYIOTh B OCHOBHOMY HACTYMHI ITepaliiiHi mpolenypu MpH pilICHHI
piBHSIHB piBHOBaru (2.25) 1 (2.47) nns BukoHaHHsT yMmoBH (2.26). Ile miaxin 3MIHHUX

napaMeTpiB pykHocTi a00 HetotoHa-PadcoHa, B skOMy JiJis1 CKIHUEHHX €JIEMEHTIB B
IJJACTUYHOMY CTaHl 3HAXOJATh MPYKHO-TUIACTUYHI MaTpHIlL lDEpJ 1 BUPaxXOBYIOTh

HOBI MAaTpHIll KOPCTKOCTI lkepJ. Henonikom minxoay € HEOOXITHICTh ITOBHOTO
dopMyBaHHSI Ta pIIICHHS CHCTEMHU PIBHSHHS PIBHOBAarM Ha KOXKHIM iTeparii, 10
3aiiMae ayxe Oararo 4acy. J[pyrum miIxo oM € BHPIIICHHS 32 JOTIOMOTOIO CIIOCO0Y
novyaTkoBHUX Jedopmariiii. BiAMIHHICTh JAHOTO CIOCOOY BiJl MOMEPETHBOTO MOJIATAE
B TOMy, IO MaTrpuus >kopcTkocTi [K]| Beiel cucTeMM CKiHYEHHX €IEMEHTIB
3QJIMIIAETHCS TMOCTIMHOIO, a nedopmariii KOperyroThCs Ha KOXKHIA 1Tepalii npu
JIOCSITHYTOMY PIBHI HalPY>KeHb. TpeTiil miaxij, SKUi MOXKe BUKOPHUCTOBYBATHUCH — 11€
CHoCi0 MOYATKOBHUX HaIpyXeHb. BiH moniOHUII 1O MOMepenHboro, aje B JaHOMY
BUMAJKy BHKOPHUCTOBYIOTH TIOYAaTKOBI  HAmNpPYXEHHS 3aMiCTh  IOYaTKOBUX
nedopmariiii, mod MpyXHE pPIMIEHHS BIAMOBIIAIO pPEAThHUM HANPYXKEHHSM MPHU

JOCSITHYTUX nedopMalrisix.
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Jlo mepeBar n1aHoro crnoco0y MOKHA BIJIHECTH HACTYITHE: PIIICHHS 0 HbOMY
CXOJMUTBCS I JIF0OO1 3aJIe)KHOCTI MIXK HamNpyXEHHsIMU Ta jaedopMallisMu;
pO3BaHTaXKEHHS 3/1€(OPMOBAHOTO METally BpPAaXxOBYEThCS aBTOMATUYHO; CIOCIO
MOJKJIIBO 3aCTOCOBYBATH 1 IS iA€albHO-TNIACTHYHOTO MaTrepialy, IO Ja€ 3MOTy
OPOBOJAUTHA TECTYBAaHHS MOJENEe Ha OCHOBI EKCIEPUMEHTAIbHUX JaHUX MpU
MOJICJTIOBaHHI MpoIieciB (PopMO3MiHM Ha 3aroToBKax 13 CBUHINO. CyTh BUKOHAHHS
OOUYHCIICHb TIOJSATaE B TOMY, IO MNPHUPICT HANPYXEHb HA KOXXHOMY HaOMKEHHI
BUPAaxXOBY€ThCSA BIJl 11X PpIBHOBAXHUX 3HAY€Hb. 3a3HAYUMO TMEPEMIIICHHSA 1
HaAIpy)KCHHS K O 1 6 BIANOBIAHO (V11 SIKMX BHKOHYEThCS yMOBa piBHOBaru). B
3B’A3Ky 3 TIPUPOCTOM 30BHINIHHOTO HABAHTAXCHHS, MPHUPICT HANPYXKEHb Ao
HiAPaxoBYIOTh BiJl TOBHOTO BEKTOPY MPHUPOIIECHD MEPEMIILEHD, 110 HAKOMHUYYIOTHCS Y

nporieci itepaiiii. Ha koxxHOMY HaOJIM)KEHH] | BUBHAYAETHCS HEB sI3Ka PIIICHHS

{Awi}:{F}—\i[B]T ot+iActdv, (2.48)

sIKa BUKOPUCTOBYETHCS B MpaBiil YacTUHI piBHSIHHS piBHOBaru. ITepamiiinuii mporec

IPOIOBXKYETHCS A0 BUKOHAHHS KPUTEPIIO

i) {asi)
Rty

-107°).

<@, 1€ ¢ — 3aJaHa TOYHICTh PO3PaxXyHKy (peKoMeHa0BaHui nianason 10

[ToBHUIT anroput™m pilieHHs 3a/1a4l NPY>KHO-TIACTHYHOTO AedOopMyBaHHS Ha
KpOLll HAaBaHTAKEHHS TMOKa3aHWW Ha PHUCYHKY 2.4. BUXiIHUMH JaHUMH CIIyXaTb
3arOTOBKa, KA PO3MOIiJIeHa Ha CKIHYCH] eJIeMEeHTH, 1H(popMallisi Mpo HOMEPHU BY3IIB,
3 SIKUX CKJIQJalOThCS CKIHYEHI EJEMEHTH, KOOPAMHATH BY3JB, KOHCTPYKTHBHI,
TEXHOJIOTIYHI Ta (HI3UKO-MEXaHIYHI MapaMeTpu MpoIecy, IO MOJCIIOEThCSI, Ta
rpannydi ymoBu. [1[00 BpaxyBaTu MOKPOKOBE HABAaHTAXEHHs, MOrO BBOISTH Y
BUTJISIII 3MIMICHHS TOBEPXHI 3arOTOBKM BiJ HaBaHTaXEHHS BiA JIePopMyr0doro

iHcTpyMeHTy. Ha kokHOMy Kpoili HaBaHTaXeHHs (Ipu ITepalliiiHId cXemi)
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BHU3HAUYAIOTh TPAaHWYHI YMOBH JJIsi HACTYIMHOTO KpPOKY. 3akKiHUyIOTh MPOIIEC
MOJICJTIOBaHHS TMPH TEePEXoJii Mpollecy BiIOOPTYBaHHSA B yCTajieHy cTajito abo 110
OTPUMAaHHSI KIHIIEBOI T€OMETPii BUPOOY.

Taki migxoau 3 BukopuctanuasM MCE Oynu peanizoBaHi 1jis aHaTI3y NPYKHO-
IUTACTUYHOTO CTaHy XOJOJHOI (POpMO3MIHM MeTaldy B Mpoliecax BiZOOPTYBaHHS IpU
MOKPOKOBOMY HaBAaHTA)KEHHI BICECUMETPHUUYHUX IUIOCKUX Ta 3Mpo]iIbOBaHUX

3aroToBOK.

> (£T)=0

—» a) =[&T ey
S| = (AE |+ AS)

(ho)=lag($a8})]
)= (71— (B HE} +iA J',:}a'r/
7S

" UH Joc4rHyTO 20i:kHOCTi 7

|

Tak

44
i

Puc. 2.4. Cxema iTepaliiiHOTo npoiiecy Ha KpoIli HaBaHTaKEeHHS

Hi

2.3. MeTonvka mpoBeJIeHHS €KCTIEPUMEHTAITLHUX JTOCIIKCHb

MeTo10 eKkcrepuMeHTaIbHUX JOCHIIKEeHb € JOCTIIKEHHS KIHIIEBOI TreoMeTpii
BUPOOY, BHU3HAUEHHS EHEPro-CHJIOBHUX TapaMeTpiB BiAOOPTYyBaHHS, BHU3HAYCHHS
MIIHICHUX XapaKTepUCTHK TOTOBOTO BHpOOy Ta TepeBipka aJeKBAaTHOCTI

pO3p00IeHUX MaTeMaTHYHUX MOJIENIeH A1 BKa3aHOIo MPOLECy.
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2.3.1. ExcriepuMeHTaIbHe OCHAIIIEHHS Ta 00JIaHaAHHS

JIns mpoBEJEHHS EKCIIEPUMEHTIB BHUKOPUCTOBYBAJIM T1APABIIYHUN TIpec
sycuisim 500 xH. Tlpomecu mnpodimoBanHs Ta BiZOOPTYBaHHS 3MPOQLIbOBAHOL

3arOTOBKU JIOCHIDKYBaJMCh B INTaMIIaX, SKI BUTOTOBIIGHO 3TiIHO KpPECIEHb, IO

npejCTaBlIeHl Ha puc. 2.5.

20
e

152 7 [N 15 32 4

170

a) 0)
Puc. 2.5. a) kpecneHHs mrama Jijist npo¢iIF0BaHHS 3aroTOBOK; 0) KpeceHHsI

mTamIna Jis BiiOOpTyBaHHS

3aa4ero eKCIEePUMEHTY IO TpOQIIIOBAaHHIO 3aroTOBKM € MpOQUIIOBaHHS
JUCTOBOT aJIFOMIHIEBOI 3arOTOBKH B CIIPOEKTOBAHOMY IITamIi. MeTo0 eKCIEpUMEHTY
€ OTpUMaHHS 30podUTLOBAHOT 3arOoTOBKM 3 HEOOXIIHMMH TapamMeTpamu IS
MOAANBIIOr0 BiIOOPTYBaHHS. JIJIsl IpOBEACHHS EKCIIEPUMEHTY OYJIO CIIPOEKTOBAaHE Ta
BUTOTOBJICHE IITAMIIOBE OCHAIICHHS JJI BUAABIIOBaHHS 3riAHO KpecienHs (Puc. 2.5
a). Takoxx Oyna MIArOTOBJICHA aOMiHIEBAa 3arotoBka miametrpomM D 100 mwm 1

BUXI1JIHOIO TOBIIMHOIO 3aroToBku S0 1,5 MM (puc. 2.6.a). [TapameTrpu 3aroToBkH, sKi
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IJIaHYBaJIOCh OTPUMATH Micli BUJABIOBaHHs: aiameTp — 100 MM, BUXijJHA TOBIIMHA
— 1,5 MM, 11aMeTp, Ha IKOMY TOYMHAETHCSI KOHYCOIOA10HE MOTOBUIEHHS 3arOTOBKU —
56 MM, MakcHUMaJlbHa BHCOTa MOTOBIIEHOI YacTUHU - 2,2 MM, (HOPMOYTBOPEHHI
oTBIp - 20 MM, ToBIIMHA nepeMudkud — 0, 2 MM. SIk BUIHO 3 puc.2.5 a, MiAKIagHa
IJIMTa 2 BCTAHOBJIOETHCS HAa HWXKHIO MIUTY 4. 3aroroBka | BCTaHOBIIOETHCS Ha
MIIKIAAHy TUIMTY 2, TIOTIM 3BEpXy Ha 3arOTOBKY BCTAHOBIIIOETHCS MPUTHCKAY O,
SKUWA MICTUTh KOHYCOIOAIOHY TTOPOKHUHY JJIs1 HA00pYy MeTaly, 1 sskuil PpikcyeTbes i
IPUTHUCKAETHCS KOHTEHMHEPOM 5, KU 3a JOMOMOTOI0 Pi3bOU KPIMUTHCS 0 HUKHBOT
T 4. IlyaHcoH yis BUJABIIOBaHHSA 3 HaNpaBIsEThCA 3a JOMOMOIOIO
HAIPaBJISI0YOro Kbl 7, sIKE B CBOIO YEPry BCTABJISETHCS B OTBIP KOHTEHMHepa 5, 1
PO3MIIIYETHCS IO LEHTPI 3arOTOBKH, MICIS YOrO MPOXOIUTH KIHIIEBE 3aKPYydyBaHHS
KOHTelHepa 5. B koHTeliHepl 5 Ta HIKHIM TUIMTI 4 BUKOHAHI CHENlajdbHI OTBOPH IS
BaXKEJIIB, 32 IOTIOMOTO0 SKUX 3a0€3Meuy€eThCsl HalIHE 3aKpydyBaHHS KOHTEHHEpa 5
Ta HOTO PO3KPYUYBaHHS MICIsl BUIaBIIOBAHHS.

Ilepen mporiecoM BHAABIIOBaHHS 3aroTOBKa Ta poOOYl MOBEPXHI IITamIa
3MalIyIOThCsl  CIEMIaJbHUM  3MalieHHsM BHUWHII-232, miciast dYOro IITaMmil
30upaeThes, sk onucaHo Buie. Pobouuit xin myaHncona ckiagae 1,3 mm. Ckiamosi
YaCTHHHU LITaMITy TIOKa3aHl Ha puc. 2. 6.

JUis  TpoBeJEHHS  EKCIIEPUMEHTY 1O  BIAOOPTYBAaHHIO TakoX  Oyio
CIIPOEKTOBAHE Ta BUTOTOBJICHE ILITAMIIOBE OCHAILECHHS ISl BiIOOPTYBaHHS 3T1JHO
puc. 2.5 6. JIns ekciepuMeHTy BUKOPUCTOBYBAJIHN alFOMIHIEBY 3aroTOBKY Mapku AQ
aiamerpom D 100 mm 3 momepeanbo otpumanuM oTBopoMm d 20 mwm. TosiiuHa
BUXIZHOI 3arotoBku So 1,5 mwm. [liamerp mnotoBmieHoi 30HM d; 56 MM 3
MAaKCHMAaJbHOK BHCOTOIO IOTOBIICHHS S 2,2 MMm. /i Toro, mo0 3a0e3neuuTH
IUIOCKUN TOpEIb, OTBIP BUKOHYIOTH MiJ KyToM o 7° (puc. 2.7). Sk BugHo 3 puc. 2.5 0,
MaTpHIl 2 BCTAHOBIIIOETHCS HAa HIKHIO IIUTY 4. 3arotoBka 1 BCTAHOBIIOETHCS Ha
MaTpuIro 2 1 GIKCYEThCS KOHTEHHEPOM 5, AKUN 3a JOMOMOTOI0 P13bOM KPIMTUTHCS 10
HUKHBOT TUTH 4. [lyaHcoH 3 BCTaBISEThCS B OTBIP KOHTEHHEpa S5 1 IHEHTPYE

3aroToBKy 1, MICIs 4OTO MPOXOAUTH KIHIEBE 3aKpy4dyBaHHsS KOHTEWHepa 5, AKuil B
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KIHIIEBOMY HIDKHBOMY 3a0€31euy€eThCsl HaJiliHe 3aKpydyBaHHS KOHTeHHepa 5 Ta loro

PO3KpYUYyBaHHS MICIs BIAOOPTYBaHHS.

m) ¢) €)
Puc. 2.6. Cxnanosi mrrammy Jijist npoItoBaHHS 3aTrOTOBOK: a) BUX1/IHA 3aTOTOBKA;
0) HYOKHS TJTMTA; B) KOHTEHHED; T') MTyaHCOH; 1) HAMPaBJISIOUe KUIBIIE; €) MiKIaTHa
IJIUTA; €) TPUTUCKAY 3 KOHYCOIOAI0HOI0 TTOPOKHUHOKO

a) 0)
Puc. 2.7. a) kpecneHHs 3aroToBKy; 0) 3mpodiiboBaHa 3arOTOBKA
CkiaznoBi 4YacTUHM IITaMIly JJIsi BiIOOpTYBaHHS Ta caM IITaMi B 300pi

nokazani Ha puc. 2.8. Ilepen mporecoM BIIOOPTYBaHHS, 3aroToBKka Ta pPoOodl

MOBEPXHI IITAaMIIa, K 1 IPU BUIAABIIOBAHHI, 3MAIIYIOThCS CHEIIaIbHUM 3MAaIllCHHSIM

BHUWHII-232, TiCIIs 4OTO MITaMIT 30MPAEThCS, 3T1IHO ONUCY BUIIIE.
ExcriepuMeHTanbHi  TIOKA3HWKW 3yCWIUIS  BIIOOPTYBAaHHS OTPUMYEMO 3a

JOTIOMOTOI0 MaHOMETpa, SKWM BCTAaHOBJIEHWM Ha mpeci. [licms mpomecy
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B1IOOPTYBaHHS, 32 JIOMIOMOTOIO BaXKEJiB, PO3KPYIYEMO IITAMII 1 JAICTAEMO TOTOBUM

BUPIO.

B) r) )

Puc. 2.8. llltamn asns BigOOPTYBaHHA Ta MOTO CKIIAA0BI: a) HIDKHS TUINTA;

0) MaTpuIls; B) MyaHCOH; I') KOHTEWHED; /) IITaMIT B 300pi
[IpoBoguMo oruisii BUpOOY Ha HasIBHICTh AS(EKTIB Ta 3aMIPSIEMO PO3MIpH

BUPOOY JUISI MOPIBHSIHHS €KCIEPUMEHTAIbHUX JAHUX 3 TEOPETHUYHUMU.

BucHoBKM

1. Onucana MeToAuWKa TMPOBEIEHHS TEOPETUYHUX  JOCIIKEHb 3
BUKOPUCTAHHAM METOJIy PO3B’SI3Ky HAOJMKEHUX pPIBHSHb PIBHOBArd 3 YMOBOIO
wiacTuyHocTi. [lokazana MOKIMBICTH BUKOPUCTAHHS JAHOTO METOY JJIsl OTPUMAHHS
AQHATITUYHUX 3aJIEKHOCTEH, 3a JOMOMOIOI0 SIKMX MOXHA BHU3HAYUTH PO3MOJLT

NUTOMUX 3yCUJb Ha AehOpMYyHOUYOMY IHCTPYMEHTI, 3yCWiuisl JaepopMmyBaHHS Ta
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po3mip ocepenky nedopmairii B mporecax OMT 1 oTpuMaHHS YHUCEIBHUX 3HAYEHb
BKa3aHUX 3yCHUJIb.

2. IlpoBenenuil aHami3 1 y3arajJbHEHHS MapaMeTpiB, sKi BIUIMBAIOTh Ha
nporiecu BiAOOpTyBaHHS. Bci mapaMerpu po3jijieHI Ha KOHCTPYKTHBHI (T€oMeTpis
MaTpHlll, TEOMETpisi MyaHCOHY, MapamMeTpu MPUTHCKaya, MapaMeTpu 3a30py MIX
IIyaHCOHOM Ta MAaTpHICI0 Z), TeXHOJOri4yHi (opMa BUXIIHOI 3arOTOBKH, CTYIIHb
nedopmaiiii, koediieHT BiAOOPTYBaHHS, BIJIHOCHA TOBIIMHA  MaTepiaiy,
pPO3BaHTaXKEHHS 37e(OPMOBAHOTO MeETally, HAasBHICTb HEYCTaJeHOi Teuli MeTaiy,
JIOKAJIbHUM XapakTep ocepeaky iAedopmariii, TUI 3MalieHHs), (Pi3MKOo-MexaHIuHI
(miarpama pyHHYBaHHA Marepiady 3aroTOBKM, JlarpaMa ICTUHHMX Halpy>KeHb
MaTepiaiy, Ipy>KH1 BIIACTUBOCTI MaTepiary 3arOTOBKH).

3. BcraHOBIEHO TMepeBard METOJy CKIHUEHHHMX €JIEMEHTIB [UJIs aHalli3y
(GOpMO3MIHHUX TMPOLIECIB MPHU BIAOOPTYBAaHHI: MOMJIHMBICTH PO3MOMLISATH TMPOIIEC
nedopMyBaHHS Ha TIEBHY KUIbKICTb KPOKIB HABAaHTA)KEHHS, BU3HAYEHHS PO3BUTKY
HaIpy>XKeHO-1e(OPMOBAHOTO CTaHY IO BChOMY 00’€M1 MeTaily, 10 JAehOopMy€eThCH,
MOJKJIMBICTh BpaxyBaHHS CKJIaJHOI TE€OMETpii 3aroToBKM Ta J1ehOopMyr0doro
IHCTPYMEHTY, a TAKOK TE€PTS HA KOHTAKTYIOUUX IMOBEPXHSX.

4. CTBOpeHI CKIHYEHO-EJIEMEHTHI MOJEeNl M PO3paxyHKOBOTO aHali3zy
mpoiiecy BimOOpTyBaHHs. BpaxoBaHi BCi KOHCTPYKTHBHI, TEXHOJIOT14HI Ta (i3HKO-
MEXaHI4HI mapaMeTpH, sIKi BIUTUBAIOTh Ha (POPMO3MIHY METally TP BiIOOPTYBaHHI.

5. OmucaHo METOAWKY TPOBENEHHS EKCIEPUMEHTAIBHUX TOCHTIKEeHb, 32
JIOTIOMOTOI0 SIKMX OYyJIO JOCHIIIPKEHO KIHIIEBY reOMEeTpit0 BUPOOIB, BU3HAUEHO €HEPIo-
CUJIOBI TlapaMeTpu BIIOOPTYBaHHS, BU3HAUYEHO MIIHICHI XapaKTEPUCTUKU TOTOBUX

BUPOOIB Ta MEPEBIPEHO aJCKBATHICTh PO3POOICHUX MAaTEMATUYHUX MOJIETICH.
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I[TPOBEAEHHA TEOPETMYHUX JOCJIUKEHD I10 ITPODIIIOBAHHIO
BUXITHNX 3AT'OTOBOK I BIIBOPTYBAHHIO OTBOPIB ¥V
3ITPOOPIIBOBAHNX 3AT'OTOBKAX

3.1. AHamii3 1HKEHEepHUM METOAO0M MPOoLEecy MPOo(]iTIOBaHHS JTUCTOBUX 3arOTOBOK

XO0JJOOJHUM BHUAABIOBAHHAM KOHIYHUM ITyaHCOHOM

[lonepene  mpodiItOBaHHS,  XOJIOJHUM

BUAAaBJIFOBAaHHAM KOHIYHUM

IIyaHCOHOM JIMCTOBUX 3aroTOBOK Tiepel BIAOOPTYBaHHSIM, MOTpeOye AOCTATHBO

BEJIMKUX 3YCUJIb, IPU [IbOMY Ha TOPIIi TyaHCOHY BUHUKAIOTh 3HAUHI TUTOMI 3yCHJLIIS.

JUis OTpUMaHHS aHAJTITUYHUX 3aJ€KHOCTEH ISl pO3paxyHKIB MUTOMHUX 3yCUJIb Ta

3yCUJIb, SIKI BAHUKAIOTh IIPU BUJIABIIIOBaHHI, IPOBEJACHUI TEOPETUYHUI aHal3 I[bOTO

IpOLIECY 3 BUKOPUCTAHHSIM METOAY CHIJIBHOTO PO3B’S3KYy NU(EpeHLIMHUX PIBHSHb

PIBHOBAru 3 HaOJMYKEHOIO YMOBOIO TIACTHYHOCTI (iHkeHepHui Meton) [111]. Meran

BBAXKABCS 130TPOMHUM, >KOPCTKO-TUIACTUYHUM 31 3MilHEHHSM. Po3paxyHkoBa cxema

(OpMOYTBOPEHHSI TOPOKHHUHM BHABIIOBAHHAM 300pakeHa Ha puc. 3.1(B cuiy

CUMETpii HaBEJIEHO 11 MOJIOBUHY).

Puc. 3.1. Po3paxyHkoBa cxema popMOyTBOPEHHS
MOPOKHUHU XOJIOJHUM BUJIaBITFOBAHHSIM:
1 - 3aroToBka, 2 - MTa, 3 — NPUTHCKAY, 4 - TyaHCOH

3arotoBka 1 TOBIIMHOIO
So, fAKa BCTaHOBJICHA Ha
muTi 2 Ta 3adikcoBaHa
MPUTUCKAYEM 3,
nehOpMyEThCS TTYyaHCOHOM
4 pamiycom R, . Ilyancon
Ma€ KOHYCHHMH poOodmit
TOpenp 3 KyroM «o. B
3aroToBill  BualiieHo 4

00’ eMu. [TmacTuuna
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nedopmaitiss mae miciie B 1 ta 2 o6’emax. Ilpu BuJaBIOBaHHI YTBOPIOETHCS

nepemudka Bucotoro h. Ilepmmit 06’em oOMmexeHuit paxiycamu r, i r,. B HboMYy

BUHHMKAIOTH CTUCKAIO4l HaIpyKEHHA 1,091 1 Og;. Ha mosepxui mix 1 1 4

%p
00’eMaMH BUHHUKAIOTh JOTUYHI HAMPY>KEHHS 3CYBY T ppl =73, @ HA NOBEpPXHI MK 1
00’€MOM 1 IJIUTOIO - Tppl =Tk = HOp1. TyT - koediieHt tepta. B 2 06’emi, mo
pO3TalllOBAaHUI Il IIyaHCOHOM 1 IUIMTOI Ta OOMEXEHuH paaiycamu I, 1 T,

BUHHKAIOTH CTHCKAIOUl HAIIpY>XCHHA O

021 Op2 Ta Ogy, NPUIOMY HANIPYKEHHS o,

P2
€ MaKCUMaJIbHUM 110 a0COJIOTHIN BennuuHi. B 1pyromy 06’emi TakoX JI1FOTh JOTHYHI

HaIpyKEHHSA 7T AK1 Ha KOHTAKTYIOUHX MOBEPXHIX BU3HAYAEMO Y€PE3 HOPMaJbHI

pp2>
HANPYKCHHS: Tp = L0y .

Jlis aHani3y Harmpy»XeHoro craHy B 00’emi 1 B ymoBax 1uockoi aedopmariii,
10 BIJNOBIJIa€ KIHIIEBOMY €TaIly BUJIABIIOBaHHS, BUAUISIEMO JIOJAaTKOBY Bick Z'. Ta
BUKOPHCTOBYEMO MOJISIPHI KoopauHatu p, ¢ 1 6 . [lepiie audepeniiiine piBHIHHS

pIBHOBAru i BICECUMETPHUYHOT 3a7aul Ma€ BUTJIISIA:

+— +—

0p  107pp 1(
op p Op p

apm(p):o (3.1)

Po3noain noTuyHUX HampyxeHb 7,, B 1 12 00’emax npuiiMaeMo y BUTJISIIL:

PP

Tpp ZTK(Z(D/ a). Toni piBusaEs (3.1), AKIIO0 MIACTABUTHA BUpa3 I T Oyne B

P>
3BUYAHUX TOXIJIHUX 1 MOXKe OyTH BHMKOPHCTaHE IS 3HAXOJKEHHS PO3IMOALTY

Halpy’KCHb Ha KOHTAKTYIOUHMX IIOBCPXHAX O,

¢1 Ta BU3HAUCHHA 3YyCUJLIA

nedopmyBaHHs Pﬂ :

+ =0 (3.2)
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[TounHaemo 3 aHamizy nepuoro o0’emy. JIOTHYHUMU HANPYKEHHSIMU B HHOMY
HexTyemo. Tol piBHSIHHS piBHOBaru (3.2) Mae BUTIIS:

do—pl N Gp1—0¢1

=0 (3.3)
dp P

3anucyeMo HaOMKEHY YMOBY IUIACTHYHOCTI (3 ypaxXyBaHHSM, WIO

o 1] > )
Opl~—0pl=0Os (3.4)

[TincraBnsiemo Bupa3 (3.4) B piBHsHHA (3.3) Ta  micias IHTETpyBaHHS

OTPUMYEMO:

opm=05lnp+C (3.9)

JloBUIBHY NOCTIiiHY C3HaXxogUMO 3 TIPAaHUYHOI yMOBH, WO Npu pP =T,

HaNpPYXEHHA O ;) = 0. Toxi xiHIIEeBUI BUpA3 I & 1 Ma€ BUTTIAL:

r
o, =—0cIn= (3.6)
p s

3HaiIeMO HANpPYXCHHS o, Ha BHYTPIIIHIA MoBepxHi 1 00’emy mpu p =Ty,

siKe OyJ1e MAaKCUMAJIBHUM 110 a0COJTIOTHIM BETMYMHI:

omax =—0g Inlz (3.7)
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[Tepexonumo m0 aHami3zy 2 00’eMy. B KiHIIeBUiIl MOMEHT BHIaBIIOBAHHS METAll
BUTIKA€E B 3230p1 MK ITyaHCOHOM 1 TUTUTOI0, TOMY JIe()OPMOBAHUN CTaH MOKHA TaKOXK
BBAXKaTH IJIOCKUM. BHKOpUCTOByeMO piBHSHHS piBHOBaru (3.2) 3 ypaxyBaHHSM

pO3NOALTY IOTUYHUX HANPYKEHb B 00’€Ml Yy BUIISAL 7, :2;10(02(0/ a. Tomi

OTPUMYEMO:

=0 (3.8)

HaGmmkena ymoBa miacTHYHOCTI it 2 00’eMy, 3 ypaxyBaHHSM IO

‘0'(/,2‘ >|O'92 , Ma€ BUTJIAL.

Op2 = 0p2 =05 (3.9)

[MincraBisiemo Bupas (3.9) B piBusHHS (3.8) Ta HanpyXeHHS Op2 BUPA3UMO

yepes o

02 13 yMoBH IiacTuaHoCTi (3.9):

doy2 N 2“(%2 _‘75) O

+—=>=0 (3.10)
dp pa P
Po3ninsiemo 3minHi B hopmyii (3.10):
d
> Op2 > __9p (3.11)
lﬁpz +O'S(l—'uj P
a a

[Ticns interpyBanus piBHsHHA (3.11) oTpumyemo:
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%In{% 2 +as(1—%lﬂ:—(lnp+ INC)=-In(pC)

Ao0o:

2
lLl ﬂ

202 =(pC) —as( —%“j (3.12)

JoBinbHy noctiiiny C 3Hax0auMO 3 TPAaHUYHOI YMOBH, 1[0 HA TPAHMIIL MIXK 2 1

, B : : : :
1 ob’emamu, pu p =T, pajialbHi HANpPYKEHHsS o,NO0BUHHI OyTH oxHaKoBi. Lle

max : :
O3HAYAE, IO O 59 =0 ] 1O PIBHSIHHIO (3.7):

_2u 20, T 2
(r,C) « =—057’ulnr—3+as( —?ﬂj
8
3BIIKH 3HAXOIHUMO:
2 2u
(C) a =r,a {—as%uln:—S’Jras(l—%uﬂ (3.13)
8

[TincraBnsiemo octanHik Bupas B (3.12). Ilicis neperBopeHsb KiHIeBa Ghopmyia

I HAIIPYKCHHA O

,02 Ma€ BUITIAA:

G p2 =0 (lnr—3+1i][r—6j“ L2 (3.14)
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3 yMOBH MJIACTUYHOCTI (3.9) 3HaX0IMMO HANIPYKEHHS Tp2-

2u

r a r, | o a
o,0=—0c| In=+1-— || £ +— 3.15
& ; [ T Zﬂj(pj 2u (419

Hanpyxenus o

p2 3ANCKUTH BiI paniycy p. JUis po3paxyHKy 3yCHILIA

BUJIABJIIOBAHHS BU3HAYMMO CEPE/IHE 3HAUCHHA Oy - HA paniyci [cp TOPLS ITyaHCOHY

(muB puc. 3.2):

P _ _
927~ (Cp2,npup=r + Cp2,npup=r,) 1 2=

2p

e (3.16)

e CEL L] (LA P
r, 2 4u r 2u

Toni BepTuKanbHa CKIaq0Ba 3yCUIUIsS P, Ha TOPII IyaHCOHA BiJl HANPYKEHHS

F/cosa,

cp . _ — | 5P
O o BU3HAYAEMO 110 dbopmyi: Pr= P(p /cosa = ‘0'(/)2

ne: F= ﬂRg / COS ¢ - myoma 60KOBOI OBEPXHI KOHIYHOTO TOPIS ITyaHCcoHy. Toxi, 3
ypaxyBaHHsIM Bupa3sy (3.16) ta BenmuuHu 7 ~ 3,14, KiHIIEBUH BUpaA3 IS 3YCHILIS

BUJaBJIKOBaAHHA Ma€ BUI'TIAA:

2u

Py =314R%0, [0,5|nr—3+1—i] (r—é’)“ 1+ L cos’a (3.17)
r, 2 4u r 2u

Pamycn r, re Ta r3 MOXXHa BHPA3UTH YCPE3 pO3MIPH BUX1JHO1 3arOTOBKH,

BHCOTYy nepeMuukd h imyancona R, (qus. puc. 3.1):
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h h R h S S
r=——~—; r,=r+—2-~—+R,; r,=—2-~-20
sina «a cosa «a sina «

(3.18)

Tonai 3ycusist BUABIIOBaHHSA, 3 ypaXyBaHHSAM BEIHMUNHU cos’a ~1 ns KyTiB
_ 20 .0 .
MyaHCOHY @ =3~ +5° , MOKHa BUBHAYUTH 110 GOPMYIIL:

2u

Py =314R%0, 05— 1 @ (h”an“H + 2L (3.19)
h+aR, 2 4u h 21

[Tpu oTpumaHHI BUpa3iB AJs HAMpPY>KE€Hb 1 3yCUIUIA HE BPaXxOBaHO 3MIITHEHHS
MEeTally Tpu BUJABIIOBaHHI. Jlns BpaxyBaHHS 3MIIHEHHS BUKOPHUCTAEMO
aIpOKCHUMAIII0 JlarpaMu ICTUHHUX HaNpy»KeHb. B SKOCT1 BIAHOCHOTO MOTOHIIEHHS

w TpU BHUJABIIOBaHHI TMOPOXXHUH MOKHAa B3ATH HACTYNHY BEIUYHHY:
W = (rga - pa)/ r,a. TyT r,o - modaTkoBa IOBKMHA AYTU B OCepelKy Aedopmarlii,
pC - TOBXKHMHA IYTU HA JOBUIBHOMY paniyci p. Jlist BusHadeHHs sycuwist Py Tpeba

BCTAHOBUTU BEIMYMHY |/ Ha pajiyci p=Tep. 3 TCOMETPHYHHX CITIBBITHOIIEHB

OTPUMYEMO:

rya — I‘cpa _ ry — rcp _ SO -h —0,5Rn0£

(3.20)

r,o I, S,

Toxi B ¢opmyny (3.19) s BusHauenns sycwust Py mo6 Bpaxysaru

3MILHEHHS! HEOOX1/THO MiICTABUTH HACTYIIHY BEJIMUMHY ICTUHHOTO HaIPy>KCHHS:

Vi
_ Oy [SO —h—O,5RnaJ1—V/W
1-vu, SV

o, (3.21)
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3.2. AHaJi3 1H)KEHEpPHUM METOJIOM IMPOIIeCy BiIOOPTYBAHHS KPYTJIUX OTBOPIB

KOHIYHHMM ITyaHCOHOM Y IOIEPeIHbO 3MpodiIb0BaHii 3aroTOBIT

Jljig OTpUMaHHS aHAIITUYHHUX 3aJIEKHOCTEH 3 METOI0 PO3paxyHKIB apaMeTpiB
BIIOOPTYBaHHA OTBOPIB Yy MOINEpenHbO 3MpodiabOBaHIi 3aroToBLI MPOBEACHUIMA
TEOPETUYHUN aHaJ3 Mpolecy (pOpMOYTBOPEHHSI KOHYCHUM ITyaHcoHOM. CrpouieHa
cxema BITOOPTYBaHHS 3 OCHOBHUMH IIO3HAYCHHSIMH Ta €JIEMEHTApHUU 00’€M B
3nedhopMOBaHIf YacTUHI MpuBeeH1 Ha puc. 3.2. JIiIBopyY Bij BiCl cUMETpii HaBeeHe
NOJIOKEHHST  mepeln  BigoopTyBaHHsM  (puc. 3.2a). BuxigHa nonepeaHbo

3npodiiboBaHa 3aroToBka 1 BCTaHOBJIEHa Ha MaTpuil 2 Ta 3adikcoBaHa

npuTUcKadeM 3. BuxigHa TOBIIMHA JTMCTOBOI 3aTOTOBKH S, Sn - TOBIIIMHA TTPOQ1TIO

3aroTOBKHM OUIS OTBOPY MicCliA MOIEpenHboi omepauii BumaBmoBaHHS. [loToBiieHa

YaCcTHUHA BUX1JHOT 3arOTOBKH 3aKIHUYETHCS Ha pPajalyci Ryp - Sycnis B11I0OPTYBaHHS

P, mpuxzagaeTses 3a JOIOMOTOIO IIyaHCOHY 4.

|
- |
|

a 0
Puc. 3.2. Cxema BigOopTyBaHHS 3Mpo(d1IbOBAHOT 3arOTOBKH(A) Ta eIeMEHTapHUN
00’eM (0) B 31epopMOBaH1ii YaCTUHI 3arOTOBKH
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[IpaBopyu Bim Bici cuMmeTpii 300paxeHa cTajis BIIOOPTYBaHHS, KOJHU
3arOTOBKa KOHTAaKTy€ 3 IIyaHCOHOM I10 HaWOINBIIN JOBXKWHI, IO BiJAMOBIIAE
MaKCUMaJIbHOMY 3YCHJUTIO BimOopTyBaHHs. Ha puc. 3.26 300pakeHuit e1eMeHTapHHMA

00’eM B CTiHII 3/1e()OPMOBAHOT YACTHHH 3arOTOBKH, II0 € PO3PAXYHKOBOIO CXEMOIO

JUIsL aHaii3y 1HkeHepHUM MeroaoM. Ha moBepxHsix 00’eMy 300paxkeHo: O o "

PO3TATYBaNIbHI HAIIPY>KEHHS, K1 A1I0Th APAJIENbHO TBIPHIN IPOQLIIO yaHCOHY; O g

- PO3TATyBajbHI HAaNPYXKCHHS, AKI BUHMKAIOTH B TAHICHLIMHOMY HalpsAMKY; Op -
CTHCKAalO4yl HOpPMallbHI HANpYXXEHHS, SKI BHHHUKAIOTh Ha KOHTAKTHIM IOBEpXHI

IIyaHCOHY Ta 3arOTOBKH; (O, - JOTHYHE HAIPY’KEHH:, K€ BHHHUKAE Bl Jii TepTs

MIDXK TTyaHCOHOM Ta 3arOTOBKOIO, £ - KOC(IIIEHT TEPTS.

Pimenns 3amaui BinOOpTYyBaHHS OTBOPIB KOHYCHUM ITyaHCOHOM B JIMCTOBIH
3aroToBII IMOCTIMHOI TOBIIMHK MpHuBeAcHO B pkepem [112]. Tomy oOMexumocs
OTpUMaHHSIM pIBHSAHb pIBHOBarM Ta BpaxyBaHHSAM (opmu 3m0podiIbOBaHOT
3arotoBkd. JlomyiieHHs, SKi TOPUUHATI NpU  PINICHHI: MeTal 3aroTOBKHU
YKOPCTKOIIJIACTUYHHWM; TOBIIMHA CTIHKM S Majia B MOPIBHSIHHI 3 J1aMETPOM, TOMY
3TUHOM 3arOTOBKH TP MEPEXO/Ii CTIHKM 3ar0OTOBKH Ha KOHIYHY MOBEPXHIO MaTPHIIl 1
3MiHOIO HaIlPYXEHb 1O TOBIIMHI HEXTYEMO.

3anucyeMo CyMmy MPOEKITIN CHJI, IKi BHHUKAIOTH BiJI IIFOUYUX HANIPYXKEHb, HA

HaIpPSIMOK, 10 NEPHEHANKYJIIPHUNA TBIPHINA MOBEPXHI MTyaHCOHY:

dr dr . d@
rd0———-20,S——sin—cosa =0, 3.22
o Sing 7% sing 2 (3:22)

ne: rd@dr /sina ta SArsin o nomi noBepxoHs, Ha AKMX JHIOTh HANTPYKeHHS. [
Manux KyTis Sin (dH/ 2) ~dO /2. Tlicna ckopoyeHs Ta neperBopeHb B (3.22)

OTPUMYEMO:

S
Op=0¢p ?COSa (3.23)
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Jlami mpoeKTyeEMO CHJIM Ha HaIpsSMOK, KU TNapajelbHUN TBIpHIN MOBEPXHi

IIyaHCOHY:
dr . d@ .
o 4do 5 kr+dr)dé(S +dS)—o ,Srd@ — 209S sin sing —
(o prdorp 1+ dr)das +ds)-a o8 < sin
~ uoprde-9" —o (3.24)
sina

ne: (r+dr)d@(S+ds), rd@dr/sina ta Srdd, Sdrsina - muomi moBepxoHs 3
TII0YMMU HaNPYKEHHSAMHU.
[Ticns meperBopeHs B piBHsIHHI (3.24) Ta HEXTYBaHHSM BEJIMYUHAMH JPYTrOTO

MopAAKY MaJIOCTI 3HAXO0ANMO.

d o.r

—(o,Sr)—o,S — =0

dr (9,51 = Hsina (3:29)
I[TincraBisemo Oy 3 (3.23) B (3.25):

d

a(apSr) —0,S(1+ p-ctga) =0 (3.26)

SIKIO Ha JAHOMY eTalli HeXTYBATH 3MiHOIO TOBIMHYE O IIPH BiIOOPTYBaHHI Ta

BBa)KaTH S MOCTIMHOIO BEJTMYMHOIO B PiBHAHHI (3.26), TO 3HAXOIUMO:

do,
r?+0'p—0'9(1+,u-ctga)=0 (3.27)

Ha6mmkena yMoBa MIaCTUYHOCTI B TJAHOMY BHTAIKy MA€ BUTIISI;

o,—0,=—p0; (3.28)
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[lincrasnsemo oy 3 (3.23) B (3.27), BUpaxaemo iioro 4epe3 o, 3 (3.28) Ta

OTPUMYEMO:

do

rd_rp+gp—(ap+,Bas)(1+,u-ctga)=0 (3.29)

[Ipocte anamiTHUHE PINICHHS JUTsl BU3HAYCHHS TIOTOHIIICHHS CTIHKU 3aTOTOBKH

npu BiAOOPTYBaHHI MOKHA OTpUMAaTu 0e3 BpaxXyBaHHs BIUIMBY TepTs. ToJll piBHAHHS

(3.29) mae Burmsz:

do

rd—r’)—ﬁﬁs =0 (3.30)

Bupimyewmo (3.30): 0, = po Inr+C

JloBibHY MOCTiiHY C 3HAXOAMMO 3 TpaHM4HOl yMoBH - pu ' = R, nanpyxenns

Ha TOPIIi 3aTOTOBKU O o= 0. Toni:

.
o, = pos InR— (3.31)

(1

3 yMOBH IUIaCTUYHOCTI (3.28) BU3HAYAEMO O

r
Op Z,BGS 1+InR— (3.32)

8

3anumemo  cmiBBimHOmIEHHs  JleBi-Mizeca MK — HampyXeHHSIMH 1

npupouieHHsAMU aedopmaniii de, B HanpsAMKY, SIKUM MEepHEHIUKYISPHUNA TBIpHIiH
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IyaHCOHY, Ta Jedopmauiil Odey B TaHreHUIHHOMY HANpPSIMKY Ui >KOPCTKO-
IUIacTUUHOro craHy Metany. [Ipupomenns nedopmaniii de, =ds/S BuzHa4aOThH

¢bopMO3MiHY TOBIIMHM CTIHKM TIpu BimOopTyBaHHI. Tomi piBHsSHHS JleBi—-Mizeca

MarOTh BUIJIA.

de, ds/s o,-0g

d¢, dr/r o,-o0,

: (3.33)

ze: Ogp = (G ,t0o,+0, ) / 3- rigpocTaTUYHUN TUCK.
BBaskaemo, 1110 HANPY)KEHHS. Oy Malle B MOPIBHAHHI 3 0, 1 0. Toxi 3 (3.33)

OTPUMYEMO:

ds/s o,t0y

dr/r_ap—Zag

(3.34)

[TincraBnsemo Bupasu i Hamnpyxkenb (3.31) ta (3.32) B (3.34), micis

NIEPETBOPEHD OTPUMYEMO:

B r (3.35)

[arerpyemo (3.35):

Ins:—2lnr+3ln(InRL+2)+C (3.36)

6
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JoBumbHy mocTiiHy C  3HaXoAWMO 3 TPAaHMYHOI YMOBH, IO MICJIS

B110OpTYBaHHs (pu I = Rn) KiHI[€Ba TOBIIIMHA CTIHKW IMOBUHHA OyTH HE MEHIIIOK 3a

BUXIJHY TOBIIUHY S . Toxi 3 piBHAHHA (3.36) 3HaX0AUMO:

. 2+In£—
m—i<:2m—ﬂ~+3m—————ii
S0 ' 2+In—-1
R6

(3.37)

PiBusnHS (3.37) MOXKHA 3MPOCTUTU PO3KIIAJIEHHSIM JoTapuPpMiyHUX PYHKIIIHN B
paz i BukopucTaHaM nepunx wieHis paay (INX = X —1, komu x <1,5). Toxi, micns

nepeTBOpeHb Bupasy (3.37), OTpUMyEMO:

R 3InRr
S= SO 2|n—"+l+R—” (338)
r In—2+2
L R6 _

3 ¢opmymu (3.38) MokHa OTpMMAaTH BHpa3 ISl BU3HAYCHHS TOBIIUHU

npod U0 BUXITHOI 3arOTOBKU S, Hepes BIIOOPTYBAaHHAM, SKILO MIJCTaBUTH 3aMICTh

I - paniyc Ry, asamicts R, - paniyc R, :

Sn:SO(ZIn%+1+1,5In%]:SO(1+O,5In%j (3.39)

0 n 0

Temep BupimmMo 3a1ady BiIOOPTYBaHHS 3MpO(UILOBAHOI 3aroTOBKH 3

ypaxyBaHHSIM TEPTs 10 TyaHCOHY. B piBHsHHI (3.27) po3aiiseMo 3MiHHI:

do, dr

O, Clga +os(1+ u-ctga) o
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[aTerpyemo:

1

mln[%y-ctga +,Bas(1+y-ctga)] =In(rC)

A0o:

(rc )9 (3.40)

[apu -Ctga + o (1+ y-ctga)]

JoBuibHYy mocTiiiHy C TakoX 3HaXOAMMO 3 T'PAHMYHOI YMOBHM, IIO Ha TOPII

BifOOpTOBaHOI YacTuHU (npH I =R,) HampyxenHs o, =0. llicas migcTaHOBKH

noBUIBHOT nocTikiHoT B (3.40) Ta mpoBeiCHHS TEPETBOPSHL MAEMO:

1+ u-ctg r )
H-Clga
o, =po -1
> =P - ctga (Rj (3.41)
3 yMoBH m1acTUYHOCTI (3.29) 3HaX0AMMO BHpa3 IJisl HANIPYKEHb o !
-ct
o) = Bo 1+1+,u-Ctga r ﬂcga_l
0 S 11-Clga R, (3.42)

3pobumo 3aminHy:
(r/R, )9 =exp[ u-ctgarIn(r/R,) | =1+ p-cgaIn(r/R,)

Toni Bupasu (3.41) ta (342) micis nepeTBOPEHb MAIOTh BUTJISIH:

.
o, = fo; (1+y-ctga)InR— (3.43)

6
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;
oy = o {1+(1+ y-ctga)InR—} (3.44)

(4

Tenep MOXHa BH3HAQUUTH 3MiHY TOBIIMHM CTIHKM TpU BiIOOPTYBaHHI 3
ypaxyBaHHsM TepTs. [ boro BukopuctoByemo piBHsIHHS (3.33), [limcraBmsiemo B

HBOT'O BHpa3u JuIsgd HanpyxeHb (3.43) ta (3.44):

r r
1+ p-ctga )In— 1+(1+ p-ctga )In—
dsis Pos(1+ u-ctga) Rg+ﬂa{ +(1+ u-ctga ) RJ
- (3.45)
ar/r ,Bas(l+y-ctga)lnF2—2ﬁ03[1+(1+y-ctga)ln;}

6 68

[Ticns mepeTBOpeHb Ta pO3AUICHHS 3MiHHUX B (3.45)0TpuUMy€eEMO:

ds 1+ 2(1+ p-ctge)In(r/R,) dr
s —2—(1+pu-ctga)In(r/R,) r (3.40)

Iarerpyemo (3.46):

3 r
Ins=-2Inr + In| 2+ (1+ u-ctga )In— |+C
1+ u-ctga ( #e ) R, (347)

JloBuibHy mocTiiiHy C TakoXX 3HaXOAMMO 3 TPAaHWYHOI YMOBH, IIO MiCIs

B1iAOOpTYBaHHA (Ipu I =R, ) KiHIl€Ba TOBUIMHA CTIHKM IOBMHHA OYTH HE MEHILOO
BuXimHOi ToBUWHHU Sy. Toxmi 3 piBHAHHS (3.47) micns BHU3HAYEHHS JOBLIBHOI

MOCTIHHOT OTPUMYEMO:
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r
1+ u-ct In—+2
S R 3 (L+p-ciger)in 2
In—=2In—+ In Rg (3.48)
S0 rl+u-clga (1+y-ctga)InR”+2

6

be3s Bemukoi moxubOku piBHsHHS (3.48) Takok MOXHA 3MPOCTUTH
pO3KIaJcHHSAM JorapuMidHuX (YHKIINA B Ps 1 BUKOPUCTAHHAM TEPIIUX YICHIB

posknanenHs. Toxi, micis nepeTBOPEeHb OTPUMYEMO:

r
R 3InR—
s=S,| 2In—+1+ z R (3.49)
r (1+y-ctga)InR—”+2

6

Ak npu TpamuiiiHOMY BiIOOpPTYBaHHI, TaKk 1 TMNpH BiAOOPTYBaHHI
3Mpo(IbOBAHOI 3arOTOBKM MaKCHUMallbHE 3yCHJUISI Ma€ Miclle Ha MPOMDKHIN cTaii
BiIOOpTyBaHHA.  UMCENPHUMH  €KCIIEPUMEHTAMH  BCTAHOBJIEHO, W0  MpH
BIIOOPTYBaHHI KOHIYHMM ITyaHCOHOM MAaKCHMyM 3yCHJUISI Ma€ Miclle Ha CTajii

dbopmoyTBOpeHHs, komu KyT f~a (muB. puc. 3.9). Tomi 3 reoMeTpuyHUX

cmiBBiIHOHIEHb paalyc R, =R, cos’ . Temep MOKHA BHU3HAYUTU MaKCUMAaJbHE

3ycriuid BimOopryBaHHA P, 3 ypaxyBaHHSAM TepTSd MIXK 3arOTOBKOIO 1 ITYaHCOHOM.
/i

OcCKiNbKY HAlpPyKeHHS 0, B Qopmyi (3.43) € mepeMiHHUM IO pazaiycy I, TO I

BU3HAYECHHS 3YCWJUISI HEOOX1JIHO 3HANTH Cepe/iHl 3HaYyeHHs af)p B 37e(hOpMOBaHiii

YaCTHHI 3arOTOBKH, SIKa KOHTAKTYe 3 MyaHcoHOM. CepeHe 3HaUYeHHS Halpy>KeHHS T10

Bupasy (3.43):

1 npu-r=R npu-r=R R
& _— 8 n | — ) _n
o, = Z(Gp +o, J 0,50, (l+,u Ctga)ln A (3.50)

(]
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MakcumanbHe 3HaYEHHS! HallPYKEHHS O';p oyne nmpu R, =R, cos’a:

0P = 0,50 (1+ u-ctge ) In

£, Mmax

’ (3.51)

COS™ o

dopMyiy sl pO3paxyHKYy MaKCUMAaJIbHOI BETUYMHU BEPTUKAIBHOTO 3YCHUILIS

BIOOpTYBaHHs P, MOXHA 3amKcaTH Tak:
Py =27RpoFmaxS™ I cosa (3.52)

B Bupasi (3.52) Ry =0,5(R, +R,)=0,5R, (1+ cos® a) - cepemHill paaiyc
371e(pOPMOBAHOT YACTHHM 3aTOTOBKH, KA KOHTAakKTye 3 myancoHoMm, S® - ToBmmmna
3neopMoBaHOi YacTHHU Ha papaiyci R,. Bemmummy S® 3paxomumo 1o dopmymi

(3.49), sixuio 3amicTh I mizctaButn Ry, a 3amicts R,- R, =R cos’a:

cp>»

R
SP=5,{2In— +1+ L (3.53)
Rep (L+p-ctga)In—=—+2
COS™ o

[Ticns 3aminu jorapudMiB MNEPIIMMHU YJICHAMH DPO3KIAJICHHSIM B Pl Ta

MMPOBCACHHS IICPCTBOPCHDb 3HAXOANMO:

4 1,5sin’ o
—-1

SCp:SO . T2
2-sIn“«a tg o + g + 2

(3.54)
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3 ypaxysauHaMm BupasiB gas S, Rep T@ f=11 xinuesa Qopmyna s

3YyCHILIA HpHﬁM&(C BUTI'JIAA:

P =L73R,S,0, (tg 2a +Sin2a)(l+,u/tga)><

(3.55)
— 1

2—-sIn“«a tg°a+ u-tga + 2

{ 4 15sin2 ¢ }
x| — [ cosa

Jlnst BpaxyBaHHS 3MIIHEHHS METaNly MpU BiIOOPTYBaHHI BU3HAYUMO CEpPEHE

3HAYCHHS ICTHHHOTO HANpyKeHHs og B 31e(OpMOBaHIll YacTHHI 3arotoBku. B
axkocti  Bemumuubed  gedpopmanii P nmo Tlomoy €.0 [112] Gepemo

P =el | (1+ ggp) Tyr & - cepemns mo 31eOPMOBAHIH YacTHHi 3arOTOBKH

TaHTEHIIHHA aedopMallisi, sKa ITOPIBHIOE gg,p = (R . R Y ) /2R " [TincraBiasemo

p

o C C C . .
3HAUJICHEC 80 B BHpa3 IJid l//p, d Wp 3aM1CThb (// ITicas NNEpETBOPCHL, 3

2 :
ypaxyBaHHSAM 3HaueHHA R, =R, C0s” a, orpuMyemo:

2 1-y
P _ Oy R, cos u

S

a—RO

1_'//m (Rn C082a+R0)t//m (3.56)

Toni dopmyna ans Bu3HAUYeHHs 3ycWiuis BigoopTyBanHa 1o (3.55) 3

YpaxXyBaHHAM 3MiHHCHHH Ma€ BUITIAO:

2 1-y,,
(tgza +sin? a)x
(3.57)

L73R,S,0, R,, COS

a—-R
= 2 )
Y (Rncos a+R0)z//

u

.2
x(1+ ultga) 4 ——1-— L5sin" & | cosa
2-sin“« tg°a+ u-tga + 2
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BucHoBKM

1. IlpoBeaeHno aHami3 1HXEHEPHUM METOAOM Ipollecy MNpodUIFOBaHHS
JUCTOBUX 3aTOTOBOK XOJIOJHUM BUABIIOBAHHSAM KOHIYHUM ITyaHCOHOM.

2. [IpoBeneHo aHami3 IHXEHEPHUM METO/IOM IPOLECy BIAOOPTYBAHHS KPYTJIUX
OTBOPIB KOHIYHUM ITyaHCOHOM Y MOTMEPEIHBO 3MPpod1JIbOBaHI 3ar0TOBIII.

3. 3a JO0mMOMOTOI0 METOJYy CIHUIBHOTO pO3B’SI3KY AUGEPEHLINHUX PpIBHIHD
pPIBHOBaru 3 HaOJMKEHOK YMOBOIO IUIACTMYHOCTI OYyJM BU3HAYECHI HAMPYKEHHS B

3aroTOBKaxX Ta 3yCWUIS 1e(pOPMYBAHHS 3 YpaXyBaHHSIM TEPTS Ta 3MIITHEHHS.
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PO3/ILJI 4
[MPOBEJIEHHS UMCEJIbHUX EKCITIEPUMEHTIB 3 BUKOPUCTAHHSM MCE
TA EKCIIEPUMEHTAJIBHUX JOCIKEHB 10 ITPOGUTIOBAHHIO
3ATOTOBOK TA BIJIFOPTYBAHHIO OTBOPIB

4.1. IlpoBeieHHS YMCEbHUX €KCIIEPUMEHTIB MO B1I0OPTYBAHHIO OTBOPIB Y

TpaUIIMHIN 3aroTOBIII

4.1.1. Po3paxyHKOBHI aHaJi3 MPOIECiB B1IOOPTYBaHHS ITyaHCOHAMH Pi13HO1

reOMETPUYHOI POPMHU TPAJAMIIIITHUX 3aTOTOBOK

B nmanomy miapo3aini onucyeTbes AOCTIIKEHHS BIUIMBY I'€OMETpii MyaHCOHA
Ha SKICTh BIJOOPTOBaHOI dYacTWHU. B gocimipkeHuX poOoTax I MPOIECiB
BIJIOOPTYBaHHS KPYTJIUX OTBOPIB PEKOMEHIYIOTh MYyaHCOHU IMIIHAPUYHOT, KOHIYHOT
ta cdepuunoi ¢Gopmu. YacTKOBO BIUIMB TEOMETpii IyaHCOHIB Ha MPOIIEC
BIZIOOPTYBaHHS pO3IJSHYTHH B poOoti [69]. Opmnak, IIsi BKa3aHWX ITyaHCOHIB
BIJICYTHI JaHl MO TeoMeTpu4Hiid (opmi BiIOOPTOBAHOI YACTUHU Ta HEIOCTATHBHO
BIJOMOCTEl 1O 3MIIHEHHIO 37e(OpMOBAaHOrO MeTaly. Bu3HaueHHsS TakuX JaHUX
JO3BOJIUTH YJOCKOHAIUTH 1ICHYIOUI T4 PO3POOUTH HOBI CIOCOOM BIAOOPTYBAHHS.

MeTor0 AaHOTrO JOCHIPKEHHS € BU3HAa4YeHHs HuisixoM mozemtoBaHHs MCE
BIUIUBY TE€OMETPUYHOI (POPMU IMyaHCOHIB Ha CHJIOBI PEXKHUMH, 3aKOHOMIPHOCTI
GbopMO3MIHM MeTally Ta KIHIIEBY T'€OMETpUYHY (QopMy 31epOpMOBaHOT YACTUHU B
mpoliecax BiqOOPTYBaHHS JUTsl ITIIBUIIICHHS SIKOCT1 BUPOOIB.

[Toka3HukaMH SKOCTI MpU BiAOOPTYBaHHI € KIHIEBa reoMeTpuyHa (dopma
CTIHKM Ta 3MIIHEHHS 3Ae(OopMOBaHOTO MeTainy. JlJig CTBOPEHHS CKIHYEHHO-
€JIEMEHTHUX MOJieJell 1 TPOBEIECHHA PO3PAaxXyHKOBOTO aHali3y MpOLECIB
BiIOOPTYBaHHA BUKOPUCTOBYBaNM criemianizoBany mnporpamy DEFORM 2-D.
Po3paxyHkoBuii aHaii3 MPOBOIWIN JUIsl BICECUMETPUYHUX JUCTOBUX 3arOTOBOK 13

mayioByriereBoi crami 08 ToBmmHOKW 1,5 Mmimimerpa (Mm). Mertan BBakaBcs
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130TPONTHUM NPY)KHO-TIJIACTUYHUM. MaTeMaTu4Hi MOJei MpOIeCiB BiAOOPTYBaHHS
BpaxoOBYBaJId T€OMETPUYHY (OpMY TYyaHCOHIB 1 MaTpHIlb, TePTS HA KOHTAKTYIOUHX
MOBEPXHIX, MPYKHI BJIACTUBOCTI CTadi, 3MILHEHHS 3A€(QOPMOBAHOIO METaly IO
JaiarpaMi  ICTUHHHUX  HalpyXeHb, MOXJHUBICTh pYyWHYBaHHS TIpH  XOJIOJHIN
¢bopMO3MiHHI Ta PO3BAHTAXKEHHSA MICIs MIacTUYHOI aedopmartii. BukopucroByBaiu
IyaHCOHM HAcTynmHOi reomeTpuyHoi ¢popmu (puc. 4.1.): mumiHaApHYHI, JiameTpoM di
= 60 MM 3 IJIOCKUMHM TOPIISIMH 1 pajilycaMH 3a0KpyTJieHb I = 2, 4 1 § MM; KOHIYHI 3

kytamu o 30°, 45° 1 60°; chepuuni 3 pagiycom chepu = dn/2 = 30 mm [113].

4 d, 4

r

Y
a) 0) B)

Puc. 4.1. I'eomerpuuHi popMu myaHCOHIB IS BIIOOPTYBAHHS: a- IWJIIHIPUYHA,
0 - KOHIYHa, B - chepuuHa

3 JliameTp UMIIHAPUYHOT YACTHHU ITyaHCOHIB

- do = 60 mm. OCKUIBKH 3aj7aua BiCECUMETpUYHA,

N\ TO PO3TIAAIA  IIOJIOBUHY  3arOTOBKH. I[J'I?I

7 [
NpUKIay HaBEJEHA pPO3paxyHKOBa cxema i

So

B1IOOpPTYBaHHS CGEpPUYHUM ITYaHCOHOM (pHC.

4.2).

y 3arotoBka 1 3 OTBOpPOM B JIOHHIM 4YacTHHI

z niametpoM do = 43 MM, BCTAHOBJIIOETHCS Ha

Puc. 4.2. Po3paxyHkoBa cxeMa  MAaTpHUIIO 2 3 paJlycoM 3a0KpyriaeHHs Ry = 7 M.
poIriecy BiAOOPTYBaHHS HMiamerp matpuii dv = 63 MM. 3a I0MOMOTOO
chepruuHUM ITyaHCOHOM nputrckada 4 3arotoBka (PIKCYeThCS Ha MaTpHIIL

2. BigboptyBaHHs BiIOYBa€ThCS 3a JIOMIOMOI'OKO

nyaHcony 3. Jledopmyrounii IHCTpyMEHT MpPU MOJETIOBaHHI BBa)KaBCA a0OCOJIOTHO

xopctkuM. Koedimient Bindoprysanns (do/dy) 11st BCiX myaHCOHIB OYB OJHAKOBHIA.
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Benumunna 3a30py MiX IyaHCOHOM Ta MAaTPHUICIO BIJIOBiJajia TOBIIMHI CTIHKU
3arotoBkd. [lpu MopentoBaHHI mpoliec BiIOOPTYBaHHS PO3MOAUISIBCS Ha TEBHY
KUTBKICTb KpPOKIB HaBaHTaxkeHHA. I[lyaHcoH pyxaBcs BHH3 13 IIBHUJKICTIO
neopMyBaHHS 2 MM/CEK 3 MEPEMIIICHHAM Ha KOXHOMY KpOIll HaBaHTaKEHHS
Uo=0,5 wmm. PesynpraTu po3paxyHKIB BHUBOAWIM 4Yepe3 KOXHHUX S5 KPOKIB
HABaHTa)XECHHA, IO JaJl0 3MOTY CIIOCTEpIraTh K 3MIHIOIOThCA (opma 1 po3mipu
BIIOOPTOBAHOT YAaCTUHM Ta BHUSBUTH MOXJIMBICTH PYWHYBaHHS TMiJ dYac

(bopMOyTBOPEHHSI BUPOOIB.

4.1.1.1. AHaii3 CWIOBUX PEXHUMIB BiIOOPTYBaHHS IIyaHCOHAMH P13HOT T€OMETPUYHOT

dhopMU TpaaUIIHHUX 3aTOTOBOK

B pesynbTaTi npoBeeHUX pO3paxyHKIB Oyia BHU3HAYEHA 3aJEXKHICTh 3YyCHUIUIS
BIIOOPTYBaHHA BiJ mepeMinieHHs myaHcony (puc. 4.3). Haiimenme 3ycmms (9 kH)

OoTpUMaHe  MpU  BIAOOPTYBaHHI

33 I I
% Ja —e—r=dn2 || o
[\ ——=2 uu chepuyHUM IMyaHCOHOM, HaNOUIbIIE
T 2 ||
< l \ —8— =4 MM .
= 2 / —h—r=8mm — TpU BUKOPHUCTAHHI TUIOCKOTO
§ 21 —O—xyr30rp. ||
£ 15 —O—xyrdSrp. | | IIyaHCOHY 3 paAlyCoM 3a0KpYIJICHHSA
S —— Kyt 60 rp.
= :
: ¥ \ﬁ/\z\\m J 2 wmMm. Pangiyc 3aokpyrieHHs
2 / g .
5 WIHAPUYHOTO ITyaHCOHY BILIUB
g \ UWIIHAPUYHOTO IYaHCOHY BILJIMBAE
S 0 \ Ha BEJINYMHY 3YCUJLIIS
s 10 5 2 o % dbopmoyTBOpenHs. Tak mpu pazaiyci I

IepemileHHs TyaHCOHY, MM

= 8 MM 3yCcuJuIs 3MEHILY€eTbes Ha 46

. 0 : : :
Puc. 4.3. 3anexHicTh 3yCHILIS o B TOpIBHAHHI 3  pajiycom

BiIGOPTYBAHHS Bijl EpEMilleH st TyaHcoHy ~ 330KPYMieHHs  r = 2 MM,
[Huninapuyuna ¢popma myaHcoHa 3 I =
2 MM mnorpedye HallMEHIIOrOo XOJy IOB3yHa Ipecy B MOPIBHSHHI 3 I1HIIMMHU

yaHCOHAMH.
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[Ipu BimOOpTYBaHHI KOHIYHUM MYyaHCOHOM MiHIMajbHE 3yCUJUISI BCTAHOBJICHE

nis kyta 30°. 36inbmenns kyra 10 60° IpuBOIUTE 10 3pOCcTaHHs 3ycHyuId Ha 15 %.

Buxopuctanus KOHIYHUX 1 cepUUHUX IMyaHCOHIB MOTpedye OUIBIIOrO XOIy

MOB3yHa Tpecy B IMOPIBHSAHHI 3 HWIIHApUYHUMH. KpiMm 3ycuiuist BiOOpPTYBaHHS, 3

BKa3aHOTO Tpadiky MOXKHA BU3HAYUTH POOOTY medopmariii 1y peasizaiii mporeciB

BIIOOPTYBaHHA HA KPUBOLIUITHOMY MPECOBOMY OOJIaTHAHHI.

r 035

I 0.3
026
022
0.17

-3 013

| 0.08
[ I 0.04

0.00

-7

287

28.4

a) 'n=2 MM

0.35
I o
0.26
022
017
0.13
0.09
I 0.04

0.00

r)a

Puc. 4.4. Kinnera popma 3aedhopmMoBaHoi

= 60° 1) o =45

4.1.1.2. Po3noain Hanpy»keHsb 1 aedopmariiii y 3aepopmoBaHiil TpaguiiiHin

3aroTOBIIL

I oo |
a0 026 A
[+ 022
' [1 o017 :
3 013 -3
0.09
0.04
0.00

‘ 3 3
Lo o35 Lo 035

00 317

31. ¥

0.35
031
0.26
022
017
013
0.09
0.04
0.00

bg 035
[ I 0.31 031
A" 02 q | o028 A
022 [ 022
| 0.17 | 017 |
-3 0.3 -3 0.13 -3
0.09 0.09 I
0.04 0.04
0.00 0.00

0.35 I
il

7

L PRI M P . & .
317 267 284 300 AT 57 284 00 317 267 283

e) o= 30°

YaCTUHU Ta PO3MOJIiT IHTCHCUBHOCTI

nedopmariiii €;

300

316

K) Ic = In

MOI[eJHOBaHHﬂM BCTAaHOBJICHI

KiHII[EBa  T'€OMETpHUYHA

dbopma

31eOpMOBaHOI  3arOTOBKM  Ta
Hanpy>XKeHO-1e(OopMOBaHUN CTaH B
HIH.

Bennunnu IHTEHCUBHOCTI

nedopmariii B BiIOOPTOBaHIM
CTIHII, SIK BUAHO 3 puC. 3.4, TaKoOX
3ajexartb BiA (OPMH MyaHCOHIB.
[Ipu BimOOpTYBaHHI HMUITHAPUYHUM
MyaHCOHOM IHTEHCHUBHE
MIPOTIPAIIOBAHHS CTPYKTYPH METay
IUIACTUYHOKO nedopmaitiero

OPOXOJWTh  TPH  BHUKOPUCTAHHI
nyaHcoHy 3 I'm = 2 MM. [lo cepeauni
CTIHKHM ¢€; pocsrae 3HadeHHs 0,35.

Bkazana ¢opma myaHCOHY MOXKe
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OyTH peKOMEHJOBaHa ISl BIAOOPTYBaHHs Mija MOJAJbIIE Hapi3aHHS Pi3bOU IS
3’eqHaHHS Aetanei. KyT o KOHIYHOTO MyaHCOHA MPAaKTUYHO HE BIUIMBAE HA PO3MOILT
&i. [HTeHCUBHICTH nmedopmariiii B CTiHII 3MiHIOEThCs Bif 0,1 Ha 3akiHYeHH1 pajiyca
3a0KkpyriaeHHs matpuill 10 0,3 Ha Topii criHkH. JlepopMoBaHu CTaH CTIHOK MpHU
BIIOOPTYBaHHI KOHIYHUMHU 1 CPEPUYHUM MTyaHCOHOM MPAKTHYHO HE BIPI3HAETHCS.
Ha BkazaHOMy puUCYHKY MPSIMUMHU JIIHISIMU [TOKa3aH1 PO3MIipU ITyaHCOHA 1 MaTPHIIL.
BenuuuHy 3MillHEHHS MeTajly BHU3HAyajid [0 PO3MOJLITY 1HTEHCHUBHOCTI
HaIpy>XeHb B 31e(popMOBaHiii 4acCTHHI 3aroTOBKHU (puc. 4.5). 3MillHEHHS MeTaly B
CTIHIIl TIOYMHAETHCA Ha Pajiycl 3a0KPYTJICHHS MATPHIIl 1 JIOCATA€ MAKCUMaJIbHOTO
3HadyeHHs (485 MIla) B BepxHii YyacTHHI CTIHKUA. MeTasl 3MIIIHIOEThCS B 2,4 pa3u B

MOPIBHSHHI 3 BUX1THUM CTaHOM.

3 3

'y e T o Ty HafpykeHo -  1e(dOpMOBAHOMY

530 530 | 530
cTaHy OyB BH3HAYEHUH CTYIIHb

4t 450 A 450 4l 450
[ 380 [ 380 F 380
300 | 300 | 300

4 o A 230 a | 230 BHUKOpPUCTAaHHA peCcypcCy

0.00

| 150 | 150 I 150 .
4 | 4 | 75 4 | ki IJIACTUYHOCTI ¥ 37e(hOpPMOBAHOTO
Metaiy. Po3nofin foro mo o6’emy

267 284 300 817 267 284 200 317 %7 w4 W0 37

31e(OpPMOBAaHOT 3arOTOBKH  ITICJIS
a)fi=2MM O)m=4MM B)m=8MM  BiIOOPTYBaHHS MyaHCOHAMHU PI3HOI

, . . . ~ TEOMETPUYHOT bopmu
: npecTaBlIeH Ha puc. 4. 6.

! [ b | o ! | b | o .

520 s s ] s JUis  Bcix  BKazaHux  (opm
A 450 A 450 At 450 A 450

380 [y 380 [y 380 [y 380 .

%0 [ oo [ MyaHCOHIB MaKCUMaJlbHEe 3HAYCHHS
-3 230 -3 230 -3 230 -3 230

150 I 150 | 150 [ 150
_5_| - sl ™ 5| ™ 5| ™ vy = 0,3 (mpu y=1 noumHaeThCA
A 4 . . .a . .4 .. pyWHyBaHHS). Ockinpku
267 283 300 31.7 267 284 300 317267 284 300 3.7 267 283 300 316

IUTACTUYHICTh MeTaly

Na=60" n)a=45" e)a=30° x)rc=rn
BUKOPHMCTOBYETbCSA Ha TPETHHY, TO

Puc. 4.5. Kinnesa ¢opma 31edhopMoBaHOi : :
BIJIKPUBAIOTHCS MO>KJIMBOCTI

YaCTHHHU Ta PO3MOJALT IHTEeHCUBHOCTI .
HOJAJIBIIOT0 TMOTOHIIEHHS CTIHKH

HaIpYy>KEHb G ) .
B11I00PTOBAHOI YACTHUHH.



a) 'n=2 MM

r) o= 60°

Ty o035
I 031

L4 035 f
4 [y U

a0 026 A

022
017

3 013 3

[ g 009 ;

- I 004 - I
SH o0 .

284 300 317267 284

0) =4 MM

3 3

035
0.31
026
0.2z
017
013

0.35
[ 0.31
A 026
[ 0.22

5 o0a7
3 | 013

[ g o009
| oo
-5

0.00

1) o=45° e)a=30° x)rc=rn

Puc. 4.6. Po3nonin cTyneHo BUKOPUCTAHHS

pecypcy IIaCTUYHOCTI

Tabmuus 4.1

Benuunnu 3a3opis

['eomeTtpis | Bennunnu 3a30piB B MiJliMeTpax
MyaHCOHIB Mix Mix matpurero
IyaHCOHOM 1 1 3arOTOBKOIO
3ar0TOBKOIO
=2 MM 0,14 0,18
=4 MM 0,11 0,19
=8 MM 0,1 0,18
a=60° 0,08 0,13
a=45° 0,11 0,27
a=30° 0,2 0,10
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Tenep IPOAHAII3YEMO
TOYHICTh 3MOJICIbOBAHUX BHUPOOIB.
[Tpu BigOOpTYBaHHI BiAOYBAETHCS
NOTOHIIEHHS  Ta  BUKPHUBIEHHS
3meopMOBaHOT YACTUHU, a TaKOX
BUKPHBJICHHS TOpIA CTiHKU. Tak
BUKOPUCTaHHS HUTIHAPUYHOTO
MyaHCOHY IPUBOJIUTH 70
BUKPHUBJICHHSI CTIHKA B HaIPSIMKY
MyaHCOHY, TMPUYOMY 3OUIBIICHHS
JlaMeTpy 3a0KPYTJECHHS 3MEHIIYE
BEeJIMYMHY BUKpHBICHHS. HepiBHa
CTIHKa YTBOPIOETBCS TaKOX TIpH

BIIOOPTYBaHHI ~ KOHIYHUMH  Ta

chepuyHUM  IyaHCOHaMH,  aJie
BUKPHUBJIICHHS CTIHKH BIJOYBA€THCS
B CTOPOHY MaTpHIIL.

B Ttabmum 4.1 wHasexeHi
HaWOUIbII BEJIMYMHU 3a30piB (Z),
Kl YTBOPIOIOTh MDXK ITyaHCOHOM 1
3arOTOBKOI0 Ta MDK MATpPHUIICIO 1

3aroTOBKOIO IS PI3HOI TeoMeTpii

IIyaHCOHIB.
Po3paxynkoBum LUIIAXOM
BCTAHOBJICHA MOJIUBICTh

OTPUMAaHHS PIBHOI BIIOOPTOBAHOI

CTIHKM 1O Bciii Bucori. g

npuKiIaay, Ha puc. 4.7 HaBeneHa reoMeTpuyHa (opma CTIHKM MpU BIAOOPTYBaHHI

TpaJMLIIITHUM CPEpUYHUM ITyaHCOHOM (@) Ta CTIHKH, SIKa OTpUMaHa CKOPErOBaHOIO

reoMeTpi€ero myaHcoHy (0). 301IbIIeHHs TlaMeTpa myaHcoHa Ha 0,2 MM 3a0e3neunsio
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OTpUMAaHHS PiBHOI CTIHKW Ta OUIbII PIBHOMIPHE MPOMPAIIOBAHHS CTPYKTYPHU METAITY

MJIACTUYHOIO JIe(popMalli€ro 1Mo BUCOTI.

3

1 0.35 2
il

0.31

p 026 l . . .

! 022 [ 0.22 IMOBCPXH1 CTIHKH 361HBHII/IJ'IaC$I 3
017 I o1z

3 013 -3 0.13

T 0,17 mo 0,3, ma 3oBHimHIK 3 0,17

0.08 0.08
0.04 0.04
5 -5

[Tprnuomy IHTEHCUBHICTb

nedopmarriit Ha  BHYTpIIIHINA

0.0 0.00 no 0,24, Takuii  pe3ynbTar
e F T T  TE BOXJIMBUN JJI1 BUPOOIB, B SKUX B
a) 0) BiIOOPTOBaHIM  YacTHHI  Oyze

Puc. 4.7. 'eomeTpist CTIHKH MICTsS : : C
Hapi3aTucsa pizb0a Ha 30BHIIIHIN,

BIIOOPTYBaHHS: a - TpaauLiiiHa Gopma N .
AOOPTY paiun (bop a00 BHYTpIIHIN MOBEPXHI.

MyaHCOHY; O - ckoperoBaHa ¢opma

4.1.2. Po3paxyHKOBHI aHaJi3 MPOIECIB BITOOPTYBAaHHS TPAIULIIHHOI 3aTOTOBKH 3

PI3HUMU pajilycaMH 3a0KpYTJCHHS MaTpUIl

Metorw aaHoi poOOTH OynO BU3HAYEHHS PO3PAaXyHKOBUM ILUISIXOM KIHIIEBOI
reOMETpUYHOI (OPMHU TOPJIOBUHM, 3MILHEHHS, CTYNEHs BUKOPHUCTAHHSA peECypcy
IUTACTUYHOCTI, @ TaKOXX TOYHOCTI 3/1€(OpPMOBAHOI 3arOTOBKM B 3aJIEKHOCTI BijJ
pajiycy 3a0KpyIJICHHS! MaTPHIIL.

Skmo B IHIIUX JOCHIDKEHHSX MH 3MiHIOBaIM (OpMy IIyaHCOHA, 3a30p,
BITHOCHY TOBIIMHY, TO B JAaHOMY JOCIIJDKEHI BCl Il BEJIMYMHHU 3aTUILATHCS
NOCTITHUMU, a 3MIHIOBaBCA JIMIIE paAlyc 3a0KpyriieHHs marpuli Rm. Bynu BuGpani

HacTymHi Benwauan Rm: 3,5, 719 M.
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4.1.2.1. Anani3 CUJIOBUX PEXKUMIB BiIOOPTYBAHHS 3 PI3HUMH pajiilycaMu

3a0KpYTIJIEHHS MaTpUII

3MOJEOBaBIIA  BCl

IPOIIECH,

%051

BHU3HA4YNJIN

BEJIMYMHY  3yCHILIA

BIIOOPTYBaHHS B 3aJIeKHOCTI B IepeMillieHHsl myaHcoHy (puc. 4.8). Haiimenme

sycwiist (9 kH) orpumane nipu BiiOOpPTYBaHHI 3 pajilycoM 3a0KpyrieHHsS R = 9 mm,

Haiioubie npu R = 3 MM.

14

[EnY
N

(I
o

3ycwnis BigbopTyBaHHs, kKH

6 ——Rwm 3 3
4 —=—Rm 5 \
5 —+—Rm7

j ~%-RM9
0 :

0 8 16 24

Puc. 4.8. 3anexHicts 3ycusuig aeopMyBaHHS Bif

VatiMas)

7

[TepemimienHs myaHcoHy, MM

nepeMileHHS! TyaHCOHY

32

OTxe, MOXEeMO 3pOOUTH
BHCHOBOK, 110  301JIBIICHHS
paailycy 3a0KpYTJICHHS MaTpHIli
MPU3BOJIUTH JI0  3MCHIIICHHS
3ycwiuis BinboptyBanHs. [IpoTe,
AK BUOHO 3 puc. 4.8, nauuii
nmapaMeTp HE BIUIMBA€ Ha XiJ

noB3yHa. 3 BKazaHOro rpadiky

TaKO)X  MOXHA  BHU3HAYUTH
poboTy nedopmarrii TUTS
peamizartii MPOIIECiB

BIJIOOPTYBaHHS Ha KPUBOILIUITHOMY MTPECOBOMY 00JIaJTHAHHI.

4.1.2.2. Po3noain Hanpy>keHs 1 aedopmariiiii y 3pepopmoBaHiii 3aroToBiii

3a MOMOMOTOI MOJICIOBAHHS BCTAHOBJICHI KIHIIEBA TeOMeTpuyHa (QopMma

31eOopMOBaHOT 3aroTOBKM Ta HampykeHo-aedopmoBaHuil ctaH B Hii. KiHiesa

dopma Ta po3MOJAUT I1HTEHCHBHOCTI jAedopManiii mo o06’emy 31epopMOBaHOT

3aroTOBKH, SIKa BIIOOPTOBaHA Ha PI3HHUX pajiycax MaTpHill, MPEACTABICHI HAa PUC.

4.9.
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0.31 0.31 0.31 0.31
0.26 i 0.26 26 0.26 o 0.26
0.22 022 022 022
[ 017 017 [ 017 017
24 013 20, 013 24 013 23 0.13
r 0.09 0.09 r 0.09 0.08

I 0.04 I 0.04 I 0.04 I 0.04

22 200 g0 22 A0 g0

29—I 035 ’ ZCJI 035 28_' 035 2?—I 035 ‘

27

-
............... L ey
260 280 300 a2 260 280 300 320 264 282 200 31 260 280 300 32

a) R =3 mm 0) R=5mm B) R=7 MM r) R=9 mm

20, ., . | . 20 19 -4 18

Puc. 4.9. Kianesa ¢opma 31e(opMOBaHOT YACTHHH Ta PO3IMO/LT IHTEHCUBHOCTI
nedopmariiii g;

Sk 6aunmo 3 puc. 4.9 pajiyc 3a0KpyTIeHHS BIUTMBAE Ha BUCOTY OTPUMYBAHOTO
Ooopra. Ha posnomin iHTeHCHBHOCTI aAedopmariiii naHuil mapamerp Maibke He
BIUIMBAE, 32 BUHATKOM, Kot R = 3, Tomi 1HTEHCHBHICTh nedopMaliiii €; naemo
Olnbla Mo BUCOTI O0OpTa, HIK B IHIIMX BUMAAKaX. MakcHUMaabHEe 3HAUEHHS €; 10CSTa€e
3HadeHHs 0,35. Ha BkazaHOMy pHCYHKY NOpSMHMH JIHISIMH TIOKa3aHi po3Mipu
MyaHCOHA 1 MaTPHIIi.

BenuuuHy 3MillHEHHA MeTajdy BH3HAuYaldM [0 PO3MOAULY I1HTEHCHUBHOCTI

HanpyKeHb B 371e(pOpMOBaHiii YacTHHI 3aroToBku (puc. 4.10).

N 30 30 29
s I 500 30 I 500 et I 500 7 I 500
440 440 440 ‘ 440
o | 30 s« | 30 q | 30 | 30
310 310 310 - 310
250 250 - 250 250
24 180 2q 180 24 180 | 23 190
130 130 130 I 130
I 63 I 63 I 63 I 63
20 o0 208 g0 A0 o0 AW p00
29 . 29 . 19 . 18 .
260 280 800 32 260 280 800 32 260 280 800 32 260 280 800 32
a) R =3 mm 0) R=5mm B) R=7 MM r) R=9 mm

Puc. 4.10. Po3nonist iIHTEHCUBHOCTI HAIIPY>KEHb G
3MILHEHHSI METaJIy B CTIiHIIl B OUIBIIOCTI BHUIIAJIKIB IMMOYMHAETHCS Ha pajiyci
3a0KPYTJICHHSI MATPHIII 1 Tocsirae MakcuManbHOTO 3HaueHHs (10 500 MIla) B BepxHiit
YaCTHHI CTIHKH. MeTas 3MIIHIOEThCS B 2,5 pa3u B MOPIBHSAHHI 3 BUXIAHUM CTaHOM.

Jeno Oiybliie po3MoIiIJIEHHS HAIPYKEHb M0 00’ €My criocTepiraeTbes mpu R =9 mm.
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3 BUKOPHUCTAHHSAM JIaHHX [0 HaIpyXeHO-AepOopMOBaHOMY CTaHy OyB
BU3HAUEHUI CTYIIHb BUKOPUCTAaHHS PECYpCy IIACTMUHOCTI Y 31e(OpMOBAHOTO
metany. Po3mozin ioro mo 06’emy 3meopMoBaHOT 3arOTOBKH MICHs BiTOOPTYBaHHS
npejcraBiaeHuil Ha puc. 4.11.

Jlisa BciX BKa3zaHUX paflyCiB 3a0KpyrJieHb MakcuMmanbHe 3HadeHHs y=0,31
(mpu y=1 mnoumHaeTbca  pyhiHyBaHHS). OCKUIBKM  IUIACTUYHICTh — METaly
BUKOPUCTOBYETbCS HAa TPETUHY, TO BIAKPUBAIOTHCA MOXJIUBOCTI MOJANIBIIOTO
MOTOHIICHHS CTIHKU Bi1I0OPTOBAHOI YaCTHUHHU.

A 30 30 28

e

ZQI—I 035 m—l 035 za_l 035 2?—I 035

0.31 0.31 0.31 0.31
026 026 026 4 ' 026
0.22 0.22 0.22 0.22
017 017 017 017
24 0.13 20 0.13 24 0.13 ! 23 0.13

0.09 0.09 0.09 0.09
I 0.04 I 0.04 I 0.04 I 0.04
20 o0 208 g0 20 o0 AW p00

a

a a a
20 5 20 5 19 5 18 \ 5
260 28.0 30.0 32 260 28.0 30.0 32 264 28.2 30.0 ]| 260 28.0 30.0 32

27

a) R =3 mm 0) R=5wmm B) R=7 MM r) R=9 mm

Puc. 4.11. Po3mnoain cTyneHs BAKOPUCTAHHS PEeCypCy IUIACTUYHOCTI

[Ipu  BimOoOpTyBaHHI  BiAOYBA€ThCS  MOTOHIIEGHHS Ta  BUKPUBJICHHS

3neopMOBaHOT YaCTHHU, & TAKOK

Tabmuus 4.2. BUKPUBJICHHS TOPIS CTiHKU. Tak,

Benuunan 3a30piB . -
npyu  BUKOPUCTaHHI  pajaiycy
Paniyc Benuuunu 3a30piB B MiTIMETpax | 3a0KpyryieHHS R = 9, 3aroToBky
3a0KpYTIJIEHH Mix Mixk mMaTpuueo | «migpuBac» i BOHAa HE IPUIIArac
b MyaHCOHOM 1 1 3arOTOBKOIO moBHiCTIO 70  MaTpuii. Jlus
Matpuui 3aroTOBKOIO {HIIMX  BUMAIKIB TAaKOTO HE
R=3wmm 0,095 0,149 criocrepiranocs. JocmiguBmm i
R=5Mmm 0,126 0,149 IIpOaHaIIi3yBaBIIH KiHIIEBY
R=7Mm 0,081 0,164 (GopMy CTIHKHM, MM BU3HA4YWIH
R=9Mm 0,068 0,180 MaKCUMaJIbHY BEJIHYHUHY 3a30DiB,
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Kl YTBOPWUJIMUCS MDK BHUpPOOOM Ta poOOYMM IHCTpYMEHTOM. BenuuuHu 3a30piB
HaBeqeHl B Ta0I. 4.2.

Sk BxKe 3a3Havanocsd, pajalyc 3a0KpYIJCHHS MaTpHIll BIUIMBAE HA BUCOTY
oopra. ToMy MU TpoBeNM EKCIIEPUMEHT 3a JIOMOMOTOI0 MOJEIIOBAHHSA, B SIKOMY
XOTIJIM JAOCATHYTH OJHAKOBOI BEIMYMHHM OOpTa MpHU PI3HUX pajlycax 3a0KpPYyTICHHS
MaTpulli 1 KoedilieHTax BiIOOPTYBaHHS.

Benmuuuan pasiyca 3amumuiucs TakuMu K. BiamoBimHo Oynu migiOpani
niameTpu oTBOpiB Do misi oTpuMaHHS OHAKOBOI BHCOTH TOpJIOBUHU: 42,24; 43,96;
45,68 1 47,4 mm. Ilpu BKazaHUX CITIBBIHOIIEHHSX PO3MIPIB 3arOTOBKH 1 MaTPHIl
Koe(]illieHTH BiJOOPTYBaHHS TaKOX BIAMOBITHO MaroTh HACTymHI1 3HadeHHs: 0,687;

0,715; 0,743 ta 0,771. OTpuMaHi pe3yJbTaTH MOXKHA IIPOAHANI3yBaTh Ha puc. 4.12.

A A A A

ZQI-I 045 , za_l 045 za_l 045 za_l 045

039 039 039 039
034 26 034 26 034 26 034
028 028 028 028
022 022 022 022
24 017 24 017 24 017 / 24 017

0.11 0.11 0.11 0.11
I 0.06 I 0.06 I 0.06 I 0.06

0.00 20 o0 20 o0 20 o0

2§

22

20 F 4 20 4 20 4 20 i )
252 2786 30.0 32 252 2786 30.0 32 252 2786 30.0 32 252 2786 30.0 32

a) R=3mm 0) R=5mm B) R=7 MM r) R=9 mm

Puc. 4.12. OtpumanHs 0JHaKOBOi BUCOTH OOpTa MpH 3aCTOCYBaHHI MATPHIIh 3
PI3HUMU pajJilycaMH 3a0KpPYTIICHb
Sk 6auyuMo, MM 3MOIVIM OTPUMAaTH OJIHAKOBY BHUCOTY OOPTIB, MiAiOpaBIIu
noTpiOHI BenmunHU. lle 3Ha4nTh, MO0 OTpUMaTH MOTPIOHY BHCOTY OOpTa MOXKHA Ha

OyIb-SK1i MaTpPHIII.
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4.1.3. AHai3 BIUTMBY BiAHOCHOT TOBIIIMHHU 3arOTOBKU HA TPAaHUYHUIN KOe]iIlleHT

B11I00OpPTYBaHHS

B 1mpomy migpo3naisii OMUCYETHCS TOCHIKEHHS BIUIUBY BITHOCHOT TOBIWHU
3aroTOBKM Ha KoedimieHT BigOopTyBaHHa. Koedimientom BigdoopTyBaHHs Kain
HA3UBAETHCS BIHOIICHHS JiaMeTpy MOMEePEIHbO OTPUMAHOTO 0TBOpY d 70 miameTpy
BinOoproBanoi yactuHu BUpoOy D (mo cepenniit minii) — Kein=d/D, sixuii moxasye
cTyniHb aedopmarllii mpu BiiOOpTyBaHHI. JlociTKeHHs] TPOBOAMIIOCS 32 JIOTIOMOTOI0
MOJICTIFOBaHHS 3 BUKOPHUCTAHHSIM METOJY CKIHYEHHX €JIEMEHTIB. EKcCrieprMeHTabHi
JOCIIIKSHHS TI0 IbOMY MMUTaHHI omnrcadi B podoTi [114].

Mertoro nmaHoi poOOTH € TIOPIBHSHHSA PO3PAXyHKOBUX  KOE(]IIlIEHTIB
BIZOOPTYBaHHA, SKI oOTpuMaHi 3a jgonomoroto wmoxemoBanHa (MCE), 3
CKCIIEPUMEHTATHLHIUMH JTaHUMH.

Ile macTe 3MoOry mepeBIpUTH BIAMOBIIHICTH MapaMeTPiB BiAOOPTYBaHHS, SKi
OTpUMaHi TpU MOJENIOBAHHI IBOTO TMPOLECy, IapameTrpaMm, sSKi OTpHUMaHI
eKcriepuMeHTaabHO. [IpoaHanizyBaBIIM OTpUMaHi JaHi MH 3MOKEMO BHUSCHUTH YU
MO’KHA 32 JOMTOMOTOI0 MOJIEIIIOBAaHHS OTPUMYBATH TOUYHI PO3PAXYHKH.

Po3paxyHkoBuii aHai3 MPOBOAUIHU IS BICECUMETPUYHHX IJIOCKUX JINCTOBUX
3aroToBOK 13 MayioByreneBoi cram 08 ToBumHOO So0. Bubpani TOBIIMHU
nopipHtoBam 1,5, 2 1 3 wmimimerpa (MMm). MarematnuHi MOJAENl TIPOIECIB
B1IOOPTYBaHHS BPaxOBYBaJld T€OMETpUUHY (OpMY IyaHCOHIB 1 MaTpullb, TEPTS Ha
KOHTAKTYIOUUX MOBEPXHSX, MPYKHI BIACTUBOCTI CTaJi, 3MIIIHEHHS 3/1e(pOpMOBAHOTO
MeTally MO Jiarpami ICTHHHUX HaIlpyXeHb, MOXJIUBICTh PYHHYBAaHHS MPH XOJIOAHIN
dbopMO3MiHHI Ta PO3BaHTAXKEHHSI MICJIS TJIACTUYHOI Aedopmariii. Po3mipu myaHCOHIB
1 TpoOMTHX OTBOPIB BHUPAXOBYBaJIM 3 BIJHOIICHb, SKI HaBeAEHI B TaOJHIl
CKCIICPUMMEHTaIbHUX AaHuX (Tab:. 4.3) [114].

[3 Tabmumi BUAHO, WO B yMOBax JOCHIAY TpPaHUYHUN KOEDIIIEHT
BIIOOPTYBaHHA HE SBISB COOOI0 NOCTIHHY BEIMYMHY Ui JaHUX MEXaHIYHUX

BJIACTUBOCTEH 1 MapKH MeTajy, a B 3HAYHIM Mipi 3ajie’kaB BiJ] BITHOIIEHHS TOBIIIMHU



Taomug 4.3

3Ha4YeHHs BIAHOCHOI TOBIIMHU Ta TPAHUYHOTO

KOeQILIEHTY
So, MM (So/do)100 Ksin
1,5 8,8 0,42
1,5 14,3 0,36
2,0 19,2 0,32
2,0 67,0 0,22
3,0 28,8 0,26
3,0 70,0 0,22
3,0 100,0 0,19
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3arOTOBKH J0 JiaMeTpa OTBOPY
So/do. 3aroToBKH pi3HOI TOBIIMHHU i
3 PI3HUMH BUXITHUMH JlaMeTpaMu
OTBOpY, aje TpH  OJIM3BKHUX
3HAYEHHIX BIHOIIIEHHS UX
BeMUnH So/Co, maBamy NpHOIH3HO
OJIHAKOBI 3HAYCHHS TPAHUYHOTO
KoedilieHTa BIAOOPTYBaHHA, HE
JVBJISIYUCH HA JCSKI PO301KHOCTI B
MEXaHIYHUX BJIACTUBOCTSIX METAIYy.

Jns  npuknagy — MOXEMO

pO3MIISIIaTA PO3PAXyHKOBY CXema,

ska HaBeJeHa Ha puc. 4.2. Ilnocka 3aroroBka 1 3 momepeaHbO MPOOUTHUM OTBOPOM

niameTpoM Jo BCTAHOBITIOETHCSI HA MATPHIIIO 2 3 PaiycoM 3a0KpyrieHHs Ry = 7 MM.

3a J0mOMOroro nmputhckauda 4 3arotoBka (ikcyeTbes Ha MaTpull 2. BinbopTyBaHHs

BIIOYBa€eThCS 3a JONMOMOror ImyaHcoHa 3. Jlepopmyrouuit 1HCTpyMEHT mpH

MOJICJIFOBaHH1 BBa)KaBCS aOCOJIIOTHO KOPCTKUM. BennuuHa 3a30py MiXK IIyaHCOHOM

Ta MaTpuiiero Oyna pisaoto 1,1S0.

[Tpu moaentoBaHHI Ipolec BIAOOPTYBAaHHS PO3MOJLISABCSA HA MEBHY KUIBKICTD

KpOKIB HaBaHTaXeHHs. [lyaHCOH pyxaBcs BHU3 13 MIBUAKICTIO jJehOpMyBaHHS 2

MM/CEK 3 TMEpeMillleHHSIM Ha KOXXHOMY Kpoli HaBaHTtaxeHHs Uy = 0,5 mwm.

PesynbraTil po3paxyHKiB BUBOJIMIIM Yepe3 KOKHUX 4 KPOKH HaBaHTakeHHs [115].

4.1.3.1. Po3noain Hanpy>keHsb 1 Aedopmariiii y 31epopmMoBaHiii 3aroTOBIII

Ha puc. 4.13 mnokazana KiHIleBa reomMerpuyHa ¢opma 31epopMOBaHOT

3aroTOBKM Ta pO3MOJIJI 1HTEHCHBHOCTI JedopManiii mo o6’emy 3aehopMOBaHOL
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3aroTOBKW. TOHKMMU JIIHISIMA TTO3HAYCHHM pOOOYMI THCTPYMEHT: 3J1iBa — IyaHCOH,
IPaBOPYY — MATPHUIIS.

BenuuuHy 3MilIHEHHS MeTaly BH3HAuYald IO PO3MOJULY 1HTEHCHUBHOCTI
HaIpy>XeHb B 31€()OpMOBaHIA YacTHHI 3aroToBKHU (puc. 4.14). 3MilIHEHHSI MeTaly B
CTIHIII TIOYMHAETHCS HA PalyCl 3a0KpYTJCHHS MaTpUIll 1 JTOCSIrae MaKCHUMaJbHOTO

3HaueHHs (590 MIla) B BepxHiif YaCTHHI CTIHKH.

A o099 g os /
I i I 8 0.99
0.87 0.87 I .
I 0.74 I 0.74 o Bl
[ . A0 . 4" or7a
0.62 / 0.62 Fy o062
L 0.50 0.50 0.50
L 0.37 3 0.37 2 037
0.25 0.25 g 925
I I 0.12 - I 012 J I 0.12
30 000 B0 900 [~ A
|
I 2 . . .
8 ol 8 250 411 572 7.32
100 120 140 16 150 17.0 190 21.
a) Soldo=14,3 6) So/do=8,8 B) So/do=66,7
5
r 0.99 5 5
[ -y 099 g 099 3
0.87 I 0.87 I 0.87 I g::
o | 074 0.74 0.74 '
052 3L 2 4" o074
: 0.62 062 T. oe2
0.50 0.50 0.50 0.50
-1 0.37 11 0.37 -1 0.37 -5 0.37
0.25 0.25 025 . [l oss
I 0.12 I 012 I 012 L I 0.12
-5 A -5 '
0.00 o -1 oo0 -% 000 S0 g0 '
-8 -3 ol " b M AR i DN
10.0 128 15.5 183 350 53 713 895 400 682 8965 125 140 169 199 229

F) So/do=19,2 I[) So/do=100 e) Soldo=14,3 )I() So/do=28,8

Puc. 4.13. Po3nosin iHTEHCUBHOCTI AeopMaliii €;

v
4 [ 600 1T I 600 8L 800
500 . 530 ' I 530
1 500 .' AL 450 4 450 ‘
400 380 i 380
300 300 300
-1 200 -3 230 2[ 230
200 150 150
I 80 I 75 I 75
i Y S0 000 A8 000
I [
100 120 140 160 150 170 190 21. 250 411 572 73

a) Soldo=14,3 6) So/do=8,8 B) So/do=66,7



1.,

713

895

10.8

I[) So/do=100

Puc. 4.14. Po3noain iHTEHCUBHOCTI HaNPy>KeHb

5 5
Ly 600 L o 600
[ 530 / 5 530
41 a0 o | 450
380 380
300 300
A 230 1 230
g 150 150
I 75 I 75
S 000 L
E S . 3 ,
100 128 1565 183 350 531
r) So/do=19,2
BukopucroByroun

JTaHl

8(0)

Fg 600

[
of ¥ 450
380
[ 300
A 230
150

0.00

76 |

9.65

125

e) Soldo=14,3

600
530
450
380
300
230
150
75
0.00
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14.0

16.9

19.9

229

x) Soldo=28,8

Hanpyx’eHo-1e(popMoBaHOMY

ctany OyB

BU3HAUEHUIN CTYIIHb BHUKOPUCTAaHHS peCcypcy IUIACTUYHOCTI Y 37e(pOpMOBAHOTO

Metainy. Po3nosain iioro mo 06’emy 371ehOopMOBaHOi 3arOTOBKH MICJISI BIIOOPTYBaHHS

IpeacTaBIeHN Ha puc. 4.15.

oo 1t | oo
0.87 0.87
| © 074 1 074
0.62 0.62
0.50 0.50
AL 037 3037
0.25 0.25
I I 0.12 I 0.12
0 o000 Al 000
= |
-6_::::::_::!:,:_,: '8----1---|- il -2-___.-..., als
10.0 12.0 14.0 16.0 15.0 17.0 19.0 21.0 250 411 572 7.32
a) Soldo=14,3 B) So/do=66,7
5—| 0.99 5—I 0.99 0.99 3 099
0.87 0.87 0.87 1 0.87
5 0.74 3 0.74 0.74 A 0.74
i 0.62 i 0.62 0.62 [ 0.62
0.50 0.50 0.50 1 050
A 037 U6 037 AL 037 -8 037
0.25 i 0.25 i 0.25 ‘ i 0.25
I 0.12 I I 0.12 i I 0.12 I 0.12
SLH 000 ‘ LH 000 St 0.00 S0 000 ‘
e T . - F T PR T TR T PR - I AT L ...............
100 128 155 183 350 531 713 895 108 400 682 965 125 140 169 199 229
F) So/do=19,2 I[) So/do=100 e) Soldo=14,3 )I() So/do=28,8

Puc. 4.15. Po3noain cTyneHs BAKOPUCTAHHS PECypCY MIACTUYHOCTI
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Sk BuIHO 3 puC. 4.15 BUKOpUCTaHHS PECYpCy IUIACTHYHOCTI HAOIMKAETHCS 10
1. Bigomo, mo komu Yy = 1 MOYMHAETHCS pyHHYBaHHA. ToMy MOXKHA 3poOHTH
BUCHOBOK, II0 B JaHOMY JOCHI/DKCHHI PO3TIIAIABCS JTOMYCTUMHA KOe(]iIieHT

B1I0OPTYBaHHS.

4.1.3.2. TouHiCTh OTPUMAHUX PE3YJIbTATIB

OmpalltoBaBIM JaHi, OTPUMaHi MPHU MOJIEIIOBAHH1, MU 3MOTJIM TTOPIBHATH iX 3
eKcriepuMeHTaIbHUMH. OTpUMaHUN KOe(IIiEHT BiZOOPTYBaHHS HaBEACHUN B TaOIl.
4.4. TlopiBHSBIIM €KCIIEpUMEHTANIbHI JlaHI 3 JIaHUMH, $KI OTpUMaHi TIpH
MOJICITIOBAHHI TpOIecy, OyJI0 BH3HAYEHO, MO MOXHUOKa JIeKUTh B Mexax 0 — 12%.
OTpuMaHi pe3yIbTaTH A03BOJSIOTh CTBEP/KYBATH, 1110 BUKOPUCTAHHS MOJICITIOBAHHS

npoliecy BiIOOPTYBAHHS JI03BOJISIE€ HE JIUIIIE MONEPEAHBO BU3HAYATH BILTUB I€OMETPii

Tabnuns 4.4 1HCTPYMEHTY Ha SIKICTB

3HaueHHs OTPUMAHOTO KoeillieHTy B1ZIOOPTOBAaHOI YaCTUHM, 3MIIIHEHHS
B1I0OPTYBaHHSI METaly, KIHLIEBY  I'€OMETPUYHY

S0, MM (So0/d0)100 Ksin dbopmy BiIOOPTOBAHOI YaCTHHH, a U
1,5 8,8 0,43 BU3HA4YaTH TaKUuM Ba)KJIMBUH
15 14,3 0,38 napamMeTp mnpu BiAOOPTYBaHHI, SK
2,0 19,2 0,33 KOE(ILIEHT BIIOOPTYBaHH:A. 3HAIOUU
2,0 67,0 0,25 IPaHUYHHAN KOoeQIIieHT
3,0 28 8 0.26 BiI00OPTYBaHHS MU MO>KEMO
3,0 70.0 0.23 BU3HAYUTU HA CKIJIBKU 30LIBIINTHCS
3.0 100,0 0.21 IONEPENHbO IMPOOUTHI OTBIp B
3aroToOBIII CIIsA nporecy

B1100pTYBaHHs 0€3 pyHHYBaHHS.
['padiune 300paskeHHsI OTPUMaHUX JaHUX MMOKa3aHo Ha puc. 4.16. Ha rpadikax

BUJIHO, 110 PI3HULISI MK BeJTMYMHAMHM JTAaHUX HE3HAYHA.



117

0,45
*\ —A— ekcrep.

0,40
0.35 & - MCE
0,30 x
0,25 \'\

0,20

d0/dBup

Ksix

I'pannunMit KoeiieHT
BiIOOPTYBaHHS

0,15

0 30 60 90 120

BingnocHa Topmuza 3arotosku (S0/d0)100

Puc. 4.16. 3naueHHs rpaHUYHUX KOE(]IIIEHTIB BIOOPTYBaHHS

JUTSI 3aTOTOBOK 13 MQJIOBYTJICIIEBOT CTaJi.

4.2. IIpoBeieHHS YMCEIbHUX €KCIIEPUMEHTIB MO MPO(1TIOBAHHIO BUX1THUX

3arOTOBOK 13 aJIFOMIHIFO, MI1JI1 1 CTaJTl

OnHuM 13 eTamiB OTPUMAaHHS PIBHOI BIJOOPTOBAHOI CTIHKM € MPO(]ITIOBaHHS
3aroToBku. B Hamomy Bumanky mpodimtoBaHHs BigOyBaeThCS 3a JAOMOMOTOIO
BUJIABJIIOBAHHSI METATy 3 IEHTPATbHOI YaCTHHH 3arOTOBKH B Ocepelok aedopmarrii.
HNanuit croci® mnpoduUIIOBaHHS BHPINIYE TaKOXK TaKy 3anady SK 30UIbIICHHS
Koe(dillieHTa BUKOPUCTAHHS MeTaly. BukopucranHs 3mpodiibOBaHOT 3aroTOBKHU
JaCTh 3MOTY MIJBUIIMTU MPOAYKTUBHICTH Mpalli, 33 PaXyHOK BUKIIIOUEHHS OIeparlii
TEPMIYHOI OOpOOKHM Ta JOJATKOBOI MEXaHIYHOi OOpOOKHM, a TakKoXX 3a0e3MeuuTH
MEHIIIl BUTPATH Marepially, 0 € EKOHOMIYHO BUTIAHUM. JlOCHITKEHHS T10
npo(UTIOBAHHIO 3 MOAATBIIMM BiIOOPTYBAHHAM MPOBOAMIUCH SIK JJISL KPYIUIUX TaK 1
JUIS IpSIMOKYTHHUX oTBOpiB [116], [117], mpoTe B AaHiii poOOTI HaBeACHI Pe3ybTaTH
JOCTIKEHb JIUILE JJIs1 KPYTJIMX OTBOPIB.

JJis1 CTBOpPEHHSI CKIHYEHO-EJIEMEHTHUX MOJEJIeH, 1 TPOBEIEHHS PO3PaxyHKOBOTO
aHajizy mpoiiecy TmpodiIOBaHHS 3aroTOBKM 3a JIONIOMOIOI BH/IABJIFOBAHHS,

BUKOPHUCTOBYBaNIU crenianizoBany nporpamy DEFORM-2D. MartemaTuuni mozeni
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IpOIeCy BUIABIIOBAHHS BPaxOBYBajll I'€OMETpPHUUYHY (OpMY IyaHCOHA 1 MaTpHIIi,
TEPTSA Ha KOHTAKTYIOUHMX IMOBEPXHSIX, MPYKHI BJIACTUBOCTI MaTepianay, 3MIIIHEHHS
31e(OpMOBAHOTO MeTaly MO Jlarpami ICTMHHHUX Halpy»XeHb, MOXIIUBICTb
pyUHYBaHHS TIpH XOJIOJHIM (OPMO3MIHHI Ta PO3BAHTAXKEHHSI TICIS IUIACTHYHOI
nedopwmariii. Po3paxyHKOBHIl aHaNli3 TPOBOAWIMA [JIi BICECUMETPUYHOI JIMCTOBOT
3aroTOBKH 13 ailtoMiHio Mapku A0 ToBuuHO0O S0 = 1,5 MM 1 giametrpom D = 100 mm.

45 7 3 2 3anponoHOBaHUN crnoci0 mepeadavae MOMEpeaHE

/
/ / . .
\_% / /‘ / BHUJABJIKOBAHHSI HOpO)KHI/IHI/I B 3aroToBll KOHIYHUM

| / nyaHcoHoM. Po3paxyHkoBa cxema  MpoOIEeCy

/ /
i) / .
¢ e , BUJIABJIIOBAaHHs MOoKa3aHa Ha (puc. 4.17). Ha cmoci6
/

Y I BigOopTyBaHHS OTBOPIB, B SKOMY
L/)t J (/]Q . . . .
/ BUKOPUCTOBYETHCS 1O/ Ii0HI 3npodiabOBaHi

3arOTOBKH, OTPUMAHO mateHT Ykpainu [118].

0 3arotoBka 1 BCTaHOBIIOETHCA B KOHTEHHED 2

1 TPUTHUCKAETHCS TNPUTHUCKAYeM 3 3 KOHIYHOIO
Puc. 4.17. Po3paxyHkoBa

NOpPOKHMHOIO. BunaBiioBanHs BinOyBaeTbcs 3a
cXeMa BHJIaBIIOBAaHHS

L. JIOTIOMOTOI0 TyaHCOHY 4, KM pPyXaeTbCs BHUS3.
KOHIYHOT MOPOKHUHH
Jnis  BujganeHHs 30podiabOBaHOT 3aroTOBKU 1
BUKOPHUCTOBYETbCA BUIITOBXYBau 5. Ilepemuuka toBummuHoo Sn = 0,2S0, ska
3aJIUIIAE€THCS MMICIs BHJIABIIOBAHHS 3HAXOIWTHCS 31 CTOPOHW MEHIIOTO JiaMeTpa
NOPOKHUHU, 10 3a0e3nedye BUKIIOYEHHS MIKPOTPIIIMH B CEpPEAHIA  30HI
B1IOOPTOBAHO1 CTIHKM Micis TpoOMBKM TmepeMuukd. KyT KoHyca myaHCOHa o
PO3pPaxOBYETHCS TAKUM YMHOM, 11100 MMiCJIsl BIIOOPTYBaHHS KOHIYHA CTIHKA 3arOTOBKHU
nepelnuia y IUIOCKMA Topelb BigOopToBaHOi cTiHKW. HaiimeHnmuii miametp
BUJIABJICHOT TIOPOKHUHM JOPIBHIOE J1aMETPy OTBOpY, SKMH Oyae mpoOuTHii Ha
HACTYIHIN omepartii.
['padiku 3anexHOCTEN 3yCWIIIS BUJABIIIOBAHHS Bij MEPEMIIICHHS MyaHCOHA
nokasani Ha puc. 4.18. Sk BugHO 3 rpadikiB, 3yCWJUIS BHUIABIIOBAHHS IS

aJIIOMIHIEBOI, MIJTHOI Ta CTAJIbHOI 3arOTOBKH JOCATAOTh 3HaueHb 226 kH, 829 kH Ta

1124 xH BianoBigHo. I'eomeTpuuna ¢dopma 3aroToBKU B KIHIIEBUH MOMEHT



119

npodiatoBaHHs MMokazaHa Ha puc. 4.19. ToHKUMHU HiHIAMH 300pakeHO POoOOUMit
IHCTpYMEHT. SIK BUJHO 3 PUCYHKA, TOPEIlh ITyaHCOHA Ma€ KOHYCOMOAIOHY dhopMy IS

SMCHIICHH: 3yCUJIJIAA BUOABIFOBAHHA.
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Puc. 4.18. I'padik 3anexxnocteit 3ycumuis  Puc. 4.19. 'eomerpuuna ¢popma
BIIOOPTYBAHHS BiJl IEPEMIIIEHHS 31Mpo(1IbOBAHOT 3aTOTOBKH MICIIs
IIyaHCOHa BUJIABJIIOBAHHS

Poznoain nuToMux 3ycuib MpU MaKCUMalbHOMY 3yCHJUII BHUJIABIIOBAHHS Ha

MpUTHCKaYl ToKa3aHo Ha puc. 4.20.
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Paniyc nputuckava, Mm

Puc. 4.20. Po3noaii nuToMUX 3yCHIIb HAa IPUTHUCKAY1 IPU MAaKCUMAaJIbHOMY 3yCHJLII

BUJIABITIOBAHHS JJI PI3HUX MaTepiaiiB
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Po3nonisn IHTeHCUBHOCTI HaIpy>KeHb B 3arOTOBKAX 13 aJIOMIHIIO, MiJIl Ta CTajl

npeacTaBiaeHuil Ha puc. 4.21.

10 10 10
B s e e B —— T T T T —TTr—T—T 17T

10f 150 o o 500 l_ 10f 600 l_
120 1

380 450

g 100 7 310 1 8L 380 ]
83 250 300
&7 180 230

. L 130 g 1 5 150 @ 4
33 53 I ] 75 I |
17 L | 1

Puc. 4.21. Po3noain iHTEHCUBHOCTI HANIPY>K€Hb B 3arOTOBKAaX B KIHI[EBUM MOMEHT
BUJIaBITIOBAHHS

[Ticns BUIABIIOBaHHS, KOJM METAJl IEPEXOAUTH B 30HU OCepeaKy aedopmariii
pu BiIOOPTYBaHHI, MPOXOIUTH HACTYITHA OIEpallisi — NPOOUBaHHS NMEPEMUYKH, SKa
3aNUIIAE€TCA B HWKHIM 4YacTWHI 3aroToBku. Po3paxyHkoBa cxema MHpOoOHBaHHS
MepEeMUYKH TTIOKa3aHa Ha puc. 4.22.

MiHiMaiibHa TOBIIMHA TIEPEMHYKH, SKA 3aJIUIIAJIACH TICIS BUIABIIOBAHHS,
ctaHoBUTh 0,23 MM Ta mocTymoBoO 30iibInyeThbes a0 0,8 MM Ha pamiyci 10 MM Bif
IIEHTPY 3aroTOBKH. YTBOPCHHS MEPEMUYKU TepeAdadeHe TaKuM CIocoOoM, 100
micIisi MpoOMBaHHs, BCEpeIUH1 BiIOOPTOBAHOI CTIHKM HE BUHUKAIU MIKPOTPIIIUHU.

3arotoBka 1 Tmicis BHJIaBIIOBAaHHS BCTAHOBIIIOETHCS B KOHTEMHEp 2 1
OPUTHUCKAEThCA mpuTHckadeM 3. IlpoOuBanHsS mnepeMuuku BiJOyBaeThCcs 3a
JOTIOMOTOI0 TTyaHCOHY 4, sIKuii pyxaeTbcs BHHM3. Jliamerp myancoHa dm = 20 mw.
[IpoOuta nepemMuyuka BUAANSAETHCA Yepe3 MPOBAIbHUI OTBIp B KOHTeWHep1 2. ['padik
3ycWIb MPOOMBAaHHA MEPEMHUUKH MOKa3aHuit Ha puc. 4. 10. Sk BuaHO 3 pucyHky 4.23,
3Ha4YEHHS 3YCWIIs MpoOuBaHHs nocsrae BenuuuH 2,7 kH, 10,2 xH 1 14,7 xH npu
MpoOVBaHHI MEPEMHUYKH B AJIFOMIHI€BIM, MiJIHIA Ta CTAIBHIN 3ar0TOBKAaX BIAMOBIIHO.

Ha puc. 4.24 300pa)keHO 3aroToBKY IICJII TPOOWBAHHSA MEPEMHUUYKH TIPH
TEOPETUYHUX po3paxyHkax 3 BukopuctaHHsIM MCE. ToHKMMU JIHIAMH TOKa3aHUN

poOOUnit IHCTPYMEHT.
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Puc. 4.22. Po3paxyHkoBa cxeMa Puc. 4.23. I'padik 3anexHocTel 3yCHILIs
npoOMBaHHS MEPEMUUKU npoOUBaHH BiJ EPEMIIIEHHs TyaHCOHA

3 I 6 I I 9 ) IIO QIOI I 20
Puc. 4.24. 'eomeTpuyna dopma 3npodiiboBaHOT

3arOTOBKH MICJsI MPOOUBAHHS MTEPEMHUUKH

[licns BUKOHAHHS oOmepaiii, M0 ONHWCAaHI BHUIIE, MH OTPUMYEMO
3npodiIbOBaHy 3aroTOBKy, sSKa € BHUXIJHOK 3aroTOBKOK Ui  omepartii

BIIOOPTYBaHHS.

4.3. IIpoBeieHHS YMCEbHUX €KCIIEPUMEHTIB IO B1I0OPTYBAHHIO OTBOPIB Y

3npodiIbOBAHUX 3ar0TOBKAX 13 aJIOMIHIIO, Mil 1 cTajl

B nmanomy mMiANYHKTI OMUCYETHCS MPOBEACHHS IMOPIBHAIBHOTO aHalizy 3a
JIOTIOMOTOI0  METOAY  CKIHYEHHMX  €JIEMEHTIB  Mpolecy  BiIOOPTYBaHHS
30podiIbOBAHUX 3aroTOBOK 13 MAJIOBYIJICIIEBOI CTalll, MiJl Ta aJIOMIHIIO.

Buxopucrtanus 3mpodinbOBaHUX 3aroTOBOK HEOOXITHE JUIsi OTPUMaHHS pPIBHOI
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TOBIIIMHM CTIHKHU IO BCil BHUCOTI BIAOOPTOBAaHOI YacTHMHU. PO3paxyHKOBHUM IUIIXOM
OyJu BHU3HAYCH1 BEJIMYMHU 3yCHJIb BIAOOPTYBaHHS 3MPOodiIb0BaHUX 3arOTOBOK IPH
BUKOPHUCTAaHHI KOHIYHOTO IyaHcoHa. Takoxx OyJu mpoaHalli30BaHi KiHIIEBa T€OMETpis
BUpPOOIB, 1HTEHCHUBHICTh JedopMalliii B 3aroToBIl Ta 3MII[HEHHS METay IiCisa
nedopwmartii. PesynpTaTn, ski Oyaum OTpUMaHi 3a JOTIOMOTOK MOJIEIIOBaHHS,
BUKOPHCTOBYBAJIUCH ISl TOPIBHSIHHS 3 pe3yIbTaTaMU €KCIIEPUMEHTABHUX JaHUX.
Sk BXKe muUcanoch paHille, TPAAUIIHI CTOCOOM BiAOOPTYBaHHS OTBOPIB HE
3a0e3MevyyloTh PIBHOI TOBIIMHMU Ta IUIOCKOTO TOPIS BIAOOPTOBAaHOI CTIHKH. B
mwkepenax  [119, 120] omucyethes  crmoci®  BiAOOPTYBaHHS — MOIEPEIHBO
3npo(UTbOBAHUX 3ar0TOBOK, SAKUM 3a0e3reuye piBHY TOBUIMHY CTIHKM Ta TUIOCKHM
Topelb. [ miaTBepIKeHHs J11€BOCTI CIIOCO0Y MOTPIOHO OYJIO MPOBECTH MPAKTUYHI
JOCIIKEHHST MPOoIlecy BiAOOPTYBaHHS 3MPOQiIb0BaHOI 3arOTOBKU. 3 IIIEI0 METOIO
Oyna mpoBeAeHa TMeplia 4YacThHAa poOOTH, a came, MOJENIOBaHHS MPOLECIB
BIIOOPTYBaHHS  30pOQIILOBAHUX 3arOTOBOK  JUIS  MOJAJBIIOTO  MOPIBHSIHHS
OTPUMAHUX TEOPETUYHUX PE3YNIbTATIB 3 TAHUMHU €KCIIEPUMEHTATBHIX JOCITIIKEHb.
MopentoBaHHs MPOIIECiB BIAOOPTYBAHHS TPOBOIUIM 32 TOTIOMOTOI0 CKIHUEHO-
€JIEMEHTHUX MOJeJIel, BUKOPUCTOBYIOUM creliaiizoBany nporpamy DEFORM-2D.
B mporieci po3paxyHky MaTeMaTH4YHI MOJIEJ TPOIECiB BiIOOPTYBaHHS BPaxOBYBAJIH
HACTYIHI MapaMeTpH: TEOMETPII0 IHCTPYMEHTA, TEPTS HA KOHTAKTYIOUHMX TMOBEPXHSX,
NPYXKHI BJIACTUBOCTI MaTepiaily, 3MILHEHHsS 371e(OopMOBaHOr0 MeTaiy IO Jlarpami
ICTUHHUX HaNpPY»XeHb, PO3BAHTAXKEHHS MICIS TUIACTHYHOI AedopMarlii Ta MOKIIUBICTD
pyiliHyBaHHS TpW  XOJOAHIA  (opmo3MminHi. Ilpu MopgenoBaHHI — mpouecu
B1JIOOPTYBaHHS PO3NOJAUISIUCS Ha MEBHY KUIbKICTh KPOKIB HaBaHTakeHHs. [lyaHcoH
pyXaBcsl BHU3 13 MIBUAKICTIO 1eQOpMyBaHHS 2 MM/CEK 3 TIEPEMIIIICHHSIM Ha KO)KHOMY
kpoii HaBaHTaxeHHs Up=0,1 MM. Pe3ynbTaTi po3paxyHKiB BUBOJIWIN Yepe3 KOKHUX
4 Kpoku HaBaHTaXeHHs. PoOoumii 1HCTpYMEHT paxyBaBCsl aOCOJIOTHO KOPCTKUM.

JI71st MoJieTtOBaHHSI BUKOPUCTOBYBABCSI KOHIYHUM ITyaHCOH 3 KyTOM o = 60°.



Puc. 4.25. Po3paxyHkoBa cxema

B1100PTYBaHHSA 31POQ1ILOBAHOT

3aroTOBKH
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MarematuuHi Mojenai OyJid CTBOPEH1 s
3npodiIbOBAHUX 3aroTOBOK 13 MAaJOBYTJIELEBOI
craml 08, amominiro AO ta migi M2. TosmiuHa
3aroroBok S0 = 1,5 mm 1 giametp D = 100 mm 3
MOTIEPEAHBO MTPOOUTUM OTBOPOM paniycoMm Ro =
10 mM. Bucora moToBIIeHOI YacTHHU Su = 2,2
MM. PospaxyHkoBa cxema  BigOOpPTYBaHHS
nokazaHa Ha (puc. 4.25).

3aroToBka 1 BCTaHOBIIOETHCS HA MATPHIIO
2 1  TOpUTUCKAETbCS  MPUTHCKaueM 3.
BinGopryBanHust BigOyBa€eThCsi 3a JIOIOMOTOIO
NyaHCOHY 4, IKUH pyXa€eThCs BHU3.
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Paniyc myancony, Mm

Puc. 4.26. I'padik 3anexxHocTeM Puc. 4.27. Po3noain nUTOMUX 3yCUJIb

3yCWJIJISL BiIOOPTYBaHHS BiJl

nepeMileHHs ITyaHCOHa

Oyna BHU3HaA4YCHa

3AJIEKHICTh

Ha ITyaHCOHI [IPU MaKCUMAJIbHOMY 3yCHILIT1

BIIOOPTYBaHHS JUIsl PI3HUX MaTepiaiiB

3yCWIIs BIOOPTYBaHHS BCiX TIPOIIECIB  BiJ

nepeMilieHHs nmyaHcony. Ha puc. 4.26 npuseneHi rpadiku 3ycuiib BiIOOpTyBaHHS.

Ha puc. 4.27 mnpeacraBieHo po3MOALT MUTOMHX 3YCWJIb Ha IyaHCOHI TMpH
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MaKCUMAaJIbHOMY 3YyCWJUII BIZOOPTYBaHHS JUIsl PI3HMX MaTepialiB KOHIYHUM
ITyaHCOHOM.

3 rpadikiB BUAHO, 10 MAKCUMAaJbHI 3yCHJUISI OTPUMYEMO MPHU BiAOOPTYBaHHI
3aroroBok 13 crtami 08, ski gocsararoTh 3HaueHb 28 kH. MiHimManeHl 3ycuinis
3aTpayvaroThcs Ha BiIOOPTYBAHHS 3arOTOBOK 13 alIOMIHIIO Ta JOCATAIOTh 3HAYEHb 5,3
kH. 3ycuins BimOopTyBaHHS MiTHOT 3aTOTOBKH CATAalOTh 3Ha4YeHb y 18 kH.

3a 10MOMOTO0I0 MOJICTIOBAHHS OyJla BCTAHOBJICHA KiHIIEBa TeoMeTpryHa GhopMa
31e(hOpMOBaHUX 3arOTOBOK Ta IHTEHCHUBHICTH Aedopmariiii B HuX. Ha pucynkax 4.28
1 4.29 mnokaszaHi KIHIIEBAa TE€OMETpisS BIJOOPTOBAaHMX JeTajed Ta PO3MOILIT
IHTEHCUBHOCTI JedopMaliiii BiAMOBIAHO. TOHKMMH JIHISIMH TTO3HAYCHHH pPOOOUMIA
IHCTPYMEHT: 3J1iBa — IIyaHCOH, MPABOPYyY — MATPHIISL.

Takoxk, 3a TOKa3HMKAMU I1HTCHCHBHOCTI HampyXeHb, OyJI0 BHU3HAYEHO
3MIIIHEHHA MeETaly Yy TOpIBHSAHHI 3 BHXIZHUM cTaHoM. [Ipu BigOOpTyBaHHI
QJTFOMIHIEBOT 3aTOTOBKU MeETajl 3MIIHIOEThCA B 3 pas3u, MpHU BiAOOPTYBaHHI MIJIHOI 1

CTaJIbHOI 3aTOTOBOK Y 4,5 Ta 'y 2,3 pa3u BINOBIIHO.

05 __

=200 L L L TR BT -10C Lo T NI BT
16 20 24 16 20 24
0) B)
Puc. 4.28. Kiunesa Puc. 4.29. Po3noain iHTEeHCUBHOCTI AedhopMaItiii:
reoMeTpist BiIOOPTOBAHUX a) aJIFOMiHii; 0) Miab; B) ctanb 08

JeTajien
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4.3.1. ITpoBeieHHS YMCEIbHUX €KCIIEPUMEHTIB 110 3a0€3MeUeHHI0 MaKCUMaJIbHO1

BHCOTH BIJOOPTOBAHOI CTIHKH MPH BIIOOPTYBaHHI KPYTJIUX OTBOPIB

Mertoro naHoi pobotu OyJI0 OTpUMAaHHS BiJOOPTOBAHOI CTIHKA MaKCHUMaIbHOI
BUCOTH IIPH PI3HUX MapaMeTpax BiAOOPTyBaHHS, Ta aHANI3 OTPUMAHUX JIaHUX.

MopentoBaHHs TIpoliecy BiIOOPTYBaHHS MPOBOIUIN 3a JOIMOMOI0I0 CKIHYEHO-
eJIEMEHTHUX MOJIeJIei, BUKOPUCTOBYIOUH creniaiizoBany nporpamy DEFORM-2D.
Po3po6ieni MaremaTu4Hi MOJENI BpPaxOBYBAJIM TIeoOMETpUuYHy (opmy pobdodoro
IHCTPYMEHTY, TEpTs Ha KOHTAKTYIOUMX TMOBEPXHAX, MPY>KHI BJIACTUBOCTI CTai,
3MIIIHEHHS  31€()OPMOBAHOTO MeTally [0 Jiarpami ICTUHHUX  HaIlpyXEHb,
PO3BAHTAXKEHHS MICHS TJIACTUYHOI JAedopMallii Ta MOMIHUBICTE PYWHYBaHHS TNPHU
xonoHi (opmosminHi. [Ipouec BigOopTyBaHHS OYyB pO3MOAUICHHI Ha 3aJaHy
KUIBKICTh KPOKIB HAaBaHTa)KEHHs, 1 4epe3 KOXXHI 4 KPOKH BHUBOJUIIUCS PE3yJbTaTH
po3paxyHkiB. [lyaHcoH pyxaBcs BHHU3 13 MIBHUIKICTIO JeQOpMyBaHHS 2 MM/CEK 3
NepeMILEHHSIM Ha KOXKHOMY Kpolli HaBaHTakeHHsI Up=0,5 MM. Pobounii iHCTpyMeHT
paxyBaBcsi aOCOJIFOTHO KOPCTKHUM.

JUis  MOJenioBaHHS BHKOPUCTOBYBAJM  BICECHMETPUYHY 3aroTOBKY 13
MajoByrieneBoi ctam 08 TopmmHO0 S0 = 1,5 MM 1 miameTpom 100 MM 3 omepeIHBO
npoObuTuM oTBOpoM paaiycoM Ro =10 MM 1 Taky » 3m0podiibOBaHy 3aroTOBKY 3
HAWOUTBIIIMM PO3MIPOM TOTOBINEHOT YacTUHU Sm = 2,2 MM Ha jaoBxkuHi R1. Jlns
JAHO1 3aroTOBKM TMOMEPEAHbO OyJiM 3MOJIEIbOBaHI MPOLECH BUJABIIOBAaHHS Ta
NpOOMBKU TepeMUYKd. [l MOJENIOBaHHS BUKOPUCTOBYBAIMCH TPU IyaHCOHH 3
po3mipamu Rm 40 mwm, sxuii 3a0e3nedyBaB 3a30p pIBHUN BUXIJHIM TOBIIMHI
3arotoBku, Ta 40,5 MM 1 41 MMm. BukopucToByrouu myaHcoHu 3 giamerpamu 40,5 MM 1
41 mm, ependavyanoch MOTOHIICHHS BiIOOPTOBAHOI CTIHKH, 32 PaXyHOK 4Oro Oyze
3a0e3neueHa 30iIblIeHa il BUCOTa. TakoX IS JOCHIIKEHb BUKOPHCTOBYBAJIUCH

MaTpHulIll 3 pajilycamMu 3a0KpyriaeHHs 5 MM, 7 MM Ta 10 mm.
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3aroToBKa BCTAaHOBIIOETHCS HA MATPUINIO 1 MPHUTHCKAETHCS TPUTUCKAYEM.
BinboptyBanHs BimOyBaeTbcsi 3a JIONIOMOTOK C(HEPUYHOrO IMYaHCOHY, SIKUU
PYXa€eThCS BHU3.

Jnis modarky Oyyo TpOBENEHO MOJICIIOBAHHS TMPOIeCy BiTOOPTYBaHHS
TpaauIiitHOi Ta 3mpodiIbOBAHOI 3aroTOBKH, MO0 BU3HAYUTH JOIUIBHICTH
BUKOPHUCTAaHHA OCTaHHBOI. [lapameTpu BimOOpTyBaHHS Ta POOOYUI IHCTPYMEHT AJIs
000x IpoIIeCiB OyB
onnakouii. Ha puc. 4.30
MoKa3aHi 00u/BI BiAOOPTOBaHI
CTIHKH.

Bucora BigmbopToBaHOi

CTIHKH TPAJUIIIMHOI 3arOTOBKH
craHoBuTh 13,9 MM, a

snpodinsoBanoi 14,4 MM, 110

Puc. 4.30. BinbopToBaHi CTIHKH:

- , Ha 3,5 % Oupmre. Sk mokasanu
a) TpaauIliiiHa 3aroToBKa; 0) 3mpodiiboBaHa

JOJJaTKOBl PO3paxyHKH, TMpHU

3aroToBKa
BUKOPUCTAHHI ITyaHCOHIB, fKi
3a0€3MeuyloTh 3a30p MEHIIMN TOBIIMHM BUXIJHOI 3aroTOBKH, PI3HUIA MIX
BUKOPHUCTAHHAM TPAAMIINHOI Ta 3MpoQiIbOBAHOT 3arOTOBKH JIMILE 3pOCTAE, Ta 1HOI
nocsirae 20 %. Takox 3 pHUCYHKa BHUIHO, IO SKICTh BIJOOPTOBAHOI CTIHKHU
3MpodIbOBAHOI 3arOTOBKM 3HAYHO Kpallla, TOMY JUIsl THOJANbIIUX PO3pPaxyHKIB

BUKOPHUCTOBYBAJIH JIUIIIE 3MIPO(LIILOBaHY 3aTrOTOBKY.

Bruus 3a30py Ha BUCOTY BiAOOPTOBAHOI CTIHKM NOKa3aHuil Ha puc. 4.31.

r - L = 2 i - g
18 22 27 18 23 28

a) 6)
Puc. 4.31. BriuB 3a30py Ha BUCOTY B1I0OPTOBAHOI CTIHKU:
a) Rm= 40 mm; 6) R = 40,5 mm; B) R =41 mm
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BukopucroByroun mnyanconu giamerpom 40 mm, 40,5 mm 1 41 mwMm, Oynm
OoTpUMaHi CTiHKH Bucotoro 14,4 mm, 15,8 MM Tta 18,4 mm BiamoigHo. Tax
BUKOPUCTAHHS ITyaHCOHY HaWOUTBIIOTO miaMeTpy 3a0e3medmsio OUIbIy BHCOTY
B1JI00PTOBaHO1 CTIHKM Ha 14 % B MOpiBHSAHHI 3 MyaHCOHOM aiameTpoM 40,5 MM, Ta Ha
22 % B MOpPIBHSHHI 3 TyaHCOHOM, 1110 3a0e3MeuyBaB HyILOBUH 3a30p.

Benuunna 3ycusuis BiZOOpTYBaHHS B 3aJI€KHOCTI BiJ] 3a30py HaBelleHA Ha PHC.

4.32. Slk BUAHO 3 PHUCYHKa, HaWOUIbIlIa BEJIWYMHA 3YCWIIS BIIOOPTYBaHHS IIpHU

BUKOPHUCTaHHI yaHCOHY
70
<+ z=15 niameTpoM 41 MM Ta fopiBHIOE 65
T 60 5 5= .
M z=125 g! kH. Ilpu BUKOpHUCTaHHI IIyaHCOHY
2504 07=1 .
§ / miamerpom 40,5 MM 3ycwinis
2 40 : .
g, / i nocsrae 42 kH, 1 HalimeHIe
Qo
(e}
=30 \\ sycmiuist 24 kH nocsraerbest npu
. el -y _
= 20 o admm S BUKOPHUCTaHHI yaHCOHY
& 10 ‘\m JTiaMeTpoM 40 MM, SIKUU
0 ™ \o 3abe3mnevye 3a30p piBHUN BHUXITHIN
0 8 16 24 32 40 TOBILIMHI 3arOTOBKH.

ITepeMillieHHSI MyaHCOHY, MM )
P Y Y Bruus pantyca

Puc. 4.32. 3anexHicTh 3yCHILIA BIAOOPTYBaHHS .
3a0KpYTJICHHSI MAaTPUIll HA BUCOTY

Bl BENHMIHHH 3230Dy BIJIOOPTOBAHOT CTIHKM IOKa3aHUM
Ha puc. 4.33. Tak sk HalO1IBIIIA BUCOTA BIIOOPTOBAHOI CTIHKK Oyia MOCSATHYTa TIPH
BUKOPUCTaHHI MyaHCOHa paaiycoM 41 MM, TO Ui MNOJANbIIMX PO3PAXyHKIB
BUKOPUCTOBYBABCS CaMe€ LI€W MyaHCOH.

BuxopuctoBytoun Matpuill 3 pajiycamu 3a0KpyriaeHHs 5 MM, 7 MM T1a 10 Mm

[121], Oymu oTpumani BigOopToBaHi cTiHKHM BHcOTOO 18,1 MM, 18,4 MM Ta 19,3 MM

BIIITIOBIIHO.



Puc. 4.33. Bruius pajiyca 3a0KpyrieHHs

MaTpHlll Ha BUCOTY BiAOOPTOBAHOI CTIHKH: a)

matpuus RS; 6) matpunsg R7; B) matpunsa R10
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BukopucroByroun  Marpuiio 3

pazilycoM 3a0KpYyrJeHHS S5 MM
BHCOTa B1I0OPTOBAHOI CTIHKU Oyna
HaiimeHmoro. Ilpu BUKOpHUCTaHHI
paniycy 3aO0KpYyTJICHHS MaTpHii 3
po3Mipom 7 MM, BHCOTA
3oubmmiiach Ha 1,5 %, a mpu
paniyci 3aokpyrieHHs 10 MM Ha

6%.

Benuuuna 3ycumig BiAOOPTYBaHHS B 3aJI€KHOCTI BiJ pajiiyca 3a0KPYIJICHHS

MaTpHIll HaBeJeHa Ha puc. 4.34.

3 pHUCyHKa BUJHO, 110 PajlyC 3a0KPYIJICHHS MaTpUIll MPaKTUYHO HE BILIMBAE

Ha BEJIMYMHY 3yCHJUIS BiIOOpTyBaHHs. PI13HMIISI MOKA3HUKIB 3yCUJIb HE NEPEBUILYE

KUIBKOX BIJCOTKIB.
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Puc. 4.34. 3anexxHicTh 3yCHILIS BIIOOPTYBaHHS

%

40

B1JI pajilyca 3a0KpYIJICHHS MaTpHII

3a JIOITOMOT OO
BUIIIEHABEICHUX rmapaMeTpiB
OyJ0 BU3HAYECHO, 10

MaKCHMajbHa  BHCOTAa  CTIHKH
JOCATAETHCSI TIPU  MIHIMAJIBHOMY
3a30pi Ta MPU MAKCUMAIBHOMY
pajaiyci 3a0KpyTJICHHST MaTpuIll, 1
IS JaHOl 3arOTOBKU CTAHOBUTH
19,3 Mm.

Takoxx 3a  JIOMOMOIOIO
MOJIC/IIOBAHHS ISl 3arOTOBKU 3
CTIHKH

HAMOUIBIIOK BUCOTOXO

OyB BHU3HAQUEHUN HAIPY>KEHO-

nedopMoBaHUil cTaH B Hiid (puc.

4.35). ToHkuMHU JiHIIMH TIO3HAYCHWH pPOOOYMA 1HCTPYMEHT: 3jiBa — IIyaHCOH,

IIPAaBOPYY — MaTpULA, 3BEPXY — IPUTUCKAY.
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3 puUCyHKa BHIHO, IO IHTEHCUBHI jaedopmalili mpoxoasiTh MO BCiM BUCOTI
CTIHKH, TMPOTE pecypc IUIACTUYHOCTI Ha JaHOMYy €Tami 1€ IIOBHICTIO He

BUKOPHUCTaHUMU.

[TopiBHIOIOUH BUCOTY
BimOopToBanoi  crinku (14,4
MM), fKa OTpPUMaHa IpH

BUKOPUCTAaHHI IyaHCOHY, IO

3a0e3neyye  3a30p  pIBHUU

215 215 354 215 275 334 215 215 334

a) 0) B)

Puc. 4.35. HanpyxeHo-nedhopmMoBaHuii CTaH B

BUXIJIHIM TOBIIHMHI 3arOTOBKH, 1
pajiyca 3a0KpyIJICHHSI MaTpHIll
3 po3MipoM 7 MM 3 BHUCOTOIO

3arOTOBIII: @) PO3MO/ILT IHTEHCUBHOCTI : . :
BIIOOPTOBAHOT ~ CTIHKH,  sIKa

nedopmartiii; 6) po3noalT IHTEHCUBHOCTI :
OTpUMaHa TIPH BUKOPHUCTaHHI

HaNpPY>XCHb; B) CTYITIHb BUKOPUCTAHHS PECYPC .. :
py > B) CTy P PEEYPEY \timimansroro 3a30py i

IJTACTUYHOCTI )
MAaKCHUMAJIbHOTO paziyca

3aokpyriieHHst matpuili (19,3 MM), Oysi0 BCTaHOBJIEHO, 110 BUCOTA OCTAHHBOI OLTbIIIA

Ha 25 %.

4.4. [IpoBeneHHs eKCIEPUMEHTATBHUX JOCIIIKEHD MO BIAOOPTYBAHHIO KPYTIUX

OTBOPIB Y TPAIUIIIMHUX Ta 3MPOQ1THOBAHUX 3aTOTOBKAX

JUiss  miaTBEp/DKEHHS  aJIeKBATHOCTI  pe3ynbTaTiB, sKI OTPUMAaHl IpHU
MaTeMaTUYHOMY MojenmoBaHHi [122], Oymum mpoBeieHI eKCIEpUMEHTabHI
nocmimkeHHs [123]. AHanoriuHo YHCeNbHUM PO3paxyHKaM, JOCIIIKYBaBCs MPOIIEC
BIIOOPTYBaHHA TpPaguLIAHOI 1 3MpoQiIbOBaHOI 3aroTOBOK. BHKOpuCTOBYBanach

aIFOM1HI€BA TPAAUIliiiHA 3ar0TOBKA TOBIIMHOK So = 1,5 MM 1 miametpom 100 mm, 3



Puc. 4. 36. 3npodinpoBaHa 3aroToBKa
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OTBOPOM TIiCIII MTPOOUBAHHS PailyCOM
Ro =10 mM. Taki  mapameTpu Mana i
3npodinboBaHa 3aroToBKa 3
HaOUIBIIUM PO3MIPOM MOTOBIIEHOT

yacTHHU Sn = 2,2 MM Ha JOBXuHI R1
(puc. 4.36). Kpim Toro, s

€KCIIEpUMEHTY  BUKOPHCTOBYBAJUCS

IIICTh TPAAUIIHHUX 3aroTOBOK (puc. 4.37) 13 ctam 08 km miametpom 48 mm. Tpu 3

HUX MaJMd TOBIIMHY | MM, 1 e Tpu Maiud TOBUIMHY 1,5 mm. B 3arotoBkax Oynu

MIPOCBEPJICHI OTBOPHU JllameTpamMu 7, 8 Ta 9 mm.

r) 1) e)

Puc. 4.37. 3arotoBkw, 1110 BUKOPUCTOBYBAIIUCS B €KCIIEPUMEHTI: a) S=1 d=7 Mm;

(6) S=1 d=8 mm; (B) S=1 d=9 mm; (r) S=1,5 d=7 mm; (1) S=1,5 d=8 mm; (e) S=1,5
d=9 mm

PoGouwnii IHCTpyMEHT, SIKMil BUKOPUCTOBYBABCS B JIOCIIHPKEHH1 BIIOOPTYBaHHS

JUCTOBUX 3arOTOBOK 13 CTajl, CKJIaJaBCs 3 JBOX KOHIYHUX ITyaHCOHIB 3 JllaMETpaMu

16,3 1 14,8 MM 1 kyramu koHycy 90°, a Takoxx 3 Marpuill aiamerpom 18,5 MM i

paniycom 3aokpyrieHHs 3 MM (puc. 4.38). Po3paxyHkoBa cxema BiJIOOpPTYBaHHS

HaBezeHa Ha puc 4.39. Ilnocka 3aroroBka 1 TOBIIMHOIO S 3 MonepeaHbO MPOOUTHM

OTBOPOM jiaMeTpoM (0 BCTAHOBIIFOETHCS HAa MATPUIIO 2 3 PaaiycOM 3a0KPYIJICHHS

RM = 3 MM, sika B CBOIO U€pry BCTAHOBIIOETHCS Ha TUIUTY 3. 3aroToBka 1 dikcyerbes

1 TIPUTHUCKAETHCS JO MaTpuili 2 3a JO0NOMOTOK KoHTeiHepa 4. BinbopryBaHHs

B110YBa€ThCS 32 JIONMTOMOT'OF0 KOHIYHOT'O ITyaHCOHA 5 3 KyTOM KOHYCY 90°.
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a) 0)

Puc. 4.38. PoOouuii iHCTpyMEHT: a) IyaHCOH J11aMETPOM

16,3 Mm; 0) myaHcoH aiameTpom 14,8 MM; B) MaTpuils
ExcnepuMmeHTanbHl JOCHIIKEHHS MNPOBOIWJIKMCS HA JOCIITHHUIBKIA MalluHi

TIRAtest 2300 (puc. 4.40).
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Puc. 4.39. Cxema nporuiecy Puc. 4.40. locnigHuiibKa MalmHa
BiJIOOPTYBaHHS TIRAtest 2300

[IBuakicte nepopmyBanHs 3agamu 1 mm/cek. it oTpuMaHHsS MiHIMaTbHOTO
koedimieHTa TepTs BUKOpHcToByBasocsi 3MmameHHs BHUWMWHII-232. Ortpumani

eKCTIepUMeHTalIbHI rpadiky 3yCHIb HaBeJIeH1 Ha puc. 4.41.
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DAT2= 004 DAT2= 005
8000 N 7000 N
15 MM 15
FH = &915N
FH = 7736N
a) S=1d=7 mm 0) S=1 d=8 mm
DAT1=2460511 DAT1=260511
F1 = 15S00N
20000 N
20000 N
] = 10 MM - 15
FH = 11264N FH = 10454N
B) S=1,5d=7 mm r) S=1,5d=8 mm

DATZ= 003
10000 N

15 MM Z[) S=1,5 d=9 MM

FH = 135N

Puc. 4.41. ExcniepuMeHTaIbH1 Ipadiku 3yCHIIb BIIOOPTYBaHHSI
Jlnst  mpoBeACHHS eKCIEPUMEHTANBHUX JOCTIHPKEHh 3 BHKOPHUCTAHHSIM
3Mpo(UTLOBAHUX 3arOTOBOK BUKOPHUCTOBYBAJIOCH INITAMIIOBE OCHAIEHHS  JJIS

npod1IF0OBaHHS Ta BIIOOPTYBaHHS, sIKE onucaHe B I.1. 2.3.1.
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Bennuuna 3yCUJIJIs1I BHAABIIOBAHHA Ta 3aroTOBKa TTICIIs BUJAaBJIFOBAHHA

nokKa3aHi Ha puc. 4.42.
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a) 0)

Puc. 4.42. a) rpadik 3ycusuisi BUAABIIOBaHHS; 0) 3ar0TOBKA ITIC/IS BUABIIOBAHHS

I'padiku 3ycunib BiIOOPTYBaHHS TPaIUIHOT 1 31TPOd1IHOBAHOT ATFOMIHIEBUX
3aroTOBOK MpejcTaBiieHi Ha puc. 4.43 ta puc. 4.44 BianoBiIHO.
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Iepemilnenns nyancona, MM Tlepemimenns myaHcoHa, MM

Puc. 4.43. I'padik 3ycuib Puc. 4.44. I'padik 3ycuib
BiI0OPTYBAaHHS TPaIULIIAHOT B1IOOPTYBaHHS 3MPOP1IbOBAHOT
3arOTOBKHU 3aroTOBKHU

3a pomomororo rpadikiB MOKHa MPOBECTH MOPIBHSUIBHUN aHall3 OTPUMaHUX
BEJIMYMH 3yCWJIb B1IOOPTYBaHHs, SIKI OTPUMaHI 3a JOIMOMOTOI0 MOJICJIIOBAaHHS Ta
EKCTIIEPUMEHTAIbHUX JOCHIKeHb. BenmnmunHa 3ycuiuis BiIOOPTYBaHHS TPaJUIIHHOT

3aroTOBKH TPU MOJIENIOBaHHI CTaHOBUTH 2,8 kH, mpu mpoBeneHHI €KCHEPUMEHTY
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cranoBwia 3,1 kH. [ns 3npodinboBanux 3aroroBok — 5,3 kH 3a pospaxyHkoBuMu
JaHUMH MojentoBaHHs, 1 5,8 kH 3a maHumMu exkcriepuMeHTy. Sk BUIIHO 3 Tpadikis,
BEJIMUMHU 3yCUJIb, K1 OTPHMAaHI 3a JOMOMOTOI0 TEOPETUYHHX PO3PaxXyHKIB Ta MpPH
MPOBEJICHHI EKCIEPUMEHTAIBHUX TOCHIKEHb € OJM3bKUMH 3a 3HAYCHHSIMH, IO
CBIQUUTH MpPO JOCUTh BHUCOKY TOYHICTh JAHUX, SIKI OTPUMaHi 3a JIOMOMOTIOIO
YUCEIHHUX METOIB PO3PAXYHKIB.

BupoOu, siki oTpumMani miciisi eKCIepUMEHTATbHUX TOCTIIKEHb BIIOOPTYBaHHS

6). B).

HaBeJIeH1 Ha puc. 4.45.

I[). e).

Puc. 4.45. Otpumani Bupo6u: a) S=1 d=7 mm; 0) S=1 d=8 mm; B) S=1 d=9 mm;

r) S=1,5 d=7 mm; 1) S=1,5 d=8 mm; €) S=1,5 d=9 mwm; k) Tpamuiiiina Ta
3mpodiTbOBaHA aTIOMIHIEB] 3aTOTOBKHU
Tak 5K 1 Ipy MOJIETTIOBaHHI, JKOJIEH 13 3pa3KiB HE 3a3HaB pyHHYBaHb. SIK BUIHO
3 PUCYHKIB, BIJOOPTOBaH1 CTIHKH HE MalOTh AC(PEKTIB y BUIJISAII 3ayCHIB, TPILIUH YU

PO3pHUBIB.
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Ha puc. 4.46 nokazano reoMeTrpit0 BiIOOPTOBAHOI CTIHKM B Tepepisi Micis

MOJICTIOBaHHS Ta €KCIIEPUMEHTY JUIS TPaauLiiHOI Ta 3mpodiIbOBaHOT AIFOMIHIEBOT

3aroToOBOK.

0)
Puc. 4.46. KinueBa reomeTpist BiIOOPTOBAHUX 3arOTOBOK: a) TPaUIlIiHA;

0) 3mpodinroBaHa
3 pUCYHKIB BHUJHO, IO JaHI OTpPUMaHlI 3a JOTMOMOTOI0 MO/JICIIOBAHHSI,
OPAKTUYHO HE BIAPI3HSIOTHCS Bl €KCINEpPUMEHTaIbHHX AaHuX. [IpoBiBIIM maHMiA
EKCIIEPUMEHT, OyJ0 JOBEJAEHO IMPAKTUYHO, IO BUKOPHUCTaHHS 3MPpOdIIHOBAHOT

3aroTOBKH 3a0e3Ieuye piBHY TOBIIMHY BII0OPTOBAHOT CTIHKH IO BC1i BUCOTI.

4.4.1. Bu3HaueHHs MIKpOTBEPOCTI 1 TOBIIUHU BiAOOPTOBAaHUX YACTHH Ta

HOpiBHHHH?I X 3 TCOPCTUIHUMHU 3HAYCHHAMU

Merta pochipkeHb — BH3HAUUTH 110 JAHUX MIKPOTBEPAOCTI 3HAYCHHS
IHTEHCUBHOCTI HaNpy»€eHb Yy B1I0OOPTOBAHIA YaCTUHI 1 TOPIBHATH iX 3 TECOPETUUHUMH,
a TaKOX TOPIBHATH TEOPETUYHI 1 EKCIEpUMEHTAIbHI PO3MIpU TOBIIMHU
B1I00PTOBAHOT YACTHUHU.

JlJis BU3HAUEHHSI MIKPOTBEPAOCTI BIJOOPTOBAHMX YACTHH, K1 OTPUMaHI MpH
B1JI00OPTYBaHHI, 3arOTOBKU PO3pi3aiu Ha 4OTUpH YyacTuHU (puc. 4.47). OnHy 13 CTOpiH
pO3pi3aHOi 3aroTOBKH BIJMOJIpyBaldd, 1100 OTpPUMATH SKICHY TIOBEPXHIO s

JOCTIIKEHHSI MIKpPOTBEP/IOCTI.
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a) 0)
Puc. 4.47. YacTuHu 3aroTOBOK, sIKi BAKOPHUCTOBYBAJIUCS JJIsI BU3HAYCHHS

MIKpOTBEPJOCTI: a) TpaauiliitHa; 6) 3npodiapoBaHa
Toukn Ha 3aroToBKax, B SKUX MPOBOJUIIMCS BUMIPIOBAHHS MIKPOTBEPIOCTI

no3HaueHi Ha puc. 4.48. BoHUM pIBHOMIPHO pO3MOJUJIEHI IO BCid BHUCOTI

B1IOOPTOBAHOT YaCTUHHU.

BuznaueHns MIKPOTBEPAOCTI
npoBojuiocs 1Mo Bikepcy 3a JIOMOMOTOI0
BIIOUTKY BiJ] BAABJICHHS aJIMa3HOI MipaMiJKu
Ha MikporBepaomipi IIMT-3 (puc. 4.49).

HaBantaxeHns, SIKE MIPUKJIIA1AI0CH,

nopiBHioBajo 100 rc.
Puc. 4.48. Touku, B IKUX

BUMIpIOBajacsi MiKpOTBEPAICTh

Puc. 4.49. Mixpotsepaomip [IMT-3
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3actocoByroun Gopmyny I'.JI. [ens, 3nauenHns no Bikepcy BUKOpUCTaIU s
3HAXOJ/KCHHS 1HTEHCHBHOCTI HampyXeHb Gj. KpiM BHU3HAuU€HHS MIKPOTBEPOCTI,
3aMIproBajacs TOBIIUHA BIJOOPTOBAHOI YaCTUHH.
ci= 0,33 HV
ne, HV — 3nadenns tBepaocTi mo Bikepcy.

BuMipsiHi BeTH4MHU 1151 JIMCTOBUX 3ar0OTOBOK 31 CTajll HaBeJIeH1 B Ta0I. 4.5.

Taomurg 4.5.

TeopeTnyHi Ta eKCIEpUMEHTAIbHI 3HaY€HHSI TOBIIIMHU B1I00PTOBAHOT
3aroTOBKH Ta IHTEHCUBHOCTI HaNpy>KeHb
No 1 2 3 4 5 6 7 8 9

HV, xr/mm* | 133 | 136 | 153 | 158 | 148 | 143 | 140 | 139 | 131
Sexen, MM 0,68 | 0,71 | 0,74 | 0,86 | 093 | 0,98 | 0,98 | 0,98 | 0,98

(So =1 mm)
Sreop, MM 062 | 0,72 | 0,79 | 0,90 | 0,94 | 0,95 | 0,99 | 0,99 | 0,99
(So =1 mm)
As, % 9 1 6 4 1 3 1 1 1

ciexer, MIIa | 439 | 449 | 505 | 521 | 488 | 472 | 460 | 459 | 432
oiteop, MIla | 605 | 530 | 500 | 450 | 325 | 200 | 170 | 170 | 160
A ci, % 27 15 1 13 33 57 63 62 62
HV, xr/mm* | 158 | 173 | 183 | 180 | 183 | 173 | 187 | 156 | 153
Sexen, MM 0,79 | 111 | 1,27 | 1,48 | 1,49 | 15 1,5 1,5 1,5

(S0 =1,5 mm)

Sreop, MM 097 | 1,11 | 1,33 | 1,41 | 147 | 1,49 | 149 | 1,49 | 1,49
(S0 =1,5 mm)

As, % 18 0 4 4 1 1 1 1 1

ciexen, MIla | 521 | 570 | 604 | 590 | 604 | 570 | 617 | 515 | 505
ol reop, MIla | 603 | 530 | 480 | 410 | 300 | 200 | 150 | 120 | 120
A o1, % 13 7 20 30 50 65 75 76 76

Sexcn - TOBIIIMHA 3arOTOBKH ITICJISI €KCTIEPUMEHTAIBLHOTO B1IOOPTYBaHHSI;

STeOp - TOBIIMHA 3aIrOTOBKHW BU3HAYCHA TCOPCTUIHO,
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Gi excr - IHTEHCUBHICTh HAIIPY>KE€Hb B 3arOTOBIII MICJISI €KCIIEPUMEHTATBLHOTO
B1I0OPTYBaHHS,

Ol Teop - IHTEHCHUBHICTh HAaIPY>K€Hb B 3arOTOBIII BU3HAUYE€HA TEOPETHYHO;

AS, % - noxuOka 3Ha4€Hb TOBIIUHHU B1IOOPTOBAHOT YACTUHU MK TEOPETUUHUMH 1
EKCIIEPUMEHTAILHUMU JaHUMU;

A o1, % - moxubKa 3Ha4eHb IHTEHCUBHOCTI HAINPY>KEHb Y BITOOPTOBAHIM YaCTHHI MIXK
TEOPETHYHUMH 1 EKCTICPUMEHTAIbHUMH JTAHUMU

Sk BugHO 3 TaONHIN, MAaKCUMaJIbHA TIOXMOKA 3HAYEHD TOBIIIUHM BiOOPTOBAHOL
YAaCTMHU MDK TEOPCTHYHHMHM 1 CKCIEPHUMCHTAIBHUMH JaHUMHU JIJI1 3arOTOBKH
TOBIIMHOIO | MM cTaHOBUTH 6 %, 17151 3arOTOBKM TOBHIMHOKO 1,5 MM — 4 %. IIpote
3HA4YEHHs TOBILMHU HA CAMOMY TOPIIi 3aTOTOBKM MalOTh JIEHI0 OIbITY HOXUOKY — 9 1
18 % B1AIIOBITHO.

[loxubka 3HaYeHb I1HTEHCHBHOCTI HANpPYyXeHb MK TEOPETUYHUMH 1
EKCTIIEPUMEHTAIbHUMHU JTaHUMH JIOCUTh 3HauHA (B JIESIKUX To4ykax jgocsrae 76 %).
Bennka po30iKHICTh 3HAaUEHb IHTEHCUBHOCT1 HAIIPY>KEHb CIIOCTEPITa€Thes 10 00’ eMy
3aroToBku. lIpoTe moxmOKka MK MaKCMMalbHUMHM 3HAUYEHHSIMH 1HTEHCHBHOCTI
Hamnpy>kKeHb JJIsl 3arOTOBKM TOBHIMHOIO 1 MM cTaHOBUTH 13 %, a 1y 3aroTOBKH
ToBIIMHOIO 1,5 MM — 0 %.

MaxkcuMaibHi 3Ha4€HHS 3yCHJIb BiIOOPTYBaHHSA, SIKI OTPUMaHI TEOPETHYHO 1
EKCTIIEPUMEHTAJILHO VISl CTAIBHUX 3arOTOBOK HaBe/eH1 B Ta0. 4.6. Takox B Tabiuii

HaBeJleHa MOXUOKa A OTpUMaHUX TEOPETUIHHUX PE3YJIBTATIB.

Taomurg 4.6.
TeopeTnuHi Ta eKCIepUMEHTAIbHI 3HAUYEHHS MAKCUMATBHUX 3yCHITh
B1IOOPTYBaHHSI
S0, MM do, MM Preop, kH Pexen, kH A, %
1 7 8,63 7,74 10
1 8 7,81 6,92 11
1 9 6,71 - -
1,5 7 11,3 11,26 0,5
1,5 8 9,92 10,45 5
1,5 9 8,89 9,14 3
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Ak BUAHO 3 TAONMIN BIIXWUJIEHHS TEOPETUYHUX JaHUX 3MIHIOIOTHCA K B
OBy TaK 1 B MEHIIY CTOPOHY BiJl €KCIIEPUMEHTAIBHUX 1 JIEXKATh B MEKaX MOXUOKH
0,5-11 %.

ExcnepuMeHTanbHI 3HAQ4Y€HHS MIKPOTBEPJOCTI Ta MAaKCHMaJlbHI 3HA4YCHHS

IHTEHCUBHOCTI

Hampy>XeHb y BIAOOPTOBaHIA 4YacTWHI JUIg TpaAULIAHOI Ta
QJIFOM1HI€BO1 3arOTOBKY HaBEJICHI B Ta0IUIIX 4.7 Ta 4.8 BIMOBIIHO.

Tabmuus 4.7

ExcnepuMeHTaibH1 3Ha4Y€HHS MIKPOTBEPJIOCTI 10 BUCOTI BiIOOPTOBAHOI YaCTUHH
Ne 1 2 3 4 5 6 7 8 9

HV, xkr/mm? (Tpan.) 33 36 | 36 32 | 31 30 28 31 |31
HV, xr/mm? (3npod.) | 28 29 | 30 | 28 29 28 28 28 | 29
Tabmuis 4.8

ExcniepuMeHTanpHi 1 TEOpETUYHI MaKCUMAaNbHI 3HAU€HHS 1HTEHCUBHOCTI
HamnpyXeHb Yy BiIOOPTOBaHIN YacTHHI

o1l Teop, MlIla o1 excr, MIla A, %
Tpaguiiitna 103 100 3
3npodinpoBana 105 119 12

Cyasun Mo 3HAYEHHSX OTPUMAaHUX JIaHWX, MOKHa 3pOOMTH BUCHOBOK, IO
MOJICJTIOBAHHSI METOJOM CKIHYEHHUX €JIEMEHTIB Ja€ JOCUTh TOYHI JaHl MO TOBIIHHI
B1IOOPTOBAHOI 3aroTOBKM 1 II0 MAaKCUMaJbHOMY 3HAQ4YEHHIO 1HTEHCHUBHOCTI
HaNpy>XeHb, ajeé HEJAOCTATHHO TOYHO MOKa3ye PO3MOALT 1HTEHCHUBHOCTI Hamlpy>KEeHb

1o 00’eMy 3aroTOBKH.

Bucuoskn

1. TlpoBeneHo 4uMCENbHI EKCIEPUMEHTH IO BiIOOPTYBAaHHIO OTBOPIB Y
TpaJuLIAHINA 3aTOTOBII 3 BUKOPUCTAHHSM ITyaHCOHIB P13HOi T€OMETPUYHOI (popMHu, 3
PI3HUMM pajilycaMd 3a0KPYTJEHHS MATpPUIl Ta JIOCTIHPKEHO BIUIMB BiJIHOCHOI

TOBIIMHU 3arOTOBKH Ha TPAaHUYHUNA KOe(iLlI€HT BiAOOPTYBaHHS.
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2. ITpoBeaeHo yncenbH1 eKCIIEPUMEHTH 0 MpodiTFOBaHH1 BUX1THUX 3arOTOBOK
13 aJIFOM1HII0, MIJI1 1 CTaJIl Ta iX MOAAIBIIIOMY B1IOOPTYBaHHI.

3. IlpoBeneHo uwMcenbHI EKCIEPUMEHTH MO 3a0€3MEYCHHI0 MaKCUMAaJbHOT
BUCOTH BiJJOOPTOBAHOI CTIHKM MPH BIJOOPTYBaHHI KPYIJIMX OTBOpiB. BcTaHoBIEeHO
napameTpH, Ki 3a0e3MeuyoTh OTPUMaHHSI MAaKCUMAJIbHOT BUCOTH CTIHKH.

4. JIns KOXKHOTO YHCEIBHOTO €KCIHEPUMEHTY BCTAHOBJIEHI CHJIOBI PEKUMHU Ta
Hanpy>XKeHO-1e(opMOBaHUI CTaH 3arOTOBOK.

5. IlpoBenieHO eKCIIepUMEHTAIbHI JOCHIKEHHs M0 BiAOOPTYBAHHIO KPYTJIHX
OTBOPIB Yy TpaJulliiiHUX Ta 3MpodiboBaHMX 3aroToBkax. IIInsxomM BU3HAYCHHS
MIKpPOTBEPAOCTI 1 TOBIIMHM BiIOOPTOBAHMX YACTHUH, OYyJIO MPOBEACHO aHami3 Ta
MOPIBHSHHS OTPUMAHUX JaHUX 3 IaHUMH YUCEIIbHUX Pe3ynbTaTiB. BcTaHOBIEHO, 110
CKCIIEPUMEHTAJIbHI BEJIMYMHU € ONMM3BKUMU 32 3HAYEHHSIMH 3 YHCEIBbHUMH, IO A€
HiCTaBM BUKOPUCTOBYBATH JlaHI TEOPETUYHHX PO3PAXYHKIB ISl PO3POOJICHHS

TEXHOJIOTIYHUX ITPOIIECIB.
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PO3/11J1 5. PO3POBKA PEKOMEH/IALIIH 1O IPOEKTYBAHHIO
TEXHOJIOTTi TA KOHCTPYKII IITAMIIOBOI'O OCHAILEHHS JUUIS
BIZIGOPTYBAHHS OTBOPIB V 3[IPO®IITLOBAHINX 3ATOTOBKAX

5.1. Pexomenpariii ijis mornepeaHboro npodiitoBaHHS TUCTOBUX 3arO0TOBOK

['eomeTpuyHi po3Mipu Mpu BiAOOPTYBaHHI BU3HAYAIOTH 13 PIBHOCTI 00’€MiB
3aroTOBKM Ta JeTaji. 3a3BUyail BUCOTa OOpPTY 3a/a€TbCAd KpecleHHsM aetani. B
TaKOMY BHITQJIKy JliaME€Tp OTBOPY TiJ BiIOOPTYBaHHS MPUOIU3HO PO3PAXOBYIOTH 5K

7T 3BUYaiHoro rHyTTs [124]. JliameTp 0TBOpY BU3HAYAIOTH 11O (POPMYITi:
d=D-2(H-0,43r-0,72S) (5.1)
Bucora 60pTy BU3HAYAETHCS 3AJICKHICTIO:

H

(D-d)/2+0,43r +0,725 (5.2)

7ie TIO3HAYCHHS BIMOBIAAI0OTh pHcC. 5.1.

0

— | —

Puc. 5.1. Cxema BigOOpTYyBaHHS
Sk BUIHO 3 OCTaHHBOI (POPMYJIH, BUCOTA OOPTY 3aJICKHUTh TAKOX BIJ pajalycy
3a0KpyrieHHs wmarpuii. Ilpu 30inblIeHH] pagiycy 3a0KpYyTJIEHHS BHUCOTa OOpTY

TaKoXX 3HA4YHO 30uIbIIyeThes. Jlocmimkenns P. Binkena mokaszanu, 1mo 3011bIIEHHS
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3a30py MiX IyaHCOHOM 1 Marpuiero 10 Z = (8+10) S npu3BOaUTH 10 HPUPOIHOTO
30UIBIIIEHHS BUCOTH 1 PajilyCy 3aoKpyriieHHs O6opty. [Ipu Takomy pasiyci 3yCHILIs
B1IOOPTYBaHHA 3MeHIIyeThesl Ha 30-35%.

OCHOBHHMM 3aBJIaHHSAM TMpU TPOQITIOBaHHI 3arOTOBOK € BU3HAYECHHS 00’€MY
MeTally, kUil Ma€e OyTu HaOpaHuii Ta 00’eMy MeTany, sikuid Oyjae BUAABICHUN, TOMY
110 IPYU HEJOCTaTHROMY BABIIIOBaHHI ITyaHCOHY B JIMCTOBY 3arOTOBKY ITOPOXKHHUHA, B
Ky HAOMpaeThCs METall MOXE HE 3allOBHUTHCH, IO B KIHIIEBOMY pe3yJbTaTi He
3a0e3MeYuTh OTPUMAHHS BiIOOPTOBAHOI YAaCTUHU PIBHOI TOBIIMHU. Tak camo
HEraTHBHI HACHIAKA MOXE€ MaTW HAJUIMIIKOBUN MeTajl, SKUWA BHAABIIOETHCS.
[ToTpamnsitoun B 3a30pu MK pOOOYMM IHCTPYMEHTOM, BIH MOKE IMPHU3BECTH [0
3aKJIMHIOBaHHS 3aroToBku. L[iTkoM o4eBMAHO, MO0 LI JABa 00’€eMU MarOTh OyTH
OJTHAKOBI 32 BEJINYUHOIO.

Ha puc. 5.2. mokazana cxema npoQiIIOBaHHS JMCTOBOi 3aroToBKU 1, sika
BCTAHOBJIIOETHCSI HAa MaTpuio 2 Ta (¢ikcyerbes mnputuckadeM 3. [IpodinroBanHs
BiOYBa€ThCS 3a JOMOMOTOI0 IMyaHCOHY 4, SKUW BIABIIOETHCS B 3aroToBKy. Ha
PUCYHKY TaKOK BKa3aHi mapaMeTpH, sKi BIUIMBAIOTh Ha MPOIIeC MPOQiTFOBaHHS.

3amaya, sKa CTAaBUTHCS, TOJSATA€ B 3HAXO/KCHHI BEIMYMHHM BJIABIIOBAHHS

yaHCOHY h, , sika 3a0e3MeUnTh BUAABIIOBAHHS HEOOX1THOTO 00’ €My MeTaly.
ITounemo 3 posrmsamy 00’eMy, Akuii Habupaetbes V,, . g po3paxyHKy
00’eMy, KM MOTPiIOHO HabpaTv, HaM NOTPIOHO 3HATH BEJIMYMHY AiameTpy D, , Ha

KU HAOMPAEThCS TOJATKOBUI METaJl Ta MaKCUMAJIbHY BUCOTY MOTOBIIEHHS S . 3a
np

IPOBEJCHUMH YHCEIbHUMHU pO3paxyHKamu OyJjo BHU3HA4Y€HO, 110 AiameTp D, , Ha

np 2

SKOMY HaOMpAa€ThCS JTOJATKOBUN MeETaj, JOPIBHIOE CyMi J1aMEeTpy OTBOPY MaTpPHIl

D, Ta 4eTBEepTii YaCTUHI PajilyCy 3a0KPYTIEHHS MAaTPUIliR !

R.M
an = (DM + T) (53)
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Puc. 5.2. Cxema npodu1toBaHHS JIMCTOBOI 3arOTOBKH

@opMyny s BU3HAUYEHHS MaKCUMaJbHOTO TMOTOBIICHHS TMpu HAOOpi

JI0TATKOBOTO METAITy MU BU3Ha4anu paime (3.39):
S,=Sg 2In&+1+1,5ln& =S, 1+O,5In& (5.4)
RO Rn RO

BuainseMo 3 111€i BUCOTH TUIBKU Ty YacTHHY, SIKa YTBOPIOETHCS MpuU HAOOPi

MeTany. TakuM YMHOM, BUCOTa HAOPAHOTrO METally S, BU3HAYAEThCA 33 (POPMYIIONO:

R
S,, =Sn—S0 =50 [1+O,5In R”J—SO

(0]

(5.5)
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Sk BuaHO 3 puc. 5.2, 00’eM npodinOBaHHA V, MOXHA BUPaxXyBaTH 3 00’ €My

3pi3aHOTO0 KOHYCy, IO BKIIOYAac B Ce0€ TaKOX 00’€M LMIIHAPY IIyaHCOHYy V,

7R%h

(V= T) 3anumemMo GopMyIly Ul BUSHAYEHHS 00’ €My 3pi3aHOr0 KOHyCyV, !

1
V3p.K. = §7Z.H (R12 + R1R2 + R22) (56)

Y dopmyii (5.6) H — Bucora xoHycy, sKa B HalIOMY BUIIaJIKy JOPIiBHIOE S, , R

- palllyc HMXXHBOI OCHOBHU 3pI3aHOTO KOHYCY, SIKMM BIANOBIJAE TMOJIOBUHI J1aMeTpy

npodimosanns D, /2 Ta R,- paalyc BEpXHbOI OCHOBH 3pI3aHOr0 KOHYCY, IO
JOPIBHIOE pajiyCy ITyaHCOHY, a BIJIOBITHO 1 IOJIOBHHI AiaMeTpy oTBOpYy D,/2.

3anumemo GopMyIry JUls BUSHAYEHHS V, !
Ve =Vo =V (5.7)

[IpeacraBumo BenwuuHM pafaiyciB B (5.6) uepes giamerpu i 3anumiemo (5.7) y

BUTJISAL:

D;, anDo D?. zD?

vV, =§ﬂ3np( YR 4)— n S, (5.8)

[Ticnst mepeTBOPEHb Ta CKOPOUEHb OTPUMYEMO:

7S,
- —Zp(Djp + an Do o 2D02) (59)

np
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Tenep posrisitHeMo 00’€M, IO BHIABIIOETbCS V,, SKUH B CBOIO 4YEpry
CKJIAJIa€ThCsl 3 00’ €My BUIABIEHOTO KOHYCY V, Ta 00’€My BHAABJICHOTO IMIIHAPY

\Y

V.=V, V.. (5.10)

3HaxonuMo V,  3a GpopmyJioro:

V., =-7—=h (5.11)

, A€ hk - BUCOTAa KOHYCY. Mo>keMO BU3HAYUTH hk 3 HACTYIIHOT'O Bi,Z[HOI_HCHH}II

D
_ 0
hw"?@a (5.12)
[TincraBasiemo (5.12) B (5.11) Ta micist nepeTBOPEHb OTPUMYEMO:

1
Vv :ﬂﬂ-Dj tga (5.13)

B.K.
3naxomumo V,, 3a GOpMyJI0I0:

D,
Vo =—>N (5.14)

B.II. 4 74
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VY Hac 3anumacrsca oxHa HesigoMa BenmuumHa h . [lo0 ii Bu3HauwuTwy,

NPUPIBHIOEMO 00’ €M, IO BUAABIIOETHCS, 10 00’ €My, 110 HAOUPAETHCSL:

V3p.z<. _Vu.n. :VB.K. +VB.I_I.

[TincraBnsiemo Bu3HadyeH1 Benmuuunu 3 (5.9) Ta 3 (5.13)1(5.14):

2

ﬂ-sn 2 2 1 3 Do
TZIJ(DW_FDWDO_ZDO):aﬂ-DO th{+7Z’ 4 h

D? 7S 1
7—2h =—" (D> +D D -2D*)-—zD%tg«
4 Y 12 ( np np o 0) 24 0 g

3BiAKH, MICII CKOPOYEHB, 3HAXOAUMO h, !

2 2
_s,(D;+D,D,-2D}) 1

h ——D tgo
4 3D02 6 o9

Jnst 3HaXOKEHHS h, CyMy€eMO BEITHYUHM h Ta h :

h =h, +h,

U

(5.15)

(5.16)

(5.17)

(5.18)

(5.19)

TakyuM 4MHOM MU 3HaXOJUMO BCIIMYMHY BAABJIIOBAHHA IIYHCOHY B 3arOTOBKY,

mo0 OTpUMaTH HEOOXiAHI po3Mipu 3mpodiIbOBaHOI 3arOTOBKH, siKa 3a0€3MEYUThH

PIBHY I10 TOBIIIMHI CTIHKY IICJISI BITOOPTYBaHHS.
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5.2. Pexomenpariii mo nNpoeKTyBaHHIO IITAMIIOBOTO OCHAIIEHHS

B nmiteparypHux pKepenax HaBOAMTBCSA OaraTo JOBIAKOBOrO MaTepiaiay Io
IPOEKTYBAaHHIO LITAMIIOBOTO OCHAILIEHHS Al OyIb-sKUX (OPMO3MIHHUX OIeEpaliii
[124,125]. OcHoBHi pekoMeHnaIii OyJM 3acTOCOBAaHI 1 MPH TPOCKTYyBaHHI
IITAaMIIOBOTO  OCHAIIEHHS JUIs  BIIOOPTYBaHHS IMOINEPEIHbO  3MpOoPiIbOBAHUX
3aroTOBOK.

B mrammax, ski npuszHadyeHi a1 (GOPMO3MIHHUX OIllepalliif, 3acTOCyBaHHS
HaANPaBIISIOUYMX KOJIOHOK HE OOOB’sI3KOBe, ayie OakaHe, TaK SK 1€ TOJIETIIye
YCTaHOBKY, HaJaro/KeHHs 1 30epiraHHs MTammiB. SIKIIO B MITaMmIi BUKOHYIOTHCS
dbopMO3MiHHI Ta PO3iILHI OMNepallii, TO HalPaBJISIIOYl €JIEMEHTH € 000B’ I3KOBUMH.

KoucrpyroBanus ~ gopmMo3MiHHOrO  mTamMmy  BeIyTb B HACTYIHIN

IMOCJI1IOBHOCTI:

BUOIp CXEMH LLITAMITY;

po3po0Ka KOHCTPYKIIIT poOOYHX YaCTHH;

pO3poOKa KOHCTPYKIII JeTaei MmaKkery;

BUOIp 2060 po3poOKa OJIOKY MITamIy.

Cxemy mtaMily BUOHMpPArOTh 3 ypaxyBaHHSIM BHUAY OOJIaHaHHs, HEOOX1AHICTIO
3aCTOCYBaHHs MPUTUCKAYa, BUIITOBXYBaya, 3MOMHUKA 1 T.1.

B mramnax, e BHMAara€TbCcsi NPUTHUCKAHHSA 3aroTOBKM 1 BHILTOBXYBaHHS
3aroTOBKH 13 MaTpUIIl MIPU WITAMITyBaHHI Ha Mpecax MpocTol Aii, MAaTPHUIll MEPEBAKHO
PO3MIIIYIOTBCS B BEPXHIM YaCTHHI IITAMITy, a MyaHCOH — B HIXKHIN, TOOTO JeTalb
HITAaMITy€TbCS JTHOM BBepX. B TakoMy BHUIAAKy BHKOPUCTOBYEThCS Oydep, skuii
BCTAHOBJIEHUH B CTOJI Mpecy, IO CHPOILYyE KOHCTPYKLito mramiy. KoHcTpykiis
pobOounx neraneil (OPMO3ZMIHHUX IITaMMIB PO3pPOOJSETHCA Y BIAMOBIAHOCTI 3
PEKOMEHIallISIMHU, 110 HaBEACH1 Y JOBIIKOBIN JiTEpATypi.

Ha puc. 5.3 mokazanuii mramn A BiIOOPTYyBaHHS OTBOPIB y MOMEPEIHBO
snpodimpoBaniii  3aroroBmi [125]. Iltamn 300pakeHHMi y KIHIIEBUH MOMEHT

Bi10opTyBaHH4. IllTamn ckiagaeTbcsi 3 HACTYNMHUX YAacTHH: IyaHCOH-MaTpuus 1;
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MyaHCOH 2; BEpXHs IUIUTA 3; HIDKHA TUIMTA 4; MyaHCOHOTpUMAY 5; MyaHCOHOTpUMay
6; mpuUTHUCKa4d 7; KOHTEUHEDP 8; BUIITOBXYBau 9; xBoctoBUK 10; konoHka 11; BTynka
12; migmrammosa mmTa 13; 6ont 14; 6onr 15; mranra 16; npyxkuna 17; mpokiaaka
18; mmuneka 19, metaneBe kinbie 20; raiika 21; pe3uHoBe Kiablie 22; mtudt 23.
[MpuHmun  nmii mTammy ToJMTae B HACTYMHOMY: TMONEPENHBO 3mpodiiboBaHa
3arOoTOBKA BCTABISIETHCSI B KOHTEWHEP 8, NIe NEHTPYETHCS IYaHCOHOM 2, SKUU €
HEPYXOMHM 1 (IKCYEThCS B MMyaHcOHOTpUMaul 6. KonteliHep 8 1 myaHoCHOTpuUMau 6
¢ikcyroThCs 10 HIOKHBOI TUTU 4 Gontamu 15 1 mrrudramu 23. IloTiM omyckaeTses
BEpXHA IUIMTa 3, A0 sKOi Oosramu 14 KpimuThes migmTamioBa midra 13 1
nyancoHoTpuMmau 5. Kosu nmyaHcoH-MaTpuld 1 1OXOAUTH 0 3arOTOBKH, IITaHTH 16
TUCHYTh Ha MeTaneBe Kuiblle 20 1 pe3wHOBI Kutbllsl 22 Oydepa MOYMHAIOTH
CTUCKATHUCh, a TIPUTHCKA4 7 TPUTHUCKAE 3aroToBKy. [Ipm mopampmioMy OIyCKaHHI
Tty 3, npyxuHa 17, sxa 3HaXOAUTbCA y BUIITOBXYyBaul 9 mij Ji€l0 myaHcoHA 2
MOYMHAE CTUCKATUCh. Ilicis BimOOpPTYBaHHS 3arOoTOBKM BEpXHsS IUIMTA 3 TOYMHAE
pyXaTuch y 3BOPOTHOMY HANpPSIMKY 1 pE3UHOBI KUIbLA 22 Ta MpyKUHA 17 MOYMHAIOTH
po3Ttuckatuch. llputuckay 7 3HIMae TOTOBUN BUPIO 3 MyaHCOHA, a BUILTOBXyBad 9

BUILITOBXYE HOT0 3 MyaHCOHA-MaTpulll 1.
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Kpim Toro, y ciiBaBTOpCTBI1 0YyJ10 3alIpONIOHOBAHO HOBHI CIIOCIO BiOOPTYBaHHS
nonepeHbo  3mpodiboBaHux 3arotoBok [117]. [anumit cmoci6 mependavae
MOTIEPE/THE BUIABIIOBAHHS MMOPOKHWHU B 3aroTOBIl KOHIYHAM ITyaHCOHOM, MIiCJIS

YOoro  YTBOPIOETBCS  TEpeMHUYKa,  sKa
3HAXOAUTBCS 31  CTOPOHH  MEHIIIOTO

JlaMeTpa IOpOKHUHM, 110 3abe3neuye

— ; BHUKIIIOUEHHS MIKPOTPILIVH B CEPEIHIN 30H1

BIIOOPTOBAHOT CTIHKM TICIsI TMPOOUBKH

@ 5 nepemuukd. KyT KoHyca IyaHCOHa o
v

@ '4 PO3PaxOBYEThCS TAKAM YHHOM, MO0 MiCIs

D, ' BIJIOOPTYBaHHS KOHIYHA CTIHKa 3arOTOBKH

iNe 17| ¢ nepeiimna y TJIOCKU TOpEIlb

— I BigboproBanoi  crimku.  Halimenmmii

ey

7 nmiameTp BHIABJIEHOI IOPOKHUHM JOPIBHIOE

,°  JlaMeTpy OTBOpY, AKHMH Oyne mpoOuTHi Ha

ETOTOOT |

HACTYITHIN oreparii.

o —
o
o
—

y ﬁ Jns  miABUINEHHS  TPOJYKTHUBHOCTI

. mpaii OponecH MpOoOHBaHHS MEPEMUYKHU 1
Puc. 5.4. Cxema npoiieciB npoOUBaHHS

IEPEMUYKH | BiIOOPTYBaHHS OTBOpYy ~ BIIOOPTYBaHHST CyMimaoTh (puc. 5.4.).

3npodiTboBaHy 3aroTOBKY 1 BCTAaHOBIIOIOTh HAa MATPUIKO 2 TaKUM YUHOM, I100
nepeMuyka 0ysa 31 CTOpOHH MyaHCOHY 3 1 MPUTUCKAIOTh MpUTHCKaueM 4. Matpuris 2
onupaeTbcsa Ha Tty 5. IloToBIEHI MUIAHKKA 30pOoQiIbOBAaHOI 3aroToBKU |
ONUPAIOThCS Ha 000MY 6, sika MICTUTH T1a3 11l Ipy>kuHu 7. I1ig gac pyxy nmyaHCOHY
3 BHM3 CMOYATKy MPOXOJIUTH MPOOMBKA MEPEMUYKU 9, sika BUMAJAE€ B MPOBATBHUIA
OTBIp, a MOTIM B1IOOPTYBaHHA 3MpodiiboBaHOi 3aroToBku 1. ITix miero myaHcoHa 3
npy>XKWHa 7 CTUCKAaeTbest 1 obOokiMa 6 omyckaethess BHH3. Ilicma mporiecy

B1I0OPTYBaHHS OTPUMYEMO 3arOTOBKY 8 3 pIBHUMHU CTIHKAMH 1 TJIOCKUM TOPIIEM.
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BucHoBKM

1. Po3poGieni pexomeHalii il MOMEPEAHBOTO MPO(iTIOBaHHS JHCTOBUX
3ar0TOBOK Ta MPUBEACHI (POPMYJIH JIJIsl aHATITUYHUX PO3PaXyHKIB.

2. Po3pobmeHi pekomMeHAaIlii Mo MpOeKTYBaHHIO IMTAMIIOBOTO OCHAIIEHHS IS
BiIOOPTYBaHHA 31PO(iTFOBAHUX 3ar0TOBOK. [IpuBeeHO MPUKIIaA MTaMITy 3 OITUCOM
OPUHLUITY 11 U1 BiIOOPTYBaHHS 3MpO(1Ib0BAHUX 3aTOTOBOK.

3. OmnwmcaHo 3amaTeHTOBaHWN cmoci0 BiAOOPTYBaHHS 3MPOQiILOBAHUX
3arotoBoK. IlepeBaramm naHOrO CHocoO0y € EKOHOMisi MeTaly Ta OTPHMAaHHS

B1IOOPTOBAHOT CTIHKH PIBHOI TOBIIMHU MO BC1H BUCOTI.
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3AT'AJIbHI BUCHOBKHA

B nawucepramii BHKOHaHI HOBI TEOPETWYHI 1 MPAKTUYHI PO3POOKH, SIKi
HaIpaBJICHI Ha BUPIIMICHHS aKTyaJlbHOI HAyKOBO-TEXHIYHOI 3ajadl ITiJBUIICHHS
SAKOCT1 BUPOOIB B Mpoiiecax BiOOPTYBaHHS KPYIJIMX OTBOPIB, @ TAKOX CTBOPEHHS
1H)KEHEpHUX METOJIMK BHM3HAUYEHHS TEXHOJIOTIYHUX MapaMmeTpiB (HOPMOYTBOPEHHS
BUpOOIB TpolecaMd BiIOOPTYBaHHsS il 3a0€3MEYEHHS OTPUMAaHHS MOCTINHHOL
TOBIIMHU CTIHKHU 3/1€()OPMOBAHUX YACTHH.

1. Po3pob6ieHo HOBUM cnociO BiAOOpPTYBaHHs, SKUM 3a0e3nedye OTpUMaHHS
31€(pOpPMOBAHOT YACTUHU 3 MOCTIMHOIO TOBIIMHOIO MO JOBXHKHI Ta 0€3 BUKPUBJICHHS
muTiHApuyHOi YactuHu. Croci® BKIIOUae momepenHe TpoditoBaHHS 3arOoTOBKH
IUITXOM (OPMOYTBOPEHHSI MOPOKHUHHU XOJIOAHUM BHJIABIIOBAHHIM 3 TOJAIBIIAM
MpOOMBAaHHIM TIEPEMHUYKHU Ta BinOopTyBaHHs. ONHIEIO 3 MEepeBar JaHOTO CIOCO0y €
eKOHOMIsI MeTally Ha CTaJii OTPUMaHHs OTBOPY IiJl BITOOPTYBaHHS.

2. MeTronoM CHOUTBHOTO PO3B’SA3KY HAOMMKEHUX AUPEPEHIINHUX pPIBHAHD
pIBHOBaru 3 yMOBOIO TUTACTHYHOCTI BUPIIICHA 3a/1a4ya MOMEePEaHBOT0 MPOQiTIOBaHHS
JUCTOBUX 3arOTOBOK XOJIOAHWM BHJABIIOBAHHSAM KOHYCHUM ITyaHCOHOM 3
ypaxyBaHHSIM TepTs Ta 3MIiIHEHHs MeTany. OTpuMaHi aHATITHYHI 3aJIEKHOCTI IS
BU3HAUEHHS HANpPYXEHb B OCepelKy AedopMalliif, MUTOMUX 3yCUJIb Ha IyaHCOHI Ta
3yCWJIUISL  BUAABIIOBaHHS. [IpoBeneHi  eKcnepuMEHTalbHI  JOCHIDKEHHS 10
npo(UTIOBAaHHIO JUCTOBUX 3aroTOBOK 3 aioMiHilo AQ MIATBEpAMIA pPE3yJIbTaTH
PO3paxyHKIB MO 3yCWIJIIO BUAABIIOBAHHS Ta 3MIITHEHHIO 371e(DOPMOBAHOTO MeETaiy.
BiaMiHHICTB pe3ybTaTiB BIANOBIAHO ckiana 7 ta 9 %.

3. MeTomoM CHIUIBHOTO PO3B’SI3KYy HAOMMKEHUX IU(EpEeHIIHHNX pPIBHSHD
pPIBHOBAru 3 YMOBOIO IIJIJACTUYHOCTI BHpIIIEHA 3a/Jada BiIOOPTYBaHHS OTBOPIB
KOHYCHUM IIyaHCOHOM Yy TIOMepeaHbo 3mpodiapoBaHiii 3aroToBii. OTpumani
aHATITUYHI 3QJIGKHOCTI JJii BU3HAYCHHS HampyXeHb Ta nedopmarii y
3neopMoBaHiil 3aroTOBII, 3yCHUJUISI BIIOOPTYBAaHHS Ta PO3MIpIB IPODLII0 BUXITHOT

3arOTOBKH JIsI 3a0€3MeYeHHs TOCTIMHOT TOBITUHU OTPUMAHOTO BUPOOY.
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4. Jlns nepeBipKd aJIeKBaTHOCTI CTBOPEHUX CKIHUEHHO-EJIEMEHTHUX Mojelei
MIPOBEACHUN PO3PaxyHKOBO-CKCIIEPUMEHTAIIbHUI aHami3 TPaaUIIAHOTO
BIIOOPTYBaHHS OTBOPIB y JUCTOBHX 3aroToBKax i3 cTayi 08 KOHYCHUM ITyaHCOHOM 3
PI3HUM KyTOM KOHYCY, IIIIHAPUYHUM Ta CHEPUYHUM MYaHCOHOM B MATPHUISAX 3
pizHUM  paxiycoM  3aokpyrieHHs. Pospaxynkom MCE  BcraHoBieHo @ Ta
EKCIIEPUMEHTAJILHO MiITBEP/HKEHO, 10 BUKOPUCTAHHS IWIIHAPUYHOTO ITyaHCOHY
NPUBOJIUTHL 10 HAWOLIBIIOTO 3YCWIUIS BiAOOPTYBaHHS, 30UIBLICHHS pajilycy
3a0KpYTJICHHS MIJIIHIPUYHOTO IMyaHCOHY 3 2 10 8§ MM IPHUBOJWUTH /10 3MEHIICHHS
3ycusuist Ha 46%, 3MiHa KyTa KOHycHoro myaHcony 3 30 ° go 60° mpuBOIuTH 110
3pocTaHHsl 3ycWUIs BinOopTyBaHHs Ha 15%, 301IbIIeHHS pajalyCy 3a0KpYIJICHHS
matpulli 3 3 10 9 MM 3HMKYe 3ycuiia Ha 21%. BceranoBneni kiHieBi ¢opma Ta
po3Mipu 37ehOpPMOBAHUX 3arOTOBOK 3 ypaxyBaHHSM MOTOHIIEHHS Ta BUKPUBJICHHS
CTIHKH.

5. 3 BukopuctanssiM MCE BHUBYEHO BIUJIMB BiJIHOCHOI TOBIIMHHM 3arOTOBKH Ha
MPOIEC TPAAMIIIHHOTO BiAOOPTYBaHHS KPYTJIUX OTBOPIB B JUCTOBUX 3arOoTOBKax 31
cram 08. BcranoBiieHO, 110 30LIBIICHHS BITHOCHOIT TOBIMHU 3aroToBKH 3 8,8 10 100
IPUBOJUTD JI0 3MEHILICHHS KOe(ilieHTy Bi10opTyBaHHA Ha 49%. ExcriepuMeHTanbHO
BCTAHOBJICHO, IO 301JBIIEHHS BIJHOCHOI TOBIIMHM 3aroToBku 3 12,5 mo 21,4
IPUBOJIUTH 10 301IBLICHHS 3yCUIUIA BiiOOpTyBaHHs HA 61%.

6. CTBOpeHI CKIHYEHHO-CJIEMEHTHI MOl MPOLECIiB  MONEPETHHOTO
poTFOBaHHS 3ar0TOBOK XOJIOAHUM BHUAABIIOBAHHSM 13 aimoMiHio AQ, migi M2 ta
crami 08. BcraHoBieHiI 3ajeXHOCTI 3yCWUIs MpOQUIOBAHHS BiJ IEPEMIIICHHS
MyaHCOHY, 3JIEKHOCT1 3yCWIJISL HA MPUTKHCKAY1 BiJl IEPEMIIIEHHSI ITyaHCOHY, KiHIIEB1
dbopma Ta po3MipH 3aroTOBOK, PO3MOJIT MUTOMUX 3YCHJIb HA MyaHCOHI, BEJIMYWHU
3MIITHEHHS Ta CTYIEHIO BUKOPUCTAHHS PECYpPCy IUIACTUYHOCTI 37e(hOpMOBAHOTO
MeTay.

7. Po3po0isieHI CKIHYEHHO-EJIEMEHTHI MOJeNi BiAOOPTYBaHHsS OTBOPIB Y
NONepeIHbO 3MPoPiIbOBAaHUX 3aroToBKax 13 amominiio A0, migi M2 Ta cram 08, Ta

MIPOBEICHO PO3PAaXyHKOBUH aHali3 MO BIUIMBY T€OMETPUYHOI (hopMHU MyaHCOHY,
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pajiycy 3a0KpyIJICHHSI MaTpuIli Ta 3a30py (Ipu BiIOOPTYBaHHI 3 MOTOHIIICHHSIM) Ha
CUJIOBI PEKUMH Ta KIHIIEBY TeOMEeTpUUHy (hOpMy BUPOOIB.

8. Ha ocHOBi aHamizy mnpoBeAeHUX AOCTKEHb OyJO BCTaHOBJIEHO, IO
30UIBIIEHHST PAJIlyCy 3a0KpYIJIEHHSI MyaHCOHY 3 5 mMm 10 10 MM mpu3BOAUTH [0
3MEHIIEHHS 3ycwiuis BinOopryBanHs Ha 17 %; 30UIblIeHHS KyTa KOHYCHOTO
nyaHncoHa 3 30° go 60° mpusBoAuTH 10 30UIbIIEHHS 3ycwuia Ha 25%; mpu
B1I0OPTYBaHHI 3 MOTOHIIEHHM, MPHU BUX1AHINA TOBIIUMHI 3arOTOBKHU 1,5 MM, 3yCHIUIs
BIIOOPTYBaHHA MpHU 3MEHILEHH1 3a30py BiJ 1,5 1o 1 MM 30utbmIyeThest HA 60 %, mpu
30UIBIIICHH] Pa/IlyCy 3a0KPYTAEHHS MaTpHIll 3 5 10 10 MM, 3yCHIII 3MEHIIIUIIOCH Ha 7
%.

9. Po3pobneni pexomeHpaili Mo MNPOQPUIIOBAHHIO BUXIIHHUX 3aroTOBOK
XOJIOTHUM BHJIABIIOBAHHSM KOHYCHHM ITyaHCOHOM, IO BiZOOPTYBaHHIO OTBOPIB Y
3MpoQUIbOBAaHUX 3aroTOBKax Ta MO MPOEKTYBAaHHIO IITAMIIOBOTO OCHAIICHHS IS
npodiaoBaHHS Ta BiAOOPTYBaHHS 3Mpo(iIHLOBAHUX 3aroToBOK. Po3pobieHi
KOHCTPYKIIIi IITAMIIOBOTO OCHAIIICHHS.

10. Pesympratn nocnimxkens BrpoBamkeHi B TOB «IIpart Vitai [laTton», m.
KuiB, Ta BUKOPUCTOBYIOThCSI B HaYaJIbHOMY Ipolieci 3 AucUMILIH: “THTeHcudikaris
JUCTOBOTO INTamMmyBaHHs , “UucenbHI METOAM BUPIMICHHS MNPUKIATHUX 3a7ad
o0poOKkn  MetamiB  TUCKOM”’, ““TexHoJyoris  XOJIONHOTO  IITAMITyBaHHS  Ta
KOHCTpYIOBaHHs mmTamniB”. KpiM Toro, merojnuMka 1 HampaubOBaHI pe3yibTaTH
BUKOPUCTOBYIOTHCS TPHU MIATOTOBIII KYPCOBHX 1 AMIUIOMHUX MPOEKTIB, KypCOBUX 1
MAaricTepCchbKUx poOIT Mo creuiaibHOCTI «O0IaJHAHHA Ta TEXHOJIOTIi MJIACTUYHOTO

(bopMyBaHHS KOHCTPYKIIII MalIMHOOY1yBaHHSI.
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