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AuieBa JI. 1., Aoxapi I1. b., Mauiii X. B., Camorasigos A. /1., HIumko O. 1.

®OPMOYTBOPEHHS NYCTOTLIUX JETAJEN CIIOCOBAMHU
KOMBIHOBAHOI'O BUJABJIIOBAHHSA

VY cyuacHiil IpOMHCIIOBOCTI IIUPOKO BUKOPUCTOBYIOTHCS KOPITYCHI BICECUMETPUYHI JIeTal
(ITynepu, KOpIrycy 3apsiB, MEPEXiTHUKH, COILIA 1 T. JI.) IMITIHAPUIHOT 200 KOHIYHOT (hOpMU 3 pi3-
HUMH MTOTOBIIEHHSAMH 200 (DIaHIIMHU, 3 OCTIHHOIO a00 3MIHHOIO TOBIIMHOIO CTIHKH. XO0JI0gHE 00'€-
MHe mrammyBaHHs (XOIII) BugaBmoBaHHSM € e(heKTHBHUM METOJIOM BUTOTOBIICHHS JIETalei Takoi
(opmH 31 CIUIaBiB, 10 MAIOTh TOCUTHh BUCOKY IUTACTHYHICTH 1 HU3bKHIA omip AedopmyBanHio [1].

JlJi1 BUTOTOBJICHHS IIUPOKO MOIIMPEHUX B MPOMUCIOBOCTI AeTajeil TUIly cTakaHy 3 (hiaH-
1IeM BUKOPHUCTOBYIOTHCS B Pi3HiN MOCIIJOBHOCTI BCl OCHOBHI CITOCOOM XOJIOJHOTO BHIABIIOBAHHS.
TpaguiiiiHo Taki MyCTOTLI feTalll OTPUMYIOTh CITIOCOOOM 3BOPOTHOTO BHAaBIoBaHHA [2]. [lo dak-
TOpIiB, K1 0OMEXyI0Th MOxJIMBOCTI nporeciB XOI, BifHOCATh BUCOKI HaBaHTAXXEHHS Ha 1HCTPY-
MEHT 1 IpocTOTy (hOpM mITaMIoBaHux naerajeil. OOMEKEHHSIM IUX CIOCO0IB € TaKOXK HEPIBHOMIp-
HICTh 1e()OPMOBAHOTO CTaHY, sIka 0COOJIMBO MPOSBIISIETHCS MPU BUJIABIIOBAHHI CKIIATHOTPODUIHO-
BaHMX JETAJICH, KOJU B PI3HUX 30HAX 3arOTOBKH, IO A€POPMYETHCS, CIIOCTEPITAETHCS 3HAYHA Pi3-
HUIIS B XapakTepl HaNpykeHo-AehopMoBaHoro crany [1, 2].

[lepcrieKTUBHUM HAIIPSIMKOM PO3BHUTKY TEXHOJIOTII € MONTYK 1 BUBYCHHSI HOBHX CXEM IITaM-
MyBaHHS, 110 3a0€3MeUyI0Th ONTUMI3AIII0 CUIIOBOTO PEKUMY 1 PO3UIUPEHHS MOXKIMBOCTEH MpoIie-
ciB xomonHoro aegopmyBaHHs [2, 3]. 3 TOUKH 30py 3HWKEHHS pOOOYMX HABaHTAKEHb HA 1HCTPY-
MEHT HaWOUIbII MEPCIIEKTUBHUM CIIOCOOOM OZIEp KaHHS MyCTOTIINX WIIHAPUYHUX JeTanel 3 (ra-
HIIEM 1 KOHIYHHX JieTajcii € koMOiHOBaHe BHaBoBaHHs [4]. KomMOiHOBaHI CXeMH MOKHA BIIHECTH
1 10 crtoco0iB, 110 3a0e31euye CyTTeBE PO3IMIMPEHHS MOXKINBOCTEN TexHoorii XOII.

CrniocoOu MO310BKHBOTO 3BOPOTHO-TIPSIMOTO BUJIABJIIOBAHHS € B JaHWW 4ac HaWOULIbII JOC-
JDKEHUMU 1 TIOMIMPEHUMH METOAaMH OTPUMAaHHS JeTajeil TUIy CTaKaHiB 1 TUIb3 3 BIAPOCTKOM
(puc. 1, cxema 1) [1-3]. Oanak, 1 aAns iX BAOCKOHAJCHHS 3aIIPONIOHOBAH1 HOBI OpUTIHAIbHI METOMH,
Taki SK BUIABIIOBAHHS 3 aKTUBHUM TEPTAM, KPYUCHHSIM, 3 PIAMHHUM TEPTAM Ta iH. [2, 3].

Croci6 paniaabHO-3BOPOTHOTO BUIABIIOBAHHS Mae€ MepeBary B MPOAYKTUBHOCTI 1 TOYHOCTI
JeTaneu, mo o0yMOBIICHO 0OpOOKOIO IeTalli B OJIHIH 1 TiH ke MaTpHIl 0€3 MepeMileHHs Ha MOCTTi-
JIOBHUX OTIEPAIlisiX BUAABIIOBAHHS MyCTOTUIO1 yacTUHU 1 danis (puc. 1, cxema 2) [4]. Y poborax,
MPUCBSYCHUX JTAHOMY CIIOCO0Y, PO3TJISHYTI B OCHOBHOMY CHJIOBHH PEXHUM MPOIECY 1 0COOTMBOCTI
(dbopmMo3MiHM 3aroToBKH [5, 6]. B poboti [6] Takok BUKOHAHWN KOMMI'IOTEPHHUH (B MPOTPAMHOMY
komrutekci Deform 2D) anani3 pexxumy Tedii MeTally 3 ypaxyBaHHSIM BIUIMBY KyTa TOPIS ITyaHCOHA
B MPOIIECAaX 3BOPOTHOTO 1 KOMOIHOBAHOTO PajlalbHO-3BOPOTHOTO BUAABIIIOBAHHS 3ar0TOBOK 31 CTa-
i, MO TMPOWIIIA 3arapTOBYBaHHsS. BHBUEHHIO TPAaHHMYHUX MOKJIMBOCTEW IPOIECY BHIABIIOBAHHS
JieTajel THITy cTakany 3 (praHieM npucBsiyena podora [7].

Jlo croco6iB, 110 3HAYHO 3HIKYIOTh €HEPreTUYHI BUTPATH, MOKHA BIJHECTH 1 MOCIiIOBHE
KOMOiIHOBaHEe pajliaJbHO-TIPSIME BUIABIIOBAHHS 3 po3adcto, 1o 3abe3neuye (HopMOyTBOPSHHS T1O-
JIOBXXEHHX IyCTOTUIMX JeTalel THIly Tiib3 1 CTaKaHIB B ONTUMAILHOMY pexuMi (puc. 1, cxema 3)
[8-10].

3BOpOTHE BUJABIIOBAHHS KOHIYHHUX CTAaKaHIB € BEJIbMHU €HEPrOEMHUM METOAOM IITaMITy-
BaHHS, 1110 0OYMOBJICHO 3HAYHOIO MOBEPXHEI0 KOHTAKTHOTO TepTsA. ToMy 1 JUIsl TaKOTO THUIY AeTa-
aeit crocid KoMOIHOBaHOTO BUABIIOBaHHS MoOXe OyTH edekTuBHUM (puc. 1, cxema 4). Eneprocu-
JIOBUH PEXHM 1 JesIKi OCOOJIMBOCTI OTPUMAHHS IMyCTOTIIMX JIeTajeH TUITy KOHIYHUX CTaKaHiB BUJa-
BIIFOBAHHSIM PO3IJIIHYTI B cTarTax [11, 12].
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Puc. 1. Cxemu kOMOIHOBAaHOTO BHJIABIIOBAHHS MyCTOTUINX JETaNeH

TakuM 4MHOM, ISl BUPIMICHHS MUTAHHS PO 3aCTOCYBaHHS TOTO YU 1HIIOTO CIIOCOOY KOM-
OIHOBAHOTO BHABJIIOBAHHS HEOOXITHO PO3IIMPUTH YSBJICHHS PO 3aKOHOMIPHOCTI (hOPMOYTBO-
PEeHHS JieTasielt 1, 30KpeMa, OI[IHUTU Je(OPMOBAHUI CTaH Ta MOXKJIMBOCTI TEXHOJIOTIYHUX CXEM Jie-
dhopmyBaHHSI.

Mertoto gaHoi poboTH € TOCTiIKEHHS 1e()OPMOBAHOTO CTaHY Ta MOXKJIMBOCTEH (HOPMOYTBO-
PEHHS TTOPOXKHUCTUX JIeTajeH pI3HUMHU CIIOCO0aMU KOMOITHOBAHOTO TOIMEPEYHO-TI03I0BKHBOTO BHU-
JTABJTFOBAHHS.

st nocmimpkeHHs 1ehOpMOBAHOTO CTaHy 3arOTOBKU MPHU PajiaJbHO-3BOPOTHOMY BHJIABITIO-
BaHHI BUKOPHCTOBYBAJIM METOAM KOMITIOTEPHOTO Ta MIKPOCTPYKTYPHOT'O aHalli3iB, a TAKOXX METOJ
JTUTWIBHUX CITOK. Pe3ynbTath eKcrepuMeHTaIbHUX JTOCTIIKeHb 1e(OPMOBAHOTO CTaHy B IPOIIECi
KOMOIHOBAHOTO paJialIbHO-3BOPOTHOTO BHJIABIIOBAHHS MMOKA3aJId pe3ynbTatu (puc. 2 i 3, a) O1u3b-
ki 10 orpuManux npu CE-monentoBanHi [7]. 3 modatky mporecy ocepenok aedopmariii paaiaibHO-
ro 1 3BOPOTHOTO BHUJIABIIOBAHHS PO3HECEHI OJMH BiJl OJTHOTO, IO MEPEIIKO)Kae BUHUKHEHHIO T0-
BEPXOHb 3 BUCOKHM TpagieHTOM nedopmaltiii 1 IHTECHCUBHUMU 3cyBaMH. [[f0 0cOOMMBICTh HAsIBHOCTI
PO3ALIEHOTO OcepenKy AedopMarliii 3 TBOMa aBTOHOMHHMH JUITHKAMU CJIiJl BpaXOBYBaTH MPHU BU-
OOp1 TOJIS MIBUJIKOCTEH 1 aHAJI31 CUIIOBOTO PEKUMY 1 (POPMO3MIHU 3arOTOBKH B MIPOIIEC] IITAMITY-
BaHHSI.

Vrz

Puc. 2. Bukpusnensst ciTku 1 moJis nedopmartiiidi mpu BUAABIIOBaHHI CTakaHy 3 (piaHieM

Oco0MMBICTh TAKOX 1 B TOMY, III0 X04Ya IHTEHCHUBHA JeopMallis i 30CEPeIKYEThCS B OKpe-
MHUX 30HaX y BHUXIJHUX OTBOPIB, B MPOMDXKHIN 30Hi, Ky MPUHHATO BBA)XAaTH KOPCTKOIO, edopma-
sl TAKOXK HApOCTa€ 1 B LJIOMY JIeTalbh CTa€ B JOCTaTHbOMY CTYIIEHI piBHOMIIHOIO. [lepeBaroro
croco0y € MPOTIKaHHS MPOLECY B ONTHUMAIBLHOMY PEXHMI, IO caMoperyitoeThes. L oco0nmmBicTh
JI03BOJISIE, HATTPUKIIA, JOMOTTHCS JOCUTH YITKOTO (hopMyBaHHs (HirypHOro ¢iiaHI B 3aKPUTIH T10-
POXKHUHI 6€3 TOOOIOBaHHS MEPEBAHTAKCHHS IHCTPYMEHTY.
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MeranorpadiyHoMy JOCTIKEHHIO TiAaBaIUCsa 3pa3Ku 3 JaTyHi 68. 3aranbHUN BUTIIAL
13 3a3HAYEHHSM 3pa3KiB JUIsl MPOBEACHHS JOCIII)KeHHS HaBeJIeHO Ha puc. 3, 0. B xoi qocmimkeHHs
BHU3HAYCHO XIMIYHHMHA CKJIaJ METally, BUKOHAHI BUMIpH MIKPOTBEPIOCTI MO MEPETHHY 3pa3KiB, BH-
BYECHA MIKPOCTPYKTypa Marepiany. 3pa3ku Ui JOCHIIKEHHS MIKPOCTPYKTYPH METalny — MiKpOII-
mi¢ Oynu BUTOTOBJIEHI Ha HUTi(yBaTbHO-TIONIpyBabHOMY Bepcrati LaboPol-5. MikpocTpykTypa
MeTalxy OTpMMaHa METOJIOM TPAaBJICHHS BOJHHM PO3UYMHOM COJISTHOI KHMCIIOTH 1 MijjaBanacs JOCi-
JDKCHHIO 32 JIOTIOMOTOIO BEJIMKOTO (poromikpockomna Bigoutoro ceitia «NEOPHOT 30». Makpo-
CTpyKTypa MeTany cdororpadoBana 3a JOMOMOTOI0 AOCTITHOTO CTEPEOMIKPOCKOMIYHOTO MIiKpOC-
koma cucremu SZX16 (OLYMPUS).

Puc. 3. JlepopmoBanmii ctaH mpu KOMOIHOBAaHOMY BHIIABJIIOBaHHI (@), MaKpOCTPYKTypa
(x 25) 1 mikpocTpykTypa (X 100) metany nerauni (6, B)

3 oTpUMaHUX KapTHH BHUHO, IO TPONPAIbOBAHICTh CTPYKTYPH METAJy BiJIIOBiIa€ KapTHUHI
po3noaity Aedopmariiii, OTpUMaHUX METOAOM AUMTWIBHUX ciTOK. Haitbinein nedopmoBaHi AiISHKH
MPUJISTAIOTH 10 BHYTPIIIHBOI MOBEPXHI CTaKaHi 1 B 30HI IMEPEXO0.y BiJ THA MOPOKHUHH JO CTIHKU
crakaHy. bins qHa cTakaHy TaKOK pO3TAIIOBYETHCS 30HA, JI€ CIIOCTEPIraeThCs MiIBUIIEHA CTYIiHb
nedopmarii. TyT MeTan 3aroTOBKHM MiIAA€ThCS OE3MEPEPBHOMY CTHCKY MPOTATOM BCHOTO IPOLIECY
negopmyBaHHs. 30HH, 110 MPUIATAIOTh JO BEPXHBOI KPOMKH CTakaHy, eopMOBaHi ciadkilile, ane
B IIJIOMY OTPHMAJIH JJOCTAaTHE 3MIiITHCHHSI.

J711 BUTOTOBIIEHHS MyCTOTUIMX JeTallel TUIY CTaKaHy 1 Iijib3 3aCTOCYBaHHs CIOCOOIB paii-
TFHO-TIPSIMOTO BHJIABIIFOBAHHS 3 PO3aYeiO JOUIJIBHO, OCKUIBKH TUIONIA BIUTUBY J€(POPMYIOUOTO ITy-
AHCOHA HA 3arOTOBKY ICTOTHO MEHIIE JiaMeTpa MOPOXXHUHU OJCP’KYBAaHOTO CTaKaHy, a Ie MPSIMHA
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NUISX 0 3HIKCHHS MOTPIOHWX CUJ JJis BUAABIoBaHHA. [Ipw 1bOMy, MOMXJIMBOCTI pajialibHO-
MPSIMOTO BUIABIIIOBAHHS HE OOMEKEHI OTPUMAHHSAM TITbKU BICECUMETPUYHUX BUPOOIB TUIY CTaKa-
HY 3 MMOCTIHHOIO TOBIIMHOIO CTIHKH MO BHCOTI OPOXKHHUHH, 3 CHMETPUYHO PO3TAIIOBAaHUM 30BHIII-
HIM OCBOBHM BifpocTkoM abo 6e3 Hroro [10]. HoBwuii cioci6 BuaaBmtoBaHHs niepeadadae oTpuMaH-
HS TPO(THOBAaHUX CTaKaHIB 31 3MiHHOIO TOBIIMHOIO CTIHKH, IO MOXKE iICTOTHO PO3IIUPUTH HOMEH-
KJIATypy IITaMIOBaHUX BHPOOIB 1 MABUINUTH €()EeKTUBHICTh MPOIECY PaaialibHO-TIPSIMOTO BUAAB-
JroBaHHS 3 posaaueto [13]. s miarBeppKeHHST MOKIMBOCTEH CIOCO0Y paialibHO-IIPSMOTO BUIA-
BIIOBaHHA Oyna mpoBeaeHa (cmiibHO 3 Uyuinum O. B., kaHI. TexH. HayK, JOI.) cepis JOCIHIJIiB
3 BUTOTOBJICHHS TTOPOYKHUCTUX AETAleH 31 CKIIaJHUM 30BHIIIHIM 1 BHYTPIIIHIM KOHTypamu. MipHi
3aroTOBKM BUT'OTOBJISIM 3 npokaty (matepian AJ[1 i ceunens C1) niametpom 28 MM 1 JOBKHUHOIO
Bix 55 10 65 mMm. Bignoigao 1o matenty [13], ckiaaHMiA 30BHIMIHIN Ta BHYTPIIIHIA KOHTYP MyCTO-
TUIMX JIeTalel OTPUMYBalu 3a MOCTIAOBHI MEPeXou, SKi 3a0e3medyBaau HeoOXiAHYy KiHEMAaTHKY
PYXy CKJIAQIOBHX YaCTHH pPOOOYMX IHCTPYMEHTIB (IIyaHCOHIB i MaTpHIb) i NepeHaIaro/KEHHS
Ha HEOOX1/IHI PO3MIipH W€l AUISHKY JEeTall, 0 MITaMITy€ThCS.

OTtpumaHi MyCTOTUI A€Tali Majdd UWIIHIPUYHY 30BHIIIHIO 1 BHYTPIIIHIO OOKOBI TOBEPXHIi
3 OAHI€I0 200 JBOMa CXOAMHKAMH Ha BHYTpIIIHIA OOKOBiM moBepxHi. [ OTpUMaHHS CXOAMHOK
Ha BHYTPIIIHIH OOKOBii MOBEPXHI MyCTOTIJIOr0 BUPOOyY OyJio MOTPiOHO Ha BiMOBIIHUX MEpexo1ax
3MEHILIUTH MOMEePEYH] PO3MIpU HIDKHIX MyaHCOHIB, a A7 OTpUMaHHs OIYHUX KOHIYHUX MOBEPXOHb
HEoOXigHO OyJi0 301IBIIUTH AlaMeTpH OTBOPIB (POPMOTBOPUHX IIISTHOK MaTpHib. [lycToTinuii Bu-
pi0 31 3MIHHOIO TOBIIMHOIO CTIHKU IO BHUCOTI MOPOXKHUHU (3 OJHIEI0 CXOAMHKOIO HAa BHYTPIIIHIN
00KOBiil MoBepxHi) Oys0 oTpuMaHoO 3a 1Ba nepexoau (puc. 4). Ilicas oTpuMaHHS Ha TIEPIIOMY TIe-
pexoAl mycToTiioro HamiBpadpUKaTy 3 TOBIIMHOIO CTIHKK 3 MM 1 Ha IPyroMy Mepexoi 3a paXyHOK
3MEHIICHHS JiaMeTpa po00v0i JUISTHKA HIKHBOTO IyaHcoHa 3 50 MM 110 44 MM paliaibHO-TIPSIMUM
BUJIABJIIOBaHHSM OyJia cpopMOBaHa CXOJUHKA Ha BHYTPIIIHIM OOKOBIi MOBEPXHi.

-

D28
I

51=40
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Puc. 4. BurotoBienHs npodiibOBaHOTO IMyCTOTIIOTO BUPOOY THUITy CTaKaHy 31 CXOAWHKOIO
Ha BHYTPILIHIA MTOBEPXHI

Sk Oyno BiA3HAYEHO, HEIOJIIKOM CIIOCO0IB BUIABIIOBAHHS MyCTOTUINX JeTallel € HEOJHOPI-
JTHICTh MEXaHIYHUX BJIACTUBOCTEH MeTay BHPOOiB, sika 0COOJIMBO MPOSBISETHCS Y BUPOOIB 3 BEJIH-
KOIO TOBIIMHOIO JTHA, KOJH TOBINMHA JIHA JETajl JOPIBHIOE pajliycy MOPOXHUHU a00 BUIIE HOTO.
VY Toil 4ac KOJM B CTIHII CTaKkaHy MeTal Ha0yBa€e XOPOIIOTO MPOMPAIIOBaHHS, B IEHTPAIbHIN 30HI
JIOHHOT YaCTUHU CTYMiHb Aedopmarii HesHauHui [11].
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3HWKEHHST HEPIBHOMIPHOCTI JedopMaliii 32 HOBUM CIIOCOOOM JIOCSTAEThCS TUM, IO aedop-
MyBaHHs BiZIOyBa€ThCs B JiBa €TAlM TaKMM YMHOM, IIO HA MEPIIOMY €Tali OJHOYAaCHO BUKOHYIOTbH
3BOPOTHE BHJIABIIOBAHHS CTIHKM CTAaKaHy 1 MpsMe BUAABIIOBAHHS 3 YTBOPEHHSIM TEXHOJIOTIYHOTO
BIIPOCTKA B IOHHIM YaCTHHI CTakaHy, a Ha APYyroMy eTari BiI0yBaeThCsl BUTICHEHHS (Ha 3pa3okK pa-
TiaTPHOTO BUIABIIIOBAHHS ) METATy 3 BIIPOCTKA HAa3aJ] B IOHHY YacTHHY cTakaHy (puc. 5) [14].

Strain - Effective (mm/mm) Strain - Effective (mm/mm)
3.00 3.00
7.| .
2.00 2,00
1 J
77
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_
N7 L 2
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Puc. 5. Crioci® 3HMXEeHHS HEpIBHOMIPHOCTI nedOpMyBaHHS IyCTOTUIMX JETallei: cxema
nporecy (a) 1 monst aedopmaitiii (0, B)

3acTocyBaHHS JIaHOTO CIIOCOOY MOJKJIMBO 1 MPU BUTOTOBJICHHI KOHIYHHMX CTakaHiB. Moje-
JIOBAaHHS Mpoliecy KOMOIHOBAHOTO BHUIABIIOBAHHS IPOBOJWIOCH B MPOrpaMHOMY KOMILIEKCI
Deform 2D. Matepian 3aroroBku — anmomitiii Al-1100. 3nako3MinHa qedopMartis, SKii miIIaeTbes
MeTal 3a paxXyHOK CIOYaTKy HpPSMOIo MEpeMillleHHs METaly y BiIPOCTOK, a MOTIM 3BOPOTHOTO —
B JIOHHY YaCTHHY CTaKaHy, 3a0e3Ieuye Xopolie MponparoBaHHsI MeTaly aeraii (auB. puc. 6, 01 B).
JI1st BUTaBIIFOBaHHSI BUKOPHUCTAHI 3aroTOBKH 3 po3mipamu R = 20 mMm, H = 60 MM (puc.6, a). Kytu
HaXWIy MaTpull 1 MyaHCcoHa OyJu NPUHHATI a,, = o, = 15 ©, a yMOBaM KOHTAaKTHOTO TEPTs Ha 000X
IHCTpYMeHTax BianoBigaB koedimieHT Tepts u = 0,08. Pagiyc Bimpoctka ckimaB R; = 12,5 MM, a Bu-
cota H; = 20 mm. Paniyc myancona Rn = 16 mm. Xii BEepXHbOTO ITyaHCOHA S; = 55 MM, a HIDKHBOTO —
S> =12 mm.

Bynu otpumani i mpoaHani3oBaHi MO PO3MOAUTY IHTEHCHBHOCTI AedopMariiii micis eTarmy
KOMOIHOBAHOT'O BUJABIIOBaHHS CTaKaHy 3 BIAPOCTKOM (ZIUB. puc. 6, 0) 1 mMicCysi 3BOPOTHOTO TIEpeMi-
IICHHSI METaJly BIIPOCTKA B JOHHY YaCTHHY CTaKaHy 1 3aBepIIeHHS Ipolecy (auB. puc. 6, B). Bera-
HOBJICHO, 110 5K 1 y BUMAAKY BUIABIIOBAHHS IJIIHIPUYHUX CTaKaHIB, IHTCHCUBHICTD Achopmariiit
B JIOHHIM YacTHHI BHPOOIB MOMITHO 3pOCTa€ 32 PaXyHOK 3aCTOCYBAaHHS 3HAKO3MIHHOTO Aedopmy-
BaHHS (MPSMOTO BHUIABIIOBAaHHS BIJIPOCTKA 1 paJiaibHOTO BHUIAABIIOBAHHS MeETaly 3 BiJPOCTKa
B JIOHHY YacTHHY JeTaji). JJHO KOHIYHOrO cTakaHy Ma€ OUIbII BHUCOKY CTYIiHB MPOIPALIOBAHHS
MeTaly, HiK B IPOIIECi IPOCTOTO BUIABIIIOBAHHSI.

Jlis1 3icTaBlieHHs CIIOCOOIB 3BOPOTHOTO 1 KOMOIHOBAaHOT'O BU/IABIIOBAHHS KOHIYHHMX CTaKaHIB
OyJI0O TIPOBEICHO MOJIEIIOBAHHS TpolieciB B mporpamHomy komruiekci Deform 3d. Posmipu onep-
KyBaHUX JleTasieil OJTHAKOB1 JJISI JBOX PO3MNIAHYTHUX BuNankiB (puc. 7). ToBmmHA JHA KIHIEBOTO
BHpOOY CTaHOBWJIA 5 MM, TOBIIIMHA CTIHKU cTakaHy — 3,75 mm, Bucora — 50 mm. BHyTpimHii mia-
MeTp MaTpuili 1opiBHIOE 28 MM. JliameTp myaHcoHa ckias — 20,5 MM (nuB. puc. 7, A, b). Kyt xony-
CHOCTI MaTpwuili 1 myancoHa nopiBHioe 10°. [{uninapuyna 3aroroBka Maja aiameTp 28 MM 1 BUCOTY
30 mm. lns mporiecy KOMOIHOBAHOTO BHIABIIOBAaHHS BHKOPHCTOBYETHCS KOHIYHA 3arOTOBKA 3 BE-
TuKuM aiameTpoM 41 mm, BucoToro 12,5 MM 1 KyToM KoHycHOCTI 10°, 110 KOPHCHO IJIsi KpaIioro
LEHTPYBaHHS B MaTpulli. MaTepias 3aroToBku amoMiHieBuil crutaB AJ[31. YMoBaMu KOHTaKTHOTO
TEpTs Ha poOOUYMX MOBEPXHAX BianoBinanu koedimientu teptsa 0,08-0,4 (3a 3idenem).



ISSN 1993-8322. BICHUK Jlon6acokoi depiricagnoi mauiunoo6yoieHoi axademii. No 2 (46), 2019. 56

KomOiHoBaHe BUIaBIIOBaHHS J03BOJISIE OTPUMATH JIETalll 3 BUCOKOI TOYHICTIO PO3MIpiB
13 IKICHOIO CTPYKTYPOIO 32 PaXyHOK 3CYBHHX JAe(opmarriii.

a

Puc. 6. Cxema mporiecy KOMOIHOBAaHOTO BHIABIIOBAHHS KOHIYHOTO CTakaHy (a) 1 mous
po3moALTy IHTeHCUBHOCTI fedopmartiii (0, B)

[IpompattoBaHHsl CTPYKTYpPH METaIy XOJOIHOI IUIACTUYHOIO JehOopMalli€lo MO MepeTUHY
CTIHOK 1 JTOHHOI YaCTHHH JeTaji MO)KHa OI[IHUTH 3a PO3IMOJALIOM IHTEHCHBHOCTI nedopmarii &;
B 3arOTOBIII MiC/Is BUAaBIOBaHHA. Ha puc. 7 Takuii po3nonain nedopmarttii 1aHo 1j1st BapiaHTIB 3BO-
potHOTO (psamoK A) i koMOiHOBaHOTO (PSAOK b) I7s mocnimoBHUX CcTalili 1O XOAy IyaHCOHA, 3a3Ha-
YEHOTO Ha puc. 7 B MiJTiMETpax.

Ilepen moyaTkoM 3BOPOTHOTO BHJIABIIOBAHHS BHXiJHA 3arOTOBKA PO3TAILIOBaHA HA JHI MaT-
putti (muB. puc. 7, A). [locTtymanbHuii pyx myaHcoHa 3a0e3redye TeUil0 MEeTajly B 3BOPOTHOMY Ha-
NpSIMKY B 3MiHHMH 3a30p MK MaTpULEIO 1 MyaHCOHOM, B Pe3yJbTaTi 4Oro BifOyBaeTbcs (Gopmy-
BaHHS CTIHKHM CTaKaHy JIETaJll MEPEBaKHO 3a paXyHOK cTHUCHEHHS. CTiHKa JeTalli, OTpUMaHOi 3BO-
POTHUM BUIABIIOBAaHHIM, Ma€ 30HY MaKCHMMaJIbHOI IHTEHCHBHOI INIACTHYHOI edopmartii, sika po-
XOJIUTH 3/1I€OUTHIITIOTO HA BHYTPIIIHIA MOBEPXHI CTaKaHy, SIK 1€ CIIOCTEPIragocs 1 IpH BUIABIIOBaHHI
HWITIHAPUYHUX cTakaHiB. OTHaK MpU 3BOPOTHOMY BHJIABJIIOBAHHI 3aJMIIAETHCS CIA0KO MPpOopobIeHa
30Ha BUPOOY ITiJT TyaHCOHOM.

®opMo3MiHa 3arOTOBKM Ha OCHOBHIM cTanii mpoiuecy KOMOIHOBAHOTO BHWAABIIOBAHHS
(muB. puc. 7, b) BinOyBaeThcs 3a CXeMOIO KOMOIHOBAaHOI Tedii: MeTaJl MPOAABIIOETLCS BHU3 1 BUIA-
BIIIOETHCSL BrOPY, B CTIHKY JETaji MpPU OJHOYACHOMY BUHUKHEHHI aKTHBHUX CHJI TEPTA 1 3CYBHHUX
KOMIOHEHT jaedopmarrii. [Ipu mocsrHEHHI 3arOTOBKOIO TOPIIS MPOTHBOIYaHCOHA IPOIIEC MEPEXO-
JMTh Y 3aKIIIOYHY CTaJil0, U SIKO1 XapaKTepHO CTUCHEHHS MeTally B 30HaX JHA 1 CTIHKH 1 3BOPOT-
HOTO BH/IaBJIIOBAHHS METay.

[Tpu koMOiHOBaHOMY BHJIABJIIOBaHHI MPOMPAIIOBAHHS CTPYKTYpU Mae OiIbIl PiBHOMIpHUH
XapakTep 3 MEHIIOK JIOBKWHOIO 30HM MaKCUMaJIbHOI IHTEHCUBHOI Aedopmarrii €i. It 060X cxem
BUJIABIIIOBAHHS XapaKTepHA HU3bKa MPOIMPAIIOBAHICTh BEPXHBOT'O TOPLIS CTIHKH JIETalll.

OpmHuM 3 TEXHOJIOTIYHUX (hAaKTOPIB, IO BIUTMBAIOTH HA (HOPMO3MIHY 3arOTOBKHU, € YMOBA KO-
HTaKTHOTO TEPTsl, Ka 33/1a€ThCs BETMUNHOIO KoedinieHTa Tepts. [Ipu cniBBiAHOIIEHH] paaiycy Imy-
aHCOHa JI0 pajaiycy MaTpuil B aianaszoHi Big 0,4 1o 0,8 361nbmenHs koedillieHTa TepTs Ha yaHCOHI
OUTBIIOI0 MIpOIO BIUIMBA€E HA CUJIOBI MMapaMeTpH MPOLECy, a MPH MiHIMAJIbHUX 3HAYEHHAX Koedimi-
€HTa TepTs — me 1 Ha GpopmosminHy. [Ipu BenMKUX 3HAYCHHSX CITIBBITHOIICHHS PaJliyCiB 1 MEHIITUX
CHJIaX TEPT, HA MOBEPXHI IHCTPYMEHTIB CIIOCTEPIra€ThCsl OUIBII iIHTEHCUBHE TIEPEMIIIEHHS METaTy
B IIPSIMOMY HAIpSMKY.
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Puc. 7. Po3nonin iHTeHCUBHOCTI AedopMallii & 3a IEPETUHOM 3arOTOBKH 10 XOY MPOIIECY
(B MM) mipu 3BOpoTHOMY (A) 1 KOMOiHOBaHOMY BUAaBoBaHHI (B)

Komr'torepHi MoJieni MoKa3yrTh, 0 KOJU 3HAYCHHS KOSPIIIEHTIB TEPTSA HA MATPHIII 1 ITya-
HCOHI MiHIMaJIbHI 1 COPUSAIOTH OLIbII IHTEHCUBHOMY TEUI€I0 METANy B MPSMOMY HAIMpPsIMKY 1 TOB-
IIMHA CTIHKW CTaKaHy JOCSTaE TIeBHOI BEJMUMHH, HA OCHOBHIN CTa/ii BUAABIIOBAHHS B CTIHII CTa-
KaHy (OpMyeTbes JiHIS PO3MALTY Tedil MeTaly B MPSIMOMY 1 3BOPOTHOMY HarpsiMkax. Brumms minii
po3nity Ha GOPMO3MIHY MOYKE BHPaKATHCA 1 B TOsABI 1e(DeKTy y BUTIISAL YTSHKHUHH, TOOTO TIOPOXK-
Hedl nepeJl TOpLEeM IyaHCOHA, BUKJIMKAaHOI BUIEpeKalouuM MepeMilleHHsIM MeTany BHU3. OLiHKa
BIUTMBY CTYIEeHS OOTHCHEHHS (CITiBBIIHOIICHHS PaJiyciB IyaHCOHA 1 MATPHIIi) 1 KyTiB HAXWIy iH-
CTPYMEHTIB Ha BJIaCHY HOABY Ae(EKTy y BUIJIAAL YTSDKUHU MEepe]l TOPLEM [TyaHCOHA BUMArae 1moja-
JBIIUX AOCIHIKEHB.

BUCHOBKU

Jlnsi BUAABIIOBAHHS JleTallell TUIy cTakaHy 3 (piaHIeM, pO3TalllOBaHUM Yy JHA JIeTall CIIiJ
BUKOPUCTOBYBATH CXEMY, SKa IMOE€JHYBaTUME CIIOCOOM 3BOPOTHOTO 1 pa/iialbHOTO BHJIABIIOBAHHS.
Jnsa ouinku nehopMOBAHOTO CTaHy MpH KOMOIHOBAHOMY pPaialibHO-3BOPOTHOMY BHJIaBIIOBAaHHI
CTakaHy 3 (pyrlaHIIEeM BUKOPHCTaHI METOAM JUTMIIBHHUX CITOK 1 MIKPOCTPYKTYPHOTO aHaii3y. BecraHo-
BIICHO, 110 TIPOIIEC MPOTIKA€E MPU HAIBHOCTI IBOX aBTOHOMHHUX OcepenKiB aedopmailii, a HalOLIbII
iHTEeHCMBHO N1e()OpMOBAHI 30HU MPHJIATAIOTH O BHYTPIIIHBOI IMOBEPXHI MOPOXKHUHU. Pe3ynmpratn
JOCTIIKeHb MAIOTh SIKICHUM 301T 3 pe3yJbTaTaMy aHai3y METO/IOM CKIHYEHHHUX €JIEMEHTIB.

ExcniepuMeHTanbHO TOBEICHO MOKIIUBICTh BUTOTOBJICHHS 3 BUXIAHOT CYLIJTBHUNA 3arOTOBKH
CKJIaHONPO(ITFOBAHUX MyCTOTUIMX JeTallel 13 3MIHHOIO TOBIIMHOIO CTIHKH 1 CTYMiHYacCTOO TO-
POXHHHOIO a00 30BHIIIHHOIO MOBEPXHEIO CIIOCOOOM MOCIIIOBHOTO PaTialIbHO-TIPSIMOTO BHIABIIIO-
BaHHS — CMOCIO OTpUMaHHS JeTajei TUIy MTMOOKUX T'iIb3 1 CTaKaHiB.
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3anpornoHoOBaHO CHOCIO BHIABIIOBAHHA JETalell THITy CTaKaHy 3 TOBCTHM JIHOM, 3a SKHM
3 METOI0 3HMKCHHSI HEPIBHOMIPHOCTI AedopMaliii 3a MepeTHHOM JAeTalli MeTal B 30HI JHA CTaKaHy
MiAAI0Th 3HAKO3MIHHIA Jedopmaii TUITXoM IpsSMOTO BHIABIIOBAHHS METAITy Y BIPOCTOK i TIOBO-
POTHOTO paiaibHOrO BUIABIIOBAHHS B 30HY JIHA.

[TpoBeneno CE-mopentoBaHHS TPOIIECY BHIABIIOBAHHS IYCTOTLIOI KOHIYHOI JeTaii 3a J10-
MIOMOTOI0 IporpaMHoro npoaykry Deform-2D. Po3rnsHyTo 3MiHy KapTHH pO3MOIiTY iHTEHCHUBHOC-
Ti edopmartiii y KOHIYHUX JeTajeid, OTPIMaHuX 3BOPOTHUM 1 KOMOIHOBAaHMM BHIaBIIOBaHHAM. [1i-
ATBEP/DKEHO 3arajbHUIl XapakTep po3NOoNuTy neopMaliil y MyCTOTUIMX JeTaledl THUIy CTaKaHy
3 TI[yXUM OTBOPOM.
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