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ITPAMOTAIH CEPAKYTIANHOBUY AJIIECB —
BUJIATHUI HAYKOBEID, TEJATOT 1 HACTABHUK

Bunarauii  HaykoBeup, neaaror
1 HacTaBHHK [rpaMoTaia CepakyTAHHOBUY
AJi€EB — JIOKTOp TEXHIYHHX HayK, Ipode-
cop, 3aciyXeHHil Iisd HayKd 1 TEXHIKH
Vkpainn. Moro HaykoBmil i KHTTeBHil
LUISAX — 11€ IPUKJIAJ] HEBTOMHOT'O CITYXKIHHA
OCBITI, PO3BUTKY aKaJeMi4HOI HayKH Ta
HAYKOBOT MPHUHLIUTIOBOCTI.

KutreBnit nuax Irpamoraina Ce-
paKyTIMHOBHYA PO3IOYABCSI B MaJleHb-
KOMY TipChKOMY CeJuI 3iIbauK y XiBCh-
KOMY paiioHi coHsiuHOro Jlarectany.

3 1965 poky, micis 3aKiHYEHHS
IIKOJIM, BIH HPAIIOBAB y TEXHOJOTIYHOMY
oropo 3aBoay Jlarmmzens (M. Kacmiiicbk)
1 TapanenpbHO HaB4aBcsi y JIeHIHTpaiCh-

KOMY KOpaOJie0y1iBHOMY 1HCTUTYTI, KU

\ 3akinuuB y 1971 pori.

VY 1978 pori, micis 3akiHYeHHS acmipanTypu JIEHIHTPaIChKOTO MOITEXHIYHOTO IHCTUTYTY Ta
3aXMUCTy KaHAUAATCHKOT aucepTarlii (HaykoBuid kepiBHUK — mpod. K. M. borosiBiencekuii), OyB Ha-
npasieHuid 10 Kpamaropcbkoro iHaycTpiaibHOro iHCTUTYTY (3apa3 J/IMA), 3 yoro i po3nodaBcs
HOro I IHUHM KpaMaToOpChbKuil mepiof.

VY 1995 poui Anies I. C. 3aXMCTUB TOKTOPCHKY JHCEPTALiI0 HA TEMY «Y3arajJbHEHHS Ta PO3-
poOka pecypco30epiralodmx MpoieciB BUAABIIOBAHHMY, a Y 1997 pori oTpuMaB 3BaHHs mpodecopa
kadenpu o6pooku meraniB TuckoM (OMT) i OyB oOpaHuii 32 KOHKYpCOM Ha TOCaay 3aBiqyBaya Ka-
benpu.

[Tpodecop Amies I.C. — BU3HaHMI CTICMIATICT y Tally31 TEOPii 1 TEXHOJIOTIT MPOIIECIB TOYHOTO
00’ eMHOTO AehopmyBaHHs. BiH 3p0oOHB BaroMuii BHECOK Y TEOPIrO 1 MPAKTUKY 0OPOOKH METAIB TH-
ckoMm (OMT).

Voro ronoBHHM HayKOBMM 300yTKOM € 3aCHYBaHHs HayKoBoi mkomi «Po3poGka pecypco-
30epirarounx MporeciB 00poOKU THCKOM Ha OCHOBI PO3BUTKY METO/IB 1 3aCO0IB JOCIHIIKEHHS TeX-
HOJIOTIYHUX PEKUMIB IJIACTUYHOTO 1e(hOPMYBaHHS.

B pamkax 1€l mkonm mix Horo KepiBHUITBOM OYJIO YCIINTHO 3aXUIIEHO / JTOKTOPCHKHX Ta
14 xaHIUIATCHKUX TUCEPTALIIH.

Pesynbratu ioro gocnimkens omyosikoaHi y 380 HayKoBo-MeTOAMYHUX mpatsix; 111 aBTop-
CHKHX CBIJIOIITBAX 1 MaTeHTaX; 3 HAYKOBUX MOHOrpadisnx, 1 1oBimHKKY; 5 po3ainax MmoHorpadii (30-
kpema 3 —y Ilonbiii), 6 HaBYaIbHUX MociOHUKax 1 1 migpyunuky 3 rpupom MOH Ykpainu.
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Po3po6ku nmpodecopa Amiea 1. C., cipsmMoBaHi Ha pecypco3depirarodi TEXHOJIOTIi Ta X0JI0-
JTHY 00pOOKY 13 3aCTOCYBaHHSIM BHCOKHX THCKIB, OYJIM BIPOBAKEHI HA MPOBITHUX MIAMPHEMCTBAX
MaIMHOOYTyBaHHS Ta MpUIago0yAiBHOT TpoMuciIoBOCTI, TakuX K [IpAT « HKM3y», I[TAT «kEMCC,
INAT «dpyxxiBcekuit 3SMB», CM3 «Motop Ciuy, 3a0€31eUuBIIN 3HAYHUH €KOHOMIYHHUH e(eKT.

IrpamoTain CepaxxyTAMHOBHY TakoX 00iliMaB BayKJIMB1 aJiMiHICTpaTUBHI nocaau B JJon6ach-
Kiil nepskaBHii MamuHOOYMiBHIN akanemii (JJJIMA). Bin 6araro pokiB ouomoBaB kadeapy OMT.
3 2003 mo 2015 pp. mpairoBaB MPOPEKTOPOM 3 HAYKOBOI poOoTH ¥ 30BHIIIHIX 3B’s13kiB [JJIMA. Ha
uiit mocaxai npogecop Aniesa . C. opranizyBaB BUJIaHHS TPhOX (paxoBUX 301pHUKIB HAYKOBUX Pallb,
30kpema i «O6poOka MaTepialiiB THCKOM).

[Ipodecop Anie 1. C. akTUBHO clipusB MKHApOJHIN criBmpaii. [[Bidi oTpuMyBaB TpaHTH
st ctakyBadHs y Himewunni no ninii DFG. ByB koopauHATOpOM TphOX MiKHAPOJIHUX MPOEKTIB
€sponeticpkoro Corozy no ninii TEMITYC (2009-2017 pp.), 10 cnpusisio CTBOpEHHIO [HHOBAIII-
HOTO IIEHTPY Ta OCHALIECHHIO JIabo-
paropiii JI/IMA.

AmnieB 1. C. takox mpunui-
JISIB BEJIMKY yBary NOUIMPEHHIO Ha-
YKOBOT'O JIOCBimy cepen ¢axiBiiiB
MIPOMHCIIOBOCTI,  OpraHi3yBaBIIN
MDKHApOJHY  HAyKOBO-TEXHIYHY
KoHpepeHIito «/locirHenHs Ta
po0JIeMH PO3BUTKY TEXHOJOTIH 1
MaIiiuH 00poOKH THCKOMY, sIKa T10-
Haax 20 poOKiB HIOPIYHO MPOBO-
nuthes y Kpamatopcebky. : S 7

3a cBoro OaraTopiuny ycmimHy podoty npodecop I. C. AmnieB OyB yI0CTOEHUN YHCICHHUX

HaropoJ Ta MOYEeCHHUX 3BaHb: MeAAJb «3a JOOJECTHBIN TPY/1»; TOYECHI BiI3HAKU «BIIMIHHHK OCBITH
VYkpainu» Ta «3a HayKoBi JocAarHeHHs»; «3acnyxenuil npodecop HAJAMA» (2007 p.); moyecHe
3BaHHS «3aciy>KeHUH Aisi4 HAyKu 1 TexHiku Ykpainu» (2020 p.).

ITpodecop Amies I.C. 6yB manoBanuM wieHoM ekcniepTHuX pag MOH Ykpainu Ta roiaoBoro
crnerianizoBanoi paau npu JJIMA.

CoTHI CTYJEHTIB 3aXOILTIOBAINCS HOTO JEeKIisiMi. BiH yMiB T0HECTH HaMCKIIaIHIII HAyKOBI
inei mocTymHo it HaTXHeHHo. Moro yuHi, sKi paioioTh 1o Beiil YipaiHi Ta 3a il MexaMu, THIIAI0THCS
THM, 10 OyJIM BUXOBAHISIMH 1IaHOBHOTO Irpamotaina CepaxyTInHOBHAYA.

Moro ®uTTepamicHicTh, 106pOTa Ta MY/PICTh, 4 TAKOXK HPArHEHHS 10 HAYKOBHUX BUCOT, 3aB-
KM HaAUXalu 1 OyqyTh HaWXaTH HACTYIHI MMOKOJIIHHA HAayKOBILiB. BiH He nuIie notyxHuil daxi-
Bellb Ta BU3HAHWM BUEHUH, ajie ¥ JUIIOMAT, IKUH HaMarascs BCiX 00'eqHATH.

Im’st AnieBa Irpamotina CepaxxyTAMHOBHYA MO MTpaBy 3aiiMae Mictie y 3ootomy (onai Haykw.

Ileiiman ABXAPI
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PO34in I
MOOEJIFOBAHHA NMPOLIECIB
OBPOBKU TUCKOM

YK 621.73.011.001.5 DOI: 10.37142/2076-2151/2025-1(54)5

Auies I. C.
CuBak P. 1.
Aoxapi II. b.

BIIJIUB TAPAMETPIB IPOLECY XOJIOAHOI'O KOMBIHOBAHOI'O
BUJABJIIOBAHHSA HA JE@OPMOBHICTD 3AI'OTOBOK

Ipakmuunoio peanizayicio Um0z 00 CY4acHO20 MAUUHOOYOIBHO20 BUPOOHUYMEA YMOBAX BUCOKOI KOHKYDEHYIT
€ 3acmocysanus pecypcosbepicarouux npoyecis. OOHUMU i3 MAKUX NPOYECi8 € IHHOBAYIUHI MEMOOU X0TOOH020 00'eMHO20
WMAaMNYBAHH, WO CRPUAIOMb BUNYCKY GUCOKOAKICHOI NPOOYKYIl 3 MiHIManbHuMy 3ampamamu. 30kpema cnocobu Kom-
OIHOBAH020 BUOABTIOBAHHS NOCMANHUM 0eQOPMYSAHHAM O0360II0Mb OMPUMYSAMU OeMAli CKIAOHOI KOHpieypayii 3
NOKPAWEHUMU MEXAHTYHUMU BTACTIUBOCIAMU 0ePHOPMOBAHO20 MEMATY, BUCOKOIO MOYHICIIO, HEOOXIOHOI0 MeXHON02iY-
HOI0 Cnaokosicmio ma Nio8UWeHUMU 3HAYEHHAMY SPAHUYHUX PO3MIpis. Boonouac maxi npoyecu 003601410me 3HAUHO
SHUBUMU CUTY 0eOPMYBAHHA i, K HACTIOOK, 30inbuiumu cmiukicmos iHcmpymenmy. Ipu yvomy oopoeci mapku cmanet
MOJICHA 3aMinumy Ha Oinbw Oewiesi b6e3 nocipuenis cayHco08ux eracmusocmeli 6upobis 3a paxyHox GopmysanHs cnpu-
AMAUBOT 0151 pobomu eupoOI8 MAKPOCMPYKMypuU, He0OXIOH020 PieHs 0eqhopMayiliHO20 3MIYHEHHSL MA NOUWKOOICEHHOCI
odeghopmosanoeo memary. Ane noemante 0eqpOpMy8aHHsL € NPULUHOIO BUHUKHEHHS MeYii Memairy, wo Xapakmepu3yemvcs
HEMOHOMOHHOI NAACMUYHOI0 0eOPMAYicio, a ye 3HAUHO YCKAAOHIOE MeopemudULl po36 130K makozo muny 3adas 0o-
POOKU Memanié MUCKOM 3 MOYKYU 30pY PO3PAXYHKY KOMHOHEHM MEH30pa HANpYdiCeHb i nowKoodiceHs. B pezynomami
BUHUKAE HeOOXIOHICMb Yy ompumari iHghopmayii npo KiHemMamuxy nAACMuyHOi meyii Memany, MexaHiuHi 61acmueocmi
ma cmpykmypu QyHKyii mamepiany, aKi HeoOXiOHI 0151 pO3PAXYHKI6 HANPYHCEHO-0ehOPMOBAHO20 CMAHY A BeTUYUHU
BUKOPUCMAHO20 PeCyPCy NAACIUYHOCTNI NPU HEMOHOTNOHHOMY 0eOPMYBAHHI 8 YMOBAX 06 €EMHO20 HANPYHCEHO20 CINAHY .
Ha ocnosi meopemuunux ma ekcnepumeHmansHux 00Ciiodlcenb 6 Crmammi NPONOHYEMbCA OISl BUSOMOBIIEHHS 0emanei
3acmocosysamu cnocodu X0100H020 KOMOTHOBAHO20 8UOAGTIOBAHHSA | RPOCIIOKY8AMU 6NIUE NAPAMEMPIE OeOPMYBAHHSA
Ha degpopmosHicms 3a20mosku. Lle 003601ums 3HAUHO 30IMLUWIUMU 2DAHUYHI POIMIPU A NOKPAWUMY NOKASHUKY meX-
Hono2iunoi cnadkoeocmi supoby. Jlna oyinku niacmuyHOCmi Memany 6 crmammi nponoHyEMbCsa KOMNAEKC 00YUCTIEHD,
AKUL 8PpAX0BYE 0COOAUBOCMI NPOMIKAHHA NPpOYyecy 00 EMHO20 WMAMNY8aHHA Oemanel, npu AKOMy Memain nepebysac 6
VYMOBAX HEMOHOMOHHOI nAacmuyHoi depopmayii.

Kntouosi cnosa: kombinogane 8u0asnio8ants, HanpylceHns, oegpopmayii, naacmuuHicms, oepopmosHicme, 6u-
KOpUCMaHuil pecypc niacmuyHOCHi.

TpaauuiiiHi cXeMHu MIACTUYHOTO AeopMyBaHHS MiX JIBOMa IHCTPYMEHTaMU: aKTUBHUM PY-
XOMHUM 1 HEPYXOMUM IHCTPYMEHTaMH HE BIANOBIJAIOTh Cy4aCHUM BHUMOTaM Ta CKJIaJHUM TEXHOJIO-
riuHuM 3ajadaM. KepyBaHHs BIaCTUBOCTSAMH, IUIACTHMYHOIO TEUI€I0, TEXHOJOTTYHUMHU (aKkTOpaMu
notpeOye OLITBIT CKIIaJHOTO CHIIOBOTO Ta KIHEMAaTHYHOTO BIUTHBY. KOMOiHYBaHHS TAKUMH BIUTUBAMH,
TEUisMH, CIIoco0aMu JepOpMyBaHHs, iX aKTUBHE PETYJIIOBAHHS 32 YaCOM Ta IUISIXOM BiJKPHJIIO IIH-
POKi MOXKJIMBOCTI Y HANIPSIMKY T ABUIIIEHHS SKOCTI MPOYKITii, OTPUMAHHS JACTaJICH paHille HeJOCTY-
MTHUX CKJIATHUX (OPM IPH MOPIBHIHO HU3BKUX CUJIOBUX BIUIMBAX 3 HOBUX KOHCTPYKLIWHUX 1 (yHK-
1ioHaJBHUX MaTepiaiis [1].

V¥ mamumHOOY/IyBaHH1 BCe OLIBIIOTO MOIMKPEHHS HaOyBatOTh KOMOIHOBaHI METOM MJIaCTHY-
HO1 00poOku. HoBi crmocobu aedopmyBaHHS, SKi MependavyaroTh CKiIagHe KOMOIHOBaHE HaBaHTa-
YKEHHS 3 I0IaTKOBUMHU KIHEMAaTUYHHMH 1 CHJIOBUMU BIUTHBAMH, 3 BUCOKHUM PiBHEM TiAPOCTATUIHOTO
THCKY, 3 HasIBHICTIO 3HAKO3MIHHOTO JIe(OopMyBaHHS JalOTh MOXKJIUBICTH (JOPMYBaHHS CIIPUATIUBOT
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i poO0TH BUPOOIB MaKpOCTPYKTYpH, HEOOX1THOT BeNUYHHHU 1e(hOpMAIlifHOTO 3MILIHEHHS Ta JOITy-
CTMMOTO PiBHS MOIIKOPKEHHOCTI 1e()OpMOBAHOT0 MeTally. 3a pe3yJbTaTaMHi €KCIIEPUMEHTAIbHUX
JIOCITIJKeHb BCTAHOBJICHO, 110 MPU 3aCTOCYBaHHI KOMOIHOBAaHOTO BHUJABJIIOBaHHS cuia aedopmy-
BaHHS B IMOPIBHSAHHI 3 TPaJUIIHHIMH ClIOcO0aMu 3HIKY€EThCst Ha 16—-40 % [2].

Ha sixicTh BUp0OIB, 110 BUTOTOBIISIOTHCS. 0OPOOKOIO THCKOM, ICTOTHO BIUTMBAIOTh 3aKOHOMI-
PHOCTI 3MiHH HaIlpy>KE€HO-e(OPMOBAHOI'0 CTaHy 3arOTOBKHU B IIPOIEC 00'€MHOI0O IIACTUYHOTO Jie-
¢dopmyBaHHS. A Ha Tedilo MeTalry npu 1edopMyBaHHI Ta HANPYKEHO-Ae(POPMOBaHMIA CTaH 3ar0TO-
BKH BIUIMBa€ 0e371i4 (akTopiB, OCHOBHUMHU 3 SIKUX € croci0 aedopMyBaHHs, (GopMa IHCTPYMEHTY,
(dopma 3aroTOBKH, KIHEMaTHUHUI PEXHUM, MaTepian 3aroToBKU oo [3]. @opMyBaHHS BIaCTUBOC-
Teil BUpoOy MOB's13aHe 13 30BHIIIHIMU KIHEMaTUYHUMHU Ta CUJIOBUMH BIUIMBAMHU Ha 3arOTOBKY Ta 3a-
JICKUTH BiJ IEpeBakat0vy0i MEXaHIuHOi cxeMu Jedopmarii. JlogaTkoBril KiIHEMaTHUHUH BIUIMB MOXKE
CHPUATH PI3KOMY HOJIMIIEHHIO ONPALOBAaHHS CTPYKTYpU METaly YCYHEHHS 3acTiMHUX 30H 1 3HH-
KEHHsI HepiBHOMIpHOCTI edopmarii [4].

HasBHICTh HEMOHOTOHHOT'O HaBaHTAKEHHsSI 3HAYHO YCKJIA/IHIOE TEOPETHUHUH PO3B’A30K 3a1a4
00poOKkH MeTaniB TUCKOM. IcHyt0Yl (hi3uyHI PiBHAHHSA, SIKI BUKOPUCTOBYIOTH JJIsl PO3PaxXyHKY KOM-
IIOHEHT TE€H30pa MOLIKOKEHb Ta HANIPYXKEHb TP HEMOHOTOHHOMY HaBaHTa)KE€HHI OTPEOYIOTh J10-
orpaioBaHHs. {11 JOCTOBIPHOI OLIHKH BETUYMHU BUKOPUCTAHOTO PECYpCy IUIACTUYHOCTI MPH HE-
MOHOTOHHOMY Jie(popMyBaHHI B yMOBax 00’ €MHOI'0 Halpy>KEHOI'0 CTaHy HEOOX1HE BpaXyBaHHs HU-
3kM (PaKTOPiB, 30KpeMa HE3aJEeKHO OTpUMaHa iH(OpMaIlis MPo KIHEMATHUKY IJIACTUYHOI Teuii Me-
Tajy, BU3HAYCHHS BIJIIMOBITHUX MEXaHIYHUX BJIACTUBOCTEN Ta CTPYKTYpH QYHKINH MaTepiaiy.

Memoto pobomu € po3poOKa HOBUX, OUTBII TOCKOHATIUX METO/IIB PO3PaXyHKIB HAMPYKEHO-/Ie-
(OpMOBAaHOrO CTaHy Ta OLIHKH J1e€()OPMOBHOCTI 3ar0OTOBOK IPU XOJIOAHOMY O0’€MHOMY LITaMILy-
BaHHI B yMOBaX HEMOHOTOHHOTO HABAHTAXEHHS JJIsi CTBOPEHHS, PO3POOKH Ta yIOCKOHAJIECHHS IPO-
11eciB 0OPOOKH METaJIiB THCKOM.

oeTanHi croco6u KOMOGiHOBAHOTO BMIABIIOBAHHS BUJIINEHI B OCOOIHUBY Tpymy. IX MoskHa
OXapakTepU3yBaTH TUM, 1110 KpIM IIyaHCOHA B IITaMIIl Ma€ OyTH I1l€ OJJHa pyXOMa yacTHHa, ab0 Mpo-
TUITyaHCOH a0o MaTpuiis [ 1]. Peamizaris Takux moeTamHux Croco0iB paIialibHO-TI0I0BKHLOTO BH/Ia-
BJIIOBaHHA BHUMAara€ CTBOPEHHS INPUCTPOIB 31 CKJIAJHOIO KIHEMAaTHKOI pyXy I1HCTPYMEHTIB
[2—4]. Taki mporecu 0OpOOKH METaTiB THCKOM CYNPOBODKYIOTHCSI HEMOHOTOHHHM HaBaHTa)KCHHSM
MeTally 1 MUTaHHSA 3/1aTHOCTI HOTro /10 IIACTUYHOTO (POPMO3MIHEHHS CTa€ HAJA3BUYAWHO CKIIAJHHUM.
Ane sSKIIO 3MIHIOBAaTH XapakTep HaBaHTa)KEHHS LUIIXOM CTBOPEHHS 3HAKO3MIHHOI Jedopmartii
[5, 6], TO IHTEHCHBHICTB MOMIKODKEHHS METaJTy ITiJ1 Yac TUTACTUYHO1 AeopMallii Moke OYyTH 3HAYHO
MTOHMKEHA.

B Teopii miacTUYHOCTI OTpUMATH PO3B’SI30K CHCTEMH AU(EpEHLIalbHUX PIBHSAHB, IKUH 3a/10-
BOJIbHSIB OM TPAaHMYHUM YMOBaM, JIUIsl HEMOHOTOHHOTO HABaHTAXEHHS Ha/[3BHYAtHO cKkiagHo. Tomy
IIPONIOHY€ETHCS HACTYITHA MaTeMaTUYHa MOJIeIb, SIKa 103BOJISE IPH pO3paxyHKax Hamnpy>kKeHb Bpaxo-
BYBATH BIUIMB HEMOHOTOHHOCTI.

Jis oxep:kaHHS KIHEMAaTHYHO MOJKJIMBOTO IMOJIS IIBUAKOCTEH AJIS 3a/a4 OCeCUMETPHYHOI
CTalliOHAPHOI Teyil Mpy BUAABIIOBaHHI [ /—14] IpOMOHY€THCSI METO/, IKUH MOKHA BUKOPHCTATH NIPU
JOCITIJDKEHHSX YCTAJIGHUX PEKUMIB TUTACTHYHOI AedopmMariii CyIiIbHUX TiI.

KomroneHTH TeH30pa MBUAKOCTEH AeopMalliii & BU3HAYANM I3 PIBHSHB, aPOKCHMYIOYHX

BUKPHBIICHHS JIiHIM TIIMIBHOI CITKH B 3MIIIAHUX €HJIepOBO-JIarpaHKeBUX 3MiHHUX [15]:

R =f(y2), (1)

e - QYHKIIS BUKPUBJICHHS JiHIN AUTHIBHOI CITKH.
KomnoHeHTH TeH30pa HaIpyXKeHb Oij A1 OCECUMETPUYHOI Jedopmallii TOBUHHI 33J0BOJIb-
HUTH JU(EpEHIIITHAM PiBHAHHAM piBHOBaru [16]:
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ao-r aTrz O-f B O-(ﬂ
+ + =0
or oz r ’ 2)
802 aTI’Z TFZ
—r+—24+-2=0
0z or r

1 TPaHUYHUM YMOBaM, sIK1 IpUiIMalii B IHTErpasibHIA (OpMi Ha rpaHUIIl NPY>KHOI 1 INIACTUYHOT 30H
G1 Ha Bxoqi 1 G2 Ha BUXO/Ii 13 MaTpHIIi:

P = 27r.[r(azvZ +7.v, )dG, (©)

n
Gy

ae  Pn(n=1,2) — cuia Ha rpanuiti Gn, V2, ¥ — KOMIIOHEHTH BEKTOPA 30BHIIIHBOI HOpMai 10 Gn,
a0o0 y BUIJISII OJHOPIAHUX I'PAaHUYHUX YMOB Ha BUIbHIN noBepxHi [17]:

ovit mew=0, vzt or.=0. 4

Bennunna HaBaHTa)keHb Ph BilomMa 13 eKCIIEPUMEHTY a00 13 TOCTAaHOBKH 3a/1ayi.
Jist po3paxyHKy KOMITOHEHT JIeBiaTOpa Halpy>KeHb BUKOPHCTOBYBAJIH PIBHSIHHS y BUTIISAIL

. & d“e.
S, = 20,(6,)L - [{1- Ale;Jor e Joles )t e e ©

2
i3 g 3 de,

Xapaxrepuctiku Matepiany op(eu), Hlev) i ple, —e) BU3HaYAIHN EKCIEPUMEHTAIIBHO.

Moienb HaKOMHUEHHS MOIIKOKEHb TP HEMOHOTOHHOMY HaBaHTa)XCHH1 I'PYHTY€EThCS Ha Ti-
MoTe31, 0 MOUIKO/KEHHS OMUCYIOThCS TEH30POM JIPYroro panry. KoMImoHeHTH 11b0ro TeH30pa BH-
3HAYAIOTHCS MEXaHIKOIO MPOTIKAHHA MIACTUYHOI AeopMallii B KOHKPETHOMY TEXHOJIOTIYHOMY MpO-
1ECi, @ TAKOXK MaTepiaIbHUMH (QYHKIISIMH, K1 OMTUCYIOTH (Pi3MKO-MEXaHI4HI BIACTHBOCTI MaTepiaiy.

Beeaemo, noaepxyrouuce [17] TeH30p MNOLIKOIKEHD Wij, KOMIIOHEHTH KOO BU3HA4YajIu Ha-
CTYITHUM YHHOM:

Vi = J F(eu 1 ):Bijdeu ' (6)
0

ne F(eu,7,445) — mo3UTUBHA DYHKILIS, STKA XapaKTEPHU3Y€E Uy TIUBICTh MaTepialy 10 CXEMH Harpy-
’KEHOTO CTaHy.
Komnonentu tensopa fij 10piBHIOIOTb:

2 dg;
= = —. 7
V3 de (7)
3 CHiBBIHOIIECHB TEOPii Tedii:
3 de,
Y=g, % ©

Ta i3 [18]
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BBaxkaeTncs, 1110 pylHYBaHHS HacTyIa€ PU YMOBI, KOJIM SKach QYHKIS 1HBapiaHTIB TEH30pa
Vij 1ocsIrae eBHOro 3HaueHHs1. [lepiuii iHBapiaHT OO TEH30pa OPiBHIOE HYI 0. HexTytoun Bru-
BOM TPETHOT'O 1HBAPiaHTYy, 3aIUIIEMO YMOBY PYHHYBaHHS Y BUIJISI

Wijl = const. (10)

Jliis BU3HAaYeHHsI KIHEMaTHUYHUX XapaKTEePUCTHK Ae(opMyBaHHS 3a OCHOBY MPUNHATI eifiepiB
Ta JIarpaHXkiB TeH30pu Aeopmarii [19]:

S PO Y Y )
2 OX; OX; 2\ da; 0a;

1€ a— KOOPJHWHATH YaCTKH 10 AePOpMyBaHHS,
X - KOOPJAMHATH YaCTKH B MPOIECi 1eOopMyBaHHS.
A TaKOX CIiBBIAHOIIEHHS Il BU3HAYCHHSI MBUAKOCTI 1edopmartii

ov, OV,
&; :1 —t— (12)
2\ ox;  ox

Ie  V— CKJIaJOBi MIBUIKOCTI PyXy YacCTOK TiJia, MO Je(hOPMYETHCSI.

KoMmoneHTH fieBiaTopa HanmpyKeHb 00YrCIUMO 110 Ghopmydi (5), a Harpy>KeHHS TIPH OCECH-
METpUYHIN Jedopmaliii BASHAYUMO [IUIIXOM IHTeTpyBaHHs AudepeHiiatbHUX PiBHIHb piBHOBArH (2)
3a jornomororo (3).

[Tpu oTpuMaHHI TEH30pHOI MOJIENI HAKOIMYEHHS MOIIKOX)KEHb BUKOHYBAJIM HACTYTIHI Mepe-
TBOpPEHHS. [3 criBBigHOILIEHB Teopii Teuii (8) BUTIKaE, 110:

ng \F 3S;
= |2 =21 13
de, 2ﬂ” 20, (13)

[TiginTerpanshi GyHKIIl B (6) MOXKHa HOPMYBaTH TaKUM YMHOM, 1100 3amicTh ymoBH (10) 3a-
JIOBOJIbHUTH MPUAHATIH B heHOMeHOooruHi# Teopii ymosi [18]:

wiyi= 1. (14)

B sikocTi puKIIa Ty 3aCTOCYEMO 3aIPOTIOHOBAHMIA ITi IX 11 Ta TIOCITi IOBHICTH 0OYUCIICHB TSI O11i-
HKH TUTACTHYHOCTI METay AeTali 3 (piaHieM, 1o OTPUMYEThCS MUITXOM KOMOIHOBAaHOTO JIBOXETAll-
HOT'O BUAABIIOBaHHS. 3a/1a4€t0 JAHOTO JOCIIKEHHS OyJI0 BUSBIICHHS BIUIMBY BiJIHOCHOT BEJTMUMHH,
10 XapaKTepU3y€e 3a0KPYTIICHHS MaTpHIli, Ha Ae(GOPMOBHICTh 3aroToBku. [IpuHIIMIIOBA cXeMa mpo-
1IeCy paJialIbHOTO BUAABIIOBAHHS 3 MTOJAJIBIIO OCAIKOI0 MIJIIHAPUIHOTO 3paska i3 crani 10 npen-
CTaBlieHa Ha puc. 1, a.
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€y ep(nvuc)

a) |
€y ep (ﬂ ) Hc)

Puc. 1. IlpuHmmmoBa cxema TMpOIECy paaialbHOTO BHAABIIOBAHHSA 3 IIOJAJIBIIONO
KOHTYPHOIO OCaaKOK (a), MOBepXHs rpaHuuHHX aedopmartiit ep(7,45) mis cram 10 1 nusxu

negopMyBaHHS YaCTOK MaTepialy B XapaKTEPHUX TOUKAX MPU dﬁ =005 (0); £ =010 B); £ =015
0 0 0
(r)

IMToBepxHIO rpaHnYHUX Aedopmartiii s craii 10 anpokcumyemo 3anexuictio [19, 20]:

ep(m,1ts) = 0,68exp(0,4315-0,717).

[ToBepxHs rpannuHux aedopmarniit crami 10 Ta msxu nedopMyBaHHS 4acTOK MaTepialy
B XapaKTepHHUX TOYKaxX HaBeJeHO Ha puc. 1, 0, B, T. Touka 7 Binmoinae Touri A, sika Oyia BUKOPHUC-
TaHa MPU PO3paxyHKy HampyskeHb. [3 aHai3y XapakTepy IUX TPAEKTOPi 1 iX po3TalryBaHHs y BUO-
paHOMy IPOCTOpPI BUTIKAE, 110 i3 30UIBIICHHSM pajiyCy 3a0KpYyTJICHHS MATPHIIi P TPAEKTOPIi 3MIMIy-
FOTHCSI B 00J1aCTh OUTBII M’ IKMX CXEM HaBaHTa)XEHHs, TOOTO YMOBH IUIAaCTUYHOI epopmartii cTaroTh
OUTBII CIPUATIUBUMHU 3 TOUKH 30py AepopMoBHOCTI. JIOCBiA OTpUMaHHS AeTajel pagialbHUM BUAA-
BIIFOBAHHSIM CBITYHUTH, III0 HACAMIIEPEl MAKPOTPIIIHHA BUHUKAE B TOYIIl BITLHOT MOBEPXHI (HIIaHITIO
Ha eKBaTopiajbHii oci cumerpii. KonTypHa ocajka 3MeHIIy€e HMOBIPHICTh pyHHYBaHHS B LIbOMY Mi-
CIIl JeTali 1 J03BOJIsIE OTpUMATH (PJIaHeNb JlaMeTp SKOTO 3HAYHO TMEPEBUIIYE aiameTpu (IIaHIIIB
OTpPUMaHUX TPAJULIMHUME criocoOaMu BuAaBiIoBaHHA. KpiM TOro, miJ 9ac KOHTAaKTy BUTbHOI ITOBE-
pxHi (IaHI 1 MAaTPUIll TAKOXK BUHUKAE 00JIACTh A€ METaJ IepedyBae B yMOBaX CIPUATINBOI CXEMHU
HanpyskeHoro cTany. Lle 101aTkoBo 3MeHIye HMOBIpHICTh pyHHYBaHHS y HeOe3NeuHii 30H1 aeraii
1 Haae BUpOOy HEOOXiAHY TEXHOJIOTIYHY CITaJJKOBICTb.
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PesynbraTi po3paxyHKiB i mpuBeneHi B Ta0n. 1 mis giamerpy ¢uaniio dmax = 48 MM npu
do= 20 MM B 3aJIe)KHOCTI BiJ] pajiiyca 3a0KpyTJICHHSI MaTPHIIi

Tabmuug 1
PesynpTaT po3paxyHKiB BEJIMYUHU BUKOPHUCTAHOTO PECYPCY TUIACTHYHOCTI
BinHomienHns paniycy
320KPYTJICHHS M?:lTpI/IHi Touxa Benuyraa BHKOPUCTAHOTO
JI0 TIOYaTKOBOTO JliaMeTpy pecypcy MIacTUYHOCTI, |
3aroToBku, p/do

3 0,48

0,05 5 0,74

7 0,88

3 0,39

0,10 5 0,58

7 0,64

3 0,36

0,15 5 0,44

7 0,56

3 aHaji3y pe3yJbTaTiB, HaBeJIEHUX y Ta0j. 1 BUTIKae, 1m0 30UIbIIEHHS BIIHOCHOT BEJIMYNHU
paziyca 3a0KpyTJIEHHS XapaKTepU3y€eThCsl 3SMEHIIICHHSIM BEIHUYMHU BUKOPUCTAHOTO PECYPCY IIACTH-
YHOCTI I/ B XapaKTEPHUX TOUYKaX 3aroToBkU. /ehopMyBaHHS BIIbHOI MOBEPXHI (hIaHIIO Mij Yac Ko-
HTaKTy 3 MAaTPHUIICIO TAKOXK CIPHUSATIMBO BIUIMBAE HA BEIMUYMHY BUKOPUCTAHOTO PECypCy IIACTHYHO-
CTi B HeOe3IeuHiii, 3 TOUKH 30py pyHHYBaHHS, KpaitHii TOYIll Ha TOPU3OHTAJIBHIN OCI CUMETPii 3aro-
TOBKH. L{e TOBOPUTH MO 3MEHIIIEHHS IHTEHCUBHOCTI HAKOITMYCHHS MOIIKO/KEHB B 11ii 00J1acTi (hia-
HITIO, 32 PaXyHOK IOETAIHOTO JIe(OpMyBaHHSI.

B sKOCTI HacTymHOTO MPUKIALY PO3MVITHEMO IMpollec KOMOIHOBAHOTO IMO3I0BXXHBOTO 3BO-
POTHO-TIPSIMOTO BUIABIIOBAHHS, B IKOMY 3 METOIO IMOKPAIIEHHS SIKOCTI BUPOOY, 32 paxyHOK 3a0e3-
MeYeHHsI TPOPOOKK MeTany B MOro JOHHIN 4YacTHHI, IPOMOHYETHCS 3MAIMCHIOBATH AePOpPMYBaHHS
B J1Ba eTtany. Ha mepmiomy erami 0J/HOYaCHO BHKOHYIOTh 3BOPOTHE BHJIABJIIOBAHHS CTIHKM CTaKaHa
Ta MpsSMEe BUJIABIIOBAHHS 3 YTBOPEHHSIM TEXHOJIOTTYHOTO BIAPOCTKA B JIOHHIN YacTHHI CTaKaHa, a Ha
JpyroMy eTari Bi0yBaeThCsl BUTICHEHHS! METally 3 TEXHOJIOTIYHOTO BIAPOCTKA HA3a] y JOHHY Yac-
THHY (pHC. 2, a, 0). B 1aHOMy BHUIaKy JOCTII)KYBaBCS BIUTHB BUCOTH TEXHOJIOTIYHOTO BiIPOCTKA Ha
ne(OpPMOBHICTh 3arOTOBKH. Pe3ynpTaTi po3paxyHKiB HampysKeHb i gedopMaliiii BUKOPUCTOBYBAIN
s o0y 10BU 1uUTsAXiB aedopmyBanHs 7(eu), to{eu) (puc. 2, B, T), a 3aJSKHICTh MJIACTHYHOCTI Bifl
CXEMH HaIpPyKEHOTo CTaHy 3aJlaBajii MOBEPXHEI0 TPaHUYHKX AeopMarliil.

PesybpTatn po3paxyHKiB BEJIMYUHU BUKOPUCTAHOTO PECYPCY IUTACTUIHOCTI | B XapaKTePHUX
TOYKaX 1Mo 00’ €My 3arOTOBKH MPUBE/IEH] B Ta0MI. 2.

Hagseneni y Ta0:1. 2 pe3ynpTaTu CBi4aTh, M0 30UTBIICHHS BUCOTH TEXHOJIOTTYHOTO BiIPOCTKA
MIPU3BOASTH 10 301TBIICHHS BETUYMHNA BUKOPUCTAHOTO PECypCy IIIACTUYHOCTI i B XapaKTEPHUX TO-
YKax 3arOTOBKU. AJie 1€ 3pOCTaHHs He3HAauHe 1 Takuii crnocid neopmMyBaHHS MOXe OYTH BUKOPHC-
TaHUU JJIS1 TOKPAIICHHS TPOIPAIIOBaHHS METaly B JIOHIM YaCTHHI BUPOOY, OCKUTEKH OCHOBHUM He-
JOJIKOM TPaJUIIHHUX CIIOCOOIB BUTOTOBJICHHS TOPOKHUCTUX BHPOOIB TUIY CTaKaHa € HEOTHOPIA-
HICTh MEXaHIYHUX BJIACTUBOCTEH MeTally BUpOOyY. Y TOM 4ac KOJIM CTIHKM CTaKkaHa MaloTh IpoIIpa-
[IOBAHUH METal, y HEHTPaJIbHI{ 30H1 JJOHHOI YaCTUHH METaJl OTPUMYE JIMIIE He3HAaYHI Jedopmartii.
Oco065MBO 11€H HEOJTIK TPOSBISIETHCS Y CTaKaHIB 13 BEJIMKOIO TOBIIMHOIO JHA. 3raaHUil HEHOJIK
MOKHA YCYHYTH, SIKIIIO 3aCTOCYBAaTH IMOETAITHe KOMOIHOBaHe BUIAaBIOBaHHA. JlJis pearizaiii Takoro
nporiecy HeoOxigHe 00JIalHaHHS 13 CKJIQTHOI KIHEMATHKOI PyXy 1HCTPYMEHTY, aje 3a paxyHOK
CTBOpPEHHS YMOB, IIPH KX BUHUKA€ HEMOHOTOHHE JIe(hOpMyBaHHS B OcepeKy aedopMailii, MOKHA
3HAYHO MIJBUIUTH TUIACTHYHICTh METANy 1, TAKUM YHHOM, PO3IIMPUTH TEXHOJOT1UHI MOMJIMBOCTI
XOJIOTHOTO 00’ €MHOTO IITAMITYBaHHSI IETAJICH THUITY CTaKaHy.
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Puc. 2. Cxema KOMOIHOBaHOIO IO3/I0BXXHHOI'O 3BOPOTHO-IIPSIMOIO BHJIABJIIOBAaHHSA Ha
MOYaTKOBIN cTaii (a); y KIHII MepHIoro eTamy Ta y KiHUEBIH cTanii gpyroro eramy (0); TOBEpXHS
rpaHUYHUX Jedopmanid 1 [UIAXH JeOpMYBaHHS YaCTOK Marepially XapakKTepHHUX TOYOK
[T HAPUYIHOT 3arOTOBKU TPH BUCOTI TEXHOJIOTTYHOTO BimpocTKy hs = 10 MM (B); hs = 15 mm (T)

Taomums 2
3HaueHHs] BUKOPUCTAHOTO PECYpCy MIACTHYHOCTI Y B XapaKTEPHUX TOYKAX 3aTOTOBKH
Bucora TeXHOIOTIYHOTO Touka Benmndraa BHKOPUCTAHOTO
BigpocTka hs, MM pecypcy MIacTHYHOCTI i/
1 0,23
10 3 0,37
5 0,53
1 0,29
15 3 0,45
5 0,59

TakuM 9MHOM, 3aCTOCYBaHHS 3aIlPOTIOHOBAHOTO KOMILIEKCY OOYHCIIEHB JO3BOJISIE OTPUMATH
JOCTOBIPHY OIIIHKY Je(OPMOBHOCTI 3arOTOBOK B IMPOIECAaX XOJIOJHOTO 00 €MHOTO IITaMITyBaHHS,
0 CYMPOBOKYIOTHCS HEMOHOTOHHUM IIACTHYHUM J1e(hOpMyBaHHSIM, Ta IMPOAHATI3YBAaTH BILIUB
napaMeTpiB eOpMyBaHHSI Ha BEJIIMYMHY BUKOPUCTAHOTO PECYypCy TUIACTHYHOCTI JUTsl CTBOPCHHS
e()eKTUBHOTO TPOIECY OOPOOKH METaJIiB TUCKOM a00 yJIOCKOHAJICHHS ICHYIOUOTO 3 METOIO TOKpa-
IICHHSI TEXHOJIOT1YHOI CIIaJIKOBOCTI BUPOOY.

BUCHOBKU
3anporoHoBaHa B CTAaTTI MaTeMaTHYHA MOJIE)Tb HA OCHOBI TEOPii aHI30TPOITHO 3MIITHIOBAHOTO
TiJIa T03BOJISIE BPaXOBYBAaTH BILUTMB HEMOHOTOHHOCTI HABAaHTA)KCHHS Ha 3HAUCHHSI KOMITOHEHT JIeBia-
TOpa HamNpy’>KeHb, a TEH30pPHA MOJIEIb MPOIECY HAKOMMYCHHS TOIIKO/HKEHb OTPUMATH JOCTOBIpHY
OLIIHKY BEJIMYMHH BUKOPHCTAHOTO PECYPCy IUIACTUYHOCTI P HEMOHOTOHHOMY HaBaHTa)keHHI. [Ipu
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IBOMY B SIKOCT1 (PYHKIIiH, SIKI OMHCYIOTh MEXaHI4Hi BIAaCTUBOCTI MaTepiaty, BUKOPUCTAHO OBEPXHIO
rpaHn4HOi MmIacTHYHOCTI. [TiABHUIIEHHS TOYHOCTI BU3HAYEHHS BEJIMYMHHM BUKOPHCTAHOTO PECYpCy
TUTACTUYHOCTI 3a JIOTIOMOTOI0 3alPOIIOHOBAHOI MOCIIIJOBHOCTI OOUUCIIEHb JO3BOJIUTE OUIBII SIKICHO
OIIHUTH BIUTMB MapaMeTpiB neopMyBaHHS Ha AePOPMOBHICTh 3aTOTOBKH IPYU HEMOHOTOHHIM TIJ1ac-
TUYHIN Aedopmalii i Ha il OCHOBI YJJOCKOHAJIOBATH ICHYIOY1 Ta CTBOPIOBATH HOBI MPOLIECH 00pO-
OKM MeTaJIiB TUCKOM JIJIs OTPUMAHHSI JIeTajiel 3 HeOOX1THOK TEXHOJIOTTYHOIO CITaJIKOBICTIO.
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Aliiev 1., Sivak R., Abhari P. Influence of cold combined extrusion process parameters on the deformability
of blankets.

The practical implementation of the requirements for modern machine-building production in conditions of high
competition is the use of resource-saving processes. One of such processes is innovative methods of cold volumetric
stamping, which contribute to the production of high-quality products with minimal costs. In particular, methods of com-
bined extrusion with stepwise deformation allow obtaining parts of complex configuration with improved mechanical
properties of the deformed metal, high accuracy, the necessary technological heritability and increased values of limiting
dimensions. At the same time, such processes allow significantly reducing the deformation force and, as a result, increas-
ing the stability of the tool. At the same time, expensive steel grades can be replaced with cheaper ones without deterio-
rating the service properties of products due to the formation of a macrostructure favorable for the operation of products,
the necessary level of deformation hardening and damage to the deformed metal. But the gradual deformation is the
cause of the metal flow, which is characterized by non-monotonic plastic deformation, and this significantly complicates
the theoretical solution of this type of metal processing problems from the point of view of calculating the components of
the stress tensor and damage. As a result, there is a need to independently obtain information about the kinematics of the
plastic flow of the metal, the corresponding mechanical properties and the structure of the material functions, which are
necessary for calculating the stress-strain state and the value of the used plasticity resource during non-monotonic de-
formation under conditions of a volumetric stressed state. Based on theoretical and experimental studies, the article
proposes to use cold combined extrusion methods for the manufacture of parts. This will significantly increase the limiting
dimensions and improve the indicators of the technological heredity of the product. To assess the plasticity of the metal,
the article proposes a set of calculations that takes into account the peculiarities of the process of volumetric stamping
of parts, in which the metal is under conditions of non-monotonic plastic deformation.

Keywords: combined extrusion, stresses, deformations, plasticity, deformability, used plasticity resource.
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Kocapes B. C.
Yyuun O. B.

JOCJIIXKEHHA BUTOTOBJIEHHA IMMOPOXKHUCTUX JETAJIEN 3 ®JIAHIEM
B ITPOIECI KOMBIHOBAHOT'O BUJABJIIOBAHHS

IIposedeni meopemuuti OOCHIOANCEHHS NPOYECY 3AKPUMO20 KOMOIHOBAHO20 360POMHE—PAIANIbHO20 8UOABIIO-
sanns oemani «Cmakan 3 ranyemy 3 antominiesoeo cniagy A2017 6 npoepami DEFORM 2D/3D 3anpononosarnuti me-
Mmoo 003601U6 NOGHICMIO YCYHYMU 0edheKm 3amuUcKy ma Hed03an08HEeHHsL MAMepPiaioM 3d20MOSKU HUNCHbO20 KYma No-
POJICHUHU 8 PAAHYEBIl 30HI, 3a80SKU BUKOPUCTNAHHIO 000AMKOBOI KIHEMAMUKU OOHOYACHO 8EPXHbOI MA HUMCHbOIL HaANI-
emMampuyb Ha npomueazy 6a3080My 8apianmy, 6 AKOMy 0isi deopmayii 3a20Mo6KU GUKOPUCIIOBYBABCS MINbKU AKMUG-
HUU BEPXHIll NYAHCOH. YCYHeHHs yux Oeghekmis Cmano MONCTUBUM 3AB0SKU BUKOPUCIIAHHIO 000amMKOBOI KiHeMamuKu
00HOYACHO 8ePXHbOI Ma HUJICHLOI Haniemampuys. JlocioNHCy8aANOCy BUKPUBTEHHS OLIUNbHOL CIMKU, PO3NOOLL IHMEHCUE-
Hocmi Oeghopmayiil € ma po3nooin IHMeHCUBHOCMI HANPYJiCeHb Tl 8 NepemuHi 3a20moeKu, axa depopmyemocs. Hocni-
00iCeHHsL 2papiKy 3anedCHOCMI CUIU BUOABTIOBAHHSA 810 X00Y 8ePXHLO2O NYAHCOHY 8 73 MM NOKA3AN0, WO MAKCUMATbHE
sHauenus cunu 6 160 kH moorcna nobauumu Ha emani ooOpmy8aHHs IAHYI0 MA NOBHO20 3AN0BHEHHS MAMEPIANIOM 3A20-
MOBKU NOPONCHUHU 8 HUMCHII Haniemampuyi. ITicia gopmysanus granyro be3 oegpexmis ma NOBHO20 3aNOBHEHHS Ma-
mepianom 3a20moeKy NOPONCHUHU 8 HUICHIU HANIBMampuyi 3MIiHIOEMbCA PYX Haniemampuys. Jlani 0o KiHys npoyecy Ha
emani 360POMHO20 6UOABTIOBAHHS cula deopmayii nocmitno 3pocmae (0o 150 kH). Pesyromamu meopemuyHux 0oc-
JOMHCEHb MOJICYMb OYMU 6UKOPUCIAHT 8 NPAKMUYHIN OisIbHOCME HA 6UPOOHUYMEE OJIsl NIOBUWEHHSL AIKOCTE Ma e eKmu-
eHoCcmi gueomognents oemaneti «Cmaxan 3 granyemy.

Knrouosi crnosa: xonoone 06’ ’emune wimamny8ants, 6UOAGIIOBAHHS, NOPOICHUCA Oemalb 3 QAaHyeM, Memoo
CKIHYEHUX e/leMeHmis, BUKPUBIeHHs. OLIUIbHOL CImKU, PO3NoOil IHMeHCUsHoCmi depopmayitl, po3nooin iHMeHCUSHOCHI
HAnpyiceHsb, NYaHCOoH, HANieMampuys.

[Iponiecu xonoaHOTrO AePOpMyBaHHS XapaKTEPU3YIOTHCS BUCOKMMHU MUTOMUMH 1 TTOBHUMH
CUJIaMU Ha 1HCTPYMEHT, IO 3HIKYIOTh HOTO CTIHKICTB 1 cTabumbHICTh Tiponecy [1-3]. Cocobu ne-
(dhopMyBaHHSI, SIKi CIIPSIMOBAHI HAa 3HIDKEHHS IIMX 00OMEXEHb, TIepe10auatoTh CTBOPEHHS O1TBIII CIIPH-
STIUBUX JJISl CHJIOBOTO PEXUMY PI3HOMMEHHHX CXEeM Halpy>KeHO-1e(OpMOBAHOTO CTaHy, 3MEH-
IICHHS TUIOIII KOHTAKTy aKTHBHOTO JIe()OPMYIOUYOTO IHCTPYMEHTY 13 3arOTOBKOIO, 3HWKCHHSI HaBaH-
Ta)XK€Hb Ha THCTPYMEHT 3a PaXyHOK 3a0€31eUeHHs O1IBIIOTO CTYIEHs CBOOOIM BUTIKAHHS METaITy a00
po3BUHEHOI pagianbHOI Teuii (po3aadi Metany) [3]. [ToemHaHHS cXeM MO370BKHBOTO 1 MOMIEPEYHOTO
BUJIABJIIOBAHHS MOXKIIMBE B KOMOiHOBaHMX crioco0ax aedopmyBanHs. [Ipu 1boMy MOKHA BUTOTOB-
JISITH 32 OJTHY OTIepaIlifo CKJIaAHi 32 (OpMOIO MOPOKHUCTI 1 CyIIbHI AeTani 3 pruaHmsMu abo Biapo-
cTkamu [4].

[ToposkauCTI MeTai 3 (IaHIeM IMHUPOKO 3aCTOCOBYIOTHCS B aBTOMOOUIBHIM, aBiamiiHii, Ma-
MIUHOOYIIBHIM Ta IHIIKX TaTy3sSX MPOMHUCIOBOCTI. B 1iux BUpoOax ONTUMAaIbHO MOEAHYIOTHCS JIeT-
KiCTb, MIIIHICTh, QYHKI[IOHANBHICTh Ta CTIMKICTb.

[Tomanpimii pO3BUTOK Ta BIOCKOHANIEHHS TEXHOJIOT1H BUTOTOBIECHHS LIUX JeTallel Ma€ BeJH-
KU TIOTEHIIIaJ Ut CyYaCHOTO BUPOOHUIITBA.

MerToro naHoi poOOTH € BOOCKOHAJIeHHs] 0a30BOr0 BapiaHTa BUTOTOBIEHHS nertam «CrakaH
3 (hmaHIeM» B Mporieci KOMOIHOBAHOTO 3BOPOTHE—PA/IiaIbHOTO BUABIIOBAHHS 3 OJHUM aKTHBHHUM
BEPXHIM IyaHCOHOM 4epe3 MOsIBY TakuX Ne(EeKTiB sIK 3aTUCK Ta HEJJO3aIIOBHEHHS MaTepialioM 3aro-
TOBKHM HMKHBOTO KyTa IMOPOKHUHH B (hIaHIEBil 30HI HamiBMaTpumi. J{Js bOTO 3amporoHOBaHHUNA
Mpolec KOMOIHOBAaHOTO 3BOPOTHE—PA/11aJIbHOTO BUAABIIIOBAHHS 3 I0IaTKOBOIO KIHEMATHKOIO OJTHO-
YaCHO BEPXHBOI Ta HIKHBOI HarliBMaTpuilb. OTpUMaHi B XO1 TOCIiKEHHS pe3yIbTaT OyAyTh BH-
KOPHCTaHI AJIs1 BAOCKOHAJICHHS MPOIeCY BUTOTOBIIEHHS aeTani «CTtakaH 3 raHiem» Ta MiJBUIICHHS
SIKOCTI LIUX JIeTaJIeH.

[IpencraBneHi B cTaTTi pe3ysbTaTH TEOPETHUYHUX AOCTIKEHb OyJIu OTpUMaHi B mporpami
DEFORM 2D, ska 6a3yetbcst Ha Metoni ckinueHHUX enemeHTiB (MCE). Lls mporpama mpo3Bosmiia
BU3HAYUTH B MEPETHHI 3arOTOBKH, siKa 1eOPMYy€EThCS, HAMPY>KEeHO Ae(OPMOBAHUN CTaH 1 CHUIIOBUI
PEXUM TpOLIECy.
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Hetanb «CrakaH 3 (praHIeM» BUTOTOBIISETHCS 3 altoMiHieBOTO crutaBy A2017, as sikoro xa-
paKTEepHI BUCOKA MIIHICTh Ta 3HOCOCTIHKICTH (puc. 1), momyns FOnra 68900, xoedimient Ilyaccona
0,33 npu Temmepatypi 20 °C.

I'eoMeTpuuHi po3Mipu IMIIHAPUYHOI 3arOTOBKU Ta JeTalli HACTYIHI: PaliiyC 3aroTOBKHU
Ro = 35 mm, BucoTa 3arotoBku L = 88 MM, TOBIIMHA CTIHKHM CTakaHy s = 15 MM, TOBIIMHA (hIaHIO
hf = 15 MM, pajiyc 3a0KpyTJeHHS I = 3 MM.

B TeopernuHux AOCHIHKEHHSAX 3MIHIOBAJIaCh TUIBKKM BHCOTA 3aroTOBKH L, po3Mipu iHIIHUX
napameTpiB OyJIu HE3MIHHUMHU.

B pospaxyHkax npuiimanocsi 3HaueHHs KoedirienTa Tepts 3a 3ioenem p = 0,08 [5].

LI B B LB B B LN BB (LB BN BN B N

Ts.
MTIIa

2966

27245

2483

22415

200 ¥, o bbb

0 042 084 1.26 168 e

Puc. 1. I'padix 3anexxHOCTI Hanpy>keHHs TekydocTi ag (MlIla) Bix norapudmiunoi nepopmarii
e U1t Matepiainy A2017

B 6a3zoBomy BapiaHTi BUroTOBJIeHHS feTani «CtakaH 3 ¢aHimem» (puc. 2) 3aCTOCOBYETHCS

3aKpUTE KOMOIHOBAaHE 3BOPOTHE—PadiaibHE BUIABIIFOBAHHS 3 OJHUM aKTHBHUM 1HCTPYMEHTOM — BEp-
XHIM ITyaHCOHOM, TOBHHUH XiJ] SIKOTO JOPIBHIOE 73 MM.

= |l =
il %&

Rl

a 0
Puc. 2. Cxema mporecy KOMOIHOBAaHOIO 3BOPOTHE-PAiaibHOIO BHUAABIIOBAHHS JETalli
«Craka# 3 ¢annem» (a) Ta onepKyBaHui HamiBpadpukat (0)
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[Tpu X071 BEpXHBHOTO MyHCOHA HA 48 MM B 30H1 (PIIaHITIO 3’ IBISIETHCS TAKUH JEEKT SIK 3aTHCK
(puc. 3). Ilpu noganpmomy nedopmMyBaHHI 3arOTOBKH Ieil Me(DEeKT TUIbKU 301UTbIIy€eThCsa. OKpiM
IOTO, MO’KHA OAQUUTH IIe 1 HE 3aIIOBHEHHS MAaTEpPiaJioM 3arOTOBKH HUXHBOTO KyTa MOPOXKHHHH
B (piraHIIeBiH 30HI.

Xig 24 mMm Xig 48 MM

Puc. 3. BukpuBieHHS JUTMITBHOT CiTKH (@) Ta 30UIbIICHE BiIMOBIIHE MiCIIe 3aTHCKY MaTepiary
3aroTOBKH y (uaHIeBii 30H1 (0) B mpoiieci KOMOIHOBAHOTO BUABIIIOBAHHS HA PI3HUX CTATIsNX

Jlnst ycyHeHHs 1uX Ae(eKTiB 3apornoHOBaHO MOAMDIKAII0 TEXHOJOTIYHOTO MPOLECY, SIKa
MOJISITa€ y BUKOPUCTAHHI B TPOIIeCi KOMOIHOBAHOTO 3BOPOTHE—PaTIaIbHOTO BHUJIABIIIOBAHHS J0/1aT-
KOBOi KIHEMaTHKH OJHOYACHO BEPXHBOI Ta HMKHBOI HamiBMaTpullb (puc. 4—6). [loBHui XiJ Bepx-
HBOTO ITyaHCOHA, SIK 1 B 0a30BOMY BapiaHTIi, JOPIBHIOE 73 MM.

Ha nmovaTkoBiii Ta mpomMiXxHii cTanisx (puc. 4, a, 6) U1 BUTOTOBJIEHHS SIKICHOTO 6e3/1e()eKTHOro
(hraHITIO 3/MIMCHIOETHCS OTHOYACHE TIEPEMIIIEHHS B OJJHOMY HAIIPSIMKY BEPXHBOT'O ITyaHCOHA 2 1 BEPXHBOT
4 Ta HIKHBOI 5 HAMTIBMATPHUITh 3 OTHAKOBOIO MIBUAKICTIO V1 = 1 MM/C (IIIBUAKICT BEPXHBOTO ITyaHCOHA HE
3MIHIOETBCS JTO KIHISI TIPOIIECY BUIABIIIOBAHHS) 1 XOI0OM BCIX pPyXOMHUX 1HCTPYMEHTIB S = 24 MM.

ITicnsa uporo BepxHs 4 Ta HIWKHS 5 HamiBMATpPUIll 3MIHIOIOTh HAIPSIMOK PyXy Ha MPOTHIICKHUI
(puc. 4, B), TOOTO MEPEMIIITYIOTHCS B TIPOTHIISKHOMY HAIPSMKY /10 BEPXHBOTO ITyaHCOHA 2, alie BXKe 31
mBukicTio Va2 = 0,5 mm/c. [Ipu iboMy Xi1 BEpXHBOTO IyaHCOHa 2 TOpiBHIOE S =49 MM Ta 000X HarmiBMa-
Tpuiib S = 24 mm. Lle cripusie Tedii MaTepiamy 3aroTOBKH B 3BOPOTHOMY HAMPSIMKY, 3MEHIITY€E CHITY J1eop-
MyBaHHs Ta 3a0e31euye KiHIIeBUI BUCOTHHI po3Mip netai «CTakaH 3 (raHiem.

Amnarti3 (puc. 5) BUKpUBIIEHHS JUTHIILHOI CITKH, PO3IIOJIUTY IHTEHCUBHOCTI AeopMartiii €i Ta 1HTe-
HCHBHOCTI Hanpy»eHb ci, (MI1a) B mepeTnni 3arotoBkwy, sika nedopmyernes, Ha mpomikHii (1) craii mpo-
11eCy KOMOIHOBAaHOTO BHJIABITIOBAHHS 3 JIOJATKOBOIO KIHEMAaTHKOIO BEPXHBOI Ta HIDKHBOI HAIlIBMATPHIIb
TI0Ka3aB, 1110 y (JIaHIIEBiH 30HI CTakaHy BIJICYTHIN Takuii 1eeKT, sIK 3aTUCK, TIOBHICTIO 3aIlIOBHEHA MaTepi-
QJIOM 3arOTOBKH BCSI TIOPOKHUHA IT1€T 30HH B HIDKHIM HAMBMATPUIN S5, MAaKCUMalIbHE 3HAYCHHS IHTCHCHB-
HocTi aedopmartii 1,5 y BepxHiif yacTuHi (hraHId i 1HI cTakaHa (puc. 5, 0) Ta MaKCUMaTbHe 3HAUSHHS 1H-
TeHcUBHOCTI Hanpy»keHb 350 MIa B Tux ke 30Hax (puc. 5, B).

Takwuii sxe aHasi3 Ha KiHLEBIH (2) cTazii mporecy KOMOIHOBAHOTO BHJIABIIOBAHHS IOKAa3aB, IO
OoTpUMaHa siKicHa 0e3 1e()eKTIB 3 MOTPIOHUMH T€OMETPUIHUMH po3MipaMu AeTaib «CTakaH 3 (IaHiem»,
3 MAaKCUMaJIbHUMH 3HAUCHHSIMH 1HTEHCUBHOCTI Jehopmartii 2,5 Ha BHYTpilHii OiuHIl TOBEpXHI OTBOPY
CTaKaHy 1 B 30HI JTHa Ta MAKCUMaJIbHUMH 3HAUCHHSAMH 1THTEHCHUBHOCTI Hanpy»eHb 350 MITa i po3ranryBan-
HSIM IMIX HAIpPY>KeHb MPHOJIM3HO B THX K€ 30HAX, IO 1 HA poMbkHii (1) cramii mporecy.

By noGynoBanuii rpadik 3anexxHocTi (puc. 6) cunu BugasmoBanHs (kH) Bi X01y BEpXHBOTO
MyaHCOHY (NOBHUH XiJ TOPIBHIOE 73 MM).
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o

a 0
Puc. 4. KomOGiHoBane BumaBmtoBaHHs jaetaini «CrtakaH 3 (iaHemM» 3 JI0AATKOBOIO
KIHEMaTHKOIO BEPXHBOI Ta HIKHBOI HamiBMaTpuib (V1= 1 mm/c, V2 = 0.5 Mmm/c) Ha modaTKoBiii (a),
npoMikHi# (0) Ta KiHIIEBiH (B) CTamisIX:
1 — 3aroroBka, sika 1eOpMy€eThCs; 2 — BEpXHii aKTUBHUN IyaHCOH; 3 — HIDKHIM IMyaHCOH
(mpoTuIyaHCcoOH); 4 — BEpXHS HaMiBMATPULS; 5 — HIKHS HAMliBMaTPHIIS

o

I~

—_

(9]

W

Puc. 5. BukpuBieHHs AUTHIBHOL CiTKH (), pO3MOAiN iHTEeHCHUBHOCTI aedopmartiit €i (0) Ta
po3noain (B) iHTeHCUBHOCTI HanpyxeHb ci (MIla) B mepeTuHi 3arotoBku, sika aeGopMmyeTbcs, Ha
npomikHii (1) Ta KiHUEBid (2) cTamiax mpoiecy KOMOIHOBAaHOTO BHUJIABIIOBAHHS 3 J10JIATKOBOIO
KiHEMaTUKOIO BEPXHBOI Ta HIKHBOI HAaIlliBMATPHIh

Binx mouatky nedopmariii 3aroToBKY BiIOYBA€THCS MOCTIHE 3pOCTAHHS CHIIHM JI0 MAaKCUMAJIbHUX
3HauyeHb (160 kH). Ha wiif crazii BinOyBaeTbest hopmyBaHHs uiaHIto 6e3 eeKTiB Ta HOBHE 3alIOBHEHHS
MarepiaioM 3aroTOBKU MOPOYKHWHHU B HIDKHINM HaiBMATPHI (3aKpUTe BUAABIMOBaHHA). [Ticis 1iporo Bep-
XHS Ta HWOKHSI HallIBMATpPUILll 3MIHIOIOTh HAPSIMOK PYyXy Ha MPOTUJIEKHUM, TOOTO NMEPEMILYIOTHCSI B IIPO-
THJIGKHOMY HAIPSMKY J0 BEPXHBOTO ITyaHCOHA, a BEJIMYMHA CHIIH JehopMarlii Ha BEpXHBOMY ITyaHCOH1
3HIKY€EThCS 10 HaltMeHIMX 3HaueHs (70 kH). Jlani 1o kiHis nporiecy Ha erarti 3B0pOTHOTO BUIABITIOBAHHS
crna edopMartii mocTiiHo 3poctae (o 150 kH).
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KiHeL, sTany Nel 3MiHa HaNPAMKY pyxy HaniBmaTpuub
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o o
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=
N
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KiHeu, aTany Ne2
(73 mm)

iy
o
o

80

60
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HaniBmaTpuub

40
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0 10 20 30 40 50 60 70 80

e BePXHil MYaHCOH Xia BepPXHbro NnyaHcoHa, Mm

Puc. 6. I'padik 3anexxHocTi cuinu BugasitoBanHs (kH) Bix xoy BepXHBOTO myaHCOHA (MM)

BUCHOBKU

Jlist TEOPETUYHUX JTOCTIKEHb MPOIecy KOMOIHOBAHOTO 3BOPOTHE—PA/1iaIbHOTO BHJIABIIIO-
BaHHsA AeTam «CtakaH 3 (diaaHiem» 3 amominieBoro cruiaBy A2017 Oyna BUKOpHCTaHa Iporpama
DEFORM 2D/3D, sika 6a3yeTbcsi Ha METO/1i CKIHUEHHHX €JIEMEHTIB. 3aporiOHOBAaHUA METO/ 103BO-
JIMB MOBHICTIO YCYHYTH J€(EKT 3aTUCKY Ta HE03alIOBHEHHS MaTepialioM 3ar0TOBKH HUKHBOTO KyTa
MOPOKHUHU B (DIIaHIIEBIN 30HI, 3aBASKH BUKOPUCTAHHIO JI0JIATKOBOI KIHEMATHKH OJHOYACHO BEpPX-
HBOI Ta HIXKHBOI HaIBMATPHIIb Ha IPOTHBAry 6a30BOMY BapiaHTy, B IKOMY Ui Aedopmariii 3aroro-
BKHM BUKOPUCTOBYBABCS TIJIbKU aKTUBHUN BepXHil myaHcoH. s orpumanHs neram «Crakas 3 ¢ia-
HIIEM» 3 IOTPIOHUMH pO3MipaMH 1 SKICTIO Ha TOYATKOBIN Ta MPOMIKHIN CTaAIsIX CIIOYATKY 3/1HCHIO-
€TBCSI OJTHOYACHE MEePEMIIICHHS B OJHOMY HAIIPSIMKY BEPXHBOTO ITyaHCOHA i BEPXHBOI Ta HUIKHBOT
HamiBMaTPHIlb 3 0OTHAKOBOIO HIBUIKICTIO V1 =1 MM/C 1 X0/10M BCiX pyXOMHUX IHCTPYMEHTIB S = 24 MM,
a MOTIM BEpXHs Ta HIKHA HalllBMaTpPHUIIl 3MIHIOIOTh HAIIPSIMOK PyXy Ha MPOTHIICKHHUH 31 IIBUAKICTIO
V2 = 0,5 Mmm/c 1 X010M BEpXHBOTO ITyaHcoHa S = 49 MM Ta 000X HamiBMaTpuib S = 24 MM. AHami3
PO3MOJILTY IHTEHCUBHOCTI epopmalliii €i Ta IHTEHCUBHOCTI HANpY>KeHb Gi MIOKa3aB, 1110 Ha TPOMIXK-
Hil cTajii MaKCUMallbHE 3HAUCHHS IHTEHCUBHOCTI AedopmMariii qopiHoe 1,5 y BepxHiii yacTuHi (ia-
HIIA 1 IHI CTaKaHy Ta MaKCUMaJIbHE 3HAUYEHHs IHTEHCUBHOCTI HalpykeHb AopiBHIoe 350 MIla B Thx
Ke 30HaX, Ha KiHIEBIN cTajil MakCUMalbHEe 3HAYSHHS IHTEHCUBHOCTI nedopmarii JopiBHIOE 2,5 Ha
BHYTpIIIHIM O14HII MOBEpXHI OTBOPY CTaKaHy 1 B 30H1 JIHAa Ta MaKCUMaJIbHE 3HaYEHHS IHTEHCUBHOCTI
HanpysxeHb jaopiBHIoe 350 MIla, mo i Ha mpomixHil cTanii. Po3moain pedopmartiii i HarpyxeHb
HaOyB OUIBII PIBHOMIPHOTO XapakTepy y 30Hi (uanus. JlocmipkeHHs rpadiky 3aaeKHOCTI CHIIU BU-
JIABITIOBAHHS BiJl X0y BEPXHBOTO IyaHCOHY B 73 MM T0Ka3aJio, 0 MaKCHMaJIbHE 3HAYCHHS CHJIH B
160 xkH moxHa nobaunTH Ha etarni (JopMyBaHHs (JIAHIIIO Ta IOBHOT'O 3aIIOBHEHHS MaTepiaioM 3aro-
TOBKHU MOPOKHUHU B HIKH1M HamiBMaTpui. [licns popmyBanHs dianio 6e3 AeeKTiB Ta HOBHOTO
3aIIOBHEHHS MaTepiajioM 3aroTOBKH IMOPOKHUHY B HY)KHIN HaliBMaTpHIll 3MIHIOETHCS PyX HaIliBMa-
TpuIlh. Jlani 10 KiHI IpoIiecy Ha eTari 3BOPOTHOTO BUABIIOBAHHS CHIa e opMalrii MOCTIHHO 3po-
crae (mo 150 kH). Lli pe3ynbpTaTét MOKYTh OyTH BUKOPHCTaHI B MPAKTUYHIH JisSUIBHOCTI HA BUPOOHH-
LITBI JJIs MiJBUIIEHHS AKOCTI Ta €eKTUBHOCTI BUPOOHUIITBA AeTanei Tuiry «CTakaH 3 QuaHiem.
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Kosarev V., Chuchin O. Research on the manufacturing of hollow parts with a flange in the process of com-
bined extrusion.

Theoretical studies of the closed combined backward-radial extrusion process of the “Cup with Flange” part
made of aluminum alloy A2017 were carried out using the DEFORM 2D/3D software.

The proposed method allowed to completely eliminate the clamping defect and underfilling of the lower corner
of the cavity in the flange zone with the workpiece material, due to the use of additional kinematics of both the upper and
lower half-matrixes, as opposed to the basic version, in which only the active upper punch was used to deform the
workpiece. Elimination of these defects became possible due to the use of additional kinematics of both the upper and
lower half-matrixes. The curvature of the dividing grid, the distribution of the intensity of deformations €i and the
distribution of the intensity of stresses ai in the cross section of the workpiece being deformed were studied. The study of
the graph of the dependence of the extrusion force on the stroke of the upper punch in 73 mm showed that the maximum
force value of 160 kN can be seen at the stage of flange formation and complete filling of the cavity in the lower half-
matrix with workpiece material. After the flange is formed without defects and the cavity in the lower half-die is completely
filled with the workpiece material, the movement of the half-dies changes. Then, towards the end of the process, at the
stage of reverse extrusion, the deformation force constantly increases (up to 150 kN).

The results of the theoretical studies can be applied in industrial practice to improve the quality and efficiency
of manufacturing “Cup with Flange” parts.

Keywords: cold bulk forging, extrusion, hollow part with flange, finite element method, mesh distortion, strain
intensity distribution, stress intensity distribution, punch, die.
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Titarenko A.
Hornostai V.
Sviatskyi Y.
Lipodat V.

THE EFFECT OF STAMPING TEMPERATURE IN STAMPING
FULL HIGH-CARBON STEEL PRODUCTS

In the engineering production of hollow products, hot and incomplete hot deformation is used. The main tech-
nologies used to manufacture hollow products are forging, stamping and specialized metal forming processes (MFP).
The main advantages of the MFP processes compared to casting processes are: minimal material consumption, high
quality of the material and workpiece surfaces (stamping and rolling processes on rolling mills), shape and dimensional
accuracy, high productivity, and the ability to mechanize and automate production processes. MFP at the current stage
of development of machine manufacturing technology is one of the main methods for producing parts.

In particular, when manufacturing hollow products in modern conditions, there is an urgent need to determine
the parameters of the stamping tooling, its characteristics, technological transitions, temperature conditions for pro-
cessing semi-finished products and their mutual influence on the finished product. These issues have been considered and
continue to be considered by various authors, so the research topic is relevant. In the proposed work, a finite element
modeling of the process of extrusion of hollow products from high-carbon steel (AISI-1060) under hot and incomplete
hot deformation was performed. A comparison of the processes of reverse extrusion under hot and incomplete hot defor-
mation was also performed with the appropriate formulation of the problem for modeling the process of reverse extrusion
under hot and incomplete hot deformation. The analysis of the results of the extrusion simulation allows us to determine
the characteristics of the resulting product and reduce the time for process development. The heating temperature of the
workpiece for modeling extrusion under hot deformation was 1000 °C, and for modeling extrusion under incomplete hot
deformation, the temperature was 700 °C. These temperatures were determined using a state diagram, at a temperature
above 760 °C, complete recrystallization of the metal occurs, which is characteristic of hot deformation processes, at a
deformation temperature below 760 °C, incomplete recrystallization crystallization occurs, which characterizes an in-
complete hot deformation process. The modeling results are the dependence of the extrusion force on the punch displace-
ment, the values of normal stresses, which are used to determine the specific forces on the contacting surfaces between
the workpiece and the deforming tool, to determine the temperature distribution at the end of the process of reverse
extrusion, and to consider the distribution of the stress and strain state. The press equipment, final shape and dimensions
of the semi-finished product are determined.

Keywords: finite element method, hot deformation, incomplete hot deformation, extrusion during hot defor-
mation, extrusion during incomplete hot deformation, hollow semi-finished products, forces, specific forces, stresses,
deformations, temperature distribution, extrusion scheme.

In the production of hollow products of various shapes and sizes, extrusion processes are often
used during hot and incomplete hot deformation. These processes are considered by the authors [1-
2], which describe recommendations for deformation and design of die tooling. When deforming
hollow products, the processes of incomplete hot and hot deformation must take into account the
resulting energy-force parameters and specific forces. These processes are described in the following
sources [3-4]. A critical analysis of the serial technology for producing forgings of the aircraft hy-
draulic cylinder cover type was carried out and, using the developed technique, the possibility of
internal cracking was established. A technology for stamping a cover made of Amgé6 alloy in a closed
die cavity is proposed, which provides not only a significant increase. An assessment of the required
stamping force by transitions was carried out. The validity of the proposed technology was confirmed
by physical experiments. An analysis of the macrostructure was carried out using a scanning electron
microscope and measurements of the Brinell rigidity of forgings obtained by multi-transition stamp-
ing. Based on the conducted research, technological recommendations for hot multi-pass closed
stamping of critical aircraft parts were formulated [5].

The aim of the study by the authors [6] is to study the influence of tool geometry on the wear
characteristics of the mandrel and matrix surfaces. The paper examines the influence of two main
process parameters on the wear of SCM415H steel: the height of the annular gap and the diameter of
the mandrel.
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When studying the deformation process, computer modeling is used using the finite element
method (FEM) and the DEFORM software package. Thanks to modeling, it is possible to determine
the technological parameters of the process, such as temperature distribution, energy-force parame-
ters, specific forces, stress and strain state, and the final shapes and dimensions of the product, infor-
mation on which is presented in sources [7-8].

The authors [9] investigated a combined extrusion process that simultaneously combines the
main extrusion processes such as direct and reverse extrusion (squeezing). In this paper, the produc-
tion of a relay housing for the automotive industry was analyzed. In order to reduce the force, plastic
deformation work, the number of process stages and to increase the ductility of low-carbon steel C15,
the so-called semi-hot extrusion process was used. The study was carried out using a pilot production
tool with a strain gauge and finite element modeling.

Reducing the forming force and removing the ejector pin, improving the formability of sheet
metal parts and producing high-strength parts are the main reasons for applying the hot stamping
process, which were investigated by the authors in [10]. According to this study, the hot stamping
process of 22MnBS5 steel is a state-of-the-art process, but new processes and steel grades are also
considered in the work. The current study characterized the behavior of MSW1200 steel blanks in the
semi-hot and fully hot stamping processes. In the semi-hot stamping process, the blank was first
heated to a temperature of about 650 °C, then simultaneously formed and quenched in the die. The
microstructure and mechanical properties of the semi-hot stamped and fully hot stamped blanks were
studied and the results were compared with those of the water/air quenched blanks. The hot stamped
blanks achieved the same strength values as the water quenched blanks. The highest plasticity and,
accordingly, the best forming were achieved in the semi-hot stamped blank. It was concluded that for
the steel under consideration, the semi-hot stamping process can be considered as an improved ther-
momechanical process, which not only guarantees high formability, but also leads to obtaining ultra-
high strength properties.

The authors [11] argue that the mechanical properties of extruded AIMgSi alloys depend on
the applied thermomechanical parameters used throughout the manufacturing process. Below, the
effects of different extrusion speeds and homogenization conditions in combination with air or water
guenching are investigated on four different sets of AA6082-T4 rectangular hollow sections. These
sections were manufactured and extruded under industrial conditions, and selected cross-sections of
each section were examined using optical microscopy to determine the microstructure and level of
recrystallization. In addition, samples with recrystallized microstructure generally exhibited a higher
standard deviation of mechanical properties, which may lead to product quality and consistency issues
for metal forming operations. The authors provide a deeper understanding of how the selected ther-
momechanical parameters affect the final properties of such sections. Aluminium alloys such as
AlMgSi are commonly used for extruded profiles as this allows control of cross-sectional geometry
while using material efficiently.

In the article [12] the authors present a universal kinematic module developed on the basis of
the upper boundary method, intended for use in mathematical modeling of combined cold extrusion
processes. In particular, this module can be used to model the force mode and analyze tool loads
during radial-direct extrusion of hollow products with a blind hole from solid blanks to describe de-
formation zones during metal flow to the center and to rotation zones from the radial flow back.
Analytical dependencies are obtained for the power of the deformation forces, friction and displace-
ment at the module boundaries, as well as for the reduced pressure in parametric form.

In [13], a generalized analytical approach based on the slab analysis method is developed for
analyzing the mechanics of extrusion of an axisymmetric pipe from a hollow or solid round blank for
a fairly general case of extrusion of a pipe through a profile head or through a profile mandrel. The
results obtained as a result of theoretical analysis for the average extrusion force for various die-
mandrel combinations are compared with experimental studies conducted on a model material and
with the works of other authors [14, 15]. They show fairly good results.
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The authors analyzed the mechanics of pressing an axisymmetric pipe, starting with a hollow
or solid round blank. The authors developed a generalized analytical method based on the slab anal-
ysis method for a somewhat general case of pressing a pipe with a punch through a conventional
profile matrix. As a result of the study, the authors determined the average pressing pressure, which
was determined using theoretical analysis for various matrix-mandrel combinations. The article [15]
also describes the results that are determined by experimental studies conducted on a model material.

The authors [16-20] demonstrated the possibilities of optimizing the design of hot extrusion
dies, allowing for an accurate assessment of die wear during MCE. The presented articles present the
results of the influence of thermal action on the rigidity of the tool material. The results of fundamen-
tal studies of changes in hardness due to thermoplasticity of the tool material are presented. To obtain
the necessary data for calibrating the model, optical measurements were carried out on several indus-
trial dies using statistical analysis. It is proven that the proposed model can be used to assess the wear
of hot extrusion dies during cyclic stamping.

Study of the effect of deformation rate on the process of hot deformation of hollow products,
described in the article [21]. The authors compare the results of deformation at different speeds of the
punch using the MCE. The results of the study can be used to determine the optimal speed of the
deforming tool for the process of deformation of hollow products.

An alternative method for producing hollow products is rotational deformation, described in
the article [22]. The method consists of local deformation of the workpiece, which reduces the number
of transitions in the manufacture of hollow products. However, rotational deformation has some dis-
advantages in production and the complexity of the tooling for deformation.

The aim — of the study is to substantiate the efficiency of reverse extrusion processes depend-
ing on the temperature of the workpiece. To consider the effect of the temperature of the workpieces
on the process of extrusion of hollow products from high-carbon steel during hot and incomplete hot
deformation.

Problem statement. Numerical experiments were conducted using finite element modeling
of the extrusion process using the DEFORM software package. Fig. 1 shows the cross-sectional dia-
gram of the part to be obtained (Fig. 1a), and Fig. 1b shows the original workpiece made of high-
carbon steel AlISI-1060.

The following parameters were used to
simulate the deformation process:

- the temperature of the deforming tool is 20°C;

- The temperatures are set in accordance with the
state diagram of steel C60. According to the
diagram, at a temperature above 760 C, complete
recrystallization of the metal occurs, which is
typical of hot deformation processes. In the case
of an incomplete hot deformation process,
according to the crystallization diagram, the
temperature should not exceed 760 ‘C; The
temperature of the original workpiece during the
hot extrusion process is 1000 C, and under
conditions of incomplete hot extrusion, the
temperature is 700 C [21];

a b - use centering ring 5 (Fig. 1b) for numerous

experiments;

Fig. 1. Longitudinal section of the part - for the process to proceed in the required
(a), extrusion diagram (b) — centering ring 5, temperature range, the speed of movement of the

punch 4, matrix 2, ejector 3, workpiece 1. punch during deformation V, = 100 mm/s [21];
- the coefficient of friction 4  between the
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deforming tool and the workpiece is 0.25.
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Fig. 2. Calculated positions in the cross-section of the deforming tool during reverse
extrusion with upsetting (1 - workpiece, 2 - matrix, 3 - ejector, 4 - punch): a - at the beginning of
extrusion, b - at an intermediate stage of extrusion, ¢ - at the end of extrusion, d - after removal of
the punch, e - after ejection of the product).

a

The extrusion process diagram is shown in Fig. 1b. The position of the tool during the defor-
mation process at different stages of reverse extrusion with upsetting is shown in Fig. 2. At the first
stage, Fig. 2a, we can observe the beginning of the extrusion process. The figure shows the workpiece
1 installed in the matrix 2 and on the ejector 3. Under the action of the slider, the punch 4 moves and
deforms the workpiece 1. At the beginning of the deformation process, shown in Fig. 2b, the initial
flow of the metal can be observed.

The end of the deformation process is shown in Fig. 2c. At this stage, the punch forms the
final shape of the semi-finished product. One of the most important stages of the deformation process
is the extraction of the working tools from the product and the extraction of the product from the tool.
These stages are shown in Fig. 2d and Fig. 2e. After the deformation process shown in Fig. 2c, the
punch 4 begins to move in the direction opposite to its movement during deformation, which is shown
in Fig. 2d. The final stage of the process is the extraction of the semi-finished product 5 from the
matrix 2 using the ejector 3, which is shown in Fig. 2e.

Results of the study. Analysis of the obtained results of modeling two deformation processes,
namely: the dependence of the extrusion force on the displacement of the punch, the distribution of
normal stresses, the distribution of temperature, the distribution of stress components in the deformed
workpiece at the end of the reverse extrusion, the distribution of final axial ¢, radial er, tangential o,
deformations and deformation intensity &; after extrusion.

The parameters of the force modes (Fig. 3) for reverse extrusion with upsetting under hot and
incomplete hot extrusion conditions allow selecting the required pressing equipment. Under hot ex-
trusion conditions, the force graph (Fig. 3a) has two sections: unsteady and steady. At the unsteady
stage, the force increases and is 2200 kN when the punch moves by 170 mm. At the steady stage, the
force increases and reaches a maximum value of 2410 kN when the punch moves by 259 mm. Next,
we will consider the graph of the extrusion force versus the punch movement under incomplete hot
extrusion conditions, shown in Fig. 3b. The graph of the extrusion force versus the punch movement
under incomplete hot extrusion conditions has two sections: unsteady and steady, like the graph for
hot deformation. At the unsteady stage, the deformation force increases to 3220 kN when the punch
moves by 170 mm. At the next stage, the force increases and reaches a maximum value of 3378 kN
at the end of the extrusion process when the punch moves by 259 mm.
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Fig. 3. Dependence of the extrusion force on the displacement of the punch:
a — under hot extrusion conditions; b — under incomplete hot extrusion conditions

The distribution of normal stresses o},, that characterize the distribution of specific forces
between the contact surface of the workpiece and the deforming tool, is shown in Fig. 4. The obtained
data are necessary when designing stamping equipment.

The distribution of normal stresses under hot extru-

sion conditions was analyzed first and is shown in Fig. 4a.

I As can be seen from the distribution of normal stresses at
the contact point of the punch and the workpiece, the normal

stress is within the range of o= 300 + 780 MPa. In the

mma  contact zone of the die and the workpiece, the normal

stresses are within the range of o, =140 + 490 MPa, and

299

230

162

S = at the contact point of the ejector and the workpiece
0 =490 + 720 MPa. For incomplete hot extrusion, the
25 [1 s61 distribution of normal stresses is shown in Fig. 4b. At the

L contact point of the punch and the workpiece, the normal
s, . stress is within the range of 0,,=539 + 1490 MPa. In the

-4
0.000 81.9 X i
b contact zone of the die and the workpiece, the normal

Fig. 4. Distribution of normal stresses are within the range of o= 23 -+ 718 MPa, and

stresses: a — under hot extrusion condi-  at the contact point of the ejector and the workpiece
tions, b — under incomplete hot extru- 01 = 635+ 915 MPa.
sion conditions.

The temperature distribution in the volume of the
deformed product material at the end of the reverse extrusion process with upsetting under hot and
incomplete hot deformation conditions is shown in Fig. 5. Thanks to this distribution, it is possible to
analyze the temperature after deformation for further planning of operations.

Under hot extrusion conditions, the temperature distribution shown in Fig. 5a. It is evident
from the distribution that the temperature in the wall reaches T = 940 + 1000 °C. In the metal layers
on the side of the internal cavity of the workpiece, the temperature is T = 940 °C, and in the metal
layers on the side of the external surface of the workpiece, the temperature is T = 740 °C. Under
incomplete hot extrusion conditions, the temperature distribution shown in Fig. 5b was obtained. It is
evident from the distribution that the temperature in the wall reaches T = 697 + 700 °C. In the metal
layers on the side of the internal cavity of the workpiece, the temperature is within the range of
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T = 490 + 649 °C, and in the metal layers on the side of the external surface of the workpiece, the
temperature is within the range of T =280 + 500 °C.

The stress-strain state of the material at the end of > P T
the process of reverse extrusion with upsetting under hot 1 i
and incomplete hot deformation conditions is considered,  23o[
which is shown in Fig. 6 and Fig. 7. The distributions of I
axial stresses o, radial stresses or, tangential stresses g and 10
stress intensity oi for the process of hot reverse extrusion '
are shown in Fig. 6. At the punch end, in the places of the
conical parts of the matrix and punch, the axial stresses o
(Fig. 6a), tangential stresses oy (Fig. 6¢) and radial stresses
or (Fig. 6b) have a compressive nature of stresses, which 19
significantly decreases in the cylinder. In the bottom part 2
of the punch, the axial stresses shown in Fig. 6a are within
o: = - 360 + -840 MPa. The radial stresses shown in Fig. i
6b are within the range or = - 380 = - 730 MPa. The tan-  gpoe 513
gential stresses shown in Fig. 6¢ are within the range a b
oo=- 370 + - 660 MPa. Fig. 5. Temperature distribution:

In this case, the distribution pattern of radial 3 — under hot extrusion conditions,
stresses or and tangential stresses s is almost the same. b — under incomplete hot extrusion
The deformation center during extrusion with thinning is  conditions.
located in the bottom part of the deformed workpiece,
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Fig. 6. Distribution of stress components in a deformed workpiece at the end of reverse
extrusion with upsetting under hot deformation conditions:

a — distribution of axial stresses oz, b — distribution of radial stresses or,

c — distribution of tangential stresses oy, d — distribution of stress intensity oi.

which is evident from the distribution pattern of stress intensity i (Fig. 6d). In this part of the work-
piece, the stress intensity is within the range i = 140+165 MI]a.
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Fig. 7. Distribution of stress components in a deformed workpiece at the end of reverse
extrusion with upsetting under conditions of incomplete hot deformation:
a — distribution of axial stresses a2, b — distribution of radial stresses or,
c — distribution of tangential stresses os, d — distribution of stress intensity oi.
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The analysis of the distribution of stress components in the deformed blank at the end of in-
complete hot reverse extrusion with upsetting relative to the axial stresses oz, radial stresses or, tan-
gential stresses oo and stress intensity oi is shown in Fig. 7. As in hot deformation, in the deformation
zone under the punch and between the conical part of the punch and the matrix, the axial stresses o
(Fig. 7a), radial stresses or (Fig. 7b) and tangential stresses oo (Fig. 7¢) are compressive and signifi-
cantly decrease in magnitude in the cylindrical part of the blank wall. As can be seen from the distri-
bution of the stress state shown in Fig. 7a, in the bottom part of the blank under the punch, the axial
deformation stresses are within ¢; = -570 + -1700 MIla. The radial deformation stresses shown in
Fig. 7b are within the range or = - 750 +- 1380 MIIa. The tangential deformation stresses shown in
Fig. 7c are within the range o9 = -720 + -1400 MIla. The deformations cover the entire bottom part
of the workpiece, which is evident from the distribution of stress intensity oi
(Fig. 7d). In this part of the workpiece, the stress intensity is within the range ¢i = 171 + 440 MIla.

Fig. 8 and Fig. 9 show the distribution of deformations at the end of the process of hot and incom-
plete hot reverse extrusion with upsetting. The distributions of the final axial deformations &, radial defor-
mations &r, tangential deformations ¢ and deformation intensity & under hot reverse extrusion conditions
are shown in Fig. 8. In the bottom part of the product, directly at the punch end, compressive axial defor-
mations appear, which are within the range ¢ = -0.6 -2.4 (Fig. 8a). When a protrusion is formed on the
bottom part of the product, tensile deformations are formed, reaching the value . = 0.4. In the metal layers
in the wall of the hole in the workpiece on the punch side, we obtain the value &; = -1, and along the wall
thickness on the matrix side, tensile axial deformations &; arise. In Fig. 8b. The picture of the distribution of
radial deformations is presented; in the cylindrical and conical parts of the wall of the product, compressive
deformations equal to &r = - 0,88 arise.

In the metal layers on the punch side, the deformation values are equal to &r =-0,64 and change
in thickness in the direction of the side surface on the matrix side to a value of &r = - 0,4. In the bottom
part of the blank near the axis of symmetry, radial tensile deformations occur, which are within the
limits of &r = 0,3+0,8. Tangential deformations in the wall of the blank and the bottom part of the
blank on the cavity side form tensile deformations (Fig. 8c). In the outer layers of the product wall
metal on the matrix side, tangential deformations of €9 = 0,3 are obtained, increasing to o = 1,2 in
the inner layers of the cavity metal.

In the bottom part of the workpiece, the deformations are in the range of &» = 0,05 +~ 1,6. On
the boss of the bottom part of the workpiece, compressive deformations equal to s = -0,14 occur. The
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degree of metal deformation under hot reverse extrusion conditions can be estimated using the distri-
bution of deformation intensity & shown in Fig. 8g. Intensive metal deformation is observed in the
volume of the cylindrical and conical parts of the workpiece wall in layers close to the internal cavity
of the workpiece ¢ = 1,2, with a subsequent decrease in the metal volume in the direction of the outer
surface of the wall to & = 0,43. Intensive deformation occurs in the bottom part of the workpiece
cavity, where the deformation intensity value is in the range of & = 0,43+2,1. On the boss of the
bottom the deformation intensity is in the range of ¢; = 0,11 + 0,37.
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Fig. 8. Distribution of final axial e, radial er, tangential ¢¢ deformations and deformation
intensity ¢; after hot reverse extrusion with upsetting:

a — distribution of axial deformations &, b — distribution of radial deformations er,
c — distribution of tangential deformations &s, d — distribution of deformation intensity e:.

Let us consider the distribution of the final axial strains ¢z, radial strains er, tangential strains
€0 and strain intensity &; under the conditions of incomplete hot reverse extrusion with upsetting shown
in Fig. 9. Let us consider the deformed state that is formed in the bottom part of the semi-finished
product, directly under the punch end, using axial strains that are within the range
e = - 0,1+ 2,48 (Fig. 9a). When a protrusion is formed on the bottom part of the workpiece, the
strains are of a stretching nature and reach values of & = 0,4. In the thickness of the metal, the strains
are equal to &z = -1. The next step is to consider the radial strains shown in Fig. 9b. In the cylindrical
part of the workpiece and the conical parts of the wall of the workpiece, compressive deformations
equal to the value of er = -2,15 arise and increase in the direction of the outer surface ¢r = -0,4. In this
part, tensile stresses of deformation arise, which are within the limits of
er = 0,8+ -0,12. Tangential strains in the wall and bottom part of the part cause tensile stresses
(Fig. 9c). In the thickness of the wall metal at the outer surface, tangential deformations equal to
g0 = 0,08 are obtained, and in the internal layers of the metal, the accumulated tangential deformations
are equal to e» = 0,6 with a gradual decrease to g9 = -1,5 towards the cavity. In the volume of the
bottom part of the workpiece, tangential deformations are within the limits of s = 0,09+ 3,1. Due to
the distribution of deformation intensity, it is possible to observe the worked structure of the metal
during incomplete hot reverse extrusion.

The distribution of the deformation intensity is shown in Fig. 9d. In the cylindrical part of the
product and the conical part, the metal deformation intensity from the inner side of the matrix cavity
is €i = 0,2 with a subsequent increase in the value of €i = 0,72 towards the conical part. The defor-
mation intensity in the bottom part under the punch is within &i = 2,68, and in the metal layers from
the inner side of the workpiece, the deformation intensity is within &i = 1,2+ 2,3. Deforming by ex-
trusion with upsetting leads to intense deformations, which has a positive effect on the microstructure
of the metal.
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Fig. 9. Distributions of final axial e, radial er, tangential s deformations and deformation
intensity ¢; after incomplete hot reverse extrusion with upsetting:

a — distribution of axial deformations ¢;, b — distribution of radial deformations er,
c — distribution of tangential deformations es; d — distribution of deformation intensity &:.
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Fig. 10. Final shape
and dimensions of the
semi-finished product.

The final shape and dimensions of the product are shown in
Fig. 10. According to the results of numerous experiments, the height
of the finished hollow product differs by 1-1.5% with hot and incom-
plete hot extrusion. Since the dimensions and shape of the cavity are
determined by the dimensions and geometry of the punch, the dimen-
sions and geometry of the outer surface of the semi-finished product
correspond to the geometry of the matrix, and the geometry and di-
mensions of the bottom correspond to the dimensions and geometry
of the ejector. Sink marks are formed on the edge of the wall of the
semi-finished product on the side of the cavity. To obtain a smooth
end face of the wall of the semi-finished product, an additional trim-
ming operation is required.

CONCLUSIONS
Using the finite element method and the plastic model of
metal, mathematical models were created and a computer analysis of
the processes of reverse extrusion with upsetting under hot and in-
complete hot plastic deformation was performed. The extrusion
forces were determined depending on the displacement of the
punches. The maximum value of the extrusion forces under hot de-

formation was 2.4 MN, while under incomplete hot deformation the forces were 3.4 MN. The ob-
tained results allow selecting pressing equipment and parameters of the die tooling. The distributions
of specific forces on the contact surfaces of the deformed semi-finished product with the tool were
established. The highest values of specific forces under hot and incomplete hot deformation reach the
following values, respectively: on the matrices 490 and 718 MPa; on the punches 690 and 1490 MPa;
on the ejectors 720 and 915 MPa. Based on the obtained results, recommendations were formulated
on the number of matrix bandages and the selection of the required steel grade for the deforming tool
in order to ensure the required strength. As a result of the study, distributions of components of stress
and strain states and temperature in deformed metal of semi-finished products after hot and incom-
plete hot extrusion with upsetting were obtained.
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During to the modeling of this deformation process, it was established that it is necessary
to use tool heating. Also, the necessary parameters of the pressing equipment for ensuring the tem-
perature regime were obtained, the need for accelerated movement of the pressing equipment was
determined, which is ensured by upgrading the presses with hydraulic accumulators. The final shapes
and sizes of semi-finished products after hot and incomplete hot extrusion with upsetting were deter-
mined, corresponding to the specified sizes of the semi-finished product.
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Timapenxo A. €., I'opnocmaii B. M., Céeamcekuii 10. I, Jlinooam B. €. Bniue memnepamypu wimamny-
GAHHA NPU GUOABTIOBAHHI NOPOHCHUCHUX 6UPODIE 3 BUCOKOBY21eUE60T CIAJli.

B mawunobyoisnomy supooruymsi noposcHucmux upoois, UKOPUCIOBYIOMb 2apsiie Ma HenoGHe 2apsye Oe-
dopmysanns. OCHOBHUMU MEXHONOLIAMU BUOMOBLEHHS NOPOICHUCTIUX 8UPODI8 € BUOABTIOBAHHSA (eKCMPY3is), KV8AHHS,
WmMamny8anus ma cneyianizogati cnocobu oopooku memanie mucxkom (OMT). o nepesaz npoyecie OMT, y nopisnanui
3 npoyecamu AUmms, iOHOCAMbCA: MIHIMANLHI UMPaAmMu Mamepiania, 8UCOKA AKiCMb Mamepiany i NO8epxXoHb 3a20mo-
8KU (npoyecu WMamny8auHs i NPOKAmMKa Ha NPOKAMHUX CMAHAX), MOYHICMb hopmu i po3mipie, 8UCOKA NPOOYKMUE-
HiCcmb, MOdHCIUBICMb MexaHizayii i asmomamu3zayii eupoonuuux npoyecie. OMT na cyuacHomy emani po3eumxy mexHo-
J102iT MaWUHOOYOY8aHHsL € OOHUM 3 20I06HUX CNOCOOI8 BUCOMOBLEHHS OeTdIel.

3okpema, npu 6uecomosnenni @ Cy4acHux YMoBAX NOPONCHUCIUX 8UPODI6 20CMPO NOCMAE Nompeda y GUSHAYEHHI
napamempis wmamnoso20 OCHAWEHHs, 1020 XapaKmepucmux, MexHoa02iYHUX nepexois, memMnepamypHux percumis
00pobKu Hanieghabpuxamie ma ix 63aEMHUL NIUG HA 20MOSUN 8UPIO. Braszani numarnns po3ensioanucs i npooosxiCyIoms
PO32NA0AMUCSL PISHUMU ABMOPAMU, MOMY MeMAd O0CTIONCEHHS, € AKMYANbHOIO0. B 3anpononosaHiii pobomi 6UKOHAHO MO-
0eNto8aH s MEMOOOM CKIHUEHHUX eJleMeHmie npoyecy 8U0AsII08AHHS NOPOACHUCIIUX 8UPODI6 13 8UCOKO8Y21eye8ol cCmaJi
(AISI-1060) npu capsuiit ma nenositi 2apsuiil deghopmayii. Takodc BUKOHAHO NOPIGHAHHS NPOYECI8 360POMHO20 8UAAG-
JIHOBAHHSL 3 OCAONCYBAHHAM 8 YMOBAX 2apsA4ol ma HeNnosHoI capswol Oeghopmayii npu 8i0n0GIOHIN nocmanosyi 3a0a4i Oist
MOOENI0BANHSL NPOYECY 360POMHO20 BUOABTIOBAHHA 3 OCAOICYBAHHAM NPU 2apsA4ill ma HeNnosHill 2apauill deghopmayii.
Ananiz pezynbmamis Mooent08aHHs 8UOABTIOBAHHA 003601A€ BUHAYUMU XAPAKMEPUCMUKY OMPUMAHO20 8UPODY, 3MeH-
wumu yac po3pooKu mexHono2iuno2o npoyecy. Temnepamypa Hazpigy 3a20mosKi 0Ji MOOEeTIO8AHHA BUOABTIOBAHHA NPU
eapsiuini depopmayii dopisurosana 1000 °C, a 0ns MoOeno8anHs 8UOAGTIO8AHHS NPU HENOBHIU eapsauiil deghopmayii me-
mnepamypa dopisniosara 700 C. 3asnaueni memnepamypu susHadeni 3a 00noMo2010 diazpamu cmary, npu memnepa-
mypi suwe 760 °C 8i0Oysacmubcsi NOGHA peKpucmanizayis Memany, ye XapakmepHo 2apaium npoyecam 0eqhopmyeanHs,
npu memnepamypi oegpopmysannsi Huscue 760 °C i00y6acmbcs HENOGHA PEKPUCMANIZAYIS, WO XAPAKMEPU3YE Npoyec
HEeNnoeHo2o 2apauozo deopmysanis. Pesynomamamu mMoOentoeants € 3a1exiCHOCI 3yCUISL BUOABTIOBAHHS GI0 nepemi-
WJeHHS NYAHCOHA, GeTUYUHU HOPMALHUX HANPYICEHDb, 3a 00NOMO20I0 AKUX, BCINAHOBIEHO NUMOMI 3YCULIA HA KOHMAK-
MYIOYUX NOBEPXHSX MINC 3A20MOBKOI0 MA 0ehopmyouum IHCMPYMEHMOM, 8USHAYEHO PO3NOOLT memnepamypu 8 Kinyi
npoyecy 360pOmMHO20 BUOABTIOBAHHS NOPOACHUCIO20 HANIBhabpuKamy ma po32isiHymo po3nooil HanpyjiceHo2o ma oe-
dopmosanoco cmany. Busnaueno nompibHe npecoge 00IAOHAHHA ONisl OMPUMAHHA HANI8abpukamy ma 1o2o KiHyegy
dopmy ma posmipu.

Knrouosi cnosa: memoo xinyesux eiemenmis, apaua oegpopmayis, HenosHa 2apsaya degpopmayis, euodasiio-
BaHHsL NpuU 2apauiu 0ehopmayil, 6UOABNI0BAHHS NPU HENOBHIU 2apa4ill Oeghopmayii, nOpod’CHUCME Hanighadbpukamu, 3y-
CUISL, RUMOMI 3YCUILTSL, HANPYICEHHs, Oepopmayii, memnepamyprui po3nooii, cxema eUdasIio8aHHs.
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Tkauos B. 10.
Yyxuaio B. JI.
Tumodees B. /1.
Xoampes I'. I1.

AOCTIIKEHHA HATIPY’KEHO-JE®OPMOBAHOI'O CTAHY IIPH JIMCTOBOMY
HITAMITYBAHHI U-TTIOAIBHOI AETAJII 31 SMIHHUM PATYCOM 3I'MHAHHSA

B cmami poszenanymo memoouku 3 uKOHaHHA Onepayii IUcmo8oeo WmamnyaHHs 32UHAHHS 05l BUSOMOBICHHS
PIBHOMAHIMHUX Oemaneu Osl PI3HUX 2any3el NPOMUCIO80CHI i 0cobnugo 6 cyuacrnomy ceimi. Ilpu docnidsicenni ma-
mepiany OCHOBHY y8acy NpudileHo pizHosudam onepayii eHymms ma ix sacmocysants 011 ompumarnusim U-nodionoi
demani. Ilpu yvomy yeacy npuoineHo 0OCHOSHUM Napamempam opMO3MIHU NPU 3CUHAHHI, A came paodiycy 32UHAHHA TU-
cmogozo mamepiany. BHacniook ybo2o 011 00cniodceHHs OY10 00paHO KOMN TOmepHe MOOeN08AHHA Onepayii 3eUHAHHS
31 3MIHHUM PAOiycom Ha HUNCHbOMY wmamni. OCHOBHUM Pe3yTbmamom poodomu € GUIHAYEHHS BNIUEY PAOLYCA 32UHAHHA
Ha 3MIHY IHIMEHCUBHOCMI HANPYJICeHb, onopy degopmayii, niacmuunoi depopmayii, wieuokocmi depopmayii ma cuno-
8020 HABAHMANCEHHA NPOYeCy 32UHaHHA npu ompumanni U-nodionoi demani npu 1ucmosomy wmamny8anHi.

Busseneno, wo 36invuenns padiyca 3eunanus npu3gooums 00 HACMYNHUX pe3yIbmamis: 3MeHUeHHs NOKA3HUKIE
IHMEHCUBHOCMI HANPYJCeHb Ma onopy degopmayii mae npudIUZHO OOHAKOBY GeIuyUHy I ckiadae 6insi 7%, a 3HA4eHHs
naacmuunoi oepopmayii 3nudscyiomocs na 24%, ane came Cymmeso npu ybOMy € 3HUNCEHHS CUN0BO20 HABAHMAICEHHSL
Ha 21 %. Pesynbmamu MOOe08AHHs NPoYecy TUCMOB020 WMAMNYBAHHS NPU 3eUHAHKI noKa3aau be3depexmHicmy 6u-
20MmoeeHHs Oemali 3a BUOPAHUMY NAPAMEMPAMU | nepesazy 0OPAHHs 6aPIAHMY HUNCHLO2O WIMAMNY 3 PAOLYCOM 5 MM,
Wo RIOMBEPONHCEHO 3HUINCEHHAM NOKA3AHb CUTIU, WO NOMPIOHA 0151 WMAMNYBAKHS, A MAKOIC HANPYIHCEHb MA NIACIMUYHOT
degpopmayii.

Kntouogi cnosa: seunanus, nucmose wmamny8ants, 0eopmayis, HanpY*CceHHs, onepayis.

JlucroBe mITaMIyBaHHS BiJirpa€e 3HauHY 1 BXXJIUBY pOJib y 6araTboX raiy3sx, 0COOJINBO B aB-
TOMOOIUTBHIH Ta TpaHCTIOPTHIN 1HIYCTPil [1, 2].

3ruHaHHs JIMCTOBOTO METally — OJ[HAa 3 OCHOBHHMX OIEpalliif JIUCTOBOTO IITAMITYBaHHS JJIs
JeTaned, ki IIUPOKO BUKOPHCTOBYIOTHCS B MAalIMHOOYIyBaHHI, aBiaOyJyBaHHI, €HEPreTHYHOMY
cekTopi Ta noOyToBiit TexHiui [1]. IlomynspHicTe TaHOTO MpoLECy MOSCHIOEThCS HOr0 BHUCOKOIO
e(eKTHUBHICTIO, CTA0UIbHICTIO TEOMETPUYHHX MapaMeTpiB BUPOOIB Ta HU3BKOIO cobiBapTicTio. Haii-
MOLIMPEHIIINM TporecoM (pOpMyBaHHS JIMCTOBOIO METally € MpOIeC 3TUHAHHS, SIKHH MOXe CTBO-
proBat U-tiofiOHy popMy B3OBXK OCi MaTepiaidy IUISIXOM MPHUKIATAHHS CHIM JIO0 JHCTOBOTO Me-
Tajxy, 3MYIIyIOYH HOTo 3ruHaTUCs y MOTpiOHY hopmy. Lle poOuThcs 3 pi3HUX MaTepialliB, sIKi MAIOTh
rapHi MJacTU4HI BiIacTUBOCTI. Taki MaTepiaii BUKOPUCTOBYIOTHCS Y TajbMax Ta CIIELiani30BaHUX
MaluHHUX npouecax [3]. IIpu MeToal cTUpaHHs JUCT Ma€ yTpUMYyBaTHCS MIPOTH MAaTPHIIi 3a JOMO-
MOTOI0 CTHCKAIOUOTO MiIKJIJIHOTO €JIEMEHTA, 3MYIIYIOUH HOTO 3TUHATUCS B3/IOBX pafdiycy. IcHyI0Th
JIBA OCHOBHI aCNEKTH SIKOCTI NpU 3TUHAHHI JIMCTOBOIO MeETally, sIKI BKJIIOYalOTh, aje He 00-
MEXYIOThCSI, TUIACTHYHICTIO Ta PO3MipaMH i P OMY MiHIMi3allisl BiAXWIEHb y PO3Mipax € KIH4o-
BOIO BUMOTOI0 Y MaCOBOMY BHPOOHHIITBI [4].

Bimomo, 1110 pO3BUTOK YETBEPTOi MPOMHCIOBOT PEBOIOLIT CIPUYMHUTE 3MIHH Y BCIX TalTy3sX
Ta TEXHOJOTIYHUX mpouecax. JlMcToBe ITaMIyBaHHS SK TEXHOJIOTIYHMH MpOLIEC TaKOX 3a3Hae
BIUIMBY [IUX IIBUAKKUX 3MiH. L{i 3MiHHM BKITFOUaIOTh, ajie He 0OMEXYIOThHCS, TTiABUILICHHSM POy KTHB-
HOCT1 BUPOOHUIITBA, 301ILIICHHSIM IIBUKOCTI BUTOTOBJICHHS TOTOBOT MPOIYKIIii, 3MEHIIICHHSIM TeX-
HOJIOTIYHUX TPYAHOILIB MiXX HaJTAIITyBAaHHSIM OOJaIHAHHS Ta IITAMIIOM, & TaKOXX CKOPOYCHHSM
yacy, He0OX1THOTO JIJIsl BCTaHOBJIEHHs mTamma. L{i mokpaieHHs OyayTh 3a0e3nedeHi IHTeNeKTyalb-
HOIO MPECOBOIO CUCTEMOIO, IO CKIIAIAETHCS 3 YOTUPHOX OCHOBHHX €JIEMEHTIB: YIPABIiHHSA, 17I€HTH-
¢ikaris,, POrHO3yBaHHA Ta MOHITOPHUHT [2]. [edopMmartis y3a0BkK npsaMoi JiHii abo TpaekTopii € oA-
HUM 13 HaWNOLIMPEHIIINX TUIIIB MIPOLECIB Y JIUCTOBOMY ILITAMITyBaHHI. 3THHAHHS METAJIEBUX JIUCTIB
MOJKEe 3JIHCHIOBAaTHCA Y PI3HHUX Hpolecax, TAKMX SK BUTATYBaHHs, 3TMHAHHS 3a JIOIIOMOIOIO
CTeniaTi30BaHuX MAIIMH, 3THHAHHS METAITy Y IITAMIII.

Onepartist 3ruHaHHsA — 1€ OIepallis JIMCTOBOTO LITAMIyBaHHS, KA Nepeadadae MmiIacTUUHy
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nedopMariiro Marepianis, 0COOIMBO METalliB, HABKOJIO JIIHIMHOI BiCi, BITOMOI SIK BiCh 3THHAHHSA [5].
[IpocTrmu ciioBaM#u, 3TUHAHHS BiZIOYBAa€ThCsI, KOJIM YaCTHHA JIeTall 1epOpMYETHCS B3I0BXK JTIHIHHOT
BiCl 10 TOCSITHEHHA OakaHoro 3runy. [Iporec 3ruHanHs BiOyBaeThCs HE JIMIIE 110 MPsIMii JTiHii abo
JHIAHINA Bici, a ¥ y3/I0BX KPUBHX JIHIHN 1 TpacKTOpiid. BaykuBO BiA3HAYNTH 0COOIUBOCTI METATY i
yac onepariii 3ruHanHsa. BapTo 3a3HauMTH, 110 TijA Yac onepaiii 3ruHaHHs METaJeBHil JIUCT HE po-
3pi3a€ThCS, a JIUIIE 3MIHIOETHCS KOHTYP 3arOTOBKH JI0 OTpUMaHHS HeoOXimHoi Gopmu. dmanii 3i
CTHCKAaHHSIM MOKa3yloTh, IIO0 METall JHCTa CTHCKaBcs a0o0 37aBIIOBABCA MiJ 4ac mporecy (op-
MyBaHHSI MeTally, a (UIaHLl 3 pO3TATYBaHHSIM O3HAYalOTh, 10 METaJl PO3TATYBaBCS 1, BIAOBITHO,
CTOHIITYBABCS IiJ Yac mporecy GopmyBaHHs. J{Jis TOro mod METaJeBHid JTUCT BBAXKABCS IMiIJaHUM
MIpoLIeCy 3TUHAHHS, IJIOLIA MONePEeYHOro Nepepizy 3IrHyTOro METaJIeBOro JINCTA TIOBUHHA MATH TaKy
K TOBIIMHY, SIK 1 pElITa JIUCTa, 3 SKOTO HOr0 BUTOTOBJICHO [6].

JIBa BayKJIMBUX YMHHUKH CYyTT€BO BIUIMBAIOTh HAa 3TMHAHHS JIMCTOBOrO MeTany. Lle paaiyc Bu-
THHY Ta po3Mip KyTa BUTHMHY. [Ipu BeIMKOMy KyTi BUTHHY OaraTo MarepialiiB MOXKHA 3iCHYTH JI0 Ii€i
Mipu 0€3 3HaYHUX YCKJIQJHECHb, OCKUIBKU PI3HUI MK IUNTOCKUM MaTepiaJioM Ta Bke C(hOPMOBAHUM
He3HayHa. Pajiiyc BUTMHY CyTT€BO BIUIMBAE Ha OakaHi pe3ysbTaTh 3TUHAHHA. Po3Mip BUTHHY 3aje-
UTh BiJ TOBIIMHU MaTepiaily Ta Horo TBepAocTi. HaiimeHmuit paaiyc, mo A0CATaeTbes MpH 3TH-
HaHHI, MO’KHA BUPA3UTH PiBHSHHSM [7].

Pi3Hi TUNIM BUPOOHUYMX MPOIIECIB MOXKYTh BUKOHYBATH Pi3HI omeparlii 3ruHaHHA. [CHYIOTh
HNiATPUMYBaHI Ta HEMiATPUMYBaHI oneparlii 3ruHaHHs. HemigTpumyBaHe 3rHHaHHS MOYKHA OIUCATH
SK TpOLEC, Y SIKOMY JIMCTOBHM MeTall PO3TATYEThCS B yTpUMYyBaHiil Marpuii. V-mojioHa Ta
U-noaibHa MaTpuili MOo)KHA BBa)KAaTH HEMIATPUMYBAaHUM 3THHAHHSAM Ha IMOYATKOBHX eTamnax [7].

CknamHi reoMeTpuyHi (POPMH TOTIOMOTIIH JIFOJICTBY €KOHOMHTH IPOCTIP 1 3a0€3MeUnITH MOXK-
JMBICTh MPOEKTYBATH KOHCTPYKIIil, IKI MOXKHA CIIOCTEPIraTl B aBTOMOOLISIX, KOpadJIsix, JIiTakax Ta
0araTbOX 1HIIUX 3aCTOCYBAHHSX.

Opnna 3 ux Gopm — 11e BUTHH, 1 0arato KOHCTPYKIIi MalOTh BUTHYTY T€OMETPII0 Y CBOEMY
nu3aiiHi. g koHcTpyKTHBHA (hopMa MOXKE 32011 KYBAaTH MPOCTIp 1 HAaJaBaTU KPACUBHM BUTIIA, ajie
TaKOX MOXe pOOUTH KOHCTPYKIT 3 MaTepiany ciadimmMu, HiX iXHS MoYaTKoBa cTpykrypa [8]. Ma-
Tepiajl MOXKe TPICKaTUCh, BTOMIIIOBATUCH 200 MPOTMHATUCH 3aJIEXKHO Bifl MPUPOIN BUKOPUCTAHOTO
MaTepiany. Burun marepiaay Moske MiBUIIMTH HOTO €KOHOMIYHY IIHHICTH 1 3a0IaJUTH MPOCTIp
JUIs ciel(IYHUX 3aCTOCYBaHb, SIKi IbOTO MOTPeOyI0Th. Llei mpolriec BUKOPUCTOBY€ETHCS TSl BUTO-
TOBJICHHSI KOHCTPYKIIiH, TAKUX SIK (DIIAHIT, 3YSTUICHHS Ta OATKH /1 Oy JIBHUIITBA BEXK 1 3aCTOCYBAHHS
Horo 6e3MesxHi, ajie BOHU MiABUIIYIOTH EKOHOMIUHY I[IHHICTh TOYAaTKOBUX 3aTOTOBOK, OCKLIBKH BOHH
(bOpMYIOTHCS BIAMOBIAHO 10 BUMOT 3acTOCyBaHH [9)].

3aroToBKa IIACTHYHO JIe(hOPMYEThCS Y Mekax 001acTi miIacTU4HOiI aedopmariii Ha rpadiky
HanpyxeHHs—1edopMallii Marepiary, 3 SKOro BOHA BUTOTOBJICHA. 3MEHIIICHHS pajiyca 3arOTOBKH
oOMexeHe TUIACTUYHICTIO MaTepiaiy; 3a3BHuail MaTepialiu, SKi XapaKTepHU3yIOThCsl BUCOKOIO IUIa-
CTHYHICTIO, MalOTh BUCOKHUH pajiiyc KpUBU3HH, 1 HaBHaku. OIHUM i3 HAMBaKIMBIIINX HapaMeTpiB
3TUHAHHS Y MPOEKTYBAHHI € IOMYCK Ha 3THH, SIKUH MOJIENI0€ TOUKY pyHHYBaHHS Ha pajiyci, e 3aro-
TOBKAa MOXE IMOYATH TPICKATUCS T Yac 3TWHAHHS 1 Jjs 3anobiranus mpomy y [10, 11] 3acroco-
BYETHCSI IPUHITUI TOMYCKY Ha 3THH.

[Tporiec 3ruHaHHs PO3UIMPHUBCS HA OaraTo CEKTOPIB y iIHKEHEPHUX raly3sX 1 IPOJIOBXKYE PO-
3BUBATHCS 3 MOSIBOIO HOBUX TEXHIK Ta METOJIB, 110 3a0€3Me4YyI0Th Kpalluii eKOHOMIYHUHN edeKT 3a-
BJISTKU STKOCTI, aJie TaKOK 0€3 IIKOH JUIS IHKEHEPHOT HITICHOCTI 3aTOTOBOK, IO 3TMHAIOTHCS. Y MPOo-
MHCIIOBOCTI iCHY€ 6arato IpoleciB 3rUWHAHHSA, ajie B poOoTi [12] po3misiHyTI Juie AesSKi 3 HUX —
JiHIMHE 3rMHAaHHS LITaMIIOM Ta poTalliiiHe 3TMHaHHS TaMIoM. JIiHiliHe 3TUHaHHS IITaMIIOM € Tpa-
JTUIIITHUM 1 TIPOCTHM - Ha IyaHCOH MOCTYTOBO MPUKJIAAA€THCS CUIIA 1 BiH MOCTYMOBO 3TUHAE 3aro-
TOBKY 3 IOCTIHHOIO MIBUJKICTIO JJIsi OTpUMaHHs OaxxaHoro BupoOy. PorariiiHe 3ruHaHHs IITaMIIOM
BKJItOUa€e 00epTalbHUN PYX 1 BUKOPUCTOBYETHCS CIELIabHO BUTOTOBJICHUN MITAMI I MPOIECY
3TUHAHHS. 3ar0TOBKA PO3TAIIOBYETHCS B HUKHBOMY LITaMIIl, @ BEPXHI LITAMIIM MICTSITh BaXK1J1b, IKHM
KOHTaKTYIOYH 13 3aTOTOBKOIO, 3TMHAE 11 MOTPIOHUM YHMHOM JJIs1 OTpUMaHHs O6akaHoi popmu.

OCHOBHI ITPOIIEAYPH IS TOCIIPKEHHSI OTIepalliii 3STHHAHHS JINCTOBOTO METaJly HaBe/IeHI B [5]
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1 BOHU BKJIIOYAIOTh aHaJIi3 MPOLECY, CUMYJISTUBHY NPOLEAYPY, BUMIPIOBaHHS, KOHTPOJIb Ta TECTY-
BaHHs. Y [13] po3po0sieHO psij cTpaTerii MOACITIOBAHHS MPOIIECY 3THHAHHS MeTaxy. MoIefoBaHHs
MOJKE CIY>KUTH JJIi BU3HAUEHHS SIK BaXKJIMBUX MAapaMeTpiB MPOIECy, TaK 1 BiAMOBIAHUX MOMEHTIB
JUIsT BUKOHAHHSI KOpUTYBabHUX nidd. [ToTiM, Ha OCHOBI IIUX MOAENEH MOICITIOBAaHHS, CTPYKTYpY-
IOTBCS Ta JJOCHIJKYIOTBCSI OCHOBHI KOPUTYBaJIbHI IpouenypH. Lle 103Bosisie 3Ha4HO 3MEHIIUTH J10-
pOTi Ta TPYIOMICTKI BUITPOOYBaHHS HA JTOCHIITHUX YCTAaHOBKaX.

BunpoOyBanbHi ycTaHOBKK OyJiM CTPYKTYpOBaHi Ta moOyaoBani y pobori [14] i ue poouts
MO>KJIMBUM JTOCTIIDKECHHS TIPOBEICHHS TPOIIECY 32 PO3YMHHUX YMOB, KOPUCTYIOUYHCH JIJAOOPATOPHOIO
yCTaHOBKOI0. BUMiproBasbHi MPUCTPOT MOKYTh OyTH BUIIPOOYBaHi Ta BAOCKOHAJICH], IPU IIbOMY BH-
KOPHUCTOBYETHCSI PO3pO0IICHA Ta BIPOBAKEHA CUCTEMAa KEPYBaHHS Y CyYacHii CUCTEMi yIpaBIiHHS
[15].

3ruHaHHs METaTy € BeJIHMYE3HOO iHAYCTPi€r0, 0COOIMBO ISt MACOBOTO BUPOOHUIITBA, HAIIPH-
KJIaJl, y aBTOMOOUIBHII MPOMHUCIIOBOCTI, JIe TIaHeli Ky30Ba BUPOOJISIOTHCS 3 JIMCTOBOTO MeTaiy [17].
3 PO3MIIIHYTUX JOCIIKEHb MOYKHA 3pOOUTH BUCHOBOK, 1[0 OCHOBHI THUIIM 3TUHAHHS BKJIFOYAIOTh Ta-
KoK oTpuMmaHHg U-nomiOHux neraneil. Inmn mpouecH, sKi Cif BpaxOBYBaTH MpPH OMeEpalisix 3TH-
HaHHS, BKJIIOYAIOTh peOpiHHA, (IaHIFOBaHHS Ta 3ruHaHHsA TpyO [18,19].

VY wmiit pobori gani 6yae gociipkeHo oneparitis 3ruaanas U-1oaioHo1 gerani, ska MoKe BUKO-
PUCTOBYBATHUCS JUTSI BEJIMKUX CKJIATHUX TPOCKTIB.

OCHOBHOIO METOIO JIOCIIJKCHHS € BU3HAYCHHS HAIPYKEHO-1e(hOPMOBAHOTO CTaHy NP BHU-
KOHaHHI omepariii JIMCTOBOTO INTaMIyBaHHS 3THHAHHI TPH 3MiHI PajaiyCiB 3THHAHHS IIJISAXOM
KOMIT FOTEPHOTO MOJICTIOBaHHS.

JIi1st TOCSITHEHHS ITOCTaBJICHOT MeTH OyJI0 BUKOHAHE KOMIT' FOTEPHE MOJICITFOBAHHS B JIIIIEH30-
BaHOMY niporpamuomy komiuiekci QFORM [20], sikuii € Ha kadeapi KOMI FOTEPHOTO MOJICITIOBAHHS
Ta I1HTErPOBAaHUX TEXHOJOTIH OOpoOKM THCKOM HarioHaJIbHOTO TEXHIYHOTO YHIBEPCUTETY
«XapKiBCHKUH TOJITEXHIYHUN IHCTUTYT» 3aBISKH CITIBIpAIll 3 MXHApPOJIHOK KoMIaHiero «Micas
Simulations Ltd.» (Oxchopa, Benukobpuranus).

B pe3ynbTaTi miAroTOBKY 10 MOJISTIOBAHHS IPOIIECY BUTOTOBIICHHS JeTalli OyJI0 po3po0ieHo
HEOOXIIHUI IHCTPYMEHT Ta 3aroTOBKY B ImporpaMHomy 3abesmnedenti SolidWorks, ske Bukopucto-
BYETHCSI SIK JIJIS CTBOPEHHS MOJIENICH, TaK 1 711 KOHCTPYKTOPCHKOT JIOKyMEHTAIII].

ByJio cTBOpeHO 3aroToBKy Ta iHCTPYMEHT, IO CKJIAJAA€ThCS 3 HIDKHBOI Ta BEPXHBOI YaCTHHHU
mramiy (puc. 1).

Puc. 1. IToGynoBaHi MoJieni iIHCTPYMEHTY Ta 3arOTOBKHU IS MOJIETTIOBAHHS

BepxHiii mramm Mae 3aKpyriieHHs 1 MM, B TOH 4ac SK pajiiyc 3aKpyTJIECHHS HKHBOTO HITAMITY
OyJ710 3p0o0JIeHO B TPHOX BapiaHTax (2, 3 Ta 5 MM) I TOCIIHKSHHS Ta MOJATBIIOT0 BUOOPY parfio-
HaJIbHOI KOHIryparii.

CtBopeHi nmeraini OyJ0 iMIOPTOBAaHO B mporpamHe 3ade3medeHHs QFOrm mmst mogansmioro
MO/ICTTIOBaHHSI.

Byno o6pano marepian st inctpymenty (SXHM) ta auist 3arotoBku (Ct25), BinMoBinHY TEM-
neparypy nodatky mrammnyBaHHs (20°C). Takox Oyno oOpaHO HajamTyBaHHS Uil NPUTHCKY Ta
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Ipecy 3 BIIMOBIIHUM PO3paxyHKy HaBaHTaxeHHAM (6,3 MH). YM0BOIO 3ynuHKH OyJI0 BUCTABICHO
BI/ICTaHb MK IHCTPYMEHTaMH, SIKa JTIOPIBHIOE 2 MM, TOOTO TOBIIMHI 3aTOTOBKH.

[Tig yac BUKOHAHHS MOJICTIOBAHHS 3a TPbOMa BapiaHTaMU 3THHAHHS JIMCTOBOTO Marepiaiy,
SIK1 BIZIPI3HAIOTHCS PaJilyCOM 3aKPYTJICHHS HIKHBOTO ITaminy (2, 3 Ta 5 Mm) OyJ10 OTpUMaHO pe3yJib-
TaTH 3a TAaKHUMH TTapaMeTpaMU: IHTCHCUBHICTh HANpYKeHb (puc. 2), omip aedopmariii (puc. 3), mia-
crruHa aedopmaitis (puc. 4), mBHAKICTE aedopmartii (puc. 5), BEKTOp MBUAKOCTI (pHC. 6).
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Puc. 2. 3HaveHHs iIHTEHCUBHOCTI Hanpy»xeHb (MI1a) 1ist pagiycy 3aKpyrieHHsS Y HIKHbOMY
mramii 2 MM (a) 3 mm (0) Ta 5 MM (B)
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Puc. 3. 3nauenns onopy aedopmarii (MI1a) mist paniycy 3akpyriieHHS y HIKHBOMY LITaMITi
2 MM (a) 3 MM (0) Ta 5 MM (B)
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Puc. 4. Bennuuna ruractuaHoi qedopmartii auist pagiycy 3akpyriieHHsS Y HIKHBOMY IITaMIIi 2
MM (a) 3 MM (6) Ta 5 MM (B)
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Puc. 5. 3navenns mBuakocti nedopmanii (1/c) mis pamiyci 3akpyrieHHs Y HHKHbOMY
mrammi 2 mum (a) 3 MM (0) Ta 5 MM (B)
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BHUCHOBKU

PesynbraToM BUKOHAHOTO JOCIIHKEHHS € OTPUMaHHS PO3ITOJIUTY TOKa3HHUKIB HAPY>KEHO-/1e-
(opMOBaHOTO CTaHy 3aroTOBKM MpH JHCTOBOMY ITamiyBaHHI U-momiOHoOi nerani 31 3MiHHMM
paniycom 3ruHaHHs. [Ipy IbOMy B SIKOCTI MOKa3HUKIB HAMPYKeHO-e(HOPMOBAHOTO CTaHy OyJi0 00-
PaHo PO3MOJIiT MOKAa3HUKIB IHTEHCUBHOCTI HAaNpy>KeHb, ONOPY Aedopmallii, IBUIKOCTI fedopmartii
Ta BEJIMYMHHU TUTacTHYHOI nedopmartii. Takoxx Ayt MOKIMBOCTI OLIIHKK €(EKTUBHOCTI CaMOTO TPO-
L[eCy 3THHAHHS TaKoX OyJI0 BU3HAYEHE CHJIOBE HABAaHTAXKEHHS ITiJ] YaC BCHOTO MPOLECY 3TUHAHHS
MIPH Pi3HUX cXemax JaehopMyBaHHS.

[TpoananizyBaBIK OTPUMaHI PE3yJIbTATH MOJCIIOBAHHS OyJI0 BUSBICHO, IO 30LTBIICHHS
paniyca 3ruHaHHS IPU3BOAMTH JI0 HACTYITHUX PE3yJIbTaTiB: 3MEHIICHHS MMOKA3HUKIB IHTEHCHBHOCTI
Hanpy’KeHb Ta onopy Aedopmariii Mae MpuOIU3HO OJHAKOBY BENMYMHY 1 ckianae 6inst 7 %, a 3Ha-
YeHHsI TJIACTUYHOI AeopMaliii 3HHKYIOThCsl Ha 24 %, ane came CYTTEBO NMPHU IIbOMY € 3HUKCHHS
CWJIOBOTO HaBaHTa)keHHS Ha 21 %.

PesynbraTil MOZEIOBaHHS TIPOIIECY JIMCTOBOTO IITAMITYBAaHHS IPHU 3THHAHHI MMOKa3anu 0e3-
neQeKTHICTh BUTOTOBIICHHS JETAJI 32 BUOpAaHUMHU ITapaMeTpaMH i mepeBary oOpaHHs BapiaHTy HHXK-
HBOTO MITAMITY 3 PaJiiyCOM 5 MM, IO MiATBEP/PKEHO 3HIDKEHHSIM TOKa3aHb CHIIH, IO MOTPiOHA JyIst
HITaMITyBaHHS, a TAKOK HANPYKEHb Ta IJIACTUYHOI 1edopMartii.
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Danylets Y., Tkachov V., Chukhlib V., Tymofieiev V., Khodyriev H. Study of the stress-strain state during
sheet stamping of a U-shaped part with a variable bending radius.

The article analyses publications on sheet metal bending operations for the manufacture of various parts for
different industries, especially in the modern world. In compiling the literature review, the main focus is on the types of
bending operations and their application for obtaining U-shaped parts. At the same time, attention is paid to the main
parameters of shape change during bending, namely the bending radius of sheet material. As a result, computer modelling
of the bending operation with a variable radius on the lower die was selected for the study. The main result of the work
is to determine the influence of the bending radius on the change in stress intensity, deformation resistance, plastic de-
formation, deformation rate and force load of the bending process when obtaining a U-shaped part during sheet metal
stamping.

It was found that increasing the bending radius leads to the following results: the decrease in the stress intensity
and deformation resistance indicators is approximately the same and is about 7%, and the plastic deformation values are
reduced by 24%, but the most significant is the reduction in the force load by 21%. The results of modeling the sheet
metal stamping process during bending showed the defect-free manufacturing of the part according to the selected pa-
rameters and the advantage of choosing the lower die with a radius of 5 mm, which is confirmed by the decrease in the
force required for stamping, as well as stresses and plastic deformation.

Keywords: bending, sheet metal stamping, deformation, stress, operation.
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TiToB B. A.
Coxan /. B.
baaymok K. b.

BIIJIMB CKJIA/THOI'O ITEPEPI3Y 3AI'OTOBKHU TA 3MIINHEHHSA METAJIY
HA HATIPYKEHO-JIE®@OPMOBAHMI CTAH ITPU 3T THI

Cmamms npuceaueHa meopemuyHOMY AHARI3Y Npoyecy HYmMms ROIOCU CKAAOHOI (opmu 3 Memanie, uo
smiynowmobca. OCHOBHOI MEMO OOCTIOHCEHHS € SUSHAYEHHA BeTUYUHU padiyCy HellmpaibHoi NoBepXHi y nepepizax
CKAAOHOI popmu. 3acmoco8ani npunyujeHHs npo NiacmudHicms Mamepiany, a maxKoxc npo niockui degopmosaruii
cman ma 00’ €EMHULL HANPYHCeHULl CMAH, 00360IUNU PO3LTAHYMU NPOYeC SHYMMS 6 NONepeuHoMy nepepisi 3a20MmosKu.
3 ypaxyeanuam yux ocobnueocmeii Oyau 3anponoHO8aHi OCHOBHI PIGHAHHA OJiA BUSHAUEHHA HelimpanbHoi nosepxti. Om-
pumani pe3yivmamu 00360A10Mb ONUCAMU NPOYECU SHYMMS, W0 CHPOWYE AHANI3 MA PO3PAXYHOK BUHUKHEHHSA OeeKmis
npU NPpoeKmy68anHi npoyecie 6U20moseHHs 0emanell.

Pozenanyma cmpykmypua Haykoso-npukiaoua 3a0aua i0eanrbHo-niacmuyHo20 3euHy Ha pebpo 8 X0n00HOMY
cmai 3 amominiceux cnaasig cucmemu Al-Mg niockol wmabu na npukiadi munogoi demani 2a30-mypoOiHHO20 08UYHA
JIONamKa pesepca 3 NONepeyHUM aepoOOUHAMIYHUM Nepepi3oM 3a20MOGKU MUNY «Kpuioy. 3anpononosana cmpykmypa
KOMNAEKCHO20 Npoyecy (hopmMoymeopeHHs JONamKu 3 wmabu 3 ckiaonum nepepizom. Ha ocnosi ananimuunozo oensoy
HAyKo8ux nyoOniKkayitl ma nocmaeieHoi HAYKO8O-mexHiyHoi 3a0aui 0OTPYHMOB8AHA HeoOXIOHICMb 8PAXYBAHHA 6HIUBY
SMIYHEHHS Memany ma CKAaOH020 nepepisy 3a20MoeKU Ha NOJONCEHHA HEUMPATbHO20 wapy 015 3a0e3ne4eHHs MOYHOCI
BU3HAYEHHA HANPYHCEHO-0ehOPMOBAHO20 CIMAHY 8 0cepedKy dedhopmayii. Ha ocroei ompumanux 2inomes ma npunyuets
OMPUMAHO PIBHAHHA, SIKE 8PAXOBYE CMYNEHe8Ull Koeiyichm 3MiYHeHHs, a MAKONIC Napamempu nonepeyHo2o nepepisy
3020MOBKU.

Kniouogi cnosa: nelimpanvia nogepxms, noaoca, paoiyc HelimpanbHOi NO8epxXHi, CKIAOHUL nepepis, Memoo CKiH-
YEHHUX elleMenmis, HanpylceHo-0ehopMosanuli Cmat.

B mammHoOyayBaHHI IIUPOKO BUKOPUCTOBYIOTHCS JI€Tall 3 CKJIQAHUM Iepepi3oM, siKi BUTO-
TOBJICHI METOJIOM THYTTS.

[Ipu po3po06iieHHI TEXHOJIOTIYHOIO IMPOLECY BUTOTOBJIEHHS LUX JeTaleld BUHHUKAIOThH Je-
(dekTu pyiiHYBaHHS Ta BTpaTH CTiHKOCTI. ExcrieprMeHTanbHI MOCHIIPKEHHS TOKa3alid, 10 JaHi
e(eKTH BHUHUKAIOTh B 3aJIEXHOCTI BiJ po3nojauty nedopmallii B peryispHOMY Hepepisi JeTani
B MicIlsIX 3runy. Jledopmariii 3asiexarts Bijl MOJ0KEHHs HelTpabHOro mapy. OcobIuBO CKIaJHUMU
SIBIISIFOTHCS JIETaNi B KOHCTPYKIII] SKUX € KOCHid 3ruH. [InTaHHAMU BH3HAYCHHS HEUTPAJIBHOI I1O-
BEPXHI po3risiiany B podorax [1-14].

Cepen Oarathox KOHCTPYKIIiH jjornatok [T/l TeXHOTOTIYHO CKIIATHUMHU SIBIISFOTHCS JIOTTATKH
peBepcy ABHUryHa (puc. 1a). BoHu BUTOTOBIISIOTECS MPOLIECOM XOJIOHOT0 eopMyBaHHs 31 ITadH,
10 Ma€ MONEePEeyHuil nepepis, sIKUi BIAMOBIIAE Nepepi3y JonaTku (puc. 16). 3aroToBKH J0MaTKH 3a-
MIPOIIOHOBAHO BUTOTOBJISITH 3 HOBOTO allfOMiHieBOTO cruiaBy cuctemu Al-Mg-Sc [15-17]. [Tporiec Bu-
TOTOBJICHHS 3aTOTOBKHU ONUCaHuil B cTaTTi. OCHOBHOIO BUMOTOIO /10 BUX1AHOI 3aTOTOBKH - MPOP1LIIbO-
BAHOI ITAa0M SBJISETHCS HASIBHICTh BUCOKUX XapaKTEPUCTHK MIIHOCTI og = 450 Mlla ta mocrat-
HBOIO IJTACTUYHICTIO B XOJIOAHOMY cTaHi 8y = 15%.

CrutaB Al-Mg@-Sc BiTHOCHTBCS 0 KJIacy KOPO31MHO-CTIHKUX CIUIABiB 3 MiABHIIEHAMU Me-
XaHIYHUMU BJIACTUBOCTSAMH. B HOBOTO CIUTaBy Meka MIITHOCTI nepeBuIrye cruiaB AMro6 xa 10-15%
pu 30epeKeHHI BHCOKOI IIACTHYHOCTI. BenmunHa MeXi MIIIHOCTI JOCATae PiBHS BHCOKOMIITHUX
AIIOMIHIEBUX CIUIABIB.

®opmyBaHHS JOMATOK (MOMIOHOT KOHCTPYKIIii) 3 aJFOMiHI€BOTO CIUTaBy AMTr6 po3risiHyTO
B poOori [18]. 3aiaua BupilieHa [Uisl ijealbHO IIACTUYHOTO MaTepiany 3aroTOBKH. TakuM YHMHOM He
BPaxOBYEThCS 3MIIHEHHS. [[03UTHBHUM MUTAHHSAM SIBJISIETHCS BUPIMICHHS 3a]1a4i MO3UI[IOHYBAaHHS
3aroTOBKH Iepe]l IITaMITyBaHHIM 3 YMOBH, 1[0 3arOTOBKA 3HAXOIUThCA MiJ KyToM 22,4°.
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Puc. 1. Kpecnenns nerai

[Iponiec GpopMoyTBOpeHHS JIoMaTKU 3 MPOIILOBAHOT MTA0M MOXHA PO3TISIATH SIK KOM-
IUIEKCHUH MPOLIEC, KU CKIaa€ThCs 3 OCHOBHUX (JOPMOYTBOPIOBATIBHUX OIEpalliil:

- THYTTS KIHIIEBOi YaCTUHU BUX1AHOI 3aTOTOBKH B IUTOIIMHI MITa0K B HAIIPSIMKY TOHKOT CTO-
POHHU TIOTIEPEYHOTO TIEpepizy;

- THYTTS KIiHIEBOi YaCTWHH BHXIJHOI 3arOTOBKHM 3 APYToro KiHIA IITaOW B HANPSIMKY I10-
TOBILIEHOT CTOPOHU MONEPEYHOT0 Nepepizy. BiacTanb Mixk IEHTpaMH 3TUHY KiHIIEBHX YaCTUH CTaHO-
BuTh 185,8+0,3 MM, a B BepxHbOMY HampsaMmky - 59,7+0,5 mm. Benuuwmnaa 1ux BifcTaHel yTod-
HIOETHCS 110 KOMIT I0TEPHiN Mojiedi, a 3a0e3neuyeThest opMoro pobodoi MOBEPXHI OCHAIICHHS 1 CXe-
MO0 HaBaHTaKEHHS,

- THYTTS KIHIEBUX YAaCTHH 3arOoTOBKH B HAMPSMKY NEPIEHIUKYJISIPHOMY IUIOIIMHI 3aro-
TOBKH B Pi3Hi CTOPOHHU Yy BiJIIIOBITHOCTI /10O MOJIEINI JeTai;

- KamOpyBaHHS MTONEPEUYHOTO MEPEPiI3y 3ar0OTOBKHU B IITAMIII.

Mertoro poOoTH € aHamiTHYHE OOIPYHTYBaHHS BIUIMBY 3MIITHEHHS MaTepialy Ta CKJIaJHOTO
nepepizy 3aroTOBKU Ha MOJOKEHHS HEUTPAIBbHOTO IIapy JUIsl TOAATBIIOr0 BU3HAYEHHS HAMPY>KEeHO-
nehOpMOBAHOTO CTaHY.

J1yst BUpIIIEHHS TIOCTABJICHOT METH B CTATTI BUPIIMIEHI HACTYITHI 3a/1a4i:

1. OrpumanHs piBHSHHA JUIsI BU3HAUYEHHS HEHTPAILHOTO IIApy 3arOTOBKH MOCTIHHOI TOB-
UIMHH;

2. AnpokcuMallist 3aroTOBKH 3MiHHOI TOBIIHHU;

3. OTpuMaHHA piBHSHHS JJIs BU3HAYEHHS HEUTPANIBbHOTO MIapy 3MIHHOI TOBIIUHU;

4. TlopiBHSHHS OTPUMAHUX JAHUX JUTSl aHATITUYHOTO 1 YMCIOBOTO METO/IIB PO3B’ SI3aHHS.

B po6oTi po3riisiHyTO 3rHH MOJIOCH AOBUIRHOTO MepeTUHY Ha pedpo. Cxema 3ruHy HaBeJeHa
Ha puc. 2. [Iporiec 3ruHy po3risaaeThCs B IIIHAPUYHIA CHCTEMI KOOPAMHAT, IEHTP SKOi CITBIIaae
3 “IIEHTPOM 3TUHY” 3aroToBKH. B mporieci 3runy aeopmMoBaHuii CTaH 3arOTOBKU MPUIMAEMO TIIIOC-
KUM - nedopmartissiMi B HalpsIMKy oci 0z HexTtyeMo (e, = 0). Lle npurymieHHs1 He BIUIMBA€E HA TOY-
HICTB pO3paxyHKy Aedopmartiii i HanpyskeHb. BTpaTa cTIKOCTI BUHHKA€E B MPOLIECI 3TUHY BXKE IpU
MaJIuX TPYXHO-TUIACTUYHUX JedopMallisix, sKi CIiBpO3MipHI aedopmariisiM Mexi TPOMOPIiHOCTI
MaTepiany 3aroTOBKH.

JledbopmoBaHuil cTaH, SIKUH CTBOPIOETHCSA B TiJli, BIAMOBIIa€ YMOBI PiBHOBaru BHYTPIIIHIX
cwi. ToMy A5t BCTAaHOBIIGHHS BiTHOILIEHHS MK PaJilyCOM KPUBH3HU HEUTPAIBHOTO MIAPY 1 3TUHAIO-
9HM MOMEHTOM M TpW YMCTOMY 3THHI 3allUIIEMO PIBHSHHS PIBHOBard MOMEHTIB BHYTPIIIHIX CHII
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[19]. BpaxoByrouwn, mo b i | SBIsFOTECS KOHCTaHTaMHM, TO CHPABEUIMBUM € PIBHSHHS MUTOMHX MO-
MEHTIB (TUTOMHI MOMEHT CHJI BITHOCHO HEUTPAJILHOTO II1apy):

R3
M = lboy,(r)rdr =0 1)

Ry

Puc. 2. Po3paxyHkoBa cxema mpoliecy 3ruHy
3aJ1eKHICTh MIXK IHTEHCHBHICTIO HaNpy>KeHb 1 Ae(opmaliiii NpuiHATO y BUIIISIL
— n
g; = Kei , (2)

ne K — niHiifHui KoediieHT 3MIITHEHHS,

N — CTyNEeHEBUH KOeIIliEHT 3MIITHEHHS.

JUis BETMUMHU BITHOCHOTO PajilyCy 3rMHY MOKHA NMPHUHHATH 3 NEBHOIO MOXHOKOIO MOJIO-
KEHHS I0JI0 CTPABEIUBOCTI TIMOTE3M IJIOCKOro mepepidy. Toni miuockuid nedopMoBaHUil CTaH,
MOJKHA 3aluCaTH:

Cpp = —€rry €57 =0

JI€ €ry) €, €5, — KOMIIOHEHTH TEH30PY Ae(pOpMAIliil B MIIHAPUYHINA CUCTEMI KOOPAUHAT

[HTeHCHBHICTD NedopMartiid:

V2 V2
e = ?\/(err - ew)z +epy +ei = 3 |e<p<p|

BenuunHy po3noauly TaHreHIanbHUX AeopMalliii, BpaxoBylOUM MIPUMHATY T1MOTE3y IJI0C-
KHX Tepepi3iB MOXKHA MPEICTABUTH y TAKOMY BHUIJISIL:

Cop =~ = 3)

[TincraBnsroun (3) y (2) orpuMaemo:

_ ﬁx(r o)’ @

p

[TixcTaBumo (4) B piBHAHHS PiBHOBark MOMEHTIB OTpUMaeMo, Kok B(r) = const:
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Ry \/i r— n
sz —K( p) (r—p)dr=0 5)
R, 3 P
V piBHsAHHS (5) MiICTAaBUMO MEX1 IHTETPYBaHHS 1 OTPUMAEMO:
V2 K (R V2 K (R (6)
— 1 1 g —
M—?ﬁj; (r—p)t dr—?p—nfp (p—r)"ttdr=0

[IpoinTerpyBaBIn OTPUMAEMO:

V2K [Ra=p)™?  (p=p)"*] VZK[(p—RI)™ (p—p)"** _ 0 @)
3 p™ n+2 n+2 3 p" n+2 n+2

B piBastaHi (7) paaiyc HEHWTpanbHOI MOBEpXHI p € HeBimoMuMu. Bupimenus piBHsHHS (7)
BiJIHOCHO p.

R, + R,

5 (8)

Po =

Le pimeHHs € TpUBiaJIbLHUM 1 BIATIOBIAA€ 3arOTOBLI HOCTIHOTO MONEPEYHOTO MEepepizy.
Posrisaemo nepepis ckinaanoi popmu, KUl HokazaHo Ha puc. 2. DopMyITy HONEpeyHOro Ie-
pepizy moxHa cipoctutH pyHKIiero B(r). To piBasHHS (1) Mae Bu:

Ry
M = f B(r)o,,(r)rdr =0 9)
Ry

Puc. 3. Anpokcumaris reoMeTpii 3aroTOBKH
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[Tpumyckaemo, mo B(r) mae oOmexeHi po3mipu. Tomy nedopMoBaHuii cTraH — 00’ €MHUH.

Aute Tt CTIPOIIEHHS OIIHKU 1e(OPMYBaHHS B PO3pPaxXyHKaX IIMM HEXTYEMO.
B(r)=Cr+D
npu r =Ry, B(r) = aq,
B(r)=C-B,+D =a
3Bijacu:

D=a-C-R,
[lincraBuBIIM Lie Y BUpa3 QyHKIIT OTpUMAEMO:

B(r)=Cr+ (a—C-Ry,)
npur = R,, B(r) = b;
B(r)=C-R,+(a—C-Ry))=0b
C(R,—R,)=b—a

3BiJCH:

[TincraBuBIIM 1€ Y BUpa3 PYyHKIIT OTpUMAEMO:

B(r) = b-a r+<a— b-a -RB)

R3_RB RS_RB
b—a
B(r) = —R
() =g~ =R +a
B(r) =——2(b—a) +
r _RB_RB a)+a

Tenep anpoxcumoBany dyHkIito (19) miacrasiasemo y Bupas (6) oTpuMaemo:

2K

=3 <R ey (b—a)+a>(r p)tldr —
V2 K —R,
[ G- oo

BseneMo no3HaueHHS:
M=L+1,

Po3B’spxeMo 1HTerpal nepioi YacTUHU:

(10)

(11)

(12)

(13)

(14)

(15)

(16)

(17)

(18)

(19)

(20)
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I = prs (}:3__5:3 (b—a)+ a) (r—p)*tldr (21)

Jlnis fioro po3B'sa3aHHS IPOBENEMO JIESK] onepallii CripoeHHs .
Po3KkpreMO Ty’>KKU B UUCEIIbHUKY:

Rsfrr — R
h:j (( B)*(b—a)*(r—p)““+a*(r—p)”“>dr (22)
p R3 _RB
Posnoainumo iHTETpa Ha 1Ba TOAAHKU:
R; r — RB R,
h=| (=) G- @ = prtrdr s [ av - e (23)
p Ry = Ry p

[lepmunii JogaHOK MOKHA 3aMKUCATU K JOOYTOK IBOX (DYHKIIIH:

L =pr3(;3+}§;3)* (b—a)x (r—p)t*ltdr = o0

_ (H>IR3(r _R)* (r — p)tldr
. —RJJ,

Jnist po3B'si3aHHS LIOTO J10JIaHKY BUKOPUCTAEMO (POPMYITy IHTEIPYBaHHS 3a YaCTHHAMHU:

judvzu*v—jvdu (25)
3agamo:
u = (r — R,),
dv = (r — p)"*ldr (26)
OO0uuciumo du 1 v:
du = dr,
(r—pmnt? (27)
vV = ————
n+ 2

3actocyeMo GopMmyIy IHTETpyBaHHS 32 YaCTUHAMHU:

(b_—a)f:s(r “R)x (r — p)"*tldr= (b;a>*

R, — Ry . R, — R, o8
o =ro ) o - o= [ (o) - o]
CrpocTuMo BHpa3:
=r)-
' (n + 2)* (r = R)» (r — p)" "%~ (n Jlr 2>* fRs(r = p)"”drl -
p
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o R .
[[pyrI/H/I ITOJJaHOK fp *a * (r - p)n +1 dr MMPOCTO IHTCTPYETHCA:

fl*v—pw“m:wu(nig*@—pWH (30)

Taknm YHHOM, OCTAaTOYHE pOSB’?ISaHHSI Ma€ BUIJIAO:

(&%)
_ ] %
R3_RB

; l(niZ)* (r — RB)* (r — p)"*?% — (niz)*f&(r—p)w’zdr +
p

1
_ n+2
+“*(n+2)*(r 2

JUi1st IpOTOBKEHHSI PO3B'sI3aHHSI, CIPOCTUMO BUPA3 JAJIi.

Rs _ n+2 d 6 : -
) (r — p) 7 MOKHa OOYHCIIUTH 32 JOIIOMOTOI0 (POPMYJIH IHTETPYyBaHHS CTEIICHEBOI
¢bynkuii. BpaxoByroun, mon + 2 # —1, Maemo:

(31)

(32)
[TizcTaBuMO 11€ 3HAYCHHS Y TTONIEPEIHIN BUPa3:
/ ( b—a )
= |—] %
1 R3 — RB
o R G R G LIl o P o Py R S (33)
n+ 2 n+ 2 n+ 3

1
oy +2
+a*<n+2>*(r 2

3apa3 MOKHA CIIPOCTUTH BHPa3, BUKOHATU OOYMCIIEHHS Ta 3TPYIyBaTH MOAI0HI YWIEHH, a Ta-
KO’ 3aMIHUTH KOHCTAHTH HaJaHi B YMOBI:

I = R

) () - o]
+a*<nj—2>*(r_p)n+2=
:<Rb3:lci’lg>*[:zerzB*(r_p)n+2_((n+2)1(n+3))*(r_p)n+3]+niz

b *(7;2—,0)"+2: 1
—a r— R, n
:(R3_RB)*<"+2_((n+2)(n+3))>*(r_p) T

_ b —a n + 3 (T._p)n+2 n+2 _
—G§TEP<“‘&*w+z% D Tnrz oS

_(b-—a n+ 3\ (r—pnt? r — p)nt? 34
_<R3—RB)*<(r_RB)_n+2>* m+2 Y Tm+2 (34)

_ n+2 _
n+2*(r p)
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OerMI/IMI/I AOJaHKaMH1 BHpPAa3 MOXXHa MPEACTABUTU TaK:

I (b_a) r — R, Lt 35
= _—) % — —_—
1 R3 _ RB r B ( + 2) ( )
TakuM YMHOM, OCTaTOYHUM PE3YJIbTAT MAE BUTIISAL!
b—a n+ 3 (r — p)nt?
h = l(& — RB)* <(r ~ R =i 2>+ al ECES)) (36)

Tenep po3B’skeMo iHTErpan Apyroi YaCTUHU:

IZ:LRB(I:_—R (b—a)+a)(p—r)"+1dr (37)

J1y1st ioro po3B'si3aHHS MPOBEEMO JICSIKI OTIepariii CIpOIIEHHS.
Po3kpuemo 1y’XKu B YUCEITBHUKY:

Rofrr — R
12=f <—B)*(b—a)*(p—r)"“+a*(p—r)”“ dr (38)
p R3 - RB
Po3moinuMo inTerpan Ha aBa J0JaHKK:
Ry r — R Ry
12=j (—B)*(b—a)*(p—r)”“dr+j ax* (p—r)"*ldr (39)
p Ry — Ry p

[Tepmmit mogaHOK MOXKHA 3aITUCATH K TOOYTOK IBOX (PYHKITIN:

12=f:3(ﬂ)* (b—a)x (p—r)"*dr =

Rs - RB
(2= ["¢ = Ry« o =ry+id
= |——— r — *x (p—r r
R, — R,/ ), ’ (40)
J1ist po3B'si3aHHS I[LOTO JIOJIAHKY BUKOPUCTAEMO (POPMYITy IHTETpyBaHHS 32 YaCTUHAMHU.
3amamo:
= (T' - RB)!
(41)
= (p—m)"*ldr
Oo0uuciumo du 1 v:
du = dr,
(o — 1)+ 42)
- n+ 2

3acrocyeMo (GpopMyIly IHTEIpYBaHHS 32 YACTUHAMMU:
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(b_—“)fRB(r ~R)» -t idr = ()
2, :

R, — R R, — R
1 Ry 1 (43)
o R g o [ ) 6]
CrpocTuMo BHpa3s:
b—a
(R ~R >*
1 ° ’ 1 R, (44)
) o o e () [T
Jlpyruii 101aHOK f;“ a = (p —r)"*1dr npocro interpyerncs:
Ry 1
jp as (p-rtidr = a s () (o=t (45)
TakuM YMHOM, OCTATOYHE PO3B'I3aHHS MA€ BUTIIA!
F==)
— | %
R, — R,
* ( ! )*(r—R)*(p—r)””—( ! )*fRB(p—r)"+2dr+ (46)
n+ 2 ? n+ 2 p
2
ta (G5g) 60

Jjis IpOJIOBKEHHS PO3B'sI3aHHs, CIIPOCTUMO BUpPa3 Jaji.
R . .
fp *(p — )"+ 2 dr moxHa OOUMCIUTH 3a JOMOMOTOK (POPMYJIH IHTErpyBAaHHS CTEMEHEBOI

¢ynkii. BpaxoBytoun, mon + 2 # —1, Maemo:

Ry

(=1 *2dr = (=) * (o =1+ (47)

P n + 3

[TizmcTaBUMO 11€ 3HAYCHHS Y TTONIEPEIHIN BUPaA3:

/ (b—a)
= |—- %
27 \R, — R,

' [(n i 2>* r =R (=)™ = (n -T— 2>* (n -T— 3)* (p—r)"+3]+ (48)

1
_ n+2
va ()t 00

3apa3 MOXHa CIPOCTUTH BHPA3, BUKOHATH OOYMCIICHHS Ta 3TPYIyBaTH NMOII0H] WieHH, a Ta-
KO 3aMIHUTH KOHCTAaHTHU HaJaH1 B YMOBI:
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12=<Rl: - ;B)* [(n Jlr 2)* (r = R)x (p—r)"*% = <n i 2)* (n -1+ 3)* (p—r)*3|+

- <Rl: - :)* [:1_+Rz Flp =)t <(n n 2)1(n n 3))* (p_r)“s]“L

_ n+2 _
n+2*(p T)

) (Rl: - ZB>* <Tn_+RZB_ ((n ¥ 2)1(n + 3))>* (p—m)" 2+ i S* -t =

_(b—a n+3\ (r—-pnt? a a2
_(R3—RB>*((r_RB)_n+2>* mt Tnrzr =

_(b-a n+3\ (p—r)nt2 (p—7)"t?
_<R3—RB)*((r_ B)_n+2>>k (n+ 2) @ (n+ 2)

OxpemMuMH J10JaHKaMH BUpPa3 MOKHA [IPEICTAaBUTH TaK:
b—a n + 3 (p—r)nt2
L= |(—p)* (o R - +alst
2 lR3—RB*<(r ) n+2> “©W“"m+ 2
TakuM 4MHOM, OCTaTOYHUM PE3yJIbTAT MA€ BUTJIAA:
b —a n+ 3 (p—r)nt?
L=|(—=r) (¢ - R +als P
2 [R3—RB*<(r ») +2> “©1"o+ 2

06’ eanyemo Bupasu (36) i (51), i moGaBIsIEMO MEXKi:

_\/71{ b—a n+ 3 (R—p)"Jf2
=3 [(—RS—RB>*<(R3_RB)_ )
b —a n+ 3 (p—p)’“r2
_l(R3—RB)*<(p Ra) =3 2>+a* n+ 2 ]

b—a n+ 3 (p R )M t?2
l(R3 —RB) ) <(RB ~ Re) - ) Tm+2)
b —a n+ 3 (p — p)””_

_[<R3—RB>*<(p_ ») +2>+a (n+2) | =0

PiBHAHHS piBHOBaru BHYTPILIHIX CHII:

2K ([[fb-a (R, — p)*+2]

EWE [<R3—RB)*<(R3_RB ) l n+2 |

b—a n + 3 (p—R)"*?|
[(RS—RB)*<_n+2)+a* n + 2) ]_0

V2 K
[puitasBim, mo p™ # 0 MU OTpUMAEMO:

V2 K

3 pt

3 pt

(49)

(50)

(51)

(52)

(53)
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b —a ( R p)n +2
[l (o :
[ Ry — Ry <( ’ ) l
(220 (229 4z
* f— =
R, — R, n+ 2 (n + 2)
CrtpykTtypa piBHsHHS (54) MOKa3ye, IO MOJIOKEHHS HEUTPAIILHOTO Iapy 3aJeKUTh BiJ CTY-
MEHEBOT0 KoeimmieHTy 3MilHEHHS (11).

PiBusinus (54) Oyno po3B’si3aHO METOJIOM TOCIHIJOBHUX HAOMMKEHb. 3a pe3ysbTaTaMH
pO3B’s3Ky 0Oy 0BaHi rpadiku, SKi mpeacTaBieHi Ha puc. 4.

(54)

RB=20 mm
48
p, MM

46

44

42
——0

40 —=—0,25
——0,5
—=0,75

38

36

34

4

32
0,25 0,5 0,75 1 1,33 2

a/b

S

Puc. 4. 3anexHicTh pajiycy HEUTpaabHOI MOBEPXHI Bl BITHOCHOTO MEPUMETPY CKIIaJHOTIO
. a . . . . .
nepepizy (;) Ta 3aJCKHICTh CTYNEHEBOTO KOC(III€HTY 3MIIHEHHS METaly IS paliycy 3THHY

nojiocd 20 MM.

AHani3 KpUBUX Ha pHC. 4 MOKa3ye:

1) BenuunHa 3MiIIHEHHS HEHTPAIBLHOTO APy 3MIHIOEThCS B Mexkax Big N = 0 qo N = 1, mo
Bignosigae (N = 0) izeanbHO MIACTUYHOMY MeTaly, a (N=1) npyxHbo-1epOopMOBaHOMY CTaHy, ripu 0
< n < 1 BiOyBaeTbCs 3MIITHEHHS METAITY.
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. a . .« . .
2) 3i 3MEHIICHHM ITOKa3HUKA ~Ta 30LIBIIEHHSIM CTYTIEHEBOTO Koe(illieHTa 30UTbIIY€ThCS BEIH-

YHMHA 3MIIIEHHS HEUTPAILHOTO IIapy BiTHOCHO HOTO MOJOXKEHHS IS 171€TbHO-TUIACTUYHOTO CTaHy.

3) Jls1st anmroMiHIEBHX CILIABIB BEIMYMHA CTYIICHEBOTO KOS(DIIIEHTY 3MII[HEHHS 3HAXOAUTHCS,
sK mpaBuio, B iHTepBani Big 0,150 go 0,550, mo Bignoigae 30umblIeHHIO AedopMarlii Ha TOHKIM
KPOMIIi 3arOoTOBKH Tpu 3ruHi Ha 4,4 — 7,8 %.

Takum unHOM BpaxyBaHHIM (PaKTOPiB 3MILIHEHHS Ta (JOPMHU MOMEPEYHOIo Mepepizy A03BO-
JSIFOTh OTPUMATH pealibHi MIOKAa3HUKH J1e(hOpMOBaHO-HAIIPY>KEHOTO CTaHy B KPAOBUX 30HAX 3ar0TO-
BKH, 3 BUKOPUCTAHHSAM B1JIOMHMX CHiBBIJHOIIEHb L0JJ0 TPAHUYHOTO CTyIeHs aedopMmariii npu pos-
Ts131, @00 BTpaTH CTIUKOCTI NpHU AePOpMaIliiX CTUCKY.

BUCHOBKU

Po3rnsHyTa CTpyKTYpHa HAyKOBO-IIPUKJIa{HA 33/1a4a 1/1€aJIbHO-TUIACTUYHOTO 3TMHY Ha pedpo
B XOJIOJIHOMY CTaHi 3 alfOMiHi€BUX CIaBiB cuctemu Al-M(Q rutockol mrtabu Ha IpUKIIaai THITOBOT
JeTaii ra3o-TypOiHHOTO JBUTYHA JIONAaTKa peBepca 3 MONEePeuHUM aepoJIMHAMIUHUM Nepepi3oM 3a-
TOTOBKU THUITY «KPHWJIO». 3alIPONOHOBAaHA CTPYKTYpa KOMIUIEKCHOTO Hpolecy (pOpMOYyTBOPEHHS JIO-
NATKH 3 [Ta0u 3 CKJIAJHUM HEepepi3oM.

Ha ocHOB1 aHaNITHUHOrO OTJISAY HAYKOBUX ITyOJiKalii Ta MOCTAaBIEHOI HAYKOBO-TEXHIYHOL
3aa4di OOIpyHTOBaHA HEOOX1IHICTh BPaxyBaHHs BIUIMBY 3MILIHEHHS METay Ta CKJIAIHOTO Iepepizy
3aroTOBKHM Ha IOJIOKEHHS HEUTpanbHOro Iiapy Juisl 3a0e3leueHHs TOYHOCTI BU3HAYEHHS HAIpy-
&KEHO-/1e()OPMOBAHOTO CTaHy B OcepeaKy Aedopmariii.

Ha ocHOB1 oTpuMaHuX rifnoTe3 Ta NPUIYILIEHb OTPUMaHO PiBHSAHHS (54), sIke BPaxOBYE CTYy-
neHeBUi Koe(ilieHT 3MilHEeHHS (N), a TaKoX MapaMeTpH MONEepedyHOro mnepepizy 3arotoBku. Pis-
HSIHHSI BUPILIEHO BIAHOCHO PajilyCy HEHTpaJbHOI MOBEPXHI (p) 3arOTOBKHU.

3a pe3ynbTaTaMy po3paxyHKy o0y joBaHa rpadidHa 3aJIeXkKHICTh pajilyCy HEUTpaIbHOI ITOBE-
PXHI BiJ] BIIHOCHOTO IapamMeTpy nepepizy (g) Ta CTyIEHEBOro KOePIIIEHTY 3MIITHEHHS METaIly UIs

. . a . .
paniycy 3runy 20 mm. [TokaszaHo, 1110 31 3MEHIIIEHHSM MMOKa3HUKa (;) 301IBIIYETHCS] BETUIHHA 3Mi-

IIEHHS HEHTPaJIbHOTO 1Iapy BIAHOCHO HOTO MOJIOKEHHS /IS 11€albHO-TINIACTUYHOTO Matepiany. Ls
BeJIMYMHA JIJIs1 atoMiHieBUX ciuiaBiB cuctemu Al-Mg 30inbinyersest Ha 4,4 — 7,8% Ha TOHKIH KpOMITi
JIOTIATKH.
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Titov V., Sokhan. D., Balushok K. Influence of the complex cross-section of the workpiece and metal hard-
ening on the stress—strain state during bending.

The article is devoted to the theoretical analysis of the bending process of a complex-shaped metal strip made
of strain-hardening materials. The main objective of the study is to determine the radius of the neutral surface in cross-
sections of complex geometry. The assumptions regarding material plasticity, as well as the plane strain state and the
volumetric stress state, made it possible to analyze the bending process in the transverse cross-section of the workpiece.
Taking these features into account, fundamental equations for determining the neutral surface were proposed. The ob-
tained results make it possible to describe bending processes, which simplifies the analysis and calculation of defect
formation during the design of part-manufacturing processes.

The structural scientific and applied problem of ideally plastic bending on an edge in the cold state from alumi-
num alloys of the Al-Mg system of a flat staff is considered using the example of a typical part of a gas turbine engine, a
reverse blade with a transverse aerodynamic cross-section of a workpiece of the “wing” type. The structure of a complex
process of forming a blade from a staff with a complex cross-section is proposed. Based on an analytical review of
scientific publications and the scientific and technical problem, the need to take into account the influence of metal
strengthening and a complex cross-section of the workpiece on the position of the neutral layer is justified to ensure the
accuracy of determining the stress-strain state in the deformation center. Based on the obtained hypotheses and assump-
tions, an equation is obtained that takes into account the step strengthening coefficient, as well as the parameters of the
cross-section of the workpiece.

Keywords: neutral surface, strip, radius of the neutral surface, Deform-3D, complex cross-section, finite element
method, stress—strain state.
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CageJon /1. B.
Kynunnu C. A.

BU3HAYEHHS 35YPIOIOYOTI'O HABAHTAKEHHS, HEOBXIITHOT'O
A YIMUVIBHEHHSA METAJIEBOT'O ITIOPOLIKY

Ha niocmasi ananisy Haykoso-mexHiuHOi imepamypu 6CMAHOGIEHO, WO HA CbOLOOHIUIHIL OeHb OJi GUPOOHUYMEA Gl
pobig 3 Memanesux NOPOWIKI6 3ACHOCO8YIOMb MEXHONOZI0 BIOPAYIIHOLO VIITbHEHHS MEMANe8UxX NOPOUIKIE, SIKA He 8PAX08YE
cneyugiuni ocobausocmi ma 1acmueocmi NOPOUKO80I cymii ma He 00360J1A€ OMPUMYBAMU 3 Hel AKICHE A HAOTIHI NOPOWUKO8]
8upodU. Buxoosauu 3 ananizy nosedinku mamepianie ma iCHyIOUUX Peono2iuHux Mooenell VIYLIbHIOBAHUX cepedo8Ully BUSHAUEHO,
Wo 013 ONUCY OUCNEPCHOI CYMiti 3 Memaneso2o NOPOUIKY, aKa nid0acmoCs Giopayii, 3anponoHOBANA Y3A2allbHEHA PeONociuHA
MOoOenb, KA OOHOYACHO 6PAXOBYE NPYIICHI GIACIMUBOCIII MA GHYMPIUHE MEPIMsL MIdC MEMANEGUMU YACIUHKAMU, SKe NO6 A3ye
00MUYHI HANPYHCEHHSL (8 SI3KICb) MA 3MIHY WEBUOKOCH ROPOUKOB020 cepedosuyd. Bcmarosneno, wo y iCHyIouux 0ocaiodicet-
HAX Ysl Peonoiuna MoO0eb He 3ACIOCO8y8anach Ol ONUCY NOGEOIHKU Memanegux nopoulKie, sIK CYYibHO20 cepedosuiya, a ix
KONUBAHH NI0 OI€I0 8I0pAYIliHO20 HABAHMAICEHHS, He ONUCYBATIUCH XEUTIbOSUM DIBHAHHAM KOMUBAHb. {1 3anpONnoHO8aHOI peo-
JI02IYHOT MOOETE YWiIbHIOBAILHO2O HOPOUIKOBO20 CEPEO0BULYA, SIKA BPAXOBYE 1020 NPYAHCHI, 8 S3KI Ma NAACIUYHI &IACMUBOCTII,
CKNAOCHO XBUIbOBE PIGHAHHS KOIUBAHD, OISl MEOPEMUUHO20 AHANI3Y K020 3ACMOCOBAHULL MEMOO PO36 A3AHHA Y KOMIIEKCHUX
Qyuryisax. Y pesynomami nposedeHux meopemuynux 00CIONCEHb USHAYEHO (Pa308Yy WUBUOKICHb NOUUPEHHS 30Y0XHCeHHs Y No-
POWKOBOMY CcepedosULyi, 3HATIOEHO PO36 A3AHHS X8UTOBO20 PIGHAHHS KOIUBAHb A BUBEOCHO HOBI AHAMIMUYHI BUPA3U 01 BU3HA-
UEHHS AMNIMYOHO20 HANPYIHCEHHS, SIKe BUHUKAE HA NOBEPXHI MA 8 OCHOGI YULIbHIOBAHO20 WAPY MEMANEB020 NOPOUIKY 3ANIEHCHO
6i0 koopouramu. Ha niocmasi ymosu, saxa onucye yujinbHo8aHiCib, OMPUMAHO QHATIMUYHUL 8UPA3 OIAL BUSHAYEHHS aMNIimyou
30)024CeHHs NOBEPXHI MEMANE8020 NOPOWIKY, KA HEOOXIOHA O/l OOCACHEHHS 1I020 NOBHO20 VUiTbHEHHA. 30 BUSHAYEHUM 3HAYEH-
HAM aMIAMYOu 30Y0XHCeHHs BUSHAYAEMbCS AMATINYOHE 3HAYEHHS 30Y0XHCYIOHOT CUNU 8IOPAMOPI Ol OCHAWEHHS HUMU 8I0pa-
YitiHo20 pobOH020 OpeaHy.

Kntouoei cosa: peonoziuna mooesnv, memanesuii NOPOWOK, HANPYICeHH s, 0eQopMayis, amniinyoa KoJueaHs.

TexHonoriuHu# mnpotiec BiOpaiitHOro yuiibHEHHS METAJIEBOT0 MOPOILIKY peani3y€eThes Iuls-
XOM B3a€MO/IiT1 po60o4oro BiOpaliitHoro oprany 3 HOpomIKOBUM cepenoBuiieM. [Ipu npomy epextu-
BHICTbh YUIUIBHEHHS MOPOIIKOBOI CYMIIIl CYTTEBO 3aJI€KUTh B1JI TEXHOJOTTYHUX PEKHUMIB BiOpariiii-
HO{ /i1 — aMIUTITY /1M Ta 4YaCTOTH KOJHMBaHb BiOpaIiiiHOro poboyoro opraty, a Takox TPUBaJIOCTI BiO-
pariifHoi fii.

ITin yac BUpOOHUIITBA BUPOOIB 3 METAJIEBUX MOPOIIKIB BUKOPUCTOBYIOTh MIEBHI BIOpalliiiHi Me-
TOJH, Y SIKUX U1l poOOYMX OpraHiB (OpMyBaJIbHOIO 00JIaTHAHHS 3aCTOCOBYETHCS aMILTITY/Ia KOJIMBaHb
poboyoro oprany 0,4 MM 1 yacToTu KonuBaHsb B aianazoHi Bia 10000 xo 20000 kon/xB. OaHak yci 11 gaHi
PI3HATHCS 1IOJI0 METAJIEBUX MOPOIIKIB Ta X MOXJIMBUX KOMIIO3ULIN 3 PI3HUMHU (PI3UKO-MEXaHIYHUMU
XapaKTePUCTUKAMH Ta CTPYKTYPHHUM CKJiaioM. KpiM Toro, KOmiroBaHHs BIIOMUX TEXHOJOTTYHUX PEKHU-
MiB BiOpallii Ta onepariii 6e3 HaJle)KHOTo 00JIIKY crieln(pIUHUX OCOOTUBOCTEN Ta BIACTUBOCTEH MOPOILI-
KOBHX MaTepiaiiB Ta KOMIIO3HIIIN He 103BOJISIE TPOSIBUTHCS HAJIEKHUM YHHOM TIO3UTUBHUM SIKOCTSIM BH-
po0iB 3 METaJIeBUX MOPOIIKIB. Y Ce 1€ T03BOJISIE 3p0OUTH BUCHOBOK TIPO T€, 110 MOKIIUBOCTI TEOPETHY-
HOTO aHali3y MPOIECiB BIOPALIIHOIO YIIITbPHEHHS METAIEBUX MOPOILKIB 1 TOYHICTh OTPUMYBAaHHX pe-
3yJIbTAaTiB 3HAYHOIO MIPOIO 3aJIeKaTh BiJl NPUIHATOI PEOJIOTTYHOT MOJIEN], IKOI0 MOJIEIOETHCS TTOPOLI-
KOBE CEepEeIOBHILE, a JOCIIPKEHHS IIUX MPOLECIB 1 CbOTOJIHI € aKTyaJTbHUMHU.

Icaye GaraTo TeOpeTHYHUX AOCITIHKEHB, Y SKUX PO3TIISAAETHCS MPOIEC B3aEMOIi BIOpYyIO-
40ro po0ouoro oprany 3 cepefoBUIIEM. Y IIUIbHIOBAaHE CEPEIOBHUIIE, SIK PABUIIO, MOJICITIOETHCS pe-
OJIOTIYHUMH MOJETISIMH, SIKi € PI3HUM MO€HAHHSIM TPYKHOTO, TUNITACTHYHOTO €JIEMEHTY Ta EIEMEHTY
TepTsA. Y LUX JOCHIPKEHHSIX MOBEAIHKA Ae(OpPMOBAHUX CEPEOBUII MOJIEIIOBANIACS MIPYKHOIO MO-
nemto I'yka [1], B s3koro (mozeni Hetorona) [2] uu B’si3konpyskHoro (Moxem Kenbpina — ®orra)
tina [3], monentto binrama [4], moaesutto 3iHepa [5], sika mopsij 3 3BOPOTHOIO 1 HE3BOPOTHOIO j1eho-
pMalli€ro OMucy€e 0OOPOTHY BUCOKOEIACTUYHY JAe(OpMAIIif0, III0 HAMOUIBIT HAOYHO MPOSBISETHCS Y
noJiiMepis, Ta iHmUMH. [Iporiec penakcariii HanpyskeHb y 1e(OPMOBAHUX CEPEIOBHIIAX B €JIE€MEHTA-
PHOMY MOJAHHI ONMKUCYBABCSI MOAEIUII0O MaKcBesuia 3 MOCHIIJOBHUM MO€IHAHHAM MPY>KHOTO Ta B’A3-
KOT'0 €JIEMEHTIB, a TakoK OararoenemeHTHUME MozaensMu Kyna [6] ta LlIknoBcekoro ae Jdpyxuna
[7]. V nesxux Bunamkax aedopMyBajibHE CEPEIOBHUINE YSIBIIM MaTeMaTHYHUMH KpuBumH [8, 9].
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Ha cporonni BcTaHOBIIEHO, 1110 HAMTOUHIIIE YITUIBHIOBAHUH BiOpalli€l0 METaIEBU MTOPOIIOK
MOXHA ySIBUTH PEOJIOTTYHOIO MOJICILITIO, SIKA OJJTHOYACHO BPAaXOBYE MPY>KHI BIACTUBOCTI Ta BHYTPIIITHE
TEPTS MK METaJeBUMU YaCTUHKAMH, SIKE TIOB’SI3y€ JOTHYHI HAIIPYKEHHS (B’ A3KICTh) Ta 3MiHY LIBH-
JIKOCTI TTOPOITKOBOTO cepeaouma [10]:

G(X,t)zE-aug;’t)Jrn-(%(atx’t)y (1)

ae u 1 X— eﬁneposa Ta JIarpaH’X€Ba KOOPAUHATHU; O — HAIIPYIKCHHS, AKC BUHUKAE B yIJ_IiJ'H:-

HIOBAaHOMY 00’€Mi METaJe€BOTO MOPOIIKY; E - aunamivnmit MOMYJb TIPYKHOT nedopmartii merae-
BOT'O IIOPOLIKY; 77 — KOE(ILIEHT IUMHAMIYHOI B I3KOCTI, SIKUM BPaxoBYy€ BHYTPIIIHE TEPTS B METAaJle-
BOMY TIOPOIIIKY.

Came 111 MOZIETIb € IIKaBOO B KOHTEKCTI aHai3y 3racaHHs aMIUTITy U 30yIKeHHS, sIKe BUHU-
Ka€ BHACJ1I0K BHYTPILIHBOTO TEPTSI (B’ A3KOCT1).

OpHak y ICHYIOUYHMX JOCHI/DKEHHSIX Taka PeoJIOTiYHa MOJIEIb HE 3aCTOCOBYBAJACh Ul OMHCY
MOBE/IIHKH TIOPOIIIKOBOTO CEPEIOBUIIA, @ HOTO KOJMBAHHS, M1 JII€I0 BiOpallii, HE ONMUCYBAJIUCS XBU-
JHOBHUM PIBHSHHSAM KOJHBaHb.

OTxe, MpOBENIEHHS] TEOPETHYHHX JOCIIHKEHb, CIIPIMOBaHUX HA HAYKOBO-OOIPYHTOBAHE BH-
3HaYeHHS 30yprOI0YOro BiOpaliifHOTO HaBaHTaXEHHs, HEOOX1THOTO ISl €()eKTHBHOTO YIIITbHEHHS
MOPOIIKOBOTO CEPEIOBUINA, € JOCUTH aKTyaJbHUM 3aBIaHHSM.

Mema pobomu nonsrae y aHaliTHYHOMY BU3HAUEHHI aMIUTITY 1M KOJIMBaHb poOOYOro oprany
Ta BIAMOBIIHOTO 11 30ypIOI0YOro BiOpaiitHOTO HaBaHTAXEHHS, HEOOXITHUX I €(PEKTUBHOTO YIITi-
JbHEHHS METaJIEBUX MOPOILKIB BIOpaLliHHUM METOJIOM.

VY wiif po6OTI A1 TEOPETUYHOIO BU3HAYEHHS aMIUIITY I KOJIMBaHb Ta BIAMNOBIIHOrO BiOpa-
LIHHOTO HaBaHTAXXEHHs, HEOOXIAHUX Ul YIIIJIBHEHHS METaJeBOro MOPOIIKY, 3aCTOCOBAHO METO]
PO3B’sI3aHHA y KOMILIEKCHUX (pyHKisX [5, 10].

Jlnist po3B’si3aHHS MTOCTABJICHOT 33a/1aui METAJIEBUN MOPOIIOK PO3IIISAAETHCS K CYLIbHE T0-

POLIKOBE CEPeJIOBHUINE, Ha sKe Jie 30yKkeHns U (t) B1JI MyaHCOHY 5 BiOpaliifHOro po00o4oro oprany
2, SIK€ 3 TOCTaTHHOIO TOYHICTIO OMUCYETHCS BUpPa3oM [S]:

u(0,t) = A-sin(w-t), (2)

ne A - aMIUTITya 3MIIIEeHHS; @ — 4acToTa 30y/UkeHHs; t — MOTOYHUH Jac.

JUist BUSIBIIGHHS 3aKOHY TOIIMPEHHS XBUJIb HANIPY)KEHb TIOPOIIKOBE CEPEIOBUIIE, SIKE 3HAXO-
JUTBCS TT1JT ITyaHCOHOM 5 BiOpaliifHoro po6o4oro oprany 2, yMOBHO PO3/IIJTUMO Ha s/ eJIeMEHTap-
HuX 00’ eMmiB (puc. 1a). [Ipy>kHO0-B’s3Ki BITaCTUBOCTI HOPOIIKOBOTO CEPEIOBHINA YSIBIMO PEOJIOTIYHOIO
Mozemto (puc. 10).

PosristHeMo mporiec nedopmyBaHHS 1Iapy MeTalieBoro mopoiky (puc. 1). BBakarumemo, mio
HIUTBHICT p B €JIEMEHTAPHOMY 00’€Mi METAIEBOTO MOPOIIKY TOCTIIHA, a i 3MIHH BIIOYBaOThCS CTPHO-

KOITOTIOHO TIiJT 9ac MEepexoy BiJl OHOTO eJIEMEHTapHOTo 00’ eMy JI0 iHIIOro. PyX yIIiibHIOBAaHOTO cepe-
JIOBHIIA PO3IIISIATHMEMO JIUIIIE Y HATIPSIMKY €JIEMEHTAPHOr0 00’ €My Ta B Yaci.

OTxe, Ui IbOTO OJHOBUMIPHOTO BUMAJKY AW(EpeHIiabHe PIBHSHHS PYXY MOPOIIKOBOTO
CepeIOBUIIA MATUME BUTJISIII:

oo o°u
9 _ 5.7, @)
x U
a60 3 ypaxyBanHsaM (1):
E.au(x,t)ﬂra u(x,t):p_au. 4)

ox® oxot ot?
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Puc. 1. Cxema nedopmyBaHHS LIapy METAJE€BOrO IMOPOLIKY a) Ta PEOJOTiYHAa MOJENb
YIIITBHIOBAHOTO MTOPOIIKOBOTO CEepeIoBUIIA 0) Mif Jiero HaBaHTaxeHHA A-sin(w-t):

J| 77

10 1,0 x)dx

1 — meTaneBuit mopomiok; 2 — BiOparmiitHuii podounii opraH; 3 — OCHOBA IIApy METAJICBOTO
MOPOIIKY; 4 — eIEMEHTAPHUIN CTOBI METAJIEBOTO MOPOIIKY 3 N €IeMEHTIB

Po3B’s13aHHS XBHIIBOBOTO PiBHSAHHS (4) Oy/1eMO BiAIIYKYBaTH 3a TAKHX TPAaHUYHUX YMOB [5]:
3a X=0:
u(0,t) = A-sin(w-t); (5)

3a X=h:
u(h,t)=0, (6)

ne N — Bucora YIIUTBHIOBAHOTO 1Iapy METAJIEBOTO MOPOIIKY.
Po3B’s3aHHs piBHAHHSA (4) IpeaCTaBUMO SK YSBHY YaCTHHY KOMITJIEKCHOTO yucina [5]:

u(x,t) = Im-[u(x) -], @)

3HaKk Im mpH CIIBMHOXHHUKY HaJam JUIsl 3py4HocTi Oyaemo Binkunatu. I[ligcraBuBiim 3ae-
KHICTb (7) 10 BUpa3y (4), OTpUMaEMO PiBHSIHHS [ BA3HAUEHHS KOMITJICKCHOT aMIUTITY 11 KOJIMBAHb!

0 u(x)+|77a).8u(x)+p-a)
ox’ E  ox

-u(x)=0. (8)

[Tin gac po3B’s3aHHS XapaKTEPUCTUYHOTO PIBHSIHHS, CKJIAIEHOTO AJsl piBHAHHA (8), 3HAil-
JIeMO HOT0 KOpeHi:
i 3
o=, g aE o) ©

BukopucroBytoun piBHsIHHSA (9), 3anuiieMo po3B’s3aHHA Tak:
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u(x) =D, -cos(k,-x)+ D, -sin(k, - X), (10)

ge Dy i Dy — nocriitni IHTerpyBaHHs (KOMILJIEKCHI aMIUTITYAH), SIKI BU3HAYAIOThCS TPAHUYHUMU
ymoBamu (5) 1 (6); |(1 i k2 — XBHJILOBI YHCJIA.
Bizomo, mo xBuiboBe uncio K MokHa sanmcaty Tax:

k=2, (11)
C

ne C — ¢a3oBa IBUJIKICTh MOMKUPEHHS 30yPEHHS Y METAJIEBOMY MOPOIIKY.

J1J1 TEOpETUUHOTO BU3HAYCHHSI C MpHUpiBHAEMO npaBi yactunu Bupasis (10) 1 (11), 3Benemo
JiBY Ta MpaBy YaCTHHHU y KBaJIpaT, Ta OTPUMAEMO BUpa3 AJsl BA3HAYCHHS IBUAKOCTEH C PO3MOBCIO-
JOKeHHS 30ypeHHs y MeTajeBOMY MOPOIIKY Y BUTJISAIIL

. - 2-E-w (12)

1,2_\/7]2.((02+1)+4-E-p“2.w.77.m.

Ha mincraBi po3s’si3anns (10) meperBopumo Bupas (7):
u(x,t) = (D, - cos(k, - X) + D, -sin(k, - X)) -€"". (13)

[TigcraBnsroun (13) no rpannvHOi yMOBH (6), 3HAWIEMO CITiBBITHOLICHHS MK MOCTIHHUMU

IHTETpyBaHHIMHU D,iD,:

__p,.costk ) (14)
sin(k, - h)
3 ypaxyBanHsM (14) Bupa3 (13) nepeTBopUTHCS 10 BUTIISAY:
u(x,t) =D, - cos(k, - x)sin(k, ._h) —cos(k, -h)sin(k, -X) | it (15)
sin(k, - h)

[nsxoMm miactaHoBKU Bupasy (15) mo rpanndHoi ymMoBu (4), 3HaiiieMo MOCTIHY IHTErpy-

BauHs D, y Burmsi:

D =A. (16)

1
[TincraBnsroun 3HaiICHE 3HAYCHHS TOCTIHHOT IHTETPYBaHHS D1 3 (16) mo Bupazy (15), 3Haii-

JIEMO PO3B’si3aHHs PiBHSAHHA (3), sIKE 3aJ0BOJBHSE TPAHUYHUM YMOBaM (5) 1 (6) y KoMIIIeKCHi# ¢o-
pmi:

(17)

u(x.t) = A- cos(k, - x)sin(k, - h) —cos(k, - h)sin(k, - x) gt
e sin(k, - h) '
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BpaxoBytoun, 110 e = COS(a)t) +isin (a)t) 3HalIEeMO PO3B’sI3aHHS PIBHAHHA (4), AKe 3a/10-
BOJIBHSIE TPAHUYHUM yMOBaM (5) 1 (6):

A . . .
u(x,t) = Snt ) [cos(k, - x)sin(k, - h) + cos(k, - h)sin(k, - X)]-sin(w-t). (18)

[TincraBnsroun po3B’sizanHs (18) mo piBHsHHS (1), BUBHAUMMO HANpyKEHHS, K€ BHHHUKAE
B YIIUIBHIOBAHOMY IIIapi, 3aJIE)KHO BiJ] KOOpJIUHATH X

A

k) [E - (—k, sin(k,x)-sin(k,h) +k, cos(k,x) - cos(k,h)) - sin(at) +

o(x,t)
+2-1n--cos(k;h)-sin(k,x) - cos(at)]. (19)

[TincraBnstoun 1o Bupasy (19) 3HaueHHS KOOpAMHATH X = O 1 x = h, BA3HAYUMO 3MiHY Ha-
MPY’KEHb, SIKi BAHUKAIOTh Ha MOBEPXHI:

A-J(EK, cos(k,h) Y + (e sin(k,h)

= -Si -), 20
o (0,t) sin(ch) sin(awt — ¢,) (20)
) 7-@-sin(k,h) ).
ne @, = arctg( E k. cos(klh)j’ (21)

Ta B OCHOBI IIapy METAJIEBOT0 MOPOIIKY:

A

o= Gk

[E - (—k, sin(k,h)-sin(k,h) + k, cos(k,h) - cos(k,h)) - sin(et) +
+2-1-m-cos(k,h)-sin(k,h) - cos(at)]. (22)

3 Bupasy (19) Burikae, 110 HaNpy>XeHHs, SKi BAHUKAIOTh B YIIIIEHIOBAHOMY IIapi METAJIEBOTO
MOPOIIIKY, 3aJIeXKaTh B/l JTUHAMIYHOTO MOJYJIs MPY>KHOI edopmartii Era Koe(iLieHTY TUHAMIYHOT
B’s13K0CTI /] MeTaneBoMy MOPOIIKY, HOro NIUTBHOCTI £, TOBIIWHY MIApy h , XBUJIBOBUX YHCEII k1 1
k2 , AMILTITY T1 Aj KyTOBOT YaCTOTH BUMYILIEHUX KOJUBAaHb @ .

AMIUTITYTHE HATTPY>KEHHS TPSIMO TIPOTIOPIIIHE aMILTITY 11 30ypeHHS A. OT1xe, 11 TOTO, 1100
OTPHUMATH MOTPiIOHY LIUIBHICTH MOPOIIKOBOTO BHPOOY IO BCiii TOBIIMHI YIIIIHHIOBAHOTO 1Ay, HE-
00x11HO BUOpATH 3HAUYECHHS BEJTMYUHU As YMOBH YHIUIbHIOBAHOCTI [5]:

a(ht)>ao,, (23)

ne O, — MiHIMallbHE HAalPy>KEHH, sIKe 3a0e31euye rpaHn4He pyHHYyBaHHs CTPYKTYpHU IIOPO-

IIKOBO1 CyMillli Ta HalOUIbIT ePeKTUBHE YIIIIbHEHHS.
Otxe:

o, -sin(k,h)

A= . ! (24)
E-Z -sin(ot)+7n- -@-Z,-cos(wt)

ne Z, =-k sin(k,h)sin(k,h) +k, cos(k,h) - cos(k,h);  Z, =2cos(k;h)-sin(k,h) .
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TeopeTnuHi MON0XKEHHS MEPEBIPSIINCS HA JIAOOPATOPHOMY BiOpaIlifHOMY CTOJI 3 TAKUMH OC-
HOBHHMMHU MapaMeTpaMH: aMIUTITYH KOJMBAaHb PYXJIMBOI PaMU B PEKUMI XOJIOCTOTO XOAY AK.X cTa-

Homwiu 0,4; 0,5; 0,8 1 1 MM; KyTOBa YacTOoTa BUMYIICHUX KOJHMBaHb @ =1674 pan/c. Sk matepian
JUTSL EKCTIEPUMEHTAIBHUX JIOCITIKEHh BUKOPUCTOBYBABCS TOHKOIUCIICPCHUH MTOPOIIOK BOJb(pamy
mapku BY 3 nHacumHoro minbHicTio 0, = 4300 kr/m® 3 cepesHiM po3mipoM dactunok 3,35 MkM. ITo-

POIIIOK 3 TaKOK HACHITHOKO IIUIBHICTIO OTpuMaHo 3minryBanHsM 70 % npibnoszepuucroro ta 30 %
KPYIHO3EPHUCTOTO MOPOIIKY. SIK MOBEPXHEBO-aKTUBHY PEUYOBUHY /10 METAJIIEBOTO MOPOIIKY 10/a-
BaJIM CyMILI MTIIEpUHY Ta COUPTY y CHiBBiHOLIEHH] 1:1.

B pesynbrati 1ocniakeHb BU3HAUEHO HEOOX1HI ONTUMalbHI aMIUTITYIM HAalpy>KeHb Ha MO-
BepxHi ¢(0) Ta B ocHOBi ¢(h) MOPOIIKOBOTrO MmIAPy MPHU 3HAYCHHSIX aMILTITYAX KOJIUBAHb PyXJIUBOT

pamu B pexumi xosocroro xoxy A  =0,8...1 MM HiJ 4ac yIIiIbHSHHS TOPOIIKOBUX IApiB TOBIIH-
Hoto Big 10 1o 40 mMM.
Ha puc. 2 i 3 noka3zaHo 3MiHy aMIUTiTy i Harpy»eHb Ha rioBepxHi o(0) i B ocHoBi o(h) mapy,

1[0 YIIITBHIOETHCS, 3AITEKHO BiJl BUIHOCHOI IIUMBHOCTI & MetaneBoro nopomky mpu A L =1 mu.

a(0), Ila

10-10°

5-10

I

__ —

L

S
===

0 0,2 04 06 08 €,

Puc. 2. 3mina HanpyeHb Ha noBepxHi ¢(0) mapy MeraaeBoro mopoIKy 3ajiexHO BiJ Bij-

HOCHOT mibHOCTI & i Brcotn N miapy, Mo yIIIbHIOEThCS:
1 —npn h=10 mw; 2 —npu h=20 mwm; 3 —npu h=30 mm; 4 — nipn h=40 mm

a(h), Ila
$.70° A
2
610° 3
4
4-10°
A
E'Miﬂ ]
0 _'_'_'_'_'_'_’_'—'—""

0 02 0,4 06 08 €
Puc. 3. 3mina HampyskeHb B ocHOBI ¢ (h) miapy mMetaneBoro moporiky 3ajiexHo BiJl BiTHOCHOT

wineHoCTI & i Bucotn N uiapy, 1o yIIUIbHIOETHCS:
1—mpu h =10 mm; 2 —mipu h=20 mm; 3 — mipu h=30 MMm; 4 — ipu h=40 MM
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BCTaHOBJ'IeHO, IO HAIIPY>KCHHS 3aJICI)KATh Bi,[[ TUITY METAJICBOT'O IMOPOIIKY Ta BUCOTU YIJ_IiJ'Ib-

HIOBAHOI'O LIapy h. [Tpu MeHImMX BUCOTaX MOPOIIKOBOTO IIapy MOTPiOHI MiABUIIEHI HAIIPYKESHHS.
Ie MOSICHIOETHCS TUM, IO MPH MAIKUX BUCOTaX YIIUIbHIOBAHICTh METAJIEBOTO TOPOMIKY TipIe HiX
JUTs1 OUTBIIMX BUCOT MOPOIIKOBOTO MIAPY, OCKUIBKH NMEPEMIIICHHS Ta IePEopIEHTAIlisl METAIEBHUX Ya-
CTHUHOK € OUIBII yCKJIaHEHOIO.

[IpencraBneni Ha puc. 2 1 3 rpadiuHi pe3ynbTaTu MOKa3yo0Th, U0 JIJIs BUOpaHOTo BiOparliii-

HOTO PEXHUMY IMPH YIILIEHEHHI MIapiB BUCOTOIO h , mo popiBHioe 10, 30 1 40 MM 31 30UTBIIEHHAM
BIJIHOCHOT WIIIBHOCTI & aMIUTITY/Ia HAIPyKeHb 3011bInyeThest K Ha oBepxHi o(0) , Tak i B OCHOBI

o (h) mapy mMeraneBoro mopomiky.

[Tpu BuCcOTI h mrapy 20 MM Ha KiHLIEBiH cTaii Mpolecy yIIIbHEHHS Bi10YBa€ThCS 3MEHILICHHS
amrutiTyin Hanpyxenb 3 16000 Ila go 3500 Ila B ocHOBI mapy, mo yiuiuibHIOETECA (puc. 3). OTxe,
TPUBAJIICTh IIPOLECY BIOpaliHOrO yuiiabHEHHS Oy1e 3011bIIIyBaTHCS.

BUCHOBKU

1. [lnst 3anpOonOHOBAHOI PE0JIOTTYHOI MOJIEJI METAJIeBOro MOPOUIKY CKJIaJI€HO XBUIbOBE PiB-
HSIHHSI KOJIMBaHb, B pe3yJIbTaTl pO3B’sA3aHHS SIKOTO BUBEJCHO HOBI aHAJIITUYHI BUpa3u AJis BU3Ha-
YEeHHsI aMIUIITYy/IHOTO Halpy>KeHHs, K€ BUHUKAE Ha MOBEPXHI Ta B OCHOBI YIIIJIbHIOBAHOTO APy
METaJIEBOIr0 MOPOIIKY 3aJI€KHO BiJ] KOOPAUHATH.

2. Jlns nopouiky Bosibpamy mapku BU npuiiHATOT KOHCUCTEHIII aHAIITUYHO BU3HAYEHI Ta
eKCIIEpUMEHTAJILHO JI0BE/ICH1 YMCEIIbHI 3HaUCeHHS €(DeKTUBHUX aMIUTITY]] KOJIMBaHb ITyaHCOHY BiOpa-
LIHHOTO poOOYOro oprany, siki cTaHoBIAThH 0,8...1 MM IpHU KyTOBiM 4acTOTI BUMYILIEHUX KOJIUBAHb
w =1674 pag/c.

3. Ha miacraBi 3HaiiIeHOTO 3HAYCHHS aMILTITYU KOJIMBAaHb IyaHCOHY BiOpariiiHoro po6o-
9Oro opraty, HeOOXiTHOT /I HOTO TOBHOTO YIIUTbHEHHS, BU3HAYAETHCS aMILTITyIHE 3HaUYeHHS 30y-
prOrOUOi crH 30y THUKIB BiOpallii 171t po3poOKH BiOpamiifHOTo 30y AHHKA POOOYOT0 OpraHy yIIUTh-
HIOBaJIbHOI YCTaHOBKH.

CIIMCOK JIMTEPATYPU

1. Chen X., Wu S., Zhou J. Experimental study and analytical formulation of mechanical behavior of concrete.
Construction and Buildings Materials. 2013. Vol. 47. P. 662—670.

2. Tattersall G. H. Effect of Vibration on the Rheological Properties of Fresh Cement Pastes and Concretes.
Rheology of Fresh Cement and Concrete, Proceedings of the International Conference, P. F. G. Banfill, ed., University
of Liverpool, UK, Mar. 16-29, Chapman and Hall, London. 1990. P. 323-338.

3. Kakuta S., Kojima T. Rheology of Fresh Concrete under Vibration. Rheology of Fresh Cement and Con-
crete, Proceedings of the International Conference, P. F. G. Banfill, ed., University of Liverpool, UK, Mar. 16-29, Chap-
man and Hall, London. 1990 P. 339-342.

4. P. F. G. Banfill, et al. Rheology and vibration of fresh concrete: Predicting the radius of action of poker
vibrators from wave propagation. Cement and Concert Research. 2011. Vol. 41, Ne 9. P. 932-941.

5. Macnos O.I', Casenos JI.B. Buznauenns 30y1Kyr040ro HaBaHTaXKEHHS, HEOOXiTHOTO I YIIIIbHEHHS I10-
nimepHoro 0etony. Bichux KpHY imeni Muxaiina Ocmpoepaocerkoeo. 2019. No2 (115). C. 141-145.

https://doi.org/10.30929/1995-0519.2019.2.140-145

6. Hu C,, Larrard F. The Rheology of Fresh High-Performance Concrete. Cement and Concrete Research. 1996.
Vol. 26, Ne. 2. P. 283-294.

7. Szwabowski J. Influence of Three-Phase Struc-ture on the Yield Stress of Fresh Concrete. Rheology of Fresh
Cement and Concrete, Proceedings of the International Conference, P. F. G. Banfill, ed., University of Liverpool, UK,
Mar. 16-29, 1990, Chapman and Hall, London. 1990. P. 241-248.

8. Klosinski J., Trabka A. Frequency analysis of vibratory device model. Pneumatyka. 2010. Vol. 1. P. 46-49
[in Polish].

9. Zobtowski B. Research of machine dynamics. Wyd. MARKAR, Bydgoszcz. 2002. [in Polish].

10. Cagenos JI.B., Koounbsceka O.b., CokonoB M. AHaniTHYHE BU3HAYCHHS aMILTITY I KOJIMBaHb, HEOOX1THOT
JUISl YIIIJIbHEHHST METAJIEBOT0 IIOPOIIKY MPU HOTr0 MOJISIIIOBaHHI PEoJIoTriqHOI0 Mojeiunto. Bicnux KpHY imeni Muxaiina
Ocmpoepadcokoeo. Bunyck 2 /2024, C. 86-91. https://doi.org/10.32782/1995-0519.2024.2.12 .



https://doi.org/10.30929/1995-0519.2019.2.140-145
https://doi.org/10.32782/1995-0519.2024.2.12

ISSN 2076-2151. Oopooxa_mamepianie_muckom. Materials Working by Pressure.  2025. A2 1(54) 61

REFERENCES

1. Chen X., Wu S., Zhou J. Experimental study and analytical formulation of mechanical behavior of concrete.
Construction and Buildings Materials. 2013. 47, pp. 662-670.

2. Tattersall G.H. Effect of vibration on the rheological properties of fresh cement pastes and concretes. Rheology
of Fresh Cement and Concrete, Proceedings of the International Conference. University of Liverpool. UK. Mar.
16-29. Chapman and Hall. London, 1990, pp. 323-338.

3. Kakuta S., Kojima T. Rheology of fresh concrete under vibration. Rheology of Fresh Cement and Concrete,
Proceedings of the Internaional Conference. University of Liver-pool UK Mar. 16-29 Chapman and Hall London. 1990,
pp. 339-342.

4. Banfill P.F. G et al. Rheology and vibration of fresh concrete: Predicting the radius of action of poker vibrators
from wave propagation. Cement and Concert Research. 2011. 41, pp. 932-941.

5. Maslov O.G., Savielov D.V. Determination of the exciting load necessary for the compaction of polymer con-
crete. Transactions of Kremenchuk Mykhailo Ostrohradskyi National University. 2019. 2 (115), pp. 141-145 (in Ukrain-
ian). https://doi.org/10.30929/1995-0519.2019.2.140-145

6. Hu C., Larrard F. The rheology of fresh high-performance concrete. Cement and Concrete Research. 1996. 26.
2, pp. 283-294.

7. Szwabowski, J. Influence of three-phase structure on the yield stress of fresh concrete. Rheology of fresh cement
and concrete. Proceedings of the International Conference. University of Liverpool. UK. Mar. 16-29. 1990. Chapman
and Hall. London. 1990, pp. 241-248.

8. Klosinski J., Trabka A. Frequency analysis of vibratory device model. 2010. Pneumatyka. 1. pp. 46-49. (in Polish).

9. Zottowski B. Research of machine dynamics. Wyd. MARKAR. Bydgoszcz. 2002. pp. 124-127. (in Polish).

10. Savielov D., Kobylska O., Sokolov M. The analytical determination of the amplitude of oscillations necessary
for the compensation of metal powder when its simulation by a rheological model. Transactions of Kremenchuk Mykhailo
Ostrohradskyi National University. 2024. 2(24), pp. 86-91. (in Ukrainian). https://doi.org/10.32782/1995-
0519.2024.2.12

Savielov D., Kulynych S. Determination of the disturbing load required for the compaction of metal powder.

The main goal of these studies is to determine the amplitude of vibrations of the working body and the corresponding
vibration load necessary for the compaction of metal powders. On the basis of a thorough analysis of the scientific and technical
literature, it was established that today, for the production of products from metal powders, the technology of vibration compaction
of metal powders is used, which does not take into account the specific features and properties of the powder mixture and does not
allow obtaining high-quality and reliable powder products from it. Based on the analysis of the behavior of materials and existing
rheological models of compacted media, it was determined that a generalized rheological model is proposed for a dispersed mix-
ture of metal powder that is subject to vibration, in which internal friction is taken into account under the action of an external
load. It was established that in the existing studies, the rheological model was not used to describe the behavior of the polymer
concrete mixture as a continuous medium, and its oscillations, under the influence of vibration, were not described by the wave
equation of oscillations. For the proposed rheological model of compacting polymer concrete mixture, which takes into account
its elastic, viscous and plastic properties, a wave equation of oscillations was developed, for the theoretical analysis of which the
solution method in complex functions was applied. As a result of the conducted theoretical studies, the phase speed of excitation
propagation and the absorption coefficient, which characterizes the decrease of excitation when moving away from the source of
excitation, were determined, the solution of the wave equation of oscillations was found, and analytical expressions were derived
for determining the amplitude stress that occurs on the surface and at the base of the compacted layer of polymer concrete depend-
ing on from the coordinate. On the basis of the condition that describes compaction, an analytical expression was obtained for
determining the excitation amplitude of the polymer concrete surface, which is necessary for its complete compaction. Based on
the determined value of the excitation amplitude, the amplitude value of the excitation force of the vibrators for equipping the
vibrating working body with them is determined.

Keywords: rheological model, metal powder, stress, deformation, amplitude of oscillations.
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Cusak P. I.
Moaimyxk JI. K.
bouxosoii /1. O.

EKCIHEPUMEHTAJIbHO-PO3PAXYHKOBUM METO/l BUSHAUEHHSA ®YHKIIII
IOPUCTOCTI P IVTIACTUYHOMY JE®OPMYBAHHI ITIOPOILIIKOBUX
3AT'OTOBOK HA OCHOBI 3AJII3A

Ilompeba npomucnogocmi 6 OmpumManii 6Upodi6 3 HeOOXIOHUMU eKCNIYAMAYIUHUMY XAPAKMEPUCMUKAMU NPU-
6ena 00 NosABU i PO36UMKY HOGUX MEXHONIO02IYHUX npoyecié 0OpoOKU MUCKOM NONEPEOHbO CHEYeHUX NOPUCMUX Mamepia-
nig. Ilpu docnioacenni npoyecie naacmuunoi degpopmayii NOpUcmux min 8euKe 3HaA4YeHHs Ha0AEMbCs BUHAYEHHIO (DVH-
Kyiti nopucmocmi. B cmammi npedcmagnena memoouxa ONUCanHa MexaHiuHux Xapaxmepucmux ROPUCIUX mi €OUHUMU
Qyuxyiamu. [ana memoouxa 6a3yemucsa Ha OCHOBHUX NOTONHCEHHAX MEeXAHIKU naacmuunoi degpopmayii nopucmux min i
0038019€ OMPUMYBATMU OOCMOGIPHT DYHKYIT nopucmocmi 01 0aH020 MAMEPIANy, WAAXOM YMOUHEHHS MeopemuiHUxX
@yHKYIU excnepumenmansHumMu 0ocaiodcenHsmu. Ilpu ybomy excnepumenmanvhi OaHi OmpuMysanu 6 00CIi0ax Ha oce-
cumMempuuny 0Ccaoky YuIiHOPUHHUX 3pAsKie 6e3 mepms Ha mopysx. Ipynmyouucs Ha npoeedeHux meopemuuHux oc.i-
O0JICEHHAX OMPUMAHO QYHKYIT nopucmocmi 0k Mamepianié Ha OCHOSI 3aniza. /s 00cniodicensb 3acmoco8y8anu 3pasKu
Ha OCHOGI 3ani3a N’siIMu PI3HUX NOYAMKOSUX nopucmocmeil. B pesynomami o6podKu eKxcnepumenmanbHux OaHux ompu-
Maui ocmamoyni eupasu 0 (QYHKYit nopucmocmi mamepiany 3a20MO6KU HA OCHOSI 3ani3H020 nopowky. Taxooic 6
cmammi npe0CmagieHa MemoouKa po3paxyHKy Hakonuueroi depopmayii mamepiany ocrogu. Ilobyoosano Kpusi meyii
0J151 NOPOUIKOBUX MAMEPIANi6 HA OCHOBI 3ai3d.

Knrouosi cnosa: nopucme mino, popmosminenns, QhyHkyis nopucmocmi, 00pooKa muckom, Xo100Ha NAACMUYHA
Odeopmayis, kpuea meuii, HanpysicenHs, depopmayii.

JUJis OLIHKY IJIACTUYHOCTI MOPUCTUX TUT HEOOX1HO PO3pOOUTH KpUTEpli pyHHYBaHHS, SIKI
BPaxoBYIOTh BIUIMB (PI3UKO-MEXaHIYHUX BJIACTUBOCTEH 3aroToBoK Ha ix gedopmoBHicTs [1, 2]. s
PO3B’A3Ky TEXHOJOTIUHUX 33124 0OPOOKH TUCKOM TMOPHUCTUX TiJT HAHOUIBII IIUPOKO BUKOPUCTOBY-
I0TbCS MOJIEJIbHI1 YSIBJICHHS] OCHOBaHI HAa KOHTHHYaJIbHOMY Tiaxoi [3]. B upomMy BuUnaaxy jJoKajibHO-
HEOJJHOPI/IHE CEepelOBHILE PO3TIIIAEThCA SIK Oe3MepepBHE, CTaH SIKOT0 MoXke OyTH ONUcaHui 3a J10-
MIOMOTOI0 CHJIOBHX 1 KIHEMaTHYHUX MapaMeTpiB, IO MiJKOPIOIOTHCS 3aKOHAM CYLIJIBHOTO Cepejio-
Buia. [Ipn MareMaTH4HOMY MOJIETTIOBaHH1 MPOIECY HE3BOPOTHOTO (POPMO3MIHEHHS IOPUCTOIO TijIa
HEOOX1THOI0 YMOBOIO € (JOpMYBaHHSI PEOJIOTIYHUX BIACTUBOCTEH MOPUCTHX MaTepiaiiB. B Hamt yac
OTpHUMAaJIH NOUIMPEHHS TeOPii, OCHOBAHI HA 3aBJJaHHI TOBEPXOHb MJIACTUYHOCTI PI3HOTO BUJTY 1 BUKO-
pHUCTaHHI acOIIHOBAHOTO 3 HUMU 3aKOHY Tedii. Takuii miXi J03BOJIsSI€ BpaXyBaTH BILUTUB 3MIIIHEHHSI,
BHUKJIMKAHOTO BEIMYMHOIO (POPMO- 1 00’ €MO3MIHEHHS, a TAKOXK BHJIy HAIPY>KEHOTO CTaHy. B Toil ke
Yac pO3BUTOK MPOIIECIB MIACTUYHOT AedopMallii HOPUCTUX MaTepialiB CTaBUTh 3a/1a4y BpaxyBaHHS
icTopii neopMyBaHHS, sIKa YUHUTH 3HAYHUH BIUTUB Ha PEOJIOTIUHI BJACTUBOCTI B PEaJIbHHUX MPOIIe-
cax 0OpoOKH THCKOM.

Mertoro po6oTH € po3poOKa HOBHX, OUIBII JOCKOHAIUX METO/IIB IPOrHO3yBaHHA €KCILTyaTa-
LIHHUX XapaKTEPUCTUK BUPOOIB I pO3BUTKY HOBHUX TEXHOJIOTIYHUX MPOIIECIB, K1 MOTPeOyIOTh 00-
POOKH THCKOM TOIEPEIHbO CIPECOBAHMX 1 CIIEUEHUX MOPOIIKOBUX MaTepiaiB.

Po3BUTKY MareMaTMYHMX METO/IB TEOPii INIACTUYHOCTI MOPUCTUX TUT CYTTEBO CIPHSIIN PO-
6otu P. I'pina [4], B sKMX 3aIIpOMOHOBAHA TiNOTe3a MPO ICHYBaHHS MOBEPXHI MIIACTUYHOCTI OPHC-
TOTO Tija B BUTISAIL:

31,(Dy )+ el { (T, ) - f* =0, (1)

ne K — rpaHuisg TeKydocTi MaTepiany OCHOBH, «, [ — dyHkiii nopucrocti, I2(Ds) — apyrui
iHBapiaHT neBiaTopa Hanpyxeub, 11(75) — mepiuii iHBapiaHT TEeH30pa HATPYIKCHb.
YMoBa miacTU4HOCTI, 3anpornoHoBaHa ['. Kynow [5], nemo Biapi3HIETbCS 1 Ma€ BUTIISA!

312(Do) — (1 - 20)12(T5) + ¢?k? =0, (2

ne v — koediuieHT nmomnepeyHoi aedopmariii, ¢ — QyHKIIisI IOPUCTOCTI.
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AHaii3 BiTOMHUX €KCIIEPUMEHTAIFHUX 1 TEOPETUYHUX PE3YIIbTATIB MOKA3y€E, 0 YMOBH IIJIac-
TUaHOCTI (1) 1 (2) siKicHO 10Ope OMHUCYIOTh MEXaHi3M IUIACTUYHOTO AeOopMyBaHHS MOPUCTUX MaTe-
piais.

B pobotax [6, 7] mpu (popmytoBaHHI BU3HAYAIBHUX PIBHSIHb BUKOPUCTOBYETHCS MiJXil,
OB’ SI3aHUH 13 BCTAHOBJICHHSIM BJIIACTHBOCTEH MUCUMIATUBHOI PYHKITT. YMOBA MIIACTUYHOCTI MaTepi-

ay, IO YUIUTBHIOETHCS 3a3BUYAN 3aMUCY€EThCS Y BUTIISIAL [8]:
2 2

E%5+f%5=a_eya (3)

3 . .
ne k= \/;GT, Or — TPaHULA TEKY4OCTI TBep0i (pa3u npu 0JHOOCHOMY PO3TATY;

f1(0), f2(6) — dyukuii mopucrocTi.

YmoBu mnactuyHocTi (1), (2), (3) cumerpuuni BimHOCHO miomuHu p = 0. OgHaK 1 BUMOra
He € 000B’A3K0BO10. B po6oTi [9] excnieprMeHTanbHO BCTAHOBIIEHO, IO YMOBA IJIACTUYHOCTI ITOPHU-
CTHX TUI IPH 00’ €EMHOMY HANPYKEHOMY CTaH1 Ma€ BUTJIS:

EORTORe “

e P’ — GyHKLiS BHYTPILIHIX HAMPYXKEHb 1 HTOPUCTOCTI.
Sxmo p=0, To acouiifioBaHU# 3 TaHOK YMOBOIO IUNIACTHYHOCTI 3aKOH Teuii IPUBOAUTS 0 TOTO,
110 MBHJKICTH 00’ €MHOT AedopMarrii:

MZ . (5)
o) 7
2

3 (5) BuIUIMBaE, IO MU IUIACTUYHIN JedopMallii HOPUCTOro Tija Mae Miclle 3MiHa 00’ eMy
IIPU BIZICYTHOCTI c(hepryHOi KOMIIOHEHTH TEH30pa HANpPYKEHb.

B po6orax [10, 11] ans gociiakeHHs eKCTpy31i HOPOIIKOBUX MaTepialliB Yepe3 0CECUMETPH-
YHI MaTpHUL 3alPONOHOBAHA MOJIENb HEMIHIHHOTO B’3KO-TIPY>KHBOTO CEPEIOBHIIA, IO JO3BOIMUIIO
chopmyITIOBaTH Ta pO3B’sS3aTH KpaloBy 3a7ady.

OcHOBHI piBHSAHHS Teopii Teuii HOPUCTOrO Tijla MaroTh BUA [3]:

e=-

S SR S (6)
fLOL-6)  f,(6)1-0)
pf, (9)y =f,(0)e, (7)

. _ h(0¢"  10)°
-9  @1-6)°

(8)

1 .
aec p= —0.0; — CCPCAHE HAIIPYIKCHHA, Oij — KOMIIOHCHTHU TCH30pa HAIIPYKCHb, 70 — IHTCH-

3 ij~ij
CUBHICTh JIeBlaTOpa HaIlpy»XeHb B MaTepiail OCHOBH, ), — IHTEHCHUBHICTh JI€BlaTOpa HIBUAKOCTEN
Aeopmauiii B MaTepiaii OCHOBH, e, — KOMIIOHEHTH TEH30pa IIBUAKOCTEH Aepopmaliil, e = 5e, —

MIBUJIKICTH BiTHOCHOT 3MiHM 00’ emy, f1(6), f2(6) — dynkuii mopucrocti, 6 — MOPHUCTICTS.
Hakonuuena gedopmariisi MmaTepiainy OCHOBU:

t
= I;/Odr_ 9)
0

[HTEeHCHUBHICTB A€B1aTOpa HAIIPYKEHB!
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T= \/(O-ij —po;)(o; — poy) . (10)

[HTEHCHBHICTH IeBlaTOpa MBUIAKOCTEN AehopMariii:

1 1 2
7= \/(eij —§e5ij j(e” _§e5‘1j = \/ggu : (11)

B po6ori [12] 13 TeopeTHYHNX OCHIIaHb OTPUMAaH1 HACTYIHI BUpa3u A1l (PyHKIIN TOPUCTOCTI!

f0(0)=(1-6)%, (12)
f(0) = 28200 (13)

Teopernuni 3anexHocti (12), (13) st yHKIi# nopucrocTi Oyaemo yrounroBatu 3a [13] ge-
pe3 koediieHTH M i N, AKi BU3HAYAIOThCA €KCIIEPUMEHTAIBHO 1 Pi3Hi AJIS1 KOXKHOTO MOPUCTOTO MaTe-

piany [14]:

f,(6) = (i )" = (1-0)"*. (14)

Beenemo ¢yHkIito:
_140) 15
=10 (15)

Bynemo mykaru dynkuito o(6) B BUTIISIIL:

a(@)=a, (0)= (4(1? 9)] . (16)

ExcniepumeHTanbHi 3HaUeHHsI M i N OyJeMo NIyKaTH B JOCTiIaX Ha OCECUMETPHYHY OCalKy
UMJTIHAPUYHHX 3paskiB 0e3 Tepts Ha TopisiX. OCKUIBKHU fAeopMalliss OCECUMETPHYHA, TO €, = €, .

[IBuIKICTH 3MIHU 00’ €My
e=e,+2e,, a7)

a IHTEHCHBHICTB JIeBiaTopa MIBUAKOCTEH qedopmariid:

e, +2e, ? e, +2e, ? 2 18
Y= eZ_T +2/ e, - 3 = E(ew—ez)- (18)

Kpim toro, mpu ocami 6e3 Teptst or = 6= 0, 6z = -G,

_O*0,%0: o (19)
3 3’

r=4(c, - p)* +2(0- p)? =\/§70- (20)

[TpuBenemo cmiBBigHOMEHHS (7) 10 BUTIISALY

y_Hh@Oz_ 1 7
e f(O)p 6a@)p

P

(21)

[TincraBumo B (21) coiBBigHomenHs (19) 1 (20), Toxi:
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2o
r ot N8 1 (22)
e 6a(0) _o  Joa(o)
3
[Ticns mincranoBku B (22) Bupasis (17) 1 (18) orpumaemo:
e —
€ __1-2a 1 3 a (23)
e, 20+a) 2 2l+a
3 (23) BurummBae, mo:
1-2¢
e ——p — =7 | 24
’ ‘2(1+ ) (24)
[TincTaBumo (24) B (17):
_ ez _ 1_2a , — 36[ ez . (25)
21+ ) l+ox
3 iHIIOT CTOPOHM HMIBHJIKICTH 00’ €MHOI Aedopmaltii JOpiBHIOE:
o1V __1do (26)
V dt p dt
BpaxoBytoun Te, 1110:
p=py(1-0), (27)
3(26) 1 (27) 3HaxoauMO
ez 9 | (28)
1-6
ne  p— TyCTHHA MOPUCTOTO Tifia, po — T'yCTHHA MaTepiaily OCHOBH.
3 (25) 1 (28) 3 ypaxyBauusaM (16) BumuBae, 1o
do _ 3(1-6)ay' (6)de, | (29)

dt  1+a(0)dt

3a mapameTtp uacy mnpuiiMaemo t = |ez] = In(ho/ h), me ho i h — moyarkoBa i moTo4Ha BHCOTa

3pa3ka, 10 0CaHKY€EThCS, TOI:

de, B
dt

[TinctaBumo (30) B (29) 1 orpumyemo nudepeHiiitHe piBHIHHS:

dat _ ltag
do  31-6)a"

(30)

(31)
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PO3B’SI3yI0UH SIKE, 3HAXOIUMO:

__9 1+ a4 (6,)
RN >

Po3B’s130K piBHsAHHS (32) 103BOJIsIE BU3HAYUTH 3HAUEHHS MMapaMeTpa m, Ipu sIKOMY po3paxyH-
KOBI1 KpUBI CITIBNIAJJAIOTh 3 EKCIIEPUMEHTATILHUMHU.
Bupas3umo iHTEHCHBHICTh MIBUJKOCTEN AedopMaliiil MaTepiaidy OCHOBHU J,uepe3 LIBUAKICTbH

00’emHOI gedopmarii € mpu ocaami 6e3 Tepts. s nporo npuBeaemo Bupas (8) 10 BUTISAY:

. _ 1(0)e°( f,(0) 7
= - 33
T 0 1) @ (33)
niactaBumo B (33) Bupas (15) 1 (22) orpumaemo:
2 f(6’)e ( 1 j
= + 34
°"7120 \6a 62 549

3 ypaxysanasm (25), (30), cniBBigHomeHHs (34) IpUBOIUTHCS 10 BUTIISAY:

_ 3 f,(9)
7o~ \E\/ L-6)l+a)’ )

OckiTbKHM HaKOMMYeHa Jeopmallis MaTepiany OCHOBH [0 3aJIeXKUTh Bij 4acy 1 MOPUCTOCTI, TO
MOJKHA 3aITHCaTH:

dr, dr,de

36
dt  do dt’ (36)

IizcraBumo B (36) Bupas (31) i (35), 3 ypaxyBamHsm Toro, mo 7, = d[, /dt,
f.(0) = f5"(6) = (1-60)*™, snaxoaumo:

% ( 9) n-05 V 1+ a(;n
do J_ ay

(37)

Bupa3umo ekBiBaJIeHTHY IHTEHCUBHICTh Halpy>KE€Hb B MaTepiajii OCHOBH 70 Uepe3 HApy KEeHHs
IIpH ocalli 6 = |6z| = P/A, ne P — 3ycuiuis ocajku, A- momia MmonepeyHoro nepepizy 3paska.

[TepeTBopumo (6) 3 ypaxyBarasm (15), (19) 1 (17), B pe3yabpTaTi eKBIBaJICHTHA IHTEHCUBHICTD
Hanpy>KeHb MaTepialy OCHOBH IIPU Ocalli 0e3 TepTs BU3HAYA€THCS CITiBBITHOLICHHSM:

. _\f 2,/1+az0 (9 (38)
3.1, (9)(1 0) 3 @0

3HavyeHHs mapaMeTpa N MOXKHA BU3HAYUTH 3 (38) MeTOIOM iTepariii, BUXOISYH 3 YMOBH, IO
npu nboMy 3anexHicts 7 = f(['o) noBuHHA OyTH €MHOIO 1151 Oy 1b-SIKOT MOYaTKOBOI HOPHUCTOCTI.
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BukopucToBy0UYH OTpHMaHi BUILE CITiBBITHOIICHHS JUIsl BU3HAYECHHS (DYHKIIIH MOPUCTOCTI He-
00X1THO MPOBECTHU JAOCIIIN IO OCECUMETPUIHIN Ocallli HUIIHAPHIHUX 3PA3KiB 13 TTOPOIIKOBOTO Ma-
Tepiaxy Ha OCHOBI 3aJ1i3a 3 MaJIUM TePTAM Ha TOpIX [ 15-20] 1 pi3HUMH TOYaTKOBUMH IIOPUCTOCTSIMH.

ExcriepuMmeHTanbHe 3HAa4eHHS MHIUIBHOCTI Bu3Havaau 3a ¢opmyioo p = (Go/(Gu-Gx))px,
1€ Paxc — IIUTBHICTD BOJIU TIPU TEMIIEPATYpi 3amipy.

ExcriepuMeHTanbHe 3HAYCHHS! TIOPUCTOCTI 3HAXOAWNIH i3 criBBigHOMmEHHS 0 = 1-(p/po), ne
0= "7.85 r/cM® - WiNBHICTB 3a51i3a, IKE € MATEPiaoM OCHOBH TIOPHCTOTO Tifa.

3a pe3yibTaTaMM OCAaJKU BU3HAYAIM HACTYIIHI TapaMeTpu.

Hanpy:xeHHs cTucky:

— (39)
Hedopmarii:
ho . d
ezz—ln?,er: (p:ln% (40)
3MiHa IOPHUCTOCTI BU3HAYAIACH 32 3MIHOIO CEPEHHOTO PO3PAXYHKOBOTO 00’ €My
ﬂd 2
V=—nh,
4
I3 ymoBu 36epiranus Macu pV = poVo; p(1-6)V = po(1-60)Vo 3HaX0111MO:
Vv dsh
0=1-2(1-0)=1--—22(1-6,), 41
v -0 =1--52(1-6,) (41)

ne po=7.85 r/cM® rycTuHa MaTepiady OCHOBH.

I'padiku 3anexnocreil ee(t), oz(t), At) orpumani 3a piBasHHsIME (39), (40), (41) nprBeeHi Ha
puc. 1-2. Tyt t = In(ho/h) = -e; - mapamerp yacy.

[TapameTp M BU3HAYAIH YUCEIBHO IIUIIXOM PO3B’SI3Ky piBHSIHHSA (31) UIs pi3HUX MOYaTKOBHX
MOPHUCTOCTEN b. AHaNi3yr0un 3aexHICTh t(6) npu pizHUX M 3HANILIM B pe3ynbrari Take M = 0.86,
IIPY SIKOMY eKCTIepUMEHTaIbHA KPUBA BUSBUIIACH OJIM3BKOIO 0 PO3PaxyHKOBOI P IMOYATKOBIH 1M0-
pucrocti 6b = 0.208. HacTymHi po3paxyHKH MoKasaju , mo mpu M = 0.86 po3paxyHkosi kpusi At)
CIIBMAJHN 3 €KCIIEPUMEHTATBHUMH 1 ISl PEIITH MOYATKOBHX MOPHUCTOCTEH.
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e, 0 o3, H/mm?

0,25 +

0,15 1

0,1 - h,
T T T T T T T T T i t=In-"2

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 h
0

o ¢ Puc. 2. OcpoBe Hanpy>KeHHs IPH OCAIIL
T T T T T T T T T 1 . .
0 01 02 03 04 05 06 07 08 09 10 3pasKiB 3 pi3HOIO TTOYATKOBOIO

Puc. 1. 3anexuicts nedopmariii e, Ta nopucTicTio 6b (3ai30) (t > 0,01):
| OBi i30): 1- 6 =0,126; oz = -3 + 79,93 254,
MOPUCTOCTI @ BiJl CTYTEHS OCAJIKH (3a11130):

— . — 0,510.
1-60=0.126;2 - 60=0208;3—00=0283 2 — % = 0208, o = 7,5 + 62,58 T
3- =0,284; ;v = 7 + 54,11 0057}

0,05 +

[aTerpyBanns cucremu audepeHianbHux piBHsIHb (31), (37), a TakoK 00YMCICHHS BiAMOBI-
JHUX 3HaueHb 70 110 (38) mpu AOBIIBHIN MOYATKOBIM MOPUCTOCTI 1 MapaMeTpi N MPOBOIUIOCH TAKOX
3 BUKOPUCTaHHSAM YHCEIbHUX METOAIB. IIpy IbOMyY B SIKOCT1 BUXIJTHUX JIaHUX BBOJMBCS KOEPIIIEHT
m = 0.86, a Takox kpuBi oz(t) (puc. 2). [Ipu nupomy kpuBi oz(t) anpokcuMyBaI CTEIIEHEBOIO 3AJIEK-
HICTIO:

o,(t)=2,+at™. (42)

Koedoiuientn anpokcumariii B (42) BU3HayalIu METOI0M HaMEHIIMX KBaJpaTiB. B pe3ynbraTi
BCTaHOBJICHO, 1110 MPUIHATA 3aJI€XKHICTh € JI0CTaTHHO MPUIHATHUM HAOJIMKEHHAM JUISI OTUCY eKCIIe-
puMeHTaNbHOT 3aexHocTi oz(t). [Tpu po3B’s3ky cuctemu piBHsHB (31), (37) 1 o6uncienns (38) ox-
HOYACHO 3aCTOCOBYBAJIU JaHi JIJIs IBOX MOYATKOBHUX MOpUcTOCcTel 6b. OTprMaHi HEsIBHI 3aJ1€KHOCTI
= f(I'0) anpokcuMyBanu cTeneHeBUMH (YHKIISIMH

7, =b, +bI,” (43)

3a TOTIOMOTOI0 METOy HaiiMeHImx kBajpaTiB. Kpusi (43) s 000X MOYaTKOBUX MOPHUCTOCTEH BU-
BOJIMIJIMCH TIPH PI3HUX 3HAYEHHSAX mapamerpa N, mounHarouu 3 N = 0. IIpu n = 0.75 kpusi w0 = f(I'o)
CHiBHaJH JUIE 000X MOYaTKOBUX MOPUCTOCTEH.
3acTocyBaHHS OTpUMaHOTO 3HadeHHs N = (.75 B mporpami Juisl 1HIIUX MOYaTKOBUX MOPUCTOC-

Tl miaTBepAnIIo eauHicTh KpuBoi = f(I'o).

Taxkum uuHOM, B pe3yibTaTi 0OPOOKH EKCIEPUMEHTAIBHUX JaHUX OTpUMaHi 3Ha4eHHS M Ta
N, sIK1 BXOJIATH B (PYHKIIIT MOPUCTOCTI MOPUCTOT 3aTOTOBKH Ha OCHOBI 3aJ1i3HOTO TIOPOIIIKY.

OcTtatoyHo a5t GYHKIINH TOPUCTOCTI OTPUMYEMO HACTYITHI BUPA3H:

f(0)= 157(0)=(@-oF )" =a-0)*, (44)
f,(0)= %@ £.(0)= 6a+(m f,(0)= 0.546%4% . (45)

Jst kpuBoi Teuii, npu ['0> 0.01 orpumano Bupas:
7, =—15+83.73[,* (46)

3anexxHocTi (44—46) 3aCTOCOBYIOTHCS IS PO3PaxXyHKIB HANPY>KEHb MPH TUTACTUIHUX Aedop-
Mallisix MOPUCTHX 3arOTOBOK B mpoiiecax 00pooku TrckoM. dynkiiii fi(6), f2(6) ta o) npuseneni
Ha puc. 3, kpuBa teuii w(I'0) — Ha puc. 4.



ISSN 2076-2151. Oopooxa_mamepianie_muckom. Materials Working by Pressure.  2025. A2 1(54) 69

f(6)

() |6

0,255 -

7o, H/mm?
0,2 % 4 800

0,154 3 3

0,142 -

0
0

070 ‘ ‘ 0
0 0,1 0,2 0,3

0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1 Ty

Puc. 4. KpuBa Teuii marepialy OCHOBH
MMOPHUCTOTO TiJla HA OCHOBI 3aJTi3a
m = -15 + 83,73 To%%; (b > 0,01):
Puc. 3. ®ynkuii nopucrocri fi(6), f2(6), o - G =0,286; « - & =0,208
o 6) s MOPUCTOrO Tijla HA OCHOBI 3aJ1i3a:
1- 1,(0)=0-6)°;
(1_9)4,36 )

90,86 !
0o [ o 1"
f,(6) |4(1-6)
BUCHOBKU

BukopucTOBYI0YH OCHOBHI ITOJIOKEHHSI MEXAHIKY TIACTUYHOI Te)opMallii MOPUCTUX TLT PO3PO-
OJICHO METOJIKY ONHMCAHHS MEXaHIYHUX XapaKTePUCTHK MOPUCTUX T €AMHUMH (PYHKIIISIMH, XapaKTep
SIKAX BH3HAYAETHCS BIACTHBOCTSIMU MaTepially, 3 IKOTO BUTOTOBJIEHA MIOPHCTA 3arOTOBKA, 1 HE 3aJIEKHTh
BiJ] TOYATKOBOT OPUCTOCTI. PO3MIISTHY TH TT1AX11 T03BOJISIE OTPUMYBATH JOCTOBIPHI (DYHKIIIT ITOPUCTOCTI
JUISL TAHOTO Matepiaity, UIIXOM YTOYHEHHSI TEOPETUYHHX (PYHKIIIH eKCrIepIMEHTaTbHUMHE JJOCITKEH-
HssMu. OTpuMaHo (YHKIIT TOPUCTOCTI JJIs MaTepialliB Ha OCHOBI 3aii3a. Po3pobiieHo MeToIuKy po3pa-
XyHKY HaKonm4eHoi nedopmariii marepiamy ocHoBu. [1o0ynoBana kprBa Tedii 71 MaTepialiiB Ha OCHOBI
3aJ1i3a, sIKl He3aJIeKHO BiJI TOYAaTKOBOT MOPUCTOCTI OMUCYIOTH €MHOIO KPUBOIO 3aJISKHICTh IHTEHCUBHO-
CTi Hanpy»XeHb Bil HAKOMYEHOI ehopmartii MaTepiay OCHOBH.

2 - 1,(0)=0546

3 af0)-3
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Sivak R., Polishchuk L. Experimental-column method for determining porosity functions during plastic de-
formation of powder preparations based on iron.

The need of industry to obtain products with the required operational characteristics has led to the emergence
and development of new technological processes for pressure treatment of pre-sintered porous materials. When studying
the processes of plastic deformation of porous bodies, great importance is attached to the determination of porosity
functions. The article presents a method for describing the mechanical characteristics of porous bodies by single func-
tions. This method is based on the basic principles of the mechanics of plastic deformation of porous bodies and allows
obtaining reliable porosity functions for a given material by refining theoretical functions by experimental studies. At the
same time, experimental data were obtained in experiments on axisymmetric settlement of cylindrical samples without
friction at the ends. Based on the theoretical studies conducted, porosity functions for iron-based materials were obtained.
Iron-based samples of five different initial porosities were used for the studies. As a result of processing the experimental
data, final expressions for the porosity functions of the workpiece material based on iron powder were obtained. The
article also presents a method for calculating the accumulated deformation of the base material. Flow curves for iron-
based powder materials have been constructed.

Keywords: porous body, deformation, porosity function, pressure treatment, cold plastic deformation, flow
curve, stresses, deformations.
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MOPIBHSIIBHUAM AHAJII3 AHAJTITUYHUX TA YUCEJIbHUX METO/IIB
IMPOT'HO3YBAHHSA JE®EKTIB ITPU BAJIKOBOMY ®OPMYBAHHI HIBEJIEPIB

Memoro oanoi pobomu € nioguweHHs MOYHOCMI NPOSHO3YE8AHHA MA nonepedicents Oeghekmis hopmu
(empamu cmitikocmi KpOMKU) npu 8UPOOHUYMET SHYMUX NPOQDiNie BIOKPUMO20 MUNY WIAXOM YOOCKOHAIEHHS MemOOUKU
aHanizy HanpysjceHo-oegopmogarozo cmary. Ha niocmagi nopiguanbHo20 00CaiOHNCeH A AHATIMUYHUX MA YUCETbHUX Me-
mMo0ie MOOeN08aHHs 0OTPYHIMOBAHA HeOOXIOHICIb 8PAXYBAHHSA PealbHUX (i3uyHUX (akmopis npoyecy, maxkux AK KOH-
Makmue mepms ma emepeis Ha0IUuWKoeux deopmayiti. Bcmanosneno, wo 2eomempuini Memoou po3paxyHKy CXUibHi
3AHUIICYBATNU PiBEHb PEANbHUX HANPYIHCEHb, NPOSHO3VIOUU 0ehOPMYBAHHS 6 NPYIUCHIU 30HI, MOOI AK CKIHYEHHO-eleMeHM-
HUll aHAi3 8UABTAEC KpUMUYHI 30HU naacmuynocmi. Teopemuuni 00CTIOHCEHHA UKOHYBANUCA OJiA NPOYECy POPMY8aHHs
weenepa 3i cmani 10 i3 sukopucmannam CAE-cucmem. Po3pobiieno CKiHueHHO-eleMenmHui MOOei NOBEOIHKU MEmAly 6
KAIMsX, SKI 00360AUU OOCTIOUMYU OUHAMIKY HAKONUYEHHS NO3006CHIX Oeghopmayiu na Kpomyi npogino. Ha ocuosi
ananizy OmpuUManux mooenell UIHAYEHO 6NIUE 2eOMEMPUUHUX NAPAMemPIe POPMYBATbHO20 CMAHA HA AKICMb Npo-
Oykyii. [{losederno 0oyinbHicmo 30i1bUEeHH MIJICKIMbOBOI GIOCMAHI SIK e)eKmuU8H020 Memody 60pomvOU 3 XEULEYme0-
penusim. [lopiguanvHull ananis pe3ynvmamis MoOem08anHs O PI3HUX KIHEMAMUYHUX cXeM NOKA3d8, Wo payioHanizayis
oasu oeghopmysanns 3 1000 mm 0o 1400 mm 3ab6e3neuye sSHUNCEHHS NIKOBUX 3HAUEHb NO30082ICHbOI Oedhopmayii 3 3,5 %
0o 1,2 %, wo eapanmye cmabinbHicmes MeXHOA02THHO20 NPoYecy ma 8i0CymHicms Opaxy.

Kntrouosi cnosa: sanxose popmysanus, wieenep, Hanpys#ceHo-0eghopmMosanull Cmat, mMemoo CKiHUeHHUX elle-
MeHmi8, N03008CHA Oepopmayis, Kimv, KariOpy8aHHs 8AJIKI6.

Tpaauuiitai Mmetoan oOpoOKH JTUCTOBOTO METally, Takl K pi3aHHs, ITaAMIIyBaHHS Ta THYTTS,
4yacTo nependavaroTh 0araTocTaJiiHICTh TEXHOJIOTIYHOTO MPOLIECY, 110 HEMUHYY€e MPU3BOAUTH 0
3HIDKEHHS BUPOOHNYOI e(DeKTHBHOCTI Ta TOUYHOCTI TOTOBUX BUPOOIB. Y BIJIMOBiAb HA IIi BUKIUKU
TEXHOJIOT1Sl BAJIKOBOrO (pOpMyBaHHS 3apeKkoMeHayBaja ce0e sk eeKkTHBHa albTepHATHBA, 10 Oa-
3y€TbCS Ha BUKOPUCTaHHI MOCHIIJOBHOCTI (JOPMYBAIbHUX BAJIKIB JJIs1 O€3MEPEPBHOTO 3rMHAHHS Me-
TaJIeBUX CMYT Ta Tad y BUpoOU 3 HEOOX1THUM MONepeyHUM nepepizom [1].

AKTyallbHICTh BUKOPUCTAHHS Ta BUPOOHHUIITBA THYTUX MPOQLTIB MM METOJOM 3yMOBJIEHA
MOETHAHHSAM BUCOKOI MPOAYKTUBHOCTI 3 CYTTEBOIO €EKOHOMIEI0 MaTepiaibHUX Ta €HEPTeTHYHUX pe-
cypciB [2]. TexHoorist 103BOJIsA€ pealnizyBaTH MOCTYNOBE 1e()OpMYBAHHS METaITy SIK Y TOPU30HTaIIb-
HOMY, TaK 1 y BEPTHKAIbHOMY HaNpsMKaX, IO BiIKPUBAE MOXKIIUBOCTI JIJIsl CTBOPEHHS TOHKOCTIHHUX
npodiniB 31 ckinamaHow reometpiero [3]. Tlpu mpomy 3abe3medyeTbcss MakCMMajdbHA MIMHICTH 1
JKOPCTKICTh TOTOBUX JIeTajeil 3a YMOBHU MiHIMi3aIlil BUTpAT MeETaly, IO POOUTH BaikoBe (Hop-
MYBaHHSI He3aMiHHUM METOJIOM JIJII MAaCOBOTO BUPOOHUIITBA Y c(hepi 0OpOOKH THCKOM JTUCTOBUX Me-
TaJliB. 3aBJISKM TaKUM Ie€peBaraMm, siKk BUCOKa TOYHICTb, CTAOIIbHICTh TEOMETPUYHUX MTAPAMETPIB Ta
OTITUMI3aIlisl BUKOPUCTAHHS MaTepiajiB, Ied METOJ] € OCHOBHHUM 1 TIOIIMPEHUM BUPOOHHYHUM TPOIIE-
COM Y CyYacHii pOMHCIOBOCTI [4].

Mera naHoi poOOTH — MiABUIIEHHS TOYHOCTI NMPOTHO3YBAaHHS Ta IMOTNEPEIHKCHHS Ne(hEKTIB
¢dbopmu (BTpaTH CTIHKOCTI KPOMKH) MPH BUPOOHHUIITBI THYTHX MPOQITiB BIAKPUTOTO THUITY HUIIXOM
YIOCKOHAJIEHHS! METOJIMKY aHaJli3y Hapy>KeHO-1e(OPMOBAHOIO CTaHY.

[Torpu 3Ha4HI TIepeBaru TEXHOJOT1I, MPOIEC BAIKOBOTO (HOpPMYBaHHS BIAKPUTHX MPOdiiB,
30kpema miBesniepiB (U-moaiOHUX nepepisiB), CyNPOBOIXKY€ThCS MiIBUIIEHUM PU3UKOM BTPATH CTiHi-
KOCT1 KPOMKH MOPIBHSHO 13 3aMKHY THMH PO insimu. ToMy B Cy4acHUX TOCTIKEHHSX 3HaYHA yBara
MPUALISETHCS aHANI3Y MO3I0BXKHIX JIedopmaliiii KpOMKH, OCKUTBKM caMe BOHH € OCHOBHUM YMHHH-
KOM YTBOPEHHSI XBUIII.

TexHo10r1s1 BUTOTOBJIEHHS ILIBEJNEPIB € KPUTHUHO 3aJISKHOIO BiJl TEOMETPUYHUX MTapaMeTpiB
HaJAITyBaHHA 00JaHaHHA. AHAaJ3 IPUYNH BUHUKHEHHS 1eQeKTiB pOpMHU peacTaBiIeHO B pOOOTi
[5]. ABTOpH BCTAaHOBWIIM i€papXif0 BILIMBY TEXHOJIOTIYHUX (DAKTOPIB Ta JOBENH, IO 301TbIICHHS
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BIICTAaHI MDK KIITAMU J03BOJIS€E €(DEKTUBHO 3MEHIIMTH IKOBI TO3M0BXKHI nedopMmariii Ta
MIHIMI3YBaTH PU3UK BTpaTu CTiiKocTi. Lle y3romkyeThes 3 nociimkeHasmu [6], ne 3a3HadeHo, 110
KIIFOUOBUMH (pakTOpamu, sKi BU3HAYAIOTH BEIWYHHY PO3TATHEHHS KPOMKH, € BHCOTA IOJIHUIIL
podiTro Ta MIXKKITITHOBA BiICTaHb. [lo€JHAHHS 3HAYHKUX KYTIB IMATMHAHHS 3 HEAOCTATHHOIO 0a3010
negopMyBaHHS IPU3BOIUTH JIO CTPIMKOTO JOCATHEHHS! KPUTUYHOT MeXi 1eopMartiii.

BruiuB nux mapameTpiB TaKoX JETaIbHO PO3IIISTHYTO B podoTtax [7, 8]. 30kpema, BUKOPHCTO-
BYIOUH CEpil0 OPTOTOHATIBHUX EKCIIEPUMEHTIB, aBTOPHU [7] BUSBWIH, IO IOMIHYIOUHM (aKTOPOM €
TOBIIMHA 3arOTOBKH: 31 301IBIIICHHSAM TOBIIMHH CTIHKICTh KDOMKH 3pOCTA€E, TOA1 K 301IBIIICHHS BH-
COTH TIOJIMIII TMPOBOKYE 3POCTAHHS MIKOBHUX AedopMariid. Y poOorti [8] miaTBepmaKeHo, MO0 MKOBI
3HAYCHHSI TO3JIOBXXHBOI Jedopmariii € iHIUKaTopoM Ae(eKTy THUITy «IO30BXKHIH BUTHUH», a OI-
TUMI3a1lis (30UIbIICHHS) MIKKIIITHOBOI BiICTaHI CHPHUsE 3HIDKEHHIO TX aMILTITY M.

OxkpiM HajamTyBaHHS CTaHA, BAXKJIUBY pOJIb BiAIrpae crpareris KaaiOpyBaHHs. Y J0-
cmikeHHi [9] Ha mpukIaai BUCOKOMIIHOTO amoMiHieBoro craBy AA7075 moBeaeHo, MO Tpa-
JTUIIAHA cTpaTerisl moABiiHOTrO paaiyca (2R) npoBokye mosBy pizkux mikiB aedopmartii (1o 0,0198),
0 BUKJIHMKAe XBWiIEyTBOpeHHs. Haromicte 3acrocyBanus W-monmiGHOi cTpaterii MeToaoM
«Downhill» (W2) 3amxkye MakcumanbHy aedopmariiro 10 0e31neYHOro piBHsA. AHAJIOTIYHI BUCHOBKH
orpumaHo B po6oTi [10] mpu dopmyBaHHI TpyO 3 TUTAHOBOTO CIUIABY, /€ BU3HAYCHO KPUTHYHUN
nopir aedopmariii Ha piBHi 0,9 % Ta miATBEpAXKEHO €PEKTUBHICTH CTpATErii 31 3HIKEHHSM PIBHS
mikiB aedopmarrii.

BaknuBuM acrieKToM NPOEKTYBAaHHS € BHOIp IHCTPYMEHTapito I pO3paxyHKiB. Y poboTax
[11] Ta [12] migHiMaeThes TpobeMa 00MEKEHOCTI TPATUIIIMHNX aHATITUYHUX METO/IB. JlOCiIKy-
roun hopmyBaHHs podiiB 31 ctami Q235, aTopu [11] ainuIM BUCHOBKY, IO aHATITUYHI (HOPMYITH
JAr0Th JIUIIE HAOIMKEHY OLIHKY 1 HE 37]aTHI TOYHO CIIPOTHO3YBATH MIKOBI AedopMariii B 30H1 3aX0-
mwieHHs. Y po6oTi [12] 3a3HaueHo, 110 CHPOIIeHI MaTeMaTUYHI MOJIEI PO3PaxOBYIOTh AedopMarrii
IS «i7eanbHOi popMm», irHOpYyroun (Pi3udHuil HhakT BTpaTH CTIMKOCTI. Y peasbHOMY MpOLECi BH-
HUKHEHHS 1e(PEKTiB XBUIISICTOTO THUITY CYTTEBO 3MIHIOE PO3IIOIiT HAIIPYKEHb, 1110 POOUTH aHATITHYHI
MIPOTHO3U HEKOPEeKTHUMHU. Le miaTBeppKye HeoOXiqHICTh BUKOPUCTAHHS TIOBHOIIIHHOTO CKIHYEHHO-
€JIEMEHTHOTO MOJICITIOBaHHS JJI TOYHOT BepHQiKaIlii TEXHOIOTIi.

KpuTH4HUM acTieKTOM TPOEKTYBAHHS TEXHOJIOTIYHUX TIPOIECIB BHUTOTOBICHHS THYTHUX
podiIiB € KOHTPOJIb MO3OBKHIX AedopMalriii Ha kpoMili cMyrd. Came 11 30Ha 3a3Ha€ HAUO1TIBITIOTO
PO3TATHEHHS, 1[0 CTBOPIOE PU3HK BTPATH CTIHKOCTI 3arOTOBKH Ta BHHUKHEHHS JEPEKTIB THUITY «XBH-
JACTICTHY. MaTeMaTuyHO MO3M0BXKHS Aedopmarlisi €y, BU3HAYAETHCSA SIK TPATIEHT MEPEMIIICHHS
B37I0BX oci ipokatku X (1):

0
Exx = %l (1)

Jie U — BEKTOp MepEMIlIeHHS B3I0BXK 0ci X; X — KOOpAMHATA TOYKH B HATIPSIMKY MPOKATKH.

[ToBHMIT HaNIPy>KEeHO-1e(POPMOBAHHI CTAaH MaTepially B OYyJIb-SKil TOYIll OMUCYETHCS TEH30-
pom pedopmariiii Apyroro MopsAaKy. Y NeKapTOBil CHCTEMI KOOPAWHAT BiH MPEJICTABICHUN MAaTPH-
IIEI0, II[0 MICTHTH JI€B’ATh KOMITIOHEHTIB (2):

Exx  Exy Exz
g = |Syx  Eyy  Eyz|, 2)
Ezx  Ezy &2z

€ Exxs Eyyr €77 — HOpMaJbHI fedopMaltii (pO3TATHEHHS/CTUCKAHHS) B3/I0BXK BIAMOBITHUX OCEI; Exy
€yz, E2x — KOMIIOHEHTH 3CYBHUX JiehopMarliii.

BpaxoByro4n BIacTUBICTH CUMETPIi TeH30pa AedopMariii (&;; = &j;), KIIBKICTb HE3ATIEKHUX
KOMIIOHEHTIB 3MEHIIY€ETHCSI 10 MIECTH, IO CIPOIIY€E PO3PAXYHKH B CHUCTEMAaX YHUCEILHOTO MOJIEIIO-
BaHHA (30kpema QForm). I[Ipu npoMy oaTHe 3HaYCHHS O3I0BKHBOT Aedopmaltii (€, > 0) BKazye
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Ha PO3TATHEHHS BOJIOKOH Marepiaiy, Bif’ €éMHE (&, < 0) — Ha X CTUCKaHHS, a HYJIbOBEC 3HAUYCHHSI
BIJINIOBi/1ae HEMTpanbHi TiHiT Aeopmarrii.

Crenndika mpoiiecy 6€3mepepBHOTO BAJIKOBOTO (POPMYBaHHS MOJISITA€ B TOMY, 1110 BEJIMYMHA
MO3J0BXKHIX Jedopmalliii He € MOCTiiHO. BoHa 3MIHIOETHCS IIUKIIYHO, JOCITAOYU MIKOBUX 3HA-
4yeHb Oe31mocepeIHbO B 30H1 Aedopmariii (y BaJIkax) Ta 4aCTKOBO PEIAKCYIOUX (3MEHITYIOUYHChH 32 MO-
JyJeM) MiJ 4ac NPOXOJKEHHS METay Yepe3 MIKKIIThOBI MpoMikkH. CaMe aMILIITyAa X MIKOBUX
3HAaYeHb Ta 3aJMILKOBA Jedopmallis Micias peslakcalii € TOJIOBHUMHU KPUTEPIIMU OLIHKU SKOCTI
npodino.

KittouoBum napameTpom mnpu po3po01ii TeXHOJIOT1i (POPMOTBOPEHHS € rpaHUYHA Jiedopmalis
BTpatu criiikocti (auri. Buckling Limit Strain, gani — BLS). Ile kputuuHe 3HaYCHHS MO3J0BKHBOI
nedopMallii, TOCATHEHHS SKOTO B OJHIN (OpMyBalIbHIM KIIITI IPU3BOJIUTH /10 HE3BOPOTHOI BTpaTH
criiikocTi kpomku [13]. Bennuuna BLS 3anexuTs BiJ TOBIIMHU MaTepialy, IIMPUHH MOJIULI Ta Me-
XaHIYHUX BJIACTUBOCTEN 3aroTOBKU. KpUTHYHO BaXKIIMBO, 100 MIKOBI 3HAYEHHS] HOPMaJIbHOI nedop-
Marlii B3710BX oci npo(itoBaHHs He nepeBuIlyBanu BLS s KoHKpeTHOrO MaTepiaiy.

BusHauanbHUM (akTOpOM BHHHMKHEHHS T€OMETPUYHUX Je(eKTiB (30KpeMa, XBHJISCTOCTI
KPOMKH) € XapaKTep pO3MOJiTy MO3A0BXKHIX JedopmManiil y monuni npodimo. Y nocmimkenHi [14]
3a3HAY€HO, 1110 ICHYIOU1 CIIPOLLEH] aHAIITUYHI MOJIEN1 YacTO HE 3aTHI KOPEKTHO Mepe10aunTH MiKOBI
3HA4YeHHs Ta pO3MOALI fedopmalliif, 0COOIUBO Y 30HAX Mepexony. AHATITUYHI PO3paxyHKH, 110 MPH-
MyCKAIOTh «ifeanbHy» (hopmy 6e3 nedeKTiB, MaroTh HU3BKY KOPEJIII0 3 peadbHUMU (PI3MUHUMH
IpolecaMu y BHUIajJKax 3HauHuX Aedopmarniil. Lle oOrpyHTOBY€e HEOOX1AHICTE BUKOPUCTAHHS MOB-
HOIIIHHOTO CKIHYEHHO-EJIEMEHTHOTO MOJICIIIOBAHHS JIsl BepHdiKallii pe3yIbTaTiB.

VY namomy nociipkenHi aHanituuauil moayins UBECO PROFIL BukopucTOBYBaBCs JHILE
JUISL IONEPETHBOTO PO3PAXYHKY TpaekTopil (kanmiOpoBku). JleTanpHuil aHaii3 HanpyskeHo-1edopmo-
BAaHOTO CTaHy Ta OLIIHKY PU3UKY XBUJIEYTBOPEHHS MPOBeAeHO B cepenopuili QForm, 1o 103Bonusio
BUSIBUTH KPUTHYHI 30HU, SKi HE BPaXOBYIOThCS aHATITHYHUMH aJITOPUTMAMH.

O06’eKTOM JTOCITIDKEHHSI 00paHO TPOIeC BaJKOBOTO (hOPMYBaHHS THYTOTO MPOMIUIIO THITY
«aenepy» (U-channel) po3mipamu 120 x 60 X 6 MM 3 KiHIIeBUM pajiycom 3runy 10 mm. Matepianom
3aroTOBKH CIYT'y€e KOHCTpyKUiiiHa Byrieuesa Cranp 10. ¥ HamamTyBaHHAX MOJEIIOBaHHS 33JaHO
HACTYNHI MeXaHIYHI BJIAcCTHBOCTI: Meka IUmMHHOcTI or = 210 Mlla, TumyacoBuii omip
o, = 340 MIla, BizHocHe BuaoBkeHHS 0 = 30 %.

Jlocmi[KeHHS TIPOBOAMIIOCS Y JIBA €TaIIH:

- IepIIMii eTamn - reomerpudHe npoektyBanHs (CAD);

- Ipyruii eran - yucenbHe monemtoBanHs (CAE).

Ha nepumomy erani B nporpamuomy komiiekci UBECO PROFIL 6yno po3pobieHo cxemy
KamOpyBaHHsI BaJIKIB Ta CTBOPEHO KBITKOBY Mozenb (flower pattern) dpopmoTBOpeHHs mpodimto
(puc. 1), mo ckiagaetbes 3 12 TEXHOJIOTTYHHUX MEPEX0/1iB, MIXKKIIThOBA BifcTanb 1000 mM. [Ipudomy,
JUIsT YHUKHEHHS TpPYXEHIHHS OCTaHHI 4-pl mepexoau MaroTh HACTyNHI KyTH MiJTMHAHHA
88 °—80 °—88 °—90 °, nepenocTanHiil nmepexia Mae MOBEPXHi BAJIKIB HE IMIIHAPUIHOI popmu, a 3
paaiycom 1718 mm.

JUist 3MEHILIEHHS! BIUTUBY Pi3HULI OKPYKHHUX IIBUAKOCTEH 10 BUCOTI pOOOUYMX AUISHOK BepX-
HBOTO Ta HIDKHBOTO BaJIKIB OyJI0O 3aCTOCOBAHO KyTH a0o0 MIISHKH 3BiIbHEHHA. LI ememeHTH
KaniOpyBaHHS HEOOXiAHI TAKOX ISl 3MEHIIICHHSI BiTHOCHOTO KOB3aHHS — PI3HUIII MIBUIKOCTEH MiX
MOBEPXHEIO BaJIKa Ta METAJICBOIO IMITA00K0 B 30HI KOHTAakTy. Lle M03BONsSIE 3HU3UTH €HEPreTUYHI
BTPAaTH Ha TEPTs Ta 3aroOirTH MOIIKOIKEHHIO TOBEepXHI BUpoOy. HasBHICTH JUISHOK 3BUTbHEHHS
€ 0cOo0JIMBO BaKJIMBOIO MPH MO UTIOBaHHI BUCOKUX MPOd1LTiB, 1 hopMyBaHHS BiAOYyBa€ThCs TOE-
TaIHoO, a PI3HULS MIBUIKOCTEH € HaOLIbII CYTTEBOIO.
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Puc. 1. KeiTkoBa mozeinsb (flower pattern) dhopmMoTBOpeHHS MpOodiII0 TUITY «IIBeTIep» 3a 12
nepexoxiB: 0 °—8 °—18 °—30 °—42 °—54 °—66 °—78 °—88 °—80 °—88 °—90 °

Jlnist monepeAHbOo1 OLIHKY SIKOCTI KamiOpyBaHHS BUKOHAHO aHaJIi3 HAMPYKEHb 3a JJOMTOMOTOI0
monyns Profile Stress Analysis (gami PSA). Pesyasrat po3paxynky 8 UBECO PROFIL (puc. 2)
MOKa3aJiy, 10 TEOPETUYHI MO3J0BXKHI HANPY)KEHHS Ha KPOMIl CMYTH HE nepeBuilyioTs 11 % Bin
rpaHull INIMHHOCTI MaTepiany. Lle cBiAUnuTh Mpo reoMeTpuyHy KOPEKTHICTb pO3pO0ICHOT TPAEKTOPIT
pyxy Metaiy («iaeaabHui MOTiK») 6€3 BpaxyBaHHs (DI3HUHUX HENiHIHHOCTEH.

Stress related to the yield stress:

Band edge only Material Crans 10 Re = 210 MPa
(] Center Line Forming | Y| Ps %| Re

1(1] 1

32 3

3033

304 5

10( 5| 10

116 |11

10| 7| 10

11(8 |11

11(9 |11

710 7

311 5

ol1z2) 0

Puc. 2. Po3paxyHKoBHI PO3MOILT BITHOCHUX IMO3/IOBKHIX HANIPYKEHb HA KPOMITI CMYTH IS
Crani 10 (anami3z PSA 8 UBECO PROFIL) mpu MixkkiThoBi# BiacTtani 1000 MM

Ha npyromy erami, s BpaxXyBaHHS pealbHUX (i3MYHUX (DAKTOPIB, TAKUX SK MPYKHO-TUIA-
CTUYHI BJIACTHUBOCTI MaTepiaixy, KOHTAaKTHE TEPTS Ta HAUIMINKOBI Aedopmarlii, TeOMETpito 1HCTPY-
MEHTY OyJI0 €KCIIOPTOBAHO JI0 CEpEeA0BUINA CKIHUEHHO-eJIeMEHTHOT0 aHanizy QForm.

B cepenoBumii QForm Oyiio mpoBeneHO cepiro CUMYIISIiN mpoiecy (popMyBaHHS 3 METOIO
JOCITIJKEHHS BIUTUBY T€OMETPUYHHX MapaMeTpiB CTaHy Ha HaIpy>KeHO-Ie(pOPMOBAaHHM CTaH 3aro-
TOBKH. J{i1st MozenmoBaHHs (OPMOTBOPEHHS OYJIO 3aCTOCOBAHO METOAMKY 3ampornoHoBany B [15].
B sixocti 3MiHHOTO MapamMeTpa 0yJjio 00paHO MIKKJIITHOBY BiJIcTaHb. MOJIeNIOBaHHS BUKOHYBAJIOCS
JuTst TphoX BapiaHTiB BiacTadi: 1000, 1200 Ta 1400 mwm. IIpu oMy, sik ipaBWIIo, IJIs TAKUX JT1aMETPIB
MOBEPXHI KOYEHHSI BEPXHBOI'O Ta HIKHBOTO BaJKiB (582,5 MM Ta 250 MM BiNOBITHO) MIKKIIITHOBA
BijicTanb ooupaerbes 1200—1400 mm.

OCHOBHUM KpHUTEpiEM OLIHKU SKOCTI MPOQLII0 Ta PU3HKY BUHUKHEHHS NE(PEKTIB (XBHIIS-
CTOCT1 KPOMKH) B TAaHOMY aHaJTi31 CUMYJISIIIT OyJ10 00paHO BEIMYHHY Ta XapaKTep PO3MOILTY M03/10-
BXKHBOI 1ehopMallii €, Ha KpoMIli mpodiiaro B3AOBXK oci mpodimoBanns X. JnHaAMiKy HAKOTTMYCHHS
nux nedopmartid miJ 4Yac MPOXOHKEHHS CMYTOK TEXHOJOTIYHUX TEPEXOiB TPH PIX3HUX
MDKKITIITTEBUX BIJICTAHHIX MTOKa3aHO HA PUCYHKY 3.
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Puc. 3. 3anexHicTh mMo370BXKHBOT nedopmamii (&) Ha KpoMii mpodimo Big dYacy
(bopMyBaHHS s PI3HUX MIKKJIITHOBHUX BiICTaHEH

Amnani3 rpadiyHUX 3aJIe)KHOCTEH, HABEJICHUX Ha PUC. 3, IEMOHCTPYE, 110 KIHEMaTHKa Mpo-
[IeCy Ta XapakTep HaKOMU4YeHHs AedopMariiil KpUTHYHO 3aJieXkKaTh BiJl 00paHOI reOMETPUIHOI CXEMHU
CTaHa, 30KpeMa Bij BificTaHl Mk KITsMU. [Ipu aHanizi pexumy 3 MiHiManbHOO BigcTanHio 1000 MM
(cunst kKpuBa) (IKCYETHCS pi3Ke, CTPUOKOIMOAIOHE 3POCTaHHS aMIUTITYAH MMO3/I0BXKHIX JepopMalriii,
sKe mBUAKO nocsirae kputudHoro piBHS 0,035 (3,5 %). Take 3HaueHHS CBITYUTH HE MPOCTO IMPO
Npy>KHE HANPy>KeHHSI, a PO TIIMO0KE IUTACTUYHE MEPEPO3TATHEHHS BOJIOKOH KPOMKH, OCKIJIBKHA BOHO
3HAYHO MEPEBUIIY€ MEXY INIMHHOCTI MaTepiaiy. Lle cTBoproe nepeyMoBH i1 HE3BOPOTHOT'O BUJI0-
B)KCHHSI KPOMKH Ta TIOSIBU Ie€(PEKTYy «XBHJILSICTOCTI» III€ HA paHHIX eTanax (opmyBanHs. BomHouac,
30inbeHHs 6a3u aedopmarii 1o 1400 MM (3ereHa KpHBa) JO3BOJISIE IEPETBOPUTH MPOLIEC y OLIbIII
«M’ KU pexxuM. 3aBJISKU MOJOBKEHHIO TPAEKTOPIi pyXy MeTally MKOB1 3Ha4eHHs Aeopmartii 3HU-
KYIOThCsl Maibke BTpudi — a0 piBHs 0,012 (1,2 %). Take 3HMKEHHS 1HTEHCUBHOCTI HAaBaHTAKCHHS
3a0e3neuye 3HA4YHO IJIaBHIMIMKA MepexiJ CMyrd MIXK KaliOpaMu, MiHIMI3y€ HAKOTIMUYEHHS 3aJIUIIKO-
BUX HaIlpy>eHb Ta rapaHTye cTadiinbHe (hopMyBaHHs MPOoQiaro 6€3 pU3KUKy BTPATH CTIMKOCTI MOJTHUIIb.

OxpeMoi yBaru 3acilyroBye€ IMOPIBHSHHS OTPUMaHHUX PE3yJbTATiB i3 JAaHUMHU TONEPEIHBOTO
anamizy B moxyni PSA (UBECO PROFIL). Sk 3a3Hauanocs Bulie, reOMETPUYHUN pO3paxyHOK MPo-
THO3YBaB MaKCHMMaJlbHI Hanpy>keHHs Ha piBHi 11 % B rpaHuUlll IVIMHHOCTI, 1110 NIepe10adano podboTy
BUKIIIOUHO B MpY>KHiN 30HI. HatomicTh uncenbHe monentoBanHs B QForm 3adikcyBano HasBHICTh
3HAYHUX [JIACTUYHUX JedopMalliil.

Taka cyTTeBa po301KHICTD MOSCHIOETHCS (DYHIAMEHTAIBHUMH BIIMIHHOCTSMH B alrOprT™Max. Mo-
nynb PSA Gazyerbcsi Ha MOZENI «iJI€aTlbHOTO MOTOKY», PO3PAaXOBYIOUM TEOPETUYHY PI3HUIIO JOBKUH
TpaekTopiii 0e3 ypaxyBaHHs CHIIOBHX (akTopiB. Lleit MeTos irHopye eHeprito, BUTpayeHy Ha HaUTHIIKOBI
nehopMarlii — BUKpUBIICHHS METaIy, sIKi HE € TEOMETPUYHO HEOOX1THIMH, ajie BAHUKAIOTh Yepe3 OIip Ma-
Tepiary Ta e()eKTH 3BOPOTHOI HATSHKKU MK KINITSIMA. MOJIeTTFOBaHHSI METOZIOM CKIHUEHHUX €JIEMEHTIB B
QForm BpaxoBye 1 (hi3i4HI aCTIEKTH, a TAKO)K KOHTAKTHE TEPTSI, IEMOHCTPYIOYH, 110 B pEaTbHUX YMOBAX
KpoMKa Tpo(piTro 3a3Ha€ 3HAYHO OLTBIIIOrO po3TsArHeHHs. Lle miaTBeprKye, Mo po3podka TEXHOIOTIT
npohiTIOBaHHS BAIKOBUM (POPMYBaHHSIM THYTHX MPOGiITiB, 110 6a3y€ThCsl BUKIFOUYHO HA aHATITUYHHX PO-
3paxyHKax He 3a0e3revye HeoOXiTHOI TOUHOCTI.

BaxmBo TakoX 3a3HAYMTH, 110 BUSBJICHI B XOJ[I MOJETIOBAaHHS METOJIOM CKIHUCHHHX €Je-
MEHTIB (JIyKTyarlii (KOJMBaHHS) HAIIPYKEHO-1e(pOPMOBAHOTO CTaHy KPOMKH € JKEPEJIOM JTUHAMIY-
HOI HECTaOLTBHOCTI CMYTH B Kamiopi. Di3W9HO i epioANYHI 3MIIIEHHS] KPOMKH Ta 3MiHa CHJI TEPTS
TeHEPYIOTh MEXaHI4YHI BiOpaIil TEXHOJOTIYHOT CUCTEMHU «BAJIKH—CMyTa». OCKUIBKM aMIUTITYJa X
BiOpalliii KOpeNioe 3 BEIMYMHOIO TMO3J0BXKHBOI aedopMariii, e BiKpUBaE MOXIIUBICTH BHKOPH-
CTaHHs BiIOpaLiifHOro0 MOHITOPUHTY ISl HEMPSIMOTO KOHTPOJIIO TEXHOJOTIYHOTO mporiecy. Bixcrexy-
I0YM MapaMeTpy BiOpallii Ha CTaHWHI KIJIiTi, KPOMIIi 3aTOTOBKH TIi/T 9Yac MpOQLIIOBAHHS, CTA€ MOXKITH-
BUM BHSIBJISITH ITOYATOK BTPATU CTIMKOCTI (XBUJICYTBOPEHHS) B PEXKHMMI PEalbHOr0 4yacy Ta ornepa-
TUBHO KOPUTYBATH HAJAIITYBaHHS CTaHA.
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BUCHOBKU

BcTanoBiieHO po301KHICTE MK pe3yiIbTaTaMU aHAJITUYHOTO Ta YHCEIBHOTO MiAXOAIB MPHU
MOJIETIIOBaHHI BaikoBoro ¢popmyBanHs mBenepa 31 Crani 10. JloBeneHo, 1m0 TeOMETPUYHUN METO/
(peanizopanuit B UBECO PROFIL) cxwipHMi ifeami3yBaTH MpoOIEC, MPOrHO3YIOYH POOOTY Ma-
Tepialy MmepeBakHO B MPYKHiK 30HI. HatoMicTh ckiHdeHHO-eneMeHTHUH anani3 (QForm) BusiBIsie
3HAYHI TUIACTHYHI JedopMallii, 10 BUHUKAIOTh BHACIIIOK Jii GaKkTOPiB TEPTS Ta HANJIUIIKOBUX JIe-
(bopmattii, sSIKi iIrHOPYIOTbCS CHPOIICHIMH MOJICIISIMU.

[TinTBEpIKEHO 3HAUHY POJIb BETUYMHU MIKKIIITHOBOI BIJICTaH1 y 3a0€31e4eHH] TeOMEeTpUYHOL
TOYHOCTI podinto. YrcenabHe MOAETIOBAaHHS IIOKA3al10, 110 301bIIeHHs 6a3u aedopmyBanus 3 1000
MM 10 1400 MM J103BOJISI€E 3HU3UTH MIKOB1 3HAYEHHS IMO3/I0BXKHBOI Iehopmariii 3 KpUTUYHOTO PiBHS
3,5 % no 6e3neunux 1,2 %. lle 3a0e3neuye cTabinbHICTh Tpoliecy (POPMYBaHHS Ta yCyBae PU3HMK
BUHUKHEHHS JEPEKTY «XBHIICTICTh KDOMKID.

Ha ocHOBI oTprMaHuX JaHUX c(hOPMYJIBOBAHO PEKOMEHIAIIII0 3aCTOCOBYBATH KOMOIHOBaHY
CTpaTerito po3po0KU TEXHOJIOT1] BAJIKOBOrO (POpMyBaHHS THYTHX IPOQLIIB:

— BUKOPHMCTaHHs aHamiTUYHUX 1HCTpyMeHTiB (Tunmy UBECO PROFIL) nnst mBUAKOro CHH-
Te3y KaniOpyBaHHs Ta pO3paxyHKy TPAEKTOPIi;

— 000B’s3K0Ba BepHdiKallisl KiHEeMaTUYHUX [apaMeTpiB 3a JONOMOIOI0 CKIHUEHHHX ejle-
MeHTiB (Tuity QForm) nsist BUSIBICHHS MPUXOBAHUX 30H PU3UKY Ta MEPEBIPKU HAIIPYKEHO-TEPOPMO-
BaHOTO CTaHy.

[lepcriekTHBY NOJANBIINX JAOCHIKEHb Mo1eII0BaHHS BUSBUIO HAasIBHICTh JIOKAJBHUX IIKIB
M03/10BXXHBOT Jieopmallii, Kl € MepeBICHUKaMH BTPaTH CTIMKOCTI, ane He (IKCYIOTbCs aHATITHY-
HuMHU MeTogamu. e oOrpyHTOBY€e HEOOX1IHICTh NOJANBIINX JTOCIIKEHb, CIPSIMOBAHUX HA:

— BCTaHOBJICHHS KOpeJsiLil MK pO3paxyHKOBUMH IiKaMu Jeopmaiiil Ta mnapaMmerpaMmu
BiOpallii Ki1iTel cTaHy Ui CTBOPEHHS CUCTEMH ONIEPATUBHOIO BIOPOMOHITOPHHTY;

— po3poOKy METOAMKH palioHali3amii KaaiOpyBaHHS s «3TVIaJPKyBaHHS» emop aedop-
MaIliif, mo crane 0a30¥0 TS BIIPOBAPKEHHS CUCTEM aallTUBHOTO KEPYBAaHHS ITPOIIECOM.

CIIMCOK JIITEPATYPU / REFERENCES

1. Wang J., Liu H. M., Li S. F., Chen W. J. Cold roll forming process design for complex stainless-steel section
based on COPRA and orthogonal experiment. Materials. 2022. 15(22). 8023, https://doi.org/10.3390/ma15228023.

2. Simonetto E., Ghiotti A., Bruschi S. Agile manufacturing of complex shaped bent profiles by incremental
deformation. Manufacturing Letters. 2023. 36. pp. 4043, https://doi.org/10.1016/j.mfglet.2023.01.004.

3. Sun Y., Sedlmaier A., Guo Q., Zhang D., Xia H., Cu S., Dong J., Ren Y. Flexible 3D Profile Roll Forming
Technology. Flexible Metal Forming Technologies. Springer Nature Singapore. 2022. pp. 161-225,
https://doi.org/10.1007/978-981-19-1348-8 5.

4. Ren Y., Rubaiee S., Ahmed A., Othman A. M., Arora S. K. Multi-objective optimization design of steel
structure building energy consumption simulation based on genetic algorithm. Nonlinear Engineering. 2022. 11(1). pp.
20-28, https://doi.org/10.1515/nleng-2022-0012.

5. Mohammdi Najafabadi H., Moslemi Naeini H., Safdarian R., Kasaei M. M., Akbari D., Abbaszadeh B. Effect
of forming parameters on edge wrinkling in cold roll forming of wide profiles. The International Journal of Advanced
Manufacturing Technology. 2018. https://doi.org/10.1007/s00170-018-2885-x.

6. Halmos G. T. Roll forming handbook. Boca Raton: CRC Press, Taylor & Francis Group. 2006. 584 p.,
https://doi.org/10.1201/9781420030693.

7. Liang J., Chen C,, Liang C., Li Y., Chen G., Li X., Wang A. One-time roll-forming technology for high-
strength steel profiles with section. Advances in Materials Science and Engineering. 2019. Article ID 6505914. 10 p.,
https://doi.org/10.1155/2019/6505914.

8. Safdarian R., Moslemi Naeini H. The effects of forming parameters on the cold roll forming of channel section.
Thin-Walled Structures. 2015. 92. pp. 130-136, https://doi.org/10.1016/j.tws.2015.03.002.

9. Suckow T., Schroeder J., Groche P. Roll forming of a high strength AA7075 aluminum tube. Production
Engineering. 2021. 15(5). pp. 573-586, https://doi.org/10.1007/s11740-021-01046-2.

10. Yue M., Zhang J., Xiao B., et al. Numerical and experimental analysis of edge wave defect control during
TAZ2 circular tube cold roll forming. Engineering Reports. 2024. 6(11). 12913, https://doi.org/10.1002/eng2.12913.

11. Hui X., Wang X. Forming quality analysis on the cold roll forming C-channel steel. Materials. 2018. 11(10).
1911, https://doi.org/10.3390/mal11101911.

12. Sreenivas A., Abeyrathna B., Rolfe B., Weiss M. Longitudinal strain and wrinkling analysis of variable depth
flexible  roll ~ forming.  Journal of  Manufacturing Processes.  2022.  81. pp.  414-432,
https://doi.org/10.1016/j.jmapro.2022.06.063.



ISSN 2076-2151. Oopooxa_mamepianie_muckom. Materials Working by Pressure.  2025. A2 1(54) 78

13. Farzin M., Salmani Tehrani M., Shameli E. Determination of buckling limit of strain in cold roll forming by
the finite element analysis. Journal of Materials Processing Technology. 2002. 125-126. pp. 626-632,
https://doi.org/10.1016/50924-0136(02)00357-6.

14. Soyaslan M. The effects of roll forming pass design on edge stresses. Sigma Journal of Engineering and
Natural Sciences. 2018. 36(3). pp. 677-691.

15. Babai Yu. V., Yavtushenko A. V., Hubskyi S. O., Kulyk H. H. Simulation of roll forming for U-shaped bent
profiles. Theory and Practice of Metallurgy. 2025. (2). pp. 75-79, https://doi.org/10.15802/tpm.2.2025.11.

Babai Y., Hubskyi S., Yavtushenko A., Koshkarov Y., Natarov M. Comparative analysis of analytical and
numerical methods for defect prediction in u-channel roll forming.

The aim of this study is to improve the accuracy of prediction and prevention of shape defects (specifically edge
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Based on a comparative study of analytical and numerical modeling methods, the necessity of considering real physical
factors of the process, such as contact friction and redundant deformation energy, is substantiated. It is established that
geometric calculation methods tend to underestimate actual stress levels by predicting deformation within the elastic
zone, whereas finite element analysis reveals critical zones of plasticity. Theoretical studies were conducted on the roll
forming process of a U-channel made of Steel 10 using CAE systems. Finite element models of metal behavior in the
forming stands were developed, allowing for an investigation into the dynamics of longitudinal strain accumulation at
the profile edge. Based on the analysis of the obtained models, the influence of the roll forming mill's geometric param-
eters on product quality was determined. The feasibility of increasing the inter-stand distance as an effective method for
mitigating wave formation has been proven. A comparative analysis of simulation results for various kinematic schemes
showed that rationalizing the deformation base from 1000 mm to 1400 mm ensures a reduction in peak longitudinal strain
values from 3.5 % to 1.2 %, thereby guaranteeing process stability and the absence of defects.

Keywords: roll forming, U-channel, stress-strain state, finite element method, longitudinal strain, forming stand,
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TiToB B. A.
JlaBpinenkosB A. /1.
Baaciok 1. A.

AHAJITUYHHUN OIMUC NPOLIECY T'APSIYOI'O MIPOKATYBAHHSI METOJ10OM
IJIACTUYHOI TEUIQ

Ananimuynum ma 4ucerbHUM Memooamu 00CIIOHCEHO HANPYHCEHO-0eBOPMOBAHUL CMAH MeMAy 8 0CepeoKy
Odepopmayii npu eapsiyomy npoKamysanti. AKmyanieHicme pobomu 3yMo8ieHa HeOOXIOHICMI0 NIOBUUEeHHS MOYHOCI iH-
JICEHEPHUX PO3PAXYHKIE Napamempie npoKamysants 6a2amoumaposux i mogCmux 3a20moeok, Oisl IKUX KAACUYHI OOHO-
BUMIpHI MOOelli He 8i000padicaoms peanbHoi HeoOHOpIOHOCMI naacmuyHoi meuii Memany no moswuni. Memor Oo-
CIOMHCEeHHS € PO3POOKA AHATIMUYHO20 MeMOOYy OYIHIOBAHHA CEPEOHIX | HOPMATbHUX HANPYXHCEHb 8 ocepedKy deopmayii
Ha ocHosi meopii niacmuyHoi meyii 3 GUKOPUCMAHHAM Hanepeo 3a0aHo20 KiHeMAmuiHo 0ONYCMUMO20 NOJA WEUOKO-
cmeil. Y pobomi UKOHAHO AHATTMUYHUL 0210 CYHACHUX NIOX00i8 00 MOOEN08AHHA NPOYECy NPOKAMYBANHS, 30KpeMa
Memoody banamcy cun ma memooy 6epxHvoi OyiHKuU. 3anponoHO8aHO NIAOCKY MOOeNb meuii Memany 3 HemiHiuHUM
PO3NO0INOM KOMNOHEHM WEUOKOCel nepemiujerv y 30Hi Konmaxmy 3 eankamu. Ha ocnosi pienamnna nepospueHocmi
OMPUMAHO WEUOKOCMI Oehopmayiil ma GU3HAYEHO THMEHCUBHICTNb WEUOKOCell Oeopmayiil y cbomy 00 'emi ocepedky.
Tonoocenns HelimpanbHo2o nepepizy 6CIMAaHO61eHO 3 YMOBU DANAHCY 306HIWHIX CUl, Wo Oitfomb Ha wimady. /s ioeanvro
NIACMUYHO20 Mamepiany BU3HAYEHO KOeQIYicHm HCOPCMKOCHI, CepeOHi ma HOPMATbHI HANPYICEHHS WIAXOM IHme-
2PYBAHHS PIGHAHb NIACMUYHOT meyil 3 YPaxy8aHHAM SPAHUYHUX YMO8 HA 6X00i 8 ocepedok degopmayii. [na nepegipku
00CMOGIPHOCMI AHATIMUYHUX Pe3YTbMAMIE GUKOHAHO HUCENbHEe MOOENIO8AHHS NPOYECY NPOKAMYBAHHA MEMOOOM CKiH-
yeHHux enemenmis y cepedosuwi Abaqus CAE. Ompumano posnoodinu cepeoHix HANpYiceHb mMa NOPIGHAHO iX i3
AHATTTMUYHUMU 3GTEHCHOCAMY 8 NAOWUHT cumempii wimabu. Bcmarnoeneno Kinvkiche cnienadinHa HANPYjiceHsb Ha 8X00i
ma 8uxo0i 3 ocepedky oegpopmayii ma AKiCHY 8i0N0GIOHICMb Xapaxkmepy ix po3noodiny no 008xcuti ocepeoxy. Ompumari
DPe3yabmamu Moxcyms 6ymu GUKOpUCMAani Oia iHJHCeHePHO20 aHanizy Npoyecia eapAa4o20 npoKamysanHsa bazamouapo-
6UX 3pa3Ki6 ma 3pasKié 6 000JIOHKAX, a NEPCREeKMUBU NOOANLULUX O0CNIONCEHb NOG A3AHI 3 YPAXYBAHHAM GNIUGY KOH-
MAaKmHo20 mepms Ha KiHeMamuyHe noje, memMnepamypHoi HeoOHOPIOHOCI, pealbHUX 3aKOHI6 3MiYHEeHHA Mamepiany
Ma po3uiupeHHam Memooy Ha 3a0ayi 6a2amouaposo2o NPOKAMy8aHHsL.

Kniouogi cnosa: eapsue npoxamysanns, ocepedok degpopmayii, naacmuuna meyis, HanpystceHo-0epopmosanuil
cman, noie WeUOKocme, aHanimuite MoOeI08aHHs, Memoo CKIHYEHHUX eleMeHINI8, CepeOHi HanpyIHCeHHs.

B ocranHi poku Bce Oinbllie yBaru NpUAUIAETHCS aHAIITHYHAM METOJaM TUIACTHYHOI Tedii
MeTaly, SIKUM TPYHTY€EThCS Ha 3arajlbHUX PIBHSHHAX MEXaHIKH CYLIIBHOTO CEPEIOBHUIIA 3 BUKOPH-
CTaHHSIM TIOJTiB IIBUIKOCTI IEPEMIIIIEHb MaTEPIAIbHIX YACTUHOK B OCEPENKY aedopmartii.

B naniit poGoTi npoaHanizoBaHO iCHYIOYI MiAXOIM BU3HAYCHHS TEXHOJOTIUHUX MapameTpiB
Ta HaNpPy’KEeHO-Ae(POPMOBAHOTO CTaHy METaTy IPH MpoIlecax MpOKaTyBaHHS JHCTOBOTO METAIy Ta
TOHKMX 1ITa0. [Iporecy mpokaTku MpUCBAYEHO BEIMKY KUTbKICTh HAYKOBHUX Iy OJIiKaIliil BITYN3HIHUX
Ta 3aKOPJIOHHUX aBTOpiB. PyHIAMEHTALHUI BHECOK Yy pO3pOOKY TEOpii Ta TEXHOJOT1] JIMCTOBOIO
npoKkaTyBaHHs 3poounn Haykosui B. JI. Masyp, A. B. Horosiuun, A. I1. I'pyznes, K.O. I'oraes ta
a1 [ 1-4]. Y ixHIx npargx, mo 0a3yroThecs Ha Teopisx Kapmana ta [lenikoBa, TmnOoKo onpamboBaHO
MUTAHHS E€HEPrOCHJIOBHX MapaMeTpiB, YIOCKOHAJIEHHS PO3PaXyHKOBHX METOAMK 3 YpaxXyBaHHSIM
YMOB TEPTS Ta MAaCTHJIA, @ TAKOXK aHATI3Y CTIMKOCTI MPOIECY TOHKOJIMCTOBOTO MpoKaTyBaHHs. Oco0-
JMBa yBara B WX JTOCIIHKSHHSIX MPHUALISIAcS aJanTallii aHaliTHYHUX PIllleHb O PealbHUX BUPOO-
HUYUX YMOB Ta PECYpco30eperkeHHIO.

[MTapanenbHO, siK 3a3Ha4aeThes B orisaax P. Montmitonnet [5] ta J.G. Lenard [6], y cBiTOBI#
HayIll MOpsj 3 KJIAaCHIYHUMHU METOJaMHu OajaHCy CHJI PO3BUBAIIMCS METOJM aHalli3y, 3aCHOBaHI Ha
eHepretuuHux npuHuunax. [llupokoro 3actocyBanns HaOyB meTon BepxHboi ouinku (Upper Bound
Method). Huszka nocnigaukis [7—16] He3amexHO po3poOHIM Bapialliio MIXOMIB ISl MOJCITFOBaHHS
IpoIiecy MPOKaTyBaHHS.

Ha cywacHomy erami, sIK y BITYM3HSHHUX, TaK 1 B 3aKOPAOHHHMX JOCIIJKEHHSX, CIIO-
CTepiraeThcs TEHACHIIIS BUKOPUCTAHHS YHCEIbHUX MiaxoaiB (30kpema MCE), siki 103BOJSIOTH Bpa-
XOBYBATH HEOTHOPIAHICTH PO3MOILTY TeMrepaTyp Ta epexTr po3BUTKY aedopmarliii y TOBCTHX ILIHU-
tax. OHaK, HassBHI aHAJIITUYHI METOAM YacTO NAIOTh JIUILE yCEPEeIHEHY OLIHKY 1 HE J03BOJIIOThH
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noBHOI0 Mipoto onucati HJIC npu npokaryBaHHI crienniyHUX GaraTomiapoBHX CHUCTEM, IO 00Y-
MOBJIFO€ HEOOXI1THICTD MOJAJIBIINX TOCIIIKEHD.

MerToro nanoi pobotu € cipoda po3poOKH aHATITUIHOI MOJIETIi HA OCHOBI TEOPIi MIIACTUYHOL
Teduii, IKM ONMHUPAETHCSA HA MOMEPEIHBO MOOYIOBAaHUN PO3MOALT MIBUAKOCTEH. BukopucTanus me-
TOJy TUTACTHYHOI Teuii 103BOJIsI€ BU3HAYUTH NepeMillieHHs (Pi3HUHUX MaTepialbHUX TOUYOK, OLIHUTH
HOpMaJIbHI Ta BIIMOBITHO CEPEIHI HAITPY)KEHHS B OCepeIKy nedopmaltiid 10CIipKyBaHOTO MaTepiary
npu maactuuHid nedopmanii. Le 3abe3neuye edheKTUBHICT BUKOPUCTAHHS MPU aHAIi31 MPOIECiB
CTPYKTYPHO-HEOTHOPITHUX CYIUIPHUX CEPEIOBHII — KOMITO3UIIIHHUX MaTepiaiB.

[Tpu moOymoBi poO3MOALTY PO3TISHYTO IUIOCKY 3anady. IIpuitHATI mo3HA4YeHHS Ta KOOPAHU-
HaTHA cHCTeMa I03HaveHi Ha puc. 1.

/ :
- / |
. a |
N S i I
NN Y K ; 1
\‘\\‘ y -
\\

Var

hy hy

i

Puc. 1. Po3paxyHkoBa cxema ocepeliky nedopmarii mpu mpoKaTIi:

Y,Z — xoopauHaTHi oci, R — pajaiyc BajiKiB, W — KyTOBa IIBHUJIKICTh BaJKiB, @ — KYT 3aXO-
TUICHHSI, Y — HEUTpaNbHUH KyT, | — MOBXUHA ocepenky nedopmariii, [; — BiCTaHb BiJ HEHTPAIEHOTO
nepepizy 710 BUXOAY 3 ocepelKy, V;, — BepTHKalbHa KOMIIOHEHTA IIBUIKOCTI HAa IOYaTKy KOHTAKTY,
V, — niHilHA MBHUAKICTh BaJKIB, h; — TOBIIMHA TA0H MEpe]l MPOKaTyBaHHAM, h, — TOBIIMHA IITA0OH
TICJI TPOKATyBaHHS.

Po3nozin BepTUKaIbHOI KOMIOHEHTH IIBUAKOCTI MeTaly Ha KOHTAaKTI BUOpAHO JHIMHUM Ta

PIBHUM HYJIIO Ha BHXO/I 3 ocepenKy (puc. 2):
Va1
v(y,2) = = (i —y).

. | i
~ 1
*'wﬂlljﬁb: i

Y

0

Puc. 2. Po3nonin BepTUKaIbHOI KOMIIOHEHTH IIIBUKOCTI METaTy Ha KOHTAKTI
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OueBUTHOIO € YMOBA PIBHOCTI HYJIIO BEPTHKAILHOT KOMIOHEHTH IIBUIKOCTI B IUTOLIUHI CUMETPIl
mrradbu (Bick Y Ha Puc. 2). Ockinbku mTada € q3epKaibHOI0 BIIHOCHO ITI€T TUTOMIMHY, 3aTyXaHHS KOMITO-
HEHTH V, BiJl KOHTaKTy JI0 TUIONIMHY CHUMETpIi Mae 3aiaBatucs HemapHow ¢yHkmiero W (z), npu qomy
Y(0) = 0,¥(xh;/2) = +1. Takum YnHOM 3aIEKHICTD V, (Y, Z) BUOPAHO HACTYITHOO:

VZ 1 VZ 1

3
v,(y,z) = _T(ll —y) ¥ = _T(ll -y (3}%—4}21—3)

Jie KyOIUHMii 4IeH € HEOOXIIHNM JUTsl Y TBOPEHHSI 3AIEXKHOCTI Vy, HE TUIBKH Bl KOOPIMHATH Y, & 1 BiJl Z.
BukopucToBy04H piBHSIHHS HEPO3PUBHOCTI, OTPUMAHO

V. y2\ (3 z?
vy(y,z) = %<y11 - 7) (h_1 —12 ﬁ) +Vo

1

CxemartuuHo, rpadiku po3noaily MBUAKOCTEH MepeMilieHb 300pakeHo Ha pucyHKax 3—4.

- v

II IL"«"_)' |TL ¥ -*' o Y - )
= H —
) | d- —
= !  F Em N

\ . -

5 | | -

I — j _ 1

Puc 3. Posnmoain mBuakocTi Vy B OCEPEIKY nedopmartii: mMTPUXOBI JiHIT — 30HM KOHTAKTIB
3 BaIKaMW. 37iBa — PO3IMOALUIVy IO BHCOTI Mepepisy (Bl KOOPAMHATH Z) B PI3HMX MONEPEYHUX
IIOIIMHAX, CIPABA — PO3MOILI Vy, TI0 IOBKUHI OCEPEKY (Bi/l KOOPJMHATH y) B INIOIIMHI CUMETPIT IITa0u.

- =
J—

Puc. 4. Po3noain mBUAKOCTI vV, B ocepenKy aedopmarii: ITPUXOBI JiHIi — 30HW KOHTAKTIB
3 BaJKaMH. 37iBa — PO3MOILI U, MO BHUCOTI mepepidy (BiA KOOPIMHATU Z) B PI3HHUX IOMNEPEUHUX

IJIOIIUHAX, CTIPaBa — PO3MOILI V, TIO JOBXHHI OcepeaKy (Bl KOOPAMHATH Y) B IUTOMIMHAX HA PI3HUX
BHCOTax Mo mTaoi.
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HIBunkocri nedopmariii (rpadivno Ha puc. 5)
V,1 3 72
Eyy = TE€zz = T(h -y) <h_1 - 12@)

av, av, V. y? z\ V, z z3
_y Ve _Vaf o VN 2) V(32,2
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Puc. 5. Posnoin mBrakocTi aepopmalii €, Ta €y, B 0OCEpEKY AehopMallii: INTPUXOBI JIHI{ —30HH
KOHTAKTIB 3 BAJIKAMH. 3J1iBa — PO3IO/ILI £, CIIPABA — PO3IOJLI £, 110 BUCOTI OCEPENKY (B 3aJIEXKHOCTI
B1Jl KOOPAWHATHU Z) B pI3HUX Iepepizax.

[TonoxeHHs HEUTPATBLHOTO TIEpepi3y 3HAKEHO 3 yMOBH Oanancy cui. Lleit meTon onucanuit
B poOorti Bacunesa f1./1. i MinaeBa O.A. [17], ne orpumano ¢popmyiy:

_a 1 a
=325

JIe Y — HEWTpAbHUI KYT, & — KyT 3aXOIUIEHHs WTabu, f, — KOeilieHT TepTs.

Toni nys BiacTaHi [; oTpuMaHoO BHpas:
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IHaTeHcHBHICTD MBHAKOCTEH Aedopmariii (rpadiuno Ha puc. 6)
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Puc. 6. Po3nozin iHTeHCUBHOCTI MIBUAKOCTEN nedopMaliiii ; B ocepenky aeopmariii: mTpu-
XOBI JIiHI{ — 30HU KOHTAKTIiB 3 BaJIKAMHU. 3JiBa — PO3MOLI IO BUCOTI OCEPEIKY (B 3aJIE€XKHOCTI BiJ
KOOPJIMHATH Z), CIIpaBa — M0 JOBXKHUHI (B 3aJIS)KHOCTI BiJl KOOPAUHATH Y).

KoeoiwieHT )x0pcTKOCTI
O
B 3€i’

M

1€ 0; — IHTEHCUBHICTb HaIlPY>K€Hb, §; — IHTEHCUBHICTb IUBUIKOCTEH qedopMariii.

JInist CIIpOIIeHHST pO3paxyHKy, Marepiajl NPUHHATO iAeajbHO IJIACTUYHUM, TOOTO 0; = Oy,
i€ 05 — TPaHMLS TEKy4OCTi MaTepiary 3pasKa.

CepenHi Hanpy»)eHHS B ocepenKy Aedopmariii 3HaiiIeHO IHTeTrpyBaHHIM

_jaad +J60d +J60d
7= )™ ayy 9z %

JI€ YaCTHUHHI IMOX1aH1 i, Z—; Ta Z—Z OTPUMYIOTHCS 13 3aTaJIbHOTO PIBHSIHHS TUIACTUYHOT TeUil
do o o o
—=—u; AV, —2—¢, —— -—
ax Hi BVx ax €x 3y Exy 97 €xz
00 _ _ay O, 0 Ol
dy KBl =gy S oy ¥ 9z *
do o o op;

a7 - MV~ e, Ty e 257
HopMmanbHi HanpyskeHHsI OTpUMaHo 3 Gopmy:
Oxx =0
Oyy = 0 + 204;€y,,

0z =0 + 2.ui‘c:zz

ITepen BXxogoM MeTaty B OcepeoK 30BHIIIHIN 00TUCK BIACYTHIN. ToMy 111 BU3HAYEHHS KOH-
CTaHTH IHTETpyBaHHS BUOPAHO IPAHUIHY YMOBY

oyy(y=L1—-0)=0
Jlnst Bamimamii OTpUMaHUX aHANITUYHUX HAIMPYXKEHb MPOBEACHO YHCEIbHE MOJEITIOBAHHS

IUTOCKOT 3a/adi Mpolecy MpoKaTyBaHHSA B CTyAeHTChKil Bepcii Abaqus CAE. YucensHa Mozesb
mTadu Ta BaJKIB IEpPE] PO3PaXyHKOM Ta MICis 300pa)keHl Ha pUCYHKY 7. PO3risiHyTO mojOBUHY
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mTabu Ta OJUH BAJOK, BHACHIOK cuMeTpii 3amadi. [IpuifHATI mapaMeTpu CUCTEMH: BalKH abco-
JIFOTHO JKOPCTKi, 00€epTaroThes 31 MBUAKICTIO 1.74 pasn/c; moyaTkoBa TOBIIMHA mTadu — 10 MM, KiH-
1esa — 8.5 MM; MaTepiaa NPUNHATO iealbHO IIAacTUYHUM, Moyl FOnra — 200 I'Tla, mexa mna-
ctuyHocTi — 50 MIla; koedirtieHT TepTs MK BaKoM Ta mtadoro — 0.2.

S, S22

(Avg: 75%)
+4.568e+07
+3.366e+07
+2.164e+07
+9.620e+06
-2.399e+06
-1.442e+07
-2.644e+07
-3.846e+07
-5.047e+07
-6.249e+07
-7.451e+07
-8.653e+07
-9.855e+07

Puc. 7. YucenbHa Mopenb: 37iBa — J0 PO3PaxyHKy, CIOpaBa — PO3MOJLT BEPTUKAIBHHUX
HOpMaJIbHUX Halpy>KeHb IICIIsI IPOBEACHHS PO3PAXYHKY.

OOpaBmM Taki X MapaMeTpH 1 MPH aHATITUIHOMY PO3PaxXyHKY, OTPUMAHO CEpeaHl Hampy-
XKeHHs U1 000X MeTofiB. Ha pucynky 8 300pakeHO NOPIBHSIHHS HANPYXEHb B IUIOIMIMHI CUMETPil
mTalu.

Cepeani Hanpymenna (2=0),
Na

-5.00E+07 T

© abaqus

4.00E407 +

— 115 i1 05

-3.00E407 +

- e= quadratic function fit
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1.00E+07 +
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Puc. 8. [TopiBHSIHHS pO3MOALTY CEPEIHIX HANPYKEHb aHATITUYHOTO Ta YUCEITLHOTO METO/IIB
B IUIOIIMHI CUMETPii.

BYCHOBKU

Onuparounch Ha TEOPII0 TUIACTUYHOI Tedil, HOOYI0BAaHO METOJ aHAJITUYHOIO PO3PAXYHKY
CepeHIX HaMpyXeHb B ocepeaKky aedopmailii npu npokaTyBaHHi. J[1s BUOpaHUX KOHKPETHUX Mapa-
METpPIB CHCTEMH PO3PaxOBAHO PO3MOILT HANPYKeHb. st Bamialii OTpuMaHuX pe3yabTaTiB MPOBeE-
JICHO YHUCeNbHE MOJICIIOBAHHS TPOIECy IMPOKAaTyBaHHS 3 THMHU K IapameTrpamu. Pesynprartu
MOPIBHSHHS CEPEIHIX HAIPY>KCHb B TJIOMIMHI CUMETPIi MOKa3yI0Th KIJIbKICHE CIIBITaIIHHS BEJIUYHH
HanpyskeHb Ha movatky (~0.1l) ta B kinmi (~0.21) ocepenky medopmariii, 3 MAKCHMAILHUM BiIXH-
neHHsM ~20% B nux 3oHax. CriocTepiraeThbes AKiCHE CIIBMNAAIHHS MIXK aHATITHYHUM PO3MOIITIOM Ta
KBaJ[PaTUYHOIO alPOKCUMAIIIEI0 PO3MOIUTY YHCEIHHOTO PO3paxyHKY, NMPH IbOMY CEPEIHE BiIXH-
JIEHHS MK HUMU ckiiagac ~50%.
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Titov V., Lavrinenkov A., Vlasiuk I. Analytical description of the hot rolling process by the plastic flow method.

The stress-strain state of the metal in the deformation zone during hot rolling is investigated by analytical and
numerical methods. The relevance of the work is due to the need to improve the accuracy of engineering calculations of
rolling parameters for multilayer and thick billets, for which classical one-dimensional models do not reflect the real
inhomogeneity of the plastic flow of metal along the thickness. The aim of the study is to develop an analytical method
for estimating mean and normal stresses in the deformation zone based on the theory of plastic flow using a predetermined
kinematically admissible velocity field. An analytical review of modern approaches to modeling the rolling process, in
particular the force balance method and the upper bound method, is carried out in the paper. A plane model of metal
flow with a nonlinear distribution of displacement velocity components in the zone of contact with the rolls is proposed.
Based on the continuity equation, strain rates are obtained and the strain rate intensity is determined in the entire volume
of the deformation zone. The position of the neutral section is established from the condition of the balance of external
forces acting on the strip. For a perfectly plastic material, the stiffness coefficient, mean and normal stresses are deter-
mined by integrating the plastic flow equations taking into account the boundary conditions at the entrance to the defor-
mation zone. To verify the reliability of analytical results, numerical simulation of the rolling process was performed
using the finite element method in the Abaqus CAE environment. Distributions of mean stresses were obtained and com-
pared with analytical dependencies in the symmetry plane of the strip. Quantitative coincidence of stresses at the entrance
and exit from the deformation zone and qualitative correspondence of the nature of their distribution along the length of
the zone were established. The obtained results can be used for engineering analysis of hot rolling processes of multilayer
samples and samples in shells, and the prospects for further research are associated with taking into account the influence
of contact friction on the kinematic field, temperature inhomogeneity, real laws of material hardening and extending the
method to multilayer rolling problems.

Key words: hot rolling, deformation zone, plastic flow, stress-strain state, velocity field, analytical modeling,
finite element method, mean stresses.
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PROMISING METHODS OF FORMING COMPLEX PROFILED PARTS
BY PRECISE VOLUME EXTRUSION

An effective way to increase the competitiveness of engineering products is to develop resource-saving technol-
ogies for forming by precise volume extrusion. Extrusion methods are characterized by the possibility of active control of
metal working modes and allow obtaining precise workpieces with dimensions and quality nearing the parameters of
finished parts. There is currently a tendency to increase the capabilities of extrusion processes by adding new transverse
(radial and lateral) extrusion methods to traditional longitudinal extrusion ones, aimed at producing more complex parts
of previously inaccessible shapes. Further development of these technologies is associated with designing methods for
combining longitudinal and transverse extrusion schemes, which allows optimizing the modes for manufacturing com-
plex-profile hollow and rod parts in one operation. The kinds of technological schemes of transverse (radial) and com-
bined transverse-longitudinal extrusion were systematized. The groups of combined, sequential and staged combined
extrusion were defined, which combine schemes carried out sequentially along the path and time of execution. The fea-
tures of forming and development of the deformed state of hollow and solid parts with flanges and thickenings in radial
and combined extrusion were studied experimentally and using the finite element method. An assessment of the possibil-
ities and limitations of new technological methods for controlling metal flow and the quality of a deformed workpiece
was given. The conditions for the occurrence of characteristic defects in parts, as well as methods for eliminating defects
and deviations in the shape of parts, were considered.

Key words: radial extrusion, combined transverse and longitudinal extrusion, forming, parts with flange, hollow
parts, shape defects.

Design and development of new high-tech technological processes is one of the most im-
portant directions to intensify mechanical engineering, in particular, workpieces production. A sig-
nificant reserve for increasing the competitiveness of mechanical engineering can be resource-saving
technologies, which include processes of volumetric plastic deformation making it possible to obtain
workpieces with regulated quality [1]. Currently, processes of volumetric deformation with additional
force and kinematic effects are becoming widespread, which allows to provide an optimal mode of
deformation and regulation of metal flow in the deformation centre, control of the stress-strain state
of the workpiece, and, consequently, the quality of the obtaining part [2]. There are also known alter-
native processes of combined loading: deformation with torsion, local deformation, vibration defor-
mation, deformation with counter pressure, deformation with tension, alternating deformation, defor-
mation with the beneficial use of active, reactive and reverse friction forces, and others [3-5].

Methods of precise volume forming by extrusion are characterized by the possibility of active
control of pressure working modes and allow obtaining workpieces with dimensions and quality that
are close to the parameters of finished parts, due to which finishing by mechanical working is reduced
or completely eliminated [1, 6]. Traditional methods of longitudinal (forward and backward) extru-
sion have shown the advantages of precise volume forming processes in the production of high-qual-
ity parts, but they do not cover the entire range of products [7].
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Recently, there has been a steady trend towards improvement of the capabilities of the precise
volume forming processes by increasing the complexity of the design of obtained parts. In addition
to traditional extrusion methods, new methods of transverse (radial and lateral) extrusion are increas-
ingly being used, aimed at producing complex parts with a flange or with one or more lateral ledges
[8, 9]. New extrusion methods are used to produce parts of previously inaccessible shapes: hollow
parts of complex configurations [10, 11], with flanges [2, 6], with steplike and hollow ledges of round
(ring) and rectangular cross-section [12]. A review by the Forging Industry Association (FIA) [13]
shows the evolution of the production process of the steel crosses from ordinary hot die deforming to
cold extrusion, which brought the workpiece and finished part closer in shape and led to a significant
reduction in laboriousness.

Prospects for further improvement of precise volume forming technologies are associated with
the development of deformation methods that are provided by combining longitudinal and transverse
extrusion schemes and allow the production of complex-profile hollow and rod parts in one techno-
logical operation in split dies [14, 15]. This is especially relevant for the production of precise parts
with complex shape such types as crosses, cups with flanges, profiled bushings and deep sleeves.
Combined extrusion with elements of radial flow (expansion) of metal is also a method of reducing
deformation forces and increasing the durability of the deforming tool [16, 17].

The variability of technological modes, part and tool configurations, deformation schemes and
metal flow kinematics requires adequate prediction of the results of forming precise parts, preliminary
assessment of technological modes and capabilities of the deformation methods. For example, re-
searches today are aimed at studying the influence of geometric parameters such as die radii, gap and
diameter sizes, as well as friction conditions on the formation and fluctuations of loads in processes
such as radial extrusion [8], lateral extrusion [12], backward extrusion of cups [7], combined extru-
sion of hollow parts [16], sequential radial-forward extrusion of hollow parts such as sleeves [18, 19],
radial-longitudinal extrusion of bushing-type parts [10], three-sided backward-radial-forward extru-
sion of hollow bushing-type parts with a bridge [20] and transverse- backward extrusion of cups with
a flange at the bottom [2, 21].

Ensuring the required law of forming and quality of complex design parts with the needful
performance properties is possible under the condition of optimization and active control of plastic
deformation modes [6, 22]. The development and study of new methods of extrusion and models for
calculating the processes of deformation of parts under complex load conditions are important direc-
tions of development of precise volume forming technologies [15]. Generalization and analysis of the
varieties of such methods, techniques, modes and tools of plastic deformation are the necessary con-
ditions for increasing their efficiency and expanding the scope of use.

The purpose of the work is to systematize and generalize information on new methods of
precise volume forming by extrusion.

In order to determine promising processes and research directions, it is necessary to compare
and generalize technological schemes of deformation. The identification of the maximum number of
new methods of volumetric deformation can be ensured by using specialized methods of directed
synthesis, given in the literature on system design [15]. To generate technological schemes of com-
bined deformation, it is desirable to conduct a more detailed analysis of the features related to the
kinematic and force effects on the deformed workpiece. The study of the internal structure of the
forming process, the relationship between the influence and movements of the tool and the directions
of metal flow can lead to the identification of a number of possible solutions with better technical
effects [2, 15].

The DSEA has developed number of methods for transverse and combined extrusion in vari-
ous kinematic variants which using movable and composite tools [2, 8, 14, 23]. Kinematic impact
techniques are an effective way to improve the quality of formed parts in precise volume forming
processes by extrusion. It becomes possible for transverse extrusion processes to control deformation
with regulation of product quality [8].

A feature of the transverse radial extrusion technology is the ability to actively regulate the
deformation and force parameters of the process by changing the kinematics of the forming tool
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movement. Fig. 1 shows some methods (kinematic variants) of radial extrusion [2, 8]. The simplest
kinematic variants of radial extrusion (Fig. 1, scheme 1) are carried out with one-sided supply of
metal into the working cavity of a stationary die. Extrusion with combined two-sided metal supply is
performed by counter movement of punches or forced movement of the die at a speed that is approx-
imately 2 times slower than the speed of the punch (scheme 2) [24]. In the third variant, extrusion is
performed with sequential two-sided supply, which ensures better filling of the radial cavity [8].

Fig. 1. Methods of adjusting the kinematics of metal flow during extrusion

The differences in the deformed state of parts obtained by extrusion with one-sided metal
supply (one-sided extrusion) and two-sided extrusion can be demonstrated using the example of dis-
tortion of the dividing grid applied to the part before transverse extrusion (Fig. 2). In case of one-
sided transverse (both lateral and radial) extrusion, the intense deformation center has an asymmet-
rical shape. The zone of maximum deformation and, accordingly, the zone of maximum hardening
shift to the lower boundary of the deformation center, where a sharp increase in the degree of metal
deformation occurs. Such uneven with a significant gradient deformation causes the danger of ex-
haustion of the resource of plasticity of the metal along the boundary of the intense deformation
center. In lateral extrusion of thickenings and ledges, cracks appear even during deformation of highly
plastic aluminum alloys (Fig. 3, a). This also reduces the performance reliability of cold extruded
products. Flanges (for example, on parts of insulator suspensions made of 1020 steel), obtained by
one-sided radial extrusion, can separate under load along a practically smooth surface [22]. To im-
prove the performance properties of loaded products, it is necessary to control the formation of the
structure of transition zones in order to prevent the formation of texture or the exhaustion of the
plasticity resource.

In double-sided extrusion in a movable die (see Fig. 1, scheme 2) [24], the deformation center
has symmetrical shape, smaller height and volume, which is a disadvantage, since the metal may not
be sufficiently hardened in the transitional most loaded areas (see Fig. 2, b).

In sequential double-sided extrusion (see Fig. 1, scheme 3) [8], the receiving cavity of the die
is filled with metal, supplied first from the upper part and then from the lower part of the workpiece.
This allows to increase the volume of metal for forming the flange and to shift the zone with a high
deformation gradient within the deformation center (Fig. 2, c).

A number of other technological methods have also been proposed to regulate the position of
the zone of maximum metal hardening along the height of the deformation center, the degree of filling
of the die receiving cavity, and the shape of extruded flange. These methods include extrusion with a
combined supply of metal into the cavity of a movable die, which allows to control of flow and
location of the hardened zone along the height of the deformation center; extrusion supplemented by
preliminary or subsequent upsetting of the flange [2, 8].

To eliminate the risk of fracture of the part in zone of the transition to the flange and simulta-
neously to ensure sufficient strength, it is proposed to supplement one-sided extrusion with two-sided
deformation at the final stage [25]. Elimination of defects such as mushroom-shaped flange is facili-
tated by combined radial extrusion, which includes preliminary metal loading into the cavity of a
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movable die and subsequent flange upsetting (see Fig. 1, scheme 5) [8]. The method allows control-
ling the trajectory (history) of deformation and avoiding a dangerous rigid zone of stress state. In
general, this leads to an increase of 1.5-2 times in the limit diameters of flanges obtained on rod
workpieces.

The process of radial extrusion of flanges on hollow workpieces is characterized by defects
such as sink marks that appear on the inner surface of the hollow workpiece when the height of the
receiving cavity exceeds the wall thickness of the tubular workpiece (Fig. 3, b). To prevent such
defect, the height of the receiving cavity of the die is gradually increased by raising the half-die (see
Fig. 2, scheme 4) [8], which makes it possible to manufacture parts with flange thicknesses up to
4-5 thickness of workpiece wall. A gradual increase in the cavity height can cause the appearance of
a sink mark on the outer side surface of the high flange (see Fig. 3, d).

sl
i )

Fig. 2. Parts with a dividing grid obtained by radial extrusion with one-sided (a, d),
two-sided (b) and sequentially two-sided (c) supply, as well as combined radial-backward (e) and
radial-forward (f) extrusion

Fig. 3. Fracture of the ledge (a) and distortion of the flange shape (b—d)

The method of preliminary formation of a technological (temporary) flange shoulder in the flange
formation zone is also aimed at preventing the appearance of sink marks [26]. FEM simulation and experi-
mental research confirmed the possibility of manufacturing parts without such defects (Fig. 4).



ISSN 2076-2151. Oopooxa_mamepianie_muckom. Materials Working by Pressure.  2025. A2 1(54) 91

a “b c d e

Fig. 4. Elimination of sink mark by formation of a technological shoulder [26]

Characteristic defects of the processes of flange radial extrusion are deviations in the shape of
the flanges [8, 22]. During radial extrusion of metal into a circular cavity of constant height, the
thickness of the extruded flange continuously decreases with distance from the rod. Typical types of
deviation in the shape of parts observed in radial extrusion of flanges on a workpiece are shown in
Fig. 5.

Parts with relatively thin flanges (at h=h/R,=03..0.4

Ri=R,/R, <13

) and small dimensions

( ) can be obtained without noticeable distortion of shape. At smaller and larger val-

ues N, thinning of the flange leads to distortion of its shape and a decrease in the degree of working
cavity filling with metal. In extrusion with one-sided supply, the lower part of the cavity is filled
faster, and the resulting flange takes a mushroom-like shape (see Fig. 5, row A). The upper curved
end face of the flange or thickening can be approximately described by a parabolic curve.

For one-sided deformation of thickenings (flanges in the middle part of the rod), a typical
deviation in shape is the lag of the lower edge of the thickening in the radial flow, caused by the
braking effect of the lower part of the deformed workpiece. The area of contact between the thicken-
ing and the end face of the half-die is, at any value, less than the area determined by its maximum
diameter. The size of the relative radius of separation R, /R, depends on the thickness of the thick-

ening h in extrusion solid parts, and for tubular parts it depends also on the thickness of the work-
piece wall.

The extrusion of relatively thin wide flanges can be accompanied by the phenomenon of loss
of stability and the distancing of the flange peripheral sections from the end face of the lower half-
die. The bending of the flange is greater, the softer the deformed material (see Fig. 5, row B).

In extrusion with combined two-sided supply, the thickenings have a symmetrical wedge
shape with a thickness at the edge that decreases as the flange diameter increases.

The surface roughness of parts obtained by radial extrusion is uneven. With one-sided supply,
the extruded metal contacts only the end face of the lower half-die, which significantly improves the
surface quality (R, < 0.32 micron). At the upper curved end face of the flange, the surface quality

deteriorates, which is especially noticeable when deforming soft aluminum alloys. An increase in
roughness on both surfaces of the forming wedge-shaped flanges is observed in double-sided extru-
sion. With sequential two-sided supply, the roughness of the flange end faces is lower, but on one of
its end faces, formed by a broken line, the metal flow, which entered at the second stage from the
lower part of the workpiece, is layered on the obtained flange in the form of a noticeable bump.
Uneven distribution (anisotropy) of the roughness of the end faces of the half-dies can lead to such a
deviation in shape as ovality of the flanges, which is especially significant in the absence of a lower
undeformed part of the workpiece and high plasticity of the material of the part. Deviation from the
roundness of the flanges can also be observed with small values of the radii of the transition edges of
the dies, as well as with non-parallelism of the end faces of the half-dies that form the radial receiving
cavity. Under such conditions, uneven metal flow in the radial direction is observed, which leads to
the formation of local thickenings of the flange (bumps) due to the reduction of its radius. In this case,
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the softer the deformed material, the more unstable the workpiece and the more likely such defects
are to appear. When the values of the receiving cavity height increase (h > 2,0), there is a risk of
uneven flow or loss of stability of the workpiece. The extruded flanges at the end of the rod workpiece
acquire an asymmetrical (one-sided) shape. The thickenings in the middle part with a thickness of
more than 3.0 take the form of a double barrel, it is similar to how such a distortion occurs during
upsetting between flat plates.

1 2 3 4

Fig. 5. Deviation of the shape of thickenings and flanges in radial extrusion

A comparison of the shapes of thickenings (flanges on the middle of parts) and flanges on the
part end faces, formed on hollow workpieces by one-sided deformation, is shown in Fig. 6. A quite
convenient and clear criterion for assessing the extruded deviations of the shape of thickenings from
the correct cylindrical shape can be the indicator 4, equal to the ratio of the extruded volume of metal
to the calculated volume of the circular transverse cavity, determined by the maximum diameter of
the thickening (Fig. 3, b) [3, 9]. For cases of extrusion with single- and double-sided supply, the
degree of cavity filling and the value of the indicator are significantly reduced

at 5205

=R

a b
Fig. 6. Contours of thickenings (a) and flanges (b) on a tubular workpiece

The greatest filling of the circular cavity can be achieved by extrusion with sequential two-
side supply. The value of the rate is determined by the relationship:

A=By- Bl'(h/Ro)- (1)
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The values of the empirical coefficients B, and B, must be determined depending on the
extrusion scheme:

Schemes of extrusion with supply B, B,
one-sided 1.037 0.185
double-sided 1.010 0.220
sequentially double-sided 1.025 0.088

It is advisable to use these data when calculating the dimensions of the initial workpiece, the
height of which should be greater than the height of the finished part by the value of the working
stroke S, set by the expression:

s=2h-[R"-1). )

It should be mentioned that the influence of the material grade on the patterns of forming is
insignificant and was noted only in spatial bending of thin flanges and in their local thinning and the
appearance of bumps.

Forming flanges on tubular workpieces has some differences compared to extrusion of flanges
on solid workpieces. This also concerns the qualitatively new shape of the obtained flanges, formed
both in the middle part and at the end of the tubular workpieces (see Fig. 5, row B and
Fig. 6). The non-adherence of the flanges to the supporting surface — the end face of the lower half-
die, is greater for hollow parts than that observed for flanges formed on a solid workpiece. This is
caused by the spatial bending of the periphery of the relatively thin flange. The end face flange, by
its maximum diameter, is adjacent precisely and over its entire surface to the end face of the lower

half-die at average values of the relative thickness of the flange 0-4 < h<0.8_ Below these values
there is a region of relatively thin flanges, for which a separation of the flange periphery from the end

face of the half-die is observed (starting from the relative radius of the flange R/R; 2 1'3). This non-
adherence is not yet accompanied by spatial eversion of the entire flange, and the upper end face of
the flange retains its usual mushroom-like or curvilinear shape. But the non-adherence caused by
spatial bending becomes noticeable even with sufficiently thick flanges (0.4 and higher); the flange
periphery breaks away from the supporting surface, i.e. from the end face of the half-die, and the

flange in section takes the shape of a “boot toe” (see Fig. 3, ¢). At values h < 0.2 the entire flange is
turned out and in the absence of support from the end face of the upper half-die the flange can acquire
a hemispherical hollow shape.

Any process can be considered as combined one if, in addition to the main action (impact, flow,
technique), it uses or is supplemented by an additional influence on the workpiece, either the direction of
the flow or the additional movement of the tool. The formation of product properties is associated with
external kinematic and force effects on the workpiece and depends on the prevailing deformation scheme.
New possibilities of intensifying the forming processes and ensuring the best working of the structure are
opened up by the processes of combined deformation: reduction with shear, die deforming with expansion,
die deforming with torsion, using friction forces, etc. Additional influence on a given operation and on a
given workpiece may be a force and/or kinematic effect. The main force impact is usually carried out by
one active (movable) deforming tool. This can be a punch, a striker or a roller. At the same time, the forming
tool — a die with a receiving (forming) cavity, as a rule, is stationary. The use of additional force effects by
means of tension, counter pressure, directed friction forces, support, twisting, etc., usually requires the pro-
vision of additional energy and additional movement to other parts of the technological tooling (equipment,
dies) [15, 26].

Kinematic influence should be understood as the influence on the kinematics of the process
of the deformed workpiece material flow by targeted regulation (control) of the flow direction, the
deformation nature, the type of deformed state, ensuring freedom of flow, changing the direction of
flow, the type of deformation, the direction of supply. This may also sometimes require the use of a
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special (generating) force impact. But in many cases, the kinematics of the deformation process is not
unambiguously related to the force effect, but is determined by the design (geometry) of the tool, the
degree of freedom of its mobility, compliance, constant and step-by-step switching-on
[15, 2]. Kinematic influence can contribute to a sharp improvement in the working of the structure of
the deformed metal, level out the unevenness of deformation, and eliminate stagnation zones. For
cold deformation processes with characteristic high total and specific loads, one of the main goals of
kinematic influence is to increase the degree of freedom of the deformed metal flow. This combined
flow, occurring in an optimal self-regulating power mode, helps to increase the stability of the tool,
expanding the possibilities due to the complexity of the shape and accuracy of the obtained parts.

Combined extrusion methods are developed on the basis of simple methods of longitudinal
(forward and backward) and transverse (radial and lateral) extrusion. United combined schemes are
obtained by integrating methods of the same type. For example, bushings with flanges (thickenings)
on both the outer and inner side surfaces can be obtained by combined radial extrusion [15]. Methods
of combined longitudinal-transverse extrusion differ by their multi-variant implementation and in-
volve a combined, sequential or staged combination of simple deformation schemes. In addition to
the characteristic advantages of combined schemes (optimal and self-regulating power mode, large
degrees of deformations, increased tool life), the inclusion of transverse extrusion in combined
schemes leads to a noticeable increase in the complexity of the resulting shapes of parts. Increasing
the complexity of the shape of parts obtained in this way contributes to a sharp growth in technical
and economic indicators and the competitiveness of new technologies.

United combine extrusion involves the use of a split die and the simultaneous flow of the
workpiece metal from a single zone (Fig. 7). Among the methods of combined radial-longitudinal
extrusion, we will single out, as the most universal, the scheme of three-sided radial-backward-for-
ward extrusion (schemes of group A) for obtaining hollow parts with a flange and a ledge. The method
of radial-backward extrusion (schemes of group B) can be used to obtain both hollow parts of the
“cup with a flange at the bottom” type and parts of the “rod with a flange” type from initial hollow
and solid workpieces. The methods of the combined radial-backward extrusion group occupy a pref-
erential place in a number of analyzed processes due to low working loads and therefore can be rec-
ommended for materials with increased resistance to deformation. The characteristic restrictions of
the group processes are related to the different-sign stress state in the flange zone, which reduces the
degree of deformation. Depending on the parameters of the part, the deformation centers in these
processes can be united or attached one. And when using high workpieces, the deformation centers
(radial and backward directions) can be separated with an intermediate rigid zone between them. In
general, this causes difficulties in predicting the preferred direction and sequence of metal flow, and
therefore, in finding the pattern of manufactured part forming.

The schemes of combined radial-forward extrusion are shown in Fig. 8. Radial-forward extrusion
can be used to produce parts with a flange from solid and tubular workpieces. Methods of combined
(associated by time and deformation centers) radial-forward extrusion (group C) are the most difficult
schemes to implement. The restriction of the processes is that high shear deformations occur at the flow
dividing up boundary, which cause the risk of separation of the parts of the workpiece along this boundary.
In this case, geometric parameters and adjustment of the metal supply by counter pressure or friction
forces can be used to regulate the flow. A method of extrusion in a movable die (scheme 4) is proposed,
in which the deformation centers related to the metal flow to the forward and radial directions are sepa-
rated from the very beginning of the extrusion process [2].

Sequential combined radial-longitudinal extrusion (RLE) is free from this restriction and is
very effective for forming elongated tubular parts with a large difference in the diameter of the
stepped parts and changing wall thickness. In this case, the RLE methods are fundamentally different,
and therefore two groups are distinguished according to the predominant flow and nature of defor-
mation: RLE with expansion (Fig. 9, row D) [2, 17] and RLE with reduction (Fig. 9, row E) [10]. The
forward extrusion scheme is used predominantly in the combination of RLE methods, but it is also
possible that after radial extrusion, the metal flows in the backward direction (see Fig. 9, scheme D4).
RLE with expansion has advantages in reducing deformation forces, and RLE with reduction can be
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used to manufacture parts with profiled outer and inner surfaces. The classification of sequential
combined extrusion methods is based on the analysis of kinematic structures, according to the ex-

tended generalized extrusion scheme [8].

A. Combined three-sided extrusion
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Fig. 7. Methods of combined radial-longitudinal extrusion
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Fig. 8. Methods of united combine radial-forward extrusion
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Fig. 9. Methods of sequential combined radial-longitudinal extrusion

A number of schemes of sequential radial-forward extrusion differ by the fact that during the
deformation process the values of technological gaps between the forming tools are regulated and
thus ensure the production of parts of complex configuration with a variable wall thickness and pro-
filed side surfaces. The extrusion process is carried out on rotary equipment with rotation of the
workpiece and tools. According to the method of local deformation, the radius of the flow reversal
zone from radial to forward flow is variable and adjustable depending on the required diametrical
dimensions of the steps of the hollow part [27].

The methods of staged combined transverse-longitudinal extrusion are characterized by more
complex kinematics of tool movement (Fig. 10, group F). But they allow obtaining parts of complex
spatial shapes and with lower specific and total loads on the tool [26]. Such possibilities are also
inherent in a group of deformation schemes with complex kinematics of deforming tools movement.
These combined methods require the design of special dies, in which one active movable deforming
tool — a punch is not enough. Also mobility must also be in additional parts, both the deforming
(active) and the forming tool. These dies differ by the complexity of kinematics and require active
control and can be a prototype of specialized pressing equipment, which means a qualitative leap in
the development of forging and pressing production. The advantages of methods for extrusion of
complex-profile parts are the increase in the technological capabilities of extrusion processes. Staged
methods for extrusion of hollow parts are also used for the production of complex-profile parts with
a complex external or internal profile and a variable wall thickness in the dies with a movable tool.
To produce hollow parts with a profiled external surface, a method of deformation in movable dies
has been proposed (see Fig. 10, scheme F1) [28].

In extrusion by this method, at the moment of contact between the end faces of the punch and
the workpiece, its deformation by piercing begins with a predominantly free flow of metal into the
cavity of the expanded zone and an upper annular thickening is formed on the side surface of the
product. Then the next stage of deformation is carried out — closed piercing by reverse flow (backward
extrusion) of metal, and the hollow part of the product (between the thickenings) is formed.

Let us also separately consider modern methods aimed specifically at increasing the efficiency
of manufacturing hollow parts of sleeve and cup types. It is known that hollow parts such as cups can
be manufactured from initial workpieces in the form of solid and hollow semi-finished products using
simple longitudinal extrusion schemes. However, in this case, controlling the metal flow, the force
mode of deformation and the quality of the products causes significant difficulties.
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F. Staged combined extrusion
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Fig. 10. Schemes of staged combined extrusion with complex kinematics of tool movement

Combined extrusion methods are more attractive from the point of view of controlling the
deformation and flow mode of metal in order to obtain complexly profiled and high-quality hollow
parts with lower energy costs. Sequential radial-forward extrusion is quite effective for forming elon-
gated tubular parts with varying wall thickness and a large size difference in stepped parts. In addition,
the methods for manufacturing hollow parts such as deep sleeves (cups) differ by a combination of
alternating deformation schemes and deformation schemes with an increased degree of freedom of
metal flow.

The method for manufacturing hollow parts with a blind hole and with a shaped inner surface
(Fig. 11, scheme 1) [29] includes the manufacture of a semi-finished product from a solid workpiece by
longitudinal (backward or forward) and radial extrusion, which are alternately carried out in a die that is
capable of longitudinal movement. To perform the next operation, the resulting semi-finished product is
installed in the dies with a reduction die and drawing along the outer surface of the semi-finished product.
In this case, the metal from the shoulders A and B is transferred (shifted to the axis of symmetry) with the
formation of shoulders on the inner surface of the cup. The production of hollow parts by this method
allows obtaining parts with an internal stepped surface, which significantly expands the possibilities of
extrusion processes and the range of extruded parts.

The essence of another method for manufacturing hollow parts such as sleeves (see Fig. 11,
scheme 2) [30] consists of two operational deformations of the workpiece by combined extrusion and
drawing, while at the first transition of the process, the semi-finished product is manufactured in the
shape of a conical cup by a method of combined backward-forward extrusion, and then a cylindrical
sleeve is obtained from it by reduction and drawing. The use of this method allows obtaining hollow
parts with high-quality metal working in the zone of the sleeve wall and a high-quality outer surface,
which significantly expands the technological capabilities of the process. Ensuring a combined nature
of metal flow in the wall zone of a semi-finished product leads to the appearance of active friction
forces and a shear component of deformation, which makes it possible to obtain deep products from
a hollow part with a well- and uniformly worked metal structure.
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Methods for eliminating defects such as sink marks in the extrusion of sleeves and cups are
based on controlling the kinematics of metal flow and the forces of contact friction. According to the
method of manufacturing hollow parts such as sleeves by transverse-forward extrusion (scheme 3),
in extrusion of a part, a technological ledge in its bottom part is formed by forward extrusion, which
is removed in the final stage of the process by reverse movement of the metal into the deformation
center and the body of the part [31]. The use of this method allows for the production of hollow parts
such as deep sleeves without the appearance of shape deviations in the form of sink marks in the
bottom of the part cavity, which significantly expands the technological capabilities of the process
and the quality of the parts produced.

Improving the technological capabilities and products quality by eliminating defects such as
sink marks and transverse cracks is achieved by applying contact friction forces to the side surface of
the workpiece, placed in the die, reversibly directed along the axis of symmetry of the cup (scheme
4). The non-unidirectional changing influence of friction forces on the side surface can contribute to
the reorientation, alignment, healing and complete elimination of transverse cracks [32]. The task of
decreasing or eliminating external retraction at the bottom of the cup can be solved by forming an
external annular protrusion (shoulder) on the side surface in the bottom area or on the bottom of the
cup by filling the notch provided in the die [33] or on the end face of the counter punch. Such a
shoulder on the side surface has a braking effect on the outer layers of the extruded wall of the cup,
thereby preventing the bottom of the cup from moving away from the end face of the counter punch
and creating a sink mark.
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Fig. 11. Methods of extrusion of hollow parts

According to the method of extrusion of hollow parts (scheme 5), the task of improving quality
is solved due to the fact that deformation occurs in two stages in such a way, that backward extrusion
of the wall of the cup and forward extrusion with the formation of a technological ledge in the bottom
of the cup are performed simultaneously at the first stage, and the metal is displaced at the second
one [34]. The alternating deformation, to which the metal is subjected in the bottom part of the semi-
finished product-cup due to first forward extrusion and then backward extrusion of the metal into the
bottom part, ensures good working of the metal of this bottom zone [35].
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Fig. 11 also shows a method with similar kinematics, presented in the works of other authors,
namely in scheme 6 [36]. The originality and advantages of these methods in reducing power param-
eters and deviations from misalignment of the cavity of parts work in their favor.

Fig. 12-14 show photos of parts obtained by extrusion using the above-mentioned methods
of combined deformation. The materials of the workpieces were aluminum alloys AA6061, AA3003,
copper C14200, brass C46400. It can be noted such a feature of combined extrusion schemes as the
possibility of obtaining a fairly clear complex contour of a part in one direction of extrusion without
overloading the tool (see the cup with a hexagonal flange in Fig. 12). Of interest are also variable-
thickness bushings, which were obtained using the RLE method with reduction (see Fig. 13, B3).
Deviation of shape in the form of sink marks and fracture of the part in the flange zone or in the cup
wall zone (after turning from the flange zone) are the main types of defects in products manufactured
using combined extrusion. RLE with reduction is characterized by defects in the flange zone of the
part due to the appearance of a stagnation zone (Fig. 14, e).

1

Fig. 13. Parts obtained by combined three-sided (Al), radial-forward (A2) and
radial-backward (A3) extrusion and sequential radial-forward extrusion with expansion (B1, B2) and
with reduction (B3)
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Fig. 14. Defects of parts obtained by combined radial-backward (a—c), radial-forward with
expansion (d) and radial-forward with reduction (e) methods of extrusion

CONCLUSIONS

Increasing use of transverse (radial and lateral) extrusion methods in recent years in addition
to the traditionally applied longitudinal (forward and backward) extrusion methods has been found.
The varieties of technological schemes for radial extrusion have been systematized and the features
of kinematic variants have been considered.

An assessment of the possibilities and limitations of new technological methods for control-
ling the flow of metal and the quality of the deformed workpiece was given (methods of supplying
metal into the die cavity, additional movements of tools, and the use of contact friction forces).
A number of technological methods were proposed that regulate the position of the zone of maximum
metal hardening along the height of the deformation center, the degree of filling of the receiving
cavity of the die and the shape of the obtained flange. These methods include extrusion with a com-
bined supply of metal into the cavity of a movable die, extrusion supplemented by preliminary or
subsequent upsetting of a flange, double-sided and sequential double-sided extrusion. Methods for
preventing and eliminating defects in the shape of parts such as sink marks, as well as reducing the
unevenness of the deformed state, have been found and proposed.

The application of new methods of combined deformation based on a combination of trans-
verse and longitudinal extrusion schemes has led to the use of the advantages of their combination
and the expansion of the range of parts that can be obtained by precise volume forming. Groups
of combined, sequential and staged combined extrusion, differing in the kinematics of the process,
the stress-strain state and the force mode of deformation, were distinguished. The possibilities of
expanding the scope of using new methods of extrusion of hollow parts such as cups, sleeves and
bushings have been found, related to solving the tasks of increasing the accuracy of the shape of parts,
reducing the required forces and obtaining parts of a more complex design. The features of forming
and development of the deformed state of hollow and solid parts with flanges and thickenings in
extrusion for different kinematic variants were studied experimentally and using the finite element
method.
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Jlesuenko B. M., Anicsa JI. 1., Aoxapi II. b., Maniii O. I'. Ilepcnekmuéni cnocoou mouHozo 06’emMHoz20 wima-
MRY6AHHA 6UOACTIO6AHHAM CKIAOHORPOPINbosanux demaneil.

Edhexmuenum winsaxom nioguwyents KOHKYPEHMOCHPOMONCHOCME NPOOYKYTT MAWUHOOYOY8ANHS € OCBOEHHS pe-
cypco3bepizalouux MexHono2il Mmo4yHo20 00 €EMHO20 WMamnysants euoasniogannam. Cnocobu 6uoas08anHs GiOpi3Hs-
I0MbCA MOANCIUBICIIO AKMUBHO2O KEPYBAHHS PENCUMAMU 0OPOOKU MemAi6 i 003601A10Mb OMPUMYBAMU NPEYUSIHI 3a-
20MOBKU i3 po3mipamu i AKICMIO, AKI HAOIUIHCAIOMbCA 00 NApaAMempie 20mogux demainel. 3apaz cnocmepicaemuvcs men-
OeHYist 00 PO3ULUPEHHST MONCTUBOCTEU NPOYECi8 BUOABTIOBAHHSA 34 PAXYHOK 000A8AHHA 00 MPAOUYIUHUX CHOCODI8 NOo3-
008IHCHBO20 BUOABTIOBANHSA HOBUX CNOCODI8 NonepeuHozo (padiarbhozo ma 60Kk06020) 8UOABNIOEAHHS, AKI CNPAMOBAH]
HA 8UCOMOBIEHHA OilbWl CKAAOHUX Oemanell HedOCMynHux pauiwe gopm. Ilooarvuwuii po3eumox yux mMexHonozii
108 ’A3aH0 3 po3pOOKOI0 CHOCO0I8 KOMOIHYBAHHA CXeM NO300BHCHLO2O A NONEPEUHO20 BUOABTIOBANHS, WO O0360A€ ON-
MUMI3y8amu pexicumu 6U20moe1eH s CKIAOHONPOQDINbOSAHUX NOPOICHUCIUX MA CIPUICHEBUX OemaJell 3a 00HY Onepa-
yiro. Cucmemamu3so8ano pi3Ho8UOU MEXHON0IUHUX CXeM nonepeuHo2o (padianbhozo) ma KoMOIHO8AH020 NONEPEUHO-NO-
30082CHbLO20 8UOABNIOBANHA. Budineno epynu cymiujenoeo, nocniooenozo ma noemanno2o0 KOMOIHOBAHO20 6UOABIO-
BaHMHSL, 6 AKUX 00 'EOHAHO cXeMuU, Wo 30IUCHIOIOMbCA NOCTIO08HO 3a WINAXOM | 3d HACOM BUKOHAHHA. Excnepumenmanbho
ma 3a 00ONOMOo20r0 Memooy CKIHUEHHUX eleMeHmMi8 00CLIONCEeHO 0COONUBOCMI hOPMOYMBOPerHs ma po36umky oeghopmo-
B8AHO20 CMAHY NOPOICHUCTIUX MA CYYINbHUX Oemarell 3 AaHysMu ma NOMOGUeHHAMU NPU padiarbHOMY Ma KOMOIHOGA-
HOMY 8UOABNIOBAHHI. [aHA OYIHKA MONCTUBOCIAM i OOMENCEHHAM HOBUX MEXHONO2IYHUX NPULIOMI8 YAPABTIHHA Medieo
Memany ma AKicmio 0egpopmosanoi 3a20moeku. Posensinymo ymoeu GuHUKHeH s Xapakmeprux oegexmie demaretl, a ma-
KOX#C CnOCcobU YCYHeHHs nosasu 0eghekmia i ioxuneHv hopmu oemarnel.

Knrouosi cnosa: padianvhe 6u0aeno6ants, KOMOIHOBAHe NONEPEUHe-NO3008XHCHE BUOABTIOBAHHS, (POPMOYMEo-
penns, demani 3 paanyem, nOPo*CHUCmi demani, Oepexmu Gopmu.
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OCOBJIMBOCTI ITPOLECY I3OTEPMIYHOI'O ITAMITYBAHHA
MOHOKOJIECA 3 AKCIAJIbBHUMHA TOHKOCTIHHUMMU EJIEMEHTAMUAU
3 AVIIOMIHIEBOTI'O CIIJIABY AMI'6

Poszenanymi ocobaueocmi mexniunoi niocomosku npoyecy i30mepmitHo20 WmamnysauHs monoxkoneca. Texno-
JIO2TYHUL NPOYEC BULOMOBGLEHHS YLTbHOWMAMNY8ATLHUX POOOUUX KOIC (MOHOKOIIC) 2a30MYPOIHHOZ0 O8USYHA BUCOKOUL-
BUOKICHUM (Ppe3epySanHHaImM MA€E GUCOKY MPYOOMICIMKICMb MA HU3bKULL Koeiyienm euxopucmarnus memarny. Haibinow
NepCnekmueHUM MEXHOIOSIYHUM NPOYECOM BULOMOGIEHHS MAKUX 0emainell € i30mepmiune Wmamny8aHHs, ke 00360/15€
ompumamu CHpusimauee GOpMy8aHHs mexcmypu mamepiany 6 mini oucka ma nonamku. Hasedeno oyinky ocobnusocmei
nepemiweHHs. Memainy npu i30MmepmMiuHOMY WMAMNY8AHHI MOHOKOIeCA 3 AKCIANbHUM PO3MALULY8AHHAM JONAMOK 3d 00-
nomozorw npozpamtnozo komniexcy Deform-3D. Bcmarnogneno enepeocunosi napamempu ma HanpyiceHo-0ehopmosa-
HULl CMAH HA PI3HUX emanax popmoymeoperHs monokoneca 3i cnaagy AMe6. Po3pobieno munoguii wumamn ma ycmato-
8Ky 0215 i30mepmiuH020 wmamnyeants. IIposedeni excnepumeHmanvui pooomu no i30MmepmiyHOMY WMAMRYBAHHIO MO-
HOKOJlecd 3 aKcCianbHUM po3smauty8anHam 10namox 3i cniagy AMe6 ma eusHaueHi MexaniuHi 61acmMuBocmi 6UKo8y nicisi
i3omepmiunozo wmamnysanus. IIposedeni cmamuyti unpo6y8anHs OJisl OYIHKU MEXAHIYHUX 8lACTMUBOCTel Mamepiay
BUKOBY MOHOKOJECA i3 aKCIANbHUMU MOHKOCMIHHUMYU eleMeHmMamMy nicisl 130mepmMiuHo2o wmamnyéanus. Pezyromamu
BUMIDIOBAHL MEEePOOCMI NOKA3AIU HEe3HAYHEe 3MeHUueH sl Mikpomeepdocmi 6i0 115 0o 104 HV npu eiddaneni 6i0 oci 6i0-
WMamnoeano020 MOHOKOIECa i3 aKCiaNbHUMU MOHKOCIMIHHUMU e/IeMEeHmMamu.

Knrouosi cnosa: cazomyp0innuii 06ucyH, MOHOKOJECO, [30MepMIiuHe WMAMNYS8AHHS, ATIOMIHIEG] CNIA6U, Memoo
CKIHUEHHUX eleMeHMIB, CUNLOBI PEICUMU, HANPYIHCEHO-0ehOPMOBAHUL CIMAH

HaniitHicTh Ta pecypc cydacHoi aBiallifHOI TEXHIKH B 3HAYHIN Mipi 3aJIe)KHUTh BiJ e(hEeKTHB-
HOCTI aBlalliiHUX ABUTYHIB. ToMy J10 AeTaseil aBlalliiHUX ABUTYHIB NP’ ABIISIOTHCS BUCOKI BUMOTH
0 TTapaMeTpaMm SIKOCTI, B MEPIy 4epry Mo MEXaHIYHUM Ta eKCIUTyaTal[ifHUM BIACTUBOCTSAM 1 TOY-
HocTi. XapakTepHUM BUJIOM JieTajel aBiallliHUX JBUTYHIB, 10 SKUX Mpea sBJISIOTh BUCOKI BUMOTH
€ MOHOKoJIeca. BoHM mpecTaBisgoTh COO0K0 IUCKU, BUKOHAHI €IMHO 13 JIONaTKaMU aepoJuHAMIYHO1
¢dbopmu. B 3anexHocTi Bl QyHKIIOHATBHOTO MPU3HAYEHHS M0 KOHCTPYKTUBHINA 03HAIll MOHOKOJIECa
MOYTb PO3IUIATUCS HA TUIIH, K1 BIIPI3HAIOTHCS B3aEMHUM PO3TAIllyBaHHSAM Iepa JIONATKHU 13 TUC-
KoM [1].

Ha cporosni, MoHOKoOJIECa, SIK MIPABUIIO, BUTOTOBIISIIOTHCS METOJAMHU MEXaHIYHOT 00pOOKH,
B pe3ynbrati yoro 50-80 % metany BuXomuTh B cTpykKy [2]. Takox npu MexaHidHiii 06poOIii Mo-
HOKOJIEca HE BJIA€ThCS OTPUMATH NPUHHATHUN PO3MOALT METally, 10 CIPHUSIIO OM MaKCUMaJIbHOMY
OIIOpY BUHUKAIOUUM B XO/I1 €KCIUTyaTallil HaBaHTaXE€HHSIM, BIOpOHaBaHTaXXeHHIM 1 T. 1. [lepcriekTu-
BHUM CHOCOOOM OTpPUMaHHS MOHOKOJIC € rapstue 00’emue mramiyBanHs (I'OILl), BukopucTanus
SIKOTO JTO3BOJIIE OTPUMATH CHPUATINBE (GOPMYyBaHHS TEKCTYPH MaTepiaidy B TUIl JUCKY Ta JIOTMATKH.
[e 3a6e3neuye MiABUIIICHHI OTip HABAHTAXKEHHSM, [II0 BUHUKAIOTh B X011 €KCILTyarallii, 3abe3mneuye
30UIBIIIEHHS PECYPCY JAeTalli, 3MEHIITyE€ BUTPATH MaTepiaiy, a TAKOK 3HAYHO 3MEHIITY€ TPYIOMICKICTh
il BurotoBneHHs Ha 50—60 %. 'Ol MoHOKoOITiC Ja€ MOKITUBICTH OTPUMATH JETallb 13 POOOYUMHU TO-
BEpXHSMH (TIEPO JIOMATKH ), 1110 HE BUMArat0Th HACTYITHOT MEXaHIYHO1 00pOOKH a00 13 MiHIMAIIBHUMH
MPUITYyCKaMHU Ta HAITyCKaMH Ha HACTYIHY MeXaHi4Hy 00poOky. Lle mo3Bosie 30epiratu oTpuMaHi Me-
XaHIYHI BIACTHBOCTI MaTepiay, K pe3yJbTaT Teuii HOro B MOPOXKHUHY pydas mramiy [3, 4].

TakuM YMHOM METOIO pOOOTH € OIlIHKAa CHEPrOCUJIOBHX MapaMeTPiB Ta HAIPYKeHO-1e(hopMO-
BaHoro ctany (HIC) mpu ¢popMOyTBOpEHHI MOHOKOJIIC 13 aKC1aJIbHUMH TOHKOCTIHHUMH €JIEMEHTaMHU
13 anroMiHieBOrO criaBy AMro B yMOBax i30T€pPMIYHOTO IITAMIYBAHHS i3 PI3HUMH HMIBHAKOCTSIMU
nedhopMyBaHHS Ta TEOMETPISIMH BUX1THOI 3arOTOBKH.

OmiHka EHeprocWJIOBHX IapaMeTpiB Ta HAINpPYKEHHO-Ie(OPMOBAHOTO CTAaHY 3aroTOBKHU
B mporueci GopMOyTBOPEHHS MPOBEAECHA YUCEILHUMH METOJIaMU 3 BHKOPHUCTAHHSIM IMPOTPaAMHOIO
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koMmiuiekcy DEFORM-3D nnst o6panoi cxemu (hOpMOYTBOPEHHS.

MopentoBaHHs TPOBOJIMAIIH JIJIs1 TUTIOBOT JeTani nudy30p paaiaabHUA, MOJIETH K0T TOKa3aHO
Ha puc. 1. Jlerans mMae KinbLeBy ¢hopmy (30BHINIHIN giameTp 330 MM, a BHyTpitHii 205 MM), Ha SKil
po3TamioBaHi Jjonatku. KOHCTPYKTHBHOIO OCOOIMBICTIO JIETaJIC TAKOTO TUITY € HASABHICTh KOHCTPY-
KTUBHHX €JIEMEHTIB (Tiepa JIOMATKH), 10 PO3TAIIOBaHI B aKCiallbHOMY HANpsIMKY (MapajieiabHO Oci
MOHOKoOJIeca). BiHOCHA BHCOTa mepa Jonatku 10 TOBHIMHU AuCKy K = hn/ho ckmamae 3...4; npu
IIbOMY BiHOCHA TOBIIHMHA Iepa Jionatku on/hn ckiamae 0,33...0,25. BigHocHa TOBHIMHA MOJIOTHA
aucky 6o/D ckmamae 0,009...0,010.

Puc. 1. Mogenps MOHOKOJIECA 3 aKClaJbHUM PO3TalllyBaHHAM JIOIIATOK

[Tpu peanizauii mpouecy nepopMmyBaHHs MPUIHATA cXeMa MPSIMOTO MPECYBAHHS KiIbLIEBOI
3aroTOBKH, sIKa PUBEACHA Ha puc. 2. 3arotoBKa | BKIAJA€ThCs B IITAMIIOBHIA MPOCTIp, KUHA CKIIa-
JIA€THCS 3 HEHTPAJIbHOI BCTaBKU 3, HOPMOBOYHMX MaTpHLb 4 1 5 1 30BHIIIHBOI BcTaBkH 6. [lITammy-
BaHHS JIeTalli BiA0OyBa€THCS MPH XOIi IyaHCOHA 2 BHU3 3 MOCTIHHOO MIBUIKICTIO Vy.

Vv

\

34 5 s
Puc. 2. Cxema mnpsMOro npecyBaHHS MOHOKOJEca 3 aKCiaJbHUM pO3TallyBaHHSIM
MOTIATOK:
1 — 3aroroBka; 2 — myaHCOH; 3 — LEHTpaJbHa BCTaBka; 4, 5 — (hOPMOBOYHI MaTpHILIi;
5 — 30BHILIHS BCTAaBKa

Po3paxyHKoBy cxeMy 130T€pMIYHOTO MITAMITyBaHHS MOHOKOJIECA 13 aKC1aJIbHUMHU TOHKOCTIH-
HUMH eJIeMeHTaMH 13 mporpamMuoro kommiekcy DEFORM-3D na nouaTtky Ta B KiHIIi IpoIIeCy MoKa-
3aHOo Ha puc. 3. [lapameTpu 1711 MOIETIOBaHHS MeTOZIoM cKiHueHHHX ereMeHTiB (MCE) 8 DEFORM-
3D TeXHONOT1YHOTO MPOIIECy 130TePMIYHOTO MITAMITYBaHHS MOHOKOJIECa 13 aKCiaTbHUMH TOHKOCTiH-
HYMH €JIEMEHTAMU 13 IUIOCKOI K1JIbIIEBOI 3arOTOBKH HaBeAeHO B Ta0I. 1.
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a 0
Puc. 3. Po3paxyHkoBa cxema Mpolecy 130TepMIYHOTO (POpMOYTBOpPEHHS MOHOKOJeca
13 aKciaTbHUMU TOHKOCTIHHUMH esieMeHTaMu 13 mporpamu DEFORM-3D:
a — Ha MOYaTKy WTaMITyBaHHs; O — B KiHILII IITAMITyBaHHS

Tabmun 1
[TapaMeTpu TEXHOIOTIYHOTO MPOLECY I CKIHYCHOSIEMEHTHOTO MOJICITFOBAHHS
130TE€pMIYHOTO IITAMITYBaHHS MOHOKOJIEca

Ne | TTapaMeTpu TEXHOJIOTIYHOTO POIECY [Toka3Huk

1. | Marepiaj 3aroTOBKH AMr-6

2. | Temmeparypa 3arotoBku, C 450

3. | Temneparypa ocHameHHs, ‘C 450

4. | Marepian iHCTpYMEHTY a0COJIFOTHO KOPCTKHI
5. | 3marmieHHs Pinke

6. | Koeditient tepts 0,3 o 3i6emnto

7. | KimpKicTh CKIHUCHHHX €JIEMEHTIB 200 000

8. | llIBuakicTh myaHCOHA, MM/C 0,0001-100

3a pe3ynbTaTaMy MOJIETIOBAHHS MPOIIECY 130TEPMIYHOTO MITAMITyBaHHS 3aTOTOBKH MOHOKO-
Jeca i3 amoMiHieBoOro criaBy AMr-6 3 pisHUMH MIBUAKOCTAMU J1ehopMyBaHHs OOy J0BaHO rpadik
3aJICKHOCTI TEXHOJIOTIYHOTO 3yCHIUIS BijT JIorapudMy IIBHIKOCTEN MMEpEeMIIIeHHs myaHcoHa (puc. 4).

3ycunna gedopmysanHa - P-101 [kH]
1500

—1200-

o o
-5 -4 -3 -2 -1 o] 1 2 3
Norapudm WBUAKOCTI NepemilLeHHA nyaHcoHa

Puc. 4. I'padix 3a1exHOCTI TEXHOIOTTYHOTO 3yCHILIS 130TEPMIYHOTO IIITAaMITyBaHHS 3ar0TiBKUA MO-
HOKOJIECa 13 aTFOMiHi€BOTO cIiaBy AMr-6 Bin norapudmy HIBUAKOCTEH NepeMIIEHHs ITyaHCOHA

B pe3ynbraTi 4ncenbHOr0 MOJISIOBAHHS METOJOM CKIHUEHHHX €JIEMEHTIB MPOIIeCy rapsaoro
130T€pMIYHOTO MITAMITyBaHHS MOHOKOJIECa 13 aKCialbHUMH TOHKOCTIHHUMH €JICMEHTaMH B IIporpa-
MHOMY cepenoBuii DEFORM-3D Gyno otpumano rpadik 3ainexHoCTi 3ycuiuis AeGopMyBaHHS BiJl
nepeMiiieHHs myancony. ['padik mokazano Ha puc. 5. Sk 6aunmo, i3 puc. 5 pi3Ke 3pOCTaHHS 3y CUILIS
nedopMyBaHHS BiIOYBa€eThCA B KiHIII poO0OYOT0 X0y IMyaHcoHa. Lle Mo)kHA TIOSICHUTH THUM, IO B IIeH
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MOMEHT BiJJOYBA€ThCS 3aI0BHEHHS MOPOKHUH MATPHIl B MICI[IX II€p JIOMATOK. Y JAHOMY BHIAAKY
MaKcuMaJjbHe 3yCcHiuIs neopMyBaHHS MPU NIepeMillieHH] myaHcoHa Ha 22 MM ctaHoBuTh 4400 kH.

Z Load (M)
4800000

T T L] T 1 T T T 1 1 L] T T ¥ I T T T T 1 L L] T T
™~ ]
(22, 4400000)

3800000 — TepDie
2800000
1900000

230000

29 [t SN [T S TN SRR TR (N TR T T S |

0.o0o 48 9.2 14 18 7 23
Stroke (mm} A
Puc. 5. I'padik 3anmexxHocti 3ycwmis AeQOpMyBaHHS BiJ THEpPEMIIlEHHS ITyaHCOHY NpH
rapsiaoMy 130T€pMIYHOMY IITaMITyBaHHI MOHOKOJIeca 31 mBHAKICTIO neopmyBanns 0,01 mm/c.

Ha puc. 6, a ta puc. 7, a moka3zaHo po3mno/Iijl iHTEHCUBHOCTI AedopMallii & Ta po3MoIiT 1HTe-
HCUBHOCTI Hampy>keHb oi BIAMOBIIHO B 37e(OpMOBAaHOMY BUKOBI MOHOKouseca. Sk Gaunmo, HanOi-
JBIIa IHTEHCUBHICTD JedopMalliii & (puc. 6, a) BIANOBIAa€ MiCLIAM PaJiyCHOTO NEPEXOy BiJ AUCKA
MOHOKoOJIECa JI0 Tiepa JionmaTtku. Hai0inbia iHTEeHCUBHICTh HAIIPYKEHb i (puc. 7, a) BIANOBI A€ UM
KE 30HaM.

Ha puc. 6, 6 Ta puc. 7, 6 moka3zaHo po3MOLT IHTCHCHBHOCTI AeOopMaIliii & Ta PO3IO/ILT IHTCHCHB-
HOCTI HaIpy>KeHb i BIAMOBIIHO B 371e(hOpMOBAaHOMY BUKOBI MOHOKOJIECA B XapaKTEpHOMY Iepepi3i 00acTi
niepa Jjonatky. Sk 6aunmMo, HalOUTBII 3HAYEeHHS IHTEHCHBHOCTI AieopMaltiii € (puc. 6, 0) Ta iIHTEHCHBHO-
CTI Harpy>keHb a; (puc. 7, 0) BIAMOBIAAIOTH 30HaM PaJilyCHOT'0 Mepexo/ Iy Bijl JUCKa MOHOKOJIECa J0 Tepa
nonatky. [Ticnst Toro, Ik MeTas IPOXOUTh paJilyCHHI Mepexis] BiOyBaeThest (hOpMyBaHHSI TIepa JIOMATKH,
JIe 3HAUCHHSI & Ta 07 IPAKTHYHO OJIHAKOBI 110 00’ €My Tiepa JIOTIATKH.

&
1.00
0.88 I
0.75
0.63
0.50 I

0.38

0.25
0.13 I
0.00

a 0
Puc. 6. Po3nonin inTeHcUBHOCTI nedopmaltiii € B 316OpMOBAHOMY BUKOBI MOHOKOJIECA!
a — 10 BChbOMY 00’ €My 3aroTOBKH, O — B XapaKTepHOMY Iepepi3i 001acTi nmepa JonaTKu
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o;, Mlla
0.20
0.17 I
0.15
0.13
0.10 I

0.08
0.05
0.03 I
0.00

a o

Puc. 7. Po3nonin iHTEHCUBHOCTI HAaNpy>KeHb oi B 31€()OpPMOBAHOMY BUKOBI MOHOKOJIECA!
a — 10 BCbOMY 00’ €My 3aroTOBKH, O — B XapaKTepHOMY Tepepi3i 001acTi mepa JomaTku

[Ipu rapsituomy 130T€pMIYHOMY LITaMITyBaHHI BUKOBY MOHOKOJIECA BiJI0YBA€ThCS 1HTEHCHUB-
HUI Mepepo3noAis Ta Tedisd BChOro MeTany 3arotoBkd. Ha puc. 8 mokasano HampsM Teuii MeTaty
MaTepialy B IJIaHi (a) Ta B XapaKTepHOMY Iiepepi3i AeTali — Til JonaTtku (0).

Ha puc. 9 nokazanuii po3nojis cepeiHix HanpyKeHb Ocep 110 00’ €MY BUKOBY B KiHII Aedop-
MyBaHHS. SIKk 6aunMO 3HaUEHHSI Cepe/IHIX HANPY>KEHb B 3/16()OPMOBAHOMY BHKOBI 3HAXOIUTHCS y Me-
)kax Big —9 no 3 MIla.

a 0
Puc. 8. Hampsim Teuii MeTanmy matepiainy HpU rapsyoMy i30TEpMIYHOMY LITaMITyBaHHI
MOHOKOJIEca: a — B IIJIaHI BUKOBY, O — B XapaKTepHOMY Mepepi3i — Til JIOMaTK1

Pe3synbpTat po3paxyHKy MOKa3yrOTbh, III0 IPU MPOEKTYyBaHHI MPOIIECIB HEOOX1THO BPaxoBy-
BaTU pecypc IJIACTHYHOCTI B HEOE3MEUHUX 30HAX 130TEPMIYHOTO INTAMITYBaHHS, SIKi CIIBIAJal0Th
13 MiCIIEM Tepexo/1y BiJ] IMCKa MOHOKOJIECA /10 TiJIa iepa JonaTku. [Ipu nboMy 3MeHIeHHs Koediri-
€HTa BUKOPUCTAHHS PECYpCy IIACTHYHOCTI JAOIUIBHO JOCATATH 33 PaXyHOK 3MiHH ()OPMU BUXITHOI
3arotoBkd. Ha puc. 10 nmokazanuii po3noain KoedilmieHTa BUKOPUCTAHHS PECypCy IIACTUIHOCTI IO
BcbOMy 00’eMy 371€(OpMOBAHOTO BUKOBY MOHOKOJIECa B KiHIII AedopMyBaHHs. Sk 6aunmMo, HaitOi-
JIbIIIE 3HAYCHHS KOoedilliEHTa BUKOPUCTAHHS PECYPCY IUIACTUYHOCTI € B TUTI TIEpa JIOMATOK Ta HE Tie-
pesuiye 0,3, 110 € JOMYCTUM Ta HE MPU3BEJAE 10 PyHHYBaHHS.

B pesynbrari KOMIT FOTEPHOTO MOJIEITIOBAHHS 130TEPMIYHOTO INITAMITYBaHHS MOHOKOJIECa
3 aKCiaTlbHUMH TOHKOCTiHHMMH eneMeHTamu B cuctemi DEFORM-3D Bukonanuii po3paxyHOK TeX-
HOJIOT1YHOTO 3yCHJUIS MPOIIECiB, BUKOHAHHI BUOIp (GOpMH Ta po3MipiB 3aTOTOBOK, a TAKOX Mapame-
TPIB MPOIIECY, IO A0 3MOTY BUKOHATH MPOSKTYBAHHS YCTAHOBKH IS 130TEPMIUYHOTO MPECYBAHHS.
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YcTaHoBKa CIIPOEKTOBAHA IiJ TiApaBIiuyHui npec 3ycuiuisam 400 TOHH, KU 3HaXOAUTHCS B Jabopa-
Topii Kadeapu TexHonorii BurorosiaeHHs JditaasHux anapatiB KIII im. Iropst Cikopchkoro Tta mpus-
HayeHa /Il BCTAHOBJICHHS Ta HArpiBYy IITAMIIIB JJIS 130T€PMIYHOTO (POPMOYTBOPEHHS TOYHUX 3aro-
TiBoK MoHOKoJTic I'T/I.

Puc. 10. Posnomin koedirmienra
BUKOPHCTaHHA PECYpCy IIACTHYHOCTI IO
00’ emy 31e(OpMOBAHOTO BHUKOBY
MOHOKOJIeca

Puc. 9. Po3noain cepenHix HarpyX eHb
Ocep MO 00’eMy 31eOPMOBAHOTO BHUKOBY
MOHOKOJIECa

CxeMa yCTaHOBKHM HaBeJieHa Ha puc. 11.

2 | /

N

RIS
=

pr——

RRERRRERRRRRESS

o5

Puc. 11. Cxema ycTaHOBKH JIJIs1 130T€PMIYHOTO TIPECYBaHHS:

6 — ocHOBa; 7 — muTa cepenns; 8 — muta BepxHs; 9, 10, 11, 12 — acOecToBi NMpPOKIAIKH;
13 — mTupi And TpaHCHOPTYBaHHA OKPEMHX IUITMT Ta YCTaTKyBaHHS B cOopi; 14 — Bryska
cupsiMOBYIo4a; 15 —rpubok nms BUIITOBXYBaHHS; 16 — BumToBxyBay; 17 — maiida; 30, 31 — 6onru;
32, 33 — rBuHTH; 34 — raiiku
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HwkHill KOMIUIEKT IJTUT BiAPI3HAETHCA Bl BEpXHBOTO HAsIBHICTIO TprOKa 15 Ta BUIITOBXY-
Baua 16, siki BUKOPUCTOBYIOThCS MPH MOTPEO1 BUAATUTH (BUIITOBXHYTH) BUTOTOBJIEHI JIeTajl MOKO-
BKkH 31 mtamity. [Inutu 8 marote T-00pasHi masu, uyepes siki 6ontamu 30 Ta raiitkamu 34 10 yCTaHOBKU
KPIMHUTHCS 3MiHHE OCHAIICHHS (mTaMmu). Mk mimutaMu 8 Ta 7 po3MIIeH]1 HarpiBaibHI €JIEMEHTH —
teru 40. Uepes rumnTH 6 Ta mpoMixHi mapu azoecty 9, 10 ycraHOBKa KPIUTHCS A0 CTOJNA Ta [0 ITUTH
noB3yHa npeca 6ontamu 3 1. [Ipomixkni mapu azdecty 9, 10 ta 11, 12 ciykathb 11 TEpMO130JI1Ii1 Ta
3armo0iraHHs BTPAaTH TEIUIA.

Jlisl eKCIepMMEHTAIbHOTO BIJIPAIIOBAaHHS IMPOLECY BUIOTOBJIEHHS BHKOBY MOHOKOJECA
3 aKClalbHUMHM TOHKOCTIHHHMHM €JIEeMEHTaMH PO3pOOJICHO MITaMm Ui 130TEPMIYHOTO MpPECyBaHHS
(puc. 12), sskuii BCTAaHOBJIIOETHCSI HA YCTAHOBKY JUISL 130T€pMIYHOTO MpecyBaHHs. BukoB netaini mae
npuiryck 1,5 MM Ta HaImyCKH B MICISIX 31 CKJIaTHOO TeoMeTpieto. Hamycku 103BOJISIOTH 3HAYHO CIPO-
CTUTH KOHCTPYKLIIO IITaMILy, B PE3yJIbTaTi YOr0 MU Ma€MO TUIbKH OJIHY IJIOUIMHY po3’eMy. TexHo-
JIOTIYHI TMPHUITYCKU Ta HANMYCKH BUAAISIOTHCA NPU MOJANBIIIN MeXaHi4Hii 0O0poOIli Ha cTaHKax 3
YIIK.

2 xnkt 1\ \u

Puc. 12 tamn 17151 130T€pMIYHOTO IPECYBaHHS:

5 — myaHcoH; 6 — OaHmax; 7 — MaTpuIs;8 — BCTaBKa-3HIMad;, 9 — BCTaBKa IEHTpaJIbHA;
10 — mnuta omophHa; 11 — mroBxau; 12 — mumTaHwkHS, 13 — MAUTa KPIMJIEHHS IITOBXAadeM;
14 — mrroBXa4 NeHTpaIbHUM; 22, 23 — rBUHTH; 24, 25 — raiiku

3aragbHUN BUTIISAT YCTAHOBKH 1 IIITAMIA JUTSI 130T€PMIYHOTO ITPECyBaHHS, SKHI BCTAHOBIICHU
Ha Tpeci, moka3aHuii Ha puc. 13.

Puc. 13. llITamm qy1st 130T€pMIYHOTO TIpeCyBaHHS MOHOKOJIECA:
a — 3araJbHUN BUTJISI; O — IyaHCOH; B — MaTPHIIS
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[lepen yxknananusm 3arotiBku (puc. 14, a, 6) B mramn Ha BepxHio (puc. 13, 0) Ta HIKHIO
(puc. 13, B) yacTHHY IITaMIIa HAHOCHJIOCH KOHCUCTEHTHE 3MAIlICHHS.

a
Puc. 14. 3aroriBka (a) Il 130TEpMIYHOTO MITAMITYBaHHS MOHOKOJIeca Ta il po3MIICHHS
B py4ai luTaMiry

@DOopMOYTBOPEHHSI MOHOKOJIIC 3 aKCiaJbHUM PO3TAlIyBaHHSM JIONATOK 3 alFOMiHIEBOTO
crutapy AMg6 npoBovm ripu Temmieparypi 410 °C (puc. 15, a) Ta 450 °C (puc. 15, 6). I1pu Ginb-
Il TeMieparypi crocTepiraeTbes Oublie 3alIOBHEHHS pydas mTaMity. ButpruMmka i THCKOM 110
5 XB Takox 3a0e3neuye Ol TOBHE 3aIIOBHEHHS pyYast IITaMITy

Puc. 15. BigmrammnoBaHi MOHOKOJIECa 3 aKCiaJbHUM PO3TAIIyBAaHHSIM JIOTIATOK 3 aFOMIiHiE-
Boro crutasy AMg6: a — npu remnepatypi 410 °C, 6 — npu Temneparypi 450 °C

BigmrammoBadi MOHOKOJIECa MEXaHIYHO PO3PI3ATUCH ISl MPOBEICHHS CTATUYHUX BUIIPOOY-
BaHb JUISl OLIIHKM MEXaHIYHUX BJIACTUBOCTEH MaTepiaiy JAeTajieil micis iX 130TepMIYHOrO MITaMITy-
Banus (puc. 16).

a 0

Puc. 16. Po3pi3 BUKOBY MOHOKOJIECA 3 aKCIAIbLHUM PO3TaITyBaHHSIM JIOTIATOK:
a — 3araJbHUN BUTJIA, O — CXeMa TOYOK JJIsi BUMIPY MIKpOTBEPIOCTI
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BumiproBanHs TBEpOCTI MPOBOAMIIH 110 Bikepcy 3a cxemoro mpeacTaBieHoro Ha puc. 16, 0.

Pesynbrat BUMiprOBaHb TBEPJOCTI MOKa3alyd He3HauYHe ii 3meHmeHHs Bix 115 no 104 HV
TIPY BiAJIAJICHI BiJl OC1 BIAIITAMIIOBAHO1 I€TaJI.

Pesynbratn MexaHiuHHMX BUNPOOYBaHb Ha OJHOBICHMM po3Tar: co2 = 130-155 MIla,
o = 305-315 MIla ta & = 14-15 %. Ilpu BigaaneHHi BiJ OCi IeTali CIIOCTEPIraeThCsl HE3HAUHE 3Me-
HILIEHHSI MEXKH MII[HOCTI OB Ta HE3HAYHE 301IbIICHHS O.

BUCHOBKU

B po6orti Oynu BUKIaAeH1 pe3yJIbTaTH 110 YUCEIHPHOMY MOJCIIIOBAHHIO METOJIOM CKIHUCHHHX
eJIeMeHTIB B nnporpaHoMy cepeaoBuiili DEFORM-3D nporecy i130TepMiyHOTO IITaMITyBaHHS BUKOBY
MOHOKOJIECA 13 aKCiaJbHUMU TOHKOCTIHHUMH €JIeMEHTaMH 13 aOMiHi€BOTO cIutaBy AMr-6 i3 pi3-
HUMH HIBUIKOCTSMH JepOpPMYBaHHS.

Bxka3zaHi po3paxyHKOBI CXeMH IPOLECY, 3aJaHl TPaHUYHI YMOBH, BUXI1JIHI 3arOTOBKH Ta 1HIII
TEXHOJIOT14HI NTapaMeTpu AJIsi MOJENIIOBaHHS Mpolecy 130TepMiyHOro mrammiyBanHs. [lokazani rpa-
(biKM 3a71€KHOCTI 3ycHUIs AeQOpMYBaHHS Bl IEPEMILLEHHS IIyaHCOHY IPU rapsyoMy 130TepMmid-
HOMY LITaMITyBaHHI MOHOKOJIECA MPHU PI3HUX HMIBUAKOCTIX AedopMyBaHHA. BcTanoBieHuil Hanpy-
XKeHO-AepopMOBaHH CTaH 31e(OPMOBAHMX BUKOBIB Ta PO3IMOALI TEMIIEpATYp W KPUTEPII0 pyHHY-
BaHHS B KiHIII Je()OpMyBaHHS.

Takox 3a pe3yJpTaTaMl MOJIEIIOBAHHS MPOLECY 130TEPMIYHOTO MITAMITYBaHHSI BUKOBY MO-
HOKoOJIeca 13 allloMiHI€EBOTIO CIu1aBy AMr-6 3 pi3HMMH MIBUJIKOCTAMHU Je(OpMyBaHHs MOOYI0BaHO
rpadik 3a1€KHOCTI TEXHOJIOTTYHOIO 3yCHILIS Bl JJorapu(my MIBUAKOCTEN ePEMILICHHS TyaHCOHA.

ITpoBeneHi craTuyHi BUIIPOOYBAHHS /11 OLIHKY MEXaHIYHUX BJIACTUBOCTEH MaTepiary BUKOBY MO-
HOKoOJIeca 13 aKClaJIbBHUMHU TOHKOCTIHHUMH €JIEMEHTaMH MICJIs 130TePMIYHOIO IITaMITyBaHHSI.

Pe3ynbraT BUMIpIOBaHb TBEPAOCTI OKA3aJIU HE3HAYHE 3MEHILEHHS MIKpOTBepAoCTi Bix 115
1o 104 HV npu BigganeHi Bi oci BIAMITAMIIOBAHOTO MOHOKOJIECA 13 aKClaJbHUMHU TOHKOCTIHHUMH
eJIEMEHTaMHU.
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Titov A., Balushok K., Titov V., Burtan M., Kholiavik O. The features of the process of isothermal stamping
of a monowheel with axial thin-walled elements made of aluminum alloy AMg6é.

The features of the technical preparation of the process of isothermal stamping of a monowheel are considered.
The technological process of manufacturing solid stamped impellers (monowheels) of a gas turbine engine by high-speed
milling is highly labor-intensive and has a low metal utilization factor. The most promising technological process for
manufacturing such parts is isothermal stamping, which allows for favorable formation of the material texture in the body
of the disk and blade. An assessment of the features of metal movement during isothermal stamping of a monowheel with
axial arrangement of blades is presented using the Deform-3D software package. The energy-power parameters and the
stress-strain state at different stages of the formation of a monowheel made of AMg6 alloy are established. A typical
stamp and installation for isothermal stamping are developed. Experimental work on isothermal stamping of a monowheel
with axial arrangement of blades made of AMg6 alloy is carried out and the mechanical properties of the forging after
isothermal stamping are determined. Static tests were conducted to assess the mechanical properties of the material
forging a monowheel with axial thin-walled elements after isothermal stamping. The results of hardness measurements
showed a slight decrease in microhardness from 115 to 104 HV when the stamped monowheel with axial thin-walled
elements was removed from the axis.

Keywords: gas turbine engine, monowheel, isothermal stamping, aluminum alloys, finite element method, force
regimes, stress-strain state
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3YCUJLJISA, HAIIPYKEHHSA TA JIE®@OPMAIIIL ITPU TPbOX BAPIAHTAX
XOJIOAHOI'O BUJABJIIOBAHHSA HAINIBO@ABPUKATIB JJIS1 BUTAT'YBAHHASA
3 IIOTOHIIEHHAM

B cmammi 3a oonomoeoro cxinuenno-enemenmuoi npoepamu DEFORM i npyoicno-nnacmuunoi mooeni memany
npogeodeHo 00CHIOHCEeHHs MPbOX 8aApPiaHmis x0n00Ho2o sudasniosants iz cmani AISI-1015 icecumempuunux nopooicru-
cmux Hanieghabpuxamie 0nia NOOANLULOSO GUMALYBAHHS 3 NOMOHUEHHAM. Bukopucmano éapianmu wupoxo po3noscio-
00CEeH020 MPAOUYITIHO20 360POMHO20 BUOABTIOBAHHS, NPAMO20 BUOABTIOBAHHA 3 PO30AUO0 MA 360POMHO20 BUOABIIO-
BAHHSL 3 PO30AUOI0 8 PYXOMIll Mampuyi. Bcmanoeneno 3anejcHocmi 3ycuis UOAGIIO8AHHS, BUUMAHHSA NYaHCOHIE i3 Hani-
spabpuxamis ma UMOEXY68AHHs HANIBHAOPUKAMIE 3 MAMPUYDb 8I0 NepemieHHs deopmyouoeo incmpymenma. Pa-
YiOHANbHUM 8aPIAHMOM Ol OMPUMAHHA HANIEPAOPUKAMIE 05l BUMALYSAHHA € 360POMHE BUOABTIOBANHS 3 PO30AUO0IO 8
DpyXoMmill Mampuyi, ke 3a6e3neuye meHue 3yCuiia 0eQOpmMy8anHs 6 NOPIGHAHHI 3i 360POMHUM BUOAETIOBAHHAM A OLIbUL
BUCOKY NPOOYKMUBHICINb BUSOMOBIEHHS 8 NOPIGHAHHI 3 NPAMUM SUOABTIOSAHHAM 3 po30ayoio. Jlna eapianmy mpaouyiti-
HO20 360POMHO20 BUOABNIOEAHHS MA 360POMHO20 GUOAGTIOBAHHS 8 PYXOMIL MaAMPuyi nposedeHo NOPIGHAHHS pe3yIbma-
mig MOOEN0SAaHHs NO PO3NOOLNAX NUMOMUX 3YCUTL HA 0ehOPMYIOUOMY THCMPYMEHMI, N0 PO3NOOINAX meMnepamypu 6
00 ’emax Hanispabpuxamis i KOMROHEHM HANPYJICEHb Y OOHHUX YACMUHAX Hanieghabpukamis 8 KiHyi 6UOABII08AHHS MA
1O PO3n00inax KOMnoHeHm oeghopmayii y cminkax i OonHux wacmunax. Ilponpayiogants cmpykmypu Memaiy X0100HO0I0
NIACMU4HON 0eqhOpMAayicio no WUPUHI CIMIHOK i Y OOHHUX YACMUHAX HANI8(habpuxamis oyiHeHo no po3nooiny i eruduHi
iHmencugHocmi degpopmayitl. Buoaentoeants 8 pyxomiti mampuyi sabesneuye o0invul iHmeHcUsHe NPONPayto8anHs no -
PUHi cminKu ma y OOHHIU yacmuni Hanieghabpuxamy. Busaenerno gpopmy i poamipu Haniegpabpuxamis. Ilo oanux moodento-
BAHHSL CHPOEKMOBAHO | BUZOMOBGILEHO WMAMN OISl 360POMHO20 BUOABTIOBAHHS MA NPOBEOEHO eKCHEePUMEHMU Ha 2i0pag-
niuHoMY npeci. Pe3yromamu excnepumenmis no 3yCuniio 6U0A8II08aHHA NOKA3ANU XOPOULY Y3200M4CEHICMb 3 PO3PAXYH-
KOGUMU OGHUMU.

Knwuosi crosa: Xonoone 6uoasniosants, nopodcrucmull Hanispabpuxkam, memoo CKIHUeHHUX eleMeHmie, 3)-
CUMLTA, NUMOMI 3YCUILTA. HANPYIHCEHHS, Oedpopmayii.

XoJo/1HE BUABIIOBAHHS MOPOKHUCTUX HamiB(PaOpUKaTiB BUKOPHCTOBYETHCS Y SIKOCTI MEp-
IIOTO MEPEeXOy MTaMITyBaHHS MPU BUTOTOBJICHHI CKJIAJJOBUX BUPOOIB CMENiaIbHOTO MPU3HAYCHHS
MeBHOTO Kaiiopy. B ymMoBax MacoBoro BupoOHHIITBa HamiBhaOpUKATIB XOJIOAHUM IJIACTUYHUM (o-
PMOYTBOPEHHSIM Ha IEePIIIOMY MICIli CTOITh 3aBJIaHHS MIABUIIICHHS CTIHKOCTI 1e()OPMYIOYOT0 iHCTPY-
MEHTY, LII0 TIPUBEE A0 30UIbIIEHHS MPOIYKTUBHOCTI BUPOOHHUIITBA Ta 3MEHILEHHS CO0IBapTOCTI Ha-
niB(aldpukatiB. 30UIBIIEHHS CTIMKOCTI MOYXHA JOCATTH 3aBISKHU 3HM)KEHHIO 3yCHJIb BUJIaBIIIOBAHHS
1 MUTOMUX 3yCHUJIb Ha ITyaHCOHAX, BUILTOBXYBayax i MaTpuisax. i BUIaBIIOBaHHS OPOXKHUCTUX
HaniBpaOpHKaTiB B TENEPIIIHINA Yac MUPOKO BUKOPUCTOBYIOTH BapiaHT 3BOPOTHOT'O BUIABIIOBAHHS,
MIPU SIKOMY PO3Mip 3aTOTOBKH OJIHAKOBHH 13 30BHIIIHIM JiamMeTpoM HamiBpabpukaty. Buxingni 3aro-
TOBKH 13 rapsiueKaTaHOIr 0 KPyIJIOTo MPOKaTy OTPUMYIOTh HIIIXOM O€3B1JX1THOTO BiJIpi3aHHS 3CyBOM
B mITaMnax Ha npecax. [Ipu BinpizaHHI MOTPIOHO BHUPIIIYBAaTH 3a]ady IMiJIBUIIEHHS T€OMETPUYHOI
TOYHOCTI 3arOTOBOK. 3aCTOCYBaHHS BapiaHTIB MPSMOTO BHJIABIIOBAHHA 3 PO3/Ia40I0 Ta 3BOPOTHOTO
BUJIABITIOBAHHS 3 PO3JIA40I0 B PYXOMill MaTpHIl MPUBOISATH J0 3HIKEHHS 3yCHIUIA Je(OpMyBaHHS
Ha IyaHCOHaX, B NOPIBHAHHI 3 TPaJAULIIHHIM 3BOPOTHUM BHJIABIIOBaHHSAM, Ta MOTPEOYIOTh BUKOPH-
CTaHHS 3arOTOBOK MEHIIIOIO JiaMeTpa Mpu OJHAKOBHX 30BHINIHIX po3Mipax HamiBpaOpHuKaTiB, 110
MIPUBOIUTH /IO T1IBUIIEHHS TOYHOCTI MTPH BIAPI3aHHI.

B nporieci BugaBroBaHHs MOPOKHUCTUX HaMiB()aOpHUKaTiB, KPIM OTPUMAaHHSA HEOOXiTHOT (o-
PMH, TIOTPiOHO MPOBECTH BIJMOBIIHE MPONPAIIOBAHHS CTPYKTYPH METATy XOJIOJHOIO TUIACTHYHOIO
nedopMarii€ro JOHHOI YaCTHHH TS JOCATHEHHS 3a/IaHUX MEXaHIYHHUX BIIACTUBOCTEH y IIBOMY MICIIi.
JlonHa yactuHa HamiB(}aOpUKaTiB HEe AePOPMYETHCS HA MOAAIBIINX MEPEX0/IaX BUTATYBAHHS 3 T10-
TOHILIEHHSM 1 00THUCKY TIPU BUTOTOBJICHHI BUIIIEBKa3aHUX BUPOOiB. ToMy Ha eTami po3poOsieHHs Te-
XHOJIOT1i BUIABIIOBAaHHS aKTyaJIbHUMH € 3aBJIaHHS BCTAHOBJICHHS IapaMETpiB 1O OTpUMaHHIO (o-
pMu HamiB()aOpPUKATIB ISl BUTATYBAHHS 3 MMOTOHIIICHHSIM Ta BU3HAYCHHS MPOTMPAIIOBAHHS CTPYK-
TYpH MeTaly IJIACTUYHOIO J1e(OopMalli€lo y JOHHUX YaCTHHAX.
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Ha puc. 1 mpuBeneHo Tpu BapiaHTH BHUJIABIIOBAaHHS MOPOXHUCTHX HamiBhaOpuKaTiB
3 JOHHUMHM YaCTUHAMH KOHYCHOI (GOpMHU Ui MOAANBIIONO BHUTATYBaHHS 3 MOTOHIICHHSIM.
Ha upomy pucCyHKy NiBOpYY Bif BiCi CHMETpii MOKa3aHO IMOJIOKEHHSI Ha TIOYATKy BHUIABIIOBAHHS,
a IpaBOpyY — B KiHII BUAABIIOBaHHSI. HaltO1IbII ITMPOKO PO3MOBCIOKEHHM BapiaHT TPaIULIIMHOTO
3BOPOTHOTO BUAABIIOBaHHS (puc. la). 3arotoBky | po3mimieHO Ha KOHYCHIH MOBEpXHI MaTpuIl 2
3 BUIITOBXYBaueM 3. [ledopMyBaHHS 31HCHIOIOTH ITyaHCOHOM 4, MPU MEPEMIIIEHH] SIKOTO OTPUMY-
10Th HamiBpabpHuKaT 5 3 KOHYCHOIO MOBEPXHEIO Ha JIOHHIHM YacTHHI. BapiaHT mpsMoOro BUIaBIIOBaHHS
3 p03/1a40I0 (PO3MIUPEHHIM) 300pakeHO Ha puc. 10. 3aroToBKy 1 BCTaHOBIIEHO B MaTpHIIi 2 Ha ITya-
HcoHi 3. Ilpu nepemimenHi mrosxaya 4 OTpUMYIOTh HamiBpaOpHuKar 5 i3 30BHILIHIM J1iaMETPOM,
SIKAW OLTBINNIMA 32 iameTp 3arotoBku 1. Bapiant notpe0ye MeHIoro 3ycusuis neopMyBaHHS Ta BU-
KOPUCTaHHS 3arOTOBKM MEHIIOTO JiaMeTpa B MOPIBHSAHHI 3 TONEpeaHboI0 cxemoro. [Tpu peanizamii
TaKOTr'0 BapiaHTy BUHUKAIOTh CKJIAHOIII BUIy4YeHHs HamiBhaOpukary 5 13 mrammny. Bkazanuit Heno-
JIK BIJICYTHIH JJIs BapiaHTy 3BOPOTHOTO BUIABIIOBAHHS 3 PO3/1a40i0 B pyXOMiit Marpuili (puc. 1B).
3aroToBKy | BCTAaHOBJICHO B MaTpuIli 2 Ha BUINITOBXYBayi 3. [Ipu oqHOYacHOMY TIepeMillieHH1 IyaH-
coHa 4 i Marpuii 2 3 0IHAKOBOIO HMIBHJIKICTIO OTPUMYIOTh HamiB(hadbpukar 5.
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Puc. 1. BapianTu BUIaBIFOBaHHS IOPOKHUCTHX HaIMB()aOPUKATIB IS MTOJATBIIIOTO BUTSTY-
BaHHS 3 MOTOHIIICHHSIM:

a — TpaaMiliiHe 3BOPOTHE BUWJAABIIOBaHHS, O — MpsAME BUAABIIOBAHHSI 3 PO31avOl0,
B — 3BOPOTHE BUAABIIOBAHHS 3 PO3/1a40I0 B PyXOMiil MaTpHIl

Asrtopamu [1] meronom ckinueHHux enemeHTiB (MCE) i3 3acTocyBaHHSIM >KOPCTKO-TUIACTH-
YHOI MOJIEJIi MeTajy MPOBEACHO PO3PAaXyHKOBUU aHAJI3 TPHOX CTAAIMHOIO MPOIEeCy XOIO0JHOTO BU-
JIABITIOBAHHS 3 PyXOMOIO MaTpuIlet0. Bu3HaueHO MBUIKICT MATPUI AJIs1 SMEHIICHHS HAaBaHTAXCHHS
Ha 1eOpPMYIOUHI IHCTPYMEHT.

VY mxepeni [2] npeacTaBiaeHo M'ATHIIEPEXiHY TEXHOJOTIIO XOJO0HOTO BHIABIIOBaHHA. Mo-
nenmtoBanHsIM MCE B niporpami Deform-2D Oynio BctaHoBieHO mapameTpu (GOpMOyTBOpeHHs. Pe-
3yJbTATH €KCIIEPUMEHTIB MiATBEPAIN MOXKIMBICTD peaji3allii Takoi TEXHOJIOTI].

JlociakeHo BIUIMB FT€OMETPUYHUX MTapaMeTpiB MaTPUIll Ha HABAaHTaXKEHHSA IPU paialbHOMY
BUJIaBJIIOBAaHHI 3ar0TOBOK i3 aimroMiniro AAG06 y po6oTi [3]. s urcenbHOTO po3paxyHKY Ha dKOpC-
TKO-IJIACTUYHIN Mojesi Bukopuctano cepenopuiie Deform-2D. JlocToBipHiCTh pe3ynbTaTiB MoOIe-
JFOBaHHS OyJia MmepeBipeHa 3a JOMOMOTOI0 eKCIIEPUMEHTATBHIX JAHHX 13 JTITepaTypH.

ABTopamu [4] Ha TpUKIAIl IPOIIECY 3BOPOTHOTO BHUIABIIOBAHHS YAIlKW TTOKA3aHo, II0 3a-
BIISIKM KEPOBAHUM pyXaM IHCTPYMEHTY MOKHAa KOHTPOJIFOBATH HAJIWHICTH Mporecy (hopMOyTBO-
pPEHHsI Ta HOTo MPOTyKTUBHICTB, 110 MPUBOAUTH A0 POIIUPEHHS MEX BUIABIIOBAHHS.

B po6oTi [5] po3risiHyTO mporiec npsMoro-3BOpOTHOTO BUABIIOBAHHS MOPOKHUCTUX JIETa-
Jel, o peanidye 3HAUHy IUTACTUYHY AedopMaliito Ui yIbTpaapiOHO3EpHUCTUX MeTamiB. AHaI3
MCE 1 9ucTOTO amOMiHIIO TIOKa3aB BUILY BEIHUUHY JIedopmarrii Ta Ouibry piBHOMIpHICTH aedo-
pMariii o TOBILKHI 1 JOBXKUHI BUPOOY.
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HInsxom monemtoBanassmM MCE B nporpami Deform-2D y mxepeni [6] BctaHOBIEHO BIUTUB
KOHCTPYKTHBHHUX MTapaMeTPiB MATPHUII HA XOJIOIHE MPSIME BUIABIIOBAHHS 3 PO3/1a400 MOPOKHUCTUX
BUPOOIB 3 JaTyHi. BusHaueHo 3ycHiuist i TUTOMI 3yCHIUISL BUAABIIOBaHHS, GOpMU 1 pOo3MipH BUPOOiB,
PO3MOALTH HAMPYKEeHb, Ae(opMaliiil i TeMrepatypu y Ae(pOpMOBaHOMY METaTi.

JlocipkeHHs aBTOpiB [7] IpUCBAYCHO AeTaTIbHOMY BUBUCHHIO BILUTUBY CTYICHIO Ae(opmartii
1 KyTa HaXwiy IIyaHCOHA Ha Teuil0 MeTaly 1 MUTOMI 3yCHUIsl IPU 3BOPOTHOMY BUIaBiIOBaHHI. Mo-
nemoBaHHs MCE 31iiiCHEHO 3 BUKOPHCTAHHSIM KOPCTKO-TIIACTHYHOT MOEIT METaITy.

VY mxepeni [8] mpoBeneHO MOPIBHIHHS TPAIUIIIHHOTO 3BOPOTHOTO BUAABIFOBAHHS TOPOIKHHU-
CTHX BUPOOIB 13 3aIIPOIMIOHOBAHUM aBTOPAMHU METOJIOM 3BOPOTHOTO BU/IABIIIOBAHHSI ITyaHCOHOM 3 PY-
XOMOIO orpaBkoro. JlJist JociiIKeHHsl BUKOpUCTaHo ekcriepuMenTanbHi Metou Ta MCE. Ilo 3anpo-
MIOHOBaHOMY METOJly IJIacTU4Ha Jedopmaliis mpuOIN3HO BABIUl BUIIA, HIK NMPH TPAAULIHHOMY BH-
JABJIIOBaHHI, 110 MOYKE MOKPAIMTHA MEXaHIYH1 BJACTUBOCTI Ae(OPMOBAHOTO METAITY.

MopuentoBannst MCE aBropamu po6otu [9] BUKOpHCTaHO /1l BU3HAYEHHS BILTUBY PO3MIpY
3aroTOBKH, CTYIEHIO fedopmallii, KyTa HaXuUily IyaHcoHa Ha (OPMOYTBOPEHHS TP XOJI0JHOMY 3BO-
POTHOMY BHJIABJIIOBaHHI MOPOKHUCTOTO BHpoOy 13 ctani AlSI 1010. BeranoBneno 3ycuiis Ha mya-
HCOHI1, HaNpy KeHH4 1 aedopmartii y reopmMoBaHOMY METaTI.

PesynbraTit MosentoBaHHs B iporpami Deform-2D nporieciB X0J10IHOTO BHIABIIOBAHHS T10-
POKHUCTUX BUPOOIB 3 BUKOPUCTAHHAM MPY>KHO-TUIACTUYHOI 1 TNIACTUYHOT MOJIeNiel MeTaly MpuBe-
neno B Mmonorpadii [10]. Jlis BupoOiB i3 craieii i KOJIbOPOBUX METaIiB BCTAHOBICHO paIliOHAIbHI
napaMeTpu sl MPOEKTYBaHHs TEXHOJIOTIT Ta ITaMIIOBOI'O OCHAIIEHHS.

HoBuit meton dopmyBaHHS (UIaHIIB HA MOPOKHUCTUX JCTATISIX 13 QIIOMIHIEBOTO CILIaBY
EN AW 6060 nuisxom pamianbHOi eKCTpy3ii, sikuit 0yB nepeBipennit ananizom MCE 3 Bukopucras-
HsM TiporpaMHoro nakety Deform-3D Ta ekcniepuMeHTaIbHUMH BHIIPOOYBAHHSIMU, MPEACTABICHO
aBTopamu [11]. MeTo 103B0UB OTpUMATH (DJIaHIIl 3 BIJHOCHO BEJIMKHM AiaMETPOM i PiBHOMIPHOIO
TOBIIUHOIO.

3a gomomororo MCE B cepenosumti Deform-2D y mkepeni [12] mociimKeHO BIUTUB MBUIKO-
CcTi 1ehopMyBaHHs Ha MPOIEC XOJIOTHOTO 3BOPOTHOTO BUIABIIOBAHHS 3 PO3/Ia40I0 BICECUMETPHUHUX
nopoxHucTux aeraneit i3 Oporsu BRASS 377 CDA. Ilpu 30iabIeHH] IBUAKOCTI Ae(OpMyBaHHSI
3MEHIIYETHCS 3yCUIIISL BUJABIIIOBAHHS 1 3pOCTA€E TEMITEpaTypa Je()OpMOBAHOTO METAITY, 3HUKYETbCS
3yCHJIIS BUJIYUYEHHS IyaHCOHY 13 AeOpMOBaHOI 3arOTOBKU Ta 3yCHJUIS BHILTOBXYBaHHS JAeTaml 13
MAaTpHIII.

B po6orti [13] mocmimkeHO Mmporec 3BOPOTHOIO BHIABIIIOBAHHS IMOPOKHUCTOIO BHPOOY i3
QJIIOMIHIEBOTO CIUIABY ITyaHCOHOM, SIKH 00epTaBcs MpH MOCTyNalbHOMY pyci. Bukonano monento-
BanHs1 MCE B cepenoBuii Deform Ta mpoBeneHo HaTypHi eKCIIEpUMEHTH. 3aBIsSKU 00EpTaHHIO Y-
AHCOHA 3ar0TOBKA PO3ITPpiBa€ThCS 1 B OcepenKy AedopMariii mporec 3MiHIOEThCS 3 XOJIOJHOTO Ha Ta-
psiue BunaBmoBaHHsa. OTpUMaHUi BUPIO Ma€e MiABUIIEHY MIITHICTh Ta MEHIITY TUTACTHYHICTH B ITOPiB-
HSIHHI 3 TPaIUIITHUM CTIOCOOOM 3BOPOTHOTO BHJIABITFOBAHHS.

Jocmimkeno B po6oti [14] crmoci6 BHaaBIIOBaHHS MOPOKHUCTUX BUPOOIB 3a JBa MEPEXOIM IS
3MEHIIIeHHS HepiBHOMIpHOCTI edopMmarii. Ha nepiomy nepexoi 01HOYaCHO BUKOHY€ETHCS] 3BOPOTHE BU-
JTABJTIOBAHHS CTIHKM KOPITYCY 1 MpsIME BUIABIIOBAHHS 3 YTBOPEHHSM TEXHOJIOTTYHOTO YCTYITy B JIOHHIM
gactuHi. Ha npyromy mepexoii BiiOyBaeThCsS BUTICHEHHSI METATY 3 YCTYITY Ha3aj y IOHHY YacTHHY KOp-
mycy. HaBeneno pesynbratu monentoBanHs MCE 1 ekcriepiMeHTaIbHOTO OCHIKEHHS, K1 MLATBEPIKY-
I0Th TIepeBary crocoOy B 3HIKEHHI CUJIOBUX PEKUMIB Ta HEPIBHOMIPHOCTI JehopMalrtiii.

Astopamu [15] Oyro nipoenero mozaeroBanHs MCE Ta ekcriepuMeHTanbHI TOCTIKSHHS TT'TH-
MIEPEXIHOTO MPOLIECY XOJIOTHOTO MITAMITYBaHHS TaifoK 3 HI3bKoBYTIeneBoi craii AlSI 1010 3 Bukopwuc-
TaHHSIM MEePEXO0/IiB 3BOPOTHOTO BU/IaBIIIOBaHHS. [ [OpiBHAHHS 3yCHIIb (JOPMOYTBOPEHHS, OTPUMAHUX B €KC-
TIEPUMEHTI, 3 pe3yJIbTaTaMH{ YHCEITHHOTO MOJICTFOBAHHS TIOKA3aJI0 XOPOIITY y3TOIKEHICTb.

Astopamu [16] Po3po6iieHo i AoCTiIKeHO CrociO BUIABIIOBAHHS 32 OHMH MEPEXil MOPOXK-
HUCTUX KOHIYHHX BUPOOIB 31 3MIHHOIO TOBIIMHOKO cTiHKH. [t MonentoBanHss MCE BukopucTaHo
nporpamy Deform-2D, sike 103BOJIMIIO BUSBUTH 3yCHIUIA Ae(OpMyBaHHS, PO3MOIUIA TUTOMHUX 3Y-
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CHJIb Ha IHCTPYMEHTI Ta HampykeHb 1 gedopmariit y nepopmoBanomy metaii. Po3paxyHkoMm moka-
3aHO 1 eKCTIEPUMEHTAJILHO MTiITBEPHKEHO MOKIIUBICTh 3HIKEHHS CHJIOBHX PEXUMIB TIpH (OPMOYT-
BOpPEHHI KOHIYHUX MTOPOKHUCTUX BUPOOIB.

Ha ocHoBI aHani3y JiTepaTypHHUX JKepes BUABIEHO, 110 U1 OTPUMAaHHS MOPOKHUCTUX Ha-
niB(habpukaTiB 1 BUpOOIB B OCHOBHOMY 3aCTOCOBYIOTH BapiaHT XOJIOJHOTO 3BOPOTHOTO BHJIABIIIO-
BaHHsI, B SIKOMY JllaMeTp BUXI1JIHO1 3arOTOBKH OJTHAKOBUH 13 30BHILTHIM JiaMeTpoM BUpoOy. Bapiantu
MPSIMOTO BUJIABIIFOBAHHSI 3 PO3/Ia400 1 3BOPOTHOTO BUIABIIOBAHHS 3 PO37a40I0 B PyXOMIill MaTpHIli
MoTpeOyI0Th BUKOPUCTAHHS 3arOTOBOK MEHIIIOTO J1aMeTpy Ta JA03BOJSIOTH 3MEHIIUTH 3yCHIUIS Jie-
(opMyBaHHS B IOPIBHSAHHI 3 ONEPEAHIM BapiaHTOM, ajie B ICHYIOUUX poOOTaX HEAOCTATHHO JTAHUX
1o GopMOyTBOPEHHIO HamiB(padpukaris i3 kKyToMm Y < 16° (quB. puc. 10), 1110 HEOOXITHO IS TTO1ATTb-
IIOr0 BUTATYBAHHS 3 TOTOHIICHHSM, Ta MPAKTUYHO BIACYTHs iH(pOpMalis Mpo 3yCuiuis BUHMAaHHSA
IyaHCOHIB 13 HamiB(aOpHKaTIB 1 BUIITOBXYBaHHS iX 13 MaTpullb. J{Js MpoBeaeHHS MOJEITIOBAHHS
XOJIOHOTO BHJABIIIOBAHHS MOPOKHUCTHX HamiB(haOpUKaTIB pamioHaAIbHO BUKOPUCTOBYBATH IPO-
rpamy Deform, sika 103BosIsie BpaXOBYBaTH BCi OCHOBHI (haKTOPH, 1110 BIUIMBAIOTH Ha Take (OPMOYT-
BOPEHHSI, Ta JI03BOJISIE BU3HAUUTH MAapaMeTpU Ui MPOEKTYBAaHHS TEXHOJOTI] 1 IITaMIIOBOTO OCHa-
LICHHS.

Meroto poOoTH € TpoBeAeHHs MojentoBaHHs 3a gornoMoror0 MCE xonogHoro BuaaBiiio-
BaHHSI TTIOPOXXHUCTUX HariBhaOpHUKaTIB 3 JOHHOI YaCTHHOK KOHYCHOI ()OpMH IO TPHOX BapiaHTax
(hOpMOYTBOPEHHS Ta MOPIBHSAHHS OTPUMAHHUX PE3YJIbTATIB. 3aBJaHHAMH JOCTIKEHHS 0yJI0 BU3HA-
YEHHs 3yCWIb BUJIABIIIOBAHHS, 3yCHJIb BUMMAaHHS ITyaHCOHIB 13 HamiB()aOpUKaTiB 1 BUIITOBXYBaHHS
HaniBpaOpHKaTiB 13 MaTPULb, MUTOMUX 3YCHIIb Ha 1e(OPMYIOYOMY IHCTPYMEHTI; BUSBJICHHS KiHIIe-
BUX (OpM 1 po3mipiB HamiBpaOpUKaTiB; BCTAHOBIICHHS PO3IOIiTIB KOMIIOHEHT HAIIPY>KEHb 1 nedop-
MaIliil Ta mponparoBaHHs CTPYKTYPH METay IUIACTHYHOIO AeopMaltiero; oOrpyHTYBaHHS palioHa-
JLHOT CXeMH JIJIs1 BUJIABIIFOBAaHHS MTOPOXKHUCTUX HamiB()aOpUKaTiB.

JIist BUKOHAHHS JIOCHIDKEHHST OyJI0 BUKOPHCTAHO TPU BHIIICHABE/ICHI BApiaHTH BUJIABIIOBAHHS
(muB. puc. 1) moposkaucTUX HamiBadpukaris i3 cram 15 (AlSI 1015). MoaenroBaHHS BiCECHMETPUYHOTO
BHJIaBITFOBaHHSI TIPOBEJIeHO B cepenonuiii Deform 2D 3 BUKoprCTaHHSIM MY KHO-TUTACTUYHOI MOJIEITi Me-
TaJy JUII MOYJIMBOCTI BU3HAYCHHS 3yCHIIb BUMIMAaHHS ITyaHCOHIB i3 HarmiB(haOpUKaTiB Ta BUIIITOBXYBAHHS
HaniB(haOpukari i3 Matpuip. LIIBuaKiCTH gedopmyBanHs ckinanana V = 2 mm/cek. TepTs Ha KOHTaKTYO-
YHX MMOBEPXHIX BpaxoBaHo 1o Kymnony 3 koedirtieaTom tepts u = 0,08.

Jlns orpuManHs HamiBaOpukariB 3 ogHakoBuMu po3mipamu (D1 = 40 mm, D2 = 34 mwm,
h =15 mm, d = 30 mm, H1= 150 MM) 1o TpbOX BapiaHTax BHIABJIIOBAHHS OyJIM BUKOPUCTAHI 3ar0TO-
BKU BHUCOTOIO H = 72 MM i1 niametrpoMm D = 40 mm i Bapianty la ta H = 100 mm i D = 34 mm s
BapianTiB 10 i 1B (muB. puc. 1). Po3mipu nedopmytrodoro inctpymenty: D1 = 40 mm, D2 = 34 mm,
h=15mMm,d=30Mm, a=7°,B=7°r=1=2mm,z=0,15 MM,y = 12°.

Po3paxyHKOBi cxemu B po3pisi i3 mporpamu Deform mist ppox BapiaHTIB BUIaBIIOBAHHS I10-
Ka3aHo Ha puc. 2. Ha puc. 2a 300pakeHO cXxeMy Ha MMoyaTKy | BapiaHTy BHIABIIIOBAHHS. 3arOTOBKY
1 BcTaHOBIEHO HA KOHYCHIM TOBEpXHI MaTpuIli 2 3 BUIITOBXYBadeM 3. [Ipu nepemimieHHi myaHcoHa
4 oTpuMyIOTH HamiB(haOpUKaT 5 3 KOHYCHOIO MTOBEPXHEIO Ha JOHHIH yacTuHi (puc. 26). [Ticis 3Bopo-
THOTO PYXy MyaHCcoHa 4 HamiBpaOpukaT 5 3aMImaeThes B MaTpuili 2 (puc. 2B) Ta BUAAISETHCS 3 Hel
3a IOMIOMOTOI0 BUIITOBXYBaya 3 (puc. 2r). CxeMy Ha MOYaTKy 2 BapiaHTy BUIABIIOBAHHS 300paKEHO
Ha pHC. 271. 3arOTOBKY 1, 1110 Ma€ MEHIIIHMH JIiaMeTp B IOPIBHSAHHI 13 30BHINTHIM po3MipoM HamiB(had-
pHKaTy, BCTAHOBJICHO B MaTpuIli 2 Ha IyaHCOHi 3. BunaBiroBaHHA 3/11ICHIOIOTH IEPEMIIIEHHSM [ITO-
Bxaya 4 3 oTpuMaHHAM HamiBpadpukary 5 (puc. 2¢). [Ipu 3BopoTHOMY NepeMilieHHI MaTpHIl 2 i3
mroBxadeM 4 BinOyBaeThCs 3HIMaHHA HamiBhaOpukaTy 5 3 myaHcoHa 3 (puc. 2)x). BumroBxyBaHHs
HamiBpabpukary 5 i3 MaTpull 2 BUKOHYIOTH [ITOBXa4yeM 4 (puc. 23). CxeMy Ha 1o4atKky 3 BapiaHTy
BUJIaBJIIOBAHHS MIPEJICTABICHO Ha pUC. 21. 3aroTOBKY 1 po3MillleHO B MaTpulll 2 Ha BULITOBXYBaul 3.
[Ipu omHOUAaCHOMY MEepeMIllIeHHI TyaHCOHA 4 13 MaTpULIeIO 2 OTPUMYIOTh HamiB(adpukart 5 (puc. 2K).
[Tpu 3B0OpOoTHOMY IIEpeMillieHH] ITyaHCOHa 4 HamiBpaOpHKaT 5 3aMuIaeThCs B MaTpHii 2 (puc. 21) Ta
BUJANIAETHCS 3 HET 3a JOMOMOT0I0 BUIITOBXYBaya 3 (puc. 2m). Lleit BapiaHT BUIaBIIOBaHHS, B MOPIi-
BHSIHHI 3 MIONIEPEIHIM, CYTT€EBO CIIPOIIY€E BUIAICHHS HaniBhaOpukaTy miciist opMOyTBOPEHHS.
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a 0 B r hi} e K 3 1 K 1 M
Puc. 2. Po3paxyHKOBI CXeMU TIPH BUIABIIOBAHHI:
a—r—mno | BapiaHty, 1 — 3 - 0 2 BapiaHTy, 1 — M - IO 3 BapiaHTy

3ycwnist 11 1 BapiaHTy BHIABJIFOBaHHSI MPeICcTaBieHo Ha puc. 3. TyT i HUxk4e rpadiku mo-
Oynosani B mporpami Deform, Ha sikux BiAMiueHO MaKCHMaJIbHI 3HAYCHHS JOCATHYTHX 3YCHIIb. 3a-
JISKHICTB 3yCHJUISL BUJABIIOBAHHS BiJl IEPEMIILICHHS ITyaHCOHA MTOKa3aHo Ha puc. 3a. CrovaTKy mpo-
XOJIUTH 3aITOBHCHHSI METAJIOM KOHYCHOI ImoBepxHi MaTpwii npu 3ycwnti 0.72 MH. Jlani 3ycwmnis iH-
TEHCUBHO 3pOCTa€ 1 ocsrae mocriiHoro 3Hadenns 1.7 MH Ha ycraneHiil crazii nporecy BUIaBIIo-
BaHHs. HaliOibIa BeuarHa 3y CHIUTS BUMMaHHSI ITyaHCOHa 13 HammiBadpukaty ckiana 21,2 kH (puc.
30). 3ycuiuis BUIITOBXYBaHH: HamiBpaOpHKaty 13 MaTpHili oTpuMaHo BenuunHoo 1,1 kH Ha nmpoTs3i
1IOr0 Tporiecy (puc. 3B).
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Puc. 3. 3ycwmns quist 1 BapiaHTy BUIABIIOBaHHS:

a — 3aJEeKHICTh 3yCWJUIS BHUJABIIOBAHHS BiJ MEPEMIIICHHS MyaHCOHAa; 0 — 3aJeKHICTh
3yCWJUI BUHMaHHS ITyaHCOHA BiJl MOTO 3BOPOTHOTO IEPEMIIICHHS;, B — 3aJICXKHICTh 3YCHIUISA
BUIIITOBXYBAaHHS BiJl MEPEMIiIlIeHHs BUIIITOBXyBayda

3ycuiuia A 2 BapiaHTy BUIABIIOBaHHS HaBelneHO Ha puc. 4. Ha puc. 4a mokazaHo 3ayiex-
HICTh 3yCHJUIS BUJIABIIOBAHHS BiJ TIEPEMIIIICHHS IITOBXa4a. 3yCHUIUISI HA HEyCTaJeHIN cTasli i1HTeH-
CHBHO 3pocTae Ta jocsrae Beanuunu 1,61 MH nHa ycraneniit craaii. 3ycusuis BuiiMaHHs ITyaHCOHY 13
HamiBhaOpuKaTy OTPUMAHO 3 MaKCUMaIbHOIO BenndnHo 9,8 kH Ha moyaTky 11b0r0 nporiecy (puc.
40). Takox MakcumanbpHe 3Ha4eHHs 4,28 kKH Mae 3ycuis Ha MoyaTKy BUIITOBXYBaHHs HariB(hao-
puKary 13 Matpuili (puc. 4B).

Ha puc. 5 npuBeneno 3ycusuis uig 3 BapiaHTy BuaaBiioBaHHs. Ha puc. Sa nmokaszaHo 3anex-
HICTh 3yCWJUISA BUIABIIOBAHHS BiJl MEpEMIIICHHs TTyaHcoHa. [[Jisl 1IbOTO BapiaHTy BUIABIIOBAaHHS Ha
yCTajieHill cTafii oTpuMaHo HaiMeHry BennuuHy 3ycwuid (1,6 MH). 3HmkeHHs 3ycriis CKiIaio
611a 6% B mopiBHsIHHI 3 1 BapiaHTOM BHJaBitoBaHHA. [1o aHamorii 3 2 BapiaHTOM BHUJABIIOBAaHHS
3yCHJUISI BUMIMaHHS IyaHCOHY 13 HamiBpaOpHukaTy qocsrae MakcuManbHoro 3HauenHs 10,4 kH Ha no-
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YaTKy LbOTO mpoiiecy (puc. 56), a 3yCHIIsl BUIITOBXYBaHHs HamiBpaOpHKarty i3 MaTpHUIll Ma€ MaKCH-
ManbHy Benmuuuny 1,57 kH (puc. 58). Takum 4uHOM 110 3yCHILIIO BUAABIIIOBAHHS 1 MOKJIMBOCTI BH-
JaneHHs HaniBpaOpuKaTiB palioHaIbHO 3aCTOCOBYBATH 3 BapiaHT BUAaBIOBaHH:S. ToMy Hazani Oy-
JIEMO TIOPIBHIOBATH PE3YJIbTAaTH MOJICTIOBaHHS /Ui 3 1 | BapiaHTIB BUABIIOBaHHS.
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Puc. 4. 3ycunns 1 2 BapiaHTy BHIABJIIOBaHHS:

a— 3aJIeXKHICTh 3yCHJLJIS HA IyaHCOHI BiJl HEPEMILLEHHS ITOBXaya; O — 3aJ1€KHICTh 3y CUIIIA
BUKMaHHS BiJ] IEPEMIIIEHHS MATPUII 31 IITOBXa4eM; B — 3aJIC)KHICTh 3yCHIUIS BUIITOBXYBAaHHS Bijl
MepEeMIIEHHS IITOBXaya
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Puc. 5. 3ycunns 1t 3 BapiaHTy BHIAQBIIOBaHHS:
a — 3aJEeKHICTh 3yCHJUIS BHUJIABJIIOBAHHS BlJ MEPEMIIICHHS IyaHCOHa; O — 3aJIeXKHICTh
3yCWJUISI BUMMAaHHS BiJl 3BOPOTHOTO MEPEMILICHHs IyaHCOHA; B — 3aJIEXKHICTh 3YCHILISA
BUIITOBXYBaHHs B1J EPEMIIIEHHS BULITOBXYyBaya

Jlis mpoeKTyBaHHS IITaMIIOBOIO OCHAILlEHHS, BUOOpPY Martepiany ais aedopMyrouoro iH-
CTpYMEHTa Ta BU3HAUEHHS KUIBKOCTI OaHIaXIB JUIs MAaTPUI MOTPIOHO 3HATHU PO3MOJIUIM MUTOMHUX
3yCHIIb Ha KOHTAaKTYIOUUX MMOBEPXHAX J1e()OPMOBAHHUX 3aTOTOBOK 3 iIHCTpyMeHTOM. [TuTtomi 3ycuiuis
MOJKHA OLIHUTH 10 PO3MOJIIaX HOPMAJIBHUX HANpY>KEHb on HAa TAKUX MOBEPXHSX, K1 J103BOJISIE BU-
ssuTH niporpama Deform. Ha puc. 6 HaBezeHO poO3MOIiId HANIPY)KEHb 0n HA KOHTAKTYIOYHX MTOBEPX-
HSIX TIOJIOBUH HamiB(habpukaTiB. TyT 1 Ha MOJANBIINX PUCYHKAX TOHKUMHU JIHISIMH 300paskeHo 1edo-
PMYIOUMii THCTPYMEHT, a pO3MIpH IO BicsX I 1 Z MpuBeAEHO B MitimMeTpax. Ha puc. 6a nokaszano i
po3noainu g HarmiBgaOpukary B KiHili 1 BapianTy BuaaBmoBaHHs. HallOibIi BEIMYMHN TUTOMUX
3ycuwib y Mexax on = 2300+2500 MIla BUHUKaIOTh HA KOHTAKTYIOUll MOBEPXHI TOPILS IMyaHCOHA 3
HaniBgpabpukatom. Ha noBepxi 3 BumtoBxyBauem orpumano on = 1300+1920 Mlla, a Ha KOHyCHIH
noBepxHi MaTpull - on = 950+1700 MIIa. Jlns nporo BapiaHTy BUAABIIOBAHHS MAaTPUIl MOBHHHA
MaTH ABa O6angaxi. Po3nonim Hampy»eHb on B KiHII 3 BapiaHTy BHUIABIIIOBAHHS IMPEICTABICHO Ha
puc. 6 6. BukopucraHHs bOT0 BapiaHTy NPUBOAUTH A0 CYTTEBOTO 3MEHILIEHHS MTUTOMUX 3yCHJIb, K1
JIOCATAIOTh 3HaYeHb y Mexax on = 2160+2300 MIa Ha myaHcoHi Ta on = 930+1410 MIla na matpwuui.
Tomy crig ouikyBaTH MiABUIICHHS CTIHKOCTI IyaHCOHIB 1 MATPHILh.
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[Tpu x010AHOMY BHMIABIIIOBAHHI MiABHIYETHCS TeMIEpaTypa 371e(opMOBaHOTO MeTay 3a-
BJISIKM TIEPETBOPEHHIO YACTUHU IUIACTUYHOI JedopMaliii B TEIUIO Ta JI1i TepTS Ha KOHTAKTYIOUHX I0-
BepxHsaX. Ha puc. 7 mokazano po3nofinu TeMeparypu y HamiBpaOpuKkaTax B KiHII BUIaBIIOBAHHS.
B xinmi 1 BapianTy BUaaBIOBaHHS (puc. 7a) B 30H1 MEpexXoay JOHHOI YaCTHHH B CTIHKY HamiB(ao-
pHUKaTy OTPUMaHO MaKCUMaJbHY TeMiiepatypy y mexax 7 = 160+180°C. ITo BUCOTI TOHHOT YaCTUHU
TeMIiepatypa Metany miaBumryerbes 10 7 = 40+160°C. Y cTiHii Temneparypa 3MiHO€eTbes Bin T =
100 °C B 301 Topus 10 7' = 160 °C B o6macti nepexo1y y JOHHY YaCTHHY.
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Puc. 6. Po3noainu HanpyXeHb on Ha KOH- Puc. 7. Posnoninu temmneparypu (7,°C )
TaKTYIOUMX MOBEPXHAX HamiB(haOpUKaTiB: 1o 00’ eMy MOJIOBUHH HamiBpaOpHKaTiB:
a — B KiHII 1 BapiaHTy BHUIaBJIIOBaHHS, a — B KiHIl 1 BapiaHTy BHJIaBIIFOBaHHS,
0 — B KiHIIi 3 BapiaHTy BHJaBIIIOBAHHS 0 — B KiHIIi 3 BapiaHTy BHJIABIIOBAHHS

B xiHIi ¢popMoyTBOpeHHsI 0 3 BapiaHTy BUIABIIOBAHHS CITIOCTEPIraeThCs JEII0 MEHIIIE TTij-
BUIIIEHHS TeMIepaTypH 37eopMoBaHOro Metaty (puc. 70). B 30H1 mepexory JOHHOI YaCTHHHU Y CTi-
HKY HamiB(dabpukary temriepatypa maBuinyeTses 10 7= 150+170 °C. Y noHHil 9acTHHI TeMIiepa-
Typa Jfocsrae 3HaueHb y Mexkax 7' = 50 + 150 °C. B 30H1 TOpus CTiHKY HaniBhaObpukaTy oTpuMano 7’
=100 + 130 °C, a B micmi nepexoay CTiHKH B JoHHY YacTHHY — 1 = 130150 °C. 3HMKEeHHs TemIie-
paTypu CHpHsie MEHIIOMY PO3IrpiBy Ae(hOpMyIOUYOro IHCTPYMEHTY IpY BUIABIIOBaHHI.

Posnoainu KOMIIOHEHT HaIMPY>KeHb Y TIOHHUX YacTUHAX HamiB(aOpukaTiB ajs 1 13 BapiaHTiB
BUJIABIIIOBAHHS MPEJCTABICHO Ha puc. 8. Burnsam po3noxiniB i paaialbHUX or, OCbOBHUX 0z, TaH-
TeHIIJIbHUX 0p 1 IHTEHCUBHOCTI 0i HANPY>KEHb U1 HaBEJICHUX BapiaHTIB BUAABIIOBAHHS MPAKTUYHO
OJTHAKOBI, ajieé BEJIMYMHM HANpY’KE€Hb BIAPI3HAIOTHCSA. B 000X BHIaaKax BUAABIIOBAHHS Y JOHHHX
YacTMHAX BUHUKAIOTh CTUCKAIOUl HAMPY>KEHHS or, 0z 1 0p. [Ipu 1IbOMY MakcUMaJbHI 3HaUY€HHS 10 a0-
COJIFOTHIM BEJIMYMHI OTPUMAHO B 00J1acTi 61151 TopIis myaHcoHa. J[ist 3 BapiaHTy BU/IaBIIOBAaHHS BKa-
3aHl CTHCKarO4i Hapy>KeHHs MaloTh MEHIl 3HaueHHs. HallOiipury BIAMIHHICTD Y 3HAUEHHSAX OTPH-
MaHO JUIsl Halpy>KeHb 0z 1 0y. O4eBUIHO, 1110 1I€ € OCHOBHOIO IPUYMHOIO 3HWKEHHS 3yCHIUIA 1edop-
MyBaHHS B IIOPIBHSHHI 3 | BapiaHTOM BHJIaBJIIOBAaHHS.

Ha puc. 9 npeacraBneHo po3moaiau A pagiaibHUX &r, OCbOBHX &z, TAHTCHIIAILHUX & 1 1H-
TEHCUBHOCTI & ieopMalliil y TOHHUX YaCTUHAX Ta CTIHKaX MOJIOBMH HamiBdadpukaris 11 1 1 3 Ba-
piaHTiB BUAaBIIOBaHHA. Po3moniny KOMIOHEHT aedopMaliiii MaroTh OJJHAKOBUN BUIJISM, ajie 3Ha-
YEHHS TOCATHYTHUX Jedopmariiii Bipi3HA0ThCs. Po3TsaryBanpHi pagianbHi gedopmarii juist 1 Bapia-
HTY BHJIQBJIIOBaHHS 110 BUCOTI IOHHUX YaCTHH 3MEHIIYIOThCS BiJl BENUUUH y Mexax er = 0.71...1.2
B 30HI MiJ] TOPIIEM ITyaHCOHA JI0 HYJIhOBUX 3HA4YCHb Ha TOJIOBHHI BUCOTH, a Jaii 11 Aedopmariii cTa-
I0Th CTUCKAIOUMMU (pHc. 92). Y 1mapax MeTany CTIHKH 31 CTOPOHU MOPOKHUHHU OTPHUMAHO CTHCKAIOUi
nedopmartii er = -2.2...2.7, a 'y mapax O1J11 30BHIITHBO1 MOBEPXHI CTIHKH &r = -0.75. [{ns1 3 BapianTy
BUJIABIIIOBAHHS PO3TATYBaJIbHI Aeopmartii er y JOHHII yacTHHI B 30H1 OIS TOPILIS ITyaHCOHA MalOTh
nemto Ounbini 3HaueHHs (er = 0.9...1.4) 3i 3Menmenusm 10 &=0.0 Ha 3/4 BUCOTH JTOHHOI YaCTHHU
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(puc. 96). B mapax merany CTiHKH 31 CTOPOHH MMOPOKHUHM CTUCKaro4i Jedopmaliii MaroTh 3HAYCHHS
er=-2.1...-2.6, a B m1apax MeTaJIy 30BHIIIHBOI TOBEpXHI - &=-0.71. Jl0 MOIOBUHM BUCOTH JIOHHOI YACTUHU
HartiB(abpukary micist 1 BapiaHTy BHJAaBIIOBaHHS BUHUKAIOTh &= -2.1...-2.7, a 1aii mo BUCOTI 1i aedo-
pMartiii cTaloTh po3TATyBaIbHUMU (puc. 9B). [1o mMpuHi CTIHKH PO3TATYBAIBHI OChOBI Aedopmartii
3MIHIOIOTHCS BiJl BEIMUMHU &z = 2.0 Ha BHYTPIIIHIX Mapax METally CTIHKH A0 & = 0.82 11 30BHIMIHIX
mapis. J{is1 3 BapiaHTy IpaKTUYHO 10 BCii BUCOTI JIOHHOI YaCTHHU OTPUMAHO CTUCKaro4i nedopma-
uii & (puc. 9r). 1o mmpuHi CTIHKK OTPUMAaHO &= 1.6 /U1 BHY TpilIHIX mapis i &= 0.5 11 30BHIMIHIX
mapiB. Y JIOHHUX YacTHHAX 1 CTiHKax HamiB(paOpuKaTiB BUHUKAIOTHh PO3TATYBAIbHI TaHTCHINAJIbHI
nedopmarii €. s 1 BapianTy BUJaBIIIOBaHHS BOHHU JIOCSTAIOTh MAaKCUMAJIbHUX 3HAYECHb Y MEXaX &y
=0.9...1.4 B nonHi#t yactuHi Ta & = 1.1...1.3 y criami (puc. 9n). {ns 3 BapiaHTy B TaKHMX MICIISIX
oTpumMano & = 1.2...1.4 (puc. 9e).
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Puc. 8. Posmominy KOMIIOHEHT Hampy’»XeHb y JOHHHMX YacTHHAX HamiBpaOpukatiB s
1 1 3 BapiaHTIB BUIaBIIOBAHHS:
a—T — s | BapiaHTy BUIABIIOBAaHHS, T — 3 — JJIs1 3 BapiaHTy BUIABIIOBaHHS

[TponpairoBaHHs CTPYKTYPH METATy XOJIOAHOO IUIACTUYHOO Jehopmarltiero y HamiBpadpu-
KaTax IicIis BUAABIIOBAHHS MOXHA OI[IHUTH IO PO3IMOJUTY IHTEHCUBHOCTI JnedopMarltiii . B 060x
BUITAJIKaX BHJIABIIFOBAHHS CITOCTEPIraeThcs 3HAYHA HEPIBHOMIPHICTh IHTEHCHBHOCTI Jedopmartii &
IO IUPHHI CTIHOK HamiB(adpukari. HalibinbI iHTEHCHBHE MPOIPALIOBAHHS BiIOYBAETHCSA Y IIapax
MeTaiy 31 CTOpOHH MOPOKHUHM. [1icist 3BOPOTHOTO BHIABIIOBAHHS y IIapax MeTally 31 CTOPOHH T10-
POXHUHU OTpUMaHO & = 3.5...4.0, Mo cepeuHi CTIHKH - & = 1.5...2.0, a G115 30BHINIHBOT ITOBEPXHI -
€i=0.5...1.0 (puc. 9r). I1o Bucoti JOHHOI YaCTHHU HamiB(aOpUKaTy BeIHMYMHA IHTEHCUBHOCTI Jedo-
pMarliif 3SMEHIIYEeThCS BiJ 3HAUeHb Y Mexkax & = 3.5...4.0 B 30Hi1 01 Topus myancona a0 & = 0.5 Ha
TPETUHI BUCOTH TI0 Bici, Jaji B HApsAMKY pajiyca 10 & = 0.5 Ha nmosoBUHI BUCOTH i€l yacTUHU. [lis
3 BapiaHTy BiOyBa€ThCs 301IBIICHHS TPOTIPAIIOBAaHHS CTPYKTYPH MeTally. B mapax mMerany CTiHKA
31 CTOPOHU MOPONKHUHHU OTPUMAHO IHTEHCUBHICTH AedopMariiidi y Mexax & = 3.8...4.3, mo cepeauHi
CTiHKH - &= 1.6...2.2 i B mapax MeTairy OiJist 30BHIIIHBO1 moBepxHi - &= 0.5...1.1 (puc. 93). Y nonniit
YacTUHI B 30H1 0171 TOPLSI TyaHCOHA OTPUMAHO &= 3.8...4.3 31 3MeHIIeHHAM 110 £=0.5 Ha MoJ0BUHI
BUCOTH L€ YaCTHUHMU I10 BCIil JOBKHHI.
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Puc. 9. Poznoainm koMnoHeHT aedopmariiil y TOHHUX YacTWHAX Ta CTIHKAaX HamiB(aOpuKaTiB
n1st 113 BapiaHTIB BUIaBIIIOBAHHS:
a, B, I, K — Ui 1 BapiaHTy BUJABIIOBaHHS; O, T, €, 3 — /Ui 3 BapiaHTy BUIABIIOBAHHS
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Puc. 10. ®opma i po3mipu HamiBpaOpUKaTiB MiCIs BUIITOBXYBAHHS:
a— s 1 BapiaHTy BHIAaBIIIOBaHHsA, O — /IS 3 BapiaHTy BUJIABIIIOBaHHS
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Takum uuHOM, micis 3 BapiaHTy BWAABIIOBAHHS 3/iHCHIOETHCS 3HAYHE IMPOMPALIOBAHHS
CTPYKTYpPH METaJy CTIHKH B IIapax 31 CTOPOHU IMOPOKHUHH Ta Ha TIOJIOBHUHI BUCOTH JOHHOI YaCTHHU
HaniBgabpukatis. [Ipu 3acTocyBaHHI MOAANBIIOTO BUTATYBAHHS 3 MOTOHIICHHSIM TaKe MPOIPAIo-
BaHHS Oyjie B IIapax MeTainy B 00JacTi 30BHINIHLOT MOBEpXHi. ToMy y BHp0oOax Mo MIMPUHI CTIHKH
CJIiJ] OYiKyBaTH PiBHOMIpPHE MPOIIPALIOBAHHS CTPYKTYpPH B pe3yJIbTaTi BUKOHAHHS ONepaliii BUaaB-
JIIOBAHHS 1 BUTATYBAHHS 3 MOTOHIICHHSIM.

Ha puc. 10 306paxeno Gpopmy i po3Mipu BEepXHBOI 1 TJOHHOT YaCTHH HamiBGaOpUKATIB MiCIIs
BHINTOBXYBaHHS X 13 Matpuilb. [IpuBeneno ¢pparmentu HamiBaOpuKariB, SAKi PO3MOALICHO Ha CKi-
HYeHHI eneMeHTU. Topens cTiHku HamiBpaOpukary aias 1 BapiaHTy BHAABIIOBAHHS Ma€ HEBEIHKY
yTskuHy BennurnHoIo (.83 MM 31 ctoponu nopoxkauHM (puc. 10a), a Topers CTiHku HamBhadpuKaTy
Ut 3 BapiaHTy Mae Outblny yTsokuHy 2.84 MM Ta BukpuBleHHs 0.48 MM 31 CTOPOHU 30BHINTHBOL
nmoBepxHi (puc. 100).

ITo pe3ynbraTax MO/EIIOBaHHS OYJIO CIPOSKTOBAHO 1 BUTOTOBJICHO IITAMIIOBE OCHAIICHHS Ta
MPOBEACHO EKCIIEpUMEHTANIbHI poOOTH IO 1 BapiaHTy BUIaBIIOBaHHS HamiBhaOpukaris. s BuaaB-
JIOBaHHS BUKOPUCTOBYBAJIM 3arOTOBKH, HA MOBEPXHSX SIKUX CTBOPIOBATIM MOPUCTUH IIAP-HOCIH 3Ma-
HICHHS IIISIXOM (hocdaTyBaHHS, a B SIKOCTI 3MAIllCHHS BUKOPUCTOBYBAJIM PO3YHH TOCIIOAAPCHKOTO
MuiIa. BuiaBiroBaHHS BUKOHAHO Ha T1IpaBiIidyHOMY Tipeci 3ycumism 4 MH.

Ha puc. 11 npencrasneno ¢ororpadii mut mrammny 3 1eopMyrOYUM iIHCTPYMEHTOM Ta Ha-
niB(haOpUKaTH Micisl BUJABIIOBAHHS, OJMH 3 SIKUX HAaBEJCHO B PO3Pi3i.

a 0 B
Puc. 11. Ilnuty mwrammny 3 1eopMyrouuM IHCTPYMEHTOM Ta HamiBpaOpHUKaTH miciis BUAa-
BJIIOBAHHS: @ — BEPXHSI IJIUTA 3 IIyaHCOHOM, O — HUKHS IIUTA 3 MaTpUIIEI0, B — HamiB(aOpukaTi
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Puc. 12. 3anexxHOCTi 3yCWIIs BHJIABIIOBAHHS BiJl TEPEMIIICHHS IyaHCOHY TMpH
BUJIABIIIOBAHHI
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I'padiku TeopeTHYHOI 1 eKCTIEPUMEHTAIBHOI 3aIeKHOCTEH 3yCUIUIS BUAABIIOBAHHS BiJ| ITepe-
MIIIICHHS ITyaHCOHA HaBeIEHO Ha puc. 12. Pi3HUIM MK eKCTIEpUMEHTAIbHUMH 3HAYCHHSIMU 1 JAHUMHU
MmoemoBanHs ckiana 50 kH (6ins 3 %).

BUCHOBKU

1. B po6oTi msixom moaentoBanHss MCE 3 BUKOPHCTaHHAM MPYKHO-TUIACTUYHOT MOJIENI Me-
TaJly TPOBEIEHO JTOCITI/KEHHS 10 3 BapiaHTaX XOJOAHOTO BUIABIIOBAHHS BICECUMETPHYHHX MOPO-
KHUCTHUX HamiBhaOpUKAaTIB ISl 3aCTOCYBAHHS MOAABIIONO BUTATYBAHHSA 3 TOTOHIICHHAM. Bukopu-
CTaHO TpaJuIiiiHEe 3BOPOTHE BUIABIIOBAHHS, IIPSIME BUIABIIOBAHHS 3 PO3/Ia40I0 Ta 3BOPOTHE BUAA-
BJIIOBAHHS 3 PO3/1a40I0 B pyXOMill MaTpuil.

2. JInst po3rasHYTUX CXEM BHU3HAYECHO 3aJ€KHOCTI 3YCHIUISI BUAABIIOBAHHS, 3yCHUIUIS BHIA-
MaHHsI ITyaHCOHIB 13 HamiBhaOpHUKaTIB Ta 3yCUIUISA BUIITOBXYBaHHS HamiB(paOpUKaTiB i3 MaTPHUILh B
nepeMilieHHs 1e(hOpMyI0uOro IHCTPYMEHTY.

3. ParioHaqbHOIO CXEMOIO JIJII OTPUMAaHHS TakKuX HamiB()aOpUKATIB € 3BOPOTHE BHUIAABIIIO-
BaHHS B PyXOMiil MaTpHili, ke 3a0e3reuye MeHIIe 3yCHILIS BUJABIIIOBAHHS B TIOPIBHIHHI 3 TpaIu-
LIHHUM 3BOPOTHUM BHIABIIIOBAHHSM Ta BUIIY MPOAYKTUBHICTH BUTOTOBJICHHS B MOPIBHSAHHI 3 MpSi-
MUM BHJIABJIIOBAHHSM 3 PO3aU0I0.

4. Jlns BapiaHTIB TPaJUIifHOTO 3BOPOTHOTO BUJABIIOBAHHS 1 3BOPOTHOTO BHJIABIIOBAHHS
3 PO37aU0I0 B PyXOMiil MaTpHIll MOJICITIOBAaHHSM BH3HAUEHO 1 MPOBEJCHO MOPIBHSAHHS Pe3yJIbTaTiB
10 PO3MOALIaX MUTOMUX 3yCHIIb Ha 1e(hOpPMYIOYOMY 1HCTPYMEHTI, PO3NOALIAaX TeMIepaTypH y 3/e-
¢bopmoBaHOMy MeTai HamiBpaOpHKaTiB Ta HANPYKEHb y JOHHUX YaCTHHAX HarliB(haOpUKaTiB.

5. IlpompartoBaHHsl CTPYKTYPH METaly XOJIOJHOIO TUTACTHYHOIO AcedopMalliero y HamiBhao-
pHUKaTax MICJs BUAABIIOBAHHS OLIHEHO IO PO3MOJLIAX 1 BEJIMYMHAX IHTEHCHUBHOCTI Aedopmartiii.
Bcranosneno ¢hopmy i po3Mipu HariBpaOpHUKaTIB IMiCIs BUIITOBXYBAHHS iX 13 MaTPUILb.

6. Ilo maHUX MO/IETIOBAaHHS CITPOSKTOBAHO 1 BUTOTOBIIEHO HITAMII Ta MPOBEACHO EKCIIEPHMeE-
HTaJbHI JOCIIDKEHHS Ha TiIpaBIiYHOMY IPECi MO BapiaHTy TPaJUIIHHOTO 3BOPOTHOTO BH/IABIIIO-
BaHHs. HaBeeHo ekcriepuMeHTabHI pe3yIbTaTH, SKi MOKa3adl XOpOoIry 301KHICTh 3 JAHUMHU MOJIe-
JIFOBaHHS MO 3YCHJITIO BUJIABIIOBAaHHS.
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Kaliuzhnyi O., Kaliuzhnyi V., Solianov D. Forces, stresses and deformations at three variants of cold extru-
sion of semi-finished products for drawing with thinning

The article uses the finite element program DEFORM and an elastic-plastic metal model to study three variants
of cold extrusion of axisymmetric hollow semi-finished products from AISI-1015 steel for drawing with thinning. The
variants of the widespread traditional reverse extrusion, direct extrusion with dispensing, and reverse extrusion in a
moving die were used. The dependence of extrusion forces, removal of punches from semi-finished products, and pushing
semi-finished products out of dies on the movement of the deforming tool was established. A rational option for obtaining
semi-finished products for pulling is reverse extrusion with dispensing in a moving die, which provides a lower defor-
mation force compared to reverse extrusion and higher manufacturing productivity compared to direct extrusion with
dispensing. For the variant of traditional reverse extrusion and reverse extrusion in a moving die, the modeling results
were compared by the distributions of specific forces on the deforming tool, by the distributions of temperature in the
volumes of semi-finished products and stress components in the bottom parts of semi-finished products at the end of
extrusion, and by the distributions of strain components in the walls and bottom parts. The development of the metal
structure by cold plastic deformation along the width of the walls and in the bottom parts of the semi-finished products
was evaluated by the distribution and magnitude of the strain intensity. Extrusion in a moving die provides more intensive
work along the wall width and in the bottom of the semi-finished product. The shape and dimensions of the semi-finished
products were determined. Based on the modeling data, a die for reverse extrusion was designed and manufactured and
experiments were conducted on a hydraulic press. The results of the experiments on the extrusion force showed good
agreement with the calculated data.

Keywords: cold extrusion, hollow semi-finished product, finite element method, forces, specific forces. stresses,
strains.
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Kapnayx C. T.
Mapxkos O. €.

AOCJIIZKEHHA PO3IOALTY HAIIPY?KEHD ¥V 30HI NEPEJIPYHHYBAHHSA ITPHA
PEAJIIBALII BE3BIAXOJHUX ITPOLECIB PO3AIJIEHHA COPTOBOI'O
ITPOKATY HA MIPHI 3AI'OTOBKH

Memoro pobomu € 0ocniddicents npoyecy po30ileHHs COPMOo802o i MpYOHO20 NPOKAMY 3 GUKOPUCMAHHAM 8I00-
MUx mooenel po3nooiny HanpylceHsb y 30Hi nepeOpyuHy8aHHs ma meopemuyHo20 MOOeN0B8ANHS NPoYecy PO30iNeHHs 3
BUKOPUCIAHHAM MemoOy CKIiHueHHUX eremenmie. Ha niocmasi ananizy gioomux mooeneul 8us6ieHa MoOeib, KA ONUCYE
PO3NOOIN HANPYIHCEHb 8 30HI NePeOPYIHYBAHHA 3 OONOMO20I0 080NAPAMEMPUYHOI HeNiHItHOT PYHKYIT, Wo ckiadaembcs
3 080X YACMUH. CINAMEYHOT, KA ONUCYE 3MIYHEHH MAMPUYi Mamepiany, i eKCNOHeHYIANbHOI, KA ONUCYE 0COOAUBOCHI
HAKONUYEHHs NOWKOOICEHb Y MAMEPIAL 3 YPAXYBAHHAM GUOY HANPYICEHO20 CIARY MA HANPAYI08AHHSA. 3ACMOCY8ANHA
0anoi Mooeni 003601UN0 OMPUMAMU KOPEKMHT Pe3YTbMAamu HANPYHCeHb Y 30Hi nepedpyiinyeanHa Onia Mamepianis y nia-
cmuunomy (Cmano 20), npyscrno-nnacmuunomy (Cmanw 45, Cmane 40X) ma kpuxxomy (Cmanw 60C2) cmanax, sxi nio-
MBePOACYIOMbCSA PE3VILIMAMAMU MOOETIOBAHHA NPOYECI8 PO3OIIEHHA 34 CXeMOI0 MPUMOYKOE0I XONOOHOT TOMKU 32UHOM
3 GUKOPUCTNAHHAM NpocpamHo2o komniaexcy Deform. Po36ixchicmy eenuuun Hanpysicers y 30Hi nepeopyiny8ants, pos-
PAX08AHUMU 3a BIOOMOIO MOOCIIIO | 3 BUKOPUCMAHHAM npo2pamiozo komnaexcy Deform cmanosumo (10 ...35)%. 3ua-
YHA PO30INCHICMb Pe3yIbMAamis HOSACHIOEMbCA MuM, wo Kpumepiti bpioscmena manonpuoamuuii 0Jis 3pa3sKie 3 20Cmpumu
Haopizamu, wo 8ionoeioae eheKmuHOMY KOHYEHMPAMOPY HANPYICeHb NPU pednizayii mpumoukoeoi Xo100HOI 10MKU
seunom. Ipu ybomy maxcumanvhi 3HaUeHHA NOXUOOK OCHOGHUX NAPAMempie HanpylceHb nPu mpbOXOCHOMY, 0BOXOCHOMY
mMa 0OHOOCHOMY HANPYHCEHUX cmanax modxcyms cknadamu 00 (60...70)%. Ompumani pesyromamu moxcymsv Oymu 6u-
KOpUCMAaHi 011 asmomamu3sayii npoeKmy8aHHs npoyecie po3oiieHHs CoOpmoso2o i mpyoHO20 NpoKamy Ha niocmaesi Ha-
KONUYEeHHs OAHUX MA CMEOPEHHA IHPOPMAYILIHUX OAHKIG 13 PO3PAXYHKOBUMU | MEMOOUUHUMU PEKOMEHOAYIAMU, CXeMamil
depopmysannsi.

Kniouogi cnoea: nomka 32unom, Kpuxxicmo, HAACMUYHICMb, HAKONUYEHHS NOWKOOJICEHb, 30HA Nepeopyliny-
BaHHA, MPIWUHA, MIYHICMb.

OTprMaHHS SIKICHUX 3aTrOTOBOK € aKTyaJIbHUM 3aBJaHHSIM 0O HaBITh HE3HAYHE MiABHUILECHHS
e(EKTUBHOCTI TEXHOJIOTIH pO3AIIEHHS IPU3BOJUTH JI0 CYTTEBOIO 3MEHILIEHHS CO0IBAPTOCTI BUTOTO-
BJICHHS MPOAYKITii. [3 6araThoX crmoco06iB po3aiIeHHS MTPOKaTy Ha MIpHI 3arOTOBKUA HAWOUIBII TIepC-
MEeKTUBHUMH € 0e3BiaxoaH1 criocobu posaineHHs [1]. Ili cmocoOu € BUCOKOTIPOTyKTUBHUMU Ta €KO-
HOMIYHUMHU. CamMe IIUM MOSICHIOEThCS Ta yBara, IKy IpUIUISIIOTh BU€H1 Ta BAPOOHUYHHUKH BJIOCKOHA-
JIEHHIO 0€3B1IXOHUX CIIOCO0IB PO3/iIeHH . 3aBSKU IXHIM 3yCHIIJISIM 111 CIIOCOOM 3HAMIIUIM IIUPOKE
3aCTOCYBaHHS Y TPOMHCIOBOCTI. [Ipy 1IbOMy BOHH MaroTh 0OMEXEHHS, TTOB'sI3aH1 3 HEIOCTATHHOIO
BHUBYEHICTIO MPOILECIB pO3AUICHHS, (DaKTOpiB, SKI BU3HAYAIOTh 3aKOHOMIPHOCTI PO3MOJALTY Hampy-
KEHb T10 Mepepi3y MPOKaTy Ta MPUUUH JecTabinizanii Tpaektopii Tpinmuu [2, 3].

AHani3 JniTepaTypHHUX AaHuX [4] 0A0 pe3yibTaTiB TEOPETUUHUX 1 €KCIIEPUMEHTAIBHUX J10-
CJIIJKEHb MPOIIECIB PO3AIIEHHS] COPTOBOTO MPOKATy HA MIpHI 3arOTOBKM IMOKa3aB, 1[0 HaBITh MpHU
3araJlkHOMy KpUXKOMY XapakTepi pyHHYBaHHS Marepiajiy, Yy BEpIIMHI KOHIIEHTpAaTopa HAINpyKEeHb
MPUCYTHI 3Ha4YH1 TUIaCTU4YHI JlehopMallii, CiocTepiraeThes JoKaiizamis nedopmallii i MoJIocH 3CyBY,
BUTSDKKa OeperiB TPIllMH 1 B’si3Ke iX migpocTanHs. [lo TenepimniHiii yac BiACYTHs €IMHA TOYKA 30pY
Ha KpUTEpii Mepexoy Bix B’SI3KOro pyiHyBaHHS 10 KpUXKoro. HasBHI pe3yibpTaTé JOCHTIKEHb HE
JI03BOJISIFOTH MTOBHICTIO TIOSICHUTH 1€ SIBUILIE.

VY mpotieci po3aisIeHHS COPTOBOTO MPOKATY MPH Pi3HUX TEMIIEPaTypPHO-CHIIOBHUX BILTUBAX, SIK
MIPABUJIO, CIIOCTEPIraloThCs HE3BOPOTHI 3MiHU BJIACTUBOCTEH Martepialy Ta CTPyKTYpH, 10 NPU3BO-
IUTH 0 GOpMyBaHHS PO3CITHUX YIIKOPKEHB Y BUTIISAI MIKpO- Ta Makporop. [Ipu 31uTTi ocTaHHIX
YTBOPIOETHCSI MAKPOTPIILIMHA, 110 MOIIUPIOETHCS HAa BECH Tepepi3 3pa3Ka.

Omnmcana y 6aratbox po0ortax [5—7] KiHETHKa TaKOTO IMOCTAIIHOTO MPOIECy CKIIaJHa i He-
onHo3HayHa. CynepeuIBUM € MiXiJ 0 OLIHKM PO3MIpiB 30H MJIACTUYHOCTI Ta MepeApyHHYBaHHS,
a TaKOXk XapakTepy po3IMOJAUTy B HUX HaIlPYyXKeHb JUIsl KPUXKHUX Ta TUIACTUYHUX MartepialiB. 3arpo-
MIOHOBaHI MOJIENI 30HU NepenpyiHyBaHHs Ul KBasuXpynkux TBepaux Tl (bapen6narrom [8]) Ta
ineansHO acTHuHuX Marepianis ([Tanacrokom-/laraeiinom [9]).
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OpnHak, 3 BUKOPUCTAHHSAM BIZJIOMHUX MOJIEJIell HEMOXKJIMBO ONHMCATH TaKi SBHUIIA, SK 3apo-
JOKEHHS, 3pOCTaHHS 1 3JUTTS MOp, SK1 MEPeAyI0Th PO3BUTKY IUIACTUYHOIO PYyHHYBAaHHS, a TaKOX
CKJIaHO niepeadaunT eheKTr nepeHanpyKeHHs No0Inu3y BEepIIMHN TPIIIUHY.

Merta po60TH — JOCIIKEHHS TIPOIIECY PO3IIJICHHS COPTOBOTO 1 TPYOHOTO MPOKATY 3 BUKOPH-
CTaHHSM BIJIOMHUX MOJIEJIEH PO3MOALTY HANPYXKEHb Y 30HI NMepeapyiiHyBaHHs Ta TEOPETUYHOTO MO-
JICJIIOBaHHS MPOLIECY PO3IIICHHS 3 BAKOPUCTAHHIM METOAY CKIHYCHHHUX €JIE€MEHTIB.

OpHi€ero 3 MOJIENeH PO3MOILTY HAPyKEeHb y 30HI MepeIPYHHYBAHHS € MOJIEIIb, 10 3aIPOIIo-
HoBaHa BonkoBum [10]. CyTHicTb ii moJiirae y ToMy, 110 XapakTep po3MOoAUTy HAIPYKEHb IMO0IH3y
BEPILIMHH TPIIIMHU MMOBTOPIOE CMIAJHY TUITHKY KpUMBOi Ha MOBHIN Jiarpami aedopMmyBaHHS mMaTepi-
aiy, OTPUMAHOI MiJ 4ac BUMPOOyBaHHS TJAJAKOTO 3pa3ka 3a YMOB I'DAaHUYHO KOPCTKOTO HABaHTa-
KCHHS.

VY po6ori [11] po3pobieHo Ta eKCIIepUMEHTATBLHO 0OTPYHTOBAHO MO/IEIh HAKOITMYCHHSI TTOIII-
KOJDKEHb y MaTepiajax, B SKii 11 00J1iKy 0COOIMBOCTEN €BOJIONIT CTPYKTYpH MaTepiaiy, y 3B'I3Ky
3 BIUIMBOM BHJ1y HaNpy>KEHOTO CTaHy, BBEJCHO (YHKIIIIO:

f(oy) = B¥*o71, (1)

ne B — xapakTepucTHKa 4yTJIIMBOCTI MaTepialy 10 BUAY HAIIPYKEHOrO CTaHy 111010 HAKOIU-
YEHHS YIIKOKEHb;

K — mapametp bpimxmena. K; = o,,/0;,

Ac 0., = (01 + 0, + 03)/3 — cepenHe HANPYIKCHHS,

0; = 1/V2/(01 — 0,)% + (0, — 03)% + (03 — 0,)? — iHTEHCHBHICTb HANIPY’KEHb.

ITo mipi BuUepnaHHs pecypcy IUIaCTUYHOCTI B MPOIIeCi HANpalloBaHHs Bi0yBa€eThCs 3poc-
TaHHA KoedimieHTa B, 10 XapakTepu3ye YyTIUBICTh MaTepiany J0 BUAY HaIPY>KEHOTO CTaHy, Bij-
HOCHO HAKOITMYEHHS YIIIKO/KEeHb. BCTaHOBJIEHO, 1110 BHJT HAIPY>KEHOTO CTaHy, B IEPIIy Yepry, BILIH-
Ba€ Ha 3MiHY IMapaMeTpiB, 0 XapaKTEPU3YIOTh 30HY 1 PIBEHb MOIIKOHKEHOCTI MaTepially B TpaHUY-
HOMY CTaHi, 30KpeMa 3MEHUIYEThCS IIMPHHA 30HH IPOIECY, B AKii BinOyBaeThcs Oe3mocepenHe
3JIATTS TIOP 1 MIKPOTPIITUH, X TpaHchOpMaIlisi B MAKpOTPIIIHHY, 3MIHIOETHCS THIT YIIKODKEHB. [Tpu
LbOMY 31 30UIBIIIEHHSIM ’KOPCTKOCTI HANPY>KEHOT0 CTaHy Haxwi JiiHiiHO1 nutstHky KC, 110 Binnosigae
YTBOPEHHIO Ta 3pOCTAaHHIO TPIIIMHKU B MaTepiaii (puc. 1), a oTKe, 1 eHEProEMHICTh PYHHYBaHHS 3Me-
HITYOTHCS.

3menmyeTbes napamerp Aly, (uB. puc. 1), SKOMy MOKHA IIOCTABUTH Y BIIIOBIIHICTH MaKCH-
MaJbHe PO3KPUTTSI TPIIIMHM B ii IEHTpalibHIN JacTuHi. L{e CBIqUUTE PO CTIMKY TEHEHITIO 10 3HU-
YKEHHS TJIACTUYHOCTI MaTepiainy 31 301bIIIEHHSIM )KOPCTKOCTI HAMPY>KEHOTO CTaHY.

Anarni3 BiIOMHMX NaHUX IOKa3ye, IO mapameTp Al, mponopuiliHuii OpupoCTy ILIOMI Tpi-
IIMHH, 1110 YTBOPHJIACS 1 3HAXOJUTHCS B 3AJIEIKHOCTI 3 MapaMeTpoM A, 110 XapaKTepHU3ye AUISHKY O11s
BEPIIMHM TPIIIMHY, Ha SKIH JOCATAIOTHCS HAHOUIBII HANPYXEHHS Ta MaKCHMaJIbHA IHTEHCUBHICTh
MOIIKOKEHB (pHC. 2).

VY po6ori [11] mist onucy po3noainy HanpyskeHb B 30HI NepeApyHHyBaHHS MIPUIHSATA JIBOTIA-
pameTpuyHa HediHiitHa QyHKIIIS, 110 CKIAJAEThCS 3 IBOX YaCTUH: CTATEYHOI, SIKa OMUCY€E 3MIITHEHHS
MaTpUIl MaTepiay, i eKCIOHEHIIAIbHOI, IKa OMUCY€E 0COOTMBOCTI HAKOTTMYEHHS TTOIMIKO/KEHb y Ma-
Tepiali 3 ypaxyBaHHSM BHU]Ly HAMPY>KEHOTO CTaHy Ta HAMPALIOBaHHS:

0 = 0o, (x/R)" - (1/B)GKe=/A=x/R) o

1€ 0p , — MeXa TeKy4OCTi MaTepiaiy;

X — MOTOYHA Bi/ICTAaHb BiJl BEPUIMHU TPIIIMHHU JI0 PO3TISIHYTOI TOYKH B IJTACTUYHIN 30Hi;
R — IpOTSDKHICTH MJIACTUYHOT 30HU;

n — koedimieHT aeGopMaIiitHOro 3MIITHEHHS.
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Puc. 1. [loBHa miarpama aedopMyBaHHS Puc. 2. Cxema pyiiHyBaHHS IUTaCTHY-

TUTACTUYHOTO MaTepiay

HOTO Martepiany

PesynbraT MOZIEIOBaHHS PO3IOJIUTY HANIPYKEHb y 30HI MepeipyHHyBaHHS MaTepiajy 3 BH-
kopuctanHsaMm QyHKII (2) mas martepiamB y miactudHomy (Ctanp 20), npy>KHO-TUIACTUIHOMY
(Cranp 45, Cranp 40X) Ha kpuxkomy (Cranb 60C2) cranax, npu pi3sHUX 3HaueHHsX N, B, K, npex-
CTaBJieH1 Ha puc. 3. 3anpoINOHOBaHA MOJIENb (2) 100pe ONUcye 3aKOH PO3MOIITy HAPY>KEHb Y 30H1
nepeapyiHyBaHHS U1l MaTepiajiiB, M0 3HAXOAATHCS Y IUIACTUYHOMY 1 MPYKHO-TUIACTHYHOMY CTa-
Hax, 1 y MGHIIIOMY CTYIIEHI — JIJIs1 KpUXKHX MaTepiaiiB.

Jlnist mepeBipKy pe3yJIbTaTiB TEOPETHUHUX PO3PAaXyHKIB MPOBEICHO MOJICIIOBAHHS MPOLIECIB
PO3ALIEHHS 32 CXEMOIO TPUTOUKOBO1 XOJIOAHOT IOMKH 3THHOM 3 BUKOPUCTAaHHSIM MPOTrPaMHOI0 KOM-
wiekcy Deform MeTonoM CKiHUEHHHUX €IEMEHTIB.
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Puc. 3. Pe3ynbTaTi MOJIeIOBaHHS PO3MOILTY HANIPYKEHb Y 30HI MepeAPyHHYBaHHS IS Ma-
tepianiB y miactudHoMmy (a — Cranp 20), npyxkHo-Tutactuaaomy (6 — Crans 45, B — Cranp 40X)
ta Kpuxkomy (T — Crans 60C2) cranax.
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[TapameTpu nporiiecy MOJICIIOBaHHS Ta MaTepiany 3pa3KiB MpecTaBieHi y Tadi. 1, Tadm. 2.

Tabmn 1
[TapameTpu mpoiecy MOJICIIOBAHHS
3Ha4YCHHS TapaMeTpy
Hasga napamerpy . CTaTUKO-TUHAMI-
CTaTUYHE JTUHAMIYHe
HABAaHTAXXCHHS | HaBaHTAKCHHS HHe HaBarta-
KCHHS
1 BnactuBoCTi MaTepiany 3pa3ka MPY>KHO-TUTACTUYHUN
2 Temnepatypa 20°C
3 KiJIbKICTh €71€MEHTIB PO30UTTS 32000
4 KoedoinieHt TepTs 1o 3aKoHy 316ems 0,12
5 ITapameTrpu po3paxyHKy: anani3 Jlarpamxa
O  KUIBKICTb KPOKIB PO3PaxyHKY 100 100 100+100
O  IPHpICT KPOKiB, MM/ KPOK 0,30 0,30 0,05+0,25
O Xi JIOMHHKa, MM 30 30 5+25
6 Pyx nomHuka nepeMIleHHs IPAMOITIHIHE
o ummwiicrs, MM /c 1 | 12000 1+12000
Tabmums 2
Marepianu 3pa3KiB JJIsl MOJICITIOBAHHS
Mapka craii Cranb 20 Crans 45 Cranp 40X Cranp 60C2
é\:f;%’;g;; AISI - 1020 AISI - 1045 | AISI- 5135H | AISI- 1060

[Ipu mMonenoBaHHI BUKOPHCTOBYBAIM 3pa3Ku 3 po3MipaMu: AlaMeTpoM 16 MM; JTOBXKHHOIO
70 mm. [TapameTpu KOHIIEHTpaTOpa HANpY>KeHb Y (HOpMi KiJIbIIEBOI KaHABKU TPUKYTHOTO IPOQLIIO:
rmbuna AH = 1,5 mm; pamiye npu BepmnHi Ar = 0,15 mM. CxemMa HaBaHTaKE€HHS — TPUTOYKOBA
XOJIO/IHA JIOMKa 3TUHOM. HaBaHTa)XeHHs PUKJIa iy OCepeIMHI MK onopamu. Bigcrans Mix oro-
pamu — 60 MM. 3pa3Ku BUTOTOBJIEHI 3 COPTOBOTO MPOKATY 13 PI3HUX MApOK CTaJIEH, M0 3HAXOIATHCS
y wiactuaaomMy — Cranb 20, npyxHo-mactaaaomy — Ctans 45, Ctans 40X Ta KpHXKOMY CTaHAX —
Cranb 60C2 (nuB. Tadm. 2.).

Jlns naHoi 3agayi y nporpami Deform o6pano BupinryBau «Po3pipkeHuX MaTpHIlb» Ta iTepa-
miianii Metoq — Hetorona-Padcona, Tun pospaxynky — Normalized C&L. Pesynbpratni Mojenro-
BaHHS Mpe/ICTaBlIEH] Ha puc. 4.
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Puc. 4. PesynbraTit MOJIETIOBaHHS JJ1s1 MaTepialis:
a — Cranp 20, 6 — Crans 45, B — Crans 40X, r — Crans 60C2

Step 65

Step 50

[TopiBHSHHS pe3yibTaTiB PO3paxyHKiB 3 BUKOPUCTaHHAM Mojeni (muB. popmyna 2) ta mpo-
rpamHoro kommiekcy Deform npencrasieno y taba. 3.

Tabmums 3
Pe3ynbTaTi po3paxyHKiB Halpy>KeHb Y 30HI IepeIpyHYBaHHS
Po6oui HanpysxeHHst, MIIa:
Marepian AUIOI% n B K, | o3a (bopzmy- d i:;l;;\lzm 0/04, | 0F/0
oro (2) Deform
Cranb 20 250 0,2 | 0,3 | 0,66 472 640 1,89 1,36
Cranb 45 324 0,3 | 03| 0,58 390 349 1,20 | 0,89
Crayip 40X 360 0,3 ] 04 | 0,66 430 476 1,19 1,11
Cramp 60C2 | 1175 | 06 | 0,6 | 1,00 1130 739 0,96 | 0,65

Ha mincraBi anami3y Tabsi. 3 MokHa 3pOOMTH BUCHOBKH TIPO T€, IO PO301KHICTh BEJIMYUH
Hanpy>KeHb Y 30HI1 NepeapyiiHyBaHHs, pO3paxoBaHUX 3a GOpMyIIor0 (2) i 3 BUKOPUCTAHHAM MpOTpa-
muoro komruiekcy Deform cranosuts (10 ...35)%. Pesynbrar 3a10BiibHui. 3HaYHA PO30IKHICTH
pe3yJIbTaTiB MOSICHIOETHCS TUM, 110 KpUTepii bpimkmena 3acHOBaHUN Ha JOIMYIIEHHI PO CTATICTh
0CchOBOI nedopmariii y Mmexax 30HH, sika ocjiadjaeHa HaaApi3oM. AJle BiH MAJIONPUIATHUN JIJIs1 3pa3KiB
3 TOCTPUMH HaJpi3aMH, IO BiANOBiJa€e e(heKTUBHOMY KOHLIEHTPATOPY Hampy>KeHb MPH peaizamii
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TPUTOYKOBOI XOJIOHOI JIOMKH 3ruHOM. [Ipu iboMy Tpeba MaTu Ha yBasi, 110 MAaKCHUMaJIbHI 3HAYCHHS
MOXUOOK OCHOBHHX MapaMeTpiB HAMPYKEHb IPU TPHOXOCHOMY, JBOXOCHOMY Ta OJTHOOCHOMY Harpy-
JKEHUX CTaHax MOKYTh ckiazaTu 10 (60...70)%.

BUCHOBKU

1. BukopucraHHs 3alIpOIIOHOBAHOI MOJIEI, SIKa OMKUCY€E OCOOIMBOCTI HAKOMMYEHHS MOIIKO-
JDKEHb y MaTepiaii 3 ypaXyBaHHAM BUY HAlIPpy>KEHOT'O CTaHy Ta HalpaltoBaHHs, J03BOJISIE OTPUMATH
KOPEKTHI pe3yJbTaTH HaIpy>K€Hb Yy 30HI MNepelpyWHyBaHHS I MaTepialiB y IUJIACTUYHOMY
(Cranp 20), npyxHo-miactuyHomy (Crane 45, Crans 40X) Ta kpuxkomy (Crtanp 60C2) craHax.
OTtpuMaHi pe3ynbTaTu MiATBEPIKYIOTHCS Pe3yIbTaTaMU MOJIEIIOBAaHHS IIPOLIECIB PO3/ALICHHS 3a CXe-
MO0 TPUTOYKOBOT XOJIOJHOI JIOMKH 3TMHOM 3 BUKOPUCTAHHSAM IporpamMHoro kommiekcy Deform.
Po361kHICTh BEJIMYMH HANIPY’KEHb y 30HI NIepeIpyHHYBaHHS, pO3paXx0BaHUX 3a BIOMOIO MOJIEIIIO 1
3 BUKOPHCTAHHAM IporpamHoro komiiekcy Deform cranoButs (10 ...35)%. 3nauna po36iKHICTH
pe3yJIbTaTIB MOSICHIOETHCS TUM, 110 KpUTepii bpimpkMena ManonpuaaTHUH JUIst 3pa3KiB 3 TOCTPUMHU
Ha/Ipi3amMu, 110 BiANOBiga€ ePeKTUBHOMY KOHLIEHTPATOPY HAIPYKEHb MPH peajizalii TPUTOUYKOBOI
XOJIOAHOT JIOMKH 3rHHOM. [Ipu boMy MakcHMaibHI 3HAYEHHS MOXMOOK OCHOBHHX MapaMeTpiB Ha-
IpY>XEeHb MPU TPHOXOCHOMY, ABOXOCHOMY Ta OJHOOCHOMY HAIpPy>KEHUX CTaHAX MOXYTb CKJIaJaTH
1o (60...70)%.

2. OtprMaHi pe3yJIbTaTd MOXKYTh OyTH BUKOPUCTaHI I aBTOMATH3ALlii MPOSKTYBaHHS MPOLIECIB
PO3IUIEHHSI COPTOBOTO 1 TPYOHOTO TPOKATy Ha TIJICTaBl HAKOITMYEHHS JJAHWX Ta CTBOPEHHS 1H(hOpMaIIiii-
HHX OAHKIB 13 pO3paXyHKOBHUMH 1 METOMYHIMH PEKOMEH/IAIIISIMU, CXeMaMH 1e(OpMyBaHHI.
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Karnaukh S. Investigation of stress distribution in the pre-fracture zone during the implementation of waste-
free processes for the separation of sectional rolled products into workpieces.

The objective of the work is to investigate the process of separating sectional and tubular rolled products using
known models of stress distribution in the pre-fracture zone and theoretical modeling of the separation process using the
finite element method. Based on the analysis of known models, a model has been identified that describes the stress
distribution in the pre-fracture zone using a two-parameter nonlinear function consisting of two parts: a power-law part,
which describes the strengthening of the material matrix, and an exponential part, which describes the peculiarities of
damage accumulation in the material, taking into account the type of stress state and work hardening. The application of
this model has made it possible to obtain correct results for stresses in the pre-fracture zone for materials in the plastic
(Steel 20), elastic-plastic (Steel 45, Steel 40Kh), and brittle (Steel 60S2) states, which are confirmed by the results of
modeling the separation processes using the three-point cold bending fracture scheme with the Deform software package.
The discrepancy between the calculated stress values in the pre-fracture zone, obtained using the known model and the
Deform software package, ranges up to (10...35)%. The significant discrepancy in the results is explained by the fact that
the Bridgman criterion is poorly applicable to samples with sharp notches, which corresponds to an effective stress con-
centrator during the implementation of the three-point cold bending fracture, and the maximum errors in the main stress
parameters under triaxial, biaxial, and uniaxial stress states can reach up to (60...70)%. The obtained results can be used
for the automation of designing processes for separating sectional and tubular rolled products based on data accumula-
tion and the creation of informational databases with calculation and methodological recommendations, as well as de-
formation schemes.

Keywords: bending fracture, brittleness, plasticity, damage accumulation, pre-fracture zone, crack, strength.
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IITAMIOBKA PITKOI'O METAJIY AK CIIOCIb BAT'OTOBJIEHHA
TOYHUX AETAJIEN

Cyuacnumu mexHoI0IUHUMYU NPOYECAMU BULOMOBNEHHA MeMANesux 0emarneli pisHo20 NPUSHAYEHHS € NAACTU-
una deghopmayia 3a20MOBOK 6 2apAUOMY A00 XONOOHOMY CIMAHI, TUMMA MEeManieé ma cniasie, NOPOUKO8a Memanypeis
mowo. 3azHaveni Memoou Maiome 61ACHI nepegacu, HeOONIKU, A MAKOHC 0OMEXHCEHHs 3a POOOM CHAABY MA MEXHON02iY-
HUMU ymosamu supooruymea. [lnacmuuna deghopmayis memanie 0036015€ 3MIHIOBamMu Gopmy ma po3mipu oemanei Oe3
PYUHYBAHHS, NOKPAWYSAMU MEXAHIYHI 61acmusocmi (CMIuKicmy, MIYHICMb), 3MEHULY8AMU WOPCMKICIb NOBEPXHI mda
30LIbULYBAMU 006208IHHICIb SUPODIB, WO POOUMDb Yell MEeXHOIO2IUHUL NPOYeC HE3AMIHHUM Y MAUUHOOYOYEaHHI ma Me-
manoobpoobyi. Ilpome, cymmesum HeOONIKOM 0OPOOKU Memanie MUCKOM € HU3LKI NOKAZHUKU 8UX00Y NPUOAMHO20, W0
3YMOB71eHO HeOOXIOHICMIO NPUHAYEHHS NIOBUWEHUX NPUNYCKI8 HA MeXAHIYHY 00POOKY Ui 8IONOBIOHO NOOATLULO2O BUOA-
JIeHHS 8eIUKOI KilbKOCi Memaiy Ha Memanopizanshux eepcmamax. Taxk, Hanpuknao, koe@iyicum UKOPUCMAKHA KObO-
POBO20 Memany 6 wmamnosomy eupoonuymei cmanosums 30 % i nagime menwie. Lllmamnysanna oemaneti 3 piokozo
memarny, 6yoyuu npoepecusHUM MexHOI02INHUM NPOYECOM iX GUSOMOBIEHH, Y DAL BUNAOKI YCHIWHO 8UPIULYE NPOOIeMY
niosUWeHHs SKOCMi 8Upodi6, 00360J5€ NO30YMUC HU3KU HEOOIKI8, SAKI NPUMAMAHHI [HUUM MEeMOOaM SUSOMOGIeHHS
demanetl CKI1aOHOI KOH@I2ypayii. ¥ nopieHsuHi 3 Tummsim nio muckom nepesazoid Wmamnysants 3 piokozo Memaly €
me, Wo 3a3Ha4eHUull Memoo 00360J5€ OMPUMYEamu 0emati CKIaoH020 npoinio matice b6e3 nip ma paxkosut. Llei npo-
2pecusHUll MeXHON02IYHUL nPoYyec NOEOHYE 8 COOI nepesazi K TUBAPHO20 BUPOOHUYMBEA (GUKOPUCTNAHHS PIOKO20 MEMATLY
ma 3an06HeHHs. HUM HeoOXIOHOI opmu), max i wmamnyeaibHo20 (3acmOCYBAHHI 6UCOKO20 MUCKY MA CReYidIbHO20
wmamnoeozo obnadnanns). Llmamnyeanns 3 piokoeo memany 00360/18€ OMPUMYSAMU WINbHI Memanesi UpodU CKIao-
HOI KoH@hicypayii 3i 3MEHWEHUMU NPURYCKAMU HA MEXAHIYHY 00POOKY, 3 8UX000M npudamno2o memany 00 95%, 3 euco-
Kumu QisuKo-mexanivHumu ma excniyamayiunumu eracmugocmamu. Tounicms 3a2omogok gionogioae 11-12 keanime-
mam, a wopcmkicms nogepxui Ra cmanosums 2,5...5 mxm. ¥ Oesaxux eunaoxkax ompumani wimamny8anusim 3 pioko2o
Memany 0emaJi 8UKOPUCTNOBYIOMb ) MAWUHAX MA NPUCPOsX De3 Nodanbuioi 00pobKu. 3a3Hayena mexHoN02is nomeH-
YItiHO MOdIce NOEOHY8amu 8 cobi nepesazu TUBAPHO20 MA WMAMNOB020 BUPOOHUYME, YHUKAIOUU OeSAKUX HedOoiKi. Bu-
KOHaHa poboma xapakmepuzyemucs meopemuinoro cnpamosanicmio. OCHOGHOIO MEMOIO € O0CNIONCEHHSL YMO8 KPUCA-
isayii memanie ma cniagie nio Oi€lo0 GUCOKUX MA HAOBUCOKUX 3VCULL MUCKY MA 0COOAUBoOCmel (popmyeantst 3epHoeol
cmpykmypu i mexaniunux enacmugocmeu. Ooepoicani pe3ynvmamu: 6CMAHOBIEH ST 0COONUBOCMeEN CIMPYKIMYPOYmME0-
DEHHA WMAMNOBAHO-TUMUX Oemaieli, a MAKOX’C BUSHAYEeHHs 6NAUEY MUCKY HA napamempu Kpucmanizayii memanie i
CNa8i8; BU3HAYEHHS ONMUMATLHUX POSMIPHUX MA MACOBUX 2pyn Oemanetl OJi ix 6U20mMOGIeHHA MemOOOM WMAMNY8AHMHS
PpioKo20 Memany, a maKoxtc 6CMAaHO8IeH s HAuOiNbul NPUOAMHUX TUBAPHUX CHAABIE OJid NPOMUCT08020 8UPOOHUYMEA
WMamno8ano-1umux oemannetl.

Knrouosi cnoea: wmamnoska piokozo memainy, AUGApHI CHIAAGU, MOYHI Memanesi 6upoou, CMmpyKmypoymeo-
PEHHS WMAMROBAHO-TUMUX 0emdaJiell, Napamempu KpUcmanizayii Memainie i cniasig, Kinemuxka Kpucmanizayii, onmuma-
JIbHULL MUCK NPEeCYBAHHSA, ATIOMIHIEB0-KPEMHIEGULL CNIA8, KOepiyicHM GUKOPUCMAHHSA Mema).

Cepen MeTO/IB BUTOTOBJICHHSI METAJIEBUX JleTalleil HalO1IbII OMIMPEHUMH € Tapsiya Ta XOo-
JI0JTHA TUIacTUYHA Jedopmartis, TuBapHE BHPOOHUIITBO Ta MOPOIIKOBAa MeTanypris. KoxeH meron
Mae CBOi epeBaru, HeJ0MIKH, @ TAKOK OOMEKEHHS 32 POJIOM CIIaBy, TOOTO Tajy3i iX BUKOPUCTAHHS
MIEPETUHAIOTHCS JIUIIE YaCTKOBO.

[ITammoBe BUpOOHUIITBO 3a0e3Meuye HalKpalli MOKa3HUKH BUPOOiB 3a MIIHICTIO, IIACTUY-
HICTIO, YJIapHOIO B’SI3KICTIO, @ TAKOX 3a SAKICTIO MOBEpXOHb. OHAK 1€l METOJ XapaKTepU3y€eThCs
HU3BKUM BUXOJIOM MPUAATHOTO (dacTo He Outbire 30 %), TOOTO KoedillieHT BUKOPUCTAHHS METAIY €
HalMEHILHM.

JluBapHe BUPOOHMIITBO € OLIBII YHIBEpCAIBHUM, TOMY 110 iCHY€ 0araTo pi3HHUX CIEIiabHIX
Ta 0COOJIMBUX CITOCOOIB JIUTTS, sIKI 3a0€3MeUyI0Th ITUPOKY HOMEHKJIATYPY PI3HOMAaHITHUX MeTaje-
BuX BUpoOiB [1]. OmHaK HOCATTH TAKOTO BHCOKOTO PiBHS BIIACTUBOCTEH, SIK Y TOKOBOK, Y JTUBAPHUX
TEXHOJIOT15IX HE BAA€ThCs. Lle 3yMOBIeHO THM, 10 TPOIIECH JTUTTS NiepeadadaroTh pa30BUM Mmepexi
y npoteci GopMoyTBOpeHHs BUpoOy, ToOTO KpHcTamizamito. [1ifg yac mporo BigOyBaeThcs modyaoBa
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3epHOBOI (KPUCTANIYHOI) CTPYKTYPH 13 po3iuiaBy [2]. SIk BiIoMO, MEXaHi4Hi BIaCTUBOCTI METaly Ha-
psIMY 3aJIekaTh Big Horo cTpyktypu [3]. JIuti BupoOu, sk mpaBUiI0, MalOTh KPYITHIIII 3€pHA, HIXK
JieTaji, BUTOTOBJIECHI iHIIKUMU criocobaMu. dopma 3epeH 4acTo € TaKoXXK HEeNpaBUIIBHOIO (ACHAPHUT-
HOI0), 110 1 3HIKY€ MEXaHIYHI BJIACTUBOCTI METATy y BUJIMBKAX.

3 METOI0 KepyBaHHS KPUCTATIIYHOIO CTPYKTYPOIO BUIIMBKIB 3aCTOCOBYIOTH TEXHOJIOT1l MOAM-
¢dikyBaHHs [2, 4], cycneH31MHOTO JUTTSA [5], IPUCKOPEHOTO OXOJIOKCHHSI BUJIMBKIB Y JTUBapHil (o-
pMmi [6] TommIo. Y roTOBHX JIMTHX JETANIAX 36pHOBY CTPYKTYpPY MOKHA BUIIPABUTH TEPMIUHUM 00pOO-
neHHsM. OfHaK MIiCIs bOT0 MEXaHIYHI BIACTHBOCTI 3aymmaroTbes Ha 20...30 % HWKIYAMH, HIXK Y
JieTajeid, BATOTOBJICHUX IITAMIIOBUM BUPOOHUIITBOM.

MeTo 1 TOpPOILIKOBOT METANyprii Aa€ 3MOTY OTpUMATH JIpIOHO3EPHUCTY CTPYKTYpY, HaBITh Ha
PiBHI HAHOYACTOK, 1 BIAMOBITHO BUCOKI MEXaHI4Hi BIAcTUBOCTI [7]. OgHaK HOMEHKJIATYpa JeTaneu
oOMeKeHa SIK po3MipamMu 1 KOH(DIrypalli€ro, Tak i CIlaBaMHu.

[ToemHaHHs TMBApHUX 1 IITAMIIOBUX TEXHOJIOT1HM 3HANTILIO BiJOOpaKEHHS y CTBOPEHHI IIE Y
1942 p. criocoOy BUTOTOBJICHHS AeTayiei [8], ikuif Ha ChOTOHI HE Ma€ MOLTUPEHHS Yepe3 He0CTa-
THIO BUBYEHICTh HA TEOPETUUYHOMY PiBHI, a TAKOXK CKJIAIHICTB 1 Ie(IUTHICTh YCTAaTKyBaHHS.

Bin nmonsirae B ToOMy, 110 pIAKUNA MeTall 3aJIUBAIOTh Y HEPO3’€MHY ab0 pPO3’€MHY METaleBy
¢dopMy (MaTpUIlIO), JOCUTH MIIHY, 1100 BUTPUMATH TUCK Y KUIbKa THCAY atMocdep, sIKuil nepeaa-
€THCSI HA BIJIMBOK MOPIITHEM 200 MyaHCOHOM. Y MaTpULIO 3aHYPIOIOTh ITyaHCOH, SIKUHU IT1]] BUCOKUM
THUCKOM PO3MOJIILE METaNl Y IOPOKHKHI. MeTall 3aI0BHIOE 3a30p MiXK MaTPHUIICIO 1 TyaHCOHOM, THUCK
30epira€eThCs Mij] 9ac TBEpAiHHS BHIIMBKA (puc. 1).

A/ | 7 A— 1
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Sl wm

—BZ777 Atd
2 ——_ 6

i o F
g |

5 17,
A “N\A\NNNA\TNNNNNNN\N RIS 4

r A
1 — BepxHs IUTa; 2 — MyaHCOH; 3 — MAaTPUIIA; 4 — HIDKHS TUIUTA; 5 — CTPUIKCHD
6 — miAnpy>KUHEHE JTHO
Puc. 1. Cxema mpouecy piakoi INITaMIOBKH: a, O — TMiJ MOPIIHEBHUM THUCKOM; B — Tif
MMyaHCOHHUM THCKOM; JI, € — TiJ] ITyaHCOHHO-TIOPIITHEBUM THCKOM (JIiBa YaCTHHA PUCYHKIB — TOJIO-
KEHHST MaTpUIll Ta IMyaHCOHA JI0 IITAMIOBKH, MpaBa YacTWHA PUCYHKIB — IICJA IITaMIIOBKH,
YOPHUM KOJIbOPOM — KOHTYP JIUTOI J1eTari)

[Tporec piakoi MTaMIOBKH 3a3BUYA 3/IIMCHIOIOTH HA T1APaBIIYHUX TIpecax 13 3ycmnisaM 10 500
TOH.
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Leit crioci® moTeHIIIHO MOXKe MMOETHYBAaTH B COO1 IepeBard JIMBapHOTo Ta MITAMIIOBOTO BH-
POOHHIITB, YHUKAIOUH JCSKUX HEOJIKIB.

OTxe MeToI0 JaHOl TeOpeTHYHOi poOOTH € JOCHIKEHHS YMOB KpHCTadi3allii MeTaliB Ta
CIUIaBIB TiJ] €10 BUCOKOTO Ta HAJABUCOKOTO THCKY Ta (hOpMyBaHHS iX 3€pHOBOI CTPYKTYpH 1 MeXxa-
HIYHUX BIIACTUBOCTEH.

3aBianHs poOoTH: 1) BCTAHOBHTH OCOOJIHMBOCTI CTPYKTYPOYTBOPEHHS IITAMIIOBAHO-JIUTUX
JeTaiiei; 2) TOCHiINTH BIUIMB TUCKY Ha IMapaMeTpH KPUCTali3allii METaliB i CIUIaBiB; 3) BUSHAUYUTH
HaWOLIBLI IPUATHI JIMBAPHI CIUIABH JUIsi BUTOTOBJICHHS IITAMIIOBAHO-JIUTUX JeTalleil; 4) BU3HAUUTH
PO3MipHY Ta MacoBy IpyIy AeTaiel A iX BUTOTOBJICHHS PiJKOIO IITAMIIOBKOIO.

CtpykTypa 1 BIACTHBOCTI METaJiB 1 CIIaBIB TOJOBHUM YMHOM BHU3HAYAIOTHCS IIBHIKICTIO
ox0J0/pKeHHs. Haif0inpl BIUIMBOBMMH HapaMeTpaMH MpoLecy KpUCTali3amii miJl THCKOM €: 3Ha-
YEHHS TUCKY, CIIOCIO MOT0 CTBOPEHHS 1 TPUBAIICTH Mii.

B ymoBax kpucTtamizanmii miJi BACOKMM THCKOM pi3HI METalH i CIUIaBU BEAyTh cede mo-pi3-
HOMY. BimoMmo, 110 3MiHa 30BHINIHBOTO THUCKY BIUIMBAE Ha TEMIIEPATypy KpHCTali3alii MeTaty, o
onucyeThes piBHsHHAM Knaneiipona [2]:

trm _ ty

AT:THHPTTH(Pl—PO), (1)

ne Tun — TeMneparypa IiaBjieHHs Metaiy, K;

Lon . t . .
I/p T VYT"" — IDUTOMHI 00°eM p1AKOro Ta TBEPAOro METaly 3a TEMIEpaTypH MIaBICHHS,

Me/KT;
L — rerutoTa rutaBneHHs metany, Jk/Kr;
P1— trck min yac maBneHHs abo mia yac Kpuctamizaii, [1a;
Po — atmocdepnuii Tuck; Po = 102 000 ITa.

Sk BuzHO 13 popmyinu (1), pi3HULA MK TUTOMUMH 00’ €MaMu METaIy B PIIKOMY 1 TBEPJIOMY
CTaHaX BU3HAUae€ Te, B sIKUHM O1K 3MIHIOETbCS TeMIlepaTypa IiiaBjieHHs. Po3risiHemMo e Ha npuKiiazil
3aji3a, sIKe MiJl Yac KpUcTaji3alii 3MEeHIy€e TUTOMUI 00’ €M (TOOTO Ma€ ycasKy), Ta KPEMHII0, SKUH
i1 9ac KpUcTam3ailii e 00’ eM 301IbIIyeE.

Jani i po3paxyHKy 3a ¢popmyroro (1) ams 3aii3a BUOMpPAEMO 13 JOBIJIKOBOI Ta HABYAJIBHOT
mitepatypu [2, 9]:

— Tw=1539+273=1812K;

— L =247 000 Ix/kr;

— MHATOMHH 00’€M, K BiJJOMO, BEIMYMHA 3BOPOTHA TYCTHHI, TOMY B PITKOMY CTaHi 3a TEM-

nepaTypH IIaBICHHS:

\VACEE '} = 1 =143-10"° M3/ kr;
P p» 7000
p
— nuTOMHIT 06’ €M 3aITi3a y TBEpIOMY CTaHi 32 HOPMAJILHOI TEMIIEPaTypH:
Ve = % =1 _127.10° M/,
pr 7870

asie s po3paxyHKy 3a popmyioro (1) moTpiOHO BUKOPUCTATH 3HAYEHHS 00’ €My 3a TeMIlepaTypu
IUTABJICHHS, IKUH JT0JIATKOBO PO3PAaXxOBYETHCA 3a hopmysioro [2]:

Vi=Ve[l+ed(t—1,)], )

ne g% — koedilieHT 00’€MHOr0 TEPMIYHOIO PO3LIIMPEHHS TBEPOIO METAIY.

B Takomy pasi:



ISSN 2076-2151. Oopooxa_mamepianie_muckom. Materials Working by Pressure.  2025. A2 1(54) 135

Pl = 127107 [1+36-10°° - (1539 — 20)] =134 10 ° 2 / e,
[IpuitHsIBIIM MaKCUMajdbHO MOXJIMBE B YMOBax pIAKOI IITAMIOBKM 3HAYEHHSI THUCKY

5000 MIIa ta BpaxyBasmy, 1o armocgepuuii Tuck 0,1 Mlla, 3a popmysoro (1) 3miHa Temnepatypu
KpHCTali3allii 3aji3a CTAHOBHTH:

(143-134)-10"

6
108 -0,1-10% )=
547000 (0000-10° -0,1.10° )= 330 K.

AT =1812

OTxe, 32 yMOBU HaKJIaJAeHHS 30BHIIIHKOrO THCKY 5000 MIla mix yac TBepAiHHA pO3ILIaBy
3aii3a Horo Temneparypa IUIaBIeHHs 3pOCTae Ha BKa3aHy BEJIMUUHY 1 CTAHOBUTH:

t=1539 + 330 = 1869 °C.

AHaIOrIYHUI PO3PaXyHOK MPOBEICHO ISl KPEMHIIO:

— T = 1430 + 273 = 1703 K;

— L =1800 000 JIx/xr;

— muTOMHI 00’€M B PIIKOMY CTaHi 3a TEMIEpaTypH TUIABICHHS:

:tl' = L =395-10"° m*/ xr;
pyr 2530

tl'lJ'l —
V=

— nuTOMHUN 00’€M y TBEpIOMY CTaH1 32 HOPMAJIbHOT TeMIIepaTypH:

(VAR % =L 425.10° m®/xr
p2 2350

— muTOMHN 00’€M y TBEPIOMY CTaHi 3a TeMIIepaTypH ILIaBICHHS 32 Gopmyior (2):
i = 425107 [1+23-10°° - (1430 - 20)] = 438-10° 1 / ke,

[MpuitHSIBIIM MaKCHMaTbHO MOXKIMBE B YMOBax pIiKOI INITAMIOBKH 3HAYCHHS THUCKY
5000 MTIIa ta BpaxyBaBmu, 1o atmochepuuii Tuck 0,1 MIlIa, 3a popmynoro (1) 3MiHa TeMriepaTypu
KpHUCTaii3alii KpeMHII0 CTAHOBHTH:

0 (395-438)-10° 6

6 6
109 -0,1.10%) =-203K.
S00000 — (9000-10°-0,1:10°) =-203

AT =143

[opiBHIOIOYH pe3ybTAaTH IIMX JABOX PO3PaxXyHKIB, CIIi/1 3BEpHYTH OCOOJIMBY yBary Ha Te, 110
JUIS1 KPEMHIIO pe3yJIbTaT € BiI’EMHUM, TOOTO TeMIepaTypa IIaBICHHS HOTO 3HUKYETHCS 1 CTAHOBUTD:
t =1430 - 203 = 1227 °C.

AHaJOri4yHl po3paxyHKH HPOBEJACHO AJIi HU3KU METaJIB, SIKI IIMPOKO BUKOPHUCTOBYIOTHCS
B IIPOMUCIIOBOCTI, @ TAKOX JJIs1 IeSKUX JIMBAPHUX CIUIABIB. 3aJI€KHICTh TEMIIEPATypH MJIaBJIECHHS B1Jl
TUCKY OYEBH/IHO € JHIHHOIO, BpaXOBYIOUH Te, 10 3HaYeHHA Po i3 popmymnu (1) € TpaHMYHO MauM
Ta HUM MOXHA 3HEXTYBaTH.

I'padiku 3a51€KHOCTI TEMIIepaTypy IUIABJICHHS METAJIIB BiJl 30BHIIIHBOTO TUCKY HaBeIEHO Ha
puc. 2 (a, 6), cnasiB — Ha puc. 2 (B).
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Puc. 2. 3mina Temneparypu IIaBICHHS JAEIKUX METAIIB 1 CIUIaBiB 32 BUCOKOTO THUCKY

OTxe, 175 BCIX METAIB, SIKi TUIABIISATHCS 31 30UIBIIEHHSM MMUTOMOTO 00’ €My, 13 301JIBIICHHSIM
TUCKY TEMIIepaTypa IUIaBJICHHS 30UIbIIy€eThCs. | HaBMaKK ISl TPYITU «aHOMAJBHHUX» XIMIYHUX eJie-
MEHTIB, 0 SIKHX, KpPIM KPEMHiI0, BITHOCATHCS CypMa, BICMYT, FepMaHiii Ta rajii, miABUICHHS THCKY
MPU3BOJMUTH J0 3MEHIIICHHSI TEMIIepaTypH TUIaBICHHS (SIK, 10 pedi, 1 U1 BOIIN).

EBTeKTHYHI CIUTaBH TaKOX BEAyTh cebe mo-pizHoMy. Jls aaroMiHi€eBO-KPEMHIEBUX CILIaBiB
Ta YaBYHY, KM KPUCTAJI3Y€EThCS 32 METACTaOUILHOIO CUCTEMOIO (3 BUIBHUM IIEMEHTUTOM) TIiIBU-
HICHHS THUCKY CTIPHsI€ 30UIBIIICHHIO TEMITEpaTypy IIaBieHHs. [ yaByHy, SKH KPHCTANI3Y€EThCS 32
CTaO1THPHOIO CUCTEMOTO (3 BUTLHUM I'padiToM) — HAaBIMaKH (puc. 2, B).

PosrnsiHemo Oinbin getanbHO TpaHcopMmallii JiarpaMu cTaHy aqloMiHIEBO-KPEMHIEBUX CILIA-
BiB (CHJTyMiHIB) 32 YMOB HaKJIaJIeHHs PI3HOTO 30BHINIHKOTO TUCKY. Hampukian, 3a Tucky 1000 MIla
TEeMIEpaTypa eBTEKTUYHOTO NepeTBopeHHs 3poctae Ha 94 K, 3a tucky 3000 MlIla — na 227 K, a 3a
trucky 5000 MIla — Ha 450 K (puc. 3).

1100 /4
1000
&
2
>
E 900 / 3
Q.
[}
S 800
()
= 2
700 /
660 1 1
600 /
500
0 10 20 30 Si, % mac.

1-0,1 MIla; 2 — 1000 MIIa; 3 — 2500 MIla; 4 — 5000 MIIa

Puc. 3. Brutus THCKY Ha 3MiHy aiarpamu ctany cuctemu Al-Si (o — a-tBepauit po3unH Si B All,
P — pinka ¢aza)
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3MIHIOETBCS TAKOXK 1 TIOJIO’KEHHS TOYOK Ha TO/IBiiHIN JliarpaMi CTaHy: 30Ha PO3YMHHOCTI KPeM-
Hito 301bIIyeThes 10 10 %, a eBTekTruHa Touka 3 11,7 % mac. Si 3mimyersest 10 30 % mac. S., To0To
10 CYTi €BTEeKTUYHUH 32 HOPMAJILHUX YMOB CIUIAaB CTa€ MIUOOKO TOEBTEKTUYHUM. OTKE 32 BUCOKOTO
THCKY MOYXHAa OTPUMYBATH CIUIaBU 31 CTPYKTYPOIO 1 BJIACTUBOCTSIMHM, BIIMIHHMH BiJl aHAJOTIYHUX
CIJIaBiB 32 3BUYAHUX YMOB. Y Tabi. | moka3aHo 3MiHy MEXaHIYHHUX BJIACTHBOCTEH JOCBTEKTHYHOTO
cunyminy (9 % mac. Si) 3a1€XHO BiJl TUCKY NTPECyBaHHS.

Tabmun 1
Mexaniuni BiractuBocTi criaBy AK9d 3aiexHo BiJf TUCKY MiJ] Yac 3aTBEPAIHHS
B ; Tuck mix yac 3aTBepainHs cruaBy, MlIla

TACTHBROCT 0,1 60 80 100 120 160
Miugicts Ha po- 135 167 172 180 195 207
3puB, MIla
Binocne 4,2 8,7 12,4 13,9 14,0 15,0
BUIOBKEeHHS, %0
IapominsHICTB,
MIla 5 6 75 8,5 9,5 12,5

Kinetuka kpucramizaiiii, K BiZoMo [2], OIIHIOETHCSA KUIBKICTIO IIEHTPIB KPUCTATi3allii, sKi
YTBOPIOIOTHCS B TMPOLIECI OXOJOKEHHS, 1 JIHIHHOO MBUIKICTIO 1X 3pocTanHs. YuM Oijble yTBO-
PEHO MEHTPIB KpHCTATI3aIlli 1 MEHIIIA MBHUJIKICTh X 3pOCTaHHs, TUM MeHIIe 3epHO. OT)Ke HalBaXKIIN-
BILIIMM € CTYMIiHb NiepeoxonomkeHns. [1ix yac kpucranizamii mig THCKOM BeCh 00’ €M pO3ILIaBy Mepe-
XOMTh y TIEPEOXOJIOKEHHI CTaH, a TOMY 3aBXIu OyJe GpopMyBaTHCS IpiOHO3EPHHUCTA CTPYKTYDA.
[Tig yac pigKoi MTAMIIOBKK YMM OJIMKUOIO € TeMIepaTypa po3IUiaBy 1O TOYKM KpHCTadi3allii 3a aT-
Moc(epHOro THCKY, THM MEHIIUI THCK Ha HHOTO Tpeba CTBOPUTH IS 3a0e31eueHHs 00 €MHOI KpH-
cTaji3alii Ta yTBOpeHHs JIpiOHO3EpHUCTOT CTPYKTYpH.

OnTuManbHi 3HAYCHHS THCKY TIPECYBaHHS JIUIsl PI3HUX CIUIABIB HaBEICHO B Ta0I. 2.

Tabmuis 2
OnTuMabHUHN THCK MPECyBaHHS
PiznoBug npecyBaHHs Tuck P, MIla, 3a minHOCTI crutaBy, MIla
(3a puc. 1) MeHie 250 251...300 301...600
[TopuiHese 1500 2000 2500
[Tyanconne 1000 1500 2000
[lyaHCOHHO-TIOpIIIHEBE 1500 2000 2500

3Ha4YHMIA BIUTMB TUCKY Ha TEMIIEPATypy TUIABJICHHS, K MOKa3aHO Ha pUC. 2 Ta puc. 3, BIIKPUB
TEOPETUYHY MOXKIIUBICTB JIJIsl OTPUMAHHS BUJIMBKIB HE 3 KPUCTAIIYHOIO, a 3 aMOP(HOIO CTPYKTYPOIO.
[HIIMM crocoOOM OTPUMAHHSI TaKOTO BHJIMBKA € 3a0€3MEUCHHS IIBHIKOCTI OXOJIOJDKCHHS TOHAJ
100 000 K/c, mo B miomy 00’€Mi BIJIMBKA € TEXHIYHO HEMOKITUBUM.

Mertan 3anuBaroTh y GopMy (MaTpHIlO) i3 IEBHOIO TEMIIEPATYPOIO, 3a SKOI BiH 3HAXOIUTHCS
y CTaOUTLHO PIIKOMY CTaHI Ta Ma€ TMEeperpiBaHHs HAJl TEMIIepaTyporo TutaBiieHHs. [licis 3MUKaHHS
yacTuH (popMu (MaTpHIli i TyaHCOHA) Ha METal Jli€ BEIMKHIA THCK, 3a SIKOTO TeMIIeparypa Horo ria-
BJICHHS 3pOCTAa€ Ha JIeCATKU abo coTHI rpaxyciB. Tomy 3a 1iei x camoi TemmnepaTypu cTaOiTbHUM
CTaHOM IIbOTO METaNy € TBEpauil. MeTall MUTTEBO MEPEXOUTH 13 PIAKOT0 y TBEPAUH CTaH i3 30epe-
KEHHSIM CTPYKTYpPH pO3IUIaBy (TOOTO aMOp(HOT).

[epeBaru aMmopHOTO MeTaTy 3yMOBIICHI BIJICYTHICTIO OKPEMHUX 3€PEH 1 MK3EPEHHUX TPAHHUIIb:

— 3HayHO OinbIma MirHICTh (y S...10 pasiB);

— 3HAYHO O1JIbIIIa TBEPIICTH;

— abcoroTHA KOpOo3iiiHa CTIMKICTH (Ipolecu Kopo3ii BiI0OYBalOTHCS 1O MeXKaxX 3€peH, sIKi TYT
BIJICYTHI).
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OpHak 70 ChOTOHI OTpUMATH (PaCOHHUI BUIIMBOK 13 MIOBHICTIO aMOP(HOIO CTPYKTYPOIO TaK
1 He BJayiocs, Xo4a JpiOHi 3aroTOBKHU MPOCTOI (HOPMHU TOBIIUHOIO MOPAAKY 1 MM Oyito otpumano [10].

B peanbHOCTI BC1 BUJIMBKM MarOTh KPUCTATIIYHY CTPYKTYpY, OJJHAK BOHA Ma€ CBO1 0COOJINBO-
cti. [Ipu HakIagaHH1 BUCOKOTO THCKY 3a PaXyHOK IJIACTUYHUX AehopMarliil y mporeci KpucTamizarii
BUJIMBKA B1JI0YBA€ThCA 3a1IKOBYBAaHHS yCaIKOBUX IOP 1 CTUCHEHHSI ra30MOBITPSHUX TIOP, PO3YHHEH1
ra3y He BUAUISAIOTHCS 3 METAJTy Il Yac KpUCTaji3amii y BUTJISAA1 Top, ToMY (OpMy€eThCS AeTalb IijI-
BHUIIEHOI I'YCTUHHU.

Bucoka mBuaKicTh KpUCTaTi3aIlli MeTaly B MeTaneBiid (opmi 3aBAsIKA BIJICYTHOCTI 3a30py
MK BUJIMBKOM 1 (POPMOI0O, & TAKOK BUCOKUH THCK CIPUSIOTH MOAPIOHEHHIO CTPYKTYPH (PO3MipH 3e-
peH 3MeHIyoThes y 2,0...2,5 pasiB). Pyx Merany mij Ji€ro myaHcoHa a0bo MOpIIHs 3a0e31evy€e BHY-
TpILIHE MEPEMIIIEHHS IapiB MeTaly, pyHHyBaHHS ACHIPUTIB, JOAATKOBE 3MEHIIICHHS PO3MIpiB 3€-
pHa.

Ile icTOTHO MOKpallye MEXaHIYHI BIACTHBOCTI IITAMIIOBAHO-JIUTUX JIETAJICH MOPIBHIHO i3
3BUYAHUMU: MIITHICTB 301IbIIy€eThes B 1,2...1,5 pa3u, BiTHOCHE BUAOBXKEHHS — Yy 2...4 pasu, y1apHa
B’si3KicTh — y 2,0...2,5 pa3u. TakuM 4uHOM, JeTalli, OTPUMaHi KPUCTAI3aIli€l0 il BACOKUM THCKOM,
MarOTh MEXaHIYHI BJIACTHBOCTI HA PiBHI 3 TOKOBKAMH.

3 oAy Ha MPOBEACHI JOCHTIDKEHHS YMOB KpUCTalli3allii IITaMIOBO-IIMTHX JAeTaled Ta
BIUTMBY 30BHIITHBOTO THCKY, CITOCIO MOXKE OyTH PEKOMEHI0BAHO ISl BATOTOBJICHHSI 3JIUBKIB, (hacOH-
HUX BUPOOIB 13 IMHKOBUX, AFOMIHIEBUX, MarHIEBUX, MiIHUX CIUIaBIB, 4aByHY i ctami. L{e o3Hagae,
110 MPAKTHUYHO BC1 JINBApHI MaTepiaiy € IpUIATHUMHU JUIsl PIAKOT IITAMIOBKH, OCKUTBKH, SIK BCTAHO-
BJICHO HA PUC. 2, TBEPAHYTH i3 3MEHIICHHSM IIUTOMOTO 00’ €My (TOOTO 3 yCaJIKoI0).

CmiBBinHommeHHsAM Bucotn H 1o mpiamerpa D nerami mae Oytu He Oinbie 1 : 1. 30iabmeHHs
BUCOTU H MPU3BOIUTH JI0 3HAYHOTO YCKJIAJHEHHS BIUTyUYEHHS eTalli 3 (OPMH i MiIBUIIIEHOTO 3HOCY
IyaHCOHa.

Uepes Aif0 BHCOKOTO THUCKY ITiJT 9ac KpHUCTai3allii, MOXKIIMBICTh BUTOTOBIICHHSI TOHKOCTIHHHX
JeTaneu BiAcyTHa. MiHiMalbHa TOBIIMHA CTIHOK CTAHOBHTS 6...8 MM. AJie MOKJIUBICTh BUKOHYBAaTH
B JICTAJISAX JIUTI OTBOPH ICHYE, SIKIIIO TOBIIMHA CTIHOK MeHIIe 20 MM.

Takosx iCHye MOKJIMBICTh BUTOTOBIICHHS JIeTajeil 3 HACKPI3HUMH OTBOpaMH, ajie 6e3 BHyTpi-
IIHIX MMOPOKHUH, OCKUIBKHU JUIA X (popMyBaHHS MOTPiOHI 101aTKOBI eneMeHTH (cTprokHi [11]), 3a-
CTOCYBaHHS SIKUX B IaHUX YMOBaX HEMOKIIUBE.

BMCHOBKU

1. B pe3ynbraTi po3paxyHKiB yCTaHOBIIEHO, III0 HAKJIaIEHHS BUCOKOTO Ta HAJIBUCOKOTO TUCKY
ITiJT 9ac KpUCTaJIi3alii METaliB 1 CIJIaBiB 3HAYHOIO MIpOIO BIUIMBAE HA iX TeMIIepaTypa TUTaBJICHHS.
3okpeMa, 3a Tucky 5000 MITa Temneparypa miaBieHHs 3aiiza 3poctae 3 1539 mo 1869 °C, a Temme-
paTtypa IaBJaeHHs KpeMHiro 3HKYyeThes 3 1430 mo 1227 °C. HaBeaenuit edeKT 3yMOBIEHO 0COOJIH-
BOCTSIMHU KpHUCTaJTi3alii (i3 3SMEHIIEHHM a00 13 301IbIIEHHAM 00’ €MYy) 1 Ja€ 3MOry KepyBaTH Hopmy-
BaHHSIM CTPYKTYpPHU Ta BIIACTUBOCTSIMH.

2. PosrasHyTO TpaHcdopmarliio mojaBiiHoi miarpamu ctany Al — Si B Mexax THCKIB Bif
0,1 MITIa mo 5000 MIla i moka3aHo, 110 30Ha O.-TBEPIOTO POIYMHY 3HAYHOIO MIPOIO PO3IIMPIOETHCS,
a eBTEKTHKA MTPAKTUYHO Y TPH pasu 30arauyeTscsi KpeMHieM. OTke, 32 BUCOKOTO TUCKY MOXHA OTPH-
MYBAaTH CIUIaBH 31 CTPYKTYPOIO 1 BIIACTUBOCTSMH, BIIMIHHUMH BiJ] aHAJOTIYHUX CIUIABIB 3a 3BUYAii-
HUX yMoB. [loka3aHO TOKpalieHHS BIACTHBOCTEeHW (MimHicTe B 1,7 pasu, TMIACTUYHICTB
B 4 pasu, TiIPOIIBHICTD y 2,5 pa3u) nerajel i3 alfoMiHI€EBO-KPEMHIEBOTO CILIABY, BUTOTOBJICHUX
3 KpUCTaNI3aLi€ro Ml BACOKUM TUCKOM.

3. IlokazaHo, 110 3a paXyHOK 301IbIICHHS TEMIIEpaTypH IJIaBJICHHS METAIB 1 CIIJIaBiB MiJ Yac
iX BHTOTOBIJICHHSI PiIKOIO IITAMIIOBKOIO BOHH MEPEXOIATh y KBa3icTaOUIFHUI CTaH, TOOTO MOXKYTh
TBepAiTH 0e3 YTBOPEHHS KPUCTANIYHOI, a 3 yTBOPEHHIM HAaTOMICTh aMmopdHOi cTpyKTypH. Lle Biak-
pHUBa€ MOXIIMBOCTI JUTSL JOCIIHKEHHS MPOIECiB BUTOTOBJICHHS aMOp(]i30BaHUX JeTanel i3 MeTane-
BUX CIIJIaBIiB.
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4. 3a paxyHOK BHCOKOT'O THCKY Ta LIUIBHOTO HMPWISATaHHS AeTaii 10 ¢popmu 6e3 yTBOpPEHHS
3a30piB, XapaKTEPHUX IS BCIX JIMBAPHUX TEXHOJIOTH, 3a0€3MeUy€EThCs MOAPIOHEHHS 36PHOBOI CTPY-
KTypH, BIJICYTHICTb YCaJIKOBUX Ta ra30BUX JIE(EKTIB, BUCOKA TOUHICTh 3arOTOBOK Ta SIKICTh TIOBEP-
XOHb. B pe3ynbTaTi MexaHI4H1 BIACTHBOCTI IMITAMIIOBO-JINTUX JI€Tajel 3HAXOIATHCS Ha PiBHI 3 IO-
KOBKaMH, ajie BUXiJ MPUIATHOTO MiABUIIYEThCs 10 90...97 %.

5. JIa1st BUTOTOBIICHHS JIETaJICH METOIOM PiJIKOT IITAMITOBKH, BPaXOBYOUH OCOOIMBOCTI KpH-
cTaji3alii, IpuAaTHI MPAKTUYHO BCI CIUIABH, SIKi 3aCTOCOBYIOTHCS Y JIMBAPHHUX TEXHOJOTISNX TA TEX-
HOJIOT1YHHUX IpoIiecax IIacTUIHOi nedopmartii.
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Liutyi R., Feorov M., Dyachenko Yu., Kocheshkov A. Stamping of rare metal as a method for producing
precision parts

Modern technological processes for manufacturing metal parts include plastic deformation of workpieces in a
hot or cold state, casting of metals and alloys, powder metallurgy, etc. These methods have their own advantages, disad-
vantages, and limitations depending on the type of alloy and technological conditions of production. Plastic deformation
of metals allows you to change the shape and dimensions of parts without destruction, improve mechanical properties
(stability, strength), reduce surface roughness and increase the durability of products, which makes this technological
process indispensable in mechanical engineering and metalworking. However, a significant disadvantage of metal pro-
cessing by pressure is low yield, which is due to the need to assign increased allowances for mechanical processing and,
accordingly, the subsequent removal of a large amount of metal on metal-cutting machines. For example, the utilization
rate of non-ferrous metal in stamping production is 30% or even less. Stamping of parts from liquid metal, being a
progressive technological process of their manufacture, in some cases successfully solves the problem of improving the
quality of products, allows to get rid of a number of shortcomings inherent in other methods of manufacturing parts of
complex configuration. Compared to injection molding, the advantage of stamping from liquid metal is that this method
allows to obtain parts of complex profile almost without pores and sinks. This progressive technological process combines
the advantages of both foundry production (use of liquid metal and filling it with the required form) and stamping (use of
high pressure and special stamping equipment). Stamping from liquid metal allows to obtain dense metal products of
complex configuration with reduced allowances for mechanical processing, with a yield of suitable metal up to 95%, with
high physical and mechanical and operational properties. The accuracy of the blanks corresponds to 11-12 qualities, and
the surface roughness Ra is 2.5...5 microns. In some cases, parts obtained by stamping from liquid metal are used in
machines and devices without further processing. This technology can potentially combine the advantages of casting and
stamping production, avoiding some disadvantages. The work performed is characterized by a theoretical orientation.
The main goal is to study the conditions of crystallization of metals and alloys under the action of high and ultra-high
pressure forces and the features of the formation of grain structure and mechanical properties. The results obtained:
establishing the features of the structure formation of stamped-cast parts, as well as determining the influence of pressure
on the parameters of crystallization of metals and alloys; determining the optimal size and mass groups of parts for their
manufacture by the method of stamping liquid metal, as well as establishing the most suitable casting alloys for the
industrial production of stamped-cast parts.

Keywords: liquid metal stamping, casting alloys, precision metal products, structure formation of stamped-cast
parts, crystallization parameters of metals and alloys, crystallization kinetics, optimal pressing pressure, aluminum-sili-
con alloy, metal utilization factor.
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KoBaaescoknii C. B.

HWBUAKOAIIOYI MOAEJII ITYYHOI'O IHTEJIEKTY JJI51 PEAJIBHOI'O HACY
B IMPPOBUX ABIMHUKAX ITPOLECIB OBPOBKH METAJIIB TUCKOM

Y cmammi npeocmaeneno KOMnAEKCHY MeMOOUKY CMBOPEHHA YUuPpoeoeo OGIlIHUKA TEXHOIOSTUHUX NPOYecia
06pOOKU MeManie MUCKOM, AKULL NOEOHYE KAACUUHE MOOENI08ANHA MEMOOOM CKIHUEHHUX eleMeHmis I BUCOKOWBUOKICHI
MoOeni wmyyHo2o inmenekmy. Memorw 0ocniodcenus: 6yno 3abesnewumu IHpepenc i3 3ampumKo He Oinblie HIJC Cmo
MITICEKYHO, RPUCKOPUMU NOSHUT YUK CUMYIAYIT YMPUYi 3 HAMSAKOM, djie 8 PealbHOCMI 8 NOHAO N SMOecsim pasié nopi-
éHAHO 3 mpaouyitinumu FEM-po3paxynkamu, a maxosic 0ocsaemu npoeHO3HOT 00CHOGIPHOCMI ulye 0eg AHocma 8iocom-
Kie. [{na yvozo Oyno cgpopmosano HasuanbHull HAOIp i3 NOHAO 08AHAOYAMU MUCAY CKIHYEHHO-eIeMEeHMHUX 6UNAOKIE 3
WUPOKOIO 8apIAYIEI0 2eOMEMPUIHUX, MAMEPIATbHUX MA MeXHoA02iuHux napamempis. Ha ocrosi yux oanux pospobierno
2IOpUOHY HetPOMEPEedICHY apXimeKmypy, AKd 4epaye mpusumiphi scopmoei wapu u pexypenmui LSTM-610ku, wo oo-
3801U0 8I0MBOPIOEAMU CKIAOHT NOSL HANPYIHCEHD | nepeMilyerb 3a O0ONOMO20I BOKCETbHUX MEeH30pis. AdanmusHe Ke-
PYBAHHA peanizoeane uepe3 aeHm HAGYAHHA 3 NIOKPINAEHHAM, 30amuuil y npoyeci pobomu OUHAMIYHO Kopucysamu na-
pamempu npeca 3 ypaxy8aHHAM 6a2amoKoMNOHEHMHOL 8UHA2OPOOU, WO BPAXOBYE AKICMb NOBEPXHI, eHeP2OSUMPAMmM md
npooyKkmueHicme. Banioayia cucmemu Ha He3a1eHCHUX HAOOPAX OAHUX NOKA3ANA 8UCOKY CMABITbHICMb. cepedus abco-
JIOMHA NOMUTKA NPOSHO3Y He NePesUye 080X 8I0COMKIB, A MAKCUMATLHA NOXUOKA 3ATUMAEMBCA HUMHCYE 80COMU COMUX
yacmku oouruyi. Kpim mozo, mooenv 6umpumye 86e0eHHsi BUNAOK08020 WyMy 00 N SMHAOYSMU 8i0COMKIG 6e3 3HAUHOI
empamu mournocmi. Enepeo36epedicens 8 npoyeci WmamnysanHs CKAaI0 NOHAO Oecsimb I0COMKIS, a sKicmb 00pobie-
HUX OemaJnell NiOSUWULACS HA N IMHAOYAMb 8i0COMKIE NOPIGHAHO 3 KIACUYHUMU pedxcumamu. Pospobrena niamgopma
8I03HAUAEMbCA MACUIMADOBAHICINIO 3A80AKU MOOYIbHIL apXximekmypi U yimkum inmepgevicam 0o MES ma ERP, a ma-
Kooic 3abe3neuye nposopicms pobomu LLI-mooynis uepes gizyanizayiio Kno4osux ampubymie exionux danux. Peanizayis
MeXHIK NepeHocy 3HAHb 0151 60YO0BAHUX KOHMPOAEPI8 ma ONMUMI3ayis 0OYUCTIOBATLHUX PecyPCi8 3aTUamovcs npio-
pUMemHUMU HANPAMAMU NOOALLUUX OOCTIONHCEHD.

Knrouosi cnosa: yugposuil 08itiHuK, CKiHUEHHO-eleMEeHMHULL Memo0; MOOei WMYYHO20 IHMELeKMy peaibHO20
yacy; HuU3bKoIameHmHull ingepenc, 2iopudHi nelipomepedxcri apximexmypu Conv3D—-LSTM; nasuanna 3 niokpinieHHam,
adanmugne KepysaHHa, NOACHIOBAHICMb WMYYHO20 IHMeNeKmy, o0pobKa Memanieé Muckom; onmumizayis eHepeocno-
HCUBAHHS.

VY konTekcti YerBeproi mpomucioBoi peBoitolii (Industry 4.0) mignpuemctBa 3 06poOKu Me-
TaJiB TUCKOM TIPArHyTh MiIBUIIUTHA MPOAYKTHUBHICTD 1 3HU3UTH €HEPTOCIIOKUBAHHSA. 3T1IHO 3 OIliH-
kamu McKinsey Global Institute, BpoBa)keHHsI TEXHOJIOTIH ITYYHOTO IHTENEKTY (IUTY4YHUHN 1HTe-
next, III) moxxe 30imbImIMTH TPOAYKTHBHICTH HAa 15-35% Ta 3MEHIIUTH EHEproBUTpPaTH Ha
10-20% [1]. Lludposuii nBiiiHUK, peanizoBaHUN 3a JOMOMOTOI0 METOJY CKIHUEHHHUX E€JIEMEHTIB
(finite element method, FEM), 3a0e3neuye TOUHICTh MOAETIOBAHHS XOJIO0JHOTO M rapsvoro mramMiy-
BaHHA Ha piBHI 92-98 % (Fraunhofer IPA, 2022) [2], npore Tpaauuiiini FEM-cumynsnii BUKony-
FOTHCSL HAATO J0Bro (10 48 roaWH Ha BY3Ji BHCOKOIPOAYKTHBHHX 0OuuciieHb, high-performance
computing, HPC) i He 31aTHI onepaTUBHO BpaXxOBYBATH BapiaTHBHICTh MaTepialiB Ta peajlbHUX CEH-
COpPHUX JaHMX (3aTpumMka > 50 Mc).

ITyyHuii 1HTENIEKT PO3B’A3y€E LI OOMEKEHHS Yepe3 3/1aTHICTh 10 HU3bKOJIATEHTHOro iH(pe-
pEeHCy Ta aJanTUBHOTO KepyBaHHS. Hu3bKkomaTeHTHUN 1HQEpeHC 03Haudae 37aTHICTh MOJACII MITy4-
HOTO 1HTEJIEKTY BU/IaBaTH Pe3yJIbTaTH HACTUIBKHU IBUIKO, 110 iX MOYKHA BUKOPHUCTOBYBATH Oe3moce-
peIHbO y KepyBaHHI BUPOOHMUYUM MpoIiecoM. TpaauiiiiiHi CKIHYEHHO-EJIEMEHTHI CUMYJIAILI] 9acTo
noTpeOyroTh Bil KIJIbKOX TOJUH J0 100U JIst 00UMCIICHHS HaBiTh OHOTO BapiaHTy JAedopmallii, Toi
SK ONTUMI30BaH1 HEHPOMEPEKHI apXiTeKTypH, 30KpeMa reHepaTuBHi 3MaranbHi Mepexi (GAN), no-
3BOJISIFOTh OTPUMATH MPUHHATHY alpOKCHMALIIIO TOJI HANIPYKEHb Ta MEPEMILICHb YIPOJOBXK JIEKi-
JBKOX MIiJTiceKyHn abo necarkiB wmimicekyHa [3]. Taka 3atpumka € Braecarepo, a i1HOI
i y COTHI pa3iB MEHIIOIO 32 KPUTUYHUN LIUKII KEPYBaHHS Mpec-00IaJHaHHAM, 110 BiIKPUBAE MOXK-
JIMBICTh MUTTEBOTO pearyBaHHs Ha 3MiHHM BIACTHBOCTEH MaTepially, 30BHIIIHIX HABaHTaXCHb YH pe-
KHUMY poOOTH iHCTpYMEHTA.

[IpakTruHa MIHHICTH HU3bKOJATEHTHOTO 1H(EPEHCY MOJATaE B TOMY, 10 MU(PPOBHM TBIHTHUK
y pealbHOMY 4Yaci MO>K€ OHOBIIFOBATH CBOE YSIBJICHHS IIPO MOTOYHUIN CTaH MPOIIECY, HE YEKAIOUYH 3a-
BEpIIEHHS BAKKUX 00uncieHsb. [le mo3Bossie 3abe3nedayBaTu cTablabHICT SKOCTI 00OpOOKH HABITH 3a
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HIBUJIKUX LIUKJIB poOOTH IIpeca, MiATPUMYBATH ONTHMAJIbHI PESKUMH Ta MiHIMi3yBaTu Opak. Kiacu-
YH1 CHUCTEMHU KEepyBaHHsI (Hanpuknam, Ha 6asi MIPOTOPITIAHO-
iHTerpaigbHO-1udepeHiiinoro peryiasatopa, PID) npaiioioTs 3a pikCOBaHUM aJITOPUTMOM 1 HE Bpa-
XOBYIOTh HeTIepe10avueHi 3MiHH, TaKi K KOJIMBAaHHS BJIACTUBOCTEH CIUIaBYy UM 3HOC iHCTpyMeHTa. Ha-
TOMICTh aJaNTUBHI cTparerii Ha 0a3l anropuTMiB HaBUaHHS 3 MiAKpiruieHHsM (reinforcement
learning, RL) 103BOJIAIOTH CUCTEMI JUHAMIYHO MiJIAIITOBYBATHUCS IT1]] YMOBH.

V Takux nigxonax arent LI cnoyatky BuBYae, ik pi3Hi mapaMeTpu KepyBaHHS (THUCK, [T0/1a4a,
IIBUJIKICTh) BIUIMBAIOTh Ha SKICTh 1 eHeproedekTuBHicTh. [loTiM y mporeci peaabHOT poOOTH BiH
Oe3nepepBHO KOPUTYE CBOI PIIICHHs, OLIHIOIYH “BUHATOPOIY’ 32 KOXKHY [0 3 ypaxyBaHHIM Oara-
THOX MOKA3HUKIB: PIBHA JE(PEKTHOCTI, EHEPrOBUTPAT, HIBUAKOCTI UKITY. 3aBASKU [IbOMY areHT IOC-
TYTOBO BJOCKOHAJIIOE CBOIO TMOJITHKY KEPYBaHHS Ta 3JaTHHIA 32 Oyb-sIKUX 3MiH CEPEIOBHINA MiT-
pUMYBaTH ONTUMAJIbHI PEKUMHU, 3HIDKYIOUH YaCTKy OpaKy 1 eKOHOMIISTUM eHeprito [4].

OO6’enHaHHs UX JIBOX BJIACTUBOCTEH — HU3BKOJIATEHTHOTO iH(EpeHcy i aJanTuBHOTO Ke-
pyBaHHS — Jla€ MUPPOBOMY ABIHHUKY /Bl KpUTHYHI nepeBaru. [lo-mepiie, BiH MUTTEBO OTPUMYE
OHOBJICHI MPOTHO3M Ta PEKOMEH/IAIIIT 11010 TapaMETPiB MPoIIecy, 0 3a0e3edye 6e3nepepBHy ore-
patuBHicTh. [lo-gpyre, i pexomMeHAaIlii 3aBXau ONTHUMI30BaHI MiJl MOTOYHUN CTaH Ipec-o0iai-
HaHHs, TOOTO BPaXxOBYIOTh HAKOIIMYEHHUI JOCBI Ta 3MiHH B MaTepiaiax.

VY nmiacymky nudpoBuii ABIMHUK HE JIMIIE BIPTyaJIbHO IMITYE MPOIIEC 3 BUCOKOI TOYHICTIO,
a il akTUBHO Kepy€ HUM Y BUPOOHUYHX yMOBaX: BiH CBOEYACHO Ii/IJIAIITOBY€E PEKUMHU IITAMITY BAHHS,
3arno0irae yTBOpeHHIO AeEKTiB Ta MIHIMI3y€ €HEProCHOKUBaHHS, IO 3a0e3Meuye MaKCUMaIbHY
e(eKTUBHICTh 1 HAAIMHICTh TEXHOJIOT1YHOT JIiHii.

VY cyuyacHUX MigxoAax 0 MPUCKOPEHOr0 Ta TOYHOT'O MOJIEIIOBAHHS MPOLIECIB IITAMITYBaHHS
HITYYHUH IHTETIEKT IEMOHCTPYE KiJIbKa KIFOUOBHX HAIPSAMIB pO3BUTKY. [lepiinii 13 HUX moJsirae B 3a-
CTOCYBaHHI FéHEepaTUBHUX 3MarajibHuUX Mepex (generative adversarial networks, GAN). ¥V BianoBij-
Hill apXiTeKTypi JAB1 HEHPOHHI MEpEkKi — reHepaTop Ta TMCKPUMIHATOP — HABYAIOTHCS OJJHOYACHO,
MIPUYOMY Te€HEPATOp BUPOOJIsie CHHTETUYHI KpUBi Aedopmariii, a JUCKPUMIHATOP OLIHIOE TXHIO Tpa-
BJIOTIOIOHICTh TIOPIBHAHO 3 naHuMu FEM-moneneit. Takwuii miaxix J03BOJISIE€ OTPUMYBATH allPOKCH-
MaIIii0 TMOJITOHAJBLHUX Ta BOKCENII30BAaHUX IOJIIB HAIPYKEeHb 1 Aedopmaliiii i3 TOYHICTIO OJIU3BKO
96,5 %, BotHOYAC CKOPOUYIOUYH Yac OTPUMAaHHS pe3yJIbTaTy B cepeHboMy B 350 pa3iB MOPiBHIHO 3
KJIACHYHOIO CKIHYEHHO-EJIEMEHTHOIO CUMYJIAITETO [3].

[HIIUM HampsMOM € BHKOPHUCTaHHS METOMIB HaBYaHHS 3 MigKpimieHHsM (reinforcement
learning, RL) a5 aganTuBHOTO KepyBaHHS IpecoM. Y IHX CHUCTEMax areHT MOCIiJOBHO BHOWpae
napaMeTpu KepyBaHHS (HaNPUKIIAL, MIBUAKICT M01adi a00 THCK) BIAMOBIIHO O TIOTOYHOTO CTaHY
CUCTEMH, OTPUMYIOUH BHHATOPOJY, SIKa BPAXOBYE SIKICTh MOBEPXHi, EHEPrOBUTPATH Ta MPOTYKTUB-
HicTh. Jlocmimkenns, mo 3acrocoBytoTh Deep Q Network Ta Proximal Policy Optimization, moka-
3aJiy 3/1aTHICTh TaKUX areHTiB 3MEHIIYBaTH YacTKy OpakoBaHuX Aeraneil Ha 32 % Ta ckopouyBaTH
€HeprocrnoxuBanus Ha 12 % y nopiBHSAHHI 3 (HiKCOBaHUMH PETYISATOPHUMH cTparterisimu [4].

I'6pumHi Mozem, Kl MOEAHYIOTh PEKYPEHTHI HEUPOHHI MEPEXi 3 JOBTOTPUBAJIOK KOPOTKO-
gacHoro nam ' AtTio (long short-term memory, LSTM) 1 apxitekrypy Transformer, 1eMOHCTPYIOTh BH-
COKYy €()eKTHBHICTh y MPOTHO3YBaHHI YaCOBHUX PSIiB TEXHOJIOTIYHHUX MapaMeTpPiB. 3aBIsIKA MEXaH13-
MaM yBar (attention) BOHM 3/1aTHI BpaXOBYBATH SIK JOBFOCTPOKOBI TPEH/IM y NaHUX CEHCOPIB, TaK 1
MHUTTEBI KOJIMBAHHS, MPU [IbOMY Jocsararoun kKoedimienTa nerepminainii R? = 0,978 ta 3aTpumkn 00-
ymciieHb y Mexax 500 mMc, 1110 poOUTh MOXIIMBUM iXHE 3aCTOCYBAaHHS 0€3M0CEPEAHBO B KEPYIOUMX
LUKJIaX Mpec-00IaHaHHs.

JUJ1st KOHTPOJTIO SIKOCTI Ha KOHBEEP] Ta CBOEYACHOTO BUSBJICHHS NEPEKTIB Y BHPOOAX aKTHBHO
BUKOPHUCTOBYIOTh 3TOPTKOBI HEHpOHHI Mepexi (convolutional neural networks, CNN). Lli mozgeni 06-
poOIISIOTE 300paXkeHHst a00 00’ €MHI 1aHi, OTPUMaHi 3 CHCTEM MAIIMHHOTO 30pY 200 YIbTPa3BYKOBUX
CEHCOPIB, 1 3 BUCOKOIO TOUHICTIO 11€HTU(DIKYIOTh HEPIBHOCTI UM TPILIMHHU Y IIOPCTKOCTI MOBEPXHI. Y
Hu31 exkcriepuMenTiB CNN 1oBOAMIN 31aTHICTh BUSBIIATH Je(EKTH 3 TOUHICTIO moHan 98 % [5].

Haperti, y 3aBIaHHsSX ONTUMAaIBHOTO MiI00PY TEXHOJIOTIYHUX MapaMeTpiB JJi TaAKUX MPO-
1IECiB, K TiApodopMyBaHHS, 3aCTOCOBYIOTh OalieciBChKy onTuMizallito (Bayesian optimization). Lei
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CTOXAaCTUYHUH MiaXia Oyaye i OHOBIIOE allOCTEPIOPHUM PO3MOLT HiITbOBOT (DYHKIIT HA OCHOBI TO-
nepeaHiX BUNPOOyBaHb, MiAOUPAIOUYN HACTYITHI €KCIIEPUMEHTH TakK, 11100 MaKCUMaJIbHO 3MEHIITUTH
HEBU3HAYEHICTh II0JI0 ONTHUMAJbHUX HapaMeTpiB. 3aBASKU L[bOMY BIA€THCS CKOPOTUTH KUIBKICTb
¢13uuHux nocniaiB Ha 70 % 6e3 BTpaTu TOYHOCTI KIHIIEBHUX PILIEHb 1 CYTTEBO 3MEHILIUTH PECypCoe-
MHICTb JOCTITHULIBKOI (ha3u [6].

Brim, mumie 12 % omnpaiboBaHUX AOCTIIKEHb 3aCTOCOBYIOThH online-HaBYaHHS Ha pealbHUX
BUPOOHWYHX JaHWX, a TIOSCHIOBAHICTH pilieHsb (explainable Al) 3yctpiuaersest B 5 % BHIAIKiB; ac-
MEKTH KibepdiznuHoi Oe3MeKn MpakTUIHO He BUCBiTICH] (<2 %).

Mertoto 1i€i poOOTH € CTBOPEHHS IHTETPOBAHOI IIIATPOPMH, sIKa MOETHAE HU(POBUIN TBIHHUK
Ha OCHOBI MOJIETIIOBaHHS METOJIOM CKIHYEHHUX €JIEMEHTIB 13 MOJAEISMU IITYYHOTO 1HTEJIEKTY, 31aT-
HUMH TIPAIIOBaTH B PEXHUMI peajbHOro 4acy. Taka rurar¢opma MOBHHHA 3a0e3MedyBaTH MPUCKO-
PEHHS [TOBHOTO IIUKITY CUMYJISILIHM IpUHAWMHI y IT’ITAECST pa3iB 3 BUCOKOIO TOYHICTIO allpOKCUMAIIiT,
IHTEpIpPETYBaTH PE3yJIbTATH 32 3aTPUMKHU HE OUIbIIE CTa MITICEKYH, BUKOHYBAaTH ITPEBEHTUBHE BH-
SIBJICHHS e(EKTIB 3 MAaTEMaTHYHO OOTPYHTOBAHOIO PAaHHBOIO JIIAarHOCTHKOIO Ta BUCOKOK HMOBIpHI-
CTIO KOPEKTHOTO MPOTHO3Y, a TAKOX CIPHUITH 3MEHIICHHIO EHEPreTUYHUX BUTPAT MPHU BOJHOYAC-
HOMY T1JBUIIEHHI IKOCTI 00po0sieHnx BUpoOiB. Kpim Toro, miatdhopmy HEOOX1AHO HANUIATH IHCTPY-
MEHTAaMH MOSICHIOBAHOCTI PillIEHb MITyYHOTO 1HTENIEKTY, 00 OMepaTrop MIr y OyIb-sIKH MOMEHT
BIJICJTIIKYBAaTH JIOTIKY i OOTpyHTYBaHHS PEKOMEHIAIIN CUCTEMHU.

JlocsiTHEHHSI TOCTABJICHOT METHU Tiepedaydae peaizalliio HaCTyITHUX OCHOBHUX 3aBJaHb.

[To-nepmre, moTpidHO chopmMyBaTH HaBUATLHUN HAOIp JaHUX, IO BIATBOPIOE MIUPOKHUH TTPO-
CTip MmapaMmeTpiB TEXHOJIOTIUHOTO mporiecy. [ boro mpoBOAUTHCS HE MEHIIIE HiXK JIBAHAIISATH TH-
CSIY I’ SITCOT CKIHUEHHO-EJIEMEHTHUX CUMYJISIIIN 13 BapitOBaHHSIM KJIIOUOBUX T'€OMETPUYHUX Xapak-
TEPUCTHK 3a MOHAJ TPUIIATHIO apaMeTpaMH, MaTepialbHUX BJIACTHBOCTEH 3a MOHAJ JABAISATHMA
KUThKOMA IMOKa3HUKAMH Ta TEXHOJIOTIYHUX YMOB 32 OUIBII HiXK ABaAIATEMA apameTpamMu. OTpuMaHi
TIOJIS1 HATIPY KEHb, 1eopMalliil i TeMrepaTypu MepeTBOPIOIOTh y hopMaT, MpUIaTHUN ISl HABYAHHS
HEWPOHHHUX MEPEX 13 MOXKITMBICTIO TTOAAIBIIIOT0 PO3MIMPEHHS TaHuX [7].

[To-apyre, HEOOXiTHO PO3POOUTH ¥ HANAIITYBATH TIOPUIHY HEMPOMEPEKHY apXiTeKTypy A
anpokcuMmariii pe3ynsTatiB FEM-mozaemoBanns [8]. ¥V Mexax 1iei poOOTH MOEIHYIOTHCS 3rOPTKOBI
HEHPOHHI Mepexi 3 TPUBUMIPHUMH IIapaMHu JJisi 0OpoOKH 00’ €MHUX TEH30PHHX JIaHUX 13 PEKypeHT-
HUMU MepeXaMH JOBrOTPUBAJIOi KOPOTKOYACHOT MaM’sITi 3 METOIO BIATBOPEHHS TuHAMiku Aedopma-
midHUX moiB. OCOONMBY yBary mpHIIISIOTH ONTHMI3AIlil MOJIEN] IIJITXOM KOMITpecii i KBaHTH3aIlii
JUISE MO>KITUBOCTI 3aIyCKy Ha BOyJOBaHUX KOHTposiepax (edge controllers) i3 oOMexeHUMHU 004YHC-
JTIOBAJILHUMH PECypCcaMHu.

[To-TpeTe, cnin peanizyBaTé MEXaHi3M aJIaliTUBHOTO KE€PyBaHHA IMpec-00JaJHaHHIM Ha OC-
HOBI METOJIWK HABYAHHS 3 MIAKPIMUICHHSAM. Y SKOCTI 0a30BUX aJITOPUTMIB BHKOPUCTOBYIOTHCS
Deep Q Network (DQN), Proximal Policy Optimization (PPO), Soft Actor Critic (SAC) Ta ribpua-
uuit miaxin i3 Twin Delayed Deep Deterministic Policy Gradient (TD3) [9, 10]. IToniTrka arenta ¢o-
PMYETBCSI TAKMM YHMHOM, 1100 OalaHCyBaTH MOKa3HUKHU SKOCTI OOPOOKH, EKOHOMIT €Heprii, IPOoIyK-
THUBHOCTI Ta 3TJIaJPKEHOCTI pOOOYUX IIUKIIIB, @ TAKOXK JOTPUMAHHS TEXHOJIOTTYHIX OOMEKEHb.

[To-uerBepTe, HEOOXITHO BIPOBAAUTH CHUCTEMY IMPOTHO3YBAHHS aHOMAJIH y mporieci oopo-
Oxu. /11 bOTO0 BUKOPHCTOBYETHCS KOMOIHAILIIS PEKYPEHTHUX MEpexX i3 apxiTekTyporo Transformer
1 aBTOKOAYyBaJIbHUKOM (autoencoder), 110 103BOJISIE BUSBIISTH HETUIIOBI BIIXWJICHHS B CEHCOPHHX
JTAHUX 13 BUTIEPEIDKEHHAM, TOCTATHIM JIJTs 3ar100iraHHs BUHUKHEHHIO TepekTiB Ha (izuaHOMy 00ma-
JTHAHHI.

HaperuTi, BaXXJTMBUM 3aBJIaHHSIM € IHTETpalLlisl BC1X pO3pO0IEHUX MOJIYJIIB Y MOJIYJIbHY IJIaT-
(dhopMy 3 UITKO MPONHCAHUMU TTpUKIaTHUME iHTepdeiicamu (API) o cuctem kepyBaHHS BUPOOHMII-
tBoM (MES) Ta mnanyBanus pecypciB nianpuemctsa (ERP). [aTepdeiic mmatdopmu mae 3a6e3neqy-
BaTU 3pYy4HY Bi3yaii3allifo pe3yJbTaTiB 1 MOSCHEHHS Al Mojeneil 3 BUKOPUCTAHHSIM METOIHMK
Grad-CAM, SHAP ra layer-wise relevance propagation, a Tako» MiCTHTH BOYJOBaHI MEXaHI3MH Ki-
OepOe3neKu s 3aXMCTY JaHUX 1 MPOIIECiB Bi MOTEHIiiHNX 3arpo3 [11].
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HaBuanHst HelpoMepe)XKHUX MoJeneil MPOBOIMWIOCS Ha BUCOKONMPOAYKTHBHOMY KiacTepi,
ocHamieHoMy BicbMoMa Trpadiuaumu nporecopamu NVIDIA A100. [Ins peamnizarii apxiTeKTyp BH-
kopuctanu ¢perimBopk PyTorch, sikuit 3a6e3neuye THydKicTh y MoOyA0BI Mojenell Ta epeKTUBHI
3aco0u onrumisaiii. B sikocti anroputmy onrtumiszaiii 0ysno o6pano meton Adam, BioMHI CBOEIO
3/IaTHICTIO MO€AHYBATH MIBUIKE CXOKEHHS Ta CTIMKICTD 70 IIyMy y rpagienTtax. [1lo6 npuckopuru
OO0YMCIIEHHS ¥ 3MEHILIUTH BUKOPUCTAHHS IaM’SITi, 3aCTOCYBaJId HABYAHHSA 3 IUIABAIOYOI0 TOYHICTIO
tuny mixed precision. Poznoninene HaBuanns (distributed data parallel) mo3Bonmino ogqHOYacHO BH-
KOPHUCTOBYBATH BC1 BiJICOKapTH, 3a0€3MEYNBIIN MACIITAOOBAHICTh Ta 3MEHIIYIOUN Yac TPEHYBAaHHS.
Kpim toro, anst 3anmo0iraHHs epeHaBYaHHIO 3aCTOCOBYBAIM CTPATETII0 «PaHHBOI 3ynmuHKN» (early
stopping), a MBHAKICTh HAaBYaHHS 3MIHIOBAJIM 3a JOMOMOTOI IukiIivHoro rpadika (learning rate
schedule), mo 1omomarano yHUKaTH 3aCTPATaHHA y JOKAaJIbHUX MIHIMyMax .

[TinroroBka garacety mosisraja B IepeTBOPEHHI pe3yibTaTiB FEM-cumyismii y TpuBUMIpHI
MacHBH JaHUX (BOKCENbHI TeH30pH). KojkHa CUMYIISLIis TeHepyBaia MoJis IepeMIlleHb 1 Halpy>KeHb,
iK1 30epiranucs y ¢popmari 128x128x64 mikcenis. 11[o0 miaBummT po3MaiTicTh TPEHYBAIBHHUX J1a-
HUX Ta 3pOOUTH MOJIENb OUTBII CTIKOIO IO peaTlbHUX BUPOOHUYMX Bapialliid, 10 BOKCEIIB 3aCTOCY-
BaJiM HaOip TpaHchopMalliii: reoMeTpUYHI MaHIMYJIALIT (ITOBOPOTH PI3HUX KYTIB 1 BiI0OpaXKeHHS Bi-
ceif), JoaBaHHs BUNIAIKOBOTO LIYMY JIJIsl eMYJIALi MOXHOOK CEHCOPIB Ta IHTEPIIOJALIIO, KA JOMO-
Marajia aJanTyBaTd MOJEJ1 10 Pi3HOI pO3IUIbHOI 31aTHOCTI BX1IHUX AaHUX .JlJig MOIyJsl ajanTHB-
HOTO KE€PYBaHHS HA OCHOBI HAaBYAHHSI 3 MIJAKPIIUICHHSIM PO3POOHIH CEPEIOBUIIIE, IO BiITBOPIOE PO-
00Ty TiApaBIivyHUX 1 MeXaHIYHKUX MpeciB. CKIagaHHsS MPOCTOPY CTaHIB BKIIOYAJIO IMapaMeTpH, SKi
OIMHCYIOTh TOTOYHHIA CTaH CUCTEMH: CHUJIH, 3yCHJUIS, IEPEMIIIEHHSI pOO0OYOTo IHCTPYMEHTA Ta €HEp-
rocrnoxuBaHHs. [IpocTip 111 0XOTUTFOBAB 3MiHM B IIBUAKOCTI 1T0/1a4i, TUCKY B TJIPOCUCTEMI Ta IHIINX
KEepPOBaHUX BEIMYMHAX. 3 00Ky 0OMEXeHb OyJI0 BpaXxOBaHO MAaKCUMAJIbHI JIOMyCTUMI HaBaHTAKCHHS,
(hi3uYHI XapaKTEPUCTUKH MTPECIB 1 TEXHOJIOTTYHI HOPMH, 11T00 HaBYAIBLHUIN areHT BUPOOJISB JIMIIIE KO-
PEeKTHI Ta Oe3nevHi pileHHs .

Y xopi Basmiarii po3Mip BUOIpKH CTAHOBHB JECATH BiJICOTKIB BiJl 3arajIbHOTO 00CATY JTaHUX, aHA-
JIOTTYHMI OOCST BIJIBENH ITiJ] TECTYBaHHSI, a 1’ ATh BiJICOTKIB BIJIBEJIH ITiJ] EKCTPEMabHI ClieHapii poOOTH.
3a X YMOB MOJIENIb MPOJIEMOHCTPYBaJia BUHATKOBO BHCOKY TOYHICTB: CEpeIHE KBaIpaTHUYHE BIIXU-
JICHHSI MIXK TIPOTHO30M 1 eTajonHuMu 3HadeHHsMu ckutano 0,0018, a cepemas abCOMOTHA Pi3HUI pe-
3ynbryBasia Ha piBHI 0,0127. KoedimieHT nerepminaiiii BUSBUBCS OJM3BKUM JI0 11€aTbHOTO 3HAYCHHS —
0,997, 110 CBIUMUTSH PO BiIMiHHE MOSCHEHHA 3MiH y qanux. CepenHs aOCOMOTHA BiTHOCHA MTOXUOKA HE
niepeBuiria 2,34 %, 110 BiIMOBIIa€ BUCOKOMY PIBHIO TOYHOCTI Mozei. JIJist KiacugikaiiHux 3aB/1aHb
oyno orpumano F1-score mpubmmsno 0,958, 1m0 Bka3ye Ha 30alaHCOBaHY 3/IaTHICTh MOJIEITI PO3PI3HATH
nedexTHi Ta 6e3maedexTHi 30HM. 3HaueHHs ot mj ROC-kpuBoro mocsrio 0,989, miarBepmkyroun
Bi/IMIHHHI KOMIIPOMiC MK YyTJIUBICTIO Ta crienudivnicTio. MakcumanbHa abCOMOTHA TOXHOKA B Me-
»KaX OJHOTO IporoHa He nepesuiimia 0,073, 1eMOHCTPYOYH CTIHKICTh MOIETI HABITh Y HAMCKIIATHIITMX
Bumnakax. CepeHiit 9ac iHpepeHCcy OTHOTO 3aIHTy CKIaB OJM3bKO 2,1 CeKyHIH, 10 BUSBHIIOCS Maibke
B CIMJICCAT pa3iB IIBHUIIMM 32 BUKOHAHHS aHAJIOTIYHOT CKIHYEHHO-EJIEMEHTHOT CUMYJIAIIIT Ha TOMY % 00-
cs131 maHuX. JlomaTKOBHIA aHAi3 MOKAa3aB, 10 32 BBEACHHS BUMAIKOBOT'O IITyMY JO I’ SITHA IIIATH BiJICOTKIB
MOJIeNb 30epirae BUCOKHI piBEHb MTPOTHO3YBaHHA — KOC(QIIIEHT AeTEPMIiHAIlIl OITyCKAEThCS HE HUKYIE
HiK 10 0,962. o cTocyeThesl aAanTUBHOTO KEPyBaHHS, ar€HT HaBYaHHS 3 MIIKPIIUICHHSM CKOPOTHB
PO3KHUI TOBIIMHU 00pobieHoi netaii Ha 17,3 % 1 103BOJIMB CKOPOTUTH TPUBAIIICTh OJTHOTO TEXHOJIOT1Y-
HOTO UKy Ha 8,7 % y OpiBHSIHHI

Y nporieci 00roBopeHHs BapTO BiA3HAYWTH, 1110 3aIPOINIOHOBAHA T1I0pHIHA apXiTEKTypa JEMOHC-
Tpye€ BlIaJie TO€THAHHS BUCOKOI TOYHOCTI IPOTHO3YBAHHS Ta HA/I3BUYAIHO HU3BKOTO Yacy BiITyKy. Yci
MOJTyJIi CUCTeMH 3[IaTHI BUAABaTH pe3ybTaTH iH(EpeHCy 3a 3aTpUMKH, 1110 He nepesuiye 100 mc, 1o
MIOBHICTIO BIATIOBIJIA€ 3KOPCTKUM BUMOTaM KEPYBaHHSI y peajlbHOMY BUPOOHUYOMY LUK . TaKuii piBeHb
IIBUIKO/IIT TapaHTYE, 10 MOJIENI MOXKYTh OYTH BKJIIOUYCHI B 3aMKHEH1 KOHTYpPH KepyBaHHS 0€3 pU3UKY
BUHUKHEHHS «BY3bKHMX MICIb» Y MPOAYKTUBHOCTI. Oco0rBa yBara npuauisiiacs MUTaHHSAM MOSICHIOBa-
HOCTI IITY4HOTro iHTenekty. Bukopucranns meroquk Grad-CAM ta SHAP nano MOXIIHMBICTS Bi3yaltisy-
BaTH HAHOUIBII BIUIMBOBI O3HAKM BXIIHHUX JaHUX MpU (pOpMyBaHHI MPOTHO3IB, 110 CYTTEBO IMiBHIIYE
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JIOBIpY OIEpaTopiB 1 CIPOIIIY€E TIarHOCTUKY CHCTEMHU B Pa3i HEBIAMIOBITHOCTEH 13 OYIKYBaHUMU PE3yJib-
taTamu [4]. 3aBISIKH 1IbOMY 1H)KEHEPH MOXKYTh HE JIMIIIE OTPUMATH TEXHIYHI PEKOMEH/AIIl BiJl MOJIEN,
aJie i 3p03yMiTH, Ha SIKi aCIIEKTH MPOLIECy IPYHTYIOTHCS 11l peKOMEH IaIlii.

MopynpHa apxiTekTypa muiatgopmMu 3abe3nedye THy4Ky 1HTeTpalliio po3poOiaeHuX OJIOKIB
y BXe HasBHI iH(oOpMmauliiiHi cuctemu BupoOHuITBa, 30kpeMa MES (Manufacturing Execution
System) Ta ERP (Enterprise Resource Planning). Koxkxen kommoHeHT Mae 4iTko BuzHaueHi API, mo
MOJIETIIYE MacIITa0yBaHHS CUCTEMHU Ta ii ajganTariito mija pi3Hi KoH}iryparii odnaaHanHs it opraHi-
3amiiHi BUMOTH. BoiHOUAC TOTOBHUMHU BUKIMKAMH 3aJUIIAIOTHCS 3HAYHI O0YMCITIOBAIIBHI PECYPCH,
HEOOXiaHI TS MOTepeHBOI MIATOTOBKU 00’ eMHOT0 Habopy manux i3 12 500 FEM-moneneit. Take
HaBaHTKECHHS MOTPEOYE JOCTYITY J0 KJIACTEPIB 31 Creliani30BaHUMHK rpadiyHUMU MTPOIIECOpaMH Ta
MIPOAYMAHOTO PO3MOJILTY O0YHCIIOBAIBHUX 3a/1a4, 00 HE CTBOPIOBATH «BY3BKHX MICIb» Ha CTail
MiATOTOBKY JIaHUX.

[Ile omHUM 3HAYHMM aCHEKTOM € HEOOXITHICTh 3aCTOCYBAaHHS TEXHIK IMEPEHOCY 3HaHb
(knowledge distillation) ayis aganTartii BEIMKIX MOJACIICH IO PECYPCiB MPOMHUCIOBUX KOHTPOJIEPIB 13
O0OMEKEHUMH OOYHUCIIIOBATILHUMUA MOJJIMBOCTSIMH, TaKUX SK MPOTPaMOBaHi JIOTiYHI KOHTPOJIEpU
(PLC). Le#t miaxiza, BimoM#ii i3 poOiT XiHTOHA Ta CIIBABTOPIB, JI03BOJISE «IIepeKavyaTH» 3HaHHS 3 Be-
JIMKOi «BYUTETIBCHKOI» MEPEXki B KOMIIAKTHY «YUHIBCHKY», 30€pirarouu MpH [bOMY KIJIFOYOBI BIaCTH-
BOCTI MoJjiesieii BuCOKOro piBHs [12].

BHUCHOBKU

VY pe3ynbTaTi BUKOHAHOT POOOTH CTBOPEHO i BCEOIYHO MPOTECTOBAHO 1HTErPOBaHY ILIAT(O-
pMy, fKa MNO€AHYE MUPPOBUN ABIMHUK HA OCHOBI METOJIMKHM CKIHUEHHUX €JIEMEHTIB 13 TiOpUIHOIO
HellpoMepeskero, 110 Yeprye TPUBUMIPHY 3rOPTKOBY OOpPOOKY Ta PeKypeHTH1 OJIOKU 3 TOBrOTpHUBa-
JI0I0 KOPOTKOYACHOIO TTaM SITTIO, & TAKOXK MOJYJIb HAaBYaHHS 3 MAKPITUICHHSM JIJIsl aJallTHBHOTO Ke-
PYBaHHS TEXHOJIOTTYHUM OOJIaTHAHHSM .

[Tnardopma npoeMoHCTpyBajia 3AaTHICTh BUKOHYBATH TIOBHUM LMK CUMYJISILIN y PexXUMI peatb-
HOTO Yacy: TPUBATICTh MOJIETIOBAHHS CKOPOTHIIACS OLIBII HIK Y I SITAECAT pa3iB MOPIBHIHO 3 KIACHYHUMHU
solver-amu FEM, nipu 1150My 9ac OTHOKpaTHOTO MporHo3y (iHdepeHcy) ve nepesuiiye 100 mc. Taka mBuj-
KOJIisl TO3BOJIsIE BIPOBAUTH CUCTEMY Y 3aMKHEHI KOHTYpPH KepyBaHHSI Ipec-00J1aIHaHHAM 0e3 KOTHUX 3a-
TPUMOK, 1110 BIJITIOBIZIa€ >KOPCTKUM BUMOTaM CYy4aCHOTO BUPOOHMIITBA.

KinbkicHa oliHKa JOCTOBIPHOCTI MPOTHO31B MiATBEPIMIa BUCOKUI PIBEHh TOUHOCTI: YacTKa
MpaBWJIbHUX Nepe10aueHb MepeBUILy€e B’ THOCTO BIJCOTKIB HaBITh 3@ HASIBHOCTI IIyMY Y BXITHHUX
nanux. KpiMm Toro, BUKOpHCTaHHS MOZEI CIPUSIIO 3HUKEHHIO €HEProCIOKUBAHHS B ONIEPaLlisX IITa-
MITyBaHHS IIIOHAWMEHIIIE HA JIECSTh BIJICOTKIB Ta MIJBUIIEHHIO SKOCTI 00pPOOICHNX MMOBEPXOHB 1 Te-
OMETPUYHUX XaPAKTEPUCTUK BUPOOIB MOHA] 1T’ ITHAALSATDH BiJICOTKIB MOPIBHSHO 3 TPAAUIIIHHUMU Te-
XHOJIOTIYHUMH PEXUMaMU POOOTH.

OtpumaHi pe3yJIbTaT! CBIYATh PO Te, 1110 po3polIieHa ruaThopMa YCHIIIHO MO€THY€e HeOOXiIHI
MIPOMUCIIOBI KpUTEPIi IIBUAKOIIT, TOYHOCTI Ta €PEeKTUBHOCTI. 3aBASKU [IbOMY BOHA BIIKPUBAE HOBI MOJXK-
JIMBOCTI /17151 BIPOBAPKEHHSI U(PPOBUX JBIHHUKIB 13 IITYYHUM 1HTEJIEKTOM Y BUPOOHHYI ITPOLIECH, CYTTEBO
IT1IBUILYIOYH TIPOAYKTHUBHICTH Ta CTIMKICTb /10 BApIFOBaHHS YMOB €KCILTyaTallii.
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Kovalevskyy S. Fast-acting artificial intelligence models for real-time digital twins of metal forming processes.

This paper presents a comprehensive methodology for constructing a digital twin of metal forming processes by
combining classical finite element modeling with high-speed artificial intelligence models. The study aimed to achieve
inference latency of no more than one hundred milliseconds, accelerate the complete simulation cycle by more than fifty
times compared to traditional FEM computations (initially anticipated as a threefold speed-up), and attain predictive
accuracy above ninety percent. To this end, a training dataset of over twelve thousand finite element cases was assembled,
covering a broad variation of geometric, material, and process parameters. Based on these data, a hybrid neural-network
architecture was developed, alternating three-dimensional convolutional layers and recurrent long short-term memory
blocks to reproduce complex stress and displacement fields using voxel tensors. Adaptive control was implemented via a
reinforcement-learning agent capable of dynamically adjusting press parameters during operation according to a
multi-component reward function that balances surface quality, energy consumption, and productivity. System validation
on independent datasets demonstrated strong stability: the mean absolute error remained below two percent, and the
maximum deviation never exceeded 0.08 units. Moreover, the model maintained high accuracy even when subjected to
up to fifteen percent random noise in its inputs. Energy consumption during stamping was reduced by over ten percent,
while product quality improved by fifteen percent compared to conventional operating modes. The resulting platform
features scalable, modular architecture with well-defined interfaces to manufacturing execution (MES) and enterprise
resource planning (ERP) systems, and it provides transparency of Al modules through visualization of key input-feature
contributions. Future work will prioritize knowledge-distillation techniques for deployment on embedded controllers and
further optimization of computational resources.

Keywords: digital twin; finite element method; real-time Al models; low-latency inference; hybrid Conv3D-LSTM neu-
ral architectures; reinforcement learning; adaptive control; Al explainability; metal forming; energy optimization.
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KoBaaescoknii C. B.
CemiuacuoBa H. C.

IHTET'PAILISI MATHITHO-PE3OHAHCHOI OBPOBKHU (MPO) Y ITIPOLHECH
BUI'OTOBJIEHHS BIATTIOBIJJAJIBHUX JTETAJIEM MAILINH

Y cmammi 3anpononosano komniexcuuil nioxio 0o inmezpayii macnimno-pesonanctoi 06pooku (MPO) y npo-
yecu 2apsau020 ma X0100H020 WIMAMNYBAHHSA 8I0N0BI0ANbHUX Oemaneli mawiuH. Po3pobneno 08anaoysms aHaLimuyHux
Mooenel, KOJCHA 3 AKUX ONUCYE OKPeMUll eman 83acmoo0ii 3MIHHO20 MASHIMHO20 MO 3 MAMePIaioM ma OCHACMKOIO.
8i0 iHiyiayii yenmpis kpucmanizayii 1 moougirayii domeHHOi CMpYKmMypu 00 peraKcayii 3a1UUKO8UX HANPYIHCEHb, 3HU-
JHCEHHs 2yCMUHU OUCIOKAYill I MiHiMI3ayii UmogipHocmi MikpopytiHysans. [lokaszano, wo 6e3koHmaxmue Qizuure eniu-
sanna MPO 3abesneuye n1okanvhe Keposane popmy8ants OUCIOKAYIUHUX CKYNUeHb, YCYHEH S MeH30PHOI aHizomponii
meepoocmi ma 8UPIGHIO8AHHS (PA308UX HEOOHOPIOHOCMEN 6e3 HeObXIOHOCMI 000amK08020 mepmiuHo2o sionany. Excne-
PUMEHMALHI MA AHANIMUYHT Pe3YTbMamu CeIi0Yambv npo Cymmeee nioGUIeH s CMAOiIbHOCMI MeXHON02IUHUX napame-
MpIiG Pi3anHs 3MEHUIeHHS OUHAMIYHUX HABAHMAICEHb HA PIXICYYUL IHCMPYMEHM, NIOSUUEHHS NOBMOPIOBAHOCHE PO3MI-
PHO-2e0MEeMPUYHUX XAPAKMEPUCTHUK 20MOBUX 8UPODI8 I NPOOOBIHCEHHS PeCyPCy OCHACMKU 30 PAXYHOK YNOGITbHEeHH: Ha-
KONUYEHHS BMOMHUX NOUKOOICEHb Midic yukaamu pobomu. 3asosku 0ii MPO 0o abo nicis wumamny8anus 00CA2aemvbcs
ONMUMATLHULL OALAHC MIJHC HAKTIENOM 1 11020 PeaKcayiero, wo 0036045€ NIOGUUMU NIACMUYHICIb Mamepiary be3 mpa-
OUYItiHO20 MepMIUHO20 GIONAY Ma 3HU3UMU sumpamu Ha enepeito. Haykoea nosusna nonsieae y nOEOHAHHI AHANTMUYHUX
Modenetl i3 KOHyenyiero Kibepgizuunux aupoonuuux cucmem Indycmpii 4.0. Iloxazano, upo MPO moodice cmamu Kito4o-
BUM €1eMEHMOM A0anMUEHO20 SUPOOHUYMEBA: UKOPUCIAHHS CEHCOPHUX OaHUX 00360A€ 30iliCHIOBamu Keposane MiK-
POMOOUPDIKY8aAHHA 61ACMUBOCMEN MAMEPIANY 8 PedbHOMY 4aci, a yugposi moodeni 3abe3neuyroms NPoSHO3VE8AHHA iX-
Hb020 PO3GUIMKY Ni0 MeXHON0TUHUMU HasanmadxcenHamu. Lle eiokpusae moxcausocmi 0 no6y008U camopeyib08aHux
MEXHONOTUHUX TAHYIOZIB 13 360POMHUM 36 A3KOM, WO NOEOHYIOMb NAACMUYHY 0ehopMayito, CMpYKImypHe MOOeI08AHHS
ma yugpose ynpasninus. Ilpaxmuuna 3nayywjicmo pobomu niomeepotceHa MOICIUGICIIO 3HAYHOL0 3HUMCEHHA 3020b-
HUX 6UPOOHUYUX SUMPAM A eHEP2OCNONCUBANHS 30 PAXYHOK CKOPOUEHHA MEPMIYHUX YUKIIB, d MaKodC NioeUujeHHs
exono2iunoi besnexu npoyecy. 3anpononosanui nioxio cmeopioe Miyny ocHo8y 0jia nOOAILWOI po3poOKU iHmeneKmya-
JLHUX BUPOOHUYUX CUCTNEM | NEPCREKMUSHUX TEXHONI02TH POPMYSAHHS pOOOYUX NOBEPXOHb Y MAUUHOOYOYEAHHI.

Knrouosi cnosa: macrnimuo-pe3onancna oopooxa, 06pooKa muckom, Mamemamuire MoOeI08aHH s, A0ANMUGHe
BUPOOHUYMBO, IHMeENeKMYanbHi cucmemu KepysanHs,, Inoycmpis 4.0.

HeoOxiaHicTh MiABUIIEHHS SKOCTI, JOBITOBIYHOCTI Ta CTPYKTYpPHOI CTaOUIBHOCTI BiJMOBiAA-
JBHUX JeTaleld MalliH € KIIOYOBHUM YMHHUKOM YIOCKOHAJIEHHS TEXHOJIOTIYHHUX MPOLECIB y Tamy3i
MamHoOyryBaHHs. Cepeq ycix eTarniB BUPOOHMIITBA came eTan (pOpMyBaHHS 3arOTOBKH Biairpae
BUPILIAIBHY POJIb, OCKUIBKH CaMe Ha I[bOMY eTari (opMyroThcs CTPYKTYPHO-MEXaHIuH1 XapaKTepH-
CTHUKH, III0 BU3HAYAIOTh €(PEKTUBHICTH MOJAIBIIIOI MEXaHOOOPOOKH Ta HAIIMHICTH JIeTajll B €KCIUTya-
Taliiaux ymosax [1, 2, 3].

VY cyyacHOMy MamMHOOYAyBaHHI HAHOUIbII MOIIUPEHUM CIIOCOOOM (OpPMYBaHHS 3aTOTOBOK
BIJINIOBIJAJIbHUX JieTanel € 00poOKa TUCKOM — SIK rapsida, Tak 1 xoynoaHa. KoxkHa 3 HUX Mae cBOi Tep-
MOMEXaHI9H1 0COOIMBOCTI Ta HACIIIKH JIJIsl CTPYKTYPH MaTepiaiy.

Tpaauuiitai metonu micnshopMyBaiIbHOI 00pOOKH — HOpMai3allis, TepMooOpoOKa, TepMO-
MEXaHIYHEe 3MIIHEHHS — He 3a0e3MeuyloTh HEOOXIJTHOI JIOKaJIhbHOI KEPOBAHOCTI BIACTHUBOCTEH
y KpUTHUHUX 30Hax [4]. HaTtomicTh, MarnitHo-pe3oHancHa o0pobka (MPO), mo 6a3yerbes Ha nii
3MIHHOT'O MArHiTHOTO TOJISl Y PE30HAHCHOMY PEXHUMi, € O€3KOHTAKTHUM 3aC000M JIOKAJIbHOT MOJIH-
¢ikarii MikpocTpykTypu MaTepiany [5]. MPO 3a0e3neuye nijgecrnpsiMOBaHy 3MiHY JIOMEHHOI CTPYK-
TypH, TYCTHHU JUCIIOKalii 1 (ha30Boro ckiany 0e3 BUKpuUBIeHHS ¢popMu abo neperpiBy. Takuit mia-
X1l BIIKpUBA€ HOBI MEPCIEKTUBU KEPOBAHOTO (DOPMYyBaHHS CTPYKTYypU MaTepiaiy BxkKe Mij 4ac 00-
POOKH TUCKOM.

Hes3Baxaroun Ha HasiBHI Iy Outikanii Ipo BIJTMB MAarHiTHUX TOJIB HA 3aJIMIIKOBI HAMPYKEHHS,
TJTACTUYHICTH 1 (Da30Bi1 MEPETBOPEHHSI, cCHCTeMaTH4Ha iHTerpaltis MPO y nporiecu rapsiaoro i XoJyo-
JTHOTO (OPMYBaHHS 3AJIMIIAETHCS MaJIOAOCHIKeHOt0. Oco0nmBo OpaKkye JAOCHIHKEHb 11010 CTBO-
PEHHS 3aroTOBOK 3 MPOTHO30BAaHUMH, CTAOUIBHUMH 1 KEPOBAaHUMH BJIACTUBOCTSMH B KOHTEKCTI 3a-
MKHYTHX BUPOOHHUYUX CHUCTEM.
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BxittoueHHs MarHiTHO-pe30HaHCHOI 00poOKH y Tiporiec 0OpoOKH TUCKOM € KPUTHUYHUM KpO-
KOM JI0 KepyBaHHS MaTepiajaMu B YMOBaxX BUCOKOTOUHOT iH)KeHepii. L{e moBHICTIO BiIITOBIIA€ IIISIM
Iaaycrpii 4.0 — camoHaBYaHHS, iHTErpalis Kioep(di3MuHMX CUCTEM, 3BOPOTHIN 3B 430K [6]. Excre-
pUMEHTAJIbHE MIATBEPAKEHHS Ta BIPOBAIXKEHHS KOHLIETILIT CTBOPSATH OCHOBY JJIsl IHTEJIEKTyalbHHUX,
CaMOpETyIbOBAaHUX BUPOOHUYUX CUCTEM, 3JIaTHUX JUHAMIYHO BIAMOBITATH HA 3pOCTal04i BUMOTH
eKCIuTyaTaliiHoi Haginocti [7-10].

Haykoge i npuxiiagae o0rpynTyBanns interpauii MPO y npouec ¢popMyBaHHS 3aroTOBOK /17151
BIJIMOBIIAJILHUX JI€TANICH MaITUH BIAKPUBAE MUPOKI MOXIUBOCTI. Lle 103BOJIsA€ MIABUIIUTH MTOBTO-
PIOBAHICTh BIACTUBOCTEH, 3HU3UTH BUTPATH Ha OOpOOKY Ta MEPEWTH /10 peanbHOro KepyBaHHS Bia-
CTUBOCTSIMU MaTepiaiay y pamMKax Kioephi3suuHHX BUPOOHHYUX CUCTEM.

[epexin Bix MOCTIPOLIECHOT KOPEKIIIT 0 TMHAMIYHOTO CTPYKTYpPHOTO KEpyBaHHS B PEKUMI
peanbHOro 4acy nepersoptoe MPO 3 momomixkHOTo 3aco0y Ha CTpaTeriyHHUI eIeMEHT PO3yMHOTO
BUPOOHHIITBA. IOr0 31aTHICTh CHHXPOHI3YBAaTH EBOIIOII0 MaTepiay 3 IpouecoM hopMyBaHHS po-
6utb MPO ocHOBOIO MalilOyTHIX BUCOKOTOYHUX aJalTUBHUX BUPOOHUYUX CHCTEM.

Merta poO0TH — HAyKOBO-OOTPYHTOBAHO PO3POOHTH 1 IHTEIPYBAaTH MAarHiTHO-PE30HAHCHY 00-
pobky (MPO) y TeXHOJIOTIYHI MPOIIECH Tapsu0ro Ta XOJIOJHOTO IITaMITyBaHHS BiANOBIAAIBHHUX JIe-
TaJe MamuH IUIsXoM (opmaizamii [BaHaIIaTH aHATITUYHUX Mojenei mexaHizMiB nii MPO nHa
MIKPOCTPYKTYPHIi, (a30Bi Ta HanpykeHo-1e(HOpMOBaHI CTaHK MaTepiany ¥ OCHACTKH, a TAaKOX OIli-
HUTH TXHI} BIUTUB Ha CTAOUIBHICTD Pi3aJIbHUX MPOILECIB, pECypce IHCTPYMEHTIB Ta BiAMOBIIHICTH Ma-
pamurmi [amyctpii 4.0.

VY mporieci raps4oro mTaMITyBaHHS CTaJIeBa 3ar0TOBKA MiATAEThCs Aedopmallii 3a Temiepa-
Typ Big 1100 mo 1250 °C (mns tutanoBux cruiaBiB — 850-950 °C), mio 3a0e3nevye BUCOKY TepMoILIac-
THYHICTb 1 1a€ 3MOTY JIOCATHYTH 3HaYHUX Jepopmaltiii 3a paXyHOK T€PMOAKTHBAIIIHIX MPOLIECIB Y Ma-
Tepiani. BogHoUac KOHTAKT 13 XOJIOHOKO OCHACTKOIO CTBOPIOE MOTYXHI TEMIIEpaTypHi TPATI€HTH, SKi
MIPU3BOISTH 10 HEPIBHOMIPHOTO PO3IIOJIUTY TETJIa i HanpyKeHb Y 00’ €Mi 3aroTOBKHM Ta B pOOOYHX 30HAX
mrrammiB. JIoBroTpuBase yTpuMaHHs ayCTEHITHOTO CTaHy MPY MaKCUMAJIbHUX TEMITIEpaTypax CIpUIrHSIE
(hopmyBaHHS TPYOO3EPHUCTOI CTPYKTYPH, 110 3HIKYE BTOMHY MIITHICTh, YCKIIQTHIOE OOPOOITIOBAHICTH i
MIPUCKOPIOE 3HOC IHCTPYMEHTY. 3 METOI0 TOHKOTO KepyBaHHS PO3MipOM 3epeH mepen Aedopmariiero 3a-
CTOCOBYIOTh MarHiTHO-pe3oHaHCcHy 00poOKy (MPO), sika akTHBY€e €HEpriro 3apo/KEeHHs LIEHTPIB KPUC-
Tamizallii ¥ CTUMYJIFOE YTBOPEHHS BEJTMKOI KUTBKOCTI IPIOHMX 3epeH y 30H1 Aedopmariii. HepiBHOMipHA
nedopmartis, 00yMOBJIeHa TeMIIEpaTypHUMH TPaieHTaMH, IIPU3BOJUTH 10 HEOTHOPLAHOI MIKPOCTPYK-
TypH, 10 BUKJIMKAE HECTAOUTBHICTh TBEPAOCTI Ta T€OMETPUYHOI TOYHOCTI BUpoOy. Ilix vac oxoso-
JDKEHHS TTiCTISE IITaMITyBaHHs 3acTocyBanHs MPO y pe3oHaHCHOMY peXKHMi CIIpUsi€ JIOKAIBHIN perakca-
11ii CTPYKTYPHHUX T'PAJI€HTIB, BUPIBHIOIOUN CHEPreTHUHUH JaH AT 1 3MEHIITYFOYH BHYTPIIIHIO MIKPO-
CTPYKTYpHY HEOTHOPiAHICTh. KOHTpacT Mik TemriepaTypaMu OTOUEHHS Ta TOBEPXHi 3ar0OTOBKU CTBOPIOE
3aJTMIIKOBI TepMo/iehopMarliifHi Hampy>KEHHsI, SKi TPOSBISTFOTHCS Y BUTIISAI MIKPOTPIIIUH, BUKPUBIICHD
1 nedopmartiii mpu 3HATTI 3ATMIIKOBUX HaNpyXeHb. 3acTocyBaHHs cTabinizyrouoi MPO micns dopmy-
BaHHS 3a0e31euye CIIpSIMOBaHE 3HWKEHHS BHY TPIIIIHIX HAMPYKEHb 3a PAXyYHOK Pe30HAHCHOT BiOpaItii 10-
MEHIB, 1110 MiHIMI3Y€ TicIsonepariiHi qedopmMariii Ta BAHUKHEHHS MIKpOTpimH. OpieHTaIlis 3epeH y3-
JIOBK HAITPSIMKY TUIACTHYHOI tehopMartii opopKye MEXaHIqHY aHI30TPOITII0, sIKa 3HUXKYE OTHOPIIHICTh
BJIACTUBOCTEH 3a Pi3HUX HANpPsSMKiB HaBaHTaxeHHI. MPO 3acTOCOBYIOTH O6e3nocepeHbo 10 abo i yac
nedopmartii 11 IepeopieHTaIlii JOMEHIB 1 CTa0Ti3aii KpUCTAIIYHOT TEKCTYPH, 110 BUPIBHIOE MEXaHIUH1
BJIACTMBOCTI Ta MiJBHIIY€E CTIMKICTh MaTepialy 0 HaBaHTaKeHb. PoOOY1 IOBEpXHI MITaMIIIB 3a3HAIOThH
MIKpOTPIIIKH 1 3HOCY Yepe3 IUKITIYHI TETUIOB] Ta MEXaHI4HI HABaHTAKEHHS, 1110 TIPU3BOIUTH JI0 TIOPY-
mIeHHs (OpMHU 1 HEPIBHOMIPHOTO PO3MOALTY KOHTaKTHHX 3ycmib. MPO Mik poOOYMMH IMKIIaMH iH-
CTPYMEHTIB 3HIKYE TEPMOHAMPYKEHHS Ta MiJIBUIIYE MOBEPXHEBY MIILHICTh 32 PaXyHOK JHHAMIYHOI
3MIHU MIKPOCTPYKTYPH B IPUIIOBEPXHEBIH 30H1. Y 30HaX MIKOBUX HaBaHTAXXEHb CKJIaJIKa TEOMETPIsl po-
004rX TOBEPXOHBb MOKE JIe)OpPMYyBATUCS BHACTIIOK BUCOKHUX TEPMOMEXAHIYHUX HATPY>KEeHb 1 HEI0CTa-
THBOTO OXOJIOKeHHsI. JIokanpHe 3acTocyBarHss MPO ayst crabinizariii CTpyKTypH B IIMX KPUTHIHUX JTi-
JISTHKAX 3a100ira€ reOMETPHYHUM BIIXUICHHSM 1 yIIOBUIRHIOE 3HOIITYBaHHs, 320€3Me4y0ur TPUBATY TO-
YHICTh POOOTH THCTPYMEHTY.
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Taxum unnOM, BrpoBakeHHss MPO Ha BCix cTajiisx raps4oro MTaMITyBaHHS J03BOJISIE€ KOM-
IJIEKCHO KePyBaTH MIKPOCTPYKTYPOIO, BHYTPIIIHIMU HANPYXEHHSIMHA T4 MEXaHIYHUMHU BJIACTHUBOC-
TSIMH MaTepiady i OCHACTKH, 10 CYTTEBO MIJABHIIYE SKICTh, CTAOUTBHICTD 1 JOBFOBIYHICTh TEXHOJIO-
TIYHOTO UK.

3 oIy Ha MOCTaBJICHY METY — CTBOPUTH HAJiiiHy aHANITHYHY IUIaTGOpMy JUIS 1HTErparii
MPO B TeXHOJOTTYHMI IIUKI IITAMITyBaHHS — Oyiu copMOBaHi JBaHAALSTH B3a€EMOIIOB’ I3aHUX Ma-
TEMAaTUYHUX MOJIENICH, KOJKHA 3 SIKHUX JETaJbHO OMHUCYE OKPEeMHid (Pi3UKO-TEXHOJIOTIYHUN MEXaHi3M
BILTMBY PE30HAHCHOTO MArHiTHOTO MOJIsl Ha MaTepian abo iHcTpyMeHT. Lli Mozenm 103BOJISAIOTh Kijlb-
KICHO OI[iHUTH, skuM unHOM MPO 3abe3neuye kepoBane GopMyBaHHS MIKPOCTPYKTYPH, PEIIaKCaIlito
HaIpy>KeHb, PETYJIFOBAaHHS TUCIOKAIIMHOTO CTaHy Ta CTaOUII3aIlil0 MPUITOBEPXHEBUX IIapiB Oe3 3a-
CTOCYBAHHS JI0OJIaTKOBHX TEPMIUHUX IIUKIIB. 3aBJSKU [IbOMY MOYKHA HE TUIbKHU Mepe10aunuTH PO3BH-
TOK BHYTPIIIHIX MPOIIECIB Y 3aroTiBIll Ta OCHACTII, a i ONTUMI3YBaTH PEKUMU OOPOOKU 3 METOIO
MiABUILEHHS TOYHOCTI, JOBIOBIYHOCTI i eHeproeeKTHBHOCTI BUPOOHUIITBA B pamKkax Inayctpii 4.0.

Hwxkye HaBeneHO MOCTiIOBHHUM BUKIIAl KOKHOI MOJIEN1 3 (P13MKO-TEXHOJIOTIYHUM OOTPYHTY-
BaHHAM, (OpMaTi3aIli€ro KIFOUYOBUX 3aKOHOMIPHOCTEH Ta IHTEpIpeTaliero pe3ynbraTiB. Takuil mij-
X171 1a€ 3MOTy peaji3yBaTH aJlaliTUBHI BUPOOHUY1 CHCTEMH, B AKUX MUGPPOBI MOJIETIi 1 CEHCOPHI J1aHi
MPALIOIOTh Y 3aMKHEHOMY IIMKJII KEpyBaHHS BIACTHBOCTSMH MaTepiany B peasibHoMy vaci. [lepma
MOJICJIb PO3KPHBAE MEXaHI3M iHiIiamii meHTpiB Kpuctamizamii mig giero MPO niepen rapsiuoro nedo-
pMartiero.

ITpu 3actocyBanni MPO 1o rapsiuoi nedopmariii pe3oHaHCHA Jisi SMIHHOTO MarHiTHOTO TOJIs
aKTUBYe Kpuctasnorpadivyni gegextu (BakaHcii, TUCIOKaIlii), 0 IPU3BOIUTE 0 3HWKEHHS €HEeprii
aKTUBALli 3apO/IXKEHHSI HOBHX 3€pEeH IiJl Yac MmiaacTuyHoi nedopmaiii. MaTeMaTHyHO MIBUIKICTH 3a-
POJKEHHSI LEHTPIB KpUCTali3allii J 3aJeXXUTh B1J BEJIMUMHU €HEPTii yTBOPEHHSI KpUTHUHOTO 3apoJiKa
AG 1 marHiTHOTO 30ypenHs H (t)i 3a1aeThCsl CIiBBIIHOILICHHSIM

— 2

J(H) = Jo - exp(=(4G — pH(£)*)/kT), 1)

ne Jo — TMepeAeKCIOHEHIIHHINA MHOXKHUK, AG — €Heprisi yTBOPEHHsI KPUTHYHOTO 3apOjKa, [k —

MartiTHa CIpUHHATINBICT MaTepiany, H(t) = H,-sin(wt) — rapmoniune mMartitHe moje. Peansna
KiJIbKICTh aKTHUBOBAHHX 3aPOJIKIB BU3HAYAETHCS CEPEIHIM MO UKy KOJMBaHb 3HAYCHHSIM

= 1T AG—pHE sin?
J =51y Jo - exp (- 220D ay, (2)

KU aHAJIITUYHO BUpaXKaeThes uepe3 moaudikoBany dynkiito beccens:

J=Jo - exp(—22) Jo (L2, 3)

Ockinbku GyHKIsA Jo(*) € MOHOTOHHO 3POCTAIOYOI0, II€ CBiIYMTH MPO iICTOTHE ITiABUIICHHS
T'YCTHHH IIEHTPIB KpUCTaIi3allii Ta, AK HACI10K, 3SMEHIIIEHHS CEPEHBOT0 PO3MIPY 3€peH Mics rapsi-
yoi nedopmarii.

I[Ticna rapsyoi nedopmarii B Marepiaii (GopMyIOThCS HEPIBHOMIPHI CTPYKTYpPHI I'paieHTH
TBepaoCTI Ta Pa3zoBoro ckiuanay, i MPO 3abe3neuye iXHIO MiKpOBIOpaIliiiHy IeMarHiTU3aIliio 3 OJTHO-
YaCHUM JIOKAJIbHUM BUBUIBHEHHSIM €HEpril Juid 3MEHIIEHHs [IUX HeoAHopiaHocTel. da3oBe BUPIB-
HIOBAHHSI OITUCY€THCS PEAKIINHO-AU(PY31IHUM PIBHSHHSAM 13 TOJJaHUM PE30HAHCHUM 30ypEHHSIM:

& =pr2gp - Pag + Asin(wt), @)
ne D — xoeoiuient qudysii pasosoro crany, F(¢) — nBorop6buii norenuian I'in30ypra—Jlanmaay,
a A — amruriTyna pe3oHancHoro 30ypeHHs. [Ipu HaOMMKEHHI 9acTOTH 30ypeHHS J0 BIacHOI pe3o-
HAHCHOI W X W CIOCTEPIraeThCs KPUTUIHE 3HIDKECHHS JIOKATbHUX EHEPTreTUYHHUX O0ap’ €piB, 110 TPH-
CKOPIOE TIepPEXil CHCTEMH JI0 OJTHOPIAHOTO (pa30BOTO CTaHy Ta BUPIBHIOE BIACTHBOCTI MaTepialy 1o
00’emy.
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[Ticns hopMyBaHHS B 3arOTOBIII BUHUKAIOTh 3AJIMIIKOBI HAIPYKEHHS 0., SIKI MOXKYTh pellaK-
cyBaTtucs mija aieto BibpomarsitHoro edekty. Lleit npouec onucyeTbes piBHAHHAM MakcBenia—3e-
Hepa s B’I3KO-TIPY’KHOTO Tijla 3 ypaxyBaHHIM Mar"itTHoi Moaugikarii:

do g de
E-I_T(H)_E'E’ (5)

ne: T(H) = 14 - exp(—aH?) — 4ac penakcalrtii, 110 3MEHIITYETBCS 31 3pOCTAHHAM iHTEHCHBHO-
cri nosst H, E — Momysib ipy»HOCTI, € — nedopmartist. 3menmienns T(H) MPU3BOAUTD 10 MPHIIBUI-
LIEHOT penakcallii Hanpy>keHb 0e3 HarpiBaHHs, a B 4aCOBOMY BUIVISJII MPOLIEC ONUCYETHCS €KCIIOHE-
HIUHAHAM CIIa[0M:

o(t) = o, exp (— T(;)). (6)

3apnsku iboMy MPO miznBuIIye MIBUAKICTD IEPEXOAY CUCTEMH JIO0 CTIMKOTO CTaHy.

ITix yac xonoHOrO 1e(hOpMyBaHHS B MaTepiajli HAKOIUYY€EThCS BUCOKA I'yCTHHA AUCIOKALIN
P4, O TIPU3BOJIUTH 10 HAKJICIy, IMiJBUINECHHS TBEPAOCTI Ta 3POCTAHHS KPUXKOCTI. 3aCTOCYBaHHS
MPO BukiMKae aBTOKOJIMBaHHS MarHiTHUX JIOMEHIB, K1 CIPUSIOTh PO3TOPTAHHIO YACTHHU JIUCIIO-
KaIlii i ix aHirisimii. EBOMIOIIsI MUTTEBOT TYCTHHU JUCIIOKAIiH Py (t) OMHUCYETHCS PIBHSHHAM

d ' .
d_/Z = P naknen — Ppenakcanis (H), (7)

pep =K-e" Ta pPpepaxcanin(H) = C - pg - H? - sin®(wt), K i n — koHcTanTH Ha-
KJIeTy TIpH 1iacTudHii aedopmarii, C — xoedimienT penakcanii, H(t) = Hysin(wt) .
CepeiHe 3HaYEHHS TYCTHHH JUCIOKAIiH micis nukiay MPO BU3HAYAETHCS SIK

pa(t) = pao - exp (—%‘% ) 4 2 (1 —exp (_CZHg t)) 8

CH?

[Tpu TpuBaiiii [ii Mot BCTAHOBIIOETHCS AUHAMIYHUHN OallaHC MK HAKOITMYEHHSM HaKJICIy
Ta #0ro peraKcamiero, IpUUOMy BHINI aMILTiTym Hy> 3MEHIIYIOTh aCUMITOTHYHY I'yCTHHY pg(t).
Onrumanbauit peskum MPO 1103BOsIsI€ 3HAUHO 3HU3NUTH HAKJIET 03 TepMiuyHOT 00pOOKH, 3MEHIITYIOUYH
TBEP/IHHS 1 MIBUIIYIOUH TUIACTUYHICTh MaTepiany 0e3 (ha3oBHX 3MiH.

[ToBepxHEBi APy MiCIs XOJIOTHOTO ITAMIYBAaHHS XapaKTEPU3YIOTHCS TEH30PHOIO aHi30T-
POITi€r0 TBEPIOCTI, IO BUKIIMKAE HeOakaH1 BiOparii mix yac MexaHigHoi 00poOkwu. [t KUTbKiCHOTO
ONKUCY BBOJATH TEH30P TBEPAOCTI H 3 KOMIOHEHTaMu H; ;, a BENMYMHA aHI30TPOIIii BUSHAYAETHCS SK:

AH(E) = \/zi,,- (Hy - B)?, ©)

ne H — cepenHe 3Ha4eHHsT KOMIIOHEHT TeH3opa. I1ix aiero MPO BinOyBa€eThCsl qeMarHiTU3aIis 10-
MEHIB 1 BUPIBHIOBaHHS MIKpPOCTPYKTYPH, 1[0 MPU3BOIUTH JI0 €KCIIOHEHIIIHHOTO 3MEHIICHHS aHi30T-
porii 3a 3aKOHOM

%AH(t) = —y-HZ-AH(b), (10)

ne Y — koe(ilieHT eeKTUBHOCTI pe30HaHCHOI pernakcaiii, Hy— aMIIiTy1a MarHiTHOTO mojisi. AHa-
JTITUIHUHN PO3B’SI30K 1i€1 PIBHSIHHS Ja€

AH(t) = AH, - exp(—yHEt), (11)

110 CBIIYUTH PO €KCIIOHEHI[IITHY MIBUIKICTh 3HMKEHHS aHi3oTporii. HaBiTh kopoTkouacHa aiss MPO
nepe;] pi3aHHsIM 3HAYHO MIJBHUILY€E CTa0LIbHICTH MPOIECY, 3SMEHIIYIOUH aMILTITY Ty TUHAMIYHUX KO-
JUBaHb 1 MPOJIOBKYIOUU PECYPC PIKYUOTO IHCTPYMEHTY.

BbaraTopa3oBi TepMoMeXaHIYHI UKIIN CIIPUIHHSIOTH HAKOITMICHHS MiKPOTIOIITKO/KEHb Y Ma-
TPHUIISIX 1 MyaHCOHAX, TO1 gk 3actocyBaHHss MPO no3Bosisie penakcyBaTH BHYTPIIIHI HAMPY>KEHHS Ta
3MIITHIOBATH MPUIIOBEPXHEBY 30HY 1HCTPYMEHTY. AKYMYJIbOBaHE MOMKOKeHHs D (t) onmucyeTbes
PIBHSHHSM:
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b 1

e n(Hg) - D(b), (12)

ne Nf (0) — KiTbKICTh IMKJIIB 10 pyHHYBaHHs IPY HABAHTAXKEHHI 0, a1) (HZ) — WBUAKICTH 3BOPOTHOTO
MpOIIeCy BiJHOBIIEHHS, IPONOPIIiifHA KBaJpaTy aMIUTITY I M0Jis. AHAJITUYHHUNA PO3B’A30K I[LOTO Pi-
BHSIHHSI Ma€ BUTJISII:

1
NHEN'

D(t) = Dy - ex p(—nHgt) + (1 — ex p(—nH{t)) - (13)

3aBJISKU LIbOMY YaCTKOBA «B1JIKaTKa» MOIIKO/PKEHb MK IIMKJIAMH 3a0e31edye CyTTeBE Mpo-
JIOBXXEHHS PECYpCy OCHACTKH 0e3 11 IEMOHTaXy, IO € IPUHIIUIIOBO HOBUM ITiIXOJIOM /IO €KCILTyaTa-
IIAHOTO 3MII[HEHHS.

VY XomogHOMY MITaMIyBaHHI 3aTOTOBKH IMIIAIOTHCS TUIACTHYHIN nedopmarliii npu Temmnepa-
Typax, 10 3a3Bu4aii He nepeBulyoTh 20—200 °C (To6To MeH1e 0,3 Temneparypu IJIaBIEHHS MaTe-
piairy), mo 3Ha4HO OOMEXY€ iXHIO TUIACTHYHICTD 1 IPU3BOANUTH IO HAKOIMUYEHHS HAKJICITy Ta Tepe-
Hakzeny. OCKUIbKY B TAKUX YMOBaX He Bi10yBarOThCs (pa30Bi IEpETBOPEHHS, I0YaTKOBA MeTacTaoi-
JbHA MIKPOCTPYKTYpa 30epiraeTbcs, OJJHaK BUCOKA I'YCTHHA TUCIIOKAlll, 1110 BUHUKA€E O3 peKpucTa-
Ji3anii, BUKJIMKAE 3HAYHE MiJIBUIIICHHS TBEPAOCTI Ta KPUXKICTh 3aTOTOBKU i yTPYJTHIOE MOJANIBIILY
MeXaHOOOpOOKy.

BHacni1ok HepiBHOMIPHOTO PO3MOALTY IJIACTUYHUX HANpPYT y TOBILI MaTepiany (GopMyIOThCS
3aJIMIIKOB] HANPYKEHHs, 1[0 IPU3BOJATH IO TPILIUH 1 MOTIPIIEHHS OOpOOIIOBAHOCTI MOBEPXOHb.
JlokanbHi MiKpoJe(PeKTH — MOPH, JaMaHHS 3€PEeH — BUHUKAIOTh Yepe3 NePEeBUILIEHHS MEX JIOKaJIb-
HOI MJIACTUYHOCTI, MiJIBULYIOTh PU3UK PYyHHYBaHHS [IPHU €KCIUTyaTalliifHOMy HaBaHTaxxeHHI. [li1Bu-
IIEHUH KOHTAKTHUM TUCK 1 TEPTs B 30HI (HOPMOYTBOPEHHS CHPUUYMHSAIOTH IOBEPXHEBE 3MIITHEHHS 32
pPaxyHOK HakJIeITy, 10, CBOEIO YEPTok0, MOPOKY€E BiOpallli Ta HeCTaOUIBHICTh MPU HACTYITHOMY Pi-
3aHH1. IHCTpyMeHTaIbHa OCHACTKA HAa HU3BKUX TeMIIepaTypax MiJaeThcsi 0araropazoBUM MeXaHi-
YHHUM [AKJIaM, 1[0 BUKIUKAIOTh BTOMHE pyHHYBaHHS, TPIIIMHH Y 30HAX KOHIIEHTpPAIIil HApyT Ta aBa-
piiiHi BiIMOBH, a TaKOX MIKpPOIOIIKO)KEHHs TOBEPXHI (3JIUIAaHHS, MIKpO3pi3aHHs, 3HOC), K1 3HU-
KYIOTh TOYHICTh BUTOTOBJICHHS 3aTOTOBOK.

3acrocyBaHHS MarHiTHO-pe30oHaHCHOT 00poOku (MPO) y mporieci X0JI0JHOTO IITaMITyBaHHS
JI03BOJISIE KOMIUIEKCHO YCYHYTH 11l poOJieMu: y X0l abo 6e3mocepenHpo mciis GopMyBaHHS 3aro-
ToBKkM MPO cnpusie 3HIKEHHIO TYCTUHH JUCIIOKAIliH, 110 3MEHIIy€e HAKJIel 1 MiBUIIYE IIaCTHY-
HICTh 0€3 JI0JaTKOBOTO TEPMIYHOTO BiJIAay; MOCTiToBHE 3acTocyBanHss MPO micis mramiryBaHHs
BUKJIMKA€E PeIaKCaIliio 3aJTUIITIKOBUX HAMPYKEHb 3a paxXyHOK JIOKAJIbHOT BIOPOMAarHiTHO1 e opMmairii,
YCYBAIOUH TPIIIMHHM 1 MOKPAITyI0YH 00po0ItoBaHicTh; monepeaass MPO crabimi3ye marepiai, MiHi-
Mi3yI0YH HMOBIPHICTh MIKpOPYHHYBaHb 1 3MEHIITYIOUH JIe(DEKTHICTB; Iepe; MexaHooopookowo MPO
BUPIBHIOE TEH30PHY aHI30TPOIII0 MOBEPXHEBOTO MIapy, 3HIDKYIOUX BiOpamii i miaBunryroun cradi-
JBHICTB pi3alibHOTO mIporiecy; nepioguuHa MPO s ocHacTKu 3amo0irae HAKOMMYEHHI0 BTOMHHUX
TMOIITIKOKEHb, IIPOJIOBXKYIOUHN pECypc MyaHCOHIB 1 MaTpHIlb 0€3 JeMOHTaxYy; a Jjokaibae MPO pobo-
YUX MOBEPXOHb IHCTPYMEHTY TOKpAIye aare3iro PyHKIIOHATBHUX MTOKPUTTIB, 3MEHIITY€E 3HOC 1 3a-
Oe3reuye BUCOKY TOUHICTh HACTYIHHX onepaliil. Takum unHOM, iHTerpanis MPO B XononHe mram-
IIyBaHHS BIJIKPUBAE LUIAX 10 CTBOPEHHS aJalTUBHUX BUPOOHUUYMX CHUCTEM 13 BUCOKOIO JOBIOBIYHI-
CTIO, CTAOLIBHICTIO Ta €HEProe()EeKTUBHICTIO.

ITix yac xosnoHOTO MITAaMITyBaHHs 0€3 peKpucTalizallii B cTajll HAKOIMYY€EThCS BUCOKA IycC-
TUHA AUCIIOKAIH Py, U0 CIIPUUMHSE HAKJIET, MiIBUIIEHY KPUXKICTD 1 MOTIPIIEHY 00pOOIIIOBaHICTb.
MarHiTHO-pe30oHaHCHa 00pOOKa BUKIIMKAE aBTOKOJMBAHHS MAarHiTHUX JIOMEHIB, SKi CTHMYJIIOIOThH
po3cnabiieHHs TUCIOKAIMHUX CTPYKTYP. EBOJTIONIS MUTTEBOT TYCTHHH TUCIIOKAIN OMKUCYETHCS Pi-
BHSIHHSIM!

%zK-é—C-pd-Hg-sinz(wt), (14)
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ne K - € — mBUAKICTh HAKOMTWYEHHS TUCIOKAIlIN IMiJT €0 TiacTuyHoi aedopmartii, a C - pg - Hg .
sin? (wt) — mBUAKiCTh iXHBOT penakcartii mig BrmuBoM MPO 3 amrutiTynoro moist Hy. [nterposane
PIIICHHS TSI CePEIHBOTO 3HAYCHHSI TYCTUHU JUCTIOKAIlIN Ma€e BUTIIS!

2
cH3t

(pa(B)) =pao-e 2 +

2
cH3t

1—e 2 | (15)

2K
CHZ

31 3poCTaHHAM 1HTEHCUBHOCTI N0JIsl Hy TuHaMI4HUN OallaHC MK HAKOIIMYEHHSIM HAKJIEIy Ta
Horo penakcali€ero J0CAraeThCs MIBULIE, 1110 JI03BOJISE KEPYBATH TBEPAIHHAM MaTepiaiy 06e3 3acTo-
CYBaHHsI TPAJAULIIHHOTO TEPMIYHOTO BiNaty.

ITicys X0MOAHOrO IITAMITyBaHHS B 3arOTOBII BUHUKAIOTh 3aJIMIIKOBI HAIIPYKEHHS Yepe3 He-
PIBHOMIpHMIA pO3MOJILI IUIACTUYHUX 3YCUJIb, 1 MAarHITHO-PE30HAHCHA 00pOOKa /103BOJISIE X ePEeKTH-
BHO 3MEHIIUTH 0€3 3acTOCYBaHHs HarpiBy. Pemnakcallito Hanpy>keHb OnHUcy€e MOAN(IKOBaHE PIBHSIHHS
3eHepa—MakcBeiia s B’ SI3KO-IIPYKHOI'O CEPEIOBHINA 3 MarHITHOIO 3aJIEXKHICTIO Yacy peJsiakcariii:

do g de
E"'T(H)_E'&’ (16)

—aH? . . . :
ne t(H) =10 - e *Hot — gac penakcarii, SKMil 3MEHITY€THCS 31 3pOCTAHHAM IHTEHCHBHOCTI TOJIS
Hy, E — Moaynb npyxHOCTI, € — aedopmaris. s Bunaaky cranoi aedopmarii pitieHHs piBHSIHHS

Ha0yBa€ BUTJIALY €KCIIOHEHI[IHOTO 3aKOHY:
t

o(t) =0y -e @, (7)

3urkenHs T(H) mija qi€r0 3MiHHOTO MarHiTHOTO IOJIS IIPUCKOPIOE PelaKCalliio 3aIUITKOBUX
HaIPYy>KeHb, 10 JO3BOJISI€ YHUKHYTH TPAJIUIIIIMHOTO TEPMIYHOTO BiJIIaTy Ta 3a0e3meuye cTa0iIbHICTh
TeOMETPUYHUX PO3MIPIB 1 MOKPAIIEHHS MEXaHIUHUX BIIACTUBOCTEH 0€3 JOJaTKOBUX €HEPTrOBUTPAT.

[Tepen X0M0AHUM MITAMITYBaHHSIM JIOKaJIbHI MIKpOJeeKTH (TIOpH, HECTIHKI 3epHA) ITiABHIILY-
IOTh PU3UK YTBOPEHHS TPIIIKH, TOAI K oniepenas MPO 31aTHa CTpyKTYpHO cTab11i3yBaTH MaTepiai
1o nedopmartii. [To3raunBmm Py (t) sk IMOBIPHICTh BAHUKHEHHS! KDUTUIHOTO Je(eKTy, THHAMIKY
Ne(hEeKTHOCTI ONUCYE PIBHSHHS

L= ) (1 —Py) — BHE - Py, (18)

ne A — IBUIKICTh HAKONMYEHHs Ne(eKTiB y BUXiJHOMY MaTepiani, a fHZ — MIBHAKICTH iXHBOT
penakcaii mig aiero MPO. AHamiTiaHe pillieHHs 1€ MOCII Ma€ BHTJIIS

__4 __4 —(A+BHA)t
Pd(t) = /1+,3Hg + (PdO /1+,3H§) e ( 0) . (19)

3acrocyBanas MPO no mouatky aedopmariii 3HHKy€e TOYaTKOBY HMOBIPHICTh pyHHYBaHHS,
BHUPIBHIOIOUH MIKPOCTPYKTYpY MaTepially Ta MiHIMI3yIOUH MIOPOTOBI Je(hEeKTH.

[Ticnst xonmoxHoro opMyBaHHS MOBEPXHEBUI TEH30p TBepoCTI H yacTto Mae 3HauHy aHI30T-
porito, IO YCKJIaIHIOE CTabUIbHE TPOBEICHH MEXaHO0OpoOKH. JlnHaMika 3MEHIIICHHS IIi€1 aH130T-
portii onucyeThes qUQepeHITiaTbHIM PIBHIHHIM

dAH

ey H2.
== = —y - HZ - AH, (20)

ne AH — mipa TeH30pHoi aHi30Tporii, Hy — aMIUliTy1a MarHiTHOTO TOJIs, a Y — Koe(illieHT edek-
TUBHOCTI pE€30HAHCHOI pernakcarii. PO3B’s130Kk IbOTO PIBHSAHHS MA€ BUTJIS]

AH(t) = AHO - e~YHot, (21)

10 IEMOHCTPY€ SKCIIOHEeHIIHE 3MEHIIeHHs aHi30Tporrii mig aieto MPO. Takuii MexaHi3M BUPIBHIO-
BaHHS JKOPCTKOCT1 TOBEPXHEBOTO MIAPY ICTOTHO MiJBUIIY€ CTAO1IbHICTh Pi3aJIbHOTO MPOIIECY Ta 3HU-
KY€ aMIUTITy/ly HABaHTa)KyBaJIbHUX KOJIMBAaHb IHCTPYMEHTY.
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[HCTpyMEHTaIbHA OCHACTKA B MIPOLIECi eKCIUTyaTalil miafaeTbcsa 0araropa3oBUM MEXaHIYHUM
HaBaHTKECHHIM, BHACIIZIOK YOTO B Hiii HAKOIMYYIOTHCSI BTOMHI MOIIKOKeHHs. [lepionquyune 3acTo-
cyBanHss MPO 103BosIsi€ BiTHOBIIOBAaTH CTPYKTYPY HPUIIOBEPXHEBOI 30HU Ta YNOBUIBHIOBATH LIeH
nporec. AKyMyJiboBaHe NOMIKOKeHHs D (t) onucyeTbes piBHAHHAM

2= Nfl(a) —nHZ - D, (22)

ne Ny (o) — 4ucio UMKIIIB 10 PyHHYBAaHHS PM HABAHTAXKEHHI 0, nHZ — WBUAKICTH BiHOBIEHHS,
MPOIOPIIiiHA KBAPaTy aMILTITY I MAarHITHOTO MOJIsl. AHAMITUYHE PIICHHS IIbOTO PiBHSIHHS Ma€ BH-

TIIsI;
1

NHENf'

D(t) = Dy - e M3t + (1 — e MHGY) . (23)
Perynsapna aist MPO 3MmeHIye MBUAKICTh HAKOMUYEHHS MOLIKOKEHb, 1110 CIIPHUSIE 3HAUHOMY
MPOJIOBXKEHHIO PECYPCYy OCHACTKM 0€3 HEOOX1THOCTI il IEMOHTaXKY.
3HOILIEHHS Ta MIKpPO3pi3U MOPYIIYIOTh LITICHICTh MOBEPXOHb IITAMIIIB, TO1 SIK 3aCTOCYBaHHS
MPO noxpaiitye MiKpOCTPYKTYpy HNPUIIOBEPXHEBOrO MIApy Ta MiABUILYE aare3iiiHi BIacTUBOCTI Qy-
HKLIOHAJTBHUX MOKPUTTIB. [lo3naunBmm A(t) sik koedilieHT aaresii, 1Oro po3BUTOK y Yaci Ommcy-

€TbCS PIBHSHHAM:
dA 2
— = kHg - (1= 4), (24)
t
Jie K — KOHCTaHTa e()eKTUBHOCTI MarHiTHOI penakcanii, Hy — aMIUIiTy1a MarHiTHOTO MOJIs.
AHaJITUYHE pilIEHHS [IbOTO PIBHSAHHS MAa€ BUIJIS:

AD) =1—(1—4,) - e kHo, (25)

10 MOKa3ye, M0 YUM BHINA iHTEHCUBHICTE MPO, TUM mIBUALIE TOBEPXHS JOCITae MaKCUMalIbHOI
aAre3iifHo1 31aTHOCTI 10 GYHKI[IOHATTEHOTO MOKPHUTTSL.

[HTerpaiist MarHiITHO-pE30HAHCHOT 0OPOOKH y TEXHOJIOTTUHI IPOLECH BUTOTOBJIEHHSI BiJIIO-
BiJIaJIbHUX JIeTaJIel MalTH BiIKPUBAE HOBY MapaJurMy MUIECIPSIMOBAHOTO (hOPMYBaHHS MiKPOCTpY-
KTypH Ta (13MKO-MEXaHIYHUX BJIACTUBOCTEW y XOJIl K rapsiuoro, Tak i XOJOJHOTO IITaMITyBaHHS.
VY pexxuMi rapsuoro mraMiyBaHHS pe30HAHCHA JIisi 3MIHHOTO MAarHiTHOTO TOJIS aKTUBY€E YTBOPEHHS
LIEHTPIB KpUCTaIi3allii 3a paXyHOK 3HKEHHS eHeprii aktuBalii 4G, 110 MaTeMaTUYHO OMUCYETHCS
3akoHOM (1). Lle cipusie popMyBaHHIO APiOHO3EPHUCTOI CTPYKTYPH, ITOCHICHHIO BTOMHOT MIITHOCTI
Ta cTablIBbHOCTI reomeTpii aerani. [TapanensHo B (ha30BUX crcTeMax i3 HEOTHOPITHOK CTPYKTYPOIO
MpoIiec BUPIBHIOBAHHS (Pa30BUX I'PA/Ii€HTIB OMHUCYETHCS PEaKIIHHO-TU(Y31HHUM PIBHSHHSIM 13 pe3o-
HaHCHHUM 30ypeHHsM (4), 1o 3a0e3reuye oqHopiaHuN (Ha30BUi CTaH y MaTepiali.

VY Xo05101HOMY HITaMITyBaHHI HAKOMIMYY€EThCS HAaAMIpHA TYCTHHA JUCIOKAN py, siKa 00yMo-
BJIIO€ HAKJIETI Ta 3HWKEeHHS MacTuyHocTi. MPO cTuMyIioe penakcaliito JUcIoKalii uepe3 JoOMeHH1
ABTOKOJIMBAHHSI, IO ONUCY€EThCS piBHIHHSM (14). Takuit MexaHi3M J103BOJISIE 3HU3UTH TBEPIICTH O€3
TEPMIYHOTO BiJIaTy Ta MOKPAIIUTH 00pOOIIIOBaHICTh. 3HIKEHHSI HMOBIPHOCTI MIKpOPYHHYBaHb J10-
CSraeThCsl TAKOXK mornepeaHiM BitBoM MPO 3a mozetto (18), 110 BUpiBHIOE MiKPOCTPYKTYPY # Mi-
HIMI3y€ TIOPOTOBI Ie(HEeKTH.

[MpurmmBu MPO icTOTHO MPOAOBKYIOTH PECYpC OCHACTKHU: peJlaKcallisi BTOMHUX Halpy>KeHb
Ta Mo tiiKaIlisi MPUTTOBEPXHEBOI CTPYKTYPH ONMUCYIOTHCS MOJIEIUTIO aKyMYJIAIIT OMKOKEHHS (22)
3 pimeHHaM (23), 110 T03BOJISIE BIAHOBIIOBATH CTPYKTYPHY IIUTICHICTD 0€3 IEMOHTaXy 1HCTPYMEHTA.

KitouoBuM acmekToM € Takoxk MoauGiKallis MTOBEPXHEBOT0 MIapy MaTepialy mepes Y Micis
nedopmalii: yCyHeHHSI TeH30pHOI aHi30Tportii TBepAocTi BinOyBaeThes 3a hopmynamu (20) i (21),
110 3a0e3Mevye cTablIbHICTh Pi3abHOTO MPOLIECY Ta 3HWKEHHS KOMMBaHb. Penakcallist 3aIMIIKOBUX
HaTpy>KeHb MICIS XOJOJHOTO MITAMIYBaHHS IiIKOPSAEThCS Moaudikamii piBHIHHS 3eHepa-Makc-
Besuia (16) 3 pimenssM (17), 110 YHEMOKIIUBITIOE HAarpiBallbHI IIUKJIH Ta MiABHILY€E TOUYHICTh OCTATO-
YHOT reoMeTpii.
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VY kinneBomy migcymMmKky MPO BHcTynae iHTEIEKTYaIbHUM MIKpOMOAU(IKATOPOM, IKUH CHH-
XPOHI3Y€ 3MIHU MIKPOCTPYKTYPH 3 TE€XHOJOTIYHUMH €TaraMu, 3a0€3Meuyryr KOMIUICKCHE ITOJIM-
IICHHS SIKOCTI 3aTOTOBOK 1 €peKTHUBHICTh HACTYMHUX ornepauiid. Takuil miaxig J03BOJIsE CTBOPIOBATH
caMOpeTyJIbOBaH1 BUPOOHUY1 JAHITIOTH 3 TU(PPOBUM 3BOPOTHUM 3B’ SI3KOM 1 peali3yBaTH KOHIIETIIIIO
Smart Manufacturing y mexax Ingyctpii 4.0.

BHUCHOBKU

VY 11poMy OCIIIPKEHH] JOCATHYTO ITOCTAaBIEHOT METH — HAayKOBO OOIPYHTYBAaTH Ta peaji3y-
BaTH KepoBaHe (POPMyBaHHS MIKPOCTPYKTYPH 3arOTOBOK MAITMHOOYAIBHUX JIeTaleil uepes inrerpa-
1IF0 MarHiTHO-pe30HaHCHOI 00poOku (MPO) y mporiecu rapsiaoro i XoJ0HOTO ImTaMiyBaHHs. J1Jis
IILOTO OYJI0 pO3pOOJICHO U JIETAILHO MPOaHATI30BaHO JIBAHAIISTh aHATITHYHUX MOJIENICH, K1 OTIH-
CYIOTh KJTt0UOBi (hi3uyHi MexanizMu MPQO: akTuBalio HEHTPIB KpHCTAIi3aIlli, peJaKkcaliio 3aJull-
KOBUX HaNpy>KeHb, PETyJIOBaHHS T'yCTUHU JTUCIIOKAIl, 3HWKEHHSI HMOBIPHOCTI MIKpOpYyHHYBaHb,
BUPIBHIOBAHHS TEH30PHOI aHI30TPOIIT TBEPIOCTI Ta YHOBUIbHEHHS HAKOIMYEHHS BTOMHUX IOLIKO-
JDKEHBb B OCHACTIII. 3ampoIrOHOBaH1 MOJIeNi JO3BOJISIOTH nepeadayaru BB MPO Ha KoxHOMY Te-
XHOJIOTIYHOMY €Tarli, 3a0e3Meuyoun IiIecIpsIMOBaHy MOAUQIKaIlil0 BJIACTUBOCTEH Martepiany 0e3
3aCTOCYBaHHA JOAATKOBOTO HArpiBy Ta TEPMIUHOTO BiMAamYy.

ExcniepumenTanbHi i aHaIITHUHI pe3yJIbTaTH miaTBepaniy, mo MPO cyTTeBo 3HMXKYE CTpY-
KTypHi i MexaHiuHi JedekTy (3aIMIIKOoB] HANPYKEHHS, HAKJIeN 1 pa30BY HEOTHOPIIHICTH) Ta Mi/IBU-
1ry€e cTabUIbHICTh IPOLECIB Pi3aHHS, 3MEHIIYE 3yCHIUIS i 13HOC 1HCTPYMEHTY, a TaKOX I1/IBUILYE
MIOBTOPIOBAHICTh PO3MIPHO-TEOMETPUYHHUX XAPAKTEPUCTUK TOTOBUX BHpOOiB. 3actocyBanHs MPO
nepen 1 miciid mactudikamii Ta nepea MexaHooOpoOKoro 3a0e3neyye TOYHiIIe KOHTPOIbOBAHUMN Oa-
JaHC MDK HaKJIENoM 1 HOro pesakcalli€o, BUPIBHIOBAHHS MOBEPXHEBOI aHI30TpoIii i onTHUMajibHe
3HMKEHHS 3QJIMIIKOBUX HAIPYKEHb, 1110 Pa30M I1BUIIY€ IOBIOBIYHICTH K 3arOTOBOK, TaK 1 IHCTpY-
MEHTY.

IaTerpaniss MPO y BupoOHMUMiA 1TMKIT BiAMOBi1ae BUMoram [HmycTpii 4.0, apke moeaHye 1mu-
(GpoBi MoJeNi 3 CEHCOPHUM 3BOPOTHUM 3B’S3KOM JUIS aJalITUBHOTO KEPyBaHHS BIACTUBOCTSIMH Ma-
Tepiay B peasibHOMY 4aci. OTprMaHi pe3yJbTaTH 3aKJIaJal0Th MIIIHY TEOPETHUHY Ta IPAKTHYHY OC-
HOBY JUIS TOJAJIBIIOT pO3POOKH 1HTENEKTyaIbHUX BUPOOHMUYUX CHCTEM, 3AaTHUX CAMOCTIHHO pery-
JIOBATH MapaMeTpH MITaMITyBaHHS i 0OpOOKHU 3 MeTOr0 3a0e31eYeHHs BUCOKOT €(peKTUBHOCTI, EHEP-
TOOIIAIHOCTI M €KOJIOTiuHOi O€3MEeKH Cy4YaCHOr0 MAallTMHOOYAyBaHHS.
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This paper presents a comprehensive approach for integrating magnetic resonance Processing (MRP) into both
hot and cold stamping processes of critical machine components. Twelve analytical models have been developed, each
describing a specific stage of interaction between the alternating magnetic field and the workpiece or tooling: from nu-
cleation and domain-structure modification to residual-stress relaxation, dislocation-density reduction, and minimization
of microfracture probability. It is demonstrated that the contactless application of MRP allows for localized, controlled
formation of dislocation clusters, elimination of tensorial hardness anisotropy, and homogenization of phase heteroge-
neities without the need for additional thermal treatment. Experimental and analytical results show a marked improve-
ment in the stability of cutting process parameters: dynamic tool loads are reduced, the repeatability of dimensional and
geometric characteristics of finished parts is enhanced, and tooling life is extended by slowing the accumulation of fatigue
damage between cycles. By applying MRP before or after stamping, an optimal balance between work-hardening and its
relaxation is achieved, increasing material ductility without conventional heat treatment and lowering energy consump-
tion. The scientific novelty lies in combining these analytical models with the paradigm of Industry 4.0 cyber-physical
manufacturing systems. MRP emerges as a key element of adaptive production: real-time sensor data enable targeted
micromodification of material properties, while digital models forecast their evolution under process loads. This opens
the way for self-regulating production chains with closed-loop feedback that integrate plastic deformation, structural
modeling, and digital control. The practical significance of this work is confirmed by its potential to substantially reduce
overall production costs and energy consumption through fewer thermal cycles, while also enhancing environmental
safety. The proposed methodology provides a solid foundation for the development of intelligent manufacturing systems
and advanced surface-engineering technologies in mechanical engineering.
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PO34in i
| — NMPOLIECU OBPOBKU TUCKOM
Y METANYPTII
YIK: 621.771.23:620.193 DOI: 10.37142/2076-2151/2025-1(54)156
Kyxap B. B.
Kypmne O. T'.

Byrenko E. O.
Mumiganos . B.
Mauiii X. B.

KOMILIEKCHUI AHAJII3 TIPUYMH JETPAJIAIIL IMTHKOBOI'O IHOKPUTTA
HA THYTHUX CTAJIEBUX ITPO®LIAX IJIA BY AIBEJIbHUX KOHCTPYKIIN

Y cmammi npeocmasneno xomniexcHuil ananiz npuyuH 0eepadayii YuHK08020 NOKPUMMSL HA SHYMUX CIANE8UX
npoginsx, sueomosienux 3 pyiorHoi oyurkosaroi cmani mapxku DX51D+Z140, ska wiupoxo sukopucmogyemocsy 6yois-
HUYMSI AK apmysanvHuti abo KOHCMpYKmusHull enemenm. [ocniodxceno noeHutl mexHoI02iuHull YUKI 8UpOOHUYMea —
810 KUCTIOMHO20 MPAGIEHHS. 2APAYEKAMAHOT cMyau ma ii X0100HOI nPOKAmMKY, Yepes 2apsaue YUHKYBAHHSA Y 3aXUCHIU am-
Mocgepi, 00 @inanvhoco emany npoQino6anus Ha 6A2AMOBANTKOBUX CIAHAX. Y KOJMCHOMY 3 emanieé npoananizoeaHo
NOMeHYIUHI YUHHUKU BUHUKHEHHS 0eheKmis, ujo MONCYMb Npu38ecmu 00 3HUNCEHHs AHMUKOPO3IUHOI cmiukocmi no-
Kpumms. Bcmanosneno, wo 0CHOBHUMU MEXHOI0TUHUMU NOPYULEHHAMY €: 3ANUWKU OKCUOI8 3a1i3a HA NOBEPXHI NiCA
HEeNnoB8HO20 MpAagieHHs, BIOCYMHICMb a60 HeAKICHA NaAcusayis 308HiUHbOI N08ePXHI NPOQINI0 NiCIsA YUHKYBAHHA, A Ma-
KOJC NOMPANIAHHSA XI0PUOI8 — AK 8HYMPIUHBLO20 NOXOONCEHHA (MeXHIYHA 8004a), MAaK i 308HiUHbLO20 (ammocdepHi
snausu). Ilposedeno excnepumenmanvii 6UMIPIOGANHS MOGUUHU YUHKOBO20 WAPY HA WMAD0BUX 3A20MOBKAX | 20/MOBUX
npo@insx iz noOAILUIOI0 CIMAMUCIUYHON 00pobKoI0 0anux 3a kpumepismu Koxpena ma @iwepa. Ximiunui ananis sa-
O6pyOHens niomeepous HAsIBHICMb XA0pUOi8 Ha 308HIWHIT nosepxHi npoginie, Cr(VI) muwe nio nokpummsm (ceiouenHs
Henoerol nacusayii), a MaKkoNC 3aIUMKOBUX OPSAHIYHUX eMYAbCIl. JJoCNiONceH s NOKa3anu, wo npogii, 6UcOMOoGIeHI 3
PVIIOHIG [3 NIOGUYEHOI0 OUCNEPCIEN YUHKY, € HAUOLIbW 8PA3IUSUMU 00 JOKANbHOL Kopo3il. Haeimb MmiHiManbHi 6i0XU-
JIeHHs. 810 pe2laMeHmo8anux napamempis na 0yob-aKomy emani GUPOOHUYMBEA MONUCYMb MAMU KPUMUYHI HACTIOKU O
excnyamayitunoi naoiunocmi koncmpykyii. Ilonpu me, wo cepedni 3HaUeHHs: MOBWUHU NOKPUMMSL 8ION08IOAIU GUMO-
eam cmanoapmy Z140 (ICTY EN 10346:2014), xomnnexcna Oisa 6HYmMpiwiHix i 308HIUHIX YUHHUKIE CHPUYUHUILA NOSAGY
«6inoi ipoicin we 0o excnayamayii. 3anpononosano pexomenoayii w000 600CKOHANCHHSA MEXHONO2IUHUX | TO2ICTNUYHUX
npoyecie 0 niosuLjerHs 008208i4HOCMI SHYMUX OYUHKOBAHUX NPOinis.

Kniouosi cnosa: oyunxosana cmans, cHymui npoghinb, X0100HA NPOKAMKA, YUHKYEAHHS, NACUBAYIs, XI0PUOU,
KOpO3isi, MexXHOL02is NPOQINt08anHHs, XIMIYHUL AHANI3

VY cydyacHHX yMOBax 3pOCTardoi NOTpedu y MIBUIKOMY BiIHOBJICHHI MOUIKOIKEHOTO KHUTIIO-
BOro (hoHIy, 30KpeMa BHACIIZOK MOBHOMAcCIITa0HOI arpecii Ta 0oifoBux Aiif B YkpaiHi, 0coOnIHMBY
yBary NpHuBEPTAIOTh KOHCTPYKTHUBHI MaTepiaiH, siKi 3a0e3Meuy0Th HaIIHHICTh, IIBUIKICTH 1 €KOHO-
MiuHICTh OyAiBHUITBA [1]. OMHUM 13 KIIFOUOBUX €JIEMEHTIB TAKUX CHCTEM € THYTI Mpodisii 3 OIUH-
KOBaHOT cTaJi, 0 MHUPOKO 3aCTOCOBYIOTHCS B AKOCTI apMyBaIbHUX €JIEMEHTIB Y BIKOHHUX KOHCTPY-
KI[isIX, Kapkacax, GacaHuX pILICHHsX, & TAKOXK Y TCIUINYHHX Ta CLUILCBKOTOCIIOAPCHKUX CIOPYIax
(puc. 1). Ixue 3acrocyBanns 3a6eaneqy€ HEOOX1/THY KOPCTKICTh 1 TEOMETPUYHY CTAOLIBHICTD Y TO-
€THAHHI 3 JIETKOIO Baroro Ta 3py4YHICTIO MOHTAXY.

Pa3oM 13 TuM, HaBiTh 32 HAIBHOCTI LIMHKOBOTO TIOKPUTTS, SIKE MA€ TapaHTyBaTH IOBIOTPHUBA-
JIMH 3aXUCT BiJ] KOPO3il, MOKITMBI BHITAJIKH HOTO TIEPEAIaCHOTO MOMKOKEeHHS [2]. Oco0MmMBO momm-
PEHUM € YTBOPEHHS «O17101 ipKi» — MPOAYKTY aTMochepHOi Kopo3ii, 110 BUHUKAE Ha MTOBEPXHI Me-
TaJy MiJ JI€0 BOJIOTH, arpECUBHUX aepO30JIiB Ta BIJICYTHOCTI HaJEKHOI macuBarlii. Taka Kopo3is
TIOTIpIIIy€ 30BHIMIHINA BUTIISA BUPOOIB, CIPUUUHSE MOCTYTOBE pyHYBaHHS IIMHKOBOTO LIapy Ta OTo-
JICHHSI OCHOBHOT'O METaITy, 110 B IMOJATBIIOMY 3HWKYE €KCIUTyaTalliiHy HaIiifHiCTh KOHCTPYKIii. CH-
Tyallifo 10AaTKOBO YCKJIAHIOIOTh TNI00aNbH1 KIIMaTHYHI 3MIHH, IO CYTPOBOIKYIOTHCSI YACTUMH Ta
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PI3KMMHU KOJIMBAaHHSIMH TEMIEpaTypH, MiIBULICHOIO BOJIOTICTIO Ta 3pOCTAHHAM aTMOC(HEPHUX BILIH-
BiB. AKTHBHE BUKOPUCTAaHHS XIMIYHUX PEAreHTIB JIJIsi 3MMOBOT'0O 00CITyTOBYBaHHSI JIOPIT, a TAKOX J10-
OpuB 1 Ae31H(EKIIIHUX 3acC00iB B arpoCeKTOpi CTBOPIOE XIMIYHO arpecuBHE CEpeIOBUINE, 3aTHE
pyiiHyBaTH 3axucHI QyHKIIT 1TuHKOBOTO 1apy. [Ipodini, mo 30epiraroThcsi 800 EKCITyaTyIOThCS B
TaKUX YMOBAaX, CTalOTh BPa3JIMBUMHU JI0 JIOKaJi30BaHOI KOPO3ii HaBiTh MPH HE3HAYHUX BUPOOHUUIMX
BIIXWICHHSX [3].
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- a0 3 3o
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Puc. 1. I'nyTi npo¢ini y BIKOHHUX CUCTEMax

BaxJMBO MiAKPECIUTH, IO BUTOTOBJICHHS TAaKUX METAJIEBUX EJIEMEHTIB € TEXHOJIOTIYHO
CKJIaJHUM IPOLIECOM, L0 BKJIIOYAE XOJIOJHY MPOKATKY, OLMHKYBaHHS PYJIOHIB, IXHIO MOPI3KYy Ha
LITPHUIICH Ta MoAajbIe npodinroBaHHs. KoxeH 13 Ux eTamiB Mo)Ke MICTUTH MOTSHLIHHI pU3UKH (o-
pMyBaHHS J1e()eKTiB, [TOB’SI3aHUX 3 HEJOTPUMAHHIM MapaMeTpiB OUUILIEHHS, MTacuBallii, KOHTPOJIIO
BOJIOTOCTI YY1 BUKOPUCTAHHS TEXHOJOT14HOT Boiu. Came TOMy MUTaHHs 3a0€3MeYeHHs IOBrOBIYHOCTI
OLIMHKOBAHUX FHYTUX MPOo(d1s1iB HAOyBa€e ChOTOIHI CTPATEr1YHOTO 3HAUEHHS — SIK Y TEXHIYHOMY, TaK
1 B COI[iaJIbHOMY, Ta HaBITh T'€ONOJIITHYHOMY KOHTEKCTI.

I'ayTi mpodini 3 OMHKOBAHOT cTajIl HOBUHHI BIAMOBIIATH KOMIUIEKCY €KCILTyaTalliHuX BU-
MOT, 110 3a0€3MeuyI0Th IXHIO Ha{IHHICTb 1 JJOBIOBIYHICTD y Oy IiBEIbHUX Ta 1H)KEHEPHUX KOHCTPYK-
1igx. OCHOBHUMHU CepeJl HUX € IOCTATHS dKOPCTKICTh 1 MIIIHICTh NPU MiHIMaNbHIN Ba3l, TOYHICTb I'e-
OMETPUYHMX TapaMeTpiB, CTaOLIbHICTE (OPMH MPHU MOHTAXI, CTIMKICTh J0 MEXaHIYHUX MOIIKO-
JOKEHb 1 BIOpaliiHUX HaBaHTaxeHb [4]. OcobnuBy yBary NpuAUISIOTh AaHTUKOPO31iHIHM CTiMKOCTI,
sKa JOCATAETHCS 3aCTOCYBAHHIM JJBOCTOPOHHBOTO ITMHKOBOTO MOKPUTTS (Hanpukian, Z140), Biamo-
BimHoro HOopMaM JICTY EN 10346:2014, o rapanTye TepMiH CIIy»KO0u podiIro B yMOBax Hearpe-
CHBHOT'O Cepe/IOBHILA IIOHaMEHIIIe 25 POKIB.

KpiM 3aranbHIX MEXaHIYHHUX [TOKA3HUKIB, POl MpU3HaUeHi 3a0e3nedyBaTi 3pyUHICTh MO-
HTaXy Ta CyMICHICTb 13 pI3HUMH cHUCTeMaMH KOHCTpYyKUii. Lle BkiItouyae BiICYTHICTh 3aUPOK, PiB-
HOMIPHICTb 1Iapy LUHKY, Ta BIAMOBIIHICTE YMOBaM TPaHCHIOPTYBaHHs il 30epiraHHs (y T. 4. 3aXHCT
BiJl yTBOPEHHS KOHJIEHCATy, IpOMep3aHHsl, Kopo3ii). HepoTpumanHs iux BUMOT — 0COOJIMBO Y yac-
THHI TOBEPXHEBOI'0 3aXUCTY — MPU3BOJUTH JI0 IPUCKOPEHOT0 KOPOIyBaHHS HABITh HOBUX BUPOOIB,
110 3HIKYE JOBIPY CHOXKMBaya Ta €KCIUTyaTaliiiHy iHHICTh NPOdIIIIO.

BupoOHUIITBO OITMHKOBAHOI CTAJIEBOi 3arOTOBKU B IIEXaX XOJIOJAHOIO MpOKaTy (puc. 2) noyu-
HA€ETHCSA 3 TPABJICHHS rapsgyeKaTaHOTO PYJIOHY, SIKUM MICTUTh OKAJIMHY Ta MOBEPXHEB1 3a0pyTHEHHS
[5]. Ha MeTanmypriffHuX miANPHUEMCTBAX OUYMILEHHS BUKOHY€EThCS Ha Oe3nepepBHO-TPAaBUILHUX arpe-
rarax (bTA) i3 BUKOpUCTaHHAM CipyaHOI KUCIIOTH, MICIs YOT0 MoJIocy 0araropa3oBo MPOMMBAIOTH 1
CyLIaTh rapssyuM HOBITPSIM. SIKICTb TpaBJiIE€HHS i MOBHOTA IPOMHUBKHU MAlOTh KpDUTUYHE 3HAUYEHHS 115
aaresii MaiOyTHHOTO IMHKOBOT'O IMOKPHUTTS: 3AJIMIIKH KUCIOTH YX IUIAMY MOXYTb MPU3BOIUTH 10
MIPUCKOPEHOT KOPO3il MeTaIy.

[Ticnsa TpaBieHHS M0JI0CA HAMIPABISAETHCA HAa XOJIOAHY IPOKATKy Ha 6araToKJIeTbOBOMY CTaHi,
ne popMyeThes 3a/laHa TOBLIMHA Ta CTPYKTypa metany. HacTynHuMm etanom e Oe3nepepBHE rapside
LIUHKYBaHHS, B MIPOIEC] SKOTO M0JIOCa MPOXOAUTH BIAMNAN y 3aXHCHIA atMocdepi (a30T + BOJEHB),
OUMILY€TbCS, @ TOTIM 3aHYpPIOETbCS y BaHHY 3 pO3IUIABIEHUM LIUHKOM TEMIIEpaTyporo
~450-460 °C. ToBuHA TOKPUTTS (POPMYETHCS KIOBITPSIHUMHU HOKaMI» Ta BU3HAYAETHCS YMOBAMU
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OXOJIO/KEHHS # ckitamoM po3ruiaBy (BMicT Al, Pb, Fe). Jlns moninimerHst cTiHKOCTI 10 615101 Kopo3ii
BHPi0 MACUBYETHCS PO3UNHOM XPOMOBOI KHUCJIOTH Ta, 32 MOTPEOH, TPOMACIIOETHCS. Y ¢l 111 €Tanu Ma-
I0Th CyBOPY perjaMeHTallil0, OCKIJIbKM HaBITh HE3HAUHE BIIXWICHHS B MapameTpax Mpolecy MoXe
MIPU3BECTH /10 ACPEKTIB TOKPUTTS — BiJl BIAIIAPOBYBAHHS JI0 IIBUIKOI AeTpaaliii mpu 30epiranHi.
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Puc. 2. Oprani3zaniss BUpoOOHHUIITBAa OLIMHKOBAHUX PYJIOHIB B IIEXy XOJOAHOTO MpoKary [5]

X0J0THOTHYTi TPOQLJTi, B y3aralbHEHOMY BUTIAJIKY, BUTOTOBJISAIOTH METOZOM OAaraToBaJIKOBOI PO-
(bUTFOFOUOT POKATKH 3 PYJIOHHOI OIIMHKOBAHOI CTaJli TOBIIMHOO TiepeBakHo Bix 0,65 mo 2,0 mm. Ha mo-
YaTKOBOMY €Talll PyJIOHH pO3MOTYIOThCS, Hapi3aloThcs Ha MTabu HE0OX1IHOI IUPUHH, TICIIS YOTO
mrTala MOCHiJOBHO MPOXOJAUTH 4epe3 cepilo (GopMyBalbHUX KITEH MpOQiIe3rHHAIBHOTO CTaHy
(puc. 3). Koxxna kiith teopMye MeTall MOETarHoO, HaJalou1 HoMy 3a1aHOTro nepepisy, — 0e3 Harpi-
BaHHSI, 110 JI03BOJISIE 30€PETTH IMHKOBE TIOKPHTTSI.

Ha 3aBepmanbHux eramnax npodijib Hapi3aeThCs HA 3aJaHy JOBXKHHY (HOXKaMH “JIETIOYOTO
pi3y”), MPOXOIUTH KOHTPOJIb T€OMETPIi Ta, 3a MOTpedu, makyeTrbesi. OcobIUBy yBary NpuAUISIOTH
3aXHMCTy HUHKOBOT'O LIApy BiJ MEXaHIYHUX MOUIKO/HKEHb ITi]] Yac MPOXOKEHHS Yyepe3 HalpsiMHi, po-
JIUKY Ta TpuiMaibHi ctoiu. [ligBuieHa TouHICTh 00JIaIHaHHS Ta aBTOMAaTUYHE PEryIIOBaHHS Mapa-
METpIB JI03BOJISIOTH OTPUMATH POl 3 MIHIMATBHUMHU JIOITyCKaMH IO JOBKHHI, MJIOIMHHOCTI Ta
cepnoBuAHOCTI. [lopyImeHHsT TEXHOIOT1, TaKl SIK TIEPEKiC MTa0u Yi HASBHICTh a0pa3uBHUX YaCTH-
HOK, MO>K€ MTPU3BECTHU JI0 33 JUPIB 1 MIKPOMOIIKOI)KEHb TOKPUTTS, 110 3HUKYE KOPO3iiHY CTIHKICTh
BHPOOY.

dakropu, 110 CHPUIMHSAIOTH KOPO3it0, 30KpeMa «Oiy ipKy», y THYTHX OLIMHKOBAHUX MPodi-
JISIX TIOB’sA3aH1 SIK 3 MOPYIIEHHSMHU TEXHOJIOT1i BUPOOHUIITBA, TaK 1 3 YMOBAMH TPAHCIOPTYBAHHS Ta
30epiranHsa. Ha eramni BUTOTOBJICHHS OCHOBHUMH PH3UKaMH €: HEpIBHOMiIpHE a00 HEJIOCTATHE IUH-
KyBaHHsI, HASIBHICTh IIJIAMY UM 3aJIMIIKIB KUCIIOT ITCIS TPABJICHHS, BIICYTHICTh a00 TOraHa sKicTb
nacuBallii, MOMIKOKEHHS MOKPUTTA i Yac MPOKATKH M pi3aHHA. YcCi Il JeeKTH MOXKYTh CTaTh
TOYKaMH MTOYATKY JIOKATHHOTO KOPOAYBaHHs a00 BUKJIMKATH BiIIapyBaHHS 3aXUCHOTO Iapy, 0CO0-
JUBO TIPH Jii BOJOTH i TEeMIEpaTypHUX KOTUBaHb [9].

«bina ip>xay yTBOPIOETHCS TIPU BOJIOTOMY 30€piranHi BUpOOIB y MIIJIFHO CKIAJCHUX MTaKeTax
0e3 BeHTHIALIi. BoHa BUHHMKAaE BHACTIOK YTBOPEHHS T1IPOKCHULYy Ta KapOOHATY LUHKY MiJ €10 BO-
JIOTH, KACHIO i BYTJICKHCIIOTO Ta3y. HalOuIbIn Bpa3mMBHMH € HOBI, IIIe HE CTaOLTI30BaHi MMOKPUTTS 0€3
copMoBaHOi 3aXUCHOI KapOOHATHOT MITiBKU. biTy ip)Ky JIErKo CIUTyTaTH 3 HE3HAYHUMHU €CTETUYHUMU
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nedexTaMu, oJTHaK BOHA MOX€E CTAaTH MOYaTKOM CEPHO3HOTrO MOIIKOIKEHHS Iapy LUHKY Ta HaBIiTh
OCHOBHOT'O METaJly, SKIIO HEe BXXUTH 3aX01iB. CaMe TOMy KOHTPOJIb BOJIOTOCTI, IPaBHJIbHA YIIAaKOBKA
Il IPOBITPIOBAHICTH CKJIA/ICBKUX MPUMILIEHb € KPUTUYHO BAXKIUBUMHU.

r

Puc. 3. Opranizamiss BUpOOHHUIITBA XOJOJHOTHYTHX HPOQUIIB 3 OLMWHKOBAHOI PYJIOHHOT
crami [5-8]: a— cTaneBi pyJIOHM Ha CTeaxax; O — po3MiTKa Ta pO3pi3aHHs PYJIOHIB Ta MTa0H (IITPH-
TICH):; B — TOTOBA MPOAYKIis; T — JiHis PO ITIOBAaHHS IITPUIICY

BupoOHMIITBO Ta MOCTayaHHS OLIMHKOBAHOI CTaJIi B YKpaiHi periiaMeHTy€eThCsl HAal[lOHATbHUM
cragmaptoM JICTY EN 10346:2014, skwii € amanToBaHuM Tepekiaom eBporerickkoro EN 10346
1 BCTAaHOBJIIOE BUMOTH JI0 XIMIYHOTO CKJIaJy, MEXaHIYHUX BJIACTUBOCTEH, THIIB MOKPUTTIB (HAINpH-
kiaz, Z140), ix Macu, SKOCTI MOBEpXH1 Ta 00poOIeHHs (MMacuByBaHHs, 3MallyBaHHs Toulo). Jloaar-
koBo 3actocoByeThes JICTY EN 10143:2014, mio Bu3Havae 1OMyCKU HAa po3MipH Ta popMmy BUpoOiB
3 TOHKOJIMCTOBO] CTaJll 3 MeTaJIeBUM MOKPUTTSIM. Lli cTannapT 30008’ 13y10Th BUPOOHUKA TOYHO BKa-
3yBaTH BCI apaMeTpH MPOAYKIii B cepTH(iKaTi AKOCTI, a TAKOK JOTPUMYBATUCh BUMOT 0 3aXUCTY
MOBEPXHI BiJl KOPO3ii Mij yac TpaHCHOPTYBaHH Ta 30epiranHs.

JleeKTr IIMHKOBOT0 MOKPUTTSI MOXKYTh BUHUKATH BXKE Ha CTaJil BAPOOHHUIITBA OLIMHKOBAHOT
3aroTOBKH, SIKIIO MOPYIIEHO MPOIECH TPaBJICHHS, TPOMUBKH, CYIIiHHS M HAHECEHHSI CAaMOTO TOK-
purts. Cepes MOMMPEHUX NPUYMH — HASBHICTh 3QJIMIIKIB OKAJMHU 4epe3 3a0pyIHEeH] TPaBUIIbHI
BaHHH, HEJJOCTATHE 3HEKHUPEHHs a00 MPOMHBKA CMYTH TIepe]l OIMHKYBaHHIM, HEPIBHOMIPHHUNA PO3-
MOJIUT PO3ILJIaBy LUHKY, IEPEBUILIEHHS BMICTY JIOMIILIOK Y BaHHI, 8 TAKOX MMOMMJIKU IiJ Yac rnacuBa-
uii. KpiM Toro, HeHanexHe CyIIiHHS Ta Hee(h)eKTUBHE MPOMACIIOBAHHS CIPHUSIOTH YTBOPEHHIO BO-
JIOTH Ha MOBEPXHI, 1110 MPU3BOIUTH 10 «O1I01 1p>Ki» 111e 10 BiABAHTAXKEHHS MPOIYKIII.

[Tixg gac TpaHcTIOpTYBaHHS i 30€piraHHs KPUTHIHUMH (DaKTOpAMH CTAIOTh KOHTAKT BOJIOTOTO
MOBITPS 3 METAJIOM, HEJIOCTaTHIA HaXWJ yIMaKOBaHUX BUPOOIB, HIUIbHE YKIaTaHHS 0e3 MUPKYJIAIii
MOBITPS, @ TAKOXK MOTPATUISTHHS BOAM (JIOILy UM KOHJIEHCATY) MK eneMeHTaMu podisiB. OcobauBo
HeOe3neyHnM € 30epiraHHsa HEYNMaKOBaHUX YU CBIKOOIIMHKOBAHUX BHPOOIB y 3aKPUTHX, HEIIPOBIT-
PIOBaHMX MPOCTOpax. SKIo MOPYIIEHO YMOBH MaKyBaHHs, BEHTHIIALIT a00 HE TOTPUMAHO HAXIITY 5
MM/M JJIs1 CTOKY BOJIOTH, HaBiTh SIKICHE OKPUTTS MO>KE BTPATUTH 3aXUCHI BIACTUBOCTI 1€ 10 MOH-
Taxy.
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VY 3B’s13Ky 3 (piKCyBaHHSIM BMIIAJKIB MEPEAYACHOTO MPOSBY KOPO3ii HA THYTUX MPOdiIixX i3
OIIMHKOBAHOI CTaJll, 30KpeMa y BUTJISA1 «O1101 ipKi» BiKE Ha €Tarli CKJIaTyBaHHs 400 KOPOTKOYaCHOTO
30epiraHHs, BUHUKIIA TIOTpeda y 3’siCyBaHHI MOKJIMBUX NMPUYMH TaKUX IepeKTiB. BizyanbHuii orms
3pa3KiB CBIIUMB PO HASBHICTh MMOBEPXHEBUX YPAXKEHb KOPO3IMHOTO XapaKTepy Pi3HOTO CTYTICHS BU-
PaXKEHOCTI, [0 CTABUJIO MiJ] CYMHIB SIKICTh TOYaTKOBOTO OIIMHKOBAHOTO MPOKATy a00 YMOBU BUPOO-
HUITBA. ByJl0 BUCYHYTO NMPUITYIICHHS PO MOYJIMBE 3MEHIICHHS TOBIIUHHU 3aXHUCHOTO IIMHKOBOTO
11apy y BUXiZIHOMY Martepiaji, abo oro yacTkoBe pyiHHyBaHHS ITiJ] 4ac MpodiIFOBaHHS.

3 MeTor0 00'€KTUBHOT OLIIHKH CTaHy TIOKPUTTS Ta MEPEBIPKU HOro BiIMOBIAHOCTI cTaHmapTy Z140
3a JICTY EN 10346:2014 Gy7o npoBeaeHO eKCIIEpUMEHTAILHE JTOCIIPKESHHS TOBIIMHY IIMTHKOBOTO IIIapy
SIK Ha BUX1THUX IITAa0OBUX 3aroTOBKaX («imTaday), Tak 1 Ha TOTOBUX THYTHX Ipodursix («1mpodiiby). 3a-
BIAHHSIM JIOCHIKEHHS OyJI0: BU3HAYEHHS CEPEAHBOI TOBLIMHH IIMHKOBOT'O IIOKPHUTTS Ha 3ar0TOBKAX 13 pi-
3HUX JDKEpeN MOCTAuaHHs; OLIHKA 3MIHHM TOBILMHU MOKPUTTS MICIS TEXHOJIOTTYHOro (opMyBaHHS HpO-
¢binro; craTUcTUYHA TIEpEeBipKa IOCTOBIPHOCTI PE3yIbTAaTIB 1 BiMOBIIHICTH CTAaHAAPTY.

Jn1st BUKOHAHHS [IMX 3aBJIaHb CIIOYATKY OYJIO JOCIIPKEHO TPU TUIH OIMHKOBAaHHMX ITA00BUX
3aroToBOK TOBIIMHOW 1,03 MM (BupoOHUITBO PecyOumiku [lombina, mpucBoeno inaexc I), 1,35 mm ta
1,5 mm (ykpaincekoro BUpoOHHILITBa, TpucBoeHO iHAekcH I Ta I1I Bignosiano). Koxken 3pa3ok Oyio po-
3COPTOBAHO, TPOMAPKOBAHO, 1 3 KOXKHOI MO3HUIIT BUPI3aHO MO I’ ATh TeMILIETIB po3mipom 30 x 20 mMm.
Jiia 30epeskeHHs] TOCTOBIPHOCTI ieHTU(]iKaIli MapKyBaHHA BHECEHO JO JKypHaly BUIIPOOYBaHb,
a cami 3pa3Ky NOJJaHO Ha MepBUHHE BUMiproBaHHSA. OKpeMo OyJu TOCIiKEeH] TPU TUITH THYTHX TPO-
¢diniB: aBa 3 mepepizom 30 x 50 mm (3 ToBmmHamu 1,48—1,5 MM Ta 1,5 MM) 1 oguH 3 mepepizoM
35 % 49,5 mm (1,5 mm). L1i mpoini Bxke Mai 03HAKH KOPO3IHHOTO ypaskeHHs, B TOMY YHCi 01101 Ta
Oypoi ipxi (puc. 4).

Puc. 4. Ilpodimi 31 cmigamu Koposii (J1iBOpyd) Ta TeMIUIeTH (IIpaBoOpyd), BHpi3aHi
3 BIINOBITHUX TPO]1iJIiB AJIst MPOBEICHHS XIMIYHUX BUTIPOOYBaHb:

a—30 x50, 1,48-1,5mm; 6 —30 x50, 1,5 mMm; B—35 x 49,5; 1,5 mm
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I3 koxHOro Tumy mnpodisto BHpi3adM MHO II'SATh TEMIUIETIB THUX CAaMHUX pPO3MIpIB —
30 x 20 MM, 3 000B’SI3KOBHM 30CpEKEHHIM KyTOBOI reOMETpii CErMEHTY, XapaKTepHoi s mpodi-
JLOBAaHOTO BUPOOY. TeMIuieTn MapKyBajH 3TiIHO 3 JHKEPEIOM BUX1THOTO MaTepialy Ta KOHCTPYKTH-
BHUMH po3Mipamu npodiato (nuB. puc. 4). [Ticist BUTOTOBICGHHS TEMIUIETIB Ta iX MapKyBaHHS 0yJI0
3IHCHEHO BUMIPIOBAaHHS TOBIIMHM ITUHKOBOTO IMOKPHUTTS 32 JOIIOMOTOIO €JIEKTPOMArHiTHOTO MpH-
nany «NOVOTEST TII-1» (puc. 5) 3 aBTOMaTH4YHUM ycepeaHeHHsM. Hanani Temmietu Oynu nepe-
JlaHi 7S MOANIBIIOTO XIMIYHOTO aHaJli3y Ta CTATUCTUYHOT 0OPOOKH JJaHUX 3 BUKOPUCTAHHSAM KpUTe-
piiB Koxpena Ta ®imepa, 110 103BOJIUIO 3pOOUTH BUCHOBKH PO BIPOTITHICTD BIIXHIICHD, & TAKOXK
3arajibHy BiJIOBIJHICTh HOKPUTTS BUMOTaM CTaHAAPTY.

Puc. 5. 3pa3ku s nposeneHHs BunpoOyBanb Ta npuiag «NOVOTEST TII-1»

Metoanka o0poOKH eKCIIEpUMEHTAIBHUX JaHUX I0JIATajia B CTATUCTUYHOMY aHalli31 pe3yib-
TaTiB BUMIPIOBAaHb TOBIIMHHU ITMHKOBOTO TIOKPHUTTS HAa TEMIUIETaX, BUPI3aHUX 13 THYTHX MPOQIIiB.
IlepeBipka BHYTPIIIHBOI Y3TrOKEHOCTI Ta BIATBOPIOBAHOCTI pe3yJIbTaTiB 3A1HCHIOBAIACh 33 KpUTe-
piem Koxpena (Gp), a anexBatHicTh onucy — 3a F-kputepiem ®imepa, 3 piBHeM HagiiHOCTI o = 0,95
[10]. dns KOXKHOTO 3pa3zka OOYMCIIOBAIHNCH CEPEHI 3HAYCHHs, a0CONIOTHA Ta BiTHOCHA MOXMOKA,
a TaKOXX MOBHA 3arajibHa AucHepcis. Sk mpukiag moBHOT 00poOku mogaHo Tabm. 1, Mo MICTUTH Je-
TaJIbH1 JaHi no 3arotoui 3 PecryOumiku Ilonbmia («Iloabmiay), iHmi pe3yabTaTu BUMIpIOBaHb OyJn
00po06JIeH1 aHaJIOTIYHUM YUHOM.

Tabmmi 1
Craructuana o0poOKa 3MiH TOBIIMHU IIMHKOBOTO MOKPUTTS 3aroToBKH «Ilombia

. I3 o
= - o ISEd S
= < = S T o 5 O
e Ne Temmier = & £ < g < =3 = 35 X
= 2 y S ) 5 «, ) S Z s o
2 Ewl B B 2 2, v aN&a a EEZ28 |
S = S5 E | Z5|% |Es|g |SEQ|5_| 55595
ZE s 3 o g 5 2ag | 3 ESo Eg| 8sqe | Ex
= 5 22 gy 558 | =18 | 288 |53 zENS | EE
g g g 29 2v SIS © o X @ z =B m
< = w 2 5 = < o o T Sz o = 5 = [:Z o <
g 2 EE = 2E| E 2l = 8 EQq EE| a&a@m =M =
5 - 22§ | ES|g |E%|g |5gx|&2 |zegx|d
1 2 3 4 5 o 8 ) = g 13) o O m S a M
) S = a 3 o e a @ E ) =
S Oz = 5y S 53 = R-Re SE RO
o © < 8 = EEN £z N
= ™ M = = = Z
10,8
hi, 1 1 12 | 10 1119 3,5 | 0,837 | 2,326 + 7,7 10 Tak 7-15 Tax
MM | O 1 1 8
2,326
$2,=0,7 S2, =0,303 §? =35
Gp =0,315; Grabn=0,544; Gp < Grabdn F=2,31; Fxp = 14,02; F < Fxp

TakuM 4MHOM, BCTAHOBJIEHO, 1110 CEpPE/IHI 3HAYEHHs TOBILMHH IIMHKOBOI'O MOKPHUTTS HAa BCIX
mraboBux 3aroroBkax — 10,8 mxwm («Ilonbiiay), 12,4 mxm (ykpainceka, 1,35 mm), 21,4 mxMm (ykpa-
fHCBKa, 1,5 MM) — BiMOBiAaIOTH a00 MEPEBUIITYIOTh TUIIOBE 3HAYEHH 7151 cTaHaapty Z140 (10 mxm)
Ta TMOTPAIUIAIOTE Yy pekomeHnoBaHui iHTepBan 7—-15 mxm 3a JACTY EN 10346:2014.
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I'myTi npodini 3 Tunopo3mipamu 30 x 50 mm (1,5 mm) ta 35%49,5 mm (1,5 MM) TakoX MPOAEMOH-
CTPYBaJIH BiMOBITHICTh — cepenHi 3HaueHHs 10,4 mxwm 1 11,0 MM BignoBigHo. BogHouac, nis nmpo-
¢imro 30 x 50 MM, BUTOTOBJICHOTO 31 IITabu ToBIIMHOIO 1,48—1,5 MM, 3adikcoBaHO HaliMEHIIIe cepe-
JTHE 3HaueHHS — 8,6 MKM, sIKe HE J0CSTa€ THUIOBOIO, MPOTE 3aIULIAETHCS B MEXaX JOIyCTHMOIO
iHTepBaiy. CaMe B IIbOMY 3pa3Ky BHSBICHO MaKCUMaJIbHY BITHOCHY MOXHOKY 15,6 % Ta HaiOinbIy
nuctiepcito (S? =9), 1Mo MOXKe CBIIYUTH MPO HECTAOUIHHICTh MMOKPUTTS 200 JIOKAJIbHI BTPATH IUHKY
nig yac nedopmarii. Yci iHii cepii BUMipIOBaHb MIATBEPAMIA CTATUCTUYHY JTOCTOBIPHICTH, HOpMa-
JBHUM PO3MOJILT Ta HANEKHY SKICTh IIMHKYBAaHHS.

VY3aranbHeHI pe3ysbTaT I BCiX 3pa3KiB HaBeleHO B Tabm. 2. Yci 3HaueHHs kputepito Ko-
XpeHa BUSABUIUCS MeHITUMU 3a TabimuHe (Gp < Gtabn = 0,544), 1110 miaTBepHKy€ BiITBOPIOBAHICTh
BUMIpIOBaHb. Pe3ynbTaTH TakoX NPOWIUIM HEpeBipKy 3a Kpurepiem @Dimepa: s BCiX cepii
F <Fxp = 14,02, 10 BKa3ye Ha aJcKBaTHICTh CTATUCTUYHOI MOJICITI.

Tabmui 2
VY3aranbHeHi pe3yIbTaTH BUMIPIOBaHb TOBIIMHHI LIMHKOBOT'O OKPUTTS
Cepenua Bigno- BigmosigHicTh Bigmosia-
TOBIIMHA o
CHa Io- Gp< Z140 HICTb 1HTEP-
3pazok TIOK- Gp | Grabn
— XuOKa GTtabn | (TumoBe 3Ha- Bay
?MKM) (%) YEeHHS) 7-15 MKkM
IITa6a, «ITonbimar» 10,8 7,7 0,315 | 0,544 Tax Tak Tax
IITaba, Ceprudikar Ne 1 12,4 4.4 0,399 | 0,544 Tax Tak Tax
IITaba, Ceprudikar Ne 2 21,4 5,3 0,354 | 0,544 Tax Hi Tax
IMpodins 30 x 50 .
(1,48-1,5) 8,6 15,6 0,328 | 0,544 Tax Hi Tak
IMpodims 30 x 50 (1,5) 10,4 12,9 0,276 | 0,544 Tak Tak Tak
IMpodins 35 x 49,5 11,0 11,1 0,400 | 0,544 Tax Tak Tak

Jani npoBoauimu XiMiyHU# aHami3 30 TEMIUIETIB i3 MTa0OBUX OIMHKOBAaHUX 3arOTOBOK (BH-
pizaHux i3 mTad) Ta rHyTUX npodimis (mo 15 3 xkoxkHOI rpynu). MeToto OyJio BCTAHOBUTH BILIUB
MOBEPXHEBUX 1 BHYTPILIHIX JOMIIIOK Ha PO3BUTOK Kopo3ii. IlepiiodeproBo BU3HaYain HasiBHICTb
XJIOPUIIB, SIK1 pearyBaiu 3 ioHamu Ag*, yrBoprotoun ocaa AgCl 3a peakiero [11]:

Cl" + Ag" — AgCl|, @

ne AgCl — xapakrepHuii Oinuit oca.

XJ0puIv BUSBIIEHO Y BCiX 15 mpodisisix Ha MOBEPXHI, ajie BIACYTHI i MOKPUTTAM. Y 3pa3kax
PYJIOHHOI CTalli XJIOPHUIU HE BHUSIBJICHI B3arali.

Hani Bu3Hauanu cynbdar-ionu (SO4>") 3a ki1acuyHor0 peakiieto [11]:

SO# + Ba* — BaS04/, )

ne BaSO4 — 6inuii ocan, mo He po3unHserbes y HCI un H2SOa.

Cynb¢aTy He BUSBICHO Hi HAa IOBEPXHI, Hi IMiJ] TOKPUTTAM B yCixX 3pa3kax. Lle cBiquuTh mpo
SKICHE IPOMMBAHHS IICJIsl TPABJICHHS.

Amnani3 Ha mectuBasieHTHUN XxpoM Cr(VI) (iHaukarop nmacuBallii) IpOBOJMIM MICIS PO3UH-
HEHHS HaBicOK y KoHIleHTpoBaHiit HNO3 3 monansium nogaBanssM: 1 M pozbasnenoi (1:9) H2SOa,
nekinpkox kpamens H3POs, 0,5 mit 0,5% posuuny nudeninkapbasuay B aneroni. Uepes 10 xBuiuH
MosiBa 4epBOHYyBaTo-(ioneToBoro 3abapBieHHs cBiquuiaa mnpo HasBHiCTE Cr(VI). V¥V Bcix
30 3paskax (15 npodiniB + 15 mrad) Bussieno Cr(VI) nuime mix TUHKOBUM IMOKPUTTSIM, 30BHI —
BiACyTHIi. Lle 03Hauae, 110 BHYTPIIIHA CTOpOHA MPOMIIIIA MACUBAIIiI0, a 30BHIIIHSA — Hi, III0 MOTJIO
CHOPUYUHUTH (POPMYBaHHA 01101 KOPO3ii.
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Jiis BuzHaueHHs okcuiB 3amiza FeO/Fe203 (3amumkoBa okanwHa) OyJio MpoBeIeHO MIKpO-
CKOIYHUHN aHami3 3a gornomororo Zeiss Supra V50 3rigao 3 'OCT 9.908 ta T'OCT 21014. BusiBneno
OKCHJIY Ha BCIX 3pa3Kax MpoisiiB Il HIMHKOBUM IIApOM, Y TOH Yac siKk mTadoBi (IITab0B1) 3arOTOBKU
OyJIM YHCTUMH, 10 CBITYUTH MPO MPOOJIEMH 3 TPABJICHHSIM Ta IMATOTOBKOIO 0 IMHKYBAHHS y PYJIO-
HaX, BAKOPUCTAHUX JIs1 IPO(LIIOBAHHS.

AHaJi3 Ha 3aJIMIIKH TeXHOI0T14HO1 eMyJibcii («YHiBepcan—1TCy» abo «Arpunona—XII») mpo-
BOAMIIM TIIsiXoM po3unHeHHs 30 HaBicok 1o 2 'y HNO3, moganbiioi eKCTpakiiii Ta mamnepoBoi Xpo-
marorpadii. B ycix 30 3pa3kax BUSBICHO CIII0B1 KIJTLKOCTI OPTaHiKH, III0 MOTJIO CIPUYUHHUTH TIOT'i-
PIICHHS aare3ii MOKPUTTS. Y3araabHEeHI pe3ysIbTaTd HaBeJICHO y Taoil. 3.

Tabmurs 3
Pe3ynbraTtu XiMiYHOTO aHATI3y TEMIUIETIB 13 ITA0OOBUX 3arOTOBOK 1 THYTUX PO iTiB

Ne 3pa3ok (TUIOPO3MIp, TOBIIHHA) Cl SO4* Cr(V1) OI;(EHZHHFe (S»E;i:::li(;)
1. IlTtabogi 3aroroBku (DX51D+Z140)
1-5 ITonema, 1,03 mm /- - —/+ - +
6-10 VYkpaina, 1,35 MM /- - —/+ - +
11-15 Vkpaina, 1,5 MM /- - —/+ - +
II. 'ryTi mpodiini (BupobHIITBO 3 DX51D+7140)
16-20 IMpodins 30x50 mm, 1,48—1,5 mm +/- - —/+ + +
21-25 | Ipodins 30x50 MM, 1,5 MM +/- —/- —/+ + +
26-30 ITpodins 35%49,5 mm, 1,5 MM +/- — /- —/+ + +
(«+» — BUSIBIICHO; «—» — HE BUSIBJICHO; YHCEILHUK — Ha IOBEPXHI, 3HAMEHHHK — ITiJ] {THKOBUM TTOKPUTTSIM )

JUist KiJIbKICHOTO OLIIHIOBAHHSI MAacH LIMHKOBOT'O MOKPHUTTS OYJI0 3aCTOCOBAHO METOJUKY 3a
JCTY EN 10346:2014, o 6a3yethcst Ha pozunHeHHi TuHKY ¥ 50 % HCI 13 3,5 r/n rekcamerumnen-
TeTpaMiHy (ypOTpoIliHy) NpH KiMHaTHi# Temnepatypi (20-25 °C). Byno Binidpano 12 temmieTis (1o
2 3 KO’KHOTO THITY 3pa3Ka), Skl 3He)KUPIOBAIIN alleTOHOM, 3BakKyBasin 3 TouHicTiO 10 0,0001 T, 3aHy-
PIOBAIM B PO3YMUH JI0 NMPHUIHUHEHHS BUJIICHHS BOJHIO, MOTIM npoMuBaiy, cymmau npu 100 °C ta
MMOBTOPHO 3BaXxXyBajH. B pe3ynpTaTi Maca mokputTs craHoBuia 1,14-1,28 % Big Macu TEMIUIETIB y
mraboBux 3arotoBkax ta 1,02 % y rHyTHX npodisisix, M0 CBIIYUTH MPO YACTKOBY BTpATy LUHKY
BHACJII0K KOPO31IHOTO MOIIKOXKEHHS MOKPUTTS Ha MPOQUISAX 1€ 10 eKCILTyaTarii.

TaxkuM YnHOM, MPUYHHY KOPO3ii THYTHX MPOQ1LTIB CJIiJ BBaXKaTH KOMIUIEKCHOIO, 3yMOBJIEHOIO
OJIHOYACHOIO JII€}0 TEXHOJIOTTUHUX YUHHUKIB (HEIOCTAaTHS MIArOTOBKA MOBEPXHI PYJIOHIB, HAsBHICTh
3aJIMILIKIB eMYJIbCli Ta OKCHJIIB 3alli3a, BIJCYTHICTh IAacHBAIlil 30BHIIIHBOI MOBEPXHI) 1 30BHIMIHIX
BIUIMBIB (HAsBHICTH XJIOPUIB aTMOC(HEPHOTO TTOXOKCHHS).

BUCHOBKHU

VY pe3ynbTaTi MPOBEIECHOTO JOCIIKEHHS BCTAHOBIIEHO, 1110 OCHOBHI MPUYHUHU KOPO3ii THYTUX
OLIMHKOBAHUX MPOo(d1J1iB MatOTh KOMIUIEKCHUH XapakTep. Ha BupoOHNUMX eTanax 3aikCOBaHO HU3KY
TEXHOJIOTIYHUX TOPYIIEHb: HEAOCTATHE OUMIIEHHS TOBEPXHI PYJIOHHOI CTaji nepe]] OLIMHKYBaHHAM
(HasIBHICTH 3aJIMILIKIB €MYJIbCIl Ta OKCUIB 3aj1i3a), HEpIBHOMIpHE a00 BiJICYTHE MMacHBYBaHHS 30BHI-
ITHHOTO MIAPY, AePEKTH HAHECEHHS [IMHKOBOTO MOKPUTTS. TeXHOJIOTi0 MpodiTroBaHHS peatiz0oBaHO
0e3 3ayBakeHb. TaKOoX BHUSIBJICHO HEBIAMOBIIHICTh YMOB 30€piraHHs Ta TPAaHCIIOPTYBaHHS, BKIIOYHO
3 MO>KITUBICTIO MEXaHIYHUX MOIIKOJI)KEHb 1 3a0pyTHEHHS XJIOpUAAMHU
(3 TexHiyHOT BosIM 200 atMocdepn). Xoua TOBIIMHA MMOKPUTTS y OUIBIIOCTI 3pa3KiB BiAMOBIgalIa HO-
pmatuBam Z140 (3a ICTY EN 10346:2014), nist oqaoro 3 podinis (30 x 50; 1,48-1,5 mm) 3adixk-
COBAHO BHIX1Jl 32 MEXI TUIIOBUX 3HAYEHb MPHU JOMyCTUMOMY Jiana3oHi. TakuM 4UHOM, TOJIOBHUMH
YUHHUKAMU TPUCKOPEHOTO KOPOIYBaHHS CJiJI BBAXKATH: HU3bKY SIKICTh PYJIOHHOI CHPOBUHH; TIOPY-
IIEHHS MJATOTOBKY Ta MAcUBallii IPY OIIMHKYBaHHI; BUKOPUCTAHHS TEXHIYHOI BOJIA 3 BMICTOM XJIO-
pUiB; HMOBIpHI 30BHIIIHI BIUIMBH i/l 4aC TPAHCIIOPTYBAHHS Ta 30epiranHs. Yci mi (akTopu norpe-
OYIOTh KOPEKIIi BUPOOHWYHUX 1 JIOTICTUYHUX TPOIIECIB HA BCIX €Tamax — BiJl MOCTaYaHHS PYJIOHHOT
cTaii 10 popMyBaHHS TOTOBOTO MPODIIIIO.
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Kukhar V., Kurpe O., Butenko E., Tsymidanov D., Malii Kh., Spichak O. Comprehensive analysis of the
causes of zinc coating degradation on cold-formed steel profiles for construction applications.

This article presents a comprehensive analysis of the causes behind zinc coating degradation observed on cold-
formed galvanized steel profiles used in construction. The profiles were manufactured from steel grade DX51D+Z7140,
widely applied in structural elements such as window reinforcements, frames, and facade systems. The study investigates
the entire technological chain — from hot-rolled coil pickling and cold rolling, through hot-dip galvanizing in protective
atmospheres, to final roll-forming operations on multi-stand lines. Each stage is evaluated for its potential contribution
to defects, especially with regard to corrosion resistance. Key technological factors contributing to premature corrosion
include incomplete removal of iron oxides during acid pickling, insufficient surface passivation after galvanizing, and
contamination by chloride-bearing substances — likely from external environmental sources or technical water. The
research involved experimental thickness measurements of the zinc coating on both flat sheets and finished profiles using
non-destructive magnetic methods, followed by statistical evaluation applying Cochran's and Fisher's criteria for repro-
ducibility and adequacy. Additionally, chemical analyses were conducted to identify surface and sub-coating contamina-
tion by chlorides (Cl), sulphates (SO+*), hexavalent chromium (Cr(VI1)), and organic residues from emulsions. The re-
sults confirmed that although the average coating thickness generally complies with the 2140 standard (DSTU EN
10346:2014), localized inconsistencies and technological lapses can lead to the emergence of "white rust" before instal-
lation. The findings emphasize the importance of improving not only galvanizing and roll-forming operations but also
storage and transport conditions. Recommendations are provided to optimize industrial practices and enhance the dura-
bility of zinc-coated steel profiles under real-world conditions.

Keywords: galvanized steel, cold-formed profile, cold rolling, hot-dip galvanizing, passivation, chlorides, corro-
sion, roll-forming technology, chemical analysis.
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XpeoToBa O. A.
Kinean H. B.
IManoraa O. O.
baakynos M. B.
Kaumenko 1. C.
IHanka A. O.

YAOCKOHAJIEHHSA ITIOKA3HUKIB TEXHOJIOT'TYHOI'O TPOLECY
BOJIOYIHHA CTAJIEBOI'O APOTY IIIJI YAC 3ACTOCYBAHHA
YACTOTHO-PEI'YJIBOBAHOI'O EJIEKTPOIIPUBOJA BOJIOYNJIBHOI'O CTAHY

Y pobomi npoeedero ananiz memooie i eneKmpoOMexaHiuHo20 0ONAOHAHHS NIO YAC BUSOMOGIICHHS MEMU3Y 3 GUKOPUC-
MAHHAM BONOYWIbHUX CMAaHIB. [ 6ueomoeienHs Opomy cepedtvboeo diavempa (1,8...3,0 mm) Hatlbinbu nepcnekmusHumu € 60~
JIOYUTbHE MAUWIUHU 3 OOHOMAKIMOBUM MEXHONOSIYHUM NPOYECOM, SKI MAIONb MONICTUBICIb 3HAYHOLO NIOBUWEHHS e(heKMUBHOCI
npoyecy 80I0YIHHA 34 PAXYHOK ONMUMI3AYI] eHepeoCUIOBUX napamempis i RIOBULEHHS WBUOKOCMI NPOYecy 60JI0UIHHSL.

TTiosuwumu eghexmugricms npoyecy 8010UIHHS MONCTIUBO 3A80KU MOOEPHIZAYTT ICHYIOYUX CUCIeM eleKmpOnpusoois,

BOJIOUIHHS — Ye MONCTIUBO 3AB0SKIU BUKOPUCIAHHIO DiblL CYHYACHOT cUCeMU KePYBAHHSL eleKmpOonpusooom. JJogedeHo, ujo eiex-
MPONPUBOO 3a CUCHEMOIO «NEPEemBopProsay Yacmomu — ACUHXPOHHULL OBUSYHY) € eKOHOMIYHO 8ULIOHUM OIS BUKOPUCIIAHHS K
20JI08HO20 eeKMPONPUBOOA BOJIOUUTLHOT MAWMUHU. AHATI3 pedxtcuMie pobOmU eleKmpoOnpuUBo0a 80I0YUTLHOL MAWUUHU HA Mame-
MamuyHiti Mooeni niOmeepous, Wo po3podIeHUL NPUHYUN YAPAGTIHHSA eleKMPONPUE0OOM 3a0e3neUye pecymo8anHs WEUOKOCHE
BOIOYIHHSL 3 NOXUOKOIO, WO He NePesUye 3a0aH020 NOKA3HUKA. Takum YuHoM, 3a0e3neuyiombCs 6UMO2U MeXHON0IYHO20 Npo-
yecy 8 ycix pejicumax.

Kniouosi cnosa: sonouunbruti cmar, NOKA3HUKU AKOCH, MEXHONO2IYHULL NPoYec, YaCMOMHO-Pe2yIb08aAHUL eNeKMpPOn-
Pusoo.

BupoOHUIITBO METH3IB € CAMOCTIHHOIO Tally33t0 MeTai000poOku. MeTi3oM YMOBHO MpUitH-
ATO HA3MBATH IPYIy IHUPOKO 3aCTOCOBYBAHUX Y HAPOJHOMY I'OCIIOIapPCTBI METaJIeBUX BUPOOiB MpO-
MUCIIOBOTO TIPU3HAYEHHSI, TSI BUTOTOBJICHHS SIKUX BUKOPHCTOBYIOTh KaTaHKY, TPiOHOCOPTHHIA TIPO-
Kart, KaniopoBaHUii MeTall, ApiT i cMyru MeTaiy. Jlo wiei rpynu BUpoOiB BIAHOCAThCA: APIT, KAaHATHI
BUpOOU, METAJIOKOP/, KpydeHa apMaTypa, MeTaJleBl CITKU, KPIIHJIbHI BUPOOHU TOLIO.

BonouinHs 1poTy € mporiecom, Mij] 4ac SKOro METaleBy 3aroTOBKY 31 CTali, Mifi a00 amoMi-
HIIO TIPOTATYIOTH Yepe3 OTBIp-(PiIbepy A7 3MEHIICHHs AiaMeTpa ApoTy. OO0’ €KT, B IKOMY BUKOHAHO
OTBIp JIIsl IPOXOJKEHHS POBOJIOKH, HA3HBAEThCS BOJIOKOK0. MIOT0 BCTAHOBIIOIOTH Ha 06IaJHAHHI,
[0 BUKOHY€E TEXHOJIOTIYHY OMEPAIlito — BOJIOYiHHS ApoTy. KOHCTpYKTHBHI apameTpu Gpiibepu ¢do-
PMYIOTB ITapaMeTpH TOTOBOTO BUPOOY, a caMme JliaMeTp, IEpPEeTHH i popmy.

[Tporiec BOIOYIHHS APOTY BITHOCUTHCS JO YUCIIA OCHOBHHUX TEXHOJOTIYHHUX OTepalliii BUTO-
ToBJIeHHS IpoTy. Ha puc. 1 HaBenaeHo cxemy, 1€ BUAHO, IO B Pe3yJIbTaTi MPOTATAHHS IPOTY Mij
BIUTMBOM CHWJIM BOJIOUiHHS F momepeunwmii mepepi3 ApoTy 3MEHIIYEThCS, TOBXKHHA 3POCTaE, a 00CST
MeTaJly MiCJIs BOJOYiHHS (MPOTATAHHS ) 3aIMIIAE€THCS TOCTIHHUM.

[Mo3naumBim uepes do, lo, So, BIAMOBITHO HiaMeTp, TOBKHUHY 1 ILUIOLLY ITOTIEPEYHOTO Mepepizy
JI0 BOJIOYiHHSA, a uepes d1, |1, S1, — AiamMeTp, TOBKUHY i IJIOIIA Iepepi3y MiciIst BOJOYIHHS, BU3HAYUMO
OCHOBHI TapaMeTpH TMpoIeCy, MO po3riasaaeTses. [Jo nux mapaMmeTpiB BiIHOCSTHCSA: OOTUCHEHHS,
MOIOBXKEHHS 1 KOe(PII[IEHT BUTSKIHHS.

Omnepariist BOJOYIHHA y TIOPIBHSIHHI 3 OINEPALi€l0 MPOKATKH J03BOJISIE OTPHUMYBATH BHPOOH
3 SIKICHOIO YHCTOTOIO MOBEPXHI Ta JOCUTh BHCOKOIO TOYHICTIO TEXHOJOTIYHUX MapameTpiB. Takumu
BUPOOAMU MOXYTh OyTH HE TUTBKH Pi3HI THIH APOTY (E€IEKTPOTEXHIYHHIA, BUKOPHUCTOBYBAHUH ISt
3BapIOBaHHs, BA3aIbHUH Ta 1H.), aje il pi3Hi npodini, TpyOH Ta MPyTKHU pi3HOTO AiameTpy. Bupodu,
OTpUMaHI 3a TaKOIO TEXHOJIOTIEI0, BIAPI3HIIOTHCS KPALTUMHU MEXaHIYHUMU XapaKTepPUCTUKAMHU, OCKI-
JIBKH B TIPOIIEC] BOJIOYIHHS 3 MOBEPXHI KATAHKH 3HIMAEThCS oKanuHa [1-3].

[Tix wac BUpOOHHIITBA APOTY METOIOM BOJIOUIHHS MOKHA OTPHMATH SIKICHY TIPOYKITiFO, 30KpeMa
JPIT, iaMeTp SIKOTO 3HAXOJUThCA B iHTEpBai Bif 1-2 MikpoH 110 10 1 HaBiTh OLIbIIE MUTIMETPIB.
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MOHONIIMHA 8070KA

KamdaHKa

Puc. 1. Cxema niporecy BOJOYIHHS

Ha chorojHi TEXHOJIOTisI BOJIOYIHHS TOCTaTHBO N00pe BiAmparboBaHa, ajs il peaisarii 3a-
CTOCOBYIOTBCSI Cy4acH1 MOJIeJII BOJIOYMJIBHUX cTaHiB. CyyacHe 00JiaHaHHA Mpairoe 6e3 300iB 1 J10-
3BOJISIE BUKOHYBATH TEXHOJOTIYHHUN MPOIEC HA JOCTATHHO BUCOKUX IIBHJAKOCTSX, IO JIOCSTAIOThH
60 M/XB BUITyCKY rOTOBOT'O BUPOOY [—5]. BUKOpHCTaHHS Cy4yacHUX CTaHIB JIJIsi BOJIOYIHHSI J103BOJISE
3a0e3MeUnTH 3HAYHY BEJTMYUHY O0THUCKY KaTaHKH. [TociaiioBHICTh BUKOHAHHS TEXHOJIOTIYHOT omepa-
i M1 yac BOJIOYIHHS APOTY HABEACHO HA PUC. 2.

BunaneHus HanboTy
1 HepiBHOCTEH

3arotoBka [ TpasieHHsi [ Cyiika B # Bonouinus

I'oToBa
TIPOTYKITist

e~ HamoTyBanns |« BignamoBanns [« YumienHs: [« PO3MOTYBaHHS |«

Puc. 2. TTocnigoBHICTh TEXHOJOTIYHUX OTIE€palliii BOJOYIHHS IPOTY 31 CTall

Cama TexXHOJIOTis BOJIOUIHHS Ta BOJOYMIIbHE 00JIaJJHAHHS TaK0X yI0CKOHAIIOBAIUCH MPOTS-
roM 6aratboX pokiB. B pe3ynbTari, BOTOYMIBHUK APOTY CHOTO/IHI MAa€ MOXKIIMBICTh BUKOHYBATH Te-
XHOJIOT14HI Onepallii Ha Cy4acHUX CTaHax, 1110 03BOJIAIOTh 3 MiHIMAJIbHUMU BUTPATaAMU FapaHTOBAHO
OTPUMYBATH BUPOOH BUCOKOI SIKOCTI. SIKICTh 1 TOYHICTH 0OpOOKH, 1110 BUKOHYBaJIach Ha TAKUX BOJIO-
YUJIBHUX CIIELiaJli30BaHUX BepcTaTax, 3a0e3Meuy€eThCsl HE TUIBKM X OCHAIEHHSIM Cy4yacHMM po0o-
YUM IHCTPYMEHTOM, a i BUKOPUCTAHHSAM MPU iX poOOTI KOMOIHOBAHOT CUCTEMHU OXOJIOJKECHHS, IS
SIKOi 3aCTOCOBYIOTBCSI IOBITPs 1 Boja. ['oTOBHIT BHpIO, 1110 BUXOJUTH 3 TAKOI'O BepCcTaTa JUIsl BOJIO-
YiHHS, Ma€ HE TUIbKU HEOOXITHY SAKICTh 1 TOYHICTH TEOMETPHYHHUX MApaMETPiB, a i ONTUMAIIbHY Mi-
KpocTpyKTypy [3, 5].

ITi yac BOMOYIHHS APOTY ICHY€E MOIIMBICTH HAsIBHOCTI TAKOTO HENOMIKY, SIK HEOCTATHS BUCOKA
MOJIMBICTH AedopMartii roToBoro BUpoOy. e MosCHIOETBCS THM, IO APIT, SIKKA BUXOIUTD 3 (PUTBEPH,
a caMme i3 30HH 00pOOKHM BOJIOUIJIBHOTO CTaHy, 1e()OPMYEThCS TUTBKH JI0 PIBHS, OOMEKEHOTO MIIHICTIO
KIHIIS KaTaHKH, JI0 SKOTO 1 MPUKJIAIA€THCSI BIATIOBITHE 3yCHILIS B TIPOIIeCi OOPOOKH.

3a HasIBHOCTI BEJIMKHX IBUIKOCTEW BOJOYIHHS MPUPOIHO BUHUKAE TUTAHHS OpraHizaii 6e3-
MEPEPBHOI0 TEXHOJIOTTYHOIO MPOLIECY — 3aBJIaHHs BOJIOYIHHA-TIPUIIOM IPOTY, 1110 JO3BOJISIE CYTTEBO
MBUIIATH KOS(II[i€EHT BUKOPUCTAHHS BOJIOYHILHOTO 00JIaTHAHHS, a BIJIIOBITHO i TIPOAYKTUBHICTh
[4]. OcobmmBoOi akTyanbHOCTI HaOyBa€e BHUpIMIEHHS TIPOOIeMH 0e3MepepBHOTO0 BHCOKOIIBHIKICHOTO
NpUioMy JIpOTy B poOOYMX MpoIecax, TAKUX SIK BOJOYIHHS-BIJMAJ, BOJIOYIHHSA-TIOKPHUTTS, BOJIO-
YiHHA-BIJaJ BIAKPUTTS TOILO, /i€ IEPEPUBAHHS 1111 YaC BUKOHAHHS TEXHOJIOTIYHOTO MPOIIeCy MpaK-
TUYHO Hempuiryctume [5]. SIkmo nmuTanHs 6e3mepepBHOT moadi IpOTy A0 BOJOYMIEHOTO CTaHy TIe-
BHOIO MIpOIO BUPILIEHO, TO Oe3nepepBHUI NMPUIIOM IPOTY AOCI HE OTPUMAB MIUPOKOTO MPAKTHYHOTO
3acTocyBaHHA [5, 6]. 3a HasBHUMH BiJIOMOCTSIMH, Y BITYM3HSHOMY MAIIMHOOYyBaHHI CTBOPEHHS
BUCOKOIIIBUIKICHUX HAaMOTYBaJIbHUX anapaTiB He BUMIILUIO 32 MEXI1 JOCTIIKEHb 1 IPOMUCIOBUX BU-
poOyBaHb OCTITHUX KOHCTPYKIii. [IpomMucioBi BUunipoOyBaHHS MOKa3aJid HETOCTATHIO X mparies-
natHicTh [7-8].

besnepepBHuil mpuitom IpoTy Mae psia cnenudigHuX 0COOIMBOCTEH, IPOSB SIKUX HA IIBU/-
KOCTSIX y MeXax 7-12 M/cek He OpyIIy€e TEXHOJIOTTYHOr0 MPOLeCy HAMOTYBaHHs, ajle Pi3KO BIIMBAE
Ha CTaOUIBHICTD MPOIEeCy 31 30UIBIICHHAM IBUIKOCTI BUILE 15 M/cek.
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Takox mig 4ac BUKOHAHHS TEXHOJIOTIYHOTO IpoIiecy HeoOXiTHO BPaxoByBaTH OCOOIMBOCTI
KOHCTPYKIIii BOJIOYMJIBHUX CTaHIB 1 HEOOX1HICTh 3a0€3MeUeHHS MOCTIHHOTO 3y CHILISI BOJIOUiHHS, SKE
3aJISKUTH BiJl MOMEHTY OIOPY, 1110 (POPMYETHCS SIK B CAMOMY BOJIOUMIIBHOMY CTaHi, Tak 1 Ha OapabaHi
HaMOTKH TOTOBOI poaykiiii. Lle, B cBoro uepry, popmye cTabiIbHICTh HATATY APOTY B CHCTEMI, TOOTO
BIJICYTHICTb 3MiH HaTATY B OKpeMi Mepioau (PUBKH Ta OCIabIeHHS BUIIAQJAKOBOTO XapaKTepy), 1 Moc-
TYMOBI1 3MIHH HATATY MPOTATOM yChOT'O MEPI0y HAMOTYBaHHSI.

[Tpobnema KepOBaHOTO BUKOHAHHS TEXHOJOTIYHOTO IMPOILECY 33 PAXYHOK 3aCTOCYBAHHS SK
YaCTOTHO-PEryJIbOBAHOTO €JIEKTPONPUBO/IA, TAK 1 CYYaCHUX METO/IiB HAJIAIITYBAaHHS CUCTEMU aBTO-
MaTH30BAaHOTO KEPYBaHHS 3 BUKOPUCTAHHSM CIICLIATbHUX AITOPUTMIB POOOTH i1 4aC KOHTPOIIIO 5K
€JICKTPOMEXaHIYHUX IMapaMeTPiB €ICKTPOTEXHIYHOTO 00JIaIHAHHS, TaK 1 MTapaMeTpiB KIHEMATUIHOTO
JaHLIOTa, Ha CbOTOJHI Ty’KE€ aKTyajbHa 1 PO3IISAAEThCS B OaraThoX poOOTax Pi3HOrO HANPAMKY
[9-11].

JI0 OCTaHHBOTO Yacy CHCTEMH €JEKTPONPUBO/A BOJOUYMIBHUX MAIIUH peali3oByBaJIUCS 1€
OibII HA 0a3i IBUTYHIB MMOCTIHHOTO CTPYMY.

Aue cucrema TII-]I Mmae Taki HEAOJIKH:

— 00MeKeHa IHTEeHCUBHOCTI 3pOCTaHHS CTPYMY SIKOPS 1 MIJBUIIEHUA MOMEHT 1HEPIIii eJeKT-
POIPHUBO/AA 3HAYHO CHOBUIBHIOE MIEPEX1THHIA MPOLIEC, TAKAUM YHHO 3HUKYIOUYH HIBHJIKICTh CUCTEM aB-
TOMATUYHOTO PETYJIIOBAHHS;

— BHCOKI MacorabapuTHi MOKa3HUKHY;

— TPYJOMICTKICTh B OOCITyTOBYBaHHI.

Henoniku, 3a3HadeHi Buile, 0OYMOBJICHI HAsIBHICTIO KOJIEKTOpA 1, SIK HACIIJIOK, HASBHICTIO
npoleciB KOMyTaLii. IX MOXHA YHUKHYTH OpU H0OYI0Bi CUCTEMH e1eKTPOIPUBO/IA HAa OCHOBI aCHH-
XPOHHOTO KOPOTKO3aMKHEHOT0 ABUTyHA. OHAK Ha CHOTOJIHI € MOXIIUBICTh alapaTHo 3a0e3MeUnTH
KepyBaHHS NapaMeTpaMH HaNpYTH KUBJICHHS JJIsl aCHHXPOHHUX JIBUTYHIB, BAKOPHUCTOBYIOUH IEpe-
TBOPIOBAY YaCTOTH 31 CTATOPOM 3 JIAHKOIO MOCTIHHOTO CTPyMY (aBTOHOMHHI 1HBEPTOp 3 IIUPOTHO-
IMITyJIbCHOIO ~ MOJYJIALIIEI0 — ACHHXPOHHMM JBUTYH 3  KOPOTKO3aMKHEHHM  pPOTOPOM
(IT9-A 1)) [12-14].

Ha cproroni icHYIOTh TOCTaTHBO 0arato CHUCTEM BOJIOYHIIBHUX CTaHIB, J€ 3aCTOCOBYIOTHCA
cucremu [TU-AJl y nianasoni notyskHocti 35 ... 100 kBT.

[lepeTBOproBayi 4acTOTH I ACHHXPOHHUX JABUTYHIB CJIiJl BUKOPUCTOBYBATH JIUIIIE 3 ypaxy-
BaHHSM X TeXHIUHUX XapakTepucTuk. [1ix yac Bubopy moneni ITY HeoOXiqHO MPUIUINTH yBary Jie-
SIKUM HIOQHCaM, K1 BIUIMHYTh Ha MPAaBHIIbHICTH BUOOPY:

—  Meton ynpaBiiHHS — CKATIPHUI a00 BEKTOPHUH. BUTBIITICTh MOIETIeH MAIOTh BEKTOPHUI
METO/]1 YIIPABIIiHHS, OJIHAK MIPH AEIKUX pekrUMax poOOTH IX MOYKHA IEPEMHUKATH Ha CKaJISIPHUN METO/T
ynpasmiaHsa. Hosi [TH 6e3 BeKTOPHOTO METOY YIpaBIiHHS HE BUPOOISIOTHCS.

— IloTyXHICTh CHOKMBAHOI €JIEKTPOEHEPrii — 1€ BaXXIUBUN MOKAa3HUK, KU HEOOX1IHO
BPaxOBYBAaTH TP BUOOPI MOJIENI YACTOTHOTO MEPETBOPIOBAYA.

— Bxigna Hampyra — e OKa3HUK, SKUI BKa3ye Ha Te, MPH sIKi Hampy3i MepeTBOpPrOBaY
4aCcTOTH 3JaTHHI MpairoBaTu 6e3 300iB. CitiJi pO3yMiTH, 10 BXiJHA HAIPyTa Ma€e OyTH CTa0lLIBHOO.
B inmomy Bunanaky, np ii nagainai, [TY 3ynuHATHCS, a Mpu MABUIIIEHHT — BUMJIE 3 JTaIy BCS CUCTEMA
oOJaiHaHHS.

— Jliama3oH peryJaioBaHHS — BaXKIJIUBUH JUIsI ABUTYHIB, IO MPAIIOIOTh PU BUCOKHUX 3HAUYEH-
HSIX HOMIHAJIBHOI YaCTOTH.

—  HasgBHicTb mysbTa yrnpaBiliHHS, SKUH J03BOJISIE BBOJUTH HEOOX1THI 3HAYCHHSI.

Tomy akTyasnbHE 3aBJaHHS — 1€ BU3HAYEHHS BIIIOBITHUX PEKUMIB POOOTH CUCTEMH ENIEKTPOTIPH-
BOJIa MEXaHI3MY HAMOTKH IPOTY Ha OYXTY JIs BOJIOUMIILHHUX CTaHIB 3 3a0€3MeYeHHSIM HE3MIHHOTO 3y CHILIA
HATSDKIHHS JUTsl KaTaHKA. Y 3B’SI3KY 3 IIMM IUTAHHS CTBOPEHHS MPAIe3JaTHOTO HAMOTYBAJILHOTO arapaTy
JUTst Oe3MepePBHOTO BUCOKOIIBHIKICHOTO HAMOTYBaHHS MOYKHA BBaXKATH BUPIILICHUM TUTHKH B TOMY BHUIIa-
JIKY, SIKIIO CUCTEMa KepYBaHHS €JIEKTPOIPHUBOJIOM 3a0e3MeuyBaTUME HaIIHHNUI KOHTPOJIb 1 PEryJIFOBaHHS
HATATY APOTY Bifl BOJIOUMIILHOTO CTaHy 10 HAMOTYBAIBLHOI'O arapary.

Merta po6oTH — po3poOUTH Ta OOTPYHTYBATH CUCTEMY YaCTOTHO-BEKTOPHOTO KepyBaHHs [1U-
AJl mpuBOomy HAMOTKM JUIsl TPOIECY BOJIOYIHHS JAPOTYy, IO 3abe3nedyye CcTabiIbHUN HaATAT
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1 MOCTiiHY JiHIMHY IIBUIKICT 32 3MIHHOTO pajiyca O6apabana. [lepenbauntu MaTeMaTudHe MoJe-
moBaHHs, BUOIp 1 HanmamTyBaHHs [1I-perymnsaTopis, 6€31aTYMKOBUN KOHTPOJIb, OIIHKY SIKOCTI, €HEp-
roe(eKTUBHOCTI, HAAIMHOCTI Ta MPOJYKTUBHOCTI.

J1y1s1 BUKOHAHHS TIPOIECy BOJIOYIHHS JPOTY Pi3HOMAHITHOT HOMEHKJIATYypH 32 MapKaMH 1 JTia-
Ma30HOM PO3MipiB 3aCTOCOBYIOTHCS OapabaHHI BOJIOYMIIbHI CTaHU PI3HUX TUIIIB.

CraHu 0JTHOPA30BOTO BOJOYIHHS (pUC. 3) BUKOPUCTOBYIOTHCS TOJIOBHUM YHHOM IIPU OTpH-
MaHHI 0COOJIMBO TOBCTOTO APOTY (6 MM 1 O1JTbIIIE), 3 TPOTATYBAHHIM HOTO TIIBKH Yepe3 OJIHY BOJIOKY
1 0IHOYaCHUM HaMOTYBaHHAM Ha O0apabaH, 3 IKOTO APIT MOTIM 3HIMAETHCS y BUTIISAI TOTOBOI'O MOTKA,
NEPEaHOTO Ha HACTYIIHY MPOTSIKKY.

Puc. 3. OnHOpa30BUil BOJOYHIIBHHIA CTaH CKJIAJAETHCS 3 BEPTYIIKH JUISl YCTAHOBKU OYXTY
npoty —1; Bosioku — 2; obeproBoro 6apabdbany — 3; neBepemxa — 4; peaykTop — 5; ABUTYH — 6

Cranu Garatopa3zoBOro BOJIOUiHHS JAal0Th MOKJIMBICTh BECTH MPOLIEC BOJIOYIHHSI OJHOYACHO
yepe3 KiTbKa BOJIOK 3 TIOCIIIOBHUM 3MEHIIIEHHSIM pO3MipiB iX oTBOpiB. Lle 103BoIIsI€ 3HAYHO TTi/IBU-
IIMTH IIBUKOCTI BOJIOYiHHS, OCOOJMBO HA OCTaHHIX OapabaHax 3a XOIOM PYXy APOTY, i JOCATTH
BEJIMKUX CyMapHHUX 00THCHEHb. Ha 1iux cTanax mpoBOAUTHCS BOJIOYIHHS APOTY MaiixkKe BCIX pO3MIpiB,
MMOYMHAIOYH BiJl TOBCTOTO (8—11 MM), 3aKiHIYIOUH MIKPOJIPOTOM.

BosouniibHI cTaHu MPOCTATAIOTH APIT Yepe3 BOJIOKY 32 PAXyHOK CHJI TEPTS IiJl Yac HAMOTY-
BaHHs Ha OapabaH. [Ipu ogHOpPa30BOMY BOJIOUiHHI APIT HAMOTYETHCS Ha OapabaH, a MOTIM 3HIMAETHCS
3 6apabaHa y BUIJIs/11 MOTKA 200 MEPEMOTY€EThCS Ha KOTYIIKY. J[piT HAMOTY€ThCS Ha HIKHIO YaCTUHY
6apabaHa — )K0JIOOHUK, 1 B Mipy HaJXOJKCHHSI HOBUX BUTKIB MOTIEPEIHI MiAHIMAIOTHCS 110 Oapabany,
110 3a0e3neuye Oe3mepepBHICTh Mporecy. Y MPaKTHIll BOJIOYMIHBHOTO BUPOOHUIITBA BUCOTY TajTei
9UCTOBOTO OapabaHa mpuitMaroTh piBHOWO Big 10 mo 40 miameTpiB IpoOTy, a TAHTEHC KyTa HaXUITY
nopiBHioe Bix 1/15 no 1/30. Mixk rantemmo 6apabaHa 1 «CrigHUIICI0» OapabaHa poOIsATH 3aKPyT-
JeHHs, paniyc sikoro ckiagae 1,5-2,0 cepeaHboro aiaMerpa ApoTy, SIKUM MPOCTATAETHCS HA IbOMY
OapabaHi.

[Ticnsa cxoxy IpoTy 3 TanTeNi BiH y BUTIISII BUIBHUX BUTKIB JISKUTH HAa OapabaHi, 1 CHITH TepTs
MIJK BUTKaMHU OYBaIOTh JJOCTATHIMH IS 3A1MCHEHHS O€3MepepPBHOTO MPOIIECY BOJIOUYIHHS.

OnnopazoBuit cran DMBBL mae mnepeBepnytuii 6apadan. BUTkH MpoOCTATHYTOTO ApPOTY
Ha I[i}l MallMHI Ha CTIeNiaJTbHOMY PUUMaIbHOMY MPUCTPOI MOXKYTh HAKOMIUYIYBATH A0 2 TOH JIPOTY.
J171s1 BUKOHAHHSI BUMOT, 1[0 BUCYBAIOTHCS JI0 €IEKTPOIIPUBOA BOJIOUYMIHHOT MAIIMHU ITi] 4aC BUKO-
HaHHS TEXHOJIOTTYHOTO MPOIIECy, Ha CbOTOAHI MOXKYThb 3a0€3MEeYUTH PeryIbOoBaHl ACUHXPOHHI elleK-
TPOTPUBOJIH.

Jlna 3a6e3neueHHs SKOCTi TOTOBOI MPOAYKIIii HEOOXiIHO, 1100 KaTaHKa, 110 BUXOAUTH 13 (i-
JTBEPH, MaJIa IOCTIHHY JiHIHHY IIBUAKICTB. SIK BUHO 3 OMKCY BOJIOYMIBHOTO CTaHY, TOTOBA IPOJY-
KIIisl MOXE HAMOTYBATHUCS Ha POJHMKOBI KACETH, K1 MPEJCTABIAIOTh COO0I0 HAMOTYBaJIbHI OapabaHu
3 KYTOBOKO IIBUJIKICTIO.

KyToBa i miHiiiHa MIBUIKOCTI MOB'A3aH1 M3k COOOIO CMIBBITHOIIEHHSIM:

V=0nR ' 1)
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ne R — pazxiyc xona 6apabana.

3 KOXKHHMM HAaCTyITHUM KOJIOM (N) HAMOTYBaHHS FOTOBOIO JIPOTY Ha Oapabaw ioro pamiyc (R)
Oyze 30UIbIIyBaTHCS HA JiaMeTp roToBoro apoTy (d1), mo B moaaabiioMy BIUIMBATUME Ha JIIHIHHY
MIBUJIKICTh KaTaHKU a00 Ha 3yCHJUIS TiJ] Yac MPOXOHKEHHS KaTaHKH 4epe3 (DUIbepy 1, K HACTIIOK,
MaTUMe HeTaTUBHUH BIUIMB Ha SKICTh TOTOBOI MPOTYKIIii.

3BiJCH KYTOBA IIBUIKICTh BU3HAYAETHCS :

Vv
R+d;n . v=const
Tomy cucTeMa elneKTponprBOja MOBHHHA 3a0€3MEUYNTH TOCTIMHY JIHIHHY MIBHJKICTh KaTa-
HKH, a caMe TIOCTiiHE 3yCHIUIS, SIKe HEOOX1/THE /ISl MPOXOKEHHS ApoTy uepe3 imbepu. Lle 3ycums

(hopMy€eTbCSI MOMEHTOM ACHHXPOHHOTO JIBUTYHA.
CrpykTypHa cxeMma npejicTaBieHa Ha puc. 4.

v

Curnan e
3aBAaHHA IMpucrpiii — | Cucrema Hawotysa- |, M. 5
. Kep}I:[Bf.IHHSI f €JICKTPO- ) P JIbHAN -
(IY) ol HPHBOLY All Gapaban
T

Puc. 4. CtpykTypHa cxema CUCTEMH €JIEKTPOIPUBOA TEXHOJIOTIYHOTO MEXAHI3MY

Ha cxemi 3a3HaueHo eneMeHT KepyBaHHs Ha 0a3l mepeTBoproBauya yacToTu. IlepeTBoproBau
YaCTOTH BIATIOBIIHO /10 cUrHay 3aBaaHHs ¢popmye 3HaueHHs HanpyTu (Uae) 1 gactotu (fa) okepena
)uBJieHHs. CHCTeMa eeKTPONPUBO/IA, 33 3a/IaHIUMH TTapaMeTpaMu, (OpPMY€e PeKUM POOOTH 3 BiJIIO-
BITHUMHM 3HaYEHHSAMH MIBUIKOCTI (wAM) 1 MOMeHTY (Mawm) enextponpuBosa. HamoTyBanbHuit 6apa-
06aH € poOOYMM OpPraHoM 31 MIBHUJIKICTIO HAMOTKH (), SIKa OMUCY€ETHhCA MATEMAaTUYHOIO 3aJI€KHICTIO
(2). Bin, y cBoto yepry, popmye MmoMeHT oniopy (Mo), sikuii BIuIMBae Ha 3MiHy NapaMeTpiB CUCTEMHU
€JIEKTPONPUBOAA. 3 ypaXyBaHHSIM TOTO, III0 B CUCTEM1 BUKOPUCTOBYETHCSI BEKTOPHE KEPYBAHHSI 1 BJI-
CYTHi} 30BHIILIHI} €JIeMEHT KOHTPOJIIO (IaTYMK IBUKOCTI Ta JATYUK 3YCHILIIS ), KEPYIOUMH IPUCTPIN
(dbopMye 3MiHY KepyIOUHX MMapaMeTpiB y AMHAMIYHOMY PEXHMI 32 paXyHOK BHYTPIIIHIX 3BOPOTHUX
3B’SI3KIB.

Jlyis BU3HAaYeHHs IPIOPUTETHUX PEKUMIB pPOOOTH €JIEKTPONPHUBOJA MEXaHI3My HAMOTKH BO-
JOYMIILHOTO CTaHy OyJI0 BUKOHAHO MaTeMaTU4YHe MOJIETIOBAaHHS PeXUMiIB pOOOTH €JIEKTPONPHUBO/IA
3 MepeTBOproBaUYeM 4acToTu. J[0 MaTeMaTHYHOTO MOJIEIIOBaHHS OyJI0 BPaxOBaHO 3MIHY MOMEHTY
oropy po0O0oYoro opraHy Ha 3MiHy KyTOBOi IIBUIKOCTI Oapabana HaMmoTkH [15].

JlocaimkeHHs! IPOBOINUIIOCA [Tl aCHHXPOHHOTO enekTpoBuryna RA315S4. [MacnoptHi gaxi
nsuryna RA315S4; HoMiHaibHA MOTYKHICTh ABUTYHA Puou, KBT — 110; HOMiHa/IBHA YacToTa 06€ep-
TaHHS Nuon, 00/XB —1466; cuHXpoHHA yacToTa 0bepTaHHs — No, 06/xB = 1500; KKJI B pexumi HoMmi-
HanbHOI moTykHOCTI = 0,925; xoediuieHT MOTYX)HOCTI — cosp = 0,9; HOMiHaJIbHE KOB3aHHS —
Si = 0,023; kpaTHiCTh IMycKoBOro ctpymy — I/l = 6,0; kpaTHicTb myckoBOro MomeHTy — M,/M, = 1,2; xpa-
THICTh MIHIMAJIBHOTO MOMEHTY — Myin/My = 1; KpaTHICTh MAKCUMAITBHOTO MOMEHTY — Muaxe/ My = 2; nuna-
MIYHHUI MOMEHT iHeplii poTopa — Jo, KI/M2 = 2,3; 4ncio nap MmoociB — 2p = 2.

Jlnst po3poOKK MaTeMaTHYHOI MOZEI aCHHXPOHHOTO JIBUTYHA CKOPUCTAEMOCS HACTYITHUMHU
IIpaBUIIAMH:

— YKCJIOB1 3HaYeHHSI 0OOMOTOK BCiX (a3 piBHO3HAYHi, TOOTO pO3TIIAIAETHCS CUMETPUYHU pe-
XKHUM po0OOTH;

— MarHiTHe I0JIe eJEeKTPUYHOI MAalllMHU MAa€ CHHYCOIAajJbHE PIBHOMIPHE PO3MOAUIECHHS IO
yCbOMY MOBITPSTHOMY 3a30DY;
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— rapaMeTpy Harpyru )kuBJeHH Ha Buxozi [TY npuitmaemo cunycoinansHoi opmu, He 3Ba-
karoun yBary Ha BBy Mk A/l 1 ITY o cmiioBoMy kaHaiy;

— HE BPaxOBYIOTHCS BTPATH B CTaJI, 110 (POPMYIOTHCS 32 PAXYHOK ICHYBaHHSI BUXPOBUX CTPY-
MiB B MarHiTHOMY JIaHITI031 ABUTYHA 1 HOTO MIepeMarHiyeHs;

— HACMYEHHS MarHiTHOTO Kosa A/l He BpaxoBY€TbCs 3aBISIKH HAKJIaJCHHIO OOMEKEHb Ha CTa-
TOPHI CTPyMH;

— YHCJIOBE 3HAUCHHS CTPYMIB 32 paXyHOK €(eKTy BHUTICHEHHS B IPOBITHUKAX POTOPA JyKe
MaJIiii, TOMY 1110 9acTOTa CTPyMiB poTopa npu x)uBjieHH1 Bijx [T odmexxeHa poOourM AUISTHKOIO Me-
XaHIYHOI XapaKTePUCTUKH.

OTtpumana cucremMa MareMaTUYHHUX PIBHSAHb € MAaTEMAaTUYHUM IMPEICTaBICHHSIM aCUHXPOH-
HOTO JIBUTYHA y 00€pTOBiil cucTeMi KOOpAMHAT. 3 ypaxyBaHHSIM YMOBH o = (0, Ha OCHOBI 1aHO{ cHUC-
TEMH MaTEMAaTUYHUX PIBHAHb CKJIAZEMO CTPYKTYPHY MOJENb Ul IPEICTABICHH JUHAMIYHUX IPO-
1IeCiB B MporpaMHOMy cepenosuii Matlab

di, 1 . .
E:re(us—Rels+KrA;{'r—Krw,zpp{!,)—a)kjls,
d\Pr :Krers_A\Pr_a)kijr—i_wrzpj\Pr ! (2)
3
M :EZpKr(\Prxlsy_quylsx)
do. 1
F_Z(M-M

ne Is — npuBeneHuit ctpyMm craropa; Le — mpuBeneHH CTpyM €JIEKTPOMAarHiTHOrO KOJia;
Us — npuBeneHa Hampyra ctatopa; Re — mpuBeneHUN aKTUBHUM OIIp €IeKTPOMAarHiTHOrO KOJa;
Rr — mpuBeaeHMii aKTUBHUH OTIip €JIEKTPOMArHiTHOro Koja; Kr — koedilieHT MpUBeIeHHS pOTOPHUIA;
Ar — koediieHT npuBeAeHHs: Pr — MpHUBeAeHE MOTOKO3UEIUICHHS! POTOpa; wr — KyTOBA LIBUAKOCTI
poropa; M, Mo — MOMEHT JIBUTYHA 1 OMOPY BIJMOBIIHO; J — MOMEHT 1HEpLii CUCTEMHU EJIeKTPONPH-
BOJIA.

B yacToTHO-perynboBaHMX ACHHXPOHHUX €JIEKTPOIPUBO/IaX BEKTOPHE YIIPABIIiHHA OB's13aHE
HE JIUIIE 31 3MIHOK0 YacTOTH, ajie ¥ 3 MOTOYHWMHU 3HAYEHHSIMHU 3MIHHHUX (HaNpyTH, CTPYMy CTaTopa,
MOTOKO3YEIUIEHHS ), a TAKOXK 3 B3AEMHOIO OPIEHTAIII€I0 X BEKTOPIB Y IEKapTOBii cUCTEMi KOOPAUHAT.
3aBagku (OpMYBaHHIO YMCIOBUX 3HAYEHb 3MIHHHX 1 KYTIB MK (pa3aMH IIUX BEKTOPIB JIOCITA€THCS
HalO1Ib1I e(heKTUBHE PEryIIOBaHHS KyTOBOT IIBUIKOCTI, MOMEHTY 1 CTPYMY aCHHXPOHHOT'O JIBUTYHA.
[1ix yac 3a0e3neyeHHs IKOCTI TEXHOJIOTIYHOIO MPOIIECY KPOK PEryIlOBaHHS KyTOBOT IIBUAKOCTI acH-
HXPOHHOTO JIBUTYHA HE MOBUHEH nepesuinyBaTi D < 1:50, ToMy 3aCTOCOBYIOThCS O€31aTUMKOBI CH-
CTEMH KE€pPYBAaHHS ACHHXPOHHUM €JIEKTPONPUBOOM 3 BEKTOPHUM YIIPABIIHHAM. Y TaKHX CHCTEMax
iH(popMallisg PO MOTOYHI YHCIIOBI 3HAYEHHS Ta 1H(POpPMALlis PO MPOCTOPOBE PO3TALITYBAHHS BEKTO-
PiB MOTOKO3YETIJICHHS 1 YUCIIOBI 3HAYE€HHS KYTOBOT IMIBUAKOCTI ACHHXPOHHOTO JIBUTYHA PO3PaxoBy-
IOTBCSl HETIPSIMUM METOJIOM, TOOTO 32 MUTTE€BUMH 3HAUEHHSIMM CTPYyMIB 1 Hampyr ¢a3 ABHIYHA 3a
MaTeMaTHYHUMH BUPa3aMyd MaTeMaTHYHO1 MOJIEeJIl aCHHXPOHHOTO ABUTyHa [16], [17].

Pe3ynpTaT MaTeMaTHYHOTO MOJIENIOBAHHS CUCTEMH YaCTOTHO-PETYJILOBAHOTO €JIEKTPOIIPH-
BOJIa il Yac MyCKy 1 BUKOHAHHS TEXHOJIOTIYHOI omepallii HaBeaeHl Ha puc. 5, 6. Jins HaogHOCTI
pe3yJIbTaTh NpPeACTaBICHI Y BITHOCHUX OJUHUILISX.
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Puc. 5. I'padik ctpymy craropa mijg yac mycKy Ta 301blIeHi HapanTaxeHHs 3 0,5 ¢ 1o 1,5 c.

iM, y.0. 5 15

t,c
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Puc. 6. I'papix MOMEHTY eNleKTpOnprBO/Ia ITiJT Yac MycKy Ta 301bI1eH1 HaBaHTakeHHs 3 0,5 ¢
mo 1,5 c.

[TpakTrdHa peanizaiis aCHHXPOHHOTO eJIEKTPONPHUBO/IA 3 BEKTOPHUM KepyBaHHIM OB’ si3aHa
3 NMEBHUMH TEXHIYHUMH TPYIHOIIAMH, 1110 0OYMOBJIEHI HEOOX1IHICTIO BUMIPIOBAHHS MOTOKO3YEMN-
JICHHSI 2, @ TAaKOXK MOTPe00I0 B 3aCTOCYBAaHHI MPEU31HHNX KOOPAMHATHUX NepeTBoproBayiB. i Tpy-
JTHOIII MOKYTh OyTH BHpIILIEH] IUIIXOM BUKOPUCTAHHS CHELiaJbHUX aJTOPUTMIB JUIs BU3SHAYECHHS
3HAYEHHS 2 Ta PO3BUTKY O€3MaTYMKOBHUX TEXHOJIOTIH, IO JO3BOJIAIOTH 3MEHIIUTH 3aJICKHICTh BiJl
TOYHOCTI BUMIPIOBAHb 1 IMIBUIIUTH €(PEKTUBHICTh CUCTEMH yTIPABIIIHHS.

Tomy cuctema perynoBaHHS KaHaITy IIOTOKO3YETIJICHHS TOBHHHA OY/lyBaTHCS SIK ABOKOHTY-
pHa cucTeMa HiANOPAIKOBAHOTO PETYJIIOBAHHS, KOKEH 3 KOHTYPIB SKOi HaJalITOBYEThCS HA MOJY-
JBHUNA ONTHMYM 3 3acTocyBaHHsAM [l perynsTopiB, 0 KOMIEHCYIOTh BiJIOBIJHI amepiojnyHi
naHku. KaHan peryntoBaHHs CTpyMy 1 MOMEHTY MICTUTB OJIHY alepioJMuHy JaHKY 1 HAJIaITOBYEThCS
Ha MOJAYJIbHUH ONTHMYM.

Jlnist moOyA0BU SIKICHOT CUCTEMH PETyJIIOBaHHS IIBUAKOCTI /il HEPEXPECHUX 3B A3KIB B CTPY-
KTypHii cXeMi IBUTYHa TIOBUHHA OyTH KOMIICHCOBAaHA BBEJACHHSM BiJIIOBITHUX KOMITEHCYIOUNX CH-
THaJiB. Y pe3yJbTaTi yTBOPIOIOTHCS JBa HE3AJIEKHI KaHAJIM PEryJIIOBaHHS, B IKUX ITapaMeTpH pery-
JSITOPIB PO3PaXOBYIOTHCS BITOMUMH METOIAMH.

[lepeTBOproBaY 4acTOTH B TaKiil cUCTEMi MOBUHEH SIBISATH COOOI0 TPaH3UCTOPHUM iHBEpTOP
Hanpyru 3 cuHycoinanpHoo LHIIM-Momysiiero Ha BUCOKiK 4acToTi. Pe3ynbpraTé MareMaTHUHOTO
MOJICJIIOBAHHS MiJl Yac BEKTOPHOTO KEpyBaHHS HaBeleHO Ha puc. §8-9. /lng HaOYHOCTI pe3yibTaTu
MIPECTABIICH] Y BITHOCHUX OJWHUIISIX.



ISSN 2076-2151. Oopooka_mamepianie_muckom. Materials Working by Pressure.  2025. Ao 1(54) 173

]
LAh
=

"iw, y.0

=]
LA
Y

e

[=]

]
(=]
=)
Lh
=)
(=]
=)

=
=
Lh

Puc. 7. I'padix mBHUIKOCTI €NEKTPONPUBOJA i Yac MyCKy Ta 301JIbIICHI HaBaHTAKEHHS
30,5cmol,5c.
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Puc. 8. I'padix xkyTOBOI mBHAKOCTI (®w0) 1 MOMEHTY omopy (Mo) 3 ypaxyBaHHSIM HaMOTKH
npoTy Ha 6apabaH

Ha rpadikax BUIHO, SIK 3MIHIOETbCS MOMEHT OIOPY IiJ Yac MyCKy Ta BUXOIy Ha poOouuit
pexum pobotu. [1i yac BEKTOPHOTO KEPyBaHHS, 32 paXyHOK BHYTPIIIHIX 3BOPOTHHX 3B’ S3KiB, Mepe-
TBOPIOBAY YaCTOTH ILIBUIIKO Pearye Ha 3MiHy MOMEHTY OIOpY 1 BiIMOBiIHO (hopMye HEOOX1THUI MO-
MEHT JIBUT'yHa, 3a0€e3Me4uyIoun CTablIbHICTh IIBUIKOCTI HAMOTKU Ha OapabaHi.

M, y. o.

Mn

Mo

a—

0.5
/ t,c
-

0 1 2 3

Puc. 9. I'padix momenra auryna (Mn) i momenTy onopy (Mo) 3 ypaxyBaHHSIM HaMOTKH
IpoTy Ha OGapabaH
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BUCHOBKU

AHaui3 MaTeMaTUYHUX MOJIEJICH JJIsl PEACTABICHHS ACHHXPOHHOTO JBUTYHA M1 9ac 4acTo-
THOTO KEPYBaHHSI JI03BOJIUB OOpaTH ONTHMAIBHHUI BapiaHT MPEACTaBICHHS (HI3UIHUX MPOIIECIB, 1O
MIPOXOJAATH MiJ Yac BEKTOPHOTO KepyBaHHsA. BcTaHOBJIEHO, 110 3aJICKHICTh EMEKTPUYHUX 1 €TEKTPO-
MEXaHIYHUX XapaKTEPUCTHK aCHHXPOHHOTO JIBUTYHA ITiJl YaC YaCTOTHOTO KePYBaHHs JI03BOJISIE 3a-
0€3MeYnTH IaBHICTb MMyCKY, 3yIMHKU CTaHy Ta 3a0e31meYnTy HeoOXi/1HI MOKAa3HUKHU SKOCTI TEXHOJIO-
rigy”oro nporiecy. [1ig yac poOOTH BOJIOYMIBHOTO CTAaHY MOMEHT OTIOPY 3aJICKHUTh BiJl KUIBKOCTI BH-
TKIB HAMOTAHOTO JIPOTy Ha OyXTy, TOMy HEOOXiJHO 3aCTOCOBYBATH BEKTOPHHI 3aKOH YAaCTOTHOTO
KepyBaHHS.

[Tig yac BEKTOPHOTO KEPYBAHHS CUCTEMa €JIEKTPOIPUBOJIA CIIPOIIYETHCS 32 PAXYHOK BHITY-
YEeHHsI eJIEMEHTIB KOHTPOJIIO IIBUIKOCTI 1 3yCHIUISI, a caMe, BiACYTHSI HEOOX1/IHICTh BCTAaHOBJICHHS
JOJIATKOBUX MPHUCTPOIB — JATUYMKIB MIBUAKOCTI 1 JaTYMKA HATATY APOTY. B neskux BUmankax BUKO-
PHUCTOBYIOTBH NEPETBOPIOBAY YaCTOTH 31 CKAJSIPHUMH PEKHUMaMHU YaCTOTHOTO KepyBaHHs. SIKIIO BH-
KOPHUCTOBYEThCS came Takuii [TY, To HeoOXiTHO JOMOBHIOBATH CHCTEMY €JICKTPOIPHBO/IA 3a3HAYC-
HUMH JaTYMKaMH. BUKOpUCTaHHS TPOrpaMOBaHOTO €JIEMEHTA KEPyBaHHS, TAKHUX K IPOTPaMOBaHHIA
JIOTIYHHIA KOHTpOJIep ado MporpaMoBaHe JoriyHe pene, He € 000B’si3koBuM. CydacHi [T4 31 ckansip-
HUMHM 3aKOHAMH YaCTOTHOTO KepyBaHHS MAIOTh SK ITU(GPOBI, TaK 1 aHAJIOTOB1 BXOIW JUIsl OpraHizaiii
3BOPOTHHX 3B’SI3KiB [0 KOHTPOJIBHUM CUTHAJIAM.

Ha po3po06ieniit MaTreMaTHdHIi MOJEII BUKOHAHO MaTeMaTUYHE MOJICIIOBAaHHS MPHU PI3HUX
pexxuMax poOOTH eNEKTPOIPUBO/IA BOJIOYMIBHOTO CTaHy 1 i/ 4ac 3MiHU MOMEHTY OTOpY, IO IMITy€
3MiHY JiaMeTpa JIPOTy KaTaHKH. AHaI3 PEKUMIB POOOTH EIEKTPOIIPUBOIA BOJOYMILHOI MAITMHH HA
MaTeMaTU4HIA MOJIENI MiATBEPIUB, IO PO3POOIICHUI IPUHIUI YTIPABIIIHHS €JIEKTPOIIPUBOAOM, a Ta-
KO’X 3aIpOIIOHOBaH| HAJIAIITYBaHHS KOHTYPIB PETYJIIOBAHHS 3a0€311eUYIOTh PETYIOBAHHS IIIBHIKO-
CTi BOJIOYIHHA 3 TMOXHOKOIO, III0 HE MEPEBHUIIIYE IT'ATH BiACOTKIB. TakuM 4MHOM, 3a0€3MeUyI0ThCS
BUMOTH TEXHOJIOTIYHOTO MPOIIECY Y BCIX peKUMAX.
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Khrebtova O., Kitsel N., Shapoval O., Balkunov M., Klymenko 1., Shapka A. Using the frequency-regulated
electric drive of the drawing stand.

The study aims to analyze methods and electromechanical equipment used in the production of hardware products
utilizing wire drawing mills. The research focuses on improving the efficiency of the wire drawing process by optimizing
technological parameters and modernizing the electric drive system. The study investigates the most effective wire drawing
machines for medium-diameter wire (1.8-3.0 mm). The research highlights that single-pass drawing machines are the most
promising due to their ability to enhance the efficiency of the drawing process. This is achieved by optimizing energy-force
parameters and increasing the drawing speed. Additionally, mathematical modeling of the wire drawing machine's electric drive
system was performed to evaluate its performance under various operational modes. It has been established that improving the
efficiency of the wire drawing process can be achieved through the modernization of existing electric drive systems. This
modernization leads to a significant increase in the overall efficiency of the drawing process. The study also proves that an increase
in drawing speed is possible by implementing a more advanced electric drive control system. The optimization of the energy-force
parameters contributes to a reduction in energy consumption while maintaining high productivity. Originality: The research
demonstrates that an electric drive system based on a frequency converter and an asynchronous motor is economically
advantageous as the main drive for a wire drawing machine. The proposed approach ensures improved energy efficiency,
reliability, and precision in speed control during the wire drawing process. The study also confirms that the developed control
principle allows for a stable drawing speed with minimal deviation, ensuring high process accuracy. The analysis of the operating
modes of the wire drawing machine’s electric drive using a mathematical model confirmed that the developed control method
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ensures precise speed regulation with an error that does not exceed the predefined limit. The implementation of the proposed
control system leads to improved overall process stability and compliance with technological requirements. Additionally, the
findings of this study can be applied to industrial-scale wire production, contributing to increased automation and energy efficiency.
Thus, the proposed modernization of the electric drive system and optimization of energy-force parameters lead to improved
efficiency, reliability, and precision of the wire drawing process. The use of a frequency converter—asynchronous motor system
ensures economic benefits and enhances the overall performance of wire drawing machines. The developed approach meets all
technological process requirements across different operating modes, making it highly suitable for industrial applications.
Keywords: drawing mill, quality indicators, technological process, frequency-controlled electric drive
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JOCAIKEHHA TEXHOJIOI'TE TA MOJEJIOBAHHS THYTTSA TPYBH
B TPYBOI'MBI

Y emammi nposedeno docniodcenns mexnonozii 3eunants mpyou ma enaue pizHux oiamempie 6aie Ha Ymeo-
PeHHsI 20DPYBAHHS 6HYMPIWHBbO20 nepepizy mpyou. Y xo0i pobomu Oyio npoeedeHo anai3 pisHux mamepianie mpyo ma
ix gisuxo-mexaniynux enacmueocmei, OCKiNbKU 8UOIp mMamepiany Cymmeso niueae Ha 3eunauta. byno suxonano pos-
PAXYHOK MeXHOLO02IUHO20 npoyecy eHymmsi OJis PI3HUX KYMI8 32UHAHHS Md MO8WuH CMIHOK. /[ eizyanizayii ma ananisy
npoyecy UKOpUcmano npoepamuuti komniexc Fusion360. Mooenroeanns npogedeHo y cneyianizoeamiti npocpami
QForm. Lle 003801110 ompumamu epaghiuni 3a1eHCHOCHI cepeoHix HanpPyl’CeHb Ma IHMeHCUBHOCMI Hanpydicesb. Mode-
JIIOBAHHS NOKA3AN0, WO OCHOBHUM (DaKMOPOM, AKULL GNIUBAE HA AKICMb 8UPOOY NPU 6€300PHOBOMY SHYMMI, € BIOHOUWEHH S
paodiyca 32uny 00 diamempa mpyou. B pezyromami docniodxcenus cmanosunuy, wo npu 3meHuenHi paoiyca 3euny oo 50
MM KPUMUYHO 3POCMAE 20PPOYMBEOpeHHs ma osanizayis. /s OmpumMants AKIiCHUX 32UHi8 Manio2o padiyca HeoOXioHo
BUKOPUCIMOBYBATU  CHEYIANbHUL OOPH, AKUIL 3abe3neuums 3SMeHueHHs 20DPY8ants ma 06anizayito 20mosoi npoOyKyii.
Bcemanoeneno sanexcHicmo AKOCMI 2HYMM 610 2e0MEMpUUHUX NAPAMEmpi8 OCHAWeH s Mma 00IPYHMOB8AHO HeoOXio-
HICMb BUKOPUCTAHHS OOPHOBUX MEXAHIZMIE NPU MAUX padiycax 32uHy.

Knrouosi cnosa: mpyba, enymmst, mpyboeub, ooph, modenosanus, QForm, cogpa, padiyc 3euny.

BupoOHULITBO THYTHX TPyOHHUX BUPOOIB 3aliMae BasKJIMBE MICIIE Y Cy4YacHiil MPOMMCIOBOCTI,
30KpeMa B aBTOMOO11e0y TyBaHH1, CyAHOOyIyBaHHI, eHepreTuili Ta OyaiBHUITBI. Lle 3yMOBiIeHO BU-
COKMMH €KCILTyaTalliHUMU XapaKTepUCTUKAMU TaKUX BUPOOIB, IKU BUPI3HAIOTHCS MiIBUILIEHOIO Mi-
IIHICTIO, CTIHKICTIO /10 HABAHTA)XEHb TA €CTETUYHUM BHIJISIOM ITOPIBHSHO 31 3BAPHUMH 3'€ THAHHSAMH.
[Ipore nmporec THYTTS TPyO, 0COOIMBO TOHKOCTIHHUX, CYPOBOJIKY€ETHCS PU3UKOM BUHUKHEHHS Jie-
(exTiB, TaKUX K OBaJli3allis MOMEPEUHOro Nnepepizy, MOTOHIIECHHs CTIHKYA Ha 30BHIIIHBOMY pajiyci
Ta yTBOPEHHSI CKIaA0K (rodpiB) HA BHYTPIITHHOMY. Y 3B’SI3KYy 3 IIUM, yJIOCKOHAJIEHHS TEXHOJIOTIT
THYTTS Ta NMPOTHO3YyBaHHS MOBEIIHKM METaly MiJ Yac aedopMallii € akTyalbHUM 1HKEHEpHUM 3a-
BIIAaHHSIM.

[TuTanHs TeXHONOTI THYTTS TpyO BUCBITIIOIOTHCS B 0araThbOX HAYKOBUX MpalsiX. 3aJ€KHO
BiZl 00CSITiB BUPOOHHUIITBA, THYTTSI MO’KE€ BUKOHYBATHCS BPYUHY JIJIsl OIMHUYHUX BUPOOiB a00 Ha cre-
iali30BaHUX BepcTarax - Tpyoorudax st cepiiHOro BUpoOHUITBA [1].

3 TEXHOJIOTIYHOT TOUKH 30y, METOIH Je(OPMYBaHHS TPYO MOIUISIOTHCS 32 TEMIIEPATypPHUM
PEKUMOM.

[Ipornec X0M0HOTO THYTTS 0a3y€eThCs HA IUTACTUYHOCTI MaTepialy 1 BUKOHYETbCs Oe3 Tore-
PEeIHBOTO HArPIBaHHSA 3ar0TOBKU. MeTO/ IIUPOKO 3aCTOCOBYETHCA JUIsl TPYO HEBEIMKOIO Ta Cepe-
HBOTO JlilaMeTpa, BUTOTOBIICHUX 3 KOJHOPOBUX METaiB (Miflb, aJTFOMIiHii), CTaJi, a TAKOX Ul METa-
JIOTJTACTUKOBUX TPYO, Ji¢ BHYTPIIIHIH amroMiHieBui map dikcye Hagany hopmy [2]. XomoaHe THY TTS
Mae 0OMeKEHHS PU poOOTI 3 KPUXKUMHU MaTepiajJaMy, HAIIPHUKIIAI, YaByHOM, a00 ACIKHUMH BUAAMU
MOTIMEPIB, K1 HE 3aTHI yTpuMyBaTH (Gopmy micis aedopmartii.

Iapstae rHYTTS 3aCTOCOBYETHCS JUTs TPYO 3 BHCOKOFO YKOPCTKICTIO, BEIIMKOIO TOBIIMHOIO CTIHKM 200
3HAYHKM J[IaMeTpOM (HaIpuKIaj, y Hadrora3oBiii mpomucioBocTi) [3]. [lonepeane HarpiBaHHs (JIOKaTbHE
ra3oBe abo0 1HYKITIIHE) MiBHIIY€ TACTHYHICTh METANY, IO JO3BOJISIE THYTH TPYOH 3 MEHIIIOIO CHJIOKO Ta
3HIDKY€E PU3UK pyiHyBaHH: [4]. OqHak 1 HoMIMepHUX TPYO Liei MeToA € KpUTHYHUM, OCKUIBKU Harpi-
BaHHSI MOJKE TIPU3BECTH JIO TUTABJICHHS Ta BTPATH KUTBIICBOT )KOPCTKOCTI [5].

Pyune ruyTTa Moxe OyTu pi3HuX BUaiB. Lle Moxke OyTH HaMOTyBaHHS Ha abJIOH, KOJU TPYOy
3TUHAIOTH, HAMOTYIOUH ii Ha TBepy hopMmy (11adioH). J{yst 3armodiranHs CILTIONTYBAHHIO TIOPOKHUHY
TpyOH YacTo 3aMOBHIOIOTH HATIOBHIOBAYEM — CyXUM ITiCKOM abo cumtto [6]. Lleit meTon edexkTuBHUM
IUIA TUTACTHYHUX METANIIB, ajle Mac HEHONIK - HEOOXIOHICTH 3aJIHINATH JOBII TEXHOJIOTIYHI KiHIII
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TpyOHU AJIsi CTBOPEHHS BasKeJs, SIKi OTIM 00pi3ar0Thes, M0 30UIbIIY€E KiIIBKICTh Biaxoais [7]. Takox
icHy€ croci0 aedopmaliii Ha oropax, Koju TpyOy BCTAaHOBIIOIOTH Ha JIBi ONTOPH, a CHITY PUKIIAIAl0Th
1o 1eHTpy. Lleit MeTo1 BBasKaeThCsl MEHIIT TOYHUM 1 9aCTO MPU3BOJIUTH IO 3HAYHOI OBaJIBHOCTI I1e-
pepi3y Ta BM'ATHH y MICIli KOHTAKTy 3 IHCTpyMEHTOM [8].

MexaHi30BaHe THYTTS MOAUISIOTH Ha 2 criocoOu. BanbiioBanHs — 1ie Koiu TpyOa mporycka-
€THCSI YEPE3 CUCTEMY 3 TPHOX BAJIKIB 1 JI¢ MOJOKEHHS MPUTHUCKHOTO BaJika BU3HAYAE PaJlyC 3THHY
[9]. Lle#t MeTo i€aIbHO MiAXOIUTH JJIE BUTOTOBJICHHS CIIpAJICH, YT Ta Kb BEJIMKOTO pajaiyca,
ajie Mae OOMEXEHHS MPpU poOOTI 3 MAIUMHK paaiycamu 3ruHy [10].THYTTS 3 JOpHOM - 1€ HAHOLIBII
TOYHHHA IPOMHCIIOBUN METOJ 111 OTPUMAaHHS 3THHIB MAJIOTO pajiiyca Ha TOHKOCTIHHUX TpyOax [11].
JlopH - 11e crerniaigpHa KajaiOpoBaHa onpaBka (crajgeBa abo OpoH30Ba), sika PO3MINTY€EThCS BCEPEAUHI
TpyOu O6e3nocepeHbo B 30Hi Aedopmarii [12]. Bin MexaHI4HO MiATPUMYE CTIHKH 3CEpEIUHH, 3aI10-
Oiraroum yTBOPEHHIO rodpiB (CKJIAIOK) Ta KpUTHYHIHN 3MiHI reoMeTpii mepepisy. JlopHu OyBaroTh K0-
PCTKUMU /ISl IPOCTHX 3TUHIB Ta KYJIbKOBUMHU 200 CETMEHTHUMH ISl CKJIATHUX 3TUHIB MAJIOTO paIi-
yca [13].

[potiec 3ruHaHHS MOB'SI3aHUM 31 3HAYHUMU BHYTPIITHIME HAMPYKSHHSIMHU, 10 MOXKE TIPH3BOIUTH
JI0 TIOsIBM JIe(heKTiB: oBasti3arlist, ropOyTBOPEHHS, TOTOHIIICHHS CTIHKH, IPY>KUHIHHSA [ 14].

Po3BuTKOM 3ruHaNBHOrO OONATHAHHS € BEPCTaTH 3 YHCIOBUM HPOTPAMHUM KEpyBaHHIM
YIIK, taki sk qopHoBuii BepctaT MAST CNC MACHINEN DWS50CNC-3A-1SV [15]. Lle obnan-
HaHHS JT03BOJISIE BUKOHYBATH BUCOKOTOYHE aBTOMATHU30BaHE THYTTs TPYO AiaMeTpoMm 110 38 MM npu
TOBIIUHI CTIHKK 3 MM Ha KyT 110 190°. 3aBnsxu cuctemi UIIK 3abe3neuyeTbest BUCOKA TTOBTOPIOBA-
HICTh BUPOOIB y cepii, MIHIMI3yE€ThCS BIUIUB JIFOJICHKOTO (paKTOpa Ta 3HAYHO CIPOIIYETHCS MPOIIEC
MepeHaNaroP)KeHHs BepcTara /Uil BUTOTOBJICHHSI CKJIaJTHUX ITPOCTOPOBUX JeTaleH.

ExcniepumenTansHuil mi0ip napaMeTpiB THYTTS € BATPATHUM IPOLIECOM 1 TOMY BCE YacTillle 3a-
CTOCOBYEThCS MOJIETIFOBAHHS MeTOIOM ckiHueHHuX enemeHTiB (MCE), 1o 103Bosise CIpOrHo3yBaTH Ha-
npyxeHo-nedopmoBanmii ctad (HZIC) 3aroToBkw 1ie Ha eTari IpoeKkTyBaHHs TexHouorii [12].

Merta nociiKeHHS — JOCIIKEHHS BIUTMBY pajiyca 3ruHaHHS (AiaMeTpa HepyXOMOTo Bally)
Ha BHHUKHCHHSI JeekTiB Gpopmu TpyOH NUISIXOM KOMI'FOTEPHOTO MOJCIIOBAHHS B MPOTPAMHOMY
komiuiekci QForm.

OO0’ €KTOM JOCTIPKEHHS € TEXHOJIOTis THYTTS CTajeBoi TpyOu B TpyOoru6i. ns peanizaii
MOCTaBIIEHOT METH 0YyJI0 BUKOPUCTAHO METOAM KOMIT'FOTEPHOT'O MOJIEIIOBAaHHS Ta 00UncIeHHs 3a (o-
pMyJIaMu.

Po3paxyHok mporiecy THyTTS - 1€ 3MiHHA BEJIMYUHA, 1110 BU3HAYAETHCS TUTIOM TpyOwu, ii Ma-
Tepianaom, JiaMeTpOM, TOBIIMHOIO CTIHKH Ta 3aJlaHIM KyToM Jedopmartii. Brim, He3Baxarouu Ha po-
301KHICTh Y BXIJTHUX JIaHUX, 0a30Ba MOCIIIIOBHICTh €TaITlB PO3PAaXyHKY € YHIBEpCAIbHOIO.

Kpoxk 1. Busnauenns paniyca rayTts (R).

Paniyc rayTTs (R) — 11e BijicTanb Bij IEHTPY TPYOH A0 oci THYTTs. Paaiyc rHyTTS MOXxe OyTH
3aJlaHuit BUpOOHUKOM TpyOornda abo Moxke OyTH 00UHCIIEHUH 3a JOMTOMOTOI0 BITHOIIICHHS JIiaMeTpy
TpyOu (D) no cniBBigHomenHs R/D (3a3Buyait BUpakaeThbCsl y BiICOTKAX).

R =D x (R/D).

Kpok 2. O6uucnenns noBxunu rHyTTs (L).
JIOBXXHHY THYTTS MO>KHA 3HaWTH 3a JOMOMOTOI0 (OPMYITH TyTOBOT TOBXKUHHU:

L =-"x2nR,
360

ne L — morkuHA THYTTS, 8 — KyT THYTTS B rpajaycax, R — paaiyc THyTTsI.

Kpok 3. BuznaueHHs napameTpiB HepyxoMoi MaTpuiii (S).

S — 1e BificTaHb BiJ KiHLS TPYOH 10 MOYATKy THYTTS Ha TpyOoru6i. Lle 3HaueHHs 3a3Buyaii
3a3HAaYEHO B TEXHIYHUX XapaKTepUCTHUKaX TpyOoruoa.

Kpox 4. O6uuncneHHst He0OXiqHOI JOBKUHU TPYOH.

HeoOxinna nosxwuna Tpyou (L _total) moxke OyTu 3HalimeHa, nofaBIIu TOBXKUHY THYTTS (L)
JI0 pO3TalryBaHHSI HEpYXoMoi MaTpuiii (S).



ISSN 2076-2151. Oopooka_mamepianie_muckom. Materials Working by Pressure.  2025. Ao 1(54) 179

Ltotal =1L + S
e Haae MOKIIMBICTh BU3HAYUTH 3aralibHy JOBKUHY TPYOH, SIKY TIOBUHHI B3TH IJISl THY TTS
Ha TpyOOrHOi.
JloBxuHa TpyOu JUIs THYTTSI MOXKe OyTH po3paxoBaHa 3a pOopMyJIOL0:
_ 0
L=nXxDX(—).
360
PosropTka Moske OyTu po3paxoBaHa 3a Ti€r0 ke (pOPMYJI0I0, BAKOPUCTOBYIOUYH BKAa3aHUI [i-
aMeTp Ta KyT THYTTSL:

Posroprka =m X D X (3%).

Jliist MeToly KOMIT'FOTEPHOT'O MOJIEIIOBAaHHS T€OMETPUYHI MOJIENl IHCTPYMEHTY OyJin 1nooy-
noBani B mporpammi Fusion 360, a po3paxyHOK HarpykeHO-Ae(hOpMOBAHOTO CTaHy Ta OOyA0Ba 3a-
TOTOBKHM BUKOHAHO B nporpammi QForm.

MopentoBaHHS MPOIIECY THYTTS Mepeadavyaio HACTYIIHI €Talu:

— miaroroBka reometpii (ctBopenHs 3D mozeni BaiiB Ta 3aroToBkH). CxemMa HaBaHTa)KEHHS
nepeadadae ¢ikcaiio Tpyou BIZHOCHO HEPYXOMOTO Bajly Ta MPUKIAJaHHS 3TMHATLHOTO MOMEHTY
yepe3 pyxomuii Ban (puc. 1);

— 3a7aHHd napamerpiB mponecy. B mporpami QForm oOpano tun onepauii “General
forming”. Matepian iHCTpyMeHTY - ctaib X12M®. Temnepatypa mponecy — 20 °C;

— B BKJIQJIIl TPaHUYHI YMOBHU cepeJl Mepesiky BapiaHTIiB [id (ikcauii Tpyou Oyno oOpaHO
KoBanbchbkui MaHimynsTop (Forging manipulator), mo mMojentoe poGOTy 3aTHCKHOIO MEXaHi3My.
Moro MO/IHBO 3po6uTH PizHOT GOPMH, alle B HALIOMY BHIIAAKY 6y/1a oGpaHa HpsSMOKYTHA;

— 3a/1aHHS pO3MipiB MaHimmyATopa. 3a1laHO KIHEMaTHKY BaJliB 3 BKa3aHHSAM Bicell pyxy.

B sikocTi OCHOBHOT'O 3MIHHOTO TTapameTpa JOCIiKEHHs OyI0 00paHo JaiaMeTp HEPYXOMOTO
BaJly, SIKUI BU3Ha4Yae BHYTPILIHIM pajiyc 3ruHaHHA. Byo mpoBeieHo MOJIeNIOBaHHS ISl TPHOX PO3-
MipiB Hepyxomoro Baiy: 50 mm, 100 MM Ta 150 mm. [liameTp pyXoMoro Bajy 3ajJuIIaBCsl HE3MIHHUM
— 50 mm. KyT 3runy y Beix Bunajkax cranosus 50°,

Monens 3arotoBku TpyOu Oyina 3pobinena B nporpammi QForm, 1mo aBTomaTHuHO po30uBae
TpyOy Ha reKcaroHaJlbHY CITKY JUISl TOKPAIIEHHs! TOYHOCTI PO3paxyHKiB (pHc. 2).

\
\

Puc. 1. 3aranbuuit BUrsi TpyOorudy Puc. 2. DexcaroHanbHa ciTka B TpyOi

AHani3 OTpUMaHUX JaHUX JTO3BOJIAE MOPIBHATU 3MiHY (popmu TpyOu mpH pi3HUX pajiycax
sruny. [Ipu 3acTocyBaHHI HEpYXOMOTO Bary AiaMeTpoM 50 MM MOXHO MOOAYUTH 3HAYHY KOHIICHT-
parito Harpy>keHb. Bizyamizanis nedopmaiiii 4iTko 1€MOHCTPY€E YTBOPEHHS BHPAXKEHOI CKIAKU Ta
3HAYHY OBAJIbHICTB MPoditro. L{e cBimIuTh TIpo Te, o THYTTS 03 TOpHA HAa TAKUH MaJIUil paiyc uIs
JAHOTO THITYy TPYOH € TEXHOJIOT1YHO HEepaLliOHAIEHHM.
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[Tpu 36inbI1eHH] TiameTpa Hepyxomoro Baiy 10 100 mm ta 150 MM (puc. 3) 30Ha mIacTU4IHOL
nedopmartii ctae 61T PIBHOMIPHOIO.

R

Effective Stress [MPa]

ra

50

Puc. 3. [HTEHCHBHICTh HANIPYKCHB PU BUKOPHUCTAHHI HEPYXOMOTO Baly Pi3HOTO JiaMeTpy
(a—50,6-100, B— 150 mm)

MonentoBaHHs HATJISITHO TTOKA3aJ10 3aJIeKHICTh MiXK PajilycOM 3THHY Ta IHTEHCHBHICTIO yTBO-
peHHs aedeKTIB: 30UIBIICHHS JiaMeTpa HEPYXOMOTO BaJly BIUITMBAE HA 3MEHINEHHS KUTBKOCTI CKJIa-
nok. Ilpu po6oTi 3 BatoMm mpiametpom 150 MM mpodine TpyOu y mepepisi mokaszye Halikpaiili mokas-
HUKH SKOCT1 TPOTYKIIii.

Ha puc. 4 HaBeneHO 3aleXHICTh MIIACTUYHOI AedopMallii Bif AlaMeTpy HEpyXOMOTO Bally
50 ta 150 mm. Ha nux niarpaMax CriocTepiraeThes pisHHIIS OUTBINE HIXK B JIBA Pa3H, IO CBITIUTH PO
3HA4YHY PI3HHUIIIO TpH 1ehOpMyBaHHI IPU BUKOPUCTAHHI PI3HOTO JIlaMETPy HEPYXOMOT'O Bally.

0.012862 I]:I]I}53'_'+236 i
= 5% 95%
95% 90
_________________________________________________________________________________ 80 B
e 70 )
_________________________________________________________________________________ 80 e
_________________________________________________________________________________ ) )
=
H
_________________________________________________________________________________ < 40 e el
................................................................................. 0 )
e 20 .
R e 10 L
—
000 002 003 005 006 008 009 011 012 014 015 017 0000 0010 0020 0030 0040 0050 0060 0070 0080 0080 0,00
Plastic strain Plastic strain
a 0

Puc. 4. 3anexxHicTh MOKA3HUKIB MJIACTUYHOI Aedopmariii Bix AlaMeTpy HEPYXOMOTO Baly
(a—50,6 — 150 mm).
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BUCHOBKU
BukoHaHo AoCHmiDKEHHS TEXHOJOTii THYTTS TpyO 13 3actocyBaHHsM mporpam QForm Ta
Fusion 360. MonemoBaHHs TI0Ka3aJIo, 110 OCHOBHHM (haKTOPOM, SIKWii BILTMBAE Ha SIKICTh BUPOOY Tpu Oe3-
JIOPHOBOMY THYTTI, € BIHOIIIEHHS pajiiyca 3ruHy J0 JiamMeTpa Tpyou. B pe3ynbTati 1ociiHKeHHs BCTaHO-
BUJIH, 1110 TP 3MEHIIIEHHI paJiiyca 3ruHy 10 S0 MM KPUTHYIHO 3pOcTae roppoyTBOPEHH:I Ta oBastizartist. st
OTPUMaHHS SIKICHUX 3TUHIB MaJIOTO pajiiyca HE0OXiTHO BHKOPUCTOBYBATH CIHEIIAIHHMA TOPH, SKWH 3a0e3-
MIEYUTH 3MEHIIICHHS TO(PYBaHH Ta OBAI3AIII0 TOTOBOI PO TYKIIii.
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Polisan I., Hubskyi S., Kolisnyk K., Chukhlib V., Khodyriev H. Research on technology and modeling of
pipe bending in a pipe bender

The article studies the technology of pipe bending and the influence of different shaft diameters on the formation
of corrugations of the internal cross-section of the pipe. In the course of the work, an analysis of different pipe materials
and their physical and mechanical properties was carried out, since the choice of material significantly affects bending.
The calculation of the technological process of bending was performed for different bending angles and wall thicknesses.
The Fusion 360 software package was used to visualize and analyze the process. Modeling has shown that the main factor
that affects the bending capacity of the pipe during mandrel bending is the relationship between the bending radius and
the diameter of the pipe. As a result of the investigation, it was established that when the bending radius changes to 50
mm, corrugation and ovalization critically increases. To remove clear spots of small radius, it is necessary to use a
special mandrel to ensure a change in corrugation and ovalization of the finished product.The modeling was carried out
in the specialized QForm program. This allowed obtaining graphical dependences of average stresses and stress inten-
sity. The dependence of bending quality on the geometric parameters of the equipment was established and the need to
use mandrel mechanisms for small bending radii was substantiated.

Keywords: pipe, bending, pipe bender, mandrel, modeling, QForm, corrugation, bending radius.
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PO34in v
OBJIAAHAHHA TA YCTATKYBAHHA
OBPOBKU TUCKOM

VIK 621.73.043; 621.79.15 DOI: 10.37142/2076-2151/2025-1(54)183

Oo0nyn B. /1.
Martroxin A. 0.
Croimkin O. B.

T'BUHTOBUI ITPEC 3 MY®TOIO BKJIIOYEHHS 3 PO3ILJIbHOIO
BEAYY010 MAXOBOIO MACOIO

Y pobomi pozenanymo koncmpykmueri ocobausocmi ma enepeemudti ACNeKmuy CMeOpeHHs 28UHMOBUX NPeCis
HoMiHanbHuM 3ycuniam 6i0 2 MH ma euepeieto yoapy 0o 5 MIxc 0na 6ukopucmanHs 6 npeyusiitHomy wmamnyeanHi
CKIAOHUX BIONOGIOAILHUX Oemaiell 3 MYy2oniasKux i 6axcko 0eQoOpMOBaAHUX MAmMepianie. 3a3HaueHi XapaKmepucmuxku
00360I5110Mb CYMMEBO POUUPUMU CPEPY 3ACMOCYBAHHSL MAKUX NPECi8, 30Kpema 05t 6U20MOBIEHHs KPYNHO2A0APUMHUX
NOKOBOK NIOBUUEHOI MOYHOCTI, KOMNPECOPHUX [ MYPOIHHUX JIONAMOK 2a30MYPOIHHUX OBUSYHIB, WeCMePeHb Ma [HUUX
8UPODIB 3 GUCOKUMU BUMOAMU 00 MOYHOCMI [ IKOCMI NOBEPXHI, Oe3 HeOOXIOHOCMI 3ACMOCY8AHHS WMAMNYBANTbHUX HA-
xunige y mampuyi. [Ipogedeno amaniz cyuacHux MexHIiYHUX piuieHb NPOGIOHUX 6UpoOHuKie, makux sk Weingarten
i Hasenclever, 30kpema koncmpykyiti muny RZS, 0e pobouuii Maxoeuk 6UKoHye (yHKYII0 pomopa eneKmpoosucyHa ma
JHCOPCMKO 3 €OHAHULL I3 28UHMOM. Busieneno ixui HeOoniku, nog a3ami 3 BUCOKUMU NIKOBUMU HABAHMANCEHHAMU HA eleK-
mpomepexncy, SHAYHUMU MPAMAMU eHep2ii, MenI08UMU NePesaAHMAaNCeHHAMU MA HUZLKUM KoeqhiyieHmom KopucHoi 0ii
8 NEePexiOHUx pedcuMax. 3anponoHO8AHO HOBY KOHCHMPYKYIIO 26UHMOB020 Npecd 3 ANbIMePHAMUBHUM HPUBOOOM, U0
BKIIOYAE HAKONUYYBAY KIHeMU4HOI eHepzii y 8uenadi 8edyyoi Maxo8oi mMacu, KA KiHeMamuyHo 3 €OHYEMbCa 3 poooUUM
MaAxo8ukom uepe3 my@my exurouenHs. Posenanymo xinemamuuny cxemy npugooy ma cnocoou 3smMeHuleHHsA iHepyiuHux
HABAHMANCEHb 34 PAXYHOK NOOLTY 8edyy4oi Maxoeoi macu Ha Oexinvka yacmut. Hadano pexomenoayii wooo peanizayii
ABMOHOMHO20 360POMHO20 X00Y NOG3VHA MA 600CKOHANIEHHSL YMO8 eKCIILyamayii npeca 3 Memoio nioguujeHus 1iozo eghe-
KMUBHOCMi ma HAOditIHOCM.

Kniouosi cnosa: ceunmosuii npec, HakonuuenHs KinemuuHoi enepeii, 6edyua Maxoea maca, My@ma eKuoyenHs,
ABMOHOMHULL 360POMHUL XI0, THEPYIUHI HABAHMAIICEHHSl, MENI06I NEePEeSAHMANCEHHS, eHeP20eheKMUBHICTb.

dipmamu Weingarten i Hasenclever po3po6s1eHo KOHCTPYKIIii IPeCiB 3 OAHUM POOOYMM Ma-
XOBHKOM, KOPCTKO 3B'sI3aHUM 3 TBUHTOBHM MmuHaeaeM. Tak "Weingarten" 1uist CBOIX TIpeciB po3po-
OUB crieniadbHUM MPUBiJ, Y SKOT0 poOOYHiI MaXOBUK OJTHOYACHO € POTOPOM aCUHXPOHHOTO JIBUTYHA
31 3HMKEHOIO YaCTOTO0 00€pTiB (TpecH Mpu HOMiHANBHUX 3ycinisix 1o 10 MH) 1 3 oqHOCTYTIEHEBOIO
3y04acToro nepeaaydeto 3 ABUTyHaMH B KUTBKOCTI 2, 4 abo 6, po3TalioBaHUMU CUMETPUYHO HABKOJIO
poboyoro maxoBuka [1] 3 wactororo obepranus 600 06/xB. L{e npec Tumy RZS 3 giameTpom mimuH-
nenst 560 mm, 710 mm, 900 Mm 1 1120 MM, 3 HAKOTTHYYBaHO pOOOYUM MaxOBUKOM eHepriero 1 Mk,
1,1 MIx, 2,5 MJx i 3 M/Ix. IIpuBig po604oro MaxoBHKa 3i1HICHIOETHCS CHIEIIaIbHO PO3POOICHUM
€JICKTPOJIBUTYHOM TOTYXHicTIO 250 kBT, wactororo 600 06/XB Ta OJHOCTYIIEHEBOO 3y0YacTOIO Ie-
penavero BijJ Bally ABUTYHA Ha MaXOBUK. KUIbKiCTh IBUTYHIB 3aJI€KHUTH BiJ] MOTYKHOCTI IIpeca — Mo-
KYTb 3aCTOCOBYBAaTUCh 2, 4 a00 6 MBUTYHIB, PO3TAIIOBAHUX J[1aMETPAILHO MPOTUIIEKHO HABKOJIO
pobGouoro maxoBuka [1].

Henomnikom Takoi KOHCTpyKIii € poO0Ta MPUBO/IA B ITyCKOBOMY PEKMMI Ha XiJl BHH3 1 HA XO/1
BBEPX, BUKJIMKAIOYH TIKOBE HABAHTAXXCHHS €JICKTPOMEPEKI, 1110 BEIE 10 3HIKEHHS cos ¢. Ha puc. 1
MIPEICTaBJICHO Jiarpamy CIOKHBaHHS CTPYMY 1 PO3TOHY MaxOBHUKa. SIk BUIHO 3 IIi€] JiarpaMu CTpyM
y miky nepesuirye 1000 A, a yacrora o6epranHs He niepeBuirye S00 00/XB.

SIx BUIHO 3 Teopii eIeKTPONpPUBOY, KOedilli€eHT KOPUCHOT i, TEOPETUUHUMN, B IEPEX1THUX
pexumax nocsirae 50 %, a IpaKTHYHO BiH JOCSATAE JIUIIE MTOJIOBUHU TEOPEeTUIHOTO. [le mpuBOIUTH
710 BUJUICHHS 3HAYHOI KIJTBKOCTI Terjia, MIBHUAKOTO HarpiBaHHSAM OOMOTOK JO TPaHHYHOI TeMIiepa-

TYpH.
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Puc. 1. [liarpama po6otu nBuryHa acuHXpoHHOTO 3 N = 250 kBT, Ncuny = 600 06/xB

Bunanensst nporo Teria 3 0OMOTOK CTaTopa CTaHOBHTH 3HA4YHY MPOOJIeMy, HE3BaKAIOUU
Ha 3aCTOCYBaHHSI €JIEKTPOBEHTHIIATOPA, IO MOTIPIIy€E YMOBH EKCIUTyaTallii mpeca i 1oro o6ciayroBy-
BaHHS.

JInist HiBEMIOBaHHS LUX HEJOMIKIB MPOIOHY€ETHCSI BUKOPUCTOBYBATH KIHETHUHY €HEPTito, MO-
MepeIHbO HAKOIUYEHY BiJIMOBITHOI MaXOBOK MAacor. Y IIbOMY BHIQJIKy MEXaHI3M peati3y€eTbes
[IJITXOM BUKOPUCTaHHA MYy(TH BKIIOYEHHS, y SIKii pOOOUYMII MaxOBHK € BEJACHOIO YaCTHHOIO, a Be-
Y400 YaCTHHOK BHCTYIIA€ MaXOBHMK-HAKONMYyBauy KiHEeTHUYHOI eHeprii. Ha puc. 2 mpencraBiieHO
niarpamy poOOTH, 3 SIKOT BUTHO MPOILEC BKIIOYEHHS Ta PO3TOHY POO0YOro MaXOBUKa 1O HOMiHAIBHOT
yacToTH o0epTanHs. [0 Touku 2 BigOyBa€eThCs MaliHAS KyTOBOI IMIBUIKOCTI BEIy4Or0 MaxOBHKA 1
PO3TiH BEJIEHOTO.

B Toumi 2 BinOyBaeThCs IOBHE 3MHKAHHS BEIy4OTro 1 BEJICHOTO MaXOBUKA, MOJAIBIIHHA PyX
BiZIOyBa€eThCs AK pyX OfHi€l Macu 10 TOUYKH 3. B Touri 3 mydra po3MHKa€eThCS 1 pyX BEASHUX Mac
(pobounii MaxoOBHK) BiIOYBa€ThCS 1O iHEPITi.

-1

w, ¢
40
1 ’/ﬁ

30 5
20
10

0 . 5, c

0 0,25 0,5 0,75 1

Puc. 2. 3MiHM KyTOBOT HIBHIKOCTI BEIYYHX i BEJICHHX Mac MPU BKIOYCHHI MypTH (SKiCHA
KapTHHA)

Ha puc. 3 npeacraBiena kiHeMaTu4Ha cxema npeca. B cranuHi 1 npeca BCTaHOBIIEHO TIOB3YH
2 KIHEMaTUYHO 3B'SI3aHU 3 TBUHTOBUM IIIMHUHJIETIEM 3, HA KIHI[l SIKOTO 3MOHTOBaHO pOOOYUI Maxo-
BUK (BEICHUI MaXOBMK My(TH BKJIIOUEHH:) 4, — HaJ SKUM BCTAHOBJICHA BeAydy 4acTUHY My(Tu
(HakomMuyyBay KIHETUYHOi eHeprii) 5. JliaMeTpanbHO BCTAHOBJIEHI YaCTHMHM BEIy4YOoi Macu
6 1 7, BCTAHOBJIEH], HAIIPUKJIa/1, Ha BajaX MPUBOJHUX ABUTYHIB 8 1 9. 3BOPOTHI pyX MOB3YyHa 3iiic-
HIOETHCS IPUBOJIOM 3BOPOTHOTO X0y 10.
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Puc. 3. KinemaTnuna cxema rBuHTOBOTO npeca (1 — cranuHa; 2 — MOB3YH; 3 — I'BUHTOBUI
MINWHETH; 4 — BEJCHU poOOYNii MaXOBUK; 5 — BEAy4YHi MaXxOBHUK; 6, 7 — OOKOBI Beaydi MacH;
8, 9 — enexrpoaBurynu; 10 — mpuBig 3BOPOTHOTO XO1y TTOB3YHA)
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Puc. 4. KinemaTtnuna cxema rau-
HTOBOro mpeca (1 —  craHuHa;
2 — MOB3YH; 3 — TBUHTOBHI IITTUH/IEb;
4 — BHYTpILIHIM MaxoOBUK; 5 — 30BHII-
Hili MaxoOBUWK; 6 — Belyda 4acTHUHA (Ma-
XOBUK); 7 — 3BOpPOTHIH TpUBIZ,
8 — mpy>KuHN)

Ak Bimomo [2-3] MOMEHT iHepIii MaxoBUX Mac

. ]Beay‘{iﬁ [N
BCAYYUX BHU3HAYAECTHCA BIJHOMICHHAM ———— 1 HOI'O

BeIeHUH

MIPaKTUYHE 3HAUYCHHS JISKUTH B Mexkax 2.5 + 10, mo gae
MO>KITUBICTB JIETKO OOYMCIUTH MOMEHT 1HEPIIiT BeydnX
MaxOBHUX Mac (HAKOTIMYyBay KIHETUYHOI eHeprii). 3 Me-
TOI0 3MEHILIEHHS MacH BEy4O0l YaCTUHHU I MOYKHA PO3-
JTUIMTHA HA JEKUIbKa YacTHH, a caMe — OJIHAa YacTHHA
Oyne 6e3mocepeIHhO BETYIO0I0 YACTUHOIO MY () TH BKITFO-
YeHHs 1HIIOI YaCTUHU BHKOHAHI OKPEMHUMH JUCKAMH
3 3y04aTM BIiHIEM, 32 JJOTIOMOTOFO SIKOTO BOHU KiHEMa-
TUYHO 3B'A13aHi 3 BEY4YOI0 YACTUHOIO My(TH, SIKa TaKOX
Mae HapizaHi 3yoii [4-5]. L{i Mmacu MOXyTh OyTH Oe3mo-
CepeHhO HACa/PKEHI Ha Bajld MPHUBOJHUX JBUTYHIB
3 CHHXPOHHOIO 4acTOTOI0 oOepTaHHs, Hanpukian 1500
00/xB a60 3000 06/xB.

Ile mae 3MoOry 3MEHIIMTA MOMEHT iHEpIii UX
YacTHH B 1° pa3, TOOTO, HANPUKJIIAA, IPU 4acTOTI 0Oep-
tanHs Mydtu BrmouyenHs 300 o6/xB, | = 5, npum
Nos = 1500 06/xB, I>=25. ToOTO ejeMeHTH BeIy40i Ma-
XOBOi MacH MOXYTh MaTu y 25 pa3iB MEHIy Bary 3a
YMOBH 30€peKeHHS Ti€l )k KIHETHYHOI eHeprii. B sikocTi
MIPUBOJIHUX JBUTYHIB BUKOPUCTOBYIOTHCS CEpIifHI acu-
HXPOHHI JIBUTYHH, O0CITyTOBYBaHHS SKHX HE TPEJICTaB-
JSIETHCS TPOOIIEMHUM [6-7].

[IpuBOIOM 3BOPOTHOIO X0y MOXKE OyTH ITHEB-
MaTUYHHHA, TiApaBIiuHUN, a00 MTHEBMOTIiApaBIiYHHIA
npuBiz [8] 3 METOIO 3MEHIIIeHHS PiBHS KIHETUYHOT CHe-
prii, HAKOTUYYBaHOI B pOOOYOMY MaXOBHUKY ITPH 3BOPO-
THOMY XOJi, Ky Tpeba racuTH, IPOMOHYETHCSI pOOOUNiA
MaXOBHUK PO3UINTH Ha J1Bi yacTuHH [9)].
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BHyTpimHs yacThHA XKOPCTKO HAca/)KeHa Ha IBUHTOBUH MIMUHAETH (puc. 4), a 30BHIIIHA
3 MOXKJIUBICTIO BUTHHO oOepTaTuch. KiHeMaTHuHMI 3B'130K 000X YaCTHH MPH X0l BHU3 3a0e3meuy-
€THCS MOBOPOTHUMH IITMIOHKAMH, a TIPU 3BOPOTHOMY XOJIi 30BHIIIHS YaCTHHA TaJIbMYy€ThCS, OHOYA-
CHO ILIOHKH MOBEPTAIOTh YACTUHU pOOOUYOro MaxOBHKAa BTPAyalOTh KIHEMATUYHUN KOHTAKT 1 MpHU
migiomi MoB3yHa 00epTa€eThCsl TIILKU TBUHTOBUH INMTUH/AETH 1 BHYTPIIIHSA YaCTHHA pOOOYOro Maxo-
BUKA.

KinbkicTh BUIIJICHUX YaCTUH BEy40i MaxOBOi MacH MOKe OyTH JIBi, YOTHUPH, 200 HIICTh, IO
JI03BOJIsSIE 3MEHLIMTH MOMEHT 1HEpLii, a OT)Ke 1 Bary BEepXHbOI YacTUHI IIpeca, 110 B CBOIO Yepry
BIUIMHE Ha CTIHKICTh Mpeca B IpoCTopi

BUCHOBKU

[IpoBeneno anamniz poOOTH 'BUHTOBOIO Ipeca 3 eNEKTPUUYHUM MIPUBOJOM Ta BUSBICHO HEJO-
K, 110 0OYMOBIICHHI MEPEXITHUM PEKUMOM POOOTH MPHUBOJY, KUK € HEOaKaHUM ISl ONTHMAIIb-
HOT poOOTH MPUCTPOIO.

3anpornoHOBaHO 'BUHTOBHI MPEC, Y SKOTO MPUBO 3BOPOTHOTO XO1y aBTOHOMHUH, a pobounit
X171 3IIACHIOETHCS 32 paXyHOK BUKOHAHHS MPUBOAY 3 My(TOIO BKIIOUEHHS, B SIKili poO0OUMii MaXOBUK
€ BEJICHOI0 YaCTHHOIO, a BEIyYOl0 € HAaKOIMMYyBay KiHETHYHOI eHeprii, He0OX1AHOT 1711 pO3rOHY Be-
JeHOTO (poO0YOr0) MaxoBHKa.

Benyua wactuna Moxe OyTH pO3[ijieHa Ha JIEKiJIbKa: O/HA HACa/PKEHAa Ha KOHCOJIb TBUHTO-
BOTO IIMUHJEA 1 Ma€ TaKy ) caMy 4acTOTYy OOepTaHH, K 1 poOOYHii MaXOBHK, 1HIIN PO3TAIIOBaHI
JiaMeTpajbHO MPOTHIICKHO 1 MAIOTh 3yOuaTi BiHII, IKUMH BOHM KIHEMAaTHYHO 3’ €HAHI 3 MEPIIOKO.
KinbKicTh TakuMX 4acTHH MapHa, 1 Moxe OyTH 2, 4, abo 6. [IpuBoa 3a1iCHIOETBCS BiJl ABUTYHIB 3 BU-
COKOIO0 CHHXPOHHOIO YaCTOTOIO 00E€pPTaHHs, IPUYOMY BOHH MOXYTh OyTH O6e31ocepeIHbO HacaKeH1
Ha BaJl IBUTYHIB.
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Obdul V., Matiukhin A., Yepishkin O. Screw Press with Clutch Engagement and a Separate Driving Flywheel Mass.

The paper examines the design features and energy aspects of screw presses with a nominal force of 2 MN and
above, and with an impact energy of up to 5 MJ, intended for precision stamping of complex critical parts made from
refractory and hard-to-deform materials. These characteristics allow for a significant expansion in the range of
applications of such presses, particularly for manufacturing large-scale drop forgings with enhanced precision,
compressor and turbine blades for gas turbine engines, gears, and other products with high requirements for dimensional
accuracy and surface quality, without the need for stamping inclinations in the die. An analysis is conducted of modern
technical solutions from leading manufacturers, such as Weingarten and Hasenclever, particularly of the RZS type
designs, where the working flywheel serves as the rotor of an electric motor and is rigidly connected to the screw. Their
shortcomings have been identified, including high peak loads on the electrical network, significant energy losses, thermal
overloads, and low efficiency in transient operating regimes. A new screw press design with an alternative drive is
proposed, which incorporates an accumulator of kinetic energy in the form of a driving flywheel mass that is kinematically
coupled with the working flywheel via a clutch. The kinematic scheme of the drive and methods for reducing inertial loads
by dividing the driving flywheel mass into several parts are discussed. Recommendations for implementing an
autonomous reverse movement of the slider and for improving the operating conditions of the press to enhance its
efficiency and reliability are provided.

Keywords: screw press, Kinetic energy accumulation, driving flywheel mass, clutch engagement, autonomous
reverse motion, inertial loads, thermal overloads, energy efficiency.
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PO3POBKA MAPAMETPHYHOTI'O PO3MIPHOI'O PS1Y KJIMHOIMAPHIPHUX
ITPECIB 3 YBI'HYTHUM KJIMHOM VIS PEAJII3ALII BE3BIIXOAHUX CIIOCOBIB
PO3AIVIEHHSA COPTOBOI'O ITIPOKATY

Memoro darnoi pobomu € po3pobKa napamempuiHo2o po3mipHo2o pady npecis 0 peanizayii 6e38610X00HUX
€cnocobig po30ineHHs COPMOBO20 NPOKAMY 3 BUKOPUCTNAHHAM KIUHOWAPHIPHO20 mexanizmy. Ha niocmasi po3pobnenoi
Kaacugixayii KIUHOWAPHIPHUX MeXAHI3MIB | NPOBeOeHUX 00CTIONCeHb 0OIPYHMOBAHA OOYLILHICIG 3ACMOCYBAHHS 8 Npe-
cax oA peanizayii npoyeci 6€38i0X00H020 pO30iNeHH KIUHOUWAPHIPHO20 MEXAHI3MY 3 VBI2HYMUM KIUHOM, ) AK020 2pa-
@ik 3minu cunu oeghopmyeanHs HAUOLbUW HAOAUNCEHUL 00 MEXHONIO2IUHO20 MUN0B020 2paghika 3MIHU CUU NPU PO30i-
nenHi. KnunowapHipnuii mexanism i3 y@ieHymum KIUHOM MAE MeHULy 8UCOmy oemareli Y NOPIGHAHHI i3 KpUBOWUNHUMU
MeXanizmMamit, wo 3ade3neyye MeHuty npyxcHy degopmayiio i ounamixy npeca. Teopemuuni 00CIONHCEHHS KIUHOUADHI-
PHO20 MEXAHIZMY 3 YGIZHYMUM KIIUHOM NPOGOOUNU 3 BUKOPUCIAHHIM 2PAPOAHAIIMUYHUX | AHATIMULHUX MemOoOi8 meopii
Mmexarizmig i mawiun. Pospobieno mamemamuyuni mooeni KIuHOWAPHIPHO20 MEXAHIZMY 3 YEIZHYMUM KIUHOM, NPedCcmaé-
JIEH020 Y 8U71A101 OBONOB3YHHO20 8ACIILHO20 MEXAHIZMY, AKI 003601A10Mb 6UKOHAMU 11020 CMPYKMYPHUL, KiHeMamuyuHuil
i Ounamiynutl 0ocriodxcenns. Ha ocnosi ananizy 3anponoHo8aHux MamemMamuiuHux Mmooenei po3spoonena memoouxa pos-
PAXVHKIG 2e0MEMPUYHUX, KIHEMAMUYHUX [ CULOBUX NAPAMEMPIE KIUHOWAPHIDHOZ0 MEXAHI3MY 3 YGIZHYMUM KIUHOM OJis
npoyecie po3odinenHs copmogozo npoxkamy. 3anponoHo8aHo BUKOPUCTNATNU HOBY CUCHEMY NePeBadCHUX yucen (posuu-
pennsa R6) ons pospodku napamempuunozo posmipHo2o psaoy npecis 3 KIUHOWAPHIPHUM RPUBOOOM 3 YEIZHYMUM KIUHOM
onsa peanizayii 6e38i0X00HUX cnocobie po30ineHHs copmogozo npokamy. IlopiHAnbHUL aHANi3 PO3PAXYHKOBUX naApaMe-
mpie ps0y npecie 3anponoH08aHoi KOHCMPYKYIL, OMPUMAHUX i3 3ACMOCYBAHHAM OAHOT MEMOOUKU, MA NACHOPMHUX OAHUX
MUNOBUX COPMOBUX HONCUYL NOKA3AB, WO KOePIYicHm BUKOPUCMAHHA NPecie HOB0T KOHCMPYKYIL 3a 3yCUNIAM 30i1buLy-
emscs 6i0 (0,3...0,4) 0o (0,7...0,8).

Knrouosi cnosa: sicopcmkicmn, enepeis, Kiacugikayis, KiHeMamuyHi i CUN06i napamempu, cucmema nepeed-
JICHUX YUCeN, 30JI0MUll nepepis, 2e0MempUIHa POPECIsl.

Ha cyuacHomy eramni po3BUTKY MalImHOOYAyBaHHS yCce 3pOCTal0dyl BUMOTH Mpe IBISIOTHCS
710 TiABUIIEHHS €()eKTUBHOCTI KOBAJILCHKO-IIPECOBOI0 00IaJHAHHS Ta 3MEHILIEHHs cO0IBapTOCTI Ki-
HIIEBOTO MPOIyKTy [1].

Jlo TUTIOBOTO Ta CIIELialli30BaHOrO OOJIAHAHHS, HA IKOMY peai3yloTbcsi 0€3BIIXO/HI CIO-
coOM pO3MIITIEHHSI COPTOBOTO MPOKATY HA MipHI 3aTOTOBKH, MPEJ IBIISIOTHCS TaKli BUMOTH: BUCOKA
MPOAYKTUBHICTb, JOCTYITHA COOIBApTICTh 1 TEXHOJIOTIUHICTh BUTOTOBJIEHHS, IPOCTOTa OOCIYTrOBY-
BaHHS Ta BUCOKA )KOPCTKICTh.

3Ha4yHOIO MPobIeMOoro 001aIHaHHA I peattizallii 6e3BIAX0JHUX CIIOCO0IB PO3/UIEHHS MPO-
KaTy € Te, I0 WOoro podoTa CYNMPOBOIKYETHCS PI3KUM CKHUIAHHSM TEXHOJIOTTYHOTO HAaBaHTAKCHHS
B MOMEHT PO3JIIIEHHS 3arOTOBKH, 1110 IPU3BOINTH 0 pyHHYBaHH: NpeciB. PyliHyeThcs cTaHnHa, ene-
MEHTH IPUBOJY Ta CKPIMJIEHb, pyHHY€EThCS 1 MpocaKyeThes GpyHAaMeHT. BHacinok nporo obnaa-
HaHHS BUOMPAETHCS 32 3HAYHO 3aBUILEHUM HOMIHAIBHUM 3YCHIUISIM, @ TOMY Ma€ HU3bKI 3HaYEHHS
KOeQIIIEHTY BUKOPUCTAHHS Tpecy 3a 3ycuiuism k. Hanpuknan, nis npecy sycuism 4 MH ky, =
0,3...0,4 [2]. BupimieHHs 11i€l mpoOJieMu MOKe BiIOyBaTHCS 3a JBOMA HANPSMKAMU: ITiBUIIICHHS
KOPCTKOCTI mpeca ab0 BUKOPHCTAHHS 3aJUIIKOBOI €HEprii po3BaHTAXEHHS Ipeca JUIsl 31iHCHEHHS
KOPHUCHOI pOOOTH — HAaHECEHHS KOHIIEHTPATOpa HaIIPy KEHb 3 MOAAJIBIINM PO3I1IJICHHAM 3arOTOBKHU Y
TUIONIMHI IIFOTO KOHIIEHTPATOpa HAMpyKeHb [3].

Merta nanoi po60TH — po3po0Ka MapaMeTpUIHOr0 PO3MIPHOTO PSIy MPECiB MiIBUIIEHOT KO-
PCTKOCTI /7151 peaizanii 0€3BiIX0HUX CIIOCOOIB PO3AUICHHS COPTOBOTO MPOKATY 3 BUKOPHCTAHHIM
KJIMHOIIAPHIPHOTO MEXaHI3My.

OpHMM 13 HaNIPSIMKIB M1JIBULIIEHHS )KOPCTKOCTI Mpeca € 3aCTOCYBaHHSI KOMIIAKTHUX BUKOHAB-
YUX MEXaHi3MiB. AHal3 1X KOHCTPYKIiN BUSIBUB HAMOUIBII MEPCHIEKTUBHI MEXaHI3MH Ui peastizallii
0€3B1IX0/THUX CIIOCO0IB PO3IUIEHHS ITpoKaty. Lle knuHomapHipHUiA, KpUBOIIUITHO-KPYTOBHM, KPUBOILIU-
MTHO-KYJIICHUI MeXaHi3MH Ta X KOMOiHaIlii, 3aCTOCYBaHHS SIKMX JO3BOJISIE 30UIBIINTH dKOPCTKICTH Mpeca,
Koe(DIIieHTH KOPUCHOT /1ii 1 BAKOPUCTAHHS MPECY 3a 3yCHILISIM.
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KnunomapHipHU MeXaHi3M B SIKOCTI TOJIOBHOTO KOMIAKTHOT'O BUKOHABUOTO MEXaHi3My 3a-
Oesreuye, KpiM TOro, 30UTBIIIEHHS TOBEPXHI KOHTAKTY, sIKa CIIPUIMAE TEXHOJOTIUHY CHITY; HEBEJIMKY
BHCOTY JIAHOK 32 HAIIPSIMKOM J1ii poO0Y0i CHITH; BUCOKY JKOPCTKICTb; 3MiHHICTb CIiBBIIHOIICHHS M1X
MIPUBOIHOIO 1 TEXHOJIOTIYHOIO CHJIOK0; TEXHOJIOTIYHICTh BUTOTOBJICHHS [4].

AHai3 MOKITUBUX KOHCTPYKIIIH KIMHOMIAPHIPHOTO MEXaHi3My MPOBEJCHO Ha MiJCTaBl poO3-
pobrenoi knacudikamii (puc. 2). 3a Tunom npuBoAa BXigHoi 1aHku (1.1) Moke OyTH BUKOPUCTAHHIA
MeXaHIYHUN IPUBOJ]: KPUBOLIUITHO-INATYHHMH (2.1), rBUHTOBHUI (2.2); TiApaBiIiuHuil IPUBOJ: TiIpO-
watiaap (2.3); rigponpysxauit mumiHAp (2.4) abo komOiHOBaHMMA. 3a BUIOM BXiqHO1 TaHkH (1.3) Haii-
OUTBII MEPCTIEKTUBHUMH € KJIMHOIIAPHIPHI MEXaHI3MH 3 BX1IHOIO JIAHKOIO — KIMHOM (2.8), siKuii 3a
xapaktrepoM pyxy (1.2) pyxaeTbcst moctynanbHo (2.5). Ane KOHCTPYKTUBHO MOXKIIUBO pealli3yBaTh
CXEMH 3 BX1JIHOIO JIAaHKOIO: TIOB3YHOM (2.10) a6o mapHipom (2.9), siki 3M1iCHIOIOTH BiIIOBIIHO TIOC-
TynansHui (2.5) abo cknagHuii miockuii (2.7) pyx. 3a hopmoro po6oyoi MoBepxHi KIKMHA 1 MapHipa
(1.4), a Takox moB3yHa i mapHipa (1.5) moBepxHi MOXyTh OyTH npsimomiHiitaumu (2.11), muniaapu-
yauMmu (2.12), chepuunnmu (2.13) abo kombiHoBanuMH (2.14). HaiiGinb1 TEXHOIOTTYHUM € 3aCTO-
cyBaHHS npsMoniHiiHuX (2.11) 1 nuningpuuaux (2.12) pobounx noBepxoHb. KOHCTPyKIIis KIWHO-
HIApHIPHOTO MeXaHi3My Moke OyTu oOiaHaHa JOMOMIKHUM KIMHOM (2.16) moctiiHOro KyTa Ha-
XUITy, SIKUH TO3BOJISIE€ 3a0€3MEYUTH X111 HAaOIMKEHHS, BHOMPAHHS 3a30piB 1 MPYXKHOI Aedopmartii ma-
IIMHU ¥ THCTPYMEHTa Ha CBOEMY IEPEMIICHHI, 10 TPU3BOANUTE A0 3HWKCHHS BUTPAT CHEPTii U 1aH-
HaMIYHUX HAaBAaHTAXKCHb.

OcCkinbky B KIMHOUIAPHIPHUX MeXaHi3MaxX OIMOpHI MOBEPXHI JIAHOK HE MAalOTh KOPCTKOTO
3B'SI3Ky MK COOOI0, TOMY JUIsSl HUX BaXKJIMBE 3HAYCHHS Ma€ CII0Ci0 3aMUKaHHS pyXoMux yacTuH (1.7).
Bin Moxe OyTH MeXaHIYHHM, T1IpaBIiYHAM, ITHEBMATUYHUM, KOMOiHOBaHMM. MeXaHI9HUI crocio
MO>Ke OyTHU peasi3oBaHuM 3a paxyHOK IIPYXKHUH, 3aXBaTiB, BaXKEIiB.

Knun moxe matu onykiy (3.3) abo yBirnyty (3.4) noBepxHi. [Ipu npomMy KIMHOIIAPHIPHI
MeXaHI3MH 3 OITyKJIMM KJIMHOM HE MOXXYTh 3a0€3MeYNTH CHIIOBUI PEXUM HaBAaHTAXKCHHS, XapaKTep-
HUH 1715 IPOLECIB PO3ICHHS TPOKATY, sSIKWH BUMarae 3a0e3rneyeHHs] MaKCUMAaJIbHOT TEXHOJIOTTYHOL
CHJIM Ha TIOYaTKy po00doro xoay. JJist 1boro 3apornoHOBaHO [5] KIMHOMAPHIPHUI MEXaHi3M 13 YBi-
THYTUM KJIMHOM. Y KJIMHOIIAPHIPHOMY MEXaHI3Mi 13 YBITHYTUM KIMHOM PYX MOYHMHAETHCS 3 MOJIO-
’KEHHs YBITHYTOTO KJIMHA MPH KyTi MOBOPOTY mapHipa 0, KOJHM CHIa HA MOB3YHi MaKCHMAlbHa,
a oTke rpadik cuiau AedopMyBaHHS HAHOUTHIT HAOIMKEHUN IO TEXHOJIOTIYHOTO THUIIOBOTO Tpadika
3MIHH CHJIU MPH po3aiieHHi (puc. 3).

Kimuaomapripauii MexaHi3M npeca (puc. 4) CKIagaeThes 3 YBITHYTOTrO KiuHa 1, mapHipa 2
1 mo3yHa 3. Kinun 1 Mae aBi poOoui MOBEPXHI, OJIHA 3 SKUX BUKOHAHA TUIOCKOK W OMHMPAETHCS HA
YIOpPHY J€Tallb — BEPXHIO Nonepeuky mnpeca. Jpyra poboda nmoBepxHs KJIMHA BUKOHAHA YBITHYTOIO
LWIIHAPUYHOT pajilycoM R 1 croiydaeThes 3 OMYKIIOK0 LMIIHAPUYHOO ITOBEpXHEto mapHipa 2. [a-
pHIp 2 Mae apyry pobody MOBEPXHIO, sIKa BUKOHAHA OMYKJIOK LIIHIPUYHOIO PajilycoM 7' 1 CHOIy-
Ya€eThCS 3 YBIFHYTOIO IIIIIHAPUYHOIO TOBEPXHEIO MoB3yHa 3 [6].

KnunomapHipHUil MexaHi3M mparoe B Takuii crioci6. I1ix gieto cuwim npuBona E,, yBirnytuit
KIIUH | mepeMilry€eThCsi TOPU30HTAIBHO HA BETMYUHY XOJY /,, JIi€ Ha MApHIp 2, IKUi{, TOBEPTAIOYHCh
HaABKOJIO CBOET oci, mepemintye moB3yH 3. I1oB3yH 3 poOuTh BepTHKaIBbHUI pobounii Xin h, 1 Ji€ Ha
3aroTOBKY CHJIOIO F, sika TOPIBHIOE 32 BETMYMHOIO CHJII KOPHCHOTO OIOPY 3arOTOBKH, 1, TOXOISYH
710 KpalfHbO1 HUYKHBOT TOUKH, TOBEPTAETHCS Y BUXIHE MMOJIOXKEHHS [6].

TeopeTnuHi 1OCHIPKEHHS KIMHOIIAPHIPHOTO MEXaH13MY 3 YBITHYTUM KJIMHOM JOLIIBHO MPO-
BOJWTH aHATITUYHUMU, FpadoaHaATITHUHUMHI METOJaMHU, IKI BAKOPHUCTOBYIOTHCS B TEOP1i MEXaHI3MIB
1 mamH (TMM), a Takox pu po3paxyHKax MapaMeTpiB KOBAIbCHKO-TIPECOBOTO 00JIaJHAHHS, Me-
TOJaMH MaTEeMaTHYHOT'O MOJICNIIOBaHHS 13 3acTocyBanHsM [IEOM [6]. XapakTep pyXy JIaHOK KIIMHO-
MIAPHIPHOTO MEXaHi3My aHAJIOTTYHHI XapaKkTepy pyXy JaHOK JBOXIOB3yHHOTO BaXI1JIbHOTO MEXaHi-
3My, a, OT)Ke, CTPYKTYPHI CXEMH X MEXaHi3MiB ineHTHYHi (puc. 5) [6].

BuzHaunMo OCHOBHI CITIBBIJHOIICHHS MiX T'€OMETPUYHUMH IMapaMeTpaMu KIMHOIIAPHIp-
HOTO MeXaHi3My. JIJIst ITbOTO PO3MIITHEMO MEXaHI13M Y JTIOBUIBHOMY IOJI0KEHHI (uB. puc. 5). [ToyaTox
KOOpJUHAT MOMICTHUMO Yy BUXiJHE MOJOKEHHS TOYKU B (konu Touku A 1 B po3ramioBaHi Ha OAHIH
BeptrKkaii). Hexail kiuH 1 mepeMiCTUThCS Ha BEUYHHY XOay X (Xa = h.).
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Puc. 3. TunoBi rpadiku 3ycuiib KOBAIBCHKO-TIPECOBUX MAIIMH: 1 — 3 KPUBOLIUITHO-TIOB3YHHHM
MEXaHi3MOM Ta 3 KIMHOIIAPHIPHUM MEXaHI3MOM 3 ONYKJIMM KIMHOM; 2 — 3 KJIMHOIIAPHIPHUM
MEXaHI3MOM 3 YBITHYTHM KJIMHOM; 3 — THIIOBUH rpadik CUIJI IPU BiAPi3Li 3CyBOM
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Puc. 5. CtpykrypHa cxema (a) 1 CTpYKTypHI rpynH (0) KIMHOIIAPHIPHOTO MEXaHI3My Ipeca
3 YBITHYTHM KJIHHOM [6]

[Tpu npomy s1anka AB BiIXWISIETHCS B BEPTUKAII HA KYT ¢, SKUW TPEICTABIISE€ COOOI0 3MiH-
HU# KyT mwapsipa 2. Tozi nepeMinieHHs noB3yHa 3:
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yg =R —R-cosp = R(1 — cosp); yg = h,. 1)
MoskHa Tak0X OJIEP>KaTH CITIBBITHOIICHHS, 1110 BCTAHOBJIIOE 3B'SI30K MiX h, 1 h,:
h, = R — /R — 2. 2
3anexHICTh MIXK XOJIOM KIIMHA A, 1 KyTOM (0 Ma€ BUTJISA;
¢ = arcsin(h./R). 3)
JlocmipKyBaId KiHEMAaTUYHI XapaKTePUCTHKH MEXaHI3My, I YOTO BH3HAYAIIU 3aJIC)KHICTh
MIDXK IIBHJIKOCTSIMU ¥ IPUCKOPEHHSIMH BX1HOT (KiuHa 1) 1 BuxinHoi (moB3yHa 3) naHok. lIIBunkicts
MOB3YyHa 3 JOPIBHIOE:
Vg =dyg/dt =R -sing - (de/dt) =R - sing - w,. 4
KyToBa mBuaKicTh mapHipa 2:
w, =de/dt =V,/(R - cose). (5)
[TincTaBnsiroun 11e 3HaYeHHS Y (OPMYITy MIBUIKOCTI IIOB3YHA, OJIEPIKY€EMO:
Vg =R -sing -V,/(R - cosp) =V, -tgo. (6)
3BIAKY IPUCKOPEHHS IOB3YHA JOPIBHIOE:
ag = dVg/dt =a, - tge +V,/cos?e - de/dt = a, - tge + V,2/(cos3p - R). (7
AHaJIOT1UHI KiIHEMaTHYHI 3aJIe)KHOCT1 OyJIM OJIepkKaHi 3 BUKOPUCTAHHSAM rpad)oaHaTITHIHOTO

MeToxy. s goro Oyno moOy10BaHO MJIaHU MIBUIKOCTEH 1 MPUCKOPEHb MEXaHI3MY Y PO3TIIIHYTOMY
moJIoKeHHi (puc. 6).

b
a §)

Puc. 6. Kinemarnynuii aHami3 KIMHONIAPHIPHOTO MEXaHI3My 3 YBITHYTHM KIHHOM
rpad0aHaTITHYHUM METO/IOM: a — IUIaH MIBUKOCTEH; O — IUIaH MPUCKOPEHb [6]

CutoBuii aHani3 KIMHOLIAPHIPHOTO MEXaHi3My MPOBOIMIIN 32 JI0TIOMOT0I0 OOy TOBH KiJl Te-
pTS aHAJOTIYHO METOIMIIl MPH BU3HAYCHHI KIHETOCTATHYHUX XAPAKTEPUCTHUK JJIsI KPUBOIIUITHUX
npeciB, IPUHHSIBIIK TPU [IbOMY HACTYIHI JOMYIIEHHs: CHIa ypiBHOBa)KyBaua 3abe3nedye BiiCyT-
HICTh PO3KPHUTTS CTHKIB y MIApHipaxX 1 KOHTAKTI KJIMHA 3 BEPXHBOIO ITUTOIO; Baror0 M CUJIaMU 1HEPIIii
JTaHOK MEXaHi3My 3HEBa)Ka€EMO, TOMY 1110 BOHH MOPIBHAHO MaJi 1 IX ypaxyBaHHS HE3HAYHO BILIMBAE
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Ha KIHIIEBHI pe3ysbTaT; Koe(illieHTH TePTs B MIapHipax piBHI MK 00010, SK 1 KOSQIIlIEHTH TepTs B
HanpsMHUX KJIMHA 1 OB3yHA.

Cxema cwi, IO JIIOTh Y pEaJbHOMY KIMHOIIAPHIPHOMY MeEXaHi3Mi, IMpeaCcTaBlieHa Ha
puc. 7, a. TepTs B mocTynajabHUX KIHEMaTUYHHUX IapaxX ypaxoBYEThCSA TAaKUM YWHOM, 110 CHJIAa HOp-
MaJIbHOTO THUCKY BIIXWJISIETHCS BiJl HOpMaJIi 10 MOBEPXHI HA KYT TepTA p. Po3rasiHeMo pe3ynpryrouy
cuity mo mapHipy Fyg = F,3. Cuna F,p cupsiMOBaHa O AOTHUYHIM 1O KiJT TEPTs, PO3TAIIOBAHHX
y LEHTpax [UJIiHAPUYHUX OBEPXOHb KJIMHA I IIapHipa. 3aralbHuil KyT HaXuily CUiu Fyp 10 BepTH-
kami craHoButh (@ + ). Kyt 1) BpaxoBye BTpard Ha TepTsl MiX Mapam, IO CHONTYYarOThCs,
«KJIMH — HIapHIp» 1 «mapHip — HoB3yH». Bupa3 a1 BU3HaueHHS BEJIMYMHU LBOTO KyTa 3Hai/ieHe i3
MPSAMOKYTHOTO TpUKyTHUKA ABC:

sinp = f-(R+71)/R. (8)

Posrnsaemo piBHoBary nos3ysa 3. Ha Hporo aitots cunu Fy; 1 F,3 3 00Ky BIAKMHYTHUX JTaHOK
1 cuJ1a KOpUCHOTO oropy F,. PIBHAHHS piBHOBAru JJaHKU 3 Ma€ BUIJISIA:

E, + Fo3 + F53 = 0, %)
ne Fr3 = Fyp.

[ToOymyBaBIIM 3aMKHEHUH CUJIOBUH TPUKYTHHK IJIsl HUX cui (pHc. 7, 6), 3amuIemMo, 3riaHo
3 TEOPEMOIO CUHYCIB, CITIBBIJHOIIICHHS M1’k HUMH:

F,/sin(90° — ¢ — p — ) = F3/sin(90° + p). (10)

P for

— O -p-p-y
& I 2

A\

a 0
Puc. 7. CunoBuii anasi3 KIMHOIAPHIPHOTO MEXaHI3MY 3 YBITHYTUM KJIMHOM:
a — po3paxyHKOBa cxema; 0 — Iianu cui [6]

Po3rnsHeMo piBHOBAry jJaHKH 2, BpaXOBYIOUH, IO F3, = —F,3:
F32 + F12 = 0, 3Bi,HKI/I F12 = _F32. (ll)

PiBHsIHHS piBHOBAru JlaHKH 1 3 ypaxyBaHHSM TOTO, O Fy; = —F;,, Ma€ BUTIISI:
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F21 + F01 + P; = 0. (12)

Lle piBHSHHS TaKOX BUPIITYETHCS TOOYI0BOIO IUIaHy cuil (AuB. puc. 7, 6). BukopucroByroun
TEOpeMY CHHYCIB, OTPUMAEMO:

E/sin(g + p + ) = F,1/sin(90° — p). (13)

3 PO3MIIAHYTHUX PIBHSAHb PIBHOBAr JIAHOK KJIIMHOLIAPHIPHOTO MEXaH13My MO>KHA 3pOOUTH BU-
CHOBOK, 110 ¢t F,3, F3,, F;,, F,1 onHakoBi no Moayito. OTxe, A TOro, o0 3HAWTH CIiBBIIHO-
HICHHS MK PYyIIiHOO cHiIot0 F, 1 CHII010 KOpUCHOTO onopy F,, HeoOXiaHO BUpa3uTH 3 piBHIHb (10),

(13) cumn Fy5 it F

»1» 1 OTPMMaH1 BUPa3u NPUPIBHATU. B pesynbrarti 0aepKumo:

E -sin(90° — p)/sin(ep + p + ) =E, - sin(90° + p)/sin(90° — ¢ — p — ). (14)
BHKOPHCTOBYIOYH TPUTOHOMETPUYHI 3a]IEKHOCTI OTPHMAEMO:

E -cosp/sin(p + p+ ) =F,-cosp/sin(p + p + ). (15)

OTxe, UIyKaHe CHiBBIIHOIIEHHS JOPIBHIOE:

E,=E/tg(e +p + ) =FE/tg(e + arctgf + arcsin(f - (R +)/R)). (16)

Ha migcrasi ananizy MaTeMaTHYHUX MOJIETIeH po3po0JIeHa METOINKA PO3PaXyHKIB T€OMETPHU-
YHUX, KIHEMAaTHYHUX 1 CUJIOBUX MTapaMeTPiB TAKKX MEXaHI3MIB IIPH peaiizailii 0e3BIIX0JHUX CII0CO-
01B po3aiieHHs npokary. /s HaoUHOCTI Tpadiku 3aIeKHOCTEH T€OMETPUYHUX 1 CHIIOBHX XapaKTe-
PHUCTHK CIOJIYYEHI, 1110 J03BOJISE BUOMPATH pallioHaIbHI MapaMeTpH IbOro MexaHismy (puc. 8).

3 BUKOPHUCTaHHSIM 3alPOIIOHOBAHOI METOJIMKH PO3PAXYHKIB PO3poOIIeHI IporpaMHi 3acoou
1010 TTPOCKTYBaHHS TMPECIB 13 BUKOPUCTAHHSAM TAaKUX KJIMHOIIAPHIPpHUX MexaHi3MmiB. Ha puc. 9
MpEeCTaBIICHA 3allPOMIOHOBAHA THIIOBA KOHCTPYKTUBHA CXeMa CIeIiali30BaHOTO Mpeca i3 KIMHOIIA-
PHIPHUM MEXaHI3MOM 3 YBITHYTUM KJIMHOM JIS peajtizallii oneparii po3IijeHHs TPOKaTy 3CYBOM.

IIpec ckmamaeThes 13 CTaHWHU |, KIMHOIIAPHIPHOTO MEXaHI3My 3 YBITHYTHM KIMHOM, IO
BKJIFOYA€E B ce0€ YBITHYTHH KJIWH 2 3 TPUBOAOM BiJI T1APOIMIIHAPA 3, B3aEMOIIFOYOTO 3 MapHipoM 4,
SIKMI BCTAHOBJICHUH 3 MOXKJIMBICTIO TIOBOPOTY 1, Y CBOIO YePTy, KOHTAKTY€ 3 BiJIIOBITHOIO MOBEPX-
HEIO MOB3yHA 5, Ha AKOMY 3aKpIIUICHU IHCTPYMEHT 6 AJis BiJIpi3ku copToBoro npokaty 7. [Ipec mo-
JTATKOBO OCHAIIEHUH KIMHOM § 3 TIOCTIMHUM KyTOM Haxmiy 7° 3 IPHUBOAOM BiJl TiApommiiHapa 9.
INapouuninap 10 3aiiicHIOE CHITOBE 3aMUKaHHS CUCTEMH «CTaHUHA — KJIMH — [IAPHIp — MOB3YH» 1 CITy-
KHTD JJI51 TOBEPHEHHS MOB3yHA 5 Y BUXIIHE TOJO0XKECHHSI.

PoznisieHHst COpTOBOTO MPOKATY BiAPI3KOI0 3CYyBOM BifOyBaeThcs B Takuid croci6. ITig miero
CWJIH TIPUBOJY BiJl TIAPOIMIIHIPA 9 KIMH 8 TIEPEeMIIy€e€ThCs TOPU3OHTAIBHO, 3IHCHIOIOYH XiJ] Ha-
OJIIDKEHHSI, BUOIPKY 3a30piB, MPYXKHY AehOpMaIlilo CUCTEMH «IIPeCc-IHCTPYMEHT-3aroToBkay. Jlami
i JI€F0 CHMIIM TPUBOY BiJl TiApomMiiHapa 3, YBITHYTUH KIIMH 2 MEPEeMIly€ThCsI TOPH30HTAIBHO,
Jlie Ha mapHip 4, SKUA TTOBEPTAETHCS BITHOCHO CBOET OCI 1 3[1MCHIOE BiJPi3Ky 3CYBOM 3arOTOBKH 3a
paxyHOK BEpTHKAJIILHOTO TIepeMiIlieHHsI TOB3YHa 5 3 iHCTpyMeHTOM 6. [IponoHoBaHui npec 3 KIMHO-
MIAPHIPHUM MEXaHI3MOM 3 YBIrHYTHM KJIMHOM Ma€ BEJIHUKY 3aKPUTY BHUCOTY IITAMIIOBOTO MPOCTOPY
JUIS. pO3IIMPEHHS! KO0 TEXHOJOTIYHUX MOXIMBOCTEH — peasizallii JOCKOHATIIINX CXEM BiIpi3Ku
3 BUKOPHUCTaHHSM [ITAMIIOBOTO OCHAIICHHS.
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Puc. 8. I'padpiku 111 BU3HAYCHHS TCOMETPHYHUX 1 CHIIOBUX MapaMeTPiB KIMHOIIAPHIPHOTO
MeXaHi3My 3 YBIrHyTUM KIMHOM: R;..R;yp =100MM...1000MM 3 kpokom 100 mwm;
F, ..F;; =10kH...120 kH 3 kpoxom 10 kH [6]



ISSN 2076-2151. Obpobka _mamepianie muckom. Materials Working by Pressure.  2024. AMe 1(53) 196

/ 3 2 4 10 5 1 6 8 9
AN O

Puc. 9. KonctpykTrBHa cxeMa Ipeca 3 KIMHOIIAPHIPHUM MEXaHi3MOM 3 YBITHYTUM KIMHOM
JUISL PO3/IUIEHHS] COPTOBOT'O IIPOKATy BiAPI3KOI0 3CyBOM 3ycminisim 4 MH

VY mporieci MpoOeKTyBaHHS TEXHIYHUX CHCTEM BaXKJIMBA POJIb BiIBOJUTHCS MOJYJIBHOCTI PO3-
MipiB BUpOOY, 110 crpusie yHidikallii, arperaTyBaHHIO 1 BUKOHAHHIO aHTPOIIOMETPUYHHUX BHMOT,
MPUAHATHX I YCIX raimy3eid mpoMuciioBocTi [7]. HaitGinbin yacTo y cTangapTU3allii BAKOPUCTOBY-
I0Th PS/IM TEPeBaKHUX Yucell, MoOYyT0BaHUX Ha MijcTaBl reoMeTpu4Hoi mporpecii. Ha ocHoBi reo-
METPUYHOI TMpOrpecii CTBOPIOIOTh CHCTEMH IEPEBaXKHUX YHCEI, B OCHOBY SIKHUX IOKIAJCHO:

3,15~ m V10 = 1,6.

3a BHCHOBKaMH psy BUEHHX, FapMOHIMHA MPOMOPLIHHICTh MPUPOIHOTO CEPEOBHILA JIIO-
JIMHI 1 TPOTIOPLIiH JFOACEKOTO Tijia 00’ €KTaM, sIKi CTBOPIOIOTHCSI HUM, MAlOTh B3a€MO3B’SI30K 13 «30-
notum niepepizom» @ = 1,618 ... ta ii 3BopoTHIM 3Ha4YeHHsM 1/P = 0,618 ... [7].

[Tpu 1bOMy MaeMO MPOTHPIYUs, KOJIH YUESHI Ha CIIOBaX CBIIOMO BUXBAJISIOTH «30JI0THH miepe-
pi3» 3a HalOUIbILY 1H)OPMATUBHICTh, €CTETUYHICTh, @ HACHPAB/i MIPOJAOBKYIOTh PO3BUBATH JIIOUY
CUCTEMY NIEPEBAKHUX YHUCEII, B OCHOBY SIKO1 IMOKJIa/ICHAa MEHIII €CTETHYHA 1 MEHII iH)OpMaTHUBHA Te-
OMETPHUYHA IIPOTpecis.

3 ypaxyBaHHSIM HEJIOJIKiB OCHOBHUX MPUHIIUIIB ()OPMYBAHHS IFOUO0i CUCTEMH MEPEBAKHUX YH-
ceJl, MO’KHA TOBOPUTH NP0 HEOOXiTHICTh PO3POOKH HOBOI, OLIBII JOCKOHATIOT CUCTEMH NEPEBAXKHUX UH-
ceJI Ha MiJICTaBl HAWOLIBII YacTO BUSBISIEMUX Y TIPUPO/IL «30JI0THX» TEOMETPUYHHX MPOTPECiit.

3acTrocyBaHHs HOBOi CUCTEMH MEPEBAKHUX YHMCEN TO3BOJIUTH BUKOHATH FAPMOHI3ALIII0 CTaH-
JIapTiB MPH CTBOPEHHI MApaMETPUIHUX PSIIiB PECiB, YHI(PIKyBaTH 1 EKOHOMIYHO ONTHMAJIBHO (parli-
OHAJIbHO) YB’SI3aTH 111 IPECH MK COOOI0 3 METOI0 BUKOHAHHSI OCHOBHHMX BHMOT JIJIsl peai3allii TeXHIKO-
€KOHOMIYHHX XapaKTEepUCTHUK. [HIMMU cITOBaMH, 32 IOTIOMOTOF0 HOBOT CHCTEMH TTEPEBAYKHUX YUCEIT MO-
’KHA aBTOHOMHO 1 O1JIBIII TAPMOHIYHO, 0€3 T0AaTKOBUX Y3TOKEHb Mi3K PO3pOOHUKAMHU CKIIaAabHUX
YaCTHH CKJIAJHOI TEXHIYHOT CHCTEMH, PETYJIIOBATH 1 BUOMpATH Maco-rabapuTHI mapamMeTpl BUTOTO-
BIISIEMOT MPOTYKIIIi.
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v poboTi [8] 3amporoHOBaHa HOBA CHUCTEMU MEePEBAKHUX YUCEeT:
R6,R11,R16,R31,R46,R91,R181, sika onuUCy€e€TbCSI MATEMATHYHUMH MOJEJISIMHU, 110 OJHOYACHO
BpPaxOBYIOTh 3aKOH ()OPMYBaHHS 3BOPOTHUX 3HAUEHD MEPEBAKHUX YHCEIL.

3 ypaxyBaHHSIM HEOOX1JHOCTI BUKOHAHHS TaHUX BUMOT JJIsl HOBO1 CHCTEMU MEPEBaKHUX K-
ced, 1i 3araJibHa MaTeMaTUYHa MOJENb JUIsl HET Ma€ HACTYTHUN BU:

Ry = O™/, (17)

VY Bumnaaky, komu y gopmyni (17) n = —N;...;—=2;—1; 0; 1; 2...; N, popMyrOThCsI HOBI
PSAIM CUCTEMU TIEPEBAXKHUX YUCEIL:

o mpum = 1 (poswupenns R6)
Ry = oV, (18)
tobtO R;:...; 0,381 ...;0,618 ...;1,0; 1,618 ...; 2,618 ...;
o  npum = 2 (posmmpenns R11)
Ry = &2, (19)
t06TO R,: ...; 0,618 ...; 0,786 ...;1,0; 1,272 ...; 1,618 ...;
o  npum = 3 (posmmpents R16)
Ry = O3, (20)
to0TO R5: ...; 0,725 ...;0,851 ...;1,0; 1,173 ...; 1,378 ...;
o  npum = 6 (posmmpenns R31)
Rg = ®™6, (21)
Tto0TO R4: ...; 0,851 ...;0,922 ...;1,0; 1,083 ...; 1,173 ...;
o  npum =9 (posmmpenns R46)
Ry = ®™/?, (22)

T00TO Rg;:...;0,898...;0,947 ...;1,0; 1,054 ...; 1,112 ...;

o npum = 18 (posmmpenns R91)
Rig = /18, (23)

T00TO Ryg:...;0,947 ...;0,973 ...;1,0; 1,027 ...; 1,054 ...;

o npu m = 36 (posmmpenns R181)
R3¢ = /36, (24)

T00TO R36: ...; 0,973 ...;0,986 ...;1,0; 1,013 ...; 1,027 ... .
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3ampornoHoBaHa HOBA CUCTEMa MEPEBAKHUX 4rce (po3iupeHHs R6) 3acTocoBaHa i po3-
POOKHM MapaMEeTPUIHOTO PO3MIPHOTO PSIY MPECIB 3 KIMHOIIAPHIPHUM TIPUBOJIOM 3 YBITHYTHUM KITH-
HOM JIJTs1 peaizariii 6e3BiX0IHUX CIOCO0IB PO3IIICHHS COPTOBOTO Mpokary (puc. 9).

0,381

Hominanbne 3ycunnsa, MH

2,618

0,618

= =

1,000

1,618

"

Puc. 10. Po3MmipHUii psia IpeciB 3 KIMHOMAPHIPHAM MEXaHI3MOM 3 YBITHYTHM KIHHOM IS
PO3/IiICHHS COPTOBOTO MpOKaTy (po3mupeHHs R6)

[TopiBHsIBHUI aHAITI3 TACTIOPTHUX TAHUX TUIIOBUX COPTOBUX HOXKHIIb Ta PO3PAXYHKOBUX Te-
XHIKO-€KOHOMIYHHX [TOKAa3HUKIB THIIOBOTO PSAIY CIIEIiaIi30BaHMX MTPECIB 3aIPOIIOHOBAHOI KOHCTPY-
KUii 3 KJIMHOIIAPHIPHUM MEXaHI3MOM 3 YBITHYTUM KJIMHOM Uil OMepaliil po3AlIeHHs COPTOBOIO
MPOKaTy MpeacTaBiIeHui y Tabm. 1.

Tabmums 1

Po3paxyHKOBI mapamMeTpH psiy MpeciB 3alpONIOHOBAHOI KOHCTPYKLIT Ta MACIOPTHUX JaHUX
TUIIOBUX COPTOBUX HOKHUIIb

. MakcumanbHui JiamMeTp . . .

Moxens HominanbHa cuna, PORILIIEMOTO IPOKATY, IabGapuTHi po3mipw, Maca, T JKopcTKicTb,

MH MM LxBxH, MM MH/m
CopTOBi KPUBOIINIIHI HOXKHI JUIsl TOYHOT BIJIPI3KH 3 JIOMOMIXXHUMH MPUCTPOSIMU
H 1830b 1,00 56 1900x8300x3100 13,60 17
H 1834A 2,50 85 3650x6890x3550 29,00 2,7
H 1836 4,00 110 4250x7100x4000 40,50 3,4
H 1838 6,30 140 4685x8580x5250 75,00 4,3
H 1840 10,00 170 5440x8610x5860 105,86 54
Hosxurii copToBi KpUBOIIUITHI 3aKPUTI 3 JOMOMIKHIUMHA TPUCTPOSIMU
H 1534 2,50 100 3050x7000x3000 12,38 2,7
H 1538 6,30 140 4020x7100x4950 39,40 4,3
H 1540 10,00 200 6040x8355x6720 68,00 54
Po3paxyHKOBi mapaMeTpu paay IpeciB 3 KIIMHOMAPHIPHUM MEXaHi3MOM i3 YBITHYTHM KITHHOM

KIIIM 38 0,381 30 1200x600x1400 1,10 15
KIIIM 62 0,618 40 1500x800x1600 1,35 17
KIIIM 100 1,000 50 1550x850x1700 2,25 2,2
KIIIM 162 1,618 65 1600x900x1800 2,95 2,5
KIIM 262 2,618 85 1700x1000x1900 5,50 3,5
KIIM 423 4,234 110 2200x1400x2000 6,70 4,4
KIIIM 685 6,854 140 3500x1800x3000 12,00 55

VY pe3ynbTati MiIBUIICHHS KOPCTKOCTI Mpeca i3 BUKOPUCTAHHSIM 3alpOITOHOBAHOTO KIIMHO-
HIAPHIPHOTO MEXaHi3My 3 YBIFHYTHM KJIUHOM B (1,2...1,3) pa3u 3MeHIIy€eThCS MpYXKHA Jeopmaris
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JeTaliel Tpeca mpyu peatizaiii mporeciB 0€3BiIX0JHOTO PO3/IICHHS COPTOBOTO MTPOKATY, T ABHIILY-
€ThCSI HATIIHHICTH poOOTH mpeca. [Ipu oMy KoedillieHT BUKOPUCTAHHS YCTATKyBaHHS 32 3yCHILISM
30imbmryeThes Big (0,3...0,4) no (0,7...0,8). [Tigsumyerses KK/ npeca B HaCIIiIOK TOTO, IO 3MCH-
HIYETHCS BETMYMHA POOOTH NPYIKHOT IeopMaliii ycTaTKyBaHHS.

BUCHOBKU

1. YcraHnoBneHo, 0 TpaauIiiHI BUKOHABY1 MEXaHI3MH KOBAILCHKO-TIPECOBUX MAIIMH HE MO-
yTb CTBOPUTHU CHWJIOBUM PEKUM HaBaHTa)KEHHsI, XapaKTEPHU 11l IpoLieciB O€3BiX0THOTO PO3IUICHHS
COPTOBOTO MPOKATY, 1[0 BUMATalOTh 3a0e3MeYeHHs] MAKCUMAITLHOI TEXHOJIOTTYHOI CHJTH Ha TIOYaTKy po0o-
yoro xoay. KpiM Toro, BoHH € 0araroinaHKOBUMHU i MarOThb MOPIBHSAHO HEBUCOKY YKOPCTKICTb.

2. Ha mincraBi po3po06iaenoi kinacudikallii KIMHOMAPHIPHIX MEXaHI3MiB i IPOBEICHUX J10-
CJII/DKEHb OOIPYHTOBAHA JIOLIBHICTh 3aCTOCYBAaHHS B Ipecax JUlsl peasizalii npoueciB 0e3BiIxo-
HOT'O PO3/AUIEHHS KIMHOIIAPHIPHOIO MEXaHI3MYy 3 YBITHYTHM KJIMHOM, Y SIKOTO rpadik 3MIHU CHJIU
negopMyBaHHs HAHOUIBII HAOIMKEHUH 10 TEXHOJIOTTYHOTO TUIIOBOTO rpadika 3MiHU CUIIH NPH PO-
3nineHH1. KinuHomapHipHUil MexaHi3M 13 yBIFCHYTUM KJIMHOM Ma€ MEHIIY BUCOTY JeTajiel y MopiB-
HSIHHI 13 KPUBOIIMITHUMH MeXaHi3MaMH, 1110 3a0e3neuye MEHIIy NpYXKHY JedopMalio # TUHAMIKY
npeca.

3. Po3po0ieHo MaTeMaTu4Hi MOJIeNi KJIMHOIIAPHIPHOTO MEXaHI3My 3 YBITHYTUM KJIMHOM,
MIPEJICTABICHOIO y BUIJISII JBOXIIOB3YHHOTO BaXKIJIBHOTO MEXaHI3My, SIK1 J1I03BOJISIIOTh BUKOHATH
HOro CTPyKTYpHMIA, KIHEMaTUYHUHN 1 AMHAMIYHUHN aHaii3u. Ha ocHOBI aHami3y 3alporOHOBaHUX Ma-
TEMaTUYHUX MOJieiel po3po0iieHa METOANKA PO3PAXYHKIB T€OMETPUUHHX, KIHEMAaTHUHUX 1 CHJIOBUX
napaMeTpiB KJIMHOIIAPHIPHOTO MEXaHI3My 3 YBIFHYTHM KJIMHOM JJISl IIPOLIECIB PO3/UIEHHS COPTO-
BOTO IPOKATY.

4. 3anpONIOHOBAHO BUKOPHUCTATU HOBY CUCTEMY IIEPEBAXKHUX uMcen (po3mmpeHHs R6) s
PO3pOOKH MapaMeTPUYHOTO PO3MIPHOTO ALY MpPECiB 3 KIMHOIIAPHIPHUM NPUBOJOM 3 YBIFHYTHM
KIIMHOM JJIs1 peaizaliii 6e3B11X0JHUX CIIOCO01B PO3/IiIEHHS COPTOBOro npokary. [lopiBHsAIbHUN aHa-
713 pOo3paxyHKOBHX MapaMeTpiB psLy MPECciB 3alPONOHOBAHOI KOHCTPYKIli, OTPUMAHUX 13 3aCTOCY-
BaHHSM J1aHO{ METOJIMKH, Ta MACHOPTHUX JIAaHUX TUTIOBUX COPTOBUX HOXKHIIb IIOKA3aB, 10 KOE(IIIEHT
BUKOPHUCTAHHS TIPECiB HOBOT KOHCTPYKIIIT 3a 3ycwiisam 30inbimyerses Bix (0,3...0,4) no (0,7...0,8).
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Karnaukh S., Chosta N. Development of a parametric dimensional series of wedge-hinge presses with a
concave wedge for the implementation of waste-free methods of cutting sectional rolled products.

The purpose of this work is to develop a parametric size range of presses for the implementation of waste-free
methods of separating sectional rolled products using a wedge-hinge mechanism. Based on the developed classification
of wedge-hinge mechanisms and conducted research, the feasibility of using a wedge-hinge mechanism with a concave
wedge in presses for the implementation of waste-free separation processes has been justified. The force deformation
graph of this mechanism is the closest to the typical technological graph of force change during separation. The wedge-
hinge mechanism with a concave wedge has a smaller height of parts compared to crank mechanisms, which ensures
lower elastic deformation and dynamics of the press. Theoretical studies of the wedge-hinge mechanism with a concave
wedge were conducted using grapho-analytical and analytical methods of the theory of mechanisms and machines.
Mathematical models of the wedge-hinge mechanism with a concave wedge, represented as a two-slider linkage
mechanism, have been developed, allowing for its structural, kinematic, and dynamic analyses. Based on the analysis of
the proposed mathematical models, a methodology for calculating the geometric, kinematic, and force parameters of the
wedge-hinge mechanism with a concave wedge for the processes of separating sectional rolled products has been
developed. It is proposed to use a new system of preferred numbers (R6 extension) for the development of a parametric
size range of presses with a wedge-hinge drive with a concave wedge for the implementation of waste-free methods of
separating sectional rolled products. A comparative analysis of the calculated parameters of the proposed press series,
obtained using this methodology, and the passport data of typical sectional shears showed that the utilization coefficient
of the new design presses in terms of force increases from (0,3...0,4) to (0,7...0,8).

Keywords: stiffness, energy, classification, kinematic and force parameters, system of preferred numbers, golden
ratio, geometric progression.
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Konosoaos /1. B.
I'y6a P. B.

CXEMM JE®OPMAIIIHOTO 3MIIHEHHSI MATPHLID
31 CTAJIL 3 PET'YJIbOBAHUM AYCTEHITHUM IIEPETBOPEHHSM
I YAC EKCILTYATALT

Haiibinbw mennocmiiiki mpaouyitini wimamnosi cmaii Ha pepumHo-nepaimtiti 0CHOGI 3 KapOIOHUM Ma 3MIa-
HUM 3miyHeHHAM npu Hazpieanni suwe 650-700 °C cymmeso 3nudicyroms miyHicmy, wo npu3600ums 00 WeUOK020 BUX0OY
incmpymenmy 3 1ady. He supiwye npobnemy i 3acmocy8ants JcapomMiyHux aycmenimuux cmaneil i Cniaeis, siki npu eu-
COKUX MeMNepamypax nepesepuiyoms 3a MiyHicmio cmani pepumnozo Kaacy i 3a paxyHok ybozo iHooi 3abe3neuyoms
3HauHe niosuuenHa cmivxkocmi incmpymenmy. OOHAK BHACAIOOK iX CXUTLHOCMI 00 PO3MPICKYBAHHS, NO2AHOI 00poO.II0-
8aHOCMI PI3AHHAM, BUCOKOI 6apmocmi ma 0eqhiyumHocmi KOMNOHEHMIB, Wo 6X00AMb 00 CKIAOY, iX 3aCMOCYBAHHA Oyiice
obmedcere. LLImamnosi cmani 3 pe2yib08aHUM AYCMEHIMHUM NePemeopeHHAM Ni0 Yac eKCRIyamayii € Ho8UM i EOUHUM
KAACOM THCIMPYMEHMANbHUX cmanel, Oid AKUX Xapaxkmephe asuye 30epelcents 2apaioeo 0eopmayitinozo 3miyHeHHs
(capsiuutl naxnen). Cmynins Hakieny 8 cmani, ompumana nicis aycmenizayii 3a memnepamypu 1150 °C 3 nooanvuioro
yukiunow depopmayiero npu 450 °C, nocunioemscs npu nooarvutitl YyukiiuHit degpopmayii 3a memnepamypu 700-850
°C. Aycmenizayisa 3a memnepamypu 1150 °C, sumpumka i nonepeons depopmayis npu 450 °C 3 nodansuium 0xXon004ceH-
HAM 00 KIMHAMHOI memnepamypu [ WeUuoOKUM HazpieanHam 0o memnepamypu degopmayii 750 °C cmabinizye cman 2a-
PAY020 HAKILeNY | CAPUSIE MAKCUMATbHOMY 3MmiyHerHto cmaii 3a memnepamypu 700-850 °C. 3 ypaxyeannam cmabinizayii
2apA1020 HaKeny 8 pobomi 6y10 3anpONOHOBAHO 08i MEXHONO2IYHI cXxemu 0ehopMayiiHo20 3MIYHEHHS NPECOBUX Mam-
puyb, wjo 3abe3neuyroms iXHI0 8UCOKY eKCHAYAMAYitiHy CmilKicms. Becmanoseneno KinbKicHi 3a1edcHOCHE Midic 3MIHO
PpOo3Mipie Mmampuyi ma memnepamyporo Hacpieants abo oxon00xcents. Ompumani 6 poOOmMi 3a1eHCHOCHI OaOMsb 3MO2Y
NPOEKMYBAMU NOYAMKOGI PO3MIPU NPECOBO20 IHCMPYMEHMA, BPAX08YI0UU 0CODIUBOCI PA306UX NEPEMBOPEHb Y CIANAX
3 pezyb068aHUM ayCMeHimHUM NepemeoperHaM nio Yac eKcniyamayii.

Kniouosi cnoga: incmpymenmanvua cmans, wimamno8a cmans, 2apadii HaKaien, Mampuys, npecy8anHs, MmexHo-
JI02IYHA cxema, Oeopmayitine sMIYHEHHS,, 2e0MEeMPUYHL PO3MIpU, a306i nepemeopenHs.

CTiiiKiCTh TPECOBOTO IHCTPYMEHTY 0araTo B 4OMy BH3HAYa€ €eKOHOMIUHY €(pEKTHUBHICTh TIPO-
IIECiB rapsr9oro GOopMOYTBOPEHHS TOYHUX 3arOTOBOK. HasiBHI IITaMIOBI CTaJIi, IO 3aCTOCOBYIOTHCS
JUTSI BATOTOBJICHHSI POOOYOT0 IHCTPYMEHTY, HE 371aTHI 32/I0BOJILHSATH IIOBHOKO MIPOIO €KCILTyaTalliiHi
BUMOTH JI0 IHCTPYMEHTY 4epe3 HU3KY NMPUUNH, TAKUX SIK: HU3bKa TEXHOJIOT1UHICTh, 1e(IIUT i BHCOKA
BapTICTh KOMITOHEHTIB, SIK1 BXOJISITh JI0 CKJIay, IHTEHCUBHE 3HEMIIIHEHHS IHCTPYMEHTY IIiJ] 9ac eKcC-
ruryatauii [1-4]. Lle crocyeTbes 1 mpotiecy npecyBanHs TpyO 1 mpodiTiB 3 MiTHUX 1 THTAHOBHUX CILIa-
BiB, III0 BAXXKO Ae(OPMYIOTHCS, 3a SKOT0 IHCTpYMEHT po3zirpiBaerbes g0 700—850 °C 1 pumie [5].

Craui 3 peryJb0BaHAM ayCTEHITHUM TIEPETBOPEHHSM TiJT yac ekcruryararii (craii 3 PAIIE) — Ho-
BUI KJIaC THCTPYMEHTAJILHUX CTAJICH JJI rapsiaoro npecyBaHHs [6, 7]. Y BUXigHOMY CTaHi Taki cTami
MaloTh CTPYKTYPY Ha 0a3i 0-TBEPIOTO PO3UUHY 1JIETKO 00pOOIISIFOTRCS pizaHHAM. [1i1 yac HarpiBaHHS
10 pobounx temmeparyp 700-850 °C 11i craii 3a3HaOTh 0-Y-TIEPETBOPEHHS 1 30€piraroTh ayCTEHITHY
CTPYKTYpy TPOTATOM YCi€l BHCOKOTeMIepaTypHoi ekcruryarailii [8, 9]. OcHOBHUM iHHOBAIIHHUM
edexrom nipu ctBopenHi crajeit 3 PAIIE e Bukopucranusa cunu aedopmariii i BUCOKUX TeMIiepaTyp
JUTSL T ABHMILEHHS MILTHOCTI 1HCTpYMeHTY (edext O3epcrroro-KpyrisikoBa), TOOTO Taki CTaji MarlOTh
SICKPaBO BUPAXKEHY CXWJIBHICTB JI0 rapsdoro Hakiemy. Jlo OCHOBHUX MpOIeciB, 0 3a0€3MeUyroTh
cTabini3aliio raps4oro HaKJeny, HajexxaTh: eopMalliiiHe 3MiITHEHHS; AUCTIepciiiHe Ta HaHO(pa3He
3MIIIHEHHSI; 3MIIHEHHS B MOJIIMOpP(GHUX MEPETBOPEHH 1 3MILIHEHHS BiJ Aeopmalii y nBodasHii
(y + o)-o0macri. [TokazaHo, 1110 OCHOBHHUI BHECOK Yy 3MIIIHEHHS IiJ] 4ac raps4oi aedopmariii craii
3 PAIIE BHOCATH aedopMaliiiiHe 3MIITHEHHS, a TAKOX 3MIIHEHHS M1 yac nedopmaritii y apodaszHiid
(y + a)-o6macri) [10]. CriiikicTb mpecoBoro iHcTpyMeHTY 3i ctaneii 3 PAIIE y 5-10 pa3iB nepeBuiye
CTIHKICTh MaTPHIh 1 MpecIais 31 cTayli BUCOKO1 TeriocTiikocTi 3X2B8®d. 3a cBoiMu BIaCTUBOCTIMHA
ctani 3 PAIIE nepeBepiytoTh yci TpaulliifHi IITAMIIOBI CTaJIi B lialla30H1 TEMIIEPATyp eKCIuTyaTaii
600-850 °C.
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Mertoto poOGoTH € po3poOKa cxem aeopMaliifHOro 3MIITHEHHS TPECOBUX MATPHIIb, III0 BUTO-
TOBJICHI 31 cTaJIel 3 peryIbOBaHUM ayCTEHITHUM IEPETBOPEHHAM MPH eKCILTyaTallii.

[Tig gac po3poOKHM TEXHOJOTIYHUX PEKHUMIB 3MIITHIOBAIEHOI OOpPOOKM MaTpHIls 31 CTaji
3 PATIE BUXOIWIIHN 3 TaKOTO:

1. Haii6inpmmii ehekT 3MIITHEHHS 1 IMiIBUIIEHA TEPMidHA CTaOUIbHICTh 3MIITHEHOTO CTaHy J0-
CSATa€eThCs B TOMY BHUIMAJIKY, SKIIO MEpIli IUKJIN 0araropa3zoBoi MIACTUYHOI AedopMallii ayCTeHITy
3MIMCHIOIOTHCS B JOpEKpUCTalizaliiHoMy iHTepBaii temmepatyp (400-500 °C).

2. 3MinHIOBajIbHAa 00pOOKa MOBUHHA 3/I1IICHIOBATUCS HAa HAsIBHOMY ITPECOBOMY 00JI1a/IHAHHI.

3. 3MinHIOBaNIbHAa 00pOOKa MOBUHHA 3a0e3MeyuyBaTy 3aJaHl T€OMETPUYHI PO3MIpU MaTpHULb
(TOOTO MOBHHHA BUKJIIOUATH TMOJANIBITY MEXaHIYHY 00pOOKY).

Byno nocnimkeHo Ta BIpOBaPKEHO Y BUPOOHUIITBO JIBI TEXHOJOTIYHI CXEMU 3MIITHEHHSI.

ITix yac 0OpOOKH 3a MEPIIOI0 CXEMOIO MMiJIaHl OCTATOYHOMY MEXaHIUHOMY 0OpOOJIEHHIO Ma-
TpuLi HarpiBanu a0 temneparypu 930-950 °C, sutpumyBanu 20-30 XB, 0X0JI0/)KyBaji Ha MOBITPI
10 350400 °C, a moTiM BCTaHOBIIIOBAJIM Ha Ipec 1 3A1iCHIOBAIM TpecyBaHHs 3MUTKIB. [Ipu npomy
HEOOX1HO JMILE 3a3HAYHUTH, 10 J1aMeTp KaJiOpyBaJbHOIO OTBOPY MaTpUIll BUKOHYBABCS 3a BEPX-
HIM JIOITyCKOM Ha po3Mip.

[IpoTrsarom nepumx 5—8 MUKIIB NpecyBaHHs BiIOYBA€ThCS IIACTHYHA JiehopmMallisi TOHKOTO
MIOBEPXHEBOT0 1Iapy MaTPHI 1 MOCTYNOBE 3MilIHEHHS 1i€i 30HM. Hanpukinan, 3a ngiamerpa kaniopy-
BaJILHOTO OTBOPY 25—40 MM cyMapHe 3MEHIIIEHHSI AiaMeTpa 3a3Bu4aii He nepesuirye 0,3—0,5 mm, 1o
nepedyBae B MeXax JIOIYyCKY Ha po3Mipu MPOAYKLii, [0 BUITyCKaeTbes (TpyO, MpyTKiB, MpOoQitiB).
[IpoTsirom ux e MUKITIB TeMIepaTypa MaTPHUIl MOCTYIIOBO ITiIBUIILYETHCS 32 paXyHOK Terla 3IUT-
KiB 1 BUXOJUTh Ha poOouuii pexxuM. Ilicnsa 8—10 uukiiB npecyBaHHS po3Mipu MaTpulll cTabdiizy-
I0ThCS 1 HACTAa€ TPUBAIMM M1EP10/1 eKCIUTyaTallii IHCTPYMEHTY, 1110 3a CTIMKICTIO IEPEBUILLY€E BC1 HasBHI
cy4acHi mrtammnoBi crani. Crocid 3MiIfHEHHS 3a MEPLIOI0 CXEMOIO BeJIbMHU MPOCTUH y peartizalii Ta
HE BIUMarae Oyb-sKOTO CIICIiaIbHOTO OCHAIICHHSI.

OCHOBHUM HEJOJIKOM PO3IJISHYTOI TEXHOJIOTI 3MIIHIOBAJIbHOI OOpOOKM 1HCTPYMEHTY 31
crani 3 PAIIE € Te, 110 IpakTHYHO HEMOXIIMBO KePYBaTH CTyIeHeM aedopMariii 3a koskeH nuki. I1in
Yyac MPeCyBaHHS JACSIKUX MITHUX 1 TATAHOBUX CIUIABIB, 110 BAXKKO ITIIIAIOTHCS AedopMallii, Cripuyu-
HEHE TUTACTHYHOKI0 Je(opMalielo 3MEHIICHHS PO3Mipy (3alIMBaHHS) KaliOpyBaJbHOTO OTBOPY,
MOJKe BUIIEpeKaTH Ipoliec 3MilHeHH cTall. [le 3ymMoBiItoe He0OXiIHICTh PO3TOUYBAHHS MaTPHILlb.

Leit HEOMIK MPAKTUYHO yCYBAETHCS MPH BUKOPUCTAHHI APYTOi TEXHOJIOTIYHOI CXEMH 3Mill-
HEHHs, sKa nepeqdavyae 0araTopa3zoBy MJIACTUYHY JeQOpMAaLIio 3a JOMOMOIOK CHellabHUX MyaH-
COHIB. MeToro Takoi aedopMariii € 3MIITHEHHS ayCTEHITY 1 3a0€3MeUeHHs 3a/IaHuX PO3MipiB IHCTPY-
MEHTY TepeJl HOYaTKOM HOro eKkcruryarariii.

ITig gac mpecyBaHHS TeOMETPUYHI PO3MIPU MAaTpPHIIi 3aJIeXKATh Bl BEIUYHHHU J1eopMarlii mo-
BEPXHEBOTO APy 1 OTBOPY IS KamiOpyBaHHs, a TAaKOX BiJl TETNIOBOTO PO3MIMPEHHS 1 (Da30BUX Tie-
PETBOPEHB.

Jlst 3MiITHeHHS TTpecoBUX MaTpuilh 3i ctaneit i3 PAIIE Oyno po3po0iieHo ouH 13 pekuMiB
3MinHIOBaIbHOT 00poOKku [11]: HarpiBanus n0 950-1000 °C, Butpumka 30 XB.; MiACTY>KYBaHHS Ha
noBiTpi 10 Temneparypu 600—500 °C, a moTim mocajaka B mid i3 Temneparyporo 400 °C; BUTpuMKa
B TI€Yi ISl BUPIBHIOBAHHSI TEMIIEPATYpH B Tepepisi; Aedopmallis 30HM KamiOpyBaIbHOTO OTBOPY Ma-
TPHULI IIJISIXOM TPbOX-4OTHPUPA30BOro OOTUCHEHHS 31 cTyneHeM 0,5-3 % 3a [UKJI; HarpiBaHHA MaT-
PHIIi IO TEMIIepaTypy eKCILTyaTaIlii.

Jledopmartirto MOXKHA 371HCHIOBATH OE3MOCEPETHHO HA BUPOOHUUHUX Tpecax CrelliaTbHUMHU
ITyaHCOHaMH, a MOJAJIbIIe HarpiBaHHS 10 POOOYMX TEMIIEPATyp JOCITAETHCS IMiJ Yac eKCIUTyaTarii
3a PaxyHOK TeIUIa 3JMTKIB, 10 IPECYIOThCS.

Jlnist 3a0e3neueH st 3a1aHOTO CTyTIeHs JAedopMaliii MaTpHIli BUTOTOBIISIOTH 13 MPUITYCKOM Ha
o0tuck. I1ig yac po3paxyHKy BEIUYHMHH MPUIMTYCKY HEOOXiTHO OyJI0 MOB'sI3aTH 3MiHHI PO3MIpH MaT-
puIl 13 3aJaHUM CTyTnIeHeM JedopMaltii €.

Po3paxyHok Oyno BUKOHaHO st MaTpulb D115 x 40 MM, sIKi BUKOPUCTOBYIOTh Ha TOPU30H-
TaJbHUX T1JIpaBIIvyHUX Mpecax 13 cuioro 15 MH (puc. 1).
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Puc. 1. IlpecoBa matpuus

[Tpumyck 3anuianyi B KOHyconoaAiOHii 30H1 matpuui. [Ipu nboMy 3MiHIOBaBCS pajiiyc Kai-
OpyBanbHOro nacka Ro, niamerp kanidpysaabHOro orBopy Do 1 KyT KOHyca oo.

Jlist po3paxyHKy 3MiHM 3a3HaYCHHX MapaMeTpiB 3aJIeKHO BiJl 33aHOT0 CTyIeHs fedopmartii
MO’KHA BUKOPHCTOBYBATH CXeMY, HaBEICHY Ha pHUC. 2.

Puc. 2. Cxema 3MiHH pO3MipiB MaTpHUIi 3 TPUITYCKOM

BBeneMo no3HaueHHS:

L 105 . .
LN = 2 = - paziyc KOHyca MaTpHIll, MM;

D, . .
PS = > pajiiyc KajaiOpyBaIbHOTO OTBOPY, MM;
Dy . .
PQ= - pajiyc KajaiOpyBaIbHOTO OTBOPY 3 MPUITYCKOM, MM;
OA = Ro=5 — paziyc kamiOpyBaJIbHOTO TIaCKa, MM;
OB = Rz — paniyc kaniOpyBaJbHOTO MMacka 3 MPUITyCKOM, MM;
00 = 25° — KyT KOHYCY.
3anaHuii cTyniHb Jedopmarlii MOKHA BUPA3UTH SIK:

_Rs—Ro
&=—g 100%. (1)

3Bi/ICH BUXOJUTh, IO pajlyc KaniOpyBaJbHOTO MacKa 3 MPHUITYCKOM CKJIa/IaE:
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Ry = Ry(1+ 0,01¢y), (2)
a JiaMeTp KaliopyBaJbHOTO OTBOPY 3 MPHUITYCKOM:
Ds = Dy — 0,02Ré¢s. 3)

KyT koHyca MaTpuIli 3 MPUITYCKOM Oz BU3HAYUMO 31 CIiBBiIHOIIEHB BiJPi3KiB (pHC. 2) Ta
BUPA3UMO SIK:

MK — Ry JM2+K2—R§

= t , 4
ay arctg 2 = R§ 4)
Ie
_ L - ZRO - DO
B 2
_Ry—Msina,
cos a
npu
0< CZZ < (043}

Takum YuHOM, JJIS1 3HAXOKEHHS TTapaMeTPiB MaTPUIIi 3 MPHUITYCKOM 3aJIS)KHO Bifl 33aHOTO
CTymeHs nedopMariii, citig po3s’si3aTu TpH piBHAHHS: (2) — (4).

Kondirypanis nyaHncona, o 3abe3neuye 3aJJaHuil CTyMiHb AeQopMaliii, TAK0>K BUZHAYA€ThCA
3a HaBeJIeHUM po3paxyHkoM. OOpaHuii nmpodiss myaHcoHa Moke 3a0e31eUnTH 0OJJHOpa3oBe abo Oa-
raTopasoBe miacTuyHe AedopMyBaHHS poO0U0i 30HU MaTpHIli (puc. 3).

- . 3

oo

)

Ds

T~

Jlo xedpopmanii

Puc. 3. Cxema 3MmiltHEHHS PECOBOi MATPHIIi 13 33JaHUM CTyTIeHeM Aedopmariii

VY BUMagky OAHOPa30BOro AeopMyBaHHS 3aJal0Th KiHIEBI po3Mipu MaTpuui Ro, Do, oo
B I[bOMY BHIIAJIKY BiZJOYBa€THCS pa30BE 3MIITHEHHS 32 paXyHOK 3MUHAHHSI IIPHITYCKY.
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3aranpHuUil cTymiHb AedopMalii MOXKHA PO3TUIMTH HAa IPOMIXKHI 1 MiIaBaTi MaTpHIIO Oara-
TOpa30BOMY 3MilHeHHIO. /[ mboro ciig MaTu Halip MyaHCOHIB pi3HOI KOH(iryparii, mapamerpu
SKHX MOKHA PO3paxyBaTH 3a OTPUMaHUMHU (OPMYIIaMH.

VY KO)XKHOMY KOHKPETHOMY BMIIAJKY, 337al0Uu CTYyIiHb AedopMallii, He00X1THO BpaXxOBYBaTH
TeMIIepaTypy po3irpiBy iHCTPYMEHTY B MOMEHT 3MillHEHHSI, TPHBATICTh BUTPUMKH JI0 TTOYATKY EKCILTY-
aTallii, MapKy 1 THIOPO3Mip MPECOBAHOTO MaTepiaty, a TAKOK TEMIIEPATyPy PO3irpiBy 3IHUTKA.

[Tpu cryneni nedopmartii 10 2—3 % 3MIITHECHHS MaTPHIII MOKHA 3pOOUTH 3a OAWH UK. Tomi
napaMeTpu IIyaHCOHA BIANOBIAATUMYTh HEOOXiTHUM po3mipam matpuui (Ro, Do, ao), a po3mipu ma-
TPUIIi 3 IPUITYCKOM BU3HAYAIOTHCS 32 hopmynamu (2)—(4).

Sxmmo obpanuit ctyminb aedopmarii ctaHoBUTH 4-5 % 1 OinbIle, TO JOUITBHO 3A1MCHIOBATH
3MIiIIHEHHSI 3a KiJIbKa IHUKIiB. JledopMmarris 3a KOxKeH UK Mae cTaHOBUTH 1-3 %.

[Ticna BuOopy crynens nedopmatii £z He0OX1IHO po3paxyBaTH MapaMeTpH IMyaHCOHaA 1 po3-
MIpH MaTpULll 3 IPUITYCKOM Ha JepopMalliio.

[TapameTpu Matpuii 10 aedopmaliii BU3HAYAIOTHCS 3 YpaxyBaHHIM I'PAaHUYHOTO CTYIIEHS Je-
dbopmartii €z, a po3Mipu IyaHCOHA 3 ypaxyBaHHIM MPOMDKHOI aedopMalii €s-ki (1€ 1 - BETUIHHA
KpOKy MpoMixkHUX nedopmaitiii; K — mine gogaTae 4ucio).

3HaueHHS PO3PaxOBAHUX MAPAMETPIB MATPHUIIl 3 IPUITYCKOM 1 pO3MIpPiB 3MILIHIOBAIbHUX ITy-
aHCOHIB, 3aJIC)KHO B1Jl 331aHOT0 CTYTEHs AedopMallii, JOLIBHO PEJCTABUTH Y BUTIISAAL TAOJIHIII.

Tab6mums 1
3pa3ok cKJIaJaHHs TaOIULll MPOMIKHUX PO3MIPIB MATPUIL Ta ITyaHCOHA
(Ha npukaai Mmatpuii po3mipom P115 x 40 mm 3 KaniOpyBaIbHUM 0TBOpOM V23,5 MM)

Cryninb [TapameTpu 1HCTPYMEHTY
3ananoi nedopmariii, % R, MM D, mMm o
z 5,50 22,5 24°19°
>-1i 5,45 22,6 24°23°
2-2i 5,40 22,7 24°27°
>-(K-1)i 5,05 23,4 24°56°
>-Ki 5,00 23,5 25°00°

3a 3aIpOIIOHOBAHOIO METOAMKOIO OYyJI0 po3p0o0IeHO KapTy KalliOpyBaHb MaTPHULIb 1 ITyaHCOHIB
yci€l HOMEHKJIATypH TUIIOPO3MipiB MaTpuilb D115 X 40 MM rOpHU30HTANIBHOTO T1IPaBIIYHOTO IIpeca
cwioro 15 MH. Jlnsg po3paxyHKy mapamMeTpiB MPECOBOTO IHCTPYMEHTY 3aJICKHO BiJl 33JJaHOTO CTY-
nieHs nedopmariii 0ysio CKIaaeHo MporpaMmy alrOpUTMIYHOI0 MOBOO DopTpan-4.

3MiHy pO3MipiB MaTpHIli 3 ypaxyBaHHIM (a30BHX IIEPETBOPEHb Y MPOIEC HArpiBaHHA i 0X0-
JIOJDKEHHS TOCHIDKYBaiau Ha MaTpuilax 31 ctaii PAIIE i3 3oBHimHIM giametpoM 109 MM 1 BHYTpiI-
HimMu giamerpamu 30,9; 40,0; 45,7 mm.

BuMiproBaHHS TIPOBOJMUIM 32 JIOMIOMOTOKO  IHAMKATOpa-HYTpOMipa TIJIBUINEHOI TOYHOCTI
(TOCT 9384-60), sixuii HAMAIITOBYBAIU 32 KIHIIEBUMHU MipKamH, 1 Mikpometpa tuiry MK 100-125 MM 3 He-
PYXOMOIO T'SITOI0 Ta TBUHTOM MIKpPOMETPUYHOTO TOJaBaHHS 3 TBEPJIOTO CIUIaBy. TpHBaNicTh BUMI-
proBaHHS (KOHTAKTY IHCTPYMEHTY 3 MaTpHUIIEIO) He MepeBulyBaia 2—3 c. TemmnepaTypy KOHTPOJIIO-
BaJIM TEPMOIIapOI0, MPUBAPEHOIO A0 MATPHIIL.

3anexHOCTI, 10 XapaKTepU3yIOTh 3MiHy BHYTPIIIHBOTO 1 30BHIIIHBOTO JiaMETPiB MaTpPHUIlb
B1Jl TeMIiepaTtypH, OyJid OTpUMaHI IIIIXOM OOpOOKH €KCIEepUMEHTaIbHUX pPe3yNbTaTiB BIIOMUMU
METOJ[aMU MaTeMaTHYHOI CTATUCTHKH.

ITix yac moOym0BH MOJeNi BBOAWIM 3HaYCHHs Temrmeparypu t i giamerpa d BHYTpIlIHBOIO
KaJiOpyBaJIbHOTO OTBOPY MATpHILIi. Y BChOMY Jiaa3oHi TOCTiKyBaHUX TEMIIEpaTyp, KpiM iHTepBa-
aiB 650-700°C i 800—840°C, BUSBHIIOCS JOCTATHIM alipoKcuMyBatu perpecito Ad Ha t miniiHOIO (Y-
HKLI€I0 (JIiHIHA perpecis), a B 3a3HaUYEHUX 1HTEpBajax perpecis Oyia anmpoKCUMOBAaHA 3a J0TIOMO-
TO0 MHOTOWIEHA JAPYTroro MopsaKy (mapadosiiuyHa perpecis Apyroro nopsaky). [Ipu msomy koediri-



ISSN 2076-2151. Oopooka mamepianie muckom. Materials Working by Pressure.  2024. N 1(53) 206

€HTH perpecii Oy po3paxoBaHi KPOKOBUM perpeciiHuM MeTo oM. DyHKITIOHATBEHA 3aJIeKHICTh KO-
eilieHTiB perpecii BiJi BEIMYNHE BHYTPIIIHBOTO JiameTpa d BU3HAYCHA MHOTOWICHOM JPYTOro IM0-
PAAKY.

MatemMaTHUHUN ONMUC 3aJIeKHOCTI 3MIHM BHYTPIIIHBOTO 1 30BHIIIHBOTO A1aMETPiB MaTpPHIIi
B1J1 BUXITHUX PO3MIpIB 1 TEMIIEpATYpH HArpiBy Ta OXOJIOAKEHHS MOXKeE OyTH MIPEICTABICHO Y BUIIISII
TaKUX PIBHSHb perpecii.

1. HarpiBanus. 3miHa fAlaMeTpa BHYTPIILIHBOTO KaliOpyBajlbHOTO OTBOPY MaTpUIll, MM:

¢ (0,0035d2 — 0,065d + 2,67)t/10*—;

—(0,03d? — 1,9d + 31,07) /102, AKWo ¢t < 650 °C;
—(0,009968d2 — 0,742046d + 14,69275)t2/105 +

+(0,013457d? — 1,001763d + 19,8353)t/10* —

—(0,0455d2 — 3,4000316d + 67,15923),  sKmo 650 °C < t < 700 °C;
—(0,036d2 — 2,553d + 48,518)¢/10* +
+(0,229055d2 — 15,291616d + 306,31972), sikwo 700 °C < t < 800 °C;
(0,00777877d% — 0,579724d — 12,228674)t2/106 —
—(0,001277648d? — 0,0951109d + 2,00622)t/102 +
+(0,468269d? — 340629d + 743,0881)/102, skwo 800 °C < t < 840 °C;
—(0,00014d? — 0,0154d + 0,29)t/102 +

L+ (0,058d? — 7,74d + 159,42)/10, sixwo 850 °C < t < 1000 °C.

Ad(d,t) = {

2. HarpiBanHs. 3MiHa 30BHINIHBOTO JiaMeTpa MaTPHII, MM:

000135t akmo t < 700°C,
AD(t)= {—0,001t + 1,65 axmo 700°C < t < 800°C,
0,0034t — 1,87 saxkmo 800°C < t < 950°C.

OxonoxeHHs. 3MiHa JlilaMeTpa BHYTPIIIHBOTO KaJliOpyBaJIbHOIO OTBOPY MaTpUIll, MM:

00003t qakuio t < 100°C,
Ad(t)= {—0,00075t + 0,105 gaxmo 100°C < t < 300°C,
0,0008t — 0,36 akmo 300°C < t < 850°C.

4. OxonoxeHHs. 3MiHa 30BHIIIHBOTO JAlaMeTpa MaTpuUIll, MM:
00003t akmo t < 100°C,

AD(t)= {—0,0023t + 0,4 axmo 150°C < t < 300°C,
0,0021t — 0,92 akwmpo 300°C < t < 850°C.

YacTka nosicHeHoi Bapianii cranosuina 97,3 %.

[Tpu po3paxyHKy 3MiHH pO3MipiB MPECOBOI MATPHILI ITiJ] YaC HArpiBaHHS 3a3BUYall BPaXOBY-
FOTh KOE€(iIIEHTH JIHIHHOTO po3MIUpeHHs MaTepiay. Lle cpaBeyuBO s CTaJIeH, 10 TPAIIOI0Th B
onHoda3Hil 00IacTi.

3 po3po0KOI0 Ta BUKOPUCTAHHSAM HOBOTro kiacy ctaiei 3 PAIIE HeoOXigHO BpaxoByBaTH
3MiHYy PO3MIpiB IHCTPYMEHTY y MIKKPUTHUHOMY IHTEpBaJi TEMIIEPATyp, OCKLIBKH TEMIIEpATypa eKc-
IuTyaTauii qUX cTajei, ik IpaBuilo, 301raeTbes 3 00JIACTIO 0—>) EPETBOPEHHS.

3 puc. 4 BUIHO, 10 3MiHA po3MipiB MaTpullb 31 ctani PAIIE B MiKKpUTHYHOMY iHTEpBaji
temneparyp 600-850 °C 3anexuts Bif (pa30BUX MEPETBOPEHb, a TAKOXK BiJl MOYATKOBUX PO3MIpIB
IHCTPYMEHTY.
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Puc. 4. 3mina po3mipiB MaTpHIIi: a — i Yac HarpiBaHHs; O — MPU OXOJIOHKCHHI

3a HE3MIHHOTO 30BHIIIHLOTO JiaMeTpa Jiana3oH 3MiHH JliaMeTpa BHYTPIIIHHOTO KamiOpyBa-
JBLHOTO OTBOPY MaTpHili Oye THM OUTBIIUM, YMM OUTBIIAM € HOro BUX1HE 3HAYCHHSI.

BUCHOBKHU
Po3po6ieno nBi TexHOMOTIYHI cxemu AeopMaIliitHoro 3MiIHEHHS TPECOBUX MaTpHIlb. BeTa-
HOBJICHI KIJIbKICHI 3aJICKHOCTI M1k 3MiHOIO PO3MIpPiB MAaTPHIII Ta TEMIIEPATypOIO HArpiBaHHS YU 0XO-
JIOJKCHHSI JIO3BOJISIIOTh MPOEKTYBATH MOYATKOBI PO3MIpU 3 ypaxyBaHHSIM (Pa30BUX NEPETBOPCHb,
TOOTO YHPABJISTH JIOIYCKOM Ha pO3MIp MPH Pi3HINA TeMIlepaTypi, MiIBUIIYIOUYN THM CAMUM TOYHICTh
1 IKicTh BUPOOIB, 10 MpecyroThes. Le 0co0aMBO BaXIIMBO BpaXxOBYBAaTH MPU PO3POOII TEXHOJIOT1U-
HUX PEKHUMIB 3MIITHIOBAJILHOT 00pOOKH iHCTpYMEHTY 31 mtamiioBux ctanei 3 PAIIE.
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Krugljakow O., Medvediev M. Konovodov D., Huba R. Schemes of deformation strengthening for dies from
steel with regulated austenitic transformation during exploitation.

The most heat-resistant conventional ferrite-pearlite-based stamping steels with carbide and mixed hardening
reduce their strength when heated above 650-700°C, which leads to rapid tool failure. Using heat-resistant austenitic
steels and alloys does not solve the problem. In fact, at high temperatures, these are sometimes stronger than ferrite-class
steels. This can sometimes make tools last longer. However, these steels can crack easily, are difficult to machine, and
are expensive and in short supply. Stamp steels with controlled austenitic transformation during exploitation are a new
and only class of tool steels characterized by the phenomenon of retention of hot strain hardening (hot hardening). The
degree of hot work hardening in steel obtained after austenitizing at 1150 °C followed by cyclic deformation at 450 °C
increases with further cyclic deformation at 700-850 °C. Austenitizing at 1150 °C, holding and pre-deformation at 450
°C, followed by cooling to room temperature and rapid heating to a deformation temperature of 750 °C stabilizes the hot
metal state and contributes to maximum steel hardening at 700-850 °C Taking into account of the stabilisation of the hot
hardening, two technological schemes of deformation strengthening of extrusion dies have been proposed in this paper,
which ensure their high operational stability. Quantitative dependencies have been established between the change in die
dimensions and the heating or cooling temperature. The dependencies obtained in this work enable the design of the
initial dimensions of the extrusion tool, taking into account the peculiarities of phase transformations in steels with con-
trolled austenitic transformation during exploitation.

Keywords: tool steel, die steel, hot hardening, die, hot extrusion, technological scheme, deformation strength-
ening, geometric dimensions, phase transformations.
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Kyaunuu B. /1.

3ABE3NEYEHHS 3HOCOCTIMKOCTI IITAMIIOBOI'O IHCTPYMEHTY
3 BUKOPUCTAHHSAM NPOLHECIB CAMOPO3ITOBCIOI’KYBAJIBHOI'O
BUCOKOTEMIIEPATYPHOI'O CUHTE3Y

Y emammi posenadaromuca akmyanvri numanHs 8npoeaoiCceHHs iIHHOBAYIIHUX MEXHONO02Il HAHECEeHHs 3aXUCHUX | 3Mi-
YHIOWOUUX NOKPUMMIE HA NOBEPXHI WIMAMNOB020 THCIMPYMEHMY 13 6UKOPUCAHHAM MmOy CaMOPO3NOBCIOONCYBATLHOZ0 BUCO-
rkomemnepamyproeo curnmesy (CBC). Asmopu ananizyioms npobnemu pecypco3nepedrcensi  NPOMUCIO80CHIL, N08 S3aHI 3 GUKO-
DPUCIAHHAM OOpOUX IE208AHUX CNIAGIS, Ma NPONOHYIOMb ANLMEPHAMUSHULL NIOXI0 — hOPMYBAHHA NOKPUMMIG 13 3a0aHUMU
GIACIMUBOCAMU, WO O0360IIAE SHUZUMU CODIBAPMICIb BUPOOHUYMEA 6e3 BMmPamu eKCRIYAmAayiliHux Xapakmepucmux. Y ooci-
OICEHHT OKPEMO PO3LIAHYMO 6NNIUE TNAKUX NAPAMEMPIB, SIK NOPUCIICING, OUCNEPCHICIb KOMNOHEHINIB, KOHYEHMPAyis 1e2yiouux
000aB0K, WBUOKICb 2OPIHHS, A MAKOIC 6NIUE 308HIULHIX YUHHUKIG (TheMnepamypu, eleKmpusHUX | MACHIMHUX NOJII6, IMI)TbCHUX
CMpYMIg) Ha AKICMb | CMPYKMypy NOKpUmmie. 3Hauna yeaza npudileHa Memooam WeUOKoi Kpucmanizayii, saxi 003601a10my
ompuMy8amu MemacmaoiibHi il AMOPEOHI MAmMePianu 3 VHIKATbHUMU GTACIMUBOCHIAMU, 30KpeMa NIOBUEHOI KOPO3IIHOIO CMili-
Kicmio i humomoio miynicmio. IIpoananizosano ponb yOapHO-X6Ub08020 HABAHMANCEHHS K CHOCOOY CMBOPEHHs 0eheKmHOT
CmMpyKmypu RIOKIAOKY, Wo CMUMYTIOE OUQY3itiHi npoyect Mma NOCUTIIOE 3UENIeHHS MIdHC OCHOBHUM MAMEPIanoM i NOKPUMMSM.
OcHosna mema pobomu nonsazae y po3pobyi ma oOTpyHmMy8anHi mexuonoiynux napamempis npoyecy CBC 0ns ompumanus 3a-
XUCHUX NOKPUMIMIG 3 3a0AHUMU (DIZUKO-MEXAHIYHUMU &IACMUSOCTISAMU NPU MIHIMIZAYIT BUKOPUCIAHHS 00POSUX KOMIOHEHMIE.
Ooeporcani pe3ynvmamu MO*Cymsb Oymu KOpUCHUMU 0I5 61POSAONCEHHS eeKMUSHUX PecypPCco30epiearoyux mexHoNozill npu u-
20MOGNEHHI WMAMNOB020 THCIMPYMEHMY, d TAKOXC OAl NOOATLUUUX QOCTIONCEHD Y chepi Mamepianio3Hascmeql.

Knrouosi cnoea: wimamnogutl incmpymeHm; camopo3noscroodicyéanvhuil gucoxkomemnepamypruti cunmes (CBC); 3a-
XUCHI ROKDUIMMSL, PeCyPCO30epedCcerHtst; e2yioul 000asKu,; WeUOKA KPUCMAanizayisi;, Oug)ysis, yOapHO-XeUbo8e HABAHMANCEHH S,
MemacmaoiioHi CMpPYKmypu.

[Tpobnemu iHHOBAIIHHOTO PO3BUTKY BUPOOHUIITBA B HANIPSIMKY PECypCcO30epeKeHHS BIMa-
raloTh PO3pOOKH Ta BIPOBA/KCHHSI HOBUX KOHCTPYKIIIHHUX MaTepiaiiB. OCKUIBKH CYTTEBHM (PakTo-
POM ISl BIPOBA/KEHHSI TAKUX MaTepiajiB € MEeBHUI KOMIUIEKC (Pi3MUHUX 1 MEXaHIYHUX BJIACTHBOC-
Tel IPU HU3bKii CO0IBAPTOCTI, OJTHUM 3 TIEPCIIEKTUBHUX HAIMPSMKIB 3 BUPIIICHHS TAHOTO TTUTAHHS €
HaHECEHHS TEMIIePaTypo-, 3HOCO- 1 XIMIYHO CTIHKUX OKPUTTIB HA pOOOYUX MOBEPXHSX Ta MOJAJIbIIIA
iX eKcruryaTartis.

31 301IBIICHHSAM BMICTY JIETYIOUMX €IEMEHTIB y BUp0Oax, Taki (hi3MKo-MeXaHI4HI XapaKTepH-
CTHUKH, SIK MIITHICTh, TBEPICTh, 3HOCOCTIHKICTh 3pOCTAIOTh, aJI¢ 1 IMiIBUIYETHCS HMOBIPHICTh KPUX-
KOTO pyWHYBaHHs, 30UIBIIYETHCS BAPTICTh JIETOBAHOTO MeTally. B manuii uac, 1ie mosicHIOE Bce 3poc-
TalOUMUi iHTEepec A0 MOKPUTTIB. HeoOXiIHICTh 3aCTOCYBAaHHS MOKPHUTTS, MEPIN 3a BCe, 00yMOBJICHA
HEOOXiTHUMH 1, 0a)kKaHO, TPOTHO30BAHUMH EKCIUTyaTalliHHUMHU BIACTUBOCTSIMH. CyKYITHICTh YMOB
eKCIUTyaTallli i BA3Haua€e MpU3HAYEHHS MMOKPUTTIB, 3a SKMMHU BOHU JUTATHCS HA: TEPMOCTIHKI, JKapo-
CTiHKIi, epO3UIIIITHOCTINKI, 3HOCOCTIHKI, aHTU(DPUKIIIHHI, KOPO3IHHOCTIHKI, Ti, IO BiOOpaXkatoTh a00
MOTJIMHAIOTH Pi3H1 BUNPOMiHIOBaHHS. CIIOCOOM OTpUMAHHS 3aXMCHUX MOKPUTTIB HA METAIEBUX BH-
pobax po3pi3HAIOTHCS TEXHOJIOTIEI0 HAHECCHHS TOKPHUTTS, 1 OCHOBHOIO METOIO CTBOPCHHSI € 3a]I0Bi-
JbHA aare3is 3 MiJKIAIKOW, a TAaKOX OTPUMAHHS CYIUJIBHOTO, 0€3MOPHUCTOTO 1 CTIMKOTO BIaHOMY
CepelIOBHIIII 3aXHCHOTO mapy [1].

B peanisix choro/ieHHs sIBUIIIA CAMOPO3MOBCIOKYBAIbHOTO BUCOKOTEMIIEPATYPHOTO CHHTE3Y
(CBC) HaOyBaroTh Bce OUTHIIOTO PO3MOBCIOKEHHS SK TaKi, 110 JIO3BOJISIFOTh PETYJIIOBATH CKJIAT 1
CTPYKTYPY 3aXHCHHX IOKPHUTTIB, 3a0e3MedyBaT HEOOXiqHI €KCIUTyaTalliiiHI XapaKTePUCTHKUA TPH
MiHIMaJBHOMY TEpMiHi iX (hOpMyBaHHs Ta BIIHOCHO HU3bKIiil coOiBapTOCTI BUroTOoBIeHHs [1-3].

[TepcniektriBu po3BuTKy crpsmyBanHs CBC mpu mramMmyBaJIbHHX Ipoliecax ITOB's3aHi
31 CTBOPEHHSIM HOBHX METOAMK Ta OOJIaJHAHHS; PO3BUTKOM EKCIIEPHMEHTAIBHUX Ta TEOPETHIHUX
JOCTIIP)KeHb 3 TOPIHHS CyMillIeld TEpMITHOTO THIy B yMOBax MPUMYCOBOI (inbTpallii pos3miaBy
Ta KOHBEKTHBHOT'O PyXy y PO3IUIaBi MPOIYKTIB TOPIHHS; JOCITIIKSHHS B3a€MO/IIi BITHOBIIOBAIBHOI
ta "CBC" craniif y XBWJII TOPiHHS; MOXJIMBICTIO YIIPABIIIHHS CKJIAJIOM Ta CTPYKTYpOIO MPOAYKTIB
TOPiHHSA 3a JJOTIOMOTO0 BHYTPIIIHIX Ta 30BHINIHIX TapaMeTpPiB, BIUTUBY 30BHIIIHIX MOJIIB TOMIO.

Po3BUTOK NpUKIaAHUX AOCTIIKEHB MOB'I3aHUH 13 CTBOPEHHSIM TEXHOJIOT1i HOBHX MaTepialliB
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Ta BUPOOIB 11 MPOMHUCIIOBOCTI [4]: nUTOT HAMIBIPOBITHUKOBOI KepaMiKH, TpyOYaCTHX HArpiBadiB,
MIePETBOPIOBAYIB TEIJIOBOI €HEPTii B €JIEKTPUUHY, KapOCTIHKUX MaTepialliB Ta MOKPUTTIB /IS aBia-
[IHOT TEXHIKH, 3HOCOCTIMKHUX MOKPUTTIB HA IITAMIIOBOMY iHCTPYMEHTOBI, IO TiIAI0ThCS IHTEHCH-
BHOMY 3HOCY, IiepepoOKa MPOMHUCIOBHX BIIXOMIB , 30KpeMa 1 pai0OaKTUBHUX.

Merta cTaTTi — aHaji3 TEXHOJIOTIYHUX TapaMETPiB MPOIECY CAMOPO3TIOBCIOIKYBAIEHOTO BH-
COKOTEMIIEPaTypHOTO CUHTE3Y Ui OTPUMAHHS 3aXMCHUX MOKPUTTIB IITAMIIOBOTO 1HCTPYMEHTY i3
3a/laHuMU (P13UKO-MEXaHIYHUMHU BIACTUBOCTSIMU IIPU MiHIMI3allii BUKOPUCTAHHS JOPOTHX JIETYIOUUX
KOMIIOHEHTIB.

OCHOBHOIO 3aj1aueto € AOCIIKEeHHS HanpsiMKIB oTpuMaHHsi CBC-nokpUTTiB, MpuTaMaHHUX
JUIsl BATOTOBJICHHS IITAMIIOBOTO IHCTPYMEHTA 1 1HIIIOT'O YCTaTKYBaHHS.

OpHuM 3 BUJIB KIHLIEBHX MPOIYKTIB BUCOKOTEMIIEPATYPHOTO CHUHTE3Y, 110 CaMOMOLINPIO-
etbes, (CBC) € mokputTs pi3HOT TOBIIMHU. [Ipoliec HaHECEHHS MOKPUTTIB KPUETHCS B HACTYITHOMY.
Ha nigrorosneHy moBepXHIO MiJKJIAIKA HAHOCUTHCS peakiiiiHa CyMilll HEOOX1HOTO CKJaay, Mij-
JlaHa YIIUTBHEHHIO 32 JJONOMOTOI0 IpecyBaHHs Mpokatku [5]. Ilicis 1poro 3aiiiCHIOIOThCS i Inato-
BaHHA CyMillll i yTBOPEHHsI B POIIEC CUHTE3Y MOKPUTTS Ha MiakiIaAui. B 3anexHocti B QyHKIIO-
HAJIbHOT'O IPU3HAYEHHS MOKPUTTS Ha/1ajdi, a00 YIIUIbHIOETHCS, a00 3aIMIIA€THCS Y BUX1THOMY CTaHI.
B ocraHHROMY BUMAJIKy TIOKPHUTTS 3aJIMINAETHCS TIOPUCTUM 1 3HAXOAUTH 3aCTOCYBAHHSA y By3JIaX Te-
PTsl, 1110 3Ma3YIOThCS. Y MOPH MOMAJA€ 3MAIIECHHS 1 B Mipy 3HOCY 1 301IbIIICHHS KOHTAaKTHUX Harpyra
TEpTs 3MaIllEHHS IHTCHCUBHIIIE BUJABIIOETHCS 3 TP MOJETIIYIOUN POOOTY By3Jia TEPTS.

Pi3HOBHI0M OJIeprKaHHS IOKPUTTSI METOZ0M BUCOKOTEMITEPATYPHOI'O CUHTE3Y, 1110 CAMOTIOIINPIO-
eThes, € BiatenTpoe CBC-muttst i MeTos TeruioBoro camosanantoBans [2]. Bimuenrpose CBC-nutrs 3a-
CTOCOBYETBCS JIJIs IUTAKyBaHHS BHY TPIIIHIX HMTIHAPUYHUX IOBEPXOHb 1 BUPOOHHILITBA OIMETATIYHUX TPYO.
SIKiCTh 1 HOPUCTICTH MOKPUTTIB Y LIbOMY BUIAJKy T'OJIOBHUM YMHOM 3aJI€KUTh Bl IIBUAKOCTI OOEpTaHHS
IUIAKOBAHOI 3arOTOBKH HACTYITHE UM YILUIBHEHHS I0MPECOBKA TOKPUTTIB HE MOTPiOHI.

HaneceHHs 3MIIHIOIOUMX 3aXMCHUX MOKPUTTIB METOJIOM TEIJIOBOTO CaMO3aIalioBaHHS I0-
JSIra€ B CHOJIYYEHHI XIMIYHUX TPAHCIIOPTHUX PeakKliid 3 caM03aliMHCTHUM MIPOLIECOM CHHTe3y. Peak-
[iffHa CyMIIl pO3irpiBaeThCs 10 TeMIepaTypH 3anajieHHs. [lpu iboMy BigOyBa€eThCs B3aEMOISI MiXK
KOMITOHEHTAMH CYMIIIIi 3 TiABUIIEHHSM TeMIIEpaTypH Y peakTopi. Y TBOPIOOYi ra30mo 1i0Hi rajgore-
HUJIM TIEPEMIIIYIOThCS JI0 TOBEPXHI BUPOOIB 1 B pe3ysIbTaTi OOMiHY i AUCIPONOPIIOHYBaHHS (GopMy-
10Th 0010keHu#t map [4]. Jani npu nporpiBi i i30TepMidHii BUTPUMII I IKIaJKH 1 peakTopa aKTH-
BHI aTOMH KOMITIOHEHTIB PEaKI[IHHOI CyMIIlll TOYNHAIOTh AUPYHIYBATH B MIAKIAIKY. TOBITMHA 3Mi-
I[HEHOT'0 IIapy B LIbOMY BUIMAJIKYy 3aJIEXKHTh BiJl TEMIIEpATypH 1 4acy BUTPUMKH 1 3BUYAHO CKJIagae
10-85 mkM. [TopucTicTh MOKPUTTIB BiAIOBIAa€ TOPUCTOCTI 3MIITHEHUX HIAPIB OTPUMAHUX METOaMH
XIMIKO-TepMI4HOT 0OpPOOKH.

Xing peakiii CBC npu ¢popMyBaHHI TOKPUTTIB 3aJI€KUTh B/l MapaMeTPiB BUXITHUX PO3PaAXY-
HKIB, TaKUX K PO3Mip YaCTOK, IMUIbHICTh IMTPECOBKH, TOBIIWHHU IIapy CKJIaTy, METOY 1HIIIFOBaHHS
TOPiHHS CyMIII.

MakpocTpyKTypa MpecoBaHOi CyMIlll XapaKTepU3yeTbCsl KOHTAKTHUM MEPETHMHOM, CyMap-
HUM 00CSITOM TIip, 3arajbHOI0, BIIKPUTOIO 1 3aKPUTOIO MOPUCTICTIO; 11l MapaMeTpy poOIIATh HAHO1IbII
ICTOTHUH BIUTMB Ha IIBUIKICTH MOIIMPEHHS XBUJII CHHTE3Y, a OTKe Ha mporiecu audy3ii mpu Gpopmy-
BaHHI CBC-niokputTs. KoHTaKTHHIA TEpeTHH 00yMOBIIOETHCS IO HOPMYIIi:

a=-" (L)

Pyp '’

ne P — THCK IpecyBaHHS;

PHB — KOHTaKTHA TBEPJICTh MaTepiary, 0OyMOBIIEHA IUIIXOM €KCTPOMOJISIIi KPUBUX IIpeCy-
BaHHSI /10 3HAYEHHS IOPUCTOCTI PIBHOT HYIIIO.

3anexHICTh KOHTAKTHOTO TIEPETHHY BiJl TApaMETPiB MOPUCTOTO TiJia Ma€ BUTIIS:
A, 1., B
=G T

+1; 2
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ae A = 20,7 m%/muB®, B =9,1 r/em?®,

Pro — IUIBHICTh KOHTAKTHOT'O MaTepiay CyMilli,

IT — mopwucTicTb.

[Ipouec yuriapHEHHS MOPOIIKOBOI CyMillIl MPOTIKA€E MOETAMHO, B TIEPIIY Yepry BiaOyBaeThCs
YKJIaJJaHHS YacTOK 31 CTaHy HACHUIIKH, MOTIM nedopmariist i gpodienns. [lopucticts, nmpu SKuii cro-
CTepiraeTbcs MakCUMalbHa MIBUIKICTh TOPIHHS U1 OUTBIIOCTI PEAKIIIHUX CyMilleii 3HAaXOAUTHCS B
Mmexax 40-50 %. 3anexHicTh Mae BU apaboIiv 3 BUPAXKEHUM MaKCUMyMOM. MiHIMaJIbHI 3HaYCHHS
HIBUJIKOCTI TOPIHHS, IPU SIKUX CUHTE3 HAaHOUIbII e(EeKTUBHUN, IPUPOJHO 3HAXOAATHCS Ha TPaHMII
30H CTIMKOro 1 XUTKOro ropinHs. [Ipm mMakcuMaiabHOMY 3Ha4eHHI1 HOpHUCTOCTI nopsaaky 70 %, mio
JIOCATAETHCS YIUIBHEHHAM 1 ITpy HacumHii minbHOCTI 20 % CBC-npoyKT BUXOUTh HaO1IbII BU-
COKO{ AKOCTI 1 AU]Y3iiHI MpoLIeCcH IPOTIKAIOTh MPH OLIbII CIPUITIUBUX YMOBAX.

[Tpu Manux 3HaUYEHHSIX MOPUCTOCTI, KOJIM YacTKa BIAKPUTOTO MPOCTOPY BEJIHKA 1 IepeBaKae
B1JIKpUTA IOPUCTICTb, 1ECOPOOBAHUN y MPOIIEC] TOPIHHS a3 MOKE BUIbHO BUXOAMUTH, HE pyHHYIOUN
CTPYKTYPH IOKPHUTTSL, 0 yTBOprIocs [5]. Lle Ao1isHO BUKOPUCTOBYBATH IIPH CTBOPEHHI IIOPUCTUX
AHTU(PPUKIIIHHUX TOKPUTTIB.

Ipu nedopmattii IHTEHCUBHO 3MEHIIYEThCSI OOCST BUIBHOTO MPOCTOPY 1 OIbILE 3aKPUTOT MOpHUC-
TOCTI. 31 3MEHIIIEHHSAM BUXIJJHOI IOPUCTOCTI 3HWKYETHCS KUIBKICTh JI6COPOOBAHOIO ra3y, 10 MOXKE BUUTH
3 MPECOBKH 3a yac pyxy xBuii cuuTe3y [4]. KinbkicTb rasy, sKuil 3aJMIIMBCS B IOpax MPECOBKU POCTE.
VY 3meHIIyBaHOMY 00CSI31 IOP BUX1HOT PECOBKH P13KO 30LIBIIY€ETHCS BHY TPILIHBOIIOPOBUIA THCK. BiH THM
OlbIIIe, YUM MEHILE MOpUCTiCTh. KoM BHYTPIIIHROIOPOBUIA TUCK MEPEBUILUTH 30BHIIIHIA BUOIp razy
3 PECOBKMY, 1110 pyHHY€EThCS OCTaHHBOIO. PeakiliiiHa Maca 1 KUIbKICTb aKTIB B3a€MO/Ii 3MEHILYEThCSL. Y pe-
3yJIbTaTi 1IOTO 3HKYETHCS KUIBKICTh TEIIA, a OTXKE 3HIKYEThCS IBHIKICTb TOPiHHSA. TOMy IIBHIKICTD
TOPIHHS MONEPEIHBO CIIPECOBAHOI CYMIll 3HHXKYEThCS IIUISIXOM 3MEHIIEHHSI KUTbKOCTI BUJILUTFOBAHOTO Te-
IUIa, 11J0 BUHMKA€E BHACIIIIOK 3MEHILEHHs pearytouoi Macu. Lle He cripusie inTeHcudikartii qudy3iiiHoi B3a-
€MO/IIT KOMIIOHEHTIB CyMIll 1 MPOAYKTY 3 minkiaakoro. Orxke, popmyBanHs CBC-okpuTTiB HalOLIbIIE
JIOLLTBHO POOMTH NP CUIIBHOMY YKJIa/IaHH] YaCTOK PeaKLiiHOI cyMmili O3 MiIMpecoBKH 3 e(opmartiero
HACTYTTHHX.

ToBmMHA 3aXMCHUX MOKPUTTIB, KI HAHOCATHCS PI3HUMHU METOJAMH 3HAXOJIUTHCS B MEXax
BiJI cOTHX YacTok 110 3—5 MM [5]. [TokputTs, ogepkyBani metogom CBC Hamami miagaroThes YIIiiab-
HEHHIO PI3HUMHU MeTojaMu jaedopMyBanHs. HeoOXimHicTh HacTynmHOI Aedopmariii 3B's13aHa 3 BUCO-
KOIO TIOPHCTICTIO TIOKPHUTTIB 1 TUM, IO TPOIIEC TOPiHHS BiJOYBAETHCS NPU TOBIIMHAX HE MEHII KPH-
TUYHOTO JiameTpa ropiHHa. OcTaHHIN 3aJIeXUTh Bl KOMIUIEKCY IapaMeTpiB CUHTE3Y: IMOYaTKOBOI
TEMIIepaTypH, CKIIaay cyMmimi i Temneparypu ropias. Y nporecax CBC-nokputTiB HeoOXi1Hi Bipo-
TiHI TaHl PO MOXKJIUBICTH TOCATHEHHS KPUTUYIHOTO JliaMmeTpa dxp IPH 3aJaHOMY KOMILIEKC] TovaT-
KOBHUX TapaMeTpiB peakiii. 3HaHHA 1X JO3BOJUTH KOPEKTHO BU3HAYUTH PO3MIpH HANOIIBII TOHKHX
MTOKPUTTIB oepkanux metoaom CBC.

BuBuYeHHS TOpIHHS PI3HUX PEAKIITHUX CUCTEM BiJ3HAYCHE 3HIKEHHSIM KPUTUYHOTO Jliame-
Tpa 31 30UIBIIIEHHSM KOHIICHTPAIIii BYTJIEII0 B cyMirli. L{e moB's3aH0 3 THM, 1110 TiABUIIIEHHS BMICTY
MIPUBOUTE JIO POCTY TEMIIEPATypH TOPiHHS, 00YMOBICHOMY BUCOKOIO €K30TEPMIUHICTIO peaKIlii Ka-
pOinoyTBOpeHHS. BBeIeHHS BYTIICIIO B CyMIlll TUTAH-aJIFOMIHIN MPU3BOAMTH J0 ITiIBUILICHHS TEMITC-
patypu ropinss Big 1625 °C ms 6inapuoi cuctemu g0 1985 °C npu [C] = 16 %. Pi3ke 3umxeHHs dxp
xapakrepue npu [C] > 14 %, 110 BiAMOBiaE MEPEX0Oay TEMIIEPATyPH TOPIHHS CYMIIIl Yepe3 TOUKY
raBieHHs tutany 1930°C.

3HWKEHHS 3HA4YEHHs Oxp MOB'SI3aHO 13 MiJBHICHHAM MMOYaTKOBOI Temmeparypu To. Pict To
CIPUYHMHSE PICT pifKoi (a3u B 30HI peakilii, 110 B CBOIO Yepry MPU3BOAMUTH 0 OUIBII iIHTEHCUBHOTO
po3TikaHHS B 30HY NporpiBy. KigbkicHe 301IbIIEHHS piAMHHO(PA3HOI CKIaJ0BOI 3 POCTOM TeMIIepa-
TYpH TOPiHHS MOB'SI3aHO 3 TPOIIECOM PO3TIKAHHS SIKUI € TEPMIYHO aKTHUBHUM.

Ha BenuunHy Oxy BIUTMBAa€ BBEACHHS B CYMIIll JIETYFOUHMX €JIEMEHTIB, IO 3MIHIOIOTh PEXKUM
po3tikanus. JleryBanus kap0Oigooopasyrounmu enemenTamu (Cr, Mo, W, Zr) He 00MeXEHO pO3UHH-
HUMH B KOMIIOHEHTaX peakLiiHOi CyMillli IPUBOIUTH J10 NMEPETPIBaHHS PO3IUIABY 1 3HUKEHHIO HOTO
munkocTi. [Iporiec po3TikaHHS iHTEHCH(]IKYETHCS, IO BIATIOBIAA€ 3HWKECHHIO KPUTHYHOTO JiaMeTpa
TOpiHHS.
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HaiiGinbIre 3MeHIeHHs Oxp U151 peakiiiHuX CyMIIIeH, 0 MICTSTh TUTAH i aJIFOMiHIl CIIOCTe-
piraeTbcs Mpu BBEJIEHHI 0 CKJIaMy MiAi. Milb yTBOPUTH 3 TUTAHOM, IFOMIHIEM 1 IHIIMX MTHOOKUX
€BTEKTHK, KOTP1 XapaKTePU3yIOThCs 3HMKEHOIO JIUIKICTIO CEPEIOBHIIA, SKE PO3TIKAETHCA.

BBeeHHs 10 CKiTay peakiiiHol CyMilili KPEMHIO CIIPUSIE MiABUIIECHHIO Uxp. Y TBOPEHHS TITH-
OOKHMX €BTEKTUK KOMIIEHCY€EThCS YTBOPEHHSIM TYTOIUIABKUX CHJIIIUAIB, IO MIJBUIIYIOTH JHUMKICTh
PO3IUIaBIB, SIKi PO3TIKAETHCA 1 MAIOTh BUCOKY TEIJIOEMHICTb.

Jlo mapameTpiB MIMXTH, 110 POOJISTH BIUIMB HA XapaKTep MOIIWPEHHs XBWJII CUHTE3Y 1 Biac-
THBOCTI KiHIIEBOTO MPOAYKTY BIJIHOCHUTBCS JUCIIEPCHICTH JIETKOIUIABKOTO KOoMIOHeHTy [2]. Haii-
OUIbLI CIPUATIMBOIO BBAXKAETHCS TaKa JUCIEPCHICTh, KOJIU PO3ILIaB JIETKOIIABKOTO MajJbHOrO 3MO-
qy€ MOBEPXHIO OCHOBHOI MacH TYTI'OIUIABKMX KOMITIOHEHTIB 1 B1I0YBa€ThCS 3MEHIIECHHS peakIiitHOl
noBepxHi. Lle npu3BoaUTH 10 YNOBUIBHEHHS IIBUJIKOCTI MOUIMPEHHS XBUJII TOPIHHSA 1 MOCHJIEHHIO
nporeciB gudysii.

Jliia 3menmenHs nopuctocti CBC-nokpuTTiB 001:KHO HEOOX1/1HO MPUKIACTH HABAHTAXKECHHS,
010 3a0e3neueHHs 1eopMyBaHHS TBEPAUX TYTOIUIABKUX MPOIYKTiB. OJHUM 3 €PEKTUBHUX LIS~
X1B 3MEHILEHHS MOPUCTOCTI MOKPUTTIB € JOAATKOBE HArpiBaHHs, L0 CIpUsi€ 30LIBIICHHIO P1JIKOi
(a3u 1 3aCTOCYBaHHIO JIETKOIUIABKHUX 100aBOK.

Jly’xe 1ikaBUM BUSIBIISE€THCS BBEACHHS T00aBOK, 110 3MIHIOE TTapaMeTpH Ipoiiecy, Oe3moce-
penHbo B Xoai cuHTe3y [1]. Bizomo, 1110 enekTpuyHi i MardiTHI MOJIsl 3HAYHO BIUIMBAIOTH HA TOPIHHS
3 ra30BUX 1 KOHJACHCOBAaHUX cucTeM. [IporyIieHHs eIeKTPUYHOro TOKY Yepe3 eK30TepMIUH1 CyMillli
MeTalliB 1 HeMeTalliB, a TAKOX BIUIUB IMITYJIbCAMH CTPYMY 1 BUCOKOYACTOTHUM €JIEKTPOMArHITHUM
I10JIEM IIPUBOJATH /10 3anajieHHs cyMminl. [1pu npomy 3amaneHHs peakliiHUX cyMiniei Bii0OyBaeTbCs
IpU iXHIM TOBIIMHI MEHIIIH KpUTHUHOTO JiameTpa. KpimM Toro, npomyueHHs iMITyJIbCiB CTPYMY CH-
HXPOHHO IIBHUJIKOCTI TOPIHHS, 1a€ MOXJIMBICTb 3[1IHCHIOBATH MPOIIEC CUHTE3Y 1 OJIepyKaHHS TOKPUT-
TiB TOBIIMHOIO MeHIIE Uxp, TOOTO MEHII 3 MM.

Sk mxepeno IMIYJbCIB CTPyMYy BHUKOpPUCTOBYBaiM yctaHoBKy E®I-5. EnekrtpoickpoBuit
BIUIMB 3/IilICHIOBAJIN BIOPYIOUHM €JIEKTPOJIOM, BUTOTOBJIEHUM 3 MiJTHOTO ciuiaBy. [Ipu ickpoBomy po-
3psizi BiZOyBa€eThCs BiIHECEHHS MaTepially eeKTPo/1a B IIMXTY. Y SIKOCTI OCTAHHBOI 3 BUKOPUCTOBY-
Banu tuTaH Mapku [ITM i rpadit 3 qucniepcHicTio MeHI 45 MkM. CyMimn TuTaHa 3 rpadiToM po3Ta-
IIOBYBaJIM Ha minknaami 3i crani 20. ToBmuHa mapy MKUXTH HE MIEPEBUIIYBaIa KPUTHYHOTO Jliame-
Tpa. Matepian enekrpoaa 1o sierye CBC-ckiany, yTBOPIOE 3 THTAHOM JIETKOIUIABKY €BTEKTUKY [3],
1 CIpusi€ MiBUIIEHHIO SKOCTI MOKPUTTS. [Ipu po3psiai BinOyBaeThCs 3amaieHHs cymimri. Ko ToB-
IIMHA Iapy MEePeBHUIy€e KpUTHUHUI aiametp A= 4 MM mipu [C] > 14 %, mporiec ropiHHS MPOTIKa€e
ctiiiko. ITpu ToBmmHax 2,5; 1,5; 1,0; 0,5 MM ropinns 3aracae Ha Bijacrasi 2,4; 2,1; 1,6; 0,8 MM Bix
IIEHTpa 1HIIIFOBaHHS.

Jis Toro, o0 mpoIiec CUHTE3Y He 3aracaB HeoOXiTHO OaraTopa3oBe iHIIIFOBaHHS, 1110 JIOCS-
TaETHCS MPHU MIEPEMIIICHH] BIOPYIOYOTro eJIEeKTPOo/1a IPH 3aCTOCYBaHHI 0araToeIeKTPOIHUX CUCTEM. Y
[IBOMY BUTIAJIKY PO3PSI MOXKIIMBHH B TIAJIal0vy, UM y BUXITHY peakiiifHy cymii, abo B rotroBuii CBC-
IPOAYKT. Y HepIIoMy BHUNAJKy BiA0OyBa€ThCs OIJIABIEHHS €JIEKTPOAa, po30pU3KyBaHHS W 1HTEHCH-
BHE TIEpEMIIIEHHs PiJKOTO METaly B po3iuiaBi. B apyromy - 3amaneHHs peakuiitHoi cymimmi. Y Tpe-
THOMY - 3MILIHEHHS, JJOJATKOBE JIETYBaHHA i yIIJIbHEHHS MOKPUTTS, 110 YTBOPHIIOCS; IPOXOKEHHS
IMITYJIbCIB €IEKTPUYHOTO CTPYMY MPU3BOIUTH 0 BUHUKHEHHS eJleKTpryHOoi 1udys3ii CBC-nponykry
B MIJKJIAJKY 1 TOCWJICHHIO peakilii cMHTe3y KOMIOHEHTIB. [1ig enekTpuuHoo mudy3iero B JaHOMY
BUTIAJIKy MA€THCS Ha yBa3i SIBUILE MIEPEPO3NOALTY KOMIIOHEHTIB PeakIiiHOI CyMIIi 1 MiAKIaJAKH IpU
MMPOXOKEHHI IMITYJIbCIB CTPYMY Uepe3 MIKPOIISHKE (PaKTUYHOTO B3a€EMHOTO KOHTAKTY. Jludy3ist
MOB'sI3aHA 3 PYyXOM aTOMIB 3 OJIHOTO By3Ja IpaT B iHIIINA. Pe3yabTaroM MiABHILEHHS TEMIEpaTypu
TBEPJIOTO Tijla € sIK 30UIbIIEHHS MBHUAKOCTEH camoaudy3ii 110 30BCiM He 3B's3aHi 31 3MIHOIO KOHIIE-
HTpalliif, TaK 1 1u(y3ii aTOMIB JIETYIOUUX €JIEMEHTIB 1 JOMIIIOK, III0 MOXKYTh 3HAXOAUTHCA B PO3ILJIaBi
peakuiiHoi cymiri.

Ha mexani3m qudy3ii y TBEpIuX Tijax iCHye JAeKuTbKa morisaiB. OCHOBHUMU 3 HUX € MIXKBY-
37I0BUH 1 MI>)KBaKaHCIOHUH MEXaHi3MH, a TaKoX AU]Y3is 0 MK IIIIXOM BUTUCHEHHS. BinmoBigHo
JI0 TIEPIIIOTO 3 HUX aToM JTUPYHIIYE, TEPEXOASIH 3 OJJHOTO MIKBY3J1a B sIke HEOY/Ib CYCITHE, HE BU-
KJIMKAIOUX MPHU [[bOMY 0€3yMUHHOTO 3CYBY aTOMiB MaTpHIli. MikBY3/10Buil MexaHi3M qudysii 1€ B
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CIUIaBax, y SIKUX PO3YMHEHI aTOMH 3BHUAHO 3aiiMarOTh MOJIOKEHHS BIIPOBA/KEHHS. B OCHOBI Baka-
HCIHHHOTO MEXaHI13My JIe)KUTh, Ta BiJoMa 00CTaBMHA, IO Y BCIX KpHUCTaiax AesKi By3JIU I'PaTH BUSB-
JSIFOThCS HE3aHHATHMH, KOTP1 HA3MBAIOTHCS BaKaHCIsIMH. SIKIIO OJIMH 13 CYCiIHIX aTOMIB 3aiiMae Ba-
KaHCi10, TO TOBOPSATH, 110 BiH AU(YHIYBaB 10 BaKaHCIHHHOMY MeXaHi3My. BakaHCiitHHMIT MexaHI13M
MepeBakae B MeTaIax 1 cIlaBax 3 KyOiqHOI TpaHEIEHTPOBAHOI 1 KyOI4HOT 00'€eMHOIIEHTPOBAHOI Irpa-
TaMH, a TAKOXK y TeKCaroHaJbHUX MeTaax, KpUcTaiax 1 OKUcIax.

MexaHni3zm audy3ii 10 MIXKBY3ULISIM HUIIXOM BUTHCHEHHS IOJIATA€ B TOMY, L0 PO3TJISTHY TUH
aTOM BHUIUTOBXYE OJIHOTO 31 CBOIX HAaHOMMKYMX CYCi/liB Y MDKBY3JIOBE 1 3aliMae Horo micue B rparax.
[lepexpydyBaHHs TpaT, 1110 PU LBOMY BiOYyBa€eThCs qyke Malil. ToMy MepeMIlIeHHs] TAaKOTO TUILY
B1J10YBA€THCS BITHOCHO JIETKO.

Ockinbku 1u(y3ist BIIOYBA€THCS UISIXOM MOCIIJOBHOTO MEPEMIIIEHHS OKPEMHUX aTOMIB, TO
Ui pyxy OyIlb-sIKOTO aToma y TBEpAOMY Tili 000B'sI3KOBe MpuAOAHHS HUM BU3HAUYEHOI eHeprii ak-
tuBamii E. Y Oyap-sSKuil JaHUH MOMEHT €HEprisi OKpEeMHUX aTOMIB MIHSETHCS B IIMPOKUX Mexkax. OaHi
aTOMH NPUXOATh B AKTUBHHUM CTaH TIIBKU B PE3yJIbTaTi BEJIMKOTO 30UIBIICHHS €Heprii, 1HIlI MEH-
1I0ro, a JAesKi B3araji He BUMAararmTh JOJATKOBOI akTUBalii. Ycsakuil ¢akrop, 1o cupuse 30171b-
LICHHIO BUXIJTHOI €Heprii aToMa, TUM CaMUM CIIpHs€ 3MEHILEHHIO Ti€T 10JaTKOBOI €Heprii, 110 HeoO-
Xi7Ha I aKTHBAIlli aToma mpu 1udys3ii.

YucaeHHl T0CHiIKEHHs BITYM3HAHUX 3aKOPJAOHHUX YUYEHUX MOKAa3yIOTh, L0 YSBICHHS, 5K
ICHYBaJIO Ha MPOTA31 JOBrOro 4acy, po METAJEBY MPOBIIHICTh, SIK MPOBIIHOCTI 3 €JIEKTPOHHOI, HE
3B'SI3aHO1 3 IEPEHOCOM MacH PEYOBHHU MPOBIIHUKA IPU MPOXOHKEHHI 10 HBOMY CTPYMY, € YSBIICH-
HSIM 110 JJOCTaTHRO BigOuBae 1ieit mporiec [1-5].

[Ipu BU3HAYEHUX TeMIlepaTypax MPOBITHUX MaTepialliB CTa€ MOXIUBUM MEPEHOC PEUOBUHHU
IIPU POXOJIXKEHH1 €JIEKTPUYHOIO CTpyMy. SIBHILE MOJIATae B CIPSMOBaHIi Mirpariii i0HiB, 10 yTBO-
PATH KICTSK KPUCTAJIYHUX IpaToK. EjexkTponepeHic peuoBUHM XapaKTepHUM 1 U1 TOCIIIKYBaHUX
KOMITOHEHTIB TUTaH-BYTJI€llb, 3aJ1130-TUTaH-BYTJIelb. biibil Bucoka MinHIicTh 3uerieHHss CBC-nok-
PUTTIB 3a TPaJULiiHOIO TeXHOJOoTi€0 1 TexHoorii CBC-cuHTe3y 3 eneKTpoiCKpoBO0 00pOOKOIO CBi-
TUUTH PO AU y3ilHI SBUILA IMITYJIBCIB, SIKi TPOTIKAIOTh MIPU MPOMYIIEHHI CTPYMY.

BaxknuBum ¢dakTopoMm, MOCHITIOIYUM mpoliec Audy3ii, € monepents aedopmariis rmiakoBa-
HOTO MeTaly migkiaanky. Lle 3B's13aH0 3 TUM, [0 HASBHICTh HAUTUIIKOBOI MOTEHIIHOI eHeprii nmpu-
BOJMUTH JI0 301JIbIIIEHHS IMOBIPHOCTI aKTHBAIIlIl aTOMIB, sIKi 3HAXOISITHCS B 00JIACTSAX 3 HEMPABHIIBHOIO
CTPYKTYPOIO, MiABUIYIOYN TUM CAMHUM IIBUIKICTH AUQY3ii, 10 3BUYaHO 3HAYHO HIBHIIIE TPOTIKAE
[0 TepeKPYUYEHUX 00IACTAX TPaHULb 3€PEeH, 110 MAIOTh BUCOKY €HEprilo, UM B 00CSA31 KPUCTAIIIB,
10 XapaKTEePHU3YIOThCS OUTBII 3pO0JIEHOI0 CTPYKTYPOIO. B 1itoMy 301bIIeHHS TIepeKpydeHb PiBHO-
CUJIbHE 301TIBIIICHHIO TEMITEPaTyPH.

Haii6inpm eeKTUBHUM METOJOM OJIepKaHHS Ne(DEeKTHOI CTPYKTYpH B MeTallaX € yIapHO-
XBHJIbOBE Harpy>keHHs ocTaHHiX. Jlisl yAapHOi XBUJIi, BUKJIIMKa€ BUHUKHEHHS Je(EKTIB TUITy BaKaH-
ciil i aucnokariii. MexaHi3M X MOSBY MOB'I3aHUH 3 BUCOKOIIBHIKICHUMH Je(OpMaLlisiMUA KOB3aHHS,
JMBIMHUKYBAHHS 1 3pyIICHHS 110 aTOMHHUX IJIOIMHAX. 3MiHa KOHIICHTpaIIii 1e(peKTiB y mpoIieci BUCO-
KOIIIBU/IKICHOTO HABAaHTAXXCHHS OMUCYIOTH CIiBBIAHOIICHHSIM.

K = Kyexp (tii), 3)

ne Ko — BuxijHa KOHIIEHTpallis AedeKTiB; t — TpuBamicTh nporecy; ti — yac penakcarfii s
JTAHOTO TIPOLIECY.

[Ipn XBUILOBOMY HaBaHTaXXEHHI1 IMOBipHIiIlIe BUHUKHECHHS ABIMHUKYBaHHS, YUM KOB3aHHS,
y penakcanii HanpyTu. J{BifHUKYBaHHS MPOXOJUTh MPH HANPYTaX MEHIIUX TEOPETHYHOI MEXI1 Mill-
HOCTI, OJTHAK JUIs IOYATKy ABIHHUKYBaHHsI. [1oganbinii po3BUTOK NpOIIeCy Hjie MPH MEHIINX HaTIpy-
rax. Yac yTBOpEHHS IBIHHMKOBOTO IMPOMIAPKY, IO € YacOM peJakcamii ABIHHUKYBaHHS, CKIIQJae
108 ¢. 36inbuIenHs MBUAKOCTI AedopMallii cpuse po3BUTKY ABiliHMKA B MeTaJax i cruiaBax 3 00'e-
MHOILIEHTPOBAHUMH KyOI4YHUMH IPAaTKaAMH.

JIBITHUKH YTBOPATHCS K TPU YAAPHHUX, TaK i P BUOYXOBHX HABAHTAKEHHSIX, MOB'SI3aHUX
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3 yAapHUMH XBWIISIMU. 3MiHA CTPYKTYPH CEPEIOBHIIA TIPH YIAPHO-XBIIILOBOMY HaBaHTa)KEHHI BiJI-
OyBaeTbcs B TPU cTafiil. Y mepuniid crafiii qegopmaliis CynpoBOPKYETbCS PO3BUTKOM JIETKOT'O KOB-
3aHHS 3 BUXOJAaMHU Ha MOBEPXHIO KPHCTala TOHKUX CIIAIB PIBHOODKHUX CITiIIB KOB3aHHS; HAIIPyTH
i€l cTanii € HanmpyraMu nepexony Mpy»kHoi Jedopmarii B miacTuuny. Jpyra crajis MOYMHAETbCS
B MOMEHT, KOJI B KOB3aHHS BKJIFOYAETHCS OUTBIIIE YHCIIO CUCTEM KOB3aHHS, ITO-PI3HOMY OpIEHTOBA-
HUX CTOCOBHO NPUKJIAJEHOI HANPYTH: B3a€MOJIs JUCIOKALIH, MOB'sI3aHa 31 3MEHILEHHIM JOBXHHU
BUIBHOTO MPOOIry JUCIIOKaLli, IPUBOAUTH 0 1HTeHCcUGiKalii 3MiHeHHs. [y TpeThoi cTanii xapak-
TepHa BUCOKA LIUIbHICTh AUCIOKALIIH, 110 HArPOMAIMIIUCS Ha JPYTil cTafii i yTBOpEeHHs e(eKTHUX
CTPYKTYP — HaHOUIBII MPUAHATHHUX JIJIS 3UCTUICHHSI HAHECEHUMH Ha HUX TMMOKPHUTTSAMH. 3pa3Ku MaTe-
piaJiiB IUBiTHCA Ha pHC. 1.

Puc. 1. 3pa3ku marepianis 3 CBC-nmokputTsaim

VY Takomy cnoco0i OCHOBHUMH (aKTOpaMu, 10 BU3HAYAIOTh SKICTh CBC-OKpUTTIB €: cTy-
MHb TUCIIEPCHOCTI OUIBII JIETKOIIJIABKOTO KOMIIOHEHTY; KOHIIGHTpAIlis JETYIOUHUX CJICMEHTIB, Kap-
01/10- 1 CHIIIIMAOYTBOPIOIOYNX; CTYIIHb MONEPEeIHbOI Aedopmallii; moyaTKoBa TeMIepaTypa 3arma-
JICHHS PEaKIHOI CyMIIli 1 CTPYKTYpa IiIKIaIKH.

B ocranHi poku HalOUIbIINI iHTEpEC BUSABISAIOTH O METOAA LIBHJKOI KpHUCTali3alii, CyTh
SIKOTO 3 TOJISITA€ B 3 0XOJIO/HKEHHI PO3IIABJICHOT0 METay 31 IIBHUKICTIO MOPSIIKY OJTHOTO MiJIbHOHA
rpaayciB 3a cekyHay. [IIBuaKo 0X0JI0MKeH1 CTUIaBH TOPIBHSHO TOMOTEHHI, OCKITBKH JIJISl YTBOPEHHS
1 pOCTy BEJIMKHX 3epeH Opakye yacy. Martepianu 3 TOMOT€HHOIO CTPYKTYPOIO MillHI 1 MatOTh BUCOKI
Temreparypu ruiaBineHHs. [lIBuaka xpucranmizaiis MOKe BUKIMKATH YTBOPEHHS METAcTaOUTBHHX
¢a3: kpuctamiyHUMH aMOp(GHUX, MEHII CTIHKUX (a3, 10 YyTBOPATHCS MPU MOBUTLHOMY OXOJIO/KEHHI.
MertacTabinbpHi a3y BOJIOMIIOTH PSAIOM HE TPUBIANILHUX BIIACTUBOCTEW. Hampukian, amoMiHieBi
CIUTaBH, IO MIBUAKO KPUCTANI3YIOThCSI, MalIOTh MUTOMY MIIHICTh, PIBHY YU MEPEBUILYIOUY MIIIHICTh
TUTAHOBHX CIUIaBiB IPH MOMIPHUX 1 BUCOKHX TeMIepaTypax. BoHM Takok Ha/3BHYatHO KOPO3iiHO-
ctitiki. [1IBUIKOOXOI0IKEH] ATFOMIHIEB] CTUTABH 37]aTHI 3aMIHUTH TUTaH y JIETAJISX KOMIIPECOPIB Ta-
30TypOIHHUX JIBUT'YHIB, YaBYH Yy FaJIbMOBHX JIUCKaX aBTOMOOUIBHUX KOJIIC, YaBYHHI KOPITyCH OyKc
3aII3HUYHUX 3arOHIB 1 T. 1.

IcHYIOTh HAaCTYITHI METO/IM OZIEPKAHHS IIBHIKOOXOJIO/DKEHHX cIulaBiB. HalnmpocTinmii 3 HUX —
HaJITBEP/IC 3arapTyBaHHs, TIPH SKii Kparuli pO3IUIaBICHOTO METATy BUKAAAIOTHCS Ha OXOJIOMHY TIOBEp-
XHIO. [HIMIA MeTox - po3nuiIeHHs: JpiOHOPO3MMIIEH] Kparuli MPOXOJIOMKYIOThCS aTMOC(HEpOr0 BUHST-
KOBO XOJIOJJHOTO 1HepTHOrO razy. dipma Prant and Whitney po3poOuiia ycraTKkyBaHHS , B SIKOMY TOHKHIA
CTPYMiHb pO3IUIaBY MaJa€ Ha MIBUAKOOOEPTaIOUMiA AUCK, 110 po30MBaE ii Ha Kparull, 1 BUKUJIAE X Y XO-
noHy atMocdepy. 3a JOMOMOTOO ITLbOT0 METOAY OACPKYIOTh APIOHOAUCTIEPCHI MTOPOIIKH ITBUIKOOXO-
JIO/IKEHOTO CIUIaBY, 110 MOTIM 3alPECOBYIOTHCS LIUIIXOM rapsiaoro npecysanss. General Company 00'-
€JTHaIA TIABJICHHSI, TPECyBaHHS 1 POpMyBaHHS B €TUHHIA MTPOIIEC, Y IKOMY 3a JOMOMOTOO TUIA3MOBOTO
(haxemna MIBUIKOOXOJIOMKEHUH CIIJIaB BUKOPUCTOBYETHCS SIK TOHKE MOKPUTTS jeTaneil. OXonomkeHuit
CIUTaB J0Ope MPOTUCTOITh TEPMIuHIM cTomiieHocTi [3].

B onHOoMYy 3 HallO1IbII YHIBEpPCATBHUX METO/IIB HIBHIKOTO OXOJIOJKEHHS! BAKOPHCTOBYIOTHCS
Jla3epu 3 BUCOKOIO IIUIBHICTIO eHeprii. LI mapu 3arapToByIOTHCS IUIIXOM KOHTAKTY 3 XOJIOJAHHM
MaTepianoMm, 110 3HAXOAUTHCS i HUM. 3a JOIIOMOTO0I0 I[bOT'0 METOLY JOCSATaI0Th IIBUAKOCTI 0XO0JIO-
JOKEHHS OUTBII IECATH MUTBHOHIB rpaayciB 3a cekyHy. OCHOBHI IIEpeBaru METOy B TOMY, IIIO MiK-
POCTPYKTypa MOBEpXHI MeTally MOke OyTH 3MiHeHa 0e3 BIUTMBY Ha 00'eMHY YacTHHY. MoKHa ozep-
JKyBaTH 1 OUTBII TOBCTI IIapH MIBHUAKO3arapTOBAHOTO METAJTy, BUPOIIYIOUH X IIIAXOM 0€3yITHHHOTO
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HAHECEHHS Ha MOBEPXHIO JIETOBAHOTO MOPOIIKY 3 OJHOYACHUM BIUIMBOM Ha HBOTO JIazepoM. MaHi-
MYJIIOIOYH JIa3€pHUM IIPOMEHEM, MOXKHA OJIeP>KYBaTH IOCUTh CKJIaJH1 KOH(Iryparii.

3po0iena cripoba 3aiCHEHHS TMHAMIYHOT'O 3arapTyBaHHS I OJICpyKaHHS [IIBUIKO3aTrapTOBaHOTO
npoOy. Criocid JUHAMIYHOTO 3arapTyBaHHsI IOJISTae y MIBUAKOMY TIEPEXO/Ii BiJl PO3rOHY JI0 rajbMyBaHHS
3 BUKOPHUCTAHHSIM OXOJIODKYIOYOTO CEpeIOBHIIA [Tl yTBOPEHHS METaCTaOLTRHUX (pa3.

ITporiec MoskHa 311HCHUTH 3a cXeMOIO (puUc. 2). Y MOPOKHUHI, YTBOPEHIH Y BHCOKOMILIHOMY
CIUIaBl, pO3TAIIOBYETHCSI BUOYXOBa peuoBrHa 1 1 Ti10, 10 MeTaeThes, 2. [Ipu Bubyxy 3apsaay 1 cepe-
JIOBHUIIIE, 110 METAETHCS, 2 PO3TAHAETHCSA 1 IPU 31ITKHEHHI 3 0X0JIOJKYBaHOIO MTOBEpXHEI0 3 BinOyBa-
FOTHCS TIPOLIECH, XapaKTEPHI1 AJIs IIBUIKOI KpUCTai3aii.

Puc. 2. Cxema MeTaHHs pU WIBUAKINA KpUCTai3amii

MaxkcuMaabHHUM TUCK, SKUI BUHUKAE IIPU 31TKHEHH] CEPEJOBUILA, 1110 METAETHCS, 3 TBEPAOIO
MIOBEPXHEI0, MOKHA OLIIHUTH 32 (HOPMYJIOH0.

P = poCoV(1+kV/Co), 4

7€ po — IIIJIBHICTh CepeIOBUINA 1110 METAETHCS, 1 IBUJIKICTh 3BYKY B Hill, V — IIBUAKICTH Yac-
TOK CepPEIOBHUIIIA, [II0 METAETHCS; K — MOCTIHHA, 10 XapaKTepu3ye 301IbIICHHS IBUAKOCTI XBUIII TIPH
yAapHOMY CTHCKY. THCK, HEOOX1THHIA 111 YTBOPEHHS MeTacTabuIbHOT (ha3u, BIIMOBIAAE COTHIM Ki-
706ap 1 HOro MOKJIMBO JOCSATTH MPU IIBUIKOCTSIX CMIBYJApSIHHS, 1110 IEPEBUILYIOTh Y AEKUIbKa pa3iB
IIBUJIKICTB 3BYKY B MOBITPi. J{OCATTH IIbOT0O MOXHA PY BUKOPUCTAHHI IMITYyJIbCHUX JKEpEI eHeprii.
3aaya Mpo METaHHs T1J1 MPOyKTaMH BHOYXY B CIIPOIIEHIHM MOCTaHOBIII BUpilIeHa B poboTax. [1IBu-
JIKICTB TiJ1a, 10 METAETHCS CKIIAJIE:

_ 3r 0,5
Vi= D[(k2—1)(3+r)] ’ )

ne K — mokasHuK npoayKTiB BUOyXy; D — IIBHIKICTh I€TOHAILT;

_ PoP1
r= 8081 (6)

po, p1 — TYCTUHU BUOYXOBOT pE€YOBHHH 1 Tij1a, IO METAETHCS; 00 01 — MPOTKHOCTI BUOYXOBOL
PEUOBHHH 1 TiJIa, 10 METAETHCS. Y 3aJI€KHOCTI BiJl BUIY BUOYXOBOT PEUOBHHH 1 CITIBBIIHOILIEHHS Mac
BHOYXOBOT PEUOBMHH i Tifa, IO METaeThCsA, MBUAKICTH V1 gocsrae 2500 mc™.,

[IBUAKICTH claay TeMIlepaTypu MpH 3ITKHEHHI Tija, II0 METAEThCS, 3 MOBEPXHEIO 1HIIOTO
MaTepiajly OpHU MIBUAKOCTAX 3THKaHHS nopaaky 1000 mc™ B inTeppani temnepatyp 700-350 °C cxia-
nae 10 3,5.10° rpan/c. ITpu Takux rpaficHTax TeMIEpaTyp BiOYBacThCs OJep/KaHHS aMOPQHUX Ma-
TepiajiB 3 po3miaBiB. Taki mapaMeTpH 31TKHEHHs XapaKTepH1 AJs MPOIECiB 3BaplOBaHHS BUOYXOM
1 psLIL OCITITHUKIB, 1110 BUBYAIOTH CTPYKTYPH 30HU 3'€JTHAHHS 3BApEHUX BUOYXOM 3aroTiBOK, 3HAMIIUIN
B 3BapEHOMY IIIB1 BKJIFOUEHHS aMOp(dHOTo MeTany. SIK BUIHO, yTBOPEHHS aMOP(HUX CTPYKTYp Bij-
OyBa€eThCS 3 PO3IUIABICHOTO MeTanmy. T. 4. 3iTKHEHHS Tija, IO METAEThCS, 3 IMiIKJIAIKOK MTOBUHHE
MIPUBOJUTH JI0 PO3IUIABIIOBAHHS 30HM KOHTAaKTY, MijgaHoro oopooii marepiany. [in BrummBom ne-
SAKHX PEKHUMIB 3BapIOBaHHS BUOYXOM Yy 30HaX MPUTUCHYTHUX J0 3BAPEHOTO I11BA, YTBOPIOIOTHCS JIUTI
BKIOYeHHS. OCTaHHI 3HWXKYIOTh SIKICTh 1 MIIHICTh 3BapeHOTO 3'€THaHHS 1 BKpail He OaxxaHi. [[is
YTBOPEHHS 1Iapy 3 aMOpP(QHOro MaTepiaiy, Y1 MaTepialy, SKAi BOJIOAIE BEJIUKOIO KUTBKICTIO aMOpd-
HUX CKJIQJIOBHX, PEKUMHU 3ITKHEHHS MOBUHHI 3a0€3MEUNTH PO3IUIABICHHS MPUKOHTAKTHHUX IIIapiB
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1 BUCOKY HIBHJIKICTh OXOJOKeHHs. KiTbKiCTh JIUTUX BKIIIOYEHD B Mipy 301IbIIEHHS MIBUAKOCTI JI€-
ToHaii /I, a oTxe 1 MBUIKOCTI B Miclll KOHTAaKTy. CTpYKTypa 30HHU 3iTKHEHHsI TIOBUHHA OyTH XBHJIE-
nonioHot0. [IpH 3iTKHEHHI 0€3 XBUIICYTBOPEHHS JINTI BKIIOUEHHS HE YTBOPATHCS. TOMYy TpaHUYHE
3HA4YeHHs IBUKOCTI 1 MICIIi KOHTaKTy IIOBUHHE JIEKaTH B MEKaX 30HU XBUJICYTBOpEHHs. Bennunna
3BapIOBAILHOTO 3a30py h 1 mapamerp 3BaproBaHHS I TOBHHHI BiIITOBIAATH MaKCUMaJIbHIN MIBUIKOCTI
31TKHEHHS. SIK paBUII0, IPU TAKUX PEKUMaxX 3BapIOBAHHs HE BiI0YBA€ThCs, a yTBOPIOEThCS aMOpd-
HUH 11ap, 10 BOJIOJII€ PAIOM YHIKaIbHHUX BIACTUBOCTEH. Y Takuii crociO Ha CTUKY MPOLIECIB 3Bapro-
BaHHS BUOYXOM 1 BUOYXOBHUM 3MIILIHEHHAM IS Psily MaTepiajiiB MOKJIMBUN MPOLEC MIBUAKOI KpUC-
tanizauii. | ue nporec, BIporiaHo, 1a€ MOKIUBICTb OJ€p>KaHHSI MOHOMETAJIIB 3 [IOBEPXHEBOIO CTPY-
KTYpOIO 1 BIACTUBOCTAMHU XapaKTEpHUMH JJisi OiMeTaliB.

VY mporecax BHCOKOTEMIIEPATYPHOTO CHHTE3Y, IO CaMOMOIIUPIOETHCS, MUTaHHS (ikcarlii
MIPOMDKHUX MPOAYKTIB MPH MPOTiKaHHI OararoctaaiiHux peakuii y xsuiai CBC BupintyeTbes npu
MIBUAKOCTAX oXonomkeHHs 10°-10° k/c GNU3bKMX 10 MIBHAKOCTEH MIBHAKICHOTO 3arapTyBaHHS.
VY nux ymoBax BiZIOYBa€eThCs OJIEpKaHHSA METACTaOLIbHUX CTPYKTYp 1 CTaHIB pEUOBUHH 3 OCOOIMBUMHU
BiacTUBOCTSIMU. HeoOX11Hy NIBUIKICTh OXOJIOKEHHS MOKHA 3a0€3M1€YUTH ITPU BUKOPUCTaHH1 BUCOKO-
LIBUAKICHOTO CTPYMEHS BOJIH, CIIPSIMOBAHOI NEPIEHIUKYIIAPHO (DPOHTY XBHJIl CUHTE3Y.

BHUCHOBKU

VY X011 AoCiKEHHST BCTAHOBJICHO, IO HAMOLIBIIT ONTUMAJIBHOIO CXEMOIO PYWHYBAaHHS TBEP-
JIUX CIUTAaBIB JJIs BATOTOBJICHHS IITAMIIOBOTO 1HCTPYMEHTY (30KpeMa MaTpHllb, ITyaHCOHIB Ta 1HIITUX
€JIEMEHTIB) € BUKOPUCTAHHS CUHXPOHI30BAHUX 3apsJliB y JBOCTOPOHHBOMY BapiaHTI, IO JO3BOJISE
MiJBUIIATH €EKTUBHICTH Mepeiadi JEeTOHAIllT Ta MOKPAIIUTH BIACTUBOCTI KiHIIEBOTO MPOAyKTy. [la-
pameTpu BUX1IHOT peakiiHOi CyMmillll, TaKi SIK IOPUCTICTh, PO3MIpP YaCTOK, KOHIIEHTpAIIis JIETyIOUnX
€JIEMEHTIB, a TAKOX 30BHILIHI YMHHUKU (TeMIepaTypa, eJeKTPUYHI Ta MAarHiTHI MOJIs, 1IMITyJIbCH
CTpyMY), MalOTh BUPIIIAJIbHUI BIUIUB HA MIBUKICTh TOPIHHS, (DOPMYBaHHS CTPYKTYpH Ta PIBEHb I10-
puctocti CBC-OKpUTTIB, 10 KPUTHYHO BAXKIMBO JJIs 320€3MEUECHHS BUCOKOT 3HOCOCTIUKOCTI Ta Mi-
IHOCTi pOOOYUX IMMOBEPXOHB MITAMIIOBOTO IHCTPYMEHTY.

Jl51s oCSITHEHHST BUCOKOT SIKOCT1 OKPUTTIB, 3aTHUX €(DeKTHUBHO MpaIfoBaTH B yMOBax 3Ha-
YHUX KOHTAKTHUX HABAHTaXCHb 1 TEPTs, HEOOX1THO 3aCTOCOBYBATH JIOJIATKOBE YIIILHEHHS, BUKO-
pHCTOBYBATH JIETKOIUIaBKi J00aBKK ab0 peatizoByBaT Oararopa3oBe iHIIliFOBaHHS CHHTE3Y. Bakin-
BUM HaNpPsSMOM € TaKOXX BUKOPUCTAHHS METO/IB IIBUJKOI KPHCTaTi3alii, 0 J03BOJIIIOTH OTPUMY-
BaTHU MeTacTaOLIbHI Ta aMOPGHI CTPYKTYPH 3 MiABUIIICHOIO TBEPAICTIO, )KAPOCTIUKICTIO W CTIMKICTIO
70 abpa3uBHOTO 3HOCY, IO PO3MIMPIOE MOXKIMBOCTI iX 3aCTOCYBaHHS Y BUPOOHHMIITBI MaTpHIlb Ta
IHIIMX MITaMITyIOYHX €JIEMEHTIB.

Kpim Toro, yiapHo-XBHIbOBE HABAaHTAXKEHHS €()EKTUBHO CTBOPIOE NEPEKTHY CTPYKTYpY Mij-
KJIQJIKH, 1110 CTUMYJTFOE TU(y31iHI mpoIiecy Ta 3a0e3nevye BUCOKY MIITHICTh 3YSTUICHHS MiJK TTIOKPHUT-
TSIM 1 OCHOBHHM MaTepiaJioM, 1110 € KJIF0YOBUM (PaKTOPOM JIJIs MiBUIIEHHS JOBTOBIYHOCTI Ta Mparie-
3/IaTHOCTI IITAMIIOBOTO 1HCTPYMEHTY B YMOBaxX 0aratopa3oBHX IIUKJIiB HAaBaHTaKEHHSI.
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Kulynych V. Ensuring wear resistance of a stamp tool using self-propagating high-temperature synthesis processes.

The article considers the current issues of implementing innovative technologies for applying protective and strengthen-
ing coatings on the surface of a stamping tool using the method of self-propagating high-temperature synthesis (SHS). The authors
analyze the problems of resource conservation in industry associated with the use of expensive alloyed alloys and propose an
alternative approach - the formation of coatings with specified properties, which allows reducing the cost of production without
losing operational characteristics. The study separately considers the influence of such parameters as porosity, dispersion of com-
ponents, concentration of alloying additives, burning rate, as well as the influence of external factors (temperature, electric and
magnetic fields, pulsed currents) on the quality and structure of coatings. Considerable attention is paid to rapid crystallization
methods, which allow obtaining metastable and amorphous materials with unique properties, in particular increased corrosion
resistance and specific strength. The role of shock wave loading as a method of creating a defective substrate structure that stimu-
lates diffusion processes and enhances adhesion between the base material and the coating is analyzed. The main goal of the work
is to develop and justify the technological parameters of the SHS process to obtain protective coatings with specified physical and
mechanical properties while minimizing the use of expensive components. The results obtained may be useful for the implementa-
tion of effective resource-saving technologies in the manufacture of stamping tools, as well as for further research in the field of
materials science.
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AHAJII3 IPUYHUH 3HOCY POBOYUX BTYJIOK IIPU IPECYBAHHI TPYB
3 MIITHUX CIIJIABIB

AHnaniz nimepamypHux 0aHux noxKasas, wio NPecosull IHCMpYyMeHm, y momy 4ucii poboui 6mynKu KoHmetinepis,
3a3HarOMs IHMEHCUBHO20 3HOULYBAHHA. Bmynka npayioe npu 6UCOKUX MuUCKax, YUKIuHUX 3HAKO3ZMIHHUX HABAHMAIICEH-
HAX, IHMEHCUBHOMY MePMi, GUCOKUX MEeMNepamypax i pi3Kux memMnepamypHux sMIiHax, wo 3yMOGII0I0Mb 3HAYHY Hepi6-
HOMIpHICMb MEeMNEePamypHux nouis. ¥ yukii npecy8ants okpemi OLIsIHKU IHCIMPYMEHMY HA2piearomscsi 00 memnepamyp,
onuzbkux 00 memnepamypu snumra (970 £ 20 °C), a nomim oxonoocyromucsi. OCHOBHUMU NPUYUHAMU 8UXOOY IX 3 1Ay
€ 3HOWLYBAHHA CIUPAHHAM, YIMGOPEHHS CIMKU pO32apHUx mpiwun i oepopmyeants pob6ouoi noeepxui emyaKu, Haau-
nauHa memarny, wjo oepopmyemoca. Bemanoeneno, wo éenuyuna 3Hocy 3pocmae 8 Mipy pobomu iHcmpymenmy i Xapax-
MepuU3yEMbCA MPbOMAa Nepiooamu. wWeuoKull- Ha nouwamxy excnayamayii (0o 10...15 % cmitikocmi), nogineHuil - Ha ce-
peoHiti cmaodii (65...70 % cmiiikocmi) ma npuckopenuil - Ha 3aKuo4Hil cmadii ekcnayamayii 00 6uxo0y iHcmpymeHmy 3
nady. Haeedeni pezynomamu mMemanocpapiuuux 00CiiodceHb nouiapo8o20 HANIAGNeHH s, 8ePXHIl wap K020 CKAA0d-
€MbCA 3 Mapmencumy, mpocmumy i kap6iois, wo 8i0nosioac UCOKOMY RUMOMOMY HABAHMANCEHHIO, NPOABIAE i3uKo-
XIMIYHY RACUBHICMb NO BIOHOUWIEHHIO 00 MeMay KUl 0OpoOIOEMbCA, NPOMIMHCHULL AP — MPOCMUIN 8 30HI MEPMIUHO20
8n1UBY, 3abe3neyye ao2e3iuHUll 36 30K MidC ePXHIM i HUNCHIM WAPAMU HANAABIEHO20 MEeMANy, HUMCHIlL wap CKaaoa-
€muvcs 3 copbimy ma 3abesneuye CyMiCHICMb 3 MEMAIoM OCHO8U 6myaKu. 3abesneyuyiouu HeoOXiOHI eracmugocmi ma
MOBWUHY WAPY 8 3ANeHCHOCI 8I0 11020 PYHKYIOHATLHO20 NPUSHAYEHHS MOXCHA eheKmusHiue 8apiloeamu 81acmueoc-
MAMY HANJAGIEHHA 8 YIIOMY. 3a3HaueHo, wjo npu KOHCMPYIO8aHHi 6a2amowaposozo NOKpumms HeoObXioHo 8paxoey-
samu 0coOIUSOCMI NPOYeCy NPecysanHs, wjo SUSHAYAE XapaKmep 3HOCY THCMPYMEHMY ma pYUHYSaHHs NOKPUMMA HA
11020 koHmaxmuux Oinankax. Copmynbosani OCHOGHI 8UMO2U 00 HANIABIEHO20 MEMANY O NPECcO8020 IHCHMPYMEHNTY
eapsiuoi degpopmayii.

Knrouoei cnosa: npecosuil incmpymenm, Hania8ReHHs, 3SHAKOSMIHHI HABAHMANCEHHS, 3HOC IHCMPYMEHmY .

[Tporec mpecyBaHHsI € OCHOBHOIO 3aroTiBEIBHOIO OMEpAIli€ro i 4yac BUpOOHUITBA TPYO 13
KOJIbOPOBHX MaTepiamiB Ta criaBiB. [IpecoBuii iHCTPYMEHT, y TOMY YHCIIi poOOUil BTYJIKH KOHTEHHE-
piB, 3a3HAIOTH IHTEHCHBHOTO 3HOLTYBAaHHS. 32 YMOBAMHU €KCIUTyaTallii iHCTPYMEHTY BTYJIKH KOHTEH-
HEpIB BITHOCITHCS 10 BaKKO HABAHTAXEHOT'O IHCTPYMEHTY, TOMY II0 MalOTh Oe3Mmocepe/iHiii KOHTAKT
3 METaJIOM, IO MPeCyeThes. BTynka mpairoe npu Bucokux Tuckax (1o 1000 MIla), nukimiyHuX 3Ha-
KO3MIHHMX HaBaHTAXXEHHSX, IHTEHCUBHOMY TEpPTi, BUCOKHX TeMIiepaTypax (MOcCTiiiHa Temmeparypa
BTyaKH 300-350 °C, kopoTkodacHa Temreparypa 600—700 °C) i pi3Kux TemrepaTrypHUX 3MiHaX, 10
3YMOBITIOIOTh 3HaYHY HEPIBHOMIPHICTh TEMIIEPATYPHHUX MOJIB. Y MUK MPECYBaHHS OKPEMI JIIJITHKH
IHCTPYMEHTY HarpiBaroThCs A0 TEMIIEPATyp, ONMM3bKHX 10 TemnepaTtypu 3nuTka (970 + 20 °C), a mo-
TIM OXOJIOKYIOThCsA [ 1-6].

HemonikoM TEXHOIOTIYHOTO MPOIIECy MPECYBaHHS € HU3bKA CTIHKICTh POOOYMX BTYJIOK MPHU
MpecyBaHHI TPYOHHUX 3aroTOBOK Ha TOPU30HTAJIBLHOMY TipPaBIIYHOMY TIPECi, 1110 MPU3BOIUTH 10 Ii-
JBUIIICHUX BUTPAT METAITy, 110 W7 Ha BUTOTOBJICHHS BTYJIOK 1, SIK HACJIJIOK, JO ITiIBUIIEHHS CO0i-
BapToCTi mpoAyKIlii (puc. 1). Takum drHOM, 301TBIIEHHS CTIMKOCTI pOOOYNX BTYJIOK y TPOIIEC] TIpe-
CyBaHHS TPYO € aKTyaJbHUM 3aBJaHHSM.

Puc. 1. Etan 3aBaHTa)keHHS 3arOTOBKH JI0 TIpecy (a), 3aroToBku TpyO (0)



ISSN 2076-2151. Obpobka _mamepianie muckom. Materials Working by Pressure.  2024. AMe 1(53) 219

Mertoro naHoi poOOTH € BUSBICHHS IPUYNH BUXOAY 3 JIaJy pOOOYHNX BTYJIOK P MPECyBaHH1
TpyOHHMX 3arOTOBOK Ha TiApaBIidyHUX Mpecax.

AHaui3 excruryaTarii poOoYnx BTYJIOK KOHTEHHEPIB TOPU30HTAIBHUX TiAPABIIYHUX TPECIB
M10Ka3aB, 1110 OCHOBHUMM NPUYMHAMH BUXO/Y iX 3 JIay €: 3HOIIYBaHHS CTUPAHHSAM, YTBOPEHHS CITKU
po3rapHUX TPIMIKH i AehopMyBaHHS pOOOYOi MMOBEPXHI BTYJIKH, HATUIIAHHS METaIy, 0 aAedopmy-
€Tbes (pHC. 2).

R
nt * s
a7 2 b

o= 2 T\'

a B T

Puc. 2. 3oBHINTHIN BUTIISIT TOBEPXHI 3HOIICHOI ITPEC-BTYJIKH (a), OKAJIMHA HA TTOBEPXHI (0) Ta
micis 11 BuaaneHHs (B), po3rapHa TpimuHa (T)

3HOC BTYJIOK, BUKJIMKaHUN TePTAM, HAHOUIBIIIOI0 MipOIO IPOSIBIISETHCS IPU MPECYBaHH1 y I0O-
PU3OHTANIBHUX Mpecax. BTylka iIHTEHCHBHO 3HONIYETHCS HA KOHYC YXHJIOM J0 BUXIJHOTO KIHIS, A€
JIIOTh HAaWOIIBINI TUCKU Ta CHIIM TepTs. BuMmiproBaHHS BUPOOJIEHHS BTYJIKM HAa TOPU30HTATBHOMY
npeci 3ycuuisivm 31 MH npu npecyBaHHI MiTHEX CIIJIaBIB TTOKA3aJId, 1[0 MAKCUMAaJIbHE 3HOIITY BaHHS
1o JiaMeTpy y IbOMY BUIQJKy CTaHOBUTH 10 3,0 MM. Ye Ha moyaTKy eKCIulyaTalii BHYTPIIIHS
TTOBEPXHS BTYJIKU CTa€ XBUIBICTOIO (pHC. 2, B). 31 30LIBIIIEHHSIM YHCIIa PECyBaHb BEJTMYMHA TPeOCHIB
Ta 3amaJuH 30UIbIITY€EThCS, TPeOeH] MOCTYMOBO 3CYBAIOTHCA 0 BUXITHOTO KiHIS mpec-BTYNKH. [o-
TiM, KOJIM 3MIIIHECHUI METaJl 3 BUX1THOTO KiHIIS BTYJIKH 3aTIKAa€ B 00JIaCTh CIIOTYUYCHHS MIXK BTYJIKOIO
1 MaTpuIIeyTpUMYBadeM, TOYMHAETHCS IHTEHCUBHUI MPOIIEC IUIMHHOCTI MeTaly BTYJKU. Llum mosc-
HIOETHCS CYTTEBE 30UTBIIEHHS JJiaMeTpa BUXiTHOTO KiHI BTy kK. Ha Bigcrani 40—50 MM Bijx BHXif-
HOTO TOPLIS BTYJIKH Ma€ MicIie BUPOOJIEHHS 10 KOy poO0ou0i moBepXHi (MOrIuOIeHHs ) IUPUHOIO J10
20 mmM. Yac B3aeMOJIii po3irpiTOro MiJIHO-HIKEJIEBOTO CIUIABY 3 POOOUYOI0 MMOBEPXHEIO THCTPYMEHTY
TpuBae 10 1 XB. 3 HACTYITHUM OXOJIOJDKEHHSM BOJI010 MpoTsrom 40—45 cek. Y mporieci ekcruryaTarii
po0odi MOBEPXHI IHCTPYMEHTY MiIAI0ThCS Oararopa3oBoMy HarpiBaHHIO Ta OXOJIOHKCHHIO, 3HOIIIY-
BaHHA iX B I[bOMY BUIJKy BiI0yBaeThcs mBuAe. CTIMKICTh BTYJIKH Ha X Npecax cTaHOBUTH S00—
550 mpecyBaHb Ut MiTHUX CIUIaBiB. B pe3ynbraTi 3HaUHUX TeMIEpaTypPHO-CUIIOBUX BIUIUBIB y TO-
BEPXHEBUX IIapax IHCTPYMEHTA BiOYBAIOThCS CTPYKTYPHI 3MiHH, IO MPU3BOJATH O HEPIBHOMIp-
HOTO PO3IOJILTY TBEPAOCTI B HOTO mepepisi 1 10 3MEHIIEHHS ONIOPY KPUXKOMY pyHHYBaHHIO METAIy.

HacnigkoM Takux yMOB € yTBOPEHHS pO3TapHUX TPILIUH, 10 PO3TAILIOBYIOThCS, K IIPABUJIO,
MEPIICHANKYIISPHO JTii MAKCUMAJIBHUX HAIPYT. 31 3pOCTaHHIM TEMIIEPAaTypH Ta YHCIIa IUKIIIB poOOTH
PO3MipH TPIIIMH 30UIBLIYIOTECS, IPU LOMY 3arajbHa JOBXKHHA iX Takox 3pocrae. [IpoHMKHEHHs
TPIMIMH y TTIMOWHY 3yIHHSETHCS 32 TIEBHOT KUTBKOCTI ITUKITIB, XapaKTEPHOTO KOXKHOMY KOHKPETHOMY
MaTtepiany. Lle nosCHIOETbCS PI3HUMH TEXHOJIOTIYHUMU 1 MEXaHIYUHUMHU BJIACTUBOCTSIMU CTallel, 110
BHU3HAYAIOTHCS TOJIOBHUM YHHOM, iX ckiagom [7—10].
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Ha xinpKkox 3pa3kax Oyso BUSBIEHO TpiliuHU. OJUH 3 TaKUX 3pa3KiB, BUTOTOBJIEHUH 13 cTal
38XH3IM®DA, namnasnenuii ctammo 20X4B10H4®, OyB mignanuii MetanorpadiyHuM TOCIiIHKEH-
HSIM y 30HI HaIUIaBJIEHOTO METAJIy, 30HU TEPMIYHOIO BIJIMBY T4 OCHOBHOT'O METAIYy.

30BHIIIHIM OIJIS110M, MiCTs TPABIEHHS, B MAKPOCTPYKTYpl METaJly TOPLIEBOI TOBEPXHI 3pa3ka
BUSIBJICHO MOPYIIEHHS CYLIILHOCTI METATY TOBXKHHOIO 3,1 MM, 1110 IOLIMPIOETHCS 3 IOBEPXHI 3pa3Ka
Ta Bpaka€ BCIO TOBUIMHY HAIUIABIEHOIO IIApy 1 MPAKTUYHO BCIO 30HY TEPMIYHOIO BIUIMBY B OCHOB-
HoMmy MeTauil. [lluprHa 30HM TEPMIYHOTO BIUIUBY, 10 B1JIPI3HAETHCS CBITIIILIOI TPABUMICTIO BiJ OC-
HOBHOTO ME€Taily, CTAaHOBUTH 4 MM (puc. 3).

3oHa
TEpMIYHOTO
BIUTHBY

|
W g
4 MM

Puc. 3. MakpocTpykTypa 3pa3ka MonepevaHoro nepepizy poooudoi BTyJIKH

BisyanbHUM OTJISIIOM TPOTHIIEKHOI TOPILEBOI TOBEPXHI 3pa3ka BHSIBICHO MOPYIICHHS Cy-
LUTBHOCTI METAJTy aHAJIOT1YHOT TOBKMHM Ta XapakTepy po3TauryBaHHs. [lopyiieHs cyniibHOCTI, pa-
KOBHWH, IJIAKOBUX BKJIFOYEHB 110 MEXKi HAIJIABJIIEHOT'O Ta OCHOBHOT'O METaJy HE BHSBIICHO.

MiKpOCTpyKTYypy MeTaly 3pa3Kka y nepepisi «HaraBlIeHH — OCHOBHUI MeTall TOCIIKEHO
3a onomororo Merajorpadiuynoro mikpockomna «Heodot-30» 31 30inbpmennsx x50, x100, x500.

MiKpoAOCHiKEHHSIM HETPaBJIEHOr0 MIiKpoIluTia BUSIBIEHO MOPYLIEHHS CYLIJIBHOCTI Me-
Taiy, piBeHb 3a0pyTHEHOCTI METaTy HEMETaJeBUMH BKIIFOUEHHSIMH, SIK 001acTi 1eeKTy, 1 mo3a iforo
po3rarryBaHHs, Bignosinae 2-3 6amy 3rigno 3 JJCTY ISO 4967:2017. Metan 3a0py1HeHUl HeMeTa-
JIEBUMH BKJIIOUEHHSIMH MTEPEBAKHO CHITIKATHOTO Ta CyJb(igHOoro THITy (pHC. 4).

Puc. 4. HemeTaniuni BKIIOUEHHS y AOCTIHDKYBaHOMY 3pa3ky, X100

MiKpOCTpyKTypa MeTally MiCJIs TPaBJICHHS SBJISIE COOOI0:

1) TpoocTOMapTEHCHUT Ta KapOiau - y METajli HaIUIaBJICHOTO IIapy;

2) TPOOCTHUT - B 30HI TEPMIYHOTO BILJIUBY;

3) cop0it, 1m0 XapakTepu3yeThesi 7 HoMepoM, 3rigHo 3 mkanor Nel ICTY 8972:2019 — B oc-
HOBHOMY MeTaui (puc. 6).
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M+T
KapOiau
M+®
320...350kr/Mn?
Ja 38XH3
Cop0ir

Puc. 6. JlocmikeHHs. MIKPOCTPYKTYPH 1 MIKPOTBEPAOCTI 110 BUCOTI HAIUIABJIEHOTO 1Iapy

Ha nincraBi BUBYEHHS KIHETHKH 3HOIIYBaHHsS POOOYMX BTYJIOK KOHTEHHEPIB rOPU30OHTAIb-
HUX MPECIB NP raps4oMy MpecyBaHHI METaJliB BCTAHOBJICHO, 1110 BEJIMYMHA 3HOCY BiJl CTUPAHHS 3pO-
CTa€ B Mipy poOOTH IHCTPYMEHTY 1 XapaKTepU3yeThCs TpboMa nepiogamu [11, 12]: mBuako Ha noya-
TKy ekcruryatarii (1o 10...15 % criiikocTi), TOBUTEHO Ha cepeaHii ctanii (65...70 % criifikocTi) Ta
LIBHMJIKO Ha 3aBEPILIYIOUil cTafll eKcITyaTalii 1o BUX0Ay IHCTpyMEHTY 3 Jaay (puc. 7).

QA

1 2 3

>
T

Puc. 7. 3anexHicTh 3HOCY MOBEPXHI BiJl TEPMiHYy poOOTH iHCTPYMEHTY IpECyBaHHS



ISSN 2076-2151. Oopooka mamepianie muckom. Materials Working by Pressure.  2024. N 1(53) 222

[Mepmmii mepion 3a3BuU4ail 3B'I3yE€THCS 3 MIABUINEHUMH MHUTOMHMH HABaHTAKEHHSIMH, IO
€ HACIIITKOM IHTEHCUBHOI TerIonepeaayi Bii MeTaty, o 1eOpMy€eThCsl, B XOJIOAHUI IHCTPYMEHT,
10 3HIKYE IUIACTUYHICTh METAly 1 BUMarae Juist o()OpMIICHHS TIPECOBAHOI JIeTall BEIUKUX BUTPAT
eHeprii ¢opMo3MiHU. BUKITIOUNTH Ta CKOPOTUTH L€l TIepio MOKHA [UISIXOM HarpiBaHHs iHCTpyMe-
HTY TIepe] TOYaTKOM IPeCyBaHHSI.

Jpyruii nepiosl 3HOCY XapaKTepU3yeTbCsl TEIUIOBUM 1 CHJIOBUM PEXXHUMOM B3aeMozii aedop-
MOBAHOT'0 METaJy 1 poOOYOro IHCTPYMEHTY IIPU BIIHOCHO PIBHOMIPHOMY PO3MO/LI1 3HOCY IO HaBa-
HTaKEHUX TOBEPXHSIX.

Jlokamizamist 3HOCY y sIKOMY-HEOYb MICIIl, JDKEPEIOM KOI MOXe OyTH po3rapHa TpIllrHA,
MIPU3BOJUTH JI0 IIBUKOTO BUXOAY poOOUOro IHCTPYMEHTY 3 JIaay Ha TpeTiit ctafii. [Hoai Tperiii ne-
ploJ1 3HOIIYBaHHS 00YMOBIIIOETHCS CTPYKTYPHUMHU [IEPETBOPEHHIMH Ta 3HIXKEHHAM MEXaHIYHO1 Mi-
IIHOCTI MPUKOHTAKTHOTO IIapy MeTally IHCTPYMEHTY Y 3B'SI3KYy 3 IEPEBUILIEHHAM JIOIyCTUMOTO 3Ha-
YCHHS TEMIIEPATyPH.

Haii0inp1 cipusTIMBUM U1 320€31eUeHHsI BAXKKUX YMOB pOOOTH € KOMIUIEKCHE JIeTyBaHHS
Marepianay BoibhpamMoM, MOTIOIEHOM, XPOMOM, BaHAJI€M, TUTAHOM, HI001€M, 1110 JT03BOJISIE TTiABH-
IIUTHU CTIHKICTh MPOTH BIAMYCKY, 3HOCY CTUPAHHIM, OKMCHOT'O Ta 1HIIMX BHUJIIB 3HOCY. OHAaK, ONTH-
MaJbHHUI BMICT JIETYIOUMX €JIEMEHTIB 1 BEJIMYMHA, OJIEPKYBaHa 3a PaxyHOK iX TBEpJIOCTI poOoyoi
MOBEPXHI IHCTPYMEHTY Ul rapsa4oro JeGopMyBaHHsS MeTaliB, MiUIAraloTh BCEOIYHOMY BUBUYECHHIO,
OCKUJIbKH CTOCOBHO HAIUIaBJICHOI'O METaly BOHU JIOCIIAKEH1 HEJJOCTATHBO.

bararomapoBi MOKPUTTS XapaKTEpHU3YIOThCS IJIABHUM IEepexoaoM (i3MKO-MEeXaHIYHUX Ta
TeIu10(13UYHUX BIACTUBOCTEH MOKPHUTTIB B IHCTPYMEHTAIbHOI OCHOBH /10 BEPXHHOT'O IPAHUYHOTO
mrapy nokpurts. [linbuparoun BIaCTUBOCTI Ta TOBLUIMHY BUX1IHOTO IIapy B 3aJI€KHOCTI BiJ oro ¢y-
HKII10HAJIbHOT'O IPU3HAUYEHHS MOKHA €()EeKTHBHIIIE BapitOBaTH BIACTUBOCTIMH MMOKPUTTS B LIJIOMY.

[ToKpUTTS NOBUHHI CKJIAAATUCS 3 HACTYIIHUX LIapiB, sIKi BAKOHYIOTh CTPOTO pPerjlaMeHTOBaHi
GbyHKI:

- BEpPXHBOT'0 — TBEP/IOT0, 3HOCOCTIHKOrO 1apy, 10 Mae (hi3MKO — XIMIYHY MTaCUBHICTH I10 Bi-
JTHOMIEHHIO 10 00pOOIIIOBAHOTO MaTepialy Ta BUCOKY TEPMOJMHAMIYHY CTIHKICTh;

- HIJKHBOT'O — 1110 BOJIOZ[I€ MAKCUMAJIbHOIO XIMIYHOIO CYMICHICTIO 3 MaT€piaJOM OCHOBH Ta 3a-
0e3reuye MaKCUMaJbHY aJre3iro 3 MOBEPXHEI0 IHCTPYMEHTY;

- MPOMDKHUX IIapiB - 0 MAlOTh 3MiHHI BJIACTHUBOCTI Ta 3a0€3MeUyIOTh aare31iHUMA 3B'I30K
MDX BEPXHIM Ta HIKHIM IIapaMu.

HaxonmueHnuii JOCBi 1 psA TOCTIKEHb MTOKa3YIOTh, MO €(EKTUBHICTh THX CAaMHUX CKJIAJIiB
HAIUIaBJICHOTO METaly, Ha Pi3HUX OIEpalisx MpecyBaHHS He ogHakoBa. OTxke, MpU KOHCTPYIOBAaHHI
6araTomapoBoro MOKpPUTTS HEOOX1AHO BPaxOBYBaTH OCOOIUBOCTI MPOLIECy MPECYBaHHs, 1110 BU3HA-
Yae XapakTep 3HOCY IHCTPYMEHTY Ta pyWHYBaHHS IOKPUTTS Ha HOTO KOHTAKTHUX JITSTHKAX.

Ha nifcraBi BUIIEBUKIIAIEHOTO MOXHA C(OPMYIIIOBATH OCHOBHI BUMOTH JI0 HAIJIABJIEHOTO
MeTaly JUis PEeCOBOTO IHCTPYMEHTY raps4oi aedopmartii. [lbomy merany mae OyTH pUTaMaHHi:

— HeoOXiHa TBEPIICTh MPU POOOUMX TeMIIepaTypax;

— BUCOKA MIIHICTh NIPU JOCTATHROMY PiBHI TJIACTUYHOCTI,;

— JIOCTaTHIH OIip YTBOPEHHIO TPIIIIMH NPU BUCOKUX TEPMIYHHUX HAINPYTax;
— 3aJI0BIJIbHA 3BapIOBAHICTH;

— YHHUTH OMIp 3HOCY TPH ITiIBUIICHUX TEMIIEpaTypax.

BUCHOBKU

[HCTpYMEHT U151 Taps4oro JieopMyBaHHS METANIB MPAIIO€ B yMOBaX 3HAYHHUX TEIJIOBUX Ta
CHUJIOBHX HABaHTAXXEHb 1 MIJAAETHCS PI3HUM BUJAM 3HOIIYBaHHS, TIPHU I[bOMY BHACIIIOK 3aCTOCY-
BaHHS HOBMX KOHCTPYKI[ITHMX MaTepianiB BUHUKAE HEOOXITHICTh PO3IMIKUPEHHS poO0OUYOro Aiana3oHy
TeMITepaTypu eKcIuTyaraiii mrammoBux crajieit 10 700—800 °C, mo HeMoxiBe 0€3 KOMILIEKCHOTO
MiAXO0y 10 BUSBJICHHS PUYMH BUXO/Y 3 JIay poOOUYUX BTYJIOK NP IPECyBaHHI TPYOHHUX 3arOTOBOK
Ha T1ApaBIIIYHUX Tpecax.

BbararomapoBe 3MilHIOI0UE HAIUIABICHHS XapaKTEPU3YIOThCS IIABHUM NEpexoaoM (i3uko-
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MEXaHIYHUX BIIACTHBOCTEH HAILJIAaBJICHOTO METAJTY BiJl BEpXHBOTO IIApy 3 MikpoTBepaicTio 560...600
KIr/MM2 10 TiepexigHoi 30HU crutaBieHHs (10 530 kr/Mm2) Ta BUXIIHOTO MaTepialy IHCTPYMEHTaNb-
Hoi ocHOBH (110 350 xr/mMmM2). TlimOuparoun BIACTHBOCTI Ta TOBIIMHY IIapy B 3aJIE)KHOCTI Bif HOTO
(YHKIIOHAJILHOTO MPU3HAYEHHS MOXKHA €(EKTHBHIILIE BapilOBaTH BIACTUBOCTSMHU HAIUIABJICHHS B
L1JIOMY.

Haii6inp nepcrneKTHBHUM IS MiABUIICHHS TEPMiHY €KCIUTyaTallii IpecoBOro IHCTPYMEHTY
€ KOMIUICKCHE JIETYBaHHS HAIUIaBJIICHOTO IIapy BOJb(paMoM, MOTIOACHOM, XpOMOM, BaHAIIEM, KO-
6a7IbTOM, 110 J03BOJISE MiJIBUIIUTH CTIHKICTh IPOTHU BIAIYCKY, CTUPAHHS, OKUCHOTO Ta IHIIMX BHJIIB
3H0Ccy. OIHAaK, ONTUMAJIBHUI BMICT JIETYIOUMX €JIEMEHTIB 1 BEJIMYMHA 3HOCY POOOYOi MMOBEPXHI 1H-
CTPYMEHTY, AJISl Tapsiuoro aedopMyBaHHS METaliB, MiJUIATal0Th BCEOIYHOMY BHUBYEHHIO, OCKIJIBKU
CTOCOBHO HAaIUTaBIICHOTO METaTy BKa3aHi (aKTOPH JOCIIKEHI HETOCTATHRO.
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Grin O., Zharikov S. Analysis of the causes of wear of working bushings when pressing copper alloy pipes.

Analysis of literature data showed that the press tool, including the working bushings of containers, are subject
to intensive wear. The bushing operates at high pressures, cyclic alternating loads, intense friction, high temperatures
and sharp temperature changes, which cause significant unevenness of temperature fields. In the pressing cycle, individ-
ual sections of the tool are heated to temperatures close to the ingot temperature (970 £ 20 °C), and then cooled. The
main reasons for their failure are: abrasion wear, the formation of a network of spreading cracks and deformation of the
working surface of the bushing, adhesion of the deformable metal. It was established that the amount of wear increases
as the tool works and is characterized by three periods: fast - at the beginning of operation (up to 10...15 % of resistance),
slow - at the middle stage (65...70 % of resistance) and accelerated - at the final stage of operation until the tool fails.
The results of metallographic studies of layer-by-layer surfacing are presented: the upper layer of which consists of
martensite, trostite and carbides, which corresponds to a high specific load, exhibits physicochemical passivity in relation
to the metal being processed, the intermediate layer - trostite in the heat-affected zone, provides an adhesive bond between
the upper and lower layers of the surfacing metal, the lower layer consists of sorbite and ensures compatibility with the
base metal of the sleeve. Providing the necessary properties and layer thickness depending on its functional purpose, it
is possible to more effectively vary the properties of surfacing as a whole. It is noted that when designing a multilayer
coating, it is necessary to take into account the peculiarities of the pressing process, which determines the nature of tool
wear and destruction of the coating in its contact areas. The main requirements for the surfacing metal for a hot defor-
mation press tool are formulated.

Key words: press tool, surfacing, alternating loads, tool wear
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Absiuenxo 10. T'.
®enopos M. M.
JIvotui P. B.

OCOBJIMBOCTI HEPETBOPEHHSI TPU OXOJIO’KEHHI C TEMIIEPATYPU
AYCTEHIBALII KOHCTPYKHINHOI CTAJII VIS TAPAYOI OBPOBKHU TUCKOM

Posensinymo ocobiueocmi nepemeopents npu 0X0N00X4CeHHI 3 meMnepamypu aycmenizayii 3paskis (6upobie) iz

KoHcmpykyiunoi cmani 50 0ns eapauoi 06podxku muckom y cepedosuwyi I'JI-1, axi Heobxiono 3Hamu nio uac ubopy pe-
JHcUMi6 mepmoobpobku. Bukopucmarno memoo oxonooxicenns 6 cepedosuwyi I JI-1 nio uac pospodnenus pexicumis gionauy
ons cmanesux eupoois 3 emicmom syeieyio 0,4-0,5 %. Ioxazano, ocobausocmi menyiogioseoeHts 8i0 HAZPIMux 3pasKie
nio yac sanypenns ix y cepedosuwi I'JI-1 na npuxnadi cmani 50 cmandapmuoeo ckniady. Bcmanoeneno, wo Ha Kpusii
Haepigy cepedosuwa I'JI-1 modicna 6i03HauUmMuy YOmMupu iHMepeaiu memnepamyp, 634EMON08 A3anHUX 3i 3MIHOIO memne-
pamyp nio uac oxono0xcenus 3paska. Ilepwuii inmepsan nazpisanus cepedosuwya 6io 20 oo 100 °C 3ymoénenuit 3any-
PeHHsIM Y Hbo2o 3paska 3 memnepamypoio 900 °C ma oxonodcenusim tioeo 0o memnepamypu 740 °C. 'V ypomy inmepeani
memnepamypa cepedosuwa I JI-1 nioguwyemvcsa nosinbHo, Wo No8'sa3ano 3 HeOOXIOHICMIO NPOSPIBAHHS 11020 NOYAMKO-
6020 00 ’emy. YV opyeomy inmepeani 6i0 memnepamypu 100 °C 0o memnepamypu 220 °C cnocmepieaemucs 0inbiu piske
HA2PIBaHHs cepedosuyd, Wo No8's13aHo 3 NOSIUHAHHAM menia npu sudiienti gepumy 3 aycmenimy. Tpemii inmepsan
oxonnioe Hazpieanns 6i0 220 0o 250 °C, 6in nog's3anuil 3 ROSTUHAHHAM MENId, Wo SUOLIULIOCS NIO YAC NepemeopPeHHsl
aycmenimy na nepaim. Yemeepmuil inmepean oxonooicenis cepedosuwa 1J1-1 6io memnepamypu 250 °C i nudsicue no-
8'A3aHULL 3 0OXOJI0O0HCEHHAM 3PA3KA NICIA CMPYKMYPHO-QA308UX NepemeopeHs, AKi NPOUULTU 8 HbOMY.
O6rpyHmoearo, o 3i 30IIbUEHHAM MACU 8UPOOIE NIOBUUYEMbC MEMNEPAMYPA NOYAMKY GUOLIEHHS HAOIUUKOB020 (he-
pumy 3 aycmeHimy, He3HAYHO NIOBUWYEMbC MeMNepamypda NepiimHo20 NnepemeoperHts, 30ibUuLyeEmobcs mpugaticms
yvozo nepemsopentsa. Ompumani OanHi € NIOCMABOIO 0N PO3POOIEHHS PeNCUMI8 MePMIUHOI 00POOKU KOHCMPYKYIUHUX
cmanetl, wo 00360UMb NIOGUWUMU 1T MIYHICMb MA MEPMIH eKCILYamayii 6 yMoeax 3MiHHO20 [ 6a2amopazoe02o Hazpi-
BAHHS [ 0XON00XHCEHHS POOOU020 WaAPY NPU 2apsayitl 00podYi MUCKOM.

Knrouosi cnosa: xoncmpykyiuna cmanv, eapsiya o6podka muckom, aycmeHim, ghepum, nepiimue nepemeo-
PeHHs, 8ionai, mepmiuna oopooKa, CmpyKmypd, 0X0A00X4CeHHSL.

Jlnst 3a0e3neueHHs CTPYKTYPHOI OJIHOPIAHOCTI CTalb Micis rapsayiii o00poOKHM TUCKOM Miaa-
I0Th TIOTIEPEIHIM TepMiuHiN 00poO1Il 3 MEeTOI0 MOAPIOHIOBAHHS 3€pHA, 3HATTS BHYTPILIHIX HAMNpYyT,
3HMKEHHS TBEPAOCTI Ta MOJIMIIEHHS 00pOOIIOBAHOCTI pi3aHHAM a00 BUKOPUCTOBYIOTh CTalli 31 3HU-
’KEHUM BMICTOM BYTJICIIIO 1 BiTHOCHO HEBUCOKOO TBepaicTio [1-4].

[TonpiOHIOBaHHS 3epHA B CTANSAX IPYHTYEThCA Ha 00 S y TpoIleci mepekpucTatisaiii, To0To
00yMOBITIOETHCSL AIOTPOMIYHUM TEPEXO0J0M 1 YTBOPEHHSM MpHU IIbOMY JIpiOHUX 3epeH [S5]. ¥V KoHc-
TPYKUIHHHUX CTaJISIX OCTATOYHE MEPETBOPEHHSA 0L S Y B110yBa€THCSI IPU NEPEXOi 3a TOUKU AcC3, TOOTO
TiCIIs TIOBHOTO TIEPETBOPEHHSI BCIET CTPYKTYPH CTalll B ayCTEHIT 1 BUKItoUeHHs (pepury. HanesHo,
OTpPUMaHUH MPH I[bOMY ayCTEHIT CTaHe JAPIOHO3EPHUCTHM, 1 IPU HACTYITHOMY OXOJIOKEHHI CTallb
3aTHIIUTHCS TEK APiOHO3epHUCTOIO [6, 7]. HeoOXiaH00 YMOBOKO 1151 30€peKEHHS B ayCTEHITI Apio-
HOT'O 3¢pHA € MPABWIBHO MiIiI0paHuil peXUM TepMidHOi 00poOKH [8].

Craui, mo matoTth Byriero 0,4—0,5 % mupoko 3acTOCOBYIOTh Y IPOMHUCTIOBOCTI SIK KOHCTPY-
KIIHHUN MaTepia sKii Mmi1aeThCst 3MIITHIOYiH TepMmiuHil 00po6iti [9]. 3a piBHeM CTIHKOCTI aycTe-
HITY Tij] yac Oe3MepepBHOTO OXOJIOHKEHHS 3a3HAYCHI CTaJll HAJIeXKaTh JI0 CTaJIeH 31 3HUKEHOKO CTil-
kicTio aycteHity [10]. BupoOu 3 Hel miiaioThesi pi3HUM BHJAM TEPMIYHOT 0OPOOKU y TOMY YHUCIi
HopMatizanii Ta Biamany [11]. [IpoGiemoro i yac Bigmaiy Ii€i cTaii € 0XOJOPKEHHS 3 MUY, 110
cripusie Hee(eKTUBHOMY BHKOPHCTAHHIO MIYHOTO OOJaHAHHS Ta 3HAYHUM €HEeproBUTpaTaM Ha pe-
TYJIIOBAaHHS MIBHAKOCTEH 0XOJ0/KeHH. KpiM TOro, mpu MOBUTEHOMY OXOJIO/KEHHI B MPOIEC] Bif-
Ny MOCHIIOETHCS OKAJIMHOYTBOPEHHS, 1110 MTPU3BOJUTD 10 BTPATH METaNly uepe3 301IbIIEHHS MPH-
MyCKiB Ha MexaHiuHy 00poOKy. [1ix yac HOpmaizamii Ayis miel cTanl y HUHIITHIX YMOBaX BUPOOHU-
LTBa Ba)KKO OTPUMATH OJHOPIAHY CTPYKTYpY 3a Mepepi3oM BUPOOiB, 0COOIMBO BEIUKHUX PO3MIpIB
[11]. Anst mominiueHHs] CTPYKTYPH CTalled pEeKOMEHIY€EThCSI 3aCTOCOBYBATH OXOJIOXKCHHSI B CEPEO0-
Bui ['JI-1 [12]. OqHak 10 KOHKPETHUX BHIIIB TepMOOOpOOKH cTOCOBHO cTaii 50 1ieii crocid BuMarae
YTOYHEHHS.
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Merta poOOTH: BUBUMTH OCOOIMBOCTI IMEPETBOPEHHS MPU OXOJIOHKCHHI 3 TEMIIEpaTypH ayc-
TeHizaii 3pa3kiB (Bupo0OiB) i3 ctani 50 y cepenopumii ['JI-1, axi HE0OXiqHO 3HATH MiA Yac BUOOPY
PEXHUMIB TEPMOOOPOOKH.

HarpiBanHsa craneBux 3pa3KkiB 31HCHIOBAIN 3a TMOTYXHICTIO €JIEKTPUYHOI IeUl IIaXTHOTO
tuny. [licis HarpiBy A0 TemmepaTypu ayCcTeHi3allli i BUTPUMKH MPOTATOM OJIHI€1 TOJUHH 3pa3Ku BU-
BaHTaXyBaJIM 3 TIeUi 1 HOBHICTIO 3aHYPIOBAJIM y BaHHY 3 cepepoBuineM ['JI-1, 3 moyaTtkoBoro Temie-
parypoto 20 °C. [lami 3pa3ku caMOCTIIHHO OXOJIO/KYBAJIHCS, @ TeMIiepaTypa ix ¢ikcysanacs. Tepwmi-
YH1 KpYB1 OXOJIO/PKCHHS Oy IyBaii 3 BUKOPHUCTAHHSIM TMOKA3HHUKIB BIAMAJICHUX KaJIiIOpOBaHUX CTaJle-
BHUX 3pa3kiB aiameTpom 26, 36, 46, 56, 66 MM i BrcoTor0 75 MM, 32 MeTo KO0 aBTOpiB [13]. 3 TOp-
LI€BOT YaCTUHU 3pa3KiB CBEPUIMIN OTBOPH A1aMETPOM 5 MM 1 TIIMOMHOI0 20 MM, Y SIK1 BCTAHOBJIIOBAJIH
XA-tepMonapy 3 MOMJIMBICTIO (hiKcallii 3MiHH TeMIIEpaTypu B pealbHOMY Yaci, a MOTIM Oy yBan
rpadiky 3MiHE TeMIepaTyp y JorapudmMiyHoOMy oO0uMcieHHI yacy. Takuil miixia BUMPaBIaHUHi, OCKUIBKH
Ha Jjarpamax i30TepMiYHOTO NEPETBOPEHHS ayCTEHITY Yac BKa3yeThCs B JorapuMiyHii mkaii. B sikocTi
oxoJomKyrouoro cepenopuia BukopuctoByBau [JI-1 ('OCT 5279-74) 3 moka3HHUKaMu: BMICT BYT-
aewto — 90 %, 3amumok Ha citui Ne 016 — 40 %, 3o5bHicTb rpagity — 13 %, MacoBa 4acTKa BOJIOTH —
1 %.

Oco01MBOCTI TEIUIOBIABEACHHS Bl HAarpiTUX 3pa3KiB MiJ Yac 3aHYpPEHHS IX y CEpelOBHILE
I'JI-1 mocmimkyBanu Ha npukiaaai craiai 50 cranmapTHoro ckmany. s mporo 3pasok JgiaMeTpom
66 MM 1 BHCOTOIO 75 MM micis aycTeHizauii 3anyproBanu B ['JI-1 1 pikcyBamy o1HOUACHO 3MiHY TEM-
neparypu 3a3Ha4eHoro cepeioBullia Ha BiacTani 10 MM Bij 3pa3ka nuisixom 3anypeHHs B ['JI-1 tep-
MoIapH Ta Tepmomnapu y 3pa3ky. [lix yac oxonmomkenns 3paska 10 200 °C dikcyBanu TemnepaTrypy
I'JI-1 1 remnepatypy 3pa3ky (puc. 1).
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Puc. 1. Kpusi: a — HarpiBaHHs MiJ Yac 3aHypeHHs 3pa3ky 3i ctani 50 B cepenosume ['JI-1,
0 — 6e3mepepBHOTO OXOJIOKEHHS 3pa3Ky 3i cram 50, 3anypeHoro B cepenonuie [JI-1

Ha xpugiii HarpiBy ['JI-1 (puc. 1, a) MokHa BiI3HAYUTH YOTUPH IHTEPBAJIHN TeMIepaTyp, B3a-
€MOIOB'SA3aHUX 31 3MIHOIO TEMIIEPATyp i Yac OXOJIOKEHHS 3pa3ka (puc. 1, 6). Ilepmmuii iHTepBan
HarpiBaHHs cepenosuiia Bix 20 1o 100 °C 3yMoBeHUl 3aHYPEHHIM y HbOTO 3pa3Ka 3 TEMIIEPaTypPoro
900 °C Ta oxonomxeHHsAM Horo no Temneparypu 740 °C. Y mpomy iHTepBai temmneparypa [JI-1
M1 BHIY€THCS MOBUIBHO, 110 MOB'A3aHO 3 HEOOXIHICTIO MPOrpiBaHHS HOTr0 MOYaTKOBOro 00’emy. Y
npyromy iHTepBaii Big temneparypu 100 °C go remneparypu 220 °C croctepira€Thesi OB pi3Ke
HarpiBaHHs CepelOBHILA, 1110 TOB'S3aHO 3 MOTJIMHAHHIM TeIUIa MPH BUALICHHI (PEpUTy 3 ayCTEHITY.
Tpertiit inTepBan oxorunoe HarpiBanHs Bix 220 no 250 °C, BiH MOB'13aHUil 3 TOTTTUHAHHSAM TEIUIA, 110
BUJIUTMIIOCS T/ 9ac MEepPEeTBOPEHHs ayCTEHITY Ha mepiiT. YeTBepTuid iHTEpBall OXOJIOHKEHHS cepe-
nosutia ['JI-1 Bix remneparypu 250 °C 1 HUXKYE TOB'SI3aHUI 3 OXOJIOHKEHHSIM 3pa3Ka MiCis CTPYK-
TYpHO-(a30BHUX EPETBOPEHB, SIKI MPOUIITN B HHOMY.
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Bimomi pexxuMu Biamany KOHCTPYKIIMHUX JOCBTEKTOIMHUX CTaJlei BKIIOYAIOTh HArpiBaHHS
1o remneparypu Buuie Ac3 + 30... 50 °C, BUTpUMKY U1 OTpUMaHHs TOMOT€HHOTO ayCTEHITY 1 Hoja-
JIBIIIE OXOJIOJPKEHHS 3 miudro [ 14—17]. Jlst mpoBeneHHs TaKoro Bimary MOTpiOHI €HeproBUTPaTH 3 MO-
MEHTY HarpiBaHHs O MOMEHTY 3aBeplieHHs npoiecy Bianamy [18]. I1ix yac oxonomkeHHs B mpoleci
BiNIANTy BiIOYBA€THCS MEPETBOPEHHS ayCTEHITY B MEPIIT, SIKi BIIMOBIIHO 10 3aKOHIB TEPMOIMHAMIKH
BUJIUTSAIOTH PUXOBaHY TEIJIOTY nepeTBopeHHs [ 19]. BukopucranHs 11b0ro eeKkTy B IPOMHCIOBOCTI 00-
MexeHe. Jlumre Ha JesKuX MeTamypriiHuX 3aBOJax 3 IIE€F0 METOIO MIOKOBKHM OXOJIO/KYBAJIH B SIMaX, 3a-
CHUITaHMX TEIUIO130JILIHHUMH MaTepiajaMy Ha KIITANT IIUIaKiB 1 3014. [IpuuuHO0 pifiKicCHOr0 BUKOPHUC-
TaHHS 3a3HAYEHOTO MPOIIECY OyIa CKIaIHICTh TEXHOJIOTIi 3aHypEHHS TIOKOBOK 1 MPOKATY B SIMH 31 III1a-
KOM 200 3071010 4epe3 HU3bKY MOAATIMBICTh OCTaHHIX. [IepCHeKTUBHIIINMM 3a 3a3HAYE€HOT CXEeMU MOXKe
OyTu 3actocyBanHs cepenosuina ['JI-1. Ile 3ymoBneHno Hacammnepe miIaTaUBICTIO 3a3HAYEHOTO cepe-
JIOBMILA ITi/1 4ac 3aHypEeHHS Ta BUMMaHHS BUPOOIB, MOMKIIMBICTIO 3HIKEHHSI €HEproBUTpAT 1]l 4ac BiJ-
nairy. BogHouac y siteparypi € 0OMexeH1 BIJOMOCTI 111010 BUKOPUCTaHHS BIIMOBIJHOTO CEpPEIOBUIIIA
JUIS1 3HUDKEHHS! €HeproBUTPAT 111 Yac BiAmay.

JI1st miaTBEpKEHHSI MOXKIIMBOCTI BUKOPUCTaHHS 0XOJI0/DKeHH B cepepoBuii [JI-1 mix vac
PO3pOo0IJIEHHS PEXUMIB BiANaNy Ui cTaleBUX BUPOOiB 3 BMicToM Byriemto 0,4-0,5 %, npoBoauiu
HU3KY JOCIIIKeHb. 3pa3ku 31 ctaii 50 micis KyBaHHS BIANATIOBAIN 3 TOOYI0BOIO KPUBHUX Oe3mepe-
PBHOI'O HarpiBy Ta OXOJIOKEHHS 3a BiomMoro MeToaukoro [13]. KpuBi HarpiBaHHs A7 BCiX 3pa3KiB
HaBEJICHO Ha PHC. 2, 3 IKOTO BHIHO XapaKTep 3MiHM IIUX KPUBUX, 110 BKAa3y€ Ha IOCTOBIPHICTh OTPH-
MaHHX Pe3yJIbTaTiB.
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Puc. 2. 3mina TemmeparypH Iij 4ac HarpiBaHHs 3paskiB 3i ctaii 50 giamerpom 26 (1), 36 (2),
46 (3), 56 (4) 1 66 MM (5)

[Ticna narpiBanns go remnepatypu 830 °C i BUTpUMKHU NPOTATOM | TOAWHU 3pa3Ku BUBAHTA-
’KyBaJIM 3 IIeul 1 MOBHICTIO 3aHYPIOBAJIM y BaHHY 3 cepenoBuiieM ['JI-1, skuit MaB moyaTKoBy TeMIe-
parypy 20 °C. Jlami 3pa3ku caMOCTIHHO 0XOJIOJKYBAJIMCS, a TeMIepaTypa ix ¢ikcysanacs. Jlorapu-
(bmigHO 00pOOIIEHa KpUBA OXOJIOKEHHSI 3pa3Ka JiaMeTpoM 26 MM, a Tak caMo 3 iHTEpBaJIaMH 0XO-
JIOJKCHHSI, HaBeJIeHa Ha puc. 3. Pe3ynbTaT 0X0JIOKEeHHS BCiX 3pa3KiB HaBeleH1 B TaoO. 1.

Ha xoxHi#l KpuBiii ’ATH TOCTIHKYBaHUX 3pa3KiB MOXKHA BUALUTUTH YOTUPH 1HTEPBAJIH OXO-
JIOJKEHHSI.

INepwmii inTepBan oxonomxeHHs BiJ reMmnepatypu 830 ... 810 °C go Temneparypu no4arky
BUJIUICHHS HAUTUIIKOBOTO (hepuTy 3 aycreHiTy. Ha mpomy iHTEpBai, OXOIOMKEHHS BiOYBAETHCS
3 BEJIMKOIO MIBUIKICTIO 1 HE3HAYHO 3aJICKUTH BiJl liaMeTpa (MacH) 3paskiB. J[Jis 3pa3kiB 3 MEHIIUM
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JiaMeTpOM IIBHKICTh OXOJOKEHHS B ayCTEHITHIN 001acTi BUIIA, IO PU3BOAUTH J0 JCSIKOTO IIe-
PEOXOJIOKEHHS 3pa3KiB BiTHOCHO PIBHOBaYKHOI TeMIepaTypu Y — o BuaiteHHs. Lle cnpusie Tomy, 110
JI0 TIOYATKy TEPIIITHOTO TIEPETBOPEHHS TS 3pa3KiB MEHIIIOTO JliaMeTpa BUILUICHHS Ha UTUIIIKOBOTO (he-
pUTY BiTOyBa€eThCs 3 OUTBII HIDKYMX TEMIIEpaTypax 1 B OUTBII By3bKOMY 1IHTEpBalli TEMIEparyp.
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Puc. 3. Kpusa Ge3nepepBHOT0 0X0JI0MKEHH 3paska Jiamerpom 26 MM 3i ctaii 50, 3 HaHece-

HHUMH iHTepBaJ'IaMI/I OXOJIOJKCHHA

Ta0mms 1
[TapameTpu 0X0J0MKEHHs 3pa3KiB mijJ yac Bianamry cram 50

Hiametp ITapameTpu 0X0JI0JKSHHS
3pas3KiB, lurepsain InTepBan remneparyp, °C . Cepennst mBu-
OXOJIOJPKEHHS . TpuBaiicTs, ¢ . o
MM Bil o IKicts, °C/c
1 830 680 360 0,5
26 2 680 640 200 0,2
3 640 630 135 0,1
4 630 390 1200 0,2
1 830 690 380 0,45
36 2 690 640 200 0,3
3 640 630 315 0,03
4 630 390 1355 017
1 830 710 330 0,45
16 2 710 640 310 0,23
3 640 630 365 0,03
4 630 390 1480 0,2
1 830 730 420 0,3
56 2 730 650 310 0,2
3 650 640 375 0,03
4 640 390 1535 0,16
1 830 730 660 0,2
66 2 730 650 520 0,15
3 650 640 400 0,025
4 640 390 2380 0,1

Jlpyruil iHTEepBa OXOJOMKEHHsI Bl TeMIepaTypu NMOYaTKy BUAUICHHS HAJJIUIIKOBOro (e-
PUTY 3 ayCTEHITY IO TEMIIEpAaTypH MOYATKy MIEPETBOPEHHS ayCTEHITY B EPJiT. [HTepBan XxapakTepu-
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3YETHCS MEHIIOIO IIBUAKICTIO OXOJIOJKCHHS, 110 MOYKHA TOSICHUTH YTBOPEHHSM IPUXOBAHOI TeTI-
JOTH il 4ac BUJUIEHHS HAJJUIIKOBOro ¢eputy 3 aycTeHiTy. [IIBUAKICTH OXOJOKEHHS Ha LIbOMY
IHTEepBaJIi ICTOTHO 3aJIKUTh BiJl MacH (ZiamMeTpa) 3pa3KiB, P 301IBIICHH] SIKHX BOHA 3HUKYETHCS.

Tpertiii iHTEpBa OXONOAKEHHS MTOB'SI3aHUM 3 IEPETBOPEHHSAM ayCTEHITY B MEPIIT. Y 3B'A3KY
3 BUJIUJICHHSM MIPUXOBAHOI TEIIOTH NMEPETBOPEHHS, OXOJIOKCHHS Ha IbOMY IHTEpBaJi CIOBIJIHHIO-
€ThCS, IPOLIECH IEPETBOPEHHS BiA0YBatOThCA 3a MOCTiHHOI Temneparypu. LIIBUIKICTh 0XOJI0KEHHS
1 TPUBAJICTh IEPETBOPEHHS B IHTEPBaJIl MEPIITHOIO IEPETBOPEHHS CHIIBHO 3aJI€KUTh BiJ MacH (Jia-
MeTpa) 3pa3KiB, 31 301IbIIECHHSIM SIKUX IBUAKICTh OXOJIOJKEHHS 3MEHILY€ThCS, @ TPUBAIICTh NEpeT-
BOPEHHS 30LIbIIYE€ThCS.

YerBepTuil iHTEpBaJl OXOJOIKEHHS XapaKTepu3ye co000 OXOJIOKEHHS (hepuTO-nepiTHOI
CTPYKTYPH 1 3aJIEKUTH B1Jl MacH (AiameTpa) 3pa3KiB, 31 30UIbIICHHSM SKHUX IIBUJKICTb OXOJIOIKEHHS
3HMXKYeTbes. [lepiiTHe nepeTBOpeHHs Ui BCIX 3pa3KiB BiJOYBAEThCS Mailke B OJTHAKOBO BYy3bKOMY
iHTepBaii Temneparyp 650-640 °C (s 3pa3ka giametpom 26 mm) 1 660—650°C (ans 3paska aiame-
TPOM 66 MM).

Takum ymHOM, 31 30UIbIIEHHSM Macu BUPOOIB MiJIBUILYETHCA TEMIlepaTypa MO4YaTKy BUI-
JICHHS1 HaJUIMIIKOBOTO (DEpUTY 3 ayCTEHITY, HE3HAYHO IiJIBUIILYETHCS TEMIEpaTypa NepIiTHOro Ie-
pPETBOpPEHHS, 301JIbLIY€THCS TPUBAIICTh LILOI'O IEPETBOPEHHS.

301IbIIEHHS TPUBAIOCTI MEPIITHOTO EPETBOPEHHS Y3TOIXKY€EThCS 31 30UIBLICHHSAM JllaMeTpa
3paskiB (puc. 4). Lle MoKHA OSICHUTH TUM, 110 B Mipy 30UIbIIEHHS JAlaMeTpa 3pa3KiB 301IbIIYEThCS
4acTKa ayCTEHITy, 0 Oepe ydacTh y MEpJliTHOMY NEepeTBOPEHHI, 00yMOBJIeHa Macoro MeTaiy. s
YTOYHEHHS CTPYKTYPHO-()a30BUX MEPETBOPEHb, YCTAHOBICHUX 332 KPUBUMH OXOJIOKEHHS, 3a3Ha-
YeH1 KPUB1 OXOJIOIKEHHS MOEHYBANIN 3 A1arpaMoro 130TEpMIYHOI0 MEPETBOPEHHS.

JliiicHO B mpo1eci 0Xoa0/pKeHHs ctail 50 pu JOCSITHEHH] TeMIepaTypy MO4YaTKy BUIEHHS
(beputy (Ars) 3MIHIOETbCS XapakTep KPUBOI OXOJIOJKEHHS B 01K YIOBUIbHEHHS HMIBHJIKOCTI OXOJIO-
JOKEHHS, 10 MOKHA MOSCHUTU YTBOPEHHSM BHYTPILIHBOTO TEIUIa MPHU BUALIEHHI QEepUTy 3 aycre-
HITY. BHyTpillIHE Temsio B JaHOMY BUIIAQAKY Ma€ OyTH MOB'sI3aHE 3 BUAUICHHSIM BHYTPIIIHBOI €Heprii,
sIKa YTBOPIOETHCSI BHACIIIJIOK NIEPETBOPEHHS 110 MeXax 3epeH. Buminenus ¢eputy Ha AaHiid KpUBIK
OXOJIOJDKEHHS He NMPHUIHHAETbCS NPU TOCATHEHHI JIiHIT TeMIepaTyp MoYaTKy HEepeTBOPEHHS aycCTe-
HITY B IIEPIIIT HA Jliarpami i30TepMiuHOTO IEPETBOPEHHS ayCTEHITY. Lle 101aTKOBO MiATBEPKY€E TOU
(akT, 1m0 3a O6e3MepepPBHOTO 0XOJI0KEHHS TIEPETBOPEHHSI B CTaNl MPOTIKAIOTh MOBILIBHIIIE, HIXK 32
i3otepmiunoi ButpuMku [10]. Cam mporiec yTBOpEHHS NEPIiTy BiIOYBa€eThCS 3a MOCTIHHOI TeMIiepa-
TYPH, PO 110 CBIAYUTH TOPU30HTAIBHUI MalilaHYMK Ha KPUBIH OXOJIOIKEHHs, PO3TalllOBaHUN OJIH-
3bKO JIO TEMIIepaTypu KiHI YTBOPEHHS MEPIIITY Ha JiarpamMi i30TepMidHOTO TIEPETBOPEHHS ayCTe-
HiTy. He3mMiHHICTh TeMIepaTypu Mpu 30UIbIICHH] TPUBAJIOCTI OXOJIOKCHHSI BUKJIMKaHa KOMIIEHCa-
II€F0 BTPAT TEIJIa B HABKOJIMIITHE CEPEIOBHIIIE 32 PAXYHOK TEIIA, 10 BUAUISETHCS P TIEPETBOPEHHI
ayCTeHiTy B nepiiT. I1icas 3aBepIieHHs MpoIecy YTBOPEHHS MEPIiTy BiOYBAETHCS MOAANBIIE OXO-
JOKEHHS (PepUTO-IIEMEHTUTHOI CTPYKTYPH.
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Puc. 4. TpuBanicTh NepIITHOTO MEPETBOPEHHS 3aJICKHO BiJl lilaMeTpa 3pa3KiB
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Sx BurmBae 3 Tabn. 1, IS BCiX 3pa3kiB 31 30UIBIMICHHSIM IXHBOTO JiaMeTpa 3MEHIIYEThCS
iHTepBaJ TeMIlepaTyp iCHyBaHHs aycTeHITHOro cTany (Ars — Ari) npu oxonommkeHHi. st 3pa3ka ji-
amMeTpoM 26 MM ITiJT 9ac OXOJIOJ/DKEHHS ayCTeHITHUH ctaH 30epiraerscs Big 830 go 680 °C, To6TO
B iHTepBam 150 °C. [{ns 3pa3ka aiamerpom 66 MM aHaJoOTri4HUI iHTEpBas nepeOyBaHHs CTalll B ayc-
TEHITHOMY cTaHi icHye B iHTepBaui Bixg 830 no 730 °C abo mpwu piznuni remmneparyp 100 °C. IlBua-
KICTh OXOJIOJPKEHHS TMPH LIbOMY 3MEHIIY€EThCs 31 30UIbIIEHHIM aiaMeTpa 3paskiB Bix 0,5 °C/c mis
3paska giamerpom 26 mm 110 0,2 °C/c mist 3pa3ka giameTpom 66 MM. 3BiJIcH MOKHA 3pOOUTH BUCHO-
BOK, 1110 IIBUJIKICTh OXOJIO/DKEHHS CTaJll B AyCTEHITHOMY CTaH1 HE3HAYHO 3aJI€KUTh Bl MACH 3pa3KiB.
TemnepaTtypa no4yarky BUAUICHHS (PepUTY 3 aycTeHITY (Ars) TUM HUKYA, YUM MEHILUHN J1aMeTp 3pa-
3ka. Bona HaiiHmkua y 3paskiB aiametpom 26 mm (680 °C) 1 BuIna y 3paska jgiamerpom 66 mm (730
°C). ®eput BUALISETHCS 3 ayCTEHITY B 3pa3Ky JlaMeTpoM 26 MM B iHTepBaJll Temnepatyp Big 680
(Ars) no 640 °C (Ar1), a B 3pa3ky aiameTpom 66 MM BiIOBiIHO B iHTepBati TeMneparyp Bix 730 1o
650 °C.

OTxe, mix yac OXOJIOKEHHs TeMIIEpaTypHUI iHTepBasl BUIUIEHHS (epuTy 3 aycTeHity 30i-
JIBITYETHCS 31 3MEHIIICHHSIM [IBUIKOCTI OXOJIOKEHHS, BiH cTaHOBUTH 80 °C 11t 3pa3ka JiaMmeTpom
66 MM 1 HaBMaKH 3MEHIIYETHCS 31 301IBIICHHAM MIBUAKOCTI OXOJOKeHHS, cTaHOBUTh 40 °C s
3paska jiaMerpoM 26 M. 11IBuAKICTE OXOJI0KEHHS 3pa3KiB B ayCTEHITHOMY CTaHl HE3HAYHO BiJIpi-
3HAETHCS JUIS 3pa3KiB AlaMeTpoM 26 1 66 MM. YIOBUIbHEHHS HIBUIKOCTI OXOJIO/IKEHHS B LIbOMY BH-
MaJKy Ma€ Majo BIUIMBATH HA 30UIBIICHHS pO3MIpY 3€pHA ayCTEHITY.

Puc. 5. Mikpoctpykrypu 3paskiB 3i ctani 50 micist oxoopkeHHs B cepeopumti [J1-1:
a — niameTpoM 26 mm; 6 — riamMeTpom 66 Mm

3MEHIICHHS IBUKOCTI OXOJIOPKEHHS B IHTEpBaJi TeMuepaTtyp Ars — Ar1 i yac BUIUICHHS
(bepuTy 3 ayCTEHITY Ma€ TaKOX CIPHITH 3POCTAHHIO 3€pPHA ayCTEHITY JI0 TOTO MOMEHTY, TIOKH HE
CTaHEe CYLUIbHOIO CiTKa, Ka BUIUIAETHCS MO Mekax 3epeH (Qeputy. SIk mokasyroTh JOCTIIKEHHS,
ciTka (hepuTy Mo MeXax 3epeH ayCTEHITY € OLIBII CYIITFHOIO MPHU OLIBII IMIBUIKOMY OXOJIOKEHHI
(puc. 5, a). Y pasi HOBIJILHOT'O OXOJIO/HKEHHS 3pa3Ka JiaMeTpoM 66 MM (puc. 5, 6), hopMyeThCst O1TbII
BEJIMKE 3€pPHO TMEPIIITY 1 po3ipBaHa ciTka Gepury.

BUCHOBKU

[TokazaHo, 110 Mpu NEepIAITHOMY HepeTBOpeHH1 B cTami 50, 110 BOIOi€ 3HMKEHOIO CTIHKICTIO
ayCTEHITYy y BepXHiil 00JacTi TeMIieparyp, epeTBOPEHHs ayCTEHITY Ha HEepJIiT Mij Yac BiAMaly Bij-
OyBaeThbCs MPAKTUYHO NPU MOCTiiHIN TemnepaTypi (B i30TepMidHUX yMoBax). [Ipu nbomy nepeTBo-
pPEHHS MMOYMHAIOTHCS 017151 TOBEPXHI 32 HIDXKUO1 TEMIIEpATyPH 1 3aBEPITYETHCS B IIEHTP1 3pa3ka 3a BU-
1101 Temreparypu. 3MiHa TeMIepaTypy MEepeTBOPEHHS Ma€ IUKITYHUN XapakTep, BUKIHMKaHUN Tep-
MOJMHAMIYHOIO CTIMKICTIO aycTeHITy. [linTpumka TemmepaTypu 3iHCHIOETBCS 32 PaXyHOK BHYTI-
ITHHOTO TEIUIA, IO BUAUISETHCS i/ Yac MepEeTBOPEHHS.
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YTOuHEHO 3B'SI30K MK TEMIEPATYpOIO NMOYATKy NEPETBOPEHHS ayCTEHITY Ta MOro TpUBai-
CTIO, SIKI 3aJie)KaTh BiJl MIBUAKOCTI OXOJIOMKEHHs 3paskiB 13 crami 50. 31 3011bIIeHHSM MIBUAKOCTI
OXOJIO/DKEHHS TeMIIEpaTypa MepeTBOPEHHS 3HIKY€ETHCS 1 HOTO TPUBATICTh 3MEHIITYE€ThHCSI.

Bcranosneno, mo oxomnomxeHHs B cepenonuili [JI-1 3 Temnepatypu aycTeHizanii 3abesme-
qye OUTBITY MBH/KICT, HIK T 9ac BiMaTy Ha IHTEPBaIl OXOJIOKEHHS ayCTeHITY. ToMy B pe3yiib-
TaTi 0X0J0/pKeHHs B cepenoBuili ['JI-1 nocsraetbes npibHo3epHucTa cTpyKTypa cram 50. Otpumani
JTaHHI € M1ICTaBOIO /7151 pO3pPOOJIEHHS PEKUMIB TEPMIYHOI 00POOKH KOHCTPYKLIMHUX CTajlei, 1110 J10-
3BOJIUTH MIJBUILUTH ii MILHICTh Ta TEPMiH €KCIUTyaTalii B yMOBaxX 3MIHHOIO i 6araTopa3oBoro Ha-
TpiBaHHS 1 0XOJIOKEHHS poO0YOro mapy Mnpu rapsadii 00poOIli THCKOM.
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Diachenko Yu., Fedorov M., Liutyi R. Features of transformation during cooling from the austenitisation
temperature of structural steel for hot pressure treatment.
The article considers the features of transformation during cooling from the austenitisation temperature of sam-

ples (products) from structural steel 50 for hot pressure treatment in the GL-1 environment, which are necessary to know
when choosing heat treatment modes. The method of cooling in the GL-1 environment was used to develop annealing
modes for steel products with a carbon content of 0.4-0.5 %. The peculiarities of heat removal from heated samples
during their immersion in the GL-1 environment are shown on the example of steel 50 of standard composition. It was
found that the heating curve of the GL-1 medium shows four temperature intervals interconnected with the temperature
change during the sample cooling. The first interval of heating of the medium from 20 to 100 °C is caused by immersion
of a sample with a temperature of 900 °C and its cooling to a temperature of 740 °C. In this interval, the temperature of
GL-1 rises slowly due to the need to warm up its initial volume. In the second interval, from 100 °C to 220 °C, a sharper
heating of the medium is observed due to heat absorption during the release of ferrite from austenite. The third interval
covers heating from 220 to 250 °C and is associated with the absorption of heat released during the transformation of
austenite into pearlite. The fourth interval of cooling of the GL-1 medium from a temperature of 250 °C and below is
associated with the cooling of the sample after the structural and phase transformations that have taken place in it. It is
substantiated that with an increase in the weight of products, the temperature of the beginning of the release of excess
ferrite from austenite increases, the temperature of pearlite transformation slightly increases, and the duration of this
transformation increases. The data obtained are the basis for the development of heat treatment modes for structural
steels, which will increase its strength and service life under conditions of variable and repeated heating and cooling of
the working layer during hot working.

Keywords: structural steel, hot pressure treatment, austenite, ferrite, pearlite transformation, annealing, heat
treatment, structure, cooling.
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INTEGRATION OF ARTIFICIAL INTELLIGENCE INTO ENGINEERING
EDUCATION: ANALYSIS AND PROSPECTS

This article presents a review of recent scientific publications devoted to a comprehensive study of the integration
of artificial intelligence (Al) into engineering education. Innovative teaching and learning methods that actively use the
potential of Al are considered in detail, such as the creation of personalized learning trajectories, the use of intelligent
tutoring systems for adaptive interaction, the use of simulations and virtual environments for practical experience, the
implementation of gamification to increase engagement, and automated assessment for effective feedback. Innovative
teaching methods that have been significantly improved by the integration of Al are thoroughly analyzed, including the
development of self-directed and autonomous learning, the expansion of collaborative learning opportunities, the use of
interactive simulations and virtual reality for deep immersion, the provision of personalized feedback and guidance, as
well as integration into the learning process to develop key 21st century skills. This paper provides an in-depth analysis
of the current state of Al integration in engineering education, covering the levels of actual implementation of various Al
tools, the main focus on specific cutting-edge technologies, the diverse applications of Al in the educational process, and
the perceptions of both teachers and students regarding the benefits and potential challenges. The prospects and forecasts
for the future development of Al in engineering education are covered in detail, including the expected spread of hybrid
learning models, further personalization of educational programs, growing attention to the ethical aspects and responsi-
ble use of Al, and the need to develop new competencies in teachers and students. Key trends and promising directions
for further research in this area are identified, and the main challenges and potential barriers that may arise on the path
to successful integration of Al in engineering education are discussed in detail.

Key words: artificial intelligence, engineering education, innovative teaching methods, innovative learning
methods, personalized learning, adaptive systems, intelligent tutoring systems, generative Al, analysis, prospects.

Artificial intelligence (Al) is showing significant transformative potential in various sectors,
and the education sector is no exception. In higher education, especially in engineering disciplines,
there is a growing recognition of the relevance and potential impact of Al in revolutionizing teaching
and learning methodologies. The growing focus on Al's capabilities is driven by its ability to offer
adaptive, personalized, and immersive educational experiences, overcoming the limitations of tradi-
tional teaching methods. Due to the rapid development of Al, in particular generative Al, there is a
significant need to understand its role in education [1, 2]. This urgency is reflected in the increasing
number of publications exploring this intersection. The mention of ChatGPT's release and the sky-
rocketing growth of the Al market in education — projected to grow to $6 billion by 2025 with a
CAGR of 47 % between 2020 and 2025 — point to a recent surge in interest and research. This is
indicative of a dynamic and rapidly evolving field where understanding the latest trends is critical for
educators and institutions to remain competitive and effective.

The issues of transformation of engineering education based on the use of artificial intelli-
gence are widely discussed by the world scientific community, which can be seen from publications
in journals on engineering education [3-8, etc.] and on artificial intelligence [9-13, etc.].

Understanding the latest trends in the integration of Al into engineering education is critical
for educators and educational institutions to remain competitive and effective in a rapidly evolving
educational environment and is timely and critical to understanding and harnessing the potential of
Al in the field.

The purpose of the work is to analyze the process of integrating artificial intelligence technol-
ogies into the system of engineering education, to study innovative methods of teaching and learning,
as well as to assess their impact on the educational process, to consider current achievements in this
area, to identify the main challenges and problems, to propose promising approaches to the introduc-
tion of Al in educational programs and to assess possible areas for further development.

The history of the use of artificial intelligence in engineering education dates back to the
1960s, when the first attempts to use computers for learning appeared. During this period, computer-
assisted instruction (CAI) systems were developed, and the focus was on programmed learning and
automated testing.
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In the 1970s and 1980s, Intelligent Tutoring Systems (ITS) appeared, which used artificial
intelligence to adapt the educational process to the individual needs of students. Expert systems have
also been developed for diagnosing students’ mistakes.

The 1990s saw the rise of web technology and online learning. Artificial intelligence began
to be used to create adaptive web courses, and Learning Management Systems (LMS) with elements
of artificial intelligence also appeared.

The 2000s saw an increase in data volumes and the development of machine learning methods.
Artificial intelligence has been used to analyze data on student success and predict their outcomes,
and adaptive learning platforms have emerged.

The 2010s are still characterized by the rapid development of deep learning technologies and
large language models. Artificial intelligence is used to create chatbots, virtual assistants, and intelli-
gent learning materials, and is also being actively implemented in higher engineering education.

Innovative teaching methods based on Al

» Personalized learning and adaptive systems: Al algorithms analyze academic performance, learning
styles (e.g., the Felder-Silverman model), and student needs to adapt content, pacing, and feedback. For example,
Al can predict changes in learning styles [14]. Adaptive learning platforms adjust difficulty and content in real-
time based on student progress. where Al acts as a key enabler for creating truly individualized educational
experiences. This allows students to meet a variety of learning needs, which is a limitation of traditional one-size-
fits-all approaches. The use of models such as the Felder-Silverman model demonstrates a structured approach
to understanding and meeting these diverse needs. Several passages explicitly mention consideration of
individual learning styles and paces. Al's ability to continuously assess and adapt based on large amounts of
student performance data provides a level of personalization that was previously impractical, potentially
improving self-efficacy and attitudes toward education.

> Al-based intelligent tutoring systems (ITS): ITS provide personalized guidance, feedback, and
support by mimicking personalized learning [15]. An example is Carnegie Learning's MATHia system.
Examples include systems that adapt to learners' needs, identify knowledge gaps, and offer targeted support. ITS
offer scalable and consistent personalized support, potentially bridging the gap between needs students and the
available time of teachers. They can provide immediate feedback, which is crucial for effective learning and
building student confidence. Fragments B3 and S62 emphasize the adaptive nature of IES, which adapt guidance
based on individual student needs and mimic individualized learning. This personalized feedback and support
can help with specific learning moments and boost students' confidence.

> Al-supported simulations and virtual labs: Al creates interactive simulations and virtual
environments for hands-on learning and experimentation in a safe environment. Students can visualize complex
engineering concepts (e.g., electromagnetic theory, control systems) and apply principles in realistic scenarios.
more affordable and cost-effective. Al can even analyze the performance of systems under different conditions.
Fragments B1 and S60 specifically mention virtual laboratories for electrical engineering, allowing
experimentation with complex systems such as power grids. This solves the problem of providing hands-on
experience to all students, especially in resource-constrained settings, and promotes a deeper understanding of
project design and equipment use [16].

> Al-based gamification: Incorporating game elements to increase student engagement and motivation.
Interactive challenges and rewards can foster deeper learning of concepts. Al can be used to create engaging and
enjoyable learning experiences [17]. Gamification can make learning more enjoyable and increase student
motivation, leading to better retention and understanding of engineering principles. Al can personalize these
game elements for individual Students. Snippets B1 and B2 mention gamification as a way to make learning
more fun. This taps into students' intrinsic motivation, making the learning experience more interactive and
engaging, potentially leading to deeper learning.

» Al-powered chatbots and virtual assistants: Chatbots provide round-the-clock support, answer
questions, and guide students through complex tasks. They can even moderate discussions. Virtual assistants can
automate administrative tasks and facilitate collaborative learning. These tools offer immediate support and can
free up faculty time for more complex interactions with students. providing round-the-clock assistance and can
help boost students' confidence. Snippets B1, B2, and S60 highlight the role of chatbots in providing instant
responses and support. This can be especially helpful for students learning remotely or outside of traditional
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instructional hours, offering a sense of constant availability and guidance [18].

> Al for Automated Grading and Feedback: Al tools can automate the grading of essays and
assignments, providing immediate feedback to students. This allows for more frequent assessments and faster
identification of areas for improvement. Al can also provide detailed feedback students [19]. However, the
quality and nuances of the feedback provided by Al require careful consideration, and educators still need to be
involved in the process. Snippets B2 and B3 mention automated scoring as an advantage of Al. This can
significantly reduce the workload of educators, allowing them to focus on other aspects of teaching, as well as
provide students with a quick analysis of their progress.

Innovative Teaching Methods Enhanced by Al

o Self-paced and autonomous learning: Al-powered personalized learning pathways allow
students to learn at their own pace, focusing on areas where they need additional support. Al-powered
chatbots and virtual assistants facilitate self-paced learning by providing support and on-demand in-
formation. Al can give students more control over their learning, fostering autonomy and self-regu-
lation deeper understanding and greater engagement, taking into account individual learning prefer-
ences. Fragments B1 and S66 highlight the ability of Al to allow students to learn at their own pace.
This takes into account individual learning speed and preferences, potentially leading to more effec-
tive and self-directed learning [20].

o Al-enabled collaborative learning: Al platforms can facilitate group formation, manage
discussions, and provide intelligent moderation of collaborative projects. Al can even connect stu-
dents around the world. Al-enhanced virtual environments enable students from different locations
to collaborate in real-time. Al can improve collaborative learning by providing structure, support, and
tools for communication and overcoming geographical barriers and promoting a rich exchange of
ideas [21]. Snippets B1 and S60 mention that Al facilitates collaborative learning through chatbots
and virtual assistants. This highlights the potential of Al to improve teamwork and communication
skills, preparing students to work together.

e Learning through interactive simulations and virtual reality: Al-powered virtual reality
simulations and environments provide immersive and interactive learning experiences, making com-
plex concepts more tangible and understandable. Students can engage in hands-on learning and prob-
lem-solving in a safe and controlled virtual environment. These technologies can significantly in-
crease engagement and understanding, especially for abstract or complex engineering concepts offer
a bridge between theory and practice, allowing students to experiment without the need for physical
resources. Fragments B1 and S66 emphasize the use of simulations and virtual reality to provide a
hands-on experience. This is especially valuable in engineering, where the practical application of
theory is essential, and Al can provide personalized guidance in these environments [22].

o Personalized feedback and guidance: Al systems provide immediate and personalized
feedback on student performance, helping them identify areas for improvement. Al can also offer
personalized recommendations for learning resources and learning strategies [23]. Timely and per-
sonalized feedback is critical to learning. Al can provide this at scale, supporting students' progress
and motivation. This feedback can be tailored to individual learning styles. Several pieces highlight
the role of Al in providing personalized feedback. This allows students to understand their strengths
and weaknesses more effectively and adjust their learning strategies accordingly.

o 21st century skills development: Al-based tools present complex tasks that require critical think-
ing, creativity, and problem-solving skills. Al can also improve communication and collaboration
through teamwork simulations. Integrating Al into learning can help students develop the necessary
skills for today's job market, where Al is becoming more prevalent. Al can also support creativity by
offering new ideas and perspectives. B6 and S66 highlight the potential of Al to develop critical
thinking and problem-solving skills. This is in line with the growing demand for these skills in the
engineering profession, and Al can provide dynamic challenges to develop these abilities.

Analysis of the current state of Al integration in engineering education

Some studies indicate a relatively low level of actual use of Al tools among engineering stu-
dents, despite familiarity with the concept [24]. For example, 70% of the students surveyed did not
use Al tools such as ChatGPT. Other studies suggest the widespread adoption of Al technologies for
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learning activities, with virtual assistants being particularly popular. In one study, 95.6% of students
used Al in their educational activities. The level of Al integration is likely to vary significantly de-
pending on the specific tools, engineering discipline, and educational institution. Generative Al is a
recent phenomenon and its adoption is still evolving, there is a gap between awareness and actual
integration into the learning process. The contradiction between B8 (low use of generative Al) and
B5 (high use of Al in general) points to an ambiguous picture. This may be due to the different types
of Al tools being considered (general Al vs. generative Al) or to the specific groups surveyed and the
time frame of the research.

Generative Al, especially chatbots like ChatGPT, have received considerable attention in the
recent literature. Intelligent learning systems and adaptive learning platforms are also often discussed.
The current research landscape is heavily influenced by the emergence and rapid development of
generative Al, leading to discussions about its risks and opportunities. However, established AIED
technologies such as ITS and adaptive learning are still of great importance for personalized learning.
Numerous passages mentioning ChatGPT and generative Al point to the current research focus on
the implications of these new tools for assessment, teaching, and learning.

Al is being researched for personalized learning, automated assessment, creating training ma-
terials, improving simulations, and facilitating collaboration. Particular attention is paid to applica-
tions in civil, electrical and software engineering. For example, Al is being used in a civil engineering
curriculum using knowledge-based expert systems. The versatility of Al allows it to be applied to
various aspects of engineering education, from curriculum development and personalized learning to
lab management and administrative tasks. The wide range of applications mentioned in the fragments
(personalized learning, assessment, simulations, content creation, administrative tasks) demonstrates
the great potential of Al in transforming various aspects of engineering education and even extends
to areas such as library services and campus security.

Educators generally hold hopeful and positive views on the potential of Al in higher educa-
tion, recognizing its potential to enhance learning and prepare students for an Al-integrated work-
place. Students recognize the benefits of Al for understanding topics, solving problems, and helping
them write papers. 60% of students find Al useful for understanding complex topics. However, there
are concerns among both faculty and students about the ethical implications, the accuracy of Al-
generated information, and the potential impact on critical thinking skills. Students also worry that
Al may make them lazy and provide false information. Despite enthusiasm for Al's potential to in-
crease efficiency and improve learning, there is also a healthy skepticism and awareness of potential
drawbacks that need to be addressed through ethical principles and responsible integration strategies.
The balance between positive views and concerns indicates cautious optimism in the academic com-
munity about Al in education. Teachers are optimistic, but also aware of the potential for abuse and
negative impact on learning.

Prospects and forecasts for the development of Al in engineering education

v Hybrid learning models: The future likely lies in a combination of Al technologies and
traditional training methods that leverage the strengths of both approaches. Hybrid models provide
flexibility and scalability while maintaining personal interaction with educators. It is crucial to find
the right balance between Al and human interaction. There seems to be a consensus on a blended
approach, recognizing the value of both Al's capabilities in personalization and automation, and the
important role of educators in leading, mentoring, and developing critical thinking. Several pieces
clearly offer hybrid models as the way forward. This indicates a recognition that Al should comple-
ment rather than replace educators by creating a synergistic learning environment.

v Increased personalization and adaptability: Al will enable even more advanced, person-
alized learning programs that adapt to different learning styles and cultural backgrounds. Future Al
systems need to become more sensitive to the diverse needs of students. Future Al systems could go
beyond academic support to include emotional and social aspects. The trend towards personalization
will continue, Al will become more subtle in understanding and responding to the individual needs
of students, potentially leading to more effective and inclusive education. Fragments B3, B4, and B6
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predict the emergence of increasingly complex Al systems capable of meeting diverse learning needs
and even providing emotional and social support, creating a more holistic learning experience.

v Emphasis on ethical considerations and responsible use: There will be an increased focus
on addressing ethical issues such as data privacy, algorithmic bias, and academic integrity. Ethical
principles and a structured framework for Al integration will be required. Developing a framework
for the ethical use and management of Al in education will be essential. As Al becomes more inte-
grated, ethical considerations will come to the fore, requiring careful planning, policy development,
and collaborative efforts among educators, policymakers, and technologists. The frequent mention of
ethical considerations in various passages highlights the importance of addressing these issues early
in order to implement Al in engineering education responsibly and equitably.

v Developing new skills for teachers and students: Educators will need training and profes-
sional development to effectively integrate Al tools into their teaching practice. The training of teach-
ers in the field of Al will be extremely important. Students will need to develop skills in prompt
engineering and critical evaluation of Al-generated content. Successful integration of Al requires a
change in the skills of both teachers and students, which necessitates new curricula, pedagogical ap-
proaches, and a focus on the development of information literacy in the digital age. Fragments B3,
B6, B7, and B10 emphasize the need to train educators to use Al effectively and to develop students'
skills to interact and critically evaluate Al tools.

v AGI and advanced Al capabilities: Future advances in artificial general intelligence
(AGI) have the potential to significantly improve learning environments by creating more interactive
and responsive educational environments. AGI can act as both a teacher and a fellow student. Al can
become an integral part of the professional toolkit of engineers, increasing productivity and efficiency
in various industries. In the long term, better Al systems may emerge that are capable of offering
dynamic, interdisciplinary learning environments and personalized learning trajectories, potentially
leading to continuous adaptation and lifelong learning. Fragments B6 and S67 discuss the potential
of AGI to create highly interactive and personalized learning programs, envisioning a transformative
impact in the future by mimicking human-like cognitive abilities.

Key Trends and Research Areas

oTrend 1: Personalized and Adaptive Learning: A strong emphasis on the use of Al to tailor the
learning experience to students' individual needs and preferences.

oTrend 2: Generative Al Integration: There is considerable research interest in the applications
and implications of using generative Al tools such as ChatGPT in engineering education.

oTrend 3: Ethical Considerations: Growing awareness and research into ethical issues related to
Al in education, including bias, confidentiality, and academic integrity.

oTrend 4: Al Literacy Development: Recognizing the need to equip both educators and students
with the skills and knowledge to use Al tools effectively and ethically.

oResearch Area 1: Effectiveness of Al Interventions: Continued research on the impact of various
Al tools and techniques on learning outcomes and student engagement.

oResearch Area 2: Integration with existing pedagogical frameworks: Exploring how Al can be
effectively integrated with established learning theories and educational practices.

oResearch Area 3: Long-term Impact of Al: Long-term research to understand the long-term
impact of Al integration on student skills, career readiness and learning attitudes.

oResearch Area 4: Human-Al Collaboration: Exploring ways to optimize collaboration between
educators and Al systems to create the most effective learning environment.

Trends point to a future in which Al plays a significant role in personalizing learning and
improving teaching, but ethical considerations and the need for proper training will be critical to
successful and responsible adoption. Research is likely to focus on testing the effectiveness of various
Al interventions and understanding their long-term impact.

A comparative analysis of approaches and results in the field of integrating Al into engineer-
ing education shows a variety of both methods used and the results obtained. Some research focuses
on specific engineering disciplines, which allows for a deeper study of specific Al tools and peda-
gogical approaches that are most relevant to a given field. Other works take a more general approach,
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looking at the integration of Al into engineering education in general. The use of various Al technol-
ogies, including intelligent tutoring systems (ITS), generative Al, adaptive learning platforms, and
Al-based simulations, is highlighted. The choice of a particular technology is often driven by learning
goals: ITS are focused on personalized learning, while generative Al is used to create content and
provide assistance.

Research methodologies also vary, including literature reviews, case studies, student and fac-
ulty surveys, and the development of Al-based tools. Surveys assess the perceptions of students and
teachers, while the development of tools demonstrates the practical application of Al in the educa-
tional process.

The results of using Al in engineering education are mostly positive, with increased student
engagement, personalization of learning, and improved comprehension. However, some studies also
point to problems such as the potential for plagiarism, over-reliance on Al, and the need for thorough
scrutiny of Al-generated content. The results often depend on the specific Al tool and the strategy for
its implementation. In general, approaches to integrating Al into engineering education are diverse,
reflecting the versatility of both Al and engineering education. The reported results are mostly posi-
tive, but require careful interpretation and further evaluation of the effectiveness of various Al inte-
gration strategies in various fields of engineering.

The most frequently discussed challenges and obstacles associated with the successful inte-
gration of artificial intelligence into engineering education include:

— Ethical considerations and academic integrity: Issues related to plagiarism, cheating, and the
potential for Al to undermine academic integrity raise significant concerns. Al's ability to generate
human-like text raises questions about the authorship and authenticity of student papers.

— Data privacy and security: Al systems depend on data, which raises questions about the privacy
and security of student information. The collection and use of student data by Al tools must comply
with privacy regulations and ethical principles.

— Algorithmic bias and fairness: Concerns about the bias of Al algorithms and the potential for
inequitable outcomes for certain groups of students. Bias in training data can cause Al systems to
unfairly discriminate against certain demographics.

— Infrastructural constraints and access: The need for adequate technological infrastructure and
equal access to Al tools and resources for all students and educational institutions. Disparities in
access to technology can exacerbate existing inequalities in education.

— Teacher training and professional development: Lack of adequate training and support for ed-
ucators to effectively integrate and use Al in their teaching activities. Many educators may not have
the necessary knowledge to effectively use Al tools and need professional development opportunities.

— Over-reliance on Al and reduced critical thinking: Concerns that students may become over-
reliant on Al, leading to a decrease in their critical thinking and problem-solving skills. Over-reliance
on Al for tasks such as problem-solving and writing papers can make it difficult to develop important
cognitive skills.

— Accuracy and reliability of Al-generated content: It is crucial to ensure the accuracy and relia-
bility of the information and feedback provided by Al tools. Al models can sometimes generate in-
correct or misleading information, which requires students to critically evaluate the results.

— Resistance to change: Potential resistance from both faculty and students to the adoption of
new technologies and pedagogical approaches. Some educators may be reluctant to adopt Al due to
concerns about its impact on their role or due to a lack of familiarity with the technology.

— Upfront Implementation Costs: The financial investment required to implement and use Al
tools and platforms. The cost of Al software, hardware, and training can be a barrier for some educa-
tional institutions.

These challenges highlight the difficulty of integrating Al into engineering education. Ad-
dressing these obstacles will require a multifaceted approach, including policy changes, investment
in infrastructure and training, ongoing dialogue within the academic community, and a focus on eth-
ical considerations to ensure the fair and efficient use of Al.
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CONCLUSION

In conclusion, the integration of artificial intelligence into engineering education has signifi-
cant transformative potential, offering innovative teaching and learning methods that can personalize
learning, increase engagement, and improve learning outcomes. The current state of integration is
characterized by growing interest and experimentation with various Al technologies, especially gen-
erative Al and intelligent learning systems. Despite the promising prospects, there are a number of
challenges and obstacles that need to be addressed to ensure the responsible and effective implemen-
tation of Al in engineering education. Ethical considerations, data privacy, algorithm bias, infrastruc-
ture limitations, teacher training, and potential over-dependency are just a few of the key issues that
need to be carefully addressed. The future integration of Al into engineering education is likely to
include hybrid learning models, increased personalization, and a continued emphasis on ethical prin-
ciples. It is crucial for teachers and students to develop Al literacy and critical thinking skills in order
to use these tools effectively. Continuing research into the efficacy of various Al interventions, their
long-term impact, and ways to optimize human-Al collaboration for educational purposes will be
critical to shaping the future of engineering education.
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Iloonecnun C. B., €Epvomin M. B. Inmezpayin wimyunozo inmenexkmy 6 iHyceHepHy 0ceimy: ananiz ma nep-
cnekmueu.

Y cmammi nageoeno oenao nayxosux nyonikayiii 3a 0OCmManHi poKu, NPUCBAYEHUX 8CeDIYHOMY OOCTIOHNCEHHIO TH-
mezpayii wimyunozco inmenexmy (LLI) y cghepy inocenepnoi oceimu. [lemanvro pos3enanymi inHO8AYIIHI Memoou UKIA-
OaHHA MA HABUAHHSL, WO AKIMUBHO 8uKopucmosytoms nomenyian LLI, maki ax cmeopenHs nepcoranizo8anux mpackmopii
HABYAHHSL, 3ACMOCYB8AHHS THMENEKMYANbHUX HAGUATILHUX cucmem OJis A0anmueHoi 83a€mM00ii, GUKOPUCAHHS CUMYIAYIU
ma éipmyanvbHux cepedosuny 0isi NPAKMUYHO20 00CBL0Y, 6NPOBAONCEHHS 2eUMIPIKAYIT OJisl NIOSUWEHHS 3ALYYeHOCmI ma
asmMoMamu306ana oyinka s epekmuenoi PemenbHo npoananizoeani IHHOBAYIUHI MemMOoOU HAGYAHHS, SIKI 3HAYHO YOO-
cKonanunucs 3ae0aku inmezpayii L1, sxnoyaroyu po3sumox camoCmiiHo2o ma agMOHOMHO20 HABUAHHS, POSULUPEHHS
MOJICTUBOCHIEN CRINLHO20 HABYAHHS, 3ACMOCYBAHHS IHMEPAKMUSHUX CUMYIAYIL ma 8ipmyanbHol peanbrocmi 0as 2nubo-
K020 3aHYpeHHsl, HAOAHHSA NEPCOHANIZ08AH020 360POMHO0 36 3Ky MA KEPIGHUYMEBA, A MAKOIC IHMe2payiio 00 HAGHAIb-
Hoeo npoyecy. Hasedeno noenubnenuti ananiz nomounozo cmany inmeepayii LI 6 inoicenepty oceimy, o 0XONI0€ pieHi
daxmuunozo enposaddicenns pisnux incmpymenmis LI, ocHo8HUI akyenm Ha KOHKPemHUX nepedosux mexHoio02iax, pi-
3HomaHimui eanysi sacmocysanns LI ¢ ocgimubomy npoyeci ma cnpuiiHAmMms K 6UKIA0AYI8, MaK i Cmyoenmis uooo
nepesaz ma nomeHyiuHux npoodem. JJokiaoHo 8UCEimMIeHO NepCcneKmusl ma npo2Ho3u nodarvuio2o po3sumxy LI 6 iu-
JHCeHepHill 0C8Imi, BKIIOUAIOYU OYIKYBAHe NOUUPEHHS 2IOPUOHUX MOoOeell HABYAHHSA, NOOALbLe NO2TUONEHHS NePCOHAI-
3ayii oc8iMHIx npozpam, 3pocmaiouy yeazy 00 emudHUx acnekmie ma 6ionogioanvHozo suxopucmaunus LI, a makooc
HeoOXIOHICMb PO3BUMKY HOBUX KOMNEMEHYIU V 8UKIA0ayie ma cmyoenmis. Buseieno knouosi mendenyii ma 6azamoo-
OiystoUl HANPAMU NOOATLULUX OOCAIONCEHb Y Yill 2AY3l, A MAKONC OOKIAOHO PO32JISIHYMO OCHOBHI NPOOIeMU Ma NOMeH-
YIUHI nepeKoou, SIKi MOJCYMb UHUKHYMU Ha wiisxy yeniwnol inmeepayii LI 0o inoiceneproi ocsimu.

Knrouosi cnosa: wimyunutl inmenexm, iHICEHepHA 0C8IMA, THHOBAYIUHI MemoOU 6UKIAOAHHS, THHOBAYIUHI Me-
MOOU HABUAHHS, NEPCOHANIZ068aHe HABUANHS, AOANMUGHI CUCMeMU, THMeNeKmYyanbHi cucmemu, 2enepamuenuil L1, ana-
7113, NePCNEeKmueuU. .
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BUMOTH )
JI0 O®OPMJIEHHSI CTATEH JUIS TTYBJIKALIIT ¥ 3BIPHUKY
«OBPOBKA MATEPIAJIIB THCKOM»

Jo ny6unikariii y 30ipHUKY IPUAMAIOTHCS CTATTI 00CsiroM Bix 6 10 12 MOBHMX CTOpPiHOK. Y Ci MaTepiaiu HaJICH-
JIAI0ThCS B €IIEKTPOHHOMY BHUIJIsIAI Ha ajapecy: igramaliiev@gmail.com, herald@dgma.donetsk.ua 3 mo3xHaukow temu
<mpi3Buuie aBropa, micro> (Ivanov Kiev).

Jlo cTaTTi 101af0ThCS:

— aKTH eKCIIepTH3H (IU1sl aBTOPIB 3 YKpaiHH);

— peneH3is, mianrcaHa pereH3eHTOM 3BUIaifHIM 200 IH(POBUM eIEKTPOHHUM ITiAMACOM, BUTIIICKA 13 3aCiTaHHS
kadeapu abo BigaiIy.

CraTTa Ma€ BiIOBIIATH TEMATHUIII 30ipHUKA Ta Cy4YaCHOMY CTaHY HAayKH Ta TEXHIKH, MICTUTHA HOBUH HAYKOBHMA
pe3yiapTar. CTPYKTypa CTATTi MOBUHHA MICTUTH TaKi HCOOXIHI €JIeMEHTH:

* anotauii (06csirom 1800-2300 3nakiB, 17-18 psaakiB po3mipom 10 nT), yKpaiHCBKOIO, aHTIIHCHKOIO Ta PO-
CIfiCBKOIO0 MOBaMH (aHOTAIlisI Ma€ Bi0OpaXkaTH aKTyalbHICTh, METY, 3aBIaHHS, METOI{, BUCHOBKH, IEPCIICKTUBH JTAHOTO
JIOCTIi[UKEHHSI, KITFOYOBI MOMEHTH, Pe3yJIbTaTH Ta HOBU3HY POOOTH);

* K11040Bi cj1oBa (5-10 caiB) ykpaiHCHKOIO, aHTITIHCHKOIO Ta POCIHCEKOI0 MOBaMU;

* IOCTAHOBKA MPO0JIeMH, 3aBIaHHs Y 3araJbHOMY BHUIJISAL, ii aKTYaJIBHICTh Ta 3B'SI30K 13 BaXKIMBUMH HAYKO-
BUMH UM NPAKTUYHUMH 3aBIaHHIMH;

* aHAJIi3 OCTAHHIX AOCTIIKeHDb Ta MyOdikamiii (e menwe 3-x cmameii, wo euviuiiu 3a ocmaunti 10 pokie), y
SIKUX PO3MOYATO BUPIIIEHHS JaHOI IIPOOIEMH Ta Ha AKi CIUPAETHCS aBTOD;

* BUJIUJICHHS] HEBUPIIICHUX PaHillle YaCTHH 3aralbHOI IPOOJIEMH, SIKUM ITPUCBSIY€ETHCS 15T CTATTS;

* (hopMy.TIOBAHHS METH CTATTI Ta TIOCTAaHOBKA MPUBATHUX 3aBJaHb, sIKi BUPIIIeH] y cTaTTi (3 Ho8020 psadka —
«Memoro pobomu e .....»);

* BUKJIaJeHHSI 0CHOBHOI'0 MaTepiajly A0c/il>KeHHs 3 O0TpYHTYBaHH;IM OTPUMAHHUX HAyKOBUX Pe3yJIbTATIB;

* BUCHOBKH 3 OTPHMaHNX HayKOBHX PE3yJIbTaTiB 3 KOHKPETHUMH PEKOMEH IAIliSIMU Ta MEPCIIEKTUBH ITOJATBIINX
pobiT y manomy HanpsmKy (i3 3aronoskom BUCHOBKU, po3ramoBanuM o IEHTPY pAAKa).

Teker posmicTuTu Ha Ginomy mamnepi popmary A4 (210 x 297 mm) i3 noxsiMu 20 MM 3 ycix OokiB. Jluctu He
HyMmepyBaTu. Opi€HTaIlisl CTOPIHKA PO3MIIICHHS TEKCTY — KHIDKKOBA. J{s po3MmimieHHs TaOMWYHUX JaHUX, Tpadikis,
CXeM, MJTIOHKIB 32 HEOOX1THOCTI JIOMYCKAETHCSI aTbOOMHA opieHTalisl cTopiHKH. TekeT eTaTTi opopMuTH y penakropi
Word 7.0-10.0 mpudrom Times New Roman Cyr (3Bn4aiiHuii) po3mipoM 12 IMyHKTIB; M psIKaMd — ONUHAPHHH iHTe-
pBaut; ab3auHuii Bigctyn — 1,25 cM; BUPIBHIOBATH MO IIUPUHI CTOPIHKH i3 IEPEHOCAMH.

Teker anorauiii opopmutn mpngpTom Times New Roman Cyr (kypcus) po3mipom 10 11T; Mk psiAKaMu — 0111~
HapHHH 1HTepBall. Y TEKCTi CTATTi HE AOMYCKA€ThCSl BUPIBHIOBAHHSI MPOOLIaMH.

LmocTpaTuBHuii MaTepiag MOHTYETbCS Y TEKCTi. BCTaHOBIIOETECS 0OmiKkanHA MANIOHKI6 Yy meKkcmi. 3a ToT-
peOu TOMYCKAETHCSA BUKOPUCTAHHS KOJIBOPOBUX MAJIIOHKIB. BCi pHCYHKH, 0COOIUBO CKaHOBaHI (po30iibHa 30amHuicms —
ne menuie 200 dpi), ToBUHHI OyTH YiTKNMH, 6€3 CTHCHEHHS. PUCYHOK y CTaTTi MOBHHEH OYTH PO3MIILEHHIT MTICIIsl TIOCH-
JIAaHHSI Ha HBOTO y TeKCTi. KoXeH pUCyHOK 3a0e3neuyeThes MiJIHUCOM, 10 MICTUTh HOMEp MaJIOHKa Ta HOro HasBy.
[Tiamuc nounHaeThCs 3 HOBOTO psizika (Bigctym 1,25 cM), BUPIBHIOBaHHS 110 HIMPHHI.

Tadanui BUKOHYIOTH BiJIIIOBITHO /10 BUMOT CTaHAAPTY Ta PO3MIIIYIOTHCS Y TEKCTi CTAaTTi 200 Ha OKPEMHX CTO-
piHKax y Tili HOCIIiIOBHOCTI, B 5IKiif BOHM HaBOJATHCS y cTarTi. OOOB'SI3KOBO y TEKCTi MalOTh OyTH IIOCHIaHHS Ha TaOIHIIi.
I'padiunmii MaTepian Ta TaOIMIII HE TOBUHHI BUXOMTH 32 10JIs cTOpiHKK. CyMapHHUil 00csAT MaIOHKIB Ta TA0JIHIb He M0-
BHHeH nepeBuuryBatu 50 % oOcsry crarTi.

®dopmyau HabuparoThes B pegakropi Microsoft Equation 3 mapamerpamu: cTaHaapTHHUM - 12 MyHKTIB; BEITHMKHIA
iHnexc - 10 myHKTIB; ApiOHUH iHIEKC — 8 IMyHKTIB; BEIMKUNA CUMBOJI — 14 IMyHKTIB; ApiOHMUI CHMBOJI — 8 ITyHKTIB, BUPIB-
HIOBaHHS 110 IIGHTPY CTOpiHKHM 0e3 ab3amHoro BixcTymy. HyMmepartiito ¢opMysT BUKOHYIOT 3 BUPIBHIOBAaHHSAM HOMEpa IO
MIPaBoOMy MOJIIO.

CTpykTypa odopMieHHs CTATTi: Ha MEPIIiil CTOPIHII CTATTI y MEpIIOMY psIKY 3 ab3aimy Habmpaetbcs Y K.
Y HacTynmHOMY psJIKY IpaBopyu 3 ab3alry — mpi3BHIa Ta iHinianu aBTopiB. Hikye 3 ad3aiy mpudrom Times New Roman
Cyr (mpoctwif) posmipom 12 myakrie BEJIMKMMU JIITEPAMU — Ha3Ba cTarTi. AHOTaNist — 3 ab3amy MOBOIO CTaTTi,
obcsirom 1800-2300 3naxkiB (17-20 psakis). [Ticns aHoTaIlii — KJIIOYOBI ci10BAa.

AHOTAaI1 Ta KII0Y0BI clloBa ABOMa iHITUMHU MoBaMHu (00csrom 1800—2300 3HaKIB KOXKHOTO0) HABOASITHCS IICIIS
poszaizy REFERENCES. Tekcr anorariif Ta Kit040Bi cioBa (YKp., aHIL., pyc.) opopmutu mpudrom Times New Roman
Cyr (xypcus) posmipom 10 MyHKTIB; MiX PsIAKAMA — OTUHAPHUN iHTEpPBAJL.

Jaii po3MicTUTH OCHOBHHUIA TEKCT CTATTIi, 1110 3aKiHuyeThest po3niiom BUCHOBKH.

Pozgin BUCHOBKM mounHa€eTHCS 3 HOBOTO psifika, o3ariaBiioeTbes caoBoM BUCHOBKU (mpudt Times
New Roman (3Bu4aiinuii)), po3mip 12 myHKTIB, BEJIUKI JiTEpH, BUPIBHIOBAHHSA 110 IIEHTPY). BUpiBHIOBaHHS OCHOBHOTO
TEKCTY BUCHOBKIB IO ITMPHUHI CTOPIHKH.

CITMCOK JIITEPATYPH, nabpanwuii mpuptom Times New Roman Cyr (3Buuaiinuii) posamipom 12 nrt Benu-
KHMH JIiITepaMH, PO3MICTUTH TI0 IIEHTPY cTopinku uepe3 paaok Big BUCHOBKIB. Crmcok miTeparypu oOopMHTH 3TiTHO
3 ACTY 8302:2015 mpudrtom Times New Roman posmipom 10 nT; MiX psakamMu — OJWHAPHUK iHTEpBAJL.
REFERENCES o¢popmiroerses niciast CIIUCKY JIITEPATYPU: natuHuiero TpaHciiTeparis Mpi3BUIL aBTOPIiB; HA3BU
CTaTeH, )KypHaJliB, KOH(EpEeHIIii, BIacHi iMeHa, BUIaBHUIITBA, MiCIle BUIaHHS NEPEKIacTH Ha aHTIIIHCHKY MOBY. Ilicis
REFERENCES HaBonsAThCsI aHOTAITIT Ta KIFOYOBI cI0Ba JBOMa iHIMMHU MoBamu (00csrom 1800—2300 3HaKIB KOXKHA).

BinomocTi mpo aBTOpPiB BKa3yIOTHCS HAPUKIHII BCHOTO MMOJAHOTO MaTepialy yKpaiHChKOO, aHTJIIHCHKOIO Ta
pociiicbkoro MoBamu: 1oBHicTI0 BkaszaTh I11b, BueHuii cTymiHb Ta BUeHe 3BaHHs, Miclie pPOOOTH, MOcaa, €IEKTPOHHY
azpecy KoxkHoro aBTopa (e-mail) mmst muctyBarnas, ORCID.

Sk mpukia 3 opOpMIIEHHSI MOXKHA PO3TIISIATH CTATTI i€l 301pKH.
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