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AnHoTanms. B HeQTAHON IPOMBIIIAEHHOCTH Maphl IPUMEHSIOTCA B IIpollecce Iu-

ApaBandeckoro paspbisa maacra (I'PIT). MaTeprasoM, yAOBAETBOPSIIOIIMM OCHOB-
HbIM TpeboBaHmsM K mapam Asst I'PIT, sBasiercst marauit. PacTBopuMble MarHueBbie
IIapsl MpeAHasHauyeHbI Aas akTuBanuy My¢T I'PIL. ITpu poocTiskeHnu ceasa MyQThI,
BO BpeMs Impokadku xuakoctu I'PII, map BpeMeHHO nmepekpbIBaeT IPOXOAHOE cede-
HYe BHYTPH KOAOHHBI-XBOCTOBHKA, YTO 00€CIednBaeT BO3MOXKHOCTD AASI CO3AQHIIS
U30BITOYHOTO AABAEHHS U OTKPBITHS OKOH My¢ThI I'PTI. OpHAKO ITOCKOABKY MarHHit
00AapaeT MaAO# AOTHOCTBIO, TO B OYPHABHBIX PACTBOPAX, UMEIOIIUX BHICOKYIO
IIAOTHOCTb, BO3MOXKeH HerepMeTHUYHbIM KOHTAKT IIApa C CEAAOM KAAIMAHA BCACACTBUE
HEAOCTATOYHOM CHABI IPABUTALUH. JTO MOXKET IIPUBECTH K yTeUKaM pabodeit XuA-
kocTy. LleAb paboThl — cO3AaHHE U UCCAEAOBAHIHE CIIOCO0a M3rOTOBACHHUS LIAPa,
HAIIeACHHOTO HA €TO0 yTsDKeACHHUE.

Omnucan pa3paboTaHHBI CIIOCOO M3TOTOBAEHHSI ABYXCAOMHOIO IIAPOBOTO dA€-
MeHTa KAAIlaHa METOAOM IITAaMIIOBKH. ABYXCAOMHBIN MIap COCTOUT U3 MarHHEeBOM
060A0UKH, B KOTOPYIO IIOMEIIeH CTAAbHOI map. B MarHueBbI IMAMHAPUIECKHI
CTaKaH C AHOM OITyCKaeTCsl CTAAbHOM WP, CTaKaH 3aKPHIBAETCS KPBIIIKOW U3 Mar-
Hus. [ToAyYeHHYI0 KOMIIO3UIIMOHHYIO COOPKY AepOPMHPYIOT, OABEPTas CHKATHIO
ABYMs ITyaHCOHAMU C TOPIIAMH B BUAE MOAYCHEpP AO MAOTHOTO CMBIKAHUS TOPL[OB
IIMAMHAPHYECKOTO CTakaHa. B kayecTBe BapHMaHTAa UCIIOAHEHHS 0OOAOUKHM mIapa
npeAAOKeH MarHui Mapku Mr90. TeopeTndecku yCTaHOBAEHO, YTO Macca bume-
TAAAMYECKOTO Iapa B 2,74 pasa 6oabure Marauesoro mapa. CMOAeANpOBaHa MITaM-
MTOBKA KOMITO3WIJMOHHOM 3arOTOBKH C IIEABI0 YCTAHOBUTD BO3MOKHOCTD IIOAYYEHUS
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IITapa 0 IIPeAAOXKEHHOMY Crtocoby. PaccMoTpeHO HanpspkeHHO-AeGOPMUPOBAHHOE
COCTOsIHHE KOMITO3UIJMOHHOM 3arOTOBKH B IIporjecce $OpMOU3MEHEHH . YCIIem-
HOe KOMIIPIOTePHOEe MOAEAUPOBAaHMeE IIPOIIeCcca AAeT OCHOBaHHME PEeKOMEHAOBATDH
IPeAAOKEHHBIH CIIOCOO AAST OCYIIeCTBACHHS B YCAOBISX PEAABHOTO KCIIePHUMeEH-
ta. Taxoke yCTAHOBAGHO HaMMeHbIIee 3HAYeHHe COOTHOIIEHHS TOAIJUHBI CTeHKH
IIMAMHAPA K €0 BBICOTE, ObecreynBaolee COXpaHeHHe YCTOMYUBOCTH CTEHKH
IIUAMHAPA B ITpolecce poepopmaruu.
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Abstract. In the oil industry, balls are used in the process of hydraulic fracturing (HF).

The material that meets the basic requirements for HF balls is magnesium. Soluble
magnesium balls are designed to activate HF couplings. When the coupling seat is
reached, during the pumping of HF fluid, the ball temporarily blocks the passage
section inside the shank column, which makes it possible to create excess pressure
and open the windows of the HF coupling. However, since magnesium has a low
density, in drilling fluids with a high density, leaky contact of the ball with the valve
seat is possible due to insufficient gravity. This may lead to leakage of the working
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KomMnosuunoHHoe CTpOEeHMe MarHmeBoro wapoBOro aJiIeMeHTa KJianaHa...

fluid. The purpose of the work is to create and study a method of manufacturing a
ball aimed at weighing it down.

The developed method of manufacturing a two-layer ball valve element by stamp-
ing is described. The two-layer ball consists of a magnesium shell, inside which a
steel ball is placed. A steel ball is placed in a magnesium cylindrical glass with a
bottom, the glass is closed with a magnesium lid. The resulting composite assem-
bly is deformed by being compressed with two punches with ends in the form of
hemispheres until the ends of the cylindrical cup are tightly closed. As a variant,
the shell of the ball is proposed to be made of Mg90 grade magnesium. It is the-
oretically established that the mass of a bimetallic ball is 2.74 times larger than a
magnesium ball. Modeling of stamping of a composite billet is performed in order
to establish the possibility of obtaining a ball according to the proposed method.
The stress-strain state of a composite billet in the process of shaping is considered.
Successful computer simulation of the process gives grounds to recommend the
proposed method for implementation in a real experiment. The smallest value of
the ratio of the cylinder wall thickness to its height is also established, which ensures
the stability of the cylinder wall during deformation.

Keywords: well, dissolving metal, ball valve, magnesium, stresses, deformations, finite
element method
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BBepeHune

Tuapasamaeckuit paspsis maacta (IPIT) sBAseTCS akTyaAbHbIM U 3 PEKTUBHBIM METOAOM
BO3AEICTBHS Ha TPH3a60MHYI0 30HY CKBXHMHBI C IOMOIIIbIO )XHUAKOCTH TIOA AaBAeHHeM [ Sp-
KeeBa u Ap., 2019; Miao, Zhao, 2017; Hu u ap., 2022].

AASI COOTBETCTBISI OCHOBHBIM 9KCIIAYATAIJMOHHBIM TPeOOBaHIsIM MaTepHaa mapos Aas ['PTT
AOAKEH 06AAAATH BBICOKMMU IIPOYHOCTHBIMU XaPAKTEPUCTUKAMU U BBICOKOM CKOPOCTBIO pac-
TBOpEHUs B 6y PUABHBIX pacTBOpax. 113-3a cBOeil HU3KOM CIIOCOOHOCTH K PA3AOXKEHHIO CTAAM
U AAIOMUHHI He PACCMATPUBAIOTCSL, B CBSI3U C YeM B HEQTSIHOM [IPOMBIIIAEHHOCTH aKTyaA€H
[IOKCK MaTepPUAAl, COYETAIOIIETO B ceOe BRICOKHE MeXaHUIeCKIe CBOFCTBA M BBICOKYIO CKOPOCTb
AETPAAALIIIL B XMMITIECKUX PaCTBOPaxX. BoAblire BCero aTHM Tpe6OBaHUIM YAOBAETBOPSIET Mar-
uwit [ Fripp, Walton, 2017; Zhang u ap., 2018; Zhang u Ap., 2019 ]. Xumurdeckuit cOCTaB criaaBoB
MarHus HOAGMPAETCs C yIeTOM HeOOXOAMMOI1 CKOPOCTH pacTBopenws | Xiao u Ap., 2015 ].
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MsroTaBanBaeMble pasHOO6pasHbMU MeToAaMu [ Bypkus u Ap., 2001; Liu u Ap., 2017;
Yu u Ap., 2017] pacTBOpHMBIe MarHueBble Maphl IpeAHa3HaIeHbI AAS akTuBaruy My$T IPIT.
ITpu pocTmxennu ceasa MyQTh, BO BpeMs mpokauku xupxoctu I'PIT, map BpeMenHo mepe-
KpBIBAeT MPOXOAHOE CedeHre BHYTPH KOAOHHDBI-XBOCTOBHKA, YTO 0beCIIednBaeT BOSMOKHOCTD
AASL CO3AQHUS U3OBITOYHOTO AABACHUS U OoTKpbITHs OKOH My¢ThI ['PIT.

TTocKOABKY MarHuit 06AaA2eT MAAOM IIAOTHOCTBIO, TO B OYPUABHBIX PACTBOPAX, HMEI0-
IUX BBICOKYIO IIAOTHOCTD, BO3MOXEH HerepMeTHUHBIN KOHTAKT IIapa C CEeAAOM KAaIlaHa
BCAEACTBHE HEAOCTATOYHON CHABI I'paBUTALUY. TakiM 00pasoM, akTyaAeH IIOUCK CIIOCO00B,
0becIeurBaIOIIMX BO3MOXKHOCTD TAOTHOTO IIPIDKATHS 1IAPa K CEAAY KAATIAHA M COXPAHEHHS
repMeTHIHOCTH. JacTh NCCAEAOBAHMI HAIpaBAEHBI Ha CO3AAHIE M HCCAEAOBAHME CIIAABOB
MarHus, 06AAAAIOIIMX BRICOKMMH MeXaHIIeCKUME CBOFicTBaMu | Tan u Ap., 2021; Wang u ap.,
2020; Zhang u ap., 2017].

CoxpaHeHne repMeTUYHOCTH TAaK)XXe IPEAAATAeTC sl AOCTUTATh IOCPEACTBOM YTSDKeAe-
HUS IIapa, M3TOTOBAEHHOTO B BUAE ABYXCAOMHOTO Teaa [ Junjie u Ap., 2015]. Tak, B pa6ore
[Duorong u ap., 2019] npeacTaBAeH IApOBOil 9AeMEHT KAAIAHA, COCTOSILHI M3 TTOAOM
U TepPMETHYHON 00O0AOUKY, BHIITOAHEHHOMN M3 MArHUs MAYM MAarHUeBOTO CIIAABA. B creHke
IIApPOBOM 0GOAOUKM BHICBEPAUBAETCSI OTBEPCTHE U Uepe3 Hero IOMeINaeTcsl BHYTPD He-
AETPAAMPYeMbIH MaTepHAA-YTSXKEAUTEAD, B PACCMAaTPUBAEMOM CAydYae CHITydHil. 3aTem
OTBepPCTHE 3aKPBIBAETCS IIPOOKOIT U3 ACTPAAMPYEMOTO MATEPUAAQ.

Y AQHHOTO CII0CO0a eCTb HeCKOABKO HeAOCTATKOB. MaTepHaA-yTsDKeAUTEeAb HeOOXOAH-
MO U3rOTaBAMBATH ChITyduM. OOpaTuM BHUMaHUE, YTO IAOTHOCTh MAT€PHAAA B CHIITyYeM
BUAE HIDKE, 4eM B MICXOAHOM COCTOSIHUH, a 3HAYUT, CHAA TPABUTALIMH CBIITYYero MaTepuaAa
TakoKe OYAeT H3HAYAABHO IOHIDKeHA. IIp06AeMaTUIHBIM SIBASIETCS TAKOKe CO3AAHHE IIOAOM
060AO0YKY, B YACTHOCTH BHYTpPeHHell cdpepHIecKoil MOBepXHOCTH BHYTpH mapa. Kpome
TOT0, M3-3a IPOOKHU ITOBEPXHOCTb 000AOUKH 1OTepsieT GOpMy IPABUABHOM cPepbl, UTO
IPUBEAET K yTeUKaM pabodeil JXUAKOCTH BCAEACTBHE OTCYTCTBUS [€PMETHIHOCTH MEXAY
IAapPOM U CeAAOM KAAIlaHa.

CaepyeT OTMeTHUTD, YTO MarHHEBbIe IIAPHI YACTO M3TOTABAMBAIOT IIyTeM OTAUBKU ITH-
AMHAPHYECKOH 3arOTOBKM U BBITAUMBaHUEM ILIApPa, IOTOMY padpadaTbiBaeMbIil CIIOCO0
AOAXeEH OBITh HAaIlPaBAEH He TOABKO Ha yTsDKeAeHHe IIapa, HO U Ha CHIDKEHHe CTOMMOCTH
€ro IIPOM3BOACTBA.

MNMpepgnaraemMmbin NPUHLMN U crocob ero peanusauumn

Boabree yTspKeAeHe 1apa BO3MOXKHO B CAy4ae 3a[IOAHEHHS 0OOAOYKY He CHIITYYHM, a KOM-
[TaKTHBIM MareprasoM. HaMu mpepAOsKeH CIIocob ITOAYIeHHUS ABYXCAOMHOTO IIAPOBOTO dA€-
MEHTa KAQITAHa METOAOM IITAMITOBKHU. ABYXCAOMHBII AP COCTOUT U3 MArHUEBOM 060AOUK,
B KOTOPYIO IIOMeIlleH CTaAbHOM Iap.

B MaruuesbIit TUAMHAPUYECKUIT CTaKaH C AHOM OITyCKAeTCsl CTAABHOM IITap, CTaKaH 3a-
KPbIBaeTCsI KPBIUIKOH 13 MarHus. [IoAyYeHHYI0 KOMITO3UIIMOHHYIO COOPKY Ae)OpMUPYIOT
METOAOM IITAMITOBKH, TIOABEPIasl CKaTHIO AByMs IIyaHCOHAMU C TOPILIAaMH B BUAE ITOAycep
AO IIAOTHOTO CMBIKAQHHSI TOPIIOB ITMAMHAPHIECKOTO cTakaHa. CoeAMHeHNe KPBIIIKHT U CTa-
KaHa AOCTHUTAeTcs 3a cueT AUPPy3NOHHOM CBAPKH AABACHHEM, IPUMeP ONUCAHUSA KOTOPOi
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IPeACTaBAEH B cTaTbe [ AOTHHOB U Ap., 2012 ]. OTMeTnM, 4TO MarHuit 06AaA2€T HOHIKEH-
HOI ITAQCTUYHOCTDIO, U C IIEABIO €€ yBeAUYeHHUs AePpOpMalits IPU KOMHATHOM TeMIleparype
OCYIeCTBASIETCS B YCAOBHSX BBICOKUX CKMMAIOIMX HaMpsbKeHHH [ AoruHos, 3amapaesa,
2021a]. [ToaToMy CTaAbHOI1 AP, IOMEIIeHHBIA BHYTPb LIAAUHAPHYECKOTO CTAKaHa C AHOM,
B HCCAEAYEMOM CAyYae UI'PAeT POAD ONPABKH M YAYYIIAET CXeMy HAIIPSJKEHHOTO COCTOSHU,
a Takoke QOpMUPYeET BHY TPEHHIOI0 [IOBEPXHOCTh MATHUEBOM 00 0AOUKIL.

AASI U3rOTOBAEHUSI KPBIIIKKA MOXKHO IPUOETHYTh K BBIPYyOKe U3 AMCTOBOI 3arOTOBKH,
a AASL CO3AQHIS LIMAMHAPHYIECKOTO CTAKAHA C AHOM — AMOO0 K TOMY XK€ METOAY C IIOCAEAY-
IOLIefl TAYOOKOT BBITSDKKOM, AUOO K 0OPaTHOMY BHIAABAMBAHUIO U3 CIIAOIIHOM LIMAMHAPH-
YeCKOH 3arOTOBKH.

CraAbHOI map MOXXHO IIOAYYHUTDh METOAOM ITOTIePEeYHOM BUHTOBO! MPOKATKH. Bricokas
IIPOU3BOAUTEABHOCTD — IIPEUMYIeCTBO AAHHOTO METOAQ, HO Y HEro TakXXe eCTb HeAOCTa-
TOK — BEpPOSATHO OTKAOHEHHE HU3ACAUS OT IIPABUABHON cPepuyeckoit popMel. B Hamem
CAy4Yae OTMEYEHHBIM HEAOUYET SABASETCS HE3HAYUTEAbHBIM, T. K. CTAABHOM MIap MOMeIeH
B 060A0UKY, KOTOPAsI CO3AACT YCAOBUS AASI TIOAYYEHHUS HEOOXOAMMOT cheprudecKoit GpOpMBbL.
Anst moaydeHus chepudeckoit popmbl, OAM3KOM K HACAABHOM, MOXKHO IIPHMEHHUTD METOA
06'beMHOM ITAMIIOBKH.

Oo6uas cxeMa Ipolecca MTaMIOBKH KOMIIO3HIIOHHOM COOPKH, COCTOSIILEN U3 CTAABHOTO
IIapa ¥ MarHueBOI 000AOUKH, IPEACTAaBAEHA Ha pHC. 1.
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Puc. 1. O6wasa cxema npouecca NonyyYeHus ABYXCAOMHOrO Wapa: a —

0o pedopmaumm, 6 — nocne gebopmaynm Npu MAEaNN3MPOBaAHHON KapTHE TPEHUS;
1T— MarHmeBas 060104Ka, 2 — cTajlbHOW Wap, 3 — KpbllWKa, 4 — KOHTenHep, 5 —
BEPXHWW NMYyaHCOH, 6 — HWXHWUI NYaHCOH, 7 — MOMbIA Wap

Fig. 1. The general scheme of the process of obtaining a two-layer ball: a —

before deformation, 6 — after deformation with an idealized friction pattern; 1 —
magnesium shell, 2 — steel ball, 3 — lid, 4 — container, 5 — upper punch, 6 — lower
punch, 7 — hollow ball
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B KauecTBe mpuMepa paccunTaeM Maccy mapa U3 MarHus Mapku Mr90 (maoTHocTh
1 740 xr/m*) Anamerpom 20 MM M MacCy KOMITO3UIIMOHHON COOPKH, COCTOSMIEN U3 CTAAD-
HOTrO mapa pnamerpoMm 16,2 mm (ctaanp 10, maoTHOCTH 7 856 KIr/M*) 1 MaruueBoit 060A0YKH
toamuuo#t 1,9 mm (Mr90). 3aech AHaMeTpPBI APOBBIX MOBEPXHOCTEH BHIGPAHBI YCAOBHO,
Ba)KHO TOABKO COOTHOIIEHHE MeXAy HUMH. B mepBoM caydae mMacca pasHa 0,007 3 kr,
a Bo BropoM — 0,02 xr. Takum 06pasom, Macca KOMIIO3UIJHOHHOM cOOpKH B 2,74 pasa
6OAbBIIe MACChI MATHHEBOTO IIapa.

Y1005 IPOBEPUTD BO3MOXKHOCTD OCYII|eCTBAEHIS IITAMIIOBKY KOMIIO3HUIJMOHHO 3aro-
TOBKH ITO AQHHOM CXeMe, CMOAGAHPOBAAN AQHHBIIN IMPOIIeCC C IIOMOIbI0 METOAA KOHEUHBIX
5AEMEHTOB. DTOT METOA paHee yKe ObIA IPUMEHEH, B YaCTHOCTH, B pa6oTe [AOruHOB,
3amapaesa, 20216] Aast pacueTa pabOTHI MIAPOBOTO KAATIAHA.

MocTaHoOBKa 3apauv U pe3ynbTaTbl pelleHus

MoaeanpoBaHue pOpMOU3MEHEHHSI KOMIIO3UIJUOHHOMN 3arOTOBKH OCYLIECTBHAH B IIPO-
rpammaOM KoMmaekce DEFORM 3D. AAst BEINMCAMTEABHOTO 3KCIIEpHMEHTA HCIIOAb30BaH
MmarHuit Mapku Mr90 o TOCT 804—93. ITocTaHOBKA 32244 BKAIOYAAQ B Ce0sI CO3AQHMUE
reoMeTpHH o4ara AeGOopMaluH B IEPBUYHOM COCTOSIHHUH, ONUCAHHe PU3NIECKHX U ITAACTH-
JeCKUX CBOMCTB HA OCHOBE CIIPABOYHBIX AQHHBIX.

3aroToBKa UMeeT BHA [IUAMHAPUIECKOTO CTaKaHa ¢ AHOM. Hapy»xHbIi AnaMeTp nuamH-
Apa d, = 20 MM, TOATMHA CTEHKH ITUAMHADPA S, = 1,9 MM, BbICOTa THAMHADA h, = 22,2 MM,
1 dacka (3 x 25°). Kpbunka umeer puamerp d,, paBHbIN HAPY)XHOMY AMAMETPY I[HAMH-
Apa d , TOAIMHA KPBIIKYU 5, PAaBHA TOAIMHE CTEHKU ITUAMHApA s, 1 packa (3 x 25°).
Anamerp cTaabHOTO mapa D, paBeH BHYyTPEHHEMY AMAMETPY LIUAMHAPUIECKOTO CTaKaHa.
B 3apaue Tpenue onuchiBaercs 3akonom Kyaona (p = 0,2). Temneparypa HHCTPYMeHTa,
MAarHueBOH 3aTOTOBKH M KPBIIIKH, a TAKXKe CTaabHOTo mapa pasHa 20 °C. MoaeanpoBanue
OCYILIeCTBASIAOCDH IIPU U30TePMHUYECKHX YCAOBUAX. CKOPOCTh ABHKEHUSI HHCTPYMEHTA
pasna 1,5 mm/c.

PacripepeseHne ckopocTu AepOpMAIIUH B IPOAOABHOM CeYeHHH KOMITO3UITMOHHOM 3a-
FOTOBKH C OTOOpakeHHEM YeThIPeX ITAOB AepOPMALIIHY [TOKA3AHO Ha PHC. 2.

Ha nepBom aTame ¢opMoU3MeHEHHSI MAKCHMYM CKOPOCTH AePOPMAITUH HAXOAUTCS
B 00AACTH KOHTAKTa KOMIIO3UIIMOHHOM 3arOTOBKY C IIOBEPXHOCTBIO BEPXHETO M HIDKHETO
myancona (puc. 2a). Ha BTopom aTame ouar oepopMariuu uMeeT ABe AOKAAM3AINU — B 06-
AACTH COEAMHEHNS KPBILKU U 00OAOUYKY M B 30HE KOHTaKTa 000AOYKY M CTAABHOTO IIapa
(puc. 26). Aasee MeTaAA 3aMOAHSET BEPXHUIl U HUKHUIL KyTOA mTamna (TpeTuit aTar),
[IPYU 9TOM MaKCUMYM CKOPOCTU AepOpPMALIUU HAXOAUTCS B HIDKHEH 00AacTH 060A0UKH
(pI/IC. ZB). Ha gyerBepToM aTame pAedpopManuy BHENIHUI KOHTYP KOMIIO3UITMOHHOM 3aro-
TOBKU C)OPMHPOBAH B BUAE TIPABUABHOM CHephl, B pe3yAbTaTe Yero MOAYYEH ABYXCAOMHBIH
map (puc. 2r). CAeayeT OTMETHTb, YTO B KOHIle AepOPMAIINU CTAABHOR AP COXPAHUA
cBOIO UCXOAHYIO dpopmy. Ha paHHOM aTare mepBas AOKAAMU3AIHS CKOPOCTU AedpopManiuu
PacroAoKeHa B 06AACTH COEAMHEHHUS KPBIIIKU 1 000AOUKH, BTOPasi — B LIEHTPAAbHOM 30He
0OKOBOJ IIOBEPXHOCTH 0OOAOYKH Ha KOHTAKTe C IOBEPXHOCTHIO IITAMIIA.
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Puc. 2. Mopagok U3mMeHeHns nosia CKopocTn AedopmaLim B MpOLAONBHOM pa3pese ovara
nedopmaumm B NIOCKOCTN YZ 1 ero nepemelleHve no xomy npoLecca WraMmnoBKu:

a — rnepBbIv 3Tan; 6 — BTOPOW 3Tan; B — TPETUN 3Tan; I — YeTBepThbIN 3Tan

Fig. 2. The order of change of the deformation velocity field in the longitudinal section

of the deformation focus in the YZ plane and its movement during the stamping process:
a — the first stage; 6 — the second stage; 8 — the third stage; r — the fourth stage

Ha puc. 3 mpeACTaBAeH IIPOAOABHDII paspe3 AByXCAOMHOTO mapa (IITaMIT B CTaABHOM
Iap He OKA3aHbl) C OTOOPAXKEHHEM TIOAS CTereHH AedpopManuu (puc. 3a), UHTEHCHB-
HOCTH HanpsokeHuit (puc. 36) u cpeaHero Hanpsixenus (puc. 38). MakcuMyM cTerneHu
Aedopmanuy B KoHIe mporecca Aoedpopmaruu (puc. 3a) pacliOAOKEH B 30HE COCAUHEHHS
KPBIIIKYM X O0OAOUKM ¥ B LIEHTPAABHOI 30He OOKOBOM ITOBEPXHOCTH 0OOAOYKHU HA KOH-
TaKTe C MOBEPXHOCTHIO MTaMIa. MUHUMYM cTeneHH AedOpMaIiii — B 30He KOHTAKTa
ABYXCAOMHOTO IIapa C BePXHUM M HIDKHUM ITyaHCOHOM.

U3 puc. 36 BUAHO, 9TO AOKAAU3ALIMSI MAKCUMYMOB HHTE€HCHBHOCTH HAIIPSDKEHHUI ABYX-
CAOMHOTO IITapa COOTBETCTBYeT MAKCUMYMaM CTeIleHU AeOpMaIUH, IIPU 3TOM CBOE MH-
HIMaAbHOE 3HaUueHNe HHTeHCHBHOCTD HANPsDKEHHM NMeeT B 30HAX 3aTPYAHEHHOH Aedop-
MaI[iH, PaCIIOAOXKEHHBIX Ha KOHTAKTe C IIOBEPXHOCTSMH BEPXHETO M HIDKHETO ITyaHCOHa.

Ha mospIimreHHbIe TOKA3aTEAH IIAACTHYHOCTH METAaAAd B ITPOIjeCCe MTAaMIIOBKH YKAa3bl-
BAIOT OTPHUIjATEAbHbIE 3HAYEHHS CPEAHETO HOPMaAbHOTO Hanpspkenus (puc. 38). Aocra-
TOYHO BBICOKHE ITO MOAYAIO 3HAUEHHS CPeAHEero HaNpsDKEHUS AOAKHBI FApaHTHPOBATb
MHHHMAABHYIO BEPOSTHOCTD Pa3pyIIeHHs] KOMITO3UITMOHHOM 3aTOTOBKH.

KoMmbioTepHOe MOAEANPOBaHIE KOMIO3UIIMOHHOM COOPKH OKAa3aA0Ch YCIIELIHBIM,
a 3HAYUT, IIPEAAOSKEHHBIN CIIOCOO MOXHO PEKOMEHAOBATb AASL OCYIECTBACHUS B yC-
AOBUSIX PeaAbHOro oKcrepumenTa. OAHAKO CAGAYeT OTMETHTh BAXXHOCTD Ioabopa co-
OTHOIIEHHUS TOAIMHDBI CTEHKM LMAMHAPA K ero Bpicote (s /h ). Hanpumep, B Hamem
CAy4Yae NPU TOAIIUMHE CTEHKU LHUAHHAPA S, = 1,3 MM 1 BBICOTE IJMAMHApPA h1 = 22,2 Mmm
(s,/h,=1,3/22,2 = 0,058) mpousomaa MOTEPs yCTOMIMBOCTH CTEHKH LIMAUHADA 1 06pa-
3oBaHue ee nporuba (puc. 4).
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Puc. 3. PacnpeneneHune cteneHu gedopmaunm (a), MHTEHCUBHOCTW HanpsXeHnn (6)
N CpefHero HanpsaxeHua (B) B KOHUe npouecca aedopmalymm B MpoaoNbHOM paspese
[OBYXCNOWHOTO Wapa

Fig. 3. Distribution of the degree of deformation (a), stress intensity (6) and average
stress (B) at the end of the deformation process in the longitudinal section of a two-
layer ball

U3 puc. 4 BUAHO, YTO HAMOOADIIIETO 3HAYEHIUS CTelleHb AepOPMALIUI AOCTHTAET B 30HE CO-
eAMHEHIS KPBIIKY 1 060A0UKH. BTopas AOKaAH3aIist — B 30HE MPOruba CTeHKH 060A0UKH
(puc. 46).

Taxoke pacrpepeseHHe CKOPOCTH AepOPMAITMHU B IPOAOABHOM CEUYEHUH ABYXCAOMHOTIO
mapa npu sHavenuu s /h = 0,058 AeMOHCTPHpYeT COCTOsIHIE MTHOBEHHOTO O4ara Aepopma-
uun (puc. 5). 3aech BUAHO, 4TO 0Yar AepOpPMAIIMK AOKAANZ0BAH B 30HE COEANHEHHS KPbIIIKH
U 000AOUKH.

Ha prc. 6 0To6paskeHO oA CpEAHETO HAIIPSDKEHHS B IPOAOABHOM paspese AByXCAOHHOTO
mapa npu sHavenuu s /h, = 0,058. HecmoTps Ha mporu6 cTeHKH 060A0UKH, 3HAYEHHUS CPeA-
HeTO HAIIPsDKeHUS 000AOUKY HMEIOT OTPHITATeAbHbIE 3HAUSHMI.
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Puc. 4. Pacnpenenerue cteneHn gedopmauymm B NpogosibHOM paspese ABYXCIONHOMO
wapa B nnockocTv YZ npu s./h, = 0,058 (a), 3oHa A (6)

Fig. 4. Distribution of the degree of deformation in the longitudinal section of a two-
layer ball in the YZ plane at s,/h, = 0.058 (a), zone A (6)
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Puc. 5. PacnpegeneHune ckopocTu gedopmaumm B Npoao/ibHOM paspese ABYXCIOUHOMo
wapa B nnockocTv YZ npu s,/h, = 0,058

Fig. 5. The distribution of the strain rate in the longitudinal section of a two-layer ball
in the YZ plane at s./h, = 0.058
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Tak xax cTasb UMeeT H0Aee BHICOKHE TPOYHOCTHbIE XaPAKTEPHCTHKH [0 CPABHEHHIO C Mar-
HHeM, TPOrub CTEHKU MarHUEeBOH 000AOUKY He IIOBAMSIA Ha $OPMY CTAABHOTO LIapa.
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177
-331
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-94.6

!

-110

Puc. 6. Pacnpefenerune cpefiHero Hanpsi>XXeHns B Npogo/ibHOM paspese ABYXCIONHOMo
wapa B nnockocTv YZ npu s,/h, = 0,058

Fig. 6. Distribution of the average stress in the longitudinal section of a two-layer ball
in the YZ plane at s,/h, = 0.058

ITo pe3yAbTaTaM AOIIOAHHTEABHBIX PACUETOB YCTAHOBAEHO, YTO AASI IIOAYYeHMs OuMeTaA-
AMYECKOTO IIapa Hapy>KHBIM AuaMeTpoM 20 MM M Hapy>XHOH IIOBEPXHOCTBIO B BUAE TIpa-
BHABHOM C$ephl COOTHOIIEHHE TOAIMHBI CTeHKU IIMAMHAPA K €T0 BBICOTe (51/ hl) AOAXKHO
npesbimars 0,08.

3aknyeHue

PaspaboraH crocob, HapaBAeHHBIH Ha yTsDkeAeHue mapa. [Tlap mpeaAsoskeHO U3TOTaBAUBATH
MEeTOAOM IITAMITOBKH B BUAE ABYXCAOMHOTO TeAd — CTAABHOTO Iapa B MArHHEBOI 000AOUKe.
CraAbHOI AP, HOMIMO YTSDKEACHHS, CO3AAET AOTIOAHUTEAbHBIE HAIIPSDKEHHUS CKATHA B CXe-
Me AepOPMAIHH, YTO TOAOXKUTEABHO BAMSIET Ha TIAACTHMYHOCTD MaTepuasa 060aouxu. 3a cyeT
3aMeHBI IJBETHOTO METAAAQ B IIeHTPe AByXCAOMHOTO IIapa Ha YePHBIH, CTOMMOCTb KOTOPOTO
HAMHOTO HIDKE I[BETHOTO, AOCTHUTaeTCsl CHI)KeHHe CTOMMOCTH II0 CPaBHEHHIO C IIapaMH,
IOAHOCTbIO H3TOTOBACHHBIMHE U3 MarHus. Kpome Toro, ycTaHOBAGHO HaUMeHbIIIee 3HAYeH e
COOTHOIIEHHUSI TOAIMHBI CTEHKU IJHAHHADPA K €T0 BBICOTe, 0becrednBaroiee COXpaHeHHe
YCTOMYMBOCTHU CTeHKH LIUAMHAPA B IIpoIiecce AepopMaluH.
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