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Hakasom MiHicTepcTBa ocBiTK i Hayku YkpaiHn Ne 1328 Big 21.12.2015 p. «[1po 3aTBepaXeHHS pilleHb
ArtecTauinHoi konerii MiHicTepcTBa WoA0 AiSNbHOCTI cneuianisoBaHnx BYeHUX pag Big 15 rpyaHa 2015 poky» xypHan
«HoBi maTepianu i TexHonorii B MeTanyprii Ta MaluMHOOyAyBaHHiI» (CkopoyeHa Ha3Ba — HMT), siknii BuaaeTbca 3
1997 poky, BKNno4YeHU Ao nepeniky HAaykoBuXx paxoBMX BuAaHb YKpaiHU, B AKX MOXYTb NybnikyBaTuca pesynsrartu
ancepTauiiinx po6iT Ha 3000yTTA HayKOBUX CTYMEHIB AOKTOpa i KaHaMAaTa Ta TeXHIYHUX Hayk.

IHTepHeT-cTopiHka xypHany: http://periodicals.zntu.edu.ua/index.php/1607-6885
Crartri, wo ny6nikytoTeCsi B XypHani, pedepytotecsi B 6a3ax gaHux 1a PX BIHITI (Pocia) i «Dxepeno» (YkpaiHa).

XKypHan HMT micTutbcs y mMixxHapoaHii 6asi HaykoBux BugaHb Index Copernicus
(http://journals.indexcopernicus.com/index.php), enekTpoHHa Konisi XypHany po3mileHa Ha canti HauioHanbHoi
Gibniotekn Ykpainum imeHi B. |. BepHagcekoro HAH YkpaiHn y po3gini «HaykoBa nepiognka YkpaiHn» 3a agpecoto:
http://nbuv.gov.ua/portal/ .

KypHan po3noBctogxyeTbcs 3a Katanorom nepioguyHux BugaHb YKpaiHu (nmepegnnartHui iHgekc — 23271).

HaykoBui >xypHan Opykye opuriHanbHi Ta ornsgoBi cTarTi HaykoBUiB BH3 i ycTaHoB YkpaiHu Ta iHWKMX kpaiH
BiANOBIAHO A0 pyopuk:

— Teopist 6yaoBU Ta CTPYKTYPHMX 3MiH Y MeTanax, Cnraeax Ta komMnosuTtax. Bnnve tepmiyHoi, ximiko-TepmiyHoi
Ta TepMOMeXxaHi4HOi 06pobKn Ha xapakTep CTPYKTypu i iduko-mexaHiyHi BNacTMBOCTI maTepianis;

— KOHCTPYKUiNHI Ta dyHKUiOHanbHi MaTepiann. MexaHi4yHi BMacTMBOCTI cTanew, crnnaeiB Ta KOMMO3UTIB.
TexHonoriyHe 3abe3neyeHHs HaAIMHOCTI Ta OOBrOBIYHOCTI AeTanen eHepreTM4HUX ycTaHoBOK. MeTtoan mexaHidHOro
06pobneHHs. TexHonorii 3amMilHBaNbHNX 06poboK. XapakTepuCTMKM NMOBEPXHEBMX LUAPIB Ta 3aXUCHUX MOKPUTTIB
netanen mMaluH i BUpobiB;

— MeTanypriiie BUpo6HMUTBO. Tennodisuka Ta TennoeHepreTnka. PecypcosbepiraneHi TexHonorii. MopolikoBa
Mertanypriqa. lNMpomTpaHcnopT. PauioHanbHe BUKOPUCTaHHA MeTanis;

— MexaHi3auisl, aBTomaTmn3auia Ta poboTmsauia. BoockoHaneHHss MeToaiB AOCNIgXEHHS Ta KOHTPOIO AKOCTI
MeTanis. MogentoBaHHs npoueciB y meTanyprii Ta MawMHOGyQyBaHHi.
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Mpukasom MuHnctepctBa obpasoBaHust u Hayku YkpauHbl Ne 1328 ot 21.12.2015 r. «O6 yTBEpXAEHMMU
pelleHnin ATTecTaumMoHHON Konnernm MuHMcTepcTBa OTHOCUTENBHO AEATENbHOCTU CNeLMannavpoBaHHbIX YYEHbIX
coBeToB oT 15 pgekabpsa 2015 ropa» xypHan «HoBble maTepuanbl U TEXHONOINMU B MeTannyprum m
MAaLMHOCTPOEHUMN» (COoKpalleHHoe Ha3BaHue - HMT), koTopbin n3gaetca ¢ 1997 roga, BKNOYEH K NnepeyYeHb
Hayu4HbIX NpodeccruoHanbHbIX U3AaHUN YKpauHbl, B KOTOPbIX MOTYT NyBnnkoBaTbCs pe3ynsraTbl AUCCEPTALMOHHBIX

pa60T Ha COUCKaHUEe Yy4eHbIX cTeneHemn OOKTOpa v KaHaugata TeXHUYeCKUX Hayk.

WHTepHeT-cTpanuua xypHana: http://periodicals.zntu.edu.ua/index.php/1607-6885,
Cratbu, KoTOpble NyOnuKyoTCS B XypHare, pedepupytotca B 6asax gaHHbix 1 PXX BUHUTU (Poccus) u «xepeno» (YkpauHa).

XKypHnan HMT cogepxutca B MexayHapogHou 6ase Hay4vHbix n3gaHui Index Copernicus
(http://journals.indexcopernicus.com/index.php), 3NeKTPOHHaA KONWs XXypHana pasmelleHa Ha canTe HauwmoHanbHOM
6ubnuotekn YkpauHol umenn B. U. BepHaackoro HAH YkpauHbl B pasgene «HaydyHas nepuoguka YKpawHbl» no
agpecy: http://nbuv.gov.ua/portal/ .

KypHan pacnpocTtpaHseTtca no Katanory nepumoanyeckmx usgaHui YkpauHbl (NognucHowW uHaekc — 23271).

HayuHblll XXypHan nevyaTaeT OpurMHarnbHble CTaTbM Hay4YHblX PabOTHWKOB BY30B W OpraHu3auuii YKpauHbl u
OpYyrvx cTpaH B COOTBETCTBUM C pybpukamu:

— Teopuisi CTPOEHUSI U CTPYKTYPHbIX U3MEHEHUIA B MeTannax, crraeax 1 komnosutax. BrusiHne TepMudeckon, XuMuko-
TEPMUYECKON U TEPMOMEXaHNYECKON 0BpaboTKN Ha xapaKkTep CTPYKTYpPbl U (OM3MKO-MEeXaHUYeCcKMe CBOWCTBA MaTepuaros;

— KOHCTPYKLIMOHHbIE M (DYHKUMOHAMNbHbIE MaTepuanbl. MexaHnyeckue CBOWCTBA CTanew, CrnnaBoB U KOMMO3UTOB.
TexHonorunyeckoe obecnevyeHne HageXHOCTM U JONTOBEYHOCTU AeTanel 3HepreTuyecknx yctaHoBok. MeTtoabl
MexaHndeckon obpaboTkn. TexHonorum ynpoudHsoowmx obpaboTok. XapakTepucTukm noBEPXHOCTHbBIX CIOEB U 3aLUMUTHBbIX
NOKPbLITUI AeTanen MaluH U U3genuvn;

— MeTannypruyeckoe Npov3BOACTBO. Tennodusmka v TennoaHepreTuka. Pecypcocbeperatouime TeXHONOrMu.
MopowkoBas metannyprusi. NpomTpaHcnopT. PaLuMoHanbHoe UCrnonb3oBaHWe MeTannos;

— MexaHu3auusi, aBToMmatmsauus u pobotmsaums. YcosepLleHCTBOBaHME METOAOB UCCREAoBaHUs U KOHTPONS
KayecTtBa MmeTannos. MoagenvpoBaHue MpoLEccoB B MeTanmypruv U MallMHOCTPOEHUN.
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peweHna 0 BO3MOXHOCTUN UX OI'Iy6J'IVIKOBaHVI9I. PyKOI'IVICVI He BO3BpallalTCcA.

PekomeH0BaHO K M3[4aHWI0 yY4EHBIM COBETOM 3aropOXXCKOro HaLUMOHaNbHOTO TEXHWYECKOrO YHMBEpCUTeTa,
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Ao Bigoma aBTOpIB

XKypHan «HoBi matepianu i TexHonorii B meTanyprii
Ta MawmnHOOyoyBaHHi» BHECEHO [0 nepeniky HayKoBMX
BuAaHb YKpaiHu, B AKUX MOXYyTb nybnikyBaTucs
pesynbTatn auvcepTauinHux pobiT Ha 3000yTTA BYEHUX
CTyneHiB OOKTOpa i KaHougaTa TeXHiYHMX Hayk.
MepepnnaTHU iHQEKC XypHany 3a KaTtanorom
YkpnowTn 23721.

>KypHan BuaaeTbCcs OBidi Ha pik.

BMMOI'1 1O OPOPMITEHHA

CtaTTi NnpuriMaloTbCA NiArOTOBEHNMM B pedakTopi
Word for Windows (v.6 i BuLle).

MapameTpu CTOPIHKK:

- pO3Mip CTOpiHKM — A4;

- OpieHTauUia — KHUXHa;

- wpndt — Times New Roman Cyr, poamip - 12pt;
- MibKpsigkoBwUn iHTepBan — 1,5;

- nons — 20 mMm.

C1pykTypa cTaTTi

MocnigoBHiCTL po3MilLeHHA MaTepiany cTaTTi: iHaeKC
YOK; HaykoBui CTyniHb, Mpi3BMLLA Ta iHilianu aBTOpIB;
NnoBHa Ha3Ba YCTaHOBM, B SKill Mpautoe aBToOp, MICTO; Ha-
3Ba CTaTTi, aHOTaLis, KIOYOBi CNoBa TpbOMa MOBaMMU:
POCINCLKOIO, YKPAIHCBKOK Ta aHrMiNCbKOK; TEKCT CTaTTi;
cnucok nitepatypu. Pykonuc ctatTi mae 6ytu nignucanui
ycima aBTOpamu.

Poamip ctatTi — go 0,5 aBTOpCbKOro apkyLua.

TekcT cTaTTi: NpUIAMaloTbCA CTaTTi POCINCLKOLO, YKpai-
HCbKOIO i aHMMIANCbKOK MOBaMW.

[o posrnagy npuiMaioTbCsi HAyKOBI CTaTTI, WO MICTATb
Taki HeobOXigHi enemMeHTU: nNocTaHoBKa npobnemu y 3a-
ranbHOMy BUrNAAI i il 3B’A30K 3 HaMBaXNUBILLMMK HayKO-
BUMMW Y/ NPAKTUYHUMK 3aBAAHHAMMW; aHani3 OCTaHHIX 4oC-
nigpKeHb i nybnikauin, y aknx € nepeaymoBu BUPILLEHHSA
uiel npobnemu i Ha KN IPYHTYETbCHA aBTOP, BUAINEHHS
He BUPILLEHNX paHille YacTuH 3aranbHoi Npobrnemu, sSkum
NPUCBSIYYETLCA CTaTTH; (DOPMYIOBaHHA METU cTaTTi (no-
CTaHOBKa 3aBAaHHs1); BUKNaJ OCHOBHOro marepiany Jo-
CNig>KEHHS 3 MOBHUM OOGI'PYHTYBaHHAM pesynbTraTiB; BUC-
HOBKM 3 LbOr0 AOCHIOKEHHS | NepCneKkTMBM nogarnbLlumx
pO3p0BOK Yy TaKOMYy X HanpsIMKY.

Y cTatTi HeobXiAHO YHMKaTK 3arBOi AeTanisdauii, npo-
MiXXHUX POPMYN i BUCHOBKIB, FPOMI3AKUX MaTemaTuyHMX
BUpPaXeHb; He cnig HaBoAUTK BigoMmi hakTu, NoBTOpLOBa-
TW 3MICT Tabnunup Ta iNtoCTpaLin y TekcTi. TekcT cTaTTi He
NOBUHEH MaTu PYKOMUCHUX BUMPaBIEHb i NMO3HAYOK.

BignosigHo po BuMor BAKy YkpaiHu woao gaxosux
BUAaHb, KOXHa CTaTTa (KpiM KOPOTKMX MOBiAOMIIEHb)
NOBWHHA BKIOYaTM PO34inu 3 TaKUMW Ha3BaMMu:

1. Bctyn

2. Martepiann Ta meToguka OoOCnigXeHb

3. Teopia Ta aHania oTpumaHux pesynbTaris

4. BucHOBKM

(a Takox AuB. «BuMorn go CTPYKTYPHUX enemeHTIB

TEKCTY CTaTTi» HanpUKiHUi XXypHany).

AHoTaLin
O6car aHoTauii He noBMHeH nepesuLlyBaTtun 40 cni..

IntocTpauii

IntocTpauii nogaTbCsl Ha OKPeMUX apkylax Ta B
okpemux cavinax (popmat .TIF 3 po3ginbHOK0 3aaTHICTIO
He MeHwe 200 dpi, gBokonipHi abo HaniBkomipHi (y
rpagauisix ciporo), .PCX, .BMP). IntocTpauii HymepytoTbcsi
Ta MiANMCYTbCA YHU3Y. AKWO intocTpadii BCTaBneHo y
aokymeHT Word, nogatoTbcsa okpemi annm 3 HAMMU.
MiHiManbHUIn po3mip doTorpadinn 6x5 cm.

BUKOHAHHA INIOCTPALIN PEOAKTOPOM MICROSOFT

WORD (A TAKOX IHWINMWU PEOAKTOPAMUW) TA BCTABKA iX

BE3NOCEPENHLO B TEKCT CTATTI HE NO3BONAETLCA.

Tabnuui

Tabnuui maoTb 6yTM po3paxoBaHi Ha LIMPUHY
KonoHku (8,5 cm) abo Ha WMpUHY CTOpPiHKKU. Tabnuui
NOBWHHI MICTUTU nuLwe HeobxiaHy iHpopMauito.

dopmynu

dopmynu  BUKOHYWOTbCA 3a  [JOMNOMOrot
B6ynosaHoro y Word for Windows pegaktopa Microsoft
Equation. Ix HymepyloTh y Ayxkax cnpasa:

VZ
Z(0)=10log > |. (3)
S

BaxaHo, wob wrpuHa opMynu He nepesuLLyBana 8 cm.
dopmynu 6inbLWOro po3mipy 3anucyTb OeKinbkoma
psakamm.

Cnucok nitepaTtypu

Cnucok nitepaTypu y KiHUi pykonucy nogaeTbcs
MOBOI OpWriHany 3rigHoO 3 MOCHIAOBHICTIO NOCUIaHHSA B
TekcTi ctarTi Ta BuMoramu BignosigHoro [CTy. NocunaHHs
Ha niTepaTypy B TeKCTi no3Ha4dalTbCs uUndpolo B
KBaZpaTHUX OYXKax.

Y poBiaui npo aBTOpiB HEOOXIOHO BKa3aTu Npi3BumLLa,
iMeHa Ta no 6aTbkoBi (MOBHICTIO), Micue poboTu, nocagu,
BYEHUW CTynMiHb, agpecy, Homepu TenedoHis, e-mail.
HeobxigHO 3a3Ha4MTH, 3 KUM BECTU NEpPeroBopu B pasi
HeoOXiaHOCTI.

Lo pepakuii xxypHany cnip nopaTtu:
1) po3gpykoBaHy CTaTTiO;
2) eKcriepTHU BUCHOBOK MPO MOXIMBICTb OMyOnikyBaHHS;
3) ooBiaky npo aBTOpIB;
4) peLeHsito Ha cTaTTio;

5) auck CD-R (abo iHwWwui Hocin) 3 TekcToM cTaTTi i
okpemMnmu channamm pucyHkie abo BUCMMNATU eneKTPOH-
Hoto mowwToto Y Burnagi apxisHux (ZIP, RAR — apxisatopom)
cannis.

[oHOpap aBTOpam He cnnadyeTbCsl, PYKONUCK, OUCKETH,
KopekTypa Ta BIiAGUTKM cTaTen aBTopam He
HagcunalTbes. Penakuis 3anvwae 3a cobot npaBo Ha
CKOPOYEHHS1 TeKCTy cTaTTi 6e3 NoBigOMMEeHHA aBTOPOBI.

CTATTI, AKI HE BIANOBIAAIOTb YKASAHUM BUMOIAM, HE

PO3MAJAITLCA.

Appeca pepakuii: 69063, M. 3anopioks, Byn. KykoBCbKO-
ro, 64, 3HTY, pepakuia xypHany. Ten.: (061) 769-82-96 —
peaakuinHo-enaasHuunn Bigain. E-mail: rvwv@zntu.edu.ua
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A #A LEE N £ W/WW?’ Tupextopy
Ha Ne / AQ «Morop Cuun
' Borycnaesy B.A,

69068, r. Janopoxse,
up-1 MoTopocrpontenei, 13

Ypaxaemblii Bauecaap Anekcanaposuy!

Ha 6a3e AO «Motop Cuu» u 3HTY (HHULL «Tutan 3anopoxkea») 03-04 noadpsa 2016 1.
B . 3anopoxkee npouvia  Mek/ayHapoaHas  HAy4HO-IPOM3BOJICTBEHHAS  KOH(EpeHLMs
«Tutan-2016: npou3BOACTBO M TMPUMEHEHHWE B ABHACTPOCHHH», HA KOTOPOWH BE1YlIME
VKPAaHHCKHE YUYEHBIE NMPEACTABHIM CBOM Pa3padOTKH M JOCTHKEHHA B 00JIACTH MPOM3BO/ICTBA
H3/1€/1HI U3 THTaHa M APYrHX aBHAUMOHHBIX MatepHanoB. B xoae KOH(pEpPEHLHH CrieuHaavcTbl
HAH Ykpannbl W npeanpHATHI aBHACTPOHTENLHOTO KOMILIEKCa YKpauHbl CMOTIH O0CYAHTD
akTyazibHple  npoOdJieMbl  METAUIYPrUHH M MATEPHAIOBEACHHS B ABHALMOHHOM
JIBUTATENECTPOCHHN M OMNpEAeanTh NMyTH UX petienns. Ocofoe BHHUMaHHE HAa KOH(EpeHLMH
ObUIO  YJEIEHO BONPOCAaM  CO3IAHMA M BHEAPEHHA B NPOM3BOACTBO aJUIMTHBHBIX (3D)
TEXHOJIOTHIA, @ TAKKE MEPCNEKTHBHBIX MATEPHAIOB (ATIOMHHH/IA THTAHA, BBICOKOIHTPONHIHHBIX
CINJABOB M JIpP.) 3@ CHET MNPHBICUCHHA 3apYOCKHBIX H OTCUCCTBEHHBIX CHEUHATH3NPOBAHHbIX
(upm m opranmsanmii HAH Ykpauusr.

Or™meuan BBICOKYIO YPPEKTHBHOCTH NPOBEACHHBIX HCKYCCHIT, X0Te 1 Obl nodnaro apuTh
Bac 3a opranmsaumnio koHgepeHUHH H Npe1ocTaBieHHEe TI0WAAKH IS COMacoBaHuA Leneil H
32124 HAYYHOTO M NMPOH3BOJACTBEHHOIO KOMIJICKCOB YKPaHHbI.

Jlns jpanbHeiuero ykperuieHus cBa3eil HAykH M NPOH3BOACTBA ObUIO Obl MOJIE3HBIM
MPOBOANHTL TaKHE KOH(EPEHLMH Ha peryaspHoil ocHoBe noa narpoHatom AO «Motop Cuun,
MOH VYkpanns v Hauvonanbuoii akanemun Hayk Ykpauubl. [lpoBenenue creayiouei
koHpepeHunn « Turan 2018» mMbl Mmorin Ob1 npuypounThb K 100-1eTHI0 co3aanua HaunoHanbHO
akaJleMHMH Hayk YKpaunbl M nposectn ee B HMucruryre snexktpocsapkun uMm. E.O. Ilatona
(r. Kuen).

Hupexrop

aKajieMuK B.E. [aron
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I". A. Kono6os, kaHA. TexH. Hayk A. B. KapneHko, A. B. BybuHel,

3anopockas rocyjapCTBeHHasi MHXXeHepHasi akaaiemus, I. 3arnopoXbe

PA®OUHUPYIOLWWUE MNEPEMJIABbI U OPYTUE METO[bI
NONMYYEHUA TUTAHA NMOBbILLEHHON YACTOTDI

PaCCMOmpeHbl U npoaHaiIu3upoedaHsl 6UObL NIABOK MUMAHA U MUMAHOBbIX CHIABO8 C MOUKU 3peHus ux
paqbuHupyiou;ezZ cnocobrnocmiu, Memoowl packucierusl mumana, a makoice cnocoowl noayyerust mumana BbICOKOU

uucmoniul.

Knroueswie crosa: muman, 6axyymuas 0ye08as NiA6Ka, INeKMPOHHO-TYYe8as NAABKA, NIA3MEHHO-0Y2068d5 NIABKA,
UHOYKYUOHHAS NIABKA, INEKMPOULIAKO8As NIAAGKA, 2APHUCAICHAS NIABKA, PACKUCTEHUE, INeKMPOIUMUYECKOe
pagunuposarue, 100UOHOe pagurnuposarue, cyOXI0pUOHbIIL NPoYecc, 30HHAS NIABKA, TUKBAYUOHHOE PAdUHUPOBaHe,

dJlIeKmponepeHoc.

BBenenne

[NomygaeMbIii B IPOMBIIIIEHHBIX MacIITabax METOI0M
MarHAeTEPMHYECKOTO BOCCTAHOBIICHHS YeTHIPEX XJIOPUCTO-
IO TUTaHa TyO4YaThIii THTAH CONEPIKUT B 3aBUCUMOCTH OT
Mmapku ot 0,2 10 0,5 % cymMBbI IpUMECEH, SBISETCS MOITY-
TIPOAYKTOM U IIPEHA3HAYCH JUTS [IEPETIIaBa B CIIUTKH.

[Ipu nmaBKe MUXTHI, OCHOBOH KOTOPOI! SIBIISIETCS TyO-
YaThIN TUTAH, TPOUCXOJUT YBEIHMIECHHUE COACPKAHNS IIPH-
Meceit (B OCHOBHOM T'a30BBIX ), U CITUTOK HEJIETUPOBAHHOT'O
THTaHa COAEPKUT yxe ropsizka 0,5...1,0 % cymmbl mpume-
ceil. Takoil TUTaH B MEpPAPXUU YUCTOTHI METAJIOB OTHOCHUT-
CsI K TEXHUYECKH YMCTHIM, HO B OOJIBIIIMHCTBE CITyJaeB YIOB-
JIETBOPSIET TPEOOBAHMSAM, ITPEABSIBIAEMBIM IPOMBIIIICH-
HOCTBIO K THTAHOBBIM CIUIABaM KaK K KOHCTPYKIIMOHHBIM
MarepuaiaM oOIIero Ha3HAYCHHSI.

J11s1 ToITydeHust CITUTKOB TUTAHA M THTAHOBBIX CIITIABOB
HCTIONB3YIOT PA3JIMYHbIE BUABI IIABOK: BAKYYMHYIO {yTo-
Byto (BAII), anexrporHo-my4eryto (DJII1), mmazmeHHO-Iy-
roByto (ITAI1), uamykimonnyto (MI1), amekTponnrakoByto
(OUIIT) u rapaucaxkHyr0, B ToM uncie crocod ['PD. Co-
BPEMEHHBIE TCH/ACHIIY B METAJUTYPTHU TUTaHA HAIIpaBJie-
HBI Ha MCTIOJIh30BAHUE B ITMXTE MAKCUMAIBHO BO3MOXHO-
T'O KOJIMYECTBA OTXOA0B, KOTOPBIE SIBIISTFOTCS JJOTIOITHUTEIIb-
HBIM HCTOYHUKOM IIONaJaHUs MPUMECEH B CIHTOK.
[TosToMy mpy TiepennaBe MHUXTHI TEM MM HHBIM CIOCO-
OoM Ha cTaauM MPeObIBaHMS METAJIa B )KUIKOM COCTOSI-
HHUH CTPEMSATCS HCHOIB30BaTh PA(QUHNPYIOIINE BO3MOX-
HOCTH IUIABKH.

J1J1s1 MCTIONB30BaHMS B CIICNMANIBHBIX LENAX (ATOMHOE
MAaIIMHOCTPOCHHUE, PON3BOACTBO CBEPXIIPOBOLIIINX Ma-

© TI. A. Konob6os, A. B. KapneHko, A. B. bybuHeu, 2016

TEpUaJIOB, MOHOKPHCTAJIIOB JUIS IIOCTOSIHHBIX MarHHUTOB,
pacnbUIIeMbIX MUIICHEH 1 TIp.) TpeOyeTCsl THTaH BBICOKOH
YHUCTOTHI. TaKkol THTaH MMOIYJaIOT U3 TEXHUIECKH YHCTOTO
TUTaHa 3JEKTPOIUTHYECKUM U HOMUIHBIM padHHUPOBA-
HHUEM, KpUCTAIUIOPU3NICCKIMHU METOIaMH (30HHOM TIaB-
KOt 1 MeToztoM YoXparbCKOro) u dJeKTporepeHocom [ 1, 2].

Pagunupyrougue nnasku. Camplii pacupocTpaHEHHBIN
BHJI IUTABKH TUTAHA — 8AKYYMHAS 0Y206as OTIINIAETCs] MU-
HUMAJIBHBIM padUHUAPYIOMUM 3P PeKToM. XapaKkTepHOi
ocobennocTpio B/IIT ¢ pacxomyeMBbIM 3IIEKTPOIOM SIBIISI-
eTcsl OrpaHWYEHHAS Macca )KUAKON BAHHBI METAJUIA U Of-
HOBPEMEHHOE COBMEIICHHE B €€ Mpezenax MpOLEcCoB
IUTaBJIEHNS M KpUCTAJUTH3AIMK. Bee npumecn (MeTarumaec-
KH€ ¥ HEMETAJUTNYECKHUE ), BHOCUMBIE B IIABKY C IUXTOH,
WITH PACTBOPSIFOTCS B XKUJIKOM TUTAHE, UM 00Pa3yroT B CIINT-
K€ TYTOIUTaBKUE BKITFOYCHHS [3].

[oBeIIEHHE CTETIEHN BaKyyMa pacIuupsieT paduHU-
pYIOIIe BO3SMOXHOCTH JYrOBBIX nedeid. OObIYHas BaKy-
YMHas AyroBas I1e4b HE MMO3BOJISIET JOCTUYb BHICOKOH YHC-
TOTBI CJIUTKA 10 Ta30BBIM IIPUMECSM, B YACTHOCTH I10 KHC-
J0poay, U3-3a MapoB BOXABI, COpOMpPOBAHHON Ha eé
moBepxHOcTH. Kak coobmraercs B [4], B yITpaBBICOKOBA-
KyyMHOH €4 yIanoch MOayduTs cras 7i —47atr. % Al ¢
coziepkaHueM Kucioposa 45 mitk'. B kauecTBe HCXOIHBIX
MaTepHasoB MCIIOIB30BAI THTAH YICTOTOH 6N 1 anfoMu-
Huii urcToToi 99,9998 %.

TuraH, TOMTy4EeHHBI METOOM 91EKMPOHHO-TY4EB0U
Na6Ku, 9UIIE METaJlIa, MIOTy4aeMOro BaKyyMHON Tyro-
BOM IUIABKOM, 110 COAEPKAHUIO Ia30BbIX, METAJUIMYECKUX U
HEMETAJUTMIECKUX mpuMeceit (Tad. 1).
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Tabauna 1 — CpaBHHTETBHOE ConleprkaHne puMecei B cinTkax ciuiasa BT1-0, BerutaBiennsix ciocodamu BITT u OJ1I1

IMpumecn, % macc.
Bun nnaBku
0, N, C H, Fe Si znpumeceﬁ
BAIT 0,180 0,038 0,081 0,008 0,250 0,12 0,667
OJIIT 0,007 0,005 0,030 0,005 0,072 0,03 0,149

Ko/ Ko™ 25,7 7,6 2,7 1,6 3,5 4,0 4,5

* — Omuowenue cooepocanus npumeceil 6 cnrumrax BIIT k konyenmpayuu npumeceii ¢ caumiax DJI1

Il1aBKa B 5IEKTPOHHO-TYYEBBIX MIEYaX CO3AaET 61aro- rapHHUCAXeE, B TO BPEM:I KaK JICTKME BKIIOYCHHUS BCILJIbIBA-
MIPUATHBIC BO3MOXXHOCTH JIJIS TIPOBENICHAST padUHUPOBA- 0T Ha TIOBEPXHOCTb PACILIABA, TJIC Pa3PyIIAIOTCS MO JICH-
HUS ¥ (POPMHUPOBaHMS ITIOTHOTO ciuTKa. [Iporece mmaBku CTBUEM 3JIeKTpoHHOr 0 Jiy4a [ 10]. Hanuuue npomexyrou-
TUTaHa ocylecTnisiercd B Bakyyme 0,1...0,01 ITa, uto uc- HOI €MKOCTH HE TOJIBKO CO3/JaeT OI1aronpusTHBIC YCIOBUS
KJIIOYAEeT 3arpsi3HEHNEe MeTajula PUMECIMU a30Ta U KUC- JUTsl paUHUPOBAHUS OT HEMETAJUTHUECKUX BKITIOUECHHI U
nopoza u3 armocdepsl neun. Ipu BJIIT TuTana nponcxo- BOJIOPO/IA M IJIs YCPEAHEHHS XUMUYECKOTO COCTaBa CIIUT-
AT €70 paQMHIPOBAHKE OT BOAOPO/A, MOBBINIEHHOE CO- Ka, HO M MCKJIFOYaCT JKECTKYIO B3aUMOCBA3b MCXK Y ILJIaB-
JACPIKAaHUC KOTOPOIO IMPUBOAUT K OXPYITYMBAHNIO TUTAHA JICHHEM U KPUCTAJUTU3ALIUEN KHUIKOro MeTajlia, 4yTo [o3Bo-
[5]. MaTemarryeckast MOJENb IPOLECCa YIAICHHS BOJO- JIIET MPOCTPAHCTBEHHO Pa3lICUTh OTH JBa IpoIecca H,
pona u3 TUTaHa ONPENEIISIET 3aBUCUMOCTH €ro COAEpkKa- CJIEIOBATENLHO, PA3/ICJIbHO UMHU YIIPABIIAT.
HUS OT TEXHOJIOTMIECKHUX MApaMEeTPOB IDIaBKHU U (PU3UKO- Texunonorus 2JIIE no3Bosnuiia noxyyaTb CIUTKHU CILUIa-
XUMUYECKHX KOHCTaHT Ipouecca [6]. BoB BT1-0 1 BT1-00 Maccoii 1o 5 T ¢ yIy4IIEHHOMH CTPyK-

CogepxaHue KUCIOPOAa B CIUTKAX TUTAHA JIEKTPOH- TypOM, KOTOPBIE IO COAEPIKAHUIO BOJOPOJA, KUCIOPOAA
HO-JIy4E€BOH BBIIUIABKM TAKXKE YMEHBIIAETCA 110 CPaBHE- 1 a30Ta OBUTH OOJIee YHCTHIMA, YeM TUTAH BAKyYMHO-TY-
HUIO C THTAHOM BaKyyMHOI# TyroBoii muiasku. B paGore [7] roBoii mmasku [ 11]. B pa6ote [12] Takske mokasaHo cyre-
IIOCTPpOCHA MAaTEMATHYICCKas MOACIIb IIpoLEecCa paCTBOPE- CTBCHHOC CHIDKCHUE COACPIKaHMs B CIIJTaBaX TUTAHA JJICK-
HMS KUCJIOPOACOAEPKAIMX TYrOIUIABKUX BKIIOYEHUH B TPOHHO-JIY4€BOW BBIIJIABKHU MIPUMeECEH a30Ta U BOJOPO-
paciuiase TUTaHa, KOTopas MO3BOJISET PACCUATATh 3aBUCH- J1a, KOTOPOE, HAPSAY C IPAKTUUECKH TIOJTHBIM YIaIeHUEM
MOCTH CKOPOCTHU PaCTBOPEHUS YaCTULLI OT TEMIIEPATYPhI T.H. HeKoHTponupyembix mpumeceit (K, Na, Ca, Cl), 3Ha-
paciuiaBa, a TaKke JIMTCIbHOCTH IIOJIHOI'0 PaCTBOPCHHUA YUTEIHHO MOBEIIIACT 3aIac IIACTUIHOCTH, CTOCOOCTBYS
BKIIOYCHUA OT €0 XMMHUYCCKOI'0O COCTaBa U Ha4YaJbHBIX CO3/IaHMI0 HOBBIX CHCTEM JICTUPOBAHMS, B TOM YMCIIC C
pa3MepoB. HCIOJIB30BAHUEM KHUCIIOPOAA B Ka4eCTBE JETUPYIOLIETO

B pabore HHL] Xd®TU [8] B kauecTBe HCXOTHOTO MaTe- DJIEMEHTA.
puana mns OJIII THTaHa MCHIONB30BAIM I'yOIATHINM THTAH A30T B THTaHE HAXOOWUTCS HE TOIHKO KAK KOMIIOHEHT
Mapku TI'90. BputH MoTy4deHBI CIIUTKHA TUTAHA AUAMETPOM TBEPIOI0 PACTBOPA, HO M B BUJIE HEMETAIUINYECKUX BKITIO-
150 mm uncTotoii 4N. bornee 9rcThIi THTAH OBLT TOTyIeH YeHUH. DTU BKIKOYEHHUS PEACTABISAIOT COOOM TBEPBIE U
nocie OJIIT Honuanoro Tutana. Otmevaercs, uyto OJIIT Tu- XPYIIKHE YACTHIIBI O - THTAHA, HACHIIIEHHOTO a30TOM, HIIH
TaHa 6HaFOHpI/151THO CKa3bIBACTCA Ha BAKYYMHBIX YCIIOBHU- YaCTHUILbI HUTPpHUIA TUTAHA, ITOITYYHBIIME HA3BAHUE «BKIIIO-
SIX YCTAHOBKH U3-32 XOPOIINX TE€TTEPHBIX CIOCOOHOCTEN YyeHus HU3Ko# miotHocTm (LDI). DTH yacTHIb! SBISFOTCS
CIIOEB THUTaHa, OCAXKIAIOIINXCS Ha CTCHKaxX KaMEPhI €U KOHIICHTPATOpaMM HAIpsDKCHUS M MCTOYHHUKAMHU 3apOXK-
3a CYET MCIIAPEHUSL. JICHUSI yCTAIOCTHBIX TpemmuH. B paborax [13,14] nokasaHo,

B Uncrutyte snexrpoceapku uM. E.O. ITatona HAH yt0 B npouecce IJITIE TUTaHA 1 ero CIIABOB IPOUCXOIUT
YKpaI/IHBI pa3pa6orraHa TEXHOJIOT WS BBITUIABKHA TUTAHOBBIX pacTBOpCHUE a30TCOACPIKAIIINX BKJIFOUCHUH B 5KHAJIKOM TH-
CILIABOB B BAKYyM€E METOJIOM JJIEKTPOHHO-TY4€BOM I1I1aB- Ta”e. MeTogaMu MaTeMaTHYECKOI0 MOJAEIMPOBAHUS U3Y-
KH € poMexyToaHo eMkocThio (DJITE). B aTom meTone YeHbl MEXAHU3M M KMHETHKA IIPOLIECca PACTBOPEHUS a30T-
HUCXOIHYIO IIUXTY HCHNPEPBIBHO IIOJAIOT B IIPOMEKYTOY- COJIEpKALINX BKIIIOUEHUM U yCTAaHOBJIEHBI 3aBUCUMOCTH
HYFO EMKOCTb, T/IC OHa IUTABUTCS ITOJ ICHCTBHEM 3JICKTPOH- CKOPOCTH PaCTBOPEHHUS YaCTHUI[ OT TEMIIEPATYpPBI pacIuia-
HBIX JIyHCH, 8 3aTeM JKUIKAN METAILT CIIMBAIOT B KPUCTAIUIA- Ba. [l ycnoswuii DJITE onpeneneHbl BpeMEHHBIE 3HaE-
3aTOp, B KOTOPOM IIPOMCXOAUT PETYIIMPYEMOC 3aTBEP/ICBA - HUSI [TOJTHOT'O PACTBOPEHUS a30TCOAEPIKALINX YACTHULL pa3-
uue pacrmasa. Texmomorms OJJIIIE wmmeer psan JINYHOTO XMMHYECKOTO COCTAaBa M PA3MEPOB.
CYLIECTBEHHBIX IPEUMYILECTB NEPE] TPAAULMOHHOM TeX- Kpowme azorconeprkamux Briarouenuid LDI, B cnuTkax
Hojoruei B/II1, B Tom uncie oHa o0ecrieanBaeT rapaHTu- TUTAHA MOTYT OBITh BKIIIOYEHHS OCKOITKOB TBEPIOCILIABHO-
pOBaHHOE ylaJeHHe BKITIOUEHHH BEICOKOH (Gomee 5 r/cm?) 'O MHCTPYMEHTA, BHOCUMBIE C INUXTOBBLIMU MaTepHaIaMu
1 Hu3KoM (Menee 4 r/em?®) rtorHoceTH [9]. 3a Bpemst Bblep- (cTpysxkoit). OHM HMEIOT BHICOKYIO TEMIIEPATYPY ILIABIIE-
JKKH KUAKOTO METAILJIA B IPOMEXYTOUHOW EMKOCTH TSXKe- HUSL ¥ OOJIBLIYIO IJIOTHOCTh M MOMYYHITH HA3BAHUE «BKITIO-
JIBI€ BKJIIOYEHUS OITYCKAIOTCs Ha JHO M HAKAIJIMBAIOTCS B YeHHUS BBICOKOH TutoTHOCTIY (HDI).
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B ornmame ot B/III, neperpes MeTaia U IpoJOIKH-
TEJIHOCTH €r0 NPeOBIBaHMS B )KUJIKOM COCTOSTHUH B TIPO-
MexyTouHOU EMKocTH 1pH DJIIIE SBIsAI0OTCS OCHOBHBIMU
(axTOpamH, ONpeaeISIFOIIMMU BO3MOKHOCTE padrHUpO-
BaHMS TUTAHA OT TBEP/BIX BKIIOYEHUH. MexaHu3Mm ynase-
nus aedexroB npu JJIIE 3axmogaercst B pacTBOPEHUH
a30TCo/IepKAINX BKIIOYCHUH C HU3KOH IUIOTHOCTBIO M
OCaKJICHUH BKJIFOUCHUH C BEICOKOH ITOTHOCTRIO [ 10]. Taxk,
emé B 1987 r. coobmanoch, urto hupma «Viking
Metallurgicaly (CIIA) mony4aer B 1e4u ¢ IBYMsI JIEKT-
POHHBIMU MyLIKaMK MOIIHOCTHEO 110 1200 kBT kaxknas tura-
HOBBIE Utk ceueHreM 460...1200 mm 1 maccoit 1o 10 T.
J1J1s1 ITaBKH CTPY>KKH, COAEprKalliel OCKOIKH TBEP/IBIX CILIa-
BOB, I1e4b OblTa 000pyHOBaHa (GopKaMepoi [Ist OTCTanBa-
HUS TSDKEJTBIX YACTHIL.

[Meus ¢ padhuHNUPYIOINM TOAOM IJISI OUMCTKH THTAHA
OT JIETKUX OKCHHHUTPUIHBIX U TSDKENIBIX METAJUIMYECKUX
BKITFOUcHUH 3asBieHa B mateHTe CILA [15]. TTox conepxut
OTKPBITYIO EMKOCTb, pa3/Ie/ICHHYIO Ha TPH 30HbI, TIEpBasi 1
TPEThsI U3 KOTOPBIX UMEIOT 33JaHHYIO ITyOHHY M coo0IIa-
I0TCSI MEXK/Ty COOOH IMOCPEICTBOM BTOPOI 30HBI, IITyONHA
KOTOpPO! MEHBIIIE, YeM Y IEPBOH U TPETHEH 30H.

B npyrom matente CILA [16] 3asBi1€Ha 3JIEKTPOHHO-
JydeBasi 1eysb Juisl paMHUPOBAHMS TUTAHA U PA3JIUBKH €T0
B ciuTKH. [Teub MMeeT IaBUIbHBIN U TPAaHCIOPTHPOBOY-
HBI BOJJOOXJIXK/[a€MbIE TOPHBI, BOZIOOXJIAXKIAEMYIO BaKy-
YMHYIO KaMepy, HECKOJIBKO JIEKTPOHHBIX ITyIIEK W KpHC-
TaJJI3aTOP, U3 KOTOPOTO BBITSTUBAIOTCS CITUTKH. [OpHBI 1
KPHCTAJUTU3ATOP pa3/eeHbl Mex 1y coboii moporamu. [To
Mepe MPOXOKICHHS PACIIABICHHOTO TUTaHA OT IJIABHIIb-
HOT'O TOpHa JI0 KPUCTAJUIN3aTOpa MPUMECH UCIIapsIOTCL.

B Heckompkux padorax oOCyxmaercss BO3MOKXHOCTD
MIOJTy4EHHSI TUTAHA BBICOKOH YHCTOTHI 3JIEKTPOHHO-ITye-
BOM IJIABKOW METAJIJIA IIOCIIE €0 SIEKTPOIUTUYECKOTO Pa-
¢uanpoBanus. B [17] ormeuaercs, uto B mporecce DJII1
npoucxoaut 3 dexTrBHOE pahUHNPOBAHKE TUTAHA OT JIeT-
Koneryanx MeraiioB (Al, Mn, Mg, Cr, Cu) u meHee 3¢ dek-
TUBHOE OT JKeJIe3a 1 HUKels. bornee Tyromnaskue, 1o cpas-
HEHHIO C THTAHOM, IPUMECH LIUPKOHNS, HUOOHS 1 TaHTAJIA
YBEIMYMBAIOT CBOE OTHOCUTENBHOE COJIEP)KAaHHE B THTA-
HOBOM CJIMTKE 33 CUET MPENMYIIECTBEHHOTO MCHAPEHUS
IIpU IDIaBKE OCHOBHI (THTaHA). [[ppuMeHeHne B Ka4ecTBe
HCXOAHOTO MaTepHaia EKTPOIUTHIECKOTO THTAHOBOTO
MIOPOIIKA ABOWHOTO paMTHUPOBAHMS C HU3KUM COJIEpIKa-
HHUEM IpUMeceil BHEAPEHUS TI03BOJIWIIO ITOTYIHUTh CITUTKH
TUTaHA MTOBBIIICHHON YNCTOTHI.

Huactutyr TUPEAMET pa3pabotait TeXHOIOTHIECKYIO
CXEMY IOTyYEHHS THTaHA BEICOKON YHCTOTBI, COUYETAIOILYIO
AIIEKTPONUTHYECKOE pa(UHIPOBAHUE T'yOYaTOrO TUTaHA
WJIN OTXOJIOB TUTAHA C AJIEKTPOHHO-JTy4EBBIM paHHUPO-
BaHHEM IIOIyYEHHOTO JJIEKTPOIUTHYECKOTO TOPOIIKA B
BBICOKOM Bakyyme [ 18]. ['oToBoi ipomayKimu OBIIH CITHT-
KM ¥ MHIIEHH JJI1 MArHETPOHHOTO PACTIBIICHHS, H3TOTOB-
JICHHBIE U3 CIIUTKOB ITyTEM HX OTKHI'a U INTACTHYECKOH fe-
(hopmarmu, ¥ TOPOIIKH TpeOyeMor KPYITHOCTH, TTOTyIeH-
HBIE COBMCIICHHEM METOAOB THUAPHPOBAHHUI W
JIETHAPUPOBAHNS CIIUTKOB B OJHOM aIllapare.

B[19] anektpoHHO-Ty4deBO# I1aBKe (BakyyM < 5- 10-*atm)
TIOJ[BEpraJIi HTOJIFIaThIe KPUCTAIIIBI TUTAaHA, TTOTydeHHbIE
snekrponmu3zoM pactnasa K TiF -NaCl npu Temmeparype
750 °C, nanpspxennu 80 B u cute Toka 200 A. B pesynsrare
TIepeIIaBa IOTyqaii BEICOKOUMCTBIH THTaH, COIEpIKalIHi,
r/1: <250 0,; <10 Fe, Ni, Cr <0,1 Na, K 1 npuronssIii ayis
H3TOTOBJIEHUS IPOBOJIOKU.

JIByXCTyneH4aThlii poLecc, BKIIOYAIOIIUI 3JEKTPO-
JIU3 C TIONTYYEHNEM UTOJIFIAThIX KPUCTAJJIOB TUTAHA M I1JIaB-
Ky B 2JEKTPOHHO-TY4YEBOU NEUU C MOIYyYEHHEM CIIHTKA,
npeanoxed B matente CIIIA [20]. DIeKTpOITUTOM CITYXKHIT
pacmas K TiF -NaCl ¢ no6agxoii TiO,. ITapameTtpb snek-
TPOHHO-JTy4eBO# IUIABKH CIEIyOLIe: BakyyM 2-10- mbap,
cKopocTb miasienus 1,75...2,30 kr/4. Conepxanue npu-
Meceil B BBIIUIABICHHOM CIIUTKE COCTaBMIO, %-107:
<1500,;1m0<0,8Nin Cr;n00,05NanK;n0<0,001 UnTh.

Inasmenno-0yzo8yio niasky TATaHA TakKe MOXKHO
paccmartpuBaTh Kak paduaupyromuii neperas (I1/1PIT).
Hapsany ¢ OJIIIE, mia3MeHHO-IyroBas IUIaBKa SIBIISETCS
HanOoJee NepCIeKTHBHON TEXHONIOTNeH ynajieHus U3 TH-
TaHa a30TCOAEPIKAINX BKITIOYCHUH, TTOCKOJIBKY MO3BOJISIET
neperpeBarhb NoBepxHocTh paciuiasa 10 200 °C Bbllle TeM-
riepaTypsbl IJIaBJICHNUS, @ B OTAEIBHBIX 30HAX W BBIIIE, U,
KpPOME TOT'0, 1aeT BO3MOXKHOCTB ITOJIEP>KUBATh METAJI B
YKHUIIKOM COCTOSTHHM JTF000e HeoOxomumoe Bpemst [21]. Pac-
yeThl napaMeTpos pexxuma [TJ[PII TuTaHOBBIX 3ar0TOBOK
MOJKHO IIPOBOJIUTH 110 METOJUKE, OCHOBAHHOM Ha UCIIOJIb-
30BaHHH 3aBHCHMOCTEH IO/ TTPOTIIABIICHHUS METalIa
OT CHJIBI TOKA ¥ CKOPOCTH ITepeMeIeHnst IyrH [22].

B mpouecce nepennasa TATAHOBOIO CKpara METOIOM
ITATI moiry4aroT CIMTKU CO 3HAYUTENBHO MEHBIINM COZEP-
YKaHWEM Ta30BBIX IIPUMEceH (a30Ta U BOJOPO/A ) TIO CPaB-
HEHHIO C UCXOMHOM MUXToH. Tak, aHaIu3bl XUMHYECKOTO
COCTaBa CIUTKOB, MOTYYECHHBIX IJIABKOH OTXO/OB CIJIaBa
Ti-6Al-4V Ha 3KCIIepUMEHTATBHON TIA3MEHHOW TIEYH C
HCTIONB30BAHUEM TENNS B KAUECTBE IIa3M000Pa3yroLIero
rasa, TIoKa3aJy, 9TO CO/IepKaHUEe a30Ta U BOAOPO/A B I10-
JIy9eHHBIX CIUTKAX 3aMETHO CHU3HMJIOCH IO CPABHEHHIO C
HCXOMHOM mmxToH [23, 24]. I'TyOoKast o4rcTKa OT BOAOPO-
J1a HabIIIonaIach TAKKE B CIINTKAX, TTOYIEHHBIX B TIEIN KOM-
nannu Teledyn Allvac, 060pynOBaHHON YETHIPHMS IDIa3-
MOTpOHAaMH ¥ paboTaromie B atmocdepe remust [25].

I[NeperuiaB 0TX00B ry0YaTOro TUTaHA C OBBIIICHHBIM
COZIEPKAHUEM XJIOPHIOB ITOKA3aJIa, YTO IIPH COACPKAHUH
xsopuaoB B ryoke 10 0,25 % nenecoodpasna [1111, a mpu
6or1ee BBICOKOM COZEP)KaHHH XJIOPUAOB MPEATIOUTHTEIb-
HEe CTAaHOBUTCS MHIYKIIMOHHAA I1aBKa [26].

[IpumeneHne TEXHOIOTHN UHOYKYUOHHOU NAABKU B
CEKIMOHHOM KPHCTAJUIN3aTOPE [UIs TIEpEIlIaBa ryoyaToro
TUTaHA C TIOBBIIICHHBIM COZIEPKaHUEM XJIOpA ITOKA3allo,
YTO IPH ONTUMAJIBHBIX JIEKTPHUECKUX TTapaMeTpax BO3-
MOYKHO CTaOWJIBHOE IpOBeeHHe mporiecca miaBku. Co-
JIepKaHMs JKeJle3a 1 a30Ta B ITOJIyIEHHBIX CIIUTKaX MPAKTH-
YECKH HE M3MEHWIINCD, & COAEPKAHNE KUCIOPOa CHU3H-
710k B 2...3 pasa 1o CpaBHEHUIO C UCXOAHOHN ITUXTOM.

JIuTelHblii cKpan aJOMUHHUIOB TUTAHA CUIIBHO 3arpsi3-
HEH IPUMECSIMH KUCIIOPOAA U IPYTUX JIEMEHTOB, B CBA3H,
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C YeM HYXJAeTcs B IIPE/IBAPUTEIFHOM PacKUCICHUH 1 pa-
¢uaMpoBanuy. B pabore [27] ncnibiTaHa HOBast TEXHOJIO-
THsl, COCTOSIIAS U3 CIEAYIOMNX TOCIEI0BAaTEIFHBIX OIe-
panuii: BakyyMHasi HHAYKIIMOHHAsI IUIABKa B CHEIUAILHBIX
KEpaMUUECKUX TUIIISIX, PACKHCIICHHE TIEPEINTaBKoH oI pe-
aKTHBHBIM IIIJIAKOM M pa()MHIPOBAaHHE BAaKyyMHOH JTyro-
BOM IUTaBKOM.

Dnexmpoutnaxosas naaska (JLUIT) 6pu1a paspadora-
Ha B CCCP B Hauasie 50-X rofoB IpUMEHHUTENBHO K IOTyde-
HHUIO KaUeCTBEHHBIX CTaJell Kak paQUHUPYIOUIMH Tepe-
IUIaB, IPU KOTOPOM METaJLJI IEPETIaBIIeTCs] B BAaHHE HJICK-
TPONPOBOJSIIETO CHHTETHYECKOTO IIUIAKa IO/ ISHCTBHEM
TEIUIOTHI, BBICIISIONIEHCS B IIJTAKE IPH ITPOXOXK/ICHUH Ye-
PE3 HEro 3JEKTPUUECKOro ToKa. KHUIKuii MeTasu1 npocadu-
BaeTcsl yepes MIJIaK ¥ 3aCTHIBAET 110/l HUM B ciiuTok. Obpa-
0O0TKa [IIJTAKOM OYHMINAET METaJLI OT BPEAHBIX IPUMECEH, a
3aTBEpJEBaHNE B BOJOOXJIAXKIAEMOM KPUCTAIIM3aTOpE
o0ecreunBacT JKeIaeMyIo CTPYKTYpY MeTalIa.

B cBO€ BpeMst a51eKTpOIUTaKOBbIN NeperuiaB ObLI 3as1B-
JIeH KaK METOJ] OYHCTKH TUTaHa oT a3ota [28]. JlelicTBu-
tespHO, D1 no3Bosster 3¢h(heKTMBHO pacTBOPSTH HUTPH-
Hble BtoueHwns [29]. Ipu apyrux criocodax miiaBKu Bpe-
Ms paCTBOPEHHSI BBICOKOA30TUCTBIX BKIIOYEHHH PeaibHO
BCTPEYAOIIUXCS B IIPAKTHUKE PA3MEPOB MOXKET OKA3aThCS
GoJbIIIe BpeMeHN NpeObIBaHNST TUTAHA B )KUJIKOM COCTOSI-
Hun. B 10 e Bpemst npu OIIIII ckopocTs pacTBOpeHUst
BBICOKOA30THCTBIX BKIIIOUEHHH TIPH OTIPEACIICHHBIX YCIIO-
BUSIX 3HAYMTEIHHO BHIIIE, OCOOCHHO MPH J100ABICHUN B
IIJTAK CHJIBHBIX PACKUCITUTENICH.

B 90-e roger XX cronerust IEKTPOILIAKOBas IUIaBKa
THUTaHOBBIX CIUTABOB ObLIA IIPE/IOKEHA KaK CIIoco0 yMEHb-
IICHUS COIEPKaHMS Ta30BBIX MpuMeceii B ciutke. C 3Toi
LIETIBIO TITABKY BEJTU B 3aKPBITOH MEYH B aTMOC(epe apro-
Ha, a B Ka4eCTBE IIIaka uenonb3osaimm cmeck CaF,-CaO ¢
J100aBKOI METAJIIMYECKOTO KaJIbIHsI, KOTOPBII BBIIOMHSII
poub packuciurens [30].

[IprMeHenue MEKTPOLLIIAKOBOK TEXHOIOTUH K IIJIaBKE
TUTaHa IpeycCMaTPUBAET UCIIONB30BAHNE KAMEPHBIX TIe-
geii (KOILIT), paboTaromux B 3aIUTHON HIM HHEPTHON
aTtMocdepe ¢ aKTHBHBIMH METaJUICOAEPKAIMMH (Irroca-
mu (nanpumep, CaF,-Ca) [31, 32] w1 padurmposanys Ta-
TAHOBBIX CIUIABOB OT OOOTAIIEHHBIX a30TOM BKJIIOUEHHI
(OAB). Ilpumenenne kanpiuiicogepsxaiero ¢uroca mo-
3BOJISIET CO3/IaTh HEOOXOAUMBbIE TEPMOJMHAMHYIECKHUE YC-
moBust aust pasnokenuss OAB B mpomecce KOIIII. B pe-
3yNIbTaTe MEPEIUIaBa B 3TUX YCIOBHAX MONYUHIHN CIUTKH
THTaHa C CoNepKaHreM npumecei (macce. %): 0,03...0,06 O,;
0,005...0,006 N ; 0,003...0,005 H,; 0,01 C. Ota Texnomnorus
MOXXET CTaTh AJIbTEPHATHBHOMN BaKyyMHBIM IT€PETUIABHBIM
IpoLeccaM, WM JKE€ CIUTOK, MONyIEeHHbIH paduHNpYIO-
MM 3JIEKTPOIIIIAKOBEIM IIEPEIIaBOM I'yOIaTOro TUTAHa,
MO>KET OBITh NCIOJIB30BAH KaK PAaCXOLYEMBbIi 3JIEKTPO IS
¢urnmmoi BT (puc. 1).

ONEKTPOIIIAKOBBIH ITEPETUIAB O AKTHBHBIMH IITAKO-
BBIMH CHCTEMaMH B M€4aX KAMEPHOI'O THIIAa B KOHTPOJIH-
pyeMoit atMocdepe Mo3BOIISET CYIIECTBEHHO PACIIIPHUTH
BO3MOXKHOCTH TTEPEIUIaBHBIX MPOIecCOB TUTaHa. Crioco0y
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Puc. 1. Cxema npumenenust DI st pagunnpoBanus TuTaHa
OT BBICOKOA30THUCTBIX BKIIOUECHHH

K3IHIT npucymmu BCe JOCTOMHCTBA KJIACCUYECKOTO AJIEKT-
POIIJIAKOBOTO IeperiaBa — padUHUAPYIOMAs IUIaKOBas
cpena, HarpaBJIeHHas KPUCTAIUIM3AIMS U XOpOIIasi IIoBep-
xHocTh ciuTka. Texnonorust KOIII no3onser yrunmmsu-
pOBaTh THTAHOBBIE OTXOJIBI (CKpAIl, CTPYXKKY) C ITOTyIEHH-
€M KaueCTBEHHBIX CIIMTKOB KOMMeEpUeCcKoi 9icToTHI [33].

MexaHU3M pacTBOPEHNS HUTPHIHBIX BKIIOYESHUH ITpesi-
TIoJIaraeT MaccolepeHoC a30Ta Yyepes3 IUIAKOBYIO BaHHY OT
BKJIIOUCHUS K IUICHKE PACILIaBICHHOT0 METaIa Ha TOpIE
JIEKTPOAA C TOCIIEAYIOINM IIEPEXOI0M B TBEpABIN pa-
cTBOp B popmupyrommemcs ciutke [34]. KOILIT obecrre-
YHMBAET XOPOIIYI0 XHMHYECKYIO ¥ CTPYKTYPHYIO OJJTHOPOJI-
HOCTb TUTAHOBBIX CIIMTKOB. BBenenne B tutaku KOII me-
TAJDTMYECKOr0 Kalblys obecreunBaeT padUHUPOBAHHE
TUTaHa OT a3ota u kucioporma Ha 10...15u20...25 %, coot-
BETCTBEHHO [35].

B mpomecce neperaBa ry0ku BO3SMOXKHO, HA000pOT,
JIETUPOBAHUE TUTAHA KHCIOPOAOM M3 ra3oBoi ¢assr. [Ipu
9TOM COZlep KaHHE KHCIOPO/ia B METAJIIE, ITO CPABHEHHIO C
HCXOMIHBIM, TIOBBIIIaeTcs B 2.... 7 pa3 [36]. KOLUII mo3Boss-
€T JIETUPOBAaTh TUTAH  YITIEPOIOM B HCCICAOBAHHOM ANa-
nazone ¢ 0,022 1o 0,340 % npu npuMEHEHNH JUTaTyp B
BHZI€ HAHOYDJIEPOAHBIX TPYOOK HIIM MOPOINKAa YIIIEpoza
MHKpPOpa3MepoB. JIeTHpOBaTh TUTaH KHCIOPOAOM MOXHO
Taroke u3 nopomka TiO, Mukpo- u Hanopasmepos ot 0,175
110 0,73 %, mpr 3TOM TBEpIOCTh TUTAHA TIOBBIIIaeTCs OT 123
110 294 HB, a cTpyKTypa CIIUTKA H3MEHSCTCS ITyTEM U3MEITh-
yeHus qeHapuToB [37].

KOIIIIT mo3Borsiet mepepabaThiBaTh OTXOIBI THTAHOBO-
T'O MPOU3BOJICTBA B BUJIE CUMCTOK PEAKIIMOHHOW MacChl C
KPBIIIEK PETOPT B KOHANIMOHHBIE CIIUTKH, TIPHYEM BBEZIC-
HHE B IIPOIIECCE TIEPETIaBa CYMCTOK B IUTAK METaJUTHYec-
KOTO KaJbIHs o0ecrieunBaeT paHIPOBAHIE TUTaHA OT
Kucnopoza u a3ora [38].

ABTOpBI 0030pHO# cTaThu [39], mocie 00CyKIeHMSI BCceX
acnexroB DI TuTana, IPUXOAAT K BEIBOLY O TEPCIICK-
THUBHOCTH IIPUMEHEHN S 3TOH TEXHOIOT MM KaK TSI IPSIMOTO
IeperriaBa ryoduaToro THTaHa U OTXOIOB, TaK U IS padu-
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HUPOBAHHS TUTAHA OT BBICOKOA30THCTHIX BKIIFOUECHHH.

CoBpeMeHHbIE BUJIBI TJIABKH IIUXTHI Pa3JIMYIHOTO CO-
CTaBa, B TOM YHCIIE COZIEPIKAIIHE JIOM U OTXOJIbI, TO3BOJISI-
IOT TIOJTy9aTh CIMTKH TUTAHOBBIX CIIABOB ITOBHIIICHHOM
yncToThl. Tak, miasuisHOe mpousBoacTBo OAO «Kopno-
pauuss BCMITO-ABHCMA» 11s1 Ipon3BOACTBA THTAHOBBIX
nory(paOprKaTOB POTOPHOTO HAa3HAYEHHUS, IOMUMO Tpa-
nuuuoHHou TexHoxoruu BT, ucnonps3yer Bee mIaBKH B
TIeYax ¢ XOJIOHBIM ITOI0M, pactionaras 3JIeKTPOHHO-Ty4e-
BOM YCTAHOBKOH, IJIa3MEHHO-AYIOBOW MEYbI0 U JIBYMS
eaprucadicHvimu 0yeosvimu newamvu tuma ['PD. Ha Hacto-
SIIMHA MOMEHT IIPHOPHUTET CPEIH MeUeH C XOIO0AHBIM I10-
JIOM TIPHHAUISKHUT TAPHUCAKHBIM TyroBbM rieuam [40, 41].

Packucnenue mumana. OnHol 13 BXXHBIX IPOOJIEM,
BO3HUKAIOIIHX ITPH HCIIOIB30BAHNH B IINXTE METAIIINYEC-
KX THUTAHOBBIX OTXOIOB, SIBJSIETCS PACKUCIICHHUE THTAHA,
TO €CTh yaJIEHHE H30BITOUHOTO KUCIIOPO/a, BHOCHMOTO B
CJINTOK, B TOM YHCIIE ¥ C OTXOJ[aMH, PackucieHue THTaHa
KaJbIHEM, 00JIaHal0MnM OOJIBIINM CPOCTBOM K KHCIIO-
pony, paccMorpeHo B pabore [42]. Ha ocHoBanun Benu-
YMH U3MEHEHUsI CBOOOTHOM YHEPTHH 00pa30BaHUs OKCH-
JIOB cJieJiaH BbIBOJ O ToM, uTo nipu 1000 °C paBHOBecHOE
coziep kaHue KUCJIOpO/a B THTAHE B IPUCYTCTBUH KaJIbIIHS
(cucrema Ti-Ca-O) cocrasmster 0,05 %. TepmonunaMuyec-
KM€ Pacy€THI TOKa3aiH, 9To nobaska k gurocy CaCl, chu-
*aeT akTuBHOCTh B HEM CaO U B pe3ynsrare HO3BOISET
CHHM3WTH PABHOBECHOE COAEPKAHME KNUCIIOPO/a B TUTAHE.
[NokazaHo, uTo 00padoTKa THTaHA MapaMM KaJbLIUs IPH
1000 °C B npucytcrumn CaCl, B hroce MO3BONSET CHAZHT
coziep KaHue KACIIOpo/ia B THTAHE C HECKOJIBKUX COTEH 10
HECKOJIBKUX JECSITKOB YacTell Ha MHJLIMOH.

Crioco0 pacKuCIeHUs HEe TONBKO THTaHa, HO U TAKUX
XUMHUYECKU aKTUBHBIX MeTailIoB, kak Zr, Hf, Th, V, Nb, Ta,
Cr, Mo, W, comepxamux < 1 % kuciopoza, IpeIioKeH B
natente CIIIA [43]. Crtoco0 oTiim4aeTcs TeM, 9TO METaJlT-
PACKUCIUTEINb AUCIIEPTUPYIOT B JIETKOIIIABKOM METaJlIe-
HocuTene, Hanpumep Na, Li, K, Mg, Zn, koTopsIit Broc-
JIZICTBHY JIETKO OTAENIUTH OT PACKUCIISIEMOTO TYTOIIIaBKO-
ro mMeraiana guctwuasinuei. CyoiHOCTh mpolecca
3aKITF0YaETCS B TOM, YTO PACKUCIIAEMBIIl METAJIIT COBMECT-
HO C PACKUCIIUTENIEM X HOCUTEJIEM IUIABAT B MTHEPTHOM THITIE
B PETOPTE, 3aMOJHEHHON HHEPTHBIM I'a30M, BBIIEPKHUBA-
1ot 1...10 u mpu TemmepaType 700...1200 °C, mocrne yero
PETOPTY BaKyyMHUPYIOT W OTTOHSIOT METaJUI-HOCHTENb.
[Noce oxaxIeHNs TYTOIUTaBKHA MeTall1 00pabaTHBAIOT
MIOIKUCIIEHHBIM PacTBOPOM. B pe3synbrare packucieHus
110 3TOMY CIIOCO0y COAEp)KaHHE KHCIOPOAa CHIDKAETCS
Ha 70...90 %.

3rort criocol, m3BecTHEIH kKak DOSS-mpomecc, yenerm-
HO ONTpOOOBaH IS YIAJIEHHS KHCIOPO/ia N3 TOKapHOI TH-
TaHOBOM CTPYXKKH [44]. B omgHOI mapTHn CTPYKKH cozep-
»)aHue Kucimopoaa osuto cHmkeHo ¢ 0,258 mo 0,077 %, B
npyroii—c¢ 0,215 10 0,065 %.

Crioco0 packucnenus Tutana B npomecce DJIIT mpen-
JIoKeH B rmatenTe Slmonnu [45]. B kadecTBe HCXOMHOTO Ma-
TepHaja UCIOIb30BAIN TUTAH, HOMyIeHHBIN MarHUETEP-
mudecknm BocctanoByienneM TiCl, nin amomoTepMuyec-

KHUM BOCCTAHOBJICHHUEM TiOz, ¢ 100aBKOH aJIIOMUHUS WA
kpemHus. [Ipy rutaBke B pe3ynisrare uX B3aUMOACHCTBHS C
KHCJIOPOJIOM, PACTBOPEHHBIM B TUTAHE, 0OPa3yIOTCsI OK-
cunpl Hu3mel Banentnocty ( AlO, AlO, SiO), koTopbie
BO3TOHSIOTCS. B pe3yisrare nomy4aroT THTaHOBBIN CIIMTOK
C HU3KHMM COJIEpP’KaHHEM KUCIOpOJa.

Ha ocHoBe ananm3a pe3yisraToB TepMOIMHAMHYIECKO-
T'O MCCIIEIOBAaHNUSI BOCCTAHOBHUTEIILHOW CIIOCOOHOCTH BO-
JIOpoJia MO OTHOIICHHIO K OKHCIICHHOMY THTaHy B paboTte
[46] pa3zpaboTanbl TeOpeTHUECKNE IPHHLIMIIBI U TEXHOJIO-
TMYECKHe CXEMBI Tporiecca pahMHIPOBAHUS TUTaHA BO-
noponoM. TlomydeHHble pe3ynbTaTsl Kak 110 W3MEHEHHUIO
MUKPOTBEPJIOCTH, TaK U 110 COAEP>KaHHIO KUCIOPOAA B ITO-
BEPXHOCTHOM CJIO€ THUTAHOBBIX OOPA3LOB ITOATBEPIHIIH
BO3MOXKHOCTh PEIN3aIMN BOJIOPOIHOM TEXHOJIOTHH pa-
(MHUPOBAHMS TUTAHA OT KMCIOPOJIa.

Ilonyuenue evicokouucmozo mumana. B npomsin-
JICHHBIX MacIITadax Jyist 3TOH eI UCTIOIB3YIOT 3JIEKTPO-
JIUTHYECKOE padhMHUPOBAHKE M HOIUTHBIN Iporece. DJeK-
TPOIUTHYECKOE pahUHIPOBAHIE NPUMEHSETCSI IS TTOITY-
YeHHs1 M3 HECOPTOBOrO I'y0YaToro TUTaHa M OTXOJOB
CIJIAaBOB KaY€CTBEHHOTO IIPO/IyKTa B BUJIE ITOPOIIKOB pe-
TYJIINPYeMOH KPYITHOCTH.

Dnekmponumuueckoe pagunuposanue 3HAYUTEIIHHO
TMOBBIIIAET YACTOTY TUTAHA I10 Ta30BBIM MPUMECM (KHc-
JIOPOZY M a30Ty), a TAKXKe YIVIEPOLY, JKeJIe3y, KpeMHHIO U
HEKOTOPBIM JpYruM npumecsiM. OOBIMHO B Ka4ECTBE HIIEK-
TPOJIMTA UCIOJIB3YETCs COJIEBOM pacIuIaB Ha OCHOBE DKBH-
mompHOH cmecu NaCl-KCl ,comeprkamieit onpenenéHHOE
KOITMYECTBO HU3IIUX HOHOB TUTaHa [47]. B padore [48] mms
TIOJTy4EHHsT BBICOKOUYHCTOTO TUTaHA 3JIEKTPOIUTHIECKUM
paduHIpOBAHIEM T'yOUIaTOr0 TUTAHA MCIIOIH30BAIH pac-
mwaB CaCl-TiCl,. Ilpn onmuMaibHOM peXnMe SIEKTPOITH-
3a (Temmeparypa 900 °C, miorHocTs ToKa 0,5 A/cM?, KOH-
neHtpanus HoHoB Ti*" 6 %) momydeH TUTAH YUCTOTON
99,95 % (ucxomaas uncTota cocraBisuia 98,65 %).

Texuomnorust tiodudHozo pagunuposanus Haét mpo-
ITyKT, KAK MUHIMYM, Ha ITOPSIOK O0Jee YUCTHIN, YeM T'y0-
YaThIi THUTaH, 10 IPUMECIM KHCIOPOAA, a30Ta M MAarHUSL.
Meron fonuaHOTO padUHUPOBAHMS TUTaHA OCHOBAH Ha
00paTIMOCTH peakuuy 00pa30BaHUS U TEPMIIECKON qHC-
coIManyy ra3oo0pa3Horo Terpaioanaa Turana. Jpdext
DTyOOKOI OYHMCTKH THTaHa OT IPHMECEH B 3TOM IIpoIecce
JIOCTHTAeTCs 32 CUET PA3TIINS B (DH3UKO-XUMUYECKUX CBOH-
creax cucreM Ti-1, u Ip-1, (tae I1p- npumeck), B iepByo
ouepenb, sHepruii [m6bca 0bpa3oBaHUs COOTBETCTBYIO-
IMX HOANAOB, a TAKKE KHHETHYECKUX (DAKTOPOB, 3aBUCS-
LIUX OT TEMIEPATYP U CKOPOCTEN B3aUMOJCHCTBHUS OCHOB-
HOTO MeTajlla v ipuMecen ¢ HonoM. B kauecTBe nexonHo-
TOMaTepuaga MOTYT ObITh HCTIONIb30BAaHbI IyOUIAThIN THTAH,
3JIEKTPOTUTHIECKUI TUTAHOBBIM MOPOLLOK, & TAKKE OTXO-
IIBI HeJIeTHPOBAaHHOTO THTaHa Mapku BT 1-0 B Buze cTpyx-
k. [1pu 5ToM 3¢ (HeKTUBHOCTH HOAMIHON OYMCTKH CHITEHO
3aBHCHT OT TUITA HCXOAHOTO CBHIPBS 1 YPOBHS COAEPKAHUS
MpUMecel B HEM.

B npoMBIIIIEHHBIX YCIOBUSAX MPOLECC HOIUAHOTO pa-
(MHUPOBAHUS OCYIIECTBIISIOT B alllapaTax, U3TOTOBJICH-

ISSN 1607-6885  Hoei mamepianu i mexnonozii ¢ memanypeii ma mawunooyoysanni Ne2, 2016 13



HBIX M3 CIUIABOB, KOPPO3HMOHHOYCTOHUMBBIX K JACHCTBHIO
napos Hona u Til, (B pabote [49] ncronb3oBany anmapar u3
crmaBa Mmapku XH78T). [{ns paduanpoBanus Turana Mo-
ryT OBITH pUMeHeHs! anmapats! Tunos 1[-40 n I'-20, npex-
Ha3HaYCHHbIE A1 TTOTyIEHUS] HOAMTHBIX IIMPKOHUS 1 rag-
Hus [50]. B 3aBUCHMOCTH OT PEeXKMMOB IPOBEICHUS TIPO-
necca padUHUPOBAHUSA MOJy4aloT NJIOTHBIE
MEJIKOKPHCTAJUINIECKUE WIH KPYITHOKPHCTAIIIMYECKHE,
MEHee IUIOTHBIE IPYTKHU, C(hOopMHUPOBAHHbIE HA THTAHOBOM
HUTH. Macca IpyTKOB, OJTyYeHHBIX 33 OINH IUKJI, TOCTH-
raer 10...12kr

[Iporpamma pacuéra BOIBT-aMIIEPHBIX XaPAKTEPHUCTHK
MIPOLIECCOB HOAMAHOTO papuHUPOBHUS THTaHA ¥ TaHUS B
METATMYECKHX araparax IMoJIOYHOTO THIIA C OCAXKICHH-
€M METaJUIOB Ha HECKOJIBKHX ITOCIIEIOBATEIEHO COSTMHEH-
HBIX HUTSX B (hopMe minmuiiek paspadorana B padore [51].
[Tporpamma pexoMeH0BaHa ISl UCIIONB30BaHMS B IIPO-
reccax HoxumHoro papuHUPOBaHUSI C aBTOMATH3NPOBAH-
HBIM yIpaBJIeHHEM 1 onpoboBana Ha armapare '-20 B OAO
«Yerreknii MeXaHMIECKUI 3aBO.

OObIYHAs YNCTOTa HOMUAHOTO THTaHA COCTABISET
99,9...99,95 %. TepMoarHAMWYECKHN aHAIIN3 MIPOIIECCa
TIOJTy4EHHsI BBICOKOUYHCTOTO TUTaHa HOMUIHBIM METOIIOM
TI03BOJIMJI ONPEETUTH ONTUMAJIbHBIC PEXXUMBI 00pa30Ba-
Hus ¥ pasnoxenus Til,: Temnepatypa oOpazoBaHus
800...900 K, paznoxxernns 1300...1500 K [52]. [Tpu cobro-
JICHUX 3TUX PEXUMOB OBUI MOJYYEH THUTAH YHUCTOTON
99,995 %. Uncrora TUTaHA [0 METAJUTNYECKUM ITPUMECSIM
coctaBiia 42 MJIH', OCHOBHBIC IPEMECH (XKEIe30, HUKEIb,
Maprasel) MoCTyIaJli B Pe3yJIbTaTe KOPPO3HH ammapary-
pbl. Coneprkanue kuciopozaa cocraBuio 500 muH!, yrie-
pona 50 muH™".

BBICOKOYHCTBINT THTAH MOXKET OBITh TAKOKE TTONYYCH,
€CJIM Ollepalil HOQUPOBaHMS IPEIIECTBYIOT WIIN CIICTY-
0T 32 HeH Ipyrue padhUHUPOBOYHBIE TeXHONOTHH. Tax, B
marenTax CIIA [53,54] fiomiaaoMy padUHIPOBAHHIO MO/
BEpraJiv KaTOAHBIE KPUCTAILIBI TUTAHA, TIOJydEHHBIE HIICK-
TPOTUTHYECKUM PAQUHIPOBAHHEM METATIIOTEPMHUUYECKO-
ro ryo4yaroro TuTaHa. YucTora KaToAHOrO METAIIA COCTAB-
1112 99,9999 %, coneprkanue kucnopoza — 100 e, Takoi
MeTaJlI MepPeIIaBIsuii B JIEKTPOHHO-TyIEeBON T€4H, I10-
Jyqast CIIUTOK YuCcTOTON 7N, 100 IoABepraiy HOauaHO-
My pauHHpOBaHHIO. B 3TOM ciTydae HomupoBaHUe BeTH
mpu temmepatype 750 °C, a pazioxeHue Hoauma mpu
1300...1400 °C u masnenwu (100....500)-10 MM pr.cT. Tak-
e ¢ mmoydeHneM Merasuia gynuctoroit 7N. B pabore [55]
coo0ImaeTcss 0 MONYYeHUH TUTaHa YHCTOTOH 70 6N mpu
OYHCTKE MarHUETEPMHIECKOTO Ty0uaToro THTaHa Homu-
HBIM CIIOCOOOM C TOCIEIYIOIINM HOHHO-IUIa3MEHHBIM
TIEPETIIIABOM.

Wucturyr @TT PAH npemmoxin KoMOHHHPOBaHHYIO
OYHUCTKY TyOJaTOro u HoxuaHoro Tutana [56]. Bpommupo-
BaHHE I'yOUaTOro THTaHa C MOCIEAYIOMIEH AJICKTPOHHO-
JIy4eBOW 30HHOM NEPEKpUCTATUIN3ALMEN T03BOJISIET OTY-
YaTh THTaH YUCTOTOH 99,75 %.Hanbomnbimmii s dexr ourc-
TKH HMCXOZHOTO THTaHA JOCTHTAETCs NMPH COYETAHWUHU
HOOUIHOTO U OPOMHIHOTO TMPOIECCOB C IOCIEAYIOMICH
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3JIEKTPOHHOW BaKYyMHOW 30HHON MEPEKPUCTAIITUIALUEH.
[MomyueHHBI MOHOKPUCTAJLT BEICOKOM YUCTOTHI IEPETLIAB-
JISUTH B OXJI2XKJa€MOM IIOCKOM KPHCTAIIIIN3ATOPE JI0 TIOTy-
YEHHS JIMTOH CTPYKTYPBI BEICOKOTO KayecTBa ITyTEM Ipo-
TUIABJICHHS TUIOCKOTO CIIUTKA C KaXK/IOH €ro CTOPOHBI Ha
Bclo m1yOmHy. Takast cxema HONy4eHHs! BBICOKOUYHCTOTO
TUTaHa ObUIA UCIIONIb30BaHA TP U3TOTOBJICHUH PaCIIbUIsI-
€MBIX MaTepHaJIOB, PEAHA3HAYEHHBIX ISl TOHKOIUIEHOY-
HOU METaJITH3aIUU B MUKPOIJIEKTPOHUKE [57].

CxomHblii riporiece orvcaH B matente PO [58].Ormimmane
3aKJIFOYAETCsI B TOM, YTO IPYTOK HOMIHOTO TUTaHa 00pa-
0aTbIBaJIN B PEaKTOPE IIOTOKOM OCYIIEHHOTO OT BJIAary XJIO-
pa npu temneparype 500 °C. 3aTeM NpoOBOAUIHN BaKyyM-
HYIO 30HHYIO IIEPEKPUCTAILIM3ANHIO IIPYTKa C TOTy4IeHH-
€M TOJMKPUCTAJUINIECKOr0 THTaHa, KOTOPBIH, KaKk U B
MIPEABIAYIIEM CIIydae, MOABEPTraj AJICKTPOHHO-ITyIeBO-
MYy IIepernIaBy B INIOCKOM KPHUCTAJUIN3aTOPE.

Jl1s T1yOOKOW OYMCTKH THUTaHa OT MpUMeEcei MOKHO
HCTIONB30BATh TAKXKE T.H. CYOXIOPUOHBIL npoyecc, OCHO-
BaHHBIA Ha 00pa30BaHMK HU3IIEro XyTopuaa Turana TiCl,,
KOTOPBIi 3aTEM I0/IBEPTaeTCsl AUCTIPOIIOPIIOHUPOBAHHIO
HA YHUCTHII METaJUI U JIETYYUI XJIOPU]I BBICILIEH BaJIEHTHOC-
tr TiCl,. Padgunmpyrommii ekt B 3TOM Ipomecce on-
penessiercs TeM, 4TO IPUMECH, COJIep KaIHecs] B OUHIae-
MOM THTaHe, He 00pa3yIoT, B OTJIMYHE OT TUTAHA, JIETYIHX
cyOCOeJMHEHHUH C XJIOPOM M OCTAIOTCSl B HENPOpearupo-
BaBIIIEM OCTATKE.

JUJ1st OYMCTKH METATMIECKHUX PAacIUIaBOB OT IPUMEC-
HBIX 3JIEMEHTOB MIPUMEHSIETCS IUKBAYUOHHOE PAPUHUPO-
sanue. B pabore [59] nokazana 3¢pheKTHBHOCTB IKCTpaK-
LIMOHHO-KPUCTAII-JTN3aIIMOHHO-TMKBAIIIOHHOTO pa(uHH-
poBanus (DKJI-mporecc ) MarHUEBEIX PACIUIaBOB OT
METaJUTMYECKNX TPUMECEH C HCIIOJIb30BAHUEM 3JIEMEH-
TOB-TIIPUCAJ0K, B TOM YMCJIE TUTAHA, B COCTaBE TPOHHOMI
cucreMbl Mg-Ti-X, roe X-npumecs xernesa.

Hawnbonee 9ucThIi TUTAH TOIYYAIOT METOIOM 30HHOU
nnasky (TIEPEKPUCTATITN3ALNH). Y3KYIO paCIUIaBICHHYIO
30HY IIpH OECTUTETTFHOM 30HHOH IUTaBKE BEPTHKAIBHO yC-
TaHOBJICHHOT'O TUTAHOBOTO NPYTKA CO3AAI0T HHAYKTOPOM
WK 3IIEKTPOHHBIM JTydoM. [locnennee Gonee npeamouT-
TEJIBHO, TOCKOJIBKY IIPH JIEKTPOHHO-TyIEBOM HArpeBe
MOXXHO HOJTy9UTb OOJIBIIE TEIUIa HA ANHHMILY IUIOMIAH 1
UMeETh Oolee y3KyIo 30Hy IuiaBieHus1. Kpome pacTtBopéH-
HBIX T'a30B U JIETYYUX METAUTMIECKUX IPUMECEH, ynassie-
MBIX [IPHY IJIaBKE B BAKyyMe€, IPH 30HHOM IIaBKE JOCTHTa-
eTcs ITyOOKast OYMCTKA U OT HEJICTYy4IHX IPUMECEH.

Dnexmponeperoc, Kak crocod IIyOOKOro papuHUpPO-
BaHWs, HANOOJNIEEe YCHENIHO MPUMEHSETCS ISl OYMCTKH
PEeIKHAX METAIIOB B TBEPAOH (Dasze OT mMpUMeECeH KHCIOpo-
Jla, a30Ta, BOAOPOA, YITIEPOa, TO ECTh OT TEX IIPUMECEH,
yajeHue KOTOPBIX ISl JAHHBIX METAJIIIOB APYTUMH METO-
JTaMU 3aTPYIHUTEITBHO. XOTS 3(p(PEeKTHBHOCTE pa3IeeHus
METOJIOM 3JIEKTPONEPEHOCca MPUMECEH BHEIAPEHHS BbIIIE
10 CPAaBHEHHIO C PUMECSIMHU 3aMEIIEHUsI, HO ¥ B TIOCIIE-
JTHEM cITydae HOJIOKUTENBHBIN A(p(heKT JocTuraercs 3a caer
yBenn4eHHs BpeMenu paduaupoBanus. [Ipu nporekannu
TOKa Yepe3 >KUAKUI METaJ CHIIbHOE BIMSIHUE Ha Macco-
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MIEPEeHOC OKa3bIBAIOT PA3JIMYHBIC BHIBI KOHBEKTHBHOTO
NepeMeIIBaHus (TEIUIOBOE, KOHIIEHTPALIMOHHOE, JJIEKT-
pOKHHETHYeCKoe U /1p.). KonBekTnBHBIE 3 heKTs! perst-
CTBYIOT 00pa30BaHMIO B METAIIIE BHICOKHX I'PAJIMEHTOB KOH-
LEHTpalui IIpUMecel, T03TOMY Ipu padUHUPOBAHUH
METOJIOM 3JIEKTPOIIEPEHOCa BCETa CTaBUTCS 3a/1a4a MakK-
CHUMAJIBHOTO HX ITOJaBJICHHS. 3aKOHOMEPHOCTH JJIEKTPO-
MIepeHoca B KHUKUX METAIIaX MOXHO HCIIOJIb30BaTh /IS
NoBBIIIEHHs 3(HEKTUBHOCTH 30HHOW Tu1aBku. [1pu mpo-
ITyCKaHUH B Ipoliecce 30HHOM IIIaBKH yepe3 paduHupye-
MBI 00paserl MOCTOSIHHOI'O TOKa IepepacipeielieHIe
npuMecei Ha ()pOHTE KpUCTAJUTU3ALNH OyIeT ONPEAEIISITh-
cs IByMSI MEXaHN3MaMH: BCJIEJCTBUE Pa3IMYHON HX pa-
CTBOPUMOCTH B TBEPIIOH 1 KNIKOH (ha3ax MpH 30HHOH TUTABKE
W MUTPALMH TPUMECHBIX HOHOB O] JISHCTBHEM JJIEKTPH-
YECKOTO TOKa BCIIENICTBHE AJIeKTporepeHoca. Ecim Harpas-
JICHHE JIBYX TTOTOKOB IIPUMECHBIX 3JIEMEHTOB COBMECTHUTB,
TO JIOCTUTaeTCsl HanOosee MONHbIN 3¢ dexT ouncTku [60].

3akmouenne

[IpuBeneHb! cpaBHUTEIBHBIC XapaKTEPUCTHKH pa3iind-
HBIX BUI0B papTHUPOBOUHBIX IUIABOK TUTaHA, POAHAIIH-
3MPOBAHBI METOIbI PACKUCIICHHSI TUTAHA 1 CIIOCOOBI ITOITY-
YEeHUs] TUTaHA BBICOKOW YUCTOTHL. JIOCTH>KEHHE MaKCHU-
MaJbHO BO3MOHOW OYUCTKH THUTaHA OT IpHUMecel
BO3MOXKHO TOJIBKO ITyTEM MPUMEHEHHSI KOMIUIEKCHBIX Me-
TOJIOB pa)MHUPOBAHHUSL.
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UCCNEOOBAHUE KOBKU TUTAHOBbIX CIMJIABOB HA
MAOPABJIMMECKUX MPECCAX B YCITOBUAX OO0
«AHENPOIPECC CTAJ1b»
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IocranoBka npodIeMbl

M3roropieHue NOKOBOK M3 TUTAHOBBIX CILIABOB CBO60,H-
HOM KOBKOM SIBJISICTCS OIHUM U3 OTBETCTBCHHLIX U JOPOro-
CTOAINUX TIPOLECCOB O6pa6OTKI/I MCTAJJIOB JaBJICHUCM.
Camu 110 ce0e TUTAHOBBIE CILIABBI 3aHUMAIOT 3HAYUTEIIb-
HYIO HUITY ITPU IMTPOU3BOJACTBC HanboJIee OTBETCTBEHHBIX
zleTaneﬁ U3 HUX. HpI/I 9TOM IIOKOBKH M3 TUTAHOBBIX CILIaBOB
TAKKE ABJIAIOTCA OAHUMU U3 TOPOTOCTOAIINX, UTO CBA3AHO
CO CTOMMOCTBIO KaK HCXOIHOM 3aroTOBKH, TaK U CII0OXKHOC-
ThIO CAMOTI'0 IICPEACiIa KOBKHU. B cBs131 ¢ aTHIM BCe pa60TLI
CBA3aHHBIC C UCCIICAOBAHNEM (bOpMOI/IBMeHeHI/IH 3aroro-
BOK M3 TUTAaHOBBIX CIUIaBOB, KOTOPBIC obecrieyar TIpon3-
BOICTBO TUTAHOBBIX IIOKOBOK C HAMMCHBIITMMH T€XHOJIOT' M-
YECKUMMU 3aTpaTaMHu, SIBJISTIOTCS aKTyaJIbHBIMHA.

AHAJIU3 OCTIeJHUX UCC/IeIOBAHUI U My OJIMKALMIA

HccnenoBanne KOBKH TUTAHOBBIX CIUIABOB BCETIA NMeE-
JIO TIOBBIIICHHBIA MHTEPEC BBUIY OCOOBIX CBOWCTB ITHX
CIVIABOB U X MIPUMEHEHHUS B IPOMBIIUIEHHOCTH. Llemprit
PAI UCCIIENOBATENEH 3aHUMAJIUCh U3YYEHUEM KaK CBOM-
CTBaMH THTAHOBBIX CIIABOB M IX N3MEHEHUEM B pa3JInd-
HBIX YCIIOBHUSIX, TaK U IIPOIIECCAMU MOTYISHUS UX Pa3iInd-
HBIMH BAIaM# 00paboTKH MeTayuioB AaBieHueM. [Ipu Bcem
Ppa3zHo00pa3nH MPOIIECCOB 00pabOTKN METAIUIOB IABJICHH-
€M TIPOIlecCy KOBKU CIUTKOB M3 THTAHOBEIX CIUIABOB Ha
THAPABINIECKAX KOBOYHBIX TIPECCAX YIEIEeHO He TaK MHO-
ro BHUMaHUs. Bo MHOTOM 3TO CBSI3aHO C TE€M, YTO IPOIIECC
KOBKH TUTAHOBBIX CIUIaBOB SIBIISICTCS TOBOJIBEHO PECypco-
3aTPaTHBIM, U MIPYA BO3SMOXKHOCTH FHCCIICIOBATENH ITBITa-
JIUCH 3aMEHUTH €T0 JPYTUM MaTepraioM. Takke u3aenus
13 TUTAHOBBIX CIUIABOB BO MHOT'OM HCTIONIB3YIOTCSI B 000-
POHHOI IPOMBITITICHHOCTH, M MCCIEIOBAHIS MOTYICHIUS
MX KOBKOHM HOCST 3aKpHITHIN XapakTep. OmHaKko HEKOTOpBIE
BOIIPOCHI KOBKH TUTAHOBBIX CIDIABOB JOBOJIBHO IMTOAPOOHO
OCBEIICHBI B KOJUIEKTUBHOM Tpyze [ 1], tae ocoboe BHIMA-
HUE YAEICHO TEPMOMEXaHMIECKIM PEKIMaM KOBKH U Ca-
MOMY IIPOIIECCY KOBKH, & TAK)KE IPUMEHEHHIO THTAHOBBIX

crtaBoB. [Ipr 3TOM B 11€510M MOCTaHOBKA 3aa4H TIPH MPO-
eKTHPOBAHHUH MPOLIecca KOBKH OCTAETCs HEN3MEHHOM U BO
MHOToM 0a3upyeTcst Ha CTaHAAPTHBIX ITOAXO0AAX, KOTOPHIE
1 M3JIO’KEHBI, B YaCTHOCTH, B [2]. J{ONOITHUTEIBHO JOIKHEI
OBITH YITEHBI HEKOTOPBIE 0COOEHHOCTH KOBKH THTAHOBBIX
CIUIaBOB B 3aBHCHMOCTH OT HMCIOJb3YEeMOro 00OpymoBa-
HUS 1 B pabore [3] paccMOTpeHbI BONPOCH! KOBKH TUTAHO-
BBIX CIUIaBOB Ha MoJIoTax B ycnoBusix ITAO «/lnempocnen-
crab». OHAKO KOBKA HA THPABINYECKIX KOBOYHBIX ITpec-
cax HMMeeT cBOoM ocobeHHocTH. Teopermueckue
0COOEHHOCTH (POPMOM3MEHEHHSI METAIIJIIOB U CILIABOB IIPH
MX KOBKE B BHJIE CJIUTKOB OTpa’keHBI B MOHOTpadum [4].

ITocTanoBka 3agaun

@®opMHpOBaHNE TOTOBOTO M3/EIHS 1 €T0 Ka4eCTBa BO
MHOT'OM OIIPEAEIISETCS ONTUMAIBHOCTHIO BBIOPAHHOMN TEX-
HOJIOTH KOBKH, KOTOPas 3aBUCHT OT TEXHOJIOTHIECKHX BO3-
MOXHOCTEH M MPOW3BOICTBEHHOIO OIBITA KOHKPETHOTO
MIPEANPHUATHSA-U3TOTOBUTEISI THTAHOBBIX TIOKOBOK. OIHUM
13 BEAYIIMX NPEANPHUATHI 1O IPOU3BOACTBY IOKOBOK M3
Pa3IHMYHBIX THTAHOBBIX CIUTaBoB siBystercst OO0 «JlHemnpon-
pecc Ctanby.

000 «Irenponpecc CTanb» — KpyHHEHIee npenpu-
situe Ykpanasl. Ha npeqnpusitun pazpadorana u GpyHKIH-
OHHPYET CUCTEMA YIIPABICHHUS KaIeCTBOM, CEPTUDHIIPO-
BaHHAas Ha COOTBETCTBHE TPEOOBAHUSIM MEXKTyHAPOAHBIX
crargaptoB [SO. Caenyer ormeTuTs, uTo ctaHgaptsl [SO
mocTpoeHs! Ha npuHIKIax TQM (ToTaasHOro MiIH BCeoO-
IETO YIpaBICHUs Ka4ecTBOM) [5], KOTOpBIE, B TOM YHCIIE,
MIPEIIHCHIBAIOT IIPUBJIECYCHNE BCEX COTPYIHHUKOB ISt 00-
el paboTHI MO YITYUIICHAIO KadecTBa (B HAIIEM CIydae
9TO TEXHOJIOT, Ky3HEIl, TEPMHCT).

B ky3neuno-tepmudeckoM mexe OO0 «/Iaenponpecc
CraJip BHITTONHSIOTCS 3aKa3bl KaK 11 BHYTPEHHHX MOTped-
HOCTEH peanpuATHS, TaK ¥, B OCHOBHOM, 3aKa3bl Ha 3KC-
nopt. B Hacrosiiee BpeMsi Ky3HEUHO-TEPMUUECKUN LIEX —
COBPEMEHHOE MO/IPA3/ENICHNE C BEICOKUM YPOBHEM TeX-
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HOJIOTMY ¥ MEXaHHU3aL[MH TIPOU3BOZICTBA TTOKOBOK. [ TaBHOM
ero 3ajadeil siBsieTcst odecreueHne norpednuTeneit kave-
CTBEHHOU npoxykuueid. KysHedHO-TepMUUecKuil iex Xa-
pakTepu3yeTCsl CAMHUYHBIM M MEJIKOCEPHUHHBIM THIIOM
MIPOU3BO/ICTBA. B 11eXe OCHOBHBIM TEXHOIOIMYECKHUM IPO-
LIECCOM SIBJISIETCSl CBOOO/THASI KOBKA HA IIpEccax M MOJIOTax.
Ha Bcex aTanax TeXHOIOrnYecKoro Mponecca OCyIecTBIIs-
€Tcsl KOHTPOJIb HOpMUpPYeMbIX apaMeTpos. Ilonuruxka OO0
«nenponpecc Ctaib» U, B 4aCTHOCTH, Ky3HEUHO-TEPMH-
YECKOro [iexa B 00J1aCTH KauecTBa OIpeessieTcs Hanooee
TIOJTHBIM YIOBJICTBOPEHUEM TPeOOBaHM MOTpeOUTENeH 1
HarpaBjieHa Ha oOecIiedeHIe BEICOKOIIPON3BOANTEIBHOM,
CJTaKeHHOM paboTHI Iozipas eeHnii nexa. B nexe onpene-
JIeHa, oOecrieueHa 1 MoJIep >KUBaeTCsl He0OXoMuMast 11t
YIIpaBJIEHHs] Ka4eCTBOM MH(PACTPYKTypa.

OcHOBHasI IeTETLHOCTS 11eXa HaIleJIeHa Ha CO3/IaHue 1
BHEJJpEHHUE HOBBIX TeXHOMOrui. Kasknas unes paccmarpu-
BAeTCs C TOYKY 3PEHNUS BIMSHUS Ha YITydIlIeHHE KauecTBa,
YBEIMYEHHE ITPOU3BOJICTBA U CHIDKEHHE MaTepHaIbHBIX
3arpat. O0GIacThIo JUIs YCOBEPIICHCTBOBAHMS B BOIIPOCAX
TEXHOJIOTUH 1 Ka4eCTBa MPOU3BOIMMON MPOXYKIINH SIBJISI-
eTCsl IOCTIKEHHE ITOKa3aTeNeil TEXHOMIOTHU 1 KauecTBa,
COOTBETCTBYIOIINX COBPEMEHHBIM BBICOKMM TpPEOOBaHH-
siM. J171s1 riccieioBanHmst rpotiecca KOBKH THTAHOBBIX CILIA-
BOB OBIJIM PACCMOTPEHBI TEXHOJIOT NUECKHE KAPTHI U3TOTOB-
JICHWsI TIOKOBOK B YCJIOBUSIX LIEXa, TJI€ PHBEICHO OIMCAHNE
TEXHOJIOTMYECKOTO IPOoIecca, UCIOIb3yeMoro obopyro-
BaHMs1, MAaCChI IIOKOBKU M TOTOBOT'O M3/IENINSI, MapKa THTa-
HOBOTO cIutaBa. J{jst aHamu3a BRIOMPAINCH KapThl TAKHAX
JieTaiei, KOTopble IMEIOT UKIMYHOCTD IPOU3BOJICTBA, TO
€CTbh [IEPHOINYECKH TTOBTOPSIOTCS B 3aKa3aX Ha M3TOTOBJIE-
HHE.

[maBHO¥ menbi0 JaHHOW paOOTHI ABJISETCS OMpee-
JIEHHUE BIMSHUS IapaMeTpOB Mpolecca Ky3HEUHOH BbI-
TSDKKH (MIPOTSDKKA) Ha HATIPSDKEHHO-Ae(pOpMHIpOBaHHOE
COCTOSTHUE ITOKOBKH C IIEJBI0 YIYUIICHUS MEXaHH4IecC-
KHX CBOMCTB.

Jns MmomempoBaHuUs Iporecca CBOOOTHOM KOBKH B
Forge 2008® OpuH 3a1aHBI ITApaMETPEI PeaTbHOTO MPO-
ecca KOBKH ITOKOBOK M3 THTAHOBEIX ciutaBoB BT1 u BT6.

W cxomHoli 3aroTOBKOM SBISUICSI TUTAHOBBINA CIIUTOK JIU-
amerpom 400 mm u gmmHON 600 MM. KoHEUHBIM HM31ETHEM
SIBJIsSIeTCA MOoKOBKa tuameTpoM 200 MM 1 mmrHO# 2200 MM.

Taxoke, COmIaCHO TEXHOIOTMIECKOMY IPOLIECCY, BBIO-
paH ONTUMAaJIbHBIN TEMIIEPATYPHBIA HHTEPBAJI 151 JAHHBIX
CIUIaBOB TUTaHA. TemMnepaTypHblil THTEpBaJI KOBKU COCTAB-
jstet 1150-850 °C mra obonx crutaBos Trutana. CormacHo
TEXHOJIOTUH KOBKH TUTaHA HEOOXOIMM ITOAOTPEB HHCTPY-
MEHTa JJIs1 YMEHBIICHHUS TEIUIOBBIX 3aTpaT MOKOBKH. B nan-
HOM ciydae, 6otk ogorperst 10 300 °C. Ipu moxenmpo-
BaHUH HCHOIB3YIOTCSI KOMOMHUPOBAHHBIE OOMKH — BEPX-
HUM IJIOCKMM, a HM>KHUU BhIpe3HOW. Pa3Ban Beipesa
HIKHEro Oofika cocrapiser 450 MM, TIryOnHa BBIpe3a —
160 MM, a mmpuHa padodeit yactu cocraBiset 440 MM.

Bri6op onTumaIbHOM cXeMbI KAaHTOBOK OITUPAETCs Ha
HCCIICOBAHUS B [6], TIe OMMMCAaHO UCCIISTOBAHNE BITHSTHHS
Pa3IMYHBIX CXEM KaHTOBOK Ha HAIIPSKEHHO-Ae(OpMHUPO-

BaHHOE cocTosiHMEe. HekoTophle cXeMbl KaHTOBOK OKa3a-
JIMCh HE PallMOHAIBHBI BBU/TY OOJBIION HEpaBHOMEPHOC-
TH 1eopManuii ¥ KaK CIEACTBHE CHIIBHOTO HCKPUBIICHUS
nokoBkH. [ToaTomMy Hanbosee onTUMabHOM cxeMol OblTa
BbIOpaHa cxema 00XKaTHii «I10 KOJbITY», cocTosmmas u3 16
o0>KaTHii 3a OAHY Nozady. YIIbl KAHTOBOK ITPU KOBKE paB-
HbI 120 ° mocse epBoro 00kaTus 1 1ociie BTOPOro, Iocye
TPEThEro 00XKaTHsI yroJl KAHTOBKH 3aMEHSETCSI KAHTOBKOM
Ha yrou B 60 °. [Tocie ueTBepToro 1 nsToro 00kaTus yroi
KaHTOBKH TaKXe cocTaBisieT 60 °, a mocie mectoro ooka-
TSI 3aMEHSIETCS YIVIOM B 15 ©, KOTOPBIil OCTaeTCsl HEU3MEH-
HBIM IIPH NOCIIEAYIOIINX AecsTH 00KaTHsX. Bemmanna mo-
Jladd COCTaBJISIECT ITOJIOBUHY IIMPHHBI OOWKa M paBHA
220 mm. Taroke, ICXOJIs1 U3 TAaHHBIX UICTOUHHKA [6], CTeIIeHb
nedopmarmu cocraisiia 10 %.

Jlst aHanmsa pe3yasTaToB MOISIIMPOBAHMS OBUTH pac-
CMOTPEHBI TPU PABHOYJAJIEHHBIX MTOIEPEUHBIX CEYEHHSI IO~
KOBKH: Ha CEpEeIMHE JAJIMHHBI IIOKOBKHM M HA 000MX KOHIIAX
[6].

Pacnipenenenue nanpspkenuit n nedopmanuii B more-
PEYHBIX CEUEHHUSIX NIPEACTABICHO Ha puc. 1-2.

EQ_STRAIN [3D element]
Unit S_untt
cut

EQ_STRAMN [30 slemert]
Unit: S _unit
cut

Puc. 1. Pactipenenenus nedopmanuii mpu IpoTsHKKE 3ar0TOB-
KH U3 Pa3HbIX THTAHOBBIX CIUIABOB: d — PACIIpE/ICIICHNE
nedopmanuii mo JIMHE IpH KOBKE TUTAHOBOTO crutaBa BT1;
6 — pacnpeneneHne AepopMalrii o JUIMHE IPA KOBKE THTaHO-
Boro ciiaBa BT6
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' k ' STRESSTENSOR [3D slemert]

Urit: Mpa

cut
80,0002
35 6002
875978
531998
37 5335
142
1864
2308
2752
3188
364
-408.4
4528
457 2
5416
586
6304
6748
7182
TE3E
808
-852.4
¢ 8368
9412
: 3856
yr 050

¥ STRESSTENSOR [30 elemert]
unit Mpa

it
19
12 5352
607037
-0 38443
685923
-13.324
-19 7888
| ®x5%
-327184
381532
-45 B48
521128
-58 5776
65424
715072
-77.972
-B4 4368
-30 8096
-97 3664
03 831
110296
-116761
12322
-12969
F -136 155
b f -14262

Puc. 2. PactipenenieHus HanpsoKeHUN IPU IPOTSKKE 3ar0TOB-
KU U3 Pa3HBIX TUTAHOBBIX CIIJIABOB!

a — pacnpejeneHe HalpsuKeHUH 10 AJIMHE IPU KOBKE TUTaHO-

Boro criaBa BT1; 6 — pacnpeneneHue HanpspDKSHAH 110 JUTHHE
IpU KOBKE TUTaHOBOro cruiasa BT6

PaBHOMEpHOCTE pacnpeneneHus nedopManuii B Me-
TaJule ONPEAEIAETCA KaK MOXKHO MEHBILIEH pa3HULIEH HO-
KazaTesnel neopManry MexIy COOOH B CEUCHUH.

YroOB! KOJTMYECTBEHHO OLCHUTh HEPAaBHOMEPHOCTH
pactipenenennst aeopManyii B MOMEPEUHBIX CEUCHUSIX,
OBLT paccYTaH MOKa3aTellb HEPABHOMEPHOCTH Aedopma-

g\ Bl
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Ne TOYKH Ha [HArOHAIIH

in Ku. [TokazaTens HepaBHOMEpHOCTH JehOopMamiy Mo-
JKET IPUHUMATH 3HaYEHHsI HEe OOJbIe eIUHUIIBI, TaK KaK
SIBIIIETCS OTHOLIEHUEM IIOKa3aTeleld SKBUBAJIEHTHOH Jie-
(hopManny B KOHTPOJIBHBIX TOUKaX CEUEHHUS K MAKCHMaJIb-
HOMY 3HaUCHHIO SKBUBAJICHTHO! Jie(popMaIiiy B CEYCHHH.
ITocne Toro kak ObLIO HaMEHO MAKCUMAIIBHOE 3HAUYCHHE B
CEYEHUH, OTHOCHUTEIBHO 3TOM TOYKH OBLIM ITOCTPOCHHI 4
JIUaroHaJIu, KOTOPbIE PACHIOICKEHBI IO yIIoM 45 © apyr K
npyry. Jlanee Ha KaXkIyro JMaroHaTb ObUT0 HAHECEHO 6 KOH-
TPOJBHBIX TOYEK CHIMMETPUYHO K TOUKE C MAKCUMAJIbHBIM
3HaYE€HHEM U CUMMETPUYHO K IEHTPY CEUCHUSI.

Bornee neranbHbIl aHAIH3 HEPABHOMEPHOCTH pacIpe-
Jienienus aeopMarii IpoBeJieH ¢ HOMOIIBIO ITOCTPOCHUS
rpaduxos (puc. 3). Ha rpadukax n300paskeHbl mokasarenn
HEpaBHOMEPHOCTH JiehopMaIii B KOHTPOJIBHBIX TOUKaxX
HA IMaroHaJIsX CEUEHNUsL.

Kax BuiM, ipy KOBKE pa3JINuHbIX THTAHOBBIX CIIJIABOB
BO3HHKAET pa3InyHasi CXeMa pacupeeineHus qedopmManii
B CEYEHHUSIX IIOKOBKH (puc. 4). B epByto ouepenp 310 3aBH-
CHT OT CTPYKTYpPbI METAJLIA, TAK KaK THTAaHOBBIH cruias BT1
HMEET TONBKO o - (pa3HBII cocTaB, a THTAHOBHIH crutaB BT6

nMeer o + B -asHblif cocTas.

OpnHaxo BEMUYUHBI KO3 (PUIIHMEHTa HEPAaBHOMEPHOCTH
nedopmariuii, npeacTaBIeHHBIX HA pUC. 4, TOBOPST O TOM,
YTO 3Ta pa3HHUIA B XapaKTepe pacIpeiesieHns! He TakK CyIe-
CTBEHHA, TAK KAK MUHUMAJIbHBIC BEJTMYUHBI K0P HULINEH-
Ta OTIIMYAIOTCSI BCETO Ha HECKOJIBKO COTBIX.

Taxoke, roBOpst 0 XapakTepe pactpeeieHus aedopma-
L1, MOYKHO CYITUTB O TOM, KaKH€ CJION ITOKOBKH MOJTy4aroT
Ooree HHTEHCUBHYIO JIe(hOPMAIIHIO U, COOTBETCTBEHHO, TIC
MIPOUCXOANT OoJiee CHITbHAsI IPOpaboTKa CTPYKTYpHI. Mc-
XOIISl U3 JAHHBIX MaTEMaTHYECKOTO MOJICITUPOBAHHUS U Pac-
4eToB Kod((HIMeHTa HEPABHOMEPHOCTH JehopMaIiii,
MOYKHO CKa3aThb 0 ToM, uto y cruaa BT | mporcxomut Hanbo-
Jiee IHTCHCUBHASI ie(hopMaliiis BHEITHUX CIIOCB METaJlIa, B TO
BpeMsI KaK y THTaHOBOTO ciuiaBa BT6 mporcxoaut Hanboee
WHTEHCUBHAsI 1e(h)OpMalisl BHYTPEHHHX CIIOEB.

[Momumo 3TOrO, TarkKe ObUIAa IPOAHATU3UPOBAHA He-
PpaBHOMEPHOCTB pacrpeeseHus qedopManui B IpOI0IIb-

0,99

BT6
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Ne TOYKH Ha IHATOHAITH

Puc. 4. Pactipenenenue kodddunueHTa HepaBHOMEPHOCTH Ae(OpPMAIMN B MOMIEPEIHOM CEUYCHUH 3arOTOBKH MPH KOBKE Pa3HBIX
THUTaHOBBIX CIJIABOB
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HOM cedyeHuH. [1jist aToro 66u10 B3sTO 17 TOUEK, pacnosno-
JKCHHBIX Ha OJJMHAKOBOM PACCTOSIHAU JPYT OT Apyra. 3Ha-
YEHUE MOKa3aTeNsl HEpaBHOMEPHOCTH B TOUKaX IPUBEJIE-
HBI Ha PUCYHKE 5.

KoBka npu MeHbIIel cymMMapHOH cTernenu nedopma-
UM CO3AAaeT MEHBIIYI0 HEPAaBHOMEPHOCTh paclpenerie-
HUS 1edopManuii 1o AIMHE 3ar0TOBKH, KaK BUIHO U3 PH-
CyHKa 5.

BbIB0/1bI NPOBEEHHOI 0 MCCJIEOBAHUS

Ha JAHHOM J5Tall€ pa3BUTUA KY3HCUHO-IITAMIIOBOY-
HOT'O IMTPOU3BOACTBA KOBKA TUTAHOBBIX CIIJIABOB SABJISICT CA
OJHUM M3 OCHOBHBIX IPUOPHUTCTHBIX HaHpaBJ’ICHHﬁ. O,H-
HUM U3 BSAYHINX HpeHHpHHTHﬁ, KOTOPBIC CIICIUAJIU3 UPY-

FOTCS HA KOBKE TUTAHOBBIX CIIaBOB, siBisieTcss OO0 «JlHern-
porpecc Ctanby. ABTopamMu pabOTHI TP EATI0KECHBI OITH-
MaJIbHBIE CXEMBI TEXHOJIOTMYECKUX MEPEXOI0B KOBKH I10-
KOBOK BaJIOB U3 TUTAHOBBIX CIJIABOB C TOUKH 3PEHUSI MU-
HUMAaJIbHOH HepaBHOMEpHOCTH nedopmaruu. KoBky
TUTAaHOBBIX 3arOTOBOK HEOOXOIMMO OCYIIECTBIISITH TPU
MEHBIIHUX 00XKATUSX IS MOTYICHUST MCHBIIICH HEpaBHO-
MEPHOCTH pacrpe/ieNicHus qeopMaIii B MeTalIe, i Kak
CJI€ICTBUE — MEHBLIEH HEPaBHOMEPHOCTH pacHpeerne-
HUS MEXaHUYECKIX CBOICTB B 00BbeMe MeTasuia. Pe3ymns-
TaThl 3TUX UCCIIEIOBAHUN MTPUMEHSIIOTCS Ha IIPOU3BOICTBE
IUTS pa3pabOTKU MPOrpaMM C IETbI0 aBTOMATH3AIUH KO-
BOYHBIX KOMILJIEKCOB.

BT1

P

=
E V‘—-‘_’
2
3 08
=2}
g /-f'/
£ 07 —4—pofonsHoe
- / ceyeHue
=%
2
L 06 /
5
= <4
_g- 0,5
m
=]
= 0,4 T T T T T T T 1
1 3 o) 7 9 11 13 15 17

No Touku B npoaonbHOM Ce4eHun

a

1l +
. / \\

S

0,8 //
0.7 /
0,6

‘__\_’ —&—[lpogoneHoe

ceyeHue

0,5 /

KoadHuMeHT HepaBHOMEPHOCTH KH

0.4

7 9 11 13 5] 17

N TOYKM B NPOAOABHOM CEYEHHH

0

Puc. 5. PacnipezienieHie HepaBHOMEPHOCTH JiepOpMaIii B IPOJOIIBHOM CEUEHUH 3arOTOBKH MPH KOBKe TUTaHOBOrO cruiasa BT1 (a) u
IIPU KOBKE THTAHOBOTO ciiaBa BT6 (6)
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Yyxneo B.JI., Knememos €.C., SIpomenko O.A., Xasne3oBa T.A. Jloc/tizkeHHs1 KyBaHHSI TUTAHOBUX CIUIABiB HA
rigpasjiyaux npecax B ymoax TOB «/lninponpec Crajib»

Posenanymo mexnonoeiuni moswcnusocmi TOB «/Jninponpec Cmanvy w000 Ky8aHHs PISHOMAHIMHUX MUNMAHOBUX
CN1agie ma nposedeHo O0CIIONCEHHS. HANPYIHCEHO-0ePOPMOBAHO20 CINAHKY MUMAHOBUX CNILABIE 30 3aNPONOHOBAHOIO
cxemoro Oeghopmayiil uepes MamemamuyHe MOOemO8AHHSL.

Knrouosi cnosa: oecpopmayis, KysauHs, HANPYICEHHS, CNILAB, OOCTIONCEHHS.

Chubhleb V., Klemeshov E., Yaroshenko O., Halezova T. Study of forging titanium alloys on a hydraulic press in a
LTD «/Inenponpecc Crajib»

Technological possibilities of LTD «/Jnenponpecc Cmanwv» onforging of different titanium alloys are studied and
tense-deformed state of titanium alloys is investigated on the proposed scheme of deformation using mathematical
modelling are considered.

Key words: deformation, forging, stress, alloy, study.
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HauioHanbHa MeTanypriiHa akagemist Ykpaidu, M. [Hinpo

NEPCNEKTUBU BUKOPUCTAHHA KOMIMMNEKCHUX
TEXHONOIN4YHMUX PILLEHDb AnA NioBUWLEHHA MEXAHIYHUX
BITACTUBOCTEW IMBAPHUX CMJABIB Al-Si

Haseoeni pesyrvmamu ananimuynux ma excnepumMenmanbHux O00CAI0NCeHb eheKmU8HOCmi CRIIbHO20
BUKOPUCTNAHHA NPOYECi8 8NIUEY MUCKY [ MOOUGIKY8AHHA Ha Kpucmanizayito cniasie cucmemu Al-Si. Ilokasano, wo
KOMNLEKCHUU 8NIUB HA MEM A, W0 KPUCTNATIZYEMbCSL, AKUL GKIIOYAE NPOYeCU MOOUGIKYBAHHS | HAKAAOEHHS MUCKY, €
NepCHeKmueHUM 3 no2nA0y NIOBUEHHS MeXaHiuHux eracmusocmeli cniagie Pospobiena xomniexcna mexnonozis
0036071€ ompumamuy CMitKull eghpexm noOpiOHIOBAHHA KPUCMANIYHOI CMPYKMYpU, chepoiouzyeamu Kpucmaiu
e6MeKMUYH020 KPeMHII0, 3HUUMU MAKPO- I MIKpoOeghekmu, | niO8UUUMU MEXAHTYHI 81ACMUBOCTE TUMO20 MEMAL).

Knrouosi cnosa: moougixysanns, Kpucmanizayis, muck, MexaHiuHi 61aCmueoCcmi, mexHoa02Is.

Beryn

CTBOpEHHS HOBUX TEXHOJIOTIH i ITiIBUIICHHS MEXaHi4-
HHX Ta EKCIUTyaTalli iHAX XapaKTepUCTUK JINTHX BUPOOIB, y
TOMY YHCJIi 13 BTOPUHHMX IIMXTOBUX MaTepialliB, € aKTyallb-
HOIO TIPOOJIEMOIO JTMBAPHOT0 BUPOOHUIITBA. 3a Oe3mepep-
BHO 3POCTAIOYMMHU BUMOT'aMH JIO ITiJBUIIEHHS SKOCTI BH-
JIMBKIB i HEOOX1THOCTI €KOHOMIi MaTepiaiB TPaHIiiHI TeX-
HOJIOTIT CTaloTh yce MeHI edekTuBHUMH. Ha cprorommi
CTaHOBJISAITH IHTEPEC KOMIUIEKCHI TEXHOJIOT ], SIKi CrIomyda-
10Th TIpo1iecH padinyBaHHs, MOAU(DIKyBaHHS 1 30BHIIIHIX
BIUTMBIB Ha METaJI BUJIUBKA, [0 KPHCTATI3yETHCA.

EdextuBHAM CITIOCOOOM TTiIBHIIICHHS MEXAHI YHUX BJa-
CTHBOCTEH CIUTaBiB € 3MiHa Mopdororii (a3, o KpucTasi-
3YIOTBCS, 33 PaXyHOK 3aTBEpIiHHSA 1 MOAU(DiKyBaHHS iX Y
pi3ko HepiBHOBaYKHHX yMoBax [ 1]. IIpu mboMy CTBOPIOIOTE-
sl yMOBH IS 37IPiOHIOBAaHHS CTPYKTYPHUX CKJIAJOBHX, 3HAY-
HOTO ITiIBUIIEHHS PO3YMHHOCTI y TBEPIOMY CTaHi, IPH-
THIYEHHS POCTY TPYOHX BKIIIOYEHB NIEPBUHHUX IHTEpME-

AmHauni3 nonepeaHix myomikanii

Crmnasu cuctemu Al-Si BUKOPHCTOBYIOTE B OCHOBHOMY
SIK KOHCTPYKIIHHI MaTepiam, ToMy caMe MexaHigHi Biac-
THBOCTI € JISl HUX OCHOBHUMH ITOKa3HUKaMH SIKOCTI [2].
OpmHAM 13 CII0CO01B I ABUIIEHHS MEXaHIYHNUX BJIACTUBOC-
Teit crnaBiB cuctemu Al-Si € MmonugikyBarHs. TeopeTnyHi
OCHOBY MOAH(iKyBaHHS KOTFOPOBHX CIIABiB BUKIAJICH] B
poborax M. B. Mansresa, B. I. Hananxosa, I'. b. Crporano-
Ba, b. b. I'yisteBa Ta iH. [lpu mpoMy po3pi3HAIOTH 2 poau
Monudikatopis (3a I1.A. Pebinaepom) — MmoaudikyBaHHS
TYTOIDTABKUMHY YaCTKaMHU (1HOKYIAIIis) 1 MoguiKyBaHHS
MTOBEPXHEBO-aKTHBHAMH eJIeMEHTaMU (JTiMiTamis). Y mep-
LIOMY BUIA/IKy BUKOPHCTOBYIOTh IpaBuiio Jlanuiosa-Ko-
HO0a€BCHKOTO (IPUHIUT PO3MipPHO-CTPYKTYPHOI BiAIIOBI-
JTHOCTI) 1 eJeKTpoHHY Teopiro JlamixoBa-CaMmcoHOBa (ak-
LeNTApyBaTIBHMIA KpuTepii 1/Nn) [3-6]. o momudikaTopis

© B. KO. CenisbopcTos, KO. B. OoueHko, H. B. doueHko, 2016

amoMiniro 1-ro porty Binnocsats Ti, Zr, V, TiC, TiB, Ta in.; no
MoandikaTopiB aroMiHito 2-ro poxy - B, Sr, Sb, Ba Ta in.
Bubip momundikaropis mist Al-Si crnais € Girbmr ckia-
HOIO 33]1a4€l0, TOMY 110 He0OX1/1HO MOPiOHUTH OHOYAC-
Ho neraputy Al i Si. BimmoBigHo 10 Teopii CHHTE3Y CIUIaBiB
(3a b. b. I'ynsieBuM) 0tHNM 13 KpUTEPIiB, 10 XapaKTepu3y-
10T MOAM(]IKYBaIBHY 3/1aTHICTb €JIEMEHTIB, € KpUTEpii po3-

IOy B KDEMHIi PsTy €EMEHTIB ( (g; = 1072 =107 [7].
BimoBigHO 10 1K0T0, 10 MOAH(IKATOPIB Si BiTHOCATE PSIT
takux eneMeHTiB: Na-K-Ca-Sr-Ba-Cd-Sb-Bi-B-S-P. Po3po6-
JIeHO e(peKTUBHI KOMIUIEKCHI MOTU(IKaTOPH CIDIABIB CHC-
temu Al-Si, mo BKIO9aroTh MoaudikaTopu 1 i 2 pomis.
AHauti3 IPUPOIH CIUIaBY | BUKOPUCTAHHS (Pi3HUKO-XIMITHIX
KPHTEpiiB JO3BOIIIE B IIeH Yac OJlep>KyBaTH BUCOKHHN epexT
MomudiKyBaHHS IPU MaJIHX i TPAaHUYHO MAJINX T00aBKax
enemenTiB (0,1+0,001 % o mac.) [3].

IcHyroTh 1 (hi3W9IHI METOIH BILTUBY, 1[0 MAIOTh MOTHU(]-
IKyBaJIbHHI €(EKT, TaKi K YIETPa3BYKOBE 0OpOOICHHS, TEM-
MepaTypHO-9acOBOBE 00OpOOICHHS, HAKIAICHHS Ha PO3II-
JIaB €JIEKTPOMAaTHITHOTO OIS Ta iH. Benmukwit iHnTepec BUK-
JTUKAIOTH IPOIIECH, TTOB’A3aHi 13 3aCTOCYBaHHIM THCKY Ha
MeTaJ BUIHBKIB, III0 KPUCTAI3YeThCA. 30KpeMa, B TEXHO-
JIOTTYHUX CXEeMaX JIATTS 3 KPUCTATII3AIi€I0 CIUIABIB i THC-
koM (JIKT) Tuck, 1o npuKiTagaeThes Ha PO3IUIAB Y IMPOIIECi
3aTBEPIiHHS, 3HAYHO BIUIUBAE Ha XapaKTep KPUCTai3amii
[8]. 36imbIICHHS MBUIKOCTI OXOMOMKEHHS IPUBOTUTD J10
BiJITOBiTHOTO POCTy MIBUAKOCTI KpUCTali3amii, mo
3MIHIOETHCS B PE3YIBTaTi BIUINBY TUCKY ITPH KPHUCTAi3allii
HAa YUCIIO IIEHTPIB 1 TIBUAKICTH pocTy 3aponkis. IIBuaxocTi
OXOJIOIKEHHS 3pOCTAIOTh Y 3aJIeKHOCTI BiI rabapuTiB BU-
JIMBKIB, TEMIIEPATYPHUX YMOB JIUTTS, METOIY IIPECYBAaHHS
Bix 23 mo 10 i Giybie pasiB. [1iABAIIEHHS ITBHIKOCTI OXO-
JIOJDKEHHS KOITbOPOBHX CIUIABIB, 3aCHOBAHHX HA CUCTEMAX 3
00MEKEHOI0 PO3YHHHICTIO, IPUBOJUTE 10 3MiHHU CTPYKTY-
PH 1 JIeryBaHHS TBEPAOTO PO3UHHY, TIOB’ SI3aHUX 3 ICHIPHUT-
HOIO JIIKBAIIi€I0 i YTBOPEHHSAM KBa3ieBTeKTHKH. Ha cpo-
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TOJHIIIHIH IeHb MaJIO 3BEJIeHb PO BUKOPUCTaHHS KOMOi-
HOBaHUX TEXHOJIOT1H, 1110 BILTMBAIOTH HAa CTPYKTYPHI CKJIa-
JIOBI METaJTy i THM CaMUM ITiJIBUIILYIOTh HOTO CITy<00Bi Bi1a-
CTHBOCTI.

Tomy MeToI0 cTaTTi € PO3pOOKA KOMIUIEKCHOI TEXHO-
orii MorikyBaHHsI 1 ra30lMHAMIYHOTO BIUTUBY Ha TBEP-
JUIOYMH PO3ILIAB ATIOMiHIEBOTO JINBAPHOT'O CILIABY CHCTE-
mu Al-Si B uBapHiit popmi it aHani3 ii e ekTuBHOCTI.

OcHoBHHI1 MaTepial

Jlist THCKY Ha KpucTaii3aliro ciuiaBiB cucremu Al-Si
BUSBJIIETHCS HE TUIHKHU Y 37]piOHIOBaHHI CTPYKTYPHHX CKJIa-
noBuX. THCK cripusie 301IbILICHHIO B3aEMHOI PO3YHHHOCTI
KOMITOHEHTIB CIUIaBiB, & TAKOX 3MIHIOE EBTEKTHYHY KOH-
LICHTPAIII O CIUTABIB.

301IbIIEHHS] PO3YMHHOCTI KOMIIOHEHTIB MOXKHA TI0sIC-
HUTH 3arajibMyBaHHSM NepBUHHOI 1uy3ii, 110 Mae micie
TP IIepeXOli CIJIaBy 3 PiJIKOro cTaHy y TBepauid. Jlist po-
3yMIHHS 3CYBY €BTEKTHYHOI TOUKH HEOOX1THO PO3IIISTHYTH
3MiHY JliarpaMu CTaHy ITiJ] BILTUBOM THCKY.

Ha pucynky 1 npencrasiiena yactuHa giarpamMu CTaHy
Al-Si. IITpuxoBuMHU JIiHISIMU HaHECEHa Jliarpama, sika oT-
puMaHa Imif Jieto Tucky. Jliarpama noGynoBaHa Ha IiIcTaBi
PO3paxyHKiB, BHKOHaHUX 3a PIBHSIHHSM JIOTapU(pMiK1 po3-
yuHHOCTI Ipenepa mis 6inapaux cucrem [9]:

InX = Q [L—lj, ln(l—X):% L 1 I
Ta T

2 \Ta ZT_bT

e X — MONbHA KOHIIEHTPAlisi KOMIOHEHTY A;
(1-X) — MoBbHA KOHIIEHTpAIlist KOMITOHEHTY B;
(), — NpUXOBaHA TEIJIOTA IJTABJIECHHS KOMIIOHEHTY A
Q, — IpEXOBaHa TEMIOTA IUTABIEHHS KOMIIOHEHTY B;
T, — TeMIiepaTypa IIABJIEHHS KOMIIOHEHTY A;
T, — TeMmriepaTypa IUIABJIEHHS KOMIIOHEHTY B;
T—1noToYHa TeMIIepaTypa IJIaBICHHS.

[Ipu po3paxyHkax mpuAManocs, Lo TEMIEpaTypa I1aB-
JIEHHSI YUCTOTO ATTFOMIHITO T ABHIIYeThCs Ha 6,3% 107 °C Ha
KOKHY aTMoc(epy THCKY, a TeMIIepaTypa IIaBIeHHS JHC-
TOr0 KPEMHITO Bi ITOBITHO 3HIKYETHCS Ha 5,8% 107 °C.

BukoHaHi Ha TiICTaBi IIEOT0 PO3PAXYHKH MOKA3AIIH, III0
3CyB €BTEKTHYHOI TOYKH T miarpamu Al-Si craHOBHUTH
0,003 % Ha kokHY arMocdepy THCKY. 3CyB BiIOyBa€eThCS

yOiK KpEeMHIFO.

Puc. 1. 3mina niarpamu crany Al-Si min gieto THCKY [9]
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Puc. 2. 3MiHa TONIOXKEHHST MEXKOBHX JIHIN Jiarpamu cTaHy
cucremu Al-Si npu MonmudikyBanui Harpiem. CynineHi JiHii —
piBHOBaXkHa Jiarpama crany [10]

HaBeneni naHi moka3yoTs, 110 TPOBEICHHS IPOLIECY
KpHCTaITi3allii 1M1 BIUIBOM ITpOIieciB Moau(iKyBaHHS 200
THUCKY IPUBOAUTD JI0 3COBYBAHHS B 30HY OLJIBII BUCOKHX
KOHIIEHTpALii APyroro KOMIIOHEHTY HEPiBHOBaXXHUX
JIKBIAYCY 1 COMIyCY 3 OJHOYACHHUM ITi IBUIIICHHSIM TEMIIe-
paTypH eBTEKTHKH.

Ha xadenpi nmuBapHoro BupobHuirea HarionansHoi
MeTaypriifHoi akageMii YkpaiHu po3po0ieHa TEXHOIOT s
ra30JMHaMIYHOTO BIUTMBY Ha PiJIKHI Ta TAKHH, 1110 KPUCTA-
J3YIOETHCS PO3ILIaB y mBapHii opwmi [11, 12]. Pesynbra-
TH 1a00pPaTOPHUX JOCHIHKEHB 1 TPOMHCIIOBUX BUIPOOY-
BaHb MOKA3aJIM ITiJBUIICHHS MEXaHIYHUX BJIACTUBOCTEH
JIUTOTO METay 1 3HWKEHHS OpaKy IT0 IINapuCTOCTi MpH
BHPOOHHIITBI BUJIMBKIB 3 aJJIOMiHI€BHX CIIIaBiB. 30KpeMa,
IIPY BUPOOHMIITBI BIJIMBKIB JieTanei « OnopHuiA HaKOHed-
HHK CTiFK1 KOHBEEpay, SIKi BUTOTOBJISIIOTH 31 crutaBy AKSM
CIOCOOOM JIMTTS B KOKIJIb, y TIOPSIIOK TEXHOJIOT1YHUX OIIe-
partiii BUTOTOBJICHHS BHJIMBKA OyJH BKITFOUEHI TaKi eTarm:
nposeneHHs padinyBanns (mpemapat DEGASAL T 200) i
BBeleHHs Moaudikaropa B posiuias (permapat EUTEKTAL
T 200), BBemeHHS B poO0Ty MOPOXKHIHY (DOPMH IIPUCTPOIO
IUTS TIONAHHS a3y OPHUT1HAIBHOI KOHCTPYKIIT, BUTPHUMKa
BUJIMBKA 3 MPUCTPOEM MPOTATOM 3aJaHOT'O MPOMDKKY 4acy,
TIOaHHS Ta3y (aproHy) 3 MOYaTKOBUMH ITOKa3HUKAMH THUCKY
0,15-0,2 MI1a, mHactynHe HaportyBaHH: THCKY 10 1—1,1 MIla
1 BATPAMYBaHHS I1iJ] THCKOM [0 TIOBHOTO 3aTBEpAiHHA BU-
JUBKA. Y pe3ylIbTaTi BIPOBAPKEHHAS 3a3HAYEHOI TEXHOMIOT 11
CKOPOTIIIACS KiJIBKICTh OpaKy BIJIMBKIB IO PUXJIOTax i ra3o-
BHX pakoBHHAX Ha 28 %, 30impummmcs Ha 25 % macTudHi
BITACTUBOCTI JTUTOTO MeTaiy, Ha 15-20 % Bramocst 3HU3UTH
KUTBKiCTh MOAH]iKaTOpa, a TAKOK 3HU3UTH TEMIIEPATYpy i
gac 00poOIeHHS.

BucHoBku

1. IlpoBeneHMiA aHATI3 TTEPATYPHUX HKEPEI 32 TEMOIO
po0OTH MoKa3aBs, M10 KOMIUICKCHHI BIUTUB HA MeETaJl, 10
KPHUCTATI3YEThCS, IKAH BKITFOYAE IPOIIECH MOTU(IKyBaH-
Hl | HAKJIaJICHHS THCKY, € IePCIICKTHBHIM 3 TIOTJISTY ITiIBH-
IIEHHSI MEXaHIYHUX BIaCTUBOCTEH cruiaBiB cructemu Al-Si.

2. [IpoBeneHHs MpoIeCy KPHUCTANi3allii i1 BILTHBOM
MomudikyBaHHS a00 THCKY NPUBOAUTH 10 3COBYBAHHS B
30HY OUTBIII BUCOKHMX KOHIICHTPAIIiH APYroro KOMIIOHEHTY
HEpIBHOBYKHUX JIKBIIyCy i comimycy. BapitoBaHHs Benu-
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Cenusepcros B.1O., louenko FO.B., louenko H.B. IlepcrnieKTHB b1 HCIIOJIB30BAHUS KOMILIEKCHBIX TEXHOJIOT MYECKUX
PeLIeH Ui 1151 NOBBIIIEHUS] MEXaHU4eCKUX CBOICTB JINTelHbIX cI1aBoB Al-Si

Ilpusedenvi pe3yromamol AHATUMULECKUX U IKCNEPUMEHMATLHBIX UCCACO08AHUL IPDEKMUBHOCMU COBMECTNHOZ0
UCTIOIb306ANUSL POYECCO8 BO30EUCMEUsL OABLeHUs U MOOUPUYUPOBAHUS HA KPUCTNATIUZAYUIO CHAABO8 CUCTEMbL
Al-Si. Tlokazano, umo KomMnieKCHoe 8030elcmeue Ha KPUCALIUZYIOWUICT Memail, Komopoe eKuoyaem 6 ceds
npoyeccol MOOUPUUUPOBAHUS U HALOJICEHUE OAGNEHUS, AGIAEMCsl NEPCREKMUGHbIM ¢ MOYKU 3PEHUSI NOBbIUEHUS
MEXAHUYECKUX C8OUCME CNIa6os. Paspabomana xomniexchasi mexnonozus, KOmopas nO360s1ent NOLY YU CHOUKULL
AP exm uzmenvuenss KPUCMALIUYECKOU CIMPYKmMypbl, Chepoudusuposams KpUCMAIbl I6MeKMUYecKo20 KpeMHusl,
CHU3UNb MAKPO- U MUKPOOEpeKmbl U NOBbICUNMb MEXAHUYECKUE CEOUCTEA TUMO20 MEeMAILIA.

Knroueeswie cnosa: MO@M@MHMPO(%ZHM@, Kpucmaniiusayus, daeﬂeHue, mexaHuveckKue ceoﬁcmea, MexXHOoI02UA.

Seliverstov V., Dotsenko Yu., Dotsenko N. Prospects for application of integrated technology solutions for improv-
ing the mechanical properties of casting Al-Si alloys

Results of analytical and experimental researches of application efficiency of the action of pressure and modifi-
cation on the crystallization of alloys of Al-Si system are given. It is shown that the complex effect on the crystallized
metal, which includes the processes of modification and the imposition of pressure is perspective from the point of
view of increase of mechanical properties of alloys. Integrated technology was developed, which enables achieve-
ment prolonged effect of grinding crystal structure, spherodizing eutectic silicon crystals, reduce macro- and micro
defects, and increase the mechanical properties of cast metal.

Key words: modification, crystallization, pressure, mechanical properties, technology.
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"HauioHanbHui yHiBepcuteT «J1bBiBCbKa MoniTexHikay, M. J1beiB
23anopi3bK1in HaLioHaNbHUM TEXHIYHWIA YHIBEPCUTET, M. 3anopixoks

FPAHYNNOMETPU4YHI XAPAKTEPUCTUKU NOPOLLKY
TUTAHOBOI'O CINABY BT6, OTPUMAHOIO METOOM
BIALUEHTPOBOI'O NJIASMOBOI'O PO3MNUNEHHA ENEKTPOOY

Memoodamu epanyromempusno2o anaiizy npo8edero 00Ci0dice Hss nopouwKy cnaagy BT6, ompumanozo memoodom
BIOYEHMPOBO20 NAAZMOB020 po3nuieHHs. [IoKkazano, wo YacmuHKu ROPOWIKY NICJIA NPOCIIOBAHHS XAPAKMEPU3YIOMbCSL
HEe3HAYHUM POZKUOOM 30 PO3MIPAMU 8 2PAHUYAX Ppakryil. Bcmarnosneno, wjo cmynitb He0OHOPIOHOCI 8 Q0CAIOHNCYBAHUX

@paxyisx ne nepesuwye 15 %.

Knrouosi cnosa: muman, cnias, nopowok, opma, cghepa, posmip, pparyis.

Beryn

HeoOximHicTs ekoHOMIT MaTepiaTbHIX PEecypciB Ta 3HU-
YKEHHS c001BapTOCTi MPOIYKIii BUMArae BiJl i IIPUEMCTB-
BHPOOHMKIB Ta IIepepOOHNKIB TUTaHY Ta CIUIaBiB HA HOTO
OCHOBI, BIIOCKOHAJICHHS ICHYFOUHMX TEXHOJOTii (HhOpMOyT-
BOpEHHsI BUPOOIB Ta BIPOBaKEHHS! HOBUX BHCOKOE(]EK-
THBHHX DIILICHb.

OcTaHHIM 9aCOM y TAaKUX BUCOKOTEXHOJIOTIYHHX TalTy-
351X, SIK aBia- Ta aePOKOCMIYHA POMHUCIOBICTb, CIIOCTEPi-
TaeThCs 3HAYHA IHTEHCH(IKAIIIST JOCTIHKEHb 3 pO3pO0IIeH-
HS HOBHX TEXHOJIOTIYHUX TIi IXOJ[iB OTPUMAHHS T0POTOBap-
TICHHX JeTajiell 3 BUKOPUCTaHHSM aJIMTHBHUX TEXHOIOT 1}
(texnomori#t 3D apyky). Takwii miaxix IPyHTYETHCS Ha TIO-
mapoBomy (OpMYBaHHI 00’ €KTiB, TP bOMY Ha TIOYaT-
KOBOMY €Talli KO)KeH HOBHUH IIap MalOyTHBOI IETaIl SBIISIE
c00010 TOPOIIKOBY (PpaKIIito, MO0 CKIATAETHCS 3 OTHAKO-
BHX a00 pi3HUX 32 (POPMOO YACTHHOK METAIIEBOI'O MaTe-
piaxy. BRaxaeTscs, o onTHMaNEHAME 32 POPMOIO Yac-
THHKAMH € c(epoiTu IPUOTU3HO OTHAKOBOTO po3Mipy [1].
Pazom 3 TiM, Ha 1€ yac oTpUMaHHS MOPOIIKIB 31 chepud-
HOO (popMoro yacTHHOK yTpynHeHe [2]. Came Tomy BKpait
Ba)KJIMBUM € OIITHAMI3a1lisl ITapaMeTpiB TEXHOJIOTIIHOT O TIPO-
IIECY 3 METOI0 YCyHEeHHS Ne(eKTiB i3 TOBEPXHi, a TAKOXK
JOCATHEHHS MAKCHMAaJbHO MOXIIMBOI'O CTYIICHIO OJJHO-
pioHOCTI c(hepUIHNX YaCTHHOK ITOPOIIIKY.

V miit poboTi JOCITiHKEHO TPaHyIIOMETPHYHI XapaKTe-
puctuku cepraHoro mopomky crasy BT6, orpumano-
T0 32 JOMOMOTOF0 METO.Y ITa3MOBOT'0 PO3IHIICHHS eJIeK-
Tpoxy[3]. OnTnManbHe HOeqHAHHS TAKUX BIACTHBOCTEH SIK
BHCOKa MIIHICTh, MajJa TYCTHHA Ta XOpOIIa KOpo3iliHa
CTIHMKiCTB, POOUTB IIi TOPOIIKA OTHAMH 3 HAWO1ITBII ITepc-
MIEKTUBHUX Ta JOCITIHKYBaHIX MaTEPialliB IS a IMTUBHUX
TEXHOJIOT 1.

26

MeTtonuka 10cTixKeHb

[Monepenniit po3nonin Nopouiky 3a (GpakmisiMi BUKO-
HyBaBCs 3a JOIIOMOTOI0 CHTOBOT0 MeToy 3rigHo 3 [OCT
P 51568-99 [4].

MeranorpadiuHi gociiHKeHHsT MOP(OIIOTii MOPOUIKY
BHUKOHYBJINCS 3 BUKOPHCTaHHSIM CKaHyBaJIbHOTO EJIEKT-
pouHoro Mikpockoria EVO 40X VP. [TpoOy mist BUtipoOy-
BaHb PETEJFHO MEepPeMillyBajIH Ha CKJIi, PO3CHIIAIN CMY-
TOFO TIEBHOI JOBKWHU 1 PO3ILISITN Ha 7—8 TIPUOITM3HO PiBHIX
yactuH. [lapHi YacTHHY BiOKHIaIH, a HEMAPHI 3MITITyBaIH 1
MTOBTOPHO CKOPOYYBaNW MomiOHMM umHOM. Jlam mpoly
TTOPOIIKY HAHOCHJIM Ha €JIEKTPOIIPOBITHY KIICHKY CTPiUKYy.
Jocmimxenns npoBomrumcs 3a 30utbirerHst 50 ta 100 pasis.

['parymomeTpraHIIA aHAJTI3 BUKOHYBAJIH 32 JJOIIOMOTOF0
CIEIiaTi30BaHOTO MaTEPiaJIO3HABIOrO KOMILIEKCY aHaIi-
3y 300pakeHb ImageJ [5].

CryIiHb HEOTHOPIAHOCTI (IO AUCIIEPCHICTH) TIOPOII-
Ky, III0 3aJISKHUTH Bifl IBOX ITAPAMETPIB: CEPETHBOTO PO3Mi-
Py DOMIHYIOUMX YaCTHHOK y TIeBHIH (hpaxiii Ta cTaHmapT-
HOT'O BiIXWJICHHS pPO3Mipy YaCTHHOK HOPOIIKY Bifl iX ce-
pemHBOro po3Mipy [6], BU3Ha4amacs METOIOM MTOOYIOBU
KpHUBOi [ 'ayca Ha OCHOBI TiCTOTpaMu PO3MOILTY YaCTHHOK
yieBHiH (pakii [ 7].

Pe3yabTaTu 10c/i1KeHb

3rimHO 3 pe3yapTaTaMd MeTajorpagiqHoro aHajizy
TOpOIIOK crutaBy BT6 micis BiAEHTPOBOTO MIIa3MOBOTO
PO3TIIIIEHHS XapaKTepu3yeThes Oe31epekTHOrO TIo0yIsIp-
Hoto OynoBoto (puc. la, 8).

JlociiKeHHS TIPOBOVITUCS JUTSl THTAHOBHX ITOPOLLKIB
¢paxiit 250 Ta 160 MKM, OTpUMAaHHX Y pe3yIIBTATI IIPOCito-
BaHHS CHTOBHM METOJIOM, 5IKi XapaKTepU3yIOThCs He3HAY-
HUM PO3KHIOM YaCTHHOK 32 po3Mipamu (puc. 16, 2, 2).
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Puc. 1. Mopdornoris nopouiky cruiasy BT6 micns chepoinusanii METoI0M BiALIEHTPOBOrO MJIa3MOBOrO PO3MUICHHS (4, 6);
TpancdopMoBaHe 300paxkeHHs YaCTUHOK y nporpami Imagel (6, 2). @pakuii: a, 6 — 250 MxM; 6, 2 — 160 MKkM

Cepeaxiil possip aominyrmmnx

22509013
HACTHHOK, MEM

S %

CranaapThe BlTsHICHHA 3406543

Noaimenepenicts, %a 15

0, MM

e Cepeaniii poasip gomimyiouns 10689843
SACTHHOK, MEM
Cranaaprie piaxmienng 12.05483

Hogiamcnepenicts, % 1

i Z
B0 100 120 140 160

0

Puc. 2. Kpusa 'ayca noOynoBaHa Ha OCHOBI TiCTOrpaMH
PO3MOiTy YacCTHHOK MopomKy crutaBy BT6 micis chepoinu-
3aril METOZIOM BiALIGHTPOBOT'O IJIa3MOBOTO PO3ITHIICHHS.
Opakuil: a — 250 Mxm; 6 — 160 MKM

3riHO 3 TiCTOrpamMoro PO3MOALTY YACTHHOK MTOPOLIKY
crtaBy BT6, BetanoBieHo, mo y ¢paxuii 250 MKM goMiHy-
I0YNMH € YaCTHHKH 13 cepeHiM giamerpom 220-230 Mkm,
a'y ¢paxkuii 160 MKM cepenHii TiameTp JOMiHyIOUHX Yac-
TUHOK cTaHOBUTE 100—110 MxM (puc. 2).

BucHoBkn

3a pe3yibraTamMu rpaHyJIOMETPHIHOTO aHAI3Y TOPOLI-
Ky cioiaBy BT6, o otpuMaHuii METOZOM BiIIEHTPOBOTO
IUIa3MOBOTO PO3IMJICHHS, BUSBICHO HE3HAYHUH PO3KHI
YACTHHOK 32 PO3MipaMH IiCIs IPOCiIOBaHHS CHTOBHM Me-
TOIOM y Mexax orHiel ppaxuii. OmHak HeoOXiTHO BpaxyBa-
TH, 10 3T1THO 3 TICTOrPaMOI0 PO3TOILTY YaCTHHOK OPOIII-
Ky crmaBy BT6 BiqxunieHHS 110 BiTHOIICHHIO JI0 CEPEAHBO-
r0 PO3Mipy DOMIHYIOUHMX YACTHHOK B JOCIIKYBAaHUX
(pakmisx € piIBHOMIPHAM Ta ITOCTYIIOBHM.

BcranoBII€HO, IO CTYIIHE HEOJHOPITHOCTI B JOCIi-
XKyBaHHX (pakuisx He nepesuiye 15 %.

Crucok 1uTepaTypbl

1. Gibson I. Additive Manufacturing Technologies / Gibson
L, Rosen D., Stucker B. -2nd ed. p/cm. ISBN 978-1-4939-
2112-6. — Georgia Institute of Technology, 2015. — 498 p.

2. 3neHko M. A. A1IUTUBHBIE TEXHOJIIOTMH B MAalIMHOCTPOE-
Huu / 3nerko M. A., Tlomouu A. A., Myreumaa U. H. —
Cankr-IlerepOypr : 31aTeIbCTBO NOMMTEXHIYECKOTO YHU-
Bepcutera, 2013. — 221 c.

3. Donachie M. Super alloys: a technical guide / M. Donachie,
Jr., S. Donachie. - 2nd ed. p/cm. ISBN 0-87170-749-7. ASM
International. 2002.

4. TOCT P 51568-99 (MCO 3310-1-90). Cura mnaboparop-
Hele. TexHmaeckre TpeOOBaHUS M METOIbI HCIIBITaHHH. YacTh
1. Cura naboparopHble M3 METALINYECKON IMPOBOIOYHOM
cetku. — M. : U3n-Bo crangapros, 1999. — 7 c.

ISSN 1607-6885  Hoei mamepianu i mexnonozii ¢ memanypeii ma mawunooyoysanni Ne2, 2016 27



5. Konrwoxos A. JI. PykoBoACTBO K HCIIOIBb30BaHUIO IPOrPaMM- 3-th. edition, Macmillan Publishing Company. — New York,

Horo koMiuiekca ImageJ st 06paboTku u300pakeHuit : 1985. — 639 p. — ISBN 0-02-424170-9.
yue6Hoe Meromuueckoe nocobue / Kontoxos A. JI. — Tomcek : 7. http://www.originlab.com/doc/User-Guide (nata 3BepHEeH-
kadenpa TY, TYCVYP, 2012. — 105 c. Ha 02. 01.16).

6. Walpole Roland E. Probability and Statistics for Engineers

.. Oep: 16.12.2016
and Scientists / Walpole Roland E., Myers Raymond H. — Qoepacaro

Hdypsirnna 3.A., Tpoctsinunn A.H., JTemuka UL.A., [lzkyran A.A. I'panyiomerpniecKkie XapaKTepHCTHKH NOPOLLIKA
THTaHOBOrO ci1aBa BT6, mosryueHHOro MeTo10M eHTPOOE;KHOT0 MJIA3MEHHOI 0 PACTIBLLIEHHUs JIeKTPoAa

Memooamu epanyromempuueckoeo ananusa npogedeHo ucciedoganue nopowka cniasa BT6, nomyuennozo
MeMmooomM YeHmMpPOOeICHOU NIazmMeHHoU pacnvlienHocmu. [lokaszano, umo yacmuysl NOPOWKA NOCAE NPOCEUBAHUS
Xapakmepusyiomcst HeHaYUMeIbHbIM Pa3opocom no pasmepam 6 npedenax Gpakyuu. YcmanoeieHo, umo cmeneHsb
HEOOHOPOOHOCHU 8 UCCTedyeMblX paryusix He npegvluiaem 15 %.

Knrwouegsle cnosa: muman, cnias, nopowlok, popma, cghepa, pazmep, ppaxyus.

Duriagina Z., Trostianchin A., Lemishka I., Dzhugan A. Granulometric characteristics of VT6 titanium alloy
powder obtained by plasma rotation electrode process

Studies of VT6 alloy powder, obtained by centrifugal plasma spraying, by the methods of particle size analysis are
presented. It is shown that the particle powder after sifting is characterized with slight scatter in size within a
fraction. It is found that the degree of heterogeneity of the fractions in the test samples does not exceed 15 %.

Key words: titanium, alloys, powder, shape, sphere, size, fraction.
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HauwnoHanbHas MeTannyprmiyeckad akagemumsa praVIHbI, r. ,D,Herlp

MOOEJNIMPOBAHUE TEPMETU3ALUUN OTIIMBKU U3
BEbICTPOPEXYLLEWN CTAIMU B ®OPME JIBM 1A PEAJI3ALIUA
TEXHONOIMMU rASOOMHAMUYECKOIO BO3OEUCTBUA HA
PACIJIAB

Tlpeocmasnenvt pesyrvmamsi KOMRLIOMEPHO20 MOOETUPOBAHUS 2epMemu3ayul OJI0KA OMAUBOK YUTUHOPUYECKOU
dopmol uz cmanu P18JI, nonyuaemvix no oelicmsyroweti mexHono2uu 8 hopmax 1umos NO GbINAAGIAEMbIM MOOETIM.
THoxazana 603MOJNCHOCHb UCTIONLIOBAHUS 2A300UHAMUYECKO20 B030€lCEUs HA 3ameep0esaiouuil Memal npu

VCA08UU USMEHEHUSI KOHCMPYKYUU OJ0KA.

Knroueswie cnosa: mooenuposanue cepmemuzayuu, YUIUHOpUYecKue OMausKu, npoyecc 3ameepoesans, pacnias,

2a300UHAMUYecKoe 8030elicmeue.

BBenenne

Kaxk n3BecTHO, criennanbHble ClIOCOOBI JIUTHS TO3BOJIS-
0T PE3KO CHU3HTbH TPYA03aTPaThl M METAJUIOEMKOCTH TIOITy-
YaeMBIX OTJIMBOK, CIIOCOOCTBYIOT IOCTIKEHHMIO O0JIee BhI-
COKHMX (DPU3UKO-MEXaHNIECKHX XapaKTEPUCTUK 1 SKCILTya-
TAaOMOHHBIX CBOWCTB JUTOro MeTtayta. Hapsny c
JTANTbHEHIIINM YCOBEPIICHCTBOBAHHUEM CIIELINAIIBHBIX CIIO-
c00O0B I'pPaBUTALMOHHOIO JINThS (KOKWIN, KEPAMHUECKHE,
000JI0YKOBBIE, TPa(hUTOBBIE U JIp.) TPOBOIUTCS pa3padoT-
Ka HOBBIX 3()()eKTHBHBIX METO/IOB BO3JIEUCTBHUS Ha KpHC-
TAJUTU3YIOIIMICS METaJII, K YUCITY KOTOPBIX MOXKHO OTHEC-
TH TEXHOJIOTHIO Ta30IHAMHYECKOr0 BO3ICHCTBHUS Ha pac-
w1aB B popme JIBM.

AHaTu3 npeabITyIMX MyOIMKAIUA 1 IOCTAHOBKA
3aMauu

IIpu peanuzannyu JaHHOW TEXHOIOTUH B TEUEHUE BCETO
TpoIIecca 3aTBEPACBAHNS Ha )KUIKHI METAIII OKa3bIBACTCS
BO3JICHCTBHE 3a CUET CO3AAHMS PETYINPYEMOro Ira30BOr0
JIaBJIEHMS B TEPMETU3HPOBAHHOMN CHCTEME OTJIMBKA-YCTPOU-
CTBO [UIs BBOZA ra3a. [Iponecc mpeamonaraer B KadecTBe
HEOOXOIMMOT0 YCIIOBHS OCYIIIECTBIICHHS HAJHIHE Ha I10-
BEPXHOCTH pabodelt MOJIOCTH JTUTEHHOM (POpMBI 105 3aT-
BEPAEBIIIET0 MeTaia K MOMEHTY HOJIadH Ta3a B CUCTEMY
OTJIMBKA-YCTPOMCTBO I1st iofaduw rasa [ 1-3]. TommmHa s1o-
T'O YBEIMYMBAIOIIETOCS BO BPEMEHH CIIOS TOJKHA o0ecTie-
YMBATh 10 CBOMM IIPOYHOCTHBIM XapaKTEPUCTHUKAM Tep-
METHIHOCTH CHCTEMBI OTIIMBKA-yCTPOMCTBO IS BBOJA Ia3a,
HaXOZSIIEHCS 110/ HAPACTAIOIINM JaBJICHHUEM, BIUIOTH 10
TIOJTHOTO 3aTBEPJCBAHMS OTIIMBKH. IIpH oCymiecTBICHUH
ra30MHAMHIYECKOTO BO3ICHCTBHS Ha MPOTSHKEHUH BCETO
porecca 3aTBEPACHIS HEO0X0UMO MO IEP)KNBATh MaK-
CHMaJIbHO BO3MOXKHBII YPOBEHB T'a30BOT0 JABIICHUS, BE-
JIUYUHA KOTOPOTO, B CBOIO OYeperib, OyIeT 00yCIIOBIMBAT-
CsI MPOYHOCTHBIMH XapaKTEPUCTHKAMH 00pa3yIoIIerocs Ha

© B. KO. Cenuepctos, T. B. CenusepctoBa, 2016

MIOBEPXHOCTHU OTIIMBKY T€pPMETH3NPYIOIIETO 3aTBEP ICBIIIe-
ro ciost MeTasuia. [To Mepe yBeInueHuns TONINHEL 3aTBEp-
JIEBIIIETO CJIOS €r0 IPOYHOCTH OyIIeT pacTH, 4To JIaeT BO3-
MOXHOCTB ITOBBIIIATH AaBieHue [4, 5]. Pesynsratsl panee
MIPOBEAEHHBIX paboT 1Mokasany 3((HEeKTUBHOCTh JaHHOTO
METO/1a aKTHBHOTO (hPM3MUYECKOTO BO3/ICHCTBHS Ha 3aTBEp-
JIeBAIOIII B JTUTEHHOH opMe MeTasuT ITpH H3TOTOBJIEHUN
OTJINBOK KaK B KOKWJIE [6—8], Tak U B KepaMUIECKOH 000-
noukoBoit ¢popme JIBM [9]. TIpu atom Hanbonbmias 3¢-
(hEeKTUBHOCTH METOJIa MOXKET OBITH IOCTUTHYTA ITyTEM CO-
3/1aHMS TAKUX TEIUIOPU3NIECKNX YCIIOBUH 3aTBEPICBAHMS
OTJIMBKH, KOTOPBIE MPEIIONararoT repMEeTH3aINI0 CHCTE-
MBI OTJIMBKA-YCTPOHCTBO AJIsl BBOAA r'a3a 3a CUET PAaBHO-
MepHOro ()OPMUPOBAHUS Ha BCEH MOBEPXHOCTH OTIUBKH
3aTrBepaeBIero cios. Kpome Toro, 3¢ eKTHBHOCTH 3aBU-
CHT OT BO3MOXXHOCTH BCTPANBAHKS TEXHOJIOT X B ICHCTBY-
FOIIHH TEXHOIOTHYECKHUH Tporiece 0e3 3HAYNTETBHBIX €T0
KOPPEKTHPOBOK, JIOMOIHATEIHHOTO 000PYIOBaHNUS U TIep-
coHaya. YUHUTHIBas TaKXKe pa3sHOOOpa3ne KOH(UTypaTHB-
HBIX OCOOCHHOCTEH OTIMBOK, MOJTYyYaeMbIX JIUTHEM II0
BBIIUIABIISIEMBIM MOJETISIM, aKTyaJIbHON 3a/1adei sIBISIETCS
OLICHKA MPUTOXHOCTH KOHCTPYKIMHN OJIOKa, HCHIOIB3YeMO-
TO 110 ACHCTBYIOIIEH TEXHOIOT MU U Pa3padOTKa parnoHaIb-
HOHI KOHCTpYKIHHU O051oka JIBM ¢ Toukw 3peHus BO3MOXK-
HOCTH pEeTH3aI|H NPOLecca ra30IMHAMUIECKOTO BO3/IeH-
CTBUSL.

Ile1bt0 padoThI SABIISETCS ONPEACTICHHE PALIOHATBHBIX
TEOMETPHUYECKHX TapaMeTPOB OJI0Ka IIMTHHIPUIECKHX OT-
nuBOK u3 crutaBa P18J1, 3aTtBepaeBatomux B opme JIBM,
M3TOTOBJIEHHOW 1O AEWCTBYIOLIEH TEXHOIOTUH, AJIsl OCY-
IIECTBIICHNS FA30AMHAMNYECKOTO BO3ICHCTBISI HA PACILIAB.

Pe3yabraThl uccie10BaHui

Cxema 0J10Ka OTIIMBOK, H3TOTABINBAEMBIX 10 TPAUIII-
onHo# TexHonmoruu JIBM, nipencrasiena Ha puc. 1. Omiums-
KH IUTHHApHYecKoit popmbl u3 crutasa P18JI (Tadm. 1) us-
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TOTaBJIMBAIOTCS B BOCBMHUCIIOWHBIX 000IOYKOBBIX (hOpMax.
Marepuan — KpUCTaJUTMYECKHH KBapII.

Tab6auna 1 — XuMu4ecKkuii cocraB crain

ConeprkaHue 311eMEHTOB, %o
C Cr \ v Mo S P Fe
0,75 | 4,7 | 18,5 | 1,17 | 0,17 | 0,03 | 0,02 | ocr.

Jlns onpenenenns TepMOBPEMEHHBIX TAPAMETPOB MPO-
1ecca repMeTH3aliy OJI0Ka OTJIMBOK M TOJYy4eHHs JHcC-
JICHHOTO PELIECHHs 3a1a41 pacyeTa Ipolecca 3aTBepeBa-
HUS UCIIONB30BAIM METOJ KOHEUHBIX JJIEMEHTOB B IIPO-
FpaMMHOH peanu3alliu CHUCTEMOH KOMIBIOTEPHOTO
MozenrpoBaHust TuTedHbIX poreccoB (CKM JIIT) «ITomu-
row». [Ipu MoempoBaHUN METOJaAMH KOHEYHBIX IEMEH-
TOB BBIIENSAIOTCS CIEAYIOIUE OCHOBHBIE ATAIIBL: IIPEIPO-
LIECCHHT, PacyeT U MOCTHpoLeccHHr. [IpenpoueccHHr BKITto-
YaeT B ce0sI MOCTPOSHUE TBEPIOTEIHHON MOJIETH 00BEKTa
1 TTIOCTPOEHHE KOHEYHOTEMEHTHOI Mozienn o0bekTa. Pac-
YeT CO3IaHHON KOHEYHORJIEMEHTHOM Mo/ieTH OJI0Ka OTIIH-
BOK OCYILECTBJISIIM B COOTBETCTBUH C aJITOPUTMOM TEILIO-
BOI'0 pacyeTa, peaau3oBaHHBIM B nporpamme. Ha stame
MIOCTIIPOLIECCHHTA MPOUCXOAMIAa 00paboTKa Pe3ylIbTaToB
pacueTa U UX MHTEpOpeTanus B TEPMHUHAX MPEIMETHOU
001acTH.

J1y1s npoBeieHnst MOJIeTIMPOBaHMs! ObLIN BHIOpAHBI HC-
XOZIHbIE ITapaMeTPhl U CBOMCTBA MAaT€PHAIOB OTIUBKH U
JIUTEHHOH (hOPMBI, OCHOBHBIE U3 KOTOPBIX MPEICTABICHBI
BTa0I. 2.

i 1
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Puc. 1. Cxema 6J10Ka, H3roTaBIMBAEMOrO M0 JACHCTBYIOLICH
TEXHOJIOTUH

Ha puc. 2 npencraBnensl BU3yaau3UpOBAHHBIE PE3YITb-
TaTHI TEILIOBOTO pacyeTa MpoIiecca 3aTBepAeBaHus OJI0Ka
OTJIMBOK, U3rOTaBJIMBAEMBIX IO 1EHCTBYIOLEN TEXHOIOTUH.

[IpuBeneHHbIE JAHHBIE CBUIETEILCTBYIOT O TOM, UTO K
MOMEHTY ()OPMHUPOBAHHUSI 3aTBEPACBIICTO CII0S Ha TIOBEP-
XHOCTH CTOSIKa, OTJIUBKHU OKA3bIBAIOTCS IOJHOCTBIO 3aTBEP-
neBIMMU. JlaHHAS KOHCTPYKIUS OJTOKa He 00eCIieunBacT
YCIIOBHS pealIn3allii BapuaHTa TEXHOJIIOTUH ra30InHaAMU-
YECKOr0 BO3/ICHCTBHS, OCHOBAHHOTO Ha COOTBETCTBUU TON-
LIMHBI 3aTBEPAEBLIETO CJIOS CO3AaBAEMOMY JaBJIEHUIO B
CHUCTEME OTIIMBKA-YCTPOMCTBO IJis BBoAA rasa. [lpu neit-
CTBYIOIIEH KOHCTpYKIUH Oi1oka JIBM BO3MOXKHO HCTIONB-
30BaTh TOJIBKO IPOYHOCTHBIE CBOMCTBA MaTepuaa JINTeH-
HOl (popMBI. COOTBETCTBEHHO, peaTu3aIiisl TEXHOIOTHU
ra30JMHAMHYECKOr0 BO3JIEUCTBUS BO3SMOXKHA B JIUAIIa30HE
nasnennti 0,1-0,3 MITa.

Tabauna 2 — Vicxonasie ganHble i npoeaeHus monenuposanms B CKM JIIT «Ilommron

[Tapametpst 3HavyeHue
Tennodguznyeckue cBoiicTBa ObicTpope:kyuieii crann P18J1
ILIOTHOCTB, KI/M 8800
TemmoemkocTs, x/kr K 460
TemnonposoxHocts, Br/MK 27
CKpbITas TEII0Ta KpUCTAIUTH3auH, KJK/Kr 260
TemmneparypHblii UHTEpBa KpucTau3anuu, °C 1310-1380
Temnodguznyeckue cBoiicTBa MaTepuaa Gopmbl

O6beMHas TeIUI0eMKOCTb, KIDk/M> K 2100
TemnonpoBoanocTs, BT/MK 0,52

TapameTps! Temoo6Mena (K03 puuuenT Temonepeaayun na rpanuue), Br/(M>K)

Otnuska — Popma 4000

®opma — OtiuBKa 4000

OmnuBka — Cpena 200

®opma — Cpena 180
HauvanbHnble TeMnepaTypbl 0TJIHBKH H ¢opMmbl, °C

OT1nuBKa 1450

dopma 900
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Puc. 2. BusyanuzupoBaHHbIE Pe3yIbTaThl TEIJIOBOIO pacuera
npoliecca 3aTBepeBanus 0610ka oTaMBOK Ha 110-i cexynze:
BEPTUKAIIBHBINA pa3pe3 U FOPU3OHTATIBHOE CEUCHUE

W3meHeHHast KOHCTPYKIHS OJI0Ka OTJIMBOK IIPEACTaB-
neHa Ha puc. 3. beuta m3Menena opma 1 pa3mepsl CTOsIKa,
nUTaTeNel, a Takke YTerIeHb! OTAeIbHbIC YacTH (POPMBI
3a CYeT HAaHECEHHS IOTIOJIHUTENBHBIX CJIOEB OTHEYITOPHOM
o6omnouku. Ha puc. 4 npezncTasieHsl pe3yasTarhl TEILIOBO-
TO pacyeTa Iporiecca 3aTBepAeBaHus 0JI0Ka H3MEHEHHOH
KOHCTPYKIMHU. VI3 pHCyHKa BHIHO, YTO Ha IOBEPXHOCTH
0JI0Ka MPaKTUIECKH PABHOMEPHO 00pa3yeTcs repMeTH3H-
PYIOLIHH CI0M 3aTBEPAEBILErO METAIIA.

CKM JIIT «ITonurony mMo3BOISET ITOTYIUTh JAHHBIE O
Ipoliecce 3aTBEPACBAHMS B JTIO00I TOYKE OTIIMBKU IPH
YCTaHOBKE B COOTBETCTBYIOIIIMX MECTaxX BUPTYAIbHBIX TEP-
monap. Ha pucynke 5 npencraBieHa cxema pacnoioxe-
HUS BUPTYJIGHBIX TEPMOIIap, HAXOAIIMXCSI B TOPH30HTaIb-
HOM ceUYeHHUH OJI0Ka Ha PaCCTOSHHUH 1,5 MM OT ITOBEPXHO-
CTH OTIMBKH, a TAKXE€ COOTBETCTBYIOIIHE KPUBBHIC
OXJIKICHHIS.

[Tomy4enHsle pe3yabpTaThl KOMITBIOTEPHOTO MOZIETHPO-
BaHU ITPOLIECCa 3aTBEPAECBAHIS pacCMaTPHBAEMOro OJ10-
Ka OTJIMBOK MO3BOJISIOT YTBEPXK ATk, uTo uepe3 130 cexyHn
IOCJIe OKOHYAHNUS 3aJIMBKH HA BCEH TOBEPXHOCTH (DOPMBI

| —

T

260
200

[ B

oOpa3zyercst TBEPIBII CllON MeTayuia, T. €. OJIOK OTIIMBOK
OKa3bIBAETCs MOJHOCTHIO TEPMETHYHBIM 32 CUeT (hOpMH-
POBaHUSI PaBHOMEPHON KOPKU. DTO JAeT BO3MOXKHOCTb
OCYILECTBIIATh Fa30ANHAMUYECKOE BO3IEUCTBHE BILIOTH 10
MIOJTHOTO 3aTBEPAEBAHNUS OTIIUBOK.

[ToTHOCTH TEMIIEPATYPHBIX KPUBBIX, MOITYYEHHBIX B
BapraHTe N3MEHEHHOH KOHCTPYKIMHU OJI0Ka OTIIMBOK, I10-
Ka3bIBAET, YTO HA PA3JIMIHBIX YIaCTKaX MOBEPXHOCTH OJI0-
Ka TepMETH3HPYIOIIast KOpKa (POpMHUPYeTCsl IPaKTHIECKH
OJHOBPEMEHHO, B OTIMYHUE OT ACUCTBYIOLIEW KOHCTPYK-
1M, re 3aUKCHpOBaHa 3HAYNTEIbHAS pa3HHIla BO Bpe-
MeHH (POPMHPOBAHUS T€PMETH3NPYIOIIETO CIIOS 3aTBEp-
JIEBILIETO METAILJIA OJJHOU TONIIIHUHBI.

BriBoanl

1. ITpoBeneno monenuposanue B CKM JIIT «Iloxauron»
Tporiecca repMeTn3aniy 0JI0Ka MITHHIPHIECKUX OTIIMBOK
u3 cranu P18J1, u3roraBinBaeMbIX MO AEHCTBYIOLIEH TEX-
Homoruu B opme JIBM. YcraHOBIEHO, UTO K MOMEHTY
(hopMHpOBaHMS 3aTBEPIEBIIIETO CII0SI HA IIOBEPXHOCTH CTO-
sIKa, OTJIMBKH OKa3bIBAIOTCS TOJTHOCTHIO 3aTBEPAEBIINMU.
JlaHHas KOHCTpPYKIMS OJoKa He 00ECIeuMBacT yCIIOBUS
peanu3anuy BapuaHTa TEXHOJIOIMH Ia30AMHAMHUYECKOrO
BO3JCHCTBHSA, OCHOBAHHOIO Ha COOTBETCTBHHU TOJIIUHBI
3aTBEPJEBILIETO CJIOS CO3aBAEMOMY JABJIECHUIO B CHCTEME
OTJIMBKA-YCTPOICTBO AJIs BBOJA rasa.

2. PacueTsl moka3aiy, 4To IpH AEHCTBYIOIIEN KOHCTPYK-
1 Onoka JIBM BO3MOXKHO HCTIONB30BATh TOIBKO POYHO-
CTHBIC CBOICTBa MaTepuaia JuteiHoi (Gopmbl. CooTBeT-
CTBEHHO, pean3anys TEXHOIOTUY Ta30AMHAMUYIECKOrO BO3-
JIeHCTBHS BO3MOXKHA B quana3oHe gasiacHui 0,1-0,3 MIla.

3. YcraHoBNIEeHa BO3MOKHOCTh U3MEHEHHUS KOHCTPYK-
IUH OJIOKA OTIIMBOK, YTO TIO3BOJIHT, COMTIACHO pe3yIbTaTaM
MIPOBEICHHOTO MOACTHPOBAHUS, OCYIIECTBISTh «IIOTHO-
LIEHHOE» Ta30JMHAMITYECKOE BO3/ICHCTBIE HA 3aTBEpICBa-
IOIINii pacIiaB B INTEHHOH (opMe. YCTaHOBIEHO TaKxke,
YTO MPOIECC TePMETHU3AINH OJIOKA TIPU ITOM 3aKOHUUTCS
gepe3 ~ 130 cexyHn popMHUpOBaHIEM 3aTBEpACBIIEH MO~
BEPXHOCTHOW KOPKH TONIIUHOW 1-2,5 MM, 9TO JaeT BO3-
MOYKHOCTB B TAJTFHEHIIIEM YBETNIMBATH JABJICHE B CHCTE-
Me OTJINBKA-YCTPOMCTBO ISl BBOJIA Ta3a B COOTBETCTBHH C
KHHETUKOHN YBEIMYCHHUS CII0S BIUIOTH JI0 TIOJTHOTO 3aTBep-
JIEBaHUSI OTIIMBOK.

@25

L oammE——

Puc. 3. Cxema 6510ka H3MEHEHHOH KOHCTPYKIIHU
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Tlpeocmasneno pesyrvmamu Komn r0OmMepHo20 MOOe0BAHHI 2epMemu3ayii 010Ky SUTUGKIE YUNIHOPUUHOL hopmu
3i cmani P18JI, odepocysanux 3a ditouoro mexnono2icio y gpopmax aumms no eumonnioganux mooensax. Iloxasano
MOHNCIUBICb BUKOPUCAHHA 2A300UHAMIYHO20 NIUBY HA MEEPOIIOYULL MeMal 3d YMOB8U 3MIHU KOHCMPYKYIL O110K).
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Seliverstov V., Seliverstova T. Design of pressurizing of founding from high-speed steel inform LVM for realiza-
tion of technology of the gas-dynamic influence

The results of computer design of pressurizing of casts block of cylindrical form from steel of P18JI are presented,
being produced with operating technology in the of casting forms on the smelted models. Possibility of application
gaz-dynamyc influence over solidification metal in case of block construction changes are shown.

Key words: design of pressurizing, cylindrical founding, process of consolidation, fusion, gas-dynamic influence.
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INVESTIGATION OF pH EFFECT ON HYDROXYAPATITE
FORMATION IN PLASMAELECTROLITIC OXIDATION PROCESS
IN TITANIUM ALLOYS

Plasma Electrolytic Oxidation (PEO) was performed on Ti in electrolyte containing calcium acetate monohy-
drate (Ca(CH,COO) (Ca (CH,COO), - H,O)H,0) and sodium phosphate monobasic dehydrate (Na,HPO - (Ca (CH,
C00), -H,0)2H,0) using a pulse power supply. Scanning electron microscopy (SEM) with EDS and X-ray diffraction
(XRD) were employed to characterize the microstructure, elemental composition and phase components of the
coatings. All oxidized coatings contained Ca and P as well as Ti and O, and the porous coatings were composed of
anatase, rutile and hydroxyapatite. After hydrothermal treatment, the hydroxyapatite was precipitated on the sur-
face of the sample plate obtained by PEO and the hydroxyapatite thickness was about 15 um.

Key words: plasma electrolytic oxidation, hydroxyapatite, titanium, biomaterials.

Introduction

In the last years, titanium and its alloys have been
successfully used as dental and orthopedic biomaterials
because of their good mechanical properties, corrosion
resistance and biocompatibility with living tissue after
implantation into the bone (1-3). The most interesting
reason for titanium used in medical applications is the ability
of apatite formation spontaneously on titanium surface in
the simulated body fluid (SBF) or in environment of a living
organism (4, 5). Thus, recently, fixation of titanium implants
to the bone usually depends on the biological fixation of
its porous surfaces. If titanium metals have an ability to
bond to the bone strongly without formation of intervening
fibrous tissue, implants may be able to achieve long-term
stability even without porous coatings. Various ways of
physical and chemical treatments of Ti surface have been
proposed to overcome this drawback and to produce a
better biocompatible implant surface. The most common
technique is that of the production of hydroxyapatite (HA).
HA is a naturally occurring mineral form of calcium apatites
and a major mineral component of bones and teeth. The
biocompatibility of HA has been thoroughly investigated,
and it has been established and proved that when HA is
applied on titania, it is spontaneously bond with living
bone (6-8). Various methods were used for depositing an
HA layer on titania, such as plasma spray (9-11), sol-gel
methods (12, 13), electrochemical deposition (14, 15) and
electrophoresis (16, 17). Any of these methods have some
disadvantages, like delamination of the HA layer from the
titania due to the poor bonding between the coating and
the substrate, or the difficulty in applying uniform coatings
on implants with complex geometry (6, 18). Plasma
electrolytic oxidation (PEQO) is a recently developing
technique which can produce a porous, relatively rough,
and firmly adherent titanium oxide film on titanium surface
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(1, 2). The process combines electrochemical oxidation with
a high voltage spark treatment in an aqueous electrolytic
bath which also contains modifying elements in the form
of dissolved salts (e.g. calcium and phosphorous) to be
incorporated into the resulting coating. PEO produces good
results in the formation of an HA layer on titania. It deserves
to be noted that, unlike for any deposition technique, the
HA layer produced by PEO is formed simultaneously with
the formation of titania, so that the surface layer forms
much stronger bonds with the substrate (19). In this study,
hydroxyapatite-containing titania coatings were prepared
by controlling the applied voltage and electrolytes used in
the PEO, and the thickness, phase, composition and
morphology of the oxide coating were monitored. The
dependence of bioactivity to the surface containing
hydroxyapatite was discussed.

Experimental

Commercial Ti plates and implants (sample size 0.025,
0.11and 0.17 dm?) were used in the study. Samples were
abraded by SiC sandpaper #1000 then degreased by alcohol
and finally washed with acetone in an ultrasonic cleaner.
The oxidation was performed in AC mode by the industrial
50 Hz sine voltage (= 400 V, nominally) at the end current
density 0.7- 3.3 0.2 A/ dml for 10-90 min on a home-made
40 kVA PEO station with a water-cooled bath made of
stainless steel, which served as the counter electrode.
Electrolytes were prepared by dissolution of the calcium
clycerosphate (Spectrum, practical grade) and calcium
acetate (Spectrum, practical grade) in water. Electrolyte
contained 0.25 M (Ca(CH,COO),) and 0.06 M C,H.CaO P
in tap water.

The thickness of oxide layers was measured by a
micrometer, coating thickness gauge CM-8825 and by SEM.
The surface morphology, structure and composition were
inspected on SEM JEOL JSM6510LV equipped with an
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NSS7 EDS analyzer (Correction Method Proza — Phi-Pho-
Z was used for the quantitative analysis). Cross-section
samples prepared according to standard metallographic
protocols were used for SEM and EDS. Conductivities and
pH of the electrolytes were measured by YK-2005WA pH/
CD meter, the thickness of oxide layers was measured by a
micrometer, coating thickness gauge CM-8825.

The surface areas were measured by the Brunauer—
Emmett—Teller (BET) (19) method using a Micromeritics
ASAP 2020 (Micromeritics, Norcross, GA) instrument.
Fifteen-point adsorption isotherms of nitrogen were
collected in the P/PO relative pressure range (PO =
saturation pressure) of 0.05-0.30 at -196 °C. Prior to
analysis, each sample was degassed under vacuum at
200 °C for 4 h.

Results and discussion

In this experiment, it was shown that the preparation of
titanium surface containing hydroxyapatite could be
formed by PEO. After 20 minutes of PEO treatment of
titanium specimens, an amorphous layer is formed (Fig. 1).
The layer has a typical for the PEO treatment «moon
surface» morphology with numerous crater-like pores
resulted from plasma micro-discharges in the course of the
process. The thickness of the layer is 9—15 um. The surface
morphology is essentially independent on the PEO
processing time (Fig. 1).

Fig.1. SEM images of samples surface morphology before
PEO (left) and after PEO (right) 20 minutes of PEO

The pores formed in the layer can, by themselves,
improve the osseointegration of the titanium implant (20).
The Ca/P ratio on the surface was 1.7 which is close enough
to that of HA (1.67). Examinations of the ability of titanium
surface to nucleate hydroxyapatite have shown that the
nucleation depends on the amount of the hydroxyl groups
present on the titanium surface (21). As it can be seen from
Fig. 1, the treatment by PEO affects the porosity of a sample.
Crystals, consisting mainly of hydroxyapatite and calcium
titanate eventually grow inside the pores formed on the
surface of the sample after the 20 minutes the experiment
(Fig. 1). The degree of crystallinity influences the
dissolution and biological behaviour of HA layers.

The element composition obtained by measuring EDS
spectra on the surface of a typical PEO treated titanium
sample, is given in Fig. 2 and Table 1.

Tablel — Element composition (EDS) of oxide layers on titanium surface after PEO treatment

Sample 1 Element Atom % Ca:P
P 5.11
Ca 6.67
Til Ti 17.39 1.32
O 70.74
P 11.25
. Ca 21.12
Ti2 Ti 1261 1.88
O 55.02
P 10.33
Ti3 Ca 19.94 1.93
Ti 19.19
O 50.54
Full scale counts: 526 Ti+PEO{T)
0] oke hi g After the PEO processing samples were hydrothermally
Che treated (HTT) in water (pH=7), water alkali (pH=11) for 2
00 P Ka

-

1 3 i 5 [3 7 8 3

Fig. 2. EDS spectra of sample surface after PEO

hours, 4 hours at 200 e€C in a pressurized reactor (the
pressure during the treatment was 16 bar). After the
hydrothermal treatment the element composition of the
surface layer has changed (Table 2).
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Table 2 — Element composition (EDS) of oxide layers on titanium surface after PEO with the following hydrothermal

treatment
pH Element Atom % Ca:P

P 5.64
Ca 6.65 118

7 (2 hours) Ti 21.48 '
(0] 63.50
P 5.88
Ca 9.17

11 (2 hours) Ti 19.94 1.56
(0] 63.71
P

7 (4 hours) Ca
Ti
(0]
P 7.03

11 (4 hours) Ca 12.61 1.79
Ti 15.62
(0] 64.62

As can be seen from the comparison in Table 2 with
Table 1, the surface layer is enriched with calcium for all
the samples after hydrothermal treatment has not
undergone any significant change in the concentration.
The study of surface morphology shows that the surface
becomes more developed after hydrothermal treatment
(Fig. 3). Figure 3 shows the formation of acicular crystals
inside the pores and on the surface of the sample
(Fig. 3a, b). The size of these crystals in the 0.1-5 microns
and their form is characteristic of HA. The presence of
crystals of this form indicates that received very
developed surface.

To evaluate the resulting developed surface
hydroxyapatite was checked BET (Surface Area Analyzers).
In this analysis a comparison was made of the surface area
ofthe sample of pure titanium surface area relative to PEO

pH 7 (4 hour) pH 11 (4 hour)

Fig. 3. A SEM image of the oxide layer after the hydrothermal
treatment (at different treatment time and pH)
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and samples after hydrothermal treatment (at different
treatment time and pH). Results of this analysis are
presented in Table 3.

Table 3
Sample BET S.A, m? BET S.A, m2/gr
Ti-1 pure -
Ti-2 after PEO 0.0539+0.0055 1.65+0.17
Ti-3 pH 7 0.2941+0.0064 11.22+0.62
Ti-4 pH 11 56.92+0.73 2013.54+25.56

As shown from the results of the BET, the most
advanced surface was obtained after the hydrothermal
treatment at pH = 11. At the same time, Ca/ P ratio does
not change throughout the entire process of
hydrothermal treatment, only changes the shape and size
of HA crystals.

Conclusions

Titanium surfaces can be modified by PEO treatment
for better osseointegration. In this study, the
hydroxyapatite-containing coating was produced by PEO
treatment in Ca- and P-containing electrolytic solution. The
coating was mainly composed of amorphous phase, and
displayed a more developed surface and porous structure.
After the hydrothermal treatment at a different time, and
the pH is a more developed surface of HA, which
contributes to more lasting and friendly bonding HA on
the surface of the implant, with the tissues of the dental
and orthopedic biomaterials. It can be seen that the
hydroxyapatite crystals are formed mainly inside the pores
of the sample from the previous processing PEO. For the
treatment PEO affects the thickness, porosity, and the Ca:
Pratio of the oxide layer. For longer PEO values of Ca: P are
higher. Hydrothermal treatment has virtually no effect on
the Ca: P ratio in the oxide layer, but also leads to more
expressed phase of hydroxyapatite.
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Koccenko A.l, JIyrosenkoii C.!, Actammna H.2, Kazaucekuii B.! Jlocaimkenns sy pH Ha yTBOpeHHs
ruapokcuanatura B npoueci ITIEO TuTaHoBuxX crjiaBiB

! ApienschKuii yHiBepCcHTET, Apienb, [3pains; 2 [TlepMchKHii Iep:KaBHUM MeIUYHMI yHiBepcuTeT, M. [Tepm, Pociticska
Deneparis

Inasmose enexkmponimuune oxcudysanus (IIEQO) nposoounu na Ti 6 enekmponimi MoHoziOpama ayemamy Kaibyiro
(Ca(CH,COO),(Ca (CH,COO), - HO)H,0) i ouciopamy odnoocnosnozo gocgamy nampiro(Na,HPO - (Ca (CH,
C00), - H,0)2H,0), suxopucmosyiouu imnyibcre 0dicepeno dcusienns. Hocniodcenna xapaxmepucmux
MIKpOCMPYKmMYpU, elemMeHmHutl ckaao i pazosuil CKiao KOMNOHEHMI8 NOKPUMMIE NPO8OOUIU 3d OONOMO200 CKAHYIOYOT
enekmponnoi mikpockonii (CEM) i penmeeniscokoi ougppaxyii. Yci oxucneni noxkpumms micmuau Ca i P, Tii O, a
MAKOHC NOPUCTE NOKPUIMMS CKAAOAUCA 3 anamaszy, pymuny i 2udpokcuanamuma. Ilicasa ciopomepmansHoi 06pooxu,
2UOPOKCUANAMUM 0CAONCYBANU HA NOBepXHI 3paska (niacmunu), ompumaroro 1150, npu yvomy moswuna wapy
2uodpokcuanamuma ckiaoana npubausHo 15 mxm.

Knrwouogi cnosa: niazmose enekmponimuine OKCUOYBAHHS, 2UOPOKCUARAMUM, Muman, biomamepianu.
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Koccenko A.', JIyrockoii C.'; Acrammna H.%, Kazancknii B.' UccnenoBanne Bausinusi pH Ha o6pazoBanue
ruapokcuanatura B npouecce IO THTaHOBBIX CIVIABOB

! Apnanbckuid yHuBepcuTeT, Apuanb, V3paup; 2 [lepMckuil rocynapcTBeHHBIA METULIMHCKUNA YHUBEPCHTET, T. [1lepMb,
Poccuiickas ®enepanus

Inazmennoe snexkmponumuuecxoe okcuouposanue (I1190) nposoounu na Ti 6 anexmponume monozudpama ayemama
kanoyusn (Ca(CH,COO),(Ca (CH,COO), - HO)H,0) u ouzudpama 00noocrnoenoz2o gocgama nampus
(Na HPO - (Ca (CH,COQ), - H,0)2H 0), ucnonvsys umnynscwiii ucmounux numanus. HMccreooeanus xapaxmepucmux
MUKPOCIMPYKIYPbL, dJIEMEHMHbLIL COCMA8 U Qa306blll COCMA8 KOMHNOHEHMO8 NOKPLIMULL NPOGOOUNU C NOMOULIO
cKkanupyrowel snekmporuol mukpockonuu (COM) u pewmeenosckoil ougpaxyuu. Bce oxucnennvle nokpwvimus
cooepoicanu Ca u P, Ti u O, a maksice nopucmoie nokpblmusi COCMOSIU U3 AHAMA3d, PYMuia u 2u0poKcuanamuma.
Hocne cudpomepmanvroil 0bpabomu, eUOPOKCUANAMUM OCANCOATU HA NOBEPXHOCMU 00pasya (NiACMUHbL),
noayuennou 1120, npu 3mom moawuHa cios 2uOPOKCUAnamuma coCmagnaia npumepro 15 mxm.

Knrouesvte cnosa: niasmennoe oJlekmpoaumuyecKoe OKCLl()uPOELZHue, zudeKcuanamum, muman, 6u0Mamepuaﬂbl.
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3anopi3bknin HaLioHaNbHUA TEXHIYHWIA YHIBEPCUTET, M. 3anopidokst

AHANI3 BITYUSHAHUX XKAPOMILIHUX MOPOLLKIB
HA HIKENEBIA OCHOBI, SIKI 3ACTOCOBYIOTbCA B AIMTUBHUX
TEXHONOrAX

Cepeod mexnonoeitl, wo iIHMeHCUBHO PO36UBAIOMbCSL HA CbO20OHI, 0cobnuge micye nocioaroms adumusHi. [loxkazano,
Wo 018 a0umMueHUX MeExXHOL02il NepCneKMUGHUMU MAMepialam € JHCApPoOMIiYHi mamepianu GIMYUIHIHO20
supobHuymea. Bcmarnoesneno, wo nopowku 8imuusHAH020 UPOOHUYMEA MAOMb GeIUKUU PPAKYILHUL CKIA0, MAIOMb
Ha nosepxui camenimu, i0KOJIU, A MAKOIC SPAHYAU, MOPPON02Isi ROBEPXHI I MIKDOCMPYKMYPA YACMUHOK MUNO08a OJisl
AHCapoMIiyHUX Hixkenegux cnaasie. Takum YUHOM, HCAPOMIYHUL CHAA8 HA Hikeaesil ocroei DI1741n mooxce bymu

3ACMOCOBAHUL 8 AOUMUBHUX TNEXHOLOISX.

Knrouoei cnosa: aoumugni mexnonozii, NOPOUWOK JHCaAPOMIYHO20 Mamepiany HA HIKeleGill OCHO8I, MmeKyyicmb

HOPOWIKY, MOPGHONO2Ist, MIKDOCHPYKIYDPA.

VY Hamri THI aJUTHBHI TEXHOJOTi] BUKOPUCTOBYIOTHCS
JTy’Ke ITUPOKO: HayKOBO-IOCIIIHI OpraHi3anii 3 X 1ornomMo-
TOIO CTBOPIOIOTD YHIKAJIBbHI MaTepiasiv 1 TKAHWHH, TIPOMHC-
JIOBi TiIraHTH BUKOPHUCTOBYIOTH 3D IpHHTEpH VTS IPUCKO-
PEHHS IPOTOTUITYBAHHS HOBOI IIPO/YKIii, apXiTEeKTYpHi Ta
KOHCTPYKTOPCEKI Or0po 3Haiumm B 3D npyky HeCKiHICH-
HUI OyiBeNbHUHN MTOTEHI AN, Yy TOW Yac sSK An3aiH-CTymil
OYKBaJIbHO BAMXHYITH HOBE XKHUTTS B TU3alfHEPCHKNIA Oi3HEC
3aB/ISKU aJUTUBHAM MariiHam [1].

OKpeMHM TMTAHHSIM TIPH BIIPOBA/UKEHHI aTUTHBHAX
TEXHOJIOTiH € BUOiIp CHPOBHHH, SIKOTO HE TaK yKe I 6arato
B accopTuMeHTi. Pi3Hi koMmaHii-BupoOHUKH AM-MammH
(Bim Additive Manufacturing - «amuTuBHE BUPOOHHIITBOY)
TIPUTIACYIOTH POOOTY 3 TIEBHIM IIEpEIIiKoM MaTepiaiiB, 3a3-
BHYal IOCTABILIFOTHCSI CAMOIO III€10 KOMITaHI€0. Y Pi3HUX
MaIIiHAX BUKOPHUCTOBYIOTHCS IIOPOIIKH Pi3HOr0o (hpaKiii-
HOTO CKJIaJTy, OJHAK yCi IIOPOIIKY TOBUHHI MaTh cepmd-
Hy popMy. Buxonsau 3 poro, moTpioHO miadupaTH TOM 91
IHIMH QpakmifHAA CKITa[ TOPOIIKY Ui IEBHOTO BHIY
BUpOOIB [2, 3].

Meroro 1i€i podotu Oylo MpOBEAECHHS aHANI3Y MOX-
JIMBOCTI BUKOPUCTAHHS BITIN3HIHIX ITOPOIIKIB )KapOMIITHO-
TO MaTepiajy Ha HiKeJIeBii OCHOBI, III0 BUTOTOBIISETHCS IS
TIOPOIIIKOBOI METATYPTii, [T a INTUBHAX TEXHOIIOTiH.

MarepiaJ i MeToaMKAa 10CTiTKEHb

J71st mpoBeneHHs JOCTiIKEHHS OyIT0 00paHO MTOPOIIOK
(rparynu) kapomimuoro cmiaBy  OIl 741
(XH51KBMTIOB), sixuii 3aCTOCOBYETRCS TSI BUPOOHHIIT-

Ba quckiB ['T/I. TToporok 3a XiMi9HIM CKJIAJIOM BiJIITOBi-
nmae TOCT 52802-2007 (Tatu. 1) 3 posmipom dpaxii Big 160
1o 40 MM 1 Mae chepuuny ¢opmy. Lleit matepian Oy
OTPUMAaHHUI METOJIOM Ta30BOT0 PO3IMIICHHS Ha YCTaHOBIII
YPXXM-3 na [I1 «YxkpH/IIcnericrans.

Opaxkuiitauii ckira Bu3HavaBcst Bignosigao 10 [OCT
18318-94. Pexxumu poOOTH YCTaHOBKH: IIBUIKICTH 00ep-
taHHst 300 00 / XBUIMHY, YacToTa cTpyiryBaHHi 180 Ha XBU-
nuHy. Cuta Manu niamerp oondaiiku 200 MM 1 IHOWHOIO
50 M. Po3mip orBopiB cut Bianosigas 'OCT 6613 B miama-
30Hi Bijg 160 10 40 MKM.

Texydicts nopomky BumiproBanu 3a OCT 20899-98
(mpmran Xona), Ha KaJtiOpoBaHil BOPOHIIi 3 [iaMETPOM OT-
BOpY 2,5 MM, sIka BUTOTOBJICHA 3 HEMAarHITHOTO KOPO3iiHO-
critikoro marepiany. [lopiito B 50 rpamiB 3Ba)xyBasn Ha
€IIEKTPOHHMX Barax 3 TouHicTo + 0,05 . dakridyne 3HaueH-
HS IUTMHHOCTI BU3HAYAIN HA CEKyHIOMIipi 3 TouHiCTIO * (0,2
c.

MIiKpOCTPYKTYpY MOPOIIKY TOCITiHKYBaJIH HA ONTHY-
HOoMy MIM-8 i pacTpoBOMY €IEKTPOHHOMY MiKPOCKOIIi
PEM-106M. [Tpu 11p0MY TOPOIIKY LTI (P yBaJIH, IOTipyBa-
JIM i TpaBWIH B peakTuBi Mapo6ie. J{ocimimkeHHs Ha pacTpo-
BOMY MiKpPOCKOITi TIPOBOIMIIN TIPH IIPUCKOPIOBATBHIN Ha-
ipy3i Bix 20 1o 30 kB, y BropuHHNX enexTpoHax. KixbkicHmit
PEHTTeHOCTIEKTPATHHII MiKpOaHaJIi3 IPOBOIVIIA HA EHep-
TONUCTICPCiHHI I MPUCTABII MTOPiBHITEHAM aHAJII30M CITEK-
Tporpam, siki Oy OTpUMaHi BiJI 3pa3Ka i €TaIOHHUX MaTe-
piasniB. TouHICTH JeTEKTYBAaHHS €JIEMEHTIB CIIEKTPOMETPOM
nepeOyBaia Ha piBHi 0,1 % (mac.).

Taomuus 1 — Ximivawii cxnag nocimpkyBasoro croiaBy 11 74 1 (XHS5 1KBMTHOB) i mo 'OCT 52802-2007,% (mac.)

Al Ti Cr Co Nb Mo \ Ni
Jlocnignuii cruiaB 5,1 1,95 8,65 15,3 2,48 3,64 5,7 OcHoBa
I'OCT 52802 4,8-5,3 1,62 8-10 15-16,5 | 2,428 | 3,542 | 52-59 | OcHora
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Pe3ynbraTi f0C/TiZKEHHS TA iX 00r0BOPeHHSA

YKapomirHwii croraB Ha HikeneBii ocHosi D11 74 1mmpen-
CTaBJICHUH Ha PUHKY 3 BEJIMKAM (DpaKiiHAM CKIaJIo0M,
stkuit konmuBaeTbes B 400 1o 40 MxM i Mae cepudany dop-
My (puc. 1). Jlnst nocmimkenHs Oym oopani gpakii Bix 160
110 40 MKM, OCKIIBKH TaKi pO3MipH YaCTHHOK 3aCTOCOBY-
IOTHCSI B TUTHBHUX TEXHONOTISIX [4]. [paHyomeTprynmii
CKJIaJ] ITOPOIIKY BU3HAYAIH 32 JIOIOMOTOI0 CHTOBOTO Me-
Toxy BianoBigHo 10 TOCT 18318-94.

20.00kV _ x150

Puc. 1. Popma i po3mip gacTuHOK nopouiky cruiaBy OI1 741n
JI0 pO3CiBaHHS

OCHOBHHUM IpaHyJIOMETPHYHNM CKJIa/IOM JJIsl MAIIIHH,
1110 rparroroTh 3a TexHonoriero DMT (Direct Metal Tooling),
ecknan -100 ... +40 mxm. Takum YMHOM, OCHOBHA YaCTHHA
OTPUMAHOTO TIOPOIIKY MOXKE OyTH BUKOpHCTaHa ISl TAKOL
TEXHIKHU.

3riaHO 3 IHTErpaJIbHUM PO3IOJIIIOM YaCTOK 32 PO3Mi-
pamu (puc. 2) KUTBKICTB JIIKBITHOTO IMTOPOMIKY (3 (hpakiiero
-100 ... +40 mxm) cranoButs 67 % (Mac.). BHacxigok mporo,
co0iBapTICTh OO MaTepiaiy, Micis MOAUTy Ha (pakiii,
3pocte mpuoau3HO Ha 33 %, 110 TOPiBHSHO 13 3apyOiKHH-
MU aHaJOraMHU HaBiTh MiCHs 30UMBIICHHS BapTOCTI Ha
33 % MaTmMe 3HAUHMI eKOHOMIgHHH edekT [5].

IHTerpabHIEL PO3IOILT IOPOMIKY
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Puc. 2. I'padik iHTErpagbHOrO PO3MOALTY YACTOK 3a pO3MipaMH

OnHMM 3 YHCIIOBHX XapAKTEPHUCTHK IPAHYIOMETPHIHO-
TO CKJIaly TIOPOIIKY € MEiaHHui po3Mip 3a macoro JI,
npu sxomy 50 % (3a Macoro) 9aCTHHOK MAloTh JiaMeTp
Gimbrme Bin J1,, 1 50 % (3a Macoro) 4aCTHHOK MaroTh aMeTp
YJaCTHHOK MEHIIIE 3a I[SO. JInst 3HaXOKCHHS MEIIaHHOTO
Ppo3Mipy moGymoBaHa 3aJIeKHICTh PO3MIpy (pakxii (MKM)
BiJl CyMapHOro BifcoTka gactok (% mac.) Y jgorapudmiy-
HIX KoopauHaTax (puc. 3).

40

3a rpagikoM (puc. 3) BU3HAYaEMO PO3MIp YaCTOK Y
Kinpkocti 84,1 % (Mac.), A Takox 3HaXOIUMO PO3Mip Hac-
TOK y KUTbKOCTI ropomky 50 %. OTpuMyemMo MemiaHHHH
posmip Ha piBHi 88 MM, a po3mip [, = 138 MkM. 3a tmu
3Ha4YEHHSIM PO3PaXOBYEMO BEJIMYMHY CTaHAAPTHOTO BiIXH-
nennst ¢ = I, 4,1/ I, BoHa cranoButh 1,57 %. Crannaprre
BIIXWJICHHS — II€ Mipa PO3KHIY MOXIIUBHX PE3YIIBTaTiB
II0JI0 CEPEHBOT0 TTOKa3HUKA. J{JIsl HOPOIIKiB 15 BETNYH-
Ha BU3HAYa€ PO3KU]I YACTHHOK II0JI0 MEIaHHOTO PO3Mipy
1 XapakTepu3ye OJHOPIJHICTh YaCTHHOK 32 pPO3MipaMHu.
3rigno 3 FOCT 23402-78, cTaHmapTHE BiIXWICHHS 15 [0~
POIIKOBUX MaTepialiiB He IIOBUHHE ITepeBUIITYBaTH 2 %b.

InTerpajbHuii po3Nmogil YacTHHOK
MOPOUIKY 32 Po3MipoM
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Puc. 3. I'padpik iHTErpaJibHOr0 PO3MOALTY YaCTOK 32 PO3MIPOM
y Jorapu(Mi4HIX KOOpJHHATaX

BaxnMBOIO TEXHOIOTIYHOIO BIIACTUBICTIO AJISI TIOPOII-
KOBHUX MarepialiB, [0 3aCTOCOBYIOTHCS B aIUTHBHUX TEX-
HOJIOTISIX, € TEKy4icTb. L] XxapakTeprcTika HOBUHHA 3HAXO-
JTUTHCS. Ha BUCOKOMY PiBHI, 00 3a0e3meayBaTi MpoXo-
JKEHHSI ITOPOLIKY 10 TEXHOJIOTYHHX KaHasiax AM-MalluH.
OmHAM 13 )KapOMIITHHX CIUIaBiB Ha HIKEIEBid OCHOBI, IO
IIUPOKO 3aCTOCOBYETHCS 38 KOPAOHOM ISl aIUTUBHHX TEX-
HoJori# € crura [HkoHens 718. TekydicTs depes JHKy 3
ZliaMeTpoM OTBOPY 2,5 MM U1 HHOT'O HE TOBUHHA TIEPEBH-
mryBatu 18¢/50r [6]. [TomiOHI XapaKTepUCTHKH TEKYIOCTi
MIOBMHHI MaTH 1 BITYM3HSHI CIIJIaBH HA HiKeJIEBii OCHOBI
BKHA-1BP-BI (TVY 1-595-16-1513-2015) i BXXJI12VY-BI
(TY 1-595-16-1515-2015), sIKi BUKOPHUCTOBYIOTHCSI B a/TUTHB-
HUX TeXHONOrisaxX. Tak, ms cioraBy D11 741 TekydicTh He
TIEpEBHIITyBajla BCTAHOBIICHI TIOKA3HUKH 1 TiepedyBaia Ha
piBHi 15,7¢/50r misa dpaxkmii 3 posmipom Merie 100MkM.
Taxi MOKa3HUKH TEKyJIOCTi 00YMOBIIEHI chepuaHOr0 (op-
MOIO ITOPOIIIKY i BUCOKOFO TTMTOMOFO IITUTEHICTIO MaTepiary.

OpHaK TOKa3HUKH TEKYJOCTi BCIX BHUIIE POIITHYTHX
MaTepiaiiB rmepeOyBai Ha HIDKHBOMY JTO3BOJICHOMY PiBHI,
IO TIOSICHIOETHCS. HASIBHICTEO HA TIOBEPXHI BEJIMKOI KUTBKOCTI
IeeKTiB, IO i MPU3BOIUTH J0 3MEHIIIEHHS IIHOTO TIOKa3-
HuKa. [To30yTHCs MoBepXHEBUX JAe(PEKTiB ITOPOITKY MOXK-
JIUBO i3 3aCTOCYBaHHIM METOY BiIIEHTPOBOTO PO3ITHIICH-
Hi. Ha BimMiHY Bif Ta30BOr0 pO3IMIICHHS, BiAIIEHTPOBE Ta€
MOJKJIMBICTh OTPHMYBATH ITOPOIIKH TPABUIBHOI Ceprd-
HOI ()OPMH 3 MiHIMATBHOIO KIJIBKICTIO Te(eKTiB.

VY pe3ynbrari npoBeeHHs TOPiBHIIBHUX JOCTIHKEHb
TpaHy/ BITYIU3HIHOTO IOpOIIKy cruiaBy DI1 74 11 i 3apyOix-
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HOT'0, IPOMHUCIIOBOI Cepii BCTAHOBIICHO, IO TPAHYIH Ma-
10Th c(hepudaHy (popMy 3 HASIBHICTIO Ha TIOBEPXHi CATEIITIB,
BiJIKOJIiB, TPaHYJ, SIKi MAIOTh aMOP(HY 0OOJIOHKY 1 BUTST-
HyTy oBaJIbHY (opmy. [Ipu npomy Ha mopomky 3apyoi-
JKHOr0 BUPOOHUIITBA HAasIBHA TaKa caMa KUTBKICTh 1e(DeKTiB
TIOPiBHSIHO 31 CIUIABOM BiTYH3HSHOTO BUPOOHHIITBA (pHC. 4).

Puc. 4. Mopcdomnoris nosepxui crutay OI1 741n (a, 6) i
craBy Inkonens 718 (s, 2)

Mopdorroris moBepxHi yacTuHOK cruiaBy OI1 7411 xa-
PpaKTepHu3yeThCS ASHIPUTHOIO OynoBoro (puc.46), Taka Oy-
JIOBa YTBOPIOETHCS 32 PaXyHOK KOHIIEHTpaliifHOTo mepe-
oXonomKeHHs yacTHHOK [8]. Ha mexi pimkoi i TBepmoi a3
piarHa MICTUTD HaIMipHY KiTBKICTB PO3YMHEHOTO eJIeMEeH-
Ta. 3aBSIKM HASIBHOCTI KOHIICHTPAIIIHOTO TPpaIi€HTa B pO3-
TUIaBi epe GpOHTOM KpHCTaji3amii iCHye 30Ha, B Kl TeM-
repatypa HIbKIa Bill TOUKH KpucTamizarii. ko rmubrnHa

MIepEeOXOIOHKEHHS BEJIMKA, TO BU3HAYAIBHY POJIb Bifirpae
JIeHApHUTHE 3pocTaHHs. Llei MexaHi3Mm Kpucrarizamnii qac-
THHOK OOYMOBJIOE eeKT 00’€MHOI MIKpOJiKBalii, Ky
MO’)KHa BH3HAYNTH, SIK 3MiHa KOHLIEHTPALIi] €JIEMEHTIB y Me-
’Kax IPOCTOPOBOI 00J1aCTi, Majoi MOPIBHSHO 3 00’ €MOM
YaCTHHKH. BHKOpPHCTOBYI0YHM METO PEHTTEHOCIIEKTpaIIb-
HOTO MiKpoaHasi3y, Oyllo BU3HA4YEHO, 10 OCi JACHIPUTIB
(puc. 5a, Touxa 1), sIKi KpUCTANII3YIOTHCS B IIEPIILY YEpry,
301HEH1 PO3YMHEHUMH eJIeMEHTaMH 3 HU3HKOIO TEMIIepa-
TYpOIO IIJTaBJICHHS (TUTAH, aJTIOMiHiH ), TO SIK KOHIIEHTpa-
IS IUX €JIEMEHTIB Y MEXXJICHAPUTHUX 30HaX IiIBUIICHA
(Tabu. 2). PazoM 3 THM, y IIEHTpax AeHIPHUTIB (puc. 5a,
TOYKa 2) CIIOCTEpIiraeThes MMiABHIIEHA KOHIIEHTpaLlis Ty-
TOIUTaBKHX €JIEMEHTIB (BoNb(hpam, MOIiO/eH, Hi0bii), 110
MIOSICHIOETHCS TX KpUCTAJII3aMli €10 TIPH IMi IBUIIIEHHX TEMIIe-
parypax. Taki elleMeHTH SIK XpOM, 3a1i30 1 KOOAJIBT € Hel-
TpaJBHAMH 1 iX Tororpadist po3Ioiry He HOBUHHA 3aJ1e-
JKaTH Bifl KpUCTamizamii qeHnpuTis. Tak, BUXOASIYH 3 TA0II.
2, MO)KHa 3pOOMTH BUCHOBOK, III0 KOHIIEHTPAILLisl XpOMY i
3aJIi3a MPaKTHYHO HE 3aJIeKUTh BiJl MICIsI BU3HAUCHHS, ajle
K00anbT Mae rpanient omusbko 0,5 % (Mmac.). Lle HetummoBo
JUTS CIUTaBiB HA HiKEJIEBil OCHOBI, OJIHAK TaKe 3yCTPidaeTh-
csa[9].

MiKpOCTpyKTypa OCHiPKYBaHOTO KapOMIITHOTO CILIa-
By Ha HikeneBiif ocHoBi D11 7411 Tumosa ays i€l rpynu
(muB. puc. 5). Tak, CTpyKTypa CKJIAIa€ETHCSI 3 Y - TBEPIOTO
pO3uMHY Ha HiKesIeBiil ocHOBi, ' - pazu (Tummy Ni (Ti,Al),
nepsuHAKX KapOifis (TiC, NbC), sropunnux (tamy M,,.C,,
M,C, B yrBopenni sikux 6epyTh yaacts Cr, W, Mo inoni Ti,
Nb). Ockinbkn MaTepiaa He IPOXOIUB TepMidHE 00po0-
JIEHHS, TO KUTBKICTh Ha UTUIIKOBHX (ha3 y HbOMY MiHiMaJTb-
Ha. TakuM 9MHOM, MIKpPOCTPYKTYpa BilIOBigae MaTepia-
JIaM Ii€i TPYIH CIUIABIB, IO TY’KE BAXKITUBO, OCKLIEKU TOTO-
Bl BUpib Oyrie ycraaKoByBaTH I1i XapaKTEPUCTUKH, aJ[Ke
NOIIapOBE HAHECEHHI MaTepially BHKOHYEThCS B MACILITa-
0ax , MOPiBHSAHHMX 3 PO3MipaMH YACTHHOK MaTepiay.

Taonuus 2 — CepeHiit BMICT €IEMEHTIB y IEHTPaX JICHAPUTIB 1 MDKACHAPUTHHX 30HAX, %o(Mac.)

Ob6acTh Al Ti Cr Co Nb Mo w Ni
JIOCITIDKEHHS
IlenTp nennpura 1,82 1,73 8,31 0,05 14,47 2,14 2,75 3,72 OcHoBa
Mix neHapUTaMHu 2,12 2,25 8,43 0,06 13,95 1,92 2,34 3,36 OcnHoBa

Puc. 5. Mikpoctpykrypa nopouikosoro cruiay EIT 741m (@ — x 500; 6 — x 1500)
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BucHoBkn

1. IToxazaHo, 1110 A1 A ANTUBHUX TEXHOJIOT1H NIEPCIIeK-
TUBHUMH MaTepiajlaMu € >KapOMillHI MaTepiay BiTIN3Hs-
HOT'0 BUpOOHHMIITBA.

2. BeraHoBIJI€HO, 11O MTOPOIIKH BITYM3HSHOTO BUPOO-
HUIITBA MAFOTh BETMKHI (DpaKITiTHIH CKIIa]T i MOXYTH 3ac-
TOCOBYBATHUCS TIJIBKH ITiCISl PO3CIIOBaHHS, KiJIBKICTh
JKBiAHOT (hpakiii B MOPOUIKY MOXe JOXOANUTH 10 67 %,
npu I, = 88 Mxm, mimnHOCTI 15,7¢/50 T

3. BcraHoBneHo, 10 TpH 1OMY METO/i OTPUMaHHS
TIOPOIIIKIB HA ITOBEPXHI YTBOPIOIOTHCS CATEIITH, BiIKOJH, a
TaKOX TPaHYIIH, SIKi MatoTh aMOp(HY OOOIOHKY 1 BUTSITHY-
Ty OBaJIbHY (pOpMY, 1110 IPU3BOAUTD 10 3HMKEHHSI ITOKa3-
HHKIB TEKy4OCTi ITOPOIIKY, 3HAYEHHS KO 3HAXOUTHCS Ha
HIDKHIH MEXI IOIMyCTUMUX TIOKa3HUKIB. [[)1st 301IbIIeHHS
TEXHOJIOTIYHOTO TIOKa3HUKa PEKOMEHIYETHCS 3aCTOCOBY-
BAaTH BiIIICHTPOBE PO3IMIJICHHS MaTepiaiB.

4. Buxomsiuu 3 pe3ylbTaTiB MPOBEAECHUX OCIiIKEHb,
MOXHa CTBEPJIKYBATH, IO XKAPOMIIHUH CITaB Ha HiKe-
neBitt ocHoBi EI174 11, Burorosnenwmii Ha J{IT « YkpH/Ic-
TIETICTaJIb», MOXKE OyTH 3aCTOCOBaHMH B 8 JTUTHBHHX TEXHO-
JIOTiSIX SIK TiJT 9ac PEMOHTY, TaK i BAPOOHHIITBAa HOBUX BH-
po0iB B aBiaIBUTYHOOYTyBaHHI.
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[10/1b30BaHUEM METAJUIMYECKUX MOPOLIKOB >KapOIPOYHOrO
cruiaBa Ha HuKeneBoil ocHose : Otuer HUP (mpomexyrou-
ubiit)/ OI'YIT «BUAM» ; pykoBogutens A. I. EBreHos ;
Nel15011270127. — Mocksa, 2015. — 318 c.

I'psizaoB HO. M. ®u3nko-MexaHUYECKHE CBOWCTBA U CTPYK-
Typa cmuiaBa inconel 718, moxy4eHHOro 1o TEXHOJOTHU
nocioitHoro sazepuoro cruasienus / 0. M. I'ps3Hos,
C. B. lllorun, B. H. UyBuibaees / ®usnka TBEpAOro Tena.
Becruuk Hmkeropoackoro ynusepcutera um. H.M. Jloba-
yeBckoro. —2014. — Ne 4(1). — C. 46-51.

I'eccunrep X. I. IlopomuikoBas MeTaLIyprust xKapompod-
HbIX crutaBoB / Teccunrep X. I [mep. ¢ anmt. B. C. Kazanc-
kuit]. — Yensounck : «Meramtyprus», 1988. — 320 c.
Imotka O. A. Po3poOka Ta aHaii3 CTpyKTYpHO-(ha3oBOro
crany Ni-W Tta Fe-W cTomiB Ha OCHOBI Ba)KKOTOIKOTO
W-Ni-Fe Opyxty s jeryBaHHs CIELiaIbHAX MaTepianiB
y ra3oTypOOoOynyBaHHi : JAUC. ... KaHAUJATa TeX. HayK :
05.16.01 / I'motka Ounekcanap AHarounilioBud. — 3arnopo-
Kbe, 2011, — 166 c.

Ooepocarno 16.12.2016

Inotka A.A., OBUMHHIKOB A.B. AHAJIU3 0TeueCTBEHHBIX KAPONPOYHBIX MOPOLIKOB HA HUKEJIEBOil 0CHOBE, KOTOpbIe
NMPUMEHSIOTCS B /UIMTHBHBIX TEXHOJIOTUSIX

Cpedu mexnonozuil, KOMopvle UHMEHCUBHO PA36UBAIOMCS 8 OAHHOe 8peMs, OCOOEHHOe MeCmo 3aHUMArm
aooumusnvie. [lokazano, 4umo 015 A0OUMUBHBIX MEXHOIO2UL NePCNeKMUSHBIMU MAMePUALAMU eCTb HCAPONPOYHbIIL
Mamepuansl OmeyecmeenHo20 NPouU3800Ccmsd. Ycmanogieno, Ymo nopouwKy Ome4ecmeeHH020 nPou3B00Cmea UMen
00NbLUION PPAKYUOHHBITE COCMAS, UMEIOM HA NOBEPXHOCMU CAMENUMDbl, CKOIbL, a MAKHCe SPAHYIbl, MOPHOa0UsL
NOGEPXHOCIU U MUKPOCIMPYKMYPA YACMUYEK MURUYHA OIS HCAPONPOYHBIX CHAAB08 HA HUKenegol ocroge. Taxum
00bpazom, HcaponpoyHblil CNiAe Ha HuKenesol ocHose 1174 1n moscem bbims npuMerer 8 A0OUMUBHBIX MEXHOA0LUSIX.

Knrouugwie cnosa: adoumugnvie mexHoio2uu, NOPoOWoK HCaponpouno20 Mamepuaia Ha HUKeleoll ocHoge,
meKyuecms HOPOWKA, MOPPON02USL, MUKPOCMPYKMYPA.

Glotka A., Ovchinnikov A. Analysis of domestic heat-resistant nickel-based powders which are applied in additive
technologies

Among the technologies that are rapidly developing at this time, are additive ones. It is shown that for additive
technologies, promising materials are heat-resistant materials of domestic production. It was found that powders of
domestic production have large fractional composition with satellites on the surface, chips and granules. Surface
morphology and microstructure of particles are typical for high-temperature nickel-based alloys. Thus, high-temper-
ature nickel-based alloy DI1 741p can be applied in additive technologies.

Key words: additive technologies, high-temperature powder nickel-based material, powder fluidity , morpholo-
gy, microstructure.
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| CTPYKTYPOYTBOPEHHSA. ONIP PYUHYBAHHIO TA
®IBUKO-MEXAHIYHI BITACTUBOCTI
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KaHg. duns.-mart. Hayk I. B. CHexxHon', kaHg,. oms.-mart. Hayk B. J1. CHeXxHoI?,

A-p TexH. Hayk B. E. OnbluaHeLknii'’

13anopoXCKNM HaLUMOHAMbHbIA TEXHUYECKWIA YHUBEPCUTET, 23aropoXKCKMiA HaLMOHaNbHbIA YHUBEPCUTET,

r. 3anopoxbe

Ob OCOBEHHOCTAX OBPA3OBAHUA U TPAHCPOPMALIUA

€ - MAPTEHCWUTA NPU MNNACTUYECKOM AE®OPMALINU
AYCTEHUTHbLIX XPOMOHUKEIEBbIX CTAINEU

Hccnedosanvt ghazosvie npespaujers 6 XpOMOHUKENEBbIX CHAIAX CO CMAOUIbHbIM, YMEPEHHO HEeCMAOUTbHBIM U
HeCmabuibHbiM aycmenumom npu depopmayuu cocamuem. Ilokazano, umo npu onpeoeneHHbIx 0as1eHUsX @ AyCHeHume
Modicem 06pazoevleamves Kak o - MapmeHcum, maxk u npeoulecmeyruull €20 NOAGICHUI0 NPOMEIICYMOUHbLL

€ - MapmeHcum.

Knwuesvre cnosa: cmaiv, depopmayus, aycmenum, e- mapmencum, o - MapmeHcum, MASHUMHASL

80CHPUUMYUBOCD.
BBenenne

3a mociuenHee BpeMs TOCTHTHYTHI 3HAYUTEIbHBIE yC-
TIEXH B TIOHUMAHHUU IPUPOABI € - MAPTEHCUTA B AyCTCHUT-
HBIX CTAJIAIX ¥ CIDTaBax [ 1...4]. B aycTeHUTHBIX XpOMOHIKe-
JIEBBIX CTAJITX KOHIICHTPAIFIOHHBIE 00IACTH ¢ - (ha3bl CpaB-
HUTENbHO MeHbme (1o 15 %), yeM B MapraHIEBBIX
(o 80 %, a mpu nedpopmarmu — go 100 %) [5, 6], uto 3aT-
PYAHSIET OOHApYXEHUE W MCCIIeNOBaHUE 3TOH (hasbl, T. K.
HE yIaeTcs ONyYHTh € - MAPTEHCHUT 0e3 o' - MapTeHCHTa
nedopmarim [5]. [TockonbKy €- MapTEHCHT M ayCTEHUT
SIBILSIFOTCS TApaMarHUTHBIME (pa3amMu, TO 3TO 00CTOSATEINb-
CTBO HE MO3BOJISIET OOBIYHBIMHA MAarHUTHBIMHI METO/IAMH C
JOCTATOYHON TOYHOCTBIO OTJIMYUTD & - MAPTEHCHUT OT ayc-
ternTa B Fe-Cr-Ni cramix [5].

ean

B cBs131 ¢ BBIIECKa3aHHBIM BO3HHUKIIA HEOOXOANMOCTD
MIPOBEICHHS MCCIIEOBAHMUH C HCTIOIb30BAHIEM OOJIEE TyB-
CTBHUTEIHHOIO MarHATOMETPHUUECKOTO METOA, YIUTHIBA-
IOIIET0 MPH OMPEIEICHNN BEChbMa HU3KUX COAEPXKaHUH
(heppOMarHuTHOIO ¢ - MapTeHcnTa (opsinka 0,005 % u
Ooree) HAMarHMIEHHOCTH ITapaMarHUTHOTO aycTeHuTa [ 7],
OOHAPYXHUTh MPU KOMHATHOM TEMIIEpaType HadaIbHYIO
CTaJHI0 BO3HUKHOBEHHUS € - MapTEHCHTA C OHOBPEMEH-
HBIM 00pa30BaHNEM HHU3KOTO KOJMYECTBA ¢’ - MAPTEHCH-
Ta geopManny, a TakKe IPOCIEIUTh UX TOBEACHHE B 3a-
BHCHUMOCTH OT JaJbHEHIIEH IITacTHIECKOH nedopManni
CKaTHUEM H TIOTIBITATHCS OIPEAEITUTE 3KCIIEPHM eHTAIbHBIM

© . B. CHexHoun, B. J1. CHexHown, B. E. OnblaHeukun, 2016

ITyTeM YUCIICHHOE 3HAYCHUE YICTBHON MarHUTHOH BOCTIPH-
MMYUBOCTH € - MapTeHCcHTA. JlaHHast paboTa sIBIISCTCS POo-
JTOJDKEHUEM HCCIIEZIOBaHMUM, IPOBEICHHBIX paHee [§, 9, 10,
11,12].

Marepuaiibl 1 METOIUKA UCCJICIOBAHUM

Jns uccnenoBaHuid, COIMaCHO MarHUTOMETPUYECKOM
JrarpaMMe BUJIOB 1 CTETICHN CTAOWIIBHBIX W HECTAaOWIIb-
HBIX cTajeii [ 13], Oputn BEIOpaHBI ayCTEHUTHBIE XPOMOHH-
KeJIeBbIe CTaiu Tpex Tumos: | tum — cramm 10X23HIS,
14X17H18 co crabusHBIM aycTeHuTOM [8, 91; 2 Trm — cra-
mm 10X16H13, 12X 15H16 ¢ ymepeHHO HeCTaOMITBHBIM ayC-
TeHnToM (8, 9]; 3 T — cranu 12X 18H10T (10,46 % macc.
Ni) [10], 12X18H10T (9,42 % macc. Ni) [11], 10X18H9-Y
(9,20 % macc. Ni) [12] c HecTaOMITEHBIM ayCTEHUTOM. XH-
MUYECKHI COCTAB Ha3BAHHBIX CTalel yka3aH B Ta0Omute 1.

Taxkas mogbopka Mapok cTasieii 00ycIOBIeHa pa3Iid-
HBIM COZIEPKaHNEM XpOMa 1 HUKETSI, HEOOXOOUMBIM IS
YCTaHOBJIEHHS YCIIOBHI BO3HUKHOBEHUS U TpaHC(hOpMa-
LN € - MapTeHcnTa npu fAedopmaryi. CTaHAapTHYIO ayc-
TEHN3ALHUI0 BCEX CTaJICH MPOBOAWIM IIPH TEMIIEPaType
1050 °C (Bermepxxa 30 MUH. ¢ TOCTIEAYIOIICH 3aKaIKON B
BOIY). B pesymbraTe Bce cTaim OKa3alHCh MOIHOCTHIO
(100 %) aycTeHN3MpOBaHHBIMH U TApaMarHUTHBIMH, KPO-
me cranu 12X18H10T (9,42 % macc. Ni), B KOTopoii rocie
YKa3aHHOW 3aKaJKH OcTajcsi § - (eppuUT B KOTHUUECTBE
P5=0,078 % 06. 3aTeM X010IHBIM MEXaHUUECKUM CIIOCO-
60oM BBIpe3anu 00pasisl pasmMepoM ~3 X 3x 1 MM,
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Taduuna 1 — XuMnuecknii cocTaB ncCllelyeMbIX ayCTEHUTHBIX CTallel

= Mapxku cranu
5 . YMepeHHO HeCcTaOUIIBHbIH HecTtaOunbHbIH ayCTeHUT
§ Crabnibrsti aycrennt ayCTEHUT (xpaiine HecTaOMIIbHbII)
’ 10X23H18 14X17H18 10X16H13 12X15H16 | 12X18HIOT 10X18H9-Y 12X18H10T
C 0,10 0,14 0,13 0,12 0,12 0,07 0,12
Cr 22,6 16,808 15,83 14,874 18,089 17,26 17,854
Ni 18,70 17,770 13,70 15,541 10,463 9,20 9,42
Mn 0,94 1,48 1,37 1,57 1,582 1,60 1,316
Si 0,44 1,18 1,07 0,95 0,304 0,30 0,25
S 0,01 0,02 0,01 0,01 0,22
P 0,02 0,035 0,03 0,030 0,03
\ 0,04 0,06
Mo 0,04 0,14 0,17 0,112 0,32 0,121
Cu 0,23 0,24 0,22 0,29
Ti 0,460 0,005 0,252

JI71s1 CHATHS IOBEPXHOCTHBIX ITOBPEXKICHUH 00pa3LIbI IUTH-
(boBaH ¢ UCIONB30BaHUEM a0Pa3UBHBIX IOPOIIKOB, a 3a-
TeM MOJUPOBAIIH 0 3ePKaJIBHOrO OJecKa ¢ HCIOIb30Ba-
HHEM aJIMa3HBIX [aCT U ANIEKTPOXUMIYEcKoro Metoza. Cre-
MEHb [UIACTHYECKOW OMHOOCHOW Ae(hOpMaIii Ha C)KaThe
TPY KOMHATHOH TeMIIepaType pacCYUThIBAIN MO OTHOLIE-
HHIO TONIIHH 110 1 ntocite aedopmaru (D = (d —d,y)/ d,).
Ha Bcex sTamax nmoaroToBku 00pasIoB odpamiaim 0codoe
BHHMaHHE Ha TO, YTOOBI MX MOBEPXHOCTHU HE 3arpsI3HAITHCH
KaKUMHU-TH00 (heppOMArHUTHBIMHU TPUMECIMH.

BecpMa HI3KOE coTepIkaHie MapTeHCHTa AeopMalii

Pa’ OIPEACIIIN TYBCTBUTCIIBHBIM MAarHUTOMETPHYICCKUM

METO/IOM, OIMCAHHBIM B pabotax [7, 14]. 3aBucumoctu
YIeNbHONH MarHUTHON BOCIIPHAMYHBOCTH X, OT OOpaTHOU
BEJTMYMHBI MATHUTHOTO NOJIS1 / GBI MOJTyYeHBI C HCTIONb-
30BaHHEM Pa3pabOTaHHOH aBTOMATH3UPOBAHHOHN YCTaHOB-
xu[15].

JKcnepuMeHTAIbHbIE Pe3yJIbTAThI U UX 00CY:KIeHne

Hanee Oymer mokazaHo, uto cramum 10X23H18,
14X17H18, 10X16H13, 12X15H16, 12X18H10T (10,463 %
macc. Ni), 10X18H9-Y no mmactraeckoit nedopmariim cxa-
THEM ObLIU ACHCTBUTENBHO MOTHOCTHIO yCTCHU3UPOBAHBI
U, CIeJ0BATEeNbHO, CTAIM MapaMarHUTHBIMH, & CTallb
12X18H10T (9,42 % macc. Ni) conepxana § - peppur B
kommuectse 0,078 %.

O1neHrM BO3MOYKHOCTE BOSHUKHOBEHHS U JaNbHENIIIe-
'O MOBEJICHUSI € - MAPTEHCUTA B yKA3aHHBIX THITAX CTAJICH.

1. dedopmarms crabunpabx craieid 10X23HI18 mo
55,90 % (puc. 1 @) 14X17H18 10 67,70 % (puc. 1 6) npuse-
J1a K POCTY YIEIbHBIX MATHUTHBIX BOCIPHUMYHBOCTEH CTa-
1 10X23H18 ot ucxoaHoi X;m =3.30-10® 1o MakcHMaIb-
’l‘{l'ylax
aycTeHHT), a B cranu 14X17HI8 — ot mcxomuoit
Ay =4,45:10% o ™ =4,63-10° M*/kr [9]. B ykasaHHbIX

HOM . =3,72-10% M¥/kr [8] (y' — medopMupoBaHHEIit
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BBIIIIe HHTEPBAJIax Aedopmaruii He ObUT0 3a(hHKCHPOBAHO
MOSIBJIEHHE €- U O - MAPTEHCUTOB (OTCYTCTBYET HAKJIOH
npsmeix y(1/ H)).

OTcrozia ClieyeT, 4To B CTaOMIIBHBIX CTAJISAX MIPH KOM-
HATHOM TeMIIepaType, BILIOTh [0 CPABHUTEILHO OOBIINX
nmedopmanmii (60...70 %) cxaTrem, He BOSHUKAKOT € - U

o - MAPTEHCHTHI, YTO TIOATBEPKAALTCS B padorax [8, 9].
W3MeHeHne MATHUTHOTO COCTOSIHUSI ayCTEHUTA 3TUX CTa-
JIeH TIPH MOBBIIIEHUH TUIACTHYECKOM nedopMaruu ocyiie-
CTBJIANOCH IO cxeMe y“™ —y'—yl ., T. €. HCXOTHOE

ucx.
Y

OHHOE MaTHUTHOE COCTOSIHHUE ( X, ), ¥ JOCTUTAET NP JATTb-

MarHUTHOE cocTosTHHE (., ) MEPEeXOmuT B nedopMaIu-

HEWIeM yBelIndeHn: aeopMarIiiy IpeeTbHOrO MAarHHUT-

Horo coctostHus (., ) [10].

2. [IpoaHanm3mpyeM TpYIIIy CTajei ¢ yMEpEeHHO He-
crabmipHEIM aycreHnToM (10X16H13 u 12X 15H16), koro-
PpBIe 0 TIACTAYECKOH MehopMariii Ha CKaTre TakxKe ObITr
TIOJTHOCTHIO ayCTEHU3UPOBAHBI (OTCyTCTBOBAJ HAKIIOH ITPS-
Mex ((1/ H) mist icxomHbIX 06pasios Ha puC. 2).

Paccmorprm cHagana cranb 10X16H13. [Tomyyennsie
B 9KCIEPUMEHTE 3HAYCHNSI I3MEPEHHH 1 PE3YIIBTaTOB IIPH-
BEJICHBI Ha pHC. 2 a.

HcxonHoe 3HaueHNe yaeabHONM MarHUTHON BOCIIPUMM-
ynBocTH aycreHnTa cranu 10X 16H13 no nedopmarim co-
crasuio y, " =3,58-10° m*/xr [8]. Hepopmanms 22,69 %
(puc. 2 a) puBena K pocTy yIeTbHOW MarHUTHON BOCIIPH-

MMYMBOCTH /10 3HAUEHUS )y

=4,11-10"8 M*/kr. I1pu masns-
HeHIeM yBeJIHYeHUH Ie(OpMalii TOSBISISTCS HAKIOH
upsmeix ¥(I/H) B oTamuMe OT CTaOMIBHBIX CTaweit
10X23H18 n 14X17H18, 9T0 CBUACTENHCTBYET O BO3HUKHO-
BEHHH (EpPPOMArHUTHOIO ¢’ - MapTEHCHTA, TOCKOIBKY

pocT X OOYCIIOBIIEH TOJIBKO IOSBICHHEM MapTEHCHUTHOMN
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¢asel. Tak B cranmm 10X16H13 npu nedpopmarmsx 23,98,
24,741 25.49 % u 1. 1. yKe ObUTH 3a(hMKCHPOBAHEI ITEPBEHIE
MOPLIMM BO3HUKILETO (' - MapTeHcuTa B konyectse 0,0105,
0,0113 10,0122 % u T. . Ha 3TOM pucyHke, U ocienyro-
IIMX, IPUCYTCTBYIOT CKJIA IKH, CBU/IETEIbCTBYIOIIHE O CMe-
HE XapakTepa CTPYKTYPHBIX H3MEHEHHH, CBS3aHHBIX C IT0-
SIBJICHHEM U 9BOJIOIME MAPTEHCUTHBIX (a3.
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Puc. 1. 3asucumocts (1/H , D) o6pasnos craneii 10X23H18
(a) u 14X17H18 (6)

CrnemyeT oOpaTuTh BHUMaHHE HA TO OOCTOSTETIBCTBO,
gto B ctanu 10X 16H13 HakI0OHHBIE TIPSMBIE TIOBEPXHOCTH
x(1/H , D) Ip1 NOCTOSHHBIX 3HAYEHUSX ) (MHTEPBAJ Jie-

¢dopmammii 23,98...40,24 %) nepecekin HaYTbHBIE TOPH-
30HTAJIBHBIE IIPsIMBIE (MHTEpBa nedopmarii 0. ..22,69 %)
(cM. puc. 2 a). DxcTparnonsiueii BHIIIeyKa3aHHBIX HAKJIOH-
HBIX IIPAMBIX Ha 0Cb X, (H — o0 ) [7], Homy4YeHbl 3HAYEHUS]
PE3YIBTUPYIOLIEHN YAETbHON MarHUTHOM BOCTIPUMMYHBO-

CTH Yo [8] ( Ao = X)\mmp. + Xp = (Xs + Xy) + Xp , TAC
X samp. — MATHUTHASL BOCHPUUMYUBOCTD ITapaMarHUTHON
MAaTpHIEbl, ¥ p — HapanpoLECCHas MATHUTHAS BOCIIPUUM-

YUBOCTH (' - MapTCHCHUTA, Xy — MaraumMTHas BOCTIpUUMYN-

BOCTb aYyCT€HUTA; X yamp. = K& + Xy ,TAC Y, YACIbHAs Mar-
HHUTHAasi BOCTIPHUMYHUBOCTD € - MAPTEHCHUTA). DTH 3HaYe-
HUS Y, JIeKAT HIHKE MAaKCHMAaJbHOTO 3HAUCHHS Tapa-
MarHUTHOH BOCTIPHAMYUBOCTH aycTenuTa ) =4,11-10% Mk,
KOTOpO€ COOTBETCTBYET Ha4aly IPEBPALLIECHUS ayCTEHUTA
B MapTeHCHT AedopMaluu Timna o .

MeTomoM SKCTpaIosyy U3 rpaduieckoil 3aBUCUMO-
ctu ), or P, mpu P, — 0 [16, 17] nns untepsana ne-
dopmarwmii or 23,98 % 10 35,70 % onpenenunu X yamp. Ha
ypoeHe 2,98-10® M*/kr (puc. 3) [8], 4T0 GbLTO HUKE MUHH-
MaJBHOTO 3HAYCHUS UCXOIHOW MapaMarHUTHOW BOCIPH-
MMYUBOCTH X;'cx "=3,58-10" M3/ aycTeHnTa I7Isl TAHHOTO
XMMUYECKOT0 cocTaBa uccaegyemoin cranu 10X16H13. Ha
OCHOBaHHH TOT'0 BAYKHOTO (DaKTa MOXHO CIIENIATh BBIBO/,

YTO BO3HHUKIIAA HOBAs MapaMariuTHas (ba3a SIBJIACTCA HU-
YCM HUHBIM, KaK € - MAPTCHCUTOM ,HC(l)OpMaHI/II/I.

¥, 107w /e

Puc. 2. 3aBHCHMOCTD X(l/ H , D) obpasnos craeii
10X16H13 (a) n 12X15H16 (6)
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Puc 3. 3aBucuMOCTb pe3ynbTHUPYIOLICH YAEIbHOM MarHUTHON
BOCIIPUMMUMBOCTH Y, (ITapaMarHUTHOH MaTPULEI ¥ Maparpo-
LIECCHOH cocTaBIIsifoNIeH (heppOMarHUTHOH o - (ha3bl) cTanu
10X16H13 ot xonmuuectBa MapTeHcuTa aepopmaruu P,

CnenoBarensHo, s cranu 10X16H13 nehopmarus
D,,=23,98 % sBnseTCa Ha4aabHOM, IPU KOTOPOM BO3HUKA-

0T & - MAPTEHCHT U TIEpBast OPLHS o' - MAPTEHCHTA B KOJTH-
uectse P, =0,011 % [8]. Ilocne nedpopmarmu D, =40,24 %
(Ha30BeM ee KOHEYHOM) ylmebHasi MATHUTHAST BOCIPHUM-

YMBOCTh CTAHOBUTCS paBHOH (., =4,05- 10 m*/xr. TTpu 5101
neopmanmu € - aza MOTHOCTHIO Hcye3aeT (TpaHcdop-
MHDYETCA B ¢ - MAPTEHCHT). KOMUYECTBO BO3HUKAIOIIETO

npu 3ToM o - MapTeHcuTa cocrasiser P =0,049 %.

Janeneiimas nedopmanust no 67,70 % conpoBokaaercs
TONBKO MPEBPALICHUEM Y, —> O (HAKIOHHBIE JHHUY

x(1/ H) He mepeceKkaroT rOpU30HTAIbHBIE TIPSIMBIE).

AHaJIOTHYHBIE PEe3YIbTaThl MONYYEHBl M JUISl CTaJIN
12X15H16 (puc. 2 6), npuHaexariei Takke KO BIOpOMY
THITy CTaJEl C yMEpEeHHO HeCTAOMIIBHBIM ayCTEHHTOM, YTO
TaKKe TOATBEPIKAACT IPEIoIaraeMyto MoAeIb 00pa3o-
BaHUA U JAJIbHEHIIETO TIOBEACHHS € - MAPTEHCUTA B TIPO-
Iiecce ITaCTHIECKOro 1e()OpMHUPOBAHUSL.

Tak Ha OCHOBaHWY MIPUBEICHHBIX JaHHBIX HA pHC. 2 O
cremyet, 9to B ctaiu 12X 15H16 ucxonHast yneiapHas MarHAT-
Hasi BOCHPHUUMYNBOCTb ayCTEHHUTA (TTOCIJIE CTaHAAPTHOH ayc-

Tenmsawn) pasua ¥ =3,75-10° m¥/xr [9]. E& nepopma-
st 710 25,87 % npuBena K snadenuto - =4,05-10% M*/kr.
Ipn naneHeimeit nepopmarim cramu ot 26,53 10 44,27 %
yKe (QUKCHpYIOTCS 00€ MapTeHCUTHBIE (Da3bl € U o .

Ha ocHOBaHMH 3KCIIEpUMEHTATBHBIX JaHHBIX (pHC. 4)
Iutst paccMaTpuBaeMoii cranu 12X 15H16 naiineno 3Have-

HHE % + %, = 3,32-10% M’/kr [9], koropoe MeHbIIe x;‘ax u

ucx.

Xy - Hpu nedopmamn D = 44,27 % nomy4eHo 3HA9CHHE

Yo =4,05-108 M3/xr. Tlpemmonaraercs, 4To PH TaKOM 1e-
¢dopmarmn u Beie (D > 44,27 %) ¢ - (aza yxe monHoC-
TbI0 TpaHcpopmupyercs. Janpreiimas gedopmarms 10
70,03 % compoBOXmaeTCs TOIBKO NMpPEBpAIIECHUEM

Yinax —> O, 9TO U MPUBEACHO Ha CXeMe BO3HUKHOBEHUS U
TpaHcOpMAIWH € U ¢ - MAPTEHCHTOB, yKa3aHHOH B TAOI. 2.

Takum 06pa3zoM, MOKHO NMPEAIOT0KHUTH CIESAYIOLLYIO
MOJIEITb 00pa30BaHMs 1 HCIC3HOBEHUS & - MAPTEHCHUTA [IPU

IUTACTHYECKON AedopMaIiy C)KaTHeM IPH KOMHATHOH
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Puc. 4. 3aBucuMOCTb pe3yIbTUPYIOLICH yneIbHOU MarHUTHOH
BOCIIPUMMYMBOCTH Y, (TapaMarHUTHOH MaTPULEI ¥ Maparpo-
LIECCHOH cocTaBILsIoNIeH (heppOMAarHUTHOH o - (ha3bl) cTanu
12X15H16 ot xonmuuecTBa MapTeHcuTa aepopmaruu P,

Temneparype B craisix 10X16H13 u 12X15H16 ¢ ymepeHHO
HecTaOMIIbHBIM ayCTEHUTOM CTaJIeH:

Yier. =Y = Vinax = [y' +(e+ oc'))] —>F'+ad).

3. PaccmoTpuM Tenepb MorydeHHbIE PE3yIbTaThl s
TPETHEro TUIIA KpaiiHe HeCTaOMIIBHBIX CTaIeH, BKIIIOYalo-
mero ase Mapku cramu 12X18H10T (10,46 % macc. Ni) u
10X18H9-VY (9,20 % macc. Ni), koTopbIe TIOCIIe YKa3aHHOH
BBIIIIE CTAHAPTHOH ayCTeHN3alH OB ITOITHOCTHIO ayc-
TEHU3UPOBaHbI (KOIUYECTBO § - heppura Py = 0) u ogny
Mmapky 12X 18H10T (9,42 % macc. Ni), kotopast rmoce coor-
BETCTBYIOIIEH aycTEeHU3aLNN cofiepXkaia § - heppur B KO-

mugectse Fy= 0,078 % (maxioH npamoii npu D = 0 Ha

pHc. Sa TOATBEPIKIAeT MPUCYTCTBHE § - (heppuTa IpH HY-
JIeBOM ehopMarin).

Ha puc. 5 npuBeneHbl COOTBETCTBEHHO IOJIyYEHHbIE
pe3yisTars! it nepBbIx aByx craneit: 12X 18H10T (10,46 %
macc. Ni) [10]u 10X18H9-V (9,20 % mace. Ni) [12].

Bumno, 9T0 B ompeeIeHHOM HHTEpBaje IeOopMaIiiii
D =0...10,33 % ynenbHast MarHUTHasI BOCIIPHUMYHBOCTh
aycrennTa cranu 12X 18H10T (10,46 % mace. Ni) yBennan-

ucx.

o =3,27-10°* M*/KT 10O MAKCHAMaJIb-

BAETCs OT UCXOIHOM

Horo 3Hadenus ¥, =3,94-10% m’/kr [10], a B unTeppane

D=0...2,36 % nnsa cramm 10X18H9-Y BocmpruuM4HuBOCTH
pacrer ot y, " =2,82-10" MY/kr 0 ™ =3,06-10" M¥/kr
[12].

B s>Tux nmedopMammoHHBIX HHTEpBajdax cCTajeu
12X18H10T (10,46 % macc. Ni) n 10X18H9-VY (9,20 % macc.
Ni) o' - MmapTeHcHT nedopManyy He 3apoxkaaeTcs (0TCyT-
crByeT HakioH ¥ (1/H)). JlanpHelimee yBenudeHne Je-
¢opmarm D=11,70...23,51 % cramu 12X18H10T (10,46 %
mace. Ni)u D=3,19...14,72 % cramm 10X 18H9-Y npuso-
JIAT K 3apOKICHUIO M HAKOIUICHHUIO TOJIBKO (' - MAPTEHCH-
Ta B OTCYTCTBHH €& - MAPTEHCUTA (HET IIEPECEUECHHS HAKJIOH-
HBIMH JIMHASIMHA TOPH3OHTATBHBIX IPSIMBIX ). Kak BuamM, B
STHX MOIHOCTBIO ayCTeHE3UPOBAHHBIX cTasix 12X 18HI10T
(10,46 % macc. Ni) u 10X18H9-V (9,20 % macc. Ni) He BO3-

HUKAaeT - MAapTEHCUT B OTIMYHE OT BTOPOTO THIIA yMe-
perHo HecTabmpHEIX cranel (10X 16H13 u 12X15H16).



CTPYKTYPOYTBOPEHHS. OMIP PYNHYBAHHIO TA ®I3/KO-MEXAHIYHI BIACTUBOCTI

Tadauma 2 — Cxema 3apOXKAeHHS €- U ¢ - MAPTEHCUTOB Ae()OpMaIii B ayCTEHUTHBIX XPOMOHHUKENIEBBIX CTAIAX (Ha

npumepe cranu 12X 15H16) ¢ yMepeHHO HeCTaOMITEHBIM ayCTEHUTOM

Homep oGnacru,
uHTepBaj AehopMalnum

®Da30Bble NPEBPAILECHUS U NIPEEIbHbIE
3HAUEHUs] MATHUTHOH BOCIIPUMMYUBOCTH

Kommentapuit

Y=Y = Vi

max
Xy - Xy' - Xy'

MarHuTHas BOCIIPHUMYHBOCTD, KOTOpast
XapaKTepH3yeT MarHUTHO-aTOMHOE COCTOSTHHE
HapaMarHuTHOTO ayCTeHUTa, ¢ nedopmaryeit

71 0071 \ 1, =3,75-10° M/kr YBEJIMYUBACTCS M JOCTHTAET IOCTOSIHHOTO
D=0...26% MaKCUMaJIbHOTO 3HAYCHHUS.
Ay = 13,75, 4,05[-10'8 M/Kr
Ayt =4,05-10° m/cr
'Y'ma e o Ilpu yBenuuenun jaedopManud B MOJYYCHHOH
AQyCTCHUTHOM  MaTpULE 3apOXKIAIOTCS  MEepBbIC
! % a!
s ¥max HNOPLUUH [ApAaMarHUTHOTO €- U (EePPOMATHUTHOTO
II o6

D=265...44%

X;}ax — Xy’ +Xe T Ao
XS + ’Y;‘nax = 3»32'10_8 M3/KF
P, =0,01 ... 0,025%

o'- wmapreHcuToB  nedopmanumii.  anbHedmee
HAaKOIUIEHHE O - MapTEHCHTa OCYLIECTBISETCS 3a
CUeT ayCTEeHUTA U € - MAPTECHCUTA

111 06
D=49...70 %

’ ’
Ymax —>a

Ayt = Ay F Lo
P,=0,03...0,11%

’

JlanpHeliee  HaKOIUIEHHME  KOJMYECTBa o -

MapTEHCUTA OCYILIECTBIISICTCA 3a CUHET ayCTCHUTA

8 3
1, 107 M /xr
S w

o

Puc. 5. 3aBucumocTs X(l/ H , D) nna o6pasnos craneit

12X18H10T (10,46 Y%macc. Ni) (a) u 10X18H9-
(9,20 %macc. Ni) (6)

OrTclozia CIeIyeT, YTO B AYCTCHUTHBIX XPOMOHHKEIICBBIX
cramix 12X18H10T (10,46 % mace. Ni) u 10X18H9-Y
(9,20 % macc. Ni), He comeprkaIIux B UCXOTHOM COCTOSTHUH
8 - peppuT, MAPTCHCUTHAS PEAKITHSI IPOUCXOMHUT IO CXE-
Me (0e3 ygacTusl € - MapTEHCHUTA):

U HaxoHer, MpociienM HaYaIbHYIO CTaIHI0 MapTCH-
CUTHOHW peakinuu B KpaiiHe HeCTaOWUIBHOW CTallu
12X18H10T (9,42 % macc. Ni), comeprKarieil B HiCXOTHOM

COCTOSHHMH HU3KO€ KONU4uecTBo § - peppura F5=0,078 %

JTake TI0CIIe CTaHIapTHOM 3aKkaiky B Boxy [ 11]. Heobxomu-
MO 00paTHTh BHUMaHUE Ha TO, YTO B 3TOU CTAJIM B OTIIMYNE
OT BCEX IPUBE/ICHHBIX BBIIIE CTallel, OTCYTCTBYeT nedop-
MAaLHOHHBIA ayCTEHUT Y’ , T. €. IO BO3HHUKHOBEHHUS o -
MapTeHCHTA yJIelIbHAs MaTHUTHASI BOCHPHUMYHBOCTB ayc-
TEHHTA HEe BO3pacTaeT (OTCYTCTBYEOT FOPU3OHTAIIBHBIE NIPSi-
MEI€), a cpa3y y)Ke P IePBHIX TepopMaIisax oopa3yercs
o - MapTeHcHuT aedopmarimn (puc. 6).

p
(q/‘lg K 0 2 D%

Puc. 6. 3aBucumocts ¥ (1/H ,D) cram 12X18H10T
(9,42 % wmacc. Ni)
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W3HauanpHOE KOMMYECTBO § - (heppUTa HE MCHSACTCS
TIO/T ISHCTBHEM InTacTiHdeckor nedopmaryu [ 18, 19]. Io-
ATOMY U3 TOIYYEHHOTO IKCIIEPUMEHTAIBFHO PE3YIBTHPY-

IOILIETO 3HaYeHUs KonudecTs Py deppurau P, MapreH-
cuta nedopmanyu P, = Py + P, BerauTanueM Py us P,
ompezemsieM B, . U3 3aBucumoctd (£, ) METOIoM K-
crpanosiiuy [ 16, 17] onpenensiercs yaenbHas MarHATHAS

BOCHPHUHUMYUBOCTE ¥, =2,39- 10 M*/kr aycTenwura (prc. 7).
50

£ 3
M /KT

Lad

(=)

1

% +10

bel Woisin 2.39:10™ n'fxr

0 05 10 15 20
P 0,

i

Puc. 7. 3aBUcUMOCTb pe3yIbTUPYIOLICH yNeIbHOU MarHUTHOMH
BOCHPUMMYUBOCTH ), (AyCTEHUTA U Mapanpolecca) CTall
12X18H10T (9,42 % macc. Ni) 0T cyMMapHOTo KOJIMYeCcTBa

deppodassr P, [11]

CrneoBatenbHO, HA OCHOBAaHUH YKCIICPHUMEHTAIBLHBIX
JIaHHBIX B KpailiHe HectaOwiapHOW ctamm 12X18H10T
(9,42 % macc. Ni), coneprkariieii HI3Koe KTUIecTBO O - ep-

pura P;= 0,078 % nase mocie npe1BapuTeIbHON CTaH-

JTApTHOU ayCTeHW3aNuH (BbIIepkKa 30 MUH. TIPU TeMIIepa-
type 1050 °C c mocnenyromiei 3akakoii B BOy) B MHTEpBa-
e TacTuaeckux aedopmarmii cxxatuem ot 0 1o 10,2 %
BO3HHUKAET U HAKAIUIMBACTCSA TOJIBKO o' - MApTEHCUT 0e3
MIPUCYTCTBUS ¢ - MapTeHcuTa. [Ipeamonaraercs, 9To s
cranmu 12X18HI0T (9,42 % macc. Ni), comepxarieii B uc-
XOJIHOM COCTOSIHUM § - (DeppUT, MaPTEHCUTHAS PEaAKIHsI
MPOMCXO/IHT I10 CIIEMYIOLICH cXeMe, HO 0e3 ydacTusl & - Map-
TEHCHTA:

(y+3) > (Y +3+a).
BriBoanl

DKCIIepUMEHTAIBHO YCTAHOBJICHO:

1. B ayCTCHUTHBIX XpOMOHHKEIIEBBIX CTAJISX CO CTa-
owrsHBIM aycTernToM 10X23H18 u 14X 17H18 mpu ma-
CTHYECKOH IedopMalnu CKaTueM COOTBETCTBEHHO B
naTepBanax (0...55,90 %) n (0...67,19 %) n3mensercs
ATOMHO-MarHUTHOE COCTOSTHUE ayCTEHHUTA H B pe3yJbTa-
TE Yero BO3pacTaeT yAeabHas MarHUTHAs BOCIIPHUMYH-

ucx.

y
6J'II/I)KaIOH.IeFOCSI K «HACBIIICHUIO» MaKCUMaJIbHOMY 3Ha-

YEHUIO X;I}‘“ =3,72- 10" M*/kr, a B crasniu 14X17H18 ot

BocTh cramm 10X23H18 ot 2 = 3,30 - 10" M*/kr 0 TIpH-

ucx.

24 =4,45 - 10%MY/xr 110 X;‘}ax =4,63 - 10 M*/kr o cxeme

Xy —> Ay, W TIPU ITOM HE BO3HUKAIOT &- U 0o - Map-

TCHCUTHI.

48

B yka3aHHBIX BbIIIE /IehOpMAIMOHHBIX MHTEPBAIaX HE
MIPOUCXOIUT CTPYKTYPHO-(ha30BBIX NPEBPAILICHHUH.

2. B cransx ¢ yMepeHHO HECTaOMIBHBIM ayCTEHUTOM
10X16H13 u 12X 15H16 npu nimactrdeckoit aedopmanuu
00HApYXXEHO €-H (' - MAPTECHCHUTHI. BBISBICHBI IPaHUIIBI
Ha4YaJIbHBIX Je(OpPMALIMOHHBIX HHTEPBAJIOB CyIIECTBOBA-
HUA £-U 0 - MAPTCHCUTOB. B HauanpHOM MHTEpBae ne-
dbopmanuu (0...23,98 %) mnsa cramu 10X16H13 u
(0...26,53 %) mrs cramm 12X15H16 MarauTHas BOCTIpUAIM-

YMBOCTD AYCTEHUTA BO3PACTaeT oT ¥, =3,58-10° 10 mak-

cumanbHoro 3Havenust " = 4,11-10% m’/kr B cranu

10X16H13 mor 74 =3,75-10% 10 3™ =4,05-10% m¥/kr 5

cranu 12X15H16 coorBercTBenHo. B aToM nntepBase ae-
(opManuit € -1 O’ - MAPTEHCUTHI HE 3aPOXKIAIOTCSL.

[pu mocnenyromux nedopmanusx oOHapyKeHbI Ha-
YaJibHbIE rpaHuLb! Aedopmarmu 23,98 % (10X16H13) u
26,53 % (12X15H16), npu KOTOPBIX BO3HHUKAIOT € - MAPTEH-
CHT W IIEPBBIC TIOPLUHU O - MApTEHCUTA B KOJUYECTBE
P, =0,011% (10X16H13)u P, =0,010% (12X15H16).

pu mepopmanmsax ceerme 40,24 % (10X16H13) u
49,27 % (12X15H16) ncuesaer & - MapTEHCHT, HO MPOIOII-
KaeT HAKaIUIMBaThCS O - MAPTEHCHT, COAEPKAHUE KOTO-
poro npu AajbHEHIeM pocte AedopMaliy BILIOTH 10 KO-
HewHbIX 3HaueHmin 67,70 % (10X16H13) u 70,03 %
(12X15H16), xomuuecTBo 0Opa3zoBaBIIeiics Ba3bl COCTaB-
asger P, =0,251%u P,,=0,110 % cooTBeTCTBEHHO.

B aycTEeHUTHBIX XPOMOHUKENEBBIX CTAISX IPH ITACTH-
YecKoi aehopMaIy MPOUCXOAAT HE TOINBKO CTPYKTYPHO-
(¢a3oBble MpeBpalIcHUs, TPUHUMAIONINE yJIacTHue B
MpeaIogaraeMoi cxeme

’ r r r ’ !
Yuer. =Y = Vinax —>[y +(8+0c)]—>(y +a'),
HO U UBMCHCHHUI aTOMHO-MArHUTHOI'O COCTOSHHSA ayCTe-

HUTA, T. €. YIEeJIbHOW MArHUTHON BOCIIPUUMYHUBOCTH

ucx max

Xy - Xy’ - Ly - [Xy' + (Xs + Xon’)]_) Ly Ao -

3. B ayCTEHUTHBIX XpOMOHHUKETIEBBIX CTAJISIX C KpaitHe
HECTaOMIIBHBIM ayCTEHUTOM (IIOCIIEe CTaHIAPTHOU aycTe-
HHU3alnH), KaK HE COJCPXKAIINX B MCXOJHOM COCTOSIHUH
§ - deppur (12X 18H10T, 10,46 % mcac. Ni), Tak 1 conep-
KAIIIX B FICXOHOM COCTOSIHIH HU3KOE COIEpKaHue § - Gep-
pura (10X18H9-Y, 9,20 % macc. Ni), He 00HapyKEHO pH-
CYTCTBHE € - MAPTEHCHUTA TOCiIe AehopManoHHOH 00pa-
OOTKH.

CtpyKTypHO-(ha30BBIE IPEBPAIICHHS B CTAIISIX C Kpaii-
He HeCTaOWIHHBIM ayCTCHUTOM, HE coflepKammux § - dep-
PHT, IPEIIOIOKUTEIEHO IPOUCXOST 110 CXEME!

Yuer =V = Vimax = (Y +0),

a B CofIepKaIuX (PeppuT — I10 CXeMe:
(y+3) > (Y +3+a).
H3MeHeHne MarHuTHOTO COCTOSTHUS (MarHUTHOMH BOC-
MIPUUMYUBOCTH) JUTS CTaJIEH, HE COIEPIKAIIIX U CoIepIKa-
X § - QeppuT, OCYIIECTBISIETCS, COOTBETCTBEHHO, ITO CIIe-
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JIYIOLM CXEMaM:

qucx - XV, - XV’max - (XV’ + XOL') 5
Xy + A5 = Oy + A5+ Aor) -
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Cuixnoii [.B., Cuixknoii B.JL., Oabmanenskuii B.1O. Ipo ocoinBocti yrBopeHHs i TpancgopMmalii € - MapTeHCHTY

NpH mIacTH4Hii e opmanii aycTeHiTHIX XpOMOHiKeIeBUX CTaJIei

Hocniooiceno (pazosi nepemeopents 6 XPOMOHIKeNe8UX CMAAAX 3i CMAOITbHUM, HOMIDHO HeCMAOITbHUM i

HecmaobinbHuM aycmeHimom npu oegpopmayii cmucnenuam. Ilokazano, wo npu neguux Muckax 6 aycmeHimi mosice
YMEOoposamucs Ak o' - Mapmencum, max i NPOMINCHULL & - MapmeHcum, uwjo nepeoye to2o nosei.

Knrwouosi cnosa: cmanw, depopmayis, aycmenim, o - mapmencum, € - MapmeHcum, MaeHimua CAPUUHAMAUGICMb.

Snezhnoi G., Snezhnoi V., Ol’shanetskiy V. On peculiarities of the formation and transformation of ¢ - martensite

during plastic deformation of austenitic chromium-nickel steels

Phase transformations in chromium-nickel steel with a stable, moderately unstable and unstable austenite dur-

ing deformation compression were investigated. During plastic deformation in the austenite can form both o' -
martensite and prior to its appearance intermediate g - martensite.

Key words: steel, deformation, austenite, o' - martensite, &- martensite, magnetic susceptibility.
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YK 669.14, 669.15

Kang. TexH. Hayk B. B. HeTpebko

3aI'IOpO)KCKI/IIZ HaLUWOHaNbHbIN TEXHUYECKNIA YHUBEPCUTET, I 3anopo>|<be

BITUAHUE Cr, Mn U Ni HA OBPA3OBAHUE KAPBEUOOB
B BbICOKOXPOMUCTbBIX HYTYHAX

Lenvio pabomvl A611CA aHAAU3 NPOYECco8 06PA308aAHUL KAPOUOOE U NOIYUEHUe 3AGUCUMOCTIU KOIUYeCmEd
Kapbuooe om codepacanus ¢ uyeyne C, Cr, Mn u Ni. [lpumenenue memooos mamemamuieckou Cmamucmuky u
AKMUBHO20 NAAHUPOBAHUSL IKCHEPUMEHMA NO3GOJIUL0 HOLYUUNb 3A8UCUMOCTb KOAUYECMEA KapOuo08 Om co0epicanus
6 uyeyne C, Cr, Mn u Ni. Munumanvhoe xonuuecmgo kapouoos (6,4 %) obpazyemcsi npu coOepiucanuu 6 uyeyHe
1,1%C, 256 %Cr, 5,4 % Mn u 3,0 % Ni, a makcumanvrnoe (43,7 %) npu 3,9 % C, 11,4 % Cr, 0,6 % Mn u 0,2 % Ni.

Knroueegwle cnoea: uyeyn, necuposaniue, mepmooopabomka, Cmpykmypa, Kapouosi.

BricokoxpomucTsie n3Hococtoiikie gyryHsl (MUX)
HAIIUIH ITUPOKOE IIPUMEHEHNE B PA3INIHBIX OTPACIISIX MPO-
MBbIIUIeHHOCTH [ 1-3].

CTpyKTypa 3THX MaTepHaIoB COCTOHT U3 METaJUTHYec-
KOM OCHOBBI M1 KapOHI0B. MeTaimyeckast 0CHOBa ompe;ie-
JISIET YPOBEHB TBEPAOCTH Yyr'yHa U JIOJDKHA MIPOYHO Yrep-
KHMBATh KapOuIbl. MakCHMaIbHOM TBEPIOCTHIO 00IaTaeT
MapTeHCHUTHAs CTpyKTypa. KapOums! obnanaror BEICOKOH
TBEPOCTHIO M ONPEIEIISIFOT N3HOCOCTOMKHE CBOMCTBA Uy-
I'YHOB. B BBICOKOXPOMHUCTBIX Uyr'yHax 00pa3yloTcs Kapou-
et Me .C,, Me,C, Me.C.. Ilpr HeOONBIIOM KOMMYECTBE
KapOH/I0B IPOMCXOIUT MHTEHCUBHBIM N3HOC METaJLTNYec-
KO OCHOBBI, KPOME 3TOI0 MEJKOINCIIEPCHBIE KapOuIbl
BBIKPAIIMBAIOTCA B IPOIIECCE N3HAINBAHUA [4].

KonmiecTBo kapOHI0B B CILTaBax OMpeEnemsieTcst Couep-
KaHUEM YITIEpO/a, KOTOPBIi MPEBHIMIAET €ro MaKCHMallb-
HYIO paCTBOPHMOCTH B TBEPIIOM pacTBope. B deppurHOit
OCHOBE YITIEPOA MPAKTUIECKH HE PACTBOPSIETCS M BECh CBS-
3BIBACTCS B KapOUIBI.

YKene3o u XpoMm SIBISIFOTCSL OCHOBHBIMH KapOumoo0pa-
3YIOIIUMH dJIeMeHTaMHu B uyryHax. OHI 00pa3yroT TBep-
JIbI€ PAacTBOPHI C HEOTPAHWYCHHOW PacTBOPHMOCTHIO.
Xpom, BXOIUT B COCTaB KapOHUIOB jKeIe3a U CTA0WITH3APY-
eT ux. Kene3o, Kak OCHOBHOW KOMITOHEHT COCTaBa YyI'yHa,
pacTBopsiercs B kapoumax xpoma. [Tpu oraomernn Cr/C <3
obpasyrorcs kapouaet Me,C, a ipu Cr/C > 10 oGpasyrotes
Me,,C.. Ilpu ocranbrbIx cootHomerusx Cr/C oGpasyroTes
kapOuael Me. C, B pasiMiHBIX COYETAHUSX C IPYTHMH Kap-
onmammu [2, 3, 5].

Cucrema Fe-C-Cr mocTaTo4HO U3y9deHa P Coiepxa-
HUH yrepozaa 1o 6,67 %. B uyrynax, conepkamux Oonee
18 % Cr, CHIKEHHE HU3HOCOCTOMKOCTH CBSA3aHO TOJIBKO C
MOSIBIICHUEM B CTPYKTYPE XPYIKHX 3a9BTEKTHIECKUX Kap-
O1moB, TPX HTOM MaKCUMaJIbHAS H3HOCOCTOMKOCTD, HE3a-
BHCHMO OT COTEPXKaHMs XpoMa, Habmomaercs mpu 3,5 % C,
T. €. npu Hasawnn 30-35 % kapOHI0B 1 MUHUMYME 329B-
TEKTHYCECKUX [4].

JlernpoBaHne BEICOKOXPOMHUCTBIX YyTYHOB MapraHIIeM
1 HUKEJIEM OKa3bIBaeT BIUSIHME Ha TPOIECCHI KapOmmoo0-
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pasoBaHusi. Mapranen nmeeT OoJblliee CpOICTBO K yIvle-
pOLy, 4eM Kele30, HO MEHbIIIee, YeM XpoM. DTo 00CTos-
TEJILCTBO BBI3BIBAET KOHKYPUPOBAaHHE aTOMOB, KapOuIo-
00pa3yromuX IEMEHTOB IpH (GOpMHUPOBaHUN KapOWI0B
B JKHJIKOM M TBEPJOM COCTOSIHHM 4YyryHa. Maprasen u
HHKEJIb OKa3bIBAIOT BIMSIHUE HA PACTBOPHMOCTD YIVIEpoa
B AyCTEHUTE, YTO U3MEHSIET KOJTMIECTBO KapOM/IOB 1 BBI3bI-
BaeT 00pa3oBaHKe METaCTaOMIIBHBIX CTPYKTYP C BEICOKOH
yrapHo-aOpa3suBHOHN cToiKocThIO [6]. OOpa3zyrommiics
MapTEHCHT WJIM ayCTEHHUT PACTBOPSIOT OOIBIIOE KOIHYe-
cTBO yriepona. Takum o06pa3oMm, yriiepos, pacTBOPEHHBIH
B METAJUTMYECKOM OCHOBE, HE YYaCTBYeET B Ipoliecce oopa-
30BaHUsI KapOUJIOB.

Kpome sT0r0, KONMTHYECTBO 00pa3yromxcs KapOuIoB
3aBHCHT OT uX TH1a. B xap6une Me,C onun atom yriepona
CBSI3BIBACT 3 aToMa KapOumooOpa3yroIero MeTaa, a B
Me,C,-2,33n3,838Me,,C,.

C TOUKH 3peHHsT COBPEMEHHBIX IPEIICTABICHHI O Me-
XaHW3Max U3HAIINBAHKSA B YCIOBHUIX a0pa3HMBHOIO U ynap-
HO-a0pa3sMBHOTO U3HAIINBAHMS, ONTUMAIBHON CUATAETCS
CTPYKTYpa, COIEprKaIasi METaLTMIECKYI0 OCHOBY, IIPOU-
HO YIep>KHUBAIOIIYIO KapOHIbI, COCTOSIIIYIO 3 MapTEHCH-
Ta v ayctenuta, npu Haymaanu 30. .40 % xapounos Me. C..

[Ipu HarpeBe u BBIOEPIKKE B XOI€ TEPMUIECKOH 0Opa-
OOTKH PacTBOPUMOCTH YITIEPOJa B METAIIIMIECKOH OCHO-
BE€ YBEJIIMYMBAETCS, YTO BHI3BIBAET YACTHYHOE PacTBOpE-
HHUe KapOuaHOH (a3bl. B mpomecce oxmaxIeHns Iponucxo-
JTAT BBIICTICHNE MEITKOJMCTIEPCHBIX KapOHIO0B.

Ha ocHOBaHMM JMTEPATYPHBIX AAHHBIX HEBO3MOXHO
TOYHO NMPOTHO3UPOBATH KOTMIECTBO U THI 00Pa3yIOIINX-
cs1 KapOUIOB, YTO YPE3BBIYAIHO BaXKHO IPU Pa3padOTKe
HM3HOCOCTOMKHUX CILIABOB.

Lenb paboThI 3aKITI0YANIaCh B aHAJIH3E TPOLIECCOB 00-
pa30BaHMA KapOHUIOB U TOJyICHNE PETPECCHOHHBIX 3aBH-
CHMOCTEH KONMMIecTBa KapOMIOB OT XMMHYECKOTO COCTaBa
gyryHa (C, Cr, Mn u Ni), a TakKe onpeesieHie COCTaBOB
YyI'YHOB, HE COZIEPIKAIIMX KPYITHBIX 3a3BTEKTHIECKHX Kap-
OHIIOB.
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Marepuai 1 METOIUKHI UCCIEI0BAHUI

Uyrynsl, coneprxarme 1,09...3,91%C,11,43...29,68 % Cr,
0,6...5,4%Mn, 0,19...3,01 %N, 0,8...1,3 % Si, 100,02 % S
1 0,03 % P, BpImaBisuiv B MHIYKIMOHHOM €YU C OCHOB-
HOH ¢yrepoBkoil. B cyxue mecuano-rmmHACTEIE (HOPMBI
ommBaiM 00pass! quamerpom 30mm, auHoi 400 MM 1
TEXHOJOrHYeCKUe MPOOBI BBICOTOH 50 MM. OOpa3Ibl U3y-
YaJIich B JINTOM U TEPMHYECKH 00pabOTaHHOM COCTOSI-
uu (oTxur npu 690 °C B TeueHnH 9 4acoB 1 HOpMaJIN3a-
st ot 1050 °C npu BeInepxke 4,5 yaca) AHAIIU3 CTPYKTY-
PBI BBITIOJHSUIM Ha ONTHYECKUX MHUKPOCKONax Sigeta
MM-700 MUM-8 u muxpockorne PEM 1061. s mocTpo-
eHust MaTeMarudeckoi mozean Baustaus C, Cr, Mn u Ni Ha
KOJIMYECTBO KapOHMJIOB HCIIOIb30BAJIM METOJl AKTHBHOTO
IUTAHUPOBAHMS SKCIIEPUMEHTA C MATPULIEH IIIaHUPOBAHUS
IPOOHOro (paKTOPHOIrO IKCIIepuMenTa 24

AHau3 0Ty YeHHBIX Pe3yJIbTATOB

KonuuecTBo kapOMI0B B HCCIAEAYEMbIX UyTYHAX H3MeE-
HSUTOCK OT 6 110 35 % (puc. 1).

21 % 35%
Puc. 1. Ctpykrypa uyryHa ¢ pa3jIHMYHbIM KOJIUYECTBOM
kapOunHoi dassl, x150

VYrnepon cBsa3bIBaer ot 6 10 16 % xpoma B 3aBUCHMOCTH
0T oOpazyrommxcs kKapounos [3].

Hukens n Mapraser| criocoOCTBYIOT 00pa30BaHHIO aycC-
TEHNTA 1 OKa3bIBAIOT BIMSIHUE Ha PACTBOPHMOCTD yIIIEpO-
Jla B METaJNINYECKON OCHOBE. MapraHel yBeJIM4MBaET, a
HUKEJb CHIKAET COAEPKaHUE YITIepo/ia B ayCTEHHTE.

B pabore H. I. 'mpmroBrya [ 7] 0110 OnpeesieHo BIH-
STHUE OCHOBHBIX JIETHPYIOLIUX 3JIEMEHTOB Ha ITOJIOKEHHE
Kputnaecknx Touek B cucteMe Fe-C. [lomyuenHsie 3aBu-

CHMOCTH CofiepaKaHus yriepona B 9BTektuke ( C, ), yrie-
pona B HaceimeHHoM ayctenure ( Cy ), yriiepozaa B 9BTEK-
touze (C, ) 1 9BTEKTOMIHOH TeMIepaTypsl ( £y ) OT KOIH-
yecTBa Si, Mn, Ni, Cr, S u P umeror Bun:
C. (8%)=4,3-03(Si+P)—0,4S+0,03Mn—-0,07Ni—-0,05Cr (1)
Cg 8%)=2,03—0,11Si—03P+0,04(Mn—1,7S)—0,09Ni—0,07Cr(2)
Cy (8%)=0,80-0,11Si—0,05(Ni+Cr+Mn—1,7S) (3)
ty B°C)=723+25Si+200P+8Cr—-30Ni-35Mn—1,7S)-10Cu(4)
HUcnonesyst ypaBHeHHE (1), MOXKHO ONPENETUTh MaK-
CHMaJIbHOE COZleprKaHue yIiiepoia B CIUIaBe, PH KOTOPOM
He 00pa3yroTcsl KPYITHBIE 3a9BTEKTUIECKUE KapOMIBI.
PasnocTh ypaBHEHMIA (2) 1 (3) MO3BOJAET ONPEICITUTD

KOJIMYECTBO BTOPUIHBIX Kap61/1;[013 TI0CJIE HOpMAJIU3alun
WJIN TOMOI'CHU3UPYIOIIETO OTKHUTA.

HpI/I MMPpOBEACHUU HEIIOTHOM 3aKaJIKH1 YYT'YHOB KOJIM4YC-
CTBO yIJiepoda, paCTBOPECHHOI'O B aYyCTCHUTE, HpI/I6J'H/I3I/I-

TCJIBHO COOTBETCTBYCT 3BT€KTOHHHOﬁ KOHIICHTpalunu Cs' .

Amnanns ypaBHeHwHs (3) OKa3aj, YT0 IpH OOJIBIIOM COAep-
>kaanu Cr, Mn 1 Ni noimydarorcst oTpunareabHbIe 3Have-
HUS , YTO HE ITO3BOJISIET UCTIOIH30BATh 3TO YPaBHEHHE /IS
OLICHKU KOJTMYECTBA CBA3aHHOTO YIIIEpO/a.

Vriepon B critage (C ) MOXHO Pas/IeuTh Ha JIBE YacTH:
YIJIEPOI, CBA3aHHBIN B KapOoune! (C ), ¥ yriepos, HaXoms-
LIUICS B TBEPJOM PacTBOPE (Cp), KOTOpBIH paBeH Cy .

VYpaBHeHue (4) MO3BOJSIET ONPEAEIUTH TEMIIEPATYpPy
BBICOKOT'O OTITYCKa MJIM OT)KUTA, UCKITIOYAIOIIYIO BBIZEIe-
HHE BTOPHYHBIX KapOU/IOB.

VYBennueHne CKOPOCTH OXJIaXKACHUS PETISITCTBYET 00-
Pa30BaHUIO KPYIHBIX KaponaoB. CTPyKTypa dyryHa B TeX-
HOJIOTHYECKOH 1po0e (puc. 2a) nMerna MeJTKOUCIIepCHBIE
TIepBUYHBIE KapOu/Ibl, a B 00pasiie NpUCYTCTBOBAIIH KPYII-
HBIE 3a9BTEKTHYECKHE KapOoussl (puc. 26).

x 150 x 1500

Puc. 2. Crpykrypa uyryna 300X28H2 ¢ pa3nuuHoil ckopoc-
TBIO OXJIAXKJICHHS: ¢ — IEPBUYHBIEC MEIIKOANCIICPCHEIE KapOU/IBI;
6 — KpyIHBIE 3a3BTEKTHIECKHE KapOUIbI

JIyist MCKITFOUeHUsI 00pa30BaHMUS KPYITHBIX 3a3BTEKTH-
YeCKHX KapOHIOB CTETICHb SBTEKTUIHOCTH SD =C/C,<1,0.
KonuuecTBo 9BTEKTHYECKUX KapOUIOB MOXKHO OIpe-
JEIUTH 110 BenuduHe pasHocty 3HaueHuit Cy u Cy . OB-

TEKTUYECKHE KapOWIpl HE PACTBOPSIIOTCS B OCHOBE MPH
TepMUIecKoii 00paborke. COCcTaB STHX KapOHIOB SIBIISET-
Csl TEpPMOAMHAMUYECKH HE PaBHOBECHBIM, MOATOMY IPH
Harpese MPOUCXOANT MepepacIpenesieHne JETHPYIOIINX
AJIEMEHTOB MEKIY OCHOBOH 1 KapOumamu [8—11].

O0pa3oBaHre METKOTUCIICPCHBIX KapOUIOB TIPH Tep-
MH9ecKoi 00paboTke (puc. 3) yXyIamaeT H3HOCOCTOUKUE
CBOICTBA YyTyHOB.

Buayrynax 120X18I'H n 250X 121"5H3 moce HopMau-
3anuy 00pa30BBIBANIACH AYCTEHUTHASI METAJIIMYECKas! OC-
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HOBa (cM. puc. 3a, 30), BblIelIeHN e BTOPUYHBIX KapOHUI0B
He HaOmonanock. B uyrynax 300X28H2 (peppurHas ocHo-
Ba) 1 320X20I'SH3 (aycTeHnTHast OCHOBA) HAOrOIAIH 00-
pa3oBaHUe BTOPUYHBIX KapOHUAOB IOCIE HOPMAaIH3alHU
(cM. puc. 38, 32). Buyryre 320X20I"'5H3 Bozie mepBUYHBIX
KapOWIOB U BHYTPH SBTCKTHUKH BBIICTICHHS] BTOPHYHBIX Kap-
OMI0B HE HAOMIONAIOCH, YTO CBS3aHO C ABYMs Ipolecca-
MHU: MepepacripeelieHHeM 3JIEMEHTOB B XOJe TepMUYec-
Kot 00pabOTKH 1 OpMHUPOBAHHEM KapOHIOB C OBHIIICH-
HBIM COJIepXKaHHEM XpoMma U yriepona [9]. YBenudeHue
COZIeprKaHusl XpoMa B KapOuaax 00eaHsIeT XpOMOM 30HEI
BO3JIe KapOn0B. CHI)KEHHUE B METAJIIMYECKOH OCHOBE CO-
JepKaHus xpoma Hinke 12 % BbI3bIBAET IPOTEKaHUE KOP-
PO3HOHHBIX IIponeccos [12, 13].

Puc. 3. Ctpykrypa uyryHoB nocie Hopmamusanuu ot 1050 °C:
a —ayryH 120X18T'H; 6 — uyryn 250X12I'5H3;
6 — uyryH 300X28H2; 2 — yyryn 320X20I'5H3

Jlia mpenoTBpatieHus o0pa3oBaHUs BTOPUYHBIX Kap-
OMIOB TEpPMHUYECKYI0 00paOOTKY BBICOKOXPOMHCTBIX Y-
T'YHOB CIIEyeT IIPOBOANTH NPH TEMIIEpaTypax He BHI3bIBA-
OIINX 3HAYUTEITHLHOTO TIOBBIICHHUS PACTBOPHMOCTH yIJIe-
pola B METaJNIM4ecKoll ocHoBe. /{51 mpeaBapuTenbHOM
OLIEHKH TEMIIEPATYphl o —y HPEBPALIEHHS B BBICOKOXPO-
MUCTBIX YyTYHAX, JIETHPOBAHHBIX MapraHLeM W HUKEJIEM,
CIIeyeT UCIONB30BaTh YpaBHEHNE (4).

Kapbunnas ¢aza uccieayeMbIX IyTyHOB COCTOSIIA U3
KapOumoB Me3C — JIETUPOBAHHOI'O LIEMEHTHUTA, COIEPKa-
mero 25 at. % C (puc. 4a), kapbuna Me,C,, conepxarero
30 ar. % C (puc. 46), u xapbuma Me,.C,, coneprxarero
20 ar. % C (puc. 46). KapOumpr Me,C 06i1a1aroT HEBBICOKOH
TBEPAOCTHIO, COIIOCTABIMOM C TBEPJOCTHIO MAPTEHCUTA U
00pasyroT xecTkni kapkac. Kapoumer Me ,C, n Me.C,
00MaIaroT TBEPAOCTHIO B 1,5. . .3 GQnbIIeH, YeM IEMEHTHT, HO
HE 00pa3yIoT KECTKOTO KapKaca, 4T TOBBIIIAET IIIACTHIeC-
KH€ CBOICTBA Uyr'yHa U YITydIIaeT 00padaTeBaeMocTh [ 14].

B pesynerare MaTemaTnaeckoi 00paboTKH SKCIIepUMEH-
TaJIbHBIX JAHHBIX MOJIyYEeHBI PETPECCHOHHBIEC 3aBUCHMOCTH
kormgectsa kaponios (K, %) or conepxanms C, Cr, Mn n Ni:

K=5,46C—-0,78Mn +5,83Ni+1,35C*—

—1,56CNi +0,03MnCr —0,36MnNi—0,13CrNi +2,37.

52

2000V x1.50k

6
x 150 x 1500
Puc. 4. CrpykTypa 4yryHa ¢ pa3iIuuHbIM THUIIOM KapOWIHOM
(asbr:

a — KapOusIbI Me3C; 6 — KapOuIBI Me7C3; 6 — KapOuJIbI Mc23C6

CocTaBbl YyTYHOB C MUHAMAITEHBIM U MAKCUMAJTBHBIM
KOJIMIECTBOM KapOUIOB IpenCcTaBiIeHbI B TabmuIe 1.

Taoauna 1 — Cocrasel MUX ¢ MUHHMAaIBHBIM ¥ MAKCH-
MAaJIbHBIM COJICPIKAaHHEM KapOWIOB U CTEICHb IBTEKTHY-
HOCTH 4yryHa

CocraBbl 4yryHOB, Macc. %

_ K, % S,
No C Cr Mn Ni

1| 1,00 | 2557 | 540 3,01 64 | 041

2 3,91 11,43 0,60 0,19 43,7 1,14

CrpykTypa 4yryHa cocraBa | cocrosiia u3 KapOumoB
Me,,C, u aycTeHuTa C MAKCHMAaJIBHON PacTBOPHMOCTBIO
yrepozaa.

B cocraBe 2 creneHb SBTEKTHYHOCTH IyI'yHa COCTaBIIS-
et 1,14. IIpu 5ToM popMUpPOBAITNCH KPYITHBIE 3a9BTEKTHU-
yeckue kapouasl. CHIKeHue cofepxanus yrepona ¢ 3,91
110 3,5 % IMOHIKAET CTENeHb SBTeKTUYHOCTH 710 1,02 1 KO-
nmugecTBo kKapoumos ot 43,7 0o 37,5 %, uTo cormacyercs ¢
JTaHHBIMH [4].

MaxkcuManbHOE KOTHYECTBO KapOuaoB oOpasyeTcs
IIPY MaKCUMAJIbHOM COZIEPKaHUH YIIIEPOaa 1 MUHUMAaJIb-
HBIX KOJTMYECTBAX XpOMa, MapraHia 1 Hukens. CTpykrypa
YyryHa cocTosIa n3 eppuTa, MPaKTHIECKH HE COZeprKa-
IIEro yriepona M IIEMEHTHTA, JETHPOBAHHOTO XPOMOM.
‘VBenmdenne conepxanus B ayryHe Cr, Mn n Ni BBI3bIBacT
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00pa3oBaHMe ayCTEHNTA, PACTBOPSIOLIETO YIIIEPO ¥ CHHU-
KAFOIIEro KOJINYECTBO KapOUIOB, IPU ITOM 00pas3yroTCs
kap6une Me. C., B KOTOPBIX yIIIEPOJ CBA3BIBAET MUHMMAJTh-
HOE KOJIMYECTBO aTOMOB KapOHI000pa3ylonHX 3JIeMeH-
TOB.

Bmmsaue C, Cr, Mn u Ni Ha KOTH4YecTBO KapOuI0B IpH
Pa3IMYHBIX YPOBHSAX IUIaHA HKCIIEPUMEHTA IPECTaBIECHBI
Ha pUCYHKaX 5—7.

Ipu Bcex COOTHOMIEHMSX JIETUPYIOIIUX JIEMEHTOB yBe-
JIMYEHHE COAEPKaHNS YITIEPOa YBEININBAJIO KOTUIECTBO
KapOunoB. [Ipy 5TOM HHTEHCUBHOCTH YBEINYEHHS KapOu-
JIOB 3aBHCEIIa OT BIMSHUS JIETUPYIOIIUX YIEMEHTOB Ha pa-
CTBOPHMOCTB yITIEPOZa B METANINYECKOI OCHOBE.

n
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Puc. 5. Bnmusiane Cr Ha KONMUYECTBO KapOHUIOB B UyryHE IPH
pazmusbIX ypoBHsX C, Mn u Ni

VYBenudenue conep)kaHus Xpoma B ayryHe mmpu 3 % Ni
CIOCOOCTBOBAJIO 00OPa30BaHUIO AYCTEHUTA W YMEHBINAIO
KonmmgaecTBO KapOumoB. [1pu aTom kapOuaHas ¢aza cocTo-
sJ1a U3 BBICOKOXPOMHCTBIX Kapbunos Me. C, u Me, .C..

VYBenuueHue Cofep)KaHusl XpoMa B YyryHe ¢ MHHH-
MaJIbHBIM KonmdecTBoM Hukens mpu 0,6 % Mn He BiIusuIo
Ha KOJIMYECTBO KapOnIoB, a ipH 5,4 % Mn yBenmnuuBaso.
Takoe BIHSHEE XpOMa CBA3aHO C TeM, 4To I1pH 5,4 % Mn B
ayCTEHHTE YBEJIMIIIACH PACTBOPUMOCTD YIIIepona (Cp), 91O
YMEHBIITHIIO 9acTh yriepona, obpasyromero kapoumet (C ).
Crmxenne C_ysenmanio cootHomenue Cr/C u BBI3Bao
o0pa3oBaHue KapOHUIOB Me23C (> CBA3BIBAIOIINX OOJIBIIIOE
KOJIMYIECTBO KapOMI000Pa3yOIIIX aTOMOB.

VBenuueHue coaep)KaHus MapraHia B YyryHe CHIDKa-
JI0 KONTM4YecTBO Kapouaos. [Ipu 3ToM yBennueHue conep-
’KaHMSA XpOMa B Yyr'yHE YMEHBIIAJI0 HHTEHCHBHOCTD BIIHS-
HUS Maprafia, 9To CBS3aHO ¢ (PeppUTO0Opa3YIOIMMHU
coiictBamu xpoma. [1pn 25,5 % Cr u 0,2 % Ni yBenudenne
Maprasiia B YyryHe IpaKTH9IeCKH HE yMEHBINAJIO KOITHIe-
CTBO KapOHIOB.
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Puc. 6. Biusiune Mn Ha KOJIMYECTBO KapOUIOB B UyryHe IIpU
pazmmuHbix ypoBHsx C, Cr n Ni
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Puc. 7. Bnusaure Ni Ha KOJIMYECTBO KapOHUIOB B UyryHE MPH
pasmuusbix ypoBHsix C, Cr u Mn

IToBbinIeHUE CONEpPIKAHUS HUKENS He M3MEHSIIO XapaK-
Tep BIUSAHMSA MapraHIia Ha IMporecch kKapoumoodpa3oBa-
HHS1, HO yMEHBIIIAJIO UX KOJTHYECTBO.

ITpu coneprxannu 1,1 % C yBenmueHne HAKEIS CHIDKa-
JI0 KOJIYIECTBO KapOu o, a ipu 3,9 % C yBenmamsano. Ox-
HaKo B Uyryse, conepxxamiem 3,9 % C, 5,4 % Mnu 25,5 % Cr,
YBEIIMYCHNE HUKEIIS CHIDKAIO KOJIMYECTBO KapOHIOB.

AHaNu3 MpOU3BOACTBA BHICOKOXPOMHUCTHIX YYTYHOB,
JIETHPOBAHHBIX MAapraHIeM M HUKEIEM B INTCHHOM IIeXe
000 «3anopoKCKUI THTAHO-MarHUEBbI KOMOWHATY, TI0-
3BOJIUJI pa3paboTaTh U BHEAPHUTH B IIPOU3BOJICTBO ONTHMH-
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31poBaHHbIN cocTaB yyryHa MUYX28H2 u nomHOCTEIO Hc-
KITIOUUTH €r0 TePMHIECKYI0 00padotky. Juddhepertmpo-
BaHHBIN ITOIXOJ K TEPMHUYECKOH 00pabOTKE UyryHOB
250X12T'5T u MYX12T'3 no3Boymi CHU3UTH 3aTPaThl HA
npon3BoacTBo. CymmapHast SkoHoMu4eckas 3¢dexrus-
HOCTH pa3pa0OTaHHBIX MEPONPHUTHII cocTaBmia Ooiee
1680 TbIC. TpH.

BriBoanl

1. VYBenuuenue 1o 25,5 % Cr B uyryHe, coaepaliem
3,9 % C, npr MUHNMaJIBHBIX KOHIIEHTparwsix Mn 1 Ni ipak-
THUYECKH HE M3MEHSIET KOJTMIECTBO KapOUJIOB, a BEI3BIBACT
TIOSIBJIEHHE KPYITHBIX 3a0BTEKTHYECKHX KapOunos Me. C..

2. Hopmanu3anust BBICOKOXpPOMHCTBIX YyTYHOB, JICTH-
poBaHHEIX Mn u Ni, BBI3bIBaeT 00pa3oBaHue OOJIBIIOrO
KOJIMYECTBA MENKOJIMCIIEPCHBIX KApOUIIOB, YTO MOKET YXYA-
LIUTh U3HOCOCTOMKHUE CBOMCTBA.

3. J17151 BBICOKOXPOMHCTBIX YyTI'yHOB, JIETHPOBAaHHBIX Mn
n Ni, iesiecoodpa3Ho MpoBEICHHUE TEPMUIECKOH 00paboT-
KU, MCKJTIOYAIONIEH o —Y TIpeBpaIlieHusl.
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Hetpe6xo B.B. Biuins Cr, Min u Ni Ha yTBopeHHs Kap0i/liB y BHCOKOXPOMHCTHX YaBYHAX

Memoro pobomu 6y8 ananiz npoyecie ymeopeHusa kapoioie ma ompUMaHHa 3a1eHCHOCMI Kilbkocmi Kap0ioie 6io
emicmy 6 yagyni C, Cr, Mn u Ni. 3acmocysanna memooie MamemMamuyHoi cmamucmuky ma akmugHo20 NilaHy6aHHs.
excnepumenmy 00380UI0 OMPUMAMU 3ATIeHCHICIb KilbKocmi kap6idis 8id emicmy 6 uagyni C, Cr, Mn u Ni. Minimanoha
Kinvkicms xap6iois (6,4 %) ymeoproemuvcsa, konu wasyn micmums 1,1 % C, 25,6 % Cr, 5,4 % Mn ma 3,0 % Ni, a
maxcumanvua (43,7 %) npu 3,9 % C, 11,4 % Cr, 0,6 % Mn u 0,2 % Ni.

Knrouoei cnoea: uasym, nezysants, mepmooopooieHHs, CMpYKmypd, Kapoiou.

Netrebko V. Influence of Cr, Mn and Ni on the formation of carbides in high-chromium cast irons

The purpose of the work was to analyze the carbide forming processes and to obtain the dependency of the
carbide amount on the C, Cr, Mn and Ni content in the cast iron. The application of mathematical statistics and
active experiment planning methods allowed obtaining the dependency of carbide amount on the C, Cr, Mn and Ni
content in the cast iron. The minimum amount of carbides (6.4 %) is formed when the cast iron contains 1.1 % C,
25.6 % Cr, 5.4 % Mn and 3.0 % Ni, and maximum (43.7 %) —when it contains 3.9 % C, 11.4 % Cr, 0.6 %Mn and 0.2 % Ni.

Key words: cast iron, alloying, heat treatment, structure, carbides.
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CTPYKTYPOYTBOPEHHS. OMIP PYNHYBAHHIO TA ®I3/KO-MEXAHIYHI BIACTUBOCTI

YK 621.762.4

Kang. TexH. Hayk M. |. HoceHko

3anopi3bknin HaLioHaNbHUA TEXHIYHWIA YHIBEPCUTET, M. 3anopidokst

OCOBJINBOCTI POPMYBAHHA CTPYKTYPU NMNOPOLLUKOBOIO
TUTAHY B NPOLECI FAPAYOI EDOPMALI

Hageoeno pesyromamu docaidsxcenv ocobrugocmeii po3nooiny 10KAIbHUX Oedopmayiil, YuiibHeHHs ma
xapakmepy GOpmMYy8aHHS CMPYKMYPU NOPOUWLKOB020 MUMAHY NO 00 €M) NOPUCMOL 3a20MmosKu 8 npoyeci 2apsayoil
Oepopmayii (npu 3axpumomy Wmamnye8anHi ma 3 eiemMeHmamu umikants). Buseneno eniue cxemu nanpysceno-
30eh)OpMOBAHO20 CMAHY MA CMEOPEHH 000AMKOBUX TOKAIbHUX 30H Oedopmayii Ha opmysanus 3a0auoi
30eqhopmo6anoi 0OHOPIOHOL, PIBHOYWITLHEHOL CMPYKMYPU Memany no 06 €My 3a20Mmo6KuU, uo 3ade3neyye ompumManHs
WUPOKO20 KIACY NOPOUIKOBUX MUMAHOBUX MAMePIanie i upodie npu 6UHAYEHUX G1ACMUBOCIAX Oemaiell Pi3HO20

EeKCNIIYAMAayitiHo20 NPUSHAYEHHSL.

Knrouosi cnosa: nopowkosa 3a20moexa, ywiibHeHH s, QOPMYBAHHS CMPYKMYypu, cxema depopmayii, sacmitina
30HA, 000amMK08a JNOKAIbHA 30HA 0edhopmayii, HANpy’ceno-30eOPMOBAHUL CMAH, 3aKpUmMe Wmamny8anHs,

wmamnyeants 3 ejijemenmamu BUMIKAHHSL.

TpaaumiliHi TEXHOIOTi] BUTOTOBJICHHS MOPOITKOBUX
MarepiaiB Ta BUpOOiB, sIKi OEAHYIOTh XOJIOHE IPECyBaH-
HSI 3aTOTOBOK 1 HACTYITHE CITIKaHHSI, {03BOJISIIOTH OTPUMY-
BaTH JJOCTATHHO Pi3HOMaHITHY HOMEHKJIATYpy JeTayel. Ale
BHACITIIOK HEBUCOKOI IIUTBHOCTI, HEJIOCTATHRO 31e(hOpMO-
BaHOI CTPYKTYpPH 1, BiZINOBITHO, HU3HKOT'O PiBHS MEXaHi4-
HHX BIIaCTHBOCTEH OTPUMYBAHHX MaTepiajIiB, I TEXHOOT1l
He MTOBHOIO MipOI0 33I0BUTBHSIOTH Cy9acHi BUMOTH JIO Jie-
TaJel Pi3HOrO MPU3HAYCHHS, [0 3HAYHO 00OMEKyYe chepy
ix 3acrocyBaHH:. OTprMaHHA BUPOOIB i3 MIUTEHICTIO, OITH3H-
KOO JIO JIUTOTO 3/1e(pOPMOBAHOTO METaTy, MOXIIUBO NPH
3aCTOCYBaHHI TOATKOBOI IepOpMaIlii ITOPHCTHX 3aTOTOBOK,
HaIpUKIIA, Y IIPOLEC Taps4Ioro ITaMITyBaHHS.

PiBeHp MITEHOCTI Ta XapaKTep CTPYKTYPH BU3HAYAIOTH
BIIACTUBOCTI MiITHOCTI Ta TNIACTUYHOCTI OTPIMYBAaHUX Ma-
TepiajiB, 0 0OyMOBIIOIOTHCS (DYHKITIOHAEHUM IIPH3HA-
YEHHSM, KOHKPETHIMH YMOBaMH eKCIUTyaTamii Ta mpare-
3MaTHICTIO AeTtanei. OTpUMaHHS MOPOIIKOBUX MaTepiaiB
i3 Hamepes] 3aJaHUM PiBHEM MIUTFHOCTI Ta KOHTPOIBOBA-
HOIO CTPYKTYPOIO TI0 00’ €My BUTOTOBITFOBAHHUX JICTAJIEH €
OJTHUM 13 TIPiIOPUTETHHX HATIPSMIB PO3BUTKY TEXHOJIOT 11 ITO-
porkoBoi Metaryprii. ToMy qociiHkeHHS 0COOTHMBOCTEN
(hopMyBaHHS IIITHHOCTI Ta CTPYKTYPH 10 00’ €My TIOPOIII-
KOBOI 3arOTOBKH B IpOIIeCi Taps9oi aedopMmartii mpu 3a-
Oe31edeHHI BUPOOHUIITBA IIUPOKOTO KITacy MOPOIIKOBHX
TUTAaHOBHX MAaTepialiB Ta BUPOOiB Pi3HOIO eKCIDTyaTalliii-
HOTO NPHU3HAYCHHS € Ba)KITMBOK HAyKOBO-IIPAKTHYHOO
pOoOIEMOTO.

Mertoro poOOTH € TOCTiIHKEHHS 0COOIMBOCTEH YIIIiTh-
HEHHS Ta (OPMYBaHHSA CTPYKTYPH II0 00’ €My MOPOIIKO-
BOI 3ar'OTOBKH B IPOLIECi TapsAIO0ro ITaMITyBaHHS B 3aKpH-
TOMY IITaMIIi Ta i3 eleMEHTaM¥ BUTiKaHHS TIPH OTPUMAaHH1
IIAPOKOTO KJIACY THTAHOBHX MaTepiaiB i BUPOOIB pi3HOrO
eKCIUTYaTaLi{HOTO IPU3HAYCHHSL.

JocmimkeHHs mporiecy yiliTbHeHHS Ta (popMyBaHHS

© M. I. HoceHko, 2016

CTPYKTYPH TIPH Pi3HUX CXEMaxX rapsoro IITaMITyBaHHS
IIPOBOMIIN Ha XOJIOAHONPECOBAHHUX 3ar0TOBKAX i3 MOPOII-
ky Tutany [ITEC-1, [ITEK-1. I1pu anani3i 3MiHN Hanpy»Ke-
HO-371€()OPMOBAHOr'0 CTaHy 110 00’ €My METaJIy B IIPOIECi
nedopmarii BAKOPHCTOBYBAJIM METOJT KOOPJIMHATHHX CITOK,
SIKI HAHOCHJTH Ha MEPHIOHAIILHUHN TTepepi3 3aroroBok. Kom-

HOHEHTH TeH30py AedopManiit 7, a7 KOXKHOI KOMipKH

CITKU BU3HAYAJIH BiAMOBITHO 0 MeTomukH [ 1]. Xapakrep
po3moiy 371e(OpMOBAHOTO CTaHY Ta HOTO BIUTHBY Ha YIII-
1TbHeHH: Ta (POPMYBAHHS CTPYKTYPH OLIHIOBAJIX 32 iHTECH-
CHBHICTIO TepopMariif 3CyBy

I; :\/g\/(sz —8r>2+(8r —se)er(se—sz)z +%y}2,2.

Dopmy, posMipu Ta 00’ €MHU JOMATKOBUAX JIOKATHHIX 30H
nmedopMarii mpu pi3sHAX CXeMax MITaMITyBaHHS 3 €IEMEH-
TaM¥ BUTIKaHHS, KUTHKOCTI Ta MiCIIepO3TaITyBaHHS KOMIICH-
CaIlifHIX IIUTHH BU3HAYAIIN aHAJII30M XapaKTepy BUKPUB-
JICHHS KOOPAMHATHOI CITKH Ta 1i aHAJITHIHAM PO3pPaxyH-
KOM 3T1/THO 3 METOIMKOO [2]. BukoprcroByBamu koedimieHT
BUTIKaHHS

kBl/lT = Eﬂ
ne B,S — BIANMOBIOHO, XapaKTEepHHUI po3Mip BHPOOY Ta
BHCOTA KOMITEHCALIIITHOT IIIJIMHH 3aJIEXKHO Bl CXEMH IIITaM-
ITyBaHHS.

[pu po3mimieHH] KOMIIEHCAIIHOT ILTHHE 32 BUCOTOIO
MTOPO)KHUHA MATPHIIi TOAATKOBA JIOKAJIbHA 30HA aedop-
Matlii Mae chepuaHy GpopMmy, a ii BICOTa OMHICYETHCS BU-
pazom
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Jie [ —BHCOTA 3aIOTOBKH.

[pu po3minyBaHHI KOMITCHCAITIIHOI TIUTHHU 32 TIEpH-
METPOM HOPOKHUHU MaTpPHIl J0JaTKOBA JIOKaJIbHA 30HA
nedopmanii Mae popMy IUITIHAPY 3 BUCOTOIO

' R keum_2
Hy =N o™

k

>
eum

e R —paaiyc 3arOTOBKH.

L1i maHi 3a10BITBHO Y3TOUKYIOTBCS 3 JTITEPATyPHUMHU
[3,4].

Jlits aHamizy nponecy (GopMyBaHHS, 3MiHH Ta PO3IOJI-
1Ty XapakTepy CTPYKTYpH B 00’ €Mi MOPOIIKOBOIO METAITy
IIPU PI3HUX CXEMax Trapsdyoro MTaMITyBaHHS MPOBOIMIIH
MIKPOCTPYKTYPHI JOCTIDKEHHST MEPHIIOHAIBHOTO TIepe-
pi3y 3aroroBok. l1Imiu BUTOTOBISUIN MONTIpYBaHHSAM Ta
TPaBJICHHSM BiJIIIOBITHO IO peKOMEHAAIIi# [5].

Y mpotieci JOCIiKEHb BUSBICHO HASIBHICTh Ta BILUIAB

PI3HMX PO3MOILTY JIOKAIBHIX AedopMariiit (82 2€15€05 Y 2 ) ,

IHTEHCUBHOCTI Aedopmaniii 3cyBy ['; Ta IpaHHYHHUX YMOB
P 3aKPUTOMY LITaMITyBaHHI Ta 3 €lIEMEHTAaMH BUTIKaHHS
Ha (opMyBaHHS 30H Pi3HOI IITEHOCTI Ta CTPYKTYPH MaTe-
piairy o 06’ emy 31e(hOpMOBaHIX 3arOTOBOK. BpaxoByto-
YH CHMETPIIO 3aTOTOBOK JiarpaMu pO3MOALTY KOMIOHEHTIB
T, I';, BLAHOCHOI HIUTBHOCTI § HABEJEHO 1A OJIHIET UBEPTI
MEpH1iOHAIFHOTO TIepepi3y 3aroToBKH. J{i1st O61bIIol Ha-
OYHOCTI 1aHO aOCONIOTHI 3HaYEHHs Ae(opMartii.

&ldmeopooud

a

[Ticas nepmroi crazii mraMiryBaHHs (BiTbHA OCaIKa 3a-
TOTOBOK HA PiBHI TEXHOJOTIYHOI MNIACTUYHOCTI) CepeTHs

BiJIHOCHA IIITbHICTh METaTy CTaHOBUTH 0 = 86 —95 % 3a-
JI&KHO BiJT BUXi/THOI IIibHOCT 3aroToBOK (0, = 70 —90 %).
Picr crynens nedopmanii €, IpU3BOAUTH A0 301IbIICHHS

KOMIIOHEHT TeH30pa Aedopmauiit 7, (1oxkaabHUX aedop-

Mauit €,,€,,€g,Y,, ), IHTEHCUBHOCTI JedopMaliil 3cyBy

I"; Ta minbHOCTI MeTaly (puc. 1-4). 3HaueHHs KOMIIOHEHT

€,,€,,€9,aTaKOK [ ; 1 O 3MEHILYETHCA, A Y,, 30UIBIIYETh-
Cs1 BiJl IEHTPaJIbHOI YaCTHHH 3aTOTOBKH JI0 IiepH(epiitHIX-
30H. HepiBHomipHicTs [7; 3pocTrae, a HEPIBHOMIpHICTb
IIIJIBHOCTI 1O 00’ €My 3arOTOBKH 3MEHIIYEThCS. Tak, pH
ocani M HAPUYHOT 3arOTOBKH
(0,=80%, H/D=10, ne H — BHCOTa 3arOTOBKH,
D - npiamerp) 31 crymeHeM naedopmarii
€, =10, 30, 50% Ha nepudepii  oTpuMaHO
I =01 0,56; 1,09 ta 0, =82,4; 89,0; 93,2%,
a B HEHTPaIbHIH
Tioae =0,4; 1,2; 1,99 Ta O max =87,6; 93,0; 96,5 %

YaCTUHI 3aroTOBKH

BinoBitHO. HepiBHOMIpHICTh iHTEHCHBHOCTI Jehopmartiit
3CyBY i YIIITbHEHHS
(ni = Fi max Fimin > Mg = emax - emin ): BIATIOB1THO, 01~

BHIOE 7; =0,3; 0,64; 0,9 1iny=52; 4,0; 33%.
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Puc. 1. [diarpamu po3noairy aepopMamiid Ta iIHTEHCHBHOCTI Ae(popMaliiid 3CyBy IpH OCallll HWIHIPHYHOI 3arOTOBKH BiTHOCHOT

minerocTi 0 =80 % 31 crymenem nedopmarii:

a,6,6—10,30, 50 %; s 1
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CTPYKTYPOYTBOPEHHS. OMIP PYNHYBAHHIO TA ®I3/KO-MEXAHIYHI BIACTUBOCTI

Lle mosicHIOETBCST THM, IO HA ITOYATKY OCAJKU 3pOC-
TaHHA YIIUIbHEHHs Ta [; y HeHTpasbHil 4aCTHHI 3ar0TOB-
KU IIepeBakae HaJl nepudepiitHuMH 30HaMu, 301IbIICHHS
I'; vesnaune. IIpu nopaneimiil nedopmanii yuinpHeHHS
LEHTPAJHFHOI, OLTBII MIUTFHOI YaCTHHHU 3aTOTOBKH Bif0y-
BAETHCSI MEHII IHTEHCHBHO 1 TIPH OUTBIINX 3HAYEHHSIX Ta

3pocTanHi [, HiX y nepudepiiiHux 30HaxX. Y KiHIEBOMY

HiJICyMKy IpH 3pOCTarouiif HepiBHOMIpHOCTI [; He-
PIBHOMIpPHICTB YIIUTEHEHHS 3MEHITYEThCS. TakuM 4uHOM,
1100 3MEHIIUTH HEPiBHOMIPHICTh IMUIBHOCTI ITiCIIS EPIIol
cTaji IrraMIyBaHH, 1l He0OXiJHO IPOBOAMTH 3 MaKCUMaJTb-
HO JIOITYCTUMOIO JiehopMariiero, 00yMOBIIEHOIO TEXHOJIO-
TIYHOO INTACTHYHICTIO [6].

Ocanka 3aroroBKd 3 BIJHOCHOIO IIIJIBHICTIO

0, =70, 80, 90% TPH MOCTIHHOMY cTyTieHi aedop-
Manii €, =30 % npu3BOAUTH 10 30LIBIICHHSA KOMIOHEHT

T., Iy Ta @, a Takox iX HEPiIBHOMIPHOCTI

(n; =0,50; 0,64; 0,76 1 ng =3,8; 4,0, 4,5% BIIIOBI-

JTHO).

[Mepudepiiini 3081 3aroroBkH (prc. 5—1), o npuenti
IO TOPIIB, TEPOPMYIOTECS HE CYTTEBO, MICTITH OKpeMi
IipiOHI Ta KPYITHI TOpH, MaIOTh KPYITHO3EPHHUCTY PiBHOBIC-
HY CTPYKTYpy MeTay. YIIUTFHEHHS B HUX BiIOyBA€ThCS, B
OCHOBHOMY, 33 PaxyHOK MepeMiIIeHHsI METaITy B HaIpsIM-
Ky TIpUKJIafaHHs THCKy. [lonepedHe rracTniHe CTiKaHHS
MeTaJy CTPUMYEThCS HassBHICTIO TEPTsl Ha KOHTAKTHHX T10-
BEPXHSX LITAMIIOBOTO OcHameHHs. HampyxeHo-31edop-

v |V &)
&0 MEoRHoIOUd

a

MOBaHUH cTaH HAOIIKAETHCS IO BCEOIYHOT0 PiBHOMIpPHO-
T'O CTUCKYBaHHS (pHC. 6a), IO MEPEITKOIPKAE YITIILHCHHIO
Ta GopMyBaHHIO 3/1epopMOBaHOI APiIOHO3EPHUCTOI CTPYK-
TypH.

LenTpanpHa 4acTHHA 3aTOTOBKH (pUC. 5—2) € 30HOI0
IHTEHCHUBHOI AedopMmalii Ta yIiIbHEHHS HOPOIIKOBOTO
Meraiy. B pesynsrari gedopmariii i IiTacTHYHOTO CTIKAHHS
METaJIy CKOPOUYETHCSI KITbKICTh Ta 3MEHIIYIOTCS pO3Mi-
pu nop. KpymHi mopu BincyTHi, crioctepiratoTbest ApiOHi
nopu. CTpykTypa MeTaiy 3aedopmoBana, ApiOHO3epHHC-
Ta. HasiBHI okpemi ceperHi Ta KpymHi 3epHa. @opma 3epHa
BUTSITHYTa B HANPSIMKY CTiKaHHS MeTaury. Harpy:xeHo-3e-
(hopMoBaHmii cTaH HAOIMKAETHCS IO BCEOITHOr0 HEPiBHO-
MIpPHOTO CTHUCKYBaHHS (pHC. 66), IO CIIpUsE CTIKAHHIO
MeTally, YIIUJIFHEHHIO Ta YTBOPEHHIO JpiOHO3E€pHUCTO]
CTPYKTYPH.

[epudepitina 30Ha, M0 MPUIATAE 10 BIATBOPIOBATBHOI
3aroToBKH (puc. 5-3), 3a 3HaYeHHsIM AedopMmaliii 3aiimae
MIPOMI>KHE ITOJIOXKEHHST, MiCTUTh PIBHOBICHI 3epHa O€3 SIBHO
O3HAYEHHMX CITLAIB ITacTHYHOI Aedopmartii. Criocrepirarors-
cs1 ipiOHi Ta KpYITHI MOpH. Y TIpomeci ocaIKi MaloTh Micle
CTHCKAJIbHI OCBOBI Ta PO3TATYBAJIbHI KOJIOBI HATIPY)KEHHSL.
[Tpu 36inbIenHHi cTynens aedopMariii po3TsryBajibHi Ha-
NIPY’KEHHS 3pOCTal0Th, TOMY IIUIBHICTh METAITY B ITiH 30Hi
Ma€ MiHIMaJIbHE 3HAYEHHS.

Jlpyra (3ar1oBHEHHSI TOPOKHUHU MATpPUIIi) 1 TpeTs (JI0T1-
pecyBaHHs METalTy) CTaii ITaMITyBaHHS BiZOYBaIOTHCSI 31
3pOCTaHHsM KOMIIOHEHTIB 7, , I; Ta @ (puc. 7-9). Xapak-
Tep iX po3moxiny aHamoriyHui mepuorii craxaii. He-
piBHOMIpHICTb [; 13 30LIBIIEHHAM ILIBHOCTI 3aTOTOBKU

(6, =70, 80,90 %) 3poctae i Hmicis Apyroi Ta TPeTboi cTamiil

Puc. 2. Jliarpamu posmnozity nedopmariil Ta iHTeHCHBHOCTI TedopMaliit 3cyBy mpu ocanui i3 crymesem gedopmanii £, =30 %

LWIHAPAYHOT 3arOTOBKH BiTHOCHOT HIUTEHOCTI:

a,0,8—70, 80,90 %0; mummmss mmm1; , ————m €, m— ), m———
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IITaMIyBaHHS, BiMOBiHO, JIOPiBHIOE
n; =0,66; 0,78; 0,86 Ta n; =0,17;0,32; 1,26 . I[Ipn npomy
HEepiBHOMIPHICTh YIIiIJIbHEHHS 3MEHIIYETHCS 1 CTAHOBUTD
ng =3,6; 3,3; 2,9% . Jlesxe 30LIblIeHHA HEpiBHOMIp-
HOCTI Ha TpeTiii cTaii, MOpiBHSHO i3 IPYroIo, BiA0yBA€THCS
BHACJIIIOK 3MiHM TPaHUYHUX YMOB Jedopmalii Ta Hera-
THUBHOTO BIUTMBY KOHTaKTHOTO TEPTSI.

ﬁr Le 3
08

T uewnmp Ipaia

a

Tax, pu mepexoIi BiJl APYToi A0 TPETHOI CTAIT IITaM-
ITyBaHHS CXeMa HapyKeHO-31e(hOpPMOBaHOTO CTaHy MaK-
CHUMAaITbHO HAOIMKAETHCSA IO BCEOIYHOIO PIBHOMIPHOTO
cTucKyBaHH! (pHc. 6a). [Ipy oMy JUTs 3arOTOBOK 13 BiJHOC-

Hoto 1iibHicTIO 0, = 701 80 % HepiBHOMIpHICTb /; 3MEH-
uryeTses, i pisHuLd craHoBUTh An; = 0,49 1a An; = 0,46,

BIJNOBIHO, a [t 3ar0ToBOK 6, =90 % —30LIbLIIyeThCS IPH

Puc. 3. [liarpamu posnoniny aedopmarii 3cyBy Y,, IpH OCajli UMIIHAPHYHOI 3arOTOBKH:

a) BinHocHa wiitbHicTs 3arorosku 0 =80 % ; cryninb gedopmanii €5 =10 % (mmm = m);

g0 =30% (

'_‘11_\_\_ / \\:‘u "
gidmeapiori
a

P EICE
i e
IPaAsH

);€0 =50 % (mm mmmmm ); 6) cTyminb pedpopmanii €, =30 % ; BinHOCHA MIUIBHICTH 3arOTOBKH

B9 =70 % (mm x mm); 0, =80 % (

%300 =90 Yo (e e )

Puc. 4. [liarpamMu po3noAiTy BITHOCHOT MIUTBHOCTI ITPU OCaIli HWIIHAPHYHOI 3aTOTOBKH:
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CTPYKTYPOYTBOPEHHS. OMIP PYNHYBAHHIO TA ®I3/KO-MEXAHIYHI BIACTUBOCTI

pisauii An; = 0,40 . binblne 3Ha4eHHA #; Ha TpeTiil craail
HOPiBHAHO 3 IPYTOI0 JULS 3ar0TOBOK 13 6 = 90 % 00ymoB-
JIEHO 3Ha4HO OLIBbIINM IpUpocToM [; B LIEHTpasbHiH ac-
THHI 3aTOTOBKH (AF ;= 0,72) TIOPiBHSHO 3 nepuepiitHu-

MU 30HaMU (AF ;= 0,32) 1 IOSICHIOETBCSL THM, IO JIeop-
Mallist Ta yIIiJIbHEHHS! METay ITpY AONPECOBYBaHHI (Bix
0, =97,5% 1o O, =98,5% ) BinOyBaeTbcs OinbLI
IHTEHCHBHO 13 TIepeTiKaHHsIM [EHTPAIBHOI, HAO1IbIIIe 3/1e-
(hOopMOBaHOI Ta YIIUIFHEHO! YACTUHN 3aTOTOBKH B ITEpH-
(epiliHi IPUKOHTAKTHI 30HH, SIKi BHACIIJOK HAsIBHOCTI Tep-
Ts € 3acTiliHUMHU. J]JIs MEeHII IIITBHUX 3ar0TOBOK (0, =801

70 %) mpupict I, y nepudepiitaux 3onax (Al; = 0,78 i

0,61 BigmoBigHO) MEepeBaka€e MOPIBHAHO 3 IEHTPOM

Gict

sidmeopwowna

(Al =032 1 0,12 BixmoBiaHO), TOMY IO YIIUIBHEHHS 3a-
roToBok (Bix 0, =95,7 1 93,2% 1o 6,,;, =98,3 1 98,5%
BiJITOBITHO), BHACIITOK 3MEHIIICHHS X BUX1HOI IILTEHOCTI
1, BIJITIOB1THO, IOITYyCTAMOT'O CTYTICHs fedpopMartii Ha piBHI
TEXHOJIOT1YHOI IUTACTHYHOCTI [6], 3MiHU HAPYKEeHO-371e-
(hopMOBaHOTO CTaHy, BiOYBa€eThCs 13 MEHIIMMU Aedop-
MaIli€l0 Ta CTIKaHHSM MeTaJTy IIEHTPaIbHOI YaCTHHH 3aro-
TOBKH B 3aCTiHHI IIPUKOHTAKTHI 30HM.

VY nepudepiitHux MPUKOHTAKTHUX 30HaX (puc. 10a—1),
TIPUJIETIIHX JI0 TOPLIIB 3aTOTOBKH, CIIOCTEPIra€ThCsl HE3HAYHA Jie-
(bopmaltisi, KpyITHO3EPHHICTA Ta PIBHOOCHA CTPYKTypa METaly.
ViIiTbHEeHHS B HUX BiIOYBa€THCS TaK CaMO, SIK Y BiIITIOBITHIE
30HI Ha IIepIii cTa/ii. XapaKkTepHOO € HasIBHICT I1Op.

Jedopmaris neHTpanbHOI YaCTHHU 3arOTOBKH
(puc. 10a—-2) Mae siBHO 0coONMMBHiT XapakTep. YIIIIbHEHHS
BiJIOYBA€THCS 32 paXyHOK IEPEMIIIECHHS! OKPEMUX IIapiB

PJ 1 2 3
e
L
.'lllII

/
r / T~
ee? I3 |

\

Puc. 5. Cxemu: mopomkoBoi 3aroToBKH (@); BUIBHOI OCaJKK (6) — mepiia cTafis mraMInyBaHHS. MIKpOCTPYKTYpH ITOPOIIKOBOTO
tutany [ITEC-1, I[ITEK-1: 1,3 — 30Hu yrpyaHeHoi nedopmarii; 2 — 30Ha iHTEHCUBHOI nedopmarii; 6, 0, o — micis aedpopmartii npu

T=950 °C; 2, ¢, 3 — micna gepopmalii Ta Bignany y Bakyymi 2,66 - 1072 Tla npu T = 800 °C, BuTprMKa 2 romuuu (x100)
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MeTay B HaIIpSMKY NPUKJIAaHH HABAaHTAXKEHHS 1 I1ac-
THUYHOTO CTIKaHHS Y IollepedHoMYy HanpsiMKy. CTpykTypa
MeTay OJHOpiHa, piOHO3epHHCTa, 31eopMoBana. Ha-
SIBHICTB TIOp HE BUSIBIICHO.

[epudepiiini, mpuitersti 10 TOPILIB Ta BiATBOPIOBAIEHOL
3ar0TOBKH, 30HH (KyTOBi Y MEpU/1I0HAJTLHOMY TIepepi3i 30HH
3aroToBku — puc. 10a—4) 3medopmMoBaHi OIITBIIIO0 MipOIO,
HI>K IPUKOHTAKTHI, IPUJIETII 710 TOpIiB 30HH. L{e BinOyBaeTh-
s BHACTII/IOK CTIKaHHS METally i3 CHIILHO 3/1e()OpMOBaHOI,
Ha IepIiii cra i npouecy, HeHTpaIbHOI YaCTHHH 3ar0TOB-
KM Ha IPUKOHTAKTHI oBepXxHi. CTPYKTypa MeTary HEO[HO-
pizHa, HasBHI CEpeIHi Ta KPYITHI 3epHa, SIKi EII0 BUTATHYTI
B HalpsIMKY CTIKaHHs. XapaKTepHa HassBHICTb OKPEMUX I1Op.
VininpHEHHS Bi0YBA€THCS 32 PAXYHOK IIEpEMIIICHHS IapiB
3arOTOBKH y HANpsIMKy NPUKJIQAaHHS HaBaHTa)KEHHS, a
TaKOX CTIKAaHHS METaJTy IIEHTPaJIbHOI YaCTHHH 3aTOTOBKH
JI0 TIPUKOHTAKTHUX ITOBEPXOHB 1 CTPUMYETHCS HASIBHICTIO
KOHTAKTHOTO TEPTSI M)k 3aT'OTOBKOIO Ta iIHCTPYMEHTOM.

-~

&

Puc. 6. Mexaniuna cxema aedopmarii:

a — 3aKpuTe MTaMIyBaHHs (BceOiuHE pIBHOMIPHE CTHCKYBaH-
Hs); 6 — IITaMITyBaHHS i3 €JIEMEHTAaMH BUTIKaHHS (BceOIdHE
HEpIBHOMIPHE CTHCKYBaHHS)

SIOMEODHIFTN G

al

Puc. 7. diarpamu po3noairy iHTEHCHBHOCTI JedopMartiit
3cyBy micis Apyroi (a) Ta TpeThoi (6) cTajiil mramIryBaHHS
LWTHAPUYHOI 3arOTOBKH:

O = 70% (mm = em); 09 =80 % (mm mmemm);
0 =90%( )
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Puc. 8. Jliarpamu po3noniny aedopmartii 3cyBy Micis APYroi
(a) Ta TpeTboi (6) cTajill MTaMITyBaHHS LVJIHAPUIHOL

3aroTOBKU:
0. =90%( )

sidimeaproria

al d)
Puc. 9. liarpamu po3noiay BiTHOCHOI IMIUTBHOCTI ITICIIs
npyroi (a) Ta TpeTwoi (6) cTagiid mMTamMITyBaHHS HIHAPAIHOL

3aroTOBKH:
0 =90 % ( )

Jedopmartis B 30Hi, IPUIIEIITiH A0 BiATBOPIOBAIIBHOI 3a-
roroBkH (puc. 10a—3), Mae mpoMi>kHe 3HAUYSHHS ITOPiBHS-
HO 3 HalO1IBII 31e)OPMOBAHOIO IEHTPATIHFHOIO YACTHHOIO
Ta IIPUKOHTAKTHAMH KYTOBUMH 30HAMH 3aTOTOBKH. MeTai
31eOpMOBaHIN, Y CTPYKTYpi HasBHI OpiOHI Ta cepemHi
3epHa, okpeMmi JpibHi mopu. Ha yminsHeHHS HEraTHBHO
BIDTMBA€ KOHTAKTHE TEPTS Ta OOMEKEHHS CTiKaHHSI METaITy
B TIOTIEPEYHOMY HATIPSIMI.

Tpers crazis € 3aKIIOYHOIO UL IIPOLIECY 3aKPUTOTO
IITaMITyBaHHSI TIOPOIITKOBUX 3ar0ToBOK. CepemHs BiTHOC-

Ha TIJTbHICTH BUPOGiB craHoBuTh O =98—-98,5 % . Ha-

SIBHICTB TIOp BHSBIICHO B ITepH(epiifHIX MPUKOHTAKTHHX 30-
Hax yrpyaHeHoi nedopmartii (puc. 10a—1, 3,4). Cxema Hampy-
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JKEHO-371e)OPMOBAHOIO CTaHy MAaKCUMAJIbHO HAOJMKY€ETh-
s JTO BCEOIYHOTO PIBHOMIPHOT'O CTHCKYBaHH (pHC. 6a), M0
TIEpEIIKOKAE TONaIbIIi fehopMartii Ta yIiTbHEHHIO 3aro-
TOBKH, OTPHUMaHHIO OiNbII 37e(hOpMOBAHOI, OJHOPIIHOT
JipiOHO3EpHUCTOT, PIBHOYIIUIBHEHOI CTPYKTYPH METAITY Y BH-
pobax.

UYerBepTa cTafis (IITaMITyBaHHS i3 €IeMEHTaMH BHTi-
KaHHS METaJTy B KOMIICHCAL HHI IUTMHY) Bi1OYBa€ThCSI IPH
HOJAJIbIIOMY 3pOCTaHHI KOMIOHeHTiB T,,/7;,0 Ta 3MiHi
XapakTepy ix posnoxiny (puc. 11).

[pu cxemi mrraMITyBaHHS, 3a SIKOi KOMITCHCAITIHA TILTH-
Ha pO3TaIloBaHa 0 EpUMETPY IMOPOKHUHN MaTpHLi (B Ky-
TOBIH 30HI MEPH/TIOHATIEHOTO IIEPEPi3y 3ar0TOBKH) CIIOCTEPi-
raerbesi 3pocTans [,y,,,0 y BepXHil IPUKOHTAKTHIN 30Hi,

TIPFUIETITiH JI0 TOPIIS 3aT0TOBKH (pHC. 12a—2), ie CTBOPIOETHCS
JIONTATKOBA JIOKATBHA 30HA jaedopmartii (puc. 12a-1). He-
piseomipricts [, 1 O cranoButs n; = 0,4; 0,41; L13 Ta
ng =2,7; 2,6; 2,3 %. 30Hu yTpyaHeHOi aedopmanii
(puc. 10a—1,4), sIKi BHHUKAIOTh P 3aKPUTOMY IITAMITY-
BaHHI, IEPEKPHUBAIOTHCS YACTKOBO 200 MOBHICTIO, 3AJIEKHO
BiJl pO3MipiB KOMIIEHCAI{HOT IIITMHH, JOAATKOBOIO 30HOO
nedopmariii. [Tomanple yniinsHeHHS BiIOYBa€THCS B IPO-
1ieci 3MiHM HaIpyXeHO-3/1e()OpMOBAHOTr0 CTaHy i CTiKaH-
HS METAaJTy B HAMIPSMKY PO3MITIICHHS KOMTICHCAITiHHOT IITiJIH-
Hu. HasBHiCTS op He BusiBieHO. CTpyKTypa 31eopMoBa-
Ha, PIBHOYIIUIbHEHA JPiOHO3EPHUCTA. XapaKTepHUMH €
OKpeMi cepe/iHi 3epHa. 3epHa JeII0 BUTATHYTI B HAIPSIM-
Ky cTikaHHs MeTaiy (puc. 13-1).

Puc. 10. Cxema ronpecoByBaHHS METaly (TpeTsi CTalis) MPH 3aKPUTOMY IITAMITyBaHHI (a) Ta MIKPOCTPYKTYPHU ITOPOIIKOBOTO TUTAHY
HNTEC — 1, ITEK - 1: 1, 3, 4 — 30Hu yrpynHeHoi nedopmarii; 2 — 30Ha iHTEHCUBHOI nedopMmalii; 0, ¢, €, 3 — micnsa  nedopmarii npu
T=950 °C; 6, 0, arc, i — micist nedopmaltii Ta Bimmany y Bakyymi 2,66-102I1a npu 7 = 800 °C, BuTprMKa 2 roxuau (x 100)
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Puc. 11. Cxemu nmraMmiyBaHHS IMTIHIPUYHOI 3ar0TOBKY 3 eneMenTamu ButikanHs (I, II) Ta miarpamm po3mnoziny iHTeHCHBHOCTI

nedopmauiii 3cysy (a), nedopmartiit 3cyBy (6), BinrocHoi winbHOCTI (6): O = 70 %0 (mm u mum); 0 =80 %0 (s mum );

-

1
|

/1]
HA TR,

Puc. 12. Cxemu gedopmartii 3 eTeMEHTaMH BUTIKaHHS METay (YeTBEpTa CTais IITaMITyBaHHS): @ — PO3TAIlyBaHHS KOMITCHCALITHOT
IIIJTMHY 32 HEPUMETPOM ITOPOKHUHU MATpHILL; 6 — PO3TAIlyBaHHS KOMIICHCALIHHOI IIITHHHU 32 BUCOTOIO OPOXKHUHH MaTpHILi;
6 — KOMOIHOBaHE PO3TalllyBaHHs KOMIICHCALIMHUX MUKH; 1, 3, 4 — 30HU yTpyaHeHoI nedopmarii; 2 — 30HM IHTEHCHBHOI nedopMarti;
1 — noxatkoBi JIOKaJbHI 30HU Aedopmartii; [/ — 00’ €eMH MEPEKPUTTS TOAATKOBHX JIOKAJIBHUX 30H nedopmartil
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Puc. 13. Mikpoctpykrypu nopoukosoro tutany IITEC — 1, IITEK — 1: 1 — nonarkoBa nokainbHa 30Ha nedopmanii(puc. 12a — 1);
2 — jmoparkoBa JIOKajabHa 30Ha aedopmanii (puc. 126 — I ); 3 — 06’ eMH NEPEeKPHUTTS JOAATKOBUX JIOKAIBHUX 30H Jedopmartil
(puc. 126 — II); a,6,0 — micisa nedopmanii mpu T = 950 °C; 6,2,¢ — micnsa aedopmaii Ta Bigmany y Bakyymi 2,66-10"2I1a,
npu I'= 800 °C, Burpumka 2 rogunu (x100)

Puc. 14. Mikpodpakrorpamu 31amy 3aedopmoBaHux 3paskiB mopomkosoro tutany [ITEC-1, [ITEK-1: ¢ — mrammyBanHs B
3aKpUTOMY IITaMIi (BceOiuHe pIBHOMIpHE CTHCKYBaHHS); 6 — IITaMITyBaHHS 3 €JIEMCHTaMH BUTIKaHHS (BceOiuHE HEpIBHOMIpHE
cruckysarns), T = 950 °C; 6 — mrammyBaHHs 3 eleMEHTaMU BUTiKaHHA i Binan npu 7 = 800 °C,

[pu po3mimieHH] KOMTIEHCAIIHOT ITLTHHH 32 BICOTOO
HOPOXHUHH MaTpHLi 3pocTanHsi [;,Y,,,0 BinOyBaeThCs B
30HI, IPUJIETTiH 10 Hel Ta B IICHTPAIbHIN YaCTHHI 3aTOTOBKU
(puc. 126-2). Ilpu Takiii cxemi ITaMITyBaHHS CTBOPIOETh-
sl IOIATKOBA JIOKaIbHA 30Ha Jedopmarrii (puc. 126-1) B
LEHTPaNbHIl YaCTHHI 3arOTOBKM, 3MEHIITYETHCS 30HA YT-
pynHeHoi aedopMallii, mpuenra 1o BiATBOPIOBAIBHOI 3a-

TOTOBKH, 1Ka BUHUKA€ B npoueci 3aKpUTOI' 0 ITAMITYBAaHHS

(puc. 10a-3). HepiBHOMIipHICTh [; 1 @ CTaHOBUTb

n; =0,16; 0,46; 1,31 ta ny=4,0; 3,7, 3,0 %. 3miHa
31e(hOpMOBAHOI0 CTaHy Ta YIIIiIbHEHHS BiI0yBA€THCSI BHAC-

JIOK CTiIKaHHS METAY IO BiATBOPIOBAIBHOI 3aTOTOBKH B
HanpsIMKy KomneHcaniiHoi minnan. CTpyKTypa MeTamy
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3nedopMoBaHa, ApiOHO3EpHICTA, Oe3TIOpUCTa. 3epHA BU-
TSATHYTI B HAIIPSIMKY CTiKaHHSA MeTtaiy (puc. 13-2).

[Tpn xoMOiHOBaHOMY PO3MIIIEHHI KOMIIEHCAIIIHNX
IIUIMH Y TOPOXKHWHI MAaTPHII MOXJIMBE BUHUKHEHHS
00’€MiB MIEPEKPUTTS TOAATKOBUX JIOKAIBHHX 30H Jieop-
Maii (puc. 126-1II). Lle BinOyBa€eThCs IpH BU3HAYESHHX CXe-
Max INTaMITyBaHHS 3 eJIeMEHTaMH{ BUTIKaHHS, KIJIBKOCTI Ta
MicCIIepO3TalTyBaHHI KOMITCHCAIli HHUX 11inH. CxeMa Ha-
NIpy’KeHO-3/1e()OPMOBAHOTr0 CTaHy — BceOiuHEe HEpiBHOMI-
pHE CTHCKYBaHHS, JIO3BOJSE MPH IBOMY 3a0€31eYuTH

ITi{BUIIIEHHS] 3HAYEHHS] KOMIIOHEHTIB 1 > 1,0 TmpakTHIHO

IT0 BChOMY 00’ €My 3aroToBKH. CTpyKTypa MeTaiy 31edop-
MoOBaHa, JpiOHo3epHHCTa. HasBHICTH IOp HE BUSBIICHO
(puc. 13-3).

Xapaxrep 31epOpMOBaHOTO CTaHy, YIIUIBHEHHS Ta
CTPYKTYpHU METaJTy B 30HaX 3arOTOBKH, B SIKHX IIPH Pi3HAX
cxeMax MITaMITyBaHHS 3 eIeMEHTaMH1 BUTIKaHHS HE Oyio
CTBOPEHO JOJATKOBHX JIOKAJILHUX 30H fAedopmarii ( puc.
12a—1,3,4; puc. 126 — 1,3,4; puc. 126 — 1), ananoriuaunit
3aKpUTOMY IITaMITyBaHHIO (puc. 10).

Crij BiI3HAYATH, 10 00’ €MU METaITy, IPUIIETIT IO I0-
JTATKOBUX JIOKAJIBHHUX 30H Aedopmarii, MaloTh MEBHOIO
Miporo OintbIre 31ehopMOBaHy OIHOPIIHY, PiBHOYIITEHE-
HY CTPYKTYpY, HX 3arajbHa yacTHHa 3aroToBkH. [1pu mpo-
MY, 3aJIE)KHO BiJl CXEMH IITAMITyBaHHs, Bi10YBa€ThCs 3pOc-
TaHHS CyMapHOTo 00’ €My JOIATKOBHX JIOKAIEHHX 30H Je-
¢dopmartii i, BiAMOBIAHO, BiTHOCHOTO 3/1e(hOPMOBAHOTO
00’€eMy 3ar0TOBKH [2], 1110 TO3UTHBHO BILIUBAE HA (hOpMY-
BaHHS CTPYKTYypH METaTy.

CTBOpIOIOYHM YMOBH BCEOIYHOTO HEPIBHOMIPHOTO CTHC-
KyBaHHS (pHc. 60) Ta INIACTHYHOTO CTiKAHHS METAITy IIPH
PI3HMX CXeMax rapsidoro INTaMITyBaHHS 3 €IEMEHTAMH BH-
TiKaHHS, TOAATKOBI JIOKaJIbHI 30HH AedhopMallii Ipu BHKO-
pHUCTaHHI KOMIEHCAUIHHUX HIIJIMH i3 BU3HAYCHUMU
KUTBKICTIO, PO3MipaM# Ta MiCIIepO3TalllyBaHHSIM MOXKHA
KepyBaTH IPOLECOM YIIITFHEHHS Ta (POPMYBaHHS CTPYK-
Typu B 00’ €Mi ITOPOIIKOBOI 3aTOTOBKU. Y IMX BHUITAJKAX,
IIPU 3MEHIICHHI HEePiBHOMIPHOCTI, CepelHs BiJIHOCHA
LIJTBHICTB 3ar0TOBKU cTaHoBUTH 0 = 99,8 —100 % , cTpyk-
Typa Merany 3AeQOopMOBaHa, IPAKTUYHO OJHODiIHA,
npibHO3epHHCTA. Jleske 301MbIIeHHS po3MipiB 3epHa Ta
HAsIBHICTh OJMHUYHUX IPiOHIUX ITOP CIIOCTEPITaEThCS B IIPH-
KOHTaKTHHX 30HAaX yTPyIHEHOI Aedopmarii, e He 3abe3rme-
YeHO HEOOXiTHMX 31e()OPMOBAHOTO CTaHy Ta CTiKaHHSI Me-
Tary.

SIKicHY OIIIHKY BILUTUBY CXEMH HaIIPYKeHO-31e(OopMO-
BAHOTO CTaHy Ha (JOPMYBaHHS CTPYKTYPH BU3HAYAIH TIPH
MikpodpakTorpadidHIX JOCTIIHKESHHSX 37aMy 3pa3KiB It
rapsiaoi nedopmanii (IpOBOAMIM HA MiKpOaHATi3aTopi
MAP-1). Ilpu BcebGiuHOMY PiBHOMiIpHOMY CTHCKYBaHHI
371aM 3pa3KiB IepeBaYKHO MIK3EpEeHHUH, HASBHI OKpeMi
IUISHKY B SI3KOr0 pyriHyBaHHS (puc. 14). Ha rpanmnisx 3e-
PEH yTBOPIOIOTHCS CKYITYEHHS OKCHJHUX IUTIBOK, YaCTHHA
SIKAX TIICIISL BiATIANTY JIMIIAETHCS BKIIOUYCHHAMH, YaCTHHA
3aMiIyeThes nopamu. KibKiCTh AUTSTHOK KPUXKOTO MiXK3e-
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PEHHOTO 371aMy B 3pa3Kax 3MEHIIYEThCS IIPH ITePEX O BiJ
PIBHOMIPHOTO 10 HEPiBHOMIPHOTO CTHCKYBAaHHS, IIO
CrIpusi€ piBHOMIPHOMY PO3IIO/ILUTY OKCH/IHHX IUTIBOK Ha Ipa-
HUILIX 3€PEH 10 00’ eMy MeTaTy 31 301JIbIIIEHHSIM KIJTBKOCTI
30H IX pO3pHBY Ta MiACIeHHIO qudy3ii B mporeci aedop-
Manii [ 7]. [1pu Bimmasmi 31am B’ I3KHiA ycepeIrHi 3epeH; TOHKI
TUTIBKH PO3YHHSIOTHCS 110 00’ €My MeTairy 0e3 ITopyIeHHs
HOro CyIiJIbHOCTI.

OTXe, BUKOPUCTOBYIOYN KOHKPETHI CXEMH I'apsaoro
IITaMITyBaHHS, MO>KJIMBO 320€311€UNTH KEpYBaHHS pO3IIO-
JIJIOM YIIIJIBHEHHS Ta XapaKTepOM CTPYKTYpPH, sika (op-
MYETBCSI, IT0 00’ €My METaIly MOPOIIKOBOI 3arOTOBKH, 110
BH3HaYa€ piBEeHb MEXaHIYHHX BIACTUBOCTEH Marepiais i
BUPOOIB, KM ITpe/ IBISIETHCS BAMOTaMH €KCILTyaTarlii Jie-
taneil. Lle mocsraeThcst CTBOPEHHSIM YMOB BCEOIYHOTO He-
PIBHOMIPHOTO CTHCKYBaHHS, JOJATKOBUX JIOKAILHUX 30H Jie-
(dopmartii i HEOOXiTHOTO TUTACTUIHOTO CTIKAHHS METAITY B
3acTIHHHUX 30HaX YTPYIHEHOI edopMaliii Ta 3arpo3IuBHX
riepepizax jerajeil, Ipy BU3HAYEHUX Po3Mipax, KUTKOCTI Ta
MicCllepO3TallyBaHHI KOMIIEHCAIIHHUX IIUTHH Y TIOPOKHHHI
MaTpHuIli.

Taxum YMHOM, y pe3yIIbTaTi MPOBEAECHHUX AOCIIKEHb
BCTaHOBIICHO OCOOIHMBOCTI (hOpMYBaHHS 3a1aHOi 31edop-
MOBAaHOI piBHOYIIUTBHEHOI, IPAaKTUYHO OE3II0pUCTOI CTPYK-
TYpH MOPOLIKOBOTO TUTAHY B IPOLEC] rapsuoro mTamIry-
BaHHS IIOPHCTHX 3aTrOTOBOK Y 3aKPUTOMY IITaMIIi Ta 3 eJe-
MEHTaMH BUTIKaHHSI, 110 320€31euye OTPUMaHHS IAPOKOTO
KJIacy MaTepialliB Ta BUPOOiB MPY BU3HAYEHHX EKCINTyaTa-
LIMHUX BIACTHBOCTSIX JieTajIel pizHOro (GyHKI[IHHOTO pH-
3HaYEHHSI.
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CTPYKTYPOYTBOPEHHS. OMIP PYNHYBAHHIO TA ®I3/KO-MEXAHIYHI BIACTUBOCTI

Hocenko M.H. OcodennocTu ¢popMUPOBaHUS CTPYKTYPbI IIOPOLIKOBOI0 TUTAHA B Npoliecce ropsiei aredopmanuu

Tlpusedenvi pezyromamuol uccie008anull 0CobenHocmell pacnpedenerus T0KATbHbIX Oeopmayuil, yniIOmMHeHUs U
xXapakmepa popmMuposans, CmpyKmypbl NHOpOUWKOE020 MUMaHa no 00bemy NOpUCmou 3a20MoeKu 6 npoyecce 2opsyell
Ooeghopmayuu (npu 3aKpLIMOL WMAMNOBKe U C JNEMEHMAMU Ucmederus,). Bulsgneno enusanue cxemvl HANPAICEHHO-
0eopmMupo8anHH020 COCMOAHUSL U CO30AHUSA OONOIHUMENLHBIX JTOKAIbHLIX 30H Odehopmayuu Ha Gopmuposatue
3a0aHHOIU 0ehOpMUPOBAHHOU OOHOPOOHOL, PABHOYRIOMHEHHOU CIMPYKMYPbl MEMAlld o 00beMy 3a20MOosKu, Ymo
obecneuugaem noayyeHUe WUPOKO20 KIACCA NOPOUKOBbIX MUMAHOBbIX MAMEPUANo8 U U30eaull npu OnpeoeeHHbIX
ceoticmeax demaneil paziuiHo20 IKCNIYAMAYUOHHO20 HAZHAYEHUSL.

Knrwouesvie cnosa: nopowkogas 3a20moexa, yniomuerue, Gopmuposanue cmpykmypol, cxema oepopmayuu,
3aCMOtHAA 30HA, OONOIHUMENbHAS TOKAAbHASL 30HA 0eopMayul, HANPAACEHHO-0ehOPMUpoOBaHnoe coOCmosHue,
3aKpbIMAsL WMAMNOBKA, WIMAMNOBKA C DJIeMEHMAaMU UCTeYeHUs.

Nosenko M. Properties of the powder forming the titanium structure during hot deformation

The results of studies of the distribution of local strain, compression and character formation of the structure of
titanium powder by volume of the porous preform in the process of hot deformation (with a closed and stamped with
the expiration of the elements) are given. The effect of the scheme of the stress-strain state and the creation of
additional local deformation zones in the formation of a given deformed homogeneous well compacted metal struc-
ture in terms of harvesting, which provides a broad class of powdered titanium materials and products in certain
properties of the details of various operational purposes is found.

Key words: powder blank, seal, structure formation, deformation scheme, stagnation zone, additional local
deformation zone, the stress-strain state, closed punching, punching with elements of expiration.
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Il TEXHONOr I OTPUMAHHA TA OBPOBKU
KOHCTPYKLIMHUX MATEPIANIB

YK 669.245.018.044:620.193.53

Kang. TexH. Hayk C. B. Mangyk

3aI'IOpO)KCKI/IIZ HaLUWOHaNbHbIN TEXHUYECKNI YHUBEPCUTET, I 3anopo>|<be

NMPOEKTUPOBAHUE TEXHOJIOTMYECKU CBAPUBAEMOI'O
NMUTEUHOIO XXAPOMNMPOYHOIO KOPPO3MOHHOCTOUKOIO
HUKENEBOI'O CIMJ1IABA ANA NU3roTOBJIEHUA LIEJIBHONUTBLIX
COINNoOBbLIX AINMAPATOB

o aneopummy paspabomannoll KOMnIeKCHOU pacuemno-anarumuyeckou memoouku (KPAM) cnpoexmuposan
HOBbLUL TUMEUHbIU HCAPONPOUHBLI KOPPO3UOHHOCmouKull Hukeneswvil cnias KC3IJIC-M 0nsa uzeomosnenus

yeavHorumblx connosvix annapamos (CA), obaadarowuii i#caponpoyHocmspo G

7 = 180-200 MIla na yposue

40

NPOMBLUTEHHO20 JHCAPONRPOUHO20 HEKOPPO3UOHHOCmOlKo2o cnaaea BXKJII2D, a makoce mexunonocuieckou
€8apUBAEMOCMBIO U KOPPOZUOHHOU CIMOUKOCIbIO HA YPOBHE NPOMBIULEHHOZ0 C8APUBAEMO20 KOPPOZUOHHOCTNOUKO20

cnnasa KC3JIC.

Knrouesvie cnosa: numetinvie scaponpounvie Hukeaesvie cniagvl (KHC), napamempul pabomocnocobrocmu,
memoouxa (KPAM), peepeccuonnas mooenv (PM), peepeccuonnoe ypasnenue (PY), cnysicebnvle ceoticmsa,

MEXHON02UYECKAs C8APUBAEMOCb.
BBenenne

B nacrosmee Bpems 6e3 IpUMEHEHHs HOBBIX Kapo-
MIPOYHBIX MAaTEPUAJIOB M TEXHOJIOTHIA ITPOM3BOJICTBA U3 HHX
neraneii ra3oTypOuHHbIX aurareneit (I'TI1) HeBO3MOXKHO
o0ecriedeHre TOBBIIIIEHHOTO YPOBHS TpeOOBaHMI K Iepc-
nekTuBHBIM I 'T/I. [To3TOMYy OIHUM 13 EPCIEKTUBHBIX HA-
IPaBJICHNH MTOBBIICHNS SKCILTYaTaIllMOHHBIX XapaKTepHc-
TUK OTBETCTBEHHBIX Aeranedl ['TI sBisercs nmomydyeHue
LEITBHOIUTHIX COIUTOBBIX armapaTtoB (CA) W3 HOBBIX JTUTEH-
HBIX KOPPO3HOHHOCTONKIX JKapOIPOYHBIX HUKEIEBBIX CILIa-
BoB (PKHC), obmagaronix oHOBpEMEHHO TEXHOIOTHYec-
KO CBapHBaEMOCTHIO M TIOBBIIICHHBIMH IPOYHOCTHBIMH
XapaKTepUCTUKaMH [ 1-6].

K nanbomee nzsectasiM nureiiabpmM JKHC, mmpoko mpu-
MEHSIEMBIX JUIS I3TOTOBJICHHUS LIETTbHOJTUTHIX COIUIOBBIX all-
mapato (CA) pa3IHIHOTO THUTIA, OTHOCSATCS MPOMBIIIIICH-
ueie croiaBsl JKC3JIC u BXKII123. Tak, HanpuMep, CIUTaB
BXJI123, nerupoBaHHEIHA aTJIOMHHAEM B KoltugecTse 5,0—
5,7 % (o mMacce), B KOTOpoM o0beMHast oS y' - (assl
nmocruraet 58—62 %, obianaet Oonee BEICOKOH TepMHUIEC-
KO CTaOMIIBHOCTEIO CTPYKTYPHO-(Da30BBIX XapaKTEePHCTHK.
Jto obecrieunBaer Oonee BBHICOKYIO JKapOIPOYHOCTH H
JydIiee CONPOTHBIEHHE BBICOKOTEMIIEPATYPHOH MON3y-
gectn Marepuana 10 1000 °C, o cpaBHEHHIO CO CIIABOM
JKC3JIC, nernpoBaHHOTO aTIOMIHHAEM B KOMHYECTBE 2,4—
3,0 % (1o macce), B KOTOpoM 00beMHas H0ms ' - (assl
cocrasisieT 3842 %. Ongnaxo, crutas BXKJ112D He obnana-
€T TEXHOJIOTMYECKOW CBAPHUBAEMOCTHIO U HEOOXOAMMOM
KOPPO3HOHHOM CTOMKOCTBIO, UTO AETAET JalbHENIIEE Ero
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IIPUMEHEHNE HENEePCIEeKTHBHBIM. YKa3aHHBIMH XapakKTe-
pucTHKaMu obnanaer npombliuieHHbH cutas XKC3JIC.
OpnHaxo, TaHHBIN CIUIaB HE 00anaer TpedyeMbIM YpOB-
HEM MPOYHOCTHBIX XapaKTEPHUCTHUK, YTO TAKXKE OTPaHUIH-
Baer ero npuMeHeHue s nepcrektuBHbIX [ T [6—-11].

B cBsI31 ¢ BBIIEN3II0KEHHBIM, ITPOSKTUPOBAHHIE 1 BHE-
JIpeHNE B POMBIIUIEHHOCTh HOBBIX JINTEHHBIX KOPPO3H-
onnoctorkux JKHC, 001a1ar0Iux TEXHOIOTHYECKOH CBa-
PHBAEMOCTBIO W TIOBBIIICHHBIM YPOBHEM >KapOIpOYHOC-
TH JUTS I3TOTOBJICHHS LIETBHOINTHIX COIUTOBBIX ANITAPATOB
niepcrieKTrBHBIX ['TY ¢ moMomisio pa3paboTaHHOTO HKCII-
PECCHOro METOAA KOMIIBIOTEPHOTO IPOEKTUPOBAHUS, 3aMe-
HUBIIETO MaJ103((EKTUBHBIN SMIHPUICCKAN METO «IIpO0
1 OIIHOOK», SIBIAETCS U YKpPanHbI aKTyaJIbHBIM, KOHKY-
PEHTHBIM ¥ 5KOHOMHYECKH BBITOAHBIM HAIIPABICHHUEM.

ITocTanoBka 3agaun

Lemsro HacTostIIIei pabOTHI SBIISIETCS IPOSKTUPOBAHIE
C TIOMOIIBIO Pa3pabOTaHHOTO JKCIIPECCHOTO KOMITIEKC-
HOTO pacueTHO-aHauTHIecKoro merona (KPAM) [12] Ho-
BOTO JIUTeWHOTro KopposuonHoctoikoro XKHC mns usro-
TOBJICHUS IETHHOIHUTHIX COIUIOBEIX ammapaTtoB (CA) pas-
HBIX THUIIOB, O0O0OJIaalOMET0 TEXHOJOINYeCKOH
CBapHUBAEMOCTHIO Ha YPOBHE NPOMBIIIJICHHOTO CIUIABA
JKC3JIC 1 moBBITIIEHHBIMHI TIPOYHOCTHBIMHU XapaKTepHC-
THKaMHU Ha YPOBHE HECBAPUBAEMOTO W HEKOPPO3HOHHOC-
TOHKOTO IPOMBITIIIEHHOTO ciutaBa BXKJI123.

[Nomck mepcreKTBHBIX KOMITO3HITHIA pa3padaThiBaeMo-
TO CIUIaBa MPOBOAMJICS IO ANTOPUTMY KOMITBIOTEPHOTO
mozenupoBanus MmerogoM KPAM Ha 0CHOBE CUCTEMBI Jie-
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THPOBAHUS MIPOMBIIIICHHOTO JIUTEHHOTO KapOMPOYHOro
KOPPO3HOHHOCTOMKOro Hukenesoro criasa XXC3JIC, B3s-
TOTO 3@ MPOTOTHIT, XUMUIECKHH COCTaB KOTOPOTO IpHBe-
JIeH B Tabmune 1, BMecTe ¢ COCTaBOM IPOMBIILIEHHOTO
xapornpouHoro ciiasa BXKJI123, B3sroro 3a anajnor.

B BrIOpanHyto 6a30ByI0 cUCTEMY JIETHPOBAHUSI CILIa-
Ba JKC3JIC (Ni-Co-Cr-Al-Ti-Mo-W-Zr-B-C) BBOmmimch
HoBbIe aeMenTsl raduuii (Hf) n tanran (Ta), yto 6UTO
00YCJIOBIICHO CIIEIYIOIIMMH O0CTOSTEIECTBAMHU:

- BO-TIEPBBIX, TAHTAJI ¥ Ta(HUI CIIOCOOCTBYIOT yBEIHU-
YeHUI0 00BEMHOU OMW OCHOBHOU YIPOYHSIOMIEH
v - (ha3bl ¥ MOBBILICHUIO €€ TEPMOIUHAMHUYECKOH CTaOWIb-
HOCTH;

- BO-BTOPBIX, I00aBKH TaHTaJIa U Ta(HUS ITOJIOKUTEITb-
HO BJIUSIFOT Ha MOP(OIJIOrHIo KapOougHo# ¢assl Tra MeC,
TIPY 3TOM 3aMETHO ITOABIISIETCS MEXaHM3M 00pa30BaHUs
MEHee TEPMOIMHAMHUUYECKN YCTONUMBBIX M HeOJIaromnpu-
ATHBIX 10 Mop(osorun xkapoumos tuna Me,,C,, uTo cro-
cOOCTBYET MOBBINICHUIO OOIIEro 3amaca MIacCTHYHOCTH
MaTepuana;

- B-TPEThHX, JOOABKM TaHTaJIa U Ta(HUs CIOCOOCTBYIOT
3HAYUTEIIFHOMY MOBBIIIEHHUIO TEMIIEPATYPHI OJTHOTO pa-
CTBOpEHHMSI OCHOBHOM yIpovHsitoiei ' - (assl, a cremo-
BaTEeJIbHO, YBEIMUYEHHIO €€ OCTATOYHOIO KOJIMUECTBA TPH
BBICOKHX TEMIIEpaTypax, 4TO COCOOCTBYET MOBLIIIEHHIO

XapaKTEPUCTHUK KAPONPOYHOCTH, OCOOCHHO JUTUTEIHEHOM
TIPOYHOCTH.

Onwpasich Ha BBIIIEU3JIOKEHHOE, OBUTH CHOPMYIHPO-
BaHBI HCXO/IHBIE YCIOBHS IS IPOSKTHPOBAHNS CIUIaBa B
HOBOM CHCTEME MHOTOKOMIIOHEHTHOTO JIETMPOBAHHUS
Ni-Co-Cr-Al-Ti-Mo-W-Ta-Hf-Zr-B-C. B Tabnmiie 2 npuse-
JICHBI OCHOBHBIE KOHTPOJIMPYEMBIE ITapaMETPBI, 3aKJIa bl
BaeMble B pacyeT Il MHOTOKPHUTEPHAILHOW ONTHMHU3a-
IIH COCTaBa pa3pabaThIBAEMOro CIUIaBa.

AHanus pe3y/ibTaToB

B nanHo#i pabore nmpeacTaBIeHb! pe3yIbTaThl KOM-
MIBIOTEPHOTO POEKTHPOBAHNS U 3KCIIEPUMEHTATIbHBIX
HCCJIEOBaHUI HOBOTO TUTEHHOTO KOPPO3UOHHOCTOMKO-
IO HUKEJIEBOTO CIUIaBa, MPEJHA3HAYEHHOr0 A7 U3TOTOB-
JIEHUS IeNBHOIUTHIX COIUIOBBIX anmapaTtoB (CA) tuna
TB3-117 B yca0BUSIX NPOMBIIIIEHHOIO HNPEANPHUITHS
3M3 um. B. . OMmenpuenko, 00J1a1aonero moBhIeH-
HBIMH IIPOYHOCTHBIMHU XapPaKTEPUCTHKAMH 1 TEXHOJIOT U~
YECKOU CBapHBAEMOCTBIO.

Cremyer OTMETHTD, 4TO B OTJIMYHE OT O0JIee )Kapornpoy-
HOro npombliuieHHoro ciuiaBa BXKJI129, coneprkaniero
(Cr =9 %) u He 0bMagaONUIEro KOPPOSHOHHOW CTOMKOC-
TBIO, IPOMBIIIUIEHHBIN CBApPUBAEMBbINA KOPPO3UOHHOCTOUKHIA
cruaB JKC3JIC comepkuT B cocTaBe O0IbIIee KOIMUIECTBO

Tadnuna 1 — XuMHU4YecKuil cocTaB MPOMBIIIJIEHHBIX JTUTEHHBIX HUKeNeBbIX cruiaBoB JKC3JIC u BXKJI12D cpennero

ypoBHs teruposanus [6, 10]

Mapxa CpenHee cozep kaHHe MIEMEHTOB, % (110 Macce)

cruiaBa C Cr Co Mo \ Al Ti Nb \Y Zr B Ni
KC3JIC 0,09 16,0 5,0 4,0 4,0 2,7 2,7 — — 0,015 | 0,015 | OcH.
BXXJ112D 0,16 9,25 9,0 3,1 1,4 5,4 4,5 0,75 0,75 | 0,020 | 0,015 | Ocks.

Tabauuna 2 — OcHOBHBIE TApaMETPBI VI MHOTOKPHTEPHATBHON ONTUMH3ALMN COCTaBa POSKTUPYEMOTO CIIIIaBa

Kontponupyemsie Enununa Yposenb

rapaMeTpel H3MepeHHs rapamerpa
IMapamerp ctabmnbHoCTH, [177y = Cr / (Cr+tMo+W) _ - 0,825 +£0,025
CyMMapHOe K-BO 9JICKTPOHHbIX BAKAHCHH B Y - TB. p-pe, Nvy - <245
CyMMapHOE K-BO BaJICHTHBIX JJIEKTPOHOB B Y - TB. P-pe, Md Y - <0,93
CyMMapHO€ K-BO BaJICHTHBIX 2JIEKTPOHOB B CILIaBE, Mdc - 0,980 + 0,008
IMapamerp aucbananca cucremsl jierupoBanusi, A E - +0,04
CyMMmapHOe cofiepyKaHue Z y = Mo+W+Ta+Re+Ru) %, Macc. =10,0
CyMMapHOe cofiepKaHue Z y = (AWFTi+Nb+Ta+Hf) %o, Macc. 8,0 < Z y 9.0
Temnepatypa conunyc, s °c > 1280 °C
TemmepaTypHblii HHTEpBaI roMoreHusaunu, A troy °c >20°C
Konmuectso ynpounstomeit Y’ - dassr (20 °C), V, %, Macc. 3<V, 20450
Pa3mepHOe HECOOTBETCTBUE pelIeToK Y - u ' - (Mucour), & % 0,15-0,45
Tpenen KpaTkoBpeMerHo# mpouroctu (20 °C), G 5*° MIla > 850
Ornocurensroe yamnerne (20 °C), § 2 % >5,0
JlnuTenpHas IPOYHOCTD T ppsp, O 500 yac. >40

. - >

IMapametp kopposuu, Ixc = v Cr (Ti/Al) 23,0
VYcerpaneHue nuTeHbIX TedekToB Ha nenbHoauThiXx CA MeTomoM aproHoayrosoii | TexHojgornueckas cBapuBaeMOCTh Ha
cBapku (AIC) yposHe cmtasa JKC3JIC
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(Cr=16%). Ilpu stom, crumas XKC3JIC e obmamaet Tpedy-
€MbIM YPOBHEM >KapOMPOYHOCTH, TAK KAK KOTHIECTBO OC-

HOBHOI ynpoussiforeit y' - gpassl cocrasisiet (38—42) %,

gto Ha 20 % MeHbIIe, 9eM y craBa BXKJI123 (58-62) %.
[TosTOMY, 17151 MHOTOKpPHTEPHATBHOH OITUMH3AIMHI COCTa-
Ba pa3pabaThIBacMOrO CINTaBa OBLTH CHOPMYITHPOBAHBI CIIC-
JTYFOIIINE TPEeOOBAHUS U BEIOpaHBI OCHOBHBIC KOHTPOITHpYE-
MBIE TIAPaMETPBI, 3aKJIaIEIBAEMBIC B KOMIUICKCHBIN pacyeT:

- BBIMIOJTHEHHE YCIIOBHU CTPYKTYPHOU CTaOMIBHOCTU
no mapamerpam: I = Cr/(Cr+Mo+W) = 0,825 +0,025;
NVv <245, Mdy <093, AE=+0,04, A?dc =0,980+0,008;

- obecrieueHre TEXHOIOTHIECKOH CBAapUBAEMOCTH Ha
ypoBHe cruiaBa JKC3JIC, B34TOro 3a NpoOTOTHIL, a TAKKE
MIPOYHOCTHBIX XaPAaKTEPHUCTHK, OIM3KUX K YPOBHIO IPO-

MBILUJIEHHOTO JHUTEWHOro XapompouyHOro cIjaBa
BXJI123, B3siToro 3a aHajior: KOHTPOJIUPYEMOE Kolnde-

CTBO OCHOBHOW YIpOUHstoIei ' - (assl B mpegenax
43 <V ,*° <50 % (1o macce); KpaTKOBpeMeHHasl TIpoY-

HOCTh G > > 850 MIla; § *° > 5,0 % u utenbHas mpoy-
HOCTh G | °”° > 40 yacos;

- obecrieueHre KOPPO3HOHHON CTOWKOCTH Ha YPOBHE
IIPOMBIIIEHHOT0 TUTEHHOTI0 KOPPO3HOHHOCTOMKOrO CILIa-
Ba JKC3JIC, B3sTOro 3a mpoTOTUIN: MapaMeTp KOppOo3uu

M= /Cr (Ti/Al)>3,0.

VYka3aHHbIE B Ta0IHIIE 2 3HAUCHUSI XapaKTEPUCTUK /IS
pa3pabaTeIBaeMOro CIuiaBa, JOCTHIAJIHCh IyTeM MHOTO-
KpPHUTEpHAJIbHON ONTUMH3ALMH COCTaBa, JETMPOBAHHOTO
raHIEM ¥ TaHTaJIOM Ha OCHOBE IIPOMBIIIIEHHOT'O CIJIaBa
JKC3JIC, B3siTOro 3a NpOTOTHIL, C TOMOIIBIO AJITOPUTMA,
pazpaborannoro skcrpecc-merona KPAM (puc. 1). K xon-
LIENTYaJIbHO HOBOMY IIOIXOY B COalaHCHPOBAHHOCTH JIe-
rupoBaHus tuTerHBIX JKHC MOXHO OTHECTH CIeqyIomue
TIOJIOXKEHHS:

- U obecniedeHns1 pabOTOCIOCOOHOCTH pa3padaThi-

BaeMOro CIUlaBa HEOOXOAMMO COaTaHCHPOBATH OOIIUIL
XUMHYECKHI COCTaB CIUIaBa: Mo 7y - 00pa3yroIiM dJie-

MEHTaM B pefenax Z y = (Al+Ti+Nb+Ta+Hf) =8-9 %
MO Macce; MO dIEMEHTaM YIPOYHSIOMNM Y - TBEPIBIil
pacteop )., =(Mo+W+Ta+Re+Ru) >10 % no macce;

- U1 obecriedeHns TpeOyeMoro ypoBHS IIPOYHOCTHBIX
XapaKTepHCTHK HEOOXOIMMO MOBBIICHUE BETNYUHBI MHUC-
¢ur-daxropa § , 3a CUET yBEINIEHUS pa3MEPHOTO HECO-

OTBETCTBUS IIEPHUOAOB KPUCTAJUIMICCKHUX PEIICTOK ’Y, - (1)213131

U Y - TBEPJOro pacTBOpa, YTO JOCTUTAETCSI BBEACHUEM B
HOBYIO CHCTEMY JIETHPOBAHUsI pa3padaThIBaeMOro CIijIaBa
orrrumaibHoro konmyectsa Hf n Ta, kotopble nonoxxuTes-
HO BJIMSIIOT HA BeNWYMHY MUchuT-hakropa (§ );

- BBE/ICHHE B CUCTEMY JIETUPOBAHHS IIPOEKTUPYEMOTO
cruiaBa ontuMansHoro kommdectsa Hf (0,3 %) u Ta (2,5 %)
ripu cakeHuu Cr ¢ 16 % 1o 14,5 %, a Takke NOBBIILIEHUH
B 6a30Boii cucreme neruposanus cruiaa JKC3JIC HkHeH
rpaHup! JerupoBanus mo Al ¢ 2,5 % 10 3,2 % numo W c
3,5 % 10 6,2 %, a TaxKke CHUKEHUE BEpXHEN IPaHULIbI JIETH-
poBanus o Mo ¢ 4,5 % 10 2,5 % mo macce, obecrieunr
TpeOyeMbIif YpOBEHb TEXHOIOIMYECKUX U KOPPO3NOHHBIX
XapaKTEePUCTHK, TIPH ITOBIIIEHUN TEMIIEPATYPHOTO YPOB-
HSI IPOYHOCTHBIX XapPaKTEPUCTHK.

B kauecTBe nnepeMeHHBIX (haKTOPOB JUIS HCCIETYEMBIX
pacyeTHBIX COCTAaBOB OBUIN BBIOPAHBI CIIEAYIOIINE BAPbHU-
pyeMsle Jierupytomue sieMeHTsl (JI9) — HoBble BBOAM-
Mele anemenTsl raduuid (Hf) 1 Tantan (Ta), a taxoke ae-
MEHTBI, BXOJAIIHE B cocTaB 0a3zoBoro cruiaa JKC3JIC —
xpoMm (Cr), Bonsdpam (W) u momubnen (Mo). nanazon
BapbHPOBAHMS KOHIIEHTPALHI NCCIIEAYEeMBIX JIETHPYIOIIAX
JJIEMEHTOB B BHIOPAHHOW HOBOW CHCTEME JIETHPOBAaHUS
Ni-Co-Cr-Al-Ti-Mo-W-Ta-Hf-Zr-B-C 3agaBascs B ciemyro-
mx npezenax (% momacce): HF(0,0-0,5) %; Ta (0,0-3,5) %;
W (4,0-7,5) %; Mo(1,0-4,0) %; Cr(13,5-16,0) %.

N

" 3apaHue cocTtaea cnnaea, % (no macce) |

I

| BeluncneHune coctasa cnnaea, % (at.) }—l

-—< i'w; ﬂﬂ? : AE ﬁchBblqMcneHMe napameTpoB CTPYKTYPHOH CTaﬁHﬂbHOCTM‘

-{ T3 7= MC; My3Cq; MgC ; M3Bso F—{BbIHMCHEHMe CTRYKTYpHO-cha30BbIX NapameTpoB F—

-ﬁ PyE; @;Cp;l;A;ap;ay;s |-—{ BhluncneHue puanyeckux napaMeTpoB F—

-{ Ity Aty tu.p:"; tn_p_yl i 13BT ; Atrom H BblumMcneHne TeMnepaTypHbIX NapameTpos %—

b
“l ! thI‘IT.

t

Ml 8 et

BbiuucneHue KOPPO3NOHHbIX NapamMeTpoB F—

BbluncneHne NPOYHOCTHBIX napaMeTposF—

‘ ATI'ECTQLU‘H CBOWCTB TECTOBLIX MNaBoK

H OnTumaneHbIid cocTae cnnaea AKC3NC-M |

Puc. 1. Anroput™M KOMITbIOTEpHOro pacuera npoekrupyemoro cruiaBa XKC3JIC-M no paspaGorannoit meronuke KPAM [12]
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W3HauanbHO B KOMIIBIOTEPHOM JKCIIEPUMEHTE IPOBO-
JIUJIach OLEHKA CTPYKTYPHOH CTaOMIBHOCTH PAacUeTHBIX
COCTABOB B 33JJaHHOM JMANa30HE BAPbUPOBAHUS YKa3aH-

HBIMH 9JICMEHTaMH 110 napamerpam Ny, , Md,, Md, u
Y

A E, KaK TpaJULIMOHHBIMU METOIaMH IT0 U3BECTHBIM per-
peccroHHBIM ypaBHeHusM (PY) [1-4, 6, 7, 13-20], Tak 1 1o
MaTeMaTHYEeCKHM perpeccoHHbIM MozeisiM (PM) B co-
OTBETCTBUHU C alNropuT™MoM (puc. 1) pazpaboTaHHON MeTO-
muxn KPAM [12, 21-24].

UzBectHO [1, 2, 14-18], uTO BeNM4MHA U 3HAK TApameTpa
mucOananca nernposanns JE onpenensier HampaBieHue
peakiuii B Y - TBEpIOM PACTBOPE, ONPEACIISIONNX CKIOH-
HOCTb YKapOIPOYHBIX HAKEIIEBBIX CIUIABOB K BBIJIEJICHHIO TOTO
ni nHoro tumna TITY - gas. Tak, B crutaBax ¢ G0nbIIMM OT-
pHIaTeNbHBIM AucOanancoM aeruposanus (A E < -0,04) Be-
JIMKa BEPOSITHOCTH OOpa30BaHMUsI TETEPOTHITHBIX COEMHE-
Huit: kapounos Tnma M C, o - ¢as na ocnose W u Mo, a
TaK)Ke TONOJIOTMYECKH ITOTHOYITAaKOBaHHBIX (a3 THIA © -,

1 -. CrimaBbI ¢ GONBIIMM HOJIOKUTETEHBIM AUCOATAHCOM Jie-
rupoBanust ( A E>+0,04) ckoHHBI K 00pa30BaHHUIO TOMEO-
THIHBIX COETMHERNH ThIa 1 - paser Ha ocHose Ni, Ti, Ni,Nb,
Ni.Ta, a TaxoKe 5BTEKTHIECKHX (IEPHTEKTHYECKHX ) (a3 Ha
ocnoge Ni Al. Eciu Benmumna A £'= 0, T0 cocTas criaBa
CUHTAETCS UJIealIbHO cOaTaHCHPOBAHHBIM.

B rabnuie 3 npencraBieHs! ONBITHBIE BAPUAHTEI CO-
cTaBOB 1—5 MpOEKTHPYEMOro cIuIaBa, BMECTE C COCTa-
BaMu npomsbiiuieHHbIX cnnaBoB XKC3JIC u BXKII12D
CpEe/IHEeTO YpOBHS JIerupoBanust. KoMmosumnum coctaBos,
KOTOpBIE yOBIETBOpsNH ycnosusm: 11, = 0,80-0,85;

NVY <2451 Md, <0,93; -0,04 <AE< +0,04 n

0,972 < Md, <0,988, cantannce (ha3oBo-CTaOMIBHBIMH.
PacueTsl mapamMeTpoB CTPYKTYpHOH CTaOMIBHOCTH

N, v, Mdy , AE, A?dc TIPOBOJMIINCH ITyTEM TIEPEBOA XH-

MHYECKHUX COCTABOB Y - TBEP/IBIX PACTBOPOB U OOIIUX CO-
CTaBoB B at. %.

W3 Tabnumet 3 cremyer, 9To ONBITHBIE COCTaBHI 1-5, a
TakKe MpoMbItuIeHHbH cioras BXKJI123 cbamancupoBa-
HBI C TOYKH 3PEHHUS YCIOBHI aucOanaHca JIernpoBaHUsI
A E=+0,04. Bemnunaa mucbanaHca CHCTEMBI ISTHPOBa-

HUsA A E B OIBITHBIX COCTaBaX 1—5 HAXOMUTCS B Ipeieiax OT
+0,0111 mo +0,0289, g0 ymoBIeTBOPSET YCIOBUSAM cOa-

JIAHCHPOBAHHOTO JIerupoBaHust. ClemayeT OTMETHTb, UTO Be-
JIMYHHA JucOaTaHca CHCTEMBI JIETUPOBaHMs 0a30BOTO MPO-
mblinuieHHoro criaBa XKC3JIC, B3sToro 3a npoToTuI, He
VIIOBJIETBOPSIET YCIOBHSIM COATaHCHPOBAHHOT'O JIETHPOBA-
HUS XuMmIdeckoro cocrasa (A E = +0,1372). IIpu atom,
cma XKC3JIC TexHONOrM4ecKy CBapUBaeMBbIii, TaK KaK KO-
JIMYECTBO OCHOBHOW ympouHsromieil y' - ¢a3el cooTBet-

cTByeT ycnosuto (V. *°= 40,6 <50 %), B omnune ot Oonee
*aporpogHoro crutasa BXKJT123 (7 y 2= 60,8 %), He 0bna-

JTAFOLLIETO TEXHOIOTHMYECKOM CBAPUBAEMOCTBIO. BMecTe ¢ TeM,
craB JKC3JIC He obmamgaeT TpeGyeMbIM YPOBHEM Kapo-
MIPOYHOCTH, TaK KaK KOJIMYECTBO OCHOBHOM YIPOUYHSIOLLEH

¥' - (basbl He coOTBETCTBYeT yenoBwiM (43 < ¥, <50 %).

JHanee B coorBercTBHM C anropurMom Metonukn KPAM
(puc. 1) mst pa3oBO-CTaOMITBHBIX KoMITO3HIHI 1—4 paccun-
TBHIBAJIMCh I'PYIIIBI TAPAMETPOB: CTPYKTYpHO-(ha30BbIe, (H-
3UYECKHE, TEMIIEPATYPHBIE, KOPPO3UOHHBIE U IPOYHOCTHBIE.

[Tpu BEIOOpE ONTUMATIBHON KOMIIO3UIIMU IPOEKTUPY-
€MOT'0 CIUIaBa JUIsl U3TOTOBJICHUS LIETIBHOINUTHIX COTUIOBBIX
anmnaparoB, 00J1a JafOIIEro TEXHOJIOr NUeCKOH CBapHBaeMO-
CTBIO TIOKA3aHO, YTO CTPYKTYpPHAs CTaOMIIBHOCTB SIBJISICTCS
HEOOXOANMBIM, HO HE JOCTATOUHBIM YCJIOBHEM JIS JIOCTH-
XKeHHs TpeOyeMbIX IoKa3arelnei xaponpoynoctu. Heoo-
XOIUMBIMH CTPYKTYPHBIMH U (przndeckumu pakropamu,
obecrieunBalOIUMH TpeOyeMbIlf YpOBEHb KapOIPOYHO-
ctu B TemneparypaoM uarepsaie 800-1000 °C, apusercs

BeJIMYKHA 00beMHOM 101K y' - (ha3bl, KOTOpas JIO/KHA Ha-
XOIUTBCS B KOHTPOIMPYEMBIX Mpezenax (43 < V7, % <50 %)

0 Macce, a Takke MUCHUT-(PaKTop, BEINYMHA KOTOPOTO
JomkHa HaxomuThes B perenax (0,15 < § 0,45 %).

C y4eToM CpaBHUTEIHFHOTO aHAJIM3a MOJTyYeHHBIX JaH-
HBIX TIO TPYIIIIaM PAaCUETHBIX XapaKTEPHCTHUK JUIS OTTBITHBIX
KOMITO3ULIMM, ITyTEM MHOTOKPUTEPUATBHON ONTUMH3ALUH
cocCTaBa 10 KOHTPOITUPYEMBIM ITapaMeTpaM (cM. Taba. 2),
TSI AaNbHEHIINX 3KCIIEPUMEHTAIBHBIX NCCIIEA0BAHNH OB
BBIOPAH OIBITHBIN cocTaB 3 (M. TabI. 3), C MPHCBOCHHBIM
oboznauerremM Mapku KC3JIC-M.

OKCTIepIMEHTAIIBHBIE HCCIIEA0BAHNS OCYIIECTBISUINCH
Ha OIIBITHBIX 00pa3liax TECTOBBIX INTABOK IO 3aJaHHBIM T1a-
pamerpaM B COOTBETCTBHH C TaOmuIen 2. XUMHIECKUN
COCTaB ONTUMAJILHOTO YPOBHSI JIETHPOBAHUS CIIPOSKTHPO-
BaxHoro cruiasa JKC3JIC-M npuBenen B Tabmnurie 4.

Tabnuua 3 — BiomsiHre BapbrpOBaHS JICTHPYIOLIIAMHE SIIEMEHTaMH B 0a30BOM cocTaBe mpombiinieHHoro cruraBa JKC3JIC

Ha MapaMeTpbl CTPYKTYPHOH CTaOMIBHOCTH

Bapeuposanue snemenramu %, K-Bo, Mucdur, TIapameTpLt CTpyKTYpHOH CTaBHILHOCTH
INo cocTapa o Macce % (Mmacc.) %
Hf Ta Cr | W/Mo V., 20 1) My N v, Md, _A?d(. AE
XKC3JIC - - 16,0 1,00 40,6 0,171 0,8290 2,2141 0,9100 1,0061 | 40,1372
1 0,1 1,5 | 15,5 1,83 45,9 0,290 0,8297 2,2597 0,9144 0,9857 | +0,0289
2 0,2 2,0 | 15,0 2,40 47,2 0,338 0,8309 2,2593 0,9143 0,9850 | +0,0250
3 0,3 2,5 | 14,5 3,25 48,6 0,377 0,8322 2,2566 0,9141 0,9840 | +0,0200
4 0,4 30 [ 14,0 | 4,67 50,0 0,404 0,8337 2,2510 0,9134 0,9832 | +0,0156
5 0,5 3,5 [ 135 7,50 51,3 0,412 0,8352 2,2489 0,9134 0,9824 | +0,0111
BXJI129 - - 9,25 0,45 60,8 0,151 0,8172 2,2287 0,9114 0,9847 | 40,0235
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Tabauna 4 — ONTUMH3UPOBAHHBINA COCTaB CIPOEKTHPoBaHHOTO criasa JKC3JIC-M

Cnas CoziepKaHue OCHOBHBIX JIETHPYIOLIMX MIEMEHTOB %o, IO Macce
KC3JIC-M C Cr Co Al Ti N Mo Ta Hf Zr B Ni
0,10 14,5 4,5 3,0 3,0 6,5 2,0 2,5 0,3 0,015 ] 0,015 | Ocn.

Tadaunua S —ITapamerpsl cTpykTypHO# cTabnnbHocTH crutasa XKC3JIC-M [21]

Cmas IlapameTpbl CTPYKTYpHO# CTaOHILHOCTH
JKC3JIC-M Ty = 0,825+0,025 Nv, <245 Md, < 0,93 AE =+0,04 Md, = 0,980+0,008
Pacuer 1o PY - 2,1945 0,9049 +0,0200 0,9692
Pacuer o PM 0,8323 2,2566 0,9141 +0,0200 0,9840
Tabauna 6 — 3auenns cTpykTypHO-(a30BeIx mapamerpos ciuasa JKC3JIC-M [24]
Tun Komiaectso dasb, % CALPHAD-metogx [25]
basbt 10 Macce Pacuernsnif xumuaeckuii cocras ¢as mpu 20 °C, % mo macce
OKCIIEpUMEHT Pacuer C Co Cr Al Ti Mo | W Ta Hf Zr B Ni
Y- 49,3-48,15 48,94 - 17951]253]038]0,06| 1,4 |567|014| - - - 1591
vy - 48,5-49,5 48,6 - 1,67 | 1,88 | 5,83 | 6,12 | 0,13 | 4,11 | 5,01 | 0,62 | 0,03 - 74,6
MC 0,95-1,05 1,03 01| - |063] - [258]0,49 9,75 3791511023 | - -
M,;Cs 1,25-1,30 125 |516| — |71,7]| — — 181143 ] - — - - _
M;B, He BbIsIBIICHO 0,18 — — 20,7 — - 69,5 | 1,65 — - - 8,15 -
Tabauna 7 — 3aadenns przndeckux napamerpos crwiasa XKC3JIC-M
Cmnas ®usnyeckue napamerpsl pu 20 °C [25]
KC3JIC-M p E a-10° C, r-10° A ay' ay 3
En. uzmep. r/em® I'Tla 1/K Jix/r-K OMm'Mm Br/m-K A° A° %
CALPHAD 8,47 213,25 11,46 0,42 0,71 10,29 3,589 3,575 0,377

Ilpumeuanue. P — yoenvras nromnocme,; E — modyne ynpyeocmu IOnea; o — kosgpuyuenm mepmuvecrozo pacuwupenus, Cp—

yde/leaﬂ menioemKkocms, r — yde‘/leoe oneKkmpoconpomueiienue; 7\, - men,vonpoeo()nocmb; ay, — napamemp Kpucmaﬂﬂuuecxoﬁ pe-

wemku y' - ¢asvl; a v

cmeue napamempoe peutemox.

— napamemp Kpucmaniuieckol pewemxu Y - meepooeo pacmeopa; § — (mucgum) pazmeproe necoomeem-

Ta6auna 8 — TemnepaTypable mapametps craa XKC3JIC-M [12, 22, 28]

Crnas TemmneparypHsie napamerpsl, °C
KC3JIC-M Z . 1, ts y 1987, tp! tup ! Atgp Atroy |  trom
Pacuer o PM 11,0 1370 1286 8,8 1243 845 1176 84 67 —
DKCIEPUMEHT — 1355 1290 — 1220 — 1160 65 60 1190

Ilpumeuanue. t; — memnepamypa uKeuoyc; tg — memnepamypa comoyc; trpr — MeMNepantypa 10KalbHO20 NIAENEHUS J6MeK-

muueckoll (nepumekmuieckoti) Y —y' - ¢asvl; ty PY s

tyy p — MeMnepamypsl HaYaA U NOMHO20 (KOHYA) PACMEOPeHUs Y - aser; Atyp —

UHMEPEAT KPUCMALIUSAYUYU CRIABA, try, — MEMNEPAMYPHbLI UHMEPEAL 0N NPOEEOCHU 20MOLEHUSAYUU, Loy — ONMUMATOHAS

memnepamypa 20Mo2eHu3ayu 05l CH1A8d.

7151 cpaBHUTENBHOM OLIEHKU CKIIOHHOCTH K CTPYKTYpP-
HOW  (ha30BOM HECTAOMIFHOCTH ONTHMHU3HPOBAHHOTO
cocraBa cipoekTrpoBaHHOro crasa JKC3JIC-M ucnons-
30BAJHMCH KaK TPAaJAMIIMOHHBIE PACUYETHBIE METOIBI
PHACOMP (Nv) [7, 11], New PHACOMP (Md) [13],
A E-meton [14—18] ¢ X W3BECTHBIMU PETPECCHOHHBIMHU
ypaBueHusiMH (PVY), Tak U moydeHHbIE MATEMATHIECKHE
perpeccuonnsie Mmonein (PM) [12, 21-24].

Ha ocHoBe xpuTepueB (mapamerpoB) paboTococoo-
Hocti mTerHbIX JKHC, 00ocHOBaHHBIX B padoTax [12,21-24]
ObuTH TipoBeneHb! pacuetsl Metonom CALPHAD [25] mo
CTPYKTYpHO-()a30BbIM U (PU3MUECKAM TTapameTpam [24, 26].
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KoMnproTepHOE MOIEIHpOBaHUE IIpoLecca KpUcTal-
JIM3aIMH CIUIABa OCYLIECTBIISUIOCH OT TEMIIEPaTypHI KUI-
koro cocrostaAs (1400 °C) mo KOMHATHOH TeMIepaTypbl
(20 °C) ¢ remneparypubM marom 10 °C mo Bcemy auara-
30HY, YTO MO3BOJIMJIO CHPOTHO3MPOBATh HaHOoIee Bepo-
SITHBIH THIT, KOTMYECTBO U COCTAB BBIIEIHMBIIMXCS (ha3 B PO-
1ecce KpUCTATH3AIIH.

B tabnmiax 6 u 7 mpencTaBIeHBI pacdeTHBIC 3HAYCHHS
CTPYKTYpHO-()a30BBIX U (PU3NIECKHUX MAPAMETPOB IS
cnpoektupoBanHoro cioiaBa JKC3JIC-M ontumansHOTO
YPOBHS JISTUPOBAHHUSL.

B Tabnutie 8 nmpeacTaBiIeHsI pacueTHBIE M SKCTIEPUMEH-
TaJbHbIC 3HAYCHUS, KOTOpBIe OBUIM MOMYy4eHBI METOIOM
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muddepennuansaoro repmudeckoro ananusa (JJTA) na
ycranoBke BJITA-8M B cpene reaus Ipu NOCTOSHHOM CKO-
pocrr HarpeBa (oxJyakaeHust), papHoi 80 °C/muH [27, 28].
B kauecTBe 3Tan0Ha UCIONB30BAJICS TEPMUUECKU UHEPT-
HBII 00pazen yncroro Bonb(pama (W-3tanon). TexHomo-
I'Wsl KaJIHOPOBKH 10 TEMIIEpaTypaM IUIaBJICHUS YUCTBIX
METAJIJIOB IO3BOJIMIIA MOIYYUTh XOPOIIO BOCIPOU3BOAU-
MBI€ Pe3yNIbTaThl, HE3aBUCUMO OT CKOPOCTHU HarpeBa.

KoMrieke cpaBHUTENTBHBIX SKCIIEPUMEHTANIBHBIX HCCIIE-
JIOBAaHWH TIPOBOAWJICS HA OIBITHBIX 00pa3Iax TECTOBBIX
IUTABOK U3 pa3paboranHoro crutaBa XKC3JIC-M, B cpaBHe-
HHH C aHAUIOTHYHBIMHU 00pa3[aMy IPOMBIIIIIEHHBIX CILIA-
BoB JKC3JIC u BXKJI123. OnbITHEIE 00pa3IIbl U3 CIIPOCSK-
tupoBaHHoro cruasa JKC3JIC-M nomydanu BakyyMHO-
MHIYKIIMOHHO! IIaBKOM Ha ycTaHoBKe Mapku Y IITID-3M
10 CEPUITHOM TEXHOIOTHH.

Pacuernsie uccnegosanust BTK — croiikoctu npoBonu-
JIUCB AJIs1 COCTaBa crpoekTuposaHHoro ciiasa XXC3JIC-M
(Tabum. 4) Iy1sl CHHTETHYECKOM 305161 IIPH TEMIIEPATypax UC-
mertanrmii 800, 850, 900 1 950 °C Ha 6a3e 100 gacoB 1o moiy-
YEeHHBIM MaTeMaTHdeckuM PM a1t naHHOM rpymmnsl napa-
meTpoB [12, 21].

DxkcnepuMmenTanabHble uccnenoanusi BTK- crolikocti
00pa31oB TectoBoi raBky casa KC3JIC-M crpykry-
POl IPOBOAWIINCH B CHHTETHYIECKOH 3011 IIPU TEMIIEpaTy-
pax ucneitanuit 800, 850, 900 u 950 °C, B cpaBHEHUU CO
crraBamu JKC3JIC u BXKJI123 o meronmke, paspaboTas-
Hoit Hukuruasv B.U. (LUKTU nm. U. W. TlonsyHoBa), mm-
pOKo IpuMeHsieMoid B orpaciu [8—10].

J171 KOppO3MOHHBIX UCTIBITAaHUM HCHOIb30BATIHUCH CTAH-
JapTHBIE IIWIMHIpUYECKHe 00pa3ibl tuaMeTpoM 10 MM u
JUTHHOH 12 MM, Ha KOTOPBIE MOCIIE TIPEIBAPUTEIHHOTO 00e3-
KUPHUBAHUS, N3MEPEHHNS 1 B3BEIINBAHMS HA aHATUTHYEC-
KHX Becax ¢ ToYHOCThIO (£ 0,0005 1), HaHOCHITaCh CHHTETH-
YecKas 30J1a B KOIMIECTBE 15 MI/cM2, IMUTHPYFOIIEH TIpo-
JIYKTBI CTOpaHHs Ta30TypOMHHOTO TOIUINBA CIIEAYIOLIETO
cocraga: Na,SO, - 66,2 %; Fe O, —20,4 %; NiO - 8,3 %;

Ca0-3,3 %; V,0, — 1,8 % (1o Macce). 3aTeM uccreye-
MBbI€ 00pa3IIbl TOMENIAINCH U BBIACPKUBAJIHCH B ITEUH HA
aTopMe U3 OTHEYNOPHOTO MaTepHasa B BO3IYIIHOH
aTtMmoc(epe. VcribiTanus mpu Bcex TeMIiepaTypax ImpoBo-
nutuck B TeaeHre 100 gacos.

[Tocite mpoBeneHNst SKCIIEPUMEHTOB IPOLYKTHI KOPPO-
3N YIAJISUIACH 110 METOANKE BOJOPOIHOTO BOCCTAHOBIIE-
HUs okanuHbl. [loce npoBeneHNs: KOPPO3HOHHBIX HCITHI-
TaHW 00pas3Ibl HCCIIEIOBAINCH METOIAMH BECOBOTO, Me-
TaJuIorpaduIecKoro U peHTTeHOCTPYKTYPHOTO (ha30BOTO
aHann30B. CTOHKOCTH 00pa3LoB ONBITHBIX cocTaBoB kK BTK

OLICHUBANACH II0 CPE/HEH CKOpOCTU Kopposuu V, r/m%c.

B tabmune 9 npencTaBiieHb! pacueTHBIE M SKCIIEPUMEHTATb-
HBIE 3HAUEHHS KOPPO3HOHHBIX ApaMETPOB CIIPOEKTHPO-
BaHHOro cruiasa JKC3JIC-M.

MexaHH4ecKHe UCTIBITaHYs TPOBOAMIINCH HA CTaHAAP-
THBIX LIMUTMHIPTYECKUX 00pasIax n3 pa3padoTaHHOIrO CIiIa-
Ba JKC3JIC-M Ha KpaTKOBPEMEHHYIO U JUTUTENBHYIO IPOU-
HOCTb CTaHJIapTHBIMHU MeToiaMHt. VICTIBITaHus Ha KPaTKOB-
PEMEHHYIO IIPOYHOCTh MPOBOAMINCH MPH TEMIIEPATYPAX
20, 800, 900 1 1000 °C na pa3pbBHBIX ManmHax YMO-10TM
nI'CM-20 ('OCT 1497-61,TOCT 9651-73, TOCT 1497-84).
HcnipITanns Ha IMTENBHYIO POYHOCTH ITPOBOMIINCH IPH
temrepatypax 800, 900, 975 u 1000 °C Ha MamuHax
AVNMA-5-2uZTZ3/3 (IOCT 10145-81).

B rabmmax 1012 npezcraBiieHb! pacueTHbIE 1 9KCIIEpH-

MEHTAJbHBIE 3HAYEHHS 00BEMHOMN HomH VY ‘- asel v mpeie-

JIOB KPaTKOBPEMEHHOH M JIMTEIIGHOM TTPOYHOCTH 00pasIoB
TECTOBBIX ITABOK CIIPOeKTHpoBaHHOrO cruiasa XKC3JIC-M.

B Tabmune 13 npencraBieHs! cpaBHUTENBHBIE PE3YITh-
TaThl PACUETHBIX ¥ SKCIICPHM EHTAILHBIX 3HAUCHUH Xapak-
TepucTHK pazpadoranHoro cmasa XKC3JIC-M mo rpym-
I1aM ITapaMeTpoB: CTPYKTypHas CTAOMIBHOCTB, CTPYKTYP-
HO-(pa3oBble, (U3IMIECKUE, TeMIeparypHEIE,
KOPPO3MOHHBIE U IPOYHOCTHBIE XapaKTEPHUCTUKH, B CPaB-
HEHUH CO 3HAYECHHUSIMH aHAJOTUYHBIX XaPaKTEPUCTHK IS
npoMbiuieHHbIX crotaBoB JKC3JIC u BXXJT129.

Taomuua 9 — Cpexasis ckopocTs Kopposuu cimtaa JKC3JIC-M [12, 21]

Crutas Cpennsist ckopocTs Kopposun V,/, 1/ MC
KC3JIC-M T > 3.0 Vqsoo 10° Vqsso 107 Vq900, 103 Vq950_ 103 tepyr°C
Pacuer o PM 3,81 0,0483 0,9719 3,5846 6,0234 817
DKCIIEPUMEHT - 0,04 0,90 3,50 5,90 ~820
Taémuua 10 — Komaectso v’ - paser B crutae JKC3JIC-M mipu pasHbix Temiepatypax [ 12, 24]
Cruias KonuuectBo ynpounsiorueii ¥ - dpassl, % no macce
KCIJIC-M V'y' 20 Vy’ 800 Vy' 900 Vy' 1000
Pacuer mo PM 48,6 47,5 44.6 339
OKCIIEpUMEHT 48,9 - - -
Taoauua 11 — IIpenen kpatkoBpeMeHHO# mpouroctH ciutaBa JKC3JIC-M [12, 24]
Cmnas ITpenen KpaTKOBPEMEHHON MPOYHOCTH G 4, MITa
WKC3IIC-M o o ;70 o ;20 o ;0 52 5 500 5 900 5 1000
Pacuer nmo PM 979 835 860 502 - — — -
DKcIiepuMeHT 930975 | 811-836 849-854 500-563 8,8-13,2 3,8-5,3 2,9-59 |5,0-11,8

ISSN 1607-6885  Hoei mamepianu i mexnoaozii ¢ memanypeii ma mawunooyoysanni Ne2, 2016




Ta6muna 12 —Ipenen mmrensHoi npouHocty crutaBa XKC3JIC-M [12, 24]

Crnas 100- u 1000- yacoBoii penesn ATUTEIBHON IPOYHOCTH GIT , MIla
KC3IC-M G 1o 800 300 500 500 1000 1000
100 O 1000 O 100 O 1000 O 100 G 1000
Pacuer mo PM 480 370 280 180 120 70
OKCIepUMEHT 480-500 350-370 280-300 170-190 110-130 70-80

Ta0mmnna 13 — CpaBHUTENbHBIE 3HAYEHUS] XapaKTEPUCTUK CILIIABOB

3HauCHUs XaPAKTEPHUCTUK CIUIABOB
XapakTepUCTHKU MapaMeTPOB I10 CHpOCKTHpOBaHHb CTnaB
rpynmnam Cmutas-iporotun XXC3JIC KCITIC-M CnnaB-anasior BXXJI129
CTpyKTypHas cTaOMIBHOCTb:
77y = 0,825 £ 0,025 0,8290 0,8323 0,8175
Ny y <245 2,2141 2,2566 2,2287
Md./ <0,93 0,9100 0,9141 0,9114
Md-= 0,980 + 0,008 1,0061 0,9840 0,9847
AE=+0,04 +0,1372 +0,0200 +0,0235
CTpykTypHO-(ha30BbIC:
43 <V y' <50 % (no macce) 38,0-42.,0 43,5-49,5 58,0-64,0
®dusnyeckue:
p,r/er’ 8,33 8,47 7,93
muchur 0,15 < & <0,45 % 0,171 0,377 0,151
TemnepatypHsle:
t; ,°C 1354 1355 1334
ts> 1280, °C 1260 1290 1273
A tgp. , °C 94 65 61
t3p1, °C 1188 1220 1229
tup’, °C 835 850 851
tnp’, °C 1090 1160 1222
A trons °C 98 60 7
trom °C 1150°+ 10° 1190° + 10° 6e3 TO unu
*TO - (1210° £ 10°)
Koppo3zuonnsie:
x> 3,0 4,00 3,81 2,53
ngoo x 103, r/m*c 0,04 0,05 0,16
{/q850 x 103, r/m*c 0,82 0,97 2,98
S/q‘JOO x 103, rimic 3,0 3,58 9,97
Vq950 x 103, rimPc 5,24 5,92 15,12
txpur» °C ~825° ~820° ~770°
KparkoBpeMeHHast MPOYHOCTH:
G 5> > 850 MIla 740-770 930-975 910-975
o %, MIla 620650 911-956 880-1000
6 5, Mla 520-600 849-854 850-870
G 5% MIla - 500-563 500-580
HHHT?IIZ%}‘;O?%:OCTB' 380-400 480-500 480-530
o o 800 N _ 350-370 370-420
1000900 > 180-200 280-300 270-305
S »Mila 170-190 180-205
S 1000 MITa B 110-130
2000 _ 120-145
o100, MIla 70-80 75-90
1000 _
o 1000 MITa - 44-68 68-127
G 130 ~ =40 9acos

7151 cpaBHUATENBHOM OLIEHKH CBAPUBAEMOCTH CIPOEK-

TupoBanHOro cruaBa JXC3JIC-M ¢ npoMBIIIIEHHBIMH CITa-
Bamu JKC3JIC u BXKJI12D nHa pucyHke 2 nprBe/ieHa Auar-
pamMma, KoTopasi IpeycMaTpUBaeT pa3ieieHue CIUIaBOB Ha
TPU TPYIIIBL: XOPOLIO, YIOBICTBOPUTEIBHO U IUIOXO CBAPH-

BaeMble. [I0CKOTBKY IaBHYFO pOITb B YIPOYHEHHH YKapOIpOd-
HbIX HUKeeBbIX crutaBax (CKHC) urpaer y' - pasa, conepika-
HHE KOTOPOI B COBPEMEHHBIX CIIaBax mpeBbnmaet 50 % mo
Macce, TO 3TO U ONPEIeIseT CIIOKHOCTH IPU HX CBAPKE ILIaB-
JICHUEM, T. €. MeTozIoM aproHomyroBoii ceapku (AZIC) [29].



TEXHONOI i OTPVYMAHHS TA OBPOBKU KOHCTPYKLIMHX MATEPIANIB

Al % (Mace.)

LY
\\
\,
4 —
\ L BT12
3 2w
v
N\ L\
R\ AN
A AN

I ZON mo I
;th 3TC-M \\\\\ Ll
0 1 £ 3 4 5 Ti. % (Macc.)

Puc. 2. /luarpamMma Ju1s1 OLEHKH CKJIOHHOCTH KapOIPOYHBIX
HUKEJEBBIX CIUIAaBOB K 00Pa30BaHUIO TEPMHUYECKUX TPELIMH
(30Ha [-1II cooTBeTCTBEHHO, CIUIaB HE CKJIIOHHBIN, C YMEPEHHOH
CKJIOHHOCTBIO, C BBICOKOH CKJIOHHOCTBIO K 00pa30BaHUIO
TpeluH) [29]

K nepBoii rpymnie 0THOCHTCS MPOMBIIUIEHHBIN JIATEH-
HBII CBapUBAEMBbIH KOPPO3HOHHOCTONKII HUKENEBBIN CILIAB
HKC3JIC ¢ copepxanuem anromunus 2,5-3,0 % npu rpa-
HUYHOM ycnioBuu 2,7 %, Tutana 2,5-3,0 % npu rpaHudHOM
yesoBuu 3,6 %, UTO COOTBETCTBYET KONUYECTBY Y’ - (pasbl
38-42 %. CrutaB He CKJIOHEH K 00pa30BaHMIO TEPMUYECKHX
TpenwH (puc. 2, 30Hal).

K nepBoil u BTopoil rpynnaM OJHOBPEMEHHO OTHO-
CUTCSL CIIPOEKTUPOBAHHBIM Ha OCHOBE MPOMBIIIIEHHOIO
cmtaa JKC3JIC nureiiHbl KOPPO3HOHHOCTOMKUM CILIaB
2KC3JIC-M c noBBIIIeHHOH KaponpOYHOCTHIO, 00I1a1a10-
LU TEXHOJIOTUYECKON CBAPUBAEMOCTBIO, B KOTOPOM CO-
JieprkaHue aTfoMUHASA 2,5—-3,5 % py rpaHIYHOM YCIIOBHU
2,7 %, turana 2,5-3,5 % mpu rparngHOM yciosuu 3,6 %,

410 cooTBeTCTBYET 43-49 % 7' - (ha3sr, Ho He Gonee 50 %.

CraB He CKJIOHEH K 00pa30BaHHUIO TEPMUIECKUX TPEIINH
(puc. 2, 30m61 [ n 11).

K tperbeii rpymmne OTHOCUTCS JIUTEHHBIN sKaporpoy-
HBI He KOPPO3NOHHOCTOMKMI HUKeIeBbIH crutaB BXKJI12D
C BBICOKOH CKJIOHHOCTBIO K 00Opa30BaHMIO TEPMHUYECKUX
TpPEIIHH ¢ cozieprkanneM amromuus (5,0-5,7 %) npu rpa-
HUYHOM ycnoBud 2,7 %, Tntana — (4,2—4,7 %), npu rpa-
HUYHOM ycinoBHH 3,6 %, 9TO COOTBETCTBYET KOIHMUYECTBY

- (hazbr 58—62 %, 4TO 3HAUUTENHHO NPEBBIIIAET TPAHNY-
Hble yenoBust 50 % (puc. 2, 30Ha I1I).

Hccenenoanue cBapuBaeMOCTH IPOBOIMIIOCH METOZIOM
aprononyroBoii capku (A/IC) Ha oOpa3nmax-TemImierax
crutaBsoB BXXJ1129, XKC3JIC-M u 2)KC3JIC B tuToM cocTos-
HHU ABYMSI BUAAMH ITPUCATOYHBIX MAaTEPHUAIIOB: OIIBITHBIM
cmwiaBoM JKC3JIC-M (anekrpoast & 1,8MM) U cepuitHoit
TIpHUCaI0YHOM poBooKoi Mapku JI1367.

ITpn BHEHmIHEM OCMOTpPE CBapHBIX 00PA3IOB-TEMILIE-
ToB crmaBa BXKJI123 B ynsrpaduoneToBoM CBETE B 30HE
CBAapHOTO II1BA BISBJICHBI [IONIEPETHBIE X IPOIOIBHBIE TPe-
HBI (puc. 3 @), a TAKKe TPYIIOBEIC TOYCYHBIE CBEUCHUS
neHeTpanTa (puc. 3 0).
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Puc. 3. BuemHuii BuJ cBapHBIX IIBOB HA 00pa3Iiax-TeMILIeTax
IOCJIe CBapKH JMTEHHBIX KapolpouHbIX cinaBoB BXXJI1209,
XKC3JIC-M u XKC3JIC: a — TpeluHsl B CBapHOM IIBE (CILIaB
BXXJI123, npucaaxa I1367); 6 — rpynmnoBoe CBEUCHUE B
cBapHoM 1iBe (crtaB BXKJI123, npucanka XKC3JIC-M);

6 — €IUHUYHbIC TOUCUHBIC CBEUCHHS B CBApPHOM IIBE (CILIAB
JKC3JIC-M mpucaaxa OI1367); 2 — eqUHUYHBIE TOUCUHBIE
cBedeHus B cBapHoM miBe (cruias JKC3JIC-M, npucanka
XKC3JIC-M); 0 — equHUYHBIC TOYEUHbIE CBEUCHUS B CBAPHOM
miBe (craB XKC3JIC, npucanka OI1367); e — equHUUHBIC
TOYEYHBIE CBEUCHHS 10 TPAHUIIE CBAPHOTO IIBa (CIIIaB
JKC3JIC, mpucanka XC3JIC-M)

¥ I v‘

Puc. 4. TexHonoruueckuil npouecc U3roToBICHUS LENbHOIH-
toro CA TB3-117 anmapara u3 cipoeKTHPOBAHHOTO CILJIaBa
JKC3JIC-M B ycnoBusIX NMPOMBIIUIEHHOTO Mpou3BoacTBa 3M3
M. B. 1. OMens4eHKO: a — BHEIIHUN BHJ MOIEIHLHOrO OJIOKa;
6 — ycTpaHeHHe TUTEHHBIX TOUeYHBIX fedexToB MetomoM AJIC;
6 — ycTpaHeHHe MUKpoTpeIiH MetonoM AJIC; e — nenbpHOIN-
toit CA TB3-117 nocne ycrpanenus nedekros, TO u JIIOM-
KOHTPOJIS
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Ha o6pa3max paspaboranHoro cmasa XKC3JIC-M u
npomeInieHHoro JKC3JIC HabIroqamuch TONBKO eIUHIY-
HBIe cBeueHus (puc. 3 6, 2 upuc. 3 0, e).

Ha o6pasue-temiuiere u3 crutaBa BXKJI123 (puc. 3 a)
CBapHOHM MIOB COPMHUPOBAH CEPUHHBIM ITPHCATOTHBIM
Matepuanom 11367, [llupuHa cBapHOTO II1Ba — COCTABIIA-
eT ~4...6 MM. 1o cBapHOMY IIBY BBISIBJIEHO ABE CBapOU-
HBIE TPEIIUHBL. TpemuHbl U3BWINCTHIE U OKHCIICHHBIE,
MIPOTSHKEHHOCTHIO ~ 4...6 MM. Ha puc. 3 6 npencrasiieH
BHEIIHUH BHJI CBAPHOTO IIIBA HA 00pa3Lie-TEMIUIETE U3 CILIa-
Ba BXXJI123, koropslif copMUpOBaH ONBITHEIM IIPHCA-
nmounsM Matepuaiom XKC3JIC-M. lIuprnaa cBapHOTO 111Ba
— cocraBisieT ~ 4...6 MM. BHIHO, 9TO Ha TOBEPXHOCTH 00-
pasIa-TeMIuIeTa B 30He CBapHOT'O II1BA HAOIOAAETCSI TPYTI-
MIOBOE TOYEYHOE CBEYECHHE M3-3a CKOILIeHHs nop. Ha 00-
pasue-temiuiere u3 cruiaa BXKJI12D na noBepxHOCcTH B
30HE CBApHOTIO IIIBa BBISIBJICHBI CKOIUICHUS TTOP AWaMET-
pom ~0,1...0,5 Mmm.

Meramnorpaduyeckne HCCIeA0BAHUS TIOKA3aIIH, IT0C-
JIe IMTHsI 00pa3Ibl M OLIMBKY HeNbHOIUTHIX CA 13 paspa-
6otanHoro croiaa XKC3JIC-M uMmenu THIIIHYFO JIIS JIH-
teiinbix JKHC cTpyKTypy IeHAPUTHOTO CTPOEHHMS, B KOTO-
poil MepBUYHO KPHUCTAIIN3yeMOH (a3oil sBIseTCS
Y - TBEp/IBI PACTBOP B BHE ACHAPHUTOB (pHC. 5).

BcJienctBre MUKpPOTHKBALINH JICTHPYIOIINX JIEMEHTOB
B MpoLecce KPUCTATH3AIMH pa3pabOTaHHOTO CILIaBa
JKC3JIC-M B MHKpOCTpYKTYpe 00pa3mioB U oTIuBOK CA
HaOogaeTcs XUMUYECKash U CTPYKTYpHAsE HEOTHOPOJI-
HOCTB, KOTOpasi B OOJIBLICH CTENeHH YCTPaHAEeTCs moce-
JIYIOMICH TepMHYIECKOl 00paOOTKOM.

ToHKHE UCCTIEAOBAHNS CTPYKTYPBI, MIOKA3aJIH, YTO pa3-
Mep ¥ (opMa YaCTULl OCHOBHO# yrpouHsromieil y' - Gpasbl
3HAYUTEITLHO PA3JINYAIOTCS B OCSIX ISHIPUTOB (pHUC. 6 @) U
MEXIEHIPUTHBIX 00JIaCTSIX (CM. pHC. 6 O), B TIOCIIEHIX Yac-
THLBI ¥’ - a3sl B 3—5 pas KpyIHee, 4eM B 0csX ICHIPHTOB.

[Mocne TepM00OpPabOTKH, TPOBEACHHOM O ONTHMATh-
HOMY pexuMy: romorennzanus npu 1190 °C + 10 °C B
TedeHHe 4 4acoB C TOCIEAYIOLINM OXJIaXKICHHEM Ha BO3-
nyxe, pazmep U hopma yacTur v’ - (ha3bl IPAKTHIECKU HE
Pa3JIMYaroTCs B OCSIX ICHAPHUTOB (pHC. 6 6) 1 MEXIECHIPUT-
HBIX 00acTsx (puc. 6 ).

[TyTeM MHOTOKpHTEpHATIBHON ONTUMH3ALIH COCTaBA
Ha OCHOBE PACUYETHBIX M IKCIIEPHMEHTAIBHBIX HCCIENO-
BaHUIA AJIs1 33J]aHHBIX YCIIOBUH MPOSKTUPOBaHHsI, pa3pa-
6otannsiii craB XK C3JIC-M obecnieunBaer HeOOX0aH-
MBIl ypOBEHB TPEOYEMBIX MAPaMETPOB M XaPaKTEPHCTHUK.
COanaHCHPOBAHHBIN COCTaB C YKa3aHHBIMH MPEACIaMH
JICTUPOBAHUS COACPKUT ONTHMAIBHOE KOJIHYECTBO:

TaﬁJmua 14 - CpaBHI/ITeJ'IBHBIe TEXHOJIOTUYCCKUEC XAPAKTCPUCTUKHU CIIJIABOB

TexHonOTMUECKUE XapaKTEPUCTUKI 3HauCHNUS XapaKTEPHUCTHK CIUIABOB
Cruta-npororun JKC3JIC | ChpoexrupoBanusiii crutaB | Cras-ananorBXJI129
KC3JIC-M
XKunkoTekyuectb Amnanornunas craBy JKC6K | Ananormynas craBy JKCO6K |  AnanmornyHas CriaBy
KC6K
Jluneiinas ycanka 1,8-2,0 1,9-2.3 2,1-2,5
VYerpanenue nuteiHbIx nedektoB | Obmamaer TexHomorndeckoit | O6magaeT TeXHOIOrHIeCKO He obnanmaer

Ha 1eapHomuThIX CA MeTo0M CBapHBAaEMOCTBIO CBapPHBAEMOCTBIO TEXHOJIOTHYECKOI
AJIC CBapUBaEMOCTBIO

x500

Puc. 5. MukpoctpykTypa crpoektupoBanHoro cruiapa JKC3JIC-M mpu pa3HBIX yBENMHMUYECHUSX B JIUTOM (@, 6) U TepMOOOPaOOTaHHOM
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(8, 2) COCTOSTHHSAX
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Puc. 6. Mopdosorus Y’ - dassl B utoM (@, 6) 1 TepMOOOGPAGOTAHHOM (6, 2) COCTOAHMAX craBa: x 10000

Ta = (2,5+0,3) %; bameeHisroe coneprkanvie Cr = (14,5+0,3) %,
Mo = (2,0 £ 0,5) % u Gojxee BBICOKOE COACpKAHUE
W=(6,5+0,3) % nomacce, 4eM y IPOMBIILICHHOTO CIIaBa
JKC3JIC, B3siTOTO 32 MPOTOTHUIT; OOJNIee HU3KOE CONepKaHIe
Al=(3,3£0,3) %, uem y craa BXKJI129, B3sroro 3a aHasor:

B ycnoBusix mpoMblIniuieHHOro npou3Bozactea AO «Mo-
Top CHuy 10 MPOYHOCTHBIM XapaKTEPUCTHKAM aTTeCTOBA-
HBI 5 TUIaBOK oOmmM BecoMm 500 KT U3 pa3paOOTaHHOTO
crurasa JKC3JIC-M. B npOMBIIITEHHBIX YCITOBHSIX MPETIPH-
situst 3M3 um. B. Y. OMenpueHKO U3TOTOBIICHBI OITBITHBIC
LeTbHONMHTHIE coruToBhIe anmaparsl CA TB3-117. OmbrTHBIH
CA TB3-117 orpaboran HeoOXOIUMBIi pecypc Ha TEXHO-
JIOTUYECKOM JIBUTATENIE C MOIOKUTEbHBIM PE3Y/IBTaTOM U
JI0 HACTOSIIIETO BPEMEHH TPOIOIKAET HApabaThIBATH Pe-
CYPC C LIENBIO €r0 YBEITHICHHSI.

BriBoabl

1. ITyrem MHOTOKpUTEpHATHHON ONTHMHU3AIIH COCTA-
Ba IO aNTOpUTMY paspadoranHoi Metoguku KPAM crmpo-
€KTUPOBaH HOBBIN JINTEHHBIA CBAPUBAEMBIN KOPPO3HOH-
Hocroukuii cruias JKC3JIC-M ni1s H3roTOBIIEHHS LIEJIHHO-
muTeIX CA pa3HBIX THIIOB, 00J1aAa0MINiT TOBBIIIEHHBIMHU
MIPOYHOCTHBIMH XapaKTEPHCTUKAMH HA YPOBHE Kaponpod-
HOTO HECBAPHBAEMOTO M HEKOPPO3MOHHOCTOWKOTO CILIA-
Ba BXKJI123, a Taroke 061agaromniero KOppo3nOHHON CTOH-
KOCTBIO ¥l TEXHOJIOTHYECKOH CBAPMBAEMOCTBIO HA YPOBHE
MIPOMBIIIJICHHOTO JIUTEHHOTO CBApUBAEMOI0 >KapoIrpod-
HOTO KOPPO3MOHHOCTOMKOro HUKenesoro crana JKC3JIC.

2. Pazpabotannsiii HoBBIH crnaB XKC3JIC-M BHenpeH
B IIpOMBIIIIEHHOE TPon3BoACcTBO AO «Motop Cruy» mis
M3TOTOBJICHUSI LIEITBHOJIUTHIX COIUIOBBIX allapaToB THIA
TB3-117 pa3HbIX CTyneHel, B3aMeH MIUPOKO IpUMEHse-
MBIX poMbInuIeHHBIX cu1aBoB JKC3JIC u BXJI120.
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Ooepacano 21.11.2016

Iaiimyk C.B. IIpoexTyBaHHS TEXHOJIOTiYHO 3BAPIOBAHOI0 TUBAPHOIO0 KAPOMIIIHOI0 KOpPO3iiiHOCTilKOro Hike1eBOro
CILIABY /1151 BUTOTOBJIEHHS LIHOJUTHX COIUIOBHX ANapaTiB

3a aneopummonm po3pobnenoi KomnieKcHoi po3paxynkoso-ananimuynoi memoouxu (KPAM) cnpoexmosganuii Hosuti
JUBAPHULL dHcapomiyHull Koposiunocmitikuil Hikeresuti cnaae KC3JIC-M 0nsa 6ueomoenenns YitbHOAUmux conioux
anapamis (CA), wo mae scapomiynicme o ,’° = 180-200 Mlla na pieni npomucio6o2o dicapomiyno2o
Hekopozitnocmitikoeo cnaagy BIKIII2E, a maxosc mexHono2iuHow 36apiosanicmio i KOpo3itiHo CMIUKICMIO Ha Pi6Hi
NPOMUCTI08020 36API08AH020 Kopo3itiHocmitikoeo cnaagy JKC3IJIC.

Knrouosi cnosa: nusapmi scapomiyni nikenesi cnaasu (AKHC), napamempu npayezoamuocmi, memoouxa (KPAM),
peepeciiina mooens (PM), peepeciiine pisuannsa (PY), ciycoo6i enacmugocmi, mexnonio2iuHa 36apio8aHicme.

Gayduk S. High-temperature operative-weldable corrosion-resistant nickel-base cast alloy engineering applied
for cast in block nozzle units production

In accordance with the developed algorithm of a comprehensive analytical solution method (CASM), a modern
high-temperature corrosion-resistant nickel-base cast alloy JKC3JIC-M has been designed for the cast in block
nozzle units (NU) production, exhibiting high-temperature strength c ,°” = 180-200 MPa at the same level as the
industrial high-temperature noncorrosion-resistant alloy BXKJI1123, as well as its operative weldability and corro-
sion-resistance are equal to the industrial corrosion-resistant weldable alloy JKC3JIC values.

Key words: high-temperature nickel-base cast alloys (HTNA), performance parameters, CASM-technique, re-
gression model (RM), regression equation (RE), service properties, operative weldability.
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TEXHONOI i OTPVYMAHHS TA OBPOBKU KOHCTPYKLIMHX MATEPIANIB

YK 621.762.07

A. A. IxyraH, O-p TexH. Hayk B. E. OnbliaHeubknin, A-p TexH. Hayk A. B. OBYUMHHUKOB,
KaHa. TexH. Hayk J1. T. CtenaHoBa, O. A. MuxannoTeHKo

3aI'IOpO)KCKI/IIZ HaUWOHaNbHbIN TEXHUYECKNI YHUBEPCUTET, I 3anopo>|<be

UCMNOJNIb3OBAHUE TUTAHOBbLIX MOPOLLKOB B METOOAX
3D NEYATU U3OENUN

Hccnedosanul hopma, nosepxHocms u MUKpoCmpyKmypa 4acmuiex mumano8bix NOPOULIKO8, NOJYHEHHbIX PAZHbIMU
memooamu. Paccmompenvl 3axonomeprocmu popmuposanus cmpyKmypvl npu npou3g00Ccmee u30enui Memooamu
AOOUMUBHBIX MEXHOA02UU C UCHONb30BAHUEM NOPOUKOBLIX MAMEPUALO8 C PA3IUYHOU MOpoNocuel Yacmuy.
Tlokaszano npeumywecmeo npumeHenus, 8 Kavecmee Cblpbs, MUMAHOBbIX Hechepuyeckux nopouKos 63ameH

chepuueckux.

Knroueswie cnosa: mexronozust, mumanogbwiii ROPOUWOK, NOPYEPXHOCHb, MOPGONo2UsA, CIMPYKMYpPA, CIOH, CBOLCMEd,

cniaejierue.

[ToTpeOHOCTH B TUTAHOBBIX CIIUTKAX M COPTOBOM IIPO-
Kare C KaK/IbIM TOZIOM ITOCTOSTHHO YBETMYHBAETCS, TOCKOIIb-
Ky YHUKaJIbHOE COYETaHNE CBOMCTB THTAHOBBIX MaTepHa-
710B (ynenpHast IpOYHOCTb, KOPPO3UOHHAS CTOMKOCTB, JKa-
pPONPOYHOCTH, H3HOCOYCTOMYHMBOCTH) TIO3BOJSIET
MIPUMEHSTD UX JUISI IIMPOKOTO CIIEKTPa U3/1eNNi, HOMEHK-
JlaTypa KOTOPBIX HEYCTAHHO PACIIHPSIETCSL.

Ha ceropnsmramii 1eHp TUTAH U CIUIABHI HA €70 OCHOBE
IIMPOKO NMPUMEHSIOTCS B PA3JIMYHBIX OTPACIISIX TPOMBIIII-
JICHHOCTH: BBICOKOTOYHOE MAaIIMHOCTPOCHUE, aBHa/IBUTa-
TeJIECTPOCHHE, XUMUYECKast U HepTeXuMrdaecKast pOMBIIII-
JIEHHOCTh, KOCMUYECKasl TEXHHKA, CYI0OCTPOEHHE, aTOMHAs
sHepreTuka, Meauiuaa. [loryhabprkataMu Ipu H3rOTOB-
JICHWUH W3EITHH JUTS TIEPEUNCIIEHHBIX OTPAcieH B OOIbIINH-
CTBE CIIy4aeB SBJIAIOTCS 3ar0TOBKH B BUJE NIPYTKOB, ITOITY-
JaeMbIX Jeopmariueii CrraBoB.

B T0 k€ Bpems1, NporU3BOIACTBO ACTAJNEN U U3AETUM U3
TUTaHA U CIIABOB Ha €r0 OCHOBE CONPSDHKEHO C IETIO0H I1e-
MTOYKOH TEXHOIOTNUECKH CITOKHBIX METAILTypPIHIECKUX Te-
penenoB (HarmpuMep, BaKyyMHO-IYTOBOI M 3JIEKTPOHHO-
JTydeBOH meperuiassl). [IpudeM, CIMTKA, TOTyYeHHBIE TIOC-
JIe TIepeIuIaBa, Maccoi OT 2 10 JECSITKOB TOHH U THAMETPOM
ot 300MM, IOABEPTAIOT CIOXKHOH Je(opMaIioHHONH 00-
paboTKe, UTO B 3HAUYUTENBHOMN CTETIEHN BIMSAET Ha CTO-
MMOCTBh KOHEYHOro m3aenusa. Heobxommmo ocobo orme-
THUTB, YTO TIPH U3TOTOBJICHIUH U3ACTUH METOIaMHI MEXaHH-
yeckoi 00paborku 10 70 % marepnana yxomuT B OTXOIbI.
[Ipu >TOM KO3 PHUIKEHT UCTIONB30BaHUS MaTepHala Co-
crasisieT Beero 0,3-0,4.

B cBsi3M ¢ BBINIECKAa3aHHBIM, HA CETOAHSIIHUI JIE€Hb
SIBISIETCS aKTyaJIbHBIM TTOTyYEHHE H3ISIUI U3 THTaHa Me-
TOZIaMH [TOPOIIKOBOW METAJUTYPTHH, a B TIOCTIECAHEE BPEMS
IIAPOKO IMPUMEHSIOTCS] METOABI aJIUTUBHBIX TEXHOIOTHH,
KOTOpBIE AAI0T BO3MOXKHOCTD IOJTy4aTh TOTOBBIE M3IEITHS
C PE3KUM COKpALLEHUEM YHCIIa ONepaii MEXaHU4eCKOU
00pabOTKH ¥ MOBHIIEHHEM K03 (HHUIIEHTa UCIIONh30Ba-
Hus Matepuana 1o 0,9-0,95, a B OTAeIBHBIX CITydasx U 10
0,98. BaxH0it 0COOEHHOCTBIO MPOLIECCOB aTUTHBHBIX TEX-

HOJIOTHH SIBJISIETCS MHOTOKPATHOE COKpAIEHNE KOIHde-
cTBa paboYMX OMepalyii, HarpuMep, LUK IIPOU3BOACTBA
n3zaenuii Merogamu 3D medaty, HagMHAs OT TOPOLIKOBOTO
CBIPbsI 10 TOTOBOM A€TalIN, CBOAUTCS 10 1-3 oneparuii.

Hecmotpst Ha Bce mpenMyIiecTBa aJJUTHBHBIX TEXHO-
JIOTHH, MX OOJIBIIIMM HEJOCTATKOM SIBIISIETCSl 3HAUNTEIIbHAS
CTOUMOCTD HCIIOIB3YEMOT0 CHIPBS B BUIE MTOPOIIKOB Ce-
prdeckoii (OpMBI Pa3IUYHOTO (PPAKIMOHHOTO M XUMH-
YEeCKOro cocTaBoB (puc. 1).

K Hanbonee pacpocTpaHEeHHBIM METO/IaM ITOYYESHUS
METAJUTMIECKUX ITOPOILIKOB OTHOCST: BOCCTAHOBJICHHE OKHIC-
JIOB METAJUIOB, pacIblJICHUE OIPEAEICHHOI0 pPaciulaBa,
THAPOMETAJITYPTUIECKHE METOIBI (B TOM YHCIIE aBTOKIIAB-
HBII ¥ KapOOHMIIBHBIN), JJIEKTPOJIN3 BOJHBIX M COISHBIX
pactBopoB, nr(Gy3MOHHOE HACKHIIICHUE C TOUECTIHBIX HC-
TOYHHKOB, I3METFUCHIE TBEPIBIX BemecTs [ 1, 2].

Camoe mmpoxoe MPUMEHEHNE B MHUPE MOy Me-
TOZ(BI BOCCTAHOBJICHHUS M PACTIBIIIEHHS, C IOMOIIBIO KOTO-
PBIX pon3BOAAT 10 80 % 00IIEro KOTHIEeCTBa MOPOIIKOB.

OnHMM U3 TTIaBHBIX METOJOB ITOTy<IEHHS ITOPOIIKOB HA
OCHOBE TUTAHA, B TOM YHCJIE TIOPOIIKOB BHICOKOH YHCTO-
THI, SIBJISICTCS PACIBUICHHE BPAIIAIOIIErOcs AIEKTPOIa
(puc. 2). B aToM cirygae 37IeKTpo/I U3 pacbuIsieMOro CIuia-
Ba BPAIIAETCsI BOKPYT TOPH30HTAILHON OCH, @ €0 CBOOOI-
HBII KOHEL| PacIUIaBisIOT C MOMOUIbIO AIIEKTPUYECKOU
nyru. Karumm pacroraBineHHOro MeTaia CpbIBatoTCs C HIIEK-
TpoJa, ¥ KPUCTALUTU3UPYIOTCSI B CBOOOIHOM TAJCHUH 10
CTOJIKHOBEHHUSI CO CTEHKaMU KaMephbl pacibuieHus. B aToii
Kamepe MPUCYTCTBYET 3alUTHASI HHEPTHAsS cpeza (WIIH Ba-
KyyM), YTO TTO3BOJISIET TTOTy4YaTh MOPOIIKH C BEICOKOH 4H-
CTOTOM OBEPXHOCTH. YacCTHIIbI, TOTYYEHHOIO TAKUM CIIO-
co0OM TTOpOIIKa, UMEIOT cepudeckyro Gopmy. CpenHuit
pa3Mep 3THX YaCTHIl 3aBUCUT OT TEXHOIOTHUYECKHUX Mapa-
METPOB PACHBUICHHUS U OTBEYAET MHTEPBAIY Pa3MEpOB
40...200 MxM.

Hamnpumep, cheprudeckre MopoIky, IpecTaBlIeHHbBIE
Ha puc. 1, OBLUTH TOIXYYeHBI METOIOM IIA3MEHHOTO IeHT-
pobexroro pacmsuieruns B LIHTY «Pammny (puc. 2).

© O. A. [xyraH, B. 0. Onbwaneupknit, O. B. OBunHHuKKoB, J1. . CtenaHosa, O. A. MuxaintoteHko, 2016
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Puc. 1. Buemnuii Bun (a, 6, 6) U CTpyKTypa (2) THTAaHOBBIX
MOPOIIKOBBIX MarepuaioB cdepudaeckoil Gpopmbl

WHepTHbIiA Bakyym
ras H Y
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1. DnexTpon
2. IIna3matpon
3. INoyueHHbIi MOPOIIOK

Puc. 2. Cxema nonydeHus: cpepuIecKiX MOPOIIKOBBIX
MaTepratoB METOJOM IIEHTPOOEKHOTO PacbUICHHS

HccnenoBanne XMMIYECKOro COCTaBa IMOPOLIKOBBIX Ma-
TepHuaioB (puc. 16) mokas3asuo, 9To OHH ITOITHOCTHIO COOTBET-
ctBytoT Mapke Turana BT 1-0 (commacao TOCTy 19807-91).

Ho nomy4enune cdepryeckix MOpOIIKOB SBISETCS J10-
CTaTOYHO JIOPOTOCTOSIIIIUM HPOIIECCOM, TTOCKOIBKY UX H3-
TOTOBJICHUE COIPSDKEHO € LEBIM PSAIOM TEXHOJIOTHYec-
KHUX IIepEIeNIOB IS IPEABAPHTEILHOrO IIOITYYEeHHS PacXo-
JyeMOro 3JIeKTpoja Uil paclbuleHus. Jpyrue MeTomsl,
HanpuMep, METON «aTOMH3aLMN» HOTY4eHHs TTOPOIIKO-
BBIX MaTepHaJIOB CO CHepUIECKOM (POPMON JYaCTHII, SIBIIS-
I0TCs emre OoJiee JOpOrocTosuMH. MEeHHO mo3ToMy
HaMH IPEUIOKEHO UCIIOIb30BAaHNE TUTAHOBBIX ITOPOILIKO-
BBIX MaTepHaJoB ¢ Hecepudeckoi hopmoit yacTuil (ayb-
TEPHATUBHBIX UL aTUTHBHBIX TEXHOJIOT M) M OJTyYeHHBIX
IyTeM ApOOJIeHHUs THTaHA TyO4aToro 0 HYy)KHBIX (ppak-
wid (puc. 3).

HccnenoBanuss XUMHYECKOTO COCTaBA IMONTYyYESHHBIX
MIOPOIIKOBBIX MaTEPHAJIOB [TOKA3aJIH, YTO OH ITOIHOCTBIO
coorBercTBYeT TuTany Mapku BT1-0 (cormacHo I'OCTy
19807-91).
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Puc. 3. Buemnuii Buj (a, 6, 6) ¥ CTPyKTypa (2) THTAHOBOIO
MOPOIIKOBOrO Marepuaia Hecdepuaeckoil Gpopmbl

[MockonbKy mporiecc ApOOJICHNUS TUTAHOBOH TYOKH C
LETIBIO TTOTYYEHUsI MTOPOIIKOBOTO MaTepHaia 3aJaHHOTO
(pakKIOHHOTO COCTaBa TECHO CBA3aH C ONEPALMsIMHU TH/I-
PHPOBaHHMS U NETUIPUPOBAHUS [3], TONOMTHUTEIHHO TPO-
BOJIMJIM PEHTICHOBCKHE MCCIICOBAHMUSI MTOPOLIKOB TIOCTIE
HACBIIIEHHS I'YOKH BOZOPOIOM H MOCIIEIYIOIIEro Apodite-
Hus (puc. 4, Tabu. 1), a Taxoke rmocie JernApupoBaHUs I1o-
JydeHHOTO roporika (puc. 5). Ha pucynkax 4, 5 u B Tabmm-
1ie 1 mpuBenEHb! pe3yabTaThl PEHTTEHOCTPYKTYPHOTO aHa-
JIM3a 3THX MaTEepHAIOB.

OTMeTHM, 4TO Ha AU(PaKTOrpaMMe I0cie THAPHPO-
BaHMS M Pa3MaibIBaHUsl, TIOPOIIKOBOTO MaTepuaa Haps-
Ity ¢ OCHOBHOH (ha3oii o -T1i, BBIIBIICHBI e1iie THHUH (Pa3bl
TiH, (puc. 4), oGpasoBaBIIerics pH HACHIIIEHAN THTAHO-
BOM TYOKH BOZOPOIOM. BBICOKas XpymKOCTh 3TOH (ha3bl
Jlaia BO3MOXKHOCTB JIETKO Pa3lpOOUTh TYOKY O MEIKHX
4aCTHUI] HY)KHOH (hpaximn. BEICOKYIO XpyIKOCTh THAPHIA
TUTAHA CBA3BIBAIOT C HAJIMYHEM KOBAJICHTHOHN CBA3H MEX-
Iy aTOMaM¥ TUTaHa B Bogopoaa. [loaToMy Merasmmyec-
KH€ TUAPHIBI 00pa3yIOTCsI CO 3HAYNTEIHHBIM YBEINICHH-
€M yIeIsHOTo 00beMa, ITO CO3aeT OONbINe BHYTPEHHNE
HaNpsHKSHUS y TPAaHUIIBI pa3enna MaTpHLa — TUAPUL U SIB-
JIAETCS IPUYMHOM BBICOKOM XPYIKOCTH HOCIIEAHEH.

ITocne mponecca aerunpuposanns auauA daser TiH,
Ha PEHTTCHOBCKOH AU(paKTOrpaMMe yKe OTCYTCTBOBAIIH
(puc. 5). IIpu 5TOM comeprkaHHe BOIOPOAa B KOHETHOM
npoaykre He npebimaio 0,2 %.

C nenbio onpezeIeHuss BO3MOKHOCTH UCIIONIb30BAHUS
MOI00HOTO POAA MOPOIIKOBBIX MATEPHUAIOB VIS MOTyde-
HUS W3JETUH METOAAMU aJINTHBHBIX TEXHOJIOIHH OBIIH
M3TOTOBJICHBI MPOOHBIE OIBITHBIE 00pa3Ibl, PE3YIBTAThI
HCCIISNOBAHMS KOTOPBIX OBLIH OIMyOJTMKOBAaHKI paHee [4].

Taxoke, MOPOIIKOBEIE MaTEepHabl ¢ HechepruecKo
(hopMoit YacTHII, TOTyIEeHHBIE METOIOM APOOIeHNUS TYO0-
KM, OBIIM UCITBITAHBI HA SKCIIEPUMEHTAIEHON YCTaHOBKE B
Wuctutyte snexrpocsapku uM. E.O. ITatona HAH Ykpan-
HBI. BHEeTHHI BH[I TOTy9eHHBIX 00pa30B MPECTaBIICH Ha
pHUCYHKe 6.
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o
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Puc. 4. lupakrorpaMma TUTAHOBOTO IOPOIIKA Hecheprnueckod GOpMEI mocie THIPHPOBAHUS U pa3Molia

Tabnuna 1 — Pe3ynbrarsel peHTTeHOCTPYKTYPHBIX HCCIEIOBAaHUI NOPOILKA NOCIE THAPUPOBAHUS U Pa3Moiia

DHKL " o-Ti (Tabnu4HbIC TiH, (Tabau4HbIC
Ne VYron (3KCcTIepUMeHTabHbIE HTeHC:IB HOCTE, 3HAUCHUST) 3HAYCHUS)
%
3HA4YEHUs) dyu 1 dyu 1
1. 35,37 2,538 100 2,55 C 2,55 oC
2. 38,78 2,322 8 2,34 C
3. 40,84 2,210 24 2,21 C
4. 53,03 1,726 5 1,728 Cp
5. 59,28 1,559 21 1,56 C
6. 70,46 1,336 15 1,336 Cp 1,33 C
7. 74,33 1,276 7 1,257 Cn 1,27 Cp
8. 90,11 1,089 5 1,10 Cn
9. 93,75 1,056 4 1,065 Cn
10. 99,25 1,012 9 1,01 Cp
11. 101,98 0,9922 7 0,99 Cp
12. 103,33 0,983 5 0,989 Cn
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a5
a4
£
-0
==
==
=23
=
=
==
2=
=3
=
jrun]
1=
1=
14
12
10
=
=
4
=2
a

o B o B e Ty O e 0 e o iy i A R
=0 é 3‘h ﬁ a0 a= =0 == EE E% 75 7= =0 =5 = % 1&

28

L e T e T B A
o 10 4410 A141= 1:.rl:| 155

Puc. 5. lucdpaxrorpamma moporka Hechepraeckoil GopMel mocie mponecca JeTHAPHPOBaHHS
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Puc. 6. Buemnuii Buj 06pa3LoB, HOITYy4EHHbBIX Ha 3KCIEPUMEHTAIbHOI yCTaHOBKE

INockonbKy OHIM U3 TIIaBHBIX PEUMYIIECTB a I THB-
HBIX TEXHOJOTHH SIBIISIETCS BO3MOXKHOCTH M3TOTOBJICHUS
W3JIeTIHH CTIOXKHOM T'eOMETPHH (B TOM UHCIIE AeTalIel ¢ BHYT-
PEHHHMMU TIOJIOCTSIMH), CIIEAYIOIINM 3TarioM Ha IMyTH 3¢-
(heKTHBHOTO HCTIONB30BAHUS HOBBIX MOPOIIKOBBIX MAaTEPH-
AJIOB TS QAUTUBHBIX TEXHOJIOTMH OBLIT BEIOOP IPHHITAIIH-
aJbHO HOBOHM CIOXHOW U OTBETCTBEHHOW JeTaiu
aBHAKOMIIpECCOpa, UMEIOIIEH CIOKHYIO KOHPHUTYpanuio.
OTa KOHCTPYKIMS, 110 pacyeTaM, JODKHA 3HAYUTEIIHLHO
VIIy4IIUTh SKCIUTyaTal[IOHHBIE CBOWCTBA BCETO arperara
(TTOCKONBKY TTOITy4eHHe M31emus Oonee mpocToil (hopMBEI
HE TPEICTABIISIIO B JAHHOM CITydae 0COO0ro HHTepeca).

B kauectBe Takoit neranmu OUT BEIOpaH mudy30p KoM-
IIpeccopa BBICOKOTO JIaBJIeHNsI (ra30TypOMHHOTO ABUTATE-
1s1), 3D Mozens KOToporo paspadoraHa CIIeHaINCTaMu
AO «Morop Cnu» (puc. 7). I3naqansHO OBUTH H3TOTOBIIE-
HBI, C IPIMEHEHHEM TEPMOIUIACTHYHOTO CHIPHsI, 1Ba Ba-
pHaHTa 3TOTO W3/ENUS C TPAJAUIMOHHONW U HOBOH KOHCT-
pykiweit (puc. 7).

Pacyer sxoHOMHYHOHN (P PEKTUBHOCTH W3TOTOBIICHUS
mddy3opa Komnpeccopa METOIAMHU I TUTUBHBIX TEXHO-
JIOTWii MOKa3aJl, 4To UCTIOIb30BaHKue MeTo0B 3D neyatn
TI03BOISIET CHU3HUTH Bec m3emnus Ha 43 % (puc. 8).

0

Puc. 7. Bux moneneit muddyzopa komrpeccopa BEICOKOTO
nasienus ['T/] u3 TepMONIacTUYHBIX MaTEpPUANIOB € PA3IMYHON
KOHCTPYKIIHEII: @ — CeUeHHe eTalH, TOJy9eHHOMU 110 TpaIulln-
OHHOM TEXHOJIOTHH; 6 — CEUCHHE JICTaJH, OTYyICHHOU 110 HOBOH

aUINTUBHON TEXHOJIOT N

80

100 Oxonomusg Beca ~43%

30
B CraHpapTHaA TeXHONOTUA

M 3D neyatb

Bec uspenua

Puc. 8. CHibkeHue Beca U3/ICNHUS MIPU UCTIOIb30BAHUH METO/IOB
3D neuatu

Cremyrommm maroM ObUIO MOMYYeHHE JaHHOTO H3/e-
JIHs1, HO YK€ B METAJUIE, YTO ¥ OBLIO Pean30BaHO CIIeLHa-
mcramu Hemerkor ¢pupmbl SLM Solutions ¢ ucnons3o-
BaHHEM TUTAHOBBIX MOPOIIKOBBIX MaTepHaoB cepuyec-
KOt (hOpMBI IMITOPTHOTO TIPOU3BOACTBA (pHC. 9).

Puc. 9. Buenmnnii Bun nuddysopa kommpeccopa, U3rOTOBIICH-
Horo 1o Moxenmu AO «Motop Cruu» Ha SLM Solutions

B nanbHeiiiiem rmiaHupyeTcs mpuMeHeHne Hechepu-
YECKHUX IIOPOIIKOB OTEIECTBEHHOTO TPOU3BOCTBA AJISI I10-
JTy49eHus mogoOHoro pona u3aenii Mmerogamu 3D nedarn.
JlaHHBIE TIOPOIIKH YK€ IPOIILTH IPEABAPUTEIBHYIO alIpo-
0armuio MpY U3TOTOBJIICHUH ONBITHBIX 00Pa3IoB C IIpUMe-
HEHHEM JIEKTPOHHOTO Jiy4a [5, 6].

AHanm3 CTpyKTYpBI MaTeprasa HOoIy4eHHBIX 00pa3IoB
MOKa3aJ, 9TO, HE3aBUCHMO OT MOP(OJIOTHH HCIIONb3Yye-
MBIX ITOPOIIKOB, CTPYKTYpa METAUIMIECKUX 00pa3IIOB sIB-
JIAETCST MENIKO3EPHHUCTON U TOTHOCTHIO COOTBETCTBYET
CTPYKType Ka4eCTBEHHBIX JIUTHIX 00pa3uos [7]. [Ipu aToMm,
MOJTy"IEeHHBIE 00pa3IIbl [0 CBOMM CBOWCTBAM HE YCTYNAIOT
JIUTHIM (COOTBETCTBYIOIIETO XUMUYIECKOTO COCTABA).

B 1enoM, 1o npoBeneHHBIM HCCIEIOBAHUSM MOXHO
CZIeNaTh CIEAYIOIINE BBIBOIBL:
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- pazpaborana 3D Monenb ¥ U3rOTOBIICH (METOAAMH
aJUTMTUBHBIX TEXHOJIOTHI) ipoToTHH Tuddy3opa Komrpec-
copa BeIcokoro aaBineHust I'TJ[. OcHOBHBIM IpeumyIie-
CTBOM IT0JTy4E€HHOT'0 U3JIENNS SIBIISIETCS CYILIECTBEHHOE (10
43 %) CHI)KEHHE MaCChl, YeT0 yIaI0Ch JOCTUTHYTh 32 CIET
TIOJTyY€HHs €Tl HOBOW reOMETpHH, KoTopast odecreun-
BaeT ele 1 Oornee HaAEKHYI0 KOHCTPYKIIHIO.

- pa3paboTaHHast TEXHOJIOTHYECKast cCXeMa MOoTyIeHHs
HeceprIecKUX IMOPOIIKOB TUTaHa 00eCIIeYnBaET X XH-
MHUYECKHH M (PAKIMOHHBIA COCTaB, COOTBETCTBYIOIINH
3apyOeXHBIM aHaoram Jutst AM-TEXHOJIOTHI, a TakoKe 1aeT
BO3MOXKHOCTb CO3/IaHHs CEPUITHOTO IPOU3BO/CTBA TOPOLL-
KOB Ha 0aze CyIIeCTBYIOIIETO MPOMBIIIIIEHHOTO 000pyIo-
BaHMSL.

- IPOBE/ICHHBIE NCCIIEIO0BAHMS BIUSIHHS MOP(OIOTHA
MOPOIIKOBBIX MaTepPHAaIOB HA CTPYKTYPy MPH MOITy4EHUU
00pa3LoB METOAAMH 3JIEKTPOHHO-ITY4EBOH CBAPKH ITOKa-
3aJIM, YTO HE3aBHCHUMO OT ()OPMBI YaCTHII ITOPOIIKa KO-
HEYHasl CTPYKTypa MaTepHana COOTBETCTBYET KaueCTBEH-
HOH CTPYKTYpE JIUTHIX 00pa3loB aHAJIOTHYHOTO XUMHYec-
KOT'O COCTaBa.
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Hdoaxyran O.A., Onpmaneubkuii B.1O., OBunnankos O.B., Crenanosa JLIL., Muxaiiniorenko O.A. Bukopucranus

TUTAHOBHUX MOPOHIKiB y MeTonax 3D npyky Bupodis

Hocnidoiceno ghopmy, nosepxmio ma MikpoCmpyKmypy 4acmuHOK MumaHo8Uux NOPOWKie, OmMpUMAaHUX pisHUMU
memodamu. Posanamnymo sakonomipnocmi popmysanus cmpykmypu npu U20MosienHi 6upobie Memooamu aOumueHUx
MeXHOA02Il 3 BUKOPUCTNAHHAM HOPOUIKOBUX Mamepianie i3 pisHow mopgonocico wacmunok. Ilokasano nepesazu
3aCMOCY8AHHS AK CUPOGUHU MUMAHOBUX HeCHePUUHUX NOPOWKIG 3aMiCMb ChepudHUX.

Knwouogi cnosa: mexnonozis, mumanosuti NOpOUWOK, NOBEPXHs, MOPQPON02ia, CMPYKmMypa, wap, 61acmueocmi,

CHNJIAB/IEeHHAL.

Dzhugan A., Ol’shanetskii V., Ovchinnikov A., Stepanova L., Mykhailiutenko O. Titanium powder using in 3D

printing of products

The shape, surface and microstructure of the particles of titanium powders produced by different methods were
investigated. The characteristics of structure formation in the manufacture of products by means of additive technol-
ogies using powder materials with varying particle morphology were considered. The application advantage as raw
material, non-spherical titanium powders instead of spherical were described.

Key words: technology, titanium powder, surface, morphology, structure, layer, properties, fused.
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HauunoHanbHbIN TeEXHUYecKUin yHnBepeuteT YkpanHbl «KIMN», 1. Kues

NMUTEUHbIE TEXHONOIMU KONEHHbLIX MPOTE30B

HpedcmagﬂeHbl ucmopus u npedﬂaeaeMble mexrnoiocuu omedyecmeenHno20 npoeKkma Uu3eomoeaerusl IK302eHH020
KOJIEHHO20 npomesd. Hpe()/lO.?fceHbl pesyibmanisl, aumetinvie u atbmepHamuervle mexnoaocuu U mamepuaisl onst

NPOMBIUTIEHHOU Peanu3ayuu.

Knwuesvie cnosa: sxzocenHvle npome3svl, KOJEHHblE CYyCmaesvl, mamepuailbl npomes306, MexHojl02uu

npome3suposarus, 3d - npomomunuposarue.

Hean

Jlns koHconuAanMKu HapOXHOW MOMOIIM CONAATaM,
J00pOBOJTBLIAM, OT/IABIIHX CBOE 370POBbE IPH 3aIIUTE Ha-
poaa YKpauHBI, U NOCTPaJaBIINM MHUPHBIM JKUTEISAM, C
LENIBI0 MPOEKTUPOBAHUS U MIPOU3BOJCTBA 3K30T€HHBIX U
SH/IOTE€HHBIX NPOTE30B ATl HUKHUX U BEPXHUX KOHEYHOC-
TeH W MpOTe30B CycTaBoB ObLIa co3faHa BomoHtepckas
rpynna « YKpauHCKUil IpoTe3». Y YaCTHUKYU IPYMIbI CUU-
TAIOT, YTO KOHCTPYKTOPCKHUH U IPOU3BOACTBEHHBII OTEH-
1Man YKpauHbl JOCTAaTO4EH IS TOro, YTOOBI 00eCeunTh
MUPHBIX KHTENIEH U BOMHOB, nocTpaaasmux B ATO, co-
BPEMEHHBIM MPOTE3UPOBAHUEM C MOIHBIM LUKIOM IPO-
M3BOACTBA B YKpauHe. [[11s peanusanuy nporpaMMsl Ipo-
TE3UPOBAHMS HY)KHO OOBEIMHUTH ¥ CKOOPANHUPOBATD YCH-
JUs  YKPAMHCKHX  YYE€HBIX, KOHCTPYKTODOB,
MIPON3BOJICTBEHHUKOB U MEUKOB, HAUTH CIIOHCOPOB IS
MIPOTE3UPOBAHNS KAJKAOTO M3 HyKAAIOIIMXCSI B IIOMOLIIH.

Hcropust npoexTa

B cenTsa6pe 2014 r. rpymma Hadanza paboTy HaJ co3a-
HHEM 5K30T'€HHOTO (JUTS1 TTOTHOCTHIO TIOTEPSIBIIIX OOJBIITYEO
9acTh HOTH) POTE3a KOJICHHOTO CycTaBa 4—5 TIOKONICHHSI.
CraBUTCS 11E7Th CO3/IaHNS MHTEIUIEKTYaIbHBIX IIPOTE30B C
OnOyIIpaBIICHHEM OT UMITYJIbCOB MO3Ta. YCHIMAMH ydacT-
HUKOB BOJIOHTEPCKOW I'PyIIIbI U OpTraHU3aLui, TOAIEePKU-
BaIOIIHX ITPOEKT, B Havyase aekadps 2014 rona Opn1a n3ro-
TOBJIEHa NMHTANMOHHAs pabodast MOJEIb IPOTE3a U3 IIIa-
CTHKa M METaJljIa, KOTopas OblIa MPOJEMOHCTPHUPOBAHA HA
BhIcTaBke «3D Ileyarsy B ToproBo-npOMBIIIIIEHHOM MTaa-
T€ YKpauHBbl.

WHanrpaTopaMu UIen CO3aHusI TPOTE30B BBICTYITHIIH
CropuxoB Anexcanap AHaTtoinseBrnd, goneHTs KITN Ku-
puayk FO. B. u Camapaii B. I1. [IpoektupoBanue Momenu
6su10 ipomsBeneHo norerTtoM KITW Kupraykom FOprem
BraguMupoBrdeM, H3roTOBIEHHUE IIACTHKOBBIX JETalIeH
paboueit Mmomenu mpoTe3a MPOU3BEACHO KOMITaHUEH
«SmartPrint 3D» non pyxoBoactBom EBrenns Koxxyxosc-
KOTO.

B smBape 2015 roma BceykpamHckoil opraHn3anmeit
«HighTech Initiativey» mom pyKoBOACTBOM €€ Mpe3nIeHTa
Masnioka Bukropa Muxaiinoprya Oblita co3gana HH(op-
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MaIMoHHas IIaThopMa IS OIEP>KKH paboT BOJIOHTEP-
ckoii rpymel — cait WWW.PROTEZ.ORG.UA.

CurnaMu y9acTHHKOB ITPOEKTa MPOEKTUPYIOTCSI U TIPO-
BEpSIOTCS pa3Hble BUBI PETYIIITOPOB — TUAPO-, ITHEBMO-,
MUKPOKOHTpOJLIEpHbIe. [Imanupyercs orpaboTka HeCKOb-
KHX PEXUMOB pabOTHI IPOTE30B:

- Ananranys MHBANNAA — peKUM «CTOSHUS;

- Xonn0a;

- ber;

- Bermocuren;

- O1mpIX.

Benercst pabora 1o onTHMH3anny CHCTEMBI PETyITHPO-
BaHMS MPOTE3a U PACUYETOB PA3HBIX PErYISITOPOB. Jliis aT0-
o BeieTcst paboTa 110 HASHTUPHUKAIMN 00bEKTa yIpaBiIe-
Hust «KoneHHsIi cycTaB) ¢ IeNbIo HASHTU()HKAINH 00bEK-
Ta yHOpaBJICHHUS 110 KPUBBIM Pa3rOHA WM IOJIYyYEHHS
HanOosee aJeKBaTHBIX JUHAMHIECKHX MaTeMaTHIeCKUX
MOZEIei KOIEHHOTO CycTaBa B BH/IE TEPeJaTOUHbIX (yHK-
i ¥ inddepeHnranbHbIX ypaBHEHNH 1S ONMCaHMS Ha-
TPY30K BO BPEMSI IBHIKCHHUSL.

K xonty despanst 2015 . cumamu [TAO «KLIKBA» («Ku-
€BCKOE [IEHTPAIbHOE KOHCTPYKTOPCKOE OI0PO apMaTypoc-
TpOeHUs» — npeaplayiue Ha3Bauusa «cAPMA», YO [IKBA
U «ApMaTypHBI 3aBOa») oI pykoBoacTBoM Kpemaka
Ceprest AiekcaHAPOBHYA U3TOTOBIICH IIEPBHIH IIeTHHOME-
TaJUIMIECKUH TIPOTE3 KOJICHHOTO cycTaBa. [l orpoboa-
HUS TIPOTE30B ABYMS mocTpamaBmmmu Ooirtamu ATO u
YEJIOBEKOM, ITOTEPSBIINM HOTY B MHPHOE BpeMs, IUTaHHU-
PYETCS H3TOTOBUTH CIEAYIOLIYIO CEPHIO MPOTE30B.

K xoniy nexadpst 2015 1. Ha Kadenpe TUTEHHOTO MIPO-
M3BOJICTBA YEPHBIX U LBETHBIX MeTaiioB HTYY «KIIN»
JUIS OTPaOOTKH JTUTEHHOH TEXHOJIOTMU M OPUTHHATIBHBIX
penieHnit ObIIN U3TOTOBJICHBI IIEPBBIE METATTHIECKHE 00-
Ppas3Ipl OTIIMBOK JieTaliel mporesa, a K KoHiy depamns 2015
I. OBITM CIIPOEKTHUPOBAHBI NIEPBBIE MTPOOHBIEC BapUAHTHI
npecc-hopM U1 CEPUIHOTO H3TOTOBJICHHS OTJIMBOK J€Ta-
JIe IpoTe3a METOIOM JITHSI 10 BBITUIABIIIEMBIM MOJIETISIM.

B 2015 r. cumamu ITAO «KIIKBA» («KueBckoe meHT-
palbHOE KOHCTPYKTOPCKOE OIOpO apMaTypOCTPOCHHS» —
npensiaymye HazBaHus «APMAy», YO LIKBA u «Apma-
TypHBII 3aBOMI») TIO pyKoBoncTBoM Kperaka Ceprest Anek-
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CaHApPOBUYA U3TOTOBJICHBI HOBBIE BEPCUU MPOTE30B U JIe-
TaJ LEIbHO-METAJUIMIECKUX [IPOTE30B APYTUX BEPCHUI KO-
JIEHHOT'O CyCTaBa.

B 2015-2016 rr. cunamu ITAO «Mepunuan» U3rotos-
JIeH MPOTE3 U3 JIETKUX aTFOMUHUEBBIX CIUIaBOB.

B2015-16 rr. cunamu BOIOHTEPOB U3TOTOBJIEHBI ACTATN
MIpOTE3a U3 MaruueBoro ciiasa MJIS.

B nanmpHelieM napamuienbHO ¢ apoOUpPOBAHUEM TIPO-
TE30B IEPBOI cepuu OymyT BECTHCH Ipyrue padoThI IO
Pa3BUTHIO KOJIEHHOTO U JIPYTUX MIPOTE30B:

- OyIyT IPOBOIMTECS UCITBITAHUS TIPOTE3a B CIICIHATH-
HO cepTU(HUIMPOBAHHOI JTabopaTopun «HAJIIMHICTh»
HTVYYVY «KIT»;

- OymeT MPOEKTUPOBATHCS U M3TOTABIUBATHCS YCOBEP-
LIEHCTBOBAHHAS JIUTEHHAS U TEXHOJIOTMUECKAs OCHACTKA
JIJ1s1 CEpUMHOTO U3TOTOBJICHUS ITPOTE30B;

- OymeT mpou3BOAUTECS cOOp PUHAHCOBBIX CPENCTB HA
H3TOTOBJIEHUE BTOPOM CEpUU TPOTE30B.

Texnonornmn

J1y11 MaccoBOTo IIPOM3BOACTBA IPEIIOIAraeTCst U3Tro-
TOBJICHHE JIeTaJell IpOoTe3a KOIIEHHOTO CyCTaBa Ha Pa3iIny-
HBIX 3aBOJIAX M Pa3IMYHBIMU METOJIAMHU:

- METOJJaMH JIUTHS;

- METO/IaMH TIOPOIIKOBOI METaJLTypIHH;

- MeTOo/IaMH NpoToTUnupoBanus — 3D nevars;

- IpH HEOOXOAMMOCTH METOAB! e(hOpPMHUPOBAHUS
(oOBeMHAsT MITH JINCTOBAS IITAMIIOBKA);

- IpY HEOOXOTMMOCTH METO/IBI CBAPKH;

J1i1st 3TOro0 HE0OXOAMMO PEIIUTH BOIPOCHI COIIacoBa-
HUS MEXIy TPeOOBaHMSAIMH KOHCTPYHPOBAHUS U BO3MOX-
HOCTSIMU TEXHOJIOTHH.

JInTelHbIE TEXHOJIOTHH

[Ipenamnonaraercs N3roTOBICHNE KaK MUHUMYM TPEX
JIETAJIEN POTE3a KOJIEHHOTO CYyCTaBa METOAAMH JIUThSL. J{71st
3TOr0 HEOOXOIMMO PEIIUTh YETHIPE OCHOBHBIX BOIPOCA,
KOTOpBIE OYIyT COIIacOBaHBI MEXITy TPEOOBAHUIMU KOH-
CTPYMPOBAHUS ¥ BO3MOKHOCTSMH TEXHOJIOTHH.

1 Matepuain OTJIMBKH M COOTBETCTBEHHO FOTOBOU IETAIIN

IIpenmonaraercs HCIBITAaTh HECKOIIBKO MaTEPHAIIOB:

1.1. OOBIYHBIE YITIEPOAUCTHIE CTAH COITIACHO YepTe-
sxeit: Crans30, crans 40, crans 45.

[IpenmymiectBa: a) genieBu3Ha; 6) BO3MOXKHOCTD 3a-
KaJIKH JUTS yBeTIMIeHNs TBepAoCTH. Hemocrarku: a) Koppo-
IUpyeT; 0) HEeBO3MOXKHOCTh OPTaHU30BaTh MACCOBOE HJIH
KPYITHOCEPHUIHOE MPOU3BOICTBO METOIOM JIUTHS TIOJ 1aB-
JICHHEM; B) TSDKEJIBIN CIUIaB — OOJIBINAs IJIOTHOCTb.

1.2. Heprkagerorue cTaim.

[IpenmymmiecTBa: a) He KOPPOOUPYET; 0) OTHOCHUTEIB-
Has gemieBm3Ha. Hemocratku: a) mopoxke yIiiepomucTon
cranu; 0) HEBO3MOXXHOCTH OPraHU30BaTh MAacCOBOE WA
KPYITHOCEPUIHOE MPOU3BOICTBO METOIOM JIUTHS TIOJ 1aB-
JICHHEM; B) TSDKEJIBIN CIUIaB — OOJIBINAs IJIOTHOCTb.

1.3. AimromunawmeBsle ciutaBbl Tuna Crrymuna AK12 umu

JIpyTHE.

[MpenmymecTa: a) He KOPPOIUPYET; O) ACIICBHU3HA —
cambiii Oeutesblii U3 MEMAaiLIUYecKux CnIaso8 — NeIIeBIe
CTaJIM; B) MaJiasi INIOTHOCTB — JIETYe CTaJId ¥ BEICOKOIPOU-
HOTO YyT'yHa; JIETCS MOJI IaBJIEHHEM — BO3MO>KHOCTB Opra-
HHU30BaTh MacCOBOE MM KPYITHOCEPUITHOE ITPOU3BOJICTBO
METOJIOM JIUTHS TT0]T JaBJIeHneM. HeocTaTku: a) poYHOCTh
HIDKE, YEM Y YIJIEPOINCTOM CTaIH.

1.4. BBICOKOIIPOYHBII YyryH.

[MpenmymecTBa: a) UMEET IVIOTHOCTH MEHBIIIE CTAIH 1
COOTBETCTBEHHO MMeeT MeHbIni Bec. [1o mpouyHocTn oH
HE yCTyIaeT CTaJM U Jjake MpeBocXoauT. HenocraTku: a)
HEBO3MOKHOCTb OPI'aHH30BaTh MAaCCOBOE MJIM KPYITHOCE-
PpHItHOE IPOM3BOICTBO METOIOM JIUTHS IO/ AABJIICHUEM; B)
TSDKEITBIN CIUIaB — OOJIBINAS IIOTHOCTD.

1.5. MarHueBbI€ CIIaBbL.

[NpenmyrecTsa: a) JIerkuii cIuiaB, 0) JIbETCS O/ JaBiIe-
HueM. HemocraTku: TSDKEJIO JIMTH - JIETKO BO3TOPAETCs —
OT'HEOITaceH.

1.6. Turan.

[Ipenmyrectsa: a) nerkuii; 6) He kKoppoaupyet. Heno-
CTaTKH: a) OYEHb JIOPOTOif; 0) HE JILETCSI TIOJI AABICHHUEM.

2 MeTop! INThS

[pennonaraercst 3a1eliCTBOBATh HECKOIBKO METOIOB
JIATHS:

2.1. Jlurwe iox qanenueM (JITL).

[IpenmyrecTBa: a) caMoe BBICOKOE KaueCTBO ITOBEPX-
HOCTH (TOBapHBIH BU) U Bcell OTIMBKY; 0) camast BEICOKast
MIPON3BOIUTENILHOCTD; B) CAMbIE€ BHICOKHE BO3ZMOXKHOCTH
aBTOMAaTH3aLMH Iporiecca JINThs o aasiernemM (JII/T).

HenocraTku: a) camast BEICOKast CTOMMOCTD H3TOTOBJIE-
HUS npecc-GopMbl; 0) nopoxke oOCIyKHBaHHE 000pYIO-
BaHISL

2.2. JIutbe 10 BHITUIaBIIsIeMBbIM MoneisiM (JIBM).

[IpenmymecTBa: a) HU3Kast CTOMMOCTD W3TOTOBJICHUS
pecc-(opMEI; 6) BO3ZMOXKHOCTB JINTHSI TIOOBIX CIIABOB, B
T. 4. JIETKUX (2JTIOMWHHEBbIE M MATHUEBBIE CIUTABBI) U TSDKe-
JBIX CIUIABOB (YITIEPOAWCTON M HEp)KaBEIOUICH CTaNd U
BBICOKOIIPOYHOTO YyTyHa, THTAHA).

Henocrartku: a) Manast ipOM3BOANTEITEHOCT (ITTUTEIh-
HBIA LMKJ U3rOTOBJICHUS OAHOM OTJIMBKY — HAHECEHUE 5—7
OTHEYITOPHBIX CIIOEB B TEUCHNE HECKOIIBKIX JTHEH); 6) O0b-
II10€ KOJIMYECTBO JIOMOTHUTEIBHBIX MaTEPUAIIOB (3THIICH-
JIMKAT; CIIUPT; COJIAHASI KNCIIOTA; MapIIAJINT; alleTOH; cep-
Has KUCJIOTA).

2.3. JIutbe 1o BeDKUATaeMbIM MoneisiM (JITM).

IIpenmymecTBa: a) HU3Kast CTOMMOCTD M3TOTOBJICHUS
npecc-hopMBr; 0) IPOM3BOAUTENFHOCTD BBIIIE, YEM IIPH
JIBM; B) BO3MOYKHOCTB JIUTbS JIIOOBIX CIUIABOB, B T.U. JIET-
KuX (aJIOMHHUEBBIE M MarHUEBBIE CIUIABBI) M TSDKEIBIX
CIUIaBOB (YITIEPOAUCTON M HEPKABEIOIIEH CTaIN U BBICO-
KOIIPOYHOTO YyTyHa; TUTAHA).

Henocrarku: a) 5KonOrn4ecKie OrpaHnIeHUs U yXy/-
IICHHBIE CAaHUTAPHO-THTHEHINYECKHUE YCIIOBHS, 0) MPOm3-
BOAMTENIBHOCTD HUXE, yeM mipu JITT/L.

2.4. KOKIIbHOE JTUTHE

[IpenmymecTBa: a) BEICOKOE Ka4e€CTBO NMOBEPXHOCTH
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(TOBapHBIH BU) U BCEH OTIMBKH; 0) BEICOKAS IIPOM3BOIH-
TEJILHOCTB; B) CAMbIe BEICOKHE BO3MO)KHOCTH aBTOMAaTH3a-
ILIMX TIPOLIECCa JINTHSI.

a) HU3Kasi CTOMMOCTh H3TOTOBJICHHS TIpecc-(OpMEI;
0) MPOM3BOAMTEIIHHOCTD BHIIIIE, YeM 1pu JIBM; B) BO3MOXK-
HOCTB JINTHS B OBJ'H/ILIOBAHHI)IPT KOKWJIb — Bo3MOx-
HOCTB JIUTHS JIIOOBIX CIUIABOB, B T. U. JIETKUX (aJIOMHHUEBBIE
1 MarHUEBBIE CIUIABBI) U TSDKENBIX CIUIABOB (YIIIEPOIHUCTOH
1 Hep)KaBEIOIIEeH CTaIM M BEICOKOIIPOYHOTO YYTyHa).

Henocratku: a) BeICOKasi CTOMMOCTb W3TOTOBJICHUS
npecc-(hOpMEL.

3 JlopaboTKa TOIIMHBI CTEHOK (COITaCOBAaHHOE YMEHB-
IIeHNe) ¥ KOH(UTYpaIiy OTJIMBOK B COOTBETCTBHH C Tpe-
OOBaHUSIMHU JIUTEHHON TEXHOJIOTMU W YMEHBILICHHUS Beca
mpoTesa:

3.1. JIuteliHbIE YKIIOHBI

3.2. [Ipumycku Ha MexoOpaboTKy

3.3. l3menenne KOH(UTypay HETEXHOIOTMYHbIX Ya-
cTert

3.4. JlureiiHble paguycel

3.5. ComracoBanue pazbeMa MEXIy IoIrypopMamMu

4 TIpoekTHpoOBaHHE 1 N3TOTOBJICHNE OCHACTKY (TIpecc-
dopm):

4.1.JI11

4.2.JIBM

43.JI'M

Taxum 00pa3om, OyIyT M3TOTOBIICHBI OTJIMBKH J€Ta-
JIel IpoTe3a U3 BCeX YKa3aHHBIX METANINIECKUX CIIIaBOB,
M3rOTOBJIEHA BCE BUBI OCHACTKH (1pecc-(hOpMBbI) U OTIpO-
0O0BaHbBI BCE TP YKA3aHHBIX METOJIA JIUThSI B CBSI3H:

a) C HEBO3MOXXHOCTBIO WJIH HELeIeco00pa3HOCTHIO
HCIIOIh30BAHMUS KQXK/IOTO U3 METO/IOB JINThS IS KaXKI0T0
U3 CILIABOB;

0) c HeOOXOIMMOCTBIO CPABHUTE KaYE€CTBO JIUTHS, JTH-
TEUHBIE, IPOYHOCTHBIE, TEXHOIOIMUIECKUE U IIACTHIECKUE,
BSI3KOCTHBIE CBOMCTBA M XaPAKTEPUCTHKH, TBEPIOCTD;

B) C HEOOXOIMMOCTBIO OTPa0O0TaTh KaXIbIH U3 CIIOCO-
OOB IS JINThSI KAYKJOr0 KOHKPETHOTO CILIABa;

T') ¢ HEOOXOIMMOCTBIO UMETD 3aIacHBIE yKe 0Tpado-
TaHHBIE CITOCOOBI H3TOTOBJICHUS (METOBI JTUTHS);

1) C HeOOXOMMOCTBIO IMETh HECKOTBKO 3aTTACHBIX KOM-
IUIEKTOB OCHACTKH ISl OJJHOBPEMEHHOW paboThl HAa He-
CKOITBKHX MPOU3BOJICTBEHHBIX TLIONIA/KAX.

Heobxomnmoe obopynoBanme

1. 3D — mpuHTEp [T U3TOTOBIICHHUS BBITUIABIISIEMBIX
Monenei (M3 BOCKa).

2. llenTpobexHas TUTEIHAS MAIIIIHA IS 3aJTMBKA Me-
Tomamu JIBM (JIUThSI 11O BBIIDIABIISIEMBIM MoIesiM ) 11 JIT'M
(JTUTBSI TI0 Ta3UPUITUPYEMBIM MOJIEIISIM ).

3. BubpocTon 1y YIIOTHEHHS JTUTEHHBIX (POPM METO-
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namu JIBM (JUThst IO BRITUIABIIIEMBIM MozemnsaMm) u JII'M
(JTTBS IO Ta3U(UIUPYEMbBIM MOJIETISIM).

4. ITeuys yHUBepcaIbHas TEPMHUIECKAs TSI HOIT OTOBKH
JUTEHHBIX (POPM.

5. MaimHa IUThs OJ, JaBICHUEM.

Heodxomumbie MaTepuasbl

1. MeTammueckas IMXTa 471s CIUIaBOB — CTaNlb YIIIEPO-
JUCTas ¥ HEprKaBeoIasl, BBICOKOIPOYHBIA Yyr'yH, CHIIY-
MUHBI, THTaH, MarHUEBbIE CIUIABHI.

2. BcnomoratenbHble MaTepUAIIbl: IECOK, MapIIAJIUT,
STWICUIMKAT, AETOH, CIIUPT, CONSHAS U CEpHAs KUCIIOTA.

3. BockoBblit MaTepuat 115t 3d- IpUHTEpOB.

4. Bock TUTENHBIH.

5. HeBcrieHeHHBII IEHOMOIUCTHPOIL.

Heobxoxnmast ocHacTka

1. Ilpecc-hopMBl TUTHS IO BHITUIABISIEMBIM MOJIEIISIM
(JIBM).

2.IIpecc-popMBbI JIHUTHsI 10 Ta3UOUIMPYEMBIM MOjIe-
1M (JIT M).

3. Ilpecc-opmebl muthst o nasnerueM (JI IT /T).

3anaaHupOBAHO AabHENIIIEE HCIIOIb30BAHUE U COBEP-
LIEHCTBOBAHUE TEXHOJIOT Uil IPOTOTUIIHPOBAHUS ATl U3TO-
TOBJICHUS U JINTENHOT O IPOU3BOCTBA IPOTE30B

1. meyaTh KOHTPOIBHBIX A€TaNIeH

2. nedathb 3D — IMTeHHBIX (hOPM JUTS TEXHOJIOTHH JIUTHSI
10 BBIIUIaBJIsIEMBIM MoneisiM JIBM

3. mevaTh BEIDIABISIEMBIX 3D-Mozemeit Oymy X oTiu-
BOK 13 BOCKOBBIX CMECEH Ha crieluanbHbIX 3D-mpuHTepax
JUTS| TEXHOJIOTHH JIUTHSI 110 BBIIIABIIsIEMbIM Mozensim JIBM

4. mevats BHITUIABIsIEMBIX 3D-BOCKOBBIX Mozenei Oy-
IyIMAX OTJIUBOK Tipecc-(hopM s JIBM Ha crienmaibHBIX
3D — mpunTepax mst JIBM.

BriBoabl

1. PesymbraramMu paOoOTHI CTaIH OTIUBKA B Pa30BEIC
(hopMBI U pa3paboTKa IPOEKTOB Mpecc-PopM.

2. B pe3ynbrare paboThI H3TOTOBICHEI TPH BEPCHH IO~
HOCTBIO TOTOBBIX IPOTE30B.

3. IIpoekT HaxXOmHUTCS B OONBIIIOH CTENICHN TOTOBHOCTH
JUTS TIPOMBIIUICHHOH peaT3aniH.

4. B mepcrieKkTrBE TPpY BO3MOKHOCTH FITH HEOOXOTH-
MOCTH BO3MO)KHO M3TOTOBJICHHE OT/AENIBHBIX IeTaJIeH Mpo-
T€30B M3 TUTaHA U CIJIABOB METONAMH ITOPOIIKOBOI Me-
TaJUTypTHUN.

5. BO3MOHO U3rOTOBJIEHUE OTAENbHBIX JETAJIEH IIPO-
TE€30B M3 TUTAHA U CIUIABOB C UCIIOIb30BaHUEM MPOTOTH-
MTUPOBAHMS U3 TATAHOBOT'O ITOPOIIKA.

6. CtaBHTCS 1IETH CO3IAHUS HHTEIIEKTYaJIBHBIX TIPOTE-
30B ¢ OMOYIIPABIEHHEM OT UMITYJIbCOB MO3Ta.
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Ilpeocmasneno icmopilo ma 3anponoHOBaAHO MEXHON02II0 GIMUUSHAHO20 NPOEKM) GUSOMOBICHHS eK302eHH020
KOMIHHO20 npomesy. 3anponoHo8aHo pe3yibmamu, TUApPHi il AlbmepHAMUEHT MexHOA02Il | Mamepianu 015 NPOMUCI060T
peanizayii.

Knrwouosi crnosa: exzocenni npomesu, KOMHHI cyenobu, mamepianu npomesis, mexHoi02ii npome3y8anHsi,
3d - npomomunyeanms.

Samarai V. Foundry technology knee prostheses

The history and the technology offered by the domestic production of exogenous project knee prosthesis are
presented. Proposed results, casting and alternative technologies and materials for industrial implementation are
propozed.

Key words: exogenous prostheses, knee joints, prosthetic materials prosthetics technology, 3d - prototyping.
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Kang. TexH. Hayk E. C. Kopyak, A. M. KButHunukmim

[oHGacckas rocyaapcTBeHHasi MalMHOCTPOUTENbHas akaaemus, . KpamaTtopck

PA3PABOTKA 3®®DEKTUBHbBIX TEXHOTOMMU CMA3KHU
COBPEMEHHbBIX MEXAHUYECKUX TIPECCOB

Paccmompenvt meponpusimust no cHudceHuro usHoca demainell u Y3106 KPUSOUUNHbIX npeccog. Buvisenenvl napol
MpeHust U YCI0BUsL BO3HUKHOBEHUS USHOCA 8 6A306bIX IEMEHMAX 2IABHO20 UCHOIHUMETbHO20 MEXAHUIMA — 2/LAGHOM
sany, wamyHne u noasyHe. Ilpusedena cxema munoeot KOHCMPYKYUU y31a NOA3YHA MOWHO20 KPUBOWUNHO2O0
20pAUEUIMAMNOB0YHO20 npeccd. Paccmompenvl mpaouyuonHble CUCmeMbl CMA3KU KPUBOUUNHBIX BPECCO8, GbIAGIeHbL
ux Hedocmamku. Paspabomana Hosas cucmema cMasku ¢ asmMoOMamuieckuM pe2yiuposanuem nooayu CMa3ouHol
JHCUOKOCMU K Y3TIAM npecca, OaHo ee onucarue. IIpusedenvl npakmuueckue pekomMeHoayu no CO30aHU0 3 heKmugHbIx

cucmem CmMa3Ku KpueOULUNHbLX NPeccoes.

Knwueswie cnosa: npecc Kpueomunglﬁ, cMAasKad, 3aKiuHuedarue, NOOWUNHUK CKOJIbIICEeHUSA, napa mperust.

AKTYaJIbHOCTb HCCJIeJ0BAHUM

B KOHCTpYKIIMH MEXaHHYECKNX IIPECCOB UMEETCSI ST
0a30BBIX Y3JIOB, MEX/Y JeTaJISIMU KOTOPHIX B IIPOIIECCe OT-
HOCHTEJILHOTO JIBFDKCHUSI IIPH BBITIOJIHEHUH HUMH CBOETO
(YHKIIMOHAIEHOTO Ha3HAYEeHUsI BO3HUKaeT TpeHue [ 1, 2].
[Tpu TpeHnu conpsiraeMble JeTaly MOABEPTarOTCs TEILIO-
BOMY BO3/ICHCTBHIO U YCKOPEHHOMY M3HOCY, BCIIEICTBHE
YEero 3a30p B HANPABJIAIONIMX n3Mensercs. [Tomumo sToro
SKCLUEHTPUYHOE MPUIOKEHHE TEXHOIOTHYECKOTO YCUIINS
TIPUBOJIUT K ITEPEKOCaM I0JI3yHa IIPecca, BHI3bIBAsI HEpaB-
HOMEPHOE pacIpesieNieHne 3a30pa B y3J1aX IIaBHOTO HC-
nonmHATeNEHOT0 MexanmMa (I IM). Dto 3aMeTHo yxynra-
€T SKCIUTYaTaIl[MOHHbIE XapAKTEPUCTHKN MAIIINHEI, a TJIaB-
HOE€ — TMapaMeTpbl TOYHOCTH IPH pealu3alnuu
TEXHOJIOTMYECKOTO TPOIecca MITAMIIOBKH, YTO SBIISETCS
HenpuemieMbIM [3]. [ToaTomy, 9T0OB YMEHBIIUTH U3HOC,
a TaKKe 00ECTICUNTh OTBOJ TEIUIA M MPOAYKTOB M3HAIIBA-
HUS TPYIIUXCS ITOBEPXHOCTEH, HEOOXOANMO MPETyCMOT-
PETh ITPY MPOEKTUPOBAHUN MEXAHIMIECKHX MPECCOB CO3/1a-
HHE 3()(HEKTUBHOM CHCTEMBI CMA3KH C IPaBIIBHBIM IO/~
00pOoM MaTepHalioB CONPATAaEeMbIX JeTaled W
COOTBETCTBYIOIIIEH MapKH (CBOHCTB) CMa30YHOTO MaTEePH-
ana [4], a Taxke BBITIOIHEHHE MTap TPEHUS PAllMOHAIBHON
KOHCTPYKIHH [5].

ITocTanoBKa HeJIN HCCJIe10BAHNTI

Hawnbornee Harpy>KeHHBIM y3JI0M MEXaHUIECKOTO (KpH-
BOIIHUITHOTO) Tipecca siBisiercst | UM, cocTosmuit n3 Takux
OCHOBHBIX JIEMEHTOB, KaK IJIAaBHBII BaJI, IIATYH U ITOJI3yH
[6]. PaboTocmiocobHocTs 'IM B HanOosbIIeH CTENICHH, B
CpaBHEHHH C JPYTUMH y3JIaMH IIPEcca, 3aBUCHT OT yCIIO-
B TPEHUsI, ONPEIEILTIOIINMHI BEPOSITHOCT U CTETICHb €T0
3aKIMHABAHMA [ 7]. 3aKIMHUBaHIE MEXaHUIECKOTO IIpecca
MIPOMCXOAUT B PE3YIABTATE PE3KOr0 YBEIUICHUS KO3 PPu-
IIMEHTA TPEHUS B ONOPHBIX MOJUIMITHUKAX CKOJIBXCHUS
I'MIM nipu ocTaHOBKE KPUBOLIMITHOTO BaJjia MO HArpy3Koi

© E. C. Kopyak, A. M. KeuTHuukuin, 2016

B 30HE yIVIa 3aKJIMHUBAHUS, IIATYH U MOJI3YH CTAHOBSTCS
BpacIop, a 3aroToBKa, 3a)kaTasl B IITaMIIe, OXJIaXKAaeTcs,
TEM CaMbIM YBEJIHYHBAsi CBOE CONPOTUBIICHNE. MaxOBUK
W TIIaBHBIHM BaJl OCTAHABJIMBAIOTCS, a YCHIINE 3aKINHHIBA-
HUSI, KOTOPOE HApacTaeT 10 Mepe OCTHIBAaHHS 3arOTOBKH,
nedopMHpyeT y3IIbl U CTAHUHY IIpecca.

[Tpun paboTe MOIIHBIX MEXaHUIECKUX ITPECCOB 3HOC B
neransix ['YIM cymecTBeHHO BO3pacTaeT BCIEICTBUE TEM-
TIepaTypHOTO BO3JIEHCTBHSI TOpsIUei IOKOBKH, a TAKXKE IPH
nedunnTe CMa304yHOr0 MaTepHana, 4To NPUBOAUT K HX
OBICTPOMY M3HAIIMBAHUIO, 00pa30BaHUIO 3a30POB U, CO-
OTBETCTBEHHO, CHIKCHHIO JKECTKOCTH KOHCTPYKLHUH CTa-
HUHBL. J{7151 CHU)KEHHS M3HOCA KOHTAKTHBIX TIOBEPXHOCTEH
B HAIIPaBISIIONIMX Y3JIaX HEOOXOIMMO BHEIPEHNE NPHHLH-
IHATEHO HOBBIX aHTH()PUKIMOHHBIX MaTEPHaJIOB 1 Y QeK-
THUBHBIX TEXHOJIOI'Mi CMa3BbIBaHMS, JUIs KOTOPBIX TpeOyeTcs
MHUHHMAJIBHBIE TEKYIHE 3aTPaThl HA 00CIY)KHBaHUE, IKC-
TUTYaTalio U PEMOHT.

MeToauka uccjie10BaHui

Ha pucynke 1 npuBeneHa TunoBast KOHCTPYKLHMS y371a
TIOJI3yHa MOIITHOTO KPHUBOIIXITHOTO TOPSYEII TAMIIOBOYHO-
ro npecca (KT'HIIT). [ToBepxuocTr TpeHus 1 o6pa3zoBaHb
CONpPSDKEHHEM IVIAaBHOTO Baja Ipecca W IaTyHa (ormopa
d ,), aTIOBEPXHOCTH TPEHHS 2 — B PE3YNIBTATE CONPSKEHMUS
mIaTyHa 1 rnonsyHa (omnopa d, ).

ITpu BBICOKHX IMHAMUYECKHUX HATPy3KaX, KOTOPBIE HC-
merTeiBaeT ['MIM, mienecooOpa3Ho HCHONB30BaTh B Y3JIax
TPEHHsI OpPOH30BBIE IOIIITUITHAKH CKOJTBKEHUS, CIIOCOOHBIC
paboTaTs B IMIMPOKOM TEMIIEPATypHOM AMANa3oHE C CO-
XpaHeHHEeM pabOTOCIIOCOOHOCTH TPU HEAOCTATOYHOMH
cMa3ske, BUOpoycToiunBeie u OecurymHble. OMHAKO Kade-
CTBO COIPSDKECHUS 2JIEMEHTOB Y3JI0B TPEHUS B 3HAUUTEIb-
HOW Mepe 3aBUCUT OT CTENEHU U3HOCA UX ITOBEPXHOCTEM.
B nportecce pa6otsr [ IM omHOBpEMEHHO ITPOUCXOIHT U3~
HaIIMBaHHE KaK IIABHOTO BaJia, IIATyHA M ITOJI3yHa, TaK U

ISSN 1607-6885  Hoei mamepianu i mexnoaozii ¢ memanypeii ma mawunooyoysanni Ne2, 2016 89



MOAIIMITHUKOB CKONbXeHUs. [Ipu 5ToM kaxkaas u3 conpsi-
raeMbIX JIeTajel SBIseTCsS UICTOYHUKOM U TPUYUHON H3HO-
ca Apyroil neranu napsl TpeHus [8]. Ciaenyer OTMETHTS,
YTO B IAaHHOM CIIy4ae UMEET MECTO aATr€3UOHHO-yCTaI0C-
THBII XapakTep u3HammBaHus nap tpeHus I M, k koropo-
My B IEPUOABI BBICOKMX IUHAMHUYIECKUX HATPYXEHUH ITpuU-
GaBisieTcs ele 1 abpa3suBHO-MEXaHUYECKOE H3HALINBAHNE,
B3aMMHO HOBBIIIAIOINE HHTEHCUBHOCTD ApYT Apyra. Hc-
CJIeI0BaHMs MOKAa3bIBAIOT, UTO CyMMApPHBINA H3HOC Map Tpe-
Hust [YIM MoxeT OBITh CYIIECTBEHHO YMEHBIIICH ITyTEM
HAHECEHHs] U3HOCOCTOMKUX MOKPBITHH HA MOBEPXHOCTU
TPEHMs WIU BBEICHUEM CMa3KH, KOTOPBIE SKPAHHUPYIOT
MATKYIO NOIUIOKKY U TBEpJble BKIOUeHHs. MIMeHHO 3TO
00CTOATETHCTBO B 3HAYUTEIHHON CTEIIEHH yMEHbBINAET a0-
Pa3UBHO-MEXaHUUYECKYIO COCTABIISIONLYIO H3HAITMBAHUS B
napax TPEHUs, BCIEACTBHUE YEr0 CHUKAETCS YPOBEHb CyM-
MapHOro U3HOCa.

Puc. 1. TunoBass KOHCTPYKIUS y3/1a MOJ3YHa MOIIHOTO
KT'1IT

TeopeTnKo-IKCIIepUMEHTATBHBIMA HCCIIEIOBAHISIMHU
YCTaHOBJIEHBI 3aBUCUMOCTH TeMreparypsl 7 (puc. 2a) u
pacxoma cmazku O (puc. 26) OT BeTUIHUHBI KO3 PHIIHEeH-

Ta TpeRus f,,;, B y3I€ MON3yHA VISl IPECCOB HOMUHATb-

HeM yemueM 10, 30 u 50 MH.

HavanpHbIe 3HaYEHHS TEMIIEpaTypHI (pUC. 2a) COOTBET-
ctBytor padore KI'IIII ¢ ontumansHO# (TeopeTHIecKoi)
YaCTOTON XO/I0B C TOYKH 3PEHHMS PAMOHATIBHOTO COOTHO-
IIEHUS] MEX]y ITPOU3BOJUTEIHLHOCTHIO U JUHAMHIECCKOH
HATpy3KOi Ha y3JIbI MAIIHGBI, B ToM gucie u [ VIM [4].
Hcxons M3 HaUaJIbHOTO 3HAYEHUSI TEMITEPATYphI, PACCUH-
THIBAIOT BEIMYNHY MHUHHMAJIBHO JOMYCTHMOIO 3a30pa B
OIIOpax AJIsl IJIAaBHOTO CKOJNBXXEHMS 0€3 3aKIMHUBAHUSA B
YCIOBHSX HEAOCTATOYHOW cMa3ku. B mporecce paGoThI
I'IM nipu peanuzanum peagsbHOro TEXHOIOTMUECKOro Mpo-
1iecca TeMIIepaTypa MOBBIIIASTCS OT JTTUTEIIHHOTO BO3/1EH-
CTBUSI HATPY30K M yBEJTMUNBAIOLIEICS HHTEHCHBHOCTH Tpe-
HUs. B pesynbrare 3T0ro moBIIaeTcss KO QHUIMEHT Tpe-
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HUSI, YMEHBIIAIOTCS 3a30PbI JUIS IIUPKYJISAIUU CMa3KH U,
KaK CJIeJICTBUE, CHIDKAeTcs ee pacxox (puc. 26). Uccneno-
BaHUS POBOMIIUCK JIJISI TPAUIIMOHHBIX CUCTEM IUPKYIIsi-
LIMOHHOW CMa3KH.

AHau3 0Ty YeHHBIX Pe3yJIbTATOB

[TpuBenenHoe Ha pucyHKke 2 (@) MOBBIIIEHHE TEMIIepa-
Typ (B 1,5...2,0 pa3a no cpaBHEHHIO C HAYaJIbHBIMH 3HaYe-
HUSIMU) SIBJISIETCS HEOITYCTUMBIM 1Sl HOPMaJIbHOW JKCII-
JIyaTalyy Orop CKONbKeHus. J{71st obecrieueHns ux ynoB-
JIETBOPUTENFHON pabOTHl B CHCTEME IMPKY/ISINOHHON
CMa3Ku He0OXOAUMO:

- TIPEIyCMOTPETD KYJIEPHI, IIPEISTCTBYIOIINE MTOBBIIIIE-
HUIO TEMIIEPATYpPHI B 30HE TpeHUs He Ooree yeM Ha 25 %
I10 CPaBHEHUIO C HAYaJIbHBIMU 3HAUCHUSIMH;

- I3MEHHTH PEKUMBI pabOTHI CUCTEMBI CMa3KH B 3aBU-
CHMOCTH OT YPOBHSI TEXHOJIOTHYECKUX HArpy30K, JICHCTBY-
tormx Ha [ YIM, 1 MOMEHTOB BO3HUKHOBEHHS NX ITMKOBBIX
3HAUECHUI.

B peanbHbix yenoBusix skcruryaranun y3nsl KT ne-
IBITHIBAIOT BBICOKHE TMHAMHUECKUE HATpYKEeHHS (1 Jaxe
TIeperpy3KH) U AeHCTBUTENbHBIE (MTHOBEHHBIE) 3HAYCHUS
ko unmenTa TpeHns pasIugHbL ITO YBEINUUBACT PUCK
BO3HHKHOBEHUS 3aKJIMHUBAHUS, T. K. 3HAYCHHUE KO PHIH-
€HTa TPEHHS B Ipeziesiax paboyuero yria oreparyy sBIser-
cs KpaliHe BayKHBIM ITapaMeTpOM sl OLICHKU BETMUUHBI
Iie4ya TPEHUs KpyTAIIero MoMeHra [ 7].
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Puc. 2. I'padyku 3aBECHMOCTH TeMIEpPaTyphl (¢) U pacxona
CMa3KH (6) OT BeMMYMHEI KO3 hUIHEHTa TPEHHUS B OMTOpax
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B GonbIMHCTBE KOHCTPYKIIMI CHCTEM CMa3KH JeHCTBY-
rowux KI'ITT narneranue cMasblBaronien AUIKOCTH OCYy-
LIECTBJIAETCA OT HACOCHOM YCTaHOBKY MOCTOSIHHOM 1MOJa-
4M, TUAPABIMYECKHU CBSI3aHHOM ¢ KojutekTopoM. Ha Bexone
13 KOJUIEKTOPA BBIIONIHSIOT Pa3BOAKY THIPOIUHUAU KU
KO CMa3KU K y3JIaM U MeXaHU3MaM Iipecca. Takas cucre-
Ma cMa3Kku (G QEKTUBHA JUIS arperaToB, padOTaIOMNX B
CTAl[MOHAPHBIX PE&XKUMaX TPEHUS, T. €. IPU MOCTOSHHOI
Harpys3Ke, CKOpOCTH U TeMIIEepaType TPYLIUXCs TOBEPXHO-
cTel, B KOTOPBIX KOG GHUIIUEHT TPEHHUS IIPHOIU3UTEIIHLHO
OJMHAKOB Ha MPOTSXKEHUM BCETO LIUKJIA HArpyxeHus. Pe-
aJbHBIE YCIIOBUS PaOOTHI TPYIIMXCS Map KPUBOIIUITHBIX
IIPECCOB JAJIEKU OT cTaloHapHbIX. Harpyska B y3nax ITIM
U CKOPOCTHBIE YCIIOBHS IPU TPEHUHU U3MEHSIOTCS 110 MEpe
BpallleHNs NNIABHOT'O BaJa, T. €. 3aBUCST OT yIJIa €ro MoBo-
pora.

Taxum o6pazoMm, paboTy CHCTEMBI )KUAKOCTHON CMa3-
ku, ocooenHo ['MIM, HeoOX0IMMO CBSA3aTh C YIJIOM ITOBO-
poTa INIaBHOTI'O Bajia Ipecca.

JanHnas unes peanuzoBana B cucteme cMazku KI'THIT
[9], mpencTaBneHHOM Ha pUCYHKe 3.

B cucreme cmasku (puc. 3) uMeeTcst HaCOCHasI CTAHIHS
1, HarHeTaromas KUAKYI0 CMa3Ky B KOJUIEKTOp 2, OT KOTO-
POro NOCPEACTBOM TUAPOJIMHUAN CMa3Ka MOCTYMNAeT K pas3-
JIMYHBIM y3JaM pecca — My(Te, TOpMO3y, BEITaJIKHBaTE-
JISIM, YPaBHOBEIIMBATEISIM U JIp.

B nacocHoll cTaHu 1 npexycMaTpuBaeTcsl yCTaHOB-
Ka Hacoca 3 MepeMEHHOM MOoiauu, MOJAIOILETO KUIKYIO
CMa3Ky B OTAEIbHBIN KomiekTop 6. Pa3Boaka ruaponuHuit
OT KOJUTeKTopa 6 cHaOXkaeT cMa3koi mapbl Tperust [ VIM 5 —
OTOPBI CKOJIbKEHHUS:

- OIIOPHBIE MOAMINITHUKY CKOIbKEHHS TIIABHOTO Baja,
YCTaHOBJICHHbIC B CTAHUHE;

- MECTa COTPSDKEHNS ITIABHOTO Bajla Mpecca 1 MaTyHa;

- MECTa COTIPSHKEHHS IIaTyHa U HOJI3yHa.

Ha rmaBrom Bamy KI'III ycranapnmBaroT naTduk 4
TIOJIO’KEHMS, IPOTPAMMHO CBSI3aHHBIN TTOCPEICTBOM CHCTE-
MBI aBTOMaTHYECKOTO YIPABJICHHSI IIPECCOM C HACOCOM 3.

Hacochas ycranoBka 1 cozmaet HanpaBiIeHHBII IOTOK
XKHUIKOH CMa3KH, KOTOpas Yepe3 KOJUIEKTOp 2 THTAET BCE
y311el 1 Mexanu3Mbl KI'THI T 3a nckimouenreM y3noB TYIM 5.

Cucrema perymupoBaHus IOAaYH Hacoca 3 yIpaBisieT-
Cs1 B aBTOMAaTHYECKOM PEXXHMME B 3aBHCUMOCTH OT ITOKa3a-
Tenel naTurka 4 MOMOKeHHUsI ITABHOTO BaJla, BCIIEACTBHE
Yero M3MEHsIeTCs Pacxol cMa3KH yepe3 koruiekrop 6 [10].
HccnenoBanns KpUBOLIMITHBIX MPECCOB ITOKA3bIBAIOT, YTO
CYIIIECTBEHHOE MOBBIIICHHUE YIETIHHOTO JAABJICHHS B OIIO-
pax 'IM Bo3HHKAET B Ipefieax IFIaBHOrO padoYero yria ¢
MTMKOBBIM 3HAYCHHEM B KpaWHEM HIDKHEM IOJIOKEHHH,
BBHU/Ty 4€TO TPEOYETCsl COOTBETCTBYIOIINH PACX0 CMa304-
HOT'O MaTepraIa.

PaccmotpenHas cucrema cMa3KH JOJKHA OBITH IHP-
KYJIAIIMOHHOTO THUIIA C IIPUCYTCTBHEM B OaKe MeIKopyO-
JICHOM MEIHON NMPOBOJIOKU AJs YAYYIIEHUS] KPUTEPUEB
TEMIIEPaTypHOU CTOMKOCTH CMa304YHOI0 Marepuaa — no-
BBIIICHNS 3HAYEHUS KPUTHUECKOH TeMIepaTypbl U CHH-
KEHHS YPOBHSI TEMITEPaTypbl XUMUUECKOH MOM(DHKAIH.

Lo

T ITTTIT]

Puc. 3. Cxema CHCTEMBI CMa3KH C aBTOMAaTHYECKUM
peryaMpoBaHHeM MOa4l CMa304HOM JKUIKOCTU K y3J1aM
KI'HIIT

[Tpu sTOM naBieHNE U pacXo/1 CMa3KH PaCCYUTHIBAIOT Ta-
KM 00pa3oM, 4ToObl Temiiepatypa B omopax I'MIM He
BBIXOJIMJIA 32 JUAIIA30H AOIyCTHMOTO HarpeBa ¢ y4eTOM
CKOPOCTH CKOJIB)KEHHUS M 3a30POB B CONPSIKEHUSIX JETa-
Jen.

3TO MO3BOIISET CYIIECCTBEHHO IIOBBICUTH TPHOOTEXHU-
YecKre XapaKTepUCTHKH y3110B Tperus I UM, obecrieun-
Basi 00pa30BaHNE CEPBOBUTHOM IUIEHKH B Mapax TPEHUS
(puc. 1). IIpu geopmMupoBaHU FIEMEHTOB HATIPABIISIO-
IIMX Y3JI0B TIOZ JEHCTBUEM IKCLIIEHTPHUYHO IPHIOKEHHBIX
TEXHOJIOTNYECKNX YCHIINH CEpBOBUTHAS IJIEHKA HE pa3py-
II1AeTCs.

l'apanTupoOBaHHOE HATMYKE CEPBOBUTHOM IJIEHKH A0-
CTUTACTCS:

- HAJTMYMEM B CMa309HOM MaTepualie CabbIX KUCTIOT,
CIIOCOOHBIX PacTBOPSTH AIIEMEHTHI OPOH3HI ¢ HACKHIIICHHU-
€M TPYIUXCS OBEPXHOCTEH HOHAMH MEIIH;

- CO37[aHHEM B 30HE TPEHHS YCIIOBUH 00pa30BaHu Clla-
OBIX KHCIIOT IIPY OKUCIICHUH KOHTAKTUPYIOIIUX ITOBEPXHO-
CTEM CMa30YHBIM MATEPHAIIOM.

TemnepatrypHO€ BO3AEHCTBUE TEXHOIOTUUECKOTO ITPO-
Lecca ¥ nocienyomuil Harpes Hanpasiistomux ['MM no-
BBIIIAIOT MHTEHCUBHOCTh OKHCIIUTENBHBIX MPOLECCOB U,
CIIEIOBATENBHO, HACKIIIEHNE COOTBETCTBYIOIINX KOHTAKTH-
PYIOIINX TOBEpXHOCTEH MoHamu Menn. [Ipu aToM Ko3¢-
(HIMEHT TPEeHNsI B HAPABISIONIMX Y3J1aX ¥ HHTEHCUBHOCTb
M3HOCA TIIABHOTO Baja, MIaTyHa W MOJ3yHa Mpecca Cyle-
CTBEHHO YMEHBIIIAIOTCSL.
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Kopuak O.C., KpitTHnubknii O.M. Po3po0ka e eKTUBHHX TeXHOJIOT i 3MAIICHHS CYyYACHUX MEXaHIiYHUX NpeciB

Pozenanymo 3axoou 3i snudicennsi 3Hocy oemaned ma 6y3i6 Kpugowunuux npecis. Buaeneno napu mepms ma
YMOBU BUHUKHEHHSL 3HOCY 8 OA308UX eeMEHMAX 20N06HO20 GUKOHABH020 MEXAHI3MY — 20JI08HOMY GALY, WAMYHI Md
noe3yui. Hageoeno cxemy munoeoi koncmpykyii 6y31a no3yHa NOMyNCHO20 2apAueuimamny8aibHo20 npecy.
Po3zenanymo mpaouyiiini cucmemu 3mMaweHHa KPUBOWUNHUX NPeCi8, 8Us61eHo ix Hedoniku. Pospobaeno nogy cucmemy
3MAUeHH 3 ABMOMAMUYHUM Pe2yIH08AHHAM SUMPAMU MACMUTbHOT PIOUHU 00 8y311i6 npeca, Haoawo ii onuc. Hasedero
NPAKmMuyHi pekomenoayii 3i Cmeopents eekmueHUx cucmem 3MaweHHs KPUGOWUNHUX NPecie.

Kntouogi cnosa: npec kpugowiunHuii, 3MaujeHHs, 3aKIUHIO8AHH, NIOWUNHUK KOB3AHH, Napa mepms.
Korchak Ye., Kvitnicky A. Creating effective lubricating technologies for modern mechanical presses

Measures of crank presses parts and units wear reducing are considered. Friction pairs and wear arising condi-
tions are revealed in basic elements of the main actuating mechanism — the main crank-shaft, connecting rod and
sliding-ram. The scheme of sliding-ram unit typical construction of power crank hot-forming press is given. Tradi-
tional lubricating systems of crank presses are considered, its disadvantages are revealed. The new lubricating
system with automatic lubricant flow rate regulating to press units is designed, its description is given. Practical
recommendations of effective lubricating system creating for crank presses are adduced.

Key words: crank press, lubrication, jamming, sliding bearing, friction pair.
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COMPREHENSIVE MODERNIZATION OF THE TECHNOLOGICAL
EQUIPMENT OF ELECTRO-POLISHING

The article presents a comprehensive approach to the development of technological equipment for electrospark
polishing. An effective concept of automation of modern highly efficient and competitive technological equipment for

electric spark polishing of high-tech products is proposed.

Key words: an integrated approach, process equipment, automation of high-performance, competitive, high-tech

products of electro-polishing technology.

Presently, complex accretion of results of scientific and
technical progress and an artistic image of objects and
systems within the «operator-machine-operator» system
is observed. Technological processes become more multi-
operational as well as reduce in volume and square footage.
When developing complex technological systems there is
a need to solve a number of tasks which are outside of
competence of the mechanical, electrical or software
engineers — a group of developers who are not studying
design, psychophysiology, ergonomics, functional
coloring and psychophysiological perception of the color
scale [1, 2]. An account for these additional factors
provides not only physiological comfort and improved
moral atmosphere of the operator during the contact with
the equipment, but also increases their professional level,
creates possibilities for esthetic perception of the
production environment. A more careful consideration of
form and shape building elements in the design of the
apparatus harmonizes complex technological systems.

Electro-Impulse Polishing technology (EIP) which
received broad industrial application is based on the use
of physical and electrochemical processes that occur in a
mixture of gas and steam during which the processed
surface separates from the electrolyte [3]. The EIP
technology is characterized by low number of stages, high
stability and universality. This method has already been
implemented by multiple manufacturers in our country as
well as abroad and is recommended for high-quality
polishing of complex surfaces; surface preparation before
applying electroplated and vacuum plasma coatings;
simultaneous removals of the burrs and sharp edges;
cleaning of a surfaces of mineral and organic pollution.
The polished surfaces have a low roughness (Ra = 0.3-
0.04 microns) and high reflective ability. The EIPtechnology
also allows finishing opaque surfaces. Non-toxic salt water
solutions are used as electrolytes.

A replacement of traditional methods of surface
finishing processes by EIP allows reduction in labor for
polishing and removal of pollution by 1.5 to 12 times and
de-burring by 4 to 25 times. In most cases EIP application

© A. Ponomarenko, |. Fenko, 2016

considerably increases processing productivity, part and
product quality and repeatability of the results. It also
completely eliminates - manual labor which could not be
previously replaced.

Since 1988 a variety of specialized semi-automized
equipment and automized transfer lines (fig. 1) has been
developed for industrial use of EIP technology. This
equipment differs by specialization, extent of automation
of technological process, configuration and productivity.
A bathtub and a source of current with a control system
are generally a part of the EIP installation. Bathtubs have
working volume of 0.05-1.00 m? as well as necessary drives
and systems needed for completion of the finishing
process.

Characteristic for manufacturing processes constant
flow of various unfinished parts creates difficulties for EIP
automation. An analysis of known EIP designs as in [4-8]
has revealed a number of their shortcomings. Bearing
elements of EIP function only as support for apparatus
modules and finishing parts.

Fig. 1. EIP installations

ISSN 1607-6885  Hoei mamepianu i mexnoaozii ¢ memanypeii ma mawunooyoysanni Ne2, 2016 93



Working zone service options and installation
mechanisms do not consider ergonomic needs of the
operator causing increased levels of fatigue. Apparatus
cover elements and proportions have exclusively protective
functions and do not consider a functionality of decreasing
emotional load from appearance of the equipment. Color
schemes bear purely esthetic aspect, without improving
visual perception of large volumes of the design elements.

An analysis of the known designs in combination with
the work algorithm at this development stage of the design
project of the EIP apparatus (EPOL-6N series) allowed to
formulate and solve the following main objectives:

- to create an integral art and design image of
apparatus;

- to provide the most convenient operator access to a
working zone and areas of the apparatus depending on
ergonomic needs of the operator;

- to remove emotional loading from visual perception
of the large volumes of the design elements;

- to create visual and functional comfort caused by the
color scheme, psychological load and an operating mode
of the apparatus;

- to define tendencies of future development of shaping
systems for similar technological direction within the
«operator-machine-operator» system.

Simplicity, diversity and speed of computer modeling
as well as possibility of flexible change and easy
presentation of the developed models, makes computer
modeling preferable in comparison with traditional methods
of design. The modern software allows to develop and
create spatial models of objects of nearly unlimited
complexity to forecast their performance during the
estimated period of operation. Depending on the
development goals the most weak elements of the design
can be defined, simulated and optimized following by
corresponding changes implemented in the shortest period
of time. The possibility of obtaining a clear image of the
object created on the computer allows to eliminate
constructive defects of a design in advance as well as carry
out calculation of various technical characteristics of the
object and technological parameters of its production.

Preliminary configurations of basic elements of the EIP
apparatus EPOL-6N series allowed to decide on a block-
frame design. The materials and accessories corresponding
to the specifications of this EIP design were chosen. The
cross sections of the design elements and frequency of
supporting and connecting elements where determined by
calculating operating loads of the equipment. As the result
a «skeleton» of the EIP apparatus was developed.

An important aspect of ergonomic design is a rational
organization of the working space [9]. The authors of this
project focused on providing an optimum comfort
workspace for the operator when determining the locations
of the active and passive zones. It was found necessary to
allocate a field of vision in which the operator will receive
the maximum quantity of information which will be analyzed
to take correct steps. The developed configuration of
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monitors in combination with the service elements of a
working zone while taking into account average
anthropological characteristics of the operator (European
20-45 years old male) allowed to minimize quantity and
frequency of movements of the operator in the course of
operating this equipment (fig. 2).

Fig. 2. Ergonomic zones of access

Taking into account rather massive size of a working
zone a decrease in visual loading from large volumes was
necessary. This was achieved by appropriate choice of
proportions for cover panels, their thickness, dimensional
harmony and quantity of elements in all locations of the
work zone. Jointing of panels visually emphasized stability
and integrity of composition, purity of appearance and
simplicity of perception. A uniform shape and
proportionality of all parts of the apparatus creates an
image of the integral, complete product (fig. 3).

A choice of the optimum color environment is not
accidental — it is a result of multiple objective factors [10].
Considering the high extent of technological process
automation realized in the EIP of EPOL-6N series, visual
attention of the operator is more directed towards
perception of external color scale, rather than towards visual
control of the occurring processes.

Application of a combination of light yellow and dark
brown shades to the front planes of the apparatus is one
of examples of the directed visual attention. The
combination of these colors results in an interesting optical
effect. Colors closely located on color scale supplement
each other without creating the distracting contrast for
the operator. A light tone of yellow color visually removes
weight loading of large volumes, and dark tone of a
framework defines steady fundamental nature of the whole

composition.

—
M

L~

Fig. 3. Prospect of the EPOL-6N installation
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One important color nuance of the composition is in
coloring of guides and levers near the window of a working
zone. These elements of a design, as well as the operator
console are two locations of the most frequent operator
contact with the equipment. Therefore, the need for the
opposite choice on the color scale of these elements is
evident. In this case itis a light blue color. The contrast of
a light yellow and blue color more specifically designates
a location of the most operator effort in the work space.

«EPOL-6N» —the first series of the EIP apparatus which
during design process organically absorbed the results of
the creation of an appealing work space image. It allowed
to lay the foundation of the corporate style of elemental
composition or art and design imaging and the uniform
color choices. An improvement in the esthetics of the
apparatus was considered to be an inseparable part of the
set of tasks directed to improvement in consumer
interaction and competitiveness of this group of the
processing equipment.

Design modeling was developed by means of a
software package Pro/ENGINEER. Technological
effectiveness of the design was analyzed by 3D- modeling.
Optimization of the design durability of the bathtub and
framework in EIP was carried out by Final Elements Method
using software package ANSIS.

As aresult of an integrated approach to development
of processing equipment for EIP two apparatuses of the
EPOL-6N, EPOL-6N-200 and EPOL-6N-500 series were
designed. Appearance of the EPOL-6N-500 apparatus is
shown in fig. 4.

EPOL-6N-200 and EPOL-6N-500 include the EIP
equipment and the source of technological current. They
can be completed with power sources of 63, 72, 100, 160
and 250 kW. The main technical characteristics of the EPOL-
6N-200 and EPOL-6N-500 are given in tab. 1.

Distinctive feature of the EPOL-6N-500 apparatus is that
for convenience of transportation and installation it is
structurally executed in two sections — lower and upper. In

Table 1 - EIP Technical Characteristics

the lower section located bathtub and systems for
automatic maintenance of the set temperature and level of
electrolyte. Heating of electrolyte is carried out by the
electric heaters located in a bathtub with imbedded security
system against current leaks.

In the top section the control unit located operator
console, the suspension bracket drive executed on the
basis of roller carriage by STAR, the transparent protective
screen with the step drive and ventilation system. The
control system is constructed using microprocessor
equipment by SIMENS and includes the operator console
with OR-7 panel, central processing unit S7-200 series,
modules of analog input-output, a discrete output, the
frequency converter and the power supply unit. Distinctive
feature of a control system for the suspension arm is the
use of the alternating current frequency converter allowing
to carry out a «smooth» drive on/off switching and
programmable speed regulation. This decision considerably
reduces probability of losing grip on the finishing parts
during their immersion in a bathtub and extraction from it,
and also allows adaptive process control during polishing
of large parts.

e 4

Fig. 4. General view of the EPOL-6N-500 apparatus

Characteristic «EPOL-6N-200» «EPOL-6N-500»
Installation type Semi automatic Semi-automatic
Power Sources, kW 160 250
Productivity lasting operation 2,28 3,57
cycle of 6 min., m/h?, no more
The area of the processed 0,23 0,36
surface, m’, no more
Electrolyte heating time, h, no 1,0 1,0
more
Weight of a suspension 20 20
bracket, kg, no more
Working volume of a bathtub, 0.23 0.45
3 bl 9
m
Abaritny sizes mustache 1644kh796kh1910 2140kh1205kh2550
tanovka, ShhGhV, mm
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Electric control is carried out by means of the control
unit and operator console which are carrying out execution
of the program and control of process parameters. Control
system provides the following main functions:

- initial setting and regulation of the electrolyte
temperature in a bathtub using PID controller;

- initial setting and control of the finishing time;

- tension control of the suspension bracket;

- current control of the suspension bracket;

- control and regulation of electrolyte level;

- control of electrolyte operating time;

- control of cooling liquid pressure;

- ventilation system control;

- control and diagnostics of emergency situations;

- control and operation of the protective screen drive;

- control and operation of the suspension arm drive;

- control and operation of the electrolyte cooling gate
drive.

The control panel provides exchange of information
between the central processing unit and the panel of the
operator, displaying control information on the operator
display screen, and also carries out a dialogue between
the operator and apparatus. On the display screen it ti
possible to view four windows: «Input of parametersy,
«Automatic mode», «Adjustment» and «Switching off».
Programming of the operator panel is executed using
software package of Pro Tool Pro CS.

A central processing unit accepts signals from sensors
on starting position of the execution mechanisms and forms
signals for their management, measures and regulates

temperature and the level of electrolyte in a bathtub,
measures the working tension and electric current in a
power chain, and also carries out exchange of information
with the operator panel. The central processing unit ensures
functioning of apparatus in three modes: automatic,
adjustment and automatic EIP switch-off. Programming of
the central processing unit is executed using a software
package of V 3.1 STEP-7 Micro WIN SP 1.

Software of a control system are stored in energy
independent read-only memory storage unit. The system
allows to have a set of the operating programs which are
easily replaced using computer.

Conclusions

An integrated approach to development of processing
equipment for EIP, and also an effective concept of
automation and experience allowed to create a modern
highly effective competitive processing equipment for EIP
hi-tech products in Ukaine.
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Ionomapenko A.M., ®enbko L1 KommiexcHa po3po0ka TEXHOIOTIYHOI0 YCTATKYBAHHS 1M1 €JIEKTPOIMITYJILCHOTO

noJTipyBaHHS

Ilpeocmasneno xomniexcruil nioxio 00 po3poOKU MeXHON02IYHO20 YCMAMKYB8AHHA O eleKmMpPOoiCKpPO8o2o
noaipyeauHs. 3anponoHos8aHo ehexmusHy KOHYenyio asmomamusayii cy4acHo2o 8ucoKoegphekxmusHo2o ma
KOHKYPEHMOCHPOMONCHO20 MEXHONO02IYHO20 0ONAOHAHHS 015 eIeKMPOICKPOB020 NOMIPYEAHHSA BUCOKOMEXHONOIUHUX

8uUpobIs.

Knrouoei cnosa: komnaexcruuil nioxio, mexHoao2iune yCmamxy8aHHs, AeMOoMAamu3ayis KOHKYpenmocnpoMOJ’CHULL,
BUCOKOMEXHONLOSTUHUL 8UPIO, MEXHONL02IA eNeKMPOIMNYTbCHO20 NOPYBAHHL.

IMonomapenko A.M., @®enbko U.M. KommiekcHasi pa3padoTka TeXHOJOTH4€CKOro o00pyI10BaHUs IS

3J1IeKTPOMMITYJIbCHOT 0 IOIMPOBAHUS

Ilpeocmasnen komniekcHulll ROOX00 K paspadomke mexHoI02uyecko2o 000pyo0osanus 01 INeKMpPOUCKPOBO20
nonuposarnus. [lpednosicena s¢ghgpexmusnas KoHyenyus asmomamusayuu cO8PeMeHHO20 8blCOK0IPPekmusHo2o u
KOHKYPEHMOCROCOOH020 MEeXHOA02UUeCcKk020 060py006anus Oai AeKMPOUCKPOBO2O NOAUPOBAHUA

BbICOKOMEXHON0CUYHBIX U30eU.

Knwuesvle cnosa: xomniexcHuli nodxod, mexHojaozcudveckKkoe 060py006aHue, asmomamuzayus
GbZCOKOS(l)d)eKWlMBHblﬁ, KOHKypeHmOCnOCO6Hbl11, BbICOKOMEXHOI02UYHbIE u3defzu}l, MexXHON102Us IIEKMPOUMNYTIbCHO20

nOAUPOBAHUAL.
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Il MOOENOBAHHSA NMPOLECIB B METANYPTII TA
MALLUHOBYlYBAHHI

YAK531; 539.3

KaHg. TexH. Hayk HO. A. JlbimapeHko

3anopockas rocyjapCTBeHHasl MHXXeHepHasi akaaemus, I. 3arnopoxbe

OMNPEQOENEHUE BA30OBbIX BAPUAHTOB NE®OPMUPOBAHUA
NMPOCTPAHCTBEHHOIO AUCKPETHOI'O 3NIEMEHTA

Tpu nocmpoenuu Ouckpemmuvix mooesnell CHIOWHOU YAPYeoll cpedbl OMOeIbHOU NpoOIeMOoll A8Nemcs onpedeieHue
VAPY2UX XAPAKMEPUCMUK Ucnonv3yemou mooenu. [Ipednodicena memoouxa noucka makoeo 6a3uca 8 npOCmMpancmee
BEKMOPOB NepemeujeHuil RpOCMPaHCMEEeHHO20 OUCKPEMHO20 IeMEHMA, KOMOPblll NO360IUM 8 OAIbHeleM, Peuldst
obpammbvie 3a0ayu 8 KOHMUHYATLHOU U OUCKPENHOU NOCMAHOBKAX U CONOCMAGISA NOTyHAeMble Pe3yIbimantsl, HAxX0OUnb
UCKOMbLE JICeCMKOCIU.

Kntoueswie cnosa: cniownas ynpyaas cpeoa, npoCmpanCcmeeHHblll OUCKPemHbLiL dJleMeHm, nepemeuyerus, basuc,

cummempuzayus U AHmuCUMmMempu3ayusil 6eKnmopoes.

BBenenne

B cepun pabor [1-3] ObIT IpeioxKeH AUCKPETHBIH
TIOZIXO/T K PEUICHHIO 3a/1ad MEXaHWKH Ae(opMUpyeMoro
TBEPJOrO TeNa, NPeANoIaralouii UCIOIb30BAHUE JUCK-
PETHOM MOJIENH CIJIOUIHOM YIPYroi cpeibl M IPOBEACHUE
pacyeToB IO ITOW MOJIENN C TIOMOIIBIO METOA ITOCIEIO-
BaTENBHBIX IepeMenieHnit [4]. beum paccMoTpeHs Mojie-
JIM JUTS TUTOCKMX CTAaTHIECKUX 33/1a9 TEOPHH YIpyrocTH. J{iis
OLICHKH a/IeKBaTHOCTH MOJIENIEH MCTIOIb30BAJIOCH CpaBHE-
HHE PE3YIIBTaTOB, MTOTYYaEMbIX C TOMOIIBIO TEOPUH YIIPY-
TOCTH 1 HAa OCHOBE TUCKPETHBIX Mozesiei. MakcuMabHOM
OM30CTH PE3YNETATOB, @ B YIVIOBBIX TOUKaX MOJEIHN — MOMI-
HOT'O COBIAJICHHS, YIAJIOCh JOCTHYb B TOM CIIydae, KOra
YKECTKOCTH YIIPYTUX CBSI3€H TUCKPETHOW Opaiy MOIeIHy,
3aBHCSIIME OT BUAA Ae(OPMHUPOBAHUS 31eMeHTa. B aTom
Cilydqae yNpyrue CBSA3W B IUCKPETHOM MOJETH IPHHSTO
OBLTO paccMaTpUBATh HE KaK (PU3HIECKUE OOBEKTHI, a KaK
HEKOTOpbIE a0CTPAKIMH, C TIOMOIIIBIO KOTOPBIX MOIETHPY-
I0TCS yNPYT'1e XapaKTEPUCTUKH CIUIOITHON CPEIBI.

IIpoBozs aHAJIOTUIO € TUIOCKOM MOZIENTBIO MOXKHO MpE-
TMIOJIOKHTH, YTO U B IPOCTPAHCTBEHHOM CITydae Iist odec-
MEYEHNs] MaKCUMAJIBHOW aJeKBaTHOCTH HYXXHO TaKXKe
OpaTh MOJIENH )KECTKOCTH YIPYTHX CBS3€H, 3aBUCAIINE OT
xapakrepa JIe(opMHUpOBaHNS JUCKPETHOTO dIeMeHTa. B
CBSI3U C 3THM BO3HHKAET HEOOXOINMOCTB CPEIN BCEX BO3-
MOKHBIX BApHAHTOB 1e(hOpMHUPOBAHNS BEIIETUTE 0a30BEIE,
JUTS KOTOPBIX M OyIyT B A TbHEHIIEM pPacCIUTHIBATHCS XKe-
CTKOCTH YIIPYI'uX cBsi3eil. B HacTosmed pabore n3noxeHa
METOZIMKA, TIO3BOJISIONIAS BBITONMHHUTS 3Ty 3a4a9y Ha OCHO-
B€ IpoIecca CHMMETPU3ALHH.

© 0. A. JlbimapeHko, 2016

CumMeTpu3aLus U AHTUCUMMETPU3ALS BeKTOpa
nepemMeneHUil IMCKPETHOI 0 3JIeMEeHTAa

PaccmoTpuMm nuckpeTHBIN 3meMeHT B Gopme Kyda
(puc. 1). Ilepemenienns BEepIIMH 3J€MEHTa B HaIpaBlie-
HHUH KOOPJMHATHBIX OCEH, COHAMPABICHHBIX pedpaM ma-

paienenumena, 0003HaYUM 9€pe3 U, V;, W;, i=1, 8.

Torma mepeMernenne Bcero deMeHTa OyneT 3a7aBaThCs
BEKTOPOM B JBAIATHIECTHIPEXMEPHOM IIPOCTPAHCTBE!

U= (ul, Vi, Wy, Uy, Vo, Wy, oon, Ug, Vg, wg). )
W,
ih _w £
u
- 1 /}— '
W & - 2 Wik
3 W,
3, a
U‘3 J.IWﬁ Uy “er
Vs vj
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=
w A fi U5 ! 4 Us
7 W Wy v,
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Puc. 1. [Tepemenienus BepIIuH AUCKPETHOTO 3JIEMEHTA

DIeMEHTBI 3TOro BEKTOpa MPENCTABIBIIOT CO00iH Kod(hdu-
LIMEHTHI B pa3NiokeHnH BekTopa U 10 6a3HCHBIM BEKTOpaM:

x =0, ..,0),
x,=(0,1,..., 0),
X =(0, 0, ..., 1), Q)
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KaKIBIH, 13 KOTOPBIX COOTBETCTBYET IIEPEMEIIICHHIO OTHON
13 BEPIIMH 3JIEMEHTa B OJHOM M3 TPEX B3aMMHO IEPIICH-
JIKYJISIPHBIX HaIlpaBJICHHH.

Bmecto cuctembl BeKTOpOB (2) MOCTpOUM HOBBIH 0a-
3WC, KQ)KABIHA DJIEMEHT KOTOPOTo OyleT OTBEYaTh 32 OIMH U3
0a30BBIX BAPHAHTOB JIe(pOpMHUPOBAHNUS AUCKPETHOT'O dJIe-
MeHTa. [ly11 noctpoenus 6aznca OyemM NCIoNb30BaTh OIle-
pauuio CHMMETpHU3ali BEKTOPOB nepemerieHnit. Corryr-
CTBYIOIINE TIpeoOpa3oBaHus [Uisi OONbIIeH HANISAHOCTH
OyneM WLTIOCTPHPOBATh TpapUIECKH.

PaccmorpuM Tpu IIIOCKOCTH CUMMETpUH: 1-2 —1toc-
KOCTBb, TIPOXOZISIIIAs EPIICHANKYIISIPHO cTopoHe 1-2 uepe3
ee cepeauny; 1-4; 1-5 — aHanoru4Ho.

BHnayare BBITIOHSAEM CHMMETPHU3ALIHIO S 1 aHTHCUMMET-
pu3aLiio A OTHOCHTENBHO Miockoctd 1-2 (puc. 2). Iox cum-
MeTpu3anye 37ech 1 Aajee MoapasyMeBaeTcs Oreparms

HaXOXKIEHHSI [TOJTyCYMMBI IBYX BEKTOPOB, 110l aHTUCHMMET-
pu3armeli — HoypasHOCTH 3THX BeKTOpoB. Tak, Harpumep,
= +0,)/2. 0t =y u,)/2 02 Tpa oo, -
ObI He 3arPOMOXK/IaTh N300paKEHNs], Ha pUCYHKE 2 (M Ha
BCEX MOCIIEAYIOIIHNX) BEPXHHUE HHIECKCHI «S» U «a», 0003Ha-
YarolIue COOTBETCTBEHHO PE3Y/IBTAT BBHITIOIHEHHMS OIlepa-
LU CHMMETpHU3alii 1 aHTUCUMMETPU3ALMH, OIYIICHBI.

3areM Ay KaXK/I0TO U3 TTOJyYeHHBIX CITy4aeB BBINON-
HSIEM CUMMETPH3ALHUIO S ¥ aHTHCUMMETPHU3ALHIO A OTHO-
CHUTENIFHO IUIOCKOCTH 1—4, Tomy4ast ysKe YeThIpe cirydast:
SS, SA, AS, AA (puc. 3).

Jlanee 1y1st KXKJ0T0 U3 MOITYYEHHBIX CITy4aeB BBIIOI-
HSIEM CUMMETPH3ALHIO S ¥ aHTHCUMMETPU3ALHIO A OTHO-

CUTENBHO IUIOCKOCTH 1-5, monmyyast BoceMb citydaen: SSS,
SSA, SAS, SAA, ASS, ASA, AAS, AAA (puc. 4).
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Puc. 4. Tperuii aTan cMMMETpH3aLMHU [TEpPEeMEIIeHIH: OTHOCUTENBHO IIOCKOCTH 1-5

B KaXaI0M 13 ITOCTPOCHHBIX BOCBMU CJIIYIa€B BbIICIIA-
€M BapHUaHTBI, COACPKAIIUE TOJIBKO HEHYJICBBIC 3HAYCHUA
U, TOJIBKO HEHYJICBBIC 3HAYCHM V U TOJIBKO HEHYJICBBIC 3HA-
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YEHHS W, TTONTyJasi B UTOre 24 OKOHYATENbHBIX Pe3y/IbTara,
MIPE/ICTaBJICHHBIX HAa PHCYHKE 5.
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Puc. 5. reOMeTpI/I‘{eCKaH WIUTIOCTpAal U HOBBIX 6a3HUCHBIX

C NOMOIIBIO PUCYHKA 5 JIETKO 3aMicaTh KOOPIHHATHI
0a3HCHBIX BeKTOpOB. Tak, s IIePBBIX BEKTOPOB U3 KaX-
IO TPOMKH OyIeM NMETh:

y;=(1,0,0,1,0,0,1,0,0,1,0,0,1,0,0,1,0,0,1, 0,0, 1, 0, 0),
y+=(,0,01,0,0,1,0,0,1,0,0,-1,0,0,-1,0,0,-1,0,0,-1, 0, 0
y;=(1,0,0,1,0,0,-1,0,0,-1,0,0,1,0,0,1,0,0,-1,0,0,-1, 0, 0
yio=(0,0,0,1,0,0-1,0,0,-1,0,0,-1,0,0,-1,0,0,1,0, 0, 1, 0, 0),
yi3=(0,0,0,-1,0,0,-1,0,0,1,0,0,1,0,0,-1,0,0,-1, 0,0, 1, 0, 0),
yis=(,0,0,-1,0,0,-1,0,0,1,0,0,-1,0,0,1,0,0,1,0, 0, -1, 0, 0),
¥io=(1, 0,0,-1,0,0,1,0,0,-1,0,0,1,0,0,~1, 0, 0, 1, 0, 0,1, 0, 0),
¥ =(1,0,0,-1,0,0,1,0,0,-1,0,0,-1,0,0,1,0,0,-1, 0, 0, 1, 0, 0).

).
)

>

KoopmHaTh! OCTaTBHBIX JIBYX BEKTOPOB M3 KAYKIIOH TPOH- 13 3TUX BEKTOPOB OTBEYAET 32 OIMH U3 0a30BBIX BAPHAHTOB

KA MOT'yT OBITh TIOJTY4Y€HBI ITOCJIEAOBATEIIbHBIM CMEIIICHN - ,[[e(i)OpMI/IPOBaHI/IH TIPOCTPAHCTBEHHOI'O TUCKPETHOIO DJI€-
€M KOOpAWHAT NPUBECACHHBIX BEKTOPOB HA OAHY U ABE I10- MCEHTA:
3UIIHUHA COOTBECTCTBCHHO.

B orimame ot 6a3uCHBIX BEKTOPOB (2) HOBBIE Oa3HCHBIC
BEKTOpa MMEIOT HANIIAHBINA (GPU3HIECKU CMBICIT. Kaskiprit Y6- Yg» Y13 —PaCTOKCHHA-CKATHS,

Yi> Y2, Y3 —IHOCTyHaTeIbHBIE IEPEMEICHHNS;
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Yi1s Yi2> Yies Yiss Yi9» Yoo —U3THOBL,

Yio> Y175 Y21 — KpY4eHUI,

Y25 Y235 Y4 — CaMOypaBHOBEIICHHBIC nedopMa-
LK,

Y45 Yi55 Y55 Yo, Y7, Y14 — OOIIAPHO KOM6I/IHaHI/I$I
CABUTA U ITOBOPOTA.

U3 HOCHeﬂHeﬁ IMEeCTEPKU BEKTOPOB MOXKXHO C IIOMO-
1102320 JIMHENHOM KOM6I/IHaHI/II/I B ABHOM BH/JIC BBIACIINTD:

Y4+Yis5, ¥Ys+Yo, Y7 +Yi4 — COBUIH;

Yi5=Y4> Yo Y5, Yi4 — Y7 — IHIOBOPOTHL.
IpencraBum Bextop (1) B BUIE pa3noKeHus 10 HOBBIM
0a3KCHBIM BEKTOpaM:

2
U=3%5Y;. 3)
i=1
OGpaTnM BHUMAaHHE Ha TO, YTO BEKTOpA y; SBISIOTCS
B3aMMHO OPTOTOHAIBHBIMU:

Yi'¥;=0 (G, /=1, .., 24 i= ).

3T0 MO3BONISIET HAXOANUTH KO PUIIMEHTHI Pa3JIOKEHUS
(3) cemyrorum 0Opa3oM:

U-yi=sY¥iYi-
CrienioBaTesnbHO,
U-y;
Si=—_ (i=1,...,24).
Yi'Yi (=1, )
BriBoanl

Hcnonp30Banne orepanyy CHMMETPH3ALIHA BEKTOPA
MIEpEMEIICHNH MTO3BOIIIO BBIICIUTE 0a30BbIE BAPHAHTEI

Ie(OPMHUPOBAHUSI TUCKPETHOIO DIIEMEHTA, UMEIOIINE Ha-
DISMHBIN (U3NIecKuii cMBICH. B manpHeiimem, st onpe-
JIETIEHUs YIIPYTUX XapaKTEepUCTHUK TUCKPETHON MOIENH J10-
CTaTOYHO OyIEeT PEeIIUTh 3a1a9 B KOHTUHYAIEHON U JIUCK-
PETHOI MOCTaHOBKAX B Mpeeax Kax a0l U3 BbIIEIEHHBIX
KaTeropuii ¥ COMoCTaBUTh NOIydaeMble pe3yasratel. Kpo-

M€ TOI'O, UCIIOJIb30BAHUEC PA3JIOKCHUA BEKTOpa U 1o Oa-

3WCHBIM BEKTOpaM (3) yIIpoCTUT pacyeT HaNpsHKCHHO-/Ie-
(hOpMUPOBAHHOIO COCTOSTHAS KOHCTPYKIIH Ha OCHOBE
MIPOCTPAHCTBEHHON TUCKPETHON MOJEIH C IOMOLIBIO Me-
TOJIa IOCIIEA0BATENbHBIX IIepeMelleHnH [4].
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Jlumapenxko FO.0. Buznauenns 6a30Bux BapiaHTiB e opMyBaHHS NPOCTOPOBOI0 TUCKPETHOIO0 eJIeMEHTa

Ipu nobyoosi ouckpemuux mooeneil CyYiibHO20 NPYHCHO2O CepedosUla OKpemor NpoOLeMor € GUHAYEHHS
NPYACHUX XAPAKINEPUCTUK BUKOPUCMOBYBAHOI MOOeN. 3anponoHo8ano Memoouxky nouyKy maxkozo 6asucy 6 npocmopi
BEKMOPI6 nepemiujeHb NPOCMOpPO8020 OUCKPEMHO20 eleMEHMA, Wo 00360IUNb HAOA, PO38 A3YI0HU 360POMHI 3a0aUi
8 KOHMUHYANbHIU | OUCKPEemHill NOCNAHOBKAX | 3ICMABNAIYU 00epIHCYBAHT pe3yIbmamu, 3HAX00UMU WyKAHi
JlcopCmKoCmi.

Knrouoei cnosa: cyyinohe npydxcte cepedosuuje, NpOCmMoposull OUCKpemHuull elemMenm, nepemiujenus, oasuc,
cumempusayisa i GHMUCUMempu3ayis 6eKmopis.

Lymarenko Yu. Defining a basic types of spatial discrete element deformations

Construction a discrete models of continuous elastic medium involves a problem of model elastic characteristics
determination. Technique of finding a basis in the space of displacement vectors of spatial discrete element is
proposed. Obtained basis will enable in future to evaluate the sought stiffnesses by comparing a results of solving an
inverse problems in discrete and continues formulations.

Key words: continuous elastic medium, the spatial discrete element, displacement, basis, symmetrization and
antisymmetrization vectors.
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3anopi3bknin HaLioHaNbHUA TEXHIYHWIA YHIBEPCUTET, M. 3anopidokst

NMPO NOBYAOBY KPUBOI 3HOCY ANA MALLUUH
| YCTATKYBAHHA

Posensoaemovcs 3a0aua nobyoosu cmamucmuunoi Kpugoi 3nocy mawun i ycmamkysanhs. Ilepedbauacmocs, wo
Haubibw y3a2aibHene 300pajicenHss OUHAMIKU 3HOCY 0ae aocicmuina kpusa. Haeooumscs areopumm 6i0HOGIeHH S
Henepepenoi yHKYil, AKa 3a0aHa C80IMU HAOIUINCEHUMU 3HAYEHHAMU ) 8Y31aX 008LIbHOT (hiKCO8aHOT cimKu i Ma€ 8
obnacmi 8usHayeHHs1 He OLIbLUe 0OHIET MOUKU nepecuty. B saxocmi 6i0H061108abHOL npUtiMacmoscs oyHKYis, noOyo0oeana
Ha 0CHOBI Memo09y K8a3ipo3e a3kis. Haseedeni arcopummu 8i0H08ICHHS € ONMUMATbHUMU 30 NOPAOKOM MOYHOCMI HA

8IONOBIOHUX KACAX QYHKYII.

Knrouosi cnosa: gpynxyis oowuiei 3MiHHOI, 6I0HOBIEHHA, TO2ICMUYHA KPUBA, KPUBA 3HOCY, ONMUMAIbHICHb 3d

MOYHICMIO.

Beryn

OcTaHHIM YacoM BeIyThCsI aKTUBHI IOCHI [PKEHHS 3 PO3-
POOKM CTATUCTHYHHX KPUBHX 3HOCY JUTSl MAIIMH 1 yCTaTKY-
BaHHS, SIKi CIIy’)KaTh XOPOIIUM iH(pOpMaIiitHuM 3acobom
0CO0OJIMBO B yMOBaX MacoBOi OL[IHKH.

Kpusa 3H0CY nI0OKa3ye nuHaMiKy KoedimienTa 3HOCy B
Yaci NpOTAroM TEPMiHY CITy)XOM MaIMHA. Y JITepaTypi 3
OLIIHIIKM MAaIlIUH 1 YCTaTKYBaHHS JABHO BXX€ POOJIATHCS
cnpoOu 3HAITH TaKy (OpMy KPHBOI, SIKa 3MOXKE aJIEKBATHO
BiZI0Opa)kaTH SIKyCh y3arajlbHeHy 3aKOHOMIPHICTb 3HELIHEH-
HS IS BCIX KJTaciB MAIIVH i 00J1aaHaHHsg [2, 3].

Ha mymky 6aratbox aBTOpiB BEIHKAMHU MOXKIIHBOCTSI-
MU JJIs1 MOZICITIOBAHHS MPOLIECY 3HOITYBAHHS MAIIINH 1 yc-
TaTKyBaHHS B IIMPOKOMY iHTEpPBAJIi iX KHUTTS Ma€ JIOTiCTHY-
Ha KpuBa. [IpakTHYIHIM I ATBEPIKEHHSIM [IbOTO CITYXKaTh
(hopMu KpUBUX BHOYTTS [UIS IPOMHUCIOBUX 00’ €KTIB Maii-
Ha, OTpAMaHi BYCHUMHU-CTATUCTUKAMHY 3 YHIBEPCHTETY IIITa-
Ty AtioBa B CIIIA [4]. Humu Oyiu ripoBeeHi ToCi KeHHS
3 MOOYIOBY CTATUCTHYHIX MOJIENEH | KPUBUX 3aTHIIIKOBOTO
pecypcy it 00’ €XTiB MaitHa B IPOMHUCIIOBOCTI. 3aBIaHHS
[UX TOCTIHKEHB MOJISTaNI0 B TOMY, 00 pO3pOOHTH IpaK-
TUYHI MOJETI UTsI OOTPYHTOBAHOTO PO3PAXYHKY TEPMiHiB
CITyO1 MaIIMH 1 yCTaTKyBaHHS, BiAIITOBXYIOYMCH Bij Ja-
HHX CTATUCTHKHU PO MOCTYIIOBE BUOYTTSI EKCILTYaTOBAaHUX
00’ €KTiB TIpH TOCATHEHHI 1eBHOTO Biky. CyTh METOIY ITO-
JISITa€ B HACTYIMHOMY. BuaianMo 10CHTh PEeACTaBHALIBKY
TPyITy MaIlIMH OIHOTO KJIAcy, sIKi MOYali eKCILTyaTyBaTHCS
B OJIFIH Yac i PYHKIIOHYIOTh y TIPUOITH3HO OJHAKOBUX YMO-
Bax. Jlaimi aramnizyeMo OaraTopivHi CTATUCTHYHI JaHi Ipo
Te, CKUTHKU MAIIHH 3 Ii€1 TPYITH IIOPOKY CTAIOTh HEMparies-
TATHAMH 1 ciiicyroThes. [TimpaxoByeMo BiICOTOK MAIITHH,
SIK1 3aKiHIYIOTh CBOE JKUTTS B KOKHOMY POLIi, BiJl TOYaTKO-
BOT'0 YKCJIAa MAIIIHH Y AaHi# rpyri. 3a OTpUMaHUMHU TaHU-
MU OyIyIOTh CIOYaTKy eMITipHYHY JaMaHy KPUBY, a TIOTIM
i1 aIPOKCUMYFOTB Y BUIJISIII 3TJIAPKEHOT KPHBOI 3aJTUIIIKO-
BOTO pECYpCY.

3 TOYKM 30py BU3HAUEHHSI IMHAMIKH 3HOCY IHTEPEC Ma€e
1HIIIa KpUBa — KpuBa BHOYTTS. Ll KpuBa € n3epKanbHIM
BiJJOOpaYKEHHSIM KPUBOI 3aJIMIIKOBOTO PECYpCy 1 TaKoX
npesicTaBieHa Ha puc. 1. BoHa nokasye mporec HapocTaH-
HS 3 BIKOM YacTKU BHOYIHX 3 ekciuryaTanii MamuH. Cro-
COBHO JI0 OZTHI€T SIKOi-HEeOy/Ib MAaIIMHK 3 JAHOI TPyNH KpUBa
BUOYTTS HaOyBae CeHCy KpHMBOi 3HOCY, IO BimoOpaxae
SIKyCh 3aKOHOMipHY BTpaTy ii TEXHIYHOTO pecypcy abo pe-
CypcCy OBI'OBIYHOCTI.

V mitepaTypi MOXKHA 3yCTPITH KPUBI 3HOCY AJISI PI3HUX
KJIACiB MAIIIHH 1 yCTATKYBaHHS, III0 OIMCYIOTHCS HaiuacTi-
1€ CTEIIEHEBUMH 200 TIOKa3HUKOBUMH (pyHKIIisiMHE. | X0ua
IIi KPHB1 ONHCaHI JOCUTH CKITaTHAMHA (QYHKIISIMH, aje 3a
(hopMOIO BCi BOHHM CXOXi Ha JIOTiCTUYHY KpHUBY. MoOXHa
CKa3aTH, 10 HaHO1IBIN y3arajJbHeHe 300paKeHHs TUHAMI-
KH 3HOCY Ha IITIPOKOMY iHTEPBaJIi )KHUTTS 00’ €KTIB A€ JIO-
ricrmyHa KpuBa [1].

Tomy moOynoBa 3a eKCHEpPUMEHTAJIBHUMHU JaHUMHU
ONITHMAJIEHUX aJITOPUTMIB BiTHOBIICHHS S-00pa3HUX JIOTi-
CTHYHUX (PYHKITiH € aKTyaTbHOIO.

Taxum 4nHOM, 3TIIa/KEHA KPUBA 3aJIUIIIKOBOTO PECYP-
Cy IOKa3ye 3MiHY 9aCTKH (BiCOTKa) MaIIXH, IO IIPOIOB-
KYIOTB (DYHKITIOHYBATH 31 3pOCTAHHSAM IX XpPOHOJIOTI9HOTO
BiKY, B 3araJIbHi{l KiTBKOCTI MAIITHH, SIKi TIOYAJTH CBOE YKATTS
OJHOYACHO 3 IMMH MaIIHHAMH.

Astopamu [4] Gynu po3pobiaeHi 18 TumiB 3mmapxeHnx
KPHUBHX, IO PO3PI3HAIOTHCS KPUBU3HOIO, CHMETPHUYHIX 1
aCHMEeTPUYHHUX, 3JaTHUX BiTOOPA3UTH Pi3HOMAHITHI CUTY-
arii 3HOCy y pi3HiH TexHimi. | Xxo4a 11i KpuBi ONMCaHi TOCHTH
CKJIaMHUMH (YHKITISIMH, aje 3a (POPMOIO BCE BOHU CXOXKi
Ha JIOTiCTUYHY KpUBY. SIK IpHKiIa Ha puc. | HaBeeHa 3iai-
KEHa KpUBa 3aJUIIKOBOTO PECypCy, OTPIMaHa aBTOPaMHU
JUTS TA30BUX BiILICHTPOBHUX HACOCIB.

© H. O. Heunnopetko, O. B. KopotyHoBa, KO. B. MactuHoBcbkuin, 2016
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Puc. 1. KpuBi 3anumkoBoro pecypey i BUOYTTs JUIsl Ta30BUX BiILIEHTPOBUX HacocCiB [4]

ITocTranoBka 3amadi

Hexaii pyHKIist f(x), 0 HAISKUTH JESIKOMY Kiacy F
BHU3HAYEHUX Ha [a, b] ¢yHKIIIH, 3a1aHa CBOIMU HaOIIKe-
HUMH 3HAQYEHHAMH f,, j=1,N Yy By3Nax X; JIOBiTbHO
dikcoBanoi citkn A:{a = x, < x, <...<x, =b}. [lotpi6HO
BiJTHOBUTH ITF0 (PYHKIIif0. B SIKOCTI Bi THOBITFOBAIBHOI IIPHIA-

MaeThest PyHKIIA S(x), AKa HAJEXHUTh Kiacy F 1 3a10-
BOJIBHSIE YMOBI:

8(S) = inf 8(¢),
ol

8(9) = max|f; —o(x;)]. (1)

Hexait Fy . —xmac QyHKUi f(x) € F , 110 330BOJHHS-
10Th YMOBI | /(x,) - fi| <&, i =1,N . Ockinbku QyHKmis S(x),
10 € po3B’s3KkoM 3afadi (1), HanexxuTs kacy Fy ., To 3a
YMOBH 00OMEKEHOCTI IIbOTO KIIACY, BiTHOBICHHS (DYHKIII€I0
S(x) € ONTHUMAaJBHNM 32 ITOPSIIKOM TOYHOCTI B KiIaci F; Ne 3
KOHCTAHTOIO TIOPSIIKY, I1I0 HE IIEPEBHUILYE IBOX.

B sikocTi F po3mIsiHEMO Taki Kiacu (DyHKIIIH:

- ¥, [a,b], i =1,2 — knac HenepepBHUX QYHKIIN f(x),
x e[a,b], MIHIMAJIbHE YHCIIO IHTEPBAJIIB, OITKJIOCTI SKMX Ha
[a,b] HE MIEpeBHIIyE | ;

- W, [a,b], i=12 — Knac HemepepBHUX (GYHKIIi
f(x) €V, [a.b] i neybyTHUX Ha [a,b].

BigzHaunMo, 10 HasIBHI eKCIIEpUMEHTANBHI naHi f;,
j=1,N 0 QYHKIII f(x), sK IPaBUIIO, HE BiIIOBIafOTh Ha-
SIBHOI arpiopHoi iHpopMariii mpo reOMETPHYHI BITaCTUBOCTI
dynKIi f£(x).

Marepianu i meTonu

PozrstHeMo 3a1aqy BiZTHOBIIEHHS HETIEPEPBHUX OIMYK-

nmux (GpyHKOIA: 3HAHAEMO QYHKII0 SX), IKa 3aI0BOJIHHSIE
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ymogi (1) mpu F =¥, [a.b]. Jlns BusHauenocri Gynemo BBa-

Katu, wo Gyrkii knacy V; [a.5] omykoi Bam3. PosrisHemo
HACTYIMHHI MOKPOKOBUI

Anroput™m A.
Kpox 1. TToxnactu s =1, ky =1.
ka - fle,I —

Xk, — Xk

s

fi-h,

Kpok 2. O6umcnii i

- ks <i<N X; _xks—l

3adikcyBatH k.

Kpok 3. 3naiitu J; :1/2k max (f; —y,(x;)), ne
<i<

s—1S15Kg

fe, ~

Vs = fi +ﬂ(’“ X)),

xks - xksfl
Kpoxk 4. Ilepeipuru: k, = N ? SIkio Tak, To nepeidtu
IO KPOKY 6, SIKIIO Hi — A0 KPOKY 5.
Kpok 5. 30imp0mTy § Ha OIUHULTO 1 TIEPEITH 10 KPOKY 2.

d(s) =maxJ;

Kpox 6. 3naiitu I<ies

Kpoxk 7. IToknactu z;(x) = y;(x)+9;, i=1s -
Kpok 8. IToknacta S(x) =maxz;(x) , x € [a,b] i 3aKiHIm-
1<i<s
TH OOYHCIIEHHS.
JoBeneno, mo anroputM A4 nmae po3B’30k 3amadi (1)
npu F =V, [a,b].

PosrisHeMo Tenep 3a1avy BiJHOBJICHHS HENIEPEPBHUX
OmyKJIUX HecnmagHux (yHKIi#, ToOTO 3amauy (1) mpu

F =W, [a.b]. PosrstHemo HACTYIHUMN IOKPOKOBUMN

Anroputm A .

Kpoxk 1. 3naiita f, = 1r<ng]1vf’ i3adikcyBatu 7.

SIS

Kpoxk 2. IlepeBipuTa: p =1 ? ko Tak, To nepeitu 1o
KPOKY 3, SIKIIIO Hi — IO KPOKY 4.

Kpoxk 3. Bukonatu kpoku 1-8 anroputmy 4 13akiHuu-
TH OOYNCIICHHS.
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Kpoxk 4. 3naiitu 6, =1/2max(f; — f,) 1 nokiacru
I<i<n

N ()C) = fn .
Kpok 5. ITepeBiputu: n = N ? SIKII0 TaK, TO HOKJIACTH
S(x) =,(x)+8,, xela,b]i3aKiHUNTH OOUHCTEHHS.

Kpok 6. Iloxmactu s =2, ky =n.

Kpox 7. Bukonaru kpoku 2—8 anropurmy A i3akiHuu-
TH OOYHCIICHHSI.

Joseneno, 1o anroput™ A4, nae pimenns 3amadi (1)
npu F =W, [a.b].

PozmstHeMo Tenep 3aaady BiTHOBIEHHS S — 00pa3HUX
¢yHkUii. Bynemo ka3aty, 0o To4ka x* € TOYKOI Meperu-
Hy ¢yHKOii f(x), SIKIIO iCHye YuciIo §>() Take, IO B
yCiX TOUKax x e (x* -9, x*) ¢bysKkmis f(x) omykiia Bropy
(BHHM3), a y BCIX TOUKaxX x e (x*,x* +8) ¢bysakmis  f(x)
oIyKJia BHU3 (Bropy). BiAmoBimHO 10 1IbOr0 BU3HAYCHHS
MiHiMAaITbHE YHCIIO TOHYOK reperuHy dyHKiiii knacy V, [a.5]
HE TIePEBUILYE OUMHUIII.

Io6yyeMo po3B 30k 3agaui (1) mpu F =V, [a.b]. Jina

BU3HAYCHOCTI OyIeMo BBaXkaTH, o (yHKii kacy V, [a, b]

. * . .
OITyKJIl BHU3 Ha |_a,x ) 1 OIyKJII Bropy Ha (x*,bJ, e x —
JIOBUTbHA TOUKA [a,b]. PO3IISIHEMO HACTYIHHMIH TOKPOKOBHI

Anropntv B.
Kpok 1. Iloknacta s =1, ky =1, p=1,n,=N.

Ji, =Tk Ji =i

: o :
Kpok 2. O6uuciumy —— = min
kg1 <l§np,1 _X,'i — _st_l

R
13adikcyBaty k.

! I
Kpok 3. 3uaiitu d; =l/2k m<a)<<k (/i _ys(xi))’ e

s—1 515K

fx

M@= fi N[l S X )

xk.v N xk.vfl
Kpoxk 4. Obuncnutu
f n, f ny

X —X
ny np

. f; _fnp_l
= min _—

kg1 <i<nj_y X; _x”p '

13adikcyBaty 71, .

Kpok 5. 3naiitu 6;, =1/2 max (y;(x,-)—fi), e

n,<i<n

p=t=lp-1
fn _fn
- . -1
y’p(x):fnp_1+ £ £ ()C—)Cnp_l).
xnp_ n,

Kpox 6. Tepesiputu: 8% < 8', ? SIkwo Tak, To nepeiitn

IO KPOKY 7,KII0 Hi — 10 KPOKY 9.
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Kpox 7. OOuuciautu zé (x)= yi (x)+ 8§ )

S!(x) = max z! (x)
I<i<s :

Kpoxk 8. IToknmactu s =5 +1, j =1 unepeitu 10 Kpo-
ky 11.
Kpox 9.

O6unciutn  z,(x)=y,(x)-38),
S}, (x) = min z; (x)
I<i<p :
Kpoxk 10. Iloknactu p=p+1, j=0.
Kpoxk 11. Ilepetiti 1o kpoky 13, sixmio s =1 abo p =1.
Kpoxk 12. Ilepesipuru: S.ﬁ_l (g, ) > S;_l (x4, ) m

! N
S5 (xnp,l ) > S;—l (xnp,l ) 2 SIKIO TaK, To nepeiTH 10 Kpo-

Ky 15.
Kpox 13. Ilepesiputh: k_, +1< n, ? SIk1mo Tak, TO

HnepeiTu 10 Kpoky 2.
Kpok 14. IToknactu
Sifl(x), ecnu a < x<xp

S(x)=1g(x), ecmu X, Sx< Xy, "

p
Spo1(x), ecau Xy, SX< b

i
g(x)= g(xa Xy Ay (xks,l ), xnp,l > S;—l (xnp,l )) 5
SKIO s>1u p>1;
g(x)= g(xa X i X, > Spo1 (X )), SIKIO 5 =1
g(x)= g(x,xké._l ’S;—l (X, , )va’fN)a AKWo p=1;

Ly — Y

g(x)=g(x,u1,ul,u2,l)2)= (x =1y) + V) j 3axin-

Uy =iy
YUTH OOYNCIICHHS.

Kpok 15. IepeBiputa: 5 =2 abo p = 2 ? ko Tak, To
HOKJIACTU W = X;Sign(p —2) + xysign(s —2) unepeitu 1o
Kpoky 21.

Kpok 16. ITepeBiputn: j =1 ? SIxmo Tax, To mepeidTn
IIo Kpoky 18.

Kpok 17. Busnaunmn w Taxe, mo S, »(w) =z, (W) i
nepeiTa 10 Kpoky 19.

Kpok 18. Bushauntn w Take, mo S’ ,(w) =z’ (w).

Kpok 19. IlepeBiputu: S (w)< S),-1(w) ? SIxwo Tax,
TO TepedTH 10 KpoKy 21.

Kpoxk 20. IMoknactt s =s—1,5xmo j=1u p=p-1,
sk j=0.
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Sé_l(x), ecnu x; <x < %
Kpox 21. Tloknactu S(x) =

% s
S, 1(x), ecnu x <x<xy

* . / .
me x =minp|S;_(x) =S, (x), min(w,x; )< x< Xn, },

ko j=1;
x = max{x S! (%) =S},1(x), x;_ <x < max(w, Xn,s )} ,
Ak j=0.

JloBeneno, mo ¢yHknis S(x), modynoBaHa B pe3yiib-
TaTi BUKOHAHHS AJITOPUTMY B , € pO3B’s13KoM 3a/1adi (1) mpu
F=V, [a,b],

[MoGynyemo Temep po3B’s30k 3azmadi (1) mpwu
F=W, [a,b]. Jns Bu3HaueHOCTI OymeMO BBa)KaTH, IIO
dynkwii knacy W, [a.b] mecriamui, onyki BHu3 Ha |_a,x*) i
OMyKJIi Bropy Ha (x*,bJ, Je x — JOBinbHA TOUKa [a,b].
Po3rmisiHeMO HaCTymHMI TOKPOKOBHI

Asroputm B,
Kpok 1. Toknacru s =1, k, =1, p=1,n=N.

Kpoxk 2. Ilepesipuru: s > 1 ? SIkiio Tax, To nepeiTu 10
KpOKY 6.

Kpok 3. 3Haiftu f;, = min f u 3adikcyBary k, .

1<i< n
Kpox 4. IlepeBiputu: k, =17? Sxuro Tak, To nepeitu 1o
KpOKY 6.

/
Kpok 5. 3uaiitn 91 =1/ 21222 (/i = J&,), Moxnacru

yll (x) = fi, wmmepeiiTi 10 KoKy 8.

S, = Ji, . Sim S,
Kpok 6. O6umcrmt ————=-= min ———=L
_st — xks—l kgy <1S}1p,1 xi — _st_l

usadikcysarn K, .

Kpok 7. 3naiitu 6l—l/2 max (f] yg(x ), ne

ks_1<j<k;

Y@= fi +f‘”ﬂ(x —x )

k.v xk.vfl
Kpok 8. IlepeBipuTa: p > 1 ? SIxmio Tak, To mepeiitu 1o
Kpoky 12.

Kpok 9. 3naiitn fnp = max f; izadikcysatnu n,
kg | SISN

Kpok 10. TTepeBipuru: n,= N ? SIxmo Tak, To iepeii-
THU 10 KpOKy 12.

Kpok 11. 3naiitt §] =1/2 max (f — 1) , Hoxmac-

n,<i<Ng

i Y1 (X) =1, inepeiitu 10 kpoky 14.

Kpox 12. O0uucauTu
fnp_fnp_| . fi_fnp_l
=, mmn i3adikcysaru 7
xnp - x"p—l kg <i<np_y X; — x”p—l P

Kpox 13. 3uaiitn &), =1/2 max (yp(x) /), ne

<i<
prl

y,(x)=1, +f /s

11

—(x-x, )

p-1

» n

p-1

Kpok 14. Bukonaru kpoku 621 anroput™my B 13aKiH-
YUTH O0OUNCIICHHS.

JoBeneno, mo ¢yskuis S(x), modyroBaHa B pe3yiib-
TaTi BUKOHAHHS AJITOPUTMY B , € pO3B’s13KoM 3a/1adi (1) mpu
F=w, [a,b],

BucHoBkn

Hageneni anroputMu 103BOISTIOTh HE TUTBKA 30€perTa
130reOMETPIYHI BIIACTUBOCTI BiTHOBITIOBAHOI (DYHKITT f(x),
aJe i, SIK TIOKa3ykOTh Pe3yIbTaTH YUCICHHUX CKCIICPUMEHTIB,
JOCSATTH TOCUTH BICOKOi TOYHOCTI BiJHOBJICHHS. ToMy i
aJTOPUTMH MOXKYTh OyTH BUKOPHCTAHI ISl TOOYAOBH CTa-
THUCTUYHHUX KPUBHUX 3HOCY.
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Heunnopenko H.A., Koporynosa E.B., MactunoBckuii F0.B. O nocTpoennu KpuBoii H3HOCa JJI MALLIUH U
000py10BaHMsI

Pacemampusaemces 3adaua nocmpoenus cmamucmu4eckol Kpugoi UsHOCa Mauwun u 060py008aHusL.
Ilpeononazaemcs, umo naubonee 0600weHHOe UZ0OPAdCEHUE OUHAMUKU UBHOCA Odem JIOSUCUYeCKas KpUuedsi.
Tpusooumcst anzopumm 60CCMAaAHOBNEHUSL HERPEPLIBHOU (PYHKYUU, 3A0AHHOU CEOUMU NPUOTUNCEHHBIMU SHAYEHUSMIU 8
V31aX NPOU3BOIbHOU (PUKCUPOBAHHOU CeMKU U umeroujell ¢ obnacmu onpeoeieHus He bojee 00HOU MOYKU nepeauda.
B kauecmse soccmanasnugarowell nPUHUMAemcst (PYHKyusl, NOCMPOEHHAsE HA OCHOBE Menmood KEa3upeuleHuil.
Tpusooumvie aneopummbl 80CCMAHOBNCHUS SGISIOMCSL ONMUMALLHIMU NO NOPSOKY MOYHOCTU HA COOMEEMCMEYIOUWUX
Kaaccax QyHKkyuil.

Knroueswie cnosa: d)yHKlﬂ/lﬂ 00HOU I’lepeMEHHOﬁ, 60CCMAHO6IIEHUE, JlocUCmMUYeCKaAa Kpueas, Kpuedas UsHocd,
ONMUMATbHOCMb NO MOYHOCNU.

Nechiporenko N., Korotunova O., Mastinovsky Yu. About the construction of the machinery and equipment deteri-
oration curve

The problem of the depreciation of machinery and equipment statistical curve formation is considered. It is
assumed that the logistic curve gives the most generalized depreciation dynamics character. An algorithm for restor-
ing the continuous function given by its approximate values in the nodes of an arbitrary fixed grid and which has no
more than one point of inflection in its definition area is provided. A function, built on the basis of quasi-solution
method is taken as the recovery. Driven recovery algorithms are optimal by the order of accuracy in the respective
classes of functions.

Key words: function of one variable, restoration, logistic curve, the curve of wear, optimality on accuracy.

106



MOLEMOBAHHS MPOLECIB B METANYPTII TA MALWVHOBYYBAHHI

YK 621.793.7: 533.924

E. A. 3eneHuHa, o-p TexH. Hayk C. B. JlockyTos, O-p TexH. Hayk A. B. EpLuoB

3aI'IOpO)KCKI/IIZ HaLUWOHaNbHbIN TEXHUYECKNI YHUBEPCUTET, I Sanopombe

METO[ PACHETA ®U3UNKO-MEXAHUYECKUX XAPAKTEPUCTUK
NNA3SMEHHOIO MNOKPbITUA HA NMOAONOXKE NMPU UCTIbITAHUU
OBPA3LOB HAU3IMNb

Paspabomarn memoo pacuema npouHOCMHBIX U YAPY2UX XAPAKMEPUCTUK NIA3MEHHO20 NOKPLIMUA HA NHOBEPXHOCU
NOOJIONCKY NPpU UCTIBIMAHUU 00pa3yos Ha uszeud 8 obaacmu keasuynpyeux degopmayuil. Boinonneno uccredosanue
MexaHuyeckux ceoticmg niasmennoeo noxkpvimus IIPHX15CP2.Onpedenetsli 9KCnepumeHmaibHule 3d6UCUMOCU
UBMEHEHUsL MOOYISL YRPY20CTHUL U HANPAJICEHUs 8 npoyecce dedhopmayuu.

Knwueenvte cnoea: niazmernnoe nokpsimue, MO()leb ynpyeocmu, MexanudecKkoe Hanpsiscerue, OmHoCumenbHas

Oeghopmayus, HeUmpanrbHas 0Cb, MOMEHI UHEPYUU.

BBenenne

[Tpn3nano, 4TO MPUMEHEHNE TUTA3MEHHBIX MTOKPBITHH
JUTSl BOCCTQHOBJIEHHS M yIPOUHEHH JieTasield MallvH sBJIs-
eTcsl SKOHOMUYECKH Liesiecoo0pasHbIM. OHaKO BeINYnHA
MIPOYHOCTH CLETUICHNS ¥ KOT€3NOHHOM TPOYHOCTH OKPHI-
THIA HE BCET/Ia YOBJIETBOPSIET YCIIOBUIO HA/ISKHOM pabOTHI
nerany. [Ipog4HOCT IIa3MEHHBIX TIOKPBITHH, HAHOCHMBIX
B BO3IYIITHOM aTMocdepe, B HECKOJIBKO pa3 HIKe MPOYHO-
CTH KOMIIAKTHOTO Marepuaiia nomiokku [ 1-3]. [Toatomy
pa3paboTKa METOZIOB I3MEPEHHS] MEXaHUUECKHIX XapaKTe-
PHCTHK IOKPBITHH SBISIETCS aKTYaJIbHOH MPOOJIEMOH.

Bo3MokHOI IPUYMHON CHUYKEHUS IPOYHOCTH MOKPHI-
THH MOTYT OBITh Ae(OPMAIN TOKPHITHS U TTOJIOKKH B
nporecce COOPKHU M IKCIUTyaTAlNH JETalIeH, a TAKXKe BO3-
HUKHOBEHHE OCTATOYHBIX HANPSDKEHWH IIPH IIeperpene
TIOBEPXHOCTH B TIPOIIECCE TIA3MEHHOr0 HarmbUIeHus [4—8].
ITockonbKy B HOKPBITHN OOBIYHO BO3HUKAIOT PACTSATHUBAIO-
€ OCTATOYHBIE TEPMOHAIPSIKEHNS, TO 3HAUUTEIBHBIN
HWHTEpEC [UIA OICHKHA paboTOCIIOCOOHOCTH TPEACTABIISICT
HE TOJBKO IPOYHOCTD CLETIICHHS C MOIOXKKON, HO 1 MO-
Iy b YIIPYrOCTH M KOT€3MOHHAS POYHOCTD, a TAKXKE Xa-
pakTep MX U3MEHEHNs B Iporecce AehopMarym.

W3 cymecTByOMmuX METOA0B N3MEPEHNS MEXaHUIEC-
KHX CBOICTB HCIIONB3YIOTCS! HCTIBITAHHS HA PACTSKECHHE-
cKaThe, a Takoke U Ha M3THO [4—5], KOTOpEIe MIPEAodTH-
TENBHBI JUTA INTOCKKX 00pa3noB. OHAKO, MX IPUMEHEHHE
TpeOyeT CO3MaHusI METOIMKH pacieTa (H3HUKO-MeXaHmIec-
KHX XapaKTePUCTHK ITOKPHITUS PH CYIIIECTBEHHOM OTJIH-
YUH CBOMCTB MEXAY NOKPBITUEM U NMOMIOKKOU. [ToaTomy
LENBI0 PabOoTHI ABISETCS Pa3padOTKa METOIUKH OIpesie-
JICHHS yNPYTUX U IPOYHOCTHBIX CBONCTB IOKPBITHS Ha OC-
HOBAHHH HCTIBITAHINHA MEXaHWIECKIX XapaKTEePHCTHK H3IH-
0a HaIBUIEHHOT'0 00pa3Ia.

MeTtoauka 3KCIIepUMeHTa
[Ipn ucnpITaHUK Ha W3TUO 1O KOHCOJIBHOU CXEMe,

puc.1, mmepsiercs: mepeMerieHne CBOOOIHOroO KOHIa 00-

© E. A. 3enenuHa, C. B. Jlockytos, A. B. Epwos, 2016

pasia 1ox AefcTBreM critsl P. Bennunna nepemerieHus y
ompenensiercs: GopMyron

_PL’
YT
rae L — nnuHa odpasna, EI — KecTKocTh cedeHus, £ — Mo-

JyAb yOpyrocTd, / — MOMEHT MHEPLMU MONEPEYHOro ce-
YEHUSI.

M)

Y

Puc. 1. Cxema ucnbiTanus oOpasia ¢ oKpbITHEM IpU U3Tube

Ecnm o6pazer cocTout U3 pa3HOPOJHBIX MaTEpHAaIOB,
HalpuMep, MOUIOKKH M TTOKPBITHS, TO 00IIast )KEeCTKOCTh
CEUEHHUS PaBHA CYMME KECTKOCTEH COCTABIISIIOLLMX YaCTEH:

TJIe MHICKCHI «1» U «2» OTHOCSATCS COOTBETCTBEHHO K TIOJI-
JIOXKKE U IOKPBITHIO.

[Nomepeunoe ceueHne oOpasia MPENCTaBISIET COOOM
NPSIMOYTOJIbHUK, COCTABJICHHBIH U3 JBYX MPSIMOYTOJIbHH-
KOB C IUIOIIAIIMHA S1 u Sz, C BBICOTAMU h1 u hz. Js onpene-
JICHUs! MTOJIOXKEHMSI HEUTPAIbHOH OCH COCTaBHM ypaBHe-
HHS PABHOBECHS CTATHYECKUX MOMEHTOB CEUCHUSI, PHC. 2

bh2E2x2 = bhlElxl N (3)

re b — IMApHHA ONEPEYHOTO Cevenns, £ u £y — Momynn
YIIPYTOCTH HOJIOKKH M TOKPBITHS, X{ M X, — PACCTOSHHUS
OT IIEHTPOB CEUCHUH 10 HEUTPAIBHOU OCH, pHC. 2.
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X2

H.O.

X1

h;

b

\

1

<

)
L

Puc. 2. Cxema nonoxenuii HEHTPOB CEYEHUH TIOUIOKKHU X; ¥ MIOKPBITUSL X, OTHOCUTENLHO HedTpanbHoii ocu (H.O.) B nonepeunom
ceyeHuH obpasua:

1- TOJJIOXKKA, 2— TIOKPBITHUE; X Xy — pacCTosiHusd OT HeﬁTpaJ'IBHOﬁ OCH 10 LICHTPOB CEUEHUU MOJJIONKKHU U TIIOKPBITUS

Jns onpeneneHus MOJ0KEHUsI HEUTPAJILHOU OCH OT-
HOCHUTEJIBHO LIEHTPA MOJJIOKKHU OMPENEIIUM CBA3h MEXY
X, U X, B COOTBETCTBHH C PUC. 2:

_hth

5 Xp- (4)

X2
IMoncraeus (4) B (3) HaxomuM X,

X = Eshy (b +hy) ()
2(E\hy + Eyhy)

MoMEHT MHEpLUHN COCTAaBHBIX YaCTEH CEUYEHHs OTHO-
CUTENIBHO HEUTPAJIbHOW OCH OMNPEAETSETCS MO TEOpEME
IIrelinepa:

[1:[10+S]X]23 12:[20+S2x223 (6)

re I, 1 I, — MOMEHTBI HHEPIMH MOITOKKH 1 TOKPBITHS
OTHOCHUTENBHO IIEHTPa CEUCHHI, HalIpUMeED:

o

i) —_— b (7)
12 27

L =

a Sl u S2 — TUTOMIA TN TIOTIEPEYHBIX CEUSHUH TTOMTIOKKH 1
TTOKPBITHSI.
Momyns ynpyrocTé HOKPBITHS OpeaeuTcs u3 (2):

_EI-E],
12

E, ®)

Bemmunnaa sxectkoctr o0pasua £7 Haxogutcs u3 Gpop-
Myitel (1) ipy n3MepeHnH epeMeIIeH s y o JeHCTBUEM
cuibl P.

Jls n3MepeHnit UCTIONB30BaINCh 00pa3Ibl U3 CTalld
Cr3 mmpunoii b =12,3 MM, TonmmHOA £, = 1,5 MM, Ha KOTO-
pbIE HAHOCHJIOCH TOKPBITHE TONIIUHON /4, = 0,6 MM. Pac-
YeT MOJI0KEHNH IIEHTPOB CEYEHHH X, M X, OTHOCHTENBHO
HEUTPALHOM OCH M MOMEHTOB MHEPLHMU ceveHus [ U [,
s B /E, =0,2; 0,3 npusejien B Taom. 1.

Lenpro SKCTIEpUMEHTOB OBLIO M3MEPEHHE ITepeMellie-
HUH CTEp>KHSI IT0J] AeHCTBUEM M3rnbdatoreii cuibl, puc. 1.
Jlis n3MepeHns epeMerieHni UCTIONb30BaJICsS YaCOBOM
uHAuKaTop ¢ neHoi nenerns 0,01 mM. Benmauna nzruda-
IOIIEH CHITBI OTIpEAIeIIsIach MogoopoM Ipy30B. Pesynbra-
TBI I3MEPEHHH NepeMenIeHIH 00pasiia ¢ TOKPHITHEM NPU
n3rude U pacyeTsl XapaKTepUCTHK AeopMaliy s CIry-
YaeB PACTHKECHUS U CKATHS CIIOS TOKPHITHS IIPUBE/ICHEI B
Ta0n. 2 u 3. BennanHa »KeCTKOCTH CTEePIKHS, ONpeeIeHHAS
10 pe3yIbTaTaM M3MEPEHHH ¢ MCHOIb30BaHHEM (hopMy-
et (1), mpuBenena B Tabi. 2 u 3. Moayib yIpyrocTH Io-
KpbITHS onpenensuics 1o opmyie (8) npu £, = 2,1-10° MITa.
MoOMEHTBI HHEPIWH MOUTOXKKH 1 TIOKPBITHSI IPUHAMAJIHCh
1o gaHaeM Tabi. 1. MakcumanpHast OTHOCUTEIbHAS JIe-
(hopMarnus MOKPHITUS B TOUKE 3aIlleMJICHHsI 00pasia orl-
penensutack u3 (HOPMYITBI AT OTHOCHTENBHON nedopma-
[UH TpHu u3rude crepkHs u Gpopmymsr (1)

PL-YV 3V
g=—" " ="y, )
g 27

rae YV — Hauboblee pacCTOSHIE TOYEK MOKPBITHS OT Hel-
TPaJbHON OCH IONEPETHOTO CEUEHHMSI.

Jla ompeneneHnst HOPMAJIBHOTO HANPSHKEHHUS B I10-
KPBITHH UCIIONB30BaNCs 3aKoH [ 'yka

o=Fs¢. (10)

Taonuua 1 — Pe3ynbrars! pacyera reOMETPHYECKIX XapaKTEPUCTHK COCTABHOTO CEYCHHS

E,/E, X1,MM X2,MM T, MM S1,MM I, mm? Ly, MM S5, MM Lovv?
0,2 - 0,075 0,975 3,46 18,4 3,56 0,221 7,38 7,24
0,3 -0,113 0,937 3,46 18,4 3,69 0,221 7,38 6,70
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JlmarpaMmbl pacTsSOKEHUSI M CXATHs BHEIHETO CIOs
MOKPBITHA IPUBEJEHBI HA pHC. 3 1 4.

Tabumnna 2 — Pacuer Moayist yIpyrocTi 1 MaKCUMalb-
HOT'O HANPSDKEHUS PACTSLKEHUS B TOKPBITUH

B EL10™ | E, 10% 4 G,
PH | 107M e mia | #19 | Mma
5,85 0,16 11,86 6,23 282 | 175
11,25 | 031 11,41 5,52 563 | 31,1
1687 | 047 11,58 5,79 827 | 479
2222 | 0,64 11,26 5,29 113 | 595
27,63 | 0,815 10,99 4,88 143 | 69,9
3347 | 1,027 10,57 420 18,7 | 78,6
6,MMa
80
70 A
80
50 .
40 f
30
20
&
10
0 2 4 6 8 10 12 14 16
£,102, %

Puc. 3. I[HarpaMMa PACTAKCHNS BHECHIHETO CJIOSL IMMOKPBITUSA

Tabnuna 3 — Pacuer Momynst yrpyrocTy U HarmpsbKe-
HHS CKATHS B IOKPBITHH

B EL10" | E,, 10 4 G,
P,H | y,107M H- MIa g, 10 MITa
5,85 0,16 11,86 6,23 2,82 17,5
11,25 | 0,32 11,41 5,52 5,63 31,1
2222 | 0,64 11,26 5,23 11,2 58,9
27,63 0,81 11,06 4,92 14,2 70,1
33,47 1,01 10,75 4,42 17,7 78,6
38,73 1,25 10,05 437 22,0 96,3
'6,MnNa
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£102, %

Puc. 4. [lnarpamMma ckaTUst BHEIITHETO CIIOS IOKPBITHS

AHau3 NIy YeHHBIX Pe3yJIbTATOB

Wntepec npencTapiser U3MEHEHNE MOTY4eHHbIX 3HAYE-
HUH MOYIISI YIIPYTOCTH HOKPBITHSI X 3aBUCHMOCTH HAITPsI-
YKEHUsI OT OTHOCHTENIFHON ieopmariy. Benmdamnaa Momysst
YIIPYrOCTH HIPH OTHOCUTENILHOMN AeOpMAaLINH PACTSIKEHUS
u cxxarust menblie 0,1 % cocrasister (5,5-6) - 10* MI1a, uro
IIPUMEPHO B 3 pa3a MEHbBIIE COOTBETCTBYIOILEH BEIUYNU-
HBI JUI KOMIIAKTHOIO MaTepuana. [Ipu yBenunueHun oTHo-
curensHOM aedopmarmu ot 0,1 % no 0,2 % npoucxoant
CHIDKeHHe MoyItst ynpyroctu Ha (20-25) %, uto cBsi3aHo,
IO-BHMMOMY, C TIEPEXO/IOM B 00J1aCTh HEYIIPYTHX Jieop-
Manuil. CHIKeHHe MOAYIS YIPYTOCTH MPH PACTSKEHUU
GoJiee CyIIECTBEHHO, YeM IPHU CXKaTUH, U IPOUCXOIHT IIPH
MEHbIIIEH Harpy3Ke. 3HaueHUs] MAaKCUMAJIbHOTO HaTpshKe-
HUS TIPH PaCcTSDKEHNH B YIIPYrod 00JIacTy oA IeHCTBHEM
cunel P = 33,47 H coctasuno 78 MlIla. Ilpu yBennuenuu
otHOcHUTENbHOH Aedopmarmu 10 0,4 % mpousonnio oopa-
30BaHHE BUIVMON TPEIIMHBI C YACTUYHBIM OTCIOEHUEM
nokpbITus. [Ipy cxKaTUM MOKPBITHS MOIy4eHO HaHOOIIb-
mee HanpsbxeHue 96 MIla, oqHako npu JanbHeHeM no-
BBIIICHUN HAarpy3K1 H3MEPEHNsI ObLTH HEKOPPEKTHBI BCIIE-
CTBHE IIepexo/ia B 0071acTh HEYPYTuX AedopManuii moa-
goxku mpu ¢ > 0,2 %. Jlns onpeneneHus NpOYHOCTU
TIOKPBITHUS TIPU TATBHEHIIEM CKaTHU U PACTSHKEHHH Clle-
JIyeT yUYUTBIBATH CHIDKEHUE MOIY/ISl YIPYTOCTH MOMIOKKI
IIPY HAIIPSDKEHUU BBIILE NIPEesia MPONOpIUOHAIBLHOCTH.

BriBoanl

1. IlpemnoxkeHHbIH MeTO/ pacuera (pU3NKO-MeXaHHIec-
KHX XapaKTEePUCTHUK ITOKPBITHS ITPU UCIBITAHUN 00Pa3IIoB
Ha M3THO MO3BOJISIET ONPEIEIIUTD YIIPYTe U IPOYHOCTHEIE
XapaKTEPUCTUKH MTOKPHITUS HA TOUIOXKKE 1 OLIEHUTH Ha-
JIeKHOCTH pabOoTHI AeTajel, BOCCTAHOBIEHHBIX METOJOM
TUIA3MEHHOT' O HAITbUICHHS.

2. Ilokazano, 9T0O B 00JIaCTH KBa3UYIIPYTUX Aedopma-
it ToutoKky ipH € < 0,2 %, pa3pyIeHns IOKPHITHH He
nporcxoauT. [Ipn 3TOM HampspKEHHUS pacTsHKEHHS — CKa-
TS B HOKpBITHH O1mi3ku K 70-90 MIla, a Mmomyns yripyroc-
TH IPUMEPHO B 3 pa3a MEHbIIE, YEM Y CTATBHON MOTIO0XK-
k. Pa3pymaromast otHocutensHas aeopMariys IpH pac-
TSODKEHWH TOKPBITHA cocTaisieT npumepHo 0,4 %. s
OLICHKHU Pa3pyIIAIOIINX HAIPSLKEHNI ITOKPBITHS IIPHU pac-
TSDKEHHH U CKATHH CIIEAYET YIUTHIBATh CHIDKCHUE MOMYIIS
YIIPYrOCTH MOJJIOXKKH B 00JTACTH Mepexoaa K HeyNpyroi
nedopMarnym.
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3esienina O.A., Jlockyros C.B., Epimos A.B. MeTton po3paxyHKy ¢izuko-MexaHIYHIX XapaKTePUCTHK ILIA3MOBOI0
MOKPHTTS HA MiKJIaILi IPH BUNIPOOYBaHHI 3pa3KiB HA BUTHH

Po3pobneno memoo pospaxymky MIYHICHUX | NPYIUCHUX XAPAKMEPUCMUK NIAZMOB020 NOKPUMIMS HA NOBEPXHi
NIOKIAOKU NPU 8UNPOOYBAHHI 3PA3KI6 HA BUSUH ) 30HI KEA3INPYICHUX Oedhopmayiil. BUKOHAHO 00CTIONCEHHS MEXAHTYHUX
enacmugocmeil niazmogoeo nokpumms IIPHX15CP2. Busnaueno excnepumeHmanvti 3a1eiCHOCHE 3MIHU MO0V
npysicHocmi i Hanpyeu 6 npoyeci deghopmayii.

Knwouogi cnoea: niazvose nokpumms, moOyib NPYICHOCHI, MeXAHIUHE HANPYICEeHHs, 8i0HOCHA Oeopmayis,

HeumpanvbHa 8icb, MOMEHm IHepyii.

Zelenina E., Loskutov S., Ershov A. The method of calculating physical-mechanical characteristics of the plasma
coating on a substrate when the test specimens in bending

The method of calculation of the strength and elastic characteristics of the plasma coating on the surface of the
substrate when the test specimens in bending in the region of quasielastic deformation is given. Study on mechanical
properties of plasma coatings IPHX15CP2 is done. Defined experimental dependences of change of elastic modulus
and strain in the deformation process are shown.

Key words: plasma coating, modulus of elasticity, stress, deformation, neutral axis, moment of inertia.

110



MOLEMOBAHHS MPOLECIB B METANYPTII TA MALWVHOBYYBAHHI

YOK621.771

KaHg. TexH. Hayk B. M. lNpoueHko, kaHa. TexH. Hayk K. B. TapaTtyTa

3anopockas rocyjapCTBeHHasi MHXXeHepHasi akaaiemus, I. 3arnopoxbe

OMNPEOENEHUE OB BEMA U NMNOLWAOU MOBEPXHOCTH
3ArotoBKu nP1 MOAENMNPOBAHUN OCAOKU HATNPECCE

Tlpusedenvl pesyivbmanvl meopemuyeckux UCCIe008aHUl N0 OnpeoesieHur0 00vemMa U nAouaou NOGePXHOCU
3a20MOGKYU NPU MOOETUPOBAHUU NPOYecca 0Ca0Ku Ha npecce. Buinonnena cucmemamusayus gpopm b6ouex, obpazosare
KOMOPbIX B03MOJICHO 8 Npoyecce 0caoku. Buinonneno cpagnenue noiyueHuwvix popmyn ¢ popmyaramu, npugedeHHbvIMU

8 Iumepamype.

Knrouesnle cnosa: xoska, 3a2omoeka, ocaoka, 6ouka, oovem, I’UZOM/;CZ()I) noeepxHocmu.

BBenenne

Oca ika 3aroToBOK SIBJISIETCS. HAaMOOJIee PaclpocTpaHeH-
HOM orieparme B TEXHOIOIHSX KOBKHU M HICTIONB3YETCs JUIsl
YITyqIIeHHs TPOPaOOTKH JIUTOTO METaljla CIUTKOB, IS
nipuOTIKeHusT POPMBI 3aTOTOBKH K KOH(PHUT'YPALIMH TOKOB-
K{, B KQUeCTBE METO/a ONPENENICHUs] TEXHOIOTHIECKUX
cpoiictB Marepuaina (TOCT 8817-73). ®opma GokoBoii 1o-
BEPXHOCTH 3aBHUCUT OT TPEHUsI HA KOHTAKTE 3aT'OTOBKH C
0Ca/IOYHBIMU ITUTaMH, pa3MEpOB U MaTepHala 3aroToB-
KH, CKOPOCTH J1e()OPMHUPOBAHUSI, TEMIIEPATYPbI 3aTOTOBKH
u 1p. pakTopoB. ObecnieueHre TpedyeMoit (OpMBI U pa3-
MepoB OOKOBOW TOBEPXHOCTH HO3BOJISIET JOCTUTATh JIyd-
1Ieii MoAroToBKH (hOPMBI 3arOTOBKH IO TIOKOBKY, Ooree
TOYHO MPOEKTHPOBATH ITAMIIOBBII HHCTPYMEHT C TTOBBI-
LIEHUEM €TI0 CTOMKOCTH, CHU3UTh pacxoj Marepuaios. Ta-
KuM 00pazom, otmedaercs [ 1], aro pacder obmero 6amaH-
ca MeTajuia 3arOTOBKH, BKIFOYas 00beM, 0Opa3yroIIuii
OOKOBYIO TIOBEPXHOCTH («OO0UKY»), SBISIETCSI aKTyaIbHON
HAY4HO-IIPAKTUYECKON 3aJa4eH.

B monorpaduu [2] paccmatprBatoTCcs I3MEHEHHS TLI0-
11411 IOBEPXHOCTH LIMJINHIPHYECKOTo 00pa3na MpH ocai-
ke. [IpuBeneHs! pacueTHsIe rpaduky OaraHca IIOBEPXHOC-
TH, ITOKa3BbIBAOIIIE 3aBUCUMOCTE KOHTAKTHOM, OOKOBOM 1
oOIIeH II0Mma M TIOBEPXHOCTU YUAUHOPUYECKO20 00pa3-
11a OT cTeneHn nedopmarwm npu ocanake. [Ipusenena dop-

MyJia i1 OTpeAeieHus Kod(hummenTa kg » IpEICTABIISIO-

ero co0oi OTHOIICHHUE TUIOMIAIN TIOBEPXHOCTH 00pa3ia
K ero o0bemMy, a Takxke (GopMyia U ONpenesIeHusT OTHO-
CHUTEIHHOT0 00beMa OOUKO0Opa30BaHMA. AHAIOTHIHBIH
napaMerp — HOBEPXHOCTHBIN (pakTop, paccMaTpHuBaeTcs
takke B [3]. Kpome Toro, 1uist onpenenieHnst moTeps Teria
BCJIEZICTBHE TEIIOBOIO U3ITyYCHHUS 1 KOHBEKTHBHOTO TEII-
nmoodmena (ypaBaeHus Credana-bonpimana u HerotoHa)
TaKoKe HeOOXOIMMO 3HATh IUIOLIAIb TOBEPXHOCTH Harpe-
TOrO Tea.

Otmegaercs, 9TO MPUIUHON OOYKO0Opa30BAHMS TPU
ocajike SIBJIAETCS KOHTAaKTHOE TPeHUE MEeX Ty OOHKaMH U
TOpLAMH LIAINHIPA U, KaK CIIEICTBUE, HEPaBHOMEPHOCTb
(JToxanpHOCTH) TIacTHIECKOH nedopmarmn. [ paduku 6a-

© B. M. lNpoueHko, K. B. Tapatyta, 2016

JIaHCa TTOBEPXHOCTH IPEACTABIISIIOT COOON BasKHYIO Xapak-
TEpUCTHKY IIPOIIECca OCAIKH H, B YACTHOCTH, IS OLIEHKH
TPaHUYHBIX YCIIOBHI ypaBHEHUH TEOPUH IUNTACTUYHOCTH [2].

B psine myOnukanmii feTaibHO paccMaTpUBAETCS 3a/1a-
Ya aHAJMTHYECKOTO OTpeeTIeHus (hopMbI OOKOBO¥ TIOBEp-
XHOCTH IWJIMHAPUIECKHUX 3aT0TOBOK IPH OCECUMMETPHY-
Holt ocajike [4—6]. OTMeuaeTcs, 4To HayqHBIE pa3paboTKH
9TOTO MpoLEcca SIBISIOTCS 0a30BBIMH /TSI CO3AaHHS U YCO-
BEpIICHCTBOBAHUSI OOJIBIIMHCTBA TEOPETUIECKUX METOIMK
pacdera TEXHOJOTMUECKUX ITapaMeTpoB PasHOOOPa3HBIX
MpoLEeccOB AehOPMALIMH U TTOITOMY TIPEACTABIISIOT TEO-
pEeTHYECKU U MPaKTHUECKUI nHTepec [4-6].

OnHako, B IUTHPYEMOH JINTEpaType OTCYTCTBYIOT JaH-
HBIE TI0 aHAJMTHYECKOMY OTpe/IeTICHHUIO TIOMAIN MTOBep-
XHOCTH U 00BeMa H0UKOOOPA3HOI 3aTOTOBKH, a TAKKe
nHpopMaIws 0 popMax, KOTOPYIO MOXKET IPUHAMATD 004~
Ka IIpH 0CaIKE M OT KaKMX T€OMETPUYECKHX MTapaMeTPOB
3aBHCHUT 3Ta popMa. ITH TaHHBIE HEOOXOIUMEI TIPH MOJIe-
JMPOBaHNUH (HOPMOM3MEHEHHSI 3aT OTOBKH B IIPOIIECCE OCAI-
KW, B YaCTHOCTH, JJIS IIOCTPOCHUS depTexa 00uxoodpas-
HOM 3arOTOBKH M0 33JaHHOMY 00bEMY WJIN IIIOIIA ! 110~
BEPXHOCTH, & TAKKE TS ONTUMHU3ALMH TETUIOBBIX MTOTEPh
3arOTOBKH.

ITocTanoBka 3agaun

3anmadeit qanHON pabOTHI ABJIAETCS HAXOKACHUE (Oop-
MYJ A7 aHAIUTHIECKOTO OPEAEIEHNs 00heMa 1 IUIOIIa-
ITA TIOBEPXHOCTH KPYroBoit 0ouku (oOpasyromas — ayra
OKPYXXHOCTH), YCTAaHOBJICHHE BHJOB O0UeK, 00pa3oBaHue
KOTOPBIX BO3MOKHO Ha Pa3IMYHBIX CTaISIX IPOLECca OCa-
KI ¥ B 3aBHCHMOCTH OT yclIoBui ocanku. Crexyer oTMe-
TUTb, YTO B JAHHOW CTaThE PacCMaTPHBAIOTCS YCIOBUS
00pa30oBaHMS TOIHKO ONMUHAPHON OOYKH C BBITYKIIONH 0O-
KOBO IOBEPXHOCTBIO.

Onpenesenue pacyeTHbIX GopMy.a

Jlnist onpezieneHus 00beMa U IJIOMAAN TOBEPXHOCTH
00YKH BOCHONB3yeMCSI METOAUKOM OIpeneneHns: o0beMa
Y TIOBEPXHOCTH TEJIa BPAIlCHHsI, IPUBEICHHON B MOHOTPa-

¢uu [7].
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[TycTp Teno MoaydeHo BpalleHHEM HOIYOKPYKHOCTH
abc, m300paxxeHHOH Ha puc. |, Bokpyr ocu OY. Dra moy-
OKPYXKHOCTb OIHCBHIBACTCSI YpaBHCHUEM

X=Xy + \r? —yz. D

Puc. 1. Cxema k onpezeneHuo o0beMa U IJIOIAA1 Tena
BpalleHHs

OO0beM Tena, MOTy4EeHHOTO BpAIIEHHEM IOIIyOKPYXK-
Hoctu abe Bokpyr ocu OY, paBeH:

Viowcu =T J.; x’dy= Zn_[orxz dy. @)

O0beM Tena, NOTY4eHHOT0 BPaIlleHUeM JIyT't #bn BOK-
pyr ocu OY, paseH:

Vs

rcosa o
o =27[ X7y, 3
[ToBepxHOCTH TeMa, MONYYSHHOTO BpalleHuEeM I10Iy-
OKpyXHOCTH abc Bokpyr ocu OY, paBHa cymMe OOKOBOI
TIOBEPXHOCTH H ABYX TOPLEBBIX HOBEPXHOCTEH:

Séotmu = 2n'[jr Xy 1+ (X/ )Z dy +27 xg =
= 47t.f(;ﬁx\/1 + (x/ )z dy+2m xg. @)

[ToBepxHOCTD TeNa, IOTYYEHHOTO BpalCHHEM JyI'd
mbn Bokpyr ocu OY, paBHa:

Souweu = 41t.f0m)5[x xy1+ (x/ )2 dy + 2m(xy+rsina)?. (5)

ITpu ocake IMHAPHIESCKOTO 00pa3lia B 3aBUCHMOC-
TH OT UCXOIHBIX IIapaMeTPOB IIpoLecca OCaiku, hopma
3arOTOBKH N3MEHSETCS M IPUHIMAET B 3aBepIIArOLIeH cTa-
IIUH ocaku 604ko00pa3Hyro popmy. BosMoxHEI ueThIpe
BapuanTa (opMooOpa3oBaHMI OOUKHM IPH OCAIKE IIAITHH-
Ipudeckoro odpasma (puc. 2 a—e).

IepBrlii BapuaHT 00Ky (pHC. 2a): IEHTP AYTH OKPYXK-
HocTh O, pacroso)eH MpaBee IEeHTPa CHMMETPUH 3aro-
ToBKH O (B CHIIy CHMMETPHH PaCCMATPUBAETCS TOIBKO JIe-
Bas mmooBuHA 00pasma). [locie nHTErprpoBaHus (GOpMYI

112

(3) u (5) nomyanm:
2 2 :
v ) 3r” cosa +3x; cos o —3rx,, arcsm(cos OL)—
Gouxu =TT > (6
—3x, cosayr? —r? cosa —r? cos® a ©
Seou = 4TF [r CoS Ol — X arcsin(cos (x)] +
+ 27£(r sino — x, )2. @)

Bropoii BapnanT — mapoBoii cioii (puc. 20) Habirona-
ercd, xorma x, = 0. M3 popmyn (6) u (7) nomyumm:

2
Voouxu :5751”(3 r? coso—r? cos® (x), ®)

S = 4mr? cosa+2m(rsina ). ©

Ucnonesyst 3ameny h=2rcoso. (cm. puc. 20), dop-

Mynsl (8) 1 (9) uIs IapoBOTO €105 3aITHIIEM B BUJIE:

1
V. =nr’h-—nh’ R
60uKu 12 (10)

2
S = 2nrh+2nr2—n%. (11)

@opmynst (10) 1 (11) coorBercTByIOT hopmynam, Impu-
BEJICHHBIM B TUTEPAType IAJIS IIAapOBOro ciiod [5].

Tpetwnii BapuaHT 004Kn: (prC. 26) LIEHTP TYTH OKPYXK-
HocTH O, pacrosokKeH JieBee IEHTPa CAMMETPUH 3ar0TOB-
ku O. Ilocne uaTerprpoBanms popmy (3) u (5) momyanm:

2 3r? cosa + 3x§ cosa +3rx arcsin(cos OL)+

Vﬂaqku =5 nr 2 2 5 3 > (12)
+3xpcosayVr® —r” cosa —r” cos’ o

Seouu = 41TF [r cosa + X, arcsin(cos oc)]+

+27(rsin o + x, )2. 13)

YerBepThIii BAPHAHT OOUKH (pHC. 22) ABISIETCS Pa3HO-
BHUJHOCTBIO TPETHETO BapHaHTa M BOSMOYKEH Ha 3aBeplIaro-
X cTagusx ocaaku. OH OTBeYaeT yCIOBHIO, KOrna yroi o
= 0. [Ipu 5TOM GOKOBaSI IIOBEPXHOCTH MPEICTABISIET COO0H
He YTy, KaK B IPEABLIYIIIX BAPUAHTAX, & TOITyOKPYKHOCTB.
[ocne uaterpupoBanus hopmyn (2) u (4) momrydanm:

V. =%Ttr(4r2 +6x2+3mrx, ). (14)

Ssouu = 2n(2r2 x5 4TI X, ) (15)

Crnemyer orMeTHTb, 9To popmyisl (6, 7) 1 (12, 13) mnen-
TUYHBI U OTIIMYAFOTCS TONBKO 3HAKaMu, a popmyisl (8, 9,
14, 15) sBISIOTCA YaCTHBIMU CTygasMu (6, 7).
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Puc. 2. BapuanTsl 06pa3oBanust 60UKH HPH 0CaKe HMIHHAPUIECKOro 00pasua (pucyHkH ciesa — d <h, crpaBa — d>h UCXOqHON
LUIMHIPUYECKON 3aTOTOBKH):

a — uentp obpasyrommei O pacronokeH NMpasee NEHTPa CHMMETPUH 3aroToBku O; 6 — maposoii cioit (x = 0); 6 — neHTp obpasyro-
weil O pacrosnokKeH JeBee UeHTpa cuMMeTpru 3aroToBku O; 2 — yroa o =0

CpagHeHHe NoTy4eHHbIX OpMY.I € JIUTePATyPHBIMHU
JAHHBIMHU

B muteparype [8] npuBeneHs! cieayronme GopMyIbl
JUTSE OTpeieieHus 00beMa OOUKH:

- ISl KpYIJI0# O0ukH (00pasyromas — Iyra OKpyKHOC-
TH) IPHOIMKEHHO

Vsoua =02624 (2D +d2), (16)
- st mapabonmaeckor OOUKH
nh 2 3 2
V. =—|2D"+Dd+=d" |,
bouku 15 ( 4 ] (17)

rae D — Oonprmmit auaMeTp 004KH (CM. puc. 2a).
Taxoxe IPUBOAXTCS CIEMYIOMAs PUOIKEHHAs (Oop-
Myrna st oobema 6odku [9]:

y, -32Ddh

4 (18)

DOopMyITBL AJIST OIPENeNICHAs TUIOMAAN TTOBEPXHOCTH
0O0YKH B TUTEPATYPE OTCYTCTBYIOT.
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Cremyer OTMETUTB, YTO COBPEMEHHBIE KOMITBIOTEPHBIE
nporpamMmel, HarprMep, AutoCAD Mechanical 2016 [10]
TIO3BOJISIIOT OIPENIETISITH 00BEMBI H IUIOIIAAN IIOBEPXHOCTH
00BEeMHBIX (DUTYp U Tell, HAUSPUCHHBIX B 3TOH IPOrpaMMe.
OpnHAaKo aJITOPUTM pacieTa HEM3BECTEH, a TAKKE OTCYTCTBY-
€T BO3MOKHOCTB ITOCTPOGHHSI YepTeska OOUKH 110 337aHHO-
My 00BEMY MITH 33ITaHHOM TIJTOIIA A TOBEPXHOCTH.

B mporpamme AutoCAD Mechanical 2016 Hamu BEI-
YepurBajICh PO n300paKeHHBIX Ha pHC. 2 OOUeK,
3a1aBasch POM3BOJIBHO ApaMeTpaMH 7, o, | x,. Ha ocHo-
BaHWU 3TUX Hpoduiielt MomenrpoBanich 3d 00bEKTH —
OOUKH ITyTEeM CO3/IaHNS TIOBEPXHOCTEI BpallleHUsI OTHOCH-
TENFHO BEPTUKAIBHOW OCH CHMMETPHH.

Pesynmeratsl pacdeToB 00bEMOB U IUIOMIAICH TOBEPX-
HOCTH TIO BBIIIETIPUBEICHHBIM (POPMYIIaM IPHUBEACHHI B
Tabn. 1. IlpuBeneHs! Takke BUABI CMOJCTUPOBAHHBIX B
AutoCAD Mechanical 2016 6ouex.

Paccunrannsre mo ¢popmymnam (6, 8, 12, 14) o0bemBbr
60uek u o opmynam (7, 9, 13, 15) mromamm mopepxHOC-
TeH MOTHOCTBIO COBIAIIM C 00bEMaMHU 1 TIOBEPXHOCTSIMH,
onpeneneHasiMu B AutoCAD Mechanical 2016, gto noz-
TBEPIKIAET JOCTOBEPHOCTHh BBIBEJCHHBIX (OPMYI.
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Tadauma 1 — VicxoxHsie IaHHBIE U PE3YyIBTATHI PACIETOB 00BhEMA U IUIOMIA AN MOBEPXHOCTH O0IKO0OPA3HON 3aTOTOBKHI
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[puBenennsie B mureparype ¢popmyis! (16—18) mumis npu-
OJIMKEHHO COOTBETCTBYIOT HCTUHHBIM 3HAYEHUSIM (OTKJIIO-
HEHHE COCTaBIISIET OT COTHIX 10 IECATKOB ITPOLIEHTOB).

BriBoanl

[Momy4aeHs! GopMyIIBI sl AaHATUTHYESCKOTO OTpeesie-
HUS 00beMa M IUIOMIAAN MOBEPXHOCTH OOYKOOOpa3HOM
3aroToBKH, 00pa3yromieiics B mpolecce OCaIKu Ha Ipec-
ce. DopMYITBI TO3BOISIFOT MOJEITUPOBATH (HOPMY H pazMe-
PpBI 00YKO0Opa3HOI 3aroTOBKY. BhIMTOTHEHA cucTeMarn3a-
st popM Oodek, 00pa3oBaHNE KOTOPHIX BO3MOKHO B TIPO-
recce ocaakd. PaccuuTaHHbIe IO BBIBEICHHBIM (hOpMYIIaM
00BEMEI U TIIOMIA TN IIOBEPXHOCTEH OOUEK ITOTHOCTHIO CO-
BHaju ¢ onpeaeneHHbIMU B AutoCAD 3HaueHus MU 11
MIOCTPOEHHBIX MOZEIEH, YTO OATBEPKIAET JOCTOBEPHOCTD
MTOTYYCHHBIX (DOPMYIL.
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IIponenko B.M., Taparyra K.B. Busnauenns 06’eMy i n10111i OBepXHi 3ar0TOBKH IPU MOJEJIIOBAHHI 0CAKHI HA

npeci

Hagedeno pesyrvmamu meopemuynux 0ocCaiodicetb no 8UHAYEHHIO 00 €My I NIOWI NOBEPXHI 3A20MOBKU NpU
MOOen8aHti npoyecy ocadku Ha npeci. Bukonana cucmemamusayis gpopm 0idicox, YmeopeHHs AKUX MONCIUBE 8
npoyeci ocadku. Bukonano nopisusinus ompumanux gopmyn 3 popmynamu, HasedeHUMU  Aimepantypi.

Knrouoei cnosa: xoska, 3a20mosxa, ocaoka, 0ixka, 00’ em, niouja no8epxHi.

Protsenko V., Taratuta K. Determination of volume and surface area of the workpiece in the modeling of precip-

itation is on the press

The results of theoretical research to determine the volume and surface area of the workpiece in the modeling of
upsetting process on the press are given. Systematized forms of barrels when the formation is possible in the upsetting
process are done. The comparison of the obtained formulas with the formulas given in the literature are studied.

Key words: forging, workpiece, upsetting process, barrel, volume, surface area.
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'TocynapcTBeHHoe npeanpusaTre «KoHcTpykTopckoe 6opo «KOxHoe», T. [IHenp
23anopoXXCKUIA HaLMOHaTbHbIA YHUBEPCUTET, I. 3arnopoxbe

CPABHUTEJIbHbIN AHAJTU3 METOOUK PACYETA
HAMPAXXEHHO-AE®POPMUPOBAHHOIO COCTOAHUA
SANEMEHTOB KOHCTPYKLUWXA PAKETOHOCUTENA

Ilpeocmasnen ananuz pe3ynbmamos YUCIEHHO20 PACYemda HANPAICeHHO-0ehopMUPOBAHHO20 COCMOSHUSA
MOHKOCMEHHBIX INEMEHMO8 PAKEeMOHOCUMENs NPU PA3IUYHBIX CIAMUYECKUX HASPYICEHUSIX C UCTIONbI0BAHUEM
PA3IUYHBIX MemOoOuK. Bvinonneno conocmagnenue noAy4eHHbIX YUCIEHHbIX Pe3yIbmamos ¢ pe3yibmamamu
9IKCHEPUMEHMATLHBIX UCCIeO08AHUIL.

Knrwueewie cnosa: paxkemoHocumeio, 20]106HOU 0bMeKamerv, MeofccmyneHHsﬁ OMCeK, c)eqbopzwauuﬂ, npo4YHOCMmb,

Ppacyemuwli Cyuatl, Memoo KOHeUHbIX JeMEHMO8.

BBenenne

BrIcokwmii ypoBeHb KOHKYPEHITHH B cepe MpOU3BOJI-
CTBa COBpEMEHHOM pakeTHO-KocMmyeckor Texanku (PKT)
TpeOyeT ¢ OHON CTOPOHBI MOCTOSIHHOT'O COBEPIICHCTBO-
BaHUS M3TOTABJINBAEMBIX M3JIETNH 1 TIOBBIILICHHS MX HA/IEXK-
HOCTH, & C JIPYrOf — YMEHBIICHHS H3/IepKeK IPOU3BOA-
CTBA M CPOKOB BBIITYCKa HOBBIX pa3paboTok. OHON U3 Bax-
HBIX 33/1a4, KOTOpas CTaBUTCS Iepell OTe4eCTBEHHBIM
PaKeTOCTPOEHHEM, SIBJIICTCS yMEHBIICHHE 10TH (hr3HUec-
KHX UCTIBITAaHUH (0COOCHHO pa3pyIIAIOIINX ) IPOSKTHPYe-
MBIX 00pas310B ¥ 3aMEHA MX BBIYHCIUTEIBHBIM (KOMIIBIO-
TEPHBIM) YKCIIEPUMEHTOM.

OpHYUM U3 BaXKHEHIINX 3TarioB MOACTUPOBAHMUS 1 aHA-
J3a cootBeTcTBUA NpoektupyeMoit PKT 3asBi1eHHBIM CBOM-
CTBaM SIBJIIETCSI IPOYHOCTHOU pacuerT. Illupokoe npume-
HEHHE B HACTOAIIIEE BPEMsI HOBBIX KOHCTPYKLIMOHHBIX Ma-
TEepUAIOB, OCOOCHHO KOMIIO3MTOB, IIPUBOAUT K
HEO0OXOANMOCTH Pa3pabOTKH HOBBIX METOJHK YHCICHHOTO
aHaIM3a HaIpPSDKEHHO-Ae()OPMUPOBAHHOIO COCTOSIHUS
(HAC) PKT, urto B cBOIO 04epens TpeOyeT co3maHus CIe-
[UAJTM3UPOBAHHOTO MAaTEMaTHYeCKOro M IPOrpaMMHOTO
obecrieyeHusI.

K Hacrosimemy BpeMeHHn pa3paboTaHO 3HAYUTETHHOE
KOJIMYECTBO PA3IMIHBIX CHCTEM aBTOMAaTH3MPOBAHHOTO
npoektupoBanus (CAD) u mmxenepHoro ananmsa (CAE),
MTO3BOJISIONINX AaBTOMATH3UPOBATH HCCIIEIOBAHHUE HATIPSI-
XKEHHO-1e()OPMUPOBAHHOTO COCTOSIHUS, YCTOMYMBOCTH,
npouHocty 1 nonrosednoctu PKT, a Taxke MmoaennpoBarb
pa3IUYHBIE PEKUMBI €€ paboThl B AKCTPEMAIBHBIX YCIIO-
BISIX KcIDTyaTatwm. Hanbomnee pacnpocrparerasivu CAE,
npuMeHsieMbIMU TIpu npoektupoBanun PKT, sBustoTcst
ANSYS [1], Abacus [2], CATIA [3], Nastran [4], Patran [5]
u npyrue [6—9], mpudeM mocIeIHIe B CUCTEMBI CIIeIH-
aJIbHO CO3/1aBAJIMCh ISl aBTOMATU3AIMN Pa3pabOTKH pa-
KETHO-KOCMHMYECKOU TEXHUKH.

OpHaKo MPUMEHEHNE YHUBEPCAIBHBIX «TSKEIBIX)
CAITIP conpsikeHO ¢ psSaoM IpoOIeM: ¢ OIXHOH CTOPOHBI,
OHH MOTYT HE YUUTHIBATh clelu(prKy pacyera HOBOW He-
THUITIOBOM KOHCTPYKIIMH, TTOCTPOCHHOM, HapuUMep, ¢ Hc-
TIOJIb30BaHUEM HECTAHIAPTHOTO KOMIIO3UTHOT'O MaTepHa-
J1a, a ¢ IPYroi — Ha IpaKTHKe YacTo BOZHUKAET He0OX O~
MOCTb BepH(UKALMH NOTYYEHHbIX YHCICHHBIX PE3YIIETaTOB
IIyTE€M CPaBHEHUSI X CO CTOPOHHUMU pacyeTaMu. Takum
obpazoM, mmpobiiemMa pa3paboTKH CHEeNNATU3UPOBAHHOTO
MIPOrpaMMHOT0 00ECHEYEeHHUsI ISl YUCICHHOTO aHAJIHN3a
HJIC PKT sBisiercst akTyasrbHOM 3a1a9ei.

[enpro HACTOSIIIIETO NCCIIEAOBAHUS SIBIISICTCSI OIPE/ie-
JICHHE HAPSDKEHHO-1€()OPMUPOBAHHOTO COCTOSHUS TAKHX
3JIEMEHTOB KOHCTPYKLMH PAaKETOHOCUTEINS KaK TOJIOBHOM
obtexarens (I'O) u mexxcrynernoit orcex (MCO) ¢ momo-
B0 PA3IMYHBIX IPOrPAMMHBIX KOMIUIEKCOB M CPaBHH-
TEJILHOTO aHAJIN3a TOYYEHHBIX PE3yIBTaTOB.

OcHoBHAas1 YaCTh

Jly pacdera 31eMEeHTOB KOHCTPYKIIUH PaKETOHOCHTE-
JIS1 BOCIIONIB3YEMCSI METOZIOM KOHEYHBIX JIEMEHTOB, pea-
JIM30BaHHBIM B IporpaMMHBIX Kominiekcax « FORTU-FEM»
[10] m «MIPEJIA+» [11], xoTopbIe ObLTH pa3paboTaHkL B
3anopoXKCKOM HAIlMOHAJIIFHOM YHUBepcuTeTe. J{s pacue-
Ta WCIIOIH30BAINCH 000IOUEYHBIE M IPOCTPAHCTBEHHBIE
KOHEYHBIE 2JIEMEHTHI, OCHOBAaHHBIE KaK Ha TPaIUIIOHHOH
CcXeMe, TaK U MOMEHTHOM CXeM€e KOHEUHOTr0 diieMeHTa. Pe-
3yNIBTaThl PACUETOB CPAaBHUBAINCH C JAHHBIMH, TTOTyYCH-
HBIMH Ha OCHOBE MOAXOHOB, pa3paboraHHbIX B [Tl

«KB «tOxH0e» um. MLK. Surens.

T'ontoBHOIT 00TeKaTeTH pakeTOHOCUTes1. KoHCTpyKIis
I'O npexncrasiseT codoi TPEXCIOHHYI0 00010UKY (pHc. 1)
13 I0CTATOYHO KECTKUX BHEITHETO ¥ BHYTPEHHETO CJIOEB
(BOJIOKHMCTBII KOMITO3UT U3 YITIEPOJHBIX BOJIOKOH H TIOK-
CHIHON MaTpPHIIBI) 1 OTHOCUTEIFHO MATKOTO 3aMOTHATEIS

© [. B. Akumos, B. 3. I'puwak, C. H. pebeHtok, C. N. TomeHtok, 2016
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(meHoIITaCT) MEX Iy HUMU. B mporiecce skcruTyaTanyy Ha
BHEITHIOK 9acTh [ O el CTBYIOT pactipeieieHHbIE TIOBEp-
XHOCTHBIE M CKUMAIOIINE OCEBBIE HArpy3KH. Y UHTHIBAs
XapaxTep Harpy>XeHHs 1 TOT (aKT, 4TO Harpy3KH IeHCTBY-
10T Ha BHEITHUH CIIOH 000JI0UKH, PacdeT MPOBOIMIICS IS
JIBYX CIy4aeB: OJHOCIONHOMN U TpexcioitHoi monenu. Ha-
TPY3KH TaKXKe 33/1aBATHICh B TPEX BapHALIHSIX: BHEIIIHEE JIaB-
JIEHHE, OCEBOE CXKaTue U MX KOMOWHHMPOBAHHOE BO3JIEH-
crBue. Kpome Toro, B xoze mosjera BeJMYNHA BHEITHETO
JTaBJIEHHS M OCEBOT0 CkaTwst n3Mensiercs. [loatomy 3Have-
HUS Harpy30K MOJICITUPOBAIINCH ISl ABYX XapaKTEPHBIX
MOMEHTOB II0JI€Ta PAKETOHOCHUTEIISI, U PacyeT IPOBOAMIICS
wt=33cut=42c.

Buewnee dasnenue. MaxcumanbHasi HHTEHCHBHOCTh
HalpspKeHUH ToTy4eHa B cepeanHe Konndeckoi yactu ['0.

-89.91; 0; -89.91

.

. §9,91; 0; -1
A

C89.91;0; 8
-89.91; 473.5; -8

-89,91;

I'paduyeckoe cpaBHEHHE paclpesereHss HHTEHCHBHOC-
TH HAIPSDKEHUH B10JTb ocH ['O 0JJHOCTIONHON U TPEX CITOM-
HOI Mojieneli MpeAcTaBIeHo Ha prc. | (Hauasio KOOpAUHAT
pacrionoxeHo B IockocTr kperuternst 'O k nepexomHo-
MY KOJIbITy). MOXHO YBHAETH, YTO MPHU HCHOIH30BAHUU
MSTKOTO BHYTPEHHETO 3aIlOTHUATENS] KPUTHUECKUE 3HAYe-
HUS UHTCHCUBHOCTH HANPSDKCHUH YMEHBIIAIOTCS (OTHO-
CUTEJIHO OTHOCTIOWHON MOJIENIH, OCHOBAHHOMN Ha UCTIOJIb-
30BaHHH TOJIBKO BHEIITHUX HECYIIHX CIIOEB).

Ocegoe cocamue. Paccmorpum mozens 'O oOtekate-
JIS TIOJT IEHCTBUEM CYKUMAFOIINX CHIL. Byrem caurars, 9to
I'O siBastercst TpexcioiHoi obomoukoii. ComocraBieHue
9KCTPEMAIBHBIX 3HAYEHUH TPEXCIIOWHON MOJIEIIH C OHO-
CJIOHOM TS 3TOTO CITydasi IPUBENCHO Ha TpaduKe pac-
TIpeJIeICHUS HHTCHCUBHOCTH HATIPSHKCHUH (pHC. 2).

-89.91; 0; -89.91

~ .B9.91; 0; -1

89.91; 0; 8

-89.91; 473.5; -8

16,7931 z

Puc. 1. Hanpsoxernus I'O (omHOCTOIHAsS MOzeNb, BHEIIHEE NaBieHHE, ¢ = 42 ¢)

Sigma Z
18.3068
89.91; 471.5; 89.91
¥ L x
-338.248
Yy
4 x
Sigma X Sigma Y
469.848 -4.16857
-416.145 -1387.49

Sigma Z
469.848

-416.145

Puc. 2. HAC I'O (TpexcnoiiHas MOJIeIb, CKUMAIOIIAs CHJIa, ¢ =42 ¢)
G o = -1341 Kre/em>
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Kombunayusa naepyszok. Paccmorpum HJIC T'O mox
JieicTBIIEM KOMOHWHAIIMN HATPy30K (OHOBPEMEHHOM JICH-
CTBWH BHEIITHETO IABJICHUSI ¥ COKUMATOIIeH cribl). Coroc-
TaBJICHUE PACHpPEACICHUS WHTCHCUBHOCTH HAIPSDKCHUN
JI71s1 OTHOCJIOMHOM Y TPEXCIIOWHBIX MOZIEeJIel MPUBEIEHO Ha
puc. 3. B cirygyae KOMOMHMUPOBAHHOTO HArpyKeHUsI IOITY-
YEHO, YTO MaKCHMAaJbHBIC HANPSIKCHHUS BO3HHUKHYT Ha
3ameMIIEHHOM Kpae (Kpaii KperwIeHUs K CTHIKOBOYHOMY
KOJITBILY).

Pacnpeenenie MHTCHCUBHOCTY HAIIPSDKEHUH, TTOTY-
YEHHOE Ha OCHOBE MOMEHTHOM CXEMBI KOHEYHOTO AJICMEH-

ta [11], ms crygas ¢ = 42 ¢, Koraa Ha TOTOBHON 0OTEKATeb
JIEHCTBYIOT TONBKO PACIpeICIICHHBIC TIOBEPXHOCTHBIC Ha-
TpY3KHU IIOKa3aHo Ha pHC. 4.

Pacnipenernenrie MHTCHCHBHOCTH HATIPSHKCHUH TS CITY-
yasi ¢t = 33 ¢, MOJIy4€eHHOE HA OCHOBE MOMEHTHOW CXEMBI
KOHEYHOT'0 3JIEMEHTa, TI0Ka3aHo Ha PHC. 5.

B Tabnuie 1 mpuBeneHBI pe3yibTaThl pacieToB MPOd-
HocTHBIX XapakTepucTuk IO, momydennsie B I'TI «Kb «FHOx-
HOE», a Ha pUCYHKaX 6 1 7 TIOKa3aH XapakTep pacnpesese-
HUS HANPSDKCHUH B KOHCTPYKITUH.

MHTEHCMBHOCTb HanpsXKeHUi, Krc/cm?

1800,000
1600,000
1400,000
1200,000
1000,000
00,000
600,000
400,000
200,000
0,000

0,000 100,000 200,000

——— 0 4HOCNOWHAA MOAENb

300,000 400,000 500,000

TpexcnoitHasa mogenb

Puc. 3. Conocrasnenue pacrnpeaeyeHus MHTEHCUBHOCTH Hanpsbkenuit ['O nox neifictBueM KOMOMHALIMU HAarpy30K
_ 2
(O pax = 1469 xre/em?)

Puc. 4. Pacripenienenne MHTEHCUBHOCTH HaNPsDKEHUH

Puc. 5. Pacripenienenne MHTEHCUBHOCTH HaNPsKEHUH
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Taduuna 1 — Pesynsrarst pacuera npoudoctu ['O (I'TI «Kb «IOsxHOe»)

2

y

PacuerHslii ciyyait DJeMEeHT KOHCTPYKIUU T, °C Goes KTC/CM Gpacms Kkre/em?
[oner Ha AYT (=42 ¢) TpexcnoitHast 06omo4Ka 100 1130 1364
[Toser Ha AYT (t=33 ¢) Tpexcnoitnast 060mo4Ka 1192 1331

MAKCHMYR PRCT ARKEHWA
|

nan MakcHmym CHaTHA

Puc. 6. Pacipesienenue MakCHMATbHBIX HOPMAILHBIX MEPHIHOHANBHBIX HAIPAKEHHUIT (KI'C/cMZ) BO BHYTPEHHEM CII0€ TPEXCIOHHOI
o6onouku 'O (£ =42 ¢)

X

MAKCHMYR DACT A EHMA

ms
A6

a7 hiSKCMAIYR CoaTIA

Puc. 7. Pacripe/ie/ieHie MaKCHMANBHBIX HOPMAIBHBIX MEPHIHOHANBHBIX HATPSKGHHUIT (KIC/CMZ) BO BHYTPEHHEM CIIOE TPEXCIIONHOI
obomouku ['O (=33 ¢)

Taonuua 2 — CpaBHeHue pe3ynnsratoB pacaera 'O

, 5 CX01MMOCTb pe3yJIBTaToB pacuera, %
Meroauka G s KTC/CM Gpacm» KTC/CM
IO CHKATHIO 0 PACTSDKCHHIO
T'TI «Kb «tOxHO0E» 1192 1364 " ;
3HY 1341 1469

MexcTyneHHOM 0TceK pakeToHocuTe 5. KOHCTpyKIst
MCO, xax u I'O, mpeacrasseT coboii TpexciIoiiHyo 000-
JIOYKY U3 I0CTATOYHO KECTKUX BHEIITHETO X BHYTPEHHETO
CJI0€B (BOTIOKHHUCTBIH KOMITO3UT U3 YIIIEPOJHBIX BOJIOKOH
STIOKCHTHON MATPHIIBI) U 3aIOIHAUTENS (TIepOopHpOBaH-
HBIA KAPTOH) MEXTy HUMU. B mporiecce KOHEUHORIEMEH-
THOT'0 pacyeTa Ha yCTOWaruBoCTS [ 1 0] OBLIH TOITy9eHbI KpH-
THYECKHE TIApaMETPhl HArPy30K: KPUTHUECKOE TABJICHHE
PKp = 1,447 xrc/cM?, KpUTHYECKash CKUMAIOIAs CHia,
T,=338,761c.

AHaJOTM4HbIE PaCyYETHhI, MOTy4YeHHbIE 10 MeTouke ['T1
«KbB «¥OxHOEY» Tanm CIeayIonre pe3yIbTaThl: KpUTHIeC-
xoe naBnenne P = 0,809 krc/cm?, KpuTHYECKas CKUMAIO-
mas cuna 1’ = 265,676 tc. B I'TI «Kb «lOsxxHoe» Obliu
MIPOBECHBI TAKOKE HATYPHBIC UCTIBITAHUS, PE3YIBTaThI KO-
TOPBIX IpeZICTaBIIeHBI B Tabmmurie 3, a B Tabmmie 4 mpuBee-
HO CpaBHEHHE SKCIIEPIMEHTATIBHBIX JAaHHBIX C YUCIICHHBI-
MU pacueTaMH.
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Tabauua 3 — PezynsraTe! ucnsiranuit MCO

HcnpiTatensHble peann30BaHHbIE HATPY3KU

cn cn
Tu IKB.CHHC.5 TC 7’” oKe.pacm.» TC

267,17 106,98
265,10 104,94
269,11 107,45

B Tabmmiie ncnons30BaHbI CICIYIONTNE YCIIOBHEIE 000-
3HAYCHUS: 1" , T — UCHOBITATEJILHBIE YKBUBA-
IKB.CHC JKe.pacm

JICHTHBIC OCCBLIC C;)KUMAKOIIAdg U pacTAruBaromnias CUjibl B
CCUYCHHUH COOTBCTCTBCHHO.

Ta0anua 4 — CpaBHeHue pe3ynsTaroB pacueta MCO

CX0IuMOCTh

P pe3yNbTaToB

MeTtonuka KFC?I(;VIZ T, TC pacuera, %
o 1o

JIABJICHUIO | C)KaTUIO

I'TT «Kb «lOxnoe» | 0,809 | 265,676

72 27
3HY 1,447 338,76
PeSyanaTbvl _ >269,11 3*
HCIIBITAHUMN

* — Cxooumocmy pesynomama pacuema MCO no memoou-
ke I'll «Kb «FOoicHoe» ¢ pesynomamamu cmamuyeckux ucnbi-
MAHUIL.

BriBoanl

PesynmeraTel pacueToB, HX KaueCTBEHHOE COBIIAICHUEC
MTOKA3BIBAIOT aIeKBATHOCTH Pa3pabOTaHHBIX MOAXOJO0B U
MOZIENEN ISl 2IIEMEHTOB KOHCTPYKLUN PAKETOHOCUTENEH.
HccnenoBanne TOIOBHOTO 00TEKATEINS ¢ TIOMOIIBIO pa3-
JIUYHBIX METOIWK JAa€T XOPOIIiee COBMAICHNE PE3YIBTATOB,

HEKOTOPOE KOIMYECTBEHHOE PA3JINUUe IIPH PacUeTe MeXkK-
CTYIIEHHOTO OTCEKa OOYCIIOBJIEHO LIEJIBIM PSIOM (akTo-
POB, TAKMMH KaK BBIYHCIUTENILHAS TOTPEITHOCTD, Pa3iv-
YlEeM METOMK ONpEIeNICHUS] KpUTHUECKUX HATPY30K, yde-
TOM CHEIHU(UIECKOT0 MEXaHHMYECKOTO J1e(hOpMHUPOBAHNUS
MIPUMEHSEMBIX MaTepHaitoB (1eppoprpOBaHHbIN KAPTOH).
JIJ1s TIOBBIIIEHHUST TOYHOCTH PacyeToB, pa3paboTaHHBIE
TIOAXO/IBI TPEOYIOT TabHEHIIIET0 YCOBEPIIEHCTBOBAHNSI.
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ne¢opMOBAHOI0 CTAHY eJ1eMeHTIB KOHCTPYKIIiii pakeToHoCist

IIpedcmasneno ananiz pe3ynomamie YUCeabHo20 PO3PAXYHKY HANPYIHCEHO-0edopMo8aHo20 CmaHy MOHKOCIHHUX
eleMenmia pakemonoCis npu pisHux CIMAmuyHUX HA6AHMANCCHHAX 3 GUKOPUCTANHAM PI3HUX MemoouK. Bukonano
CRIBCMABNIEHHSA OMPUMAHUX YUCETILHUX PE3VAbIMAMIE 3 Pe3yIbmMAamami. eKCnepuUMeHmanbHuxX 00Cai0NCeHb.
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PO3PAXYHKOBUI BUNAOOK, MEMOO CKIHUEHHUX eleMeHMIs.

Akimov D., Gristchak V., Grebeniuk S., Gomeniuk S. Comparative analysis of the calculation methods of the

stress-strain state of the launch vehicle structural elements

The analysis of the results of numerical calculation of the stress-strain state of thin-walled elements of the launch
vehicle under various static loads with the use of various techniques is presented. The obtained numerical results are

compared with the results of experimental studies.

Key words: launch vehicle, head fairing, interstage compartment, deformation, strength, calculation case, finite

element method.
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YK 681.532:69.002.5

Kang. TexH. Hayk O. I". Typko, FO. O. ons

XapKiBCbKUI HaLliOHamNbHWM aBTOMOGINbHO-LOPOXHIN YHIBEPCUTET, M. XapkiB

OOCNIMKEHHSA NAPAMETPIB PYXY ABTOIOPOMIQINMAYA
3 OBEPTAIIbHUMU 34ITEHYBAHHAMMU

Y pamxax eupiwenns sasoanms no6yoosu cucmemu asmomMamu308aH020 YNpasiiHHsL pyxom asmozioponioiumaya
3 080Ma 00EPMATLHUMU CeKYIAMU NOOYOOBAHO IMIMAYIUHY MOOeb, AKA 00360IULA 00ePIHCAMU 3ANeACHOCI Ol
BUBHAYEHHS KIHeMAMUYHUX NApAMempis pyxy nioiumaua. A0ekeamuicms 00epiHCaAHUX 3ANEHCHOCHEN NIOMBEPOICEHO
eKCNnepUMEHMAanbHo. [l npo8edeH s eKCHePUMEHMY PO3POONIEHO BUMIPIOBATLHUL KOMNIEKC.

Knrwouosi cnosa: asmocioponioiimay, Komn'iomepHa mMo0enb, GUMIPIOSANbHUL KOMNIEKC, eKCnepuMeHmn,

a0eKeammuicms MOOeji.

Homenknarypa
L, — XiJT IITOKY TiIpOLMITIHAPA HIKHBOT CeKLIT;
L, — XiJ IITOKY TiAPOUMIIHAPA HIKHBOT CEKIIiT;
0 — KYT HaXWJ1y BEpXHbOI CeKIlii BiTHOCHO TOPH30HTY;
B
0 — KyT HaXWJIy HUKHBOI CEKLil Bi/IHOCHO FOPH30HTY;
H
on — KyTOBa IIBUJKICTb PYXY BEPXHbBOI CEKLIil;
vy — JIiHI{HE IPUCKOPEHHS BEPXHBOI CEKIIiT;
— 3HAUCHHS KyTa, OTpUMaHe Ipu 0OpoO1Ii JaHUX BiJ TipOCKOIa;
G
A — 3Ha4YeHHs KyTa, OTpUMaHe Ipy 00poOLi JaHNX BiJl aKCeIepOMETpa;
A
At — KPOK JIMCKpeTH3allil 3a yacom;
T — IOCTii{Ha Yacy aKkcelnepoMeTpa;
ATTI — aBTOTiApOIiAiiMaY;
CAY — CHCTEMa aBTOMATH30BaHOTO YIIPaBIIiHHS;
MIIIT — MIKpOTIPOLIECOPHHUIA TTPUCTPIid;
[IEOM  — mepcoHasibHa €JIEKTPOHHO-004HCIIIOBAIbHA MAIIMHA
Beryn

YTpuUMaHHS Cy4acHOTO MYHILHUITAJIBHOTO TOCHOAAp-
CTBa YacCTO IIOB ’SI3aHE 3 OPTaHi3aIlie€ro poOiT HAa BUCOTI, IS
poBeAeHHS KX BUKOpUCTOBYIOThCSI AI'TI. AI'TI —11e Ban-
Ta)KOIi THOMHI MAIITIHH, IO IPU3HAYCHI IS IepEeMiIeH-
HS JTIOZICH Y JIFOJTBKAX, TTiT KyTOM 200 BEPTHKAIBHO 3 OIHO-
ro piBas Ha iHmmiA [ 1]. AT'TI € yHiBepcaIbHIM BHIOM CIICTI-
TEXHiKH, 10 MAOTh HU3KY TIEPEBAT, TAKUX SIK MOO1TBHICTS,
MIPOCTOTA B YIIPABIIiHHI, IPAKTUYHICT i MHpoKa chepa 3a-

© O. I'. T'ypko, t0. O. Oons, 2016

crocyBanHs. Ockinbku ATl mpu3HaveHi 11 mepeMitieH-
H# Jroziel (poOiTHHKIB) HA 3HAYHY BICOTY, TO BOHH BBayKa-
IOTHCS 00JTa THAHHSM ITi IBHUIIICHOI HeOe3IeKH. Y 3B’ 53Ky 3
UM HeoOXiHa po3poOka i BupoBamkerHss CAY, mo 103-
BOJISIIOTH BU3HAYaTH O€3II€YHl 1, B TOH ke 9ac, HalOUIbIII
patioHabHi (3 MiHIMaTEHUMHA BUTPaTaMU 9acy i eHeprii)
pexumu pyxy cekiit AI'TI 3 BuXigHOT TOUKHM B KiHIIEBY, a
TaKOX pealli3oByBaTH LIeH pyX.
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ITocTranoBka 3amadi

[Tpu pozpodui CAY AI'TI HeoOXiHO MaTH aAeKBaTHY
MaTreMaTHYHy Ta/ab0 KOMI I0TepHY MOJIETh aBTOT'1IPOITi-
ITHOMHHKA. AIEKBaTHICTH MOJIENI i ATBEPIKY€ETHCS LIS
XOM MOPIBHSIHHS PE3YJIBTaTiB MOIEIIIOBAHHSI I eKCIIEpUMEH-
TaJILHUX JJAHHUX, PO3ODKHICTD MK SIKUMU HE TIOBUHHA TTepe-
purnyBata 10—18 % [2]. Tomy MeToro maHoi poOoTH €
noOynoBa KoM 1oTepHoi Mozieni Mexanizmy AI'TI Ta exc-
TIeprMeHTaNIbHa NepeBipKa i aJeKBaTHOCTI.

JlocsiTHEHHS TIOCTaBJIEHOI B po0OTi MeTH rependadae
BHpILIEHHS HACTYITHNX 3aBaHb: 1) moOynoBy KoM 1oTep-
Hoi mozeni AI'TI; 2) po3poOKy BIMiprOBaJIEHOTO KOMITIIEK-
cy s nocnimkenss pyxy AI'T; 3) mpoBeneHHs ekcriepu-
MEHTaJILHUX J0CHIKEHb MTapameTpiB pyxy AI'TI; 4) mus-
XOM TIOpiBHSHHS pPE3yJAbTAaTiB MOJEIIOBAHHS 1
eKCIIepIMEHTAJIbHUX JTAaHUX OL[IHUTH aJeKBAaTHICTh KOM-
I’ FOTEPHOI MOJIEI.

Omnsip stiteparypu

[MuraHHAM [OCIIIKEHHS 1 YIPABIiHHS PYXOM CEKILH
AT'TI B miTepatypi NpuIiIeHO HEAOCTaTHRO yBaru. Cepen
POOIT 10 IpHUCBSYEHI MaHii Temi, ciif Bia3HauwTH [3], B
sKkiii 3ampornionoBana CAY pyxom AITI 3 ITJ{-perymsro-
pom. Jl7st Bu3Ha4eHHs Oa)kaHMX 3aKOHIB 3MiHH y3araibHe-
HUX KOOPJHMHAT i X MIBUAKOCTEH IPU NIePEeMIICHHI CeKITii
AT'TI 3 ogHOTO MOJOKEHHS B 1HIIE BHKOPHCTOBYBABCS
IHTEPIOJIALI HHUH MOSIiHOM IT’siToT0 ropsiaKy. OfHak, B po-
00Ti HE BpaxOBYBaJINCS OOMEXKEHHS Ha ITOJIOKEHHS 1
mBuKicTb pyxy cexuiit AI'TL. Kinemarnunomy nociipkes-
uio AI'TI npucsstuena po6ora [4], B sikiit orpuMaHo aHaIi-
THUYHMH pO3-B’A30K 3a]a4i BU3HAYECHHS NOJIOKEHHS BY3JI0-
BHX TOYOK MexaHi3My mBocekmiiHoro AI'TL.

VY Toit xe gac, iCHye pO3B’ 30K aHAJIOTIYHHUX 3aB/IaHb,
ajie IUTs 1HIITUX BUIIB OyIiBENbHOI TEXHIKU 3 poOoInM 00-
JIaAHAHHAM MaHITYIATOPHOTO BUIY. 30KpeMa B [5] Bu3Ha-
YEeHO YMOBH PO3CIIOBaHHS €HEPTii y IPUBOJaX MIAPHIPHO-
34JICHOBAHOI CTPLIM I KpaHa MaHIIysrtopa. Y pooori [6]
HaBEJCHO METOIUKY PO3PAXYHKY ONITHMAIBHOTO PEXXKUMY
ITyCKy BUCYBHOI PYKOSITI KpaHa-MaHIITYJISITOpa Pa3oM 3 BaH-
Ta)keM, BI3HAYCHI KiIHEMaTHIHI XapaKTePUCTHKH PyXy CHC-
TEMH, 3 33JaHUMH KpafHIMHI YMOBaMH pyXy BUCYBHOI py-
KOSITi 3 BaHTa)keM. MoHorpadist [2] mpucBsaeHa po3po0ri
ONTUMAJIFHIX TPA€EKTOPiit pobodoro oprany OymiBeTBHO-
ro MaHinystopa. Pobora [7] mpucesaena po3poditi CAY
MaHIMYATOPOM TiIpaBIIIHOTO eKCKaBaTopa.

TaxuMm 9MHOM, € JOLITFHUM BUKOPHUCTATH JIOCBi, Ha-
KOITMYEHNH ITPH JOCITIPKEHH] 1HIIMX MaIIFH, ITPY pO3pooL
CAY ATITI. CAY ATI'TI noBuHHa 320€311€UNTH IIJIaBHICTD
XOITy CEKIi /i Ta HEOOXiJHy OpI€HTAII IO JIFOJIBKH IPH ITOfIadi
il mo Micrst mpoBeneHHst pooit. [Ipn npoekTyBaHHI Takoi
CAY HeoOXiZHO 3HAaTH iCHYIOUI 3a00pOHEH] MOIOKEHHS,
HETIPUITYCTAMI 3HaYE€HHS 3 TOYKHU 30pY KiHEMaTHIHHX 1 Teo-
METPUYHUX OOMEKEHb, T TPAHNYHO JOITyCTUMI 3HAUESHHS
IIBU/IKOCTEH Ta NpuckopeHs. Li 3HaueHHs MOKHa OTprMa-
TH aHATITHYHO a00 IUTSIXOM MOJIEITFOBAHHS, aJIe B PEAJILHO-
MYy BHIIQJIKy aHAJITHYHI i eMITIpUYHI pO3paxyHKH OymyTh
BiJIPI3HATUCS OIHMH BiJI OJTHOTO.

Marepianm i meTonn

Sk npuknazx Oynemo posrisiaaTy aABocekmiiamii AI'TI 3
JIaHKaMH, 1110 00€PTAIOThCS, SIKUI 3HAXOJUTHCS Ha HaBYasIb-
HO-HayKoBill BUpoOHu4iit 6a31 XHAJY. s mocmimkeH S
napametpiB pyxy AI'Tl y makeri «kKOMITAC-3D» no6ymo-
BaHa 2D monens AI'TI macmTa6i 1:10 (puc. 1). ana mo-
JIeJIb BUKOPHUCTOBYBAJIACS JJIsl BUSHAYEHHS KIHEMaTHIHUX
3aJIe)KHOCTEH MK NMEpeMIIIeHHSIM INTOKIB BUKOHABYMX
TiIpOMMITIHAPIB 1 KyTOBUMH MTONOKeHHAMHE cektid AT'TI, a
TaKOX ITPY BU3HAYEHHI 3HaU€Hb KYTOBUX LIIBUJIKOCTEH 1 IpH-
CKOpEHb eJIeMEHTiB KiHeMaTiaHoi cxemu ATTI.

[1pu oTprMaHHi 3a3HaYEHUX 3AJIEKHOCTEH PO3IIISIAIIO-
Cs1 IepeMiIIeHHsI BEPXHBOI CEKIIii 3 TTOYaTKOBOTO ITOIOKEH-

ust 0, =—7,7 rpamyca B kinuese 0, =—68,9 rpamyca, B

TOM Yac, K KyT HAXWITY HIDKHBOI CEKITii 3MiHIOBABCS BiJl
050 =3,5 1o Oy, = 23,0 rpanycis. Xix L, mroxy riapo-
muTiHApa HIKHBOT cekii AI'TI 3miHfOBanacs B Jiamna3oHi
L = 0...140 MM, a rigpouuniHApa BEPXHBOI CEKIIii
L,=0...380 Mm.

Jist 3pydHOCTI OGYHCIIEHD iana3onu 3Minn L, ta L,
BiJI MOYATKOBOTO 3HAYCHHS 10 KiHIIEBOTO OYIH po30uTi Ha
5 iHTEpBAJIB 3 KPOKOM 35 MM L, 195 MM L, (tabm. 1).

Ta6auus 1 — Jliarna3oHn X0My TIIPOIMIITiIHAPIB CEKITii
ATTI

Ly, Mm 0 35 70 105 140
Ly, MM 0 95 190 285 380

Puc. 1. 2D mozens aBrorigpomigiiimada

122



MEXAHI3ALIIA, ABTOMATU3ALIIA TAPOBOTUSALIIA

0, =8,552L, -3,0832, (D

0, =-0,236L, +39,35, (2)

0, =0,1534L, —8,4085, 3)

0, =—0,1532L, + 69,157, “4)

o, =10° L2 —0,0005L, +0,1865, (5)
v, =— 0,0002L3 —0,0973L, +18. (6)

3anexwsocri (1), (3), (5), (6) BiAMOBIHatOTH ITiTHIMAHHIO
CeKLiH, a (2), (4), — Ix ommyckaHHIO.

J1u1st IepeBipKH a1eKBATHOCTI OTpUMaHUX piBHSHSG (1)—
(6) HEeoOX1THO BUKOHATH MEPEBIPKY 3 EKCIIEPUMEHTAJIbHH-
MU JaHUMH. Bu3HadeHHs OTOYHHX 3HaYeHb apaMeTpiB
pyxy AI'TI B peasibHOMY yaci BUMarae po3poOKH Bi/IOBi-
JTHOTO BHMIPIOBAJIBHOTO KOMIIIEKCY.

Excnepumentu

B ocHOBI po3po0sIeHOr0 BUMipIOBAIEHOTO KOMILIEKCY
(puc. 2) anst peecTpallii JaHHUX PO TUHAMIYHI TapaMeTpH
ATTI Buxopuctano gatauk GY-521 Ha Mikpocxemi
MPU6050 xommanii InvenSense, BukoHanuii 3a MEMS-
texHonoriero (Micro Electro Mechanical Systems). ¥ cknani
JIaTYrKa € TPHOXKOOPIMHATHUH T1POCKOI 1 TPHOXKOOPIHN-
HaTHUH aKCeIepoMeTp, 10 POOHUTH HOT0 BUMipIOBAJIBHUM
TIPUCTPOEM 3 6-Ma ctynerssmu cBoooxu. MPU 6050 mictuTs
7 BOynoBanux 16-tu 6iTHIX ALIIT: 110 3 17151 o1tippoByBaH-
HSI BUXO/IIB 3 TIPOCKOIIa 1 3 aKcenepoMeTpa, i 1 — 1ist BOymo-
BAHOTO JIaTYMKa TEMIIEPATYPH, SIKUH BUKOPUCTOBYETHCSI IJIST
TEMIIepPaTypHOI KOPEKIIii pe3ylsTaTiB.

o s

bl
™
™
&=
Y]
™
el
b=

Puc. 2. BumiproBanpHO-TIepenaBalbHAA MOIYIIB:
1 — matuynk pyxy GY-521; 2 — MiKpOIpOIIeCOpHMIA
npuctpiit Arduino UNO; 3 — pagiomomyms SEO8RO1;
4 — mKepeo JKUBJICHHS

[Nepenaga pe3ynsTaTiB BUMipIOBaHHS BiJl BCTAHOBIICHHX
Ha cekmisix AI'TI maTtumkiB mo 3akpimienux mopyd MITIT
MIPOBOIMTECS 32 JIOTIOMOT' OO JBOXIPOTOBOT'O iHTEPQEHCY
12C. Koxnmnit 3 MIII1 BuKoHYye morieperHio 00poOKy Imoka-
3aHb 1 Iepeae OTPUMaHi pe3yabTaTH I ONaJBIIOro aHa-
T3y Ha BiganeHo posramoBany EOM. Bukopucranas apo-
TOBOTO iHTepdeiicy mist 0oMiHy nqarmmvu Mixxk MIIIT Ta EOM

HE3PYYHO 1 HEJIOLIJIFHO, OCKIIBKY BUMAarae HasBHOCTI J10-
CHUTB MPOTSDKHUX JIiHIN, a KPIM TOTO, € PU3HK iX ITOIIKOJ-
JKEHH. Y 3B’S3KY 3 MM PeaTi30BaHUNA Oe3IpOTOBHI OOMIH
nmaanvu MITTI/EOM. [1is 11i€i MeTr BUKOpUCTaHUH pajIio-
niepenasaigbauit Momyts SEO8RO1 (puc. 2), sikuit Moxe BH-
KOHYBATH POIIb SIK IpHHiMada, Tax i mepejaBada, Ipamroe 3a
crangaptauM UART inTepdeiicom, Mmae BOynoBaHMIA
(iNBTp 1 amapaTHU KOHTPOIL TOMMIIOK. Y sikocti MITIT
BHKOpHCTaHa MikpomnporecopHa miatdopma Arduino
UNO.

JlaHi ipo niHiiHI IPUCKOPEHHSI 1 KyTOB1 IMIBUIKOCTI, OT-
pumaHi Big GY-521, BUKOPUCTOBYIOTHCS IS BU3HAUSHHS
KyToBHUX NoJioxkeHb cexniit AI'TT y BizmoBiHOCTI 3 HAacTyII-
HOIO (opmyroro [8]:

a=k-A,+(1-k) A4, (7)
P ®)
T+ At

TakuM YWHOM, peamni3yeThCs KOMIUIEMEHTapHUM
(UTBTp, KU JO3BOJISIE KOMITCHCYBATH IIOXUOKY BU3HAYCH-
HS KyTOBHUX ITOJIOKEHB 32 JIOTIOMOTOFO OTHUX TiJTHKH aKce-
JIEpOMETPIB.

CTpyKTypHa cxXema pPO3pOOJICHOTO BHMipIOBATHHOTO
KOMIIIEKCY HaBeJIeHa Ha puc. 3.

_—|—3.6V

MIIII

UART

‘1» SEQSRO1

-1 | SEOSROL

Puc. 3. CTpykTypa BHMIpIOBAIBHOTO KOMILIEKCY

[l BU3Ha4YeHHS BIUIMBY BHIIJKOBUX IIOXHOOK Ha pe-
3YIIBTaTH BUMiPIOBAHB MIPOBEACHO CEPito EKCIIEPUMEHTIB y
craruti, To0To ipu Hepyxomomy AI'TL, i BUKOHaHa cTaTH-
cTrYHA 00pOOKa OTpUMAaHHX JaHUX, IO TO3BOJUIIO OIiHU-
TH TOYHICTH BUMipIOBaHb. [IpH IbOMY TpH JaTYNKH Oyin
OJTHAKOBO OPi€HTOBAaHI Ha HEPYXOMIiH, IIIaIKilf, TOPU3OH-
TaJbHIN OBEpXHi. PiBeHb TOpH30HTY OyB IIepeBipeHuii 3a
JIOTIOMOTOF0 1aTdmka IwdpoBoro kyromipa Bosch PAM
220, mo mae moxuoKy BumiptoBanHs piBas = 0,05°. IToka-
3aHHA JaTIUKiB niepenasaiics Ha [IEOM 3 nepiogndHicTiO
124 mc, y pe3ynsraTi 9oro A7 KOJKHOTO TaT9iKa c(hopMo-
BaHa TeHepajbHA CYKYITHICTD 3 484 eneMeHTiB. 3HaYeHHS
OCHOBHHX CTATUCTUYHUX ITOKa3HHUKIB BHOIPOK HABE/ICHI B
Tabm. 2.
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Taouuus 2 — 3Ha4YeHHs OKa3HUKIB BUOIPOK IPY BUMipIOBAaHHI HYJIS

[Noka3nuk Hatuuk 1 Jatuunk 2 Hatuuk 3

Cepente, @, [°] -0,004 -0,005 -0,004
CrannapTHa noMuika, Sg [°] 0,002 0,002 0,002
Meniana, [°] 0,000 0,000 0,000
CraHgapTHE BIAXHWICHHS, G [°] 0,042 0,051 0,049
Jucnepcis BubGipku, 6> [°] 0,002 0,003 0,002
MinimasbHe 3HaYeHHs y BHOIpI, a,. [°] -0,09 -0,15 -0,14
MakcuManbHe 3Ha4eHHs Y BUOIpIIi, . [°] 0,11 0,12 0,12

PiBens HapiiinocTi (95,0 %) 0,004 0,005 0,004

Taxum 4nHOM, MOYKHA C(HOPMYITIOBATH BUXIHY TiITO-
TE3y IPO T€, IO PO3TIITHYTI IIOMIUTKI BUMipPFOBAHHS ITi IO~
PSIKOBYIOTBCSI HOPMAJILHOMY 3aKOHY PO3MOLTY HMOBIp-
HOCTI1 13 cepeqHIMH 3HaYeHHAMHU O, =0, =—0,004°,
o, =—0,005 ° i crangapTHIMH BiIXWIEHHSIMH G, = 0,042 °,
6, =0,051°; o, =0,049 ° BiAmoBixHO IS IEPLIOTO, APY-
TOro i TPETHOTO TATIHUKIB.

OTtpumani BuOipKku MpoaHastizoBaHi Ha HasIBHICTB IPO-
MaxiB 3a Jrorromororo kpurepiro H.B. CmupHoBa. Y pesyb-
TaTi epeBipKy ITpoMaxiB B BUOIpKaxX HE BUSBIICHO.

3 BuOipKu copMOBaHi BapiarliiHi psiy, SKi Imiisra-
10T NIEPEBipLi Ha HOPMAJIBHICTB PO3MOALTY. Y SIKOCTI KpH-
Tepilo y3Tro/KeHHs! BUKopucTaHo kpurepiit Ilipcona [9].

CrocrepeskyBani 3Ha9eHHA 32, | = 7,30, X, = 6,92 T2

xfnod =11,70 mns 1-ro, 2-ro 1 3-ro 1aTINKIB BiIOBIIHO.
PiBens 3Hauymocti npuiiasTail pisaM 0,05. Kpuriasi 3Ha-

2 = 1 1’ 07 s XipumZ = Xipum} = 12’59 . YMOBa

kpuml

YeHHS:

2 2 .
Xenoe S Xopum BUKOHYETBCS, OTIKE, aHI CIIOCTEPEIKEHD Y3~

TOKYIOTBCSA 3 TIMTOTE3010 TIPO HOPMAaTIBFHHUN PO3IIOLT pe-
3yIIBTaTiB BUMipIOBaHb.

Ha puc. 4 HaBeneHi ricTorpamu, 1o XapakTepu3yloTh
eMIipUYHI MiTbHOCTI iiMoBipHOCTI (1), a TakoX KpuBi (2),
IO OTIMCYIOTL TEOPETHYHI IITLHOCTI p, IPH HOPMAJIBHO-
MY PO3IIOLTI.

03

Jls epeBipKH aeKBaTHOCTI KOMIT IOTEpHOI Mozemi
AT'TI ta onepxanux 3anexHocreid (1)—(6) mpoBeaeHo psix
ekcriepuMenTiB Haj AI'T]. BuznadeHnns napameTpiB pyxy
cekuiii AI'TI 3a1iCHIOBAIOCS 3a OIOMOI'OIO OIIMCAHOI'O
BHIIIE BUMiPIOBAIEHOTO KOMILIIEKCY.

Po3ramryBaHHS BUMipIOBaJIbHO-TIEpEaBATBHUX MO-
JIyJTiB 300paskeHo Ha puc. 5.

VY Xoni MpoBeeHHsT eKCIEPUMEHTY BU3HAYAJINCS: KYTH,
KYTOBi IIBH/IKOCTI Ta JIiHiAHi IPHCKOPEHHS TO4oK P, P, P,
(puc. 5).

Pe3yabraTn

[Mpukmaay 3MiHN Ofep>)KaHUX BHMIPIOBAJIBHUX Hapa-
METpIB BiJ] 4acy HaBezIeHi Ha puc. 6—8.

[Ticist 06poOKY OfIepKaHUX PE3yIBTATIB BUMIPIOBAHHS
PO3paxOBaHO 3AJISKHOCTI KYTiB IOBOPOTY Ta KyTOBUX IIIBHII-
KOCTEH BiJ MepeMillleHHs IITOKiB BUKOHABYUX Tiapo-
UTiHpiB. BimmoBiaHi 3anexHOCTI y BUIIsAI rpadikiB HaBe-
neHo Ha puc. 9—12. Ha Tux ke pucyHKax Ui 3pyIHOCTI
300paskeHi rpadiku, mo NoOyIoBaHi 3a pe3yIbTraTaMi MO-
JIeTFoBaHHsI Ha mmifcTasi opmyn (1)—(6).

OO0roBopeHHst

Amnatiz pucyHKiB 914, a Tako TaHUX B Ta0. 3, 1Ie HaBe-
JIeHi TIPOLICHTHI 3HAYCHHS BiIXMJICHb MK 3aJIKHOCTSIMH, OIIep-
YKaHUMH [IPH MOJICITIOBaHHI Ta IUIIXOM MPOBENCHHS eKCIIe-
pHUMEHTY, He nepeBHIyfoTh 11 %, 1m0 CBiaIMTH PO asiek-
BaTHICTH ITOOYIOBAHOI KOMIT IOTEPHOI MOZIENTI. TaKUM YHHOM,
il MOKHa BUKOPHCTOBYBATH IIPH CUHTE31 Ta aHaiizi CAY.
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0
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a 6
Puc. 4. Emmipuysi (1) i TeopetndHi (2) MITbHOCTI HMOBIPHOCTEW TPH BUMIpI HYJIS: @ — AaTYHK 1; 6 — IaTYMK 2; 6 — TaTYHK 3
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Puc. 5. Po3ranryBaHHs JaTYMKIB HAa eKCIEPUMEHTAITEHOMY
AT'TI

8. rpan
&0

—— HIDxH. ceKIlia
—-— - BepxH. CeKwia

501

1 1
50 70
f, Cex

Puc. 6. I'padik 3MiHK KyTa HAXWUIIy HHKHBOT i BEPXHBOI CEKILiH
B 3aJIC)KHOCTI Bill 4acy
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Puc. 7. I'padik 3MiHU KyTa BEpXHBOI CEKLIl B 3aJI€KHOCTI Bill
qacy
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Puc. 8. I'pacdik 3MiHM KYTOBHX MIBHIKOCTEH BEPXHBOI 1
HIDKHBOT CEKIIil B 3aJIeKHOCTI Bi acy

o (L), 7
TpamycH 40

0 33 0 103 140
===EKCIIepHMeHT == =MomemoraHua JARR Y.

Puc. 9. 3MiHa KyTa HaXWJTy IPY MigHOMI HHXKHBOT CeKIil

6n (L1), 45
TpagyeH 4,

33

0 . . .
0 35 70 103 140
e===ErcnepuMenT = = Mopgemoranna L1 v

Puc. 10. 3miHa KyTa HaXHITy NIPU OITyCKAHHI HYDKHBOI CEKIil

e (L), %0
Tpazgycu

0 30 100 130 200 230 300 330 400

——Excnepument == N|onemoranHa

Puc. 11. 3miHa KyTa HAXVITy TPH ITiIHOMI BEpXHBOI CeKIIii

68 (L2). 80
rpagycu
70
60 b
30
40
30
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10 \
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== ERCTIepHMERT Mopemosansa

Puc. 12. 3miHa KyTa HaXWMIy P OITyCKaHHI BEPXHBOT CEKIIii
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v, w/c 45

40

0 40 80 120 160 200 240 280 320 360 400

Excnepument = =— Mogemosanna L2 v

Puc. 13. JliniiiHa WBHIKICTh JFOJIBKH MPH MiAHOMI BEPXHBOT
CeKIIil
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Puc. 14. KyroBa mBHAKICTH MiioMy BEpXHBOI CEKIIil

Ta6anus 3 — CepenHbOKBAIpATHYHE BiIXWICHHS Ja-
HUX MK MOJICITFOBAHHSM 1 EKCTIEPUMEHTATHHUMH TAHUMHU

IMapamerp Binxusienss,

%
Kyt BH , TIPH T IHOMi HIKHBOT CeKIii 10,38
Kyt @, , mpH onyckanHi HIKHBOT CeKIT 7,07
Kyt 0 , npu miniiomi BepXuboi cexii 7,18
Kyt GB , I OITyCKaHHI BEPXHBOI CEKIIiT 2,92
JliniliHa MIBHIKICT v, JIOJIBKA 8,27
KyToBa WBHAKICTb o, MigHOMY BepXHBOT 0,02
cexuii

BigxuneHHs Mi>k MOIETTFHUMH Ta EKCTIEPUMEHTATHHHU-
MU JaHAMH OB’ 13aHO 3 THM, 10 TIPX MOJIEITIOBAaHHI PyXy
ATI'TI nepenbaganwcs ineanbHi yMOBU PyXY 3 IIOCTIHHUMH
IIBUIKOCTAMH PYXY IITOKIB Ta Y BIZICYTHOCTI [Iii pi3HOMa-
HITHHX 30BHIITHIX (haKTOpIB.

BucHoBku

[IpoanamizyBaBImM MPOBEICHI AOCTIIKEHHS, MOXKHA
3pOOHTH HACTYITHI BUCHOBKH.

Komm’rorepra moznens, mo onucye pyx AI'TI mocuts
OJH3BKA 10 €KCIIEPIMEHTAIBHOI, OTPUMAHOI B Pe3YIbTaTi
MIPOBEICHHS BUIIPOOyBaHb HA HATYPHOMY 3pa3Ky, 1 € aek-
BaTHO. TakuM YMHOM, 11 MO’)KHa BUKOPUCTOBYBATH ISl
MOAANBIINX PO3PAXyHKIB.
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OTtprMaHi B XOJ1i MOJICTTIOBAHHSI 3aJICXKHOCTI € BUXIiTHHU-
MU JIaHUMH 7151 BUPiLIIEHHS 3aBJIaHHsI CHHTE3Y PalliOHaIb-
HUX TpaekTopiii cexuiit AITI.

Po3po0bnennii BUMiprOBaIEHII KOMIUIEKC, III0 Ma€ He-
00X1THI XapaKTepUCTUKY [UTs 3/1IHiCHEHHS BUMIpY TTapaMeTpiB
pyxy AI'TI B peansHOMY 4aci Ta MOXke OyTH BHKOpHCTa-
HUH U151 peastizanii 380poTHboro 3B 513Ky B CAY AI'TI.

Hacrymanm xpoxom nipu cunTesi CAY AT'TI € po3po6-
Ka MaTeMaTH4YHOi Ta KoM torepHoi Mozeni AI'TI 3 ypaxy-
BaHHSM JIMHAMIYHHUX napameTpiB. Ha BupimenHs ganoro
3aBJIaHHsI CIIPSIMOBAHa IOJ[aJIbIa podoTa.

Tlonsiku

BucioBnroeMo BASUHICTE 32 OpraHi3alliifHy Ta TeXHIY-
Hy nonomory Pozendensay Muxoni BomoguMuposudy,
crapmiomy BuknagadeBi XHAJIY 3a mormomory mpu mpo-
BEJICHHI EKCIIEpIMEHTY Ta 00poO11i Horo pe3yisraTis.
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I'ypko A.T., Joas FO.A. UccnenoBanue napaMeTpoB ABUKEHHUS ABTOTHAPONOABEMHUKA ¢ BPAIIATEIbHBIMHA
COWICHCHUSIMH

B pamxax pewenus 3adauu nocmpoenus cucmemvl AMOMAMUUPOBAHHO20 YIPAGLEHUS OBUICEHUEM
a8moz2uopono0bEMHUKA C O8YMSL 6DAUAMENbHBIMU CEKYUAMU NOCIMPOEHA UMUMAYUOHHASL MOOETb, KOMOPAsi HO360IUNA
RONYUUMb 3A8UCUMOCTU OJI5L ONPEOeeHUs. KUHEMAMUYECKUX Napamempos 08UdICeHUs N0ObeMHUKA. Adexeamuocnmy
NOJYYEHHBIX 3ABUCUMOCTEU NOOMEEPIHCOeHA IKCHepUMeHmanvbHo. /s nposedenus sKkcnepumenma paspabomau
uUsMepuUmenbHbll KOMHAEKC.

Knwuesote crosa: aemo2udponoobeMHuK, KOMNbIOMEPHAsE MOOEIb, USMEPUMENbHBIN KOMNLEKC, IKCHEPUMEHN,
a0eK8amuoOCmb MOOCIU.

Gurko A., Dolia Yu. Investigation of cherry-picker motion parameters with rotational joints

Within the framework of the solution of the problem of creation of an automated control system of a two-link
cherry-picker movement, the simulation model, which allowed obtaining the cherry-picker kinematic relationships,
has been built. The adequacy of the obtained relationships has been confirmed by experimental results. For carrying
out of the experiment a measuring complex has been created.

Key words: cherry-picker, computer model, measurement complex, experiment, model adequacy.

ISSN 1607-6885  Hoei mamepianu i mexnonozii ¢ memanypeii ma mawunooyoysanni Ne2, 2016 127



HAYKOBO-TEXHIYHA IHO®OPMALIA

O TEPMOAUHAMMWKE B3AMMOOENCTBUA COEPUYECKUX
BKIMTKOYEHUW C OBWXYLLUMMUCA MPAHULAMUW 3EPEH

[Ipu paccMOTpPEHUH MUTPAIIAN MEX3EPEHHBIX TPAHUI] B TPAKTUICCKU OJJHO(PAZHBIX METALTIHUSCKUX CHCTEMAX C U30bI-
TOYHBIMH YacTUIIaMHU c(heprdeckoil (hOpMBI OOBIYHO MPUHUMAFOT, YTO 3aXBaT IBIIKYIICHCS TPAHUIICH TaKUX BKITFOYCHUIMA
TEPMOIMHAMHUYECKH BBITOMICH, TIOCKOIBKY IIPH 3TOM I'paHUIIa COKpAIIAeT CBOIO INTOMAIh IPUMEPHO Ha TUIOIIA b HAHOOIh-
miero ceueHus cepuaeckoro odbeMa H, CIeI0BaTeIEHO, YMEHBIACT Ha COOTBETCTBYIOIIYIO BETHYUHY CBOOOTHYIO TIOBEP-
XHOCTHYIO SHepruro. OTHAKO B CIUTY OITPEICICHHBIX TPEOOBAHMIA (DH3HUKHY SIBJICHUS CHCTEMa JIOJDKHA PearupoBaTh Ha HEO0-
XOIUMOCTE COXPaHEHHUSI 00beMa YaCTHIII ITPH MO JaHUH ITOCIICTHEH Ha TPAHUITY Pa3/ieNa, a TAKKE YCTAHABIUBATH OTIPEIc-
JICHHBIHA yroi KOHTAKTa MATPUIIEI C YACTUIICH B TUNTOCKOCTH CEUCHHSI CAMON YACTHIIB Y TPAHUIIEI pa3zena (W3-3a HaTHIHs
OTIPEIETICHHOTO COOTHOIICHHST MeK(a3HOW M MEXK3EPEHHOM YHEPTUH, TaK KaK 3TH SHEPTHHU SBIIOTCS (PU3MICCKUMU KOH-
CTaHTaMH JJIs1 JTF0O0M KOHKPETHOH TePMOIMHAMUYECKOIN CHCTEMBI).

PaccMoTpuM HecKoNbKO UI€aTU3UPOBAHHYIO cUTYaluto. [1ycTh MpakTUYeCKH YUCTas TPaHULa UMEET IMPUHY MOPSIKa
TpeX MEeXATOMHBIX paccTosHuil [1]. B 3ToM citydae MOXXHO JOITYCTHUTh, YTO IPH BCTPEUE TAKOM I'PaHULIbI C YaCTULIEH HocIie-
JTHSSL B COOTBETCTBUH C TSPMOIMHAMUYECKUME TPEOOBAHUSMHU JIETKO BCTPAMBACTCS B €€ «TEII0Y» C IIOTEPEH YaCTH IDIOMIA I
caMoii TpaHuIEl (cM. puc. 1). IHTepeCHO MPOCIEANTH 3a 3BOIOIUEH cheprUIecKoi YaCTHIIEI IO UCTEUCHUH HEKOTOPOTO
BPEMEHHU, HE3aBUCUMO OT TOT'O NMPOAOJIKAET JIM ABUTaThCsI FPAHULA TIOCIIE aKTa 3aXBaTa YACTHULIBI UM PAKTUUECKH MpeKpa-
IIaeT CBOE ABIDKCHHUE U3-3a 3P QEKTa CHITBHOTO «MEXaHUIECKOT0» TOPMOXKEHHUS.

[pu momaganum cepryeckor YaCcTHIBI HA MEX3CPEHHYIO TPAHUILY MTPOUCXOMUT €€ «PACIION3aHMe 0 TPAHMYHON
MTOBEPXHOCTH (B CHITY HEOOXOAUMOCTH COXPAaHEHUS IPEKHET0 00heMa ), UTO BIICUET 33 COOO0M yBETMUCHUE paanyca T JIBYX
COWICHEHHBIX C(EPIUECKUX CETMEHTOB B COOTBETCTBHH C TPEOOBAHUEM YCTAHOBIICHHS OTPEICIICHHOTO YIIa KOHTAKTA KaXK-

JIOTro cerMeHTa ¢ rpanuneii (yron 0 Ha pucynke 1). B aTom cirydae cooTHomeHne MeX Ay painycaMu c(hepruuecKoil YacTHIIBI

r,, M €€ XKe CerMeHTaMu Rmmp_

pHcyHOK 1)

, KOraa oHa an06peTaeT (bOpMy CIITIOIICHHOTI'O cq)eponz(a, OTBCYACT BBIPAKCHUIO (CM.

Vep. =R

cni.cg.

3 %(l—cos 0)’(2+cosH). @

HpI/I 3TOM BBICOTA KaXKJ0T'0 C(bepoymanbﬂoro CCrMEHTA paBHA /= R ’ (1 —COS e) .
cni.co.

MesepeHHan
b Mer3zepeHHan b rpanuua
/ rpaHuua
ij
4 R
cni.cg
—_— —
4l
i
[4
c
1 11

Puc. 1. 3meHneHne GopMBI HaCTUIIBI IPH €€ «3aXBaTe» IBIDKYIIEHcs rpaHuneii: | — chpepruueckas yactuua B Marpuie; Il — 3axBaueHHas
MeXX3epeHHOH TpaHuIIeil YacThna mocie nprodpeTeHus cheponnanbHoit GopMbl
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TepmonnHaMUUeCKHUii BBIMTPHIN (B pe3yasTaTe YMEHbBLIEHHUs CBOOOJHOW SHEPIHH) paBeH Pa3HHUIE MEXKTY CyMMOH
TIOBEPXHOCTHBIX SHEPTUH JBYX COWICHEHHBIX CIUTIOCHYTBIX CETMEHTOB, PABHOM ch.cql (Oe3 yuera 3HEpTUH UX KPYIIIBIX
ocrosanwuii — I, xp.) ¥l CBOOOZIHOM SHEPI UM CHEPUUECKON MOBEPXHOCTH NEPBOHAYATIBHOTO BKIIFOUCHHSI F cg. (110 €r0 nonaza-
HUS Ha TPaHUIly MaTpHYHON (pasbl) Oyner paBeH:

_ _ o U 20 ) A v
AF = (F)Ul.(’ljl F, ) F;d: - (4TER hy na Y ) 4Tcrczj).y s (2)

ci Kp. cna.ce.

IJIe a — paJiyC OCHOBAHMS CETMEHTA, PaBHbIH a = R » sin@ ;

'Y” — HOBECPXHOCTHOC HATSAKCHHC HA M€>K3Cp€HHOI>'I TpaHULIC pa3acia,

'YU — IMNOBEPXHOCTHOC HATSAKCHUC HA T'PAHULIC pa3/i€jia MaTpulla / qacTtuua.

Crenyer cieUaIbHO OTMETUTB, YTO MEK Ty IOBEPXHOCTHBIMHU SHEPT USIMHA y” i y’/ CYyILECTBYET CBA3b, 00YCIIOBICHHAS
HaJIMYMEM yIiIa Q.
y" =2y" cosO. &)

OTHOCHUTEIBHOE YMCHBIIICHUE HOBerHOCTHOﬁ OHEPIUU OTBEYACT 3aBUCUMOCTHU OT yIJid 0 CJICAYIOUICTO BUAA:

ii

L y" .,
AF _ (47[R(nrlc¢)hyl] - nazyii )_ 47[]"631)'YU B 1 COos e Z yT Sin e ) 1 4
F;(jz. 411;’0;7’7 % . )

;(l —c0s0) (2 + cosH)

C y4eToM 3Toi 3aBHCHMOCTH OBUTH BBITIOTHEHBI KOJIMYECTBEHHBIE OLIEHKH (CM. Ta0I. 1) pe3yIsTHPYIOIIETo YMEHbIICHNS
CBOOOHOH MTOBEPXHOCTHON PHEPTHHU CHCTEMBI MaTpHLa-dacTina. [IpoBeneM oOmuii aHaIn3 MOIy4eHHBIX PE3YIIBTaTOB.

Ta6auna 1 — PacuerHsle 3Ha4eHUS UCITONB30BAHHBIX JaHHBIX

Ne 0 vy AF[F,,
1 Ycnosro 90 ° (R=h=a=r) 1 -0,25
2 85° 0,174 —0,045
3 80° 0,347 -0,094
4 750 0,518 -0,147
5 70° 0,684 -0,203
6 60° 1 -0,321
7 45° 2 -0,512
8 30° J3 -0,705
9 0° 2 -1

W3 pacueToB ciemyet, 4To yOMSHYTBIH BbIIe 3G QEKT pacnon3aHus YaCcTULBI IO 00€ CTOPOHBI TOBEPXHOCTH pasJerna
(c y4eTOM «BCTpanBaHMD) yIaCTKa MEK3EPEHHON IPAaHMIIBI B TEIO YACTHUIILI) SBIIETCS TEPMOJUHAMHIECKH 00OCHOBAH-
HBIM (KpOMe HHTepBaIa TAOMUYHBIX 3HAUCHUH 2. .. 5).

[TpumeM Bo BHIMaHHE CIIEMYIOMINI Ka3aJ0Ch ObI BIIOIHE OYEBUIHBIN CITydail coXpaHeHus chepudeckoii (hopMbl BKITIO-

YEHHS Ha TPAHHUIIE MATPUIILI [PU YCTIOBUH PABEHCTBA TOBEPXHOCTHBIX sHepruit ¥ u y¥ (@ =90 °). Ilpu 51oM seficTBuTeNb-

HO CYIIIECTBYET ONpPENeICHHBII TEPMOANHAMUYECKIN BBIMTPHIL 38 CYET yMEHBLICHUSI HOBEPXHOCTHBIX YHEPTHH (TTo3uuus 1
B Tabx. 1). OmHaKo nocre npeodpa3zoBaHms CHEPHIECKON YaCTHIIBI B c(hepOonaaIbHYIO (¢ yritoM KoHTakta O = 60 ©), B cirydae
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TOTO K€ PaBEHCTBA MEX(DA3HOW U MEK3EPEHHON dHEPIUil, TEPMOJMHAMWYECKHH BBIMTPBIII [UISi CHCTEMBI YXK€ SBIISIETCS
CYIIECTBEHHO OonbIyM (Tabi. 1, mo3uius 6).
[Mockonbky B pe3ynsraTe JTydiiell IpUIacoBKH aTOMOB OoJiee CJIOKHOTO 110 COCTaBY M CTPOSHHIO BKJIIOUEHHUSI K aTOMHOM

CTPYKTYpEe MaTpU4YHOH (ha3bl, IPAKTUUECKH BCEIla CIPABEUINBO HEPABEHCTBO y” / y’j >1 [2]. [To3TOMy MOXXHO HCKIIIO-

YHUTH NIPUBEJCHHBIEC B TAOIHMIE BApUAHTHI 2...5, KaK HE BIIOJIHE OTBEUAOIIHe O0IIel TepMOINHAMUIECKOH CUTYALUU TTPH
HAJIMYMH TPAKTHYECKH YHCTBIX MATPUYHBIX TPAHHII.

[MoxpITOXMBasI BCe BRIIIECKA3aHHOE, BXKHO OTMETHTD, YTO TEPMOIMHAMIYECKHI BBIMTPHILI ITPY MONAIaHUH chepriec-
KOH 9aCTHIIBI Ha TPaHMILY MOXKET CYIIECTBEHHO BO3pacTy (cM. Tabi. 1). [Tostomy, n3-3a ah(hexra KOHTAKTHOTO «CMauUBa-
HUSD» (T. €. YCTaHOBJIEHMS ONPEJIETICHHOrO yIila KOHTAaKTa Ha TpaHuIle paszena (a3) HeoOX0AMMO BCeraa yIUThIBAaTh 3TO
00CTOSITENBCTBO IPH PACCMOTPEHHUHU BOIIPOCOB O BO3SMOXKHOCTH OTPBIBA IPAHMII pa3ziena OT MOMAaBIIMX Ha HUX B IpOLecce
MUTPALIH BKJIIOYEHUH chepriaecKoil ()OpMBI, TOCKOIBKY COIPOTHUBIIEHHE TAKOMY OTPBIBY OylIeT CHIIFHO 3aBHUCETH OT THUIIA
KOHTaKTHOH TpaHC(OpMaIMy ChepuiecKuX YacTHL], 3aXBa9CHHBIX JIBIDKYLIEHCS TPaHULIEH.
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O MATEMATUYECKOW KOPPENALUWUU MNAPANPOLIECCHbIX
ABNEHU B NAPAMArHUTHOM AYCTEHWUTE CTANEN C
HAKOMJNEHUEM YNPYIOU SHEPIMU NPU X OE®OPMALIUN
CXATUEM

Kaxk 65u10 TIOKa3aHO B padorax [ 1, 2], B XpOMOHHUKEIEBEIX U MaPraHI[OBUCTBIX CTANISIX ayCTEHUTHOTO KiTacca MpH TIacTH-
YeCcKoU JeOopMaIliH CKATHEM TIPOUCXOIAT APAIIPOIECChI, CBI3aHHBIC C BOSHUKHOBCHHUEM M HAKOIDICHHEM (heppOMAarHHT-
HBIX (ha3. B HacTosIIee BpeMst HEKOTOPEIE IETaH 3TOH MpoOiIeMBI TPEOYIOT OoJiee TIATeNEHOTO paccMoTpernst. OcoOeHHO
9TO KacaeTcss MEXaHU3Ma H YCIOBUH (hOPMUPOBAHUS MIEPBEIX MOPIHiA (peppoMarHUTHOTO MapTeHcuTa (¢ - passr).

[pu onpeneneHy MaTbIX KOTHYECTB 3TOH ()a3hl B ayCTEHHUTE YKA3aHHBIX CTaJICH MCIIOIh30BaTH 3aBUCHMOCTH U3MECHCHHI
MAarHUTHOU BOCIIPHUMYHBOCTH OT OOPaTHBIX 3HAYCHUH HANIPSHKEHHOCTH MarHUTHOTO ITONS [T KQKJIOTO aKTa ITaCTHIECCKOM
nedopmarn cxatueM. Kak cienyeT u3 mpuBeIeHHBIX Ha pHc. | rpadukoB, Tr00bIe THHEHHBIC TIO CYTH 3aBUCHMOCTH TAKOTO
poma xapakrepusyercs: yriioBeMA ko3 durmenTamu (K), KOTOpbIE BO3PACTAIOT IIPH YBEITUYCHUH Ie(POPMAIUH CIKATHEM
(Ju1s1 OOOMX THITOB aYCTEHUTHBIX MaTepHAIIOB).

Bruta mocrapneHa 3aa4a yCTAaHOBUTH 0CO00 TOUHBIE 3HAYCHHUS YIIIOBBIX KO3 dummeHToB npsaMbix ¥, (1/H) ot cremeHn
TUTACTHYECKOM Te(hopMaIiii CKaTHEM C TIOCIIEYIOMICH MOMBITKON CBECTH MOMTyIeHHBIE 3aBUCHUMOCTH B 0000IIICHHEIE 3aKO-
HBI CBS31 MATHUTHOW BOCIIPHMMYHMBOCTEIO ayCTEHHUTA CTAJICH ¢ HAKOTUICHHEM YIIPYTOH SHEPTHH MPHU JeOpMAIIiX CKATHS B
YCIIOBUSIX Pa3BUTHS MAPATIPOIIECCHBIX SBICHUH (T. €. popMupoBaHUs (eppOMarHUTHBIX (a3).
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Puc. 1. 3aucumocts y(1/H) npu pasmuaHBIX 3HAYCHHSX IUTACTHIECKON Ae(opMartiy ckaTHeM xpomonnkesnesoit 10X16H13 (a)

u maprannosuctoit ['13J1 (6) craneit. dedopmanust: a) 1 —23,98;2 —24,74;3 —25,49;4 —27,76; 5 —29,27; 6 —30,86; 7—31,92;

8 -33,06;9—-35,70; 10 —40,24; 11 — 44,23; 12 — 47,66; 13 — 50,45; 14 — 54,69; 15— 59,38; 16 — 67,70 %; 6) 1 — 6,03; 2 — 8,52;
3-10,00;4-11,00;5-12,01;6 —-15,68;7—19,18; 8 -26,68; 9 —29,78; 10— 35,70 %

[ momyveHnsl MaKCUMAaJIbHO TOYHBIX PE3YIBTAaTOB U HCKIIIOYEHHS CBA3U KBaAPATHYHBIX OMIMOOK MPH ONpeeIeHuH
K03()(DULIMEHTOB TMHEHHBIX ypaBHEHHIT HCIIOIBb30BAIN OJHOMEPHBIH BAPHAHT METOA LICHTPAILHOTO IIAHUPOBAHHUS, ITPU
KOTOPOM HCXOIHBIE YpaBHEHUS IPEoOPa3OBHIBAIOTCSA B ypaBHEHUS [3], B KOTOPBIX TEKyIIas IepeMeHHas IMPEACTaBIICT
co00I1 HOBYIO ITEpEMEHHYIO, BKIFOUAIOIIYIO B ce0sl CpeiHee HHTepBaIbHOE 3HAUCHHE BBIOPaHHOTO psiia SKCIIepUMEHTab-
HBIX PE3y/IETaToB.

s BBIBOIA PAacUETHBIX MaTeMaTHYECKUX (HOPMYN HCIIONB30BaH IIEPBOHAYANBHOE JIMHEHHOE ypaBHEHHE BHJA!

* —
¥; = by + by - x; . Y4eT OTKIOHEHNS KayK 101 HOBOM BAPHAHTEI OT CPETHET0 MHTEPBAIBHOIO X; = X; — X , H3MEHSET XapakTep

* — o
HUCXOOHOTO ABHCHU .= b +b - X +b -X , OT a UMEECM ABHCHUC C HOBBIMHU BapHMAaHTOM U HAYAJIbHBIM YJICHOM
Vi =0p T b X; 1

y; =by +b, -x; ;1€ by = by +b, - X W, kpome T0r0, <(Ahy)-(Ab)>=0 (Ab, u Ab, — KBapaTH4HbIE OIHOKH KodPULH-

€HTOB 3TOTO YPaBHEHHSI.
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B aToM ciryqae HeoOxoaumast 71 pacyeToB rpyra GpopMyit mpeodpa3yeTcs K YIPOIEHHBIM 10 (JopMe 3aBUCUMOCTSIM
7 *
in Vi
i=1
n n %
(Zyzz -n 'fz] ) Z(xi )2
i=1

i=1

Vo = .
Xi»Yi ’

JHanee, a1 kBagpaTHYHBIX OMIMOOK MIMEEM OOJIee IPOCTHIE, IT0 CPABHEHUIO € [3], ceayromnune 3aBUCHMOCTH:

n

Z (A)’i )2

i=1

_ ., 9KC pacu
e Ay, =y, =y
TomydeHHbIe pe3yIBTaThl IOKAa3aJIH, YTO TOUHbIE 3HAYEHHS YITIOBBIX Kod(puimenToB (K) cBsA3aHbI ¢ qedopmarimeii KBaapa-

TUYHBIM 3aBUCHMOCTSIM (pHC. 2).

! k=p?
0.031

0.025]
{R%=0.9982 ]

K=D?
R=0.9665 /|

0.0207

0.02- ) 0.015
e ] X ]
1 0.010

/ 0.0051
0 +—— — e 0: | ) |
20 30 40 50 60 70 10 15 20 25 30 35
D, % D, %
a 0

Puc. 2. 3aBucumocTs yrioBoro koddduirenTa K oT BEIMIHHBI IIACTHIECKON IeopMannu cxxarreM xpoMonukenepoid 10X16H13 (a)
u maprannosucrtoit ['13J1 (6) craneit

DTH ke 3aBUCUMOCTH OBUTH BBIOPAHBI It 00pabOTKH MOTYYEHHBIX apadon (tuma ) = X ) IMyTeM HX TTOoCIeIyIomeit
nmuHeapu3au (puc. 3). Hanom, 9to IMEHHO TaKue 3aBUCHMOCTH XapaKTePH3YIOTCS XOPOIISi KpUTHIECKOH KOPPEISIHeH 1
MIO3BOJISTFIOT YTBEPXKIAaTh, YTO CYIIECTBYET ONPEACICHHOE CXOACTBO € (PU3NIECKIMHU 3aKOHAMH, KAaCAIOIIIMHCS IPOIIECCOB
HaKOIUIEHHs YIPYTOH 3Hepruu npu Aedopmarn cxxatuem. [lociennee, Ho-BHANMOMY, CBS3aHO XOTS ObI C TEM, YTO MPH
YBEITMYEHUH YHCIIA IUCIOKAINH B ITPOLECCE IUNIACTHYECKON e opManuy 00pa3yroTCs TPYIIBI 3aTOPMOYKEHHBIX TPaHHIIA-
MU JWCIIOKAIN, KOTOPBIE MOKHO PACCMaTPUBATH KAK «CBEPXIMUCIIOKALINI, OIM3KHE IO CBOMM SHEPTETHUECKNM XapaKTe-
pHCTHKAaM K MHOTOKPATHBIM AWCIIOKAINAM, y KOTOPBIX BeKTop broprepca paBeH cymme BekTopoB broprepca 3atopmorkeH-
HBIX JUCTOKAIIAN.

03 = 0.03 n
1 k=D* 1 k=D’
] B=09913 1 R*=09701
0.21 0.02-
v ]
0.1- 0.01-
0 T T L] ¥ ¥ T ¥ L) ¥ ¥ T ¥ ¥ ’ T
1000 2000 3000 4000 5000 0 500 2 ,1000 1500
D> % 9
a o

Puc. 3. 3aBucuMocTb yriioBoro ko3¢ ¢unueHTa K oT KBaapaTa BEIMIHHBI IUNIACTHYECKOI nedopManui cxaTieM XpOMOHUKEICBOM
10X16H13 (@) u mapranuosucroit ['13J1 (6) craneit
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ITockonbKy BeTUUUHBI BEKTOPOB broprepca i Takoro poja CBEpXAUCIOKALUI KOppeTupyeT ¢ BETHYNHON IIacTuiec-
Koit nedopmanuu (mapamerp D), TO CTAHOBHUTCSI BIIOJTHE OUYEBHIHBIM, YTO B PACCMOTPEHHBIX METAJUINYECKUX CHCTEMaX,
3aKOH M3MEHCHHS! YIPYTOif SHepriu Oy/IeT 0TBedaTh NapaboIMuecKoi 3aBUCHMOCTH Bila £ ~ D?. D10 kak pa3 u 00bsCHS-
€T HaJINYUE BHIIIECYIOMSHYTONH KOPPEIALHOHHON CBA3M U3MEHEHUs! YIVIOBOTO Kod(duienTa K ¢ HaKOIJICHHEM YIIPYTroi
snepruu (K ~ D?). Takasi afeKBaTHas CBsI3b, BEPOSTHO, OOYCIIOBIICHA TEM, YTO MPU HAKOIJICHHH TUCIIOKAIIU B MaTepuane
OoJ1ee JIErko yCTaHABINBAIOTCSI HEOOXOIMMBIE CITHHOBBIE COOTHOIIEHHMS AJIEKTPOHOB (ITaparponeccHOro TUIa), 4To U YCKO-
pSIeT ¢ TIOBBIIEHUEM edopManni OpMUpOBaHHEe PeppOMarHUTHHIX (a3 MapTEHCUTHOTO TUIIA.
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