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| CTPYKTYPOYTBOPEHHSA. ONIP PYUHYBAHHIO TA
®IBUKO-MEXAHIYHI BITACTUBOCTI

YK 669.245.018.044:620.193.53

Kang. TexH. Hayk [noTka O. A., o-p TexH. Hayk langyk C. B.

HaujoHanbHui yHiBepcuteT «3anopi3bka nomitexHikay, M. 3anopixoka

OLIHKA BUCOKOTEMMEPATYPHOI KOPO3II XKAPOMILIHNX
CMNJ1ABIB HA HIKENEBIA OCHOBI

Mema pobomu. Becmanosumu xopenayiiHutl 36 130K MIdC WEUOKICMIO KOPO3ii I CNIBBIOHOUWEHHSM N1e2yIoUux
eleMeHmi8 Ha NiI0CMasi MamemamuyHoi 00poOKU eKCNEePUMEHMATILHUX 3HAUEHb TUBAPHUX JCAPOMIYHUX HIKEIeQUX
cnnasie (KHC) 6 ymosax cunmemuyHoi 30.1u.

Memoou 00cnidxzceHHA: eKcnepuMeHmMAbHI 3HAYeHHSA 00pooasAnuca 8 npoepamuomy komniekci Microsoft Office 6
naxemi EXCEL memooom natimMenuux K6aopamie 3 OmpumManHam KOPeasyitiHux 3a1eiCcHocCmel muny «napamemp-
671ACMUBICMbY 3 OMPUMAHHAM MAMEMAMUYHUX DIGHAHL pecpecilinux Mooenet, AKi ONMUMAIbHO ONUCYIOMb Ui
3anexcHocmi i no6y008010 NiHI MPeHOis.

Ompumanni pesyavmamu. Ockinoku cyuacui JKHC maroms ckiaoHi 6a2amoKOMNOHEHMHI CKAAOU, 8 SKUX
cnocmepieaemspcsi KOMRAEKCHULL BNIUE elleMeHmie Ha Koposiio, oyinka cmitikocmi BTK nposoounacs 3a éenuiuror
gidomozo napamempa Ilkc. Lle 003601un0 3icmasisimu pigens CMIUKOCMI CHIABIE 3 PISHUMU CXeMAMU J1e2YB8AHHSL.
Ilpome, Oanuil napamemp He oxonmoe 6ci necyroui enemenmu, axi npucymui 6 cknaoi JKKHC. Tomy 6 pezyromami
ananizy i 00pobKU excnepumMenmantbHux OaHUX 3anpOnOHOBAHO CNiBBIOHOWEHHS 1e2YUUX eleMeHmia OJisi OYiHKU
KOPO3iliHOI cmilikocmi, sike 8paxo8ye KOMNIEKCHUL 8NU6 OCHOBHUX KomnoHenmig cnaasy. Tak ax BTK nog’sasana 3
RPUCYMHICMIO MUX YU [HWUX eleMenmie 6 cnaaei i ix konyenmpayicio, mo cniesionowenns K 0oszsonae binviu
aoexeamuo oyiHweamu, 011 0A2AMOKOMNOHEHMHUX HIKele8UX CUCMeM, CepeoHI0 WBUOKICMb KOpOo3ii Ol Pi3HUX
memnepamyp. 3anedxicrnocmi cepednboi weuokocmi koposii 6i0 K 014 MOHOKpUCMANIYHUX CNIGGIE MATONMb
NPAMONIHIUHULL 81O, Ye NOACHIOEMbCA CReyUhiKoo cucmem ie2y8anHs Mamepianie 0anoeo Kiacy. Xapakmeprum ois
HUX € 3HAYHO MEHWA KIIbKicmb Xpomy (00 10 Y%mac.) i 3Hudicenns emicmy (a 6 0eskux cnaasax iocymHicms) mumana,
Wo npuzeooums 00 icmomuozo snudxcenna BTK-cmitikocmi mamepiany. Bcmanoeneno, wo ons 3abe3neuens
HeobOxioHoz0 pieusa BTK-cmitikocmi cniagie cnpamosanoi ma pisHo8icHOI Kpucmanizayii, 6enuyuHa cniegioHOuleHHs
Mmae oymu ne menwe K > 2, axe sabesneuums Hepylini6Ho20 wibHy nieky npodykmie koposii. Tak, ona cniasie 3
K <2, xapakmepne ymeopenns moscmozo wapy npooyKmie KOposii, AKUil 1e2ko 6i0uapoeyemsCcsa 6 npoyeci
excnayamayii. Ompumani pezpeciiini Mooeni 0aoms MOACIUBICHb NPOSHO3YBAMNU CEPEOHI0 WUBUOKICTb KOPO3ii 8
3anexcHocmi 8i0 cucmemu 1e2y8anHs cnaasy, AK npu po3pooyi nosux JKHC ona cnpamoganoi kpucmanizayii, max i
npu YOOCKOHAeHHI CKIA0I8 8IOOMUX NPOMUCTIOBUX KOMNOZUYIL 8 MEAHCAX MAPOYHO20 cKAady. Ompumani KoperayiliHi
3AAEAHCHOCTNI MATOMb eKCROHEHYIANbHUL XapaKmep.

Haykosa nosusna. Bnepue sanpononosani cniegionowenna K, ., 3a 00nomo2010 AKUX MOJNCHA AOEKEAMHO
NPO2HO3Y8AMU CepeOrI0 UBUOKICMb KOPO3ii 015 pi3HUX memnepamyp dazamokomnornenmuux komnosuyi JKHC.

Ilpakmuuna yinnicme. 3anponoHo8ano egpekmusne piuieHHs no NPOSHO3Y8AHHIO CePeOHbol WUOKICMI KOpPO3ii
014 Pi3HUX meMnepamyp chiasie ax npu po3pooyi Hogux cxknadie JKHC, max i npu 600CKOHANIEHHI 8i00MUX NPOMUCTOBUX
Mapox.

Knrouoei cnosa: sicapomiyni Hikenegi cniasu, cepeons weuOKicmys KOpo3ii, CRI8BIOHOUIEHHS Jle2yIoUUX eJleMeHmis.

Beryn

HaniifaicTs i pecypc ra30TypOiHHIX JBUTYHIB 3aJI€KHUTh
BiJl IIPaIIe3AaTHOCTI €TIEMEHTIB «TapsTI0i» YaCTUHH TPAKTY,
CXWIIBHUX JIO Jii CTATHYHIX,, MK YHNX, TIOBTOPHO-CTaTHY-
HHUX HaBaHTaXEHb, a TAKOK BUCOKOTEMIIEPATypHOI CyIb-
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(UIHO-OKCUIHOI Ta30B0i KOopo3ii. CynbdiIHO-OKCHAHA Ta-
30Ba KOPO3isi 3yMOBJICHA KOPO31HNM BILTUBOM 30JIOBHX 1
ra30BHUX MPOMYKTiB 3ropsHus [ T/I, 1m0 HaaXomsATh B po-
TOYHY YaCTHUHY JBUTYHA 1 € OTHIM i3 CEpHO3HIX BUIIB IT0-



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

IIKOJDKEHb COTUIOBHX JIOMATOK, 1110 BUKJIMKAIOTH 3HIKCHHS
HAJIIHOCTI 1 eKOHOMIYHOCT1 ra30BHUX TYpOiH. [HTEHCHBHICTH
Cynb(UTHO-OKCHTHOT KOPO3i1 B IESKMX BUIAKAX HACTIIIBKH
BEJIMKA, 110 JIOHATKY Ia30BOI TypOiHN BUXOAATH 3 JIA Ty IPO-
TATOM JCKIJTBKOX COTEHBb TOUH podoru [1].

AHani3 niTepatypHuX AaHUX [2—4] IO MOCIiHKEHHIO
HAJIMHOCTI 1 MIITHOCTI ITOKAa3ye, IO MPOIIECH Ta30BOi KO-
posii enemenTiB aBianiinux [ 'T/] MeHII BUBYEHI, HIX IIpO-
LIeCH pyHHYBaHHS BiJl Tii MEXaHIYHIX HABaHTAXXCHB. B ma-
HHUH Yac BiZIOMO KiJIbKa METO/iB BUIIPOOYBaHb 3pa3KiB i
Jietajel By3JIiB IBUT'YHIB Ha BUCOKOTEMIIEpATypHY r'a30BY
xoposito (BTK):

- B THIVISIX B PO3ILIABAX COJIEH;

- B I1€9ax 3 MONepeHiM HaHECEHHIM Ha 3pa3KH 30710~
BHX 200 HarapoOyTBOPIOIOYMX Bi/IKIIaJICHb;

- Ha YCTAHOBKAX 3 €IEKTPOXiIMIYHUM BIUIMBOM B PO3II-
JIaBax COJICH;

- B KaMepax 3rOopsIHHS 3 YACTKOBHUM BiATBOPEHHSIM THC-
Ky pobouoro nporecy ['TII;

- TOBHOMACIITa0HI BUIIPOOYBAHHS JIONATOK B CHCTEMI
I'TH.

[Mepmi Tpr MeToaN BUIPOOYBaHb HE TO3BOJISIOTH OLTi-
HIOBATH JIOBTOBIUHICTh 3pa3Ka JIOMIATKH IO CTIHKOCTI 710 KO-
po3ii 1 HalOIIBI IPUIHATHI IPY TPOBEICHHI MOPiBHSUIb-
HUX BUNPOOYBaHb, HAIPHUKJIAT, KOJIM HEOOX1THO 3 KiJIbKOX
BapiaHTiB KOHCTPYKTHBHOT'O BUKOHAHHS €JIEMEHTA JIBUTY-
Ha BUOpaTH BapiaHT, BiNOBIJHUN HAaHOLIBIIO0 KOPO3iHHOL
crifikocti. OcTaHHI ABa METOIU BUITPOOyBaHb JAfOTh I10-
BHY (200 G:1M3BKY 710 TIOBHOT ) OLIIHKY KOpPO31HMHOI CTIHKOCTI,
ajie BUMaraloTh BEJTMKHX YaCOBUX 1 MaTepiajIbHUX BUTPAT.
Ci1in 3a3HaYNTH, 110 iICHYIOU1 METOM aBTOHOMHHUX BUIIPO-
OyBaHb JIONATOK Ha HAIMHICTG 1 pecypc Ipy TPUBAIOMY
CTaTHYHOMY, IOBTOPHO-CTaTUYHOMY Ta 1HIIHMX BHOAX Me-
XaHIYHOTO HAaBAaHTAXXCHHS HE BiATBOPIOBABCS IMIOBHOI Kap-
THUHH KOPO3ii, OCKITBKY IIPH IIbOMY HE MOIETIOETHCS POOO-
4e CepeIOBHIIIE, 1 I1e, MPUPOIHO, 3HIKYE BipOTiTHICTH OII-
IHKA HaJi#HOCTI Ta pecypcy snonatok [5]. Ilpuckopesi
BHITPOOYBaHHS JIOMATOK B CHCTEMi ABHTYHA, IO MPOBO-
IAThCs 3 (POPCYBAHHAM PEKHMMY HaBaHTa)KSHHS I10 yac-
TOTi 0OepTaHHs, TeMeparypi, BiOpaii i T. 1., Takox He
BiITBOPIOIOTH IIOBHOI KAPTUHH KOPO3ii uepes mairy (B mo-
PIBHSHHI 3 pecypcoM) TPUBAIOCTI IIepeOyBaHHS JIONATKU B
ra30BOMY cepemoBHIIi [6].

Takum 9wHOM, MEepepaxoBaHi METOOM BUIIPOOYBAHb
a00 MaroTh HU3BKHUI PiBEHB BiITBOPEHHS KOPO31HHOTO MO~
IIKOKEHHS, A00 BUMATaroTh BEJTUKOI TPHBAIOCTI 1 BUTPAT
Ha BHUIIPOOyBaHHA. Y 3B’SA3KYy 3 IUM aKTyaJbHUM € PO3-
pobOka MaTeMaTHIHUX MOJIEIICH, SIKi JO3BOJISATH JOCTOBIPHO
OIIIHIOBATH MOKa3HUKU KOPO3iHHOI CTIHKOCTI yKapOMIITHIX
HikeneBux croasiB (KHC), o 3a0e31edyroTs JOCTOBIPHICTh
OLIIHKY TPH MiHIMAJIEHIX YaCOBHX 1 MaTepiaJIbHAX BUTpA-
TaxX Ha BUMIPOOYBaHHS.

Mema pobomu — BCTAHOBUTH KOPEISIIWHINA 3B’ 30K
MK IIBHAZIKICTIO KOPO3ii 1 CITi BBIAHOMICHHSM JIETYFOUHX eJIe-
MEHTIB Ha ITiICTaBi MATEMaTHIHOI 0OPOOKH eKCIIepIMEH-
TanpHUX 3Ha4YeHb TuBapHUX JKXHC B yMOBaxX CHHTETHYHOI
30ITH.

MeTtonuka npoBeeHHs 10C/i/IKeHb

1 eKcriepuMeHTaIbHO-TEOPETUIHUX JIOCTIIKEHb
Kopo3iiiHoi crifikocTi copmoBaHa poboua BuOipka
CILIaBIB, IO CKJIAJIA€THCS 3 BIIOMHX IIPOMHUCIIOBHX JIMBap-
nux JKHC BiT4n3HsHOTO 1 3apy0i>kHOTO BUpOOHHIITBA, Ha-
CTYIHHX MapoK:

- CIUTABM HarpasiieHoi kprcraiizari: PWA1422, MAR-
M200+Hf, XKC6®, 2XKC30, JKC26Y, CM247LC, XKC26,
CMI86LC,PWA1426, RENE142, J)KC28, )KC32, MM247,
GTD111,IN792LC, DS16, RENE150, MAR-M002, MAR-
M200, MAR-M246, MAR-M247, RENESO;

- cIu1aBy piBHOBiCcHOI Kpucraiizawii: BXKJI12VY, XKC6K,
XKCo6Y, MAR-M200, B 1900, RENE220, MM246, IN100,
NEP1916, IN738LC, TRW-VIA, IN731,3MU-3V, XKC3JIC,
RENE77,U-700, CM618.

Bubipka criasis Oyra 3po0ieHa 3 o3Il pi3HOMaHIT-
HOCTI XIMIYHHX CKJIa/IiB (CHCTEM JICTYBaHH!), SIKi 32 BMiCTOM
OCHOBHHX €JIEMEHTIB OXOIUTIOIOTH ITUPOKHUH Jiana3oH je-
T'YBaHHSI.

OtpuMaHi 3 JTiTepaTypHUX JHKEper 3HAYCHHS CepeaHbOL
IIBUAKOCTI Kopo3ii V( (I/M-c), 00po0siics B porpamMHo-
My komrutekcei Microsoft Office B makeri EXCEL metonom
HaMEHIIMX KBAAPaTiB 3 OTPUMAaHHSIM KOPEJIALIHHNX 3a-
JIOKHOCTEH THITY «IIapaMeTp-BJIaCTUBICTE)» 3 OTPUMAHHIM
MaTeMaTHYHHUX PIBHSAHBb perpeciiHux Mosesnedt (JTiHii
TPEHIB), SIKi ONITUMAJILHO OIHCYIOTH I1i 3aJI€KHOCTI.

Pe3ynbraTi nociiinkeHn Ta ix 00roBopeHHs

3 o1ty Ha Te, 1o pob B onopi BTK smmBapanx XXHC
HaJISKUTh, TAKOMY ITapaMeTpY, K CepeIHs MIBUAKICTH KO-
po3ii Vq (T/M-¢), siKa 3aJIeKUTh BiJ] CHCTEMH JICTYBaHHS, TO
aKTyaJbHUM € 3aBJaHHS — OTPUMAaHHS ONTUMAJIBHOI per-
peciifHoi MoeTi I PO3paxyHKY JaHOI XapaKTePUCTUKA
Ha OCHOBI XIMI9HOT'0 CKJIa Ty CILIaBiB.

Bci KOMITOHEHTH, 10 BHKOPHCTOBYIOTHCS TIPH JIETY-
BauHi JKHC, MoXHa yMOBHO pO3IiTUTH HA TPH TPYITH: PO3-
YHHSAIOTHCS TOJIOBHUM YHHOM B Y- TBepaoMy po3unHi (Co,
Cr, Mo, W, Re), po3unHSIOTECS TIepeBaskHO B Y'- dasi (Al,
Ti, Ta, Hf) i kap6inoytBoprotoui enement (Ti, Ta, Hf, Nb,
V, W, Mo, Cr).

Ckiaz crutaBy poOHTH AyXKe CHIIBHHUH BIUIUB Ha HOTO
KOPO3iiiHy CTifKicTh. Tak, XpoM € OCHOBHHM €IEMEHTOM,
SIKFI BU3HAYA€ KOPO3ifHY CTIHKICTh CIUIABIB, MIPH LEOMY
fioro Mayi mo0aBku MajoeeKTHBHI. BBakaeThcs ontu-
MaJIbHIMU MeXaMu BMicTy xpomy Bif 10 10 20 % B cruta-
Bax JAHOTO KJIacy.

AJFOMiHI} HECTIPUSTINBO BIUTHBAE Ha oka3HUKH BTK,
OCKIJIBKH CIUIABU MICTSTH JOCTATHIO KIJIBKICTH AJTFOMIHIFO
JUTS YTBOPEHHS 3aXMCHOI OKACHO] TTiBKH, MaOTh IIPHCKO-
PEHE OKHCIIEHHS B IPUCYTHOCTI po3uIaBienoi comi Na, SO,
4epes 10, TPOTIKAIoTh peakin pozuuHenns Al,O, no kuc-
JIOTHOMY 200 OCHOBHOMY MexaHizmy. OfHaK, i3 3pOCTaH-
HSIM TEMIIEPATYPH €KCILTyaTalii, KON CEPEOBHIIE CTa€e
OUTBII OKUCHMM 1 MEHII CYIb(iTHUM, TIepeBary MaioTh
CIUTaBH, 1o MaroTh 3axucT AL O,

TutaH B HiKENEBUX CIUIaBAX Ja€ MIO3UTUBHUH e(peKT y
T IBUIIICHH] KOPO3iiHOI CTIHKOCTI, BiI3HAYAETHCS, IO XPO-
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MOTHTAHOBI CyIb(iIu 100pe MPOTUCTOITH OKUCIICHHIO, 1
CTyIiHb KOpo3ii majae 31 30inpImennsam turany 10 4,5 %
npuOIM3HO B 5 pa3iB. O/iHaK, B HIKEIEBHX CIJIaBaX, Haifda-
CTille, AIOMIHIN 1 THTaH IPUCYTHI OHOYacHO, TOMY OyITo
3anpoITOHOBAHO criBBigHOMmIEHHs Ti/ Al, sike XapakTepu-
3y€ HE TUIbKU KOpO3ilHY CTIHKICTb, ajle i MEXaHI4Hi BIaCTH-
BOCTi cmiaBy. Tak, BCTAHOBJIIEHO, IO ONTHMAJIbHE
CITiBBIZIHOIICHHS TOBUHHO 3HAXOJIUTUCS B MEXax 2—3,5, ke
I1a€ 3a00BLIBHI OKa3HUKH cTirikocTi 1o BTK 1 Mmexaniuni
BITACTHBOCTI.

Ockinbku cygacHi JKHC matoTs ckiiaiHi 6aratokoMIio-
HEHTHI CKJIaJI B SIKUX CIIOCTEPIra€ThCs KOMIUIEKCHUH BIUINB
€JIEMCHTIB Ha KOPO3ito, orfiHka critikocti BTK mpoBowma-
cs1 3a joromororo mapametpa [lke=Crl /2 (Ti/ Al) [7]. e
JIO3BOJIHJIO 31CTABIISITH PiBEHB CTIHKOCTI CIUIABIB 3 PI3HUMH
cxemamu JeryBaHHs. [IpoTe, JaHui mapaMeTp HE OXOIl-
JIO€ BCiX Jteryrounx enemenTiB npucyTHix B JKHC. Tomy B
pe3yibTarti aHaj3y i 00poOKH eKCIepIMEHTATBHIX JaHUX
3aIPOITOHOBAHO CITiBBIJHOIICHHS JIETYIOUMX €IIEMEHTIB IJIST
OLIIHKH KOPO31MHOI CTIHKOCTI, SIKE BPaXOBYE KOMITJIEKCHUH
BIUIMB OCHOBHHX KOMITOHEHTIB cIuiaBy. Tak sik BTK roB’s13a-
Ha 3 IPUCYTHICTIO THX YM iHIIMX JIEMEHTIB 1 KOHIICHTPALIEO
iX B cIuIaBi, To criBBigHOMICHHS KIIc 103BOMSE KOMOiIHYBaTH
11l BITACTHBOCTI 3 0araTOKOMIIOHEHTHUMH CHCTEMaMHU.
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BcranoBineHo 3a1eXHOCTI CepeHbOI ITBUIKOCTI KOPO3ii
Bif ciBBiHOMICHHS KTIC 17151 CIITaBiB HAIpaBIICHOI KPUCTa-
mizamii (puc. 1). 31 30inpmeHnsM nmokaszanb Kiie criocrepi-
Ta€ThCSI 3HIDKEHHS 3HaY€HHS V(| 32 eKCIOHEHI[I aJIbHIM 3a-
KOHOM JJIsI BCiX TEMIIEpaTyp.

PerpecuBHi MozieIi 14 CIIJTaBiB HANPABJIEHOI KPHUCTAI-
i3a11ii MaroTh TaKe 3HAYCHHS (BiTHOCHA ITOXHUOKa HE OLThIIe
+ 1,73 %):

Vg™ =26,785 K 4%
Vg =33,818 K
V™= 97,964 K 4%,
V@ = 113,61 K 2,

OtprMaHi 3aJ1eKHOCTI ITOKa3yI0Th, 110 JUIs 3a0e31eUeH-
Hs1 HeoOxiHOTO piBHI BTK CTiliKoCTi CIUIaBiB TS HANpaB-
JICHOT KpHCTaTi3allii, BeTMYUHA CITiBBiHOIIeHHS K11c mmo-
BrHHa OyTH HEe MEHIIIE 3HAYCHHS 2, sIKe 3a0e31edye ITbHY
HepyWHHIBHY ILTiIBKY IPOAYKTiB Kopo3ii. Tak s crasis 3
Krnc <2, xapakrepHe yTBOPEHHsI TOBCTOT'O APy MPOIYKTIB
KOpO3ii, IKNii JIErKo BiIIIapOBYETHCS B MPOLIECi EKCILTya-
Tanii. TakuM YUHOM, OTPUMaHi perpeciiHi Mozaeni 1at0Th
MOXKJIMBICTB ITPOTHO3YBATH CEPEIHIO IBUIKICTH KOPO3ii B
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Puc. 1. Kopensuiitai 3anexxHocTi cepeanpoi mBuakocti koposii (Vq) JKHC s cripsMoBaHOT KpucTalti3alii Bil BETMYMHHU CITiBBiIHO-
menHs Krc:

a — remneparypa 800 °C; 6 — remneparypa 850 °C; ¢ — Temmeparypa 900 °C; e — remmneparypa 950 °C



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

3aJIeKHOCTI Bl CHCTEMHU JIETYBaHHSI CIUIaBY, SIK IIPH PO3-
pobui HoBux JKHC st HanpasiieHoi kpucrasizanii, Tax i
TIPY YIOCKOHAJICHHI BiZIOMUX ITPOMHUCIIOBHX KOMITO3HIIIH B
paMKax MapOYHOTO CKJIAJTY.

BcraHoBiI€HO, 110 3aNPONIOHOBAHE CIIiBBiHOLICHHS
Kric Mae TicHy KOpessinito 3 CepeJHbOI0 MBHIKICTIO KO-
PO3ii 115 crutaBiB piBHOBICHOI KpucTamizamii (puc. 2). Bei i
3aJIEXKHOCTI MarOTh €KCITOHEHIIJIEHAH XapaKTep 3 MoXno-
Koo He Oinbiie + 3 %.

3B’ 130K cepeHbOI IIBUKOCTI Kopo3ii (Vq) 3 criiBBiHO-
mrerHsiM Kric 715t cronaBiB piBHOBICHO! KprCTasTi3amii aiek-
BaTHO OIMCYIOTHCS] OTPUMAaHUMH PErpeciiiHuMH MOAeIs-
MH:

V@**=16,928 K *";
V@*=25,047K 4
V@**=77216K 3%,
Vq@™*=93,411K >,
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OTpuMaHi 3aJIe)KHOCTI JaI0Th MOXKJIMBICTB MPOTHO3Y-
Baru pieHb BTK crilikocTi criiaBiB 1715 piBHOBICHOI KpHC-
Tamizarti. Tak camo, s i I71s CIDIaBiB CIIPSIMOBAHOI KpUCTa-
Ji3arii, BeTMYMHA CITiBBiTHOIICHHS Mae OYTH HE MCHIIIC
Kric i 2, sixe 3a0e31€4nTh ITBHY HEPYHHIBHOTO IITIBKY
npoayktiB kopo3ii. [Ipu 3ravenni Kiic < 2, yrBoproerscs
TOBCTHH IIap POMYKTIB KOPO3ii, KU JIETKO BiIIAPyeETHCS
B IPOLIEC] eKCIUTyaTaii.

TakuM 4yrHOM, OTpUMaHi perpeciiini Moaesi Jal0Th
MOXKJIMBICTB ITPOTHO3YBATH CEPEIHIO IIBUIKICTH KOPO3ii B
3aJIeKHOCTI Bl CHCTEMHU JIETYBAHHSI CIUIaBY, SIK IIPH PO3-
po6ui HoBux JKHC 115t piBHOBiCHOI KpHICTaTi3allii, TaK i mpu
YIOCKOHAJICHHI BiIOMHUX POMHUCIIOBHX KOMITO3HIIii B pam-
KaX MapoyHOTO CKIIaY.

BucHoBku

1.'Y nanii poOOTi IpecTaBIIeHi JOCITiHKEHHS, IPOBe-
JIeHI MOJICTIFOBAaHHSIM KOPO3iHHHX IIPOIIECiB 1 X 3B 30K 3
CITIBBiTHOIIICHHSM JICTYIOUMX CIEMEHTIB JUTS HIKEICBHUX
CIUIaBIB 3 PI3HUMU CHCTEMaMH JICTyBaHHS.
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Puc. 2. Kopensuiitai 3anexxHocTi cepequpoi mBuakocti koposii (Vq) XKHC mist piBHOBiICHOT KprcTaTi3amil Bi BEIWYAHH CITIBBITHO-
menHs Krc:

a — temneparypa 800 °C; 6 — remneparypa 850 °C; ¢ — Temmeparypa 900 °C; e — remneparypa 950 °C
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2. Ha 0CHOBi eMIipHYHOTO IiIXOJy OTPUMAHO HOBE
cniBBigHOmEHHS KIIC 32 BENMYNHOIO SKOrO MOXKHA a/1€K-
BaTHO IPOTrHO3YBAaTH CEPEIHIO MBHKICTH Kopo3ii (Vq) Ayt
GaraTokoMIoHeHTHHX Komrozumini JKHC.

4. BcraHOBIIEHO, 1110 OTPUMaHi 3aJIeKHOCTI MAIOTh EKC-
TIOHEHIIIATbHUH XapaKTep, 3 IKOTO MOXXHA BU3HAYNTH, 1110
s 3abe3medeHHs HeoOximHoro piBHsS BTK cridikocTi
CIUTaBiB ISl HANIPABJICHOI 1 pIBHOBICHOI KpUCTANi3amii, Be-
JIUYWHA CITiBBiMHONICHHS K1ic moBrHHA OyTH HE MeHIIIE 2,
TP SKOMY 3a0€311euy€eThCsl YTBOPEHHS IIIEHOI HEpYHHI-
BHOTO IUTIBKH IIPOTYKTIB KOPO3ii.

5. Ilokxa3aHo nepcreKTUBHUM 1 €(heKTUBHUI HAITPSIMOK
y BHpimenHi 3axa4i nporaosyBanns BTK crifikocri, mo
BIUTUBAE HA CITy»KOOB1 BIIACTUBOCTI CIDIABIB SIK IIPH PO3POOITL
HoBux JKHC, Tax i nmpu BHOCKOHAJICHHI CKJIAJIIB BiTOMHX
MIPOMUCIIOBHX MapOK JIAHOTO KIIacy.
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Tpymet LIKTHU um. Y. Y. Tomsynosa. — JL, 1978. — Beim. 158. —
C.71-74.

lNaiinyx C. B. KommnnekcHas pacueTHO-aHaIUTHYECKAs Me-
TOJIUKA [ NPOEKTUPOBAHUS JTUTEHHBIX >KapOIPOUHBIX

HuKkeneBbix crtaBoB / adiayk C. B. // HoBi maTepiamn i
TEXHOJIOTII B MeTanyprii Ta MamuHoOyayBanHi. — 2015, —
Ne2.—C.92-103.

Crucok siteparypu

l'umBapos A. C. Meton ycKOpEHHOIO MOJEIMPOBAHUS

BBICOKOTEMIIEPATYpHOI I'a30BOH KOPPO3UU COILIOBBIX JIO-
Odepocano 27.06.2019

I'orka A.A., Iaiigyk C.B. OneHka BbICOKOTEMIIEPATYPHOIT KOPPO3UH KAPOIPOYHbIX CILIABOB HA HUKEJICBOil OCHOBE

Lenv pabomol. Ycmanosums KOpperAYUOHHAS C8A3b MEAHCOY CKOPOCIBIO KOPPO3UU U COOMHOUEHUEM JIeUPYIOUUX
27eMEHMO8 HA OCHOBAHUU MAMEMATNUYECKOU 00pabOMKU IKCHEPUMEHMANLHBIX 3HAYEHUL TUMEHbIX HCAPOND OYHbIX
Hukenegvlx cniasos (KHC) 6 yciosuax cunmemudeckou 307bl.

Memoowt uccnedosanus: SKCnepumMeHmaibHyle 3Ha4eHuss 00pabamvl8alucy 8 NPoepamMMHoOM komniekce Microsoft
Office 6 nakeme EXCEL memo0om HaumeHbUX K8AOpAmMos ¢ NOLyYeHUeM KOPPeIAYUOHHBIX 3A8UCUMOCMEN MUNa
«napamemp c8oUCMB0» € NOLYHEHUEM MAMEMAMUYECKUX YPAGHEHUU pecpecCUOHHBIX MOOeel, KOMOopble ONMUMATLHO
ONUCHIBAIO IMU 3ABUCUMOCHIU U NOCTNPOEHUEM TUHULL PEHOO08.

Ilonyuennsie pesyromameot. [lockonvky coepemennvie JKHC umerom ciodicHvle MHO2OKOMNOHEHMHbLE COCNABYL, 8
KOMOPbIX HAONI00Aemcs KOMNLeKCHOe 8030elicmeue 91eMeHmos Ha Koppo3uio, oyenka ycmouuueocmu BTK
NPoOBOOUNACH NO BeUYUHe U36ecmHo20 napamempa IIkc. Dmo no3eoauno conocmasiiams ypoeeHsb YCmoudusocmu
CNAAB08 C PAUYHBIMU cXeMamu necuposanus. OOHAKO, OAHHBII napamemp He 0X8amuvleédaem ce ne2upyroujue
anemenmol, Komopvie npucymemsyrom 6 cocmage XHC. [losmomy 6 pesyrvmame anaiusa u oopabomku
IKCNEPUMEHMANLHBIX OAHHBIX NPEOIONCEHO COOMHOULEHUEe NecUPYIOWUX INeMEeHMO8 Ol OYEeHKU KOPPOIUOHHOU
CMOUKOCMU, KOTOPOe YYUmMbléaen KOMNAEKCHbLIL 6IUAHUE OCHOBHBIX KoMNnoHenmos cnaasa. Tak kak OTK cesasana c
npucymcmeuem mex uii UHbIX NeMEeHmo8 8 cniage u ux Konyenmpayuet, mo coomuouternue Knc nozeonsiem 6onee
A0eK8aMHO OYEeHUBAMD, /15l MHO2OKOMNOHEHTNHBIX HUKENEBbIX CUCTIEM, CPeOHION CKOPOCTb KOPPO3UU OIS PA3TUYHBIX
memnepamyp. 3asucumocmu cpedHeil ckopocmu Kopposuu om Knc 011 MOHOKpUCMAIIUYECKUX CNIa606 umeiom
NPAMOIUHEUHBIU 8UO0, IO 00BACHAEMCA CHeyuuUKol cucmem J1e2upo8anuss Mamepuanro8 0AHHO20 Kldccd.
Xapaxmepnvim OJisi HUX 3HAYUMENBHO MeHbUee Koaudecmso xpoma (0o 10 Y% macc.) Y cnudicenue codeporcanus (a 6
HEeKOMOPpbIX CHAABAX OMCYMCMBUe) MUmMana, 4mo npugooum K cyujecmeeHHomy crudxcenuro UTK-ycmoiiuusocmu
Mamepuana. Yemanoenero, umo 015 obecnederus Heooxooumozo yposusa UTK-ycmotiuusocmu cniagos HanpasieHHol
U PUBHOBUCHOU KPUCMATAIUZAYUU, 8ETUYUHA COOMHOMEHUEe 00NHCHO Obimb He MeHee Knc>2, komopoe obecneyum
Hepaspywaowezo NAOMHYI0 NAeHKY npooykmog kopposuu. Tax, 0na cniagog ¢ Kne <2, xapaxmepro obpasosanue
MOACMO20 €0 NPOOYKIMO8 KOPPO3UlL, 1e2KO OMCIAUBAemcs 6 npoyecce sxchayamayuu. Tlonyyennvie pecpeccuonule
MoOenu 0arm GO3MONCHOCHb NPOSHO3UPOBAMb CPEOHION CKOPOCHb KOPPO3UU 8 3A8UCUMOCTIU OM CUCHIEeMbl
necuposanus cnaaea, Kaxk npu paspadomrke Hoswvix JKHC Ons manpaeienHol Kpucmaiiuzayuu, max u npu
COBEPUIEHCIMBOBAHUU CKAAO08 U3BECHTHBIX NPOMBIULTIEHHBIX KOMRO3UYULL 8 NPedenax Mapounoeo cocmaga. [lonyuennvle
KOPPEeNAYUOHHbBLE 3A8UCUMOCTU UMEION IKCHOHEHYUATbHYI XAPAKMep.

Hayunaa nosusna. Bnepsvie npeonoscensvr coomumoutenuss KIIC ¢ nomowpio Komopwvix MOMHO A0eK8AMHO
NPOSHO3UPOBAN CPEOHION0 CKOPOCHb KOPPO3UU O PA3TULHBIX MEeMNePAmyp MHO2OKOMNOHEHIMHbIX KOMNO3UYULL
JKHC.

Ilpakmuueckan yennocmo. [Ipednodceno spghexmugnoe peuienue no NPOSHOIUPOSAHUIO CPeOHell CKOPOCBIO
KOppO3uu 015 pAsIudHblX meMnepamyp Cnideos Kax npu paspabomxe uosvix cocmasos XHC, max u npu
COBEPULEHCTNBOBAHUU U3BECHIHBIX NPOMBIULTEHHBIX MAPOK.
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CTPYKTYPOYTBOPEHHS. OMIP PYNHYBAHHIO TA ®I3/KO-MEXAHIYHI BIACTUBOCTI

Knrwueeswie cnosa: HcaponpouHnsvle HUKejesvle Cnjilaesnl, cpe()mm CKOpOCntb KOppo3uu, COomroutlerue jecupyroumjux
2JIeMEHRMO8.

Glotka O., Haiduk S. Prediction of high temperature corrosion of nickel-based superalloys

Purpose. Establish a correlation between the rate of corrosion and the ratio of alloying elements based on the
mathematical treatment of experimental values of foundry heat resisting nickel alloys (ZNS) under synthetic ash
conditions.

Methods of research. Experimental values were processed in the Microsoft Office program suite in the EXCEL
package with the least squares method, with the result of correlation dependencies of the “parameter-property” type
with the obtaining of mathematical equations of regression models that optimally describe these dependencies and
the construction of trend lines.

Results. Since modern ZNS have complex multicomponent compositions, in which there is a complex influence of
elements on corrosion, the evaluation of the stability of the corrosion was carried out per the size of the known
parameter K . This allowed to compare the level of stability of alloys with different doping schemes. However, this
parameter does not cover all the doping elements that are present in the ZNS. Therefore, because of the analysis and
processing of experimental data, the ratio of alloying elements to assess corrosion resistance is proposed, which
considers the complex influence of the main components of the alloy. Since VIK is related to the presence of certain
elements in the alloy and their concentration, the ratio Knc allows more adequately to evaluate, for multi-component
nickel systems, the average rate of corrosion at different temperatures. The dependence of the average corrosion rate
on Knc for monocrystalline alloys is straightforward, due to the specificity of the doping systems of the materials of
this class. Characteristic for them is a significantly smaller amount of chromium (up to 10% by weight) and lowering
of the content (and in some alloys, absence of) titanium, which leads to a significant reduction in the VTK-stability
of the material. It is established that in order to ensure the required level of VIK-stability of alloys of directed and
equilibrium crystallization, the value of the ratio should be not less than Knc > 2, which will provide a non-
destructive dense film of corrosion products. So, for alloys with Knc <2, the formation of a thick layer of corrosion
products is characteristic, which is easily evaporated during the operation. The obtained regression models give an
opportunity to predict the average speed of corrosion depending on the alloy alloy system, as in the development of
new ZNS for directed crystallization, and in improving the composition of known industrial compositions within the
branded composition. The obtained correlation dependencies are exponential in nature.

Scientific novelty. For the first time, the ratios of Knc are proposed, by which one can adequately predict the
average corrosion rate for different temperatures of the multicomponent ZNS compositions.

Practical value. An effective solution is proposed for predicting the average corrosion rate for different temper-
atures of alloys, both in the development of new formulations of ZNS, and in the development of well-known industri-
al brands.

Key words: heat-resistant nickel alloys, average speed of corrosion, ratio of alloying elements.
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KaHa. TexH. Hayk JlazedHun |. M., kaHa. TexH. Hayk CtenaHosa J1. 1.,
Jlncunua O. B., Many6iHcbkuii O. €.

HaujoHanbHui yHiBepcuteT «3anopi3bka nomitexHikay, M. 3anopixoka

KAPBIOOYTBOPEHHS NPU BIAMYCKY LEMEHTOBAHOI CTANI
13X3HBM2®A TA OO BMJIMB HA BNACTUBOCTI LLAPY

Mema pooomu. [Ipu XTO 6upob6is i3 KOMNIEKCHONE208AHUX YEMEHMOBGHUX CMaell Nicis 2apmy, AK Npasuio,
npoeooUmbCsi 0OPOOKA XONI000M OISt 3MEHULeHHs KLIbKOCMI 3aTUUK08020 AyCMeHimy 6 uiapi K nepeo 8ionycKom,
max i nicaa 3aeeputennsi XTO. Bioomo, wjo 6 ybomy 6unaoxy aycmeHim He 8NaU6A€ Ha KapOiOOymMEOpeHHs. NP GIONYCKY.

Ocobnusicmro cmpykmypu cmani 13X3HBM2®A, yemenmosanoi i besnocepeovo 3acapmosarnoi 6io 1020...1030 °C,
€ 95 % 3anumxogozo aycmenimy 6 QyHkyionaneHiu wacmuui wapy. Lle 0o3eonse 30iticHio8amu HACMynHUll 8iONYCK
npu 530...540 °C i3 pi3Hor0 6XiOHOI0 CIPYKMYPOIO — AYCMEHIMHOK abo mapmencumuor. Tomy mema danoi pobomu —
docaioumu 6naue 6XiOHOI CmpyKmypu Ha npoyecu KapoiooymeopeHHs npu 8iONYCKy HA 6MOPUHHY meepdicmb ma
enacmusocmi ougysitinozo wapy cmani 13X3HBM2®DA.

Memoou 0ocnidxicenHns. 3 GUKOPUCTAHHAM OULAMOMEMPULHO20, MEMAL0SPAPIUHO20, PEHM2eHOCMPYKNYPHOZO,
0IPOMEMPUYHO20 MemO0i8, OuepeHYiliH020 Pa308020 AHANIZY MA eleKMPOHHOT MIKDOCKONIL 00CAI0JCeHO npoyecu
KapbiooymeopeHrHts npu 8iONYCKy Ha 6MOPUHHY meepoicms yemenmosanoi cmani 13X3HBM2®A.

Ompumani pesynemamu. /[0 OCHOBHUX pe3yIbMamis pobomu 6apmo iOHeCmu.:

- 3ANeHCHICMb XIMIUHO020 CKAady Kapbidie 8i0 XIOHOT neped 8i0NYCKOM CIMPYKmMypu,

- kapbiona aza yemenmosanoi cmani 13X3HBM2®A, sionywenoi i3 BA cmany, 6invu 1ecosana moniboenom,
80IbHPAMOM, 6AHAOIEM;

- yacmka kap6idis 6 yemenmosanil cmaii gionywenit iz BA cmany, cmanosums 9,2...10,5 % (mac.), a iz BM —
12,6...13,0 % (mac.);

- Oinvbua necosanicmsv kapoionoi pazu ma o- gpazu noscuroe guwyy Ha HRC 3...4 meepoicmo cmani 13X3HBM2 DA
nicas it eionycky i3 BA cmany.

Haykoea noeusna. Bnepuie 0ns oanozo kiacy cmaneii nOKA3ana MOACIUBICIL 00POOKU HA BMOPUHHY MBEpIicb
i3 BUKOPUCAHHAM nepeo 8i0NYCKOM PI3HUX CIMPYKMYp — 6xionoi aycmenimuoi (BA) ma eéxionoi mapmencummoi (BM).
Hicns eionycky i3 BA cmpykmyporo 6 wapi ompumy€emsbca MeHua 4acmka kapoioie, ane Oinbul 1e208anux, moomo
cneyianbHux, ma Oiibu 1e208aHUll ME8epoull pO34UH.

Ilpakmuuna yinnicms. Buxopucmanns eionycky cmani 13X3HBM2® i3 BA cmany 0o3801s€ ompumamu meepoicms
na HRC 3...4 suwe nopienano iz gionycxkom i3 BM cmany. Ilpu mexuiunux sumozeax 0o meepoocmi nogepxorv 3K I'T/]
HRC 2> 60 meepodicms 3K i3 snayennam HRC 57...58 nicaa éionycky i3 BM cmany ne 8ionogioae yum sumozam. Kpim
mMo2o, NOKA3ZHUKU KOHMAKMHOI 008208iYHOCTI, 3HOCOCMINUKOCMI MA 2PAHUY] 8UMPUBALOCTI 3A805AKU Nepesasi 8
meepoocmi 6y0ymov GUUUMIL.

Knrwouosi crosa: yemenmogna cmaib, yeMennmo8ana cmaib, iONYCK, NepeuHHAa meepoicmb, GMOPUHHA MEEPIiCmb,
aycmenim, mapmencum, KapoiooymeopeHHs, Kapoiou, MexaHiyHi 61acmueoCcmi.

Beryn ®opmyBanns npu XTO Ha IEpBUHHY TBEPAICTH CTPYK-

Cramp 13X3HBM2®A [1] po3po0isiiach K KOHCTPYKII-
1¥Ha IIEMEHTOBHA CTAJIb BUCOKOI TEIUIOCTIMKOCTI IS BUTO-
TOBJICHHS BAYKKOHABAHTA)KCHIX 3yOUaTHX KOJIEC Tra30Typoi-
waUX apuryHiB (3K T'T/T). B xomi moctimKeHHs BTacTHBOCTEH
HOBOI CTaJIi 3’ICYBAJIOC, III0 BUPOOH i3 Hel MOXKHA ITijaBa-
TH IBOM PEKAMaM XiMiKO-TepMidHOi 00pooku (XTO):

1) Ha IepBUHHY TBEPAICTH 32 KIIACHYHOO TS L€l TPYITH
craneit XTO i3 ocrarounum BimryckoM mpu 350 °C Ta Mak-
CHMAJIEHOIO TEMITepaTyporo ekcinTyaTarii Bupobis 300 °C;

2) Ha BTOPWHHY TBEPAICTh [2] i3 OCTATOYHUM BiAITyC-
koM 1ipu 530 °C Ta MaKCUMaJIBHOIO TEMIIEPATYPOIO SKCII-
nyarawii 3K T'T 480 °C.

TYpH 1 BIaCTHBOCTEH IleMeHTOBHIMX craert 1yt I T]] pisHux
XIMIYHMX CKJIaiB aeTanbHo mpociimkeni Hatanmosum b. C.,
Anekceenrxo M. @., banacom 1. I1., Bacuenxo I 1., Airekcee-
Boro . I1., Yepkic FO. 1O., [Tomosum B. C., IllomoBum I. I,
Bensxosoro B. 1. Ta iHmmmu. 3Ha4HO MEHIIE yBard pu-
nineHo XTO KOHCTPYKIiWHOI EMEHTOBAaHOI cTali
13X3HBM2®A Ha BTOpUHHY TBEPIICTb, SIK BUKJIIOUCHHS,
e podota [3].

o ocobmuBocteit XTO cram 13X3HBM2®A Ha BTO-
PHUHHY TBEpicTh HEOOXiTHO BiTHECTH:

1) ra3oBa meMeHTAIlis 3AIHCHIOETHCS TIPU TEMIIepaTy-
pax 1020...1030 °C, npu 1150MYy 3aBISKH JIETyBAIGHIM €J1e-

© Jlazeunwii I. M., Crenanosa JI. I1., Jlucuus O. B., [Tany6incekuii O. €., 2019
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CTPYKTYPOYTBOPEHHS. OMIP PYNHYBAHHIO TA ®I3/KO-MEXAHIYHI BIACTUBOCTI

MEHTaM Ta BaXKOPO3UMHHUM KapOinam 30epiraeTbcs
IpiOHE aycTeHITHE 3epHO 8...9 HOMEpiB;

2) cepeHs IBUAKICTh IIEMEHTAIIIi 32 TAKUX TeMIIepa-
Typ CTaHOBUTH Omu36K0 0,4 MM/TO;

3) rapTyBaHHS NPOBOAUTHCS Oe3MOCepenHbO BiX
1020...1030 °C 6e3 nonepetHHOro NOHWKEHHS TeMITepa-
TypH BUPOOIB B LIeMEHTALliI{HiH 1edi, 1110 03BOJIsE 30eper-
TH BUCOKOJIETOBAaHHI CTaH ayCTEHITY;

4) mij CyMiCHAM BIDTMBOM TEMIIEpaTypH LieMeHTaii
(rapTy), BMiCTY JIETYBaJIbHUX E€JIEMEHTIB Ta BYIVICLIO
(0,95...1,10 %) micias MBUAKOTO OXONMOMKEHHS JI0 TEMIIepa-
Typr 20 °C B IeMEHTOBaHOMY IIapi 3araJbHOI0 ITIHOHHOIO
1,0 MM 110 0,40...0,45 MM 30epiraeTbest MPAaKTUYHO ayCTEH-
iTHa CTpPYKTypa, a TBEpAicTh MoBepxHi craHoBUTH HRC
35...40. 3Baxxaroun Ha Te, 110 IIPX OCTATOYHI MeXaHIYHIH
00po6mi 3K I'T/I BurywaeThes map He Oiibmie 0,15 M, TO
eKCIUTyaTalliiHi BJIACTUBOCTI CTasli (POPMYIOTHCS IIPH
S-xpartHoMy Bimmycky 530...540 °C i3 BXiTHOrO ayCTeHiTHO-
TO CTaHy.

ITocTranoBka 3amadi

B HaykoBo-TeXHI4HIH, B TOMY YHCIIi 1 TepioanyHii, JTiTe-
patypi BiacyTHs iH(opMaris o0 poJti aycTeHiTy pH BTO-
PUHHOMY TBEpIiHHI KOHCTPYKIIHHHAX [IEMEHTOBAaHHUX CTa-
nedd. Y 3B’5I3Ky 13 MM METa AaHOI POOOTH IIOJIATAE B TOMY,
00 OTpUMaTH JAaHi 100 BIUTUBY BXiJHOI ITepes Bimmyc-
KOM CTPYKTYpU LIEMEHTOBAaHOI Ta 3arapToBaHOI cTali
13X3HBM2®A nipu ii BifycKy Ha BTOpUHHY TBEPiCTh Ha
nporiecH KapOiT0yTBOPEHHSI — SIK BaXKJIMBY CKJIaI0BY (hop-
MYBaHHsI BIIACTHBOCTEH CTaIi.

MarepiaJj i MeTOIUKH JOCTiTIKEHHS

JocmimkeHHss TPOBOAWINCH Ha 3pa3Kax CTaii
13X3HBM2®A npoMHCIIOBOrO BUTTIARICHHS 13 XIMIYHIM CKITa-
JoM, BigcotkiB (Macosux): 0,13 C; 3,04 Cr; 1,10 Ni; 0,89 W;
0,23 V; 1,84 Mo; 0,36 Mn; 0,64 Si; Fe — perrra.

Ji1st mpoBeneHHs AOCTiKeHb (ha30BOT0 Ta XiMiTHOTO
aHai3y KapOiiB BUKOPHCTOBYBAJIKCS 3pa3KH 1ilaMeTPOM
12 ta noBxwuHOI0 60 MM. AHOIHI Ocau KapOiTiB BUALITSITICT
y 5-tu BincotkoBomy BomHomy po3umai HCI mpu rycrumi
crpymy 0,05 A/cm? Ta cepemHiil IMBUAKOCTI PO3YHHEHHS
3paskiB 0,075 mm/ron. Kap6imamit ocax3aTpuMyBaBcs B HOXIII,
aMarepiaix MaTpHIIi TEPEXOIFB B eNEKTPOIiT. YacTrHa KapOi-
JTHOTO Ocay ITiiaBaacs XiMiTHOMY aHAII3Y, iHIIIA — pEHT-
TeHOCTPYKTYPHOMY IOCITIKEHHEO. 17151 ITi IBUTIICHHS KOHIICH-
Tpariii B 0cai CrieiaTbHIX KapOiiB Ipyra 9acTHHA 0CaTy 00-
poorsutacs B 25-tr BificorkoBoMy BomHoMY pozarHi HCI. TTpn
IIFOMY YaCTKOBO PO3UHMHSITUCS KapOimy IEMEHTUTHOTO THITY.

J1s oTprMaHHA JaHUX TIPO 3MiHU B KapOimHii ¢asi no
DIHOMHI Iapy Ha KOKHOMY 3pa3Ky pO3YHHSIIOCS IO TPU
miamapy ToBmuHOo 0,15 MM KOXXHHMIA, 3araibHa ITHOWHA
mpoanaxizoBanoro mapy 0,45 MM.

JnmaToMeTpudHi TOCHTiHKEHHS PU BiAITYCKY [IEMEH-
ToBanoi ctai 13X3HBM2®A 3aiiicHIOBAINCE HA JAIATO-
Metpi Shevenard i3 BUKOpUCTaHHAM IU(EPEHIIIHHIX TO-
nmoBok HS Tta HV Ha Hackpi3HOIIEMEHTOBAHHX 3pa3Kax
3x3x50 mm. [Ipu BEBUEHHI MPOIIECIB, MO BiAOYBAIOTHCA

IIpU 130TEPMIYHMX BUTPUMKAX, 3aIHCH JWIATOTPaAM
3I1MCHIOBAJIHCS 13 BUKOPUCTAHHSIM IPUCTaBKH, KOTpa 3a-
Oe3redyBaa epecyBaHHs peecTpaniitHOl IUTiBKHY 31 IIBUJI-
kictro 18 mm/ron.

EJteKTpOHHOMIKpPOCKOMIYHI TOCIi IYKEHHS TTPOBOIMIIU-
cs1 Ha pwitazi Y OM-100 Ha BYTriTbHUX pEIUTiKax, OTpUMa-
HUX BiJ] TONIEPEeTHBO IPOTPABJICHNX 3pa3KiB.

[Tpu anasisi ¢a3oBoro ckiaay KapOiHUX 0CaliB BUKO-
PHUCTOBYBABCS PEHTTEHOCTPYKTYpHHUH MeTox. Jlociimken-
Hst npoBoiHcs Ha mudpaxtomerpi IPOH-1 8 Fe -rmpo-
MIHIOBaHHI 13 MOHOXpOMAaTH3ali€lo Au(pparoBaHux Mpo-
MeHiB. CriouaTKy 3/1iiCHIOBAJIMCh 3HOMKH BiJl OTPIMaHHX
AHOJ/IHMX OCaJliB, a MOTIM 3 METOIO ITiIBUILICHHS iIHTEHCHB-
HOCTI JIiHI} crieniabHUX KapOiiB, K 3a3HAYAIIOCS paHiIe,
ocaJiiB, 00pobnennx y 25-tu % BoxHomy pozunsi HCI.

IlemenTariist 3pa3kiB MPOBOAMIIACS B MOJICPHI30BaHIH
nieui CITIM-4.6/10,5 mpu remneparypi 1020...1030 °C, sx
KapOIOpH3aTop BUKOPHCTOBYBABCS CHHTHH 13 TOJa4ero
1 cm*/xB. TpuBaicTh HeMeHTAaLiT 00HUpaacs B 3aJIKHOCTI
BiJl HCOOXIZTHOT MIMOMHM 1apy: 3pas3ku & 12x60 MM aist
(ha30BOro XIMIYHOTO aHAITI3Y IEMEHTYBAJIUCS Ha NINONHY
0,95...1,05 MM BripomoBk 2,5...3 TOI; A 1HIINX JOCTII-
YKEHb 3pa3Ku Bupizanucs i3 mwiactud 3x30x200 MM nemeH-
TOBAaHHMX HACKPi3b BIPOJIOBXK 8 TOA1. YCi 3pa3ku rapTyBajv-
cs1 Ge3mocepeiHbO BiJl TEMIEpaTypy IieMeHTamii B Odii.
YacrrHa 3pa3KiB 00podIIsiIach XononoM rpu Minyc 196 °C.

Bimmyck mpu remmiepatypax 530...540 °C 3aiticHIOBaB-
cs1 B ieui CHOJI-1,5.2.1/7 Buponossx 1 rox i3 HACTyHUM
OXOJIOJKEHHSIM ITCIsI KOKHOTO BIiAITyCKY y MOBITPi 10
KiMHATHOI TeMIiepaTypHu.

Ioxudku ekcriepuMeHTiB

TemrmepaTypu ieMeHTAIII{ T ATPUMYBAITICS i3 TOUHICTIO
+ 10 °C, Biamycky £ 5 °C. Ximiuawii cKi1a KapOiTHIX ocaIiB
Bu3HadaBc i3 TounicTio + 0,05 %, mubnHa 1mapy, mo aHa-
JizyBanacs, Bu3Hadanacs i3 Tounictio £ 0,01 MM, TouHiCTH
PO3paxyHKiB MUKIUIOIIMHHUX BiCTaHEH MpPU PEHTTCHO-
CTPYKTypHOMY aHali3i kap6imnmoi ¢paszu = 0,001A .

Pe3ynbTaT excriepuMeHTiB Ta iX aHATI3

B po6ori [3] y 3B’s13Ky i3 BEIUKAMH KiTBKICTIO ayCTEHi-
Ty B 3arapToBaHoMy mapi (0muspko 95 %) Ta KijgbKicTIO
BiAMyCKiB (IT’SITH) 3MiliCHEHA CTIPO0a i3 BUKOPUCTAHHIM
00pOOKH XONIOIOM 3MEHIIUTH TPHUBATICT BiAIycKy. Jms
JOCITIKEHHS BIDTABY BXiJHOI TIEPEN BiITyCKOM CTPYKTYPH
HAa BIIACTHBOCTI Ta (Da30Bi IepeTBOPEHHS OHOYACHO Oara-
TOPa30BO 3pa3KH BiMITyCKaIMCsI 0€310CEePEAHBO MTCIIS Tap-
Ty 13 BXiTHOIO ayCTEHITHOO CTPYKTyporo (BA) Ta mics rap-
Ty 1 00p00Km xomoaoM rpu MiHyc 196 °C i3 BXiIHOIO Tiepe-
Ba)KHO MAapTEHCHTHOIO CTpykTyporo (BM). BA 3pasku
niepen BiamyckoM maiu TBepaicte HRC 38, micis Hporo —
HRC 61, BM niepen Bimmyckom Manu TBepaicts HRC 62,
micist Hporo— HRC 56...57.

[Noni6Hy pi3HwmIIFO B TBEpAOCTI BigmymieHnx BA Ta BM
3paskiB B poOoTi [3] TiMOTETHYHO MOSCHEHO PI3HUIICIO B
cxiani kapOignaoi (azu. Mera 1i€i podoTH — ZOBECTH 10
Taka pi3HULL iCHYE.
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JlunaroMeTpryHi JOCTiKEHHS KapOiJOyTBOPEHHS Ta
301JHEHHS Y- Ta O- TBEPANX PO3UMHIB ITPOBOIINCE TIPH
temreparypax 200, 300, 400, 500 Ta 530 °C BopomoBx
1 rox. Ha puc. 1 npencrasieHa cepist TUIaTOMETPHYHAX
KpuBHX. Benmunna AL BinoOpaskae B Maciradi 3MEeHIIICH-
HS JOBXKHUHU 3pa3KiB, TOOTO 301 THEHHSI TBEPIUX PO3UHHIB
Ipy 130TepMiuHii BuTpuMLi. J{71st BpaxyBaHHS Y —> O.- TIe-
perBopeHHs y BM 3pa3skax 3ailiCHIOBAIOCS TOBTOPHE Ha-
TpiBaHHS 10 TEMIIEpaTypH BiAIlycKy i AL BU3Ha4anoch sk
BiJICTaHb MK KPUBHMH IIEPILIOTO Ta APYTrOro HarpiBaHHs
TUTIOC 130Te€pMivHa BUTPHMKA.

SIK miICyMOK WX JIOCIiIKEHb Ha pUC. 2 HaBEICHO 3a-
JISKHICTB JIIHIMHOTO edeKTy nporecy Kap0OilI0yTBOPEHHS
BiJl TeMIiepatypH Biamycky BA Ta BM 3pa3kiB.

3riaHoO i3 NpeCTaBICHUMHU KPUBUMH JIIHIHUHA eheKT
kapOinoyrBopenHs y BM 3paskax 3Ha4HO OUTBIINI, HIX Y
BA. Kpim Toro, inTeHcHuBHE yKopoueHHsI BM 3paskiB po3-
nounHaeThbest Bix 200 °C, B Toi# yac sk npu Biamycky BA
3pas3kiB — e micist Biamycky He Hibkde 400 °C. Haseneni
pe3yNbTaTH OMOCEPEAKOBAHO CBIiTYaTh MPO PI3HHUIIO B
XiMigHOMY i (ha3oBOMY ckiIafi kapOinuux a3 BA Ta BM
3pa3KiB.

[Ipsimi moka3y IBOrO OTPUMAHO 32 PE3YIbTATAMHU
XiMigHOro Ta (ha30BOro aHaNi3y KapOiJHUX OcaliB MicCiIs
eNIeKTpoTi THYHOT0 po3urHeHHsT BA Ta BM 3paskiB. Pesyib-
TaTH XiIMIYHOTO aHAITI3Y OCa/IiB MpUBE/CHI B Ta0M. 1 Ta 2.
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Puc. 1. /lunarorpaMu BifIlycKy 3pa3kiB meMeHToBaHOI ctami 13X3HBM2OA:
a, 8, 0, €, 3 — BA 3pasku; 0, ¢, e, orc, i — BM 3paszku. Temneparypu Binmycky, °C:

a, 6 —200; 6,2—300; 0, e —400; ¢, orc — 500; 3, i — 530

14



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

Tamnepamypa , ¢

% ¢ w0 M 30 W S
z .

g ™\ |
S N
= h -
ol \

E:-w }\I

ut; i N

E

g

Puc. 2. Jliniiinuii edext kapOinOoyTBOPEHHS IEMEHTOBAHOT
cranm 13X3HBM2®A B 3a1eXHOCTI Bii TeMIeparypu
Binmycky: 1 — BA 3pasku; 2 — BM 3pa3ku

B nocnimpkenomy inrepaii mmouH mapy (0...0,45 Mm)
y BA 3pazkax 3arayipHa yacTka kapOiaHoi a3y nproIm3HO
Ha 20 % meniue, Hix y BM 3paskax, ajne He 3Ba)Kaloun Ha
1ie TBepaicTs BA 3pa3kiB miciist BiIycKy csirajia 3Ha4eHb
HRC60...61,ayBM —ymumie HRC 57...58. Takum unHOM,
piBEeHb BTOPMHHOI TBEpJOCTI IEMEHTOBAHOI CTali
13X3HBM2®A 3a51eKUTh HE JTUIIIC BT 9aCTKU KapOiliB, aje
11X (pa30BOTO CKIIA/Ty Ta JISTOBAHOCTI a- TBEPIOTO PO3UYHHY.
3a nanumu Tabi. 1 B kapOinHii Gaszi BA 3paskiB MeHImImiA
BMiCT (110 BiJTHOIICHHIO JIO CIUIaBY) TAaKNX JIETYBAILHHX €Jle-
MeHTiB, sk Cr, V, Mo, W. Lle o3Ha4ae, 1o B a- TBepIoMy
pO34MHI micns BiAmycKy 3paskiB i3 BA cranom Ounbimit
BMICT JIETyBaJIbHHX €JIEMEHTIB, HDK B 3paskax i3 BM cTpyk-
Typoto, 1m0 3abe3neuye BA mudysifinomy mapy BUILy Ter-
JIOCTIHKICTB.

B Tabn. 2 HaBeneHO AaHi XiMIYHOTO aHami3y KapOimiB
(y BiZICOTKaX 10 BiTHOLIEHHIO 10 KapOitHoi (hasn), a Ha puc. 3
rpadivHO UTIOCTPYIOThCS IaH] BOTO aHAJI3y 10 IINONHI
LIEMEHTOBAHOTIO MIapy.

Tabauns 1 — Ximiuauii ckan kapOinHoi ¢asu nementoBanoi crani 13X3HBM2MA

Yacrka Bwmicr enemenTiB B kapOiaHiii ¢asi
ap, mo S .
Pexum XTO AHATI3VBABCS. MM KapOigHO1 (y BiACOTKaX O CIUIaBY)
Y ? dasu, % Fe Cr Ni A\ Mo W

Lim. 1030 °C, Gesnocepeiii 0...0,145 10,48 8,012 [ 0902 | 0,115 | 0,115 | 1,041 | 0,295
rapt, sinyck 530 °C, 5-pasoBo | 146 0,284 9,20 6,805 | 0,860 | 0,115 | 0,115 | 1,010 | 0,295

0,285...0,434 7,68 7,680 | 0,802 | 0,100 | 0,100 | 0,972 | 0,290
Lm. 1030 °C, Gesmocepemiit 0...0,150 12,98 | 10,083 | 1,282 | 0,140 | 0,155 | 1,051 | 0,322
rapt, o6po6ka xonogom — 196 °C,
Binmyck 530 °C, 5-pa3oBo 0,151...0,316 12,64 | 9,640 | 1,305 | 0,150 | 0,115 | 1,106 | 0,330

0,317...0,422 11,65 8,880 | 1,152 | 0,143 | 0,111 | 1,055 | 0,320

Taomuusa 2 — Ximivaui ckraz kapOimgHoi das3u nemeHToBaHoi cTaii 13X3HBM2DA

Yacrtka BwicT eneMeHTiB B KapOiHiii ¢a3i (y BiICOTKax 110
[lap, o e N
Pexum XTO AHATI3VBABCS. MM KapOiaHOT kapOiaHo1 (aszu)
yBaned, basu, % | Fe Cr Ni v Mo W
[m. 1030 °C, Gesmocepenwiii rapr,|  0...0,145 10,48 76,43 | 859 | 1,10 | 1,10 | 9,92 2,81
Bigmyck 530 °C, 5-pa3oBo
0,146...0,284 9,20 73,95 | 9,35 1,25 1,25 10,98 3,20
0,285...0,434 7,68 70,49 | 10,42 1,30 1,30 12,64 3,84
Lu. 1030 °C, Gesnocepeniit rapt,| (. ..0,150 1298 | 7730 | 986 | 1,08 | 1,9 | 8,09 | 247
00podka xomogom — 196 °C,
Biamyck 530 °C, 5-pa3oBo 0,151...0,316 12,64 76,30 | 10,29 1,19 0,94 8,71 2,61
0,317...0,422 11,65 76,22 | 9,87 1,20 0,94 9,01 2,75

B xap06imniit pazi BM 3pa3kiB Brrlie BMICT 3aI1i3a Ta Xpo-
My. Lle cBigueHHs TOTO, 110 B IIUX 3pa3Kax OlibIIa yacTKa
kap6ixis M,C ta M,,C, Maroctilikux no xoaryssiii. Kapoi-
nmHa (asza y BA 3pa3kax Oinbmn seroBana Mo ta W — exe-
MEHTaMH, III0 YTBOPIOIOTH BUCOKOOUCIICPCHI CIemiaabHi
KapOiau, CTifKI 0 Koaryisiiii, Ta BA3HAYal0Th PiBEHb BTO-
pHUHHOI TBepAocTi eMeHnToBaHoi ctami 13X3HBM2OA.

Jl1s Bu3HAueHHS THIIB KapOidiB y BIAITYIIEHIH IeMeH-
ToBaHii ctaini 13X3HBM2®DA 3ailicHeHO peHTTeHOCTPYK-
TypHuil anani3 (tabmn. 3 Ta 4) Ta imeHTH()IKOBAHO THIH

kap6iznie. ¥ BA 3paskax ussieni kap6imm M,C ta MC (VC,
MoC, WC),ayBM -M,C, M,.C, taMC (VC, MoC, WC).
[pu peHTreHOCTPYKTYpHOMY aHai31 0ocaiiB Bix BA 3pa3kiB
e BusBrieni kapGimn M, C,.. 1106 cipocryBatn a6o mirsep-
IIUTH 11e OyITH JONATKOBO IPOBEACH] €IeKTPOHHOMIKpPOC-
KOITiYHi JOCITIIPKEHHS PEIUTiK, OTPIMAaHHX Bif 3pa3KiB i3 BA
Ta BM CTpyKTYpOIO, KOTPi 3aCB1T4MIIN HASBHICTH KapOiiB
M,,C, i B 3paskax i3 BA crpykryporo. IMoBipHO, mo ix gac-
TKa y BA 3pa3kax 3HaYHO MEHIIa, HiXk B 3pa3kax BM, 1o He

JIO3BOJIMJIO 1X BHSIBUTH IIPH PEHTTCHOCTPYKTYPHOMY aHAJi31.
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Puc. 3. 3mina yactku kapOigHoi a3y, BMICTY 3ami3a Ta
JIeryBaJIbHUX €JIEMEHTIB B KapOinHii (a3i mo nmbuHi eMeHTo-
BaHOTrO Imapy 3paskiB 3i crami 13X3HBM2®A:

1 — BA 3pa3ku; 2 — BM 3paszku

B kap6inniii pazi BM 3paskiB Bue BMicT 3aii3a Ta
xpomy. Ile cBimgeHHs TOTO, IO B IUX 3pa3Kkax OiiabIma
gacTKa KapOimiB M. CraM,C, MaJIOCTIHKHX JIO KOary-
nanii. Kap6inna ¢aza y BA 3paskax Oiibnt teroana Mo
Ta W — eleMeHTaMH, 10 yTBOPIOIOTH BUCOKOIUCIIEPCHI
CcITeriaibHi KapOiau, CTiHKi 10 KoaTryIsilii, Ta BU3HAYA-
I0Th PiBEHb BTOPMHHOI TBEPOCTI IIEMEHTOBAHOI CTai
13X3HBM2®DA.

JI71s Bu3HAUCHHS THITIB KapOiiB Y BIAYIICHIH IIeMEH-
toBaHii crani 13X3HBM2®A 3niiicHeHO peHTTeHOCTpyK-
TypHUH aHaii3 (Tabs. 3 Ta 4) Ta iIeHTU(IKOBAHO THITH
kap0iniB. ¥ BA 3paskax suseieni kap6inu M,C ta MC
(VC,MoC, WC),ayBM -M.C,M,.C, taMC (VC, MoC,
WC). IIpu peHTreHOCTPYKTYpHOMY aHauIi3i ocaiB Bijg BA
3paskiB He BuABJIeHi kapOimu M,.C,. 11106 cpoctyBaTH
abo miaTBepauTH 1e OynH JOJATKOBO IPOBEACHI €IEKT-
POHHOMIKPOCKOIIYHI IOCIIIKSHHS PEILTIK, OTPUMaHUX BiJ
3paskiB i3 BA ta BM cTpykTyporo, KoTpi 3aCBiT4niIn Ha-
ABHiCTh kKapOiniB M, C, i B 3paskax i3 BA cTpykryporo.
ImoBipHO, 1o X yacTka y BA 3pa3kax 3Ha4HO MEHIIA, HiX
B 3pa3kax BM, 110 He 103BONHIIO X BUSBUTH IIPU PEHTIE-
HOCTPYKTYPHOMY aHalli3i.

Sk i npu Oynp-siKoMy (ha30BOMY IEpETBOPEHHI, TaK i
TP PO3MIa/li HEPECHICHNX Y- Ta Ci-TBEPIAUX PO3UYHHIB B ce-
PEAHBOIETOBAHNX CTAJIX, KapOiZ0yTBOPEHHS 3aJISXKUTH B[
HU3KH YMHHUKIB: TEPMOJMHAMIYHOT0; KIHETHYHOT0; Opi€-
HTaIi{HOI, CTPYKTYpHOI Ta XiMi4HOI BiAmoBiaHOCTI. Bino-
MO, 11O TIPH BiAIYCKY JIETOBAaHUX CTAJICH MOKJIMBE TPO-
TiKaHHS HU3KH KapOiTHIX TIePETBOPCHB:

- YACTKOBE 3aMiIIIEHHS aTOMIB 3aj1i3a B IEMEHTHTI aTo-
MaMH JICTyBaJIbHUX €JIEMEHTIB;

- IEPETBOPEHHS KapOi/liB IEMEHTUTHOTO THITY B CIICII-
iapHI KapOian 3a MEXaHI3MOM «in cituy MpH JOCATHEHHI

Taoauus 3 — Pe3ynsraté peHTTEHOCTPYKTYPHOTO aHaIi3y KapOimHoi (hazu emeHToBaHoi ctaini 13X3HBM2®

Pospax. Binnocna Tabnuyni gani kKapOigiB
PexuM TepMOOOPOOKH | MIKILIONIMHHA | IHTGHCHBHICTD, M,C \4® WC MoC
BifcTans d,, A I, % d, A L% | A | L% | dA |[L%| dA |I,%
2.804 o, 2.820 | 70
2,530 CIL. 2,540 5 2,530 | 60
2,510 CIL. 2,500 | 80
2,480 CIL. 2,474 | 100
2,394 cep. 2,380 68 | 2,400 | 100
2,265 CIL. 2,260 25
2,210 JIyXKe CIL. 2,200 25
2,080 cep. 2,070 | 100 2,087 | 80
. o 2,067 C. 2,060 70
%Zg‘;:g:;;‘l{ligz’gpf’ 2,019 ke on | 2,020 | 60
Bigmyck 530 °C, 5-pa3c;Bo 2,013 c. 2,010 100
1,973 cep. 1,970 55
1,880 cep. 1,870 30 1,870 | 100
1,850 CIL. 1,850 40 1,860 | 80
1,475 CIL. 1,470 50 1,466 | 80
1,450 o, 1450 | 60
1426 o 1418 | 60
1,256 CIL. 1,255 | 60 | 1,260 | 50
1,250 CIL. 1,250 25 1,230 | 70
1,150 CIL. 1,147 | 70
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Tabauus 4 — Pe3ynsraTi peHTTEHOCTPYKTYPHOTO aHalizy kapOinHoi ¢asu nemenrtoBaHoi crami 13X3HBM2d

Po3pax. Bimnocra Tabnuyni gani kapOigiB
PeskiM TepMOOGPOOKH | MIKIUIOIIMHHA | iHTEHCHUBHICTD, M,C WC VC, MoC My;Cs
Bincrans d,, A I, % LA | L% | dA |L%| A |[L%| dA |[L%
2,810 CIL 2,82 70
2,730 CIL. 2,740 | 70
2,540 JyXKe CIL. 2,54 5 2,530 | 60
2,510 ciL. 2,50 | 80
2,480 ClL. 2,474 | 100
2,394 cep. 2,38 68 2,400 | 100 | 2,370 | 80
2,265 CIL 2,26 25
2,190 JyKE CII. 2,20 25 2,168 | 60
2,093 cep. 2,10 10 2,087 | 80
2,067 cep. 2,06 70 2,070 | 100
2,041 c. 2,044 | 100
Iemenrauis 1030 °C, 2,019 IyXKeE CIL 2,02 60
Oe3mocepeHil rapr, 2,013 c. 2,01 100
00poOKa X0JI010M — 1,973 cep. 1,97 55
196 °C, Bigmyck 530 °C, 1,872 cep. 1,87 30 1,87 100 1,870 | 60
5-pazoBo 1,850 cep. 1,85 70 1,860 | 80
1,759 JIyXKe CIL. 1,76 15 1,790 | 60
1,679 CIL 1,68 15 1,660 | 60 | 1,680 | 10
1,585 CIL. 1,58 20
1,485 CIL 1,47 50 | 1,450 | 60 | 1,466 | 80
1,400 ClL. 1,418 | 60
1,330 cep. 1,330 | 50
1,287 ClIL. 1,290 | 70 | 1,290 | 90 | 1,288 | 60
1,250 cep. 1,255 | 60 | 1,260 | 50 | 1,250 | 80
1,217 ciL. 1,230 | 70 1,220 | 60
1,190 CIL. 1,200 | 10
1,155 CIL 1,147 | 70 | 1,116 | 60

MEKOBOI KOHIICHTpAIIil aTOMiB JIETYBAJIbHUX €JICMEHTIB B
kap6imax M,C. Hanpuknaz, 3a nanumu [4] mepeTBOpeHHs
M,C —M_C, B Fe-Cr-C crmmaBax HacTae npy KOHIEHTpartii
B Kap6imi M,C 25 % (atoMHMX) Xpomy;

- posunnenns kap6inis M,C i3 mepexonom aToMiB Me-
TaJIiB T ByIJIELIO B TBEPAHII PO3YMH Ta HACTYITHE YTBOPEH-
HS CTIEMiaIbHUX KapOidiB, IPH IFOMY ITOCTAYaTbHUKOM
aTOMIB METAJIB Ta BYIJICIIO BICTYIIA€ TBEPIHIA PO3IHH.

I3 HaBeneHMX BapiaHTIB YTBOPEHHS CHIEIATFHIX KapOiiB
0e3nocepeHbO 13 TBEPIOTO PO3UHHY, HA HAMIY IYMKY,
CYIIPOBODKYETHCI MaKCHMaJIbHUM 3MIIIHEHHSM CTali,
TOMY IO CHeliaNbHI KapOiau, YTBOPEHi P TEMIIeparTy-
pax Bumie 400 °C, 3xaTHi 30epiraTi BUCOKY TUCIEPCHICTS,
KOTepEHTHHH 3B 30K 13 MATPHIICIO, a TAKOXK CITPUSTH MO~
piOHEHHIO OJIOKiB MO3ai9HOI CTPYKTYPH.

BucHoBku

Taxum anHOM, cepern 0coOmuBoCTel KapOigoyTBOpEH-
HS Ta QOpMYBaHHS BJIIACTUBOCTEH IIEMEHTOBAHOI CTai
13X3HBM2®A npu 1i BiIITycKy Ha BTOPHHHY TBEPIIiCTb CITiJ
BUIUIATH:

1) ximiuHwii Ta pa30BU CKIIa] KapOiliB 3aJI€KUTH Bij
BXI1/THOI TIepe BiAITYCKOM CTPYKTYPH (ayCTEHITHOI 91 Map-
TEHCHUTHOI);

2) micITs BiAITYCKY CTalI i3 BXiIHOIO ayCTEHITHOIO CTPYK-
Typoto ipu TemmepaTypi 530...540° C xap6igna ¢aza Ot

JIeroBaHa MOJi0IeHOM, BOITB()PaMOM, BaHAIIEM, IO 00Y-
MOBITIOE X ITiIBUIIIEHY CTiHKICTh JO KOAT YIS

3) yrBopeHHs KapOifiB y BXiJHHX ayCTEHITHUX 3pa3kax
posmounHaeTses Big Temmneparypu 400...450 °C, mpu sikux
MOXJIHBE (POpMYBaHHSI CIICIiaIbHIX KapOiliB, Y BXiTHAX
MapTeHCHTHHX 3pa3kax Bix 150...200 °C, tob6To Temriepa-
TYp YTBOPEHHS Kap0i/IiB IEMEHTUTHOT'O TUILY;

4)gacTtka KapOiiB B IEMEHTOBAHIH CTai, BiITyIICHI i
13 BX1THOTO ayCTEHITHOTO CTaHy, cknazgae 9,2...10,5 %, ay
BXigHUX MapTeHCUTHHX 12,6...13,0 %; e o3Havae, 1o B
MIEPIIOMY BUMAIKy HA YTBOPEHHS CHELiaTbHUX KapOimiB
BTPAYaETHCS MEHIIIE JICTYBAJILHUX €JIEMEHTIB 1 OLTBIITY JIe-
TOBaHICTB TBEPIOTO PO3UMHY, OTPIMAHOTO i3 BXiIHOTO ayc-
TEHITHOTO CTaHY;

5) GinpIra IeroBaHICTh KapOigHOI Ta a- Pas3u MOsCHIOE
pumy Ha HRC 3...4 TBepmicTh meMEHTOBaHOI cTai
13X3HBM2®A mics ii Biamycky 530...540 °C na BTOpHH-
HY TBEPIICTb i3 BXiTHOTO ayCTEHITHOTO CTaHy HOPIBHSHO i3
TaKHM K€ BiIITYCKOM 13 BXiTHOTO MAPTCHCUTHOTO CTaHY.

Crucok Jitepatypu

1. Ac.375997 CCCP; MKH C22C 39/50. Llementyemast crais /
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Tepmuueckoit oopadotku / banac U. I1., Ulomos U. U.,
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Jlazeunsrii U.H., Crenanosa JLIIL., JIucuna E.B., [lanyounckuii A.E. Kapounoo6pa3zoBanue npu oTmycke
neMeHTHpPoBaHHOM cTanu 13X3HBM2®A u ero BiusiHMe HA CBOICTBA CJ1051

Lens pabomot. Ilpu XTO Oemaneii u3z KOMNIEKCHONE2UPOBAHHBIX YEeMEHMUPYEMbLX CMaell NOCjie 3aKAIKU, KaK
npasuno, NPoeooumcs. 06pabomKa Xoi000M Ol YMEeHbUleHUs KOTUYeCmed 0CMamoyHo20 ayCmeHuma 6 cioe, Kax
neped omnyckom, max u nocie sasepuienus XT0. Kax uzgecmno, 6 smom ciyyae aycmeHum He eausem Ha
Kapouooobpazosanue npu omnycke.

Ocoberrnocmv cmpykmypol cmanu 13X3HBM2®DA nocie yemenmayuu u nenocpedcmsenuou saxanku ¢ 1020...1030 °C —
Hanuuue 95 % ocmamounozo aycmeHuma 6 GYHKYUOHANLHOU YACMU C10. DMO Oeaaem 803MOACHbIM NpoGedeHue
omnycka npu 530...540 °C ¢ pa3zuoii ucxoO0Hou cmpykmypou — ayCmeHumHou i mapmencumuou. Illosmomy yeno
OaHHOU pabomvl — UCCIeA08aAMb GIUSHUE UCXOOHOU CHPYKMYPbL HA NPOYECCbl Kapouooobpa30e8anus npu OmnycKke Ha
8MOPUYHYIO MBEPOOCb U HA c80ticmea Oughghysuonnoeo cnos cmanu 13X3HBM2 DA.

Memoowvt uccnedoganus. C ucnoib3o8anuem Ouiamomempuieckozo, Memaiiocpapuueckozo,
PEHM2eHOCMPYKMYPHO20, OIOPOMEMPU1ecK020 Memooos, ougepeHyuanbHoco azoe020 anaiusd, 31eKmpoHHOU
MUKPOCKONUU UCCAeD08AHO NpoYyeccbl Kapbuooobpa3zoeanus npu omnycke HA 6MOPUUHYIO MEepO0Cmb
yemenmuposannoti cmanu 13X3HBM2PA.

Ilonyuennsie pesynomamel. K ocHogHviM pe3yniomamom pabomol ciedyem OmHecmu:

- 3ABUCUMOCTb XUMUHECKO20 COCMABA Kapoudo om UcXoO0HoU neped OmnycKoM CHpyKmypbl,

- kapouonas ¢asza yemenmosanrnou cmanu 13X3HBM2®A, omnywennoti uz A cocmosnus, bonee recuposana
MOTUOOEHOM, 8ObDPAMOM, BAHAOUEM,

- 007151 KapoUO08 8 yemenmosanHou cmanu omnywertou uz UA cocmosnusa cocmagnaem 9,2...10,5 % (mac.), a uz
UM -12,6...13,0 % (mac.),

- boslee 8bICOKAA Ie2UPOBAHHOCIb KAPOUOHOU U - (ha3vl 0OwsicHsem bonee evicokyio Ha HRC 3...4 meepdocmu
cmanu 13X3HBM2®A nocne ee omnycka uz MA cocmosinus.

Hayunas noeusna. Bnepgvie 015 0annozo kiacca cmaneti NOKa3aHa 603MOXICHOCHb 00pabomKu Ha 6MOPULHYIO
meepooCmsb ¢ UCNONb30BAHUEM Neped OMNYCKOM PA3TUYHBIX CIMPYKMYP — UCX0OHOU aycmenumuoul (MA) u ucxoownoti
mapmencumuoil (MM). Ilocie omnycka ¢ UA cmpykmypou 6 cioe nonyyaemcs MeHovuas 007 Kapouoos, 0OHAKO
bos1ee 1ecUupoBanHbIX, M.e. CNeYUAIbHLIX, U Dolee lecUposaHHbLL Meepobill pacmeop.

Ilpakmuueckaa yennocme. Hcnonvsosanue omnycka cmanu 13X3HBM2®A ¢ HA cocmosanuem noseoisem
noayuame meepoocms HRC 3...4 gviue cpasnumenvro ¢ omnyckom ¢ UM cocmosinuem. Ilpu mexuuueckux mpeOo8anHusax
Kk meepoocmu nosepxnocmu 3K I'T/] HRC i 2 60 meepoocme 3K co 3nauenuem HRC 57...58 nocre omnycka ¢ UM
cocmosiHusl e omeeyaem >3mum mpebosanuim. Kpome mozo, noxazamenu KOHMAKMHOU 001208€4HOCIU,
UBHOCOCMOUKOCMU U 2PAHUYbL BLIHOCAUBOCHIU CIEOCTNEUE NPEUMYUECMEa 8 MEepooCcmu OyOym ulule.

Kniouegvie cnosa: yemenmuposaHnas Cmaib, yeMeHmupyemMasi Cmajib, OMnYcK, NEPEUYHAsL MEEPOOCHIb, BMOPUYHASL
meepooCcmy, aycmeHum, mapmencum, Kapouooobpazosatiue, Kapouovl, MexanuyecKue c8oUCmad.

Lazechnyi 1., Stepanova L., Lisitsa E., Palubinskii A. Carbide formation when releasing cemented steel
13X3HBM2®A and its effect on the properties of the layer

Purpose. During chemical and thermal treatment of parts made of complex-alloyed cemented steels after quench-
ing, as a rule, a cold treatment is carried out to reduce the amount of residual austenite in the layer both before the
release and after the completion of chemical and thermal treatment. In this case austenite is known not to affect
carbide formation during tempering.

The peculiarity of 13X3HBM?2®A steel structure after cementation and direct quenching from 1020 ... 1030 °C is
the presence of 95 %residual austenite in the functional part of the layer. This makes it possible to conduct tempering
at 530...540 °C with different initial structure — austenitic or martensitic. Therefore, the objective of this work is to
investigate the effect of the initial structure on the carbidization processes during tempering on the secondary
hardness and on the properties of the diffusion layer of steel 13X3HBM2®A.

Research methods. Carbidization processes were studied during tempering of cemented steel 13X3HBM2®DA for
the secondary hardness using dilatometric, metallographic, X-ray structural, durometric methods, differential phase
analysis, electron microscopy.
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Results. The main results of the work include:

- dependence of the chemical composition of carbides on the initial structure before tempering;

- the carbide phase of cemented steel 13X3HBM2®A released from the initial austenitic state, is more doped with
molybdenum, tungsten, and vanadium,

- the carbides share in the cemented steel released from the initial austenitic state is 9,2...10,5 % (wt.), and of the
initial martensitic state — 12,6...13,0 % (wt.),

- higher alloyance of the carbide and o- phases explains higher hardness of steel 13X3HBM2®A as per HRC 3...4
after its release from the initial austenitic state.

Scientific novelty. The possibility of processing for secondary hardness is shown for the first time for this grade of
steel using different structures before release — initial austenitic (I4) and initial martensitic (IM). After tempering
with an IA structure in the layer a smaller, but more doped, proportion of carbides is obtained i.e. special, and more
doped solid solution.

Practical value. The use of tempered 13X3HBM2®A steel under 14 condition allows to obtain HRC 3...4 hardness
and higher compared to the one tempered under IT condition. The technical requirements for the hardness of the
surface of the toothed wheel of gas turbine engine being > 60, the hardness of the toothed wheel with the HRC value
57...58 after tempering under IM condition does not meet these requirements. In addition, indicators of contact
durability, wear resistance and endurance limits due to the advanced hardness will be higher.

Key words: cemented steel, carburizing steel, tempering, primary hardness, secondary hardness, austenite, mar-
tensite, carbide formation, carbides, mechanical properties.
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ON THE STUDY OF THE INFLUENCE OF EXTERNAL PRESSURE
AND CARBON ON THE STRUCTURE FORMATION AND
PROPERTIES OF COMPACTS BAKED ON THE BASIS OF
RAPIDLY COOLED Nd-Fe-(C,B)-Cu-Ti ALLOYS (PART 2)

Objective. Complex study of thermodynamic and physico-chemical conditions of phase formation in ready perma-
nent magnets, manufactured on the basis of Fe-Nd-B systems.

Research methods: metallographic, x-ray, magnetometric.

Result. The influence of external pressure and a small amount of carbon (0.17...0.86 % AO) on the structure and
properties of permanent magnets made on the basis of the Nd-Fe-B system doped with copper and titanium. For the
manufacture of permanent magnets with high magnetic energy, fast cooling products from the liquid state are used. To
do this, the flakes obtained by the LRE method were pressed in a mold and spiked in a vacuum. The mold and bolts
that fasten are made of alloys that have different coefficients of linear expansion. This method allows to achieve high
pressure (=1 HPa) during sintering. Sintering was performed in a vacuum under pressure P = 12 MPa and at a
temperature of 1013 K.

It is shown that carbon has a dual effect on the properties of alloys Nd ; Fe, . CB,  Cu, Ti, ., (x:0.33..0.86 %
of the stock.): on the one hand, in the presence of carbon (0.33...0.86 at.%) in the liquid alloy, micro-areas are formed,
which are enriched with copper, on the basis of which, when quenched from the liquid state, ndcu?2 crystals are born.
On the other hand, during crystallization of the amorphous component in alloys Nd; Fe, . CB, Cu, Ti, . under
high pressure conditions, imperfections are formed in which the alloying elements — carbon, copper; titanium, neody-
mium-are diffused. Micro-areas, reaching critical sizes, become an obstacle to the displacement of domain bound-
aries. And in the first, and in the second cases actively manifests itself pinning-effect.

Scientific novelty. It is found that the sintering temperature of rapidly cooled alloy flakes decreases Nd, Fe,. . CB, Cu, Ti, .o
in conditions of high pressure of about 0.9 GPA fiom the technological 1323 K to the temperature of 1013 K practically does
not affect the rate of nucleation of metastable phases NdCu,and Nd Fe, B and at the same time reduces the speed of
their growth. However, this leads to an increase in the coercive force of the finished magnets from 160 kA/m to 1300 kA/m.

Practical significance. The results obtained in this work are important for the further development of physical
material science of magnetically hard materials and modern technology.

Key words: sintering ““ heat” pressure, annealing, the main hard magnetic phase, the phase with reduced metasta-

bility, the coercive force.

Introduction

Today magnetic materials are used in all spheres of life.
Permanent magnets are an integral part of various spheres
of human life, so improving its magnetic characteristics
such as residual induction and coercive force is an
important and priority task. As is known, the coercive force
of magnets can be increased both by changing the
microstructure and phase composition of the magnet
material (the structural constant C), and by changing the
fundamental characteristics of the magnetojorst phases
(saturation magnetization J , magnetocrystalline anisotropy
field H ). however, in the manufacture of permanent
magnets, the size of the main fraction ofthe powders should
not exceed 10...20 um, after sintering, the particles should
be isolated from each other by a non-ferromagnetic layer
to suppress the nucleation of the reverse magnetization
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domains. There are several ways to solve this problem:
1) modification of main hard magnetic phase Nd Fe ,B
3a special introduction to the fusion of elements of a certain
concentration;
2) quenching from the liquid state of the initial alloys;
3) HDDR method.

The analysis of literary sources

In 1984, Herbst [1] determined the structure of the
compound by x-ray diffraction and neutron diffraction
Nd,Fe, B. Connection Nd,Fe B it has a tetragonal crystal
lattice and belongs to the space group P4 /mnm. It consists
of 68 atoms in an elementary cell, has six crystallographic
positions of iron and two positions of neodymium (Fig. 1).
For the analysis of the Mossbauer spectra of the phase
Nd,Fe, B [1] the Wigner-Seitz cell method was used and



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

the number of nearest neighboring atoms for different
crystallographic positions of iron atoms was determined:
8j,, 8,16k, 16k, 4e, 4c. Nodes &, and &/, it has 12 nearest
neighboring iron atoms, nodes /6k, and 16k, have 10
nearest neighbors, node /6k, it has 1 boron atom instead
of iron as the nearest neighboring atom. Nodes 4e and 4¢
respectively, 9 and 8 of the nearest neighboring iron atoms.
Lattice parameters: ¢ = 1.22 nm and @ = 0.881 nm. This
structure provides a uniaxial magnetic anisotropy of the
compound Nd,Fe, B. In the center of the trigonal prism
formed by three iron atoms, there is a boron atom.
Fundamental magnetic characteristics of the phase
Nd,Fe B there is a field of magneto-crystalline anisotropy
H =5,4 MA/m, saturation magnetization/ = 1,6 T, Curie
temperature 7 =585 K, residual induction B = 1,2 TL [2-4].
Magnetic properties of the phase Nd,Fe ,B(C) determines
the exchange interaction between the iron atoms in the
iron sublattice, and the optimal distance between the atoms
forms the neodymium sublattice (or other heavy REM)
due to its size.

& N df

O Jr.".-d-.'. 4_!',"'

“ Fe i, de

& le o

¢ Fe; &

o Fe, 8
® Fe; 16k,
& Fe, 16k;
OB AT

Fig. 1. Phase unit cell Nd,Fe, ,B(C) [6]

Introduction to the alloy for the manufacture of sintered
magnets based on type compounds R, T X some elements
in a certain concentration can be an effective way to solve
the problem of optimizing the phase composition and
microstructure of the magnet material, changing the
fundamental characteristics of the magneto-porous phases.
In addition, the introduction of such additives increases
mechanical strength, corrosion resistance, solves the
problems of improving the manufacturability of the material
(improving the conditions of melting and crystallization of
ingots) [7].

Nd-Fe-B Materials use two mechanisms to explain the
nature of the highly coercive state:

- delay in the formation of reverse magnetic phase
embryos [8, 9];

- delay of the displacement of domain walls [1, 10].

However, these mechanisms do not allow to fully
interpret the entire range of experimental data [5, 11-14]. A
comprehensive analysis was carried out in [9,10], which
showed that in the case of the application of the model of
the viscocoercitive state, the greatest correspondence
between the theoretical representations and the
experimental results obtained at room temperature is
obtained. This model is based on the mechanism of delay
of formation of reverse magnetization embryos. The authors
attribute the discrepancy between the calculated and
experimental data to the presence of grains in the samples,
which are oriented differently. At temperatures above 423
K is dominated by the delay mechanism of'the displacement
of domain walls with magnetic inhomogeneities of grain
boundaries [15-18]. The authors in these works suggest
that there is a ferromagnetic phase with a close Curie
temperature and low coercive force in the Micrograin layers,
but this phase could not be detected experimentally [19].

All alloying elements can be divided into three large
groups:

1 —the Introduction of terbium, dispersion, gadolinium
into the neodymium sublattice can be an effective method
of increasing the magnetic properties of finished products;

2 —the replacement of iron atoms into the cobalt (raises
the Curie temperature), Nickel (contributes to thermal
stability), aluminum, niobium, manganese, molybdenum.

The difficulty lies in the fact that the iron atoms in the
elementary cell of the phase Nd Fe B they occupy six
non-equivalent crystallographic positions [20], so it is
almost impossible to predict in which positions the doping
element will be replaced and whether such replacement
will occur at all;

3 —the introduction of surface-active elements, copper,
titanium, molybdenum, aluminum, gallium, on the basis of
which are formed of non-magnetic phase to isolate the
magnetic grains of the hard phase Nd,Fe ,B(C) and increase
its corrosion resistance.

In alloys with iron crystal structure isomorphic to the
structure of the compound Nd, Fe B, is formed with most
of REE from La to Lu (except for Eu). In the compounds
R Fe, B large values of coercive force are possible in the
interaction of boundaries with defects:

- the energy density of the boundary is high, so large
changes are possible;

- the thickness of the domain boundary had, therefore,
these changes in the energy of the boundaries can take
place at a small displacement, which will lead to a high
value of the energy gradient and the corresponding values
He.

In [21], the authors studied sintered magnets, cast and
quickly hardened alloys of composition (in weight. %)
Nd,,Co,B, | Al(Ti), [Fe,  for the behavior of alloying
elements (Co, Al, Ti) when introduced into the
stoichiometric compound Nd, Fe B. Analysis and
comparison of mussbauer spectra showed that for these
materials quadrupole splitting, isomeric shifts, the values
of effective fields within the experimental error are
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determined by the chemical composition of the samples
and do not depend on their state.

It has also been shown that in nodes 16k -like cobalt
atoms can replace iron atoms. In the crystal lattice Nd Fe ,B
the distance between the atoms Fe(k,)-Fe(j,) the smallest,
and it increases the possibility anti feromagnetic exchange
interaction between the magnetic moments of the atoms
[22]. The introduction of cobalt atoms reduces the number
of negative Fe(k )-Fe(j,) exchange bonds, which leads to
an increase in Curie temperature and saturation
magnetization [23].

Despite the fact that the addition of cobalt significantly
increases the Curie temperature, its use should be in a
certain amount — an increase in the concentration of co
Contributes to a decrease in the coercive force of sintered
nd-Fe-B magnets [24]. In [23], the authors explain this fact
by the formation of new soft magnetic phases based on
cobalt, which worsens the magnetic isolation of the phase
grains Nd,Fe B.

Al atoms replace Fe atoms in positions 8j, and 16k -
type’s. In these positions Fe atoms have a
magnetocrystalline anisotropy of plane type [21]. It is
possible that the introduction of non-magnetic aluminum
atoms leads to an increase in the resulting uniaxial
magnetocrystalline anisotropy of the phase Nd,Fe, B.

Analysis of hyperfine scattering fields of mrssbauer
spectra in samples with addition of titanium and without
titanium found no significant difference, that is, titanium
atoms are not included in the crystal lattice of the phase
Nd,Fe B. Perhaps part of the titanium goes to the
formation of the non-magnetic phase TiB,, which
prevents the movement of the domain walls. Also,
titanium atoms are dissolved in the boundary phase,
which is enriched with neodymium, than change its
wetting ability. The above mentioned facts leads to an
increase in the coercive force by almost 2 times (from
460 kA/m to 850 kA/m).

A detailed study of the distribution of alloying
additives in the nd-Fe-B material was carried out by
migssbauer spectroscopy [25].

In this paper, the authors compared the values of
effective magnetic fields H ; In this paper, the authors
compared the values of effective magnetic fields Nd,Fe ,B

for rafting Nd,, Fe, Ti Al B, Ta
Nd,, Fe Ti Al ,,B,,+0.5at.%M, where M is a specially
introduced metal.

Thirteen metals were used for research, which are
divided into four groups:

- group A: Cu, Ga, Al — metals with unfinished outer
electron shell;

- group B: Hf, Ti, V, Mo, Nb, Cr — transition metals with
unfinished 3d shell; the number of electrons on the
unfinished shell is less than in the iron atom;

- group C: Co, Ni— transition metals with unfinished 4d
shell; the number of electrons on the unfinished shell is
greater than in the iron atom;

- group D: Tb, Dy is a heavyrare-earth metals.

22

Analysis of the data table. 1 showed that in the crystal
lattice Nd,Fe B iron atoms can replace metals from groups
A, B, C. an Increase in the number of 3d electrons helps to
reduce H ; (elements from groups b and C). With the
introduction of atoms of rare earth metals (Tb, Dy),
replacing the neodymium and value H  increases by the
same amount in all positions of the iron, but the position
of 4.. The authors [26] believe that similarly behave and
other rare earth metals.

Thus, one of the effective methods of improving the
fundamental magnetic characteristics of nd-Fe-B-Based
magnets is the grinding and modification of the main
magneto-rigid phase Nd Fe B due to the special
introduction of elements of a certain concentration into
the alloy and quenching from the liquid state of the initial
alloys.

Currently, the promising ways to improve the magnetic
characteristics is the addition of terbium, dysprosia and
gadolinium, and the addition of cobalt contributes to an
increase in Curie temperature and residual magnetization.
The introduction of low-melting mixtures of rare-earth
metals, non-magnetic metals (aluminum, titanium, copper,
gallium) contributes to the creation of a thin insulating film
on the basis of phases with these elements around the
ferromagnetic grains Nd Fe ,B. However, more research is
needed to determine the optimal ratio between the
leguvalnymi elements to achieve the greatest magnetic,
temperature and corrosion characteristics of sintered
magnets based on the system Nd-Fe-B.

Mathematical modeling vlive sizes of domains of the
phase nD,fE ;B and non-magnetic impurities in the n
systems nD-fE-B

At the first stage, we find out how the size of the
inclusions and the distance between them affect the values
of the coercive force and the velocity of the domain
boundaries of permanent magnets. According to the theory
of Kondorsky [27-30], the smaller the size of the inclusions
and the thicker they are, the lower the speed of the domain
boundaries and, accordingly, the more important the
coercive force becomes.

For the Nd-Fe-B System, the values of the magnetic
characteristics and the width of the domain wall are
shown in table. 1 [28-30]. According to the theory of
inclusions [27, 29, 30], the domain boundary in the initial
state tries to overturn the maximum possible number of
non-magnetic inclusions. This reduces its surface energy.
Let the inclusions have the shape of a sphere with
diameter d and are located in a cubic crystal with constant
S (Fig. 1).

Let the coercive force be found by the following
formula:

1 (oo
H =—..|Z
¢ IS (ax)max (1)
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Table 1 — Magnetic characteristics for Nd-Fe-b system

Became exchange . . . The width of the domain
interaction A Became anisotropy, K | Magnetic saturation Is Yrp wall 3, nm
) 1,61%¥10° A/m
%1011 #1016 /o3 > 2
1,25*%107" J/m 4,5*%10° J/m 161 T 0,03 J/m 5.4
1,25*10°° erg/cm 4,5*%107 erg/em’ 1,61*10°G 26,94 erg/cm’

S

Is t X Iy cu

Fig. 2. The movement of the domain limit under the influence
of an external magnetic field n

The density of the surface energy is as follows:

2 2
S? —n(‘i—szSz —T{a;—sz
)

S2

o(x)=0q-

anywhere o, — the average density of the surface energy

of the boundary.

After differentiating the expression (2) and substituting
itinto the expression (1), we obtain a formula for determining
the coercive force for the inclusion model:

_nm o, d
s 3)
or:
2/3
o A I S @
6 I, §?

where /, —magnetic saturation, K-became anisotropy;

& — the width of the domain boundary for phase
Nd,Fe B;

S — distance between inclusions, d is the size of the
inclusion.

Formula 4 was used for modeling. The calculation
results are shown in Fig. 3. From Fig. 3 it can be seen that
by reducing the size of non-magnetic inclusions to 5...10
nm, which is commensurate with the width of the domain
boundary for the phase Fe,,Nd,B, there is a sharp increase
in the values of the coercive force to 5 MA/m.

-
: sk i
LY

Fig. 3. Dependence of the coercive force of the phase
Nd,Fe ,B from the size of non-magnetic phase inclusions
NdCu, and the distance between them

Materials and methods studies

As starting materials for producing sintered compacts
of high-energy used quickly hardened tape. Rapidly
quenched ribbon was produced by the method of melt
spinning is presented to the vacuum setting rapid
hardening “Tape-3” (NSC “KIPT”, Kharkiv). The chemical
composition of the alloys obtained in the work is shown in
table. 2.

Table 2 — Chemical composition of the initial alloys of the system Nd-Fe-(B,C)—Cu-Ti

Ne Chemical composition, % at.
sample's Nd Fe C B Cu Ti
1 15,2 75,33 0,17 6,5 1,57 1,38
2 15,2 75,17 0,33 6,5 1,57 1,38
3 15,2 75,08 0,42 6,5 1,57 1,38
4 15,2 74,99 0,51 6,5 1,57 1,38
5 15,2 74,14 0,86 6,5 1,57 1,38
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Sintering was carried out for the alloy Nd,
Fe . CB,.Cu Ti,(x:0.17..0.86 %at.)after compaction under
a mechanical press at the initial pressure P = 12 MPa (total
pressure was 0.9 GPa + P, MPa) [31]. Sintering occurred at a
temperature T= 1013 K (740 °C) [32] for 1.5h, the Choice of this
sintering temperature was due to the fact that at a temperature
of 928 K a triple fusible eutectic is formed

e, ,Nd,B+Nd, Fe B, +Nd, which promotes liquid-phase
sintering,

The reliability of the scientific results is confirmed by
the use of modern research instruments (optical microscope
OLIMPYS IX-70, Dron-3 diffractometer, scanning electron
microscope JEOLJSM-6360LA, vibration magnetometer,
closed-loop magnetometer); the error in the reproduction
of the results is 3...10 %.

Thus, at this stage, a comprehensive study of the
influence of external pressure and doping of fast cooling
products on the structure and properties of finished
compacts.

Research result

From General considerations, it is clear that an increase
in the sintering time leads to an increase in the average

diameter of the grains, as well as an increase in their number,
and a decrease in the sintering temperature —to a decrease
in the grain growth rate and, accordingly, to a decrease in
their final size. Reducing the sintering temperature, of
course, also helps to reduce the rate of nucleation, and in
the amorphous component, respectively, to reduce the
number of grains of the phase. When changing three
parameters (temperature, pressure and sintering time), it is
possible to obtain a structure with the required number of
grain embryos per unit volume and their most likely sizes.

Thus, on the basis of model representations it can be
concluded that to increase the coercive force it is necessary
to reduce the size of the non-magnetic phase NdCu,. To do
this, in order to seal the sample, the external pressure was
increased to 12 MPa, and the sintering temperature was
reduced from 1323 K [33]to 1013 K, in the region of existence
of fusible triple eutectic and the sintering time was extended
to 1.5 hours. [34]. In order to obtain a higher concentration
of particles of the crushed phase NdCu,. The structures of
the compacts obtained in this way are given in Fig. 4. This
figure shows that the structure of this compact is much
denser and more perfect than the structure of the compact
ofthe same composition which was baked at 9.5 MPa [33].

bj,":-'.: . nf_;-,:ri:',.'f.?, .ﬁ-’-’l‘

I
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Fig. 4. The structure and microstructure of the compacts composition Nd, 5 2Fe75 5% C B6 5Cu1 5T11 3 at different magnifications: «
—0,33 % stock. C; b —0.51 per cent at. C; ¢—0.59 % ad. C; d -~ 0.86% ad. C
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Microstructure, chemical composition and distribution
of elements on the surface of the compact composition
Nd, 5,2Fe7 4,%IB{’,(7C(),5lCu1,57Ti1,38, which was sintered at a
temperature of T=1013 K for 1.5 hours., shown in Fig.5.
From Fig. 5 and table. 3 it can be seen that there is a phase
in the sample NdCu, (white areas), as well as etching pits
indicate a high concentration of crystal defects in the
sample.

The paper presents a statistical analysis with the
construction of the particle size distribution NdCu, in baked
compacts. From Fig. 6 it is seen that the particle size of the

Fig. 5. The microstructure of a compact composition
Ndl5,2Fe74,991B6,6C0,51cu1,57T11,38

Table 3 — Local chemical analysis of the compact
Nd , Fe,, 0B, Cos,Cu, o Th 5

74,9916,6 0,51

Content of elements, at%
Ne poit Phase
Ti | Fe Cu Nd C
1 1,5 179,25 3,5 | 11,55 | 4,2 | Nd,Fe 4B
3,51 1,6 | 557 | 32,8 6,4 NdCu,
2,81 52 | 573 | 314 3,3 NdCu,

57| 3.4 54 30,7 | 6,2 NdCu,

Bl W[ N

phase NdCu,, which are present in the baked sample
obtained under the above conditions, decreased to 0.1 pm
compared to an average size of 0.35 pm for previous
sintering conditions [33]. If the size distribution of grains
is subject to the Gauss law, we should expect that in the
sample there are particles phase NdCu, (spherical) much
smaller size (< 0.05 pm, Fig. 6). The presence of such
particles should lead to a significant increase in the coercive
force. As shown in [34], the probability of the existence of
phase particles NdCu, with dimensions less than 0.05 pm
is extremely high, it is safe to say that the pinning effect
makes a major contribution to the mechanism of increasing
the coercive force. In table. 4 shows the comparison of the
rate of nucleation and growth of particles NdCu,.

It is seen that the average diameter for the inclusions is
almost the same (within the error), the embryo formation
rate falls by almost 5 times, and the particle growth rate
falls by almost 3 times with a decrease in the sintering
temperature. This explains the difference in the maximum
number of phase particles NdCu, in the volume of the
compact and the existence of two peaks that are offset
relative to each other: for the initial pressure of 9.5 MPa —
400 nm and 1000 nm, and for the initial pressure of 12 MPa—
200nm and 600 nm.

Earlier in [35, 36] the magnetic properties of individual
scales were studied Nd  Fe . CB  Cu . Ti
(x0,17...0.86% ad), hardened from a liquid state, as well as
magnetic plastics, which are made of flakes after annealing
from alloys of the same composition. It should be noted
that the magnetic plastics made from flakes, which are
obtained after quenching and annealing at a temperature
of 773...873 K, have a significant coercive force, about 1450
kA/m, and, at the same time, a slight residual induction of
0.5...0.6 T[36].

For rice. 7 hysteresis loops are presented for compacts
that are sintered at an initial pressure of 12 MPa and a
temperature of 1023 K. it is Seen that they differ significantly
from hysteresis loops for compacts that are sintered at a
temperature of 1323 K, namely: the loop approaches a
rectangular one. At the same time, there is an area with
“constriction”.

§ N 400 S BN OISR LD LW e DR DR DM JoW
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Fig. 6. Diagram of distribution of particles NdCu, the size of the compact composition Nd, 5 ,Fes, 99C 51B¢ sCu; 57Ti; 35
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Fig. 7. Hinges of hysteresis of compacts of Nd, 5 2Fe75 5- C,B 6Cu1 57T11 38 alloy, which were sintered at an initial pressure of
12 MPa and temperature 1023 K: Ne 1 -0, 51 % at. C; N02 033 % at. C; Ne 3 — 0,59 % at. C; Ne 4 — 0,86 % at. C.

To determine the actual value of the magnetic energy
of the magnets prepared from the sintered compacts made
from alloys bonded Nd, Fe, , C B, Cu . Ti g, (x
0.33...0.86% of JSC). For this purpose, the baked compacts
were crushed in a ball mill and magnetic plastics were made
from powders using traditional technology. Microstructure

of bonded, which are thus obtained, served on rice. 8.

Fig. 8. Microstructure magnetoplasma that was made of
sintered at a temperature of 1013 K and at an initial pressure
of 12 MPa compact composition
Nd,5 ,Fes5 5 (C\Bg ¢Cuy 57T 350 a = 0.33% at. C; b - 0.51
percentat C;c—0.59% at. C; d — 0.86% at. C

The determination of the magnetic properties of the
obtained bonded was carried out on demagnetization curves
(Fig. 9). As can be seen from this figure, the coercive force
of magnitoplasts, which are made of compacts that are
sintered at a sintering temperature (T = 1013 K) and initial
pressure (P = 12 MPa), has increased sharply compared to
the previous sintering regime [33], and reached values of
900...1350 kA/m with a residual magnetic field of 0.6...0.8 TL.

For rice. 10 the dependence of the coercive force of HC
on the carbon concentration in the initial alloy is presented.
Based on the previous results, a number of experiments to
determine the effect of carbon concentration in the alloy
were performed Nd, Fe .. C B  Cu . Ti on the
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magnetic properties of compacts obtained under external
pressure. In addition to the results obtained in this paper
in Fig. 10 summary data of previous works are given [35,37-
39]. From them it can be seen that the maximum coercive
force falls on the composition 0f 0.2...0.5 % at. carbon’s.
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Fig. 9. The demagnetizing part of the magnetic hysteresis loops:
No1l—0.51% at. C; Ne2 —0.33% at. C; Ne 3 - 0,59 % at. C;
Ne4 —0.86 % at. C
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Fig. 10. Dependence of the coercive force value H - carbon for
the sintered compacts and the bonded composition
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IT; 2 — anisotropic magnets after IT; 3 — after IT is bonded;
4 — bonded without those; 5 — bonded sintered under 12 MPa
compacts
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Discussion of results

The analysis of experimental data allows us to state
that the rapid cooling of the alloy Nd15,zFe75,5.
C.BCu, ,Ti , in hardening products (scales)
amorphous and crystalline phases are formed. It is
established that the main crystalline phases are Nd,Fe, B,
Nd, Fe,B,, clean Nd phase, which is identified as
intermetallic NdCu,.

Itis known that Nd,Fe ,B formed in the system Nd-Fe-
B at protectionhow reaction. In the case of rapid cooling
from the liquid phase Nd,Fe B crystallizes directly from
the liquid, bypassing the equilibrium transformation. In
addition to phase Nd Fe B in this alloy, a phase of the
type NdCu,, which exists in the Nd-Cu system with an
atomic composition of Cu + 33 AO. % Nd [40], but the
copper content in the alloy under study does not exceed
1.6 % AO. and so phase NdCu,, according to the
equilibrium state diagram, can not be formed in this alloy.
It is known that in the Fe—Cu system under certain
conditions (the presence of carbon more than 0.3 at.%), a
complete stratification in the fluid may occur [41].
Therefore, the probability of formation of micro domains,
which are enriched in copper in the liquid alloy, a large
because carbon stabilizes the region of nesmeshivaemost
of copper with the main alloy element, iron. So, at high-
speed cooling of the alloy from the liquid state intermetallic
compounds NdCu.,it can be obtained as a metastable phase
based on micro-groups enriched with copper and other
elements. According to Miroshnichenko . S. [42], phases
Nd,Fe, B, NdCu, it can be called phases with limited
metastability.

Previously [33] derived the scales of the composition
Nd,,,Fe,,, CB, Cu . Ti ,placed in the mold and
pressed using a mechanical press, then spcala in a vacuum
oven ata temperature of 1323 K. the sintering Temperature
was chosen according to the technological process of
production of anisotropic permanent magnets. As
mentioned earlier, the material of the clamp and mounting
bolts was selected so that an additional “thermal” pressure
of up to 1 HPa could be obtained. Under high pressure
conditions, stresses occur that accelerate diffusion
processes in the sample [43,44]. Thus, on the one hand,
the volume growth of phases is carried out Nd,Fe B i
NdCu, and at the same time, their stability will be stable,
since high pressure displaces the phase equilibrium points
in the high temperature region, in accordance with the law
of Clapeyron-Clausius.

Since the phase Nd, Fe ,B under these conditions, it
does not have time to form into individual grains, and the
ndcu?2 phase sizes are such that they do not interfere with
the movement of domain boundaries, in this case the value
of the coercive force of the sample remains almost constant.
In order to avoid the rapid growth of NdCu2 phase, the
initial pressure was increased and the sintering temperature
was reduced to the triple fusible eutectic temperature (1013
K), and the sintering time was increased to 1.5 hours. These

conditions practically did not affect the rate of the phases
nucleation NdCu, and Nd,Fe B and at the same time
reduced the rate of growth of these phases. As can be
seen from figure 4.6, the phase size NdCu, it decreased to
0.2 um, and in some cases to 0.05 um, and the coercive
force of the compacts increased by an order of magnitude
from 160 kA/m to 1300 kA/m. Along with this, the
amorphous component of the films crystallizes stable and
metastable phases under high pressure. The amorphous
component is an unordered structure with the absence of
a long-range order and therefore, under these conditions,
the density of imperfections tends to the maximum, and
the processes of transfer of alloying elements, namely,
carbon, copper and titanium, to the zone of imperfections
(Suzuki-kotrell Cloud, dislocation nuclei, etc.) are
accelerated. Reaching critical dimensions, clusters of
imperfections enriched with alloying elements also become
an obstacle to the displacement of domain boundaries.

Thus, carbon affects the properties of alloys in two
ways Nd , Fe,. . CB, Cu, ,Ti g, (x:0.33...0.86% of the
stock.): on the one hand, in the presence of carbon
(0.33...0.86 at.%) in a liquid alloy, micro-areas are formed,
which are enriched with copper, on the basis of which
crystals are formed from a liquid state during quenching
NdCu,. On the other hand, during crystallization of the
amorphous component in alloys Nd,Fe,
C.B¢sCu, ,Ti , under high pressure conditions,
imperfections are formed in which the alloying elements —
carbon, copper, titanium, neodymium-are diffused. Micro
areas, reaching critical sizes, become an obstacle to the
displacement of domain boundaries. And in the first, and
in the second cases actively manifests itself pinning-effect.

Complex alloying with carbon, titanium and copper of
the alloy “Neomax” was used to increase the magnetic
anisotropy of the phase Nd,Fe B, the dispersion of the
primary crystals (modifications of titanium) and the
formation of a paramagnetic phase NdCu,, that allows you
to use the pinning effect.

Summary

1. We obtain the cheap cost material exceeding the
magnetic characteristics in comparison with the known
magnetic systems.

2. Fast cooling of alloys Nd , Fe... C B, Cu, . Ti
leads to the formation of metastable phases Nd,Fe ,B and
NdCu,, bypassing the equilibrium of the reaction.

3. With a decrease in the sintering temperature from
1323 K to 1013 K under high external pressure, the growth
process of metastable phases slows down, which makes it
possible to obtain nanoscale phase formations in a compact
NdCu,, which prevent the movement of domain boundaries.
This increases the value of the coercive force by an order
of magnitude (H.= 1350 kA/m), and the residual induction
of almost 2 times (Br=0.8 T).

4. It is shown that for non-magnetic inclusions of the
NdCu2 phase up to 50 nm in size it is possible to obtain the
value of the coercive force 6...8 MA/m. For the size values
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of non-magnetic inclusions 1...The value of the coercive
force of 100-200 kA/m was obtained at 10 pm, which
coincides with the experimental data.

5. Under high external pressure, the maximum coercive

force falls on the composition of alloys with carbon in the
amount of 0.33...0.51 at. %, due to the maximum diffusion
of C, Cu, Those in the field of imperfections of the structure
and interference with the movement of domain boundaries.
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I'ynsiea T. B., Bpexaps I. I1. IIpo nocaixkeHHs BIVIMBY 30BHIIIHBOTO THCKY Ta BYIVIELI0 HA CTPYKTYPOYTBOPEHHS
Ta BJIACTHBOCTI KOMIIAKTIB, 110 ClieYeHi Ha 0CHOBI BUAKO 0x010KxeHUX ciiiaBiB Nd-Fe-(C,B)-Cu-Ti (UacTuna 2)

Mema pobomu. Komniaexcre docniodncents mepmoOUHAMIUHUX MA PIZUKO-XIMIYHUX YMOB YIMBOPEHHSL (a3 6 20mOGuUx
ROCMITHUX MACHIMAX, WO 8USOMOBNAIOMbCA HA OCHOGI cucmem Fe-Nd-B.

Memoou docnidrcenna: Memanocpagiunuil, peHmeeHoCNeKmpaIbHUll, MAeHIMOMempUUHUIL.

Ompumani pezynvmamu. JJociodcyemupCs 61aU8 306HiuUHbO20 MUCKY ma He3Haunoi Kinekocmi gyeneyro (0,17...0,86 % am)
Ha CmMpyKmypy ma 61acmueocmi NOCMIIHUX Ma2Himis, aKi eueomoeneHi Ha ocHogi cucmemu Nd-Fe-B, wo nezcosani
MiO00 ma mumarom. [ 6ueomoeneHHs NOCMIliHUX MASHIMI8 3 BUCOKOI0 MACHIMHOK eHep2IiEi0 8UKOPUCHIAHO NPOOYKMU
WBUOKO20 OXONLOONHCEHHS 3 PIOK020 cmaHy. s yboeo aycouku, uwjo ompumari memooom 3PC, npecysanu y npec-gpopmi
ma cnixanu y eaxyymi. [lpec-gpopma ma 6onmu, wio ix ckpinaroroms, 8uc0mosieti 3i Cniasis, y AKUX pisHi koegiyienmu
JHItIHO20 poswiupenns. Lleti memoo dae 3moey docsemu gucokoeo mucky (=1 I'Tla) nio uyac cnikanna. CnikauwHs
8UKoHysanu y 8axyymi nio muckom P = 12 MIla ma npu memnepamypi 1013 K.

THokaszarno, wo syzneysb 06oako enaugae Ha eracmusocmi cniagie Nd s zFe75, HCXB 5 6Cu . oy 139 (x: 0,33...0,86%
am.): 3 00nozo 60Ky, 6 npucymuocmi gyeneyio (0,33...0,86 am.%) 6 piokomy cnaagi, ymeopioromucsa Mikpoobiacmi, siKi
30azaueni Mi0OI0, Ha OA3L AKUX npu 3a2apmyeanti 3 piokoeo cmary 3apoodvicytomsca kpucmanu NdCu,. 3 inuwozo 60Ky,
npu Kpucmanizayii amopgnoi cknadosoi 6 cnaasax Nd; Fe, . CB  Cu, Ti .. 6 ymosax 6ucokozo mucky
YMBOPIOMbCs 0011acmi HeOOCKOHAIOCME, 8 IKI OUPYHOYIOMb 1e2y8AIbHI eleMenmu — 8y2lielyb, MiOb, MUMAaH, HeOOUM.
Mikpoobracmi, docaearouu KpUmuyHUX po3mipie, Cmaioms nepeuikooor 3MiujeHHs 2panuyb Oomerie. I  nepuiomy, i 8
Opy2omy 6UNAOKAX aKMuGHO NPOAGIAEMbCA NIHHIHS-eeKm.
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Haykosa nogusna. Bcmanosieno, wo 3HudiCeHHs memMnepamypu CHiKauHs WeUoKo 0X0I00JCEHUX TYCOYOK CHAABIE
Nd,; Fe, . CB, Cu, Ti . 6ymosax ucokoeo mucky nopsoky 0,9 I'lla 6io mexnonoeiunoi 1323 K 0o memnepamypu
1013 K npaxmuuno ne eniusac na weuoKicms sapoodicenia memacmabinorux ¢pas NdCu,ma Nd Fe, B i ¢ moii ace uac
BHUdICYE WeUOKicms ix pocmy. OOHAK, ye npu3e00ums 00 30LIblUeHHs KOepYUMUSHOI CUiu 20mosux macHimis 6io 160
KA/m 0o 1300 kA/m.

Ilpakmuuna yinuicms. Odepoicani 6 pobomi pe3yibmamu Maioms GANHCIUEE 3HAUEHHSL Ol HOOAILULO20 PO3GUMKY
Qizuuno20 Mmamepianio3HA8CMEa MASHIMONCOPCMKUX MAMEPIANie ma Cy4acHOl mexXHIKu.

Knrwouogi cnoea: cnixanns, «mepmivHuily muck, 8i0nai, OCHO8HA MAZHIModxcopcmka gasa, gaza 3 oomedcenoo
MemacmabiibHICmIo, KOEPYUMUSHA CUA.

I'yasieBaT. B., Bpexaps I. I1. O6 ncciienoBanum BJIMSIHASI BHELIHET0 IABJIEHNSI M yIJIEPOIa HA CTPYKTYpPooOpa3oBaHue
U CBOIiCTBA KOMIIAKTOB, MCIIEY€HHBIX HA 0OCHOBe ObICTPO oxaxkaeHHOi ciuiaBoB Nd-Fe-(C,B)-Cu-Ti (Yactb 2)

Lenv padomwl. Komnnexcnoe ucciedosanue mepmoOUHAMUYECKUX U USUKO-XUMUYECKUX YCL08UL 00PA308aHUs
a3z 6 20MoBbIX NOCMOAHHBIX MASHUMAX, U320MABTUBAEMBIX HA 0cHO8e cucmem Fe-Nd-B.

Memooust uccnedosanusn: memaniocpapuueckull, peHmeeHOCHeKmpatbHblil, MASHUMOMEMPUYECKUIL.

ITonyuennvie pesyrsmamol. Hccredyemcs enusiHue GHeUWHe20 OA6IEHUS U HESHAUUMEIbHO20 KOIUYeCma8a yenepood
(0,17...0,86 Y%am) na cmpykmypy u c80icmea nOCMOAHHBIX MAZHUMOS, U320MOGNIeHHbIX HA 0CHO8e cucmembl Nd-Fe-
B, necuposannvix medvio u mumanom. s u32omosienus NOCMOSHHbIX MAZHUMOB C 8bICOKOU MASHUMHOU SHepeuel
UCHONBL308AHO NPOOYKMbL OBICMPO2O OXAANCOCHUS U3 ICUOKO20 COCMOSAHUA. [ 3mo2o yeutyiKu, noxyyeHHbvle
memodom 3)KC, npeccosanu 6 npecc-popme u cnexanu 6 éaxyyme. Ilpecc-gpopma u 601mei, KOMOpbIMU CKpENIAiom,
U320MOGIEHHbIE U3 CNILABO8 C PAZTUYHLIMU KOIPPUYueHmamu IuHetiH020 pacuupenus. Imom mMenoo no3gosem
docmuub gvlcokoeo oasnenus (= 1 I'Tla) npu cnexanuu. Cnekanue 8bINOIHAU 8 6aKyyme noo oagnenuem P = 12 MIla
+ 0,9 I'lla u npu memnepamype 1013 K.

Horasano, umo yenepoo oxaseiéaem 06osikoe enusnue na ceoucmea cniaéos Nd  Fe, . CB Cu, Ti ., (x:
0,33... 0,86 %am.): C oonoii cmopoHrul,  npucymemeuu yenepooa (0, 33...0,86 am. %) 6 sicuoxom cnnase, obpazyromcs
MUKPOOORACmU, KOMOpble 0002aujeHbl Meoblo, Ha 6a3e KOMOPbIX NPU 3AKAIKe U3 HCUOKO20 COCMOSIHUSL 3aPOHCOAIOMCS
kpucmanm NdCu,. C dpyeoti cmopotwl, npu kpucmanmsayuu amop@rot cocmaguiroweti 6 cnnasax Nd, Fe, . C B, Cu, Ti, .,
8 YCNOBUSIX BbICOKO20 OABIEHUSI 00PA3VIOMCS 00IACTU HeCO8epULeHCME, 8 KOmopble Oud@ynoupyrom aezupyoujue
anemenmol — yenepoo, medb, mumat, Heooum. Mukpoobracmu, docmueas KpUmuyeckux pamepos, CmaHo8smcs
npenamcmeuem 0Jis cMewjeHus Spanuy 0omeHos. M 6 nepeom, u 60 8MopoM CAy4AsX aKmMUueHO NPOABGIAEMcs NUHHUHS-
apgexm.

Hayunas nogusna. Ycmanogieno, umo CHUICEHUE MeMnepamypbl CHeKanusi ObiCpPO OXIANCOCHHBIX YEULYeK CIIIAB08
Nd,; Fe, . CB,  Cu, Ti . 6 ycrosuax wicokozo oaenenus nopsoke 0,9 I'lla om mexnonoeuueckou 1323 K do
memnepamypot 1013 K npaxmuuecku ne 6nusem na ckopocms sapodicoenus memacmabunviolx pas NdCuu Nd Fe, B
U 6 Mo dice 8pemsi CHudIcaem ckopocmy ux pocma. OOHAK0, 2mMo NPUSOOUN K YEETUUEHUIO KOIPYUMUBHOU CUTLbL 20MOBbIX
mazrnumos 160 kA / m 0o 1300 kA / m.

Ilpakmuueckas yeunocme. [lonyuennvie 6 pabome pe3yibmamol UMEION GANCHOE 3Hadenue Ol OAIbHelue20
Pazeumust PuzuuecKo2o MamepuaiosedeHust MAZHUMONCECMKUX MAMEPUATO8 U COBPEMEHHOU MEXHUKU.

Knrwuesvle cnosa: cnexanue, «mepmuieckoey OdgieHue, OmaicUue, OCHOGHAS MACHUMONCeCMKUX (haza, ¢aza ¢
02PAHUYEHHOU MEMACAOUILHUCTIIO, KOIPYUMUSHAS CULA.
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CTPYKTYPOYTBOPEHHS. OMIP PYNHYBAHHIO TA ®I3/KO-MEXAHIYHI BIACTUBOCTI

YOK621.791

KanunuH KO. A%, kana. TexH. Hayk LUymunos A. A.2, PhD lMeTpuwwmney .3,

A-p TexH. Hayk Ecppemenko B. 4, a-p TexH. Hayk BpbikoB M. H.2

"MAO «3anopoxTpaHcdopmaTtopy, I. 3anopoXxbe

2HaumoHanbHbIM YHUBEPCUTET «3anopidbka NnoritexHikay, r. 3anopoxse

3 MHcTuTyT MaTepranoBeneHus, . Kowmue, Cnosakus

4T'BY3 «[prazoBckuii rocygapCTBEHHBIN TEXHUYECKUA YHUBEPCUTETY», I. Mapuynonb

CTPYKTYPA OKOJTIOLLOBHOW 30Hbl 3AKAITEHHOM
BbICOKOYINMEPOOUCTOW CTAINU MOCIIE CBAPKU C
YCKOPEHHbIM OXNAXOEHUEM

Llens pabomut — ucciedosanue cmpyKmypol 301Hbl MEPMUYECKO20 GAUAHUS CBAPHO20 COCOUHEHUS 3AKATEHHOU HA
MaApmMeHCum 6blCOKOY2IepoOUCMOll HUZKOAeSUPOBAHHOU CMANU NOCIe PYYHOU 0Y2080l C8APKOU C YCKOPEHHbIM
OXNLAdNCOEHUEM.

Memoowt uccnedosanua. /[ns ucciedo8anus MUKpoOCmpykKmyp UcCnoib308and ONmMuyeckas u pacmpoeas
2aeKkmpoHuas mukpockonus. Teepoocms 06pa3zyoe usmepsanu ¢ nomowwvro meepoomepa Buxkepca ¢
KOMNbIOMEPHbIM YApAGIeHUEeM NOZUYUOHUPOBANHUSA U UHOEHMUPOBAHUA 00pa3yd, a makaice onpeoeieHus
ouazonanel omne4amrkos.

Pezynomamut. Ilocpysicennvie 6 600y (Kpome c8apusaemuvix KPOMOK) NIACMUHbL U3 3AKATEHHOU HA MAPMEHCUm
8bicoKoy2nepooucmot Huskonecuposaunou cmanu 120I'3C2 u nuzkoyenepooucmou cmanu 09I'2C ceapenvt pyunot
0yeosoll ceapkoil. Mcciedosana Mukpocmpykmypa ceaprozo coedunenusi. Onpeoenensvi pazmepvl XapaKmepHoix
VHACMKOB 301 MEPMULECKO20 BUSHUSL U MEePOOCTNb MAMEPUANA HA PASTUYHOM PACCIMOSHUU O 2DAHUYbI CHAAGLEHUS.

Hayunas noeusna. Bnepsevie nposedena ceapka ¢ yCKOPEHHbIM OXAAANCOEHUEM 8 800€ BbICOKOY2NePOOUCmOoU
CMAU NOCae 3aKANKU HA Mapmercum 6e3 Omnycka. YcmanognieHo, Ymo 6 CImpykmype 30Hbl MepMuiecko2o GlusiHus
MBEPOAst MAPMEHCUMHASL NPOCAOUKA PACHOLOACEHA He BNIOMHYIO K 2panulye CNIa6NIeHUs, d Omoeiend om Heé Cloem
aycmenuma.

Ilpaxmuueckan yennocms. [1oxazana npuUHYURUATLHASL BO3MONCHOCL CEAPKU  MepMUuiecku 06pabomanHvix
8bICOKOY2NIEPOOUCMBIX USHOCOCMOUKUX cmaneld 6e3 HapyuleHuss CIMpPYKmypbl, NOIYYEHHOU npedsapumenbHoil
mepmuyeckol 0opabomxoil.

Knwuesble cnosa: 6bicoKoyeiepoOuUCcmas HU3KOIE2UPOBAHHAST CIATb, C8APKA, YCKOPEHHOE OXAAdNCOeHUe, 30HA
MEPMUUECKO20 GIUSHUS, MUKPOCTPYKMYPA, MEEPOOCHIb.

BBenenne

W3HOC cunTatoT OHON W3 BaKHEHIIMX TIpoOIIeM Co-
BPEMEHHOH NMPOMBIIUICHHOCTH. JIt00BIe 1eTamu, HaXos-
IIHecs B TIOIBIKHOM KOHTAKTE TI0J] HATPY3KOH, TTOIBEpIKe-
HBI H3HOCY — ITOCTETICHHOI IToTepe MaTepraia ¢ KOHTaKTH-
PYIOIIHUX MMOBEPXHOCTEH. DTOT mporecc MPUBOIUT K
M3MEHEHHUIO TEOMETPHH AETaJIeH 1, B UTOTe, BEIXOIY UX U3
crpos. B 3aBrcrMOCTH OT BHIa H3HAIMBAHUS €TI0 CKOPOCTh
M3MEHSETCS B OYECHB IIMPOKHUX Tpe/ieiax ; Hanooee arpec-
CHBHBIM SBJISICTCS a0pa3uBHOE W3HAIMBAHKE, KOTIa H3HOC
paboueil TOBEpXHOCTH Ha YPOBHE IMHUI] WK JaXKe Je-
CSTKOB MIJUTMMETPOB JOCTUTAETCS 33 BpEMs ITOPsIIKa He-
CKOITBKUX CYTOK. B pekume aOpa3WBHOTO M3HAITHBAHUS
paboTaroT MPaKTUIECKH BCE DIIEMEHTHI [eTajleld MaIlvH,
KOHTaKTHPYIOIIHE C TBEPABIMH YaCTHIIAMH IIpHA 00paboT-
Ke TPYHTAa, a TAKKe B MIPOIIeCCe MPECCOBAHUS, TIePEMEIIH-
BaHU FJTH U3MEIBICHUS Pa3IIUNYHBIX €CTECTBEHHBIX U
HCKYCCTBEHHBIX MAHEPAJIOB.

3amura 0T abpa3uBHOTrO U3HAIMBAHUS MIPEIIIONIATacT
HCTIONb30BaHUE MaTEPUAIIOB IOBBIILIEHHON U BBICOKOU TBEP-
JIOCTH, KOTOpast TOCTHTAeTCs 33 CUEeT TBEPIBIX CTPYKTYp-
HBIX COCTABIISIONINX (HAIp. KapOM/IBbI) FT BEICOKOH CTere-
HH YITPOYHEHHUS] METAJUTIYECKOH OCHOBBI B TIPOIIECCE TLIa-
CcTHYeCcKOr AedopMariy Ipu BO3AeHCTBIH abpa3uBa. B
JMO0OM CITydae M3HOCOCTOMKHN MaTepHall, B YaCTHOCTU
CTaJb, JOIDKEH COZIEprKaTh MOBBIIIEHHOE KOINIECTBO YyIye-
poxa s oOecTiedeHust BO3MOKHOCTH ONTUMAIBHON Tep-
MH9eCKOH 00pabOTKH B COOTBETCTBUH C PEKUMOM H3HA-
mmBaHus. [Ipn Hamamnn 3 QeKTHBHBIX CITIOCOO0B KpeTTe-
HUS 3aIIUTHBIE JIEMEHTHI U3 TEPMUYECKH 00pabOTaHHBIX
BBICOKOYIJIEPOIUCTHIX H3HOCOCTOMKUX CTaIei MOTYT OBITh
WCTIONB30BaHBI IS IPOIUIEHHS pecypca IMUPOKO HOMEH-
KJIATyphl IeTajIe MalluH.

CBapka — ONTHMAaJIbHBIN BapHaHT KPEIUIEHNS H3HOCOC-
TOWKHX 3aIITHBIX AIEMEHTOB, OIHAKO 37IECh MOT'YT BO3HHK-
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HyTB 3aTpynHeHns. CBapka BEICOKOYIIEPOANCTBIX CTaJIEH, Kak
MIpaBuJIo, TPeOYeT 3HAUMTEIBHOrO NPEABAPUTEIHLHOIO T10-
JIOrpeBa CBApUBAEMBIX JIeTaJIeH 1 3aMeUIEHHOO TEMJI00T-
BOJ[a, YTO HETIPUEMJIEMO TSI TEPMUUYECKH 00pabOTaHHBIX
(3aKasIEHHBIX ) NI3HOCOCTOMKHX AJIEMEHTOB. TakuM 00pa3oMm,
CYIIECTBYET aKTyaJIbHasl HaydHO-TIPaKTHYECKas 3ajada —
HaxOXJEHHUE TAKOTO crloco0a CBapKH 3aKaJIEHHBIX BBICOKO-
YIVIEPOIUCTHIX CTajlel, KOTOpBIi T03BOMMII OBl Oe3 1morepu
W3HOCOCTOMKOCTH CBapUBAEMBIX 2JIEMEHTOB MOITyJarh CBap-
HBIE COSTMHEHHS JIOCTATOYHOTO Ka4eCTBa.

Iesqs paboThI — HAXOXKICHHE IPAKTUIECKU IIPHEMIIE-
MOT0 croco0a CBapKH 3aKaJ€HHOH BBICOKOYIIIEPOIUCTOH
CTaJIM C HU3KOYIJIEPOIMCTOM CTAIBIO, a TAKKe NCCIIEI0Ba-
HHE CTPYKTYPBI HOJyYeHHOT'O CBapHOTO coemHeHws1. Tep-
MHYECKOE BIIMSHHE Ha CTPYKTYpY JIEMEHTa U3 3aKaJéH-
HOMH CTaJTi TOJDKHO OBITh MUHUMH3HPOBAHO.

Anajm3 myOJuKanuii o reme padorsl

VBenuyeHnne N3HOCOCTOMKOCTH JIeTajield MOKET OBITh
JIOCTUTHYTO HECKONBKUMH ITyTsiMH. L1TMpoKo neromnb3yror-
Cs METO/TbI HAHECEHUS 3aIIUTHBIX CJIOEB M HarwiaBka [ 1-3],
a Taxxe 00bEMHas Tepmudeckas oopadorka [4-6]. B pa-
6otax [7, 8] mpe1oKeH HOBEIH KITaCC MaTepHajoB, H3HO-
COCTOHKHX NpH aOpa3MBHOM M3HAIIMBAHNH, — BBICOKOYT-
JIepOUCThIE HU3KOJIETHPOBaHHbBIE cTanu. biaronaps BbI-
COKOW KOHIEeHTpaumuu yriepona (okxomo 1,2 %) u
CYMMapHOMY COJEP>KaHMIO JIETUPYIOIINX 3JIEMEHTOB Ha
ypoBHe 3 % mocie 3aKaiku u3 ogHodasHol r- o0macTu
TEMIIEpaTypa Hadajla MapTEHCHTHOTO MpeBpamenus M
cHikaercs 10 yposHs 20 °C. IToaToMy KOTHYECTBO OCTa-
TOYHOTO ayCTEHUTA nocie 3akanku gocturaer 90-100 %
[8]. braromapst BEICOKOH CITOCOOHOCTH OCTATOYHOTO ayC-
TeHNTa K (ha30BOMY NPEBPALICHHUIO NTPH MEXaHMYECKOM
BO3/ICHCTBHN — HANIPUMED, NIPU IApallaHWU a0pa3uBOM B
Tporiecce M3HAMNBAHMS — HAa TOBEPXHOCTH TPEHUSI ITOCTO-
SITHHO 00pasyeTcsl TBepIBIA CIIOH MapTeHCHTa Iedopma-
i [8], 9T0 ¥ CHOCOOCTBYET 3HAYUTEIFHOMY ITOBBIIICHIIO
HN3HOCOCTOMKOCTH.

W3BecTHO, 9TO CTAM C COAEpKAHUEM yriepoza Oonee
0,4 % cuuratorcs TpyagHOCBapuBaeMbIMHU. UeMm Oombiie
yIIiepoaa u APYTrux JIETHPYIOMUX deMeHToB (kpome Co)
COIEP>KHUTCS B CTAJIH, TEM MEHBINASI CKOPOCTh OXJIAKACHUS
JIOJDKHA OBITH oOecriedeHa Uil MCKITFOUESHUsS! TOSBICHUS
MapTeHcHuTa B 30He Tepmuueckoro BiuusHus (3TB) [9].
‘YMeHbIIeHnE CKOPOCTH OXJIAXKICHHS JOCTUTAETCS IPe/Ba-
PHUTEIBHBIM ITOAOTPEBOM H 3aMEAJICHHBIM OXJIAXKICHHEM.

B pabore [ 10] moka3aHo, 4TO B CITydae CBApKU TEPMHU-
geckn 00pabOTaHHOM 3a3BTEKTOUIHON BBICOKOYIIIEPOIH-
CTOM HHU3KOJIETHPOBAHHOH CTa HEOOXOAMMO HE 3aMell-
JICHHOE, a YCKOPEHHOE OXJIAXKJCHHE CBAPHOIO COCANHE-
HUS, TTOCKONBKY IIPH YCKOPEHHOM oxiaxxaeHuu B 3TB
(bMKCHpyeTCs OCTaTOYHBIN ayCTEHUT HEMOCPEACTBEHHO 32
30HOM CIUTaBIIEHUS. DKCIEPIMEHT MPOBEICH HAa MOACITBHOM
CBapHOM COEIMHEHWH MaJIOr0 pa3Mepa P €CTECTBEHHOM
OXJIQKICHHH 32 CYET TEeIIO0TBOAA BIIyOb oOpasma. [lpu
YBEJIMYEHHUHN pa3Mepa CBapPHOTO COSMHEHHS CKOPOCTh ec-
TECTBEHHOTO OXJIXKICHHUS MOXKET OKa3aThCsl HEJOCTaTOTHOM
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JuTst TIoTydeHust Tpedyemoit crpykrypst 3TB. B cBsi3u ¢ atim
HEOoOXOIMMO TNPUHYIUTEIFHOE YCKOPEHHOE OXJIaXJICHUE
CBapHOr0 COEVHEHUSI B IIPOLIECCE CBAPKH.

MakcuMainbsHast CKopocTh oxyaxkaeHus 3TB moxer
OBITH MOJy4YeHA NPH HOTPYKEHHH B BOIY CBAPHBAEMBIX
nerayieil (KkpoMe cBapMBaeMBIX KpPOMOK). B naHHOM ciry-
yae rapaHTUpyeTCs JOCTaTOYHAs JUIsl 3aKaJIKh CKOPOCTh
oxnaxaeHus 3TB u coxpaHeHne HEU3MEHEHHON CTPYKTY-
PBI TEpMHUYECKH 00pabOTaHHOTO H3HOCOCTOMKOT'O AJIEMEH-
Ta. YCKOPEHHOE OXJIAKICHUE B BOZIE — U3BECTHBIN IIPHUEM,
HCTIONB3YeMBIi1, HapUMep, PU CBAPKE BHICOKOA30TUCTBIX
craneit [11]. OgHako ero npuMeHeHue Mpy CBapKe BHICOKO-
YIIEPOTUCTBIX HU3KOJIETUPOBAHHBIX CTAJIEH 1O HACTOSIIIE-
T'O BPEMEHHU HE HCCIIE0BAHO.

MeToabl M MATEPHAJIBI

DKCIepUMEHTHI IPOBEIEHBI C NCIIOIB30BaHNEM 00pa3-
1IOB, BEIPE3aHHBIX U3 ITOJIOC BBICOKOYTIIEPOINCTOMN HU3KO-
nerupoBaHHOH ctamu 1201'3C2 npoMBIIUIEHHOT O H3TOTOB-
JICHUsI ¥ CTaHAAPTHOM HU3KOYTJIEPOIMCTON HU3KOJIETHPO-
BaHHOHM ctanu 09I'2C TonmuHOW 5 MM H 8 MM
COOTBETCTBEHHO. XuUMuueckuil coctaB ctanu 120I'3C2
(macc. %): 1,21 %C; 2,56 %Mn; 1,59 %Si. Obpa3ern ctamm
120I"3C2 npenpapurensHo 3akanéH ot 800 °C, 6e3 oTmycka.
Tsepnocts 3akanénnoro oopasma 8§00-850 HVO.5.

Ha puc. 1 nokasan 3akanénnsit oopaser cranm 1203C2
(1) mocite cBapky ABYMsI YIJIOBBIMU IIBAMH C 00pa3liaMu
cranm 091°2C (2). CapKy IpoBOMITH Ha ITEPEMEHHOM TOKE
anexrpogamu RIK99 (99 %Ni, 1 %C) nnamerpom 3 MM Ha
pexume: Ice =190 A; Uce =25 B. CBaprBaeMbIe 00pa3Libl
OBbUTH 32)KaThl CTPYOLIIMHON 1 IIOTPYKEHBI B BOJY JI0 YPOB-
HS yHKTAPHOH JTHHUHI. MecTo BhIpe3kn oOpasma JuIs uc-
ciempoBanus CTpyKTypbl 3TB (3) mokazaHo CTPeKoi.

[Nomepeunsie ceueHns: 00pa3oB OBLTH OTIIONHUPOBA-
HBI ¥ IpoTpaBieHs! 4 % Huranem. MccnenoBanue MUKpO-
cTpykTypsl 3TB n n3MepeHuss MUKpOTBEPIOCTH IIPOBEJIe-
HEI ¢ Tomoinkko onrrdeckoro OLYMPUS GX-71, pactpo-
Boro sekrponHoro JEOL JSM-7000F MukpockoroB u
Mukporsepaomepa Wilson® Hardness.

Pe3yJibTaThbl 3KCNIEPHMEHTOB U 00CyKIEHHE

Ha puc. 2 moka3ana maHopama CBapHOTO COCIMHEHUS
cranu 120I'3C2 u 091 2C. Metann mBa 1 oraenés ot Hens-
MeHEHHOI cTpyKTypHI ctanu 1203C2 6 rpanuIeii cras-
JICHWS 2, 30HAMH 3aKaJIKH HA ayCTEHUT 3 U MapTeHCHT 4, a
TaKX€e 30HOU OTITYCKa HCXOIHOM 3aKalEHHON CTPYKTYPHI 5.

B mpomecce cBapku B 30HE 3 MPOUCXOAUT OBICTPHIHA
HarpeB 0 IOJCOMMIYCHBIX TEMIIEPATyp M YCKOPEHHOE
OXJIQXKJICHHE, YTO SKBUBAJICHTHO 3aKaJIKe M3 OXHO(ha3HOH
r-o0nmacTy mpu OOBIYHOM TepPMHUIECKOi 00paboTke. 3a cuer
TIOJTHOT'O PacTBOPEHNUs KapOmmaHOH (ha3bl B ATOM 30HE TEM-
nepaTypa M, camkaercs 10 yposrs 20 °C, 9o obecreun-
BaeT ayCTCHUTHYIO CTPYKTYpy 30HBI 3. C yBenmdeHHEeM
PacCTOSHHMS OT TPaHMIIBI CIUIABJICHNS] MAKCHMaJIbHAS TEM-
nepaTypa HarpeBa MaTepHaja B IPOIECCE CBAPOYHOIO
IIMKJIa HEMPEPBIBHO YMEHBIIAETCS, KOINYECTBO PAcTBO-
PHBIIHXCS KapOMIOB TAK)KE YMEHBIIIACTCSI M TEMIIEpaTypa
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Puc. 1. CapHsble coennHenus 3akaneHHoi cramm 120I3C2 (1)
u cramu 09I2C (2), 3 — mecTo oTOOpa oOpasia s Uccaea0Ba-
Hus cTpyKkTypsl 3TB

M, nosbrmaercs. Ha HEKOTOPOM KpPHTHYIECKOM pacCTos-
HUH (4) OT TPaHUIIbI CIUIaBJICHNS TepMOOOpadoTKa MaTe-
pHaja B IPOLECcCe CBApOYHOIo IUKJIA YKBUBAJICHTHA 3a-
KaJIKe C MUHUMAJIBbHBIM MIEPETPEBOM BBIIIE AC, — 3aKalKe
Ha MaKCHMAaJIbHYIO TBEpAOCTb. [1pH nanbHeleM yBenu-
YEHUH PACCTOSHUS OT IPaHMUIIBI CIIaBlIeHus (pa30Boe mpe-
BpallleHUEe Y)Ke He ITPOUCXOANT, M MCXOMHAs 3aKaJEHHAas
ctpykTypa ctanu 120I'3C2 noasepraercs OTIIyCKY.

OO6paniaer Ha ceOs1 BHUMaHHE HAJIMYME MApPTEHCHUTA B
CTPYKTYpE TpaHHIBI CIUIaBIeHUS (pHc. 3), HECMOTpPS Ha
OONBIION 3amac ayCTEHUTHOCTH BJIEKTpona. DTO MOXKET
OBITH CBSI3aHO C BEITOPAHMEM YIIIEpOsia M MapraHIa, u, Io-
BUJIUMOMY, UCKIIOYAET IONydeHHuEe 0e3MapTeHCUTHOM
CTPYKTYpHl TPAHUIIB! CILIABJICHUS IIPU CBAPKE CTAJH
120I"3C2 npu r000M cocTaBe 3IeKTpoaHoro Merasmia. Ot-
CIOJIa CJIEYET, YTO COCTAB AIEKTPOIHOIO METAIIa MOXXHO
W3MEHATH B JJOCTATOYHO LIMPOKHX IPEAENax B CTOPOHY
YMEHBIICHNS YPOBHS JIETHPOBaHUS O3 N3MEHEHNUS CTPYK-
Typbl Tpanunsl croiasiaenus U 3TB. Heobxonumo orme-
THUTB, YTO MapTEHCHT, 00pa3yIOLIHiics B CTPYKTYpe rpaHu-
Bl CIUTABJICHUS, TPAKTHYECKH MIHOBEHHO HAaYMHAET ca-
MOOTITYCKaThCs ITPH JIOCTATOYHO BBICOKHX TEMITEpaTypax.
DTO 3HAUUTENIFHO CHIKAET BEPOSTHOCTh BOSHUKHOBEHUS
JiepeKTOB CBApHOTO COEAMHEHHSI.

Puc. 4. unnroctpupyer UI3MeHeHUe TBEPIOCTH OT 1IBa K
OCHOBHOMY M€TaJlly uepe3 IpaHully cruiaBieHus 1 3TB.
3aBHUCHMOCTB 2 Ha pUC. 4 COOTBETCTBYET N3MEPEHHIO TBEP-
JIOCTH B cpeHei yacTu snemenTa u3 cranu 12003C2 (M.
pHc. 2, IIerovKa OTIe4aTkoB B cpennei yactu 120I3C2).
Ha rpanwrie cruraBiieHust OTYETIIMBO BUTHO JIOKAJIBHOE yBe-
JIMYEeHUE TBEPIOCTH; OTIIEYaTOK, COOTBETCTBYIONIHI JaH-
HOMY pe3yJIbTaTy N3MEepeHusl, BUJICH B ICHTPAJIbHOM Yac-
TH puc. 3a, 6. PazMepsl OKpy)KaloIUX OTIEYaTKOB, PACIIO-
JO)KEHHBIX BOKPYI, 3HAYUTEJNBHO OOJbIIE, YTO
COOTBETCTBYET 3HAUUTEILHO MEHbIIIEH TBEPIOCTH.

Puc. 2. [Tanopama cBapHoro coeaunenusi,x50: 1 — metasn mBa; 2 — rpaHuiibl crasienus; 3—6 — 120I13C2: 3 — 30Ha noBTOpHON
3aKaJIK{ Ha ayCTCHUT; 4 — 30Ha IIOBTOPHOI 3aKaJK/ HAa MAapTEHCUT; 5 — 30HAa OTITYyCKa; 6 — 30HAa HeM3MEHEHHOI CTPYKTYPHI 3aKaleHHOH
cranu; 7 — 30Ha TepMuyeckoro BiusiHus B craiu 091'2C; 30Ha Heu3MeHEHHON cTpyKTyphl cTamu 0912C

Puc. 3. Mukpocrtpykrypa rpanuisl cruiasieHus 120I3C2, x500: a — ontudeckoe n300paxeHne; 6 — MEKTPOHHOE N300paKeHue.
Merann mBa crpasa, 120I'3C2 cneBa 0T rpaHMIbl CIIJIaBICHUS
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uprna aycrenutroi (200-300 HV0.5) n maprencur-
Hoit (700-800 HV0.5) 30H oniHaK0oBa U COCTABIISIET OKOJIO
0,7 MM. DTH 30HBI pa3/ieNieHbl 001aCThIO ayCTEHNTO-Map-
TEHCUTO-KapOWIHON CTPYKTYpPHI IEpEeMEHHOHN TBEPIOCTH,
COOTBETCTBYIOIIEH 3aKajIKe U3 IBYX(ha3Hoi 00I1acTH ¢ pas-
JIMYHBIM [IEPETPEBOM BhIIIE AC,. 3a 00J1aCTBIO MApPTEHCH-
Ta TBEPAOCTB pe3ko cHmkaercd 10 550 HV0.5, uto coorBeT-
CTBYET BBICOKOMY OTITYCKY MCXOTHOTO 3aKaJEHHOTO MaTe-
puana. [To Mepe yBenudeHHUs pacCTOSHHUS OT IIBa
TBEPA0CTH MOHOTOHHO BO3PACTAET, M Ha PACCTOSHHUU OKO-
JI0 7 MM JIOCTHTa€eT YPOBHSI HCXOTHOTO MaTepHuala.

AHaJIOrMYHBIN XapaKTep N3MEHEHHUS TBEPAOCTH HaOII0-
JaeTcsl B BepxHel yactu sieMeHTa u3 ctanu 120I3C2
(cm. puc. 4, 3aBUCUMOCTS 1 ). OTIINYS 3aKITFOYAIOTCS B MEHB-
IIeH IMPUHE 30H ¥ 3HAYUTEIHHO OONBIIEH TBEPIOCTH ayc-
TEHUTHOH 30HBI. [lepBoe cBsi3aHO ¢ OONbBIIEH CKOPOCTHIO
OXJIAXK/ICHNSI, BTOPOE — C 00€3YITIepOXKMBAHNEM TUTACTHHBI
n3 cranm 120I'3C2 Ha mryouHy okoio 1 MM B mporiecce
IIPOU3BOJICTBA.

Crpyxkrypa cranu 09T2C B 30He TEpMUYECKOTO BIIUS-
HUS IMEET XapaKTepPHOE UTOIBIaTOE cTpoeHue (puc. Sa). B
COOTBETCTBUH C 3aBUCUMOCTHIO 3 Ha puc. 4 rryonna 3TB
co ctopossl cranu 09T 2C coctaBisgeT IpUMEPHO 3 MM.

Heo0xo0a1Mo 0TMETHTB OTCYTCTBHE MUKPOTPEIINH Ha
TpaHULIE CIIaBIeHUs U B CTpykType 3TB kak co cTOpoHbI
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Puc. 4. Muxpotsépnocts 3TB: 1 — Bepxuuii kpait 120I'3C2;
2 — cpennss yacth 120I3C2; 3 — 091°2C

crammu 091" 2C, tak u cranmu 120I'3C2. B cBs13u ¢ 3TUM BBICOKA
BEPOSITHOCTh MOTY4YEHHs KaUECTBEHHBIX CBAPHBIX COENU-
HEHUH peasbHbIX AeTanel u3 3akanéHHon cramm 120I3C2 u
cranu 09I"2C npu cBapke ¢ oxJ1axaeHHeM B Boze. besyc-
JI0BHO, cTainb 120I'3C2 HeBO3MOXKHO IKCILTYaTUPOBATh O3
otmycka rnocne 3axkanaku oT 800 °C B ¢BsI3U ¢ Upe3BbIYANHO
BBICOKOM XpYNKOCTBI0. CBapKka HEOTIYILLEHHOH CTalIH OCy-
LIECTBJIEHA JIUIIb [UI MOJEIBHOIO AKCIIEPHUMEHTa, MO-
CKOJIbKY B JAaHHOM CJIydae IPaHuUIbl pa3IMIHbIX 00IacTei
B 3TB mpocnexxuBarorcs npeaenabHo 4€Tko. [1pu n3roros-
JICHUU peabHbIX U3EIHI 3aKaIEHHYIO CTallb 10 CBAPKU U
CBapHOE COEIMHEHNE TT0CIIE CBApKU HEOOXO0ANMO TOIBEP-
raTh XOTs ObI HU3KOMY OTITYCKY.

JlanbHeiimas pabota MoXXeT OBITh HalpaBJieHa Ha pas-
paboOTKy peKMMOB TEPMUYECKOH 00paOOTKM CBApHBIX CO-
enuHenuil cranu 120I'3C2 nocne cBapku ¢ yCKOPEHHBIM
OXJIQXKICHUEM, UCCIIEA0BAHNE MEXaHNUECKUX CBOMCTB IO~
JIydaeMBIX CBAPHBIX COSIMHEHHH, a TAKXKe MO100p paryo-
HAJIBHOTO COCTaBa CBAPOYHBIX IEKTPOIOB.

BriBoanl

1. TIpu py4HO OyroBOH cBapke 3aKaJ€HHOM Ha Map-
TeHeut cranu 120I3C2 ¢ yckopeHHBIM OXJIaXKIEHUEM B BOZIE
crpykrypa 3TB npencrasnser coboit Habop cioés nepe-
MEHHOH TBEPIOCTH OT ayCTeHUTa 10 MapTeHcuTa. Cpasy 3a
TpaHMIE! CIUIaBIICHNs] 00pa3yeTcst CJION aycTeHHWTa TOJl-
uHoit okono 0,7 MM TBEpIocThio 200-300 HVO.5. ITo mepe
yHaJieHus OT TpaHullpl craBiaeHus TBEpaocts 3TB ysemu-
YMBAETCS 32 CYET MOSIBIICHUS KapOMIHOM (ha3bl 1 MapTEHCH-
Ta. Ha paccrosHMM OKOJIO 2 MM OT TPaHUIBI CIIaBICHUS
(hopmupyercs cioit MapreHcHTa TBEpIOCTHIO 700800 HVO.5
M TOIIIUHON 0K0J10 0,7 MM.

2. B cTpyKType rpaHHIIBEI CIIIABICHUS 00pa3yeTcs He-
KOTOpOE KOTMYECTBO MapTEHCUTA. BeposaTHO, 3T0 CBsI3aHO
C BBITOPAHHEM yIJIEpOsa ¥ MapraHIia IIP1 YaCTUIHOM pac-
IUTABJIEHAN MaTepHaja B IPOLIECCE CBAPKH.

3. Capka 3akanénHoii craimu 120I'3C2 ¢ oxmakaeHneM
B BOJI€ HE IPUBOJNT K BO3HUKHOBEHHIO 1€()EKTOB CBAPHO-
T'O COEAMHEHHS. DTO ITO3BOJISIET INIAHNPOBATH UCCIIEIOBA-
HUS BIMSHUS TIOCIECBAPOYHON TepMHUYecKord 0OpaboTKu
Ha cBoiicTBa coenuHeHuit cramu 120I'3C2, momydeHHBIX
CBApKOH C YCKOPEHHBIM OXJIAKICHHEM.

Puc. 5. Muxkpoctpykrypa cramu 091'2C: a — 3TB (7 Ha puc. 2); 6 — ucxomHslii MaTepua (8 Ha puc. 2)
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6. AOpa3uBHAs U3HOCOCTOMKOCTh UYI'YHOB CO C(hepoHgalb-
HbIMH KapOugamu Banaaus / [Edpemenxo B. I, Hlumunsy Oodepocano 20.06.2019

Kauinin 1O. A., Illyminios A.A., Ilerpummnens L., Eppemenxo B. I'., Bpuxos M. M. CTpykTypa HaBKOJIOLIOBHOL
30HM 3arapTOBAHOI BUCOKOBYIICLICBOI CTAJII Mic/Is 3BAPIOBAHHS 3 IPHCKOPEHHM OXOJIOZKCHHAM

Mema pobomu — 00CHiOdNCEHHA CMPYKMYPU 30HU MEPMIYHO20 GNIUSY 36APHO20 3 €OHAMHA 3A2APMOSAHOI HA
MapmeHcum GUCOKOBY21eYe6oi HU3bKOLe208AHOI cmMAni NICsL PYUHO20 0Y208020 36APIOSAHHS 3 NPUCKOPEHUM
Menogio8edeH M.

Memoou oocniocennn. /s 00Cniodicents MiKpOCHMPYKMYp GUKOPUCHAHO ONMUYHY MA PACMPOBY eNeKMPOHHY
Mikpockonir. Teepdicme 3pasKie UMIpIO8anU 3a OONOMO2010 meepOomipy Bixkepcy 3 Komn tomepHum Kepy8aHHAM
NO3UYIOHYBAHHS A IHOEHMYBAHHS 3PA3KA, A MAKOMC BUSHAYEHHs Oia2oHaell 6i00UmKis.

Pesynomamu. 3anypeni y 600y (0OKpim 36apiosanux Kpauok) niacmuHu i3 3a2apmosanoi na mapmencum
sucokogyaneyesoi Huzvkonezoearnoi cmani 120I'3C2 ma Huzvkosyeneyesoi cmani 091 2C 38apeno pyunum 0y208um
38apiosanuam. Jlocniodceno Mikpocmpykmypy 36apHo2o 3’ cOnants. Busnaueno posmipu xapaxmeprux OiisiHOK 30H
mepMiuH020 8NU8Y | meeplicmb Mamepiany Ha Pi3Hill 6I0cMaHi 610 epaHuyi CRAABIeHH.

Haykoea nogusna. Bnepuie npogedeno 36apio6antsa 3 NPUCKOPEHUM OXON00NHCEHHAM Y 800i GUCOKOBY2Neyesoi
HU3bKOLE208AHOI CMAi NiCAs 3a2apmy6anHs Ha mapmencum 6e3 6ionycky. Bcmanoeneno, wo 6 cmpykmypi 3onu
MepMIiYHO20 BNAUBY MEEPOULl MAPMEHCUMHUL NPOWAPOK PO3MAMOBAHO He 6NPUMYI 00 SPAHUYl CHAAGNEHHS, a4
8i00ineno 8i0 Hel wapom aycmeHimy.

Ilpakmuuna yinnicme. [loxazano npuHYyuno8y ModiCAUBICMb 36aAPIOBAHHA MEPMIYHO 00pobaeHUX
BUCOKOBY2lIeYeBUX 3HOCOCMIUKUX cmanell 6e3 NO2ipueHHs CIPYKMypu, Ky OMpUMAHo NONepeonboio MepMitHoI0
00pobKoH0.

Knwouosi cnosa: sucoxogyeieyesa Hu3bKoie208aHa CMAlb, 36APIOSAHHS, NPUCKOPEHE OXOJOONCEHHS, 30HA
MepMiuH020 8NAUBY, MIKDOCIMPYKIYpA, MEepoicimb.

Kalinin Yu. A., Shumilov A. A., Petryshynets 1., Efremenko V. G., Brykov M. N. Structure of near-weld zone of
quenched high-carbon steel after welding with rapid cooling

Purpose. Study the structure of the heat-affected zone of a welded joint of high-carbon low-alloy steel hardened
to martensite after manual arc welding with accelerated cooling.
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Research methods. Optical and scanning electron microscopy was used to study microstructures. The hardness of
the samples was measured using Vickers hardness tester equipped with a computer-controlled positioning and
indentation of the sample, as well as determining the diagonals of the prints.

Results. Plates of martensite-hardened high-carbon low-alloyed steel and low-carbon steel immersed in water
(except edges to be welded) are welded by manual arc welding. The microstructure of the welded joint was investigat-
ed. The sizes of characteristic areas of heat-affected zones and the hardness of the material at various distances from
the fusion boundary were determined.

Scientific novelty. For the first time, high-carbon steel quenched to martensite without tempering was welded with
simultaneous accelerated cooling in water. It has been established that in the structure of the heat-affected zone a
solid martensitic layer is not adjacent to the fusion boundary, but is separated from it by a layer of austenite.

Practical value. The principal possibility of welding heat-treated high-carbon wear-resistant steels without
deterioration the structure obtained by preliminary heat treatment is shown.

Key words: high-carbon low-alloyed steel, welding, rapid cooling, heat affected zone, microstructure, hardness.
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YK 669.017

O-p TexH. Hayk Masyp B. |, kaHa. TexH. Hayk Biptokosuy J1. O.

HauioHanbHuii TexHivHni yHiBepeuTteT Ykpainm «KIl im. 1. Cikopcbkoro»

BMNIUB BMICTY ANTFOMIHIIO HA MIKPOCTPYKTYPY | ®A30BUN
CKINAQA CINNABIB Ti-Si-Al EBTEKTUYHOIO TUIMY

Mema pooomu. Busuenns mikpocmpykmypu, pazo06020 ckiady ma napamempis KpucmaniyHol peuwimku azoeux
craadosux Komnosuyitinux cniasie cucmemu Ti-Si-Al, axi emiwgyioms maxi (nacmynni) gpasu: o- Ti, Ti Si,, TiAl ma
Ti Al

Memoou oocnioxcennsn. Pacmposa enekmponHa MiKpOCKORIS, penmeeHopa308ull aHauis.

Ompumani pesynomamu. B exchepumenmanvnux cniasax sagixcosano ymeopenns 060x osopasnux (a-Ti + Ti Si,
ma Ti, Al, + Ti Si,) esmexmux i ooniei mpugpasnoi (orTi + y+ Ti(Si, Al) ). Busnauerno napamempu kpucmaniunux
pewimox i cniegiOHOWEHH YaCcMOK (Pa306ux cKaadosux. 30iibulenHs 6MICIY AIFOMIHIIO 8 eKCHEPUMEHMANbHUX CHAABAX
npu3e00umv 00 smenuens 06 ‘emy enemenmapnoi komipku ons o-Ti ma a,-Ti Al 6 pesyromami smenwenns napavempie
Kkpucmaniunoi pewimxu, i 00 36inbuwienia ons cuniyudy Ti Si..

Haykoea nosusna. Bnepuie 6cmanoeiena Modciusicmes YmeopenHs aibmepHamueHux 080QA3HUX eGMeKMUK
o- Ti + Tiy(Si,Al) ;ma Ti, Al,  + Ti Si. Busnaueno 6nnue emicmy aioMinilo Ha 3aKOHOMIPHICIb 3MIHU NAPAMEMpI6
KPUCMANIYHUX PeimoK (az08ux CKIA008UX eKCHePUMEHMATbHUX CNaasis. 3i 30LNbUeHHAM eMICIY ATIOMINIIO 8
3ae6MeKMUYHUX CNIa6ax xapaxkmepno 36invwenna ooni nepeunnoz2o cuniyudy mumany Ti (Si,Al), i noasi
inmepmemanioie Ti Al ma TiAl 36invwenns emicmy aniominiio npuseooums 00 3HA4HO20 3MeHUeHHs napamempie a, b,
¢ ma 06 'emy kpucmaniunoi komipku pas a- Ti Al ma a- Ti i 0o s6invwenns yux napamempis gpasu Ti (Si, Al) .

Ilpakmuuna yinnicme. Busnaueno nocrioognicms ¢hazosux peaxyiii y npoyeci cmpyKmypoymeopeHHs CHIA6ie.
Busienenns esmexmuro-esmexmoiono2o npoyecy yMOodCIUGTIOE KePySarHs NOOPIOHEHHAM CIPYKMYPHUX CKIA008UX 3
Memor niosujeH st MpiuHOCMIUKOCMI CHIABI8 8 nepebicy NPoeKmySaHHs MexHoA02Il 0 3a0AH020 CNIA8).

Knrouosi cnosa: esmexmuka, mikpocmpykmypa, cucmema Ti-Si-Al, ¢pazosuii cknao.

Beryn

KoHcTpyKiiiHi CIIIaBM €BTEKTHYHOTO THUITY Ha OCHOBI
cucremu Ti-Si-Al IpUHIMIIOBO Bifpi3HAIOTHCS Bifl iCHYIO-
YUX POMUCIIOBUX THTAHOBHX CIUIABIB THM, I1I0 B HUX BHKO-
PHCTOBYETHCS JOAATKOBHI MEXaHi3M 3MIITHCHHS THTaHO-
BOI MaTPHIIi BHACIIZOK CTBOPEHHS CTPYKTYPH IPHUPOTHO-
TO KOMIIO3UTY, SIKa YTBOPIOETHCSA y PE3YNBTaTI Iepediry
€BTEKTHYHOI KPACTANI3aIlil ITi/T 9aC OXOJOIKEHHS ¢ PiIKOTO
crmaBy [1-2].

[pu mpoMy JeroBaHa TUTAHOBA MATPHILS IIPOHU3aHA
BOJIOKHaMH 200 TuTacTHHaMHM cuutitmy Ti,Si,, skwid xapak-
TEPHU3YETHCS BUCOKOKO MIIHICTIO 38 KIMHATHOI Ta BUCOKHX
Temriepatyp. JlabopaTopHi, a TaKoX CTEHII0BI MOTOPHI iCTTH-
TH ()OPCOBAHMX MU3EIBFHUX ABUTYHIB, Ki OYI0 YKOMIDIEK-
TOBAHO JIETAISIMH I HAPO-TIOPIITHEBOI TPYIIX, BUTOTOBIIE-
uumu 31 ctuiaBy TICAD, mokazanm ix BUCOKY HAIIHHICT y
pobouomy IUKIIi OIM3EKOMY [T0 a/1ia0aTHOTO 3 BiTKITFOYE-
HIM TIOBITPSHAM OXOJIODKEHHSIM IMITIHIPIB, B ACTOHAITIH-
HOMY PEXHMi 3 BUKOPHCTAHHIM JIs1 poO090i cymimti mo-
BITpS i3 OMIIIIKaM¥ KBapIIOBOTO MILTY [3 ], TOOTO B yMOBax
OIHOYACHOTO 3HAaKO3MIHHOTO MEXaHIYHOTO HaBaHTa)KEeH-
Hsl, BUCOKHX POOOYHX TEMIIEpaTyp, arpeCUBHOIO CEpeIo-
BUIIIA, a0pa3UBHAX JIOMIIIIOK.

CrutaBH IaHOi CHCTEMH € JOCTATHHO MEPCIEKTUBHIMHU
IUTSL CTBOPEHHS KOHCTPYKIIIMHAX MaTepialiB 3 BUIIUM
PIBHEM >KapOMIITHOCTI Ta ®KapOCTIiHKOCTi. OIHIM 3 MOXKITH-

© Masyp B. L., biprokouu JI. O., 2019
DOI 10.15588/1607-6885-2019-1-5

BHX HaNpsIMKIB € po3po0OKa KOMITO3HIIIH, sIKi O 101aTKOBO
BKJIIOYAIIM B AKOCTI apmyrounx me # ¢asu Ti Al Ta/abo
TiAl

3Ba)karo4yu Ha T€, 110 MIIHICTh, INTACTUYHICTH Ta 1HIII
CITyO0B1 XapaKTEPUCTUKH € CTPYKTYPHO-IYTIMBUMH BIIa-
CTHUBOCTSIMH, BaXJIMBO OPi€HTYBATHUCH, SIKY CTPYKTYPY OT-
PHUMAIOTh JIMBApHI CIUIABH i3 33JaHUMH KOHIICHTPALiIMU
neryrounx exeMeHTiB. OiHaK, a3oBi TiarpamMu TaKuX CKIIam-
HHX CHCTEM OyIyBaJmncs 3 BAKOPHUCTAHHAM KOMITOHEHTIB BH-
COKOi urcToTH. [H(OpMAITis PO BIUIHB AOMIIIOK, SIKi MAIOTh
Y CBOEMY CKJIa]Ti KOMITOHEHTH, TOCTYITHI Ha PHHKAX YKpaiHH,
€ BincytHs. ToMy Tema aHoi poOOTH, IO TIPHCBSTIEHA BUB-
YEHHIO BIUTHBY BMICTY JTFOMIHIIO IIPOMFCIIOBOI YACTOTH Ha
MIKPOCTPYKTYPY Ta TapaMeTPH KPUCTATIYHOI pentiTKy (pazo-
BUX cKy1anioBuX B Ti-Si-Al crraBax € akTyaIBHOFO.

ITocranoBka 3amxaui

BuBunti MiKpOCTPYKTYpY, (pa30BHiA CKIIAL Ta apameT-
PH KpUCTATIYHOI pemIiTKH (pa30BUX CKIIAJOBUX KOMIIO3HII-
iitHMX crutaBiB cuctemu Ti-Si-Al, sKi BMIITyrOTh Taki as3u:
a-Ti, Ti(Si,Al),, TiAl Ta Ti,Al

Orsin titeparypu

LinectipsMoBaHmMii MOMIYK KOHCTPYKIIIMHAX CIIABiB HA
6a3i cucremu Ti-Si-Al € MOXKITMBHM JIHIIIE HA T ICTABI OC-
TOBipHOI iH(opMarii mpo Ga3oBi piBHOBATH B 0UiKyBaHO-
MYy KOHIICHTPaLifHOMY iHTepBaJi IUX CIUIABIB.
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[epmi cTpykTypHi HOCIiKEeHHS (pa30BHUX pIBHOBAT Y TH-
TaHOBOMY KyTi cuctemu Ti-Si-Al Oyio ipoBenieHo B 1954 p. y
TeMIiepaTypHoMy iHTepBani 10 1200 °C [5].

AJle TPUKOMIIOHEHTHA Jiarpama, sika BKJIIOYania IIo-
BEpXHI COMiJIyC 1 JTIKBiJTyC, @ TAKOXK, PIBHOBAr! y TBEPAOMY
craHi, Oyia moOynoBaHa JuiIe B pooori [6]. Oxpim Toro, B
1iit podoTi Oy;10 BU3HAYEHO KPUCTAJIIYHY TPUPOIY Ta PO3-
YUHHICTb JIETYIOUYNX €JIEMEHTIB B OCHOBHHUX ITPOMIKHHX
(hazax Ta TBEpIUX po3unHax. BcraHoBIIEHO, 10 100aBKH
AITFOMIHIIO MaJIO BIUTMBAIOTh HAa PO3YMHHICTH KPEMHIIO B
o~ Ti, anme 3MeHITyrOTH Horo po3unHHICTE y 3- Ti [6].

Ha puc. 1a nogano noBepxHi JIIKBiTyc Ta COMiTyc THTa-
HOBOTO KyTa (a3oBoi miarpamu Ti-Si-Al. B HukHil dac-
THHI liarpaMy HaHECEHO JIIHIIO TaJIbBEry TpruQaszHoi piBHO-
BAru €, EBTEKTMYHOTO THITY 3 JIOKAJLHUM TEMIIEPATYPHUM
MakcHMyMoM B pakioni 30 at. % Ta Toukn U, i U, 9oTnpu-
(ha3HMUX piBHOBAr NepUTEKTUYHOTO THITY. [TyHKTHpOM TIO-
Ka3aHo IOBEPXHIO comiayc. BumHo, 1mo B 001acTi Manux
KOHLICHTpAL[ilf KPEMHII0 po3MilTyeTbest oonacts 3-Ti, mm-
PHHA SIKOT 3MEHIIYETHCS 31 301IBIIECHHSAM BMICTY aJIIOMi-
Hito, Tak 110 3a 50 at. % Al yTBOprO€TECS 00IIaCTH TBEPIOTO
po3unHy Ha 6a3i o-Ti.

Ha puc. 16 Buano, mo 3a npu 42 art. % Al 3MiHIOETBCS
XapakTep IepBUHHOI KpucTamizanii: peakmist L «>L + (B-Ti)
3MiHoeThes Ha L <> L+ Ti (Si, Al),. To6To, e € rpanmus
MDK JOEBTEKTHYHUMU 1 32€BTEKTHYHUMH CIITABAMH.

CrpykTypa TpuQa3Hoi eBTEKTHKN YTBOPIOETHCS 32 pe-
axmiero L+ Ti (Si, Al),— o+ v +Ti(Si, Al),. Baxmasoro
0COOJIMBICTIO 32a€BTEKTHYHHX CIUIABIB € EBTEKTOITHA PeaK-
uist o+ Ti (Si, Al),—> o ,+y+Ti(Si, Al), B inTepBai kon-
neHTparii kpemsito 3342 ar. %.
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Marepiajiu Ta MeTOIU J0CTIKEHHS

OO0’ €KTOM JIOCTIJDKEHHS € CTPYKTYpa Ta (ha3oBHH CKIIaz
3pa3KiB crutaBiB cucteMu Ti-Si-Al i3 pi3HOIO KiBKICTIO Jie-
T'YFOYHX KOMITOHEHTIB Ta JOMIMOK (Ta0. 1).

CrunaBu Ti-Si-Al Oyio BUILUIaBIIEHO Best Y BaKyyMHiH
Tedi TYTOBOIO IUTABKOIO HETUIABKMM BOJIb()PaMOBUM €JIEK-
TPOZOM Ha BOJI0O-0XOJIO/PKYBAHOMY MITHOMY TOJIi B aTMOC-
(epl OUHIIEHOTO apTrOHY.

Taoauusa 1 — XiMiuani cKi1ag eKCrepruMeHTaTbHIX
CIUTaBiB

. o
Crutan XimiuHuii ckiaj, Mac. %
Si Al Fe Mn Ti
1 6,7 4,0 | 0,18 | 0,07 | ocHoBa
2 7,0 9,7 | 0,21 | 0,06 | ocHoBa
3 6,3 | 14,6 | 0,17 | 0,08 | ocroBa
4 6,4 | 17,6 | 0,22 | 0,11 | ocHoBa

Excnepumentu

JloctimKkeHHs MIKpOCTPYKTYPH Ta PO3TOILTY €JIEMEHTIB
MiX (ha3aM¥ CIJIaBy NMPOBOIMIN Ha PacTpPOBOMY €JIEKT-
porHOMY Mikpockorti POM-106U dipmu Selmi (Ykpaina) 3
MIPUCTABKOIO Ul €HEPrOANCIIEPCIHOrO PEHTIeHOCIIeKT-
pansHOrO Mikpoanamizy DJIAP. ®a3oBuii ckinaj criiaBis
BUSIBIISUIN 32 JIOTIOMOT'OI0 PEHTT€HiBCHKOTO AN(PAKTOMET-
pa UltimalV ¢ipmu Rigaku (SInoHist) 3 BUKOpHCTaHHSIM
¢ipmoBoro nporpamuoro 3abdesneueHns PDXL.

.
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Puc. 1. ®azoBi niarpama Ti-Si-Al: a — moBepxHi NKBixyC i comimyc. YMOBHI Mo3Hadku Oararopasnux pisHosar: €;: L <> (B- Ti) +
Tis(Si, Al)y; U L+ (B-Ti) > (o-Ti) + Tis(Si, Al)y; Uy: L + (a-Ti) <> Tis(Si, Al); + v [4]; 6 — mepepi3 niarpamu Ti-Si-Al monwm-
Hoto Si= 5 at. %. Z = Tiy(Si, Al); [6]
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Pe3yabraTn

Ha pucynky 2 300pa’keH0 MIKpOCTPYKTYpa eKCIIepH-
MEHTAJIbHHX CIIJIaBiB. BOHA € THITOBOIO [IS CIUIABiB €BTEK-
TUYHOTO THITY 1 CKJIANAETHCS 13 TMEPBHUHHOIO CHIIILMITY
Ti(Si,Al), (puc. 1a—6), IEPBUHHAX KPUCTAIIB Y-aJTFOMiHi Ty
y-TiAl (puc. 12) Ta nBodazmoi (o-Ti + Ti(Si,Al),) i Tpugas-
Hoi (a-Ti+ Ti(Si,Al),+y-TiAl) eBrexTrk —pwuc. 1.

Puc. 2. MikpocTpyKTypa eKCIIepUMEHTAIEHUX CIUIABIB
cucremu Ti-Si-Al6:

a—cmiaB 1; 6 — crutaB 2; ¢ — ciutaB 3; e — ciuiaB 4

3a JaHNMU PEeHTTeHOCTPYKTYPHOTO aHami3y (Taduumi 3
TIepeTikoM MDKIDTONTMHHMX BiZICTaHEeH ISl KOYKHOTO CIIIa-
By HajaHo y Jlonatkax A1—-AS) ekcriepuMeHTaIbHI CIUTABH
CKJIaIatoThCs 3 TakuX (pa3: o-Ti (cmiaB 1a, mudpaxrorpama —
nomatok Al), a-Ti, Al | (crmas 16, nudpaxrorpama — J1o-
natok A2), Ti (Si,Al),, o -Ti, Al Ta y-TiAl (Tabu. 2).

Kpucraniuna crpykrypa ¢as a- Ti,Al ta a- Ti, Al :
DO, I'TTY ynopsnkosana; y- TiAl: L1, Terparonanbna
yropsiikoBana; o- Ti: rexcaronanbha; Ti Si,: rekcaronais-
Ha.

Jani qu¢pakuiiiHoro aHamizy KiJIbKiCHOTO CITiBBiIHO-
nreHHs (a3 HaBezeHi B Ta0l. 3.

B crimaBax 1a i 16 3adikcoBaHo pi3HE CIiBBIHOIICHHS
MIDK CHUTIIIIIOM TiSSi3i o-TiTa 0L-Ti2_9 Alz_1 e cnpuunnsie
Pi3HUI CTYIiHb €BTEKTHYHOCTI 000X crutaBiB. st mosic-
HEHHSI [IbOTO SIBHIIIA HEOOX1/THi I0aTKOBI JIOCTIIPKEHHS. AJle
3Ba)KaIOUM Ha Te, o audpakTorpamMu o0ox ¢a3 mayxe
ommu3bKi (JJomaTok AS), o 00yMOBIIIO€E TysKe On3bKi Be-
JIMYMHY BiATIOBITHHX ITapaMeTpiB 000X KPHCTAIIYHUX perll-
ITOK — 3 OJTHI€T CTOPOHH,  TAKOXK ICHYBaHHS IBOX aJIkTepHa-
THBHUX BEpCii giarpam ¢a3oBux piBHoBar B cuctemi Ti-Al
(puc. 3), Ha OntHIH 3 IKUX O-(haza YTBOPIOE /IB1 BiZJOKpeMIIeH]
(ha3oBi 001acTi — 3 1HIIIO1, MOKHA ITPUITYCTUTH, IO TIPUYH-
HOIO € aMm(oTepHa MPUPO/Ia ATFOMIHIIO, SIKIH B 3aJICXKHOCTI
BiJl ITPUPOJIH CYCiTHBOTO aTOMY MOJKE 3MIHIOBATH Xapak-
Tep JOHOPHO-AaKLENTOPHOI MapHOi B3aeMoxii. B mpomy
BHIIAKy €(EeKTH MeTaTypriiiHol cHajKkoBOCTI MOXYTh
BiZlirpiBaTy 3HAYHY POIIb.

Tadaunus 2 — [TapaMeTpu KpUCTaTiYHOI CTPYKTYPH (ha30BHX CKIIATOBUX

Crnas Daza Ip :;;?_Ipaosa a, A b A A o B Y OV? ,234
la o-Ti P6;/mmc 2,9296 2,9296 4,6737 90 90 120 34,737
16 a-Tir oAl P6s/mmc 2,9288 2,9288 4,6734 90 90 120 34,717
2 o-Ti P6;/mmc 2,9151 2,9151 4,5454 90 90 120 33,44
3 o-Ti P6;/mmc 2,8968 2,8968 4,5676 90 90 120 33,194
la TisSiz P6;/mem 7,4823 7,4823 5,1784 90 90 120 251,074
16 TisSi3 P63;/mem 7,4835 7,4835 5,1793 90 90 120 251,203
2 TisSiz P6;/mem 7,5092 7,5092 5,1945 90 90 120 253,66
3 TisSi3 P6;/mem 7,4950 7,4950 5,1956 90 90 120 252,83
4 TisSi3 P6s;/mem 7,5172 7,5172 5,1957 90 90 120 254,24
2 0,-TizAl P6;/mmc 5,8082 5,8082 4,6579 90 90 120 136,08
3 ar-TiAl P6,/mme 57774 57774 | 46294 | 90 | 90 | 120 133,82
4 o-Ti;Al P6;/mmc 5,7491 5,7491 4,6166 90 90 120 132,145
4 v-TiAl P4/mmm 2,8575 2,8575 4,0973 90 90 90 33,456

Tadauus 3 — CriiBBinHOIIEHHS (pa30BUX CKIIAIOBUX (Mac. %) eKCIIEpUMEHTAIBHIUX CILIaBIB

CrmaB Ne — la 16 2 3 4
Daza |

o-Ti 82,8 — 6,27 1,06 —
0-Tiyg Al - 70,2 - - -
TisSi3 17,2 29,8 21,45 58,11 33,41
o,-TizAl - - 72,28 40,83 47,11
y-TiAl - - - - 19,48

ISSN 1607-6885
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Puc. 3. AnprepratuBai Bepcii paszosoi giarpamu Ti-Al [7]: a — 3 oaHiero obnactio a- ha3u; 6 — 3 ABOMa obOnacTsIMu o- hazu

3rigHo 3 ¢dazoBumu giarpamamu (puc. 1) i excriepu-
MEHTaJIbHUMH JJAHUMH YTBOPEHHS CIJIaBiB €eBTEKTUYHOTO
THUITy BiZIOyBa€eThes y 4 €Tamnm.

1. 3apo/pkeHHs 1 picT B PiJvHI IEPBUHHNX KPUCTAIIIB
Ti(Si, Al), Ta 3MiHa KOHUIEHTpaNii piaKoi (pasu B CTOPOHY
€BTEKTUYHOI JIiHII.

2. Kpucranizamis neodasmoi erextrkm L — L+ Ti (S,
Al), + o-Ti.

3. Kpucranizauis pugasnoi esrexrikn L+ Ti (Si, Al), +
+o-Ti— Ti(Si, Al), + o-Ti +y-TiAl

4. EBTeKTOIIHE TIEPETBOPEHHS 3a TEMIIEPATYp HIDKUE
1120 °C Ti(Si,Al), + a-Ti + y-TiAl — Ti(Si,Al), +
+a,-Ti,Al+ y-TiAl nost crmagis 3 ¢, <42 %, a B cruaBax 3
OLITBIIIOF0 KOHIIEHTPALII€I0 aJTFOMIHIF0 BiIOyBa€eThCS Iepe-
TBOpeHHs 3a cxemoro Ti(Si,Al), + o-Ti + y-TiAl —
— Ti(Si,Al), + y-TiAl. B cmraBax 3 KOHIEHTpami€ro
44 %> ¢, >42 % moxmmsa peaxis Ti(Si,Al), + y-TiAl —
— Ti (Si,Al), +a,-Ti,Al + y-TiAl He eBTexTOiqHOTO THITY,
a B pe3yNbTaTi pi3KOro 3MEHIIEHHS PO3YMHHOCTI Al B
y-TiAl dasi, a moxmmso i B Ti, (Si,Al), 3a TemmnepaTyp HiK-
ge 1100 °C.

Ha ocHoBi mikpoanai3y crmaBy Ned ta po6otu [6] Ha
puc. la Bysnosa Touka U, BimnoBifa€ 9otMprQasHii pisHo-
Ba3i HE MEPHUTEKTHYHOTO, a €BTEKTHYHOTO THUILY:
L < Ti(Si,Al), + a-Ti+ y-TiAl. ITomuixa MOKIMBO BHK-
JUKaHa TUM, IO aBTOPY PO3PaxyHKOBOiI podotu [4] Oyno
HEBiZOMO PO iCHYBaHHS JIOKAIFHOI'O TEMIIEPATypHOTO
MakCMMyMy Ha TaIbBery Tpudasnoi pisHoBarn L <> Ti (S,
Al),+ +y-TiAl a1 60 a. % Ti. Tomy HarpsM CTPTKK Ha JIiHiT
TanbBery crpasa Bix U, MOTPiOHO 3MiHATH Ha 3BOPOTHHH.

40

JleryBaHHSI TUTaH-KPEMHIEBHX CIUIABIB AJIOMIHIEM Y
KUTBKOCTI O1JTBIIIi 32 5 Mac. % MpU3BOAUTH 0 3MIICHHS
TOYKHM TpU(a3HOI EBTEKTHIHOI PIBHOBATY B 00JIaCTh HUX-
4Oro BMicTy KpeMHir0. [{e cTUMyITroe 301TbIIIeHHS YaCTKU
TEPBUHHMX KpHCTaliB chitmy Ti (Si,Al),, i 36epiraroTs-
Cs 10 IOBHOT'O OXOJIOJDKEHHS CIIABY. 3 TOYKHU 30py HOCST-
HEHHsI BHCOKHUX PiBHIB CITy)KOOBHX BJIACTHBOCTEH TpH-
CYTHICTb BEITUKHX KPHUCTAIIB ITi€i (pa3u € He OaxkaHIM BHAC-
JI1T0K BEITUKOI TBEPIOCTI Ta KPUXKOCTI i€l (pa3u. OCKiTbKA
Ii KPECTAIH 3’ IBIBTIOTHCS Y CIDIABI Y IIEPITY Yepry 3 po3Ii-
JIaBY 3MEHIIIEHHS X pO3MipiB MOXKIIUBE JIAIIIE 32 PAXYHOK
3MEHIIICHHS KOHIIEHTPaIlii KPEMHIFO Yy CIIIaBi.

Sk BUIIIHMBAE i3 aHAJi3y MiKpOCTPYKTYp (pHc. 1) B ycix
craBax 30epiraeThCs TOHKO Au(epeHIiioBaHa CTPYKTY-
pa, XapakTepHa [UIsl eBTEKTHYHUX cIvIaBiB. Lle o3Havae, mo
B HU3BKOTEMIIEPATYPHUX TBEpAO(Da3HUX MEPETBOPCHHSIX
0epyTh Y4acTh O Ta Y- (ha3u caMe eBTEKTUIHOTO TCHE3HCY.
e siBHIIIE TO3UTHBHE, TOMY IO JITHIHHHI PO3MIp ICHIPHT-
HHUX BiJramy)keHb HU3bKOTEMIIEPATYPHOI OL,- (ha3u Ha JeK-
1TbKa TOPSAAKIB MOXKe OyTH MEHIIe, Hi)K, HAPUKIAL, Y
CTPYKTYPi MOOPE BiIOMHUX O,y CIIIABAX THITY TYTUTEKCHAX
Y- aJIFOMiHI I B.

OxpeMuii iHTepec BUKINKAIOTh OCOOIUBOCTI MiKPOCT-
pykTypu Tpugasnoro eprekroiny Ti (Si, Al),+ o -Ti, Al +
+ v-TiAl (puc. 16—2). OckinbKu Mi>K BUCOKOTEMITEPATyp-
HOIO 1 HU3BKOTEMIIePaTypHUMH (Da3aMu eBTEKTOITHOTO Te-
HE3WUCY iCHYIOTh TIEBHI KpHCTasorpadidHi CI1iBBiTHOIICH-
HS — 3 OIHOTO OOKY, i, OCKIJTPKH B MEXKaX €BTEKTHIHOI KO-
JIOHIT €BTEKTUYHI a3y MPEACTABISIOTH Oe3IIepepBHi TiIKA
JIEHAPUTY MaHoi Ga3u [8] — 3 iHIIIOro, TO MOXKHA TOSICHUTH
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eeKT CyMillleHHs CTPYKTYPHUX KapTHH IIEPBUHHOI €BTEK-
THUYHOI 1 BTODHHHOI €BTEKTOIIHOI CTPYKTYPH, SIK 1I€ BUITHO
Ha puc. lo—2.

ITo cyri, TyT peani3oBaHa ifes JOMATKOBOTO 3MilHEH-
HS 332 PaXyHOK €BTEKTOITHOT'O IEPETBOPEHHSI, SIKE PA30M
3 €BTEKTHYHHUM YTBOPHJIO LIIKaBU MPOAYKT 31 CKJIATHOIO
MIKPOCTPYKTYPOIO — KKOMITO3HUT B KOMIO3UTI». OCKIJIbKH
3aKOHOMIPHOCTI 000X THITIB IIEPETBOPEHB A0OpE BiAOMI,
TO I1€ A€ OCHOBY YCITIIIHOTO NPOEKTYBAHHS KOHKPETHHX
TEXHOJIOTIH, sIKi 3a0e31meuaTh HeOOXiIHY TOHKY TU(PEpPCH-
miario KpucratiB ()a30BUX CKIIAJ0BHX 1 THM CaMUM MO-
KpamaTh ciry00Bi BIaCTHBOCTI, HEpII 3a BCE TPIllIH-
HOCTIHKICTb.

BucHoBkn

1. B crutaBi Ne 1 3a¢hikcoBaHO MOXKITUBICTH YTBOPEHHS
orHi€i 3 1BoX i3omophnuX (as: o-TiTa a- Ti, Al | 3 6nmss-

KHMH [TapaMeTpaMy KpUcTaliyHuX pemnritok. [Ipore maco-
Ba YacTKa X (a3 B [BO(a3Hil eBTEKTHI 3 CHIIIIUIOM
Ti(Si, Al), cyTTeBO pO3pi3HAETBCS.

2. B ekcriepuMeHTaIbHHX CIUIaBax 3a()ikCOBaHO yTBO-
pennst aBox aBodasuux a-Ti + Tiy(Si, Al), ra Ti Al +
+ Ti(Si, Al), eprexrrk i omniei Tpudasmoi a-Ti + v+ Ti(Si,
Al),.

3. 31 301IIBIICHHSM BMICTY QJIIOMIHIIO B €KCIIEpUMEH-
TAJIBFHAX CIUIABAX MApaMeTPU KPUCTATIYHOI perriTky o-T1
Ta o,-Ti, Al i 00’em eneMeHTapHOi KOMipKH 3MEHIIYIOThCS,
B TOH 4ac, sx B cuimuzi Ti (Si, Al), i Bexaawmm 30i1601y-
IOTBCSL.

4. Esrexroinne nepersopenns (o-Ti) +v +Ti (Si, Al),—>
— a,,+y+Ti(Si, Al), nonatkoBo moapiOHrOE AMQEPENTIiK-
OBaHICTh (Pa30BHUX CKJIAJIOBHUX, 10 MOXKE OYTH BUKOpHCTA-
HO 'y po3po0ui TeXHOJIOTii (PYHKIIOHAIFHUX CIUIaBiB 3 Me-
TOIO TIOKPAIIEHH 1X CITY>KOOBHX BIIACTUBOCTEH.

Jonatku

Jonarox Al. MiXXIuToImMHHI BificTaHi )a30BUX CKIaI0BUX crutasa Ne la

No. [ 2-theta(deg) d(ang.) Height(cps) Phasename

1 27.535 3.23671 17.9022 TisSh (2,0,0)

2 29.4573 3.02972 17.7059 TisSiz(1,1,1)

3 34.6955 2.58335 8.31662 TisS1:(0,0,2)

4 35.415(15) 2.5325(10) 42(5) a-Ti (1,0,0)

5 36.712(15) 2.4459(10) 78(6) TisSh (2,1,0)

6 37.4348 2.40037 14.5574 TisSi3(1,0,2)

7 38.60(3) 2.3304(19) 54(5) a-Ti (0,0,2)

3 40.523(9) 2.2243(5) 189(10) 0-Ti (1,0,1), TisSi; (2,1,1)
9 41.782(19) 2.1601(9) 44(5) TisSh (3,0,0)

10 | 42.4403) 2.1279(12) 32(4) TisSh (1,1,2)

11 51.8301 1.7625 9.17998 TisSi3(2,2,1)

12 53.33(2) 1.7165(7) 37(4) TisSiz (1,0,2)

13 53.9664 1.69767 11.042 TisSi; (3,1,1)

14 56.7537 1.62073 8.38456 TisSi3(4,0,0)

15 61.06(6) 1.5162(13) 11(2) TisSi; (2,2,2)

16 62.8089 1.47825 11.4417 TisSi; (3,1,2)

17 63.50(3) 1.4638(5) 37(4) a-Ti(1,1,0)

18 65.15(8) 1.4306(16) 9(2) TisSi; (3,2,1)

19 | 66.03(6) 1.4137(12) 15(3) TisSh (4,1,0)

20 68.1913 1.37409 11.2648 TisSi; (4,0,2)

21 71.05(5) 1.3256(7) 23(3) a-Ti(1,0,3)

22 72.9009 1.29649 7.66535 TisSi; (5,0,0)

23 74.727 1.26927 8.73438 a-Ti(2,0,0), TisSiz (2,2,3)
24| 76.80(2) 1.2400(3) 29(4) 0-Ti (1,1,2), TisSi; (4,1,2)
25 77.85(3) 1.2260(4) 29(4) a-Ti (2,0,1), TisSi; (4,2,0)
26 | 80.4939 1.19223 8.39067 TisSh (4,2,1)

27 82.8(2) 1.165(2) 4.2(14) a-Ti(0,0,4), TisSi3(5,1,0)
28 | 84.4826 1.14582 6.77775 TisSh (2,1,4)

29 | 85.2515 1.13744 6.10735 TisSh (5,1,1)

30 86.3568 1.12569 6.68962 TisSi; (3,2,3)

31 | 87.58(8) T.1131(8) 3.1(12) 0-Ti (2,0,2), TisSi; (3,0,4)
32 93.1329 1.06074 10.224 a-Ti (1,0,4), TisSi3(5,1,2)
33 95.728 1.03874 10.7565 TisSis(5,2,0)

34 | 98.1789 1.01925 10.7846 TisSh (5,2,1)

35 99.14 1.01193 8.0862 TisSi; (3,3,3)

36 102.183 0.989889 8.47569 TisSi3 (6,1,0)

37 103.369 0.981739 13.0675 a-Ti(2,0,3)

38 | 107.459 0.95541 728618 TisSh (4,1,4)

39 110.24(14) 0.9390(8) 9(2) a-Ti (2,1,1), TisSi; (4,4,0)
20 | 114.93(17) 0.9136(9) 7.1(19) 0-Ti (1,1,4), TisSis (5,0,4)
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Jonarox A2. MiXKIUTOIIMHHI BificTaHi (h)a30BUX CKIIAIOBHX cruaBa Nel6

No. | 2-theta(deg) d(ang) Height(cps) Phasename

1 27.535 3.23671 17.9022 TisSi; (2,0,0)

2 29.4573 3.02972 17.7059 TisSi; (1,1,1)

3 34.6955 2.58335 8.31662 TisSi; (0,0,2)

4 35.415(15) 2.5325(10) 42(5) o-Al2.1 Ti2.9(1,0,0)

5 36.712(15) 2.4459(10) 78(6) TisSi; (2,1,0)

6 37.4348 2.40037 14.5574 TisSi; (1,0,2)

7 38.60(3) 2.3304(19) 54(5) a-Al2.1 Ti2.9(0,0,2)

8 40.523(9) 2.2243(5) 189(10) TisSi; (2,1,1),a-A12.1 Ti2.9(1,0,1)
9 41.782(19) 2.1601(9) 44(5) TisSi; (3,0,0)

10 42.44(3) 2.1279(12) 32(4) TisSi; (1,1,2)

11 51.8301 1.7625 9.17998 TisSi; (2,2,1)

12 53.33(2) 1.7165(7) 37(4) a-Al2.1 Ti2.9(1,0,2)

13 53.9664 1.69767 11.042 TisSi; (3,1,1)

14 56.7537 1.62073 8.38456 Ti5Si3 (4,0,0)

15 61.06(6) 1.5162(13) 11(2) TisSi; (2,2,2)

16 62.8089 1.47825 11.4417 TisSi; (3,1,2)

17 63.50(3) 1.4638(5) 37(4) a-Al2.1 Ti2.9(1,1,0)

18 65.15(8) 1.4306(16) 902) TisSi3(3,2,1)

19 66.03(6) 1.4137(12) 15(3) TisSi; (4,1,0)

20 68.1913 1.37409 11.2648 TisSi; (4,0,2)

21 71.05(5) 1.3256(7) 23(3) a-Al2.1 Ti2.9(1,0,3)

22 72.9009 1.29649 7.66535 TisSi; (5,0,0)

23 74.727 1.26927 8.73438 TisSi; (2,2,3),a-A12.1 Ti2.9(2,0,0)
24 76.80(2) 1.2400(3) 29(4) TisSi; (4,1,2),0-A12.1 Ti2.9(1,1,2)
25 77.85(3) 1.2260(4) 29(4) TisSi; (4,2,0),0-A12.1 Ti2.9(2,0,1)
26 80.4939 1.19223 8.39067 TisSi; (4,2,1)

27 82.8(2) 1.165(2) 4.2(14) TisSi; (5,1,0),a-A12.1 Ti2.9(0,0,4)
28 84.4826 1.14582 6.77775 TisSi; (2,1,4)

29 85.2515 1.13744 6.10735 TisSi; (5,1,1)

30 86.3568 1.12569 6.68962 TisSi; (3,2,3)

31 87.58(8) 1.1131(8) 3.1(12) TisSi; (3,0,4),0-A12.1 Ti2.9(2,0,2)
32 93.1329 1.06074 10.224 TisSi; (5,1,2),a-A12.1 Ti2.9(1,0,4)
33 95.728 1.03874 10.7565 TisSi; (5,2,0)

34 98.1789 1.01925 10.7846 TisSi; (5,2,1)

35 99.14 1.01193 8.0862 TisSi; (3,3,3)

36 102.183 0.989889 8.47569 TisSi; (6,1,0)

37 103.369 0.981739 13.0675 a-Al2.1 Ti2.9(2,0,3)

38 107.459 0.95541 7.28618 TisSi; (4,1,4)

39 110.24(14) 0.9390(8) 9(2) TisSi; (4,4,0),0-A12.1 Ti2.9(2,1,1)
40 114.93(17) 0.9136(9) 7.1(19) TisSi; (5,0,4),a-A12.1 Ti2.9(1,1,4)

Jonarok A3. MiXIUTOmyHHI BiicTaHi (pa30BHUX CKIIAIOBUX cruiaBa No 2

No | 2-theta(deg) d(ang) Height(cps) Phasename

1 26.18(4) 3.401(5) 3(2) Ti;Al(1,0,1)

2 27.49(6) 3.242(7) 9(2) TisSi; (2,0,0)

3 29.4614 3.02931 12.0753 TisSi; (1,1,1)

4 31.0158 2.88095 7.10996 Ti;Al(1,1,0)

5 34.5617 2.59305 15.5049 TisSi; (0,0,2)

6 35.87(2) 2.5015(14) 58(5) Ti;Al(2,0,0),0-Ti(1,0,0)

7 36.694(6) 2.4471(4) 25(4) TisSi; (2,1,0)

a 37.31(4) 2.408(3) 14(3) TisSi; (1,0,2)

9 38.81(2) 2.3184(13) 78(6) Ti;A1(0,0,2)

10 39.565 2.27591 9.59745 Ti(0,0,2)

11 40.880(10) 2.2057(5) 278(12) Ti;Al (2,0,1), TisSis (2,1,1),0-Ti(1,0,1)
12 41.77(4) 2.161(2) 15(3) TisSi; (3,0,0)

13 42.37(2) 2.1315(11) 33(4) TisSi; (1,1,2)

14 53.83(3) 1.7016(10) 29(4) Ti3Al(2,0,2), TisSi; (3,1,1)

15 60.92(7) 1.5196(17) 3(2) TisSi; (2,2,2)

16 64.24(2) 1.4487(4) 21(3) Ti;Al (2,2,0),a-Ti(1,1,0)

17 65.97(9) 1.4148(18) 9(2) TisSi; (4,1,0)

18 68.14(3) 1.3751(5) 12(2) TisSi; (4,0,2)

19 71.56(4) 1.3175(6) 29(4) Ti;Al(2,0,3)

20 72.7377 1.299 8.65014 TisSi; (0,0,4),a-Ti(1,0,3)

21 75.7494 1.25466 8.23412 Ti;Al (4,0,0), TisSi; (3,3,0)

22 77.51(5) 1.2305(6) 29(4) Ti;Al(2,2,2), TisSi; (1,1,4),0-Ti(1,1,2)
23 78.84(8) 1.2131(10) 13(3) Ti;Al (4,0,1), TisSi; (3,3,1),a-Ti(2,0,1)
24 83.0(2) 1.163(2) 5.3(16) Ti;A1(0,0,4), TisSi; (5,1,0)

25 84.4929 1.1457 10.5866 TisSi; 2,1,4)

26 87.6503 1.11238 10.9499 TisSi; (3,0,4)

27 88.3789 1.10509 10.7204 Ti;Al (4,0,2),0-Ti(2,0,2)

28 93.7222 1.05562 8.98547 Ti;Al (2,0.4), TisSi; (3,1,4)

29 104.13(18) 0.9766(12) 4.7(15) Ti;Al (4,0,3), TisSi; (3,2,4)

30 105.89(2) 0.96518 8(2) Ti;Al (3,3,0), TisSi; (5,1,3)

31 107.323 0.95624 8.79058 Ti;Al (3,0,4), TisSi; (4,1,4),0-Ti(2,1,0)
32 111.841 0.93 18.628 Ti;Al (4,2,1), TisSi; (5,3,0)

33 116.03(12) 0.9082(6) 3(2) Ti;Al (2,2,4), TisSi; (2,2,5)
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Jonarok A 4. MiXIUIOImMHHI BificTaHi (ha30BHX CKIIAIOBHX citaBa Ne 3

No. | 2-theta(deg) d(ang.) Height(cps) Phasename

1 21.8902 4.05692 13.9396 TiA1(0,0,1)

2 26.39(11) 3.374(14) 6.2(18) Ti3Al(1,0,1)

3 27.3654 3.25639 12.5385 TisSi; (2,0,0)

4 29.41(3) 3.034(3) 19(3) TisSis (1,1,1)

5 31.3793 2.84839 6.23503 TiAl(1,0,0), Ti;Al (1,1,0)

6 36.142(5) 2.4832(4) 41(5) Ti;Al(2,0,0)

7 36.62(3) 2.452(2) 18(3) TisSiz(2,1,0)

8 37.372(10) 2.4043(6) 34(4) TisSi; (1,0,2)

9 38.69(4) 2.325(2) 30(4) TiAl(1,0,1)

10 39.08(2) 2.3030(12) 33(4) Ti3A1(0,0,2)

11 40.668(14) 2.2167(7) 91(7) TisSi3(2,1,1)

12 41.207(13) 2.1889(7) 186(10) Ti3A1(2,0,1)

13 42.327(11) 2.1336(5) 93(7) TisSiz (1,1,2)

14 44.69(15) 2.026(6) 3.9(14) TisSi; (2,0,2), TiA1(0,0,2)

15 50.6346 1.80127 10.9289 TisSi; (3,1,0),TiAl (1,1,1), Ti;Al(1,1,2)
16 51.8079 1.76321 7.41396 TisSi; (2,2,1)

17 54.22(4) 1.6903(11) 26(4) Ti;Al1(2,0,2)

18 55.3793 1.65765 3.94549 TisSi; (3,0,2), TiAl(1,0,2), Ti;Al (3,0,0)
19 60.996(9) 1.5178(2) 20(3) TisSiz (2,2,2)

20 64.9091 1.4354 10.3722 TisSi; (3,2,1),TiAl(1,1,2),Ti;Al (2,2,0)
21 65.86(10) 1.417(2) 8(2) TisSi;(4,1,0),TiAl(2,0,0)

22 72.105(18) 1.3088(3) 29(4) Ti;A1(2,0,3)

23 78.30(8) 1.2201(10) 20(3) TisSi; (4,2,0), TiAl(1,0,3),Ti;Al (2,2,2)
24 79.58(7) 1.2036(9) 16(3) TisSis (2,0,4), Ti3Al (4,0,1)

25 82.8336 1.16439 8.17119 TisSis (5,1,0)

26 84.3979 1.14675 5.88095 TisSiz (2,1,4)

27 87.4614 1.1143 6.43076 TisSi; (3,0,4)

28 89.2213 1.09682 9.24979 TisSi3 (4,1,3),Ti3Al (4,0,2)

29 94.6964 1.04731 8.96929 TisSi; (4,3,1),Ti;Al (2,0,4)

30 105.39(7) 0.9684(4) 9(2) TisSi; (5,1,3),Ti;Al (4,0,3)

31 107.25(5) 0.9567(3) 9(2) TisSi; (4,1,4),Ti;Al (3,3,0)

32 113.05(16) 0.9235(9) 6.9(19) TisSi; (6,1,2), TiAl(3,0,1),Ti;Al (4,2,1)
33 117.81(11) 0.8995(5) 14(3) TisSi3(6,2,0), TiAl (3,1,0),Ti;Al2,2,4)

Jonarok AS. MiXKIUTOIIMHHI BiicTaHi ()a30BUX CKIIAIOBHX crutaBa Ne 4

No. | 2-theta(deg) d(ang.) Height(cps) Phasename

1 26.17(3) 3.403(4) 16(3) Ti;Si (1,0,1)

2 27.469(7) 3.2443(8) 68(6) TisSi; (2,0,0)

3 29.3934 3.03616 17.478 TisSi; (1,1,1)

4 30.8672 2.89447 14.3985 TisSi (1,1,0)

5 34.511 2.59675 17.4017 TisSi; (0,0,2)

6 35.92(3) 2.4980(18) 46(5) Ti3Si (2,0,0),0-Ti(1,0,0)

7 36.55(4) 2.457(2) 1903) TisSi; (2,1,0)

8 37.345(10) 2.4060(6) 23(3) TisSi; (1,0,2)

9 38.898(5) 2.3134(3) 64(6) Ti3Si (0,0,2)

10 40.590(8) 2.2208(4) 149(9) TisSi; (2,1,1)

11 40.941(7) 2.2025(4) 217(10) Ti3Si (2,0,1)

12 41.687(3) 2.16483(17) 469(15) TisSi3(3,0,0)

13 42.220(16) 2.1387(8) 42(5) TisSi; (1,1,2)

14 53.92(4) 1.6990(11) 30(4) Ti5Si (2,0,2), TisSi; (3,1,1), a-Ti(1,0,2)
15 56.604(17) 1.6247(4) 41(5) TisSi3(4,0,0)

16 60.84(2) 1.5214(5) 6.8(18) TisSi; (2,2,2)

17 64.34(4) 1.4468(9) 16(3) Ti;Si (2,2,0), o-Ti(1,1,0)

18 66.038(16) 1.4136(3) 30(4) TisSi; (2,1,3)

19 67.9177 1.37896 8.57399 TisSi; (4,0,2)

20 71.73(3) 1.3147(5) 27(4) Ti3Si (2,0,3)

21 72.645(13) 1.3004(2) 53(5) TisSi; (5,0,0), o-Ti(1,0,3)

22 74.6141 1.27091 16.1049 TisSi; (2,2,3)

23 75.9698 1.25157 14.349 Ti3Si (4,0,0), TisSi; (3,3,0), a-Ti(2,0,0)
24 77.93(6) 1.2249(8) 18(3) Ti5Si (2,2,2), TisSi; (4,2,0)

25 79.25(12) 1.2078(15) 11(2) Ti;Si (4,0,1), TisSi; (3,3,1), a-Ti(2,0,1)
26 82.8619 1.16406 8.64496 TisSi; (5,1,0)

27 84.2539 1.14834 9.15224 Ti;Si (3,2,0),Ti5Si3 (2,1,4)

28 88.7574 1.10135 10.463 Ti5Si (4,0,2),0-Ti(2,0,2)

29 94.2025 1.0515 10.9561 Ti3Si (2,0,4), TisSi; (3,1,4)

30 104.74(3) 0.9726(2) 6.6(18) Ti5Si (4,0,3), TisSi; (6,1,1)

31 107.13 0.95743 16.2029 TisSi; (4,1,4)

32 112.29(12) 0.9276(7) 10(2) TisSi (4,2,1), TisSi; (5,3,0),0-Ti(2,1,1)
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Jonatok b. CriiBcTaBiieHHs AndpakifHuX KapTHH o- THTaHy Ta o~ Ti2.9A12.1
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CTPYKTYPOYTBOPEHHS. OMIP PYNHYBAHHIO TA ®I3/KO-MEXAHIYHI BIACTUBOCTI

Masyp B.U., bupoxosu4 JI.O. Binsine ajloMiHus Ha MEKPOCTPYKTYPY H ¢a30Bblii cocTas ciuiapos Ti-Si-Al
IBTEKTHYCCKOI'0 TUIIA

Ilens pabomui. H3zyuenue muxpocmpykmypol, ()azo68020 cocmasa u napamempos KpUcmaiiuieckol peuemxu
azoevix cocmaenAOwux KOMROUYUOHHBIX Cnasos cucmemsl Ti-Si-Al, komopwle codepocam ¢asor: o-Ti, Ti Si, TiAl
uTi AL

Memoowt uccneoosanus. Pacmpoeas snexmpoHHas MUKPOCKORUS, PEHM2eHODA306bIl AHANL3.

Ilonyuennvie peyromameol. B 5KCnepumeHmanbHuIX Cniagax 3aghukcuposano oopaszosanue 08yxX 080QA3HbIX
(- Ti + TiSi u Ti, AL, + Ti Si;) u oonot mpexcpasnou o-Ti + y +Ti(Si,Al); s6mexmuxu. Onpedenenvl napamempol
KPUCTNALIUYECKUX pelemOoK U coomHoueHue ooneu ghazosvix cocmasnaowux. C yseruieHuem co0epicanus amoMunus
6 OKCNepUMEHMANbHBIX CNIA6aX napamempol kpucmaniuveckou pewemxu o-Ti u a,-Ti Al u 06vem s1emenmapioi
Aveliky ymenvwaomescs, a 6 cunuyuoe (1i Si,Al) , smu eenuuurnvl yseuuusaiomcs.

Hayunasn nogusna. Bnepgvie ycmanosnena 603moicHocms 00pa3oeaHus aibmepHamueHbiX 08YXQasHbIX I6MEeKMUK
o-Ti + TiSiju Ti, Al, + Ti Si,. Onpedeneno enusnue cooepicanus AmoMiHis HA 3AKOHOMEPHOCMb USMEHEHUs.
napamempos KpUcmaitudeckou peuemsu haszosuix coCmasiAiouwux dIKCnepumenmanbiolx cniaeos. Cygerudenuem
CO0epPIUCanus ANOMUHUA 6 3AI6MEKMUUECKUX CAIA6AX XApaKmepHo 00au nepeuuroz2o cuiuyuoa mumany Ti Si u
nosienenus unmepmemaniudos Ti Al u TiAl. Veenuuenue codepoicanus amomunus npueooum K 3HA4UMENbHOMY
ymenvuenuio napamempos a, b, ¢ u obvema kpucmaniuueckou auveiku pas a- Ti Al u o Ti. Yeenuuenue smux
napamempos nabnooan 6 gase (Ti Si,Al) .

Ilpakmuueckan yeunocms. Onpedenena nocaioogamenbHocms Gazo8vlx peakyull 6 npoyecce
CMpyKmypoobpazoeanus cniagos. Busenenue semexmuko-3emexmoudno2o npoyecca oeidem GO3MONCHBIM
usmMenbyeHue CMpYKmypHbIX COCIAGISIOWUX C Yeablo YEeauteHs mpeujuHoCmouKoCmu CRAAB08 NPU NPOEKMUPOSaHUU
MEeXHONI02UHeCK020 npoyecca 0l 3a0aHHO20 CHAABA.

Knroueewie cnosa: muxpocmpykmypa, ¢pasosuti cocmas, 3emexmuxa, cucmema Ti-Si-Al

Mazur V., Birjukovich L. Effect of aluminium on the microstructure and phase composition of eutectic tipe
Ti-Si-Al alloys

Purpose. The study of microstructure, phase composition and parameters of crystal lattice of Ti-Si-Al composite
alloys containing the next phase: o-Ti, Ti Si, TiAl and Ti Al.

Research methods. SEM, light microscopy, XRD with base data.

Obtained results. Two bi-phase (o-Ti, Ti Si, TiAl and Ti Al) eutectic and three-phase o-Ti + y +Ti (Si,Al); one
have been registered in experimental alloys. The parameters of crystalline lattice have been determined. The in-
creasing of Al content leads both to reduction of parameters of o-Ti and a,-Ti Al crystal lattice and crystal cell
volume. These value of Ti Si,are reduced.

Scientific novelty. For the first time two alternative eutectic -Ti + Ti Si and Ti, Al, , + Ti Si have been found.
With increasing of Al content in hyper eutectic alloys the value of Ti Si increases and Ti Al appears as well. The
increasing of Al content leads to decreasing parameters of crystalline cells of a- Ti Al and a- Ti and to increasing
ones of Ti (Si,Al),.

Practical value. It was determined the sequence of phase reactions. Identification the eutectic- eutectoid process
makes it possible to control grinding grains the structural constituents in the purpose increasing the fracture
toughness during design the technology for given alloys.

Key words: microstructure, phase content, eutectic, system Ti-Si-Al.
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Il TEXHONOr I OTPUMAHHA TA OEPOBKU
KOHCTPYKLIMHUX MATEPIANIB

YK 621.789

Kpasuos B. B.

HY «3anopi3bka nonitexHikay, r. 3anopoxbe

YNbTPA3BYKOBOE YNPO4YHEHUE 3YBYATbIX KOJIEC
BEPTONIETHOU TPAHCMUCCUM

ILlens pabomel. Oyenka enusnus yibmpasgyko6ozo ynpounenus (¥Y3Y) na conpomuenenus ycmaiocmu, 6e1uduty
u xapaxmep pacnpeoeneHust OCIAamoyHblX HANPAACEHUTL 8 NOBEPXHOCIHOM C0€e 00pA3Y08 3y0UambIX KOAeC U3 Cmau
16X3HBDOMDb-11] sepmonemnou mpancmuccuu.

Memoowl uccneoosanusn. /[ns nposedeHus CpaGHUMENbHbIX UCHBIMAHULL HA YCMALoCmb ObLIU U320MOBIEeHbL
cneyuanbhble 00pas3ybl ¢ GLIKPYICKOU 6 Koauvecmee 34 wm. Mamepuan obpaszyos 3y0uamulx Kojiec — Cmaiv
16X3HBOMHE-III. Texunonozuueckuil npoyecc uzeomosieHus 8blKPYICKU 00paA3y08 AHAIO2UYEeH MeXnpoyeccy
00pabomiu 6nadun 3y0bes ucciedyemuix 3y0Uamvix Kojiec 6epmoiemHol MpPanCMUCCUlL.

Yacmb 06pazyos (17 wim.) ucneimvi8anucs 6 UCXOOHOM COCMOSIHUU, OCMAIbHbIE — NOOBEP2ATIUCH VIbIMPA3EYKOBOMY
ynpoureHuro wapuxamu. Ucnvimanus nposoounuce Ha subpocmende BIJC-400 npu komrammuot memnepamype u
PE30HAHCHBIX KONeOAHUAX NO Nepeoil U32UOHOU (hopme KOHCONbHO 3AKPenieHHbIX 00pa3yo08.

Ilonyuennsie pezynomameul. Ha ocnoge pe3ynvmamog 9KCnepumMeHmanbhblX Uccie008aHull, NOKA3AHO GlUsHUe
VIbMPA368yKOBO20 YNPOUHEHUS HA CONPOMUGLEHUEe YCMAIOCIU, 8EIUYUNY U XapaKmep pacnpeoeneHusi OCmamoyHbIx
HANPAACeHUIl COHCAmusi 8 NOBEPXHOCMHOM clloe 0opa3zyos uz cmanu 16X3HBOMEB-I111.

Hayunas nogusna. DxcnepumenmanbHble UCCie008aHUs NOKA3AMU, YMO YIbIMPA38YKOGOE YNPOUHEHUE NOBbIUUAem
conpomugnenue ycmanocmu oopaszyog uz cmaiu 16X3IHBOMDB-III u gopmupyem 6 ux noepxHoCmuom cioe
0CMamoyHbvle HANPANCEeHUs: cocamusi 8 ouanazone om -533 0o -23 Mlla. Ilpeden 8biHOCIUBOCMU UCXOOHBIX 0OPA3YOE
cocmaensem o,=588 Mlla. Ilpeden evinocausocmu 06pasyos ¢ 6bIKPYICKOU, NOGEPXHOCHb KOMOPHIX NOOEEP2ATACH
YABMPA38YKOBOMY YAPOUHEHUIO CIATbHBIMU WApUKamu, cocmagisem o.,= 666 Mlla.

IIpaxkmuueckasn uennocms. Ha ocnosanuu nonyyeHuvix pe3yibmamosd OAHHO20 IKCHEPUMEHMA B03MONCHO
paspabomams payuUOHAIbHYII MEXHOI02UYECKULl NpoYyecc U32omosieHus 3youameix konec uz cmanu 16 X3HBDME-
LI sepmoremnoti mpancmuccuu, 06eCneyu8aiouuil Ux GbICOKUe IKCIILY AMAYUOHHbLE XAPAKMEPUCTIUKU.

Kniouesvie crosa: 3y6uamule Koneca, yibmpasgyKkoeoe YRPOUHeHue, IKCHePUMEHMAIbHbIE OAHHbIe, CONPOMUBIEHUE
yemanocmu, 0CmMAamouHble HANPSICeHUsl, 6ePMONIeMHAs MPAHCMUCCUSL, KAYeCmeo Mamepuand, ouazpamma,

cpaerHumelbHble UCNbIMAHUA, 05pa314bl, npedeﬂ BblHOCIUBOCMU.

BBenenne

B npakTuke 3KcIuTyaTaliui BEPTOIETHOW TEXHUKH OJ1-
HOW M3 NPUYHMH OTKA30B SBJIAETCS HAPYIICHUE YCTOWYU-
BOW pabOTHI NIABHOTO PERYKTOpA, YTO COMPOBOXKIAETCS
aBApUIHBIMU CUTYaIIMH.

3y0uatbie epegadn OTHOCATCS K YUCITy HanOoJee OT-
BETCTBEHHBIX U CIIOXKHBIX 3JIEMEHTOB BEPTOJIETHBIX PEYK-
TOPOB, OIPEJIEISAIONINX BO MHOTOM NX TEXHHYECKUH Ypo-
BeHb U paborocniocodbHOCTh. B Hacrosmee BpemMst Heno-
CTaTOYHOE KaYeCTBO 3yOUaThIX Iepenad B 3HAUYUTEIBHOH
CTENECHH OrPAaHNYUBACT MOBBIIICHHE XaPAKTEPUCTHK Bep-
TOJIETHBIX PEAYKTOPOB. TEXHOIOIMN M3TOTOBJIEHHS 3y0Ua-
TBIX NIEpPENay IIIABHBIX BEPTOIETHBIX PEIYKTOPOB PACCMOT-
PEHBI B OTPaHIYCHHOM YHCIIe pa0oT, M3AaHHBIX eme B 60—
80-€ TOIIBI IIPOIILIOTO CTONETHS.

TexHONMOTMsI MPOU3BOACTBA 3yOUATHIX KOJIEC BEPTOIET-
HOW TPAaHCMHUCCHUHM SIBIISIETCS OJHOM U3 CIIOKHBIX U MPO-
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OJIeMHBIX 3a/1a4, TpeOyroIIel HaTH4Hs CIISIIHATHHOTO JI0-
POrOCTOSIIEro 000PYNOBAHUS, TEXHOIOTHIECKOH OCHACT-
KU U CIIEIHAIACTOB BBICOKOH KBasTnukarmu. CoBepIeH-
CTBOBAaHHE TEXHOJIOIMYECKUX TPOLIECCOB H3TOTOBJICHUS
3y04aTHIX KOJIEC B YACTH PEIICHNUS IPOOJIEMHBIX BOIIPOCOB
TIOBBIIICHHMS KauecTBa ¥ IIPOU3BOIUTEIBHOCTH 00pabOTKH
CBOIWTCS HE TONBKO K aHAJIHM3Y U 0000IIEHHI0O MUPOBOTO
OIBITA, HO M K HEOOXOAMMOCTH TIOCTOSTHHOTO TIPOBEICHUS
TEOPETHIECKUX, IKCIIEPUMEHTAIBHBIX U IPOU3BOJICTBEH-
HBIX HCCJIEIOBAHMI, XapaKTEPHBIX I OTEYECTBEHHOTO
MarmmHOCTpoeHws [ 1, 2].

JlaHHas CTaThsS MOCBSIICHA UCCICIOBAHHUIO BIIUSHHS
VIBTPA3BYKOBOTO YIPOYHEHHUSI HA COMPOTUBIICHHS yCTa-
JIOCTH, BETMYMHY ¥ XapaKTep paclpeeeHUs OCTaTOYHBIX
HaTPsDKCHUH B IOBEPXHOCTHOM CJIO€ 00Pa3IOB 3y09aThIX
xornec u3 cranu 16X3HBOMB-11I BepronerHoii TpancMIic-
cun. Tak Kak pabOTOCIIOCOOHOCTH 3yOUaThIX KOJIeC B pe-
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HIAFOIIEH CTENEHN 3aBUCUT OT TOUHOCTH U3TOTOBJICHUS U
KayecTBa MOBEPXHOCTHOTO CJIOSI 3yObEeB, KOTOPOE JOKHO
OBITH BEICOKUM, YTOOBI B YCITOBUSIX JIGHCTBHS OOJIBIIIMX KOH-
TAKTHBIX HANPSDKEHUHM, CUJT TPEHUS M KOHTAKTHBIX TEMIIEpa-
Typ paboure TOBEPXHOCTH MOIJIH ITPOTHBOCTOSITH TIOBPEXK-
JICHHIO M YCTAJIOCTHOMY Pa3pyILeHHIo, B cepe BEpTOIeTO-
CTPOEHUSI JAHHBIM BONPOC SBJIAETCS AKTyalIbHBIM [3, 4].

AHaI13 HCTOYHUKOB U ITy O IHKALMIA

CocTosiHIE TOBEPXHOCTHOI'O CI0S1 KOHCTPYKI[MIOHHOTO
MaTepHana, IPUMEHSEMOTO0 JUIsl H3TOTOBJICHUS 3y0UaThIX
KOJIEC TVIaBHBIX BEPTONETHBIX PEAYKTOPOB, MPEACTABISAET
co00ii BayKHBIH (aKTOp, OMpeIesTIONINHA AKCIUTyaTaI[FOH-
HBIE XapaKTEPUCTUKH U3enus. BbI3BaHO 3TO TeM, 4TO pas-
pYyIIeHHe KOHCTPYKIIMOHHOTO MaTepHaa AeTaln 00BIYHO
HA4YMHAETCsI C €€ MOBEPXHOCTH, a 3TO IPUBOIUT HE TONBKO K
rorepe HeoOXOAMMOH ITPOYHOCTH, HO U K YXYAIICHHIO YC-
JIOBUI SKCILITyaTally ACTANH.

HanexxnocTs pabOTHI BEPTOJIETHBIX PEIYKTOPOB BO
MHOI'OM 3aBHCHUT OT BBIHOCTMBOCTH TSLKEJIO0 HArPY KEHHBIX
npu pabote 3yOuaThIx Kosec. PaspymieHns ot ycraiocTu
JleTanel MpaKTHUECKH BCErIa HAUMHAIOTCS C IOBEPXHOCT-
HOTO CJIOsI, T/Ie OOBIYHO MMEETCS 3HAYUTEIHHOE KOIHde-
CTBO pa3IMYHBIX A€(EKTOB. YIIPOUHEHHE METOIOM ITOBEp-
XHOCTHOT'O TIACTHYECKOTrO e(OPMUPOBAHUS SBISIETCS
3¢ PEKTHBHBIM TEXHOJIOIMYECKUM CIOCOOOM HOBBIIICHNUS
COIPOTHBIICHHUS! YCTAIOCTH 3yOUaTHIX KOJIEC.

B nporecce ynerpa3BykoBOro yrpOuHEHHUs! IOBEPXHO-
CTHBIN CIIOH IOfIBEpraeTcs IIaCTHIECKOMY J1e(hOpMHUpO-
BaHUIO — HakJjemy. [Ipu 3ToM MOBBIIAIOTCS COMPOTUBIIE-
HUe AehopMaIiy ¥ TBEPJ0CTh HOBEPXHOCTH, N3MEHSETCS
MHKPOTEOMETPHS TOBEPXHOCTH, YMEHBIIAETCS KOJTMIECTBO
MHUKpPOKOHIIEHTPATOPOB HAIPSDKEHHH.

CyIecTBEHHYIO POJIb UIPAET BEIMYMHA U 3HAK OCTa-
TOYHBIX HalpsDKEHUH. B mpornecce skcIulyatauuy pacts-
TMBAIOIINE HATIPSDKEHMS CKIIAIBIBAIOTCS C ICHCTBYIOIIN-
MU OUKJINYECKIMH PacTATHBAIOIINMHU HANpPSDKEHHAMH,
YCKOPSIETCSI IPOIIECC PAa3yHPOYHEHUS K 00pa30BaHUS Tpe-
IIMH OT YCTAJIOCTH.

-

K mocrouHCTBaM YIETPa3BYKOBOIO YIPOYHEHUSI Clie-
JIyeT OTHECTH BO3MOXHOCTh MPUMEHEHUSI JTaHHOM TEXHO-
JIOTUH JUTS I€TajIel, UMEIOIIUX CIIOKHOMPO(UITBHYIO T'e0-
Mmetputo. [Ipu 3TOM JOCcTUraeTCs GIaronpusITHOE pacrpe-
JIeJICHHE BHYTPEHHUX HAMPSHKEHWH B METAJIE U TaKOe
CTPYKTYPHOE COCTOSIHHE, ITPU KOTOPOM YIA€TCsl TIOBBICUTD
B JIBa-TPH pa3a 3arac MNpOYHOCTH JeTaneil, paboTaromumx
IPY IEPEMEHHBIX HATPY3KaX, U YBETMYHUTH CPOK CITY)KOBI B
necatku pa3 [5{7].

O0beKT nccJIe10BaAaHUs

OOBEeKT HCCIIENOBaHUSI — MPOLECC YIBTPa3BYKOBOTO
YOpOUYHEHHsI 00pa3moB 3y04aTHIX KOJEC M3 CTaIu
16X3HBOMB-I11.

Metoauka npoBeeHUsI UCCJIeI0BAHUI

J11st IpoBeieHNsI CpaBHUTENBHBIX NCIIBITAHNI Ha yCTa-
JIOCTH OBUTH N3TOTOBJICHBI CHIEIMAIbHBIE 00Pa3IIbl C BHIK-
PYXKOii B Ko-Be 34 miT., hopma 1 pa3Mepbl KOTOPBIX Hpes-
craBiieHbl Ha puc. 1. Marepuan o6pa3noB — craib
16X3HBOMB-III. TexHOI0rn4ecKuii porecc N3roToBie-
HUSI BBIKPY>KKH 00pa3lioB aHAJOTHUEH TeXIIpoleccy 00-
paboTKH BrIavH 3yObeB HCCIIEAYEMbIX 3y0UaThIX KOJIEC.

Yactp 00pa3nos (17 mT.) HCIIBITHIBAINCH B HCXOAHOM
COCTOSIHMH, OCTaJIbHBIE MO/BEprajunch Y3Y mapukamu.
Cxema Y3V u o0Omuii BUJ yCTAaHOBKH NPEICTABIECHBI HA
puc. 2, 3 cooTBETCTBEHHO. B TakoM Bre 00pa3Iisl ocTy-
IIMJIM HA UCIIBITaHMS, KOTOpBIE IPOBOIMINCH Ha BHOpOC-
tenge BOJIC-400 npu koMHATHOHN TeMIiepaType U pe3o-
HAHCHBIX KOJCOAHUSAX IO MEPBOM U3THOHOW (popMe KOH-
COJIBHO 3aKpEIIEHHBIX 00pa3IoB.

MakcumainbHble HalpsDKEHUS IPU 3TOM pa3BUBAJINCH
IO BEIKpYXKe B cedueHnd A-A (cM. puc. 1). Hacrora kore-
Oanuii = 440-475 'y, 6a3a ucnbitanuit N =20-10° ukios.
Pexxumbr Y3V mist ipoBeieHUs HCCIeIOBAHMI OCTaTOYHBIX
HANPSHKEHUN Ha 00pa3Ifax MpeacTaBIIeHb B Ta0mIe 1.

Pe3ynbTaThl HCc/1e10BaHUI H NX 00CY:KIeHHE

HanpsikeHust IIpy NCIIBITAHMSIX YCTAHABIMBAIIHCH F KOH-
TPOTMPOBAIIUCE TT0 BETHMYMHE ABOHHOIN aMITHTYIIBI KOJIe-
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Puc. 1. Dcku3 obpa3na Ui UCIIBITAHUA Ha YCTAIOCTD
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Oanwmii obpasua. Pacuer HanpspkeHuit B ceueHnu A-A mpo-
BOIWICA IO Pe3yIbTaTaM CTaTUUECKON TAPUPOBKU: IPHIIO-
JKeHHEM TapUpOBaHHOTO I'Py3a M W3MEpPEHHEM Iporuda
Ha KOHIIE KOHCOJIBHO 3a)KaToro oOpasma. Pesymbrarh
WCIIBITAaHNH Ha YCTAJIOCTh MpE/ICTaBIIeHb! B TA0HIax 2, 3.
OnpeneneHue xapakTepa U BEIMYUHBI OCTaTOUHBIX Ha-
npspKeHuit ocie Y3Y mpoBoamiIock Ha odpasiax pa3mMe-

pamu 70r12r4 mm (puc. 4), U3TOTOBJICHHBIX M3 CTAIIN
16X3HB®MB-11 ¢ nemenranuei no cepuitHoi TEXHOIO-
run. VI3MepeHust 0CTaTOYHBIX HAIPSHKEHHUH IPOBOAMIINCH
Ha mpudope [TMOH-2.

Pe3ynbrars! H3MepeHuii OCTaTOYHBIX HAITPSHKEHUH 13-
nokeHsl B Tabnmue 4 (rne V-1 —ncxonusrit oopazer, V-1 ...
VY-5 —o00pasust nocne Y3V mapukamu) 1 Ha 0000IICHHOM
JuarpaMMe Ha puc. S.

TaﬁJmua 1 — PexxuMEl YIABTPA3BYKOBOI'O YHPOYHCHU A 06pa3u013 JJIA IPOBEACHUA NUCCIICAOBAHUA OCTATOYHBIX HAIIPSIKE-

HUiA Ha 00pa3iax u3 cranu 16 X3HBOMB-111

Ne o6pasna mii?g(:ﬁqM mi\;;;g; - Bpemst yIpouHEHMs, MUH WHTEeHCHBHOCTE 1O PUOOPY
V-l 01”608 25500 10£0.3 38...40 e,
V2 01”608 ;gg 10£0,3 30...32 en.
V-3 01”608 égg 10£0,3 28...30 e,
V-4 01”608 ;gg 10£0,3 19...20 ex.
V.5 01”608 ;gg 10£0,3 14 en.

!
[ H = 2
4 i
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- ]

Th,

- K 2oaEpamam;

Puc. 2. [TpunuunuanbHas cxema yabTpa3ByKOBOIO YIPOUHE-
Hust: 1 — KpbllKa; 2 — KOHIEHTPATop; 3 — CTOUKH;
4 — ucneIThIBaeMbIi 00pasen u3 cramu 16X3HBOMB-11I;
5 — mapuky; 6 — MAarHUTOCTPUKIIMOHHEIN ITpeodpa3oBaTelb

Puc. 3. OOmuit BUa yCTAaHOBKY JUIS YIIBTPa3BYKOBOIO
YIPOYHECHUS

i

I &

— B —— g —

Puc. 4. Dcku3 oOpasia At UCCIIENOBAHUS OCTATOYHBIX HAIPSDKEHUH
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Tabauna 2 — Pe3ynsrarhl HCTIBITAHNH HA YCTAJIOCTh HCXOMHBIX 00pa31ioB u3 cramm 16X3HBOMB-111

AMmutyna
Nenn Ne ¢ Hanpsoxenue B
KoseOaHuit 2A, Yucno UMKIOB, MIIH IIpumeuanue
/m oOpasma M ceuennu [-1, MIa
1 U-1 2,0 784 0,14 Paspymumncs
2 n-2 1,8 706 0,20 Pa3zpymmncs
3 n-17 1,8 706 0,13 Pa3zpymmncs
4 n-13 1,7 666 20,0 He pazpymmuncs
5 U-14 1,7 666 0,40 Pazpymmmncs
6 H-15 1,7 666 20,0 He pazpymuncs
7 n-16 1,7 666 20,0 He paspymmncs
8 n-3 1,6 627 20,0 He paspymmncs
9 -4 1,6 627 6,15 Paspymmmncs
10 n-10 1,6 627 20,0 He pazpymmics
11 n-11 1,6 627 6,15 Paspymmncs
12 U-5 1,5 588 20,0 He pazpymmics
13 U-6 1,5 588 20,0 He pazpymmics
14 n-7 1,5 588 20,0 He pazpymmuncs
15 n-8 1,5 588 20,0 He pazpymumncs
16 n-9 1,5 588 20,0 He pazpymumncs
17 H-12 1,5 588 20,0 He pazpymumncs
Tadnuma 3 — Pe3ynbTaThl UCHBITAHUH HA YCTAJOCTh O0PAa3IOB C YABTPA3BYKOBHEIM YIPOYHCHHEM BBIKPYKKHU
u3 cram 16 X3HBOMB-111
Ne Ne AMrunETyna Hanpsoxenue B ceueHnn Uneto LHKIOB, MIH Tpameaasme
n/n obpasia kosebanui 2A, MM I-1, MITa ’
1 V-1 2,0 784 0,36 Pazpymmncs
2 y-2 1,8 706 20,0 He paspymmncs
3 y-3 1,8 706 0,08 Paszpymmncs
4 V-16 1,8 706 20,0 He paszpymcst
5 y-17 1,8 706 20,0 He pazpymmncst
6 Y-8 1,7 666 20,0 He pazpymmcst
7 Y-9 1,7 666 20,0 He paspyumicst
8 V-10 1,7 666 20,0 He pazpymics
9 y-11 1,7 666 20,0 He paszpymmncs
10 y-12 1,7 666 0,85 Paszpymmncs
11 VY-15 1,7 666 20,0 He paspyumncs
12 Y-4 1,6 627 20,0 He paszpyumncs
13 VY-5 1,6 627 20,0 He paszpyummncs
14 Y-6 1,6 627 20,0 He paszpymmncs
15 y-7 1,6 627 20,0 He pazpymics
16 V-13 1,6 627 20,0 He paszpymcs
L .' I
;;;.:;f:?‘“_"‘-__—‘———- .
Pl "': - o
i ; . N I

Puc. 5. PaCHpCHCHCHI/IC OCTaTOYHBIX HaHp}I)KCHI/Iﬁ B [IOBEPXHOCTHOM CJIO€ 06p33HOB
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Tabauna 4 — Pe3ynsTars! HCCIIeNOBaHMS OCTaTOYHBIX HAPsDKEHHH Ha oOpasiax u3 cramu |6 X3HBOMB-111

e -1 V-1 V2 V-3 V-4 V-5
obpasia
2 -130,3 -316,5 -342 -228,3 -415,5 -326,3
5 -130,3 -316,5 -342 -392 -533,1 -510,6
10 -39,2 -316,5 -288,1 -392 -497,8 -510,6
20 +186,2 -316,5 -235,2 -392 -480,2 -401,8
30 & +48 2773 -192,1 3234 -462,6 -310,7
g 40 = 0 -193 -136,2 -221,5 -392 -279,3
= 50 ™ -17,6 -143,1 -98 -133,3 -313,6 -232.3
é 60 E’ -17,6 -115,6 -94,1 -87,2 -274,4 -180,3
. 70 % -17,6 -93,1 -94,1 -72,5 -225,4 -149
3 80 E -40,2 -93,1 -94,1 -72,5 -187,2 -99
21 9% | % -40,2 -93,1 -94,1 -53.9 -147 -58,8
= [ 100 ! 40,2 93,1 94,1 53,9 -102,9 58,8
8 110 g,/ -40,2 -93,1 -94,1 -53,9 -82,3 -58,8
S 120 = -59.,8 -93,1 -94,1 -53,9 -82,3 -58,8
§ 130 3 -59.8 -93,1 -94,1 -53,9 -61,7 -58,8
g [ 140 & - 93,1 94,1 53,9 61,7 58,8
~ 150 % — -93,1 -94,1 -53,9 -323 -39,2
160 s — -113,7 -94,1 -53.9 -61,7 -39,2
170 — -113,7 -94,1 -39,2 -47 -39,2
180 - -113,7 -104,9 -39,2 -47 -23,5
190 - -113,7 -104,9 -39,2 -47 -23,5
200 — -113,7 -104,9 392 47 23,5
BriBoanl

DKcnepruMEeHTaIbHBIE UCCIIEOBaHNS MOKa3aln, YTo
WIBTPa3BYKOBOE YIIPOYHEHHE TIOBBIIIAET CONPOTHBICHHE
ycrasoctu 00pa3uoB u3 craan 16X3HBOMB-11I u popmu-
PYET B MX NOBEPXHOCTHOM CJIO€ OCTATOUHBIE HATIPSDKEHUS
CKaTHA B rana3oHe ot -533 o -23 MITa.

Ipenen BEIHOCINBOCTH UCXOIHBIX 00PA3IIOB COCTABIIS-
er o =588 MIla.

[Ipenen BEIHOCITUBOCTH 00pa3IOB C BBIKPYKKOH,
MTOBEPXHOCTH KOTOPBIX NMOJABEPTantach yIbTPa3ByKoBO-
MY YIPOYHEHHIO CTAIHHBIMH IIAPUKAMH, COCTABIISIET
G =666 MIla.
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Kpasuos B. B. Yibsrpa3BykoBe 3MillHeHHSI 3y04aTHX KOJIiC BEPTOJIITHOI TPaHcMmicii

Mema pobomu. Oyinka 6nauUBy YIbMPAa38yK0B020 3MIYyHEeHHA HA ONIp YMOMIAEHOCMI, 8eAUNUHY | Xapakmep
PO3NOOIIEHHS 3ATUUUKOBUX HANPYICEHb ) NOBEPXHe8OMY wapi 3paskie 3youamux xoxic i3 cmani 16X3HBOMB-III

8epPMOIIMHOT MPAHCMICI].

Memoou docnidxcenna. /[na nposedeHHs NOPIBHAIbHUX 8UNPOOYE8AHb HA BMOMAEHICMb OV 8UCOMOBIEH] CneyiaibHi
3pasKu 3 BUKPYMKor0 y Kinekocmi 34 wm. Mamepian 3paskie 3youamux konic —cmanw 16 X3HBO®MPB-III. Texunonoeiunuii
npoyec ULOMOBGIEHHA BUKPYIHCKU 3PA3KI8 AHANIOTUHUL MEeXHOI02IYHOMY npoyecy 00poOKU 8naduH 3y01ie 00CTIOHUX

3Y0UAmMUX KOiC 6ePMOAIMHOL MPAHCMICIL.
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Yacmuna 3paskie (17 wm.) eunpobysanucy 6 nouamxkogomy Cmawi, iHui — nid0aeaarucs YibmpaszeyKo8oMmy
3MiYHenHIO wapukamu. Bunpobysanus npogodunuce Ha sibpocmendi BOJ[C-400 npu kimHamuii memnepamypi ma
PE30HAHCHUX KOMUGAHHSX NO NePULitl 32UHANbHIU (POPMI KOHCObHO 3AKPINAEHUX 3PA3KIE.

Ompumani pesyavmamu. Ha ocnogi pesyiomamie ekcnepumeHmanrbHux O00CAiONCEeHb, NOKA3AHO GNIUG
VIbMPA38YK0BO20 3MIYHEHHS HA ONIP 6MOMICHOCMI, eIUYUHY | XapaKkmep po3Nno0iIeHHS 3aTUUKOBUX HANPYICEHb
CIUCKY y nogepxuesomy wiapi spasxie iz cmani 16 X3HBOMB-11I.

Haykoea noeusna. ExcnepumermanbHi 00CHIONCEHH NOKA3AIU, WO YIbMPA38yK06e 3MIYHEHHS NIOSUYE ONIp
emomnenocmi spaskie iz cmani 16 X3HBOMB-1II i hopmye 6 ix nogepxnesomy wapi 3aUuK0O8i HANPYHCeHHs CIMUCKY 8
Oianasoni 6i0 -533 0o -23 Mna. Mejca eumpumku euxionux spaskie ckradae o,= 588 Mlla. Medica sumpumxu
3pA3Ki6 3 GUKPYMKOIO, NOBEPXHS AKUX NI00ABANACI YIbMPA3EYKOGOMY 3MIYHEHHIO CIMATbHUMU WAPUKAMY, CKIAOAE
0,=666 Mlla.

Ilpakmuuna yinnicme. Ha ocnoei ompumanux pe3yiomamis 0aH020 eKCHepUMenmy MONCIUEO PO3POOUmu
PAYIOHAIBHUL MEXHOLOSIYHUL Npoyec 8UcomoegienHs 3youamux kounic i3 cmani 16 X3HBOMB-III eepmonimuoi
mpawucmicii, wo 3abe3neyye ix GUCOKI eKCNIyamayitiii XapaKxmepucmuku.

Knrouoei cnoea: 3y6uami xoneca, yiompasgykoee 3MIYHEHHs, eKCREPUMEHMAbHI OaHi, ONip 6MOMAEHOCMI,
BANUMKOBE HANPYICEHHS, 6ePMOTIIMHA MPAHCMICIs, IKiCcmb Mamepiany, diazpama, NopiGHAIbHI BUNPOOY8AHHS, 3PA3KU,
Medca BUMPUMKU.

Kravtsov V. Ultrasonic hardening of the gear wheels of helicopter transmission

Purpose. Evaluation of the effect of ultrasonic hardening on endurance strength, the magnitude and nature of the
distribution of residual stresses in the surface layer of samples of gear wheels from steel 16 X3HB®MBb-LLI of helicopter
transmission is done.

Methods of research. For comparative tests on fatigue, special samples were made with a fillet in a number of 34
pieces, samples material of gear wheels is steel 16X3HB®MBb-11I, the technological process of making fillet samples
is similar to the technological process of processing the cavities of the teeth of helicopter transmission gear wheels
were used.

Some samples (17 pcs.) were tested in the initial state, the rest of samples were subjected to ultrasonic hardening
with balls. The tests were carried out on a BO/[C-400 vibrostand at room temperature and resonant vibrations in the
first bending form of cantilevered samples.

Received results. In the work, based on the results of experimental studies, the effect of ultrasonic hardening on
fatigue resistance, the magnitude and nature of the distribution of residual compressive stresses in the surface layer
of samples of steel 16 X3HBD@MHEB-1II were schown.

Scientific novelty. Experimental studies have shown that ultrasonic hardening increases the fatigue resistance of
samples from steel 16X3HBO®MB-III and forms in their surface layer the residual compressive stresses in the range
SJrom-533to -23 MPa. The endurance limit of the original samples is o, = 588 MPa. The endurance limit of samples
with a fillet, which surface was subjected to ultrasonic hardening wzth steel balls, is 0., = 666 MPa.

Practical value. Based on the results of this experiment, it is possible to develop a ratlonal technological process
for the manufacture of gear wheels from steel 16 X3HB®MB-1II of helicopter transmission, ensuring their high perfor-
mance.

Key words: gear wheels, ultrasonic hardening, experimental data, fatigue resistance, residual stress, helicopter
transmission, the quality of the material, diagram, comparative tests, samples, endurance limit.
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HaumoHanbHbIM YHUBEpPCUTET «3anopisbka NoniTexHikay, . 3anopoxee

NPUMEHEHUE TUTAHOBbIX MOPOLLUKOB C HEC®EPUYECKON
®OPMOW YACTUL NPU U3rOTOBITIEHUU NU3OENUA METOOAMMU
3D NMEYATH

Ilenwv pabomet. Ilonyuume onvimHvle MUmMAaHogvle NOPOUKO8ble MAMEPUATbL C HechepuyuecKkoll popmot wacmuy
01 U320MOGNEHUS UZ0CUL MEMOOAMU AOOUMUBHBIX MEXHOLO2UIL.

Memoowt uccneoosanus. Pacmpoeas 31eKmpoHHASE MUKPOCKONUS, Memaniocpaguueckue ucciedo8anus
MUKPOCHPYKMYPbI 8 ONMUUECKOM MUKPOCKONE.

Ilonyuennvie pesynomamol. Ompabomana mexHONOUUECKAS YEeNnouKa NOJYYEHUs MUMAHOBbIX NOPOUKOBbIX
Mamepuanos ¢ Hecghepuueckotl popmot yacmuy, Komopwvie yOosiemsopaionm mpedo8aHUsIM K ColpbO 07 AOOUMUEHBIX
mexronoeuil. OnpedenieHbl OCHOGHbBIE EXHOL02UYECKUE NAPAMEMPbl NPOYECCO8 2UOPUPOBAHUSL UCXOOHBIX 3A20MOBOK
UX MEXAHUUEeCKO20 UMeNbYeHUs U nociedyioujell 2nyookou deeasayuu. Ilonyyenvl sKcnepumenmanvrsie 00paszysl 6
sude Koiey, u32omoeGieHHble ¢ UCNONb308AHUEM UM AHOBLIX NOPOULIKO8 Hechepuueckoll opmbl, ¢ npUMeHeHuem
onvimuou ycmanoexu o 3D newamu.

Hayunas noeusna. Ycmanoeneno euusHue Mop@orocuu Yacmuy mumaHogblx NOPOWKOGbIX MAMEPUaiog Ha
VIJLOMHAEMOCHb CL0E8 POpMUPYeMbIX NPU NOTYHeHUU U30eTUll MemoOamu Ad0OUMUBHBIX MEXHOIO02UIL.

Ilpakmuueckan yennocms. Paspabomana mexnHono2uueckas cxema noayyenus 6onee 0euesulx (6 CpagHeHuu co
chepuueckuMU) MUMAHOBbIX HOPOUIKOG C OMX0008 0epOopMayUoHHOU 06padoOMKU MUMAHOBbIX CNIABOS.

Kntoueswie cnosa: mumar, mexnHonoeus, NOPOULIOK, MOPPON0o2Us, paxyus, o, HACLINHAS NIOMHOCMb, NeYdmb,

uzoenue.
BBenenne

BHenpenue B mpon3BoCTBO HOBBIX TEXHOJIOTHH, B OC-
HOBY KOTODBIX MOJIOXKEHBI IIPUHIUITEI pecypcocOepexe-
HUS ¥ TIOBBIIICHUS] TEXHOIOTHYHOCTH M 9KOJIOTUYHOCTH,
SIBIISIETCSI, OE3YCIOBHO, aKTyalbHOHM 3amadeil. Hambomee
ONarompusATHBIM M MEPCIEKTHBHBIM PEIICHHEM B 3TOM
CITydae sIBISTFOTCSI METOIBI OCTIOMHOTO BEIPAIMBAHHS U3~
Jenuii u geraneil. [lpuMenenye alqiuTUBHBIX TEXHOMOTUI
SIBJISIETCSI IEPCIIEKTHBHBIM PELIIEHUEM B Pa3BUTHH Pa3iind-
HBIX OTpacieil IPOMBIIIIEHHOCTH (0COOCHHO, TAKUX KaK
BBICOKOTOYHOE MAIIMHOCTPOSHHE 1 aBHa [BUTaTEIECTPOC-
HHE), TIO3BOJISIONIMM IT0JTy9aTh TOTOBBIC H3IEIHS, a TAKKE
M3rOTaBINBATH HEOOXOIMMYIO TEXHOJIOTHIECKHU CIIOKHYIO
ocHacTKy. Jtu rexnonornu (Additive Manufacturing) mo-
3BOJIIOT OOBEINHUTE B ceOe TIIaBHBIC PEUMYIIIECTBA Ta-
KX METOJOB IOIyYEHHS U3/IENNH, KaK ITOPOIIKOBAsT Me-
TaJUTYpPIHsl, TUTEHHOE MPOU3BOACTBO U HAILJIABKA. YKa3aH-
HBIE aTUTABHBIE TexHomornd (3D medaTs) mpennonararT
W3TOTOBJICHHE U3/IEIHS 110 TAaHHBIM IU(POBOI MOAEH (MITH
CAD-aiina) METOIOM ITOCIOHHOTO JOOABICHIS MaTepH-
ama [1]. IIporeccrl TOCTIOMHOTO HapaIlIWBaHUS W3S
pasnmuaHBIME MeTofgamu 3D meuaTm mpmoOpeTaroT Bce
OOIBIIYIO TIOMYIIIPHOCTH, MTOCKOIBKY OOIaNatloT PSaoM
3HAYUTENBHBIX IPEUMYIIECTB MEPER CYyIIECTBYIOIINMH,
TPaJUIIOHHBIMI METOAAMH U3TOTOBJIEHHS, 00paOOTKH 1
pemonTa aeraneii [2]. ©opMupoBaHue H3AEIHN IPOUCXO-
JIUT TIOMIATOBO, B COOTBETCTBHH C KOH(HUTyparmeil cede-
HUH QpoH MOIETH U COSIMHEHNS KaXKIOTO ITOCTIeIyIO-
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IIETO CJIO0S ¢ TMPEABITYIINM, (B OTIHYHE OT CYIICCTBYIO-
el TeXHONOru: 00pabOTKH METAJUIOB Pe3aHbEeM, KOTIa
MaTepHal Kak ObI TOCIOWHO oTHUMAaeTcs) 3, 4].

Texnomornu 3D meyaTi Mo3BOISIFOT 00BEINHNUTE B cE0E
HE TOJTBKO TPEUMYIIIECTBA IIOPOITKOBOI METaJLTypTHH, (Ta-
KHe KaK, HalpuMep, BBICOKUH KO PHUIINESHT UCIIONH30Ba-
HUS MaTepraia, 9ero 4acTo HEBO3MOKHO JIOCTUTHYTh Me-
TOIAMH JIUTHS ), HO TAKKe MPEHMYIIIECTBA IUTEHHOTO MPo-
M3BOJICTBA, @ UMEHHO NOJIy4€HUE JETaJIEH CIO0KHOU
TeOMETPUH U Pa3TUIHON KOHDUTYpAITHH.

IocTanoBKka npodieMbI

Hecmotpst Ha Bce TOCTOMHCTBA W IPEMMYIIIECTBA, KO-
TOpBIE MPEIOCTABIIAET UcToNb30Banue 3D medaTn, ocTaer-
s psiI Ipo0IIeM, CIEP KUBAOIIIX PACIPOCTPaHEHUE STOM
TEXHOJIOTHH B IPOMBIILUTEHHOCTH. OTHOM U3 HUX SIBIISIETCS
HEOOXOIMMOCTh TIATEIBHBIX HCCIICIOBAHNI CBOHCTB (Me-
XaHIMIECKUX, (PU3NIECKNX ) TOTydaeMbIX H3/ICNIHi U3 pa3-
JIUYHBIX TIOPOIIKOBBIX MaTEPHAIOB, B 3aBUCHMOCTH OT Ta-
KX (paKTOpOB, KaK BIUSHHE (PPAKIIMOHHOTO COCTaBa U
(hOpPMBI CAMHX YaCTHIL, YTO O€3yCIIOBHO OUYEHb BAKHO ITPH
HM3TOTOBJICHUH U3IEIHI U CIIOKHBIX JeTalel aBUAI[HOHHO-
TO Ha3Ha4YeHH (JIOTIATKH, TUCKA U T. 11.). [1pu 3TOM criemyet
OTMETHTH, YTO Ha CETONHAIIHWNA IeHb YK€ CYIIECTBYET
HOMEHKJIATypa U3JETHiA, oTydaeMbIx Meronamu 3D me-
YaTH, KOTOPBIE YCTAHABIINBAIOTCS HA Ta30TypOMHHBIE IBU-
raTesy MPOU3BOICTBA 3apyOSKHBIX KoMmItaHui. Erre omHO
Ba)KHOH MPOOJIEMOM SBJISETCS JOPOTOBH3HA 000pYyIOBa-
Hust Ut 3D niegaTy, XOTs, UCXOMS U3 OIIBITa TPETIPHSTHH,
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KOTOpBIE€ BHEAPSAIOT B CBOEM IIPOU3BOACTBE TEXHOIOTUU
MOCIIOMHOr0 BBIPAIIMBAHUS U31€TUM, MOYKHO CIEIaTh BbI-
BOJI, YTO IIABHBIM C/IEP KHMBAIOIINM (haKTOPOM Ha IyTH K
HIMPOKOMY IIPUMEHEHNI0 AM-TeXHOIOruil SBIgeTcs 10-
pOroBH3HA TTOPOIIKOBOTO CHIPhsI ISl OOBEMHON TEYaTH.
OCco0eHHO 3TO CKa3bIBAETCsI IPH UCIOIB30BAHNH ITOPOILLI-
KOB TUTAaHA KaK JIETUPOBAHHBIX, TaK 1 HEJIETHPOBAHHBIX,
HOCKOJIbKY OCHOBHYIO POIb B LIEHOOOPAa30BaHUM 371€Ch
UT'PacT HE CTOIBKO CTOMMOCTB JIUTaTyp, CKOJIBKO CTOUMOCTb
caMOIl TEXHOJIOTMH TOTyYEHHs TTOPOIIKOB HEOOXOMNMOM
ceprueckoil (HopMBI.

MeTomika 1 pe3yJIbTaThl HCCJICA0BAHUI

AHann3 TEXHOIOTNYECKUX TIOKa3aTeNeH MPOU3BOICTBA
TIOPOIIKOB, MX IPENMYIIIECTB M HEAOCTATKOB ITOKa3all, 4TO
HanOoJIee ePCIIeKTUBHBIM MaTEPUaIOM JUISl a/TUTHBHBIX
TEXHOJIOTHH SIBJIIOTCS IIOPOLIKH, TTOTydaeMble IT0 THAPUI-
HOH TexHotoruy. Takoit MaTrepuan IMeeT HU3KOpa3BUTHIE
MIOBEPXHOCTU T'paHEH MOPOIIMHOK, MPUOIMKEHHBIX 10
¢dopme k chepornam. OH MEHee, YeM OCTaJIbHBIE, 3arpsi3-
HEH ITPUMECSMH, TIOCKOJIBKY CaM BOIOPO[ CIIOCOOCTBYET
OUMIIEHUIO TUTaHA IPU JETHAPUPOBAHUH [5, 6].

[ToaToMy HaM¥ TIPEI0KEHO UCIIOTIH30BAHUE TUTAHO-
BBIX [TOPOIIKOB, KOTOPBIE OBLIN ITPEIBapUTEIHHO MOIBEP-
THYTHI ONEpanusaM THAPUPOBAHMS U AETHIPUPOBAHHUS B
TEXHOJIOTHUECKOH LIETIOYKe MX IIPOU3BOCTBA JUISl allb-
HEWIIero NoydeH s U3/1eNMi pa3InIHBIMA METO/IaMH a1
JIMTHBHBIX TEXHOJIOTHI.

COBOKYITHOCTh TEXHOJIOTHYECKUX PEIICHUH TP TIpOo-
N3BOJICTBE TAKHX MOPOIIKOB THTAHA ITO3BOJISIET ITOTy4aTh
©OoJiee IUIOTHBIA MaTeprall C MEHBIINM COZIEp>KaHUEM BPEI-
HBIX MPUMECEH, YTO MOBBINIAET KaYyeCTBO IIOPOLIKA H YITy4-
mraet Mmopdororuro ero yactui. Ha puc. 1 mokaszaH BHem-
HUM BUJ ¥ CTPYKTYpa c(hepriIecKux U Hec(hepuaecKux mo-
POILKOB.

B pabore [7] conepxutest mHGOpMANNS O BO3MOXHOC-
TH, B OTJIMYHH OT CTAHIAPTHBIX TEXHOJIOIHH, NOy4aTh YII-
POIIEHHBIMU CIIOCO0aMU U3AETH M KaKHe—ITH00 AeTan
COOPHBIX KOHCTPYKINH N3 TATAHOBBIX TIOPOIIIKOBBIX MaTe-

puanoB ¢ Hecepuyeckoi (OpPMON YACTHIl U3 OTXOIOB
MIPON3BOJICTBA TUTAHOBBIX MOKOBOK M ITpoKaTa. Yo nosmo-
JKUTEIILHO CKa3bIBAETCS HA CE0ECTOMMOCTH ITPON3BOJICTBA
W3ENTUI METOIaMH &I TUBHBIX TexHonoruii [Ipenmyrie-
CTBaMH TaKOTO pOJia THTAHOBBIX ITOPOIIIKOB SIBJISETCS, B TEX-
HOJIOTHYECKOM ITTaHe, BO3MOYKHOCTB JIy4IIIEero KOMITAKTH-
pOBaHMs, B CPAaBHEHHH €O CHEPHUECKUMH MOPOLIKAMH,
Ka)JIOT0 CJIOsI CO3/]aBaeMoro u3Jienus, oiarogaps Oosee
KaueCTBEHHOMY CIEIUICHUIO U IUIOTHOCTH 3aIlONHEHHS
npocTtpaHcTia [8]. D10, B CBOIO 04Yepenb, yCKOPsIET Ipo-
recc pOpMHUPOBAHMS KXKIOTO ITOCIIETYIOIIErO CIIIaBIIeH-
HOTO (MJIM CIIEYEHHOT'0) CJIOSI C MEHBIINM PACXOI0M 3aT-
padMBaeMol PHEPIUH, YTO 0OEeCIIeYNBAET BHICOKHH YpO-
BeHb Kod(dduimenTa mone3Horo AeHCTBUS aJJIUTHBHOTO
Tpoliecca Co3AaHus N3N U YCTAaHOBKH B IIEJIOM.

C npyroit CcTOpPOHBI, TEXHOJIOTHS TTOJyYEHUsI CaMUX
MIOPOIIKOB, B OLINYUH OT TEXHOJIOI' MY TOYYEeHUS TIOPOILI-
KOB C YacTuiamu cepudeckod (opMbl, SBISETCS BO
MHOT0 pa3 Oonee JemeBoii, 9To B KOHEYHOM HUTore odec-
MeYNBAET 3HAYUTEILHYIO SKOHOMHIO ITpoLiecca Io Moiy-
YCHUIO U3JIENTUI U JIeTanell COOpPHBIX KOHCTpYKIwmid. J{o-
MTOJTHUTEBHO, CICAYET OTMETUTH (CMOTpH paboTHI [5—8]),
YTO IIAaBHOW 0COOEHHOCTHIO (POPMHUPYEMBIX CIIOEB B yC-
JIOBUSIX Tporiecca peanusauuu 3D neuaTu siBisiercs To,
YTO KaXK/IbIi CJI01 UMEeT OOMBIITYIO HACHITHYIO INIOTHOCTD
(T10 cpaBHEHHIO C TTOPOIIKOBBIMH MaTepHajiaMu co cde-
pudeckoit hopmoit yacTuir). ITo, CBSI3aHO C TEM, YTO
YMeEHbIIaeTcsl KOHIIEHTPalisi BHYTPEHHHUX ITYCTOT B CJIO-
sIX c(hopMHUPOBaHHOTO MaTepuaa (TIop, HeCILIOMHOCTEH,
KaBEepH, HEMIPOILIABOB U T. 11.). DTO, PEXE BCEro, 00bsic-
HSIETCSl TEM, YTO IIPH JIy4IlleM CLEIUICHHN Hechepudec-
KHX YaCTHIl IIOPOIIKOBOTO MaTepHuaja yMEHbIIAeTCs
00BEM IyCTOT BHYTPEHHETO MPOCTpaHCcTBa. UTo 1 0bec-
NIEYMBACT IIPH CLETUICHHH B CPAaBHUTEIHHOM IUTaHe 6o-
Jiee BEICOKYIO TUIOTHOCTh MaTepuaia. B moarsepxaeHue
BCEro BBIIIECKAa3aHHOTO IPUBOAUM PE3YJIETaTHI ITOIyqe-
HHS HEKOTOPBIX U3AENUil Ha IPHUMeEpe OIBITHBIX KOJbIIe-
BEIX 00pa3moB (puc. 2), MOTYICHHBIX BIIEPBBIC C TOMO-
bk TexHooruy 3D neyaty.

0

Puc. 1. BHewnuii Bug u cTpyKTypa chepuyeckux (a, 6, 6) U HechepuaecKux (2, 0, €) MopomKoB THTaHa (ppakuus — 80 MKM)
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Puc. 2. BHewHuii BUI U31€MHs, MOTy4eHHOro MeTooM 3D mevarn 13 THTAHOBBIX MOPOIIKOBBIX MATEPHANIOB ¢ Hechepuueckor (hopmoii

Bce 310 mo3BonsSeT YMEHBIIUTH 00Iee KOTMYECTBO
BHYTPEHHHX Je(EKTOB OyIymnX M3IeIHi 1 AeTalel Ipu
MIPUMEHEHUHN MAIIIFH Pa3JIMYHOTO TUIIA ISHCTBHS C UCTIONb-
30BaHHEM ITOPOIIKOBBIX MAaTEpHAJIOB ¢ HechepnaecKon
¢dopmoii gacTH.

BriBoanl

Paspaborana pecypcocbeperaroriias TeXHOTOTHIeCcKast
cxeMa (BKITIOYAroIIas B cede rmepepadoTKy OTXOIOB) MPO-
M3BOJICTBA TUTAHOBBIX MMOPOIIKOBBIX MaTEPHATIOB, C HeChe-
pHrueckoit hopMoii YacTHil, KOTOPBIE YIOBIETBOPSIOT TPe-
OOBaHUSAM aJIATUBHBIX MPOIECCOB BRIPALIMBAHUS U3IC-
JIVA.

YCTaHOBIIEHO, YTO HEMTPABUIbHAS. MOP(OIOTUS YACTHII
TUTAHOBBIX MOPOIIKOB MOJIOKUTEIBHO CKA3bIBAETCS HA
IUIOTHOCTH YKJIIKHU IPH (POPMHUPOBAHUH CIIOEB MaTEpHa-
na s 3D neyatw.

[Mony4eHbl ONBITHBIE 00PA3Ibl, KOTOPhIE CBHUICTEIb-
CTBYIOT O TEXHOJIOTHYHOCTH TIPUMEHEHHS THTAHOBBIX He-
c(hepuuecKrx MOPOIIKOB PU U3TOTOBICHUU U3/IEIUIT Me-
TOJIAMU TIOCTIOHOrO BBIPAIIIUBAHUSI.
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Jxyran O.A., Oasmanenskuii B.1O., OBunaaukoB O.B. 3acTocyBaHHA TATAHOBUX MOPOUIKIB 3 HecepuIHOIO
(opmor0 YaCTHHOK MPH BUTOTOBJIeHHI BUPOOiB MeTogamu 3D Apyky

Mema pobomu. Ompumamu 00CAIOHI MUMAHOBI NOPOWKOBI Mamepianu 3 HecghepuuHow PopMOor YacmuHoK O
8U20MOBGIIeHHA 8UPODI8 MeMOOAMU AOUMNMUBHUX TNEXHOIO2IL.

Memoou oocnioxncenna. Pacmposa enekmponna Mikpockonis, Memanocpagiuni 00CHioHceH s MIKDOCMPYKIMYpU 8
ONMUYHOMY MIKDOCKONI.

Ompumani pezynomamu. Bionpaybosana mexnHono2iuna cxema OmMpuUManis mumano8ux nopouwKosux Mmamepianie
3 HecghepuyHOI0 HOPMOIO YACMUHOK, AKI 3A0080NILHAIONb BUMO2AM 00 CUPOBUHU 01 AOUMUBHUX MeXHOoN02U. Busnaueno
OCHOBHI MeXHOI02IUHI napamempu npoyecia 2iopy8anHs BUXIOHUX 3a20MOB0K IX MEXAHIUHO20 NOOPIOHEHH s | NOOANbUUOT
enubokoi dezasayii. Ompumano ekcnepumeHmanbHi 3pasku y 6ueaadi Kijleyvb, U20MO6GIEHI 3 GUKOPUCHIANHAM
MUMAano8uUx NOPOWKIE HechepuyHoi hopmu, i3 3acmMoCy8aHHAM 0OCTIOHOT yemanosku 015 3D Opyky.

Haykoea nogusna. Bcmanosneno ennue Mopghonozii wacmunox mumano8ux nOPOUIKOSUX Mamepianie Ha yujinbHeHHs
wapis, wo Gopmyromscsa npu OMPUMAHHI 8UPOOI8 MemoOamu AOUMUGHUX MEXHON02II.
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Ilpakmuuna yinnicme. Po3podeno mexnonociuny cxemy ompumanHs Oinbui Oetiesux (6 nopieHaHHI 3i cihepuynuML)
MUMAaHOBUX NOPOWIKIE 3 8i0X00i8 Deghopmayitinoi 0OpOOKU MUMAHOBUX CHIABIS.
Knrouoei cnoea: muman, mexnonoeis, nopouwiok, Mop@onoeis, pparkyis, uwap, HACUNHA WITbHICMb, OPYK, 8UPID.

Dzhugan A., OP’shanetskii V., Ovchinnikov A. Application of titanium powders with non-spherical form of parti-
cles when producing products by 3d printing methods

Purpose. Obtaining of titanium powder materials with non-spherical particle shape for the manufacture of
products using additive technology methods.

Research methods. Scanning electron microscopy, metallographic studies of the structure in an optical micro-
scope.

Results. A technological chain of obtaining titanium powder materials with non-spherical particle shape that
satisfy the raw materials requirements for additive technologies has been developed. The main technological param-
eters of the processes of hydrogenation of the original blanks of their mechanical grinding and subsequent deep
degassing were determined. Experimental samples in the form of rings, made using titanium powders of non-spheri-
cal shape, using a pilot plant for 3D printing.

Scientific novelty. The influence of the morphology of particles of titanium powder materials on the compactibil-
ity of the layers formed during the preparation of products by the methods of additive technologies is established.

Practical value. A flowchart has been developed for producing cheaper (compared to spherical) titanium pow-
ders from waste deformation processing of titanium alloys.

Key words: titanium, technology, powder, morphology, fraction, layer, bulk density, printing, product.
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HIGH-QUALITY MAGNESIUM-BASED ALLOYS WITH IMPROVED
PROPERTIES FOR ENGINEERING

Purpose. To give a theoretical analysis and a reasonable choice of the main alloying elements for the develop-
ment of magnesium alloys with a high level of properties.

Methods of research. Metallographic and X-ray research methods. Determination of mechanical properties
under tension (GOST 1497-84) and long-term strength at elevated temperatures (GOST 9651-84).

Results. It is shown the relationship between the state diagrams and the melting point of the selected alloying
elements with the heat resistance of magnesium alloys. Perspective elements for improvement of the heat resistance of
Magnesium alloys are Nd, Ge, Ag, Y, Sc, Zr, Si, Ti and Hf. These elements form complex intermetallic phases, differed
by topology and morphology. Under their influence macro- and micrograins of metal are grinded and the micro-
hardness of structural components increases.

As the content of alloying elements in the alloy increased, the size of spherical intermetallides grew, general
number of the intermetallides increased and the strength and durability of the alloy improved.

It has been established that the heat resistance of Magnesium alloys depends first on the number of thermal
resistant intermetallic phase, the content of which related to the melting temperature of alloying elements.

Scientific novelty. Based on an analysis of binary phase diagrams and the atomic-electronic structure of the
elements, it was determined a number of alloying elements that provide the best combination of mechanical and heat-
resistant properties of cast magnesium alloys.

Practical value. The use of new Magnesium alloys with high complex of mechanical properties and heat-resis-
tance increased reliability and durability of structural components and parts used in different industries, such as
engineering and aircraft engines manufacture.

Key words: magnesium alloy, alloying elements, structure, intermetallic compounds, mechanical properties, heat

resistance, grain grinding.

Introduction

Development of modern mechanical engineering that
in need of component parts, operating at higher
temperatures and decreasing of their weight makes the
use of light alloys more perspective [1].

Hence, Magnesium alloys with the increased
mechanical properties and the heat resistance have become
high demand for the ensuring of more safety in operating
of machines and mechanisms [2].

There is a great number of studies concerning the
influence of alloying elements on physical, mechanical and
service properties of Magnesium alloys exist nowadays
[3, 4]. However, the number of works dedicated to an
identification of the nature of hardening of these alloys
during the process of their alloying and modification, the
number of the ones describing structural state of metal is
limited.

The ways of obtaining high strength in cast alloys
while maintaining sufficient ductility are as follows [5]:

1. Formation of complex alloy solid solution.

2. Creation of an optimal structure after the heat
treatment.
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3. Strengthening of metals and alloys by disperse
particles.

To ensure high mechanical and heat resistant properties
of casting Magnesium alloys it is advisable to combine all
three methods.

Complex alloyed solid solutions are formated in the
result of the dissolubility of the elements in Magnesium
with definite proximity of their atomic diameters, which
according to Hume-Rothery [6], should be differ not more
than 15 %. Ifthis rule is not followed, there is a decrease of
the binding energy of atoms of the dissolvent and alloying
elements and due to the distortion of the crystal lattice of
the matrix their dissolubility decreases.

Another important condition of the dissolubility of an
element in the metal base according to Darken-Gurry [7],
Gschneider [8], Wobbor [9] is a small difference of
electronegativity, which should be not more than 0,2-0,4.
Analyzing the behavior of Magnesium during alloying by
different elements it can be seen that the formation of
magnesium-based alloys due to its electropositive nature
complicates the creation of metallic compounds.
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Thus, from a variety of elements, only a few of them
that have a favorable factor for the ratio of atomic diameter
(< 15 %) and electronegativity (< 0,4), are able to form solid
solutions with Magnesium, hardening it.

To increase the heat resistance of alloy during its
alloying it is necessary to make the melting temperature of
alloying elements higher than the melting temperature of
the alloy basis [10]. Consequently perspective elements
for the alloying of Magnesium alloys in order to increase
physical and mechanical properties and heat resistance
are: Nd, Ge, Ag, Si, Y, Sc, Zr, Ti, Hf.

The goal of the present work was to investigate the
influence of above mentioned elements on structure
formation, mechanical properties and long durability at
increased temperatures of casts made from Magnesium
alloys MLS.

Research methodology

Magnesium alloy MLS5 (% wt.: 7,5...7,9 A1; 0,15...0,5
Mn; 0,2...0,8 Zn) was melted in the crucible induction
furnace in line with a serial technology. The melt was refined
by VI-2 flux (% wt.: 38...46 MgCl,, 32...43KCl, 9...11 CaCl,
5..9Ba(l, 3...5 CaF,) in the distributing furnace and then
the melt was selected by portions with the ladle. The
increased additives of corresponding alloying elements
were injected (0; 0,05; 0,1; 1,0 % — for the calculation) to
the selected portion of the melt. After ligatures dissolution
the melt was again warmed up to 790 + 5 °C, the ladle was
put down and after 15 minutes the sand-clay forms were
fill up with the melt to obtain standard samples with the
working diameter of 12 mm. Samples for mechanical test
were heat treated in the furnaces in line with the following
regime: homogenization at 415 °C (for 24 hours), cooling in
air +aging at 215 °C (for 10 hours).

Ultimate tensile strength and relative extension of
samples were determined at the P5 testing machine at the
indoor temperature.

Long-termultimate strength at the temperature of 150 °C
and the tension of 80 MPa were determined at AIMA 5-2
testing machine on the samples with the working diameter
of 5 mm.

Chemical composition of cast Magnesium alloys was
checked by «<SPECTROMAXx» and «SPECTROMAXxF»
optical emission spectrometers, MFS-8 and TFS-36
photoelectric spectrometer, «SSPECTRO XEPOS» EDRF
spectrometer.

Macro- and microstructure of analyzed alloys were
studied by optical microscopy («Neophot 32», «KOLYMPUS
X 70»), using «Videotest-Structure 5.0» hardware-software
complex based on Axiovert 40MAT metallographic
microscope.

Quantitative assessment of structural components of
the alloy was carried out by the standard method of
calculation of volume percent.

Microprobe analysis of the structural components of
Magnesium alloys was performed with «JSM-6360LA»
electron microscope.

Research results and their discussion

Chemical composition of Magnesium based alloy of
different microalloying types on the content of the main
elements is approximately at the same level (7,6 % Al ;
0,28% Mn; 0,35 % Zn; 0,02 % Fe; 0,005 % Cu; 0,04 % Si).

Macrofractographic research of fractures of castings
from pure Magnesium has shown the existence of fragile
coarse-crystalline structure. Macrostructure of standard
MLS5 alloy was noticeably grained, and insertion of alloying
elements into the alloy has ensured a matted
cryptocrystalline structure of the fracture.

Microstructure of casts made from pure magnesium
had homogeneous (fig. 1a). Microstructure of alloy ML5
was represented by n-solid solution with x +r(Mg Al )
eutectic and intermetallides (Mg Al _) (fig. 1b). Insertion
of alloying elements in the alloy helped to reduce the
distance between of the second order dendrites axes
(Table 1), the size of the structural components and crushing
ofthe eutectic (fig. 1¢).

Alloying of MLS5 Si, Sc, Ti, Ge, Y, Zr, Ag, Nd and Hf
grinded micrograin by 30...40 %, increased the
microhardness of the structural components, contributed
refinement of intermetallic phases. The influence of the
elements on the grain grinding was reinforced with the
increasing of the atom nuclear charge of these elements
inside every subgroup of the periodic system. Thus, the
grain of the element of the 4" subgroup (Ti, Zr and Hf) was
grinded more intensively.

Lamellate and spherical intermetallic phases were in
the structure of ML5 alloy. The insertion of studied alloying
elements into the base alloy increased the quantity of
intermetallides and changed their chemical composition.

At the same time, the insertion of base ML5 alloy of
0,05...0,1 % of alloying elements intensively increased
number of spherical intermetallides and slightly — lamellate
ones. When the content of alloying elements in the alloy
is nearly 1,0 % the number of spherical intermetallides
inside the grain significantly increased and the increasing
of the lamellate intermetallides was intensive that promoted
the grain grinding. With the growing of total number of
intermetallides the strength of the metal was also increased.
Analysis of the distribution of intermetallides by size
groups has shown that in the initial alloy ML5 lamellate
intermetallides of the size group of 4...15 mm dominated.
Spherical intermetallides generally are represented by the
following size group 2...11,5 mm. Analyzed alloying
elements displaced the size of inserts to the smallest groups
(to2...7,9 mm — for spherical and 2...11,5 mm — for lamellate
ones). At the same time the increasing of alloying elements
in the alloy increased the number of intermetallides with
the size fewer than 2 mm and dicreased the number of
intermellides with the size more than 11,6 mm. It is
determined that with the increasing of the volume percent
of intermetallides (V) in the alloy ML5 the micrograin is
noticeably grinded (Fig. 2).
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Table 1 — Characteristics of structural compounds (average value) of ML5 alloy with different alloying elements

B Content, % Distance between Micrograin [ Microhardness, Content, % Distance between Micrograin Microhar
ilement wi second order size. um HV. MPa Element wi second order size. um dness,
’ dendrites axes, um i ’ ’ dendrites axes, pm i HV, MPa
0,05 17 105 12353
Mg - 40 300 524 Zr 0,10 16 100 1265,6
99,9%) ’ >
1,0 16 70 1297,9
M 0,045 35 210 582,0 0,05 17 110 1256,6
g
29,9%)+| 0,096 30 200 646,7 Hf 0,10 16 100 12944
Al
8,50 25 170 1226,5 1,0 15 70 1321,1
0,047 19 130 1276,5
MLS5 0,32 23 140 1257,6 Si
0,12 17 120 1313,5
0,05 18 120 1465,7 0,055 19 125 1233,4
Sc 0,10 17 100 1547,1 Ge 0,095 18 100 1244.6
1,0 16 90 1675,0 1,09 17 90 1287,5
0,05 18 130 1385,6 0,046 18 120 12274
Y 0,10 17 130 1451,8 Ag 0,12 18 100 1357,2
1,0 17 100 1630,0 0,98 17 90 1390,7
0,05 18 120 1290,0 0,05 18 120 1265,6
Nd 0,10 17 100 1390,5 Ti 0,10 16 100 1270,7
1,0 17 90 1407,6 1,0 16 100 1283,3
dnr v LI
150
-
130
110 -
20
[
S0
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Volume percent of intermetallides Vx10 o

Fig. 2. Effect of volume percent (V) of intermetallides on the size of micrograin (d,,) in the ML5 alloy

With the growing number of intermetallides the
strength and heat resistance of ML5 magnesium alloy also
increased. The flexibility of the alloy depending on number
of intermellides had non-linear dependence and noticeably
increased in volume percent 300...450r10 and decreasing
with further growing of their number.

It was determined that both the number of extracted
intermetallic phase and its topology and morphology affect
on the properties of Magnesium alloy. Lamellate
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intermetallides smaller than 8,0 Mmm and the spherical
intermetallides with the size to 11,6 mm positively influenced
on the properties of alloy. Consequently, the spherical
shape of intermetallides is more preferable to improve the
properties of alloy. A greater hardening of alloy was
provided by spherical intermetallides of smaller size groups.
Increasing of alloy’s flexibility was observed only
containing the elements under study at 0,05...0,1%, when
the share of spherical intermetallides has been increased
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and the grain has been grinded. With a further increase in
the content of alloying elements in alloy (1,0 %),
simultaneously with the grinding of micrograin the number
of intermellides significantly increased leading to
embrittlement of the metal and reducing of its flexibility.

The effect on the strength of the alloy (from maximum
to minimum) alloying elements are distributed in the
following series of Zr, Hf, Sc, Nd, Si, Ge, Ti, Ag, Y (Fig. 3).
As the content of 0,05...0,1 % by weight of input elements
was increased the ductility of the alloy was also growing.
The ductility of ML5 alloy at 0,05...0,1 wt %Y, Ti, Sc, Nd,
Hf, markedly improved and Si, Ge, Ag was less improved.

Heat resistance of ML5 alloy was markedly increased
with the growing of melt-ing temperature of alloying
elements and their content from Germanium to Hafnium.

New magnesium alloys have been developed on the
base of this research, which obtained increasing mechanical
properties and heat-resistance that are tested on a number
ofindustrial engineering enterprises of Ukraine.

Conclusions

1. On the basis of two criteria (a proximity of atomic
diameters < 15 %; an electronegativity < 0,4) the alloying
elements that positively affect the structure and properties
of the cast of ML5 magnesium alloy have been defined.
Perspective elements for improvement of the heat
resistance of Magnesium alloys are Nd, Ge, Ag, Y, Sc, Zr,
Si, Ti and Hf.

2. It has been shown that Sc, Ti, Ge, Y, Zr, Si, Ag, Nd
and Hf in Magnesium alloys form complex intermetallic
phases, differed by topology and morphology. Under their
influence macro- and micrograins of metal are grinded by
30...40 % and the micro-hardness of structural components
increases. With the increasing of the content of every
element in the alloy (1,0 %), its durability also increases
while its ductility increases only at the level 0f 0,05...0,1 %.
At the same time Zr, Hf, Sc significantly strengthen the

alloy and Y, Ti increase its durability. Scandium and
Neodium simultaneously improve these two criteria of
properties.

3. It has been established the influence of the size of
the intermetallic phase, its morphology and topology on
mechanical properties of the cast from Magnesium alloys.
In MLS5 alloywith Se, Ti, Ge, Y, Zr, Si, Ag, Nd and Hf at the
level 0f0,05...0,1 % spherical intermetallides were formed,
grinding grain, and increasing the plasticity of the metal.
As the content of alloying elements in the alloy increased
up to 1,0% the size of spherical intermetallides grew, general
number of the intermetallides increased and the strength
of the alloy improved.

4. It has been established that the heat resistance of
Magnesium alloys depends first on the number of thermal
resistant intermetallic phase, the content of which related
to the melting temperature of alloying elements.

5. The use of new Magnesium alloys with high complex
of mechanical properties the heat-resistance increased their
reliability, durability and safety of the operations of
mechanical engineering.
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Tanomees B. A., llusipko E. L., Aiikin M. JI. BUCOKOSIKICHI cIUIaBU HA OCHOBi MArHil0 3 MoJIiNEeHUMHU
BJIACTHBOCTSIMH JIJISI MAIIIMHOOYTYBAHHS

Mema pobomu. [lamu meopemuunuil ananiz i 00IpyHmMo8anutl UOIp OCHOBHUX 1e2yIoHUX eieMenmie 0l po3pooKu
MA2HIEBUX CNIIABIB 3 GUCOKUM PIGHEM BAACMUBOCHIE.

Memoou docnioxycennn. Memanozpaghiunuil i penmeenigcbKutl Memoou 00caiodicents. Busnauenns mexaniynux
enacmugocmeil npu pozmsazyeanni (I'OCT 1497-84) i mpusanoi miynocmi npu niosuwgenux memnepamypax (I'OCT
9651-84).

Ompumani pezynomamu. [oxazano 63aemo036 ’a30Kk Midic diazpamamu CMany i memnepamyporo niaeneHHs 00panux
Jle2yiouux eleMeHmis 3 Jcapocmiukicmo mazuiesux cniaeig. Ilepcnexmusnumu enemenmamu Oisi NOJLINUUEHHS
arcapocmitikocmi maeniesux cnaagie € Nd, Ge, Ag, Y, Sc, Zr, Si, Ti i Hf. L[i enemenmu ymeoproomu cK1aoHi iHmepmemanioHi
Gasu, wo 8iopizHaombCsi mononoecieio i mopgonoeiero. I1io ix eniueom noopioHIIOMbCA MAKPO- | MIKPO3EPHA MEM A,
30LIULYEMbCSL MIKDOMBEPOICHb CIPYKMYPHUX KOMINOHEHMIG.

Y mipy 30inewenns emicmy neeyrouux enemenmis 8 Cniasi 306Uty 8anUCs poMIpU chepuyHUX uHmepmemaniois i
ni08UWYBABCS 3A2AIbHA KIILKICMb HAOTUUKOBOI (ha3u, NOKpawyrouu MiyHicms i 0062068I4HICIb CHIABY.

Bcmanosnerno, wo sgcapomiynicms MazHiegux Cniasie 3anedcums 6 neputy uepey 6i0 KilbKocmi mepMocmiukol
iHmepmemanionoi ¢pasu, KitbKicHUll MIicm AK0I RO 'a3aHe 3 MeMRepamypoio NiAGNIeHHS 1e2YIOUUX eleMeHMIs.

Hayxkoea nosusna. Ha ocrnosi amomuo-enekmporHoi 6y008u eiemenmie, anauizy ix oiazpam cmawy nooGitiHux
cucmem 3 MACHIEM BUSHAUEHO D0 JIe2yoHUX eleMeHmis, Ki 3a0e3neyyoms Kpauje ROEOHAHHS MEXAHTUHUX T HCAPOMIYHUX
e1acmMu8oCcmen 1UGAPHUX MACHIEBUX CNIABIE.

Ilpakmuyna yinnicms. Bukopucmanus HOBUX MASHIEBUX CNIABIE 3 BUCOKUM KOMNIEKCOM MeXAHIUHUX
sracmugocmell i HcapoCmitiKicmro 003601UL0 NIOBULUMU HAOTUHICMb | 008208IYHICb KOHCMPYKMUBHUX eJleMeHmi8
i demaneil, AKi 8UKOPUCMOBYIOMbCA 8 PI3HUX 2ANY3AX NPOMUCIO80CMI, HANPUKAAOD, V¥ MAWUHOOYOYBAHHI ma
BUPOOHUYMET A8IAYIIHUX 08USYHIE.

Knrouoei cnosa: macniesuili cniag, nezyroui eieMeHmuy, CMpyKmypd, iHmepmMemanioni 8KI04UeHHs, MeXaHiuHi
8/1ACMUBOCTI, JHCAPOCMINIKICIMY, NOOPIOHEHHS 3ePHA.

lanomees B. A., HuBupko J. U., Aiikun H. /I. BoicokokauecTBeHHBIE CITIABHI HA 0CHOBE MATHMSI € YIyYIIEHHBIMHU
CBOICTBAMU )15l MAILMHOCTPOECHHS

Lens padomut. [Jamv meopemuueckuil anaiu3 u 000CHOBAHHYII bIOOP OCHOBHBIX JESUPYIOUUX ITEMEHMO8 O
PpaspabomKu MacHUesbiX CHIAB08 C LICOKUM YPOBHEM COUCS.

Memooubl uccneoosanusn. Memannioepaguueckuii u peHmeeHOBCKUNl Memoovl ucciedosanus. OnpeodeneHue
mexaHuueckux ceoticme npu pacmsasxcenuu (I'OCT 1497-84) u orumenvHol npoyHOCMU NPU NOBLIULEHHBIX
memnepamypax (FOCT 9651-84).

Ilonyuennsie pesynomamel. [lokasana 63aumocensb Mexncoy OUASDAMMAMU COCMOSAHUS U MeMNepamypoll
NAA6AeHUs GblOPAHHBIX eSUPYIOWUX ITIEMEHMO8 C HCAPOCMOUKOCMbIO MASHUE8bIX CNia60s. IlepcnekmueHvimu
neMeHmamu 01 YIyHule Hus HcapOCHOotUKOCmU MazHueswlx cniaeos asiaomesa Nd, Ge, Ag, Y, Sc, Zr, Si, Ti u Hf. Dmu
27eMeHmbl 00PA3YIOM CLONACHbIe UHMePMemalIuonble (asvl, omaudarowuecs mononozueti u mopgonoaueil. 1100 ux
6030elicmauemM UsMeabyarmes Makpo- U MUKpO3epHa Memaid, Y8eiudusaemcs MUuKpomeepoocns CmpyKmypHbuIxX
KOMHNOHEHMO8.

Ilo mepe ygenuueHus coOepI’HCAHUS TeSUPYIOWUX ITIEMEHINO8 6 CNIA8E YBEeAUYUBANUCH PA3MEPDI ChepuyecKux
UHMePMEMAnUO08 U NOGLIUATIOCH 00Ujee KOTUUeCm8o u30bimouHOU (Passl, YIyuulas RPOYHOCHb U 00I208EYHOCTIb
cnaasa.

Yemanoeneno, umo ocaponpounocms MacHue8blx CHAAB08 3AGUCUN 8 NeP8yio ouepedb OMm KOAUdecmed
MePMOCMOUKOU UHMePMEMANIUYECKOU (Pa3bl, KOMUYECMEEHHOE COOEPI’CAHIe KOMOPOIL CEA3AHO ¢ MeMnepamypol
NAAGLEeHUS 1eSUPYIOUJUX ITEMEHN08.
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Hayunas nosusna. Ha ocnoge amomno-sniekmpoHH020 CpOoeHUst d1eMeHmOo8, AHAIU3A UX OUASPAMM COCMOANUSA
O0BOUHBIX CUCEM C MdcHUeM Onpeoenen psao Aecupyiouux 1eMeHmos, 00ecnevusarwux iyyuiee covemanue
MEXAHUYECKUX U HCAPONPOYHBIX CEOUCME JUMBIX MACHUEBLIX CHIABOE.

Ilpakmuueckasn yennocme. Ycnonv3oeanue HOBbIX MACHUEBBIX CNIABOE C 8bICOKUM KOMNIEKCOM MEXAHUYECKUX
CBOUCMS U AHCAPOCMOUKOCIBIO NO3BOUNO NOGLICUMb HAOEHCHOCb U 00JI208EYHOCb KOHCMPYKMUBHIX IIEMEHTNO08
u demanetl, UCNONL3YEMBIX 8 PAZTUYHBIX OMPACTAX NPOMBIUIEHHOCIU, HANPUMED, 8 MAUUHOCIPOEHUU U NPOU3BOOCEE
asUAYUOHHBIX O8uzamenel.

Knrwouesnle cnoga: macnuesniii Cnias, 1ecupyiouwjue dnemeHmsl, CMpyKmypad, uHmepmemaiiuieckue coeOuHenus,
MexaHuyecKue C80UCMEBA, HCApoCMOUKOCMb, UsMENbYEHUE 3ePHA.

ISSN 1607-6885  Hoei mamepianu i mexnonoeii ¢ memanypeii ma mawuno6yoysanni 1, 2019 61



Il MOOENOBAHHSA NMPOLECIB B METANYPTII TA
MALLUHOBYOYBAHHI

YK 624.04:617-7

Kang. TexH. Hayk LUTaHbko IN. K., kaHAa. TexH. Hayk ParmnH C. J1.

HaumoHarnbHbIM YHUBEpPCUTET «3anopisbka NoniTexHikay, . 3anopoxee

PACYET BAJNNKU NEPEMEHHOIO CEYEHUA HA YTIPYTOM
OCHOBAHUU KBASUAHAITUTUHECKUM METOAOM

Lens pabomer. Pa3pabomxa K6a3uanaiumuiecko2o mMemood peueHust HeluHelHblx OugpepeHyuanbHbIx YpasHeHull
U e20 anpodayUs NPUMEHUMENLHO K OAIKAM NEPEMEHHO20 CeYeHUs: Ha YNPY2OM OCHOBAHUU ¢ 08YMsL KOIpuyuenmamu
nocmenu.

Memoowt uccnedosanusn. Hcxomyro yHkyuro, ¢ yuemom ee npeononazaemoii (popmol, AannpoKCUMUPYEM HEKOMOPOU
useecmuoul ¢yukyueu. Ilocie ee no0cmano6xu 6 Helunelinoe ouPpepenyuarbHoe ypaguenue 3a0aid c600Umcs K
AHATUMUYECKOMY UL YUCIEHHOMY HAXOANCOECHUIO MAKUX KO OUYUeHmos QyHKyuu, npu KOmopuvlx OYeHKd pa3HUuybl
Medcdy npagoll u 1egou yacmamu ougpepenyuarbHo2o ypasHenus 6yoem MUHUMATbHOU NPU 6CeX 803MONCHBIX
3HAYeHUAX nepemenHou. B coomeemcmeuu ¢ meopuell kawecms, 8eIUNUHA OYEHKU PA3HOCMU NO360A€m CYOUmb,
HACKOIbKO YOauHO Oblia nodobpana annpoxcumupyiowas @yukyus. Ecau ons annpoxcumayuu ucnoavzyemcs
CMeneHHas QYHKYUs, 3a0a4a c6OOUMCs K PEULEHUIO CUCTeMbl IUHELHbIX alleeOpauieckux ypasHeHuil. Pewenue mosicem
ObIMb YMOUHEHO C HOMOWDBIO YUCTEHHOU ONMUMUZAYUU, NPU KOMOPOU UCKOMble KOIPPuyuenmol sA6aA10MCA
8apbUPYEeMbIMU NAPAMEMPAMU.

IToayuennvie pesyismamal. B xo0e anpobayuu Obiiu nOIyYeHbl KOHKPENHbIE PeUerus  001acmu CmpoumeibCcmead.
Boina uccnedosana kaunosuonas bemonnas 0AIKa HA YAPY2OM OCHOBAHUU (2pYHME) ¢ NPAMOY20TbHbIM CeYeHUEeM
nepemeHHou gbicomvl. Bvlnu nonyuenvl pewienus 0ns cemu pasiuuHblx ¢Gopm pacnpedenennou naepysku. Bo ecex
CAYHAAX YCPeOHeHHAs NOPeWHOCMb peuieHus He npesviuana 0, 1%, umo noomeepaicoaem Kauecmeao npeodioAHcenHo20
Memooa pacuema u a0ek8amHoCHb 8bIOPAHHOL ANNPOKCUMUPYIOUel] CIeneHHOU PYHKYUU.

Hayunasn nosusna. Agmopam He 6Cmpeuaics 6 IUmepamypHbix UCHOYHUKAX MAKOU Meno0 peuleHUsl HeUHeHbIX
oughgpeperyuanoHvIX ypasHeHull.

Ilpakmuueckan yennocme. [Ipednodicenuvlii K8AZUAHATUMUYECKUL MemOO MOdcem Oblmb UCHOAb308AH O
peuterus OugpepeHyuanbHuIX ypagHeHuil 1106020 NOPAOKA ¢ HEMUHEUHOCMAMY PA3TUYHO20 MUNA, 8 MOM YUCTEe — NPU
pacuemax 6anoK nepeMeHHO20 Ce4eHUs Ha YRpy2om ocHoganuu. TIpu smom yuem epanuynbIx YCio6ull 1e2K0 peausyem.

Kntouesvie cnosa: banka nepemenHo2o ceuenus, ynpyeoe 0CHogaKue, HeluHeliHoe ouggepenyuanvhoe ypasHerue,
K6A3UAHATUMUYECKUL MeMOO0, annpoKCUMAayusl, CUCMeMAa TUHEHbIX aneedpauiecKux ypasHeHull, npudIuUlCeHHoe
peulerue, nocpeHoOCmb.

BBenenne
OCHOBaHUS TOJNBKO Ha CXKaTHe. A TakKe OTCYyTCTBYET Me-

KagecTBO MaTeMaTH4eCcKOro MOASITHPOBAHHUS TIPEOTI-
pezenseT HaAeKHOCTh M KOHKYPEHTOCIIOCOOHOCTh TEXHH-
YeCKHX OOBEKTOB. DTO 00YyCIIaBIMBAET aKTyaTbHOCTh U
MPaKTUYECKYIO LEHHOCTh COBEPLICHCTBOBAHHS METOIOB
pacdera 6aJloK Ha YIPYroM OCHOBAaHHH, BCTPEUAIOIIHX CS
KaK B TEXHHKE (B YaCTHOCTH — B CTPOUTEITHHON MEXaHUKE),
TaK ¥ B IPYTUX OOACTAX.

AHanu3 myOJuKanmii

Pacuer yacTHOrO ciydast GajKu MEpEeMEHHOTO cede-
HHSI, PacIOIOKEHHOH Ha YIPYroM OCHOBAHHH C OXHUM
Kk03((HUIIMEHTOM TTOCTENH, paccMOTpeH B padore [1]. B
HEeH KOA(PHUINEHT ITOCTENHN ONpeIemseT paboTy ynpyroro
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TOZ pacyera 0aJOK MPOU3BOJBHOIO MEPEMEHHOIO ceve-
HHSL

B kamre [2] nccrnemyercst nedopmanus 6ajIKu MOCTOSH-
HOT'O CEYEHHSI, IIOKOAIIIEHCS Ha YIIPYTOM OCHOBAaHHH C JBY-
M KO3 PHUIHUEHTaAMA TIOCTEIH, BTOPOH MX KOTOPBIX YIH-
ThIBaeT paboTy yIpyroro oCHoBaHuUs Ha cABHUT. OJHAKO HE
paccMOTpeH pacyeT OaJloK MEPEMEHHOTO CeUCHHSI.

Bcerpeuatorcs paboThl, B KOTOPBIX 0a30BOE ypaBHEHHUE
[2] 3ammcano B dopme, mompa3zymeBaromeil paccMoTpe-
HHUe Oanku mepeMeHHoro cedeHus. OIHAKO, B CBSI3H CO
CIIOKHOCTBIO PEIIeHUs TAaKOro HenuHeHoro auddepen-
[HATFHOTO YpaBHEHHM, B TaJbHEHIeM pacyeTe Oajka ar-
NPOKCHMHPYETCSI aHAJIOTUYHON MOCTOSIHHOI'O CEUCHHS.
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esb paGoTnl

Taxmm 06pa30M, B U3BCECTHBIX aBTOPAM JINTEPATYPHBIX
HUCTOYHUKAX HET YHUBCEPCAJIBHOI'O METOAa paciucTa Ganku
NEPEMECHHOI'0 CEYCHN Ha yIPyroM OCHOBAHUU C ABYMS
KO3(1)(1)I/IHI/I€HTEIMI/I IIOCTCIIN. HGHLIO ,HaHHOﬁ CTaThHU sBJIA-
€TCA pa3pa60T Ka 1 ar[p06au1/m TAaKOro Me€roa pacuera.

MeTtoa uccien0BaHus

Pacuetnas cxema Oajku MEpeMEHHOTO CEYEHHs Ha
YIIPYrOM OCHOBAaHUM C IBYMs K03(h(hUIMeHTaMH IOCTENN
Tnoka3aHa Ha puc. 1. Kak 171 TeXHUIecKux, Tak ¥ Ul APYTHX
NIPWIIOKEHNH 3a]1a49a CBOJUTCS K PEIICHNIO HETMHEHHOTO
nmuddepeniranpHOro ypaBHeHus [2]:

d*v d>v
E-I(x)—F—-2t-—+k-v=4q(x), (1)
dx dx

TJe v — Iporud Oaky;

E-I(x) — nepeMeHHas K€CTKOCTh IONEPEYHOIO Ce-
YyeHHs OaIKu;

k, t — COOTBETCTBEHHO NEPBHIN 1 BTOPOH K03 hHrmeH-
THI TOCTEJIH;

q(x) — pacnpeneneHHast Harpy3Ka.

[Mockonbky aHanuTHYeCcKOe pemeHne ypaBHeHus (1)
3aTPYIHUTENHEHO, MOXXHO HAHTH €ro NMpHOIMKEHHOE pe-
IIEHHE MpeAaraeMblM aBTOpaMH KBa3HaHAJIHTHYECKUM
METOJIOM, IPUTOHBIM JUTsl TU(depeHnnanbHbIX ypaBHe-
HUH J1F000T0 TOpsi/IKa U JTF000H HEITMHEHHOCTH.

Hckomyto ¢yHKImio, ¢ y4eToM ee mpesroiaraeMou
(OpMBI, armpOKCUMUPYEM HEKOTOPOH M3BECTHOHM (yHK-
uei:

v(x) = u(x, ay, a;, a,, ..., a,) , 2
THE Gy, A}, Ay, -.. , A, — KOIQPUIHEHTE! GYHKIWH U.

[Mocne moacranoBky (yHKIWMH (2) B HEMTUHEHHOE T ]-

(epeHIMaNbHOE ypaBHEHNE 3a/a4a CBOANUTCS K AHAJTUTH-

YECKOMY MJIM YHCICHHOMY HaXOKACHHIO TaKuX Kod(du-
IINEHTOB (DYHKIUH U, TPY KOTOPBIX OIIEHKA PA3HHUIIBI MEXK-

VA

Ity TIpaBOH | JIEBOH YacTsAIMH TU(depeHInanIsHoro ypas-
HeHusI OyleT MMHIMAaJIbHOM IIPH BCEX BOSMO)KHBIX 3HAYe-
HusiX x. B coorBeTcTBUM C Teopuel kauecTs [3], BennurHa
OLICHKN PA3HOCTH TO3BOJISET CYIUTh, HACKOJIBKO YIAa4HO
ObU1a ogoOpaHa (GyHKIHMS u.

B nanHOM citydae, Takasi OlleHKa pa3HHILBI MOJKET OBITH
peann3oBaHa, HAIPUMEp, KaK MHTErpal 1o JUTHHe Oaku /
KBaJIpaTa pa3HOCTH MEXIy IPaBO 1 JIEBOH YacTIMH ypaB-
HeHus (1), XOTsI BO3MOXKHBI M JIFOOBIE IpYTHe BAapHAHTBHI.

[Mockomnbky paccMaTpuBaeMast PyHKIHS V(x) SBISIETCS
YIIpYToii THUEH OaIky, ee yMECTHO aIlllpOKCHMUPOBAThH
cTeneHHol (QyHKIMEeH ¢ He MeHee YeM MAThI0 HEN3BeCT-
HBIMH K03 () QHUIIMEHTaMU:

u(x)=ag+a,-x+ay-x* +ay-x> +a,-x*, (3)

OTH Hen3BeCTHBIE KO (UIMEHTHI MOT'YT OBITB Halizie-
HEBL:

- YUCIICHHOW ONTHMHU3aLUEH, IPU KOTOPO HEU3BECT-
HBlE K03()(UIMEHTH! CTAaHOBATCSI BAPbUPYEeMbIMHU ITapa-
METpaMH, a OLleHKa Pa3HHUIIbI — [eJIeBON QyHKIHEH;

- IpUOIKEHHBIM aHAJIMTHYECKHM CIIOCO0OM, MpH
KOTOPOM, TTOCJIE TIOICTAaHOBKY ypaBHEHH: (3) B ypaBHEHUS
(2) u (1), myrem nprpaBHUBAHMS X KOHKPETHBIM 3HAYCHH-
sIM (T10 KOJTMYECTBY HEN3BECTHBIX KO3 (UIIMEHTOB) cocTaB-
JISIeTCS CHCTEMa JIMHEHHBIX anreOpandecKuX ypaBHEHN;

- KOMOMHHPOBaHHBIM CIIOCOOOM, ITPH KOTOPOM 3Haue-
HUSI HEN3BECTHBIX KO3 HUIIMEHTOB, MTOIyYEHHbIE aHAJIH-
THYECKH 110 BTOPOMY CITOCO0Y, CITy)KaT HaduaIbHOM TOYKOH
JUTSL YUCIICHHOM ONTHMU3AIMN TI0 TIEPBOMY CIIOCO0Y.

UncneHHast ONTUMH3ALIHSL, B 3aBUCUMOCTH OT KOJIHYe-
CTBa HEM3BECTHBIX KOA((PHUIMEHTOB, MOXET TpeOOBaTh 3a-
METHBIX BBIYHCIUTENBHBIX PECYPCOB, a TAKXKE MTPEAOIpe-
JIeTISIeT BBICOKUH PHCK MOMAJaHus B JOKAJIbHBIH SKCTpe-
MYM, 9TO MOJKET ITOJHOCTHIO MCKa3UTh XOJ PELICHUS.
[TpubmmkeHHBIN aHATUTHYECKUHA CIIOCO0 MOXKET YBEIHU-
YUTH MOTPELIHOCTD PEIICHNUS, TOCKOIBKY OCHOBBIBAETCS
Ha o0ecIIeYeHIH PaBEHCTBA MIPABOIi U JIEBOU YacTel aud-
(hepeHIMATBHOTO YPABHEHMS JIMIIb B HEKOTOPBIX TOYKAX

q(x)

f <

Puc. 1. PacuerHas cxema
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no JuuHe cTepxHs. [1oaToMy Hanbosee palHOHaIbHBIM
NpeCTaBIAeTCs] KOMOMHUPOBaHHBIH cOCO0, CO CpaBHH-
TEeNbHBIM aHAJIHU30M ITOTPEIIHOCTEH MPUOIMKEHHOTO aHa-
JUTHYECKOTO PELICHHUSI H €T0 MOCIEAYIOIIET0 YHCICHHOTO
YTOYHEHHUSI.

Jns peanuzaniy NpUOTMKSHHOTO aHATMTHYECKOTO
criocoba ompeneTM HeoOX0IUMOE KOJIIMIECTBO IPOU3BOI-
HBIX ypaBHEeHUS (3):

du

a:al-4—2-512~x-i-3-013-)Cz-i-4'a4'xS, @
%:2.a2+6~a3~x+12-a4~x2, ®)
%:6-a3+24'a4~x, ©)
%:24-(14. )

IMoncranoska ypasuenuii (3), (4), (5), (6), (7) B ypaBHe-
Hus (2) u (1) mocie mpocTHIX IPeoOpa30BaHuiA TaeT ypas-
HEHHE!

CqQy+cy-ay+cy-a,+ep-a +k-ag=q(x), (8)

e
cy=24-E-1(x)-24-t-x* +k-x*, ©)
c;=—12-t-x+k-x°, (10)
02:—4-t+k-x2, (11)
aq=k-x. (12)

[pupaBHUBaHKE X TSATH KOHKPETHBIM 3HAYCHUSAM U3
unaTepBana x € [0; /] (110 KonmngecTBY HeM3BEeCTHBIX Kodpdu-
LHUCHTOB), B YaCTHOCTH (¢ paBHBIM marom) x = {0; 1/4; 1/2;
31/4; I}, mpeBparmaet ypaBHeHue (8), Bkirodas (9), (10), (11),

i) 1 F

(12), B cucremy nsTH TMHEHHBIX aJlreOpandecKiX ypaBHe-
HU, HEU3BECTHBIMA B KOTOPOH BBICTYIAIOT K03 hummen-
THI @, d,, 4, d,, d,. ITA CACTEMA JIMHENHBIX anrebpanyec-
KHX YpaBHEHHH MOXET OBITh JIETKO pelIeHa JIF0OBIM U3BeC-
THBIM CIIOCOOOM.

Pe3ybTaThl Hcc/Ie10BaHMIT U UX 00CY KIeHHe

B kadectBe mmpumepa OBUIH IONTY4YEHBI KOHKPETHBIE
perieHns B 00J1aCTH TEXHUKH (CTPOUTEIBCTBO).

Brina ncenenoBana kMHOBUIHAS OeTOHHAs OaKa Ha
YIIPYroM OCHOBaHWM (TPYHTE) JUIMHOK 6 M, C IIMPHHOMN
b= 10,6 m u BBICOTOH /1, = 0,6 M IPAMOYTOJILHOT'O CEYEHHU
B HayaJie KOOpJIMHAT. B pacuere nCronb30BaInch Xapak-
Tepubie 3HaueHus: £ = 2-10'° Tla, k = 145,8-10° Ila,
t=189,6-10°H.

J1tst KTMHOBUAHOM (hOPMBI OAJIKH KECTKOCTH IToIeped-
HOTO CEYEHHs yUUThIBANACh Kak £-b-h*/12-(1-x/I)’.

Hcnionp30Bascst KOMOMHNPOBAHHBIHN CIIOCO0 HAXOXK/1e-
HUS HEM3BECTHBIX K03((HUuneHToB. PermeHne cucreMsl
IISITH JIMHEHHBIX areOpandecKuX ypaBHEHUH OCYIIECTB-
nsumock MetonioM [aycca. JlanpHelas onTuMHu3anus Bbl-
TIOJTHSITACh METOJIOM TTOCIIEZIOBATENBHBIX IPHOTMKeHNH. B
KadecTBe I1eeBOi (PyHKIINH NCTIONB30BaIach CyMMa KBa/I-
paToB pa3sHOCTH MEXIy IIPaBOH U JIEBOW YacTsIMHU ypaBHe-
HuA (8) B Toukax Oanky, B3ATHIX ¢ marom 0,1 M 1o amHe
(Bcero 61 Touxa).

B kauecTBe OKOHYATENEHOH OIIEHKH Pa3HULBI HCIIOTb-
30Bajlach CyMMa MOJYJIEH pa3sHOCTH MEXK/Ty IIPaBoOi U Je-
BOW yacTsIMH ypaBHeHUS (8§), OTHECEHHAs K MOJYIIO CyM-
MBI [TPaBOH YaCTH TOTO JK€ YPaBHEHHMS, B TEX )K€ TOUKAX
6anxu, yMmHOXeHHas Ha 100 %. Takyto BeTMYMHY MOXHO
CYNTATh YCPEXHEHHOH MOTPEITHOCTHIO PELICHHSI.

BbutH momrydeHs! permeHust TSl CEMH Pa3IHIHBIX (hopm
pacIipeneneHHoi Harpy3ku. B kagecTBe mpumepa Ha prc. 2
TIOKA3aH PE3YNBTaT PENIEHNS VTS CTydas g = ¢, sin(m- x/1)
(Harpy3ka IeliCTByeT IPEUMYIIIECTBEHHO IIOCEPEANHE), Ha
puc. 3 — g = g, e*"?" (Harpyska neficTByeT mpenumyIe-

Puc. 2. [pumep pesynbrara pemieHus A ciydast g = q-sin(mx/l)
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CTBEHHO IO KpasiM), Ha puc. 4 — g = ¢, ") (Harpyska
NEHCTBYET MPEUMYIIIECTBEHHO crpaBa), rie ¢,= 20 kH/m.

W3 ananm3a norydeHHbIX pe3ylIbTaToB BUAHO, YTO Gop-
Ma JINHUH IPOruoa Oajky, C y4eToM ee KITMHOBUIHOH (hop-
MBI, B O0IIIEM COOTBETCTBYET 33JaHHBIM HAarpy3KaM.

Hns cnydas g = q,sin(n-x/l) ycpenHeHHnas 1o-
rpemHocTs pemenus cocrasuna 0,054 %, nns cnydas
q=q,;e""*"—0,07 %, nna ciydas g = g, —0,001 %.

Jltsa npyrux ¢opM pacnpesereHHOH Harpy3KH ycpe-
HEHHAs! MOTPEIIHOCTh PEIIeHUs] TaK)Ke He INpeBbIIIaa
0,1 %, uTO BIOTHE NpUEMIIEMO AJISI IPAKTUUECKUX LiEJIeH U

W, mim

-3

TIOITBEPXKIAET aJIeKBAaTHOCTH BHIOPaHHOM alllIpOKCUMHUPY-
tomeii crenenHol GpyakuH (3).
JlocraTouHO TouHOE onpenenenue nedopmanuii Gan-
KH JIa€T BO3MOXKHOCTD IIEPEHTH K aHAJIM3Y €€ HalpsDKeH-
HOT'O COCTOSIHUSL.
BriBoanl

Taxmm 06pa30M, HpeﬂﬂO)KCHHLIﬁ aBTOpaMH KBa3uaHa-
JIMTUICCKHUM MCTO/, pacucTa SABJIACTCA YHUBCPCAJIbHBIM,
TMOCKOJIBKY OH HNPUEMJIEM KaK I pacucTa Oanku nepe-
MCHHOI'O CCYCHUA Ha YIIPYI'OM OCHOBAaHUU C ABYMS K03(1)-

=11

L

=]
=1

Puc. 3. [Ipumep pesyibrara pewieHus Ui Ciydas ¢ = g e

&, |

.

4 % X, 01

-sin(mt-x//)

-1

4 4 5 T.in

Puc. 4. [lpumep pesyisrara pelleHus Ul Ciiydas g = g e (/L1
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(UIMEeHTaMH MOCTEIH, TaK ¥ VIS PEIICHUS JPYTuX HEellu- Crnincok TTepaTypbl
HeWHbIX auddepeHnnansHpIx ypaBHeHuH. Jledhopmaris

1.  Muxkenanze L1I. E. HekoTopsle 3a1auu CTpOUTEIbHON MeXa-
0aKy Ha YIPyroM OCHOBAaHUM 3aBHUCHT KakK OT (DOPMBI

uuky / Mukenanze L1, E. — M., JI. : Toc. u31-BO TEXHHKO-

pactpeielieHHO! Harpy3KH, Tak ¥ OT U3MEHEHUs TapaMeT- TeopeTHuecKoit T, 1948. — 267 c.

pOB yIIpyroro OCHOBaHHUS U Pa3sMEPOB IIOIIEPEUYHOrO Ce- 2. Bnacog B. 3. banku, miuTel 1 000J0YKH Ha YIIPYrOM OCHO-
YeHHs 10 AJuHe. B nepcrnekTuBe aBTOpHI IJIAHUPYIOT pac- Banuu / B. 3. Bnacos, H. H. Jleontses. — M. : Toc. u3n-Bo
CMOTPETH yUeT I'PaHUYHBIX YCIOBHH IyTeM JI00aBICHHS K ¢us.-mar. mut., 1960. - 491 c.

CHCTEME COOTBETCTBYIONIUX JIMHENHBIX anrebpandeckux 3. bperamin I M. Beenenue B T€OpHIO KauecTs : yueOHOE
YpaBHEHHIT IpH OIpefeIeHNH KoOhPHIMEHTOB aIpoK- noco6ue / bpesrammu I. U. — Bonrorpan, 1988. — 91 c.

CUMUpYIOIIEeH (QyHKIHH. Ooepocano 25.10.2018

ITanbko ILK., Parin C.JI. Po3paxyHok 6anxu 3MiHHOI0 iepepisy Ha Ipy»KkHiil 0CHOBI KBa3iaHATITHYHMM METOIOM

Mema pooomu. Pospodxa keaziananimuyno2o memooy pileHHs HeNIHIUHUX OUupepeHyiliHuX PI6HAHb mda 1020
anpobayis cmocosHo 6aI0K 3MIHHO20 nepepisy HA NPYICHIU OCHOBL 3 080MA KOepiyieHmamu nocmeii.

Memoou oocnioncens. Lllykany ¢ynxyiro, 3 ypaxysauwnam ii nepeddoauyganoi hopmu, anpoxkcumyemMo neeHow
sidomoro pyuryicero. Ilics it niocmanosku y Heniniline ougepenyiline PiBHAHH 3a0ayd 3600UmMbCs 00 AHATIMUYHO20
abo UUCeIbHO20 3HAXOONCEHH MAKUX KoeQiyienmie YyHKYIl, npu SAKuX OYIHKA PI3HUYI MIJC Npasow ma aieoin
yacmuHamu OupeperHyitiHo2o pisHAHH OYO0e MIHIMATIbHOIO NPU 6CIX MOJICTUBUX SHAUEHHAX 3MIHHOI. V 8i0n06ionocmi
00 meopii sKkocmell, 8eIUYUHA OYIHKU PI3HUYI 0AE MONCAUBICMb CYOUMU, HACKIIbKU 60aA10 0y10 nidiopano
anpoxcumyiouy yuxyito. Axwo onsa anpokcumayii BUKOPUCMOBYEMbC Cmenenesa QYHKYis, 3a0aua 3600Uumscs 00
pilenHs cucmemu JIHIUHUX aneeOpaiyHux pieHsAHb. Piuenns modce Oymu ymouHeHO 3a QONOMO2OK YUCENbHOL
onmumizayii, npu KU wyKaui KoeQiyienmu € 8apilio8aHUMU NAPAMEMPAMU.

Ompumani pesynomamu. Y xo0i anpobayii Oy10 ompumano KoHKpemHi piwienns ¢ obnacmi 6yoignuymea. byno
00CN0HCEHO KITUHOBUOHY OEMOHHY OAIKY HA NPYIUCHIN OCHOBE (2PYHMI) 3 NPAMOKYMHUM Hepepi3oM 3MIHHOT 6UCOMmIL.
byno ompumano piwenns 0na coomu pisHUX POpM PO3NOOIIEHO20 HABAHMAICEHHA. Y 6CIX 8UNAOKAX YcepeoHeHa
noxubka piwenns He nepesuwysana 0,1%, wo niomeepooicye aKicmo 3anponoHO8AHO20 MeMOdY PO3PAXYHKY Md
aoeKkeamuicmos 00PAHOL ANPOKCUMYIOUOL cmenenesol yHKYil.

Haykoea nosusna. Aemopu He 3ycmpivanu y 1imepamypHux 0icepenax maxkuii Memoo PilileHHs HeNiHIUHUX
OughepeHyitiHuX PiBHAHb.

Ilpakmuuna yinnicms. 3anponoHosanull K8A3IAHATIMUYHUL MemoO Modice OYmu GUKOPUCMAHO 0N PIULeHHS
oughepeHyiiHuUX pisHAHb OYO0b-AK020 NOPSAOKY 3 HENIHIUHOCMAMU PI3ZHO20 MUNY, Y MOMY YUCHL — NPU PO3PAXYHKAX
6anoK 3MIHHO20 nepepizy Ha NPYAHCHIU 0cHo6l. TIpu yboMy 8PAXY8AHHS 2DAHUYHUX YMOB 1E2KO Peali308y6aHe.

Knrouosi cnoea: banka sMiHH020 nepepizy, NPYI’CHA OCHO8A, HeliHiliHe Ougeperyiline PIBHAHHS, K8A3IAHATTMUYHUY
Memoo, anpoKCUMayis, Cucmema JiHIHUX aneedpaiuHux pieHAHb, HAOIUMNCeHe pillenHs, NOXUOKA.

Shtanko P., Ryagin S. Design of a beam of variable cross-section on the elastic base by the quasi-analytical method

Purpose. Development of the quasi-analytical method of nonlinear differential equation solution and its appro-
bation with reference to beams of variable cross-section on the elastic base with two base factors.

Methods of researches. Required function, taking into account its assumpted form, can be approximated by some
known function. After its substitution in the nonlinear differential equation, the problem is reduced to an analytical
or numerical finding of such function factors at which the estimation of difference between the right and left parts of
the differential equation will be minimal at all possible variable values. According to the theory of qualities, the
value of a difference estimation allows to conclude, how much successfully the approximating function has been
chosen. If power function is used for approximation, the problem is reduced to solution of system of the linear
algebraic equations. Solution result accuracy can be improved by means of numerical optimisation at which re-
quired factors are varied parameters.

Results. Specific solutions in the field of building have been obtained during approbation. The wedge-shaped
concrete beam on the elastic base (ground) with rectangular cross-section of variable height has been researched.
Solutions for seven various forms of the distributed load have been obtained. In all cases the average solution error
had not exceed 0.1%. That confirms quality of the offered solution method and adequacy of the chosen approximating
power function.

Scientific novelty. The authors had not meet in literature such method of nonlinear differential equation solution.

Practical value. The quasi-analytical method that has been offered can be used for solution of differential equa-
tions of any order with various types of nonlinearity, including calculations of beams of variable cross-section on the
elastic base. Besides, consideration of boundary conditions can be easily realised.

Keywords: a beam of variable cross-section, the elastic base, a nonlinear differential equation, the quasi-analyt-
ical method, approximation, system of the linear algebraic equations, approximate solution, an error.
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YAK 53.091

Kang. TexH. Hayk Parid C. J1., Binun P. 1O.

HaujoHanbHui yHiBepcuteT «3anopi3bka NomitexHikay, M. 3anopixoka

MOOEPHI3ALIA MPUCTOCYBAHHA ANA ®PE3EPYBAHHA
OETANEN KPINNEHHA

Mema pooomu. 3menuenns Kinemuunoi enepeii yoapy 3amucKkHo20 NPUCmOoCy8arHs WIAXOM 3MIHU napamempis
cucmemu Kepy8anHsi.

006’°exkm 0ocnioncenns. Ilpucmocysanns 0ns hpesepyeants demanell KpinieHHs, wo 30IICHIOE IX 3amuck, 3abesneuere
nHeeMonpusooom. [lpamuil i 360pomuitl pyxy wmoxa 3abesneuyiomscs nooadeio nogimps, sika pezyiocmscs
eNeKMPOKIANAHaMU, Y 6ePXHILL aD0 HUJICHIT NOP O’CHUHT NHEEMOYUNIHODA.

Memoou docniorycenns. Lluxi cnpaybo8y8antsa 3amucKHO20 NPUCMOCYBAHHA 0Y6 po3oumuil Ha mpu cmaodii: nooaia
nosimpsi, nepepea 6 nooaui nogimps, GIOHOGAeHHs NOOayl nNogimps 0a domuckanus wmoka. I1lio yac nepepeu
WBUOKICMb WMOKA NAOAE 34 PAXYHOK CUTL Mepms 8 YWIIbHIO8aul. 3MiHa mpugaiocmi cmaoditl 0a€ MOACIUBICb
pe2yo8anHs KiHyegoi WeuoKocmi pyxy wimoka ¢ momenm yoapy. byna cknadena mamemamuuna mooens pyxy wimoxa
3 YPaxy8anHIM MUMYACO8020 NPUNnuHeHHs nodaui mucky. Ha opyeiii cmadii pozenadanocs nepemiujeHHs uimoka npu
izomepmiunomy npoyeci. Taxooic 6paxo8yeanucs cuna maxicinus i cuna mepms. Bionosione neniniiine oughepernyianvre
PisHAHHA OY10 supiuteno uuceabno memooom Einepa. Tounicme piuenns 6yna 3abe3neuena 3acmocy8anHim 0yoce
MANEHbKO20 KPOKY [HMe2py8aHHs, w0 Npu CY4acHOMY PI6HI PO3GUMKY OOUUCTIOBANLHOI MEXHIKU He GUKIUKAE
0odamrosux npodem. OnmumanbHi mpueanocmi cmaoiil 01 NPSAMO20 I 360POMHO20 X00Y OVIU GU3HAUEH] MemOoOOM
HOCAIO08HUX HAOAUINCEHD.

Ompumani pezyromamu. 3a paxynox onmumizayii napamempie cucmemu YAPasiiHHsa 6y1a 3HUNCEHA KIHemuiHa
enepeis yoapy npubnusuo 6 15 paszie npu 30inbuienni uacy cnpayvogysanus 6 1,5 paszu. 30irbuenns uacy
CNpayboB8yBaAHHs NPU NPAMOMY X001 3 18 mc 00 27 MC He MA€ 3HAUY U020 BNIUBY HA NPOOYKMUBHICIb NPAYI.

Bucnoexu. Cmeopena Ho8a MamemamuiHa Mooeib pyxy Wmoxy Ha0aia MOJNCIUGICHb 3a OONOMO2010 KOMN lomepa
SHAUMU ONMUMATLHI NAPAMEMPU CUCTNEMU KePYBAHHS 3AMUCKHO20 npucmpolo. [Ipakxmuuna yinnicms 3ymosiena
NOMINWEHHAM OUHAMIYHUX XAPAKMePUCmuK npucmpoio 6e3 000amko8ux KanimaibHUX 6Kia0eHb.

Knwuosi cnosa: samuckue npucmocy@anisi, MOOepHizayis, cucmema Kepysanhsi, Heliniline ougepenyiaivhe

PpisHANHA, KIHeMUYHA eHepais, yoap.

[1i gBAIIICHHS IPOXYKTUBHOCTI TIPAIli € OTHAM 3 IIPiOpH-
TETHHX 3aBJaHb y CEpIHHOMY Ta MaCOBOMY BUPOOHHIITBI.
BrpoBamkeHHs CrieniaTbHAX IIPUCTOCYBAHB IS 3aKPITUICH-
HS IeTaJiell € BAYKIMBUM HAIIPSIMKOM peatizarii I0ro Hay-
KOBOTO Ta MPAKTUYHOT'O 3aBAaHHS.

O0’€KTOM ITOCIIHKEHHS € IPUCTOCYBAHHS IS hpese-
pyBaHHS Aeraneii KpituieHHs (IuB. puc. 1), sike 3mificHIoE
3aTuCKaHHS aerajel. OcHaIeHHS HOro IMHEeBMOIPHBOIOM
3ITKHYJIOCE 3 IPOOIEMOIO YIApHIX HABAHTXKEHb, SIKi BIUTH-
BaJIM Ha TOYHICTP ITO3UIIOHYBAaHHS Ta CTBOPIOBAIN PU3HK
TIOMIKODKEHHS IIOBEPXHI JeTaJli.

VY mxepenax [1], [2] HaBeneHi ciocodu Ta po3paxyHKA
ITHEBMATHYHHX IIPUBOJIB ISl TAKHMX IIPUCTOCYBaHb, ajie He
HaBe[IeHi JaHi OO0 TIOM SKIIIEHHS yIapy B MOMEHT 3aTHC-
KaHHL. B iHIIIx 00macTsx TeXHiKu € 0arato IpHKIaiB BUKO-
PHICTaHHS CHCTEMH KEepYBaHHS IJIsI OJIITIIICHHS [TapaMeTpiB
pyxy. Hanpuknan, B cratri [3] cuctema KepyBaHHS BUKOPH-
CTOBYETHCSI [T TTOJIMIIICHHS TAPAMETPiB PyXy BaHTaKOII-
1IiiiMaTbHOTO KpaHa.

L5 craTTs nmprcBsgeHa po3poodii crocody KepyBaHHS
PYXOM IITOKY ITHEBMOIMIIIJHAPA 3aTUCKHOIO ITPUCTOCY-
BaHH:. MeToIO ITi€1 cTaTTi € MaTeMaTUYHE OIMMUCAHHS KEPO-

© Psrin C. JI, Bimuit P. 10., 2019
DOI 10.15588/1607-6885-2019-1-10

BaHOTO PyXy IUTOKY Ta BU3HAYEHHS PAlliOHAJIBHUX ITapa-
METpiB KepYBaHHSI.

VY 3aTHCKHOMY TIPHCTOCYBaHHI IOBITPS MONAETHCS B
BEPXHIO po00Yy MOPOXKHIHY ITHEBMoLIiHApa. [1in miero
TUCKY P IITOK IJIOLIEI0 /' MOYNHAE OMYCKaTHCA Pa3oM 3
yciMa IOB’SI3aHUMH 3 HAM €JIeMEHTAMH CyMapHOI0 Ma-
coto m. Ilicns oOpoOKH neTati B HIKHIO poO0dy TOpOXK-
HUHY MTHEBMOLWIIHPA MOAAETHCS TOBITPS, 3MYILIYIOUH
IITOK ITiZIHATUCS B BEPXHE MOJIOKEHHSL.

Y pasi BUKOPHUCTaHHS €JIeKTPOKIIAaHiIB, MOYIUBE JIAC-
KpeTHE KepyBaHHS IOavelo ITOBITPsI, SIka Ha TIEBHUI Jac
Moke OyTu mepepBaHa. Tomi IS TOM’SIKIIEHHS yOapy
MO)KHA BUKOPHCTOBYBAaTH CHIJIM TEPTS YIIUIbHIOIOUHX €Ie-
MEHTIB P .

CrnovyaTtKy THCK MOJAETHCA B POOOYY MOPOKHUHY,
TIOTIM CITiye TiepepBa — IiJI Ai€10 CHITH TEPTS B IIPOKIAIII
IIBHKICTH MAAE, 1A BiJHOBIIOETHCS TOJa49a TUCKY IS
JO)KAMAHHSI IITTOKY.

Ha cuctemy nitoTh HaCTYIHI CFUTH: iHEPILii, Bary, TepTS
Ta 3yCWJUIS Ha TIOPIIHI Bix THCKy. Tomi 3aransHe audepeHtl-
iffHe pIBHSHHS PyXy IITOKA 3aIUIICTHCS Y BUTIISI:

mx—-mg - PF+P,, =0, D
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JIle m—Macca IITOKY Ta 3B’ 3aHUX 3 HAM CJIEMCHTIB;
X — Apyra moxiJHa BiJi IepeMilleHHs IITOKY;
2 — TIPUCKOPEHHS BIIEHOTO A i HHS,
P —Tuck;
F — poboua ruromta nopuss;
P , — CHIa TEPTA.

mj

Crana cuiia TepTs B yIIUTBHIOBAYI JAHOTO ITHEBMOLIIITI-
HIpa Pmp = 81,75 H Oyra Bu3Ha4YeHa 32 JaHuMHU [4].

Uepes BeMMKyY Macy Ta TEIFIOEMHICTh €IEMEHTIB MpH-
CTpOFO OYJI0 3pOOICHO MPHITYIIICHHS, IO 3MIHOIO TeMITe-
paTypu IOBITPSI MOXHA 3HEXTYBATH.

Toni po3msaeMo repeMilieHHs TOKy IpH 130TepMi-
YHOMY TPOILIECi:

PV = const, 2
ne P— THCK;
V—00’eMm.
3rigHo hopmymnH (2) OTPUMYEMO PIBHICTB:
PV,=PJV, 3)

ne P| —Trck y Touni 1 (BiANOBifa€ MOMEHTY MPUITHHEHHS
Tofadi HoBiTps);

P —tucky JIOBLILHIN TOYII],;

V, —o06’em y Toumi 1;

V_—06’eM yy NOBiNbHif TOUIII.

O0’€eM ITOBITPsI y THEBMOLMITIHPI BU3HAYaeMO 32 (op-
MYJIaMH:

Vi =Fx; @
V= Fx, ®)

JIe X — AOBIJIbHA KOOP/IMHATA IIITOKA;

X, — KOOpJIMHATA INTOKa y To4mi 1;

F— nnoma nopuixs.

Tuck nositps y maeBMonmMiTiHapi P, y Touni 1 mopis-
HIOE MaricTpaJbHOMY THUCKY:

3rigao dpopmyn (4), (5), orpumyemo:

P:Plgz fa _px ©)

Fx X

P

X
X

i 3amesxHOCTI BipHI 10 IEpEMIIIeHHS IITOKA Y TOUKY 2,
sIKa BiMOBiTa€ MOMEHTY BiTHOBJICHHSI IToa4i TUCKY. Tod-
Ka 3 BiATIOBiTa€ IIEpEMIIIIEHHIO IIITOKA Y KiHIIEBE ITOI0KEeH-
HL

3 ypaxyBauHsM (6), 3aranbHe qudepeHtiitHe piBHIHAS
pyxy mrroka (1) 3anuIneTsbest y BUTIISIL:

. X
mx—mg—P;lFJerp =0; jc:—ﬁ-i-kz =0, (7)
x

PRY o gyl
m

ae k1=

Ha mapamerpu cucteMu BIUTHBAE IO pPOOOYOI TMo-
poxauHu. [Tpu mpssMmoMy X0/1i BOHa 3MEHIIIEHA Yepe3 Ha-
SIBHICT IITOKA. Y 3BOPOTHOMY XO[Ii — IDIOMIA 3aJICKHUTH

68

TIJIBKY BiJ] AlaMeTpa IOPIIHS, SIKHH JOPIBHIOE JiaMeTpy
ITHEBMOITIUTIHIpA.

[Tpu pobovyomy Xoi crita Bard HarpaBjieHa 3a XOA0M
IITOKA, Y 3BOPOTHOMY XOJIi — IPOTH XOJTy IITOKA, TOMY 3HaK
CHJIM Baru y piBHsHHI (7) 3MiHIOETHCS HA TIPOTHIICIKHUH.

ITpu po3paxyHKy 6a30BOro BapiaHTy (TIpH MOCTiIHHIH
TTo/1a4i MOBITPsT) BU3HAYAEMO MPHUCKOPEHHSI ITOKY 32 (op-
MYJIOIO:

. mg+H-F
a=x=—2 " ®)
m
BusHauaemo gac mepeminieHHs 3a GopMyamMH:

2

x=%+vot+x0; ©)
at2
2x5
L3 =4—, (11)
a

e x5 =20 MM — KoOp/IMHaTa KiHIEBOi TOYKU NEPEMIIIICHHS
IITOKA,

t, —9ac MEPEMIIIEHHS ITOKY 10 TOUKH 3,

v, = 0 — noyaTKoBa IBHUIKICT,

x,= 0 — mouaTkoBa KOOpJUHATA.

Bu3HauaemMo MIBUIKICTH TIEPEMITIIEHHS ITOKA Y TOYII
3 3a (opmyroro:
v=x=at+v; (12)

BusHauaeMo KiHETHYHY €HEprilo INTOKAa y KiHIIEBii
Touti 3 3a GOPMYIIOIO:

2
_mv3

2

Y MozepHi30BaHOMY BapiaHTi PyX 0 TOCITHEHHS TOU-
KA | OIMCYETHCS TH MU K 3aJISKHOCTSMH, 110 U y 0a30BO-
My BapiaHTi.

Ha minsmani Bix Touku 1 1o Toukw 2 HenmiHiHE qudepeH-
uittHe piBHsMHHS (7) MOXe OyTH BUPIIIEHO YACETEHAM Me-
TogoM. byB Bukopucranuit meron Eftnepa [5]. Tounicts
Oyna 3a0e3medeHa BHUKOPUCTAHHIM Jy)KE Majloro KPOKY
interpyBanns 2, = 1-107 c.

JInst MiISTHKY B TOYKH 2 JI0 TOYKH 3 BU3HAYAEMO Yac
PYXy J0 KiHIIEBOI TOUKH:

T (14)

2

alt +v, AT+ xy = x5 (15)
— v, +V3 +2a(x; —
Af = V2 V2 a(x; —x,) . (16)

a

Toni KiHIEBY IBHIKICTh BU3HAYAEMO 32 (POPMYITOIO:
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V3 =V, +alt.

(17)

Bynu Bu3HaveHi palioHaj bHI apamMeTpy KepyBaHHS
roziayi noBiTps. Y 6a30BOMY BapiaHTi TUCK € BEJIMYHHOIO
TIOCTIHHOIO, @ Y MOJICpHI30BaHOMY BapiaHTi I10ja4ya THCKY
3 gacy 0,0065 ¢ 10 0,026 ¢ npunuasieTsess. OCHOBHI mapa-
METPH NPSIMOTO PyXY IITOKA JUI MOJIEPHI30BAHOI'O Bapi-
aHTy HaBeJIeH1 y Ta0J1. 1, 3BopoTHOro pyxy—yTaom. 2. Kpim
TOTO ITapaMeTPH IPSIMOTO PYXY JUIs 000X BapiaHTIiB MOKa-
3aHi Ha pUCyHKax 2—7.

VY 6a30BOMY BapiaHTi IPUCKOPEHHS € CTAJIUM, a y MO-
JICpHI30BaHOMY BapiaHTi BUI TpadiKy 3MiHIOEThCS. 3N
KOBHUH THCK IPOIOBXKYE ITiATPUMYBATH PUCKOPEHHS, aje

Tab6umus 1 — [TapameTpu npsAMoro pyxy ITOKa

CHJIM TEPTsl MOCTYNOBO BHKJIHMKAIOTH YHOBIIBHEHHS, 10
MOMEHTY BiJIHOBJICHHS IO1a4i ITOBITPSI.

VY 6a3zoBoMy BapiaHTi nepeMinieHHs npuiiMae Gopmy
T1JIKM KBaJJpaTH4HOI napa0oity yepes NocTiiHe TPUCKOPEeH-
Hf, a y MOJICpHI30BaHOMY BapiaHTi rpadik 3HaYHO
3MiHIOEThCS. [lepia yacTrHa (10 IpUIMMHEHHS ToAadi THC-
Ky) 3aJIMIIA€ThCA MONIOHOI 0a30BOMY BapiaHTy, ane y
MIPOMIKKY IPUITMHEHHS M0/1a4i TUCKY KpHBa € O1/IbII He-
JIHIHHOIO.

[Tpu 3BOpOTHOMY X011 3aJIEKHOCTI IIJIKOM aHAJIOT14HI.

[NopiBHAHHS 3MiHHU KiHETHYHOI €HEprii Ta Jacy cripanb-
OBYBaHHS HaBeJIEHO y Ta0I. 3.

t;=0,00650 ¢ X,=0,002744 m v =0,84435 m/c
t,=0,02600 ¢ X,=0,019584 m v,=0,49307 m/c
t;=0,02677 ¢ X5=10,020000 m v3=0,59259 m/c

Tab6ymus 2 — [TapameTpu 3B0OPOTHOrO pyxXy HITOKA

t;,=0,05500 ¢ X,=0,002602 m v =0,94635 m/c
1,=0,02250 ¢ X,=0,019476 m v,=0,59724 m/c
3,=10,02329 ¢ X5=10,020000 m v3=0,73272 m/c

Tabauus 3 — HOpiBHSIHHS XapaKTEPUCTHK 0a30BOT0 Ta MOAEPHI30BAHOT'O IPHCTOCYBAHHS

Mpsimuit xig 3BOpOTHIH Xiz
Ts, dx 13, MC Ts, dx 13, MC
bazorwuii BapiaHT 2,34 17,55 3,097 15,25
MonepHi3zoBaHmii BapiaHT 0,158 26,77 0,241 23,29
BinHomeHHs 14,8 0,65 12,85 0,65

s e

Puc. 1. IIpucrocyBanus ans Gppe3epyBaHHI
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Puc. 5. 3MiHa MpUCKOPEHHS y Yaci y MOICPHI30BaHOMY BapiaHTI
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Puc. 6. 3mina mBuaKOCTI y yaci y 6a30BOMy BapiaHTi
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Puc. 7. 3miHa MWBUIKOCTI y Yaci y MOIEPHI30BaHOMY BapiaHTi

BucHOBKU TOYHOCTI TO3UIIOHYBaHH:. He3HauHe 3011bIIeH s 9acy 3a-
TUCKaHHA Yy 1,5 pas3u He € cyrTeBrM, 00 MOBa HI1e TIPO COTi
JIOJTi CEKyHIH. Y TIEPCTIEKTHBI aBTOPH IIAHYIOTh JOCIIANTA
BIUTUB AeMII(hipyBaHHS Ha TIePEXiTHi IPOIECH Y CHCTEMI.

Taxkum uuHOM, Oy7T0 MaTeMaTHIHO ONHMCAaHO KEpOBa-
HUI pyX MTOKA, [[py BU3HAYCHNX palliOHATHHUX MTapameT-
pax KepyBaHHS IPH IPSMOMY XOJIi 3MEHIIECHHS KIHETHY-

HOIO eHeprii npu ynapi y 15 pasis JoCATHYTO 3a paxyHOK Crucox nirepatypu

HE3HAYHOTO [IOOBKCHHS Yacy CIpalboByBaHHs 1,5 pasu. 1. Borycmaee B. A. CraHounsie npucrocobierus / B. A. bo-
Le 3a0e3meuye 3MeHIIEHHS yIapHUX Ta BiOpaIiifHuX Ha- rycnaes, B. A. Jluxosunep, A. C. CMUPHOB. — 3aOpoOXkbe :
BaHTAar B MOMEHT 3aTUCKAHHS T4, BIAIIOBIIHO, T ABUILICHHS Morop Cuu, 2000. — 430 c.
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Psrun C. JL., Beasii P. 10. Monepansanus npucnocodjieHus 115 ppe3epoBaHnus JeTajeil KperieHns

Llenv pabomoul. Ymenvuienue Kunemuueckou 3Hepeuy yoapa 3a4CUMHO20 NPUCNOCOONIeHUs NYMeM USMEHeHUs
napamempos cucmembvl YupasieHus..

Obvexm uccnedosanus. llpucnocodienue 0ns (hpeseposanus demaneii Kpenienus, 0Cyuecmsaouee ux 3axicum,
cHaboicenHoe nHeMonpueooom. Ilpsamoe u obpamroe 08UNCEHUS UMOKA 00eCneyusamcs nooayell 6030yxda, KOmopasi
pecyaupyemcs INeKmpOoKIANAHAMU, 8 BEPXHIOI0 UL HUINCHIOW NOIOCHU NHEGMOYUTUHODA.

Memoodsl uccnedosanus. Luxi cpabamvléanus 3ax4CUMHO20 NPUCNOCOOIeHUs DbLT pa3oum Ha mpu cmaouu. nooaia
6030yXxa, nepepuvié 68 nooave 8030yxd, 60300HO6IeHUE NO0AUU 8030yXa 08 dodcamus wmoka. Bo epems nepepuisa
CKOpOCMb WmMoKa nadaem 3a cuem Cuil mpeHus @ yniomuumene. HameHnenue onumenvHocmu cmaouti oaem
603MOJCHOCIb Pe2YIUPOBAHUA KOHEUHOU CKOPOCMU O8UdICEHUs WMOKA 68 MoMenm yoapa. bviia cocmaenena
MaAmMeMamuyeckas MoOelb OBUNCEHUS WMOKA C YYenoM 6PEMEeHH020 npekpaujerus noodayu dasnenus. Ha emopoil
cmaouu paccmampuganocs nepemewjeHue WmoKka npu uzomepmuyeckom npoyecce. Taxoice yuumvléanucs cuna
msicecmu u cuna mpenus. Coomgemcemeyroujee HeluHeliHoe oupepenyuarvroe ypasHerue Oblio peuleHo YUCIeHHO
memodom Dilnepa. Tounocmsb peuwienus 6vlia 0becneueHa NPUMeHeHueM 04eHb MATeHbKO20 Wa2d UHMe2PUPOsanus,
YUMo Npu COBPEMEHHOM YPOGHE DA3GUMUS GbIUUCTUMENbHOU MEeXHUKU He 6bl3bléaem OONOIHUMENbHbIX NPoOIeM.
Onmumanvrvle ONUMENbHOCMU CMAOULl Ol NPAMO20 U 00pamHo20 x00a Ovliu onpedeieHbl Memooom
noC1e008AMENbHBIX NPUOTUNCEHUIL.

Ilonyuennvie pesyromameul. 3a cuem OnmuMusayuy NApPamMempo8 CUCmeMbl YAPAGLeHUs Obliad CHUJICEHA
KUHemu4ecKas SHepeus yoapa npumepHo 6 15 paz npu yeeauuenuu epemenu cpabamvléanus 6 1.5 paza. Yeenuuenue
spemenu cpabamuléanus npu npsamom xode ¢ 18 mc 0o 27 Mmc He oKa3vléaem NPAKMUYECKU 3HAYUMO20 GUAHUS HA
npouU3800UMENLHOCIb MPYOd.

Bui6oowvt. Cozoannas HO6as mamemamuieckas MOOenb O8UINICEHUS. WMOKA 0ald 603MOICHOCHb ¢ HOMOWbIO
KOMNblomepa Haimu onmumaibHble napamempsl CUCIEMbL YIPAGTIeHUS 3aACUMHO20 yempoticmea. TIpakmuyeckast
YEHHOCHb 00YCNI06NIeHA Yy YUueHUeM OUHAMUYECKUX XAPAKMEPUCUK YCMPOUCcmEa 6e3 O0NOTHUMENIbHbIX KANUMATbHbIX
8110JICEHUIL.

Knwuesvle cnosa: 3adcummnoe npucnocobienue, MOOepHU3Ayus, cucmema yYnpaeienus, HeiuHeuHoe
oughghepenyuanvHoe ypasHerue, KUHemMu4eckds sHepeusi, yoap.

Ryagin S., Belyi R. Modernization of the device for milling of fastening details

Purpose. Reducing of impact kinetic energy of the clamping device by changing of control system parameters.

Object of research. Clamping device for milling of fastening details, supplied with a pneumatic actuator. Direct
and reverse motion of a stock are realized by air supply to the top or bottom pneumocylinder space, which is
controlled by electrovalves.

Methods of research. Operation cycle of the clamping device has been divided into three steps: air supply, pause
in air supply, renewal of air supply for clamping of a stock. Stock speed decreases during a pause because of friction
forces in a sealant. Variation of step durations allows to control final stock speed at the moment of impact. The
mathematical model of stock movement has been designed, taking into account the transitory termination of pressure
supply. Stock movement was considered at isothermal process at the second step. Gravity and friction forces were
considered as well. The corresponding nonlinear differential equation has been solved numerically by the Euler
method. Result accuracy has been provided by use of very small integration step, that at a modern level of develop-
ment of computer facilities does not cause additional problems. Optimal step durations for direct and reverse motion
were calculated by successive approximation method.

Results. Impact kinetic energy has been reduced approximately 15 times with response time increase 1.5 times by
optimizing of control system parameters. Increase of operation time at a direct motion from 18 ms to 27 ms has no
practically significant influence on productivity.

Practical value. A new mathematical model of the rod movement that have been designed gives an opportunity to
find the optimal parameters of clamping device control system by means of a computer. Research practical value has
been caused by the improvement of device dynamic characteristics without additional capital investments.

Key words: clamping device, modernization, control system, nonlinear differential equation, kinetic energy, impact.
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TAO «Motop Cuuy,
2HaumoHanbHbIN YHMBEPCUTET «3anopisbka NoniTexHikay; r. 3anopoxbe

NMPOYHOCTHOWU PACYET ABUALIMOHHOW OETAIN «KPbILLKA
PEOYKTOPA», MONYYEHHOWU METO4OM AOAUTUBHOIO
BbIPALLIUBAHUA

Ilens pabomer. Obecneuums mexanuyeckue, MmexHoaI0SUHeCKUe U IKCHIYAMAYUOHHblE C8olicmea demanel u3
KOHCMPYKYUOHHbIX amtomunuesvix cniaeos (ALSi, AIMg ) asuayuonnozo nasnauenus, bipauennvlx a0OumueHbiM
Memodom ¢ ucnorvzosanuem nposoroku (WAAM).

Memoowt uccnedosanus. /[ns guinoiHeHUs NOCMAGIEHHOU yeau, ObLI0 He0OX0OUMO peuums Ciedyioujue 3a0adu.
HOLYYUMb 3A20MOBKU CEPUTIHBIX Oemaliell ¢ HeOOX00UMOU 2eomempuell, IKCNILYAmMayUOHHbIMU U MEXHOL02UYeCKUMU
CBOUCMBAMU U BbINOIHUMb PACYEM HANPAICCHHO-0ePOpMUPYEMO20 COCMOAHUSL NOLYYEHHbIX 3d20MOB0K Oemdal.
B kauecmee nepgoeo, sxcnepumenmanbroco, uz0enus U320mosieHH020 OAHHbIM MemMOoO0OM OblLIA 8bIOPAHA KOPNY CHAS
demane « Kpoviwika pedykmopay, é c653u ¢ npocmomou Kouguaypayuu 3a20mosku. Buipawusanue 3aeomosxu oemanu
npou3B00UIOCL ¢ NOMOWBbIO C8ApPOYHO20 annapama uneepmopa Fronius MagicWave 1700 u po6oma FANUC,
Kpamkospemennsvie scaponpounvle ucnvimarnus nposoounu coznacuo I'OCT 25.601-80 na mawune AUMA-5-2.
NPOYHOCMHOU pacyem HANPSANCEHHO OeopmMupyemozo COCMOAHUL NPOBOOULCS C UCNONb30BAHUEM TUYEHIUOHHOU
sepcuu npoepammuozo komniexca ANSYS 18.1. /[na paspabomku KOHeUHO-31eMeHMHOU MOOe U NPUHSM UMErOUULL
dopmy mempasopa snemenm SOLID 185.

Ilonyuennste pesynvmamot. Pesynomam nposedenust pacuema HanpsijceHHo 0epopmupyemozo coCmosiiust HOKA3a, 4mo
Kkoapuyuenm sanaca npounocmu ons cnaasa AlSi u AIMg, pasen 2,6 u 3,4 coomeemcmeeno, ons cniasa MJT10— 4,0.

Ilpakmuueckan yennocmo. Hecmompsi na cnudicenue koappuyuenma zanaca npounocmu Ha 0,4, npumenenue
a00UMUBHBIX MEXHOA02ULL 0Nl U320MOGNEHUS (KPblluKy pedykmopay us cnaaéa AIMg  noseonum coxpamume 000
Yenogeuecko2o pakxmopa npu 603HUKHOBEHUU OPAKA, CYUeCmBeHHO CHUUMb OMX00bl NPU NPOU3E0OCMEe 34 CHem
omecymcmeust iumelHvix cucmem u m.o. Lpu smom, npounocmmusie xapakmepucmuxu cniasos AIMg5 u MJ110 naxooamcsa
Ha 00HOM YpoeHe. Dmo no3eonaem ymeepiucoams, umo uzoenue us cniasa AIMg,, useomosnennoe adoumueHvimu
MEXHON02UAMU MOJCEM NPUMEHAMbCI 83AMEH paHee npumeHsemuvlx uzdenutl uz cniasea MJI10, komopwie
U320MAGTUBANUCH IO CIAHOAPMHBIM NEeXHOLOSUSIM JIUMbSL.

Knwuesote crosa: adoumugnvie mexnono2u, a00UmueHoe blpauusanue, aioMuHuessble CHAA6bl, AGUAYUOHHbIE
oemanu, WAAM (Welding +arc additive manufacturing).

BBenenne
LIECCHI TIOIAYH MPOBOIOKH UMEIOT OONBIITYIO IPOU3BOAU-

B HacTosiiee BpeMsi He BBI3bIBAET COMHEHUH 1IETIECO-
00pa3HOCTB MPUMEHEHMS aTUTHBHOTO Mpor3BoacTaa (All)
B aBuactpoeHuu, All sByisieTCsl HOBBIM HalpaBJIECHUEM U3-
TOTOBJICHHS JIETAJIEH, B TOM YHCJIC X N3 AJIFOMHHHEBBIX CILIa-
BOB, KOTOpBIE B PAZIE CIIy4acB MOTYT 3aMEHHUTH KJIacCHYeC-
KH€ CIIOCO0BI, TAKHE KaK JINTHE U IITAMIOBKY. [IoCKOIBKY
JTAaHHBIE TEXHOJIOTHHY MO3BOJISIOT 3HAYNTENIFHO COKPAIATh
BpEMs M 3aTPaThl Ha MOIyYCHHE HOBOTO U3AEINUS 32 CUET
HCKITIOYEHHMS IPOMEKYTOUHBIX CTaIUH H3TOTOBJIECHHS OC-
HaCTKH u ripecc-(popm [1].

AHaJIM3 npeabIIy X HCCJIeI0BAHUM

Wire + Arc Additive Manufacturing (WAAM) — st0
nepcnekTrBHas TexHonorus All, mo3Bomnsiomas nory4arb
TOTOBBIE, U3JIEIHSI C MUHUMAaJIbHBIM IPHITYCKOM Ha 00pa-
00TKy, B KpOTUYaliIiie CPOKH IMyTeM MOCIOHHOrO HaHece-
HUS MaTepuaa 10 AOCTKEHH KOHeUHOH GopMel. [Ipo-
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TENBHOCTB U SIBILFOTCSI O0Jee SKOHOMIIHBIMH U3-32 100 %
3¢ (GEKTUBHOCTH UCIIONB30BAHMS IPOBOJIOKH TI0 CpaBHE-
HUIO C ITOPOIIKOBEIMH MatepuanaMu [2]. bompmmHCTBO
COBpeMEHHBIX uccnenoBanuii WAAM cocpenoroueHsl Ha
THTaHe M cTaau [3]. AIOMHHHUEBEIE CILIABBI, OCOOCHHO
BBICOKOIIPOYHBIE, CTAHOBATCS BCe Ooree BOCTpeOOBaHHBI-
MU B TAKHX OTPACIISX, KAK a3POKOCMUYECKast TPOMBIIILICH-
HOCTB ¥ TPAHCTIOPT. B cBsI3M, ¢ 4eM HEOOXOMMMBI HCCIIENo-
BaHU 1 pazpaborka TexHomorud WAAM 11st arfoMIHUS.
Kpandunackuii yHHBEpCHTET HauaJl IPUMEHSTH TEXHOJO-
rur0 WAAM u3 amoMuHMAs, ¥ OBUTH TIOCTPOEHBI KPYITHO-
rabapuTHbIE (PYHKIIMOHAIBHBIE KOMIIOHEHTHI pedep U KO-
HYCOB U3 aJJIOMIHHEBOTO CIIaBa [4].

B pabore [4] OpU1H TpHUBEIEHBI M3/ICTIHS BHIPAIIICHHEIC
meronoM WAAM, onHako JaHHBIE NETANIM MOIYy4YEHBI C
HCTIONB30BAHMEM B KaueCTBE MPHUCATOYHBIX MATEPHAIIOB
MIPOBOJIOK M3 UIMITOPTHBIX CIUIABOB, KOTOPHIE IO XUMHIEC-
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KOMY COCTaBY Y CBOMCTBAaM UMEIOT OTIIMYUSI OT OT€UECTBEH-
HBIX Matepuaios. [Ipu npumenennu WA AM TexHonoruit
B OTE€YECTBEHHOM aBHALIMOHHOM IPOU3BOJICTBE, TAK K€
HCHOJIb3YIOTCA UMIIOPTHBIE MIPUCAI0OYHBIE MATEPHAIIBI, B
CBSI3H, C YEM OCTAIOTCS HE PEHICHHBIMH IPOOJIEMBI, CBSI-
3aHHBIC C PabOTOl B OMHUX COOPOUYHBIX y3IIaX JETaleH,
MOJTyYEHHBIX TPAAULUUOHHBIMUA METOJIAMH U3 OTEUECTBEH-
HBIX CIJIABOB U JIeTaJiel, BeIpallleHHbIX MeTonamu WAAM
C MCNOJIb30BAHUEM UMIIOPTHBIX MaTEPHUAJIOB.

Metoauka npoBeieHUsl NCCJIe0BAHUI HANPSIKEHHO
nedopmupyemoro cocrosinusi (HC)

Pacuer HJIC BBIpallieHHON A€TaIH BBIOIHEH METOAOM
KOHEYHBIX 3JIEMEHTOB C IPUMEHEHHEM IPOrpaMMHOTO
koMmiuiekca ANSYS 18.1. Onpenenenne HAC coctout u3
CJIETYIOIMX 3TaroB. [10AroToBKa CBOMCTB MaTepHalIOB
kpbiky s pacuera HC. Heobxoaumeie uis pacuera
HJIC cBoiictBa crutaBa MJI10 kpbIIKy NPUHSTSI 110 CHIpa-
Bounuky BUAM. Heobxomumsie ams pacaera HJC cBoii-
CTBa MaTepHasIoB Kpbiuku AlSi, n AIMg, ObLTH OTydeHb!
B pe3yJIbTaTe MPOBEACHHS KPaTKOBPEMEHHBIX KapOonpoy-
HbIX ucnbITanui npu T = 150 °C (paboueii TemmiepaType
n3zeNnus n3 JaHHOro MaTtepuana) KparkoBpeMeHHbIE jka-
ponpouHble HcnbITaHUs nposoawnn cormacHo 'OCT
25.601-80 Ha mammae AUMA-5-2. Pa3zpaboTrka KOHEUHO-
9JIEMEHTHOI MOZIENN KPBIKH. Pa3paboTKy koHeuHO-3I1e-
MEHTHOM MOJIENTN KPBIIIKH OCYIIECTBUIIN ITyTEM I'eHepa-
IINH CETKN KOHEYHBIX JIEMEHTOB C MOMOIIBIO ITPEnpoLiec-
copa aBTomMarnueckor pasdousku ANSYS. Ilpu sTom
WCTIONB30BaHBI IEMEHTHI B ()OpME TETpasApoB U IUpa-
MUJT — JUIS KPBIIIKI ¥ TEKCadIpOB — JJIsl JONOMHUTEIBbHBIX
00beMoB. [[71s1 pa3paboTku KOHETHO-2IIEMEHTHON MOIEITH
TIPUHST HMEIoImuiA popmy Terpasapa amement SOLID 185,
KOTODBIH BEIOPAH B CBSI3H C TEM, YTO OH MOJKET UMETH JIIO-
OyI0 MPOCTPAHCTBEHHYIO OPUEHTALIHIO; SIBIISIETCS JJIEMEH-
TOM BTOPOTO MOPSIAKA W ONPEAEIACTCS ABAAATHIO Y3JIa-
MU, KaX bl 13 KOTOPBIX IMEET TPH CTETIEHN CBOOO/IBI.

B pazzaene npencraBieHbl pe3yibTaThl pacieTa Halpsi-
xenHo-aedopmupoBanHoro coctosaus (HIC) kpeimmku
peIyKTOpa IBUTATEI ([aJiee — KPBIIIKH ), H3TOTOBIICHHON
C UCIIOIb30BAaHNEM METO/IOB aINTHBHOT'O IIPOM3BOACTBA
13 ABYX BAPHAHTOB MaTEPHAIIOB IPOBOJIOKH — ATIOMHHHE-
Boro crutasa AlSi, v crutaa amomunms ¢ Maranem AIMg,
B KQUECTBE IPUCATOIHOTO MaTEPHAIa.

HanmenoBanue 1 MaTepra KpBIIKH COITIACHO TEXHH-
YecKnM TpeOOBAHMAM YepTeka MpUBEACHBI B Tabmwie 1.
Tam xe yka3aHbl BAPHAHTHI HCTIOTTHEHHS KPBIIIKH U3 CIIIa-
Ba AlSi, u crimasa AIMg, TeepnorenbHas Monenb Ha puc. 1.

Pabouas TemnepaTypa kpbimrku cocrasisier 150 °C.

Jst ynmporenust pacdera ObLTH HPOBEICHBI paOOTHI
T10 BBISIBJICHHIO HEOMACHBIX 00hEMOB METAILIA M YCTAHOB-
JICHO, 4TO OTBEPCTHS Ha (pIIaHIIE KPBIIIKH SBISFOTCS TAKO-
BbIMH. TBepOTETBHAS MOZIENB IOCIIE YIPOIEHNUS IPHBE-
JleHa Ha puc. 1.

Harpy3ku, aeficTByIoLIME Ha KPBILLIKY:

- F, = 3200 H — oceBas Harpyska Ha MoBEpPXHOCTB TOPIIA
LIIHHAPA B HAIIPABJICHUH, TPOTUBOIOIOKHOM TTOJI0XKH-

TENIFHOMY HarpasiieHnio ocu X (puc. | — moBepxXHOCTh
BBIJIEJIEHA XKEJITHIM IIBETOM);

- F,= 300 H — nocrosiHHas pajuaibHas HArpy3ka Ha
LIMHAPHYECKYIO TIOBEPXHOCTh B HAIPaBIICHNH, TIPOTH-
BOITOJIO’KHOM TOJIOXKUTETILHOMY HAITPABICHHIO OCH Z (CM.
puc. 1 —TOBEpXHOCTH BhIIETICHA KPACHBIM IBETOM ).

CBoiicTBa MaTEPUANIOB KpBILLIKY Ipy Temmieparype 150 °C,
ucnons3yemble pu pacuere HJIC npuBenens! B Tadimue 1.

Kpussle nedopmupoBanmst ¢ = f(g) marepuanos AlSi
n AIMg, IpuHATHIX JUIs pacdyeTa HarpsHKeHHO-Ae(hopMu-
POBaHHOI'O COCTOSHUS KPBIIIKH, U1t Temmepatypst 150 °C
TIPUBEJICHBI HA PUCYHKE 2.

B y3nax Mozenu 3ajaHa NOCTOsTHHASI 110 BEJIMYHMHE pa-
60uas Temrniepartypa 150 °C. K moBepXHOCTH TOpLIa IUIHH-
Jipa (BBIIENIEHA XKENTHIM Ha pUCYHKeE 1) mpritoxkeHa oceBast
Harpyska F = 3200 H, paBHOMepHO pacrpeneneHHas mno
y3naMm. K y3mam mummHapaeckor oBEpXHOCTH (Ha ydac-
TKE, BBIJICJICHHOM KPAacHBIM Ha PHCYHKe 1) mpuiioxeHa
pannanbHas Harpyska F =300 H, pasHomepHo pacnpene-
JICHHAs T10 Y3JIaM.

0

Puc. 1. lerans «Kpbllika pexyKTopay:
a — YIpOIIEHHAs! TBEPAOTEbHAas MO KPBIIIKU C yKa3aHH-
€M MOBEpXHOCTEell PHIIOKEHHsI Harpy30K, O — BBIpaIlleHHas!
nerans Kpelmika pexykTopa n3 allOMHHHEBOTO CIIIaBa

Puc. 2. Kpussie nedpopmuposanus matepuainos AlSis u
AlMgs, TPUHATBIX [T pacdeTa HaNpsKEeHHO-Ie(pOpMUPOBaH-
HOT'O COCTOSIHUSI KpBILIKK Ipu Temreparype 150 °C
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Ta6anna 1 — CBolicTBa paccMaTprBaeMbIX MaTepHajIoB KPHIIIKY pH paboueii remmeparype 150 °C

Ne n/m [Tapamerp O6o3HaueHue En. usm. AlSi; AlMgs MII10

IIpenen

1 KPaTKOBPEMEHHON c! MIla 112 20,6 20,6
MPOYHOCTH

2 Ipenen TekyuecTH Spo MIla 79 13,1 14,1
IIpenen t

3 G, MITa 67 11,1 9,6
MIPONOPLUOHATIBHOCTH P

4 IInoTHOCTH p Kre/m’ 2680 2650 1780

5 Mopyns ynpyrocta E Kre/mm? 5900 6200 4068

6 Koogmument a 1/°C 2,39-10° | 2,5810° 2,810°
JIMHEHHOTO PaCIIMPEHUS

7 OtHocuTenBpHOE 5 o 2.8 327 8.0
yUIMHEHHE

8 Koadpuuuenr ITyaccona H - 0,33 0,3 0,33

Pemienue 3aaun CTpyKTYpHOIO aHAIN3a BBIIIOIHEHO B
Monyne Solution mporpammHoro komruiekca ANSYS ¢
YYETOM KPUBBIX IE(POPMHUPOBAHUS MATEPUAIOB KPBIIIKA
¢ npuMeHeHneM Metonia uteparuonHoro PCG. YkazanHslii
METOJl PEKOMEHAYETCS TS OOMBIUX MOJETICH U3 00beM-
HBIX DJIEMEHTOB.

ITo pe3ynbraram CTPYKTYpHOIO aHalld3a KPBIIIKU B
MOCTIIPOLIECCOPE BHIMOJIHEHA BU3YyaIU3allUsl pacipeaese-
HUS DKBUBAJIIEHTHBIX HANpsLKEHU o Muzecy u oripeere-
HBI 30HBI MAKCUMAITBHBIX YKBUBAJICHTHBIX HAPSHKCHUH B
KpBIIKe. B 30He ¢ MakCHMajabHBIMH YKBHUBAJICHTHHIMHU
HaNpsDKEHUSAMHU BBIJIENICHO CEYEHUE, B KOTOPOM OIpesie-
7eH Kod(uImeHT 3amaca CTaTHYECKON MPOYHOCTH IO

dopmyre:

Op

cp
K6

K, , M

(¢

I1e G —Ipe/en KPaTKOBPEMEHHO! MPOYHOCTH MaTepHa-
JIa KPBIIIKA TIpH pabodei Temmeparype;

P

GBKB

— CPpE€AHUE SKBUBAJICHTHBIC HAIIPSHKEHUS B pac-

CMaTPUBAEMOM CEYCHUH.

CpenHue SKBUBAICHTHBIC HAIIPSHKESHHUSI OTIPE/IC/ICHBI B
mocTporeccope mporpamMmmuoro komruiekca ANSYS B
COOTBETCTBHUE C AITOPUTMOM, OIHCHIBAEMBIM (hOPMYIION:

1
1 Soxe

2

Gl’l n=1
. X @
n—1 2 Zz

TO€ 1 — KOJIMYECTBO Y3JIOB Ha JIMHUNA C MaKCUMaJIbHBIMHU
HanpsOKECHUSAMUA B paCCMaTPpUBAEMOM CEUCHUN,

1 n
O s> Ooke OKBUBAJICHTHBIC HATIPSHKECHUA B IIEPBOM 1
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n-M y3JI€ Ha JIMHUY ¢ MaKCUMaJIbHBIMHU HAIIPSDKCHUSIMU B
paccMaTpuBaeMOM CEUCHHUH.

B pesyneraTe cTpyKTypHOTO aHaJIM3a KPBIIIKH B ITOCT-
MIPOLIECCOPE BBITIOTHEHA BU3YyallN3alysl paCIIpeeIeHUs
9KBHMBAJICHTHBIX HAPSDKEHHUH 1 OITpe/ieIeHbI 30HBI MAKCH-
MAJIBHBIX SKBUBAICHTHBIX HANPSHKEHUH B KPBIIIKE.

HanpspkenHo-neopMupoBaHHOE COCTOSHHE KPBIIIKH,
HarpyxeHHoi paboueli TeMneparypoi u IeUCTBYIOIINMHU
YCUJIMSMH, W3TOTOBJIEHHON M3 cuiaBoB AlSi,, AIMgn
MJI10 npuBeneHo Ha pUCYHKE 3 a—6, COOTBETCTBEHHO. Kax
BHIHO M3 PUCYHKOB 30Ha MAKCUMAJIbHBIX SKBUBAJICHTHBIX
HaIpsHKEHUH pacIosioyKeHa B 30He repexoaa (iaHIa Kperr-
JICHUS KPBIIIKH.

Pe3ymnprarsl pacdera CpeqHNX SKBUBAJICHTHBIX HATIPSI-
KCHUH B KPUTHYECKOM CEUEHUH 1 Kod((HUIMEHTa 3amaca
CTaTUYECKOM MTPUBEICHBI B Ta0IHUIIE 2.

Kak BumnO 13 Tabmuib! 2, ko3 QUIeHTHI 3anaca cTa-
THYECKOH MPOYHOCTH KPBIIIKH, U3TOTOBIEHHOH n3 AlSi,,
AlMg, 1 MJI10, ynoBneTBOpsIIOT HOPMATHBHBIM TpeOOBa-
HUSAM. YYUTBIBAs, YTO BEINYNHA MAKCHMAJIbHBIX SKBHBA-
JIEHTHBIX HANPSDKEHHH KPBIIIKK U3 MaTepuana AlSi, coor-
BETCTBYET NPEEITY TEKYIECTH JAHHOTO CIUIaBa, HAa PHCYHKE
3 IpUBEIEHBI 30HBI IDTACTHYECKOH e OpMaiy KPBIIIKH.

W3 pucynka 3 BUIHO, YTO 30HBI INTACTHYECKOM Ieop-
MallMH B KPBIIIKE U3 MaTeprana AlSi; pacronoxeHsl B 30-
Hax nepexozna (IaHIa KPeTuIeHUs! KPBIIIKH.

Taxum 00pa3om, ToTydeHa MOAIEINb KPBILIKA PEAYKTO-
pa ¥ IPOBEJIEH €€ PAacueT METOJOM KOHEYHBIX HJIEMEHTOB.
YcraHoBIeHBI KOA((QUIMEHTHI 3a11aca CTaTHIeCKOH Ipod-
HOCTH KPBIIIKH, U3TOTOBJICHHON M3 MarHWEBOT'O CIIABa
MJI10 nim ¢ Bcnonp30BaHIEM METOIOB aTUTUBHOTO IPO-
M3BOJICTBA U3 IBYX BAPHAHTOB MATEPHAIOB IIPOBOJIOKH M3
crraga AlSi; n crtaBa AIMg, B KaueCTBe MPHCaAI0THOTO
Marepuaa.
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Tadauma 2 — Pe3ynbrarsl pacdera CpelHUX SKBHBAJICHTHBIX HAIIPSHKEHUH B KPUTHUECKOM CEUCHUH U K03 PHUIMeHTa

3araca CTaTUIeCKOM MMPOYHOCTH

CmutaB CrutaB CrutaB
No /m ITapamerp O06o3HaueHuE En. m3m. AlSis AlMg; MJI10
MakcumanbHbIe Kre/
1 9KBHBAJICHTHBIC oo 5 7,9 12,7 11,3
MM
HaNpsHKEHUSI
P Cpennue 3K13HBaneHTHLIe P KFC; 43 6,0 5,1
HanpsHKEHUN oK MM
3 Ipenen kpaTkoBpeMEHHOI G% KFC; 11,2 20,6 20,6
NIPOYHOCTHU MM
4 K03(1)(1)I/IHI/IGVHT 3amaca Ky } 2,6 3.4 40
CTaTUYECKOU POYHOCTH
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Puc. 3. HanpsokenHo-1eopMUpOBaHHOE COCTOSTHHE KPBIIIKI
Harpy>XeHHOW pabodeil TeMepaTypoil M JelCTBYIOIIMHI
ycunmmsMu: a — u3 crasa AlMgs, 6 — u3 crmaaAlSis,

6 — u3 crasaMJI10

3akiaroueHue

Ko umment 3anaca npourocty s crmasa AlSi
AlMg, pagen 2,6 n 3,4 coorseTcTBeHHO. st crutasa MJI10 —
4,0. mpu 3TOM, MIPOYHOCTHBIE XAPAKTEPUCTUKHU CIDIABOB

AlMg, u MJI10 HaxoasTCs Ha OTHOM YPOBHE. DTO MO3BO-
JIAET yTBEPIKAATE, 9TO H3JIEHeE U3 ciutasa AIMg,, U3roToB-
JICHHOE a I THBHBIMH TEXHOJIOTHSIMU MOYXKET IPUMEHSTh-
cs1 B3aMEH paHee NpUMEHsIeMbIX u3aeaui u3 crwiaBa MJI10,
KOTOpBIE U3TOTABIUBAIIUCH 10 CTAHJAPTHBIM TEXHOJIOT UM
muThs. HecMoTps Ha cHWkeHHE Kod((uUIeHTa 3amaca
npouHocty Ha 0,4, npuMeHEeHHE aATUTUBHBIX TEXHOJIOT Ui
IUTS M3TOTOBJIEHHS KPBIIIKA PEMYKTOpa 13 crtaBa AIMg,
MTO3BOJIUT COKPATUTH JOJIO YETIOBEUECKOTO (pakTopa mpu
BO3HHUKHOBECHHY OpaKa, CYIIIECTBEHHO CHU3UTH OTXOJIBI IIPU
IIPOU3BOCTBE 32 CYET OTCYTCTBUS JIUTEHHBIX CUCTEM U T. 1.
IIpu 5TOM BO3MOXXHO M3MEHEHUE KOHCTPYKLUH C IETBIO
YMEHBLIEHUS €€ Beca.

Crucok iMTepaTypsl

1. Detecting the influence of heat sources on material
properties when prodaction aviation parts by a direct energy
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I'narenxo M.O., Haymik B.B., MaTtroBcbka M. B. Po3paxynku Ha MilHiCTb aBialliiiHOI AeTaJTi «KPHIIIKA PeTYKTOPaY,

OTPMMAHOI METO/I0M A/IUTHBHOT0 BUPOLIYBAHHS

Mema po6omu. 3abe3neuumu MexaHiuni, MexHOI02iYHI Ma eKCHIyamayiuni eiacmugocmi demanet 3
KoncmpyKyitnux anominiceux cniasie (ALSi,, AIMg ) asiayitinozo npusnauenns 6upowjenux aOumueHuM Memooom 3

suxopucmantam opomy (WAAM).

Memoou docnioxcenna. /s BUKOHAHHA NOCMABIEHOI Memu, He0OXIOHO 0)10 UPIWIUMU MAKI 3A80AHHA: OMpUMamu
3a20MOBKU cepiliHux demaJell 3 HeOOXIOHOK 2eOMempi€elo, eKCNIYAMAayiuHUMU I MeXHOI02TYHUMU 61ACTHUBOCHAMU |
BUKOHATU PO3PAXYHOK HANPYAHCEHO-0ePOPMOBAN020 CMAHY OMPUMANHUX 3a20MO80K demani. B sxocmi nepuiozo,
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eKCNnepuMeHmanbHo20, UPooU GUSOMOBIEHO20 OAHUM Memooom 6yno obpano kopnycHi demanv «Kpuuika
PeoyKkmopay, 8 368 3Ky 3 NpOCmMomo KoHQieypayii 3aeomosku. Bupowyeanus 3acomosku demani npogoounocs 3a
0onomozor 38apreanrvbrHoco anapamy ineepmopa Fronius MagicWave 1700 i poooma FANUC, KopomkouacHi
arcapompuski eunpodyeanns nposoounu 32iono I'OCT 25.601-80 na mawuni AIMA-5-2. Pospaxynox Ha miynicme
HAnpys’ceHo 0epopmosanoco Cmary nposooUsCst 3 BUKOPUCMAHHAM JiYeH3IUHOI eepcii npoepamnoeo komnekcy AN-
SYS 18.1. [{na pospobxu Kinyego-eremeHmuoi mooeni nputinamuil mae popmy mempaeopa enemenm SOLID 185.

Ompumani pezynomamu. Pesynomam npogedeHHs po3paxyHKy HANPYICeHO 0eqhopMOBaAHO20 CINAHY NOKA3A8, W0
Koe@hiyienm 3anacy miynocmi ona cnaaey AlSi i AIMg; dopienioe 2,6 i 3,4 6ionosiono. J{na cnraey MJI10 - 4,0. npu
yvomy, miynocmi cniasie AIMg_ i MJI10 snaxoosmocs na 00nomy pieHi.

Ilpakmuuna yinnicmo. Heszgadxcarouu na snudicenns xoegiyicnma 3anacy miynocmi Ha 0,4, 3acmocysanms
AOUMUBHUX MEXHON02I1l 0I5 6U20MOGNEHHA (KKpUMWKY pedykmopay 3i cniasy AIMg, doszeonume ckopomumu 4acmyy
JIH0OCHKO20 (hakmopa npu GUHUKHEHHT ICMOMHO 3HUSUMU 810X00U NPU BUPOOHUYMEE 3 PAXYHOK 8I0CYMHOCHI TUSAPHUX
cucmem i m.o. Ile 0ozeonse cmeepocysamu, wo eupio 3i cnaiagy AIMg ., sueomosnene a0umusHuMu mexnHon02iamu
MOJiCe 3aCmOCO8Y8AmMuUcs Ha 3aMiHy paHiuie 3acmocosysanux eupobie 3i cnaagy MJI10, saxi eucomosninucs 3a
CMAHOAPMHUMU MEXHONOZIAMU TUNEA.

Knrouosi cnosa: adumueni mexnonozu, a00umugHoe Upouy8anHs, amomMiniesi cniasu, asiayiini demani, WAAM
(Welding + arc additive manufacturing).

Gnatenko M., Naumyk V., Matkovskaya M. Strength calculation of aviation detail “reducer cover” obtained by
additive growing

Purpose. Ensure the mechanical, technological and operational properties of parts made of structural aluminum
alloys (AlSi, AIMg ) for aviation purposes grown by the additive method using wire (WAAM).

Research methods.To accomplish this goal, it was necessary to solve the following tasks: to obtain blanks of
serial parts with the necessary geometry, operational and technological properties and to perform a calculation of
the stress-deformable state of the obtained blanks of the part. As the first, experimental, product manufactured by this
method was selected case detail “Gearbox cover”, due to the simplicity of the configuration of the workpiece. The
cultivation of the workpiece was carried out using the Fronius MagicWave 1700 inverter c-welding machine and the
FANUC robot. The short-term heat-resistant tests were carried out according to GOST 25.601-80 on the AIMA-5-2
machine. strength analysis of the stress-strain state was carried out using the licensed version of the software
package ANSYS 18.1. To develop a finite element model, the SOLID 185 element having the shape of a tetrahedron
was adopted.

Obtained results. The result of the calculation of the stress-strain state showed that the safety factor for the ALSI,
and AIMg5 alloy is 2.6 and 3.4, respectively.

Practical value. Despite the fact that the safety factor has decreased by 0.4, the use of additive technologies for
manufacturing the “gearbox cover” from AIMg alloy will reduce the human factor when rejects occur, significantly
reduce waste during production due to the absence of casting systems, etc. For alloy ML10 - 4.0. at the same time, the
strength characteristics of alloys AIMg and ML10 are on the same level. This suggests that the product from the alloy
AIMg, made by additive technologies, can be used instead of the previously used products from the alloy MLI0),
which were made according to standard casting techniques.

Key words: additive technologists, additive growing, aluminum alloys, aircraft parts, WAAM (Welding + arc
additive manufacturing).
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YK 620.193:622.646

CkaukoB B. A., BogeHHukoBa O. C., o-p TexH. Hayk BogeHHukos C. A.

HaumoHanbHbI yHUBEPCUTET «3anopiabka NoniTexHikay, . 3anopoxbe

OLEHKA SNNIEKTPOXUMUYECKOI'O OKUCINEHUA
MHOIO®A3HbIX METAJIJIOB U CINJ1ABOB

Ilens pabomot. Pazpabomka memoouku pacuema cKOpOCMU OKUCIEHUsL OMOCTbHBIX (Pa3 MHO2OKOMNOHEHMHBIX
MEMainos u IKCNEPUMEHMAbHASL OYEHKA ee NPUMEHEHUS.

Memoowt uccnedosanusn. Diekmpoxumuieckoe OKuUcienue no8epxHocmu, memaniozpa@uyeckui u
MUKPOUHMEPHepoMempuiecKull aHau3 Heo OHOPOOHOCMU NOBEPXHOCHIU MHO20( A3HBIX MEMAL08.

Tlonyuennvie pezynomamol. Paspabomarul koneunvle popmynvl 015 pacuema yHOCa MACChl, MOTUWUHBL OKUCTEHHO2O0
CN0sL U CKOpOCMell pacmEopeHUs OMOENbHbIX a3 8 Poyecce INEKMPOXUMULECKO20 OKUCTICHUS MHO2OKOMNOHEHMHbIX
MEMamios u cnaagos. IKCHePUMEHMAIbHO YCMAHOBIEHO USMEHEHUE 2e0MEMPULECKOL HEOOHOPOOHOCHU MPeXhazHO20
€epo2o uyeyHa 6 npoyecce INeKMpOXUMUYECKO20 OKUCTeHUs, Boiuuciena monuwuna oxucienus kaxicooul ¢paszvl cepoco
YyeyHa 6 3a0aHHbIX YCA0BUAX INEKMPOXUMULECKO20 OKUcaeHus. Paspabomana memoourka u onpedeneHo yoenpbHoe
NEKMPUUECcKoe CONPOMUBIEHUE SNeKMPOTIUMA 8 NPOYECcce ANeKMPOXUMULECKO20 OKUCTIEHUSL.

Hayunasn nosusna. Pazpabomana memoouxa oyenxu ckopocmeii OKUCJIeHUs OMOeabHbIX a3z 8 MHO20pasHbLX
MEmannax u cniaéax npu NeKmpoXuMUYeckoM OKUCIeHUU. YCmaHnoeieHvl CKOPOCMU OKUCTEeHUs Pa3 6 cepom
yyeyne, komopwie cocmasnsirom 01s epagpuma — 0,991 mxm/mun,; ons yemenmuma — 1,009 mxm/mun; 011 nepiuma —
1,033 mxm/muH.

Ilpaxmuueckas yennocmo. Pazpabomannas memoouxa npedcmasisiem HaAy4uslil U NPAKMUYeCKutl uHmepec O
OYEHKU CKOPOCMell OKUCAeHUS PA3TUYHBIX (Pa3 MHO2ODA3ZHBIX CHIAB08, OYEHKU 8PEMEHU OISl NPOBEOECHUsL YCKOPEHHbIX
UCHBIMAHUI MHO2OAZHBIX CRAABOS O IKGUBANICHMHBIX YCIAOGUL KIUMAMUYECKOU KOPPO3UlL U paspabomre cnidaeos,
VCMOUUUBHIX OJisk AUMMUHE0BOU KOPPO3UUL.

Kntoueswie cnosa: ckopocms 31eKMpoXUMUYECKO20 OKUCTEHUS, MHO2OA3Hble Memallibl U CHAABYL, CePblll YY2YH,

@azvl cepoeo uyeyna, nepaum, yemeHmum, pagum.

AKTYyaJILHOCTD

Kopposust KOMITOHEHTOB ¥ OTAENBHBIX (pa3 B MeTauiax
U CIDIaBax SIBISICTCS PE3YIBTATOM PAOOTHI OOIBIIIOrO KO-
YeCTBAa KOPPO3HOHHBIX TaJIbBAHNIECKHIX HIEMEHTOB, BO3-
HUKAOLINX Ha OT/EIBHBIX y9aCTKaX IIOBEPXHOCTHU BCIIE/I-
CTBHE ee rereporenHoctu [ 1, 2].

DIEeKTPOXUMHUUECKAs] TETEPOTEHHOCTH ITOBEPXHOCTH
METaJUIOB M CIJIABOB OOYCIIOBIMBAETCS KOMIIOHEHTHBIM
COCTAaBOM, MAaKpO- U MHUKPOINPHMECSIMH, aHU30TPOITHOC-
TBIO KPUCTAIIINYECKON PEIIETKH, HATMINEM OKCHTHBIX TLIe-
HOK 1 JPYTUX 3arpsi3HEHUH, HEOMHOPOAHOCTHIO BHYTPEH-
HIX MEXaHWYICCKHX HANPSDKSHUH U T. 0. [ 1, 2].

B cBsI3U C 3MEKTPOXMMUYECKOH HEOTHOPOAHOCTHIO IO-
BEPXHOCTH METAJUIOB CKOPOCTB OKHICTICHHSI €€ OTHEIBHBIX y4a-
CTKOB MIMEET 3HAYMTEITLHO OTTHYAIOIIHECS BETHIUHEI [ 3, 8].

CxopocTs Tporiecca KOPpO3HOHHOTO OKHCIICHHUS Ol-
penensiercs paaoM ¢akrtos[3, 4, 7]:

- CKOPOCTBIO pPeaKIMy B3anMOIEHCTBHSA (pa3 MeTaa ¢
KOPPO3HOHHOM Cpenou;

- KOHIIEHTPALIMH PEareHTOB B KOPPO3NOHHON CPEZIE;

- mucpy3meit peareHTOB KOPPO3UOHHOM Cpenbl K II0-
BEPXHOCTH METAILIA;

-nuddy3uert MPOIyKTOB PEaKIIH OT [IOBEPXHOCTU Me-
Tajuta B 00beM KOPPO3HOHHOM cpenbl [4].

Heas padorbI: pa3paboTKa METOIUKH PacIeTa CKOpOC-
TH OKHCJICHHS OTAEIBHBIX (ha3 MHOTOKOMITOHEHTHBIX Me-

© CxauxoB B. A., Bonennukoa O. C., BogennukoB C. A., 2019

DOI'10.15588/1607-6885-2019-1-12

TAaJIJIOB U CIUIaBOB, SKCIICPUMCHTAJIbHAs OLICHKA €€ IpUME-
HCHMS.

Pa3paborka MeTonuku

B mponecce aHOTHOTO OKHCICHUSI METAJJIOB U CIUIa-
BOB, UMEIOIINX HEOTHOPOAHYIO CTPYKTYPY, Bce (a3bl sB-
JISTFOTCS CAMOCTOSITENTBHBIMHE B 3JIEKTPOXUMUYECKOM CMBIC-
ne. [1pu 3TOM B IIepBYIO 04epe b 0 BIUSTHUEM aHOJHOTO
TOKa PacTBOPSAIOTCS HANOOJIEE 3IEKTPOOTPHUIATEIBHBIE
(ha3bl 1 TIOCTIE MX TIOJTHOT'O YOAJICHHSI PACTBOPSIIOTCS Ooree
JNIEKTPOIIOIOKHUTENBHBIE.

MatpudHBI€ CITaBBL, IIPEICTABIISIONINE COO0M XUMU-
YECKOEe COECIMHEHMS MIIM TBEPIBII pacTBOp ABYX pa3iind-
HBIX METAJIJIOB, BEAYT Ce0s KaK EAMHOE I1eJIoe. AKTHBHOCTb
(ha3bI MATPHIIHI B 3TOM CITy4ac YCTAHABIMBACTCS HIDKE HIICK-
TPOOTPHIIATEILHOTO METAILNA, & MTOTEHIMA aHOIHOTO pa-
CTBOPEHUS YCTaHABJINBACTCSI MEX Ty TOTEHIMAIAMH OCHOB-
HBIX (pa3 CO CMEIICHHEM B CTOPOHY 00Jiee 3IEKTPOOTpH-
aTeIbHOU (ha3bl.

PaccmarpuBaeTrcss MHOTOKOMIIOHEHTHBIN METall, CO-
crosiummid u3 N ¢as3. B atom cimydae kaxknas ¢aza 3annmaer
HOBEPXHOCTS S, , TOrIa:

—, 1)
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rie P, — IOBEPXHOCTHAs X0 (has3bl ¢ HOMEPOM i.
U3 ycrosus (1) cnemyer:

N

>h=1. ®

i=1

Y4uuTBIBas, YTO CKOPOCTH pacTBOpeHUe (ha3 OymyT UH-
JUBHTYaTEHBIMHE, U TS UX PACTBOPECHUS IIOTPEOYETCS TOK
I l.” . OOmImit aHOXHBIN TOK MOXKET OBITH OITPEACIICH:

N
I“=X1I'". ©)

i=1
[TnoTHOCTE aHOTHOTO TOKA C yaeToM (1) ompemernsercs:

o= @

VYuwureisas (4), (3) 1 (2) IWIOTHOCTB TOKA 110 KaXK10H (haze
MOXHO OTIPEAEIUTD:

i =i-P. ©)

1 1

B AHOIHOM IIpoLecCe NPOUCXOAUT O6pa30BaHI/I€ HMOHOB
MeTajia u3 Ka)K,HOﬁ (1)31351 M UX BOCCTaHOBJIEHHE. B aToM

cirydgae Ha6mo,uaeMa${ IJIOTHOCTH TOKA [ ia ONpeaCINTCA:
a .a -k
1 = i~ (6)

roe [ ia - Ha6mo,uaeMa${ IIJIOTHOCTD TOKA IO MOBECPXHOCTHU

(a3pl ¢ HOMEPOM i;

ca -k .
1, ,1; —TIUJIOTHOCTH TOKa II0 (1)3.36 C HOMEPOM 1, OTIpEe-

nerstrore o0pa3oBaHHe HOHOB (aHOIHBIN TOK) ¥ UX BOC-
CTaHOBIICHUE (KATOAHBIHA TOK).

Wcnone3ys pe3ynsraTsl padoThl [2, 3], MOXKHO 3amu-
cartb:

+o;Ag;z; F —PiAg;z; F
I,=kle R _g'kle RT > 0

e Z; —BalECHTHOCTh KaTHOHA METAILIA i- TOd (a3,

Ap; — CIOBHT TOTCHIMATa OT PABHOBECHOTO 3HAYCHHMS
IO i-TOM (haze;

a; — aKTHBHOCTb KaTHOHOB OT PaBHOBECHOTO 3HAYe-
HUS 110 [ — TOH (haze B TBOWHOM CJIOE;

a;,3; — kuHeTuueckue ko3P QUIUEHTHI 110 i- ToH dase;

F —uucno ®apazest.

CKopoCTh MaccorepeHoca KATHOHOB i- TOH (pa3bl B aHOM-
HOM IIporiecce onpezensercs [2, 4]:

pooo Ll Dlalzal)
' Z.F
i S(l—n, —
A=mowd)

rae D, —xoaddpunment nudQy3nu KaTHOHOB i- TOTO THIIA;
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7, —YKCII0 EPEHOCA KATUOHOB i- TOrO THIA;

N — YAeNbHas 3JICKTPOIPOBOTHOCTH PACTBOPA DIIEKT-
ponura;

N? — yAeNbHAs 3JIEKTPOIPOBOTHOCTh PACTBOpPA COIU
i-TO KaTHOHA,;

& — TommuHa QP Y3HOHHOTO CITOS;

af R afo — aKTHBHOCTB [-I'0 KATHOHA B MPURJICKTPOTHOM

CJIO€ ¥ B TITyOMHE JIEKTPOITUTA.
[Tpun ycraHOBUBIIEHCS CKOPOCTH ITpOLIECCa INIOTHOCTD
TOKa B ypaBHEeHUAX (7) ¥ (8) momKHA OBITH OMHAKOBASI.
a
Onpenenss u3 ypasHenus (8) 3HaueHus TOKa [, ¥ NpH-
paBHuBas npassle YacTh (7) u (8), HOIy4nM COOTHOLIE-

HHUE, U3 KOTOPOro onpeznenurest [;'

jkn ¢

Lo RT RT

li = B Ao.Z.F :(9)
il-oexp “PiRPisit +il-k"

RT

kniO exp(aiA(piZiFJ—exp(_BiA(PiZiF]

VYpapaenue (9) omuckBaeT CKOPOCTh aHOTHOTO IPO-
ecca 1o i-Toi (hasze ¢ y4eToM MpeaeT-HOro 3HAYCHUS Ka-

kn .
TOJHOTO TOKA — ;. Takol TOK BO3SMOKEH B YCIOBUSIX I10-

JIIpU3alu 3JICKTPOAa KaTOAHO, @ AKTUBHOCTDH B FJ'Iy61/IH€

+ +0
SJICKTPOJNINTa paBHA d; = d;

HpI/I MaJIbIX BEIMYMHAX aHO,HHOﬁ NoJIsApU3ali BEJIN-
YHMHa aHOJHOI'O TOKa I10 i-TOM q)a3e 6yﬂ€T HUMCTh BUA!:

oA Z F

i =k exp (10)
RT
[oncrasus (10) B ypaBaeHwue (8), Oymem IMETb:
—oNZ.
Mot o . (1D
ZiF S(1-my;)

VYpasuenue (11) 3amaeT ckOpOCTh aHOTHOTO TIPOIIEcca
110 i-TOH (haze B YCIOBUAX KOHIICHTPAIIMOHHOH MTONSIpH3a-
1u.

JKcnepuMeHTAIbHOE oNpe/ieieHHe CKopocTeil
okucJIeHus (a3

B ycroBusIx sKcniepuMeHTa CpenHsisi CKOPOCTh OKHCIIe-
HUA V| ompeiensercs mo dopmye:
k m—m,
v = ) (12)
Jo,t

rae M, m —macca odpasna 0 U HOCIE OKHUCIIEHHS,
COOTBETCTBEHHO;

f — akrop mepoxoBarocTy;
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(0 — IUIONIa/Ib MOBEPXHOCTH OKUCIIEHHS B IIAHE;

T — BpeMsI OKHCJICHUS,;

k = +1 — K03hOUIHEHT MOTOKUTEITBHOCTH CKOPOC-
TH KOPPO3UH.

CpeHsist TONIIMHA OKUCIIEHHOTO CIIOS 1, MOXET ObITh

BBIYHUCJICHA:
_ m—m

- Jwog (13)

lep

T7e ¢ — YIenbHbIH Bec o0pasia.
CpenHIO0 TONIKUHY OKUCIEHHOTO CJI0SI MOYKHO ONpe-
JIETUTb COOTHOLIEHUEM::

tcp = Z‘O + hcp s (14)

rac tO —pacucTHasa BCINYNHA OKHUCJICHHOI'O CJIOA, 06ma;1

JUTS BeeX (has.
DKCMEePUMEHTATBHO U3MEPEHHAsT HEOIHOPOIHOCTD
OKHCIIEHHOH MTOBEPXHOCTU MPECTABISIETCS BETHYHHAME

h; (i =1,N ) . Torna cpenHsist BeTUYHHA TITyOUHBI HEOTHO-

POIHOCTE OIpeeUTC:
1 N
hcp zﬁghl‘ . (15)

Benununna ¢ onpenenunres:

fy = tcp - hnp P (16)

TO.HHII/IHa OKHCJICHHS - TOH (ba?)I)I OIPCACIIUTCA:
L :t0+hi _hcp- (17)

Maccy okucineHHO# yacTu a3bl ¢ HOMEPOM i MOKHO
BHYHCIIHTE I10 (POpMYIIE:

m;=t;-f-w,-P-q,. (18)
CKOpOCTH OKHCIICHUSI i-TOH (ha3bl OIPEIeITUTCS:

V,-:kL- 19)
S0yt B

DOKcIepruMeHTalIbHas OLEHKa CKOPOCTEH IEKTPOX IMH-
YECKOT0 OKHCIICHHU IPOBEIeHa Ha 00pa3Iax ceporo 4yry-
Ha, B KOTOpoM nmeetcs 3 ¢assl. J1o mpoBeaeHns dKCIIepH-
MEHTa I10 OKUCIICHHIO 00pa31oB Tpex(Ha3HOro YyryHa mo-
BEPXHOCTb MOJHUPYETCS, MPOBOIUTCS TeMIIepaTypHas
00paboTKa B cpelic aproHa U AJIEKTPOIIOTUPOBKA pabodeit
MTOBEPXHOCTH 00pasma [6].

Ta6auua 1 — PexXxuMBbI IporieccoB OKUCICHUS 00pa3IioB

M3mepenne HauanbHOI MIEPOXOBATOCTH MMOBEPXHOCTH
peanusyercs ¢ MpUMEHEHHEM OECKOHTAKTHOTO MUKPOHMH-
tepdepomerpa MUM-4. TTo u3MepeHHBIM 3HAUYCHUSM I1a-
paMeTpoOB IIEPOXOBATOCTH ONPENENICTCS (PaKTOp IIEPo-
XOBaTOCTH MOBEepXHOCTH. [loaroToBUTENRHBIN 00pa3eln
B3BEILUBACTCS — M, U ONpeAeIseTcs IUIoMmaab ero pado-
4eii MOBEPXHOCTH — S5y

3aTeM MPOBOAUTCS ANEKTPOXUMUYECKOE OKHCIECHUE
paboueii moBepXHOCTH 00pasma.

[Iporecc 31eKTpOXUMUYECKOr0 OKUCTIEHHUS PEaTU30BaH
B COOTBETCTBHH CO CXEMOMU, MPEJICTaBICHHOMN Ha puc. 1.

Puc. 1. Cxema 21€KTpOXUMHUYECKOTO OKHCIICHUS
(7 7', — PAIMYCHI KaTO/IA M AHOJIA COOTBETCTBEHHO)

B xauecrse karona (1) HConb3yeTcst THHIPUYECKUH
rpaduTOBBIN THTENb, aHOMA (2) — 0Opa3en U3 MeTaylia B
BHUJI€ IWJIMHIPUYECKOTO TIPYTKA.

DIEKTPOIHUT MPEICTABISACT COOOH BOITHBIN PacTBOp cep-
HOM KHUCJOTHI ¢ KoHIeHTparweit 200 rp HZSO , B 1000 M
JUCTHILTNPOBAHHOH BOJIBI.

Pe>KMMBI 37EKTPOXMMUYECKOTO OKHCIIEHHS TOBEPXHO-
cTr 00pasia npeACcTaBIeHEI B Tabmuie 1.

XapaKTepHCTHKH ONBITHBIX 00pa3IioB M YHOC NX Mac-
CBI B TIpOIIECCE OKUCIICHHS IIPECTaBIICH B TA0OIHUIIE 2.

[Tocne mpoBeneHUs peKUMa OKHCIEHHST pabodast mo-
BEPXHOCTH OUHIAcTCs ¥ Ha iprbope MI-4 onpenensiot
po(MITb TOBEPXHOCTH OKHCIICHHS ITyTEM U3MEPEHHS Be-
JIMYUH /1, — BBICOTBI BHICTYIIOB WJIM yIJTyOJIEHUI MOBEPXHO-
CTHL.

@Da30BbIii COCTAB U €0 KOTMYECTBEHHBIE XapaKTEepUCTH-
KU OMPEACISUINCH METOIAMH MUKPOCKOITHH [ 5, 6] (Tabm. 3).

[IpodmmrorpaMma OKHCIEHHON TOBEPXHOCTH IIPE-
CTaBJIeHA Ha puC. 2.

OmnbITHBIE U pacueTHBIE TAPAMETPHI MPOLecca OKHC-
JICHUS TIPEICTABJICHEI B Ta0OmuIIe 4.

No ombiTa Benuunna Toka Benuunna Bpewms okucnenus Pacxon snexTpuyectsa B npoiiecce
1,4 HAIPSKCHHS At,c OKHUCIIEHUS
U,B Ag=1-At,Kn
1 14+0,1 6 9900 138600
16+0,1 6 8688 139008
3 11+0,1 5 10520 115720
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Taﬁ.lmua 2- HapaMeTpLI SJICKTPOXUMHUYECCKOI'O OKUCJICHU OIBITHBIX 06pa3u03

HauanpHnas Huamerp Koneunas OnbITHBIN YHOC Bpewms
Ne nponecca Macca obpasua obpasua Z[m/nza o6pastia | yiacca obpasua Macchl OKHCIIEHHUS
m,,e d, mm » MM my,e Amne 2 At,c
1 40,00 19,8 18,6 37,80 2,20 9900
2 35,10 15,6 23,9 33,20 1,90 8688
3 42,50 20,1 19,6 40,20 2,30 10520

Tabnuna 3 — Da30Bbli COCTaB U UX XaPAKTEPUCTUKI

Ne das HanmeroBanue Coﬂce)s;zx% /» yﬂenﬁ/}:;? eS| Mnomans daz, om’ IToTepst Maccsl, r
1 Yraepon 0,03 2,26 0,532 0,019
2 IlemeHTHT 0,09 7,40 1,596 0,197
3 [lepnut 0,88 7,72 15,602 2,054

BT A

L

Puc. 2. TIpodunnorpamma noBepXHOCTU OKHCIEHHOTO YyryHa, cofiepxantero Tpu ¢paser (1 — yrmiepon; 2 — Fe;C; 3 — nepnur)

TaGJmua 4 —Pacuer HO-3KCIIEPUMCHTAJIbHBIC JaHHBIC ITPOLIECCa OKUCIICHU

Ne Oo6bemHOe 3Ha4YeHus! BHICOT OO1ast BeIMyrHa TonmuHa okucIeHHON CkopocTb
(asbl | cozxepixanue P, OKHUCIJICHHOH OKHUCJIEHHOTO CIIOs ¢bazbl OKHUCIIeHUS (a3bl
TIOBEPXHOCTH /1, , MKM t,, MKM t;, MKM Vi, mem /c
1 0,03 0 163,57 157,14 0,0158
2 0,09 3 163,57 160,14 0,0162
3 0,88 7 163,57 164,14 0,0166

CpeHsist TOIIMHA OKUCIIEHHOIO €105 £, MOMKET ObITh

BBIYHCJICHA:

t

my, —my

2,2

P S on oy 1173736

=0,017cm = 0,17 mm =170,0 mrcm.

JIUTA V3 ONpPEETTUTCS:

CpenHee 3HaYEHUE BHICOT OKHCIICHHOH IMOBEPXHOCTH

OTIPEIeITTUTCS:

hcp:Pl.tl+P2.t2+})3.t3:
=0,03-0+0,09-3+0,88-7 = 6,43 mxm.

Toraa TONMIIMHA OKUCIEHHOTO CJIOS, BEMUCIICHHAS T10
(opmyze (17), cocraBut: myist yrepona — i, = 163,57 Mkwm; Ut
nemMeHTHTa — /1, = 166,57 Mxm; 1yist iepita b, = 170,57 MKu.

Cropocts okucnenns rpadura ¥, niementuta V, u nep-

1

Vv, = h = 63,57 = 0,991 mxm/mumH;
T

V, = hy = 166,57 = 1,009 Mxm/MuH:
T 165 ’

1
v, = By 170,57 1,033 MKkM/MuH
T 165 ’

PacuerHas BenmM4urHa OKUCIICHHOTO CJIOSI ONPENETUTCS
o popmyite (16) u cocTaBuUT:

o= 170,00—6,43 = 163,57 mscn.
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[TapameTpbI HIEKTPOTEXHNUECKNX XapAKTEPUCTHK K-
TPOJMU3HOM STYEUKH MPEACTABIISIET HAYyYHO-IIPAKTUYECKUI
naTepec. Hanbomnee BaKHBIM ITapaMeTPOM SIBIISIETCS YIEb-
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HOE 2JIEKTPUYECKOE COMIPOTUBIIEHHUE AIEKTPOIHTA.
O011ee AMEKTPUIECKOE COMPOTHBIICHUE R IIEKTPOXU-
MHYECKOH AUYEHKH onpenensiercs 3akoHoM Oma:

r-Y. 20)
1

rae U, —HampsbkeHHe U TOK B DJIEKTPOIM3HON sSTUeiiKe.

Oo0111ee conpOTHBIICHHE AIIEKTPOJINTA OITPEAEIUTCS T10
COOTHOILIEHUIO:

Pk
R=oa™ @n

a

L€ P — YICIBHOE JIEKTPUUECKOE COIIPOTUBIICHUE 3IIEKT-
ponura;
| — JUIMHA aHO[a;

7, —paaunyc KaToaa,

r, — paguyc aHoja.

VIeNpHOE HIEKTPUIECKOE COMPOTUBICHUE IEKTPOIIH-
Ta onpezaenurcs u3 (21) ¢ yaerom (20):

o= 2nUl

Ln(r, /7,) @2)

B nporiecce AmeKTpOXUMHIECKOTO OKHCICHUS METa-
J1a B BHIE IMIIMHIPHYECKOTO aHOJa TMaMETPOM 7, ¥ JIJTH-
HOU / TOCTaTOYHO U3MEPHUTH BETMYHHY OOIIET0 TOKA, TIPO-
TEKAIOIIEero Yepe3 SUYCHKY, W BEIHMYUHY MPOIOKCHHOTO
HanpspkeHus U.

PacuetHpIe 3HAYEHUS YIETHHOTO COMPOTUBIICHUS JJTEK-
TPOJIUTA B TIPOIIECCE OKHCIICHH 10 OITBITHBIM JTAHHBIM Ta0-
s 1 u 2 npezcTaBieHsl B TaduIe S.

W3 Tabmwst Ne 5 crieryeT, 9To 31eKTPOCOPOTHBICHIE
u3Mensiercs B npenenax 15,9...17,9 Omxmm. Takoe uzme-
HEHHE COCTaBIISIET OKOJIO 15 % 1 3aBUCHUT OT TeMIepaTyphbl
AIIEKTPOJIATA B TIPOIECCE ITCKTPOITUTUICCKOTO OKICIICHHS.

Taﬁ.ﬂl/llla 5- Y,uenLHoe SJICKTPHUICCKOC COITPOTUBIICHUE DJICKTPOINTA

Benuunna Panuyc Jlnuna VnensHoe
o P
Ne BeHHI{[HT roxa HaIpsDKCHUS e anona Karoza aHona COTIPOTHUBIICHHE
OmBITa , U, B Fy> MM Fo ) MM 1, mm p,0m - mm
1 14+0,1 6 9,9 230,0 18,6 15,91
2 16+0,1 6 7,8 230,0 23,9 16,63
3 11+0,1 5 10,1 230,0 19,6 17,90

BriBoanl

PaccmoTpeH nmponece 31eKTpOXUMHIECKOT0 OKHCIICHHS
OTAENBHEIX (ha3 B MHOro(ha3HBIX MeTasUIax u ciuraBax. [o-
JIy9eHbI KOHEUHBIE ()OPMYIIBI TTO BBIYHCICHUIO CKOPOCTEH
JMEKTPOXUMHUUECKOTO OKUCIICHUSI KayKIO0H (assl.

IIpoBeneHa skcriepuMeHTalbHasA OLEHKa CKOPOCTEM
OKHCJICHUS TIepinTa, GeppuTa u yriepona B TpexdasHoM
cepoM uyryHe. CKOpOCTb OKHCIIEHHS TIEPIINTa COCTaBHIIA
1,033 mxm/muH, iemerTaTa — 1,009 MKM/MUH, yritepona —
0,991 MKM/MHH.
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Cxaukos B.A., Bonennukosa O.C., Bonennnkos C.A. OniHka 31eKTPOXiMiYHOI0 OKMC/IeHHS MHOTO()a3HHX MeTAJIB
Ta CILIABIB

Mema pobomu. Po3pobxa memoouxu po3paxyHKy ueuoKoCmi OKUCIEHHs OKpeMux ¢az 6azamoxomnoHeHmHux
Memainie | eKCNepUMeHmanrbHa OYiHKa ii 3aCmMoCy8aHHs.

Memoou oocnioxncennsn. Enexmpoximiune oOKUCIeHHs NOBEPXHI, Memanocpagiunutl i MiKpoiHmepgpepomempuyHui
aHaniz HeOOHOPIOHOCMI NOGePXHI bazamoghazHux Memanie.

Ompumani pesynomamu. Po3pobneno Kinyesi popmynu 0ist pO3pPAXYHKY GIOHECEeHHs MACU, MOSWUHU OKUCLEHO20
wapy i weuoKoCcmer po3uuHeHHs OKpeMux (ha3z 6 npoyeci enekmpoxXimiyHo20 OKUCICHHA 6a2amOKOMNOHEHMHUX MEMAlie
i cnaaegig. Excnepumenmansho 6cmanosieHo 3MiHy 2eoMempuinoi HeOOHOPIOHOCMI MPUMA3HO20 Cipo2o YasyHY 6
npoyeci enekmpoximiuHo2o oxucienHsn. Ooyuciena moswuHa OKUCIeHHs KOJICHOT ¢hazu cipo2o 4asyHy 6 3a0aHUX yMo8ax
eNeKMpOXiMiuH020 OKUCNenHs. Po3pobaeno Memoouxy ma usHa4eHo NUMOMUL eleKmpuyHUl onip erekmponimy 8
npoyeci e1eKmpOoXiMi4H020 OKUCIEHHS.

Haykoéa nosuzna. Po3pobieno memoouxy oyiHKu weuoKoCmell OKUCICHHSA OKpeMux (a3 6 0a2amogasHux Memanax
i cniasax npu enekmpoxXimMiuHoMy oKucienti. Bcmanoeneno weuokocmi oKucieHHs (a3 é Cipomy 4agyHi, AKi CMaHo8IsAmy
ons epaghimy — 0,991 mrm / xe; o yemenmumy — 1,009 mxm / xe8; ons nepaimy — 1,033 mxm / xa.

Ilpakmuuna yinnicmo. Po3pobnena memoouka s61s€ HayKosutl i npaKkmuyHuil inmepec 0Jis OYiHKU WeUOKOCmel
OKUCAEeHHs PI3HUX (pa3 bazamohazHux cniaeis, OYiHKu Yacy 0k BPO6eOeHHs NPUCKOPEHUX eunpobyeanb bazamopasHux
CNIasi8 OJisl eKBIBANeHMHUX Y MO8 KIIMAMUyHOI KOpo3ii i po3pobyi cniaeie, cmiikux 0Jis 8UpasKo8oi Kopo3ii.

Knwouosi cnosa: weuokicme enekmpoxXimMiuHo20 OKUCIEHH, bazamogasni memanu i cnaasu, cipui 4agyH, gasu
cipoeo wasyHy, nepaim, yemeHmum, 2pagim.

Skachkov V., Vodennikova O., Vodennikov S. Expert electrochemical oxide multi-phase metals and sands

Purpose. The development of calculating methods for the rate of some oxidation phases of multicomponent metals
and experimental evaluation of its application is presented.

Research methods. The electrochemical surface oxidation of metallographic and micro interferometric analysis
of the heterogeneity of the multiphase metal surfaces were used.

Obtained results. The final formula for calculating the ablation of the mass, thickness of oxidized layer, and the
levels of dissolution of individual phases in the process of electrochemical oxidation of multi-component metals and
alloys have been developed. A change in the geometric heterogeneity of three-phase gray iron applying electrochem-
ical oxidation was experimentally established. The oxidation thickness of each phase of gray iron was calculated
under conditions of electrochemical oxidation. A technique has been developed and the specific electrical resistance
of the electrolyte in the process of electrochemical oxidation has been determined.

Scientific novelty. A technique for estimating the oxidation rates of individual phases in multiphase metals and
alloys during electrochemical oxidation has been developed. The oxidation rates of the phases in gray iron, where it
is 0,991 um / min for graphite, where itis 1,009 micron /min for cementite; where it is 1,033 microns / min for perlite,
have been established.

Practical value. The developed technique is of scientific and practical interest for the oxidation rate estimation of
various phases of multiphase alloys, time estimation for conducting accelerated tests of multiphase alloys for equiv-
alent conditions of climatic corrosion, and developing alloys that are resistant to pitting corrosion.

Key words: the speed of electrochemical oxidation, multiphase metals and alloys, gray cast iron, gray cast iron
phases, pearlite, cementite, graphite.
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HAYKOBO-TEXHIYHA IHOOPMALIA

HAYKOBO-TEXHIHYHA IHO®OPMALIA

OBPALLEHUE C TUTAHOBbLIMU OTXOOAMW: COBPEMEHHOE
COCTOAHUE UTNPOIMHO3 HA 2026 oA

BBenenne

TutaHOBBIC OTXOMIBI — BTOPOH IT0 00hEMY UCXOIHBII MaTepral (TIociIe ry04aToro TUTaHa ) TS IPOU3BOJICTBA MPOTYKIIMU
JTATBHEHIIHIX TIEPE/IeIIoB (B MIEPBYIO 0YePElb, CITUTKOB), a TAK)KE THTAHOBBIA KOMIIOHEHT JIJIs IPOU3BOJICTBA (heppOTHTAHA H
TUTAHOBBIX MOPOILIKOB.

[Mo pu3uueckuM npu3HaAKaM TUTaHOBBIE 0TXONBL, B cooTBeTcTBUM ¢ [OCT 1639-93 [1], mensr Ha KyCKOBBIE, THCTOBYIO
00pe3s U CTPYXKKY, a TI0 TIOKa3aTesIM KadyecTBa — Ha KOHIUIIMOHHBIC U HEKOHIWIIMOHHEIC. B MPON3BONCTBE CIIUTKOB IS
MTOAIIMXTOBKH B TUIABKY MOTYT OBITh UCIIOIH30BaHBI TOMBKO KOHIUIIMOHHBIE OTXOMKI [2]. OG0pOTHBIE TUTEHHBIE OTXOABI U
HHU3KOCOPTHBIH ryouaTsiii Tutad (Mapku TT'-150 u TT'-TB) ucnons3yroT B pOM3BOACTBAX (DACOHHOTO JINTbS M JIEHTOUHBIX
JIUTHIX 3aTOTOBOK [ 3, 4].

3a pyOekoM TUTAHOBBIE OTXOJIBI JIETISIT TAKKE HAa TAK HA3bIBAEMBIC «HOBBIE OTXOJBD) U «CTaphle OTX0IbDy. HoBBIC OTXOMBI —
9TO MaTepuaJ, OTyICHHBIH P MTPOM3BOACTBE TUTAHOBOH I'YOKH, a TAK)KE CIIUTKOB, ITPOKATA, TUTHS U ICTAJICH, TOr/Ia KaK
cTapble OTXOIBI — ATO MaTeprall, 00pPa30BaBIIHICS B PE3yNIBTaTe MepepaOOTKA BEIMICAIINX U3 SKCIUTyaTallil THTAHOBBIX
U3JICTINIA, HATIpUMED, IEeTalleii CaMOJIETOB, IBUTATEIICH FITH IIPOMBIIIUIEHHOTO (B OCHOBHOM, XUMHUYECKOTO) 000PYIOBaHHS.
Io omenkam YnpasneHust MexayHapomgHoi Toproinu CIIIA, okomo MOTOBHHEI MHPOBOTO 00BEMa OTXOIOB COCTABIISFOT
«TEXHOJIIOTMYECKUE OTXO/IbD», HOITy4yaeMble TP MMPOU3BOACTBE MPOKATA, a TPETh — «BHYTPEHHUE OTXO/BD?, IOTy4aeMble IPU
Ipou3BOACTBE M3zenwid. Takum odpa3om, okoio 80 % 0Opa3yroIMXCs OTXOIOB — 3TO HOBBIE OTXOIBI, a OCTAIbHAS YaCTh —
CTapbIe OTXOIIBI U3 OTPAOOTAHHBIX M3/ICITHIA.

OGpa3oBaHue 1 HCIOJIL30BAHHE OTXO00B

3a nmocrneHue HECKONIBKO AECATHIIETHI OONBIIOE KOITMIECTBO (DAKTOPOB MOBJIHMSIIO HA OTHOCHTEIBHYIO JIOMTI0 COCTABIISIO-
WX CBHIPBS IS TTOTYYEHUSI CIIUTKOB, 00ECTICYMBAEMOTr0 I'y0UaThIM THTAHOM U oTxonamH. 1o nanubM dupmser Roskill [5], Bo
Bropoii monosuHe 2000-X TOA0B MUPOBOI K03()(PUITMEHT MPIMEHEHHS OTXOIOB B IIUXTE TSI IIPOU3BOCTBA CITUTKOB 3HAYH-
TEIFHO COKPATHJICS BCIEICTBUE POCTA IMPOM3BOICTBA CIUTKOB B KuTae, Tak Kak KHTalCKUE ITPOU3BOAUTENH TPUMEHSIIN
OYeHb HEOOMBIIIOE KOIMYECTBO OTXOI0B. Takas cUTyarys Obla CBS3aHa C TEM, YTO KUTAHCKUH PHIHOK OBLT OPHEHTHPOBAH HA
THUTAHOBYIO MPOIYKIMIO POMBIIUIEHHOTO HAa3HAYEHHS ¢ ()OPMHUPOBAHMEM MAJIOTO KOJIMYECTBA OTXOAOB IO CPABHEHHIO C
a9POKOCMUIECKOH OTPACIIBIO, a TAKXKE C TeM, 4To Kurtaii pacmonarai n30bITOYHBIM KOJTMYECTBOM I'yO4aToOro TUTaHa. Takum
oOpa3om, BeieacTBUe BIUAHUSA KrTas v mepeHaCHIIEHHOCTH OOIIEMHUPOBOTO PHIHKA TYOUaThIM THTAHOM KOX(QHUIHNEHT
npuMeHeHnst orxonoB B 2011-2012 rr. camsmincs 10 5-7 %. OxHako yxe B 2013 1. obmemupoBoi koadhunmenT npuMeHeHns
OTXOJIOB YBEITHYMIICS BCIIE/ICTBHE CHIKEHHSI 00BEMOB IIPOM3BO/ICTBA I'YOUATOr0 TUTAHA, HEBBICOKHX IIEH Ha OTXOIBI, 8 TAKXKE
MOCTENEHHOW MOAEPHU3AINH KATAHCKIMH KOMITAHNUSIMH CBOMX MOIIHOCTEH C YBEITMIEHHEM MU 00bEMOB HCIOMB30BaHHS
orxonoB. Cuntaercs, uto B 2016 T. OIS OTXOMOB B CHIPBE IS MMPOU3BOCTBA CIMTKOB cocTaBisia 20 %.

B CIIA pacrnonokeHsl IS Th KOMITAHHH, KOTOPBIE 0071a/Iaf0T MOIITHOCTSIMH JUTS IIEPETlIaBa B IIeYax ¢ XOIOAHBIM THITIEM
MeNKO(pPaKIIOHHBIX OTXOIOB M B UX COUETAHUH C TYO4aThIM TUTaHOM. B ToM umcie Omaromapst stomy B 2016 1. 8 CILA 65110
nepepaboTrano 51 THIC. T THTAHOBBIX OTXOMOB. M3 3TOro Konmmdectsa 9,72 ThIC. T OBUIO HCIONB30BAaHO B CTANICITUTEHHON
MIPOMBIIIIICHHOCTH (HETIOCPEACTBEHHO WiIH B BHAE (pepporurana), S00 T — I pOU3BOICTBA BHICOKOIETHPOBAHHBIX CITIABOB
u 1,3 TeIc. THIOTpEbNEHO npyruMu oTpacisMi. Ocrapmmecs 35,9 TIC. T OTXOIOB OBITA UCHIOB30BAHBI B IIIUXTE IS IPOU3BOI-
CTBa HOBBIX CIIUTKOB. [Ipubmu3uTensHO 1 THIC. T cTaphix otx0moB B 2016 . Takke OblIa YTHIM3UPOBaHA ISl IIOBTOPHOTO
HCTIONTB30BAHMSI.

[orpednenne TuTaHOBBIX 0TX010B B CLIIA Haumnas ¢ 2000 1. mpeTepriesio HECKONMbKO AKITNISCKIX M3MeHeHnH. B Hauae
2000-X TT. OHO CHU3WIIOCH, 3aTE€M CTaJIO YBETMIMBATHCS U K Hadary 2010-X IT. cTrabmIM3upoBaiock Ha YpOBHE 25 THIC. T/TOI.
ITpu 5TOM moTpedieHne B MPOU3BOICTBAX CTaNIN, BBICOKOJIETHPOBAHHBIX CIUIABOB H APYruX chepax ObUIO yCTOWINBBIM HA
ypoBHe 10—-12 ToIc. T/Tom. C 2012 1. 3HAYUTENEHO YBETUYMIIOCH ITOTPEOIEHIE OTXOIOB JUTS IEPEIUIaBa B CIIUTKH.

Jlo1nst OTXOZOB B IIMXTE JIs HOMYYCHUSI CITUTKOB CHU3MIIAch ¢ 35 % B 1995 . 10 20 % B 2004 1. B CBSA3M € AOCTYITHOCTHIO
ry0daToro TUTaHa Ha PeIHKE M HU3KUMU IieHaMu Ha Hero. B 2008—2010 rr. qomst oTXom0B B IUXTE cocTasisuia okono 40 %, B
2011 r. camsmmnack 00 23 %, x 2014 1. pe3ko Bozpocia (10 66 %), a8 2015 . ynana 10 63 %. B xommanum 7imet 1omst 0TXONOB B
00BeMax ChIPBSI JUTS IPOM3BOJICTBA CTUTKOB cokparmiach ¢ 51 % B 2009 1041 % 82010 136 % B 2011 I
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Curyarms ¢ ToTpeOJICHHEM TUTaHOBBIX OTX0/10B B Kutae Oblia onvicaHa Bhile, a B BenmkoOpuranwu u Poccun ocHOBHas
9acTh OTXOOB MOTPEOIISETCS MPOM3BOACTBOM ()eppOTUTAHA, XOTS B POCCHH JTOJIST OTXOMIOB B CHIPHE IS IPOU3BOCTBA CITUT-
KOB TUTAHOBBIX CIUIABOB CTaOMIBHO cocTasisieT 30-35 %.

TOpF OBJISI TATAHOBBIMH O0TX01aMH

[Tpu ncronp30BaHNY THTAHOBBIX OTXO/I0B B MEXK/IYHAPOIHON TOPTOBJIE PYKOBOJCTBYIOTCS] TEXHUUECKHM PErIaMEHTOM
Tamoxennoro coro3a «O Ge3onacHOCTH 000pynoBaHHMs, padoTatorero moj n30srounbM aasieanem» (TP TC 032/2013),
IpUHATHIM perieHreM CoBera eBpasuiickoil s3xoHoMudeckoil komuccnu ot 2 uroist 2013 & Ne 41 [6]. B atom perntamente
TUTAHOBBIE OTXOJIBI HAXOAATCS B ToBapHOH no3numu 8108 « Turan v n3aenust U3 Hero, BKIIFOYast OTXOBI M JIOM.

OdwumanbpHas CTaTUCTHKA MO MEX/TyHAPOTHOH TOPTrOBIIE THTAHOBBIMHU OTXOAAMH M JIOMOM BKJTFOYAET OTXOIbI OT HU3KO-
Ka4eCTBEHHBIX B BHJIE TUTAHCOIEPIKAIMX MaTEPHaIOB JI0 BHICOKOKAUECTBEHHBIX B BHIE KYCKOBOT'O JIOMa, JIICTOBOM 00pe3H 1
CTPYXKH. B BaioBoM BBIpakeHNH 00bEM MEKITyHAPOIHOM TOPrOBIIM THTAHOBBIMH OTXOJIaMH JIOCTHT' MAKCHMyMa B 43 ThIC.
1/Ton B cepenmne 2000-x 1T, a ganee cHu3mIcs 10 21 Teic. T B 2009 . YactraHOe BoccTaHOBIIEHHE 00b&Ma npor3onnio B 2011-
2012 rr, aB2012-2013 rT. oH cradbmwm3upoacs Ha yposHe 37,5 ToIC.T. C 2013 1. mpou3onwio OpICTpOe yBeTUIeHHE 00HEMOB
TOPTrOBIIU, JOCTUTHYB MakcuMymMa B 55 Toic. TB 2016 T

ToproBiTto THTaHOBBIMH OTXOJAMH MOXKHO Pa3JIEIUTh Ha TOPTOBIIIO OTXO0IaMH OoJiee BEICOKOTO KadecTBa [Isl HCIIONbB30-
BaHMS B IIPON3BOJICTBE CIMTKOB U OTXOAaMH O0jIee HU3KOro KauecTBa sl HCIIONB30BaHMS B IPON3BOJCTBE JIETHPOBAHHON
cTaiy (3a4acryo B Buzie Gpepporutana). OTXOIb! BBICOKOTO Ka4ecTBa IMIIOPTHPYIOTCS, NIaBHBIM 00pas3oM, CILIA, @pannmeit
u SInonuei, a oTXob! HU3KOTO KauecTBa — BenmkoOpuranueii, Jcronuei n Kananoi. IIpuMedaTebHO MOYTH HOJTHOE OTCYT-
crBue Kurast B MeXTyHapOIHO TOPTOBIIE THTAHOBBIMH OTXOAAMH (10 IPUYMHAM, YKa3aHHBIM BBIIIE).

OKCHOPT TUTAHOBBIX OTXOMOB U joMa ¢ 2009 L. exxerogHo yBeauuuBaics, 1ocTUrHyB B 2016 ©. 55,2 Teic. T. B gecarky
KpynHe#mmx skcroprepos B 2016 . Bxoxwmu: CLLA (9,95 teic. 1), ['epmanust, @pannust, BemmkoOpuranwus, Snonus, Poccus
(4,54 ToIC. T), FOxHas Kopes, Kanama, Mekcuka (890 T.). Ha momto 3Tux ctpas nprnniocs 83 % ot o0riero oobemMa rmocTaBok.

OcCHOBHasl 4aCTh UMIIOPTa TUTAHOBBIX 0TX010B nprxoanTcs Ha CLA, BenukoOpuranuto u ['epmannio, X0Ts UX o0mmas
nonst B umriopte cHusmiack ¢ 80 % B 2010 T 10 70 % B 2015« u 1o 58 % B 2016 . C 2010 1. Gonee BayKHBIMU [IEIEBBEIMH
nmnoptepamu cranu Kanana (mvmopt u3 CIIA) u Dcronust (mmmopt u3 Poccun). O0muit 00beM UMIIOpTa THTAHOBBIX
orxonoB 1 yioma B 2016 . cocrasmn 50,35 Thic. T. Kpynuelimumu ummoprepamu B 2016 1. seistmucs CIIA (18,1 ToIC. T),
BemukoOpuranwns, dctonns, Kanana, ['epmanus, Ykpauna (2,3 teic. T), Poccns (1,4 Teic. T), SmoHus.

Konebanwst 11eH Ha THTaHOBBIE OTXOJIBI 3aBHCST OT CIpoca Ha eppPOTHTAH 1, B MEHBLIEH CTENeHN, HA THTAHOBBIE CIUTKY.
B cepennae 2000-X I'T. B CBSI3U C YBEIMUEHNEM CIPOCa IIEHBI Ha TATAHOBBIE OTXOBI pe3ko Bozpociu (B 2006 1. 1o ~15 nom.
CIA/xr), HO B 2009 T. 0OHU BepHYIHCH Ha ypoBeHB 2002 1. (~ 4 momt. CIIA/kr). B mepron ¢ 2010 1. 10 2014 1. 1IeHBI HAXOIMITHCH
Ha CpeiHeM ypoBHE, a B 2015-2016 IT. ieHbI 00pyIIIINCE M HAXOAWIACH HA MUHIMAaJIbHOM YPOBHE, KOTOPBIH He HaOIroa-
csi ¢ cepemunbl 1970-x T Lienst Ha otxozp! B CIIA B 2016 . Haxonmmuch Ha ypoBHe 1 gommn. CHIA/kT.

Borpras 9acTe 0TX00B, HIMIIOPTHPYEMBIX B BennkoOpuTannio, MpUMeHIETCs B IPOM3BOACTBE (PepPPOTUTAHA U HMEET
Ooree HU3KYIO COPTHOCTD, YeM OTX0bl, nMnopTupyemMble B CIIIA, rie nx B OCHOBHOM MIMXTYIOT C TyOYaThIM TUTAHOM IS
TIEPETIIaBKY B CIIUTKHU U CII0BL. CpemHsisi CTOMMOCTD HIMIIOpTa OTX0noB B BenmukoOpuranmio B 2016 T. cocrapmnsia 2,22 IO
CIIIA/kT, B TO Bpems kak ctommocts ummiopta B CIIIA — 4,43 momn. CIIA/xr. Kanagckuit mmmopt B 2016 1. Taxoke ObLT
nemeBbIi — 1,58 mom./Kr, a DCTOHUS IMIIOPTHPOBAJIa OTXO/BI ITO IIeHe Beero 1,73 MoIL./KT, 9TO CBUAETETBCTBYET O TOM, UTO
HX IMITOPT TAKOKe IMpeTHa3HAYCH TSI POU3BOICTBA cTaneit i ¢pepporutana. immopt Anornn u @paHImn, aHAIOTHIHO
CIIIA, nmeer BBICOKYFO cTOUMOCTH (5,54 mommt. CILIA/xr u 3,89 momn. CIIA/kr coorBeTcTBeHHO, 2016 T), 9TO CBUACTENBCTBYET
00 IMIIOpPTE OTXOOB BBICIINX COPTOB, MPEIHA3HAYEHHBIX JUIS IEPETUIABKHU B CIIUTKH.

IIporno3 Ha nepuoa 10 2026 roga

Habmonaemas B HacTosIee BpeMsi HHTETpalis IPOU3BOICTBA CIIMTKOB, HOTY(paOpHKATOB M TOTOBBIX W3NETHI H3MEHH-
J1a YCIIOBUS 00pa30BaHUS U HCIIONB30BaHUS THTAHOBBIX OTXONOB. [10OBBIIIICHHAS HHTErPALIUsI 03HAYAET, YTO OONBIIAS YacTh
OTXOIOB (hOPMUPYETCS U ITOTPEOIAETCS BHYTPU HHTETPUPOBAHHONW KOMITAHHWH M HE BBIXOAUT Ha BHEIIHHE PBIHKH. ClleIcTBH-
€M 9TOTO SIBIISICTCS YBEIMYCHNE KOJIMYECTBA OTXOOB, HCIIONB3YEeMbIX B POU3BOJCTBE CIIUTKOB. B 11emoM, 1Mo mporHosam
¢upmsl Roskill, ko3¢ UIEHT NCTIONB30BaHMS OTXOIOB B IITMXTE TS IPOU3BOACTBA CIUTKOB yBenmunTcs ot 20 % B 2016 T. o
30 % B 2026 . B aTom citydae norpebnenue orxonoB k 2026 1. cocTaBuT Oomee 85 ThIC. T, 2 00beM MPOU3BOACTBA I'y0IaTOrO
THUTaHa yBEIMYUTCS 10 ~234 ThIC. T. UTO KacaeTcs 1IeH Ha THTaHOBBIE OTXOJBI, TO O’KHIAETCS, YTO Ha MPOTSHKEHUH OOMbIIeH
YaCTH IIPOTHO3UPYEMOI0 IIepruozia OHU OyIyT COCTaBIATh B cpenHeM 5—7 pomt. CLIA/Kr ¢ HEKOTOPBIM ITOTEHLIHAIOM POCTa
K KOHITY Iporao3upyemoro nepuona u B 2026 . cocrassat 7,04 nomr. CILIA/kT.
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XXAPOMILIHI KOMNO3UTU HA METANEBIN, IHTEPMETANIOHIN |
KEPAMIYHIA OCHOBI

HaiiBaxxnuBimmii eneMeHT Cy4acHOTrO ra3oTypOiHHOTO aBiallifHOrO JIBHTYHA — II€ HOTO «Tapsday YacTHHA: KaMmepa
3TOPSIHHS, HATIPSIMHI Ta TypOiHHI JIOTIATKH, KapoBi TPyOH ToIo. Bci BOHH MPAaIO0Th B OKUCHIOBATBHOMY CEPEIOBHILI TIPH
temrieparypax 1000 °C i sumie. Ceper HUX HaliBi AIOBI TATBHIIIIHI €IEMEHT — po00Ya JIOMATKAa — ITi TA€ ThCSI MEXaHIYHil BTOMI
Ta TEPMOIMKIIIOBAHHIO, a 11 MaTepiai CXUIIbHAHN 10 OB3y4docTi. [limBummTa koediieHT KOPHCHOT [Tii ra30TypOiHHOTO ABUTYHA
MOJKHA 32 paXyHOK IIiIBHIIICHHS TEMIEPaTypH Ha BXOMi TypOiHH, a Ie y CBOIO Yepry ITiABHUIIYE BUMOTH J0 KapOMIITHOCTI
MaTepialiB, 3 SKAX BUTOTOBJIIFOTHCS i1 OCHOBHI JIeTaJli.

Haiimommpenimnri Ha ChOTO/IHI KapOCTiiiKi XpOMOHIKEIIEBI CIUIaBH ITOCTYIIOBO HAOMIKAIOTHCS A0 CBOET (Di3MIHOT MEXi,
sika ctaHoBUTH 1100 °C [1] y 3B 43Ky 3 UMM BUHHAKAE HEOOXiTHICTh 3HAWTH iM 3aMiHy. TOMy MOMIYK CIIOCO0IB ONATBIIOTO
ITi IBUIIICHHSI TEMIIEPATyPH EKCILTyaTallii poO0voi JIOMaTKH ra30Boi TYpOiHU 3MiHCHIOETECS Y TPHOX OCHOBHUX HATIPSIMKAX:

- pO3pOOISAHHS CIUIABIB HA OCHOBI TYrOINTABKHX METAIIB;

- pO3pOOIISTHHS KOMITO3HTIB 3 METAJIEBOIO MATPHIICIO;

- pO3POOIISTHHS KOMITO3HTIB 3 KEpaMiYHUMH a00 IHTepMeTali THIMA MaTPHUISIMH.

3a mepImyM HarpsIMKOM € TIEBHI JOCATHEHHS IIPH CTBOPEHHI JKapOMIITHUX CIUIaBiB HA OCHOBI Hi00i0. 30KpemMa BHCOKi
XapaKTEePUCTUKH 32 KapPOMIIHICTIO JOCSTHYTI IUITXOM BBEICHHS y CIDIAB YACTUHOK CHITIIUAIB TYTOIDIABKUX METamiB [2].
JlocraTHRO Bemika 00’ €MHa YacTKa CHITILIIIB JO3BOIISE M1 ABAIIUTH KAPOMIITHICTB 1 KapOCTIHKICTh ITPH OJJHOYACHOMY 3MEH-
IIeHHI TPIOHOCTIMKOCTI. AJe Il OCSTHEHHS HeoOXiJHOTo OalaHCy XapaKTepUCTHK HEOOX1THO peTeTbHO JOMaraTucs 3aja-
HOI CTPYKTYpH IUISTXOM MaKCHMAJIBHOTO TOTPUMAaHHS PO3POOJICHOr0 TEXHOMOTIYHOTO mporiecy. CruraBaMu Ha OCHOBI HioO-
0ir0, IETOBAHOT'O KPEMHIEM 1 TYTOIDIABKIMH METaJlaMH, TOCATHYTO poO0Y0i TeMItepaTypH, sika HabmmkaeTsest 1o 1200 °C.

3a apyruM HAPSIMKOM HAWITONIMPEHIIIIMH € ApMOBaHI XpOMOHIKENEBi CIDIaBH.

BeJtuki MepernekTHBH MaloTh HiKeNeBi IMCIEpPCHO-3MIlIHEHi CTLTaBu. IX MaTpuIls — - TBepauii posunn y Hikeni 20 %
xpomy, abo 15 % monibaeny, ado 20 % xpomy i MoniOAEHY.

Oco0mBICTh QUCTIEPCHO-3MIITHEHUX METAJIEBUX KOMITO3HIIWHIX MaTepiaiiB MOIATAE Y TOMY, III0 BOHU 130TPOIIHI 32
BJIACTHBOCTAMM. [X MaTPHILIA CITY)KUTh OCHOBHMM €JIEMEHTOM, AKHii BUTPUMYE HABAHTAXKEHHS, 4 INCTICPCHI YACTUHKH TallbMy-
0T pyX Auciokamii. OrmmuManbHmii eexT gocsraeThes mpu po3mipi acTrHOK 10...500 aM i Bigcrani mixk HuMu — 100...500 HM
TPY PiBHOMIPHOMY PO3TIOiJIi y MaTpuli. BBEIEHHs y MaTpHINIO TOHKOMMCIIEPCHUX MOPOWIKiB niokcuis Topiro (ThO,) abo
UPKOHito (ZrO,) T03BOISE MiIBAIATA POOOTY TEMIIEPATYPY KapocTidkux neranei aeuryna 3 1000 no 1200 °C [3].
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Cepen qucnepcHO-3MiIHEHIX KOMITO3HITIHUX MatepiatiB Bigomi crutasu Ty BIY: BY-1 (Hikenb, 3MilTHEHUI /1l OKCH-
JioM Topito), BJIY-2 (nikens, 3MinHeHn# giokcuioM radHiro) i BIIY-3 (aikens + 20 % xpoMy, 3MiITHEHNH J10KCHIOM Topito) [4].
Lli crmaBy MaroTh BUCOKY XKapomilHicTh mpu Temmnepartypi 1200 °C: cra B/IY-1 mac o, = 75 MIlaic, = 65 MIla, a
BY-3-c,,=65Mlla.

BukopucraHHs sIK 3MiIIHIOBa4a OKCHJIIB TOPit0, TahHiI0, CKIIaIHUX CIOIYK OKCHIIB 1 P3M, siki HE pO3UHHIOIOTHCS Y MaT-
PpHIIi, T03BONSIE KOMIIO3UTaM 30epiraTi BUCOKY MilHiCTh MaTepiairy 10 90...95 % Bin TemnepaTypy II1aBJIeHHS MaTPHIII.

[MokpamuTy >xapOoMIIHICTh METAIEBHX CIUIABiB MOYKHA TAKOX 32 IONIOMOTOI0 BOJIOKOHHUX HAIIOBHIOBAYiB. 30KpeMa, /IS
apMyBaHHS METaJIEBUX KOMITO3UI[IHHUX MaTepialiB BHKOPHUCTOBYIOTH BOJIOKHA: BYIVIELIEBI, OOPH/IHI, 3 OKCHJIIB aJIIOMiHIIO Ta
KpEMHiro, Kap0iy KpeMHi0, a TaKOX TOHKHI MeTaJIeBHH APIT 31 cTati, Bonb(pamy, Monidaeny, Tutany. TeopeTHIHO MaKcH-
MaJIbHUH BMICT BOJIOKOH Moxke focsrati 91 % (00.), ae yxe npu 00’ eMHil 9acTii BoitokoH 80 % BHHHUKAIOT Mpo0ieMu Ha
MEX1 O[Ty BOJIOKHO-MaTpPHIIAL.

Benuxke nommpenHs orpruMaiy OOpHIHI BOIIOKHA Ta BOJIOKHA KapOiqy KpeMHIit0. 3aJIeXKHO BiJl BAKOPHCTAHHS BOJIOKOH Y
Tifl YM 1HIIIH MaTpPHUI Ha TOBEPXHIO BOJIOKOH MOXKYTh HAHOCHUTHCS TOKPUTTS, SIKI 3aXUIAIOTh X Bil B3a€MOIT 3 METaJIOM
MaTpHii B Iporieci BUTOTOBICHHS BUpOOy. Tak, KpiM 3BHYaifHOTO BOJIOKHA KapOiTy KPEMHIIO IPOMHUCIOBICTh BUTOTOBIISIE
BOJIOKHO KapOiny kpeMHito SCS-2, TOKpHUTE BYIJIELIEBUM IIIAPOM TOBIIMHOIO 1 MKM.

Bornokna kap0ity KpeMHir0 MaroTh BUCOKY CTIHKICTh 10 OKUCHEHHS 1 MaJIo pearyroTh 3 MaTpUIHAM MarepiaioM. BomokHa
KapOixy KpeMHiI0 Ha BOMb(ppaMoBiii 1 Byreneii migknaami giamerpom 100...140 MKM BUTOTOBIISIIOTBCS Y IPOMHCIIOBHX
MacmTabax [5].

Benytbcst poOOTH 110 CTBOPEHHIO KOMITO3HMILIIHHNX MaTtepialliB 3 BAKOPUCTAHHIM OKCHAHHUX BOJIOKOH, I00pe CyMiCHHX 3
HiKeseBoIo MaTpurero. [IpobreMy cTaHOBHUTH TEXHOJIOT S BATOTOBJIEHHS MOJIIKPUCTAIIYHUX OKCHIHUX BOJIOKOH, SIKA ITOJISITAE
Y BHYTPIIIHIN KpHUCTaJIi3alil OKCHAIB Y KaHAIaX MAaTPHUIl 1 Ma€ MOPIBHSAHO HU3BKY MIBHIKICTH TEXHOIOTIYHOIO MIPOLIECY.
YKapoMirHiCTh TaKUX KOMITO3UIIIHAX MaTepialliB 3aJIeKUTh BiJl MIITHOCTI MEXi OKCHIHOTO BOJIOKHA 1 HIKEJIEBOI MaTpPHIT.
Bupuenns onopy noB3y4ocTi koM1osuTy 3 Matpunero JKC-32 i esrexrnunmum BomokHoM Al O,-Al. Y O, mpu TemMnepartypi
1150 °C noka3zaio, 1o MilHiCTh MeXi MOLTY 3aJISKUTH BiJl 00’ €MHOI YacTKH BOJIOKOH. [Ipw 3011b11eHHI 00’ €MHOT YaCTKH
BOJIOKOH OLJTbIIIE KPUTHYHOT BETTMYMHH MIiITHICTb MEKI ITOJIUTY 3MEHIIIYEThCS, 1 BiIOB1THO 3MEHIITY€ETHCS KapOMIIHICTB [1].

Bornokna 3 Bonb()paMoBHX CIUIABIB SIK apMaTypa BUCOKOTEMITEPATYPHIX KOMITO3ULIIMHIX MaTepialiB ChOTOHI JOCTaTHHO
BHBUEHI. BOHM MaloTh BHCOKi 3HaYEHHS IOKA3HUKIB MIITHOCTI Ta MOJYJIIO IPY>KHOCTI Y INMPOKOMY Jlialta3oHi TeMIEpaTyp,
ajie He MaloTb JI0CTaTHHOI MIITHOCTI Y ONEPEYHOMY HANpPSIMKY 1 TOMY CXWIIBHI JI0 pO3IIapyBaHHs. Y JeTaliei, apMOBaHMX
TaKUMU BOJIOKHAMH, IPH poOOUMX HaBaHTAXKEHHSIX Oy/ie 3HIKYBATHCS MIIHICTh y HANPsIMKAX, SIKi HE CIIBIIAIAt0Th 3 HAIPsIM-
KOM apMyBaHHS.

Y pobori [6] noka3zaHo, 0 CXWIIBHICTH JI0 PO3IIapyBaHHS OB’ 13aHA 3 TEXHOJIOT1€I0 BUTOTOBJICHHS apMYyBAJILHUX BOJIB()-
PaMOBHX BOJIOKOH, JISTOBAHUX TiOKCHIOM TOpit0. UMM KpyITHIIIIe IOPH i YaCTUHKH JIOKCH/TY Y BUX1THIH 3aTOTOBII, THM OiJIbIIIe
CXWJIBHI IO pO3IIapyBaHHS OTPUMaHi 3 Hel BOJIOKHA. BupimeHHs mpodieMu mpoIoHy€eThCS IUITXOM BUKOPHCTAHHS 3aT0TO-
BOK 3 TUCIIEPCHAMH YaCTHHKAMU MopomKy (MeHmre 200 HM) i miadopy ONTHMAabHOI IIBUAKOCTI HATPIBAHHS, SIKA Ma€ HE
niepesuntyBatu 0,6 °C /c.

Kpim muBapHMX cI0CO0iB 17151 BATOTOBJICHHS apMOBAHUX KAPOCTIMKHX 1 KapOMIITHUX BUPOOIB SIK 3aTOTOBKH BUKOPHCTO-
BYETHCSI INCTOBUH KOMITO3HT, apMOBaHUI BOIB(paMOBIMH BOJIOKHaMHU a00 poToM. Tak, makeTHUM MpOKaTyBaHHSIM BUTO-
TOBJIAIOTH KPYMTHOTA0APHUTHI JICTH, MAaTPHUIICIO SIKUX € CIDIABH Ha HiKeNeBiif 0OCHOBI a00 ByIJIEIeBl Ta HU3bKOJIETOBaHi CTali,
IUTAKOBaHI [IAPOM XPOMOHIKEIEBUX CIDIABIB.

VY pobori [7] mocimxyBaBcs mporec GopMyBaHHS KOMITO3UIIIHOTO MaTepiay 3 MapyBaToro HioOiH-THTAHOBOIO MaTpH-
TIET0, 3MIITHEHOI BOIB(MpaMOBUM IpoToM. KoMTIO3UT (popMyBaBCsI 3a TEXHONOT1€10 KOHTAKTHOTO 3BAPIOBAHHS, PO3POOIICHOIO
aBropamu. CKITaJIeHi 3ar0TOBKY 3BAPIOBAJIHCS I10 BCiii TOBEPXHI HA eNIEKTPOKOHTAKTHINA MaIIHI ITOBHOTO 3BapIOBaHHS. 3a/1a-
Ya oJsTaia B OTpUMaHHI MOHONITHOTO MaTepially 3 OAHOYACHUM 30epeyKSHHAM MIITHICHUX XapaKTEPUCTUK apMYBAIEHOTO
ApOTY.

3anponoHoBaHa TEXHOJIOTIS CKIIAAA€ThCs 3 IBOX eTamiB. Ha mepriomy erari, SKUi XapaKTepU3YEThCS «M’ IKHMID) PEXKH-
MaMU 3BapIOBaHHS, BiIOYBa€THCA 3aTIOBHEHHS MaTEPiaJioM MAaTPHIIi MPOMIXKIB MK BOJIOKHAMH, a Ha IPYrOMY — 33 PaXyHOK
«OKOPCTKUX» PEKUMIB 3BapIOBaHHA (DOPMYIOTHCS OCTATOYHI 30HM IIPOILTABIECHHS. TakuM YNHOM yIaeThcsl yHUKHYTH 3HEM-
IITHEHHS apMYBaJILHAX BOJIOKOH 1 30eperTH BUXiHI MiIIHICHI Ta IJIACTHYHI BIACTUBOCTI KOMITO3HTY.

Kommno3utiitHi MaTepiaan Ha MEeTaIeBil OCHOBI MOXYTh TaKO)K BHKOPHUCTOBYBATHUCS SIK TIOKPUTTS J€TaNeH aBiaIBUTYHIB,
SIKI TIPALFOIOTh IIPU BUCOKUX TEMITEpaTypax.

Tak, y po0ori [8] K repCrieKTUBHAI PO3TIIIAAETHCS KOMIIO3UT HA METAJIeBil OCHOBI 3 BUKOPHUCTAHHSM THOOPHTY TUTAHY-
xpomy (TiCrB,). Cam nnGopun TMTaHy-XpOMY CTaHOBHTB TBEPIMH PO3IHH xpoyyyﬂn6opnni TUTaHY, BiIPI3HAETHCS BUCOKHU-
MH Kapo- Ta 3HOCOCTIMKICTIO i JOCTAaTHBO HU3BKOIO T'YCTHHOIO (4,5 1/cM?). Mloro HEMomiKOM € BUCOKa KPUXKICTh. AJie sIK
KOMIIOHEHT KOMITO3UTY 3 METAJICBOIO MAaTPHUIICIO BiH MOXKE CYTTEBO ITi IBUIIUTH KAPOCTIHKICTh MATPUYHOTO MaTepiay.

IMoka3zaHo, 1110 IEPCIEKTUBHOIO MATPHULIEIO IS THOOPH Y THTAHY-XPOMY € XPOMOHIKEJIEBHH CIUIAB 3 JOIABAHHAM aJIIOM-
iriro (NiAICr). Bin goOpe 3M0odye HaTIOBHIOBAY 1 HE B3aEMOJII€ 3 HUM. SIK TOKPHUTTS KpaITy )KapOCTIHKiCTh ITOKa3aB KOMIIO3UT
TiCrB, + 50 % NiAlCr. Lle mosICHIOETBCS THM, IO 301TBIIEHHS YACTKH METATIEBOI (pa3u MOKpaITye Qi3HKo-MEXaHiqHi BIACTH-

1000

88



HAYKOBO-TEXHIYHA IHOOPMALIA

BOCTI Marepiaity (MiI[HICTb, 3YEIUICHHS 3 OCHOBOIO), a TAKOXK 3 OCOOJIMBICTIO PO3MOIITY KOMIOHEHTIB y TOKPHTTI.

3a TpeTiM HaIpsSIMKOM pO3pOOJISIFOTHCSI KepaMiuHi KOMITO3UIIIHHI MaTepiaiy, 0 MaloTh TYCTHHY Y 2...4 pa3y HIDKYE, HIX
MeTaJieBi CIUIaBH, 1 PU3HAYEH] AJIsl eJIEMEHTIB ra30TypOiHHUX JBHUTYHIB, K IPaIIO0Th pu Temneparypi 600...1500 °C.
Pozpobneni BeepociiicskuM iHCTHTYTOM aBiatiiHux Martepiaiis (BUAM) komno3umniiiHi MaTepiain 3 KepaMidHOIO MaTpH-
LIEF0 MAIOTh HU3bKY I'YCTHHY, HU3bKUH KOe(]ili€HT TepMiYHOTO PO3IIUPEHHS, a OT’KE W BHCOKY CTaOUIBHICTh PO3MIpIB, 1
BHCOKY CTIHKICTIO B €pO3iifHOMY Ta XiMI4HO arpeCBHOMY cepezioBHIIax [9].

BuroroBneHHs1 BUpOOIB 3 X MaTepialliB 3MIHCHIOETHCS 3a JIOTIOMOT'OFO TEXHOJIOTIH, sIKi aHaJIOT19HI BUTOTOBJICHHIO BU-
po0iB 3 MOTIMEPHUX KOMITO3HLIIHHNX MaTepialliB, sKi IOCTaTHBO BiNpanbOBaHi i MOPiBHSAHO AelieBi. BurorosneHi Takum
YMHOM BHPOOH ITiJIAI0THCS BUCOKOTEMIIEPATYPHOMY 0OpOOIICHHIO, BHACIIIOK SIKOTO YIOPSIKOBYETBCSI CTPYKTYpa MaTep-
iaJry 1 yTBOPIOETBCS BUCOKOTEMITEpATYpHHI KBa31130TPOITHUI KepaMidyHHAI KOMIO3UIIHHUN MaTepiall.

LenTpansauii incTUTYT aBianiiiHoro motopoOynyBanss (LIIAM) Bexne crinbhi 3 111 «IBuenko-IIporpecy» poboru 3 Buko-
pHCTaHHS KepaMidHOro KoMmno3utiiHoro marepiaiy SiC- SiC, crBopenoro y BUAM, muist BUTOTOBIICHHS eTalle KaMepn
3ropstHHL. JlocipKeHHs TTOKa3aI BUCOKY CTiMKICTh 3aIIPOIIOHOBAHOT0 MaTepiaity y MPOAyKTax 3rOpsiHHS HAIHB MPH TEPMO-
[UKJTIYHAX HaBaHTKCHHAX 32 peskuMoM 1500 °C«>800...850 °C monan 1000 rukiiB 6e3 pyliHyBaHHS.

TaxvuM gyrHOM, pOOOTH 3 i IBUIIICHHS )KapPOMIITHOCTI Ta KaPOCTIHKOCTI MaTepiaiB st BUPOOHHIITBA JeTaIeH aBiliiHIX
1 paKkeTHUX JIBUTYHIB BEyThCs Y Pi3HNX HanpsiMkax. KokHui 3 HUX CIpsIMOBaHUI Ha CTBOPEHHSI KOMITO3HUII THIX MaTepiallis,
SIKi TO3BOJISIFOTH CYTTEBO ITiABUIIMTH Jialta30H pOOOYMX TEMIEPATyp ra3oTypOiHHUX ABUTYHiB. CBill KOMIO3HMLIHIH MaTep-
1aJ1 pO3pOOIISIETHCS sl KOYKHOTO THITY JIeTajIell 3riTHO 3 IX IpU3HaYeHHsIM, KOH(ITypali€io Ta O4iKyBaHUIMHU yMOBaMH €KCII-
JIyaTartii.
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MPO MOXITUBICTb MATEMATUYHOI OL|IHKUA
EKCNEPUMEHTAJIbHUX PE3YNBLTATIB NPU HAABHOCTI
MIHIMATNBHOI KINMbKOCTI BUMIPIB

ITpu HeoOXigHOCTI OTPUMATH OHO(DAKTOPHY 3aJIEKHICTh IS (DYHKIIT BiATYKy 3a3BUYail BHKOPHCTOBYIOTh METO] Haii-
MEHIINX KBaJIpaTiB 3 IOJAJIBIINM, 32 HEOOX1IHICTIO, BUKOPHCTAHHIM METOY IUIaHYBaHHS €KCIIEPUMEHTY a00 — MeTox
KyOIYHUX CIUTaiHIB. A€, y BUIIA/IKY, KOJH KUJIBKICTh €KCTIEpUMEHTAILHIX TOUOK € BKpaii 00MeXeHOI0, 11l METOH MOXYTh
cTatucs Hee(eKTUBHAMM [ 1].

SIKI10 iCHYOTH TUTBKHM TP HalilHI Pe3yIbTaTh CepeHIX 3HaYeHb EKCIIEPIMEHTIB I0/10 TEBHUX BBEICHUX KiJIBKOCTEH
SIKOTOCh KOHKPETHOT'O €JIEMEHTa B METaJICBHH CILUIAB, TIOCTA€E MIUTAHHSI, HACKIJIBKA MOXXJIMBO ITi1i0paTi KOHKPETHY (GOpMyITy
MaTeMaTHYHOI 3aJIeXKHOCTI, 110 0a3yeThCs Ha IIMX TPHOX MiHIMAIBHNX KUTBKOCTSIX BBEICHOTO eleMeHTa. Lle crocyeThest HaBiTh
THX BHITQJIKiB, KOJM IOOYI0Ba Oynb-SIKNX HAaJIHHHUX rpadikKiB 31a€Thcsl HAa MEPIINH TOIIsT Maibke HEMOXKITUBOIO.

OCKIJTBKH IIOZI0 TPHOX TAKOTO POy eKCHEPUMEHTAIBHIX TOUOK iCHYIOTh TUIBKH TP BapiaHTH 3aJIEXKHOCTEH, a caMe:
JIHIHHOI, CTYIIEHEBOI Ta OKa3HUKOBOT, MO>KJIMBO BUKOPHCTATH PHHANMHI 2 ITiXOIH JUIS 3HAXO/DKEHHST HAalKpaIol MaTteMa-
THYHOI 3aJIEHOCTI 13 TPHOX MOXKIIMBHX.

Iepmmii mixix — ne Bu3HaueHHs Koe(ili€HTIB JIiHIHHNX 3aJIEKHOCTEH OCepeTHEHNX PE3Y/IbTaTiB JTiHEapH30BaHUX BUXII-
HUX (PyHKIIOHAIBHUX 3aJI€KHOCTEH BKa3aHOTO TUITY. J[J1s1 BU3HAYEHHS! KOHKPETHOTO 3Ha4eHHs Koe(illieHTa BiJIIOBiTHOTO
PIBHSHHSI, BAKOPHCTOBYIOTH CKOPOUESHHI BapiaHT METOy HalMeHIMX KBaparis. [logaTkoBi 3Ha4eHHs Koe(ilieHTiB IiHIHHNX

PiBHSHB, IO Bi/INOBiIAI0Th PIBHAHHIO THIY y = b, + b, €, , Ie b, — CEpEIHE 3HAYEHHS TPHOX BUMIDIB Y, a €; — L€ BiIXUIICHHS

€KCIIEPUMEHTAIIbHUX 3HAUeHb 3/11HICHEHUX BUMIpIB BiJl IX CEpEIHIX Pe3yIbIaTiB (€ = X; — X ).

Taxwii mijxin nac MOXIMBICTB 3HaWTH KoeitieHTn b, 1 b,, Ta eMITipuHi Koe(illieHTH JTiHiHHOT Kopesuii () 3a popmymamu:
3
z Vi€
r= J s (1)
3 5, 3
(X vi =3y 26l
1 1

by =——, R ®

[pu npomy, ToXMOKK KX KOEILIEHTIB HE 3aIEKaTh OJIHA BiJl O[IHOL, OCKUTBKH Y LlMX BUNIaKaX ( Ab, )- (A_b1 )=012].

TN
Ay = |G+ ) XA 3)

P
i

@

ne A2=[y;—(by+b, - &)

Le#t mimxix IOBHICTIO CIIIBIIAAAE 3 PE3YNIBTaTaMU, OTPUMAHIMH IIPH BUKOPUCTAHHI METOMY JiHIIHOTO TUIaHyBaHHS B
HATypaIbHOMY MacIITadi (paKTopiB, SKIIO BUKOPHCTOBYBATH € IMHAI BEKTOP-CTOBITYHK PE3YIIBTATIB, SIKIH 32I0BOTBHSIE YMOBI
CUMeTpUYHOCTI. [{ilicHO, BU3HAYECHHSI KYTOBOTO KOE(iIliEHTY MOKHA JIETKO TIOKA3aTH:

3
Zyigi

b _ ety 0+ysEs _ y3-n , OCKLJIbKH |81|=|83|:‘°'-
£

3 2 812 + s§ 2|
D&
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Haii6inbmmii koedimieHT Kopensiii, 00paHui i3 TPhOX BapiaHTIB Ja€ MOXIIMBICTH 00paTH HAAIHHY BiNOBIAHY BUXiIHY
(opmyiy reBHOI (QYHKIIIOHATILHOT 3aJI€KHOCTI.

JlonarkoBHM IMiATBEPIKEHHAM IHOTO (QaKTy (IPYTHi MiXi/T), MOKE CTaTH IOPIBHIHHS 3HAYeHb 3HANHICHUX (yHKIIIOHATb-
HUX 3aJIe)KHOCTEH, 00paXxOBaHMX 3 ypaxyBaHHSM iX ceperHbOapH(PMETHIHUX, CEPEIHHOIeOMETPHYHNX 3HAUYEHD, a TAKOXK
BiJIXMJICHB IUX 3HAYEHb MK COOOIO (B MOpPiBHSHHI IBOX 3HAYEHb (DYHKIIH BiATYKyY JUIsl KOKHOTO BUMaIKy). HafimeHa pizHHI
(YHKIII BIATYKy IEBHOTO THITY 3AJISKHOCTI Oyfie CBITUUTH PO MPAaBIIIbHICTH OOpaHHS IEBHOTO THITY MaTEMaTHYHOI 3aJIeX-
HOCTI.

PozmstHeMo Takoro poxy METOAMKY Ha TIPUKJIa/Ii JIETKOro KOHKPETHOTO BHIIAJIKY, @ CaMe BU3HAYESHHsI TPaHUIli MiIHOCTI
TIOKPUTTS Ha BIJIPUB 3aJISKHO BiJl KITBKOCTI BBEJICHOT'O JIETyBAJILHOTO eJleMeHTa. BuxiaHi 1aHi Mo/10 KUTbKOCTI JIETYBaJILHOTO
eseMeHTa (200 CyMU JIETYBIBbHHX €IEMEHTIB) Ta IPAHUIIl MIITHOCTI Ha BilpyB TOKa3aHo y Tabmui 1. [l BUKOHAaHHS po3pa-
XYHKIB 33 (bOpM.yn.aMI/I 1-4 HeoOXiIHO BU3HAYNTH BiIXMIIEHHS 3HAYEHHS ITapaMeTpa BIUIUBY X, BiJl CEPEIHBOTO PE3YIIBTATY
HOTro TPHOX BUMIPIB.

SIk 3a3Ha4YeHO BUIIE, 1711 BUSHAYEHHS KOe(ilieHTy KOpeIsii 171 BCIX MOXKIIMBUX 3aJIEKHOCTEH BUKOHYIOTH JIiHEapH3aLlito
CTYIEHEBOI Ta OKa3HMKOBOI (DYHKIIIT 13 32CTOCYBaHHM IPHUHIMIIB Jorapr(MyBaHHs. PIBHSIHHS JTiHEapU30BaHUX 3aJIEKHO-
cTeii Ta Bu3HaYeHni koe(ilieHT Kopernsnii 3a popmyioro 1 npuseneHi y Tabm. 2.

Tabauus 1 —Buxinai 1aHi 171 HofaIbIINX po3paxyHKiB

KiJIbKICTB JIETYBaJIBHOTO €IEMEHTY I'panuLs MIIIHOCTI Ha BiIPUB, Gp
Cxuan Ne
(x), % (), MIla
1 0.1 23
2 0,3 15
3 0,5 19

Tabnuus 2 — OyHKIIOHATBHI 3AJISKHOCTI Ta Koe(iieHTH JIHIHHOT Kopessiil

OO6pani 3a51€XHOCTI y=by+be, y= bogfl v=by bis,-
Ilicns nineapizamii y =bytbg; y* = by +bse; y* =botbh, ¢
bo aGo by 19 2,93 2,93
b, aGo b, -10 0,16 0,62
Koeoiuient niniiinol 0,05 0,62 0,45
KOpeJsuii,

. * *_ *_ *_
Ipumimxa.y =Iny, ¢ /=In ¢;, by =Inb; maby,=Inb,
AHami3youn oTprMaHi 3HaYeHHS Koe(ilieHTy JTiHIIHOI KOpesIil, MOXKHa 3pOOUTH BUCHOBOK, 1[0 HAWOLITBIIT TOYHO ITi
TPH TOYKH OIHCYE CTyIIeHeBa KpHBa y = x™. /lajii, BUKOHYIOTH IIEPEBIPKY 3a IPYTHM METOIOM BUKOPUCTOBYIOUH TaOIHIIO 3.
UuM MeHIIe pi3HULA MiXK pO3paXxOBaHUMHU 3HAUECHHAMH, TUM ONIDKYe KPUBA OIMUCYE OTPUMAaHI eKCIIEPHUMEHTAIbHI TOUKH.

OTxe, 1 32 IPYTUM METOIOM ITi ITBEPHKYETHCS BUCHOBOK, III0 HAWONITIMAJIBHIIIIO 3aJIEXKHICTIO € CTYIICHEBA.

Ta6auusa 3 — [lepenipka HAWKPAIIOi 3aIEKHOCTI 32 IPYTUM METOIOM Y HATYPaIbHOMY MacIITadi

O06paHni Po3paxoBani Po3paxoBani | Otpumana
3aJIeKHOCTI 3HAYCHHS 3HAYCHHS pi3HHLs
y = mx Yy (xcep.agu@w.) = 1/?’(1713‘71-"_ b]x2+ b1x3) -3 Y cep.apugpm. = 1/3()/1+y2+Y3) 19 22
- Y 1,25 y =3 18.72 17,47
y=x Y (Xeep.oeon) = R/ X1 253 cep.zeom. Y23 ) ,
y=m" Y Ceep.apugn) = 113(bryxi+ byt bix3) 0,19 Y cepcon. = A Vyars 18,72 18,53

[NepeBipka moxuOOK 3aificHIOBaIacs 3a hopMynamMu 3—4 1 pe3ynbTaTs HbOro 3a3HaueHo y Tao. 4.

Taouuus 4 — Pe3ynpraTa iepeBipKi OXUOKH pO3paxXyHKIB KOS(IMi€HTIB JTiHIHHUX PIBHIHb

OGpaHi 3aIeKHOCTI Y =bytbig; y= bos?l y=byb;
(Aby) 17,33 1,02 1,57
(Ab)) 17,32 0,84 1,45
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Haiimena moxuOka po3paxyHKiB HaJIeXKHUTh O0paHil APYTii 3aJIeXKHOCTI, 110 JIMIIIE ITi ITBEP/KYE TOUHICTh TPOBEACHHS
IIPSMOL.
XapakTep BIUIMBY (hakTOpa €, Ha KyT HAXHITy NPIMHUX 300pakeHo Ha puc. 1.
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Puc. 1. 3anexHocTi, AKi OMUCYIOTH BIUTMB (BaKTopy € ; HA MApaMeTp ONTHUMIzalii y: a —y = b,+b, g’ 6-—y= boe;' 6 —y= bobis'

OTxe, HAROUIBII HaTIITHOFO 3aJIEXKHICTIO CIYTYE IPYrUii BAPIaHT, a caMe

Yi = bogl! =by(x,— )" = 18,7(x, —0,3) . ©)

HaBenenuii npukiiaja okazye MOXJIMBICTh MATEMaTHYHOI OLIHKK PE3Y/IbTaTiB EKCIIEPUMEHTIB y CKIIaIHUX BHIIAKaX
po3TantyBaHHs (DyHKITIOHaJTHPHIUX TOUOK TiJTHKH 32 YMOBH, IO KOeili€HT JiHiiHOI Koperritii Oyne Oinbrre 0,5.
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EHEPIFO35EPEXEHHSA TA MNIABULWEHHA EHEPTETUYHOI
E®EKTUBHOCTI BAPOBHMULITBA HA METANYPIIAHUX
NnigNnPUEMCTBAX

Beryn

CyuacHuii cTaH MeTaTypriiiHOro BApOOHMIITBA BiI0Opaxae II00aNIbHI IPOLIECH, SIKi BiIOYBaIOTHCS y CBITOBII €KOHOMILI.
B pesynbrari KoHIEHTpaLii KaniTary Ta BApOOHMITBA (POPMYIOTHCSI BEJTUKI IHTErpOBaHI i ATPUEMCTBA, SIKi BOJIOAIIOTH 3Ha4-
HUMH (iHAHCOBUMH pECYpCaMHy, SIKi JO3BOJISIOTH IM 3111 HCHIOBATH €KOHOMI4HY €KCITaHCII0 B KpaiHaX 3 Bi/IHOCHO JEIIIEBUMH
CHUPOBHHHUMH MaTepiajlaMM Ta TPYIOBUMHU pezepBami [1]. B pe3ynbrari 11boro B Takux KpaiHax, 10 SKHX CJIiJ BiAHECTH 1
VYkpainy, BiiOyBa€eThcs pi3ke 30LIbLIEHHS 00CATY BUITYCKY MPOAYKIIT, I BUPOOHUIITBA SKOI IOTPiOHA BeNnKa KUIBKICTh
MiHepaJIbHUX Ta NaJBHO-eHeprernyHnx pecypeis (ITEP), 1 ik HacIti oK — BUCHa)KeHHSI BJIACHUX 3aI1aCiB IPUPOAHOI CUPOBH-
HH Ta HEKOHTPOJIbOBAaHE YTBOPEHHS TEXHOIeHHHX BiaxomiB [2].

Ha po3BuTok rocrofaprorounx cy0’eKTiB B Hallliif KpaiHi iCTOTHUI HEraTHBHMIA BIUIMB CTAHOBUTB BUCOKA YaCTKa EHepre-
TUYHHX BUTPAT, sIKa Ha IIPOMHUCIIOBUX MIAMPHEMCTBAX CKIIaIa€ B cepenHboMy 8—12 % [3]. Bucoka eHeproeMHicTh MeTamypr-
1HIX BUPOOHUIITB MPH MOCTiHHOMY 3pocTaHHi 11iH Ha [TEP cTaBuTh Ha OfIHE 3 IEPIIHX MicCIb MPOOIIEMH eHepropecypco3oe-
PEKEHHSL.

[TinBumieHHs e(heKTHBHOCTI BUKOPUCTAaHH TaJMBHO-eHepreTnaHux pecypcis (ITEP) na minnpuemcrBax 4opHoi Mera-
Jyprii B Cy4acHUX YMOBAaX € OJJHUM 3 TOJIOBHUX HAINPSIMiB BI>KMBaHHsL. YopHa MeTaTypris — 0OJiHa 3 HalO1JIbII eHeProEMHUX
raysei npomuciosocti. Jlois Butpar Ha [TEP B 3aranbHUX 3aBOACHKHX BUTpATaX Ha BUPOOHMIITBO MPOIYKLIT CKIIa1a€ IOHA
30 % [4]. HaiiOinpmmmu crioXXuBadaMu IajiuBa Ha BUPOOHMIITBAX € JOMEHHI Ta POKaTHI BUPOOHHUITBA. J]0 eleKTpOoEMHHIX
BHUPOOHMITB BiTHOCATBLCS — €JIEKTPOCTANICIIIaBUIIbHI BUPOOHHIITBA, KUCHEBI CTaHIlil, a OCHOBHUM CIIO’)KUBA4YEM TEILIOTH
BBa)KA€ThCSI KOKCOXiMiUuHE BUPOOHUIITBO [ 1].

Oco0nuBicTh HOTEHIIATY eHepro30epeKeHHs] Ha METTYPTiHHIX i IIPHEMCTBaX MOJIATAE B TOMY, 1110 HA CHOTOHILIHI I
MOMEHT ICHY€ 3HaYHUI MOpaJIbHUH Ta (hi3NYHUI 3HOC OCHOBHOT'O €HEPrOTEXHOIOTYHOTO YCTaTKyBaHHSI, TaKOX CIIOCTEpi-
raeThCs ICTOTHA HEPUTMIYHICTh pOOOTH METATYPTiiHUX KOMOIHATIB, SIKa ITOB’s3aHa 3 OCOOIHMBICTIO Cy4aCHOTO PUHKY IIPO-
nykii. Li 1Ba YMHHUKK pa3oM 3 ITpoOJIeMOor0 cUcTeMH 00Ky Ta KOHTpoIto 3a BuTparamu [1EP, siki BUMaratoTb KOpiHHOTO
TIOJTIN-IIIEHHS Ha YCiX piBHAX BUPOOHUIITBA, B OCHOBHOMY CT@HOBIISITh 3HaUHY YaCTHHY HepauioHansHuX BTpat [IEP Ha BU-
poOHuITBI (10 70 % Bijx moTeHIiay eHepro3oepesxeHHs) [S].

Kpim mporo jurst MeTamypriiHuX 3aBOJIIB ITUTAHHS €HEPro30epesKeHHsI € OHUM 3 OCHOBHUX HAIIPSIMKIB ISl 3H)KEHHS
BHUTpPAT BUPOOHUIITBA Ta IiIBUIIEHHS KOHKYPEHTO-CIIPOMOKHOCTI iX MPOMYKIIii HAa pHHKY [6]. J[71s1 BUpileHHs IUX 3aBAaHb
HEOOXiHO MaTH CTPATETiI0 PO3BUTKY MiAIPHEMCTBA, HEPO3PUBHO OB’ 13aHY 3 OCHOBHUMH HAIPSIMKaMU €HEPTo- 1 pecyp-
co3bepexerHs. HazBaHi (hakTtopu € 0CHOBOIO (hOPMYBaHHS KOHIIENTYaIEHUX TTOJIOKEHh €HEPro30epeskeHHs Ha i AIPHEM-
CTBaxX YOPHOI METAIyprii, SIKi O BiAIMOBI AT CydacCHOMY CTaHY FaIy3i B LiJIOMY.

Marepiajiu Ta METOAMKA JOCTI/KEHb

OcTaHHIM 9acoM, TeHACHIisl 3POCTAHHS PECy-pPCOEMHOCTI METAypTiHHOI IPOMHUCIOBOCTI Ta, BiAIOBIAHO, iCTOTHE
301JIBLICHHS] EKOJIOTTYHOTO HABAHTAXKCHHS, SIKE BIUIMBAE Ha HABKOJIUILHE CEPEIOBHILE, BUCYBAIOTh Ha NMEPEIHIHN IUaH
MMUTAHHA, [TOB’3aHi 3 yIpaBIiHHAM IpoIecaMu eHepro- i pecypco3zoepeskeHHs. [1iqBUIeHAS eHepTeTHIHOI Ta 3aTaabHOl
pecypcHOi e(eKTHB-HOCTI MPOMHUCIOBOTO BUPOOHUIITBA Yepe3 BIIPO-BaHKEHHS €HEPro- Ta pecypco3depirarounx Tex-
HOJIOTi{ CTa€ 3aBJAHHSIM IMEPIIOPSIAHOI BaXKIH-BOCTI OCOOIHMBO I €HEPTOEMHUX Tally3eH MPO-MHUCIOBOCTI, TAKUX 5K
YOpHA MeTarypris [5].

EneprozbeperxeHHst — peaizallis oprafizamii-HuX, IPaBOBHX, HAYKOBHUX, BUPOOHUYHNX, TEX-HIYHNX T4 €KOHOMIUHHX 3a-
XOIiB, SIKi CIIPSIMOBa-Hi HAa CKOPOYEHHS 00’ €My MaJMBHO-SHEPTETHI-HIX PECypCiB, iHTeHCH(DiKaLiI0 iX BUKOPUCTAH-HS, Y
TOMY YHCITi 32 PAXYHOK 3aTy4eHHS TOHOB-JIIOBAIBHUX [HKEPEN €HEpTril IpH OOHOYaCHOMY 301IbIIeHHI BiIIOBIJHOTO KOPHUC-
HOTO0 e()EeKTY BiJl iX BHKOPUCTAHHS, TOKA3HUKIB €(DEKTUBHOCTI [isUTHHOCTI i IIPHUEMCTBA.

CrpyKTypa CHOKUBaHHS C€HEPTii Ha METAyprifHOMY ITi IIIPHEMCTBI Opi€HTOBaHA B OCHOBHOMY Ha BUKOPHCTAHHI MU~
Ba, SIKE ITUPOKO 3aCTOCOBYETHCS HA BCIX CTAIISIX METaIypTiiHOTO BUPOOHHUIITBA, 300paXkeHa Ha puc. 1.

il Tod il
# [npaTaoereprin

o | ST noeEHepTin

Puc. 1. CtpykTypa crioxXnBaHHS €Heprii B % Ha MeTalyprifHux
MIIIPHEMCTBAX
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Burparu eneprii Ha BUpOOHHUIITBO MPOAYKIIii BU3HAYAIOTHCSI EHEPIOEMHICTIO, SIKA € OMHUM 3 HAaBKJIMBIILINX IIOKA3HUKIB
BHPOOHUITBA, OCKIJIbKY BU3HaUa€ HOro epeKTUBHICTB Ta 0e3110cepeIHbO BILTMBAE Ha co0iBapTicTh npoxykuii [7]. s meta-
JYprifiHUX 3aBOAIB MUTAHHS €HEPro30€pEKEHHs € OTHUM 3 OCHOBHMX HANpPSMIB JUIS 3HW)KEHHS! BUTPAT BUPOOHUIITBA Ta
ITiIBUIIIEHHS KOHKYPEHTOCIIPOMOXKHOCTI IX NPOIYKLii Ha PUHKY.

Kpim Toro, B yMoBax 3pocTaroqoi KOHKypeHIIi1 B METaIypriiHiN raity3i 3HKEHHS [IiH HA eHEPrOEMHY METaJIONPOAYKIII0
3a paxyHOK ONTHMi3a-11i1 CIO)KUBAHHS €HEPIeTHYHUX PECYPCiB 1 3MEHIIICHHSI €HePIeTHYHOI CKJIaI0BOI BUTPAT BUPOOHHIITBA
€ OJTHUM 3 HAWBXIMBININX (DAKTOPIB, SIKI BU3HAYAIOTH (hiHAHCOBO-EKOHOMIUHMH CTaH i MIPUEMCTB METAITypTiiHOT IPOMHC-
JIOBOCTI Ta IX CTaJIMi PO3BUTOK Ha CBiTOBOMY pHHKY [8]. Haii0ip11 BaskiMBUMY HalIpSIMKaMU B 3/1IICHEHH] IIepMaHEHTHOT
eHepro30epirarovoi MO THKY, & 3HAYUTH 1 HOJTITUKH 3HW)KEHHS BUTPAT Ha BUPOOHMIITBO METAJIONPOAYKIIi Ui BUPOOHHUKIB
€HEePrOEMHUX YOPHUX METAIIB €:

- 3aCTOCYBaHHsI O1JIbII CyJacHHX (MEHII €HEPrOEMHHUX ) TEXHOJIOT1H Ta eHEProeKOHOMIYHOIO TEXHOJIOTTYHOTO 00J1a/THaH-
HS;

- BUOip TaprQiB Ta IocTavaJbHUKIB €HEPIO-PECYPCiB;

- 3HIDKEHHS CIIO)KUBAHHSI eHEPTOPECYPCiB 32 PaXyHOK BIOCKOHAJICHHSI ICHYIOUMX TEXHOJIOTTYHHUX IPOLECIB T PEKUMIB
pobotH 00Ma-HaHHS IUISIXOM BITPOBAKEHHS MOIYILHAX CUCTEM YIPABIIiHHS €HEPri€lo i BApOOHNYNMH BUTPAaTaMH, MOH-
ITOPHHTY EHEPIeTUYHNX BUTPAT 1 3aX0/1iB 1O 3HIKEHHIO BUKHU/1iB B HABKOJIMIITHE CEPEIOBUILIE €:

- BIIOCKOHAJICHHS CHCTEMH EHEPreTHYHOTO MEHE/DKMEHTTY Ha I IIPUEMCTBI;

- 30UIBIIEHHS] YaCTKHU BJIACHOTO BUPOOITKY eJIeKTpoeHeprii (codiBapTicTh BUPOOIIEHHS €lEKTPOSHEPTii Ha BIIACHUX EJIEKT-
pocTaHIisx B 2—2,5 pa3u HIOKYi 3a Tapru(H Ha IpUAOaHy eJIeKTpoeHeprito) [9];

- onTHMI3allis eHeproOaaHCy MiANPUEMCTBA Ta HOTo MiIPpO3/IiIiB;

- HOpMYBaHHS 1 IIPOrHO3yBAHHSI CIIOKMBAHHS €HEPropecypciB Ha OCHOBI MaTeMaTHYHHUX MOJIEIIEH.

[NepepaxoBaHi BuIlle HAPSIMKH 3HWKEHHS EHEPTOBUTPAT Ta IMiABHUIICHHS €()EeKTHBHOCTI METaTyprifHOr0 BUPOOHUIITBA
TIpeICTaBIIEeH] y BUIVISII CTPYKTYPHOI CXeMH BUPILIaJIbHUX YHHHHUKIB eHepro3oepesxeHHs (puc. 2) [8].
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Puc. 2. ®akropu eHeprozoepekeHHs, IKi BU3HAYAOTh S(PEKTUBHICT POOOTH METATYpriiHOTO MiAIPUEMCTBA
Teopist Ta aHAJTi3 OTPUMAHUX pe3yJIbTATIB

[Nocunenns poii eHepropecypco30epeKeHHs Ha BCiX PIBHAX YIPABIiHHSI €KOHOMIKOIO, B TOMY YHCII Ha PiBHI OKpeMHUX
TIPOMHUCIIOBHX ITi IIPUEMCTB, CIIPHIHHUTH 338 COO0I0 3MiHY €KOHOMIYHOI OLIHKY €HepreTHIHOI €PeKTUBHOCTI Ta 3arajibHOI
E€KOHOMIYHOI e()eKTHBHOCTI BUPOOHHIITBA, [0 BPAXOBYE TAKOXK €(EKTHBHICTH BUKOPHCTAHHS BUPOOHIYIHNX (OHIIB i TPYIOBUX
pecypciB I 3a0€3MEeUSHHS CTAIOTO PO3BUTKY ITIAIPHEMCTBA 3 YPaXyBaHHAM iHTEHCHBHUX (pakToOpiB 3pocTaHHs [5]. s
BHpIIICHHS [IUX 3aBJaHb HEOOXiTHO MATH CTPATETiI0 PO3BUTKY ITiAIPHUEMCTBA, SKa HEPO3PUBHO MOB’s13aHA 3 OCHOBHUMHU
HanpsiMaMy €HEepro- Ta pecypco30epermxeHHs.

Jlo BayXJIMBHX 3aBIaHB, SIKi CTOSTH IIEpe IpOrpaMaMu eHepro30epekeHHs, BiTHOCATHCS PO3POOKa METOIOIIOT11 BU3HA-
YeHHS BeTMINHA 30epeKEHHS CHEPTeTHIHNX PECYPCiB, B pE3YABTATI BIPOBAKEHHS eHepro30epepiraroanx TeXHONOT i, BcTa-
HOBJICHHS y3araJbHIOIOYHX [TOKa3HUKIB, SIKi XapaKTEpU3YIOTh POOOTY ITi IIPHUEMCTB B 00J1aCTi 3HIKEHHS ITUTOMOI BUTPATH
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enepropecypcis [6]. Pe3ynsraramu iHHOBaLi HHUX IPOrpaM eHepro30epekKeHHs € pallioHaJIbHE BUKOPHUCTAHHS PE3EPBiB eHep-
ropecypciB, BU3HaYEHHS IIPIOPUTETHHUX HANPSIMiB €EKOHOMIi €HEPropecypciB.

Amnani3 enepro30epexxeHHs] BKJIIOYa€ KOMIUIEKCHY OLIIHKY PiBHS CIIOXXMBAHHSI €HEPTETUYHHUX pecypciB, GopMmyBaHHS
CHCTEMH y3araJbHIOIOUMX ITOKA3HUKIB, SKi XapaKTepHU3ylOTh BUKOPHCTAHHS KO)KHOTO BHIY PECYpPCiB OKPEMO, BUBYEHHS
BIUTMBY PI3HUX YMHHUKIB HA PiBEHb BUKOPUCTAHHS BUPOOHUUNX PECYPCiB, PO3KPUTTSI HEBUKOPUCTaHUX pe3epBiB [7].

Jitst epexTMBHOTO YIIPaBIIiHHS 1HHOBALII IHUMH IIPOEKTaMH1 €HepPro30epiralourx TeXHOJOTi i B MeTaIyprii HoTpiOHa po3-
poOka HOBHX KOHLIETIIIIH YIIpaBIiHHS, sIKi 0a3yloThesl Ha ()OPMYBaHHI IHHOBAIIHUX IIaTQOPM Ta aKTHBHOMY BUKOPHUCTaHHI
KpaIoro cBiToBOro Aocsiry. KoHmenTyaibHa MOJIEIb YIIPABIiHHS NpOrpaMaMi IHHOBAIIHOTO PO3BUTKY CUCTEM €HEPro3-
OepexeHHs IIoKa3aHa Ha puC. 2.

Mozenb BKIIIOUa€ cUCTEMY ITiJIel Ta 30a1aHCOBaHNX MOKa3HUKIB PO3BUTKY, HA OCHOBI SIKUX (DOPMYETBHCSI OCHOBHHI LMK
yIIpaBiIiHHA (MOHITOPUHTY) IporpaMu. IIporpama iHHOBAIIHHOTO PO3BUTKY MICTHTB Psiji B3a€MO3B’ I3aHUX MPOEKTIB 200 1X
noprdenis, peaizaris Akux 3ade3nedye qocarHeHHs Hitel. [IpoekTr OynyloThCst Ha OCHOBI KpaIUX MPAKTHK T YPOKIB, K1
(OopMYIOTECS IBOMA KOTHITHMBHMMH IWKiIaMu. [Ipy 1ipoMy iHHOBamiliHa ruratdopMa nporpamMu po3BUTKY OymyeThCsl Ha
HOBHX 3HAHHSIX Ta TEXHOJOTISIX, 110 HAIXOLITH 13 30BHIIIHBOTO CEPEIOBHIIA, & TAKOXK KOTHITUBHHX 3HAHHSIX KPAILO] IIPAKTUKA
YPOKiB BUKOHaHUX MPOEKTIB.

B pamxkax 3amporioHOBaHOI KOHIIENITYaTBHOI MOJIEIi HEOOX1THO CTPYKTYPYBAaTH CUCTEMY IiIei mporpaM eHepro3oepe-
HKEHHSL.

OCHOBHI KOHIIETITyaJIbHI NOJIOYKEHHS TIIBUILIEHHS eHEProe)eKTHBHOCTI Ta palliOHaIbHOrO0 BUKOPUCTAHHS MaTepiabHIX
pecypciB B MeTaIyprii:

3nilicHeHHSI KOMILTEKCY OpraHi3aniiiHO-TeXHIYHUX 3aX0/1iB, HaBE/ICHH J1ay (BIIOCKO-HAJICHHS YIIPABIIiHHS) — 11 KOPiH-
He MOJIIIIEH-HS cucTeMu 00Ky i KoHTpomo Burpartu [1EP Ha ycix piBHSIX BUpOOHHITBA (OBHILINI MOHI-TOPUHT €HEProc-
TIOKMBAHHST ), KOOPAMHALYS Ail PI3HUX CITY)KO 1 BAPOOHHMIITB, BEJINKA Yac-TOTa MPOMIIAKTUYHNX PEMOHTIB YCTaTKyBaHHS, ITijl-
BUIIICHHSI PiBHS IiITOTOBKH (PaxiBIIiB i ToMy moiOHe [7]. Peamizariis X 3aX0iB ICIIEBa Ta OKYIIAETHCS JOCUTH IIBUIKO, TOMY
X 31iliCHEH-HS € NepIIOYepTOBUM 3aBIAAHHSIM.

PemoHT, Ha/1aro ke HHsI Ta 3aMiHa ycTaTKyBaHHs. [IpaBribHMiA BUOIp eHEeproHo-CiiB. J{ist KoxkHOTO nporiecy noTpiOHui
TaKuil eHEProHOCIH, KU 3a0e311edye HaHOLIBIINI eHepreTHYHNI Ta eKOHOMIYHMH edekT. Bun enepronocist BHOMpPaIoTh,
MIOPiBHIOIOYH BapiaH-TH Ta KOMIIEKCHO aHAIII3yIOYH HACTYITHI YNHHUKH:

@) BUMOTH 3 OOKY TEXHOJIOT11 (3MiHa SIKOCTI IPOJIYKIi, 110 BUITYCKAETHCSI, BUTPaTa CUPOBHHHU Ta iH.);

©6) eKOHOMIYHI Bi]MiHHOCTI B KOHCTPYKIIi 1 yMOBaX €KCILIyaTallil ycTaTKyBaHHS;

6) BUTPATH Ha IIOPiBHIOBaHI €HEProHOCII;

2) HasIBHICTh HEOOX1/THOTO yCTaTKyBaHHS;

0) HEOOX1THUH TTepiof Yacy s 3A1HCHEHHS 3aMiHU YCTAaTKYBaHHS;

€) eKOHOMIYHMI e(heKT BiJl BHKOPHUCTAHHSI BTOPUHHUX €HepreTHUHHX pecypcis (BOP), Burparu Ha ekomorivHi 3axo1u.
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Burparu 3a iumu BapiaHTaMu BU3HA4aloTh 3a BUpa3oM 1 [4]:
3= K,+B,+E,I1-3,, - A3, 1)

ne Kj;— KarnitanbHi BATPAaTH Ha 1F0 TEXHOJIO-TiYHY yCTaHOBKY 0€3 ypaxXyBaHHs BUTPAT Ha yCTAaHOBKH BUKOpHCTaHHs BOP;
B,,— excrutyaTaniini BUTpaTH O€3 EHEPreTHYHOI CKIIaI0BOi;
E,, — mmaTOMa BHTpaTta eHEpropecypeiB;
I1— piunmii BUIyCK ITPOIYKILIT;
3, — IPHBEJIEH] TTATOMI BUTPATH Ha EHEPTOHOCI];

Z A3, — edexr Big BuKoprcranas BOP.

MMinBuienns piBHs yruiizanii BropuHHNX eHepropecypcis (BIP). ITinguiennst piBHs yrumizanii BOP Ha meramypriii-
HOMY MiJITPUEMCTBI 3 TOBHUM LUKJIOM MO>KHA BUUIMTH HACTYITHY CTPYKTYPY BUTOTOBJICHHS Ta MO>KJIMBOT'O BUKOPUCTAHHS
BOP. Edexrusne Bukoprcranus BOP no3sonsie 3amintaru nokynHi [TEP, 110 3Ha4HO0 3HMKYE €HEPrOEMHICTD 1 CO0IBapTICTh
npoxykuii [2]. Tak, Hanpukam:

- BUKOPHCTaHHS KOKCOBOTO, IOMEHHOT0 a3y Ha BiacHii TEL] no3Boinsie 3HauHO NOHM3KTH 110 2 4 3 pa3iB cobiBapTicTh
@JIEKTPOEHePrii 1 mapwu;

- yTHIIi3alis TeIIoTH pu cyxomy racinai kokey (Y CTK) Ha koTiiax-yTHiIi3aTopax 3 yCTaHOBKOIO ITApOBHX TypOiH 11
BUPOOJICHHS €IEKTPOCHEPTii;

- IIOTEPETHE ITiAIrPiBaHHS BYT'JIbHOT IIMXTH I'a3aMH, IO BiIXOATb, I03BOJISIE TOHU3UTH BUTpaTy najyBa Ha 70 Mkau Ha 1
TOHY KOKCY;

- B IOMEHHOMY BUpOOHULTBI yrrutizatis BOP no3sonse 3Hauno nonnsury Burpatu [1EP Ha 1 ToHy waByny (10 3,5 ['kain/T),
piBeHb yrrutizanii Ha ckorozHi ckianae ~ 30 +32 % [3];

- B €JIEKTPOCTAJICILIaBUIILHOMY BUPOOHHMIITBI IMTOMA BUTparta enektpoeneprii Ha (15 +30 %) Buue, Hix B kpainax €C, mo
TIOB’I3aHO 3 peajti3alli€lo 3acTapijiol TEXHOIOT1i Ta 3HAYHUMHU HEBUKOPHCTAHUMHU MOMKIIMBOCTSIMH 3 €HEPro30epeKeHHST;

- BUKOPHCTAHHSI JIOMEHHOT0 200 KOKCOBOT'O ra3y B HarpiBaJIbHHX I€4ax IPOKaTHOTO BUPOOHUIITBA J03BOJISIE ICTOTHO
MIOHNU3UTU BUTPATY IIPUPOIHOTO ra3y ta 10 20 % nonnsutu codiBapTicTs mpoaykuii [10].

EdexruBne Bukopucranus BOP Bumarae meBHOI AUCIUILTIHY, 10 TO3BOJISIE TUIaHyBaTH BuXiq BOP 3 HeoOXiqHuMu napa-
METpaMH, CTBOPEHHSI PEXXMMHHX KapT CHOKUBAHHS, ITOTOPKEHOTO 1 OIIEPaTHBHOIO YIpaBiiHHA notokaMu BOP. Makcu-
MaJsibHe BUKOpHUCTaHHs: BOP Ta BripoBa/ukeHHS eHepro30epiralounx 3axo/iB BUPIIIye OHOYACHO EKOJIOTi4YHI TPO0IeMH Ha
I AMPUEMCTBAX Ta J03BOJISIE 3MEHIINTH KiJIbKICTh IIKIUTMBUX BUKHIB B aTMOChEpY.

BuxopucranHs Ta BHPOBA/KEHHS] HOBHX BHCOKOe()eKTUBHHX eHepro30epiralounx TexHoorii i yecrarkyBanus. Lle
HAKOLTBIT TOpoTa 9YacTHHA MPOEKTIB, SKa OB’ A3aHA 31 3HAYHUMH 1HBECTHIII IMH.

EneproedekTrBHICT BUpOOHUIITBA BiIOMBAETHCS B PE3YIBTATUBHOCTI BUPOOHUIITBA Yepe3 CITiBBiIHOIICHHS PE3YIIETaTIB
BHPOOHMYOI MisTTBHOCTI 1 BUTPAUYSHHX HA 1X JOCATHEHHS €KOHOMIYHO, TEXHIYHO i TEXHONOTIYHO OOTpyHTOBaHUX 00’ €MiB
€HEepPTreTHYHNX PECYPCIiB B YMOBAX €HepProz0epirarodoi Ta eKOIOTiYHO MPUHHATHOL iHTeHCH(DIKaIlil TPOMHUCIOBOTO BUPOO-
HUITBA [2]. 3BiJCH, CYTh MPOIIECY IMiIBUIICHAS eHEProeeKTUBHOCTI BUPOOHHUIITBA ITOJISTAE B 3HIKCHHI TATOMIX BUTPAT
€HEeproHOCI{B Ha BUPOOHHUIITBO MPOIYKIIii, B pamioHaNi3amii peKUMiB €HEpTOBUKOPHUCTAHHS, 3MiHi CTPYKTypPH €HEPTOCTIOKH-
BaHHS, I IBUIIECHHS EKOIOTI9HOI €()eKTHBHOCTI BHPOOHUIITBA.

[eperik MpoeKTiB, SKi BUMATAFOTh TICBHUAX 1HBECTHIIIH:

1) ctBopenns ACKYD;

2) MoepHi3allis CHCTEMH 3a0e3IIeUeHHS MPOAYKTAMH PO3IiICHHS MOBITPS i3 3aMiHOI0 MOPAJIFHO 3aCTaPITIHX PO3IIOiITE-
HHX YCTaHOBOK;

3) MonepHi3allis BIaCHUX IKepell eHepril 3 MEeTOr0 301IbIICHHS BHPOOJIEHHS eJIeKTPOeHeP-Til Ha 3aBOIi;

4) BUKOpHCTaHHS YCTAHOBOK TypOoreHepato-piB 3amicte BPOY Ta BIipoBaKeHHS iX B CXe-Max KOTJIiB-YTHIII3aTOPiB;

5) BUKOpPHUCTaHHS €HEepTii CTUCIIOTO IPUPOTHOTO Tasy;

6) monepHizamis ['YBT;

7) ycraHOBKa ra30BUX TypOiH 3 KoTaaMu-yrutizatopamu (IT'Y);

8) Bukopucranus [1YT B JOMEHHHX T€4ax 3 METOIO CKOPOYEHHS BUTPATH KOKCY;

9) 30ipIIeHHS 00’ €My pO3TTUBAHHS CTaJi Ha MammHax Oe3nepepsHoro muttsa (MHII3).

VY noMeHHOMY BUPOOHHUITBI aKTyaJdbHO 3HIKEHHS BUTPATH KOKCY HA TOHHY BHUILIABICHOIO YaBYHY (BapTiCTh KOKCY
ckmazgae 1o 60 % Baprocti 4aByHy). Lle nocsiraeThbesl, HANPUKIIA, 38 paXyHOK BUKOPHCTaHHS IIPUPOIHOTO Ta3y, 30arayeHHs
JIYTTsI KHCHEM, BIIyBaHHsI IIMJIOBYT JTLHOTO ITAJIMBA SIK YACTKOBOI'O 3aMiHHHUKA KOKCY.

V cranemraBmibHOMY BUpOOHHMIITBI OMIJIbHA 3aMiHa MapTeHIBCHKUX TeUeli JBOXBAHHIMU CTaJICTDIaBUIIEHIMU arperara-
MU, TIONANBIIHI PO3BUTOK KOHBEPTEPHOTO, €IEKTPOCTANEIDIABIIIFHOrO BUPOOHHIITBA Ta TI03aIiYHOI 00pOOKH CTali.

Y npokaTHOMY BUPOOHHIITBI HEOOX1THO 30 HICHUTH IIINPOKE BIIPOBAHKEHHS TEXHOJIOT11 O€31epEePBHOTO JIUTTSI 3aTOTOBOK.

Jlo TerepintHEOro Yacy Ha METANypriliHIX 3aBOIaX HE BUKOPHUCTOBYETHCS (pi3HUHE TEII0 JOMEHHOTO Tasy (TeMreparypa
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ra3y ommspko 300 © C) [7], Ha OLIBIIOCTI 3aBOJIB HE BUKOPHCTOBYETHCS TIOTEHITIMHA €HEPTisl TUCKY TOMEHHOTO ra3y. He
BHUKOPHUCTOBYETHCS (Di3NUHE TEIUIO KOKCY, U HOro BUKOPHUCTAHHS HEOOXiIHO MojabIie OyIiBHUITBO YCTAHOBOK CYXOTo
raciHHs Kokcy. KoHBepTepHUii ra3 BiABOAWTHCS 3 NMOBHUM JONAJIIOBAHHSM, HE BUKOPHCTOBYETHCS SIK IajiuBo. Ha psii
MIATIPUEMCTB € MOXKIIMBOCT] O1JIBIII TOBHOTO BUKOPUCTAHHS (hi3NYHOIO TEIlIa FOTOBOIO IPOIYKTY B HACTYITHUX TEXHOJIOT 4-
HUX paMKax: YaBYHY B CTaJICIUIABUIILHOMY BUPOOHUIITBI, a CTaJIi — B IPOKaTHOMY.

SIkicHe eHepreTHUHE OOCTEKEHHSI IIANPUEMCTBA I03BOJISIE OTPUMATH JOCUTH MOBHY 1H(OPMAILIIO ITPO MOXKIIMBE ITiBH-
meHHs edexrnBHOCTI BUKopucranss [TEP i, sik npaBuito, BOHO HalliieHe Ha 3a0e31edeHHs KepiBHULTBA KOMIIaHii 00’ €KTHB-
HOIO iH(OpMalIi€lo 110 (hJaKTUIHOMY BUKOPHCTaHHIO eHeprii. Kpim Toro, Take 00cTeXeHHs 103BOJISIE OTPHUMATH 10AATKOBY
iH(opMarito, siKa Ha i IIPUEMCTBI, K IPABHJIIO, HE aHAI3YETHCS (CKIIACTH CTPYKTYPY SHEPTOCIIOXKHMBAHHS 110 MMiAPO3iJIax;
BUSIBUTH OCHOBHI YNHHHKH, 1110 BIUTMBAIOTh HA CIIO)KUBAHHS eHeprii; Bu3HaunTH Brpaty [IEP; oninnTn edexruBHicTs podorn
HalO1JIbIII eHEPrOEMHMX YCTaHOBOK Ta iH.). [IprdaoMy Taka iHpopMarist 30MpaeThCs He JIHIIE 32 CBIUEHHSIMH IPHUIIAIIB, ajle
1, 10 IOCUTH BaXKJIMBO, 32 PE3yIbTaTaMy CIIiBOECI AN 3 TOMIOBHUMHU (haxiBISIMU, 1HKEHEpaMH i pOOITHUKAMH TEXHOJIOT YHUX
CITy0 1 CITyk0 rOJIOBHOTO SHEPTETHKA.

Buxopucranns niei ingopmanii 1o3Borsie orpuMaTi 00’ ekTHBHY KapTuHY 1o Butpari I1EP i po3poduru edekruBHy
Iporpamy €Hepro30epexeHHs.

BucHoBkn

1. BusiBieHO 0COONHMBOCTI YIpaBiIiHHS €HEPro30EepeXEHHsIM Yepe3 OpraHi3allilo CUCTEMH €HEpPrOMEHE/KMEHTY Ha
I ATIPUEMCTBI, 3aCHOBAHOI Ha OllepalifHOMY yHpaBIiHHI IpolecaMy eHepro3ade3neyeH s, eHeprocoXXUBaHHs 1 peai-
3alii eHeprozoepiralounx 3axo/iB 3a HAPSIMKAMH iX 311 HCHEHHS.

2. Peanizaist o0rpyHTOBaHHX B pOOOTI KOHIIENTYaIbHUX ITOJI0XKEHb JO3BOJIUTH MPOMHCIOBUM ITiJIIPUEMCTBAM YIIPaBIIsi-
TH TIPOLIECaM1 €Hepro30epex eHH s, OL[IHIOBATH BILIMB iHTecHpikaLiiiHnX GakTopiB po3BUTKY HA €(hEKTUBHICTb ITiIPHEM-
CTBA, IMiJIBUIILYBaTH CTIHKICTh €KOHOMIYHOT'O 3pOCTAaHHS 1 pO3pOOISATH CTpaTerii CBOro po3BUTKY Ha JOBIOCTPOKOBHUI ITEPiOt.

3. Po3pobiieHo Mozienb, sika BKITIOUA€E CHCTEMY LIeH Ta 30alaHCOBaHMX ITOKa3HUKIB PO3BUTKY, Ha OCHOBI SIKMX (DOPMYETH-
Cs1 OCHOBHHH LIMIKJI YIIPaBITiHHS (MOHITOPHHTY) Iporpamu. [Iporpama iHHOBAI[iHHOTO PO3BUTKY MICTHTB Psiji B3a€MOITOB’ sI3a-
HUX IPOEKTIB a0o iX moprdeis, peanizawis AKux 3ade3nedye nocaruenHs uitei. [Ipn npoMy iHHOBauiliHa maTdopma mpo-
rpaMy pO3BHUTKY Oyne OyyBaTncsl Ha HOBUX 3HaHHSX 1 TEXHOJOT'ISIX, 110 HA/IXOATH 13 30BHIIIHBOTO CEPEIOBHILA.
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