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AHAJII3 CBITOBOI'O JJOCBIJTY BAKOPUCTAHHS CTAJIEN
BEMHITHOI'O TA IEPJITHOI'O KJIACY JJISI 3AJI3BHUYHOI'O
METAJIOITIPOKATY

[epmniTHA cTaNb MHUPOKO BUKOPUCTOBYBAJACS B 3aJII3HUYHIN CHCTEMI,
ayie 3BMYAifHA MEpJIiTHA CTalb CXWIbHA JI0 YTBOPEHHS DI3HUX IE(EKTiB,
TaKUX SK BUKPHIIYBaHHS TOJOBKH B PEATbHUX yMOBAaX KOHTAKTy PEHOK 3
KoJIecaMH, 10 MO>KE IPHU3BECTH IO MOJIOMKH PEHKM 1 BUMAaraTé BEJIMKUX
BUTpAT Yacy 1 KOIITIB HA TEXHIYHE 00CIYrOBYBaHHSI.

3ai3HUYHI peliku - e JeTaii 3ali3HUYHHUX BY3JiB, LIO 3a3HAIOThH
3HAKO3MIHHI HABaHTA)XEHHs, METaJl MOBUHEH BOJIOJITH BHCOKHM OINOPOM
BTOMH, a J€Talll, 110 TPYTHCS - OIOPOM 3HOCy. Came XapaKTepUCTHKU ONIOpY
3HOCY BIJIrpalOTh BENHKY poJib B poOOTI cucremu Kouseco-peiika. lle
03HaYae, 110 JeTalli IOBUHHI OYTH JOBrOBIYHUMH.

Ha mexaniyHi BIIACTHBOCTI CTalli BIUIMBa€ 3MiHa BMICTY BYIJICIIIO,
JIETYBaHHS, TUCTIEPTYBaHHS CTPYKTYPHHX CKJIaJIOBHX, MOAPIOHEHHS 3epHa,
HakJemaHHsd. BimoMo, IO MigBUINEHHS TpaHUI IUIMHHOCTI 1 MIITHOCTI
CYIIPOBOIXKYETHCSI B OCHOBHOMY, 3HW)KEHHSM IUIACTMYHOCTI, yJIapHOI
B'SI3KOCTI 1 B'I3KOCTI pyliHYyBaHHs1. 3a0e31eueH s BUCOKOI MIITHOCTI cTasii Oe3
BTPAaTH IUIACTHYHOCTI 1 B'SI3KOCTI € JIOCHUTh BaXXKHM 1 CyNEpedwINBUM
3aBIaHHAM MaTepialo3HaBCTBAa. TOMYy TIPH pPO3pOOI XiMIYHHX CKIIafiB
KOHCTPYKIIHHUX CTaJed 1 pexuMiB iX TepMidHOI 0OpoOKM TOTpiOHO
pOo3TIIAAaTH B MEPITy Yepry Taki crocoOW, MpH SKUX IUTACTHYHI 1 B'A3Ki
BJIACTHUBOCTI 3MEHIIYIOTHCS MiHIMaIbHO.

BcraHoBiI€HO, IO OCHOBHI BHMOTH [0 3ali3HWUYHHX pPEHoK
periaMeHTYIOTh X BUPOOHHUIITBO caMme 3 MEPIiTHUX peiikoBux ctaneid. Crixg
3a3HAYMUTH, 110 3HOCOCTIMKICTh 3ali3HUYHUX PEHOK B CHCTEMI KOJIECO- peiiKa



€ OJHIEI0 3 HAaWBAXKJIMBIIIMX XapaKTEPHCTHK II Mpane3JaTHOCTi. 3HOCOM
NPUIHATO BBAXATH 3MiHY MpoQiI0 MOBEPXHI IO KONy KaTaHHS Kojeca
TIOBEPXHI T'OJIOBKM PEHKH Bif CHJ B3aEMOJII Kojeca 3 peHKOro B IpoIeci
excrtyaraii [ 1-2]. TBepaicTh TpaaAUILiiHO BUKOPUCTOBYBAIACS ISl OL[IHKH
3HOCOCTIMKOCTI HepIliTHUX pelkoBHX cTajell. Lle He o3Hayae, MmO BHCOKa
TBEPIICTh € MPSMOIO TIPUYMHOIO BHUCOKOI 3HOCOCTIHKOCTI. Y TICpIITHHX CTaysixX
3HOCOCTIMKICTh 3pOCTa€ B Mipy 3OUIBIICHHS BMICTy BYIJICIFO 1 3MCHIICHHS
MDKIDTACTUHYACTOI TIpIITHOI BiACTaHl. Y Mipy 30UIBIICHHS IIBHAKOCTI
OXOJIOJDKEHHS BiJICTaHb MK peHKaMi TIepIiTy 3MEHIIYEThCS, OTKE, 30UIBITY€ThCS
TBEPIICTh, sKa 3a0e3MeuyeThCs B peliKax 3 3arapTOBAHOO TOJIOBKOKO. 301TBIICHHS
BMICTY BYIJICITFO 30UTBIIY€E 00'eMHY 9acTKy KapOimiB 3ami3a, sKi € TBEpIUMH 1
MaloTh TEHJCHII0 NpUIMaTH Opi€HTallilo, NapajielbHy 31 3HOIICHOO
MOBEpXHEI0. 30arayeHuii MUCIOKAISIMH IIap 3 YIIUIbHEHOK CTPYKTYPOIO
TBEpAOro KapOixy cam 1o coOi, IMOBIPHO, MiJIBUIILY€E 3HOCOCTIHKICTb.

BennunHa MikulacTuHuacToi  BiACTaHI BIUIMBaE Ha  CIOCIO
nedopmariii kapOiIHMX TIJIACTHH B KOHTakTi KoueHHs [3]. Y skocti
NPaKTHYHOI MEepPEeBIPKU JaHOTO TBEPIDKEHHS, [IPOaHANli30BaHO CTaHIAPTHY
peiikoBy cranp (300 HB), mo Mae THIOBY cepemHIO BiACTaHb MiX
IUIACTMHAMH TEpIiTy Oimsbko 1524 x 10 MM, B Tol wWac sk peliku 3
3arapTOBaHOIO TONOBKOIO MAIOTh THIOBY BifICTaHb OIHM3BbKO 76,2 X 107 MM
[4]. OmHak BincTaHP MiXK IUTACTHHAMHU MIEPIIITY HE € MOCTIHHOO 1, IMOBIPHO,
Oyze BapitoBaTHCS NPUOIH3HO HOPMAIFHHUM YHHOM IMOJO IIMX CEpPEeIHIX
Bizictaneil. OTxe, TOHKI IUNIACTUHU KapOiay B 3arapToBaHill TOJIBII peiku 3
O1IBLIOI0 WMOBIPHICTIO IepOPMYIOThCSI 0€3 YyTBOPEHHS TPIIIWH, HIX OLIbLI
TOBCTI KapOiaiM B cTaHJapTHIHN pelikoBiii cram. OTxe, icHye rocTpa mnorpebda
B IHIIMX aJlbTEepHATUBHUX Marepianax. beliHiTHa cTaib, 10 3a0e3neuye sk
BUCOKY MILIHICTh, TaK 1 BIJMIHHY IUIACTHYHICTb, BBAXKAETHCS OJHHUM 3
HaWOIBII TEPCIEKTUBHUX HAIPSIMKIB.

Jireparypa:

1. Konecnas ctans / V3noB U.I'.. l'acuk M.U.. EcaymnoB A.T. u ap. —
K.: Texnika. 1985. — 168 c.

2. Jlapusn T. B. [ToBbllleHHE H3HOCOCTOMKOCTH MapOBO3HBIX AeTalei
/ T. B. Jlapun. B. II. IeBstkun. H. A. Manozemos // Tpyast LIHUN MIIC.
Tpaucxennopusaar. - 1955. - Beim. 103. - C. 7-118.

3. N. Jin and P. Clayton. "Effect of Microstructure on Rolling/Sliding
Wear of Low Carbon Bainitic Steels." Wear. Vol. 202.1997. pp. 202-207

4. babauyenko. O. .. Kononenko. I'.. & Ilogomscekmit. P. (2021).
Po3pobxa po3paxyHKOBOI Moieni 3MiHU TeMIepaTypu peiikoBoi ctani K76D
JUI BU3HAYEHHS IapameTpiB TepMmiuHoi o6poOku. Science and Innovation.
17(4). 25-32. https://doi.org/10.15407/scine17.04.025
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3 MaricTp, MOJIOAIIMI HayKOBHH CHIBPOOITHHK IHCTHTYTY 4OpHOI METaTyprii
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TEXHOJIOT1H

JOCJIIJPKEHHS BIIVIMBY THUITY NIATPUMOK HA
MOZKJIMBICTh OTPUMAHHS CTABLJIBHOI 30HHU DOWN-SKIN
3A TEXHOJIOTI'IEIO SLM

Bce Ginpmoro 3acrocyBanHs HaOyBae TexHoJorist SLM, sika sBise
co00r0 TpoIeC Cy4acHOTO aJWTUBHOTO BUpoOHWITBa [1-2], sAxuit
BUKOPHCTOBY€ JIa3€PHUH MPOMIHb AN CIUIABICHHS METAIEBUX YaCTHHOK
IIJISIXOM CKaHyBaHHS, 32 TPAEKTOPIEIO BIAMOBIAHO 10 337aHOI TPUBUMIPHOI
¢dopmu Ha ocHoBi CAD-Mo/1e11i, Ha OBEPXHi OPOLIKOBOTO IIapy.

Ilin wac [aHOro TpoLeCy MeTaleBUi IOPOMIOK MOBHICTIO
PO3IUIABNISETHCS MMiJ] BIUIMBOM IMOTYXHOTO JIA3€PHOTO BHIIPOMIHIOBaHHS 3
YTBOPEHHSIM METAJICBOTO MIapy, SIKMI Maibke He MICTUTB 1Op 1 HE BUMAarae
nojanpuioi  o0poOKM, 10 JIO3BOJISIE JOCATaTH PIBHA  MeXaHIYHHX
BJIACTHUBOCTEH BUPOOY, PIBHOrO a00 HABITH Kpallle, Hi’K BIACTHBOCTI JINTHX.
Tomy TtexHonoris SLM Bce wUacTime 3HAaXOAWTh 3aCTOCYBaHHSA V
SHepreTHYHii Tramxy3i, B TOMy 4YHCI IUIi BHTOTOBIJICHHS JieTanedl 3
YKAPOMIIHUX CIIABIB.

[MoTyxHicTh Ta3epy Ta MIBUAKICTH CKaHyBaHHA U1t Down-skin Oynn
OJIHAKOBI, a JUIs ITPUMOK 3MIHIOBAJIMCS y BCTAHOBJIEHOMY Aianas3oHi. [1pu
BHUTOTOBJICHHI JIeTayield 3a TexHojoriero SLM miaATpUMKH 3aCTOCOBYIOTh IS
3MEHIIeHHs AedopMariii netaneil mijx Ai€lo0 3aJUIIKOBUX HAIPYKEHb, SKi
BUHHMKAIOTh TIPH IIBHJIKOMY OXOJIO/DKEHHI Mertany, st (OpMyBaHHs
ITOBEPXOHB 3 KyTOM HaXMTy IOBEPXHi BiJTHOCHO HATIPSIMKY MTOOYI0BH OiJIbIe
45°, Ha MOYaTKy MOOYI0BH 3 IIATHOPMHU.

VY naniit po60Ti BUKOHAHI JOCIIIHKEHHS 0COOIMBOCTEH 3aCTOCYBAHHS
MiATPUMOK pi3HOro tuny (puc.l: OmmkHIN psng — nepeBonoxioHi, 2 psag —
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KOHYCHI, JajbHill psJ — ciTka) 3 jkapoMinHoro cruiaBy Inconel 718, 3a
TexHouoriero SLM na npunrepi Alfa-150 TOB «ALT of Ukrainey.

B

Pucynok 1 — 3aranbHuii BUTTISA AOCHTITHHUX 3pa3KiB (MATPUMKH).

[Ipu BizyampHO-ONTHYHOMY KOHTPOJI BCIiX MOCHTIKYBAaHHX 3pa3KiB
Oyno 3a3Ha4YeHO, MO [UIA 3pa3KiB 3 JEPEBOMOMIOHMIMH IiATPUMKaMHU,
noOyznoBa He Oyja 3aBepliieHa, OCKIJIbKH 4epe3 Mally MOBEPXHIO KOHTAaKTy
miaTpuMok Ta Down-skin He Oyna chopmoBaHa IfiliCHA TOBEPXHS, €
Hackpi3Hi oTBopu Ha moBepxHi Down-skin. Lle, #imMoBipHO, HOB'sI3aHO 3
NeperpiBoM, TaKOX L€ MIATBEPIKYE JKOBTHH KOJIp Ta BHUKPUBICHHS
MOBEPXHI HA MiITPUMKAX.

BurotoBneHHS 3pa3KiB 3 MATPUMKAMH Y BUTJIAII CITKU TBOX KpaiHIiX
cmpaBa y IaJbHBOMY psAmy Ha puc. 1 Oyno 3ymuHeHe depe3 IedexT
PEKOYTIHI'Y BEpXHIX LIapiB MPH HAHECCHHI HACTYITHOTO LIapy MOPOILKY, e
IOB'SI3aHO 3 BUKPUBJICHHAMH MOBEPXHI ITiJ] Ji€f0 BHYTPIMIHIX HANPYKECHb B
MeTani. [l iHmux 3pa3KiB, HaAPyKOBaHUX Ha MiATPUMKAX y BUTIISAL CITKH,
Ha piBHI mepexony Bix miarpuMok mo Down-skin crocTepiramm HeBemuKi
JIIISTHKH J)KOBTOT'O KOJIBOPY, 110 CBITYHTH PO HE3HAUHE MIeperpiBaHHs IapiB
Down-skin Ta HaHECEHOTO MOPOMIKY ITiJi HUM, KU 3pEIITOIO0 MPHITIKABCS Y
nepexiaHiil 30Hi.

3pa3ku HaJApyKOBaHI Ha KOHYCHHX IMiATPUMKax, MalTh 3HAYHY
KUTBKICTh KOBTOI'O KOJBOPY B 00JIACTSIX MOTUKY MOPOIIKY, 1[0 HAHOCHUTHCS
(6e3 miaTpuMoK) miciis aii gazepa.

BucHoBok
BcraHoBneHO, 10 3pasKkyl 3 MATPUMKAMHU THUITYy «CITKa» IiJIsraiu
HallMEHIIIOMY TeperpiBy, 3 JCpPEBOMONIOHMMH —  HaWOLIBIIOMY,

KOHYCOIIO/IOHI 3aliMalOTh CEpeAHE II0JIOKEHHS. Taka 3aKOHOMIpHICTh
TIOSICHIOETHCSI 3MIHOIO TUIONI KOHTAKTY I ATPUMOK 1 moBepxHi Down-skin Ta,
SIK HACITIIOK, MAJIOTO TEIUIOBLABSICHHS BiJI OCHOBHOTO 3pa3Ka Ha ITiITPUMKH.

Jliteparypa.

1. S. V. Adzhamskyy, H. A. Kononenko, and R. V. Podolskyi,
Analysis of Structure after Heat Treatment of Inconel 718 Heat-Resistant
Alloys Made by SLM-Technology, Metallofiz. Noveishie Tekhnol., 43, No.
7: 909-924 (2021) (in Ukrainian), DOI: 10.15407/mfint.43.07.0909.

2. Influence of SLM-process parameters on the formation of the
boundaries of parts of heat-resistant nickel alloy INCONEL 718/ S.V.
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INOCULATION OF Mg-Al-Zn CAST MAGNESIUM ALLOY WITH
NANO DIAMOND POWDER

Cast magnesium alloys are commonly used in different industries thanks to a
combination of unique physical and mechanical properties: low specific
weight (p = 1,8 g/cm?), excellent strength-to-weight ratio, high fatigue
strength, damping capacity and heat conductivity [1].

These properties are of a particular interest when the material is intended to
be applied in the aircraft industry as it allows reducing weight of aero engines
and rotorcraft transmission elements, which results in increased fuel
efficiency, an extended range, a higher payload and reduced green house gas
emissions.

The cast magnesium alloys of Mg-Al-Zn system are very widespread in the
aircraft applications as they possess good casting and processing properties
[2]. Over the past years extensive R&D effort has been taken aimed at
improvement of this alloy group [3]. One of the approaches in increasing
physical and mechanical properties of the aluminum-bearing magnesium
alloys is inoculation with different carbon materials e.g. carbon black,
graphite particles, carbonaceous gases (CH4, CO etc) or organic compounds
[3,4,5,6].

Influence of inoculation with incremental additions of diamond nano powder
(0; 0,005; 0,01wt.%) by casting method on physical and mechanical
properties of Mg-Al-Zn alloy has been studied. The nano powder was
introduced directly into the melt in a holding gas fired furnace at a
temperature of 780 °C in a form of compacted briquettes made by uniaxial
cold pressing of the diamond nano powder and ultra-dispersed aluminum
powder mix. Sand molds with standard dia. 12 mm tensile test specimens and
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hot tearing test samples were cast. The cast tensile test specimens were
subjected to T6 heat treatment.

The inoculation with 0.005 wt. % of the diamond powder resulted in a
simultaneous increase of UTS and reduction of area, correspondingly, by
10% and 28.4%, whereas the same properties of the alloy inoculated with
0.01 wt. % of the diamond powder were increased by 7.6 % and 11.8 %. The
inoculated alloy has also had a tendency to reduction of the hot tearing
susceptibility as the diamond powder concentration was increased from 0.005
to 0.01 wt. % (as estimated by a width of the ring sample: 0.005% DP - 20
mm; 0.01% DP -17.5 mm (reference alloy - 22.5 mm). The grain size of the
alloy inoculated with 0.005 wt. % was reduced by up to 50%. Thinner grain
borders with a finely distributed Mgi7Al;» phase were observed in the alloy;
in the samples with 0.01% DP, the inoculation effect has been seen, in
general, with a fine distribution of Mg7Al.

Thus, inoculation of Mg-Al-Zn alloys with the diamong nano powder may
be considered as a promising, simple and cost-effective way of improving
quality of magnesium load-bearing castings for the aircraft applications.

References
[1] Anptman M.b. MarnueBsle crmmasbl. CopaBoynuk. T1.1. M,
«Metamnyprus», 1978. 232 c.

[2] Magnesium electron. The design guide. Designing with ELEKTRON®
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high performance magnesium base metal matrix nano composites for
aerospace applications using powder metallurgy technology. Proceedings of
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TBEPAI CIIJIABA HA OCHOBI KAPBIY BOJIb®PAMA 3
BUCOKOEHTPOIIIIHOIO 3B’S3K0OIO

TBepmi crmuilaBu Ha OCHOBI KapOiay BOJb(GpPaMy BOJOIIIOTH
YHIKQJIbHUM KOMIUIEKCOM BJIACTHBOCTEH, III0 POOUTH IX MEPCIEKTUBHUM IIPU
BUTOTOBJICHHI Pi3aJIbHUX IUIACTHH, IHCTPYMEHTY YAapHOTO OYPiHHS, 8 TAKOXK
cepleuHuKIB OpoHeOiiiHux cHapsmie [1]. HaiiOinpin po3moBCIOIKEHUME €
crmaBu cucremMu WC—Co, sIKi MalOTh IIUPOKE TPOMHUCIIOBE BITPOBAKEHHSI.
IIpote, B OCTaHHI POKM 3'IBWJIACS HOBAa TIpyla CIUIABIB, sIKa IMOPYIIYE
KJIAaCHYHI KOHIEMI] JIETYBaHHs y MeTalIyprii — BUCOKOSHTPOIINHI CIUIaBU
(BEC) [2-3]. Oco6mueictro BEC momsirae B ToMy, IO Ii CIDTaBH MIcCTATH 4
a00 5 OCHOBHHX €JEMEHTIB, IO 30UIBIIYIOTH CHTPOIII0 CHCTEMH Ta
CHPUSIIOTh YTBOPEHHIO OfHi€el (a3u. HeymopsimkoBaHui TBepauii po3unH
NIPU3BOJUTh 1O YTBOPEHHS CIDIaBy 3 MOKPAIIEHHMMH BIIACTHBOCTSIMH,
30KpeMa BHCOKOI0 TEPMIiYHOIO CTaOLTBHICTIO, TBEPAICTIO Ta MIIHICTIO, IO
pOOHTH 1110 TPYIy CIUIABIB MPUBAOJINBOIO B SKOCTI QJIbTEPHATHBHUX 3B'SI30K
B TBEpAMX cIulaBax. [loIIyK aJbTEepHATUBHHMX CIUIABIB JUIsi 3aMiHH
KOOQJIbTOBOI 3B’SI3KM HEOOXIIHUI 3 NPUUYMH AeIlMTHOCTI KOOAIBTY, HOro
HU3BKUX KOPO3iHO- Ta 3HOCOCTIHKOCTi, IO HE MOXE 3aJO0BOJHLHUTH
3pOCTAalOYMM BHUMOTaM JIO TMPOJYKTUBHOCTI TBEPIMX CIUIABIB y BaXKKUX
YMOBax eKCIDTyaTarii.

Metoro pobOOTH € IOCHiPKEHHS CTPYKTypH, (Pa3oBOro CKIaay Ta
BrnactuBocteil TBepnoi kepamikn (WC) ta BEC (FeCrNiWMo), mo
(OpPMYIOTECSI B YMOBAaX IMIBHIIKICHOT'O CITIKAHHSI.

OmHM 3  KIIOYOBMX  (DakTOpiB, MO0 BHU3HAYa€  BIACTHUBOCTI
MeTaJoOKepaMidYHNX MaTepiaiiB € KiHEeTHKa IPOIIeCy clikaHHs. 3a0e3neyeHHs
BHUCOKOI IIBMJKOCTI IpoIecy cHikaHHS OyJjo peali3oBaHO B yMOBax
€JIEKTPOHHO-TIPOMEHEBOT0 CITIKaHHS, SIKe MPOBOIIN Ha ycTaHOBII «DJIA—
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6» (Ykpaina). Yac cmikanHs cymimi kapOimy Boibdpamy 3 BEC
(FeCrNiWMo) craHoBuB 2-6 XB.

JlocmipkeHHsT MIKPOCTPYKTYpH TOKa3ano, Mo po3Mip 3epeH WC
MPaKTHYHO HE BIAPI3HAETHCS BiJ PO3MIPIB YACTUHOK BHXIIHOTO ITOPOLIKY.
Haii0inpm ogHOpimHa Oe3mopucTa CTPYKTypa croctepiraimack s WC—
FeCrNiWMo cnuaBy, otpumanoro mpu temmeparypi 1450 °C mpotsarom 4
xB. MiKpOCTpYKTypa 3pa3KiB CIIEYCHHX NPH MEHIIOMY daci i30TepMidHOI
BUTPUMKH XapaKTEPU3y€ThCS 3AIUIIKOBOIO IOPHUCTICTIO. Pe3ympratn
PEHTTCHOCTPYKTYPHOTO aHaIli3y cBimuaTh po 30iqHeHHs WC Ha ByTiens B
YMOBaxX €JIEKTPOHHO—TIDOMEHEBOTO CHIKaHHS MPUYOMY UMM BHINE
temnepatypa, Tam Oinpme WC tpanchopmyerscs y WoC. BumiproBanHs
MIKpOTBEpAOCTI mokazainu 30inbmieHHs mo 18,2-18,8 ITla mas WC-
FeCrNiWMo cmiaBiB, 1o Oinblle MOPIBHSAHO i3 KIACHYHUM TBEPAMM
crutaBom BK8 orpumanoro B Tux camux ymonax (15,2-16,5 I'Tla). Ile npsmo
BKa3zye Ha 3HayHE AMCIEpCiiHe 3MII[HEHHsS TBEPIOrO CIUIABY 33 PaxyHOK
BucokoeHtpomniiitnoro FeCrNiWMo cmnaBy.

B pe3yabTati oys0 BCTaHOBJICHO, 110 3aCTOCYBaHHS
BrcokoeHTporiitHoro FeCrNiWMo crraBy B SKOCTI 3B’SI3KH TSI TBEPIOTO
CIulaBy TOTpeOye 3OUTBIIEHHS TeMIlepaTypd CHIKaHHA, B TOH dYac sIK
3MEHIIICHHS Yacy CIIKaHHA Ta TOBUTbHA IU(]Y3is BUCOKOCHTPOIIIITHOTO
CIUTaBy 0OMexXyIoTh picT 3eper WC.

Ieperik mocuaaHbp

1. Mukhopadhyay A. Recent developments on WC-based bulk
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2. High-Entropy Alloys /M. C. Gao, J. W. Yeh, P. K. Liaw, Y. Zhang.
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3. Microstructures and wear behaviour of (FeCoCrNi)1—x(WC)x high
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PO AHAJII3 AKYCTOEMICIMHOI AKTUBHOCTI
MATEPIAJIIB PI3HUX KJIACIB B YMOBAX HUKJITYHUX
HABAHTAKEHDb HA PI3HUX CTAAISAX HOIKOAXXKEHOCTI
CTPYKTYPHU

Ha cporoani po3poOieHo Oarato HpsSIMHX Ta HENPSMHX METO[IB
YTOMHHUX BUIPOOYBaHb 3pa3kiB Ta BHUpPOOIB, 5K JOCTaTHBO JETaJIBHO
omwmcaHo B JitepaTypi. [IpoTe Bei 1l MeTOu He 3a0€3MeUyI0Th iICHTUYHICTh
Ta TOYHICTH Pe3yJbTATIB MiJ| 4ac OLIHIOBAHHS XapaKTEPUCTUK ONOPY BTOMi
MarepianiB. HaBiTh 0JJHaKOBI JOBIAHUKY HABOJATDH Pi3HI 3HAYEHHS PaHUIb
BUTPHUBAJIOCTI OJTHAKOBHX MaTepialiB, sKi BiApi3HAIOTECS OnblI HiX Ha 100
BincoTkiB. CTaH BHXOAWTH IIE TipIINM, KOJIA Ma€ MICIe OIiHIOBaHHS
noBroeigyHoCTi. [loxmOka OUTBII HIX Ha TOPAIOK B MPOIECI BH3HAYCHHS
JIOBrOBIYHOCTI HE € He3BUYaHUM sBuieM. [Ipobiema HU3bKOI TOUHOCTI Ta
JOCTOBIPHOCTI BU3HAYCHHS XapaKTEPUCTHK ONOPY BTOMi Ma€e TEOPETHUHI Ta
MeTojoJoTiyHI acnekTtd. Ilepmr 3a Bce Cllig 3ayBaXHTH, IO METOIU
BU3HAYCHHSI MOMEHTY pyHHYBaHHS Ta BTpaTH Hecydoi 3JIaTHOCTI
(mpanes3iaTHOCTI) Marepially HiYMM HE PeryJiroloThesi AoTernep. binbiiicTb
TaKUX 3arajJbHONPUHHATUX 1H)KEHEPHOIO NPAKTHKOIO METOJIIB HE TOB’s3aHi
3 (i3uKOI0 pyiiHyBaHHs Martepiany. ToMy BOHH HE JO3BOJISIIOTD 3a0€3MeYHUTH
e(eKTUBHUI KOHTPOJIb HOro (hizuvHOro craHy. BuHuKae HaraibHa morpebda
po3pobutu edexTuBHI (i3uuHI MeTOIM 1neHTU]IKalLil MOMEHTY BTOMHOTO
pyiinyBaHHs. OTHUM 3 TaKUX METOIIB MOXE BHCTYIUTH aKyCTOEMIiCiiHHN
MOHITOPHHT MaTepiajiB BUPOOIB Y IpoIieci IX BTOMHUX BUIIPOOYBaHb.

Meroo poOOTH CTaBWIM AOCIIKEHHS MOXIIMBOCTI BU3HAYCHHS
MOMEHTY pYHHYBaHHSI MaTrepialliB pi3HUX KJIaciB 3 Pi3HOIO TEXHOJOTIYHOIO
CHAJKOBICTIO B YMOBaxX 0araTOIMKIOBOI BTOMH Ha OCHOBI JIaHHX
MOHITOpHUHTY Tiporiecy MetonoM AE.

Jos JIOCJTi IKSHHSI Oymo obOpaHo MOJIeTIbHI 3pa3Ku
CepeIHbOBYTIICIIEBUX Ta MAJIOJIETOBAHUX CTaJIEH, a TAKOXK CIUIaBiB HA OCHOBI
HIKEJNI0 Ta THUTaHy. 3pa3ku OyJO BHIOTOBJICHO SIK 3a CTaHIAPTHHX
TEXHOJIOTIYHHAX IPOIECiB, TaK 1 MCIS TOBEPXHEBOTO YIBTPa3BYKOBOTO
3MIITHEHHSI.
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3aInpornoHoBaHO aHaJi3yBaTH MOBEAIHKY CUTHAJIIB aKyCTHYHOI eMicil
BiZl BUIIPOOYBaHMX Ha BTOMY 3pa3KiB y PI3HMX YaCTOTHHX Jiana3oHax Bij
MOYaTKy IUKJIIYHOTO HAaBaHTa)KEHHI 10 MOMEHTY IX pyHHYBaHHSI.

Awnani3 onepxaHux pe3yibraTiB AE-MOHITOpPHMHTY IOCIIIKYBaHHX
3pasKiB MiJ Yac X yTOMHHX BUIIPOOYBaHb BHSBHB MEBHI 0COOIMBOCTI, SIKi €
IIEHTHYHUME U1 Pi3HUX KIJaciB MarepiamiB. BcraHOBIeHO, mo 3MiHa
iHTeHCUBHOCTI AE-BUTIPOMIHIOBaHHS B pI3HHX YaCTOTHHX Jiala3oHax
curHamiB AE BinOyBaeTbcs Ha pi3HUX eTalax yTOMHHUX BHUIPOOYBaHB, IIO
MOKe OyTH TOB’s3aHO 31 3MIHOIO CTaliif Ta MeXaHI3MiB IMOIIKOKECHHS 1
pytinyBaHHsA Matepiamy. lle mae MoximBicTh imeHTH(IKAIIi MOMEHTIB
Hepexony CTPYKTYPH MaTepially Bil CTaii HeOKaJli30BaHOTO PYHHYBaHHS
JI0 cTajil yTBOPEHHS Ta PO3BUTKY MOMIKO/KEHOCTEH CTPYKTYpH Marepiaiy
MIKPOCKOIIYHHUX PO3MIpIB.

YK 621.785

Tanonosa O.I1.!

Oxpimerko B.O.?

! 1-p Texu.Hayk, nouent CyMCbKHUH JepKaBHUN YHIBEPCHUTET,
2 acmipant, CyMCBKHI IepyKaBHAN yHIBEPCHTET

JOCIIIAKEHHA ZKAPOMIINHOCTI AJIITOBAHUX ITOKPUTTIB
HICJIA EJIEKTPOICKPOBOI'O JIET'YBAHHSA

[lepcriekTHBHUMU METOAaMHU 3MII[HEHHSI MOBEPXHI Ta
MoauGiKyBaHHS € METO/H, SIKi 3aCHOBaHI Ha 00pOOIll METaliB Ta CIIJIaBiB
KOHLIEHTPOBAHUMH IOTOKAaMH €HEpril Ta pPeYyOBMHH. Y YHUCIO CY4acHHX
METONIB OOpOOKM METaleBUX IOBEPXOHb BIJHOCHUTHCS EJIEKTPOICKPOBE
JIETYBaHHS, M0 JIO3BOJS€E OTPUMYBAaTH TIIOBEPXHEBI CTPYKTYpH 3
VHIKQIEHUME  (DI3UKO-MEXaHIYHUMH 1 TPHOOJOTIYHUMH BIACTHBOCTSIMI.
[TepeBaroio eneKTPOICKPOBOTO JIETYBaHHS € BHCOKAa MIIHICTh 3UCTIIICHHS
JIETOBAHOTO IIapy 1 OCHOBHOTO Marepialy Ta MOXKIJIMBICTh HaHECEHHS Ha
MOBEPXHIO OyIb-KMX MaTepiaJliB  fKi NPOBOJATH CTPYM, HH3bKa
€HEProEMHICTb IIPOLECy, IPOCTOTa BUKOHAHHS TEXHOJIOTIYHOI ornepartii.

HesBaxxaroum Ha 3HA4YHI TepeBard JaHOTO IIporecy Horo
3aCTOCYBaHHS 3 METOIO TIOKpAIIEHHS OBEPXHEBOTO APy Y MPOMHUCIOBOCTI
HE MOIIMPEHe, TOMY SK BiZICYTHIH TOBIKOBUH MaTepiasl MO0 ONTUMi3aii
PEXHUMIB TaHOTO TIPOIIECY.

Sk BkazaHo y pobotax [1, 2], MOKPUTTS SIKi OTPHMaHi 3a TOTIOMOTOI0
METO/Iy €NEKTPOICKPOBOTO JIETYBaHHS, 3 BUKOPHUCTAHHSIM allFOMiHI€EBOTO
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EJIEKTPOAY T'apHO 3aXHCTATh OCHOBY Y (pochOpHOKUCIIHNX Ta BOJHO-COINBOBHX
cepeoBHIIaX.

Ilpn npoBeneHHI NOPIBHSUIBHUX — JOCHIKEHb  KapOCTIHKOCTI
aNiTOBAaHUX IIOKPUTTIB, SIKI OTpPHMaHI 3a KIACHYHOK TEXHOJIOTIE 1
CNIEKTPOAOM  aJIOMIHIIO  pE3yJIbTaTH  IIOKa3ajlH, [0  HOKPHUTTA
XapaKTepU3yIOThCS ITOCUTh BHCOKOIO JKapocTilkicTio. ByB mpoBeneHuit
MeTanorpadiqanii aHami3 (puc. 1) Ha XapakTep OKHCHEHHS 3pa3KiB, IicCIs
BHIIPOOYBaHHA Ha >KapOCTiWKiCTh, BOHH CBi4aTh NpPO Te, MO IICIA
BUIIPOOYBaHHS OCHOBHHUII MeTall 3pa3Ky OKHUCHIOETBCS, PO IO CBITYHIN
HasBHICTb OKCHAIB y TOBepxHeBoMy mapi. OcoOIMBO IHTEHCHBHO
OKHCITIOFOTBCA 3Pa3KH. SIKi 0€3 3aXHCHOTO IOKPHUTTA.

AJiTOBaHI MOKPUTTS, OTPUMaHIi B po3ILJIaBi altoMiHito 1 metonom ELJI,
30epiraroTh MiABHICHY TBEPAICTh, 3aXHUINAIOTH BiJl OKUCHEHHS OCHOBHHUI
MeTal, PO L0 CBIYUTh MEHIINI BMICT OKCH/IIB B IIPH IIOBEPXHEBOMY IIapi
OCHOBHOTO MeTally 1 JOCTaTHS TBEPIICTh MOKPUTTSI. Pe3ympratu
JOCII/DKeHHSI JIaloTh MOJKJIMBICTE peKOMeHAyBaTH TexHojorito ELJT
TIOMIHIEBUM €JIEKTPOAOM 3 METOI MIJBHUIIEHHS CTIMKOCTI cram 0
OKHCHEHHS IIPH MABULICHUX TEMIIEpaTypax.

110,031

B T

Pucynox 1. MIiKpoCTpyKTypH MOKpPUTTIB Ha craimi 20 micns
BUIIPOOYBaHHs Ha ’kKapocTikKicTh (BunpooyBanHs npu 980 °C na nosiTpi, S0
rofx): a — 0e3 mokpHuTTA (HeTpaBiaeHHH nuIid); 6 — aTiTyBaHHA B PO3IUIaBi
MIOMiHIIO (HEeTpaBJieHHH nuti); B — aJiTyBaHHA B PO3IUIaBi aJFOMiHIIO
(micast TpaBneHHs B 3-5% poszumai HNO3); B — amityBanHs metonom ELJT
(micnst TpaBnenHs y 3-5% pozunHi HNO3)

OTXKe MeTOJ| eNEeKTPOICKPOBOTO  JIETYBaHHS € OJHUM 13
MIePCIIEKTUBHUX ISl TTOJIANIbIIOTO BUBYEHHS. Ta oTpuMaHHs Ha HOro OCHOBI
aniToBaHUX MNOKPHUTTIB. CYTHICTH IPOILECY EJIEKTPOICKPOBOTO JIETYBaHHS
ToJIATae B MEPEHECeHH] MaTepially eJIeKTpoLy, Ha 0OpoOIIIoBaHy IMOBEPXHIO
JeTaxi 3aJ0TOMOIOI0 iCKPOBOTO EIEKTPUYHOTO po3psmy. Llei cmocid
3a0e3nedye MilmHE 34eIUIeHHS AUQPYHAYIOUOTO MaTepially 3 IHOBEPXHEI0
JeTai.
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OIIHKA CTAJIOCTI TPOLECY PI3AHHS ITPH
KIHIIEBOMY ®PE3EPYBAHHI

3abe3neueHHs HaIIMHOCTI Ta JIOBrOBIYHOCTI MallH
CYMPOBOKYEThCS BIPOBADKCHHSIM HOBHX MaTepiaiiB 3 IMiJABUIICHUMHU
XapakTepUCTHKaMu MinHOCTI. Ile 0OMexye pexuMu pi3aHHsS dYepes
BUHHMKHEHHs1 BIOpaliil, 110 € TJ00albHOI HPOOJIEeMOI0 MPH MeXaHiYHid
00po01i, 1 sika 0OMEXye MPOIYKTUBHICTH HPOLECY pi3aHHs, LIOPCTKICTh
0o0poOneHoi  TOBEepXHi,  CTIMKICTh  IHCTPYMEHTY,  JOBTOBIYHICTbH
MeTanopi3anbHOTO 00 THAHHS.

Cepen BimOMHX BHIIB KOJNWBAaHb HAHOIMBII HETATHBHI HACIIIKA
3aJIMIIAIOTH ABTOKOJIMBAaHHs. BOHU € mpakTH4HO 1pu Oy 1b-Kii MexaHIYHINA
00pobmi. IlpoBeneHO BeENMKY KUIBKICTH JOCIHIIPKEHb, IO BU3HAYAIOTH
NPUYMHY X HOSBY Ta HaJar0Th peKOMeHMalii moxo npurHivenss [1]. Ipu
3aCTOCYBaHHI II€JFOCTKOBOI JiarpaMd TIOJIOKEHHS CTaJoro IpOoLecy
BHU3HAYAETHCSI BINHOIICHHSAM Kk MK 4YacTOTOK BUITBHHUX KOJHBAaHb f; 1
3yOIIEBOIO YaCTOTOIO f;, SIKa 3aJIS)KUTh BiJl IIBUAKOCTI OO€pTaHHS IIITAHICIIS
n Ta 9yucia 3y0iB 7 IHCTPYMEHTY:

k:f_B:% )

fz zn
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OpnHak, SIK 3a3HA4alOTh JOCIHIJAHUKH, TPH pPi3aHHI TOHKOCTIHHHX
Jetaeil 3 BaXKOOOpOOJIOBaHMX MarepialiB Ha HHU3bKHX 4YacTOTax
oOepTaHHs INUHAES 3aCTOCYBaHHS IENTIOCTKOBOI JliarpaMu Hee(heKTHBHO.
[NosicHeHHsI ILOMY JTAIOTH IPOBEAEHI EKCIIEPUMEHTH, SIKi TOKa3yI0Th, 10 IPU
KiHIIeBOoMY (pe3epyBaHHI 3 MIMMHM 3pi3aMH JJIsl PO3BUTKY aBTOKOJIMBAHb,
10 BCTAaHOBWJIVICA, HEAOCTATHRO Yacy pi3aHHA. ToMy BIDIMB Ha 00poOIeHy
MTOBEPXHIO MAlOTh CYIIPOBIOHI BJIACHI KOJWBAHHS TEXHOJOTIYHOI CHCTEMHU
[2]. Ix iHTeHCHBHICTD 3a€KUTH BiJl MOYATKOBUX YMOB Pi3aHHs, 30KpeMa BiJl
4acTOTH OOepTaHHsA IIMUHACTS. BUKOHAHMI CTATHCTUYHWEN aHami3 i€l
3aJIEKHOCTI JO3BOIMB BUIIIATH IT'SITh IIBUAKICHUX 30H KOJIMBAHb.

KpurepieM momimy 30H MpUAHATO BH3HAYAIBHE CITiBBITHOMICHHS
(BC), sixe po3paxoByeThCs 32 (HOPMYIIOL0:

BC= (tpi3/TeK)’ (2)
JIE tyi; — Yac pi3aHHS, 10 PO3PAXOBYETHCS 32 METOIUKOIO, HABEJICHOIO
y B
Ty — mepiog BIAacHUX KOJMBaHb JIETali, IO PO3PaxOBYETHCS 32
BimoMuMu popMynamu Qi3uKH.

VY mepmriif MWBUAKICHIA 30HI IIOTH JIMIIE BUMYIICHI KOJWBAHHS i
BigHOMIEHHsA (2), 3a sKkuM BH3Ha4daeTbcss BC, Oimpme 25. V npyriid
IIBUIKICHIN 30HI HAa BUMYIICHI KOJMBAHHA HAKIIAJAIOTHCS CYIPOBOKYIOU]
BJacHI KOJIMBaHHS, ane ix inTeHcuBHicTh MeHie 0,02 mm. Ilpu upomy
po3paxoBaHe 3HaueHHs BC 3HaxoauThcsi B Mexax Binm 25 mo 7.
HecripusiTniBoio mpu pi3aHHi BBaXKa€ThCs TPETs LIBHAKICHA 30HA, B SIKii
IHTEHCUBHICTh CYNPOBO/UKYIOUMX BJIACHUX KoJuBaHb Oinbmie 0,02 mM.
Po3paxoBane BC 3HaxoauThces B Aiarna3zoni Bix 7 o 1. Y yerBepriii Ta n'ariit
LIBHUKICHUX 30HAaX KOJIMBaHb 4acy pi3aHHsS HEJOCTAaTHBO Uil BUHUKHEHHS
CYIIPOBO/KYIOUMX BIJIACHUX KOJIMBaHb. TyT TIpH pi3aHHI IiIOTH JIMIIE
BUMYIICHI KOJMBaHHA. 3a IUX yYMOB OIIHKY CTaJIOCTI TPOILECY pi3aHHS
MOJKHa BUKOHYBaTH, BUKOPHCTOBYIOUH Bupa3s (1).

BukoHaHi 1ociiPKeHHS TOKa3yIOTh, SIKi BUN KOJIMBaHb BUHUKAIOThH
Ipu  KiHIEBOMY (pe3epyBaHHI TOHKHMX 3pi3iB 1 3a SIKUMH YMOBaMH
BU3HAYA€ThCS CTANICTD MPOLIECY Pi3aHHS.

[NEPEJIIK TIOCUJIAHb

1. J. Munoa Chatter suppression techniques in metal cutting /
J.Munoa, X. Beudaert, Z. Dombovari, Y. Altintas, E. Budak, C. Brecher, G.
Stepan // CIRP Annals - Manufacturing Technology 65 (2016) 785—
808.
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SkaHJ. TeXH. HayK, CT. BHKIaga4 KpHBOPI3bKOro HAI[iOHAIEHOTO
YHIBEpCHUTETY

3AXOIH OJIA EHEPTO3BEPEXKEHHSA ITPU BUITJIABIII CTAJII
B EJIEKTOIIEYAX

Ha cporomHi HaiOinbIl €HEPrOEMHHMM MPOLIECOM B JIMBAPHOMY
BUPOOHMIITBI BBAXKAETHCS  IUIABJICHHS METally, SKUH CYNPOBOKYETHCS
BHIIICHHSIM B atMocdepy ~ TEIUIOBOi  eHeprii y BUIJISII
BHUCOKOTEMIIEPAaTYPHUX IUMOBHX rasiB. BTpaTu Temnotu, okpiM TOro 1o
3HIKYIOTh €()eKTHBHICTH POOOTH TEXHOJIOTIYHOTO arperary, HPOBOKYIOTbH
e i TeroBe 3a0pyaHeHHs aTMocdepHoro nopitps. Came TOMy CKOPOYEHHS
MIUTOMUX €HEPrOBUTPAT Ta BUKOPUCTAHHS NMOTEHIIHHNUX 3araciB BTOPHHHUX
€HEepropecypcCiB IUIAXOM yTHIIi3amii TEIUIOTH Ta3iB IUIABMIBHUX arperaTis,
110 BIIXOJSTh, CTA€ BCE OUIBII aKTyaJbHUM 3aBIaHHSIM.

VY nauiii po0OOTI 3aIPOIOHOBAHO CIIOCIO MiAITPIBY HIMXTH B «0aIi-
TEPMOCI», SIKHH MPU3BOJUTH JI0 SHEPro30epeKeHHs PU BUILIABII CTall 3a
PaxyHOK MiAIrpiBy LIMXTOBHUX MaTepialiBy «0alii-TepMoci» 3a J0IIOMOT00
MIPOAYKTIB TOPiHHS ra3iB, IO BiIXOIATh BiJ €JIEKTPOIEHi.

«bannsg-tepmocy (puc. 1) BCTAHOBIIOETHCS HA YCTAHOBII OKPEMO Bif
€NIEKTPONeyi, NpU LBOMY OTPUMATH TaKy «0aa0-TepMOoC» MOXKHA
JIOOTIPAIFOBAHHSAM TPAIUIIIHUX 3aBaHTaKyBabHUX Oanedl (KOIIUKIB). Y
BEepXHIH 4YacTWHI  «Oajami-TepMOCY»  BCTaHOBIIOETHCS  KpUIIKa  Ta
MiABOJUTHCS MAaTPyOOK BiJ OOPOBIB IS BiJBEJCHHS Ta3y 3 €ICKTPOIEYi, a
TAKOX TMPOJYBHUHM BEHTWISATOP JUIA OXOJIO/pKeHHs. [apsdi rasm 3
Temnepatypoto 750-1200 °C (B 3anexHocTi Biji mepiogy IUIaBKH), IO
NPOrpiBalOTh MIap HIMXTH, NPOXOAATh 3BepXy BHU3. [Ipm crabinpHOMY
TEXHOJIOTIYHOMY pEXHMi IIJIaBKH, TIOCTIHHOMY CKJIaai IIMXTH ISt
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3ano0iraHHsl CHIKaHHS IIapy I[IMXTH BHKOPUCTOBYETHCS YIPaBIiHHSI
po0OTOI0 YCTaHOBKM IO 3aJaHiii TeMmeparypi METOJOM MpOJyBaHHS
XOJIOTHOTO MOBITpsl. BpaxoByrouwu, 1o Temneparypu B po0o4oMy mpocTopi
Tedi y pi3Hi Mepiou TUIABKU CTaJl 3MIHIOIOTHCS, IS 3a100IraHHs CIiKaHHS
mIapy IIUXTH y BEPXHIH YaCTHMHI MOBEpPX IIMXTH BCTAHOBIIOETHCS BCTaBKa
JUTS 3a1I00ITaHHs OTUIABJICHHS METaJeBOl YaCTHHHU 3aBAJIKH Ta PiIBHOMiIpHOTO
PO3MOALTY TeMIIepaTypH O BCii muromuHi. [Ipn mpoMy TemmepaTypa muxTh
He mepeumyBana 750 °C, a 30BHImHIA KOkKyX «Oammi-TepMOCy» HeE
neperpisactees G6inpme 300 °C. Ilicmst 3aBepIIeHHS IUIABKH Ta BHITYCKY
MeTally 3 Iedi MiAirpita IUXTa 3aBaHTAXYIOTHCS 3a JOMIOMOTOI0 «Oasmi-
TepMOCY» Ha OAUHY SNEeKTPOIedi ISl MPOBEICHHS NOAAIBILIO] IIABKH.

ﬁaﬁ/mpﬂf

Lo dumococy

Pucynok 1. Cxema «6anui-repmocy»: 1 — IpoayBHUI BEHTHIISITOP JJIs
OXOJIO/DKEHHsS; 2 — maTpyOOK njs Tmmojadi TasiB, M0 BIiAXOIATH BiX
eJIeKTpornedi; 3 — KOJIEKTOP IS MPOXOHKEHHS MOBITPS I OXOJIOPKEHHST;, 4
— TETUIOI30JISIIHII MaTepian; 5 — BCTaBKa I pO3MOIIJICHHsI Ta3iB; 6 — map
IIUXTH; 7 — KOPITYC JUISA BiBEIEHHS ra3iB 10 TUMOCOCY
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TEOPETUYHUM OMMUC KATOJHOI'O CUHTE3Y HOBOI'O
AHTHKOPO3IMHOI'O TIOKPUTTS HA OCHOBI ITIPOBIJTHOI'O
MOJIIMEPY, IHIHIHOBAHOTI' O I'IIO®EPAT-IOHOM

[IpoBigHi moIiMepu — OAWH i3 HANBHKOPHCTOBYBAHIIINX KIIaciB
OpraHIYHHUX MaTepialiB MPOTIATOM OCTaHHIX IIECTH AeCATIIITE. Lle cripsokeHi
MaTepialy, 3JaTHI TTOEIHYBAaTH B COO1 aHTHKOPO3iiHY CTiHKICTh, THYYKICTh
Ta IUIACTHYHICTH IUIACTMAc, METAJeBy IPOBIAHICTH Ta JErKiCTh Yy
MoudikysanHi. Lli Tpu QakTopu cHpUSIOTE MMPOKOMY 3aCTOCYBaHHIO
MIPOBITHUX TIOJIIMEPIB 1 aHTUKOPO3iHHICTH — JMII OAHA i3 cep iXHbOro
3aCTOCYBaHHSL.

IIpoBigHi momiMepn MOXHA OTpPUMAaTH K XIMI9HO, TakK i
eJIeKTpoxXiMigHo. [Ipu mpoMy eneKkTpocHHTEe3 MOoXe OyTH SIK IPSIMHUM TakK i
HETPSMUM — B 3aJISKHOCTI BiJ y4JacTi YM HEy4YacTi BIIaCHE MOHOMEpPY B
€JIeKTPOXIMIUHiH cTaii.

Ha xaToxi nmpoBigHuiA mojiiMep, MOHOMEp SIKOTO HE BiJHOBIIOETHCS
3 YTBOPEHHSAM aHIOH-paJMKally, 3[aTHOr0 OyTH LEHTPOM pOCTY
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MaKpOMOJIEKYJIH YTBOPIOETHCS 3 JIOIIOMOT'010 HenpsiMoi
eNeKkTponoiMepu3anii. JIas IIbOro BHKOPHCTOBYETBHCS IPEKYpPCOp, IO,
BIZTHOBJIIOIOYMCH Ha KaTOAl 3 YTBOPEHHSM IHINIATOpa pOCTY JIAHIIOTa,
crpusie TOsIBI Ha KaroJl UEHTPIB pocTy. B pe3ynpTari yTBOPIOETHCS
MOJIMEpHE TOKPHUTTS, BJIACTHBOCTI SKOIO MalOTh II€BHI IIepeBard Haj
YTBOPEHUMH HPSIMUM €JICKTPOOKHCHEHHSAM MOHOMEDY.

B maHiit po6OTi po3rIaaaeThCsl MOXINBICTh OTPUMAaHHS HOJIIPOITY
Ha KaTo/i, T09aTKOBO MOIU(iKOBaHOMY (epaT-HOHOM B HEHTpabHOMY 200
CTa0KOKHCIIOMYy  cepemoBmmii. B Takomy  pa3i  BigOyBaeThcs
enexktpoBigHOBIeHH @Depymy (VI) mo depymy (IV) 3 HacTymHUM
KacKaJIHUM BiTHOBJIEHHSM ocTaHHBOTO a0 Pepymy (III) i mami mo depymy
(II). O6maBi peakuii Ha XIMIYHMX CTaJisIX NPHU3BOAATH N0 YTBOPEHHS
npoBigHoro moiimepy (Puc. 1):

FeO,% P

M+
FeO,

3
2.

Fe

Puc. 1. Cxema HenpsIMOTO CHHTE3y HPOBIHOTO TOJIIMEPY

AHali3 MaTeMaTHYHOI MOJENI TpboX OaTaHCOBHX PIBHSHB, IO OIUCYIOTh
CHUCTEMy TIATBEpIKYye eQEKTHBHICTh TMPOIECy CHHTE3Y IPOBITHOTO
nojiMepy. IIpu 1pOMy cTallioOHapHUI CTaH YTBOPIOETHCS JIETIIE, HIX IpH
npsmiit enextpornoiiMepusanii i € cridikimum. Illo x no ocummsTopHOi
MOBE/IiHKH, TO BOHA B J]AHOMY BUIIAJIKY € OLIbIII IMOBIPHOIO, HIXK 3a3BHYal, 3
orminy Ha BmmB Ha [IEII meperBopenns fiomHmx ¢opm. OnpHak y
MTOPIBHAHHSA 3 MIPSIMOIO €JIEKTPOTIOIIMEPH3ALII€T0 {1 IMOBIPHICTH € MEHIIIOIO.
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ONITUMIZAIISA MOJUPIKOBAHOI'O KOMIIVIEKCY Re, B,
Y UIA )KAPOMIIHOT O AJIIOMIHIAY TUTAHY
ABIAIIIMHOT O TIPU3HAYEHHSA

AHami3 THUTaHHA CY4YacHOTO CTaHy 1 HEpCIeKTUBHUX
HanpsMKiB CHCTEM JIeTYBaHHS i MOAM(IKyBaHHS CILIaBiB Ha OCHOBI
aMIOMIHITY THUTaHY 3 METOI OTPHUMAaHHS 3aJaHUX MEXaHIYHUX Ta
eKCIUTyaTallilHUX BJIACTHUBOCTEH CIpsSMOBaHi, B IepuUly 4yepry, Ha
nerani ['T/l, ujo KpUTUYHO BU3HAYAIOTH HAMIHHICTH pOOOTH BUPOOY.

OnHuM i3 AieBUX 3aco0iB BIUIMBY Ha JIUTY CTPYKTYpPY Y-
amoMiHiAIB € ix MonudikyBaHHa. [Ipu BBeIEHHI HEBEIUKUX
nobaBok-mMonugikatopiB, Takux sk B, Y, Re, 3MiHIOIOTBCS OCHOBHI
nmapaMeTpu Mpolecy KpHcTani3amii, 0 NPU3BOAHUTH OO 3MIHHU
CTPYKTYpH MeTalxy 1, SK TpaBuUiIo, [0 IMOJINIIEHHS HOro
BiaactuBocteit [1].

Bimomo, mami nobGaBkm Oopy CHPHSIOTH MOAPiOHEHHIO
MIKpOCTPYKTYpPH Ta HiJBUIIEHHIO BIACTUBOCTEH CINIABY 33 PaXyHOK
yTBOpEHHs TyromiaBkux 6opuanux dasz [2]. [Ipu nonaBaHHi peHiro,
AK 1 0opy, 3MIHIOETbCS MOPQOJIOTIS CTPYKTYpPHUX CKIIaJO0BUX,
MOAPIOHIOETHCS 3€PHO, 301MBIIYIOTHCS MMOKAa3HHUKH MIIMHOCTI Ta
MJIaCTUYHOCTI. ITpili TakoX eQeKTHBHO TIMOJINUIYE CTPYKTYpY,
crpusie THo0yIsipu3anii ckiagoBux i GopMyBaHHIO ApiOHO3EpEHHOT
cTpykTypH [3].

MeToto po6OTH €_OIiHKA BILTMBY A00aBOK-MOIH(piKaTOpiB
B, Re, Y Ha cTpyKTypy i MeXaHi4Hi BIIACTHBOCTI JINTUX CIJABiB Ha
ocHoBi y-TiAl.

JocninHi cmiaBu y-aldlOMiHiZYy 3 pI3HUMH BapiaHTamMu
MoaudikyBaHHS OyJIM OTPHUMaHI METOJOM EJIEKTPOHHO-IPOMEHEBO]
MJIaBKH.

Y BigMOBiZHOCTI A0 WpPOTpaMH AOCHIIKEHb BHU3HAYEHO
XIMIYHHHA aHali3 OTPUMAaHHUX 3JIUTKIB, IOCIIKEHO iX Makpo-Ta
MiKpPOCTPYKTYpY, TpOBEAEHI BUNPOOyBaHHI Ha PO3TAT I
BU3HAYECHHS XapaKTePUCTUK MIIIHOCTI Ta MIACTUYHOCTI. Pe3ynpTatu
MEXaHIYHUX BHUMNpPOOYBaHb 3JUTKIB 3 pI3HUMH BapiaHTaMHu
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MoaudikyBaHHs, B TOMY YHCJI KOMIUIEKCHUM, IpUBEEH] B Tabauni
1.
Tabnuus 1 — Pe3ynbpraTtu MexaHI4YHUX BUNIPOOYBaHb

.. . MexaHiuHi BI1aCTUBOCTI
XIMIYHUH CKJIaz

op, MIla 6, %
Ti-28 Al-7Nb-2Mo 329 <1
Ti-28A1-7Nb-2Mo-(0.2Y) 507 0.8
Ti-28A1-7Nb-2Mo-(0.2B) 700 1.0
Ti-28 Al-7Nb-2Mo-
02k 700..730 0.8...1,0
Ti-28A1-7Nb-2Mo- 870...920 12..1.5

(0,2(Y+B+Re)

PesynbraTn mociigkeHb MOKa3ajiu, IO CIUiaB 0a30BOro
ckiany (0e3 wMoaudikyBaHHS) XapaKTEpPU3YEThCS  KPYNHUMH
3epHAMH, BHYTPINIHIA 00’€M SAKHUX ysABIsSE CO0OI MAyKU IJIACTHH
pi3HOrOo oOpieHTyBaHHs. [IpuM HbOMY TpaHHIs MIIHOCTI CIUIaBY
cTtaHoBUTH 329MIla, 6<1%.

Ipn ™momudixyBaHHI iTpieMm Mopdormoria Qa3 cmiaaBy
3MIHIOETBCA Ha OiNbII ApiOHY MOPIBHAHO 3 BUXIAHUM CIJIABOM —
BimOyBaeThcsi mMONpiOHEHHS TEPBHUHHHUX 3€peH 1 (opmMyBaHHS
TOHKOMJIACTUHYACTOI BHYTPHU3EPEHHOT CTPYKTYypH. MiHICTh CIIIaBy
nigBumyethess go 5S07MIla, mogOBXKEHHS TPH LIBOMY CKjIajaae Ha
piBHi 0,8%.

HonaBanHs OOpy MOMITHO 3MIiHIOE MIKPOCTPYKTYpY 1
BiiacTuBocTi cruaBy. CTpykTypa cTae Oilbll  OJHOPIiJIHOIO,
3MEHIIYEThCS pPO3Mip 3epeH. MexaHiuHI BJIACTUBOCTI, a came
rpaHuus MinHocTi, migBuimyetrbcs, no 700MIla, mo mnoB’si3aHo 3
YTBOPEHHSAM AUCIEPCHUX YACTHHOK OOPHUIB, IO 3MIIHIOE MATPHIIIO.

JlonaBaHHA peHiI0 Ma€ aHAJOTIYHUH BIUIMB SIK 1 10JaBaHHS
0opy, TpoTe BIACYTHICTh CXHUJIBHOCTI JO YTBOPECHHS XIMIYHUX
3’eqHaHbp cnpuse Oinpm  edekTUBHIA 3MilHIOIOYIH aii  npu
MoaudikyBaHHI peHieM.

KomniekcHe MoaugikyBaHHs CIIaBy HpPHU3BENIO 10
OTpUMaHHSA JpiOHOTO 3epHa 1 KoaryuAmii BHYTpHU3EpEeHHOI
CTPYKTYpH, IO AaJI0 MOXJHUBICTH 3a0€3MEUYUTH OTPUMAHHS TPaHUII
MimHOCTI Ha piBHI 900MIla i BizHOCHOTO MOAOBX)EHHS ~1,2%.

TakuM dYHHOM, B XOJi WPOBEAEHHS IOCITIIHHUX POOIT
BCTAaHOBJICHO, II[0 KOMIIJIEKCHE JIeTyBaHHS MoaudikaTtopamu B, Re, Y
cnpuse TMNOApiOHEHHIO TpPyOOMIaCTHHYACTOI JUTOI CTPYKTYypH
BUXiJJHOTO CIIJIaBy Ta Ja€ 3MOry MiABHIIMTH 3HA4YEHHs TI'paHUNi
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MII[HOCTI Malke B 2,5 pa3u mpu OesKoMy 30iJbLIIEHHI BIZHOCHOTO
MOJIOBXKEHHS.
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KOHIENNIA BIIVIMBY XIMIYHOTI'O CKJIIAZLY HA CTPYKTYPY
I BJACTUBOCTI )KAPOMIIIHUX HIKEJIEBUX CIIJIABIB

B pobotax [5-7] aBropamu Oyyiv 3ampoOIlOHOBaHI JJIs OTPUMAHHS
OaxaHMX pe3yJbTaTiB creuianbHi ciBBigHomenHs Ky’ Ta Ky. I[Tpu upomy Ha
YHUCTO IHTYITUBHOMY piBHI OyJI0 mependaveHo, 10 eIeMEHTH MaTpHL, IPH
30UIBIIEHHI X KIIBKOCTI, IIBUILYIOTh TEMIIEPATYpy JIKBILyCY, a eJIeMEHTH
Y'-yTBOpPIOIOYi B 3HAUHIN Mipi BINIMBAIOTh HAa XapaKTEPHUCTHKH MIITHOCTI,
KApOMIITHOCTI Ta TEMITEpaTypy KiHII PO3YNHEHHS 3MIIHIOBANBHOI (ha3m.

OnHOYacHa MPUCYTHICTh KUJIBKOX JIETYBAIBHHUX €JIEMEHTIB B CKJIAAi
JMBAapHUX KapoMminHux HikeneBux cmiaBiB  (OKHC) Hagae Ounbm
e(pCKTHBHHUU BILIUB Ha JKapPOMIIHICTh, HI’K €KBiBaJICHTHA KUIBbKICTh OJHOTO
elleMeHTa. B 3ale’XHOCTI Bi BIUIMBY Ha MEXaHI3M 3MIIHEHHS JIMBapHUX
JXHC, enementn MoxHa Kiacu(ikyBaTH 1 pO3ALIUTH HA TaKi OCHOBHI IPYTIHN:
po3unHHO-nucHepciai 3mimaioBadi (Al, Ti, Ta, Hf ); TBepmopozumuHi
sminHoBayi (Co, Cr, Mo, W, Re); kapOinoyTBoproBanbHi enementu (Ti, Ta,
Hf, Nb, V, W, Mo, Cr); MikpoJieryBaibHi €JIeMEeHTH i JOMIIIKHA Pi3HOTO
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tumy. Takuii MO € AOCUTh YMOBHHM, OCKIIBKH €JICMEHTI-3MII[HIOBaYl
MOXYTb PO3YHHATHCS HE JIMIIIE B Y-TBEPJOMY PO34HHI, a if B IHTepMeTaNIiAHI i
v’- ¢asi 3 yrBopennsam cronyku tumy (Ni, Cr)s3(Al, Ti, Mo, W, Nd, Ta).
OnHak, aBTOPH BBaXKalOTh, IO JOTPUMYIOYHMCh Takoi Kiacudikauii
CTBOPIOETHCS OUIBIN HimicHa KapTuHA. Tomy i BinbHOI eHeprii (G) y
3BHYAITHOMY CTaHi Oy[e CIIpaBeUINBO CITiBBiTHOIICHHS:
G[T,P, Nij] = G/ 2N+ G/ INN; + - )

ne T- remneparypa, K;

P — tuck, Ila;

N;, N; — KoHIeHTpaIiifHi (cepeaHbO3BakeHi) PaKTOPH MPUCYTHIX Y
CIUTaBi XIMiYHUX KOMIIOHEHTIB;

3a ymoBu piBHOBar# (P i T= const) y BHIaaKy ABOX OCHOBHHX (a3
G"" = min i piBHicTs (1) MEPETBOPIOETHCS Y BUPa3:
a6 =0 = (F) TN+ (R)TN = W EN+ WEN @

€ i) - MapiaibHi XiMI4HI MOTEHIiaNu.

Skmo BBaxkaTH, IO KOEQIliEHT TEPMOJMHAMIYHOT aKTHBHOCTI
KOMIIOHEHTIB HalOmkeHo nopieHioe 1, po'+kT InINY = po'+xT InZNj.

Baxaroun, mo Apo=po’ - Lo’ JOCTATHLO MaJle i 0 TOro * He 3aJeKHE Bil
KOHIICHTpaIlii, 0y1IeMO MaTu:

Ny N;—In¥/N; = 0 (3)
3Biacu:
N
= L5 “4)
TN

3 ypaxyBaHHSIM MacIITaOHOTO (akTopy OCTaHHE pPIBHSHHS Mae
HaOyBae HACTYITHOTO BUIJIALY:

TNy
T3> 1 5)

ne q — MacmTabHuid paxTop (> 1)

Tomy, BUXOASYHM 3 BHIIIE HABEACHHX CITiBBiHOIIEHb, aBTOpaMH OyIIH
3anporoHoBaHi BianosigHi 3anexxHocTi Ky'(dopmyna 6) Ky (popmyna 7), mo
BPaxoBYIOTh K KOHKYPEHIIII0, TaK 1 KOOIepalilo pi3HUX IPYIl eIEMEHTIB B

mmBapHuX JXHC cTaH IKUX HE € pIBHOBAXKHHUM:
K, = Y.(Al+Ti+Nb+Ta+Hf)

7 T ¥ Y (Cr+W+Mo+Re+Co+Ru)’ (6)
ne Al, Ti, Nb, Ta, Hf, Cr, W, Mo, Re, Co, Ru — BiAnoBiTHUI BMICT
€JIEMEHTIB B CIUIaBI.
Y dopmyni (6) xputepii q OyB cremiagbHO mimiOpaHuil Ui
3a0e3neueHHs] HAWKpAIIOro CIIBBIAHOIICHHS CIIEMCHTIB 3TiHO TaKHX
MIpKyBaHb: Y'-yTBOPIOBAIbHI €JIEMEHTH 3a0e3MeuyloTh 3HA4YHO OuLTbIIN
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BHECOK (NMpHUOJM3HO B 5 pa3iB) B 3MILHEHHS CIUIaBy (B HACHIJOK 3pOCTaHHS
KUTBKOCTI 3MilTHIOBaNIbHOT (ha3u) [7].

CniBimnomenuss Ky (dopmyna 7) BHKOPUCTOBYETBCS — JUISt
BU3HA4YCHHS TemriepaTypy ruiasieHHs juBapHux JKHC. Ockinbku npu 1ux
TEeMIIepaTypax OCHOBHHM ()aKTOpOM, SKHH BIUIMBAa€E Ha KPUTHUYHY
Temneparypy € unponecd audy3ii (MIBHAKICTH SKOT 3aJICKHTh  BiJ
TBEPJOPO3UYMHHUX 3MIIHIOBA4iB) OYJIO 3allpOIIOHOBAHO CIIiBBIHOIICHHS,
10 BPAaxOBYE 1 I[ei TpoIiec:

> (Cr+W+Mo+Re+Co+Ru)
KV - S (Al+Ti+Nb+Ta+Hf) O
ne Al, Ti, Nb, Ta, Hf, Cr, W, Mo, Re, Co, Ru — BignoBigHuii BMiCT
eJIEMEHTIB B CIuIaBi, % Mac.
OTprMaHi 3aJIe)KHOCTI KPUTHYHHX TEMIEeparyp BiJ XiMI4HOTO
cKiany crUiaBiB crnpsimoBanol kpucramizamii (JKC32-BI, XKC32B-BI i
JKC32E-BI) mokasanu 3HauHi Kopensuiiini 3anexnocti (R*>0,85) sxi
OIUCYIOTHCS 3AJIEKHOCTSIMH MapabOoIIiuHOTO THITY.
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CARBIDE TRANSFORMATIONS IN A WELDED NICKEL-BASED
SUPERALLOY

The influence of carbides has a complex nature, being located outside
or inside the grains, they perform a modifying function, helping to prevent
recrystallization, atoms of different elements can replace each other in the
carbide, thereby changing the morphology of the precipitates. The shape of
carbides significantly affects the plasticity of cast heat-resistant nickel alloys,
in the case of formation of font selections, it is significantly lower than when
forming a spherical shape. The size of the carbides can affect the heat
resistance [1-3]. Sufficiently large carbides at the grain boundaries reduce the
creep and fatigue resistance of alloys due to the high difference in the
modulus of elasticity of the carbides and the matrix. Also, carbides can be
destroyed during thermal cycling (starting and stopping the engine) due to
cracking [4,5].

Modeling of the processes of carbide separation using the CALPHAD
method allows for calculation forecasting and comparative assessment of the
influence of alloying elements in carbides. Calculations were carried out for
each studied composition individually with a stepwise change of a specific
alloying element according to a fixed composition of a multicomponent
system.

In the system (Ni-22.5Cr-19Co-1.9A1-3.7Ti-2W-1.4Ta-1Nb-0.15C),
the range of element variation was chosen based on the considerations of the
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maximum and minimum amount of the element introduced into the nickel-
based superalloy. Thus, carbide-forming elements in the following doping
ranges were selected for the study: carbon 0.02-0.2%; niobium 0.1-4%;
titanium 1-6%; tantalum 0.5-12%, tungsten 1-16%, chromium 1-35% by
weight.

For modern gas turbine engines, materials with increased operational
characteristics are needed, with increased intervals between repairs and high
indicators of heat resistance and maintainability. These are the requirements
that are put forward when designing new materials for body parts of
unmanned aerial vehicles and gas turbine installations of gas pumping
equipment. The properties of high-temperature materials are ensured by the
stability of structural components during operation. A very important
parameter of heat treatment is the temperature of the carbide liquid, which
also affects the operating temperature of the parts. It was established that with
an increase in the carbon content in the alloy, there is an increase in the
temperature of the carbide liquidus ti and the number of carbides in the
composition of the alloy (Fig. 1). This leads to the deterioration of the
operational and repair properties of the material due to the formation of
coarse inclusions of carbide components. The above-mentioned feature
should be taken into account and rational doping limits should be chosen,
which lie within 0.1-0.15% of carbon.

w, o
1330 | £ = -0.5114(C) + 9.9886(C) + 12821
. Ri=0.9899 -

Ve = 0,1725(C) + 0,0373

RE=09545

1315

)
002 0,06 0.1 0,14 018 C % 002 0.06 0.1 0,14 DIE cn

a

@O0 393(C) + 11.467(C) + T91.8 Vacses = 0,3691(C) + 0.016
R:=09939

R =0,9996

0,06 01 0,14 018 (.9

Figure 1 - Temperature dependence of the dissolution (exclusion) of
MC (a) and M»3Cs (b) type carbides, as well as the amount of MC (c) and
M23Cs (d) carbides on the carbon content of the alloy.
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When the concentration of titanium in the alloy is more than 3%, its
amount begins to prevail in the carbide over the amount of niobium, and when
the concentration is more than 5.5%, over the amount of tantalum. Changes
in the composition of carbides lead to changes in their morphology. Carbides
of the TiC type are isolated in the interdendritic spaces and have a font shape
that negatively affects the properties of the alloy, so it is necessary to limit
alloying and prevent their isolation. In the studied composition, the titanium
content should be more than 5.5%.

An increase in the temperature of the carbide liquidus t. with an
increase in the amount of tantalum in the metal is associated with the
formation of TaC carbides already at a concentration of more than 1% of
tantalum. The transition of MC carbide to tantalum-based carbide leads to an
increase in interatomic bonds, which contributes to an increase in the
temperature of carbide dissolution (dissolution). However, at 2% tantalum, a
topologically densely packed m-phase (61.3Ni-15.4Co-13.7Ti-4.8Nb-
2.34Ta-2.08 Al-0.29Cr) appears in the composition, which must be taken into
account during modernization alloy. Likewise, at 7% tantalum in the alloy,
carbides of the M»3Cs type degenerate and this negatively affects the grain
boundary creep at operating temperatures. The introduction of tantalum
changes the morphology of the MC carbide to a faceted irregular shape.

The introduction of niobium into the complex alloy composition leads
to a decrease in the temperature of the carbide liquidus at a concentration of
2.5-3%. In this doping range, the appearance of the 1 phase is observed, after
the formation of which t, increases, and even the carbide base changes to
NbC. Niobium carbide does not have a high liquidus temperature, it is not
much lower than that of TaC carbide and much lower than that of TiC, thus,
it is necessary to strive not for the formation of monocarbides based on one
element, but for the formation of complex carbides based on more than one
element.

Chromium is an element that affects the formation of secondary
carbides, it increases the temperature of dissolution (allocation) of carbides.
It was established that carbides of the M23C¢ type begin to separate from the
solid solution at a concentration of 17% chromium, which is described by a
parabolic dependence. The composition of carbides practically does not
change with increasing chromium in the alloy and is 80.5Cr-8.5W-4Co-2Ni.
However, at 31% Cr in the alloy, a BCC phase (chromium-based solid
solution) is formed, which reduces the mechanical properties.

An increase in tungsten in the composition of the alloy leads to a
decrease in the temperature of the carbide liquidus at a concentration of more
than 6%, this behavior is associated with the formation of the c-phase, the
crystal lattice of which is close to M»3Ce, with a ratio of dimensional
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parameters ¢/0,52~ a and chromium concentration of 52 %. The appearance
of the specified phase affects the thermodynamics of processes in the alloy
and reduces the heat resistance of the material. Also, with an exaggeration of
8%W, a p-phase is formed in the alloy, the crystal lattice of which approaches
MeC, by a similar mechanism to the c-phase, which also reduces mechanical
properties.

Thus, the obtained data make it possible to regulate the processes of
phase separation due to changes in the chemical composition of the alloy.
This makes it possible to improve the properties of the material as a result of
eliminating the negative impact of primary carbides, which cannot be
eliminated by heat treatment. And get a favorable shape and type of
secondary carbides in the structures of nickel-based superalloys.
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JOCJIIJPKEHHS BIIVIMBY JIET'YBAHHSA 30J10TOM HA
MIKPOCTPYKTYPY TA BJACTUBOCTI MATHIEBOI'O
CIINIABY NZ30K

[MocTiiiHe 3pocTaHHs KIBKOCTI TpaBM, iX HACII/IKIB Ta 3aXBOPIOBAHb
KICTKOBO-M’SI30BOi CHCTEMH, a caMme IepeliOMH, Ta BHCOKI IOKa3HUKHU
1OB’s3aH0{ 3 HUMH THMYacOBOI HEMpAIe3JaTHOCTI CTaBJIATh JIKyBaHHS
TIATOJIOTIi OMOPHO-PYXOBOTO amapaTy Ha IMPIOPUTETHI MO3HWINT y CHUCTEMIi
OXOpOHHU 3/I0pOB’s HaceneHHs [l]. ¥ cydacHMX ymoBax iCHye HarajbHa
HEOOXigHICTP B IMIDIAHTaTaX, SK TAaKUX, MO 3OIHCHIOIOTH CTaOUTBHY
¢ikcamito ¢QparMeHTiB KicTOK Tpu meperomax. s iX BHTOTOBIICHHS
LIMPOKO BUKOPUCTOBYIOTH KOPO3IMHOCTIMKI CTaji, THTaH Ta THTaHOBI
CIUIaBH, Ki € Oi0iHEpTHUMH Marepiasiamu [2], modiMepu Ta Oiokepamika.
Jlyis MOKpAIeHHsT MEXaHIYHUX BJIACTHBOCTEH 0i0/JerpaJloBHUX CIUIABIB IS
BUTOTOBJICHHS! IMIUIAHTATiB BUKOPHCTOBYIOTh MOJIU(IKYBaHHSI.

VY wiit pobdoti O6yno mochimkeHo BruuB momaBanus 0,05%, ,1% Tta
0,2% Au no ckiany craBy NZ30K. [TpoBeneHo sikicHY Ta KiJIbKICHY OI[IHKY
CTPYKTYPHHX CKJIaIOBHX cIIaBy. [TokazaHo, 1110 30J10TO BXOAWIO 0 CKIAILY
KOMILUIEKCHO JICTOBAaHWX IHTEepMeTamigHuX (a3, ski Oymu TO0JaTKOBHMH
LEHTpaMH KpHCTaii3anii. BcTaHOBIEHO, IO ONTHUMAIBHUHA KOMINIEKC
BIacTuBOCTell nmocsiraetbest BBeAeHHsSM 0,1%Au. Tlpum mpomy cepemHiid
po3Mip 3epHa 3HIKYETHCS Ha 52,4% MOPIBHAHO 3 BUXIIHUM CIUIaBOM.
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Mlc{le Mg | Al | Mn | Fe | Zn Zr Nd | Au | Beworo
aHaizy
.12 | 58,39]| 0,29 10,50 ]0,40] 0,28 | 29,69 | 5,56 | 4,89 100
0
Pucynox 1 — Pesympratt PCMA inTepMmeramigHoi ¢asu (T. 12), B
crutaBi NZ30K +0,1%Au: a — miciie aHamizy; 60 —XiMIYHUHA CKIam DiTTHKA
(mac., %)

BuBuaroun MexaHi4HI BIIACTHBOCTI OTPHMaHHX CIUIaBiB, Oyio
3’scoano, mo it cmaBy NZ30K+0,1%Au  rpaHuns MimHOCTI
miABHIY€EThc Ha 7,8%, a BIJHOCHE BUIOBXKCHHS 30UTBIIYEThCS Maibke
BJBIUi.

Jnst MOXIIMBOCTI BUKOPHUCTAaHHsS 010/1€rpaJOBHOIO MAarHi€BOro
CIUIaBY Y BUTOTOBICHHI (iKCATOPIB IIPU OCTEOCHHTE31 OYJIO NOCIIIKEHO
npouecu Oiokoposii. 3’sicoBano, 1o poxaBanHs 0,1% Au CrHoBiIbHIOE
010KOpO3iiiHI MpolecH Ta cHpusie 30€peKEHHIO BHCOKOTO DIBHS T'PaHUII
MirHOCTi (o = 200MIla) micns BUTPUMKH BIIPOJOBXK 6 MICSIIB Y pO3UHHI
renodysiny. OTxke, 30JI0TO € HEPCHEKTHBHUM MaTepiaJioM JUIsl TOKPAIICHHS
CTPYKTYpH Ta MiIBUIICHHS BIACTHBOCTEH OioMerpalOBHUX IMJIAHTATIB i3
MarHi€BuX CIIJIaBiB.
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750 c.

36



VIK 621.793

Jixyran O.A.!, Cmonsk 10.B.2

! cr. Buknanau kadenpu ®M HY «3anopizbka momitexnika»

2 xepiBHHUK TIPOeKTy, kKoHCYIbTanT TOB «TI TEKHOJIOKW»

TEXHOJIOI'TA OTPUMAHHSA MOJUBIKOBAHHX
BIJJIMBKIB HA OCHOBI HIKEJIIO JJ1s1 BUT'OTOBJIEHHS
KATOJIB

Excruryaramiitna HamifHICTE poOOYMX JIOMIATOK Ta30TypOIHHIX
neuryHiB (I'T/I) 3 >kapoMiITHEX CIUTaBiB Ha HikeneBild ocHOBI (cuctemu Ni-
Cr-Al-Y) B mepiry yepry 3ajJe€XHTh BiJl 3[aTHOCTI iX IMOBEPXHI ONMUpPATHCS
BILUTUBY OKMCHOTO CEPEIOBUINA MPU BUCOKUX TemmepaTypax[1-3], Tomy 1o
B OULIBIIOCTI BHMIAJKIB pPYyHHYBaHHS JIONAaTOK TypOiHM NOYMHAETHCS 3
noBepxHi. OJHUM 13 OCHOBHHX CIIOCOOIB ITiIBUILIEHHS CTIHKOCTI JIOMATOK JI0
pI3HHX BUIIB rapsuoi KOpo3ii € HaHECEHHs 3aXWUCHUX IOKPUTTIB i0OHHO-
IUIA3MOBUM MeTOIOM. TOMy, CTIHKICTb 1 JIOBrOBIYHICTh HAHECEHUX TIOKPUTH
0e3rmocepeTHRO BIUTMBAIOTH Ha TEPMiH eKCIDTyaTalii BUPOOiB.

B cBOl depry OCHOBHY pOJb B XapaKTCpHUCTHKaxX HAHECEHHX
MIOKPUTTIB BiAirpa€e SKICTh KaTOMIB, iX XiMi4Ha, CTPYKTypHa Ta (a3oBa
OJHOPIHICTH 3 MiHIMaNBHOIO KinmbKicTiO aedektiB [3]. Lle, B cBoro uepry,
00yMOBJIFOE HEOOXiTHICTh BUKOPHUCTAHHS CKIIQJHUX 0araTOKOMITOHEHTHHX
CHUCTEM JIET'yBaHHS, a TaKoX KOMIUIEKCIB MOIM(DIKYIOUNX €JIEMEHTIB Y
crutaBax. EQeKTuBHICTD iX il 3a1eXHUTh BiJ PIBHOMIPHOCTI PO3MOALIY 3a
00’eMOM, 110 BIUIMBA€ Ha TOMOTEHHICTh CTPYKTYpPH KAaTOJIB i B KIHIEBOMY
MiJICYMKY - Ha SKiCTh NOKpUTTiB. OAHMM 3 BU3HAYAJIbHUX YHHHHKIB
PIBHOMIPHOTO pO3MOJUTY JIEryuuX i MOJAM(DIKYIOUMX €JeMEeHTIB € IX
MOYaTKOBHH CTaH B MaTepiajiax IHXTH.

TakuM YHHOM, SIKICTh BUTOTOBJIEHHUX KATOIB, a SIK HACIIJIOK 1 SKICTh
HAaHECEHUX MOKPHUTTIB Oe3MoCepeHhO 3aIEKHUTh BiJl TEXHOJOTIl iX
BHpOOHMITBA. 0 OCHOBHHX METOIIB BUTOTOBJCHHS KATOJIIB Ha OCHOBI
HIKEJII0 BITHOCSAThCA eJeKTpOHHO-TIpoMeneBuit neperuias (EITIT), BakyymHo-
iHnykniiani nepernaB (BIIT), BakyymHo-myroBuit meperiaB (B/IIT) Ta
nopomkoBa Metanypris (IIM). TexHonoriuHa cxema INpH BUTOTOBJIECHHI
BupoOiB Metomamu IIM Brimrodae omepamii TiATOTOBKH IIMXTOBHX
MaTepiamiB, iX KOMIAKTyBaHHS 1 TMOJAajiblIe CIHiKaHHA. SIKICTh TaKWX
3aroTOBOK B OUTBIIIOCTI BUMAJIKIB 3aJI€KUTH BiJl IKOCTI BUX1THOT CHPOBHHH -
MIOPOMIKIB 1 MATOTOBKH IINXTH, 1[0 BUMAra€e BEIMKUX €KOHOMIYHUX BUTpAT.
e oxHi€er0 MPOOIEMOIO € 3aTUIIKOBA HOPHUCTICTh KOTPA HETATHBHO BILIMBAE
Ha TEXHOJIOTIYHICTh KaToAiB OTpuMaHux [IM.
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JIOIIIBHO  PO3IVISTHYTH 3aCTOCYBAaHHS TEXHOJIOTI] BUTOTOBIICHHS
karoniB 3 HikeneBoro cruiaBy (cuctemu Ni-Cr-Al-Y), meromom BJIII 3
METOI0 3MEHIIEHHS KiJTbKOCTI XapaKTepHHUX Ae(EKTiB, 1 i IBUIICHHS SKOCTI
KIiHIIEBOT MIPOIYKIIIT.

Bimnmueku cuctemu Ni-Cr-Al 3 no6aBkaMu iTpiro sk MogudikaTopa
CTPYKTYPH OTPHMYBAJIM Ha YCTAHOBII BaKyyMHO-IyTOBOTO IIEPEIIABY SKa
JTO3BOJISIE BUKOPHCTOBYBATH JJIsl BUTOTOBJICHHS 3JUTKIB IPiOHOANCIIEPCHY
cupoBHUHY (Y BUIJIAI MOPOUIKIB 00 YYIIOK), IO MO3UTHBHO MO3HAYAETHCS
HAa TOMOTEHHOCTI OepXyBaHMX  BimmuBok. [ligroroBka  muxTu
3MIACHIOBANaCh ~ HUIAXOM  MEXaHIYHOTO  IMOAPIOHEeHHS  MaTepialiB.
MIiKpOCTPYKTYpYy Ta pO3MOIiN JETYBaJbHAX CIIEMECHTIB OTPUMAHOTO CIDIABY

oo 100y

Womi.,

rooum !
a, B — METO/ €JIEKTPOHHO-TIPOMEHEBOT0 IIEPEIlIaBy;

0, T — MeToJ1 BAKyyMHO-yT'OBOT'O II€pEILIaBy.

Pucynok 1 — TlopiBHSHHS MIKpPOCTPYKTYpPH Ta pPO3HOALILY
JIETYBAIPHUX EJIEMEHTIB Yy BUIIMBKAaX KaToMiB OTPHUMaHHX pIi3HUMH
METOJlaMHU

OTke B poOOTi pO3MIISTHYTO MOXIIMBICTh YJOCKOHAJICHHS TEXHOJIOTIT

BaKyyMHO-ZyTOBOTO HEpEeIUIaBy SIK OJHI€T 3 HAMOIBII MEPCHSKTUBHUX IS
OTPUMAHHS 3JUTKIB BHCOKOi SIKOCTI 3 HHM3bKHM pIiBHEM JIKBaIlii Ta
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CTPYKTYpHOI HeoHOpiHOCTI. [TiABUIIEHHS SIKOCTI 3JIMTKIB OCSTaeThCs 3a
paxyHOK BUKOPDHCTAaHHsS HIMXTOBHX MarepialiB pi3HOro (pakiiifHoro
CKJIay, miadopy ONTHMAILHUX apaMeTpiB IeperuiaBy (CTpyM, Hanpyra, 4ac
IUIABKH).

IpoBeneHni MeTanorpadivyHi JOCTIKSHHS MIKPOCTPYKTYpH (puc. la,
10), a Takox XimigHOTO CcKiaxmy (puc. 1B, 1T), mOKa3aaM BHCOKHHA CTYIIiHB
TOMOTEHHOCTI 3JIUTKIB 1 BIICYTHICTh XapaKkTepHUX Ae(eKTiB. A 11e J03BOIIIE
MIPOTHO3YBATH ITiIBUIIEHHS SKOCTI i B CBOIO Uepry e(peKTHBHOCTI HAHECEHHS
3aXMCHUX MOKPUTTIB, MIABUICHHS PiBHS iX TEXHOJIOTIYHOCTI, a SK HACTIIOK
MOKpAIEHHs eKCILTyaTaliifHUX XapaKTePUCTHK MOKPUTTIB, IO IO3UTHBHO
MO3HAYUTBCA Ha pecypci 1 Tpame3gaTHOCTi BHUPOOIB, KOTPUMH €
BIJINIOBIJAJIbHI IeTalli aBialiiHOrO MPU3HAYCHHS.
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TUTAHOBI IIOPOIIIKOBI MATEPIAJIM BUCOKOI SIKOCTI JIJISA
AJIMTUBHUX TEXHOJIOT'TH

[lepeBaxxHa OUTBIIICTH CyYaCHHX YCTAaHOBOK I BHUPOILYyBAaHHS
BHp06iB MeTogamu 3D IpyKy SIK CHPOBHHY BHKOPHCTOBYE JIMIIE TOPOIITKOBI
Marepianu 3i chepuaHoro Gopmoro yactuHOK [1-3]. Jlo 1iporo, KO B psiji
MamdH Takuid BUOIp OOYMOBJIEHHH BHKIIOYHO KOHCTPYKTHBHUMH
0COONMMBOCTSAMH  (CTIOCOOOM TPAHCIIOPTYBAHHS Ta TEXHOJOTIE€0 Mojadi
MOPOIIKY B 30HY JPYKY), TO TaKa TEXHOJIOTIYHA XapaKTEPUCTUKA MOPOIIKY
SK TEKyJicTb € OCHOBHOIO. [nHma wactmHa 3D mnpuHTEpiB, MmO
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BUKOPHCTOBYIOTh HAaCHITHY TEXHOJIOTiI0 (DOpMyBaHHs IIapiB, 0€3 CyTTEBHX
npobieM Moria O BHKOPHUCTOBYBAaTH IOPOIIKHM 3 IHIIOI MOP(OJIOTiero
4acTUHOK (HechepuaHoi popmu).

Came TOoMy OaxanuMm (OnbII  JEIIEBHM)  albTepHATUBHUM
MarepiaioM /I BUTOTOBJIEHHsI BUPOOIB METOJaMH IMTUBHUX TEXHOJIOTIH €
TIOPOIIKOBI Matepianu 3 HechepudHoio Gopmoro yacTHHOK [2,3]. OcKiTbKH
BHKOPHCTAHHS AJUTUBHUX TEXHOJIOTiH IIpH BUTOTOBJICHHI BUPOOiB, HA TaHUH
4ac, € JOCHTh KOLITOBHHUM, iX 3aCTOCYBaHHS MOXe OyTH TOLITEHHUM JIHIIE Y
BHUCOKOTEXHOJIOTIYHHX Ta BHCOKOTOYHHMX Tally3sfX IPOMHCIOBOCTI
(HampuKkIag B aBiaiifHOMY Ta pakeTHOMY ABHTYHOOymyBaHHi). Tomy Mae
NEBHUHA CEHC PO3MINATH BHCOKOJErOBaHI CIUIABH, IO BOJOIIIOTH
HEOOXIMHMM  KOMIUIEKCOM  BJIACTUBOCTEH  JUIi ~ BUKOPDHCTAHHS Yy
BUILE3raflaHuX o0sacTsX BUpOOHMITBA Heraneil metoxamu 3D npyky. B
JaHiit poOOTI camMe PO3MIISHYTO TaKi CKJIIAJHOJICTOBaHI TUTAHOBI MOPOIIKH,
oTpumaHi 3i cmiaBy mapku BT20 (3 o+ cTpykTyporo), 3a BiIOMOIO
TexHoJori€er riapysanHs — aerinpyBanns (HDH). T'onoBHoro BigMiHHICTIO
3alpONOHOBAaHMX TOPOLIKOBUX MarepialiB € BHXIJTHHH CTaH 3aroTOBOK 3
SIKUX BHTOTOBIJISIIOTH TOpouky. OTKe, B poOOTI pO3IIISTHYTO JBa BapiaHTH
MTOPOIIKOBHUX MaTepialliB OTPUMAaHHX 3 3aTOTOBOK 3 BUXITHOIO JIUTOIO (pHC.
la, 16) Ta nedopmoBaHoO (puc. 2a, 20) CTPYKTYpaMHu.

Ha naBenmennx 300pakeHHSIX IOKa3aHO, IO PO3MIpP CTPYKTYPHHX
CKJIaZIOBHX (TOBIIMHA IJTACTHH o Ta 3 (a3H)y BUXiTHUX 3aTOTOBKAX 3 JINTOIO
cTpykTypoto (puc. la, 10) ckimamae B cepemHbOMy ONHM3BKO SOMKM.
HaromicTb y 3aroToBKax 3 BUXiJHOIO Je(hOPMOBAHOIO CTPYKTYpPOIO (pHC. 2a,
20) po3Mip CTPYKTYpHHX CKJIaJOBUX KOJIMBAETHCS B MeXax BiJ 5-10MKM. 1o
15-20MKM.

Pucynok 1. — MikpocTpyKTypa BHXiZHHX 3aTOTOBOK y JINTOMY CTaHi:
a. — 300paKeHHS OTPHMMAHO B ONTHYHOMY MIKPOCKOIMI; 0. — 300paKeHHs
OTPHMAHO y PacTPOBOMY €JIEKTPOHHOMY MIKPOCKOIT
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Pucynox 2. — MikpocTpykTypa BHXiJHHX 3aroToBOK Yy

neOpMOBAaHOMY CTaHi: a. — 300paXeHHS OTPUMAaHO B ONTHYHOMY
MiKpocKomi; 0. — 300paXCHHS OTPHMaHO y PACTPOBOMY EICKTPOHHOMY
MIKpOCKOTI

Ockinbkn w11 3D ApyKy BHUKOPUCTOBYIOTH MOPOLIKOBI MaTepiaiu
mepeBaxHo po3MipoM 10-40MKM., HiTOBOIO (paxili€r0o HpH OTPUMAHHI
MIOPOIIKIB OyIIN YaCTHHKHU 3 po3MipoM He Ourbine 40MkMm. Crimparoduch Ha
BCE BHIIE CKa3zaHE, MOXKHAa 3pOOMTH BHCHOBOK, IO PO3MIp CTPYKTYPHHX
CKJIaJIOBMX 3arOTOBKH 3 JIUTOIO CTPYKTYPOIO CYTTEBO HEPEBHUIILY€E HEOOXITHI
PO3MipH YaCTHHOK MOpoInky. HaToMicTh B 3arotoBkax 3 JAe(OpPMOBAHOIO
CTPYKTYPOIO TOBIIMHA IUIACTHH o Ta B (a3 3HAYHO MeHIe Oa)kaHOTro
po3mipy. lle o3Hayae, 110 BUKOPHCTaHHS BUXIJIHUX 3aroTOBOK 3
ne(OPMOBAHOI CTPYKTYPOIO MPH BUTOTOBJICHHI MOPOIIKOBHX MaTepiajiB
JUIsl aINTHBHUX TEXHOJIOT1H 3a0€31eYnTh OTPUMaHHS MOPOLIKIB HEOOX1THHUX
po3MipiB Ta AKOCTi. 3 TOMOTCHHOI CTPYKTypOK Ta pIiBHOMipHHM
PO3MO/ILIOM JIEryBaIbHHX €IEMEHTIB, IO MiATBEPIUKYETHCS TOCTIIKSHHAMH
MIKPOCTPYKTYPH TOPOIIKIB OTPUMAHHX i3 3arOTOBOK 3 Pi3HOIO BHXITHOIO

CTPYKTYpoIo (puc. 3).

Pucynox 3. — MikpocTpyKTypa MOpOIIKiB OTPUMAHUX 3 Pi3HUX
3arOTOBOK: @ — IIOPOIIOK OTPUMaHui 3 1e(hOpMOBaHOI 3arOTOBKH; O —
MOPOIIOK OTPUMAHUH 3 JIUTOI 3aTOTOBKH.
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THE INFLUENCE OF ATOMIC MAGNETIC STATE OF
AUSTENITE ON RESISTANCE TO PITTING OF AISI 304
STAINLESS STEEL

Corrosion resistant steel AISI 304 is perspective for employment in
industrial enterprise using water-recycling systems. There are many scientific
researches of influence chemical composition and structural heterogeneity
this steel on its pitting resistance in chlorine-containing media now.
Therefore, the purpose of the work was to establish a correlation between the
atomic-magnetic states of austenite this steel and its resistance to pitting
corrosion in model circulating waters.

It was established that in model circulating waters with pH4 and
chloride concentration of 350, 600 mg/l critical pitting temperatures (CTP)
of AISI 304 steel linearly decreases by 5...7°C while increasing its specific
magnetic susceptibility (l,) from 2,23-10% m*/kg to 2,31-10® m¥kg.
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The analysis of the coefficients (b) of the regression dependencies (1, 2)
showed that in model circulating water with a chloride concentration of 600
mg/l, the influence of the parameter |, on CTP is 7% higher than with 350
mg/l.

CTP =156,8 -43.2 |,, Cc=350 mg/l 1)
CTP =150,4 - 46,3 |, , Cc=600 mg/l )

This shows that the atomic-magnetic state of austenite does not
significantly affect the adsorption of chlorides in the vicinity of inclusions
and the probability of nucleation of pitting in their vicinity. In the same time,
it was established that in researched model circulating waters the CTP of
AISI 304 steels increases linearly by 10...13°C with increasing pH of model
circulating waters from 4 to 7, and with pHS they are the same as with pH4
and even less (pic.1). This is due to the high content of nitrogen and almost
the absence of titanium in steel.

Besides, as a result of research, was established complex
dependencies of corrosion losses of main metals (®Fe, ®Ni, ®Cr) from
pitting on the surface of AISI 304 steel on the specific magnetic susceptibility
of l,. The nature of this dependences show us the found coefficients of
selective dissolution Cr and Ni from pitting, namely coefficients of selective
dissolution Cr (Z¢r) from pitting in researched model circulating waters less
than one. It is shows, that the all pitting on the surface of steel AISI 304 are
stable.

704
] //\ 1
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e 2
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pH
Picture 1 — Dependence between CTP of AISI 304 steel and pH of
model  circulating  waters  with  chloride  concentration  of
350 (line 1 and 2), 600 mg/1 (line 3 and 4)

Once moment, was establish, that in model circulating waters with
chloride concentration of 300 mg/l, coefficients Zy; less that one too. It show
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us, that selective dissolution Fe from pitting more than Ni. That’s why, stable
pitting on the surface of researched steel grows up very fast. However, in
model circulating waters with chloride concentration of 600 mg/l this
coefficients, almost in all interval, specific magnetic susceptibility of AISI
304 was more than one. It shows, that corrosion losses from pitting for Ni is
higher than for Fe. This is the reason, that stable pitting on the surface of steel
grows up very slowly. Extremes in dependences of corrosion losses ®Fe,
®Ni, ®Cr from pitting on the surface of steel AISI 304 from its specific
magnetic susceptibility l, due to repassivation of metastable pitting on the
surface of the steel.
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MOBEPXHEBE 3MIITHEHHS MOPOIIIKOBOI IITAMITIOBOI
CTAJII K390 IABEPHUM INTPOMEHEM

lupokoro mouMpeHHss HaOyBae BUIOTOBJICHHS aBTOMOOLTIB i3
riOpUIHAM Ky30BOM, L0 TOEJHYE PI3HOPIAHI MaTepiaiu i3 HaHeCEHUMH
3aXUCHUMHU MOKPUTTSAMHU. [IpH 1ITamryBaHHI €l1EeMEHTIB Ky30BY i3 JIMCTIB
TRIP-assisted crani, sika 3MIIHIOETbCS TPH BUTSDKI, IITAMIIN IMiAJAI0ThCS
MIOCWJIEHOMY 3HOIIYBaHHIO Ta HAJIMIIAHHIO M SIKMX MaTepialliB, 10 HOTIpIIye
SIKICTh IITAMIOBKY. IlITaMmy XOJIOAHOTO IITAMIYBaHHS BHIOTOBISIIOTH i3
IHCTpyMEHTAJIbHUX  CTaled HOBOTO TMOKOMiHHA (cepiss  Microclean
BupoOHunTBa Bohler (Voestalpine)), oTprMaHNX TOPOIIKOBOIO TEXHOJIOTIEO.
Crane K390 mi€i cepii Mae mifBHINEHY 130TPONHICTH Ta PiBHOMIPHICTH y
posnoaini kap6iniB (VC) B 00’emi craBy, mo 3a0esrnedye iM ITiBUIICHY
3HOCOCTIHKICTh Ta B’S3KICTh pyHHyBaHHSA. B po0OoTi BHBYAIM MOXXIHBICTH
JIOAATKOBOTO 30ibIIeHHs A0BroBigHoCTi ctayi K390 masepHOi0 00poOKoio
noBepxHi. J{ns mporo 3actocoByBanu yazep «TruFiber 400» (TRUMPF) i3
BUIIPOMIHIOBAaHHSIM 3 JOBXKWHOIO XBWiIi 1064 HM. OOpoOKy mpoBoamiau 6e3
OIUIABJICHHS TIOBEPXHi 3a TaKWX MapameTpiB: moTyxHicts — 40 Bt, miamerp
wsMk — 0,6 MM, 50 % mepeKpuUTTS DOPIKOK, IIBUAKICTH cKaHyBaHHA — 30
MM/c. BeraHoBneHO, 110 Y BHIAAKY Ja3epHOI 0OpOOKM cTajl y BHXITHOMY
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cTaHi (Binai) Ha HOBEpPXHi ChOPMyBaBCs IIap 3MiHEHOI CTPYKTYPH INTHOMHOIO
70 230-250 MKM, B MeXax SIKOT'0 TBEPAICTb 3HIKY€EThCs Bit 643136 HV o (Oinst
nioBepxHi) 10 330£15 HV2o — B ocHogi. [Ticns repmiunoi 00poOku (rapTyBaHHs
Bix 1180 °C B macno, 3-x kparauii Biamyck npu 500 °C) TBepAiCTh OCHOBU
ckiana 76313 HVa. JlazepHa 00poOka TepMOOOpPOOICHOT CTami JT0JATKOBO
miBuna i TBepaicTb 1o 855+14 HVy Ha rmmbuny mo 200 Mxm. Brim, Oins
TIOBEPXHI ITPH JIA3EPHOMY HarpiBl yTBOPHIMCH IUCHEPCHI OKCUAN, SIKi 3HU3HIIN
TBepaicTh 1o 650-800 HV 2. JIazepHa 06poOka 3abe3meuye npupict TBEpAOCTI
crani K390 HaBiTh y TepMOOOpOOJICHOMY CTaHi, OTXKE ICIS BHIAICHHS
okucieHoro mmapy (~40 MKM) BOHA TOTCHI[IHHO MOXE 30UTHIIUTH
3HOCOCTIHKICTh InTamiry. JIOCIiJDkeHHST BUKOHaHI B paMKax yKpaiHChKO-
cJIoBaIbKOro HaykoBoro mpoekty (Ne 0122U200119).
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WEAR RESISTANCE OF SLM BIOMEDICAL 316L STEEL
DEPENDING ON COUNTER BALL MATERIAL

The microstructure and dry sliding wear behaviour of 316L biomedical
steel fabricated by conventional hot rolling and selective laser melting (SLM)
were studied in the work [1]. SLM 316L steel featured a microstructure of a
“fish-scale” pattern having a fine-dendrite texture oriented perpendicular to the
build-up surface. This ensured an almost two-times advantage in hardness
(mean value of 3.26+0.13 GPa) as compared to hot-rolled steel 316T. Despite
porosity and oxide contamination, SLM 316L steel was superior in wear
resistance (by 21-58 %) being tested against different counter ball material
(bearing steel 100Cr6, high-alloyed bearing steel 440C, corundum).
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Fig. 1. Volumetric wear depending on the counter ball’s material [1].
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SLM 316L steel demonstrated the same tribological behaviour when
tested against the balls made of 100Cr6 and 440C steels. With that, the
volumetric wear of SLM 316L increased significantly (by 3 times relatively
steel counter-bodies) when the counter ball was made of corundum.
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BII/IMB TEXHOJIOI'TYHOI'O PEXKUMY HAHECEHHA
IIVTIASMOBOTI'O ITIOKPUTTS HA BHYTPIIIHI HAITPYKEHHS

[lmazmMoBe HaHECEHHS TIOKPUTTA Ha TIOBEPXHIO MPU3BOJUTH MO
BUHUKHCHHS TEMIIEpaTypHOi HEPIBHOMIPHOCTI B TIOBEpXHEBIH 30HI
MAKIAIKA 1 B mapi copmoBaHoro MOKpHUTTA. [Ipwm OXoNOmKeHHI neTani
3a3Hau€Ha TEMIIEpPAaTypHA HEPIBHOMIPHICT TNPHU3BOIUTH IO MOSBU
3IMIIKOBUX TEPMIUYHMX HalpyXeHb, BEIMYMHA SKUX MOXe OyTH
MOPIBHSHHA 3 MEXEI MIIHOCTI MOKPUTTS. Y [bOMY BHIAJIKy HaBiTh
HEBEJMKHUH 30BHILIHIA BIUIMB MPU3BOJUTH 10 PYHHYBaHHS HOKPUTTS 1 JIO
BTpPaTH Mpale3aTHOCTI AeTaii Ta npuiaias B minoMy. Tomy JOCIiIKEeHHs
BIUIMBY TEXHOJIOTIYHOTO PEKMUMY Ha TEPMIi4HI HANPYKEHHS € aKTyaJbHOIO
MPOOIEeMOI0.

HocmimkenHs: wiel npoOjeMu NpHUCBSYEHa BENHMKA KUIBKICTH POOIT.
OmHak y mux poboTax, B OCHOBHOMY, HaBOAATHCS EKCIEPHMEHTAIIbHI
pe3yibTati 0e3 KOHKPETHHX pPEKOMEHJamii 010 3MIHM TEXHOJIOTIYHUX
PEKMMIB 3 METOI0 3HIDKCHHS TEPMIYHMX HampyKeHb. BincyTHi moxeni
BIUIMBY IIBHJKOCTI MNEpEMIIIeHHS IIJIa3MOBOTO JDKepela Ha BEIHUYHHY
TEPMOIIPYKHHUX Halpy>Xe€Hb Yy HOKPHTTI

IIpn ocamkeHHI MOKPUTTS Ha HArpiTiii MOBEpXHI MOKHA 3HEXTYBAaTH
MaKpOHANpYXEHHSIMA B IIOBEPXHEBOMY IIapi, OCKUIbKH 34elJICHHS
YaCTHHOK TOKPHUTTA BiOYBa€ThCA MPHU BiICYTHOCTI iICTOTHUX MEXaHIYHHX
BIMBIB. OHAK MPH OXOJOJHKCHHI TOKPUTTS Ha JKOPCTKIH MiAKIag B
HBOMY BHHHUKAIOTh PO3TATYIOUl TEPMiuHI HANpyXEHHS, SKi MPOMOpPLiiHI
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TEMIIEpaTypi TOBEpPXHI B MOMEHT OCa/UKEHHS IOKPUTTSA. Bennunna
OKPYXXHHUX PO3TATYIOYMX TEPMOHANPYXKEHb ISl KUIBLEBOTO TTOKPHUTTS
BU3HAYUTHLCS B 3AJICKHOCTI BijJl TEMIIEpaTypH HarpiBy, aHaJIOTIYHO MOJEIi
YKOPCTKO 3aKPIIICHOTO CTEPIKHS:

o, =Eot = Ea(%5+120) =2,1-10%q/~v +94-10°, I1a

ne E= 0,6'10ll [la — MOAgynp TPYXHOCTI MOKPUTTA, O = 1,3'105 Kl -
KOEQIIi€EHT TEPMITHOTO PO3IMIHUPEHHS, t- TEMIIEpaTypa IMOKPUTTSL.
[onepenHbo MpoBeNeHI EKCIIEPUMEHTH TOKa3alld, II0 MIIHICTh
MIOKPUTTS Ha po3puB JopiBHIoE O = PL/W =192 Mlla, ne P — nonepeyHa
3rMHAJbHA cuia, L — JOBXXHHA KOHCOJIBHOTO 3pa3ka, W — MOMEHT omopy
MoTIepeyHoro rnepepizy. TepMmiuHe HampyXeHHs, IPH SIKOMY BiOYBa€ThCs
pYHHYBaHHS HaIlMJICHOTO Iapy IOPIBHIOE HAIIPYKEHHIO PO3PUBY O = O; max
, | BUHHKae MpH mapaMeTpax IiasMoTpoHa: Hampysi 50 B, crpymi gyru 450
A i mBUAKOCTI ma3MoTpoHa v= 0,58 M/c, TOBIIMHI HATTMIIEHOTO mapy 1.5MM
Toni 3aeXHICTE TEPMIYHOTO HATIPY>KEHHS O; BiJ HATPY>KEHHS PO3pUBY O,
1 IMBUAKOCTI IJIa3MOTPOHA BU3HAYUTHCS BiATIOBIAHO hOpMyITH
0,58
o, =(oy —94Mlla),|— +94MIla
%

Hecyua 3paTHICTP TpW  pO3TATYBAaHHI TOKPUTTA HA  IMLAKIAMIII
BU3HAYUTHCS
SK PpI3HANA MDK MIOHICTIO TOKPHUTTSA TpPH BiJCYTHOCTI BHYTPIIIHIX

HanpyxeHb O 1 BEIMYMHOIO PO3TATYBAIBHOTO TEPMIYHOTO HanpyxkeHHs O
0=0,-0,
Po3paxyHOk  TemmepaTypu  TOBEpXHI  HOKPHUTTS, TEPMIYHOTO
Harpy>XeHHs, HECY4O0l 3[JaTHOCTI ITPH PO3TATYBaHHI MOKPUTTS Ha ITiAKIaIII
3 )apominHoi ctani DM 961 Ta TOBIIMHM TEMIIEPAaTypPHOTO TOJISl B TOKPHUTTI
HaBeJeH] y TabJ1. 1 y 3aeKHOCTI Bijl IBUIKOCTI INIA3MOTPOHA.
Ta6mums 1
3aJIeXKHICTh XapaKTEPUCTHUK MOKPHUTTS BiJI IIBUAKOCTI TNIA3MOTPOHA IIPH
Temnepatypi nigknaaku 120°C

v, M/c 0,58 1,16 1,74 2,32 2,90
3,107 m. 0,68 0,49 0,39 0,34 0,30
t, °C 244 208 192 182 175
6., MIla 192 164 151 143 137
6, Mlla 0 28 41 49 55
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Sk BumHO 3 Tab6n.5.7, 30UTBIMICHHS IIBUAKOCTII MEPEMIIICHHS
IUTa3MOTPOHA Y/IBIYi MIPU3BOJNTE JI0 3HIDKCHHS TCPMIYHOTO HAMPY)KCHHS Ha
15% 1 migBuieHHs Hecy4oi 34aTHOCTI mokpurts Ha 28 MIla.
ExcniepuMeHTaNbHO TOKA3aHO, IO MPH TAKOMY 3MiHI peXHMY HANHUICHHS
TEPMIiYHI HANpPYy>KCHHS 3MCHIIYIOTHCS 1 BXKE HE MPU3BOIATH 10 PO3PUBY

MOKPHTTSL.
BUCHOBKH

1. TToka3aHo, M0 3i 30UTBIIEHHSAM IIBUAKOCTI MEpEeMilleHHs IUIa3MOTpPOHA
BiTHOCHO [I€Tajli MOHOTOHHO 3MEHIIYETHCA TEMIeparypa IOBepXHi 1
rMOWHA 30HU HATPiBY HMOKPHUTTSA. 3OUTBIICHHS IIBHUAKOCTI MEPEMIIICHHS
IUTa3MOTPOHA 3HIDKYE TEPMIUHI HATIPYXKCHHS 1 TMiIBUIIYE HECYdy 3MaTHICTh
TTOKPUTTSI Ha TTi IKIIaIIT.

2. OTprMaHi 3aJIeKHOCTI JO3BOJIMIN BJOCKOHAIUTH TEXHOJIOTIIO 1 YCYHYTH
PO3TpIiCKyBaHHsI TOKPHUTTS Ha OIOPHIM MOBEPXHI COIUIOBOTO amapara
aBiariiinoro guryna J[- 36. Merom BTUICHO Yy BHPOOHHMIITBO Ha
nianpuemctBi AT «Motop Ciu» 3 OYMKyBaHUM DIYHUM EKOHOMIYHUM
edexrom 322,025 THC. TpH.
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OIIIHKA TEMIIEPATYPHU IIVIASBMOBOT O ITIOKPUTTS
METOAOM HECTAHIOHAPHOI'O TEIIVIOITIEPEHECEHHSA

HaneceHHsT TIa3MOBOTO TOKPHUTTS CYTPOBOKYETHCS BHHUKHEHHSIM
3HAYHHUX TEMIEPATYPHUX IPA/I€HTIB y TOKPUTTI, IO € IPUYMHOIO CTBOPEHHS
OCTaTOYHMX TEMIEPaTypHUX HANPY>KEHb ITICIIsl 0X0JI0KEeHHs BUpoOy. Tomy
3MEHIIECHHS TeMIepaTypHOl HEPiBHOMIPHOCTI B 30HI HaHECEHHS MOKPHUTTS
CIIPHUSIE MiBUIIEHHIO SIKOCTI IIOKPHUTTSI.

Braxaemo, 110 A1 po3poOKH KOPUCHUX PEKOMEHIAIIIN CITiJ TOCIiAUTH
MEXaHI3MH HECTAaIlilOHApPHOTO TEMJIONEPEHECeHHS TPH  IepPEeMillleHHS
IUTa3MOTPOHA HA HEPIBHOMIPHICTH TEMIIEPATypHOTO IOJII B MOKPHTTI 1
migkaaamni. Tomy po3poOka MoJeni TeMIIepaTypHOTo MOJIS B 3JIE)KHOCTI Bijl
IIBUKOCTI TIEPEMIIIIEHHS TIa3MOTPOHA 1 OIlIHKA TEMIIEPaTyPHOTO OIS, SIKE
BUHHKAE B IOKPUTTI € aKTYaJIBHOIO.
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IIpoec HaHECEHHs IJIA3MOBOTO  IOKPUTTS  CYIPOBOIKYETHCS
MepeMillleHHsIM TEIUIOBOTO IIOJIL B yXKe ChpopMOBaHOMY IMOKPHTTI 1 B Tiji
nigknanky. [Ipu HaHeceHHI MOKPUTTS Ha MOBEPXHI ITiAKIAIKU BiI0OyBaeThCs
nepeMilieHHsl 30HM HarpiBy. [l OLIHKM TEepMIYHMX HalpyXeHb Ta
MOXIJIMBOCTI PO3TPICKYBaHHS IUIa3MOBOTO IOKPHUTTS CJIiJI BHU3HAYUTH
TeMIepaTypy B 30HI OCaKEHHS MOKPUTTS, BPaXOBYIOUN HECTALlIOHAPHICTH
IpoIriecy HarpiBaHHS TOBepxHi. Po3B’sM3aHHA PIBHSAHHA HECTaIlliOHAPHOI
TEIUIOTIPOBITHOCTI B 30HI OCAHKEHHS MOKPHUTTSA NPH MOCTIHHIA TyCTHHI
TEIMJIOBOI'O NOTOKY Ma€ BUIIIAA [1]

%(5 0* (1)

Je ! — Temmeparypa CepelNOBHINA, ¢ - T'YCTHHa IOBEPXHEBOTO
TEIUIOBOTO TIOTOKY, A~ TEIUIOHPOBIAHICTh, O =+/6QT - rIubuHA 30HH
HarpiBy MeTaiy,

= AMpc — KOe]ilieHT TeMIepaTypOIPOBIAHOCTI, p - TYCTHHA, C —
TETUIOEMHICTD CEpPEJOBHINA, T- YaC HarpiBaHHI.

SIK TpaBWIO, TEIUIONPOBIAHICTE MOKPHUTTS 3HAYHO HIDKYa 32
TEIIONPOBIAHICTh MiAKIATKH. ToOMy PI3HUI TEMIIEpaTyp y MiIKIaaLi IpH
HAHECCHHI NEpIINX IIapiB MEHIIa, HDK y HOKpUTTi. ONHAK AJIsI KOPOTKHX
LWWTHIPUYHUX JIeTajleld, 30UIbIIEeHHS TOJIIWHHA MOKPHUTTS 3a BiJCYTHOCTI
BICEBOTO0  MEPEMIIICHHS  IUIA3MOTPOHA  CYIPOBOKYETHCS  OLIBII
IHTCHCUBHHM 3POCTAHHSIM TEMIIEPAaTypH IMIKIaAKA, HDK Uil JTOBTHX
neraineif. OCKUIBKY JIOIyCTHMAa TeMIIepaTypa MOKPUTTSI 00MeXeHa YMOBOIO
PO3TPIiCKyBaHHsI NPH TEPMIYHUX HAIPYKEHHSX, TO BUHHKA€E HEOOXiTHICTh
3HWD)KEHHS TPAI€HTY TEMIIEPATyp y MOKPHTTI.

Amnariz ¢popmymu (1) mokasye, o It 3HUKEHHS TeMIIepaTypH B 30H1
HarpiBy CJIiJ{ 3MEHIINTH Yac HarpiBaHHS MOBEPXHI, HAPHUKIA], 32 PaXyHOK
MIABHUINCHHS IIBUAKOCTI MepeMilleHHs Ia3MoTpoHa. [Ipu HamwieHHI Ha
MIOBEPXHIO OOEpTaHHS dYac HarpiBaHHA OKpPEMOi TOYKHM HOKPHTTS
BH3HAYHTHCS BIJHOIICHHSAM JiaMeTpa IUIIMH HarpiBy - D mo mBHAKOCTI
MepeMilIeHHs MIa3MOTPOHA BITHOCHO MiAKIaIKH - v abo t = D/v.

OOuncnuMo TMHOMHY 30HH HArpiBy 1 MOpPIBHEMO ii 3 TOBIIHUHOIO
mokpuTTa. bepyun 3HaueHHS K0oe(ili€HTIB I XPOMOHIKEIEBOTO IIOKPHUTTS
IMPHX15CP2 A=10 Bt/m'K , p=8-10° xr/m?, ¢ =420 Ix/xr'K, 3Haxoammo
koedilieHT TemnepaTyponposigHocTi o =310 M?*/c. [mubuHa 30HM HarpiBy
TIOKPHTTSI, Y 3aJIS)KHOCTI Bijl MIBUAKOCTI INIa3MOTPOHA, Ma€ BUTJIS/L

5 =~6aD/v =5l\/vl/v

(5.2)
Jie 81 - TONIIMHA Iapy HarpiBy NOKPHUTTS IPH MIBUAKOCTI IIA3MOTPOHA

V.
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Hanpuxnan, nmpu D=0,015m, v= 0,57 m/c dac HarpiBanHs T = D/v =
0,026 ¢, a § =0,68:10 M, 10 MOYKHA TIOPIiBHATH 3 TOBLIMHOIO MOKPHUTTA. 3
(hopMyIIH BUIHO, 10 TEMIIEpaTypa MOKPUTTS B 30HI HArpiBy 3HIKYETHCS TIPH
MiBHUINCHHI [IBUIKOCTI TIEPEMIIICHHS IIa3MOTPOHA.

[Ticns BuXOmy MOBEpPXHI 3 30HM HArpiBy IUIA3MOTPOHA IIOKPUTTS
OXOJIOJDKYETBCS 33 paxyHOK HMOIIMPEHHS TEMIlepaTypy B miakiaanui. Tomy
CIIiJT BpaXyBaTH 1 TEMIIEPATypy MiIKIAAKH — f2, IKa B yMOBaX €KCIICPUMCHTIB
migBHIyBajgaca A0 Temmepatypu 120°C mpum Oe3nepepBHOMY HaHECCHHI
JEKiTBbKOX MIapiB MOKPHUTTS 0€3 0CHOBOTO NEepEeMilleHHS TUIa3MOTPOHA

t=§\/6aD/v +1,,2pao

[Tpu po3paxyHKy TemneparypH IUISIMH HarpiBy OTpUMA€EMO:
1=2,6-10"g/~/v +120,2pao
Taxum YHWHOM, BINIMBOBHUM TeXHOJ’IOFi‘IHI/IM napaMeTpom € H.IBI/IZ[I(iCTL

IUIa3MOTPOHA BIJHOCHO MIAKIAAKH, SKa TPH3BOAWUTH OO 3MEHIICHHS
TEMIIEpaTypy ITOBEPXHI MOKPHUTTS.

Cnucox BUKOPUCTAHOI JliTepaTypu
1 .VYproxoB b.A. Teopust 3p0o3un 3JEKTPOAOB B HECTALIMOHAPHBIX
MSTHaX odnekrpudeckod ayru / B.A. VYprokos// DkcrepuMeHTaTbHOE
HcclieioBaHue wia3MoTponoB - Hosocubupck: Hayka,- 1977. -C. 371-383.
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PO 3APOJKEHHSA o-MAPTEHCHUTY B CTAJIAX I CIINTABAX
3AJIIBA

IIpobnema 3apomkeHHs HOBOI ¢asu mnpu  Oe3audysiitHOMY
MIEPETBOPEHHI B CTaJli BAJKJINBA K B TEOPETUYHOMY, TaK i B IPAKTHIHOMY
BigHOmeHHI. EMOpioHanmpHa Teopis 3apo/UKEHHS IIPH MapTEHCHTHOMY
neperBoperHi M. Koena 3 cmiBpoOiTHHKaMK mepenbadana iCHyBaHHS Yy
BUXIZTHOMY ayCTEHiTI MapTEHCUTHHX 3apOJIKIB PO3MipOM JEKUIbKA JECSTKIB
HaHoMeTpiB. [IpoTe ekcriepuMeHTaIbHOTO MiATBEP/UKEHHS 1ie He HalyJIo.
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[TizHime OyB po3poOiieHHI MeXaHi3M BHHUKHEHHS JMCIIOKAliHHOTO
MapTEHCUTHOTO 3apOJIKy Ha iCHYIOUMX B ayCTEHITI CTPYKTYPHHUX JedeKTax,
o MaroTh nigBumieHy eHeprito [1, 2]. TepMmoauHamiyHi pO3paxyHKH
MOKaszany, U010 KPUTUYHUH pajiyc Takoro 3apojKy, BHINE SKOTO
CIIOCTEPIraeThCsl HOTO JIABUHOMOJMIOHWN  pICT, CTAHOBHUTH JICKLUIbKa
HAaHOMETPIB IPH HA TOPSIOK MEHIIIIH TOBITHHI.

Crhix 3a3HaYWTH, MO CTPYKTypa MapTeHCHUTHOI (a3u B CTAIX i
CIUTaBax 3aii3a i KiHeTHKa MepeTBOPEHHS MAIOTh TIEBHI 0co0nuBoCTi. BoHN
3aJekaTh HE TINBKH BiJl XIMiYHOTO CKJIaJy ayCTEHITy, a i Big Horo Qi3uko-
MEXaHIYHNIX BIACTHBOCTEH.

B poGoti [3] mocmimkyBaBcs BIUIMB MIIIHOCTI ayCTEHITY Ta
MapTeHCUTY Ha Mopdoorito MapTeHcuTy. BusHaueHo Mopdonorito
MapTEHCHUTY Ta IHTEHCHBHICTh IUIMHY ayCTEHITY B Pi3HHX CIUIaBax 3aiisa,
BUOpDaHUX TaKUM YHHOM, 100 ayCTeHiTH Oynu mapaMarHiTHUMH,
(dbepomarHiTHUMY, 3MIIIHCHIMH 3aMIICHHSAM Ta 3MIIIHCHUMU
BIPOBapKeHHsAM. [lokazaHo, 110 ABOMa HAaWBaXKIMBIIIUMHM 3MIHHUMH IS
BU3HAYCHHS IUIOMMHKM raditycy (i, oTxke, Mopdouorii) MapTeHCUTy B
CIUIaBax € OMOPH PyXy AWCIOKAI B aycTeHiTi Ta depuri (MapTeHcHTi). Y
IIMPOKOMY Habopi CIDIaBiB, /e CIIOCTEPIraBCs MapTEHCHT i3 IUTOUIHMHOIO
rabitycy {259}y, iIHTCHCUBHICTb IUTHHY ayCTeHITY ipu Ms nepeBurmryBaa 30
000 ¢ynTiB Ha KkBampaTHUit q10iM (206 - 10s H/ve). TIpu HIOKYMX MIITHOCTAX
AyCTEHITY BUSBIBUINCA IDIOMIMHU TadiTycy {225}y abo {111}y 3amexHo Big
Oropy pyXy AMCIOKaLii y (epuri.

[Momo xopemsmii Mopdosorii 3 ¢epomaraerusmom, B [3] Oyio
3p0o0JIEHO NPUITYILEHHS, 10 BOHA BUHUKAE Yepe3 «iHBapHE 3MIILIHEHHS, SIKe
BiZIOYBa€eThCS B LIMX ayCTeHiTaXx Hmk4e Touku Kropi, 00 MilHI aycTeHiTH
MaloTh TEHJEHIII0 YTBOPIOBATH JIH30BHJHI MapTEeHCHTH 3 rabiTycom
{259}y.

Brnme iHBapHHX BIACTHBOCTEH (00’€MHOI CTPHIKINI) ayCTEeHITY B
CHUJIbHOMY MarHiTHOMY I10JIi Ha 3MIIICHHS! MAPTEHCUTHOI TOYKH PO3TIITHYTO
B [4]. Otpumano y3aransHeHe piBHAHHS Knaneipona-Kiraysiyca Bumy

M
AM, =—>Aee,,
q

ae 5 - Temmeparypa TNOYaTKy MapTEHCUTHOTO TEPETBOPEHHS, = -

epeKTUBHUNA MOIyNTb MpPY)KHOCTI Jpyroi ¢asm, & . nixiiiia wactuna

nedopmauii npu gunaranii ¢pas , 7 - crpukuiiina gegopmaliis aycreHiry B

Mal"HiTHOMy HOJ'[i, q - IUTOMA TCIIOTAa Y—>0 — IICPETBOPCHHS.
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Y3araibHEeHHsI pe3yJIbTaTiB eKCIEPHUMEHTAIBHHIX JO0CIIKEHb BIIUBY
CHJIBHUX IMITyJIbCHUX MarfiTHHX IOJIB Ha 3MIillIEHHS MapTEHCUTHOI TOYKH
JUISL pAIy CTajel i CIulaBiB Ha 3ali30-HiKeJeBi OCHOBI, BUKOHAHE B pOOOTI
[5], moka3zano 3Ha4yHI PO3OIKHOCTI MiX EKCIEPUMEHTOM 1 TEOpi€l0 NpH
HU3BbKHX MapTeHcUTHUX Toukax (0-240 K). OTpuMani pe3ynbTaTi CBiqUUIN
PO iCHyBaHHS MAarHiTHOTO ()a30BOTO yY—o—Tepexony mepiioro poxay. Llen
nepexin 00yMoBIeHHIT OOMIHHOIO B3a€EMOJI€I0 MAaTHITHUX MOMEHTIB aTOMiB
B AyCTEHITI 31 3MiHOIO KOOpAWHAIIHHOTO Yrcia 3 12 1o 8.

PosrmamaeTeess  3apoOKEHHA — O-MapTEHCHTY  Ha  MAarHiTHO-
CTPYKTYPHHX HEOJHOPITHOCTSX CTajliell 1 CIUIaBiB Ha 3ami30-HiKeleBil
OCHOBI [JllaMeTpOM ~ 2 HM, CKJIaJ SKHX BH3HAYAETHCS MAaKCHMAaJbHOIO
KOHKYpEHII€I0 )epoMarHiTHOI i aHTH(epoMarHiTHOI B3aemoii B rpajui. Lle
MOJKJIMBO, SIKIIIO KOXKEH aTOM 3aJli3a B MepIiii KoOpAuHAIliiHIN cdepi Mae 9
aromiB Fe i 3 Ni. A6o 8 aromiB Fe i 1 arom Cr a6o Mn i 3 atomu Ni.
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INTERCRITICAL AUSTEMPERING OF (Cr, Mo, V)-ALLOYED
TRIP-ASSISTED STEEL

TRIP-assisted C-Si-Mn steels are usually subjected to austempering
with a preliminary intercritical annealing that is targeted at the multi-phase
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structure having 40-60 vol.% of proeutectoid ferrite. The kinetics and the
mechanism of phase-structural transformations can be impacted due to the
additional alloying of TRIP-assisted steel by the strong carbide forming
elements, necessitating an alternative approach for the selection of intercritical
annealing parameters. This issue is analyzed in the present work, which
investigates the effect of the temperature of intercritical annealing on the
“Structure/Properties” correlations in 0.2 wt.% C-Si-Mn-Nb steel alloyed by
0.55 wt.% Cr, 0.20% Mo, and 0.11 wt.% V. The annealing temperature ranged
from 770 °C to 950 °C, and austempering was performed at 350 °C for 20 min.
It was observed that the addition of the (Cr, Mo, V) complex significantly
improved the steel hardenability. However, the annealing of steel at 770 °C (to
gain 50 vol.% of proeutectoid ferrite) resulted in the precipitation of coarse
cementite lamellas during bainite transformation, lowering the amount of
retained austenite (RA) and decreasing the strength and ductility of steel. At
higher annealing temperatures, carbide-free bainite was formed, which
presented a 2.5-3.5 times increase in the RA volume fraction and a 1.5 times
increase in the RA carbon content. The optimal combination of the mechanical
properties (UTS of 1040 MPa, TEL of 23%, V-notch impact toughness of 95
J/lem?, PSE of 23.9 GPa-%) referred to annealing at a temperature close to the
Acs point, resulting in a structure with 5 vol.% ferrite and 9 vol.% RA (the
residue was carbide-free bainite). This structure presented an extended
manifestation of the TRIP effect with an enhanced strain hardening rate due to
strain-induced martensite transformation. The impact of the alloying elements
on the carbon activity in austenite served as the basis for the analysis of
structure formation.
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JIOCJIKEHHS BILTUBY MOP®OJIOI'Ti YACTUHOK ThO: HA
PIBHOMIPHICTb CTPYKTYPHU BOJIb®PAMOBOI'O APOTY

BonbsdpamoBi crutaBu MaroTh YHIKQJIBHUNA KOMIUIEKC BIACTHBOCTEH
(30Kpema, BHCOKI MIIHICTE 1 MOXYJIb NPYXKHOCTI NTPH MiABHIICHUX
TeMIepaTypax), TOMY IIHPOKO 3aCTOCOBYIOTBCS B PI3HHX Traly3sx
MIPOMHUCIIOBOCTI (€EeKTPOTEXHIUHIH, BIHCHKOBIH, a6pOKOCMIUHIH).
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CyTTeBUM HeIONIKOM BOJBb(PAMOBHX CIUIABIB € BHCOKHH IIOPIT
XOJIOJTHOJIAMKOCTI B PEKPUCTATI30BAaHOMY CTaHi.

Bucoki MinHICTB 1 TEMIIEpaTypa moyaTky pekpuctaiizauii Tp" cruiaBiB
Boib(pamMa MOB’si3aHI 3 (OPMYBaHHAIM B HHX JAUCIIEPCHUX YaCTHHOK
Ba)XKOTONKHX (a3 BIPOBaKEHHS (HITPUAIB, KapOiniB, okuciiB). OqHiero 3
Takux 100aBok € nBookuc Topito (ThO»), sika mpu piBHOMIpHOMY pO3MOILITI
MiX YaCTHMHKaMH BOJIb(paMa MepelKkoKae 3pOCTaHHIO 3epHa, KPiM TOTO,
N00AaBKH JBOOKHCY TODPII0 BH3HAYAIOTh TAaKOXK XapakTep Mex 3epeH. B
YICTOMY METali BOHH TJIAAKI Ta Maibke IpsAMi, TOAI SK BKIIIOYCHHS TOPIIO
HaJalOTh 1M HEpiBHI KOHTYpH. B [poTi, SKWH BUTOTOBICHHH 3
Bosb(pamoBoro cruaBy i Mictuth ThO,, ocTaHHIH CTBOPIOE MeXaHIYHHN
omip 3pocTaHHIO 3epeH. ToMmy, NpW HarpiBaHHi Takoro JpPOTY BHIIE
TEeMIIepaTypu peKpHUcTallizalii po3Mmip 3epHa BITHOCHO AiaMeTpa JApOTy
3aJIMIIAETHCS] HEBETUKHM.

HesBakarouu Ha 1ie, B peaJlbHUX YMOBaX BUPOOHUITBa BUHHKAIOThH
TPYAHOIII TpU TPOBENCHHI TEXHOJOTIYHMX oOlepaniii 3 JapotoM 3
BOJIb()PAMOBHUX CIUIABIB, SIKI IMOB’S3aHI 3 HASBHICTIO KPUXKHX [UISHOK,
MIPUCYTHICTh SKHX, B CBOIO 4epry, oOyMOBJEHO iX pPEKPHCTaTi30BaHOIO
cTpykryporo. lle, iMOBipHO, MOXXe OYTH BHKIMKAaHO HEOJHOPITHUM
PO3MOAIIOM YacTHHOK 3MirHIOI0901 ¢a3u (ThO,) Takum YuHOM, IO TpU
BiZIlai AUTAHKY JPOTY 3 BITHOCHO BEMKAMH HEMETAJIICBIMH BKIIIOUEHHIMHI
MAaroTh PEKPHUCTATI30BaHy CTPYKTYPY, & AUISHKH 3 IpiOHUMU BKIIIOUCHHIMHI
3aJIMIIAIOTECS B HaraproBaHoMy craHi. Ll oOctaBuHa He [103BOJISIE
MIPOBOJUTH BIiJMMan APOTY MO BCi HOro MOBXHHI MPH OJAHINA MOCTIHHIN
TeMmepaTypi.

3 MEeTol OTpUMaHHs JAPOTY, TeMIeparypa peKpHCTaii3aiii SKOro
Oyna O OJHAKOBOIO MO BCiM MOBXHWHI, Ha HAIll MOTJIS JOIITBHO BUSBUTH
MIPUYMHH YTBOPEHHS PEKPUCTAII30BaHOT CTPYKTYPH Ha OKPEMHUX 11 AiIsTHKAX
[UITXOM JIOCIIPKEHHS BIUTUBY PI3HUX TEXHOJOTIYHUX (DaKTOpiB HA HaHWI
TIpo1iec.

Jns  BupilIeHHS IIhOTO 3aBIAHHS JOCIHIIKYBald MOPQOIOTIo
yactuHOK ThO; npoTy 3 Bosb(ppaMoBHX cIuiaBiB. BUkoprcTOBYBany 3pasku
JPOTiB, SIKI BUTOTOBJIEHI METOJOM IIOPOIIKOBOI MeETalyprii XiMiuHOTO
CKJIay 3rigHo Tadmui 1.

Tabmui 1 - XiMiuHHH CKJIaJ1 CIUIaBiB

Mapka | MacoBa 4acTka eneMeHTiB, %

CIUABY | Fe)03 | ALOs | SiO, | CaO | Mo Ni ThO;
BT7 0,0014 | 0,0019 | 0,002 | 0,002 | 0,003 | - 0,7
BT10 | 0,0016 | 0,0017 | 0,001 | 0,001 | 0,006 | 0,0015 | 1,1
BT15 0,0011 | 0,0015 | 0,003 | 0,002 | 0,005 | 0,001 | 1,75
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MIiKpOCTPYKTYpY 3pa3KiB JOCITIPKYBaIX 32 JOMOMOIOI0 ONTHYHOTO
Mikpockony MIM-8.

3 MeTolo 3’siCyBaHHS NPUYUH HEPIBHOMIPHOI peKpucTamizaiii 1o
JOBXXHHI APOTY JOCIIKYBaJId PIBHOMIPHICTE po3noiry yactuHok ThO, B
JaHuX cruiaBax. [y OpOro Mo JOBXKHHI JPOTY BigOMpayid 3paskd Ta
roTyBanu Mikponuripu. Pe3ynpraTé mux TOCTIIKCHb MPEACTaBICHI Ha

PHCYHKY.

BT7 BT10 BTI5

Pucynok — Po3moiizn 4aCTHHOK TBOOKHUCY TOPII0 Y BOJIb(PPaMOBOMY
apori (x1000)

I3 HaBezieHOTO PUCYHKA BHJHO, IO B OCHOBHOMY CIIOCTEPIralOThCs
MTOPIBHAHO IUCTIEPCHI PIBHOMIPHO PO3MOALICHI BKIFOUeHHS 9acTHHOK ThO,.
OpHaK B OKpEMHUX MICIISIX 3yCTpidaroThes Outpmi yactuHKH ThO», mo Toro x
PO3TAIIOBaHI PSAKAMH.

Ha wHam mormsi JOpeYyHO NPHIYCTHTH, IO TeMIeparypa
peKpHcTamizaii TaKuX AUITHOK Oyle HIKYe TOPIBHSHO 13 3HAYCHHIMU
[bOr0 IapameTpa B AUITHKAX 3 AUCIEPCHHUMH PIBHOMIPHO PO3MOIIICHUMHI
BkiroueHHsMu ThO,. A e, B cBOw 4epry, NmpuBejie 1O HEPIBHOMIPHOCTI
MIPOXO/PKEHHS Mpoliecca pekpucTaiizauii. [IpyuoMy 3 MiBUIEHHSIM BMICTY
JIBOOKHCY TOPIIO TaHUHM e(EeKT MiJICHUITIOETCS.

TakuM 4YMHOM pIBHOMIpHICTH po3monaiuny BkitoueHb ThO; Moxe
BIUIMBATH Ha PIBHOMIPHICTb CTPYKTYpH, & BIAMOBIJAHO 1 BIaCTUBOCTEH, sIKi
OTPUMYIOThCS B IIPOLIEC] TEXHOJIOTIYHOro Bignany. ToMy OyJio 3aIuiaHOBaHO
NIPOBEJICHHS JOCHIKEHHS 13 3’sCyBaHHAM BIUIMBY pI3HHX CIIOCO0IB
BBE/ICHHS BKa3aHMX YaCTWHOK Ha PiBHOMIpHICTh po3noairy yactuHok ThO»
B IOAI0HUX CIIJIaBax.

55



YK 669.017.16

Isanyenko €.10.1

Biniuenxo B.C.?

lacmipantka kadenpu ®M HY «3anopizbka nomirexnika»
2kan 1. TEXH.HayK., joueHT HY «3anopisbka nomirexHika»

JOCJIKEHHA BIUIUBY CTYINEHA JIE®@OPMAIIIL HA
MIIOHICTBh BOJIb®PAMOBOI'O JPOTY

JucriepcHO3MIIHEHI BOJIB(PPaMOBI CIUTABH 3aCTOCOBYIOTBCS SIK IS
BUTOTOBJICHHSI ~OKpPEeMHX JeTajJeil Tak 1 apMyBalbHUX BOJIOKOH
KOMIO3HUIIIHHAX MaTepialliB 3aBIAKU iX BUCOKIHA MIITHOCTI P i ABUIICHUX
temneparypax. OmHak B OUTHIIOCTI BHIAmKiB BHOIp CIUIaBY Ha OCHOBI
BOJIb()paMy BU3HAYAETHCSA HE CTUIBKH HAWOUIBIIIMM PIBHEM >KapOMIIHOCTI,
CKIUJIbKH TEXHOJIOTIUHICTIO MaTepiasia, TOOTO CIIKAEMICTIO, 1e(OPMIBHICTIO,
cripai3y€eMicTIo, MOXKIIUBICTIO TEpPMOMEXaHIYHOT 00pOoOKH.

[Tpu npoBeneHHI TEXHOJOTIYHUX OMepaliil y BOJLGPaMOBOMY IpOTi
MOXE CIIOCTEpIraTCh HEPIBHOMIPHICTh BJIACTMBOCTEH MO JOBXKHHI, IO,
HWMOBIpHO, MOB’sI3aHE 3 HEPIBHOMIPHICTIO CTPYKTYPH.

Jns BUpimIEHHS WBOr0 TNHUTAaHHA JOCHIKYBaIM BIUIUB CTYHCHS
nedopmarii Ha MIiIHICTB APOTY 3 BONb()PAMOBUX CIUIaBiB. BukopucToByBan
3pa3Kd JAPOTY, SKUH BHUTOTOBJIEHHH METOJOM IOPOLIKOBOI MeTalyprii
XIMIYHOTO CKJIafy 3rimHo Tabmwmi 1.

Tabuuus 1 - XiMiu"uil ckiaj criaBiB

Mapka MacoBa 4acTka eleMeHTiB, %

CIUIABY | Fer03 | ALO3; | Si0, | CaO | Mo Ni ThO,
BT15 0,0011 | 0,0015 | 0,003 | 0,002 | 0,005 | 0,001 | 1,75

B skocti 3pa3kiB BHKOPHUCTOBYBaJIM Biapi3ku japoty. CrTymiHb
nedopMmariii  30UIBIIyBAM  [UIIXOM  BOJOYiHHSA.  BumpoOyBaHHs
KOPOTKOYAacHOi MII[HOCTI TNPOBOJMIM 3a CTaHJAPTHOIO METOJMKOI0 Ha
po3puBHiii Mmamuai FM-250.

PesynbraTi 10cii)keHb HABEAECHO HA PHUCYHKY, 3 SIKOTO BUXOHTB, 110 3
MiABUICHHSAM CTYICHIO 3arajieHOi Jedopmarii MIIHICTB JAPOTYy, 5K 1
OUiKyBaJi, IBUILY€EThCS, 10 OOYMOBJIEHO CTPYKTYPHHUMH 3MiHaMH, SIKi
BinOyBatoThCsl Npu AedopMaliii, Ui JaHOTO CILIaBY, HIDKYE TeMIlepaTypu
pexpucranizarii. Bigman npu 1200 °C npotarom 100 rogus apoTiB 3i ciutaBa
BT15 npu3BoauTh 10 3HWKEHHS MIITHOCTI.
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PucyHnok — BB ctynens neopManiiHOro 3MilHeHHs Ha MIiI[HICTb JPOTY
3i craBa BT15 mpu 1100°C (o- B nepopMoBaHOMY CTaHi; ®- Micis BiAmay
npu 1200 °C npotarom 100 roxun)

[IpoTe BaXIMBO BIAMITHUTH, IO, TEMIT 3HM)KCHHS MIIHOCTI 3pOCTaE 3
MIZBUICHHSIM 3arajlbHOr0 CTymneHs aedopmariito. Ile o3navae, mo 3
MABUINCHHSAM CTYIEHIO0 nedopMallii Ha OKpEeMHX IUITHKAaX IPOTY MOXKe
BiOyBaTHCH OLITBII CYTTEBE 3HIKECHHS MIITHOCTI, HIXK Ha IJSTHKAX 3 MCHIIIAM
cTymeHeM Jnedopmamii MpH TEXHOJOTIYHMX HarpiBaHHAX, IIo Oyxe
T ACHITIOBATH HEOTHOPIAHICTH MIITHOCTI 110 JOBXKHHI IPOTY THM OLTbINE, YAM
MEHIIUH HOTo JiamMeTp, TOOTO BHIIHHA CTYIIHb Je(opMallii.

Takox MOTPiOHO BpaXOBYBATH, IO ABOOKHC TOPisl, IO MICTUTHCS B
JIAHOMY CIUIaBi, € HEMETAIICBHUM BKJIIOYEHHSM Ta Ma€ MOJYJb IMPYXKHOCTI
3HAYHO HIKYUA MOJYJsl TPYXKHOCTI BoJb(pama, i CKYHMUEHHS BEJIMKHX
yactTuHOK ThO; MOXyTh H0JaTKOBO 3HM)KYBAaTH MIIHICTh THX JUISHOK
JPOTY, Jie BOHU PO3TaIlIOBaHi.

TakuM 4YMHOM HEPIBHOMIPHICTh PO3NOALTY YacTHHOK (hasu, IMI0
3MII[HIOE TIO JIOBXKHHI JPOTY MOXKE MPU3BOJUTH JO OTPUMAaHHSI
HEpPiBHOMIPHOI CTPYKTYpH B IIpolieci aedopMartii i pekpucTaizamii OKpeMux
IUITHOK JPOTY.

Jns Ko>kHOT OKpemoi maprTii JpoTy Ba)KKO TapaHTyBaTH aOCOIIOTHO
PIBHOMIpHHH PO3MOAIT YaCTUHOK (ha3u, 110 3MILHIOE, & TaKOX, JOMIIIOK.
Tomy 1utaHyeThCst aHasli3 METO/IiB HEPYHHIBHOT'O KOHTPOJIIO CTPYKTYPH JUIS
BUSIBJICHHSI JUISSHOK APOTY 3 PEKPUCTANi30BAHOIO CTPYKTYPOIO 3 METOI0
BHJIQJICHHS iX 3 TOTOBOI IPOAYKIIii.
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MOJUPIKYBAHHS P3M TA JI3M BUCOKOJIETOBAHUX
CILTABIB JUISI IETAJIEd TTPHAYO-3BATAYYBAJIBHOTO
OBJATHAHHA

Jns geraneif ripHud0-30aradyBalbHOTO 00JIa{HAHHS, TPALIOI0YHX
B yMOBax a0Opa3uBHOrO Jii MpH BHCOKOTEMIIEPATypHOMY 3HOLIYBaHHI (10
1100°C), HeoOXiZHO BHKOPHCTaHHS BHCOKOJErOBaHMX CIUIABiB, Jie
JOJaTKOBUM (HaKTOPOM TX HAAIHHOCTI 1 JOBTOBIYHOCTI € ONTHUMATbHHIA
piBeHb MOH(DiKyBaHHS Ta MOP(}OJIOTisl CTPYKTYPHHUX CKJIaJOBUX MeTaja.

JocnikyBany BHCOKOJIETOBaHI (epuTO-KapOiHI CIUIaBH Mapok
100X27C2J1 u 100X27H3C2J], ne BMBYAIM BIUIMB 3POCTAOYHMX J100aBOK
AIOMIHIs, TUTaHy, pigko3emenbHHX MetaniB (P3M) Ta iryxHO3EMETbHHUX
metaniB (JI3M) Ha tBepaicts (HB) mMerana, BiTHOCHY 3HOCOCTIHMKICTE (€) Ta
Kopo3iiHocTiHKicTb (hyy). BU3HaueHy 3amady BUpinIyBamu 3 0OMEXEHHIMHU
Buzpa: 0%<Al<0,25%, 0%=<Ti<0,5%, 0%<P3M=<0,25%, 0%=<JI3M=<0,25%.
BuxopucroByBamm cuninuan P3M (Jmiratypa KpeMHil — JaHTaH — HEOIUM)
Ta cutinuau JI3M ( niratypa KpemHiii — 6apiii — CTpoHLii).

Hdns sakicHoro  ¢da3zoBoro  aHamizy  BHKOPHCTOBYBAJH
PEHTITCHOCTPYKTYPHUI aHaii3. 3pa3Ku JOCIIKYBaIHCh HA TiPpakToMeTpi
JAPOH-3M B ¢inpTpoBaHOM KOOAIHTOBOM BHIPOMIHIOBAHHI IPH PeXUMax
3HiManHg U=26 kV, I=15 mA. CkanyBaHHSs IPOBOIMIN 3 HIBHIKICTIO |
rpan./xe. B Mexax BunpomintoBanns 4-10* imn/c 3 mocriiinoro yacy 2,5 c.
[lo pesymbraTaM 3HIMAaHHS MPOBOMWIN SIKICHWH (a30BHHA aHami3, 3a
JIOTIOMOTOI0 STKOTO imeHTH(iKYBanmm (a3 aycreHiTa, (epura, KapOimHUX,
HEMETaJlIYHHUX BKIIIOUYEHb Ta IHTEPMETANIJHAX CKIIAJT0BHX.

3 BHKOpHCTaHHSIM pEHTreHo-rpadiuHoro mpucrtpoto Jeol 5
JOCIKYBaJI MOPQOIIOTito KapOifiB Ta MDK3EpPEHHI 30HH CTPYKTYPHHX
CKIaJOBUX  KapOix-¢epur,  iHTepmerania-¢epur.  Mertanorpadiuni
JOCIIJKEHHS TPOBOIMIIN 3 BUKOPHUCTAHHAM ONTHYHHUX MiKpockonoB MIM-
8M ta MBI-6 Ha 3pa3zkax MeTairy 0 i micist Bucokoremmeparypaux (1100°C)
BHIIPOOYBaHb.

Pesymprati  nOCHIMKEHB  JO3BONIMIIM  BHBYUTH  IIPOLIECH
KoastecrieHnii i cdepoimizamii kap6ini. Koanecueniss kapOiTHHX YacTOK
TIOYMHAETHCS PA30M 3 iX cdepoifizaliero , ajge MPOJOBKYEThCA 1 Tichs ii
3aBeplUICHHS. AKTUBHY Y4acTb IIPH bOMY IPHHMAIOTh IIOBEPXHEBO aKTHUBHI
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Metamu ( P3M, JI3M). OnHak 3 OUIBIIOK IIBHIKICTIO BOHA WAE TUIBKU
NP BHCOKHX TeMIlepaTypax, Koju AnuQy3iiHa pyXoMiCTh BYTJIELO CTa€
6inpmioro. JJudysis Byriemro Bijg MIIKMX A0 KPYHHHX YacTOK KapOiliB
CTBOPIOE YMOBH HepPECUILICHHS €JIEMEHTOM aycTeHiTa B
HaBKOJIOKapOiTHUX 30HaX. B pe3ynbraTi  CHOCTEPEXKYETHCS IOCTYIIOBE
TabMyBaHHS PO3UMHECHHS MIUTKAX YacTOK KapOimiB i pOCT BEIHKHX.

MixzepeHni 30HH KapOim-¢epur Ta  iHTepMeTalia—(pepuT
SBISIFOTh  COOOI0 HHU3KOJETOBAaHMH MO XpOMYy  METall, SKHH  MOXe
IHTEHCUBHO  OKHCIISTHCS iz Ti€ro Temneparypu. HasBHICT
MonuQiKyrounx A00aBOK pa3oM 3 KPEMHIEM B HAaBKOJOKapOiZHX 30HaX,
3HIKYIOTh IIBUIKICTH MPOTIKaHHS KOPO3IMHUX MPOIIECIB.

AwHaii3 pe3yJbTaTiB MPOBEJEHOTO JOCHI/DKCHHS II0Ka3aB M0
HaWOUTBII e()eKTUBHUM € KOMIUIEKCHEe MoaudikyBaHHs amoMinieM ( 0,015
—0,024) 3 TuTaHOM (0,1 —0,35%) ta JI3M (0,06 — 0,15%). IIpu yomy
TUTaH YTBOPIOE HAJTBEP/i TYrOIUIaBKi KapOiHi, KapOOHITPIiAHI YaCTKH, SIKi
CHpUSIIOTE  (POPMYBAHHIO  MIIKO3EPEHHOI  CTPYKTYpH  IiJBHIIEHHOT
3HOCOCTIMKOCTI.

ITpoBenena poGoTa MO3BONIMIIA ONTHMI3YBaTH CKJIAaJH BHBYAEMHX
(depuTo-KapOiTHUX CIUIABIB IIISIXOM MOIM(IKYBaHHS aJIOMIiHIEM, THTAHOM
ta JI3M. ocmimkyBaHi OKa3HUKA NpH IboMy TixBumieHi Ha 30 — 50%.
[Monanpnie BUKOPHCTaHHS PO3POOJECHUX CIUIABIB JIO3BOJIUTH JOAATKOBO
€KOHOMHTH Je(IIUTHI JIETYIOYl eJNIEMEHTH MUITXOM 3HIDKEHHS 1X
KOHIICHTpAIIlil Y CKJIa/i METaly Ta JOCSITHYTH 0a)XaHOTO PiBHS HAaIIHHOCTI Ta
JIOBTOBIYHOCTI JIeTajIeH TipHHYO-METaTypriiHOrO 00JIa{HAHHS.

V]IK 658.2: 666.7

Axpurosa T.O.!

Kanyctsan O.€.2

acmipant HY «3anopisbka HOmiTEXHiKay»

2 kaHJl. TEXH. HayK, foneHT HY «3anopisbka momrexuika»

CYYACHUI CTAH BUTOTOBJIEHHS I CIIO)KUBAHHS
BOT'HETPUBKHUX BUPOBIB B YKPATHI

BorueTprBKa IpOMHCIIOBICTh € OCHOBHOIO MaTepialbHOI0 0a3010 IS
TipHAYO0-BHO0YBHOTO 1 METaNyprilfHOTO KOMIUIEKCiB, IO Ma€ 3HAYHHUN
BIUINB HAa CTaH PO3BHUTKY Ta TEMIIH 3pOCTAHHS €KOHOMIKH Y KpaiHH.

OCHOBHIMH CITO’)KMBadYaMH MPOIYKIIii BOTHETPHBKOI MPOMHUCIIOBOCTI
€ Ti Taiy3i, B IKUX TEXHOJIOTIYHI IPOLIECH 3/IHCHIOIOTHCS B YMOBAaX BHCOKHX
TEMIIepaTyp, 30KpeMa, YopHa Ta KOJIbOpoBa MeTaiyprisi — 10 86 % Bcboro
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o0csry BUPOOHMIITBA BOTHETPUBKUX BUPOOIB B VYxpaiHi;
MalIMHOOY/yBaHHs, pakeToOyqyBaHHS, XiMiuHa, IEMEHTHa, CKJISIHA,
KepaMiuHa, aTOMHa rajty3i IpOMHUCIOBOCTI — He Ounbine 1...3 % koxHa.

BorHerpuBki Marepiaiu Ta BUPOOM IIMPOKO BHKOPHUCTOBYIOTHCS B
SIKOCTI OOJIMIIIOBAHHS JUIS 3aXUCTy AeTajeidl 00JjiaJHaHHsS BiJ TEpMIiYHOTO,
MEXaHIYHOTO Ta XiMIYHOTO pyHHYBaHHS, a caMe IS GyTepyBaHH IIedeH, o
KOHBEPTYIOTh i padiHyIOTh Ta IIAaBIWIFHUX, EMHOCTEH I HAKOTIMICHHS Ta
TPAaHCIIOPTYBAHHS PIAKOTO METaly, Ul CTAJIEeBHUX KOBIIIB Ta KHCHEBHX
medeif, medeil ams oOIrpiBy 3aroToBOK, T.II. SKICTh Ta eKCIDIyaTamiiHi
XapaKTEpPUCTUKH BOTHETPUBKUX BHPOOIB, II0 BUKOPHCTOBYIOTBCS B
MIPOMUCIIOBOCTI, BIUIMBAlOTh HAa TIpale3laTHICTh Ta MPOTYKTHBHICTh
oOnajHaHHs, Ha SKICTh Ta cOOIBapTICTh TOTOBOI MNpoXyKuii. 30Kpema,
BUKOPHCTaHHS BOTHETPUBKHMX MarTepiajliB y TEXHOJIOTIYHMX arperarax
METaIypridHoi MPOMHUCIIOBOCTI, SKi NPALIOIOTh y KOHTAKTI 3 BHCOKOIO
TEMIIEPaTypOro, IPU3BOAUTH O BIUIMBY CTIHIKOCTI BOTHETPUBIB Ha SIKICTh Ta
cO0IBapTICTh CTaNEeBOI MPOMYKIii. A OTKE OCHOBHOI BHMOIOK 0O
(OpMOBaHUX BOTHETPUBKUX BHPOOIB € SKICTh Ta eKCIUlyaTraliiHa
HaIIHHICTB.

B VkpaiHi BUTOTOBISIOTBECS MNPAaKTHIHO BCi BHAM (HOPMOBAHUX
BOTHETPUBKHX BHPOOIB, a caMe alFOMOCHIIIKATHOI (IIaMOTHOI), TNHACOBOI,
MarHesiaigpHOI TpyIm. KinouoBuMu BUpOOHUKaMH BOTHETPUBKOI IPOIYKIIii B
Vxpaini €: [IpAT «Benukoananonbcbkuii BorHeTpuBkuii komOiHaTy, [TAT
«UepBoHOApMIiiCHKHI JIMHACOBUH 3aBOJY, AT «YaciBospcbKuii
BorHerpuBkuii komOinaT», [TAT «KinnpaTiBcbkuii BOTHETPHUBKUIT 3aBOY,
[MpAT 3anopixsornerpus (puc. 1). Cxig 3a3HayWTH, IO J@HI BiJHOCHO
MPOLIEHTHOTO BUPOOHUIITBA BOTHETPUBKHUX BUPOOIB 3a3HA4€HI CTAaHOM JIO
BBE/ICHHS BIMCHKOBOTO CTaHy B YKpaiHi. BinbmiicTe i3 BHIE3a3HAYEHHX
MIPUEMCTB  3HAXOIAThCsl Ha TepuTopii JloHeupkoi oOnacti, TOMY
HaBaHTAKCHHS HA IHII ITJIPHEMCTBA 110 BUTOTOBJIEHHIO BOTHETPHBKOI
MIPOAYKINT Hapasi ImiIBUIIHIOCE.

Marnezianeni
22% i 5%

25%

Aunmacosi
KpacHoapmilicormit 43 100 %

14%

Pucynox 1 — Kitto4oBi BUpOOHHKH BOTHETPUBKHX BUPOOIB B YKpaiHi
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KoHKypeHTOCIIPOMOKHICTh Ta HAAIHHICTH HiANPUEMCTB Oarato B
YOMY 3aJI€KUTh BiJl NPOJYKTHBHOCTI HPOMHCIOBOIO OOJIQJHAHHS, SKE
BUKOPHCTOBYETHCS, B TOMY YHCIIi BiJl TEXHOJIOTIYHUX NEPEPB HA IUIAHOBUIA
abo aBapiitHuii pemonT. Haibinbumioro Mipolo 1e OOyMOBIICHO 3HOCOM
00JaIHaHHS, TIePio]] pOOOTH SIKOTO 3aJICXKHTh BiJl pECYpCy BCIX JeTalei, 1o
BXOIITh B HBOro. [lerami, siKi MiANAlOThCS IHTEHCUBHOMY 3HOCY, MAalOTh
KOPOTKHH Tepiof eKcIDIyaTamii, M0 CHIBRHO 3HWXKYE 3aralbHUN pecypc
BUKOpUCTaHHA oOmamHaHHA. Jl0 TakuxX MIBHIKO3HOIIYBAaHUX JAeTanei
BITHOCAThCA OONMIIOBaNbHI IUIACTHHM TPECOBOTO OCHAINEHHSA IS
BHTOTOBJICHHS (DOPMOBAHMX BOTHETPHUBKHX BUPOOiB. 30UTBIICHHS TEPMiHy
eKCIUTyaTallii JeTajseidl NPEecOBOTO0 OCHAIICHHS JO3BOJIUTh CKOPOTUTH
KIJIBKICTh TEXHOJIOTIYHUX TepepB, a OTXKe MiABHUIINTH PEHTAOENBHICTh Ta
HAAIWHICTh MiJIPHUEMCTBA 110 BUTOTOBJICHHIO BOTHETPHUBKUX BHUPOOIB, IO
Hapasi € akTyaJbHUM B Y KpaiHi.

MeTow HaCTYIHHX [OCHI/DKEHb € MiABHIIEHHS CTPOKY CIyXKOH
LIBHUKO3HOIIYBAHUX JIeTalell MpecoBOi OCHACTKH 32 PaxyHOK ITiJIBULIEHHS
iX TEXHOJIOTIYHHMX Ta EKCIUTyaTallifHUX BJIACTHBOCTEU. JIJs1 MOCSATHEHHS
MTOCTaBJICHOI METH HEOOXiTHO BUPIIIATH HACTYIIHI 3a[adi: IPOBECTH aHAJI3
MIPUYHH HEJOCTaTHBOI eKCIUTyaTaIiifHOT HaJifHOCTI IPECcCOBOTO OCHAIIICHHS;
BU3HAYHTH TEXHOJNOTIYHI Ta MEXaHIYHI METOAW MIiJBHIICHHSA TEPMiHY
eKCIUTyaTallii OOJHIFOBaIbHUX IUIACTHH, BUTOTOBUTH EKCIIEPUMEHTAJbHI
3pa3Ky; PO3POOUTH TEXHOJOTIUYHHHA MpOIeC 3MIIHEHHS Ta BiJHOBJICHHS
OOJUIIOBAJIBHUX TIACTHH; TIPOBECTHU arpoOallito pe3ybTaTiB JOCHTIIKEHHSI.

YK 669.295

Binonuk JI.I.!

Osunnnukos O.B.?

Binonuk 1.M.?

Kanyctsan O.€.3

Ocinos M.IO.3

acmipant HY «3anopisbka HOmiTEXHiKa»

2 1-p TexH. Hayk, 3aB. ka@. HY «3anopisbka noyirexsika»
3 kaHj1. TexH. HayK, joueHT HY «3anopisbka mositexHika»

BIIVIMB T'APAYOI'O KYBAHHSI HA MEXAHIYHI
BJIACTUBOCTI TUTAHY EJEKTPOIIJIAKOBOI'O
HNEPEIIVIABY

BnactuBOCTI TapsUEeKOBAaHOTO THUTAaHY CYTTEBO 3aleXaThb BiX
TEXHOJIOTii OTPUMaHHS BXiIHOTO 3JIMBKA, BIICYTHOCTI B HBOMY IE(EKTiB,
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BMICTy JOMIIIOK Ta iHme. KamepHuil enekTponuiakoBuii nepersiaB THTaHy
JIO3BOJISIE OTPUMYBAaTH BHCOKOSIKICHI 37MHBKH [1], siki moOpe mimxmaroTbes
rapsuiii  gedopmarnii. Ane OLIBII EKOHOMIYHMM € €JEeKTPOILIaKOBHN
NeperIaB TUTaHy y BIIKPUTOMY KpUCTaNIi3aTopi.

Tomy B pnaHiii poOOTI MOCTaBWIIM HACTYIHI 3ajayi: OTPUMATH Y
BIIKPUTOMY KPHCTAi3aTOPi eNEKTPONUIAKOBHI 3TMBOK TUTAHY, HOCHITHTH
HOTO0 SIKICTh, IPUHIUIIOBY MOXIIUBICTh TapsTd0T0 KyBaHHS, BU3HAYUTH BIUIUB
rapsvI0oro KyBaHHS Ha MEXaHIUHI BIIaCTHBOCTI.

3muBoK THUTaHy ¢ 85 MM BHIUIABWIIM 32 TEXHOJIOTIEIO, NETAIHHO
OMHCAHOI0 B poOOTi [2], Ta MPOKOHTPOIIOBAIN YIBTPA3ByKOBHM METOIOM
(¥Y3) (TOB 3TMK). BayTpimHiX meeKTiB He BHUSIBICHO, IO TaK CaMo
MIATBEPAWIN JIOCHIDKEHHS MaKpOCTPYKTYpH, sKa Oyjia IIijIbHOI0 1
OJIHOPIZTHOK 3 KYTOM HaXWiy CTOBOYacTUX KpucrtamiB 42-47°. Po3mip
JIUTOTrO 3¢pHa ckiaB 1,8-2,5 mm. Ximiunuii cxiaf 3nuBka (C = 0,031%; Fe =
0,05%; Si=0,07%; O2=0,31%; N> =0,061%; H> = 0,0015%) npaktuuHO He
BIZIPI3HAEThCS B XIMIYHOTO CKJIaJy CTaHAAPTHHX MapOK HEJErOBaHOTO
TUTaHy 32 BUHATKOM IIiIBUILIEHOTO BMICTY KUCHIO Ta a30Ty. [lyist rapsiaoro
KyBaHHS 31 3IMBKY BUTOTOBHIIIN 3pa3KH JiaMeTpoM 82 MM i BUCOTOrO 50 MM.
Hedopmariro mpoBoaunu B A1 « YkpH/dlcnenicranby 3a TEXHOIOTIEI0 TAKOO
XK, K 1 19 ctanmaptHux 3nuBKiB tutany BT1-0. Koegimiert gedopmarii
KJI = 40 %. MexaHiuHi BIaCTHBOCTI JIATOTO 1 TapI4eKOBAHOTO THTAHY IiCIIS
Bignmany (650° C) BH3HA4YamM 3 BHKOPHCTAaHHAM KOMITIOTEPHOI CHCTEMH
INSTRON-8862.

BcraHoBi€HO: 1s1 TUTOTO €NEKTPOIIAKOBOTO TUTaHy 05 = 750 MITa,
a 60,2, = 710 MIla, 1110 3Ha4HO BHIIE AHAIOTIYHUX XaPAKTEPUCTUK TEXHIYHOTO
tutany BT1-JI (o5 > 343 MlIla; 6o > 297 MIla; 6 = 10 %; v = 19 %), ane
mpu IbOMY IUTACTHYHICTE 0 = 8,5 %; v = 12,5 % nexinbka HIKYE.
[MopiBHsBIIM ~ MeXaHIYyHI  BJIACTHBOCTI  JIOCHIJHOTO  THTaHy 3
xapaktepuctukaMu d-croiaBiB TJI-3 Ta BTS5JI BcTtaHOBMIHM, IO IX pi3HHIA
HEe3HaYHa.

B mpomeci rapsoro KyBaHHsS JOCTITHOTO THTaHy HE BHMHHKAJIH
TEXHOJIOTIYHI TpynHomy. Bum mokxoBkm 35%35%200 MM HaBeoeHO Ha
pUCyHKY 1, T KOHTPOJIP 30BHINIHIM OMNIAAOM Ta Y3 ne(eKTiB He BHSBHB.
MexaHiuHi BIacTHBOCTI HacTymHi: 65 = 690 MIla i 6o2 = 587 MIla; 6 =
20,5%; v =46,0%. 3rigno 3 [3], m1st 61IBIIOCTI MAPOK HEJIETOBAHOTO TUTAHY
MEXaHiuHi BJIACTUBOCTI 3HaXOIAThCA B Mekax o = 345...740 MIla i 6o =
275...480 Mlla; 6 = 8...20 %; v = 15...40 %.
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Puc. 1. 3oBHimHI# Bux THTaHOBOTO HamiBdadpukary (KJ = 40 %)

TaxkuMm 9YMHOM: HE3Ba)XKAIOUM Ha IIJBHIICHUH 3MICT KHCHIO Ta a30Ty
SJIEKTPOILJIAKOBHH TUTAaH Io0pe miamaeThes rapsdaoMy kyBaaHio 3 K/ = 40
%, M0 3HAYHO MIJBHINYE HOTO IUIACTUYHICTH Ta 3abe3ledye MeXaHidHi
BJIACTHUBOCTI HE HIDKYE 3aTpeOyBaHUX CTAHIAPTIB.

[Nepenix nocunans:

1. IIporoxoBunos W.B., Hazapuyxk A.T., Ilerpor JI.A.,
IMopoxonbko B.B. TexHoIOrMYecKHe W METALIYyPTrHYECKHUE OCOOCHHOCTH
BBIIUTABKU CJIMTKOB TUTAHOBBIX CIUIABOB B AJIEKTPOLUIAKOBBIX IIe4ax
kamepHoro tumna. CoBpeMeHHas snnekrpomeramtyprus. 2016. 2. C. 45-50.

2. Binonuk /I.I., OBunauukos O.B., Binonuk .M., Kanyctsu
0.€., Ilymukin C.0O., Pacmopus JI.B., Casonor .M. (2022)
EnexrpornmiakoBa BWIDIaBKa y BIIKPUTOMY KPHCTANli3aTopi 3IUBKIB 3
BigxoiB JucToBUX 00pi3kiB TuTany BT1-0, Cyuacna enexmpomemanypeis,
1 (142), 34-39.

3. Wmenn A.A., Komawe B.A., TMomekur H.C. (2009)
Tumanoevie cnnagvl. Cocmas, cmpykmypa, C€80Ucmea: CIPaBOYHUK.
Mocksa, BUJIC-MATU. 520 c.

VK 621.762

Opunnnnkos O.B.!

Bynim C.0.2

Kanyctsun O.€.°

! 1-p Texn. Hayk, 3aB. kad. HY «3anopizbka nosirextika»
Zacnipant HY «3amopisbka nosiTexHiKa»

3 kaH1. TexH. HayK, joueHT HY «3anopisbka mositexHika»

OTPUMAHHSI MATEPIAJIIB JUISI ATIATUBHUX TEXHOJIOI'IA
B YKPATHI

AJUTHBHI TEXHOJIOTiI € MPUHIIUTIOBO HOBUMH Ta aKTyaJIbHUMHU MPHU
BUPOOHUIITBI JIpiOHOCEPIHHUX Ta OJUHUYHWX jaeraieil. Kaxkydw mpo i
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TEXHOJIOTIT MaeThCsl HA yBa3i 00 eMHUI NpyK, a00 3D nmpuHTiHT. Buxinaum
MarepiaioM € ApiT a00 MOPOIIKH METAJIIB 3 Pi3HOI MOP(OJIOTIEI0 YACTHHOK
(cthepuuni Ta Hecepuuni). [Ipu BUkoprcTaHHi IpoTy, SIK CUPOBHHU 1151 3D
JIpYKY, € MOXJIUBICTh 3aCTOCYBaHHS CTaHAAPTHUX MapoK aje s
BIANOBIMANEHUX JeTalled HEoOXigHI CHelliaidbHi CIUIaBH, BHUIOTOBICHHS
JPOTY 3 AKHX € Jy’K€ CKIaJHUM Ta KOIITOBHUM. TEXHOIOTiSI BAKOPUCTAHHSA
MOPOIIKOBHX  MaTepialgiB  JO3BOJIIE  BHKOPHUCTOBYBaTM  INHUPIIY
HOMEHKJIATYPY Pi3HHX MapOK CIUIaBiB i OTpUMYBaTH OUIBII BUCOKY SIKICTh
ITOBEPXHi BUPOOIB B TIOPiBHAHHI 3 IPOTOM.

Jns TakuxX BiONOBIJANFHUX Taly3ed BHPOOHHWIITBA, SK aBiamiiHe
IBUTYHOOYIyBaHHS Ta MEJUIIMHA HEOOXiTHA BUCOKA SIKICTh MaTepiamis. [1pu
BUPOOHMITBI MOPOILIKIB 3aCTOCOBYIOTHCS HACTYITHI TEXHOJIOTII: ra3oBa
aToMi3allis po3IUiaBy, IUIa3MOBE PO3MIJICHHS BiJUIMBKA, II0 00CPTA€ETHCS,
Ila3MoBa aTtomizamis IpoTy 1 Iwua3moBa cdepoiguzaiis HOPOILKY
HemnpaBwIbHOT (hopMHU.

Haii0inpI nepcrneKTHBHUM METOIOM JUII OTPHMaHHS HOPOILIKIB €
IUIa3MOBE PO3MUIICHHS 3arOTOBKH, LII0 00EPTAEThCA.

B Toif ke Yac, yCTaHOBKHM IO iCHYIOTh B YKpaiHi IS OTpPUMAaHHS
MOPOIIKIB MeToAoM BiameHTpoBoro posmmwieHHs (YIP-1, VIIP-4) He
JO3BOJIAIOTE OTPUMYBATH IOPOIIKH HEOOXiTHOI SKOCTI (TOMOTCHHICTh
CTPYKTYPH, PiBHOMIpPHICTh PO3IOILTY JITYBAIBHUX €IEMEHTIB) Ta (pakmii
(Bix 10 Mmxm mo 40 mxwm). Lle moB’s3aHO K 3 MMapaMeTpaMd MPOIECY
PO3MUIICHHS TaK 1 HACTYITHUMHU KOHCTPYKTHBHUMH HEJIOJIIKaMHU: HEJIOCTaTHS
mwBHAKicTs  obepranmus  3arotoBkun  (15-20 Ttmc. xB.!), memocrtaTHs
KOHTPOJIbOBAHICTh ~BIUIMBY €HEPTrii pO3IUIaBJICHHS Ta I HEBelMKa
NOTYXHICTh JUIS TUTaHOBHMX MarepianiB (45-50 kBr/4), HacuueHHs
Marepialy JOMIlIKaMd 3 ra3oBol cyMimn. BupimeHHs LuX HenoJikiB
MOXKJTBO IIIIXOM BJIOCKOHAJIEHHSI KOHCTPYKIIii yCTaTKyBaHHS Ta TEXHOJIOT1T
OTPHUMaHHS ITOPOIIKIB.

Ha nanwmii 9ac € BeJMKUIA MOMUAT HAa OJUHUIHE BUPOOHUIITBO JeTaneit
3 TaKMX MOPOMIKiB. TakuM YWHOM, poOOTa HalpaBlieHa Ha BIOCKOHAJICHHS
KOHCTPYKIIi Ta TEXHOJOTIYHOTO IPOLIECy OTPUMAaHHS MOPOIIKIB Ta TPAHYJ €
aKTyaJIbHOIO, CBOEYACHOIO Ta HaraJbHOIO.

Takum 4MHOM, HEOOXIJHICTH MOJIEPHI3allil BCHOTO TEXHOJOTIYHOTO
IUKITY BHPOOHWIITBA IOPOIIKIB THTAHOBHMX CIUIABIB JJIS IMJIAHTAaTiB Ta
aBiaIiifHAX JONATOK MiATBEPKYIOTh aKTyalIbHICTh TEMH JaHOI POOOTH.

Meta poOOTH - BIOCKOHAJECHHS TEXHOJIOTIYHOTO OOJaJHAHHS IS
BIAIIEHTPOBOTO  IUIA3MOBOTO  PO3MWJIEHHS ToOpomkiB. Po3pobOka Ta
BJOCKOHAJICHHSI [ApaMeTpPiB  TEXHOJIOTIYHOI'O  MPOIECY IJIa3MOBOTO
PO3MUICHHS MTOPOIIKIB JJIs MiBUIIICHHS SKICHUX Ta KUTbKICHUX TOKa3HUKIB
MIOPOIIKOBHUX MaTepiais.

64



B icHyrounii yac mpoBeAEHO OCHIIKEHHS Ha (pakuiiHui ckian
MOPOIIKOBHX MaTepiajiB Ha TMiJICTaBi aHaJi3y OTPUMAHUX JOCIIJKEHb
BCTAHOBJICHHI HANpPsSMKH IJBUIIEHHS TEXHOJIOTIYHUX XapaKTepUCTUK
MIOPOIIKOBHX MaTepiaiB.

s MOCSITHEHHS TOCTAaBJICHOI METH HEOOXiTHO OyJe BHUPIIIUTH
HACTYIIHI 3a7ad4i:

—BU3HAUNTH (QPaKIMiHHUN CKIax TOPOINKiB, SKi 3a0e3MedyroTh
HEOOXiTHHI piBeHb MEXaHIYHHUX W CITYy’)KOOBUX BIACTHBOCTEH 3D 3aroToBOK;

—BCTaHOBHUTH 3aKOHOMIPHOCTI MPOIIECY BiIIIEHTPOBOTO PO3IMICHHS
eIIEKTpO/a, IO OOepTaeThCs 3 THUTAHOBUX CIUIABIB TIPH OTPHUMaHHI
cheprIHAX MOPOMIKiB ArcnepcHicTIO MeHIIe 100 MiM;

— YIOCKOHAJIUTH TEXHOJIOTII0 BUPOOHMIITBA MOPOIIKIB METAJICBUX Ta
IHTEpPMETATIIHUX CIUIABIB METOAOM €JCKTpoJa, II0 OOepTaeThes, 3
IUIa3MOBUM HarpiBaHHSIM;

— MoJiepHi3yBaTH ycTaHOBKY «YLIT-4», npu3HaueHy Juis ogep:KaHHs
METaJeBUX MNOPOIIKIB (TpaHys) TUTAHOBHUX Ta IHIIMX CIUIABIB METOIOM
BIJILIGHTPOBOI'O PO3IMUJICHHS 3arOTOBOK Y CEPEIOBHII IHEPTHUX rasiB i3
BMIiCTOM KHCHIO Ha PiBHI BUXiTHOI 3aTOTIBIIL;

—IpOBECTH BUIIPOOYBaHHSA BUPOOIB y IPOMHUCIIOBHX YMOBAX;

— pO3pOOUTH TEXHOJOTIYHI pEeKOMEHAAIil Uil BIPOBAKCHHS
Pe3yIBTATIB AOCHIIKEHb Y IIPOMHUCIIOBICTS.

YK 669.296

Kanycrsn O.€.!

Osuunnrkos O.B.2

! kanpn. Texn. mayk, gouent HY HY «3anopiszbka momitexaikay
2 1-p TexH. Hayk, 3aB. kad. HY «3anopizpka noitexHika»

3ACTOCYBAHHSI Zr-Ti-Nb CIIVTABIB 3AMICTb TUTAHOBOI'O
CILJIABY Ti-6Al1-4V

Haii0inpin mmpoke 3acTOCyBaHHS B MEIMIMHI OTPUMAaJM THTaHOBI
crmau tuny BT6 (Ti-6A1-4V 3a ASTM B348). Ilpore, crutaBu tumy Ti-6Al-
4V MaioTh psA CepHO3HMX HEMOJNIKIB: HHU3bKY OiOXIMI4HY CYMICHICTH —
MOJKJIMBICTh BHIUICHHS B TKAHWHH OPTaHi3My i0HIB TOKCHYHUX MeTanmiB Al
n V; a TakoX HU3BKY OiOMEXaHIdYHY CyMICHICTh — MOAYNb iX HOPMAaJIbHOI
MIPY’KHOCTI ORI HIXK y TPH pas3H MEPEBUIIYE MOIYIIb TIPY>KHOCTI KiCTKOBOI
TKaHUHHU.

O.M. UpacimmanM 3i croiBpobiTHUKamu [1] 3ampomOHOBaHWH psIX
MarepiaiiB, sKi 3a0e3ledyroTb 3aJO0BiUNbHI OioXiMiuHy 1 OlomexaHiYHY
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cymicHocTi. [IpoTe, 3a JmaHUMH CIUITaBaMH  OOMEXEHA KUIBKICTh
MOPIBHSUIBHUX OI[IHOK 32 MEXaHIYHMMH BJIACTHBOCTSIMH 1 TEXHOJIOTIYHOCTI
OTpPHMaHHS B OPIBHSHHI 3 ICHYIOUUMH CIIaBaAMH.

Mera poboTH mossArana y TOpPIBHSHHI B OJHAaKOBHX yMOBax
BiactuBocteil crutaiB Zr-Ti-Nb i3 BiactuBocTsMu ciuiaBy Ti-6Al-4V.

MertanorpadidHi ZOCTIHKEHHSI MaKpo- 1 MIKPOCTPYKTYPH HETPABICHOTO
1 TpaBJICHOTO MeTaJy i aHaii3 (pPaKTOrpam JIMTOTO i 1eOPMOBAHOTO CILIABIB
Oynmn BukoHaHiI Ha omtmyHOMY Mikpockori «NEOPHOT-32y» (Carl Zeiss
Jena, Mena, Himeuyuuna). J{is1 aHANMi3y MaKpOCTPYKTYPH 3pa3Ki TPaBHJIH B
pozumHi: 20 % mnaBukosa i 20 % a30THa KHCIOTH Ha IIILEPHHOBIH OCHOBI.
MexaHi4HI BIACTHBOCTI CIUIaBY 1 KiHIIEBOTO NPYyTKa OyJIM BH3HAYCHI IpPH
kimHatHi# Temnepatypi (I'OCT 1497-84) na ycranoBui INSTRON 8801
(Instron, HopByn, Maccauycerc, CIIIA) 3 O1iHKOIO TaKHX apaMeTpiB: Mexa
MilHOCTI Tpu po3TaryBanHi (op, MIla), mMexa rumHHOCTI (Go2, MIla),
BITHOCHE TMOAOBXKEHHS (0, %) 1 momepeuHe 3BYxkeHHs (Y, %), MOAYJb
npyxHocri (E, ['Tla).

[NopiBHsnbHMIA aHami3 mokasye, mo pocuigHid cmmaB Zr-Ti-Nb wmae
piBeHb MIIHOCTI, OMU3BKUI 10 piBHA JeOpPMOBAHOTO CIUaBy Mapku BT6
(FOCT 19807-91). IIpu npoMy MOKAa3HUKH IUTACTHIHOCTI MalH JOCTaTHBO
BHCOKI 3Ha4eHHS Ta OyJIK OJIM3EKUMU JI0 aHAIOTIYHUX TIOKa3HUKIB (BiTHOCHE
MOMOBKEHHST Ta 3BY)KCHHS) TOBHICTIO BiANOBIJAIOTh aHAJOTIYHUM
MMOKa3HUKaM CIuiaBy Mapku BT6.

AHaii3 103BOJISIE 3POOMTH BHCHOBOK, IO MPYTKOBAa 3aroTOBKa 3
nupkoHieBoro criaBy Zr-Nb-Ti mana moayie npyxuocti E = 35-37 T'Tla,
T00TO 110 3 pa3iB HIKUMIL, HIX MoayIb ciuiaBy Ti-6Al-4V (E =103 I'Tla). Lis
BEJIMYMHA MOJTYJISI HAOJIMKAETHCS 0 3HAYCHHS MOJLYJISl IPYKHOCTI JFOJICHKOT
kictrku E < 30 [ITla, mo gae miacTaBy TOBOPHUTH MPO IIiJBUIICHHS
010CYMICHOCTI JOCIIITHOTO CIUIaBy. Pe3yabTat MeTanorpadiqyHoro aHaizy
Ta ()paKTOTpaM IMOKa3aJIH, 10 TIOBEPXHI pyHHYBaHHS 3pa3KiB ciutaBy Zr-Ti-
Nb micns BunmpoOyBaHe Ha po3TST Oynu aHayoriuHi crmaBy Ti-6Al-4V i
XapaKTepU3yBalINCsl  YAIIKOBHUM  3J1aMOM, THIIOBUM JUISL  B'3KOTO
pyHHYBaHHS. AHajli3 HE BHSBUB JUIBHHIB KPUXKOTO PYHHYBaHHS, 1Op i
IHIIMX e]eKTiB, M0 CBIAYUTH PO BUCOKY AKICTh AedopMariiiHol 00poOKu.

BucHoBknu

[IpoBeneHo TOPIBHSAHHSA MEXaHIYHMX BJIACTUBOCTEH IMpPH TEeMIIEpaTypi
20° C cmnasiB Zr-Ti-Nb 1 Ti-6Al-4V. Iloka3ano, o cmias Zr-Ti-Nb mae
piBeHp MinHOCTI, Onm3pkuid g0 piBHA crmiaBy BT6 (I'OCT 26492-85) -
BEIMYMHA MEXi MIIHOCTI Ha po3puB 1Ii cruiaBy Zr-Ti-Nb op cTaHOBHTH
747..920 Mlla, a g cmaBy BT6 o > 885 MIla, nmactuyHicTh criaBy Zr-
Ti-Nb Binnmosigae Bumoram I'OCT 26492-85 st crutaBy BT6.

[TpoBeneHO NOPIBHSAHHS XapakTepy pyWHYBaHHs P PO3TSTaHHI CIUIABY
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cmaBiB Zr-Ti-Nb 1 Ti-6Al-4V. ITokazano, 1o cmias Zr-Ti-Nb moBoguThcs
TaK caMo, sk i crmaB Ti-6A1-4V.

[TpoBeneHo NOPiBHSHHS MOJTYJIIB HOPMaJBHOI PYXHOCTI cruaBiB Zr-Ti-
Nb i Ti-6Al-4V. Iloka3zano, mo cruaB Zr-Ti-Nb mMae Moy HOpMallbHOT
NIPY’KHOCTI 10 3-X pa3iB HIDKYeE, HiIX cruiaBy Ti-6Al-4V.

HocmimkeHHs mokaszanu, mo ciuaB Ti-6Al-4V, oTrpumanmii MeTomoM
B/II1 BigmoBigae 3a MexaHIYHIMH BIAaCTHBOCTAMU cIutaBy Ti-6Al-4V i Mmoxxe
OyTH peKOMEHIOBaHU JJIsI BATOTOBJICHHS IMIUIAHTATIB.

Binpm HU3BKHN MOIYNH MPYKHOCTI craBy Zr-Ti-Nb, B mopiBHSHHI 3i
crutaBom  Ti-6Al-4V,  3ale3nmedye  3HIKGHHS  Ta  BiJCYTHICTB
TmicisonepanifHuX yCKJIaJAHEHb MPU HOT0 BUKOPUCTAHHI JJI1 BUTOTOBJICHHS
3yOHHX IMIUTAHTATIB.

Jlitepatypa
1. BiocymicHui CIIIaB i3 HU3bKUM MOJYJIEM MPY>KHOCTI Ha OCHOBI CUCTEMHU

LUUpKOHii-THTaH (Bapiantn): mar. 102455 VYkpaina: MIIK (2013.01)

A61L 27/00, A61F 2/02 (2006.01), C22C 16/00, B82B 3/00; 3assu.

26.12.2011; omy6a. 10.07.2013, brox. Nel13. 8 c.

Y]IK 620.18:004.94

Komnecnikos B.O.:

' KaHZ. TeX. HayK., B.0. HayK. cuiBpoOitHuka ®MI im. I'.B. Kapnmenka HAH
VYkpainu

2 rotieHT, JIHY im. Tapaca IlleBuenka

3ACTOCYBAHHA KOMII'IOTEPHUX ITPOTPAM F1JI TA
IMAGEJ AJ1s1 BUBHAYEHHSA ITAPAMETPIB
MIKPOCTPYKTYPU JOCJIIKYBAHUX CIIJIABIB

P03BHTOK Cy4YacHMX TEXHOJOIiH BiIOyBae€Tbcs B TOMY HHCII
3aBISIKM 3aCTOCYBaHHIO HOBHMX METOAMK JOCHiUKeHb. [lo HHX MOXXHa
BIZIHECTH 3aCTOCYBaHHS NPOTPaMHOTO 3a0€3MeYeHHs, KOMII I0TEpHOTO
MOJICITFOBAaHHS, aHATI3Y BEIIMKUX JaHWX Ta iH. [1 - 7].

JocinimxeHo (epuTHO-LIEMEHTHTHY MIKPOCTPYKTYpy cranei 20,
38XH3M®A Ta iH. 3 pi3HMM CTaHOM JHCHEpPCHOCTI cymimii (TepJiiTHa,
copbiTHa, TpoocTiTHa, OeliHiTHA), BucOKOHikeneBi ctaini (EIl 33) ta crutaBu
(EIT 741, 742).

Ilepen modaTKOM IOCHI[KEHb TIATOTOBIIOBAIM 3pa3Kd Ha
obmamHanHI «LleHTpY eneKTpoHHOI MIKPOCKOMilI Ta pPEHTI€HIBCHKOTO
Mmikpoananizy» ®MI im. I'.B. Kapneaxka HAH Yxpainn.
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MIiKpOCTPYKTYpy CIIIaBiB JOCIIKEHO 32 JONOMOTOK MiKPOCKOIIB:
Zeiss Stemi 2000 — C Stereo Microscopes ta JOMO EC METAM I15-21 Ta
uudposoi kamepu SIGETA (Industrial color digital camera UCMOS 1300,
1.3 MP, a takox SIGETA International Color Digital Camera MCMOS 5100
5.1 MP.1).

Jus  pi3HUX CIUIaBiB  3aCTOCOBYBAJM pi3HI TpaBHHKH [8].
Jns moridiB 3i craned pepUTHO-MEPITITHOTO KIIacy 3aCTOCOBYBAI TPABHHUK
Ha OCHOBI a30THOI KHCIIOTH (3 - 5% pOo34MH B CHHPTI).

Mikpoctpykrypy Ni-Co cmmaBiB [IOCTIIKEHO 3a JOTOMOTOIO
TpaBJeHHsI moBepxHi nutihiB peakruBom Map6ie (CuSO; - 4 r, HCI - 20 mu,
Boza - 20 M) 3a peskumoM: TpaBieHHs 10...15 cexkyHI, TpOMHUBKa BOJIOIO,
cymika raps4uMm noitpsM. s BusiBieHHs Y'- dasu Ta eBrekTuku (y+y')
BUKOpucTOBYBaBcs peaktuB CuSO. - 20 r, H.SO, - 5 mu, pemra - H.O,
ryctuHa crpymy - 500 A/me. nst BUSBICHHS KapOiIiB BUKOPHCTOBYBABCS
peaxtus: NaF - 30 r, HCI - 100 w1, ntumonna kuciota - 100 r, H.O - 1000
MII, TyctiHa ctpymy 200 A/me. [nentudikaunito o -, p- ¢as, kap0OigiB Tumy
M..C,, MC, 1110 MarOTh ro4acTy abo IiacTHHYACTy MOP(OJIOTiI0 IPOBEICHO
KOJIbOPOBHM TPABJICHHSM 32 IOTIOMOT'O0 PEaKTHBY: YepPBOHA KPOB'sHA CiJIb -
10, NaOH - 10 r, H.O - 100 M, mineHIicTE cTpyMy 500 A/Mme.

KimpkicHy omiHKy ()a30BOr0 CKJIAAy MIKPOCTPYKTYpH CIUIABiB, a
TaKOXX PO3MIPH CTPY>KKH Ta HOIIKOKSHb Ha OBEPXHAX Pi3aHHS IPOBOIUIH
3a JOMOMOTOI KOMIT IOTEPHOiI OOpOOKH 300pakeHb MIKPOCTPYKTYpHU B
nporpamuux komiiekcax TOUP VIEW 3.7, Fiji, ImageJ 2.1 (puc. 1), o aae
MOJJIMBICTh MPELU3iHHIIIE MTPOBOAUTH KIIBKICHY OILIHKY (ha30BOr0 CKIIamy
CIUIaBY B IOPIBHSAHHI 3 TPAAUIIIHHUMU METOAAMH.

Takox mpH KOMIUIEKCHOMY BHKOHAaHHI pOOIT 3acTOCOBAaHO
HacTymHe nporpamHe 3abesnedents: Adobe Photoshop, Adobe Illustrator,
MS Excel, OriginPro 2016.
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Puc. 1. MikpoctpykTypa gocmimpkyBaHoi ctan 38XH3M®A (a); Hdiadorose
BikHO nporpamu ImagelJ (6). ['icTorpama po3no/iny BKIIOYEHb 3a IUIOLICIO
(mikceniz) (B). I'ictorpama po3noaiiy BKJIIOUYEHb 33 JTOBXKHHOIO (T).

IIporpama Imagel] BoiOmie BiIKpUTHM KOZOM i IUIs Hei MOCTiHO
CTBOPIOIOTHCSI HOBI IUIAriHU, SKi 3HAYHO PO3MIMPIOIOTH i1 MOXKIMBOCTI Ta
KOJIO 1i 3aCTOCYBaHHS.
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Konecuikos B.O.»

' KaHJl. TeX. HayK., B.0. HayK. criBpoOiTHuka ®MI im. I'.B. Kapnenka HAH
VYkpainy,

> rouieHT, JIHY im. Tapaca llleBuenka

3ACTOCYBAHHSA KOMIT'IOTEPHHUX ITPOI'PAM TOUP VIEW
TA GWYDDION JJIs1 AHAJII3Y MIKPOPEJIb€®Y ITOBEPXOHb

ITix wac MexaHigHOT 0OPOOKHM MaTepiaiiB, a TAKOK B YMOBaX TEPTS
Ta IHIIMX BIUIMBIB Ha JeTadh a00 3aroTOBKY BigOyBaeThCs 3MiHA
Mikpopensedy ii moBepxHi [1 - 9].

JocmikeHHs TIOBEpXOHb O0OpOOMIOBaHMX MaTepialiB pa3oM 3i
MTOPIBHSAHHSM ITapaMeTpiB MiKpOCTPYKTYPH, BIACTUBOCTEH MaTepialiB, yMOB
00poOKH, 3aCTOCYBaHHS 3MAIlyBATLHUX OXOJIO/KYBAILHUAX CEPEIOBUIIN Ta
iHIKX (aKTOpiB, MO3BOJSE MPOBOJAWTH KOMIUIEKCHHH aHANi3 JaHWX Ta
3HAXOAWTH MOXIIMBOCTI JJISi TPOBEICHHSA IMOKpAIIeHHS OO0poOIroBaHO1
TIOBEPXHI.

Hocnimxeno crans 38XH3M®A y crani nocradanus (6e3 TepMidyHOT
00po0km) i3 TBepaictio 35 HRC [1]. CtpyxKy oTpumaHoO, BiIpi3aHHSIM Ha
TOKApHO-TBUHTOPI3HOMY BEpCTaTi Bif 3arOTOBKM LWIIHIPU JiaMETPOM
28 MM Ta ToBHIMHOIO 4 MM. Pizenp OyB OCHAICHWH TBEPIOCIUIABHOIO
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rutactuHolo BK-6. Jlnst cTBOpeHHS piBHUX YMOB TOUiHHS pi3ellb 3aTOUyBaBCS
Ta BUCTABJISBCS OJHAKOBMH KyT MDX HHMM Ta 3arotoBkolo. [IpoBeneHo
EKCIIePUMEHTH TiJ 4ac TOYiHHSA HacyXxo, 3 BOJOK Ta 3MalllyBalbHO-
0XO0JI0/KyBasIbHOIO piguHOI0 (30P), sika MICTUTH COHSIIHUKOBY OJIiIO, 3
obepramu 315 RPM [2]. [TapameTpu MIiKpOCTPYKTYpH CTajJi BU3HAYECHO Ha
Mmikpockoni JIOMO EC METAM PB 21. [Ing oTpumaHHS MiKpounridi
BUKOPHCTaHO TpaBieHHA: 4% po3umH a30THOI kucinotd. OcolmuBoCTi
Mopdororii cTpyxku BuBueHO Ha Mikpockoni ZEISS Stemi 2000C. O6unsa
Mikpockonn ocHamieHi kameporo SIGETA International Color Digital
Camera MCMOS 5100 5.1 MP.1. Takox mpoBemeHO TOCTIKCHHSA Ha
enekTpoHHOMY Mikpockoni EVO-40XVP 3 cucremoro mikpoananizy INCA
Energy 350.

Hloperkicte R. oTpuMaHoi MOBEpXHI BUMIpSHO Ha mpodinorpadi-
npodinomerpi mozeni 201 Ta OIiHEHO 32 BUCOTO MiKPOIIOBEPXOHb, 31 THO
3 JICTY 2413-94 ta T'OCT 2789-73. R. BH3HAauY€HO BIAMOBIZHO [0
HOPMATHUBHOI 0a30BOT TOBKHUHHU.

Jns moOynoBu 300paxkeHs 3D MOBEpXOHb 3aCTOCOBAHO MPOTPaMHIi
KOMI‘[J‘IG;(I/I' TOUP VIEW 3.7, Gwyddion 2.61 (puc. 1).

Rl 2 Tl 78 , .
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Puc. 1. Buxigne 300pakeHHst 3pazka 31 cram 38XH3M®DA micns
pizanHs Ha cyxo (a). JocmimkyBana moBepxHs - 2D 300paxenHs (0).
Bisyamizamis moBepxHi - 3D 300paxenns (R. 35) (s). Ilpodinorpama,
po¢iTro MOBEPXHi, M0 NO0YIOBaHa 1T 00PaHOTO HATIPSIMKY (2).

3acTocyBaHHSA ~ BHIIE3TAJAaHOTO  IIPOTPAaMHOTO  3a0e3MCUCHHS
BIIKpHWBAa€ NONATKOBI TOPH3OHTH MJS JOCHIIKeHb. BOHM MOXyTh OyTH
MO€HAHHI 3 BUKOPHCTaHHSAM BJIAaCHOTO IIPOTPaMHOTO 3a0e3NeueHHs, IO
BKITIOYA€ PO3BUTOK TAKOTO HATIPSIMKY, SIK KOMIT FOTepHHUIA 3ip [6 - 9].
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MikHapoaHOT HayKOBO-IIpakTHYHOT KoH(epeHuii CydacHi iHpopManiiiHi Ta
igHOBamiitHi TexHoMOori{ Ha TparcmopTi (MINTT - 2018) 29-31 TpaBus 2018
p-, M. Xepcos. - C. 312 - 316.

8. Konecnikor B. O. [lociikeHHs 3HOCOTPUBKOCTI EPCHEKTHBHAX
crasei Ay aBTOMOOITIFHOI Taury3i, a TAKOK PO3IIi3HABAHHS Ta IMCHTU(IKATISA
iX mpoxykTiB 3HOImyBaHHS // Matepianmun VI-i MixKH. HayK-TeXH. iHTEpHET-
koH(pepeHmii "IIpoOieMu Ta TMEPCIEKTHBH PO3BUTKY aBTOMOOILTHHOTO
tpancnopty", 12-13 kBitHsa 2018 p., M. Binauus. - C. 79 - 89.

9.CBiIONTBO MPO PEECTPAIit0 aBTOPCHKOTO mpapa Ta TBip Ne 101853.
Komm’rorepHa mnporpama «OOpoOka 300pakeHb IIOBEpXHI IIPOAYKTIB
3HOLIYBaHHS, Pi3aHHS BUCOKOMIIHMX cTanedl Ta cruaBiB». KoliecHikoB
Banepiii OnekcanapoBuy, bamuipkuii Onekcanap IBanoBuu, ['aBpuirox
Mapis PomaniBna, [BacbkeBud Jlrobomup Muxaiinosuy. Jlata peecrpanii 15
cignasg 2021 poky.

YK 620.18:004.94

Konecnikos B.O.1»

| KaHJI. TeX. HayK., B.0. HayK. cmiBpoOiTHKa ®PMI HAH VYkpainu,

2 IOUEHT, JIyranchkuit HanioHanpHul yHiBepcuteT iM. Tapaca llleBuenka

KOMIIVIEKCHI METAJIOTPA®IYHI TA ®PAKTOI'PAPIYHI
JOCIIKEHHSA ZKAPOMIIIHUX NI-CO CIIVIABIB

Po3BuTok  aBiamiiiHOro, = CyJHOBOrO  Ta  €HEPreTHYHOro
ra3oTyp0o0OyayBaHHS CHPSIMOBAHO HA MiABUIICHHS ¢(PEKTHBHOCTI TYpOIH,
BiJTaK MiBHIICHHS POOOYHX TEMIIEpaTyp, aje BKa3aHi TypOiHH MPaIO0Th
Ha pi3HOMY NAJIMBI Ta B PI3HUX YMOBaX, TOMY BUKOPHCTOBYIOTh >KapOMIIIHi
HiKeJIEB] CIUIaBH PI3HOTO CKJIaay i BiacTuBocTed [1 - 7].

MIiKpOCTPYKTYpy CIIIaBiB JOCII/KEHO 3a JONOMOTOK MiKPOCKOIIB:
Zeiss Stemi 2000 — C Stereo Microscopes ta JOMO EC METAM I1b-21 Ta
mudposoi kamepu SIGETA (Industrial color digital camera UCMOS 1300,
1.3 MP, a takoxx SIGETA International Color Digital Camera MCMOS 5100
5.1 MP.1).

Opakrorpadiyai JOCH/KEHHS IPOBEJACHO HA EJIEKTPOHHOMY
mikpockoni EVO-40XVP 3 cucremoro mikpoananizy INCA Energy 350.
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Mikpoctpykrypy Ni-Co cIUIaBiB JOCHIDKEHO 3a JOIOMOTOO
TpaBJIeHHs NoBepxHi 1utihiB peakruBoM Map6iue (CuSO. - 4 r, HCI - 20 mu,
Boza - 20 mu) 3a pexxumom: TpasieHHs 10...15 cekyH], TPOMHUBKa BOJIOIO,
cylika raps4uM moitpsM. st BusiBieHHs Y'- dasu Ta eBrekTukH (y+y')
BUKopucToByBaBcs peaktuB CuSO. - 20 r, H.SO, - 5 mu, pemra - H.O,
ryctiHa cTpyMy - 500 A/m2. Jlns BUSABICHHS KapOilliB BHKOPHCTOBYBABCS
peaxtus: NaF - 30 r, HCI - 100 mur, ntmmonna kucnota - 100 T, H.O - 1000
M1, TyctuHA cTpyMy 200 A/mve. Inentudikamiro o -, p- ¢a3, kapOiniB THITY
M.:Cs, MC, 110 MaroTh rosrqacTy abo mIacTHHYIACTY MOP(OJIOTiIO TPOBEICHO
KOJIbOPOBHUM TPABJICHHSM 32 JONIOMOTI'0I0 PEaKTHBY: YepPBOHA KPOB'SHA CIJIb -
10, NaOH - 10 1, H.O - 100 M, minbHICTS cTpymy 500 A/me.

Mikpocrpykrypa cruasi EIT 741 HIT Ta EIT 742 1/1 cknaganace 3
y+y'- da3 ta kapoigis. CTpykTypHOIO ocodauBicTio ciutaBy EI1-741 6a3oBoro
cxinany EIT-74111 (XCI) € HasiBHICTD I'paHUIb BUXIIHUX HOPOILKIB, SKi HE
NPOPOCTaIM Yepe3 peKpucTanizoBaHi 3epHa. lle 0OymOBIICHO, TOJIOBHUM
YHHOM, YaCTHHKAMH KapOidiB, sSKi YHACHIIOK BHUAIJICHHSA Ha MOBEPXHSIX
rpaHysl HOPOILIKIB NEPENIKOPKAIOTh MOBHIM KoHcouiganii marepiany. Y
HoBoMy BapianTi cmmaBy EII-741HIT (XCII) 30impmeHo  BMicT
KapOiOyTBOPIOIOYNX €JIEMEHTIB, a KOHIICHTPAIII0 BYTJICIIO 3MCHIICHO 0
0,03 Bar. %.

[Ipuanunosoro € mobaka Hf (radniro), sSxuii, mo-mepire, yTBOpIOE
crabinpHi KapOigm Trmy MeC, mo m03Boiise MpHOpaTH KapOigHi CITKH i3
IpaHulb BUXIJHUX MOPOILIKIB, a IO-JIpyre, MiJBUILYE EHEPrilo Koresil
korepeHTHHX Y Ta y' ha3. CrutaB EI1-741HII noaarkoBo sneroBanuii Mijjio,
sIKa T JIBHIILY € BO}]H@"I_'PI/IBKi_CTL apOMIIIHUX Hi.KeJIeBI/IX CILIABIB.

Puc. 1. MikpoctpykTypa nociipKyBaHoro xapomitaoro Ni-Co cruiaBy.
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Ha 3paskax 3i crutaBy EI1741HII Ha Mexax 3epeH kap0Oiny BUSBICHO i
NBIHUKY 3€PCH, a TAKOK BUJUICHHS Y a3y BCEPEIMHI 3ePCH.

Xapowminni crmaBu Ha Hikenesiit ocHoBi EIl 74111 matoth pizHuid
(bpakuiiiHuii ckiax yacTiHOK chepuyaHoi Gopmu po3mipamu Big 40 1o 400
MKM.

KinpkicHy omiHKy ()a30BOro CKJIAZy MIKpOCTPYKTYpH CIUIABiB, a
TaKOXX PO3MIPH CTPY>KKH T HOIIKOKSHb Ha OBEPXHAX Pi3aHHS IIPOBOIMIH
3a JIOTIOMOTOI0 KOMIT FOTepHOI O0OpPOOKH 300pa’keHb MIKPOCTPYKTYPH B
nporpamanx komroiekcax TOUP VIEW 3.7, ImageJ 2.1, Gwyddion 2.61, mo
Jla€ MOJIMBICTH TpENU3iifHIIIE MPOBOAWTH KIJIBKICHY OLIHKY (a30BOTO
CKJIa[ly CIUIaBY B HOPIBHSHHI 3 TPaAULIHHUMH METOIaMH.

Takox OyJI0 TIPOBECHO KOMILICKCHI poOOTH 3 OOYI0BH 300paXKeHb
TpimmuH [6], aHami3y X pO3Taly>)KEHHsI Ta MPOCYBaHHS 3 ypaxXyBaHHIM
0COONMMBOCTE MIKPOCTPYKTYPH Ta BIUIMBY CTPYKTYPHHX CKJIQJOBHX
JIOCITIKYBaHUX CILJIaBiB.

Ilpy KOMIUIEKCHOMY BHMKOHaHHI pOOIT 3aCTOCOBAHO HACTYIIHE
nporpamue 3abe3neueHus: Adobe Photoshop, Adobe Illustrator, MS Excel,
OriginPro 2016, Gwyddion 2.61.

Jusa imeHTH¢ikanii mMpoAyKTIB pi3aHHA, SKi OyJIM OTPUMAaHO TIPH
MIPOBEICHHI PI3HUX BUAIB MEXaHIYHUX OOpPOOOK (B T.U. IMiCJIS HABOJHECHH:)
OyJI0 3aCTOCOBaHO CIELiaTEHO pO3po0IIeHO MporpaMue 3abe3neyeHHs [7].

Cnucok gitepatypu

1. TazorypboOyayBanHs B YKpaiHi: CydaCHHH CTaH 1 MEPCICKTHBU
po3Butky / A.A. Xanaros Ta iH. Bicauk HAH VYkpainu. 2013. Ne 12. C. 40—
49.

2. Glotka A. Influence of alloying systems on the properties of single
crystal nickel-based superalloys / A. Glotka, V. Ol’shanetskii// International
Journal of Materials Research. — 2021. — Vol. 112, No. 10. - PP. 794-799.
https://doi.org/10.1515/ijmr-2021-8328.

3. Balitskii A., Kolesnikov V. Hydrogen Effects on the Formation of
Nickel Based Superalloys Cutting and Wear Products / Abstracs of the 22nd
European Conference on Fracture - ECF22, 26 — 31 August, 2018, Belgrade,
Serbia. — P. 182.

4. KonecnikoB B.O. JlocnimkeHHs MexaHiuHOI 00po0IIOBaHOCTI Ta
nomkoxyBanocti Ni-Co crnasi // Matepianu 6-i MixkHapoIHOT HAYKOBO-
TeXHIYHO1 KoH(epeHmii « Teopis Ta mpakTHkKa panioHaJIbHOTO IPOESKTYBaHHS,
BUTOTOBJICHHS 1 eKCIUTyaTalii MalMHOOYAIBHIX KOHCTPYKLii». — JIbBiB:
KIHITATPIJITA. — 2018. — C. 44 —46.

5. O.A. Balitskii, V.O. Kolesnikov, A.I. Balitskii, J.J. Eliasz, M.R.
Havrylyuk, Hydrogen effect on the high-nickel surface steel properties during
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machining and wear with lubricants, Archives of Materials Science and
Engineering 10472 (2020) 49-57. DOI:
https://doi.org/10.5604/01.3001.0014.4894.

6. KomnecnikoB Bauepiii. Metanorpadiuni gocmimkenns Ni-Co
ciaBiB NICOI5SCROWG6ALSMO4 (EIN-741HIT) «CyyacHa Hayka Ta
ocita». Matepianmn MixkHapoaHOI HAayKOBO-TIPAKTHYHOI KOH(EpEeHIii. M.
Crapo0inbebk, 14-15 xBiTas 2021 p. C.131 — 139. ISBN 978-617-95067-7-
2.7.

7. CBiIonTBO PO peecTpanito aBTOPChKOro mpasa Ta TBip Ne 101853

Kowmm’torepra nporpama «O06pobka 300pakeHs TOBEPXHI MPOIYKTIB
3HOIYBAaHHS, pi3aHHSA BHCOKOMIIHMX CTajed Ta cIuiaBiBy. KorecHikoB
Banepiii Onexkcanaposuy, bamuipkuii Onexcanap IBanoBuu, ['aBpuirok
Mapis PomaniBna, [BacbkeBud Jlrobomup Muxaiinosuu. Jlata peecrpanii 15
cigns 2021 poky.

YK 620.18:004.94

Konecnikos B.O.:»

Bypayun B.B.

' KaH[I. TeX. HayK., B.0. HayK. chiBpobitHuka ®MI HAH Vkpainu, nomeHr,
Jlyrancekuii HanioHaIBHUHN YHiBepcuTeT iM. Tapaca IlleBueHka

® KaHJ. TeA. HayK., AOUeHT JIyraHChbKMH HaIllOHAJIbHUH YHIBEPCHTET iM.
Tapaca [lleBuenka

KOMIT'IOTEPHE MOJEJIOBAHHA MEXAHIYHOI OBPOBKH
NI-CO CIIJIABIB

3acTocyBaHHsI Cy4aCHUX METO/IIB KOMIT FOTEPHOT'O MOJISITFOBAHHS JJIsI
BU3HAYCHHS LIJIOT0 CHEKTPY XapakTePUCTHK Ta BJIACTHBOCTEH CIIaBiB
JI03BOJISIE CYTTEBUM YHHOM CKOPOTHTH Yac Ha IPOBEACHHS HATypHHX
BHIIPOOYBaHb Ta eKcriepuMeHTiB [ 1-3].

[TpoBoannm KoMI’I0TEpHE MOJIeNIIOBaHHS MexaHi4HOi 00poOku Ni-Co
cmiaBiB B nakerax Deform ta Abaqus.

Jnst 3aBaHHS XapaKTEPUCTHK CIUIABIB BUKOPHUCTOBYBAIH, SIK AaHHI
OTpHMaHi 3 JIOBIIHMKOBOI JIiITEpaTypH, TakK i JaHHI OTPUMATH HA PO3PUBHUX
MallIMHAaX 32 CTaHJaPTHUMU METOMKAMH.

OTpumaHi XapaKTepUCTHKH MOXYTh OyTH ONMCaHi 3a JOMOMOTOIO
piBasaHHES [[KoHCOHa-Kyka (dke € cyTi emacToB’S3KOIUIACTHYHHHA 3aKOH
CTaHy MaTepialy NpH BEIMKHX IedopMaiifix) Ta BpaxoBye amiabaTwdHi
3CYBHI SBHIA, IO BHUKIMKaHI 3HAYHUMH TpaJi€HTAMH TEMIIepatyp Ta
BEJIMKUMH TUIACTHYHUMU JiepopManismMu.
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Sk mpukian Ha puc. 1. mpoimocTpoBaHO rpadiuHy Bi3yamizariio
pe3ysbTaTiB KOMIT'IOTEPHOTO MOJICNIIOBaHHS MexaHiuHoi 00pobku Ni-Co
caBy, o Bignosigae 1500 kpoky iTepauii 3pobsieHoi B nakeri Deform.

Damage State Variable

0.507

T T
Step 1500

- 0403 / SN pr—”

0.304

State Variable
Damage

0.203

0.101 }/

0 (000152, 1.76c45)

0000 0000361 0000722 0.00108 000144  0.0018]

Time (sec)

Puc. 1. Pesynpratn peonoriaaoro MmonemoBanHs («Damage» —
«[TOMIKOKEHHS»).

Takox pe3yIbTaTH PEOJIOTTYHOTO MOICIIIOBAHHS ISl OCHOBHHX BHIIB
00YHCIIeHD 3 Bi3yai3ali€o pe3yabTaTiB y BUNLLAL rpadikiB Oynu oTpuMaHi
JUI HACTYITHUX XapaKTepUCTHK: TpuBeaeHi nedopmamii (Straine-Effective,
mm/mm), mBHAKicTs Aedopmarii (Straine rate — Effective, mm/mm)/sec),
exBiBasieHTHe HanpyxeHHs (Stress — Effective), (MPa); minimanbHe Ta
MakcuMalibHe HanpyxeHHs (Stress — Min/Max principal, MPa); mBuakicTs.
(Velocity, mm/sec); Temmnepatypa B 30Hi pizanns (Temperature, °C).

OTxe, B pe3yJibTaTi iMITallitHOrO MOJIEIIOBaHHS PEOJIOTIYHOrO CTaHy
3arotoBok 3 Ni-Co CIuiaBiB MpH pi3aHHI BCTAHOBJICHI 3aKOHOMIPHOCTI 3MiHA
HaTpy>KeHO-1e()OPMOBAaHOTO CTaHy 30HM pi3aHHA 1 mHTOMOI poboTH
CTPY’KKOYTBOpPEHHS, iHBapiaHTHI B MIMPOKUX iHTEpBalaX 3MiHH YMOB Ta
PEKUMIB 0OpOOJIEHHS, 10 MOXKE CTATH TEOPETHYHOIO OCHOBOIO MEXaHIKH
NpOLECY pi3aHHs CIUIaBIB TAKOT'O THILY.

Takox OynaM TpoBeIeHI HATYpHI EKCHEPUMEHTH 3 MEXaHI9HOI
o0poooBanocTi Ni-Co cruiaBiB B yMOBax TOYiHHS Ta CBepTiHHS [4].

Chnucok Jgireparypu

1. Glotka A.A. Forecasting the Properties of Heat-Resistant Nickel
Alloys Equalaxial Crystallization / A.A. Glotka, V.E. Ol’shanetskii//
Archives of Metallurgy and Materials. — 2022. — Vol. 67, No. 1. - PP. 51-56.
https://doi.org/10.24425/amm.2022.137471

2. Konecnikos B. O. Jleski MaTepiano3HaByi aCeKTH IPH MeXaHI9HI N
00pobmi cTaned i criaBiB AT TPAHCHOPTHOI Ta €HEPrOMAIIWHOOYIIBHUX
ramyzeii. Yactmra 3. 3acToCyBaHHS KOMIT IOTEPHOTO MOJETIOBAHHS
[Ipobremu Ta MEpCIEeKTUBU PO3BUTKY aBTOMOOINTBHOrO TpaHcmopTy. 1X-a
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MikHap. HayK.-TeXH. iHTepHeT-KoH}. Marepianu. 14-15 kBitHsa 2021 p., m.
Bianwng, 2021. C. 120 — 126.

3. Konecnikos B. O. Jlesxi maTepiaio3HaByi acleKTH IIPH MEXaHIuHIH
00poO1i cTaieill 1 CIIaBiB sl TPAHCHOPTHOI Ta €HEPrOMAaIIMHOOYIIBHUX
raiayseil. YactuHa 4. 3acTOCyBaHHS KOMIT'IOTEPHOTO MOJENIOBaHHA //
Marepianu X-o0i MikHap. HAyKOBO-TEXHITHOI iHTepHET-KOHD. «IIpodmemu i
MIEPCIIEKTHBH PO3BUTKY aBTOMOOUTFHOTO TPaHCIOPTY», 14-15 kBiTHSI 2022 p.
— Binanma: BHTY, 2022. C. 121 — 126. ISBN 978-966-641-910-4.

4. KonecuikoB B.O. JlocmimkeHHs MexaHI9HOI 00poOIIOBaHOCTI Ta
momrkoxyBaHocTi Ni-Co cmagis / Matepianu 6-i Mi>xkHapogHOT HAyKOBO-
TeXHIYHO1 KoH(epeHtii « Teopis Ta mpakTHKa panioHaJIbHOTO IPOCKTYBaHHS,
BUTOTOBJICHHS 1 eKCIUTyaranii MalIMHOOYAIBHIX KOHCTPYKLii». — JIbBiB:
KIHITATPI JITA. — 2018. — C. 44 —46.
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Bypnyn B.B.!

Konecnikos B.0.%3

PeBsikina O.0.3

Bacenpka JI.O.3

Konecnikosa €.5. 4

' KaHJI. e, HayK., moueHT JIHY im. Tapaca IlleBuenka

KaH]l. TeX. HayK., B.0. Hayk. criBpoOiTHuka ®MI HAH VYkpainu, JIHY im.
Tapaca [lleBuenka

3 IOLEHT, KaH/I. TeX. HayK., noueHT JIHY im. Tapaca IlleBucnka
+ marictp, JI3 «84 mkona im. Mocadatu ['opaaimeBchKoix»

BUKOPUCTAHHA CYYACHHUX KOMII'IOTEPHUX TAKETIB
IPOI'PAM JJIA MOJEJIIOBAHHA M!ZXAHI‘IHOT OBPOBKU
MOJIUPIKOBAHUX CTAJIEU TA CIIVIABIB

Jlnst onTumizaltii Ta BUPIIEHHST HAYKOBHUX Ta TEXHOJIOTIYHUX 3a/1a4
B EHEPrOMAaIlIMHOOYAyBaHHI Ta IHIIMX Taly3sSX 3aCTOCOBYIOTBCS pi3HI
KOMIT'IOTEpHI TPOTpaMHi MakeTn Ta Komrulekcw. Cepen SIKMX MOXKHA
punimuta: NASTRAN, ANSYS, LS-DYNA, DEFORM, ABAQUS, pi3ni
nporpamHi pimeHHst kopnopatii MSC Software Ta in. [1-4].

Juis BupimieHHS OUTBIN CKIAQJAHUX Ta CIENiali30BaHUX 3a1ad
MIPOBOASATH PO3POOKY JONATKOBUX IPOTpaM Ta CKPHINTIB, HAIMCAaHHUX Ha
pi3HMX MoBax mporpamyBaHHsi: Assembly Language, Fortran, Pascal,
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Delphy, C + +, Python Ta iH., 0 J03BOJS€ 3HaYHO PO3ILUPIOBATH
MOXJIMBOCTI BUKOPHUCTAHHS BUILE3TaIaHUX ITPOTPaMHHUX KOMILIEKCIB.

Jnst Oinbnrocti mporpaMHuX KOMIUIEKCIB (Hampukian, ANSYS,
Abaqus) Mo)Ha OTpUMaTH O€3IIATHY «CTYAEHTCHKY JIIEH31i0» (B T. 4. JJIs
acmipaHTiB Ta JOKTOPAHTIB), LIO JIO3BOJISIE IPOBOJUTH KOMII IOTEpHE
MOJICITIOBAHHS /ISl HABYAaHHA 3 HeKoMepuiitHoo MeToro. LS-DYNA Ttakox
JIO3BOJIIE TIPOBOTUTH OE3KOINTOBHE TECTyBaHHSA CBOiX «OeTa Bepciit»
Iporpam.

Komm’torepni maketn AdvantEdge, Deform (2D, 3D), Abaqus, LS
Dyna, ANSYS 103BONAIOTH 3IIHCHIOBATH KOMII IOTEPHE MOJICIIOBAHHS
MeXaHigYHOI 0OpOOKH Ta CTPY’KKOYTBOPEHHS. B IiX makerax 3aCTOCOBYIOTh
piBusHHs  xoHcona-Kyka, sk HafOimbl e(QEKTHBHE 3 TOYKH 30pY
CITIBBIJTHOIICHHS «IOXHOKa»/«IIBUIKICTh PO3PAXYHKYY.

Ha kadenpi TexHomorii BupoOHuUITBa Ta mpodeciitnoi ocitu JIHY
iMm. Tapaca IlleBucHka IUIAHY€ETHCS JOJATKOBO BBOJUTH B HaBUAIbHUUN
npolec Kypcu MAMCIMIUIIH TPUCBSYEHI MNPOBEACHHIO KOMI IOTEPHOTO
MO/ICIIFOBaHHS MeXaHIYHOT 00pOOKH CIIIaBiB.

[TpoBeneHo KOMIT FOTEpHE MOJETIOBAHHS TOYIHHS Ta CBEPUTIHHS JJIS
PI3HUX CIUIaBiB, HANpPUKIAN, UL MOTU(IKOBaHWX (HEPUTHO-TIEPITITHUX
craliell Ta OKapOMINHUX HIKeNb-KOOATPTOBHX CIDIaBiB. Pesymeratn
MO/JICTIFOBAHHS JO3BOJIMIIN OTPUMATH 3HAYCHHS HANpYyKeHb 3a poH Mizecom
Ta 1HII XapaKTePUCTUKH IS PI3HIX YMOB MEXaHIYHOT 0OpOOKH.

Cnucok gitepatypu

1. Bypayu B. B., Persikina O. O., Konecuikosa €. B. Jlesiki npukiagu
3acTOCYBaHHs iH(DOPMAIIITHUX TEXHOJIOTI# B aBTOMOOUIBHI rajay3i Ta OCBITI
// Marepiamu  1X-0i MikHapomHOI HAYKOBO-TEXHIYHOI  iHTEpHET-
koHpepeHmii «[IpobieMun 1 TEPCHEKTHBH PO3BHTKY aBTOMOOITHHOTO
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Binaus: BHTY, 2021. C. 30 - 34. ISBN 978-966-641-851-0.

2. KonecHiko B. O. Jlesiki MaTepiao3HaBYi aCIIEKTH IPH MEXaHIYHIN
00po0mi cTaned i ciaBiB TSI TPAHCIIOPTHOI Ta €HEProMaIInHOOYIIBHUX
rayzeii. Yactmra 3. 3acTocyBaHHS KOMIT FOTEPHOTO MOJEIIOBAHHS
[Ipobremu Ta MEpCIEeKTUBH PO3BUTKY aBTOMOOIMBHOrO TpaHcmopTy. 1X-a
MixHap. HayK.-TexH. iHTepHeT-KoH(}. Marepianu. 14-15 xsitag 2021 p., M.
Binnaug, 2021. C. 120 — 126. ISBN 978-966-641-851-0 (PDF).

3. Konecuikos B. O. [leski MaTepiano3HaByi aCIEKTH IPH MEXaHIUHIH
00poOri cTaneill 1 CIyIaBiB sl TPAHCHOPTHOI Ta €HEPrOMAIIMHOOY IIBHUX
raimyseil. YactuHa 4. 3acToCyBaHHS KOMII'IOTEPHOTO MOJENIOBAHHS //
Marepianu X-oi MixkHap. HayKOBO-TeXHIUHOI iHTepHET-KOH]. «[Ipobremu i
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MIEPCIIEKTUBH PO3BUTKY aBTOMOOIJIBHOTO TpaHCTIOPTY», 14-15 kBiTHsA 2022 p.
— Binnumga: BHTY, 2022. C. 121 — 126. ISBN 978-966-641-910-4.

4. KonecnikoB Banepiii Onekcannposuy, Pessikina Onbra
OnexcanzapiBua, Bacenpka Jlapuca OnekcannpiBHa, KonecHikoBa
€mm3aBera bopuciBHa. MojentoBaHHS MIKPOCTPYKTYpH CIUIaBiB IS
MIPOTHO3YBAHHS 3aJIMINKOBOI HANPYTH Ta IIMPOKOTO CIIEKTpa MEXaHIYHHX
BIacTuBOCTeH B porpamaomy kKomiuiekci DEFORM // AkryansHi nuTanss,
mpobeMH Ta TEpPCHEeKTHBH pO3BUTKY HAayKH Ta OCBIiTH: Matepiamu [
Bceykpainchkoi MK IUCIAIUTIHAPHOT HAYKOBO-TIPAKTHYHOI KOH(epeHtii (M.
[onTaBa, 27-28 xBiTHA 2022 poky). IlomraBa: Bua-Bo I3 «JIHY imeni
Tapaca LlleBuenka»: Ilonrasa, 2022. C. 218 —222.
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Bamupkuit O.1.:

Konecnikos B.O.2:

I'aBpuntox M.P .+

IBacekeBuu JI.M.s

' I-p. T€X. HayK., CT. HayK. criBpoOiTHUK ®MI HAH Ykpainu

> KaHZ. TeX. HayK., HayK. crniBpoOiTHHK OMI HAH VYxkpainu

3 KaHZ. TeX. HayK., po1. JIHY im. Tapaca llleBueHka

+ KaHJI. TeX. HayK., HayK. cmiBpoOiTHHK ®DMI HAH VYkpainn

s KaHIl. TeX. HayK., CT. HayK. crmiBpoOiTHUK ®MI HAH Vkpainn

3ACTOCYBAHHA CUCTEMH KOMIT’FOTEPHOT O 30PY JJIA
AHAJII3Y NPOAYKTIB PI3AHHA NI-CO CIIVIABIB

Ni-Co cruiaBu € nepcrneKTHBHUMH KOHCTPYKLIHHUMHU MaTepiajiamu,
IO BHMKOPHCTOBYIOTBCSI B DI3HUX rany3sx. [Ipore B 3anexHOCTI Bif
TEXHOJIOTii ~ BUIOTOBJIEHHS  MOXE€  BHMHHMKATH  HEOOXImHICTH  Juisi
JOOTIPAITFOBaHHS BHPOOIB sKi Oynmu 3 HHUX BHUroTOBiIeHHI. Cepen Takmx
TEXHOJIOTIYHUX OTEpalliif SKi MMOJETIYIOTh MeXaHiuHy 00poOKy Moske OyTH
HaBOJHCHHS MOBEPXHEBUX Ta ITIIOBEPXHEBHUX IIApiB AJISI TOJICTIICHHS X
MeXaHiYHOI OOpOOKH, 3aCTOCYBaHHS 3MallyBaJbHUX OXOJIO/PKYBaJIbHUX
cepenosui (30P) Ta HOBUX IHCTPYMEHTIB [UIsi 0OPOOKH.

Paninmie Hamu OyJ0 BCT@HOBJIEHO, IO B TPOAYKTAaX pi3aHHSA 3
BHCOKOHIKEJIEBUX CINIABIB € BUCOKHH BMICT BOJHIO. SIKMI BUAIIABCS IiT Yac
TEXHOJIOTIYHOTO Iporiecy npu Bukopuctanui 30P [1].

Ha croemianmpHOMY oOONagHaHHI TPOBOMMIM HACHYEHHS BOJHEM
JOCITiTHUX 3pa3KiB 3 Ta30BO1 (asu.
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BoneHb cyTTe€BO BILIMBAE Ha MeXaHIuYHy 0OpOOIIOBaHICTh CIUIABIB, a
TaKoX TPUOO(I3NUHI BIACTUBOCTI MOBEPXHEBUX Ta IMiANOBEPXHEBUX IIAPIB.
ExcriepuMeHTanbHI pe3ysibTaTd HAaBOJHEHUX OOpPOOIIOBAaHMX JeTaned 1
PKy4Oro iHCTpyMEHTa CBiuaTh IPO 3MiHY XapakTepy CTPY>KKOYTBOPEHHS
Ta IHTCHCUBHOCTI 3HOILIYBaHHS PIXy4Oro IHCTpyMEHTA.

3acTocyBaHHS METO/IIB KOMIT IOTEPHOTO 30y 32 MEXaHITHOi 00pOOKH
MaTepialiB pa3oM 3 pPETENbHHM aHANi30M IPOAYKTIB pi3aHHS CIIPHSIE
BHBYCHHIO OCOOJHMBOCTEW IX pyHHYBaHHS Ta BIIIOBIAHOTO KOPETYBaHHS
TEXHOJIOTIYHUX TporieciB [2].

Ha puc. 1 HaBegeHO MPUHT CKPHHHU AiaJIOTOBUX BIKOH PO3poOIIeHOT
KOMII"FOTE€PHOT IIPOTPaMH , 32 JIOTIOMOT OO SIKO1 BiTOYBaBCs aHaIi3 HPOAYKTIB
pizanns 31 3paska Ni-Co cruaBy [3].

12 ey —Ew ® [ErNr———— ]

Puc. 1. Buxinue 300paxenns (a); [loOymosa ricrorpamu (6).

AHami3 CTPYXKH JI03BOJISIE CYTTEBUM YHHOM KOpETYBaTH BHPOOHI
mporiecn [4]. Ha 3pocrarowomy punky Iamyctpii 4.0 icHye rocTpa
HEOOXITHICTh BIIPOBA/DKYBAaTH AaBTOMATHYHI METONW IEPEBIpKU LIS
MIATPUMKH BUPOOHHUYHX TMPOIECiB. ABTOMATH3AIls omeparii iqeHTugikarii
Ta PO3Mi3HABAHHS CTPYXKH JIO3BOJIUTH pO3poOMTH Oinbll  eheKTHBHI
NPOLIECH Pi3aHHs, 10 MOJErIUTh YNPaBIiHHA IUIAHYBaHHSIM MPOLECIB
BUPOOHMIITBA 3 HYJIOBOIO KIJIbKICTIO Ie()eKTiB.

Cnucok gitepatypu

1.Balitskii A., Kolesnikov V. Hydrogen Effects on the Formation of
Nickel Based Superalloys Cutting and Wear Products / Abstracs of the 22nd
European Conference on Fracture - ECF22, 26 — 31 August, 2018, Belgrade,
Serbia. — P. 182.

2. KonecHixoB Banepiii, 'aBpmiok Mapis, banuupskuit Onexcanmp.
3acTocyBaHHS METOJIIB KOMIT FOTEPHOT'O 30pY JUISl iieHTH(iKaLii MPOayKTiB
pi3aHHs Ta 3HOIIYBaHHS 3 ypaxyBaHHSIM MaTepiano3HaBunx 3acal. «CydacHa
Hayka Ta OCBiTa». Marepiann MikHapogHOI HayKOBO-TIPAKTHYHOI
koHpepenmii. M. Ctapobinsebk, 14-15 kBiTHs 2021 p.C. 140 — 142
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3. CBiIOLITBO MPO PEECTPALIiF0 aBTOPCHKOTO mpasa Ta Tip Ne 101853
Komm’rorepHa mporpama «OOpoOka 300pakeHb IIOBEpXHI IIPOAYKTIB
3HOLIYBaHHS, pPi3aHHS BUCOKOMIIHMX cTaiedl Ta cruiaBiB». KoisecHikoB
Banepiii Onekcanaposuy, bamuipkuii Onexcanap IBanoBuy, ['aBpuitrox
Mapis PomaniBna, [BacbkeBud Jlrobomup Muxaitnosuy. Jlata peecrpaii 15
cignasg 2021 poxky.

4. Emiam {., bamumpkmii O.1., IaBpmmok M.P., Komecuixos B.O.
Jesixi matepiaio3HaBdi acmekTH Ta MOP(OIOTiS MPOAYKTIB pi3aHHA SIK
iHpopManiliHi YMHHUKA IIOM0 KOPETYBaHHS TEXHOJOTIYHHX IIPOLECIB ITif
gac MeEXaHIYHOI OOpoOKHM CIDIaBiB B eHepreTwdHid ramysi. [-ma
BceykpaiHcbka Hayk.-TIpakT. iHTepHEeT-KOH(. «CydacHa Hayka: CTaH,
npoOemu, nepcrekTuBmw». Matepianu. M. Ctapobinbebk, 14-15 kBiTHs 2020
p. C. 140 — 144.

VJIK 620.18:004.94

Konecuikos B.O.»

' KaHJl. TeX. HayK., B.0. HayK. criBpoOiTHuka ®MI im. I'.B. Kapnenka HAH
Vkpainu

> rouieHT, JIHY im. Tapaca llleBuenka

JOCILIKEHHS CTPYKTYPHOI MIKPOHEOJJHOPIJJTHOCTI B
CTAJII 38XH3M®A TA ii BILIUB HA BJACTUBOCTI

CTpyKTypHa MIKpDOHEOJHOPINHICTE Ma€ CYTTEBHH BIUIMB Ha
BJIACTHBOCTI KOHCTpYKLilHMX MarepianiB [1 - 3]. Tlporsrom TpuBanoi
eKcIITyaralii BupoOiB, 1[0 BAKOPUCTOBYIOTHCS B €HEProMalIMHOOY AyBaHHI,
BiZIOYBaIOTHCS 3MIHHU B X MIKPOCTPYKTYPI, 1ie BIUIUBA€ Oe310CepeIHbO Ha TX
BiacTuBocTi. CBili BHECOK Ha 3MiHM, L0 BiIOYBAaIOTbCS Y CTPYKTYPHHX
CKJIaJIOBUX CIUIABIB JI0J]al0Th LIIMH KOMILUIEKC (aKkTOpiB TakuX, SK
TEXHOJIOTIYHI CepeZoBHIIA, HAaBAaHTAXKEHHS, 3MiHAa TEMIeparyp, KoposiiiHa
CTIMKICTh MaTepialiB Ta iH.

HocnimxyBamyu 3pasku 3i cruiasiB ctaimi 38XH3M®A B ymoBHO
BUXIZTHOMY CTaHi Ta MicIsl TPUBAJIOI eKCIUTyaTallii Bajla poTopa. BusBieHa
3MiHa MIKpOTBepAOCTi AJist 3epeH deputy yepes 250 THC. TOJUH eKCIUTyaTamil
(puc. 1). OTpumMaHo piBHSHHS perpecii Ta KoeillieHTH MHOKHHHOI perpecii.

82
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Mikporsepaicts Hyy, I'Tla
Puc. 1. MikpoTBepaicTs 3epeH GepuTy: BUXIAHUI CTaH (a); AerpajoBaHui
ctaH (0).

Takok TpOBEAECHWH aHaNi3 JOCHIIKCHb, O3BOJUB BCTAaHOBHUTH
3HIDKEHHS TBEPAOCTI IJ dYac TpHBaJOi eKcIUTyartamii mais —cranei:
12X18AT'18II, 25XIM1®D, 38XH3M®DA. BcraHoBI€HO, IO IS CTali
38XH3M®A ((150...250)-10: roz.) BinOyBaeTbcs po3nazn copbity i Ha 15 %
3HIKYETHCS TBEPIICTh. TaK TBEPIICTh CTANi Y BHXITHOMY CTaHi CKJIajaia
290 HB (mroma nementuty cranoBmna 80...87 %), micmsa 250 thc. rox
eKcIuTyararfii 3au3muiack 10 250 HB (1ieMeHTHTHA CKJ1a10Ba 3MEHIIUIACH 10
65 %, BUSBJICHO 3epHA BUILHOTO (PEPHUTY).

BcTaHOBIIEHO, IO BMICT JIETyBaJIbHUX €JEMEHTIB B KapOiaHiil ¢asi
30UIBIIYETHCS, & Y TBEPAOMY PO3UMHI METalIeBOI MATPHIN 3MCHIIYETHCS Y
MOPIBHSHI 3 BHXITHUM cTaHoM. [HTeHcudikamis nudy3iiHUX npolecis
cnpusie 30UIBIIEHHIO KOHIEHTpAIii Kap0iJoyTBOPIOIOYMX EIEMEHTIB: 5K B
Kap0Oigax, Tak i IO TPaHUIIX 3epeH [4].

3acdikcoBaHO 30LIBLIEHHS Y ClIeliadbHUX KapOigax Bmicty: Crta V —
B 1,05 — 1,6 paza, Mo —y 2,2 — 2,8 pa3a. Takox 0HOYaCHO BiIOYBa€THCS
pO3Maj MepIiTy 3a paxyHOK IepeTBOpPEeHHs 10 KapOinaHoi (da3u.

Cnucok JgiTepatypu
1. KonecaukoB B. A. OcobeHHOCTH (OPMHPOBAaHUS CTPYKTYPHOM
MHUKPOHEOJHOPOJHOCTH  BBICOKOMAapraHIEBBIX  Yyr'yHOB  //
Pecypco30biratoui TexHOJIOTil BHpPOOHHMITBA Ta OOPOOKH THCKOM
MarepianiB 'y MammHOOyAyBanHi: 30. Hayk. mp. Yacruna 2.
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Marepiano3nasctBo. — Jlyrancek: Bugasaunrso CHY.- 2003. — C.
78 — 84.

2. bamuupkuit 0., Koctiok 1., Koxwmancekuit II., Ocrad B.,
KonecnikoB B. HeoHOpiAHICTh MEXaHIYHUX Ta €JIEKTPOXIMIYHUX
XapaKTEepUCTUK 3BAPHUX 3€JHAHb XPOMOMAapraHIeBHX CILIaBiB. // 6-
1t MikHapOaHUI CHMITIO3iyM yKpaiHCHKHUX IH)KEHEpiB-MeXaHIiKiB y
JIsBoBi. — JIBiBCBKa [omiTexHika. — 2003. —c. 134 -135.

3. Balicki A., Kubicki J., Kolesnikow W. Podwyzszanie odpornosci na
zuzycie scierne stopow Fe—Mn poprzez wprowadzenie wybranych
dodatkow stopowych // Inzynieria materialowa.-2003.— Ne 4. s. 244
—247.

4. Konuenuis BpPaxOBYBaHH: CTPYKTYPHO-()a30BOT0O CTaHy
eKCITyaTOBaHUX MaTepialliB B EHEepProMalIMHOOYIyBaHHI IpH
MPOBEJCHHI PEMOHTIB 3 3aCTOCYBaHHSAM MEXaHIuHOi 0OpoOKH.
Komnecuikos B.O., Banunpkuit O.1., ['aBpuntiok M.P., Pesskina O.0O.
II-ra MixknapoHa HaykoBO-TexHiYHa KoHpepeH1is «[lepcnekrusu
PO3BUTKY MalIMHOOYyBaHHs Ta Tpancnopty — 2021»: 30ipHuK Te3
[Enextponnmii pecypc]. — Biaaums: BHTY. —2021. — ¢. 310 -312.

YK 621.9:004.94

Bbamunekuit O.1.»

Konecnikos B.O.»

Buxanoposa H.O.s

PoxxkoBa A.1O.s

' I-p. T€X. HayK., CT. HayK. cniBpoOiTHUK ®MI HAH VYkpaiuu

2 1-p. TeX. mpod. 3axiTHONOMOPCHKHUiT TeXHOIOT uHMA yHiBepcuTeT B el
Pecny6utika ITosbmia, [erun

3 KaHZ. TeX. HayK., B.0. HayK. criBpoOiTHuka ®MI HAH Ykpainu
+ moureHT, JIHY im. Tapaca [lleBueHka

s ct. Buknanad JIHY im. Tapaca llleBueHka

s acucteHT JIHY im. Tapaca llleBuenka

KOMIT'IOTEPHE MOJAEJIOBAHHSA OPTOI'OHAJIBHOT'O
TOYIHHS ) KAPOMIIIHOI'O HIKEJIEBOTI'O CIIJIABY

JKapominHi HikesleBi CTITIaBH BOJIOIIIOTH IJIMM PSIIOM BIIaCTHBOCTEH,
o0 JI03BONISiE BHPOOM 3 HHX Yy BaXKHX yMOBax pobotm B
€HeproManInHoOy IyBaHHI, eHePTeTHIli, aBiamii Ta iHmMX ramy3sax [1, 2].

BBakaroun Ha BHCOKY BapTiCTh BHpOOIB, sika Ie TOTO MOCTIHHO
3pocTae, BUHUKAE HEOOXiHICTh Y MPOBEACHH] PI3HUX BHIIB KOMIT FOTEPHOTO
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MOJICTIIOBaHHS, IO CTOCYIOThCS TakMxX cruiaBiB. Lle nmo3Boisisie cyTTeBUM
YMHOM €KOHOMHMTH 4YaCc Ha IPOBEJCHHI HATYpPHUX CKCIICpUMEHTIB Ta
BUIIpOOYBaHsb [3, 4].

[TpoBoanny KOMIT’IOTEpHE MOJIENIIOBaHHS MexaHi4HOT 00poOku Ni-Co
cruiagiB B makerax Deform (2D, 3D) ta Abaqus.

JU1s 3aBIaHHS XapaKTEPUCTHK CIUIABIB BHKOPHCTOBYBAIH, SIK JaHHI
OTpPHUMaHi 3 JOBITHUKOBOI JIiTEpaTypi, TaK i JaHHI OTPUMATH Ha PO3PUBHIX
MallrHaX 32 CTAHIAPTHUMH METOJUKAMH.

OTpuMaHi XapaKTePUCTHKH MOXYTh OYTH OMNMCaHi 3a JOTIOMOTOIO
piBasHHES JlKoHCOHa-Kyka (siIke € 1O CyTi enacToB’SI3KOILIACTHIHUM
3aKOHOM CTaHy MaTepialy NpH BEIUKHX JeQOopMallisfix) Ta BpPaxOBYE
amiabaTW4Hi 3CYBHI SIBHWINA, SKI BHKIMKAHI 3HAYHUMHU TPai€HTAMH
TEeMIEPaTyp Ta BETUKUMH IUIACTHYHUMH Je)OpMAaIisIMH.

Sk mpuknan Ha puc. 1. mpoutocTpoBaHO rpadiuHy Bizyasizaliiio
pe3yIbTaTiB KOMIT IOTEPHOTO MOJETIOBaHHA MexaHiuHOi 00poOkm Ni-Co
cIutaBy, 1o 3pobieHoi B makeTi Abaqus. SIk BHOHO 3 pHUCYHKa 30BHIIIHIN
BUIJIA/ CTPYKKH, 10 YTBOPHIIACH MiJ Yac eKCIIEPHUMEHTAIBHUX JIOCTIKEHb
30irae 3 KOMI IOTEPHHM MOJICTFOBAHHSM.

YTBOpEHHS rOCTPOI CTPYIKKU

Puc. 1. Komn’rotepHe MonentoBanHs JedopMartiii cTpyxku (Bizyanizaris
KOMIIT'FOTEPHOTO MOJICIIIOBaHHS B mporpami Abaqus).
Takox pe3yJIbTaTH PEOJIOTIYHOI0 MOJICIIIOBAHHS OTPHMAHO 3HAUCHHS
Harpy>xeHb 32 GoH Mi3zecoM B pi3HUX YaCTHHAX BUPOOY, III0 MOJIEIIIOETHCS.
BukopucroByroun JaHWH TaKeT 3’ABISETbCS MOXIMBICTH  JUIS
MIPOBEJICHHS MOJICJIIOBAHHS JJIsl pETIPEe3eHTaTUBHUX 00’€MiB MaTepiaiy, sk
s 2D, tak i gns 3D ymoB.

Cnucok JgiTepatypu
1.0. A. Glotka and S. V. Haiduk, Distribution of Elements in Carbides
of Multicomponent Superalloys, Metallofiz. Noveishie Tekhnol., 42, No. 6:
869—884 (2020) (in Russian) https://doi.org/10.15407/mfint.42.06.0869.
2. Balitskii A., Kolesnikov V. Hydrogen Effects on the Formation of
Nickel Based Superalloys Cutting and Wear Products / Abstracs of the 22nd
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European Conference on Fracture - ECF22, 26 — 31 August, 2018, Belgrade,
Serbia. — P. 182.

3.Abpamex Kapons, KosnecHikoB Banepiit, banuupkuii Onexcanap.
Jlesiki mixoau 00 KOMIT FOTEPHOTO MOJCTIOBAaHHS MEXaHI4HOT 00poOKH
MarepiaiiB 3 ypaxyBaHHSIM IapaMeTpiB MIKPOCTPYKTYPH JOCHiIKYBaHHX
cruraBiB. «CydyacHa Hayka Ta ocBiTa». Marepiann MikHapOIHOT HAYKOBO-
npakTnaHOi KoH(pepeHmii. M. CtapoOinecrk, 14-15 kBiTHa 2021 p. C. 208 -
210. ISBN 978-617-95067-7-2.

4. KonecHikoB B. O. Jlesiki MaTepiao3HaBi aCIIEKTH IPH MEXaHIqHIN
00po0mi cTaned i CruiaBiB TSI TPAHCIIOPTHOI Ta €HEProMaIlnHOOYIIBHUX
ray3eil. YactuHa 3. 3acTocyBaHHS KOMII IOTEPHOIO MOJEIIOBAHHS
[MpoGnemMu Ta MEPCIEKTHBH PO3BUTKY aBTOMOOLIBHOTO TpaHcmopry. 1X-a
MikHap. HayK.-TexH. iHTepHeT-KoH}. Marepianu. 14-15 xBitasa 2021 p., M.
Bianwng, 2021. C. 120 — 126

V]1K669.245.018.28:629.7.03.-226.2

KacHutpka F0.I'!

uncekuit O.1.2

Makcrora 1.I3

KsacHumpka K.IT*

'I-p TexH.. HayK, IIPOBiIHMI HAYKOBUH CIIBPOOITHHK Bimmimy (izuko-XiMii
JIMBAapHUX mpolieciB GU3IKO-TEXHOIOTTYHOTO IHCTUTYTY METANIB Ta CILUIABIB
HauionaneHoi akaneMii Hayk YkpaiHu

211-p TeXH.. HAYK, 3aBiqyI0unil BiIiTy (i3UKO-XiMil TMBAPHUX TIPOIECIB
@Du3iKO-TEXHOJIOTIYHOTO IHCTUTYTY METaJliB Ta ciuiaBiB HarioHanbHOT
akazeMii HayK YKpaiHu

KaHI. TEXH. HAYK, CTAPUINK HAYKOBH CIIBPOOITHUK Biaimy disuko-ximii
TMUBapHUX TporeciB OU3iKO-TEeXHONOTIYHOTO IHCTUTYTY METAJliB Ta CIUIaBiB
HamionaneHoi akagemii Hayk YKpaiHu

‘acmipant  Bimmimry — Qisuko-xiMii  JmBapHMX — mpomeciB  Dwusiko-
TEXHOJIOTIYHOTO IHCTUTYTY METaJiB Ta clulaBiB HamioHansHOi akageMil Hayk
VYkpainu

JTOCJIIKEHHA CTPYKTYPHO-®A30BOI CTABLJIBHOCTI
JKAPOMIITHUX KOPO3IMHOCTIMKWUX CILJTABIB JIJISI
POBOYUX JIOITATOK I'TA,

AKTyaJbHICTE PO3POOKM HOBHX >KapOMIIHMX KOPO3iHHOCTIMKHX

CIUIaBiB MOB’sI3aHA 3 HEOOXIMHICTIO 30UIBIIEHHS pecypcy poOOTH JIOMATOK
TypOiHM, MiABUINEHHS TEMIIEpaTypu Tra3y Hepel BXOJOM B TypOiHy Ta
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exkoHOMil manuBa. OJHOYACHO 3 TMiJBHLICHHSAM poOOYOi TeMmeparypu y
TypOiHax HeoOXijHO 3a0e3NeYuTH HaAIHHICTh POOOTH JIOMATOK, 3MEHIINUTH
BUTpaTH Ha PEMOHT JBHI'YHA Ta BUIIYCK 3allaCHUX 4acTWH. BiamosigHo 1o
BUMOTI' KOHCTPYKTOPCBKOI JIOKYMEHTalii Ha Cy4acHi eHepreTH4Hi 1 CyJHOBI
I'T/] HeoOxinHO 3a0e3neunTH iX HaliliHy POOOTY NpH TeMIepaTypi rasy Ha
Bxozi B TypOiny 1150 — 1200°C, mo [03BOJIUTH HiABHIIUTH MOTYXHICTh ¥
MOpIBHSAHHI 3 [ABWTYHAMH, pPO3pOONIeHMMH paHime. i IigBUIIeHHS
YKapOMIITHOCTI Ta 3MEHIICHHS BHCOKOTEMIIEPAaTYpPHOI KOpO3il JIOMaTok y
crutaBy BBOAATE Bix 12 mo 20 % mac. xpomy. IligBumennit BMicT Xpomy
CIIpHsi€ YTBOPEHHIO KapOigHuX (a3 y CInIaBi, sSKi 3MEHIIYIOTh TNIACTUIHICTh
sutoro merany[1-5].

OcTraHHIM 4YacoM CTBOPIOIOTH JKapOMIIHI CIUIaBM Ha HiKeJeBii
OCHOBI, SIKI JIETYIOTh PEHIEM, TaHTaJOM, pyTeHiEM. BUKOpHCTaHHS NHX
€JIEMEHTIB Ul JIETyBaHHS Cy4YacHHX CIUIaBiB J03BOJSIE 3MEHIINTH
KOHLICHTPALII0 B HAX XpOMY 1 30UIBIIUTH MIIHICTh 0€3 3MEHIICHHS PiBHS
KOPO3iHHOI CTIHKOCTI JIOIATOK.

JlocmipkeHHST OCTaHHIX POKIB TOKAa3ajM, M0 CIHiJbHE BBEICHHS B
CIUIaB TaHTAIY i peHito 3a0e3medye pizke 3HIKEHH TUQY3iiHHOT pyXIHUBOCTI
€IIEMEHTIB Y CIUIaBi, OCOOJIMBO IIPH BUCOKIN TEMIEpaTypi, 3HAYHO 3MIIHIOE
TBepaWi po3umH i cTabimizye 7y'-daszy, 30KkpemMa YHOBLIBHIOE MPOIECH
YTBOPEHHS BEIMKUX YacTOK Yy'-(pasu, 3a paXyHOK KOAryJiimii Ta IiABHILye
TEeMIIepaTypy po3duMHEeHHs ApiOHMX. Lle TakoXk NMpU3BOANTH 10 301TIbIICHHS
JKAPOMIIHOCTI Ta TEPMIYHOT CTAOUILHOCTI JKAPOMIITHUX HIKEJICBHX CILIABIB
[6-8].

IMpotsirom ocrannboro necstupivus y O®TIMC HAH VYkpainu
MPOXO/SITh JIOCHI/PKEHHSI BIUIMBY TYTOIUIABKUX METaNiB, TaKUX SIK PEHiH,
TaHTal, pyTeHid, Ha CTPYKTYpy 1 BJIACTHUBOCTI  KapOMIIHUX
Kopo3iiHoCTiiKuX cruiaBiB st jonarok ['T/. Ha 6a3i xiMmiuHOrO CcKiamy
CepiHOTO JXKapOMIIHOTO Kopo3iitHocTiiikoro cruiaBy CM88Y([9] cTBopeHa
HOBa KOMIIO3HIIis, 0 JOJATKOBO MIiCTUTH peHii (3,7-4,3 %, mac.) i TarTan(
2,5- 4,3 %, mac.).

HaiiBaxxnuBimia ponbs B 3abesneuenHi TpuBasnoi mimnocti XKC, ix
TEXHOJIOTIYHOCTI ITPU JIMTTI 1 TEpMi4Hil 0OpOOI HaNEKUTh TeMIepaTypam
(a3oBuX IepeTBOpeHb. Temmneparypu MOBHOTO po3duHEeHHS Y'-(asu B y-
TBepromy po3uuHi Tm.p. (TcomsByc), Temmeparypu comiayc Ts i miksigyc Tr
€ He TUTbKU XapaKTEePUCTUKAMH TEPMIYHOI CTaOUTLHOCTI, a i BU3HAYAIOTh, B
IepuoMy HaOMIDKEHHI, MAaKCHUMajJbHy TEMIEpaTypHy Ipane3JaTHICTh
»apominHoro craBy [23]. Meroro naHoi poOOTH € BUBYEHHS TEMIIEPaTyp
($a30BUX TEpeTBOPEHb, MOCHIIKEHHS (Ha30BO-CTPYKTYPHHUX CKIIAJJOBHX
eKCHEPUMEHTAIBHOTO  JKapOMIITHOTO  KOPO3iMHOCTIMNKOTO CIUIaBy IS
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JIONATOK TEPUIOTO Ta JAPYroro CTYNEHIO TypOiHW ra3oTypOiHHUX IBHIYHIB
€HEePreTUYHOT0 MPU3HAYCHHS.

JocikeHo mM'Th 3pa3KiB eKCIIEPUMEHTAIBHOTO CIUIABY 1 BiZIOMOTO
npomucioBoro cruilasy CMS88Y. [lns oTpuMaHHS JOCTITHHX 3pa3KiB
3aroToBkH cruiaBy CM88Y [9] i ekcriepuMEHTalIbHOIO CIUIaBy, sIKi OyJn
MOTIepEeTHRO BHIUIABJICHI 3 YHCTHUX MAaTepialliB, MEPEIUIaBIUIA METOJ0M
BaKyyMHO-IHAYKIIIHHOTO TeperuiaBy Ha JuBapHOMY arperarti YIIII®-2 3a
BiTOMOIO TexHOJOTi€0. (THCK B mmedi 1,2 — 2,5 Ila, TemMnepaTypa 3aIuBKA Y
¢dopmu 1560 — 1580 °C, Temmeparypa ¢opmu — 800 °C). Temmeparypu
¢azoBux meperBopens (TS, TL, Tm.p. — moBHOrOo po3umHEHHS Y'-haszm)
BH3HAYANNCA TU(QEPEHIIHHOI0 CKaHYIOUOI0 KanopuMmerpiero. JlocmimkeHHs
BUKOHYBaJIM Ha BHUCOKOTOYHOMY CHHXPOHHOMY TEPMIYHOMY aHali3aTopi
Netzsh STA449C (HimeuunHa) npu HarpiBi Ta OXOJIOPKEHHI 31 MIBUAKICTIO
20°C/xB 3paskiB 31 cmiaBiB posMmipom 2,8%x2.8x2.8 wmm. TouHicTh
BUMIpIOBaHHS TemriepaTyp cknazaae +1,5 °C.

Jyis m'stu 3pa3skiB eKCIIEPUMEHTAIBHOTO ciiaBy 1 cruiaBy CM88Y
OyJ10 BU3HAUEHO OCHOBHI TeMIeparypH (pa3oBHX epeTBOPEHB: TEMIEpaTypa
comimyc, TiKBimyc, coibByc (moBHoro po3umHenHs (Tm.p.) 7y'-das3m).
BcraHoBieHo 3MimieHHs piBHA 3Ha4YeHb KputudHuX TOo4oK (TS, TL) B
CTOpPOHY MiABHINEHHs, 3 Temmeparypu 1270, 1330 mo 1320, 1370 °C
BiNIOBiTHO, MIPH BBEICHHI peHito i TaHTany . Lle € miaTBepmKeHHAM (QakTy
MIO3UTHBHOTO BIUIMBY IIMX €JIEMEHTIB HAa TEMIEPATYPHUH MOPIT PO3UNHEHHS
3MinHOY0i  Y'-pasu  ckmany Niz(AlLTi) 1 Bu3HAYAE IIiABUIICHHS
TEMIEPATYPHOTO pPIiBHS pPOOOTO3AATHOCTI CIUIABY, IO MICTUTh PEHIH 1
taHTan. B nopiBusaHHI 3 TeMneparypamu it CM88Y otpumani it HbOTO
naHi Ha 50 °C By

JleryBaHHs CIUTaBIB peHiEM 1 TaHTAJIOM (3aMpPOTIOHOBAHUI CIUIAB), a
TAKOX 3HIKEHHS Y HUX XPOMY CYTTEBO MiJABHIIYIOTh TEPMiuHY CTabiNbHICTh
v —¢azu: Tm.p.y' migBumyerbes ~ Ha 50°C, mo Benmmumuu 1220°C. Ilpum
IILOMY 3pOCTa€ TeMIIepaTypa pPO3UNHEHHS HEPIBHOBAXHO] (y+Y') - eBTEKTHKH
(Test.) mo 1245°C.

JocnikeHHsT MIKPOCTPYKTYPH OTPUMAHHX 3pa3KiB B JIUTOMY CTaHi,
IIiCNIsl HarpiBy Ta OXOJIOPKEHHS (KaJIOPHUMETPHYHI JOCIHIKEHHS) AAI0Th
MOXJIMBICTh MiATBEPANTH, O (Pa30BO-CTPYKTYpHHH CTaH BiINOBimae s
CIUIAaBY PO3IJISIHYTOTO THUILY, TOOTO CKJIAJA€ThCs 3 Y-TBEPAOrO PO3YMHY 3
BKIIOYCHHSAM 7Y'-¢a3u 1 kapbimamu. 3 pHCYHKAa BHAHO, IO 3pPa3zoK
€KCIIEPUMEHTAJILHOTO CIUIABY Ma€ JIEHIPUTHO-KOMIPKOBY CTPYKTYpY, sKa
CKJIAJIA€THCSA 3 Y-TBEPOTO PO3UMHY, 3MIIIHIOYO1 y'-ha3m Ta xapbiais. [lpn
aHaJi31 CTPYKTYp AOCHIKEHHX 3pa3KiB MICIs HarpiBy B KaJOpUMETpPi 10
1250 °C TononoriunomntisHoynaxkoBaHi (TILY) - ¢a3u y cnasi, mo MiCTUTh
peHil 1 TaHTaJl, He yTBOPIOBAJIHCS.
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Element Weight, % Atomic, %
AlK 2,68 6,28
Ti K 0,91 1,20
CrK 13,49 16,43
CoK 7,72 8,30
Ni K 56,64 61,08
NbL 0,00 0,00
Mo L 1,07 0,71
TaM 1,56 0,55
a e —aereeren WM 9,63 3,32
ReM 6,31 2,14
Totals 100,00
Element Weight, % Atomic, %
AlK 3,42 7,44
Ti K 2,90 3,55
CrK 13,68 15,43
CoK 7,22 7,18
Ni K 62,38 62,32
NbL 0,82 0,52
5 ot -t Mo L 1,67 1,02
TaM 2,22 0,72
WM 5,69 1,82
Re M 0,00 0,00
Totals 100,00

Pucynok. MikpoCTpyKTypa 1 XiMIYHHN CKJIaf CIutaBy Ne 5, sKuii JIerOBaHO PEHIEM i
TaHTAJIOM, B OCI IeHIPUTY (a) 1 Ha rpaHuLli KoMipku (0)

[IpoBeneHi MOPIBHUIBHI TOCHIKCHHS TMOKA3alld, IO BBEACHHS Y

CIUIAaB TYTOIUIABKMX METANIB CIPHSE IMiABUIIECHHIO HOTO TerIodi3snuHuX
BJIACTHBOCTEH, a camMe TeMIeparyp JIKBIIyC, CONIAyC Ta IIOBHOTO
po3unHeHHs, npuoau3Ho Ha 50 °C HiDK A7 CTaHJAPTHOTO KAPOMIIHOTO
HikeneBoro cruiasy CMS88Y.
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YK 669

Omnbrrarenskuii B.1O.!

Konorenko 10.1.2

Ceprau P.A 3

! nokr. Texn. Hayk, mpodecop HY «3anopizbka nosnitexHika», 3anopixks
2 crapumii Buknana4 HY «3anopizbka nositexHikay, 3anopixoKs
3cryment rp. IP-210 HY «3anopiszbka nosmiTexHikay, 3amopizoKs

HOBYAOBA CUTAPOITIOAIBHUX AIATPAM 3 YPAXYBAHHSAM
EHEPTETUKHA BHYTPIIIHIX MEJK 3EPEH Y TBEP/IIN ®A3I
Bimomo, mo Oynp-sika curapomnojiioHa miarpaMa, sika Ma€ B CHCTEMi
«TeMmepaTrypa — XIMIYHHH CKJIaa» JiHi{ JIKBiAyC Ta coimgyc, Moxke OyTH
mo0Oy/T0BaHa B JIBa CIIOCOOM.
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[Nepmmit nossirae B ypaxyBaHHI (irypaTMUBHHX KPUTHYHHX TOUOK
CTOCOBHO TEMIIEpATyp <JIKBIAyC» Ta «CONIAYC» A PI3HUX XIMIYHUX
CKJIaNiB B CHUCTeMi KOMIIOHEHTIB A4-B. TouHO Taky x JiarpaMmy MOKHA
OTpHMATH IIUIAXOM BpaxyBaHHS KPHUTHYHHUX TOYOK JIKBIAYCY Ta CONIIYCY,
IO HajJeXaTh PI3HUM CIUIaBaM NpH PI3HUX (DIKCOBAaHMX TeMIEpaTypax
HIEPETBOPCHHSL.

Buxonsun 3 NPUHLOUIIB TEOMETPUYHOI TEPMOIJMHAMIKHM, MOXKHA
IOUIIXOM TIPOBEACHHS 3araJbHOi MOTHYHOI 3HAWTH mapIiiainbHi XiMidHI
MOTEHIiam (V11 KOKHOTO  PO3TAlllyBaHHA  3arajlbHOi  JOTHYHOI)
KOMNOHEHTIB 4 Ta B y pinkiii Ta tBepaiid dazax. [Ipm mpomy Oynap-ska
BEPTHKAJIb, 110 IEPETHHAE 3aralbHy NOTHYHY U1 (HiKCOBaHOTO XiMIYHOrO
CKJIajay, BIANOBiZae HaliMEHIIIH BUIBbHIM €Heprii cucTeMH 1 TOMY MOXiaHa
BUIHHOI CHEPTii Y KO)KHOMY BHIAKY Oy/e JOPiBHIOBATH HYIIIO.

Kpaiini To4kM KOXHOi JOTMYHOI BiAmoBizaroTh MiHiMymam U-
noJi0HUX KPUBUX BUIBHUX €HEprii pinkoi Ta TBepaoi das. B roii xe yac ui
TOYKH HaJexaTh NPSMHM, KOTP1 BKIIOYAIOTh y ceOe BiAMOBIAHI JOTHYHI Ta
NepeTHHAIOTh TEMIIEPaTyPHi KOOPANHATHI 0Ci KOMIOHEHTIB 4 Ta B. CrinbHi
pO3B’s3aHHSA piBHAHB, INO BiAmoBimatoTe U-MOmiOHNM KpWUBUM Ta
noOyJOBaHUM  INPSAMHM, JalOTh MOXJIMBICTH OTPUMATH  3HAa4YCHHSA
mapHiaTbHUX XIMIYHHUX TTOTEHIIialliB, KOTPi XapaKTepU3yIOTh Ti00COBI BUTBHI
eHeprii pe4oBHH A4 Ta B, 10 BXOJATh 10 CKJIALY PIAUH Ta TBEPIAUX PO3UYHHIB
B TOYKaX JOTUKY HU3KH JOTHYHHX.

Jo Toro x, koxkHa U-noiOHa KpruBa BIUTBHOT eHepril Ijist TBEpIol
(ha3u MICTUTDH OKPIM TaKMX BUIBHHUX MapaMeTpiB, sIK TeMIIepaTypa i THCK, I11e
1 ycepelHeHy BUJIbHY €HEpPIil0 MeX 3€peH, 10 OBUHHO CYTTEBO BIUIMHYTH
Ha XapaKTep PO3TalllyBaHHs CUTrapOomoaiOHOT JiarpaMu B CUCTEMI KOO IHMHAT
«TeMIiepaTypa-xXiMidyHui cKiIay.
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YJIK: 669.26.018.44:669.017

Kpimak A. O.!

Mimenko B. I'.2

Kopnienko B. B.?

Uacnipantka 3HY

2 1-p TexH. Hayk, npodecop HY «3anopisbka nomiTexHikay»
3 acmipant HY «3anopisbka momiTexHikay»

CTPYKPYTA TA MEXAHIYHI BJACTUBOCTI AYCTEHITHUX
KAPOMIITHUX CIIJIABIB PI3HOI'O ®YHKIIOHAJIBHOT O
IMPU3HAYEHHA

AepoKOCMIiYHA Tajy3b, siKa TUHAMIYHO PO3BHBAETHCS, BUMAra€ Bil
MaTepialo3HABIIB CTBOPEHHS CYYaCHHX CIUIaBiB, IO 3a0e3Me4yroTh
MI/IBUIIECHHS KOHKYPEHTO3[JaTHOCTI B HOBUX pPO3pOOKax TIa3oTypOiHHHX
JBHUI'YHIB. HeynmuHHO 3poCTaloTh BUMOTH 10 CIUIaBIB, SIKi NPAlIOIOTh NPU
BHUCOKMX TeMIlepaTypax Ta B arpecuBHHX CepeloBHUINaX. Tomy Oinblia
YacTHHA MaTepiaiiB, M0 eKCIUTYyaTy€eThCS — 3aCTapiid Ta HE BIATIOBITAIOTH
CydJaCHHM BHMOTaM dYepe3 HHU3bKi IMOKa3HUKH MIIIHOCTI Ta KOPO3iHHOI
CTifiKOCTI B yMOBaxX MiJBUIICHUX TeMIIepaTyp. AHAJOTI4HI 3apyOikKHI Ta
BITYM3HSHI CIUIaBH MAlOTh 3aBUINCHY KOHIICHTPANil0 JIETYBAJIbHHUX
€JIEMEHTIB, SKi HE TIJbKM HE CHPUSIOTH IMOKPAIICHHIO BIACTHBOCTEH, aje i
MIPOBOKYIOTh YTBOPEHHS (a3, sIKi CIPHUAIOTh KPUXKOCTI (0- Ta - (asn), mo
MIPU3BOJUTH JI0 MOHIKEHHS €KCIUTyaTalliiHUX XapaKTePUCTHUK.

KoporkouacHi BUIpoOyBaHHSI Ha PO3PHMB JIOCHTIPKYBaHHX CIUIABIB
NpU  MiIBUIIEHUX TeMIlepaTypax Jaiu OUIbIl BHUCOKI MOKa3HHKH B
mopiBusaHHI 31 crutaBamu 20X23H18 (AISI 310) ta 12X18HI0T, sxki
TPaJMIIHHO BUKOPUCTOBYIOTH JJIi pPOOOTH B yMOBaxX IiJBHUIIEHUX
Temnepatyp (tadum. 1).

Tabmums 1 — ['paHuIsT MITHOCTI CIUIaBIB MIPH Pi3HUX TEMIIEpaTypax

I'panunns minHocTi 65, MPa
Crnas PAHHIL MIlI i

850 °C 950 °C 1050 °C
11X13H13 158,3 101 63
11X13H16 154,7 104 63
14X16H17 179 110 68,5
14X16H13 178 130 64
20X23H18 150 90 52
12X18H10T 137 65 38
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VY cnnaBi 20X23H18 mnigBuineHHi BMICT BYIJIEHIO Ta XpOMYy Yy
MOPIBHSHHI 3 JOCHI/DKYBaHUMH CIUIaBaMu. ToMy Iied cruiaB Mae Tipimii
TIOKa3HUKH I'PaHUIll MIIIHOCTI IPU TPHOX PI3HHUX TEMIepaTypax JOCHIiIKEeHb.
Ile 00yMOBJIE€HO THUM, IO TiJBHIICHUI BMICT XpOMY Ta BYIJIELIO CIIPUSE
30UIBIICHHIO Kap0iI0yTBOPEHHS Ha TPaHUIISX 3€PEH, SIKE TTOB’S3y€ BYTJIEIb
Ta XpoM B crenianbHi kapOign Me»3Ce, 3SMEHIIYI0UH IXHIO KOHIICHTpAIIio. 3
MiABUINECHHSAM TEMIIEPATypH 3MEHIIYIOThCS ITOKA3HUKM TPaHMIN MIITHOCTI
BOTO CIUIABY Yepe3 MPHIIBHIANICHY KOarylslio KapOigiB Xpomy, IO
aKTHUBHO 3MEHIIY€E MIIHICTh TBEPAOTO PO3UMHY Ta 30iTHIOE TpaHUI 3epeH
xpomoM. KpiM Toro Haanmmiok XpoMy crpusie yrBopeHHo 6- ¢a3u FeCr, sika
iABHUIY€ KPUXKICTD CIIABY.

CrmaB 12X18H10T Mmae mNoHMWXKEHWH Yy TOpIBHSAHHI 3 IHIIUMH
CIUIaBaMU CKJIaJ JIETyBaJbHUX €JIEMEHTIB, TOMY Lieil CIUIaB Mae Hauripiii
MOKa3HUKH I'PaHUIll MIIIHOCTI IPU TPHOX PI3HUX TEMIepaTypax JIOCHIiIKEeHb.
Hikesb cripusie aycTeHi3allii TBEpAOTr0 PO3YHHY 1 HAJa€ MiBHIICH] 3HAYCHHS
rpaHuii MiHocTi micas 16...17% #oro Bmicty B crmiaBi. Kpim Toro,
3MII[HEHHsI BiI0OYBAEThCS 32 paXyHOK YTBOPEHHS IHTEpMeTalidiB. Y IbOMY
CIUTaBi HIKENIO HENOCTaTHBO JJIs YTBOPCHHA MOTPiOHOI KiTBKOCTI
iarepmeraninis. I[lpu Ttemmepatypi 1050°C HiKeTI0 HEZOCTATHBO [UIA
NONEPEXKEHHS. YTBOPCHHA (EepHTHOI 0- (a3u, II0 TaKOXK CIPHsE
TTOHMKCHHIO TPAHUII MIITHOCTI.

Y cmmaBax 11X13H13, 11X13H16, 14X16H17, 14X16HI13
OOIpYHTOBaHO JIOCTaTHI BMICT XpOMYy Ta HIKeNlO, $IKi CIPHSIOThH
NEpBUHHOMY 3MIl[HEHHIO Y- (a3u. HasBHicTh y cmaBax HioOir0 Ta
MoJiOieHy, SKi MaroTh OIJbLIy EHEeprifo akTHBAaIil HIX XpOM, 3/aTHa
NOCWJIMTH  TIpOLeC  3MILHEHHS ~ ayCTeHIiTy  LUIIXOM  YTBOPEHHS
JPiOHOAMCIICPCHUX KapOiliB, THM CaMUM IOMEPEIKYE BUIIICHHs KapOisiB
xpoMy. Takum uynMHOM, OinblIa 4YacTHHA XpOMY, SKa IOINEPEIKYE
MDKKPHCTATIITHY KOPO3it0 3/1aTHA 3a0€3MeUNTH IiIBUIIICHHS KapOMiIIHOCTI.
Bmict Hikemo y wMexax 13...17% nmocratHRO s 3a0e3MedYeHHS
cTabiIBHOCTI AyCTEHITY.

Cucok BUKOPUCTAHUX JDKEPET

1. Tynses A. II. MerayutoBenenue: y4eOHHMK sl By30B. MockBa:
Mertamryprus, 1986. 544 c.

2. Xumynma . . JKapompouHnsle cranum W cCIUiaBel. MOCKBa:
Mertamryprus, 1969. 752 c.

3. Xumynma ©. ®. Hepxaseromue crtamn. Mocksa: MeTamryprus,
1967. 800 c.

4. Kennmu A. Beicokonpounsie MaTepuansl. MockBa: Mup, 1976. 261 c.
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OLTHIOBAHHS TA BUABJIEHHS 3EPHA B KOHCTPYKIIMHUX
JETOBAHMX CTAJISAX IJA JETAJER ABIAIIMHOI TEXHIKHA

BignosiganeHi geTanmi s aBialliffHOT Ta BEPTOJITHOI TEXHIKH
MIiJIATat0Th 3TiHO BUMOT HOPMATHBHO-TEXHIYHOT JOKyMEHTaii (TeXHIUHI
yMoBH, KpecieHHs), 100 % KOHTPOJI MEXaHIYHHUX BIACTHBOCTCH 1
TBEPJOCTI Y CTaHi Miciisl KIHIEBOi TepMidHOT 00pOOKH.

PiBenb MeXaHIYHHMX BJIACTUBOCTEH  CTajel, HamilHICTL Ta
JOBTOBIYHICTh eKCIUTyaTallii JeTaneid 3ajexaTh BiJA BEIWYMHA 3epHA
MaTepianry, ske (GOpMyeThCS Ha Pi3HHX eTamax jAedopMalliifHo-TepMidHOTO
TiepeIiTy: IMiJ] 9ac KyBaHHs, IITAMITyBaHHS, IPOKATKOIO, B IIPOIIECi TEPMITHOT
00poOKH.

3a  oCTaHHI  JecCATHUpPIYYS  TPOBEACHWH P  AOCIIKEHb
MIKPOCTPYKTYPH KOHCTPYKI[IMHUX CcTayeil pi3HUX BUPOOHHKIB Ta CrOCOOiB
pumasieHns. Jns cramedt tumy 40XH2MA-I, 18X2H4MA-III,
30X2H2BOMA-III, 42XM Ta iHm. NOKa3aHoO, IO B pe3yJbTaTi
HOpMasi3alii, rapTyBaHHs 3 BIJIIYCKOM, MPOBEIEHHX 3a CTaHAAPTHUMHU
pexxumamu, GOPMYETHCS JOCTATHLO OJTHOPIIHA CTPYKTYPa 3 PO3MIPOM 3epHa
Ne 7-9, naite Ne 8-10. Tomy micist TepMOOOpOOKH HeTajnel OI[iHIOBaHHS
BEJIMYMHM 3€pHa He NpoBouTHCs, Bumorn B HTJI mono nporo mapamerpy
BiJICYTHI.

B Toii xe gac, B MaTepialli 3ar0TOBOK (TIPYTKH TapsiaeKaTaHi, KOBaHi,
ITOKOBKH, IITAMITOBKH), IO IIOCTABIISIOTHCS TEPMITHO 00poOIeHnME a60 Oe3
TepMOOOPOOKH, KOHTPOIIOIOTH PO3Mip 3epHa 1 TBepaicTh. 3rixHo TY 3epHO
moBuHHO OyTH He KpynHime Ne 5 mkan 1-2 TOCT 5639 a6o BiamosizaTu No
5-8 (mpuIrycKaeThCs BiAXWICHHS Ha 2 HOMepa B Oik 01 qpiGHOTO 3epHa)
3a ASTM E112, ICTY ISO 643:2009. HarpiBanHs mix rapsa4ay gedopmariiro
Ta ii 3aBepIICHHS BiIOYBa€ThCA MIPH TEMIepaTypax BUIINX, HIX TpaauIiiiHi
TeMIepaTypu rapryBaHHs. Lle Moxke MPU3BOIUTH IO HASBHOCTI B MeTali
KPYIHO3EPHHUCTOT CTPYKTYpU. 3 METOI0 HEPEeBIPKH UM JIOCATAETHCS
moapiOHEHHA 3epHa IMmif ni€lo Tapsaoi nedopmamii Ta HpH HACTYMHIN
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TepMiuHiii  0o0poOIi  3a  paxyHOK  HpOLEciB  peKpucTaiizauii,
NepeKpucTatizalii BUKOHYIOTh OL[IHKY BEJIMYHHH 3€pHA.

30KkpeMa, 3riIHO TEXHIYHHX YMOB Ha TapsyeKaTaHy 1 KOBaHy
METaIONPOAYKIIIO 13 TEPMOIOJIMNIIYBaHOI CTali HOPMOBAHOMY PpO3MIpy
3epHa Ne 5-8 BINMOBIAAIOTH Pi3HI BUMOTH 10 MEXaHIUYHHMX BJIACTHBOCTEH B
3aJIeKHOCTI Bi miamerpa mpyTKiB B Mexkax Bix 160 no 550 mm. HaBomstecs
HOpPMH 3 BpaxyBaHHSAM pPi3HOI MPOTapTOBAHOCTI MPYTKIiB miamerpom <250
MM, >250<500 MM Ta >500 MM; KpyIHOMY COPTY BiIIOBiAa€e OLTBIT HU3BKUAN
piBeHb BIACTHBOCTEH.

[Iponemypa OIiHIOBaHHS 1 BUSBICHHS 3¢pHA KOHCTPYKIIHHUX cTanei
JOKJTaIHO BioOpakeHa B METOJMYHHX CTAaHAApTax. 3€PHO KOHTPOIIOETHCS
3 BukopuctanusiM Metoauk ASTM, ISO, T'OCT. I'panumi 3epeH
BUSIBJISIIOTHCS I11]] Yac TPaBJICHHS Y BOAHOMY PO3YMHI MIKPIHOBOT KHCIIOTH, 3
migirpiBanaaM peaktuBa 10 60-70 °C 3 METOI MPUCKOPEHHS MPOIECY
TpaBJIeHHsI, sike ckiagae ~15-25 xB. B pesynbrari, B MetanorpadidHoMy
MIKPOCKOII CIIOCTEePIraloTh KapTHHY 3 YITKMMH TEMHUMH JIiHISIMU TPaHUIb
3epeH Ha (OHI OUTBII CBITJIOTO TiNa 3epHa, LIO BIANOBIga€ 300paKeHHIM
CTaHAAPTHHX LIKAaJI.

Cnmig 3a3HauuTH, IO KOHTPOJIb PO3MIpY 3€pHA B NPYTKOBUX
3aroTOBKax Micis rapsdoi medopMariii i TepMooOpoOKH HEe CyIepedHTh
CTaHAAPTHIM METOWIII TPUTOTYBaHHS 3pa3Ka, 3TiJHO SKOi ayCTEHITHE 3epHO
BUSIBJIIIOTH B CTAJISIX 3 MapTEHCHTHOIO abo OelHiTHOIO cTpykTyporo. Taka
CTPYKTypa B CEpeJHBbOBYTJIENEBUX cTaisix, Hampukian 40XH2MA-III,
OTPUMYETBCSl BHACIIIOK HOpMasi3aiii, rapTyBaHHs 3 IPOKaTHOro abo
OKpPEMOT'0 HarpiBy.

OCKiNIbKM TpaBJICHHST B PEaKTUBI IIKPIHOBOI KHCIIOTH € JIOCUTh
TPUBAJIUM, B JICIKUX BHUIAJAKaX BUKOPHCTOBYIOTH 4 %-HUI PO34MH a30THOI
KHCJIOTH, SIKUIl 00pe BUSIBIISIE MIKPOCTPYKTYPY Ta HE BHTPABIIOE PAHMIL
3epeH B 3a3HAYEHUX CTAIX. | paHuUIi 3epeH B MapTEHCUTHIN CTPYKTYpi pu
CIOCTEPEKEHHI B MIKPOCKOIII 3JIMIIAIOTHCS HEBUIUMI.

B nmeskux nociiKeHHSIX, HEOOIPYHTOBAHO, PO3MIp 3€pHA OLIHIOIOTh
BUMIPIOIOYN JIOBXHUHY Oy/b-sKOi 3HaWIEHOT TOJIKK MapTEHCUTY, BBAXKAIOUH,
o JpiOHOIMCIIEPCHOMY MapTEeHCHTY BiAmoBinae 3epHo Ne 7-8 (~22-33
MKM). AJsie X ApiOHOAMCHEPCHUH MAapTEHCUT YTBOPIOETHCS HE TUIBKH
3aBISKM JApiOHOMY 3epHy, a ¥ Ha (OHI pPO3BUHYTOi CyOCTPYKTypH, B
KpYITHOMY 3€pHi, HampHuKiIaj, micag rapsdaoi nedopmarii. Tomy, onucane
OIIHIOBAaHHS € HEKOPEKTHUM, OCOOJIMBO y BUMAAKY 37aBATBHOTO KOHTPOJIIO
JeTanel, a pe3yJIbTaTH He MOKHA BBOKATH JOCTOBIPHUMHU.

Takoxk He € aKTyaJIbHUMH MPOIO3UIIi 111010 BUKOPUCTAHHSI HOPM 10
BEIIMYMHU 3€pPHA B 3aroTOBIl /IS OILIHKH 3€pHa B OCTATOYHO TEPMidHO
00poOeHiii rerani. HekopeKkTHICTh epeHeceH sl HOPM Ha JIeTalb MOJIsrae B
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TOMy, IO, IO-TIepIle, pO3MIp 3epHa Micias TPaTUUiHHUX PEXHUMIB
rapTyBaHHs, HopMaiizauii Binomuid, cxiagae Ne 7-9 (~15-33 mkm). Ilo-
JIpyre, B poOOTax YHIBEPCHTETIB, Taly3eBUX IHCTUTYTIB, Takux sk JII1
"YxpHdlcnerncrans, [YM im. 3.1. Hekpacoa HAHY Ta iHmI., ocTaHHIMU
nocnipkeHHsiMu B ymoBax YI'Mer AT "Motop Civ" nokaszaHo, o 3epHO
3pocrae 1o Ne 5 mpu HarpiBaHHI mix rapTyBaHHS 10 Temmnepatyp 1050 °C i
Bumux. [Ipu iboMy, 3BUHaiiHI TeMIiepaTypu raptyBanas craneit 40XH2MA-
I, 42XM cranoBnats 8§20-870 °C, Hopmamizamii — 920 °C.

VY poboTax 3 OOCHi/KEHHS BIUIMBY TEMIEPAaTypH TapTyBaHHS Ha
MEeXaHIYHI BIIACTHBOCTI BCTAaHOBJICHO pi3Ke MaTiHHSI YHAapHOi B'S3KOCTI
moniOHMX craned 3 BenmduHOIO 3epHa Ne 5. Takmm umHOM, 3epHO Ne 5,
OTpUMaHe NpU BHCOKHX TeMIleparypax, He 3abe3neynts BuUMor TV,
KpecieHb IO MEXaHIYHHUX BJIACTHBOCTEI MaTepiay.

VY Bimomux Ha gaHuii MOMEHT TY KOHTPOJIb BEIMYMHHU 3€PHA MMiCIsI
TepMiuHOi 00poOKHM aeTaineil He 3acTocoByeThes. BHecenus B TY HopM "He
kpynainre Ne 5" B jeransx € meperyacHUM, Lie NHUTaHHI NOTpebye
noormpanoBands. [Ipyu npuiHSATTI pilieHHs 10J0 NPOBEACHHS KOHTPOJIIO
3epHa B IeTAJSIX Ta BHECEHHA HOPM B TV, HE0OXiTHO BpaxyBaTH pe3yJIbTaTH
morepenHix poOiT, a TakoX TPOBECTH IOHATKOBI EKCIIEPUMEHTH 3
JOCIIDKEHHST BIUTUBY pPO3MIpy 3€pHa Ha BIacTUBOCTI. TY 31 3MiHaMu
JOIJIBHO ITOTOANTH 3 TaTy3€BUMH IHCTUTYTaMH.

Takum 49mHOM, U 3a0€3MEUEHHS PETJIAMEHTOBAHOI  SKOCTI
BIJIMOBINAJILHUX JleTajled NpOoroHyeMo 1 Hajami BukonyBatd 100 %
KOHTPOJIb MEXaHIYHHUX BIACTUBOCTEH, TBEp1OCTi 3rigHo Bumor HT/I.

VK 621.771:006.83(075.8)

Kypne O.T.!,

Kyxap B.B.2%,

Wu Kaiming?,

€ppemenxo B.I. 4,

3ypuamxki B.I. 4

ITOB «Meringect [mwxunipinry, J{ainpo, Ykpaina

2TOB «Texniunmii ynisepcuter «Merinpect [lonitexnika», YKpaina
3Wuhan University of Science and Technology, Wuhan, China
4«ITprasoBCHKHI NEpKABHUI TEXHIYHMIA YHIBEPCHTET», Mapiymons, Ykpaina

INPEBEHTUBHE KEPYBAHHSA SAKICTIO TEPMOMEXAHIYHO
OBPOBJIEHOT'O CTAJIEBOI'O ITIPOKATY KATET'OPII K60

Metor poOOTH € yIOCKOHAIICHHS METOJOJIOTIi MEHEIPKMEHTY SIKOCTI
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TOBCTOJIUCTOBOTO Tpokary Mapku K60, o oTpUMYIOTh TepMOMEXaHiqHOIO
npokatkoro (TMCP). [lns npeBeHTUBHOTO KepyBaHHS MOKa3HUKaMH SIKOCTI
TEpMOMEXAHIYHOTO TIPOKaTy, SKi € OUIbII YyTJIMBUMHU /O CTabiIBHOCTI
TEXHOJIOTTYHOTO TPOIIECY, MIEPCIIEKTUBHUM € BIIPOBAKEHHS IT1IX0y PU3HUK-
OpIEHTOBHOTO MHCJIEHHS B TEXHOJIOTITYHOMY THIpoleci BHpPOOHMITBA —
METO/IOJIOTIF0 KepyBaHHS SKICTI0. TakuM YHHOM, [UTs €()eKTHBHOTO KOHTPOITIO
MPOIIeCY BHPOOHHUIITBA Ta 3a0E3MEYeHHS SIKOCTI MPOIYKII HEeoOXimHO
BCTAHOBJICHHSI T4 KEPYBAHHS BiIIOBIJHUMH TEXHOJIOTTTHUMH NTOKA3HUKAMH.

Ha mizgcTaBi aHanizy BU3HAa4eHO, 0 JOAATKOBI BUMOTH JI0 TIPOKAaTHOT
NPOAYKIii MEpPEeBUILYIOTh BCTAHOBJICHI HOPMATHBHHUMH JOKyMEHTaMH
3HAUEHHA Ta TMOTPEOYIOTh BpaxyBaHHA TP PO3pOOI TEXHOJOTIMH.
BcraHoBIeHO, 110 13 BUKOPUCTaHHAM BU3HAYCHUX 32 JOIIOMOTOI0 KOMILIEKCY
METOJIB CTaTHUCTHYHOI OOpOOKM JaHHMX 3B’SI3KIB MK TEXHOJIOTTYHUMH
rmapamMeTpaMH MPOKATKH Ta MEXaHIYHUMHU BJIACTUBOCTSIMHU rotoBoro TMCP-
NPOKaTy, SKi 3aKjafcHO B METOJIOJIOTII0 KEpyBaHHsS SIKICTIO, MOJKIIMBO
MiJBUIIATH CTAOUIBHICTh TEXHOJOTIYHHMX MpoIleciB mpokatku. [lepeBipka
3allpOIIOHOBAHOT ~ METO/OJIOTI]  TOKa3ajna 3MEHIIEHHS  CTaHJapTHOrOo
BIIXWJICHHS TPAHMII IUIMHHOCTI, THMYacOBOTO OIOPY Ta BiJHOCHOTO
nojosxkeHHs Ha 44 %, 31 % Tta 46 % BIONOBIAHO, BiJ NMEPBUHHUX IaHUX,
OTpHMaHHX TIPH TPOKATII cram KaTteropii mimaocti K60 Ha crtani 3600
MeTaXypridiHoro komOiHaTy «A3o0BcTanb». Lle CBiAYITE PO MOMIMBICTH
MiABAIICHHS CTaOUTFHOCTI TEXHOJIOTIYHOTO TIPOLECY TEePMOMEXaHIUHOI
MIPOKATKY 1 MIIBUIICHHS SKOCTI MPOIYKIIii.

Bukonano 3a ¢inancyBaHHs MiHicTepcTBa OCBITH 1 HayKH YKpalHu B
pamkax mpoekty Ne 0120U102154 ta ykpaiHCBKO-KHTalCBKOTO HAyKOBOTO
npoexty Ne 0122U200120.

VK 621.785.52

Jlazeunwii LM.!

Jucuus O.B.2

'KaH/I. TEXH. HAYK, JIOIL., M. 3amOpi3Ks

crapmmit Bukianau, HY «3anopizbka nomitexHikay, M. 3amopixoKs

OCOBJINBOCTI KAPBIJOYTBOPEHHS
TA ®OPMYBAHHSA BJIACTUBOCTEM
IEMEHTOBAHOI CTAJII 13X3HBM2®A
IPH ii BIIIYCKY HA BTOPUHHY TBEPJICTbD

Koncrpykmiitna memenToBHa cTtanb 13X3HBM2®A  Bucokoi
TEIUIOCTIMKOCTI TpH3HAYCHA Il BUTCOTOBJIICHHS Ba)KKOHABAHTA)KEHUX
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3yO4yatux komec razoryp6Oinnux  gBuryHiB  (I'TJ]). XTO crani
13X3HBM2®A Ha BTOPHHHY TBEpAICTb CKIANAETHCSI 3 HACTYIHHX
OTIepalliii:

1) ra3oBa 1meMeHTalis 3AIHCHIOETBCS IIPH  TeMIeparypax
1020...1030°C;

2) cepemHs WBUIKICTH EMEHTAIlil CTaHOBUTH Omm3bK0 0,4 MM/TOT;

3) rTapTyBaHHSA TNIPOBOAWTHECS OE3MOCEPEIHBO 3 I[IEMEHTAIITHOTO
HarpiBy Big 1020...1030° C;

4) moeTHaHHA TEMIEepaTypH LEeMEeHTAIli] (TapTy), BMICTY JIETYBaJIbHUX
ememenTiB Ta Byrmemio (0,95...1,10%), DIBUAKOTO OXOJOMKCHHSA 0
temnepatypu 20°C B IIeMEHTOBaHOMY Iapi 3araibHOIO rHOUHOI0 1,0 MM
¢ikcye mpakTHYHO aycTeHITHy cTpyktypy 1o 0,40...0,45 mm. TBepaicth
noBepxHi craHoButh HRC 35...40. ExcruiyaramiiiHi BiacTHBOCTI craii
(bopMmyroThCs TIpu S-HOMY Biamycky 530...540° C i3 BXiZHOTO ayCTEHITHOTO
CTaHy.

KinbKicTh 3aJIMIIKOBOTO ayCTEHITY B 3arapTOBaHOMY LIapi CTAHOBHUTH
Oomuseko 95 %. Jlng #Woro 3MEHIIEHHS Ta JUIsS 3MEHIIEHHS KIILKOCTI
BiIMyCKiB (1I’Th) MOKHA BHKOPHCTATH 0OpOOKY XonomoM. BrmBe BXimHOT
CTPYKTYpPH Ha BIACTHBOCTI Ta ()a30Bi NEpeTBOPEHHS MOCTIKYyBaIH Ha
3pa3Kax, BIIMYIICHUX Oe3MocepeHbO MICIs TapTy i3 BXiTHOI ayCTEHITHOIO
CTPYKTYPOIO Ta Ticlsi TapTry 1 oOpoOkm xoiomoMm mpu MiHyc 196° C i3
BXIJTHOIO MEPEBAKHO MAapTEHCHTHOIO CTPYKTYpOI0. 3pa3kd 3 BXIiIHOIO
AyCTEHITHOIO CTPYKTYPOIO mepen Biamyckom mMamu TBepaicte HRC 38, micis
uporo — HRC 61, 3 BXiTHOIO MapTEHCUTHOO CTPYKTYPOIO MEPe] BiAMyCKOM
Manmu TtBepaicte HRC 62, micns wporo — HRC 56...57. Illo moxiauBO
ITOB’s13aHO 13 PI3HUIICIO B CKIa i KapOinHoi (asu.

IIpoBeneHi QUIATOMETPUYHI JOCHTIHKEHHS KapOiJOyTBOPEHHS Ta
30i7JHEHHS Y- Ta O-TBEPAUX PO3YHHIB TOKA3aJH 3aJCKHICTh JIHIHHOTO
edekTy mporecy KapOiJOyTBOPEHHs BijJl TeMIIEpaTypH BiJIyCKY 3pas3KiB 3
BXIIHOIO ayCTEHITHOIO Ta BXiTHOIO MapTEHCUTHOIO CTPYKTYpoio (puc.1).

Jliniitan#  edekT KapOiMOYTBOPEHHS Y BXITHUX MAapTCHCHUTHHX
3pa3Kax 3HayHO OUIBIIMH, HIX Y BXIIHMX ayCTEHITHUX. [HTeHCHBHE
YKOPOUEHHS BXIZJTHUX MapTeHCUTHHX 3pa3KiB po3nounHaeThes Bix 200° C, a
IpU  BIANYCKY BXIIHUX aycTeHITHMX 3pa3kiB — Bix 400°C. Ile
OII0CEPEAKOBAHO CBIIYHUTH HPO PI3HUIIO B XiMIYHOMY i (pa3oBOMY CKiasi
KapOigHuX (a3 BXiAHMX AayCTEHITHHMX Ta BXIAHWX MapTEHCUTHHX 3pa3KiB.
IIfo Oymo miaTBEpmKEHO pe3yibTaTaMH XiMIYHOTO Ta ()a30BOr0 aHAII3Y
KapOigHUX OcaiB.

98



Temnepamypa , °C

% ¢ we w0 0 40 500
H :
-3
S -u 1 r
3 h o
S \ |
S I-4 |
2
g = A
2 e Iz\
g | 1
|

- \
| ) \?
w [ 1

| |

Pucynox 1 — JliniiiHUH edekT KapOigoyTBOpEHHS
nemeHToBanoi crani 13X3HBM2®A B 3anexHoCTI
BiJl TEMIIEpaTypH BIIIIyCKY: | — 3pa3Ku 3 BXiHOIO ayCTEHITHOIO
CTPYKTYpPOIO; 2 —3pa3KH 3 BXiJHOIO MapTECHCHTHOI CTPYKTYPOIO

B 3pa3kax 3 BXiIHOI ayCTEHITHOIO CTPYKTYPOIO B IOCIiIKECHOMY
inTepBayi rimmouH wapy (0...0,45 mm) 3aranbHa yacTka KapOigHol ¢aszu
npubim3no Ha 20 % MeHIne, HiK B 3pa3kax 3 BXIJHOK MapTCHCHUTHOIO
CTPYKTYpOIO, ajie¢ TBEPMICTh MEPIIMX Iicis Biamycky crtanoBmwia HRC
60...61, a 3 BximHoto MapTeHcuTHOr0 — uine HRC 57...58. Ile Bka3ye Ha Te,
0 piBeHb BTOPUHHOI TBepmOCTi IeMmeHToBaHol crami 13X3HBM2DA
3aJIeKUTh HE JIMILIE BiJl 4acTKM KapOimiB, aje i iX ¢aszoBoro ckmamy Ta
JIETOBAHOCTI O-TBEPJOro po3urHy. B kapOimHiit ¢asi 3paskiB 3 BXiIHOIO
AYCTCHITHOI CTPYKTYPOIO MCEHIIHK BMICT (TI0 BiIHOIICHHIO /IO CIUIABY)
TaKHWX JIETYBaJbHHUX eneMeHTiB, sk Cr, V, Mo, W. lle o3Hadae, mo B o-
TBEPIOMY PO3YHHI MiCIs BIAIYCKY BXiMHUX ayCTCHITHUX 3pa3KiB OLTbIITHIA
BMICT JIETYBaJIbHUX €JIEMEHTIB, HDK B 3pa3Kax BXIJHMX MapTEHCHTHHX, IO
3a0e3nedye  BXiMHOMY ayCTeHITHOMY audy3ifHOMY [mapy BHIIY
TEIUIOCTIHKICTh (puc. 2). B xapOinHiit dasi BXiTHUX MapTEeHCUTHUX 3pa3KiB
BHIIIE BMICT 3aiTi3a Ta Xpomy. Lle Bka3ye Ha OUIbITY 9acTKy MaJOCTIHKUX IO
koarysmii kap6igie M3C ta M23Cs. KapOigna ¢aza y BXiZHHX ayCTEHITHHX
3paskax Ounblr jeroBaHa Mo Ta W, 110 YTBODIOIOTh BHCOKOJAMCIIEPCHI
crewiaibHi KapOiu, CTIHKI 10 KoaryJsiii, Ta BU3Ha4arTh PiBEHb BTOPUHHOT
TBepA0CTi ieMeHToBaHoi ctaini 13X3HBM2DA.
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BidcmaHe eid nosepxHi, MM
PucyHox 2 — 3MiHa 9acTKH KapOigHOI a3y, BMICTY 3ai3a
Ta JITYBAJILHUX CIIEMEHTIB B KapOiaHii ¢asi
10 TTIHOWHI IIEMEHTOBAHOTO IIapy 3pa3kiB 3i crami 13X3HBM2DA:
1 — 3pa3ku 3 BXiIHOIO ayCTEHITHOIO CTPYKTYpOIO;
2 — 3pa3KH 3 BXIJHOIO MapTEHCUTHOIO CTPYKTYPOIO

V]K 669.2/.8-034.7

[anomees B.A. !

Jlyx’smenko O.C. 2

! 1-p Texn. mayk, mpo¢. HY «3amnopiseka momirtexnikay»

2 acmipant kadeapu @M, HY «3anopizbka HOTITEXHIKa»

IMPROVING THE QUALITY OF CASTINGS FROM THE
NEW BIOSOLUBLE ALLOY MC10 USING THE OUT-OF-
FURNACE REFINING METHOD

JSC “Motor Sich” has developed the MCI10 alloy for the
manufacturing of high-quality bio-soluble implants. The manufacture of this
alloy includes melting of the alloy in induction and gas furnaces, processing
of the liquid melt with flux, pouring of molds and heat treatment.

Non-metallic inclusions of an exogenous and endogenous nature
accumulate in the liquid metal during the manufacturing of magnesium
alloys. This issue is associated with a high level of chemical activity of
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magnesium and alloying elements, as well as with the usage of fluxes.
Therefore, the technology of manufacturing magnesium-based alloys
involves refining processes. The most advanced method of liquid metal
purification is considered to be the method of out-of-furnace filtering of it
through solid granular filters. The choice of the most appropriate and rational
filtration material is an urgent task.

In order to improve the quality of responsible castings from the MC10
alloy, research was conducted on refining the melt using the filters made of
various materials. The suitability of various modifiers as a filter is determined
by the main requirements: the inertness of the filter in relation to the alloy
components, a stable refining effect, the possibility of easy crushing and
screening, sufficient mechanical strength, low cost and non-scarcity. Due
these requirements, the following filter materials were chosen: limestone,
magnesite, graphite, which are the most widely used in the domestic industry.

In order to check the refining effect of various filters, the MC10 alloy
was prepared according to standard technology. Preheated to a temperature
of 500°C filter material with granularity of 10-50 mm. poured onto the mesh
of a removable pouring bowl with a height of 100 mm, installed above the
riser of the casting mold for receiving cast samples. For comparison, samples
were poured with different filter materials: magnesite, graphite, limestone
and a complex filter consisting of equal parts of these materials. Additionally,
samples were poured using serial technology without filtration.

The scope of the research included the determination of the chemical
composition, the study of the microstructure and physical and mechanical
properties of the samples. Temporary resistance to rupture and relative
elongation at room temperature were determined on samples with a diameter
of 12 mm, heat-treated according to the T6 mode (quenching from a
temperature of 540%°C(holding time 15 hours) - cooling in air; aging at a
temperature of 200°3°C (holding time 8 hours) — cooling in air) on a tearing
machine P5. The physical density was determined on an AW-21 analytical
balance by the method of weighing samples in water and in air.

The microstructure was studied by optical microscopy (“Neofot 327)
on thermally treated samples before and after etching. X-ray microspectral
analysis of structural components was carried out on a “JSM-6360LA”
electron microscope.

The chemical composition of the alloy, which was studied after
various filtering options, met the requirements of the technical specifications
and the content of the main elements is approximately at the same level.

Metallographic research established that the structure of the alloy
without filtration was a solid solution strengthened by the intermetallic phase,
with the presence of a small amount of eutectics.
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Filtration of the alloy through magnesite, limestone, and graphite
contributed to the grinding of both micrograins and eutectics. The size of the
grain in the experimental alloys is ~ 2,5-8,5 times smaller than in the serial
metal. Maximum grain size grinding is observed when filtering through a
complex filter. At the same time, the size of the micrograin was ~ 1,5-4,0
times smaller than with other filtration options and more than 8 times smaller
than the grain size of the serial metal.

The analysis of the results of the physical and mechanical properties
made it possible to establish that the filtration of the melt using the
investigated filters increased both the strength and plasticity characteristics
in comparison with the unrefined alloy. The highest values of mechanical
properties were obtained on samples refined through a complex filter.

Various filter materials were tested to obtain a high-quality MC10
alloy for the manufacture of bio-soluble implants. It also has been established
that the usage of limestone, graphite, and magnesite contribute to the refining
of metal, the grinding of micrograins, and the improvement of its physical
and mechanical properties. The developed complex filter, consisting of
magnesite, graphite and limestone, provides the highest complex of
properties of the MC10 alloy.

VK 669.245.018.044:620.193.53
IBacrkeBny JI.M. !
Baymupknii O.1.2
Konecuikos B.O.?
Taspwtiok M.P.4
! kanp. Tex. HayK., CT. HayK. criBpobitank ®MI HAH Ykpainu
2 I-p. Tex. HayK., CT. HayK. chiBpoOiTHuK ®MI HAH Ykpainn
3 xaun. Tex. HayK., HayK. criBpobitHuk ®MI HAH Vkpainu
4 kaHz. Tex. HayK., HayK. criBpoGiTHuk ®MI HAH Ykpainu
BIIVINB BUCOKOTEMIIEPATYPHUX BUTPUMOK HA
BJACTHUBOCTI )KAPOMIIIHOI'O HIKEJIEBOI'O CIIVIABY Y
T'A30IIOAIBHOMY BOJHI

[lepcriekTHBHI TEXHONOTI] TpPaAMIiIiHOI Ta BOIHEBOI EHEPreTHUKU
nependadaoTh TPUBATY €KCIUTyaTallilo By3JiB ra30BUX TYpOiH 32 BUCOKHX
TUCKIB Ta TEMIeEparyp y BOJCHBBMICHHX cepeloBUIIaX. Tomy Juist
BUTOTOBJICHHS POTOPHUX JIUCKIB Ta JIONATOK BUKOPUCTOBYIOTh CYIEPCILIIaBU
Ha HiKeNeBill OCHOBI 13 po3MipamMHu TrpaTku 7Y-(as3u, CIIBMIpHUMH i3
pO3MipaMH  IpaTOK IHTEPMETANIJHUX JHUCHEpCiid, sKi PpIBHOMIpHO
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po3MojiieHi 1O BChOMY 00’eMy cruiaBy, 3a0e3mnedyloTb edekTHBHE
3MII[HEHHSI Ta MiJBUIICHHS IX TPIIMHOCTIHKOCTI. Y mporeci eKcIuryaTamii
BiIOYBa€TbCS PO3YMHEHHS Ta KOaryJsilis YacTHHOK KapOimiB Ta
3MIIHIOWOYKX (a3, M0 MPUBOJUTH J0 3MIHH MEXaHIYHUX BIACTUBOCTEH [1,
2].

VY po0oTi BHBYaNM BIUIMB OJHOKPATHOTO CTapiHHS 3a TEMIIEpaTyp
923...1123 K mpotsirom 15 rox. Ha KOPOTKOYAacHY MIillHICTb, B’SI3KiCTbh
pYHHYBaHHS i JOBrOTPUBAILY CTATHYHY TPILIMHOCTIHKICTh 3arapTOBaHUX BiJl
1253 K (Burpumka 1 rop.) 3paskiB i3 >KapOMIIIHOTO HIiKEJIEBOTO CIUIABY
Ni56Cr17Mo6Nb4. Ximiuanii ckian cruay (mac. %): C-0,03; Cr-17,42; Fe-
14,11; Mo-5,18; Ti-0,58; Al-1,55; V-0,43; Nb-4,0; B-0,05, Cu-0,38; Si-0,1;
S-0,006; P-0,008). BumicT 3MminHrorounx ¢a3 30inemryBascs Big 13,2 mo 15,9
Mac. % i3 pocTom Temneparypu crapiHas Bin 923 mo 1023 K i 3mMeHmryBaBcs
1o 15,5 mac. % micas crapinnas 3a 1123 K. BunpoOoByBanu Ha cTaTHIHUHA
po3atar y BoaHi mig TrckoM 30 MIla 3a kiMHaTHOT TeMIiepaTypH i IBUIKOCTI
po3rsary 1 MM/XB. cTaHZapTHI LWIIHAPWUYHI 3pa3kd JiaMeTpoM 5 MM i
MPSIMOKYTHI KOMIIAKTHI 3pa3ku ToBIIMHOIO 20 MM. J[OBrOTpHBay CTaTU4HY
TpimmHocTiHKicTh Bu3Havyanu Ha JIKbB 3paszkax pozmipamu 30x60x150 mm i3
OOKOBHMH HaJpizamu ITHOMHOO 3 MM. OTpuUMaHi pe3ysIbTaTH IPUBEICHI Ha
puc. 1, 2.
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Puc. 1. Brmie Temneparypu cTapiHHS Puc. 2. Bonus temnepaTtypu

Ha rpaHUIo MinHocTi os (1, 2), CTapiHHS Ha TPAHUIIO TEKYYOCTi Go 2
BiiHOCHE BuoBXeHH: O (3, 4) Ta (1, 2), B’sa3kicTh pyiHyBanHs Kic (3)
nonepeyHe 3BykeHHsS y (5, 6)y i noporosi 3HaueHHS Kiust (4) (6a3a
mositpi (1, 3, 5) i Bogmi 3a Tucky 30 100 rox.) y mositpi (1, 3) Ta BoxHi
MIla (2, 4, 6). 3a Tucky 30 MIla (2, 4).

3 miIBUIIEHHAM TeMIepatypu cTapinas Big 923 nmo 1023 K 3pocrae
KUTBKICTh 1HTEpPMETAJIIB, 3HIKYETHCS MILHICTh, IUIACTHYHICTH (puc. 1,
KpuBa 2) Ta TOporoBi 3Ha4eHHS KiusT 32 TOBrOTPHBAIOTO CTATHYHOTO
HaBaHTaXeHHs (puc. 2, kpuBa 4) y BoaHi 3a Ticky 30 MIla. [Topansmmii pict
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BMicTy V'~ 1y"-da3 no 16,3 ta 16,5 mac.% y pe3ynbTari nepecTaproBaHHs 3a
953 K mpotsarom 50 i1 500 ron. mpuBOaUTE 0 3MILIHEHHS CIUIABY y TOBITPI,
SIKE CYTIPOBOIKYEThCA KaTacTpo(hiYHIM BOIHEBUM OKpPHXYeHHSIM. Tak, 8 y
BOJIHI 3HIDKY€ETBCS y 6 pa3iB, W —y 5 pasiB, a 3HaueHH: Kinst piBHI Bcboro 20
MIla-M"2. TakuM 9MHOM, y IPOLIECT EKCIUTYaTaIli HEOOXiIHO KOHTPOJIOBATH
CTPYKTYpPHHH CTaH Marepialy, OCKUIbKM 3MiHa KUJIBKOCTI Ta MOpQOJIOoTii
KapOigHUX Ta IHTEPMETANITHUX BHUIUICHh MOXXE IPUBECTH 10 KPHXKOTO
pYHHYBaHHS BiJIOBIIaTEHIX BUPOOIB rapsuoro TPakTy TypOiH.

Cnucoxk JgiTepatypu
1. Cumc, U.T. Cynepcmnassl II: JKapompouHsle MaTepHaibl Ui
A3POKOCMHUUYECKHX U IPOMBIIIJICHHBIX SHEPrOyCTaHOBOK: B 2-X KH.
/Tox pen. Y.T. Cumca, H.C. Cromodda, Y .K. Xarens; [1ep. ¢ anr.
Ilox pen. P.E. Illanuna. — M.: Metamnyprus, 1995. — Ku. 1. — 384
c.; Ku. 2. — 384 c.

2. Glotka A. Distribution of elements in carbides of multicomponent
Superalloys / A. Glotka, S. Haiduk // Metallofizika i Noveishie Tekhnologii,
- 2020, - Vol. 42, No. 6, PP. 869-884.
https://doi.org/ 10.15407/mfint.42.06.0869
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FEATURES OF THE KINETICS OF ISOTHERMAL SINTERING
OF Fe-20 (wt.) Mo POWDER

Formulation of the problem. When sintering a multi-component
powder mixture, a complex picture of the concentration, phase and structural
inhomogeneity of sintered product is observed. This is due to different types
of phase transformation at different interfaces (eutectoid, peritectoid etc.),
different diffusion coefficients of atoms of different components in different
matrix phases, finally by different rates of recrystallization of different phases
at temperature of sintering. As a result, a typical picture is observed: some
inter-phase reaction is slightly outlined, while it is already finished at other
ones, and the products of this local reaction are already undergoing the stage
of collective rcrystallization. At the same time the main advantage of sintered
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alloys — their controlled fine-grained is lost. This problem is especially acute
for heat-resistance alloys with regulating additives with a high melting points.

Materials and methods. In this work, the features of the phase
transformation in the powder Fe-20 mas. % Mo during isothermal sintering
in neutral atmosphere at 920 °C during 15, 30, 60, 90. 180 and 420 min after
quenching in cold water were studied. The microstructure and local phase
concentration were studied with help of SEM SELMI with EDS
spectrometer. Phase composition and the change in the specific share in this
phase were studied with help of X-ray diffractometer Rigaku Ultima IV.

Results.

1. The polymophic transformation a-Fe—y-Fe (during heating of the
sample) and the reverse one y-Fe—a-Fe (during saturation of iron with
molybdenum at the temperature of sintering) were fixed. This causes
appearance of an disordered zone of Fe atoms with increased diffusion
mobility. This is evidenced by the formation of a wide hill (halo) of diffusion
X-ray scattering in the interval of 20 = 39-46°.

2. The formation of the stable and metastable phases (Fe7Mo6,
Fe3Mo, FeMo and Sigma-FeMo) of unstable concentration was found. The
presence of an unknown intermediate phase of peritectoid genesis was
recorded. The mass of the intermediate phases is abnormally rapidly
increasing up to 30 minutes exposure. This can be explained by powerful
pumping of iron atoms, caused by the reverse phase transformation y-Fe—a-
Fe, from unordered zone in Fe crystals to Mo crystalline pattern.

3. Non-monotonic, extreme changes both specific fraction of the
phase constituents and the total density of the samples during isothermal
exposure were shown.

4. The restructuring of the porous sub-structure was fixed too. The
main porosity is generated by the non-compensated counter diffusion of the
atoms of Fe and Mo (effect of Kirkendall - Frenkel). It is localized at the grain
boundaries of a-Fe with products of peritectoid reaction in the form of cracks.
The spherical pores formed within the first 15 minutes of isothermal exposure
almost completely disappeared. This indicates that the pores are an active
constituent of both structural and phase transformations. Crack like pores to
some extent isolate the a-Fe grains from the peritectoid constituent. While
these two structural constituents begin to behave as two isolated subsystems
that have little mutual influence.
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NIABUITEHHA AKOCTI IMCTOBOI'O ITPOKATY IIJIAAXOM
®OPMYBAHHSI CIIPHATIMBOI CTPYKTYPH B ITPOLECI
JE®OPMAIINHOI OBPOBKHA

VY mpormeci BUpOOHHUINTBA JHCTOBOTO MPOKATy € KillbKa IEPemiliB,
30KpeMa: IUIaBKa, PO3JIMBaHHS CTali y BWIMBHUII, HarpiBaHHs CIsi0iB,
rapsiua nmpokartka, X0JI0J{Ha IIPOKAaTKa, BiAIall, TOLIO.

KosxeH 13 HUX CKJIaaeThesl 3 O€3T1YM TEXHOJOTTYHUX (aKTOPIB, SIKi
BIUIMBAIOTh Ha KIHIEBY SIKICTh mpokary. [Ipu po3nuBaHHI cTani moTpiGHO
KOHTPOJIIOBATH TEMIIEPATYPY, OKUCIICHICTh METaTy, IHTCHCHUBHICTh KHITIHHS,
TEMIEpaTypy BHJIMBHHII, IBUIKICT 1X 3aMIOBHCHHS, YMOBU KpUCTAJi3aIlil
Juisi  3a0e3MeYeHHsT OJHOPIAHOCTI 3IMBKAa 3a XIMIYHAM CKJIQJIOM Ta
MIHIMI3yBaTl KUTBKICTh HEMETAIIEBUX BKIIOUYCHb. [Ipw HarpiBaHHI 37IMBKiB
nepest MIPOKAaTKOI0 BayKJIMBa TEMIEpaTypa, yac BUTPUMKH Ta PIBHOMIPHICTb
HarpiBaHHA. [lpm rapsuiii mpokaTi BaKIMBAM YHHHUKOM € CTYIIiHB
OOTHCHEHHS Ta TeMIlepaTypa MeTaly HpH KiHui npokaTtku. Ha cTpykTypy
MeTalry ITicIIsl XOJI0/AHOT IIPOKATKH MOXEe CYTTEBO BILUIMBATH PEXHUM BiIaiy.

OmHMM 3 OCHOBHHX YHMHHHKIB, SIKI HOTIPIIYIOTH SKICTh CTali €
CTYHiHb 11 3a0py/JJHEHHS HEMeTaJeBUMH BKJIIOUEHHSMH. BiiactuBocTi crami
BHU3HAYAIOTHCS TaKOK MOPUPOAOI0, (HOPMOIO, PO3MIPOM Ta PO3MOALIOM
BKJIFOUEHb, SIKi 3aJIeKaTh Bil CKJIaJy CTali, crioco0y BUILIABKH, PO3JIUBAHHS
Ta PO3KHCIIEHHS, YMOB KpucTatizauii Ta nojansinoi aedopmanii [1]. Binomi
Taki HeMeTaJieBl BKIFOUCHHS: OKCHIM, CHIIKATH, CymbGiaw, HIiTpuau [2].
Crnonyku MnS, FeS e cynpdinamu. Cynedin 3amiza FeS naitHeOe3neunuii,
TOMY IO YTBOPIOE 13 3aJ1i30M €BTEKTUKY (Temreparypa ruiaBieHHs 985 °C),
sIKa BHJUIETHCSI TIPH KPHUCTAJi3alii MeXaMH 3epeH TBEPJIOro PO3YHHY Ta
CHpusie 4YEepBOHOJIAMKOCTI MiJl Yac KyBaHHSA. B MapreBMiCHHMX cCTaisix
yTBOpIOeThCs Cynbhian MnS. EBTexTHKa 3amizo + 3amizoMapraHueBHA
cyabdig Mae BUILY TeMIeparypy IUIaBJICHHS, II0 HETaTUBHO BILJIMBAE Ha
KOBKicTh.[3] Omnak mnpu agedopmarii MnS € THNOBUM IIACTHYHUM
BKJIFOUEHHSM, SIKE JIETKO PO3LIMPIOETHCS B3/IOBXK HAMPSIMKY IPOKATKU B
nporieci aedopMartii, a 1e, B CBOIO Yepry CIIPHsIE aHI30TPOIIIi BIACTUBOCTEH
JIICTOBOTO MPOKATY Ta MOTIPIIY€E XapaKTePUCTHKH CTali B MONEPEUYHOMY
HanpsIMKY. 3MEHIIUTH HETraTUBHUI BIUIUB IUIACTHYHUX BKIIIOYEHB CYNb(iny
MapraHilo Ha MEXaHi4Hi BJIACTUBOCTI CTaji MOXXHA 3HU3UBIIM DPI3HUIIO
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TBEpAOCTI Mk MnS i1 craneBoro MaTpHLEIO ITij1 yac rapsdoi npokarku. Lle
MOYKHa 3pOOMTH PO3YMHEHHSM CTajl Bu3HaueHoi kijbkocti Ca [4]. Ha puc
MPEICTABIICHI 3MIHU TBEPOCTI yrcToro MnS ta MnS 3 pi3HEM BiICOTKOBUM
BMmicToM CaS.
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Pucynoxk 1. TBepaicts urctoro MnS Ta MnS 3 pi3HUM BiJICOTKOBUM
BMmicToM CaS.

Jlitepatypa
1. Benpuenxko I.M., T'ybemxko C.M, Hemerammuaeckue
BKJIIOUEHHUS U KAYECTBO CTaNIM . — u31aTenbcTBO Kues «Texnikay. — Nel. — C.
5-6.

2. ACTY 8966:2019 Crane. Meranorpadiuai meronu
BU3HAYCHHS] HEMETAJIEBUX BKIIIOUYEHb.

3. Bexkkepr M., Kiemm X CrnpaBo4HMK  TIO
Metaorpaduueckomy TpasieHuto — Jlewnmur, 1976. Ilep. ¢ nem. M.,
«Mertammyprus», 1979. — 147-176¢.

4. https://www.sciencedirect.com/science/article/pii/S22387
85422006883
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KOPO3IMHA CTIMKICTH IHTEPMETAJIJTHOI ®A3H AlsSiFe

Ha croromgHi aKTHBHO pO3BHBAIOTHECA TEXHOJOTI PEHUKIIHTY
BIAXOMiB, IO MICTATh afoMiHii. OCHOBHOIO 3aJadyel0 LMX TEXHOJOTIH €
OTPUMaHHS CIUIaBiB 3 pIBHEM BIACTHBOCTEH, IO pETIaMEHTOBaHI
JOCTY 2839-94. Slkicth BUpOOIB 3 TakuX CIUIaBiB 3HAYHOK MIpOIO
BU3HAYA€EThCS PIBHEM 3a0pyAHEHHS BUXIHOT INUXTH PI3HUMHU JIOMIIKOBUMHU
eneMmentamMu. OIHUM 3 HAWOLIBIN INKIAIABUX EJIEMEHTIB, IO HETaTHBHO
BIUIMBA€E HA BIACTUBOCTI BTOPHHHMX AIIOMIHIEBUX CILIABIB, € 3QJ1i30.

B nuBapHUX crutaBax BOHO BXOAMTH 10 CKJIaqy 0aratbox ¢as, B TOMYy
gucni 1 1o dasu P(AlsSiFe), mo mae rpy0y miactuHuacty Gopmy, ciadKy
KpHUcTajorpagiyHy BilMOBITHICTh 3 MATPHIICIO CILIABIB Ta KOTPa HETATHBHO
BIUIMBAE Ha PiBEHb BIIACTUBOCTEH, 1[0 BU3HAYAIOTh KOHCTPYKTHBHY MIIHICTb
Matepiaiis [1,2].

Iarepmeramiqna ¢asa AlsSiFe Mae MOHOKIHMHHY TpaTKy 3
napamerpamu a = 0,612 um, 6 = 0,612 uM, ¢ = 4,15 HM; T'YyCTHHOIO
o = 3,45 r/cm?®, TemmepaTyporo mmmasieHHS T., = ~700C, TBepmicTiO
5,8 T'Tla (HV). Tlpu kpucramizamii B-daza oQopMIIOETECS Yy BHIIISII
IUIACTUH, 3 BEJMKMMHU 3HAueHHAMH mnapamerpa (opmu A (BiAHOLICHHS
MaKCHMaJIbHOT JOBXXWHHM JI0 TOBIIUHH). BHACIIIOK PO3BUHEHOT KOHTAKTHOT
MTOBEPXHI Ta HEKOTEPEHTHOTO 3B 53Ky 3 MAaTPHILEIO CIUIABIB, III0 MA€ TPaTKy
I'IK, nani ¢a3u € akTHBHUMH KOHIIEHTPATOPAMH HAIIPYKEHb.

Jns mporHO3yBaHHS HAIIMHOCTI Ta JOBTOBIYHOCTI BUPOOIB, IO
BUTOTOBJIEHI 3 TaKHX CIJIaBIB Ta MPAIIOIOTh y PI3HUX arpecuBHHUX
CepEeIOBHINAX, BAXKJIMBO MATH YSBICHHS IIOA0 MEXaHI3MiB KOPO3iHHOTO
pYHHYBaHHS TaKMX aKTUBHHX KOHLIEHTPATOPIB.

Buxonsan 3 BUKIIaieHOT0, OYJI0 IIPOBEICHO AOCIIKEHHS KOPO3iHHOT
noBeninku asu AlsSiFe y cepemoBumax 3 pizHuM pH. BumpoOysanHs
MIPOBOIMIIN Ha cuHTeTH4HIH (asi AlsSiFe, mo Oyma oTpumana y BakyyMHIN
iHaykmivain  meui OK6-862 3a cTexioMeTpUYHUM  CIHiBBiTHOIIEHHSIM
€JIEMEHTIB.

3a pesymbpraraMu JIOCHIIKeHb Oyjia MmoOyJoBaHa Jiarpama
3ajexHocTi MmBHAKOCTI Koposii ¢asm AlsSiFe Bim pH xoposifiHOTO
cepenoBuIia. BiamoBimHO A0 miarpaMd MOXHa BHIUIATA 3  0OJIACTI:
aKTMBHOTO PO3YMHEHHS, TaCUBAIlii, HOMIpPHOTO pyHHYyBaHHS.
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OO6nacTb akKTUBHOTO PO3YMHEHHS JOCIIHUX 3pa3KiB CrocTepiramm B
miamazoni pH = 1...3. B moBomi KHCIOMY CEpelOBHII MIBHIKICTH KOPO3il
Haioipm Brucoka Bifg 0,2 r/rox no 0,03 r/rox, a peakilis CynpOBOKY€ETHCS
BOJIHEBOIO JICTIOJISIPU3ALIIETO.

O6nactp nacuBanii criocrepiranu B cepenosumax 3 pH = 3...9. Ha
MTOBEPXHI TOCTITHUX 3pa3KiB YTBOPIOBAJIACS 3aXMCHA HEPO3UYMHHA IDIiBKA.
Peakuist cynpoBopKyBadacsi KHCHEBOIO Jeroisipusamiero. Makcumym
YTBOPEHHS HEPO3UMHHHX ITIIBOK criocTepiranu mpu pH =5...7.

O06mnacTs MOMIPHOTO PYHHYBaHHS TOCTITHUX 3pa3KiB MPUXOIUIACH HA
cepenouma 3 pH = 9...12. Cepen ckiagoBUX IHTepMeTamigHOI (a3u
AlsSiFe, y my>kHOMY cepeIOBHIL, HAHOIIBII aKTHBHO pearyBaB aJIOMiHiMH.

3a pe3ynpTaTaMu J0CIiKEHb BCTaHOBJIEHO, 1110 B-dasa (AlsSiFe) mae
OUbLI TIO3UTMBHUI ENEKTPOJHHUN TMOTEHIIa], HDX aJlOMiHI€EBA OCHOBA
cmaBiB. Lle mpu3BoanTH 1O TOTO, IO TACTHHU [-(ha3u BUKOHYIOTH POJIb
epekTBHUX KaToiB. OTPpUMAaHO YMCENbHI JAaHi MO0 MBUAKOCTEH KOPO3il
B-thasu y cepenoBuinax 3 pisaum pH. PesynpTatén mociimkeHb 103BOJSATH
MPOTHO3YBAaTH KOPO3ifiHYy CTIMKICTh BTOPUHHUX aJTIOMIHIEBUX CILIaBIiB
3aJIeKHO Bifl HASBHOCTI IX B CTPYKTYpi Ta KiJIbKOCTI PB-¢a3u.

IMEPEJIIK IIOCUJIAHb

1. TToBznmo B.M. MexaHi3Mu KOpO3iHHOTO pyHHYBaHHS BTOPWHHHX
curyminiB / B.M.lossnmo, ILIL.Bomuox // TIIpoGmemm kopo3ii Ta
MIPOTHKOPO3IHHOTO 3aXUCTy MaTepiamiB: B 2-x 1. / CreuBHIryck XypHary
«Di3uko-xiMiuHa MexaHika MarepiamiBy. - Ne7. — JlpBiB: @i3uKo-
MexaHiyauil iHcTuTyT iM. I'.B. Kapnenka HAH VYxkpainu, 2008. T.1. —
C.59-62.

2. Tloe3nmo B.M. KagiramiiiHo-KOpo3iiiHa CTIHKICTh BTOPUYHHHX
amominieBux crasis / B.M.ITos3no, O.A.Mirsies, I.I1.Bomuok // TIpobiaemu
KOpO3ii Ta NMPOTUKOPO3iiiHOro 3axucty Marepianis: B 2-x 1. / Creuunyck
xKypHay «Di3uko-xiMigHa MexaHika MatepiamiBy. - Ne8. — JIpBiB: Di3zuko-
MexaHigHnd iHCTUTYT iM. I.B. Kapneaka HAH Vkpaiam, 2010. — T.1. —
C.173-176.
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CTPYKTYPA TA BJIACTHUBOCTI 3BBAPHUX 3°’€JTHAHb
BTOPUHHUX CUJIYMIHIB
3rimHo 3 JiTepaTypHUMH JaHUMHU JUIS aIOMIHIIO Ta HOTO CIUIaBiB
3HAXOISATh 3aCTOCYBAHHS IMPAKTHYHO BCI IPOMHUCIIOBI CITIOCOOW 3BapIOBAaHHS,
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IpU I[bOMY HaWOUIBII MIMPOKE 3aCTOCYBAaHHS 3HAXOAUTH aprOHOIYTOBE
3BapIOBaHHS HEIUIaBKUM €JIEKTPOJOM. Bimomo, 1o piBHOMIIHI 3BapHi
3’€HaHHS  METOJOM  aproOHOAYrOBOTO  3BapiOBaHHS  OTPUMYIOThH
HEeHarapToBaHi i TepMIYHO HE3MIIHIOEMI cIiIaBu TUILy Al-Mn, Al-Mg. V toii
K€ Yac IpH 3BapIOBAaHHI BUCOKOJIETOBAaHMX TEPMIUHO 3MILTHIOEMHX CILUIaBiB
TpaHUIA MIITHOCTI 3BapHUX 3’ e€aHaHb ckiamgae 0,5...0,7 Big rpaHuIli MilTHOCTI
OCHOBHOT'O METally.

Ha xanp B HaykoBiii miteparypi oOMekeHI BiJOMOCTI MPO SAKiCTh
3BapHUX 3’ €IHAHb BTOPUHHUX AMIOMIiHI€BUX CIUIABIiB. Y 3B’S3KY 3 INM METOIO
naHoi poOOTH € JOCTiKEHHS BIUIMBY SKOCTI IIMXTOBMX MaTepiamiB Ta
TEXHOJIOTiT MOMU(IKyBaHHSA pO3IDIABY Ha CTPYKTYpy Ta MeEXaHidHi
BJIACTHBOCTI 3BapHUX 3’€HaHb crutyMiny AKOM?2.

VY SKOCTI IIMXTOBUX MaTepiaiB BUKOPUCTOBYBAIM BTOPUHHUI CILIaB
AK9M2 3 pi3HMM BMICTOM 3aii3a i CTPYXKY I[bOrO K CIUIaBy. MeTan
BUILIaBIsuM y niedi onopy CH3-3 mijg nokpoBHUM (utocoMm, Moan(iKyBaiu
npu Temneparypi 710£5 ‘C moaucdikatopom MK-2 Ta 3anuBany y MeTaneBuit
KOKUIb. I3 HW)XHBOT YacTHHM OTPHMAaHMX BHJIMBKIB BHpI3ajH IUIACTHHH
TOBIIMHOIO 15 MM Ta JOBXHHOIO 75 MM 1 MIPOBOIUIIN TBOCTOPOHHE AYTOBE
3BapIOBaHHA (3 PO3JIUIKOI0 KPOMOK) HEIUIaBKHM E€JIEKTPOJIOM Ha 3MiHHOMY
CTPYMi i3 3aCTOCYBaHHAM iHEPTHOTO Ta3y aproHy. Y SKOCTI MPUCATHOTO
MaTepiary BUKoprucToBYBasH ciutaB AK9M?2 Toro  ckiIamy, o i OCHOBHHUH
MeTal.

BunpoOyBaHHsT Ha pO3PUB CTAaHAAPTHHUX IMIIHAPUYHHUX 3pa3KiB
JiaMeTpoM 5 MM Ta JOBXKHHOIO 25 MM MMOKa3aJi, [0 1X pyHHYBaHHS 3aB¥KIU
BiZIOYBAETHCS 10 OCHOBHOMY MeTally. Taky IMOBEAIHKY MOKHA MOSICHUTH
TIJIBKH O1TBII BHCOKOIO MIIHICTIO METajlly 3BapHOIO IIBa Y MOPIBHSHHI 3
OCHOBHMM MeTajoM. Y 3B’S3Ky 3 LUM 13 3BapeHUX IUIACTUH OyiH
BHUTOTOBJIeHI 3pa3ku kopcetHoro tumny (ACTVY-2839), nmpu npomy muioma
MIONIEPEeYHOT0 Mepepi3y OCHOBHOI Ta KOPCETHOI 30HH JIOPiBHIOBAJH
BiMOBiTHO 75 1 25 MM2.

Jnst BU3HaYCHHS BEJIMYMHH IIACTHYHOCTI (BITHOCHOTO BUIOBKCHH )
caMme y 3BapHOMY ILIBi, Ha TIOB3IOBXHii1 JIiHii 3pa3kiB yepe3 | MM HaHOCHIIN
BinOuTKM iHneHrtopom mpuiany IIMT-3. Takox BHKOPHCTOBYBaJI
MikporBepaomip Duramin-5, skuii OKpiM MIKPOTBEpPAOCTI JI03BOJISIE
BH3HAYaTH TPAHUIIO MiIHOCTI. Bci BunpoOyBaHHS IPOBOIIIIN Ha 3pa3Kax,
AKi He IiUIAraan TepMidHiii 06po0Ii.

Pesynbrati BUNpoOyBaHb IOKa3ajld CYTTEBY 3MiHY CTPYKTYpH Ta
MeXaHIYHUX BJIACTHBOCTEH 3BapHOTrO LIBA Ta 30HH TEPMIYHOIO BIUIMBY. Tak
B IICHTPAJIbHIH 30H1 IIBa TPAHHUIIA MIITHOCT] 1 MIKPOTBEPIiCTh Y TOPIBHAHHI 3
OCHOBHHMM MeTajioM migsummiacsa y 1,5 - 1,9 pa3u, a BiTHOCHE BUIOBKECHHS
3HM3WIOCs 10 3 pasziB. Taky 3MiHy MeXaHIYHHX BJIACTHBOCTEH MOXKHA
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MOSICHUTH TI/BUILEHHSAM T'YCTHHH 1 JUCIIEPCHOCTI CTPYKTYpH 33 PaxyHOK
BHCOKOI IIBUJIKOCTI OXOJIOJUKEHHS METally, a TaKOoX JI€I0 IHEpPTHOTO razy
aproHy, SIKMH SIBISEThCS €(PEKTUBHUM 3aXHCHHM Ta30M I aJFOMIiHIEBHX
CIUIaBiB IIPY 3BapIOBaHHI.

YK 620.17:620.1:669.245

Hanunos C.M.!

Haymux B.B.?

Txau J1.B.3

Memam 0.0.4

Tromkin J1.0.°

' mupextop 3M3 im. Omenbuenko AT «MOTOP CIU»

[IOKT. TeXH. HayK, pod., mpopektop HY «3anopizbka HOTiTeXHiKa»
SKaHJI. TeXH. HayK, HomeHT kKadpenpu ®M HY «3amopisbka HOTITEXHIKa»
“KaHq. TeXH. HayK, KepiBHUK O1opo AT «MOTOP CIU»

33acT. ron. Meranypra 3M3 im. Omensuenko AT «MOTOP CIU»

KOMIIVIEKCHE MOJU®IKYBAHHA KAPOMIITHOI'O
HIKEJIEBOTI'O CILVTABY KC3IK-BI

JluBapHi criaBu 3 PiBHOBICHOIO TOJNIKPUCTATIYHOIO CTPYKTYPOIO
LIMPOKO 3aCTOCOBYIOTHCS Y BITUM3HSIHOMY aBiaJIBUT'YHOOYIyBaHHI, IPOTE
MIZBUINCHHS TEMIIEpaTypu IX eKCIuTyartallii MPU3BOIUTH IO HEOOXiTHOCTI
MOIIYKY JAOAATKOBHUX IUISXIB 3 MiJBUINCHHS XapOMIIHOCTI cruiaBiB. OnHUM
3 IOCTaTHhO €(PEKTUBHMX LUISXIB, IO JO3BOJISIIOTH 3a0€3MEYUTH 3POCTaHHS
EKCIUTyaTaI[ifHUX XapaKTEPUCTHK JIMBAPHUX CILIABIB HA HiKEJICBill OCHOBI €
MojudikyBaHHs. B naHOMy JOCTIJKEHHI BMBYEHO BIUIMB KOMILIEKCHOTO
MomubikyBaHHA  JkapoMmimHoro  HikeneBoro — cmiaBy — JKC3JIK-BI.
MomudikyBaHHS MPOBOMWIOCH 3a PI3HUMH TEXHOJOTIYHUMH CXEMaMHU:
1. BUCOKOIUCTIEpCHUMH YacTUHKaMU kKapOoHiTpuny tutany Ti[Ti(C,N)]; 2.
X BUKOPHUCTAHHSM IIpY 3aJIMBaHHI pO3ILIaBy y (hopMy Hepiuuii podounii map
KOTPOi BHIOTOBJIEHO 3 TIOBEPXHEBMM MOAN(IKATOPOM — aIIOMiHATOM
k06ampTy CoAlyO4; 3. 3 0THOYACHUM 3aCTOCYBAaHHIM KOMIUIEKCY 00’ €MHHX
moxudikatopie tumy Ti[Ti(C,N)], miratryporo Ni-Y, Ta 3 HacTyHmHHM
3aJMBAHHAM y KepamiuHy ¢opMy Moan(iKOBaHy ajllOMiHATOM KOOaiIbTy
CoAlyOs.

Cepist nocmiiB HO3BOJIMIA BCTAHOBUTH €(EKTHUBHICTH OKPEMOTO
BBy 00’emHoro mopaudixaropy Ti[Ti(C,N)] Ta ioro KOMIIJIEKCHOTO
BIUIMBY CyMICHO 3 IIOBEpXHEBHMH MOAM(IKaTOpaMy Ta PiJKO3EMEIbHUMH
MeTalaMH Ha Makpo- Ta MIKpPOCTPYKTYpY JKapOMIIIHOTO HiKEJICBOTO CIIJIaBy
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KC3AK-BI. Byrno nokazaHo, 110 3acTocyBaHHS MOAM(DIKATOPIB TO03BOJIMIIO
3HAYHO NOAPIOHUTH MaKPOCTPYKTYpY CIUIaBY, IPUIOMY HalOLIbIINN ederT
OyB orpumanwuii mpu MoaudikyBanHi komruiekcamu Ti[ Ti(C,N)]+CoAl>O4 Ta
Ti[Ti(C,N)]+Ni-Y+CoAlyO4. [Ipu pocnijkeHHI MIKPOCTPYKTYpH CILIaBy,
BCTaHOBJIGHO, WIO BEIMYMHA MDKACHIPHUTHHUX BiJCTaHEH SIK Yy BHIAIKY
okpemoro  mommpixyBanHs  Ti[Ti(C,N)], Tak 1 KOMIUIEKCHOTO
momudikyBaras Ti[ Ti(C,N)]+Ni-Y+CoAl,O4 3am3mmacse 3i 100-130 MM 10
80...120 MxwM, 1110 TTOB’s13aHO 3 POPMYBAHHAM BEIUKOI KiTEKOCTI 3apOJIKiB B
00’eMi cIUTaBy MpH HOTO KPUCTANi3alii Ta IHTEHCHBHAM BiJBEICHHSIM TETLIa
Bil pO3IUIaBy MOAM(IKOBAaHOK KepaMidHOIO (opMOI0. 3a pe3ynbTaTaMu
BIUIMBY Pi3HHX BHIIB MOJU(]iIKyBaHHSI Ha MIKPOCTPYKTYPY AOCIIIKYyBaHOTO
CIUIaBY BCTaHOBJICHO, 10 MO (iKyBaHHS 32 BCiMa CXeMaMH IIPU3BOAUTH JI0
3MEHIICHHS pPO3MIpiB KapOifiB Ta JEKOTPOMY 3POCTaHHIO PO3MIpiB
KapOOHITPHUIIB, a X IMIOOYNApPHI YAaCTUHKH PIBHOMIPHO pPO3TAlIOBaHI 3a
mepepi3oM JOCTIHKYBAaHUX 3pa3kiB. B ycix Bumaakax MOTU(IKYBaHHS
CIOCTEPIraeThCsi 3HIKEHHS BEIMYMHH  YCAJKOBOI  MIKPOIOPHUCTOCTI.
BunpoOyBaHHs MEXaHIYHUX BJIACTUBOCTEH CIUIaBy IIiCJIsl CTaHIAPTHOI
TepMigyHOi  O0OpoOKM  mMOKa3ano, MmO MONU(IKyBaHHS  BKa3aHUMHU
KOMIUIEKCAaMH JTO3BOJIMJIO OTPUMATH MEXaHIUHI BJIACTHBOCTI CIUIaBy, IO
BiINIOBiJAIOTh BUMOTaM HOPMAaTHBHO-TEXHIYHOI JOKyMeHTamii. Haiikpariii
KOMIUIEKC MEXaHIYHUX BJIACTHBOCTEH NPH KIMHATHIN TeMIeparypi, ynapHoi
B’SI3KOCTI ¥ TpUBAJIOi MIITHOCTI OTPHUMAHHUH 3 BUKOPHUCTAHHSIM KOMILIEKCY
moaudikatopiB Ti[Ti(C,N)]+Ni-Y+ CoAl,Os.
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SKkaHJ. TEXH. HayK, ronoBHuUi Metanypr AT «MOTOP CIU»
JOCJIIIKEHHSA BILIUBY TEXHOJIOI'T BATOTOBJIEHHA

KATOJIIB HA AAKICTb ITIOKPUTTIB

B cyuacHOMy IBUTYHOOYAYBaHHI AJIs 3aXUCTY JIONATOK TypOiH Bix
rapsgoi  koposii i  MiABMINEHHS JKapOCTIMKOCTI  BHUKOPHUCTOBYIOTbH
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0araTOKOMITIOHEHTHI MOKPUTTSI Ha ocHoBi cucremu Me-Cr-Al-Y, mo
3a0e3nedyroTh iX Mpane3aaTHiCTh B LIMPOKOMY iHTepBaii Temneparyp 700-
1100°C. [dns HaHeceHHs NMOKPUTTIB TexHojoriero PVD (Physical Vapour
Deposition) BUKOPHCTOBYIOThCS CIIELiaibHI YCTaHOBKH, B KOTPUX BaKyyMHa
IUIa3MOBa Jyra, MITpyrO4H IO IOBEpXHI KaToxy (Marepiany IOKPUTTS)
CTBOPIOE  «XMapy» BHUIIOPOBYBAaHOTO 10HI30BaHOTO Marepiaiay, IO
0CaDKYETHCS HAa TIOBEPXHIO JIOMATOK. TpanmuiiiiHo TpyO4acTi KaTtomu
BHTOTOBJICHI 3 MaTepially MOKPUTTS BUTOTOBIIIFOTHCS JINTBOM B KOKinb. [Ipu
BOMY ICHY€ BHCOKa BIpOTiJHICT YTBOPEHHS  XapaKTePHHUX IS JaHOI
TEXHOJIOTII BHYTPIIIHIX Ae(eKTiB, TaKUX SK IOpH, PUXJIOTH, JiKBaIiWHI
SIBUINA, AKI PI3KO 3HWXKYIOTH SIKICTh HAHECECHHS 3aXHCHHUX INOKPHUTTIB Ha
JonaTtkd. MeTanmyprisi TpaHyJ, IO JO3BOJISIE OTPUMYBATH MIKPO3JIHUBKU
chepuuHoi QopMmH, IO KPUCTANI3yIOTBCS 3 BHCOKOI MIBUAKICTIO 3
MPaKkTHYHO 0e31e(eKTHOI CTPYKTYPOIO, J03BOJISE YHUKHYTH YTBOPEHHS
noAibHoro poxy aedeKTiB i BIANOBIAHO CIiI OYiKyBaTH il TMOMITHOTO
MOKpAILIeHHs SIKOCTI HAaHECEHHWX JKapOCTIMKMX IOKPUTTIB Ha JIOMATKax
TypOiH.

B nmamiit poGoTi mpoBeneHE MOPIBHAIBHE TOCTIIKCHHS SKOCTI
TpyOUacTHX KaTOZIB, IO BUTOTOBJICHI TPAJUIiIHHAM METOAOM JHTBa M
METaNypTi€l0 TpaHyJl, a TaKOX BHKOHAHA OI[iHKA SKOCTi IIOKPHTTIB, IO
HAHOCATBCA Ha JIONAaTKu MeTtogoM PVD.

PesynbraT mociDKEHHS TTOKa3alIH, 10 3aCTOCYBAHHS TEXHOJOTIi
MeTalyprii rpaHyJl [pH BHIOTOBJIICHHI KaTOJIB a03BoJsie chopmyBaTu
LWIJIbHY, JMCIEPCHY Makpo- W MIKPOCTPYKTYPY, ILIO BIIPI3HAETHCS
ONHOPIAHUM  (a30BUM  CKJIaJOM I  pIBHOMIPDHMM  PO3MOJIICHHIM
CTPYKTYPHUX CKJIaJ0BuX. IIpy 1LIbOMy B CTPYKTypi BiAICyTHI NpHTamMaHHi
JUTIH CTPYKTYpl PpHUXJIOTH, NOpH, TPIIMHA W NPAKTHYHO BiACYTHI
HEeMeTaJIeBi BKJIFOUESHHSI.

[TokpurTs, oTpuMaHe i3 3aCTOCYBaHHSAM TI'PaHYJIBHOTO KaToXy,
XapaKTepU3y€EThCS OUTBII PIBHOMIPHUM PO3MOAUICHHAM 32 TOBIIMHOKO, W
MOPIBHAHO 3 JIUTUM KaTOJOM MiCTHUTh MEHIIY KUIBKICTh KpamelnbHOI (azu
KpynHO{ (pakiiii Ha MOBEPXHI JIONATOK, 110 MTOKPAIIy€E iX MIOPCTKICTh i CTaH

TPaKTOBUX MMOBCPXOHBb JIOIATKH B HiIIOMy.
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L T VS I )

JOCJIIIKEHHS CTPYKTYPU TA BTOMHUX
XAPAKTEPUCTHUK ’KAPOMIIHOTI'O CIIVNTABY OTPUMAHOTI'O
CEJIEKTUBHUM JIABEPHUM CIIJIABJIEHHAM

OcCTaHHIM 4YacoM aJMTHUBHI TEXHOJOTII HAOYJNIM MiBUIICHOTO
iHTEpecy 1 BOPOBAKYIOTHCS Y BCe OUTBITY KUTBKICTh Tally3eid BUPOOHUIITBA
Ta MaIIMHOOYIyBaHH JIJIsl BATOTOBIICHHS BUPOOIB i3 METaIeBHUX MTOPOIIIKIB.
Hapasi nmeranpHO HOCHIIKEHO MEXaHIUHI XapaKTePHCTHUKU >KapOMIITHOTO
crutaBy Inconel 718, skuii TpaaWIiHO 3aCTOCOBYETBCS B aBiamlil i
BUTOTOBJICHHSI JIeTalleil Ta BY3JB TapsAuoro TPaKTy Ta30TypOiHHUX
YCTaHOBOK. Y MbOMY 3B’S3KYy MPE/CTaBJIs€ IHTEPEC BHBUCHHS BTOMHHX
XapaKTepUCTUK MaTepialy, BHIOTOBJIIEHOTO METOJIOM CEJIEKTUBHOTO
nazepHoro TuiaBneHHs (SLM), B ymoBax HaBaHTaXeHb ¢ 4YacToT,
XapakTepHUX a1 poOoTH Ta3oTypOiHHOrO aABMryHa. B nmanit po6Goti
NPOBEJCHO TMOPIBHsUIbHI ~ BUIPOOYBaHHS Ha MAaJIOLUKIOBY BTOMY,
JIOCITI/DKEHO MIKPOCTPYKTYpy W 371aMH BTOMHHX 3pa3KiB, BHIOTOBJICHHX
rapsyol0 IMPOKATKOI0 M METOJOM CEeNEKTHBHOIO JIA3€PHOTO IUIABIICHHS i3
MOPOMIKIB  >KapomimHoro cmiaBy Inconel 718. BumpoOyBaHHs Ha
MaJIOIMKIOBY ~BTOMY IPOBEJCHO IIpW KIMHaTHIH ¥  IiABHIIEHHX
temrepatypax. SLM-3pa3ku micias TOOyZOBH MiJiaBalii  TrapsdoMy
130CTaTHYHOMY TMIPECYBaHHIO ¥ TepMiuHid 00poOmi. i MOpiBHAIBHHX
JIOCITI/KEHb YacTHHY 3pa3KiB BUTOTOBIISUIM METOJIOM Trapsioi aedopmarii
(mpoxaTkm) 3 TOTO X CIuiaBy. Pe3ynbTaTu JOCTIIKEHHS CBi4aTh, IO MiCII
TepMigHOi 00pOOKH 1ehOpMOBaHi 3pa3Ku XapaKTEPU3YIOTHCS MOJieIPHIHOIO
OynmoBoto, a B SLM-3pazkax Oe3mocepeHbO IICIHsI BUTOTOBIEHHS
(moOymoBM) HasBHI YiTKO BHPOJIKEHI 30HW IIOIIAPOBOTO CIUIABICHHS
po3mipom ~100 wmxm. BcranoBmeno, mo micns TepMmidHOI 00poOKH
3MIITHEHHSI CIUIaBY 3IMCHIOETHCS iHTepMeTaiTHOIO (hazoto Tumy y"-NisNb,
a TakoX kapOimamu i (azoro y'; BUABICHO TaKOX IUIACTHHYACTY O-(a3y i
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KapOoHiTpuau. PesynmbraT BHIpoOyBaHb Ha MAaJOLMKIOBY BTOMY
JI03BOJIMJIM MTOOYAyBaTH JIorapu(pMidHi KpUBI B KOOPAMHATAX «HAIPYKEHHS
nedopmalii — KibKICTh NUKIIB 10 PYHHYBaHHS», 32 SIKUMH 3 TOCTATHBOIO
JOCTOBIPHICTIO BH3HAYEHO pAI[lOHAJIbHUI pPIBEHb HAINPyXeHb IS
3a0e3nedeHHs 3aJaHOro 4YHcia IUKIIB /0 pyHHYyBaHHS MaTepiaiy.
[IpoBenenuit anai3 qO3BOJSE MPUITYCTUTH, IO HASBHICTH TUCIIEPCHUX (a3
Ha Me)Kax 3epeH OCHOBHOI Y-da3u (kap6ini Tumy MeC i miacTuHYacTol O-
¢da3m) Ta KIMBKIiCTh iHTEpMeTamigHOi Y’ -(a3m, BipoTimHO, BIUIMBAIOTH Ha
KyTH HaxXWwily KpHBHUX, I[OOYZOBaHMX B KOOPIHMHATAX «HAIPYXKEHHS
nedopmartii — KiTbKiCTh TUKIIB O PYHHYBaHHD».
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CYYACHI EKOJIOT'TYHO BE3NEYHI TEXHOJIOTII XIMIKO-
TEPMIYHOI OGPOBKHA

Iponecu ximiko-TepMigaoi 06podku (XTO), K CKIaI0BI YaCTHHH
KOMIUIEKCY TEXHOJIOTIYHUX MpOLIECiB OTpHUMaHH: KIHIIEBUX
(YHKIIOHATBPHUX SKOCTEH BUPOOIB, € HAHOUIBII TPYIOMICTKAMH Ta
exornorigHo HebOesmeuHnmu. [Ipu ycix Bumax XTO BHKOPHCTOBYIOTBHCS
HeOe3MeyHi XiMiYHI PEYOBUHH, SIKi € CKIIAIOBUMH JUIsi OTPUMaHHS Ta30BOTO
CepelOBHINA, IO MICTUTh aTOMH HAaCHYyBaJbHHX E€JIEMEHTIB I
(hopMyBaHHs IOBEPXHEBUX IIAPIiB PI3HOTO (PyHKIIOHAILHOTO TPU3HAYCHHSI.

Cxema Oynp-sikoro Buny XTO mepenbauae mporecu AuCOIianii,
agcop6bmii Ta mudys3ii. Tak, mpu a30TyBaHHI B CEPEOBHUINI aMiaKy IPOIEC
roro awmcoriarnii BigOyBaeThcs 3a  ¢dopmynoro NHz; — N— 3H, mpu
LIEMEHTYBaHHI B Ta30BOMY CEpEIOBHII METaHy IHCOIiamis BigOyBaeThCs 3a
¢opmynoro CHsy — C + 4H, mpum HiTpoueMeTyBaHHI OJHOYACHO
BiZOyBarOThCA OOM/IBA I1i IPOLIECH.

TpaguiiiHO Ha MAIPUEMCTBAX [T OTPUMaHHA AU(y3iHHUX mapiB
BUKOPHCTOBYIOTh ~ Ta30Be IIiYHE  a30TyBaHHs, IleMeTyBaHHS  abo
HITpolleMeHTYBaHHsL. HalOinbIn eKOMOTiYHO HEOC3MEYHNMH eTaraMi X
MIPOLIECIB € YTBOPEHHS IIKIJIMBHUX XIMIYHHUX CHOJIYK aKTHBHHX €JIEMEHTIB 3
BUKHJIOM IX B OTOYyIOYE cepeloBHIle. Tak NMpH a30TyBaHHI € CHOIYKH
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a30Ty Ta He JIUCOLIOBaHMI aMiaK, TP [IEMEHTYBaHHI OKUC BYTJICLIIO i caxa,
a IpY HITPOLIEMEHTYBaHHI KOMIUIEKC LUX IIKiJAJIMBUX CIIOJYK.

P03BHTOK TEXHOJIOTIH XiMiKO-TEpMIUYHOI OOpPOOKHM Ta CTBOPEHHS
Cy4acHOro oOOnagHaHHS JUIs iX BIPOBA/DKEHHS A€ 3MOTY CYTTEBO
IBUIIUTH SIKICTh OTPUMAHUX PE3yJIbTaTiB, CKOPOTUTH 4ac HA BUKOHAHHS
ormeparii Ta JOCATTH BUCOKOTO PiBHS €KOJOTIYHOCTI MPOIIECiB.

BmpoBamkeHHss MeTony ioHHO-Ta3MoBoro aszoryBaHHA (IITA) y
THiftHOMY po3psani Ha iHctamsamii IOH-2012 d¢ipyu «2PTTOM-MOH»
(bomnrapis) Hamae MOXIIMBICTH NPHHIUIIOBOTO YIOCKOHAJCHHS MPOIIECY,
30KpeMa, CTBOPCHHS HACHIyBaJbHOTO CEpPENOBHINA HE TOTpedye
JOIIOMDKHOTO OONagHaHHS, aMiakK IOJAE€ThCA MO TEPMETHYHUM CHCTEMaM
6e3mocepeIHLO B poOOUy KaMepy 1HCTANSIII Bijl Bi/TaIeHOT paMITH, 3aBISIKU
TOMy, IIO NpPOILEC BiJOyBaeThCcs y BaKyyMHIH Kamepi BMICT MIKiJJIUBHX
pEUOBHH B 30HaX OOCIIyrOBYBaHHs NPAKTUYHO BiJCYTHIH (OKCHIM a30Ty
0,0002 %), He moOTpeOye MOMOMIXKHOIO OOJagHAHHS, M0 OOYMOBIIOE
HEe3Ha4YHI BUTPATH eNeKTpoeHeprii. JJocsarayro:

- CKOPOYEHHsSI TPUBAJIOCTI 00pOOKH B 2 - 5 pasiB, SIK 32 paxyHOK
3HIDKEHHS 4acy HarpiBy Ta OXOJIO/DKCHHS CaJKd, TaK 1 3a paxyHOK
3MEHIIECHHS Yacy i30TepMi4HOi BUTPHMKH;

- CKOpOYeHHS BUTpaTH pobounx raziB y 20 — 100 pa3zis;

-CKOpPOYCHHS BUTPATH eNeKTpoeHeprii 1,5 — 3 pasu;

- 3HWKeHHS aedopMarii HACTUThKH, 100 BHKIIOYHTH (iHIIIHE
uutiQyBaHHS;

- TIOKpAIIEHHS CaHITAPHO-TIri€HIYHUX YMOB BUPOOHUITBA;

- OBHA BIAMOBIAHICTH TEXHOJIOTII BCIM Cy4aCHHM BHMOTaM I[0JI0
OXOPOHH HABKOJIMIIIHBOTO CEPEIOBHUILA.

IMpouec BakyymHOi nemeHTanii (a TakoX HITpoleMeHTallii)
BiIOYBa€eThCsl 32  CXEMOK  —  MIArOTOBKa  BYIJICLEBOBMICTHOTO
HacHYyBaJIbHOTO CEpPEelOBHINAa B EHJOTeHepaTopi Ta Oe3rmocepeqHbo
mudy3iHHUX Tpollec B BAKYYMHIN [IeMEHTAIlIHHIN 1medi.

BakyymHa TexHos0Tis 3a0e31edye BUCOKY KOHIEHTPALIIO BYTJICIIO
B TOBEPXHEBHX IpOIIAPKaX, MO IIO3UTHBHO BIUIMBA€ HA MOJAJbIIC
OTpPHMMaHHS 33J]aHOi TBEPIOCTI PIBHOMIPHO I10 BCiii MOBEPXHI, IPH HU3EKOMY
THUCKy TIpollec MacooOMiHy MDK BYIJIEIIEM Ta IIOBEpXHEIO JieTajiei
MIPUCKOPIOETHCS, IO BIUIMBA€ HA TPUBATICTH OOpOOKH, a BHKOPHUCTAHHS
BaKyyMHO{ CHCTEMH Ja€ 3MOTy 3a0e3MeUuTH LUPKYJAILII0 Ta30MoIi0HIX
KOMITOHEHTIB HACHMYYyBAJILHOI'O CEpPE/IOBHINA B CHCTEMI «EHIOIreHepaTop —
IeMeHTaIliiiHa i1y 0e3 MOTpaIuITHHS B 0TOUytoue cepenoBuiie.Jlitepatypa
Jlaxtua 0. M., JleontseBa B. II. MarepuanoBenenue: y4eOHUK s
BBICIINX TEXHUYECKUX y4eOHBIX 3aBEICHH. — 3-€ U3., epepad. u JOI. —
M.: MammHocTtpoenue, 1990. — C. 239-242. un. ISBN 5-217-00858-X.
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DEVELOPMENT OF COMPLEX MODIFICATION OF NICKEL-
BASED CATHODES FOR THE DEPOSITING OF ION-PLASMA
COATINGS

The Ni—Cr—Al coating system has been playing an important role in
increasing the heat-resistant capability of gas turbine blades operating in
harsh and demanding conditions[1]. One of the methods of applying Ni-Cr-
Al coatings is arc-ion plating, where a Ni-Cr-Al alloy material is made into a
consumable cathode[2, 3]. The cathode is subsequently evaporated and
ionized by an electric arc and attracted to the workpiece by a bias voltage to
form a coating. The current study presents an investigation into the influence
of highly active Y-La and Y-Hf-La modifiers on the structure and properties
of the Ni-Cr-Al consumable cathodes. Y-La, and Y-Hf-La modifiers are
introduced in order to form nanosized phases that stabilize the structure of
the alloy and ensure a uniform distribution of elements.

It is shown that the introduction of such modifiers has a positive effect
on the structure formation process of the consumable cathodes. It has been
established that with the introduction of Y-Hf-La modifier, the structure of
the obtained cathodes is characterized by a greater degree of homogeneity. In
addition, a positive effect of Hf on the uniformity of the distribution of
alloying elements (Al, Cr) in the bulk of the material has been noted in
comparison with alloy samples modified with Y-La.

The introduction of the Y-Hf-La has improved the homogeneity by
reducing the defects in the consumable cathode. As a result, it has been
confirmed experimentally that the heat resistance capability of the modified
Y-Hf-La coating has increased by more than 2%, compared to the coating
with the traditional Y-only modifier[4, 5].
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NEW COMPLEX METHOD DEVELOPING FOR CREATION
ANTIFRICTION WEAR RESISTANCE COATINGS

The purpose of this study is to establish technological conditions and
parameters for obtaining materials for improving the performance of machine
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parts under conditions of heavily loaded friction units due to quasi-
tribosystems of gas thermal sprayed anti-friction layers [1,2,3].

During the research, a priori data were used in combination with our
own scientific developments of the dependences of the influence of the
chemical composition of gas thermal sprayed anti-friction layers on the
physical and mechanical properties of the surface layer of the material, which
is destroyed under tribosystem conditions.

On the basis of the theoretical and practical scientific research, a set
of relevant knowledge has been obtained, which makes it possible to
determine the main criteria requirements for obtaining anti-friction layers and
graphically describe the characteristics of the alloy and show the correlations
of the parameters with each other. The positive role of aluminum as a soft
component of anti-friction pseudoalloys, which is well sprayed by thermal
metallization at an affordable cost, has been experimentally confirmed. It has
been proven that gas thermal coatings in the form of pseudoalloys, consisting
of particles with different physical and mechanical properties of materials,
can have up to 2 — 3 times more wear resistance compared to single-
component coatings from materials included in the composition[4].

Theoretical and practical scientific research with the reproduction of
system analysis to increase the resistance to destruction under the conditions
of quasi-tribosystems of gas thermal sprayed antifriction layers is given. It is
shown that in order to ensure a good running in of the contacting surfaces in
the friction zone and particles of hard material with high wear resistance and
resistance against sticking with the counterbody, anti-friction pseudoalloys
of coatings should contain zones of particles of material with lower hardness
to comply with the Charpy principle. It has been determined that when
spraying composite wires for use as a solid component of anti-friction
coatings, it is possible to use particles of alloying elements that form
intermetallic compounds or phase components of alloys with a high hardness
during melting. A comparative analysis showed that two-component coatings
deposited with composite wires are characterized by higher hardness and
wear resistance under high contact pressures compared to coatings of the
same composition deposited with different types of solid wires[5].

The obtained results of the above studies allow, within the framework
of technical and technological accuracy, which is necessary in the framework
of practical engineering forecasts, to determine the physical and mechanical
properties of wear resistant gas thermal sprayed anti-friction layers under
conditions of quasi-tribosystems. Thus, in comparison with cast antifriction
materials of the same composition, anti-friction layers obtained by thermal
metallization have a 1.5 — 1.8 times higher wear resistance.
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BUBIP CKJIALY HIJIAKY JUISI EJEKTPOIIJIAKOBOTO
BIIHOBJIEHHS JETAJIE

IIpouec eneKTPOLLIAKOBOIO  BIJHOBJCHHS JeTajeldl Mae psil
crienupiYHIX O0COOJNIMBOCTEH, IO BIAPI3HAIOTH HOTO BiJl 3BUYAHHOTO
NeperyiaBy BUTPATHOTO E€JIEKTPOLYy B MeETaJeBUil KpHCTai3aTrop, Mo
OXOJIOJUKYETBCSA BOZOIO. B mouaTkoBHMI mepiof MpoIiecy BiTHOBICHHS
HEOoOXiTHO OTPUMATH Ha JIeTalli, 0 BiIHOBIIIOETHCS, PIIKY METAIEBY BaHHY
i3 OCHOBHOTO MeTajly, IPX YOMY OCHOBAa JeTalli TOBHHHA OIUIABUTHCS IO
BCbOMY TIEpeTHHY KpHcTaiizatopa. lLle HeBig’eMHa yMoOBa SIKICHOTO
CIUIAaBJICHHS. OCHOBHOTO 1 HAamiaBlieHOro MeTaiiB. HaBenmenns pinkoi
MeTaieBoi BaHHM MOBHUHHO BiOYTHCS J0 TOYATKY IUIABJICHHS BHUTPATHOTO
SJIEKTPOY.
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Ha posirpiB Ta omaBieHHS! OCHOBHOT'O METaly, SIKICTh CILIaBICHHS
OCHOBHOT'O 1 HAIUTABJIEHOT'O METaIiB 3HAYHOIO MipOIO BIUTUBAE CKJIAJl IUIAKY,
1110 3aCTOCOBY€ETHCS JUIS EJIEKTPOLITIAKOBOTO IPOLIECY.

Jo HaiiBaxnuBimMX (QYHKIIM IDIaKy OpU  €IEKTPOLUIAKOBOMY
BIJHOBJICHHI JeTajiei HEOOX1IHO BiIHECTH:

- 3abecmedyeHHs CTIHKOCTI €JIEKTPOIUIAKOBOTO TPOIECY B ITOYATKOBHH
IepioJT BITHOBJICHHS;

- OIUIaBIEHHA OCHOBHOTO MeETaly JA€Talli IO BCbOMY MEPUMETPY
KpHUCTaIi3aTopa;

- nmoOpe dopMyBaHHS METaly EpeXiTHOI 30HM;

- TOHepeKEHHS YTBOPEHHS B 30HI 3’€THAHHA JIE(EKTIB;

- 3aXHCT HaIUIaBJICHOTO METaJly BiJl IOCTYILy TOBITPS;

- YIpaBiHHS XIMIYHUM CKJIaJy HaIUIaBJICHHOTO METally;

- 3abecriedeHHs ~ HEOOXigHMX  (DI3UKO-MEXaHIYHMX  BJIACTHBOCTEHl
HAIJIaBJICHHOTO METaJy 1 MeTaly MepexiJHoi 30HH.

3 MeTor BHOOpPY ONTHMAJIbHOIO CKJIagy LUIAKy, 0 3a0e3NeduTh
BUCOKOSIKICHE CIUIABJICHHSI OCHOBHOTO 1 HAIUIABJICHOTO METANiB IIpH
€JIEKTPOIIJIAKOBOMY BiTHOBJICHHI, JOCIIDKYBalU CTaHAapTHI nutaku AHO-
1, AH®-6 Ta AH®-29.

Bei 1 mumaku BiApIi3HSAIOTBCS XIMIYHHM CKJIaJOM, TEMIEpPaTypoOro
TUTaBIICHHS, THHAMIYHOIO B’ SI3KICTIO 1 €JICKTPOTIPOBITHICTIO.

Ilpn  MopmemoBaHHI  TpoleCy  BIIHOBJIEHHS  37iHCHIOBAIH
HaruiaBieHus craneir 20XH3A Ta 12X13 mHa crams 3 B MigHOMY
KpHCTaJIi3aTopi, L0 OXOJIOJDKYEThCS BOJOIO, JiameTpoM 90 MM 3
BUKOpHUcTaHHAM 1utakie AH®-1, AH®-6 ta AH®-29 (Tab6mn.1) [1], [2].
Tabmunl [llnaku 1uist e1eKTPOIIAKOBOTO MePEIIaBy

Mapka Ximiunauii ckinam,% (mo maci) Temneparypa

LUIAKy miaBieHHs, °C
Can A1203 CaO SiOz

AH®-1 92 —96 4-6 1,5 1390 -1410

AH®-6 | 60-70 | 23-31 |8 2,5 1320 -1340

AH®-29 — 55 45 - 1470 —1490

BHacnigok pi3HOI eNeKTPOIPOBIIHOCTI I1i IMIJIAKH BOJIOIIOTH Pi3HOIO
TEMJIOBUIIISIOUOIO 3A10HICTIO, IKa € OCHOBHMM YHMHHUKOM, III0 BIUIMBA€E Ha
pO3irpiB Ta OIUIaBIEHHS OCHOBHM jeTani. SIK ToOKa3amu JIOCIHiIKeHHS
HAMBUIY TEIUIOBHAUIAIOUYY 3Mi0HICTH Mae nmiak AH®-6, mo mo3Boisie B
IIPOLIEC] BiIHOBJIEHHS PO3IrpiTH I OINIABUTH OCHOBY OLNIBII IHTEHCHBHO, UM
nipu BUKopucTani nutakisB AH®-1 ra AH®-29, 1 3a0e3nednTn BUCOKY SIKiCTh
3’€IHaHH OCHOBHOTO 1 HaIlJIABJICHOTO METAJIiB.

ITpun Bukopucranni nutakis AH®-1 ra AH®-29 B 30Hi criaBieHHS
BUSIBJICHHI TIOpH, 3QJIMIIKU [IJIAKy, IiJBOPOTH HAIUIABIEHHOTO METaly.
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3actocyBanHs nuiaky AH®-6 3abe3neuye orpuMaHHs 30HH CILIaBJICHHS 0e3
3aJIMIIKIB 1IUTaKy, 1Op, HempoBapiB Ta iHmux aedekriB. lnak AH®-6,
Maroud IPOMDKHY €JIeKTpONpoBiaHICTh Mixk nutakamu AH®-1 Ta AH®D-29,
JIo0pe aKyMyllo€ TeIuio, 3abe3neuye CTaOUIBHICTh EJICKTPOIUIAKOBOTO
npolecy BXKE Ha II0YaTKOBOMY €Tami, Ma€ BHCOKY TEILIOBHIUIIOUY
3ni6HicTs. KpiM TOTO, TeMmeparypa 1miaBieHHs i TUHAMIYHA B3SKiCTh IIUTAKy
AH®-6 B 3Ha4HId Mipi CHPHUAIOTH PO3IrpiBy 1 OIUIABIEHHIO OCHOBH IIO
BCHOMY II€PETHHY KpHCTali3aTtopa i, SK pe3yibTaT, 3a0ecledyioTh SKiCHe
3’¢IHAaHHA 11 3 HAIUIaBJIEHUM METAJIOM.

TaxkuMm 4MHOM, IPOBENEHHI JOCHIIIKEHHS JO3BOIMIN BU3HAUYUTHCS
3 XIMIYHHAM CKJIaJIOM IIJIAKy IS €IEeKTPOIUIaKOBOTO BiTHOBIICHHS ACTAJICH.
[IInak AH®-6 3acTOCOBYETBCS Ul BiTHOBJICHHS JCTalCH 3 Pi3HUX MapoOK
cTajei Ta pi3HOTO NMPU3HAYCHHSI.
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AHAJII3 TEIIVIOBUX PO3PAXYHKIB ITPU ®OPMYBAHHI
KOMITO3UIIMHUX MATEPIAJIB

OcCoOIUBICTh BUTOTOBJICHHS BUPOOIB 3 TOTIMEPHHUX KOMIIO3HIIIITHIX
MatepianiB (IIKM) momsrae y tomy, mo mpu (OpMyBaHHI OJHOYACHO
CTBOPIOETECS 1 Marepian BUPoOy (3 BUXITHHX MarepialiB — MaTPUIHOTO,
HaloBHIOBAYiB Ta IHMIMX JO0JATKIB) 1 Horo KoH(irypamis Ta po3mipu. Lle
JIOCSITA€ThCS [UIIXOM OJIHOYACHOTO IijIBeJICHHS THUCKY 1 Tera. Poib
HarpiBaHHs BiJNOBIIHUX €JEMEHTIB 0oOJagHaHHS (OCHACTKM) i BUPOOY B
HBOMY Y IBOMY TIIPOLECi € TIPOBITHOIO, OCKITBKH HEOOXiTHWHA s
(hopMyBaHHS THCK y CBOIO UEPTy 3aJI€XKHTh BiJl B’SI3KOCTi PO3ILIABICHOTO Y
¢dopmi MaTepiany, a OTXKe i Bl Horo Temneparypu. ToMy npu NPOEKTyBaHHI
TOTO 9YM IHIIOTO OOJIaZHAHHS (OCHACTKM) BENMKA yBara HPUAUISETHCS
po3paxyHKaM TEIUIOBHX MpomeciB npu GpopmyBanHi Bupo6i 3 [IKM.

Ilinxinq A0 NpOBEACHHS TEIUIOBHX PO3PAXyHKIB 3aJ€kKUTh BiJ
KOHCTpYKILii 00JIaJiHaHHS, YCTaleHOI NMPaKTHKHA MPOEKTYBAHHS TOIIO, 1 y
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HAyYKOBIM JiTepaTypi 3 IbOrO IPUBOJY MOXKHA 3YCTDITH pIi3HI JyMKH.
[ToniOHi ymMOBHM BUTpaT Temja CIOCTEPIraloThCI Y THX TEXHOJIOTTUYHHX
MpOIIEeCiB, /€ HArpiTi €JIEeMEHTH MAalOTh 3HAYHWHA KOHTAaKT 3 Ta30BHM
cepenoBHUIIIeM IOBKIIIA. TakuMu mporecaMu € IpecyBaHHs 1 eKCTPY3is, e 3
MIOBEPXOHb MaTpHLi ab0 MarepialbHOrO LWIIHAPA eKCTPYAepa y TOBKILIA
BiAa€eThCS 3HAYHA KUIBKICTh TEILIA.

VY3aranpbHeHa €HEpreTHYHa MOTYXHICTh Qsar (BT), HeoOXimHa mpu
CTallioHApHOMY TIpoILleCi TpecyBaHHS (EKCTpy3il), BH3HAYAaeTBCSI 3a
¢dopmyoro [1- 4]:

Q3ar = QK + QCH + Q,E[DB + Q63 + Qi, (1)

e Qq — KOpHCHE TeIio, L0 BUTpPayaeThCs HAa HArpiBaHHs Ipec-
Marepiainy; Qcn — BTpaTH Temia y cTis mpeca; Quos — BTpAaTH TEIUIA y TOBKILIS
npec-popmu; Qs; — BTpaTH Telia depe3 O0nToBi 3’eaHaHHs; Qi — iHmI
TEIUIOBI BTPATH.

Temno, mo BUTpadaeThCs HAa HArpiBaHHS INIpec-MaTepialy, BTpaTH
TEeIUIa y CTLI Ipeca Ta yepe3 OONITOBI 3’€THAHHS Ta iHIII JAeTai KOHCTPYKIIT
MOPIBHAHO JIETKO PO3paxyBaTH, 3HAIOYM TEIIOQI3NYHI XapaKTCPUCTUKH
KOMIO3HUIIIHHOTO Matepialy BHpOOY 1 MeTaleBHUX [eTajed OCHACTKH,
OCKIJIBKH pO3paxyHOK BEJETHCS 32 3aKOHAMH TEIUIONpoBinHOCTI. CKIagHime
pO3paxyBaTH BTpATH TETUIa y JOBKIIIIS.

Brpara Teruia HarpiTUM TIIOM Yy ra3oBe JOBKLLIS BiOyBaeThcs 3a
paxyHOK BUIbHOI  KOHBEKMIi. [wmencusnicmb  TEIUIOBiAAa4l  pu
KOHBCKTHBHOMY TEIUIOOOMIiHI OIIHIOEThCST 3a (opmynoro HproToHa —
Puxwmana [5]:

Q = aF(t. — t;) (Br), 2)

ne F — moma nosepxHi TeIwIosimadi, M2; t — TEMIEpaTypa CTiHKH,

°C; t. — Temreparypa razy HoBKULIL, °C; o — KOe]imieHT TeIuIoBimmadi,
Bt/(M* °C).

[Tpore ckiIagHICTh MPAKTUYHUX PO3PaxyHKIB IMOB’s3aHA 3 THM, IO
KOSQIIIEHT TEIUIOBiqIaul 3aJIe)KUTh BiJl PEKUMY KOHBEKTHBHOTO PYXY
moBiTps (TUTIBKOBUH, JTaMiHAPHUH, TypOYJICHTHHI), IO OXOJIOJKY€E HATPITI
CTiHKH.

Ha cporoxmni y miteparypuux mxepenax [1-4] mpomoHyroThes
pizHOMaHITHI emmipuuHi (opMynmH Ui BHU3HAYeHHSA KoedilieHTa
termoBiggaui. OMHAK AJIT TOYHOTO 1 OOIPYHTOBAHOTO BHPIIIEHHS 3a1adi
3aJIe)KHO BiJl GOPMH, pO3MIpIB i MaTepiady OCHACTKH, IO OXOJOKYETHCS,
HEOOXiTHO BHKOHATH yMOBU NOOIOHOCHI mMeniosux npouecie, siKi MarOTh
yHIBEpCaJlbHUH BHA Ha OCHOBI Teopii moamiOHOCTI. 3rimHO 3 HeEro
IHTEHCHBHICTB TEIUIOBI/1aui BU3HadaeThes unciioM Hyccenbra Nu, sike npu
BUIbHIN KOHBEKIIT Mae Burisizg [5]:

Nu = C(Gr-Pr)", 3)
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ne Gr-- yucno I'pacroda; Pr — uncno [panntis.

Yucno [pacrodpa Gr xapakrepusye BiIHOCHY e(EKTHBHICTb
MiIHOMHOT CHJIM, SIKa BHKJIHMKA€E KOHBEKTHMBHUH pyX Ta3y B3I0OBX
0X0JI0/KyBaHoi moBepxHi, a uucio [Ipanntns Pr — ue Tteruodiznuna
XapaKTepUCTHKa Ta3y-0X0JI0/LKyBaya IMpu Temiieparypi foBkunis. [locTiiHi
C i n y piBasaHH] (3) pi3Hi Mg pi3HUX 3Ha4YeHb aprymeHTty (Gr-Pr), ski
3aJIe’kaTh BiJl pe)KUMy PyXy razy, HaBenesiy [5].

OcTtarogHO KOe(illieHT TeIUIOBiAadi 3HAXOIUTHCA 32 (HOPMYJIIO0
[4,5]:

o = (A/h)Nu, “

e Ar — KOSQIIIEHT TEIUIOMPOBITHOCTI MOBITPS MPH TEMIIEPaTypi
JOBKULISL, h — po3Mip 0X0JI01KyBaHOT OBEPXHI.

Po3paxyHok 3a ymoBamH MOJIOHOCTI TEIUIOBUX MpOLECIB Jae
TOYHIIII 1 JOCTOBIPHIIII Pe3yIbTaTH.
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ABOUT RECRYSTALLIZATION PROCESSES OCCURRING IN
LASER PROCESSING OF STEEL

Laser processing is widely used to strengthen various steel products.
During this treatment, structural and phase transformations in steel proceed
at a very high rate [1, 2]. The goal of the work was to study the features of
high-speed recrystallization in steels with different chemical composition and
type of crystal lattice under laser action. Specimens made of hot-deformed
steels were irradiated by laser in GOS-30M and Quantum-16. Neophot-31,
Tesla electron microscope, DRON-2.0 used in research.

An analysis of the microstructure of hot-rolled steels showed that in
the zone of laser irradiation, the grains become larger by 1-3 points (from 8
to 5—6 points, GOST 5639-82) compared with the initial state, i.e., collective
recrystallization occurs. This is due to the direction of exposure and heat
removal and causes the appearance of signs of a columnar structure. In E3
steel, ferrite grains increased by one point (from 4 to 3 points). In austenitic
stee]l 08H18N10T, the grains also became coarser by 1-2 points (from 9-10
to 7-8 points) in comparison with the initial sizes. In the zone of laser impact,
a lot of so-called «dangling» boundaries are visible, which is typical for this
steel. In steel 08Yu, fragments of grain boundaries and subboundaries are
also visible. Thus, in the case of laser action, as in conventional annealing,
collective recrystallization is suppressed in alloyed ferrite and austenite, but
secondary recrystallization develops.

In the zone of laser impact in all hot-worked steels, the slip lines and
microcracks were observed, indicating significant plastic deformation. The
constraint of plastic stress relaxation under laser irradiation is also due to the
specifics of high-speed mass transfer, which is realized, in contrast to
diffusion processes occurring during conventional heating [3].

The study of fine structure of steels using an electron microscope
showed that in the zone of laser action there are areas with dislocation clusters
and a developed cellular substructure, which occupy 40 and 60 % of the area
of the studied samples, respectively. The density of dislocations in the zone
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of laser action in all steels increased by two orders of magnitude compared to
the hot-rolled state. In addition, laser processing resulted in almost 3-fold
refinement of the blocks (from 6,110 to 19,5107 cm). X-ray studies
showed that a weakly developed crystallographic texture (110), arose in the
laser impact zone; part of the grains is oriented by this plane parallel to the
sample surface.

The mode of laser irradiation used in the present studies was selected
empirically in order to exclude heating of the steel above the structure change
induced by phase transformation a < vy start point.

The proof that no polymorphic transformation occurred under the
studied irradiation conditions is evidenced by the following facts:

-steel grains have grown, not crushed. If a polymorphic
transformation occurred, and even a double one (during heating and cooling),
at such high heating and cooling rates, the many phase transformation centers
would arise and the structure would form fine-grained;

- the same results were obtained both for steels in which polymorphic
transformation is possible (08kp, 08Yu), and for steels where it is excluded
(E3, 08KH18N10T), moreover, having a different crystal lattice;

- sulfide inclusions did not melt during heating, but they melt at
temperatures above 950 °C.

Conclusions. In the zone of laser action of hot-worked steels,
structural signs of two processes are observed — collective or secondary
recrystallization and high-speed shear or rotational plastic deformation.
These processes run in parallel, so it should be considered that at the moment
of pulsed laser irradiation, dynamic collective or secondary recrystallization
develops in steels. The specific conditions of laser exposure, mainly its short
duration and localized powerful energy, ensured the processes of restoring
the structure of a dynamic nature.
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MOJIEJTIOBAHHSA IMPOIECIB EKCILTYATAIIT JIODATOK

Sk ob'exT mocmimkeHb oOpani onatku I ct. kommpecopa n8. TB3-
117, BuroroBneHni 3 TuraHoBoro cmiaBy BT8 ta BT8M, saki maroth
eKCIUTyaTalliifHe MOWIKO/DKeHHS Iiepa JIOHmaTtoK. Y  JOCIIDKEHHAX
crocTepirajucsi JBUI'YHHM, IO Oynu B eKcIulyaTamii B pi3HHX KpaiHax,
BIAMOBINHO  (i3UYHI  XapaKTEPUCTHKH  EKCIUTyaTalilHMX  MpoLeciB
BiZpi3Hsucs. JlomaTku Manu pi3He HampalioBaHHS 1, BIANOBIIHO, Pi3HY
CTYIIHb YIIKOJDKEHHS Mepa JIONaToK. JIBUTYHU eKCIUTyaTyBaJIMCsl Y TaKUX
kpainax: €meH, [Hnis, OAE, Ilepy, Kinp, FOtep (Tromens), Ammkup, [cnanis.
ExcrmyarariiiiHi MOIMIKOIKEHHS IIepa CTBOPIOIOTH HE TUIBKH KOHIICHTPAaTOPH
HaTpy>KeHb, aJe i MPU3BOIATH 10 3MiHH TeOMeTpii Tonatox [1-4].

Cmouatky Oyrmo 3fiiicHeHO BinOip iH(GOPMATHBHO 3HAYAMHUX O3HAK
(JuTs ILOTO BUKOPHCTOBYBAJIMCSI METOAN MTOKPOKOBOI perpecii). Ilicns mporo,
BUKOPHCTOBYIOYH BifiOpaHi rpynu o3HaK, OyJayBaylucsl perpeciiiHi Mozei.
Sk perpeciiini Mogeni Oy oOpaHi JiHiiHI perpeciiiHi Moaedi.

JHocnikeHHs reoMeTpii nepa JOonaToK MoJsrajo y BUMIpl Xopau y
nepetnHax A2-A2 ta A8-AS8. Pe3ynbTaTi BUMIpIOBaHb CBIYATH PO TE, II0
HaiOlbIa 3MiHA TeoMeTpii JIoNaToK BiOyBaeThes y nepudepiiHiii 30Hi
(mepetun A8-AS). x; — 1le cepeHs TeMIeparypa y perioHi, e BigOyBaBcs
eKCILTyaTaIlifHAI TPOIIEC; X2 Ta X3 — BEIMYMHU XOPAH, y Tiepepizax A2-A2
Ta A8-A8; x4 - BeIMUMHA HANpALIOBaHHA 3arajbHa, TOJ.; X5 — BEJIMYUHA
HaTIpaIfoBaHHS 0 | peMOHTY, TOX; Xs— TBEPAICTh BuXimHOi nomarku, HRC;
X7— MeXa INTMHHOCTI BUXiAHOTO MaTepiany, MIla; xs - Mmexka mirtHOoCTi, MI1a;
Y - 4acTOTa BIIaCHHUX KOJIMBAaHb JIONATOK, I II.

JliniliHa perpeciiiHa MOAEb:

y=-0,2961 x; —0,0892 x3 + 0,5531 x4 — 0,0840 x5 — 0,2434 xs.

Tounicte Mmozemni: 0,0003.

JliniitHa perpeciiiHa MOAETb IPYToTo MOPSIKY:

y=-16,5318 + 1,1847 x; — 0,0395 x3 — 0,5552 x4+ 7,6814 x5 — 3,1978

xg+ 7,1069 x12 —0,0157 x3% — 0,5300 x4
Tounicte Mmozemni: 0,00045.
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JliniitHa perpeciiiHa MOJIeJIb IPyroro MOPSAKY 3 YaCTKOIO IEPLIOTOo
TIOPSIIIKY:
y=0,8079 + 0,2148 x; — 0,2214 x3+ 0,0310 x4+ 0,3649 x3 — 0,3694
X1: X3+ 0,0352 X3:X4 — 0,1712 X3.X5 — 0,4127 X3:X8— 0,9691 X4:X8— 0,5155 X12+
0,0123 x3%+ 0,2760 x4,
Tounicts Mmonemi: 0,00065.

OTtpumaHi perpeciiiHi Mol MOKa3yiTh, 0 HAHOUTHINNI BIUTMB Ha
YacTOTY BJIACHHUX KOJMBAHb JIOIIATOK BIUIUBAE HE TIIBKH F€OMETPist JIOMaTKU
y mepudepiiiHiii 30Hi, e BigOyBaeThCS MaKCHMANbHUH epo3ifiHMN 3HOC
KPOMOK Iepa JIONAaTOK, a TAKOX Me)Ka MII[HOCTI JIOAaTOK Ta BEJIMYHHA
HAalpaloBaHHs IBUTYHA.

TakuM 4MHOM, MPU EKCIUTyaTalil BEPTOIBOTHUX JABUIYHIB OCOOJIHMBY
yBary Tpeba MPHUIUIATH 3aCTOCYBaHHIO y BEPXHIH YacCTHHI Iepa JIOTATKH
3aXMCHHUX MOKPHTTIB, 1100 MiHIMi3yBaTH €pO3iiHHI 3HOC KPOMOK JIOIATOK
Ta BUKOPUCTOBYBATH 3MIIHIOIOUY O00pOOKY Tmepa, 100 MOJOBIIUTH PeCcypc
po0OTH IBUTYHA.
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VK 621.
Psa6ixina M.A "
1 K-t Texniunux Hayk, qoueHT JABH3 «IIATY»

AHAJII3 AKOCTI METAJIOITPOKATY I3 CTAJII S355J2

Jlnst MacuBY JJaHUX JIBOX IJIABOK JIMCTOBOTO IpOKaTy cTaii S355J2+N
toBumHOIO 90-100 MM (TUIMTH) pPO3paxoBaHi CTAaTUCTHYHI ITOKa3HHUKU
MeXaHIYHUX BiacTuBocTel, Tabxn. 1-2. CepenHi 3HAUCHHS XapaKTEPUCTUK
MirHOCTI crani, miaBka Nel708063: oo = 329 MIla i o = 497 MIla. [lns
60,2 BUKOHY€EThCS MPHOIM3HA PiBHICTH XCp.>Me>Mo, B TOH 4ac sK U1 Op -
xcp.=Me<Mo. MinimanpHe i MaKcUMallbHE 3HaUeHHA Go2 — 300 i 369 Mlla,
mo He 3aoBoibHAe BuMoram EN 10025 (315-355 MIla). ogmin=470 MI]a,
opmax=695 MIla, oOuaBa KpailiHi 3HAYEHHS TAKOX HE 3aIOBOJBHSIOTH
Bumoram  (490-630 MIla). BimHocHe momoBkeHHI — ocp.=34 %;
CIIOCTEPIraeThCsl XOPOIIUA 30ir CEPEeIHBOTO 3 MOJAIBHUM 1 MEIiaHHOTO
3HAYEHHSAMH, KOJUBAaHHA He3HauyHi — Big 31 1o 38 %.

Cepenne 3HaueHHs yaapHoi B’sskocTi KCV.=78 JIx/cM?, are
crocrepiraeTbes il 3HauHMit poskum: 8-343 Jlix/cm?. 80 % mpo6 miaBku
Nel1708063 3amoBonbHs0Ts EBponopmam EN 10025 (27 Ix/cm?).

ITnaBka Ne 1708063 Bigpi3HSETHCS MiABUIIEHUM BMICTOM KPEMHIIO -
Si~0,053 %. MMoBipHO mpuCyTHi B CTPYKTYpi CTali CHJIKaTH MOTJIH
TIPUBECTH JI0 HE33JO0BUILHUX 3HAYE€Hb MEXaHIYHHX BIACTHBOCTEH IPOKaTYy,
oco0mBO ynapHoi B’si3kocTi [1-3] .

Pesynbratu cTaTHCTHYHOT 00POOKH MEXaHIYHHUX BIACTHBOCTEH CTAaIi
S355J2, mmaBku Ne2710427 wmaBenmeHi B Tabmmmi 2. OTpuMaHi HACTYIHI
cepelHi 3Ha4YeHHS: MexXi TekydocTi =341 MIla, mexi mimHOCTI =506 MIa,
BiZIHOCHOTO MooBxKeHHs =33 %, eneprii ynapy KCV.o =263 Jlx/cm>. s
XapaKTePUCTHK MIIHOCTI, IUIACTMYHOCTI Ma€ Micie NpUOJU3HUI 30ir
CepeHbOT0, MOJATBHOTO 1 MeAiaHHOTO 3HaueHHs. CIliJi TAKOXK 3a3HAYMTH,
10 6o2min = 320 MIIa, opmin = 495 MIla, dmin = 29 % i KCVmin = 27
JIx/cM?, mo 3amoBonbHs€ BuMorn EN 10025. Haifwactime (=30 %)
3yCTpivaloThes MOKasHUKK poboTH yaapy ~300 JIx/cM?, 1o € JyKe BUCOKUM
i CTaOlTbHIM 3HAYCHHSIM.

MikpocTpyKTypa ROCTiJDKeHOI cTami — ¢eputo-nepiitHa. [lepmit
PO3IOJUICHUI y BUIIIAIL PO30CEPEIUKEHUX PSJKIB 3 BEJIMKUX KOJOHIH 1O
HEYHUCJICHHUX NPOLIAPKIB 1 OJMHUYHMX TOYKOBHMX KOJIOHIH Ha MexXax
(depuTHHUX 3epeH. B 0ChOBIll 30HI cHOCTEepiraeThcs 30UTBIICHHS MEPIITHOT
CKJIaJIOBOI Ta MITSTHKH OelHiTy Tpy0oi Oynosu. Po3mip deputHOTO 3¢pHA —
No9-8, okpemi Ne7.
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Tabnuns 1 — PesynbraT CTATHCTHYHOTO AOCIIPKSHHSI MEXaHIYHUX
BJIaCTMBOCTEH, cTanb S355J2, mnaBka Nel708063

YucrioBuii Moka3HUK Go2, OB, 5, % KCV,
MIla MIla Jx/cm?
Cepenne 328,5 496,6 34,3 77,8
CranmapTHa nmoxuoka 2,9 1,7 0,2 18,3
Meniana 325,5 494 34 16,5
Mopa 318 500 34 11,3
CrangapTHE BiIXHICHHS 17,1 10,0 1,5 106,8
Hucniepcis 2948 100,6 2.4 11402,6
Excrnec -0,4 8,9 0,0 1,2
Acumerpis 0,5 2,7 0,3 1,6
InTepBan 69 50 7 335
MiniMy™m 300 486 31 8,0
Makcumym 369 536 38 343
Kinexicts 34 34 34 34

Tabmauis 2 — Pe3ynbTaTt CTATUCTUYIHOTO TOCTIIKSHHS MEXaHIYHUX
BJIACTHUBOCTEH, cTalib S355J2, mmaBka Ne2710427

YHucnoBuii NOKa3HUK G0.2, OB, 5, % KCV,
MIla MIla Jhx/em?
Cepenne 3414 505,9 334 262.5
CrannmapTHa moxuoKa 2,7 1,9 0,3 5,6
Meniana 341,5 509 33,5 2643
Moga 345 510 35 264
CraHgapTHe BiAXUJICHHS 15,5 6,7 1,5 31,5
Jucnepcis 239,7 45,0 2,3 989.,8
Excrec 17 -0,6 0,9 1,3
Acumetpist 3,4 -0,5 -0,6 -0,8
IaTepran 95 25 7 143,7
MiniMyMm 320 495 29 169,3
Maxkcumym 415 520 36 313
KinpkicTh 32 32 32 32
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INopiBHsHHA ABOX IUIaBOK crami S355J2 3a OajioM HEMETalCBHX
BKIIFOYCHb HaBeICHO Ha puc. 1. BumHo, mo ruraBkax Onu3bKi 3a OamaMu
Kijbkicts HenedopmoBanux cumikatiB (CH), BignoBimHo 4,1 1 3,5 Oann,
cynbdinis (C) — 0,25. Hirpuan Toukosi (HT), abo rmutactuuni cuiikatu (CIT)
BignosigHo 0,8 1 0,5. JlocmimkeHi IUIABKA CHJIBHO BiIPI3HSIOTHCS 3a
KimpKicTIO Kpuxkux cuimikatiB (CX) (BiamoBimao 1,6 Ta 0,25 Gamm, pizHAIA
CTaHOBUTH Oinbie, HiX y 6 pasiB), okcuaiB ToukoBux (OT) (y ~3 pasm).
Came 11i BKIIFOUSHHS, IMOBIpHO, TIPU3BEIH 10 MagiHHA B raBmi Nel1708063
KCV_5 110 9-22 JIx/cm>.
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CH CX oT C HT/CIT Bcroro

m 1708063 = 2710427

Pucynok 3 — Po3nozin HemeTaneBux BKIIOUEHD B IIaBKaX 3a
Ganamu
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BUSIBJAEHHS EOEKTY JE®OPMAIIMHOIO
v—o IIEPETBOPEHHS B IOPOIIKOBUX
SATIBOXPOMBYTJUIEHEBUX CTAJISX ITPU 3HOIIYBAHHI

Bimomo [1], m0 BHKOpHCTaHHS CIUIABiB, MO0 MICTATh Y CBOIH
cTpyktypi 70-80% 3anMImkoBOro MeracTaOLIBHOTO ayCTEHITy, 3HadHa
yactuHa sKkoro (40-50%) 3a3Hae B mporeci aOpa3WBHOTO 3HOLIYBaHHS
nedopmariiiini y—0 — IepeTBOPEHHS, JIOCUTh IepCreKTHBHE. MapTeHCHT
nedopmarii, IO YTBOPIOETHCS TiJ €0 30BHIIIHIX HABaHTAXXCHB,
Bifpi3HsIe€ThC minBumeHo (mo 12,5 T'Tla) wmikporBepaictio. [erami
ob0nagHaHHA, Y SKMX B MPOIIECI 3HOUIYBAHHS pPEaNi3yeTbCs MaHUH e(exT,
MAIOTh 1 MABUIICHUN TEPMiH CIyKOu.

®di3nyHi ABUINA, IO BiOYBalOTHCA B MpoIieci AeGopMaIiiiHux y— o —
MIEPETBOPEHD B TAaHHUH Yac JOCHUTH A0Ope BHBUEHI Ta HAA3BHUYANHHO YCIIIIITHO
BUKOPHCTOBYIOTBHCS KIJIbKOMa HAYKOBUMH LIKOJIAMH Y CBOIX JIOCIIDKEHHSIX
Ta TPaKTUYHUX PO3poOKax. BCTaHOBIEHO ONMTHMANBHI MEXi JIeTYBaHHS

132


https://www.sciencedirect.com/science/article/pii/S2238785418304320#!
https://www.sciencedirect.com/science/journal/22387854
https://www.sciencedirect.com/science/journal/22387854/8/2

JUTHX KOBaHUX Oe3KapOiMHUX CcTanei, Mo 3a0e3Me4yloTh HAWOUIbIIMN
CTYIIHB 3MIITHEHHSI T2 3HOCOCTIMKICTh y IEBHUX yMOBAX 3HOLIyBaHH:. Y TOH
e vac 30UIbIIEHHS pIBHS JIETYBaHHS TaKHUX CIUIABIB ISl CTBOPEHHS
HaJUTMIIKOBOT TBeproi dasu (kapOiau, G0puIN) 3MIHIOE JIETOBaHICTh MATPHUILI
cruiaBy 1 3HMXKYe edekT BiJ neopMamiiHuX y— 0 — NEPETBOPEHb.

V Wit po6OTI AOCHIHKyBaIaCh MOKINBICTh OTPAMAaHHS 3aJTHIITKOBOTO
AyCTEHITY B CTPYKTYpi 3arapTOBAaHUX 3aJ1i30XPOMBYTIICHIEBUX HMOPOIIKOBUX
crayeil Ta WOro 3maTHICTH A0 AeopMaIifHUX Y—0 — HEePETBOPEHb IpH
3HOIITYBAHHI.

Ha neprmomy etarmi qociiKyBaIucss MaTepiaiii, OTpUMaHi i3 cyMini
MOPOIIKiB 3aii3a Ta kapoixy xpomy CriC,. Kinekicts CriC, craHoBmio 7,5
ta 14,0 % wmac. [lepen kommakTyBaHHsAM npoBoauian ciikanus (1100 °C, 10
roa.). YIIUIBHEHHS — Taps4ye IITaMIlyBaHHS TMONEPEIHbO CIIEYEHHX
NpecyBaHb; rapsiiye i30CTaTUUHE MPECYBaHHS KaIlCyJl 3 IUXTOIO.

B pe3ynbTaTi IUX TOCHIPKEHb BCTAHOBJICHO:

- crmoci0 raps4oro LITaMIlyBaHHS HE JO3BOJISIE KOMITAKTYBaTH
Marepian 6e3 ictotHoi (MeHme 10 %) 3aJIMIIKOBOT MOPHUCTOCTI;

- TepMoOOpoOKa 3aMi30XpOMBYTJICIEBUX MaTepialiB i3 cymimmi
MTOPOIIKIB 3aji3a Ta KapOiLy XpoMy J03BOJISIE OTPUMYBATH B iX CTPYKTYpi
3HauHY (70 60 %) KiAbKICTh 3aJIMIIKOBOTO ayCTEHITY;

- CTPYKTypa JMOCTI[DKCHHX MOPOIIKOBHX CTaledl BiApi3HIAETHCA
BHCOKOIO HEOJHOPITHICTIO B 3aTrapTOBAHOMY CTaHi.

Tomy Ha Ipyromy eTari JOCIi 1KY BAJIUCS TOPOIIKOBI CTali, OTPUMaHI
CHOCOOOM Tapsid0ro MpecyBaHHs 130CTATUYHO PO3MUIIEHOTO MOPOILKY.

B pe3ynbTaTi IUX IOCHIPKEHb BCTAHOBJICHO:

- pouecu (JOPMYBaHHS CTPYKTYpH IIPU 3arapTyBaHHI MOPOIIKOBUX
cTajel, OTPUMaHUX 3 PO3IOPOLICHUX HOPOIIKIB, 30iratoThCs (Ha BIAMIHY BiJl
MOPOILKOBHX CTaJield, CHHTE30BaHUX 13 cymili nmopouikis 3aiiza ta CriCs) 3
OCHOBHHMH 33aKOHOMIPHOCTSIMH CTPYKTYpOYTBOPEHHSI JINTHX KOBAaHHX
CTaJcH;

- 3AIMIIKOBUH ayCTEHIT IIOPOLIKOBHUX 3aJi30XPOMBYTIICIIEBUX CTaNEH
Ma€ 3JaTHICTh 10 aedopMaliiiHMX y—0 — MepeTBOPeHb Yy Tpoleci
3HOIIYBaHHS, PE3YJIbTATOM SIKMX € IiJBHIIEHHS TBEPAOCTI MOBEPXHI TEPTS
no 12,5 TITla i, sK HacHiOK, 3pOCTaHHA OMIPHOCTI aOpa3UBHOMY
3HOILIYBaHHIO;

- XapakTep 3MiHM IHTEHCHBHOCTI ()a30BHX TIEPETBOPEHb Ta
MIKPOTBEPJIOCTI 332 TIIMOWHOIO 3MIITHEHOTO IIapy IMOPOIIKOBHUX CTaliel 3
pPO3MOPOIIEHOT0  TOPOMIKY  IAGHTHYHHH  3aKOHOMIPHOCTSM, IO
CIIOCTEPIraroThCs A TUTHX CTaJICH aHAIOTIYHOTO XIMIYHOTO CKIIaIy.
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ITAT Morop Ciu?

MOPIBHSAJIbHI XAPAKTEPUCTUKH CIIEIIIAJIBHOI
TEIUIOCTIMKOI CTAJII 09X3HM3®bu 31 CBITOBUMH
AHAJIOI'AMMU B ABIAIBUTYHOBY1YBAHHI

[MocrifiHmii PO3BUTOK aBialliifHOI IPOMHUCIIOBOCTI 3yMOBIIIOE€ BUCOKY
KOHKYPEHIIiF0 M)XK CBITOBUMH BUPOOHUKAMHU aBialliitHUX ABUTYHIB. Uepes me
JBUT'YHH HPAIIOIOTh B yMOBAaX BHCOKOTO HABAaHTAXXEHHS AeTasel, 30KkpeMa
penyktopie I'TJ] mitakiB Ta remikonrepiB. 30UIBIICHHS IOTYKHOCTI
JIBUT'YHIB HOBOTO TIOKOJIIHHSI BUMArae BiJi pelyKTopa 301JIbILIeHHS KIJIbKOCTI
00epTiB 32 XBWIMHY Ta OOEpTaJbHOIO MOMEHTY, 110, B CBOIO 4epry,
3YMOBIIIOE 301UIBIICHHST POO0YOi TeMIepaTypu B3aEMOJIIOYHX JCTaJICH.
OCHOBHHUMH CKJIQJIOBUMH PEAYKTOPIB € 3y0uacTi Kojieca Ta BaJbHHII, SIKi
BHTOTOBJISIFOTh 3 TEIUIOCTiMikuX crajeit. Ili cram migmaroTh XiMiko-
TePMIYHOMY 00po6IeHHIO (XTO): HeMeHTallil, A30TyBaHHIO,
HITpOIIEMEHTAIli] 3 MOAAIBIINM TapTYBAaHHSAM Ta PI3HUMH BUAAMH BiIIyCKY.
KinneBa mikpocTpykTypa siBise coboro MapreHcut uu Oeitnit. XTO, sxi
3aCTOCOBYIOTBCS JJIsl TAKOTO THITY CTaJICH YMOBHO MO>KHA PO3/UIMTH Ha J1Ba
tum: 1) XTO na mepsunne tBepainHsa(BKC-5, [IU-3A), 2) XTO Ha
BropunHe TBepaiHHA(BKC-4, BKC-10, M50NiL, 09X3HM3®bu).

Ximiyau#i cxnay cram 09X3HM3®bu He MicTHTh BOIb(paM, IO
3a0e3medye TapHi TEXHOJOTiYHI BIACTHUBOCTI, HANpHKIax oOpoOka meTali
pizaHHAM, BiACYTHICTH KapOiliB BoJb(paMy 3MEHINye 3aigaHHS 3yO0uaTHX
KOJTiC, Ta TIOKpAIy€e aare3iifHi BIaCTUBOCTI.

B crami 09X3HM3®bu meHmmii BMICT BymIemroo i Ha Iiarpami
[Tednepa-/le-Jlonra BoHa po3ramoBaHa Ha OUBIIN BigcTaHi Bix 00yacTi
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A+M (puc.1), To 1e 3abe3neuye MEHIY KUTBKICTh 3aTHIIKOBOTO ayCTEHITYy B
LIEMEHTOBAHOMY IIapi.
Nickel equivalent =

= %Ni + 0.5 x %Mn + 30 x (%C + % N) ;
NiCr21MoFenb

OFN

2FN
33

30

28 12FN

— ustenite
e 18 FN

il @

24

22

20

r ok = | NN Q"T\’% NgE
N - @ \\ !gstF 3OBY 7:

Fen
HE) ! ;
TR T A S N L UL
2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32
® Parent material Chromium equivalent =
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Pucynoxk 1. [iarpama lleduepa-/le-Jlonra [1]

B cBoI0 uepry 1e cyTTeBO 3MEHIIyE yTBOPEHHS IEPBUHHUX KapOiIiB,
SIKI 3HHOXKYIOTh Y/IapHY B’SI3KICTh Ta KOHTaKTHY BUTPUBAJIICTh. B naHiii crasi
oOMmexeHuit BMicT Momnibaeny y nopiaHi 3i cramio MSONIL, o 3meHye
HWMOBIpHICTH TIOSIBU KPUXKOI G-(a3u.

KoHTpakTHa BHTpHBAaNICTh PO3POOIICHOI MapKH CTalli BUINE HiX ii
aHaJoriB B cepenHboMy v 5 paziB (AU-3A, AU-45, 11-39) Ta Bume HiX y
craneit tunmy BKC-10 Ta M50NiL.

Pexum XTO cram tuny 09X3HM3®bu cyrreBo ckopodeHHMH Ta
MEHUI TPUBAJIMH.

BucHoBok: Ttemioctiiika crtams 09X3HM3®bu wmae 3HayHHA
MIOTEHINAN IS 3aMiHM 11 3acTapiiuX aHaJOTiB JJIs BUTOTOBJICHHS JleTayIeh
PEaYKTOPiB ra30TypOiHHHUX JABUTYHIB HOBOTO TIOKOJIiHHSI.

ITepenik mocwitanb:
1. Outukumpu Stainless Corrosion Handbook: Edition 9; Publisher,
Outukumpu stainless steel Oy, 2004, 86 P.
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OLIHKA CIIIBBIJHOIIEHHS BIVINBY TEMITEPATYPHUX
ITOJIIB HA 3HOIIIYBAHHS ) KAPOMIIIHUX
YIILJIBHIOBAJIBHUX ITIOKPUTTIB

[IpuKiHIIEBOIO CTadi€l0 PO3POOKU CKIaAy Ta crmocody (opMyBaHHS
YKAPOMIITHUX MPUPOOITKOBHX MOKPHUTH € Oe3nocepeiHe X BUIpoOyBanHs. Lle
3IiHCHIOETECST a00 B peaJbHMX EKCIUTyaTalliiHUX yMOBax, a0 B yMOBax,
HaOJWMKEHUX IO HHX 3 BHKOPUCTaHHAM ()i3MYHOTO MOJCIIOBAHHS Ha
MayorabapuTHHUX 3pa3KaXx Ta BIATOBITHOTO IJA0OPATOPHOTO OOTaTHAHHS.
OnHuM i3 Takux obsiagHaHb, € 00JaJ HAHHS, SIKe 3alPOIIOHOBAHE y PoOOTax
[1,2], sixe mpencrapisie co00r0 BUIPOOYBaJIbHY KaMepy 3 HEPYXOMHM KillbLIeM
3 TIOKPHUTTAM, 10 poOOUYil MOBEPXHi SIKOTO PYXAIOTHCS 3pa3KU-TUIACTHHU 13
3yOusmu. [Ipu 1boMy CTBOPIOIOTBCSI YMOBH 31 3MiHH TEMIIEPATYPHOT'O CTaHy Y
cepenuHi KamMepw Ta 3MIHM PEXKHMIB MEXaHIYHOTO HABAHTAKCHHS
0e3nocepe/iHbO CaMUX MOKPHUTTIB.

Po3moain TemMneparypHUX TOJIB Y CIIBBIIHOIICHHI 31 MEXaHIYHUM
3HOCOM NOKpUTTiB Ha ocHOBI KHA-82 3 BmicToMm itpito 0,1% mpu npoBeneHHi
TPUOOTEXHIYHUX BHUIPOOYBaHb HA MO3HAUYCHOMY OOJIaJHAHHI MPUBEICHO Ha
pucyHky 1. IIpu mbomy OKpUTTS OyJin cpOopMOBaHi Ha BHYTPIIITHBOI TOBEPXHI
Kienp y Ta3omiaMeHHUH (Tokputtss Nel) Ta ioHOIUIA3MEHHHI cHOCiO
(moxputTTs Ne2).

268 weu 1225 D 116 wmen

22¢°C 22°C
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128 pmm
0

zineC 227 °C

54 nmm 3 83 cns

337 °C 237 °C

PucyHok 1 - TloeiHaHHs TIOJTIB 3HOCY 33 30HAMH BUMIPIOBaHb Ta IOJIB
TeMIepaTypHOI B3aEMOJIIi: a, B, 1 — HOKpUTTst Nel; O, T, ;1 — mokpuTTs Ne2;
J-€ - BUIPOOYBaHHsI IS BUTPUMKH OKpHTTiB 3 rox mpu 1100 ° C; 1 -
ITiABEACHHSI PO3ITPITHX ra3iB; 2 — BiIBEICHHS PO3IrPITHX Ta3iB

AHaJi3 MoJiB 3HOCY Ta MOJIB TEMIEpaTypHOI B3a€MOIii, HAaBeICHUX Ha
PHUCYHKY 1, BKa3ye Ha HacTyIIHE:

- s okputTs Nel y 3oHax Nel ta Ne3 mporisimaeTbes TEHICHITIS 10
TOTO, 110 31 30UTBIIEHHAM TEMIIEPATYPH 3HOC 3MEHIITY€THCS;

- 1t mokpuTTa Ne2 y 3omax Nel Ta Ne3 Ttakox mporisgaeTves
TEHJCHIIiS 70 3HWKEHHS 3HOCY Jjwmiie y 30HI Ne3 31 30UIbIICHHSIM
TEeMIIepaTypH.

[IpomoHy€eThCS PO3MIIAAATH O 30HAX TEPTS HE JIHIMHUKA 3HOC, a
NEBHUI YMOBHUI 3HOC, o mpunagac Ha 1 °C, mxm rpax’, To6to. hr=h/T,
OCKLJIBKH JIOCSITTH 32 YMOBaMH €KCIIEPUMEHTY a0COJIFOTHOT PIBHOCTI TOTOYHUX
TeMIIeparyp Jyxe ckiaqHo. Po3paxyHKoBi naHi HaBeieHO y Tabumil.
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Tabmua 1 — 3BeneHH] faHi 3 MPUBEICHOTO JUTiHIHHOMY 3HOCY hry
30HaX TePTA

Temneparypa T, [oxputtst Nel IToxputtst Ne2
°C 3oHa Ne3 3ona Nel 3ona Ne3 3ona Nel
22 12,18 10,2 5,27 4,9
350 0,27 0,2 0,47 0,25
1100 0,16 0,15 0,35 0,21

3 po3paxyHKOBUX JaHUX, SIKI HaBeleHO y TaOmuii 1 BHIHO, IO 3i
30UIbLICHHSAM TemIepaTypu B 30Hax Nel i Ne3 ymoBHe 3HOIIYBaHHS, LIO
NPUNAJIAE€ HA OAMHHIO MOTOYHOI TEMOEpaTypu B3aEMOJIl, 3MEHIIYEThCS
HeliHiiHe 11 000X MOKPUTTIB. Taka sk TeHICHIIIS POTIISIA€THCS 1 IPH OIIHII
3HOCY 3arajioM IO 3pa3Ky-KiIbIItO.

B minmomy, 3a nmaHWMH, HaBeJCHUMH Ha PUCYHKY 1 1 TaOmummi 1
3a3HAYAETHCS, 1[0 J0 MOJCIIOBAHHS TEMIICPATYPHOI B3a€MOJIl OCHOBHHIA
BIUIUB HA 3HOC HAJa€ OMHOPIAHICTH CTPYKTYp MOKPUTTIB MPU TXHHOMY
MMOYaTKOBOMY (hOpMyBaHHI Ha TMOBEPXHI KUIbIA. A TPH MOJCIIOBaHHI
TeMIIepaTypHOi B3aEMOIi HaJjae 3MiHA OZHOPITHOCTI CTPYKTYP IMOKPUTTIB IIPH
MPOTIKaHHI CTPYKTYPHO-(a30BHUX IIEPETBOPEHb i/ YaC HATPiBaHHSI.

Iepenik nmocunanb

1. Kyb6ia B.I. Meromuka (i3MdHOrO MOJEITIOBaHHS MPOIECIB
TEPMOMEXAHIYHOTO  HABAaHT@KEHHS  IOKPUTTIB TIpU  TIPOBEJICHHI
TpuboTexHIYHUX BHUIpoOyBaHb /B.1. Kybiu, B.JI. I'penrra// Haykogi mparti.
CydJacHi TEXHOJIOTII Ha aBTOMOOLITFHOMY TPAHCIIOPTi 1 MAITMHOOY Ty BaHHI.
MixHap. Hayk.- mpakT. koH(., 15-18 xoBtHA 2019. Xapkis, XHAJY.
C.226-230

2. Ky6iu B.1. ®iznute MoJIeOBaHHS MPOLECIB TEPMOMEXaHIYHOTO
HABaHTa)XCHHS NPUIPALLOBYBAHUX MOKPHUTh. «TwxkaeHs Hayku-2022)» -
niopiy. Hayk.-mpakT. koH¢p., 21 ksiTHs 2022p.: 30. Te3 gomos., T.1. -
3amopixoks, 2022. HY «3I1». C.9-10
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JOCJLI)KEHHS BIIVIMUBY BMICTY ITTPIIO HA
TEIIJIO®I3NYHI BJACTUBOCTI YINIVIBHIOBAHUX
IHOKPUTTIB

OCHOBHUM CIOCOOOM 3HIDKCHHS NHTOMHUX BTpaT NajuBa Ta
migsumenns KKJI ycranosok I'T]/] e 3amo0iranHs BHTOKY po0OOdYOro rasy
4yepe3 pajiajibHi 3a30pH MK POTOPHUMH 1 CTATOPHUMHM JAETASIMU TypOiH i
komrpecopiB ['T/] 3a paxyHOK 3MEHIIEHHS BEMYUHU pajlialIbHUX 3a30DiB.
[Ipore icHye WMOBIPHICTh TOpKaHHS JAeTajleidl BHACHiIOK aedopmarii
KOpIyca Ta pOTOpa INpH MaHEeBpyBaHHI Jitaka Ta pobori ['T/] Ha
HECTalliOHApHHUX peXKMMaX, MPH BiOparlii Ta iHOINX BHUMAIKaX, SKi MOXYTb
MIPU3BECTH IO 3HOLIYBaHHSA Ta HECHPABHOCTI AeTajield, MO KOHTaKTYIOTb.
nsxoM BHpimeHHS M€l MPOOIEMH € po3poOKa MOKPHTTIB, SIKi B IpoIeci
eKCIITyaTallii CTUPaIThCS Ta HEPENPAIbOBYIOTHCH.

Ha mignpuemctsi [TAT «MoTop Ciw» BUKOPUCTOBYIOTHCS TOKPUTTS
KHA-82 i3 3actocyBanusim ckianuoi giratypu Co-Ni-Cr-Al-Y. Jloseneno,
mo BBeneHHs P3M B ciuiaB MmiJBHINYE JIOBIOBIYHICTH CIUIABIB MpH
temnepatypax 1000-1100°C B 2-3 pasu, xapocTiiikicTe npu pobouux
temneparypax B 1,5-2 pasu. Oco0nrBO MO3UTHBHUI BIUIUB Ha BIACTUBOCTI
YUHUTH JieryBaHHAM iTTpeM. B mnokpurrsax cucremu Co-Ni-Cr-Al-Y
cerperaiisi Y Ha TpaHUIX MOJUTYy OKAIMHA/TIOKPUTTS MPU3BOIUTH IO
MEHIIOr0 YTBOPEHHS MOPOXXHHUH 1, BIANOBIAHO, IOKpAILy€ 3ueIICHHS
okcunHOi okanmuHu 0-AlOs. Beenmenns B crmas 0,0-0,05 %Y migeumrye
Horo TepMiuHy CTaOUTBHICTh, YIIOBUIBHIOE KOATYJBIII0 OCHOBHOI
3MIIHIOBAIBHOI Y'- (a3u. BBeneHHs iTpil0 NPUTHIUY€e YTBOPEHHS OKCHUIY
NiO, sikuii He Ma€ 3aXMCHUX BJIACTHBOCTEH Ta CIpHS€E YTBOPEHHIO Ha
noBepxHi Metany 3axucHux okcuaiB Ni(Cr,Al,Y)204 ta (Cr, Y)20s.

OxpiM BJIACTUBOCTEH >KapOMIITHOCTI, MOKPUTTS IOBHHHI MaTH
no0py anresir0 i3 OCHOBHHM MaTepianoMm. TemmepaTypHHH KoedilieHT
nigiftHOTO po3mmpenHs (TKJIP) e€ omaumM 3 rosoBHHMX (akTopiB, SKi
BIIMBAIOTH Ha aAre3ifo B MPOIIECi eKcITyaTanii, OCKIJIbKM IPH HarpiBaHHI B
MaTepialli BAHUKAIOTh TEPMOHAIIPY KEHHS, 1T TI€I0 SKUX MOXe BigOyBaTHCs
BiIIapyBaHHs MOKPUTTS BiJ OCHOBH. JlOCHiKyBalnCh 3pa3KH i3 BMICTOM
itrpiro 0.1, 0.3, 0,5%, MOKpUTTS GOPMYBAIOCH T'a30IOIYHEBHM CIIOCOOOM.
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HocnimxenHs npoBoauircs Ha quinaroMetpi llleBeHapa i3 nporpaMmoBaHuM
HarpiBaHHsM 10 Temrepatypu 950°C mporsiroM 3 roauH Ta HOAANBIIAM
OXOJIO/DKEHHSIM B aTMocdepi neui.
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PucyHox - 3anexHicTe TeMIepaTypHOTO KoeQillieHTa JiHIHHOTO
PO3LIMPEHHS MOKPHUTTIB BiJl TEMIIEpATypH

SIK BHJTHO 13 PUCYHKY JUISI BUCX CKJIJ[IB CIIOCTEPITa€ThCs IOCTYIIOBE
soinpmenns TKJIP go temmeparypu 650...700 °C i3 mogaibIow0 3MiHOK
BUTJISITY TAJIATOMETPUYHOI KPUBOT, 10 BKa3y€e Ha IIEBHE 3MEHIIECHHS 00’ eMy
Mmarepiany. KoediuieHT iHIHHOTO pO3MIMPEHHS JUIS Ta3MoJyMEHEBOTO
HaHeCeHH i3 BMicToM itpito 0,1% Mae HalOiNbITy Pi3HUIIO 3HAYEHb, Ta MAE
excTpeMyMu, Takox 3adhikcOBaHO 3HAUHE OKUCIICHHS 3pa3Ky MiCJIs TPETHOTO
HarpiBaHHs. Kpusi i3 BmicToM itpito 0,3 ta 0,5% maibxe ineHTHYHI, poTe
st cknany 13 0,3% iTpiro KpruBa Mae JOCTaTHBO IIUPOKUI TPaJieHT 3HAYCHB,
HaBiaMiHy Bif 0,5%.

TakuM YMHOM, OTPHMAaHI Pe3yJIbTaTH AOCIIKEHb TEMIIEPAaTyPHOTO
koe(dimieHTy JMiHIHHOTO PO3MIUPEHHS JO3BOJMIN BCTAHOBUTH, 110 TTOKPUTTS
KHA-82 i3 BmictoMm itpito 0,5% HaiOinbIn parioHadbHE 1 B €KCIUTyaTaril
Oyze NO3UTHUBHO BIUIMBATH HA JIOBTOBIYHICTh CHCTEMH.
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MODELLING OF CRYSTALLIZATION OF MULTI-COMPONENT
HIGH-BORON ALLOY

The work is focused on analyzing the equilibrium crystallization
process of a multi-component Fe-W-Mo-Cr-Ti-Mn-Si alloy, containing 0.72
wt. % C and 2.75 wt. % B is analyzed. Computer simulation was performed
using the program “Thermo-Calc Software” (Fig. 1).
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Fig. 1. The diagram “Metal-Boron” for the experimental alloy.

It was found that the alloy belongs to the hyper-eutectic compositions,
since its crystallization begins at 1472 °C with the formation of primary
boride WB and carbide TiC and continues with a series of successive eutectic
reactions with the formation of double eutectic “Ferrite + B” (where B is one
of MoB, TiB,, Fe;B) and eutectic “Ferrite + M7Cs». Borides Cr,B, CrsB and
MnyB are formed in the solid state. The total volume fraction of borides and
carbides is 45.05 vol. %. The results of the simulation mostly coincide with the
real structural state of the alloy. The exception is that under nonequilibrium
crystallization a complex carboboride (W,Mo,V,Ti,Fe)»(B,C)s is formed
instead of individual borides, and a carboboride (Fe,Cr,Mo,W,Mn)-(B,C)3
appears instead of carbide (Cr, Mn);Cs.
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JOCIIIKEHHSA KOMIIO3UTHOI'O MATEPIAJIY HA
BOTHSIHY HEITPOHUKHICTb

BunpoOyBannss kommnosutHux wmarepianie (KM) Ha Borusny
HEMPOHMKHICTh L€ OJMH METOJ i3 cepii BUNPOOYBaHb SIKI BXOJAATH JIO
koHTposto sikocti KM. BunpoOyBaHHS Ha BOTHSHY HENPOHHUKHICTD
BU3HAYaOTh 37aTHicTh KM KOpPOTKOTpMBamMii 4Yac  CTpUMYyBaTH
HEKOHTPOJIbOBAHE TMOJYyM’ss HE 3MIHIOIOYM CBOi  (Di3MKO-MeXaHivHI
BinactuBocTi. llel MeTom 3meOuTbIIOr0 BHKOPHUCTOBYEThCA ansi KM, 1o
3aCTOCOBYIOTh NP BHUPOOHMITBI JITAJIFHHUX amapariB, JUIA SKHX BOTHSHA
HETIPOHHKIIMBICTh BaKIMBUM IIOKa3HUKOM, OCKIJIbKH caMe BiH 37aTHHI
BPATYBaTH KHUTTSA C€KiMaXy Wi Yac BUHUKHEHHS aBapiiiHOI cHTyaIii,
HaNpHKJIaJ JaTy Yac AJIs aBapiifHOI MOCAAKH JIITaJbHOTO arapary.

OTxe aKkTyalbHICTh IOCIIKEHHS BOTHSHOT HenpoHUKInBocTi KM e
0e33arepeyHoI0, 0COOIMBO MPU BUKOPUCTAHHI JIITAJIbHUX allapaTiB B yMOBax
00OBUX [il, KOJM Ha Barax J>KUTTS EKIMaxy Ta BUKOHAHHS O0O0HOBOroO
3aBnanHs. Lleit Meton nae Ham 4iTke po3yMiHHS Ha ckinbkn KM 3paTHuit
BUTPUMYBAaTH HOTEHIabHy HeOe3neky (MoJyM’s) Ta CKUIBKM Mae yacy
MJIOT HA BUKOHAHHS aBapiifHOT MOCAIKU MEpIl HDK MOJyMm’s 3pyHHye Ta
BUBEJC 3 JaAy JiTanbHuN amapar. OCOOJMBO BaXKJIMBO IMPOBOIHMTH
JOCII/DKEHHST 3 OIlIHKK IHWX BIACTHBOCTEH Ta IX MiABHINCHHS B TEPiof
BOEHHOTO CTaHy, KOJIM 3HayHa YacTHHA IMOIIKO/DKEHb TI'BHHTOKPHIIIB
BiIOYBA€ETHCS Bi ypaXKEHHSIM ITOTYyM SIM.

Mero mojsirae B BUI'OTOBJIEHHI HAaTypHOTO 3pa3Kka Ti€l 4acTHHU
JITaNBHOTO amapaTy Je HEeOOXiJHO JOCHIIWTH BIACTHBOCTI IO BOTHSHIN
HETNPOHUKIMBOCTI. 3a3BU4ail HAWOUIBII  BIAMOBINATBHOI YaCTHHOIO
JMTaNBHOTO amapary SBISEThCS KPHUIIKAa KaroTy, OCKUIBKM BiJJOMO IO
0CEpEeIKOM 3apO/KEHHS TI0JIyM sl SIBIISIETHCS IBUTYH. BUTOTOBJICHHS 3pa3ka
BinOyBaeThcs 3rimHo mupKyJsipy PLI-D-33.3(7) ta texniuanx ymos (TY) Ha
KOMIIO3UTHUM Martepiall 3 YiTKUM JOTPUMAaHHS BCIX KOHTPOJIIOIOYHX
mapamMeTpis.

B nmamomy nocmimpkeHi Il TPOBEACHHS BUIPOOYBaHb OyB
BukopucTtanuii marepian Gurit PN900-68-48, skuii sBisie co0010 TKaHUHY,
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BUTOTOBJICHY 3 HEINEPEpUBHUX JUKTYTIB i3 CKIIOBOJIOKHA Ta MPOCOYECHY
TEPMOPEAKTHBHOIO CMOJIOI0. 3pa3oK OyB BUI'OTOBJIEGHHH 3 JBOX IIapiB
npemnpery (Gurit PN900-68-48) pa3oM 3 CTUTBHHKOBUM OJIOKOM BCEPE/IHHI,
JUIs iMiTanii KpUIIKM KamoTy, 3 IIPOXOJDKEHHS IIOETAllHOTO IIpoLecy
noJiMepizamii 3 JOTPUMaHHAM KOHTPOJIbOBAHHUX MapameTpiB 3rigHo TY Ha
MaTepia.

BuripoOyBaHHS IPpOBOIIITH HA 3a34aJI€TiAb MiATOTOBICHIH yCTaHOBII
B CIEIialbHOMY OOJaIHAHOMY TIPUMIIICHHI 3 JOTPUMAaHHAM 3aXOIiB
6esmeku. Ilix yac BUIIpoOYyBaHHS KOHTPOIIOIOYHNM MapaMeTpaMy SBISIIOCH
BHBEJICHHS MMAJIbHUKA Ha TeMIepaTypy cranmaptHoro moixyM’s (1100+£80)°C
Ta TycTHHA TemmoBoro moToky (116+10) xBr/m?. [lns 3abe3nedcHHs
TEMIIEpaTypy CTaHIAPTHOTO MOJIyM sl OyJIH 3aIisiHi CIM TepMoIiap XpoMeJb-
QJIIOMENTb BCTAHOBJICHI HA YCTAHOBKY 3 BIJIOBITHOI BIJCTaHHIO Bif
noJdym’si. ['yCTHHY TEIIOBOTo IMOTOKY I0CTYBAJIH 33 PaXyHOK PeryJbOBaHHUX
BuTpar Boau (62,5x10° Mm3/c), Ha BigperynaboBaHOMY, MONEPEHEO,
cranaaptHoMy nosyM’ro (1100+£80°C) Ta BUMIpIOBaHHIO TeMIIEpaTypH BOJIH
Ha BXOJi B mMpuiiMarouiil Temo TpyOui Ta Ha Buxoni (Ha Bxoai 25,1°C; Ha
Buxomi 27,6°C). Ilicns mpoBemeHHS pO3paxyHKIB TYCTHHA TEIUIOBOTO
MIOTOKY, BOHa ckjana 112 KBT/M2, 10 € B Mexax JIOIyCTHUMOTO.

[licns mpoBemeHHS TEPEeBIPOK Ta BHCTABICHHS  BiIMOBITHUX
napaMeTpiB, HATypHHH 3pa3oK Oylo BCTAHOBJIEHO HA YCTaHOBKY Ta
BBIMKHEHO TaiiMep Ha 15 xBunmmH (3rimHo PII-D-33.3(7)) me vac 3a skwuit
3pa30K Mae He BTPATUTH CBOi (i3MKO-MEXaHIuHI BJIACTHUBOCTI MHiA Mi€l0
CTaHAapTHOro mnosym’s. BinnosimHo, mix yac BunpoOyBaHHS OJNM3BKO
XBHJIMHH BiJI IOYaTKy BIUIMBY IOJyM’sl Ha 3pa3oK CIlOCTepirajiach 3HauHe
auMoBuAieHHs. [lo 3akiHYeHHIO BUNPOOYBaHHS, 3pa3oK OCOOJIHMBHX
pyHHYBaHb HE 3a3HaB, MaB MEBHI BUI03MIHEHHSI B TEOMETPIi ajie pH [bOMY
KOHCTPYKIIisi 30eperiia CBO0 )KOPCTKICTh, THM CaMHUM MiJATBEPKYIOUH, 110 i
(i3UKO-MeXaHIYHI BIACTUBOCTI OYII0 30epexKeHo.

OTxe MOkHa 3pOOUTH BHUCHOBOK, 1o mpemnper Gurit PN900-68-48
MIPOWIIIOB BUITPOOYBaHHS Ha BOTHSHY HEMPOHUKHICTH 1 B MOJANIbIIOMY HOTO
MOYKHa BUKOPHCTOBYBATH JUIsSl BUTOTOBJICHHS KPHIIKH KAIIOTY JUISl JTITAIbHUX
amapariB. [laanit meroz BunpoOyBanHs KM € BaXIIMBUM OKAa3HUKOM SIKOCTI
UX MaTepiajiB Ta € JOMIHYIOUYMM Yy HH3LI BHIIPOOyBaHb, OCOOJIMBO, y
BHIIAIKaX MigOopy Marepiaxy e € BEIUKHI pU3WK BIUTUBY JUKepela
HarpiBaHHS.
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DATA SCIENCE B MATEPIAJIO3HABCTBI

Ha croroani Data Science mupoko BUKOPHCTOBYETBCS B YCiX cepax
Hamoro kuTTs. [lpoTre 10 HeAaBHBOrO 4Yacy pO3BUTOK iH(opmaru3arii
HaO1IBII aKTUBHO NPOXOAMB B cepi (piHaHCiB Ta Oi3Hecy. Po3pobka HOBHX
MaTepialliB BIPOIOBK TPUBAJIOTO Yacy MPEICTaBIIsAIa CO00I0 poOOTy OTHOrO
JOCITiIHUKA 200 TPyNU TOCHIHUKIB, 0 CIUPAIOYMCh HA 3HAHHS PO BIUIUB
CTPYKTYpH Ha BIIACTUBOCTI MarepialliB Ta BIACHUH IOCBLA IPOBOIMIN
JIOCTaTHBO BEHKY KUTbKICTh €KCIIEPHIMEHTIB 3 OTPHMAaHHS HOBOTO MaTepiaity
3 3aJaHUMHM BJIACTHBOCTSIMH, IO NIPU3BOJHTH J0 3HAYHMUX BUTPAT 4acy Ha
Po3poOKy KiHIeBoro Matepiainy. Lle mos's3ano, B epury 4epry, 3 TUM, IO 0
(dakTy MarepiaJlo3HaBCTBO € CKJIAJHOI0 HAyKOI0, IO BHMAarae
MYJIBTUIMCUUIUTIHAPHOTO MIAXO0AY 1 MPOCTO 3aCTOCYBATH PIBHSHHS, LI00
00YHCITUTH HEOOXIJHY KiNBbKICTh, HAIIPUKIIA, JIETyBaJbHUX EJIEMEHTIB JJIs
OTpPMMaHHS BIANOBITHUX BJIACTUBOCTEW 4YacTo MpocTo HeMoxiuBo. OTxe,
BIIPOJIOBXK 0aratbOX pOKIB BYEHI HaMarajiuch ONTHMI3yBaTH MpOILEC
PO3pOOKKM HOBHX MaTepiaiiB, OyJ0 CTBOPEHO 0a3u MaHUX MaTepiaiB, st
MOJICTIIICHHsT BUOOpY MarepiajiB Ta po3poOKA HOBHX; pPO3POOJICHO
nporpamMHe 3a0e3ledeHHs, 10 JO3BOJIIE MOJETIOBATH  BIACTHBOCTI
MaTepialliB CIIHPAIYUCh HA 3aIPOITOHOBAHHUN XIMIYHHN CKIIQJ, KPiM TOTO
BYEHI MOJIETIIOBAIIM MaTepiaji Ha aTOMHO-MOJIEKYJIIPHOMY PiBHI, IpOTe HA
MIPaKTHI 11e He3HAUYHO BIUIMBAE HA MIBHKICTH PO3POOKH HOBOTO MaTepiaiy.
Tpaguniiai Metoau 0OpOOKM HASBHHUX JAHUX HE JO3BOJIUTH ITiIBUIIMTH
HIBHKICT PO3POOKM MarepianiB, TOMy BHHHUKJIA HEOOXiJIHICTH B 3MiHi
migXoAiB a0 cTBopeHHs martepianiB. Omxke, Data Science € TuM camum
MiAXO/IOM KM MOJKHA BUKOPHCTATH SIK TIPH CTBOPEHHI HOBUX MaTtepiais,
TakK i Ipu aHaNi31 iICHyI0UnX (CTPYKTYpH Ta BIACTUBOCTEH).

Binomo, mo Data Science 103BoJisie 00poOISTH BETUKI MACHBY JAHUX
Ta MOJIENIIOBATU CKJaJHI Marepiald 3 JOCTaTHbO BHUCOKOIO TouHicTi0. Ha
CBOTOJTHI iICHY€ B)K€ JOCTATHS KINBKICTh IMyOJiKaIii, Moa0 BUKOPUCTAHHS
Data Science B 1ioMy Ta MalIMHHOTO HaBYaHHS 30KpemMa B
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Marepiano3HaBcTBi  (Materials  Informatics), ki IiATBEPAKYIOTH
aKTyaJIbHICTh TaKUX JOCIiDKeHb. Hampukian, Taki HiJIXoIu J103BOJISIOTH
CKOPOTHTH PO3pOOKY HOBHX MaTepianiB 10 12-30 MicAIiB (B 3a1€KHOCTI BiJ
CKJIQJHOCTI 3ajadi), M0 B yMOBaxX HaJ3BHYAHHO IIBHIKOTO PO3BUTKY
TEXHOJIOTIH € KpUTHYHO BayJIMBUM. [IpoTe 1st epeKTHBHOTO 3aCTOCYBaHHS
pilleHs, MO MPONOHYe€ HayKa NpO IaHi BaXIMBO MaTH B HAasBHOCTI
MaKCHMallbHO INUPOKy ©0a3y MarepiaiiB, mo Oyae BKIOYaTH B cebe
MaKCUMAJIbHY KIJIBKICTh BJIACTUBOCTEH Ta 3aJIS)KHOCTEH M1 BEIIHMKOTO
00csary maTepianiB. TUTbKH B IIbOMY BHITQAKY HaBYCHI MojeNi OyAyTh MaTh
HU3BKY OXHOKY. ToMy BUeHI 3apa3 CTHKAIOTHCS 31 3HATHUMH OOMEKCHHIMHA
B TaKUX IOCIIUKCHHAX, OCKUIBKM 3HayHa YacTHHA EKCIIePUMEHTAIbHUX
JaHuX He olM(pOBaHa i 3HAXOJUTHCS B HECTPYKTYpoBaHOMY cTaHi. Okpim
1LOTO, ICHYFOUI Ta HOBI JOCIIDKCHHS TAaKOXK HE BHOCATHCS 10 BIAKPUTHX
okepen (0a3 gaHMX), MO OOMEKYe MOXIHBOCTI 300py iH(opMmarii Ta
JIOCTYILY 710 HE.

Omxe, Data Science B Marepialo3HABCTBI TO3BOJSE 3HAYHO
MIABUIUTA  MIBHAKICTh  PO3pOOKM  HOBUX  MarepiamiB.  Bmucoka
MPOAYKTUBHICTH CyYacCHHX cCepBepiB Ta 3i0panmii 00’eM iH(opmarii mpo
MaTepiald  JO3BOJSIIOTH ~ HPOTHO3YBAaTH  BJIACTHBOCTI  MaTepialis,
ONTUMI3yBATH ICHYIOYi MaTepialiil Ta CTBOPIOBATH HOBI MaTepialiil Ha OCHOBI
3aJaHMX BJIACTUBOCTe. TOMy aKTyanpHOH 3aJadyel0 € JOCIiIKCHHS
MOXKJIMBOCTEH 3aCTOCYBaHHS CYYaCHHX TEXHOJIOTIH AJIS PO3BUTKY HOBHX
MarepiaiiB ajis aBiauiiiHoro ABUryHoOynyBaHHs. [list pimeHHs miel 3amadvi
HEoOXigHO Matu IUdPOBi maHi (0a3u MaHMX), IIOA0 ICHYIOUHX aBialliiHUX
MarepiaiiB, iX CTPYKTypH Ta BIACTUBOCTEH, MPUYOMY YMM MOBHIII I1i JaHi
OynyTh TUM e(eKTUBHIIY MOJENb BAACTHCS MOOYyBaTH.

YK 669.187.56

[TapaxuneBuy €.M.!

IBaxnenko €.1.:

' KaHA. TeXH. HayK, foueHT HY «3anopi3pka nosiTexHikay
> KaHJl. TeXH. HayK, foueHT HY «3anopi3bka nositexHikay

BILJIMB EIIIH HA MEXAHIYHI BJACTUBOCTI METAJIY IIPU
HAILIABJIEHHI BJIM3bKHUX 3A XIMIYHUM CKJIAJIOM
CTAJIEN

IIpuBeneni  JOCHiIKEHHS  TIO  BIUIMBY  €JIEKTPOILIAKOBOTO
HalUIaBJICHHS OJIM3BKUX MAapOK CTajeil Ha MeEXaHi4Hi BIACTHUBOCTI
BiIHOBJICHUX JI€TAJICH EIEKTPOBO3IB.
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[TpoGnema BTOPUHHOTO BUKOPUCTAHHSA JIeTajeH, 1110 BUIMIIUIN i3 J1any,
CTOITH JTOCUTH T'OCTPO JUIA MAaIIMHOOYNiBHOI ramysi Ykpainu. OpnHiero 3
e()eKTUBHMX TEXHOJIOT1H BiTHOBJICHHS 3HOILICHNX JIeTaJel € TEXHOJIOTIs, sIKa
0azyeTbcs Ha enekrpountakoBomy HarvtasieHHi (EIIH). B npouneci EIIIH B
pe3yibrari pagiHyBaHHS aKTUBHHMM IIUIAKOBUM PO3IUIABOM MeETall, SKUH
MEPeIUIAaBIAE€TECS, OUYWIIYETHCS B  IOKI[UIMBHX  JOMIIIOK, TrasiB,
HEMETAJICBUX BKIIOUEHb, & HANpaBJICHA 3HWU3Y [OTOPH KpHUCTami3arlis
3a0e3nedye YTBOPEHHS MIUIBHOI CTpykTypu [1]. Buxopmcranas mporo
METONy OCOOJIMBO TMEPCHEKTHBHE MIJIsI BIJHOBICHHS JETalel PyXOMOTO
CKJIamy 3aji3HHYHOTO TpaHcmopty [2]. Ilix "ac excruryaTamnii enekTpoBo3iB
i3 JTaxy BUXOIWTH JIMIIE YacTHHA JeTali, Maca akoi ckirangae (10...12) % Bix
3arajibHOi Macu Jetaji. POOOTy BIIHOBIICHHX JeTajei, iX poboumii pecype,
eKCIUTyaTalliiiHy HaaidHICTh B JACSIKUX BHUIAIKaX JIMITY€e SKICTh 30HH
CIUIABJICHHS Ta 30H TEPMIYHOrO BIUIMBY. [IpHCYTHICTP B IMX 30HaX
HECIIPUATIMBOI KPUXKOI CTPYKTYpH, IUIIBKOBHX HEMETAJICBHX BKpAILICHB,
nop, Ae(EeKTiB ra30BOro MOXOKCHHS BUKJIMKAE PYHHYBaHHS BiJHOBJICHHX
JieTalieil 1o 30Hi crulaBieHHs. B mpoleci ekcrutyaTarii eeKTpoBo3iB MapoK
UC — 4, YC — 8 3 nany BUXOIUTh «UIECTEPHS» - JI€Talb XOJ0BOI YaCTUHHU
eIIEKTPOBO3Y, sIKa BUTOTOBIEeHA 3i cTtaimi 45XH, macoro 145,5m kr. B Hiit
3HOIIY€ETHCS NUTIIIFOBE 3’ €THAHHA 1 BHYTPIIIHA pi3b0a Ha cTymui (puc. 1), B
TOM Yac sk 3yOyacta mepenada B OUTBIIOCTI BHUMANKIB HE 3HOIIYETHCS.
[ninpoBe 3’€qHAHHS Tpalioe Ha 3TWH 3 KPYYCHHSM, a pyHHyBaHHS
BiIOYBA€ETHCH 13 — 32 3HAYHHUX JAUHAMIYHUX HABAHTAKCHb.

B sxocti mapu il HarwiaBieHHs OyJiOo 3alpOIIOHOBAHO Ha CTajb
45XH namnaButu crans 20XH3A, ToMy 110 1i€I0 MapKoIO CTalli IPOBOISTH
BITHOBJICHHS Ha MIANPHUEMCTBI 1 BOHa Ma€ OUIbII BHUCOKUU pIBEHb
MEXaHIYHUX BJIACTHBOCTEH.

Puc. 1. [letans npruBOIy 3I€KTPOBO3a IIECTEPHSD.

146



3MiHa XIMIYHOTO CKJIaay BifIOyBaeTbCs BIJl MeTaly OCHOBH JIO
HAIJIaBJICHOT'O 110 30Hi1 crutaByieHHs (Tabu.1). XiMiuHUIA CKIIa/ BiPi3HAETHCS
TUIBKY IO BYTJIELO 1 Hikemo. B Tabmuui 1 He mpezcTaBiieHi JaHi XiMIYHOTO
CKJIaay 30HM CIUIABJICHHS, TOMY IO BHU3HAYMTH 11 XIMIYHUH CKJaj
HEMOJKJIMBO i3 — 3a ii Manoro po3mipy ( mupuna 150 — 200 mxm). B 30H1
CIUTaBJICHHS MeTaJl Ma€ XIMIYHHH CKiIaj, cepemHiit Mk crammo 45XH i
crammmo 20XH3A. CnoctepiraeTbes pi3sHHIS IO BMICTY BYTJICIIO (OJIU3BKO
0,3 %) 1 mikemro (O6mm3pko 2%). BMicT ycix eneMeHTIB 3HAXOIUTHCS B
mexax JJCTY 7809:2015.

Tabmuns 1 —Ximiuawii ckinan HarutaBieHHA cram 20XH3A =Ha crans

45XH
) Bwmict enemenris, %
Mapka craui,
I'OCT . . He OiIbIIne
M
C Si n Ni Cr P S |Ca
45XH
JACTY 064i9 061;7 Obsé" 1’104" 0,45...0,75/0,035/0,035| 0,3
7809:2015 ’ ’ ’ ’
45XH ocnosa| 0,43 | 0,24 |0,53 1,14 0,53 ]0,024(0,020/0,14
20XH3A
ACTY 061;4 061;7 02)36 2,75...3,15] 0,6... 0,9 |0,025|0,025] 0,3
7809:2015 ’ ’ ’
Enextpon
20XH3A 0,19 | 0,22 | 0,46 2,80 0,59 10,013(0,020| -
Hannasnenuit
MeTan 0,20 | 0,15 | 0,46 2,71 0,62 10,0270,022| -
20XH3A

[Tpu HamnaBneHHi GIM3BKUX 32 XIMIYHUM CKJIQJIOM CTaled MPOBEIH
BUIIPOOYBaHHS 3pa3KiB JI0 1 Micis TepMiYHOro 00pobIieHHs (Tab. 2).

Tabnuns 2 — MexaHiuHi BIaCTHBOCTI METaJly PH HAILIaBJICHHI CTai
20XH3A na crams 45XH

MexaHiuH1 BJIaCTUBOCTI

Mapxka crani, TOCT G., G, | 0, | P, KCU, HB
MIla | MIla | % | % | M]x/m
45XH
JICTY 7806:2016 717 - |11,0152,9] 0,565 197
20XH3A
JICTY 7806:2016 950 | 750 |12,0 55 1,1 -
Bumoru s meranm 686 - 10,0 - - 217...241
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(mani CTI)
187...197*
MeTan EIIIH 6e3 793 ~ 180 28 0.2 1871577
TEPMIYHOTO 00pOOIeHHS 207
i 289%*
Meran Bl mens  —gpg | Hoglaz| o042 | £
TEPMIYHOTO 0OPOOICHHS 241

* - qUCEeTbHUK — METall OCHOBH, 3HAMCHHUK — HAIUIABIICHUN METall.

B mmToMy craHi nO TepMigHOTO OOpOONEHHS MOKAa3HWKH YIapHOI
B’A3KOCTI MeTally 30HH CIDIABIICHHS 3HAYHO MEHINi, HIXK OCHOBHOTO 1
HAIJIABJICHOT'O METaJiB, IO IOSCHIOETHCS HEOJHOPINHICTIO CTPYKTYypH
MeTaly 30HM CIUIaBieHHs. TpaBineHHS UUTiIB IMOKa3ano, IO 3pasKH
PO3PHUBAIUCS 10 METaJly OCHOBH, 3 YOrO MOXHA 3pOOMTH BHCHOBOK, IO
MeTal 30HU CIUIABJICHHS 1 HAIUIaBJIEHOT CTajl MaroTh Kpall MOKa3HUKH
MEXaHIYHUX BJIACTHUBOCTEH. TepMiuHe OOpPOOJICHHS CIpHUSE MOKPAIICHHIO
MIKPOCTPYKTYpH MeTally 30HHM CIUIABJICHHS, 1 SIK HACNIZOK, IiJBHIILYE
MEXaHIYHI BJIACTUBOCTI BIJIHOBJIEHO] JI€TaJIi.

Takum umHOM, HamuaBiieHHa cram 20XH3A na crame 45XH
JI03BOJISIE  OTPMMAaTH 3arOTOBKM 3 BHCOKHM pIBHEM MEXaHIYHHX
BJIACTHBOCTEH, HA0arato BHIIMMH 3a BHMOTH JO MeETaly JeTalei
elekTpoBo3iB. Takwuit pe3ynpTaT, KpiM iHIMUX (HaKTOPIB, HOCATAETHCS TAKOXK
3aBIIKA TEPMIYHOMY OOPOOJICHHIO BIJHOBJICHHX AETaNCH, PEKUM SIKOTO
migOupany BIAMOBIAHO A0 XIMIYHOTO CKJIAAy 30HH CIUIaBJCHHS. TiIbKH B
LOMY BHIIAJKy MOJIIMBO OTPUMATH BHUCOKI IIOKAa3HMKH MeXaHIYHHX
BJIACTHBOCTEH BiJIHOBIICHUX JIeTaJIeH.

Crucok sitepatypu

1. Psbues N.A. HannaBka netasnei mamiia U Mexanu3smoB [Tekct] /
Psab6ues U.A. / - K: Exkorexnouoris, 2004. — 160 c.

2. Iapaxmenu €.M. BimHOBIEHHS JeTajeldl ENEKTPOIIIAKOBUM
MetogoM / €. M. [lapaxuesuu, b.C. Cnepancekuii, FO.I1. ITetpyma // Hosi
MaTepialy i TeXHOJIOTii B MeTanmyprii Ta MammHOOy ryBanHi. — 2000. - Ne2. -
C.49-51.
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JOHUIBHICTbD JIETYBAHHS ITPIEM MATEPIAJIIB
YINIUIBHIOBAJIBHUX TIOKPUTTIB

PiBeHb epeKTUBHOCTI Ta30TYpPOIHHOTO ABUTYHA XapaKTEPHU3YEThCS
TEeMIIepaTyporo razy mepen TypOiHowo. IlinBuiieHHs TemmepaTypu
MIPU3BONTh, IO IMiJBUINCHHS BaroBoi BiJJadyi JABUTYHA, Ta BIMOBIAHO 10O
3HW)KEHHST MUTOMOI Macd JBUTYHA. 3pOCTaHHS TeMIepaTypu Iepen
TypOIHOIO NIPH OJTHOYACHOMY 30UIbILIEHI CYMapHOI'O CTYIICHIO ITiABUIIEHOTO
THUCKY JO3BOJISIE OTPUMATH HE TUIBKM BHUCOKY NMUTOMY TATY, ajle W HU3BKI
nuToMi BuTpat nanusa. [ligsumenas KKJ{ aBuryHa MOXXiIMBO IIpU yMOBI
301IBIICHHS TOBHOTH 3TOPSHHS NaiuBa. Tak MiJBUIICHHS TeMIIepaTypH Ha
50°C mpuzBonutsh 1o nixsumenHs KK va 12,5%.

OpmHUM i3 OCHOBHHX HANpsMIB yaocKoHaneHHs KoHcTpykmii ['T/I,
CHPSIMOBaHUX Ha 3HMIKEHHS BUTpAT I'a30BOr0O IOTOKY Ta palliOHaIli3allio
MAJIMBHUX BUTPAT, € 3MEHIICHHS pa/liaJIbHUX 3a30piB B POTOPHO-CTATOPHIN
yactuHi TypOiHu [T/l i3 3acrocyBaHHSM pI3HOTO POJY YIIiIbHEHb.
BupinienHst mpo0ieMy CTBOPEHHS HaAIWHHUX YIIUIBHIOBAIBHUX MaTepiajiB
3abe3neunTh edektuBHy podoty I'T/] mpu cyTTeBOMy 3HIKEHHI MUTOMOT
BUTpaTH TNajuBa, 10 OOYMOBJIEHO MiHIMi3ali€l0 3a30py MK Horo
CTaTOPHOIO Ta POTOPHOIO YaCTHHAMH.

Bararo cywacHHMX  JOCTIJUKEHb  3a3HA4alOTh  aKTyalbHICTb
BUKOPUCTaHHSA pinkicHo3emenbHHX MeTadie (P3M) B skapocTifikux
nokputrTsix. P3M € padinyBanmbHUMH J100aBKaMH, OCKUIBKH BHACIIIOK
XIMIYHOI aKTHBHOCTI BOHU HEWTPANi3yIOTh INKI[UIMBHN BIUIMB JOMIIIOK
KHCHIO Ta CIpKH NPH YTBOPEHHI 3 HUMH TYTOIUIaBKUX XIMIYHUX 3’€JHaHb. 3
iHIIOro OOKy, BOHHU SIK TOBEPXHEBO-AKTHBHI €IEMEHTH PO3TAIIOBYIOTHCS Ha
MTOBEPXHAX MOAUTY (a3 (TpaHHUIl 3epeH, TpaHuIli OJIOKiB, Mixkda3Hi TpaHHMI
(v/v")- da3 Tomo). Takox ciig 3a3HAYUTH, IO PiAKICHO3EMENbHI €JIEMEHTH
MTO3UTHBHO BIUIMBAIOTH HA CTPYKTYPHY CTaOUIBHICTD CIIJIaBiB, 3MEHIIYIOTH iX
JMKBAIlifHy HEOJHOPIAHICTD, MOMEPEKYIOTh YTBOPEHHA IIKIIJIMBUX
crpykrypanx ckinagosux (THIIT ¢asm, p- ¢asm Tomo). Beenenns P3M
JI03BOJISIE  JIOJIATKOBO  ITIJIBUIIMTH OCHOBHI XapaKTEPUCTUKH CIUIABIB:
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- OBroBivHIiCTH mpu Temneparypax 1000-1100 °C — B 1,5-2 paswu, a s
CIUIaBIB Ha OCHOBI iHTepMeTamimiB — B 2—3 pa3u. OcoOauBo e(heKTUBHO
BU3HavyaeThes BIUIMB P3M Ha 10BroBi4HICTh Ha BEIMKUX 0a3ax BUMPOOyBaHb
(1000-1500 ron);

- )KapocCTiiKicTh MpU poboumx Temneparypax — B 1,5-2 pasu (31 3MiHU
MMUTOMOI MacH).

Bimomo, mo itpiii — oamH i3 HaAHOLIBII PO3MOBCIOKEHUX
emementiB. Hamexwuts no III tpymm IlepiogmuyHoi cmctemmu, rycTtuHa
p=4,47r/cm?, Temmeparypa mwaBieHHs 1510°C. Mae aBi momimopdmi
Momudikamii — HE3BKOTeMIepaTypHa Mmomuikamis (o-iTpiid) wmae
reKCaroHaJlIbHY IIIJTbHONIAKOBAHY rpaTtky, BHCOKOTEMIIEpaTypHa
moaudikamis (B-iTpiit) — 00’eMHOIIEHTpOBaHy KyOiuHy. Oxcup iTpito Y203
cTaOibHUMN, IPAKTUYHO HE JICTKUH Ta HE 3a3Ha€ (pasoBUX MEPETBOPEHB JI0
1800°C. I'yctuna 4,87 r/em®, tnn=2417°C, tym = 4297°C. Takum uuHOM,
3aBJISIKM YTBOPEHHIO OKCHIHOT ILTIBKH ITiBHIILY€E€THCS KOPO3iiiHa CTIHKICTb Ta
KAPOCTIHKICTB CIUIABIB, 5IKi JIeroBaHi iTpieM. OCKIJIbKH 32 CIIOPIAHEHICTIO 10
kucHio iTpii (Y203 yrBoproersest ipu AG = - 1800 x/Ix/Monb) nepesepinye
imm  P3M (La;O3 - AG = - 1705,8 «x[bx/mMoms; CeO, -
G= - 1025,5 x/Ix/M0IB), BIH € TaKOX 1 OLTBII aKTUBHUM MOAN(IKATOPOM.
Kpim nominmeHas MeXaHIYHIX BIACTUBOCTEH CTajei i CIUIaBiB, JETYBaHHS
iTpieM cropuse pO3KUCICHHIO, paQiHyBaHHIO 1 3MEHIICHHIO BMICTy
HEMETaTiYHUX BKJIIOUCHb Y HAIUTABIICHOMY MaTepiali.

ITpiii crabimisye OKCHAHI IUTIBKM aJIOMIHIIO 1 XpOMy, MOKpAIye
aJre3ir0 MOKPHUTTIB, IO HAHOCATHCSA 10 MaTepiayly IMiIKIaaKd, MiIBUIIYE
TEPMidHYy CTaOUIbHICTh CIUIABIB, YIOBUIBHIOE KOATYJISIIIO 3MIIIHIOBAILHUX
¢a3. BcraHosieHo, o iTpiid, pO3YMHEHNH y HiKeJIeBiil MaTpHIl MiABHIYE
JKAPOMIIIHICTh. BBEICHHS ITPit0 B KIIBKOCTI, 1[0 MIEPEBHUIIYE HOTO TPAHHUIIIO
posunHHOCTI (1 Hikemo e 0,2-0,3 mac. %), MpU3BOIUTH 10 BHUIIICHHS
BCEpE/IMHI Ta 110 MEXax 3€peH CIOIYKH, 33 XIMIYHUM CKIIaZ0M, OIM3BKUM /10
¢dasu Ni3Y. ¥V nokpurrsax cucremu Ni-Co-Cr-Al-Y cerperaris Y Ha Mexi
PO3/IiIly OKalInHa/TIOKPUTTS MIPU3BOUTH JI0 MEHIIIOTO YTBOPEHHS TIOPOKHUH
1, OTXe, MOKpAIIy€ 3UeIICHHS! OKCHIHOT oKauHU o-AlOs.

OTxe, aHaNi3 AOCII/KEHb BKa3y€ Ha MEPCIEKTHBHICTD JIEIyBaHHS
iTpieM MaTepianiB yIIUILHIOBAJIBHUX MMOKPHUTTIB. 3017IbIIEHHS BiJICOTKOBOTO
BMicTy iTpifo B moKpuTTsaX cucteMu Ni-Co-Cr-Al-Y oOymoBneHHH TaKMMU
(dakTopaMu, SK HOTO MOpiBHSAHA JOCTYNHICTH Ta MO3WTHUBHUMA BIUIMB Ha
BJIACTHUBOCTI )KapOMIITHHUX CIUIABiB.
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MIIABUINEHHA EKCILUTY ATAIIMHUX XAPAKTEPUCTUK
BIOPO3YNHHOI'O CIIVTABY CUCTEMMH Mg-Zr-Nd 3A
PAXYHOK 3MIHHU HIBUJKOCTI OXOJIOJ’KEHHS

OcteocuHTe3, SIK METOJI JIKyBaHHS TEPEJIOMiB IIISIXOM CKPIIUICHHS
KICTKOBMX YJaMKiB 3a JOIOMOTOI0 IMIUIAHTAaTiB, BHKOPHCTOBYIOTHCA 3
cepennan XIX cromitrs. OCHOBHOIO XapaKTepHCTHUKOI IMIUIAHTATIB IS
OCTEOCHHTE3Y € X 3[aTHICTh 3 MiHIMAJIbHUMH TPaBMaMH M'AKHX 1 KICTKOBHX
TKaHUH 30epiraTi HEpPyXOMICTh YJIaMKIB 1 OCKOJIKiB, 3a0e3neuyroun
(YHKIIOHYBaHHS 1 CTIHKICTh IOLIKOJ/PKEHOI KIHIIBKM Ha BECh Iepiof
JIIKyBaHHS.

Pawninie aBropamu 0yB po3po0ieHuii 010pO3YMHHHUN MarHi€BHI CILIaB
cucremu Mg-Zr-Nd [1], 3 mizBumeHoro koHneHTpariero Nd (1o 3,2 %) Ta Zr
(mo 1,3 %), sxwmii 30epirae BHCOKHHA piBEHb MEXaHIYHUHA BIACTHBOCTEH
MIPOTITOM TPUBAJIOTO BIUIHBY 0iokopo3ii (3 Micsri). Ane BapTo 3a3HAYHTH,
110 3aCTOCYBAHHS KOHCTPYKIIH 3 OI0pO3YMHHUX CIUIABIB YCKJIAJHEHE THM,
o0 JaHi KOHCTPYKINI MarTh CKIAJHYy KOH(DIrypamiro 3i 3MiHHHUM, 9acTo
MaJlUM Tepepi3oM, HasBHICTIO pi3pOu Ta oTBOpiB. lle mpu3BoauTh 10
MIZBMINCHHS IIBHAKOCTI Oiomerpamaiii i1 OLIBII 1CTOTHOTO MAJiHHS
MEXaHIYHUX BJIACTUBOCTEH B IMOAIOHMX MicIiX. BUXOAs4M 3 LILOT0, TOLIILHO
OTPUMaHHSI MaKCUMaJIbHO BUCOKOT'O KOMIUIEKCY MEXaHIYHUX BJIACTHBOCTEH
criapy. OfHMM 3  JOCTYIHHX CIOCOOIB IMiJBUIICHHS MEXaHIYHHX
BJIACTHBOCTEH € MiJABHIIEHHS IIBHJKOCTI OXOJIOJUKEHHS BHIIMBKIB, IO
JOCATAEThCS 3aCTOCYBaHHSAM pI3HHX MaTepialiB JHBapHHX ¢GopM 1
OXOJIO/KYBAJIbHAX CEPEJIOBHIIL.

Jdnst  mociiJUKeHHS — BIUIMBY — IIBHJKOCTI  OXOJIOJDKEHHS — Ha
MIKpPOCTPYKTYpy Ta BJIAaCTHBOCTI pO3pOOJIEHOr0 MarHi€BOro CIuUIaBy
BUKOPUCTOBYBanM  mporpamHuii  kommaekc  ProCast.  PospaxyHku
BUKOHYBAJINCH JUISl pEXXUMY TpaBitaniiHoro autTs. i1st 3paska ta JMBapHOI
¢opMH 3amaBaiM BIiAMOBIMHI MaTepialid Ta BBOIWIM MapaMEeTPH JUTTS.
BuxinHi mapaMeTpu BKIIOYANH A0 cebe: HAMpSIMOK JHTTS; TEMIepaTrypu
BHXIJTHOTO CIIIaBy, (POPMH Ta HABKOJIMIIHBOTO CEPEIOBHINA; KOS(iIlieHTH
TETJIONPOBITHOCTI  OXOJIOJKYIOUOTO  CEpEeIOBUINA Ta IOBEPXHI, e
BiIOyBa€ETHCA TETIOOOMIH.

MopentoBaHHsS MIKPOCTPYKTYPH JOCIHIHOTO CIUIaBY BHKOHYBAJOCh
3a jonomoror Moaymo CAFE, mo BXOAMT 10 CKJIaay HPOrPaMHOrO
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komiuiekcy ProCast. Jlins 1oOynoBH MIKPOCTPYKTYPH —IpPOrpamoro
JIOITYCKa€ThCsl HOPMAIBHUH PO3IIOJIUT 3aPOJIKIB 3epeH Il 00’ €MHOT piAnHH
Ta rpaHMLi O3y MK PIAMHOIO Ta JIMBApHOIO (HOPMOIO.

3MiHa HMIBUIKOCTI OXOJIOKCHHS 3a0€3MevuyBaiach pisHUMUA YMOBaMHU
JIUTTSL:

1. JIurTs B mimano-riiHicTy Gopmy (III'D) (Bapiant 1);

2. JIuTTs B CTAJIeBUI KOKiJIb, OXOJIOJKEHHS MOBITpsiM (BapianT 2);

3. JIuTTs B MigHUH KOKiJIb, OXOJIOKEHHS TOBITpsiM (Bapiant 3);

4. JIuTTs B MiTHUN KOKiJIb, OXOJNOMKECHHS Boot0 (BapianT 4);

5. JIutTs B MigHUIA KOKLJIB, OXOJIOKSHHS piaKiM a3oToM (BapiasT 5).

MopnentoBaHH MIKPOCTPYKTYpH BHWIHMBKIB, L0 TNPOBOAWIM 32
noromoroio  moxymo CAFE mnokasamn, mo cepedniii posmip 3epHa
3MOJIENILOBAHOT CTPYKTYPH OJM3BKUI 10 PO3Mipy 3epHa AOCIITHHUX 3pa3KiB
(tabmn. 1).

KinpkicHuii aHaii3 po3Mipy 3epHa 3MOJAEIBOBAHUX MIKPOCTPYKTYD
JI03BOJIMB OTPUMAaTH PIBHSHHS perpecii, 0 Ma€e BUIJIAJ EKCIIOHEHLIHHOT
3aJIe)KHOCTI, T OIMCYE BIUIMB LIBUJKOCTI OXOJIOJPKEHHS Ha CepeiHIi po3Mip
3epHa JOociigHoro croasy (1).

D =130,1 x ¢ ®0%Vox £ 9 3 nkm (1)
R=0,985;R>=0,971;p=0,95
Tabmuus 1 — Ilapamerpu MIKPOCTPYKTYpH 3pa3KiB JOCIITHOTO
CIUIaBY, BIJUIUTUX 32 PI3HUMH BapiaHTaMU JIUTTSI
Bapianr Pospaxynku ProCast Awnani3 3pa3kiB Cepenniit
JIUTTS po3mip
Cepenns CepenHiit Cepenns Cepenniit 3epHa 3a
MIBUIKICTH po3mip MIBUIKICTB po3mip pIBHSHHAM
OXOJIOMKCHHS,  3¢pHA,  OXOJIO[DKCHHsS,  3€pHa, (1), MKM
°Clec MKM °Clc MKM
BapianT 1 1,7 131,2 1,0 148,2 138,0
Bapianr 2 8,0 96,2 9,0 90,6 90,1
BapianT 3 14,8 65,3 17,0 58,8 55,7
BapianT 4 21,0 49,5 26,5 36 44,7
Bapiant 5 533 15,2 55,0 11 14,3

MikpocTpyKTypa 3paskiB micist TepMooOpoOku mpu Vo = 1 °Cle,
BiJNIOBiJjaJla CTaHAAPTHIA AN MarHieBWX CcIDiaBiB cuctemu Mg-Zr-Nd.
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MikpocTpykTypa 3paskiB npu Vo = 9 °C/c Biapi3Hsiace OiJbLIO0
IIIJIBHICTIO CKYIYeHb, 110 TOBOPHUTb TPO MiJBHIIEHY JUCIEPCHICTH
LUUPKOHIMIB LWHKY Zr;Zn3, MEHIIUH pO3MIp YacTUHOK HEpPO3YMHEHOT
€BTEKTHKHM, a TaKOXX OUIbIIY KUIBKICTh JAWMCHEPCHUX  YaCTHHOK
3MinHoBanbHOI fB"-(azu [2]. [MoxiOHui XapakTep 3MiH B MIKPOCTPYKTYpi
CrocTepiraBcs MpH MOJANBIIOMY MiIBUIICHH] OIBHIKOCTI OXOJOMKEHHS 10
Vox = 17 °C/c Ta Vox = 26,5 °C/c. KinpkicTh IUPKOHIIIB Ta YaCTHHOK
3MIIHIOBAIBHOI (ha3u IMiJBUIYBaJIaCh, & PO3MIp CKYITICHb — 3MEHIITyBaBCS.
3abe3nedeHHs MBUAKOCTI Kpuctamizamii Vox = 55 °C/c mpusBommio 1o
YTBOpPEHHSI HAAApiOHOI MIKpOCTPyKTypH. Kpyrimx cKymueHb YaCTHHOK
IHTepMeTaNiIiB Ta 3MIIHIOBAIBHOI (a3u He YTBOPIOBAIIOCH.

3a pe3ysbraTaMH MeXaHIYHHX BHUIPOOYBaHb MOOYI0BAHO EMITIPHYHI
(2, 3) 3amexHOCTI, IO OMHUCYIOTh BIUIMB IIBUAKOCTI OXOJIOM)KEHHS Ha
MEXaHIYHI BJIACTHBOCTI JOCIIIHOTO CIUIABY. 3aJICXKHICTh (2) Mae€ BUIIISAL
PIBHSIHHS JTiHIHHOT perpecii, a (3) — piBHAHHS €KCIIOHEHIIaJbHOT perpecii.

o = 0,99 X Vox +260,4 + 2,4, MIIa 2)
R=10,995; R*=0,99; p=0,95

§=4,6 x 002 Vo1 0,7, % 3)
R = 0,993; R? = 0,987; p = 0,95

Po3paxoBaHi 3aJe)XHOCTI JIO3BOJISIIOTH CIIPOTHO3YBAaTH OTPUMAaHy
MIKPOCTPYKTYpY Ta MEXaHi4Hi BIACTHBOCTI JJOCHIHOTO CIIaBy y Oyb-sKii
nutsHIi BupoOy. Ile 0co0MBO BaKIMBO Ui 0i0pO3YMHHUX IMIUIAHTATIB,
amke, (GopMa Ta pPO3MIpH IMIUIAHTATYy, CKJIAAHICTh HOTO KOHCTPYKIII,
KOpO3iliHMi BIUIMB Ta HABAHTAXCHHS, [0 BIH CIOpUAMAaEe B Mporeci
eKCIITyarallii, 3ajexaTh BiJl MiCllsl IMIUTaHTaLi]l Ta BlIacTUBOCTeH Ta opmu
KICTKH, IO CKPITUTIOETHCS. BiAmoBigHO, 10 BUPOOIB BUCYBAETHCS IIUPOKUI
Jiarna3oH BEMOT MIOJ0 MEXAaHIYHUX BIACTUBOCTEH. OTpHMaHi 3aIekHOCTI
JO3BOJIIFOTH  BapifoBaTH MeEXaHIYHI BIACTUBOCTI Yy BINMOBITHOCTI MO
TIOCTABJICHOT 33/1a4i.

Jlitepatypa

1. Design and examination of the new Biosoluble casting alloy of the
system Mg-Zr-Nd for osteosynthesis / [Shalomeev V., Aikin N., Chorniy V.,
Naumik V.] // Eastern-European Journal of Enterprise Technologies. —2019.
—Vol. 1. — Ne 12 (97). — P. 40-48

2. Influence of cooling rate on microsegregation behavior of
magnesium alloys / [Khan M.I., Mostafa A.O., Aljarrah M. et. al.] // Journals
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OIITUMIBALIA PEXXUMY TEPMIYHOI'O OBPOBJIEHHSA
BIOPO3YNHHOI'O CIVIABY CUCTEMM Mg-Zr-Nd

OnTuManbHUM PEKAMOM TEpMOOOpPOOKH OiOpO3UMHHHX MAarHi€BHX
cruaBiB cucremu Mg-Zr-Nd € pexxum T6 (rapryBamss + crapinss) [1].
Haii0inpm OMU3BKMM 32 XIMIYHEM CKJIaJOM IO OOCIITHOTO CIUIAaBY €
npomucioBuii crmaB MJI10. [[s1 HbOTO YHHHUM CTaHAAPTOM BCTaHOBJIECHO
HacTynHui pexxuM T6: HarpiBanHs 10 540 + 5 °C, BUTpUMKa MPOTAroM 8§
TOJMH 3 OXOJIOPKEHHSIM Ha MoBITpi Ta crapinns npu 200 + 5 °C npoTsirom
16 TomuH 3 OXOJIOKCHHSAM Ha MOBITpi. HaBenenuil pekum 3abesnedye
MIBHUINCHHS MEXaHIYHUX BIACTUBOCTEH Ta KOPO3iMHOI CTIHKOCTI CIUIaBy 3a
PaxyHOK pO3YMHEHHS HEPiBHOBA)XHOI €BTEKTHKH Ta BUAUICHHS CKyIM4YE€Hb
YaCTMHOK BTOPMHHHX (a3, M0 CKIaJaINCh 3 JpiOHOAMCIIEPCHUX
inTepmeraminis Zn?Zr?, B" ta B' das.

Panimre aBropamu 6yB po3po0ieHuit 010pO3UMHHNI MarHi€BUHA CILIaB
cucremMu Mg-Zr-Nd [2] 3 migBumienoro koHneHTpanieto Nd (1o 3,2 %) ta Zr
(mo 1,3 %) nmnd BHUKOPHCTaHHS TIPM  OCTEOCHHTE3l. BuUBYEHHS
MIKPOCTPYKTYPH JOCIIIHOTO O10pO3YNHHOTO CIUIABY IICIsI TEPMOOOPOOKH,
[oKa3ajo, 10 X04Ya B CTPYKTYpi BiIOYJIOCH YTBOPCHHS APIOHOIUCIICPCHHUX
3MIIHIOBIBHUX (Da3, MO TPaHHISM 3€peH CIIOCTEePIrajnuch 3aJUIIKOBI
BU/IJICHHSI ©BTEKTHKH, IO HE PO3YMHWIMCH B IIPOLECI TapTyBaHHS.
HasiBHICTP €BTEKTMKHM B CTPYKTypl 3MEHIIyE MOPIr MEeXaHIYHUX
BJIACTHBOCTEH CIUIaBy, 3HIKYIOUM KinbKicTh Nd Ta Zn, 10 YTBOPIOIOTbH
3MilHIOBaNbHY (a3y. [IoBHE pO3YMHEHHS 3aJHIIKOBO] €BTEKTUKH MOKIIUBE
3a paXyHOK ITiIBUIIIEHHS TEMIIEpaTypH HarpiBy MiJl rapTyBaHHS.

JJis BUSHaYCHHST MOKITUBOCTI ITiIBUILICHHSI TEMIIEPATypH HATPIBY i
rapTyBaHHsI, IPOBOJMIM PO3PaxyHOK TeMIeparyp COJiIyc Ta JIKBixyc 3a
JornomMororo pospaxyHkoBoro moayino « COMPUTHERMy, o BxoauTs A0
ckiany nporpamHoro kommiekcy «ProCAST». [lnst po3pobieHoro cruiaBy,
TeMIieparypa coliigyc ctanoBuia Teon = 552 °C, a Temmeparypa JiKBiIycC
Thie. = 648 °C. Jlns OpiBHAHHS, IPOBENICHI PO3PAXyHKH TEMIIEPaTyp VIS
craggapTHoro craBy cucteMu Mg-Zr-Nd — MII0: Ten = 530 °C,
Trixs. = 647 °C. 3cyB TeMiepatypu comiayc ckianas + 22 °C, a reMreparypu
mikBigyc +1 °C. OTxe, miIBUIIEHHS JeTyBadbHHX eleMeHTiB Nd Ta Zr
MPU3BOJUTS JI0 TiABUILCHHS TEMIIEpaTypH COJIIIYC Ta Maibke HEe BIUTUBAE Ha
TeMIepaTypy JiKBiIycC.
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Jns mpakTHYHOTO BHM3HAYEHHS ONTHUMAalbHOI TeMmmeparypi st
HarpiBy IiJ rapTyBaHHS HOBOT'O CILJIaBy BUKOPHCTOBYBaNu JUQepeHIiiHo-
tepMmiunmii ananiz (ATA). Pesynsrat JITA (Tabm. 1) nobpe BiAmosizaroTh
po3paxyHkam « COMPUTHERM».

Tabmums 1| — Pesynpratu JJTA
Temmnepatypu, °C

Crnas Harpisy min [InaBnenHs [InaBnenHs
rapTyBaHHS eBTEKTHKHU CIIaBy
Hoguii cina Mg-Zr-Nd 560 571,4 647,1
Crannaptauii croras MJI10 540 549,5 645,8

Jnst 3a0e3neueHHs] HaOUIBII MOBHOTO PO3YMHEHHSI €BTEKTHUKU 0e3
neperpiBy Ta OIUIABJICHHS, BCTAaHOBJICHO TeMIlepaTypy HarpiBy Imij
raptryBaHHs HOBOTO criaBy Mg-Zr-Nd Ha piBHI Trapr = 560 °C.

BrumB temmeparypu HarpiBy Wi TrapTyBaHHS Ha pO3Mip 3epHa
HOBOTO CIUIABY BH3HAYAIM Ha JOCHILIHUX 3pa3Kax y BUIIAAL I1ali0 BUCOTOIO
10 MM Ta giamerpom 20 MM, II0 TiATaBaId TepMOOOpoOIi 3a peskumom T4
(rapTyBaHHs, OXOJIO[KEHHS Ha MOBITPi). I DOCTiKEeHHS JUHAMIKA 3MiH
CepeHhOTO PO3MIpy 3epHa Ta KUTBKOCTI BTOPHHHOI (a3 (EBTEKTHKH) y
HOBOMY CIUIaBi, 0OpaHO HACTYIHI TEMIIepaTypu HAarpiBy il TapTyBaHHI:
400 °C, 450 °C, 500 °C, 540 °C, 560 °C. MikpoCTpyKTypy OTpUMaHHUX 3pa3KiB
MOPIBHIOBAJIM 31 3pa3kamMu cTaHpapTHoro cruaBy MJI10 micis rapryBaHHs
Bix 400 °C, 450 °C, 500 °C ta 540 °C. Kpok 50 °C € qocTaTHIM 115 BUSBICHHS
3MiH y MikpocTpykTypi. Temmeparypu 540 °C ta 560 °C obpaHo 3a
pesyibratramu JITA 1 € onTUMaibHUMHU JUIS HarpiBy IiJi rapTyBaHHS
po3pobieHomy ciaBy Ta cruiasy MJI10.

3a pe3ynabpTaTaMH KiTBKICHOTO aHAaJi3y MIKPOCTPYKTYP MOCIIIHUX
CIUIaBIB MCJsI PI3HUX pPEXHMIB rapTyBaHHsA (Tabn. 2) moOymoBaHO
3aJICKHOCTI, 1[0 HAWOUIBII ITOBHO ONKCYIOTH 3MIiHY CEPEIHBOTO PO3MIpY
3epHa CIUIaBYy TPH 3MiHI TEMIIEpaTypu HarpiBy MpH rapTyBaHHI JOCIIJTHOTO
6iopo3zunHHOrO crutasy (1) ta crangapraoro craBy MJI10 (2). 3anexxHOCTi
MalOTh BHUIJISI/T PIBHSHB €KCIIOHEHINIATLHOT perpecii.
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Tabmunsg 2 — CepenHiii po3Mip 3epHa JOCHIHUX CIUIABIB NPH
PI3HUX TeMIIepaTypax rapTyBaHHS
Cepennili po3Mip 3epHa IpH NEeBHii TeMneparypi
Cmnas HarpiBy IIiJ| TapTyBaHHs, MKM
400°C  450°C 500°C  540°C  560°C

Mocrimumii Gioposamumui g0 5 o794 120 1379 1536

CIJIaB
CraHnapTHUH CIIIaB
MIT10 101,6 112,5 129,9 166,7 -
Drocs = 30,4 x %003*Trapt + 4 7 ngem 1)

R =0,985; R>=0,969; p = 0,95

Do = 24,9 x 0% T2t £ 9.1 mim )
R =0,966; R? = 0,932; p = 0,95

[Ticns miABMIIEHHS TEMIIEpaTypH HAarpiBy mij rapTyBanHs 10 560 °C,
IpaHUIls MIITHOCTI HOBOTO CIUIABY, BIHOCHO CTaHIAPTHOI TEPMOOOPOOKHU
T6, migusmace 3 265-270 MIla no 276-282 Mlla (B cepenabomy Ha 9,5 %),
a BimHOCHE BUAOBXeHH — 3 4,5-5 % 1m0 5,2-5,8 % (B cepeanbomy Ha 13
%). BigHocHo cranmaptHoro ciaBy MJI10 mpupict BiacTuBocTeit ckias 18
% Ta 31 % BigmoBigHOo. TakUM YMHOM, HE3BAXKAIOUM HA ITiJBUILECHHS
CepeHhOTO PO3MIPY 3epHA CILIABY, MOSUTUBHUI €(PEKT Bif OUIBII IIOBHOTO
PO3YMHEHHSI €BTEKTUKH IIEPEBHUIIYBAB HETaTUBHUN e(peKT BiJ 30UIbIICHHS
po3mipy 3epHa.

JlitepaTypa

1. TOCT 2856-79. CrraBel MarHueBbIe JInTeiHbIe. Mapku / [ [leiicTs.
ot 01.01.81]. Mocksa (CPCP): U3x-Bo crannapros, 1981. 4 c.

2. Design and examination of the new Biosoluble casting alloy of the
system Mg-Zr-Nd for osteosynthesis / [Shalomeev V., Aikin N., Chorniy V.,
Naumik V.] // Eastern-European Journal of Enterprise Technologies. —2019.
—Vol. 1. — Ne 12 (97). — P. 40-48
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BII/IUB HIKEJIIO HA CTPYKTYPOTBOPEHHSA Y TUTAHOBUX
CIINIABAX

B TemepimHii Wac icHye HH3Ka EKOHOMHOJICTOBAHHX THTAaHOBHX
cruiaBiB [1]. 3 MeTOr WiABWINECHHSA MIIHOCTI THTaHY i3 30epexXeHHSIM
MOTPiOHOT TIACTHYHOCTI 3aCTOCOBYETHCS JIETYBaHHS MOPIBHSIHO JCIICBUMHU
eJIeMeHTaMU (KHCEHB, 3aI1i30, Hikelb Ta iHmi). [IITyuHe 30iIbIIeHAS BMiCTY
[UX CJICMEHTIB, 1[0 HAJCKaTh J0 JOMIIIOK, 3a0e3euye MmiABUIICHHS PIBHS
MIIHOCTI THTaHOBMX cuiaBiB. [Ipy 1bOMY HEOOXiZHO BpaxoBYBaTH
HEeraTHBHHUH BIUIMB IIMX €JIEMEHTIB Ha PiBEHb CIY)KOOBUX BIIACTUBOCTEH.
Beenenns Fe ta Cr 3HMXY€ KOPO3iiHY CTIHKICTB, IO TOTPEOYE 10JaTKOBOTO
JIeTYBaHHS HI00iEM. A 1ie, Y CBOIO Yepry, 3HIXKYE MUIaCTUYUHICTB [2].

EneMeHTH-TOMINIKKA 3MIIHIOIOTh TUTaH 33 PaXyHOK 3HWKCHHS
IUTACTHYHOCTI Ta B'SI3KOCTI, SIKE, OJJHAK, HE TaKe 3HAYHE, K MpH 3a0pyTHEHH]
TUTaHy €JIeMEHTaMH{ BIPOBA/KeHHS. HallOLIbII BiMMOBITHIM EIIEMEHTOM,
SIKHIA JTO3BOJISIE 3HAYHO MIJBHIIWTH MIIHICTh THTaHY IMOPA] i3 3aTi30M Ta
XpOMOM, € Hikedb. Hikellb BITHOCHTHCS O JOMIIIOK. Moro Bmict y TT-100
cranoBuTh 0ym3bpko 0,05% (IF'OCT 19807-91). Hikens i€ sk 3MiITHIOFOYHHA
JIETYIOUMH E€JIEMEHT, aHaJOTIYHO 3alli3y 1 XpOoMy, 30LUIblLIy€E BIACTHBOCTI
MIIHOCTI 1 HE3HAYHO 3HMKYE IUIACTUYHICTh TUTAaHY. Alle Ha BigMiHy Bij Fe
HE 3HIDKYE, a 33 TICBHOT KOHICHTPAIIIT 1 i ABUIIYE KOPO3idHY CTIHKICTb.

Iopsim 3 UMM CIOCTEPIra€ThCS IMiABUIICHHS BMICTY HIKEIIO, IO €
HACJIIIKOM HOro TMOTPAIUIAHHS [0 CIUIaBy 3 METaly pETOPTH IpU
BIHOBJCHHI Ty0O4aroro TuTaHy. KOHIIEHTpAIii HIKEI T[PUH [HOMY
nocsratote 1%, (3a TOCTom momyckarotees 0,01%) [3-5]. V 3a3HaueHOMY
Jiarma3oHi KOHIIGHTpAIlis HIKEI0 3HAXOJUTHCA B MEXKaxX PO3YHMHHOCTI Y (-
¢asi. Bumuii BMicT Hikex0 cipusie yTBopeHHIO -¢a3u. OnHak, 3rigHo 3 [2]
BMICT Hikelro 110 1% cyTTeBO He 3MiHIOE (Ha30BUI CKIIA]] THTAHOBUX CILIABIB
1 CIIaBIB, O BITHOCSITHCS JI0 { 200 110 TICEBNO (-TUTAHOBUX CILIABIB.

3 oxgHOTrO OOKY € MpobIIeMa 301IBIIEHOT0 BMICTY HIKEIII0 B r'yOuaToMy
TUTaHi, sIKa IPU3BOAMTH 10 BiJOPaKOBYBaHHS OCTaHHLOTO. 3 iHIIOTO OOKY,
icCHye HEOOXiTHICTP JOJATKOBOTO JICTYBaHHS THTAaHOBHUX  CIUIABiB
eJIEMEHTaMH, IIO MiABUIYIOTh MIlHICTh. TOMY B 1ill poOOTi cTaBMIaCsS MeTa
JOCHTI/UKYBaTH BIUIMB HIKETI0 HA CTPYKTypy THUTAaHOBUX CIUIABiB IS
BHU3HAYCHHS MOXJIMBOCTI BUKOPHUCTAHHS TUTAHOBOI I'YOKH 3 IIiIBHIICHUM

157



BMICTOM HIKEJIIO B SIKOCTI OCHOBH (BUXIJJHOTO Matepiaiy) AJsi BUpOOHHIITBA
TUTAaHOBUX CIUIaBiB 3 BMicToM Hikemo Big 0,05% mo 1,0%. JleryBanus
TUTaHy ry0uyacToro Hikenem 3a0e3neyyBald HOTO BBEICHHS Y BHIJIAIL
MIOPOIIIKY.

Jnst gociiikeHHsT MOKIIMBOCTI BUKOPUCTaHHSI TUTaHy Iy0uyacToro 3
TiABUINEHHM BMICTOM HiKeJr0, Opanu TuTaH i3 BMicToM Hikemro 1o 0,02%,
SKHA OTPUMYyBal{ BHACHIAOK HACHYCHHSA HikelneM i3 peropta. s
JOAATKOBOTO JIETYBaHHS IIPH LIMXYBaHHI €JIEKTPOAY BHKOPHUCTOBYBAIU
MIOPOIIOK HiKeIto, 00 3a0e3MeunTy BMICT HIKEN0 B TUTaHI TUTOMy 110 1%.
Busnraganym xoedimieHT mepexony HIKeTo A0 THTaHy, skuid ckiaxas 0,87-
0,95.

CrulaBu JIOCHIJDKYBaJIM Yy JIMTOMY CTaHi, BHKOPHCTOBYIOUHM JIJIs
BUTOTOBJICHHSI JOCJIJHMX 3pa3KiB CEpeJMHY BHIUIABICHUX 3JIUBKIB.
BusHayeHHs XIMIYHOTO CKJIaay Ta JOCHTIHKCHHS CTPYKTYPU IPOBOIHIN
€HEProANCIEePCIHHUM PEHTICHOCHEKTPAJIbHUM METOJIOM Ha pPacTpOBOMY
ellekTpoHHOMY Mikpockom GSM-6360LA, a Takox i3 BHKOPHUCTAHHSIM
ONTUYHOTO MIKPOCKOIIA 3 IUPPOBOIO (HOTOKAMEPOIO.

AHaii3 MaKpOCTPYKTypH THTAHOBHX 3JIMTKIB ITOKa3aB, [II0 BOHW MaJlld
KPYHMHO3EPHHUCTY ICHAPUTHY CTPYKTYpPY 3 TIEpeBaKaHHSAM BUTATHYTHX
JCHAPHTIB BiJ epudepii o HEHTPY, IO € XapaKTEPHOIO MAKPOCTPYKTYPOIO
JUISL 3IUTKIB, OTPUMAHHUX BHACHIJZOK IIBHIKOTO OXOJIOJDKCHHS MiJHOTO
KpHCTaji3aropa.

VY HEeHTpi 37MTKa CHOCTEPIraeThCsl yTBOPEHHS 3€PHUCTOI CTPYKTYPH.
[MopiBHsUIBHUI aHAJI3 CTPYKTYpPHM THUTAHOBHMX CIUIABIB HEJIETOBaHMX Ta
JICTOBAHUX HIKEJIEeM O3BOJIMB BCTAHOBUTH, 10 Hikeab 10 0,1% 3MeHirye
po3mip nepBuHHUX ® 3epeH.

MexaHi3M il HIKeNnO Mojsirae B TOMY, IO HiKelb, Oyny4u B-
cTabi1i3aTOPOM, PO3TAIIOBYETHCS MIXK {-TITACTUHAMH, 30UIBIIIYE TOBIIUHY [3-
NPOLIAPKY, CTPUMYIOUH 3pOCTaHHs (-IJIacTHH. [Ipu 1IbOMY 3MEHIIY€EThCS (-
OTOpOYKa 3a MexaMu NepBHMHHHX B-3epeH. lle, MaOyThb, BinOyBaeThcs B
pe3yJbTaTi CIIOTBOPEHHS PEIiTKH (-TUTaHy aTOMaMH 3aCTOCYBaHHS HIKEI0
1 3HMKEHHSI BUJKOCTI TUQY3ii.

Konnentpariis wikemto 6impmre 0,5% crpusie 301IBIIEHHIO TOBIIMHU
® mpomrapkiB Mik ®-TacTHHAMH Ta BUAIJICHHIO OKPEMHUX CTPYKTYPHHX
CKJIAJIOBHX PO3MIpOM 110 2 MKM. BHABIEHI CTPYKTypHi CKJa/0Bi, MaOyTh,
3TiHO 3 MOP(OJIOTIEI0 Ta CTYNIEHEM TPaBJICHHS, € YTBOpEeHHAMHU ®-(a3u B
pe3ynbTarti Ail Hikenro Sk ®-cTabini3yrodoro exeMenTa, Mo XapakTepHO s
TICeBJO (-CIUIaBiB.

Beenenns 6mm3bko 1,0% Hikemro cipusie 1ie 0iabIomMy 301TbIICHHIO
MIPOIIAPKIB 1 MOXKYTh OyTH iHIIIIaTOpaM¥ pyHHYBaHHS.
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Bwicr Hikemo 10 1% npu3BOaUTE A0 MOAPIOHEHHS MaKpOCTPYKTYpH
TUTaHy, 3MEHIIYETbCS pPO3MIpH NEPBHHHUX [-3epeH, BinOyBaeThCs
MIOTOBIIEHHS MPOIIAPKIB MiX (-INITACTUHAMH Ta CHOCTEPIrae€ThCsl BUAIICHHS
OKpEMHX BEJIMKHUX BHIUICHb B-(asu. BusHaueHO HaWOUIbII CHIPUSTIMBHN
BMicT Hikemo — 10 0,5%. BUKOpUCTaHHS TUTaHY 3 MiJBHIICHHUM BMIiCTOM
Hikemo 10 1% mopiBHsHO 31 crangapTHUM TI'100 MO3WTHBHO BIUIMBa€ Ha
CTPYKTYPY TUTaHOBHUX CIIJIaBiB.

AHali3 po3MoAUTy HIKEII0 MOKa3aB piBHOMIPHHHA HOTO PO3MOALT 3a
BMicToM 110 0,5% 3a oOcsroM MEepBUHHMX 3epeH. Bummii BMicT Hikemro (10
1%) 30unbIIye TOBIIMHY MpOINapKiB MiX (-IuracTuHaMu. CriocTepiraeTscs
YTBOPEHHSI OKpeMHUX BHIUICHb ®-]azn po3mipom 10 2 MKkM. Takum 9uHOM,
MOXKHa 3pOOMTH BHCHOBOK, IO IIPH JOJAaTKOBOMY JICTYBaHHI HiKelleM
BimOyBa€TbCS 3MEHIICHHS PO3MIpiB MepBUHHHUX 3epeH. CrocrepiraeThes
YTBOPEHHS PIBHOBICHHUX 3€PEH 3aMiCTh BUTATHYTHUX CTOBIYACTUX JCHIPHTIB.
[Mo-apyre, HikeNb CHpUsAE 3MCHIIICHHIO PO3MIpiB (-IIACTHH.

Bumict Hikemo Oimbme 0,5% cnpuse 30inbpHICHHIO TOBIMHA ®
MPOMIApKIiB MK (-IJJACTHHAMH Ta BHAUICHHIO OKPEMHX CTPYKTYpPHHX
CKJIAJIOBUX PO3MIPOM J0 2 MKM, sIKi, 3TiTHO 3 MOP(QOIIOTI€I0 Ta CTyIEHEM
pactpaBy, € yTBOpeHHsAMH ®-¢a3u B pe3ynbrari mii Hikemo Ik ®-
cTabiTi3y0u0ro eIIeMeHTa. [0 MPUTAMAaHHO TICEB/IO (-CIIaBIB.
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YK 669.15-194.6+669-157.8

I'paboBcrkmii B. A

[Tenoteko B.O.:

'KaH[. TeXH. HayK, pou. HY «3anopizbka moiTexHikay
ety rp. I®-211m HY «3anopizbka mosmiTexHiKay

JOCJIIKEHHSA JIETYBAHHSA AJIIOMIHIEM AYCTEHITHUX
BHCOKOA30THCTHX XPOMOMAPIAHIHEBHX CTAJIEN 3
JUCHEPCIMHUM TBEPJAIHHAM

Jnst  BUTOTOBIEHHS BHPOOiB, MO EKCIUIyaTyIOTbCS B  yMOBax
BHCOKOTEMIIEPAaTYPHUX HaBaHTA)XXEHb IIMPOKO 3aCTOCOBYIOTh AyCTEHITHI CTasi 3
IUCTIEPCIHHUM TBepMiHHAM. J[IS 1OTO, TOPIBHAHO 3 XPOMOHIKEIICBOIO
OCHOBOIO, OlIbII EKOHOMHUM € BHKOPHCTaHHS CTajlel Ha XpOMOMapraHIieBii
OCHOBI. BBejeHHs B Taki cTam as3oTy CIpHUSE HE TUIBKH ITiIBUIICHHIO
crabinpHocti ['LIK kpucTaniyHol rpaTku a W 34aTHOTI yTBOPIOBATH HITPUAHI
3MilHIOBaIbHI (a3u. [ucnepciiiHe TBepIiHHS 3a-3BUYail 3a0e3nedye JeryBaHHs
TaKUX CTaJlel Iepi 3a Bce BaHa[iEM Ta MOJIIOZCHOM JUIsl BUJIUJICHHS [IPU CTapiHHI
BIZIMOBIMHUX KapOifiB Ta KapOOHITpuAiB. BimoMi  po3poOku palioHaIbHUX
CKJIaNiB BKa3aHHWX CTajed (B ToMy uHcii BUKOHaHWX [paboBcekmm B.A. i3
CIiBpoOiTHUKaMu), sKi 30aTHI OyTH S(pEKTHBHHMH 3aMiHHHKAMH CEpiHUX
TEIUIOCTIHKAX IITAMIIOBHX CTaJleil MapTeHCUTHOTO Kiacy Uil poOOTH IpH
Temnepatypax posirpiBanHs Bume 700 °C. BomHoYac, BBaXKaeThCs AOIIITEHUM
JNOCTITUTH, TIOpSA i3 BaHAJgieM Ta MOJIOZEHOM, €(EeKTHBHICTH IOAATKOBOTO
JIETYBaHHs BKa3aHHMX CTayiedl amomiHieM. YacTMHKU HITpHIY aNIOMiHisS THIY
ALN BiJIpi3HSIFOTBCSI 3HAYHOIO TEPMIYHOIO CTAOUIBHICTIO 1 BUAUICHHS 1X NpH
CTapiHHI 371aTHO MiBUIMTH OMIp 3HEMILHEHHIO CTaJIeil MPK HarpiBi 10 BUCOKUX
Temrepatyp. Kpim Toro, amroMiHiii MiJBHINY€ OKaJIWHOCTIHKICTh, L0 Mae
Ba)XJIMBE 3HAYCHHsI JJISl TAKMX CTajieldl BHACIHIZOK HEraTHMBHOIO BIUIMBY Ha IO
XapaKTePUCTUKY MapraHill0. BUPINICHHIO TAKUX [TUTAHb 1 MPUCBSIYCHI BUKJIAICHI
pe3yibTaTH BUKOHAHOT pOOOTH.

Jlnist mpoBeieHHs OCIiKEeHb 3a 6a30BHH CKi1a] 00paHi ayCTEeHITHI cTalli Ha
ocHoBi Fe-11 %Mn, 14 % Cr, 5% Ni npu sneryBansi 1-2% V, 2-3% Mo Ta 0,21-
0,52% C i 0,18- 0,37% N. Bwmict anrominiro BapiroBamu B Mexax 0,2-
1,2%. Kinekicte C Ta N o0Mpanu 3 ypaxyBaHHSM CTE€XIOMETPUYHOTO
criBBiHOIIEHHS aToMiB B croiykax AIN Ta V(CN) 1 MoBHOrO BHTpaudaHHS
3amaHoro Mmicty Al ta V Ha BuAiNeHHA iX B CTasX NpH IHCIIEpCifHOMY
TBEpHAiHHI. 3TMBKHU CTaJIell OTPUMYBAIM BUTOIIOM Y BIIKPHUTIH 1HIYKIIHHIN medi
emuicTio 50 KT Ta mijaBanyd KyBaHHIO Ha IPYTKH KBaapaToMm 35 mm. TepmiuHa
00po0Oka mosnsArana B rapTyBaHHA Bif TemmepaTypu 1200-C 3 0XOJIOMKEHHAM B
Maclli Ta HACTYIHOTO CTapiHHA NHpu Temmeparypax 775 °C mpoTsroM 6-TH
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roauH. MexaHi4HI BIaCTHBOCTI BU3HAYaIM IIPU KIMHATHIH TeMIieparypi Ta mpu
750 - 850 -C. B cTpykTypi cTaneil CIocTepiraiuch B HEBEJMKIH KiIBKOCTI
YaCTHHKU IEPBUHHMX (HE PO3YMHEHUX INPH TrapTyBaHHI) Ha UIMIIKOBHX (a3.
BcranoBineHo, o 1o Mipi 301IbIIEHHS BMICTY aJIOMiHIIO TBEPAICTb CTaEH Micis
crapinas  3poctama Big 33 HRC nmo 40 HRC. BiamoBimHum 4YWHOM
3MIHIOBAJIMICh TAaKOX XapaKTEPHUCTHKH MIIHOCTI TPH YCiX TemIeparypax
BumpobyBanb. Tak, mpu Temmeparypi 850 C 3pocTaHHS G..BigOyBamocs Big 233
MIla 0 436 MIla, a [, Bix 280 MIla 10 486 MITa. [Ipwu wiit TemnepaTypi HaBITh
JUIL BHCOKOTETUIOCTiHKOI cepiifHol mrammoBoi crami 5X3B3M®C (AM23) o..
nopisaroe 135 MIla Ta (, mame 180 MIla, mo CBixYHTH PO CYTTEBI IEepeBaru
JOCII/DKEHUX CTaJeil B OMOpi BUCOKOTEMIIEpAaTypPHOMY 3HEMIiIlHEHHIO. bimbrry
MIITHICTB TOCTIKEHI cTa MatoTh 1 mpu Temneparypax 750 -C ta 800 -C. Bxazane
CBIUUTH, IMIO IOCTI/KEHI CTalli MOXYTh OyTH e()EeKTHBHUMH 3aMiHHHUKAMH
CepiiHMX MITaMIIOBHX CTajJedl NpH HarpiBaHHI O BKa3aHWX TeMIeparyp (1o
BIZINOBIJIa€ JIFICHOCTI) rapsiYeITaMIIOBOrO IHCTpyMEHTY. BogHo4ac, HeraTuBHOIO
00CTaBUHOIO OyJIM MOPIBHSIHO HU3bKI 3HAUCHHS YAapol B’SI3KOCTI JOCIIIKEHUX
cTajicii Tpu 3pOCTaHHI BMICTy amoMiHito g0 1,2%, sKi, HaBiTh MPH BHCOKUX
Temneparypax, nopisuioBaiu 8 — 10 /Ix/cm>. Bkazane 00yMOBIICHO HAsIBHICTIO B
MIKPOCTPYKTYpi KPYIIHUX YaCTHHOK OKCHJIIB QJIIOMIHIIO (32 JaHHUMH pe3yJIbTaTiB
PCMA), sixi Oysi KOHLIIEHTPATOPaMH Halpy KeHb MPHU IUIACTHYHIN TedopMartii.
B poboti mocmimkeHi pe3yabTaTd BUKOPHUCTaHHS TEXHOJOTII MOPOIIKOBOT
MeTanmyprii  anmsd  OTpuMaHHA ~ onmHiel i3 cramedt  oOpaHOoi  TpymH
JIeryBaHHSIM HacTymnHoro ckiaay: 0,35% C; 0,48% N; 14,5% Cr; 10,0% Mn; 1,8%
V; 2,5% Mo; 1,0 % Al Tlopomku cTami OTpUMYBald PpO3NWIECHHAM B
CTPYMEHI aproHy Ta KOMIIAKTyBaJld B METAJIIEBUI KOHTEIHED iaMeTpoM 95 MM.
Hapani xoHTeliHep minpaBanu rapsivid eKCTpy3ii Ha mpyTok 45 MM, 3 SIKOTO
BUTOTOBISUIM ~ 3pa3ku  JUIs  JOCHiKeHb. [l OWiHKM — JAucHepciiHOro
TBEPAIHHS JOCHIIIH BB Temmeparypu (650-800-C) ta vacy (Bix 2-x mo 20
TOJIMH) CTapiHHS Ha TBEP/ICTh CTaJll MICJIs TapTYBaHHS 332 THM K€ PEXHMOM, IO i
JUIi TionepeaHboi rpynu crajeid. IlopiBHAHO 3 3arapToBanuM ctaHoM (27 HRC)
cTapiHHs npu Temneparypax 650 -775 «C 3abe3neuunsio 3pocTaHHs TBEPIOCTI 10
40-42 HRC, omnak mpu 3pOCTaHHI TeMHepaTypH TPHBAIICTh CTApiHHS IS
JOCSITHEHHSI MaKCUMaJIbHUX 3Ha4YeHb TBEPAOCTI 3MEHIIyBanach 3 15-Tu 1o 2-X
roguH. ButpuMka npu Ttemmeparypi 800 C mpu3Boamia 0 IIBHIKOTO
nepectaproBaHHs. OCOONUBICTIO  OCTI/KCHOT IMOPOINKOBOI  CTaii — crai
Oyll0 HasBHICTH (QparMeHTIB CTPYKTypH 3 Outbin apiOHMM 3epHO (10-15 MxMm)
MOPIBHAHO 31 CTaIsIMM 3BHYaifHOT TexHousorii orpumanHs. Hemoxikom Oyia
MPUCYTHICTH B CTPYKTypi mop. BucokoremmepaTypHa MIIHICTE Ta yZapHa
B’A3KICTH CTasel 000X TEXHOJIOTiH OTpHMaHHS 3HAXOIWINCh Ha OJHOMY DiBHI,
OJIHAK XapaKTEPUCTUKU IUIACTHYHOCTI TIPH BUMNPOOYBaHHSX Ha PO3TAT
mopomkoBoi cram Oymu B 1,5 pasm Bummmu. CyKynmHICTH OTPHUMAaHHX
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pe3yJibTariB CBITYHTH po JIOLLTBHICTh JIETyBaHHS
ATOMIHIEM ~ XpOMOMAapraHIEBUX ayCTEHITHUX CTaleil 3  JucnepciiiHuM
TBEPIiHHSIM.

VK 669.1524:621.77.07
I'paboBchkmii B.S1
KaHJ. TeXH. HayK, Jo1. HY «3amopi3bka moiTexHikay

OCOBJIMBOCTI 3MIIHEHHS ®A3010 JIABECA CIIJIABIB
AJAA THCTPYMEHTIB I'APAYOI'O JE®OPMYBAHHA
METAJIIB

B 3amexHocTti Bim JeryBaHHs, B cCIUlaBax sl poOOTH NpHU
BHCOKOTEMIIEPATYPHUX HABAHTAXKCHHSIX MOXYThb YTBOPIOBATUCS YaCTHHKU
¢asu JlaBeca tmmy Fe.W, Fe.Mo, Fe,(W,Mo) 3 T'LIIl kpucramigaOIO
rpaTKor0. B muBapHUX jkapOMIITHUX HiKEIIEBUX CIDIaBax Taki (pa3u BBaXKalOTh
IIKiTTMBIMH, OCKITBKA BOHH BHIIIAIOTHCS OLIs TPAaHUIL 3€PEH y BHTILAIL
rpyOMX MIACTHHYACTHX YTBOPEHB, IO CIPHUIE 3HIDKCHHIO TUIACTHYHOCTI Ta
Npane3aTHOCTI TakuxX crulaBiB. BojgHowac, B cramsix Ta CIUlaBax Ha
3aJ1i30HiKeNeBil OCHOBI nucnepcHi yactuHku ¢aszu JlaBeca Tuny Fe.(W,Mo)
3[1aTHI CYTTEBO MiJIBUIIYBATH OMIp 3HEMIIIHEHHIO IPU HarpiBaHHI, OCKIIbKH
MAalOTh BHCOKY TE€PMIiuHY CTAaOUIbHICTh BHACIIOK HASBHOCTI KOBAJICHTHOT
CKJIaJIoBOi B CHJAaXx MDKATOMHOTO  3B’SI3KY. 30kpeMa, JOCHTH
pe3yJIbTATUBHUM CTaJ0 3Mil[HEHHS 4YacTHHKamu ¢a3u JlaBeca tumy
Fe.(W,Mo) HOBHX crtaBiB Ha 3amizoHikeneBiit ocHoBi 3 'K kpucramigyHoO
TpaTKO, TMpPH3HAYCHWX UL ~ BHUKOPHCTaHHI  3aMiCTh  CepiHHX
BHCOKOTEIUIOCTIHKMX IITaMIOBHX CTalell MapTeHCHTHOro Kiacy. Ilin
KEepiBHUITBOM Ta TpH Oe3lmocepenHiii ydacTi aBTOpa TpPUBAIHN dYac
BHKOHYBAIHCh  pO3poOKa Ta  JOCHDKCHHS  CTPYKTYpPHO-(a30BHX
0COOMMBOCTEN TakuX CIUIaBiB Ui 3a0e3medeHHs 1M HeOOXITHUX
XapaKTEepUCTUK JUIsS BKAa3aHOTO MpPU3HAYCHHS. PO3risHEMO y3araibHEHO
OTpPUMaHi IPUHIIMIIOB] Pe3yJIbTaTH BUKOHAHOI POOOTH.

JlocmipkeHi criaByd Majlil 3aj1i30XpOMOHiKeNeBy ocHOBY (Oist 15%
xpomy Ta 30 % Hikemo mpu BmicTy Byriemio He Oimbme 0,08%), 1o
3abe3neuyBaiio iM ctabinbHy cTpykTypy ['LIK kpmcramiunoi rpatkum.. s
3MinHeHHS dYacTuHKamu a3 Jlaeca Tumy Fe(W,Mo) B cruiaBu
nomaBamu Ot 12% W T1a 5% Mo. Ilicns BigkpuToi BUILIABKH
CINIaBM TiJIaBajli  €JIEKTPOLIAKOBOMY MeEperyaBy Ta JOCHIPKYBald B
JIMBapHOMYy craHi. HaiiOUTbIl  BHCOKMII  KOMIUIEKC  BJIACTUBOCTEH
JOCIIJDKEHUX CIUIaBiB 3a0e3ledmia TepMiyHa oOpoOKa, IO moisirana y
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rapryBaHHi Bing Temneparypu 1250 «C 3 OXOJOMKEHHSIM Yy Macii Ta
HactynHoro ctapiaas 850°C, 20 rogun. CTapiHHS MPU3BOIIIIO 0 BUALICHHS
BKa3aHMX YaCTHHOK Y BHIJISII TOJIOK, SIKI 4acTO YTBOPIOIOTH MEPEXPECTS.
OcrtanHe cropuse e(eKTUBHIA TEPenIKoi KOB3aHHIO JTUCIOKAIIN, SK
CBOEPIIHI yiOBIOBaYi. YacTHHKM YTBOPIOBAIM NPOTSDKHI (hparMeHTapHi
ckymaeHHs po3Mipom 40-50 MKM po3TanioBaHi B MiXISHAPUTHAX 30HAX, IO
CBIMUMTH Mpo iX mikBamiHy npupoxy. Cami romgacTi YacTHHKH Maild
noexuHy 011 1000 HM Ta ToBuHy 200 HM, a 00 ‘€MHa 9acTKa iX cKiIajana
6ins 20%. XapaktepHuM OyJI0 BIOPSIKOBAaHE BHAIICHHS TaKHUX TOJIOK
B3[IOBXK B3a€MHO MEPINEHIUKYIAPHAX HANPSMKIB, IO CBIJYUTH IIPO TIEBHE
KpHUcTajorpadivyHe CIiBBiIHOMIECHHS HANPSMKIB IX 3pOCTaHHA 3 MAaTPHIEIO.
TBepaicTh Micist CTapiHHS, MOPIBHSHO i3 3arapTOBaHUM CTaHOM, 3pOCTaja 3
79-81 HRB no 96-98 HRB. ToGTo mocsruyra TBepaicTb Oyna Hikue 20
HRC (100 HRB), mio 3HayHo MeHmie po0Oo4oi TBepAOCTI HaHOLIbLI
TEIUIOCTIMKKUX cepiiHnx mrammnoBux craneii (44-48 HRC). Opnak,
HE3BaKAIOYM Ha TaKy HU3bKY TBEPAICTb, IIPALE3IaTHICTD IHCTPYMEHTIB /IS
rapsiuoro NpecyBaHHsS METalliB 13 JIOCHIPKeHUX CIUiaBiB 3 ¢aszoro JlaBeca
tumy Fe.(W,Mo) Oyna B 5-7 pa3iB BUIIIa MOPIBHSHO 3 BHCOKOTEIUIOCTIHKOIO
mrraMnoBoto crauto SX3B3M®DC ([IN23). Lle nocsranocs, mepi 3a Bee, i
MIPECOBHX IHCTPYMEHTIB, III0 PO3IrpiBaIOTHCS B MPOIIECi eKCIDTyaTalii BUIIE
750 -C. TlosicHeHHS mepeBar MOCTIHKCHHX CIUIABIB IIOJATAE€ Yy BHCOKiH
TEPMIUHIH CcTaOLTPHOCTI 3MINHIOBATEHUX dYacTHHOK (pasm JlaBeca, mIo
3abe3rnedye clulaBaM Npu TaKUX TeMIlepaTypax XapakTepUCTHKU MIllHOCTi B
1.5-2 pa3u Ta rapsuoi TBEpAOCTI B 3 pa3sd BHIN HDK A HaKOLIbII
TEIUIOCTINKKUX CEepiHUX IMTaMIoBUX cTaneil. [0 TOro >k B MOBEPXHEBHX
nIapax BKa3aHHX IHCTPYMEHTIB 31 ciuiaBiB 3 ¢a3oro JlaBeca tumy Fe.(W,Mo)
B IPOIIECi eKCIUTyaTallil Bi10yBaIoCs MOApiOHEHHS Ta JOJATKOBE BUIIJICHHS
OUThII  JUCIEPCHUX  YACTHHOK  BKa3aHOI  3MIIHIOBAIBHOI  (as3u
BHACNIJOK IHKIIYHOI Hiil TepMOMEXaHIYHHX HalpyXeHb. Pe3ynbpraTom
nporo Oyno JOoJaTKOBE 3MIIHEHHS (3pOCTaHHS MIKPOTBEPIOCTi) poOodol
MMOBEpPXHI 1HCTPYMEHTiB. BakiIMBO, IO CIUIABM Malll JOCTaTHIA piBEeHBb
XapaKTePUCTHK IUIACTHYHOCTI JuIs  3a0e3lMe4YeHHs IM  HEoOXigHOT
TpilMHOCTIMKOCTI. J[s1 Kpamoro KOMIUIEKCY BIIACTHBOCTEH —CIUIaBiB
BUKOHAHI JIOCII/DKEHHS 110 IiIBUIEHHIO JMCIEPCHOCTI YacTHHOK (asn
JlaBeca tumy Fe.(W,Mo). Ile Oyn0 HOCSATHYTO B pe3yJIbTaTi J0JaTKOBOTO
neryBaHHsi crutaBiB ByrieneMm ( a0 0,35%) ta amominiem (6insg 1%), 1o
3a0e3neumno OUTBII iIHTEHCHBHE 3apOJKOYTBOPEHHS BKAa3aHMX YaCTHHOK Ta
T ABHIIIIIO X TEPMIiYHY CTaOUTbHICTE. BibIny qucniepcHiCTh YaCTHHOK (a3n
JlaBeca Tuny Fe.(W,Mo) 3abe3neunmsia TakoX po3poOKa BiJMOBITHUX
pexuMmiB TepMiuHOI OOpOOKH, 30KpeMa BHKOPHCTAHHS CXOIMHKOBOTO
cTapiHHsA. BkazaHe MIABMIIMIO Mpane3laTHICTh TapsAdelITaMIIOBHX
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IHCTPYMEHTIB 3 JOCHI/DKCHHX CIUIaBiB. B OCTaHHIX JOCIHIIPKESHHSX
BCTaHOBJICHA TaK0’XK MOXJIMBICTh BUKOPHCTAaHHS 3MilHCHHS (ha3oro JlaBeca
tuny Fe.Mo mraMmnoBoi ctalli HOBOTO KJacy 3 PeryJibOBaHUM ayCTCHITHUM
MIEpETBOPEHHSAM IpH ekcrutyaranii mapku 4X3H3T 7M7O.

YK 669.15:620.17:621.77

I'pa6oBcrkuii B.4.!

Jucung O.B.2

Aspamenko B.B.?

! kaun. TexH. HayK, oueHT HY «3anopisbka momirexHika»
2 crapumii Buknanad HY «3anopizbka nostiTexHika»
Scrya. rp. 1®-211m HY «3anopizbka HomiTexHika»

BU3HAYEHHS MEPEBAT HOBOI IITAMIIOBOI CTAJIL
4X3H3T7M7® (U 109) B MEJKAX MAPOYHOTI' O CKJALY IPA
BUCOKUX TEMIIEPATYPAX EKCILIYATAIII

Cramp wmapkn 4X3H3I'7M7 po3pobiieHa [IJIsI BUTOTOBJICHHS
rapsYeITaMIIoBOTO IHCTPYMEHTa, IO MpAIlOE B yMOBAaxX HarpiBaHHA 0
temnepatyp Butme 750 °C, KoJi HaBiTh HAHOIIBII TEIUTOCTIHKI CepiifHi cTai
MapTEHCUTHOTO KJIacy BTPavaloTh MPale3AaTHICTh BHACTIIOK IHTEHCHBHOTO
3HeMilHeHHs. BoHa € mpesicTaBHUKOM HOBOI TPYNH CTalei 3 peryjiboBaHUM
ayCTeHITHUM rnepeTBopeHHsM npH ekcrutyarauii (PAIIE) Ta BinpizHseTbes
3MIATHICTIO 3MILHIOBATUCS AUCIEPCIHHMM TBepAiHHsIM. Sk 1 yci cram 3
PAIIE, Bona mae OLIK xpucraniyHy rpaTKy npHu KiMHaTHI#i TeMreparypi,
110 3abe3neuye iM 3a70BiIbHY 00pOOIIOBaHICTh pi3aHHAM, Ta HaOyBae ['TIK
KpHCTalliuHy rparky npu HarpisaHHi Buuie 600 °C, 1o i 00yMoBIIIO€ 11 O1IbII
BHCOKHI OIip 3HEMiIHEHHIO. J[Ig mpboro Taki cTajmi MalOTh HMOHMKEHI
3HAYCHHSAMH KPUTUYHUX TOUOK. BkazaHi ocobnmBocti cram 4X3H3T'7TM7d
3a0e3MeUyrOThECS  BIMOBIMHAM BMICTOM JICTYBIBHUX €IIEMEHTIB, IO
MMOBUHEH 3HAXOJUTHUCA B Mexkax (B % mac.): C 0.37-0,45; Mn 6,05-7,45; Cr
2,65-3,55; Ni 2,55-3.45; V 1,13-1,75; Mo 6,25-7,15 Ta Si 0,22-0,58.
MeTol0  BHKOHAaHMX JIOCHIDKEHb € BH3HA4YEHHS TOTO, HACKUIbKH
30epiraroTbcsl TMepeBard  BKa3aHO{ CTajl TOPIBHIHO 3 CepitHMMU
TEIUIOCTIHKUMH IITAMIIOBUMHU CTAJSIMH TIPH 3HAYCHHSAX 11 XIMIYHOTO CKIaIy

Ha TPpaHUYHUX piBHSX JIeTyBaHHSA, a TaKOX pu
IUKITIYHOMY OXOJIO/DKEHHI BiJ TeMIlepaTypH eKCIuTyartarlii 10 KiMHaTHOI
TeMIepaTypH.

Texnonoris otpumanHs crtam 4X3H3T7M7® 3  XiMiYHUMH
CKIamamM¥, ONHM3BKMMH JO HH)KHBOTO Ta BEPXHBOTO pIiBHIB JIETYBaHHS
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ToJIArajia y BUTOII Y BIAKPUTIN iHAYKIIHHIN 1edi eMHicTIO 50 Kr Ta KyBaHHIO
Ha NpyTKU KBajpatoMm 35 mm. JlucnepciiiHe TBepAiHHS cTaii BigOyBaeThCs
32 paxyHOK 3MII[HEHHS, HepIl 3a BCE, YaCTMHKaMH IHTEpPMETaTiIiB (a3u
JlaBeca Fe,Mo Tta kap6inie VC. BianoBigHy 3MILHIOBaJIBHY TEPMidHY
00pOOKYy BHKOHYBaJlM 332 ONTHMAJILHUM (3TiJHO MOMEPEIHIX TOCIIIKCHB)
pexxumom: raptyBasHA Big 1150°C, BuTpuMKa 2 TOOMHHU, OXOJOKEHHS B
Macri Ta ctapinas npu 725°C mporsrom 2-x roxuH. Ilicns rapryBaHHS
CTPYKTYpa cTaJli 000X piBHIB JIeryBaHH: OyJia IIepeBa>KHO ayCTEHITHOIO, M0
€ YMOBOIO MOXIHMBOCTI aAmcrepciiiHoro 3mimHeHHs crameir 3 PAIIE.
BusHaueHHS BHCOKOTEMIICPATypHUX MEXaHIYHHX BJIACTUBOCTEH IIpH
temneparypax 750 - 850°C mpoBommmm 3pa3y micis CTapiHHA, 0e3
MIPOMDKHOTO OXOJIOJKCHHSI 10 KIMHATHOI TeMIIepaTypH, IO BiAMOBigae
ocobmuBocTsM ekcrutyaranii craneit 3 PAIIE. Orpumani pesyibratu, A
HIDKHBOTO Ta BEPXHBOTO PIBHIB JIEIyBaHHS HOBOi CTalli B TIOPIBHSHHI 3
BHUCOKOTEIUIOCTIHKOKO CePiitHOIO MITAMIIOBOIO CTAJLIFO MAPTCHCUTHOT'O KJ1acy
5X3B3MOC (JIN23), sika Oyrna TepMooOpoOicHAa 3a ONTUMAIbHUM
PEKHUMOM, HaBe/IeHI B TaOIHLI.

Temmeparypa PiBenn 002, OB, J, VA
BUNpoOyBank, °C | neryBaHHs H/mm? | Hmm? | % %
Hwxniit 508 564
750 Bepxniii 583 | 627 ;gg ;‘;’é
5X3B3MOC | 326 410 ’ ’
Hwkwiit 412 462 17,9 | 48,0
800 Bepxwiit 506 558 19,5 | 41,2
5X3B3M®C | 165 219 37,0 | 90,1
HuxHii 367 399 19,2 | 44,6
850 Bepxwiii 386 443 34,4 | 54,9
5X3B3M®C | 135 179 67,2 | 89,6
Bugno, 10 ISt 000ix piBHIB XapaKkTEePUCTUKU

BHUCOKOTEMIIEPaTYPHOI MIIIHOCTI HOBOI CTaii MaoTh 3HaueHHs B 1,5 -2,5
pasiB BUII, HIX cepiiiHa CcTayib, [0 CBIAYUTH PO 3HAYHI IEepeBard HOBOL
cTai.

Hocmijpkena Ttakoxx 3matHicts crami 4X3H3I'7M7® 36epiratu
HEOoOXiTHUH piBeHB BHUCOKOTEMIIEPATYPHOL MIIHOCTI npu
LUKJIIYHOMY OXOJIO/DKEHHI BiJl TEMIEpaTypH eKcIulyartalii 10 KiMHaTHOT
TEeMIIepaTypu, 1[I0 BiAOyBaeTbCs B  pealbHUX YMOBaXx poOOTH
rapsyeIITaMIoBUX IHCTpyMeHTiB. HeoOXimHiCTh 3°siCyBaHHS  IbOTO
0o0yMOBJIeHa THM, IO TICJIS OXOJIOJUKEHHS Ha TIOBITPI CTPyKTypa cTaii
3MIHIOETBCS 3 ayCTEHITHOI 10 OCHHITHO-MapTEHCUTHOI. A TIpH HOATBIIOMY
HarpiBanHi 10 Temmeparyp Bumie 600 °C 3HOBy HaOyBa€ ayCTEHITHY
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CTPYKTYpY. BunpoOyBaHHSI Ha pO3TAr BUKOHYBaJIHM IpH Temieparypax 750
°C Ta 800 °C micnst mpOMIXKHOTO OXOJIOMXKEHHs Ha IMOBITPi 10 KIMHATHOI
TEMIIepaTypy Ta HACTYITHOTO HEOJHOPa30Boro HarpiBaHHs (TooTO 750 °C >
20 °C Ta 800 °C < 20 °C ). KinmpkicTh 1ukimiB 3MinoBaiu Big 1 go 10.
BcTaHOBNIEHO, IO LMKIJIIYHE OXOJIO[DKCHHS 3MEHIIYE XapaKTePUCTUKU
BHCOKOTEMIIEPATYPHOI MIITHOCTI ITO Mipi 301IBIIIEHHS KITBKOCTI IUKIIB. Taxk,
ITCIIS IEPIOTO UKITYy 3MEHIIEHHS BinOyBaeThes Ha 25-39%, micist TpeThoro
- Ha 33-44%, micng m’saroro - Ha 35-45%, micns mecsroro - Ha 45-50%.
OpHak HaBiTh Tichs 10 IHUKITIB Go2 Ta O 3AMUIIAIOTHCS HA OLTBII BHCOKOMY
piBHi mopiBHAHO 3i crammo S5X3B3M®C, ocobmmBo mpu TemIeparypi
800 °C. Taxkum umHOM, HOBa mTammoBa ctans 4X3H3I'7M7®d 3 PAIIE B
MeXaX MapodyHOTO CKJIaJy Ta ypaxyBaHHSM YMOB €KCIUTyaTalii 3/1aTHa
OyTH e(h)eKTUBHIM 3aMiHHUKOM CEPIMHUX BUCOKOTEILIOCTIMKUX IITAMIIOBUX
cTaje. binbr 1ouiTbHUM € BUKOPUCTaHHS 1HCTPYMEHTIB 13 HOBOI cTaili 6e3
OXOJIO/IKEHHsI B TIPOLIECi eKCILTyaTalliii.
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HayxkoBe enekTpoHHE BUJaHHS
Mo>kHa BUKOPUCTOBYBATH B JIOKAJIbHOMY
Ta MEPEKHOMY PEXKUMAX

Hogi craJji Ta criaBu i MeToan
iX 00po0JIeHHs 1JIS1 MiABUIIICHHSI
HaJAIHHOCTI Ta JOBroBiYHOCTI BUPOOIB

30ipka MaTepiajiB

XV MixkHapoaHoi HayKOBO-TEXHIYHOT KOH(pEpEeHITii
08-09 rucmonaoda 2022 p.
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