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JIeHHs OV XIMIYHI cKIaou Kapbiois, wjo sudinAomsca y 6i0nosioHux cucmemax. Excnepumenmansui 3uauenus oopoons-
JUCS CMAMUCIMUYHUMY MEMOOAMU 3 OMPUMAHHAM KOPENAYIUHUX 3aNeICHOCIel MUny «napamemp-61acmugicmsy ma
BCMAHOGIEHHAM MAMEMAMUYHUX PIGHAHb peepeciinux mMooenel, Ki ONMUMAIbHO ONUCYIOMb Yi 3ANeHCHOCTII.

Ompumani peynomamu. Bcmanogneno 3aKoHOMIPHOCII 6NAUBY XIMIUHO20 CKAA0Y Memany Ha Mopgoaoeiio kapoi-
0ie muny MC. Ilokazano, wo 3a1ex4cHO i0 86€0CHUX XIMIYHUX eleMEHMIE Y CUCMEMI MOJCYMb 3MIHIO8AMUCH OCHOBA
Kapbiodis, wo UKIUKAE 3MIHY IX ghopmu ma 30inbuwenHs mpiwunocmiukocmi mamepiany. Ilokasano, wo ompumani 3ane-
JHCHOCMI MICHO KOPENomb 3 MEMAn0epa@iunumy 00CIIOHCEHHAMYU CRIAGIE YbO20 KIACY.

Hayxoea nosusna. Bcmanosneni 3anedcHocmi niugy 8apito8anHs XiMiuHo2o cKiady 6azamoKomMnoHenmuol cuc-
memu Ni-Cr-Co-Al-W-Re-Ta-Mo-Nb-C na ximiunuii ckiad ma mopgonozito kap6iois. Lle dae 3mo2y 3miHio8amu 0CHOBY
Kapbiois, ix cknad ma Mophonozir, Yyum camum NOKPAuLyouL MeXaniyti 61acmueocmi mamepiauny, nepuw 3d 8ce 6momHi
ma HeapoMiyHi XapaKkmepucmuxu.

TIpaxmuuna yinnicmo. 3anpononosano eghekmueHe piuiens N0 6CMAHOGIEHHIO CIPYKMYPHO-PA306020 CIMAHY JHca-
POMIYHUX HIKeNeBUX CNIABI8 WLIAXOM ONMUMI3AYiT iX XIMIYHO20 CKAOY, W0 0an0 3MO2Y NIOBUWUMY eKCHIYAmAayiliti 61a-
cmueocmi mamepiany. Bcmanoeneni 3anexcHocmi Moxcyms Oymu 6UKOpUCMAaHi npu onmuMizayii ckiaoy npomMuciosux
HCAPOMIYHUX TUBAPHUX HIKENEBUX CNIABIE MA NPU PO3POOYI HOBUX KOMNOUYILL.

Knrouoei caosa: scapomiyni nvikenesi cniasu cnpamosanoi kpucmanizayii, Ximiunuti ckiao, mopgonoeis, kapoiou,
00 emuuti emicm xap6iois.

Jlyist cydacHUX ra30TypOIHHUX JBUTYHIB Ba)KKOHaBa-

Beryn . . .
HTaKEHI IeTalli MaroTh CKIanHy (GopMy, 110 30UIbIIIyE Ha-

Po3poOka HOBHX 1 ONTHMI3allisl ICHYIOUHX JTMBaPHUX
KAPOMIIHUX HIKEJIEBUX CIUIABIB JUIS BUTOTOBJICHHS JIOTIa-
TOK Ta30TypOIHHHX JIBUTYHIB IIUBUIBHOTO Ta BiiCHKOBOTO
NPU3HAYCHHS, € BaXKIIMBOIO HAYKOBO-TEXHIYHOIO Mpooie-
MOI0. 3 OISy HA Yy TJIUBICTh CTPYKTYPHUX CKJIAJOBUX JI0
KOHIICHTPALIl JICTYIOUMX EJIEMCHTIB, BHHHKAIOTH TPYA-
HOIII B OIiHIII 0YiKyBaHOTO KOMIUIEKCY BIIACTHBOCTEH BU-
po0iB Bix XiMigHOTO cKJaxy abo CTpYKTypHOTro-(ha3oBoOro
crany [1-5].

Npy>KeHHs! B cepeanHi BupoOy. Tomy, ¢opma Ta po3mip
CTPYKTYPHUX CKJIQIOBHX >XapOMIIIHUX CILJIaBiB NOBHHHA
MaTy CIPUATINBY MOPQOIIOTiIo Ta HE 30Cepe/KyBaTh Ha-
NpYKEHHS Ha MaJIOKYTOBHX Mexax noniny. Kap6igu tummy
MC BHAINSIOTECS B PIAKOMY CTaHi 1 BIUIMHYTH Ha iX ¢o-
pPMY Ta po3Mip MOXKIUBO JIUIIEC 3MIHOIO TEXHOJIOTI€I0 JIH-
TBa, OHAK Ha BUPOOHUIITBI 11€ 3pOOUTH CKIIQJIHO, TOMY BHU-
CYHYTi peKOMEHAIlil 10 ONTHMi3alii XiMIYHOTO CKJIamy
CIIaBY, IKUH BILIMBA€ Ha THII, XIMIYHUI cKJaz Ta Mop¢o-
Jorito kapOigis [6-8].
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CTPYKTYPOYTBOPEHHSI. OIIIP PYMHYBAHHIO TA ®I3MKO-MEXAHIYHI BJIACTUBOCTI

OcHo6HOI0 Memoro yiei pobomu € BCTAaHOBJICHHS CIIe-
nr(iKK BIUIMBY JICTYIOUHX €JIEMEHTIB Ha XIMIYHUAHN CKIIa,
TUT Ta MOP(OJIOTiI0 IEPBUHANX KapOi/iB B CTPYKTYpi Oa-
rarokomnoneHTHoi cuctemu tuny Ni-Cr-Co-Al-W-Re-Ta-
Mo-Nb-C.

Marepiau i MeToaMKA T0CTiTKEHHS

MoenmoBaHHs TEPMOJAMHAMIYHUX TPOIECIB, IO
NPOTIKAIOTh NPU KpUCTali3alii (0XoJ01KeHH1) abo Harpi-
BaHHI B CTPYKTYpl CIUIaBIB 3/iHCHIOBAINCS METOJIOM
CALPHAD. B o6araroxommonenTHi#t cucremi (Ni-5Cr-
9Co0-6Al1-8,3W-4Re-4Ta-1Mo-1,5Nb-0,15C) miamazon Ba-
pitoBaHHS eleMeHTaMHu OyB 0OpaHHii 3 MipKyBaHb MaKCH-
MAaJIbHOI 1 MiHIMANBHOI KIJILKOCTI €JIEMEHTA, 1[0 BBOAUTHCS
B kapominHi Hikenesi crutaBu (JKHC). Takum unHOM, 1715
JociiKeHHs 0ysio0 00paHo KapOiIoyTBOPIOIOYi eIEMEHTH,
10 BXOASTH 10 KapOixis Tumry MC, B HACTYyITHUX Jiarma3o-
Hax jeryBaHHS (% mo maci): Byraeup 0,02-0,2; taHTan
0,5-12; nio6iii 0,1-4.

ExcniepuMeHTaNbHO CKjan KapOimiB BH3HAYAIA HA
enekTpoHHOMY Mikpockori PEM-10611 ¢ BUKOprCTaHHIM
CHCTEMHU EHEPrOAMCIEPCIHHOTO PEHTI€HOCIEKTPAIBHOIO
MikpoaHanizy. JJaHuM MeToI0M BHBYAIK MOP(OJIOTiI0 Ta
XIMIYHUH cKJaa KapOiiB B CTPYKTypi ciuiaBy. IlepeBe-
IIEHHS 3Ha4YeHb SIKICHOIO B KIJBKICHHI aHa3 31HCHIO-
BaJI aBTOMATHYHO 32 POTPaMoro Ipuiany. BigHocHa mo-
xubka Metony craHoButh + 1 % (mo maci). Pesynprarn
pO3paxyHKiB TUIY KapOiiB i IX XIMI9YHOTO CKJIaIy MOPiB-
HIOBAJTH 3 €KCIICPUMEHTAJIbHUMH JJAHUMH, OTPUMAaHHMH 32
JIOTIOMOT OO0 €IIEKTPOHHOT MIKPOCKOTII1.

PesynbraTi mocmipKeHHsS OOpOOJSIIM  CTATHCTHY-
HUMH METOJaMH 3 BCTAHOBIICHHSM KOPEISIIHHUX 3aJIeikK-
HOCTEH THUILy «I1apaMeTp-BIaCTHBOCTI» y BUIIISl MaremMa-
THYHUX  PIBHAHb  MATEMaTHYHUX  MOJAEJCH,  sKi
ONITUMAJIFHO ONHUCYIOTh 111 3aJIe)KHOCTI. OTpUMaH] 3aex-
HOCTI MAIOTh JTOCUTh BUCOKI KOC(IIIEHTH KPUTEPIIO KOpe-
asuii R2> 0,85 i MOXKYTb BAKOPMCTOBYBATHCS ISl IPOTHO-
3YIOUHX  PO3paxyHKIB  3a3HAYCHHX  MOKAa3HWKIB 3
BITHOCHOIO ITOXHOKO0 O1M3bK0 4 %.

PesynbTaTn gocaigxeHHst Ta iX 00roBopeHHs

BuBueHHs BUAUIeHHS (a3 B MPOIECi KpHCTami3amii
JIOCITIZPKEHOT CHCTEMH HPOBOJIUIIU B TEMIIEPATYPHOMY [ii-
anazoni 160020 °C, 3a uux Temieparyp HalOUIbII iIMOBI-
PHHM € BHJIUICHHSI OCHOBHHUX (ha3 B HACTYITHOMY ITOPSIIIKY:
kapOiau tuy MC; y- TBepauii po3uMH; €BTEKTHKA ¥ + Y';
iHTepmeTanimu Tumny y'- ¢asu Ha ocHoBi (NizAl); kapOian
Ty M»3Ce. Ockinbku Ha kap0igu iy M>3Cs MOXKITUBO
BIUIMHYTH TEPMI4HOIO 0OpOOKOIO 1 3MiHUTH iX MOpdoio-
riro, To mojaiblia podoTa Oyne NpUCBSUCHA KapOigam
MC, xiMi4HUI1 cKi1aa, MOP(OJIOTiIO Ta THIT SIKUX MOJIUBO
3MIHUTH TEXHOJOTI€I0 JIMTBA Ta XIMIYHMM CKJIaJIOM
CILIaBYy.

Ha puc. 1a moxa3aHo, mo B CTPpyKTypi 00’eMHa dac-
TKa MepBUHHUX KapOimiB MC 3anexuTh Bif BMICTY BYT-
JIEII0 B CKJIaJi CIUIaBy i ONTHMAIBHO OMHUCYETHCS JIHIMH-
HOIO (QyHKIi€0. BB Byriemo Ha KUTbKICTh KapOifmiB
Tty MC mokasaHo Ha puc. 16, 2, e mpeacTaBiIeHi Mikpo-
CTPYKTYPH CIUIaBY 3 PI3HHM BMICTOM BYyTJIEI0. Y TOH ke

yac, Ha (puc. 1) mokasaHo, 110 BIUIUB BYTJICIIO Ha TEMIIe-
patypy M€ posunnenns (abo BUIIEHHS) KapOiliB THITy
MC mae ckimagHuil XapakTep i ONTHMAaIbHO OMHCYETHCS
norapuMidHUMU piBHSHHSMH (Tab. 1).

Ve

Ve = 12.985(C)-0.0453

L MC 2C=15 522In(C)+1406 8 -

[

C, % o

2 x 200

Puc. 1. 3miHa kinpkocTi kapbinis tury MC (@) u Temmepatypu
pozurHenHs kap6iniB MC () Bi BMICTy BYIJISLIO B CIUIaBi Ta
KapOiau B sKapoMiHOMY HikeneBoMy ciriasi 3 0,08 (g) Ta
0,18 (e) Byruemto
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Hiobiit, sk cuibHUI KapOiqoyTBOPIOIOYNI €JIEeMEHT,
3 TaHTAIOM (popMmye nepBUHHNNA KapOix MC Ha 3mimanii
ocHoBi. Hio0iit BinmBae Ha TeMneparypy yTBOPEHHS Tep-
BUHHHUX KapOifiB (puc. 2), NiABUILYIOYH [0 napadoaivuHOT
3aJIEKHOCTI, 10 MOSICHIOETHCS 3MiHAMU CHJI Mi>KaTOMHMX
3B’SI3KY B [IUX BUIUICHHSX.

LMo
] w2 e = 10,767 (Cro)P-22.438(Cr) +1386

Ta. W, Nb. %
X CT.g.F-iLﬁOE{CN‘bB crnaei+-83.011
a

Crp=12.688(Crv B
crmaeit3. 0073 .
Nb

w=-1 %?9111((31% e crmaeit+3,6579

Nb.%

7

Puc. 2. TemneparypHa 3aeKHICTh pO3YMHEHHS (BUIITICHHS)
kap6iais tumy MC (@); KiIbKiCTh TaHTaly, BOIbppamy Ta
Hio6it0 B MC kapbizi (6) Bia BMicTy HI00if0 B CKITai CIUIaBy

Ha (puc. 26) noka3zano, 110 3i 30UIbLICHHSIM BMICTY
HIOOII0 B CIUIaBi 3pocTae MOro KOHIIEHTpalis B IEPBUH-
HOMY Kap0i/ii 1 mepeBuIllye KOHIIEHTPAIil0 TaHTaTy B Kap-
6iai mpu BMiTy HioOito B cruiasi Oinbmre 3 %. Tak BMicT
TanTany B kap6ini MC 3amkyeTbes 3 82,96 % mo 38,57 %,
a Bonbdpamy 3 7,64 % o 1,1 %, mo npu3BOAUTH IO YTBO-
peHHs KapOixy Ha OCHOBI HiO0iT0.

3MiHa BMiCTy Hi00i0 B CIUIaBi HE BIUIMBA€ Ha XiMid-
HUH CcKJIa BTOpHHHOTO KapOixy. CepenHiii BMICT JIeryro-
4yux ejgeMeHTiB B M»3Cs 3HaxoauThes Ha piBHi: 61,97Cr-
9,3Ni-6,03Mo-7,1C0-4,9C-10,7W.

TaHTaJ1, Malouu NOTYXHY KapOiloyTBOpPIOIOYY 3/1aT-
HiCTb, popMmye nepBuHHI KapOigu MC; mpu 1bOMY BiH I10-
3UTHBHO BIUTMBAE K HA KAPOMILHICTh, TaK 1 KOPO3iHHY
CTIHKICTh >KapOMIIIHUX HikeneBux cruasiB. [Tpu He3Hau-
HOMY BBeZieHHI B ciutaB TanTaiy (0,5 %) crnocrepiraerbest
HOT0 MiIBUIICHHS 1 B CKJIaJi IepBUHHOTO Kapoixy MC mo
18,5 %. BcTaHOBICHO TINBUIICHHS TAHTAIOM TEMIIEpa-
TypH PO3UYMHEHHS (BUIUICHHS) MEepBUHHUX Kapbinis MC,
110 ONTUMAJBHO ONUCYETHCS MapabOoIIvYHOIO 3aJIEKHICTIO.

Po3paxyHKOBO BCTaHOBIIEHO, 110 TIpH 2 % TaHTaIly B
crutaBi, kap0ig MC 3MiHIO€ CBOIO OCHOBY 1 cTae KapOimoM
Ha OCHOBI TaHTaly (puc. 3), IPUYOMY 3MiHA ONTHMAIBEHO
OTIHCY€ETHCS JIOTAPU(PMITHOIO (PYHKITIETO.

nMEeC

 aME 2 =2,3778-(Cra)?-2,7164 (C1a) +1367.1
1880

1650

1580

1500

$EL0]

10

1589

1850

Q 1 4 & ] EDTa % 1
a
Ta, Nb., %
160
@ C1:=21.094In(CT: B crinapi)+33,642

Ta

Crv=-17,09In(Cra & crumaei)+49,288

Puc. 3. BanexHicTs TeMIepaTypH po3unHeHHs kap6inis MC
(a), KITBKOCTI TaHTaATy Ta Hi00it0 B kKapbigi MC (0) Bix
BMICTY BYIJICLIO B cIuiaBi Ta Mopoorist kap6ifis tumy NbC
(6)1TaC (e)
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[Tpy 1bOMY CIIOCTEPIra€ThCsl 3HIKEHHS 3a BKa3a-
HUMH 3aJIe)KHOCTSMH BMICTY Hi00if0, BOJb(GpaMy i Motio-
neny Ilepexin kap6iny MC B kap0ix Ha OCHOBI TaHTaIry
MPU3BOAUTE A0 301MBIICHHS MIDKATOMHHX 3B’SI3KiB, IO
cupusie 30iIBIICHHIO TEMIEpaTypd PO3YMHEHHS (BUI-
TeHHs) KapOigy. 3MiHa BMICTy TaHTally B CIUIaBi HE BIUIH-
Ba€ Ha XIMIYHHHN CKJIaJ] BTOPHHHHX KapOimHux ¢as.

OTKe, OTpUMaHi 3aJeXKHOCTI TICHO KOPEIIOITH 3
NPaKTHYHOIO MeTajorpadiero OTpUMAaHOK Ha MPOMHUCIIO-
BUX JKapOMIIIHUX HIKEJIeBUX CIUIaBa, [0 BUTOTOBJICHI 3a
CTaH/IapTHOIO TEXHOJIOTIENO.

BucnoBxku

1. Ha oCHOBi KOMITIICKCHOTO MiIXOAY, U1 0araToko-
MITOHEHTHHX >KapOMIITHHUX CIUIaBiB OTPHMaHi 3aJIeKHOCTI,
0 J03BOJITIOTH TIPOTHO3YBATH XIMIYHHUHA CKJam KapOimiB
3a XIMIYHHUM CKJIAZIOM CIUIaBY, 1€ JO3BOJIMIO Peai3yBaTH
pillIeHHs 3324l PO3PaxyHKOBOTO MPOTHO3YBAHHS CKJIaIy
KapOiIiB 32 XIMIYHMM CKJIaJIOM CILIaBY, IO MMiATBEPKECHO
OTPUMaHUMH EKCTIEPUMEHTATLHUMH JAHUMH.

2. BcraHOBIIGHO 3aJ€XKHOCTI BIUIMBY JIEIyBaJbHUX
€JIEMEHTIB Ha TeMIIepaTypy PO3UNHEHHS (BUIUICHHS) Kap-
6ixis B cmiasi cuctemu Ni-5Cr-9Co-6A1-8,3W-4Re-4Ta-
1Mo-1,5Nb-0,15C. Ioka3aHo, IO 3MiHH B XOJ{i KPUBUX
3aJIeXHOCTI TEMIIEpaTypH BiJ BMICTy eJleMEHTa TiCHO KO-
pENIoI0Th 3 TEPMOJMHAMIYHMMH HpOLECaMH, IO Ja€
3MOTY KOPETYBAaTH PEXUMH TEPMIYHOTO OOpOOIICHHS
CILIaBIB.

3. Iloka3aHo, 1O NPH IiJBUIICHHI CyMapHOI KOHIIe-
HTpaIlii KapOiJOyTBOPIOIOUNX €JIEMEHTIB, YCKIIQTHIOETHCS
1 ximiunuii ckmazg kapOiais. [Ipu koHmenTpartii 6inprre 2 %
Mac. Ta B crutaBi, B kap0igy MC BMiCT TaHTaTy ICPEBHUIITYE
HaJl BMICTOM HiOO0il0, Ile TaKk camMoO MpPU3BOIUTH JI0 3HH-
JKEHHsI KOHLIEHTpalil Bolibppamy i MoIibJeHy B KapOimy.
BusineHo, mo npu KoHIeHTparii Hiobito Oinbmre 3 % Mac.
B CIUIaBi HOr0 BMICT B MEPBUHHOMY KapOilli MEPEBHUIIYE
BMICT TaHTally 1 Kap0Oix crae Ha ocHOBI Ta. Takum unHOM,

JIeTYBaJIbHI €JIEMEHTH BIUIMBAIOTH HAa MOpdoJIorito, po3mip
Ta KUIBKICTh KapOi/liB B CHCTEMI.

Cnucok Jirepatypu

1. Balyts’kyi O. 1. Pitting corrosion of
12Kh18AG18Sh steel in chloride solutions / Balyts’kyi O.
L., Krokhmal’nyi O. O. // Materials Science, Vol. 35, N 3,
389-394 (1999). https://doi.org/10.1007/BF02355483

2. Balyts’kyi O. I. Evaluation of the Influence of Hy-
drogen on the Mechanical Characteristics of Complexly
Alloyed Nickel Alloys / Balyts’kyi, O. I. Mochul’s’kyi, V.
M. & Ivas’kevych L. M. // Mater Sci 51, 538-547 (2016).
https://doi.org/10.1007/s11003-016-9873-9

3.P.A.J. Bagot/P.A.J. Bagot O.B.W. Silk J.O. Doug-
las S. et al. // Acta Mater., 2017, Vol. 125. — P. 156-65.
https://doi.org/10.1016/j.actamat.2016.11.053

4. Berthod P., Heil C. and Aranda L.: J. Alloys
Compd. 504, 243 (2010) https://doi.org/10.1016/j.jall-
com.2010.05.101

5. Moroz A. N. Met Sci Heat Treat. 57. — P. 264-267
(2015). https://doi.org/10.1007/s11041-015-9872-8

6. Hu, Z., Qin, C., Chen, X. et al. Chemical-Mecha-
nical Polishing of Cemented Carbide Insert Surface for Ex-
tended Tool Life in Turning of GH4169 Nickel-Based Sup-
eralloy. Int. J. Precis. Eng. Manuf. 21, 1421-1435 (2020).
https://doi.org/10.1007/s12541-020-00347-3

7. 0. A. Glotka and S. V. Haiduk, Distribution of El-
ements in Carbides of Multicomponent Superalloys,
Metallofiz. Noveishie Tekhnol., 42, N 6: 869—884 (2020)
(in Russian), DOI: 10.15407/mfint.42.06.0869

8. Taheri, M., Halvaee, A. & Kashani-Bozorg, S.F.
Effect of Pre- and Post-weld Heat Treatment on Micro-
structure and Mechanical Properties of GTD-111 Superal-
loy Welds. Met. Mater. Int. (2019).
https://doi.org/10.1007/s12540-019-00465-2

Ooeporcano 21.09.2022

IMPROVING THE PROPERTIES OF NICKEL-BASED SUPERALLOYS OF
DIRECTED CRYSTALLIZATION BY OPTIMIZING THE CHEMICAL

Dr. Sc., Professor, Head of the Department of Physical Material Science, National

Polytechnic”,  Zaporizhzhia,  Ukraine, e-mail:

Ph. D., Associate Professor of the Department of Physical Material Science, National

University “Zaporizhzhia Polytechnic”, Zaporizhzhia, Ukraine, e-mail: glotka-alexan-

National University ‘“Zaporizhzhia Polytechnic”,

COMPOSITION

Ol’shanetskii V.

University  “Zaporizhzhia

olshan@zp.edu.ua;
Glotka O.

der@ukr.net;
Greshta V. Ph. D., Professor, Rector,

Zaporizhzhia, Ukraine, e-mail: greshta@zp.edu.ua;
Khvostak V.

Post-Graduate student, National University “Zaporizhzhia Polytechnic”, Zaporizhzhia,

Ukraine, e-mail: khvostak@ukr.net

© Ognpmanenskuii B. 10., I'motka O. A., I'pewra B. JI., XBoctak B. B., 2022

DOI 10.15588/1607-6885-2022-2-1
ISSN 1607-6885

Hosi mamepianu i mexnonozii 6 memanypeii ma mawiurnooyoyeanni Ne 2, 2022

11



12

CTPYKTYPOYTBOPEHHSI. OIIIP PYMHYBAHHIO TA ®I3MKO-MEXAHIYHI BJIACTUBOCTI

Purpose. It consists in establishing the influence of the chemical composition on the type, chemical composition and
morphology of the primary carbides of the nickel-based superalloy, which allows to increase the operational properties
of the parts through the structure of the carbide component.

Research methods. Process modeling was carried out using the CALPHAD method. The initial data were the chem-
ical compositions of model alloys with different concentrations of carbide-forming elements. The result of the calculation
was the chemical composition of the carbides released in the corresponding systems. The experimental values were pro-
cessed by statistical methods to obtain correlation dependencies of the “parameter-property” type and establish mathe-
matical equations of regression models that optimally describe these dependencies.

Results. The regularities of the effect of metal chemical composition on the morphology of carbides of MC type have
been established. It is shown that depending on chemical elements introduced in the system, the basis of carbides can
change, which causes a change in their shape and an increase in the crack resistance of the material. It is shown that the
obtained dependences are closely correlated with metallographic studies of alloys of this class.

Scientific novelty. The dependences of the influence of the chemical composition variation of the multicomponent
system Ni-Cr-Co-Al-W-Re-Ta-Mo-Nb-C on the chemical composition and morphology of carbides have been established.
This makes it possible to change the basis of the carbides, their composition and morphology, thereby improving the
mechanical properties of the material, especially fatigue and heat-resistant characteristics.

Practical value. An effective solution for establishing the structural-phase state of nickel-based superalloys by op-
timizing their chemical composition is proposed, which made it possible to improve the operational properties of the
material. The established dependencies can be used in the optimization of the composition of industrial cast nickel-based
superalloys and in the development of new compositions.

Key words. nickel-based superalloys of directional crystallization, chemical composition, morphology, carbides,
volume content of carbides.
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BIIJIMB XIMIYHOTI'O CKJIALY BUCOKOXPOMHUCTOI'O YABYHY HA
BMICT XPOMY Y 30HAX BLJISI KAPBIAIB IIICJISA BIAITAJTY IIPHU 720 °C
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Mema poéomu. Iliosuwenna Kopo3itinoi cmitikocmi 3HOCOCMINKUX —BUCOKOXPOMUCIUX Mamepianie, uo
npayioms 8 yMo6ax piokozo adbpasusHoco cepedosuiyd, 00380A¢ 30iTbWUmu eKCRIyamayiity cmitikicms 8upooig
3 yux Mma-mepianie, WO € BANCIUBUM 3AB0AHHAM Mamepiano3nascmed. OOHIEI0 3 OCHOBHUX NPUYUH BUHUKHEHHS
PYUHIBHUX KOPO3IU-HUX NPOYECi6 € HEePIBHOMIDHICMb DPO3NOOLLY XPOMY 6 Memalesill OCHOGL, W0 Npu3eooums 00
VMBOPEHHA MIKPO2ANb-6AHIYHUX NAp HA NOBEPXHi Oemanell, WO 3HAXO0AMbCA 6 eNeKMPONIMUUHOMY Cepedosulyi.
Cmeopenns  3HOCOCMIUKUX —6UCOKOXPOMUCMUX — CHIAGI6, 6 Memanegili OCHOBI AKUX He  YMBOPIOIOMbCA
MIKPO2ANb8AHIUHI  NApu, €  NEePCHeKMUBHUM  HANPAMKOM  NIOBUWEHHA  KOPO3IUHOI  cmillkocmi — maxux
mamepianis. JJocniodcenns npoyecié po3nooily Xpomy Ricas me-pmiuHoi 00pobxku Oemaneii 3 6UCOKOXPOMUCIUX
4agyHie, a came popMyBaHHsa 30H Memanedoi 0CHO8U 0L Kapbidie 0y10 30ilicHeHO.

Memoou docnioxcenns. Ananimuynuil oenso nyorikayiu. Memanoepaghiunuil, MiIKpOCMPYKMYPHULL Ma TOKATbHUL
MIKPO-peHmaeHoCnekmpansHuil ananizu. Mamemamuune moOynio8anHs npoyecis.

Ompumani pesynemamu. Bussneno, wjo 6 npoyeci mepmiunoi 00pooKu 8 8UCOKOXPOMUCIIUX HABYHAX YIMBOPIOIOMbCS
CMpPYKMypu i3 3Ha4HOM0 TiKeayicto xpomy. Bemarnoeaneno, wo nicaa eionany eunusox npu 720 °C minimanvuuti emicm
XpOMY 6 Memanegiti OCHOBI CHOCMepi2aembcs Y 30Hax 0insa Kapbidie, a MAKCUMANLHUNL Y YEHMPATbHUX YACMUHAX 3EPEH.
Hassnicms 6 memanesiti ochosi 30w i3 emicmom xpomy oinvwe 12 % (nozumusnuii nomenyian) i menue 12 % (necamue-
HUll nomenyian) npu3eooums 00 YMeopeHHs MIKPO2ATb8aHIUHUX NAP, WO € 2006HOI0 NPUUUHOIO NPUWIEUOUEHHS KO-
PO3IiH020 pYliHYsanHs. Busnauena 3anedicnicme emicmy xpomy 6 30Hax 6ins kapoioy nicas eionany npu 720 °C 6i0 ximiu-
HO20 CKAOY YABYHY.

Hayxoea Hou3Ha. 3anponoHo6ano Mmamemamuyny mMo0eb BUSHAYEHHS BMICIMY XPOMY 8 30HaxX Oins KapOidie nicia
sionany npu 720 °C 3 eumpumroro 9 200un 8i0 ximiurnoeo cknady uagyny 6 cucmemi Fe-C-Cr-Mn-Ni. L]e 0o36o.5€ npo-
2HO3Y8amMuU BMICH Xpomy Y 30HaX Oina kapbOie ma 3anobieamu ymeopeHHIo MiKpo2aib8aHIUHUX nap.

Ilpaxmuune 3uauywicmo. Ompumana 3a1exiCHiCMe (MAmMmemMamuyia Mooeis) Modice Oymu UKOPUCMAHa npu po-
3p0obYyi CKAA0i8 BUCOKOXPOMUCTNUX 3HOCOCMIUKUX YABVHIB, 3 NiO8UWEHOI KOPO3IUHOW cmilikicmio ma 00poO.08aHicmo
DI3aHHAM.

Kmiouoei cnoea: sucoxoxpomucmuii 4agym, Mmemaneea 0CHOBA, Kapbiou, po3nooii Xpomy, KOpo3is.

Beryn KpHCTaJIIB MalOTh XIMIYHUH CKJIa]| BIIMIHHUI Bifl TOBEPX-

HeBHX. B mporeci oXoJomKeHHS BWIMBKY y (opMi Ta
TepMiuHili 00poOi BigOyBaeTbcsi TEpMOJMHAMIYHA
crabimizamiss (a3 LUIIXOM TEePEepo3NOALTY €JIEeMEHTIB
moMiXK (ha3aMu Ta 3MCHIIICHHSAM XiMiYHOI JTIKBAIIil B cepe-
JvHI das.

BrcokoxpoMucTi 4aByHH MalOTh 3HaYHY TBEPHICTb,
0 BU3HAUA€ IX 3aCTOCYBAHHS SIK 3HOCOCTIMKHX Marepia-
JIiB, IO €KCIUTYaTYIOThCSl B yMOBAX IHTEHCHBHOT'O aOpas3u-
BHOT'0 3HOIIYBaHH Y Pi3HUX cepeoBHIIax. Bupodu 3 nux
MaTepiaiB BHKOPHCTOBYIOThCS y CTaHi JUTBA, ab0 Mmicis
TePMIi4HOI 0OPOOKH, 10 IPU3HAYAETHCS ISl 3HATTS JIUBAP-

. IMocTanoBKka 3a1aui
HUX HaAIPy>XCHb abo NpuaaHHg NIEBHUX MEXaHIYHUX BJia-

ctuBocTed. CTpPyKTypa BHCOKOXPOMHCTHX YaBYHIB €
BU3HAYAIBHOIO U MEXaHIYHUX Ta eKCIUTyaTalliiHuX Bla-
CTHBOCTEH BHPOOIB 3 IIMX MarepianiB. TepmoanHaMiuHa
HecTaOUIBHICTh CTPYKTYpH (XiMiYHA HEOJXHOPIAHICTH (a3),
MIPU3BOJUTH J0 YTBOPEHHS MIKpO-TaJbBaHIUYHHX Iap, 10
CIpHsi€e BUHHMKHEHHIO KOPO3IMHUX IIpOLIECIB Ta IpH-
LIBHJIIYE pyHHYBaHHs aetaneid. DopMyBaHHS CTPYKTypH
BHCOKOXPOMHCTHX YaBYHIB BifOyBaeThCs Iigdac KpH-
cTai3amii BUWIMBKY, OXOJIOJDKEHHS HOTO y TMBapHii popMi
Ta TepMiuHii 00poOmi. Kpucramzamis cruiaBiB BinOy-
Ba€ThCA B IHTEpBANi TEMIIEpaTyp 3a MOCTIHHOI 3MiHH
XIMIYHOTO CKJIany 4YaByHy. ToOTO IEHTpaibHI YacTUHU
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[TobynoBa MaTeMaTHYHOT MOJIEITi BMICTY XpOMY B Me-
TaJeBiii OCHOBI WaBYHIB y 30Hax Oiist KapOimiB B cucTeMi
Fe-C-Cr-Mn-Ni micns Bignamy mpu 720 °C.

Oraspg niteparypu

CTBOpEHHSI 3HOCOCTIHKUX CIUIABIB 3 i ABUIIICHOIO KO-
PO3IHHOIO CTIHKICTh € BXKJIMBUM HAIPSIMKOM y Cy4acHOMY
Marepiano3HaBcTBi. IlIBuakicTe pyiiHyBaHHS (3HOIIY-
BaHHS Ta KOpO3isl) AeTaljell 3 BUCOKOXPOMHUCTUX YaBYHIB
BU3HAYAETHCS CTPYKTYPOIO IIMX MaTepiajiB, KUIBKICTIO Ta
TUTIOM KapOinHoi (asu, a TakoX PO3MOAIIOM €JIEMEHTIB B
MertaneBiii ocHoBi [1-5]. Ilpomecm koposiiiHoro pyii-
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HYBaHHS BU3HAYaIOTHCS BMICTOM XpOMY B METaJleBiil oc-
HOBI 9aBYHY, a TaKOX MOJIMBICTIO BHHHUKHEHHS MIiKpO-
ranbBaHIYHUX Tap, IO MPHU3BOAATH A0 EICKTPOXIMIYHOT
Kopo3ii [6]. HepiBHOMIpHICTh pO3MOJily XpoMy, a came
HasBHICTh B METaJICBiil OCHOBi 30H i3 BMiCTOM XpOMY IO
12 % (meratuBHUi moteHian) i moHax 12 % (mo3uTuBHUI
MOTEHINa) MPHU3BOIUTh [0 BHHUKHEHHS MIKPOTajib-
BaHIYHUX Map Y eNEKTPOITITHYHOMY CEPEIOBHIL, L0 PH-
LIBHIIYE KOpo3iiiHe pyiiHyBaHHs. [7, 8].

SIk okasanu JOCHIKSHHS 3 aHAI3Y PO3IOITY ee-
MeHTIB [9-11], da3u BUCOKOXpOMHUCTUX 4aBYHIB (KapOiau
Ta MeTaJieBa OCHOBA), III0 YTBOPIJIKCS 32 IIEPBUHHOI KpH-
CTaji3allii, MaloTh HE TUIBKH 3HAYHY XIMIYHY HEOHO-
pimHicTh, a ¥ cTpykTypHY (mapyBati kap0Oinu). ®asm i3
3HAYHOIO XIMIYHOIO IIIKBAII€I0 € TEPMOJUHAMIYHO He-
cTabuTbHUMU. BiamoBigHo 3MiHN TeMIiepaTypH 1 THCKY 3a
MEBHUA Tepiof dacy CHPHUSIOTh TEPMOTMHAMIUHIN
crabimizauii pasu. B nporeci 0Xon01KeHHs BUITUBKY B JIH-
BapHiil popmi (1o 600 °C) Ta TepmiuHiii 00poOIi BinOY-
BaETHCS MEPEPO3MNOALT SIEMEHTIB 1 HABITh 3MIHH y CTPYK-
TYpi: 0 <> Y IEPETBOPEHHSI, IEPETBOPEHHS KapOiaHi (3MiHa
tuny) [12-14].

HasiBHICTB y CKJajii 4aByHy JEKIJIbKOX Kap0iloyTBO-
pIOIOUMX EJIEMEHTIB NPHU3BOJAMTH JO TIIOSIBH KapOijiB
CKJIaJIHOTO XiMIYHOTO CKJIaNy, HAIMPUKIA
(Cr,Mn,Fe,Ni);Cs [14]. 3a TepmonuHamivHOi cTabimizamii
(a3 (oxonomkenHs y ¢opmi, TepMiuHa 00poOKa) BinOy-
BA€ETHCS MEPEPO3NOJIUT eJIEMEHTIB MiX KapOiramu 1 Mera-
neBiii ocHOBi [14, 15]. ATomMu ejeMeHTIB i3 OUIBIION
CTIOPIZAHEHICTIO JI0 BYTJIEIIO 3aMilIyIOTh B KapOiZiax aToMu
€JIEMEHTIB i3 MEHILOI CIIOPIIHEHICTIO, 3 ypaxyBaHHSAM
MacmTabHOro (hakTopy (KIIBKOCTI €IEMEHTY y CKIajil ya-
ByHy). Takum 4MHOM, B MeTaJeBili OCHOBI O KapOiiB
BMICT XpOMY 3MEHIIY€EThCSI, @ MAPTAHIIIO 3aJ1i3a Ta HIKEN0
30ubIIy€eThes. Cxema mpolecy nepepo3mnoaiTy eJIeMeHTIB
MDK Kap0OiaMy 1 METaJleBOI0 OCHOBOIO ITOKa3aHO Ha PHC.
1.

Hesucoxki Temmeparypu Bignary (mo 720 °C) Ta 06-
MEXEHICTh TepMidHOI 00pOOKH y Yaci He TO3BOJSIIOTH OT-
puMaTy piBHOMIpHHUI pPO3MOALT XPOMY y MeETaleBill oc-
HoBi. TakuMm umHOM, Oinst KapOiZiB YTBOPIOIOTHCS 30HU
MeTajeBol OCHOBM 13 MEHIIUM BMICTOM XpoMy Y
MTOPIBHAHHI 13 IEHTPATbHUMH YaCTHHAMH 3€PEH.
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Puc. 1. Cxema mpouecy nepepo3noniry KapoigoyTBOPIOIOUNX
€JIEMEHTIB
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JleryBaHHS BUCOKOXPOMHUCTHX YaBYHIB KapOiZoyTBO-
prorourmu exemeHTamu (Mn) a0o THMH, IO BIUTHBAIOTh HA
PO3UMHHICTH BYTJCHIO B MeTaneBid ocHOBI (Ni) BIuHBae
Ha BMICT XpoMy B 30Hax Oinst kapOizis [14, 16].

Marepianu i meToau

HocmipkyBani 4aByHu i3 BMmictoMm 1,1...3,9 % By-
riemto, 11,4...25,6 % xpomy; 0,6...7,8 % wmapranio,
0,2...3,0 %mnikenro ta 0,8...1,2 % KpeMHIIO BUILIABJISIIN B
IHAYKIIHHIH Teui eMHicTIO 60 KT Ta pO3JIMBAIM 32 TEMIIE-
patypu 1390...1410 °C. Maca BunuBky ctaHoBuia 50 Kr.
JIiis moOyI0OBM MaTeMaTUYHOI MOJIEI 3aJICKHOCTI BMICTY
XpOMy B 30HaX OIS KapOiIiB BiJf XIMiYHOTO CKIIATy YaBYHY
B cucreMi Fe-C-Cr-Mn-Ni micns Bignamy npu 720 °C 3
BUTPUMKOIO 9 TOIMH BUKOPHCTAIN METOIY MaTeMAaTHIHOT
CTaTUCTHKH. Matpums apiGHOTO (haKTOPHOTO EKCIepH-
menty 2*! naBenena y taGmmmi 1.

Tab6auus 1 — PiBHi Ta iHTepBanu BapitoBaHHS (hak-
TOpiB 10 mIaHy 2+!

o . daxropu
PiBHi BapitoBaHH:
daxropis C% | Cr% | Mn% | Ni%

Basosuii 2,50 | 18,50 | 3,00 | 1,60
Tntepan | A 1,00 | 500 | 1,70 | 1,00
3opane 1,414A | 1,41 | 7,07 | 240 | 1,41
Iieue

Bepxni +1 350 | 2350 | 470 | 2,60
piBHi 1,414 | 391 | 2557 | 5,40 | 3,01
i | 150 | 13,50 | 1,30 | 0,6
piBHi 1,414 | 1,00 | 11,43 | 0,60 | 0,19

XimMiyHUI CKJIaJ METajJeBOi OCHOBHM BHM3HAYaIM Ha
Mikpockoni PEM 10611 B iokanbHUX TOYKAX, HA BiJICTaHi
1...1,5 mxMm Bixg kap6inmiB. Ha puc. 2 moxa3zaHO MicCIst
BUMIPIOBAHHS XIMIYHOTO CKJIay Y JTOKAIbHUX 30HAX.

Puc. 2. Micis BUMiprOBaHHS XIMIYHOTO CKJIaAy Y JIOKATbHUX

30HaxX

Perpeciiina 3anexHicTh Oyna OoTpuMaHa 3 BHKOpPHU-
CTaHHSIM METONy MiHIMI3allil KBaJpaTiB BIAXHICHb
¢yukuii. JQucnepciiinuii anHamiz orpumaHoi 3aJeKHOCTI
MIPOBO/IMIIM BiJIIOBI/THO JI0 CTAaHJAPTHUX METOMK 13 BUKO-
pHCTaHHSIM KpUTepiiB: ajekBaTHOCTI F — KpuTepid
(dimepa); 3nauymocti ¢ — kpurepiii (CrplogenTa) Ta
BinTBOopeHHs1 G — kputepiit (Koxpena)
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Pe3yabTaTn

AHaumi3 XiMigHOTO CKIIamy KapOimHoi (a3u daByHY,
o mictus 2,31 % C, 20,37 % Cr, 7,75 % Mn, 1,53 % Ni
ta 0,86 % Si BusBUB, 110 y CTaHi JIUTBA KapOiau MicTUIN
45,43...51,46 % Cr, 7,77...9,67 % Mn, 0,01...0,19 % Ni
ta 0,37...0,77 % Si, a micna Bignany mpu 720 °C Bwmict Cr
B KapOimax 30inbmuBcs Ta craHoBuB 51,70...58,27 %, a
IHIIMX €JEeMEHTIB 3MEHIIMBCI 1 CcKiIaB mig  Mn
5,26...7,17 %, Ni 10 0,01 % ta Si g0 0,02 %. B 30Hax 0is
KapOifiB BMICT XpoMy Tcisl Biamaily 3MEHIIMBCS 3
9,73...10,58 no 7,44...9,27 %. BianoBigHO, BMICT Map-
raHiro 30iIbmmBes 3 5,98...7,12 % 1o 6,67...7,92 %.

3a pesynbTaTaMi aHaNi3y LUX JAaHHX MOXIUBI
HACTYIIHI BUCHOBKH:

- 32 MIEPBUHHOI KPHUCTaIi3allii YTBOPIOIOTECS TEPMO-
JUHAMIYHO HecTaOimpHI (a3u, 0 MaroTh 3HAYHY KiJb-
KicTh aToMiB Mn, Si ta Ni;

- Mapraselip, 10 Mae npomixny mix Cr i Fe cnopin-
HeHicTh 10 C KOHKYpPYE 13 XpOMY Ta YacTKOBO 3aMIIIYE
Horo B kapOigax;

- 3a Biznany Bmict Cr B kap0Oinax 3pocrae, a Mn Ta
IHIIMX KapOi0yTBOPIOIOYHX EIEMEHTIB 3MEHIIIYEThCS, L0
MPU3BOJUTH 110 3HIKEHHS KOHIeHTpamio Cr B MeTajeBii
OCHOBI Olys1 KapOiziB 3a 301bLIEHHs KUTbKOCTI Mn Ta iH-
IIMX KapOiZ0yTBOPIOIOYNX EJIIEMEHTIB.

3acTocyBaHHS METO/AIB MaTeMaTW4HOi 0OpoOKH
eKCIICPUMEHTAJIBHUX JAaHUX JO3BOJIMIIO BU3HAYUTH pe-
rpeciiiHy 3aJeXHICTh KOHIICHTpAlii XpOMYy Y 30HaX MeTa-
neBoi 0cHOBH 61 kapOiiB (Croey’?’) Bin BMiCTy B uaByHi
C, Cr, Mn Ta Ni nicast Bignany npu 720 °C 3 BUTPUMKOIO
9 rosuH, 110 BiANOBIA€ KPUTEPISIM: aJIEKBATHOCTI, 3HAUY-
IIOCTi Ta BiATBOPEHHSL.

3aJeXHICTh BMICTY XpOMY B METaJleBili OCHOBI 01y
kapOiztiB (Croen’?) Bizt KinbkocTi B yaByHi C, Cr, Mn ta Ni
OIHCYETHCS PIBHAHHSIM:

Croea'® = 10,445 — 2,736C — 0,972Mn + 2,019Ni +
0,005C? + 0,001Mn? + 0,018Cr2 - 0,007Ni? + 0,184CMn —
0,002CCr + 0,037MnCr — 0,145CrNi — 0,004(Cr/C)

MinimanpHe Ta MaKCHMaJIbHE 3HAYCHHS KoedimieHTa
Crocn'® HaBeneHo B Tabu. 2.

Tabauua 2 — Ckiagy 4aByHIB 13 MiHIMaJIbHUM Ta
MaKCUMaTbHUM 3Ha4eHHS Crocy 2

% Bwict enementis, mac. %

= PiBenn

&

= C Mn Cr Ni
Crocs’2° min 2,22 3,91 11,43 0,6 | 0,19
mac. % max 19,69 1,09 25,57 | 5,40 | 0,19

Amnani3 nanux tabaumi 2 moKasas, [0 MaKCUMajlbHa
KUTBKICTh XpOMY B 30HaX Oinst kapOifiB criocTepiranacs 3a
MakcuManbHOro BMicTy Cr i Mn Ta MiHIMabHOT KiTBKOCTI
C (xap6iziB) i Ni. Bmue xpoMy i ByTTIeIO € 3p03yMiTHM i
He ToTpedye NoscHeHHA. Brume Mn, MOSICHIOETBCS THM,
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mo BiH YacTkoBo 3amimye Cr B kapOigax i BiAMOBIIHO
BUBiTbHEHA YacTKa Cr 301IbIIye H0r0 KOHIIEHTPAITIO B Me-
TaJeBil OCHOBI. 32 MaJuX KOHIEHTpaIiii Ni 3HaXOAUThCS
B TBEpAOMY PO34HHI i3 HeoOMexeHoro po3unHHicTIO Cr i
BJIMIBA€ HA MPOIECH PO3IOALTY €IEeMEHTIB. 301IbIICHHS B
gaByHI Ni CIpusie YTBOPEHHIO ayCTEHITY, IO Mae oOMe-
XKeHy po3urHHICTh XpoMy 13 %. Bruus Cr ta Mn Ha BMicT
XpOMY B OCHOBI Oisi KapOifiB micis BiAnainy 3a pi3HUX
PIBHIB iHIIUX CIIEMEHTIB MIOKAa3aHO HA PHUC. 3 Ta puc. 4.
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Puc. 3. Bunuy Cr Ha noka3Huk Crocy’2

Mn Ta Ni

Ha pi3HuX piBHsxX C,

HaBeneni 3aiexHOCTI MiATBEPPKYIOTh IIOTEPEIHi
BHUCHOBKHM. XpOM B YaByHaX pO3MOJUIIETHCS Ha B 4a-
CTMHH: YacTHHA, 110 3B’s3aHa B KapOijax i 4acTHHA, 10
po3uMHCHa B MeETaleBili OCHOBi. 30UIBIICHHS BMICTY
XpoOMYy B YaBYHi 30UTbIIye HOTO KOHIIEHTPAINIO B 30HAX
0Oinst kKapOidiB HE 3aJIEKHO BiJl BMICTY 1HIINX JIETYBAIBHUX
€JIEMEHTIB.

[o3utuBHMIT BruB Mn Ha 3pOoCcTaHHS KOHIIEHTpAii
Cr B 30Hax Oinsg KapOimiB HE CHOCTEPITAEThCA IPH
MiHIMaJIBHIA KIJIBKOCTI XpOMY Ta HIKENI0 HE3aJeHKHO Bill
KUTBKOCTI BYIJICI0. 3a 30UIBIICHHS BMICTY XPOMY ITO3H-
TUBHHUH BJIMB MapraHill0 3pocTac OcOoOJMBO IMpPH TiJBHU-
NICHHI KITBKOCTI BYTUICIO (KapOiniB). 30iibIICHHS Kap-
0imHOoi (asum miABMINYE KOHKPETHICTh MapraHiioo sK
€JIEMEHTa, 10 YTBOPIOE KapOigM Ta 3MEHIIYE YacTKy
XpoMy, IO 3HAXOAMTHCS B KapOimax, BIAMMOBIIHO TiIBU-
IIYIOYH YacTKy XpPOMY PO3YHMHEHOTO B METAJIEBiil OCHOBI.
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Puc. 4. Brummsy Mn Ha noka3auk Croei’>’ Ha pisaux pimsx C,
Crta Ni

OTpyMaHa MaTeMaTH4YHa MOJENb J03BOJISE BHU3HA-
YaTH ONTHMAITBHUI BMICT XpPOMY Ta BYTJICIIIO IIPH 3aJaHUX
KUTBKOCTSIX Maprasifto Ta Hikemto. Hanpuknan, y Bupooax,
o NoTpeOyIoTh MeXaHi4HOi 00pOoOKM BMICT MapraHIio
oOMeXyeTbesi Ha piBHI ABOX BimcoTkiB [17], a Bwmicr
HIKeJI0 00MEKYEThCSI HOTO PO3YHHHOCTI Yy (hepuTi Ha piBHI
1,2 %. Ha puc. 5 mokazaHi nepeTnHr MaTeMaTHIHOI MOJETb
Ha DI3HMX pIBHAX MAapraHIio i HIKEIo, IO J03BOJIOTH
BU3HAYUTH ONTHUMAIGHUNA BMICT XpOMY Ta BYIJIELIEO U1 4a-
BYHIB PI3HOTO MPH3HAYEHHS Ta PI3HUX CUCTEMAaXx JIeryBaHHS
Fe-C-Cr-Mn-Ni, Fe-C-Cr-Mn Tta Fe-C-Cr.

[Mepetun S5a (quB puc. 5) 103BOJIsIE BU3HAYATH BMICT
Cr ta C i 3HOCOCTIHKMX YaBYHIB 3 MiJBHIICHOK KO-
posiiiHoto criiikicTio. [leperun 56 (nuB puc. 5) n03BoJsIE
Bu3Hauyaty BMICT Cr Ta C [u1st BUpOOHU 3 BUCOKOXPOMHUCTHUX
YaBYHIB 110 MOTPeOYIOTh MexaHiuHOi 00poOku. [lepeTun
5B (muB puc. 5) no3soisie Bu3Hayaty BMicT Cr ta C st
YaByHiB 3 MeTacTablIbHIUM ayCTEHITOM i3 MaKCUMaJIbHAIM
BMiCTOM MapTraHIIIo.
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BucHoBku

B C, Cr, Mn Ta Ni Ha BMICT XpoMy B 30HaX Me-
TaxeBOI OCHOBH Oinsl KapOiniB micns Bigmaimy npu 720 °C
Ma€ TMPOTHIICHKHI MPOSIBY 1 3AJIEKUTH BiJl KUTbKICHUX TTOKa-
3HHUKIB BMICTy KOHKPETHOTO €JIEMEHTy Ta iX CYMiCHOTO
BIUIMBY Ha Tpoliecu (OpMyBaHHS MEPBUHHHUX KapOiiB Ta
NIepepO3IOIil eIEMEHTIB 32 TEPMIYHOI OOPOOKH.

MaxkcumasbHa KOHIeHTpallis xpomy 19,69 % B 30Hax
MeTaleBOi OCHOBM Oinst KapOimiB micis BiAnmamy mpu
720 °C Bunukae 3a Bmicty 1,09 % Byrierto, 5,40 % map-
raio, 25,57 % xpomy Ta 0,19 % Hikemo.

OTtpuMaHa perpeciiiia MOAENb J03BOJISIE BU3HAYATH
ONTUMAJIBHUNA BMICT XpOMY Ta BYIJICLIO JJIsI BUCOKOXPO-
MHUCTHX YaBYHIB PI3HOTO TpPHU3HAYCHHS: KOPO3IHHOCTIH-
KHX, 3HOCOCTIHKHX 3 METAaCTaOlIbHUM ayCTEHITOM Ta pi3-
HUX TEXHOJIOTIYHUX BUMOT (0OpOOITIOBAHOCTI pi3aHHIM).
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Purpose. Increasing the corrosion resistance of wear-resistant high-chromium materials operating in a liquid abra-
sive environment makes it possible to increase the service life of products made from these materials, which is an im-
portant task in materials science. One of the main reasons for the occurrence of damage during corrosion processes is
the uneven distribution of chromium in the metal base, which leads to the formation of microgalvanic pairs on the surfaces
of parts in an electrolytic environment. The creation alloys of wear-resistant high-chromium, in the metal base of which
microgalvanic vapors are not formed, is a promising direction for increasing the corrosion resistance of such materials.
Investigation of chromium distribution processes after heat treatment parts of high-chromium cast iron, namely the for-
mation of metal base zones near carbides.

Research methods. Analytical review of publications. Metallographic, microstructural and local X-ray microanal-
ysis. Mathematical modeling of processes.

Results. It was revealed that during the heat treatment in high-chromium cast irons, structures with significant
segregation of chromium are formed. It has been established that after annealing of castings at 720 °C, the minimum
chromium content in the metal base is observed in the zones near carbides, and the maximum in the central zones of the
graids. The presence zones with a chromium content of more than 12 % (positive potential) and less than 12 % (negative
potential) leads to the formation of microgalvanic couples, which is the main reason for the acceleration of corrosion
damage in the metal base. The dependence of the chromium content in the zones near the carbides after annealing at 720
°C on the chemical composition of cast iron has been determined.

Scientific novelty. The mathematical model is proposed for determining the chromium content in the zones near
carbides after annealing at 720 °C with an exposure of 9 hours from the chemical composition of cast iron in the Fe-C-
Cr-Mn-Ni system. This makes it possible to predict the chromium content in the zones near the carbides and prevent the
formation of microgalvanic pairs.

Practical value. The dependence (mathematical model) obtained can be used in the development of compositions of
high-chromium wear-resistant cast irons with increased corrosion resistance and machinability.

Key words: high-chromium cast iron, metal base, carbides, chromium distribution, corrosion.

© Hetpebko B. B., 2022
DOI 10.15588/1607-6885-2022-2-2

ISSN 1607-6885 Hosi mamepianu i mexnonozii 6 memanypeii ma mawiurnooyoyeanni Ne 2, 2022



CTPYKTYPOYTBOPEHHSI. OIIIP PYMHYBAHHIO TA ®I3MKO-MEXAHIYHI BJIACTUBOCTI

VYIK 669.245.018.044:620.193.53

ITPO B3AEMOIIIO MIKPOJIETI'YBAJIBHUX EJIEMEHTIB 3 MEXKAMU
HHOALTY 3EPEH BUCOKOYNCTUX HIKEJIIO TA 3AJII3A

JI-p TeXH. HayK, podecop, 3aBigyBau kapenpu «Dizudne Marepiano3HaBcTBo» Harrio-
HAJILHOTO YHIBEPCHTETY «3amopi3bka IOJNITEXHIKAa», M. 3amopikks, YKpaiHa,
e-mail: olshan@zp.edu.ua;

Ompragenskuii B. 1O.

KaHJ. TeXH. HayK, JOICHT, HoIeHT Kadenpu «Diznune Marepiano3HaBcTBO» HarrioHa-
JBHOTO YHIBEPCHUTETY «3amopi3bKka IONITEXHIKa», M. 3amopixoks, YKpaiHa, e-mail
stepanova@zp.edu.ua;

Crenanosa JI. I1.

crapimmii Bukinanad kadenpu «Pizuune marepiano3zHascTBoy» HarioHanbHOTO yHiBEp-
CUTEeTy  «3amopi3pka  MOJITeXHiKa», M. 3amopikxs,  YKpaiHa, e-mail:
Jjuliakon7335@gmail.com;

Konouenxko IO. 1.

KaH/I. TEXH. HaYK, TOLEHT Kadeapu MmexaHiku HalioHaIpHOTO YHIBEPCHTETY «3amopi3b-
Ka MOJITeXHIKa», M. 3anopixoks, YKpaina, e-mail: nic_tz@ukr.net

Ckpeb1ioB A. A.

Mema po6omu. JJosedenns OilicnHocmi eghexmy 6i0mMUCHeHHsL OesIKUX MIKPOOOMIUOK 3 GHYMPIUUHIX MeIC 3ePeH 6 iXHi
BHYMPIWHI 00 €MU 3 RPUYUH YUCTNO TNEPMOOUHAMIYHUX VABTIEHD.

Memoou oocniosxcennsn. Buxionumu danumu Oyau cneyianbho 0OpaHi XiMiuHi CKIa0u MOOeIbHUX CNIAGI8 HA OCHOGI
BUCOKOUUCIMUX HIKENI0 MA 3aNi3d, MIKPOLe208AHUX IMPIEM, TAHMAHOM, YUPKOHIEM ma peHiem. Bubip nikemo ma 3aniza
5K OCHOBU Q0CTIONCYBAHUX CHAABIE 0OYMOGLEHULL MUM, WO 80HU € 6A3068UMU OIS YUCLEHHOT 2PYNU NPOMUCTOBUX CNIAGI6
(orcapomiynux HiKeregux Mamepianie i WUpoKo2o cnekmpy cmaietl pisHo20 NPU3HA4eHHs).

Busnauenns napamempis ipamox Hikeno ma 3aaiza nposooOUNU i3 3aCMOCY8aAHHIM YOOCKOHANEHO20 Ouppakmome-
mpa muny /[POH-1 ¢ mionomy (Hikenesi cniasu) i 3ani3HOMY (3QI3HI CNIAGU) PEHMSEHIBCHKUX SUNPOMIHIOBAHHIX 3 MO-
Hoxpomamu3zayieio ougpazosanux npomenis. Ilapamempu rpamox susHavanu 3 suxopucmanusim ninii (420)o ma (220)a
8I0N0BIOHO 01 HiKeNleBUX I 3ANI3HUX CHAABIE.

Ompumani pezynomamu. Micpyioui medici 3epen 6 HiKeni ma 3a1i3i npu pexpucmanizayii ympumyons 0oMiuKosi
amomu ma we i 4acmKo8o «8UMIMaromsy ix 3 06 emy 3eper. [1omoguyenHs NPUMEeIHCO8UX 30H (MOOMO iX «PO3PUXTIEHHA»)
3anobieae MONCIUBOCIT NEPECUUEHHS MeHC NOOLLY MIKPOLe2y8aTbHUMU OOMIUKAMU.

Bcmanosneno egpexkm cymmesoeo iomuchenHs 0esaKux MiKpoie2y8aibHux elemMenmis (WUpKOHilo ma pewir) e2iub
3epen mampuunux a3z (Hikeib ma 3a1izo).

3’acosano, wo natlbinbu echekmMusHO 6NAUBAIOMY HA XAPAKMEPUCTIUKU MIYHOCME 00CAIOHCEHUX Memdnesux mame-
pianie maki MiKpone2y8anvhi enemenmu, AK 1aHmMan (yepii) ma impid.

Hayxosa nosusna. Ilo6yoosani epagixu 3minu XiMiuHO20 CKAAOY MIKpOIe208aHUX 6A3068UX pO3YUHIE (HiKenlo ma
3aniza) npu 36epedxcenni MoHKOI 6y008u medic 3epeH. Y 6unaoky ix po3puxienist yeti eghexm GiOMUCHEHH s 3HUKAE.

Ilpaxmuuna yinnicms. OcKinbku eghexm MIKpoae2y8ants (K NOKA3AHO 6 HAGeOeHUX pOOOMAx) CYmmeso 6NIU6A€E
Ha MIYHOCHI XAPAKMepucmuKy Mamepianie, pe3yibmamu 00CHIONCEeHHs NOKA3ANU, SIKL 3 00PAHUX MIKPONIe2Yy8aNbHUX elle-
MeHmi8 Oilomb 6 YbOMY HANPSIMKY HAUOLIbW eQheKmUsHo.

Kniouosi crnosa: nixens, 3a1i30, MiKpone2y8anvti eiemMeHmu, impiti, 1aHMAaH, YUPKOHIll, peHill, napamempu Ipamox,
MedICI 3epeH.

MArOTh Pi3HOTO TUIY OCTPIBKH y3T0JPKEHOT Ta HEeY3roKe-

Beryn

[TapameTp rpaTky MeTaly-pO3YMHHHUKA € YYTIUBHM
IHIMKaTOPOM JIOKIFHHUX MOPYIIEHb B 3aKOHOMIPHOMY pO-
3TalllyBaHHI aTOMIB OCHOBH 1 IIOBHHEH 3aBXIM 3MiHIOBa-
THUCS BIATIOBITHO IO KUTBKOCTI, @ TAKOK BEIMYMHU 1 3HAKY
po3MipHOTO (paKTOpy po3drHEHNX aToMiB. [Ipu mpomy He
OCTaHHIO POJIb BiJirpae i B3a€EMOIis aTOMIB TOMIIITKH 3 Jie-
(bexTamu TpaTKH, 30KpeMa, 3 PI3HUMH 32 XapaKTepoOM Me-
JKaMH 3€peH, M0 HEPiIKO CIYTYIOTh MICISIMA HaWOUIBII
MIEPEBAYKHOTO PO3MIMIECHHS «Iy>KOPIAHUX)» aTOMIB B IIPO-
1eci ix cerperaiiiiHoro po3moiny.

[Tpn upoMy Tpeba 3BakyBaTH Ha Te, IO BHYTPILIHI
MEXI MOJUTy MOXYTh MaTH PI3HOMaHITHY OyZOBY, IOYH-
HAIOYM 3 MEPEeXiJHOI IPaTKu Ta IPaToK, sIKi B CBOIl OCHOBI

Hoi Oyn0BM (OCTpiBKOBa MOZIeIb MoOTTa, TUCIOKaliiHI Ha-
kormuenHst JIi, monens Kponbepra-Binbcona). Buxonsun
3 TEPMOJIMHAMIYHUX YSBJICHB, MOXKHA MepeI0aYnTH, 10 B
[UX TUISHKAaX BHYTPIITHBOI OYJ0BU MOKE BiIOyBaTHCS Tie-
PEpO3MOIIN JETYBaTbHHUX JOMIIIOK, MPH SIKOMY JAESKi 3
HUX MOXYTh BIATHCKYBAaTHCS BCEPEIUHY 3€peH, a 1HIII T0-
CIIaTUMYTBH IX MICIISI 32 JOITOMOTOIO BaKaHCIHHIX MeXaHi-
3miB. OCKUIBKH I1i MUTaHHS BUCBITJICHI B JIiTepaTypi HEIO-
CTaTHRO  TEPEeKOHNWBO, B Il  CTaTTi  YHCTO
EKCTMIePUMEHTAILHUM IIUIIXOM JIOBEICHO, 110 TaKa IPHITY-
IeHa MOXKJIMBICTh € JIOCTaTHBO peajbHOI0, TIPO IO CBij-
4aTh HaBelIeHI HIKYe B OCHOBHOMY TEKCTi CTaTTi eKcIle-
pUMEHTaNBHI JOCTaTHHO HAINHHI Pe3yJIbTaTH, OCKIIBbKH
BOHH OYJIM HEOJJHOPA30BO MEPEBIPECHI.
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MeTtoauka Ta MaTepiajau

SIk MeTaneBi OCHOBH BHKOPHCTOBYBAJIM BHCOKOYHC-
THUH HIKEJb Ta 0COOJIMBO YMCTE 3aJ1i30 i3 PI3HOTUITHUMH Mi-
KkponeryBansHIMH enemenTamu (Y, La, Zr 1 Re, tabum. 1
[1D.

3 MEeTOI0 BCTaHOBIICHHS TApaMETPiB I'PaTOK MiKpoJie-
TOBaHMX CILIaBIB Ha OCHOBI BUCOKOYHCTHX HIKEJIO Ta 3a-
Ji3a BUKOPHCTOBYBAJIM TNPEUM3IHHUN METON 3BOPOTHOL
3HOMKH B PEHTI'€HIBCHKHX POMEHSIX 3a JJOIOMOT'0r0 00pa-
HOTO qu(paKkTOMeTpa B MiTHOMY (TIPU TOCIIIKCHHI CILIa-
BiB Ha HiKeJeBiil OCHOBI) Ta 3aIi3HOMY (CIIJIaBH Ha OCHOBI
3ajri3a) BUIIPOMIHIOBaHHAX 3 MOHOXPOMATH3AIIEr0 Tudpa-
TOBaHMX IPOMEHIB. BHU3Ha4YeHHs BKa3aHMX IapameTpiB
3IACHIOBAIN 3 BUKOpHUCTaHHM JTiHiH (420)q 1 (220)q Big-
MOBIAHO JUIA HIKEJIEBHUX 1 3ali3HMX cIuiaBiB. [loxnOka Ta-
KOTO BH3HAYEHHS HE HepeBunryBanta Aa = 5-104 m.

Ta6muusa 1 — Ximiuanit cxiiag (3a po3paxyHKoM) Oi-
HapHUX MOJICTBHUX CIUIaBiB HA OCHOBI KapOOHIIBHOTO Hi-
kemio (100-111) i kapOOHITFHOTO 0COOIMBO YHUCTOTO 3a-
miza (200-218)

Innexc Bwmict no6aBku
CILIaBY x10%, ar. yacTka % (Mmac.)

100 - _

101 08Y 0,012
102 20Y 0,030
103 6,0Y 0,091
104 0.4 Zr 0,006
105 0,8 Zr 0,012
106 2,0 Zr 0,031
107 30,0 Zr 0,468
108 0,4 Re 0,013
109 0,8 Re 0,025
110 2,0 Re 0,063
111 60,0 Re 1,880
200 — —

201 04Y 0,006
202 08Y 0,013
203 20Y 0,032
204 6,0Y 0,095
205 0,4 Ce 0,010
206 0,8 Ce 0,020
207 2,0 Ce 0,050
208 6,0 Ce 0,051
209 0,4 La 0,010
210 0,8La 0,020
211 2,0La 0,049
212 6,0La 0,149
213 0,4 Zr 0,006
214 0,8 Zr 0,013
215 30,0 Zr 0,490
216 0,4 Re 0,013
217 0,8 Re 0,027
218 60,0 Re 1,968

OminroBan [2, 3] 3MiHE mapaMmeTpiB B 3aJIe)KHOCTI
BiJl cepelHBOI BEIMYMHU 3€pHA, SKa 3MiHIOBAIACh B IIPO-
Heci pekpucTaiizaniiHoro Binnany (Ha craiii 30MpanbHOT

pekpucraiizaiii) mpu temmeparypi 550 °C s HikeneBUX
ciuiaBiB 1 620°C s ciuiaBiB Ha OCHOBI 3ajiza. Bimgman
MIPOBOJIVIIY 13 3yIMHKAMH JUIsl BU3HAYEHHS PO3MIpIB 3epeH
(3a cmiBBigHOMEHHAM a = 3/Sy) 1 3MIACHEHHS TOXAIIBIION
PEHTTeHIBCHKOI 3HOMKH. [lepiii OIiHKM mapameTpiB Ipa-
TKH, 32 PIAKICHAM BHUKJIIOYCHHSM, BiAIMOBINANHA TOYATKY
cTaii 30MpaNbHOTO POCTY 3epeH.

BukinageHHs 0CHOBHOIO MaTepHaJly Ta aHaJi3
OTPHMAHHHX Pe3yJbTaTiB

Panime Oyyno mokasano [4], mo BBemenHs 0,1%
(Mac.) Oy1p-SIKOTO 3 €JICMEHTIB TPYITH JIAHTAHY B CJICKTPO-
JITHYHUHA HIKEJb MPUBOIUTH J0 30UIBIICHHS MapameTpa
TPaTKU IPH POCTi 3epeH, 1 Iie 0e3nocepeIHbO MOB'I3aHO 3
BIITUCHEHHSM HQ/IIMIIKY CETPErOBaHMX aTOMIB JOMIIIIKO-
BOI MiKpO/T0OaBKH YTiHO 3epeH (depe3 3MEHIIECHHS MiCT-
KOCTI MDKKPHCTAJITHUX IepeximHux 30H). OmHak icHy-
BaHH; MIPUHIMIIOBOI MOXKJIMBOCTI YTBOPEHHS 32 LIUX YMOB
cyOMmikpoBuaineHs npyroi ¢a3u (Ipu AOCSATHEHHI I'paHU-
YHO JTOIyCTUMOI Y1 HaBiTh OUTBII BHCOKOI aTOMHOI «Tpa-
HUYHOI KOHIIEHTpAIlii» eneMeHTa-aacopbara) abo y Burma-
JIKy peaiizalii mpoLecy «pO3PUXJICHHS» Mexi, sKe
TOB's13aHE 13 IEBHUM IEPEyKJIIaIJaHHSM aTOMIB B 00’ €Mi Tie-
pexinHoi rpatk (110 Beae A0 301IbIICHHS KiTbKOCTI aKTH-
BHUX IICHTPIB a7cOpOIlil Ha MeXIi MOJTY), BUMarae Oijib-
1101 yBard J10 UbOTo IUTAaHHS, & OTXKE, 1 OUTBII TIIMOOKOTO
aHaJIi3y BChOTO IPUYMHHO-HACIIJKOBOTO JIAHIIOKKA, SIKHI
BU3HAYa€ XapakTep 1 IHTeHCHBHICTh 3MiHM IapamMeTpa rpa-
TKH 00'€MHOT YaCTHHU CHCTEMH.

3 1i€ro MeToro OYJI0 MOCTaBICHO CEPil0 eKCIIepHMEH-
TiB, e Oy/IM BUKOPUCTAHI OUTBII YHCTI METaIEeBi OCHOBU
(BUCOKOUHCTHI HIKEIb 1 0COOIIMBO YHCTE 3AJ1i30) Ta IHUPO-
KAW CHEKTp PI3HOTHITHUX MiKpOJICTYBAJIBFHIX CIIEMCHTIB
(Y, La, Zr i Re).

Ha puc. 1 mpencrasieni naHi moAo 3MiHi MapaMeTpiB
I'PaTKU HIKEJII0, MiKpoJieroBaHoro Y, Zr i Re, B 3ajiexHOCTI
BiJl pO3Mipy 3epHa, SIKHii 3MIHIOBaBCsI B IIPOLIEC] 130TepMi-
YHOT'O BiAmaiy.

Jlyis criaBiB Ha OCHOBI 3aJTi3a BKa3aHi JIUIIE ITOYAT-
KOBI 3HaueHHs NapameTpiB (CyLUIbHI JiHil Ha puc. 2) i ix
KiHIIEB1 3HaueHHs (ITYHKTHPHI JIiHIT), OTpUMaHI MicJisl TPH-
BaJIO] TeMIIEpaTypHOi BUTPUMKH 3pa3KiB.

[Nepmi 106aBKK BaXXKKOPO3UMHHUX ITPIIO Ta JaHTaHy
B HIKEJb 1 3aJ1130 /ICII0 301IbIIYIOTh ITAPAMETPH IXHIX KpH-
CTAJIIYHUX IpaToK (prc. 2 i 3), 1m0 € HacHiaKoM cabKoi eH-
TPOMIIHOT PO3YMHHOCTI IUX MIKPOJIEIYBAIBHUX €JIeMEH-
TiB B MATPUYHOMY METAJIi.

30inbIeHHs BMicTy Oyab-skoro 3 Hux 3a 1-10* ar.
YAaCTKH MPAKTUYHO BXKE HE NPUBOAUTH JIO ITOJAIBIIOTO
3pOCTaHHs TapameTpa IPaTKH (BHACIIIOK JOCSTHEHHS
Maibke TTIOBHOTO HACHYCHHS MAaTpPHIl AOMIIKor0). [Tpuo-
JU3HO TaKUM K€ YUHOM Jie€ 1 nupkoHiit. [Ipote, fiomy Bin-
MOBi1a€ OUTBII BICOKA KOHIICHTpAIlisl HACHYCHHS 5K B Hi-
Kel, TaK 1 3aji3i.
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Puc. 3. KoHneHTpaniiiHi 3a1eKHOCTI TapaMeTpa IpaTKu
Hikenro i3 mobaskamu itpito (O), uupkoniro (O) i peniro (A)
(Bigman npu 550 °C)

[MapameTpu rpaTok HiKelro i 3aji3a 31 30UIbIIEHHIM
BMICTY PCHIIO 3MIHIOIOThCS MPAKTHYHO JIIHIKHO 3 JOAAT-
HIM KyTOBHUM KoedirieaToM (puc. 2 i 3), 0 CBiTIHUTH PO
MOBHY PO3YMHHICTH J00ABOK PeHito B 0a30BHX MeTaax (B
yChOMY iHTEpBaNi BUOpAaHUX HAMHU KOHIICHTPAIIii).

B mpomeci pocTy pekpHCTali3oBaHHX 3EpPEH BEIH-
YMHa MapameTrpa I'PaTKH 3MEHIIYEThCS ISl TO0YaTKOBUX
KOHLIEHTpALiil T00ABOK, 1110 BBOASTHCS, IPAKTUYHO Y BCIX
cucreMax (3a BUHATKOM cuctemu Fe-Re), 1m0 gitko dikcye
Xapakrtep KpuBux Ha puc.4. CrocrepexxyBaHe 3HIKEHHS €
HaWOUIBII 3HAYHUM y BUNAAKY KPUTHYHHX KOHICHTpAIiN
ITpiIO B HiKeJNI 1 JIaHTaHY B 3aJ1i3i, TOOTO TaKUX KOHIIEHTpa-
i, sKi 3a0e3MedyoTh MOBHE HACHYEHHS MIK3EPEHHHX 1
BHYTPIIIHBO3EPEHUX MEX IMOJTY. 3 IIbOTO BUXOANTH, IO
MITpYI0Ui MiK3epeHHI MeXi He TUTBKH YTPUMYIOTh 3aXO0I-
JeHI HUMH B TIporeci cBOro (HOpMyBaHHS TOMIIITKOBI
aToMHu (BHACTIIOK YHCTO TPYXKHOiI ab0 KOMOIHOBaHOI 3
ypaxyBaHHsIM 1€ 1 XiMi4HOT B3a€MOJIil), ajie 1 4acTKOBO
«BHUMITAIOTB iX 3 00'€My 3epeH, 301IbIIYIOYH TUM CaMHUM
3araJbHUI BMICT TOMIIIKH B rpaHuuHii (a3i. MOXKIUBICTh
MepeCHYEHHsI MEX IOy B TaKHX BHIQJIKaX, OYEBUIHO,
yCyBaeThesl uepe3 eheKT «PO3PUXIICHHS, IO MPUBOIUTH
JIO TIOTOBILICHHS NPUMEXOBHUX 30H. [Ipy 1npoMy 3aBasku
JIOCSITHEHHIO TTiKa 36pHOMEKOBOI €Heprii, CriocTepiraeTbes
AHOMAJIbHO BHCOKA HIBUAKICTb POCTY B METAi, SIKUH MiK-
pOJIEroBaHMi KPUTHYHOIO T00ABKOIO iTpito (JIaHTaHY).

OCKiJIbKH €KCHIEPUMEHTH TOKa3ajH, W0 JOCATHYTHI
piBEHBb 3ePHOMEKOBOI €HEpril He 3MIHIOETBCS B MPOILECi
MOAANIBIIOTO POCTY 3€peH, TO 1ie 3alBUi pa3 CBIAYHUTH HA
KOPHCTh KOHIICMIIi] MOCTIHHOTO PO3PUXIICHHA MEX IpH
Oe3nepepBHOMY 3MEHIICHHI IXHBOI 3arajJbHOI IUTOmIi (3a-
rajbHa EMHICTb MEX B TAKHX YMOBAX I10 CyTi 3aJIMIIA€THCS
cTab11130BaHO0 HA MIEBHOMY piBHi). SIkio O 11e HEe Bi0y-
BaJIOCs, TO B Ipolieci mirpatii Mex Mano 0 micue BifThc-
HEHHS 3 HUX B 00’ €M MaTpHIli YaCTHHU CErPeroBaHuX aTo-
MiB, SIKE€ CYIIPOBOIXKYBAJIOCS OM 30UIBIICHHSIM TapaMeTpy
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il rpaTku, a00 yTBOprOBaIKC O CyOMIKpOBUAUICHHS APY-
roi ¢asu, sKi IPUBOJSATH 0 3HWKSHHS 36PHOMEXOBOT eHe-
prii, a e B eKCIepUMEHTaxX He CIOCTepiraaocs.
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A — crutay i3 106aBKor0 iTpito; O — HUPKOHII; O — PEHito

Puc. 4 — 3miHa mapameTpa IpaTKH MiKpOJIETOBaHOTO
3ami3a (BepxHii rpadik) i Hikenro (HIKHS Tpyna KPHBHX)
B IIPOIIECi POCTY 3epeH

TakuM YMHOM, TIPUBEACHI JaHi JO3BOJISIOTH CTBEP-
JOKYBaTH, 110, OKPIM PO3PHUXJIEHHS MEX MaTpUYIHOI (a3u
3aBJISIKK TIEBHOMY MIKpOJIETYBAHHIO (HAIPHKJIIa], IIPH BBE-
JICHH1 MIKpOJI00aBOK JIaHTaHy JI0 3ali3a), He BHUKJIIOUCHA
MOXITMBICTB 1 OLTBII YaCTOTO TPOSIBJICHHS IIbOTO €()EKTY B
TIPOIIEC POCTY 3€peH (K 3aranbHOi TEHACHIIIT).

Jlesike 3HW)KEHHS ITapaMeTpy IPaTKH HIKEIo 3 PO34Uu-
HEHIMH Y HhOMY aTOMaMU peHiro (B 007acTi Maaimx KOH-
[IEHTpAIliil) MOXXHa TIOSICHUTH BXE €(PEKTOM «IOHACH-
YEHHS» MEXK, SKHH IIOB’S3aHUN 3 YHCTO TiOOCOBOIO
(XiMi4HOTO) afcopOIIi€eto.

3i 3pocTaHHIM KOHIIEHTpAIi] iTpifo Ta JTaHTaHy Bif-
OyBa€TbCs YIOBLUTbHEHHS TEMITY POCTY 3€PEH; BiIOBITHO
[[OMY CIIOCTEPITa€ThCs 1 MEHIII BUPAKCHE 3HIDKCHHS T1a-
pamMeTpiB 000X THITIB IPATOK (TYT BXKE MEBHUM YHHOM I10-
YHHA€E TT03HAYATUCS BIUIMB MPHCYTHIX 13 CAMOrO MOYaTKy
B OyIb-sKiii 3 OIHAPHUX CUCTEM CYOMIKPOBHUIIIEHb HA -
IKOBOT (ha3M i TOCTaTHBO BHCOKAa HACHYEHICTh MEX aTo-
MaMH JIOMIIIIKH).

[ TinpkM y BUNIagKy BEJMKUX KOHLEHTPALIM pEeHiro Ta
LIUPKOHIIO ITapaMeTp I'PaTKH HiKeJIro (3aJ1i3a) B IIpoLeci po-
CTY 3€peH 30UIBIIYETHCS, 1[0 CBIAKYE BXKE PO NiHE Bif-
THCHEHHS B TBEPIUI PO3UHH YaCTUHHU JOMIIIKOBUX aTOMIB
3 MDDK3EPEHHUX MEX BHACIIJIOK 3MEHIIICHHS iXHBOT cymMap-
HOI eMHOCTI (y BiICYTHOCTI €(peKTy pPO3pUXIICHHS).

TakuM 4MHOM, PO3IJISAAI0YN TUTAHHS B3aEMOJIT Mi-
KpO00aBOK 3 MEXKaMH 3€peH B paKypci IXHbOTO BIUIMBY Ha
3MiHy MDKaTOMHHUX BiJICTaHE! B IpaTIli pO3UMHHUKA, HEO0-
XIJHO BpaXxOBYBAaTH HE TIIBKH CITiBBIIHOMICHHS PO3MIpiB
ATOMIB JIOMIIIIKH Ta METAIy-OCHOBH, aJie i KOHIIEHTpAIIIIO,
sIKa HeOOXiHA Iy HACHYCHHS MDK3epeHHHUX Mex. Jlomi-
IIIKOB1 aTOMH OYyTh MPUTATYBATHUCS MEXEIO B pe3yNbTaTi
py>kHO1 a00 XiMiUYHO{ B3a€MOii BIPHUTYI IO AOCSATHEHHS
CTaHy i TOBHOTO HACHYEHHS JOMIIIKOIO 3 YpaXyBaHHIM
NPUIYCTUMOTO PiBHS po3puxiieHHA. OCKUIbKH IepeBH-
IICHHS JOCSITHYTOI «TpaHu4HOl KoHueHTpamii» (Cr = 1)
TEPMOAWHAMIYHO HEBUTIMHO (XOYa MPUHIUIIOBO i MOX-
JMBE 3aBIAKH 3aWHATTIO JOMIIIKOBUMH aTOMaMH MEHII
MPUJATHUX (B CHEPTETHYHOMY CEHC1) BY3JIOBHX ITO3UIIiH B
TpaHNYHOMY IIapi), HAJUIUIIOK aTOMiB OyzAe 3a MOXKJIHBI-
CTIO BIATHCKYBATHCS 3 MEX JI0 BHYTPIIIHIX 00’ €MiB 3epeH
MaTpHII.

BucHoBknu

1. ocnimkeHO HHU3KY MIKPOJIETOBaHMX CHUCTEM Ha
OCHOBI BUCOKOYHCTHX HIKEJIIO Ta 3aji3a i 3’5ICOBaHO €PeKT
MIKpOJIeTyBaHHsI Ha KiHIIEBI BIIACTHBOCTI Ta CIIy>KOOBI Xa-
PaKTEepUCTUKN 0OpaHUX METaJIeBUX MaTepialiB.

2. IokazaHo, 1m0 HaWOUTBII epEKTUBHO BILIMBAIOTH
Ha XapaKTePUCTHUKH MIIIHOCTi 00paHUX METaJIeBHX MaTepi-
aJliB Taki MIKpOJIETyBabHI €JIEMEHTH, K JIaHTaH (1epiil)
Ta iTpiil. i eJIeMEeHTH HaWOIIbII MOTYKHO BIUIMBAIOTH Ha
EHEepPreTHKy MEX 3€peH, IO i BH3HA4Ya€ CYTTEBE ITiBH-
IICHHS €EeKTy 3MIITHEHHS OOpaHIX MaTepiaiiB.

3. Ilo cTocyeThCs iHIINX €IEMEHTIB, a caMe ITUPKO-
HIIO Ta PEHil0, TO BOHH IIPH MAJHX KUIBKOCTSIX BIITHCKY-
FOTHCSL BCEPEAMHY 3€PCH, a MPHU OLIBIINX KOHIICHTPAIIsIX
MPUBOJITE /10 €(EKTy PO3PHUXJICHHS, 10 3MEHILYE TO3H-
TUBHHH e(heKT BiJ| MIKpOJIEI'yBaHHS.
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ON THE INTERACTION OF ALLOYING ELEMENTS WITH GRAIN
BOUNDARIES OF HIGH-PURITY NICKEL AND IRON

Ol’shanetskii V. Dr. Sc., Professor, Head of the Department of Physical Material Science, National
University “Zaporizhzhia Polytechnic”, Zaporizhzhia, Ukrain,
e-mail: olshan@zp.edu.ua;

Stepanova L. Candidate of technical Sciences, Associate Professor of the Department of Physical

Materials Science, National University “Zaporizhzhia Polytechnic”, Zaporizhzhia,
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Kononenko Yu. Senior lecturer of the Department of Physical Materials Science of National University
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Skrebtsov A. Candidate of technical Sciences, Associate Professor of the Department of Mechanics of
the National University “Zaporizhzhia Polytechnic”, Zaporizhzhia, Ukraine, e-mail :
nic_tz@ukr.net

Purpose. Proof of the reality of the effect of displacement of some microadditives from the internal boundaries of
the grains into their internal volumes for reasons of purely thermodynamic concepts.

Research methods. The initial data were specially selected chemical compositions of model alloys based on high-
purity nickel and iron, which are microalloyed with yttrium, lanthanum, zirconium and rhenium. The choice of nickel and
iron as the basis for the alloys under study is due to the fact that they are the base for a large group of industrial alloys
(heat-resistant nickel materials and a wide range of steels for various purposes).

The lattice parameters of nickel and iron were determined using an improved DRON-1 type diffractometer in copper
(nickel alloys) and iron (iron alloys) X-ray radiation with monochromatization of diffracted beams. The lattice parameters
were determined, respectively, using the (420)q and (220)« lines, respectively, for nickel and iron alloys.

Results. During recrystallization, migrating grain boundaries in nickel and iron retain impurity atoms and still
partially “sweep” them out of the grain volume. The thickening of the boundary zones (that is, their "loosening") prevents
the possibility of supersaturation of the interfaces with microalloying impurities.

The effect of significant displacement of some microalloying elements (zirconium and rhenium) deep into the grains
of the matrix phases (nickel and iron) has been established.

It has been found that such microalloying elements as lanthanum (cerium) and yttrium have the most effective influ-
ence on the strength characteristics of the studied metallic materials.

Scientific novelty. Graphs of changes in the chemical composition of microalloyed basic solutions (nickel and iron)
are plotted while maintaining the fine structure of grain boundaries. If they are loosened, this crowding out effect
disappears.

Practical value. Since the effect of microalloying (as shown in the presented works) significantly affects the strength
characteristics of materials, the results of the study showed which of the selected microalloying elements act most
effectively in this direction.

Key words: iron, microalloying elements, yttrium, lanthanum, zirconium, rhenium, lattice parameters, grain
boundaries.
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Mema pobomu. Busnauenns ymoe 3HUKHeHHs OLIAHKY nepepusuacmoi meuii ma i eniué Ha deghopmayitine 3miy-
HeHHsl HU3bKO 8yenieyesoi Cmali.

Axmyanvnicms. Bukopucmanns nuzvkogyaieyegux cmaiell 3 OlIAHKOI0 nepepuguacmoi meuii 0is wmamny@aHHs
mae cymmege obmedrcenns. Ha niocmasi yboeo, numanus 6naugy posmipy 3epHa (pepumy Ha GUHUKHEHHS nepepusyacmoi
meuii € akmyanbHUMU 071 BU3HAYEHHS ONMUMATILHO20 CIPYKMYPHO20 CIARY CMAJel, Wo npusHadeni oas enubokoi eu-
MAIICKU.

Memoou oocnioscenns. Cmpykmypy 3paskie 00CaioxHcysanu nio ceimuoeum MikpOCKONOM, po3MIip 3epHa gepunty
BUBHAUANU 30 MeMOOUKAMU KIIbKICHOI Memanoepa@ii. Mexaniuni eéracmugocmi cmaii 6U3HAYAIU NPU PO3ZMASAHHI, 3d
Kimnamnoi memnepamypu i wsuoxocmi oegpopmayii 1073 ¢!, Xapaxmepucmuxu 3apooocenns niacmuunoi meyii i napa-
Mempu 0epopmMayiliino20 3MIYyHeHHs GUSHAYANY 3a AHATIZ0OM KPUBUX POZMAZY 8 102aPUPMIUHUX KoopouHamax. B obnacmi
O00HOPIOH020 OehopMayilino20 3MIYHEHHS, 0edhopMayito NOPYUeHHs NPAMO NPONOPYINIHO20 ChiggioHouenHs Igo-Ige eu-
3HAYANU AK MOMEHM POPMYBAHHS OUCTOKAYIUHUX CIMPYKMYD 3 BUSHAUEHOIO NePIOOUUHICIIO.

Ompumani pesynomamu. 36inbuientss po3mipy 3epHa Gepumy cynposooICyEcmvcsi 3MEHUEHHAM OLIAHKU nepepus-
uyacmoi meuii i 3cy8om MomeHmy opmyearHs OUCTOKAYINIHOL YapYHKOBOT CIMPYKMYpU 8 OIK MAauX NAACMUYHUX 0eqop-
mayiu. [llsuokicme degpopmayitinoco 3miyHeHHA 8 001acmi 00HOPIOH020 OedhopmayiliHo2o 3miyHeHHs | Oegpopmayis Jlo-
depca 38’a3aHi 06epHeHO NPONOPYIUHUM CNIBGIOHOUWEHHAM. 30 HAOMIPHO 8eIUKUX PO3MIPI6 3epHa hepumy CKAAOHOWI
NIOMPUMKU YMO8 PIBHOMIDHO20 PO3NOOLILY NHIN KOG3AHHS CIAHOGSIMb OOHY 3 NPUYUH 3HUKHEHHS OUISTHKU Nepepueuac-
moi meuii Ha Kpueux degpopmayii HU3bKO8Y21eYye8ol CMaJi.

Hayxosa nosusna. Ilpu 30inewenni posmipy 3epra pepumy deghopmayis novamxy po3naoy pieHOMIpHO20 pO3HOOILY
oucnoxayil Ha nepiooudni CmpyKmypi, 3cy8acmvcsi 6 Oik smeHuienHs. IIpu ybomy, niosuweHHss CnpOMONCHOCE Memany
00 Oehopmayitinoeo 3MiYyHeHHs. NPU POPMYBAHHI cMyeu deopmayii Cnpusic 3MEHULEHHIO NPOMAICHOCMI OLISIHKU nepe-
pusyacmoi meuii.

Ilpaxmuuna yinnicme. Busnauenus xapakmepy 6niugy posmipy 3epHa (hepumy HU3bKogyeieyesoi cmai Ha Xapak-
mepucmuky 0epopmayitino2o 3MiYHeHHs Ma GOPMYSaAHHA OUCTOKAYITIHUX NEPIOOUYHUX CIPYKIYD, MOXCYMb OYMU KO-
PUCHUMU NPU BUSHAYEHH] ONMUMATLHO20 CIMPYKMYPHO20 CIARY CIAN 0151 2IUOO0KOT BUMSICKU.

Kmouoei cnoea: posmip 3epua pepumy, oucioxayis, depopmayia Jlrodepca, deghpopmayivine 3miyHennsi.

Oe3nepepBHUI TPOIIEC €BONIONII CTPYKTYpPH TpU Jedop-
MaIlii, XxapakTep 3apo/pKEHHS Ta IMOYATKOBI YMOBH ii po3-
MOBCIO/IKEHHS HA0YBarOTh BU3HAYECHOTO BIUIMBY Ha PO3BH-
TOK pAedopMariiifHoro 3MIIIHEHHS Ha pI3HUX eTamax
TUTACTHYHOI Tedii MeTaJeBoro Marepiainy. s HU3pKOBYT-
JIETIEBUX CTaJIel 3a BU3HAUEHOTO CTPYKTYPHOTO CTaHy, Ha

Beryn

[Mommpenns miactTuyHoi nedopmaiii B MeTaIeBUX
MaTepiajgax CyNpOBOKYETHCS BIIOBIIHUMH 3MiHAMH 1X
BHYTPIIIHBO1 OymOBH. B 3aleXHOCTI BiJl CTPYKTYPHHX
3MiH Ta HEOOXiHOCTI MiATPUMKH YMOB Oe3MepepBHOTO

PO3TOBCIOKEHHSI TUNIACTHYHOI Tedii, mpupicT aedopmartii
CYIIPOBOJIKYETHCA TOCTIHHUM MiABUIICHHSAM DiBHA IifO-
YUX HANpY>KeHb. 32 30BHIIIHIMHI 03HAKaMH KpHUBOI1 HaBaH-
TaKECHHS, XapakTep NPHUPOCTY HANpPyKEHHS BiJ CTyNEeHS
nedopmaliii 00yMOBJICHU 0COOTHBOCTSIME PO3BUTKY ITPO-
neciB nedopmaniitnoro 3minHeHHs [1, 2]. BpaxoByroun

KPUBHX Ae(opMarii MpUCYTHICTb IUISHKH IepepuBYacTol
Teuil BU3HAYAE XapakTep AePOpMaIlifiHOTO 3MIHEHHS [3,
4]. Ha mizncraBi 11boro, HaOyBalOTh MEBHOTO 3HAYEHHS ITH-
TaHHS CTOCOBHO (popMmyBaHHs cMyr nedopmamii Ta ix
BIUIMBY Ha PO3BHUTOK JedopMaiiifHOro 3MillHEHHs B BYT-
JIEEBUX CTAISIX 3 PI3HUM PO3MipOM 3epHa (epury.
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CTPYKTYPOYTBOPEHHSI. OIIIP PYMHYBAHHIO TA ®I3MKO-MEXAHIYHI BJIACTUBOCTI

MeTtoauka i maTepianu

B skocti MaTepiany s ZOCHIIKEHb BHKOpHCTaHA
HU3BKOBYIJICIIEBA CTallb 3 KOHLEHTPALIEC BYIJICHIO
0,06 %. 3pa3kaMu ajist TOCHIPKEHb OyB ApiT aiameTpom 1
MmM. [yt oTpuMaHnHs pisHOTO po3mipy 3epHa (deputy, mia-
METp 3aTrOTiBKH APOTY MiAOMpaI TaKMM YHHOM, 00 TIi-
CJIsl IPOTATYBaHHS Ha BOJIOYWIILHOMY CTaHi Ha CTYTIEHI Jie-
¢dopmartii 17...80 %, kiHIIeBUI HOTO IiaMeTp TOPIBHIOBAB
1 mM. OcrarouHoro omeparieto GOpMyBaHHS CTPYKTYpH
MeTaxy ApoTy OyB Binman mnpu temmepatypi 680 °C, Tpu-
BaJicTIO | TOM, IKWIi 3MIMCHIOBAIH B €JICKTPUYHIH Iedi Ka-
MepHoro THIry. [Ipu HarpiBi Oynu 3aisHI 3aX0/IH, IO 3a-
moOirafoTb  OKHCJICHHIO Mertamy. [licns  TepmivHOI
00pOOKH, CTPYKTYpPY 3pa3KiB MOCTIIKYBalIH i CBITIO-
BHM MiKPOCKOIIOM, 3 BUKOPHCTAaHHSIM METOIMK KiTbKICHOT
Metanorpadii [5] ams BU3HaUeHHS po3Mipy 3epHa (epury.
MexaHi4HI BITaCTHBOCTI CTali BU3HAYAJIH [IPU PO3TATAHHI,
B YMOBaX BUIIPOOYBaJIbHOT MalllMHK THITY «[HCTpOHY», MpH
KiMHATHil TemnepaTypi, mBHAKOCTI aedopmanii 107 ¢!,
XapaKTepHCTHKH 3apO/PKEHHS IIIACTHYHOT Teuil 1 mapame-
TpU JeopManifHOro 3MIilTHEHHs BU3HAYAJM 32 aHAJi30M
KPHUBHX PO3TATY, 110 OOY/I0BaHi B JOorapu(mMiuHUX KOOp-
nuHatax (puc. la).

a
o1,MPa
20 \
3
10 +—
4
"
0 O2,
0 10 20 30MPa
o

Puc. 1. Kpusa nedopmauii B koopauHarax 1go—Ige (a) ta
B3a€MHA 3MiHa G| U G2 AJIS CTaJli MiCIIs rapTyBaHHA i
Biamycky 680 °C (1); Hopmauizawii (2); i30TepMiuHOrO
nepeTBOpeHHs aycTeHiTy npu 550 °C, nedopmamii 25-90 %,
Bignany npu 680 °C (6)

[MTo3Hauanym TouKy A4 SIK MEXY IUIMHHOCTI (G7), TOUKY
B sx Hampy)XeHHS HEOOSPHEHOTO PYyXY IUCIIOKAIii (Go)

[1], AC sx gingHKY IepepuBYACTO]l Tedii, 0 JOPIBHIOE Jie-
opmarii JIronepca, CE sk 00nacTs ogHOpinHOTO Hedop-
MarliifHoro 3MinHeHH. Hampy>keHHs Ha KiHIII JiITHKH Tie-
pepuBUacToi Tedii (62) BU3HAYAIH K G = O3 — Oy, [I€ 03 —
Harnpy)XeHHs Ha KiHui ainsHku (Touka C), a 64 — Ha 11 1mo-
yarky. Jedopmauito (g,) BU3HAYaIM SK MOMEHT HOpY-
IICHHS TPSMO HPOINOPLIMHOTO CHiBBiIHOIIEHHS 1go-lge
(touka D, puc. la), o BiANOBia€ MOMEHTY IOYATKy PO3-
naJty piBHOMIPHOTO PO3IOJUTY JHUCIOKAI Ha CTPYKTYpH
3 BiJIOBITHOIO TepioquyHiCcTIO [1, 2].

Pe3yabTaTH Ta iX 00roBopeHHs

XapakTep BIUIUBY CTPYKTypH (GepUTy Ha Harpy-
JKeHHSI Tedii HU3bKOBYIJICLIEBHX CTalied CBIIYUTH, IO
e(eKT BiJI MOSIBH MEPIIMX 03HAK IIACTUYHOT AedopMarrii B
3HAYHIN CTyneHl NoAiOHUI PO3BUTKY TPOLECiB ieopma-
miftHoro 3mimHeHHs [1]. ns OIIHKM TpPHUPOCTY HAmpy-
JKCHHS BiJl MOIIUPEHHs CMyT nedopmaitii B 00s1acTi mepe-
puBuactoi Tedii (G1), CKOPHCTAEMOCS 3aJIEXKHICTIO VIS
HATpY>KEHHs, 0 HEOOXiJHe [Uis (OpMyBaHHs 3apojka
cMyru fedopmartii:

o1 =a-uNeL-blg-d, (1)
JIe 0. — MOCTilHA, I HU3BKOBYTIICIICBOI CTaJl TOPIBHIOE
0,3 [6]; 1 — Momyns TpyKHOCTI; & — Aedopmaris Jlro-
nepca; b — Bextop Broprepca; ¢ — KiJIbKICTh 3€peH, IO
CKJIaaioTh GpoHT cMyTHu aedopmariii; d — po3mip 3epHa
(epury.

IMincraBnsroun B (1) €, mist BimnmoBigHOTO d, W, b,
q=2[7]10=0,3 nicns po3paxyHKy G, BUSBHIIH, IO Bifl-
MIHHOCTI 3 €KCIIEpUMEHTAILHIMU 3HAYCHHAMU (G2) HE Tie-
pesumtytots 10...15 % (puc. 16). Ha nmincrasi nporo, cxe-
MaTH4HO nporiec (hopMyBaHHS 3apoJika cMyTH aedopmartii
CJIiJT PO3TIIANATH K IEBHUU MPHUPICT IUTBHOCTI TUCIIOKA-
IiH, o0 € MOAIOHNM PO3BUTKY IMPOIIECIB 1ehOpMAaIiifHOTO
3MirHeHHs [8], Xo4a i 3 NMEBHMMH OCOOJHMBOCTAMHU. 3a
30BHINIHIMHA O3HAaKaMH, OJHAKOBHU XapaKTep IPUPOCTY
Hanpy>XeHHs, pH nedopmarii Merany Bif 6o 10 ToukH C,
1 00macti omHOpigHOTO Hedopmarriiinoro 3minaeHHss CDE
(puc. la), mianoOpsSaKOBYIOTECS €AMHII mapabosivHiil 3a-
JexHOCTI [9]:

2 =0o+tK ",

)

ne K — nocriiiHa; m — MOKa)XUUK CTYIEeHS.

Ha mixcraBi nporo, cinif OYIKYBaTH 1CHYBaHHS
CHIBBITHOIIEHHS MiX €; 1 TapameTpaMu aedopMaLiifHoro
3MilHeHHs. Bu3Havaroun i3 (2) mepnry HOXiiHy G 1O €
(do/de), crae MOXJIMBUM OLIHUTH LIUIBHICTh PYXJIMBUX
JTUCITOKAIIH, M0 HEOOXiTHO MaTH I MiITPUMKHA YMOB
Oe3mepepBHOTO TOMIMPEHHS IUIACTHYHOI Jedopmartii.
BpaxoBytoun, 110 do/de € CTPYKTYPHO 4y TIMBOIO XapaKTe-
puctukorio [2], 6e3nepepBHe i1 3HWKEHHS 3 i IBUIICHHIM
ctyrneHs aedopmariii, T03BOJSE OIIHUTH EBOJIOLIIO Jie-
(hopMariiifHoTo 3MIITHEHHS 32 CITiBBiTHOIICHHSM:

dolde = m-ky*/n-b-py-d"’, 3
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e k, — KyToBuil KoedilieHT cHiBBiIHOIIEHHS XoJia-
[lerda; n — KITBKICTh 3€pEH, MO CKIATAIOTh PPOHT CMYTH
nedopmariii; p, — TYCTHHA PYXIIMBHX IUCIOKAIIIH.

BianoginHo n0 (3), HA MOMEHT YTBOPEHHS 3apojKa
cmyru nedopmaii Bennuuna do/de € nponopuiiHoo m, ky
1 00epHEHO NPOIOPLIHHOIO P,y 1 d. BUKOHAHHS CITIBBIIHO-
meHH (3) miATBEpIKY€ETHCS TTOPIBHUIBHUM aHaI130M 3Ha-
YEHb P, OTPUMAHUX 32 PO3PAXyHKaMH Ta 3 EKCIICPUMEHTY.
[incraBnsroun B (3) 3HaueHHs do/de Ui iHTEpBally
d115 — 10 mMxm (puc. 2a), m — 3 aHaNI3y KPUBHX PO3TATY
(puc. la), k, 1 n =2 [10], po3paxoBaHi BeIWYNHHA pm MTOKaA-
3aIi 00epHEHO MPONOPLIHHY 3aJIeXKHICTh Bif d (puc. 26).
[NopiBHsUTEHNUI aHANI3 a0COMIOTHUX 3HAYEHB pM MICIIA PO-
3paxyHKy Ta OTPHMaHHX EKCIIEPUMEHTAIIbHO, CBIIYUTH
PO JOCUTH 100pHii 30ir 3 BITOMUMH pe3ylbTaTaMu (puc.
20). Hiicro, mna cram 3 0,007 % C, mpu d =
=27 MM, pm ckragac 107 mm2 [11], a mors crai 3 0,04 %
C, npu d = 30 MKM, BKa3aHa XapaKTEPHCTHKA JIOPIBHIOE
106 MM [12]. OTke, BUKOpUCTaHHS CHiBBifHOIEHHS (3)
JI03BOJISIE, IPUHANMHI, SIKICHO OL[IHUTH XapaKTep HaKOIH-
YyeHHs Ae(eKTiB KpUCTATIYHOT Oy/I0BH Ha eTarli IIacTHy-
Hoi Teuii npu ¢opmyBanHi cMyru aedopmarii [7]. 3a 3a-
JISKHICTIO Py, ~ fd) cTae 3p03yMisTuM, IO i3 3MEHIICHHSIM
po3mipy 3epHa (epury, HeoOXigHa TYCTHHA PYXIIHBHX
JUCTIOKAIIN TS MATPAMKH TUTACTHYHOTO TeYii Ha DUISTHIT
TIepepUBYACTOI Tedii, 3pocTaTime. Ha mifcTaBi mboro, 9um
Mae OUTBIIYy MPOTSDKHICTh MaWJaHYUK TUISHKA IIePepUB-
yacToi Tedii, TUM BuIIe Oyne HaKoImMYeHa KiIbKICTh Juc-
JIOKAMii y MeTali 1 BIAMOBIIHO HIKYE 3HAUYEHHS do/de Ha
MOMEHT I0YaTKy 00JIACTI OAHOPIAHOro AedhopMaIliiftHOTO
3MinHeHHs [1]. BpaxoByroun iCHyBaHHSI MEXH MaKCH-
MaJIbHO TIPUITYCTUMOT KOHIIEHTpamii AUCIoKanii y Meraii
[2], cTae 3pO3yMijIMM 3HMKEHHS TIACTUYHOCTI HU3bKOBY-
TJIENeBO CTajl MPH MiJBUIIEHH] JUCIIEPCHOCTI CTPYKTYpH
¢epury. TakuM YHHOM, iCHyBaHHS OOEPHEHO IPONOp-
LIHHOTO 3B’SI3Ky MiX € 1 do/de € WiTKOM BHIIPaBIaHUM
(puc. 3a). BigmoBinHo 10 MeXaHi3My (OPMYBaHHS CMYTH
nedopmanii [10], miaTprMKa MEBHOTO TPAIEHTY JHCIIO-
Kaliit y GpoHTI CMYTH € OJIHIEI0 3 OCHOBHHX YMOB ii mo-
JaJIBIIOr0 PO3NOBCIOKEHHS. 3 [IbOTO BUILUIUBAE, IO IIEB-
HOMY pO3Mipy 3epHa (epUTy Ma€ BiIMOBIAATH HE TIIBKU
BU3HAYCHUII PO3MOALT AMCIOKALIM, ale W cama IIMpHHA
¢pouty cmyru aedopmarii. 3 METOI0 BHU3HAUSHHS POIIi
CTPYKTYpHOTO (haKTopa 3a CIIiBBIAHOUIEHHSIM do/de — €,
PO3TIITHEMO YMOBH 3apOJDKEHHS IUIACTHYHOI Jiedopmartii
Metany. [Jis hOro CKOPUCTYEMOCS 3aJCKHICTIO Gri Bif
po3mipy 3epHa ¢epury (puc. 36). 3a 30BHINIHIMH O3HA-
KaMU 3a3Ha4YeHi CITiBBiIHOIICHHS, X0Y i MiIKOPSIOTHCS 3a-
nexxkHocTi Trry Xoina [erqa:

or, Go=0;+ kyd®?, “)

MOCTIMHI BEJIMYMHM PIBHSHB BCE XK BiNOBIJAIOTh Pi3HUM
npolecaM 3MiHM BHYTPIIIHBOT OYyZOBH METaleBOro Ma-
Tepiany. JificHO, K10 3a CHIBBIIHOIIECHHIM Go = f(d), Be-
JIMYMHA G; B OLTBIIIN Mipi BiANIOBiZae HAIIPY>KEHHIO TEPTS
KPHCTaJIIYHOI PEIIITKH, TO 32 3aJIeKHIcTIO 67= f{d), 3a3Ha-
YeHa XapaKTEePHCTHKAa IIOB’s3aHa 3 HANPYXKCHHAM Tedil
MOHOKpHCTAITY.

do/de, GPa
6,8
o2
4,8 & 1

2,8

pm,-10°,mm™

7| .
100 ”\ 6
‘& \5
10 P
3

. AGEN

0 30 60 90 d,u

0
Puc. 2. Brus d Hu3bkoByTIIeneBoi craii Ha do/de (a) 1 pm 3a
(dopmyBanns cmyru gedopmarii (6), 3a CTpyKTypHOTO CTaHy
craii 3 0,06 % C miciis i30TepMiYHOTO po3Maay ayCTeHITY
npu 550 °C (1), Hopmauizanii (2), rapTyBaHHS Ta BiJITyCKy
680 °C (3), nedopmarii ta Bixnary 680 °C (4), [12] - (5),
[11]=(6), [13] = (7

do/de,GPa

1,5 \

1
0 0,03 0,06 g1
a

MPa

300

200
100

0 :
0 3 6 9 d-0-5 MmO

Puc. 3. B3aemna 3miHa do/de i €L — (a) Ta 3aIeKHICTh
or (1) i60(2) — (6) Bix d HU3BKOBYTICLIEBOT CTATI
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ITo xyToBOMY KOediLiEHTY k, TAKOX ICHYIOTb BiAMiH-
HOCTI moJ0 #oro ¢izumgHoro 3mMicty. Hezaxaroun Ha 11e,
BUKOHAHHA CIIBBiIHOIICHHS (4) BKa3ye Ha OJHO3HAYHUI
3B 430K 3 IHTCHCHBHICTIO HAIIPYKEHHS, SIKE HEOOX1HE /IS
MOJIOJIaHHsI MeXi 3epHa (eputy 3a nomupeHHsM aedop-
Marii. Y 3aranbHOMY BUTJISAI MEXaHI3MH PO3BHUTKY ILIa-
ctruHOi nedopmanii Ha eTari popMyBaHHI 3apojiKa CMyTd
nedopmanii ta obmacti i momMpeHHs, MalOTh 0araro
crinbHOro. B 000X BUmamkax MpPUPICT TYCTHHU TUCIIO-
Kaliil NpU3BOJUTH O raJIbMyBaHHS POOOTH JDKEpEN AuC-
nokanif. B pesynbrari morpiOHO Oe3nepepBHE MinBU-
LIEHHS PE3yJbTYIOUOr0 HANPYXCHHS SK KOMIICHCAMis
3a3HAYEHOTo sBHINA. BogHOUac, Mae 3pocraTtu Omip Mex
3epeH MOUIMPEHHIO AedopMartii BiJ] HAKOMMYEHHS JIUCIIO-
Kamid mobmm3y 3 HMMH. Ha mimcTaBi mporo, IiTKOM
OOTPYHTOBaHO CIIOCTEPIraeTbCsl 30IMBINCHHSA 4k, UIs
criBBiHOIIEHHS 67 = f(d), B NOPIBHsIHHI 3 G, = f(d). 3 iH-
moro OOKy, 3MEHIICHHS O7 1 Go 13 3pOCTaHHIM pPO3MIpY
3epHa Geputy (puc. 36), Mae MOSICHESHHSI 3a CITIBBIJHOIICH-
HiM (1). 3a pe3ysbTariB po3paxyHKy pm BHUILIMBAE, IO 3i
3pocTaHHsIM d BiOYBA€TbCSl 3HMKEHHS KUIBKOCTI PyXo-
MUX JUCIOKAIIiH, 10 HeoOX1THI TS MiATPUMKH YMOB Oe3-
TIepepBHOCTI MouIMpeHHst miactTnynoi nedopmanii [1]. 3i
CHIUTEHOTO aHAII3Y pe3yNbTaTiB puc. 2 i 3 BUIUIMBAE, IO
9uM OUTBIIAN PO3Mip 3epHA GEepuUTy, THM MEHIIE OyIe €r
Ta P, A8 popMmyBaHHSI cMmyru nedopmanii. [Tpu npomy,
3pOCTaTUMYTh XapaKTEePUCTUKU aedopmaniiiHoro
3MilHEeHHS (dG/de 1 m) Ha MOMEHT MoYaTKy o0jacTi of-
HOpigHOTO nedopmaniitHoro 3minueHHs (T. C, puc. la).
BpaxoByroun icHyBaHHsI CHiBBIJHOLLIEHHS do/de ~ Ap, ne
Ap — TIpUpPICT I'YCTUHHU HAKONIMYEHHX JAUCIoKaliii 3a 1. C,
30UIBIICHHIO ¢ BIAMOBINAE HENIHIHHUA XapakTep 3poc-
TaHHs Ap 3a AedopMaliifHOro 3MIiIHEHHS CTaJi TMicis 3a-
BEpLICHHS AUISTHKY NepepuByacTtoi Tedii. BogHovac 3 num,
3POCTAHHIO I'YCTHHH TUCIOKAIif MpUTaMaHHE 301TbIICHHS
WMOBIpHOCTI pO3Maay iX PIBHOMIPHOTO PO3IMOILTY Ha
CTPYKTYpH 3 BH3HaueHOw mnepioxmunictio [14]. Ha
MiACTaBi I[HOTO 30UIBIIEHHS! d TIOBUHHO CYIIPOBOJIKYBa-
THCSI 3MEHIIIEHHSAM BEINYMHHY IIACTHYHOT Aeopmartii, mo
BIMOBiTa€ TOSIBI O3HAK UCIIOKAIIIHOT YapyHKOBOT
ctpyktypu [1]. PesynbraTu puc. 4 miaTBepKyIOTh HaBe-
JeHi mostokeHHs. J{ificHO, 301IbIIeHHS po3Mipy 3epHa (e-
PUTY B HU3BKO BYIJIELIEBIH CTalli CyIPOBOKYETHCS OJJHO-
YaCHUM IIPOTpeCcyIOUMM 3HIDKEHHAM en (T. D, puc. la) ta
eL. binplue nporo, micis eKCTPaIoIsLii CriBBIHONIIEHD €N
~ d% Ta g ~ d%° 10 mepeTHHy 3 BiCcCIO a0CIHC, BUKO-
HaHHIO YMOB & = g, = 0 Oyze BiAMOBigaTH po3Mip 3epHa
¢epury B inTepBaii 800...900 MkM. 3 IIHOTO BUILIUBAE, IO
it GopmyBaHHA (QpPOHTY cMyrH aedopmarii, xomu d
nopiearoe  800...900 MM, chopmyBaTH HEOOXiTHUIHA
TpaieHT AMCIOKAIiil Ha MUIAHIN PO3MIpOM 3a BOUIBIIKH
2d, cTac He MOXKIJIMBUM.

VIMOBipHOIO NMPHYMHOO, CIIiJi BBAKATH BHHHKHEHHS
NOPYIIEHb y PO3MOJIiI JAWCIOKaliii mpu (opMyBaHHI
¢ponty cmyrn aedopmanii. ITinTBepmKyloTh HaBeneHe
MIPUNYIIEHHS pe3yJibTaTH JOCHIPKEHHS yMOB  (op-
MYBaHHS CMYT JedopMaliii B 4UCTOMY 3aii3i 3 po3MipoM
3epHa 1o 1 mm [10]. 3 aHamizy MIKpOCTPYKTYp MOXHa

BU3HAUUTH, IO 3 pO3MipiB 3epeH a0 250 MKM cro-
cTepiraeTbcs 3BHYalHUNA Xapakrep (opMyBaHHS CMYT Jie-
(hopmarii. Asne nounHarouu 3a d > 300 MKM, MOKHA BU3HA-
YUTH TP 03HAKHU MOPYIICHHS OJHOPIIHOTO PO3MOILTY
nedopmarii, Xxoda B CyCimHiX OUIBII ApIOHUX 3epHAx
po3moxin chimiB Bim JMiHIM medopmamii 3aMHITABCS OX-
HOpimHuUM. [IJis 3pa3KiB 3 pO3MIpoOM 3epHa OJIM3bKO 1 MM
BUSIBUTH (DPOHT cMYTH JeopMaliii HeMOXKITHBO. 3a Xapak-
TEPOM PO3IOJILTYy CMYT KOB3aHHs JUCIIOKallil fedopmartis
BUHHKAE OJpa3y y BCboMy 00’eMi MeTaiy. Takum YuHOM,
SIK 1110 Y HU3BKO BYTJICLIEBHX CTaJISX, pO3MIp 3epHa Gepury
Oyzne mnepeOUIBIIYBAaTH JIEKUIbKA COTEHb MIKpPOH, CIiJ
OUiKyBaTH TOPYIIEHHS YMOB ()OpPMyBaHHS HEOOXiJHOTO
TpajlieHTy IUCIOKalii npu (HOpMyBaHHI 3apOJKYy CMyTH
nedopmamii. B pesynmprari Ha KpuBii medopmamnii Oyme
BiJICYTHS AUISHKH MIEPEPUBUYACTO] TEUii, 8 TOYaTOK 00JIACTi
onHOpigHOTO AedopMariiitHoro 3MiTHEHHS Oye 30iraTucs
3 TIOSIBOIO TIEPIIMX O3HAK INIACTUYHOI e opmMartii.

EL.ENn
0,12
0,08 2
0,04 V’
1
0 ]
0 3 6 9 d-°5 Mm0+5

Puc. 4. Brutus d Ha €1 (1) Ta €: (2) HU3BKOBYTJIELIEBOI CTasi
BucnoBku

1. 30inpmeHHs po3Mipy 3epHa (epuTy CyIpOBOI-
JKYETBCSI 3MEHIICHHSIM JAUISIHKH TepepuBYacToi Tewil i
3CYBOM MOMEHTY (OpPMYBaHHS JUCIOKAIIHOI YapyHKO-
BOI CTPYKTYpH B OiK MaJIMX IUTACTUYHUX JehOpMarliii.

2. lIBunkicts geopmariiitnoro 3MirtHeHHS B 00J1aCTi
oHOPiAHOTO AehOopMAIifHOTO 3MIITHEHHS 1 nedopmartis
Jrogepca 3B’s3aHi 0OEPHEHO MPOTIOPIIIHUM CITiBBiTHO-
HICHHSIM.

3. 3a HaAMIpHO BETUKUX pO3MIpiB 3epHa (epury,
CKJIaJHOL MIATPUMKH YMOB PIBHOMIPHOTO pPO3HOALTY
JiHII KOB3aHHS CTaHOBJATH OJHY 3 NPHYMH 3HUKHEHHS
IUISHKM TIepepuBYacToi Tedil Ha KpuBHX gedopmarrii
HHU3bKO BYTJICLIEBOI CTaII.

Cnucok Jireparypu

1. Bakynenko . A. Mopdomorus CTpyKTypsl U Je-
dhopmarnmonHoe ynpounenue ctanu / U. A. Bakymenko,
B. U. bonbmakos. — JIn-ck : Makogenkuii FO. B., 2008. —
196 c.

2. babuu B. K. ledopmaririonHoe ynpoYHeHHE CTajIu
/ B. K. babwuuy, 1O. I1. I'yns, 1. E. Jomkenkos. — M. : Me-
Tamnyprus, 1972. — 320 c.

3. Cottrell A. H. The relation between the structure
and mechanical properties of metals / A. H. Cottrell // Sym-
posium Ne 15, NPL, Teddington. — 1963. — P. 455-473.

4. Crist B. W. Comparison of the Hall-Petch parame-
ters of zone—refined iron determined by the grain size and

© Bakynenko 1. O., [Tnituenko C. O., bonmorosa 1. M., [Tepkos O. M., 2022

DOI 10.15588/1607-6885-2022-2-4
ISSN 1607-6885

Hosi mamepianu i mexnonozii 6 memanypeii ma mawiurnooyoyeanni Ne 2, 2022



28

CTPYKTYPOYTBOPEHHSI. OIIIP PYMHYBAHHIO TA ®I3MKO-MEXAHIYHI BJIACTUBOCTI

extrapolation methods / B. W. Crist, C. V. Smith // Acta
met. — 1967. — Vol. 15. - N 5. — P. 809-816.

5. Bakynenko 1. O. Mopdosorust cTpykTypsl U Jie-
(dopmarmonnoe ymnpounenue cranu / 1. O. BakyneHko. —
JH-ck : Maxkoseukuii F0.B., 2010. — 124 c.

6. Pickering F. B. Physical metallurgy and the design
of steels / F. B. Pickering // Materials science series. Ap-
plied science publishers LTD, 1978.

7. Garofalo F. Factors affecting the propagation of a
Luders band and the lower yield and flow stresses in iron /
F. Garofalo // Met. Trans., 1971. - Vol. 2. — P. 2315-2317.

8. Vakulenko I. Influence of structure and parameters
of deformation on plastic instability metals / I. Vakulenko,
V. Pirogov // Collection abstracts. Proc. 8 Int. Conf. of
Fracture (ICF-8). — Kiev-Lviv. — 1993. — 453 p.

9. Ludwik P. Elemente der technologischen mechanik
/ P. Ludwik. — Berlin : Verlag von Julius Springer, 1909. —
57 p.

10. Imamura J. Contribution of local strain rate at

stress in iron / J. Imamura, H. Hayakawa, T. Taoka // Trans.
Iron. Steel. Inst. of Japan. — 1971.—Vol. 11, Ne 3. —P. 191—
200.

11. Igata N. Direct observation of hardening pro-
cesses of polycrystalline iron / N. Igata, S. Seto // Proc. Int.
Conf. Sci and Technol. iron and steel. — Tokyo. — 1970. —
Part. 2. — P. 1293-1297. — Discuss. — P. 1297.

12. Bergstrom J. The application of a dislocation
model to the strain and temperature of the strain hardening
exponent / J. Bergstrom, B. Aronsson //Inst. Metallforsk
[Rapps]. — 1971. — Vol. 753. — P. 27-39.

13. Kpumran M. M. CkopocTHasi 49yBCTBUTEIBHOCTD
COIPOTHUBIICHUS Je()OPMHUPOBAHUIO MIPU TIPEPHIBUCTON Te-
kydectst / M. M. Kpumrran / ®MM-1995. — T. 80. —
C. 163-167.

14. Holt D. L. Dislocation cell formation in metals /
D. L. Holt // J. Appl. Phys. — 1970. — Vol. 41. — Ne 8. —
P. 3197-5202.

Ooeporcano 21.09.202

Luders band front to grain size dependence of lower yield
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Purpose. Determination of the conditions for the disappearance of a section of intermittent flow and its effect on the
strain hardening of low-carbon steel.

Actuality. The use of low carbon steels with intermittent flow for stamping has a significant limitation. Based on
this, the issues of the effect of ferrite grain size on the occurrence of intermittent flow are relevant for determining the
optimal structural state of steels intended for deep drawing.

Research methods. The structure of the samples was studied under a light microscope, the grain size of the ferrite
was determined by the methods of quantitative metallography. The mechanical properties of steel were determined in
tension at room temperature and a strain rate of 107 s'. The characteristics of the initiation of plastic flow and the
parameters of strain hardening were determined from the analysis of tension curves in logarithmic coordinates. In the
region of uniform strain hardening, the deformation of the violation of the directly proportional relation Igo-lge was
determined as the moment of formation of dislocation structures with a certain periodicity.

Results. An increase in the grain size of ferrite is accompanied by a decrease in the region of intermittent flow and
a shift in the moment of formation of a dislocation cellular structure towards small plastic deformations. The strain
hardening rate in the region of uniform work hardening and the Liiders strain are related by an inversely proportional
relationship. With excessively large grain sizes of ferrite, the difficulty of maintaining conditions for a uniform distribu-
tion of slip lines is one of the reasons for the disappearance of the intermittent flow region on the deformation curves of
low-carbon steel.

Scientific novelty. With an increase in the grain size of ferrite, the deformation of the beginning of the decay of a
uniform distribution of dislocations into periodic structures is shifted to a decrease. At the same time, an increase in the
ability of the metal to work hardening during the formation of a deformation band contributes to a decrease in the length
of the intermittent flow section.

Practical value. Determining the nature of the influence of the grain size of low-carbon steel ferrite on the charac-
teristics of work hardening and the formation of dislocation periodic structures can be useful in determining the optimal
structural state of steel for deep drawing.

Key words: ferrite grain size, dislocation, Liiders deformation, work hardening.
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DETERMINATION OF THE OPTIMAL PARAMETERS OF LASER
BORIDING TO IMPROVE THE WEAR RESISTANCE OF PISTON RINGS
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Purpose. The goal was to determine the effect of laser heating parameters on the structure and depth of the borated
layer, since the properties of piston rings depend on the depth of the latter.

Research methods. Microstructural and X- ray phase analyzes were used to determine the structural state of piston
rings.

Results. Application of traditional boriding methods associated with diffusion of boron into the solid phase leads to
formation of the working layer having high brittleness. The conducted studies revealed that the increase in the speed of
displacement of the part in the process of laser heating reduces the depth of the borated layer. Such a dependence is
observed both at 0.15 mm thickness of coating and at a thickness of 0.30 mm. For all modes of workpiece displacement
speed for the used boron containing envelope with the above-specified thickness a higher thickness of the borated layer
and the heat affected area corresponds to a higher thickness of coating. Increase of the spot size leads to an increase in
the depth of the layer. By X- ray and metallographic diffraction there were decoded the phases and structural constituents
of the borated layer.

Scientific novelty. An approach to solving the problem of increasing the wear resistance of piston rings without
crumbling is shown. The use of laser heating during drilling ensures the formation of a new layer with special properties.
However, optimal properties can be achieved only after establishing a relationship between the parameters of the process
and the depth of the boron layer. X-ray and metallographic analysis determined the relationship between the rate of
irradiation and the proportion of high-boron structures in the layer. It is shown that the borated layer in high-strength

cast iron contains such phases as FeB, Fe:;B, a- phase, borocementite Fe3(B,C).
Practical value. Increased wear resistance of piston ring materials, which often limits the growth of machine
productivity and their service life. Research results can be extended to other parts subject to intensive wear.

Key words: piston rings, borated layer, laser heating.

Introduction

One way to improve the performance properties of
cast iron piston rings, exposed to abrasion, is boriding.
However, the use of traditional boriding methods associ-
ated with diffusion of boron into a solid phase leads to the
formation of a working layer having high brittleness.
Therefore, the actual problem is the development of a dif-
ferent method of surface hardening, not leading to embrit-
tlement. Implementation of such a process can be carried
out using laser heating accompanied by surface layer melt-
ing. However, this method can be offered to be used in the
production only after a detailed study of the relationship
between the parameters of process implementation and the
depth of the layer, as well as after studying the peculiarities
of structure formation under specific conditions of laser
boriding. The properties of the product on which a borated
layer is applied depend on the depth of the latter.

Analysis of publications shows that the technique of
increasing the wear resistance of piston rings by boriding,
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conducted using non-traditional methods, but using the
lat-est technologies has not been developed so far. In
sources [1-3] they proposed to increase durability by
either tradi-tional borating, or laser treatment. However,
there is no as-sociation of these two technological
processes.

Implementation of such a process can be carried out
by establishing the interrelation between the parameters of
laser heating and the depth of the borated layer.

The objective of this work was to determine the
influ-ence of laser action parameters into the depth of the
borated layer and revealing the features of structure
formation of such layers.

Purpose

The goal was to determine the effect of laser heating pa-
rameters on the structure and depth of the borated layer, since
the properties of piston rings depend on the depth of the latter.
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Material and methods of the experiment

The research material applied was ductile iron con-
taining C = 3.47 %, Si = 2.15 %, Mn = 1.36 %. After pre-
treatment, it had a ferrite-perlite structure (85-90% perlite).
The size of nodule corresponds to 3 points.

Laser treatment was carried out using the continuous
CO; laser. At a constant irradiation power they varied the
speed of movement of the sample in the range of
2—4 mm/s. The thickness of coating boron was 0.15 mm
and 0.30 mm. Conditional defocusing (Fcond) allowed to
change the irradiation spot diameter from 2 to 4 mm. A
mixture of amorphous boron with acetone and zapon var-
nish was used as a coating material.

The structure, phase composition, the depth of the bo-
rated layer was studied by optical microscopy, using con-
ventional and staining etching as well as X-ray structural
analysis.

Findings

With the help of etching by a 4 % nitric acid solution,
revealing the entire layer structure, it was established that
the change in the metal structure as a result of doping oc-
curs only in the melting zone. Study of the profile of the
reflow zone boundary indicates that a deeper penetration of
the metal matrix occurs near the graphite inclusions that
confers the border in waves.

Fig. 1 shows the dependence of the depth of the bo-
rated layer on the speed of workpiece displacement for two
cases — with a coating thickness of 0.15 and 0.30 mm
(curve 1 and 2 respectively).

08
07—
0,6
05 —
0.4 S
03 & Pag2
0,2
0,1

0

—+—Pag1

Depth of the borated layer

2 3 4
V.mmlc

Fig. 1. Dependence of the depth of the borated layer on the rate
of workpiece displacement: 1 — 0.3 mm thickness of coating;
2 — 0.15 mm thickness of coating

The graph shows that with an increase in the velocity
of sample movement the depth of the borated layer de-
creases. Such dependence is observed both at 0.15 mm
thickness of coating and at a thickness of 0.30 mm. Over a
full range of speeds of workpiece movement for the applied
boron containing coating with the specified thickness a
greater thickness of the borated layer and HAZ corresponds
to greater thickness of coating.

Fig. 2 shows a histogram of the depth of the borated
layer with a thickness of 0.3 mm and the workpiece veloc-
ity of 2 mm/s for the spot diameter 2 and 4 mm, and Fig. 3
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presents the same histogram in case of specimen velocity
of 4 mm/s.
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Fig. 2. Histogram of the borated layer depth with a thickness of

0.3 mm and specimen velocity of 2 mm/s for different diameter
of the spot
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Fig. 3. Histogram of the depth of the borated layer with a thick-
ness of 0.3 mm and specimen velocity of 4 mm/s for different
spot diameter

The above histograms show that the variation of de-
focusing conditions, the consequence of which is the
change of the spot diameter irradiation, results in a notice-
able change in the depth of the layer of laser doping. Thus,
reducing the defocus, ceteris paribus, the result of which
there is a decrease in spot diameter, it causes a decrease in
the depth of laser irradiation.

It can be assumed that the resulting effect is due to a
significant increase in the surface temperature resulting in
intense evaporation of the coating layer, increasing the en-
ergy costs for evaporation.

X-ray analysis showed that the borated layer in the
ductile iron contains such phases as Feg, Fe2g, a- phase,
borocementite Fe; (B, C).

A comparison of microscopic and X-ray analysis with
diagrams of state Fe-B and Fe-Fe,B-Fe;C revealed that
these phases at crystallization of melt can form throughout
the volume of the molten layer various structural compo-
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nents: a mixture of peritectic type (FeB + Fe;B), hypereu-
tectic, eutectic and hypoeutectic structures.

Differentiation of phases in various structures is car-
ried out by the method of coloring etching; by the analysis
of primary crystals forms.

Excess o- phase is formed from y- phase primary
crystals according to the martensitic mechanism. Boroce-
mentite Fe; (B, C) and borides FeB, Fe,B differ by metal-
lography — by excess crystals form and the behavior during
staining etching.

Primary borocementite crystals present plate-cluster-
ing — flat dendrites, which in cross sections are perpendic-
ular to the surface, are detected in the form of thin strips.

In accordance with the ternary diagram borocement-
ite can be formed not only by direct crystallization from a
liquid solution, but also as a result of peritectic transfor-
mation [2].

Structurally-free crystals of borides Fe,B are ob-
served in the form of rodlet crystals having in the cross-
section the shape of squares, rhombus, triangles, i.c. of all
possible cross-sections of the tetragonal prism.

Eutectic components of structures in the borated layer
are characterized by a definite structure diversity and dis-
persion.

The eutectic point in different layers and within the
same layer is different by both different dispersion ability
and various quantitative relation between the phases.

Comparing the patterns of layers with the comparable
depth illustrates the effect of coating depth on the structure.
For example, a three-zone layer with predominance of eu-
tectic and hypoeutectic structures can become dual-zone
with hypereutectic and eutectic zones with a predominance
of the first one when changing the thickness of coating
from 0.3 to 0.15 mm.

With increasing the exposure rate, under otherwise
equal conditions of treatment there is a decrease in the
depth of the layer, i.e. the volume of the molten metal bath
decreases and consequently- the amount of boron dissolved
in it increases therein. The data of X- ray diffraction and
microscopic analysis reveal a change in the layer composi-
tion. X-ray diffraction shows an increase in the intensity of

borocementite lines with the growth of irradiation rate, and
microstructurally it is revealed by an increase in the share
of structures with a high content of boron.

Conclusions

1. It was established that when conducting laser
boriding with an increase in RMS-velocity of sample
movement the depth of the borated layer decreases.

2. The histograms of the borated layer indicate the in-
crease of the latter with an increase of the irradiation spot
diameter from 2 to 4 mm.

3. X-ray and metallographic diffraction detected the
phases and structural composition of the borated layer.

4. The effect of coating thickness on the structure is
established.

5. X-ray and microstructural diffraction analysis re-
vealed a connection between the RMS-irradiation growth
and the share of high-boron structures in the layer.

6. The results of the research can be recommended for
implementation in production of both piston rings and
other parts made of ductile iron subjected to wear during
operation.
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Memoou Oocnioycenna. [[na SusHA4eHHS CMPYKMYPHO20 CMAHY NOPUIHesUux Kineyb BUKOPUCTNO8Y8AIU
MIKpOCMPYKIYPHULL MA peHmeeHopa308utl aHaiisu.

Ompumani pesynomamu. Buxopucmarnus mpaouyiinux cnocobdie 60pysauHs, noe’sa3aHux 3 ougysieo o60py 6
meepdy azy, npusede 00 popmyeanns poboyoeo wapy, wjo MAae SUCOKY Kpuxkicmv. B pesynomami nposedenux
0oCioHceHb 8CNAHOBIEHO, WO 30IIbUEHH WBUOKOCMI nepemiujenHs 0emaii 8 npoyeci 1a3epHo20 HA2Pi8y 3MeHULYE
2nubuHy wapy bopysanna. Taxa sanedxcricmes cnocmepicaemsca Axk npu mosuguni oomasxu 0,15 mm, max i npu moguyuni
0,30 mm. Ipu ecix weuOKOCmax nepemients 3paska O 6UKOPUCMAHOT 00Ma3Kuy, wo micmums 60p, i3 6KA3AHUMU
moswuHamu OLbUa MOBWUHA DOPOBAHO20 WAPY MA 30HU MEPMIYHO20 GNIUBY GION0GIOAE OLILULIT MOBUUHI OOMAZKUL.
36invuenns diamempy nASMU CAPUSIE 3POCMAHHKIO 2MubuHU wapy. Penmeenoepagiunum i memanozpapiunum memooamu
po3wuposani ghazu i cmpyKkmypHi cKnaoosi wiapy O0pyeaHHsi.

Hayxkoea nosusna. Ilokasarno nioxio 0o gupiutenHs npobdiemu RiOSUUeHHS 3HOCOCMIUKOCMI NOPUIHEBUX Kileyb be3
OKpuxuysauHs. Buxopucmaunna nazepnoco naepisy npu 6opyeanmi 3abe3neuye ymeopeHHs HO8020 wapy 3 0COONUBUMU
enacmusocmamu. OOHAK ONMUMATbHI 8IACMUBOCT MOACYIMb Oymu 00CAHYMI MINbKU NICIA CMAHOBIEHH 38 "SA3K) MIC
napamempamu npogedeHHs npoyecy i 2ubuHorw 6oposarozo wapy. Penmeenocpagiunum i memanocpagiunum ananizom
BUSHAYEHULI 38 30K MIXNC WBUOKICMIO ONPOMIHEHHS | YacmKolo ucokobopucmux cmpykmyp 6 wapi. Ilokazano, wo
Ooposanuil wap 6 6UCOKOMIYHOMY yagyni micmums maxi ¢asu, sik FeB, Fe:B, a- ¢pazy, bopoyemenmum Fes3(B,C).

Ilpakmuuna yinnicme. Iliosuwena 3Hococmiukicms mamepianie NopuiHesUx Kileyvb, WO Yacmo 00Mextcye
3POCMAaHHS NPOOYKMUBHOCME MAUUH | MePMIHY iX excnayamayii. Pesyniomamu 00cHioxicerb MoACyms Oymu nowuperi i
Ha [HWi 0emaJti, wo NioA2aOMsd [HMEHCUGHOMY 3HOULYBAHHIO.

Knrouosi crnoea: nopunesi kinoysi, wiap OOpysants, 1asepHull Hazpie.
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Purpose. The purpose of this study is to establish technological conditions and parameters for obtaining materials
for improving the performance of machine parts under conditions of heavily loaded friction units due to quasi-tribosys-
tems of gas thermal sprayed anti-friction layers.

Research methods. 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.

Results. On the basis of the theoretical and practical scientific research, a set of relevant knowledge has been ob-
tained, which makes it possible to determine the main criteria requirements for obtaining anti-friction layers and graph-
ically 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 pseudo-
alloys, consisting of particles with different physical and mechanical properties of materials, can have up to 2—3 times
higher wear resistance compared to single-component coatings from materials included in the composition.

Scientific novelty. 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 material particles with lower hardness to comply with the Charpy principle. It has been
determined that when spraying composite wires for application as a solid component of anti-friction coatings, it is pos-
sible 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.

Practical value. The obtained results allow, within the framework of technical and technological accuracy, which
is necessary in the 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.

Key words: wear resistance, hardness, quasi-tribosystems, anti-friction layer, gas thermal coating, spraying, pseu-
doalloy.

Introduction

To improve the performance of machine parts with
heavily loaded friction units due to the availability of
applications in the repair, restoration, hardening of
working surfaces, the technologies of gas thermal spraying
of anti-friction layers are becoming more and more widely
used [1].

First of all, this is due to the fact that the methods of
gas thermal spraying, despite the metallurgical
compatibility of the material of the part, provide a wide
range of coating thickness from 0.1 mm to 8 mm. In
addition, an insignificant melting zone of the working
surface and a slight overheating of the product cause the
absence of critical deformations. This makes it possible to
expand the technical and technological range of applying
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coatings on products without limiting their thickness to
dissimilar materials from pure metals to alloys and non-
metallic materials of ceramics, glass, and wood.

The problem of gas thermal coatings lies in their
insufficient technological adhesion to the friction surface,
limited properties that are related to the strength and
plasticity of sprayed layers compared to welded ones. The
analysis of the operating conditions showed that, taking
into account the low adhesive and strength properties of
gas thermal coatings, it is most appropriate to apply them
to parts working under conditions of corrosion destruction,
anti-friction layers for work under conditions of sliding
friction, surface wear, which provide press and running fits
during multi-cycle fatigue failure .

Therefore, the materials must provide high wear
resistance and a low coefficient of friction of the sprayed
surfaces of parts, a low tendency to the development of
adhesion processes between contacting surfaces with
limited access of lubricant to the friction zone and
destruction of the oil film, as well as high strength and
adhesive properties. Also, the materials must have high
heat capacity and thermal conductivity to ensure good heat
removal from the friction zone, to prevent overheating of
the coating and destruction of the oil film. Therefore, in
this work, the possibility of applying high-quality coatings
from anti-friction pseudoalloys, which will be suitable for
work in conditions of sliding friction at high contact
pressures and limited supply of lubricants, was studied by
the electric arc method.

In the literature, there are data on the use of several
types of anti-friction pseudoalloys, the most famous of
which are copper-lead, copper-steel, and steel-aluminum
compositions [5, 13]. The work studied the workability of
pseudoalloys with a composition of 70 % Cu + 30 % Al,
85 % Fe (low-carbon steel) + 15 % Cu, 75 % Cu + 25 %
Pb at sliding speeds of 3 — 4 m/s and loads up to

294 x 104 N/m?. Under such working conditions, an
oil film was formed and preserved in the friction zone,
which ensured high performance and good tribotechnical
properties of all sprayed pseudoalloys. The high
performance of pseudoalloys compared to cast materials is
due to the fact that, like metal-ceramic materials, they have
a porous heterogeneous structure. The presence of recesses
and pores provides favorable conditions for maintaining
the oil film in the process of friction even after stopping the
supply of lubricant. Porosity promotes wetting and
absorption of wear products. Therefore, pseudoalloys run
in quickly and show little tendency to burr formation
compared to cast anti-friction materials.

A significant improvement in the operational charac-
teristics of the sprayed layers can be obtained through the
application of multi-component coatings with a wide range
of doping. This can be achieved when using polymetallic
composite wires, which have a metal shell and a core in the
form of one or more metal wires of different composition,
for applying metallization layers. By changing the materi-
als of the shell and core, their mass ratio, it is possible to
obtain a wide range of compositions and properties of

sprayed coatings, which ensure the achievement of ac-
ceptable tribotechnical and strength characteristics of the
applied layers for the given operating conditions.

Materials and experiments

The possibility of using different compositions of
two-component pseudoalloys of the Fe-Al, Cu-Fe, Cu-Al
type, sprayed by the electric arc method using solid and
polymetallic wires, as well as multi-component coatings of
the Fe-Cu -Al type for parts operating at high contact pres-
sures in conditions of sliding friction at low speeds and lim-
ited supply of lubricant was studied.

The wear resistance of two-component pseudoalloys
of the Fe- Al, Cu-Fe and Cu-Al type, coated with solid and
composite wires, was determined when working together
with a steel roller made of steel 45 under conditions of lim-
ited supply of lubricant by drop method.

When determining the specified indicators, spraying
was carried out on samples, the surface of which was
treated by shot blasting with an acute shot with a particle
size of 0.8—1.5 mm, in order to obtain a microrelief with
Rz = 30-60 um. Spraying was carried out with wires with
a diameter of 1.5—-1.8 mm, the speed of which was selected
depending on the desired composition of the coating. Other
mode parameters were supported within the following lim-
its: arc voltage 34-38 V; spray air pressure 0.495-0.505
MPa;

The wear resistance of the coatings was determined
by testing samples with a cylindrical surface according to
the “shaft — clamp” scheme and samples with a flat work-
ing surface when they were worn by a roller according to
the “linear contact” scheme (Fig. 1).

a b

Fig. 1. Testing of samples according to the scheme of “linear
contact” (a) and “cylindrical contact” (b)

1. Sample with metallization coating;
2. Wear roller made of steel 45

R is the radius of the roller, N is the load on the roller

The tests were carried out on a 2070CMT-1 machine
with a roller with a diameter of 50 mm at a relative sliding
speed of 0.392 m/s. Tests of flat samples according to the
“linear contact” scheme were carried out under loads of
1250 N, 2400 N and 4800 N per 1 cm of the length of the
contact line. The intensity of wear was determined by the
volume of the worn pit V, related to the length L of the
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friction path. The volume of the worn pit on the sample was
determined geometrically, taking into account its dimen-
sions from the ratio:

where b — the width of the hole, mm

r — the radius of the surface of the pit, which was
taken to be equal to the radius of the roller, mm

[ — the length of the pit, mm.

Samples measuring 10x20 mm with a concave cylin-
drical surface were tested according to the “cylindrical con-
tact” scheme of the “shaft-clamp” system under loads of
1600 N, 2400 N and 3200 N, which provided a pressure on
the surface of the sample of 8 MPa, 12 MPa and 16 MPa,
respectively. The wear intensity was also determined by
the ratio of the worn volume of the sample to the friction
path. The worn volume was calculated based on the results
of measuring the weight loss of the samples during tests,
taking into account the specific weight of the coating.

The value of the coefficients of friction and the ten-
dency of the sprayed coatings to develop adhesion pro-
cesses with the counterbody were also evaluated. The co-
efficient of friction was determined by the ratio of the
friction moment to the load and the radius of the wearing
roller. The propensity of sprayed coatings to the develop-
ment of adhesion processes with a steel roller was deter-
mined by the time interval from the cessation of the supply
of lubricant to a sharp increase in the friction moment.

The strength characteristics of the coatings were eval-
uated based on the results of measuring their integral hard-
ness, the adhesion strength of the coating to the surface of
the sample, and the amount of internal stresses in the
sprayed layer. The hardness of the sprayed layers was de-
termined based on the results of five parallel measurements
with a ball indenter using the Rockwell method on the HRB
scale. The adhesion strength of the coating to the surface
was evaluated using the “pin pull” method [4,9]. It is
known [4] that the numerical values of the adhesion
strength, determined by the “pin pull” method, depend on
the pin diameter and will be larger the smaller the pin di-
ameter is used to evaluate the adhesion strength. Therefore,
this characteristic has a comparative information value for
the same test conditions. Samples with pins with a diameter
of 5 mm were used to determine the adhesion strength of
the coatings.

A comparative assessment of the magnitude of inter-
nal stresses in gas thermal coatings was carried out by
measuring the deflection of 2x20x200 mm samples after
spraying pseudoalloy coatings on their surface. Before
spraying, the samples were polished, shot blasted to create
the necessary microrelief on the sprayed surface, and then
annealed in a clamped state in a vacuum furnace to elimi-
nate internal stresses from rolling and shot blasting.

After spraying of such samples, a deflection occurs in
them, the value of which was measured with an indicator

with an accuracy of 0.05 mm.

Determination of the amount of internal stresses in
the sprayed layer was carried out according to the simpli-
fied Brenner-Senderoff relationship [4]:

_ E,8,
T 6rd,;

5
E;\#
62 + (_> 81 ) MHa
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where 9, is the coating thickness, m;

&, — thickness of the steel sample, m;

r —radius of curvature of the sample, m;

E, — the modulus of elasticity of the sprayed layer,
MPa;

E> — the modulus of elasticity of the material of the
steel sample, MPa.

The radius of curvature of the sample was determined
taking into account the value of the measured deflection h
and the length of the sample L from the ratio:

_L2+4h2
T

When calculating the value of internal stresses, the modulus
of elasticity of the sample material and the modulus of elasticity
of metallization coatings made of copper, aluminum, and iron
(steel with a carbon content of < 0.08 %) were taken according
to the existing experimental values given in works [4, 5,
10, 11].

The estimated values of the modulus of elasticity of
composite coatings were obtained by additively summing
the modulus of elasticity of simple substances that were
part of the coating. Average calculated values obtained
from the results of three parallel experiments were taken as
an evaluative value of the magnitude of internal stresses for
each type of coating.

Results and discussion

The results of the research showed that when working
in conditions of sliding friction at low speeds and limited
supply of lubricant, all types of sprayed pseudoalloys have
several times greater wear resistance compared to single-
component coatings made of copper, aluminum or iron.
This regularity is preserved for all test schemes and differ-
ent values of contact pressures.

When working in conditions corresponding to the
“linear contact” scheme, iron-aluminum coatings showed
higher wear resistance. Minimal losses have pseudoalloys
with 20-30 % Al (Fig. 2). At the same time, coatings
sprayed with composite wires have higher hardness and
wear resistance compared to coatings of a similar compo-
sition, but sprayed using continuous wires (Fig. 3). This is
caused by the presence of a significant amount of FeAl in-
termetallic phase in coatings sprayed with composite iron-
aluminum wires, while such intermetallic is practically not
detected in coatings sprayed with various types of continu-
ous wires.
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Fig. 2. Influence of aluminum content on the intensity of wear
of Fe-Al coating in conditions of linear contact with a load of
2.4 x 105 N/m
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Fig. 3. Effect of aluminum content on hardness of Fe-Al
coating

When working under the conditions of “cylindrical
contact”, the amount of volumetric wear of the samples is
significantly higher compared to the test according to the
“linear contact” scheme. This is caused by the influence of
the scale factor, due to the different area of the surface ar-
eas of the sample that are in contact during the friction pro-
cess, as well as the deterioration of the conditions for the
lubricant to enter the friction zone with cylindrical contact
at low sliding speeds. But even in the conditions of cylin-
drical conjugation of Fe-Al surfaces, coatings sprayed with
composite wires wear out less intensively compared to lay-
ers sprayed with solid wires.

The presence of a smaller amount of the soft compo-
nent in coatings sprayed with composite wires causes a
higher coefficient of friction compared to coatings sprayed
with solid wires, both when worn in cylindrical and linear
contact conditions (Fig. 4).

)07 +

Coefficient of friction. f

2,06 . i
0 20% 40% 60% 80% 100%
Mass part Al. %
coatings sprayed with solid wires
- coatings sprayed with composite wires

Fig. 4. Influence of the aluminum content in Fe-Al
pseudoalloys on the friction coefficient after stopping the
supply of lubricant for samples with linear contact under a

load of 2.4 x 105 N/m

Coatings sprayed with composite wires can work
longer without lubrication before beginning processes ad-
hesion with the steel roller compared to coatings of a sim-
ilar composition sprayed with solid wires (Fig. 5).

Time 7. min

0 20% 40% 60% 80% 100%
Mass part Al. %

coatings sprayed with solid wires
- coatings sprayed with composite wires

Fig. 5. Influence of the aluminum content in Fe-Al
pseudoalloys on the time of adhesion with a steel roller after
stopping the supply of Iubricant for samples with linear
contact under a load of 2.4 x 10° N/m

In conditions of cylindrical conjugation of the sample
surfaces, this time differs by two times, and in conditions
of linear contact, this difference increases to three times.

For copper-aluminum coatings, the maximum wear
resistance is achieved in pseudoalloys containing 20-30 %
Al. Compared to iron-aluminum coatings, copper-alumi-
num layers have 20-30 % lower wear resistance at high
pressures in linear contact conditions. At the same time, in
cylindrical conjugation, when it is difficult to get lubricant
into the friction zone, Cu-Al layers are somewhat superior
in resistance to wear of Fe-Al coatings, sprayed with both
composite and continuous wires.
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They are less prone to the development of adhesion
processes after stopping the supply of lubricant, providing
twice the duration of operation of sprayed surfaces without
lubrication compared to Fe-Al layers with a similar alumi-
num content.

Copper-aluminum compositions are easier to run in
and have a lower coefficient of friction compared to iron-
aluminum compositions. For tests under conditions of lin-
ear contact, this difference reaches 1.2—1.3 times, and for
cylindrical conjugations 1.1-1.15 times.

In iron-copper compositions, the copper content in
the amount of 20-50 % helps to increase the wear re-
sistance at high pressures in the conditions of linear con-
tact, but it is inferior to the wear resistance of Fe-Al and
Cu-Al compositions. In the conditions of cylindrical Fe-Cu
contact, coatings containing 20—-50 % copper also have sig-
nificantly higher wear resistance compared to one-compo-
nent iron or copper coatings, but even in this case they are
also inferior to the performance of Fe-Al layers.

Based on the obtained data, it was established that all
types of investigated two-component pseudoalloys under
wear conditions at high contact pressures and limited sup-
ply of lubricant have better performance compared to sin-
gle-component iron, copper or aluminum coatings.

Pseudoalloys sprayed with composite wires have
greater hardness compared to coatings of a similar compo-
sition sprayed with solid wires.

Therefore, they work better at high contact pressures
in linear contact conditions. In cylindrical conjugations
with a smaller value of contact pressures, coatings with a
significant content of soft components, which are obtained
by spraying solid wires, work in better and wear less.

Among the studied coatings sprayed with composite
wires, iron-aluminum coatings are characterized by maxi-
mum wear resistance. However, they also have the greatest
tendency to adhesion with the steel counterbody after stop-
ping the supply of lubricant. Metallization coatings of the
Cu-Al and Fe-Cu type are somewhat inferior to them in
terms of wear resistance, but have a lower friction coeffi-
cient and a lower tendency to adhesion with a steel roller.

The performance of parts with a metallization coating
largely depends not only on their tribotechnical character-
istics, but also on the strength of adhesion of the coating to
the surface of the product and the amount of internal
stresses that arise in it during cooling.

The adhesion strength depends on the quality of prep-
aration of the surface of the product for spraying, as well
as modes and techniques of spraying the coating. But under
other identical conditions, the adhesion strength will also
depend on the thermophysical properties of the sprayed
materials, the enthalpy of the particles, the possibility of
exothermic reactions between the components of the
sprayed materials.

Internal stresses, which depend on spraying modes
and thermophysical properties of materials, when spraying
coatings on the flat and internal surfaces of products,
reduce the adhesion strength and contribute to the
detachment of the coating from the surface of the part.
When applying coatings to the outer surface of products,

significant internal stresses can lead to the appearance of
cracks and the destruction of the sprayed layer. Therefore,
the adhesion strength and internal stresses significantly
affect the performance of sprayed parts.

Conclusions

1. The analysis showed that compared to cast anti-
friction materials of a similar composition, anti-friction
layers obtained by thermal metallization methods have
1.5-1.8 times higher wear resistance.

2. It has been proven that gas thermal coatings in the
form of pseudoalloys, consisting of particles with different
physicomechanical properties of materials, can have up to
2-3 times more wear resistance compared to single-com-
ponent coatings made of materials included in the compo-
sition.

3. It is shown that in order to ensure a good fit 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.

4. The positive role of aluminum as a soft component
of anti-friction pseudoalloys, which at an affordable cost is
well sprayed by the method of thermal metallization, has
been experimentally confirmed.

5. It was 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 in the process of melting intermetallics or phase
components of alloys that have a higher hardness.

6. Comparative analysis showed that two-component
coatings sprayed with composite wires are characterized by
higher hardness and wear resistance under conditions of
high contact pressures compared to coatings of a similar
composition sprayed with different types of solid wires.
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JlaniteBa I'. M.

HOxakos M. C.

Mema pobomu. Bcmanogienns mexHono2iuHux yMos ma napamempie 0Jis OMpumMaHHs Mamepianie nioguujerus npa-
ye30amuocmi 0oemarneii MawuH 6 YMo8ax 6axiCKOHABAHMAIICEHUX GY3/1i6 Mepms 3a PAXYHOK Keasimpubocucmem 2azome-
PMIYHUX HANUEHUX AHMUDPUKYTIHUX Wapis.

Memoou docnidxcennn. Buxopucmarno anpiopni 0ani y KOMIIEKCI 3 6IACHUMU HAYKOGUMU PO3POOKAMU 3ALEHCHOC-
metl 8NAUBY XIMIUHO2O CKAAOY 2A30MePMIYHUX HANUICHUX AHMUPDPUKYITIHUX WAPI8 HA DI3UKO-MeXaHiuHi 61acmueocmi
NOBEPXHEB020 Wapy Mamepiany, wo pyuHyEmsbCs 6 yMoeax mpubocucmem.

Ompumani pesynomamu. Ha ocnogi npogedenux meopemuko-npakmuiHux HayKogux 00CaioNHceHb 00epIHCano Kom-
nJexc iON0BIOHUX 3HAMb, AKI 00380AA10Mb BUSHAYUMU OCHOBHI KPUMEPIANbHI 6UMO2U OJisl OMPUMAHHS AHMUDPUKYITIHUX
wapie ma epagiyHo onucamu XapakmepucmuKy cniagy ma noKazamu Kopeiayii napamempis mixc coboro. Excnepume-
HMANbHO NIOMBEPOHCEHO NO3UMUBHY POb ANIOMIHIIO AK M’AKOI CKIA0080i aHmu@dpuKkyitinux nce80OCniasis, aKui npu
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docmynHiii cobisapmocmi 000pe po3nUTIEMbCA MemoooM mepmiyHoi memanizayii. JJogedeno, wjo 2a3omepmiyHi nok-
pumms y 6ueasadi nces0OCnIABI8, Wo CKIA0AIOMbCA 3 YACTHUHOK, WO B000I0MYb PI3HUMU I3UKOMEXAHTYHUMU 6]10CMU-
80CMAMU MaAMePIanie, MOXCYyms mamu 00 2—3 pasié 6inbuLy 3HOCOCMILIKICMb NOPIBHAHO 3 0OHOKOMNOHEHMHUMU NOK-
pummsamuy Mmamepianie, wo 6x005muv 00 CKIA0Y KOMNOZUYL.

Hayxoesa nosusna. Hagederno meopemuKko-npakmuuni HAyKosi 00CHiONHCen s 3 6I0MBOPEHHAM CUCIEMHO20 AHATIZY
07151 NIOBULYEHHs ONIPHOCMT 00 PYUHYBAHHA 8 YMOSAX K8A3IMPUOOCUCEM 2A30MEPMIUHUX HANUTEHUX AHTNUDPUKYITHUX
wapis. Iloxazano, wo ons 3abe3nevenns 006po20 NPUNPAYIO8aAnH KOHMAKMYIOUUX NOBEPXOHb V) 30HI mepms ma 4acmu-
HOK meepo020 Mamepiany 3 UCOKOI 3HOCOCMIUKICIIO Ma CMIUKICMIO 00 3MUNAHHSL 3 KOHMPMIIOM AGHMU@PUKYIUHI nce-
800CNIAGU NOKPUMMIE NOBUHHI MICIUMU 30HU YACMUHOK MAmMepiany. 3 MeHuow meepoicmio 0asi OOMPUMAHHS NPUH-

yuny lapni. Busnaueno, wo npu po3nuieHHi KOMRO3UYILIHUX OpOmie, 011 BUKOPUCIAHHS 8 AKOCMI MEepooi CK1ad08oi

aHMUGPUKYITIHUX NOKPUMMIE MOACIUBO BUKOPUCTNANHSA YACIMOK Je2YI0UUX eNeMenmis, o ymeoploiomy 6 npoyeci niag-
JIeHHsl iHmepmemaniou abo gazosi ckiadosi cniasis, AKi maroms 6inbuty meepoicmo. IlopieHANbHUL aHANI3 NOKA3A8, WO
0B80KOMNOHEHMHI NOKPUMMS, HANUIEHT KOMNOSUMHUMY OPOmMamu, 8i03HAYAIOMbCA OiNbUL 8UCOKOI0 MEEPOICHIO | 3HOCO-
CMIUKICMIO 8 YMOBAX BUCOKUX KOHMAKMHUX MUCKIE Y NOPIGHAHHI 3 NOKPUMMAMU AHAI02IYHO20 CKIAQY, HANUIEHUMU Di-
SHOMUNHUMU CYYITbHUMU OPOMAaMi.

Ipaxmuune 3snauenns. Ompumani pe3ynromamu 003801810Mb 8 PAMKAX MEXHIYHOI ma MexXHON02IUHOT MmoyHOCi,
KA HEOOXIOHA 68 NPAKMUYUHUX THHCEHEPHUX NPOSHO30X, BUHAYUMU (DI3UKO-MEXAHIYHI 8IACMUBOCME 3HOCOCIITIKUX HANU-
JIEHUX 2A30MePMIYHUX AHMUDPUKYIIHUX wapie 8 ymoeax keazimpubocucmem. Tak, nopigHAHO 3 GIOTUMUMY AHMUPPUK-
YIUHUMU Mamepianamu aHan02iYHo20 CKAA0y AHMUDPUKYITIHI wapu, OmpuUMaHi Memooamu mepmivHoi memanizayii, 6i0-
sHayaromsca 6 1,5—1,8 pazu 6invui 6ucokoio 3HococmiiKicmro.

Knrouoei cnoea: snococmiiikicms, meepdicms, Keazimpubocucmemu, aHMuGpuryiinuil wap, 2azomepmiune nox-
pUmMmsl, HANUIEeHHsA, NCeBOOCHIAs.
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rostislavpodolskij@gmail.com

Ilomonbcrkuii P. B.

Mema pooomu. Bcmanogumu payioHanvbHi pedcumu 6U20mMOoBIeH s 3pasKie 3 anominiesoeo cniagy AISilOMg npu
moswuni wapy 40 MKm 3a mexHoa02i€I0 8UOIPKOBO2O 1A3EPHO20 NIAAGNEHHS, OOCTIONCEHHS IX MEXAHIUHUX 81ACMUBOCIEl,
mMa NOPIGHAHHA 31 3PA3KAMU, BULOMOBIEHUMU 30 MPAOUYIUHUM CHOCOOOM 8UPOOHUYMEA.

Memoou oocniocenns. /[ 6usHaueHHs CMPYKIMYPHO20 CIAHY CHIABI8 BUKOPUCTNOBYBAIU ONMUYHY MIKPOCKONITO,
2DAHYIOMEMPUYHULL AHATI3 NPOBOOUNTU 3d OONOMO2OH CKAHYIOUO020 eNleKIMPOHHO20 MIKPOCKONRY, MEXAHIUHI 81aCMU80Cmi
BUBHAYATU 30 CMAHOAPMHOIO MEeMOOUKOI 3 3ACMOCYBAHHAM PO3PUSHOI MAWMUHU, BUSHAYEHHS NOPUCIMOCTI NPOBOOULU
3a pe3yIbmamamu MiKpOCmMpYyKmypHO20 AHAI3Y AK 8I0COMOK NIOW, AKUL 3alMarOms NOpU.

Ompumani pezynomamu. BukoHani 00CaioxicenHs 6naugy sMiHu napamempis (WeuoKicms CKAHY8AHHSA, 8IOCMAHb
MidiC mpeKamu) 8ULOMOBIeHHS 3PA3KI6 3a MEeXHONO02IEN 8UOIPKOBO2O NA3EPHO20 NIABNIEHHA HA 3MIHY WITbHOCMI 8UPODY.
Bcemanosneno, wo npu 30inbuenni weuoxocmi ckanysanusi 00 1200 mm/c Oinbus 3HAYHY pOTb 6 OMPUMAHHT GUCOKOT Wilb-
Hocmi idepac came 8i0cmanb Mixc mpekamu. 3 aHai3y MeXaHiYHUX 81acmugocmeli 8CMAaHO8IeHO, WO 3PA3KU 8US0MO08-
JIeHi 3a MeXHON02IEI0 8UOIPKOBO20 NA3EPHO20 NIABNEHHS 30 PEKOMEHOOBAHUMU PeXCUMAMU MAIOMb 8UUYe SHAYEHHS MUM-
uacoeozo onopy Ha 28 %, ma menwli 3HAYEHH XapaKmepucmux niacmuyHoCmi (6iOHOCHE NOO0BICEHHSI MA GIOHOCHE
seyoicennst) Ha 17,4 % ma 31,7 % 6i0no6ioHo 6 nopieHsHHI 3i 3pa3Kamu, U2OMOGICHUMU 3d MPAOUYIUHUM CROCOOOM
8UPOOHUYMEA.

Haykoea nosuzna. Bcmarnosneno 3aneicHicme 3MIHU WinbHOCMI OOCTIOHUX 3pa3Kie ucomoegienux 3a BJIII-mexwo-
noeiero 3 AlISi10Mg 6i0 napamempis sucomoeienns. Bcmanosneno, wo npu weuokocmi ckanysanus 1000...1100 mm/c
3PA3KU MAOMb PO3MID NOP 8 CEPEOHbOMY 6I0 2...7 MKM, 3pA3KU, 8UOMO6IeH] npu weuokocmi ckanysanns 1200 mm/c —
6i0 1 00 5 mKMm.

Ilpakmuuna 3nauumicms. 3acmocy8anHs OMPUMAHUX Pe3YTbIMAMIE 00360aUMb 8ULOMOGIAMU Oemalli 3 nioguuje-
HUMU XAPAKMePUCMUKAMUu MIYHOCMI 3i CNIagy Ha 0CcHOGI anominito AISil1OMg .

Knrouosi cnosa: subipkoge nazepue niasienns, mexaniuni enacmugocmi, winvricms, AISilO0Mg.

Beryn . . . .
OyaiBebHOI TUIATGOPMH Ta TOBTOPHHUH 3aITyCK Y TOYII

TexHoOOTiS AAUTUBHOTO BHPOOHHIITBA, TAKOXK BimoMa
gk 3D-mpyk, OCTaHHIM YacoM BCE dacTillle 3aCTOCOBY-
IOTBCS, @ TAKOXK PO3IIMPIOETHCS KUTBKICTh MaTepiaiB i Me-
TOJIIB, SIKI MOXKHa BUKOPHUCTOBYBATH.

Y poboTi Mu 30cepekeH] Ha BUOIPKOBOMY JIa3epHOMY
ruianeHHi (BJIIT). BubipkoBe nasepHe IUlaBieHHS - 1€
ITepaTUBHHIA MPOILIEC, IO CKIATAETHCSA 3 TPHOX OCHOBHHUX
eramiB: (1) HaHeceHHs 1Iapy ITOPOLIKY TOBLIMHOIO Bij 20
70 50 MM Ha OyniBenbHY mIathopmy; (2) 4acTKoBe Iu1a-
BJIEHHS IIapy MOPOIIKY JIA3EPHUM JDKEPEJIOM Ha OCHOBI
paninre immoproBanux nanux 3D-CAD; 1 (3) onyckanHs

(1). opommok 3a3BU4ail HAHOCUTHCS MOJIMEPHUM a0o0 Ty-
MOBHM CKPEOKOM.

AHaJi3 focaizkeHb Ta myOaikanii

Hocnimxenns apropis [ 1-3] ocTaHHIX IBOX POKIB B OC-
HOBHOMY OyJM 30Cepe/KeHI Ha YIpaBIiHHI IPOILECOM,
BKJIFOYAIOYH BIUIMB Pi3HUX MapaMeTpiB Mpolecy Ha cTadi-
JIBHICTB TPOIIECY 1 pe3ysbTYI0dy MIKPOCTPYKTYpY Ta Blla-
CTHBOCTI MaTepiais [4—06].

st BupoOHMIITBA JIeTajiel 4acTO BUKOPUCTOBYIOTHCS
paIioHaJIbHI TEXHOJIOTIUHI MapaMeTPH JJIs BiIIOBiTHOTO
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npuctporo BJIII Ta marepiany, sk e nependadeHo BUPOO-
HUKOM. Pi3HI BIacTHBOCTI MarepiaiiB sl 3pa3KiB, BUTO-
TOBJICHHUX 3a foromororo BJIII, Oymu Bu3HaveHi B X0oai 6a-
ratboX JIADOpaTOpHHUX JOCII/DKEHb 1 omyOnikoBani SLM
[7, 8]. ¥ mmx AOCHIIKEHHSIX YacCTO BHKOPHCTOBYBAIIUCS
BJIACHI ONTHMIi30BaHi MapaMeTpu IpoIecy, ToOMy IIi 3Ha-
YeHHS He 00O0B'SI3KOBO BiIOOpaXKaloTh AOCSHKHI 3HAUCHHS
B IIPOMHMCIIOBOMY IIPOIIECI.

i mocimkeHHs 3a0€3MeYyI0Th PO3YMiHHS BIUTUBY 0a-
ratbox (aKTopiB, IPUCYTHIX y Mpolecax aJUTUBHOTO Jia-
3€pHOr0 BHPOOHUITBA 3 BUKOPHCTAHHSIM ITOPOLIKOBOTO
1apy, TakMX SIK MIIJIBHICTH MIOPOLIKOBOTO LIAPY 1 MOBEIi-
HKa TIOTOKY ITOPOIIKY a00 TEIUIOBHUIA TOTIK 1 pO3MoisI Te-
mneparypu [7, 9-12]. Kpim Toro, Oynu mpoBeseHi iMita-
=] OCIHIDKEHHS YTBOPECHHS nedeKTiB Ta
MIKpOCTPYKTYPH i 9ac Iux mpouecis [§, 14—-16].

MeTta podoTu

BcraHoBiieHHs pallioHaJIbHUX PEKUMIB BUTOTOBIICHHS
3paskiB 3 ajgroMiHieBoro cruiaBy AlSilOMg npu TOBUIMHI
mapy 40 mkm 3a texunosoriero BJIT, mocmimkeHHs ix Me-
XaHIYHUX BJIACTHBOCTEH, Ta MOPIBHAHHS 31 3pa3Kkamy, BU-
TOTOBJICHHMH 3a TPaAULIHHIM CIIOCOOOM BUPOOHHIITBA.

Marepianu i meToau

Martepiaiom U TOCTIIKEHb OYJIH 3pa3Ku pPO3MipoM
10x10%5 MM 17151 BigIpanioBaHHs PEXUMIB APYKY MPH TO-
BuMHI mapy 40 MKM. 3 METOI0 BU3HAUCHHS MEXaHIYHUX
BIIACTUBOCTEH OyII0 BHUTOTOBJICHO 3pa3KH UIA BHIIPOOY-
BaHb Ha PO3TATYBaHHS, IPYK 3pa3KiB mpoBoauBcs Ha 3D
npunTepi Alfa-150 BupoOHMITBa KOoMmanii TOB «AJIT
VYkpaina» [2]. MarepianoM, BUKOPHUCTAHUM B I[bOMY JJOC-
JijpKeHHi, OyB cIuiaB Ha OCHOBI antominiro AlSil0Mg 3 po-
3MipoM yacTUHOK Bia 10 1o 45 mxMm. XimMiuHUN CKiIaj mo-
pouiky AlSi10Mg B % Bar.: Si = 10,0; Mg = 0,35; Mn =
=0,43; Al-balance [1-3, 17].

Buxigaunit MaTepian OyB JOCITIHKEHUH 32 TOTIOMOTOIO
pacTpoBoro  eleKTpoHHOro  Mikpockoma PEM-106
(puc. la) nns BuzHaueHHS GopMu i po3mipiB yacTHOK. Ha
puc. 16 HaBeneHO pe3ynbTaTH aHATI3Y.

Ilepen BunpoOyBaHHSAM BCi JOCHITHI 3pa3Kéd MPOXO-
JVIM TPOTOYYBaHHS HAa TOKapHOMY BepcTaTi IJIsl 3MEH-
LIEHHSI LIOPCTKOCTI 3 METOI0 3MEHILIEHHSI KOHIIEHTPATOPiB
HanpysxeHb [3]. BunpoOyBaHHs AJ11 BU3HAYCHHS MEXaHi4-
HHUX BJIACTHBOCTEH ITPOBOIMIIN BioBiAHO 10 ISO 6892 Ha
BunpoOyBanbHii MammHi INSTRON [18].

Bu3HaueHHSsI MOPHUCTOCTI MPOBOAMIIN 32 Pe3yJIbTaTaMu
MIKpPOCTPYKTYPHOI'O aHali3y sSK BiJJCOTOK IUIOII, SIKHH
3aiiMaroTh NOpH.

Pe3ysabTaTH Ta iX 00roBopeHHs

Bynu BurorosneHi 3pa3ku 3a Texnonoriero BIIII 3 mo-
pouIKy cruraBy Ha ocHOBi anmfomiHito AlSilOMg 3a mocmin-
HUMH TEXHOJIOTIYHUMH pPEXHMaMHU TpPH TOBIIWHI pobo-
yoro mmapy 40 MkM. BU3HAUWIM MOPHUCTICTH TOCIIAHUX
3paskiB (Tabim. 1).

Yactka, %
=
w

25

20

10

5 Um

. M [
0 5 10 15 20 25 30 35 40 45 50 55

PO3MbIp YaCTMHOK, MKM

0
Puc. 1. Yactunku BuxinHoro marepiainy AlSilOMg npu
360utpmenHi 100 (a) Ta pe3ynbTaTd TPaHyJIOMETPHYHOTO
aHaJizy (6)

Bci 3pa3ku Oynu BUTOTOBJICHI 1O BiiOpaHUM onTUMa-
JBHUM 1IEHTUYHHAM PEKHMaM, PO3TALIOBYBAINCS 3pa3KH
Ha maathopMi y BEpTUKAIBHOMY MoJI0KeHHi (puc. 2). Pe-
JKUM CKaHyBaHHS: IIBUAKICTH ckaHyBaHHA 1200 mm/c, To-
TyxHicTh — 180 BT, Bincranb Mk IpoXofamMu CKaHyBaHHS —
0,11 mm.

Puc. 2. Po3ranryBanHs 3pa3kiB Ha miaTdopmi

Ha migcTaBi oTpuMaHuX pe3ysbTaTiB 0yiio moOymaoBaHO
rpadik 3MiHU OITEHOCTI BiJl 3MiHU apaMeTpiB (puc. 3-5).
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Tadmuusa 1 — Hocmigai pesxumu CJIIT TexHOMOTIT
IIpH IPYKy 3 MOPOIIKY anmoMiHieBoro cruaBy AlSil0OMg
Ipu TOBIIHHI mIapy 40 MKM

Mapxkysanus |[IIBunkicts cka{ [loTyxHicTs, |BigcTanp MiK
3pasKy HYBaHHS, MM/C Br TPEKAMH, MM

1 1000 120 0,11
2 1000 120 0,13
3 1000 120 0,15
4 1000 140 0,11
5 1000 140 0,13
6 1000 140 0,15
7 1000 160 0,11
8 1000 160 0,13
9 1000 160 0,15
10 1000 180 0,11
11 1000 180 0,13
12 1000 180 0,15
13 1100 120 0,11
14 1100 120 0,13
15 1100 120 0,15
16 1100 140 0,11
17 1100 140 0,13
18 1100 140 0,15
19 1100 160 0,11
20 1100 160 0,13
21 1100 160 0,15
22 1100 180 0,11
23 1100 180 0,13
24 1100 180 0,15
25 1200 120 0,11
26 1200 120 0,13
27 1200 120 0,15
28 1200 140 0,11
29 1200 140 0,13
30 1200 140 0,15
31 1200 160 0,11
32 1200 160 0,13
33 1200 160 0,15
34 1200 180 0,11
35 1200 180 0,13
36 1200 180 0,15

100 g

& 99 1

5— 25 011 5

120 0,13 g

140 Bt

160 0,15 a

180
TlorysEmicTs, BT
W05.06 m06.97 m97-98 #098-00 mW99-100

Puc. 3. 3anexHicTh OITBHOCTI 3pa3KiB, HAIPYKOBaHUX TPH
ToBIIMHI mapy 40 MKM Ta mBHAKicTIO ckaHyBaHHs 1000 mm/c

100 ;
= 99 g
E 98 %
- -
o 2

95 5

120 i
140 g
160 0,15 e
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Puc. 4. 3anexHicTh MINBHOCTI 3pa3KiB, HAAPYKOBAHUX IIPH
ToBIKMHI mapy 40 MKM Ta MBHIKICTIO ckanyBaHHs 1100 Mmm/c
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Puc. 5. 3anexxHicTh MINBHOCTI 3pa3KiB, HAAPYKOBAHUX IPH
TOBIIUHI mapy 40 MKM Ta MBUIKICTIO ckaHyBaHHA 1200 Mmm/c

B pe3ynmpTati MiKpOCTPYKTYPHHX JOCIiIKEHb BCTAHO-
BJICHO, 10 y 3pa3Ky Nel € psi mop, mMoB’sI3aHAX 3 TIEpexo-
oM Big down-skin go in-skin [1-3, 7-8, 17], po3rary-
BaHHs XaoTW4He Ha ruiomuHi tntida. J{ns 3paska Ne 2
MIKpPOCTPYKTYpHa KapTuHa ifeHTH4yHa 3pazky Ne 1.V 3pa-
3Ky Ne 3 € BenMKa KiIbKIiCTh MOP, TTOB’I3aHKUX 3 HETIPOILIa-
BJICHHSIM, TAKOX CIIOCTEPIraeThesl esika IX KUIbKICTh B 00-
macti mepexody Bing up-skin go in-skin, cmocrepiramm
HazpuB y obunacti up-skin, OyB 3adikcoBaHUM HENPOILIaB,
3all0BHEHUI HEPO3IIJIaBJICHUM MOPOIIKOM.

3pazok Ned Ta N5 MaroTh HE3HAa4YHY KiJIbKIiCTh MOp, B
O1TBIIOCT]I CBOIX BWITAJIKIB TOPH 3HAXOAMTHCS B 0OJIACTI
XBOCTOBHX 9aCTHH TpeKiB. ITopu po3amipoM rmpnubian3Ho Bij
2 no 7 MxMm. Po3ramryBaHHS IOp XaOTHYHE 110 BCHOMY TIPO-
cTopy mnrida 3pazka Ne5. 3pa3ku MarOTh TaKOXK PsiJ] BETH-
KHX TIOp, TIOB’sI3aHMUX 3 00nacTio in-skin i up-skin.

3pazok Ne6 Mae He3HAUHY KiJIbKICTh HOpP MPHOIU3HO
BIZIMOBIIa€ 32 KiJBKICTIO 3pa3Ky Ne 4, mpu 11boMy pO3Mip
mop Bix 3 10 10 MKM.

3pa3ok Ne 7 Mae HEBEJIMKY KUIBKICTh IIOP PO3MIpOM Bif
7 no 12 MM, Ipupo/Ia MOXOKEHHS IKHX MOB’s3aHa 3 He-
NPOIIIABICHHSM IIapy.

3pazok Ne 8 mae imeHTHUHY TpUpOAY NedeKTiB, 1O i
3pa3ok Ne 7y Burunsiai mop po3mipamu 12...15 mxm. Takox
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CIIOCTepIraeThCsl HEmporuiaB MiK in-skin i obmactio
KOPJIOHIB.

3paszok Ne 9 Mae He3HAUHY KUIBKICTh rapsiauX TPIMIvH,
SIKI TTOB'SI3aH1 3 BUCOKOIO TIOTYKHICTIO, 10 CIIPUYHHSIE Tie-
perpiB 10 BUCOKHX TEMIIEpaTyp, a B IOJAJbLIOMY 3 L€l
MIPUYKHH 3pa3Ku MarOTh fedekTr BUpoOHuUITBa. KinbkicTh
op He3HaYHa, pO3MipoM Bix 3 10 8 MKM.

3paszok Ne 10 Mae HEBENHMKY KUIBKICTh TIOP, SIKi pO3Ta-
moBaHi B obnacti nepexoay Big down-skin mo in-skin. €
BEJIMKA KUIBKICTB TIOp po3MipoM Bif 3 110 15 MKM.

3pasok Ne 11 — igeHnTuHa kapTuHa 31 3pazkoM Ne 10 i
Ne 9, mopu posramoBaHi piBHOMIPHO MO BCiH IUIOLIHMHI
3pasKa.

3pasok Ne 12 mae HEeBeNMKY KiJIBKICTH ITOp pO3MipoM
Bix 2 1o 5 mxM. Ha manomy etari gociimpkeHHs JaHAH pe-
KUM € HalpamiOHAJBHIMIAMH I OTPUMAaHHS HaiMEHII
MOPUCTOI CTPYKTYPH 3pa3Ka.

3paszok Ne 13 - € mesika KUIBKICTB MOpP, CXOKHUX Ha TPi-
LIMHU B MDKTPEKOBOMY TpocTopi. [laHuii 3pa3ok Mae Be-
JIUKY KUTBKICTH MOP BEIUKOTO PO3MIpY, TAKOX € TIOPH, SIKi
3 BUTJISA/Y HATQYIOTh TPIIIUHN TOBIIMHOK OJMU3BKO 2 MKM
1 IOB)KUHOIO 1OCATaroTh 30 MKM.

3pa3ok Ne 14 mae Takuii *e KiJIbKICTb TIOp SIK 1 3pa30K
Ne 12. TexHOMOTIYHUH PEKUM MOKE OyTH PEKOMEHIIOBa-
HUH 710 IPYyKY SIK parioHaJIbHUH.

3pazok Ne 15 mMae HeBennKy KUTBKICTb OP 1I€HTUYHUX
3pasky Ne 14 ta Ne 12.

3paszok Ne 16—18 Mae HeBenmuKy KiJbKicTh HOp, pO3Ta-
[IOBaHWX B XaOTHYHOMY HOPSAIKY po3MipoMm Bix 3 mo 7
MKM. JlaHHil pexHuM € HepCHeKTHBHHM IS OTPUMAaHHS
HalIMEHII IOPUCTOTO MaTepiary B TOTOBOMY BHPOOi.

3pa3ok Ne 19 Mae Benuky KUIbKICTh TIOP XaOTHYHO PO-
3TaIIOBAHMUX. 1X po3Mip cTaHoBUTH Big 10 10 22 MKM.

3paszok Ne 20 mMae TpilMHY 3 YaCTUHKAMHU HEMpPOILIaB-
JIEHOT0 TTIOpOWKY. [laHuii 1eeKT TaKoxK criocTepiraBcs Ha
3paskax Ne 3, Ne 13 1 Ne 14, BiH po3ramoBaHuii Ha IOCTiH-
Hill BUCOTI y BCIX TPHOX BHIaJKaX. B m1aHoMy 3pasky crio-
CTepiralii OpH, PO3TALIOBaHI B XaOTUYHOMY MOPSIIKY, PO-
3MipH - Bi 2 10 7 MKM.

Kinbkicts mop y 3paszky Ne 21-23 He3HauHa, iX po3mip
cKkiamas Bix 1 1o 5 MKM.

3pa3ok Ne 24 Mae He3HauHY KUIBKICTh 3a pO3MipaMu
Bix 1 mo 3 MiM. Pexwmu amst maHOTO 3pa3Ky € IMepCreKTH-
BHHMH, MOXYTb OYTH PEKOMEHJOBaHUMH IJIs PYKY T'OTO-
BOT'O BUPOOY.

3paszok Ne 25 — HeBennKa KiIbKICTh O, SIKi pO3TaIlo-
BaHI Xa0TUYHO, PO3MipaMu Bix 1 10 3 MKM, € KiJIbKa BeJU-
KUX TTOpH. Moke OyTH peKOMEHIOBaHUH 10 APYKY.

3pasku Ne 2627 MaloTh BEJIHKY KiJIbKICTh HECILIaB-
nenb. [Topu gocararoTs po3Mipy 6u3bK0o 50 MiKpoMeTpiB.

3pasok Ne 28 Mae xapakTepHy TPIIUHY, MOAIOHY 3pa3-
kam Ne 3, Ne 13, No 14, Ne 20. 3pa3ok Ne 28 Mae He3HAUHY
KIUJIBKICTB ITOp B OCHOBHOMY TiJ1i po3MipoM Bif | 10 5 MKM.
Mosxe OyTn peKOMEHJJOBAaHHH JI0 APYKY.

3pazox Ne 29 mae mopu, po3TamoBaHi XaOTHIHO. Po3-
Mip mop ctaHOBUTH Bix 1 10 3 MxM. [laHuii pexxum € Haii-
KpaInuM sl JPYKY TOTOBUX BHPOOIB.

3pasok Ne 30 — giameTp mop cTaHOBUTH OK3bKo 20-40
MKM, KUIBKICTh IIOp B OCHOBHOMY TiJli — HE3HAUHA, OPU

pO3TalIOBaHi B XaOTHYHOMY HOPSIKY, € 001aCTi HECTUIABY
HOPOLIKY.

3pazok Ne 31 ta Ne 32 mae nopu B OCHOBHOMY TLJIl BiJl
1 10 4 MKM, XaOTH4HE pO3MoiseHHs mop. Moxe OyTu pe-
KOMEH/IOBaHUH 10 IPYKY.

3pa3ok Ne 33 mae po3mip mop Bif 1 10 4 MKM, KUTBKICTh
mop OikIiie B 2 pa3u B MOpiBHsAHHI 3 3paskoM Ne 3 1. Jaxuii
pexUM MOXKe OYTH PeKOMEHIIOBaHHUH I IPYKY 3pa3KiB.

3pazok Ne 34 Mae HeBeNWKY KUIBKICTH MOp, 3 PO3Mi-
pamu Bix 1 mo 3 mxm. Crif 3a3HaYUTH, IO CTPYKTypa Tpe-
KiB ITOKa3y€ piBHOMIPHE PO3IUIABICHHS Ta PIBHOBICHY 4a-
CTHHY XBOCTOBOi oOmacti Tpeky. JlaHuii pexum 3a
TEXHOJIOTIYHAM TIPOLIECOM Ta BiANOBIZHO A0 PO3TAIIy-
BaHHS Ha IUIaTGOPMi € HAMKparmM s TT0OYZOBU TOTO-
BOTO BHPOOY.

3pazok Ne 35 Mae HeBeJIMKY KUIbKICTh IOP 3 pO3MipaMu
BiZ 1 10 3 MKM.

3pa3ok Ne36 Mae XaOTHYHO PO3TALIOBaHI TOPH Pi3HOTO
po3mipy Bix 1 10 3 mxMm Ta Bin 10 mo 25 mxm. [Topu Benu-
KOTO JiaMeTpa HaiJacTillie pO3TalIOBYIOThCS B 00JIACTi
TOJIOBKU TpeKy. Pe3ympTaTi MIKpOCTPYKTYPHHX JOCIi-
JOKCHB TIPEICTaBIICHI Ha puC 6.

i VIl

3pa301< Nod

301( Ne34

3pazok Ne28

Puc. 6. MikpocTpyKTypa JOCITiHUX 3pa3KiB 3
PEKOMEH/IOBAHHMH PEKMMaMH BUTOTOBIICHHS JeTajieit

3a pesyiabTatamu J0CHTiKeHb (Taba. 2 Ta puc. 3-5)
BCTAaHOBJICHO, 10 3pa3KH, 110 BUTOTOBJISUIMCH MPU LIBH]I-
kocti ckanyBanHs 1000...1100 MM/c MaroTh po3mip mop B
cepenHbOMY Bif 2...7 MKM, 3pa3Ky BUTOTOBJICHI TP IIBH-
nkocti ckanyBanHs 1200 mm/c — Bix 1 1o 5 mkwm. [Tokazano
(puc. 3-5), mo 3pa3ky, sIKi BUTOTOBJIEHI IPH IBHIKOCTSIX
ckanyBaaHs 1000...1100 mm/c 1 oTprMaHHS HaWO1Ib-
moi mrineHocTi 99,99 % mobynoBaHi MpHM MOTY>XHOCTI
140 BT, npu mBuakocti ckanyBanHs 1200 Mm/c BIIIHB 110-
TY>XHOCTI ITy4Ky JIa3epy He BiArpae 3Ha4Hy pOJIb B MOPiB-
HSHHI 3 BifcTanHO MiX Tpekamu (0,11 mm).

3 ypaxyBaHHSM OTPHUMaHHX PE3yJIbTATIB, OYJIM BUTO-
TOBJICHI 3pa3KH JJIsl BUIIPOOYBaHb Ha PO3TSTYBaHHS 3a pe-
xumoM: (P =80 Br, V=1 200 mm/c, i =0,11 mm). [Ipose-
JIeH1 MOPIBHSUTBHI JIOCTIJPKCHHS MEXaHIYHUX
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BIIACTUBOCTEH (THMYACOBHH OIIip, BITHOCHE ITOIOBKEHHS,
BiJJHOCHE 3BYKCHHSI) 3 METOIO BH3HAYCHHSI BILITUBY TEXHO-
JIOTii CENIEKTUBHOTO JIa3epHOT'0 IUIABJICHHSI B TIOPIBHSHHI 3
TpagUIifHIM criocoO0M BUPOOHUIITBA. Pe3ypraTi nannx
JOCIIKCHDb TPEACTaBIeH] B Ta0muIi 2.

Tabauus 2 — MexaHiuHI BJIACTUBOCTI JOCIHIIHOTO
craBy micnst BurotoBnenHs: 3a CJIIT — TexHomoriero ta
TPaAULIHUM CIOCOOOM BUPOOHHIITBA

Binnoche .
YMoBHE . . Bingnocue
Croci6 Bu- | 'panuns min- |  momoB-
Mmo3Ha- . 3BYKCHHS,
pobuuuTBa | HOCTi, MIla JKEHHS, N
YEHHS Y %
0
1.1 410 8,1 12,1
1o | Cllrex- 03 63 12,4 222
HOJIOTist
1.3 423,07 43 10,4
Cepenne 378,9 8,26 14,9
1.4 272,3 10 19,2
Tpanuuiiine
1.5 BUPOOHMII- 271,5 10 22,1
TBO
1.6 266,71 10 24,2
Cepenne 270,17 10 21,83

3a pe3yapTaTaMu MOPIBHIBHHUX JOCIIPKEHb BCTAHO-
BJICHO, 1[0 THMYACOBHH OITip JTOCIITHAX 3pa3KiB BUTOTOB-
nenux crmocodbom BJIIT marots BigxuneHus £28%, BigHO-
CHE TOAOBXKCHHA +64%, BigHOCHE 3BYX)eHHA +53%.
3paskw, Mo BUTOTOBJICHI 3a TPAAHULIHHIM CIIOCOOOM, Ma-
I0Th BiIXWJICHHS THMYaCOBOTO OIOPY, BiJHOCHOTO TIO0B-
JKEHHsI Ta BITHOCHOTO 3BY>KeHHS - +2%, £0% Ta £20,6%
BiIMOBiTHO. 3 aHANI3y MEXaHIYHUX BIACTHBOCTEH BCTAHO-
BIICHO, III0 3pa3ku BUroToBieHi 3a BJIII-TexHomorieo Ma-
FOTh BHIIE 3HAYEHHS XapaKTePUCTHK MIITHOCTI, Hi’K TpaIu-
[ITHOrO BUPOOHUIITBA, ajie, CIIiJ] 3a3HAYMTH, 110 JTOCIIIHI
3pa3Kd BUTOTOBJICHH] TPaIULiIHHUM CIIOCOOOM BHPOOHUII-
TBa MAlOTh MEHIIII BiAXUICHHS (PO301XKHOCTI).

BucHoBkH

1. BcTaHOBIIEHO 3aJI€KHICTD 3MIHH IIJIBLHOCTI AOCIII-
JMHUX 3pa3KiB BUTOTOBIeHUX 3a BJIII-TexHoOmOTiE€O 3
AlSi10Mg Bix mapameTpiB BUTOTOBIICHHS. Bu3HaueHo, mo
nipu mBuAKocTi ckaryBanHs 1000...1100MM/c 3pa3ku Ma-
FOTB TTIOPH PO3MIPOM B CEPEIHBOMY BilX 2...7 MKM, 3pa3Ku
BHUTOTOBJICHI TIPY IIBUAKOCTI ckaHyBaHHS 1200MM/C - Bifg
1 1o 5 MKM.

2. BcraHoBieHO, IO MPH 301IBIICHHI IIBHIKOCTI
ckanyBaHHs 70 1200 MM/C 3HauHY pPOJIb B OTPUMAaHHI BH-
COKOI IIIJIBHOCTI BiArpa€e came BiACTaHb MiJK TPEKaMH.

3. 3 aHamizy MeXaHIYHHUX BJIACTUBOCTEH BCTAHOB-
JICHO, 1110 3pa3ku BurotosieHi 3a BJIII-rexHooriero mMa-
I0Th BUIIIE 3HAYEHHS TUMYacoBOTro ornopy Ha 28%, Ta Me-
HIII 3Ha4YeHHS XapaKTEPUCTHUK IUIACTUYHOCTI (BiJHOCHE
TIOJIOBXKEHHSI Ta BiTHOCHE 3BY)XeHHA) Ha 17,4% Ta 31,7%
BIJINIOBITHO B MOPIBHSHHI 3 TPAIUIIIHHUM CITIOCOOOM BHPO-
OHMIITBA.
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INVESTIGATION OF THE INFLUENCE OF SPECIMEN
MANUFACTURING PARAMETERS BY THE SELECTIVE LASER
MELTING (SLP) METHOD AND COMPARATIVE STUDIES OF THE
MECHANICAL PROPERTIES OF ALUMINUM ALLOY AlSi10Mg
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Purpose. To work out the modes of manufacturing samples from aluminum alloy AISil0Mg with a layer thickness
of 40 microns using SLP technology, studying their mechanical properties, and comparing them with the traditional

method of production.

Research methods. To determine the structural state of alloys, optical microscopy was used, granulometric analysis

was performed using a scanning electron microscope, mechanical properties were determined according to the standard
method using a tearing machine, porosity was determined based on the results of microstructural analysis as a percentage
of the area occupied by pores.

Results. It was established that when the scanning speed is increased to 1200 mm/s, the distance between the tracks
plays a significant role in obtaining high density. From the analysis of mechanical properties, it was established that the
samples made by SLP technology have a higher value of tensile strength by 28%, and smaller plastic characteristics
(relative elongation and relative reduction) by 17.4% and 31.7%, respectively, compared to the traditional production
method.

Scientific novelty. The dependence of the change in the density of the experimental samples made by the SLP
technology with AlSilOMg on the manufacturing parameters is shown. It was established that at a scanning speed of
1000...1100 mm/s, the pore size is on average from 2...7 um and for samples made at a scanning speed of 1200 mm/s -
from 1 to 5 um.

Practical value. Application of the obtained results will lead to the manufactured parts with increased strength
characteristics.

Key words: selective laser melting, mechanical properties, density, AlSilOMg .
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VK 669.14.018.258

IITAMIIOBA CTAJIb 4X4H5M4®2 (BE3 OBPOBKHN KYBAHHAM) JJIA
IF'APAYOI'O AE@OPMYBAHHSA AJIIOMIHIEBOI'O CIIVIABY

KaHJ. TeXH. HayK, CTapIINi{ JOCIiAHHK, CTAPIINil HAYyKOBHUH CIiBPOOITHHK, [HCTUTYT
mpobiem Matepiano3HaBcTBa iM. [. M. @pannesnua HAH Vkpainu, M. Kuis,
VYkpaina, e-mail: sedoroleg@ukr.net

Cunopuyk O. M.

Mema pobomu. OOepoicanns cmani 3 pe2yibOGAHUM AYCMEHIMHUM NEPEMBOPEHHAM NPU eKCHIAYamayii MapKu
4X4H5M4D2 (be3 0bpobKu KY8aHHIM) 30 MEXHONOIEIO eNeKMPOULIAKOBO20 NePEenasy ma 6CMAHOGICHHS. ONMUMATTb-
HUX pedicumie mepmiunoi 06pobKu (8idnan, eapmyearntsi ma 6ionyck). Bueomoenenns incmpymenmy (mampuys) 3i cmai
4X4H5M4D2 (6e3 006pobru KysanHam) 018 2apsiuo2o 0eOpMYBAHHS AIOMIHIEBO20 CNIABY 3d MEeMNEPaAmypu eKChiyd-
mayii Hudcue KpumuyHoi mouxu Aj.

Memoou docnrioncenna. Memanoepagiunuii ananiz docnionux wmamnogux cmanei 4X4H5SM4D2 (be3 obpobKu
KysauHam) ma kosanoi 4XSM®@I1C: docniodceHHs CMPYKMypu Memaiy; 8USHAYEHHs NUMOMO20 ONOpPY, 8USHAYEHHS NO-
Po2U MIYHOCMI, BUSHAYEHHS MBePOOCmi Ma YOAPHOI 8 A3KOCH.

Ooepacani pesynomamu. Haseoeno pesynvbmamu 00ciodcensb wooo onmumizayii pedjcumie mepmiunoi oopobxu
(ecapmysanna ma gionyck) cmani 4X4H5M4D2 (6e3 0o6pobru kysanuam). Ckopezosaruti Ximiunuti cknao (4X4H5SM4D2)
ma onmuMI308aAHULL PeXCUM MePMIUHOL 06poOKU cmani, Wo 00360UY NIOGUWUIMY MENJOCMIUKICMb 00 MeMnepamypu
650 °C. Bcmanosneno memnepamypy sionycky cmani (475125 °C) npu axiil 6i06yeaemucsi 6i0NYCKHA KPUXKICMb nep-
wozo pody. Ilpedcmasneno 00cnioHo-npomuciosi eunpodysanns cmani 4X4HSM4D2 (be3 0bpobru KyeanHsm), O
2apsiuoeo 0ehopmy8anHs antominiegozo cnuagy mapku AK74, nokazano, wo y 00caionoi cmaii y NOPIi6HAHHI 3 KOBAHOK
cmannro HI3 (ananoe 4XSM®DIC), aka 8uKOpucmo8yemvbcs Ha 0OHOMY i3 KUMAUCLKUX RIONPUEMCME, NPAKMUYHO MAK
o1C CmiIUKICmb.

Hayxosa nosusna. B npoyeci uacmkogoi nepexpucmanizayii (nenosnuti ¢ionan sa memnepamypu 75020 °C)
cmani 4X4HSM4D2 (be3 06pobKu KyeanHsm) ymeoproemoscs chepoiouzosana KapOiona cKiaoosd, wo CHPUUUHIOE HA
NOAINUIEHHS MeXAHIUHOT 00POOKU 3a20MOBKU OJis 8US0MOBNEHH MAMPUlD.

Ilpaxmuuna yinnicme. [loxkasana modxciugicms 8UKOPUCIMAHHA CMATL 3 Pe2yIbO8AHUM AYCMEHIMHUM Nnepemeo-
peHHAM npu excnayamayii mapku 4X4HSMA4D2 (6e3 06podxu KysanHam) 0N WUPOKO20 iHMeEPBANy memMnepamyp exc-
nayamayii 2apsuo2o 0e@opmyeanhs: MIOHO-HIKeNe8020 (3a meMnepamypu excniyamayii guwe KpumuyHoi mouxku As)
ma anioMiHIE8020 CNABY (3 MeMNEPaAmypu eKCRLyamayii Husxcue Kpumudnoi mouxu Ai) 3 niosuUueHuM pecypcom exc-

niyamayii y nopiguanti 3 kogsanoro cmainio 4X5SMD1C.

Kmiouoei crnoga: wmamnosa cmanw, ckiad, mepmiuna oopodKa, KosKd, 61acmugoCmi.

Beryn

TpangumiiiHa TEXHONOTiS JHBapHOTO BUPOOHHUIITBA
BHMarae IMpoBeJICHHS! EHEPrOEMHHX TEXHOJIOTIUYHHX Olle-
pauiii  (Tepmo-nedopmaniiiHoi Ta XiMiKO-TepMi4HOi 00-
poOkun) mTammoBux craneil. OCHOBHUI HENOJIK IUX JIH-
TUX CTallell € HHU3BKUHA OIp KPUXKOMY pPYyHHYBaHHIO.
BukopucTaHHsI TEXHOJIOTIi ENeKTPOIIIAKOBOTO IMEperia-
BY 3YMOBIIIOE OJEPKaTH OiNbII IUTACTUYHUN Martepian 3i
CKOPOYEHHSM TaKHX EHEPrOEMHUX TEXHOJOTIYHUX OIe-
pamiif, mo mpeacTaBieHo y poboti [1]. Buxopucranus
TEXHOJIOTIT EeJIEKTPOLIAKOBOIO MepeIiaBy, A€ MOKIIHU-
BICTh SIK CKOPOTHTH TEXHOJIOTIYHY OIepawilo (KOBKY)
craneit (4X3H5SM3® ta 4X4H5M4d2) 3 peryaroBaHHAM
ayCTEHITHOTO MEPETBOPEHHS IPH eKCILUTyaTalii, OCKiIbKA
IPY BUCOKOI IIBHJKOCTI KpUCTamizalii po3miaBy He
CIpHsi€e YTBOPEHHIO KapOiJHOi eBTEKTHKU Tpy0oi dpopmu
[2], Tak i MIBUIIUTH pecypc eKCIUTyaTalil Uil rapsioro
nedopmyBaHHsS Mifi [1] Ta MimHO-HIKENEBOTO CILIaBY [3,
4] y mnopiBasHHI 3 mwrTammoBux crameil (3X3M3®d Ta
4X5M®1C), opmepxaHHX 3a TPAOUMIHHOI IJUBAPHOIO
TEXHOJIOTI€I0 Ta TMPOBEACHHSIM TepMo-aehopMariiifHol
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00poOKu. Iy MiABHMICHHS TEIUTOCTIHKOCTI JOCTIHKEHOT
crami [5], onmepkaHOi eNeKTPOILIAKOBHM MeperIaBoM,
OyJi0 IpUitHATE pillIEHHs] CKOPUTYBaTH 11 XIMIYHUHA CKIIa
(4X4H5M4®d2) Ta ontumiyBatu TEpMidHy OOpOOKY 3
MIIBUIICHHSIM MEXaHIYHUX BJIACTUBOCTEH [6-8]. Metoro
poOOTH € BCTAHOBJICHHS! MOXKJIMBOCTI 301IbIIEHHS 1HTEp-
BaJly eKCIUTyaTalliiHUX TEeMIIepaTyp HOCIHiAHOI cTami y
obnacth TeMmreparyp Himk4e KputHdHol Toukn A; (o-Fe
obmacte) ans raps4oro AehOpMyBaHHS AITFOMiHIEBOTO
CIIIaBYy.

MeToau T0CiIKEHHS

XiMIuHMH CKJIaJ JOCIHIKYBAaHOT CTayi BU3HAYa M
3a JIOTIOMOT OO CTaIllOHAPHOTO CIICKTpOMETpa
SPECTROMAXx LMX07. BcraHoBiaeHO XIMIYHUN CKIa
3pa3ka otpuManoi cram (4X4H5SM4d2): 0,40 — 0,42 % C;
3,8 -3,9% Cr; 50— 5,1 % Ni; 3,7 — 3,8 % Mo; 1,7 —
1,8 % V Ta momimmoxk 0,003 — 0,005 % N; 0,004 — 0,005 %
S; 0,003 — 0,004 % P; 0,072 — 0,075 % Si; 0,23 —0,24 %
Mn; 0,014 — 0,016 % Al; 0,040 — 0,043 % W; 0,010 —
0,013 % Co; 0,018 — 0,020 % Nb; 0,065 — 0,067 % Cu;
0,002 — 0,003 % Ca. HocmimkyBanu Mikpouuripu crai
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TpaBieHHS TpaBHUKOM: 10 %- HMII pO3YMH A30THOI KHC-
JIOTH B €THJIOBOMY CIIHPTi 3 JOOABKOI MiKPHHOBOI KHC-
notu 3a [OCT 10243-75. BunpoOyBaHHS Ha TBEPIiCTbH
npoBoaunn Ha TBepAoMipi HR-150A. Yaapry B’A3KicTH
BHM3Ha4YaNu Ha BHUIpoOyBanbHiK MammHi NI300 Ha 3pas-
kax posmipamu 10x10x55 mm 6e3 Hampizy. Iloporn mir-
HOCTI BHU3HA4aJlM 332 CTaHJapTHOI0 METOJHMKOIO BHITPOOY-
BaHHs Ha po3rar 3a [OCT 1497-84 na yHiBepcasbHii
ycranoBii GNT50. [Muromuit omip crami 4X4HS5M4d2
BUMIPIOBAJIM 32 JIOTIOMOTOI0 JIBOKAHAJILHOTO I1(pPOBOro
€JIEKTPUYHOTO  BHUMIPIOBAILHOTO  YOTHPHOX30HIOBOTO
tectepa ST2263. Ha npunani nutomMuii omip MpoBOAMIN
Ha MTOBEPXHI 3pa3Ka Ta BU3HAYAIM SK OJUHUIS BUMIPY —
Om-MMm?/M. Bucota 3paska cranosmwia 2,5 MM. Bixcrane
MiX €JIEKTpOJaMH IPH BHMIpIOBaHHI CTaHOBHJIA MPUOIH-
3HO 5 MM.

BururaBky nmocmimHoi ctami 3AiificCHIOBAaNHM 3a TEXHO-
JIOTI€I0  €JIeKTPOIIUTAKOBOTO TMepeliaBy B Kopropartii
Tiangong International Co., Ltd (micTo [lan’siH, nmpoBiH-
uist L3sacy, KHP). OpepxyBanu 3MMBKH Macor MO
300 xr, po3mipamu @ 180-220 MM, noBxkuHOKO 1100 MM.
3aranpbHa Maca 3J7MBKIB 3 OJHOI IUIaBKM CTaHOBHJIA 3
TOHH.

BukiaaeHHs1 0CHOBHOIO MaTepia.ﬂy

TemmepaTypa Binnany 3muBKa (OOEPKAHOTO CNEKT-
POIILIaKOBUM IieperniaBoM) ctanoBmiia 75020 °C [6].

Jnst omepykaHHS KiHLIEBOI CTPYKTYpH CTalli 3 BHCO-
KAMH eKCIUTyaTallifHIMH BJIACTUBOCTSAMH HEOOXITHO
ONITUMI3yBaTH PEXUMHU TEPMIdHOI OOPOOKH TPH MPOMiXK-
HUX Ollepamisx. BcTaHoBIEHO, MO yaapHa B’SI3KIiCTh JOC-
JimpKyBanol utol cram 4X4H5SM4®d2 mana HaWOimbIny
BEIMYMHY 3a Temriepatypu raptyBanus 1090+10 °C, mpu
YoMy HpH 301IbLICHI TeMnepaTrypH Bianycky Big 580 mo
620 °C ymapHa B’s3KiCTh 301JIbIIYBAJIACh MO JIHIHHOMY
3akoHy Big 29 mo 31 dx/cm? (3anexwicts 5, puc. 1). ITpu
[OMY OYJIO BCTAHOBJICHO, III0 OXOJIO/PKCHHS Ha MOBITPI
TTiCIIsL BiAITYCKy 30UIbIIye ynapHy B’S3KICTh (3aJIeKHOCTI
4,5, puc. 1), Tozi K OXOJO/PKEHHS Y TI€Ui IPU3BOIUTH JI0
3HW)KEHHS y/1apHoi B’s13K0CTi (3anexHocTi 1, 2, 3, puc. 1)
NPY YOMY PIBEHb IIbOT0 3HIDKCHHS 30LTBIIYETHCS 3 POC-
TOM TEMIIEPaTypH TapTyBaHH:L.

Omnwcane MOCHIIKEHHS yIapHOi B’SI3KOCTI TIPOBOIH-
JU Y JIOCUTh BY3bKOMY iHTEpBaJi TEMIIEPaTyp BiAMyCKY
580—-620 °C (puc. 1). Ilpu mux TemnepaTypax TpamuLliii-
HO TIPOBOJATH BIAITyCK INTaMITOBHX cTanel. s BcraHo-
BJICHHS MaKCHMaJbHHUX 3HAYCHb yOapHOI B’SI3KOCTI, iHTe-
pBajl TeMmeparyp BiANyCKy OyB CYTTEBO PO3LIMPEHHI
(530-660 °C). BcranoiieHo, 10 31 3MiHOIO TEMITEPaTypH
BIZIMYCKY TBEPIICTh CTali MPU OXOJIOJDKEHHI y Tedi Ha
JeKiTbKa OAMHMIb BUIA 32 TaKy, 10 OJEpKaHa IIPU 0X0-
JIOJDKEHHI Ha TMOBITpi. BusBmim, 1mo HalkpammMm pexu-
MOM rapTtyBaHHs € Temmeparypa 1100+10 °C, Tomy, mo
IIPU OXOJIOJDKEHI Ha MOBITPI, 0CATAETHCS OlbIIa yAapHa
B’SI3KICTh. JlOCH/DKEHHSI BIANOBITHUX CTPYKTYp CTaui
I0KAa3aJ10, 110 TPH OXOJIOJPKEHHI Ha MOBITPI MICIIs BiITy-
CKy Ha TPaHULSAX 3€PeH BUAUIIETbCS MEHIIA KiJIbKICTh
KapOigHOT CKIIaJI0BOT HIK Yy BHIIAJIKY OXOJOKEHHS 3pa3-
KiB 3 MY40, IO MPHU3BOIAUTH JO 30LTBIICHHS yAapHOI

© Cunopuyk O. M., 2022
DOI 10.15588/1607-6885-2022-2-8

ISSN 1607-6885

B’s13K0CTi (OlnTbIIe HIX Y 2 pa3u). MeHma KiUTbKiCTb BUAI-
JeHuX KapOifiB He 103BoIIsiE IM CPOpMYBATHCS y CYILIUIIb-
HYy CITKy, sIka OOMEXye 3epHa CTali, TOAI SIK PH OXOJIO-
JOKEHHI y TIedi TakKa CiTKa YaCTKOBO CIOCTEPIraeThesl.

1
3
2

380 590 600 610 620
Temneparypa signycky, C

Puc. 1. 3anexHicTs ynapHoi B’ s3k0cTi cTanmi 4X4H5M4®d2 Big
TeMIIepaTypH BIIITyCKy [UIS PI3HUX PEKUMIB rapTyBaHHS:
1, 2, 3 — 0X0JIO/UKEHHS Y Tiedi, 4, 5 — OXOJIOKEHHS Ha
noBitpi). Temnepatypa raprysanns (1 — 1080+10 °C,
2 —-1090+10 °C, 3 — 1100£10 °C, 4 — 1080+10 °C,
5-1090+10 °C

Takum 9uHOM, OyJIO BCTaHOBIICHO, IO HaHKpaIIuM
PEKUMOM OXOJIOJKEHHS MICIsl BIAIYCKY € OXOJIO/KEHHS
Ha TOBITpI, a He B neyi. BcTaHOBIIEHO, 1110 OCHOBHHH pe-
KM TapTyBaHHs ctaii 3a temmepatyp 1095-1105 °C,
KU BIANOBINAC IMiJABUILEHUM 3HAYEHHSIM TEILIOCTINKOC-
Ti TIpX BigIIycKy. BUKOpHCTaHHS TeMmepaTrypH rapTyBaH-
Ha 'y 1100£10 °C, m03BOIIIIO IMiBUIIUTH TEILIOCTIHKICTD
mutoi cram 4X4H5M4®d2 no Temmneparypu 650 °C (TBe-
paicts 40 HRC 3a ximMHaTHOI TemrepaTypu), TOi SIK pa-
ginre mis craini 4X3H5M3® rtertocTiiikicTe CTaHOBHIIA
620 °C (tBepmicts 39,5 HRC) [1, 5, 9].

B poboti Oyno BCTaHOBJICHO BiJIIYCKHY KPHUXKICTb
neprioro poxay craii 4X4H5M4®d2 3a Temmiepatyp Bimiy-
cky 450-500 °C [10]. Takoxx Oynm TpOBEIeHI IOCIIi-
JOKEHHS 10 3MiHI ITMTOMOI TPOBITHOCTI B 3AJICKHOCTI Bif
TeMIepaTypu Bigmycky (puc. 2). Y meBHOMY TeMIepaTy-
PHOMY iHTEpBaJIi CIIOCTEPITAEThCS KOPEILAIiS MIXK 3aJIeK-
HOCTSIMH YJIapHOT B’13KOCTI Ta MUTOMOT NpoBiaHoCTi. Tak
3a TemmnepaTypu Binmycky 465-490 °C cmocrepiranu iH-
TEHCUBHE 30UIBLIEHHS Ta MaKCUMYyM BEIWYWHHM ITHTOMOI
npoBigHoCTi (480+5 °C) Ta 3HMWKEHHS 0 MiHIMyMy Be-
JMYUHK yaapHoi B s3kocTi 1o 15 Jlx/cm?. Tlpu Biamycky
Bumie temneparypu 500 °C, BimOyBaeTbcs 3pOCTaHHS
yZlapHOi B’SI3KOCTi Ta MOYMHAETHCS 3HM)KEHHS TBEPAOCTI
craii, a 3a temmeparypu Bume 6501 °C BimOyBaeThcs
pizke mamiHHs TemrocTiikocTi (Hmkde 40 HRC).

Juis  BUTOTOBNEHHS  IHCTpyMEHTY 31 crami
4XAH5M4®2 npoBoauin MexaHiuHy 00pOOKy 3aTOTOBOK
y xommaHii «Futec Co., Ltd» (M. Hiaxaii, mpoBinmis Yxe-
HisH, KHP), puc. 3. Kinnesy tepmiuny 00poOKy (Tapty-
BaHHS Ta BiJIIyCK) BHUI'OTOBJICHOTO MITAMIIOBOTO IHCTpY-
MeHTy (Marpuui) npoBomuwin y kowmmaHii «Dazhongy
(m. Hinxaii, nposinuis Wkeniass, KHP). Marpuui 3 nu-
Toi crani 4X4H5M4®d2 Oynu BUKOpPHCTaHI A1l TOCIITHO-
MIPOMHCIIOBOTO BHUITPOOYBaHHs, a came rapsdoro jaedop-
MyBaHHS anroMiHieBoro cruiaBy AK74 (anamor AJI9) y
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kopropariii «New material technology Co., Ltd»
(M. Kyspmanb, nposianis [3sacy, KHP). [Ticna excrury-
aTamii iHCTPYMEHTY 3 HBOTO Oyl BUpi3aHi 3pa3Kd Ui
JOCTIDKEHHS CTPYKTYPH Ta BIACTHBOCTEH, SIK Ul JOCTi-
JoKeHol autoi cram 4X4H5M4®d2, tak 1 1151 KoBaHOI cTa-
ni mapku H13 (ananor mapku 4X5SM®1C), sika BUKOpHC-
TOByBajacs Ha miampueMctBi. Byrno  mpoBenene
MOPIBHSIBHE TOCIIKESHHS MIKPOCTPYKTYp. Tak s cra-
mi H13, sika BUKOpUCTOBYBajacs Ha IMiJIPHEMCTBI Oyia
MIPOKOBaHa, a ii MmoBepxHeBUil map OyB a30TOBaHWIl Ha
rmbuny 1o 300 mxMm. Crpykrypa koBanoi crami H13 3
pobouoi MaTpumi ckiananmacs 3 ApiOHMX 3epeH (MeHIIe
10 MxMm), a kap0igHa CKIIagoBa MPH TAKOMY K 301IbIICHH]
He  cmocrepiranmacs.  BceranoBmeno, 1o  cramb
4X4H5M4®2 (6e3 TexHONOTii KyBaHHS) Maia BEJIHKi
pO3MipH 3epeH 1Mo Mexax SKuX OyJa po3TramoBaHa KapOi-
IHa CKiagoBa (TOBIIMHOIO Omm3pKo 20 MkM). CTpyKTypa
ctaii 4X4H5M4®d2, onepkaHoi 3 BAKOPHUCTAHHIM €JICKT-
POIILIIAKOBOT'O TEperuiaBy, Micisl eKcIulyarallii ckiaaana-
csl 3 KpynHuX 3epeH (Oinbie 100 MKM) MO Mexax SKUX
criocTepirajgacs BHIieHa KapOimHa CKIaaoBa. YaapHa
B’sI3KiCTh KOBaHoi ctani H13, BusiBMiacs Ha NopsoK BH-
moto (y 20 pasiB) 3a nuty cranb 4X4HSM4D2 (240-280
ta 9,5-13,7 Jlx/cm? BianosigHo), ane ii TBepaicTe Gyna
HIk4dor0 npubmm3ao Ha 3 HRC (tabn. 1). He 3Baxkaroun
HA Taki MEXaHIYHI BIAaCTUBOCTI IITAMIIOBHI IHCTPYMEHT 3
nutoi ctani 4X4H5M4d2, 3a obcsroM mpoayKiii (BUro-
TOBJICHI JIETajl 3 aJFOMiHIEBOTO CIUIaBY) 3HAXOJMBCS Ha
OTHOMY PiBHi 3 KOBaHOIO Ta a30oToBaHOIO ctaynmo H13. Ile
MOXe OyTH TOB’SI3aHE 3 THUM, IO CTajJb Y JIMTOMY CTaHi
MICJIS ONTHMATIBHOTO PEXKUMY TePMidHOT 00po0OKH (3 ypa-
XYBaHHSM BHIIOI TeMIlEpaTypu TapTyBaHHS) Mae OuIb-
LI omip 3HOCY, a Hik aeopMoBana (koBaHa), IO MiAT-
BEpJUKY€ OZieprKaHi paHime pesynsratu [11, 12].

—— [Turomuii omp, Om-mm7m

640

620

610
G0
590

Temmnepatypa pigmycky, C

Puc. 2. Jliarpama 3a1e;KHOCTI MHTOMOTO OMOPY (3a KiIMHATHOT
temmneparypu) craii 4X4H5M4 D2 micnst raptyBaHHs 3a
temmeparypu 1100+5 °C Bix Temneparypu BiImycky

[ agtyra a4 [P X

5t e s Y L RS

Puc. 3. Inctpyment (Matpuip) 3i ctam 4X4H5M4D2

(6e3 TexHoOMOTIi KyBaHHS) UIS TapsIoro qedopMyBaHHS
ayoMiHieBoro crutaBy mapku AK7
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Tadauusa 1 — MexaHiuHi BIaCTHBOCTI (32 KIMHATHOL
TEMIepaTypH) CcTallell Micis rapsadoro nedopMyBaHHS
AIFOMiHI€BOTO CIUTaBy Mapku AK74

3pasku Yaap ze;; cﬁzmc“’ Teepuicts, HRC
Crans H13 (ananor
4X5M®1C), koBaHa 240-280 42-45
Ta a30TOBaHa
Cranb 4X4H5M4D2 9.5-13.7 4048
(yiuta)

Martpumi 3 iuroi ctani 4X4H5SM4®d2 BignpecyBain
6inbiie 6000 kr Ha piBHi KoBaHOI crani H13. HeobxinHo
3ayBaXHUTH, 10 JociipkeHa cranb 4X4HSM4D2 (0Oe3
TEXHOJIOTIi KyBaHHS) MaJla CTPYKTYpY JIUTOTO CTaHy i ii
NoBepxHs He Oyja a30TOBaHa, Ha MPOTHBAry KOBaHii Ta
azoroBaHniii cram H13.

BucHoBok

B poOoTri mokazaHa MOXIUBICTP BHKOPHCTaHHS
mramnoBoi crani 4X4H5M4®d2 (6e3 TexHo0Tii KyBaHHS)
IUIS Tapsdoro aeopMyBaHHS KOJBOPOBHUX METaliB Ta
CIUTIaBiB y IIHPOKOMY iHTEpBalli TemIeparyp (HmKIe KpH-
THYHOI TOYKH A| JOCITIIKEHOT cTami).
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DIE STEEL 4X4H5M4®2 (WITHOUT FORGING TREATMENT) FOR HOT
DEFORMATION OF ALUMINUM ALLOY

Sydorchuk O.

PhD, Institute of Problems of Materials Science named after I. M. Frantsevich National

Academy of Sciences of Ukraine (Kiev), e-mail: sedorleg@ukr.net

Purpose. Production of steel with controlled austenitic transformation during operation of the 4X4H5M4D2 grade
(without forging treatment) using the technology of electroslag remelting and establishing optimal modes of heat
treatment (annealing, quenching and tempering). Production of tools (matrices) from 4X4H5M4D?2 steel (without forg-
ing treatment) for hot deformation of aluminum alloy at operating temperatures below the critical point A.

Research methods. Metallographic analysis of experimental die steels 4X4H5SM4®?2 (without forging treatment)
and forged 4XSM®I1C: study of metal structure; determination of specific resistance, determination of tensile strength;

determination of hardness and impact strength.

Results. The results of research on the optimization of heat treatment modes (quenching and tempering) of

4X4H5M4 D2 steel (without forging treatment) are given. Adjusted chemical composition (4X4H5SM4®D2) and optimized
mode of heat treatment of steel, which allowed to increase heat resistance up to a temperature of 650 °C. The tempering
temperature of steel (47525 °C) at which irreversible temper brittleness occurs is established. Experimental and in-
dustrial tests of steel 4X4H5SM4 D2 (without forging treatment) for hot deformation of AK74 aluminum alloy are pre-
sented. It is shown that compared to forged steel HI3 (an analogue of 4X5SM®1C), which is used at one of the Chinese
enterprises, the experimental steel has practically the same resistance .

Scientific novelty. In the process of partial recrystallization (incomplete annealing at a temperature of 750120 °C)
of 4X4H5M4D?2 steel (without forging treatment), a spheroidized carbide component is formed, which leads to an
improvement in the mechanical processing of the workpiece for the manufacture of matrices.

Practical value. The possibility of using steel with an adjustable austenitic transformation during operation of the
4X4H5M4D2 grade (without forging treatment) is shown for a wide range of operating temperatures of hot
deformation: copper-nickel (at an operating temperature above the critical point A3) and aluminum alloy (at an
operating temperature below the critical point A;) with increased service life compared to forged steel 4X5SMDIC.

Key words: die steel, composition, heat treatment, forging, properties.
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Mema Oocnidocentn. Busuumu enius MoOupiKyeants npucaokaml Hikeb-impieeoi nieamypu Ha cmpykmypy i @i-
3uxo-mexauiuni  enacmueocmi cnaagy JKC6Y-BI, eunnasnenozo i3 3acmocy8aMHAM 8  WUXMI  G1ACHO20
MEXHON02IUHO20 BOPOMMAL.

Memoou oocnidscennn. Ha yemarnosyi YIIIID-3M 3 ochosHum muziem npogoounu 00CHiOHI HAAGKU KOHOUYILIHO20
mexHonoziunoeo gopomms cnaagy JKC6Y-BI i3 3acmocysannsam sucokomemnepamyproi o6pooKu po3niasy.

3 ompumanux 31u6Ki8, NOPI3AHUX HA MIPHI WUXMOGI 3A20MOBKU MA OUUUEeHUX 8 OPOOOMEMHOMY bapabani, Memo-
O0oMm pIBHOOCHOI Kpucmanizayii 6 KepamiyHux gopmax 6i0aueanucy OOCHIOHI 3pa3Ku 01 MeXAHIYHUX BUNPoOY8aHs
ma U3HAYEHHS MPUBANOT MIYHOCI.

Tpu 3anueanni oowiei kepamiunoi opmu, posniae memany npu memnepamypi 1540 °C, niodasascs mooughiky-
8anHIo HiKenb-impicsoio aicamypoio mapku ImHI (posmip sepna 2...5 mm) y xinexocmi 0,136% 6i0 macu wuxmu 6
mueni 3 eumpumkoio 1 xe. 15 c ... 1 xe. [pyeuii 610k 3a1usascs 6e3 MooupiKysanms.

Oxon002cenns 3anumux O10Ki8 NPOBOOULOCA HA NIABUNbHIU OLIAHYI 30 HOPMATLHOI memnepamypu
HABKOIUUIHBO2O Cepedosuud.

3pasku npoxoounu mepmoobpoo6ky 32iono 3 OCT 1 90126-85: nazpie 0o memnepamypu 1210 + 10 °C, sumpumxa
npomszom 4 200uH, 0X0N00JCEHHs HA NOGIMPI.

Pospaxynkoeo-ananimuunum memooom oyinroeanu 30a1aHCO8AHICMb XIMIUHO20 CKIAOY OOCTIOHUX CNIABIS.

Busnauanu ximiynuii cknao cnaagy 0ocnionux eapianmis. J{ocniodcyeanu MikpocmpyKmypy, MexauiyHi 1acmueo-
cmi npu KiMHamuii memnepamypi. Bunpobysanus na mpugany miynicms npogoounu npu 975 °C nio nasaumasiceHHsam
230 Mlla.

Ompumani pezynomamu. [Ipogedeno 00Caioni NAABKU WUXMU, Wo CKAA0AIACh GUKTIOUHO 3 61ACHO20 MEXHON02IY-
Hoeo eopommsi cnaagy KC6Y-BI i3 3acmocyeannam eucokomemnepamypHoi 0opooxu po3niagy ma MoOUQpiKyeanHs Hi-
Kelb-Impiesoi 1icamyporo.

Bueueno ximivunuii cknao, mikpocmpykmypa 00CIiOH020 CRIAgy, 1020 MEXAHIYHI 61ACMUBOCII NPU KIMHAMHIL me-
Mmnepamypi, ma NOKA3HUKU JHCAPOMIYHOCMI.

3anpononosano memoouxy eusHaueHHs CmyneHs 30ananco8anoCmi XiMiuHo20 CKIA0Y CYYACHUX HCAPOMIYHUX
CNIa-6i6 30 CYMAPHUM 8MICTNIOM 2PYN JIe2YBANbHUX eNeMeHMIB.

Hayxosa nosusna. Pospaxynxu, nposedeni 32i0HO i3 3anpONoH08AHOI0 MEMOOUKOI GUSHAYEHHS CIYNeHs 30a1aH-
€C08AHOCMI XIMIYHO20 CKIAJY CHIABY NOKA3VIOMb, WO 051 OOCHIOHUX 8APIAHMIE NO MENCAX 3ePeH MOJICYMb YMEOPIO6a-
mucsa udinennsa gasz. JJocriodnceHHAMU MIKDOCMPYKIYPU NiIOMEepOdtceHO 8UOiIeHHs e8meKmuyHoi ¢aszu y-y' y euennoi
«binoiy 001AMIBKU NO NOMOBWEHUX Medcax 3eper 8 Memani 3paska cnaagy JKC6Y-BI.

32i0n0 3 po3paxynkamu 30a1aHCOBAHOCMI CUCTNEMU JIe2YBAHHS MEeMALy 00CTIOHUX NIABOK MOJICe CHOCIEDicamucs,
He MilbKU NOMOGUIEHHSL MedC 3eper ma 8UOLNEeHHs e6MEeKMUYHOL hazu y-y', a U 3HUIICEHHS MEeXAHIYHUX 61aCmMU8OCmell
ma mpueanoi MiyHoCmi.

3acmocysanns mooudixkysanns nikenv-impiesoi niecamypoio y Kinokocmi 0,136 % y npoyeci nepennagy i3 3acmocy-
BAHHAM BUCOKOMeMnepamypHoi 06pooku posniagy eopomms cnaagy KC6Y-BI 0ozeonsic 3abesnewumu ghopmyeanms
Medic 3epeH 6e3 uoUMUX 8UOLIeHb (3a0pYOHEHD).
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Bcemanosneno, wo y memani 0ociionoi niasku iz 3acmocy8anHAM MoOOUGIKY8aHHS HIKelb-IMPIEOL ieamypoio Ka-
PpoOidu maioms 2n006yAPHY Ma niACMUH4Acmy Mopgonoziio. Budinenns esmexmuyunoi ghasu y-y' 6iocymHe.

Mexaniuni enacmusocmi i mpugana MiyHicms Memany 00CAIOHUX NIABOK i3 3ACMOCYBAHHAM BUCOKOMEMNEPAMYPHOT

00pobKu posniagy konouyitinoco gopomms cnaagy KCOY ax i3 moougixysannam, max i 6e3 MoOugiky8aHHs Hikelb-
impiegoro nicamypoio gionogioaioms gumozam OCT 1 90126-85, ane npu ypomy Hudicue eracmugocmell cniagy, Gioau-

moeo i3 OCBINCEHHAM WUXUL.

Ipaxmuyna yinnicmo. 3anponono6ano po3paxyHko80-anarimuyHull Cnocio 8U3HA4eHHs Cmynens 30a1aHCO8aHOCMI
XIMIYHO20 CKAAOY CYUACHUX JHCAPOMIYHUX CHAABIE 3A CYMAPHUM BMICTNOM NEGHUX 2PYN 1e2Y8ANbHUX eleMEeHMIE.

Bcmanosneno, wo mooughixyeanns npucadkamu Hikenb-impiegoi iicamypu cymmeso noKpawye MikpoOCmpykmypy
BUIUBKIB, OMPUMAHUX 3 MexHOo02TuH020 6opomms cnaagy KCOY-BI, ma cmeopioc ymosu 05 3a2aibH020 NOKPAWEHHS

AKocmi Mamepiany 8i0no8i0anIbHUX GUTUBKIS.

IIposedeni 0ocniodcennss noxkasyroms, wo euxopucmarnis 0,136% nikenv-impiceoi nicamypu 0038014€ OYUCMUMU
MediCi 3epeH, SMIHUMU MOPPON02II0 HEMEMALeBUX GKIIOHEHb MA NPOMUOIMU GUOLIEHHIO eGMEKMULHUX 6KIOUEHD ) JHCd-

POMIYHUX HIKENEBUX CNAABAX.

Kmiouoei cnoea: sicapomiynuii nikenesuu cnias, 60pommsi, MoOUQikyeanHs, Hikeb-impicsa nieamypa, Mikpocmpy-
Kmypa, Qizuxo-mexaniuti 61acmueocmi, HcapoMiyHi 61acmugocmi.

st BUTOTOBIICHHS JIMTUX JeTaleld poTopa Ta cra-
TOpa TypOiHU CHIIOBUX YCTaHOBOK SIK aBiaIliifHHX, TaK 1 Ha-
3eMHOro 0a3yBaHHS 3acTOCOByeThcsl ciutaB JKCO6Y-BI
[1-5].

Jnst 3a0e3neueHHs] HEOOXITHHMX EKCIUTyaTamiiHUX
BJIACTHBOCTEH JIeTaji pOTOpa PEKOMEHIY€EThCS BiUINBATH
3 Matepiany BuxifaHoi miaBku cruaBy XKC6Y-BI 3 nonyc-
TUMHM 3aCTOCYBaHHSIM BOPOTT criaBy 10 50%, a mis ne-
Tayel craropa — 70 80 % KOHIUIIHHOTO BOPOTTS CILIABY.
Konuiriiine BOpOTTS CIUTaBY y POIIECi B3aEMOIiH 3 Kepa-
MI4HOIO (DOPMOIO, THUTIIEM Ta aTMOC(EpOoro Iedi Hacudy-
€ThCA IIKITTUBUMU JOMIIIKamu [3, 6, 7].

IkiTHBi TOMINIKH, BUAUISIOYHACH ITO MEKaX 3epeH y
HEMETaJICBHUX BKIIIOUEHHSX, B eBTEKTHUHIH (a3i abo okpe-
Mili (asi, MOXKYTh 3HIDKYBaTH MEXaHi4UHi, >KapOMIIHi Ta
eKCIUTyaTaliiiHi BuactuBocti netaneit [3, 6-10]. [Ipu Bu-
TOTOBJICHH] JeTaneil MeToIaMHM JIMTTSA He0OXiqHO 3aCTOCO-
BYBaTH OCBKEHHS CIUIAaBY OJaBaHHIM MaTepiary BUXif-
HOI TUTaBKH, 110 TO3BOJISIE MiHIMi3yBaTH BIUIHMB IIKiITUBUX
JIOMIILIOK, 1110 TIOTPAILISIOTh Y CIUIAB 3 TEXHOJIOTTYHUM BO-
POTTAM.

®.®. XimymwmanM [11] BCTaHOBIEHO, IO IMiIABH-
LIEHHS] CYMapHOT'0 BMICTY aJIOMIHIIO 1 TUTaHY B XKPOMIIl-
HUX HIKEJICBHX CIUIaBaX OOMEKY€e IOMYCTUMHUA BMICT
XpoMy, MoliOaeHy, Bonbdpamy, HioOif0 1 TanTamy. Kpim
TOTO, HaIMipHE JIeTYBaHHS HiKEIb-XPOMHCTHX CILUIaBiB
(epUTOYTBOPIOIOUMMH €JIEMEHTAMH, 2 CaMe XPOMOM, MO-
ni61eHoM, BONBb(paMOM, TUTAHOM i aIFOMIHIEM BeAe IO
mosiBH ABo(azHoCTi (y+a) 1 6-¢a3u, Mo pi3Ko HOTipHIye ix
KApOMINHICTh. {7 CIUTaBiB i3 THTAaHOM Ta ANIOMiHIEM
kpuTnuHOi € cyma Al+Ti+0,5 %. Opgnak 3 wacy mpose-
JICHHS 3raJIaHuX JOCIIKEeHb CTYIIHb JIETYBaHHS KapoMi-
[[HUX HIKEJIEBUX CIUIABIB CYTTEBO IIiABHIIMBCS, 1 O3HAYCHI
peKoMeH/alii BUMararoTh YUCEIbHOIO YTOYHEHHS 3 Me-
TOFO aJfanTarfii 10 Cy4acHUX YMOB.

VY Garathox podotax [1-5, 7, 12] 3a3HaueHO, 0 MO-
mudikyrounii BILIMB pinkicHO3eMenbHUX MeTaniB (P3M)
Ha CTPYKTYpY >KapOMII[HUX CIUIABiB NPOSBISIETHCS y T10-
JpiOHEHHI MiKpO3epeH, 3MEHIIIEHH] pO3MipiB ICHAPUTHOTO
ocepenKy, 3MiHi MOpQOIIOTii Ta pO3MOAITy HEMETalIeBUX
BKJIFOYCHb.

ITpiii sIK MOBEPXHEBO-aKTHBHUI €IEMEHT, HAKOIUYY-
I0YHCh HAa MEXI TBepoi Ta pinkoi (a3, BUKIMKAE ITiBH-
IIEHHS B’S3KOCTI PO3IUIaBy Ta YNMOBUIBHEHHS 3POCTaHHS
TBep01 (a3u 3a paxyHOK rajJbMyBaHHs TUQYy3iHHUX ITpo-
necis [1-5, 7].

Sk mokasyroTh gpociimkeHHs [1-5, 7] onTuManbHIM
BMicToM itpito B ciasi € 0,01%, o 3abe3neuye crabdimi-
3amiro kap6ixis Tary MC, 6e3 yTBOpEHHSI CaMOCTIHHIX €B-
TEeKTUIHUX (a3.

Memoro oanoi pobomu € TOCTIIKEHHS BIULTUBY MOJIH-
(biKyBaHHS ITpiEM Ha CTPYKTYpPY 1 BIACTUBOCTI BUIIMBKIB,
OTPUMAaHUX 3 TEXHOJIOTTYHOTO BOpoTTs cruaBy JKCO6Y-BI,
Ta OI[iHKA MMPUHITUIIOBOT MOKJIIMBOCTI BiHOBJICHHS CILIaBY
JKC6Y-BU no piBHA sIKOCTI MaTepiany BUXiTHHUX IUIABOK.

Martepianu Ta MeTOANKA TOCTiTKEHb

st mpoBenieHHsT pOOOTH 3 KOHAWIIIHHOTO TEXHOJIO-
riggoro BopotTs cruiaBy JKC6VY-BI i3 3acTocyBaHHSIM BH-
cokoTemneparypHoi o0poOku posmiay (BTOP) 6ymno
MIPOBEJCHO JOCHIIHI TJIaBKKM Ta BUTOTOBIJICHO J[BA 3JIMBKU
3a HACTYIHOIO TEXHOJIOTIEIO:

- BaKyyMyBaHHS IUIaBWIbHOI KaMEpPH YCTaHOBKH
VIII®-3M fo raubusu Bakyymy 5 x 10 mm pr. cr.;

- HarpiB po3IUIaBy y BaKyyMi N0 TeMIIepaTrypu
1600...1650 °C;

- CTBOpPEHHS B IUIABWJIBHIM KaMepi 3aXHCHOI aTMo-
cdepu aprouy;

-  HarpiBaHHA  pO3IUIaBy [0  TEMIEpaTypH
1830...1870 °C 3 BUTPUMKOIO IpH I[iif TeMIepaTypi mpo-
TsiroM 10...12 XBUIUH;

- BaKyyMyBaHHsI Ta OXOJIO/I)KEHHsI pO3IIIaBy JIO TeM-
nepatypu 3anuBku 1420...1450 °C;

- 3aJIMBaHHS METATy B KOKIJIb.

3 OTpUMaHUX 3JIMBKIB, OPI3aHUX HA MIpHI HIMXTOBI
3arOTOBKH Ta OYHMIIEHUX B JpoOOMEeTHOMY OapabaHi, Me-
TOJIOM PIBHOOCHOI KpHCTalli3alii B KepaMidHuUX (opmax
Bi/UTMBAJIMCH JOCIIAHI 3pa3Kd JUTsI MEXaHIYHUX BHIIPOOY-
BaHb Ta BU3HAYCHHS TPHUBAJIOI MIITHOCTI.

[pu 3amuBaHHI OHIET KepaMidHOT (OPMH, PO3ILIAB
MeTary npu temnepatypi 1540 °C, mignaBaBcs Moanudiky-
BaHHIO HIKEIb-ITPi€BOIO Jiraryporo mapku ITHI1 (po3mip
3epHa 2...5 MM) y kinbkocti 0,136 % Bin HaBinryBaHHS
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IINXTH B TUTII 3 BUTpUMKOrO 1 xB 15 ¢ ...1 xB (BapiaHT
6VI).

Hpyruit 610k 3anmuBaBcs 6e3 MomudikyBaHHs (Bapi-
anT 6YT).

OXO0I0KEHHS 3JTUTHX OJIOKIB TPOBOIMIIOCS HA TIJIa-
BWJIBHIH JINISHIN 32 HOPMAJIbHOI TEMIIepaTypy HaBKOJIHIII-
HBOT'O CepeIOBHIIIA.

TepmooOpoOKy 3pa3kiB mpoBoamiu 3rigHo 3 OCT 1
90126-85: narpiB o Temneparypu 1210 + 10 °C, Butpu-
MKa [IPOTAroM 4 TOJINH, OXOJIOJDKEHHS Ha TIOBITPI.

Po3paxyHKOBO-aHAJIITUYHUM METOJIOM OLIHIOBAIH
30aJ1aHCOBAHICTh XIMIYHOTO CKJIaJly JOCIITHHUX CIUIaBIiB.

Pe3yabTaTi T2 06roBOpeHHS

Ha ocHoBi mocmimkenp @.@. Ximymniiaa B MOHOTpa-
¢ii [11] Ta cydacHHX TaHUX MIOAO PO3PaXyHKOBO-aHAIITH-
YHOTO JOCIHIPKEHHsSI CTaOUTBPHOCTI 3MIIHIOIUOL Y'-(a3u
[13-15], a Takox aHami3y BUXIIHUX IUIABOK CIUIABY
JKC6VY-BI Bupobnumnta BAT «CrymiHCEKOT MeTamypriid-
HOI KOMMaHii» cmiBaBTOpoM 1€l crarti ThoMkiHuM J[.A.
0y110 po3p0o0IIEHO METOI BU3HAUCHHSI 30aJTaHCOBAHOCTI Xi-
MIYHOTO CKJIa[ly, 3 YPaxyBaHHSIM JIBOX CyM BMICTY eyeme-
HTiB (B % 3a mMacow): Cr+W+Mo Ta Ti+Al. BianosigHo 10
3po0JIeHNX BUCHOBKIB CyMapHi 3MiCTH 3a3Ha4€HHX eJeMe-
HTIB IOBUHHI Iepe0yBaTH Y TAKUX MeXax:

(Cr+W + Mo) =20,2 ... 20,8%; (Ti + Al) = 7,8...8,2 %.

XiMIUHMH CKJIAJ 3aIUTHX OJIOKIB 13 IEPEIIaBICHOTO
i3 3acrocyBanHssM BTOP TexHOIOTi4HOTO BOPOTTSI CILIaBy
JKC6Y-BI naBeneno B Tabimi 1.

AHami3 ximiuHoro CcKiany BapianTiB 6YI ta 6YT Ha
MPEeIMET CTPYKTYPHOI CTabiIbHOCTI MPOBEACHO BiImoO-
BimHO 10 po3pobinenoi B HamioHamsHOMY yHIBEpCHTETI
«3amopi3pKa HOMITEXHIKa» KOMIUIEKCHOI PO3paxyHKOBO-
aHaMTHIHOI MeToauKH [13—15] 3a HacTynmHHMHU TTapameT-
pammu.

[Tapametp cTpyKTYypHOi CTaOLIBHOCTI

Iy Iny= (Cr / Cr + Mo + W), % ar.

CymapHa KiTBKIiCTh €JICKTPOHHUX BaKaHCIi B ¥ po3-
quHi, Nvy.

CymapHa KiTbKiCTh BaJICHTHUX €JIEKTPOHIB B Y PO3-
uuHi, Md,.

[MapameTp aucbanancy cuctemu jeryBanus AE.

CyMapHa KUIBKICTh BaJICHTHHX €JIEKTPOHIB y CIUIaBi,
Mdc.

PesynbpraTti po3paxyHKy mapamMeTpiB CTPYKTYPHOI
crabinbpHOCTI BapianTiB 6Y1 Ta 6YT 3a3Haueni y Tabnumi 2.

Pospaxynok nokasas, mo Nvy, Md,, Mdc ne nepeBu-
IIy€ KpUTHYHUX TTapameTpiB yrBopeHHs TITY das.

Hucbananc cucrtemu neryBaHHS, AE HeraTUBHHH i
nepeumrye BuMmoru +0,04, mo Bkasye ams BapiaHTiB 6 Y],
6YT HasBHICTB y CIIIaBi METACTaOUIEHOTO CTaHY Ta MOX-
muBHX (PAa30BHX TEPETBOPEHb IEPIIOTO POLY 3 YTBOPEH-
HSIM TeTepOTHUITHUX croyk (o, 1, MeC Ta in.) [1, 2, 13].

PesynbraTy, oTprMaHi BiJIIOBIIHO JI0 3alpONIOHOBA-
HOTO METOJY PO3PaxXyHKy 30alaHCOBAHOCTI XIMIYHOTO
CKJIaly, HaBeJIeHO y Tabumili 3.

SIk BHIHO 3 pe3ynbTaTiB pO3paxyHKy Ul BapiaHTiB
6YI 1 6YT no Mexax 3epeH MOXE yTBOPIOBATUCH «Oinay
00siMiBKa (TTOTOBIIEHHS MEX 3¢peH) BUIIICHHS €BTCKTH-
9HOI (a3u y-y'.

[TpryoMy OCKiJIbKH 3HaYEHHS CyM 3HaXOAUTHCS 1M00-
JU3y BEPXHBOI MPHUITyCTUMOI MEXi apaMeTpiB, MOKIUBO
HE TUTBKHM MTOTOBIIEHHS MEX 3€PEH Ta BUALICHHS €BTEKTH-
9HOI (a3u y-y', aje 1 3SHWKEHHS MEXaHIYHUX BIACTUBOCTEH
Ta TPUBAJIOI MIIIHOCTI, 32 pPaXyHOK HMOBIPHOT'O BH/ILICHHS
TITY ¢a3 (o1 y- dhasn).

PesynbpraT BUNpOOYBaHb MEXaHIYHUX BIIACTUBOC-
TEl Ta TPUBAJIOi MIIHOCTI JOCIIAHUX 3pa3KiB BapiaHTIB
6YI ta 6YT nepeniaBy TEXHOJIOTIYHOTO BOPOTTS CILIaBY
JKC6VY-BI i3 3actocyBanassm BTOP micns TepmooOpoOku
HaBEJICHO y Tabui 4.

Tadmuusa 1 — XiMiyaA# CKIIa] MaTepiany JOCTIIHAX IIABOK TEXHOJOTIYHOTO BOpOTTA cruiaBy JKC6Y-BI micms

BTOP
Bapiant . XimiuHuit ckaan B %, 3a Macoro .
C Al Ti W Mo Cr Co Nb Fe Si B
6Y1 0,185 5,55 2,65 10,4 1,9 8,83 9,8 1,0 0,37 | 0,09 0,014
6YT 0,16 5,51 2,65 10,4 1,6 8,9 9,7 1,08 0,16 | 0,09 0,02
OCT 190126-85 | 0,13...0,2 | 5,1...6,0 | 2,0..2,9 | 9,5...11,0 [1,2...2,4 8,0..9,5 9,0...10,5| 0,8...1,2 | <1,0 | <0,4 | <0,035

Tabauus 2 — [Tapamerpn cTpyKTYpHOI CTabiIbHOCTI ToCHiHNX BapiaHTiB 6Y] Ta 6YT

[Mapamerpu cTpykTypHOT PospaxyHok mist PoszpaxyHok mist Kputu4Hi 3HaYCHHS TapaMeTpiB YTBOPEHHS TOIIOIO-
CTabLILHOCTI BapianTa 6Y1 BapianTa 6YT rivyHo minbHOo ynakoBanux (THIY) da3 [13]
Nvy 1,956077 1,974252 <230
Md, 0,884818 0,88659 <0,93
AE -0,245 -0,212 + 0,04
Mdc 0,934189 0,94051 0,98 + 0,08

Tabauus 3 — Pe3ynbrati po3paxyHKy napamerpiB 30aJ1aHCOBaHOCTI XIMIYHOTO CKJIALy

Bapianr (Cr+W+Mo), % (Ti+Al), %
6Y1 (8,83+10,4+1,9) =21,13 (5,55+2,65)=8,2
6YT (8,9+10,4+1,6) = 20,9 (5,51+2,65)=8,16

[IpumnycTiMi MeXH cyM 20,2...20,8 7,8...8,2
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Tab6auus 4 — MexaHiuHi BIaCTUBOCTI Ta TPUBAJIa MIlIHICTh MaTepially JOCIiHAX TUTABOK TEXHOJIOTIYHOTO BOPOTTS
crutaBy JKC6Y-BI miciast BTOP

MexaHi4HI BIACTUBOCTI

UYac mo pyitHyBaHHA 11 HaBaHTxeHHsM 230 MIla npu

Bapiasrr Gs, MITa 5, % 975 °C, ron.

1126 11,2 . )

6Y1 034 40 68,0; 55,0; 40,0
1045 6,0 . )

6YT 1055 9.6 69,0; 59,5; 50,0

CepiiiHa TeXHOJIOTIS 3aMBKH fgeTaiei 3 ocBbkeHHsIM AT «Motop Ciu»
100 % 1OX11HOT IUIaBKU 994 4.4 102,0
50 % noxigHoi miaBku ta 50 % BOpPOTTS 1011 4.8 108,5
20 % noxizHoi miaBku Ta 80 % BOpOTTS 1014 4.4 84,0
OCT 190126-85 > 850 >3 >40,0
6, x 500 2, x 500

Puc. 1. Mixpoctpykrypa 3paska cruiaBy JKC6Y-BI Bapiant 6YT

6, X 500 2, %500

Puc. 2. Mixpoctpykrypa 3paska cmuiaBy 2KC6Y-BI Bapiant 6Y1
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SIk BugHo 3 Tabmumi 4, MexXaHiuHI BIACTHBOCTI Ta
TpuBasna MinHicTh BapiaHTiB 6Y] Ta 6YT 3HaxoauThCs
NpuOIM3HO HA OJTHOMY PiBHI, ajie 3HAUSHHS TPUBAIIOT Mill-
HOCTI € HIKYHMMH, 32 PE3yJIbTaTH BUIIPOOYBaHHS TECTOBUX
JUTHX 3pa3KiB BUTOTOBJICHUX 13 OCBIXKCHHSM (cepiiiHa Te-
xnoutorist AT «Morop Ciuy).

[Ipu mpoBeneHHI MeTamorpadiqYHOTO JOCIiIHKECHHS
3pa3KiB Mmicis BUNPOOYBaHb MEXaHIYHMX BJIACTUBOCTEH
Oyyio BUABIEHO, 110 JuIs Bapianta 6YT € XapakTepHUMH
JIOKAJIbHI TTOTOBIICHHS MEX 3€peH, rpyOi BHIUICHHS IO
MeXKax 3epeH KapOimHoi (a3u; TakoX BCepenuHi 3epeH €
BUIIICHHS eBTeKTUYHOT haszu y-y' (puc. 1).

It BapianTa 6 Y1 BUILIEHB 10 MEKaX 3¢pEH IMPAKTH-
yHO HeMae. Mexi 3epeH ToHKi. KapOinu MaroTh rinolyiis-
PHY Ta ruiacTuHuacty Mopdororitoo. BuaineHHs eBrekTHy-
HOI (aszu y-y' BigcyTHi (puc. 2).

BucHoBkH

[IpoBeneno mociTHi IIABKU MIMXTH, IO CKJIa/1aJ1ach
BUKIIIOYHO 3 BJIACHOTO TEXHOJIOTIYHOTO BOPOTTS CIUIaBY
JKC6VY-BI i3 3acTocyBaHHSM BHCOKOTEMIIEPATYPHOT 00pO-
OKH po3IUTaBy Ta MOAM(IKyBaHHS HIKEIb-ITPi€BOI Jirary-
poro.

Po3paxyHku, mpoBeeHi 3TiHO i3 3aIPOIIOHOBAHOIO
METOAMKOIO BU3HAUEHHS CTYIIeHs 30a1aHCOBaHOCTI XiMid-
HOT'O CKJIaJly CIUIaBYy ITOKa3yIOTh, IO VIS AOCIITHUX Bapi-
aHTIB 10 MEXaX 3€pPEH MOXYTh YTBOPIOBATUCS BUIICHHS
(a3. JocnimKeHHIMH MIKPOCTPYKTYPH HiITBEPIKEHO BH-
JIJIEHHS! €BTEKTHYHOT (ha3u y-y' y BUIIISL «O1I01» 00JIsIMi-
BKH I10 IOTOBILIEHUX MeKax 3epeH B MeTalli 3pa3Ka CIUIaBy
JKC6Y-BI Bapianty 6YT.

3riiHo 3 po3paxyHKaMHu 30aJlaHCOBAHOCTI CHCTEMH
JIETYBaHHSI METaJly JOCHIIHUX IUIABOK MOJXE CIOCTepira-
THUCS HE TIJIbKH MOTOBIIEHHS MEX 3€peH Ta BUIUICHHS €B-
TEeKTHYHOI a3y y-y', a i 3HIKEHHSI MEXaHIYHHUX BIIACTH-
BOCTEH Ta TPUBAJIOT MIiITHOCTI.

3acrocyBaHHSI MOAN(DiKyBaHHS HiKeIb-iTPi€BO] Jtira-
Typoto y kinekocti 0,136 % y nponeci meperuiaBy i3 3acTo-
CyBaHHSM BHCOKOTeMIIepaTypHOi 0OpoOKH po3IUIaBy BO-
ports cmaaBy JKC6Y-BI  mo3Boise  3abe3nednTu
(hopMyBaHHS MeX 3epeH 0e3 BUAUMHUX BHIUICHB (3a0pya-
HEHB).

BcranoBneHo, 1o y mMeraiti JOCIiAHOT IJIaBKH 13 3a-
CTOCYBaHHSM MOAM(DIKYyBaHHs HIKEJIb-iTPIEBOT JIraTyporo
KapOiay MaroTh IIIO0YNSpHY Ta IUIacTHHYAcTy Mopdoiio-
rito. BuzineHHst eBTeKTUYHOI pasu y-y' BICYTHE.

MexaHi4HI BJIACTUBOCTI i TpUBaja MIIHICTh METAITy
JIOCJTIZTHUX TUIABOK 13 3aCTOCYBaHHSAM BHCOKOTEMIIEpATyp-
HOi OOpOOKM pO3MJIaBy KOHIWMIHHOTO BOPOTTS CIUIaBY
KC6Y-BI sk i3 mogudikyBanHsIM, Tak 1 6e3 Moau(iKy-
BaHHS HIKENb-ITPIEBOIO JITaTYpOIO BiANOBINAIOTh BHMO-
ram OCT 1 90126-85.

TakuM YMHOM MIATBEPXKEHO MO3UTUBHUHN BILUTUB MO-
J]iKyBaHHS ITPiEM Ha SIKICTh MaTepialy BUIUBKIB, BUTO-
TOBJICHUX BHKIIFOUHO 3 BJIACHOTO TEXHOJIOTTYHOTO BOPOTTS
craBy JKC6Y-BI i3 3acTocyBaHHSIM BHCOKOTEMIIEpATyp-
HOT 00p0o0OKH po3miaBy. [Ipu IbOMyY 3HAYEHHS MOKA3HUKIB
TpHBaJIOl MIIIHOCTI MaTepiay IOCTIJHHUX 3pa3KiB CIUIABY
JKC6Y-BI, xoua i BiAnoBigaoTh BUMOTaM HOPMATHBHO-
TEXHIYHOI TOKYMEHTallil, ajle € HIKYNMH, 33 pe3yJIbTaTh

BUIPOOYBaHHS TECTOBHX JINTHX 3pa3KiB BUTOTOBIICHUX 13
ocBixeHHsM (cepiiina Texnoinorist AT «Motop Ciuy).
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THEINFLUENCE OF MODIFICATION WITH YTTRIUM ON THE STRUC-
TURE AND PROPERTIES OF CASTINGS OBTAINED FROM THE
AKC6Y-BI ALLOY RETURN
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Purpose. To study the effect of modification of nickel-yttrium ligature with additives on the structure and physical
and mechanical properties of JKC6Y-BI alloy, smelted using its own technological return in the charge.

Research methods. On the VIIII®-3M installation with the base crucible, experimental melting of standart techno-
logical return of the JKC6Y-BI alloy was carried out using high-temperature melt processing.

Experimental samples for mechanical tests and determination of stress-rupture strength were cast from the
obtained ingots, cut into measured batch blanks and cleaned in a shot blasting drum, using the method of equiaxial
crystallization in ceramic molds.

When pouring one ceramic mold, the metal melt at a temperature of 1540 °C was modified with a nickel-yttrium
ligature of the ImHI brand (grain size 2...5 mm) in the amount of 0.136 % of the mass of the charge in a crucible with
a holding time of 1 min 15 s ... 1 min. The second block was poured without modification.

Cooling of the poured blocks was carried out at the melting site at normal ambient temperature.

The samples underwent heat treatment according to OCT 1 90126-85: heating to a temperature of 1210 £ 10 °C,
holding for 4 hours, cooling in air.

The balance of the chemical composition of the experimental alloys was evaluated by the computational and ana-
Iytical method.

The chemical composition of the alloy of experimental variants was determined. The microstructure and
mechanical properties at room temperature were studied. Stress-rupture strength tests were performed at 975 °C
under a load of 230 MPa.

Results. Experimental melting of the charge was carried out, which consisted exclusively of our own technological
return of the JKC6Y-BI alloy with the use of high-temperature processing of the melt and modification with a nickel-
yttrium ligature.

The chemical composition, microstructure of the experimental alloy, its mechanical properties at room temperature,
and heat resistance indicators were studied.

A method of determining the degree of balance of the chemical composition of modern superalloys based on
the total content of groups of alloying elements is proposed.

Scientific novelty. Calculations carried out in accordance with the proposed method of determining the degree of
balance of the chemical composition of the alloy show that for the experimental variants, phase separations may form
along the grain boundaries. Studies of the microstructure confirmed the separation of the y-y' eutectic phase in the form
of a “white” border along the thickened grain boundaries in the metal of the JKC6Y-BI alloy sample.
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According to the calculations of the metal alloying system balance for experimental melts, not only the thickening
of the grain boundaries and the separation of the y-y' eutectic phase, but also a decrease in mechanical properties and
stress-rupture strength can be observed.

The application of modification with nickel-yttrium ligature in the amount of 0.136 % in the remelting process with
the use of high-temperature processing of the JKC6Y-BI alloy return melt allows to ensure the formation of grain bound-
aries without visible discharges (pollution).

It was established that in the metal of the experimental melting with the application of modification with nickel-
yttrium ligature, carbides have globular and lamellar morphology. There is no separation of the y-y' eutectic phase.

The mechanical properties and stress-rupture strength of the metal of the experimental melts with the use of high-
temperature processing of the melt of the conditioned return of the JKC6Y-BI alloy, both with and without modification
by nickel-yttrium ligature, meet the requirements of OST 1 90126-85, but at the same time, they are lower than the prop-
erties of the alloy cast with charge refreshment.

Practical value. A computational and analytical method of determining the degree of balance of the chemical com-
position of modern heat-resistant alloys based on the total content of certain groups of alloying elements is proposed.

It was established that the modification of nickel-yttrium ligature with additives significantly improves the micro-
structure of castings obtained from the technological return of the JKC6Y-BI alloy and creates conditions for a general
improvement in the quality of the material of the responsible castings.

The conducted studies show that the use of 0.136 % nickel-yttrium ligature allows to clean grain boundaries, change
the morphology of non-metallic inclusions and counteract the segregation of eutectic inclusions in nickel-based superal-
loys alloys.

Key words: nickel-based superalloys, return, modification, nickel-yttrium ligature, microstructure, physical and
mechanical properties, high-temperature strength.
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ESTIMATION OF GAS-DYNAMIC PARAMETERS AT THE EXIT OF THE
IMPELLER DURING MODERNIZATION OF MI-2MSB

FAN INSTALLATION

Tatarchuk T. PhD Tech., associate professor, associate professor of Physics Department of National
University “Zaporizhzhia Polytechnic”, Zaporizhzhia, Ukraine, e-mail: tanko.hol@gmail.com;

Kravchuk Yu. specialist of the highest category, senior lecturer, Zaporozhye Aviation College named after
0.G. Ivchenko, Zaporizhzhia, Ukraine, e-mail: kravchuk@zac.org.ua;

Pelykh V. Student Kharkiv National Aerospace University named after M. Y. Zhukovsky “Kharkiv Avia-
tion Institute”, Kharkiv, Ukraine, e-mail: venator.verba@gmail.com

Purpose.  Analysis of methods to increase the efficiency of the cooling system of the

AI-450M engine units of the Mi-2MSB helicopter and evaluation of gas-dynamic parameters at the impeller outlet, fan
installation MI-2MSB

Research methods: finite element method (FEM).

Results. It was shown that the use of a centrifugal fan as the main element in the system of air injection, cabin air
conditioning and cooling systems and engine units provide the following opportunities and improvements:

- at constant speeds and without changes in the transmission system to increase the amount of running air by
200...300 %;

- reduce the temperature of heated units to the values recommended by the operation manual;

- to increase the service life of complex-loaded elements of the system of connection of free turbine shafts with the
shaft of the main gearbox;

- reduce the risk of accidents due to poor air conditioning in the cockpit and passenger seats.

The analysis of possible types of C.S modernization was carried out, the estimated estimation of gas-dynamic pa-
rameters at the exit of the impeller - to the sub-radiator space was carried out. The problem was solved by changing the
type of impeller from axial to centrifugal.

Scientific novelty. The problem of creating an efficient and reliable cooling system for internal systems and units
of the Mi-2MSB light multi-purpose aircraft, which has been modernized with the replacement of old GTD-350 engines
with newer ones, AI-450 series - urgent, in the absence of similar light helicopters of domestic production. An im-
portant component of the safety and reliability of all components of the helicopter is to maintain the correct thermal
regime of its components.

Practical value. The obtained results are important in the further process of production and modernization of the
Mi-2 helicopter of all modifications with the latest engines, as well as for helicopter development projects in Ukraine -
SME-2 “Hope”, SME-6 “Otaman”, SME-8 and others. The ability to increase cooling efficiency, air conditioning and
reduce engine load increases the life, reliability of components and improves comfort and performance for pilots and

passengers.

Key words: fan assembly (FA), centrifugal wheel (CW), finite element method (FEM), cooling system (CS),
modernization, air system, aircraft compressor, lubricating radiators.

Introduction

As a result of the deep modernization of the Soviet
Mi-2 helicopter to the Mi-2MSB level, the rather old
GTD-350 engine was replaced by the newest AI-450. Due
to the use of new materials, technologies for cooling tur-
bine blades and other modern technologies, it was possi-
ble to increase the cruising and take-off power by an av-
erage of 100...150 hp. At the same time, the gas
temperature behind the short-circuit along the entire ex-
haust increased by 100...200 °C. At the same time, the
FA was not changed or modified, the CS, developed for
less powerful engines, began to work in more difficult
conditions. Productivity began to be insufficient both for
cooling the STG-9M starter generators and for blowing
the flanges connecting the shafts of the main gearbox and
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engines (or freewheel clutches, if they are available). Var-
ious elements began to experience unwanted heating not
foreseen by operational standards.

NPF “Adron” did not finish the work on the devel-
opment of new screen-exhaust devices for the Mi-2,
which were supposed to reduce the load on the D and GR
shafts. Instead, the development of helicopters of
transport and sanitary modifications, with a capacity of up
to 10 people and a flight duration of 5...6 hours, began. In
the past, there have already been cases of accidents due to
carbon monoxide poisoning, due to defects in the air con-
ditioning system, which will be exposed to a greater load
when the passenger capacity is increased.

To cool the units of the power plant, an axial fan is
installed on the main gearbox. Air from the fan unit cools
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the following units: oil radiators of the left, right engines
and gearbox, starter generators STG-9M, alternator,
flanges of free turbine shafts, gearbox and AK-50MI1G
COMpressor.

Thus, the research is relevant to improve the cooling
characteristics and solve the above-mentioned problems of
the helicopter, which is starting to enter into operation
more and more often, both in civilian and military versions.
As the experience of the Mi-2M and PZL Swidnik Kania
shows, reworking the gargrot together with the pneumatic
system, when changing the engines and increasing the
flight duration, is a necessary stage of improving LTX and
EX in the modernization process.

Features of the Mi-2 fan installation before
modification

An increase in productivity, and as a consequence, the
efficiency of CS work, is possible in the following ways:

- increasing the operating speed of the axial fan;

- increasing the size of the impeller;

- use of a more advanced design of CS;

- use of fundamentally different means of cooling;

- reducing the load on the pneumatic system is not
considered, due to the hereditary type of construction of all
KB Mil helicopters, namely: the use of fans, which is an
almost unique feature in the entire helicopter industry.

The location of units, the peculiarities of the flow of
gas-dynamic flows from the engine, savings on heat-re-
sistant and heat-resistant materials do not allow to abandon
air cooling.

Fig. 1. FA of the Mi-2 helicopter and its modifications:

1 — guiding apparatus; 2 — puck; 3 — nut; 4 — adjustable
paddles; 5 — sector; 6 — working wheel; 7 — steering device;
8 — diffuser; 9 — air-oil radiators; 10 — spring shaft;

11 — shaft casing; 12 — ball bearing; 13 — air outlet pipe for
cooling units; 14 — fan shaft; 15 — blade axis; 16 —roller;
17 — rope; 18 — buttermilk

© Tatarchuk T., Kravchuk Yu., Pelykh V., 2022
DOI 10.15588/1607-6885-2022-2-10

ISSN 1607-6885

The fan unit consists of various elements that work as
a complete mechanism. The front winding of the air is per-
formed by a number of adjusting stator vanes (Fig. 1,
item 4). Thanks to the cable (Fig. 1, item 17), when one
stator blade is turned to a certain angle, all others change
their position to the same angle. The working element is
the axial wheel (Fig. 1, item 6), which creates an air flow
that cools various units of the AI-450M-P engines and the
Mi-2MSB helicopter. The torque on the impeller comes
through the fan shaft (Fig. 1, item 14) resting on the ball
bearing (Fig. 1, item 12). Power comes to the shaft from
the VR-2 main gearbox through the spring shaft (Fig. 1,
item 10). Lubrication of the ball bearing is carried out with
working grease through the oil pan (Fig. 1, item 18). The
bearing itself rests on the stator element - the shaft casing
(Fig. 1, item 11), through which it transmits further forces
to the fastening nodes. Thanks to the diffuser (Fig. 1, item
8), the air flow expands after leaving the channel of the im-
peller. Further along the direction of movement, it gets to
3 lubricant radiators (two AI-450M-P engine radiators
(right and left) and a BP-2 main gearbox radiator) and var-
ious nozzles (Fig. 1, item 13) for air intake for the needs of
cooling units installed on engines. The main parameters of
the fan installation are listed in Table 1.

Table 1 — Basic parameters of the fan installation

Diameter of the Rotation speed, Productivity,
impeller, mm rpm m’/s
290 8000 2,8
Pressure, mm. Weight (dry),
water Art. Power, hp kg
550 25 25

Purpose of the work

After remotorization and replacement of GTD-350
with newer AI-450M-P, which increased power, heat gen-
eration also increased. The fan unit was not structurally
changed, the cooling system designed for less powerful en-
gines began to work in more difficult conditions. Produc-
tivity began to be insufficient both for cooling the STG-9M
starter generators and for blowing the flanges connecting
the shafts of the main gearbox and engines (or freewheel
clutches, if they are available). Since the unit operates at a
nominal speed of 8000 per minute, it is possible to use a
centrifugal type of fan, which gives us a large increase in
the performance of pumping cold heated air to the hot
units, which will be calculated later.

Thus, the main goal of this work is the analysis of
methods of increasing the efficiency of the cooling system
of the AI-450M engine units of the Mi-2MSB helicopter
and the assessment of gas-dynamic parameters at the outlet
of the impeller. fan installation MI-2MSB

The following software packages and modules were
used to create mathematical models, evaluate gas-dynamic
parameters at the outlet of the impeller during the modern-
ization of the MI-2MSB fan installation, and evaluate the
results of modeling and calculations: Ansys CFX-pre, An-
sys CFX-solution, Ansys CFX-post, Vista CCM,
BladeGen, TurboGrid, Mesh.
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Modernization of the Mi-2 fan installation and assess-
ment of gas-dynamic parameters at the outlet of the
impeller

Changing the operating speed of the fan is a complex
and time-consuming process, which requires changing the
system of shafts and gears of the transmission of the trans-
mission of rotational forces from GR to VV, recalculating
the parameters of the impeller for strength, reliability and
performance in conditions of increased revolutions.

Increasing the diametrical dimensions of the impeller
is an extensive, not a qualitative way of modernization,
which is complicated by structural limitations. In this case,
the growth of parameters will be proportional to the in-
crease in size. It does not make sense to consider it, because
it requires almost the same modifications of the system as
changing the type of impeller to a centrifugal one, while it
will give a smaller increase in efficiency.

By fundamentally different cooling methods, we
mean liquid-lubricant cooling, which is difficult to imple-
ment due to a small supply of lubricant, which is about 25
liters and lubricates the gearbox, drive box and engines,
and a set of other factors that significantly affect the feasi-
bility of building hydro and oil linesto

Improvement of CS can be done by methods of in-
creasing the accuracy and quality of nozzles and reworking
air ducts with greater use of sealing means and changing
the working element. The second way is more productive,
so it was chosen as the object of calculations.

The following was chosen as the initial data: funda-
mentally different, more appropriate to the required param-
eters of air flow - centrifugal type of fan, standard parame-
ters of the atmosphere (P = 101325 Pa, T = 288.15 K),
operating revolutions (8012 rpm). Since the impeller will
create additional pressure, we choose “real” gas as the
working gas model. To reduce the cost due to versatility,
we will calculate the necessary parameters for two engines
that are being prepared for operation - AI-450-2 with a
power of 650...800 hp. To do this, we will increase the flow
several times, compared to the usual one (2.8 m%/s). Using
the correlation method and based on economic considera-
tions, the most effective ratio was adopted - 10 main and
10 splitter blades.

With the help of Vista CCM, BladeGen modules, we
determine the performance of the wheel at different revo-
lutions, to be sure of the system's performance in other
modes of operation, except for nominal and take-off, the
diagram is shown in Fig. 2.
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Fig. 2. Productivity at different revolutions of the impeller
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Also, with the help of the Vista CCM module and
BladeGen, as a result of 3 approximations at the output, the
main parameters of the centrifugal fan were obtained
(tabl. 2).

To conduct a gas-dynamic analysis, first of all, it is
necessary to create a model of the impeller segment (fig. 3)
using the finite element method. For this purpose, the fol-
lowing values were set using the Ansys CFX-pre module:
air inlet and outlet planes, data on the inlet flow parameters
that we calculated in the previous stages, rotation fre-
quency, and others. In gas conditions, we chose ideal air,
since the degree of compression has low values, we can ig-
nore the error value, in wall conditions, boundary layer ad-
hesion was specified, the error of swirling the flow on the
blade profile approaches zero.

Table 2 — Basic parameters of a centrifugal fan

. Air mass Volume air
Operating revo- | Compres-
lutions, rpm sion ratio flow rate, flow rate,
/1P kg/s m?/s
8000 2 13 10,08
Inlet tempera- Inlet pres- | Inlet flow Radial dis-
ture, K sure, Pa angle, gr tribution
288,15 101325 Up to 35 Permanent
Meridional ve- Relatl.ve Correlation
. . velocity Flux factor
locity gradient . method
ratio
1,15 0,52 Correlation KO?GI_ROb_
inson
Impell.er mate- Impeller Gas model Gas
rial weight, kg
Ti64 11,09 Ideal gas Air

Fig. 3. Calculation area of the impeller segment

The results of the gas dynamic calculation are shown
in fig. 612, (the number of convergence of a series of nu-
merical values is 0.000001). The comparison in the first
approximation indicates a significant increase in produc-
tivity compared to the original FA.

Let's take into account possible errors in calculations
and designs, the relative performance of the system:

P = DPcalc — Pturb — Pdepl — Patm — 6=
=1-0,05-0,07-0,03—-0,02=0,83.

It is possible to reduce the drop in values in the fol-
lowing ways:

- increasing the quality of the surface of the working
blades (decrease in roughness);

- development of additional elements to improve
the quality of flow (stator guide row);
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- modification of channel elements (confuser-dif-
fuser system).

More than 100 calculation iterations were performed
in the Ansys-Solver module. During the solution process,
graphs (Figs. 4, 5) were obtained, which testify to the ex-
isting quality and accuracy of the calculation in the first
approximation. As can be seen from the force imbalance
graph, the process takes on a constant form almost from the
middle of the calculation and we have specific numbers of
force projections, which creates an onrushing flow on the
wheel structure. These forces can then easily be transferred
to a mechanical calculation to determine the required geo-
metric dimensions of elements from the condition of mini-
mum mass.

Fig. 4. The chart for determining the magnitude of the
projections of the flow forces

=

Fig. 5. Graph of convergence of coefficients k-e

The graph of the convergence of the k-e coefficients
shows the high accuracy of the calculation, as their value
falls below 1073, and the behavior indicates a clear conver-
gence of the calculation process and a correctly constructed
grid of finite elements in the boundary layer area.

Analysis of the results was carried out in the Ansys
CFX-post module. As a result of the calculations carried
out in the SAE environment at the exit, we obtained the
values of the fields of temperatures (Fig. 10), pressure
(Figs. 7,9, 12), air flow (Figs. 6, 11) and other gas-dynamic
parameters (Fig. 8) operation of the centrifugal wheel at
nominal revolutions. Since we calculated one of 10 identi-
cal areas of the wheel, for ease of visualization we dupli-
cate the calculated area around the axis of the wheel.
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The results of the pressure distribution indicate that
the pressure does not rise even up to 2 atm. Therefore, the
fan will work for air pumping, not for compression, surging
phenomena are impossible.

An important parameter of the fan operation is the
speed of air outflow from between the blade channels: in
this wheel it reaches 363 m/s in the maximum zones (see
Fig. 8). Due to this initial acceleration, the new air will
blow the oil radiators and engine and helicopter units quite
quickly.

Fig. 6. Distribution of air flow in the cross section of the wheel

Fig. 7. Distribution of total air pressure in the cross section of
the wheel

Fig. 9. Pressure distribution in wheel sections
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The change in the temperature of the return is normal,
a slight increase will be compensated by the design of the
channels in the passage of the return (Fig. 10).

By hovering over the diagrams, you can tell what
effort which creates FA to push through, increases in pro-
portion to the increase in the volume of air along the sec-
tions of the blades. The verification calculation confirms
the air weight consumption of 12.98 kg/s, which is less than
the initial 13 kg/s by 0.15% (Fig. 11).

Fig. 11. Air flow sweep

Fig. 12. Distribution of full pressure on the surface of the wheel

It can be seen from the diagrams that turbulent phe-
nomena, and the most dangerous and undesirable Helter
vortices in cross-sections, have a value of less than 5%,
which is compensated by a sufficient volume of pumped
air. At the exit from the wheel, the flow stabilizes and has
a constant radial current distribution:

dx/dv =1,15.
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Table 3 — Comparison of fan parameters

Parameter Axial | Centrifugal
fan fan

Operating revolutions, rpm 8012 8012
V3olumetr1c productivity, 2.8 10,08
m’/s
Mass consumption, kg/s 3,6 13
Impeller weight, kg 5 11 (Ti-64)
Full Pressure, Pa 5393 11750
Compression ratio 1,25 1,5...1,7
Speed gradient 2.7 1,15
Power, hp 25 50

A small increase in pressure is compensated by an in-
crease in speed and does not significantly affect the tem-
perature field, any gradations are self-compensated by the
cavity under the radiator compartment and the branching
of the volume.

For correct and more stable operation, the use of a
stator row of blades is recommended, which will twist the
flow for optimal flow around the blade profile on both
sides. The original steering row already had the ability to
adjust the angle of installation and rotation of the flow, so
its adjustment is reduced to experimental determination of
the new recommended range of operation.

From the comparative table, it can be seen that with a
rather small increase in power on the scale of a helicopter —
25 horsepower, which is a two-fold increase, we get an in-
crease in the main parameter that characterizes the system —
air flow by 3.6 times.

If this value is greater than necessary, due to the de-
sign of the system, excess air will be removed through
leaky channels of the system of pipes and air ducts.

The centrifugal wheel itself has advantages in greater
case of assembly of the system, technical reviews. The
principle of centrifugation and flow channel reduces the
impact of ice, dirt, dust and other fine particles on the op-
eration of the installation. Due to the absence of component
particles, i.e., the monolithic nature of the impeller, the vi-
bration load decreases and the strength increases.

At the moment, the problems that haunted centrifugal
fans in the 20th century, namely the difficulty, and some-
times the impossibility of manufacturing by means of me-
chanical processing, have been solved. The example of the
big three global engine manufacturers: General Electric,
Pratt & Whitney and Rolls-Royce shows that this type of
fan is manufactured both by traditional mechanical pro-
cessing (CNC tools) and by advanced additive manufactur-
ing methods with a minimum level of defects and defects
(which is inherent machining of axial fan blades).

The obtained results indicate the possibility of obtain-
ing the desired structural, operational and economic im-
provements. The topic of centrifugal cooling units is the
latest and most promising in civil and military aviation,
thanks to the latest means of their production, which was
not considered in the Mila Design Bureau, due to the com-
plexity of manufacturing at the stages of helicopter devel-
opment.
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Conclusions

1. The centrifugal fan was chosen as more appropriate
for the Mi-2MSB cooling system, because it is better than
similar axial, bladeless fans and is more practical to use on
board the helicopter than the tangential one in terms of ef-
ficiency at the given speeds and design features of the hel-
icopter. 2. According to the analysis of the calculation of
the centrifugal wheel, an increase in air flow and its speed
at the exit is visible. 3. The type of fan, its dimensions, op-
erating revolutions, the number of working and splitter
blades can significantly affect the volume, mass flow of air,
blowing speed, temperature after pre-compression and
other properties of the flow, which must be taken into ac-
count during the design, development and operation of sys-
tems , which require cooling during operation. Therefore,
the selection of explosive elements, the layout of the sys-
tem is a very relevant issue and depends on the design of
the aircraft and the degree of development of the flow of
hot gases from the short-circuit and mechanical heating of
the contact surfaces of mechanisms that compress or pro-
duce various types of energy. 4. Thanks to the use of a cen-
trifugal fan, it was possible to increase the productivity of
the helicopter's pneumatic system, as well as CO from
2.8 m%/s to 10-13 m%/s of cold air from the NS.
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Mema pooomu. Ananiz memooie niosuweHHs eqheKMUSHOCMI CUCIEMU 0X000JCeHH acpeeamie 0gueyna AI-450M
sepmonvomy Mi-2MCBH ma oyinka 2a300unHamivHux napamempis Ha 6uxooi 3 pobouo20 Kojieca. BEHTHIATOPHOI YCTaHO-

Bk MI-2MCB

Memoou oocnidscennn: memoo xinyesux enemenmie (MKE).

Ompumani pesynomamu. IIposederni 00CriONHCenHs NOKA3AAU, WO 3ACMOCYBAHHS BIOYEHMPOBO2O GEHMUNIAMOPA 8
SAKOCMI OCHOBHO20 eJleMeHmA 8 CUCTeMi HASHIMAHHS NOGIMPsl, KOHOUYIIOBAHHS CATIOHY MA OXO0L00N4CeHHI cucmem i azpe-
2amis 08U2YHA HAOAIOMb HACMYNHI MOXCIUBOCTI MA NOKPAUWEHHSL:

- npu He3sMiHHUX obepmax ma 6e3 3MiH cuUcCmeMU MPAHCMICI] 30i1blumy KinbKiCms NpO2OHHO20 NOBIMpPs HA

200-300 %;

- 3HU3UMU MEeMNepamypy azpecamis, Wo 3a3HaAI0mb HA2Ppigy 00 3HAYEHb, PEKOMEHOOBAHUX KEPIGHUYMBOM 3 €KC-

niyamayii;

- nIOBUWUMU CIMPOK CYICOU CKIAOHO-HABAHMANCEHUX eeMEHMIE CUCTneMU 3 €OHANHS 6A1i8 GLIbHOT MYpOIHU 3

8AIOM 20N0BHO20 PeOYKMOopd,

- 3MeHWuUmMU pUsUK HewacHux 6Unaokie, sKi 6i00Y8armsbCs uepes HesKICHe KOHOUYIG8AHHs KAOIHU Nilomie ma

nacas;CcupcbKux Micub.
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bye nposedenuii ananiz moarciusux eudie mooeprizayii CO, 8 pobomi npogedena po3paxyHKo8a OYiHKA ea300UHAMI-
YHUX nApamempia Ha 8ux00i 3 pobou02o Koeca — 00 nid-padiamoprozo npocmopy. [Ipodaema 6yna supiutena 3a paxyHox
3MiHU BUAY PODOYO20 KONleCa 3 aKCIanbHO20 HA 8IOYEHMPOBUIL.

Haykosa nosusna. Ilpobnema cmeopennst epekmusnoi ma HaoitiHoi cucmemu 0X0n00HCEHHs. BHYMPIUHIX CUCTEM
ma azpezamig necko2o bazamoyinbosoeo nimaxa Mi-2MCB, wo 3a3nae mMooepHizayii 3 3aMiHOI0 3acmapinux 08U2yHie

I'T/-350 na 6invw Hosi, cepii AI-450 — naeanvHa, 6 yMo8ax 6i0CYmMHOCMI AHANOIYHUX 8ePMONILOMIE JlecKoi Kamezopii

SIMUUSHAN020 UPOOHUYMSA. Bascnueoio cknadosoio besnexku ma HaditiHoCcmi npaye30amuoCcmi ycix KOMnoHeHmie eep-
MOAbLONY € NIOMPUMAHHA NPABUTLHO20 MENTIO8020 PEXHCUMY T020 CKAAO0BUX.

Hpaxmuuna yinnicms. Odeporcani pe3yiomamu Maioms 6ax*CIUGe 3HAUEHHA 8 NOOATLUOMY Npoyeci eUpoOHUYmMEea
ma modeprizayii eepmonrvomy Mi-2 ycix mooughikayii 3 HOBIMHIMU OBUSYHAMU, A MAKONAC OJi NPOEKMI@ NO PO3GUMKY
sepmonbomobyoyeanns ¢ Yrpaini — MCB-2 «Haoisy, MCH-6 «Omamany, MCE-8 ma inwux. Mooiciusicmo niosuuernns
ehekmueHOCMi 0X0N00J4CEHHs, KOHOUYTIOBAHHA MA 3MEHUIEHHS HABAHMAICEHHS HA 08USYH 30LIbULYIOMb pecypc, HAOil-
HiCMb pobomuU KOMROHEHMI6 Ma NOKPAWYIOmMb KOMMOpmM ma eKCniyamayiiiii Xxapakmepucmuky 011 niiomie ma naca-
Jlcupie.

Knwuoei cnosa: syson eenmunamopa (BB), sioyenmpose xoneco (BK), memoo xinyesux enemenmis (MKE), cucmema
oxonooxcenns (CO), mooepHizayis, nogimpana cucmemad, agiayitiHull KOMnpecop, MacmuibHi padiamopu.
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111 MOJEJIFOBAHHSI ITIPOLIECIB B METAJIYPI'II TA
MAHIMHOBYJAYBAHHI

YK 621.793.71

BU3HAYEHHA EHEPTETUYHUX TAPAMETPIB YACTHUHOK
IHOPOLIKY Ni+AlLO3; B HAZI3BBYKOBOMY COIIJII ITPHU 'A3OANHAMIY-
HOMY HAIIWJIIOBAHHI AHAJIITUYHUM METO/IOM

KaHJI. TEXH. HayK, JOIEHT KadeIpy TEeXHOJIOr1i BAPOOHUITBA aBialiiiHuX nBUryHiB Ha-
LIOHAJILHOTO aepoKocMiuHoro yHiBepcurety iM. M. €. J)KykoBchkoro «XapKiBChbKHUit
aBlaliiHU{ IHCTUTYT», M. XapKiB, YKpaiHa, e-mail: o.shorinov@khai.edu;,

[Mopinos O. B.

3aCTYIMHUK TUPEKTOpa 3 BUPOOHUIITBA HOBUX BHPOOiB AT «Motop Ciuy, M. 3ammopixoks,
VYxpaina, e-mail: sergeypolyvanij@ukr.net

TTonmussuuii C. O.

Mema pobomu. Pospaxysamu memnepamypy i weUOKIiCMb YACMUHOK HIKEN0 Ma OKCUOY AIOMIHIIO, WO 3HAXO-
0AmbCs 8 HA038YKOBOMY NOMOYI, 8 KAHA CONAA O/ XOJOOHO020 2a300UHAMIYHO20 HANUTIOBAHHA HUZbKO20 MuckKy. Jlo-
CHOUmU 6NIUE NAPAMEMPIE 243y HA 8X00I 8 CONIO, A came MmeMnepamypu i mucKy, Ha WeUOKicmy i memMnepamypy 4a-
CMUHOK HA 8UX00I 3 CONA.

Memoou Oocniddcenns. Po3paxyHox memnepamypHo-uEUOKICHUX XapAKMePUCmuK 4acmuHOK HOPOWKY GUKO-
HYEMbCsl RICHSL GUSHAYEHHS NAPAMEMpPI6 24308020 NOMOKY 8 KAHA HAO36YKOBO20 CONAA 3 BUKOPUCMAHHAM BI00MUX 2d-
300uHamivnux 3anedxcnocmett. Ilouamxosumu Oanumu 015l PO3PAXYHKY € 2e0Mempisi CONId, MeMNnepamypa i muck 2azy
(nosimps) Ha 6x00i. B pospaxynxax enepeemuunux napamempie 4acmunoK 8paxo8yemuvcsl 2yCmuna Mamepiany 3 sIKo2o
BOHU OMPUMAHI, A MAKONHC IX diamemp — YACMUHKU HIKeN0 3 diamempom 25 MKM ma YACMUHKU OKCUOY ATFOMIHIIO 3
Odiamempom 22 MKM.

Ompumani pesynomamu. 3a pe3yIomamamu po3paxynKie nody00o8ano epaghiku 3minu weuokocmeu ma memnepa-
Myp 4acmMuHOK O0CTIOHCYBAHUX NOPOWIKIB, A MAKONC 2A3Y, 8 KAHANI HAO38YKOB020 CONIA YCMAHOBKU OJisl XOJ0OH020 2d-
300UHAMIYHO20 HANUMIOBAHHA HU3LK020 MUCKY. Taxooc nobyo0osamo 3anedxcHocmi memnepamypHo-ueUOKIiCHUX napa-
Mempie YaCmuHOK HA 8UX0O0L 3 CONIA 8 OIaNA30HI NOYAMKOBUX 3HAYEHb memnepamypu Ha 6xo0i 6 conio 6i0 300 0o
600 °C i mucky 6io 0,6 0o 1,0 MIla.

Hayxosa nogusna. Ilokasano eniug nouamkosux napamempis 2azy na 6xo0i 8 CONI0 6 WUPOKOMY 0Iana3oHi 3Ha4eHb
Ha memnepamypy i WeUOKIiCMb YACMUHOK HIKENO I OKCUOY ATIOMIHII NPU XOA0OHOMY 2A300UHAMIYHOMY HANUTIOBAHHI
HU3bKO20 MUCKY.

ITlpaxmuuna yinnicms. Ompumani pe3yibmamu MoJCyms 6ymu UKOPUCMAHI OJi NPUSHAYEHHS DAYIOHAIbHUX Na-
pamempie HanUMOBAHHsL NPU PO3POOAEHHI MEXHONOLIUHUX NPOYECi8 HANUTIOBAHHS 3AXUCHUX | BIOHOBNI08AILHUX NOKPUNI-
mig 3 nopowxosoi cymiwi Ni+ALO;.

Kmiouoei cnoea: noxpumms, 2azomepmiyne HANUTIOBAHHA, [30€HMPONINHA MOOeNb, HAO36YKOGUL NOMIK, CONTO,
memMnepamypHoO-ueUOKICHI napamempu.

eKCIUTyaTalliiHUX  XapaKTePHCTHK  IOBEPXOHb,  IX

Beryn 3aXMCTY  BiA  PI3HMX BHIIB  BIUIMBY  (BUCOKHX

. o . HaBaHTaXXEHb, TEMIIE-PaTyp, arpecMBHHX CEpElOBHIL,
HaniiiHicTh Ta JOBrOBIYHICTh JeTanell BU3HAYA€ThCS .

TOWIO), B JIEKOPATUBHUX LUIAX, a TaKoX JUIs

KOHCTPYKTHBHOFO MIITHICTIO MaTepialiB 3 SKUX BOHU BUKO-
HaHi. ExcruryaTaniiini XxapakTepucTuku 6aratbox BUpoOiB
— 3HOCOCTIHKICTh, KOPO3iiiHa CTIHKICTh, )KapOCTIHKICTh Ta

BiI[HOBJ'IeHHH 1X MOIIKOKEHUX )IiJ'IH-HOK.

XonoaHe razoauHamiuHe HamwmoBaHHsA (XTH) e

iHIIl — BU3HAYAIOTHCS BIACTHBOCTAMU MOBEPXHi. s OT-  OA-HUM 3 METOMAIB  Ta30TEPMIYHOIO  HAHECEHHs
pPYMaHHs BUCOKHX XapaKTEPUCTHK MILHOCTI MOBEPXHEBUX ~ HOKPUTTIB. B mpoumeci  HamualoBaHHA — HOKPUTTS
mapiB 4acTo 3aCTOCOBYIOTH Pi3Hi TEXHONOTI4Hi MeTomu  (OPMYIOTBCS 3a pPaxy-HOK HAan3ByKOBOIO  3ITKHEHHs

YaCTUHOK  IIOPOIIKY 3 MiAKIAIKOI; IIPH LbOMY
XapakTepHOIO OCOONHBICTIO € Te, M0 TeMmIepaTypa

00poOkwu [1, 2]. HaHeceHHST IOKPUTTIB € OJHUM 3 TaKUX
METO/IiB, IO JO3BOJIAE 3aXHUCTHTU Marepiall OCHOBH Bif

30BHINIHIX BIUTMBIB, MiJBUIIUTH TEPMIH CITyXO0u netaneit
Ta CKOPOTUTH BUTPATH HAa PEMOHT Ta BiTHOBIICHHS.
[ToKpUTTSIMU Ha3MBAIOTH IITYYHO CTBOPEHI MOBEPX-
HEBI ImapH, SKi MOXKYTh BIIPI3HATHCS BiJ MaTepiary oc-
HOBH XIMIYHAM Ta (a30BHM CKJIaJaMH, CTPYKTYpOIO Ta
BJIACTUBOCTSAMH. [IOKPHUTTA HAHOCATHCSA MU IiIBHIICHHS

© Mopinos O. B., [Tonmuesauii C. O., 2022
DOI 10.15588/1607-6885-2022-2-11

ISSN 1607-6885

YAaCTHHOK € 3HAYHO HIKUOIO 32 TEMIIEPa-Typy IUIABICHHS
Marepialy 3 SIKOrO BOHH OTPUMaHi, TOOTO YAaCTHHKHU
3HaXOSThCS B TBEPAOMY CTaHi [3].

BifcyTHICTh 3HaYHOTO TEMIIEPAaTYpHOTO BIUIMBY Ha
MaTepial MiIKIaaKA T03BOJSE BUKOPUCTOBYBATH TEXHO-
sorito XI'H 11 HaHeCeHHS 3aXMCHUX 1 BITHOBIIIOBATBHUX
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TOKPUTTIB Ha JeTali 3 MarHi€BUX, ATIOMIHIEBUX 1 TUTAHO-
BHX CIUIaBiB [4—6]. ABTOpaMH OTPHUMAHO II€BHi MO3UTHBHI
pe3yJbTaTH OO0 HANIIOBAHHS MOKPUTTIB Ha JIETalli 3
MAarHi€BHUX 1 aJrOMiHieBUX CIIaBiB [7]. CTOCOBHO MOXKIIH-
BOCTI BiJTHOBJICHHS IMOIIKO/KCHUX MOBEPXOHb JCTaJICH 3
THUT@HOBHUX CILIABIB Ta IOLIYKY MOPOIIKOBOTO MaTepiaity
JuIsl HarmtoBaHHA MeTozoM XI'H HHM3BKOTO THCKY, aBTO-
paMu 3aIpONOHOBAHO BUKOPUCTAHHS IOPOIIKOBOI CyMiIlIi
Ni+AL,Os. Taki OKpUTTS MatOTh 3aI0BITBHI (i3HKO-Me-
XaHIYHI BIIACTHBOCTI 1 MOXYTh OyTH BUKOPUCTAHHI IS
HAHECEHHS Ha JeTali ra30TypOiHHUX JBHUTYHIB, BUTOTOB-
JIeHI 3 THTAHOBHUX CIIJIABiB.

3iTKHEHHSI YaCTHHOK 3 MiIKIaIKOI0 MOXE IPH3BECTH
JI0 iX ajresii ado BiZICKOKY, a TAKOX JI0 €po3il MOBEPXHi 3a-
JIEXKHO Bifl 3HAUCHb IIBUAKOCTI V), 1 Temnepartypu I, yacTu-
HOK B MOMEHT 3iTKHeHHs [8, 9]. 3MiHy mapameTpiB 4yacTH-
HOK TIOpOIIKY B COIUI, HA BUXOJl 3 HBOTO, @ TAKOX IIepest
3ITKHEHHSIM 3 TIOBEPXHEIO MiAKIIaIKH MOKHA BU3HAYNTH 32
JIOTIOMOTOI0 aHAJIITUYHHUX MOJIEJIEH, 1110 J1a€ 3MOTy repeioa-
YUTH MOKJIMBICTE ()OPMYBAaHHS ITOKPHUTTIB IIEBHOTO Ma-
Tepiay, IeBHOTO (paKilii i MeBHUX MapaMeTpiB HAITHITIO-
BaHHA. Llell eram € BaKIMBHM Ha LUIIXY PO3POOJICHHS
TexHONOrii Ta obOmamHanHsa At XI'H, 30kpema mpoekTy-
BaHHA 1 ONITUMI3a1li1 HAJI3BYKOBHX COTEII.

ITocTanoBka 3agaui

HIBUIKICTh YACTUHOK MOPOILIKY IPH XOJOJAHOMY ra-
30IMHAMIYHOMY HAIMJIIOBAHHI 3aJICKHUTh BiJl TAKHX OCHOB-
HHUX YMHHHUKIB: TEMIIepaTypa i THCK ra3y Ha BXOJi B COILIO;
TeOMETpIisl COIUIa; MOJIEKYJIIpHa Maca poOOYoro rasy; Iy-
CTHMHa Marepiaiy; GopMa i po3Mip YaCTHHOK; Yac 3HaXO/-
JKEHHS y BHCOKOIIBHIKICHOMY Ta30BOMY IIOTOIIi;
B3a€MOIiS 3 YIAPHOO XBHUIICIO BiJl MOBEPXHI MiIKIAIKH Ta
ixme. [Tpn 361IbIICHHI IIBUAKOCTI Ta30BOT0 MOTOKY 30171b-
IIYETHCS MBUIKICTh YACTHHOK TIOPOIIKY, IO 3HAXOIATHCS
B I[BOMY ITOTOIII.

IIponec XI'H ckiamaeTbes 3 IBOX CTaliil — IPUCKO-
PEHHS YaCTHHOK MOPOIIKY Fa30BUM ITIOTOKOM Ta HaA3BYKO-
BOTO 3ITKHEHHS iX 3 MiAKIAIKor Ta (opMyBaHHS IO-
KpuTTs. TOMy JIIOCHI/DKEHHS TIpOllecy 3IiTKHEHHS He
MOXJIMBE 0€3 pPO3yMiHHS NTapaMeTpiB YaCTUHOK Ha BUXOJI
3 COIUIa Ta BIUIMBY HAa HUX ITOYATKOBUX IapaMeTpiB razy.

Ha puc. 1 cxemaTHuHO MOKa3aHO CTaHIAPTHE COILIO
CK-20, 1m0 BUKOPUCTOBYETHCSI B YCTAHOBKAX XOJIOJHOTO
ra30MHaMIYHOTO HANWIIOBAaHHA HHU3bKOro THCKy JIU-
MET-405 mis sikoro B poOOTi MPOBEACHO PO3PaxyHKH.
Como € HaA3BYKOBHM, Ma€ IO3BYKOBY 3BYXKYIOUy dYa-
CTHHY, KpUTHYHHN TIepepi3, 1 HAA3BYKOBY PO3IIUPHY Ya-
CTHHY, 1[I0 BHKOPUCTOBYETHCS IS TPUCKOPEHHS poO0I0T0
rasy i, BIIMIOBITHO, YACTHHOK ITOPOIIKY, IO IIOAAIOTHCS 32
KPUTHIHUM II€Pepi3oM B TOTIK.
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Puc. 1. 'eomerpis coruta CK-20 ycranosku JJUMET-405
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TakuM dYHHOM, METOI pOOOTH € TOCIiHPKEHHS
BIUIMBY TEMIIEPAaTypH i THCKY ra3y Ha BXOZl B COIUIO Ha
TEMIepaTypy Ta IBUIKICTh YACTUHOK HIKEIIO Ta OKCHIY
AIFOMIHIIO B KaHaJl HAJ3ByKOBOI'O COIUIA Ta HA BUXOJI 3
Hboro npu XI'H HU3BKOTO THCKY 3 BUKOPHCTaHHSIM BijI0-
MO aHATITHYHOT MOJIEITI.

Orusig riTepaTypu

Bue 6yo mepesnigeHo OCHOBHI ITapaMeTpH IpoIecy
XT'H, 1o B 3Ha4YHI Mipi BINTUBAIOTH HA MIBUIKICTH TA TEM-
neparypy 4aCTHHOK. B LbOMY pO3Jisi CTHCIIO HaBEAEHO
pe3yJbTaTh OTJLILYy JiTepaTypH MO0 BIUIMBY LIMX Iapa-
METpIB Ha €HEepPreTH4Hi XapaKTePUCTHKHA YACTHHOK II0-
POIIKY.

3a3Bu4ail 3 METOI0 MiHiMi3auii BIUIMBY 3MiHH TY-
CTHMHHY Ta3y B COILI Ha IIBU/IKICTh YAaCTUHOK BUKOPHCTOBY-
I0Th CHCTEMH XOJIOJTHOTO HAIMJIIOBAHHS BHCOKOTO THCKY
(Tck ra3y Ha BXo#i B coruio o 5 MIla). 3i 30iabIeHHSIM
THCKY 30UIBIIy€ThCS TYCTHHA Ta3y B COILT, 110 3a0e3reuye
BEJMKI 3HAYCHHS CHITH JIOOOBOTO OTIOPY IS IIPUCKOPEHHS
gacTrHOK. OHAK 301IBIICHHS TUCKY € MOXJIBHM [0 JIe-
SIKOTO TICBHOTO 3HAYCHHS, IO 3aJICKUTH BiNl Marepiany i
po3Mipy gacTuHOK [3]. KpiM Toro, 3i 30UIbILIEHHSM THCKY
301IBIIYyEThCS i BUTpaTa ra3y 4epe3 COIUIO, IO BILIMBAE
Ha 110ro MakCUMaJbHO MOJKJIUBY TEMIIEPATYPy, SKa 3a0e3-
MIEYYETHCS MOTYKHICTIO HarpiBHUKA.

Y po6oti [10] Oyno BCTaHOBIEHO, IO, MO-TIEPIIE,
IIBUJIKICTh YaCTHHKH OOMEKEHa MIBUAKICTIO rasy, Io-
Jpyre, mpu 30UTbIIEHHI Yacy nepeOyBaHHS YacTHHKH B
MOTOII 11 IBUIKiCTh MOHOTOHHO 3011bITy€eThCs. [To-TpeTe,
MPUCKOPEHHS YACTHHKH 30UTBIIYETHCA 31 30UTBIICHHIM
IyCTHHH Ta3y. ONTUMAIIbHI YMOBH IPUCKOPEHHS BH3HAYA-
IOTBCSl YMOBOIO MAKCHMyMY CHITH oropy. Po3paxyHku aB-
TOpIB MOKA3yIOTh, 1[0 ONTUMAJBHI TyCTHHA W IIBHIKICTH
rasy, sKi JaloTh MaKCHMallbHE NPHUCKOPEHHS YacCTHHKH,
MOJXYTb OyTH OTPHMaHi IIPH BiTHOCHOMY 4HCiIi Maxa mpu-
6musno 1,4. OnTumansHOIO hopma npodito coria Oyae B
TOMY BHIIQJIKY, SIKIIIO B KOXXHOMY TIepepi3i Bi/IHOCHE YUCIIO
Maxa yacTUHKH OJHM3bKe 10 1€l BeanunHu. TakuM 4uHOM,
3MiHa napaMeTpiB ra3y MPUBOAUTH J0 3MiHH ONTHMAJILHOT
reoMeTpii coria.

VY pobori [11] 3a3HaYa€THCS, 10 3HAYCHHS IITBUIKO-
cTel 1 TeMIiepaTyp AJIsl YaCTHHOK J[iaMeTPOM MEHIIIE 5 MKM
1 3HAYCHHS TOTOKY € MaiKe OJHAKOBHMH: pi3ke 301Jb-
IIEHHS IIBUJIKOCTEH 1 pi3Ke OXOJIOPKEHHS B PO3LIMPHIN
YacThHI corura. J[jIsi 4acTHHOK TiaMeTpoM Oiiblme 5 MKM
3MiHHM IMIBHIKOCTEH 1 TeMIepaTyp 3ajlieKaTh BiJ 9acy Ta ix
po3mipy. B3aemonist yacTHHOK 3 BUCOKOIIBUJIKICHUM I'a30-
BHM ITIOTOKOM JIa€ 3MOTY aJaNTyBaTH Pi3Hi MPOIECH HAITH-
JOBaHHA U (OopMyBaHHS MOKPUTTIB. [Ipy HanwuTIOBaHHI
BUCOKOIIBUAKICHAN ra30BHil MOTIK BiAOMBAacThCA BiJ I10-
BEPXHI MIKJIaJKH 3 YTBOPEHHAM yJapHOI XBUII, 3 SIKOIO
B332€EMOJIIIOTh YACTHHKHM MOPOILIKY, II0 3HAXOAAThCS B
noroui. YaCTHHKY MOPOIIKY JliaMeTpOM MEHIIIE 5 MKM 3a-
3BMYail BIIOMBAIOTHCS YIaPHOIO XBIIIEIO, y TOH Yac sIK JUis
YAaCTHHOK BEJIMKHUX JliaMETPiB CIIOCTEPIracThCst 3MiHa KyTa
BiZIOMBaHHS 3aJI€XKHO BiJ] iX po3Mipy.

Y po6orTi [12] aHATITHYHO OIIHIOETHCS OTITUMATTEHIHA
PO3MIp YaCTHHOK 3aJIEXKHO BiJl BXIIHUX IapameTpiB (THILY

Hosi mamepianu i mexnonozii 6 memanypeii ma mawiurnooyoyeanni Ne 2, 2022
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ra3y, Horo TUCKy ¥ TeMmnepaTypH, TyCTHHH MaTepiany Ja-
CTHHOK, reomerpii comia tomio). Ilix onTtumansaEM po-
3yMIIOTh Takuid pO3MIp 4Yac-THHOK, IPU SKOMY BOHH
3IITOBXYIOTHCS 3 MEPEIIKO/IOI0 PH MAaKCUMaNbHIH IBH-
KOCTi Ta/abo MakCUMaJbHIN TemrepaTypi. SIk NOKa3yroTh
EKCIIEPUMEHTH, SIKICTh OKPHUTTIB MOJIIMIIYETHCS 31 3pOC-
TaHHSAM IIBUJIKOCTI YacTHHOK. PazoM 3 Tuwm, ciin 3a3Ha-
YUTH, 1[I0 TIOPOUIKH  XapaKTEePU3YIOThCS  JESKUM
PO3IIOIUIOM 3a PO3MIpOM, IO 3a3BHYAH ONHCYETHCS HOP-
MaJBHAM PO3IIOLIIOM 3 BIIOMHUM CEpEIHIM PO3MipOM Ya-
CTHHOK 1 CEpeIHbOKBAJAPATUYHNM BIAXMICHHSIM. SIKIIO
BHOpAaTH HOPOIIOK TaK, MO0 CepeAHid po3Mip YaCTHHOK
JOPIBHIOBaB ONITUMAIEHOMY, TO AESKI 3 INX YACTHHOK (IO
MafoTh SIK 3HaYHO MEHIIUH Bijl ONITUMAIILHOTO PO3MIp, TaK
1 3HA4YHO OLTBIINI) Oy yTh 3IITOBXYBATUCS 3 TOBEPXHEIO 3
Jy’K€ MaJIMMH NIBUAKOCTAMH. ToMy moTpiOHO BUOMpaTH
MOPOIIKKA TaKMM YHHOM, MO0 HaiinpiOHinN W HaWOUIbIII
YaCTHHKU MaJId IIBUJIKICTh yIapy, BUILY 32 KPUTHYHY.

Y po6oTi [12] 6y510 TaKOK YCTaHOBIICHO, IIIO 31 30171b-
LIEHHSM MIBHAKOCTI W TeMIepaTrypd YacTHHOK 301JIb-
HIyeThest Koe(ilieHT BUKOPUCTAHHS ITOPOLIKY 1 aaresis,
3MEHIIYIOThCS MIOPUCTICTD 1 IMOPCTKICTh MOKPUTTA. Takum
YUHOM, aHAIITHYHI ¥ eKCIIEpUMEHTAJbHI Pe3yIbTaTH I10-
Ka3yl0Tb, 110 HAaHKpaIly SIKICTh HOKPHUTTIB MOXKHA OTpH-
MaTH MPH MaKCUMaJbHIN MIBUIKOCTI YaCTHHOK, II0 HE Iie-
PEBHIIY€E MIBUAKOCTEH, NMPH SKUX CHOCTEPIraeThesi BUCO-
KOIIBUIKICHHUH 3HOC ITOBEPXHI IiIKIAIKH.

JociikeH s TapaMeTpiB ra3zy i YaCTHHOK ITOPOIIKY
3a  JIOTOMOTOI0  KOMIT'IOTEPHOTO  MOJICNIOBaHHS €
PO3MOBCIO/PKEHHM METOJOM JJIsi ONTHMI3alii Mporecy
XI'H: npodinroBanHs Haa3BykoBHX comen [13], 3Haxon-
JKCHHSI ONITUMAJIBHUX T1apaMeTpiB YaCTHHOK JUIsl 1X ajresii
[14] ta inme. Y pobGorti [15] aBTOpH BHKOPHUCTOBYIOTH
BIJJTHOCHO MPOCTHH aHai3 Ha OCHOBI i30€HTPOMIIHOT razo-
nuHamigHoi Mozeni [16] i mporpamy ANSYS FLUENT
[17]. B 000x BUMagKax CHOYAaTKY PO3PaXOBYIOTHCS €HEp-
TeTUYHI TapaMeTpH MOTOKY, a MOTIM — pyX 4acTHHOK. Ha
OCHOBI 130€HTPOMIHHUX 00YHCIIOBaHb MTOKA3aHO, 10 TEM-
meparypa 9aCTHHOK Maihke He 3aJIe)KUTh BiJI THCKY, aje ix
LIBUIKICTh 30UMbIIyeThCst Ha 15 %, SKIOIO THUCK MOJ-
Boroethes (Big 1,5 MITa no 3,0 MIla). 3mina temnepatypu
ra3y npu mocTiiiHoMy THCKY 2,5 MIla 36inemrye mBu-
KiCTh YaCTUHKHU Ha 25 %, SKIIO MOJBOIOETHCS TEMIIepa-
typa (Big 300 °C mo 600 °C). [Ipu BUCOKHX TeMIepaTypax
(Bumie 520 °C) mBUIKICTh YaCTUHOK 30UIBIIYETHCS Cl1al-
Kille yepe3 3MEHIIeHHs T'yCTHHY ra3y. [lokaszaHo, 1o npu
po3paxyHkax 3a mporpamoro FLUENT mBuakicte dyacTu-
HOK € Ha 10 % MEHIIOI0, HIXK IPU PO3paxyHKax 3a 130€H-
TPOMIHHOIO MOJISILITIO.

VY pobori [18] BUBYAaETHCA BIUIMB Te€OMETpIii comuia Ha
TIPUCKOPEHHSI YaCTWHOK. ABTOpPaMH JOCHTIKEHO OaraTtoka-
HAJIGHY CXEMY HaI3ByKOBOTO COIIIA. TaKi Coria MOKyTh OyTr
3aTIPOIIOHOBAHI TP ONTHMI3allii IPOIIECiB HATIMITIOBAHHS TI0-
POIIKOBHX CYMIIIICH, HATIPUKIIA] METAI 1 Kepamika, [UIsl SIKUX
PEKOMEHITYEThCS 1X OKpeMa Toziada o coruia [19].

3a pesyabTaTaMH IMPOBEACHOTO JITEPaTypHOTO
orysiy OyiM BCTaHOBJICHI BaXKJIMBI MapaMeTpH MPOIECy,
IO B 3HAYHIH Mipi BIUIMBAIOTh HAa TEMIIEPATYPy Ta LIBH[-
KICTh YaCTHHOK ITOPOIIKY — TEMIIEpaTypa Ta THCK MOBITPS
Ha BXOJIi B COILIO, a TAKOXX PO3Mip CaMHX YaCTHHOK.
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MeTtoanka po3paxyHkiB

Jnst BU3HAYCHHS] EHEPreTHYHUX MapaMeTpiB HOTOKY
y comti (TemrepaTypu, MIBHAKOCTI, TUCKY, yhciaa Maxa
TOIIO) MOKHAa CKOPHCTaTUCh OJHOBHUMIPHOIO Ta30.H-
HaMiYHOIO MOJIEIIIIO, aJalTOBAaHOIO J0 Yucia Maxa, mo
30LTBITYEThCSA B PO3IMIMPHIN dacTuHi corua Jlasams [10].

[ToTik y coruti BBaKAETHCSA OTHOBHMIPHHUM Ta i30€H-
TpormiitHuM (0e3 TerTooOMiHy Ta BTpaT Ha TepTs). Takox
HPUITYCKAEThCS, M0 MOTIK IMiANOPAAKOBYETHCS 3aKOHAM
JUTS 11€aTbHOTO Ta3y 3 OCTIHHNUM BiTHOIICHHSAM TEIUIOEM-
HOCTel (MOKa3HUKOM ajiabarn).

TakuM YHMHOM, PIBHSHHS, IO OMUCYIOTh TCYilO Ta-
KOT'0 MOTOKY, MOYKHA OpaTH 3 MiJPyYHHKIB KJIaCUYHOI Me-
XaHiKH piauH 1 ra3iB [20]. OnHOBUMIpHA MOJEIH HE Bpa-
XOBY€ TIPHMEKOBOTO INapy, IO pPO3BUBAETHCS Ha
BHYTPIIIHIX CTIHKax COIUIa ¥ rajJbMye€ IOTIK IIOPiBHIHO 3
Teuito mobim3y oci coruia. ToMy pe3ynbTaTH po3paxyHKY
MOJIEJIi € TPOXHU 3aBUILCHUMH TTOPIBHSHO 3 PE3yJIbTATaMH,
0JIep’KaHNMH Ha TPAKTHIII.

3 ypaxyBaHHSM 3a3HaYCHHX NPUIYLICHb IapaMeTpH
ra3y 3ajJeXaTHMYTh BiJl TEOMETpii coIlIa, TeMIepaTypu i
THCKY Ta3y Ha BXOZi B COIUIO. 3 METOIO MPUCKOPEHHS T0-
TOKY J10 HaJ3BYyKOBUX mBUAKocTel npu XI'H Bukopucro-
ByIOTh coruio JlaBans. [Ipu npuckopeHHi MOTOKY B COILT
TeMIeparypa i THCK ra3y 3MEHIIYIOThCS, TOM, IK MIBHI-
KICTh MOTOKY 30iNblIyeThes. [TapameTpu ra3y npu oMy
€ (YHKIII€IO BiJ MICIICBOTO 3HAYCHHS yuciia Maxa (BifgHO-
IICHHS IIBUIKOCTI Ta3y 10 MICIICBOT IIIBUKOCTI 3BYKY).

3a3BUyail TeMIIepaTypa rasy € BUIIOI, HiXK TeMIlepa-
Typa HaBKOJHMIIHBOTO CEpeAoBHIIA. SIKIIO YacTHHKA py-
Xa€ThCsl TOBUIBHO, TO ii OTOUYYyE Ta3 3 TEMIepaTyporo,
ONM3BKOI0 0 TeMIepaTypH rajibMyBaHHS. OJHAK SIKIIO
MIBUJIKICTh YACTUHKHU € OJU3BKOIO JO MBHAKOCTI Ta3y, TO
BOHA 0XOJOKY€EThCs. [IpH Manmx KOHIEHTPALsIX YacTH-
HOK y TIOTOIIi TETTOOOMiH MiXK YaCTHHKaMH 1 Ta30M HE T10-
PYIIye IPHUITyIIEHHS Mpo aniabatudHy Tediro rasy [10].

[Tapamerpamu ra30BOT0 MOTOKY Ha BXOJIi B COIUIO €
temnepatypa TO i Tuck PO, IBUIKICTD TOTOKY HPH LILOMY
JopiBHIOE HyIto. [lepenOadaerses, o TeMmneparypa Io-
TOKY Ha BXOJi B COIUIO Ta MacoBa BHTpaTa razy € Bijo-
MuUMH. MacoBa BHTpaTa razy B yCTaHOBKax ra3oTepMid-
HOTO HallMJIFOBaHHS 3a3BUYall 3a/1a€ThCS THCKOM.

[ToyaTkoBi maHi ANl po3paxyHKIB HaBEAEHO y Tal-
i 1.

Tadanus 1 — [TouaTkoBi qaHi 111 po3paxyHKiB

[Mapametp | 3Ha4yeHHS
Yacmunku NOpOWKYy HiKeuo:
- miametp dp, MKM 25
- TycTuHa pp, kg/m? 8874
- rerioeMuicTs Cp, J/kg-K 446

YacmuHKu nopowKy oKCuoy amoMiHio:

- miametp dp, MKM 22

- rycTuHa pp, kg/m? 3950

- reroemHicTh Cp, J/kg K 790,4
Pobouuii a3 (nogimps):

- muToMa raszosa crana R, J/kg-K 287,05

- MIOKa3HHK ajiabaty y 1,4
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[Tpwu 36inbIIeHH] MIBUAKOCTI Ta30BOTO MOTOKY 3011b-
LIYETHCSI IBUIKICTh YACTUHOK TOPOIIKY, [IIO 3HAXOIATHCS
B 11boMY TioTOII. [IIBUIKICTE 3BYKY [Tl a3y 3QJIC)KHUTH Bijl
TeMIepaTypu i MOJICKYJIIPHOT MacH ra3sy:

V = /YRT, (1

Je R — nmuroma rasosa crana (yHiBepcajbHa ra3oBa crajia
MOTiJIeHa, Ha MOJICKYJISIPHY Macy rasy).

B3aeM03B’s130K  TemIiepaTypu Ta30BOIO IIOTOKY B
KpUTHYHOMY Tiepepisi coruma 7* i temmeparypu rasy TO
MOKHA NIPEJICTaBUTH PIBHAHHAM

0-14+ 21

> @

’\]*| ~

Jie Y — BiJIHOLIGHHS MUTOMUX TEIIOEMHOCTEH (ITOKa3HUK
amiabatu); UIA OJJHOATOMHHEX Ta3iB y = 1,66, a 11 JBOX-
aTOMHUX 3a3BH4ail y = 1,4 (mpu po3paxyHKax MoBiTps BBa-
KalOTh TBOXaTOMHHM Ta30M, OCKLUIBKH II€ CyMill a30Ty 3
KHCHEM).

BukopucroByroun piBHsHHA (1), mependagaroTh, mo
B KpUTHYHOMY TIepepi3i coIuta pekuM Tedil € 3BYKOBUM.
3BYKOBHUH peXHM Tedii MOXke OyTH OTpUMaHHI JIHIIE TIPU
MIeBHUX 3HAYCHHAX TEMIIEPATypu. Y KpUTHIYHOMY Tepepisi
M =1, a MicueBy IBHIKICTh MO’KHA BUPA3UTH 3a JIOTIOMO-
roto piBHstHHA (1).

VY po6ori [10] nepenbavaerhes, mo BUTpaTa rasy (He
THCK) € 33/laHuM. [ yCTHHY ra3y B KpUTHYHOMY Iiepepisi
MOJKHA BU3HAYMTH 32 PiBHSHHAM

3)

Jle m — MacoBa BUTpara rasy 4epe3 KpUTHYHHH mepepi3
coIia.

BukoprcToByrouH 3aKOH JUIS i/IeaIbHOTO rasy, THCK
y KPUTHYHOMY TIepepi3i MO’KHA OTPUMATH 3a PIBHAHHAM:
P* = p*RT"* “)
3a BiIOMHM THCKOM B KPHUTHYHOMY Iepepi3i cormia
MOKHA PO3paxyBaTH THCK rasy:

)

Jlani HeoOXiIHO BU3HAYMTH MapaMeTpy ra3y Ha BHU-
XOJIi 3 COIUIA: THCK, TeMIlepaTypy, yucio Maxa abo ruronty
BuXigHOTO Tepepidy. [Ipumyctumo, mo mimomy KpuUTHY-
HOTO Tiepepidy U mepepidy Ha BHXOJI COIUIa 3aJaHo.
PiBHAHHA U1 po3paxyHKy yucna Maxa Ha BUXOIi coIlIa
Ma€ TaKUK BUTIIAL:

(y+1)
A 1 -1 -
A _ (_) [(1 LY Mz)][zw Rl 6)
A* M 2

HiCHﬂ BH3HAYEHHS 4nKciia Maxa Ha BI/IXOﬂi 3 coIllia
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MOJKHA PO3paxyBaTH 1HIII TapaMeTPH IIOTOKY, BUKOPUCTO-
BYIOYH PiBHSHHS

)4
P v+1 (r-1
P (2+(y—1)M2) ’ Q)
Do+ M2, @®)
T 2
V = MJyRT, ©
1
Po _ Y-1,.2\6-1
o = (1 +2m ) . (10)

B’s3KicTh rasy [ po3paxoBYETHCS 3a TEMIIEPATYPOIO
Carepnerna Ts (120 K uist noBiTpsi) i KIMHaTHOIO TeMIIe-

patyporo po0:

T \1® 273+T
= Ho (R) T an

Jinst BU3HAUCHHS IIBUIKOCTI YaCTHMHOK BHKOPUCTO-
By€eThes qudepeHiiiaibpe piBHAHHS (12), ke BUPIIIY€ETHCS
METOZOM KiHIIEBUX Pi3HUIIb:

_3c p(V-vp)lv Vp|’ (12)
dz 4 pPpdp
ne Vp — mBuakicts 9acTuHKH; Cp — KOSQIIEHT onopy 4a-
CTHHKH; pp — TYCTHHA MaTepially YaCTHHKH; dp — IiaMeTp
YaCTHHKH.

Jnst po3paxyHKy TeMIepaTypd YacTHHKH BHKOPH-
cToByIoThCs piBHSIHHA (13)—(18) [20]:

Mo _ Nu (T -

PoloCo gy = Nugz (T = Tp). 1
Nu = 2a + 0,459bRe)°° Py®33, (14)
1+17M,, -1
a = exp(—M,) —) (15)
14
b = 0,666 + 0,333exp (‘17’"”), (16)

Rep
Re, = (V — ;) 222 (17)
14 14 T
(v-vp)
M, =, (s)

ne Tp — temneparypa yactuHky; Nu — uucno Hyccenbra;
A — TeIIompoBiNHICTh, Rep — umcio PeitHonpaca da-
CTHHKM; Mp — uncio Maxa 4aCTHUHKH.

PesynpraTn po3paxyHKiB Ta iX 0OTOBOpEHHS

Ha puc. 2 i 3 mpezacraBneHo pe3yibTaTH PO3PaxyHKIB
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LIBUIKOCTI Ta TEMIEPaTypyd YacTHMHOK MOPOIIKY HIKEIO
JlaMeTpoM 25 MKM 1 OKCHy aJTFOMIHIIO fiaMeTpoM 22 MKM, a
TaKOX IOTOKY, B KaHaJIi COIJIa 3 BAKOPUCTAHHSIM OJJHOMIp-
HOT 130€HTPOMIHHOT MOJIENi. 3 METOO CITPOIICHHS aHAai3y
(¢opMa YACTHHOK BBAKAEMO i7CabHO CHEPUUHOIO 3
(I3MYHEMHU  BJIACTHBOCTSMH, SK 1 y ITOYATKOBOTO Ma-
Tepiany. Ik pobouuii ra3 BUKOPHCTOBYBAJIOCH MOBITPS 3
tuckoM 1 Mlla i1 remnepatyporo 500 °C.

Temmneparypa YaCTHHKU OKCHIY allFOMiHIiI0 Ha puc. 3
HE T0Ka3aHa, OCKIJIbKKM BOHA Maiiike BIAMOBigae TeMIiiepa-
Typi wacTuHKH Hikemro —305,21 K i1 305,27 K BigmosigHo.

1000 —
™1
800
o 2
= 600
T T L Lo
B | e =
5 400 T -:\'\""'
=] » L-" ™
= 20010t = | — 1 -To.itps
1 | | 2 - Yacruuka ALO,
; 3 R '-!ac'll'um{a Ni
y 0 0.02 004 006 008 010 012 0.14

Jlomxkuna connma, M

Puc. 2. PesynbraTit po3paxyHKy LIBUAKOCTI ra3y Ta YaCTUHOK
HIKEJTI0 1 OKCHAY aNIOMIHII0 B COTLII

650
600
550
500
450
400
350
300

— 1 - llositps |
----- 2 - Yactunka Ni :

Temneparypa, K

0 0,02 0,04 006 008 010 0,12 0,14
Jlop:xkmHa comna, M

Puc. 3. PesynbraTil po3paxyHKy TEMIIEPATypH ra3y Ta YaCTUHKH
HIKEJIIO B COILII

Ha puc. 4 i 5 npezacraBneHo pe3yibTaTd po3paxyHKIB
BIUIMBY TEMIIEPATYpPH 1 THCKY I'a3y Ha BXOJI B COTIIO Ha TEMIIe-
paTypy 1 IBHIKICT YaCTMHOK IOPOLIKY HIKEJIO J{iaMeTpoM
25 MKM 1 OKCHIy aJIFOMIHIFO TiaMeTpoM 22 MKM Ha BHXOI i3
cormia. Po3paxyHKr BUKOHAHO JUTS Tialla30HiB TEMIIEPaTyp Bif
300 °C mo 600 °C, Ta Tucky Bix 0,6 mo 1,0 MITa. Temmeparypa
YaCTHHKH OKCHIy aJIFOMIHIIO HA PUC. 5 Ha BUXOI 3 COIUIA HE
TOKa3aHa, OCKUTHKM BOHA MaibKe BIZIOBiae TeMIeparypi qa-
CTHHKH HIKEITIO.

SIk BUZTHO 3 pe3yJNIbTaTIB €KCIIEPUMEHTIB, 3MiHa 3Ha-
YeHb TeMIIEpaTypH i TUCKY MOBITPsI MPUBOJUTH A0 3MIHU
TEeMITEpaTyPHO-IIBU/IKICHUX IapaMeTpiB YacCTUHOK I10-
POIIKY, 110 Ma€ BeJUKe 3HaueHHd Jyis npouecy XI'H.
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Puc. 4. 3anexHicTh MIBUIKOCTI YACTHHOK HIKEIIO Ta OKCULY
QIIOMIHIIO Ha BUXOJIi 3 COILIA TIPH Pi3HUX 3HAYCHHSX TeMIepa-
typu TO i Tucky PO moBiTps Ha BXoai B corwio

[py 30inbIIEHH] MIBUAKOCTI Ta30BOrO IOTOKY 30LIb-
IIYEThCS INBUIKICTh YACTHHOK, IO 3HAXOHATECS B LIBOMY
niotorti. [1IBUAKiCTh 3BYKY [T Ta3y 3aJIeKUTh Bijl TEMITCPaTypH
1t MorteKymsapHOi MacH razy (piBHstHE (1)). s Toro o6 301u1s-
IIATH IIBHAKICTH MOTOKY (4 pa3oM 3 THM 1 IIBHJKICTh YacTH-
HOK), HEOOXITHO 3OUTBIIMTH TeMIIepaTypy abd0 BUKOPHCTO-
BYBaTH ra3 3 MEHIIOK MOJIEKYJISIPHOIO MAcOr0, HaIpHKIIaj
refiil. 30UTBIICHHSI TUCKY HE BIUIMBAE Ha IBHAKICTD, 8 TIPUBO-
JIATH 10 3MiHEHHsI [YCTUHH a3y i, 0TKe, BIUTMBAE Ha CHITY JI00O-
BOT'O OMOpY I MPUCKOPEHHS YaCTHHOK [3].

310

| y
308 \
b 306
Z 305
5 303
2 301
B
= 300
=
R D < I = | - P,= 1,0 MITa
B —2-P=08Mlla
296 == 3-P,=0,6 MIla—
295
300 400 500 600

Temneparypa, "C
Puc. 5. 3anexxHicTh TEMIEpaTypy YaCTUHKH HIKEJIIO HA BUXOI 3
coluIa IpY Pi3HUX 3Ha4YEHHsX Temrepatrypu To i THCKy Po mmo-
BITpS Ha BXOJIi B COILIIO

Sk BumHO 3 puc. 4-5, 30UTBIICHHS TeMIIEpaTypu Bil
300 °C mo 600 °C mpuBOmHTH 10 30UTHIICHHS MBUAKOCTI Ya-
CTHHKH HIKeJTI0 POo3MipoM 25 MKM Ha BHX0i 3 cornta 3 406,8 m/c
110 440,2 m/c i remniepatypu yactunky Bint 296,2 K 10 309 K ipu
nioctiitHomy Tricky 1,0 MITa.
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3MiHa THCKY MOBITPS Ha BXO/I B COIUIO MEHIIE BILIH-
Ba€ HA IIBUAKICTh YaCTHHKH HOPIBHIHO 3 TEMIIEPATypPOIO
noBitpsi. Tak, 31 30inbmenHsM Tucky Bix 0,6 MIla no
1,0 MIa mBUAKICTh YaCTUHKH HIKEJIIO PO3MIPOM 25 MKM
301IBIIy€eThCs 3 367,6 M/c 10 440,2 M/c, a TeMmiepaTypa ya-
CTUHKH 3aJIMIIAEThLCA Maibke Hesminuoio — 3 308,4 K mo
309 K npu nocriitnii Temneparypi 600 °C.

Tex came BiIOYBaeThCsl 1 3 YaCTHHKAMH OKCHIY
AMFOMIHIIO — 31 30UIBIICHHSIM TEMIIEPaTypu 1 THUCKY IIO-
BITpsl Ha B XOZi B COIUIO CIIOCTEPIra€ThCs 3pOCTAHHS TEM-
mepaTypy i MBUAKOCTI YacTHHOK. [Ipu miboMy 3HAYEHHS
IIBUAKOCTI YACTWHKM OKCHIY AJIOMIHIIO B MOPIBHSAHHI 3i
IIBUJIKICTh YACTUHKHU HIKEJIO 32 OJHAKOBHUX YMOB € OiJTb-
I0K0 Yepe3 Te, 1[0 BOHU € MEHIIIMMH 1 jiermuMu. Lle HeoO-
X1IHO BpaxoBYyBAaTH MPH pO3pOOJICHHI TEXHOJIOTIYHUX pe-
KOMEH/IaIli} 3 HANMIIOBaHHS, TIPOEKTYBaHHI HaJ[3ByKOBUX
COIIeN, ONTHMI3allil POIeCiB HAIMIFOBAHHS TOIIO.

BucHoBku

1. BUKOHaHO PO3paxyHOK LIBHAKOCTEH 1 TemIiepa-
TYyp TOTOKY 1 YacCTHHOK TIOPOIIKY HIKENI0 IiaMeTpoM
25 MKM 1 OKCHIy JIIOMIHIIO liaMeTpoM 22 MKM, 110 3HaX0-
JSITBCS. B IIbOMY TIOTOILIi, B KaHaJli HaJ3BYKOBOT'O COIIa Ta
Ha BHUXOJIi 3 HHOTO B IMIMPOKOMY Iiama3oHi TeMIepaTypu
moBiTps Bix 300 °C mo 600 °C i Tucky Bix 0,6 mo 1,0 MITa.

2. 3a pesympTaTaMH pPO3PaxyHKIB TOOYIOBaHO
rpadik 3MiHH IBUIKOCTI Ta TEMIIEPATYPH ra3y i YaCTUHOK
mopouky B Haa3BykoBomy coruti CK-20 mpu remnepatypi
ra3y Ha Bxofi B coruo TO 500 °C ta tucky PO 1,0 MITa.

3. TToOynoBaHO 3alIe)KHOCTI TeMIlepaTypHO-IIBH/I-
KICHMX NapaMeTpiB YaCTHHOK MOPOILIKY Ha BUXO/II 3 COILIa
BiJ] TEMIIEpaTypH Ta TUCKY Ta3y Ha BXO/I B COILIO B Jiara-
3oni Big 300 °C mo 600 °C Ta Bim 0,6 mo 1,0 MIla
BiJIIIOBi/THO.

4. OtpuMmaHi pe3yJabTaTH MOXKYTh OyTH BUKOPHUCTaH1
JUISl 3HaXO/DKEHHS ONTHUMAJIBHUX TEXHOJOTIYHUX Mapa-
METpiB Ta pO3pOOIEHHS PEKOMEH/IAIN 3 HAaHECEHHST KOM-
mo3umiifanx mokpuTTiB Ni + ALO3 npu XI'H HuU3BKOTO
THUCKY.

IMopsikn

ABTOp BHCIIOBIOE NOASKY HamioHamsHOMY (hoHITY
JOCTIKeHb YKpalau 3a maTpuMKy (KoHKypc «[ligrpumka
JOCTI/DKeHb IPOBIJHUX Ta MOJOAMX YYCHHX», HOMEp
npoexty 2020.02/0119).
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DETERMINATION OF ENERGY PARAMETERS OF Ni+AlLO; POWDER
PARTICLES IN A SUPERSONIC NOZZLE DURING COLD GAS-DYNAMIC
SPRAYING USING THE ANALYTICAL METHOD

Ph.D., Associate professor of the Department “Aircraft Engine Production
Technology”, National Aerospace University named after M.E. Zhukovsky “Kharkiv
Aviation Institute”, Kharkiv, Ukraine, e-mail: o.shorinov@khai.edu;,

Deputy Director of New Products Production JSC “Motor Sich”, Zaporizhzhia, Ukraine,
e-mail: sergeypolyvanij@ubkr.net

Shorinov O.

Polyvianyi S.

Purpose. To calculate the temperature and velocity of nickel and aluminum oxide particles in the supersonic flow
in the low-pressure cold gas-dynamic spraying nozzle. To investigate the effect of gas parameters at the nozzle inlet, in
particular temperature and pressure, on the velocity and temperature of particles at the nozzle outlet.

Research methods. The calculation of the temperature-velocity characteristics of the powder particles is performed
after determining the parameters of the gas flow in the supersonic nozzle channel using well known gas-dynamic depend-
encies. The initial data for the calculation are the following: the geometry of the nozzle, the temperature and pressure of
the gas (air) at the nozzle inlet. The density of the material from which particles are obtained, as well as their diameter,
were taken into account in the calculation of the energy parameters. Nickel particles with a diameter of 25 um and
aluminum oxide particles with a diameter of 22 um were used.

Results. Based on the calculations results, graphs of changes in the velocities and temperatures of the particles of
the investigated powders, as well as working gas, in the channel of the low-pressure cold gas-dynamic spraying super-
sonic nozzle were developed. The dependences of the temperature-velocity parameters of the particles at the nozzle exit
in the range of initial values of temperature at the nozzle inlet from 300 to 600 C° and pressure from 0.6 to 1.0 MPa were
also developed.

Scientific novelty. The influence of the initial parameters of the gas at the nozzle inlet in a wide range of values on
the temperature and velocity of nickel and aluminum oxide particles during the low-pressure cold gas-dynamic spraying
is shown.

Practical value. The obtained results can be used to determine rational spraying parameters in the development of
technological processes of deposition of protective and restorative coatings from Ni+AIl,O3 powder mixture.

Key words: coating, thermal spraying, isoentropy model, supersonic flow, nozzle, temperature-velocity parameters.
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Kapamymka /1. P.

Mema po6omu. /locnioscenns KoIueamy, AKi 6UHUKAIOMb NPU KIHYEBOMY Qpe3epy8ani ma ix 6naue Ha QopMy8anHs.
00p00OIeHOI NOBePXHI.

Memoou docnioxycenna. JJocniodncenss npo8oOULYU eKCHePUMEMATbHUM MEMOOOM, NPU AKOMY 3ANUCYBATU OCYULO-
2pamu Koau8aunHs Oemaii 3 UOLIEHHAM Yacy Pi3anHs npu ppesepysarnHti. AHATIMUYHUM MemMOOOM O0CAI0HCY8AIU OA3081
@pazmenmu ocyunospam, Ha AKUX BUMIPAIU NAPAMEemMpPU, WO XapaKkmepusyloms npoyec Qpesepysanns, i susHavamu ix
36'430K 3 06po6IEHOI0 NOBEPXHETD.

Ompumanni pesynomamu. Ilpu gppezepysanni 3 HU3LKUMU YACMOMAaMU 00EPMAHHA WNUHOES, NPU NONYMHOMY ma
3YCMPIYHOMY HANpAMY nooaui, Ha demans Oitomb Pi3Hi BUOU KOAUBAHb, AKI XapakmepHi O nepuiitl ma opy2itl ueuoKic-
Hill 30Hi Konueanv. [lpu 3ycmpiunomy ma nonymuomy KiHyeeomy pesepy8anni y neputili u8UOKICHIll 30Hi KOIUBAHD
Oitomb MinbKU BUMYULEHT KOTUBAHHA. Y Opy2itl wieUOKICHIll 30Hi npu 3yCmMpiuHOMY (hpe3epy8aHHi Ha BUMYUEH] KOTUBAHHS
HAKIA0aIOMbCs CYNPOBOONCYI0UI BIACHI KOIUBAHHA MeEXHON02TuHOI cucmemu. Excnenumenmanvho-ananimuyto 0oge-
0€HO, WO BUHUKAIOYE NPU YbOMY GIOXUNEHHS 810 NONOMHCEHHS NPYHCHOT PIBHOBALU NEPULOT X8UTT CYNPOBOONCYIOUUX KOIU-
6aHb BNIUBAE HA KPOK MA BUCOMY XBUNACMOCH 06pOOIEHOT NOBEPXHI, W0 NIOMBEPONHCYE 36 AZ0K MIdC OUHAMIKOIO KiHye-

8020 hpesepysanhs i hopmoymeopeHHsM.

Hayxoea nosusna. Oyinka 6niugy cynpogoodiCyIouux iIbHUX KOIUBAHb MEXHON02IYHOI cucmemu npu pisanHi Ha @o-
PMY8anHs 06pOONIeHOI NOBePXHI 30TUCHIOEMbCS 3 OONOMO20K) NAPAMEMPIs, WO XapaKmepusyms OUHAMIKY KiHYe8020

@pesepysannsi.

Ilpakmuuna yinnicms. Ompumani pe3yiomamu 00800Myb BNAUE UEUOKOCHI PI3AHHA HA AMNIAIMYOY CYNPEOOA’CY-
FOUUX GIIbHUX KOTUBAHb MEXHONMRIUHOT cucmemu I HA0aoms MONCTUGICMb 0OUPAMU PedCuMU PI3aHHs, Wo 3a6e3neuy-

fomsb gibpocmanicms (peszepysants.

Kmiouoei crnosa: ¢ppezepysanns, npoginocpama, ocyuniozpama, XeUisicmicms, Kpox, 6Ucomad.

Beryn

[Ile na mouwarky XX croxirtst Taylor y cBoiif npami
«Mwuctenurso pizaHHs MeTamniBy [1] BiIMidaB HeraTUBHHA
BIUIMB BiOparliii mpu pi3aHHI MeTaliB Ha SAKiCTH 00poOITe-
HOI IMOBEpXHi. 3 TOro "yacy 0yJ0 IpoBeIeHO 6araTo 10cIIi-
JUKEHBb 1010 BHIIB KOJHMBAaHb MPH MEXaHI4HiA 0OpoOIi,
NPUYMH X BUHUKHEHHS Ta METO/IB 3MEHILECHHS IHTCHCHB-
HocTi a00 ycyHeHHs [6—8 Ta iHmI.].

[Tpu kinueBomy (pesepyBaHHI HIPUHLIUIIOBUM € BiJ-
CYTHICTh aBTOKOJIMBAHb 1 HAsIBHICTD CYIPOBOJUKYIOUHUX Bi-
JIbHUX KOJINBaHb TEXHOJOTIYHOI cucTeMu [2]. 3aleKHICTh
CYNIPOBO/KYIOUMX BIIBHUX KOJHMBaHb BiJl ITOYATKOBHX
yMOB [3] mokasye, 1o 3i 301IbIICHASIM IIBUAKOCTI Pi3aHHS
30LIBITY€THCS iX IHTEHCUBHICTD, SIKa BIUTMBAE HA CTIHKICTh
IHCTpYMEHTY, SKiCTh 00poOieHol moBepxHi. HaitOinpm me
TIPOSIBISIETHCS TIPU aMIDIITYAi KoimBaHb Oimbire 0,02 MM

[4]. Tomy mIBUIKOCTI pi3aHHS MMOMITEH] HA 30HH B 3aJIEXK-
HOCTI BiJl IHTEHCHBHOCTI CYIIPOBOJDKYFOUHX BUIBHUX KOJIH-
BaHb TEXHOJIOTIYHOI cHCTeMH. 3a KpHUTEepill pO3MOALTY
BHOpaHo Bu3HauajbHe criBBinHOmEeHHsS (BC), ske 3ame-
JKUTB BiJI 9acy pi3aHHs Ta Iepioay BIACHUX KOJHMBAHb Jie-
tani (BC = (2,/TBK)) [5]. Haiibinpm HecpusATiInBoOIO €
TpeTs MBHIKICHA 30HA KOJHMBAHb, B SKiil IPH KiHLIEBOMY
(bpe3epyBaHHI YTBOPIOETHCS XBHJISICTa 0OpoOieHa Imo-
BepxHs1. Tako)k IHTEHCHBHICTH KOJMBaHb B 1Iili 30HI Hepe-
Buiye 0,02 MM. BoHa 0X0Iu1I0€ pesKUMH pi3aHHs, Ha STKUX
BHUKOHYIOTHCSI YOPHOBI Ta HaIIBYMCTOBI oreparlii mpu ¢pe-
3epyBaHHI JeTayseil 3 BaKKOOOpOOIIOBaHMX MarepiaiiB.
Came ToMy B OUIBIIOCTI POOIT JOCIIIKYIOTHCSI KOIMBaHHS
B 11i# 30Hi [5]. OOpoOieHi moBepxHi micis KiHIeBOro ¢pe-
3epyBaHHS B TEPIIil i APYTiii MBUAKICHUX 30HAX € OUIBII
SKICHIIAMHA 1 TOMY MEHII nociikeHuMu. [Ipore 0Oe3
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3HAaHHS PO3BHUTKY KOJNWBaHb B HHX 1 MeXaHi3My ¢op-
MyBaHHA OOpOOJICHOT MOBEpPXHI HEMOXIJIMBO BiICIIIKY-
BaTH EBOJIOLIIO 3MiHU CYIPOBOKYIOUHMX BIACHUX KOJH-
BaHb TEXHOJIOTIYHOT CHCTEMH 31 30UIBIIEHHIM IIBUIKOCT1
pizaHHS.

Tomy MeTOr0 poOOTH € JOCHIPKEHHS KOJIMBaHb, IO
BUHMKAIOTh NPH KiHIEBOMY (hpe3epyBaHHI B THX IIBUJ-
KiCHHX 30HaX, Jie X iIHTeHCUBHICTh He nepesutiye 0,02 MM
Ta BH3HAYEHHS MEXaHi3My YTBOPEHHS OOpOOJIEHOT mo-
BEPXHi IIPH LIOMY.

AHaJi3 JiTepaTypHUX TxKepe

JloBruii ac BBayKauocs, M0 BiOpallii mpu pizaHHi €
BUMYIICHUMHA KoluBaHHAMU [9]. Ane y 1937 pomi Hdpos-
JIOB Yy cBo1if po6orTi [10] mokasas, 1o 9acToTa KOJIMBaHb HE
3MIHIOETECS B IIUPOKOMY Aialla30Hi MIBUIKOCTEH pizaHHS.
Ha miit miacrasi BiH OifIIOB BUCHOBKY, 1[0 KOJMBAHHS IIPH
pizaHHI ciix BBaXXKaTH aBTOKOJIMBAaHHIMU.

ABTOKOJIMBaHHS TMOAUISIOTH Ha IEPBHHHI, IO
30Y/DKYIOTBCSL TIPH TIEPIIOMY TPOXOJi IHCTPYMEHTY, Ta
BTOPHHHI, 110 BUHUKAIOTH MPH Pi3aHHI XBHJISICTUM CIIIJIOM.

[TepBUHHI aBTOKOJMBAaHHS BHHUKAIOTH BiJ| MPUYNH,
10 PO3rIIsHYTI B poboTtax [11-13 ta inmt.]. Kpim Toro npu
(dbpe3epyBaHHI BUIULIFOTh TakKi MPUYMHH, SK MEPIOTUYHI
IMITyJIbCHI HaBaHTa)XeHHs B TexHojoriyHii cucremi (TC)
IIPY BXOJIi Ta BUXOAI 3yOiB ()pe3u i3 3aroTOBKM Ta 3MiHA
CHJIM Pi3aHHS 3a BEIMYMHOIO B MEXaX JOBXHWHH KOHTaKTY
3y0a (pe3u i3 3arOTOBKOIO Yepe3 HEIMOCTIHHY TOBIIMHY
mapy, mo 3pi3aerbest [14]. Takox mpu KiHIEBOoMY (pese-
PYBaHHI TOHKHX 3pi3iB B 30HI Pi3aHHS 3aBXKIH 3HAXOJUTHCS
oquH 3y0 1, SIK BimMmiuaeTbcst B mocmimkeHHi [15], gacy
pi3aHHS HEIOCTATHRO ISl TOTO, 0O BCTAHOBIUIHCS HE3aTy-
xarodi aBTokomBaHHs. Tomy, sik BBaxkae [Tanoeko 5. I. [16],
3a TaKUX YMOB IIIIOTh CYNPOBOJUKYIOUI BUIbHI KOJMBaHHS
TEXHOJIOTIYHOI CUCTEMH, SIKI HAKJIQIAI0ThCsl HAa BUMYILIEHI
KOJIUBaHHSI.

Jist nociipkeHHsT KOJMBaHb PU KiHIIEBOMY (pe3e-
pYBaHHI BHUKOPHCTOBYIOTh 0a30Bi ()parMEHTH OCLMIIO-
rpaM, 3a SIKUMH BH3HAUYalOTh XapaKTEPUCTHUKH IPOLECY
pizanHs [S].

VY 3B’S3Ky 3 THM, IO IHTEHCHBHICTh KOJMBAaHb IPH
pizaHHi 30UTBIIyeThCS 31 30UMBIICHHSIM IIBHUIKOCTI
pizaHHS, BUKOHAHO PO3IOIBI HA IMIBHIKICHI 30HU KOJH-
BaHb [5]. CratucTiuHa 00poOKa pe3yNbTaTiB JOCIiIKEHb
MOKa3aJia, M0 MPH BEJIUYMHI BH3HAYAILHOTO Oiblme 25
(mepira mBUIKICHA 30HA) — A1IOTh TUILKW BUMYIIIEHI KOJIH-
BaHHA. Konu Lie CIiBBITHOMIEHHS 3HAXOAUTHCS B MEXax
MiX 25 Ta 7 (apyra mBHIKICHA 30Ha) — HA BUMYIIEHI KO-
JIMBaHHS HAKJIANAIOThCS CYMPOBOKYIOUI BUIBHI KOJIH-
BaHHS TEXHOJOTIYHOI CHCTEMH, IHTEHCUBHICTD AKHX HE ITe-
pesuiye 0,02 mM. Sk Big3HauaeTbes B poOoTi [4], Taka
BEJIMYMHA € CIPUSATIMBOIO JUIS CTPY)KKOYTBOPEHHS 1 He
BIUIMBAE HA CTIHKICTh IHCTpYMEHTY. B TpeTiii mBuaKicHII
30Hi, koau BC 3HaxoguThes B Mekax Bij 7 10 1, IHTCHCHB-
HICTh KOJIMBaHb TpU pizaHHI nepesurye 0,02 MM, 1o €
HECTIPUSATIUBUM, K JUII TOYHOCTI 00poOIIeHOi OBEpXHI,
TaK 1 A7 CTIKHKOCTI iHCTpyMeHTy. B deTBepriit Ta m’aTiit
IIBUIKICHUX 30HAX Yac pi3aHHSI MEHIIHUH 3a epiof CyIpo-
BOJIKYIOYHX BUTBHUX KOJIMBAHb, TOMY B HUX JIFOTh TUIBKH

BUMYIIICHI KoJuBaHHs. B podoTax [17, 18 Ta i1 ] po3rs-
JIAFOTHCSI METOJJMKH 3MEHIIICHHSI IHTEHCUBHOCTI KOJIMBaHb
B TPETIi#l — I’ sATi# 30HaX, 10 MiABHUIIYE AKICTH 00pOOIeHOT
MTOBEPXHI.

HesBakarouu Ha Te, 110 y HepIIiil MBUAKICHIH 30HI
CYNpPOBOKYIOUI BUJIbHI KOJIMBAHHS BiAICYTHI, a y ApYyrid
MaroTh HE3HaYHY IHTEHCUBHICTb, ITPAKTUYHO BiACYTHI J10-
CJIIIPKEHHS] MEXaHi3My YTBOPEHHS 00p0o0JICHOT TOBEPXHi B
IIUX 30HaX.

MarepiaJ i MeToaMKA TOCTITKEHHS

ExcniepuMmeHTanbHI JOCHTIKEHHS TPOBOAWINCH Ha
CTCHII, KOHCTPYKI[SI SIKOTO J[JO3BOJIIE MOICIIOBATH
00pOOKY IeTasieil 3 pisHUMH AUHAMIYHUMH XapaKTePHCTH-
KaMH Ta 3 Pi3HUX Marepiaiis [5].

Jns aHami3y npolecy KiHIEBOro (pe3epyBaHHs BU-
KopucToByBani 0a3oBi ¢parmentu ocuuiorpam (BPO)
[5].

Ilpu mocmipKeHHAX 3°SICOBYBANOCS, sIKi 3 mmapa-
METpiB, L0 XapaKTepU3yIOTh IPOIeC KIHIEBOTO (pese-
PYBaHHS, JIFOTh Y MEpPUIii 1 ApYTii MBUAKICHUX 30HaX KO-
JMUBaHb Ta iX 3B’SA30K 3 (HOPMOYTBOPEHHSM 0OpOOICHOT
MTOBEPXHI.

ExcriepMeHTH IPOBOAMITICS 32 HACTYITHHX YMOB!

1. ImctpymeHT — KiHIEBa ¢pe3a 3 MEXaHIYHUM
KpIMJICHHSIM pi3ajibHuX IactuH, & 16 MM, z = 1, BKS.

2. Marepian 3paszka — Ct. 3 TOCT 380-2005.

3. YacroTa obepranHs mmuHAeI — n = 120 00/xB,
n =300 00/xB.

4. Iomaua Ha 3y0 — S-= 0,1 MM.

5. Papianpaa rmubuHa pizaHast —a. = 0,5 mMm.

6. OcboBa rubuHA pi3aHHA — g, = 4 MM.

7. Bunit TorkoctinHO1 miiactuau — H = 80 mM. Tos-
niMHa INUIACTUHU — a = 6 MM. I[OB)KI/IHa IJ1aCTUHU —
b =50 mm.

8. HacToTa BIACHUX KOJHMBaHb TOHKOCTIHHOI Ilia-
CTHHH fg = 590 T'11.

9. Hampsim moadi — MOMyTHIH Ta 3yCTpIYHAN.

PesyabTaTH gocaigkeHHs Ta ix 00roBopeHHst

Ha puc. 1 moxazani B®O Ta npodinorpamu 06pobdie-
HUX IIOBEPXOHB [IPH MOy THOMY KiHIIEBOMY (ppe3epyBaHHi
3 PI3HUMH YaCTOTaMU 0O0EPTaHHS ILITTHHACIS.

Amnaniz B®O mokasye, 1110 NPU MOIMYTHOMY KiHIle-
BOMY (hpezepyBaHHI 01H03y0010 (hpe30ro 3 4aCTOTOrO 00e-
pranus wnuHAes 7 = 120 006/XB netans nepej BpizaHHIM
IHCTPYMEHTY B I€Tallb 3HAXOANUTHCS B ITOJIOKEHHI ITPY>KHOT
piBHOBar# i 3 mapameTpis, 0 XapaKTePH3YIOTh IPOIIEC Pi-
3aHHs, MOKHA OI[IHUTH TIIBKU Yac pizaHHA — tpi3, 4ac Xo-
JIOCTOTO XONY — ., IEpiof 3yOueBoi yactotu — 7. Ta Mak-
CHUMAaIbHI BIAXWICHHS IETajl BiA Iil 3MyIIyIO4Oi CHIIN —
Amax. ITicns Buxomy ¢pesu 3 30HU pi3aHHA 1eTaib 6e3 Ko-
JMBaHb TOBEPTAETHCS B MOJIOKEHHS piBHOBAru (puc. 1a).

[Ipu ¢pesepyBanHi 3 yacToTo0 OOEpTaHHS IITHH-
nens n =300 00/xB (ppe3a TakoK BPI3a€THCS B JACTANb, 0
3HaXOJUThCS B MOJIOXKEHHI piBHOBaru. [Ipu pizaHHi if0Th
BUMYILIEHI KOJMBAHHS, 10 BIIXWISIOTH JIETalb Ha BEJH-
yuHy — Amax. [licyis BUX0ay IHCTPYMEHTY 3 30HU pi3aHHs
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JeTajb 30IHCHIOE BUTbHI 3aTyXal04i KOJIMBAHHS 3 TIEPi0I0M
— TBKE, sKi 3racaroTh 0 HACTYITHOTO Bpi3aHHS B JICTalIb.
[1pu HbOMyY MO>KHA OLIIHUTH TaKi J10JaTKOBI TapaMeTPH, K
aMIUTITYJ]a BIaCHUX KOJHMBAHB MPH BUXOJII IHCTPYMEHTA 3

r . a1

neTani — A; Ta BIIXWICHHS Bill IPY)KHOT piBHOBaru TOYKU
BUXOAY (Ppe3u 3 30HA Pi3aHHA — Ag.(pHC. 18).
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APVHCHOT PISHOBASH » I'BrE

» - Touka Bpi3aHHs: (pe3u B AeTaNb; X — TOUYKA BUXOLY IHCTPYMEHTY 3 AeTai
Puc. 1. BOO (a, 6) Ta npodinorpamu 06pobdaeHoi moBepxHi (6, 2) IPH MOIMyTHOMY KiHIIEBOMY (pe3epyBaHHi 3 4acTOTaMU
oOepTaHHs IMHHACT:
n =120 06/x8 (a), n = 300 06/xB (6)

Hageneni npodinorpaMu mokasyoTh, 10 00po0IieHi
NOBEPXHI MalOTh MOXHOKY (OPMHU Y BUIIISAI BiAXHMIICHHS
BiJIl IPSAMOJIHIHOCTI, aJie XBUIACTICTh HA HUX BiJICYTHS.

Ha puc. 2-5 nokazani rpadiku 3MiH yacy pi3aHHS —
tpis, 9ACY XOJOCTOTO XOY — tx.x., TIEPIOY 3yOI1I€BOT HACTOTH
— T. Ta MakCHMAJBHOTO BiIXWJICHHS NeTalli — Amax npu
MIOITYTHOMY KiHIIEBOMY (hpe3epyBaHHI 3 4acTOTOIO 00ep-
taHHs wnuHaens n = 120 06/xB.
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Puc. 5. I'padik 3MiHE MaKCUMaJILHOTO BiIXWJICHHS JeTai

I'padixu mokasyroTh, MO MapaMeTpH, IKi XapaKTepH-
3YIOTh IPOIIEC pi3aHHS NMPH YacTOTi 00EpTaHHS IITHHAEIISA
n = 120 00/xB, MPaKTUYHO HE 3MIiHIOIOTHCS. e roBopuTH
PO T€, IO BIACTUBOCTI TEXHOJOTIYHOI CHCTEMH «iHCTPY-
MEHT — JIeTaJIby» TIpH MOy THOMY KiHIIeBOMY (ppe3epyBaHHi
B MepIiil MBUIKICHOT 30HH KOJIMBaHb € CTIHKMMH I[0J0
Ji1 cuimy pizanHs. LboMy Takox crpusie 1 0COOIUBICTS IM0-
MYTHOTO (pe3epyBaHHs, SIKE NOYMHAETHCS 3 HAHOLIBIIOT
TOBIIMHU WIapy, IO 3pi3a€Thes 1 MiIBHUILYE AeMO(yrodi
BJIACTHBOCTI TEXHOJIOTIYHOI CUCTEMH.
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Ha puc. 611 maBeneni rpadiku 3MiH 9acy pi3aHHI —
tpi3, 9acy XOJOCTOTO XOAY — ., HEepioay 3yOrmeBoi dac-
TOTH — T, MAKCUMAJIbHOT'O BIAXMIIEHHS AeTall — Amax, Bl-
JIXWICHHS BiJ IPY>KHOI pIBHOBArM TOYKH BHXOIYy (pe3u 3
30HH Pi3aHHS — Ay, AMIUTITYIH BIIACHUX KOJMBAHb JIETali
Ha BUXOJl IHCTPYMEHTY — A MPH HOMYTHOMY KiHIICBOMY
(dpe3epyBaHHI 3 YACTOTOO OOCpPTaHHSA  INMUHICIS
n = 300 00/xB.
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Puc. 7. I'padik 3MiHH Yacy X0JIOCTOTO XOIy
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Puc. 9. I'padik 3MiHM MaKCUMAJIBHOTO BiIXWIJICHHS JeTali
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Puc. 10. I'padix 3MiHU BiIXUIEHHS AETalli Bi/l HOJIOKEHHS NIPY-
JKHOI PIBHOBAark Ha BUXO/I IHCTPYMEHTY
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Puc. 11. I'padik 3MiHE aMIUTITYAM BIACHUX KOJIHMBAHb STl Ha
BUXO/l IHCTPYMEHTY

HageneHi rpadiku 3MiHH apaMeTpiB, 10 XapaKTepH-
3YIOTh MPOLIEC Pi3aHHs MPH MOITYTHOMY KIHIIEBOMY (pesepy-
BaHHI 3 4aCTOTOI 00epTaHHs mmnuHaens 7 = 300 06/xB, mo-
Ka3yloTh, IO BCI BOHM MPAaKTHYHO HE 3MIHIOIOTHCS.
Bunukaroui BiIbHI 3racarodi KOJUBAHHS JETAJI IIiCJIS BU-
xoxy ¢pe3u 3 30HU pi3aHHS MAIOTh HE3HAYHY aMILTITYIy
(mo 41 = 0,008 mm). Jlorapudmiunmii neKpeMeHT 3ary-
XaHHS KOJIMBaHb JlopiBHIOE A = 0,148.

—1 .
35 Homep pisy

S
35 Homep pizy

UYac pizanas npu # = 300 00/XB € MEHIIAM, HiX IIPU
(hpesepyBanHi 3 yactoToro # = 120 06/xB. [Ipu upomy mo-
BXKIUHH TIOBEPXOHP Pi3aHHS OJTHAKOBI.

OO6pobiieHa TOBEpXHs MICHA KiHIEBOTO (pe3epy-
BaHHS (POPMY€ETHCS 3 TUITHOK ITOBEPXHI Pi3aHHSA, SIKi 3a7TH-
IIAFOTHCSA MICTS PyXy mojavi. Buxomsdu 3 Toro, mo I0B-
KMHA TIOBEPXHI pi3aHHA TIPAMO TIPOTOPIIiiiHa dacy
pi3anHsi, sikuit npu Ppe3epyBaHHI HE 3MIHIOETHCS, SIK Y Tie-
piiii, Tak 1 y Apyriid MIBWAKICHMX 30HaX KOJHMBAaHb, TO i
JIOBXXMHY TIOBEPXOHB Pi3aHHs B KOXKHIH 30H1 KOJIMBaHb Ma-
I0Th OJHaKoBI po3mipu. Tomy koxeH pi3 ¢pesu
MOCHIZIOBHO 3aJIMIIAE AUITHKA y BUDIAIL 3amajuH, sKi
micnsl 3aKkiH4eHHs pizaHHS (QopMyIOTH 00poOJieHy To-
BepxHio. Ha mincraBi Toro, 1mo i 4ac pizaHHs 1 MakcH-
MaJlbHI BIAXWJICHHS JAeTalli NMpH PO3IIISTHYTHX YacTOTax
oOepTaHHs MITIIHJEIS HEe 3MIiHIOIOTHCS, TO 1 3allaINHU, SKi
3aJIMIIAIOTHCS, 3HAXOIATHCS Ha OMHAKOBIM BifCTaHI BII
MIOJIOXKEHHSA IPYKHOI piBHOBAry. Lle moscHIOE, YoMy ITics
MOy THOTO KIHIEBOTO (ppe3epyBaHHS y TEpIIii i ApyTiit
IIBUIKICHUX 30HaX KOJMBaHb OTPHMaHA IOBEpXHS 0e3
XBHIISICTOCTI.

Ha puc. 12 nmokazani B®O ta mpodinorpamu 06pob-
JIeHol MOBEpXHI, 0 OTPUMaHI MpU 3YCTPIYHOMY KiHIle-
BOMY (pe3epyBaHHI 3 PI3HUMH YacTOTaMH OOCpTaHHS
HITTUHIENS.

[Ipu 3ycrtpiuHOMYy KiHIEBOMY (pe3epyBaHHI Yy
MEPIIiil MBUAKICHIA 30HI KOJMBaHb JIFOTh TiIIBKH BHMY-
IIE€H] KOJMBAHHS, 10 BiXWISIOTH JI€Talb Ha BEINYNHY —
Amax. dpe3a Bpi3a€ThCs y JA€Tallb, 110 3HAXOIUTHCS Y T10-
JIOXKEHHI NPY>XHOI piBHOBary. I1icis BUX0xy iHCTpYMEHTY
3 30HH Pi3aHHS JeTaJb IOBEPTAETHCS J0 LHOTO TTOJIOKEHHS
(puc. 12a).

[Ipu 3ycTpiuHOMY KiHIIEBOMY (hpe3epyBaHHI y APYTii
IIBUIIKICHIM 30HI Wepe3 Te, mI0 pi3aHHS IMOYHHAETHCS 3
HAlMEHIIOl TOBIIMHM IIApy, SIKUH 3pPi3a€ThCs, MiCIA
Bpi3aHHS IHCTPYMEHTY B JIeTallb Ha BUMYIICHI KOJIMBaHHS
HaKJIaal0ThCs CYIIPOBODKYIOUI BIIACHI KOJTMBAHHS TEXHO-
noriyHoi cuctemu 3 nepiogom TCK, siki 3aTyxawTh 110
3aKiH4YeHHs pi3aHHs. XOJOCTUH XiJ MOYMHAETHCS 3 BiJIb-
HUX KoJuBaHb netaini 3 yactororo TBKE, siki 3aTyxaroTh
JI0 HACTYITHOTO Bpi3aHHs (pe3u B Aetais (puc. 12g).

[oBepxHs micns ¢pe3epyBaHHA 3 YacCTOTOKO 00ep-
TaHHA WnuHAes n = 120 06/xB Mae piBHUIT podins, ane
CIIOCTEPIraroThCS BIXWICHHS Bill IPSAMOJIHIHHOCTI. XBH-
JSCTICTH Ha Hil BincyTHs. Ha 00pobmeniit moBepxHi micis
3yCTPIYHOTO KIiHIEBOTO (hpe3epyBaHHs 3 4aCTOTOI 00ep-
TaHHs mmuHens n = 300 00/XB y Apyriid MIBUAKICHI 30HI
€ XBHWIACTICTH 3 KpokoM S, = 0,4 MM Ta Bucororwo W. =
=0,01 mm.

Ha puc. 13—16 nokasani rpadiku 3MiH yacy pizaHHS
— tyis, 9ACY XOJOCTOTO XOAY — fyx, HIEpiomy 3yOreBoi va-
CTOTH — 7 Ta MaKCUMalIbHOTO BIIXMJICHHS AeTani — Amax
IpHU 3yCTPIYHOMY KiHIIEBOMY (ppe3epyBaHHI 3 4aCTOTOIO
obepranns mmmHAEN 7 = 120 06/xB.
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Puc. 12. OO (a, ) Ta mpodinorpamu 00pOIIeHOT TOBEpXHi (6, 2) TIPU 3yCTPiYHOMY KiHIIEBOMY (ppe3epyBaHHi
3 yacToTaMu oOepTanHs mmuHaens: n = 120 06/xB (a, 6), n =300 06/xB (8,2)
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Puc. 15. I'pacix 3minu nepioxy 3yOneBoi 4acToTn
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Puc. 16. I'padix 3MiHU MAKCUMAJIBHOTO BIAXUICHHS JCTAII

I'padikn moka3yroTh, 1110 TAPAMETPH, SIKi XapaKTepu-
3YIOTh MpOIeC 3YCTPIYHOTO (hpe3epyBaHHS MPH YaCTOTi
obepranns mmmHAETS # = 120 00/XB, IPaKTUIHO HE 3Mi-
HIOOThCA. L{e TOBOpHTH NPO Te, 10 BIACTHBOCTI TEXHOJO-
TIYHO{ CHCTEMH «IHCTPYMEHT — JETajb) IpHU 3yCTPIUHOMY
KiHIIeBOMY (hpe3epyBaHHI B MEPIIii MIBUAKICHOI 30HU KO-
JIUBaHb, SIK 1 IPU MOIyTHOMY, € CTIHKAMHE IIOAO0 il CHIIN
pi3aHHs.

Ha puc. 17-23 naBezneHi rpadiku 3MiH 4acy pi3aHHA
— tyiz, 4ACY XOJIOCTOTO XOHY — fy.y, TIEpioAy 3yOLeBOi Hac-
TOTH — T, MAKCUMAJIBHOTO BIAXUJICHHS AeTali — Amax, Bi-
JIXWJICHHS BiJI TIOJIOKEHHSI TIPYXKHOT pIBHOBAr Jetaili Ha
BUXO/Jll IHCTPYMEHTA — Agyy, aMILTITYIN BJIACHUX KOJIMBaHb
JIeTalli IpU BUXOJII IHCTPYMEHTY — A |, BLIAXMICHHS BiJl TIO-
JIOKEHHSI IPY>KHOI PIBHOBATH NEPILOi XBUIII CYIPOBOJIKY-
I0YHMX BUIBHHUX KOJMBaHb — A,, TIPH 3yCTPIYHOMY KiHIle-
BOMY (ppe3epyBaHHI 3 4aCTOTOIO 00SPTAHHS IIMTUHICIS /1 =
300 o6/xB.
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Puc. 17. I'padik 3MiHK yacy pizaHHS
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Puc. 18. I'padik 3MiHHK Yacy X0JIOCTOTO XOLy
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Puc. 19. I'padik 3MiHu nepioxy 3yOLeBoi 4acToTn
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Puc. 21. I'padik 3MiHH BiIXWIICHHS AeTall Bifl OJIOKEHHS MPY-
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Puc. 22. I'padix 3MiHN aMIUTITYAM BIACHUX KOJIMBAHb JACTaNll Ha

BUXO/l IHCTPYMEHTY
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Puc. 23. I'pacix 3MiHH BiAXMICHHS BiJ] TOJOKEHHS NPYXKHOI pi-
BHOBAru nepuiol XBuJjil CynpoBOKYIOUYNX BUIBHHUX KOJIMBaAHb
TEXHOJIOTYHOI CHCTEMH

Haseneni rpadiku 3MiH napaMeTpiB NpoLecy pizaHHs
IpU 3yCTpPIYHOMY KiHLIEBOMY (ppe3epyBaHHI 3 4aCTOTOIO
obepranust mmmHAens n = 300 06/XB OKa3yrOTh, 1110 MPaK-
THUYHO HE 3MIHIOIOTBCS HYac pi3aHHs, yac X0JIOCTOrO X0y,
MaKCHUMaJIbHE BiAXWIEHHS AeTanl. BiaxuneHHs aeraii Bix
TOJIO’KEHHS PIBHOBATH TIPY BUXOJIi IHCTPYMEHTY 3 30HH pi-
3aHHSI MAa€ HE3HAYHUM po3Ku B Mexax Agy = 0,003 Mm.
AMIUTITY1a BUTPHUX KOJIMBAHb JACTAI IMicIsI BUX0Ay (hpe3u
Mae Benmunny 110 41 = 0,007 mm. Tomy npu norapudmiy-
HOMY IEKPEMEHTI 3aTyXaHHS KOJIMBaHb, IO JOPIBHIOE
A = 0,207, BOHa 3HHKAE II€ JO MTOYATKy HOBOTO Pi3aHHS.

[MopiBusinus popmu rpadiky 3MiHU BiIXHIICHHS Bij
TIOJIOXKEHHST PYKHOT piBHOBAr Iepiioi XBUIli CYNpPOBO/-
JKYIOUNX BUIBHUX KOJIMBaHb TEXHOJOTIYHOI CHUCTEMH Ta
npodiro 06pobICHOT MOBEPXHI Ha IPOQiTorpami mokasye
X 1IEHTUYHICTB, SK 32 KPOKOM TakK i 3a BUCOTOIO XBHJIS-
crocti. KpiM 11boro Ha cIisIbHICTh BKa3yIOTh 1 pe3yJIbTaTH
po3paxyHKiB. Pi3HHIT MiXX HaHOLIBIIUM Ta HAWMEHIINM
3Ha4eHHIM A, = 0,0239-0,0135 = 0,0104 mm. [epiogmuy-
HICTb 3MiH 3HaueHb A, nopiBHIOE 4...5 pizam ¢pe3n
(puc. 23). [Ipu momaui Ha 3y6 0,1 MM KpOK MepioANIHOCTI
oyze 0,4...0,5mMm. AHanoridHi 3HaU€HHS MalOTh BUCOTa Ta
KPOK XBHIJIACTOCTI Ha 00pobmeniit moBepxHi (puc. 122)

3anucani Ha ocHWIOTpaMi KOJIMBAaHHS IPHU pi3aHHI
BiZoOpax<y1oTh Npo(dinb MoBepxHi pizanHs. Tomy moxu-
OKH 3 Hel, SIK CIHaIInHa, TIePeIalThCs Ha 00pOOIICHY MMo-
BEPXHIO y BUIIISA/I XBHJLSICTOCTI.

[TopiBHSIHHSI 3aITMCaHNX OCIMIIOTPaM KOJIMBaHb JeTajli Ta
npodiniorpaM MOBEPXOHB ITCIS KIHIIEBOTO (hpe3epyBaHHS y
TIepIIiii Ta APYTiH MBUAKICHIX 30HAX KOJMBAHP JIA€ TMiICTaBU
Ka3aTy, 10 HAasBHICTb CYNPOBOKYIOUMX BUIPHHMX KOJIMBAHb
TEXHOJIOTTYHOI CHCTEMH, SIKI HAKJIa/Ial0ThCsl HAa BUMYILECHI KO-
JIMBAHHS TIPH Pi3aHHi, € MPUYIHOO MOSBU XBIIIICTOCTI Ha 00-
pobiernx 3pa3kax. Ko pisanas BinOyBaeThes 6e3 CyIpoBOI-
KYIOUMX BUIPHMX KOJIMBaHb TEXHOJIOTIYHOI ~ CHCTEMH,
00po0IIcHa TIOBEPXHS XBIIICTOCTI HE Mae.

-
35 Homep pizy

I
35 Homep pisy

S
35 Homep pizy

BucHoBku

1. Tlpu momyTHOMY KiHIIEBOMY (pe3epyBaHHI y
MEPIIii Ta qpyTid MBUAKICHAX 30HAX JiIOTh TUTBKU BUMY-
IICHI KOJIMBAaHHS i OOpOOJicHa MOBEPXHSA Ma€e MOXHOKY
(opMu y BUIIISAI BIIXWICHHS Bifl MPSIMOJIIHIMHOCTI, ane
6e3 XBHJIACTOCTI.

2. Tlpu 3yctpiuHOMy KiHLEBOMY (pe3epyBaHHI y
MepPIIii MBUAKICHIA 30HI MIIOTh TUTBKHA BUMYIICHI KOIH-
BaHHS i 00poOJIcHA TTOBEPXHS Ma€ BIOXWICHHS Bill mps-
MOJIIHIHHOCTI, ajie 0e3 XBUISICTOCTI.

3. Ilpu 3yctpiuHOMYy KiHIIEBOMY (pe3epyBaHHI Y
JIpYTid IIBUAKICHIM 30HI BHUHHUKAIOTH CYIPOBOIKYIOUi
BUIbHI KOJIMBAHHS, SIKI HAKJIAJAIOTHCS HA BUMYIICHI KOJIHU-
BaHHJ, 1 00po0JieHa NOBEPXHS Ma€ XBIILICTUH NPOdib.

4. Oco0aMBOCTI MPOIIECIB MOIYTHOTO 1 3yCTPIYHOTO
KIiHIIEBOTO (hpe3epyBaHHs BIUIMBAIOTH Ha iX AeMOdyrodi
BiactuBocti. [lomyTHe ¢pe3epyBaHHs NOYMHAETHCSA 3
HaANOLIBIIOT TOBUIMHY IIAPY, IO 3Pi3a€ThCS, a 3yCTPIUuHE —
3 HaltMeHmoi. ToBIMHA HIapy, 110 3pi3a€THCs, BINTUBAE HA
BJIACTHBOCTI TEXHOJIOTIYHOI CUCTEMH «IHCTPYMEHT — Jie-
TaJIby 1pH pizanHi. Tomy, momyTHe Gpe3epyBaHHS € OB
CTIHKMM J0 BHHHKHEHHS CYNPOBODKYIOUHX BUIBHUX KO-
JUBaHb, HOK 3ycTpivne. Lli 0cOOIMBOCTI BIUTMBAIOTH i Ha
Te, 10 MaKCHMaJIbHE BiIXWJICHHS JeTalli IPH MOMYTHOMY
(hpe3epyBaHHi OuIbIIE, HIK TP MOMYTHOMY.

5. Y mepuiii Ta Apyrid MIBUAKICHUX 30HAX MPH KiH-
ueBoMy (pesepyBaHHi (pe3a Bpi3aeTbcsi B leTalb, sKa
3HaXOJUTHCS B MOJIOXKEHHI piBHOBaru. BuHMKatoui BijibHI
KOJIUBAHHS JIeTalll MICJsl 3aKiHYCHHS pi3aHHS y APYrid
MIBUJKICHIA 30HI 3racarmTh 0 TIOYaTKy HACTYIHOTO
Bpi3aHHS IHCTPYMEHTY B JICTalb.

6. Makcumanphi Bintuckanas TEJ] mpu kiHIeBoMy
(pe3epyBaHHI SK 3 YaCTOTOK OOEpPTaHHS IIITHHACII
120 06/xB, Tak i mpu Ppe3epyBanHi 3 yactoToro 300 06/xB
IpHU TOMyTHOMY (pe3epyBaHHI MalOTh OJHAKOBI 3Ha-
yeHHA. OTHAKOBI MaKCHMAaNbHI BIATHCKAaHHS JIeTalli OTpHU-
MaHi 1 IpH 3yCTpIYHOMY KiHIIEBOMY (hpe3epyBaHHI 3 Ha-
croramu obepranHs mmuHAENS 120 06/x8 Ta 300 00/xB.
Ile miaTBepmKy€ Te, IO NMIBHAKICTH PI3aHHS Ma€ MaJIHi
BIUIMB Ha CHJIY Pi3aHHS.

7. Ha dopmyBanHus npodinto 00po0ieHOl MOBEpXHI
BIUIMBAIOTH CYNPOBOJKYIOYl BUIbHI KOJIMBAaHHS TEXHO-
JIOT1YHOT CHCTEMH, SIKi IIPU Pi3aHHI HAaKIJIANAIOTHCS HAa BU-
MyieHi. 1le miaTBepKyOTh BUKOHAHI JOCTIKCHH, SKi
MOKa3yl0Th, IO BIJXWJICHHS BiJ ITOJIOXEHHS MPY>KHOI
piBHOBAr# mepuioi XBUJI CYyIPOBODKYIOUMX KOJMBAHb Ma€e
TaKy K NepioJUYHICTh 3MIHM BEJIWYHHH, SK 1 KPOK Ta BH-
cOTa XBHJLICTOCTI Ha 0OpOOIIeHiH TOBEpXHi.
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RESEARCH OF OSCILLATIONS DURING END-MILLING AND THEIR
INFLUENCE ON THE FORMATION OF THE MACHINED SURFACE
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Purpose. Study of oscillations that occur during end-milling and their influence on the formation of the processed surface.
Research methods. The research was carried out using the experimental method, in which oscillograms of part oscillations

were recorded with the allocation of cutting time during milling. Basic fragments of oscillograms were studied using the ana-
Iytical method, on which the parameters characterizing the milling process were measured, and their relationship with the
processed surface was determined.

Results. When milling with low spindle rotation frequencies, with down and up direction of feed, the part is affected by
various types of oscillations, which are characteristic of the first and second speed zones of oscillations. During up and down
end-milling, only forced oscillations operate in the first high-speed oscillation zone. In the second speed zone during up milling,
the accompanying natural vibrations of the technological system are superimposed on the forced oscillations. It has been ex-
perimentally and analytically proven that the resulting deviation from the position of elastic equilibrium of the first wave of the
accompanying oscillations affects the pitch and height of the waviness of the processed surface, which confirms the connection
between the dynamics of end-milling and shaping.

Scientific novelty. The impact of accompanying free oscillations of the technological system during cutting on the for-
mation of the processed surface is evaluated using parameters characterizing the dynamics of end-milling.

Practical value. The obtained results prove the influence of the cutting speed on the amplitude of the accompanying free
oscillations of the technological system and provide an opportunity to choose cutting modes that ensure vibration stability of
milling.

Key words: milling, profilogram, oscillogram, waviness, step, height.
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HAYKOBO-TEXHIYHA IHOOPMA LA

PO LIJII OCBITHBOI'O ITPOLECY 3 ®I3BUKHU B YMOBAX
NIArOTOBKU MAUBYTHIX IHXKEHEPIB: IPAKTUYHUMN ACIHEKT

I'ynsesa JI. B. KaH/. TeA. HayK, JOLEHT, JoueHT Kadenpu ¢isuku HamioHansHOTO YyHIBEpCcHUTETY
«3aropi3bka  HONITEXHIKa», M. 3amopikks, VYkpaiHa, e-mail:  gulyaeva.lud-
mila.viad@gmail.com

BBenenue

Bynp-sika misbHICTE TIOAMHN TTOYHHAETHCS 3 (POPMYIIIOBAHHS MiJIeH 0CBiTHROTO Tpotiecy. OCBITHIN IpoIIec 3 KOX-
HOIT TUCLUILIIHH, 30KpeMa, 1 «(i3uKu» He € BUHATKOM. DOpMYJIIFOBaHHSI 1IlJIel OCBITHHOTO MPOLIECY Ma€ MeBHi crierudivyHi
0COOJIMBOCTI Ta MiAMOPSAKOBYETHCS BCIM BiJOMIH iepapXii 1inel, a came: CTpaTeriyHil, TAKTUYHIN, ONIepaTHBHIH.

Cpareris B ccTeMi OCBITH B yMOBaxX IiATOTOBKK MaitOyTHIX iH)KeHEepiB BH3HaueHa B 3akoHi Ykpainu «IIpo ocBity»,
3akoHi Ykpainu «[Ipo Buiry ocBity», «Jlep>kaBHOMY cTaHAapTi 6a30B0O1 i MOBHOI 3arajibHOI CepeHbOT OCBITH», «CTaH-
naapri Buioi ocBiTn Ykpainm». CrpaTeriuni nii y BUIe BU3HAYSHUX JTOKYMEHTax c(opMyJIbOBaHi 3riHO rnepeadaya-
€MHUX HaIpsMKiB JJOBIOTPUBAJIOTO MPOLECY MiATOTOBKHU 1H)KEHEPHO-TEXHIUHUX (paxiBLiB.

TaxkTu4H1 il TiAOPSAAKOBYIOTHCS CTPATET1dHIM METI 111010 TOTOBHOCTI MalOyTHIX (axiBiiB 3/1iHCHIOBATH Mpode-
CillHY NisUTBHICTB.

OnepaTuBHA METa KOHKPETH3YEThS Ta peasli3y€eThes ITij1 4ac KOXKHOTO MOJYJIBHOTO 3aHATTS 3 AUCIMIUTIHY «(Di3uKay
10710 TOTOBHOCTI MaOYTHIX (paxiBIIiB MEBHOI Taimy3i g0 mpodeciitHOl AisITBHOCTI.

AHaJIN3 Mcciel0BAHUI 1 MyOJIMKAIMii

DopMyITIOBaHHS NI OCBITHROTO MPOIECY Ma€ MeBHI cnenuivai ocodmuBocTi. Ha BakIMBicTh TOCTiIKEHHS a-
HOTO TIEPIIOYEProBOTO MUTAHHS OCBITHHOTO MPOIIECY 3BEPTANX yBary BUAATHI meparoru munysoro I'. I'. Bamenko, .
A. Komencekui, K. JI. Ymmnacekuit, A. C. Makapenko, B. O. CyxoMIHHCBKHIA Ta 1HIII.

DOpMyITIOBaHHIO IIiIEH OCBITHBOTO MPOIECY NPHUCBATWIA CBOi JOCHIIKEHHS BITYM3HSIHI Ta 3apyOiKHI BUeHi
XX cromitrs II. A. Amonamsuii, FO. K. babaucekuii, b. baym, 1. f. Jlepuep, B. O. Onimyk, I. II. Iigmacwuit,
H. ®. Tanuzina, A. B. Xyropcbkuii Ta iHIIi.

B ramysi paxoBux 3HaHb 13 «MexaHiuHa iHXEHEpisH» MOXKHA 3HANTH BIIIOBIAIL 1100 (GOPMYJIFOBaHHS LI OCBIT-
HBOT'O NIPOLIECY B Iparsix Bizomux BueHux I1. M. AkcboHoBa., A. 1. T'opcbkoro, B. 0. Onsmanenpkoro, M. M. CocHeHKO
Ta IHIIUX.

B ramysi qunaktuky Qi3uky nuTaHHs GopMyITIoBaHHS IiJIEH OCBITHBOTO MPOIECY 3 AUCHUIUTIHY «(Di3nKay o0rpyH-
TOBaHa B poboTax Bimomux BueHnX A. M. Aunpeesa, O. I. byraiiosa, C. Y. ['onuapenka, O. 1. Isanunpkoro, E. B. Kop-
maka, C. €. Kameneuskoro, O. L. JIamenka, A. 1. [laBnenka, B. I'. PasymoBcekoro, O. B. Cepreesa, €. I1. CokonoBa Ta
IHIINX.

CdopmyirtoBaHi pe3ynbTaTH HaBYaHHSI MaOyTHIX iH)KeHepiB, 30KpeMa, HallpHUKJIa1, B KOTHITHBHIHN (TIi3HABaIbHIN)
cdepi B actiekTi (paxoBoi MiATOTOBKH B «METOIMIHIX PEKOMEHIAIISIX 010 PO3POOIICHHS CTAHIAPTIB BUIIOI OCBITH».

ean padoTbl

Po3rnsHyTH MpaKTHYHUN aCTIeKT BIPOBALKEHHSI METOANKH LIUICTIOKIIaJaHHA B OCBITHIH ITpoLiec B yMOBaX HaBYaHHS
MaiOyTHIX 1HXKEHepiB B KOHTEKCTI iX (haxoBol MiArOTOBKY JUIs Tany3i 3HaHb 13 - «MexaHi4Ha 1HXKeHepis» sl epIIoro
(bakanaBpChKOro) piBHS BHIIOI OCBITH 3 AMCHMIUIIHM «(i3vKa» Ha NPHUKIaAl iHTerpauii Gpi3suyHUX 3HaHb Ta (axoBHX
3HaHb 31 3MICTOBHUX MOAYJIIB «MexaHiuHi KonuBaHHs» Ta «O0a{HaHHS TICKOMETHUX MaIluH.

H3/10:keHnEe OCHOBHOTO MarTrepydaja u aHaJIu3 NOJYYECHHBIX PE3yJbTaTOB

3rizno HopmatuBoro 3MicTy HiArOTOBKM MalOyTHIX 1H)KEHEpIB CTpaTeriyHa MeTa B CUCTEMI OCBITH IIiJ] 4ac HaB-
YaHHS CTYNEHTIB, HAIIPHUKIIAM, Tary3i 3HaHb «13 — MexaHiuyHa iHXeHepis», cpopMylIbOBaHA Y HACTYITHAX PE3yJIbTaTax
HABYAHHS: «KOHIICTITya bHI 3HAHHS 1 pO3YMiHHS ()yHIAMEHTAIFHIX HAYK, IO JIEKaTh B OCHOBI BiJIIIOBiTHOI CrIemiai3a-
1ii, Ha piBHI, HEOOXIAHOMY AJISl AOCSTHEHHS IHIMMX pe3yibTaTiBy. JlaHuil pe3ynbTaT HaBYaHHS JOCATAETHCS MUITXOM
LiTeCPSIMOBAaHOTO (OPMYBaHHS, HANIPUKIIA, 3aTaJJbHUX KOMIIETEHTHOCTEH («3aTHICTH M0 aOCTPaKTHOTO MECIICHHS,
aHaJi3y Ta CHHTE3Y») Ta CIIeI[ialTbHIX KOMIIETEHTHOCTEH («yCBIJOMIICHHS KOHTEKCTIB, B IKHX MOXKYTh OyTH 3aCTOCOBaHi
3HaHHS METayprii, MaTepialo3HaBCTBA TOIIOY).

TakTu4Hy MeTy TOUIIBHO GOPMYJIIFOBATH B aCMEKTI MPAKTHYHOT'O CIPSIMYBaHHS OCBITHBOTO TPOIECY 3 TUCLUILTIHA
«(hizukay.

[TpakTHyHe cHpsIMyBaHHS OCBITHBOTO MPOLECY 3 AUCIMILTIHU «(Bi3UKa» - ONH 13 aKTyaJbHUX HANpsMKiB (i3nKo-
TEXHIYHOI MiATOTOBKY MalOyTHIX iHXeHepiB 1 B mpodiibHii mkoii, i B 3BO, sxuii cnpusie mornubieHHo IXHIX Teope-
TUYHUX (i3UYHUX 3HaHB. J[aHa MeTa peali3yeThCs B MEXaxX 3MICTOBHHX MOJYJIIB B YMOBaX iHTerpamii (i3uaHuX 3HaHb
Ta (haxOBHX 3HaHb 3aBASKH 1X TpaHchopmanii. Tpanchopmartist haxoBUX 3HAHD B MEXaX OCBITHBOTO IPOLIECY 3 TUCIIUII-
TiHK «(pi3nuKa» BiIOYBa€ThCS B PI3HUX aCHEKTax, a caMe:
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- BUJUICHHS MTeBHUX ()aXOBUX AWCIUILUIIH BiMTOBIIHOI Tay3i 3HaHb, HaNpuKiIan, «O0IaTHaHHS JIHBAPHUX LEXIBY;
- aHaJIi3 TEXHIYHUX 00’ €KTIB, [0 BUBYAIOTH MaltOyTHI (axiBIli 3 JaHOI ()aXOBOi TUCIUILIIHA 31 3MiCTOBHOTO MOYJIS
«O6naHaHHs Uil BUTOTOBJICHHSI (DOPMYBAIBHUX Ta CTPMYKHBOBUX CyMIIlei» Ta BiIMOBIAHOTO MOAYJIBHOTO 3aHATTS,

Hanpukian, «ObmagHaHHS MTICKOMETHHX MAaIIHY;

- po3pO0IIEHHS IHTErPATHBHOTO HABYAJIbHO-METOJMYHOTO KOMIUIEKCY 3 JUCUHILTIHU «(]i3ukay BianosigHo Cranaa-

PTy BHUILOT OCBITH YKpalHU /st AaHOT Tany3i 3HaHb.

OrnepaTHBHY METY KOHKPETH3YEMO B MEXaX MiJATOTOBKU IHTEPATHBHOTO MOJYJIBHOTO 3aHSTTS «MeXaHi4Hi KOJIH-
BaHHs Ta «O01aJHaHHA TICKOMETHUX MAIIMH 3 TUCUUILTIHH «(i3HKay» BIINOBIAHO JI0 pe3yJibTaTy HaBUaHHS MaiiOyTHIX
IH)KeHepiB B KOTHITHBHIH (i3HaBanbHii) cdepi [6, c. 23-24] B acniekTi (haxoBol MiAroTOBKH MaiiOyTHIX (axiBuiB (IUB.

Tabm. 1).

Taoauusa 1 — PopMynroBaHHS ONepaTUBHOI METH IHTETPATHBHOTO MOAYJILHOTO 3aHATTS «MeXaHiuHI KOJINBaHHS

Ta «O0NMaTHAHAS MICKOMETHUX MAITMH» 3 TUCIUILTIHA «(i3uKay

DOopMyITIOBaHHS OIIEPATHBHOI METH 3TiIHO

(haxoBoi MiAroTOBKM MailbyTHIX i1H)KEHEpiB
31 3MiCTOBHOTO MOZLYJIsI
«O61aIHaHHS TiICKOMETHHX MAIlMH»

BUBYCHHS JUCLMILTIHU «(i3uKa» MaiOyTHIMHI
iH)KeHEepaMH 31 3MICTOBHOTO MOJYJIst
«MexaHi4Hi KOJIMBaHHSD

Suanns.

3uaru 6ynoBY, npunyun po6omu, npoyec pobomu, RPUSHAYEHN, 3ACMOCYBANHS
(hOpMOBOYHOI MAlIMHK — nickoMema.

KnacudikyBary mickomeTy 3a QyHKI[iOHATIBHIM TIPU3HAYEHHSM (CTal[ioHapHi Ta
TiepecyBHi), 32 KOHCTPYKTUBHUMH OCOOIMBOCTSIMHU (PyKaBHi, MOCTOBI, paMHi), 3a
(YHKIIOHANTBHO-KOHCTPYKTHBHIUMH  0COOIMBOCTAMH (TIiJBiCHI, crauioHaphi 3i
3MiHHEM OyHKEpOM, CTaIlioHapHi KOHCOIbHI, TIEPECYBHi, KOHCONIBbHI, IEPECyBHi 31
3MiHHUM OYHKEpOM, NepecyBHi JOKOMOTHBHOIO THILY, MOCTOBI) TOILIO.

3HanHs.
KiacudikyBaTu kosBaHHs 3a Gi3MYHOIO 03HAKOIO Ta 38 PEXKUMOM iX 3iHCHEHHS.
BceTaHOBIIOBATH 3B'S130K MiXK TOHSATTSIMHE:
- KyToBa l.LlBl/lZlKiCTb, BJIaCHA 4acTOTa KOJIMBaHb, 4aCTOTa BUMYIICHUX KOJIMBAHb]
- ﬁMHHiTyIla BUMYIICHUX KOJIMBAHb, PE30HAHCHA aMrmiTyna;
- koedili€eHT xopcTKOCTi, KoedilieHT 3aracanHs, koedillieHT onopy, omip cepesio-
BHIIA;
- CHJIA, IIBUJIKICTh, TIPUCKOPEHHSL.

Kopenayis onep 0i Memu inmezp

TAMH:

020 MOOYIbHO20 3anamms «Mexaniuni konueanusy ma « O6NAOHAHHS NICKOMEMHUX MAWUHY 3 OUCYUNTTHU «Di3UKa»
3nanna. Ha nigcTasi 3HaHb Ipo OYROBY, npunyun pobomu, npoyec pobomu, npusHa4eHHs, 3acmocysanHs GOpMOBOYHOI MAIINHU BCTAHOBIIIOBATH 3B'SI30K MK MOHSAT-

- KyTOBa WIBHUAKICT OOEPTAHHS POTOPA METAIBHOI TOJOBKH MICKOMETa, YacToTa 00EpTaHHS POTOpa METAJbHOI TOJOBKHU IMICKOMETA, [UK/IIYHA 4aCTOTa BUMYIICHHX
KOJINBAaHb METAILHOI TOJIOBKH MICKOMETa, MKJIIYHA YaCTOTA BJIACHUX KOJIMBAHb CUCTEMHU (T€OMETPUYHOr0 LeHTPY O MeTalbHOI 'OJIOBKH MICKOMETa);

- aMl'IJ'[iTyL[a BHUMYIICHUX KOJIMBAHb T€OMETPUYHOTO LCHTPY O TCKOMETHOT TOJIOBKH MacOr0 M, JOIyCTHMa aMl'IJ'IiTy}:[a BHMYHIICHHUX KOJIWBAaHb KpiCJ’la omneparopa,

- Koe(iLlieHT )KOPCTKOCTI pyKaBa MiCKoMeTa; KoedillieHT 3aracants Ta KoedilieHT onopy BiOpylOUHX OIOp, Ha SIKHX 3aKpillieHe KPiclio oneparopa;

- padianbHa cuna, IKa BUHUKAE BHACTIIOK HE3piBHOBAXKEHOI MacH TakeTa (JopMOBOUHOT CyMillTi i1 yac HOTo pyXy B3J0BK HAMPABIIAKOUOT TYTH;

- IIBUKICTh Ta IIPUCKOPEHHS FeOMETPHYHOrO0 HeHTpY O 1miCKOMETHOI IOJIOBKH Macoro M Ha BEPTUKAIBHY ILIOLIUHY, SIKA POXO/Ie Yepe3 NPOI0JIbHY Bich pyKaBa.

Poszyminns.
INosicHioBaTH
- PO3paxyHOK aMILTITY/(H Ta YaCTOTH KOJIMBAHb ITiCKOMETHOI T'OJIOBKH.

Poszyminns.
InTeprperyBaTi METOX BEKTOPHHX Aiarpam; IOHSTTS: BUMYIICHE KOJIUBAHHS, TPa-
€KTOPIsL.
Bupaxaru B CI ¢izuuni Benn4uHU: Iepio] KOJIUBAHb, KYyTOBY HIBH/KICTb, BIACHY
YacTOTY KOJIMBaHb, YaCTOTY BUMYIICHHX KOJIMBAaHb, aMILTITYly KOJIHUBaHb, Koe(i-
LIEHT JKOPCTKOCTI, KOE(DILI€HT 3aracaHHsi, KOe(iLieHT Onopy, CUIy, MIBHIKICTb,
HPUCKOPEHHSL.

BUMYLICHI KOJIMBAHHS y B’I3KOMY CEpEJOBHIIII Ta 33 BiACYTHOCTI TEPTS;

Kopensayia onepamugnoi memu inmezpamuenozo mooynsnozo 3anamms «Mexaniuni konueanusy ma « O61aOHanHs NiCKOMEMHUX MAWUHY 3 OUCYUNTINU «Di3uKar»
Ha mincraBi 3uanb 1po 6y10BY, npunyun pobomu, npoyec pobomu, npushadenns, 3acmocyeants GopMOBOUHOT MAITHHI
- 3aCTOCYBAaTH METOJl BEKTOPHHX AiarpaM JUls OTPUMAaHHs (OPMyYIH aMILTITY M KOIMBAaHb TE€OMETPUYHOTO HEHTPy O MiCKOMETHOI IOJOBKM Macoro M, mo 3xilcHioe

- BUBECTH JH(epeHIlianbHe PiBHIHHS BUMYIICHAX KOJINBAHb HA MPHKJIA/I KOJTHBAIBHOIO PYXy I€OMETPHYHOTO IIeHTPY O IiCKOMETHOI 'OJIOBKH Macoo M.

3acmocysanus.
- TOSICHIOBATH MPUYHHI BUHMKHEHHS MEXaHiYHMX KOJIMBAHb METAIBHOT FOJIOBKH
MiCKOMeTa B MPOLECi MAITMHHOT ()OPMOBKH;
- 00UMCITIOBATH AMILTITYly KOJIMBAHb IICKOMETHOT FOJIOBKH 3 ypaxXyBaHHsM Ta 6e3
YpaxyBaHHs )KOPCTKOCTi PyKaBiB JUIs IICKOMETIB Pi3HHX MoxHbikariif;
- 00IpYHTOBYBATH BILUIMB PO3MIpiB pyKaBa 1010 3a0e3IeyeHHs foro MillHOCTI;
- PO3paxoBYBaTH CHIIH, SKi PO3BHBAIOTHCS IIiJ Yac 00EpTaHHA POTOpA Ta MaKeTa
(hOpMOBOYHOT CyMillli B CHCTEMi «METalIbHa FOJIOBKA-TIAKET.

3acmocyearns.
TTix wac po3B's3aHHs TpaAMIIHHKX 3314 3 Qi3HKkK OyTyBaTH BEKTOPHY Jiarpamy;
obuncoBaTH (i3HYHI XapaKTEPUCTHKH BUMYIICHMX MEXaHIUHHX KOJHBAHb, a
came:
- BIIACHY YacTOTy KOJIMBAaHb, YACTOTY BHUMYIIEHHX KOJMBAaHb, PE30HAHCHY 4Yac-
TOTY;
- TIepioJl BIIACHUX KOJIMBaHb, IIEPiol BAMYIIEHHX KOJIHBAHb;
- aMILTTy/ly BUMYIICHHX KOJIMBaHb, PE30HAHCHY aMILIITY/y;
- koe(inieHT 3aracanHs, koedilieHT omopy;
- CHITy, IIBH/IKICTh, IPHCKOPEHHSL.

Kopenayis onep 0i Memu inmezp

BaHi (i3nuHi 3amavi (uuB. maii 3amaui 1- 12).

020 MOOYIbHO20 3anamms «Mexaniuni konueannsy ma « O6NAOHAHHS NICKOMEMHUX MAWUHY 3 OUCYUNITHU «Di3UKa»
Ha mincrasi 3HaHb po OyIoBY, npunyun pobomu, npoyec pob6omu, npusHaieHHs, 3acmocyéants GOPMOBOUHOT MALIIMHNA MOYKHA PO3B'SI3aTH KOMIIETCHTHICHO-OPIEHTO-

Ananiz. Cunmes.
DopMyBaHHs 30aTHOCTI I0JI0 aHATITHKO-CHHTETUYHOT AisIbHOCTI (paxoBoi, GyH-
JlaMeHTaIbHOI iH)OpMaIlii, BCTAHOBIIEHHS B3a€MO3B’SI3Ky MiX 3HAHHAMH, YCBiI0-
MJICHHS 1X LiTiCHOCTI.

Ananiz. Cunmes.
Po3B’s13aHHs CHCTEMH BIIPAB aHAITHKO-CHHTETHYHOI'O CIPSIMYBaHHs 3riIHO BiZ0-
MHX HaBYaJIbHHUX MOCIOHHKIB 3 di3nkn.

Kopenayis onep 0i Memu inmezp

3aBJIaHb IHTEIPATUBHOTO CIPSIMYBAHHS BiAOBIAHOI rajys3i 3HaHb.

020 MOOYIbHO20 3anamms « Mexaniuni konueannsy ma « O6NaAOHAHHS NICKOMEMHUX MAWUHY 3 OUCYUNITHU «DI3UKa»
Ha miacrasi 3HaHb PO OyIOBY, npunyun pobomu, npoyec pobomu, NPUHAYeHHs, 3acmocyeéarHs GOpMOBOYHOT MALIMHHU 3IHCHUTH BCTAaHOBJICHHS BHYTPIIIHIX 3B 3KiB
Mik haxOBHMH 3HAaHHSAMH Ta 3HAHHAMH 3 AUCLUIUTIHA (Di3HKH [ULIXOM CTBOPEHHS (i3HYHOT MO PeabHOTO TEXHIYHOT0 00’ €KTa, ITiIFOTOBKH Ta PO3B’I3aHHS CUCTEMU

Oyintosanms.
OuiHIOBaTH MPUYNHE BUHUKHEHHS] MEXaHIYHUX KOJIMBAaHb, OOTPYHTYBATH LIUIIXH
1X YCYHEHHsI.

Oyintosanms.
OWiHIOBAaTH 3aCBOEHHSI 3MICTOBHOTO MOZyisi «MexaHiuHi KOIMBaHH», HAIpPH-
KJIaJL, ITijl 4aC TECTYBAHHS.

Kopenayis onep 0i Memu inmezp

020 MOOYIbHO20 3anamms «Mexaniuni konueanusy ma « O6AAOHAHHS NICKOMEMHUX MAWUHY 3 OUCYUNTTHU «Di3UKa»

Ha nigcrasi 3Hanb npo OyRoBY, npunyun po6omu, npoyec pobomu, npusHavenHs, 3acmocysants HGOpMOBOUHOT MAIITUHU

- TIOSICHIOBATU TPA€EKTOPIIO PyXy MO KOy TeOMETPUIHOTO IIeHTPY O MiCKOMETHOI F'OIOBKH Macoto M;

- apryMeHTyBaTH I00yI0BY BEKTOPHOI AiarpaMu; po3paxyHoK KoedilieHTy 3aracaHHs Ta KoedilieHTy onopy BiOpyHO4HX OIOp, Ha SKUX 3aKpiILIeHe KPICIIO omeparopa;
- OLIHIOBATH LIKOY PE30HAHCHUX YACHONM HA 300p08’s Onepamopa MiCKOMETHOT MaIlIMHH.
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A Temep B HACTYIMHHX 3aJadax pPO3TITHEMO [esSKi MUTAaHHS MO0 POOOTH METANBHOI TOJIOBKH IICKOMETa, SKi
OB’ s13aHi 3 PI3MYHIMH 3HAHHSAMH 31 3MICTOBHOT'O MOAYIIS «MexXaHigHi KONMMBaHH) B KOHTEKCTI c(pOpMyITEOBaHOI BUIIE
METH OCBITHBOI IisDTPHOCTI MaOyTHIX imkeHepiB. st GopMyTioBaHHS Ta po3B’ I3aHH 33124 OYZeMO BUKOPHUCTOBYBATH
(axoBy, TEXHIYHY JITEPATYpPy HIOIO0 TEXHIYHUX XaPAKTEPUCTUK POPMOBOUYHOTO MTICKOMETA.

3ayBaxxenns1! Bijcranp Bij oci 00epTaHHs poTOpa J0 HEHTPY TOKIHHS makeTa popMOBOUYHOT cymirti OyaeMo BBa-
JKaTH TaKoIo, 1o nopiBHIOE R = 340 MM (BpaxoByemo aiamerp poropa d = 480 MM Ta po3mip koBma £ = 10 cm); maker
(hopMOBOUYHOT cyMmimIi OyJeMO PO3TIISIATH, SIK MOAEb «MaTepiajlbHa TOYKay.

3anava 1. J/laTv mosiCHEHHS 1110/I0 MO3HAYEHB, SIKi XapaKTepH3YIOTh MPUHIUI POOOTH mickoMeTa (IuB. puc. la, 10).

i 1

Puc. 1a. CrauioHapHuii mckoMeT

Binmosins: BiAmoBigs HagaHa B TaOaumi 3.

Tab6auus 2 — [To3Ha4ueHHs, AKi XapaKTepU3YIOTh MIPHHITAI POOOTH CTAI[IHAPHOTO MiCKOMETa

Ne i/t ITo3HaueHHs AeTanei mcKkoMera
1,3 Jlijika uist mpuitomy hopMOBOUYHOT cyMitii
2,4 CTpiukoBi TpaHCTIOPTEPH

5 MerTanbHa rojaoBKa
6,8 Enextponsurynu
7 linpaBniyHuii nuTiHAp
9 YaByHHa TymOa
10 Mannii pykaBa
11 Benukuii pykas
12 [opuii hopMoBOYHOT cyminTi

Puc. 16. IlepecyBHuii mickomer

Taémuus 3 — [lo3HadyeHHs, AKi XapaKTepU3YIOTh MIPUHIIUI POOOTH MPECYBAILHOTO MiCKOMETa

Ne Tlo3Hauenns geraiei mckomera
MerasbpHa roJIoBKa MicKoMeTa
Tpancnoprep

Monenb

Ornoka

Kpicio onepaTopa

Maunuii pykasa

Benukuii pykas

Enexrponsuryn

Tlopuii ¢popmoBouHOi cymimi

=
=
=

O | N[ |W [N~

—
o
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HAYKOBO-TEXHIYHA THOOPMANLIA

3amada 2. Ilig yac poOOTH MmicKOMeTa BHHUKAIOTh MaJli MEXaHiqHI KOJMMBaHHS (BiOparii) mickoMeTHOI rooBku. Ha-
3BaTH OCHOBHI MPUYMHU BUHUKHEHHS MEXaHIYHUX KOJIMBAaHb METAJIBHOI TOJIOBKH ITiICKOMETA.

BinmoBine. IcHYIOTE I€BHI IPUYMHN BUHUKHEHHS! MEXaHIYHIX KOJMBaHb METAIFHOI TOJIOBKH ITICKOMETA B TIpOIIeCi
ManmHHOT (JOPMOBKH, a caMe:

- YAapH KOBIIIA 110 T1akeTy (JOPMOBOYHOT CyMillli B MOMEHT MOTPAIUISIHHS HOTO B CEPeIMHY KOXKYXa METaIbHOI ro-

JIOBKH MICKOMETA,

- 3MiHa CHJIH, 3 SIKOIO TTaKeT (OpMOBOYHOT CyMillli JIi€ HA HATIPABIISIOUY YTy B3JOBXK TPAEKTOPIl HOTO pyXxYy;

- mucOaanc poTopa MmCKOMETHOT FOJIOBKH;

- 3MiHa CHJIM NIPY’>KHOCTI, IIJ0 BAHUKAE B pyKaBaX IICKOMETa.

3agaya 3. SIki MeXaHI4HI KOJIMBaHHS BUHUKAIOTh B PEKUMI CTAI[iOHAPHOT pOOOTH MiCKOMETHOT FOJIOBKH?
BinmoBine: BUMYyIICHI MEXaHIYHI KOJTMBAHHS.

B pexxumi cramioHapHOi poOOTH TiCKOMETHOT TOJIOBKH BUHUKAIOTH BUMYIIICHI MeXaHiuHi KoiuBaHHS. Li BuUMyIIeHi
MEXaHIYHI KOJIMBAHHS METAIIbHOI TOJIOBKH ITICKOMETa BHHUKAIOTh BHACIIZIOK 30BHIITHHOTO TAPMOHIYHOMY BIUTHBY 3 OOKY
POOOTH eNEeKTPOABUIyHA 3 YaCTOTOIO . HeoOXiaHO BiAMITHTH, IO METajJbHA TOJIOBKA MICKOMETA 3aKpiIuieHa Ha Horo
pyKaBax, a pyKaBa MalOTh BJIaCHY YacTOTY KOJMBaHb Wg. [TicIs BKIIIOUCHHS €JIEKTPOIBHUIYHA (30BHIIIHBOIO BILUIUBY)
BJIACHI KOJIMBAHHS 3racaloTh 1 cucTeMa (MeTajJbHa TOJI0BKa) Oyie 3iiCHIOBaTH KOJMBAHHS 3T1THO 3aKOHY BHMYIIEHOTO
BIUIMBY — IEPIOIMYHOI CHJIH, SIKa 334a€THCSA HACTYITHOIO (POPMYIIO0

{F = F, coswt,
Fo =mw?R,

Jie M — Maca MopIIii CyMillli,  — 4acTOTa BUMYIIICHUX KOJHUBAHb MICKOMETHOI T'OJIOBKH, R — BificTaHb Bix oci 00ep-
TaHHS POTOPA 0 LEHTPY TSHKIHHS MaKeTa CyMilli.

321[[21‘{21 4. Buznauutu III/IKJ'Ii"IHy YaCTOTY BUMYILICHUX KOJIMBAHb METaJIbHOI TOJIOBKH HiCKOMeTa, 110 BUHHUKAIOTh
BHaCJ'Ii,HOK p06OTI/I CJICKTPUIHOI'O JABUT'YHA.

Po3B’s3anns. 30BHIMmHIN BB (poboTa €IeKTPOABUTIYHA) HAB A3y€ CHCTEMI YacTOTy KOJIMBaHb. 3TiTHO aHAJI3y
HABYAIIBHO-TEXHIYHOI JTiTepaTypH OyJI0 3'ICOBaHO HACTYIIHE, a CaMe: POTOpP eIeKTpoaBUTyHa 31iiicHioe 1500 00epTiB 3a
XBWJIMHY, KyTOBa MIBUIKICTH POTOPa METAIBFHOI TOJIOBKH ITiCKOMeTa MopiBHIOE 157 pan/c i ToMy IUKIIIYHA 9aCTOTa BH-
MYIICHHX KOJMBaHb METAIbHOI TOJIOBKH IICKOMETa TaKOXK NOpiBHIOE 157 pan/c.

N 2-3,14-1500
W =2 Vygyr = 271? =% - 157 (pan/c).

Binmosins: @ = 157 pan/c.

3agaya 5. 3a TEXHIYHUMH XapaKTepHCTHKaMHU pyKaBa IICKOMEeTa 3iCHIOIOTh 3a XBIWIMHY npuOiu3Ho 120 BiacHUX
KOJIUBaHb. BU3HAUNTH IUKITIYHY 4acTOTY, NEepioj] BIaCHUX KOJMBAaHb pyKaBa ITICKOMETa Ta F€OMETPUYHOro LeHTpy O
METaJIbHOI T'OJIOBKH.

Po3B’s3aHHs. Y pyKaBHHX IICKOMETIB Ha HOTO pyKaBaX PO3MIIICHI METallbHA TOJIOBKA Ta OCHOBHI MEXaHI3MHU IS
11 mepemimieHAs Hax GopMoro (IuB. puc. 2). 3rigHO Taxy3eBOl HOPMaTHBHO-TEXHIYHOI JOKYMEHTAIII] IIUKIIIYHY 9aCTOTy
BIIACHHUX KOJIMBAHb CHCTEMH (T€OMETPHYHOro neHTpy O MeTanbHOi TOJOBKH ITICKOMETa) PO3PAaXOBYIOTh 33 HACTYITHOIO
¢dhopmymoro

Ny
wo =21 T,

Jie W — OUKITIYHA 9acTOTa BIACHUX KOJIMBAaHb CUCTEMH, Ny — YHCIIO BITACHUX KOJIMBaHb pPyKaBa ITiCKOMETa 3a Jac t.

Po3zpaxyemo BIIACHY  YaCTOTy  KOJHMBaHb TEOMETPUYHOTO HEHTPY O  MeralbHOI  TOJIOBKH
mcKOMeTa

_2-3,14-120

=12 )
%0 ,6 (pan/c)

Wo

[lepiox BIacHUX KONWBAaHb T€OMETPUIHOTO LEHTPY O MeTanbHOI FOJIOBKH MTICKOMETa TOPiBHIOE

_ 60
N~ 120

= 0,5(¢c).

Binmmosins: wo = 12,6 pan/c, T=0,5 c.
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HAYKOBO-TEXHIYHA IHOOPMALIA

3amava 6. BuzHaunTH KOEQIIieHT )KOPCTKOCTI pyKaBiB MiCKOMETA.
Po3B’s3anns1. KoedimieHT )KOPCTKOCTI pyKaBiB MiCKOMETa TOPiBHIOE

k=wiM = 12,62 -223 = 35,4 (kH/m).
Bignosigs: k= 35,4 xH/wm.

3amava 7. BusHauntu pamiaidpHy CHITy, SIKa BHHHKA€ BHACIIOK HE3piBHOBa)KEHOI MacH MakeTa (POpMOBOYHOI Cy-
Milll, SIKMI PyXaeThCsl B3JOBXK HaNpaBisitouoi Ayrd. Bigcranp Bij oci oOepTaHHS poTOpa A0 LIEHTPa TSDKIHHS MakKeTa
ckiagae 340 mm.

Po3B’s3anns. PagianbHy cuily, sika BUHHKA€e BHACIIJIOK HE3PIBHOBaYKEHOI MacH makera ()OPMOBOYHOI CyMili mix
4ac HOro pyxy B3[0OBXK HAIPaBIISIIOY0] I MOKHA BU3HAUUTH 32 (HOPMYIIO0

F, = mw?R = 0,222 -157%?- 0,34 = 1861 (H).
Binmosins: Fo= 1861 H.

3agaqa 8. TexHiuHi BUNPOOyBaHHS 1100 pOoOOTH MiCKOMETa 32 YMOBH HE3HAYHOT'O OIIOPY CEPEeIOBHINA BKAa3yIOTh
HAa Te, [0 TeoMeTpUYHUI eHTp O MiCKOMETHOI TOJIOBKH Macoro M pyxaeThcs mo koury. [1osicHUTH 1ie sIBHIIE.

Po3B’s3anHs1. BuMytieHi KoIuBaHHS METaIbHOI TOJIOBKH ITICKOMETA 3TiTHO TEXHIYHOI JOKYMEHTAIlil BUHUKAIOTh Y
JIBOX B3a€MHOINEPIEANKYISIPHUX IUIONIMHAX — BEPTHKAIBHIN Ta TOPU30HTANIBHIN. 3TiHO 1aHOT TEXHIYHOI XapaKkTepHc-
THKH MOKHA CTBEPJUKYBATH, IO 1 reoMeTpU4HUH HeHTp O MiCKOMETHOI TOJIOBKH Maco0 M pyXa€eThCsl y JBOX B3a€MHO-
MIEPHETUKYIAPHUX IUIOMIMHAX — BEPTUKAIBHIN Ta TOPU30OHTAIBHIN.

PiBHSIHHSI BUMYILIEHUX KOJIMBaHb T€OMETPUYHOTO LEHTPY O MiCKOMETHOI I'OJIOBKH 32 YMOBH HE3HAYHOT'O OIIOPY
cepenoBuma (Y < wg) HACTYyIHI

dZ

x

Mﬁ+kx=F0coswt,

&Y 4 ky = Fsinwt
ai2 y = Fy sin wt.

B 3anmcanux HaMu piBHSHHSAX MM BpaxyBaJlH, [0 NOBEpTaroya CUia iHepwil Mae pi3Hi mpoekuii Ha oci Ox ta Oy.
Po3B’sA3aHHs JaHUX PIBHSHB 3alUIIEMO TAKUM YHHOM

{x = A cos wt,
y = Asinwt,

TOOTO reoMeTpuyHui 1IeHTp O MiCKOMETHOT TOJIOBKH OJJHOYACHO 3/1IHCHIOE KOJMBAaHHS 3 OJHAKOBUMH aMILTITYAaMH Ta
OJTHAKOBMMH 4YacTOTaMu B3JI0BXK oci Ox Ta Oy, ane (pa3a KOJIMBaHb BiIPi3HIETHCA HA TU/2. B maHOMy BUIaaKy mix yac
JIOJTaBaHHS KOJIMBaHb HACTIIKOM OyJie pyX TeOMeTprYHOro NeHTpy O mCKOMETHOT TOJIOBKH IO KOy paaiycoMm R, = A.
HoBeneMo 11e TBEpPAKEHHSI.

[TigHeceMo piBHSHHS IS X Ta Y J0 KBaApaTy Ta JOAAMO iX 1 TOJ[i OTPUMAEMO PiBHSIHHS

x2 +y? = A%
OTXe, OTpEMaHe HAMH PIBHSIHHS — 1€ PIBHAHHS KOJa, PaAiyc sIKOTO — A.

3anmava 9. BusHaunTH aMIUTITYy Ty BUMYIIEHHX KOJUBaHb T€OMETPHYHOTO eHTPY O MICKOMETHOI TOJIOBKH Macolo
M 3a yMOBH Jy’Ke HE3HAYHOTO OTOPY cepeoBHIa (Y < wy).

Po3B’s3anns1. ['eomeTpuunuii ieHTp O MiCKOMETHOT TOJIOBKU OIHCYE KOJIO, PaiyC SKOro A (IMB. MOMEPEIHIO 3a-
Jady Ta puc. 2). Po3risiHeMo BioMuii 3 TEXHIYHOT JIiTepaTypy PUCYHOK 2.

1
3} RS
- ‘
Puc. 2. Cxema s po3paxyHKy aMIUTITYJH KOJUBaHb T€OMETPUIHOTO HEeHTPY O METaIbHOI TOJOBKH MiCKOMETa
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HAYKOBO-TEXHIYHA THOOPMANLIA

B HaBUanbHO-TEXHIYHIN JiTEpaTypi s CIPOMICHHS PO3PAaXyHKY aMILTITYIH Ta YaCTOTH KOJMBAIBHOTO PyXy Tic-
KOMETHOT TOJIOBKH PO3TIIAJAIOTH ii KOJIMBAaHHS Y BEPTHKAJIBHIH IJIONIMHI He3piBHOBaXkeHO1 MacH makera m. CKopucTae-
MOCBH 1 MU LTIM TIPHITYILCHHSM.

[Ipuramaemo Bimomuii (hakT mpo Te, M0 BUMYIICHI KOJMBAHHSA MOKHA OIMCATH 3TiJHO TAPMOHIYHOTO 3aKOHY. 3a-
MMUIIEMO B 3arajlkHOMY BHTJIAZI Tu(epeHITiabHe PIBHIHHS KOJIMBAIBHOTO PYXY T€OMETPUYHOTO eHTpy O MiCKOMETHO1
TOJIOBKH Macoro M Ha BepTHKAJIbHY IUIOLIMHY, sIKa IPOXOJE Yepe3 MPOJI0NIbHY BiCh pyKaBa

MX + rx + kx = Fy cos wt,

ne r = 2yM —napamerp, SKAH XapaKTepHU3ye 3aracaHHs.
Po3ginmumo 00MIBI YaCTHHH JAHOTO PIBHSAHHS Ha Macy MICKOMETHOI TOJIOBKH Ta BBEAEMO BiJOMi HACTYITHI 3MiHHI

w3 =k/M, 2y =7/M, fy=F,/M.

3a yMOBHM HE3HAYHOTO OIOPY CEpPEJOBHILIA MAEMO HACTyINHe Au(epeHIiaibHe PiBHIHHS KOJIUBAIBLHOTO PyXYy I'eo-
METPUYHOTO IIEHTPY O MiCKOMETHOT rOJIOBKH

¥+ wix = f, cos wt.

KoopauHaTta BUMYyIIEHHX KOJIMBaHb '€OMETPUYHOr0 HEeHTPY O MICKOMETHOT I'OJIOBKH 3MIHIOETHCS 3TiHO HACTYII-
HOT'O 3aKOHY

x = Acos wt.

3HalaeMo apyTy MOXiIHY Bl KOOPIMHATH BUMYIICHUX KOJUBAaHb T€OMETPUYHOTO HeHTPpYy O MiCKOMETHOI FOJIOBKH,
MMiJCTaBUMO B TIOTIepeaHe Audeperiatbae piBHIHHS Ta OTPUMAEMO HACTYIIHE PiBHAHHS

— A w? cos wt + Aw? cos wt = f cos wt = A(— w2+ w3) = fo

TakuM YHHOM, AMILTITYy BUMYILEHHX KOJIUBAHb F€OMETPHYHOTO HEeHTPy O MmiCKOMETHOI FOJOBKH MOYKHA BU3HA-
YHUTH 32 HOPMYJIIOO

_ fo _ fo _ 1 Fo
|- w?t il le?-wf|l |w?-wil M

A Tenep mizicTaBUMO YMCIIOBI 3HAYCHHS (PI3MYHMX BEJIMUUH Ta PO3PAXyEMO aMILTITYly BUMYLIEHUX KOJIHBaHb I'€0-
METPUYHOTO LEeHTPY O MiCKOMETHOI F'OJIOBKH
1 1861

A= :
11572 — 12,62] 223

= 0,00034(m) = 0,34(Mm).

Bigmosigs: 4 = 0,34 Mm.

3aoaua 10. Binomo, 1o B pa3i MpUCYTHOCTI B’SI3KOTO TepTs (IMB. 3a1ady 9) BUMYIIEHI KOJHBAHHS OIUCYETHCS
OLIbII CKIIaHUM TU(EepeHIIaJIbHUM PIBHSIHHIM

i+ 2yMx + wix = fycoswt.

Jlane piBHSIHHS, 3a3BU4aii, PO3B’A3YIOTh METOJJOM BEKTOPHHUX Jiarpam.

3aBnanns 1. Busectu ¢hopMyity At po3paxyHKy aMIUTITYIM BUMYIIEHUX KOJIMBaHb TeoMeTpuyHOro HeHTpy O rmic-
KOMETHOI T'OJIOBKH Macoio M 3 ypaxyBaHHSM B’SI3KOTO TEPTSI.

3aBnanns 2. Otpumary i3 3aranbHoi GopMysn (JIUB. MOIIEpEIHIO 331a4y) GopMyIy M0J0 BU3HAYECHHS aMIUTITY AN
BUMYILICHUX KOJIUBaHb FEOMETPHYHOTO LEHTPY O MiCKOMETHOT TOJIOBKH Macoto M it BUNIAJIKY Oe3 ypaxyBaHHs B’ SI3KOTO
tepts (y = 0).

Po3B’s3aHH:1. MeTo] BEKTOPHHX JiarpaM IOJISTae B TOMY, IO BETHYHHY, SIKa 3MIiHIOETHCS 32 TAPMOHIYHAM 3aKOHOM
MOJKHA TIO/IaTH, K MPOEKIII0 BEKTOPa, 0 00epTaeThes, Ha TOPU30HTAIBHY BiCh (AMB. puc. 3).

Bpaxyemo, 110 111 IIBHIKOCTI Ta MPUCKOPEHHS CIIPaBEIMBI HACTYTIHI (POPMYITH

s
X = —Awsin(wt + ¢) = Aw cos (wt +o+ E)'

¥ = —Aw?cos(wt + ¢) = Aw?cos(wt + ¢ + m).
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A Ttenep 3anmumemMo audepeHiatbHe PiBHIHHSA KOJUBAIBHOTO PyXy TeoMeTpryHOro IeHTpy O mcKOMETHOT roio-
BKH Macoro M 3a YMOBH B’SI3KOTO TEPTS HACTYITHUM YHHOM

T
Aw? cos(wt + ¢ + ) + + 2yAw cos (wt + ¢+ E) + Aw3icos(wt + @) = f, cos wt.

Mu 6aynMo, 1110 rapMOHIYHE KOJMBAHHS MPaBOi YaCTHHU JIAHOTO PIBHSHHS JOPIBHIOE CyMi TPhOX T'apMOHIYHUX
KOJIMBAHb JIiBOT YaCTHHU 11bOTO PIBHAHHS. BennunHu npaBoi 4acTHHU JaHOTO JTU(epeHiaIbHOTO PIBHSAHHS MOXKHA MO~
JaTh, K IPOEKIlii BEKTOPIiB T0BKHHOI0 2YAw Ta Aw?, sKi MOBEpHYTI Ha KYT T/2 Ta Tt BiAMOBIHO BiHOCHO BEKTOpa
Aw3.

PosrnsiHemMo puCyHOK 3, Ha IKOMY IIOIaHO BEKTOPHY Aiarpamy.

2 yAw

— e

— Ay
>

Alwy —w?)

Puc. 3. Bexropna niarpama

Orxe, naui qudepentiansai piBasHbs X () Ta X (t) Ha MOBI BEKTOPHUX JliarpaM MU MOYKEMO HPOYHTATH HACTYTHUM
YHHOM: CyMa TPhOX BEKTOPIB, SIKi B3ATi 3 BiAMOBIIHUMHU KOE(illiEHTAMH JOPIBHIOE BEKTOPY MPUCKOPEHHS f).
3rigao Teopemu [liharopa MoxkHa OTpUMATH HACTYITHE PiBHSIHHS (IUB. puC. 3)

(Aw3 — Aw?)? + 2ywA)? = fE.

BinmoBimHO gaHOTO PiBHSHHS aMILTITy/1a KOJIHBAHb T€OMETPUIHOTO LHeHTPY O MiCKOMETHOI TOJIOBKH Macoro M, 1o
3MiHCHIOE BUMYIIICHI KOJMBAaHHSA Y B’ I3KOMY CEPEIOBHIIII TOPIBHIOE

_ fo _ Fo
V@2 — w22+ 4202 M (0?2 — w?2)? + 4y2w?

3aBnanHs 2. Y BUNaKy BiacyTHOCTI TepTa Y = 0 3aranbHa (opMyIia MOA0 BU3HAYEHHS aMILTITYM KOJIMBaHb I'€0-
METpPUYHOTrO LEeHTPY O MiCKOMETHOT FOJIOBKK Macolo M, 10 3/1iCHIOE BUMYILIEH] KOJIMBAHHS NEPEX0e /10 HACTYITHOTO
BUTJISTY

fo 1 Fo

A= = 2,
lw? —wf| |w?—wfl M

Binnosims: 1) 4 = fO/J(wg - w2)? +4y2w?% 2) A = fo/|w? — w}.

3amaua 11. Anami3 TexHiuHO1, PaxoBOI IiTEpaTypH CBIAIUTH PO Te, IO iICHYIOTH MCKOMETH, B IKHX KPICIIO Omepa-
TOpa MiCKOMETa 3aKpilUIeHO Ha Horo pykaBax (IuB. puc. 16). Bizomo, mo mij Ai€ro 3MiHHOT CHITH, BHACIIIOK 30BHIILI-
HBOT'O TAPMOHIYHOTO BIUTUBY 3 OOKYy poOOTH eNeKTpOABHTYHA BHHHMKAIOTH BiOparlii y mpyXKHOMY cepemoBHili. Takum
NPY>KHUM CEpelIOBUILEM € TKaHWHH Tila oneparopa. Hanpukian, B TKaHWHAX OpraHi3My omepaTopa, Lo SBJE co00I0
CKJIQIHy IMHAMIYHY CUCTEMY, BHACIIIOK BiOpalii BUHHKAIOTh 3MIHHI MEXaHIuHI HAalpyTH, 110 WIKiJJIUBO BIUIMBAIOThH HA
3110poB’s onepatopa. Lli 3MiHHI MeXaHIuHI Hanpyry CIpUIMalOThCsl PELETITOPaMH Ta TIEPETBOPIOIOTHCS B EHEPTIIO MPO-
1IeCiB, 110 TIOB’s13aHi 3 010JIOTIYHOIO EJIEKTPOIIPOBIIHICTIO Ta O10XIMIYHUMHU peakIisiMU B KJIITHHAX OpraHi3Ma JIOIUHH.

3a JaHMMU MEAWYHUX JIOCIIDKEHb IS OpraHi3Ma orepaTopa iCHYIOTh HeOe3NeyHi YaCTOTH — PE30HAHCHI YacTOTH.
I, sIK110 YacToTa 30BHIIIHHOTO TapMOHIYHOTO BIUIMBY 3 OOKY pOOOTH €IeKTpO-IBHUI'YHA, 10 YNHHTH JIiI0 Ha OIeparopa,
SIKUA CHAWTH B KPICIIi METAaIBHOI TOJIOBKU MiCKOMeTa, OMM3bKa a00 JAOpPiBHIOE PE30HAHCHIN YacTOTi, TO BiIOyBa€eThCS
3HaYHEe 3pOCTaHHS aMILTITYU KOJWBaHb OKPEMUX TKaHHH i OpraHiB MMpaliBHUKA Ta BCHOTO OpraHiMy B miomy. Komu-
BaHHS B TKAHHHAX JIIOJAWHM 3 PE30OHAHCHOIO YaCTOTOIO 33 JAHUMH MEIUYHUX JOCIIIKEHb MOXYTh CIIPOBOKYBATH HACTY-
ITHI pO3TIaAx B 30POB’T omepaTopa MmcKoMeTa, a caMe: TPaBMyBaHHA HOTO KiCTKOBOI TKAaHWHU Ta XpeOTa, MOTipIIeHHS
30py, MOPYLICHHS B POOOTi BeCTHOYISPHOTO amapaTy, TPaBHOI CHCTEMH TOIIIO.

3Ha4YeHHS pe30HAHCHUX YaCTOT JJISl PI3HUX YaCTHH OpraHi3My pizHe. [Ipukiaan pe3oHaHCHHUX 9acTOT NOAaHi B Tab-
i 4.

© I'ynsesa JI. B., 2022
DOI 10.15588/1607-6885-2022-2-13

ISSN 1607-6885 Hosi mamepianu i mexnonozii 6 memanypeii ma mawiurnooyoyeanni Ne 2, 2022



HAYKOBO-TEXHIYHA THOOPMANLIA

Ta6muus 4 — [Ipukinanu pe30HaHCHUX YaCTOT

PesonancHa yacTora, I YacTHHM Tija onepaTopa TTonoxeHHs Tijla onepaTopa
4-6 Tino Mo uHI . .
2030 [ ———— Cuuth B Kpiciii mcKOMeTHOT

60-90 A6yKa oueit MAULHHH

B skiif wacTuHi Tina omeparopa MOXKe CIIOCTEepiraTuch pe3oHaHc?

BinnoBine: B pexxumi cranioHapHoi poOOTH MCKOMETHOT TOJIOBKM BHHUKAIOTh BUMYIIEHI MEXaHIuHI KOJIMBaHHS,
yactoTa sikux 25 I'n. [TopiBHAHHS qaHuX TabIHIi 2 CBITYNTH, [0 PE30HAHCHA YaCTOTa BUHUKAE Y TOJIOBHOMY MO3KY.

3anmaua 12. Bimomo, 10 KoJu Kpicito onepaTopa mickoMeTa (IuB. puc. 16) 3akpimieHo 6e3mocepesHb0 Ha MeTalbHIN
TOJIOBIII MICKOMETa, TO B I[bOMY BHIIAIKY MPALiBHUK 3HAXOAUTHCSA HAaJ POOOYOI0 30HOIO OTOKH 1 y HHOTO € MOKIIMBICTH
BUTBHOTO OTJISAY 1Li€i poO0U0i 30HH, TOPEYHOTO KOPEryBaHHA PEXUMY Ta MapmIpyTy GOpPMOBKH. AJe mix gac pobotu
MMCKOMETa BUHUKAIOTh MaJli MEXaHiuHI KOMUBaHHA (BiOpallii) miCKOMETHOI TOJOBKH, SKi IIKi[UIMBO BIUIMBAIOTH HA 3]10-
POB'sl omeparopa B IpoIleci 3MiHCHeHHS HOoro mpoeciiiHol AisUTbHOCTI. SIKUM YMHOM MOKHA 3MCHIIUTH HETaTUBHHIA
BIUTMB BiOpalliii Ha opraHi3m orneparopa?

Po3p’si3anHs. B 3agaqi Ne 9 mu 3’sicyBaiy, 1110 aMILIITy1a BUMYIIEHHX KOJMBaHb T€OMETPHUYHOTO LeHTpy O micKo-
METHOI TOJIOBKM Macoio M Ha BepTHKaJbHY IUIOLNIMHY, SKa IPOXOJE 4Yepe3 IMPOAOJBHY BICh pyKaBa JOPIBHIOE
A=0,34 mMm.

BinmnoBinHO HOPM TeXHIKK O€3MEeKH iICHYIOTh JOIYCTUMI BEJIMYHHH MTapaMeTpiB 11010 Bibpauii Ha podoyomy micui
oreparopa, sIKi mojani B Tadiwmii 5. 3rifHO AaHOI TaOIHI 32 YMOBH YaCTOTH BUMYIICHUX KOJTUBAaHb METAJILHOI TOJIOBKU
mickomera v = 25 I’y jomycTHMa amInIiTyla BUMYIICHHX KOJIMBaHb Kpicjia omeparopa He MOBHHHA IEPEBHIYBaTH
Aoonyemuna = 0,018 MM.

INopiBHAEMO 3HAYEHHS PO3PAaXOBAHOI Ta AOIYCTUMOI aMIUTITYl BUMYIIEHNX KOJMBAaHb Kpiciia orepaTopa

Apysnavena _ 0,34-107°

= =~ 19.
A,qonyc‘ruma 0,018 - 10-3

OTxe, BU3HAUYCHE 3HAUCHHS aMIUTITyI{ BUMYIICHHX KOJIMBAaHb Kpiclia olepaTopa IMEepeBHILY€E JOMYCTUMY aMILTi-
TyIy 3TiIHO HOPM TeXHIKH Oe3meKu mpuOmm3Ho B 19 pazis. {1 3MeHIIeHH HeAOmyCTUMOI BiOparii HeoOXixHO 000B’s13-
KOBO BCTAaHOBJIFOBaTH KPiCIIO oreparopa Ha BiOpyrodi OrmopH.

Taéauus S — lomycTrMi BennIuHM apaMeTpiB BiOpamii Ha poOoYrX MicIax

YacToTa KOJIIMBaHb AMILTITY ]2 TIepeMiIIeHHS
' 3a IIi/T 9ac TapMOHIYHAX
XBHJIMHY KOJIMBaHb, MM

1,4 84 3,11

1,6 96 2,22

2,0 120 1,28

2,5 150 0,73

2,8 168 0,61

3,2 192 0,44

4,0 240 0,28

5,0 300 0,16

5,6 336 0,13

6,3 378 0,09

8,0 480 0,056
10,0 600 0,045
11,2 672 0,041
12,5 750 0,036
16,0 960 0,028
20,0 1200 0,022
22,4 1344 0,020
25,0 1500 0,018
31,5 1890 0,014
40,0 2400 0,011
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A Termep 3’sicyeMo 3HaUeHHS KOoe(ilieHTY 3aracanHs BIOPYIOUNX OMOp, Ha SKUX 3aKpirieHe Kpicio omeparopa. AM-
IDNTy/la BUMYIICHAX KOJHMBAHb KPiClia omeparopa, Mo 3aKpilUIeHe Ha BiIOPYIOYHX OMOpax 3a YMOBH 3HAYHOTO OIOPY
PO3paxoBYIOTh 32 HOPMYJIOI0

4= fo _ Fo
2 2
V@2 — w22+ 4202 M (0?2 — w?2)? + 4y2w?

3anumemo GopMyiy A 00UYHCIeHHs KoedillieHTy 3aracaHHs BIOpYIOYHMX OIOp, Ha SKUX 3aKpilljieHe Kpicio ore-
paropa

1 F,

Y= \7
2w ALLOI‘IyCTl/lMEM

— (w2 — w?)2.

O0uncnuMo koedillieHT 3aracanHs BiOpYHOUYHX OIOp, Ha SKUX 3aKpilJIeHe KPIiclio onepaTopa

1 1861 2
v (

= — (1572 — 12,62)2 = 1,47 - 103(1/c).
2-157 18-10—6-223> ( ) 1/09

A Tenep po3paxyeMo Koe(illieHT Ormopy BiOPYIOUHX OTIOp, Ha KX 3aKpilUIeHe KPico omepaTopa
r=2yM=2-1,47-10%-223 = 6,56 - 10°(kr/c).

Bignosine: = 6,56-10° xr/c.

OTxe, hopMyIIIOBaHHS pe3yJIbTaTiB HaBYaHHA 3 (PyHIaMeHTaIbHOI (Pi3MYHOT) MIATOTOBKH B aCHEKTi IPaKTHI-
HOTO (a came axoBOTO) CIPSIMyBaHHS OCBITHHOTO TPOIIECY MaWOYTHIX iHXKEHEPIB CIIPHSIE MOTIIHOICHHIO TEOPETHIHUX
3HaHb 3 (Pi3UKH, GOPMYBAHHIO [UTICHOI CHCTEMH 3HAHb, YCBIIOMIICHHIO 3HAUeHHS HAOYyTHX 3HAHB I (aXxOBOTO IXHHOTO
3pOCTaHHSL.

BoiBoabI

1. B craTTi Oy710 pO3IrIsSHYTO MPaKTHYHHUNA aCIEKT 1070 (GOPMYITIOBAaHHSA LI OCBITHROTO MPOIIECY B YMOBAX Ha-
BYaHHS MalOyTHIX iH)KEHEpIB B KOHTEKCTI iX (paxoBOi miAroTOBKY /I rainy3i 3HaHb 13 — «MexaHiuHa 1HKeHepis» IUis
nepiioro (0akajgaBpChbKOT0) PiBHS BHUINOI OCBITH 3 JUCHHUIUTIHU «(i3uKay 31 3MICTOBHUX MOAYNiB «MexaHiuHI KOJIU-
BaHHs» Ta «O0IaHaHHS MTICKOMETHUX MaIlIHY.

3's1cOBaHO, SIKUM YAUHOM KOMIIETEHTHICHO-OpiEHTOBaHI (i3MyHi 33/1a4i 320€31e4YyI0Th IPAKTUYHE CIPSIMOBAHHS Ha-
BYaHHS 3 TUCHUIUTIHA «(i3HUKay, CIIPUAIOTH MOTJIMOIEHHIO [UIICHOT CHCTEMH TEOPETHYHHUX 3HaHb MaiiOyTHIX 1HXKEHEpiB
B YMOBaX iXHBOI (paxoBOi MiATOTOBKH.

2. Y 1OCKOHAJICHO METOIMKY (OPMYJITFOBaHHS IIiJIei OCBITHBOTO MPOLIECY ITijl 9ac MiATOTOBKH MalOyTHIX iH)KECHEPIB
3 TUCLMILIIHU «(hi3nKa» B yMoBax iHTerpauii (i3ndHux Ta (paxoBHUX 3HAHb LI00 TOTOBHOCTI MaiOyTHIX (axiBIiB 3/iH-
CHIOBaTH npodeciiiHy AisUTBHICTD JUIA Tamy3i 3HaHb 13 — «MexaHiqHa iHKeHepish Ui mepuioro (6akaiaBpchbKOro) piBHS
BUILOI OCBITH

3. ApryMeHTOBaHO Ta BIPOBAKCHO B OCBITHIH IpoIlec 3 TUCIUILTIHA «(Pi3uKay METOIUKY (pOopMyITFOBaHHS ITieit
OCBITHBOTO TIPOIIECY ITiJ] Yac HaBYaHHSI MaHOyTHIX IH)KEHEPIiB 3 MTUCIUILTIHA «(i3rKa» B yMOBax iHTerpamii (i3nIHuX Ta
(haxoBUX 3HAHB [UIA Taly3i 3HaHB 13 - «MexaHiuHa iHXKEHEpis» A mepioro (6akaaaBpChKOTO) piBHS BUILOI OCBITH.

4. IlpoBeneHe AOCITIIKEHHS HE BUUEPITYE BCI aCTIEKTH BIIPOBAIKEHHS METOANKH (POPMYITIOBAHHS LiJIeH OCBITHHOTO
MIPOIIeCy B KOHTEKCTi (haXxoBoi MiArOTOBKM MaOyTHIX iHKEHepiB.

5. OTpuMaHi pe3ynbTaTH MOXKYTh OyTH BUKOPUCTaHI s 30aradyeHHst OCBITHBOTO MPOIIECY 3 JUCHIHUILTIHU «(pi3uKay»
II0JI0 MiJBUIICHHS MPAKTHYHOTO CIIPIMYBaHHS HaBYaHHS ()i3MKH 3 METOFO TIOTJIMOJICHHSI TEOPETHYHHUX 3HaHb Maii0yTHIX
IH)KEHEPIB.
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Beryn Ta ananis nmy0Jikauii

3aBIsKH CBOIM (pi3MIHNM, XIMITHIM Ta MEXaHIYHUM BJIIACTHBOCTSIM aJFOMiHIN Ta HOTO CIIIaBH 3a 00CsTaMu BHPOO-
HUILITBA MOCATAIOTH JIPyre Miclie Ticisl CIUIaBiB Ha OCHOBI 3aJtiza (craseid Ta 4aByHiB). 3apa3 B CBITOBil POMHUCIIOBOCTI
3HAXOJSITh BUKOPUCTAaHHS JIBl IPYITH QJIIOMIHIEBUX CIUIABIB: IIEPBHHHI Ta BTOPUHHI. 3aBASKN CKJIaIHIH TEXHOJIOTI BUPO-
OHHMIITBA TICPBUHHIN aIFOMiHIH XapaKTepH3y€eThCsI BUCOKOIO cOOIBapTICTIO Ta SAKICTIO, BTOPUHHHUN — HU3BKOIO IIHOFO IIH-
XTOBUX MartepialiB (crpalpoBaHi AeTaii, Opak Ta BiIXOIM BUPOOHUIITBA) Ta HEBICOKUMH MEXaHIYHUMH BIACTHBOCTSIMU
BHACJIIJIOK MOTA/IaHHS B IIUXTY PI3HUX JIOMIIIOK, B MIEPIy Yepry, 3aJli3a, BOIHIO, IMHKY, CBUHIIIO Ta iH. AHaJi3 JiTepa-
TYpHHUX JAHHUX Ta JOCBiJI aBTOPIB CTATTi CBIiTYUTh, [0 HAUOUIHIN €(PEKTUBHUMHY Ta TEXHOJIOTIYHUMHU METOJAAMH TiIBH-
IICHHS SIKOCTI BTOPUHHIX aJIOMIHIEBHX CIUIABiB CIIiJ BU3HATH MporecH padiHyBaHHS Ta MOTUGIKYBaHHS PiIKOTO Me-
tany. Binburicte BigoMux MoAu}iKaTOpPiB MPEICTABISIOTh COO0K HAaOIp MIKPOHNOPOLIKIB PI3HUX XIMIUHHX €JIEMEHTIB 1
crnionyk. Jlo ix mepeniky ciif BigHectr MoaudikysanbHuil kommieke MK-1 [1] mist 06poOku BToprHHHX cuityMiHiB. [{o
fioro ckmany ysiiimum: SiC, KyTiFs, S, NaxCOs3, BaCO3, KBF4. Po3pobustitoun ckiman MoaudiKyBaIbHOTO KOMILIEKCY,
HOro aBTOpPH BUXOAWIIN 3 HACTYITHUX MIPKyBaHb.

Binomo, 110 cipka Mo3UTHBHO BIUTMBAE Ha aJIOMIHI€BI CIUIaBH, 3a0e3Meuyouu 3MiHy (OpMH 3aTi30BMICHHX (a3 3
IDTACTUHYATOI Ha KOMITAKTHY, OJIN3BKY JT0 PiBHOBICHOT 200 Y BUIIIAI KHTAHCHKUX ieporaidis. [Ipu poMy 3MEHITYIOTECS
PO3MIipH iHTEpPMETAIAIB 1 MiABHUIYETHCS PIBHOMIPHICTH iX po3TanryBaHHs B 00’ eMi MeTarxy. BunineHHs cipku y BUTIIAAL
ra3onoAiOHUX MPOAYKTIB €PEeKTHBHO padiHyIOTh CIIAB Bl HEMETAJIEBHUX BKIIIOUYEHb 1 PO3UMHEHHX T'a3iB 3a a1copOIiitHo-
(broTamifHUM MEXaHi3MOM.

Jlns 3HIKEHHS MIBUAKOCTI OKHMCICHHS 1 cyOmiMarii Cipku A0 CKiaxy MOAH(iKyBaIbHOTO KOMIUIEKCY BKIIOUEHI
Na,CO; Ta BaCO;. [Qucouiatis y po3ruiaBi nux 3’€JHaHb 3 BUAUICHHSAM Byriekucioro razy CO, crnpuse niBUILIEHHIO
piBHS padiHyBaHHS, a TAKOX 3a0e31edye BUCOKI NOKA3HUKH PiIAMHHOIUIMHHOCTI, 10, B CBOIO Yepry, MOKpaIIy€e SKICTh
odopmIeHHS BUPOOIB Ta MiJBUINY€E BUXiJ MPUIATHOTO JUTBA. BKIIOUEHHS 0 CKIaLy MOIU(IKYyBaIbHOTO KOMIUIEKCY
rekcadropruranara kaiiro K,TiFs, cxunpHoro no aucouianii, migpuinye eQpekTUBHICT, MOJU(IKYBaHHS JEHIPUTIB 0
TBEPAOTO PO3YMHY Ha OCHOBI QJIIOMIHIIO Ta MPHU3BOAUTH JI0 3MEHIIEHHS iX po3mipiB. HasBHICTH aToMapHOIO THTaHY
CHpHsi€ YTBOPEHHIO HOAATKOBUX IEHTPIB KPUCTAi3allil y BUTIAI TYTOIDTABKHUX JAPIOHOMUCICPCHUX IHTEPMETAIIIiB
TiAls. [IpucytHicTs AucniepcHOTO Kapbiny kpemHito SiC 3abe3nedye 301MbIIEHHS KITBKOCTI HEHTPiB KpucTamizamii. Le
CIIpHsiE CTBOPEHHIO BEJIHMKOI KUIBKOCTI PIBHOBICHMX KOMIPOK O-TBEPJOrO PO3YMHY Ha OCHOBI anoMiHiro. HasBHICTH B
ckiazi terpadropodopara kaniro KBF, crinbro 3 kapbonarom Hatpito Na,CO3 3a0e3neuye yTBOpEHHS Ha TIOBEPXHi po-
3IUIABY 3aXMCHOT IUIiBKH, LIO CrIpHsie abcopOLil NIITAKOBUX BKIIIOUCHB 1 OJHOYaCHOMY BHIAJICHHIO i3 CIIaBY BOIHIO.

[TpomuciioBi BUNPOOYBaHHS MiATBEPIHIN €PEKTUBHICTD 1 TEXHONOTIUHICTh MOM(iKyBanbHOTro Komiuiekey MK-1,
KOMITOHEHTH SIKOT'O MOXXHA BiTHECTH JI0 MIKPOIIOPOMIKIB. B 3B 513Ky 3 IIMM 3aCIIyTOBYIOTH YBaru pe3ysbTaTH JOCIIIKEHb
H. €. Kaninino# 31 ciBaBTOpamu [2] B KOTpHX JOBEAEHO, IO 3MEHIIEHHS po3MipiB yacTuHOK SiC mMoampikaTopa 3
100 mx™m 10 75...100 HM mpu3Berno 1o 3pocTaHHs rpaHuMi MinHocTi crtaBy AK94 3 115 mo 260 MITa. B po6orax [3, 4]
JIOBeJieHa JIOLIbHICTh BUKOPUCTAHHS BYTJIEIIEBUX HaHOMaTepialiB (pynepeHiB i HAHOTPYOOK) B AKOCTI MOAM(DIKaTOPIB
CILIaBiB Ha OCHOBI1 AJIIOMIHIIO 1 3aii3a.
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Merta Ta 3aaa4i J0CiIKeHb

Mertoro poboTu Oys0 BHBUEHHS KOMIDIEKCHOTO BIUTMBY Ha CTPYKTYPY Ta MEXaHIUHI BIACTUBOCTI crutaBy AJI25
(AK12M2MrH) moxudixysansHoro kommekcy MK-1 [1] i dymnepenoBoi gepHi, kotpa Ha 100 % cknaganmacs i3 caxmuc-
TOTO BYTJEMIO 1 Mania po3mipu yacTuHOK 40...50 HM [5] Ta BupilIeHHs 3a1a4i MiIBUIIEHHS IKOCTi CIUIaBiB.

Marepianu Ta MeTOANKA JOCTITKEHb

Cmnae AK12M2MrH (AJI25) BimHOCHTBCSI 10 MOPIIHEBHX CILIABIB 3 BUCOKOO sxapoMmitHicTio ipu 300 °C, rapHuMu
(hi3uKO-MEXaHIYHUMHU Ta TEXHOJIOTIYHMMH BIACTUBOCTSAMH. CIUIaB IIMPOKO 3aCTOCOBYETHCS U1l BAPOOHUIITBA ITOPILIHIB
CYYacHHMX BaXKOHABaHTaXXCHUX ABHUIYHIB. [Ipn BUpOOHMITBI CIUIaBY AOIYCKAa€ThCS BUKOPUCTOBYBATH BTOPHHHY CHPO-
BUHY, 1110 Ma€ BEJIMKE 3HAUEHHS JIJIsl HAPOJHOTO T'OCIIOIapCTBa.

CrutaB AK12M2MrH 6yino Buruiasieno 3i 100 % 3BopoTy BUpoOHMIITBA B €JIEKTPUYHIN nedi ornopy B ¢gyTepoBa-
HOMY rpagiTOM 4aBYHHOMY THUIJI. XIMIYHHH cKkiaj ciutaBy Binnosigas Bumoram JACTY 2839-94: 12,4 %Si; 2,6 %Cu;
0,8...1,1 %Ni, 0,65 %Fe, 0,05...0,06 % Ti; 0,48 %Mn, 0,03% Cr; 0,015 % Zn. Bymno BuriaBineHo 4 miIaBKA HaBEICHOTO
XiMigHOTO CKJamy. Po3mmaBieHHs UXTH Ta HATPIB pigkoro Mertary mo temreparypu 720...730 °C BUKOHYBaNH i mMo-
kpuBHUM (iocoM (33 mac. % KCl, 67 mac. % NaCl) B kinbkocti 2 % Bix mMacu metary. Meran mmaBku Ne 1 6ymo
00po0IIeHO TITBbKH (UTIOCOM, TUTAaBKU Ne 2 — (rrocoM 1 KoMIutekcHHM Moaudikaropom MK-1, mraBku Ne 3 — durrocom ta
noporkoBoto cymimrmo MK-1 i pyneperoBoi yepHi, muaBku Ne 4 — procom, MK-1 ta mpecoBanoro mig TruckoM 850MI1a
CYMIIIIIO TIOPOIIKOBOTO amfoMiHito A8S 1 pymepeHoBoi uepHi B mpomopmii 5 : 1.

Jns piBHOMIPHOTO pO3MOALTY CKIAJOBUX MOIU(IKATOPIB B PIOKOMY MeTalli BHKOPHUCTOBYBAIIM HOTO HepeMinry-
BaHHS MPOTATOM 5...7 XBUIHH. 3pa3Ku sl BUMPOOYBaHb BUTOTOBISUIH BiAmoBiaHo no Bumor ACTY 2839-94 (I'OCT
1583-93).

Tepmiuny 00poOKy 3pa3kiB [uisi MeTaJIOTrpadivHOrO aHaJI3y Ta MEXaHIYHUX BUITPOOYBaHb BUKOHYBAIIU 32 PEKHMOM
T1 (crapinns 210 °C, 6 rogun). Meranorpadidyauii aHasIi3 BUKOHYBAIM 3a JOTIOMOIOI0 ONITHYHOTO MIKpOCKOImy «Sigeta
MM 700».

Pe3ynbTaTn 1ocaigKeHpb Ta ix 00roBoOpeHHs
PesynbraTn BU3HAUYEHHS MEXaHIYHUX BIACTHBOCTEH CIDIABIB, IO OTPUMAHI 3a Pi3HUMHU TEXHOJIOTIYHUMH BapiaH-

TaMH, HaBeJIeHo y Tabmumi 1.

Ta6muus 1 — Brus padinyBanHs Ta MoaudikyBaHHS Ha MexaHiuHi BracTuBoCTi crutaBy AK12M2MrH npu 20 ta
300 °C

E 20 °C 300 °C

_§ PadinyBanpHo-3a- MopndixyBanbauii kom- | DyrnepeHoBa cy- 5

E xucHuit puttoc, % miekc MK-1, mac. % Mini, mac.% o, MIla %’) HRB o, MIla 3, %
1 2,0 - - 154,3 0,4 950 97,0 1,5
2 2,0 0,1 - 192,2 0,8 1070 117,0 2,6
3 2,0 0,1 1,0 2122 0,6 1120 1232 24
4 2,0 0,1 1,0 224,0 0,5 1280 128,1 2,3

3a maHuMHy MeTanorpadiqHOro aHaNi3y CTPYKTypa IUIaBKH 1 SBisuIa 00010 €BTEKTHKY (0- TBEPAHMHA PO3YMH HA OC-
HOBI Al+Si) 3 BKIIIOYCHHSIMH HECHIPUSITIMBOT MOPQOIIOTIT CBITIIO-Ciporo Koibopy — intepmeranigamu AlsSiFe (puc. 1a).
Bigomo, 1110 111 BKJIFOYEHHS MalOTh BUJOBXKEHY IUIACTHHYACTY (POPMY, BiZIrpaloTh poJib aKTUBHUX KOHIICHTPATOPIiB Ha-
NPY)KEHb Ta IPU3BOASATH IO PI3KOTO 3HW)KEHHSI MEXaHIYHUX BJIACTUBOCTEH.

[Ticnst 00po6ku criaBy MoaudikyBaabHuM KoMiuiekcoM MK-1 (BapianT 2 3a Tabu. 1) BinOymnacs tpaHcdopmaris
¢a3u AlsSiFe B intepmeranigu All5(FeMn);Si; kommaktHOiT opmu (puc. 16). Lle nmpusBeno g0 miIBUIEHHS MIITHOCTI
cruiaBy Ha ~25 %, IilacTUYHOCTI B 2 pa3u i TBepAocTi Ha 12,6 %. Takoxk TeHIeHIis MiABUIEHHS MII[HOCTI 1 INTACTUYHOCTI
crniocrepirainacs i mpu remnepatypi 300 °C (aus. Tabmn. 1).

Meranorpagiunuii aHani3 craBy, o OyB OTpUMaHMH 3a TEXHOJIOTIYHUM BapiaHTOM Ne 3, 3acBiTYMB HEPIBHOMIp-
HICTB PO3ITOJTy YaCTUHOK (hysiepeHoBOI YepHi (puc. 16) BHACTIJOK HE3a0BUILHOTO 3MOYYBaHHS alOMiHieEM rpadiry.
3HavHa yacTuHa (yJIEPEeHOBOI Caxi B MPOIIEC] IIepeMilllyBaHHs BCIUTMBAJIa Ha MIOBEPXHIO PO3ILIABY, IO ITPHU3BOJIUIIO JI0
HU3BKOTO KOe(illieHTy 3aCBOEHHS MOIM(IKYBaIbHOI MpUcagku. [IpoTe pe3ynbTaTH MEXaHIYHUX BHUIPOOYBaHB 3aCBi-
YU HEe3HaYHE ITIBUINEHHS MimHOCTI Ta TBepAocTi npu 20 Ta 300 °C mpu HE3HAYHOMY 3HIKCHHI TUTACTHYHOCTI
(mmB. TaobMI. 1).
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HAYKOBO-TEXHIYHA IHOOPMALIA

Puc. 1. Mikpoctpykrypa ciiaBy AK12M2MrH (x 400): a, 6, 6, 2 — Bapiauti NeNe 1-4 3a taGnuuero 1

AmHani3 jaHux 1Moo MiJBUIIEHHS MIIHOCTI Ta TBepaocTi ciiay AK12M2MrH (AJI 25) nokasye, 1o HaiiOubI
CYTTeBe 30UIBIIEHHS CIOCTEpIiranocs y CIulaBi, KOTpuid OyJ0 OTpHUMaHO 3a TEXHOJOriyHMM BapiaHToM Ne 4
(muB. Tabm. 1). Ilg TexHoOTIsA Y MOpiBHAHHI 3 BapianToM Nel 3abe3neuniia migBUIIEHHS MinHOCTI Ha 45 % Ta 32 % npu
temneparypax 20 °C i 300 °C BinnosigHo. 3poctanHs TBeprocTi pu Temneparypi 20 °C craHoBmio Maitxe 35 %. Bu-
MiproBaHHs TBepaocTi npu temneparypi 300 °C ue npoBoaniu. OTpuMaHi pe3yabTaTi J00pe Y3roKyIOThCs 3 JTaHUMU
aBTOpIB [3, 6] Ta MOSCHIOIOTH MexaHi3M Iboro mpoiiecy. I'. B. IToxmypcbkoro [6], a Takox M. O. CBuayHOBHYEM 31
cniBaBropamu [3] mokasaHo, 1o B pe3yibrari B3aemofii SiC ta C 3 po3iuiaBoM allfoMiHII0 B CHIYMiHaX YTBOPIOETHCS
kap0Oix amrominito AlsCs. V 3B’513Ky 3 IIMM MOXKJIMBE MPHITYIICHHS, IO I IBUIICHHSI MEXaHIYHUX BIACTHBOCTCH CHITYMIHY
AKI12M2MrH, xorpuii ogepxano 3a Bapiantom Ne 4 (quB. Tab:. 1) moB’si3aHe 3 NOSBOIO B PO3ILIaBl HAHOANCIIEPCHUX
yacTHHOK Al4C3 B pe3ynbrati B3a€MO/Ii{ allFOMiHII0 3 HAHOPO3MIPHUMHM YaCTHHKaMH (hyJiepeHoBOI cyMili. Y TOH xke uac,
3 TOYKH 30pYy MiZBUILIECHHS [UIACTHYHOCTI, Hailkpalle mokaszas cebe TeXHOJIOriuHuN BapiaHT Ne 2. 3aB/sIKM HbOMY JIOCSIT-
HYTO 301IBLICHHS IJIACTUYHOCTI CIUTaBy /10 2-X pasiB npu temneparypi 20 °C ta y 1,7 pasu npu temmnepatypi 300 °C.
Le# dakT MOSCHIOETBCS BUCOKOIO e(eKTUBHICTIO Aii MomudikyBampHOro Kommiekcy MK-1 Ha BTOpHHHI ayltOMiHi€Bi
CIUIaBH 3 HAZAHHS iM TIIMOOKOTO CTYIICHIO padiHyBaHHS, MOKPALICHHS 1 BIIOPSAKYBaHHS CTPYKTYPH.

3 METOI0 MiATBEPAKEHHS SBUIIA YTBOPEHHS B CIUTaBI HAHOAMCIIEPCHOTO Kap0iny amominito Al4Cs, Ha pacTpoBOMy
esrlekTpoHHOMY Mikpockori PEM-1061 6yno mocmimkeHo CTpyKTypy CIUIaBy TexHosorigHoro BapianTy Ne 4 (puc. 1e).
O0’ekToM mociipkeHb Ha MetanorpadiuHoMy HUTi(i OyJM BKIIOYEHHS CBITJIIO-CIPOTO KOJIBLOPY Ta BUCOKOI TBEPAOCTI
(puc. 2). Pe3ysabpraTi AOCTIKEHb TOKA3aJIH, 1110 B CIIaBi COPMYBAIHCS YaCTUHKH KapOinHoi ¢a3u Als4Cs. 3rigHo 3 aa-
HuMH Tabmuui 2, BinHomeHHs C:Al nopiBHioe 6iu3bko 3:4. Lle 103BoJ1sie 3p0OUTH BUCHOBOK, 11O ITiIBUIIEHHS MEXaHi4-
Hux BiactuBoctei cmaBy AK12M2MrH (Bapiant Ne 4), B nesikiii Mipi, MoB’s3aHo 3 pOpMYBaHHSM B HbOMY JPiOHOIH-
criepcHuX BKIIOUeHb Al4C; pe3ysIbTati B3a€MOIIT aTFOMIHIIO 3 HAHOPO3MIPHUMH YaCTHHKAMHU (PYJICPEHOBOT CyMIIIIi.

Ta6mumus 2 — Ximiunuii cknan (ar.%) touku 1 B cronasi AJI25 (nuB. puc. 2)

C Al Si Mn Cu Fe Ni Cyma

38,59 51,32 9,79 0,1 0,1 0,0 0,0 99,99
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Puc. 2. Tunosa Touka nposeneHHss PCMA

B pobotax [7-9] mocni/pKyBany BIUIMB Ha MEXaHIYHI BJACTHBOCTI AJIIOMIHIEBUX CILIABIB TPHOX THIIIB BYTJIEIEBUX
MarepiaiiB: ¢ynepeni, (yaepeHoBoi caxi ta (yaepeHoBol uepHi. ABTOPH HE BUSIBHJIM MPUHIMIIOBUX BiJI3HAK B MO3H-
TUBHOMY BIUIMBI Ha CTPYKTYpY CIUIaBiB MK BUCOKOLIHHUMH (pyniepeHamu Ta jaerieBoto (ynepeHoBoro uyepHero. Le, Ha
X yMKy, pO3IIMPIOE IEPCIIEKTHBY BYTJICLIEBUX HaHOMaTepiaiiB y popMi QysiepeHOBOT YepHi B IPOMHUCIOBUX YMOBaX.

BucHoBku

PesynbraTi 1OCTiKEHB 3aCBIYMIN HACTYITHI (DaKTH.

1. JlonaTkoBO MiATBEPKEHO O3UTUBHUN BIUTHB Mo dikyBanbHOoro Komiiekcy MK-1 [1] Ha piBeHb MeXaHIYHUX
BJIACTHBOCTEH BTOpHHHOTO nopuHeBoro ciiasy AK12M2MrH (AJI25) npu remnepatypax 20 i 300 °C.

2. BcTaHOBIIGHO NMO3UTUBHUH BIUIMB (pyJIepeHOBOI YepHi B SIKOCTI HaHOMO(]iKaTOpa Ha MEXaHIUHI BJIaCTHBOCTI
craBy AK12M2MrH (AJI25) npu kimuatHii (20 °C) ta pobounx (300 °C) Temneparypax. Hamano aprymenroBane
TIOSICHEHHSI LILOMY SIBHIILY.

3. BcraHoBeHO (aKT HU3BKOTO PiBHSA 3aCBOEHHS (PyJIEPEHOBOI YEPHi Ta HAIBHOCTI MEBHUX TPYIHOILIB TIPH ii BBE-
JICHH1 JI0 pO3IIIaBiB, 0 HOTpeOye IMOJANBIIOTO BUBYSHHS Ta BiIIPAIIOBAHHS.

4. BigmiueHo, mo crocid BBeeHHS QyIepeHoBOi UepHi 0 PO3IIIaBy, BIUIMBAE HAa PiBEHb MEXaHIYHUX BIIACTHBOCTEN
MOM(iKOBAaHOTO CILIABY.

5. Pe3ynbraT BAKOHAHHX JOCTIKEHb MAIOTh IPAKTUYHY I[IHHICTH Ta PO3MHPIOIOTh MOYKIIMBOCTI 1 ABUIIICHHS KO-
CTi BTOPUHHHUX CHJIYMIHIB HIJISXOM 1X MIKpPO- Ta HAHOMOAU(IKYBaHHSI.
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Beryn

3rigao «CTaHAapTy BUIOI OCBITH» MPOTPaMHIM Pe3yIbTaTOM OCBITHBOTO IPOIECY B CHCTEMI IMiATOTOBKHA Maii0y-
THIX iEKeHepiB [Uig ramy3i 3HaHb 13 - «MexaHiuHa iHmKeHepisH» A nepiioro (6akaJaBpChKOTO) PiBHS BHIIOI OCBITH €
(hopMyBaHHS «BMIHHS OOMpATH 1 3aCTOCOBYBATH NMPHUAATHI TUIIOBI METOH TOCTIIKEHb (aHATITHYHI, pO3paxyHKOBi, MO-
JICIIIOBAHHS, €KCIIEPUMEHTAIbHI); IPaBHIBHO IHTEPIPETYBATH PE3YJIbTATH TAKUX JOCIIIKEHb Ta POOUTH BUCHOBKI» [9,
c. 8]. Jlanuii mporpaMHuii pe3yabTaT JOCATAETHCS B yMOBaX OPMYyBaHHS 3arajibHUX KOMIICTEHTHOCTEH 1010 «3aTHOCTI
npuiiMaTH 0OTPYHTOBaHI PillIEHHSI, OL[IHIOBATH Ta 3a0€3MeuyBaTH sIKICTh BUKOHYBaHUX poOiT» [9, c. 6], a Takox crieria-
JIBHUX KOMIIETEHTHOCTE! JUIsl «KPUTHYHOTO OCMHCIICHHS HayKOBUX (PAaKTiB, KOHLEIIIHM, TeOpii, MPUHIMIIIB 1 METOIIB,
HEOOXITHUX ISl TpodeciiHOl MisUTBHOCTI», «34aTHOCTI 3aCTOCOBYBAaTH HAyKOBI Ta IH)KEHEPHI METOAM JUIS BUPIIICHHS
TUTIOBHX Ta KOMIUICKCHHX 3aBJIaHb 3a crieriamizamnieo» [9, c¢. 7]. B mpomeci OCBITHBOI MiSUIBHOCTI HE TUTBKU B yMOBaX
rpodeciitHol Ta IPaKTHYIHOI MiITOTOBKH 31 CIIEiabHIX BUAIB MiSUTBHOCTI 31CHIOETHCS BUKOHAHHS BUMOT 100 (haxo-
BOI IMATOTOBKK MalOyTHIX iH)KEHEPIB, aje i B yMOBaX BUBUCHHS (PyHIaMEHTAIBHAX NUCIUILTIH, 30KpeMa, 3 TUCIHILUTIHA
«}i3uka» B mpoleci BAKOHAHHS, HATIPUKIIAM, TPAKTUIHOI YACTUHH IIPOTPaMH.

AHaJi3 nocaizkeHsb Ta myoaikanii

Hi B KOTO HEe BUKJIMKA€E HISKUX CYMHIBiB B TOMY, 0 MaiiOyTHIN (paxiBeub MOBHHEH, HAPUKIIAL, PO3YMITH Ta I0-
SCHIOBAaTH HEMIOJIIKM Ta TepeBaru Ja00paTOPHUX YCTAaHOBOK, Pi3HI METOAM IHTEpIpeTallii eKCIIepuMeHTaIbHOTO TOCITi-
IDKEHHS TOILO.

1. BumipioBaHHS TeMIepaTypHOTO KOe(]illi€eHTy OIopy MeTalry — IMomupeHe (i3uKo-TeXHIHE 3aBIaHHA. Bimoma
nmabopaTopHa YCTAHOBKA [T BU3HAUEHHS TEMIIEPAaTypHOT0 KOe(illieHTy OIopy MeTaly BKIIIOYae HACTYITHE 00T THAHHS:
TIpUIa AJIsl BAMIPIOBaHHSI TEMIIEpaTypHOTo Koe(dillieHTy onopy JipoTa, amnepBoibToommep ABO 63, KOMILIEeKT 3’ €Hy-
BJILHHX TPOBIIHUKIB, Yallly 3 BOJOIO, Yally 3i JIbOAOM, CHIUPTOBHH TEPMOMETp LI BUMIPIOBaHHS TEMIIEpaTypy BOH,
ITATHB.

Jy1sl BU3HAUSHHS TEMITEpaTypHOTo KoeillieHTy Oopy MeTally 3a JIOIIOMOTOI0 JTaHOT YCTaHOBKH JIOTPUMYIOTHCS Ha-
CTYMHOI MMOCIJOBHOCTI Jiil. B cTakaH HaJIMBaIOTh BOMY Ta OXOJIOJUKYIOTH i JIbOJIOM ab0 CHIrOM, TeMIepaTypa sKux t =
= 0 °C. [Ipu 3umKeHH] Temmeparypu Katymkd 10 0 °C  BUMIproroTh ii omip Rgec. IloTiM X0J0AHY BOAY 3aMiHIOIOTH
ropsaoio Bojoto. CriocTepiraroTh 3a 3MiHOIO TeMITepaTypu KaTymkd. [1icist BCTaHOBIIEHHS TeMITEpaTypy BUMIpIOIOTH ii
omip R. Jlocmin mMOBTOPIOIOTH JEKiLNbKa pa3 MNpW PI3HUX TeMIeparypax CyMillli XOJOJHOI Ta Trapsuoi BOAH.
Henonikamu JaHOi yCTaHOBKM € HACTYIIHE, a caMe: I[iHA MOALIKHM TEPMOMETpa HE Ja€ MOMJIMBOCTI TOYHO BHUMIPATH
TEMIIepaTypy MiTHOTO APOTa, € TIEBHI CKIATHOCTI 31 30epiraHHsIM JIOCTaTHROI KUTBKOCTI IbOAY abo0 CHITY, HEOOXiTHO
MaTH JeKiJIbKa MOCYIWH JUIS IIPOBEAEHHS EKCIePUMEHTY, OOMEXEHI MOXKIIMBOCTI JOCHIIUTH 3MiHY OIOpY
MIPOBITHHUKA TIPH HOTO HarpiBaHHI Ta OXOJIOKEHHI.

Jlesiki aBTOpH [6] 3aCTOCOBYIOTH Tapsidy Boay 1 DiKCYIOTh [TOKa3aHHs TEMIEPATypH Ta OMOPY I/ 4aC OXOJIOHKEHHS
MerTaa.

B HaBuanpHii JiTepatypi po3po0JeHi 3arajibHi MOSCHEHHS BiTHOCHO 00pPOOKH eKCIIEPUMEHTAIbHUX JaHHX Mifl Yac
BUKOHAHHSA JIADOPAaTOPHOTO NPAaKTUKyMy. TemmepaTypHuii koeilieHT omopy MeTana po3paxoByIOTh IS KOKHOTO J0C-
JIi/Ty 32 HACTYIHOIO (hOPMYJIIOF0

Ree = Roec
Rooc " to

a =

3a3Buyail, BU3HAYAIOTH CepPeIHE 3HAUCHHS Oy Ab-AKO1 JOCHTIHKYBaHOI (Pi3NYHOI BEIMIHHY, a 3HAUCHHS TEMIIepaTyp-
HOTO KOEQiIieHTy Omopy MiJHOTO APOTa HE € BUHATKOM. [licst oOUYmMCIeHHS CepeaHbOro 3HaYeHHS J0CIIIKYBaIBHOI
(bi3UYHOT BETMYMHH MOPIBHIOIOTH 11 3 TAOIUYHUM 3HaYeHHsIM. [1IIs1XOM MOpIBHSIHHS PO3paxyHKOBOTO 1 TaOIWYHOTO 3HA-
YeHb TEMIIEPATYPHOTO KOe(DilliEHTY OMOpPY APOTa OLIHIOIOTh TOYHICTh EKCIIEPUMEHTAIILHOTO METO/LY HOro BU3HAUYESHHSI.
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HAYKOBO-TEXHIYHA THOOPMANLIA

B iHmmx mxepenax mponoHYIOTh MeXi aOCOTIOTHOT Ta BiTHOCHOI IIOXWOKHM BUMIpPIOBAaHb OLIHUTH 3a BiToMHMHU (HopMy-
JaMH I HENPSIMUX BUMIpIOBaHb.

2. Ins obuucnenns [6] remmneparypHOTo KOe(illieHTy OMopy MPOMOHYIOTh 3aCTOCYBAaTH METO] HAMEHIIINX KBa-
pariB; aOCOJIOTHY Ta BiJHOCHY MOXHOKH PO3PaxoBYIOTh 3a (OPMyJIaMH Ul HEMPAMUX BUMipioBaHb. DopMyity 3aex-
HOCTI OTIOpY MPOBIAHMKA BiJl TEMIEpaTypH 3aUCYIOTh HACTYITHIM YHHOM

Jani 6yytots rpadik 3anexnocti R(t") 3 kyrosum koediuientom A. I'padik Biacikae Ha oci opMHAT Biapizok Ry.
TemreparypHuit Koe}iiEHT OMOPY PO3PaxoBYIOTh 3a popmyoo o = A/R,.

3. Hdesxi aBTopu [ 7, 8] HOSCHIOIOTH MUTAHHS MIOA0 OOYHCIICHHS TEMIIEPATypHOTO KOe(IIlieHTy OMOpY MeTalla 3TiIHO
reOMeTPHYHOTO PO3yMiHHS MOXi/HOT, a caMe: MOXi/iHA JI0PiBHIOE TAHIeHCY KyTa HaXuiTy rpadika sanexHocti R(t)

dR
o Roa, tan g =Ry =
a= R an .

B nanux obuncnenHsx (aus. 1. 2, 3) TemneparypHoro KoegilieHTy oropy MeTaja € CyTTeBI HOXUOKH Y BU3HAUCHHI
i kyTa Haxuny rpadika 3anexunocTi R(t") i ToUKM HepeTHHY eKcriepMMEHTaIBHOI MPSAMOI 3 BiCCIO OpMHAT, 1O 0e3 CyM-
HIBY 3HaYHO BIUIMBA€E Ha KiHIIEBUI PE3YJIbTAT EKCIICPUMEHTY.

4. B eneKkTpoHHUX pecypcax [2] 3HaXOIMMO TaKOX MOSCHEHHS 11010 BU3HAYECHHS TEeMIIEpaTypHOTro KoedillieHTy
OIIOpY MeTaJjia 3a JIOTIOMOT010 MicTKa YiTCTOHA.

5. Haykosui [3, 4, 10, 11] akueHTyr0Th yBary Ta BUAUIIOTH TpadidHUi Ta aHANITHYHUNA METOAM II0A0 00poOKH
eKCIePUMEHTANBHUX JaHUX 3 PI3HUX PO3IALTIB Kypcy (isuku. [cHyroTh KoMIT 10TepHI cuMyIsii [12], sSKi T03BOISIOTH
BHUKOHATH 3aBIAaHHS JIA0OPATOPHOTO MPAKTUKYMY Ta OOpOOUTH OTPUMaHi AaHi TpadidHuM Ta aHATITHIHAM METOIaMH.

AHaTITHIHAH METOJI 010 BU3HAYCHHS TEMIIEPaTypHOTO Koe(illieHTY OIopy MeTalla MoJIsIrae y BU3HAUYCHHI eKCIIe-
PEMEHTAIBEHOTO IIapaMeTpy k Ta POBEACHHI eKcriepuMeHTabHol npsiMoi y = kx + b.

3HaueHHs eKCIEPEMEHTAIBHOTO IapaMeTpy k (memnepamyprozo KoediyicHmy onopy memand) BA3HAYAIOThH 32
HACTYITHOIO (hOPMYIIOIO

T (w?y
pi (]
1w 1w
(x2) = ;Z xf, (xy) = ;Z XY

ITpu rpadivynomy MeToni oOpoOKH eKCIepUMEHTAIBHUX JTAaHUX HEOOXIJHO MPOBECTH €KCIEPHUMEHTAIBHY MpPSMY
y = kx + b. B 00Opaniii Hamu cructeMi koopauHat Ha ocsix Ox Ta Oy BIIKIAIal0Th 3HAYCHHS JOMOMDKHHUX BEIHYHH - X
ta y. Jlns BuOpaHUX HAMU KOOPIMHAT KyTOBHH KOE(Ili€HT eKCIIEPUMEHTAILHOT PSMOi TOPIBHIOE TEMIIEPAaTypPHOMY KO-
edimienTy omopy merana. TemmnepaTypHUi Koe(illieHT OImopy MeTalla pO3paxoBYIOTh 3a (OPMYIIOI0

Ay
a=k=—.
Ax
Jami BuHWKae mUTaHHS OOTPYHTYBaHHS JIHIHHOI 3aJIeKHOCTI MO0 BH3HAYCHHS TEMIIEPATYPHOTO KOEQIiIi€HTY
OTIopy MeTaia, siKe, Ha)kajlb, HeIOCTaTHHO OOTPYHTOBAHO B JTA00OPATOPHOMY MPAKTHKYMi 1 BUNTEISIMH 3aralbHOOCBITHIX
HABYAJBHUX 3aKJIa/iB, i BUKIaJadaMy BHUINX HAaBYAIBHUX 3aKJIAiB. AHANII3 PI3HOMaHITHIX METOAWYHUX JKEpEIl CBi-
YUTH IPO Te, IO JaHE MUTAHHS € JOCHTb aKTyaJIbHHUM i COTO/IHI.

Meta poboTu

3’sicyBaTH BapiaTUBHI MOXKJIMBOCTI rpaiqHOrO Ta aHAJITHYHOTO METOAIB 0OPOOKH Pe3ybTaTiB eKCIIEPUMEHTY i
9Yac BUKOHAHHS JJAOOPATOPHOI0 MPAKTUKyMY HIOA0 JOCHIHKEHHS TEMIIEPATypHOro KOehil[ieHTy Onopy MeTalia Mij 4yac
HaBYaHHS MalOyTHIX 1H)KEHEPIB 3 AUCUUIUTIHY «(i3nKay.

Bukjaa oCHOBHOIro MaTepia.ﬂy Ta aHaJI3 OTPUMAHHUX pe3y.m>TaTiB

3’sicyBaHHs BapiaTHBHUX MOJIMBOCTEW rpadidHOTO Ta aHATITHYHOTO METOJIB 0OpPOOKH pe3yNbTaTiB eKCIepuMe-
HTY TIiJ] 9aC BUKOHAHHS Ja00paTOPHOTO MPAKTHKYMY MO0 JOCIiKEHHS TEMIepaTypPHOTO Koe(illieHTy Ormopy MeTaa
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HAYKOBO-TEXHIYHA THOOPMANLIA

IIiJ] 9aC HaBYaHHS MalOyTHIX iH)KeHEPiB 3 JUCHUILTIHU «(i3UKay» ITOUIIFHO MPOBOANTH Y ACKITbKA €TaIliB i 9ac BUKO-
HaHHS:
- IOMAITHBOI CaMOCTiitHOT po0oTH;
- ayIUTOPHOI POOOTH MIOAO TPOBEIECHHS EKCIIEPUMEHTAIBHOTO JTOCIiIKEHHS Ta MiITOTOBKH 3BIiTY PO HOTO BHKO-
HaHHS.
Camocmiiina poboma maiidymmuix iniicenepis

1 3as0anns ons camocmitinoi pobomu MaubymHix iHdcenepie

3aBaaHHs IS CAMOCTIHHOT pOOOTH BiAMOBINAIOTH HACTYITHIHM JUIAKTHYHIN METI, a came:

«3aBnanns 1. JlaTi BiIIOBiAI HA TEOPETUYHI 3alIMTAHHSD) HEOOXI/IHI JJIsl BBEJCHHSI MallOyTHIX iH)KEHEpIiB B HOHSI-
TIHHO-TEPMIHOJIOTIYHE TOJIC MOJI0 YCBIIOMIICHHS HUMH 3aKOHOMIPHOCTEH 3aJICXKHOCTI OTMIOPY MPOBITHUKA BiJl TEMIIepa-
TYpH;

«3aBnanns 2. Po3p’s3aTn 3a1a4i» J10MIOMAraroTh 3p03yMiTH MaiOyTHIM iH)KEHEpaM CEHC TEOPETUIHOTO OOTPYHTY-
BaHHS JIHIHHOT 3JIE)KHOCTI 010 BU3HAYCHHS TEMIIEpaTypHOTo KoedillieHTy Ormopy MeTaia Ta 3/1iHCHUTH TUIaHyBaHHS
BapiaTHBHUX MOXIUBOCTEH TpadiqHOro Ta aHANITHYHOTO METOIB OOPOOKHM Pe3ybTaTiB E€KCIIEPHUMEHTY ITiJ] Yac BUKO-
HaHHS J1Ja0OPATOPHOTO MPAKTHKYMY, 30KpeMa, 3 IaHOT TeMH JTOCIIHKESHHSI.

3asoanns 1. JJamu 8ionoioi na meopemuuni 3anumanHsi
[Ilo po3yMirOTh 111 TEPMIHOM «OIIip MPOBIAHUKA»?

Bin sikuX BEMYHH 3aJI€KUTh CICKTPUYHHIA OIip MPOBiTHUKA?

IosicHUTH 3amuc, SKMii OJaHO B J0BiAKOBil Tabmuii: «[InTomuit omip mifi gopisaioe 0,0172 (OM - MM?2) /M.
Yomy 3011bLIy€eTHCS OMIp METAJIIB IPH I1IBUILEHH] TeMreparypu?

B sikomy pyci npuiiMaroTh y4acTh €JIeKTPOHU B MeTanax?

[ITo po3yMitoTh MiJl BiTHOCHOIO 3MIHOIO ONIOPY MPOBiAHUKA?

[lo po3yMitOTh MiJ] TePMiIYHIM KOE(hII[IEHTOM OIOpPY MaTepiary MpOoBiTHUKA?

[NosicHnTH 3ammc, SKUH TOJJaHO B JOBiAKOBIH Tabmuili: « TemepaTypHuii koedimieHT omopy Mifi gopieHtoe 0,0043

S A it

K'».
9. Unu MOKHA BUKOPUCTOBYBATH HAacTynHuii 3anuc «AT = At’, e [AT] = K, [At"] = °C»?
10. INopiBHATH TepMidHi KOe(]ilieHTH OMIOPY METaTeBUX MPOBITHUKIB (IUB. puc. 1).

o

Puc. 1. 3anexHicTh BiTHOCHOT 3MIHU OIOPY NPOBIIHKKA BiJ 3MIiHH HOr0 TeMIepaTypH

3asoanns 2. Poss’sazamu 3a0aui.

3adaua 1. Temneparypa po3KapeHHS BOJIbPPAMOBOT HUTKH €ICKTPUYHOI jamiu 3 oropoM 600 OM CTaHOBHTH
2530 °C. O6uucnuta ii omip npu temmepatypi 0 °C. TepMiunuil KoediuieHT ornopy Marepiany NPOBIAHUKA JOPIBHIOE
0,0048 K.

3adaua 2. Omip mnatuHOBOTO mpoBimHHKa mpu Temneparypi 20 °C  cranoButs 20 OM, a mpu Temreparypi
500 °C - 59 Om. Bu3HauyuTH 3a [IMMHU JAaHUMH TEPMIYHHAN KOe]IiLliEHT ONOpY MaTepiaia MpOoBiIHUKA.

3aoaua 3. Baacnigok HarpiBanns nposigauka Bix 0 °C g0 400 °C ¥oro omip cras ckinagatu 250 % BiJl MOYaTKOBOTO.
Bu3HauuTy 32 UMK IaHUMU TEPMIvHHIA Koe(DIl[iEHT Oropy Martepiany NpoBiIHUKA.

11 IThanyeanns eapiamueHux Moxiciusocmett epaghiynoco ma aHATIMUYHO20 Memooie 0OpOOKU pe3yIbmamis exc-
nepumenmy nio Yac GUKOHAKHS 1a00PAMoOPHO20 NPAKMUKYMY W00 GUSHAYUEHHS MEMNEPAMYPHO20 Koepiyicumy onopy
Memana

Jlist po3B’si3aHHS KOXKHOT 3a1a4a MaiiOyTHI IHKEHEpU TIOBUHHI OTpUMAaTH pobouy GopMyiy 3 METOIO

- IPOBEJICHHS BIATIOBIIHAX PO3PaXyHKIB 3TiTHO YMOBH 3aJad;

- YCBIIOMIJICEHHS MOXKJIMBHX IIUIAXIB TEOPETHYHOTO OOTPYHTYBAHHS JIIHIHHOI 3aJI€KHOCTI MO0 BU3HAUYCHHS TEMIIe-
paTypHOTO KOediIlieHTy Ormopy MeTana.
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Ompumanus pobouoi popmynu nio uac po3e’a3anHa 0pyeoi 3a0aui 0OMAUHbOIL cCaMoCmilHOi pobomu 0ae MOXNCIU-
8iCMb PO32NAHYMU NEPUULL CNOCIO TMEOPEMUYH020 OOTPYHIMY8ANHS JIHILIHOL 3a1eHCHOCII W0OO0 BUSHAYEHHS meMnepa-
mypHoeo KoeghiyieHmy onopy memaid.

[Tpu rpadivHoMy MeToi 00pOOKH EKCIIEPUMEHTAIBHUX IaHUX HEOOXITHO BiJIOME PiBHSIHHS

3aCTOCYBaTH Ul IBOX CTaHIB METAJIEBOTO JPOTa MPH Pi3HUX TeMIepaTypax Ta 3alHcaTy HacTYIHY CUCTEMY piB-
HSHb

R, = Ro(1 + aAty),
RZ = Ro(l + aAt;).

BHKITIOUNTH i3 3aIMCaHOi BUIIE CHCTEMH PiBHSHE omip mposimunka (Ry) npu temmeparypi ty = 0 °C ta oTpumaTu
BUpa3 ISl TEMIIEPaTyPHOro KOe(ilieHTy Ormopy MeTajia HACTYIIHUM YHHOM

R, 1+alt
R, 1+ aAt)

Aty =t] —tg=t, —0°C=t;

Ta
At, =t, —ty = t, — 0°C = t,.
3amucary (hopmyIty AJIsl BU3SHAUCHHS TEMIIEPATYPHOTO KOe(illieHTY OMopy MeTaa
R, — Ry
a=—-,
Rit; — Ryt;
a MOTIM 3BECTH Lie PIBHAHHSI 10 JIHIMHOT 3a51e)xHOCTI ¥ = Kk x + b Ta 3amucaty HOro HaCTyIHUM YHHOM
R, — R, = a(R,t; — R,ty).
OT)KC, MOXKEMO HpHﬁHﬁTH HaCTyHHe JJIs1 HAlIoro I[OC.HiI[)KeHHﬂ
y = kx,
Ae  y=R,—Ry k=a,  x=R;t,— Ryt;.

A Teniep 3anumeMo GOpMyJIH JUIs BU3HAYCHHS 3HAYCHb JONOMDKHHUX BEIUYUH — X, V, k, b st moOynoBu rpadika
JIHIWHOT 3a5exHoCTi THIY ¥ = kX + b

y=Rn_R1! X=R1't;—Rn't;,
k=a, b=0.

Bynemo BBaxatH, mo Ry - ormip NpoBiHMKa npu Temmeparypi ty, a omip R,, - omip Bix Ry 10 R4 TIpH TeMIepaTypax
t, (Bin ty 110 ty).

Ompumanisi poboyoi popmynu nio yac po3e ’s3amnHs mpemvoi 3a0aui OMAUHbOI CAMOCMIUHOL pobomu dae Modic-
JUGICMY po32iAHymuY Opyeuti ma mpemiti cnocoou meopemuuno2o 0OIPYHMY6anHs NIHIHOI 3a1eHCHOCHI W00 BU3HA-
ueHHs MmeMnepamypHo20 Koegiyienmy onopy memana.

Posznanemo opyeuii cnocié meopemuuno2o o0TpyHmy8anHsa TiHilIHOT 3a1eHCHOCMI w000 BUHAYEHHS meMnepanty-
PHO20 Koegiyicumy onopy memand.

[Tpu rpadiuHOMy MeToi 00POOKH EKCIIEPUMEHTAIBHUX TaHUX HEOOXITHO piBHSIHHS

R = Ry(1 + aAT)

3aCTOCYBATH JUIS ABOX CTaHIB METAJIIEBOTO JIPOTa MPH Pi3HUX TEMIIepaTypax Ta 3allucaTH HAaCTYITHY CUCTEMY PiBHSHb
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R2 = Ro(l + aAt;),

)laHy CUCTEMY piBHHHL pOBB’H)KeMO MCTOIOM HiZ[CTaHOBKI/I Ta OTPpUMAEMO HaCTyHHI/Iﬁ BHUpas

. R, .
R, = Ry(1 + aAt,)) = — (1 + aAt,),
2 ol alt,) 1+aAt1( alt,)

_R{(1+alty) (1 —alt;)  R(1—alt; + alt, — a’At;At,)
27 (A+abt) (1 —alt])) 1 — a?(At;)? '

Bpaxyemo, 1o
a? & (At))? Ta a® < AtjAt,
i ToMy
a’(At;))> —> 0 Ta a?At;At, —0

1 TO/Il OTPUMA€EMO HACTYITHE PiBHSIHHS
- —1l=a(t;—t),

sIKe MOYKHA 3BECTH JI0 JIHIWHOI 3anexHocti Tuiy ¥y = b + kx Ta 3anucartu ¢opMynu Juis BU3HAUYEHHS 3HAY€Hb JI0-
MOMDKHUX BEIIMYHH X, Y, k, b 1u1s noOynoBu rpadika JiHiiHOT 3aexHocTi THIy ¥ = kx + b.

R,
y=5-1, x = AT, k=a, b=0.
Ry

BaaxatH, 10 R - omip mpoBiaHuKa Ipy Temmepatypi ty, a omip R,, - omip Bix R, 10 Ry Tpu Temmeparypax t,, (Bix
tynot;); AT=T,—T,=t, —t;.

Posensanemo mpemiii cnocibo meopemuyno2o o0TpYHMY8AHHSA NIHIUHOT 3aNeHCHOCMT 000 8USHAYEHHS meMnepamy-
PHO20 Koegiyicumy onopy memand.

[TpoanainizyeMo BH3Ha4e€HHs TEPMIYHOr0 KOe(illiEHTY OIopy Marepialia POBITHHUKA, SKE 101aHO B HaBYAJIbHIHN JIi-
Tepatypi 3 ¢izukn. «KoedirieHT mpomopifftHOCTI MiX BiTHOCHUM mpupocToM omnopy mposimauka ((R, — Ry)/Rq) Ta
3MIHOIO HOTO TeMIepaTypu (tz - tl) [03HAYAI0Th O Ta HA3WBAIOTh TEPMIYHUM KOe(]illiEHTOM OMOpy Marepiana MmpoBij-
HUKa.

Mu MoKeMO J1aHe PIBHSHHS 3BECTH JI0 JTiHIHHOT 3aJIe)KHOCTI TUITY Y = b + k x Ta 3anucarty HOro HaCTyITHUM YHHOM

AR AT
Rl—a .

3anumemo (opMyJIH JJIsl BU3HAYCHHS 3HAUSHb JIOTMIOMDKHUX BEJIMYHMH X, Y, k, b 11 noOynoBu rpadika niHiiHOT
3ajexHocti Tuy y = kx + b.

AR

=E’ x=AT, k=a’, b=0

y

Bsasaru, mo AR = R,, — Ry, ne Ry — onip nposizxuka npu Temnepatypi ty, a omip R,, — o mip Bix R, 10 R4 1pu
Temmepatypax t,, (Bin t; 10 ty,); AT =t — t;.

3aysaoicennsn! @opmynu 0nsa 6usHAYEeHHs 3HAYEHb OONOMIJNCHUX 6eludut X, v, k, b 0na meopemuunozo o6rpynmy-
BAHMSA MIHIUHOI 3A1eAHCHOCII WOOO0 BUSHAUEHHS NEMNEPANYPHO20 KOeDIYICHIMY ONopy Memaa MONCHA OMPUMAMU, IKWO
npueaoamu, GUpA3, SIKULL MU OMPUMATU 30 OPY2UM CNOCObOM
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RZ R2 R1 A o o
R, R, R, a(t; —t)
AR AT
Rl =a .

A Temep cucteMaTuzyeMo (GOpPMYIH IJIs BU3HAUYCHHS 3HAYCHB JOIMTOMDKHUX BEJHYHH X, y, k, b (nuB. Tabmn. 1) mus
o0y noBH rpadika JiHiiHOI 3anexHOoCTI THIY ¥ = kX + b.

Tabéauus 1 — BapiatuBHe 00rpyHTYBaHHS JTiHIHHOI 3aJI€KHOCTI 11010 BU3HAYCHHS TEMITEPaTypHOTo KoeillieHTy
OIIOpy MeTajia

Ilepwuii cnocio

y =R, — Ry, Oum x=Ry t,— R, t;,0mK
k=aK1 b=0
Jpyeuii cnocio

n

=—=1 =
y R, x = AT, K
k=a K b=0

Tpemiii cnocib

_A4R = AT, K
y_Rl x = AT,
k=a K1 b=0

Ayoimopna po6oma maiidymnix indcenepie
1V [Thanysanist ma npogedents eKCnepumMennmy wooo 6U3HAYEHHs MEeMRepamypHo20 KoeqiyicHmy onopy memaida

JlowinpHO TpoBeCTH aHAJi3 ICHYIOUMX METOJIB MPOBEICHHS SKCIIEPHUMEHTY 3TiHO Pi3HOMAaHITHUX JDKepel iHdop-
MaIiii; BiAMOBIAHO JJ0 HASIBHOTO 00JIaTHAHHS BJOCKOHAJINTH EKCIIEPIMEHTANIBHE JOCIIKSHHS; 3aIPOIIOHYBaTH MaiOyT-
HIM iH)KeHepaM IPOJyMaTH BIIACHUH IJIaH MPOBEJCHHS €KCIIEPUMEHTY, MATOTYBaTH YCTaHOBKY TOIIO. 32 OpakoM dacy
B po0OTI OYyJI0 BUKOPUCTAHE BiIOME J1ab0paTopHE 00JaTHAHHS.

AHani3 3HaYeHb JONOMDKHHMX BEJIMYHH X, V, k, b 00 BapiaTUBHOIO OOIPYHTYBaHHS JIHIHHOT 3aJIE)KHOCTI JUIst
BU3HAYCHHS TEMIIEPATYPHOTo KoedillieHTy onopy MeTaina (auB. Tab. 1) CBiTYUATH MPO TE, 0 HEOOXiTHO BUMIPSATH OIip
MIPOBIIHMKA 32 PI3HHUX TemrepaTyp. s npoBeieHHs eKcriepuMeHTy Oyila BUKOPHCTaHa KaMepa MOOLTEHOTO Tesie(oHy.

V Iliocomoeka 38imy npo GUKOHAHHA €KCNEPUMEHMANLHO20 OOCIIONCEHHS W00 BUSHAYEHHA MEMNEPAMYPHO2O
Koegiyicumy onopy memana

3ayeawcenns! 3BIT PO BUKOHAHHS €KCIIEPUMEHTAIBHOTO IOCIIHKEHHST 0a)KaHO MIATOTYBATHU 3TiJHO TPHOX CIIOCO-
01B BapiaTUBHOTO OOIPYHTYBaHHS JIHIHHOT 3aJI©KHOCTI 1[0Z0 BU3HAYSHHS TEMIIEPATYPHOTr0 KOedillieHTY ONopy MeTana.

Jliist 0OpOOKH eKCHIepUMEHTANBHUX IaHUX aHATITHYHUM Ta TpadiYHUM METOAaMH LI0/I0 BU3HAUEHHS TeMIleparyp-
HOTO KOe(ili€HTy OMopy MeTajla CKOPHCTAEMOCH MOXIIUBICTIO QyHKIIT aHamiTHUHOCTI porpamu Microsoft Office.

Crioyatky po3riisiHEMO aHaTITHYHUNA METO/I, a MOTIM rpadidHii MeTo]| BU3SHAYEHHS TEMIIEpaTypHOro KoedilieHTy
OIIopy MeTaja.

Ananimuynuii Memoo U3HAUEHHS MeMNEPAmypHO20 KoepiyicHmy onopy memand

Ha pucyHky 2 mogaHo npukiax o0poOIieHHs pe3ysIbTaTy eKCIEPUMEHTY aHAITHYHIM METOJIOM 32 BiIOMUMH (op-
MyJIaMH, SIKi TTOJJaHi BUIIE, 3T1IHO TEPIIOTO BapiaTHBHOTO CIIOCO0Y OOTPYHTYBaHHS JiHIHHOI 3aJIe)KHOCTI MOJI0 BH3HA-
YeHHS TEMITEPaTypHOTo Koe(ilieHTy omopy MeTaia.

I'paghiunuii memoo suznauenna memnepamypHoz0 KoeQiyicumy onopy memana

Inest rpadiunOro MeTory 0OpoOKH eKCIIepUMEHTAIBHUX JIaHuX Oya 3a3HaueHa Buie. Ha pucynky 3 momana rpa-
¢iuHa Bizyasrizalliss BA3HaYCHHS TEMIIEPAaTYPHOIr0 KoedillieHTy Omopy Meraiia

3a BiIOMMMH METOIMYHIMH pekoMeHaauismu [3, 4, 11] oduncnnnm abcomoTHY Ta BiTHOCHY ITOXHOKH ITpOBeE/Ie-
HOT'O EKCIICPUMEHTATBHOTO JOCIIKCHHS (UB. Ta0. 3).
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il i y=R, —914 x2y2 x k=2 0004267078
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4 | e 1534 07 135316 049 10738%" 5 5o © | 8.17257E-05
45 | o3 228 11 51984 121 2508
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copeame 3856 1,7 208758 39581818 911,8473

Puc. 2. Pesynbrar ekcriepuMeHTy 00po0JIeHO aHATITHYHIM METOJIOM 3TiIHO HIEPILOTro BapiaTUBHOTO CII0co0y o0IpyH-
TyBaHHS JIIHIHHOT 3aJIGKHOCTI 1[0/I0 BU3HAYEHHS TEMIIEPaTyPHOTo Koe(illieHTy OMopy MeTaia
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Puc. 3. I'padivna Bi3yamizamis o070 BU3HAYEHHS TEMIIEPATYPHOT0 KOe(]ili€HTy OMopy MeTaa 3riJHO MepIIoro BapiaTUBHOTO CIIO-
co0y OOTpYHTYBaHHs JIiHIITHOT 3aJIC)KHOCTI

Tabauusa 3 — I'padiunnii crioci6d 111010 BU3HAYECHHS TEMIIEPAaTYPHOT0 KoedilieHTy Oropy MeTasa 3TiIHO IepIoro
BapiaTUBHOTO CIIOCO0Y OOTPYHTYBAaHHS JiHIHHOI 3a71€KHOCTI

Ne Pe3ynbrati 00poOKH eKClIepUMEHTAIBHUX JaHUX rpaGivHAM METOIOM
n/m
1 KyToBuii koedilieHT HaXUITy eKCIePUMEHTAIBHOI PSIMOT
Ay y2-y1_ 2,6
a=k=—="—"-=—"—=10,00433 (K1).
Ax x,—x; 600 ( )
2 [liBmmpuHa 10BipUOTO IHTEPBATY MO0 BH3HAYCHHS TEMIIEPAaTYPHOTo KOe(illieHTy OImopy MeTana
8
Aa = \/—i =5-1075(K™1).
n
3 BinnocHa nmoxuOka niog0 BU3HAYEHHS TEMIIEPAaTYPHOTo Koe(illieHTy omopy MeTana
Aa
€ =€' 100% = 1,2 %.
4 Pe3ynbrar BU3HaYCHHS TEMIIEpPaTypHOTo KoedilieHTy OIopy MeTaia

a=0a+Aa=(433+005)-1073(K1)
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OO0poOKy pe3ynbTaTy eKCIIEPUMEHTY aHATITHIHAM, FpadivHAIM METOJaMH 3TiJHO IPYTroro Ta TPETHOTO BapiaTHB-
HUX CHOCO0IB OOTPYHTYBaHHS JIHIIHHOT 3aJIS)KHOCTI III0/I0 BU3HAYCHHS TEMIEPaTyPHOTO KOSPIIiEHTY OMopy MeTaja Mo-
JKHA MIPOBECTH AHAJIOT1YHO.

3aranpHUI pe3ysIbTaT MPOBEACHOTO EKCIIEPUMEHTAIBHOTO JOCIIIIKEHHS II0JI0 BU3HAYESHHS TEMIIEPAaTyPHOTO Koe-
¢ilieHTy ormopy Meraa 3riHO MepUIOro BapiaTUBHOTO CIOCO0Y 00IpyHTYBaHHs JIIHIHHOT 3aie)kHOCTI THIY ¥ = kX + b
H0/1aHO B Tabnui 4.

Ta6auus 4 — Pe3ynbTar eKCliepuMeHTY 11010 BU3HAUSHHS TEMIIEPAaTypPHOTO KOe(IllIEHTY OIOpy MeTalia 3 BUKO-
pucranHsaM cepenosuiia Exel

Pe3yspTar moao po3paxyHKy TeMIepaTypHOro
koe(ilieHTy Ommopy MeTalia aHaTiTHYHUM METOI0M

o K1 Ao, K1 £,% a=o+AqK?
0,00427  0,00008 1,9 (4,27 +0,08)-1073
PiBHSIHHS eKCIIEpUMEHTAIBHOT IPSIMOT
y =0,00427x.

Pe3yspTar moao po3paxyHKy TeMIepaTypHOro
koeQilieHTy onopy Merana rpadiuHIM METOIOM

o K1 Ao, K1 £,% a=a+Aa K1
0,00433  0,00005 1,2 (4,33+0,05)-1073
PiBHSIHHS eKCIIEpUMEHTAIBHOT IPSIMOT
y = 0,00433x

VI Bucrogok 00 npo8edeH020 00CAI0NCeHHS W00 GUSHAUEHHS MeMNePamypHo2o Koe@iyieHmy onopy memanda
32i0HO Nepui02o 8apiamusHo20 cnocody 0OTPYHMYBAHHS NIHIUHOI 3A1eHCHOCTI

B namniit po6oTi 1a6opaTOPHOTo MPAKTHKYMY OYIIO IPOBEACHE EKCIIEPUMEHTAIBHE JOCIIIKEHHS 100 BU3HAYCHHS
TEeMIIepaTypHOTo KoedillieHTy omopy MeTalia 3 BAKOPHCTAaHHIM cepenosuina Exel.

KinbKicTh MpoBeIeHUX JOCIi/IIB TOPIBHIOE OAMHAIISITH.

AHamTHYHUN MeTOT 0OPOOKH EKCTIEPUMEHTAILHUX JaHUX JIa€ HACTYIHUH pe3ynbTar

a=aztAa=(42710,08) 1073 (K™).
BimHocHa moxuOKa OpiBHIOE
&e = 1,9 %.
O0poOKa pe3ysbTaTiB BUMiPIOBAaHHS T€OMETPHYHIM METOIOM J1ajia HACTYIIHY BiIOBih
a=aztAa= (43310051073 (K™).
BimHocHa moxuOka TOpiBHIOE
& = 1,2 %.

PesynbTaT 1100 po3paxyHKy TEMIIEPaTypHOro KoedilieHTy omopy 30iraetbcs 3 TaOMMYHUMH JaHUMH O =
0,0043 K1,

BucnoBxku

1. B cTarTi po3risHyTI BapiaTHBHI MOXKIJIMBOCTI 0OpOOKH pPe3yiIbTaTiB eKCIEPUMEHTY il Yac BUKOHAHHS Jlabopa-
TOPHOTO MPAKTHKyMy LIO/I0 JOCIIKEHHS TeMIIEpaTypHOTro KoedilieHTy Onopy MeTaja MiJ yac HaBYaHHs Mail0yTHIX
IH)KEHEPIB 3 JUCHHUIUTIHU «(hi3uKay.

2. B nocnimkenHi 3’1coBaHo, 10 HO-Meplie, MOXKHA 3/1IHCHWIN BapiaTuBHE (TpbOMa CIIOCOOaMH)T OOIPYHTYBaHHS
JIHIMHOT 3aJI€KHOCTI 11010 BU3HAYEHHS TEMIIEPaTypHOro KoeillieHTy ormopy MeTaja; Mmo-Apyre, pe3yjabTaTH eKCIepH-
MEHTY 00poOMITH rpadiuHiM Ta aHATITHYHUM METOaMu. B pe3ysbTarti 3a TaHUMH OJJHOTO SKCIIEPUMEHTAJILHOTO JOCITi-
JUKEHHSI OTPUMaJTH IIICTh BiqmoBener. Takuil miaxig gae MOXIMBICTh GOpMYBaTH y MalOyTHIX 1HXKEHEpiB KOMITCTEHT-
HOCTI 3TiJJHO NPOrpaMHUX pPe3yJbTaTiB OCBITHBOTO IPOLECY B CHCTEMi MiIrOTOBKM MaiOyTHIX iH)KEHEpIB JUIi raiysi
3HaHb 13 - «MexaHiuHa iHKeHepis» A1 nepiioro (6akalaBpChbKOTro) PiBHS BUILOI OCBITH, caMe: «BMIHHSI 00MpatH i 3a-
CTOCOBYBATH NPUAATHI THUMOBI METOAM JOCIHIIKEHb (aHATITHYHI, PO3PaXyHKOBi, MOJICIIOBAHHS, SKCIICPUMCHTAJIbHI);
MPABHJIBHO IHTEPIIPETYBATH PE3YIbTATH TAKUX JOCIIIKEHb Ta POOUTH BUCHOBKID).

3. ®opmymoBaHHS Pe3yJIbTATIiB HABYaHHA 3 (YHAAMEHTaNbHOI ((Di3MYHOI) MIATOTOBKM B ACHEKTi MPAKTHUIHOTO
CHpSMYBaHHS OCBITHBOTO TIPOIlECY MaiiOyTHIX iH)KEHepiB CIIpHsie TOTIMOJICHHIO TEOPETUIHHX 3HAHb 3 (i3ukH, hopMmy-
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HAYKOBO-TEXHIYHA THOOPMANLIA

BaHHIO IIIJTICHOI CHCTEMH 3HaHb, YCBITOMIICHHIO 3HAYCHHS HAOyTHUX 3HAHB I PaxOBOTO iXHBOTO 3POCTAHHS.

4. IIpoBeneHe nOCIiHKEHAS HE BUUEPITY€E BC aCIIEKTH BIIPOBAHKCHHS BapiaTHBHUX MOXKJIIMBOCTEH B KOHTEKCTI (a-
XOBOT IiITOTOBKHA MaifOyTHIX iH)KEHEPIB.

5. OtpuMaHi pe3ysbTaTd MOXYTh OyTH BUKOPHCTaHI /js 30arauyeHHs! OCBITHBOTO MTPOIIECY 3 TUCHUILTIHU «(hi3uKay
110710 MiIBUILICHHS MPAKTHYHOTO CIIPSIMyBaHHsI HABYaHHSI (DI3UKH 3 METOIO MOTTTHOJICHHS TEOPETUYHHUX 3HAHb MallOyTHIX
IH)KEHepiB.
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Beryn

TTokpallleHHs AKOCTI YaBYHHUX BHJIMBKIB MPH JIUTTI y MIAHO-TJIMHUCTI GOPMHU OB’ SI3aHO 3 YCYHEHHSIM MPHrapy
Ta IHIIMX MOBepXHEBUX HedekTiB. [y mporo y ckmaa GopMyBaJbHUX CyMillleld CIlemialIbHO JOJAIOTh BYTJICLIEBMIiCHI
peyoBUHHM (MeNeHe BYTiuisl, Ma3yT, OiTyMHY CYCIEH3il0, KaM SIHOBYTUJIbHHI IeK, epeBHE OOPOIIHO, KyOOBHil 3aIHIIIOK
TOLIO), Cepel] IKUX HAWpO3MOBCIO/KEHIIINM € caMe KaM sHOBYTUIbHHN MeseHui nopomok [1, 2]. Oxgnak gacto Horo
3aCTOCYBaHHSI HE Mae HEOOXiHOT e)EeKTUBHOCTI, 110 MOB’SA3YIOTh 3 HEJOCTATHHOI KIIBKICTIO B CKJIaJl MIPOJITUYHOTO
(6MCKyYYO0r0) BYIIICIF0, TOOTO BYIJICITIO, 1[0 BUTOPAE, a IOTIM 0Ca/KYEThCS Ha TIOBEPXHI KBAPI[OBOTO ITICKY, THM CAMUM
TIOTipIITy€e 3MOYyBaHHS 1 3a1100irarouy akTHUBHIN B3aeMoii MeTaity 3 GopMyBalIbHOIO CyMimo. /lo1aTKoBo, 32 paxyHOK
rutacTrgikanii Ta BUTOpaHHs BYTULIsL, 3MEHIIYETHCS HAIIPY>KEHHS y (OPMi 1 CXMIIBHICTD IO YTBOPSHHS y>KHMIH Ha BH-
nuBKax [3]. Ane, Ha jKalb, BMICT MIPOJIITHYHOTO BYTJICIIO HE BU3HAYAETHCS B MPAKTHIII BITYM3HSIHOTO JINBAPHOTO BUPO-
OHHLTBA Yepe3 BiACYTHICTh MPUIHATOT METOAMKHY HOTO BU3HAYCHHS. E(EKTUBHICTE MPOTUNIPUTapHUX TOOABOK y JIUBAp-
HUX IeXaX 3a3BUYaii OLIHIOIOTH 32 IIOKa3HUKaMH BTPAT IPH MPOKapIOBaHHI (OPMYBAIBHUX CyMIllIeH, sIKa TOBUHHA Oy TH
B Mekax 4—6 % [1]. Iami moka3HUKY BT HaBeIeHI B cepTh(ikaTax TeHeTHYHUX, TEXHOJIOTIYHUX Ta SKICHUX Xapak-
TEPUCTHK, IO BUAAIOTHCS BiINMOBiqHIMH J1abopaTopismu. Tomy eheKkTHBHICTD 3aCTOCYBaHHS BYTLIEHOTO TIOPOIIKY 3a-
JIMLIAETHCA HelepenoadyBaHHM IIPOLIECOM.

IlocTanoBka 3agaui

Bu3Ha4yeHHs BMICTY HIpOJITHYHOTO BYTJIENIO Y BYTUJLT )KUPHUX Ta ra30BUX MapoK YKpaiHChKHUX pojosuil (/JoHe-
1pK01, JIHimpoBchKoi Ta JIbBIBCHKOT 00J1acTell) Ha MOKIIMBICTD 3aCTOCYBAaHHS Y JINBAPHOMY BUPOOHHIITBI Ta Y KOMILICK-
CHHX J00aBKax JJsl (GOPMYBAIBHHUX CyMiILICH.

Orasig aiTepatypu

Jist mpoTunpurapHux 100aBOK 3aCHOBaHa Ha TOMY, IIIO MIPY 3aJIMBaHHI METATy Y GOPMY MiJI Ji€l0 BUCOKHUX TEMIIE-
paTyp BimOyBaeThcs TEpMidHE PO3KIAIAHHS BYTJICIEBMICHMX KOMIIOHEHTIB ¥ ()OpMYBaJbHIA CyMimi, mo 3abe3mnedye
CTBOPCHHS BITHOBIIOBAJIFHOI aTMoc(epr B HTOPOKHUHI (POPMH 1 BUIUICHHS MiPOJITHIHOTO 200 «OIHCKYyIOT0Y BYTIICIIO
3 0CaKEHHSIM HOro Ha MOBEpPXHi 3epHa, IO 3a0e3Neuye 3MEHIICHHS] 3MOYyBaHOCTI METaJIOM MOBEpXHi GOpMH 1 TAKUM
YHHOM 3MEHIIIY€E TIPUTap, a IacTu(ikamis ByTJIEIeBMICHAX T00aBOK i YaCTKOBE TX BUTOPSIHHS IPU3BOIUTH 0 3HIKCHHS
TEepPMIUHOI HAIpyTH Y GOpMi i T03BOJISIE OTPUMATH JOAATKOBUH MPOTHYKUMHUH edekT [3, 4].

Sk mokasana mpaKTHKa BUKOPUCTAHHS PIAKMX BYTJIEBMICHHX IT00aBOK — Ma3yTy, pO3UMHY KyOOBHX 3aJIMIIKIB Ta
IHIIMX TOOIYHUX MPOIYKTIB BUPOOHHUITBA HAPTH — CYTTEBO MOTIPINYE SK (i3MKO-MEXaHIuHI BIACTUBOCTI CyMIllIeH, TaK
1 caHITapHO-TITiEHIYHI YMOBH TIpalli Ta YaCTO € BUMYIIEHUM KPOKOM, BHACIIIIOK BIJICYTHOCTI OOJIaJIHAHHS AJISl MiJr0TO-
BKH BYT1JUIS1 200 €KOHOMIT KOIITIB HAa MPUI0aHHs FOTOBUX IMOPOLIKIB, 00 X 3acTocyBanHs [1, 2].

ToMy kaM’sTHOBYTIIBHU MOPOIIIOK 3ATUINAETHCS Maiike Oe3aIbTEPHATHBHOIO MPOTUIIPUTAPHOIO T0OABKOIO Y (op-
MYBaJIbHI CyMillli IPX BUPOOHUIITBI YaBYHHHUX BWJIMBKIB. Alle He Oy/b-sIKe BYT'UUIS IS IHOTO NpUaTHe. BoHO moBHHHO
MaTH Ha0ip MIEBHUX SIKOCTEH, cepell IKUX 3a JaHUMH poOiT [3, 4] BiI3HAYAIOTH:

- HU3BKY 30JIbHICTDH 1 BMICT CIpKH;

- BUCOKHMH BHXiJ MipoJliTHYHOro (OIHCKy4oro) Byriento, (He Hikue 8...12 %);

- BHCOKHI BMicT JleTKuX (32% i BuIe);

- meBHUH iHTepBai mwiactuaHocTi (He Hrokue 90...100 °C (V > 19...21 mm));

- BUCOKHH piBEeHb CITy4yBaHHs Ta 3a0e3MIeUeHHs YTBOPEHHS MIIIHOTO KOKCY Ta iH.
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AHani3y09n ByTiJUIA YKPaiHCHKUX POOBUII, HAHOLIBIIE UM BUMOTaM BiAIIOBiJAIOTh Ta30Bi MapKu, B MECHIIIH
Mipi — JIOBrONOIYM sHI Ta JKHUPHi. XapaKTEPUCTHKA BT TAKUX POJOBHII 3a JaHUMH pooit [4, 5] HaBeneHa y Tad. 1.

Taéauusa 1 — XapakTepucTuka yKpaiHCHKOTO KaM’ sTHOTO BYT1ILIS

3HauCHHS [TOKa3HHKA
HaiimenyBanHs oKa3HHKa
ITaBnorpanceke kam’siHE BYTLILISA

Mapka Byrisus «I'»

3micT 3aransHoi Bosioru, % 14,8

Buxin «6muckydoroy» Byrieito, % 9,2

Buxin netrounx Ha 6e3 30a6HUI cTaH, % 40,1

Bwict 30511, % 6,5

3araneHUN BMICT CipkH, % 1,19

IHTepBa MIaCTUYHOTO CTaHy NpH HarpiBaHHi, °C 325...408

ToBLIMHA MTACTUYHOTO 1IAPY, MM 7

VY cyuyacHiil BiTUM3HSHIN Ta 3apyODKHINM NPAKTUL OTPUMAaHHS BWIMBKIB y CHPHX MilIaHO-OEHTOHITOBUX (opMax
BCE OLIBIIOrO MOIIMPEHHS 3HAXOAATh KOMIUIEKCHI JJ00aBKH — MpeMikcH, a00 komnayHau. Taki KOMIayH/HI KOMITO3HIIT
MICTATB He MeHIe 9...12 % «OIMCKY40ro ByTJIEIIO» 38 PaXyHOK YO0 TaKi MPeMiKcH OLTbII e)eKTUBHO YCYBAIOTh IPH-
rap. [Ipu oMy 3aCTOCOBYBaHHS TaKHX JJ00aBOK JOJATKOBO JI03BOJISIE CTA01II3yBaTH BIACTHBOCTI MIilI[AHO-OCHTOHITOBUX
CyMillIeH, 3HIKYBaTH BUTpaTy (JOPMYBaJILHAX MaTepialliB, MOKpallyBaTH YMOBH aBTOMAaTHYHOTO J03yBaHHS KOMIIOHEH-
TiB CyMIlIIi, @ TAKOX CYTTEBO ITiIBUIITYBaTH TOBAPHUI BU BIIIUBKIB 32 PaXyHOK 3MEHIIICHHA Te(eKTIiB (hOpM Ta BIIIUBKIB.
Binomi xommnekcui no6aBkn: ANTRAPUR®(Himeuunna) NAYVOC® (IlIsewnis), Konrpacann (Ykpaina) Ta in. [6]. ¥
CKJIaJli TAKUX MPEMIKCIB MICTATHCS OCHOBHI Ta JOMOMIXHI KOMITOHEHTH. [0 OCHOBHUX BIiTHOCATH MEJICHUH OCHTOHIT i
KaM’siHe BYTULIA, a 10 JOTIOMDKHUX — pi3HI JOOABKH, IO MiIBUIIYIOTh BHXiJ «OJIMCKYYOTO BYTIEIIO», CTAaOLII3yIOTh
BOJIOTICTh, 3HWKYIOTh B'S3KiCTh, OJABIIAIOTE BHIUICHHS Mty Ta iH. [1]. AHami3 ckmany Takux m1o0aBOK IMMOKa3aB, IO
BMICT B X CKJIaZli MEJIEHOTO KaM'sTHOTO BYTLIIA € He MeHI 52...60 % [1, 2].

Yci KOMIUIEKCHI J00aBKU YSIBISIFOTH COOOI0 CIelialibHy CyMilll OEHTOHITY 1 BYTJICLIEBOTO HOCIS - BUCOKOSIKICHOTO
KaM'sTHOBYT1JIBHOTO MIJTY 3 BUCOKMM BMICTOM JIETIOUMX B KOMOIHALIT 3 BYIJIeBOJHEBUMH cMoiiaMu. Taki cymini 3 GeH-
TOHITOM € BUOYX00E3IMEYHUMH Ta TEXHOJOTIYHUMH [IPU BUKOPUCTAHHI 1 103yBaHHi. ['panymoMerpuyHuii ckiiazg abo dpa-
KIIisl TOMEJTy KOMITICKCHOT T0OABKM OBUHHA BiNOBigaTH (paKiii micky (Tadm. 2).

Tabauusa 2 — ['panynoMeTpryHAi cKiIa] mpeMikcis [3]

25 | 1,6 | 1,0 | 0,63 0,4 0,315 0,2 0,16 0,1 0,063 0,005 MMignoH
Nel cipwmii
ANTRAPUR - - - - 3,6 0,6 32 2,6 6,8 27,2 42,0 14,0
Ne2 vopnuit
NAYVOC - - - - 6,8 4,8 13,0 12,2 12,2 14,4 19,4 17,2

BeHTOHIT y Takux mpeMikcax TaKoX MOBHHEH OyTH BHCOKOSKICHHM, Ta HE TMOTIPIIyBaTH SIK IPOTHIIPUTApHi BIac-
THUBOCTI Ta 1 (i3MKO-MeXaHIuHI BJIaCTHBOCTI (JOPMYBAIBHOI CyMIlIIIi.

SxocTi OEHTOHITIB, SIKI BUKOPHCTOBYIOTHCS y BITYM3HAHUX JINBAPHUX I[€XaX MPUCBSYCHA BEIHKA KiIBKICTh POOiT
[7-9]. Haii6inbm po3noBcromkeHuMH € KOoCTIHTHHIBCHKUIA 1 JlanyKiBChbKHiA, @ TAKOXK B OCTaHHI pOKH Ha0YBaIOTh T1OITY-
JISIPHOCTI 3aKOpJ0HHI — ['py3uHCHKHIA Ta A3epOaiikaHcbkuil. ToOMy B 3aJI€KHOCTI BiJl BUJy OCHTOHITY, 1110 3aCTOCOBY-
€TbCs y (popMyBalbHii cyMmimIi, OEHTOHIT y IpeMiKcaX HOBHHEH OYTH HE TipIIUM 32 SIKICHUMH TTOKa3HUKAMHU.

Jlist TiOBUIIEHHS ITOKa3HWKa BUXOJY MIpOJITHYHOTrO (OJNMCKYYOTo) BYIJIEHIO Y TPEMIKCH JTOJAIOTh JAEPEB’sIHY
cMouty, esiki ppaxuii kam’SHOBYTUTBHOT CMOJIM, CHHTETHYHI MaTepiaiy TUITY MOJIiCTUPOITY, TUILCOHUT Ta iH. [1, 2].

B VkpaiHi € Tako JOCBiJ pO3pOOKH TaKMX KOMIUIEKCHUX N00aBok [4—6]. Tak, Hampukmax, TOB «HBIT COKO3»
OyJ10 PO3pOOIIEHO CrIelialIbHy CHHTETHYHY KOMIUIEKCHY NMPOTUIPUTapHy 100aBKy HOBOTO IOKOJIHHS, KOMIUIEKCHY 100a-
BKY MEJIEHOT0 BYTiIIs, o otpumana HasBy MK10nA a6o «KoHTpacany, sika He IIOCTYIAETHCS IMIIOPTHAM aHasoram [6].

Martepianu i MmeToau

[epen mocmimkeHHS 3pa3ky BYTLIS MiIAaBaIH CYIIIHHIO 10 MOCTiiHOI Macu mpu temmnepatypi 105...110 °C. ITo-
MeJIeHe Ta MPOCYIIeHe BYTULIA IMiIAaBajIy MPOCIFOBaHHIO Ta Binmimsum ¢pakuito 0,2 MM, Ky 1 3aCTOCOBYBAIU IS BH-
3HaYEeHHs IPOTHIPHUTAPHUX XaPAKTEPHCTHK.
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HAYKOBO-TEXHIYHA THOOPMANLIA

JIs OHKY MPOTHIIPUTAPHUAX BIACTUBOCTEH MPUTOTOBIUTH (POPMYBANBHI CyMIMIi 3 10OaBKOIO Pi3HOTO BYTLILIA.
BuxopucToByBanu cupy mimaHo-OCHTOHITOBY (JOPMYBANBHY CyMIII, CKJIal K01 HaBeACHO y Ta0l. 3. 3 KOXKHOTO IIPHUTo-
TOBAHOTrO BapiaHTa CyMillli BUTOTOBJISUTM (HOPMY JUTS 3aJIMBAHHS YaBYHOM.

Taémuusa 3 — Ckian gociigHol mnano-0eHToHITOBO1 cymimri [ 1]

. Ckiaz minano-6eHTOHITOBOT CyMillli, MacoBa yacTka, %
Bapianr ckiany gopmyBsaib-
HOT Cymirmi ITicox kBapLOBHii benronitoBa rimuHa Boxa Tporunpurapia goGasKa
Mapku 1K203016 mapku [T1T1(KA)

0 90 10 3,5 -
1 85 10 3,5 5 (TaBIOrpazChKOro BYTLILIS)
2 85 10 3,5 5 (HOHeIBKOTO BYT1IIII)
3 85 10 3,5 5 (JIBBIBCHKOTO BYT1ILIS)
4 85 10 3,5 5 («Kontpacanny)

[l eKCriepUMEHTIB BUKOPHCTOBYBAJIM IIPHCKOPEHY METOIMKY BU3HAYEHHS OJIHMCKY4Oro BYIJICLIO Ta TBEPIOro 3a-
JUIIKY, TpuiHATY B HiMeuunni Ta [Tonbuii, Bitomoro sk MERKBLATT P-85. Lleii crioci6 3acHOBaHMId Ha BU3HAYSHHI
MacH JPiIOHOKPUCTAIIIYHOTO BYTJICIIIO, IKHiA OCpyTh B 00JIOTY 3 ra30BoO1 (pa3u MPOTUIIPUTAPHOTO MaTepially, HArPITOrO 10
temnepatypu 850 °C.

KinpkicHe BU3HAYCHHS BUXOJY BYIJICLIEBHX YTBOPEHb 13 Pi3HUX MPOTHIIPUTAPHUX J00ABOK Ta (hOPMYyBAJIBHOI CY-
MIIII BU3HAYAIH 32 JJOITOMOT OO CIIeIliallbHOrO Tpriiany (puc. 1).

160

50

240

Puc. 1. Cxema npunamy uis KiIbKiCHOTO BU3HAUSHHsI IPOAYKTIB mipounizy [10]

[Mpunan cxmagaerscs 3 40 MM KBapIoBoi TpyOKH 1, 3aI0OBHEHOT KBapIIOBOIO BATOO 2 i KBAPIIOBOTO THUTIIA 3 IS
BHITPOOYBaHOI HaBilIyBaHHA. 3 OXHOTO OOKY TpyOKa 3’ €IHY€ETHCS 3 TUTIIEM 32 JIOTIOMOTO0 IUTidy 4, Ha IHIIOMY KiHIIi €
5 MM oTBip 7 Anst Buxony rasiB. J[is ycyHeHHs! npucTiHKOBOro edekTy mpu pyci ra3iB y TpyOlli BCTAHOBIIOIOTHCS JB1
Kinbliesi giadparmu 6. J{is 3aicHEHHS aHAITI3y TPHUIIA/ 3 HABaXKKOIO MOMIIAIOTh Y My(esibHY IMiY Ha MiZCTaBlli 5, Ae BiH
BUTPUMYETHCS TPOTsroM 3 XB nipu Temmeparypi 850 °C. TloTim npmiaa 0X0JI0IKyIOTh B €KCHKATOPi IPOTATOM 3 XB IpH
temnepatypi 203 °C. [10].

JlomaTkoBO Bi3yalIbHO OIIHIOBAJIHM BETUYMHY MPHUTapy Ha YaBYHHHUX 3pa3kax, [0 BiUIMBAIKCS B MIIIAHO-TJIMHICTI
(dbopmu 3 10OABKOIO TOCITITHOTO BYTULIS, B KUIBKOCTI 5 % (Mac. yacTka) micisi BUOMBAHHS 3 JIMBApHUX (HOPM Ta IiCIs
OYMIIEHHS y ciTyacToMy Gapabani mpoTsrom 5 xBuianH. Yacrora oGepranus 6apabany 60 xs™.

A Takox yci BapiaHTH popMyBaIbHOIO cyMili miggaBanu gociimkenHto 3riqao [OCT 29234.13-91. [ecku dop-
MOBOUHBIE. MeToJ1 orpe/iesieHus] IOTEPH MacChl Y NPOKaINBaHUU (He Jifouuii 3rigHo Hakasy Bix 14.12.2015 Ne 184
[Ipo ckacyBaHHS MiXKIEpXKaBHUX CTaHAApTIB B YKpaiHi, po3pobiaenux 1o 1992 poky).

Takok Byrijuis Ta KOMIUIEKCHI IIPOTHITPUTApHI TOOABKH ITiIaBaii IpoxaproBaHHIo npu Temmeparypi 900 oC mpo-
TSATOM 15 XBUIMH JUT BU3HAYCHHS BTPATH MACH.

Excnepumentu

Buxig «0arcKy90ro» ByTIIEIIo 3 JOCHIKYBAHOTO MaTepialy po3paxoByBalH 3a (JOpMYIIO0:

Yy = "221-100 (%), 1)
3
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HAYKOBO-TEXHIYHA THOOPMANLIA

Iie my — Maca TpYOKH Mpuiiaay 3 ancopOOBaHUM BYTIICIIEBIM YTBOPEHHSIM, TOOTO. MiCHs JOCTITY, T;
mi — Maca IMOPOXKHBOI (0 MOYaTKy JOCBINY) MpOXKapeHOi TpyOKH, T;
m3 — Maca HaBilllyBaHHs aHaJi30BaHOTO Marepiainy, T (3a3Buyaii 0,1...0,3 r).

3auTi 3pa3ku MmpejcTaBiieHi Ha puc. 2.

Puc. 2. 30BHIIHIN BUrIIA 3pa3KiB 4aByHY 3aIMTUX y BOTKI MiIJaHO-OEHTOHITOBI (hopmu:

a — 3anuTi JuBapHi GopMH; 6 — 3pa3Ku YaByHy IIiCIIs pyHHYBaHHS JUBapHOI HhopMu;
6 — 30BHILIHIIT BUMIIS 3pa3KiB yaByHy MicCJIs OYMILEHHS B OapadaHi;
0 — 6e3 moxaBaHHs MPOTUIIPUTAPHUX 100aBOK; 1 — noxaBaHHs 5 % HMaBIOrPaAChKOro BYTiLIs;
2 — nonmaBaHHs 5 % AOHEBKOTO BYTULIsL; 3 — nogaBaHHs 5 % JbBIBCHKOTO BYTiILIS,
4 — nonaBanHs 5 % «KonTpacanm»

Pe3yabTaTn

PesynbTatu nocnipkeHs HaBeieHi y Taom. 4.

Taéauus 4 — [IpoTunpurapHi BIaCTUBOCTI BT Pi3HAX POJOBHUII]

HaiimenyBanHs 100aBKH Bmi?;izsa?f/;?{;gg)ofz?l’; fpi Buxin «6muckydoro» Byriemo», %
1. ITaBnorpaacekuii 40 5,5
2. JloHenpkuit 30 3,7
3. JIbBiBCBHKHIA 40 4,9
4. KommiekcuHa no6aska «Konrpacanm 60 10,6
OO0roBopeHHs1

BceranoBneHo, 0 3pa3ku BYTUDISA YKPaiHCHKHAX POJOBHIL 3aI0BOBHSIOTE HEOOXiTHI BUMOTH HE ITOBHOIO MipOIO.
Sxmo nokasHuku BMicTy netkux (3040 %), cipku (1,0-1,6 %) Ta 30mpHOCTI (1020 %) nepebyBaroTh y NpUHHATHINA
30Hi, TO 3HAUEHHs BUXOAY OnucKydoro Byriemo (He Oinbmie 4...6 %) He BiANOBizaroTh HeoOXimHOMY piBHIO. BTparn
IIPH IIPO>KapIoBaHHI (GOpMyBaNbHUX CyMilllel 3 TUMH BYTUIIAME cTaHOBUIIH Oitbiie 7,0 %, a BC1 yaByHHI 3pa3KH, BLAIHTI
B MIL[AHO-0CHTOHITOBI (hOpMHU 3 10OABKOIO IHOTO BYTJLIIS, BIPI3HSUIUCS 3HAUHUM TpUrapoM (puc. 2, 3paszku 1— 3).
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Buxoznsuu 3 pe3ynbTaTiB eKCIIEPHUMEHTY ISl 3a0€3MeUeHHs BUCOKHUX IIPOTUIIPHTapHUX BIACTHBOCTEH BYTLILIA He-
00XiJTHO TiIaBaTH CYTTEBOMY JOOTPAIFOBAHHIO: MOTU(IKyBaTH KOMIIOHEHTAMH, IO MiIBUIIYIOTh BUXiJl OJIMCKY9IOTO
BYTJICIIO, TIOBEPXHEBY MIIHICTh Ta iHII HEOOXiTHI TOKA3HUKH, HE TIOTIPIIYIOUX TIPH IOMY (i3HKO-MEXaHIYHUX XapaK-
TEPUCTUK (POPMYBAIBHOI CYMIIIIi.

Haiixpami pesyneratn mokaszana komriekcHa mnpucagka MK-10 «KorTtpacanm». Buxia mipogiTHIHOTO BYTIIEIIO
6yB He MeHm 9...10 %, BTpaTu npu NpoXKaproBaHHI TAaKOXK OyJIM HaWBHIII cepell IOCTIKyBaHUX 3pa3KiB, a 30BHIIIHIN
BUTJISI/I BUIMBKIB BiIPI3HABCS BIACYTHICTIO Ipurapy (puc. 2, 3pasok 4).

BucHoBku

BcranoeneHo, 1o ra3osi mapku [aBnorpancskoro ta JIbBIBCHKOTO POIOBHIL MAtOTh HOPIBHSHO Kpallli TOKa3HUKA
HDX >xupHe Jlonenbke Byrimist. OZHaK MOKa3HUKU BUXOY ITiPOJIITHYHOTO BYTJICLIO y BCIX MapOK BYT1LJIIS € HE IOCTaTHHO
BHCOKUMH 1 HE TepeBUILYIOTh 4...6 %. [lns 3a0e3neueHHs] BUCOKMX NMPOTHIIPUTAPHHUX BIACTHBOCTEH BYTUIS YKpaiHCh-
KHX POZOBHIIl HEOOXITHO MiIaBaTH CYTTEBOMY AOONPALIOBAHHIO: MOJH(IKYBAaTH KOMIIOHEHTaMH, LIO IiIBHIIYIOTh BU-
X1 OMUCKYYOTrO BYTJICIIO, TIOBEPXHEBY MIIHICTh Ta 1HINI HEOOXiJHI MOKA3HHUKH, HE MOTIPIIYIOYH MPH HEOMY (Pi3HKO-
MEXaHIYHUX XapaKTEePUCTHK (POPMyBaTBEHOI CYMITIIi.
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HAYKOBO-TEXHIYHA IHOOPMALIA

PO OCOBJIUBOCTI ®A30BUX INEPEXO/IB B TEPMOJJUHAMIYHIN
CUCTEMI Fe-Ni

Omnbmanenpkuii B. KO.  A-p Texn. Hayk, npodecop, 3aBigyBad kapenpu Qizuunoro Marepianosnasctsa Hario-
HAJIbHOTO YHIBEPCHUTETY «3amopi3bka IOJITEXHIKa», M. 3amopikxs, YKpaiHa,
e-mail: olshan@zp.edu.ua;

3osotapeBchbkuii 1. B. KaH. (i3.-MaT. HayK, TOILIEHT, TOIEHT Kadeapu ¢izuku HarlioHaIbHOTO YHIBEPCUTETY
«3anopi3bpKa MoJiTeXHiKa», M. 3amopixoks, YKpaina, e-mail: zolotarevsky.i@gmail.com

B po6ori [1], Ha OCHOBI aHaNI3y EKCIIEPUMCEHTAIBHHUX JAHUX I10 BIUTUBY CHJIBHUX MArHITHHX I10JIiB HA MAPTCHCUTHE
Y—0-TIepeTBOPEHHSI, OyJI0 BUCIIOBJICHO MPHITYLIEHHSI, IO 3aPOHKEHHS MapTEHCUTHOT (ha3y MO>Ke BiIOYBaTHCS B JIOKaIIb-
HUX 00JacTsX y- Ga3u 3 e30pieHTOBAaHUMH aTOMHUMH MarHiTHUIMH MOMEHTaMH. L{e MOXyTh OyTH MarHiTHi HEOIHO-
PiAHOCTI, 30araueHi aToMaMu OCHOBHOTO KOMIIOHEHTA — 3aJ1i3a, SIKi Mal0Th TCHACHIIIIO 10 aHTH()EePOMArHITHOT B3aEMOII1
[2].

MeToro 1aHOTO TIOBIJOMJICHHS € TIOIIYK CITiBBiTHOIICHHS MiXK KOHKYPYIOUHMH €IeMEHTaMHU B OiHApHI TepMOIH-
HaMmiuHi# cuctemi Fe-Ni, sika € 0cCHOBOIO 6araThox CTajel 1 CHeliaIbHUX CIIJIaBIB.

3rigao Bimomoi kpuBoi bere-Cretepa (puc.1) [2—4] B mapamarniTHi#i ['LIK-maTpumi 000X eneMeHTiB BitOyBatOThCS
MarHiTHi $a3oBi nepexoju aApyroro poay pizaux tumiB (touka Heemns Ty B y-3ami3i Ta Touka Kiopi Tk B Hikemni). [Tpu
[bOMY, TIEPETBOPEHHSI B 000X CHCTEMax BiI0YBAIOTHCS B MAIMX KJIACTEPHUX 30HAX THITY MepIoi KoopaAnHaLiitHoi cdepu.
3 yacoM B IpoIieci epeTBOPEHHs KUIBKICTb IMOMIOHMX KJIacTepiB 30LIBIIYEThCS, 110 MPUBOJAMUTH 10 30UIbIIEHHS €HTPOITIT
B 000X MeTaax, a [1¢ YNOBUIBHIOE IIBHJKICTh ()OPMYyBaHHs OLIBII CTa0UILHOTO TEpMOANHAMIYHOTO cTaHy. [lepeoir Ta-

. . . . o o VT ™
KOTro poay nmoAiu XapakTe€pru3y€eThbCs IMOCTIMHUMHU 3HAYCHHAMU IHTETPaJIlB MAaraiTHO1 B3a€EMOI11 AFe Ta g, (HOSHa‘IKI/I

(i (TT ) CHMBOJTI3yIOTh aHTHIApAENbHY (y-3ai1i30) ui napaiensHy (Ni) OpieHTallil0 BEKTOPIB CITiHIB €1EKTPOHIB Y
3d-cMyrax aTOMHUX OyOB Y BIATIOBITHUX CHCTEMaXx).
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Puc. 1. SlkicHa 3aexHiCTh eHeprii 0OMiHHOT B3a€MOIii TapH HAMOIMKIMX aTOMIB A Bijl BiJHOIIICHHS JiaMeTpa aToma J0
JiaMeTpa He3aroBHEHOT 000JIOHKH d/d3d-o60s. IEPEXITHUX METANIB [2]

Inaxme BindyBaeThes npu nonasanni Fe y uncTuii Hikesn, [HTerpan o6MiHHOT B3a€MOIii 3MIHIOETHCS JI0 HYJILOBOTO
3HaueHHs (puc. 2). Te came MOBUHHO BiOYBA€ETHCS 1 3 YHCTUM Y- 3aJ1i30M MpH 301IbLIEHH] Y HhOMY KOHIEHTpaii Ni.

Bianosigno puc. 2 piBHsHHA i A = f (CNI.) i A= f (c Fe) BIAIIOBIIAIOTh MIMCHHAM 3ajI€)KHOCTSAM, 0O 1CTHHI
PIBHSHHS BUIUIMBAIOTH 31 CXEMH, sIKa IpeacTasieHa Ha puc. 3. [Ipu npomy nepexin B I'LIK rpaTmi Bix mapamaraeTusmy
10 (hepOMATrHETU3MY y CHHTYJIAPHiM Touwi (A ~ 0) MOXe THMYACOBO BiINIOBigaTh cxeMi J, —> ¥, » 17, Uepes HeBno-

PSIKOBaHy CTPYKTYpY HEKOJIHEApHHUX BEKTOPIB eJIEKTPOHHHUX criHiB. Lle 30ymkenuii craH, sikuii 3a0e3nedye cBoepitHUN
€HEepreTUYHUH NOIITOBX JJIs TOSIBY TTapajiebHOl OpieHTalLil CIIHOBMX MOMEHTIB (puc. 4).

© Ognpmaneupkuii B. 1O., 3onorapescokuii 1. B., 2022
DOI 10.15588/1607-6885-2022-2-17

ISSN 1607-6885 Hosi mamepianu i mexnonoezii ¢ memanypeii ma mawiurnodyoyeanni Ne 2, 2022
107



HAYKOBO-TEXHIYHA IHOOPMALIA
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Puc. 2. Konnenrpariiina 3anexxsicts ooMinHoro inrerpany 4 B ['LIK-cTpykrypi crutaBiB Fe-Ni B mepuromy HaOMKeHHI
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Puc. 3. Cxema uis rpadiyHOT0 po3paxyHKy KOHIIEHTpAILlii HIKEIO 1 3a1i3a B CHHTYJISIPHIN TOYII

Po3paxyHku 3rifiHO 1i€T cXeMH JaI0Th Taki OLIHKY KOHLIEHTPALIIT HIKEJIO 1 3aJ1i3a B CHHTYJISIPHIN TOYIII:

(o @ _ Y A T
" ab+bd bf+be Ap+A, T,+T

oo bd _ be _ 4y _ T
" ab+bd be+bf A, +Ay, Ty+T,

OTKe, BpaxoBYyIOUYM YHCII0BI 3HaueHHs Toukn Heenst B y-3amizi (67 K [2]) 1 Toukn Kropi B uncromy nikeni (633 K
[2-3]), orpumaemo B at.%:

Cy =9,57%; ¢y, =90,43%.

Ll Pl eflese TTTH

4 Fd APettl T T T

+d 1T 1 desTNet TT1T17

+ L+ ) etadesyt TP T
a 6 6

Puc. 4. MarniTHa B3a€eMOIist aTOMHHX MarHiTHUX MOMEHTIB B Y- Fe (a), B Ni (8) i B cucremi Fe-Ni B o6nacti cuarysipHoi
TOYKH (6) — HecTilika piBHOBara THILy CIIIHOBE CKJIO
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