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YAOCKOHAJIEHHSA CTPYKTYPH CIVIABY CUCTEMHA
Ni-Cr-Co-W-Mo-AL-Ti-C

Mema po6omu. [lonsicac y scmanogienti cneyuiku @niugy ie2y8aibHUX eleMeHmie Ha YmeopeHHs Kapioie y
cmpykmypi, ix ¢popmy ma moacrugicmo eudinenns TIII-¢paz ons cucmemu muny Ni-Cr-Co-W-Mo-Al-Ti-C 3a donomo-
2010 po3paxyHkoeoeo memoody npozrosysanisi CALPHAD y nopisHsHHi 3 OanuMu, 00epHCAHUMU MEMOOOM PACMPOBOT
elleKmMpOHHOT MIKPOCKONII.

Memoou docnidoicenns. Hasedeno pesynomamu ekcnepumeHmanibHux i po3paxyHKosux 0anux, CQopMo8aHux Ha oc-
HOBI eKCnepUMEHMATbHUX T 835MUX 3 BIOKPUMUX Odicepelt pe3yibmamie. XiMiuHuil CK1a0 6CMaHo61I08aNU HA PACMPOBOMY
enexmpounromy mikpockoni PEM-1061, wo ocHawenuti enepeooucnepcitinum ananizom. Excnepumenmanvui 3nauenms
006pPOONANUCH MEMOOOM HATUMEHWUX KEAOPAMIE 3 OMPUMAHHAM KOPENAYIUHUX 3ANEHCHOCHEN MUNY «Napamemp-61acmu-
8ICMbY MA BCIMAHOBIECHHAM MANEMATMUYHUX DIBHANHb pecpeciliHux Mooeell, K ONMUMALbHO ONUCYIOMb Yi 3ANeHCHOCTII.

Ompumanni pesynomamu. Becmarnoesneno, wo npu 30inewenni konyenmpayii mumany oinowe 4 % ma moniboeny
oinvue 6 % i 15 % xpomy, moxciuee ymeopenns TIII-¢has (P, oi p- has) AKi 3HUICYIOMb eKCHITYAMAayiiuki 61aCMUeocmi
cnnagy. Busegneno, wo npu nasgnocmi y cniasi nonao 25 % xpomy, ymeopoemscs meepouil po3uut Ha 0CHO8I Xpomy,
AKULL 3MEHWLYE 8IACUBOCII CNIA8Y (MeXaHiuHi ma Kopo3iuni). Ilokazano, wo ompumani 3anexcHocmi 8ionogioaroms
diticnocmi § Marome 30iJICHICMb 3 eKcnepuMenmanbhumu oanumu na pieni 10 %.

Hayxosa nosusna. Ompumani 3a1edcHocmi 6nau8y 1e2y8aibHUX enemMenmis Ha XiMiyHutl ckiao Kapoidie 003601:amb
NnpocHO3y8amu 61acmusocmi 6e3 nposedents ekchepumenmis. Bcmanoeneno, ujo sminu é xo0i 3an1excHocmeti micHo Ko-
Penioms 3 npoyecamu, wo 6i00y8aiomsvCs 8 CMpYKmypi Cniasie.

Ilpakmuuna yinnicme. OmpuMani 3a1eicHOCMi MOJCYMb OYMU GUKOPUCIANT K 011 pO3POOKU HOBUX IHCAPOMIYHUX
cnaaeis, max i 0Jist 600CKOHANEHHSL CKAAOL8 NPOMUCIIOBUX CNILABIG.

Kurouosi cnoea: scapomiyni Hikenegi cniasu, kap0Oiou, posnoodil 1e2y8albHUX eleMeHmis, HCApoOMIYyHiCmb,

TLTI-pasu.

Beryn KpalleHHs KOMIUIEKCY BIACTHBOCTEH BKE ICHYIOUHX CILIa-

HeoOxinuuit piBeHb (Di3MKO-MEXaHIYHUX Ta €KCIDTya-  BiB, TaKi SK MOJTU(IKAIlA Ta iHIII TEXHOJOTIYHI METOIU
TaliiHUX BJIACTUBOCTEH CyYacHHX JXapOMIIHUX HiKelle-  MOKpAIeHHS CTPYKTYPH Ta SIKICHHX IOKa3HHKIB MaTepi-
BHUX CIIIaBiB 3a0€3MEUy€eTHCS 38 PAXyHOK JOCUTH CKJIQJHOI  ally TOTOBHX BHPOOiB [4—6]. OnHAaK MOXKHA BIUTMBATH Ha
cucteMmu JieryBaHHs [ 1-3]. BimoMi OCHTH Mi€Bi MUIAXH IT0-  BIIACTHBOCTI 3MIHOIO XIMIYHOTO CKJamy CTPYKTYpPHHX

© O6Hnocos K. B., I'pemrra B. JI., I'motka O. A., Kononos B. B., @acons €. O., 2024
DOI 10.15588/1607-6885-2024-3-1
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CKJIaJIOBHX 03 iCTOTHOI 3MiHM cKiaay ciuaBy. Tak, Ha-
NPUKJIIAJ, TIOKA3aHO, 10 3MiHU XIMIYHOTO CKJIaAy KapOimiB
BeJIe JI0 3MiHM 1X (hOpMHU, PO3MIPIB Ta TEMIIEPATYPH PO3UH-
HenHs [7-10]. ¥ cBoro uepry, Ii¢ IpU3BOAUTE 10 30iIb-
IICHHS eKCIUTyaTalliiHUX BIaCTHBOCTEH eKCIIEpUMEHTAb-
HUX KOMIO3HUIIIH.

MeTta poboTn

BcranosneHHs cnienudiky BILIMBY JIETYIOUHX eJIeMe-
HTIiB Ha YTBOPEHHS KapOiIiB y CTPYKTYpi, iX opMy Ta MO-
sxomBicTs BuniteHHs TLIII-¢a3 g cuctemu Tommy Ni-Cr-
Co-W-Mo-Al-Ti-C, 3a 10omoMororo po3paxyHKOBOTO Me-
toxy nporao3yBanHsi CALPHAD y nopiBHSHHI 3 JTaHUMH,
OJIePYKaHUMHU METOJIOM PACTPOBOI €IEKTPOHHOI MIKPOCKO-
mii.

Marepiaa i MeToaNKa TOCTITKEHD

MopentoBaHHS TEPMOANHAMIYHUX TPOILECIB YTBO-
penns ¢a3 3aivichroBanu it cuctemu Ni-Cr-Co-W-Mo-
Al-Ti-C B sKiif TOKPOKOBO 3MiHIOBAJIM KOJKEH €JIEMEHT B
MeXax, HaBe/IeHUX y Tabmuui 1. Y cucremi 6ararokomio-
HEHTHOTO JICTYBaHHS, Jialla30H BapirOBaHHS €IEeMEHTAMU
OyB 00paHHUii 3 MipKyBaHb MAaKCHUMAIIEHOTO Ta MiHIMAJIEHOL
KIUTBKOCTI eneMeHTa, mo BBoauThes B JKHC. 3minn dazo-
BOTO CKJIQAy y TIpoIleci KpHcTamizamii (OXOJOKeHHi) y
CTPYKTYpI CIUIaBiB 3iHICHIOBAJIOCS METOJOM TEPMOINHA-
MI4HOTO MozemtoBaHHs 3a gomoMmororo CALPHAD wme-
TORY.

Tabauus 1 — Jliana3oH BapiroBaHHs BMICTY XiMiu-
Hux eneMeHTiB y cucteMi Ni-Cr-Co-W-Mo-Al-Ti-C

Bwmict enementy, % 3a Macoro
C Cr Co Al Ti Mo W
0,01-0,2[1,0-35,0[0,5-19,0[0,5-6,25] 1,0-6,0 | 0,1-6,0 | 1,0-16,0

MonentoBaHHS IPOLECIB A03BOJISE IPOBECTH PO3pa-
XYHKOBE IIPOTHO3YBAaHHS Ta MOPIBHAIBHY OLIHKY BIUIUBY
JIETYIOYMX €JIEMEHTIB Ha CKJIaJl KapOi/liB pi3HUX THIIIB, HA
X po3nozin Ta (pa3oBHid CKIa y AOCIIHKYBAHUX KOMIIO-
3ULIAX.

MogenmoBaHHS MpoIecy KpUCTaTi3allii CIuiaBy 37i-
CHIOBAJIOCS BiJ] Temneparypu pigkoro crany (1600 °C) no
kiMHaTHOI Temrepatypu (20 °C) 3 TemmnepaTypHUM Kpo-
koM 10 °C y BcboMy Iiama3oHy, o J03BOIUIO BU3ZHAYUTH
TEeMIepaTypHy MOCTIIOBHICTG BHUAUICHHSA (a3 y Imporeci
KpHUCTami3anii.

[Iporao3yrodi po3paxyHKH HPOBOIMIUCS 32 BHUXiA-
HUM XIMI9HHAM CKJIA/IOM CIUTaBY 3 BU3HAYCHHAM HAWOLIBIIT
HMOBIPHOTO BUALICHHS KIJILKOCTI Ta THITY KapOidiB y CTPY-
KTYpi, @ TAaKOX 1X XIMIYHOTO CKJIay MiCJIsi MOJICIIOBaHHS
npoiiecy KpucTaiizarii. OTpuMaHi 3aJIe)KHOCTI MAOTh J10-
CUTh BUCOKI KoediuienTu nerepminauii R2>0,9 i MOXyTb
BUKOPHCTOBYBATHCH JIUISI IPOTHO3YIOYHX PO3PAXYHKIB.

ExcniepuMeHTaNbHO CKJIa] KapOiliB BHU3HAYAIMA HA
pactpoBoMy enekTpoHHOMY Mikpockori PEM-1061 3 cuc-
TEMOI0 EHEProANCIICPCIHHOTO PEHTIEHOCHEKTPAIBLHOIO
MiKkpoaHamizy. JJaHuM MeTomoM BHBYAIH MOPQOJIOTIIo i
XiMIUHUH cKiman KapOimiB, MO0 BUAUIMINCS B CTPYKTYpi
cruiaBy. Jls mepeBipKy TEOPETHYHHX 3alieKHOCTEH OyIio

o0pano mpomuciosuii ciuta JKC3IK, skuil BiTHOCHUTHCS
IO JIOCITIDKYBAHOT CHCTEMH.

Pe3yabTaTn 10c/aigKeHb Ta iXx 00roBopeHHst

B cucremi Ni-Cr-W-Mo-Al-Ti-C 3anexHo Biji BMiCTy
JIETYIOUHX €JIEMEHTIB MOXJIMBE YTBOPEHHs Oe3miui a3,
poTe OCHOBHMMH (pazaMul [UIsl IIi€l CHCTEMH 3alIHiia-
I0TbCS Taki: Y- TBepAMH po3umH; KapOimu (tumy TiC,
M23Cs); eBTEeKTHKA y+Y'; IHTEPMETaJIil TUIY Y’ Ha OCHOBI
(NizAl). Bcranosnero, mo nepBuHHI KapOinyu MaroTh BH-
coky Temmeparypy posnaay (1350...1450 °C), mo nae
3MOTY 3MIIHIOBaTH CIUIaBU 3a MiJBUILEHHUX TeMIIEpaTyp
eKcIuTyaTanii. BcTaHOBIEHO, IO Temieparypa po3dH-
HeHH (BuauieHHA) KapOimie MC Bim BMICTY BYTJEIIO
npakTnaHo He 3MiHeThes (1300150 °C), Tak camo 1 s
kap0OiniB Tumy M»3Cs (1000£50 °C). OmHaK KiTBKiCTh Kap-
0imiB y cruraBax cuctemu 3pocTtae (puc. 1).
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Pucynok 1.— 3anexHicTh KiJIbKOCTI KapOiiB BiJf BMiCTY
BYIJICLIO Y CKJIaJl CIIaBy

[pu BBenenHi Ti B crniaB, y BUIe3a3HAUCHIX MEXKaX,
MPHU3BOAMTE 110 3MiHH cKiIany kap6imie MC (puc. 2) (36i-
JBIIEHHS BMICTY THTaHy Ta 3HM)KEHHS KIJIBKOCTI BOJIb(-
pamy Ta MoiOaeHy). 301IbIIEHHS BMICTy THTaHY B CIIIaBi
6inpmre 4 % npu3BoANTH 10 BUAUTEHHS P- dasw, sKa € da-
3010 THIIT i icTOTHO 3HIMKYE €KCIUTyaTamiiHi BIaCTHBOCTI
CIIaBiB.

Morni6eH npakTHYHO HE BILTMBAE Ha 3MiHY XIMIYHOTO
cxnany kap6inie MC ta M»3Cs. Beenenns Ounbine 4 % Mo
B CIUIaB IPU3BOIUTH 10 YTBOpeHHA KapOiny MeC, ocHOBOIO
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SIKOTO € MOJIIOJIeH, TIpoTe Bxke 1pu 6 % Mo B cruaBi 3’siBIsi-
ervcs TLIIT ¢asza (P- dasa, sika 3apomKyeThesi Ha LBOMY
KapOi/i), M0 3HIKYE SKCIUTyaTalliiiHi BJIACTUBOCTI.

Ti. W, Mo; %

an
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PucyHnok 2. 3anexHicTh KUIBKOCTI TUTaHy, BOIb(ppamy 1 MoJi0-
neny B MC kap0izax BiJ BMICTY TUTaHy B CIIIaBi

Bonbdpam He BIuMBae Ha TeMIepaTypy pO3UHMHEHHS
(Buminenns) kap6iniB MC i M23Cs, BOHa 3HaXOIUTHCS Ha
piBHi 1340£10°C 1 1050£10°C BiamoBigHO. 301IbIICHHS
KOHIICHTpaIii BOJib(h)paMy y CIIaBi IPU3BOAUTE JI0 3MiHU
BMICTY JIeTylouHX elleMeHTiB y kapOinax MC (puc. 3). [Ipu
LIOMY KOHIICHTpAllis TUTaHy B KapOiai 3MEHIIyeThCs, a
30LIBIIy€eThCS Bodb(pamy. [IpoTe Bke 3a 5 %W y cruiasi
ytBOproeTsest kapoin MsC (35 %W, 27 %Mo Ta iHmii erne-
MEHTH), SKuii Moxke Oytu meHTpoMm ocBita TILIII-das.
Bwmict monibneny Ta xpomy B kap6ini MC 3HIKY€eTBCS 10
MiHIMaJIbHUX 3Ha4eHb. Bonbhpam Mano BIumBae Ha Ximi-
yHUA cKiIaq Kap06imiB MasCe.

XpOM € eneMEeHTOM, 110 BIUIMBAE Ha YTBOPEHHS Kap-
011iB M23Cs, Ha OTO OCHOBI, BiH IIPAKTHUYHO HE BILTUBAE
Ha TeMIlepaTypy pO3YMHEHHs (BUAUICHHS) KapOiniB
(1000450 °C). BcranosieHo, 110 3 3MIHOI KOHIICHTpAIIil
XpOMY y Iill CHCTEMI CITOCTEPIraroThCs TaKi 3aJIEXKHOCTI

(puc. 4).
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PucyHnok 3. 3anexHicTs KUIBKOCTI TUTaHy 1 Bodb(ppamy B MC
kapOizax BiJ BMIiCTy BoJIb()paMy B CIUIaBi

o 5 % xoHueHTpalii XpoMy B CIUIaBi crocrepira-
€TbCs IPUCYTHICTH KapOiniB Tuny MC 1 MeC, npote npu
nepeBuiieHH koHeHTpauii 5 %Cr yTBoproeThest KapOin
M33Ce. Beenmennst xpomy Oinbmie 10 % mnpusBomuTh 110
3HUKHEHHS Kap0iny MsC Ta yrBopeHHs ripu 15 % Cr Tppox
TILII-da3 (P, o Ta p- pas), o cyTTEBO 3HU3UTD EKCILTya-
TaliiHI BIAacTHBOCTI cruiaBy. [IpUITMHEHHS pO3YMHEHHS
XpOMY B CHCTEMI CHIOCTEpiraeThes MpH KOHIEHTpaii 25 %
Cr, 110 TPU3BOIUTH JI0 YTBOPEHHS Y- TBEPAOTO PO3YHHY Ha
OCHOBI XpOMY Ta IIe OUTBIIOrO 3HIKEHHS BIIACTUBOCTEH
CIIaBy.

PesympraTtii po3paxyHKy (a3oBOr0 Ta XiMI9HOTO
CKJIaTy, 3TiTHO 3 OTPUMAaHUMH 3aJIeKHOCTSIMH, HAJaJl 11o-
PIBHIOBANM 3 EKCIEPUMEHTAIPHUMH [aHUMH, OTpHMa-
HUMH 32 JOTIOMOTOIO €JIeKTPOHHOI MIKPOCKOIIii B PEeXIMi
MIKpO30H/IyBaHHS Ha PaCTPOBOMY EJIEKTPOHHOMY MIKpO-
ckomi, PEM-1061. Mopdoororis kapOigiB y CTpyKTypi
crutaBy JKC3JIK (1110 BiZHOCHTBCS [0 AOCIIIKYBaHOT CHC-
TEMH) TIpeJCTaBIeHa Ha pUC. 5. 3a MeKaMu 3epeH y BH-
Il OKpEMHX OJIOKIB i IUIACTHH PO3TAlIOBYIOTHCS Kap-
0imu Ty M23Ce, kap0inu Tury MC B TaHOMY CITIaBi IpU-
CyTHI B OJIOKOBOMY BUTJISIAI 1 pO3TAIIOBYIOTHCS BCEPEIUHI
3epeH.
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Pucynox 4. 3aexHOCTI KUTBKOCTI XpOMY, HIKEJIIO Ta BOJIb(]-
pamy B M23Co kapOinax BiJ BMICTy XpOMy B CILIaBi

%1000

Pucynok 5. Mopdonoris kap6inis y ctpykrypi cmmasy XKC3IK
Ta TOYKU MPOBEACHHS XIMIYHOTO aHAJi3y

XimiuHu# cKi1az KapOiJiB BU3HAYAIHN €KCIIEPHUMEHTA-
JIbHO METOJIOM PEHTI'€HOCIEKTPAIBHOTO MIKpOaHallizy, 3a
JIOTIOMOTOIO SIKOTO (DiKCYBaJIM IHTEHCUBHICTh PEHTI'€HIBCh-
KOT0 BUIIPOMIHIOBaHHS 3aJIeKHO Bix eHeprii KEB. Excre-
PUMCHTAIEHO BCTAHOBIICHO, IO IO CKJIany KapOimiB BXO-
JIITh TUTaH, BOJIb(ppaM, MONIOICH, HIKEIIb Ta XpOM y Ha-
CTYIHUX CITiBBITHOLIEHHSX MTOPIBHSHO 3 PO3PaXyHKOBUMH
3HAa4YeHHSMH (TalI. 2).

Taoaunus 2 — XiMivuHuUit ckiiaa kapOigiB po3paxoBaHi
332 OTPUMaHUMH 3AJICIKHOCTSMH Ta OTPUMaHI eKCIIepHUMEH-
TaJIbHO METOJIOM PEHTI'€HOCIEKTPAIbHOIO MiKpOaHAIi3y
mpu 20 °C

MeTo OTDHMAHHS Bwmict enementy, % mac.
A otp Ti | W [ Mo ] Cr [ Ni [Co] C
Pospaxynxosuit | 57 g1 54531 148 [ 073 | — | - | 16,18
ckaag MC
Pospaxynkosuit | |y 5 117 15]5836 | 1443(52] 6,1
ckaag M»3;Ce
Exkcniepumenrans-
Huii ckiaag MC 574 246 | 1,76 | 0.8 - — | 16,6
(puc. 5, Touka 1)
Exkcniepumenrans-
HEH ckmax M,;Cy - 0,9 | 18,6 | 57,9 | 14,9 |5,1| 6,05
(puc. 5, Touka 2)

VY tabnumi 2 mokasaHo, IO PO3PaxyHKOBI Ta eKcIIe-
pUMEHTaNbBHI JaHi 100pe y3ro/PKYIOThCS MiXK COOO0TO Tpak-
TUYHO 3a Bcima eneMeHTaMu. CrocTepiraerhbes IiIBUILe-
HUl BMICT BoJb(pamy Ta momnidaeny B kap6ixi MC Tta
XpoMy Ta Hikesto B KapOimi M»3Cs. Taki 3HAUCHHS MOXKYTh
OyTH BUKJIMKAHI IMiIBUIICHUM BMiCTOM LIUX EJICMECHTIB y
CIUIaBi, Ipolecamy JiKBauii 41 nmoxubkamu npuiany. Ta-
KM YMHOM, PO3paXxyHKOBI JaHi 110,10 BU3HAYCHHS THITY Ta
XIMIYHOTO CKJaxy KapOifiB, MoKa3ain Xopoury 301KHICTh
Ta y3TOJUKEHICTh 3 €KCHEPHUMEHTAIBHIMHU JTAaHUMH, OTpPH-
MaHAMH METOJIOM E€JIEKTPOHHOI MiKPOCKOTIIi.

BucHoBkm

1. Ha ocHOBI KOMIUIEKCHOTO MiIXOAy IJIi CHCTEMHU
Ni-Cr-W-Mo-Al-Ti-C otpumani HOBI perpeciiini Mojedi,
IO JI03BOJIIIOTH aJICKBATHO MPOTHO3YBATH XIMIUHHIA
cKiaj KapOiaiB 3a XIMIYHUM CKJIaZoM ciiiaBy. [lokaszaHo,
110 OTPUMaHI 3aJIe)KHOCTI 3MIHIOIOTHCS BiJI BMICTY eneme-
HTa 1 TICHO KOPEIIOIOTh 3 TEPMOTUHAMIYHHX MTPOIIECIB, 110
BiZIOYBalOThCS B CHCTEMI, IO CYIPOBOKYIOTh 3MiHY CTe-
xiomeTpii kapOiniB abo BUIINIEHHS HOBUX (a3.

2. BcraHoBi€eHO, O TIpH 30UIbIIEHHI KOHIEHTpALil
tuTany ounbie 4 %, Monidaeny ounbme 6 % i 15 % xpomy,
moxuuse yrBopenus TLII-da3 (P, o 1 - ¢a3) sKi 3HIKY-
I0Th €KCIUTyaTaliifiHi BIaCTUBOCTI cruiaBy. Tak camo, mpu
BBE/ICHHI MOHAK 25 % XpoMy, y CIUIaBi yTBOPIOETHCS TBE-
PIUii PO3YMH HA OCHOBI XpOMY, SIKHi 3MEHIIIY€E BIACTHBO-
CTi cIuIaBy (MEXaHIYHI Ta KOPO3ilHi).

3. [IpoBeneHO MOPIBHSIBHY OIIIHKY PO3PaxXyHKOBUX
pe3ynbTaTiB, OTPUMAHUX 32 PETPECiiHIMH MOIEISIMHU Ta
eKCIIepHMEHTAIbHIMH JaHUMH, OTPUMAHUMH METOIOM
PEHTIeHIBCKOT CIIEKTPOCKOIii. AHalli3 pe3ysbTaTiB AaB
XOpolly 30DKHICTh 1 MOXe OyTH 3alponOHOBaHHMN [UIst
MPOTHO3YBAHHS CTPYKTYPHUX CKIIAMOBUX Y POMHCIOBUX
CIUTaBax i pO3pOOKH HOBHX MaTepiaiB.
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Purpose. Establishing the specifics of the influence of alloying elements on the formation of carbides in the structure,
their shape and the possibility of separating TLC phases for the system of the Ni-Cr-Co-W-Mo-AI-Ti-C type using the
CALPHAD calculation method of prediction in comparison with data obtained by the method of raster electron micros-

copy.

Research methods. The results of experimental and calculated data, formed on the basis of experimental and results
taken from open sources, are presented. The chemical composition was determined on a REM-1061 scanning electron
microscope equipped with an energy dispersive analysis. Experimental values were processed by the method of least
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squares with obtaining correlation dependencies of the “parameter-property” type and establishing mathematical
equations of regression models that optimally describe these dependencies.

Results. It was established that when the concentration of titanium is more than 4 % and molybdenum is more than
6 % and 15 % chromium, the formation of TSC phases (P, o and u- phases) is possible, which reduce the operational
properties of the alloy. It was found that when the alloy contains more than 25 % chromium, a solid chromium-based
solution is formed, which reduces the properties of the alloy (mechanical and corrosion). It is shown that the obtained

dependences correspond to reality and coincide with experimental data at the level of 10 %.

Scientific novelty. Obtained dependences of the influence of alloying elements on the chemical composition of car-
bides will allow predicting properties without conducting experiments. It was established that changes in the course of
dependencies are closely correlated with the processes occurring in the structure of alloys.

Practical value. The obtained dependencies can be used both for the development of new heat-resistant alloys and

for the improvement of the compositions of industrial alloys.

Key words: nickel-based superalloys, heat-resistant nickel alloys, carbides, distribution of alloying elements, heat

resistance, TCP-phases.
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OCOBJTUBOCTI ®OPMYBAHHSA ®A30BOI'O CKIIALY TA
BJIACTUBOCTEM BUCOKOJETOBAHOI CTAJII 03X17H3Ir'9MB/IIOY

Mema pobomu. Oyinka eéniugy ae2ysanivHux enemenmis xoposiunocmivxoi cmani 03X17H3T'IMBE/[FOu na ¢haszo-
8UIL CKIIAO MA NOKA3HUKU GUCOKOMEMNEPAMYPHOI KOPO3IL.

Memoou docnidacenns. 3 memoio nepesipku eniugy Ximiunoeo ckaady va cmpykmypy cmani 03X17H3T9IMB/FOu
suUcomosieHi 1abopamopti cmaii. Bueomosnenns yux cmanei nposoounu 6 iHOYKYIuHil neui 3 OCHOBHOIO (hymeposKoio
emuicmio 50 xe. Ompumani 6UIUBKY KYBaANU HA 3a20MO08KU posmipom 40x 80 x100 ymm, 3 Hacmynuoio 2apsauo npoxam-
K010 Ha 3paszku mosuwgunoro 25, 20 ma 15 mm. Busnauenns epanuyb nauHHOCMI cmaneli nposoouy nicis BUMpUMKU NPU
memnepamypi 850 °C na npomsszi 10000 2o0un. Kopositiny cmitikicms 00CIiOHUX 3PA3KI8 USHAUANU 2PAGIMEMPUYUHUM
MemoOoM NiCisl NOBHO20 3AHYPEHHS 3pA3KI8 Y PO3NIAGLEHUL MASHIL.

Ompumani pesynomamu. O0IpyHmMo8aHo 6UOIp OCHOBHUX N1€2YBAbHUX eNeMEHMI6 Ma GUSHAYEHO IXHIll GNIUG HA
CMIlKICMb Y aecpecugHomy cepedosuyi GIOHOBNIOBANLHO20 NpoYyecy UpoOHUYmMea 2ybuacmozo mumauy. Buxonano
mMepMOOUHAMINHULL PO3PaxyHOK eHepeii 1ib6ca 6 inmepsani pobouux memnepamyp. Pozenanymo ma obpano HeobxioHe
cniggionowenns gaz cmani 03X17H3T'IMB/FOuy na ocnosi diacpam [llegnepa de-Jlonea ma Ilomaxa-Caeanesiua.

Hayxosa nosusna. Bcmanoeneno énaus sminu ximiunozo cxknady cmani 03X17H3TIMB/[FOu 6 medcax mexuivHux
VMO8 HA (ha308i CKNAO0BI, SPAHUYIO NOB3YHOCE MA CIINIKICIMb ) A2PeCUBHOMY Ceped08ULi BIOHOBTIOBAILHO20 NPOYECy
BUPOOHUYMBA 2Y0UaACO20 MUMAHY

Tlpaxmuuna yinnicme. Iloxkasano, wo n1e2y8anbHull KOMNIEKC KOPOZIHOCMIUKOI Cmai 30amHutl Cymmeeo niosu-
wumu i3uUKo-Mexaniuni ma mexHoN02iYHi 61ACMUBOCTT, POUUPUMU DYHKYIOHATbHE 3ACTNOCYBANHAL.

Knroyosi cnosa: kopositinocmitika cmanv, 1e2y8aibHi eneMeHmu, 2youacmut muman, aycmenim, wapmencum, ¢ge-
pum, nog3yuicms, CMIUKICb.

Beryn

BaxnmuBuM acnieKTOM IpH CTBOPEHHI Cy4acHHX €KO-
HOMHOJICTOBaHHUX HiKeJIeM cTaieid mae OyTH OaraToKoM-
TIOHCHTHEC JICTYBaHHA, AKC J03BOJII€ CTBOPCHHSA HOBUX
neodazuux (oty) ta Oararodazuux (o+y+e’) cranei, mo
IIO3UTUBHO BIUIMBA€ HA IXHI BJIACTHUBOCTI Ta Hajgac IM
repeBary Npy BUKOPHCTaHHI B YMOBaX BHCOKHX TEMIIE-
patyp Ta arpecMBHOIO CEpeJOBUINA B ITOPIBHIHHI 3 BilO-
mumu a”aoramu. AISI 321, 05X18H10T, 10X23H18
(T'OCT 5632-82).

Ha cporozHi y 3B’s13Ky 3 LIMPOKAM BHKOPHCTAHHIM
Oe3HIKEeNIeBUX Ta MAaJOHIKENEeBHUX CTajed aKTyalbHOKO €
po3poOka cram i3 MeTacTaOiTFHOI0 ayCTEHITHOIO CTPYK-
Typoro Ha ocHOBI cuctemu Fe- Cr-Ni-Mn.

AHani3 nocaizkens Ta myoaikaniit

CydacHuil pO3BUTOK METaIypTriifHOI IPOMHUCIOBOCTI
B YKpaiHi Ta 3a KOPIOHOM BHCYBa€ Bce OLIBII BHCOKI
BUMOTH JI0 PO3pOOKH HOBHX CIUIABIB 3 BUCOKHMH IOKa3-
HUKaMH KOPO3iWHHMX, MEXaHIYHHX BJIACTUBOCTEH IpU
€KOHOMHOMY CKIIaJIi JIEryBaJbHUX €JIEMEHTIB, OCOOJIHBO
KOILITOBHOT'O HIKEJIO.

KoposiiiHoCTi#iKi cTajmi Ta CIUIaBH € HaHBaKJIHBi-
MM KOHCTPYKLIHHUM MaTepiajoM HIMPOKOTO BHKOPHC-
TaHHA. 3aJIeKHO BiJ CTYIEHS JIETyBaHHS KOPO3iHHOCTINKI
CTaJIl HOAIISIOTECS HA XPOMHUCTI, XPOMOHIKEJIEBI, XPOMO-
MapraHIeBO-HiKeJIeBi Ta XpoMoMaprasmesi [ 1-2].

OCHOBOIO PO3pOOKH HOBHX CTaJICH € BIOCKOHAJICHHS
paHime po3poOJICHNX CKJIadiB, JICTOBAaHHX MapraHIEM,
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XpoMoM, Miqaro, HikeneM i P3M Ta monatkoBo momiOme-
HOM, Hi00ieM i OapieM.

Cmasu cuctemu Fe-Cr-Mn BigHOCSATBCS 1O KOPO-
31MHOCTIMKHX, SKi HE PiIKO 37aTHI KOHKYypyBaTH 3 Xpo-
MOHIKEJIEBUMH CTANISIMHU. 3HIKCHHS BMICTY Ie(ilIUITHOTO
HIKEJIO Y CKJaji CTalli poOUTh MEePCIIEKTUBHUM 3aCTOCY-
BaHHS [UX CIUIABIB 3 CKOHOMIYHOI HOTIIAAY, 3 ypaxyBaH-
HSIM CBITOBHMX IIiH Ha Hikenb 1 Mapraneus (~18749 i 1650
J0JIapiB 3a TOHHY). YKpaiHa 3a 3amacaM i pecypcamu
MapraHieBux pya 3aiimae 1 micie y €Bponi i 2 y cBiti
(micnsa IliBnenHo-Adpukancekoi PecryOmikn). ['onoBHi
3anmacu (Omm3bko 2,28 mupa ToH) 3ocepemkeni y Hiko-
nojbcbkoMy Oaceiini (33 %) Tta Benuko-Tokmarbkomy
ponosumi (67 %). Mapranens MHUPOKO BUKOPUCTOBYIOTh
JUIsl BUPOOHMIITBA CTajel, TOMy € HEOOXiTHICTh 3acTocy-
BaHHS HOTO SIK KOPUCHOI TOOaBKH.

YBara 3apyOiKHUX JOCIIKEHb CIPSMOBaHAa Ha Po-
3po0Ky ayCTEHITHUX KOPO3IMHOCTIHKHUX CTayel 31 3HIKe-
HUM BMICTOM HIKEII0 Ta O€3HIKeNeBHUX 3 IIiIBHUIICHUM
BMICTOM MAapTaHIIO, a TaKOX IOOaBKaMH a30Ty 1 Mifi.
dipmoro «Shinnittetsu Sumikin Stainless» (Xikapi, Smo-
Hisl) pO3po0IIeHO CKITaf] KOPO3iHHOCTIMKOI cTam 3 3HIKe-
HuM Bmictom Hikemro NSSC 180 (19% Cr, 0,3% Ni, 0,4%
Cu-Nb), ane neit ckian 3abe3neuye KOpo3iiiHy CTIHKICTh
TIIBKY Y 3BUYalHIN atmMochepi [3—4].

AycTeHiTHa XpOMOHIKeNeBa CTalb € OJHUM 3 OCHO-
BHUX KOHCTPYKIIHHUX MaTepialiB y XiMiuHIi Ta iHIIUX
ramy3sx IPOMHCIOBOCTI, J¢ MOTpiOHa KOpo3iifHa TpuB-
KICTh Ta XapoMilHICTh. HalOiumpmmiAi HEmONiK cTaneit
LIBOTO KJIACy - II€ CXWJIBHICTD /10 XJIOPUAHOTO PO3TPiCKY-
BaHHS, TOOTO PYiHYBaHHS B TapsSuuX XJIOPUIHHX PO3UH-
Hax. [Ipu Bubopi MaTepiamy s poOOTH B yMOBax arpe-
CHUBHOTO CEpEeIOBHUINA TEXHOJIOTIYHOTO MPOIECy BiITHOB-
JICHHS TUTAHy Ta CTBOPEHHS HOBUX CTaieil 3 0OOMEXCHUM
BMICTOM HIKEJIIO MOTPIOHO BpPaxOBYBaTH HETaTHBHHIMA
BIUIUB Ha CTPYKTYPY, OCKUIbKH TUTBKH MapraHeusb i a3oT,
KpIM HIKEJI0, BYIJIEIIO Ta Mili, MalOTh CIIPOMOXKHICTh
JUISL PO3IIMPEHHs cepH ICHYBaHHsI. ayCTEHITY Y €KOHOM-
HOJIETOBAaHNUX BUCOKOXPOMHCTHX CTaJISIX.

Mera pobotu

Mertoro naHOi poOOTH € MOCTIIKCHHS CHCTEMH JIe-
TYBaHHS CTaJli B paMKax TEXHIYHUX YMOB JUISl ITiABHIIEH-
HJ ii MEXaHIYHUX BIIACTHBOCTEH 1 KOPO3iHHOI CTIMKOCTI. B
YMOBaX BiJJHOBJIIOBAILHOI'O MPOLIECY OTPUMAHHS ryOyac-
TOTO THTaHY.

Jnst foCATHEHHS. METH BUPILIEHO psiJi 3aBIaHb:

- 00paHO TpaHUII JIETYBaHHS CTaJl AJS peakTopy B
YMOBax arpecMBHOTO CEPEIOBHUINA TEXHOJIOTIYHOIO ITPO-
1iecy BiJIHOBJICHHS T'y0UacTOro TUTaHy;

- BCTAHOBJICHO HEOOXIiJHE CIiBBIHOLICHHS CTPYK-
TYpHUX CKJIAJHUKIB CTaJICH 3aJI€)KHO BiJl XIMIYHOTO CKJIa-
Jly Ta peXKUMY TEPMI4HOTO 0OpPOOIICHHS.

Marepian i MeToanKa J0CTiAKEHD

Jnst mociipKeHHs BIUIMBY JIETYBAJbHUX CJICMEHTIB
koposziHocTifikoi  crami  03X17H3T9MBAIOu  Ha
850 . .
G,g~4- TOB3y4OCTi Ta IOKAa3HUKH BHUCOKOTEMIIEPATYPHOT
KOpO3ii MpoBeIeHI HaTYpHI BUIPOOYBaHHSI.

3 METOr0 IepeBipKH BILTMBY XiMIYHOTO CKJIaIy CTai
03X17H3I'9MB/IOu Ha ¢a3oBmii CKJIan BUTOTOBICHO
BiCIM JIaOOPAaTOPHUX CTaleH, sIKi IPOBOAMINA B 1HIYKITiHi-
Hill Tedi 3 OCHOBHOIO (yTEepoBKOIO e€MHicTIO 50 K.
OTpuMaHi BWIMBKMA KyBald Ha 3arOTOBKH PO3MIpOM
40 x 80 x100 MM, 3 SIKUX TapsIiM HIPOKATYBaHHAM OTpPHU-
MyBaJi 3pa3ku TOBIIHHOIO 25, 20 u 15 MM (Tabm. 1).

Jlyis BH3HAYCHHS TPAHUIN TUIMHHOCTI MPOBOIUIH
MOPIBHSIHHS TPUBKOCTI cTajedd mpu temmepatypi 850 °C
npotsirom 10000 roaus. KoposiiiHy CTIHKICTh JOCIHIAHUX
3pasKiB BU3HAYaJIM TPaBIMETPUYHMM METOJOM MICIIs
MMOBHOTO 3aHYpPEHHS 3pa3KiB y pPO3IJIABICHUNA MarHii
npotsirom 10000 rogus mpu Temmepatypi 850 °C.

Pe3yabTaTn nociigxenb

BusHaueHO NMO3WTHBHMH BIUIMB JIETYBaJbHUX eJle-
MeHTIB Kopo3iiHocTiiikoi crami 03X17H3T'9MB/[IOu Ha
6 = 850 moKa3HWKHM BHCOKOTEMIIEpaTypHOi Kopo3ii Ta
noB3ydocti. Ha ocHOBI pe3ysbTatiB fociipkeHb (i3uko-
XiMI9HOT B3a€MOJii KOMIIOHCHTIB CTalli 3 arpeCHBHUM
CepelIOBUIIEM TIIPOIIECY BITHOBJICHHS THTaHy BHOpaHi
0OMe)KeHHSI KOHIICHTpAIIil JISTYBAIGHUX E€JIEMEHTIB: Hi-
KeJIb, XpOM, MapraHellb, MoJiomeH [5].

[lepenyMoBOIO AOCHIIKEHb CTPYKTYpPHHX iarpam,
MOJIITEPMIYHUX HEPETHHIB 1 130TEpPMIYHHUX PO3pi3iB HOC-
JDKYBaHUX CTaJlell Ta BIUIMBY JIETYBAIBHUX €JIEMEHTIB
Ha BJIACTHBOCTI KOPO3IHHOCTIHKOI cTami € 0coOJIUBICTH
TEXHOJIOTIYHOTO TPOLIECY OTPUMaHHS SKICHOTO THUTaHy i,
BOJIHOYAC, 3MEHIICHHS 3a0pyJHEHHS Iy0uacToro THTaHy
KOMITOHEHTAaMH Marepiary peakropa [6].

3 BpaxyBaHHSIM YMOB Hepediry TeXHOJIOTIYHUX IMPO-
[[ECiB MarHiHTEepMIYHOTO BHPOOHHUIITBA THUTaHY, OOpaHO
CKJIaJM BiIOMHX Ta AOCIHIAHUX MapoK CTaJled AJIs MopiB-
HSUTBHOTO aHANi3y IXHBOI KOPO3iHHOI CTIHKOCTI Ta »Kapo-
MIIHOCTI.

BpaxoByroun BHCOKY KapOMIIHICTD ayCTEHITHUX
crarneii, miaiOpaHo CIiBBiTHOMICHHS ayCTEHITOYTBOPIOBA-
JbHUX 1 (PepUTOYTBOPIOBAIILHUX €JIEMEHTIB, sIKe 3a0ecre-
4yye ayCTCHITHY CTPYKTYpYy B IHTEPBali TeMIlEpaTyp eKcC-
wiyarartii. Jins penakcaiiil TepMIiYHHX HAIPYXEHb, IO
BUHUKAIOTh NPU NUKIIYHINA 3MiHI TeMIepaTtyp, nepeada-
YeHO HasBHICTh (eputHoi ckmagoBoi — 5...10 %
mpu < 400 °C.

Po3po0Oky HOBOro Marepiany i PeTOPT MPOBOIMIH
3 ypaxyBaHHSIM B3a€MOJii KO)KHOTO 3 KOMIIOHEHTIB CTali
Ta 100aBOK 3 CEPEIOBHILEM BiJHOBIIOBAIEHOTO MPOIIECY
OTpUMaHHS THTaHy TyOuartoro. TeTpaxiopun THTaHY
TiCls — BenbMU aKTHBHUI 1 B3aEMOJII€ 3 yCiMa MeTalaMH,
B PE3YJIBTATI YOTO BiHOBIIIOETHCS 10 HIDKYHMX XJIOPHUJIIB,
0 OOYMOBJIFOE€ BHIUICHHS 3HAYHOI KUTBKOCTI TEIUIOTH.
IMonepeaniMu JOCTIIKEHHSIMH MPOBEAECHO TEPMOANHAMI-
YHUI pO3paxyHOK BUIBHOI €Heprii OKUCHUX peakiliii OCHO-
BHHX JICTYBAIBHUX €JIEMEHTIB Ta J00aBOK 3 TETPaxJIOpH-
oM tutany TiCly, siki MOXKYTB BimOyBaJvich B peTopTi [7].

KomriekcHIM TOCTIKEHHAM B3a€MOJIi TeTpaxJio-
pUmy THTaHy 3 KOMIIOHCHTaMH CTalli BHACIINOK 3MiHi
TEMIIEpaTypu TPOLECY BCTAHOBJIEHO OCHOBHI TEPMOJIH-
HaMIYHO CTiHKi JeryBajpHiI eneMeHTH. OOIpyHTOBaHO
3aCTOCYBaHHS TAaKHX €JEMEHTIB SK MOJIOIeH, KOOabT,
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HI0OIH, a TakoXX MapraHenp (3 OTJSAY IO TOTO X HasB-
HICTh CHPOBUHHOI 0a3u YKpaiHu).

OCKIiJTBKH MapraHenpb BiTHOCHTHCS JI0 €ICMEHTIB HE
CXWJIBHHX IO MACHBalii, TO KOpO3iifHa CTIMKICTh B OKHUC-
HIOBaJIPHUX CEepEelIOBHUINAX U cTalel 3abe3medyBajiach
MEPEeBaYKHO BMICTOM XpOMY i, BiANOBITHO, AOZATKOBUM
JITYBAaHHSAM €JIeMEHTaMHU, 3JaTHUMH ITiIBUIIUTH KOPO-
31liHY CTIHKICTB.

CriBBiIHOIICHHS (Pa30BUX CKJIAIOBHX JTOCHIIHOT
crami 03X17H3I'9MB/IO4 oOpaHo Ha OCHOBI aiarpam
Hlednepa ne-Jlonra ta Iloraka-CaraneBuya. Bmict ayc-
TEHITOYTBOPIOBATBHUX, (PEPUTOYTBOPIOBATHHAX Ta Map-
TEHCHUTOYTBOPIOBAIGHUX JICTYBAJIbHUX EJIEMEHTIB, SKi
MICTHTbH CTaJlb, PO3PaxOBYBaJIH 3a piBHAHHAMHU [8—10]:

Cregs. gep. = Cr — 1,5Ni + 1,551 — 0,75Mn —
— K¢ (C+N)+ Mo +4A1+4Ti+ 1,5V + 0,5W +
+0,9Nb — 0,6Co — 0,5Cu, (1)

ne 2 Clexspep. — XPOMOBHUH €KBiBJICHT (HEPUTOYTBOPIO-
BaHHs, SIKUI BPaxoOBy€ CyMapHHMH BIUIMB BCiX JIETyBajb-
HUX €JIEMEHTIB Ha YTBOpEHHs O- depuTa;

Cles. MapT. — 20— [CI' + 1,5N1 +O,7S1 +O,75Ml’1 +
+ K (C+N) +0,6Mo +1,5V + 1,1W + 0,2Co +
0,2Cu++1,9Ti—0,1 Al, 2)

1€ Clegs.mapr. — XPOMOBHI €KBIBaJICHT MapTEHCUTOYTBOPIO-
BaHHS, SIKUH BPAaXxOBY€E BIUIUB BCiX JIETYBaJbHHUX €JIEMEH-
TiB Ha TEMIIEpaTypy MapTEHCUTHOTO IIEPETBOPEHHSI.

Bwmict enemenriB, y mac. %: Cr, Ni, C, N, Mn, Mo,
Si, Nb, Al,Cu, Ti, V, W, Co.

Ximiunuii ckman ctami 03X17H3I'9MB/IIOu 3axu-
menuii narenToMm (ITarent 100650 Ykpaina. MIIK C 22
C 38/02. XXapominHa kopo3iifHocTilika cTaib) 3abe3neuye
BHCOKHI piBEHb MEXaHIYHHMX Ta CIIy>KOOBHX BIIACTHBOC-
Teit (tabn. 1) [11].

JonmatkoBe BBEICHHS MOIIOIEHY, HiOOi0, MapraH-
o 10 9 % Tta Gapiro MpH MEBHOMY CITiBBiJIHOLICHHI 3a-
Oe3meuye BUCOKHU OMip CTali MIKKPUCTATITHOI KOPO3ii
mpu Temmeparypax > 850 °C. Haiibinpmmit edekt Bifg
BMicTy MoNiOIeHy onepxyioTs B inTepBami 0,2...0,6
Mac.%, HWKHS TpaHHUL BMICTy MOJIOAEHY 3yMOBICHA
MMOKa3HUKOM MIITHOCTI CTajli, a BEpXHI — HeOaKaHUM
HaTiKaHHJIM B ry0UacTuil THTaH pO3po0JIeHOI CTali.

Beenenns amrominio 0,02...0,15 mac.%, copuse pe-
TYJIIOBaHHIO JUCIIEPCHOCTI HEMETaJeBHX BKIIOYEHb Y
ctaii. Bmict kpemuiro mo 0,8 mac.%, crpusie migBHILECH-
HIO CTYIEHIO PO3KHCHEHHs, a IEePEBUILEHHS CYTTEBO
3HMXKYE TIACTUYHOCTb.

Jo6aBku Oapiro 3 po3paxynky 0,001 mac.%, mo Bi-
JIIOBi/Ia€ MEXi HOro PO3YMHHOCTI B TBEPAOMY PO3UYHHI
ctami. Bmict rpymm pingkicHozeMmenbHuUX Mertamie P3M
miarpumyBanu B aianaszoni (0,001...0,01 mac.%), 3a6e3-
MEYyI0YH 3MEHIICHHS OUQY3iHHOI PYXJIMBOCTI BYTIICIIO
Ta a30Ty Ha MeKax 3epeH, LI0 IePelIKOIKANI0 YTBOPEH-
HIO KapOidiB 1 HITPUAIB.

Po3pi3 norpiiinoi miarpamu Fe-Cr-Ni [8—10] npu pi-
3HUX TeMIleparypax HiITBEpAUB pe3yJbTaTH eKCIepuMe-
HTY, TOOTO moumHawouu 3 Temreparypu 1100 °C craib

03X17H3I'9MB/I}Ou npu exBiBaneHTaX Crew.gep=7,3 1
Crexsmapr= -11,17 3HaxoanTbhcs B 001aCTi OJHOPIAHOTO
TBepHOro po3uuHy. [IpM 3HIDKGHHI TeMIeparypu
< 800 °C crTpykTypa cTalli IepeTBOPIOETHCS HA 00JIACTh
3MIlIaHUX TBEPAUX PO3YUHIB O +Y.

AHami3 i30TepMivHHX mepepi3iB (puc. 2) CTpyKTyp-
Hoi miarpamu lloraka-CarameBnda IOKa3aB HACTYITHHHA
CKJIan CTPYKTypHUX CKJIaoBux (puc. 2) cram
03X17H3I'9MBII0u ~27 % aycTeHiTy MeTacTablIbHOTO,
~ 65 % aycTeHiTy CTpyKTypHOBIIbHOTO Ta ~ 8 % deputy
(puc. 3).

XiMIuHHMH CKJIa] Ta pe3yJibTaTH BUIPOOYBaHb HaBe-
JieHo y (Tadu. 1).

Cr 0200 W% 60 708 9N
6
Pucynok 1. [3oTepmiunmii iepepi3 noTpiiHOI Aiarpamu

Fe-Cr-Ni [9]:
a— 1100 °C; 6 — 800 °C; 6 — 400 °C

© €Bceepa H. O., Mimenko B. I'., benikos C. b., Kopniernko B. B., Mimenko /1. B., 2024

DOI 10.15588/1607-6885-2024-3-2



p-ISSN 1607-6885 Hosi maTepianu i TEXHOJIOTIT B METAIyprii Ta MauHOOY 1yBaHHi. 2024/3
e-ISSN 2786-7358 New materials and technologies in metallurgy and mechanical engineering. 2024/3

c:(ﬂ . =
2L Vv &
5 ¢
20 Aycmni'ro ;
-18 | 3 2| 818} 2
Os !
16 L o 4 AyceHiT+epuTt
14 Cnigu mapTeHcuTty
5 8
-12 10 4
-10 %_
]
s 7 N\
% 3
'5 = 1
4 S5% . MBPTEHCHTY
2t MapTeHcuT+chepuT §,%
of 6: L /’- 60
2k /] 440
a /
4 |.. 2 = >~ 420
1 005 4 1 1_(CN). % 1 | -
6 4 -2 0 2 4 6 8 10 12 14 Cc%_

Pucynok 2. CtpykTypHa giarpama Kopo3idHocTiikux ctanei [10]

Tabauus 1 — Ximiunuii ckiiag gocuigaux cruiasis crani 03X17H3T9IMB/IO0u4 [11]

No spasis Bwict neryBanpHuX eneMenTiB, Mac.%
- C N Si Mn Cr Ni Mo Nb Al Cu Ba P3M
1 0,02 0,01 0,38 4,82 15,7 1,92 0,19 0,14 0,02 0,12 0,001 | 0,002
2 0,11 0,10 | 0,82 10,7 19,1 3,86 0,58 0,37 0,16 0,47 0,001 | 0,014
3 0,09 0,02 | 0,71 9,0 185 365 0,25 0,31 0,03 0,25 0,001 | 0,008
Cnign MapTeHcuTy
4 0,03 0,07 | 0,75 9,4 17,9 3,48 0,57 0,25 0.06 0,31 0,001 | 0,004
5 0,12 | 0,04 | 0,81 10,5 19,0 2,05 0,21 0,10 0,12 0,15 0,001 0,01
6 0,10 | 0,03 | 0,56 10,35 | 18,7 2,15 0,19 0,11 0,15 0,21 0,001 | 0,005
7 0,05 0,03 | 0,32 8,9 16,0 2,0 0,20 0,40 0,03 0,45 0,001 | 0,001
8 0,02 0,12 0,8 5,0 | waprescary 3,8 0,60 0,21 0,04 0,10 0,001 | 0,003
03X17H3T
9MBﬂq MapTteHcuT+dhepuT
IMarent 0,029 - 0,89 9,09 | 16,6 2,3 0,262 0,325 0,14 0,413 - | 0,01
VYkpainu
Ne 100650
PesynpraT moCHimKEHHA MIBHAKOCTI KOpo3ii Ta BucHoBknu
TPaHMLL ITOB3YYOCT! IOCHIDKEHHX CTaJ€l ITOKa3yHOTh, Pospobesii NEN— cKIax crami

IIO CITIBBiJTHOILICHHS JIETYBAIBHHUX EJIEMEHTIB 3a0e3reuye
paIlioHaNbHUI CTPYKTYPHHUH CTaH 3 JOCTATHHO BUCOKUMHU
NOKa3HMKaMHU TOB3y4YOCTI Ta KOpPO3iiHOi CTifKOCTi crasi
B miana3oHi temmeparyp (100....850 °C) (tabmn. 2).

Ta6muus 2 — Pe3ynbraTél TOCTIIKCHHS IIBUIKOCTI
KOPpO3ii Ta rpaHuIlb MOB3YYOCTI 3pa3KiB cTasei

Ne HIBuakicTs KOpo3ii, 850 Tpannuz ‘
3paskiB r/cm? Oz G|+ “ToB3ysocTi, MIla

1 1,2613 12,1

2 1,1805 61

3 1,1524 49

4 1,0931 58

5 1,2134 34

6 1,2485 31

7 1,2415 15

8 1,2510 9,5

03X17H3I'9MB/Iu cTBOproe HeoOXigHui (ha3oBUil cTaH
B Jliana3oHi poOOYHX TEMIEpaTyp TEXHOJIOTIYHOTO Hpo-
1ecy i, BiIIOBIHO, 3a0e3Neuye MakCUMallbHi CITy)K00BI
BJIACTHBOCTI Ta pecypc eKCIuTyaTarii.
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FEATURES OF THE FORMATION OF THE PHASE COMPOSITION AND
PROPERTIES OF HIGH ALLOY STEEL 03X17H3I'9MB 104
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Purpose. Evaluation of the influence of alloying elements of corrosion-resistant steel 03X17H3I'9IMB/{IOu on the
phase composition and indicators of high-temperature corrosion.

Research methods. In order to check the effect of the chemical composition on the structure of steel
03X17H3I9MBJ{IOu, laboratory steels were made. The production of these steels was carried out in an induction fur-
nace with a main lining with a capacity of 50 kg. The resulting castings were forged into blanks 40 x 80 x100 mm in
size, with subsequent hot rolling into samples 25, 20, and 15 mm thick. Determination of the yield strength of steels was
carried out after exposure at a temperature of 850 °C for 10,000 hours. The corrosion resistance of the test samples
was determined by the gravimetric method after the samples were completely immersed in molten magnesium.

Results. The choice of the main alloying elements was justified and their influence on durability in the aggressive
environment of the recovery process of spongy titanium production was determined. A thermodynamic calculation of
the changed Gibbs energy in the operating temperature range was performed. The required phase ratio of
03X17H3I'9IMEJ[FOu steel was considered and selected based on Scheffler de Long and Potak-Sahalevich diagrams.

Scientific novelty. The effect of changing the chemical composition of steel 03X17H3I'9IMB{IOu within technical
conditions on the creep limit and durability in the aggressive environment of the recovery process of the production of
spongy titanium was determined.

Practical value. It is shown that the alloying complex of corrosion-resistant steel is capable of significantly im-
proving the physical, mechanical and technological properties, and expanding the functional application (purpose).
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Casuenko B. O.

BIIJIUB PO3MIPY HAITIOBHIOBAYA HA CTPYKTYPY TA
BJIACTUBOCTI NOJIIMEPHOI MATPUIII

Mema pobomu. Busuenns eéniugy po3mipy uacmox oxcudy amominito (A1;03) Ha mexaniuni xapaxmepucmuxu
NOAIMEPHO20 KOMNO3UMY 3 000A8AHHAM DYOIIEHO20 CKI0B0I0KHA. Buguenns 63aemooii misc vacmramu oKcuoy amoMinio
ma pyoneHo2o CKI1080I0KHA.

Memoou oocnioscenna. byno nposedeno Oocnioxcenns 3paskie Ha poszmsae 3a JJCTY EN ISO 527-5:2018.
Bunpobysanna nposoounu na pospushiti mawuni «MTS Criterion Model 43» 3 maxcumansnum 3ycuniam 50 kH.
Memanoepaghiunuii ananiz npogoounu na mikpockoni KEYENCE VHX npu 36inewennsx 50 ma 500. Mikpocmpykmypy
noaimepHoi mampuyi susHayau Ha wigpax 6e3 mpasnenns. Pacmposuii enekmponHuii aHaniz npo8oouny Ha MiKpoCKoni
JEOL JSM-5510LV.

Ompumani pezynomamu. [1okazano 00ciodHcents 6NAU8Y 66e0eHHsL PI3HUX PO3MIPI6 hparyii oxcudy antominiio Ha
nonimepry mampuyro. byno euseneno, wo 3i 30invuenHam gpaxyii Miynicms nNOAIMEPHOT KOMROZUYIT 3MEHUYEMbCA.
Takoowc 6yn0 npogedene 00CHIONCEHHs 83AEMOOI PYOIEHO20 CKIOBOJOKHA MA PI3HUX pakryili OKCUoy AnioMIiHIIO0 Ha
MEXAHIYHI XapaKmepucmuxu ma Mop@onozito 3 €OHanHs 3 NOJIMEPHOI0 KOMNOZUYIEHO.

Haykoea nosusna. Bzacmoois pyonenozo 6010kHa 3 Qpakyisimu oKcudy antoMiHii0 MOdCe BRAUSAMU HA MEXAHIUHI
G1aCMUBOCmi KOMNO3UMY, MAKi K MIYHICMb, JICOPCMKICMb, Ma eracmuynicms. Ll 63aemodis modice niosuwumu abo
SMEHUUMU MEXAHIYHY CMILIKICIb MAMePIany 3a1e)iCHO 6i0 Xapakmepy KOHMAKMY ma CNi68iOHOULEHHST KOMNOHEHMIS.
Buguenns mopgonoeii 3’e¢Onanns migxc pyoneHumM 60IOKHOM | (paxyiamu OKCUdy amOMIHIIO Modce OONOMOSHU
3pO3yMImu, K GOHU 63AEMOOIIOMb MIdC 00010 Yy KomMnosumuii cmpykmypi. Lle exmouac ananiz aoeesii miowc
KOMNOHEHMAMU, CMPYKMYpU RNIOKMIOYEeHb Md MONCIUBUX Oe@eKmis, Wo MOAICYMb GUHUKHYMU Ni0 4ac npoyecy
sueomosients. Jocniodcenns yiei 83aemo0ii 8iOKpUBae MoICIUBOCHI 0I5l PO3POOKU HOBUX KOMNOZUMHUX MAMePIanis 3
NOKpAWjeHuUMYU 61ACMUBOCMAMY A PIZHOMAHIMHUMU 3ACTNOCYBAHHAMU 8 NPOMUCIO80CMI, OYOi6HUYMEI, agiayii,
ABMOMODINbHIL NPOMUCTOBOCTNT MA THUUX 2ATY35X.

Ilpakmuuna yinnicms. Ilpaxmuune 3HaueHHs NOJA2AE MAKONHC Y 800CKOHANIEHHI MEXHONO02IU 8upoOHUYmMEa ma
8NPOBAOICEHH] HOBUX Mamepianie y npomucnogicms. Moowcausicms Kepysamu MexaHiyHUMU 1ACMUBOCMAMU
KOMRO3UMI6 WIAXOM 3MIHU pO3MIpY Qpakyii okcudy amoMiHilo Modce CHpUsmu CMeopeHHIo Oinbul epekmusHux
Mamepianis 0Jist 6UPOOHUYMEA asMoMOOINL8, 1imaxis, 6y0iselbHUX KOHCMPYKYI moujo.

Kpim moeo, posyminns 63aemo0ii pyOnieHo2o CKI0680I0KHA Ma GPaxyitl OKCUuoy amiOMIHII0 MOJce GIOKpUmMU HOGL
MONCTUBOCIT OTISL PO3POOKU KOMNO3UMIG 3 YVHIKATbHUMU MEXAHIYHUMU XAPAKMEPUCMUKAMU, WO BION0GIOAIOMb GUMO2AM
CYYACHUX MEXHONIO2I MA NPOMUCTOBUX UPOOHUYMSE.

Kniouosi crosa: ckiosonokno, mampuyst, HAnOBHIOEAY, MOOUDIKYBAHHS, OKCUO ATIOMIHIIO, eNOKCUOHA CROTIYKA.

Beryn

3MinryBaHHS ~ ToOJiMepiB €  e(eKTHBHHM  Ta
MIEPCIIEKTUBHAM METOJOM CTBOPEHHS MaTepialiB 3
TTOKPAIICHUMH (Di3UKO-XIMIYHUMH Ta €KCIUTyaTalliiHUMHI
XapaKTePUCTUKAMHU, [II0 IIePEBEPILY€E HABIThH CHHTE3 HOBUX
MOHOMepiB Ta momiMepiB. OcoOJMBICTH TOTIMEPHHUX
KOMIIO3UTIB HOJIATAE B TOMY, IO iX BIIACTHBOCTI 3HAYHOIO
MipOI0 BU3HAUAIOTHCS (Da30BOIO CTPYKTYPOIO, SKa
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HacamIepe]] 3aJeKUThb BiJl CTyNEHsS TEPMOJUHAMIUHOI
CyMiCHOCTI (Bif a0COTIOTHO CyMICHHX OJTHOPITHUX CHCTEM
IO 9aCTKOBO CYMICHHX Ta TIOBHICTIO HecyMmicHUX) [1, 2].
Brmme po3mipy YaCTHHOK OKCHIY AaJIOMIHIIO Ha
BJIACTHUBOCTI ITOJIIMEPIB € aKTyaJbHOIO TEMOIO TOCTiIKEHb
obxacti moxiMepHHX KOMITO3UTiB. OKCHA aTIOMIHIO, 5K
OIMH 3 HaWHOUIBII TMONMIMPEHNX HAIOBHIOBAYiB Y
MOJIMEPHUX MarepiajlaX, Ma€e YHiKaJbHi (Di3UKO-XiMiuHi



p-ISSN 1607-6885 Hosi maTepianu i TEXHOJIOTIT B METAIyprii Ta MaiuHOOY 1yBaHHi. 2024/3
e-ISSN 2786-7358 New materials and technologies in metallurgy and mechanical engineering. 2024/3

BIIACTUBOCTi, SKIi MOXYTh 3HAa4YHO BIUIMBATH Ha
XapaKTEePUCTUKH KIHIIEBOTO KOMIIO3UTHOTO MaTepiaiy.
Po3Mmip 9acTHHOK OKCHIY aJIFOMIHIIO iCTOTHO BILIMBA€E Ha
0e3niy  KIIIOYOBHX IapaMeTpiB, TaKUX SIK MeEXaHIYHa
MIIHICTh, TCIUIONMPOBIAHICTh, EJEKTPUYHA 130JIAIs 1
TepMiuHa CTaOUTBHICTh MOJIMEPHUX KOMIIO3HUTIB.

AHaJi3 gocaixkens Ta myoaikamii

besniu mociipkeHb MPHUCBSYEHO BUBUCHHIO BILUIUBY
PO3Mipy YacTHHOK Ta PO3IMOJUTYy PO3MIpiB YaCTWHOK Ha
MEXaHiYHI BJIACTHUBOCTI IOJIMEPHUX KOMIIO3WTIB 3
HamnoOBHIOBadaMHd. B mocmimkeHHi [3] mpoaeMOHCTpyBaiy,
IO CepeIHiil pO3Mip YaCTHHOK, a He iX pO3IMOIii, BIUIUBAE
Ha MEXaHIYHI BJIACTUBOCTI TOJIMEPY CTHPOI-OyTamicH-
CTHPOJI, 3allOBHEHOTO CKJIOM. PeoJoriuHi BIacCTHBOCTI
YUCTHX MOJTIMEPIiB TAaKOXK 3aJIECKHUTH BiI PO3Mipy YaCTHHOK
HAIlOBHIOBAYa.

[Monimepun, siki 3amOBHEHI IPiOHUMH YaCTHMHKaAMU
(menme 0,5 mMM) 3a3BU4ail MalOTh TPAaHUYHY HAMpyry
3CYBY , IIIO € MPOSIBOM CHJILHOI B3a€EMO/JIii YACTHHOK 1 Ma€
Oe3rocepesiHE BiAHOLICHHS A0 PO3Mipy 4YacTWHOK. Jlst
TOJIIMEPHUX CUCTEM, 3aIIOBHEHHUX OUIBIINMHU YaCTHHKAMH,
BINOBiNF Ha 3CyBHy Je(opMalliio BHU3HAYAETHCS
TIIPOJMHAMIYHOIO  B3aEMOJIEI0, a HE B3aEMOJIEI0
YAaCTUHOK MIXK CO00I0, 1 Il CUCTEMH 3 HE B3aEMOIIFOUNMU
YaCTUHKAMH HE BHSBIFOTH TPAHHMYHOI HAIpPYTd 3CYBY.
[Tnoma moBepxHi 10 00CATY HAMTOBHIOBaYA 301LTBIITYETHCS
i3 3MEHIIEHHSIM CEepeIHBOTO iaMeTpa YacTHHOK, IO
MPU3BOAUTH 10 CHJIBHOI TEHICHIII IO ariomeparii Ta
arperariii [4-6].

MexaHiuHI  BJIACTHBOCTI  YaCTKOBO-TIOJIIMEPHHUX
KOMITO3MTIB CWJIHO 3aJIe)XaTh BiJl PO3MIpY 4YacTHHOK,
anaresii iHTepdeiicy YacCTHHKA-MaTPHIIA Ta 3aBaHTAXKCHHS
4acTUHOK. Po3Mip 4acTOK Mae OUYEBHAHWI BIUIMB Ha IIi
MeEXaHi4Hl  BJIACTHUBOCTI. HaiinpiOHitmi ~ yacTHHKH
KapOOHaTy Kaiblilo 3a0e3redyroTh OUIBII  BHCOKY
MIIHICTh HAallOBHEHMX KOMIIO3HTIB MOJIIPOIJICHY IpH
3aJaHOMY 3aBaHTa)KCHHI YaCTHHOK [7].

B mocmimxenHi [8] migkpecanian 3aimikaBIeHICTh 10
3aMiHA MiKpOPO3MipHOTO KpeMHEe3eMy 1oro
HAHOPO3MIPHUM aHAJIOTOM, OCKUTBKH HaHO YaCTHHKH
KpeMHe3eMy MalOTh OUTBIII BHCOKI MEXaHIYHI BIaCTHBOCTI.
Byno BusBIeHO, MmO i HAHO YAaCTUHKH HAJAIOTh
moJjiiMepaM  OLTBII BHCOKY JKOPCTKICTH 1 IIiJBHIICHY
MeXaHIYHy MILlHICTh Ha PO3PHB.

MeHmmit po3Mip yacTok 3abe3nedye OiIbII BUCOKY
MILHICTH TpU  po3puBI A  KapOOHATy  Kajblilo,
3aMOBHCHOTO  IOJICTHJIICHOM  BHCOKOI  T'yCTHHH[9].
AHAJIOTIYHO, CTOKCHIHA CMOJIA, IO MICTHTh TPHTiApAT
QITIOMIHIIO 3 MCHINIMMH YaCTHHKAMHU, Ma€ OUTBII BHCOKY
MiIHICTb pu po3pusi [10].

YV po6ori [11] mocmimKyBaBcs BIUTUB JIETIOYOIO 30ITH
3 TphOMa  pPI3HUMH  PO3MIpaMH  YacTHHOK  Ta
KOHIICHTpalisiMi HamoBHIOBaya. Cdepuunmii  popmu
HAIlOBHIOBAY 3HAYHO ITOKPALIWB >KOPCTKICTH 3aBISKU
Kpamii moBepxHi i B3aemonii. KommosuTtu 3 MeHIIUM
pPO3MIpOM YacTOK JIETIOWOi 307 IIOKa3ald 3HauHe
NOKpALIeHHs 3aralbHUX (MEXaHIYHUX Ta EJICKTPUYHUX)
BJIACTHBOCTEI KOMITO3MTIB.
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Merta pobotu

Mertoto 1aHO1 € TIPOBEICHHS KOMIUIEKCHOTO aHaJli3y
BIUIMBY PO3Mipy YaCTHMHOK HAIlOBHIOBaYa Ha BIACTHBOCTI
MOJIMEPHUX KOMIIO3UTIB. B pamkax JqoCiiIpKeHHs
BUBYABCSl B3A€EMO3B’A30K MDK pO3MIPOM  YacTHHOK
HaIlOBHIOBaYa Ta MEXaHIYHUMH XapaKTepUCTUKaMHU
rosimepiB. OcoOnmuBy yBary Oyne NpPWAIIEHO OILUHI
e(peKTy po3Mipy UYaCTHMHOK Ha MIIHICTh Ta TPYXKHICTH
TOJIIMEPHOTO ~ KOMITO3UTY. Pe3ymbraTét  HOCIHIIKEHHS
O3BOJATH  OUTBII  TAHOOKO  3pO3YMITH  MeXaHi3MHU
MOCWIIEHHS Ta Moaudikarmii MmoliMepHUX MaTepiaiiB 3
BUKOPHCTAHHAM Pi3HUX PO3MipiB YaCTHHOK HAIIOBHIOBAYa,
II0 Ma€ BAKIUBE 3HAUCHHS JUI1 PO3POOKH HOBHX
(byHKIIIOHATTBHUX MarepianiB 3 MTOKPAIIEeHUMH
BJIACTHBOCTSIMH.

JI71st MOCSITHEHHS ITOCTaBIEHOT METH HEOOXI1IHO:

- TpPOBECTH aHaNli3 BIUIUBY BHOpPaHUX pO3MIpiB
HaIOBHIOBaYa Ha XapaKTEPHCTHKH NOJTIMEPHOI MaTpPHIILi;

- TIPOBECTH [OCTI/KEHHS IOBEPXHI 3pa3KiB, MIO0
Bi3yami3yBaTH Ta OLIHUTH MOP(OJIOTiI0 IMOBEPXHI
KOMITO3MTIB, @ TAKOX BUSIBHTH PO3IOJUI Ta B3AEMOJIIIO
YaCTHHOK HAIIOBHIOBAYa 3 MOJIMEPHOIO MAaTPHLICIO;

s poboTa Mae 3a METy TOCTIIWTH BILIMB PO3MipiB
HAllOBHIOBAaYa Ha CIOKCHAHY CMONIY Ta CIHpHSTH
ONTUMI3AIT BIACTUBOCTEH MOIMEPHUX MATPHUIlh 3 METOIO
HOKpAILEHHs IXHBOT'O 3aCTOCYBAaHHS B PEaIbHUX YMOBaX.

Marepian i MeToaHKA JOCINKEHD

VY UpOMY EKCIIEpUMEHTI JJIsi CTBOPEHHS MaTpHIli
Oysi0 BUKOpHCTaHO enokcuaHy cmoinry «Royal Resiny. 3
METOI0  IOKpAIlleHHS  MEXaHIYHHX  BJIACTUBOCTEH
MOJIIMEPHOI MAaTpHIl, IO IPYHTYETHCS HA EHOKCHUIHOMY
3B’s13Ky, Oyno BHOpaHO JpiOHOIMCIICPCHUI ITOPOLIOK
okcuay amominiio (Al,O3) pi3HOrO po3mipy Ta pybOieHe
CKJIOBOJIOKHO.

Oxkcup aNoMiHIO, 3a3BUYal, iICHY€ B KPHCTAIIIHIN
noniMopduiin dopmi a-Al,Os, B AKili BiH HaWdacTimie
3yCTpidaeThCs y MPUPOI y BUIIIAI MiHepary KopyHay. Ha
30BHIIIHIA BHUIVISII YWCTHI OKCHI aIIOMIHIIO € 0171010
TBEPZAOI0 Pe4OBHHOI0 0Oe3 3anmaxy. MosipHa Maca OKCHIY
amominito 101,96 r/mons, rycruna 3,95-4,1 r/cm?,
temneparypa miaieHss 2072 °C. Okcuj aqiOMiHIIO HE
PO3YMHSETECA Y BOJI. Y CBOIM HAWOLIBII MOIIUpEHii
KpHCTalliuHii (opmi, a came KopyHAIy abo OKcHIy o-
AIIOMIHI0, HOTO TBEPAICTh POOUTH HOTO MpUAATHUM JUIS
BUKOPUCTaHHS B SIKOCTI KOMIIOHEHTa B PIKYYHX
iHcTpyMeHTax. OKCHI aNIOMIHII0 3aXHWIIa€ MeTaJCBHA
aNMfOMiHIA Bim mii atMocdepHOro mMmOBITpsA. MeTaneBwii
AIFOMiHIN Jy’>Ke JIETKO B3a€MOJI€ 3 KHCHEM IOBITPS, MpH
LbOMY YTBOPIOETbCS TOHKUH 3aXWCHUM LIapy OKCHUAY
aNOMiHII0 (TOBIIMHOIO 4 HM) Ha OyIOb-AKii BIIKPHUTIH
nmoBepxHi amoMiHiro. OKCHI aloMiHII0 € aM()OTepHOIO
pPEUOBMHOIO, TOOTO BiH MOXE BCTYIAaTH B pEakiiio 3
KUCIIOTAMH Ta OCHOBaMH. bByJydnm JOCHTH XiMiYHO
IHEpTHUM, OKCHJT ANIOMIHIO € MOLINPEHUM
HaTOBHIOBa4YeM JJIs macTMac [12].

JlocnimKeHHs! BUKOHYBaJIX BiJIIOBITHO /IO CTAHIApTy
JCTY EN ISO 527-5:2018 «Ilmactmacuy, SKUi BKIIFOYAE
BUNPOOYBaHHS  3pa3KiB  MOJIMEPHUX  KOMIIO3UTHHUX
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MaTepiaiiB Ha PO3TATYBAaHHS 3 IMOCTIHHOO MIBUAKICTIO ITO
po3puBy. MILHICTh Ha PO3PHB BU3HAYAIH IPU KIMHATHIN
temneparypi. [nga ouinkn BmmmBy Moamdikamii Ha
CTPYKTYpY Ta BIACTHBOCTI  IIOJNIMEpHOI  MaTpHIli
BUTOTOBJISIIIA HE MEHIIE I SITH JIOCJ'IiI[HI/IX 3pa31<iB JJIs1
KOKHOTO HOMepa 3paska. 3pa3ku Oyiu 0e3 HakJIaJoK Ta
MapKyBanucsi 3 000X OOKiB HOMepoM mapTii Ta
MOPSIIKOBUM HOMEPOM B MapTii Ha Till YacTHHI, 3a SIKY
3nilficHIoBasiocst  3axormieHHs.  lle  3a0e3meuyBaiio
ineHTH(iKamio 3pa3kiB mix yac BurpoOyBaHb. Koxna
napTisi Marepianxy Ui BUIPOOyBaHb BKJIIOYANa MO M'SITh
3pasKiB  JUII  KOXHOTO  PEXHMY  JIOCIIDKEHHS
BrnactuBocteil. Ilepen  mpoBeleHHSM — BUNPOOYBaHb
MPOBOAMJIA BUMIPIOBAaHHS PO3MIpiB po0OY0i YacTHHH
3paskiB. Y TpOTOKON BUIPOOYBaHb 3aHOCHIIHM 3HAYCHHS
IUIOIII TIOTIEPEYHOTO Iepepi3y 3paska [13].

Ha MEPIIOMY erari pi3HOrO po3Mipy
JPIOHOUCTIEPCHI YACTOYKH OKCHY aTIOMIHIIO BBOIITHCH
0e3rocepeslHb0 B CMOKCHUAHY CMOJY, TMIiCIS YOro
KOMITOHEHTH THepeMinryBaiucss mpotsrom 10 XBWIMH i
JIMIe HiCJ'Iﬂ IbOI'0 BBOJAUBCA OTBEPAKYBad 3 HACTYIIHUM
NepeMilllyBaHHSIM KOMIIOHEHTIB IPOTSTOM 1€ 5 XBUJIMH Ta
BUTPUMYBAHHS OTPUMAaHOi PEYOBMHM Ha BiOpauiiHOMY
croini nporsirom 10 xBuiamu. Ha npyromy erami Oynm
MIATOTOBJICHI 3pa3Kd 3 BBEACHUMH IPiOHOIMCIICPCHUME
YaCTOYKAMH aJIOMIHII0 BBOIIIIUCH O€3MOCEPEIHHO B
eMOKCUIHY  CMOJy,  MCIs  4YOro  KOMIIOHCHTH
nepeMinryBanucsi mpotrsrom 10 xBwimH, micna Oymo
JOJaBaHHA PYyOJIEHOTO CKIIOBOJIKHA Ta IEPEeMIITyBaHHSI
mporsirom 10 XB 1 JWme TMmcHs [OBOTO  BBOJHBCS
OTBEPIKYyBau 3 HACTyIIHUM nepeMilryBaHHIM
KOMHOHCHTiB MIpoOTATroM MIC 5 XBWIJIMH Ta BUTpUMYBAaHHA
OTpUMaHO{ peuyOBHUHH Ha BiOpaliitHomy crodi npotsirom 10
XBHJIVH.

[MoTimM nomiMepHU Martepian 3HaXOAWBCS y (opMi
npu temneparypi 21 °C 10 3aBeplieHHS IPOLECY
ckimyBaHHs [14]. B pe3ynpTari IATOTOBKM 3pasKiB
OTpHMaJIH 1Ba BUAM 3pa3KiB. [lepmii Ti siki BMicTium B co0i
TITBKH OKCHJ ANIOMIiHIIO Pi3HOI ¢pakmii Ta Apyruil THI
3pa3KiB Ti SAKi BMICTHJIA B COO1 OKCHJI aJIFOMIHIIO Pi3HOTO
po3Mmipy Ta pyOiieHe CKIIOBOJIOKHO.

Jnst  mpoBemeHHs — JOCHiIKEHHS  3pa3KiB  Ha
MophoJIOTivHI 3MiHH Ta BIUTUB pO3Mipy Ha MaTpPHUITO OyII0
npoBeaeHi pocnian Ha Mikpockoni KEYENCE VHX Ta
PacTpOBOMY EJICKTPOHHOMY MIKPOCKOITI.

Pe3yabTaTn 1ocaigKeHb

JocnmimpkeHHss  MIIHOCTI  3pa3KiB 3  OKCHAOM
amoMinito pizHoro ¢pakuii 10 mxm, 100...250 MkM,
250...500 Mxm Ta >600 MKM IOKa3zajo, IO 3i
30UIbIIeHHAM (ppaknii MIIHICTH MOJIMEPHOT KOMITO3MIIT
3MeHIyeTbes (puc. 1).

Takuii pesynmpTar TMOB’SM3aHUNA 3 THM, IO 3i
30UIBIICHASM PO3MIpy YaCTHHOK OKCHIY AaJIOMIHII0 B
MTOJIIMEPHIN KOMIIO3UIIIT 3MEHIIYETHCS IUIOMIA TOBEPXHI
B3aeMoJii, 30UIBIIYEThCA HEPIBHOMIPHICTH PO3MOILTY
HallOBHIOBAaYa, BHWHUKA€ arJIoOMepamiss YacTHHOK 1
3MEHIIYEThCS €(EKTUBHA IUCIIEPCisi, M0 B KIHLEBOMY
pe3yiabTaTi  MPU3BOAUTH 10  3HIDKCHHS  MIITHOCTI
MaTepiany.
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Pucynok 1. I'padix 3aexHOCTI MeXi MIHOCTI BiJ po3Mipy
(bpaxuii okcuy anoMiHil0

I'padix mocmimKeHHS MIMHOCTI 3pa3KiB APYyroro
THILY, 1[I0 BMICTHIIU B CO01 OKCH/I aJIFOMiHII0 pi3HOT (ppakiii
Ta pyOieHe CKIIOBOJIOKHO, HaBeICHUH HIDKYE (pHC. 2).

Mbanuus miuxocTi. MMNa

Pucynok 2. I'padix 3aexHOCTI IpaHUI MIIHOCTI BiJl po3Mipy
(dpakiii OKCHIy aTFOMIHIIO B MOJIMEPHIA KOMITO3HUITIT 3
pyOJIeHIM CKIIOBOJIOKHOM

3a pe3ynmpTaTaMu JOCIHIIKEHHS HE CIIOCTEPIracThes
pI3KOTO  3HIDKCHHS TPaHWII MIIHOCTI K  TIcCIs
BUNIPOOYBaHb 3pa3KiB TIIBKH 3 JJOAABAaHHSIM OKCHIY
amroMiHito. Takwii pe3yapTaT Moxe OyTH MOSACHEHHN THM,
mo pyOiieHe BOJIOKHO JOJa€ apMyIOUHid  edexT,
MIABUIIYIOYH MEXaHIYHI BIACTUBOCTI KOMITO3HIIII.

Ane B JOCHI/KEHHI CHOCTEpIraeTbCss 3MEHIICHHS
3araJbHOr0 MOKa3HMKa MEXI MIIHOCTI B TODPIBHSHHI 3
3pa3kaMu sIKi MICTHJIM TIIBKH OKCHJ aJTFOMIHIIO, BEJHKI
YAaCTHHKU PyOJIEHOTO CKJIOBOJIOKHA MOXXYTh CTBOPIOBATH
MeXaHI9He OJIOKYBaHHS, 1[0 MOXE 30UIbIITYBaTH MIIHICTh
y TEBHMX BHWIIQJKaX, ajleé 4YacTo TPHU3BOAMUTH JIO
HEpiBHOMIPHOTO pO3IOJIiTy HANOBHIOBaYa i BUHUKHEHHS
CJIa0KHX MICIIb.

[ligBumeHHEss MIMHOCTI TPHU  PO3MIpI  YACTHHOK
oimpre 600 MkM Moke OyTH OOYMOBICHE IHITNMH
(axTopamu, TaKMMH K MEXaHIuHe OJOKYBaHHS YaCTUHOK
ab0 Kpalre po3MOIiICHHS HAllOBHIOBaYa B MAaTPHIN, IO
3MEHIIy€e KOHLEHTpalilo Hanpyru. PyOneHe BoJokHO, B
CBOIO  4epry, Moxe 3a0e3ledyBaTd  JIOJaTKOBY
cTabii3alio i 3MEHIYBaTH PU3UK yTBOPEHHS NE(EKTiB,
IO ITiIBUIILY€ 3arajibHy MillHICTb.

JlocTi/pkeHHST MIKPOCTPYKTYPH TTOTIMEPHOI MaTpHIL,
3 I0AaBaHHSM Pi3HOI paKIlii OKCHIOM JTIOMIHIIO, CBITYUTH
PO TEHJACHIIO JI0 3MEHIICHHS B’SI3KOCTI Marepiamy i3
30LIBIIeHHSIM po3Mipy dpakii AlLOs (puc. 3).
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PucyHok 3. MikpocTpyKTypa AOCHITHUX 3pa3KiB MOMIMEPHOL
matpuui 3 Al2O3 pizHoi dpakiii:

a — enokcuaaa cmona ta Al2O3 (10 Mxm) x50;

6 — enokcuaHa cmona ta Al203 (10 mm) x500;
6 — emokcuHa cmoua ta Al20O3 (100...250 mxm) x50;
2 — enokcuana cMmona ta Al203 (100...250 mxm) x500;
0 — enokcuanaa cmona ta Al203 (250...500 mrm) x50;
e — enokcuana cmoina ta Al203(250...500 mxm) x500;

€ — enokcuana cmona ta ALOs (> 600 mxm) X50;
oic — emtokcuHa cMona T1a Al2Os3 (> 600 mxm) x500;

Lle MOSICHIOETHCS 3MEHIIEHHSM IMUTOMOI MOBEPXHI
B3a€MOJIIi MiX YAaCTHHKAMH 1 TOJIMEPHOI MAaTpUIICIO,
OiJIbII HEPIBHOMIPDHMM pPO3IOJIIOM BEIMKHX YaCTHHOK,
MEHIIOI0 B33a€EMOJIIEI0 M YaCTHHKAMHU 1 HOJIMEPHUMH
JAHIFOTAaMH Ta 3MEHIICHHSIM TiIpOAWHAMIYHOTO 00'eMy
BEJIMKHUX YaCTHHOK [15].

Onrtumizaniss po3Mipy YacTHHOK 1 pIBHOMIpHHH
PO3MOIiT pyOJIEHOr0 BOJIOKHA MOXKYTh 3HAYHO MOKPAIIUTH

MEXaHi4yHI Ta PEOJIOTiYHI BJIACTUBOCTI MOJIMEPHHUX
KOMITO3HTIB (pHC. 4).
JlocaimKeHHsT MOKasaid, M0 31 30UIbIICHHSIM

po3Mipy (pakiiiii OKCHIy afOMIiHII0 MIIHICTb 1 B’SI3KICTh
MOJIMEpPHOT ~ KOMITO3MILIIT  3MEHIIyroThCcs.  JlojaBaHHs
pyOJIEHOTO BOJIOKHA YaCTKOBO KOMIICHCYE Tiei ehekT, aye
arJgoMeparisi BEJIMKUX YaCTUHOK 3aITUIIAETHCS OCHOBHOIO
po0eMoro.

PactpoBa enekTpoHHa MIKPOCKOIIiS € HEBiJl'€EMHUM
METOJIOM ISl AOCIIKEHHSI MiIKPOCTPYKTYPHU MOJIMEPHUX
KOMIIO3WTIB 3 JOAABaHHSAM OKCHIy alllOMiHIIO Ta
pyOiieHoro BosokHa. BoHa 103BOJISIE OTPUMATH KPUTHYHO
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BXUIIUBY  IHGOpPMAIFD TPO  PO3MOJAUT  YACTHHOK,
arJoMepanito, B3a€EMOJIII0 BOJIOKOH 3 MATPHUICIO Ta
MOpQOJIOTiUHI XapaKTePUCTHKH, IO € OCHOBOIO JUIs
ONITUMI3aIlil BIACTHBOCTEH KOMITO3UTIB (pHC. 5).

PucyHnok 4. MikpocTpyKTypa JAOCTiAHUX 3pa3KiB MOITIMEpHOL
Matputi 3 Al2O3 pi3Hoi dpakmii Ta pyOGIeHNM CKIOBOJIOKHOM:

a — eTIOKCHIHA CMOJIa Ta pyOJIeHe CKIOBOJIOKHO X 50;
6 — eMIOKCHIHA CMOJIa Ta pyOJIeHe CKIIOBOJIOKHO X500
6 — CIIOKCHIHA CMOJIa, pyOieHe ckiroBosokHO Ta Al2O3 (10 Mxm)
x50; 2 — enokcuHa cMoia, pyOieHe CKIIoBOJIOKHO Ta Al2O3
(10MmKM) x500; 0 — enokcuaHAa cMoia, pyOIIeHe CKIOBOJIOKHO Ta
Al203(100...250 Mxm) x50; e — enokcugHa cMona, pyoiieHe
ckioBosiokHO Ta Al203 (100...250 mxm) X500; € — enokcuaHa
cMona, py6iene ckinoBostokHo Ta Al203 (250...500 Mxm) x50;
Jic — SMIOKCUTHA CMOJIa, pyOiieHe ckioBOJIOKHO Ta Al2O3
(250...500 mxm) x500; 3 — emokcHIHA CMOIIa, pyOJICHE
cxi10BOJIOKHO Ta Al2O3 (> 600 MkM) X50; k — €IOKCHIHA CMOJIa,
py6aene cxiioBosokHO Ta Al203 (>600 MxM) X500

IMomimepHa MaTpuns BiZOOpaXkaeTbcs y BHIVIAAIL
TOMOTEHHOI, aje HEOIHOPIAHOI Mepexi MOTIMEPHUX
JAHIOTIB, IO BKpAaIUICHI YacTKaMH CKJIOBOJIOKHA Ta
OKCHy antoMiHito. PyOjeHe CKIOBOJIOKHO BiJ3HAYA€THCS
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IpiOHOIO, PpO3TANY)XKEHOI CTPYKTYpOIO, JIe¢ OKpemi
BOJIOKHA ab0 (parMeHTH BOJIOKOH pI3HHX pPO3MIpIiB
MIPOHU3YIOTh HOJIIMEPHY MaTpULIO. [oBepxHs
CKJIOBOJIOKHA MO’K€ OYTH IOPHUCTOI0 a00 Ma€ MiKPOXBHII,
10 CBIMYMTH MPO MPOIEC HOro MoapiOHCHHS.

€ oHC

Pucynok 5. MikpocTpyKTypa JOCHIITHUX 3pa3KiB HOIIMEPHOL
matputi 3 Al2O3 pi3Hoi ¢paxkiii Ta pyOIeHNM CKIOBOJIOKHOM 32
JIOIIOMOTOI0 PacTPOBOi €JIEKTPOHHOT MiKPOCKOIIIT

a — eTmoKCcuIHa CMoJIa, py0OieHe cki1oBoiokHO Ta Al20s3 (10mMkMm)
x35; 6 — enokcuaHa cMona, pybiiene ckioBonokHo Ta AlOs
(10 mxm) x1000; 6 — enmokcugHA CMOJIA, PYOJICHE CKIIOBOJIOKHO
ta A203 (100...250 MxM) X35; 2 — emoKCHIHA CMOTa, pyOiIeHe
ckioBosokHO Ta A203 (100...250 mxm) x1000; 0 — emokcugHa
cMouna, pybnene ckinoBosokHo Ta Al203 (250...500 mxm) x45;
€ — eMOKCHIHA cMoJia, pyOiieHe ckiIoBOIOKHO Ta Al203
(250...500 mxm) x1000; € — emokcuaHa cMona, pyOiIeHe
ck110BoJIOKHO Ta AO3 (> 600 MKM) X45; oic — erokcuIHa
cMouta, pyoiieHe ckiroBosiokHO Ta Al2O3 (> 600 Mxm) x1000

Y minomy, 300paXXeHHS MIATBEPIKYE CKIAIHY
B33a€MO/IiI0 M>K KOMITOHEHTaMH KOMITO3UTHOTO MaTepiaity
Ta BKa3ye Ha TIOTCHHIWHI TEPCHEeKTHBH IS HOTO
3aCTOCYBaHHS B 00JacTsX, ¢ BUMAra€TbCsl HOEIHAHHS
MII[HOCTI, CTIKOCTI Ta JIETKOCTI.

BucnoBku

BuBuenns BmimBYy po3mipy  dpakmii  okcumy
AJFOMIHIFO HAa MEXaHIYHI BJIACTUBOCTI Ta B3aEMOMII0 3
PyOIIeHIM CKIIOBOJIOKHOM BHSIBUJIOCS BXKITHBUM €TAIIOM Y
JOCIHI/DKEHHI KOMITO3UTHUX MOJIMEPHUX MaTepiajiB.
PesynbraTi JOCHIPKEHHS CBig4aTh TpO Te, WO 3i
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30UIBIICHHSIM ~ pO3Mipy  (pakiii  CHOCTepiraeThes
3MEHIICHHS MIITHOCTI MOJIIMEPHOT KOMITO3MIIi, III0 MOXe
OyTH BaXIMHWBUM (AKTOPOM UL MOJANIBIIOI ONMTHMi3amii
CKJIaIly Ta BIacTUBOCTel MaTepiary. Kpim Toro, BUBUCHHS
B3a€EMOJIii PyOJIEHOTO CKJIOBOJIOKHA Ta (pakiiid OKCHUAY
ANIOMIHIIO CHpHsI€E PO3YMIHHIO TIPOIECIB YTBOPEHHS Ta
Mopdosorii KOMIMO3UTY, IO MOXE BiAKPHUBATH HOBI
MEPCIEKTHBH ISl PO3pOOKH MaTepialiB 3 HOKpaleHUMHU
XapaKTEePUCTUKAMH JUIsl LINPOKOTO CIIEKTPY 3aCTOCYBaHb Y
MPOMUCIIOBOCTI Ta 1HIIMX Tay3sX.
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INFLUENCE OF FILLER SIZE ON THE STRUCTURE AND PROPERTIES

OF THE POLYMER MATRIX
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Materials, Chemistry and Technology, National University Zaporizhzhia Polytechnic,
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Purpose. -The aim of the study is to investigate the influence of aluminum oxide (A1,03) particle size on the
mechanical properties of a polymer composite with added chopped glass fiber, as well as to explore the interaction
between aluminum oxide particles and chopped glass fiber.

Research methods. Specimens were tested for tensile strength according to DSTU EN ISO 527-5:2018. Testing was
conducted using an MTS Criterion Model 43 universal testing machine with a maximum load of 50 kN. Metallographic
analysis was performed using a KEYENCE VHX microscope at magnifications of 50% and 500%. The microstructure of
the polymer matrix was determined on unetched samples. Scanning electron microscopy was carried out using a JEOL
JSM-5510LV microscope.

Results. The influence of introducing different sizes of aluminum oxide fraction on the polymer matrix was studied.
It was found that with an increase in the fraction size, the strength of the polymer composition decreases. Additionally,
the interaction between chopped glass fiber and various fractions of aluminum oxide on the mechanical characteristics
and morphology of the connection with the polymer composition was investigated.

Scientific novelty. The interaction of chopped fiber with aluminum oxide fractions may affect the mechanical
properties of the composite, such as strength, stiffness, and elasticity. Investigation of the morphology of the connection
between chopped fiber and aluminum oxide fractions can help understand how they interact within the composite
structure. This includes analyzing the adhesion between components, the structure of junctions, and possible defects that
may arise during the manufacturing process. Studying this interaction opens up opportunities for the development of new
composite materials with improved properties and diverse applications in industry, construction, aviation, automotive,
and other fields.

Practical value. The practical significance lies in refining manufacturing technologies and implementing new
materials in industry. The ability to control the mechanical properties of composites by changing the size of aluminum
oxide fractions can contribute to the creation of more efficient materials for the production of automobiles, aircraft,
building constructions, and more. Additionally, understanding the interaction between chopped glass fiber and aluminum
oxide fractions may open up new possibilities for developing composites with unique mechanical characteristics that meet
the requirements of modern technologies and industrial production.

Key words: glass fiber, matrix, filler, modification, aluminum oxide, epoxy compound.
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BU3HAYEHHSA OITUMAJIBHUX YMOB JJIAA TEPMETUYHOI'O
3BAPIOBAHHA TOHKHUX ®OJIbI' ITPU BUKOPUCTAHHI B
KOHCTPYKHOIAX MEMBPAHHOI'O THUITY

Mema pobomu. Pospodxa onmumanbHOi mexnono2ii 36apro6ants MoHKOCMIHHUX 060a0HOoK 3i cmani 12X18H10T
(0 = 0,15 mm), wo npayroroms npu 3HAKO3MIHHUX HABAHMANCEHHSX.

Memoou docniosxcenns. /lns asmomamuinHo2o apeoHHo-0y208020 36aprosarts (AA[3) euxopucmosysanoce ycma-
MKYBAHHS 0151 OPOIMANLHO20 36APIOGAHHS, 00 CKAAOY K020 6X00ums dxcepeno cmpymy MW 2600 (gipmu FRONIUS) i3
OI0KOM NPOSPAMHO20 KePYBAHHSL U 36aplosanbia 20ieKka 3akpumozo muny MW40. [Jocrioni pobomu noxkasanu, wo npu
0aHOMY 8UOI 36APIOBAHHS OISl HACMINLKU MATUX MOGWUH He BUCMAYAE KOHYEHMPayii 36apioganbhoi dyau, wo He 00360-
JISIE CMABINLHO YOPMYBAmU BaAHHY U 00EPAHCAMU CYYINbHUL PIBHOMIDHUT UL0G.

L1 MIKpONIazmo8020 36apro6anHs UKOPUCMO8Y8A8cs cneyianvhull pobomusosanuil komniexc STARWELD 190H,
00 CK1aody s1K020 8X00amb. 0dcepeno dcueieHHs wepeosoi oyeu INV 50, Oaicepeno sicusnenns ocrnosnoi oyeu INV 190,
onox ynpaeninua SIEMENS Simatic S 7-300; pooom CR3-535M (MITSUBISHI); maninyasamop ma niazmompoH
HPH 80.

Konmponws sixocmi 36aprosanns npogoouiu 8i3yaibHum 02100M ma Memanocpapiunum 0ociiodcenHsm. Bpaxosy-
104U yMo8u excniyamayii Oemainetl, 32i0H0 MEXHIYHUX YMO8 KPeCTIeHHA maKoic 6y8 nepedbauenull NHeemMo2iopasgiiuHum
MemoO KOHMPOIIO.

Ompumani pezynomamu. Bizyanvruil 02150 306HIUHbOI NOGEPXHI 36apHUX WEI6 NOKA3A8 GIOCYMHICMb Oehekmi y
8uU2NsL0i NOp, MPIWUH, PAKOBUH, He CRIAGIEeHb, NiOpizie ma iH. [ eomempuuni posmipu 36apHO20 uia BION0BIOANIU BUMO2AM
HopmamueHol 0okymenmayii, Oitouoi Ha nionpuemcmsi. IIposedeni memanozpagiuni 0ocniodxicents Kopobok Memopan-
HUX, 3’ €OHANHUX MIKDONIA3ZMOBUM 36APIOBAHHIM, OAU NO3UMUEGHU pe3yrbmam. [epexmie memanypeitino2o xapakmepy
6 36APHUX WBAX He BUABTEHO.

Ilpakxmuuna yinnicms. Busnauenuti onmumansruil cnocié 36apro8anHsl, wo Modice bymu 3acmocosanuil 01 6Ueo-
MOGLEHHS MOHKOCMIHHUX MEMOPAHHUX KOHCMPYKYIL, 3 02150y MEXHOL02IYHOCMI ma eKOHOMIuHOT doyinbHocmi. Bema-
HOBNEHO, WO MIKPONIA3MOBE 36APIOBAHHS 003BOJIAE 00EPICYBAMU 2EPMEMULHO WINbHUL W08, NPU MOSWUHI demaJiel,
wo 3eaproromocs, oausbko 0,15 mm. Iliomeeposicena npaye30amuicmes 36apHUX MeMOPAHHUX KOPOOOK y cKIadi bapoc-
MAmMu4H020 KIANana asiayitino2o 06ueyna. Bcmanoesneno, wo Mikponiazmose 36apiosanis. Modice 6ymu 3acmocosamne
npu 8U20MOBNIeHH] MOHKOCMIHHUX 0b6oaonok 31 cmani 12XISHIOT (6 = 0,15 mm), wo npayrorome npu 3HAKO3MIHHUX
Haganmagicenusx. TexHoN02TuHUL NPoYyec 36apIO8aAHHsL 6NPOBAOICEHUTL Y cepitiHe 6UPOOHUYMEO.

Knrouosi cnosa: Asiayitinuii 0sucyn, bapocmamuynull K1anau, Kopooka MemMOpaHua, MiKponiasmose 386apio6anHs,
TMEeXHON0TUHULL YUK, 36APHULL WLO8.
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Beryn

3axoau, CHPSAMOBaHI Ha 3HIDKCHHS Bark U ITiIABH-
IICHHS eKCIUTyaTalliiHUX XapaKTepPHCTHUK TypOOpeaKTHB-
HUX aBiallifHUX JBHUTYHIB, € MEPUIOPSIHUMH IIPH PO3POO-
1l Ta MPOEKTYyBaHHi. 3MEHIIIEHHs BUTPAT NOBITPs, CTa011b-
HICTB 10J]a4i NaJMBa, CBOEYACHE 3MAILIEHHS TEPTHOBHX BY-
3J1iB B €KCIUTyaTallii, 3Ha4HOI0 MIpOIO MiJBUIIYIOTh MiXpe-
MOHTHHH pecypc aBianiitHoro nurysa. [lopsn i3 num, Bu-
TOTOBJICHHS BiIMIHHAX KOHCTPYKIIA BXiIHUX JETaJICH i
BY3JIiB BUMarae po3poOKH €HeproeEMHUX 1 EKOHOMIYHO J0-
LUTBHAX TEXHOJIOTH, 110 BKIIOYAIOTh y cebe 3aCTOCyBaHHS
HOBITHIX METOZIB 3BaplOBaHH, ITalKH, HANMIIOBAHHS Ta
in. [1-3].

MacnocuctemMa aBiamifHOTO Ta30TYpOIHHOTO IBH-
TYHa, JUII MAaHEBPECHUX JITaKiB, BUMArae psmy TeXHITHUX
JOPOOOK 1 TOIIMIIEeHB, M0 TO3BOJSIOTh BUKIIOYATH Mac-
JISTHE TOJIOTyBaHHS TEPThOBUX Map, B MOMEHT 3/1iHCHEHHS
HOJBOTY Ha BHCOTax Ounblr 13 KM, MEepeBEpHEHOMY IO-
JILOTI 200 TOJILOTI 3 HETATUBHUMH IEPEBAHTAKEHHSIMH. Y
LILOMY 3B’SI3KY, JUIsl SMEHIIIEHHSI CTYTICHSI PO3PiKEHHS Ma-
cJia B KOpoO1li MPUBO/IIB MACIISTHOI CUCTEMH, OyJla CIIPOeK-
TOBaHA BiZIMIHHA KOHCTPYKILisl 6apOCTaTHYHOTO KIIalaHy,
JI0 CKJIAy SIKO1 BBIMIIIIM 8 TOHKOCTIHHMX MEMOpPaHHUX KO-
poOoK.

Jis 3’ eqHaHHS MaTepialliB IPH BUTOTOBJICHH] TOHKO-
JIMCTOBHX KOHCTPYKILIHM JieTaneil aBialliiHOTo JBUTYHA, K
MIPaBHJIO, BUKOPUCTOBYIOTh 3BAPIOBAHHS BHCOKOKOHIICHT-
POBaHUM JDKEPENIOM HarpiBy, a came eJICKTPOHHO-TIPOMe-
HEBe, Ja3epHe a00 MIKpOIUTa3MOBE 3BapIOBaHHS.

JlazepHe 3BaproBaHHS — L€ BUCOKOTOYHUI 3BaproBa-
JIHUM TIPOLIEC, Y SIKOMY BUKOPHCTOBYIOTHCSI BHCOKOTEX-
HOJIOTIYHI MaIllMHU Ta MEPeI0Bl TEXHOJOTI s HOKyCy-
BaHHS KOHIIEHTPOBAHOT'O Iy4Ka CBITJIa, KU T€HEPYEThCS
JIa3epOM Ta BHKOPUCTOBYETBCS JUIsl CIUIABJICHHS METaliB
a00 TepMOILIACTIB.

Jlo mepeBar ja3epHOrO 3BapIOBAHHS MOXKHA BiJHeE-
CTH:

- TOYHICTh, OCKUIBKHM JIa3epHE 3BapIOBaHHS YyIO0BO
3a0e3medye CKIaaHI Ta TOYHI 3BapHi IIBU HABITh Y CKJIaI-
HHX TeoMeTpisxX. Ll TOUHICTh Mae BaXKIMBe 3HAYCHHS UL
3aCTOCYBaHb, IKi BUMAraloTh APIOHNX JeTaleil i dKOPCTKUX
JIOTYCKIB;

- MiHIMaJIbHa 30Ha TepMiuHoro BIUiMBY. ChokycoBa-
HUH JTa3epHUNA MPOMiHb T€HEpYyE JIOKalli30BaHe TEIUIo, 110
NPU3BOJUTH 10 MEHILOI 30HU TEPMIYHOTO BIUIUBY TOPiB-
HSHO 3 TpaIULIHHUMU METOJIaMu 3BaproBaHHs. Lle no3Bo-
JIsi€ OTPUMYBATH MiHIMaJBHY JieopMalliito MeTajy Ta 3Me-
HIIy€e MOoTpedy B 3HAYHOMY PHUXTYBaHHI AeTaliedl micis
3BapIOBAHHS;

- 4ucTi Ta MilHi 3BapHi mBH. JlazepHe 3BaproBaHHA
CTBOPIOE YHCTi 3BapHi B 0e3 OPH30K Ta 3 MiHIMAIEHOIO
TIOPHCTICTIO, 8 OTPUMaHe 3’ €THAHHS € MIITHUM 1 HaJIIHNM;

- IIBUJKICTH i eekTHBHICTh. KOHIIEHTpOBaHA eHEp-
Tis Ja3epHOTrO MpOMeHs 3abe3nedye MIBHIKE HarpiBaHHS
Ta OXOJIOJDKEHHS, IO 3a0e3lneuye MIBUAKUIL Ipolec 3Ba-
proBanHs. Taka epeKTUBHICTD CIIPHSE ITiIBHUIICHHIO IIPO-
JYKTHBHOCTI BUPOOHUIITBA.

- 3MCHIICHHS BiIXoAiB marepiany. TodHICTh J1a3ep-
HOT'O 3BapIOBaHHs MiHIMI3ye€ KiIbKICTh MaTepiaiy, o Iij-
JIA€ThCS BIUIMBY TeIlIa, 0 IPU3BOIUTH 10 3MEHIICHHS Bi-
JIXOJIB IiJ] Yac MpoIieCcy 3BapIOBaHHS.

[TmazmoBe 3BaproBaHHs — II€ CyyacHa TEXHiKa 3Baplo-
BaHHJ, 5IKa BUKOPUCTOBYE KOHIIEHTPOBAaHHH MOTIK 10HI30-
BaHOT'O T'a3y JUIsl CTBOPEHHSI BUCOKOTEMIIEPATYPHOI JTyTH.
s myra posroiaBisie 3BaprOBaHHA MaTepiaj, MIiCNs Yoro
PO3IUIABIEHUH METall OXOJIOMKYEThCS Ta TBEPAI€E, YTBO-
PIOIOYH MillHE Ta OBroBiuHE 3’€qHaHHA. [l1a3MoBe 3Ba-
PIOBaHHS BUKOPHCTOBY€EThCS B 0araTbox ramy3sx MpoMHUC-
JIOBOCTI, BKJIFOYAIOYH AEPOKOCMIYHY, aBTOMOOITb-HY Ta
00pOOHY MPOMHUCIIOBICTB.

OnHi€l0 3 TOJNOBHUX IEpeBar IJIa3MOBOTO 3Bapro-
BaHHS € MOJIIMBICTh CTBOPEHHS TOYHHMX 1 SIKICHUX HIBIB.
KoHIeHTpOBaHa Jiyra CTBOPIOE BY3bKY C(DOKYCOBaHYy 30HY
HarpiBy, II0 JI03BOJISIE Kpallle KOHTPOJIIOBATH MPOLIEC 3Ba-
proBaHHs. Taka TOYHICTH POOMTH IUIA3MOBE 3BapIOBAHHS
i7eabHIM JUTS 3BapIOBaHHS TOHKMX MaTepiajiB, a TAKOX
JUIs 3BapIOBaHHS CKIaTHUX (HOPM 13’ €HAHD.

[Ile onHiero mepeBarolo IIa3MOBOTO 3BapIOBAHHS €
fforo yHiBepcampHICTh. LIf0 TEXHIKY MOYKHa BHKOPHCTOBY-
BaTH JJs 3BapiOBaHHSA IIMPOKOTO Jialla30Hy METAIIB,
BKITIOYAIOYN HEPXKABIIOTY CTajlb, AFOMiHIHM, THTaH 1 Mifb.
Kpim Toro, nna3mMoBe 3BapiOBaHHS MOXKHA BUKOPUCTOBY-
BaTH B pi3HUX c(epax 3BaplOBaHHS, BKIIIOYAIOYU pYy4HE
3BAPIOBAHHS, aBTOMaTHYHE Ta POOOTH30BaHE 3BAPIOBAHHS.
3aBIsKH CBOi TOYHOCTI Ta YHIBEPCAIBHOCTI IUIA3MOBE
3BapIOBaHHSI IIBUJIKO CTAE MOMYJISIPHUM BUOOPOM JUIsl 3Ba-
PIOBaHHS B 0araTbOX rajy3six MPOMHUCIOBOCTI [4—6].

3BaproBaJIbHI TEXHOJIOTI] JJa3epHUM IIPOMEHEM, B OC-
HOBHOMY, BHKOPHCTOBYIOTBCS JUIS 3 €JHAHHS KOMIIO-
HEHTIB 3 MaJIOI0 TOBIIUHOIO (~ 10 0,8 MM) TOHKHMH 3Bap-
HUMH [IBaMH W HHU3BKOKI TEIUIOBOK Je(OpMaIli€ro.
VY TOit xe dac, Jiarma3oH 3aCTOCYBaHHS JIa3epHOTO 3Ba-
pIOBaHHS OXOILIIOE HOMEHKJIATypy JAeTajed Bin 3Ba-
PIOBaHHS TNPENM3IHHUX NeTalleii B aTOMHIA MPOMHCIO-
BOCTi, TaKUX SIK CHIB(GOHH, pi3HI HATYHKH, OO HECYIHUX
KOHCTPYKIIA y MamWHOOYAyBaHHI W HAIUIaBICHHS IPH
BHUTOTOBJICHHI (POPM i3 BHCOKOMIITHOTO YaBYHY, a TaKOXK
3BApIOBAHHS BENMKOrabapUTHUX TOHKOCTIHHMX KOH-
CTpYKLIi# 3 HeprkaBirouoi craui. [Ipu oMy, ekcrutyaTartis
yCTaTKyBaHHS IJIs J1a3€PHOTO 3BAPIOBAHHS € JIOPOTroi, 110
3HAYHO Ii/IBUIye COOIBapTICTh BUTOTOBJIEHHS BHUPOOIB
[7-8]. YV upomy 3B’s13Ky, 3 METOIO 3HMKCHHS COOIBapTOCTI
BUTOTOBJICHHS KOpPOOOK MeMOpaH, OyJiu TNPOBEICHI JO-
ciigHi pobotu 3 BiampanboByBaHH TexHoorii AANL3) i
MIKpOIIJIa3MOBOT'0 3BapPIOBaHHS MEMOpaH.

Merta po60OTH — pO3pOOHUTH ONTUMAIEHY TEXHOJIOTIO
3BapIOBaHHSI TOHKOCTIHHHUX oOomoHok 3 12X18HI0T
(6 =0,15 Mm), 110 TIPAITIOIOTH MTPH 3HAKO3MIHHUX HaBaHTa-
KEHHSIX.

Martepianu i MeToAUKH

KopobOka MeMOpaHHa CKIIQIa€Thes 3 IBOX MEeMOpaH
¢irypHoro Tapimgacroro tumy (puc. 1) i3 IpuBapeHUMH 10
Hel KparKOBHM KOHTaKTHHUM 3BapIOBaHHSIM oropamu. To-
BIIMHA MeMOpaHu cTaHOBUTH 0,15 MM, a TOBIIMHA OIIOp —

© banxymok K. B., Ilerpux 1. A., Yurineitunk C. JI., Mapuenxo 0. A., Caxuo C. C., 2024

DOI 10.15588/1607-6885-2024-3-4



p-ISSN 1607-6885 Hosi maTepianu i TEXHOJIOTIT B METAIyprii Ta MamuHOOy 1yBaHHi. 2024/3
e-ISSN 2786-7358 New materials and technologies in metallurgy and mechanical engineering. 2024/3

0,3 MM. 3’€qHAHHS OTIOPH 3 MEMOPAHO0 BUKOHYIOTB 32 JI0-
IIOMOTOI0  KOPOTKO-IMITyJIbCHOTO KOHTaKTHOTO 3Bapro-
BaHHS Ha YOTHPU 3BapIOBAJIbHI KpankH. JliaMeTp Kpamnku ~
0,5 mm. Marepian netani — KOHCTPYKIlifiHa HepkaBitoda
ctans Mapku 12X18HI0T. V ckmami quryHa maket 3 8
KOpOoOOK MeMOpaHHUX BCTAHOBIIOETHCS B 0apOCTaTHIHUI
KJIalaH, 1 HAJIAIITOBYEThCS HAa HEOOX1THUM POOOUHIA THCK.
[pu nepeBUIIEHH] TUCKY KIIallaH BiJIKPUBA€ETHCS Ta BiIOY-
BAETHCS CKUIaHHS HAJUTUIIKOBOTO THCKY Macja J0 PiBHS
pobouoro. [TakeT kopoOOK MEMOpaHHUX ITPALIOE TIPH 3HA-
KO3MIHHUX HaBaHTaKEHHSX, y PIAKOMY MacisIHOMY cepe-
JIOBUIII.

Jna 3BaproBanHst AAJ[3 BUKOPUCTOBYBAJIOCh yCTaT-
KyBaHHS JUIsl OpOIiTaIbHOTO 3BapIOBAHHS, 10 CKIIY SKOTO
BXOIUTH kepeno ctpymy MW 2600 (pipmu FRONIUS)
i3 OJIOKOM TIPOTPaMHOTO KEPyBaHHSA I 3BaplOBajbHA TO-
niBka 3akpuroro turmy MW40. [ocmimai poO6OTH TOKa-
3a/1y, [0 NPH AAHOMY BHAI 3BapIOBAaHHA, I HACTUIBKH
MaJIMX TOBIIMH HE BHCTA4Ya€ KOHIICHTPAIl 3BapIOBaIBHOT
JIyTH, 1110 HE J03BOJIsI€ CTablbHO ()OpMyBaTH BaHHY 1 0Jie-
pKaTH CyUiIbHUN PIBHOMIpHHH IIOB.

Jlyist MIKpOIUIa3MOBOTO 3BapIOBaHHS BHUKOPHUCTOBY-
€TbCA crieiajJbHu poboTH3NBaHUI KOMIIIEKC
STARWELD 190H, B ckiaja SIKOro BXOASITh: JXKEPEIIO KU-
BIeHHA 4eproBoi ayru INV 50; mxepeno >KUBJIEHHS OCHO-
BHOT nyru INV 190; 6nok ynpasninas SIEMENS Simatic
S 7-300; po6ot CR3-535M (MITSUBISHI); maninymsarop
ta azmotrpon HPH 80

OCHOBHI IapaMeTpy MpoIecy MiKpPOILUIa3MOBOTO JTy-
TOBOTO 3BapIOBaHHS BKIIIOYAIOTH: 3BAPIOBAIBHHUNA CTPYM,
IIBUAKICTH 3BapiOBaHHA, MIBUAKICTH MOTOKY pPOOOYOTO
rasy, IBUJKICTh MIOTOKY 3aXHCHOTO Ta3y, IOBXHHY JIyTH,
JiamMeTp coruia, Koe(illieHT OTBOPY COILIA Ta BUJIIT BOJIb(-
pamoBoro enekTpony. Pazom mi mapamerpu BH3HAYAIOTh
SIKICTh 3BaproBaHHs Ta (opmy mBa [9-12]. 3BaproBaHHS
JIOCITIZTHUX 3pa3KiB MPOBOIMIIOCS HA PeXXKUMaXx, HaBEJICHUX
y Tabmumi 1.

Taoauus 1 — [Tapamerpu pexxuMy MiKpOIUIa3MOBOTO
3BapIOBaHHsI KOPOOOK MEMOpaHHHUX

[Mapamerpu pexumy 3HaueHHsA
CrpyM 3BaprOBaHHSA 2,729 A
CTpyM IUIOTHOI JyIr'H 1,0 A
BuTtpara minorHoro rasy (apromy) 0,6-0,8 1/xB
Burpara 3axucHoro ra3sy (aproty) 3,0 n/xB
Burpara mia3MoyTBOprOBaro4ero rasy (aprosy) 0,9 n/xB
HIBuaxicTh 3BaprOBaHHs 10 mm/cex
Hiamerp 0TBOpY COILJIa 3aXMCHOTO rasy 0,8 Mm
[iameTrp BONb(hpaMoro enexTpomry 2,0 MM

3aBISIKM BUCOKOMY CTYIICHIO iOHi3alii rasy B ma3-
MOTpOHI, NPH BUKOPUCTAHHI BOJL(QPAMOBHX EJIEKTPOJIIB
JiamMeTpoMm 1-2 MM mIa3mMoBa Jyra MoKe TOpITH IpH J0-
CUTh MallmX cTpyMax, moumHaroud 3 0,1 A. Mikporuras-

MOBE 3BapIOBaHHS € OCUTh €(PEKTUBHUM METOJOM 3’ €I~
HaHHA BHPOOiB Maioi ToBuwHU A0 1,5 MMm. Sk mpasuio,
HA/ITOHKI TUTACTHHHU Ba)KKO IMiJIAI0THCS 3BAPIOBAHHIO 1 BU-
MararoTh BUCOKOI TOYHOCTI 30upaHHs. 3aBASIKH TOHKIH TO-
BIIMHI TUTACTHHU MalOTh XapaKTEPHUCTHUKU OIHOCTOPOH-
HBOTO 3BApIOBAaHHS Ta OJHOYACHO JABOCTOPOHHBLOIO (op-
MyBaHHs. KpiM TOro, BOHM OCOOJMBO Yy TJIMBI IO IiJBeE-
JICHHS TeIIa B MPOIECi 3BapIOBAHHS, Yepe3 M0 MOXYTh
BUHMKATH TakKi Je(eKTH SIK NpOropaHHs Ta Jedopmariis,
o Oe3mocepeHbO BIUIMBAE HA SKICTh 3BaproBaHHs. [lia-
METp TUIa3MOBOi IYT'H CTAaHOBUTH OJHM3BKO 2 MM, IO JO-
3BOJISIE CKOHIICHTPYBATH TEIUIO HAa OOMEXKEHIH TUISHII BU-
poOy, HarpiBaTH 30HY 3BapIOBaHHS, HE YIIKOKYIOUYH CY-
cimai minsakwm [13, 14].

J10 3BaprOBaHHsA

I1CJIsA 3BaprOBaHHSA

Pucynok 1. 30BHilHiIl BUTIIsIT KOPOOKH MEMOpPaHHOI:
1 — omopa (& = 0,3 Mmm); 2 — meMmOpana (& = 0,15 mm);

AHaJi3 OTpUMaHHX pPe3yJbTATIB

KonTpouns sikocTi 3BapioBaHHS NPOBOIMIM Bi3yallb-
HUM OTJIIIOM Ta MeTaJorpadiqHuM TociimKeHHsM. Bpa-
XOBYIOYH YMOBH €KCILTyaTallii AeTaieH, 3TiTHO TEXHIYHIX
YMOB KpECIICHHsI TaKOXX OyB mependadeHnii THeBMOTiapa-
BIIIYHUM METOJIO0 KOHTPOJIIO.

BisyanpHui Ol 30BHINIHBOI MOBEPXHI 3BapHUX
IIBIB MOKa3aB BiZICYTHICTh Ae(EKTIB y BUIIISAL MOp, TPi-
IIMH, PAaKOBWH, HE CIUIaBIICHb, iPi3iB Ta iH. ['eomeTpuyHi
PO3MipH 3BapHOTO IIBa BiANOBIIaJd BUMOTaM HOPMATHB-
HOT JOKYMEHTAIII1 IF0901 Ha MiAMPHEMCTBI.

[IpoBeneni Mmeranorpadivni TOCTHKEHHS KOPOOOK
MEeMOpaHHHUX, 3BApPEHUX MIKPOIUIa3MOBUM 3BapIOBAHHSM,
Jlali TIO3UTUBHUHN pe3yibraT. JledekTiB MeTamypriiHoro
XapakTepy B 3BapHHX IIBaX HE BUSBJICHO. 30BHIIIHII BU-
IS Makpouutida npeCcTaBIeHO Ha PUCYHKY 2.

3T

Pucynox 2. Makponuri¢ 38apHOT0 MBa MiKpOIIIa3MOBHM
3BaproBaHHAM (X 200)

Kontpous crabimizanii Ta repmernzanii MeMOpaH Iti-
CIIsl 3BapIOBaHHS BHUKOHYBABCS ITHEBMOTIAPABIIYHIM Me-
TOJIOM, a came:

- IECATUKPATHUM JIOJ[aBaHHSM DPiBHOPO3MOIIJICHOTO
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HaBaHTaXeHHA (10—12 Krc) 1o moBepxHi omopu MeMOpaH-
Hoi B iepion 10 10 XBHIHH;

- 3aHYpeHHSM y piauHy 3 Temmeparyporo 80—-100 °C
Ha Yac He MEHINE 2 XBHJIHH.

Pe3ynbpTaTi MHEBMOTIIPABIIYHOTO KOHTPOJIIO TO3H-
TUBHI. BUTOTOBJICHI AeTaNi BIAMOBIAaI0OTh HOPMaM TEXHi-
YHUX BUMOT.

Jyist mpoBeIeHHsT KOMIUIEKCY BUIIPOOYBaHb 3 MiJTBe-
PJKESHHS TIpale3/1aTHOCTI KOPOOOK MEMOpaHHUX Yy CKJIaJi
06apoCcTaTHMHOrO KJalaHy, 3aBapeHUX MIKPOIJIa3MOBUM
3BapIOBAHHSM, OyB BUTOTOBJICHUIT KOMIUIEKT JIeTaleH y Ki-
npKoCTi 8 IT. 3BaproBaHHS W KOHTPOJIb SIKOCTI 3Bapio-
BaHHS BiJIOBiTaJTi BUMOTaM IHCTPYKIIii, JIFO901 Ha TIiI-
PpHEMCTBI.

Pucynok 3. CxknanaHas KopoOOK MEMOpaHHUX JJISI BCTAHOB-
JICHHS B KJIallaH 0apoCTaTHYHUH

Pucynok 4. YcraHoBka 070Ky B €IEMEHT KOpITyCy KjanaHa 6a-
POCTaTUYHOTO

3a migcymkamu, KOpoOKH MeMOpaHHI B CKJIaji Kila-
maHa GapocraTuyHOro (puC. 3, 4) 3aHOBUTBHO MPOUTILTH
CTCHIOB1 BUTIPOOYBaHHS

Ha mincraBi oTpuMaHuX pe3ynbTaTiB BHIPOOYBaHb,
MATBEpPKeHA Tpare3JaTHICTh KOPOOOK, BUTOTOBICHHX 13
3aCTOCYBaHHSIM METOIY MiKpOILUIa3MOBOT'O 3BAPIOBAHHSI.

BucHoBku

1. BuzHaveHUil onTUMaNBHUI CHOCIO 3BaprOBaHHS,
10 MOXKE€ OYyTH 3aCTOCOBAHMUII [Isi BUTOTOBIICHHS TOHKOC-
TIHHIX MEMOpaHHHX KOHCTPYKIIH, 3 OTJIATY TEXHOIOTid-
HOCTI Ta EKOHOMIYHOT JOIIIBHOCTI.

2. BcraHOBNEHO, IO MIKPOIUIA3MOBE 3BapIOBaHHSA
JI03BOJISIE O/IEP)KYBATH TE€PMETHYHO IIIBHUIA 1I0B, TIPH TO-
BIIMHI JeTalel, o 3BaproioThes 0u3bKo 0,15 MM.

3. IligTBep/pKeHA TpAIE3AaTHICTh 3BApPHUX MEM-
OpaHHHX KOPOOOK Yy CKJIaJli 6apoCcTaTHYHOTO KJlarmaHa aBia-
LIAHOTO JBUTYHA.

4. BcTaHOBIICHO, IO MIKpOIUIa3MOBE 3BApHOBaHHS
MoOJke OyTH 3aCTOCOBaHE MIPH BUTOTOBJICHHI TOHKOCTIHHUX
obomonok 3i crami 12X18H10T (8§ = 0,15 mm), o nparrgo-
I0Th NIPY 3HAKO3MIHHUX HAaBaHTAXXEHHSX. TEeXHOJOTiYHHI
MIPOIIEC 3BAPIOBAHHS BIPOBAKCHUH y cepiliHe BUPOOHUII-
TBO.
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DETERMINATION OF OPTIMAL CONDITIONS FOR HERMETIC
WELDING OF THIN FOILS WHEN USED IN MEMBRANE-TYPE

STRUCTURES
Balushok K. Candidate of Technical Sciences, Chief Engineer at JSC “Motor Sich”, Zaporizhzhia,
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Purpose. Development of optimal technology for welding thin-walled shells mode of 12X18H10T steel (6=0.15 mm),
working at alternating loads. Research methods.

Research methods. For welding automatic argon-arc welding (AAAW) equipment was used for of orbital welding,
which includes a MW 2600 current source (FRONIUS) with software control unit and welding head of closed type MW40.
Research warks showed that this type of welding is not enough for such small thicknesses concentration of the welding
arc, which does not allow stable forming of the bath and obtaining solid uniform seam.

A special robotic complex was used for microplasma welding STARWELD 190H, which includes: a power source
for the regular arc INV 50, source main arc power supply INV 190; SIEMENS Simatic S 7-300 control unit; robot CR3-
535M (MITSUBISHI), manipulator and HPH 80 plasmatron. Welding quality control was carried out by visual inspection
and metallographic examination.

Taking into account the conditions of operation of the parts, according to the technical conditions of the drawing,
it was also provided pneumohydraulic control method.

Obtained results. Visual inspection the outer surface of the welds showed the absence of defects in the form of pores,
cracks, shells, no fusions, undercuts, etc. The geometric dimensions of the weld met the requirements of the standard
documentation valid at the enterprise. Metallographic studies of the boxes membranes, welded by microplasma welding,
gave a positive result. Defects of metallurgical character were not found in the welds.

Practical value. The optimal method of welding that can be applied is determined for the manufacture of thin-walled
membrane structures, from the point of view of manufacturability and economy expediency It has been established that
microplasma welding allows obtaining a hermetically tight seam, when the thickness of parts to be welded is about 0.15
mm. The performance of welded membrane boxes is confirmed in the barostatic valve of an aircraft engine. It is estab-
lished that micro plasma welding can be used in the manufacture of thin-walled shells made of 12X18H10T steel (0=0.15
mm), which work at variable loads. The technological process of welding is introduced into the series production.

Key words: Aviation engine, barostatic valve, membrane box, microplasma welding, technological cycle, weld.
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OPTIMIZATION OF HEAT TREATMENT REGIME FOR A NEW
BIODEGRADABLE MG-ZR-ND ALLOY WITH ENHANCED
MECHANICAL PROPERTIES

Purpose. To develop a rational heat treatment regime for a new biodegradable magnesium alloy of the Mg-Zr-Nd
system, to ensure enhanced mechanical properties throughout the entire treatment period.

Research methods. Differential thermal analysis (DTA) was used to determine phase transformation temperatures.
Microstructure analysis was conducted using optical microscopy (“Neophot 32" and “OLYMPUS IX 70”) and scanning
electron microscopy with energy-dispersive X-ray spectroscopy (SELMI REM-1061). Mechanical properties were deter-
mined using an INSTRON 2801 testing machine. The influence of cooling rate on microstructure and properties was
studied using ProCAST simulation software. Heat treatment was carried out in a Bellevue type shaft furnace and a
PAP-4M furnace. X-ray analysis was used to detect internal defects in samples.

Results. A new heat treatment regime was developed for the biodegradable Mg-3.15Nd-1.25Zr-0.6Zn (wt%) alloy.
Using differential thermal analysis and microstructure studies at various quenching temperatures, the optimal quenching
temperature was established at 560 °C. Empirical relationships describing the influence of heat treatment parameters on
the alloy's microstructure were calculated. The new heat treatment regime (quenching from 560 °C for 8 hours, air

cooling + aging at 200 °C for 16 hours) resulted in improved mechanical properties (UTS = 276-282 MPa,
0 = 5.2-5.8%) compared to the standard T6 regime.

Scientific novelty. For the first time, a comprehensive study of the influence of heat treatment parameters on the
structure and properties of a new Mg-3.15Nd-1.25Zr-0.6Zn (wt%) alloy with increased content of alloying elements was
conducted. New dependencies describing the influence of quenching temperature on the alloy's grain size were estab-
lished.

Practical value. A new heat treatment regime for the biodegradable magnesium alloy was developed, which ensures
complete dissolution of the pseudoeutectic phase and formation of strengthening phases, resulting in improved mechan-
ical properties compared to the standard alloy Mg-2.5Nd-0.4Zn-0.5Zr (wt%) and the standard T6 regime.

Key words: biodegradable magnesium alloy, Mg-Zr-Nd system, heat treatment, quenching temperature, mechanical
properties, microstructure, pseudoeutectic phase.

Introduction The aim of this study is to develop a rational heat

) ) treatment regime for a new biodegradable magnesium al-

Magnesium alloys of the Mg-Zr-Nd system have sig-  |oy of the Mg-Zr-Nd system with increased content of al-

nificant potential for use as biodegradable implants in 0s-  |oying elements - Mg-3.15Nd-1.25Zr-0.6Zn (wt%) [3]. To
teosynthesis due to their unique combination of properties  achieve this goal, the following objectives were set:

[1]. However, existing industrial alloys of this system, such 1. Investigate the effect of the standard T6 heat treat-
as Mg-2.5Nd-0.4Zn-0.5Zr (wt%) (formerly known as  ment regime on the microstructure of the developed alloy.
ML10), do not always provide the optimal combination of 2. Determine the phase transformation temperatures
mechanical characteristics and biodegradation rate re-  of the new alloy using computational methods and differ-
quired for effective application in medical practice [2, 3]. ential thermal analysis.

One of the key factors influencing the properties of 3. Study the influence of quenching temperature on grain
magnesium alloys is their heat treatment regime. The  jze and the amount of secondary phases in the new alloy.
standard T6 heat treatment regime [4, 5], widely used for 4. Develop an optimized heat treatment regime that

Mg-Zr-Nd system alloys, does not always ensure complete provides an enhanced complex of mechanical properties
dissolution of pseudo-eutectic phases and formation of op-  for the new alloy.

timal microstructure in alloys with increased content of al- 5. Compare the mechanical properties of the new al-
loying elements [5, 6]. loy after optimized heat treatment with the standard Mg-
2.5Nd-0.4Zn-0.5Zr (wt%) alloy.
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The results of this study will allow the development
of a rational heat treatment regime for the new biodegrada-
ble magnesium alloy, ensuring an optimal combination of
strength, plasticity, and corrosion resistance necessary for
effective application in osteosynthesis.

Analysis of research and publications

The development of biodegradable magnesium alloys
for medical applications, particularly in osteosynthesis, has
been a subject of extensive research in recent years. The
Mg-Zr-Nd system alloys have shown promising results due
to their favorable combination of mechanical properties,
corrosion resistance, and biocompatibility [7, 8, 9, 10].

The standard heat treatment regime T6 (quenching +
aging) has been widely used for Mg-Zr-Nd alloys to im-
prove their mechanical properties and corrosion resistance
[11]. This regime typically involves heating to 540 £ 5 °C,
holding for 8 hours followed by air cooling, and then aging
at 200 + 5 °C for 16 hours with air cooling [4, 5]. The im-
provement in properties is achieved through the dissolution
of non-equilibrium pseudo-eutectic and the precipitation of
clusters of secondary phase particles, consisting of finely
dispersed Zn,Zr3 intermetallics, " and B' phases [12, 13].

The influence of heat treatment parameters on the mi-
crostructure and properties of magnesium alloys has been
a focus of several studies. It has been established that the
quenching temperature can significantly affect the grain
size of magnesium alloys, with higher temperatures gener-
ally leading to grain growth [14]. However, the relationship
between quenching temperature and grain size can be com-
plex, especially in alloys with high content of alloying ele-
ments.

The role of alloying elements, particularly Nd and Zr,
in the formation of strengthening phases and their effect on
the heat treatment process has been discussed in literature
[15-18]. The concentration of Nd close to its solubility
limit can lead to the formation of a larger amount of
pseudo-eutectic in the alloy, which affects the mechanical
properties and requires adjustment of the heat treatment re-
gime.

Despite the extensive research in this field, there is
still a need for systematic studies on the optimization of
heat treatment regimes for new biodegradable
Mg-3.15Nd-1.25Zr-0.6Zn (wt%) alloy with increased con-
tent of alloying elements. This research aims to address this
gap by developing a rational heat treatment regime for a
new Mg-3.15Nd-1.25Zr-0.6Zn (wt%) alloy, taking into ac-
count its specific composition and desired properties for
osteosynthesis applications.

Purpose

The primary purpose of this study is to develop and
optimize a heat treatment regime for a new biodegradable
magnesium Mg-3.15Nd-1.25Zr-0.6Zn (wt%) alloy with in-
creased alloying content. This research aims to address the
limitations of the standard T6 heat treatment when applied
to alloys with higher concentrations of alloying elements.
By systematically investigating the effects of heat treat-
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ment parameters on the alloy’s microstructure and proper-
ties, this study seeks to establish a rational heat treatment
process that ensures complete dissolution of pseudo-eutec-
tic phases and formation of an optimal microstructure. The
ultimate goal is to achieve an enhanced combination of
strength, ductility, and corrosion resistance in the new
Mg-3.15Nd-1.25Zr-0.6Zn (wt%) alloy, making it more
suitable for osteosynthesis applications compared to exist-
ing commercial alloys such as Mg-2.5Nd-0.4Zn-0.5Zr
(Wt%).

Research material and methodology

The research was conducted on newly developed bi-
odegradable magnesium alloys of the Mg-Zr-Nd system
[3]. The experimental alloys had varying contents of alloy-
ing elements within the following ranges: 1.2-1.3% Zr,
3.1-3.2% Nd, and 0.5-0.7% Zn. The standard alloy (0.4—
1.5% Zr, 2.2-3.4% Nd, and 0.1-0.7% Zn) was used for
comparison in various experiments.

Alloys were melted in an IPM-500 crucible furnace
with a capacity of 0.5 tons, power of 140 kW, and produc-
tivity of 230 kg/hour. The melt was refined using VI 2 flux
[19] and cast into removable crucibles at 650-730°C. Lig-
atures containing Zr, Nd, and Zn were added to adjust the
composition.

Heat treatment was performed in a Bellevue type
shaft furnace (112 kW, 95 kg/hour productivity) and a
PAP-4M type furnace (50 kg/hour productivity) under an
argon protective atmosphere. The standard T6 heat treat-
ment regime for Mg-Zr-Nd alloys was applied according
to existing standards [4, 5].

The ProCAST software package, including the COM-
PUTHERM module, was used to estimate material proper-
ties.

Chemical composition was determined using stand-
ard methods. Sample quality was assessed visually and us-
ing X-ray methods (RAP-150/300, RUP 150/300,
RUP 400-5, and MIRA-2D devices).

Mechanical properties were determined using an IN-
STRON 2801 testing machine according to existing stand-
ards [4, 19].

Macro- and microstructures were studied using Neo-
phot 32 and OLYMPUS IX 70 optical microscopes at mag-
nifications of 100, 200, 350, and 500 times. Grain size was
determined according to [20]. Phase composition was
quantitatively assessed using the Rosiwal linear method.

Phase analysis of structural components was per-
formed using a SELMI REM-106I scanning electron mi-
croscope with energy-dispersive microanalysis.

Differential Thermal Analysis (DTA) was performed
using a VDTA-8 installation in an argon atmosphere with
constant heating and cooling rates of 80 °C/min. The max-
imum heating temperature was 800 °C.

Results and their discussion

The study of the microstructure of the experimental
biodegradable alloy after heat treatment showed that alt-
hough fine dispersed strengthening phases were formed in
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the structure (Fig. 1a), residual precipitates of pseudo-eu-
tectic that did not dissolve during quenching were observed
at the grain boundaries (Fig. 15). This undesirable phenom-
enon was not observed in the standard
Mg-2.5Nd-0.4Zn-0.5Zr (wt%) alloy, indicating a potential
issue specific to the experimental alloy’s composition or
heat treatment process.

Wh=11.0mm

Figure 1. Microstructure of the experimental biodegredable
alloy after standard heat treatment T6, X100 (a) and pseudo-eu-
tectic precipitates, x80 (b)

Using micro-X-ray spectral analysis (Fig. 2), it was
determined that the residual pseudo-eutectic at the grain
boundaries has a composition of Mg-38.47Nd-1.06Zn-
0.1Zr and corresponds to a (Mg, Zn)12Nd-type phase.

Such pseudo-eutectic precipitates after T6 heat treat-
ment were observed in similar alloys [5, 6]. The authors of
these works attribute this phenomenon to insufficiently
high heating temperature of the alloy before quenching, in-
sufficient holding time at this temperature, or slow cooling.

Given that the experimental biodegradable alloy con-
tains a concentration of Nd (3.1%) close to the solubility
limit (3.6%), this leads to the formation of a larger amount
of pseudo-eutectic in the developed alloy compared to the
standard Mg-2.5Nd-0.4Zn-0.5Zr (wt%). The presence of
pseudo-eutectic in the structure reduces the threshold of
mechanical properties of the alloy by decreasing the
amount of Nd and Zn that form the strengthening phase.
We investigated the potential for achieving complete dis-
solution of the residual pseudo-eutectic by exploring the
effects of increased heating temperatures prior to quench-
ing.

To determine the possibility of increasing the heating
temperature before quenching, solidus and liquidus tem-
peratures were calculated using the “COMPUTHERM”
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calculation module, which is part of the “ProCAST” soft-
ware package.

Figure 2. Micro-X-ray spectral analysis of the experimental bio-
degredable alloy after heat treatment T6

For the developed alloy, the solidus temperature was
Tsol =552 °C, and the liquidus temperature Tliq = 648 °C
(Fig. 3, a). For comparison, temperature calculations were
performed for the standard alloy of the Mg-Zr-Nd system
— Mg-2.5Nd-0.4Zn-0.5Zr (wt%): Tsol = 530 °C,
Tliq = 647 °C (Fig. 3b). The shift in solidus temperature
was +22 °C, and in liquidus temperature +1 °C. Thus, the
calculations determined that increasing the alloying ele-
ments Nd and Zr leads to an increase in the solidus temper-
ature and has almost no effect on the liquidus temperature.

Composition | Thermal| puid | stress | Micostructure | cCT/TIT | +-
Property Type Value Value Unit F(T) Unit
Condugtivity F(T) | [ W Am-K w|C v
E Density Models Standard v
Density ) v kg/m"3 vlc ~
Specific Heat Const.
Enthalpy ) I kg v|c ~
Fraction Salid [{U) R c b~
Latent Heat Const
| B Liquidus-Solidus
| — Liquidus Const.
Solidus Const
a
| Composition | Thermal [ Fiyd | stress [cormrr | +- |
Property Type Value Value Unit F(T) Unit
Conductivity FT) Al Wim-K ~|c v
& Density Models Standard v
Densiy FiT) v ka/m”3 ~ic v
Enthalpy FT) ¥ |l | kg ~c ~
Fraction Salid [{u] vl C !
Latent Heat Const.
B Liquidus-Solidus | |
----------- Liquidus Const. [
wonr Solidus Const T
b

Figure 3. Working window of the “COMPUTHERM” module,
showing the results for (a) the developed alloy and () the stand-
ard Mg-2.5Nd-0.4Zn-0.5Zr (wt%) alloy
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For practical determination of the optimal heating
temperature before quenching of the new Mg-3.15Nd-
1.25Zr-0.6Zn (wt%) alloy, differential thermal analysis
(DTA) was used. The graph (Fig. 4) shows DTA curves for
the developed alloy in comparison with the standard
Mg-2.5Nd-0.4Zn-0.5Zr (wt%) alloy.

A Base line

o
T
2
h=l
= B - Mg-2.5Nd-0.4Zn-0.5Zr (wt%)
5 M - Mg-3.15Nd-1.252r-0.6Zn (wt%)
6455 Searac
Exo
T T T T T T o
450 500 550 600 650 700

Figure 4. DTA curves of the standard Mg-2.5Nd-0.4Zn-0.5Zr
(wt%) alloy and the new non-heat-treated Mg-3.15Nd-1.25Zr-
0.6Zn (Wt%) alloy

The curves for both alloys were similar and had 2
peaks: the first corresponds to the melting of the non-equi-
librium pseudo-eutectic; the second corresponds to the
melting of the alloy itself.

The DTA results (Table 1) correspond well with the
“COMPUTHERM?” calculations. The melting temperature
of the pseudo-eutectic in the experimental biodegradable
alloy was 571.4 °C, which is 21.9 °C higher than the cor-
responding temperature for the standard Mg-2.5Nd-0.4Zn-
0.5Zr (wt%) alloy — 549.5 °C. The melting temperature of
the new Mg-3.15Nd-1.25Zr-0.6Zn (wt%) alloy - 647.1 °C,
slightly (by 1.3 °C) exceeded the Mg-2.5Nd-0.4Zn-0.5Zr
(Wt%) alloy - 645.8 °C. Thus, to ensure the most complete
dissolution of the pseudo-eutectic without overheating and
melting, the heating temperature before quenching of the
new Mg-3.15Nd-1.25Zr-0.6Zn (wt%) alloy was set at
Tquench = 560 °C.

Table 1 — DTA results

Temperatures, °C
All i
oy Heating for Melting of Melting
quenching pseudo-eu- | alloy
tectic
New Mg-3.15Nd-
1.25Zr-0.6Zn (Wt%) 560 5714 647,1
alloy
Standard Mg-
2.5Nd-0.4Zn-0.5Zr 540 549,5 645,8
(wt%) alloy

As being known, increasing the heating temperature
before quenching can affect the grain size of magnesium
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alloys, causing it to increase [21], which negatively im-
pacts mechanical properties, both strength and plasticity.

To determine the effect of heating temperature before
quenching on the grain size of the new alloy, experimental
samples in the form of discs with a height of 10 mm and a
diameter of 20 mm were subjected to heat treatment ac-
cording to the T4 regime (quenching, air cooling). To study
the dynamics of changes in average grain size and the
amount of secondary phase (pseudo-eutectic) in the new
alloy, the following heating temperatures before quenching
were selected: 400 °C, 450 °C, 500 °C, 540 °C, 560 °C
(Fig. 5). The microstructure of the obtained samples was
compared with samples of the standard Mg-2.5Nd-0.4Zn-
0.5Zr (wt%) alloy after quenching from 400 °C, 450 °C,
500 °C, and 540 °C (Fig. 6). The 50 °C step is sufficient to
detect changes in the microstructure. Temperatures of
540 °C and 560 °C were chosen based on the DTA results
(Table 1) and are optimal for heating before quenching for
the developed alloy and Mg-2.5Nd-0.4Zn-0.5Zr (wt%) al-
loy respectively.

The microstructure of the experimental alloys con-
sisted of solid solution grains, precipitates of undissolved
pseudo-eutectic (Mg, Zn);2Nd (dark areas) formed during
quenching, and Zn,Zr3 intermetallics within the grain body
that formed during quenching. At temperatures of 400 °C,
450 °C, 500 °C, precipitates of undissolved pseudo-eutec-
tic were observed in the structures of both alloys
(Fig. 5a—c, Fig. 6a—c), and in the structure of the new alloy,
they were also observed at 540 °C (Fig. 5d), while at this
temperature in the standard alloy, the pseudo-cutectic was
almost completely dissolved (Fig. 6d). When quenching
the new alloy from 560 °C, the eutectic at the grain bound-
aries was practically absent (Fig. Se).

Figure 5. Microstructures of the developed alloy at different
quenching temperatures, X350
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Figure 6. Microstructures of the standard alloy at different
quenching temperatures, X350

Quantitative analysis of the microstructures of the ex-
perimental alloys after different quenching regimes
(Table 2) showed that the grain size of the developed alloy,
at quenching heating temperatures from 400 to 540 °C, was
lower compared to the Mg-2.5Nd-0.4Zn-0.5Zr (wt%) alloy
by 5.1-28.8 um. When increasing the heating temperature
before quenching of the experimental biodegradable alloy
from 540 °C to 560 °C, the average grain size increased by
15.7 um. At the same time, at a temperature of 560 °C, the
grain size of the experimental biodegradable alloy was
lower than the grain size of the Mg-2.5Nd-0.4Zn-0.5Zr
(Wt%) alloy at 540 °C by 13.1 um. Dependencies that most
fully describe the change in the average grain size of the
alloy with changing heating temperature during quenching
were constructed for the experimental biodegradable alloy
(1) and the standard Mg-2.5Nd-0.4Zn-0.5Zr (wt%) alloy
(2). The dependencies have the form of exponential regres-
sion equations.

Table 2 — Average grain size of experimental alloys
at different quenching temperatures

Average grain size at a certain heating tem-
Alloy perature for quenching, pm
400°C | 450°C | 500°C | 540°C | 560 °C
New Mg-
3.15Nd-
1.25715-0.67Zn 96,2 107,4 120 137,9 | 153,6
(wt%) alloy
Standard
Mg-2.5Nd-
0.47n-0.571 101,6 | 112,5 | 129,9 | 166,7 -
(wt%) alloy
Daew aloy= 30,4 x X0 T £ 4.7 ym (1)
R =0,985; R?=0,969; p=0,95
DSTD — 24’9 X eO,OOSXTquenchi 9,1’ pm (2)
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R = 0,966; R = 0,932; p = 0,95

The graphical representation of the dynamics of grain
size changes (Fig. 7) shows that at heating temperatures
<500 °C, the rate of grain growth is almost the same. At
heating temperatures > 500 °C, the grain of the standard
Mg-2.5Nd-0.4Zn-0.5Zr (wt%) alloy grows more signifi-
cantly. These results can be explained by the increased
modifying ability of Zr, the content of which is signifi-
cantly higher in the new Mg-3.15Nd-1.25Zr-0.6Zn (wt%)
alloy, providing a finer initial structure due to an increase
in the number of nuclei of new grains, as well as a greater
amount of Nd in the solid solution and the formation of a
larger number of Zn,Zr3 zirconides, which together leads
to an increase in the heat resistance of the alloy [22].

The microstructure of the new Mg-3.15Nd-1.25Zr-
0.6Zn (wt%) alloy after the modified T6 regime—heating
to 560 °C, holding for 8 hours, air cooling + aging at
200 °C for 16 hours (Fig. 8a) — exhibited clean, unmelted
grain boundaries without noticeable residual pseudo-eutec-
tic precipitates. The structure revealed a significant quan-
tity of spherical clusters of secondary phase particles, com-
posed of Zn,Zr3 intermetallics and strengthening " and f'
phases of MgsNd and Mg7Nd types. The quantity and dis-
persion of secondary phases were notably higher compared
to the alloy structure treated with the standard T6 regime
(quenching from 540°C + aging) (Fig. 8b). Concurrently,
no significant grain growth was observed relative to the
standard regime.

:x‘c'““ grain size, W - Mg-2.5Nd-0.42Zn-0.52Zr (wt%)

M - Mg-3.15Nd-1.252Zr-0.6Zn (wt%)

T80 1y = 30,4 % @bossaTomn & 47, ym

Dsin = 24,9 » @l003<Tawench & 9,1, ym

4':})0 4150 5(!‘0 5I50 Quenching temperature,°C

Figure 7. Dynamics of changes in the average grain size of ex-
perimental alloys at different heating temperatures for quench-
ing

Following the increase in heating temperature before
quenching, the ultimate tensile strength of the new alloy,
compared to the standard T6 heat treatment, increased from
265-270 MPa to 276282 MPa (an average increase of
9.5%), while the elongation increased from 4.5-5% to 5.2—
5.8% (an average increase of 13%) (Table 3). Relative to
the standard Mg-2.5Nd-0.4Zn-0.5Zr (wt%) alloy (Fig. 8¢),
the property improvements were 18% and 31%, respec-
tively. Thus, despite the slightly larger average grain size
of the alloy treated with the new regime, the positive effect
of more complete dissolution of the pseudo-eutectic out-
weighed the negative effect of increased grain size.
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Figure 8. Microstructures of the studied alloys after aging,
x200: developed alloy processed using the new mode (a), devel-
oped alloy processed by the standard mode (b), standard
Mg-2.5Nd-0.4Zn-0.5Zr (wt%) alloy, processed according to the
standard mode (c)

Table 3 — Mechanical properties of the studied alloys
depending on the heat treatment mode

Physical and
Heat treatment re- mecham‘cal
Alloy . properties
gime
UTS, 5. %
MPa ’
Standard Mg-
2.5Nd-0.4Zn- Quenching from 235- 3,0—
0.5Zr (wt%) 540 °C, aging 240 4,0
alloy
New Mg- Quenching from 265- 4,5-
3.15Nd-1.25Zr- 540 °C, aging 270 5,0
0.6Zn (Wt%) Quenching from 276— 5,2—
alloy 560 °C, aging 282 5,8

Based on the research results, the following heat treat-
ment regime is recommended for the new Mg-3.15Nd-
1.25Zr-0.6Zn (wt%) alloy: heating to 560 + 5 °C, holding
for 8 hours followed by air cooling, and aging at
200 £ 5 °C for 16 hours followed by air cooling.

In conclusion, the study of the influence of techno-
logical factors on the microstructure and properties of the
experimental biodegradable alloy has established their op-
timal parameters. To explore the possibility of further en-
hancing the overall property complex of the alloy, it is ad-
visable to conduct industrial trials of the alloy with appli-
cation of investigated methods.

Conclusions

The present study on the optimization of heat treat-
ment for a new biodegradable Mg-3.15Nd-1.25Zr-0.6Zn
(wt%) alloy has yielded several important findings:

1. Increasing the concentration of chemical elements
in the experimental biodegradable alloy leads to an in-
crease in the amount of pseudo-eutectic (Mg, Zn),Nd pre-
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cipitates and insufficient dissolution during homogeniza-
tion. This issue is addressed by increasing the holding tem-
perature before quenching.

2. Using the “COMPUTHERM?” module and differ-
ential thermal analysis, the melting temperatures of the
pseudo-eutectic and the new alloy were predicted to be
571.4 °C and 647.1 °C, respectively. Based on these data,
the optimal heating temperature before quenching for the
experimental biodegradable alloy was determined to be
Tquench = 560 °C.

3. The grain size of the new Mg-3.15Nd-1.25Zr-
0.6Zn (wt%) alloy, at quenching temperatures from 400 to
540 °C, was lower compared to the Mg-2.5Nd-0.4Zn-0.5Zr
(wt%) alloy by 5.1-28.8 um. When increasing the heating
temperature before quenching of the experimental biode-
gradable alloy from 540 °C to 560 °C, the average grain
size increased by 15.7 um. At 560 °C, the grain size of the
experimental biodegradable alloy was 13.1 um smaller
than that of the Mg-2.5Nd-0.4Zn-0.5Zr (wt%) alloy at
540 °C. Complete dissolution of the pseudo-eutectic in the
microstructure of the experimental biodegradable alloy
was observed only at a holding temperature of 560 °C.

4. For the experimental biodegradable alloy, the fol-
lowing heat treatment regime is recommended: heating to
560 £ 5 °C, holding for 8 hours followed by air cooling,
and aging at 200 = 5 °C for 16 hours followed by air cool-
ing. This regime ensures a high complex of mechanical
properties for the alloy when cast in a sand mold: ultimate
tensile strength UTS = 276-282 MPa, elongation 6 = 5.2—
5.8%. Compared to the previous heat treatment regime, the
alloy's ultimate tensile strength increased by 6—17 MPa,
and the relative elongation increased by 0.2—1.3%.
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OITUMI3ZALIS PEXXUMY TEPMIYHOI OBPOBKH HOBOI'O
BIOJAEI'PAAYIOYOI'O CIIVIABY Mg-Zr-Nd 3 HI/IBULIIEHNMH
MEXAHIYHUMHA BJJACTUBOCTAMU

Avikia M. J1.

Crapmmii BuKTagad kadenpu pismaHOro MaTepiano3HaBCTBa, HallioHanpHUH yHIBEpCUTET

«3aropi3bKa nojiTexHika», 3anopixoks, Ykpaina, e-mail: fitonel4@gmail.com, ORCID:

0000-0001-9513-2804
TamomeeB B. A.

H-p TexH. Hayk, mpodecop, HamioHampHHMH yHIBepcHTET «3amopi3pka ITONITEXHIKAY,

3amopixoks, YKpaina, e-mail: shalomeev@zntu.edu.ua, ORCID: 0000-0002-6091-837X

Mema. Po3pobumu payioHanbHuil pejicum mepmivHoi 06pooKu H08020 0i00ecpadyiou020 MAeHIEBO20 CNIABY CUC-
memu Mg-Zr-Nd ons 3ab6e3neuents niogueHUxX MEXAHIYHUX 61ACMUBOCMEN NPOMSA2OM 8Cb020 Nepiody 0OPOOKuU.
Memoou oocnioxncenns. [ugpepenyianvrno-mepmivnui ananiz (TA) euxopucmogysaecs 0ns 6U3HAYEHHs. memne-

pamyp @azosux nepemeopetrv. AHANIZ MIKPOCHMPYKIMYPU NPOBOOUSCA 3a OONOMO20K0 onmu4Hoi mikpockonii («Neophot
32» ma « OLYMPUS IX 70») ma ckanyrouoi enekmpoHHOI MIKPOCKONIL 3 eHepeoOUCnepCiliHol PeHM2eHIBCbKOI0 CHEeKM-
pockoniero (SELMI PEM-1061). Mexaniuni énacmugocmi eusnauanucs Ha eunpoodysanvuii mawuni INSTRON 2801.
Bnnue weuokocmi 0xon00cenHs Ha MIKPOCMPYKMYpY ma 61acmueocmi 6U8Ua8Cs 3a 00NOMO20I0 NPOSPAMHO20 3abe3ne-
yenns ProCAST. Tepmiuna obpobkra nposoounaca 8 wiaxmmuii neyi muny Bellevue ma neui ITAII-4M. Penmeenigcokuti
AHANI3 BUKOPUCTNOBYBABCS OISl BUABTICHHS 6HYMPIWHIX Oeghekmis y 3pa3Kax.
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Pezynomamu. Po3pobneno HO8uUll pexcum mepmiuHoi 06pooku 0 6iodecpadyroyoeo cnaagy Mg-3,15Nd-1,257r-
0,6Zn (mac.%). 3a donomozoro oughepenyiarbHo-mepmiuHo20 ananizy ma 00CAIONCEH S, MIKDOCMPYKIMYPU NPU PI3HUX
MeMNEpamypax 2apmy6antsi 6CMAHOGLEHO ONMUMAaLbHy memnepamypy capmyeanns 560°C. Pospaxosano emnipuyni 3a-
JIEIACHOCIE, WO ORUCYIOMb GNIUE NApAMempie mepMiuHoi 06pobKku Ha MiKpocmpykmypy cnaagy. Hoeutl pedcum mepmiu-
HoI 00pobxu (2capmyeanns 6i0 560°C npomsieom 8 200uH, 0xon00%cenHs Ha nosimpi + cmapinus npu 200°C npomszom

16 200un) npussie 0o nokpaujeHHs mexanivHux eracmusocmeil (op = 276-282 Mlla, 6 = 5,2-5,8%) nopisnauo 3i cman-

dapmuum pesicumom T6.

Haykoea nosusna. Bnepuie npogedeno xomniexche OOCHIONMCEHHA 6NAUBY NAPAMEmpie mepMiuHoi 00pobKu Ha
cmpykmypy ma enacmugocmi Ho6oeo cniaagy Mg-3,15Nd-1,25Zr-0,6Zn (mac.%) 3 nioguwenum emicmom iezyiouux eine-
Menmig. Bemarnogneno nogi 3anedqcnocmi, wo onucyroms 6Niue memMnepamypu 2apmyearHs Ha po3mip 3epHA CRIA8Y.

IIpaxmuuna yinnicme. Po3po0Oaeno Houll pesicum mepmiuHoi 00pobKu 6io0e2padyrouo2o MAeHie8020 CRAABY, AKUL
3a6e3neuye nosHe Po3YUHEHHs NCe800esMeKmUuYHol hasu ma GopmysanHs sMIYHIOIYUX (a3, o npu3800ums 00 NOK-
PAUeHHs MEXAHIYHUX 61ACMUBOCMel NOPIGHAHO 3i cmanoapmuum cnaagom Mg-2,5Nd-0,4Zn-0,5Zr (mac.%) ma cman-

dapmuum pexcumom T6.

Krouosi cnosa: 6iodecpadyrouuii maeuiceuil cnias, cucmema Mg-Zr-Nd, mepmiuna obpobka, memnepamypa 2ap-
MYSAHHS, MEXAHIYHI 6LACMUBOCMI, MIKDOCMPYKMYPA, NCeBO0e6MeKmuyHa gasa.
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Bumuenonscekuii €. B.

3ABE3NEYEHHSA SIKOCTI JETAJIEH 3 NYLON OTPUMAHUX
MOJIEJIOBAHHAM METOJOM HAIIJIABJIEHHSA

Mema pobomu. Komnaexcne 00cniodcenst 6Mau8y pelcuMHux napamempis npoyecy Mooentosanns Memodom Ha-
nnaenenns - Fused Deposition Modeling (FDM) na wiopcmkicme nogepxons demaseu.

Memoou docnidxcenns. 3pasku 0ns docriodncenns opykysanru memooom FDM na 30-npunmepi mooeni Profi+. Bu-
KOpucmogysanu npoepamue 3abesneuenns ons Hapizku CAD-mooeni Ha wapu ma niocomosku G-kody — Slic3rPE. 3pasku
opykyeanu ginamenmom Nylon 6i0 komnanii Plexiwire. Ilpocywiysanus mamepiany 6e3nocepedubo neped OpyKom npo-
soounu y enekmponedi « EJIEKTPOTEPMy. [lna eusHaueHHs wWOPCMKOCMI 3pA3Ki6 8UKOPUCMOBY8ANU Npoditomemp
171621. J[na cmamucmuunoi 00pobku pesynomamis gukopucmanu npoepamuuti komniexc STATISTICA

Ompumani pesynomamu. J{ocniodiceno 6naug pejxcumnux napamempie opyxy FDM na wopcmxicms nogepxons oe-
manei. Bcmanosneno, wo Ha wiopcmkicms no8epxHi HaubiIbule 6NAUBAIOMb OOHOUACHO OEKIIbKA NAPaAMEempie. Weuo-
Kicmb OpyKy, memnepamypa niamgopmu, Ucoma wapy, WilbHiCmb 3aN08HeHHs, eKCMPY3IHUL MHONMCHUK, KIIbKICIb
CMIHOK, KIIbKICMb CYYIIbHUX GEPXHIX MA HUJICHIX WAPIB, CXeMa 3aN0GHEHHSA Ma MeMNepamypa excmpys3ii.

Hayxosa noeusna. Busznaueno payionanvhe NOCOHAHHS PEICUMHUX NAPAMEMPIS, NPU AKUX 00CA2AEMbCA MIHIMA-
JIbHA wopcmKicmy nogepxui. Takum yuHom Oy10 6CMAHOGIEHO, WO MIHIMANLHOI WOPCMKOCMI Y 00CHiOHCY8AHOMY dia-
NA30Hi MOJACHA O0CAMU NPU HACIYNHUX DENCUMHUX NAPAMEMPAX. CXema 3an08HeH s — NPAMONIHINING, 2YCIMUHA 3an06-
Henns 25 %, excmpysitinutl muodcnux 0,9, memnepamypa excmpyoepa 265 °C, weudkicmo 0Opyky 40 mm/c, sucoma wapy
0,15 mm, kinoxicmo cyyinorux cminox 2, memnepamypi naamgopmu 100 °C. Ipu 30ineuenni memnepamypu niamepopmu
i weuokocmi OpyKy 3HAYeHHsi Wopcmrocmi 6yoe 30L1bULy8amucs, Mmaxodic 00 Ybo20 NPU3B0OUNb 30LIbUEHHS GUCOMU
wapy i winonocmi 3anosuennsi. 11i08unens 3HaueHHs eKCmpy3itiHo20 MHOJMCHUKA MA 3MEHUEHHS. MeMNepamypu eKcn-
pyoepa — mac He2amueHuil GNIUE HA WOPCMKICMb No8epXHi. [Hwi docriddcyseani napamempu He MAIU CMAMUCTIUYHO
3HAYYWO20 GNAUBY HA WOPCMKICINb HOBEPXHI.

Ilpakmuuna yinnicme. Pezynomamu 00C1iodceHHs 00360510Mb NPOSHO3Y8AMU Ma NIOBULY8AmMU AKICMb demanel
3 HElIOHY, 8U20mosienux memooom FDM, 3a paxyHok 6cmanogeHHs payioHaIbHUX PeCUMi6 npoyecy.

Kurouoei cnosa: Moodenosanns Memoodom Hannagnenns, wopcmxicmos NOSEPXHI, pejiCUMHI napamempu, HeuioH,
oucnepciinuil aHaiz, AKICMb NOBEPXHI.

MmetonoM 3D-mpyKy Ui TEpMOIUIACTUYHHX MartepialliB

Beryn [2,3].

3a ocTaHHE AECATHIIITTA aAUTHBHI TEXHOJIOTII TOCTY-
ITOBO €BOITIOI[IOHYBAIN BiJl TEXHOJIOTiH CTBOPEHHS MPOTO-
TUIIB 10 aJIbTEPHATUBU CYOTPaKTHBHOMY BHPOOHHIITBY.
AnutusHi TexHonorii (AT) orpumanu 3HauHy yBary B aka-
JeMidHill Ta MPOMHCIIOBIN cepax, OCKUTBKH BOHHU 3a0e3-
NEeYYIOTh MOXJIMBICTh BUTOTOBIISITH JIETAJTl 31 CKIIATHOIO
CTPYKTYpOlO 0Oe3 BHKOPUCTaHHS JOPOTHX IHCTPYMEHTIB
[1]. 3okpema, 3aBOSKM LIBHIKOCTI, MPOCTOTI BHKOPHUC-
TaHHS, JETKOCTI Ta €KOHOMIYUHINA BUTOJi, MOJIEIIOBAHHS
MetoznoM HamnasneHHs: (FDM) cramo HalnommpeHinmm

© Tymapuenko JI. O., Bumnenonscekuii €. B., 2024
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3 poctoM TexHonorid 3D-npyky s BUpOOHHUIITBA
MOJIIMEPHUX JeTajel BHHUKAE Mpo01eMa BHOOPY MiX JINT-
M i TuckoM 1 3D-apyxom. [IpoTe icHyIOTE mapameTpw,
SIKI MOXKYTh CIIPOCTHTH 1€l BUOIp, Taki K MEXaHIuHI Bia-
CTHBOCTI, KIJIBKICTh JeTajleld, reOMETPHYHA CKJIAIHICTh,
PO3MipHa TOYHICTb, BApPTICTh 1 MIOPCTKICTh MOBepXHi. [le-
TaTi OTPUMaHI JUTTAM 3a3BHYail MalOTh BHII MEXaHiuYHi
BJIACTHUBOCTI Ta 130TPOIHICTH, 1 Yepe3 NOpoKHEeuy 00a-
HaHHS, BOHHM YacTillle BUKOPHUCTOBYIOTHCS JUIi BUCOKHX
o0csriB [4]. 3 iHmoro 0OKy, BUPOOHHITBO JIeTalei 3i
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CKJIaTHOIO TEOMETPIEI0 Ta HEBEIMKUMH PO3MipaMH 3a HU-
3BKOIO IIIHOIO MOXKITUBE TiNBbKH 3aBIsIKU 3D-napyky. Meton
FDM € mpocToio TeXHOJIOTI€I0, HUTKA EKCTPYAYETHCS Ue-
pe3 APYKyrouy IOJIOBKY Ta HAHOCUTBHCS IIap 3a IIapoM Ha
OyniBenbHy matgopmy, hopmyrouu 00’exT [5, 6]. Jlutts
i THCKOM, SIK METOJ BUPOOHUIITBA TOJIIMEPIB, MA€ CBOT
0OMEXEHHSI, TaKi STk 00MEXEHHsI KOHCTPYKIIT eTajieH, Bi-
COKa IT0YaTKOBa BapTiCTh 00JIaJHAHHS Ta CKIAIHICTh IPO-
uecy [7].

3as3Buuail st FDM BHKOPHCTOBYIOTH HUTKH 3 TEp-
MOTUTACTUYHHX ToJiMepiB, TakuX sk ABS, PLA, PC i iami
[5]. € 6araruii BuOip mosiMepiB, ajie iHKEHEepHI MaTepiain
s FDM Bce me oOMexeHi, MaloTh BHCOKY BapTiCTh Ta
HEAOCTATHBRO JOCIiIKEHI BIACTUBOCTI, IO YCKIAIHIOE iX
BHUKOpHCTaHHA 11 BupoOuunrsa. Ilomiamin (PA abo nHeii-
JIOH) € OTHUM 3 HAHBKJIMBIMINX KJIAaciB iHKECHEPHHUX Tep-
MOIUIACTHYHHUX IOJIMEpIB 3 UYyJOBHMH XapaKTEPUCTH-
kamu. [IpoTe, HocmimKeHHS MMOKa3aly, 0 BUPOOH 3 4HC-
toro ITA, BuroroBneni merogom FDM, MatoTh cepiio3Hi
nedopmarii ta HectabnbHICTE. [IpuunHa BOTO MOJISTaE Y
HAaKOIMYEHHI HANPYTH YCaJIKH, 10 BUHHUKAE ITiJl 4ac KpHUC-
tamizanii monimepis [8]. [y 3amo0iraHHs BUKPHUBICHHIO
Ba)XXJIMBO IEPEUIKOKATH PEryJIIPHOMY PpO3TallyBaHHIO
MOJIEKYJISIPHUX JIAHIIOT1B 1 TOCIa0Ii0BaTH 1X 31aTHICTH JI0
kpuctamnizamii [9, 10]. Axicte 3D- apykoBaHHX netaneit
MOXKe OyTH HaJIAINTOBaHA 3a JOTIOMOTOI0 IapaMeTpiB
APYKY.

BukopucranHs HOBHX MaTtepialliB 3 BiAMOBITHUMH
BIIACTHBOCTSIMH CIIPHSIE MONIYKY PAlliOHAIBHUX MapaMeT-
piB apyky metogom FDM. Xoua B ramy3i FDM 6ymo mpo-
BeJIeHO 0araro JOCIiXKeHb, HEHJIOH JJOCI He OTpUMaB Ha-
JISKHOT yBaru. 3aB/IsiKi CBOIM YHIKQJIbHUM BJIACTUBOCTSIM
BiH MOX€ 3HAWTH IIUPOKE 32CTOCYBAHHS B IPOMHUCIIOBOCTI
[11]. ITonepenHBO HEMIOH BUKOPUCTOBYBABCS MEPEBANKHO
y TEKCTWJIBbHII TPOMHCIIOBOCTI, aJie 3apa3 Horo BIacTHBO-
CTi ZI03BOJISIIOTH HOr0 BHKOPHCTOBYBATH Yy BHPOOHUIITBI
JieTaieil Ut aBTOMOO1IbHOT IIPOMHCIIOBOCTI, TAKHX SIK I1Ie-
CTEpHI, i IIIUITHUKY Ta iH., OCKUTBKH BiH Ma€ CaMO3MaIlly-
BaJIbHI BIIACTHBOCTI, BUCOKY CTiHKICTh IO 3HOITYBAaHHS Ta
TepMiuHy MilHICTh. KpiM TOTO, HEHWJIOH JeTmHii 3a CTalh
Ha 15 % i amominiit Ha 40 % [4].

AHaJi3 focaixzkeHsb Ta myOaikanii

OcTaHHI TOCTIIKCHHS MOJIMEPHUX MartepiajiB, Ta-
kux sk ABS, PLA, Burorosnenux 3a momomororo FDM,
PO3LIMPHIM MOXJIMBOCTI iX 3actocyBanHs. IIpore 3MiHa
napameTpiB APYyKy Ul OTPHUMaHHs 0a)KaHUX BJIACTHBOC-
TEH MPOIOBIKYE 3UTUILATHCS 00’ €KTOM JI0CipKeHb. Jlona-
TKOBO, IIPOJYKTH, CTBOpeHi 3a joromoroto FDM, wacro
MalOTh HEJOCTATHIO MIIHICTh Ta aJATre3il0 Yepe3 MOpOoxK-
Hedi, BUKJIMKaHI HEMOBHOIO AM(Y3i€l0 MK IIapaMu, II0
BUMAarae noJajblinX J0CITIPKeHb I 3HAXOKSHHS OIITH-
MaJbHUX MapaMeTpiB.

Jexinpka mochikeHp Oylo CIpsIMOBaHO Ha BH-
BYEHHS BIUIMBY [TapaMeTPiB MPoLiecy Ha pe3yJIbTaTh APYKY
FDM pnns metinony. Li et al. mocmimkyBaiu BIacTHBOCTI
ITA 12, 30xpema f0ro peosoriuHi XapaKTepUCTHKH, SKICTh
34EIJICHHS Ta MEXaHI4YHi BIACTUBOCTI B KOHTEKCTI 3aCTO-
cyBanHs1 y FDM [12]. Bonu BUSIBWIIH, 1110 TIPH ITiJBHIICHHI
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TEeMIepaTypu eKCTPy3ii B’sI3KICTh po3ruiaBieHoro ITA 12
3MEHIIYETHCS, IO CHPUSE IOKPAIICHHIO SKOCTI 34el-
nenHs. Lle npu3Beno 10 OTpUMaHHs HPAKTHYHO IMIITBHUX
netaneii [TA 12 3 minHicTIO Ha po3puB 110 58,88 MIla. Liao
et al. po3poOMIM KOMIIO3UTHI HHTKH BYIJICLIEBE BOJIO-
KkHO/ITA 12, 10 T03BOJUIIO JOCSATTH MEXI MIITHOCTI Ha pO-
3puB 10 93,8 MlIla [1].

B poboti Vishwas M. npuiiTimg 10 BHCHOBKY IIIO KyT
opi€eHTaIlil Ta TOBIIMHA OOOJIOHKH € TIapaMeTpaMy Tpo-
1eCy, SKi HaiOLIbIIe BIUTMBAIOTh HA MEXaHI9HI BIIACTUBO-
cti ABS Ta Heftnony [13]. ¥V Bumaaxy HeiIoHy Mexa Mill-
HOCTI Ha PO3PUB € MAKCHMAaJbHOIO IJIsI TOBLIMHU IIapy
0,1 mm, kyrta opientamii 300° i TOBHIMHH OOOIOHKH
1,2 MM. /15151 TOuHOCTI po3MipiB ToBHIMHA mapy 0,3 MM, KyT
opienrartii 150° i ToBImHa 00010HKH 0,4 MM.

VY nocnimxenHi [4] 3pa3ok HeiI0Hy 12 BUKOPUCTOBY-
BaBCsI JUIsl POBEAEHHs BUIPOOYBaHb HA PO3TATYBaHHS 3
METO0 BUBYEHHSI BIUIMBY Pi3HHUX (haKTOpiB, TAKUX SIK Bifl-
COTOK 3aITOBHEHHS, TOBIIMHA APy, KUIBKICTh KOHTYPIB Ta
iX B3a€MOJisI, HA MEXaHiYHI BJIACTUBOCTi, YaC BHUIOTOB-
JICHHSI Ta Bary JeTalli 3a JOIIOMOTOI0 METOy IUIaHyBaHHS
excriepumerty (DOE). Anami3 mokasas, IO TOBIIWHA
Iapy Ta KiIbKiCTh KOHTYPiB 3HAYHO BIUTMBAIOTH HA Yac BU-
roroBiieHHs. KilmbKicTh KOHTYpIB Ta MIUTBHICTH 3aIlOB-
HEHHS TaKOX MalOTh BEJIMKHWIl BIUTUB HA MEXaHI4YHI BJlac-
THUBOCTI Ta 4ac BUTOTOBJICHHS. 301IbLICHHS KUILKOCTI KO-
HTYypiB IPU3BOJUTH A0 MiJBUIICHHS Bar JeTalli Ta IoKpa-
HIEHHS MEXaHIYHUX BJIACTUBOCTEH, ajle OJHOYACHO 301/Ik-
nrye 4ac BUpOOHHMITBAa. EKcriepuMeHTanbHI pe3ysbTaTd
MOKa3aiy, 0 MaKCUMallbHI 3HAU€HHs HaBaHTAXXEHHsI Ha
pospus (533 H) i monosxkenns (595,5 %) orpumani npu
toBIuHI mapy Bix 0,2 10 0,3 MM. 3MEHIICHHS TOBIIUHU
HI1apy NpH Tii camiil IBUAKOCTI JPYKY NPU3BEIIO /10 3011b-
IIEHHS [IBUKOCTI OXOJIO/DKEHHS, 110 3HAYHO ITiIBHIIIIIO
MIIHICTh Ta 3MEHIIWIO ITO0BKEeHHS. TOBIIMHA MIapy Ta-
KO’ BIUIMBAJIA HA Yac JPYKy.

VY mocmimkenHi [14] aBTopy IPOBOAMIIN OIIHKY TOY-
HOCTI PO3MIpiB 1 AKOCTI OBEPXHI HOBOTO MoOJiaMixy 6 i
komno3uty PAG, sikuii Mictuth 10 % HamoBHIOBayYa, 3 ypa-
XYBaHHJIM 3MIiHM IIBHUAKOCTSH 1 TeMIlepaTyp Iia dyac
JIpyKy. BeranoBuiiu, 1o TemMneparypa, IBUAKICTb 1 BMICT
HaIOBHIOBaYa CYTTEBO BIUIMBAIOTH HA TX peoJoriuHi xapa-
krepuctuku. Yuctuit PA6 BuABUBCA ONTHMANbHUM 3a
ymoBH HIk401 Temneparypu (7 = 240 °C) i Bumioi mBuj-
kocTi ipyky (80 mm/c). 3 inmoro 6oky, PA6 3 10 % Haro-
BHIOBaua HalKpalile BiIoOpakae SIKICTh IPU TEeMIIEpaTypi
240°C i mBuakocti 60—80 mMm/c.

Lay et al. mpoBoguIM DOCTIHKEHHS ISl TOPIBHAHHS
(dhizmuHmX 1 MexaHigHIX XapakTepucTuk PLA, ABS i Heii-
JIOHY 6, BUTOTOBJICHUX 3a AormoMoror FDM Tta mutts mifg
TrcKOM [15]. OfHMM 13 CYTTEBHMX BHCHOBKIB IHOTO JOCIII-
KeHHs OyJIo Te, 0 KpUCTai4HICTh 3pa3kiB PLA Ta Heii-
noHy 6, HaapykoBaHmx FDM, 3pocia mopiBHAHO 31 3pa3-
KaMU JIUTTS i1 TUCKOM. Byia BHABIICHO, 110 MIIHICTh Ha
po3puB, Moayns FOHra, BiTHOCHE MOJOBKEHHS IPH PO3-
pHBI Ta yJnapHa MIIHICTh JJIS 3pa3ka, BUTOTOBJICHOTO 32
nmoriomoroio FDM, Hik4i OpiBHAHO 31 3pa3kaMu, BUTOTO-
BJICHUMH I/ THCKOM, ajle BiZICOTKOBAa PIi3HHI MOIYJS
IOHra Heitnony 6, HagpykoBanoro FDM, cranoBmIa jutie
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14%, mo Oyio HaWHIKYNM MOKA3HUKOM IOPIBHSIHO 3 iH-
LMK TepMOIUIaCTaMU. Pe3ynbTaTd LBOTO IOCIHiIKEHHS
MOKa3aiaH, [0 HEWJIOH 6, BUTOTOBJECHHMH 3a JOIOMOI'OIO
FDM, mae MeHIITy BiICOTKOBY Pi3HHIIIO (Di3MYHHX 1 Mexa-
HIYHUX BIacTUBOCTEH, Hixk PLA 1 ABS, mopisHsHO 3i 3pa-
3KaMH, BUTOTOBJICHUMH M1/l THCKOM.

M Ramesh et al. mociipKyBanu TPUBUMIPHUHA APYK
HEMITOHOBUX KOMNOHEHTIB [16]. LinbHICTh 3aNOBHEHHS
MaJia HaBUIIMI Koe(illieHT BHECKY, SIKUI BIUIMBA€E HA Me-
XaHI4HI XapaKTepUCTHKH HEWIOHOBOTO MaTepiaiy Iij yac
npouecy 3D- apyky. Bucora mapy 0,1 MM BruiMHyna Ha
MEXaHIuHI XapaKTEePUCTHKH, TakKi SIK MIIHICTh Ha PO3TAT,
ynap i MIIHICTh Ha BUI'HMH, ane TBepAicts 3a Illopom D
Oymna 36inpmena npu 0,3 mM. Byiio BcTaHOBIIEHO, 110 Bif-
TIOBi/IHE CepelHE 3HAYCHHS I ONTUMAIBHUX YMOB CTa-
HOBHTH 43,25 MIla, mo 3HaXOAUTHCS B MEXax MPOTHO30-
BaHOTO Aiana3oHy. AHAJOTIYHO I PEIITH BUIIPOOYBaHb
Ha BUTHUH, yaap 1 TBEPIiCTh 3HAYCHHs, OTPUMaHI BiJ ONTH-
MaJIFHOTO TIapaMeTpa, TaKoXkK OyJId B MeXaX IPOrHO30Ba-
HOTO J[iara3oHy.

Mera pobotu

IIpn Bubopi mapamerpi nporecy FDM HeoOXigHO
BUKOPHCTOBYBAaTH iX paliOHAIbHE IIO€JHAHHS, BH3HAa-
YEeHHSI SIKOTO 3aJIeKHUTh Bifl THITY Ta rajy3i KiHIIEBOTO BH-
KOPHUCTaHHA AeTali. BigbIicTh qOCTiKeHb Oyn Hampas-
JICHHI HA BCTAaHOBJICHHA BIUIMBY ITapaMeTpPiB HA MEXaHIgHI
BIIACTHUBOCTI JIETajiel 3 HEWJIOHY, TOMI SK JOCIHiIKEHHS
IIOPCTKOCTI JieTanel JoCUTh oOMexeHi. ToMmy, MeToro J0-
CIIDKEHHS € BU3HAYCHHS 3aJIEKHOCTEH MapaMeTpiB Ipo-
[IeCy Ta iX MO€AHAaHHS Ha MOPCTKICTh OTPUMAHUX JIeTaleH
3 HEUJIOHY.

Marepian i MeToanKa q0CTiTKeHD

Y nocnijkeHHI BHKOPUCTOBYBaJIM Marepiayl -
Plexiwire NYLON Filament & 1,75 ISO1133-1:2011.

Heiinon MoxHa Ha3BaTH caMHM TirPOCKONIYHUM Ma-
TepiaoM 3 yCiX, [0 MACOBO 3aCTOCOBYIOThCS B 3D- ApyKy.
BiH mBuiie i akTHBHIIIIE 32 iHII MaTepiaiy OTJIHHAE BO-
sory 3 moBiTps. ToMy #ioro moTpibHO 30epiratu B repme-
TUYHUX MTAKeTaX, 000B’A3KOBO MPOCYIIyBaTH Oe3mocepen-
HBO TIepel IPYKOM, i MepiogMYHO CYIIUTH B Tporieci 30e-
piraHHs, o100 BOJIOTH HE HAKOMHUYIIIOCS 3aHAATO OaraTo.
[pocymyBanus pobwmn y enekrporedi «EJIEKTPO-
TEPM» 220B 3 makcumanbHOO Temmeparypoto 250 °C.
Ha caiiti Bupobnuka «Plexiwire» [17] Oymo pekoMeHmo-
BaHO NpocynryBatd marepian npu temmepatypi 80 °C
BITPOJIOBXK TPHOX TOJIMH.

[Mpu npyui HeWnIOHOM MOTPIOHO 3a0€3MEeYHUTH Ha-
NiiHy (ikcaIliio MepIioro mapy, A IbOro, sSIK JOIMOMIX-
HUi ~ MaTepian, BuHKopucToByBanmu:  MonoFilament
ELASTAN D100 & 1,75. PekoMeHIy€ThCSI BUKOPHCTOBY-
BaTH 3aKpuTi Kamepu 3D- npuHTEpa i BUKIIOYUTH 001YB,
100 3HM3HUTH yCaaKy BHPOOa.

V tabmumi 1 HajgaHi MEXaHIYHI XapaKTePUCTUKU Ma-
Tepiamy [17].
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Tadanus 1 — Bnacrusocti Nylon Plexiwire [17]

Bitactusocri Ny} on
Plexiwire

I'ycruna, /cM3 1,20
Temneparypa ekcruryaratii, °C -30-+120
Moy b IpYKHOCTI IIPH PO3TATY,
MITa 2700
Monyip npy>KHOCTI P 3THH,
MITa 2600
MirnicTth Ha postsr, MIla 78
BimHOCHE TOJI0BXKEHHS ITPU PO- 75
3puBi, %
Bononornunanus, % 244/23 °C, 3
%

3pa3ku JOCHTIHKeHHS ApyKyBanind metogoM FDM Ha
3D-npunTepi mozeni Profi+. BukopucroByBanu mporpa-
MHe 3abe3neucHHs st Hapisku CAD-Mozeni Ta miaroro-
BkH G-koxy Slic3rPE. Po3mip pobouoi 3oun 3 D- npun-
Tepa ckianas 250 X250 x 200 mm. Cucrema nospadi — 6oy-
JIeH; TN eKCTpylepa — OAWHApHHH; pO3Mip comia —
0,4 MM; MakcuMasbHa TeMIeparypa ekcrpynepa — 280 °C;
MakcuMalbHa TeMieparypa croiy — 120 °C; makcumanbpHa
mBHUAKICTE Apyky — 100 mm/c. [y mpoBemeHHsS TOCTi-
JUKEHb 00paHO JeTab, ecKi3 sKoi, HOKa3aHo Ha puc. 1.

bl

S
%
%
7 b/

.-
()

2

—
LY

Pucynok 1. Ecki3 3pa3ska

Ha puc. 2 noka3aHo cxeMu 3al10BHEHHS (ilaMEHTOM
poQiIT0, IKi BAKOPUCTOBYBAJIHCS B IbOMY JOCIIPKCHHI.
Jlnst BU3HA4YEHHS MIOPCTKOCTI 3pa3KiB BUKOPHCTOBYBAIN
npodinomerp 171621, [lopcTKicTh BUMipIOBaIH B 3a-Jie-
YKHOCT1 BiJl CXEMH 3aIIOBHEHHS 3pa3Ky, depe3 Te IO MpH
JIpYII yTBOPIOBAJIOCH HAIUIABIICHHS MaTepialy Ha 3pa3Kax,
OyJ10 IPUHATO POOUTH BUMIPH Y3I0BXK JIiHI{ HAIJIABICHHS.

Hnst cratucTHYHOT OOPOOKHM PE3yNbTaTiB BUKOPHC-
tanu nporpamuuii komruieke STATISTICA.

a b

Pucynok 2. Bisyaunizaris npsiMoItiHiiHOI (@) Ta KOHIEHTPHUIHOL
(b) cxemu 3arIOBHEHHS

41
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PesyabTaTi gocaigkeHb Ta 00roBOpeHH

MeTol0 HOCTIIPKEHHS € BH3HA4YCHHS BIUIMBY Ha
[IOPCKTICTh MOBEPXHI 3pa3ka OAHOYACHO BEIMKOI KiIBKO-
CTi p&XKUMHHUX MapaMeTPIB, sKi sIK epe0ayacThes Oy1yTh
MaTH BaroMui BIUIUB Ha pe3yJIbTar.

Jlnst BU3HAYCHHS BIUIMBY DPEXUMHHX I1apaMeTpiB
npouecy FDM Ha mIopcTKiCTh ONEp)KyBaHUX JeTajied
OyJ0 po3po0JICHO TUTaH eKCIepUuMeHTy. [t KoxKHOTo ma-
paMeTpa mpolecy BUKOPUCTOBYBANUCS JIBAa PiBHI Bapiro-
BaHHA (Tabu. 2). s MiHiMi3anii 3arabHOT KIJIBKOCTI €KC-
TIepUMEHTIB 00paHuii TPOOHUN (aKTOPHUIH EKCIIEPUMEHT
2105, SIx ymkuii Binryky oOpaHa 3ajeXHa 3MiHHA: IIOPC-
TKicTh (Tabm.3).

[Ticna apyxy 3pa3kiB BiAMOBIIHO 1O TUIaHA EKCIIEPH-
MEHTY, BUMIpsiHa 3HaueHHs QYHKIi# BIATYKY (ILIOPCTKICTh
TMOBEPXHi) MO KOKHOMY 3pasKy. IX 3HayeHHs TOKa3aHi B
Tadi. 3.

Tabmuus 2 — Bubpani mapameTpu nporiecy Ta ix piBHi

JUnst BUSHAUCHHS CTYIICHS CTAaTUCTHYHO OOTPYHTOBA-
HOTO BIUIMBY PEXMMHHUX IapaMeTpiB Ha ¢popMyBaHHS Y-
HKIIi BIATYKY IPOBEACHO AMCIEpCiitHIA aHami3 (Tadi. 4).
s 300pakeHHs paHKyBaHHS YHHHHKIB 32 X BiZTHOCHUM
BIUIMBOM Ta BOXKJIMBICTIO BUKOHAHO aHAJII3 32 JIOTIOMOTOI0
niarpamu Pareto (puc. 3).

3a maHuMH ucnepciiHoro aHanizy Ta giarpamu [la-
peto (puc. 3) BCTAaHOBJICHO, IO HA MIOPCTKICTh TOBEPXHI
CTaTUCTUYHO 3HAYNMHI BIUTUB Ma€ B3a€MO/Iisl TAKMX Mapa-
MeTpiB «2by7» (IBUAKICTH APYKY Ta TeMIeparypa IuiaT-
dhopmu), «1by4» (BrCOTa mIapy Ta MIUTBHICTH 3aIIOBHCHHS),
«1by2» (BucoTa mapy Ta MBHUIKICTh APYKY), «1by5S» (BU-
COTa IIapy Ta eKCTPYy3iHHUI MHOXHHUK), «Sby9» (ekcTpy-
31iHII MHOXHHK Ta KUTBKIiCTB CTIHOK) Ta «1by10» (BucoTa
mapy Ta KiIbKICTh CYHIIBHHX CTiHOK). Takoxx miarpama
[Tapero BKka3ye Ha Te, mO s (OpPMyBaHHS HMIOPCTKOCTI
JIETaJIi CTATUCTHYHO 3HAYYIIMMHU € e(DEeKTH BiJ IIUILHOCTI
3a[lOBHEHHS, CXEMH 3allOBHEHHS, EKCTPY3ifHOI0 MHOXK-
HHKa Ta TeMIIEpaTypH eKCTPy3ii.

PiBHi i o .
IMapamerp npouecy FDM _IIBHI BameaHTi Taonuus 4 — Pe3ynbTatu qucnepciiHoOro aHamizy
1 B“COTa‘mapy’ MM 0,15 0,3 ®axropu Ta ix | Cyma xkBan- | Kpurepiii | PiBens sHaunMocTi
2 LUFHHK,ICTI’ ApKY, Mm/c 40 80 noenuanns | pariB (SS) | ®imepa (F) (p-3HaueHHS)
3 | UlinbHicTh 3a110B- 25 100
nenns, % (3) cxemasa- | 3¢ 54 23,96 0,00
4 NpsIMO- KOHIICH- MOBHEHHA
CxeMa 3all0BHEHHS nincitna — @ i
LITBHICT
40,67 26,66 0,00
> TeMnepalTypa fat 100 120 3aIIOBHEHHS
¢dopmu, °C
6 | Ilupuna yinanenns 0,49 0,52 (S)exerpysiii- | 34 4 20,60 0,00
HHUTKH, MM HHI MHOXKHHK
7 | KigpKicTb CTIHOK 2 4 (6)revmepa-
8 | KinpkicTh cymimbHAX p 28,61 18,75 0,00
BEPXHIX Ta HIKHIX 2 4 Typa eKCTpy3il
niapis 1by2 17,66 11,58 0,00
9 | Temmeparypa eKCTpy-
i, °C PATPR EEETDY 255 265 1 by 4 47,58 31,19 0,00
10 EI‘;;TPY““H““ MHON= 0,9 11 1 by 5 11,95 7,83 0,01
Ta6muus 3 — OrpumMani 3HaueHHS QYHKIIH BIATYKY 1 by 10 10,23 6,71 0,01
Ne | Ra, | Ne | Ra, 2by 7 67,73 44,40 0,00
M MKM 5by 9 10,70 7,01 0,01
1| 1,56] 17 | 0,36
2| 501 18 | 9,54 Homuika 25,93
3 | 524 19 | 6,68 3araieaa SS 244,95
4 | 1,03 20 | 5,42
s | 1,40 21 | 8,68 Ipumimxa: orcupHum 6uOiNeHi CMamucmuyHo 3HAYUMI
6 1 9.69 22 | 5.4 BETUYUHU.
7 | 0,66 23 | 9,07
8 | 9,65 24 | 8,87
9 | 495 25 | 7,76
10 | 3,93 26 | 6,77
11| 9,54 27 | 7,11
12| 5200 28 | 9,15
13 | 8,32 29 -
14 | 8,56 30 -
15 | 8,64 31 -
16 | 7,26 32 -
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2by7

Ihyd

(AIiaksicTh Jan0BHeH R
{3)Cxenma 3aNoBHEHHA
(S)Exerpysiiinmii Mo
(6)Temmeparypa excTpyii
1hy2

1hyS

Shy9

1by10

-5,58559
5163759
4,804913
4,539013
-4,33117
-3,40348
-2,79984
=164877

=1.59076

p=05

Cranpapruzonana ouinka edesry (abconorne mauenns)

Pucynok 3. Jliarpama ITapero

CratuctnuHa oOpoOKa JAaHUX BHKOHYETHCS Ha OC-
HOBI 3a7aHO1 MaTeMaTUYHOI MOJEN, OIliHKa Ti IKOCTI BH-
KOHY€EThCsI 00y 10BOO Tpadiky nependadyBaHUX Ta CIIO-
CTepe)KYBaHUX 3Ha4deHb M (PyHKIIl Biaryky (puc. 4).
OcCKiNTbKH TOYKH Ha Tpadiky po3TamoByOThCS TOPS 3 Ji-
HI€10, TO MOXKHA 3pOOMTH BUCHOBOK III0 BUKOPUCTaHA MO-
JIeTb 3 TOYKH 30py CTaTHCTHYHOI 0OpoOKM BipHO ommcye
BIUIUB JIOCHI/PKYBaHHUX (haKTOpiB Ha QYHKIIIO BiATYKY Ta
il MO’KHa BHKOPUCTOBYBAaTH IJISI TIPOTHO3YBAHHS BIUIUBY
rapameTpiB JpyKy Ha LIOPCTKICTH MOZET 3 HEHIIOHY,
orpumanux FDM.

Tpornoiesani aneunn
.n

Cnocrepexysani Jaduenns

PucyHok 4. BignosinHicts NpOrHO30BaHUX 3HAYCHb
CIIOCTCPEIKYBAHUM 3HAUYCHHAM

Ha ocHOBiI maHWX eKCIEepUMEHTAIBHUX TOCHIKEHb
Ta X CTaTUCTUUHOI 00pOOKH OOy MOBaHI rpadiuHi 3a1ex-
HOCTI, SIKi TOKa3yIOTh BIUIMB PSKUMHHX mapameTpis FDM
Ha (OpMyBaHHS MIOPCTKOCTI MOBEPXHI 3paskiB (puc. 5—
14).

Ha puc. 5, 6 moka3zaHo BIJIUB CXEMU 3allOBHEHHS Ta
eKCTPY3IHHOr0O MHOKHHUKa Ha ILIOPCTKICTh MOBEPXHI.
30iblIeHHs 3HaYeHHsI €KCTPY31{HOTO0 MHOKHUKA Ta KOH-
LEHTPUYHA CXEMa 3allOBHEHHS NPHU3BOAMTH JIO TMOTip-
LIEHHs ITapaMeTpa MopcTKocTi. ONTHUMaTbHUMK JUIS Ja-
HOTO MaTepially € 3HAueHHS EeKCTPY3iflHOro MHOXKHHKA,
sika opiHioe 0,9 Ta npsaModiniiHOT cxemu. Li 3HaueHHA
J03BOJISIIOTH OTPUMATH HAHHIKYHI TOKa3HUK IOPCTKOCTI
MTOBEPXHI 3pa3KiB.

© Tymapuenko JI. O., Bumnenonscekuii €. B., 2024
DOI 10.15588/1607-6885-2024-3-6

85

Ra, MM
£
un

6,0

55

50

npsMOTiHiiTHA KOHUEHTPHYHA

Cxema 3anopHens
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PucyHok 6. 3aexHICTh IOPCTKOCTI MOBEPXHI Bil
€KCTPY31HHOTr0 MHO>KHUKA

Ha puc. 7 ta 8 moka3ano BIuuB Ha (OpMyBaHHS IIIO-
PCTKOCTI MOBEpXHi (haKTOpiB: TemIepaTypa eKCTpy3ii Ta
LIILHICTE 3aITOBHEHHS. BCTaHOBIIEHO, 1110 31 301/IbIIEHHAM
IIJTBHOCTI 3alIOBHEHHS 3HAYECHHS IOPCTKOCTI MOBEPXHI
30inblIyBanock. OTpuMaHo, IO Ui MaTepiairy — HeHJIOH
ONTUMAJIBHOIO TEMIIEpaTypolo eKCTpy3ii Oyna 265 °C, mo
JIO3BOJISIE OTPUMATH HIKYY IOPCTKICTh MOBEPXHI.
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Pucynok 8. 3anexHicTh IIOPCTKOCTI MOBEPXHIi Bij

TeMIIepaTypH eKCTpy3ii

Bu3HaueHO BIUTMB Ha (OpMYBaHHS MIOPCTKOCTI ITO-
BEPXHI MMOEIHAHHS BUCOTH IAPY 1 MIUTFHOCTI 3aTIOBHECHHS
9) Ta eKCTpy3iHHOr0O MHOXHHKA 1 BHCOTH ILIapy

10).
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M- Bucora mapy, mm 0,3
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PucyHok 9. 3anexHicTh MIOPCTKOCTI MOBEPXHi Bi ILIBHOCTI
3aIIOBHEHHST Ta BUCOTH IIApy

Ra, Mmem

—®- Bucora mapy, mm 0,15
- Bucora mapy, mm 0,3

B3aemM03B 30K IIIJIBHOCTI 3alOBHEHHSA Ta BHCOTH
mrapy Mae He OJHO3HAYHMU xapakrep. Tak mpH BHCOTI
mrapy 0,15 MM migBUIIEHHS IIITHHOCTI 3aIIOBHEHHS TIPH3-
BOJINUTH 10 301IBIICHHS IMIOPCTKOCTI MOBEPXHi, a IPU BU-
cori mrapy 0,3 MM 3MiHa 3HAYCHHS [IIJILHOCTI 3alIOBHCHHS
HE BIUTUBA€E Ha MIOPCTKICTh MOBEPXHi (pHc. 9).

Bcranosneno, mo npu Bucoti mapy 0,15 MM 30i16-
IICHHS eKCTPY3ifHOr0 MHOXHHKA MPHU3BOJUTH O TIOTip-
IICHHS SKOCTI IMOBEPXHi 1 MiABUIIEHHS IOPCTKOCTI. Jlms
Brucotu 0,3 MM 1151 TeHIEHIIisI 30epiraeTbes, ane 3HaYCHHS
mopetkocti Butie (puc. 10).

JociipKkeHo XapakTep BILIHBY Ha (OPMYBaHHS ILIOP-
CTKOCTI TIOBEPXHI MOETHAHHS Bill KiJIBKOCTI CYIUTBHUX
BEpXHIX 1 HIKHIX IIapiB, BUCOTH APy, €KCTPY3iHHOTO
MHOKHHKA, KITBKOCT1 CTiIHOK, IIBUKOCTI IPYKY, TeMIepa-

Typu miardopmu (puc. 11-14).
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Pucynok 14. 3aexHiCTh HIOPCTKOCTI HOBEPXHI BiJl BUCOTH
1apy Ta MBUAKOCTI APYKY

[Tpn KiTBKOCTI BEPXHIX 1 HIXKHIX CYHUIBHHUX LIapiB,
sika fopiBHIOE 4 (puc. 11) 3MiHa BUCOTH IIapy He BIUIMBAE
Ha 3HAYCHHS MIOPCTKOCTI MOBEPXHi. SIK MPH BHCOTI 1Iapy
0,15, Tak i mpu BUCOTI mapy 0,3 MM IIOPCTKICTh MTOBEPXHI
3HAXOJIUTh B OJHOMY Jiamna3oHi. BUKOPHCTOBYIOUH KiJlb-
KICTh CYIINBHUX BEPXHIX 1 HIXKHIX IIapiB, sIKA TOPIBHIOE
2, 30UIBIIIEHHS] BUCOTHU IIApy MPU3BOAUTH IO 301IbIICHHS
3HAYCHHS MOPCTKOCTI MOBEPXHi. 3a0€3NeUUTH HIKTY 10~
PCTKICTh TOBEPXHI MOXKHA IUITXOM BCTAHOBJICHHS KiJTBKO-
CTi CTIHOK, sIKa TOPIBHIOE 2 Ta 3HAYCHHS EKCTPY3iHHOrO
MHOkHHKa — 0,9 (puc. 12).

Benmke 3HaueHHS Mae MBUAKICTH APYKy. [lpn mBu-
IKocTi Apyky 40 MM/c 301TBIIEHHS TeMITepaTypH miaTdo-
PMHU MIPU3BOJUTH IO BEIMKUX 3HA4YEHb IOPCTKOCTI, TOX
ONTUMAJILHOIO TemiepaTypoto Oyia 100 °C. 3i 30ibiieH-
HSIM IIBHUKOCTI 115 TSHACHIIISI 3MIHIOETHCS Ha IPOTHIICIKHY
(puc. 13). Tox 1y OTpUMaHHS 33J0OBUIBHUX PE3YJIbTATIB
LIOPCTKOCTI MOBEPXHI MPU 30UIbILIEHH] BUAKOCTI APYKY,
HeoOXiHO 30UIbIIyBaTH Temmeparypy miatdopmu. Lle
MIOB’SI3aHO 3 THM, IO YAM IIBUJIIE PYXa€ThCS IPyKyBa-
JIbHA TOJIOBKA IIiJT Yac JAPYyKy, TUM Oijble HeOOXiTHO aKy-
MYITFOBAaTH TEIUIA IS TOTO, 00 Marepiai MillHO 3Yiruis-
BCSA 3 TUIAT(HOPMOIO.
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[pn mBuaxocti apyky 80 mm/c (puc. 14) 3miHa Bu-
COTH IIApy HE BIUIMBAE HAa 3HAUYCHHS IIOPCTKOCTI ITOBEp-
xHi. Sk mpu Bucoti mapy 0,15, Tak i mpu Bucori mapy 0,3
MM IIOPCTKICTh TOBEPXHI 3HAXOIUTH B OJJHOMY Jiara3oHi.
BukopucToByrour HIBUAKICTH IpyKy 40 MM/c, 301TbIIEHHS
BHCOTH IIapy IPU3BOJUTH O 301IBIICHHS 3HAYEHHS 1O~
CTKOCTi IOBepxHi. 3a0e3MeunTH HIKIy MIOPCTKICTh TTOBE-
PXHI MOXHa LUISIXOM BCTAHOBJICHHSI IIBHIKOCTI IPYKY —
40 mm/c ta Bucotu mapy — 0,15mm. (puc. 14).

BucHoBkH

BukonaHo oninky BrmimBy pexxuMiB FDM na mopcer-
KiCTh 3pa3kiB. ONTHMaNbHI PeKUMHI BUTOTOBJICHHS BU3HA-
YalOTHCSI JJIS1 KO)KHOTO KOHKPETHOTO BHITAJIKY, 1 X ONTH-
Mi3allifo JOIIFHO MPOBOAMTH 32 JOTIOMOTOI0 €KCTIepHUMe-
HTAJIBHOTO MiIXOMy. AHaJi3 3HaYeHb IOPCTKOCTI MOBEp-
XHi, OTPIMaHNX Ha IPYKOBAHUX 3pa3Kkax, JO3BOJIHMB BU3HA-
YUTH BIUIMB HaWBaXIUBIMINX Ta 3HAYYIIHX (DaKTOPiB 1 ix
B3a€MO/Iiii Ha MOPCTKICTh. 32 JOIOMOTO0 JUCIIEPCIHHOTO
aHaJtizy OyJi0 pO3MJISHYTO BIUIUB KX (haKTOPIB, a TAKOXK iX
KOMOIHaIliil Ha SKICTh MOBEPXHI OTPUMAHUX 3Pa3KiB.

B pesynbTati BcTaHOBIIEHO, IO HAa ()OPMYBaHHS LIO-
PCTKOCTI MOBEPXHi JAeTai 3HAYHUH BIUTUB MAOTh Taki (pa-
KTOpH: TeMIepaTypa eKCTpy3ii, IIUTBHICTD 3allOBHEHHS,
cXeMa 3aIl0BHEeHHS, €CKTPY31HHUI MHOYKHHK Ta B3a€MOIIi:
MIBUAKICTh JPYKY Ta TeMIeparypa miatopMu, BHCOTa
mapy Ta LJIBHOCTI 3aIlIOBHEHHS, BUCOTA IIapy Ta LIBUA-
KICTh JIPYKY, BHCOTa IApy Ta €KCTPY3IHHUN MHOKHHK,
eKCTPY3iHHMH MHOXHHMK Ta KUIBKICTh CTIHOK Ta BHCOTa
HIapy Ta KiUIBbKICTh CYLUIBHMX BEPXHIX 1 HIDKHIX HIapiB.
BusHayeHi onTHMasbHI 3HAUYCHHS OKPEeMHUX (DAKTOPIB JIst
MiHIMI3aIlil IOPCTKOCTI: TeMIlepaTypa eKcTpy3ii — 265 °C,
IIITBHICTH 3aM0BHEHHS — 25 %, cXeMa 3alloBHEHHSI — Mpsi-
MOJIiHIHHA, eKCTPy31HHUI MHOKHUK — 0,9.

3aranom, JOCIiKEHHS MOKa3ye CKIIaHy B3a€MOJII0
napametpiB FDM-npouiecy Ta He0OXiqHICTh peTEIbHOT X
OMTUMI3AIT IS JOCATHEHHS MOTPIOHOT SIKOCTI eTaei.
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Purpose. A comprehensive study of the Fused Deposition Modeling (FDM) process parameters influence on the

surface roughness of parts.

Research methods. The samples for research were produced by the FDM method on a Profi+midi 3D printer.
Slic3rPE software were used for CAD model slicing and G-code preparation. The samples were printed using Nylon
filament from the Plexiwire company. Drying of the material before printing was carried out in the ELEKTROTERM
electric furnace. The 171621 profilometer was used to determine the roughness of the samples. The STATISTICA software

package was used for statistical processing of the results.

Results. The influence of different combinations of FDM process parameters on the surface roughness of parts was
examined. Surface roughness was found to be most influenced by the following interactions: printing speed and bed
temperature, layer height and infill density, layer height and printing speed, layer height and extrusion multiplier,
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extrusion multiplier and number of shells and layer height and number of solid top and bottom layers . In addition, the
following factors separately affect the roughness: infill density, infill pattern, extrusion multiplier and extrusion

temperature.

Scientific novelty. A rational combination of FDM process parameters has been determined at which the minimum
surface roughness is achieved. Thus, it was determined that the roughness has a lower value at a rectilinear infill pattern,
and at a infill density of 25 %, an extrusion multiplier of 0.9, an extruder temperature of 265 °C, a printing speed of
40 mm/s, a layer height of 0.15 mm, a number of solid layers of 2 and a platform temperature of 100 °C, the roughness
value decreases. If the bed temperature and printing speed are increased, the roughness value will increase, as will the
layer height and infill density. Increasing the extrusion multiplier or decreasing the extruder temperature have a negative
impact on the surface roughness. All other parameters had almost no effect on surface roughness.

Practical value. The results of the study make it possible to predict and improve the quality of nylon parts produced

by FDM due to establishing optimal process conditions.

Key words: Fused Deposition Modeling, surface roughness, process parameters, nylon, dispersion analysis, surface

quality.
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PAIIOHAJIbHI SMIINEHHA TBIPHOI'O KOHTYPY KOJIIC
NUJITHAPUYHOI ITPAMO3YBOI ITEPE TAUYI
JJIAA SMEHIIEHHSA 3HOINYBAHHS 3YBIB

Mema pobomu. Cmeopumu MemoOuxy 6UHAYEHHS MAKUX Koe@iyieHmie 3MiujeHHs MBIPHO20 KOHmypy OJis
6€0y4020 MA 8e0eH020 KONIC YUNIHOPUYHOL npsamo3y0oi nepedaui, 3a SAKUX HA HAUOIIbW NIOOAHUX OO 3HOULYBAHHS
OLNAHKAX €B0IbEEHMHUX NOBEPXOHb 3Y0i6 OYy0e MIHIMANLHOIO WEUOKICMb 3HOULYBAHHS NOBEPXHEB020 WIAPY 3 YACOM
pobomu yiei nepedadi.

Memoou docnidrscenHa 6a3yI0MbCsL HA KOMIIEKCHOMY 3ACMOCY8AHHI meopii egonbeeHMHOI 3youacmoi nepedayi ma
3aKOHOMIpHOCIEU mpubono2ii; Onst MiHIMIzayil QynKyii 6y10 3acmoco8ano Memoo 3010Mo20 nepepizy.

Ompumani pezynemamu. Ompumano 6e3po3mMipHy 8eTUtUHY, AKA € QYHKYIEIO 8i0 KoeqhiyieHmie 3MilyeHHs MBIPHO20
KOHMypy 014 8e0y4020 Ma 6e0eH020 KOiC YUNHOPpUUYHOI npamo3yboi nepeoaui. 3uauenns yiei Qynxyii nponopyitini
HatOinbwiltl ceped wWeUOKOCmell 3HOULYBAHHS 8 OKOJI XAPAKMePHUX MOYOK HA e801b8eHMHUX NPOPIiNAX 3)0i8 yux Kouic.
Cmeopeno MemoouKy GU3HAYEeHHsI PAYIOHATbHUX Koepiyichmie 3miujenHss mEIpHO20 KOHMYDY, SKI MIHIMIZyiomb
ompumany 6e3posmipHy QyHKyilo, ma 3a SKux 6yoe MakCUMAIbHOIO MPUSAicms pobomu npsamosyooi nepedaui 0o moeo,
KON HATOINbUA MOBUWUHA 3HOWEHO20 WAPY HA AKMUSHUX NOBEPXHAX 3)0i8 DOCACHE 2PAHUYHO OONYCMUMOT BETUYUHU.

Haykoea noseusna. O61pynmoeano, wjo 30i1buieHHs MOGWUHY 3HOWEH020 Wapy 3 4acoM pobomu npamosyooi
nepedayi 6yoe 6i00ysamuct Hauweuowe 8 OKOLi NeGHUX XAPAKMEPHUX MOYOK HA e60NbBeHMHUX NPOQinax 3y0ie Koaic.
Pospobneno po3paxynkogy mooens 05 6U3HAUEHHs MOSUUH 3HOUWEHO20 APy 8 OKONT KPAUHIX AKMUSHUX MOYOK Npoghinia
3y0i6 napu YyuniHOPUYHUX NPAMO3YOUX KONIC MA 8 OKONI HUNCHIX | 6ePXHIX 2PAHUYHUX MOYOK OOHONAPHO20 3a4enients. Y
Yitl MoOeli 8paxoeano GNIUE NUMOMUX KO3aHbL i uucen 3y0ie Kolic ma meepoocmell iXHb020 NOGEPXHEB020 Wapy Ha
WBUOKOCMI 3HOULYBAHHA Y XAPAKMEPHUX moykax na npoghinax 3y6ie. Kpim moeo, eépaxoeano po3nodin noguoi cunu
83a€MO0II Yux Kouic Misxc 08oma napamu 3y0ie npu 080NAPHOMY 3a4eniieHHi, a MaKodXiC 3MIHY CUU, SKY nepeoac 0OHA
napa 3y0is, npu ii 6x00i a60 uxo0i 3 0OHONAPHO20 3AYeNIeHHS.

IIpakxmuuna yinnicms. CmeopeHy Memoouxy 8USHAYEHHs KOepiyicHmie 3milyeHHs: MEIPHO20 KOHMYPY OOYLIbHO
3ACcmoco8ysamiL npu NPOEKmy8aHHI YUNIHOPUUHUX NPAMO3YOux nepeday O MAWUH i 00NaOHAHHS, WO DYHKYIOHYIOMb 8
YMOBaX, 3a AKUX MOJNCIUSE NOMPANIAHHA aAOPA3UGHUX YACMOK Y 30HY 3auenienHs 3y0ie. Hasedemo npuxnao
3aCMOCYBaHHA Yiei MemoOuKy y npoexmyaibHoOM) PO3PAXYHKY YUTTHOPUUHOI npAMO03y00i nepedaui.

Kniouosi cnosa: esonveenmua 3youacma nepedaya, yuninopuuhe npsamosyde Koieco, 3HouweHul wap, Koegiyicum
3MIWEHHA MBIPHO20 KOHMYP).

Beryn MOBHICTIO 3aXWUCTUTH 30HY 3a4CIUICHHS KOJNIC Bif
NOTPAIUITHHS a0pa3UBHUX YAaCTOK, HE MEHII BAKIUBHM €
KpHTEpii CTIHKOCTI 3y0iB 10 3HOLITYBaHHSI.

I[Ipy  TeopeTMUHOMY  KOHTaKTi  €BOJBHBEHTHHX
MOBEPXOHb 3yOiB mMapu NpsMo3youx Koimic (ToO0TO 3a
BIZICyTHOCTI TIepeAaBaHHsl 3yCWJIb) Ii MOBEPXHi y Oyab-
KM MOMEHT 3a4eIlUIeHHs IOTHKAIOTHCS IO Bifpi3kax
NpsSMUX, 100 TapaieibHi JO TeOMETPUYHHX OCeW LuX
komc. Ilim dvac obOepraHHS mNapu TNPsSMO3yOMX KoIic
3a3Ha4yeHi BIJPI3KKM NPSAMONIHIHHO TepeMillyloThcs Y
IUIOIIMHI 3a4eIyIeHHs, $Ka € CHUIBHOIO JOTHYHOIO
TUTOIIMHOO JI0 OCHOBHHX HIJTIHJPIB IIUX KOJIC.

Komu Binm Begydoro mpsiMo3yboro Kxoieca J0
BEJICHOTO MEPEHalOThCs 3yCHIUIsA, TO (LI mepenadi 3
JOCTAaTHBO TOYHO BHUTOTOBJICHHMH KOJECAMH, SKOPCTKUMHU
BaJlaM{ Ta OTIOPaMH BaiB) IJIONIAKA KOHTAKTy 3y0iB €
MPSIMOKYTHUKAMH 3 JOBXKHHOIO, SIKa MOPIBHIOE IIMPHHI

[IpsiMo3y0i eBOBBEHTHI Mepeaadi MOCTYIAIOTECS 3a
IUIaBHICTIO 3a4eIUIEHHS Ta MaloTh JEHI0 MEHIIy
HaBaHTaKYBAJIbHY 3[IaTHICTh y TIOPIBHSHHI 3 KOCO3yOUMHU
nepeayaMu (3a OIHAKOBUX rabaputHUX po3mipis). [Ipote
B NpsAMO3YyOMX HWIIHAPUYHUX Meperadax He BHHUKAE
OCBOBHX CKJIAZIOBUX CWJI Yy 3a4eIUICHHI, 1[0 Ja€ 3MOryY
3aCTOCOBYBAaTH HE TUIBKU PajliajibHO-yTIOPHI, a i pagiaibHi
MIIITATHAKA KOYCHHS B SKOCTI OIOp BajiB MPsM0O3y0oi
nepenadi.

[Tpn mpoextyBaHHI 3yOdacToi mepenavi HEoOXiJHO
pO3paxyBaTH Taki 3Ha4Y€HHs I TeOMETPUYHUX TTapaMeTpiB,
mo6 TpH 3aJaHUX yMOBax po0OTH I Iepenava
BIATMOBIaNa KPUTEPisIM ONOPY A0 KOHTaKTHUX PYHHYBaHb
1 3TMHANBPHUX pyHHYBaHb 3yOiB Komic. s 3yOdactmx
nepenady, ki GyHKIIOHYIOTh B YMOBaX, KO HEMOXIIUBO
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3y04acToro BiHII, Ta ITUPUHOO, IO Y Oararo pasiB MeHIIa
K 32 JJOBKUHY IPSIMOKYTHHKIB, TaK 13a paJiycu KpUBHU3HI
AKTUBHHX NPO(iiB 3y0iB.

BimHocHWit pyx 3yba Bemydoro komeca Ta 3y0a
BEAICHOTO Kojeca IiJl Yac IXHBOTO 3auyelrIeHHs SBISIE
coboro NIepeKOYyBaHHS 3 MIPOKOB3YBAHHIM
(mpoxoB3yBaHHS BIACYTHE TIUTBKM KOJIM €BOJBBEHTHI
mpo¢ini 3y0iB KOHTAKTYIOTh y MOJIOC] 3a4ETIIICHHS ).

ITpomecn HAKOMMYEHHS BTOMHHX HOIIKOMKEHb Bij
HUKITIYHOT A1T KOHTAKTHUX HaBAaHTAXXEHB 1 Bl MUKITYHOTO
3TUHAHHS BiIOYBAarOTBbCA ONHOYACHO Ta Yy B3aeMOmil 3i
3HOIIYBAHHSAM I[IOBEPXHEBOro ImIapy 3y0iB. Y mporeci
3HOIIYBaHHS 3MEHIIY€ETHCS TOBIIMHA TOBEPXHEBOTO 1IApy
3y0iB KOJIiC, 3MIITHEHUX TEPMIYHOIO 200 XIMiKO-TEPMIYHOIO
00po0KOI0, MIO MOCTYNOBO IIPU3BEAE JO MOPYIICHHS
YMOBH KOHTAaKTHOI BUTPHBAJIOCTI 3y0iB 200 BUTPHUBAJIOCTI
3y0iB NpU IUKIIIYHOMY 3THHAHHI.

OCHOBHUMHU TreOMETPUYHUMHU napamerpamu
LWTTHIPUYHOT PsiMO3y001 repenadi, siki KOHCTPYKTOp Mae
BU3HAYMTH TIiJ 4Yac I TPOEKTyBaHHS, € MIDKOCHOBa
BizicTans ( 4, ), mupuna ( b, ) sy6uactux BiHuiB, MOIyIH

3aueruieHHs (7 ), udcna 3y0iB (Z; 1 Zp), a Takox

koedilieHTH 3MilleHHs (X Ta X, ) TBIPHOIO KOHTYpY UL
BE/Iy4Oro Ta BEAECHOIO KOJicC.

AHaJi3 gocaixKkeHb Ta myoJaikani

I3 Ttpubomorii Bimomo [l], moO TOBUMHY h/l
3HOIIEHOTO TMIapy Ha CTagili yCTaJeHOro IPOIECY

3HOITYBAHHA MOXXHA 3armicaru 'y BI/IFJ'ISI,I[iZ

hﬂzlﬂ'l‘frﬂ’ (1)

me [ 4 — IHTEHCHUBHICTb JIiHIHHOTO 3HOILLYBaHHs (cepenHs
IO IIMPHHI TUTOMAIKH KOHTAKTY); L fr-2 — MOBIKHHA LIIAXY

TepTS Ha Il cTajii 3HOIIyBaHHS.

Tyt i gani B mili cTaTTi CHMBOJIOM A B HHKHBOMY
iHAekci Oing izmyHOi BenWMYMHHM OyJeMO NO3HAYaTH
3y0dacTe KoJeco, A0 SKOTO Ma€ BiTHOIICHHS IS BETMYNHA
(A=1 —Benyue, A =2 — Bexene xoneco). Topuwmna /1,
BUMIPIOETBCSI B3JIOBXK HOpMaii a0 mpodimo 3yda y
TUIOLIMHI, 1[0 NEPHEHANKYISIPHA 0 T€OMETPUYHUX OCel
napH npsiMo3youx Kojiic (MX 1uM npodijeM HapHUKiHII
CTaii MPUIPANIOBaHHSA 1 B MOMEHT 4acy ! BiJ MOYaTKy
CTajii yCTaJeHOTO 3HOUTYBAaHHS) Y CHCTEMi KOOPAMHAT, SIKa
HKOPCTKO 3B’s[3aHa 3 PO3IVIAYBaHUM KOJIECOM.

lsx  teprst Ly,

IS JOBUIBHOT TOYKH Ha

aKTUBHOMY Tpodisi 3yda 3a MPOMIKOK Yacy ¢ € JoOyTKOM
HIISIXY TEPTsI KOB3aHHS MPU OJHOPa30BOMY ITPOXOKEHHI
IUIOLIaKK KOHTAaKTy IO Wil TOYli Ha 4YHCIO pasiB
3auerieHHs1 3y0a 3a 1edl mMpoMiKOK uacy. Tomy, 3rimHO
MoHorpadii [1], MoxHa HarucaTH:

Lﬁ’/i qu’Z'S '49/1-!/1-1‘,

2

— YHCIIO ONHAKOBMX 3yOYacTHX KOJIC, sKi

cont

e kq
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nepeOyBarOTh y 3a4eIUICHHI 3 PO3NIILYyBaHHM KOJIECOM;

S — MIBOIMPUHA IUIOUIAJKA KOHTAKTy 3yOiB KOJIC;

cont
6, — nutoMe KOB3aHHS IS PO3MNSAYBAHOI TOYKH Ha
€BOJIbBEHTHOMY IHpodimi 3yba; V; — uuciao o0epriB

3y04yacToro koseca 3a OJHY CEKyHAy; ! — TpPUBAIICTh

poborn mepenmawi (Bim TIOYAaTKy cTaiuil yCTaleHOTO
3HOIIYBaHHS) B CEKyHIaX.
Bynp-sike Kkojeco CTymiHYacToi OZHOTOTOKOBOI

3ybuacToi mepemadi mepeOyBae y 3a4elliCHHI TiIBKH 3
OIHUM CIPSDKCHUM KOJIECOM, TOMY JUIS TaKHX KOJic y

¢dopmymy (2) ciix miacTaBUTH kq =1.

[HTEeHCUBHICTb 3HOLIYBaHHS 3y0iB Kojieca 3alIeKUTh
BiJl psny (axkTopiB: KOHTAKTHUX HAIpY)XEHb, TBEPIOCTI
MOBEPXHEBOTO IIapy Marepiajly, HIOPCTKOCTI aKTHBHHUX
MOBEPXOHB 3y0iB, B’SI3KOCTI MAaCTHJIBHOTO Marepiaily Ta
HOro 3maTHOCTI 3MOYYBaTH KOHTaKTHI TOBEpXHI W
azcopOyBaTuCs Ha HUX, a TAKOXK BiJl KUTBKOCTI, pO3MIpiB i
(hi3UKO-MEeXaHIYHUX BIIACTHBOCTEH aOpa3sWMBHHUX YaCTOK.
IIpu 1mpOMY, 3TiZHO OMHUCY PE3YyNBTAaTiB EKCIIEPHMEHTIB,
KA HaBEICHO y KHM31 [2], y Oararbox BHUIamKax it
Ba)XKKOHABAHTAXKEHUX Iepejad iIHTCHCHUBHICTh 3HOILIYBaHHS
1 ¥ €

3y0iB MPSIMO  IPOTIOPLIHHOI  HaHOLIBLIIOMY

HOpMaJIbHOMY HAIIPyXCHHIO O H Ha rmoma,uui KOHTAKTY:

I, =k, oy /Hpg,, 3)

ne Hp; — tBepaicTh NOBEPXHEBOIO IIapy MaTepiay, Ky
BUPa)XEHO y THX CaMUX OAMHHISX BHMIpDIOBaHHS, WO i
HanpyxeHHs Oy ; kj,, — xoediuient mponopuiiHocri,
SKAA BpaxOBy€ BIUIMB BHIIe3a3HaYeHUX (HaKTOpiB, 3a

BuHSITKOM Oy 1 Hp,;, Ha iHTCHCHBHICTb 3HOLIyBaHHS

(3nauenns Kkp,, omHakoBe st 060X KoJic MpPsAMO3y6oi
nepeaadi, IOCTiitHe 10 BCiil aKTHUBHIH MOBEpXHi 3y0a).

3 po3B’s13Ky 3a/1a4i PO MPUTUCKAHHS OJTHE JI0 OJJHOTO
JIBOX MPYXXHHX TLT, KOJM IUIOUIaJKa KOHTAKTy SIBIISIE
co0OI0 JOBrUil TNPSAMOKYTHHK, BiZIOMO, IO €Iopa
HOPMaJIBHUX HaIpy>KeHb Ha MIMPUHI [[LOTO MPSIMOKYTHHKA
Mae BUIIIAA miBentincy. HaitGinproro 3Ha9eHHS HOpMaTbHE
Hanpy)XeHHs JOCATa€ Ha MpsAMii, ska po3TalloBaHa

nocepeuHi MK ~ JOBTMMH  CTOPOHAMH  IBOTO
MPSIMOKYTHHUKA, TAa HOTO MOYKHA 3amucari [3] Tak:
2-q
— n
oy =—dn_ @)
TS

cont

Je (, — HOpMalbHE JI0 €BOJIbBEHTHOI MOBEpXHI 3y0Oa

MUTOME 3yCWIUIS, IO NPUIAJaE HA OTUHHIO ITOBKUHH
TUTOIIAIKH KOHTAKTY.

Posnoxineni 3ycwnisd, siki AiOTh Y HUIIHIPUYHINA
€BONIBBEHTHIHN MpsMO3y0ilt mepenadi 3 00Ky 3y0iB OTHOTO
KoJieca Ha 3yOM IHIIOro, MaroTh HOPMAJbHY Ta JOTHYHY
ckJanoBi. Y mpsamosy0oi mepenayi JiHii 1ii po3monineHnx
HOPMAJIbHUX 3yCHJIb JIeXKaTh Y IUIOLIMHI 3a4eluIeHHs Ta
YTBOPIOIOTh MPSIMHKA KyT 3 Ti€I0 TBIPHOIO OCHOBHOTO
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OWTHIpa, K4 TeX JIeKATh Yy M TuromuHi. Skmo Ha
MTOBEPXHAX 3y0iB KOJIC € IITiIBKAa MaCTWJIBHOTO MaTepiaiy,
TO MOMEHT BIJHOCHO OCi TpsIMO3y0oro Koieca,
CTBOPIOBAHUI CUCTEMOIO PO3MOIIICHUX JOTUYHUX 3YCHITb
(TOOTO CHJI TEpTs), € HEXTOBHO MajlUM Yy TMOPIBHSAHHI 3

momentoM I; BigHOCHO Tiei kK oci Big cucremu

HOPMAJIbHHUX 3yCHJb. TOAI CEpENHI0 MO JOBXKHHI

IUIOMIAJKA KOHTAaKTy IHTE€HCHUBHICTb (¢, PO3HOILUICHUX
HOPMaJIBHHUX 3YCHJIb, SIKi IIEPENAIOThCsl Yepe3 OIHY napy
3y0iB, Y JOBUILHUI MOMEHT 3aueTlJIeHHs ITapH MPSIMO3yOnx

KOJIIC MOJKHA 3alMCaTH TAKUM YHHOM:

qn:ka'QSum:ba > ®)
wTh2
ne k, — xoediuient, sKkuii BpaxoBye pPO3MOLN

HABAaHTAXCHHS MiX 3y0aMu Kojeca, sKi OJHOYacHO
3HaXO[AThCA B 3auellIeHHi; /3 — pallyC OCHOBHOIO
OWITIHIPY BEICHOTO MPIMO3y00ro Kojeca.

IIpu Oyab-sIKOMY TOJOXKEHHI IUIOMAIKA KOHTAKTY
MOBEPXOHb 3YOIB IiJf Yac OJHOMAPHOTO 3aYCIUICHHS

sHayeHHs xoediuienta Kk, =1. Ilix wac aBomaproro

3a4YCIJICHHA IMOBHA HOpMaJibHa CHJia BSaCMOHﬁ BEAyUOro
Ta BCACHOIO KOJTiC CTBOPHOETHCA IBOMaA IapaMu 3y6iB, a

xoedimient k, mokasye, sIKy 4acTHHY Bil IOBHOI CHIH
repesae po3nIsyBaHa napa 3y0is.

IincraBusuy y npasy dactuny (1) Bupas (3) wis £
3 ypaxXyBaHHSM CIIBBITHOIIEHHS (4) 1 O, a TaKOX

Bupas (2) mis L /-4 3 YPAXYBAHHAM 3HAYCHHS kq =1, mn

oTpuMany (pOpPMYITY JUIsl TOBIMHU /1; 3HOLIEHOTO WApY y

JOBLIBHIN TOYLI aKTUBHOTO mpodimo 3yba xomeca A B
TaKOMY BHIJISIAIL:

— 4'k[nt'qn'0ﬂ.'v/1 'z )

I, ©6)

”'HBZ

ITutomi xoB3aHHS 01 1 02 JUTS. JIOBUTBHOT Tapu

CIPSDKEHHX TOYOK Ha npodinsax 3yOiB Beaydoro Ta
BEIEHOTO KOJiC BU3Ha4aloTh [4] uepe3 abCONIOTHI

o ! . 2 . . o
3HA4YCHHA IBUIKOCTCU VS 1 V/{J’ Y B1ANIOB1IAHUU MOMEHT

3a4YCIIJICHHA

0, =v' /v, (7

sl . . . .
e V' — mBuakicTs koB3aHHA Mix IpodinaMu 3y0iB 1ux
xomic; V' — mBuakicte mepeMilleHHS IUIOMIAKH
KOHTAaKTy I10 IOBEPXHIi 3yba koyeca A .

AOCOIIIOTHA BEJIMYMHA IIUTOMOIO KOB3aHHS 6’/1
MOHOTOHHO 3pOCTa€ B3JIOBXK EBOJILBEHTHOTO MPOQiI0
3y0a Koyieca BiJ HyNIS B TOYINl HAa ITOYaTKOBOMY KO IO
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sHaueHb: O,;; B HWKHIA akTMBHIM Touni mpodimo i

6

1dqj, B TOULI Ha KOJII BEPIIUH.

3 ¢opmymu (6) 3 ypaxyBaHHsM (5) BHIUIMBAE, IO
TOBIIMHA  3HOIIEHOTO  miapy  Oyne — HaWImIBuIIe
30UIBIIYBaTHCh 3 YacoM Ha AULIHKAX B OKOJI IEBHHUX
XapakTepHUX TOYOK €BOJBBEHTHHX NpodimiB 3yOiB
BEIy4Oro Ta BEICHOro Koiic mpsmo3y0oi mepenadi. Lle
MOXYTh OyTH MIITHKA B OKOJi ab0 HIKHIX aKTHBHUX
TOYOK TPoQiTiB 3y0iB, a00 TOUOK HA MITIHIPAX BEPIIUH

IPAMO3yGHX KoJIic (BHACIIIOK BENMKHX 3Ha4eHb O y 1ux

TouKax). AOO 11e MOXKYTh OYTH AUISIHKA B OKOJII HHXKHIX Y1
BEpXHIX TIPaHMYHUX TOYOK OJHOIAPHOIO 3auyerlIeHHS
(OockimpkM Ha  OUIAHII ~ OZHOMAPHOTO  3a4eIUICHHSA

one __
4 =9sum €

OiTBIIIOT0, HIXK HA AUISHKAX, JIE 3a4eTUICHHS € ABOTIAPHIM ).

Jnsi  TOpIBHSHHS JIOPEYHO 3a3HAYUTH, IO Yy
MWTIHAPUIHOI KOoCcOo3yOoi mepemadi, B Akoi Koe]imieHT
OCBOBOTO TEPEKPUTTSI OJIIM3bKUIA 10 HATYPAILHOTO YHCIa,
CyMapHa JIOBXHHA KOHTAKTHHUX ILUIOIIA/IOK MMPAKTHYHO HE
3MIHIOETBCSL TiJ] Yac 3a4eluleHHs (Ha BIAMIHY Bif
npsiMo3y6oi nepenavi). Tomy, sik 1e Oyso BpaxoBaHO y
HaIii po6oTi [5] mpu ckiaganHi po3paxyHKOBUX (GopMyIt
JJIs1 TOBIIIUHU 3HOIICHOT'O mapy Ha aKTUBHUX HOBerHHX
3y0iB KOCO3yOMX Kojic Takoi mepenadi, cepexHio (1o
JIOBXHHI TUIOIIAI0K KOHTAKTy) IHTCHCHUBHICTh MUTOMHX
HOPMAJIBHUX 3yCHIIb CIIiJl PO3MISAATH  SK [MOCTiIHHY

IHTEHCHBHICTh HOPMAaJIbHUX 3YCHJIb

BEJINYUHY.
Y mamux po6otax [5] 1 [6] Oyau cTBOpEHI METOAMKH
BU3HAUCHHS TaKWX MapaMeTpiB KOPHUTYBaHHS  UIS

MITIHAPUIHAX KOCO3YOHX 1 IPSAMO3YyOHX Tiepenad, 3a IKUX
MiHIMi3yeThCsI OimpIIa 3 JBOX CYM IIBHIKOCTEH
3HOIIYBAaHHS HAa CIPSDKCHHUX AUITHKaX B OKOJI BEPXHIX i
HIDKHIX aKTHBHHX TOYOK MpodimiB 3y0iB BeAy4Ooro Ta
BezieHoro kouic. J[ns peBepcuBHOI mpsiMo3y0oi mepenadi
3a3HaY€Ha METOAMKA JO3BOJSIE 3HU3WTH JAWHAMIYHI
HaBaHTa)XCHHS Ha 3y0uacTi Kkojeca Ta IiHII Jeraini
MPUBONY, OCKUIbKH BOHA Ja€ MOXJIMBICTH CIOBLIBHUTH
3pocTaHHsl OOKOBOTO MPOMDKKY MiX 3y0amu mapu KoJlic,
sIKe BiZIOyBa€ThCS BHACIIIOK 3HONTYBaHHS.

Y pobGorax [7] i [8] po3pobneHo METOOUKY Ta
BUKOHAHO PO3paxyHKH TOBIIMHM 3HOLIEHOTO MIapy Ha
AaKTHMBHUX TMOBEPXHAX 3yOIB KONIC JUIS LMJIIHIPUYHUX
psIMO3YOHX i KOCO3yOHx (xopuroBaHux  Ta
HEKOPUIOBaHMX) Tepeaad. ABTOpH Ii€i  METOOMKH
BBA)XaJIM 3HAYEHHS IIBUAKOCTI MEPEMIIEHHS IIOIAAKN
KOHTaKTy TI0 €BOJIbBEHTHIH ITOBEpXHi 3y0a MOCTiiiHUM Ta
o0uMCIIM HOro AN TOYKW Ha NUIFIIBHOMY MFITIHIPI
3yOuacrtoro koneca. Hacnpapai 5 Lsl IBHIKICTh 3aJISKUTh
BiJl KyTa PO LITIO €BOJEBEHTH, a TOMY 3MIHFOETBCS i1 Yac
MepeMIIIeHHs TUTOMAAKA KOHTaKTy M0 OiYHIf MOBEpXHi
3y0a.

Mera po6oTu

Mera paHoi poOOTH — CTBOPUTH METOAMKY

BU3HAUECHHs KOe(Ili€HTIB 3MileHHA (X} Ta X, ) TBIpHOIO

KOHTYpY, 3a SKHX Tix dYac poOOTH IMIIHAPUIHOL
npsiMo3y00i mepenadi HaWOLIBIIA Ccepel IIBHIKOCTEH
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3HOUIYBaHHS B  OKOJi  XapakTepHUX TOYOK Ha
€BOJIbBEHTHUX npodiasix 3y0iB Koiic HaOyBae CBOTO
MIHIMaJIbHOTO 3HAYECHHSI.

MartepiaJa i MeToIUKA JOCTIKEHD

[TommHa 3auenyieHHs] IEPEeTHHAETHCS 3 OYIb-SIKOI0
IUIOLMHOO, SKa TMEePHEeHAMKYIIPHA 1O TeOMETPUYHUX
oceil mpsAMOo3yOuX KOJIiC, MO MpsiMiil 3aueruieHHs. B3gosxk
BiJ[pi3Ka TPsAMOI 3a4CIUICHHS MEepeMillyeThCsl TOYKa
TEOPETHYHOTO KOHTAaKTy HpodiniB 3y0iB IMX KOIiC BiX
MOMEHTY BXOJy PO3IJIsTyBaHOI mapy 3yOiB y 3a4eIuiCHHS
JI0 MOMEHTY ii BUXOZy 3 HBOTO.

3 Teopii UMNIHAPHYHUX 3yO04acTHX mepenad BigoMi

¢dopmynu [9] s BU3HaYEHHS IIBUIKOCTEH Vﬁ{ a V3! s
KOJIW €BOJIbBEHTHI Mpodini 3y0iB BeIy4Oro Ta BEJEHOTO
KOJIIC JIOTHKAIOTBCS y IOBUMBHIM Toumi Y Ha mpsmii
3aUEIICHHS, KOHTAKTYIOYH OIWH 3 OJHUM CIIPSHKCHUMH
TOYKaMH

Y, ta Y,. Jlns npsmosy6oi nepenmadi i3

30BHIMIHIM 3a4eTUICHHAM Ii POPMYITH MAtOTh BUTIISAL;

®)
)

VYIZA =W, 1, ‘tanayﬂ ,

Vil = (o, + @,) -1y |tanary, —tana,,

ne Oy, —xyT npodimnto st Toukn Y, 3yGuacroro koseca;

Q,, — KyT 3aUeIUIeHHs; @] i () — aOCONIOTHI 3HaYEHHS

w
KyTOBHX IIBHIKOCTEN 0OEpPTaHHsA BEAYYOro Ta BEIEHOIO
MIPSIMO3YOHUX KOJTiC.
. sl
®opmyia (9) nae onnakosi 3Havennst Vy s A =1
i A=2, ToMy Ho3HaYeHHA MIBUAKOCTi KOB3aHHA HE

MICTHTb CAMBOJTY A y HUKHBOMY iHIEKCI.

Pagiycn ocHOBHMX UWIMHAPIB (7 1 7pp) Iud

BEIy4Or0 Ta BEICHOTO0 KOJiC TpAMO3y0oi mepenadi
Bu3Ha4atoTh [10] 3a popmymnoro:

m-z
Typ = 4 -cosa, , (10)
Je M —MOJy/b 3a4eIlUIeHHs; (f,, — KYT IIPO(LII0 TBIpHOIO
KOHTYpY (TOOTO KyT Tpoisto0 TBipHOI peiiku y mepepisi
IUIOMIMHOKO, IEPICHIUKYISIPHOIO JI0 MTOBEPXOHB 11 3y0iB),
y 3araJbHOMY MaIIMHOOYIyBaHHI CTaHIapTHE 3HAYCHHS
a, =20°=(/9) pao .

Yucno o0epTiB V) 3a OAHY CEKyHJy IIOB’A3aHO, 5K

BIiZIOMO, 3 aOCOJIOTHOIO BEJIMYMHOIO KYTOBOi HIBUAKOCTI

obepraHHl (@)

VvV, :a)ﬂ/(zﬂ')

[TpuiiHsBIIK 10 yBaru L€ CIiBBIIHOLIEHHA MDK V)

ObOTO KoJIECa TaKUM YUHOM:

1 @; Ta NigcTaBUBILY y IpaBy 4acTuHy (6) Bupas (7) o

pr

0, 3 ypaxysannsm popmyi (8) i (9) as Vy, Ta V;l , MH

oTpuMaian (GOpMyly I PO3PAXYHKOBOIO 3HAYCHHS
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TOBUMHKA /ly; 3HOWIEHOTO WAy y AOBiMbHii Toumi Y

akTUBHOTO npodio 3y6a koneca A y TakOMy BUIIIS:

_ Z‘klnt'QnY'(Col_’—a)Z)'t '|tanaw

: ~1. (a1
7% Hg, |tanam

hY/i

[ixcraBuBmm y npaBy yactuny (11) Bupas (5) mis
q,, 3 ypaxyBaHHaMm popmynu (10) nnsa 73, , MU 3anucaiu

(opMyIy IS pO3paxyHKOBOi TOBIIMHH /ly; 3HOIIEHOTO

mapy HaCTYyITHUM YUHOM:

4'klnt’kaY/'L T (o +wy) -t | tana,,

J/— -1. (12)
YA
ﬁz-HBﬂ-bW-m-zz-cosan |tanam
Beogumo nmomomikay Bemmumby U, ska Mae
PO3MIpHICTH MIBHIKOCTI:
4-kp T (o) +@
U = 5 Int "2 ( 1 2) , (13)
n°-Hpgy-b, -m-z,-cosa,
a TakokK Oe3po3MipHi BenMumHH fy; B Takomy
y3araJbHEHOMY BUITIAAL:
Hp, |tana
fyi= 1. (14)

Hy, |tanay,

3actocysaum Benmuuan U i fy;, sxi Mu BBenn
Bupazamu (13) i (14), zammmemo ¢opmyny (12) mus
PO3DaxyHKOBOi TOBIIMHM /ly; 3HOWIEHOTO WPy B

KOMITaKTHOMY BI/IFJ'ISI,Z[iI

hyy =kgys - fya-U-t. (15)

VY ¢dopmynax (14) i (15) B HIKHIX iHIEKCaX 3aMiCTh
"YA" MoxHa 3amucatd mo3Hadku "lowA" abo "highA"
JUISl HWOKHIX 200 BEPXHIX TPaHUYHHUX TOYOK OHOMApHOTO
3auerieHds, 4yd no3Hauku "dedA" a6o "addA" nns
HIDKHIX aKTHBHHMX TOYOK IpOQiIiB 3y0iB ado TOYOK Ha
mutiapax BepiinH koutic. Toxi 3rimno (14) marumemo

QopMymu 1ist Ge3po3MipHUX BenMUHH [, i fhigh 2

Jaear 1 Sadap» AKi, TO CYTi, XapakTepusyloTh BILUIMB
MUTOMHUX KOB3aHb, 4yKceN 3yOiB Kojic 1 TBepAoCcTed Ix
MOBEPXHEBOTO IIApy Ha MIBHAKOCTI 3HONIYBAHHS Y
3a3HAYCHUX XAPAKTCPHUX TOUKAX.

Kytu  mpodimo  mrs  xapakTepHHX  TOYOK
€BOJIbBEHTHUX MPOoiIiB 3y0iB Koutic mpsiMo3y0oi nepesayi
13 3O0BHIIIHIM 3aUETJICHHSIM MO)KHA BU3HAYUTH 34
JIOTIOMOTOI0 HIDKYeHaBeAeHUX dopmyn (19)-(23).

Kyru mpodimo (X,g; 1 @y ) M1 TOYOK Ha

BEpIITUHAX 3y0iB BEAYJOTO Ta BEICHOTO IPSMO3YOUX KOJIIC
BH3Ha4aroTh [10] Tak:

51
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Qday = arCCOS(VM / ”az)» (16)

ae 7,, — pailycu UMIiHAPIB BEPIIUH.

Paniycu nmminapiB BepummH (7, i 7,p) Mid 1uX

koJjiic Bu3HauatoTh [10] 3a popmyioro:

ralzm-(%+h;+xi+ksh) (17)

oe X; — KoedilieHTH 3MIIIEHHS TBIPHOTO KOHTYDY;
* .« . . . “
h, — koediLieHT BUCOTH TOIIBKH TBIPHOTO KOHTYDY, HOro

* R
craupaptie 3Hawenns h, =1; kg — ponomikuwmii

KoeimieHT, akuii Bu3Ha4aroTh [ 10] Takum yrHOM:

Zl+22

2 (18)

ksh:_w_ _(-x1+x2)'
m
JloGyTok (X, - M) € BENM4MHOIO 3MilEHHS TBIPHOTO
KOHTYDY U IPsAMO3y0oro Koneca A .
[MincraBuBIINM y IpaBy yacTUHY (16) BUpa3u s 7 )
7,4 3rinso (10) 1 (17), 3anumemo KyTu Ipohio &,

HaCTYIHUM YHHOM:

Z,-cosa,,

aaddﬂ_ = arccos

" (19)
z,+2-(h,+x; +

ksh)
Tanrencu kyTiB nmpodimo (g 1 Qgegn ) ANd

HIDKHIX aKTUBHHMX TOYOK 3yOiB BEIY4Oro Ta BEJEHOTO
MIPSAMO3yOHX KOJIiC BU3HAYAIOTH [9] TaKMM YNHOM:

Z1+z z

tan o, = ——2-tana,, ——2-tand,,,,, (20)
Z 2]
Z1t+z z

tano,,, = = tana,, ——--tana,g, . (21)
22 2

Tanrencn KyTiB mpodimio (g, i Qpgpy) ALA

HIDKHIX 1 BEpXHIX TpPaHUYHUX TOYOK OJHOIIAPHOTO
3aueruieHHs1 Ha IpodIixX 3y0iB MX KOJNIC BU3HAYarOTh [9]
3a (opMynamu:

2.7
tang,,,; =tana, ; ——, (22)
Z3
2.7
tan (Zhl»gh/l = tan aded/i +Z_ . (23)
A

3rigHo (15) Mu orpumany, no-nepie, GopmMyaH Uit
PO3paxyHKOBUX 3Ha4eHb TOBIIMHU 3HOLICHOTO IIapy Oijs
HIDKHIX 1 BEpPXHIX TpPaHNYHUX TOYOK OFHOIIAPHOTO
3a4eIUIeHHs 3 OOKY AUITHOK OHONAPHOTO Ta ABONAPHOIO
3a4eruIeHHs (I JUISHKA ITO3HAa4YeHI BEPXHIM 1HIEKCOM

© ITomosuu O. I',, llleByenko B. I, 2024
DOI 10.15588/1607-6885-2024-3-71

"one" abo "two" BIIMOBIIHO):

0}1@ one

lowi flow/i Ut i htghﬂ, _fhtghxl U- t, (24)
one . two one

Riows = Kegtows *Biowa 1 Phigha = kigiigna - Phigha - (25)

IMo-npyre, Mu  orpumanu  (GOpMymH  IJjis

PO3paxyHKOBHX 3HAYCHb TOBIIMHN 3HOIICHOTO mIapy Oins
HIKHIX aKTHBHUX TO4OK ( /17,4, ) mpodinie 3y6iB i Todok

Ha Konax BepuuH ( /1,4, ) Kouic:

hear = kg deds * Saear Ut (26)

Madas = Ko adds  fadar U -t @27

Asropu poGotu [11] crBOpHIM PpO3paxyHKOBY
MOZEJb JUIsl BU3HAYEHHS PO3MOALITY IIOBHOT CHIIM B3a€MOJIIT
npsMO3yOMX KOJNIC MDK JBOMa NapaMu 3yOiB mix dvac
JIBOIIAPHOTO 3a4eIUIeHHs. Y miif Mozeni Oyao BpaxoBaHO
nedopmarii 3ruHAHHS, 3CyBy Ta CTHCKY B 3y0aX, sKi
nmepeOyBarOTh Yy 3aYeIUICHHI, a TakoX KOHTaKTHI
nedopmanii B 060x mapax 3y0iB. B pesymbrari aBTOpH
pob6otu [11] BcTaHOBMIIH, IO 7S IPAMO3YOUX TIepenad i3
pi3HMMHU 4YMcliaMH 3yOiB KOJIC MOYKHA NPHHMATH TaKi
3HaueHHs KoedinieHTa k,y, :

ko dedi = Kgadar 0,36, Kyaqa1 =Ko dear = 0,36 Ta

two _ 1.two ~
kalowl - kahith ~ 0,64, kahzghl - kalow2 ~0,64.

[lig wac pobotm mpsMo3yOoi mepenadi MpolecH
TTOBEPXHEBOTO pyWHYBaHHS BiIOyBaIOTHCS
B3a€MOIIOB’3aHO B TAaKUX TOYKAaX EBOJBBEHTHOIO
npodigto 3yda, BiJCTaHb MDK SKMMH HE IEPEBHUILYE
HMIMPUHY TpPSIMOKYTHUKa KOHTakTy. Tomy B sIKOCTI
YTOYHCHUX 3HA4Y€Hb TOBHIMHU 3HOMUICHOI'O IHapy B
IPaHMYHUX TOYKaX OJHONAPHOIO  3a4CIUICHHS Ha
€BOJILBEHTHOMY TIIpodimi 3y06a komeca A JOIUIBHO
NPUIHATH Cepe/iHi 3HaUSHHS TOBIMHU:

one two one two
_ hlow/i + hlowl paver  _ hhigh/i + hhigh/i
- 7 highA — ) :

Otxe, 3 ypaxyBaHHSIM HaBEICHHUX MIipKyBaHb, Ha
migcrasi BupasiB (24) i (25) mu 3anumemo GhopMyId IS
YTOYHEHUX 3HAYCHb TOBIIMHU 3HOIICHOTO INapy B LHUX

aver
hlow

Toukax (g i i Myighy )y TAKOMY BHIISIL:

kalow/l
]’l;g‘fﬁ = 7 flowl U-t, (28)
1+k0%
aver _ a highA
Phighs == *Shigha U -t (29)
JlopedyHo  3a3HAYMTH, M0 Yy  YHUCEIbHOMY

MOJIEIIFOBaHHI IIPOLIECy 3HOIIYBaHHS aKTHBHHUX IIOBEPXOHb
3y0iB mapu MNpsIMO3yOMX KOJIC, SKE MPOBEIH aBTOPHU
pobotu [12], He Oym0 BHSBICHO pI3KHX CTPHOKIB Ha
rpagikax 3MIHM PO3paxyHKOBOI TOBIIMHH 3HOIIEHOTO
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1apy B3JOBX €BOJIbBEHTHHX MPOQisiB 3y0iB IIUX KOJIIC.
Jlisi  mPOEKTYBAJILHOTO  PO3paxyHKy HpsMo3y0oi
repenadi, 3HalO4M PO3TALIyBaHHS HapH KOJIC BiZHOCHO
OIIOp BAJIB, TOYHICTH BHTOTOBJICHHS OCHOBHMX JieTajel
mepefayi Ta TBEPOOCTI AKTHUBHHUX IIOBEPXOHb 3YOiB,
KOHCTPYKTOp Ma€ NpHUAHATH [13] 3Ha4YeHHs: BiJHOLICHHS

HIMPUHU 3y04acTUX BIHIIIB 10 MIXKOCBOBOI BijcTaHi (¥, )
Ta BIJHONICHHS IIUPWHU 3yO0YacTUX BIHIIB A0 MO
3auerieHHs (Y, ). Po3paxyHKOBY MIXKOCBOBY BiICTaHb (

calc . . . .
a,, ) 3akpuroi npsMo3yboi mepenadi  3a3BUYal
o0uncmoTh 32  (opMyNnor0, BUBEICHOK 3 YMOBH

KOHTaKTHOi BHUTpHBAIOCTI 3y0iB komic [13, 14]. us
3acToCyBaHHs 1Iii€i (opMynM HEOOXiJHO 3HATH Taki

TI0YaTKOBI JaHi: o6epranbuuii MomeHt ( 15 ) BimHOCHO OCi
BEJICHOTO Bally BiJl CHCTEMH PO3NOIUICHNX HOPMaJIbHUX
3yCuilb y 3adelUIeHHi, mepenaTovHe BigHOUIeHHsS (i)

3yO4acToi mepenavi, a TaKOoX BU3HAYUTH JOIMYCTUME

KOHTAKTHE HAMPYXEHHSA Yy PO3PaxXyHKy aKTUBHUX
MMOBEPXOHb  3y0iB HAa  KOHTaKTHY  BUTPHUBAIICTb.
Po3paxyHKOBY MIDKOCHOBY BiJCTaHb, SK MPaBUIIO,

MOTPIOHO OKPYIIIMTH 0 HAHOIMKIOTO OUTHIIIOTO 3HAYCHHS
(a,,) 31 cranpapTHOrO psiy MXKOCBOBHUX BilcTaHeil abo 3
pAoy HOpMaNbHUX JHIHHAX PO3MIpiB, a TOTIM OOYHCIUTH

HIMPUHY 3y04acTUX BiHIIB bfvalc =Wpa Ay -

MiHiMaTbHO HEOOXiJHUN MOYJTb 3a4CTUICHHS MOYXKHA

o0uncIUTH 32 (OPMYJIOK, BHUBCACHOK 3 YMOBH
3THHAIBHOI BUTPHBAIOCTI 3yOiB Koiic. AJjie 3a3Buyaii,

MOIyJTh 3a4eTUIeHHs 00uncmooTh [13] Tak: m=>b,, / Yom
, 1 mpuiiMaroTe HOro 3HAYEHHS 31 CTAHIAPTHOTO DALY
MOJYJIB.

Yucna 3y6iB (Z; 1 Zp) BeAydoro Ta BEJEHOIO KOJiC
mpssMo3y0o0i  mepenadi i3 30BHIMIHIM  3a4ETUICHHAM
OTPUMYIOTh OKPYIJIEHHSM IX PO3paxXyHKOBHX 3HAYCHb TO
HATypaJIbHUX YMCEIl TaK, 00 IPH IIbOMY CITPaBIKyBaJach

HEPIBHICTB! m-(zy+z,)<2-a,,. PozpaxyHkoBi
3HaueHHss wucen 3yGiB mmx komic (z) ale Zgalc)
BU3HA4YAIOThH [4] 3a popMyamu:
2-a
gl = w (30)
(| 112| + 1) -m
cale _ .
Z3 _Zl’|112|v (31)

ae |i1 2| = ‘a)l / a)z‘ — abCOTIOTHA BETMYHHA TIEPEAATOUHOTO

BITHOIIIEHHS.

Sxkmo mpsaMo3yba eBONBBEHTHA Iiepermada i3
30BHIIIHIM 3a4€IJICHHAM [IPU BU3HAYCHUX BEIUYUHAX 11,
Z] 1 Zp Mae MiXKOCBOBY BiICTaHb d,,, TO KOe(illieHTH X;

Ta X, A4 Il KOJNIC MOB’S3aHI MDXK COOOI0 TaKUM YHHOM:

Xy =Xy —X|, HpHYOMY KyT 3aueruieHHa (O, ) i
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KoeilieHT cyMH 3MimeHb ( Xy ) TBIPHOTO KOHTYpY st

Koiic 1iei mepenmadi BHW3HA4alOTH [9] 3a HACTYMHUMH
hopmymnamu:

m-(z;+z
oL, = arccos (1—2)-cosocn , 32)
2-a,
tano,, —o,, —tana, +a, ) (z; +z
xzz( w w n n)(l 2). (33)
2-tana,,
Jiana3oHu JOMyCTUMUX 3HAa4eHb KoeQillieHTiB

3MIIIEHHS. X} Ta X, OOMEXYIOTbCS HEOOXiJHICTIO
BUKOHAHHS KUIBKOX BHMOI, 30KpeMa: 3a0e3leueHHs
JIOCTaTHBOTO ~ KOe(illiEHTYy  TOPLEBOTO  HEPEKPHUTTS,

3a0e3MeueHHs] JOCTaTHhOI TOBIIMHM 3yOiB Ha IMJIIHIpax
BEpUIMH Ta YHUKHEHHS MHiJpi3aHHA Ha HIDKKax 3yOiB.
ToBmmHy 3y0a Ha HWITIHAPI BEPLIMH NPsAMO3y00To Koseca
i3 30BHINIHIMU 3y0aMu BHU3Ha4awTh [15] 3a Takor
hopmyroro:

cosa 4
Sy =m-——"—(Z=+42-x, -tana, +
COS 442

+z,-(tana, —a, —tana,y,; +aadd/1)).

Pe3ysbTaTi gociaigkeHb

[IpaBa yactuHa KoXkHOI 3 (opmyn (26)—(29) sBisie
cobor0 n06yToK uacy ¢, BenmuuuHd U (3 po3MipHiCTIO
IIBUJIKOCTI) Ta OHOTO 3 HIDKYCHABEIACHUX Oe3p0O3MipHUX
CHIBMHOXKHUKIB, $Ki OyeMO Ha3uWBaTH KoedimieHTamu
HIBUIKOCTEH 3HONIYBaHH:. [1i CIIIBMHOKHUKYU MTO3HAYAMO

cumBonamu &, i Shighs A HIDKHIX 1 BEXHIX

TrpaHUIHUX TOYOK OHOIIAPHOTO 3a4YCIIJICHHA Ta

CUMBOJIaMH §dedi i andd/l BIAIIOBIAHO JUIS HWKHIX

AKTHBHUX TOYOK €BOJIbBEHTHHX ITPOQ1IiB 3yOiB 1 TOUOK Ha
OWITIHApaX BepmuH Komic. OTxe, 3 ypaxyBaHHIM

oTpuMaHuX y poboti [11] 3Hayens xoediuientis k,y; ,

MOXEMO 3allucaru:

Sdedr =Ko dear * Jaear =0-36" faean » (34)
Saddr = ke adar * Jadar =036 fadgan » (35)

1+ k550 5
lowd = TOW ' flow/l =0,32- flowﬂ > (36)

1+ kb

ghA
highd = Tl “Jhigha =082 frigns- (37)
Bennunny  HaiiOinemoro  cepen  koeilli€HTIB

IMIBUAKOCTEH 3HONIyBaHHs (IIPY KOHKPETHHX 3HAYECHHSX
Koe(ilieHTIB 3MIlIeHHs] TBIPHOTO KOHTYpY) IO3Ha4MMO
uepe3 F', To6TO
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Sdedls Slowls fhighlé Sadd1’

F=ma (38)

X
Saed2s Siow2s Shigh2s Sadd2
Hobytin (Sgear Uy (Giowa " U)s (Ehigna -U)

(&4442°U), oueBmamo, sBIAIOTH COGOK0  WIBHAKOCTI

30UIBIICHHS TOBUIMHM 3HONICHOTO IIapy 3 4acoM poOOTH
npsMo3y0oi mepenadi, ToMy MM OyJeMo Ha3uBaTH IX
UIBUJIKOCTSIMHM ~ 3HOINYBaHHSA B  OKOJI  BiAMOBIIHUX
XapaKTepHUX TOYOK Ha EBOJILBEHTHHX NpodiIiax 3y0iB
rapyu npsMo3youx Koiic (Ha cTalii yCTaJeHOro mpouecy
3HOIIYBaHHS).

Anaiz dopmyn (14), (18)-(23), (32) 1 (33) mo3Boiste
BCTaHOBHUTH, 110 Yy TMPsAMO3y0oi mepeaadi 3 BU3HAYCHHUMHU
MI’KOCBOBOIO BiICTaHHIO ( d,,, ), mupuHoio ( b,,) 3yGuactux

BIHIIIB, MOAYJIEM 3aueIlleHHs (/71 ), yuciamu 3y0iB (Z) 1

Zp), 3a BIIOMOIO  CIIBBIHOIIEHHS TBEpAOCTEH

(Hp, /H 1) TIOBEPXHEBOIO Mapy 3yOiB Bedydoro Ta

BEIEHOTO Koutic, Ge3po3miphi BemnauHu [y 1 fuedns

Jiom 1 Jiowzs Suignt 1 Srighr> Jaanr 1 Saaar €

GbyHKIisME  Bix KoedilieHTa 3MIIIEHHS X; TBipHOTO

KOHTYpY Bemydoro kojeca. Tomi 3 Bupasy (38) 3
ypaxyBanHsM (34)-(37) ummBae, mo U1 Takoi mepeaadi

Benmunna F(X)) Takox € QyHkuiero Bin xoedimienrta
3MmimeHHs X . 3 dopmynu (13) oueBHIHO, O 4TS TaKOi
nepenaui BenmuuHa U He 3anexuTh Bin KoediuieHTiB
3MIILEHHA X| Ta X;.

Toni crae 3po3yminio, mo mpu 3MiHI KoedilieHTa
3MIILIEHHs X| y JOIlyCTUMOMY Jialla3oHi HaiOlibIla cepesn

LIBUKOCTEHl 3HOIIYBAaHHS B OKOJNI XapaKTEePHHUX TOYOK
€BOJBLBEHTHUX NMPO(iTiB 3y0iB HaOyme CBOro MiHIMyMY 3a

TaKOro 3HAYeHHA X|p, fKE MiHIMi3ye O6€3po3MipHY

ukiito F(x;), to6to F.. = F(X;») ; Toni BigmosigHe
Y 1 min 1R

3HAYEHHA Xpp =Xy —X|p.

OO0roBopeHHs1

PosrmissHeMO TpuKIam 3acTOCyBaHHS po3pobieHoi
METOAWKHA BH3HAYCHHS KOC(IIIE€HTIB 3MIIICHHS TBIPHOIO
KOHTYpY B IIPOEKTYBaJbHOMY PO3PaxyHKy HpsMo3y0oi
mepefadi i3 30BHINIHIM 3averuieHHsM. [lepenaroune
BiJJHOILIEHHS |i12| =4; Bemyue i BejleHe Koneca Iiei
mepeavi BUTOTOBICHO 31 ctaii 35XM; Tepmiuaa 006poOka
000X KOJIiC — TOJNIIIICHHS Ta TapTyBaHHA 3 HArpiBaHHAM
CTpyMaMH BHCOKOI YaCTOTH; TBEPIICTh 3y0iB IMX KOJIC Ha

nosepxui 48HRC .
Hexaii mns npoekTyBaHHS Oyino oOpaHO 3Ha4YeHHs
Wy, =0,315 i yp,, =16,5 ta oGuucneno pospaxyHkoBy

calc

w  =137mm. Ipuiimaemo 3i

MDKOCBOBY BIZICTaHb  (
CTaHIIAPTHOTO PSIy MIXKOCHOBHX BIJICTaHCH (aKTHYHE

snauenns d,, =140mMm. Tomi pospaxyHkoBa ImmpuHa
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A calc o
3yGuactux Binuis by, = 44,1mMM ; npuiimaemo dakruune

sHadenns b, =45MM 3 psgy HOpmanbHEX JTiHiHEX
po3mipiB. OOUHCIUBIIN PO3PAXYHKOBE 3HAUCHHS MOMYJISA
3a4eIUICHHS, NPUHAMAEMO 3 psIy CTaHIAPTHUX 3HAYCHb
MonyiiB m =2,75mm .

3a  dopmymnoro (30)
Z{9¢ =204

Benyuoro koneca 23 =20; Tonmi 3a Qopmynoro (31)

3HaX0ANMMO PO3PAXyHKOBE

3HAUCHHS MPHU3HAYAEMO YHUCIO 3y0iB
BU3HAYAEMO 4MCIO 3y0iB BemeHoro koneca Zp, =80. 3a
opmynamu (32) i (33) Busnauaemo ,, =0,39522 pao,
x; =0,9679.

Jlns1 ipsiMo3y6oi nepenaui, B sxoi z; =20, z, =80,
X +xy =x5 =0,9679 ra Hp, = Hp, Mu nobynysanu
rpadiki  3aJIeKHOCTEH LIBUIKOCTEN
SHOWYBAHHS  (Sgedis Slowds  Shighns Saddr) A

XapakTepHUX TOYOK Ha EBOJIbBEHTHHX NpoQuIsix 3yOiB
Beayuoro (puc. 1) Ta BemeHoro (puc. 2) KOJNIC Bif

Koe(ilieHTiB

koedilieHTa 3MileHHs ( X| ) TBIpPHOIO KOHTYpY BeIy4Oro
KoJteca.

Jaui, 3acTocyBaBIlId METOJ| 30JI0TOTO mepepizy [16],
3HAXOIUMO pamioHanbHe 3HadeHHs Xjp =0,5829, 3a
SIKOTO  HAHOLIBIINK cepel KOe(DIIIEHTIB IIBHIKOCTEH
3HomyBaHHs, ToOTO OyHkuis [(X;), nabysae cBoro
minimymy Fp;, =0,22; toni Binnosinse pauionanbHe

3HaueHHst X,p =0,385.

-
-
-
0.15 NEAORN
L
o L= .....'va '\._..
- -
- .
- .
p” Pray e’
I
0 25 5 75 X
0,25 0.5 x, 0,75 1

— Sded1s = =" Siow1: === Chign> **** Saaar

Pucynok 1. I'padik 3anexuocreil koeilli€HTIB LIBUIKOCTEH
3HOLIYBaHHS é:l BiJ KOeilieHTa 3MIIECHHS X1

IUTSL BEy4Oro mpsMo3y0oro Kojieca y MpuKIai
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My BHM3HAQUMIM TaKOX TpaHMIl Jiala3oHiB JUIs
koedilieHTIB 3MillleHHs X; Ta X,, HOpU SKUX (yHKLiA
F(x;) mnepesumye ii minimanbhe 3nauenns F ., He
Oinbie, Hix Ha 33 % , Ta BAKOHYIOTBCS HEOOXiHI BAMOTH

JUTA TIApHU TIPSIMO3YOHX KOJTiC.

u
AN

0,157
0.11 R

-
0,051 YT
-

075 X

— Sgears = = Siow2s === Cpigh2’ Sadd2

Pucynok 2. I'padix 3anexnocteit koe(ilieHTiB LIBUAKOCTEN
3HOITyBaHHS &, BiX KoedimienTa sMileHHs X,
JUTsL BEIGHOTO MPsIMO3y00ro Koeca y IpHuKiIaii
Jist po3misiHyTOI B HAlIOMY NPHKIAAi IPpsiMO3y0ol
nepenaui (3 reomerpuunumu napamerpamu  z; =20,
Zy 280, m 22,75MM , a,, =140mm , [Ipu HBz ZHBI
0,4684<x,<0,7746 i
0,4995>x, >0,1933. V uux niamasonax rpanuuni

) TaKMMH Jlialla30HaMH  €:

suauenns koediuienti X} =0,4684 Tta X, =0,4995
Busnadeno 3 ymosu, mo F(0,4684)=4-F . /3 a
x, =0,7746 x, =0,1933
BU3HA4YEHO 3 YMOBH [4], 10 TOBIIMHA 3y0iB Ha LMIIHAPI

BEPIIMH BEIy4YOro Kojieca Mae OyTH OUIBIION, HIK

(0,4-m) .

I‘paHI/I‘{Hi 3HAUYCHHA Ta

BucHoBku

CTBOpEHO METOAMKY PO3pPaxyHKy TaKHX 3HA4YeHb
Koe(ilieHTIB 3MILIEHHsI TBIPHOTO KOHTYpY UISl BEIY9OTO
Ta BEJICHOTO KOJiC IIIiHAPIYHOI IpsM03y00i mepeaadi, 3a
AkuxX HaOyBa€ CBOTO MIHIMaJbHOTO 3HAYCHHS HailOiipmIa
HIBUAKICTh 3HOIIYBaHHsS Ha aKTHBHHUX MOBEPXHAX 3yOiB

X Kouic. SIkmo koedilieHTH X; Ta X, BHU3HA4YEHO 3a

pO3pOOIEHO METOIHNKOI0, TO Oyrne MaKCHMaJIbHOIO
TPUBAJICTh poOOTH 1€l Tmepemawi IO JOCATHEHHS
JIOITYCTHMOTO 3HA4EeHHS TOBIIMHM 3HOIICHOTO Iapy Ha
HaWOIMBIl ~ MINaHUX JO  3HOIIYBaHHSA  JUISHKaX
€BOJIbBEHTHHX ITOBEPXOHb 3y0iB. L[ MeTonmka no3BOJIIE
BU3HAYATH PAIliOHAIbHI 3HAYCHHS KOCS(IIi€HTIB 3MIIICHHS
TBIPHOTO KOHTYPY ISl KOJIIC HPSAMO3yOMX Iiepenad, siKi
(YHKIIOHYIOTP B YMOBaX HEMOBHOI 3aXHUIIEHOCTI 30HH
3auerieHHs 3y0iB BiJl OTpaIUITHHSA a0pa3uBHUX YaCTOK.
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RATIONAL SHIFTS OF THE BASIC RACK’S PROFILE FOR WHEELS
OF A CYLINDRICAL SPUR GEAR PAIR TO DECREASE TEETH WEAR
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Ukraine, e-mail: machinesmechanics@gmail.com, ORCID: 0000-0002-4959-8838
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Purpose. It is to create a method for determination of such shift coefficients of the basic rack’s profile for driving
and driven wheels of a cylindrical spur gear pair, that during gear pair operation time the wear rate of a surface layer
on the most wearing sections of the teeth’ involute surfaces will be minimal.

Research methods are based on integrated application of the involute gear pair theory and tribological laws. The
golden section method is used to minimize the function.

Results. We have obtained a dimensionless quantity, which is a function of shift coefficients of the basic rack’s profile
for driving and driven wheels of a cylindrical spur gear pair. Values of this function are proportional to the greatest wear
rate in the neighborhood of characteristic points on teeth’ involute profiles of these wheels. The method is created for
determination of rational shift coefficients of the basic rack’s profile, which minimize the obtained dimensionless function,
and which maximize the service life of the spur gear pair until the greatest worn-layer thickness on the teeth’ active
surfaces reaches limiting permissible value.

Scientific novelty. It is proved, that increasing of the worn-layer thickness during spur gear pair operation time will
be occurring most rapidly in the neighborhood of certain characteristic points on teeth’ involute profiles of the wheels.
Calculation model is elaborated for determination of the worn-layer thicknesses in the neighborhood of extreme active
points on teeth’profiles of the cylindrical spur gear pair and in the neighborhood of the lowest and the highest bounding
points of single-pair contact. This model takes into account the influence of specific slides and numbers of wheels’ teeth
as well as hardness values of teeth’ surface layer on the wear rates at characteristic points of teeth’ profiles. In addition,
the model takes into account sharing of total force of the wheels interaction between two teeth pairs in double-pair contact
and also a change of force transmitted by single pair of teeth when it comes into or go out of engagement.

Practical value. Application of the created method for determination of shift coefficients of the basic rack’s profile
is expedient in design of cylindrical spur gear pairs for machines and equipment, which operate in conditions when
ingress of abrasive particles in the teeth engagement region is possible. An example of application of this method in design
calculation of the cylindrical spur gear pair is given.

Key words: involute gear pair, cylindrical spur gear wheel, worn layer, shift coefficient of the basic rack’s profile.
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NIATHOCTUKA JE®EKTIB NIIIIUITHAUKIB KOUEHHS HA OCHOBI
BEMBJIET-AHAJII3Y

Mema pobomu. Po3pobra ma 600CKOHANEHHS MemoOdy aHANi3y 6iOPOCUSHANIE NIOWUNHUKIG KOYEHHS HA OCHOSI
BeUBIEM-AHANIZY 3 MEMOIO UAAGIeHHs. ma I0enmuixayii Oeghexmie 0O1AOHAHHSL.

Memoou Oocnidocenns. 3acmocogysascs @eligiem-ananiz 01 06poOKU GiOPOCUSHANIE NIOUUNHUKIE KOYEHHS.
3acmocosano nopozosy eetignem-@inompayiio a5 UOLIEHHS. CIAOKUX IMIYIbCHUX KOMIOHEHM Y CUSHANAX, 4 MAKOIC
suxopucmato geiigiem-©Mopie 015 3ab6e3neuenus ecpekmusrHocmi inompayii.

Ompumani pesynemamu. 3anpononosanuti Memoo 3 GUKOPUCIAHHAM Geliglem-Qinbmpayii nokpawye weuoKicme
ma Haditinicms 0iaeHOCMUKY BIOPAYIIHUX CUCHANIB NIOWUNHUKIB, WO 003801A€ epeKMUBHO UOLIAMU XAPAKMEPUCTUYHI
yacmomu, nos8 sA3ani 3 PISHUMU MUNAMu 0eeKmis niOUUNHUKI6 KOYeHHs.

YV nopieuanni 3 iHwuMu MemoOuKkamu aHANIZY CUSHALIB, BUKOPUCTAHHA DO3POONIEH020 Memoody HA OCHO8I
HenepepeHo2o BeligNem-aHani3y BUABULOCA 0COONUB0 eheKMUSHUM O BUOLIEHHA XAPAKMEPHUX OiaeHOCMUYHUX
yacmom. Lleii memoo 003601s€ He nuue i0eHMUDIKy8amu KOHKpemui muny oeekmie y niOWUNHUKAX KOYeHHsl, d Ui
3a0e3neuye YHIBepCatbHICmb, W0 00360JI5€ YCNIUHO 3ACMOCO8Y8AMU 1020 OISl AHANIZY THUWUX MUNI6 HeCMaylOHAPHUX
CUSHATIG.

Excnepumenmanvui 0ocniodicents niomeepouu UCOKY eekmuHicmv po3pobiieno2o Memooy, 0coOIUB0 6 PAHHIX
cmadisx po3sumky degexmy. Buxopucmanns yvbo2o memoody UAGIAEMbCS He Juute Y 30amHOCHI eeKmUusHo eUOLIAMU
XapaxkmepucmuyHi yacmomu RIOWUNHUKIS, aie i y 30amHOoCmi NPO8O0OUmY AHAli3 CUSHANIE 015 i0enmugbikayii Oegpekmis
obnaonannsn e3azani. Lle pobums 3anponoHoOGanUll Memood NEPCHEeKMUBHUM [ VHIGEPCANbHUM [HCMPYMEHMOM OJs
0Ia2HOCMUKY MA MOHIMOPUH2Y CIAHY MEXHIYHUX CUCTIEM.

Hayxosa Hoeusna. Buxopucmanhs 3anponoHogano2o memoo 06pobKu GiOpOCUSHANIE NIOWUNHUKIE KOYEHHS HA
OCHOGI gellgem-ananizy y KOHmeKcmi nioguentst eqhekmueHocmi suseieniss ma idenmugixayii Oeghexmis 061AOHANHS.

Ilpakmuuna yinnicms. Pospobnenuii memoo moodice 6ymu UKOPUCTNANHUL 8 RPOMUCTIOBOMY CEKMOPI Ol AHANIZY MA
diazHoCmMUKY NIOWUNHUKIE KOYeHHs 001a0HaHHA. Bin 0o3eonae euacHo suasniamu oeghekmu, sSMEHULYBAMU PUBUK 8IOMO8
0071a0HAHHS, MA 3HUNCYBAMU UMPAMU HA eKCNIyamayitine 00cyeo8ysants. Takum Yunom, yei Memoo mMac npaKmuymy
YiHHICMb Y RIOBUWEHHI HAOIIIHOCMI MA NPOOYKMUBHOCI NPOMUCT08020 0ONAOHAHHS.

Knroyoei cnosa: sibpocuenanu, niowunHuxku KOUeHHs, 6eliglem-aHanis, oegekmu o0ONAOHAHHA, OIAZHOCMUKA
HecnpasHocmell, gelignem-Qiltbmpayis.

BUKOPHCTAHHS JliTaKa, HaAiMHOCTI Ta pecypcy JEeXHTh B
o0JacTi iHTErpOBaHUX CUCTEM aBTOMAaTHYHOTO KePYBaHHS

OmvH i3 TEpCIEeKTHBHUAX HAMpsAMIB BHPIMIEHHS 1 KOHTPOJIIO aBianiifHux ra3orypOinnux asurysis (I'TM).
3aja4l  MiABHINEHHA  €(QEKTUBHOCTI  XapaKTEpUCTHK 3HOIIYBaHHS B IPOIIECi eKCIUTyaTalii MPU3BOIUTH JI0
CWJIOBHX YCTAHOBOK CYYaCHHUX JITAlBHUX alapaTiB MO0 3MIHM CTaHy 1 XapaKTepUCTHK BY3/iB [BUIYHA: OIOp
aIanTUBHOCTI 1O YMOB eKCIUIyaramii Ta pEeKWMIB  POTOPHHUX  jAeTaneil  (YIIKO/KEHHA  IiJUIMITHHKIB),

Beryn
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3yOuacTux mepenad (BUpOOJICHHS KOHTAKTHHAX ITOBEPXOHBb
3yOLliB), JIONATKOBHX MallMH (3HIKEHHS KOe(DillieHTy
KOpHCHOI [Iii, TPOXyKTHBHOCTI, 3aIlaciB Ta30qMHAMIYHOI
CTIMKOCTI), Kamep 3ropsHHA (BTpaTH), €JICMCHTIB
NpOTOYHOT ~ 4YacTWHHM. BHacHmiIok 1BOro  3HAYHO
3MIHIOIOTECS  SIK  CTaTHYHI, Tak 1  JguHAMIYHi
XapaKTepUCTHKW  JIBUTYHa, [0 BHU3HAYAIOTh HOTO
BJIACTHBOCTI SIK 00’ €KTa PETYIIOBaHHS.

TakuM 4YMHOM, IiCHYe HEOOXIJHICTH PO3BHUTKY
METOMIB HEPYWHIBHOTO KOHTPOJIO TEXHIYHOTO CTaHy
By3uiB ['T/ mig wac ix ekcruryararii. Po3poOka meromy
ABTOMATHYHOTO PO3Mi3HABAHHS TEXHIYHOTO CTaHy BY3IiB
IBUTYHA, pPEali30BAHOTO B CHUCTEMi AaBTOMATHYHOTO
kepyBanHs (CAK) nBuryHa, 1O3BONHMTH Yy TIporeci
(YHKIIIOHYBaHHS JBUTYHa aBTOMATHYHO MEPEXOIUTH 0
peXUMy KepyBaHHSA ONTHMAJIBHOTO 3a JaHuX yMoB [1], [2].

[TiAMIUIHAKA KOYCHHS € HAWOUIBII MOMUPEHUMH Ta,
B TOM caMHMM 4ac, BpaszJIUBUMHU €JIEMEHTaMHU POTOPHHUX
MexaHi3MiB. [liJIIMOHUKK  3IHCHIOIOTH MPOCTOPOBY
¢ikcanito 00epTOBUX pPOTOPIB 1 BiAOMPaIOTH OCHOBHY
YaCTHHY CTaTMYHUX 1 IWHAMIYHUX CHIJI, IO BUHUKAIOTH Y
MeXaHi3Mi. Texuiunuii CTaH MIIIUITHAKIB €
HaWBaXXJIMBILIOIO CKJIaZIOBOIO, AKa BH3HAYaE
Mpane3aTHICTh MEXaHi3MY B LIJIOMY.

IcHye Benmka KiNBKICTH METOJIIB NIAaTHOCTUKU CTaHY
MiIIIATHAKIB KOYEHHS, MPOTe BiOpOIiarHOCTHKA 3aiiMae
HaWBa)XJIMBIIIE Ta CYTTEBE MICIIe Cepel HUX.

Y 3amaui ngiarHoctukum By3miB [T/ nmedextn
MIMANHAKIB ~ KOYEHHS €  HaUCKIAOHIIAMH  JUIS
izeHTUdIKaIi.

[TiAMIUIHAKA KOYCHHS € HalOUIBIII MOIUPEHUMH Ta
BOJIHOYAC BPA3JIMBUMH eeMeHTaMu. [1iJIIUITHUK KOYeHHSs
CKJIaZA€ThCsl 3 BHYTPIIIHBOI Ta 30BHIIIHBOI 00olMH (Ha
SIKMX PO3TAIlOBaHi JOPDKKM KOYEHHS), TUI KOYEHHS
(KyJIBOK 4M PONIHKIB) Ta cenmapaTopa [3].

BupoOHHAIITBO TiNMIUITHUKIB KOYCHHS BiIOYBa€ThCS
B YMOBax JMOPCTKMX BHMOr a0 ix skocti. Ile omHi 3
HaWTOYHINIMX TPHUCTPOiB, SKI BHUTOTOBIAIOTHCA B
MammHOOYAyBaHHI. 3a ifeadbHHX pPOOOYNX  YMOB
HiIIUITHAKA  MOXYTh OE3MEpEepBHO  EKCIUTyaTyBaTHCS
mpoTsroM OaraThoX pokiB. OmHaK depe3 Te, MO PodOdUi
YMOBH PiJJKO OyBaIOTh iJJ€abHUMH, MiAIIHITHAUKA HIKOIH
HE peaji3yloTh CBif MOTEHIIan 3 TOYKHA 30pY pecypcy.
TepMmiH cmyxOHM MiANIMITHAKIB KOYEHHS 3aJICKHUTH Bif
YMOB IX BHUpPOOHMITBA, 30epiraHHs, OOCIyroBYBaHH:,
YCTaHOBKH, HABaHT)KEHHS Ta YMOB POOOTH.

TexHiyHUi CcTaH MIAIMWOHUAKIB €  BaXIHUBOIO
CKJIQJIOBOIO, SIKa BH3HAYa€ IpaIe3/aTHICTh MEXaHi3My B
nitomy[4], [5]. IcHye Bemmka KUTBKICTH METOMIB
MIarHOCTUKH CTaHy MiAIIUITHUKIB KOYeHHsA [6], mpoTe
BiOpomiarHOCTHKa 3aiiMae HaWBaXKJMBIIIE Ta CYTTEBE
Micre cepen HuX.[7].

Amnani3 BiOparmiii € OTHIM i3 OCHOBHHX iHCTPYMEHTIB
JUIA BUSIBICHHS paHHIX OedexTiB [8]. Bim 3apa3 wacrto
BHUKOPHUCTOBYETHCS IS TIOMIYKY Ta JiarHOCTUKU Ac(EKTiB
NiIMIMIHAKIB B PI3HMX KOMIOHEHTax. BiOpauiiinuit
CHUTHAJI MICTUTh B COOI BEJUKY KIJBKICTh iH(pOPMAIIT PO
TEXHIYHUN CTaH 1 MOXe OyTH JOCTOBIPHUM MOKa3HUKOM
TIpare31aTHOCTI.

[lepcriekTHBHI METOAM aHATI3y HeCTaI[lOHAPHUX
CUTHAJIB, 30KpeMa BiOpaliliHUX CUrHajiB, 0a3yrOTHCS Ha
BUKOPHCTAaHHI HEMIEPEPBHOTO BEWBJIET-TIEPETBOPEHHA[9].
[Tpore Bimomi MeTOAM aHaji3y BiOpaliiHUX CHTHANIB, SIKi
BUKOPHCTOBYIOTh ~ BEHBIICT-aHANI3, XapaKTePH3YIOThCs
HHU3BKOIO MIBUAKICTIO Ta 00MEXEHOI0 1H()OPMATHBHICTIO,
IO CYTTEBO OOMEXye NpPaKTUYHE BUKOPUCTAHHS LUX
METOIB Y 3aBJaHHSX JAIarHOCTUKH Ta MPUIHATTS PillleHb.

AHani3 nocaizkenb Ta myoaikamii

IcHye BenM4e3Ha KiJIbKICTh JITEPATypH 3 BHUSBICHHS
Ta aHawi3y Ae(eKTiB.

Y pob6orax [10], [11] mpencraBueni pe3ynbTaTH
3acTOCYBaHHs BelBiieTa Mopie Juist moporoBoi o0poOku
BIOpOCUTHAJIIB MiANIUITHUKIB 3 BUKOPUCTAHHSIM JKOPCTKUX
i M'akux OararoMacimiTaOHuUX NoporiB. JlaHuWii anroputm
JUIsl KO)KHOTO aHAJII30BaHOTO CHT'HAITy BUKOHYE MOTIEpETHE
HAJAIITYBaHHS  ONTUMANBHHX  TapameTpiB  dopmu
BeiiBieTa 3a JOIOMOTOI0 METO/AY MiHIMaJbHOI eHTpOoIil

[llerHoHa, a TaKOX pPO3pPaxOBYE MiHi-MaKCHMAalbHi
MOPOTOBI 3HAYEHHS HA KOXHOMY piBHI BCHBIET-
JIEKOMITO3HIIIT.

Kpim TOrO, mms aHamizy BIOpOCHTHATIB TaKOX
MOXYTh OyTH BHKOPHCTaHI BeHBIET-HSHPOHHI Mepexi, B
SIKMX BEUBJIETH BUKOPHCTOBYIOTHCS K (PYHKIIIT aKTHBAIi]
[12], [13].

Y poboti [14] mis igeHTHbIKaAIi MEXaHIYHUX
nedekriB HPOTIOHY€THCS BUKOPHCTOBYBATH
OararomacmTabHuil BeBieT-aHani3. B skocrti napamerpa
JUIS ~ HaJAIITYBaHHS MapaMETPiB  BEHBICT-PO3KIATy
CUTHAJy TPOIIOHYETHCS BUKOPHCTOBYBATH E€KCIIEC, SIKMH
JIO3BOJISIE aHAJI3yBaTH PO3IOJUT aMILITy] BiOpauii B
4acoBOMY JOMEHI 1 MOXE CIY)XUTH ITIOKa3HUKOM
JIerpamamnii mamunHUKIB. B poboti  posrisgaerscs
ciMeiicTBO OpTOroHANBHUX BeiBieTiB [loOemri B sSKOCTI
MaTepUHCHKOTO BeiiBieTa [15].

VY poboti [16] 3amponoHOBaHO BHKOPHCTOBYBATH
CHEKTp Orn0ar0vu0i HEMEePEepPBHOTO BEHBIIET-IIEPETBOPEHHS
JUIS BU3HAYEHHS JeQeKTiB MiIIIUIHUKIB KO4deHHSA. B
SIKOCTI MaTepPHHCHKOTO BeiiBiera [15] 3amporoHOBaHO
BUKOPHCTOBYBATH TayCIBChKY (DYHKIIII0, CXOXKY Ha MOJIEINb
BiOpauii 1e()eKTHOTO i JIIUITHUKA.

Y poborax [17], [18] nmist BusiBieHHS nedekTiB
MiIIIAIHAKIB  KOYCHHS PO3IJISIAEThCS  CHEPreTHYHHUN
CHCKTp Orudaw4oi BEWBJIET-pO3KIaLy BiOpOCHTHAIY.
IMapamerpn ¢Qopmu BeiiBiera ONTUMIZYIOTBCS — JUIS
KO)KHOTO ~ aHAJI30BAaHOTO  BiOpOCHTHANY  IIIIXOM
3HAXOJ/DKEHHS MAaKCHMAJIBHOTO €KCIeCy KOeQillieHTiB,
OTPUMAHUX B Pe3yNIbTaTi BEHBIET-pO3KIANy CHUTHATY. Y
JaHiii poOOTi MOKa3aHO TepeBary IbOT0 METOAY Iepen
BUKOPUCTaHHSM CIIEKTpa, OTPHMAHOIO 3a JONOMOTOI0
IIBUJIKOTO TepeTBopeHHs Dyp’e, Ta CIIEKTpy Orudarodoi,
OTPUMAaHOTO 3a IOTIOMOTOIO0 TiepeTBopeHHs [ 1p0epTa.

1106 nmocsrty HalOLIBII e(EeKTHBHOTO BUJILICHHS
03HaK JedeKTiB i3 BIOPOCUTHAJIB i IIIUITHUKIB, BAYKINBO
NpPaBUJILHO OOpaTH TUI BEWBJETY, 32 JOMOMOIOIO SKOTO
aHAII3YEThCS CUTHAJL. Hesxi JOCIIIIHAKA
BUKOPUCTOBYIOTh Ui aHaJizy BiOpocuTHaJIIB
MiAMUITHAKIB TPAJWIidHI BeWBlneTn, Taki sk JloOerri
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pizHEX mopsakiB, Xaap, Mopie, MekcrKkaHCbKa IIanka Ta
iHu. [IpoTe icCHYIOTh pOOOTH, B SIKMX JUIS TAKOTO aHAI3Y
CTBOPIOIOTH CTIeIliali3oBaHi BEHBIETH.

Y poborax [19], [20] 3ampomoHOBaHWI METOX
00poOKkM  BIOpOCHrHaNIB  MIAIIMIHMKIB  KOYEHHS,
3aCHOBaHMH Ha BUKOPHCTaHHI BEHBIIET-MaTEMaTHKH.
3anponoHOBaHUN METOJ] € BIOCKOHAJIEHHSIM METOLy
aHamizy  orm0aro4oi  BHCOKOYACTOTHOI  BHUIIAJIKOBOL
BiOpautii.

YV [21], [22] 3ampomoHOBaHO CHOCIO BU3HAYCHHS
ONITUMAIIFHOTO BeHBIIET-0a3UCY HAa OCHOBI ITOCTIIKCHHS
BEUBJIET-9aCTOTHOI XapaKTEPUCTUKU.

Meta po6oTu

Metoto poboti € po3pobka Ta yIOCKOHAJICHHS
METOJy aHaJIi3y BiIOPOCHUTHAIIB Bif I IIIUITHAKIB KOYEHHS,
IO TPYHTYIThCS Ha BUKOPHCTAaHHI BeiiBieT-aHaNi3zy, 3
METOI0 e(CKTHBHOTO BHSBICHHA Ta iACHTHU]IKAIT
JIe(eKTIB y MPOMHUCIOBOMY O0JIaIHAHHI.

Buk/ageHHs1 0CHOBHOIO MaTepiaJy i pe3yabTaTiB
a”aJIizy

BiOpocurnan, 1m0 TeHEpYeTbCS —MiALIMITHUKOM,
0COONMBO TP BUHHWKHEHHI Je()EKTiB, TAKWX SIK 3HOC
JIOPIXXKOK KOUEHHS1, Ma€ IMITyJIbCHUH XapakTep. Y mepuomy

HAaOMIDKEHHI (GOopMy IMX IMIOYJIbCIB MOKHA OIHCATH
MOJICIUTIO Y BUTJISIIL
S(t)=Ue ™ sin(pt + @) (1)

e ¢ —4ac;
U — ammutiTy1a iMITyITIBCY;
a — EKPEeMEHT KOJIMBAaHb 3ITKHEHHX JCTalIeH;
P — BIIaCHA 4acTOTa KOJIMBAHb JETAI;
@ — o4yaTKkoBa ¢a3a KOJIMBAHb.

Posrnsaemo neranbHime, SK PO3BUTOK JedeKTy
BIUIMBA€ Ha CHEKTP BiOpocurHaiy mimmmmauka. Ha puc. 1
[2] 300pakeHO 3MiHY CHEKTPAJIbHUX XapaKTEPUCTHK

BIOpOCHTHAy MiJIIMIHUKA KOYEHHS 31 3pPOCTaHHAM
Ie(eKTy.
JoHa | 3oHa 2 3oHa 3 JoHa 4
YacTetsl gecbexton CobeTBeHHBIS YALTOTHI Bbicokue YacToTsl
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Pucynok 1. 3miHa cekTpalbHUX XapaKTePUCTUK BiOPOCHTHAITY
TIINITHAKA KOYEHHS 13 pO3BUTKOM JiedekTy [2]

Hopmamphuii migmmnHEK a00 mamWmHUK —0e3
nedekTiB He BimoOpakae OTHHMX YacTOT Yy CHEKTpi, 3a
BHUHATKOM THX, IO OB’s13aHI 3 00EPTOM POTOpa Ta HOTo

nepeKTaMu.
Ha nmepmomy erami  3apomkeHHS — JIedeKTy
3’ SIBJISIIOTHCS BUCOKOYACTOTHI KOMITOHEHTH B

YJIBTPa3BYKOBOMY Jiama3oHi. Bi3yanbHuil KOHTpOJIb
HiIIAITHAKA Ha [[bOMY €Tall MOKe HE BHSBUTH YKOIHHX
iIeHTU(IKOBAaHUX JIEPEKTIB.

Ha wHactymHOMy erami  pO3BHTKY  JedekTy
3’SBISIFOTHCS KOMIIOHEGHTH 13 BJIACHUMH 4acTOTaMHU
nigmunarKa. [Tpu oAl migqmunHuKa 3’ IBISATHCS eI
03HaKM Je(eKTiB. Y 30Hax 3 Ta 4 MOMITHHUI PiCT aMIDTITY
4acToT.

3 TmMOSBOIO PO3BHHEHOTO Je(eKTy y CHEKTpi
BiOpocurHany 3’SIBISIIOTbCS XapaKTEPUCTUYHI YaCTOTH
HiIIUITHAEKA. [apMOHIKM IIMX YacTOT MOXYTb 3'ABJIATHCS
B 3QJIC)KHOCTI BT KUTBKOCTI Ta pO3MOBCIOKEHHS Ae(heKTiB
MO JOpiXKKax Ko4yeHHs. YacTOTH rapMOHIK MOXYTh OyTH
MOJIyJhOBaHI  YaCTOTOK  OOepTaHHA poTopa  abo
3’SABIATHCS OlYHI 4YacToTH. Y 30HI 4 aMIUTITYIu
MIPOJIOBXKATh 3pOCTATH.

OcranHs cramis pPO3BUTKY JedekTy, micis sKoi
BiZIOyBaeThCs pyWHYBaHHS i AITUITHAKA
CYIPOBOIKYEThCS THIOSIBOIO BEITUKOT KIJIBKOCTI
MOIYJbOBAHMX XapaKTEPUCTUYHHUX YACTOT MiIIIHITHHKA
Ta iX TapMOHIK, IO CBITYUTH MpOo Te, MmO AedeKTH
MOUIUPUIIACSA 10 BCiX MOpiKKax. YacTOTH TapMOHIK
3aMIHATHCS BHUIIAJKOBHM IIyMOM. Y 30HI 4 aMIUTITyIu
PI3KO 3MEHIATHCS 3 HACTYIHUM 3HAYYIIUM 301IbIICHHIM
nepen MOMEHTOM PYiHYBaHHS.

Icnye  ©Oarato  MeroniB  aHawmizy  BiOpartiid
MiAMUIHAKIB. BOHH BCi  po3poOJSIFOTECS 3 JIBOMaA
OCHOBHUMH ILUJISIMU: BiJOKPEMUTH CHTHAJ IiJIIIUITHUKA
BiJl IHIIMX KOMITOHEHT Ta MIHIMI3yBaTH IIyM, KU MOXe
3aMacKyBaTH CUTHAJl MiANIMITHUKA, 0COOIMBO Ha paHHIX
eramax po3BUTKY nedekTy, 1 igeHTH]IKyBaTn CTaH
MiIIIAIHAKA, PO3PI3HATH HOPMalbHI Ta JAe(eKTHI
M AITUITHAKA, BKa3yBaTH Ha JeQEeKTHI KOMIIOHCHTH.

[Motpeba B edekTuBHOMY OOCITyroBYBaHHI Ta
Oe3neyHOMy (DYHKIIOHYBaHHI IMiIIIAITHUKIB MIPHU3BeEIa 0
PO3pOOKH IIMPOKOTO CHEKTPY METOIIB IIarHOCTUYHOTO
KOHTPOJIIO TEXHIYHOTO CTaHy IIiIIIAITHUKIB HAa OCHOBI
BeliBieT-aHANi3y. Y IHMX METOAaX BHKOPHCTaHHA
BEHBJIETIB mpu 00poOI BIOPOCHUTHANIB IMIAMIHITHAKIB
KOUEHHS MOXHa pO3AUIMTH HA JIBa  HANpsSIMKH:
3aCTOCYBaHHS ~ IIOPOTOBOi  BEWBIET-0OpOOKM  uIst
OUMILEHHS CUTHAJIIB BiJ] IIyMy Ta BUKOPHCTaHHS BEHBIIET-
aHaJi3y AU BUIUICHHS XapaKTepHUX Ne(EeKTHUX O3HaK i3
BiOpocHTHAITY.

AJroput™MH HOPOrOBOT BeiBIIeT-00pOOKH
JTO3BOJISIOTh BHIUIMTH CIa0Ki IMIYJIbCHI KOMIIOHCHTH B
MMOYaTKOBOMY  HeouHuimeHoMy curHami [23]. [na
edexTuBHOI poboTH MoTpiOHO BHpimmTH ABi 3axadyi. [o-
mepmie, oOpaTd BeWBIET, 3a JOIOMOIOK  SIKOTO
NPOBOANTBCS  BeWBJET-po3kian curHany. [lo-apyre,
BUOpATH BIAMOBIAHUI MOPOrOBUI PIBCHb, SKHI BiICIKaB
01 IyMOBY KOMITOHEHTY 1 3aJIUIIIaB B OYUIIEHOMY CHTHAJIl
IMITYJIbCHI O3HAKH JC(EKTY.

© Jlyoposiu B. 1., Jleitnera JI. 1O., [TaBnenko K. €., Tapacosa 0. B., ®enoponuak T. B., 2024

DOI 10.15588/1607-6885-2024-3-8



p-ISSN 1607-6885 Hosi maTepianu i TEXHOJIOTIT B METAIyprii Ta MaiuHOOY 1yBaHHi. 2024/3
e-ISSN 2786-7358 New materials and technologies in metallurgy and mechanical engineering. 2024/3

Cepen ICHYIOUHX BeHBIIeT-QYHKIIH, K1
BHUKOPHCTOBYIOTBCSI B HENEPEPBHOMY BeilBleT-aHaNI31,
BeiiBneT Moprie Ta BeiiBaeT MeKCHKaHChbKa Ilanka
HaiOlbIIe cX0Ki 32 GOPMOIO HA IMITYJIbCHI KOMIIOHEHTH
HECTalllOHAPHUX CHUTHAJIB, MO0 POOWUTH IX HAKOUIBII
BIJITIOBITHUMHU 3ac00aMy aHAJi3y TAKOTO THUIy CHTHAJIIB
[24].

Haii6inpim momyssipHuM  BeliBieToM Ui 0OpoOKH
BiOpOCHTHAJIIB MiIIMITHUKIB € BeiBieT Mopie, dhopma
SIKOTO CXO0XKa Ha (OpMy IMIYNBCIB, M0 BUHHUKAIOTH TPHU
TIPOXOKEHHI eIeMEHTa KOUeHHs depe3 30HY IeeKTy.

[Tpu BuOOpi aHanizyrouoro BelBiera ais (LIBTpALii
curHaiiiB OyIo BifiaHO mepeBary BeiBieTy Mopie, sSKuii
Mae By3pkuil 00pa3 @yp'e. HasBHicTe mOMiHYIOYO1
YacTOTH JIO3BOJISIE 3MIHIOBAaTH BHOIPKOBICTH BeiiBIIeTa
Mopie B yacTOTHi# 06JacTi.

Kpim TOro, B sikocTi aHajiizyrodoro OyB oOpaHmHii
KOMIUTEKCHHIT THII BeiiBneta Mopie. Moro mepeTBopeHHs
Oyp'e MOpIBHIOE HYNIO I BiI’€MHHX 4YacTOT, IO
JIO3BOJISIE PO3AUIMTU (Pa30Bi Ta aMILIITYJHI KOMIIOHCHTH
CUTHAJTy TIPH BUKOHAHHI BEWBJIET-TIEPETBOPEHHSI.

B wacoBomy TOMEHI KOMIUTEKCHUI BewBieT Mopie

npezAcTaBiasie  co0O0  KOMIUIEKCHY — €KCIIOHEHTY,
MOJyiIb0oBaHy ¢yHKIi€to [aycca:
Y0 =—=e " 2
Vr : @)

Jie o Ta fo — mapaMeTpH BeuBIIeTa, 0 BU3HAYAIOTH HOTO
bopmy.

B wacrorniii obxacti BeiiBiaer Mopie mae Gopmy
BikHa ["aycca 3 neHTpanbHO 4acToTo f0 i HIMPUHOIO G:

P =g () =e I 3)

e Y (t) — neperopennst Dyp’e Beiipnera Mopie;
fo— LIeHTpaJIbHa YacTOTa aHANII3yFUOro BelBIIETa;
C — IIMPHHA aHAJII30BaHOTO Jliana3oHy 4acToT;

* — Mo3HAaYa€ KOMILJICKCHE CIPSKCHHS.

Hexaii BeiiBner Mopie y(f) € QyHKIi€l0-BIKHOM 3
paniycom J, Tonti Ko>keH TOUipHil BelBieT Ha MaciuTali a
MaTHMe pajiyc BikHA, piBHUM J.a.

OTXe, KUTBKICTh TOYOK 3 KpaiB CHTHAIY, SIKi MAarOTh
CIIOTBOPEHHMH XapakTep, MoOXe OyTH BH3Ha4YeHa 3a
HACTYITHUM BHPa30M:

n==8.a-f,
b
ne fq— JacTtoTa AUCKpeTH3allii CUTHAIY;
J;— paliyc BiIkHa MATEPUHCHKOTO BEHBIIETA B Y4COBOMY
JIOMEHI,
a — mapameTp MacmTay.

“4)

Ockinbku  BediBier Mopie €  KOMIDIEKCHOIO
eKCIIOHEHTOI0, Ky Moxayiroe ¢yskmis [aycca (2), foro
IIMpHHA B YacOBOMY JOMEHI MOXe OyTH BH3HAueHa 3a
JIOTIOMOTOI0 TTPABUJIA TPHOX CHI'M SIK:

3

St:—ﬁ
oV, )
Je © — TapaMeTp MaTepuHCHKOro BelBieTa, IO
XapakTepusye B 4YacTOTHI  oOmacTi  mMpHHY

aHaJII30BaHOTO Jialla30Hy 4acToT.

[Ipu aHami3i CHTHAJIB CIIi TAKOXK BPaXOBYBAaTH TOU
(hakT, mO 31 3MCHIICHHAM KITBKOCTI TOYOK IMiCHS
BifCiueHHS O00JacTi, OO0 MICTHTh KpaioBi edeKTH,
3MEHIIYEThCA PO3AUIbHA 3HATHICTH IO YacTOTi I
CHEKTpa BEHBIIET-TIEPETBOPEHHS:

__ Ja
Af_(zvfz*n),

(6)

ne N — KUTBKICTB BiJTIKiB CUTHAITY;
fs —uacrora quckperusanii cCUrHaIY;
n — IOBXXKHHA 00J71acTi KpaeBUX e(EKTiB.

Bupunmo BibpocurHan 6e31e)eKTHOTO MiAITHITHIKA
KOYeHHS, (pparMeHT SKoro HaBeACHO Ha puc. 2 [2].

BibpomnpuckopeHHs, g

“o 02 04 06 08 1 12
Yac, ¢

Pucynok 2. Bibpocurnan 6e37eeKkTHOTO i JIIUITHAKA
KOYeHHS [2]

Crrextp HEoOpobneHoro curHany (puc. 3 [2]) BKa3ye
HAa XapakTepHy 4YaCTOTy IEPEKOYYBaHHS EJICMEHTIB
KOYEHHA TII0 30BHIIHIA o000#Mi. OIHAaK TECTOBUHA
MIAMMITHAK He Mae JaeeKkTiB Ha 30BHINIHIA TOpixkmi
KOYEHHS.
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Pucynok 3. Criextp HeoOpoOIeHOTO BiOpOCHTHAITY
6e3nedexTHOrO MmimuImHuKa [2]
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Temep posrisHEMO pe3yabTaT OOPOOKH ITHOTO
CHTHAJIy 32 JIOIIOMOT'0I0 pO3p00JIEHOTO METOAY Ha OCHOBI
BeliBieT-aHami3y (puc. 4 [2]).

@

rSFZ? 3498

2 MEUM%_,,,JJJ . Li_mj_.l

Pucynok 4. Criektp BiOpocurHany 6e3 aehexTiB
HiIIIUITHIKA, 00pOOJICHOTO 3a JOTOMOT0I0 BeiiBieT-aHamizy [2]

f,I'n

Sk BUIOHO 3 PHUCYHKY, B pe3ylbTaTi 0OpOOKH MU HE
06a4MMO YacTOTy NEPEeKOYYBaHHS EIEMEHTIB KOYCHHS IO
30BHIMIHIK OOOWMiI B CHEKTpi, 1 HpHU IBOMY MOXKHA
OTPHMATH JOIATKOBY iH(OPMAIIiO PO CTaH MiqIINITHHAKA.

SIx MOXHA TIOMITHTH, Y CIIEKTpPi PUCYTHI TApMOHIKH
4acTOTH 0OepTaHHs poTopa (BiJ HEepIIoi JO ABaHAALSLTOT)
3 BHCOKMMH aMIUTITyJJaMH, IO MOXE CBIJUUTH IIPO
ocCTabJieHHs] MEXaHIYHUX 3'€JJHaHb 1 MOXE BKa3yBaTd Ha
HasIBHICTH 301IBIIEHUX BHYTPIIIHIX 3a30PiB.

BucnoBku
PesynbraTn JIOCITIPKCHHS CBi/4aTh, 110
3aCTOCYBaHHA  BeWBNeT-QUNbTpamii Ui aHATI3y
BiOpamifHMX  CHTHAJIB  MiOBUIIYyE INBUAKICTH  Ta
HAJIHHICTh IMOCTAaHOBKH MiarHO3y. KpiM Toro, oTpuMmani
pe3yibTaTH  1O3BOJLIIOTH  3POOMTH  BHCHOBOK  IIPO
YHIBepCaIbHICTh 3aMpOIIOHOBAHOTO MeTony — Ta

MOXJIMBICTh HOTOo €(eKTHBHOTO BHUKOPHCTAHHS IS
aHaJi3y IHIIMX THIIB HECTAI[IOHAPHUX CHI'HAIIB 3 METOIO
inenTudikamii nedexriB 00gaHAHHS.

TakuM YMHOM, [JIsg OUIBII SKICHOTO BHIUIEHHS
XapaKTepHUX JIarHOCTUYHHMX YacTOT, IO BiJIIOBINAIOTH
MeBHOMY TuIy JedeKTy IMiJUIWIMHUKIB  KOYEHHS,
BUKOPHCTOBYBABCSl pO3pOOJICHHMII METOX Ha OCHOBI
HEIIepepBHOTO  BelBieT-aHalizy. EkcnepuMeHTaibHI
JOCII/DKEHHST ~ IPOJEMOHCTPYBalW  HOTO  BHUCOKY
e(EeKTUBHICTh y BHAUICHHI XapaKTEPUCTUYHUX YacTOT
MIIIATTHAKIB HAa paHHIX CTaIisX PO3BUTKY NEPEKTY.
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Research methods. Wavelet analysis was employed for processing vibration signals from rolling bearings. Threshold
wavelet filtering was applied to highlight weak impulse components in the signals, and Morlet wavelet was used to ensure
effective filtration.

Results. The research results indicate that the proposed method, utilizing wavelet filtering, enhances the speed and
reliability of vibration diagnostics for bearings. This allows for the efficient extraction of characteristic frequencies
associated with various types of rolling bearing defects.

In comparison with other signal analysis methods, the use of the developed method based on continuous wavelet
analysis has proven to be particularly effective in extracting characteristic diagnostic frequencies. This method not only
allows for the identification of specific types of defects in rolling bearings but also ensures universality, enabling its
successful application for analyzing other types of non-stationary signals.

Experimental studies have confirmed the high efficiency of the developed method, especially in the early stages of
defect development. The application of this method is evident not only in its ability to effectively highlight the
characteristic frequencies of bearings but also in its capacity to conduct signal analysis for the identification of equipment
defects as a whole. This makes the proposed method a promising and versatile tool for the diagnosis and monitoring of

the condition of technical systems.

Scientific novelty. Application of the proposed method for processing vibration signals from rolling bearings based
on wavelet analysis to improve the effectiveness of defect detection and identification in equipment.

Practical value. The developed method can be applied in the industrial sector for the analysis and diagnostics of
rolling bearings in equipment. It enables the timely detection of defects, reduces the risk of equipment failure, and lowers
operational maintenance costs. Thus, this method has practical value in enhancing the reliability and productivity of

industrial equipment.

Key words: vibration signals, rolling bearings, wavelet analysis, equipment defects, fault diagnostics, wavelet

filtering.
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MAIN STAGES OF DESIGNING RESOURCE-SAVING TECHNOLOGIES
FOR INGOT DEFORMATION ON HYDRAULIC PRESSES

Objective. To study the technological process of forging large ingots on hydraulic presses in order to identify and
reduce resource consumption.

Research methods. A finite element method that makes it possible to assess the stress-strain state of a workpiece,
the possibility of levelling it, and homogenising it by controlling the factors that form the optimal forging method for a
given workpiece.

Results. A resource-saving technological process based on the optimal forging method has been developed, which
allows to bring the quality of the designed products to a new level and leads to an increase in technical and economic
indicators of production. By controlling the stress-strain state of the metal, high quality forged products can be achieved
and resource-saving technologies for forging forgings of high-alloy steel grades and alloys can be created.

Scientific novelty. The factors that form the rational resource-saving technological process of plastic deformation
and the method of forging large forgings from alloyed, stainless steels and alloys on hydraulic presses, as well as the
directions of their optimisation, have been formed. The finite element method allows us to predict the distribution fields
of the workpiece’s stress-strain parameters, metal microstructure, and grain size.

Practical value. Practically grounded recommendations for optimal modes of forging ingots from tool steel grades
were developed. This will reduce energy consumption, save time in the production of forged products and generally
intensify the process of plastic deformation. The proposed recommendations can be applied not only in the processes of
forging tool steel grades but also in other types of hot plastic deformation of metals of a wide range.

Key words: hot rolling, ingot, tool geometry, flat strikers, notched strikers, numerical modelling, finite element
method.

Introduction - weakening of the intercrystalline bond at hot plastic

. . fi tion t .
The development of a forging process involves the deformation temperatures

technologist solving two important tasks: ensuring the
quality of the product (forging) and ensuring the quality of
the process of producing the forging, i.e. selection and
development of the optimal forging method for a given
product, which includes a combination of billet and tool
shape factors, kinematic factor, temperature and structural
factors.

Analysis of research and publications

Carbon and alloyed tool steels of the pearlite and fer-

rite class (Fig. 1a, b) have high ductility, i.e., the degree of

shear deformation. High-alloyed heat-resistant steels, espe-

cially austenitic steels (Fig. 1c), unlike tool steels, have

lower deformability due to a decrease in their ductility

[1-3], which depends on the following factors (Fig. 2):
- the presence of slip hindrances: limitation or inhibi-

tion of intra- or intergranular deformation; d
- the presence of two or more structural components ¢

with different properties; Figure 1. Scheme of the microstructure of steels:

a — ferrite; b — pearlite; ¢ — austenite

© Matiukhin A. Marcin Knapinski, Ben A., 2024
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Presence of two ar more Weakening of
structural components Intercrystalline bonding at
with different propertles ot plastic deformation
temperatures

Farmation of a network, a
brittle excess component
{often eutectic) around the
relatively plastic grains of
the basic structure of the
solid solution

The presence of sliding
abstacles: lmiting or
inhibltng lnira- or inter
grain deformation

|
[ !

High alloying of the solid solution without the formation Sapersaturation of the solld solution and formation of 2
of an excessive strengihening phase dispersed hardening phase inside the grains and along
their boundaries

Figure 2. Factors affecting the ductility of high-alloy steels in
forging

One thing remains constant: the quality of finished
forging products is directly affected by the stress-strain
state of the metal. Thus, knowing how to control the stress-
strain state of metal, it is possible to achieve high quality
forged products and create resource-saving technologies
for forging forgings of high-alloy steel grades and alloys.

Purpose of the work

The aim of the study is to investigate the technologi-
cal process of forging large ingots on hydraulic presses in
order to identify and reduce resource consumption. To do
this, the issues of improving the economic performance of
the technological process, as well as increasing the effi-
ciency of resource use by reducing material waste during
forging, energy consumption, and maximising the forging
dimensions to the product dimensions are addressed.

Material and research methods

Standard methods for calculating the tasks of metal
forming were used in this study, including a comparative
analysis of different forging methods, including a combi-
nation of billet and tool shape factors, kinematic factors,
temperature and structural factors. The application of the
finite element method is described.

Research results

The algorithm for developing a forging process is as
follows: the first stage involves collecting and analysing
the initial data on the final product. This involves analysing
the product drawing, material type, production programme
and technical requirements for the product in accordance
with the technical specification and regulatory require-
ments. The second stage is to draw up a drawing of the
forging according to the recommendations of GOST 7062-
90 or regulatory documents in force at the enterprise, indi-
cating forging allowances. The process engineer must de-
termine the material group, whether the material in ques-
tion is low-ductile or ductile, which will determine the
choice of the forging scheme. Having data on the group of
forgings and the type of material, it is necessary to select
the shape and dimensions of the initial billet (ingot).

The choice of ingot type is determined by the type of
forgings, technical specifications and is based on produc-
tion experience, economic feasibility, and technological
capabilities of production. After the ingot is selected, the

© Matiukhin A. Marcin Knapinski, Ben A., 2024
DOI 10.15588/1607-6885-2024-3-9

existing technological solutions implemented at the pro-
duction site are analysed and the results of this technology
are checked for compliance with the requirements of the
technical specification.

Next, it is necessary to highlight the features of the
forging shape to determine the number and sequence of
forging operations (rolling, depositing, landing, drawing,
transferring, acceleration, smoothing (ticketing), stitching,
rolling, forging welding, separating operations), the
purpose of the forging scheme, i.e. what tool will be used
for forging, what transitions, crimping, and edging are
required. For cylindrical billets, the main forging operation
is broaching. Depending on the ductility of the steel or
alloy, different strikes can be used for broaching.

In the production environment of many enterprises,
technologists face problems with crack formation, un-
forged parts, coarse grain, geometry deviations from the
specified geometry and other defects caused by the insta-
bility of the process output under the thermomechanical
mode used. It is important to identify and reduce the nega-
tive impact on product and process quality of a specific fac-
tor, such as uneven temperature field or deformation heat-
ing temperature. Controlling the temperature field of the
workpiece during forging also allows you to influence the
stress-strain state of the workpiece and the microstructure
of the metal. The billet can have a different type of temper-
ature field: a homogeneous temperature field, a heteroge-
neous symmetrical field with a different type of tempera-
ture distribution across the cross-section, and a heteroge-
neous asymmetrical field.

Increasing the dimensional accuracy and reducing the
final dimensional error is possible by increasing the time
of additional forging operations such as smoothing, ticket-
ing, and hammering, which takes more than 40 % of the
main forging time.

High-alloy steels and alloys have the following fea-
tures during pressure treatment: high hardening at high
temperatures; pronounced heterophase structure; high de-
formation resistance; low strength (especially at high tem-
peratures) of intercrystalline bonds at crystal boundaries in
the presence of harmful impurities (sulphur, lead, anti-
mony, tin, etc.) that dramatically reduce ductility and in-
crease brittleness. ), which sharply reduce the ductility and
increase the brittleness of steels; the absence of phase re-
crystallisation during forging and heat treatment; low ther-
mal conductivity, which requires special heating condi-
tions, etc. High-alloyed heat-resistant steels and alloys
must be forged in a single-phase state, as the homogeneous
structure results in more uniform deformation of individual
crystals. In fact, the metal of ingots of this type of steel at
forging temperature in most cases has a heterogeneous
structure, which is characterised by significant irregulari-
ties. The required metal structure in these steels is achieved
by forging conditions.

Recommendations for the selection of strikers and
forging modes are given in [2]. For example, the use of flat
forgings (Fig. 3a) can cause the appearance of a tensile
stress zone in the axial part of the forging, which, in turn,
creates a negative stress state of the metal and can lead to
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cracks and tears. The conditions in the notched radial forg-
ings with a coverage angle of 120° (Fig. 3b) are quite
favourable, characterised by a small tensile stress zone.

b

Figure 3. Forging strikes:
a — flat; b — radial cut-outs

After the tool is selected, it is necessary to determine
the thermomechanical forging regime, i.e. the forging tem-
perature interval, the number of intermediate heating of the
workpiece (one or more times, depending on the complex-
ity and size of the forging, taking into account the heredity
of steel grain size - hereditary fine-grained and hereditary
coarse-grained steels are distinguished).

If there are technological solutions available that have
proven to be fully satisfactory, the process is designed
based on this technology. If the existing technology does
not produce the desired result, a series of studies must be
carried out to determine the optimal forging method. Forg-
ing must ensure a directional fibrous macrostructure and
fine microstructure with maximum homogeneity.

For this purpose, after determining the forging
scheme, tool dimensions and thermomechanical forging
conditions, it is necessary to determine the rheology of the
material for further research. The rheology is specified in
the form of metal flow curves for different temperature and
speed conditions and plasticity diagrams. The rheology of
a material can be determined experimentally from tensile,
compression and torsional tests, and theoretically. The the-
oretical construction of metal flow curves is carried out by
modelling and is based on the use of reference data on the
material and the use of a minimum amount of experimental
data [3].

It is advisable to perform the modelling by the finite
element method using the Qform software with an assess-
ment of the stress-strain state of the billet, the possibilities
of its levelling, and homogenisation by controlling the fac-
tors that form the optimal forging method for a given billet.

© Matiukhin A. Marcin Knapinski, Ben A., 2024
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(Fig. 4) The results obtained by modelling forging pro-
cesses using the Qform software differ from the results of
physical experiments by 10-15 % [4]. The finite element
method allows us to predict the distribution fields of the
parameters of the stress-strain state of the workpiece, the
microstructure of the metal, and the grain size.

Figure 4. Simulation of the ingot forging process

The finite element method determines not only the
change in the shape of the workpiece during deformation,
but also the formation of defects (drawbars, non-filling of
corners during stamping) and violation of material conti-
nuity. In [3], a mathematical model of rheological prop-
erties for heat-resistant alloys KhN56VMTYu (EP199)
and KhN62VMTYu (EP708) was built using the finite el-
ement method, and the stress-strain state of rod forgings
made of 12XI18HIOT steel produced at PJSC Ener-
gomashspetsstal using the existing technological process
of forging on a high-speed press with a force of 16 MN
was assessed. It was found that the use of flat strikers for
most of the drawing process and a relatively small amount
of forging heating creates an unfavourable stress-strain
state of the metal. It was proposed to use notched strikers
during broaching, as well as to increase the number of
forging heating.

When developing ingot forging technology, great at-
tention is paid to the accuracy of geometric dimensions,
which in turn affect the amount of allowances for further
machining. Thus, an increase in dimensional accuracy
leads to an increase in metal utilisation and savings by
reducing the amount of waste. However, increasing di-
mensional accuracy and reducing the final dimensional
error is possible at the expense of increasing the time of
additional forging operations such as smoothing, ticket-
ing, and corner knocking, which takes more than 40% of
the main forging time. Thus, this means an increase in the
time of unproductive use of the rated capacity of the
press. The solution to this problem is provided in UA pa-
tent No. 48451 [4] and consists in using a rolling stand to
calibrate the transverse dimensions of the forging. Thus,
reducing the forging size by the final dimensional error of
14-15 mm with an average billet length of 4 m for
4X5MFS and 4X5M3F steel leads to a reduction in waste
from 555 kg to 283 kg, i.e. 1.96 times. The machining
time for tool steel bar deburring and turning, which is
11.61 hours, is reduced by one third. Thus, labour produc-
tivity increases by about 30-40 %.
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Conclusions

The main stages of designing the technology of ingot
deformation on hydraulic presses and ways to improve the
energy efficiency of the forging process were analysed.
These include the following measures:

- change of tool geometry or optimal combination of
tools of different geometries,

- transferring auxiliary plastic deformation (smooth-
ing) operations from the forging complex to the rolling
stand to increase the equipment's capacity utilisation rate.
The rolling stand can be installed in the same line as the
forging complex. Rolling in the rolling stand will signifi-
cantly reduce machining allowances, which in turn will
significantly increase the productivity of the accessory sec-
tions and the yield of usable products,

- reducing the time for taking metal out for forging
(organisational measures — clear procedures, manipula-
tors),

- accounting for the internal heating temperature due
to the heat generated during deformation and heating of the
ingot (billet) for forging,

- mathematical modelling of the forging process
based on the criterion of the impact of the speed and degree
of deformation on the structure (grain) of steel, elimination
or reduction of surface defects (cracks) and, accordingly,
increase in the yield of usable metal products.
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benr A. M.

Mema podomu. /[ocniodceniss mexnon02iuH020 nPOYecy Ky8ants KPYNHUX 3MUMKI6 Ha 2I0pOnpecax 3 Memoio GUslG-
JIeHHS MA 3HUNCEHHS PeCYPCOSUMPAN.

Memoou oocnioxncennsn. Memoo CKiHUeHHUX eleMeHmiB, WO 0aE MOIICTUBICINb OYIHKU HANPYICEHO-0eDOoPpMOBaAH020
CMAHY 3a20MOBKU, MONCTUBOCIMI U020 BUPIGHIOBAHHSL, 20MO2EHI3AYLI 3a PAXYHOK KEPYSaHHs (hakmopamu, wo hopmyoms
ONMUMATLHULL CNOCIO KYB8AHHS O/ OAHOT 3a20MOGKU.

Ompumani pesynomamu. Pospobieno pecypcoszbepicarouutl mexHono2iunutl npoyec, 3aCHOBAHUU HA ONMUMATb-
HOMY cnoco06i Ky8anHs, Wo 00380JIA€ 8UBECMU HA HOBULL PIBEHb AKICIb NPOEKMOBAHOT NPOOYKYIL I npu3600ums 00 niosu-
UjeHHsl MEXHIKO-eKOHOMIYHUX NOKA3HUKIE supobHuymea. Lllnaxom KepyeanHs HanpysiceHo-0eqhopmMosanoco cmamy me-
MAy MOJNCHA 00CA2MU BUCOKOI AKOCMI KOBAHUX 8UPOOI6 ma cmeopumu pecypcosbepieaiodi mexnHono2ii npoyecy Ky8auHs
NOKOBOK BUCOKOJIE208AHUX MAPOK cmaeti ma cniasie. Memoo CKiHUeHHUX eleMeHmié 00360J59€ CNPOZHO3Y8AMU NOJIS
PO3NOOINY napamempis Hanpy#ceHo-0ehopMoOBAHO20 CIMAHY 3A20MOGKIL, MIKPOCMPYKMYPY MEMAry, po3mip 3epHa.

Haykosa nosusna. Cihopmosano gpaxmopu, wjo popmyroms payioHaAibHUll pecypco3depiearouutl mexHoI02iuHul
npoyec naacmuyHol OpMo3MIHU | CROCIO KYBAHHS BENUKUX NOKOBOK 3 JIE208ANUX, HEPICAGIIOUUX cmaiell | Cniaeie Ha
2ioponpecax, i HanpPAMKU iXx onmumizayii.

Ilpakmuune 3acmocysannsn. Po3pobreni npakmuino 0OIpyHmosani peKomeHOayii ujoo0o OnmuMAaIbHUX pexicumis Ky-
BAHHA 3MUMKIB 3 THCIMPYMEHMANbHUX MApOK cmaell. I]e 003801umb 3MeHWUMU BUMPAMU eHeP2OHOCIT8, 3a0uaoumu 4ac
BUPOOHUYMBA KOBAHOT NPOOYKYIL Ma 6 Yinomy iHmeHCupiKyeamu npoyec niacmuyHol popmosminuy. 3anponozosani pexo-
MEHOAYIT MOdCymb 6ymu 3aCmMOCO8aHi He e 8 NPOYecax KyBaHHs IHCIMPYMEeHMAIbHUX MAPOK cmanell ane il npu IHuux

8udax 2apsa4oi niacmudHoi deghopmayii Memainie WUPOKOT HOMEHKIAMYPU.
Knrwouoei cnosa: zapsue npokamy8anus, 31Umox, 2e0Mempis iIHCmMpyMeHmy, NA0CKi O0UKU, GUPI3HI OOUIKU, YucebHe

MOOEN0BAHHS, MEMOO CKIHUEHHUX eleMeHmIs.
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METHOD FOR INCREASING THE RESOLVING POWER
OF AN OPTICAL MICROSCOPE

Purpose. Increasing the resolution and magnification of the optical microscope to expand the possibilities of obser-
vation and research in various fields of science and technology.

Research methods. Theoretical, experimental.

Results. A comparative analysis of the human eye as an optical system and the optical system of a microscope was

carried out. It was found that these systems have a similar nature, namely, a separate image of two closely located objects.
If we consider the human eye as a light-sensitive matrix, then to determine the resolution of the eye, it is necessary to use
the ratio of the average value of the number of light-sensitive elements (rods and cones) that fall on the retina to the area
of the retina itself (for the human eye, it is 0.1...0.2 mm). For an optical microscope, it is necessary to separate the
concepts of “resolution” and “magnification”.

We also mentioned the physical basis of the resolution of optical microscopes. It was shown that for a dry lens the
resolution limit for . = 555 nm is 0.3 um.

One of the ways to increase the resolution is the use of immersion fluids. However, in certain studies its use is
inappropriate or impossible. If instead of conventional illuminators (maximum intensity at A = 555 nm) you use ultraviolet
ones (A = 380...410 nm), then the resolution can be increased several times, and the increase is up to 2000. The disad-
vantage of using UV illuminators is that it is necessary to use a light filter with direct observation or a monitor with an

indirect method to avoid negative effects on the observer’s vision.
Scientific novelty. The increased resolution and magnification of the optical microscope when using coherent light
sources instead of immersion fluids provides more detailed scientific information and facilitates its processing.
Practical value. Using the results of our research allows you to get a more informative image when using coherent

light sources.

Key words: resolution, microscope optical system, immersion lens, LED, camera matrix, blood preparation.

Introduction

To date, increasing the resolution of the microscope
remains an urgent task in modern science and technology.
With the development of medicine, biology, nanotechnol-
ogy and other fields, the ability to observe objects and phe-
nomena on a small scale and with higher detail is needed.
Increasing the resolution of the microscope helps expand
the boundaries of observation and research, opening up
new opportunities for analyzing structures and processes at
the micro- and nanoscale. In this context, the development
and improvement of methods and technologies aimed at
improving the resolution of optical microscopes remains an
important area of research.

Thus, the purpose of this research is to increase the
resolution of the optical microscope to expand the possibil-
ities of observation and research in various fields of science
and technology.

© Mokhnach R., Tatarchuk T., 2024
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Comparative analysis of the human eye as an optical
system and the optical system of a microscope

Before we introduce a method for increasing the sep-
aration power of an optical microscope, let us recall such a
natural optical system as the human eye. The human eye is
a natural optical system. And this system is characterized
by a certain resolution. What is the resolution of an optical
system? This is the smallest distance between the elements
of the observed object, at which these elements can still be
distinguished from each other (elements of the object are
usually understood as points or lines).

If the object is removed to the so-called distance of
best vision, which for a healthy person is 250 mm, then for
a normal human eye the minimum resolution is about
0.1mm, and for many people — about 0.20 mm, which is
approximately the thickness of a human hair [1-3]. Where
do these values come from? If we imagine the eye as a
light-sensitive matrix, then to determine the resolving
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power of the human eye we use Considering that the num-
ber of light-sensitive elements in the human eye is within
the range of (96...137)-10%, and the area of the retina:
700...800 mm?, we obtain these values [4-6, 14].

The sizes of objects such as microorganisms, most
plant and animal cells, small crystals, details of the micro-
structure of metals and alloys, etc., are significantly less
than 0.1 mm. We will call such objects micro-objects. Mi-
croscopes of various types are intended for observing and
studying such objects. With the help of a microscope, the
shape, size, structure and many other characteristics of mi-
cro-objects are determined. An optical microscope makes
it possible to distinguish structures with a distance between
elements up to 0.20 pum, i.e. the resolving power of such a
microscope is about 0.20 um or 200 nm [7, 8].

When we talk about the resolving power of a micro-
scope, we mean, just like the resolving power of the human
eye, a separate image of two closely located objects. It
should be remembered that resolving power and magnifi-
cation are not the same thing. For example, if we use visu-
alization systems to obtain photographs of two lines lo-
cated at a distance of less than 0.20 um (i.e. less than the
resolving power of the microscope) from a light micro-
scope, no matter how much we magnify the image, the
lines will still merge into one. That is, we can get a high
magnification, but we will not improve its resolution. The
total magnification of a microscope is equal to the product
of the linear magnification of the objective and the angular
magnification of the eyepiece. Magnification values are
engraved on the frames of the objectives and eyepieces.
Let’s consider a flat field microscope (not stereoscopic).
These are biological microscopes, metallographic, polariz-
ing. Usually, the objectives of such a microscope have
magnifications from 4 to 100 times, and the eyepieces —
from 5 to 16. Therefore, the total magnification of an opti-
cal microscope lies in the range from 20 to 1600 times. Of
course, it is technically possible to develop and use objec-
tives and eyepieces in a microscope that will provide a total
magnification significantly exceeding 1600 times (for ex-
ample, there are eyepieces with a magnification of 20
times, which, when paired with a 100 times objective, will
provide a magnification of 2000 times). However, this is
usually impractical. High magnifications are not the end in
themselves of optical microscopy. The purpose of a micro-
scope is to ensure the distinction of the smallest possible
elements of the structure of a specimen, i.e., to maximize
the use of the microscope’s resolving power. And it has a
limit due to the wave properties of light. Thus, a distinction
is made between useful and unuseful magnification of a
microscope. Useful magnification is when it is possible to
reveal new details of the structure of an object, and unuse-
ful magnification is a magnification at which, by magnify-
ing an object hundreds of times or more, it is impossible to
discover new details of the structure of an object [9, 10].

Let us dwell once again on the concept of resolving
power. The resolving power of optical instruments (also
called resolving power) characterizes the ability of these
instruments to produce separate images of two close points
of an object. The smallest linear or angular distance be-
tween two points, starting from which their images merge,
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is called the linear or angular limit of resolution. The exist-
ence of a limit of resolving power affects the choice of
magnifications that we obtain with a microscope. Magnifi-
cations up to 1250 times are called useful, since with them
we distinguish all the elements of the structure of the ob-
ject. In this case, the capabilities of the microscope in terms
of resolving power are exhausted. This magnification is ob-
tained using a 100x objective lens working with oil immer-
sion and a 12.5x eyepiece (the useful magnification of eye-
pieces ranges from 7.5 to 12.5 times). At magnifications
over 1250 times, no new details of the structure of the prep-
aration are revealed. However, sometimes such magnifica-
tions are used — in microphotography, when projecting im-
ages onto a screen and in some other cases [13, 14].

When significantly higher useful magnification is re-
quired, an electron microscope is used. This microscope
has a significantly higher resolution than an optical micro-
scope. An electron microscope is a device for observing
and photographing a repeatedly (up to 10° times) enlarged
image of objects, in which beams of electrons accelerated
to high energies (30 ... 100 keV and more) in deep vacuum
conditions are used instead of light beams.

It is technically possible to create optical microscopes
whose objectives and eyepieces will give a total magnifi-
cation of 1500-2000 or more. However, this is impractical,
since the ability to distinguish small details of an object is
limited by diffraction phenomena. As a result, the image of
the smallest details of the object loses sharpness, a viola-
tion of the geometric similarity of the image and the object
may occur, neighboring points will merge into one, and the
image may disappear completely. Therefore, in optics,
there are the following concepts that characterize the qual-
ity of a microscope:

The resolving power of a microscope is the property
of a microscope to give a separate image of small details of
the object under consideration.

The resolution limit is the smallest distance between
two points that can be seen separately in a microscope.

The smaller the resolution limit, the higher the resolv-
ing power of the microscope! The resolution limit deter-
mines the smallest size of details that can be distinguished
in a specimen using a microscope [13, 14].

Physical basis of the resolution of optical microscopes

The theory of the resolving power of the microscope
was developed by the director of the K. Zeiss plant in Jena,
professor of optics E. Abbe (1840-1905) [15]. As the sim-
plest microscopic preparation, he took a diffraction grating
(Fig. 1), studied the mechanism of image formation in the
microscope and showed the following.

A beam of secondary light waves after diffraction on
the object DD enters the objective and creates a diffraction
pattern as a result of interference in its focal plane FF —a
system of main maxima My, M,, M; and minima.

Further, only the rays that form the main maxima par-
ticipate in the formation of the image. They intersect in the
corresponding plane and produce an image of the object
D’D’.
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0b

Figure 1. Mechanism of image formation in
a microscope

To create an image, that is, to resolve the object, it is
sufficient for the rays that form only the maxima of the ze-
roth and first order to enter the objective at least on one
side.

The participation of rays from a greater number of
maxima in the formation of the image increases the quality
of the image, its contrast. Therefore, the rays that form
these maxima must be within the aperture angle of the ob-
jective.

1 max

]
a
ATk

Figure 2. The image produced by a diffraction grating:
1 — front lens of the lens, 2 — objective

Thus, if the object is a diffraction grating with a pe-
riod d and the light falls on it normally (Fig. 26), then the
rays forming the maxima of the zero and first orders on
both sides must necessarily participate in the formation of
the image, and the angle @ — the angle of deviation of the

© Mokhnach R., Tatarchuk T., 2024
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rays forming the maximum of the first order, accordingly,
must be, in the extreme case, equal to the angle o/2.

If we take a grating with a smaller period d’, then the
angle ¢’1 will be greater than the angle o/2 and the image
will not appear. This means that the grating period d can be
taken as the limit of the microscope resolution Z. Then, us-
ing the formula for a diffraction grating, we write for k=1:

_ A
T sing,

Replacing d with Z and ¢1 with o/2, we obtain

A
~ sin(a/2) (0

If we use the wavelength of light A = 555 nm, to
which the eye is most sensitive, in the calculation, then the
resolution limit of a dry lens will be 0.30 um.

Methods of increasing the separation capacity of an
optical microscope

Today, the most widely used method of increasing the
resolving power of optical microscopes is the use of im-
mersion liquids. For example, consider the following situ-
ation: we use a red laser (A = 620 nm) as a source of illu-
mination and find the resolution of an optical microscope
without and with immersion liquid (Fig. 3). Let’s use the
following Helmholtz formula:

0,61-A
n-sina’

2

lmin1 =

where A is the wavelength, n is the refractive index of the
immersion liquid, a is the aperture angle.

i

Figure 3. The immersion liquid in front of
the microscope lens [16]

The dimension n-sin a is called the numerical aper-
ture. In good microscopes, the aperture angle a is close to
its limit: a = n/2, we will consider the index of refraction
of the immersion liquid to be 1.5.
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0,61-620
lminl = m = 378,2 nm,
Ly = 21029 55013
minl — 1’5 - sin90° = ) nm.

Calculations show that the use of immersion fluid re-
duces the size of objects that we can observe by 1.5 times.

Increasing the resolving power of an optical micro-
scope by decreasing the wavelength of light is achieved by
using ultraviolet radiation. For this purpose, there are spe-
cial ultraviolet microscopes with quartz optics and devices
for observing and photographing objects. Since these mi-
croscopes use light with a wavelength approximately two
times shorter than that of visible light, they are capable of
resolving structures of a preparation with dimensions of
about 0.1 pum. Ultraviolet microscopy has another ad-
vantage — it can be used to examine unstained preparations.
Most biological objects are transparent in visible light,
since they do not absorb it. However, they have selective
absorption in the ultraviolet region and, therefore, are eas-
ily distinguishable in ultraviolet rays.

The useful magnification of a microscope is limited
by its resolving power and the resolving power of the eye.

Let us recall once again that the resolving power of
the eye is characterized by the smallest angle of view at
which the human eye can still distinguish two points of an
object separately. It is limited by diffraction on the pupil
and the distance between the light-sensitive cells of the ret-
ina. For a normal eye, the smallest angle of view is 1 mi-
nute. If the object is at the best visual distance of 25 cm,
then this angle corresponds to an object of 70 um. This
value is considered the resolution limit for the naked eye
Zr at the best visual distance. However, it has been previ-
ously shown that the optimal value of Zr is 140...280 pm.
In this case, the eye experiences the least strain.

The useful magnification of a microscope is its max-
imum magnification, at which two lines are clearly distin-
guishable, as separate lines of a detail, it is also the resolu-
tion of the microscope.

Using known values — the wavelength of light
555 nm, the optimal values of the limits of eye resolution
140...280 um, we will find the range of values of the useful
magnification of the microscope

5004 < Kn <10004.

For example, when using the best immersion objec-
tives with a numerical aperture of 1.43, the useful magnifi-
cation will be 700 ... 1400, hence it is clear that it is usually
impractical to design optical microscopes with high mag-
nification. All of the above is typical for the spectra of in-
candescent lamps with a predominant sodium spectrum of
586 nm. Most of the lighting elements in microscopes have
such technical characteristics.

Modern illuminators can be built on a clearly defined
spectrum, using LED elements. For example, by making an
illuminator from LEDs with an ultraviolet spectrum of 380
nm, it is possible to obtain magnifications exceeding 2000.

© Mokhnach R., Tatarchuk T., 2024
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The main thing in using such lighting is not in increasing
the magnification factor, but in the detail and clarity of the
resulting image. It becomes possible to obtain images of
elements that were not available when using standard illu-
minators.

Fig. 4 shows images of a human blood sample pre-
pared for examination, obtained using different illumina-
tors: a — neutral cold-color LED (Samsung LH351B) and b
—ultraviolet LED. For the studies, we used an MBS-10 mi-
croscope with Karl Kays optics. Fig. 4b reveals blood
structures that have not been observed before (Fig. 4a),
such as the structure of red blood cells and biological mark-
ers that can be used to detect some diseases at early stages
of development.

Figure 4. Blood preparation: a — A = 590...600 nm,
b—A=380...410 nm, - — biological markers

Conclusions

The resolution of an optical microscope can be in-
creased by using monochromatic light sources instead of
conventional lamps.

Reducing the wavelength of the source and the tran-
sition from the visible range of light waves to the ultravio-
let allows without the use of an immersion liquid to in-
crease the resolution of the optical microscope up to 3
times.

The disadvantage of this method is the need to ob-
serve either through a light filter during direct observation,
or on a monitor during an indirect observation method to
avoid a negative impact on the observer’s vision.

The results of research are significantly influenced,
especially during indirect observation, by the image re-
ceiver — the sensitive matrix of the photo receiver (sensors
of the camera matrix).
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CIHOCIB 3BLUIBINEHHA PO31LJIbHOI 3JATHOCTI
OIITUYHOI'O MIKPOCKOIIA
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Mema pobomu. 36invuiennst po30inbHoi 30amnocmi ma 30i1buleHHs: ONMUYHO20 MIKPOCKONA 0151 POZUUPEHHSL MO-
JHCIUBOCMEL CHOCIEPEINCEHHSL MA OOCTIONCEHHS 8 PIZHUX 2aANLY35X HAYKU MA MEXHONO02TI.
Memoou oocnidicennsn. Teopemuynuil, ekCnepumMeHmManIbHuLL

Ompumani pezyromamu. Ilposedeno nopigHAIbHULL AHANI3 OKA THOOUHU K ONMUYHOI CUCMeEMU Ma ONMUYHOT cuc-

memu Mikpockona. 3’scysanu, wo yi cucmemu mMaroms nOOIOHY NPUpody, a came po30ilbHe 300PadCeH s 080X OAUZLKO
pozmawoganux oo ’exkmis. Axuyo pozenadamu oKo TOOUHU K CEIMAOUYMAUBY MAMPUYIO, MO 05l GUSHAUEHHS PO3OLIbHOT
30amHocmi 0Kka HeoOXiOHO BUKOPUCMAMU BIOHOWEHHS YCEPEOHEHO20 3HAYEHHS KIIbKOCHI CEIMIOYYMAUBUX eleMEHMIE
(nanuuxu ma KonrOoyKu), AKi NPUNAOarvmMy HA CIMKIBKY, 00 naowi camoi cimxiexu (015 oxka aoounu ye 0,1 ...0,2 mm). /s
ONMUYHO20 MIKDOCKONA He0OXIOHO PO30LNAMU NOHAMMSL PO30LIbHA 30AMHICIbY MA (30LTbULEHHS».

Taxooic mu 32adanu Qizuuni 0CHOBU PO30iNbHOI 30amHOCmi onMuYHUX Mikpockonig. Ilokaszanu, wo 0t cyxozo
00 exmusa medica po30inbroi 30amuocmi 0 A = 555 um cknaoae 0,3 mrm.

Oonum i3 cnocobis nidguuyeHHs: po30LIbHOI 30aMHOCMI € BUKOPUCMAHHA IMepCitiHuX piouH. OOHAK, y negHUxX 0oc-
JUOANCEHHSX 1T BUKOPUCMAHHSL € HEOOPEUHUM AO0 HEMONCIUBUM. KO 3aMiCMb 36UHATIHUX OCBIMIIOEAYI6 (MAKCUMYM iH-
meHcugHocmi npu A = 555 um) euxopucmosysamu yrompaghionemosi (. = 380...410 nm), mo po30inbHy 30ammuicms Mo-
JCHA 30inbumu y oexinoka pasis, a 30ineuenus — 0o 2000. Hedonikom suxopucmanna Y@ oceimniosauus € me, wo
HEeOOXIOHO GUKOPUCMOBY8AMU CEIMIOPIILIMP NPU NPSAMOMY CHOCIMEPENCEHHT A0 MOHIMOP NPU ONOCePeOKO8aAHOMY Me-
MoOi, W06 YHUKHYMU He2amUgHO20 8NIUBY HA 3Ip CHOCMepieaya.
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Haykoesa nogu3sna. 30invuienns po3oinehoi 30amuocmi ma 30i1buleHHs ONMUYHO20 MIKPOCKONA NpU GUKOPUCTIANHI
KO2EPEHMHUX OdHcepell CIMIA 3aMicb IMEPCIUHUX PIOUH dae Oilbul 0emanizo8any HayKogy iHghopmayilo ma noiesuLye

il 06po0OKY.

Ilpakmuuna yinnicme. BuxopucmanHs pe3yibsmamis Hauo2o 00CaioHcenHs 00380JA€ ompumamu Oinbul ingpopma-
mueHe 300padcenHss Npu GUKOPUCIAHKE KO2EPEHMHUX 0dcepen C8ima.
Kniouogi cnosa: po3zdinbra 30amuicms, onmuyHa cucmema MiKpoCKona, iMepcitinutl 06 €ekmus, ceimaooioo, mam-

puys pomokamepu, npenapam Kpoei.
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