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Hayxkosuit :xypHaa «Meramodisuka ta HOBiTHI TexHosgorii» (MHT) momicansa ny6mikye crarri, aki
paHitre 11e He TyOJiKyBaJuCcsA Ta He IepebyBaloTh Ha POSTJIALI JJIs ONYyOIiKyBaHHS B iHIINX BUAAHHAX.
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Marnio npo KoH(epeHIii, ceminapu; BizomocTi 3 icropii merasodisuKy; pekJamMy HOBUX TE€XHOJOTIi,
MarepianiB, npunaaxiB. JKypHanM JOTPUMY€EThHCS 3araJbHOIPUNHATUX IMPUHIIUIIIB, 3a3HAaUEHUX HA HOTro
caiiTi B JOKyMeHTax 3 myOJIiKaIiiiHol eTUKY Ta {00 HeIPUNHATHUX MPAKTUK.

TemaTuka sxypHaxy: Enexmponni cmpyxmypa ma éiacmueocmi, [Jepexmu kpucmaaiihol rpamuu-
yi, Pasosi nepemeopennsa, Pisurxa miynocmu ma naacmuinocmu, Memaniuni noeéepxrni ma naiexu, By-
dosa ma enacmueocmi HAHOMACWMAOHUX | ME30CKONILHUX Mamepianie, Amoppruil i pidkuii cmanu,
B3aemodii 6unpominenHs ma 4acMUHOK i3 KOHOeHCO8AHOI Pewo8uHOoI0, Mamepisniu 6 eKCmpemMaibHUX
ymosax, Peaxmopre i asiaxocmiune memanoznaécmeo, Meduune memanoznaecmeo, Hosi memaanesi
mamepiaiu ma cunmemuuni memaau, Memanoemicui cmapm-mamepiaau, Pisuko-mexHiini 0CHOBU
excnepumenmy ma disizHocmuku, JJuckyciitii nogidomaeHHs.

Crarri my0IiKyIOThCA OMHIE0 3 ABOX MOB: aHTJIINCHKOIO (BiAgaeTbesa mepesara) a60 yKpaiHChbKOIO.

Crarri, B 0opopMJIeHHI AKUX He JOTPUMAHO HACTYIHUX IPaBWI N onyoaikyBanus 8 MGHT, mosep-
TAITHCSA aBTOpaM 0e3 posryiAaay mo cyri. ([JaToro HagXOMKeHHS BBAyKAEThCA [eHb TOBTOPHOT'O HAaJaHHS
CcTaTTi micya ZOTPUMAaHHA 3a3HAYEHUX HUKUe IIPABUIL. )

1. CraTTa Mae 6yTH mignucaHoro BciMa aBropamu (i3 3a3HaueHHAM IXHiX agpec eJIeKTPOHHOI ITOIITH);
¢y BKasaTu mpisBuie, iM’st Ta o 6aTHKOBi aBTOpa, 3 AKMM pefaKilis GyAe BeCTH JUCTYBaHHS, HOTO
TOLITOBY aJpecy, HoMepu TeseoHy Ta haKcy i aJpecy eJIeKTPOHHOI ITOIITH.

2. Buxiag marepisiay mae 6yTu 4iTKUM, CTPYKTypoBaHMM (po3AinaMu, Haupukaan, «1. Berym», «2.
Excnepumenransua/Teopernuna meronmka», «3. Pedynbratu Ta ix oO6roBopeHHA», «4. BucHoBKmM»,
«ITuroBaHa JiTeparypa»), CTUCINM, 0e3 JOBrux mpeamOyJ, BiAXUJIEHb i IOBTOPiB, a TaKOK 6e3 myOJiro-
BaHHS B TEKCTi JaHUX Ta0JIUIlb, PUCYHKIB i mignucis go Hux. AHOTaIis Ta po3ain « BucHOBKU» MaioTh He
Iy6JIFOBaTH OOUH OJHOTO. YMCJIOBI AaHi CJIii HABOAUTY B 3aTaJIbHOIIPUAHATAX OJUHUILAX .

3. 06’em opurinaapHOI (HeoraAxoBol) crarri Mae 6yTu He 6isibire 5000 ciiB (3 ypaxyBaHHAM OCHOBHO-
TO TEKCTY, TaOIHIlh, MiANUCiB O PUCYHKIB, CIUCKY BUKOpUcTaHUX mxKepei) i 10 pucynkis. 06’em oras-
moBoi cratti — 70 10000 cuiB Ta 30 pucyHKiB.

4. 3a moTpebu 0 pemaKIlii MOXKe HaJaBaTuCs APyKoBaHuil (A4, moxBifiHWII iHTepBaJ) IPUMIPHUK
pyKoImcy 3 inmocrpamniamu.

5. ITo penakiiii 060B’s13K0BO HajgaeTbes (o e-mail) daiis craTri, HaGpaHUl y TEKCTOBOMY peAaKkTopi
Microsoft Word, 3 HasBomw, 1110 CKJIAJa€ThCA 3 MPi3BUIA MEPIIOro aBTopa (JaTUHUIEID), HAIPUKJIAL,
Hotovchenko.docx.
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3ajie;KHICTh TEpMOEJeKTPUYHNX XapaKTePHCTHK Bil mapamMeTpis
CTPYKTYPH METAJIiB

C. B. JIockyTos, B. I". Mimtenko, B. JI. I'pemira, C. B. CeiirameTos,
A. O. XapueHKo

HauionaavHuil yHigepcumem «3anopis3vka nosimexmnika»,
sya. ARykroaecvkozo, 64,
6906 3 3anopixcacs, Ykpaina

HageneHo pe3yabTaTi SOCJIiIMKEHHSA B3a€MO3B’ A3KY MiK HOHHOIO I eJIeKTPOH-
HOI0 ImificumcteMaMu MeTaliB. Bukopucrano meron Mmipsuusa Tepmo-EPC Ha
3pasKax, BUTOTOBJIEHUX 3i CTOMIiIB TUTaHY Ta KpuIlh. IlokasaHo, 110 B Pe3yJib-
TaTi pisHUX CcmOCcOO6iB (iHimHMX 00pP0OIEeHL 3MIiHIOIOTHCA TEPMOEJEeKTPUUHI
XapaKTepUCTUKU MeTaiB. BusaBjieHi 3aKOHOMipPHOCTI MOKYTh OyTH BUKOPUC-
TaHi IJIs ONITHMisaIlii mporeciB 00pobJeHHA AeTaliB, BUOOpPY MaTepisany aera-
Ji ansa eeKTUBHOI pobOTH B 3aJaHMX YyMOBax HaBaHTa’KeHHA. PesyybraTu
JOCTiIKeHb YMOMKJIUBIIOIOTH IPUIYCTUTHU, 110 OCHOBHUM BILJIUB HA BEJIUUYUHY
Tepmo-EPC cTBOpIOE HATIPYIKEHUH CTAH CTPYKTYPH MEeTaJIeBOT0 3pa3Ka.

KarouoBi cioBa: peHTTeHiBCcbKa aHadida, Tepmo-EPC, 3amuIiKoBi HapyKeH-
HsS, BTOMA.

The results of studies of the relationship between the ionic and electronic
subsystems of metals are presented. The technique of thermo-EMF measure-
ment on samples made of titanium alloy and steels is used. As shown, as a re-
sult of various methods of finishing treatments, the thermoelectric charac-
teristics of metals change. The detected patterns can be used to optimize the
processes of parts’ treatment and to select the part material for efficient op-
eration under given load conditions. The results of the study suggest that the
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main influence on the thermo-EMF is determined by the value of the stress—
strain state of the structure of the metal sample.

Key words: x-ray analysis, thermo-EMF, residual stresses, fatigue.

(Ompumano 23 nromozo 2024 p.; ocmamoun. eapianm — 6 mpasrns 2024 p.)

1. BCTYII

DiznyHi BJIACTHUBOCTI MeTaJiB BUSHAUAIOTHCS IXHIM eJIEKTPOHHUM eHep-
TeTUYHUM CIIEKTPOM. SMiHU eJIeKTPOHHOI CTPYKTYPHU MeTaJiB uepes Ha-
SABHICTH HOMIIIIOK a60 JeeKTiB KPHUCTAIIYHOI CTPYKTYPHU OO TeIepilr-
HBOTO Yacy cjabo BuBueHO [1-4]. OgHuM i3 mapamMeTpiB eIeKTPOHHOI
CTPYKTYpHU € TepMoejexkTpopymritina cuaa (tepmo-EPC). Tomy mocui-
I'KeHHs B3aeMo3B’a3Ky Tepmo-EPC 3 mapameTpamMu Hampy:KeHO-
ned)OpMOBAHOTO CTaHY IOBEPXHEBOTO IIIapy METAJIB € aKTyaJbHUMMU.

3eebeKiB epeKkT y MeTaIaXx Ma€ ABi CKJIaM0Bi: oqHA 3 HUX IIOB’sA3aHa 3
Iu@ysieio eJIeKTPOHIB, a iHIIIa 3yMOBJeHA iXHIM (DOHOHHUM 3aXOIJIeH-
HaM. Iudysia eJeKTPOHIB BUKJINKAETBCA TUM, IO IIiJi Yac HarpiBaHHA
MeTaJeBOr0 MPOBiAHMKA 3 OZHOTO KiHIS HAa HHOMY YTBOPIOETHCA Ha-
JUIIIOK eJIEKTPOHIB 3 BHUCOKOIO KiHEeTHUYHOI eHeprieio, a Ha iHIIOMYy —
HecTaua. EJeKTPOHY 3 BUCOKOIO eHeprieio AuQYHIYIOTh y 6iK X0JIOLHOTO
KiHIIA 70 TUX Oip, HOKU IMoAaJbIlla 1u(y3ia He MepeIrKkoI:KaTuMe BiIi-
TOBXYBAHHIO 3 00KY HaJIUIITKOBOTO HETaTUBHOTO 3apPsAAy HAKOIMUUYEHUX
TYT eJIeKTPOHiB. IluM HAaKOIMUEHHAM 3apALy 1 BUSHAUAETHCSA KOMIIOHE-
ura trepmo-EPC, axa mos’a3ana 3 1udysicio eJIeKTPOHIB.

Kommnonenra, AKa moB’szaHa 3 GOHOHHOIO CKJA0BOI0, BUHUKAE 3a-
BAAKY HATPiBaHHIO OJHOTO KiHIIA IPOBiIHUKA Ta 3YMOBJIIOE ITiBUIIIEH-
Hs eHeprii TemJoBMX KOJMWBaHb aToMiB. KoJMBaHHSA MOIIUPIOIOTHCA B
0iK XOJIOZHIIIIOrO KiHIIf, i B IBOMY PYCi aTOMU IepenaoTh eJIeKTPOHAM
YaCTUHY CBOEI IMiABUIIEHOI eHeprii B HAIpAMKY IIOIIUPeHHS (OHOHIB —
KOJIMBaHb KpUCTAJNiUHOI r'paTHHUI. BigmoBigHM HaKOIMYEeHHIM 3aps-
Iy BUBHAUAEThCA Apyra KoMmnoHeHTa Tepmo-EPC.

O6uaBa mmporecu (Audysisa e1eKTPoHIB i PpoHOHHE 3aXOILIEHHA 1X) 3a-
3BUYAll MPUBOIATH O HAKONMUYEHHS €JeKTPOHIB Ha XOJIOZHOMY KiHITi
npoBigHuKa. B 1ibomy Bunmagky numtoma Tepmo-EPC 3a Bu3HaueHHAM
BBAsKAEThCA HETaTHMBHOIO. AJie B HeAKNWX BUMNAAKAX Uepesd CKJIATHUMN
PO3mOIis eJeKTPOHIB 3 PidHOI eHeprielo B JaHOMY MeTaJi Ta depes
CKJIQJHI 3aKOHOMiPHOCTI PO3CisTHHS €JIEKTPOHIB Y 3iTKHEHHAX 3 iHIIN-
MU eJIEKTPOHAMM i aTOMaMH eJIeKTPOHU HaKOIIMYYIOThCS Ha HarpiToMmy
KiHIi, i muToMa Tepmo-EPC BuABIs€THCA IIO3UTUBHOIO.

JoOGpOTHICTS TEPMOEIEKTPUYHOTO MAaTEPisAIy BUSHAUYAETHCA BUPA30OM

[5]

Z = , 1)
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ne S —xoedimient repmo-EPC, 6 — elleKTponpoBigHicTs, A — Koediri-
€HT TeILTonpoBigHocTu. [JoOpOTHICTE Z € CTaHIapPTHOIO MipoI0 Tepmoe-
JEeKTPUUYHOI e(peKTUBHOCTH MAaTepidaay. Z OesmocepeqHBO IIOB’sg3aHAa i3
e(peKTUBHICTIO IIePEeTBOPEHHS eHepril — BUIINi 3HAUEeHHS Z IPUBOLATH
IIo 0ibIN e(heKTUBHOTO IEPETBOPEHHA eHEepPTii.

3pYyUHOIO [IJA IPAKTUUYHOTO BUKOPHCTAHHS € 0e3po3MipHa m00pOT-
Hicts ZT, ne T — cepenua tremueparypa (T =(T1+ T2)/2). laa cupoiie-
HOI TeOpeTUYHOTO Mojesio Z T MoKHa 3amucaTh y BUTJIALL [5]

o 3]

(s + gj +(Bexp(&))”

, (2)

Ile 3 BUBHAYAETHCA 3TiJHO 3 BUPA3OM

£ \3/2
p=574-10°7%2| | K (3)
mO }\'L

ne { — enepria @epwmi B onuannax kT (Er/(ksT)); s — nmapamerep pos-
ciaHHA; m” — e(peKTHUBHA Maca eJIEKTPOHA; Mo — Maca BiIbHOI'O €JIEKT-
pPOHA; | — PYXJIUBICTH HOCIIB 3apany; AL — I'DaTHUIIEBA CKJIaJ0Ba TeIl-
JompoBigHOCTH; kg — BonbIiMaHHOBA CcTAJA.

TakuM YMHOM, BU3SHAUUBIIY ITOKA3HUK JOOPOTHOCTY METATY, MOYKHA
CTBEePIKYyBaTH: MHiABUINEHOMY IIOKA3HUKY MTOOPOTHOCTU BimmoBimae
CTPYKTYypa MeTandy 3i 30iabIIeHnM KoedillieHTOM TepMOeJIeKTPUUYHOI
IOTYKHOCTH (S20) Ta HU3bKOIO TEILIOIPOBIIHICTIO.

JJis 3MeHINIeHHA TeIJIONPOBIAHOCTH IOIIMPEHUM MiIXO0J0M € BBe-
JeHHSA DOJAaTKOBUX PO3YVIOPAAKYBAHb KPHCTAJIUHOI CTPYKTYpH. 3 iH-
roro 60Ky, TaKke pPO3yHOPAAKYBaHHS IIPUBOIUTEL A0 YCKJIATHEHb Y IIe-
peHeceHHi 3apsanay, 10 IPUBOIUTE A0 3MEHIIIeHHA eJIEKTPOIIPOBIIHOCTH.
11106 minimisyBaTu poscigsHHA HOCiiB, GOPMYIOTH TBEPAi POSUUHHU IITJIS-
XOM 3aMiIl[eHHS aTOMiB Ha i30eJIeKTPOHHI eJeMeHTH. Uepes3 pis3Hi poas-
Mipu Ta Macum aTOMHU 3aMiIlleHHA e(peKTHBHO PO3Cil0I0Th KOPOTKOXBHU-
JBbOBi (DOHOHU, TUM CAMUM MOHMKYIOUH TEIJIOIPOBIAHICTh TBEPAUX TiJI.

CrpykTypHi ckjaamoBi Tepmo-EPC mocaimikyBanucsa B HUBIL pobiT.
ABTopu pob6oTu [6] BUKOPHCTOBYBAJIM rapAdue IIPOKATYBAHHA AK METOT
TOJIITIIIIeHHA TEePMOEJEeKTPUUHUX 1 MeXaHiYHMX BJIACTUBOCTEN CTOITY
Cu—Ni-Zn. 36inbienas 3ec0eKoBoro KoegdimieHTa MOACHIOBAJINA PO3Ci-
STHHAM HOCiiB HM3BbKOI eHeprii Ha Me:kax 3epeH. B pobori [ 7] mokazano,
IIT0 HEPiBHOMIipHUHA PO3IIOAiJ aTOMiB KOHTAKTHOIL mmapu Tesypun Bicmy-
Ty—HiKeJb 3MiHI0€ BesmmuuHy Tepmo-EPC Bix 155 no 235 mxB/K, a 6e3-
po3MipHY TepMoeJeKTpuuHy epexkTuBHicTs — Big 0,55 10 1,7. ABTOpPH
pobotu [8] IPOIOHYIOTh MipAHHA TePMOEJEKTPUUHOTO CTPYMY SIK HO-
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BUU MeTOJ BU3HAUEHHSA 3HOCY Hix uac popMyBaHHS JIMLCTOBOTO METaJIy.
IloscHenHA MeTOAY OOI'PYHTOBAHO 3aJIeKHICTIO 3e€0eK0oBOro Koedilrie-
HTa BiJl CTPYKTYPU MeTaJIiB.

2. METOJIHMKA JOCJLIKEHD

Hocrmimxenua BukonyBaauca Ha cronax BT3-1, BT8, EK79-ID, EII479,
EII688 i xpuii CII-28.

OOpoOIeHHA TOBEPXHi 3pasKiB HPOBOAUMJIM IILIAXOM IIOBEPXHEBOI
IJIACTUYHOI medopmalrii ApiOHMMY KPUIEeBUMU KYJIbKaMu, AKi pyxaju-
csA B YJABTPa3BYKOBOMY II0JIi. 3pa30K MOMIIIaIM A0 POoO0UOro 00’ eMy ITH-
JiIHAPUYHOI KaMepy Ta 3MII[HIOBAJIM B CTAI[iIOHAPHOMY PEKUMi yIIPO-
IOBK oOpaHoro uacy: 5, 10i 15 xsuiuH.

HitpugHi mOKPUTTS HAHOCHJIN METOAOI0 KOHAEHCcAIlili 3 ILIasMu B
yMoBax MOHHOTO 60MOapIyBaHHA IIOBEPXHI Ha yCTaTKYyBaHHI Tuny «By-
JaTs». ¥ pesyJbTaTi CTBOPIOBAJINCA IIOKPUTTSA 3 OPiEHTOBAHUMMU B ILJIO-
muHi (111) xpucramamu TiN. 3miHioBaBcA mepion ocamKeHHS HOHIB.
[ mepimmoi rpynu TOBITMHA MOKPUTTS CKJIagaaa 2—3 MKM, IJISI APYTol
— 5—6 MKM, IJd TPeThoi — 7—8 MKM.

g mepeBipKku Ha 0araTOIMKJIOBY BTOMY 3Pa3KiB BUKOPUCTOBYBAIU
I’ €30eJIeKTPUUHNI BiOpocTen . BusHauaau yacTory, JuHaMiuHe HaBaH-
Ta)XeHH U KIJIbKiCTb IUKJIIB 10 pyHHYBaHHA 3pasKiB. Jid cTpyKTypHOI
aHaJIi3W BUKOPUCTOBYBAJIU PEHTTeHiBcbKuil nudpaxromerep [JPOH-3M.
MipsaHHA TPOBOAWMJIN 3a JOIOMOTOI0 KOOasbTOBOI TpyOKM (sriHia Kp) 3
IPUINIBUANTYBAILHOIO HATIPyTroo ¥ 30 kB 3a ctpymy y 30 MA.

BryTpimHi npy»KHI MAaKpPOCKOITiUHI HANIPYyKeHHs € BasKJIMBOIO Xapa-
KTEePUCTHUKOI0O METAJIeBOTO HeTasl0. ¥ TBOPEHHs 3aJUIITKOBUX HAIpPY-
JKeHb 3YMOBJIEHO IIJIACTUUYHOIO AedopMallielo MpuIoBepXHEBOro IIapy.
[ BUBHAUEHHSA 3aIUIIMTKOBUX MAaKPOCKOIIIUHNX HAIPYKeHb BUKOPIUC-
TOBYBaJI PEHTI'€HiBCbKUI MeTox «20—sin2y». [ pospaxyHKY BeJiu-
YMHY MaKPOCKOIIIYHUX HANIPYKEeHb 3a PeHTTeHIBCLKUMU TaHUMU BUKO-
PHUCTOBYBAJIM HACTYIIHY (hOPMYJITY:

o = E 1g0C0
2(1 + v) oy

4)

ne E — monynp Oura, v — IlyacconiB kKoeditienr, 6 — xyt Byisb-
da—Bperra, y —KyT MisK HOpMAaJLJIIO IO IIOBEPXHi 3pasKa Ta HAIPAMKOM
MIaJHOT'0 PEHTTeHiBChKOr0 IIPOMEHH.

s oburcaeHHs 3HAYEeHHA MOXiMHOI, AKY BKJIOUEHO y PO3PaXyHKO-
By QopmMysy, OyJIO IMOOYAZOBAHO 3aJ€KHICTH IIOJOMKEHHS IIOABIHHOTO
Bperrooro kyra 20, BU3HAUEHOTO €KCIIEPUMEHTAJbHUM IILJIAXOM, Bif
sin2vy. IloxigHy mo0OyoBaHO Ha OCHOBI JiHiiiHOI perpecii eKcepuMeH-
TaJbHOI 3aJIe;KHOCTH. 3HAK MMOXiZHOI BU3HAUAE XapaKTep HAIPYKEeHb:
AKIIO IPAMa B X KOOPANHATAX YTBOPIOE TOCTPUM KYT 3 Biccio abcifuc,
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TONI HANIPYKEHHA € HANPYKEHHAMU PO3TATYBAHHA; AKINO KYT TYIINI,
TOAi ITpaBa yacTuHa (OPMYyJIU — 3i 3BHAKOM ILIIOC, a HATIPYKEeHH € Ha-
MPYKEeHHAMY CTUCKAHHS.

MikpoTBepicTh 3pa3KiB MipAJaM 3a AOIMOMOTIOI0 MiKpoTBepioMipa
IIMT-3M. ¥V axocTi iHgeHTOpa A4 MipAHHSI MiKPOTBEPAOCTH BUKOPIIC-
TOByBaJiach ajMasHa IIipaMiKka 3 KBaAPaTHOIO OCHOBOIO II KyTOM HIPHU
migcrasiy 136°. BernunHa HaBaHTaKeHHs Ha iHgeHTOp cTaHoBmaa 1 H.
TemmepaTypa mig yac mpoBefeHHA BupooyBaub cranoBuiaa 300 K. Ko-
JKHY TOUKY 3aJIeKHOCTEeH OyJI0 ofep:KaHo 3a pesyabTaTaMU ycepeaTHeH-
HA ¥ CTATHUCTUYHOTO 00pobeHHA mjoHaiiMenIiie 30 MipaAHL MiKpOTBED-
IOCTH B OIHIil cepii.

Ha pucyuxky 1 nmpezncraBjieHo cxemMy Mipauas Tepmo-EPC. Bigmans misx
TOYKAMM KOHTAKTY eJIeKTPoH cKiaamansa 8 MMm. [isamerep KOHTaKTHOI
miromli — 1 vmm. MoKHa CTBepAKyBaTH, IO 3aCTOCOBAHA METOAUKA
YMOMKJIUBIIIOE TOCTiKYBATH CTPYKTYPHI XapaKTepUCTUKY IPUIIOBEPX-
HEeBOTO IIapy MeTajleBUX 3pasKiB. YCTaTKyBaHHA IJd MipAHHSA TepPMO-
EPC crkunamaerbcss 3 n1BoxX Mimamx enextpon I. Temmeparypa rapsauoi
enekTpoau ctaHoBuiaa 140°C, a remmepatypa xosoguaoi — 40°C. ExekT-
poau Ha KOPOTKUH dac (2 CeKyHAM) MPUTHUCKAIN J0 PoOOUOi ITOBEPXHi
3pasKa i Mipsaau PisKHUITIO IIOTeHIiAIiB Misk HuMu. Ha KosXxHOMY 3pas-
Ky BUKOHYBaJsu Bix 5 70 10 mipsaHb i pospaxoByBaiu cepeqHe 3HAUCHHS
EPC. Iloxubxa mMipanb craHoBmIa 3% Ha BUXigHMX 3paskax i 5% Ha
3MinmHeHUX 3a KoBipuoi imosipHOCTi ¥ 0,9.

6

Puc. 1. Cxema mipaab Trepmo-EPC.

Fig. 1. Scheme of the thermo-EMF measurements.
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Ixepena KuBjIeHHA 4 BUKOPHCTOBYIOTHCA AJA OOIirpiBy meueii 6.
Biok aBTOMaTHKM 3 BMMKAa€e Ta BUMHUKAE IIeUi 3a CUTHAJIAMU eJeKTPO-
KoHTaKTHUX TepmomeTrpiB 2. Tepmo-EPC BuMiproeTbesa BoabTMETPOM V
Ha eJeKTpoaax 1, 1o TOPKaIOThCA 3pasKa 5.

Bci 3pasku mpoiinnau BUIPOOYBaHHSA Ha BTOMY, i JJaA KOMKHOI cepii
3paskiB 0yJI0 BU3HAUEHO BTOMHY MiIlHiCTh.

3. PESYJBTATHU JOCJ/IIJKEHD

Pesynbratu mipamas tepmo-EPC ma 3paskax 3i cromy tTutamy BT3-1
IIicJISg TOBEePXHEBUX 3MIITHIOBAJIBHUX 00p00IeHb KPUIIEBUMU KYJIbKaMU
B YIBTPa3BYKOBOMY HOJIi IIPeICTaBJIE€HO Ha pUC. 2.

B poboTi 3acTocoByBaIn yIbLTPa3BYKOBE 3MiI[HIOBaJIbHEe 00OpPOOIeHHSA
(Y30), 3aBaaKu akoMy BigOyBasiacs miaacTuuHa gedopMallisa moBepxHe-
BOTO IIapy 3paskiB. B pe3ynbTaTi BUHHNKAIN 3HAUHI 3aJIUIITKOBL HAIIPY-
JKeHHSA CTUCKAaHHSA, JKi 3 BiIJaJJeHHAM BiJ] IIOBePXHi IIepeTBOPIOBAJINCS
B HATIPY KEHHA PO3TATYBAHHA.

Ha nibomy erami po6oTu MOKHA OIMiIHUTY BeJIUUNHY MaKPOHATIPYKEeHb
ILJIAXOM MipAHHS TepMoOeJeKTpopyIiiinoi cuau. Ilepir 3a Bce, HeoOXi-
IHO OyJI0 BCTAHOBUTHU, UM € KOPEJAIid MiK JBOMAa MeTOHAMU: PEHTIe-
HiBcsKUM i TepMo-EPC. ¥V 3B’A3KYy 3 IIMM HA OSHUX i THX cAMHUX 3pasKax
MipSAJY BeIMUYUHY 3aJIUIITKOBUX MaKPOHAIPY:KeHb PEHTTeHiBCbKUM Me-
TogoMm i 3HaueHHA Tepmo-EPC. Iloxkaszano, 1o umM OiIBIINN MOZIYJIb

1,16- Ferty
PN

1,144

m 1124
g -t
R 1,10-

) | |}
n CE-m

1,084

1,06

Puc. 2. Vcepenueni smauenusa tepmo-EPC 3paskiB 3i cromy Turamy BT3-1:
n=1-5 — mouarkosuii crad; n=6-10 — Y30 5 xBunun; n=11-15 — Y30
10 xBuaun; n = 16-20—VY30 15 xBuaun; n = 21-25 —signaJ.

Fig.2. Average values of thermo-EMF of VT3-1 titanium-alloy samples:
n =1-5—initial state; n=6-10—UST, 5 minutes; n=11-15—UST, 10
minutes; n =16-20—UST, 15 minutes; n = 16-20—annealing.
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CTUCKYBAJbHUX HANPYKEHb, TUM BUIININ IMOKasHUK TepMmo-EPC, 3 Bu-
XOJ0M HAa IJIATO 38 MAKCUMAaJIbHUX HAIPYKEeHb.

BigmoBigHO 0 eKcmepMMeHTAILHUX Pe3yJbTaTiB (puc. 2), cmocrepi-
raju 30inbinensa seanunHy Tepmo-EPC Big n=6 go n=20. XapakTep-
HUMH € 3HaueHHs TepMo-EPC 1sd mouaTKoBOro cTaHy 3pasKiB i miciasa
Bigmasy, a B pe3yJabTaTi Bigmasmy cmocTepiranim OiabIT piBHOMipHMI
posmoxin saauenua Tepmo-EPC mo moBepxHi 3pas3kKis.

581

T T " T T " T " T T T T "1
360 380 400 420 440 460 480 500 520 540
o, MIla

Puc. 3. 3ajgekHiCcTL MeXKi BUTPUBAJIOCTH Bif MOAYJIS 3AJIUIIKOBUX CTHCKYBa-
JbHUX MaKpPOHATIPYKeHb 3paskiB 3i cromy Tutany BT3-1.

Fig. 3. Dependence of the endurance limit on the modulus of residual com-
pressive macrostresses of BT3-1 titanium-alloy samples.
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Puc. 4. 3anexuicts Tepmo-EPC Bif 3aJHINTKOBUX CTHUCKYBAJbHUX MaKPOHAII-
PysKeHb 3pasKis 3i cromry Tutany BT3-1.

Fig. 4. Dependence of thermo-EMF on residual compressive macrostresses of
BT3-1 titanium alloy samples.
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Ha pucymkax 3 i1 4 mpeacTaB/IeHO eKCIIepUMEHTAJbHI pes3yJbTaTu.
3pocTaHHS 3aJUIMTKOBUX CTHUCKYBAJLHUX HANPY:KEHb HPUBOIUTH MO
301JIBITIeHHs BTOMHEOI MirmHocTH (puc. 3), i, BixmoBigmo, cmocrepiraerses
s6imbierna Tepmo-EPC mmux 3paskiB (puc. 4). KicHO mosacHUTH oxep-
JKaHUi pesdyabTaT 3ayexkHocTu TepMo-EPC Big MmakpoHanpyKeHb MOMK-
Ha 301JIBIIIeHHAM POOOTH II0 IIEPEeHEeCEeHHIO eJIeKTPOHIB MisK X0JIOZHOIO Ta
rapsAavoi0 eJeKTPoJaMH Uepes3 IPUIIOBEPXHEBUI IIap MeTaJay 3 PisHOIo
ITe(deKTHOIO CTPYKTYPOIO.

PesyabpraTu peHTreHOAU(MDPAKTOMETPUUHUX JOCIHiAKeHb 3pasKiB i
JeTaJliB 3i CTOIiB TUTAHY IMOKasaJju, 1o 306iabmienH:o yacy ¥ 30 Biamo-
Bifmae 30i7bIIeHHA BEJIUYNHY 3aJUITKOBUX CTUCKYBAJIbHUX HANPYKEHb
y IOBepXHeBOMY Iapi. PeHTI'eHiBCbKY METOANKY TaK0K BUKOPUCTOBY-
BaJIM JJIsI JOCTiIKeHHS IIapaMeTPiB TOHKOI CTPYKTYpH (Po3MipiB 6JI0KiB
MO3aiKu Ta MikpogedopmMalriii).

Momnorouuuit xapakrep sminu Tepmo-EPC 3i 36inbineraam gacy Y30
YMOKJIUBIIIOE TPUIIYCTUTH, 110 OCHOBHUI BILJIMB Ha BEJIUYUHY TEPMO-
EPC cTBOpIoe HANIPY:KEHUII CTaH CTPYKTYPH MeTajeBoro apaska. Tomi
nasa TuramoBoro crormy BT3-1 Mo:kHA BBeCTH CTPYKTYPHUM KoeditieHT
repmo-EPC (puc. 5) y Burmani

K., =-4,8-10" mB/MIla.

Amnajoriuanii pe3yJbTaT BILIMBY 3MiH Y CTPYKTYPi Ha PO3MOIia Tep-
mo-EPC mo moBepxHi 3paskiB 0yJio ogep:xano ajas cromy BTS8 i cromis
EK79-ID, EII479 i EII688.

Ha spaskax iz kpurti CII-28 mociimxyBaau BIJIUB PeXUMIB TepMiu-

1,171
1,164
1,151
1,144

an] i

= 1,13

S 1,124
1,114
1,101
1,09
Igog'l'l'l'l‘l'l'l'l’l

—740 —720 —700 —680 —660 —640 —620 600 —580 —560

o, MIIa

Puc. 5. 3amexuicts Tepmo-EPC Bim MmakpoHanpy:keHb y TOBEPXHEBOMY Iapi
3paskiB 3i crony Tutany BT3-1.

Fig. 5. Dependence of thermo-EMF on macrostresses in the surface layer of
BT3-1 titanium-alloy samples.
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HOTO 00pOOJIeHHS HA OHip HAAIIBUAKICHIiN KOHTAKTHiN medopmarrii Ta
pyiHyBaHHIO. [louaTKOBa MIBUAKICTh PYyXy iHIEHTOPA BiJTHOCHO 3pas3Ka
craagana 700-800 m/c. Mipauaa Tepmo-EPC Ha mux 3paskax mokxasa-
Ju, 1Mo 3MeHIeHHI0 Koedimienta Tepmo-EPC Big 0,0147 mB/r'pan mo
0,0133 mB/r'pan (puc. 6, xpuBi I i 2) BigmoBimae 36iJIbINIEHHS CTYIIEHS
KOHTAKTHOTO AeopMyBaHHA. 3atexuocTi Tepmo-EPC Big pexxumis Te-
pMiuHOTO 00POOJIEHHA YMOKJIUBIIIOIOTE BUKOPUCTOBYBATH iX AK KPHUTE-
Piii OIiHKY OIIOPY HAANIBUAKICHIN mepopMarii Ta pyHHYBaHHIO.

Axr 6yJ0 mocigsKeHo Ha 3pas3Kax 3i CTOIIB TUTaHY, OiJIbIIINM 3HAUEH-
HaMm Tepmo-EPC Bigmosimae OinbIa eHeprisa 3aJauIIKOBOI IPYKHBOIL Ie-
¢dopmarii. Tomy B ymMoBax HaAIIBUAKIiCHOI mepopmalrii MmeTaJsiB OCHOB-
HOIO METOIO 3MiIITHEHHS € CTBOPEHHS CTPYKTYPHU 3 3aJIUIIKOBOIO Aedop-
MAalli€elo CTUCHEHHS, IKa 3MeHIye i BOMpae KiHeTUUHY eHepriio iHaeH-
Topa. {1 3MeHITIeHHA CTYIIeHsS HaaIIBUAKicHOI nedopmarrii HeoOximgHO
3a Iy'Ke MaJIui yac 3MEHIIIUTU KiHeTHUHY eHepriio iHgeHTopa. Takuii
IIPOIIEeC € MOMKJINBUM, AKIITO IPOXOINUTh B YMOBaX MPYKHLOTO HaBaHTa-
JKeHHsa abo posBaHTaKeHHs. HaiOianil mpmBaOIMBUM IJSd IILOTO €
CTBOPEHHSA yV IMOBEPXHEBOMY IIapi AeTajliB CTUCKYBAJIbLHUX HANPY:KEHb
IIePIIIOTO POAY.

Byso BMKOHAHO MOCJiAKEHHS BILJINBY eJEKTPOiMIYyJILCHOTO 00poO0-
aeraHs (EIO) ma 3MiHy Hampy:KeHO-TedOpMOBAHOTO CTAHY TUTAHOBUX
CTOITiB, IIT0 BUBHAYAETHCS BEJIMUYNHOIO If 3HAKOM 3aJIUIITKOBUX MaKpPOHa-
nmpy:keHb. 11 3paskiB 3 moBepxueBuM 3MintHeHHAM EIO mpuBoamio mo
TMOHMKEHHS 3aJUITKOBUX MaKpoHanpy:xeHb Ha 300—-500 MIIa. Moxua

164 1
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1,2
1,01
= 08
5 0’6'-
04
021
0.0
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t, rpang
Puc. 6. 3anexuicts Tepmo-EPC xkpuri CII-28 Big TemmepaTypu rapsiaoi erexT-
poxu: 1 — nedopmyBaHHA HaA Taubuny A0 5—10% Bix goB:xuHU iHgeHTOpA; 2 —
PyHHYBaHHA Ha INIMOMHY OOBXKUHU iHIEHTOPA.

Fig. 6. Dependence of thermo-EMF of steel CII-28 on the temperature of the
hot electrode: I—deformation to a depth of up to 5-10% of the length of the
indenter; 2—destruction to the depth of the length of the indenter.
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BBasKaTH TAKUH BILINB AK aHaJIOT IIepebiry HaaImBuAKicHOI Jedopmaitii.

30iIbIlIeHHA 3amacy IPY:KHBLOI eHeprii, BUKJINKaHe 3aJIUIITKOBUMI
CTUCKYBAJIbHUMU HATIPYKEeHHAMU (MAaKPOHAIIPYKEHHAMU IIePIIOro Po-
Iy), MO:Ke OyTH BUKOPHCTAHO B YMOBaX KOHTAKTHOTO AeOpMyBaHHS
IJISI IIBUAKOTO MOHMKEeHHA KiHeTHYHOI eHeprii ingeHTOpAa.

CTpyKTYpHI HaIpyKeHHs Y MOBEPXHEBUX IIapaX KPUIEBUX JeTaJIiB
BUHUKAIOTH B PE3yJIbTATi TOTO, IO IIePEeTBOPEHHA ayCTEeHITy B MapTeH-
CHUT, AKe MOB’sA3aHe 3i 30iJbIIIeHHAM 00’eMy, B Pi3HMX MiCI[AX OeTaJIio
BimOyBaeThcA He omHOouacHO. TemmepaTypa MapTEHCHUTHOTO II€PETBO-
PEeHHsS CIIOUYaTKY [JOCATAEThCA Vy IIOBEPXHEBUX ITapax, B AKUX
3’ABJIAIOTHCS TUMYACOBi CTUCKYBaJbHI HANIPY:KeHHA, a Y BHYTPIlTHIX
niapax — HaIpyKeHHA po3TaryBaHHA. [IoTiM y BHYTpilIHIX mapax Bi-
I0yBa€ThCs IMePedir MapTeHCUTHOTO IIePETBOPEHHA Ta 3MiHIOETHCA 3HAK
HaIIpyKeHb Ha IIOBEPXHi i y 00’ eMi.

IHoxi mig yac rapTyBaHHA CKJIANAIOThCA TePMiuHi II CTPYKTYPHI Ha-
npy:keuusa. Kepyouu mpoiiecoMm MexXaHiKo-TepMiuHOTo 00pobIeHHs Je-
TajJiB, MOKHA OJep:KaTH MOTPiOHI XapaKTepuCTUKHU IIPUIIOBEPXHEBOTO
mrapy geTajiB.

IIpoBengeHO AOCHiMKEHHA BILJIMBY iMOYJbCIiB €J€KTPUUYHOTO CTPYMY
amILTiTy o0 6amn3bKo 170 MA /M2 ta TpuBagdicTio y 150 MKC Ha pelak-
calliro 3aJUIIKOBUX HAIPYKeHb 3pas3KiB 3i cromy tTutamy BT3-1 3 HiT-
pungHuMU TOKpUTTAMHU. Ha mizcraBi pPeHTI'eHOCTPYKTYPHUX JOCJi-
IKeHb BUSIBJIEHO, IO (DOPMYBAaHHSA HiTPUIHOTO MOKPUTTA IPUBOIUTD
10 301JIBITIEHHSA MaKPOCKOMIYHIX 3aJIUIITKOBUX HAIPY KeHb (TabJr. 1).

EnxekTpoiMiryibcHe 00pOOJIeHHA IUX 3Pas3KiB CIPUAJIO 3MEHIIIEHHIO
BeINUNHN MaKpOHaANpPyKeHb. IlogioHe 00po0JeHHS IIOCTIiHHUM CTPY-
MOM (HarpiBaHHs) He BUKJMKAE IMOMITHOTO IMOHMXKEHHS 3aJIUIITKOBUX
HanpysKeHb. MoOKHa OI[IHUTU TYCTUHY BiATIOBiAHOI eHeprii mpy:KHBbOI
medpopMarrii B I[bOMY ITPOILEC] AJIsA 3pa3KiB THTAHOBUX CTOIIB:

E¢?
w=
2

ne E — monynas IOHT'a, € — BigHOCHA AedopMallis KpucTaaiuHol r'part-
Huni. dxkmo E =11,2-10'°I1a, .= 600-10° I1a, ge

2
()

o, =Ee, o, =—-. (6)
" 2E
B pesynbTaTi e1eKTpPOiMOyJbCHOTO BILIMBY B IIOBEePXHEBOMY ITTapi
BUILISAETHCSA TEILJIOBA €HePris

; ()

Q = I’Rt. (7

I'yctuHa TemaoBol eHepril
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TABJINIIA 1. 3anuinkoBi MakpoHAIPYKeHHA Ta MiKPOTBEPAiCTh 3pasKiB 3i
crony Tutany BT3-1 i3 mriBkoio TiN.

TABLE 1. Residual macrostresses and microhardness of samples from titani-
um alloy BT3-1 with TiN film.

. . 3amumnKoBi MiKkpoTBepaicTh, .
Ne spaskin MaKpoHanpy:Keuus, MIla MIla IpumiTkn
1,1-1,10 ~440...-720 6425 Topmuna nriBKu
— 2—-3 MKM
2,1-2,10 ~920...-1540 7704 TOBIMHA ILTIBKI —
5—6 MKM
3,1-3,10 ~3100...-3160 13107 TOBIOMHA ILTIBKI —
7-8 MEM
B _ micjs BUTPABIIIO-
o 800...-1090 3846 pauHg mwriBku TiN
— -100...-140 3600 BUXigHI 3pasku
I’pt
o, =< (8)

O1miHnMO eJIEKTPUYHNII OITip aHAJIIB0BAHOTO eJIeMeHTa 3pasKa:
R-pl. 9)
S

Ons turany p=5510°0mm, [=5103m, S=6-102100-10°m?,
I=10°A, t=150-10"%c. OniEKu IOKa3yIOTh, 110 TEIJI0BA eHeprid, AKa
BUIIJIAETHCSA, € eKBiBAJIEHTHOIO eHeprii gedopmariiii, mo BigmoBimae 3a-
JUITKOBUM MaKpPOHAIPY:KEHHIM, AKi opmyroTsesa B pesyabrari EIO.
Taxum umaoM, MexaHisM EIO mposaBiseThCA B JOKaAJIi30BaAaHOMY BUIi-
JIEHHi TeIJIOBOI eHepTii eJIeKTPUYHOTO CTPYMY.

EnexTpoiMmnyiabcue o6pobieHHsa (IMIOyaIbCHUI HATPIB i IMIBUAKE 0XO-
JOMKEHHs) 3MiIllye TeMIlepaTypy HacTaHHA CTPYKTYPHUX 3MiH B 00-
JacThb 6inbIn Bucokux temmneparyp. Cyts edpexty EIO moasarae B Tomy,
110 eHepris, AKa TOoAi BUAIIAETbCA, KOHIEHTPYEThCA B HAOIIBIII CIIO-
TBOPEHUX 00JIACTAX KPHUCTAJIIUHOI I'DATHHUIIL i € JOJAaTKOBOIO eHeprieio
IJIs aKTUBAIIil IPoIleciB BHOPAAKYBAHHS B pO3TAIlTyBaHHI aTOMiB.

ITicasa EIO xapakTepHi CTPYKTYPHI 0COOGJIMBOCTI ABOX IIPOIECiB: BU-
COKOMIBUIKiCHOI macTu4yHOi gedopMmariii 3cyBy i pexpucramisamii. I1i
mmporecu mepebiraloTh HmapaJieibHO, i B MOMEHT iMITyJIbCHOT'O HATPiBY
PO3BUBAEThCA AMHAMIYHA peKpHCTaisallisg. 3MeHIIIeHHs po3MipiB o-
dasHUX cyO3epeH i 30iMbIITeHHsa KyTa IXHBOT'0O e30Pi€HTYBaHHA TPUBO-
IUTH OO 30iJIbIIIeHH A OMOPY IJIACTHUYHIN nedopmartii. B marepisiai spas-
Ka BCTUTalOTh BiAOyTHCS Ipollecu MiKpoILtacTuuHoi medopmaiiii, He-
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3BasKalouM Ha KOPOTKY TPUBAJICTh eeKTpoiMnyabcHOTO edeKTy. Mo-
JKHA TPUIIYCTUTH, IO eJIEKTPOIMITyJIbCHA il BUKJINKAE aBTOKOJIMBAH-
HaA atomiB. Ta atromm, AKi posTamroBaHi B onHi#l Kpucrasorpadiunii
ILJIOIIMHi, MOBOAATELCA SIK €IMHAa cucTeMa. | aBTOKOJIMBHI mpoIiecu B TH-
TAHOBOMY CTOIIi MOXKYTh BU3WBATH MiKPOILIACTUUYHY AedopmMalriio, Imo
BUKJINKAE KOJMBAHHA TeMIIePATYPHOT'O MOJA MaTepidAsy % 3yMOBJIIOE
IVMHaAMiuHy peKpucrtaJizaiiro. [ia mikporacTuuHol Aedopmarrii min
pminBoM EIO HeoOxigHO 3a6e3meunTy IiABUINEHY KOHIIEHTpAIlio gede-
KTiB i 3aJUINTKOBUX MaKpPOHAIIPYKEHb IJIAXOM ITOIIEepeaHbOTOo aedop-
MalliiiHoro o6po0IeHHA.

4. BUCHOBKH

3anpoIoHOBaHA eKCIIepMMeHTaJIbHa MEeTOAUKa HEepPYHNHIBHOTO KOHTPO-
JII0 HAIIPYsKEeHO-Ie()OPMOBAHOTO CTAaHYy MeTaJIeBUX [eTaJjiB Ha OCHOBI
MipaaHa repmo-EPC.

BusBieHo BIJINB BaJUITKOBUX HAIPY/KEHb IIiCJIS IIOBEPXHEBO-
IJIAaCTUYHOrO AedopMyBaHHsS 3pas3KiB 3i cTomy THTaHy Ha BeJNUYNHY
repMmo-EPC. 3pocTaHHS 3aUINTKOBUX CTUCKYBAJILHUX HAIPYKEHb IPU-
BOJIUTEL OO0 30iJIbIIIEHHS BTOMHOI MIiITHOCTH i, BiAmoBigHO, ciocTepira-
eThcsa 30inbmienHsa Tepmo-EPC mux 3paskis.

Ha spaskax i3 Kpuii CII-28 mocaimxyBanu mpoiiecu HaAIIIBUIKICHOL
KOHTAaKTHOI Aedopmairii. Mipauua repmo-EPC Ha nmux 3paskax moxasa-
Ju, 10 3MeHIIeHHI0 KoedimienTa tepmo-EPC BigmoBimae 36ibIlIeHHs
CTYIIeHA KOHTAKTHOTO AehopMyBaHHA.

3aKOHOMipPHOCTI BILTMBY €JIEKTPOIMITyJILCHOTO OOpPOOJIEHHS MeTaJliB
MOJKHA BUKOPHMCTOBYBATHU MIJIA MOJEJNIOBAHHS HPOIIECiB HaAIITBUAKiCHO-
ro nehopMyBaHHA.
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YMOBH ra3opo3psaIHOl CHHTE3H TOHKUX ILTIBOK oKcuay Boasgpamy
3 iMITyJIbCHOI IIJIAa3MHU HA OCHOBi ra301mapoBol CyMillli «KMCEeHb—
BOJIb(pam»

0. K. Illyai6os, P. B. I'punax, O. 1. Munsa, P. M. T'osom6,
3. T. I'omoki

IBHS3 «YxczopoOdcvrkuil HayioRaabRUl YHieepcumem»,
na. Hapodnua, 3,
88000 Yaczopod, Yrpaina

HaBeneHno eneKTpuyHi I OOTHUYHI XapaKTEePUCTUKU IIePEeHANIPYKEHOro HaHO-
cexkyaauoro po3pany (ITHP) mixk emrexTpomamu 3 Boabhpamy B KucHi (p =101,
13,3 xIla). YTBOpeHHS KJIacTepiB i HAHOUACTUHOK OKcuay Boabdpamy B mia-
ami ITHP BigGyBasocsa B mpolieci BHeCEHHSA HapiB BoJb(ppaMy B PO3PATHUMI
MIPOMisKOK IIiJf yac MiKpoBuUOyXiB IPUPOAHiX HEOAHOPiAHOCTE! TOBEPXHIi eje-
KTPOJ V CHUJIBHOMY €JIEKTPUYHOMY IIOJIi PO3PALYy U yTBOPeHHA eKToHiB. Ile
CTBOPIOBAJIO IIEPEeAYMOBU IJid CUHTE3M TOHKUX ILJIiBOK OKcuAy Boabhpamy
(WOs), ari MOKYTh OcaI:KyBaTHCsS Ha CKJIAHIN TigKJIamWHII, BCTAHOBJIEHiH
mo0IM3Y PO3PATHOTO MPOMiKKY. JlocaimKyBaanch OCIUJIOTPAMU iMIIYJIBCiB
HAIIPYTH Ta CTPYMY, iMITyJIbCHA MOTYKHICTh i eHepreTuYHi BHECKHU B ILJIa3My
3a PO3PASHUU IMIOYJIbC, a TAKOK CIEKTpaybHi xapaktepuctuku IIHP. Bera-
HOBJIEHO OCHOBHi 30y Ke€Hi CKJIaIOBi ILJIa3MM IaporasoBOi CyMiIlli Ha OCHOBI
BoJb(ppaMy Ta KucHO. MeTomoM MiKpopaMaHOBOI CIIEKTPOCKOIIil CMHTe30Ba-
HUX IIJiBOK ITOKa3aHo, IIT0 BOHU CKJIAAAI0OThCs 3 okcuay Boasdhpamy (WOs).

KuarouoBi ciioBa: mepeHanpy:KeHNiI HAHOCEKYVHIHUI PO3pAL, BoJabdpam, Ku-
CeHb, IIJIa3Ma, HAaHOYACTUHKM, TOHKI HJIiBKH.
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The electrical and optical characteristics of an overvoltage nanosecond dis-
charge (OND) between the tungsten electrodes in oxygen (p =101, 13.3 kPa)
are presented. The formation of clusters and nanoparticles of tungsten oxide
within the OND plasma is occurred during the introduction of tungsten va-
pour into the discharge gap, resulting from microexplosions of natural in-
homogeneities on the electrode surface within the strong electric-discharge
field, along with the formation of ectons. This creates the conditions for syn-
thesizing thin films of tungsten oxide (WQ3;), which could be deposited onto a
glass substrate placed near the discharge gap. Oscillograms of the voltage
and current pulses, pulse power and energy contributions to the plasma per
discharge pulse, as well as the spectral characteristics of the OND, are stud-
ied. The primary excited components of the plasma of a tungsten—oxygen va-
pour—gas mixture are identified. Micro-Raman spectroscopy of the synthe-
sized films reveals that they consist of tungsten oxide (WOs3).

Key words: overvoltage nanosecond discharge, tungsten, oxygen, plasma,
nanoparticles, thin films.

(Ompumarno 20 6epesusn 2024 p.; ocmamouhr. 6apiaum — 6 mpaens 2024 p.)

1. BCTYII

151 BUCOKOBOJIBTHUX HAHOCEKYHIHUX i CyOHAHOCEKYHIHUX PO3PALIB
MiK MeTaJIeBUMU eJIeKTPOJaMu 3a MiKeJIeKTPOaHOI Bigmauai d = 1-3 mm,
KOJIM BOHHM 3allaJII0BaJIVCSA B PEKUMIi IepeHanpy:KeHOT0 HaHOCEeKYHIHO-
ro pospany (ITHP), xapakTepHuM OyJI0 iHTEeHCHUBHE PO3MOPOIIIEHHI Ma-
Tepisaay eaeKTpox. ToMy B clieKTpaxXx BUIIPOMiHEHHS TaKol ILJIa3Mu CIIO-
cTepiramuch iHTEHCUBHI CHeKTpaJbHI JIiHiI MaTepisanay ereKTpoa; AK
IIpaBUJIO, Ile — BUNPOMiHIOBaHHA aTOMiB i ogqHO3apaAgHUX HoHiB [1, 2].
Hnsa ITHP y moBiTpi atmocdepHoro Tucky i3 d = 10 MM emiciiiui xapak-
TEPUCTUKHY MJIasMu B YP-mifAmasoHi CIEKTPy BUBHAUAJIMNCS BUIIPOMi-
HIOBAaHHAM CMYT [IPyroi OOJaTHBOI cucrteMu MoJieKyaum Hitporeny
(280-390 um), pagukaiis rinpoxkcury (OH), okcuznis Hitporeny (NO),
cmyramu HiTpuny Kapbouy (CN), oKpeMUMHU CIEKTPAJbHUMHA JiHIIMHI
aToMmiB i omHozapamuux pnouiB HiTporemy i1 Oxcureny, a BUIPOMiHIO-
BaHHA CIIEKTPAJbHUX JIIHIA MaTepiaNy eJeKTpon He IpoABasaiocs [3].
3i 3MeHIIeHHAM BeJuunHu d i i yac podOTH B PeKUMi IIepeHanpyru
MiKeJeKTPOAHOTO IIPOMiKKY B CIIeKTPax BUIPOMIHIOBAaHHSA TAaKOi ILja-
3MU IMOABJAIOTHECA CIEKTPAJbHI JIiHil MaTepianry eleKTpoa, a B Ia3mi
(piKCyIOThCS «eJIeKTPOHU-BTiKaUi», AKi mepexondaTsh y Pe:KUM Hemepep-
BHOTO npumBuimieHsasa [4]. Ilig giero myuka «egeKTpoOHiB-BTiKauiB» i
CYyIIyTHBOTO oMy PeHTI'€eHOBOTrO BHUIPOMiHEHHS, SKi BUKOHYIOTH POJb
nepenioHisaIlii, B poO3psAIHUX IIPOMiKKaxX HaBiTh 3 HEOTHOPIAHUM PO3-
MOJiJIOM HAIIPYKEHOCTU eJIEKTPUUHOTO I0JIS (POPMYEThCS JOCTATHHO
oguopimuuii ITHP, axuii Mmoske 6yTU BUKOPUCTAHUN AJIA PO3POOOK YD-
JIaMII 3 MaJIuM 06’eMoM I1azamoBoro cepegosuira (V < 10 mm?) i mamopo-
IIIeHHs TOHKUX IUIIBOK pi3HOrO cKJany [5].
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B crarTi [6] moBimoMiiAIOCSa PO 3aCTOCYBaHHS OKCHUIIB TIKKOTOII-
kux MertaiiB (WOs, MoOs) gy 000poTHBOI 3MiHM KOJIBOPY TOHKWX TLITi-
BOK 32 PAaXYHOK OKHCHIOBAJIbHO-BiJHOBHUX PeaKI[iil, AKINO O HUX IIPU-
KJIACTH HEBeJUKY 30BHiMIHIO Hanpyry. CuHTe3a MOmiOHMX TOHKUX Ha-
HOCTPYKTYPOBAHMUX ILIIBOK ITPOBOJAMJIACSA IIEPEBAKHO XeMiUHIMU METO-
mamu abo MeTomoM BUOYXY TOHKUX ApoTuH [7]. Tak, MmeTomoM eleKTpo-
BuOyxy npoBiguukis Ti it W y moBiTpi cCMHTEe30BaHO OKCUAU V BUTJIAIL
MiKpo- Ta HAHOPO3MipHUX HOPOIIKiB. PeHTreHo(daszoBa aHaJsida moKa-
3aja, IM0 €IVUHUM IIPOAYKTOM PYHMHYBaHHS IPOBITHUKIB 3 TUTaHy OYyB
mioxcun TiOz, a 3a eeKTPoBUOYXy BOJIL(PAMOBHUX IIPOBiIHMKIB yTBO-
proBasaca cymimr mopomikiB WOs+ W20, B AKili mepeBakaJjo yTBO-
peuusa soasdpamonoro aurigpuay WOs; 3i caigamMmu Boandpamy.

BoaHopas, MOKJIMBOCTI per'yJIlOBaHHs XapaKTePUCTUK CUHTE30BaHUX
TOHKMX ILTiBOK Ha ocHOBiI Boimbdppamy it OKcureny, a Takoxx BiAIIoBif-
HUX IIOPOIIKiB Oy 0OOMeKeHUMMU.

CucreMaTHuHi JOCTimIKeHHA CUHTe3U cHoJyK Boabdppamy 3 OKcure-
HOM 3a eKTOHHOT'0O MexXaHisMy epo3ii Boib(hpaMoOBUX eJIEKTPO ¥ KHUCHE-
BmicHUX rasax [8] y IIHP Bimcyrni. Ilepimi pesyabTaTén TakKux DOCIIi-
IKeHb Oy omy0JIiKoBaHi B Tedax KoHpepeHIrii [9].

JJia onTumisalii cMHTe3” TOHKUX ILJIIBOK Ha OCHOBI crmosyk Boibgh-
pamy 3 OKcureHoM BaKJIMBO IIPOBECTY OITHUMi3aIlifo poO0OTH IMOLi6GHOTO
ra30po3PAITHOTO PeakTopa 3 BUKOPHMCTAHHAM KUCHIO.

B maniii cTaTTi HaBeIeHO Pe3yJIbTATU AOCHIMMKEHHS eJIeKTPUUYHUX i
ontTnuHNX Xxapakrepuctuk IIHP Mmixk ejrekTpomamu 3 Boab(ppamMy B Kuc-
Hi, IIT0 MOXKe OYTH 3aCTOCOBAHO IJIA CUHTE3W TOHKUX ILIiBOK OKcunmy Bo-
Jb(dpamy, a TaKOK Pe3yJIbTaTH AOCJiIKeHHsA CHHTEe30BaHUX ILIiBOK Me-
TOJIOM MiKPOpPaMaHOBOI CIEKTPOCKOIIil po3CciAHHSA cBiTIA.

2. TEXHIKA ¥1 YMOBH EKCIIEPUMEHTY

Hocaimxenna xapaxkrepuctuk IIHP B KucHi mpoBoamiiocss 3 BUKOPUC-
TaHHAM PO3PATHOI KaMepH, BUTOTOBJIeHOI 3 oprckia (puc. 1). Biok-
cXeMy eKCIepuMeHTAJNbHOI ycTaTKOBUHM HaBemeno B [1]. Bizgans mix
eJeKTPoJaMM, BUTOTOBJIEHNMH 3 BOJIb(ppamy, ckaagaga d =2 MM.

g sanamoBadHa ITHP ma Bonb(hpamoBi enekTpoan po3psagHOl Ka-
MepH IMoJaBaJINCs OIOJAPHI iMOyIbCH BUCOKOI HAIPYTH TPUBAJIICTIO Y
100-150 uc # ammaitymoio y +(20-40) kB. Hacrora ciaimyBanua imiry-
JbCiB HaIpyru 3Haxoauaacsa B gigmaszoni 80-1000 I'm.

Pospagauit npoMikoK OyB IepeHanpyKeHUH, 10 CTBOPIOBAJIO CIIPH-
ATINBI yMOBU IJis (GOpMYyBaHHA TyUYKa «eJeKTPOHIB-BTiKauiB» BUCOKOI
eHeprii ra cymyrasoro Pearrenosoro Bunpominenssa [ 3].

Cucremy peecrpariii xapakrepuctuk ITHP maBemerno B[1].

Pospsanna kamepa BigkauyBasiacsa (hOpBaKyyMHOIO IIOMIIOIO IO 3aJIUIITKO-
Boro Tucky y 10Ila, a micia B xKaMepy HamyCKaaW KHCEHb IO THUCKY Y
101 kIla. [JiameTep NMIiHAPUIHUX €JIEKTPO/ 3 BOJIL(ppamMy cKJIagaB 5 MM, a
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Puc. 1. Cxema pospsagHol Kamepu, cuctemu ejextpon ITHP i mpucrtporo mias
OCa/KeHHS TOHKUX ILUIIBOK OKcuay Bosbhpamy 3 miasmMu: KOPIyc PO3PAmHOL
kKamepu (1); cucreMma (ikcalrii migKJIaguHKY OIS HaIOPOIIEeHHA TOHKUX ILIiBOK
(2); cucrema peryJaioBaHHS MidKeJeKTpoAHOI Biggai (3); e1eKTpoan, BUTOTOB-
JeHi 3 Boabdpamy (4); 30HA OocaIKeHHA TOHKUX IJIiBOK (5); migKJammHKa 3i
ckJa (6); Torka miaiBka (7).

Fig. 1. Schematic of the discharge chamber, the OND electrode system, and
the apparatus for depositing thin films of tungsten oxide from plasma: dis-
charge chamber body (1); substrate fixation system for thin-film deposition
(2); interelectrode-distance adjustment system (3); tungsten electrodes (4);
thin-film deposition zone (5); glass substrate (6); thin film (7).

paziroc 3a0KPyTIIeHHs iXHBLOI PpoO0OU0i TOPIIEBOI MOBEPXHi OYB OJHAKOBUM i
JIOPiBHIOBAB 3 MM.

3. XAPAKTEPUCTHUERMU Y ®-BUIIPOMIHIOBAYA

3a arMoc(epHOTro THCKY IOBiTPS I KMCHIO Ta BiAAaIi MixK eJIeKTpogaMu
d=2wmm ITHP maB Buraan scKpaBoi IeHTPAJIbHOI YaCTUHU AiAMeTPOM
OJIN3BKO0 2 MM i paAy OiJIbII CJIa0KMX CTPYMEHIB ILJIa3MHU, IO BiAXOIUIN
BiJ 110T0 IIeHTPaJbHOI YaCTHUHHA.

OcmuiorpaMu HAOIPYTH ¥ CTPYMY Ta iMIOYJILCHY HTOTY:KHicTh aimsa ITHP
MiK eJIeKTpoJaMM 3 BOJIb(ppamMy 3a PidHMX THUCKIB KHCHIO i3 BEJIMUYMHOIO
HaIpyTu Ha aHOAi THPaTpPOHA BHMCOKOBOJBTHOTO MOAYJIATOPA iMIYyJILCiB
HaIpyTu HAaHOCEKYHAHOI TpuBajsocTu y 13 KB HaBemeHno Ha puc. 2.

OcnuiaorpaMu HaIPyTu ¥ cTpyMy Oy B hOpMi 3aTacHUX y Uaci ocIiu-
Jdaiii rpuBaaicTio 611u3bK0 80—100 Hc, 1110 3yMOBJIEHO HEY3TOAKEHiCTIO
BUXiHOTO OIIOPY BHCOKOBOJIBTHOTO MOZYJIATOpPa 3 OIIOPOM HaBaHTA-
sKeHHA. [loBHA TpUBaJIiCTh OCIIUJIAILIN HAIIPYTY HA IIPOMiKKY Ta PO3ps-
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Puc. 2. OcruyiorpaMu CTpyMy ¥ HaIpyru Ta iMoyJabcHA moTy:kHicTs ITHP mixk
eJeKTpomaMu 3 Boab(pamy 3a TuckiB kKucHio y 101 kIla (a) i 13,3 kIla (6).

Fig. 2. Oscillograms of current, voltage and pulse power of the OND between
the tungsten electrodes at oxygen pressures of 101 kPa (a) and 13.3 kPa (6).

nHoro cTpymy caraaa 500 mc. 3a TAKOro KOJIMBHOTO XapaKTepPy OCITIIIO-
rpaM CTPYMY CTBOPIOIOTHCA HAMOIiJBINT ONTMMAaJbHI YMOBH PO3IIOPO-
HIeHHS BOJIbpaMOBUX eJIeKTpo. HacToTa XBWJIb CTPYMY BCepeamHi
IyTy cKJamgana 6ausbko 5—10 MI'm.

Hasa ITHP 3a Tucky kucuio y 101 xkIla amnuriTyna Hanpyru ogHOI Imo-
JAPHOCTU HAa eJIEKTPOoJaX JocsraJiacs B MOYATKOBIM cTamii pos3panmy Ta
ckaagana = 20 kB, a ctpymy — 6aussko 100 A. MakcuManabHA iMIOYJIb-
cua moty:kHictk IIHP, BogHOuac, mocaraaa 2,4 MBT B uacoBoMy iHTep-
BaJi 80-90 He Bix mouaTKy #ioro 3amaJIlOBaHHA, 4 €Heprid B OKPeMOMY
eJeKTPUYHOMY iMIyabci cKIamana 245,4 mIx.

3i sMeHIITeHHAM THCKY KucHio 10 13,3 klla MakcuMaabHa aMILTiTyga
IIePIIOro MOAATHBOTO iMOYJbCYy HAIPyTru 3MeHmTyBajaca mo 12 kB, a
MaKCHUMAaJIbHA aMILIITY/1a IIePIIOro Her'aTUBHOIO iMIYJIBLCY CTPYMY 3Me-
Hirysajsaca mo 50 A. MakcuMmaabHa iMIyJabcHa moTy:KHicTh ITHP 3a
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Puc. 3. Cuexkrep sunpominenus ITHP mix eekTpomaMu 3 BoabppaMy 3a TUCKY
kucHoO y 101 kITa (f=1000 I'tt, d = 2 mm).

Fig. 3. The emission spectrum of the OND between the tungsten electrodes at
an oxygen pressure of 101 kPa (f=1000 Hz, d = 2 mm).

MOHMKEHOT'0 THUCKY KHCHIO mocsaraina 1,25 MBr B uacoBomy iHTepBaJi
130-140 Hc Bix moyaTKy 3amaJIlOBaHHA PO3PANY, a4 eHeprid B OKpeMoMY
eJeKTPUYHOMY iMIIyJabci 3MeHIITyBasacsa no 185,3 mIx.

Cuekrep BumpominenHs miaasmum ITHP B rasomapoBiit cyminri «ku-
CeHb—BOJIb()pPaM» HaBeJIeHO Ha PUC. 3, a pe3yJabTaTHu Horo imzeHTudikarii
— B Tab6a. 1. Iina po3mu(ppoBKY CIIEKTPY BUIIPOMiHEHHA ILJIa3Mu O0yJin

TABJINIIA 1. Pesyabratu igentudikailii coekTpy BUIPOMiHEHHS IJIadMuU
ITHP wmixx enexTpomamu 3 Boabdpamy 3a Tucky KucHio y 101 kIla i wactoru
ciaimyBanHs iMmmryabceiB Hanpyru y 1000 I'.

TABLE 1. Results of plasma emission-spectrum identification for the OND
between the tungsten electrodes at an oxygen pressure of 101 kPa and a volt-
age-pulse repetition rate of 1000 Hz.

IeHCH ’
Ne' | Aragn, HM BixH. 0. O0’€KT |Emmun, €B| Esepx, €B| TePMiumun TepMzepx
1 313,48 967  OIl 25,65 29,60  3p°D° 45°P
2 2(3 2 2(3
2 328,75 1110 Ol 25,84 29,61 2°2P (P)3p2s2p(°P)ds
Ps)o Ps)2

25%2p*(*P)3p 2s*2p*(*P)3d

3 339.02 1130 OII 25,28 28,94 29, 5 2P, 5
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IIpodosicenns TABJIUIII 1.
Continuation of TABLE 1.
2 ra6ry, HM Bj.,Z[H. oIl EKT eB Bepxs € €PMumxn €PMgepx
2 2(3 2 2(3
4 347,06 724  OI 26,24 29,82 252P (CP)3p 252p(°P)ds
D5/2 P3/2
2 2(3 2 2(3
5 37494 713  OIl 2299 2630 2°2h (P35 25°2p (F)p
5/2 3/2
504 4 6
6 39553 931 WI 243 5,57 0¢(G)6s 5d76sCD)Ts
G6 D6
5(6
7 400,87 1385 WI 0,365 3,45 5d$sf)68 5d5(5S)6p P
5(6
8 407,43 3871 WI 0,365 3,40 5d$s?6s 5d5(°S)6p "Ps
9 436,83 2596 OI 9,52 12,36  353S° 4psP
2 2(3 2 2(3
10 464,91 2934 OT 22,99 25,66 2°2P.CP)3s 25°2p°CP)3p
P55 Dqy2
2 3(4 2 34
11 615,81 1422 OI 10,74 12,75 232’;[533)31’ 2321;1543)“
12 656,27 292  H., 10,20 12,09 2p2P° 3d 2Dy
2 3(2
13 715,67 1200 OI 12,72 14,46 2° Z%ZD)?‘S2322;73(2D)3p11)2
14 748,06 1165 OI 14,12 15,78  3s"%P 3p" D
2 34Q°
15 777,19 9649 OI 9,14 10,74 2° 21;;0?)332322;;3(43)3;;5})3
2 2D° 2 2D°
16 796,33 2256 OIIl 45,47 47,03 2° 2%5)4;; 28 25’1(301:)4‘1
2 2Pp° 2 2p°
17 817,21 2691 OII 44,46 45,98 2° 2{’}?’“ 2s 215’]()5)41’
2 374 Q° 2 3(4Q°
18 844,63 3032 OI 9,52 10,98 2° 2123(018)33 2s 2%;28)31’
2 3(271N)° 2 3(21N)°
19 882,04 784 O 12,72 14,13 2321313021))33 2321’1}31))31’
2 34Q° 2 3(4Q°
20 926,60 1121 OI 10,74 12,07 232};},38)31’ 232}571505)3d

BUKopucTaHi moBigaukm [10, 11].

B IITHP y rasomaposiii cymiIii «KuceHb—BOJIb(paM», KPiM TPHOX JIi-
Hifi atoma Boabdpamy (Ne 6-8; Tabs. 1) cmocrepiranmesa mepeBasKHO
cuekTpaabHi ginii O I, O II, O III, a Tako:X ZOCTATHLO iHTEHCHUBHA JIiHisd
atomy ligporeny (H,), HagaBHiCTh IKOI B CIeKTpaX BUIPOMiHEHHS 3Y-
MOBJIEHO JOMIIIIKaMM IapiB BOAM Yy KUCHI TeXHIUHOI UMCTOTH Ta PO0O-
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TOI0O B yMOBax (hOpBaKyYyMHOT'O BilKauyBaHHSA PO3PSATHOI Kamepu (3a-
JUIMTKOBUH TUCK mOoBiTpsa — 5—10 I1a).

4. CIIEKTPA PAMAHOBOI'O PO3CISIHHSA JIASEPHOI'O
BUITPOMIHEHHA TOHKUMMU IIJITBKAMUA ORCHA 1Y
BOJIb®PAMY

PamaHOBi criekTpu ILJIiBKM, CHHTEe30BaHO1 3 npoayKTiB ITHP mix enekT-
pomamMu 3 BoJab(ppamy 3a aTMochepHOro THCKY KMCHIO, HaBeIeHO Ha
puc. 41i 5. CrieKTpu peecTpyBaancsa 3 OCTPiBIIiB posmipamu y 3—10 MKM,
AKi CKJIamaincs 3 CHHTE30BaHOI y IJIa3Mi cIoJIyKHM Ha ocHOBi Bosbgdpa-
my # Oxcuremy. Imentudikamis PamamoBux cmeKTpiB po3CiAHHA BU-
IIPOMiHEeHHS Jla3epiB HMpoBOAMJIACA 3 BUKOPHUCTAaHHAM Iparb [12-16].
OcHOBHA YacTHHA CUHTE30BAHUX OCTPIBIIiB MaJjia XapaKTepHi po3aMipu y
3x3 MKM? i Ha CBITIMHAX BOHHU OyJIM TeMHOT'O KOJBODY. 1xHiit PamaniB
CIIeKTep HaBeleHO Ha puc. 4. Ha pucyuky 5 HaBegeno PamaHiB criekTep
IJI OCTPiBIIeBUX ILIIBOK 3 TUIIOBUMHU posMipamu y 3x10 Mrm?, axi Oyau
cBiTUriIIImMm.

Cmyru, HaBeqeHi Ha puc. 4, crmocTepiranucs B mpanax [12, 13]. Cmy-
ra 3a JoB:KMHU XBmIl A =263 cm! Bigmosizae O-W-0O-mozam 3B’ 3Ky
W-0-W (mozam Buruny) 38’ asysanusa Oxkcureny; cmyru 3a A= 706 cm !
i A=805cm™! manexare 1o W-O-postarysarHasa. IliKm 3a JoB:KmMHAX
XBuJIb A=T706cm ! i A=805cm ! MoxKyTh GyTH IIOB’sI3aHi 3 CUMETPHUY-
HUMU Ta HECHMETPUUYHNMHU KOJIUBAHHAMHU 3B’ A3KiB W°'-0O (Mmomam pos-
TATYBaHHA) B OKTaegpuunomy 6somi WOs [14, 15]. 3cyBu MmakcuMyMiB

T
5000 | o IPR_W (NO) _
= ——1785 mm (I1=0,5-10°Br/cn?)
3 ——633 mv (I=0,14-10°Br/cne?)
4000 - ——532 mm (1=0,095510°Br/cv?

3000

2000

I, BimH. of.

1000

0 . L . 1 N 1 . 1 ks L 1 N
0 500 1000 1500 2000 2500 3000 3500
PamaniBceKMiT 3cyB, cM !

Puc. 4. Cuexrep PamMaHOBOT0 pO3CisTHHS CBiTJIa OCTPiBI[IMU HEPIIOTO TUITY.

Fig. 4. Raman scattering spectrum of the first-type islands.



VMOBU I'AB0PO3PSITHOI CHHTESY TOHKNX ITIJITBOK OKCUITY BOJIb®PAMY 1171

600 T T T 1
800 T T v T T v ]PR W 4
IPR_W (N3) —532 HM (I =0,095510°Br/cm?)
— 532 mm (I =0,0955-10°Br/cv?)
= 600} 8 5
° ® < 400t
= =
.E , .g
~ 4001 -
~ s
L AN e L
0 500 1000 1500 2000 2500 3000 3500 0 500 1000 1500 2000 2500 3000 3500
Pamanincnimit seys, e Pamaniscrrmii scys, e
a 0

Puc. 5. Cuextep PamMaHOBOTO PO3CiAHHSA CBiTJIa OCTPiBIAMU APYTOTO TUIY.

Fig. 5. Raman scattering spectrum of the second-type islands.

OiKiB CMYyT Bif MaKCHUMYMiB, SKMX HaBeJEeHO B IIPAIlSIX iHIINX aBTOPIB,
MOXKYTEL OyTH OB’ A3aHi 3 GopMyBaHHAM CcTPYKTypu WOs_, 3a paXyHOK
ctBopeHHa OKcUT'eHOBUX BakaHCii [15].

IIix wac mociaimsxkeHHA OCTPiBIIiB Apyroro tumy (puc. 5) 3 BUKOPUC-
TaHHAM BUOPOMiHeHHA Jiadepa Ha A =532 HM cIocTepirajamcsa cCMyTHu B
obmactax A=200-400cm! i A=600-850cm!. Cmyru B giamasoHi
A =200-400 cm ! moB’sizani 3 peskumamu Buruny O—W-0. Takoxx cioc-
Tepirajgaca BHCOKOUACTOTHA CMYyTra MijK cMyraMu 3 JOBKUHAMU XBUJIb
A=60011000 cm !, 10 moB’A3aHe 3 peskuMamMu po3tarysanus W—0 [16].
Hanuii cmeKkTep € aHAJOTIYHUM CHEeKTPY, HaBedeHOMY B mparli [16].

5. BUCHOBERH

TakyM YMHOM, BCTAHOBJICEHO, IO 3a aTMOC(HEepPHOro THCKY KHCHIO MiXK
eJIeKTPOAaMHU 3 BOJIb(MPaMy i3 MisKeJeKTPOIAHOIO BiAJa/Ii0 y 2 MM 3ama-
JgioBaBcs opHopigauil ITHP 3 MakcuMaIbHOIO aMILJIiTy o010 HATIPYTH OJI-
Hoi mossapHocTu 0 30 KB i crpymy m0o 100 A 3 TpuBasiicTIO IIyr'y B Me-
skax 500 mc i yacToToio Bcepeauui nyry y 5—10 MI'ti, 1110 € onTuMAaIb-
HUM [Jisd pyWHYBaHHA IIOBEPXHI €JeKTPOJ i CMHTe3W TOHKUX ILJIiBOK 3
Takol miaasmu. MakcuMmaJjabHa iMmmyabcHa nmoryskHicTs ITHP ckiaamamna
1500 kBt (3a p=13,3 klla) i 2200 kBt (3a p=101 kIla), a maibinbmri
eHeprii B omHOMY eJIeKTPUYHOMY iMmyabcei caranm 185,3 1 245,4 mIx
BiZIIIOBiAHO, TOOTO 3MEHINIEHHSA THUCKY KHCHIO IPUBOIMIO MO 3HAUHOTO
3MEHITIeHHA eHepreTnyHnX xapaktepuctuk ITHP.

JocaimxeHHsa clieKTpPaJlbHUX XapakTepucTuk rmiaasmu ITHP B raso-
MIapoBill cyMiIri «KmceHb—BOJb(hpaM» MOKAa3ajo, IO HaWbiJbIl iHTeH-
CUBHUMU B cIeKTpax OyJsu JiHii aromis i fioniB OKcureny; 3aMeHITIEHHST
YaCTOTHU CJHigyBaHHSA iMoyabci crpymy 3 1000 go 80 I'tt mpuBoAMIO 10
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3HAYHOT'0 3MEHIIIeHHA iIHTEHCUBHOCTH BCiX CIIEKTPAJIbHUX JIiHiHA.

JlocaimkeHHs CUHTE30BaHUX B €KCIIEPUMEHTI IIJIiBOK METOI0I0 MiK-
POpPaMaHOBOI CIIEKTPOCKOIIiI IT0Ka3aJI0, IIT0 BOHU CKJIALAI0TLCA 3 OKCHUIY
Boasdppamy WO;s Ta 3 oKpeMHUX OCTPiBI[iB ABOX THIIIB i3 posmipamu y
3x31i3x10 mrMm2.
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BniueB momepeaHb0ro HABOAHIOBAHHSA HA TepMonudysiiine
XPOMYBAHHA Ta KaBiTalliiilHy CTiHKiCcTh ByriieneBuX KpUIb i
ciporo yaByHy

M. C. Creunmun, M. €. Ckuba, H. C. Mamose1is, B. C. Kypckoii,
M. I. ITeneniok”

XmenvHuyvbKkuil HayioHAAbHUL YHi6epcumem,

8yn. Incmumymecoka, 11,

29016 Xmenvrhuyvkuil, Ykpaina

*TepHoniavcvruil HAYioHabRUl mexHiuRuil yHieepcumem imeni Ieana ITyaiwos,
sy.. Pycvka, 56,
46001 Tepnoniav, Yrpaina

3anpooHOBaHO cIoci0 TepMoAU(PY3iAHOTO XPOMYBaHHSA B IIOPOIITKAX, AKHHN
BKJIIOUAE ITOIEpPenHE eJeKTPOJiTHUYHEe HaBOJHIOBAHHA 3a KaTOMHOI IOJApU3a-
il y 26%-posunHi cipuanoi xuciaoru. HaBeneri B pobori gaHi pesyabTaTiB Ie-
PEKOHJIUBO CBigUaTh PO e()eKTUBHICTh HABOAHIOBAHHSA IJIsI 30i/IbIIIEHHS TOB-
IUHA KapOigHOI 30HU ByIJIeIleBUX KPHUIIL i uaByHiB. Ilomepeare HAaBOAHIOBAH-
HS IAjJI0 3MOTYy 3HAYHO 301JIBIIIUTH TOBHIMHY KapOigHol 30HU Audy3iiHOrOo I1a-
py. AHanisa ofepsKaHMX 3aJeKHOCTEH IIoKasaJja, II[0 HaWOiJIbIIl iHTeHCHUBHE
3pOCTaHHSA KapOiJHOIO IIapy CIOCTEPIiracThCA 3a I'YCTUHU CTPYMY aHOIHOI II0-
aapusanii Aasg ByriemeBux Kpuib i=1-3 mMA/mm2, a ansg dasyny i=0,5—
2,0 mA /Mmm?. Tak, ToBmmHEA KapbigHOI 30HM Ha Byrienesux kKpunax 20 i 45
36iybIInIacsa npudJIn3HO B 3 pasu, a Ha yaByHi — B 1,4 pasu. ByJio npoBeneHno
ONTHMi3aIlito 3 METOI0 3HAXOYKEHHS ONITUMAJbLHUX YMOB HABOAHIOBAHHA AJIA
oJlep;KaHHSI MaKCUMAaJIbHOI TOBIUHY KapOiHOI 30HM XPOMOBAHOTO IIapy, IO
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BH3HAYA€E KaBiTAI[iHHO-ePO3ifHY CTiKiCTh KPUIh ¥ TEXHOJOTIYHUX PO3UMHAX
XapuYoBUX BUPOOHUIITB, 30KPEMa y po3unHaxXx KyXOHHOI coJi. BogHopas, KaBi-
TaliiHO-epOo3iiiHa CTiKicTh (3a BTpaTaMu MacH 3a 3 roJ BUIIpoOyBaHb Ha Mar-
HeTOCTPUKIlifiHoMy BiopaTopi) B 3%-posumui NaCl nigsuiniyerbcs qisd Kpuiri
45 B 10 pasiB, aaa kpuiii 20 B 12 pasiB nopiBHAHO 3 HOPMAaJIi30BAHUMMU, a AJIA
yaByHy CH20 B 3,6 pasu mopiBHAHO i3 3BUYailHUM XpOMYBaHHAM i B 25 pasiB
TMOPiBHAHO i3 MO0 CTIKiCTIO B CTAaHi ITOCTABKU.

Kuarouogsi caoBa: Kap0OigHMii 11ap HAaBOAHIOBAHHA, KAaTOAHA IIOJAPU3AIlisd, Tep-
mMoaudysiliHe XpoMyBaHHS, KaBiTarris.

A method for thermal-diffusion chromizing in powders is proposed, which
includes preliminary electrolytic hydrogenation under cathodic polarization
in a 26%-sulfuric-acid solution. The results presented in the work convinc-
ingly demonstrate the effectiveness of hydrogenation for increasing the
thickness of the carbide zone of critical steels and cast irons. Preliminary hy-
drogenation increases significantly the thickness of the carbide zone of the
diffusion layer. Analysis of the obtained dependences shows that the most
intense growth of the carbide layer occurs at the current density of anodic
polarization: for carbonaceous cores, i=1-3 mA/mm?2, and for cast iron,
i=0.5-2.0 mA/mm?2. Thus, the thickness of the carbide zone on carbonaceous
steel 20 and 45 are increased by approximately 3 times, and on cast iron, by
1.4 times. Furthermore, optimization is conducted to find the optimal condi-
tions for hydrogenation to achieve the maximum thickness of the carbide
zone of the chromized layer, which determines the cavitation—erosion re-
sistance of steels in technological solutions of food productions, particularly,
in solutions of table salt. In this case, the cavitation—erosion resistance
(based on weight loss over 3 hours of testing on a magnetostriction vibrator)
in a 3%-NaCl solution is increased for steel 45 by 10 times, for steel 20, by
12 times compared to normalized ones, for cast iron SCh20, by 3.6 times
compared to standard chromizing, and by 25 times compared to its resistance
in the delivered state.

Key words: carbide-poor layer, hydrogenation, cathodic polarization, ther-
mal-diffusion chromizing, cavitation.

(Ompumano 8 6epesns 2024 p.; ocmamoyur. sapianum — 6 mpasrnsa 2024 p.)

1. BCTYII

Ha crorozni mig yac BuBueHHs nporieciB audysii BeJIUKy yBary opumi-
JSAI0TH poji auciokaniii [1-4]. Buasaeno, mo augdysia B HaIpaAMKY
KpamoBUX AUCJOKAIIill Mae HAMHNIKUY eHeprito akTuBailii. Bruius guc-
JIOKAIlifi Ha MpUIBUIIIeHHA npoiecy nudysii A. H. MinkeBuu [5] mo-
SICHIOE TUM, IO 3 MiABUINEHHAM IXHBOI KOHIIEHTpAIlii a00 mepeMilieH-
HAM, MiABUINYEThCA I'YCTHHA BaKaHCil i, KpiMm Toro, B Oesmocepenmiii
O0JIMBBbKOCTI Bia AUCIOKAIlill MOMKJINBE TaKOXK HellepepBHEe I'eHepyBaHHS
HOBUX IUCJIOKaIlii [6, 7].

Boamouac, BimoMo, 110 B IpoIleci HABOAHIOBAHHS B IOBEPXHEBUX IIIa-
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pax MeTaJIiB i CTOIIiB 3poCcTa€ I'yCTHA BaKaHCi, JUCJIOKAIIINA Ta iHIINX
IedeKTiB KpucTaaiuHol OyA0oBY, 1[0 3yMOBJIIOE IIiIBUINeHHSI MiKpPOTBe-
POOCTH Ta IOABY 3aJUINTKOBUX HAIPYKEHb CTUCKY B MOBEPXHEBUX IIla-
pax, aki carators 80—-100 MIla [8]. 'igporen cupuse (B pe3yJbTaTi BU-
COKOTO THUCKY MOJeRyJApHOro 'imporeHy y BHYTPIITHiX KOJIEKTOpaXx)
YTBOPEHHIO IMOPUCTOCTH, IIOSBi JJOKAJBHUX CIOTBOPEHb I'PATHUIL, BU-
HUKHEHHIO Ta PO3BUTKY TPilllNH, TPUBOAUTH A0 BiTHOBJIEHHA KPUCTAJIB
IIeMEeHTHUTY B 3epHi mepiity (mexapboniszaris) [9-13], mio Taxko:k min-
BuIy€ Koedimient qudysii Xpomy. Kpim Toro, mig uac HaBOgHIOBAHHS
MeXKi 3epeH MeTaJIiB MOTOBIIYIOThECA BHACHIZOK mudysii S, Ar, Sb, aki
BUIIIAIOTHCA IO MEJKi 3epeH mocalbaiooun 3UellIeHH A iX, i TAKUM Un-
HOM, IMMOHMIKYETHCA eHepria aktuBamii nudyaii [14]. IloToBmieHHa MeXx
3epeH TaKOK Ma€ CIIpUATH 30iabITeHHI0 KoedilienTa nudysii Xpomy Ha
MeKax y-TBepaoro po3umny [13, 14].

3 BUKJIQJIEHOTO OYEBUAHO, IO 3 IIPOBEIEHHAM Mepen XeMiKo-
TepMmiuauM 00pobaenuAM (XTO) HaBOOHIOBAHHSA METAJIiB i CTOMmIB cirix
ouikyBaTu Ha iHTeHcudikaiito mpormecy XTO.

Hna spificuenHsa mpoitecy HaBomHoBaHHA nepen XTO moxxHa 3acTo-
coByBaTH pisHi cmocobu. HaiibinbIln yacTo BUKOPUCTOBYIOTEH: 1) eJIeKT-
poaiTuuHMH cocib 3a KaTOMHOI moIsTpu3aIlii B eJleKTposiTax; 2) xemiu-
HUH cIocib 3a Oil KMCIMX cepefoBUII, a TaKOMK PO3UMHIB, II[0 MiCTATH
cipxoBozeHDb; 3) HaBOMHIOBAaHHS B JKeBpiitHoMy pospani. Ileprri aBa
crmoco0u He BUMATAIOTh CIEIiIJIbLHOT0 00JIafHaHHA, ITPOBOAATLCA 34 Ki-
MHATHOI TeMIIepaTypu Ta 6e3 0y Ab-AKNX iCTOTHNX eHePTOBUTPAT.

2. METOOUEKH ERCIIEPUMEHTY

HasoguioBanHa Byrienesux Kpuib 20, 45 i ciporo wasyry CH20 mpo-
BOJIMIHN €JeKTPOJITHUYHNM CIIOCOO0M 3a KATOMHOI IMOJIApu3aIlii B eJIeKT-
poJiiti. B IKOCTi eJIeKTpoJIiTy IJd 3MEeHIIeHHA Yacy HaBOAHIOBAHHSA ¢
€HepProBUTPAT BUKOPUCTOBYBaIH 26%-po3unH cipuaHoi Kucaotu [15].

KaTtogne HaBOAHIOBAHHS MPOBOIMIN 34 TOIOMOIOI0 CIIEIisIIHLHO CKO-
HCTPYHOBAHOIO JsKepeJia IIOCTiHHOrO CTPyMy 3 aHOJOI0 3 Heip:KkaBiiHOI
IJIACTUHY (3a HAaBOMHIOBAHHS HEBEJUKUX 3pasKiB 3aCTOCOBYBAJIU JOIIO-
MisKHY IJIATUHOBY aHOY CTAHAAPTHOI eJIEKTPOXEeMiUuHOI KOMipKHM).

3rigao 3 [16], HaliBUIa HABOAHIOBAHICTh BYTJIEIIEBUX KPUIHb CIIOCTe-
piraeThcsa micya HopMaisamii 3a rycTuHu cTpymy 40 5 MA /Mm%, Bpaxo-
BYIOUM, IO 38 MEHIIUX I'YCTUH CTPYMY IoJapusarllil posmnoxgina I'ixpore-
HY 0 rIuOUHi cTae 6iIbIT PiBHOMIpHMM, HABOAHIOBAHHSA HOpMAaJlizoBa-
HUX 3Pas3KiB IPOBOAMIN 3a I'ycTUHHU cTpyMy i=0,5-3,5 MA/Mmm? B 26%-
po3uMHi cipuaHOi KMCJIOTH, 1110 3abe3meuye MiHiMaJabHN, Y TOPiBHAHHI
3 iHIMMMY peakTUBaMU, Yac HaBOHIOBaHHA [16].

3a garumu [10, 17] mig gyac eeKTPOSIiTUYHOTO HABOAHIOBAHHSA IIPO-
TSATOM 1 TOAMHU MiKPOTBEPAiCTh KPHUIIh Pi3KO 3pocTae, moTiM cTabdimisy-
€ThCA Ta HAJAJIi 8MeHIIyeThca. VIMOBIpHO, Ha IOYATKOBOMY €TaIIi ZOCA-
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raeThbca MaKCUMaJIbHa I'yCTHHA OUCJIOKAIlill i Bakamci (3a 1 roquHy Ha-
BOIOHIOBAHHSA), a 3MEHIIIEHHI MiKPOTBEPIOCTH 3yMOBJIEHO TOCATHEHHIM
THCKOM MOJIEHi30BAHOTO B KOJIEKTOpPaX BOAHIO BEJIMYMWH, SKi IIepeBu-
ITYIOTh MEKY MiITHOCTH IIOBEPXHEBOI'O MIapy, IO IPUBOAUTL A0 YTBO-
peHHA MiKpPOTPIIliuH, 0P i, AK HACJiIOK, BUKJINKAE OT0 3BHEMIITHEHHA.
Byayuym croxkamMm aucJaOKAallill, MiKPOTPIiIMHU @ IIOPU BUKJINKAIOTH
3MEHIeHHA I'YyCTUHY AUCJIOKAIil i BaKaHCi#, 10 IPUBOAUTEL A0 3MEH-
nieHHa KoedinierTa nudysii. Tomy MakcuMaabHUN Yac HABOJHIOBAHHSA
He Ma€ MepeBUITYyBaTH UYacy JOCATHEHHA MaKCUMaJbHOI MiKpOTBEpPAOC-
TH, TOOTO 1 TOTUHY.

[ migBUITeHHA 3HOCOCTIHKOCTHY AeTasiB 00JIafHaHHA Pi3HUX raJry-
3eil MaImnHOOyAyBaHHsd, 30KpeMa HiJBUINEHHS KOPO3iliHO-MexaHiuHOI
saococriikoctu (KM3) nerasiB mamus i amapaTiB Xap4oBOi IIPOMMCJIO-
BOCTi, IITIPOKO 3aCTOCOBYIOTH XeMiKO-TepMiuHe 00pOOJeHH: TePMOLU-
(dysiline XpoMyBaHHA B IIOPOIIKAax y HErepMeTUUYHUX KOHTelHepax,
a30TyBaHHA B JKeBPilfHOMY pPO3psA/i, BAKYYMHO-IIJIa3MOBY TEXHOJIOTiIO,
eJeKTPOJiTHUHE XPOMYBAHHSA Ta IleMeHTaliio Tomo [13, 14].

Croci6 xpoMyBaHHSA B MOPOIIKAX € HAWIIPOCTIIINM, He BUMAarae cie-
IiAJbHOTO OOJIagHAHHA, MOKe OyTH 3[4iliCHEHNM B yMOBaX PEMOHTHUX
MalicTepeHb ITiAITPUEMCTB XapUuoBOi IIPOMUCIOBOCTU i TOMY OYB HDOCJIi-
IKeHu# y it poooTi.

XpomyBasbHA cyMitn ckaaganaca 3 50% (depoxpomMy 3epHHUCTICTIO B
1-1,5 MmKM, 43% okcuny Amrominiro Ta 7% xjgopuny amoHio. Ilepen 3a-
CTOCYBAHHAM XJIOPHUJ AaMOHII0 IIPOCYIIIyBaJu 3a TeMIepaTypu v
403-423 K porarom 2 rog1H i pO3THUPATIN B IIOPOIIIOK.

ITopomiok okcuny AnoMiHiro Ta GepoxpoMy HPoKapoOBaJIU 3a TeM-
neparypu y 1373 K mporarom 4 rogue B KOHTEHHEPi A1 XPOMYBaHHA.
Tepmoaudysiline XpoMyBaHHS ITpoBoauIu 3a Temiepatyp v 1373 K nnsa
Kpunbi 1323 K ana vaByny TpuBaiicTio 6 rogunu [18, 19].

KasiTamiiino-eposiliHna 3HOCOCTiMKicTh MeTaiB JoCIimsKyBaJjacsa Ha
YCTaHOBIII 3 MAarHeTOCTpHKIifiHUM BiopaTopom (MCB). ¥YcranoBKa
CKJIAaeThCcA 3 YAbTPa3ByKoBoro remeparopa Y3 H-A mory:kuicTio y
150 Bt, uacToroio KoauBaHb y 22 KI'Il i aMIIiTy 1010 KOJIMBAHL KOHIIEH-
TpaTtopa y 5—85 mkm [18]. PospobiieHa MeTommKa IIpPOBeIeHHA KaBiTa-
IifiHO-epO3iHNX BUIPOOYBaHL 3 JIBOKOHTYPHOIO CHCTEMOIO OXOJIO-
IXKeHHSA po0ouMX CepemoBUII YMOMKJINBIIIOE ONEepP:KYBAaTH B JIabopaTop-
HUX YMOBaX pe3yJabTaTu OiJbII HaOJMMKEeHi 0 XapaKTepUCTUK 3HOCO-
CTiAKOCTH B yMOBaX eKcILryarailii. BcTaHoBIeHHsS TBOKOHTYPHOI CHC-
TEeMU OXOJIOIKEHHS Taj0 3MOTY, K MOKAal3aji MPoBeJeHi BUIIPOOyBaH-
Ha [20-22], yHUKHYTH BILIUBY TeMIIEPATYPHOTO YNHHUKA PYHHYBaHHS
Ha iHTeHCUBHICTD 3HOIITYBaHHSA TOBEPXOHD 3pas3KiB.

3. PESYJIBTATH TA IX OBTOBOPEHHSA

Ha pucymkry 1 moxkasamo BIJIMB IOIEPEIHBOT0 HABOAHIOBAHHSA KPUIH
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Puc. 1. Brius rycTUHU CTPYMY KaTOLHOI mOJIApu3allii i Ha ToBIIuHY A KapOin-
HOI 30HU XpoMoBaHux Kpunb 20 (1), 45 (2) ta ciporo uasyny CH20 (3).

Fig. 1. The influence of the current density of the cathodic polarization i on
the thickness & of the carbide zone of chrome-plated steels 20 (1), 45 (2) and
grey cast iron CH20 (3).

20, 45 ta vapyny CH20 Ha ToBIHIMHY KapOigHOI 30HM XPOMOBAHOTIO IIIAPY
B 3aJIesKHOCTi Bij rycruHu ctpymy noaapusarnii. HaBogHioBaHHA IIpo-
BOAMUJIM KaTOAHOIO TOJAPU3AIli€l0 3 ILIATUHOBOIO AaHOAOI0 IIPOTSATOM
20 xB p1sa Byrienesux Kpuilb i 30 XB 11 yaByHy. XPOMYBaHHSA 31itic-
HIOBaJIV 34 PeKUMaMU, HaBeJeHUMU BUIIIE.

Ilomepente HaBOAHIOBAHHS JAJI0O 3MOT'y 3HAYHO (B 2 pasu IJaA KPUILL
20, B 3 pasu aasa Kpuii4b i B 1,4 pasu 11 4aByHY) 30iJIbIIINTH TOBIIH-
HY KapbigHoi 3oy qudysiiiHoro mapy. Anaaxisa ogepKaHUX 3aJeKHOC-
Teil moxasye (puc. 1), 110 HafOiABII iHTEeHCUBHE 3pOCTAHHA TU(Y3ifiHO-
T'0 IIapy CHOCTEPiraeThCcA 3a I'YCTUHU CTPYMY aHOIHOI MOJAPU3aIlii 1yia
ByTUIeIleBUX Kpullb i = 1-3 MA /MM2, a g1 uaByny i = 0,5-2,0 MA /MmMm2.
OnTumisaiis peskMMiB iHTEHCUBHOTO XpOMYBaHHS Kpulib. MeTra onTu-
Mizarii — 3HaXOAKeHHA ONTUMAaJbHUX YMOB HAaBOJHIOBAHHS MJIS Ofe-
p:KaHHA MaKCHUMAaJbHOI TOBIMUHYU KapOigHOI 30HM XpOMOBAHOIO IIIapy,
IIT0 BU3HAYAE KaBiTaIilfHO-ePO3ifHY CTIiHKICTh KPUIIh Y TEXHOJOTIUHUX
po3UMHaX XapuyOBUX BUPOOHUIITB, 30KPeMa Y PO3UMHAX KYXOHHOI coJri.

OnTumizallis mpoBoguIacsa 3 BUKOpUCTAaHHAM MeTony Bokca—Bincon
[28, 24]. fIk mapameTep onTHMisaIlii y 00paHO TOBHIUMHY KapOigHOI 30HU!
XPOMOBaHOTO I1apy. BapioBanu GakTopu: X1 — TYCTUHY CTPYMY KaTo-
nHOI monspusaiii (MA /Mm?); x2— dyac HaBOAHIOBAHHA (XB).

Y mpunyineHHi, 1o y BudpaHiii odaacTi cepii mocaigis ainitinumii mo-
eJIb BUABUTHCA aJeKBAaTHUM NPUNAHATO ABOPiBHEBUII OPTOTOHAJNBHUH i
poraTabesnbHUIT IJIaH, SKUHM 3aJ0BOJbHAE PAaKTOPHUN eKCIIEPUMEHT THU-
my 22,
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Puc. 2. 3aneKHiCTD IMMIBUAKOCTY PYHHYBAaHHS BiJ yacy BUIPOOYBaHHS HOKPUT-
TiB 3 PiBHOIO TOBIMHOIO KapOiJHOI 30HU XPOMOBAHOTIO IIapy Kpui 45 [MxM]:
35(1); 91 (2); 114 (3); 123,5 (4); 203,5 (6).

Fig. 2. Dependence of the rate of destruction on the test time for coatings with
different thicknesses of the carbide zone of the chromium layer of the steel 45
[um]: 35 (1); 91 (2); 114 (3); 123.5 (4); 203.5 (6).

ITicoa peasizarii moBHOTO (haKTOPHOTO EKCIIEPUMEHTY OJEPIKAaHO Ta-
Ki piBHAHHS perpecii:

y=382,75+2,00x1 + 2,75x, (xputa 20); 1)
y=176,5+5,0x1 + 8,5x; (kpuis 45). (2)

Amnaiiza omep:xanux piBuaHb (1), (2) mokasye, 110 roinduHa Kapbis-
HOI 30HM XPOMOBAHOTIO IIapy OiJbIITIOI0 Mipoi0 BU3HAYAETHLCA YacoOM Ha-
BOJHIOBAHHSA, Hi’K I'YCTUHOIO CTPYMY KaTOLHOI ITOJIAPU3aIrii.

Ha pucyaky 2 mnoxasaHO 3aJIe’KHOCTI IIMBUAKOCTH KaBiTallifiHo-
eposiiinmoro pyiiHyBaHHS BiJl uacy IpoOBeAeHHsA BUIIPOOYBAHb IIOKPUTTIB
y 3%-posunHi xaopuay Harpiio i3 pisHOIO TOBIIMHOIO KapbigHoi 30HHI
XPOMOBAHOTO IIAPy KPUIli 45.

AK BumIMBae 3 puc. 2, 3pasok 6 Mae HaAHTIIII TOKa3HUKM JOBIOBiU-

HOCTH, ajie 3pa3oK J Maii;Ke He IIOCTYIAEThCA HOMY i, pasoM 3 TUM, BiH
Ma€e 3HAUHO MEHIIY IIBUAKICTL pyHHYBaHHA KapOimHoro mrapy. Tyt i
JIaJii i JOBroBiYHICTIO 3MiITHEHOT'O XPOMYBaHHAM ITIapy PO3yMieMo yac
Big mouaTKy BUIPOOYyBaHb 1O MOMEHTY Pi3KOT0O 3POCTAHHSA ITBUIKOCTH
ioro pyiiHyBaHHA.
Onrumizanis pe;kuMiB iHTEHCHBHOTO XPOMYBAaHHSA ciporo uaByHy. PiB-
Hi (paKTOPiB Ta iHTepBaJiu BapiloBaHHA IX BUBHAUEHO Ha MiJicTaBi JiTe-
parypHux mnanux [9, 14] ra anpiopHUX TaHUX, OJEPKAHUX Y PE3yJIbTaTi
HoIepesHiX AOCIIi I KeHb.

Ilicna peasrizarii moBHOT0O (DAKTOPHOT'O €KCIIEPUMEHTY OJeP:KaHo Ha-
CTyITHEe PiBHAHHA perpecii:

y=51,15+1,2x: + 2,7x> (CU20). (3)
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Ilicaa sacTocyBaHHA MeETOAY KPYTOrO CXOIKEHHA IO I'PajgieHTy
3HAWIeHO PEeXMMIU HABOAHIOBAHHSA, IO 3a0e3mMeUyiOTh MaKCHUMAaJbHI
3HAUEHHs TOBIMWHU KapOiflHOI 30HWM XPOMOBAHOTO IIapy Ha YaBYHI
Cc420.

Amnaiiza omep:raHUX HAHUX TOKAa3ye, IO 3 HABOAHIOBAHHAM YIIPO-
IoB:k 60 XB I1ap BUXOAUTD JEI0 OiJIBIITNM; IIPOTe BiH € i1 OiJbII HepiB-
HOMipHUM 1O AOB:XKWHI nmuaiy. Buxogdaum 3 mux MipKyBaHb, AK ONTU-
MaJbHUN 06paHo HacTymHui pexxum: i = 1,5 MA/mm?, 1=45 XB, 110 3a-
Oesmeuye 36iabiIeHHa Kapbiguoi souu CH18 B 1,4 pasu mMOpiBHSAHO 3 Bi-
JTOMMM CIIOCOOOM.

Hasegeni B Ta6x. 1 maHi mepeKOHJINBO CBiUaTh PO e(PeKTHUBHICTH
omepeaHbOrO HABOAHIOBAHHSA I 30i/IbIIIeHHS TOBITMHU KapbiaHoi 30-
HU BYTJIEIIeBUX KPUIIh i uaByHiB. Tak, ToBITMHA KapOigHOI 30HM Ha BYT-
geneBux kpuiax 20 i 45 soinbummiaca npudbiausHo B 2,5—3 pasu, a Ha
yaByHi — B 1,4 pasmu.

Bognouac, KaBiTalliiiHo-epo3siiiHa cTilikicTh (3a BTpaTaMmu Macu 3a
3 roguau BunpobyBaub Ha MCB) y posununax NaCl migsuiyerbesa s
Kpuiri 45 B 10 pasiB, a gaa kpuii 20 — B 12 pasiB y mopiBHAHHI 3 HOP-
MaJrisoBaHmMMU 3paskamu [25].

XpomyBanHA ciporo uaByny CY20 3a pospobiieHMM ciiocoboM y
1,4 pasu 30iablrye #oro moBroBiuHicTh (puc. 3), a KaBiTaliiiHa CTiii-
KicTh, BU3HAUEHA 3a BTpaTaMM MacH 3a 3 rognHu Bunpooysanbs Ha MCB
y 3%-posunni NaCl, migsuinyersca y 3,6 pasu MOPiBHAHO 3i 3BUYANHUAM
XPOMYBaHHAM i B 25 pasiB MOpiBHAHO 31 BHOCOCTIHIKiCTIO YaBYHY B CTaHi

TABJINIIA 1. Briius eIeKTPOJIiTUYHOrO HABOJHIOBAHHSA HA TOBIIUHY KapOin-
HOI 30HU WiJ yac XpoMyBaHHA (TeMIeparypa xpomyBauusa Kpuilb — 1373 K,
uyaByHiB— 1323 K, yac xpomyBanHsa — 6 rox).

TABLE 1. The effect of electrolytic hydrogenation on the thickness of the
carbide zone during chrome plating (chroming temperature of
steels—1373 K, cast irons—1323 K, chrome plating time—6 h).

Pe:xxuMm HaBOZHIOBaHHSA TosmuHa Kapois-
Marepisana ; HOI 30HH,
1Y I‘yCTI/lIVI}f:/C;i)IIZMy i, wac, XB .
Kpuna 45 1 20 91
3 20 114
_ - 35
Kpura 20 1 20 28,5
3 20 31,5
_ - 12
CY20 1 30 55
2,5 30 52

- - 38
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Puc. 3. KimeTuka INBUAKOCTH PYHAHYBaHHSA BiJ uacy BUIPOOYBaHbL IIOKPUTTIB
Ha CY20 3 pidHOIO TOBIIUHOIO Kapbiguoi soumu [MKM]: 38 (1); 47,7 (2); 49,2 (3);
52,2 (4); 55,5 (5); 56,6 (6).

Fig. 3. Kinetics of the rate of destruction from the time of coating tests on
CY20 with different thickness of the carbide zone [um]: 38 (1); 47.7(2);
49.2(3); 52.2 (4); 55.5 (5); 56.6 (6).

nmoctaBku [18].

4. BUCHOBRKH

1. Pospob6ieHo cmoci6 inteHcudikailii audysifinux mpoiieciB mim uac
XTO merasiB i cTo1iB, 110 BKJIOUAE IOIePeIHE HABOSHIOBAHHS 1X IIepe/
XTO enexTPOJITHUYHUM CIIOCOOOM.

2. Iloxasamo, III0 3aCTOCYBAHHS IIONEPEIHBOr0 HABONHIOBAHHS €JIEKT-
POIITHUYHNM CIIOCOOOM Ja€ 3MOTY 30iJbIINTH TOBIUHY KapOigHoi 30HI
XPOMOBAHOTO IIIapy Ha BYTJIENeBUX KPUIAX IPUOIN3HO B 3 pasu, a Ha
cipux yaByHax — B 1,4 paswu, 1110 YMOKJIMBJIIIOE ITiABUITUTH KaBiTaIlii-
HY CTifKicTh MeTaJIiB y po3UuMHAaX KYXOHHOI coJii B 2—5 pasis.

3. 3acTocyBaHHS METOAiB MaTeMaTUYHOI CTATUCTUKY ¥ aKTHUBHOTO ILjIa-
HYBaHHS eKCIIEPUMEHTY YMOMKJINBUJIO 3HANTH ONITUMAJIbHI PeKUMHU HAa-
BOOHIOBAHHSA, 110 320€31MeUyIOTh 301IbIIIeHH TOBIMHYN Kap0OigHoi soHu
XPOMOBAHOI'0 IIIApy Ha BYIVIEIIEBUX KPUIAX 1 cipuxX uYaByHax B
1,4-6 pasiB i, BigmoBimHO, HigBUIMUTH IXHI0O KaBiTaIlliliHO-epO3ilHY
cTifikicTs y posumuax xjgopuny Harpito Big 10 go 25 pasis.
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CrpykTypa Ta popma neHapuris 3aaiza B cromi cucremu Cu—Fe
3 mogaBaHHAM KapOoHy, 1110 3a;1UBaBCA, 0X0JIOIKYBaBCA
Ta TBEPHYB ITi/J] Ti€I0 MOCTIiHHOTO MATHETHOTO MOJIS

B. Horosinug, B. O. Cepenenxo, 10. M. Pomarenko”, O. B. Cepeznenxo,
B.4

0.
0. HCTAKOB
Dizuro-mexrnonoziuHuil incmumym memaanie ma cnaasie HAH Ykpainu,
6ynve. Akademira Beprnadcvrozo, 34/1,
03142 Ruis, Ykpaina
*HayioHaavHuill mexHivHUl YHigepcumem YKpainu

«Ruiscvruil nonimexnivnuil incmumym imeni Izopsa Cikopcvrozo»,

npocn. Bepecmeiicvkuit, 37,
03056 Kuis, Ykpaina

Cronmu Cu—Fe 3 migmoi0 ocHOBOIO i AucnepcauMu (= 10 MKM) 100y IApu30Ba-
HUMY BKpaIJIeHHAMH (asu 3ajisza € IepCIeKTUBHUMU SK MAaTePisian 3 BHCO-
KHUMU CHEIiAJbHUMU BJACTUBOCTAMU. JIMBApHiI TEeXHOJIOTIl € HU3BKOBUTPAT-
HHUMH Ta MaJI0o OOMeKeHN MU TOBIITNHOIO BUPOOiB, ajie 3a HU3bKUX IIIBUIKOCTEH
oxosomkenua ix (mo 50 K/c) dopmytoTbea posranay:keni memaputu (=100
MEKM). ToMy akTyaqbHUM € MOJINIIIeHHsS JUCIIEPCHOCTH 3aJi3H01 pasu i il 0y-
mosu. Beramosieno, 110 B cromi Cu—20% Fe, BuTomiaenomy B iHAYKIIifiHiil THr-
IJIbOBiM meui (3a Temmeparypu y 1723 K), mikposerosarmomy 0,05% C, posau-
Tomy y nuriagpudHi popmu (Re = (1,7-4,0)-10%, Ri=6,0-10"°, nuromi enepris
Ta OOTY:XKHicTb mepemimyBanHsa — 4,4 [:x/kr i 1,1 Br/kr), dopmyoTsca
CTPYKTYPHIi 30HU: nmepudepiiina oxonoakena 3a 19,6 K/c nporssxuicrio 17%
Big papmiioca BuJIMBKAa 3i CTPYKTypolO cycieH3ii (BKpamieHHA y 7,5 MKM) i
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uenrpaiabHa (1,1 K/c) 3 geagpuramu 10 350 MM, 3 axux 40% posgineHo Ha
¢parmenTu. IlocriliHe MmarHeTHe 1oJie, HaKJaJeHe Ha PO3TOII, IO 3aJIMBAaBCA
Ta TBEPAHYB, YTBOPHUJIO MarHeTOTiAPOAVMHAMIUHUI IIPUMEKOBUM (rapTMaHiB-
chbKmii) mrap postomny (Ha = 13,2) TroBimuHo0 ¥ 260 MKM, AKHWH CYITPOBOAYKYBaB
¢dpoHT KpucTadisaiii 3 popmyBaHHAM nepudepiiinoil 30HU, 301IBIITYIOUN TeI-
aoBigmauy (k= "72,9). TapTManiBchbKUit m1ap i migcuieHi mogem MiKkpoTeuii 6i-
Js MixK@dasHOI mMOBepXHi BKpalljieHb, 3yMOBJeHUX ederkramMu MapaHToHi Ta
3eebexa 3a peKaJiecIeHIlil JeHAPUTiB, 301JbIITUIN MIBUAKICTh OXOJOMKEHHSI
nepudepii (30,1 K/c), ii mupuny (34% Big pagiroca BuauBKa), JUCIEPCHICTH
cycnensii (3,3 MKM), moApi6HEeHHS AeHAPUTIB IeHTpaabHoi 30HU (150 MKM) i
posainenns ix Ha pparmenTu 10 90% . ITocuieHHs mepeMilryBaHHs PO3TOIY B
cepennHi MiATOMIEHUX AEHAPUTIB 3pYHHYBAJIO CYIiJIbHI 060JOHKY Ha Mixda-
3Hill MOBepPXHi BKpAILJIEHb i CTOBOUYACTY CTPYKTYPY Ta IIiABUIIUJIO AHUCIIEPC-
HicTb (po3mip = 1 MKM) iXHiX cy03epeH. PesyabraTtu po60oTH € IIEePCIEKTUBHU-
MU JIJIS OfiepPsKaHHsdg MiJHUX CTOIIB 3 JUCIEPCHUMU IJI00YIAPU30BAHIMU ITEH-
IPUTHUMU BKPAIIJIEHHAMI, PO3IOBCIOIKEHNMI HA BeCh 00’ €M 3aJIUTUX Y (Pop-
MU MUIIHAPUYHNX BUJIKWBKIB 3 MOPOMKHUHOIO, ILJIACKUX OiMeTajieBuUX i Oesie-
PEPBHO JIUTUX MUJIIHAPUYHUX i IIJIACKUX TiJI.

Karouosi caosa: cron Cu—Fe, mikposerysanus Kap6oHom, 0X0JIOAKEHHA PO3-
TOIY, IIOCTiliHE MarHeTHe I10Jie, JeHIPUTHU 3aJi3a, JIUTa CTPYKTypa.

Cu—Fe alloys with both a copper base and dispersed (= 10 um) globular inclu-
sions of the iron phase are promising as materials with high special proper-
ties. Foundry technologies are low-cost and low-limited by the thickness of
the products; however, at their low cooling rates (up to 50 K/s), branched
dendrites (=2 100 uym) are formed. Therefore, it is important to improve the
dispersion of the iron phase and its structure. As established, in the Cu—20%
Fe alloy smelted in an induction crucible furnace (at temperature of 1723 K),
microalloyed with 0.05% C, poured into cylindrical forms (Re=(1.7—
4.0)-10%, Ri=6.0-1075, specific energy and power of mixing are of 4.4 J/kg
and 1.1 W/kg, respectively), structural zones are formed: peripheral zone
cooled at 19.6 K/s with a length of 17% of the casting radius with suspension
structure (inclusions of 7.5 um) and central one (at 1.1 K/s) with dendrites
up to 350 um, of which 40% are divided into fragments. A constant magnetic
field applied to the melt poured in and solidified forms a magnetohydrody-
namic boundary layer (Hartmann) of the melt (Ha = 13.2) with a thickness of
260 pm, which is accompanying the crystallization front during the for-
mation of the peripheral zone, increasing the heat transfer (£=72.9). The
Hartman layer and field-enhanced microcurrents near the interphase surface
of inclusions caused by the Marangoni and Seebeck effects during recales-
cence of dendrites increase the cooling rate of the periphery (30.1 K/s), its
width (34% of the radius of the casting), and the dispersion of the suspension
(3.3 um), grinding the dendrites of the central zone (150 um) and dividing
them into fragments up to 90% . Increased mixing of the melt in the middle of
the sub-melted dendrites destroys the continuous shells on the interphase
surface of inclusions and the columnar structure and increases the dispersion
(size = 1 pm) of their subgrains. The results of the perspective work on the
fabrication of copper alloys with dispersed globularized dendritic inclusions
spread over the entire volume of cylindrical castings with a cavity, flat bime-
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tallic and continuously cast cylindrical and flat bodies.

Key words: Cu—Fe alloy, melt cooling, microalloying with carbon, permanent
magnetic field, iron dendrites, cast structure.

(Ompumano 3 mpasus 2024 p.; ocmamoun. eapisnm — 9 aunns 2024 p.)

1. BCTYII

Ha cyuacuHomy eTami po3BUTKY TexHiku ctomnu cuctremu Cu—Fe BuKIM-
KaloTh iHTepec JOCHiTHUIBKUX IeHTPiB B YKpaiHi Ta cBiTi AK mepclek-
TUBHI MaTepisan 3 BUCOKUMHU CIEiAJIbHUMU BJIACTUBOCTSIMU JJIA Oara-
THOX raJyyseii. TeopeTuuHi JOCHiIKeHHSA Ta KOMII IOTEePHI MOJE/II0BAH-
HA, BUKOHAHI 3a imimiaTuBoio MimicrepcrBa emepretuxku CIIIA, moka-
3ayu, 1o cronu Cu—Fe MoKyTh MaTi yHiKaJIbHiI BIaCTUBOCTi, 30KpemMa
3a PaXyHOK O0araTopiBHEBOI iepapxiuHOi CTPYKTYPH Ta IPUHIIUIILB CTBO-
PeHHsS HOBUX MATePifAIiB 3 KOMILIEKCOM CIIEIiAJIbHUX BJIaCTUBOCTE, i B
CYyYacHHMX YMOBaX IIOTPEOYIOTH PO3POOIeHHA IPOAYKTUBHOI'O, PECypPCOo-
M eHepTrooIaJHOT0 IIPOIEeCY BMCOKOTEXHOJOTIUHOTO BUPOOHUIITBA Ha
OCHOBI cIiBIpari HAyKOBUX ITEHTPIiB i cTpareriunmx migmpuemcts [1,
2].

IIi cTonu moeAHYIOTH BUCOKY TEILJIO- M eJIEKTPONPOBiAHICTE Mini 3 Ma-
THETOM’ IKMMHU BJIACTUBOCTSMM, BUCOKOIO MiIlHiCTIO, JKOPCTKiCTIO, JOC-
TYIHICTIO Ta JeIIeBU3HOI0 3ai3a. 3 (POPMYBAHHAM BiJIIOBiTHUX CTPYK-
TYyp BOHH MAalOTh YHiKaJbHi BJIACTHBOCTI eJIEKTPOMAarHeTHOTO eKpaHy-
BaHHSA, MiITHOCTH, TEPMOCTiHKOCTH, 3HOCOCTifiIKOCTH. IK MarHeTom’ AKi
MaTepisan, BOHU € KJIIOUOBUMHU AJId e)eKTUBHOI POOOTH CHUJIOBOI €JIeKT-
POHIKY # eJIEKTPUUYHUX MAIINH HACTYIIHOTO IIOKOJIiHHS, IO IIpaIlioBa-
THUMYTh B YMOBAX BUCOKIX MeXaHiUHNX HaBaHTAKeHb Y BICOKOeHepre-
TUUYHUX TAJIbMiBHUX CHCTEMAaX JJd aepPOKOCMIiUHOI MTPOMUCIOBOCTH, BU-
COKOINIBUAKICHUX IOTATIB i BasKKOI TeXHiKN. BoHI BeIbMI MEePCIEKTU-
BHi 115 posHiMauiB, KabesiB 3B’A3KYy, BAKYYMHHUX IIPHUCTPOIB, MOCTO-
BUX 3’€qHAHb, CXOBUII AJEPHNUX BiIXOmiB, CHCTEM iMIIYJILCHOTO €JIEKT-
POMAaTHETHOTO II0JIsA, eJIEKTPOMAarHeTHUX BUITPOMiHIOBAUiB 3 HMPUIIBU-
IITeHHSIM YaCTHHOK, MaTepPiAlIiB eIeKTpoMarHeTHoro eKkpanyBauusd [1,
3-9].

Crpykrypa cromiB Cu—Fe, 110 3abesmneuye iM BICOKIi clieisabHi Bia-
CTHUBOCTi, Ma€ CKJIaJAATHUCS 3 MiTHOI OCHOBH, B AKili po3TallloOBaHi gucIe-
PCHi BKpamjieHHs y BUTJIAAI KOMOAKTHUX YTBOPEHbL a00 BOJOKOH. Bo-
JIOKHA (pOpPMYIOThCA 3 BKpAaIlJIeHb AedpopMyBaHHAM i3 TepMOOOpOOIeH-
HAM 3aroriBKku. YuMm apiOHIiIMIMMU € BKpaIlJIeHHsS BUXiZHOI 3aroTiBKu,
TUM MeHIIle BOHA ImoTpedye momaabinoro oopodaenns [10]. Cronu cuc-
remu Cu—Fe omep:KyoTh MeToZaMI HAIOPOIIIEHHS, IIOPOIIKOBOI MeTa-
JyPprii Ta BucoxoTeMuepaTypHoi cuuTesu. Taxki MeToqu moTpedyIOTEL BU-
COKUX KaIiTaJOBKJAaAeHb Y BUPOOHUIITBO i OOMEKeHi TOBIIIMHOIO 3aro-
riBku [5]. JluBapHi MeToAuM MalOTh IepeBaru MPOCTOTO OOJagHAHHS,
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MOKJIMBOCTI OJlepsKaHHsA 3JIMBKa BEJIMKOTO0 IIepepisy Ta MEeHIIIoI BapToc-
TH; TOMY BUBUYEHHSA IIpoIeciB ogepskanHusa ctomiB cuctremu Cu—Fe surt-
TAM € aKTyaJabHuM [7].

3acTocyBaHHS MIBUAKOCTEH oxoJiomkeHHsa y 360—560 K/c, mpura-
MaHHUX CIEIiAJbHUM METOJaM JIUTTH, JA€ MOKJIUBICTH Ofep:KaHHS B
CTPYKTYPi TAKUX CTOIiB KOMIIAKTHUX BKPAILJIEHb 3 MOAPIOHEHUX JeH/I-
puTiB, aje 3 pisSHOMaHITHUMH (popMaMMU — BiJl OKPYIJIOI O PO3ETKOBOI B
IMUPOKOMY miAmasoni posmipis: 2-15mrMm (360K/c) i 0,3—-4,0 mxm
(560 K/c) [11]. B cucremi Cu—Fe BHacaimok HafgBHOCTU IUCIEPCHUX
BKpAaIlJIeHb 3aji3a, mepecuueHnx Kynpymom, Ha GopMyBaHHA CTPYKTY-
pu icTroTHU# BriuB YnHUTE epeKT Mapanrodi [8]. B 3Buuaiinux jimBap-
HUX TeXHOJIOTifAX peasli3yloThCA HU3bKI HIBUIKOCTI OXOJOMKeHHA: = 1—
50 K/c. 3a TaKOro OXOJIOMKEHHA Y CTONAaX B MiAHil ocHOBi (hopMyroThCs
rpy06i posrany:keHi sanisHi geaaputu (posmipom = 100 mxm) [12]. Kpy-
mHa (hasa 3as1iza 3HAYHO MTOHUIKYE BJIACTUBOCTI CTOIIIB, 1110 TAJIBMYE iIXHE
3acTocyBaHHs. ToMy 3MeHINIeHHS PO3MipiB 3aiidHoi (pasm € OZHOIO 3
e(PeKTUBHUX CTPATErilli MOJIIMIIeHHS XapaKTEepPUCTUK CTOMIB CHUCTEMU
Cu—Fe B yMoBax HU3BKUX MIBUAKOCTEI oxoaomKenusa [13]. B 1miit pobo-
Ti 3a3HauUeHO, 1110 B cTomax Mifi 3 10—-15% Fe B 3a1e:xHOCTI Big posmipy
¢asu 3asiza MiIlHiCTL CTAHOBUTH BimmoBigHO: maa 25 mkm — 466 Mlla,
20 mkm — 608 MIIa, 2 mxm — 750 MIIa.

CyuacHUMH TpeHAaMU, CIIPIMOBAHUMHU Ha MOAPiOHEHHS Ta KOMIIAK-
TYBaHHS AeHIPUTHOI ()a3u Ha OCHOBI 3aJliza, € BUKOPUCTAHHA MOIUQI-
KaTopis (mepeBakuo Mg i Si) [14, 15] Ta 30BHiITHIX BIJINBIB. 3a IXHBO-
ro 3acTOCyBaHHs Bifil0yBaeThcA IMOAPiOHEHHA Ta 3MiHa (GOPMH BKpAaIl-
JIEHD 3aJIiza 3 po3rajy:KeHoi Ha KOMIIaKTHY, HOAiIOHY KBaJapaTy 3 OKpyT-
JIEHUMHX KyTaMH’; BOJHOYAC, BeJMKa YacTUHA BKpaIlJieHb KoaryJioe,
YTBOPIOIOUU ITOJOBIKEeHi JaHIIOKKU. [isgs Mg cynmpoBOmKyeThCA YTBO-
PEeHHAM B CTPYKTYpPi CTOIy BKpaIliIeHb eMYJbCii 3 YaCTUHU PEYOBUHU
3aJIidHOI J00aBKHU 3 po3mipamu, 1o 10 pasis 6inbinumu 3a MmogudikoBaHi
meuapuTHi [14]. dna kepyBaHHA MopdoJoriero ¢asu Ha OCHOBI 3asriza
BUKOPHCTOBYEThCS mo0aBKka KapboHy, ane iioro BupaskeHa Jisd BU3HaUa-
€ThCA MEBHUMU CKJAAAMHU CTOIIB i IIBUAKOCTAMM OXOJOIKeHHS [16,
17].

Ha piBHOBa:KkHiN giarpami crany cucremu Cu—Fe 3i cropornu ®@epymy
icuye perporpanumii comigyc [18]. ¥ cTomax 3 peTporpagHuM COJIigyCOM
BIZITTOBiTHOTO CKJIAAY B IPOIECi OXOJIOMKEeHHS PO3TOITY IIicjsa OoTro IMOB-
HOTO TBEePHiHHA 3 MOJAJBIITNM OXOJIOJKEeHHAM i IepexomoM yepes TeM-
nmepaTypy MaKCUMaJbHOI PO3UMHHOCTH BifOyBaeThCA BUAIICHHS PiAKOI
¢asu, 110 3HAYHO BiApPisHAETHCS 3a CKJIAAOM BiJi BUXiTHOTO TBEPIOTO
posunny [19, 20]. Yepes cTPpYyKTypHE IMEePETBOPEHHA B pasi MIBUIKOTO
BUIiJIEHHS TEILIOTU KpHcTadisallii Bim0yBaeTbcsa posirpiBaHHsa MeTaJie-
Boro cromny (perasecuenitis) [21]. Hua cucremu Cu—Fe BcTanoBIEHO,
10 posunHeHHsa PepyMy B piAKiA Migi HOCUTH eHIOTEPMIUHUN XapaK-
tep [22]. Ilixg uac mpsAMOTo CIOCTEPEKEHHA OXOJOAKEeHHA Ta KPUCTAaJIi-
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sarii posromy Cu—20% Fe 3a 1omoMororwo HaliCy4acHIIIIoOro ooaa HaHHs
BCTAHOBJIEHO €K30TePMiUHi XapaKTepPUCTUKHU IIPOIleCy MiITOIJIEHHS Je-
HIPUTIB HA OCHOBI 3axisa [4]. 3rigmo 3 manumu 1iei podoTu, mig uac pe-
KaJiecIleHIlii BigOyBaJsiaca (pparMeHTAIlis JeHAPUTIB Uepe3 BTPATY Mill-
HOCTH; BKas3aHO, II[0 TaKe MOAPiOHEHHS MOKe OyTH IIOCHJIEHO HaKJa-
JaHHAM 30BHIIIHIX BIJINBiB. 3aBAAKU ABUINY peKaJecleHIlii gopma
IEeHIPUTIB MOKe 3MIiHIOBATHCSA 3 PO3TaJy’KeHOl Ha IJI0o0YJIapu30BaHY
[23].

HosiTHiM HanmpAMoOM IOJINIIeHHA BJIACTUBOCTEM CTOIIB € BIIJIMB Ha
MiKPOCTPYKTYPY He TLIbKU 3 TOUKHU 30PY (hopMU Ta PO3MipiB BKpaIjIeHb
3aJj1ida B MiJHi# OCHOBI, aJie i IXHBLOI cTPYKTYypu. MopdoJioris Ta cTpyK-
Typa (hasu 3asriza BusHauae pA CHEIiAIbHUX BIacTuBOCTelr cTomy [24].
Ha ganuit yac Taki moCaimKeHHS HOYaJM IIPOBOAUTIHCS B OCHOBHOMY
A BKpaIlJieHb eMYyJibCii, a BUBUEHHA CTPYKTYPHU AEHAPUTHUX BKpaIll-
JleHb 3HAXOJAUThCA Ha IIOYaATKOBi# cTanii. Bkpanienuda mixi, 1o yTBoO-
PIOIOTHCA B eMYJIbCOBaHiN (pasi 3asiza, IPpUBOSATE M0 IIiABUIIIEHHSI MiIl-
HOCTHY Ta MeKi IIIUHHOCTHY cToIiB [25]. Buninenna manoposmipHoi Miz-
HOI (pasu BcepearHi BKpAIJIEHHS CIOPUAIO Hig uac gedopmairii moapid-
HEeHHIO B3aJisHOol (asu, YTBOPEHHIO BOJIOKHHUCTOI (HAHOJAMEJISIPHOL)
CTPYKTYpPH, IT0 361abITyBajsio MimHicTh cTomy [5]. I'ereporeHHa cTpyk-
Typa IacTuHYacToi a3y Ha OCHOBI 3airiza, 110 MicTUTh ApiOHi 3epHA &-
Cu moxe epeKTHBHO 3aTPUMYBATH PO3BUTOK TpitnuH [3]. € mami po Te,
mo goxaBaHHa go crorry Cu—20% Fe KapbGoHy mpuBoguThH O 3MiHU
CTPYKTYPHU AEeHIPUTIB 3ai3a [26].

Ha gamwnit vac HegoCTaTHLO YBAru IIPUALJIEHO TOCIiAKeHHIO (has B ce-
penuHi feHAPUTIB i Ail HA HUX 30BHINTHIX BILJIMBiB, 30KpeMa IIOCTiHOTr0
Mar"eTHoro nojada. € mgawi, mo 3 Buginenaam Kympymy 3 oxosomsKyBa-
HOT'O TBEPIOr0 PO3YMHY HA OCHOBI 3aJ1i3a B IIOCTIiHHOMY MarHeTHOMY IIO-
Ji BimOyBaeThCcsad KOHKYPEHIIiA MiK IIOCHUJICHHSIM PYIIifHOI CHJIM BUIi-
geunsa Kynpymy Ta npuraiuenuaMm gudysii 3a pisHUX BeJIWUNH iHAYKITi1
MAar"HeTHOIO MO0JId, a TOMY € OIITUMAaJibHe 3HAUeHHA IHAYKITiI 115 edek-
TUBHOTO KOHTPOJIIO YTBOPEHHAM BKpamaeHb Mmimi [27]. HocaimxeHHs
croniB Cu—Fe, 00pobiieEnx mocTiiinuM MargeTHuM moJeM B 1 T, moka-
3aJ10, IO MiIHicTh Je)opMOBAHUX CTOIIiB 30iabInyeThes [28]. Ha doro-
rpadifax CTPYKTYP IIMX CTOIIiB BUIHO, IO CTOI, HEOOPOOJIIeHU moaeM,
MiCTHTh BOJIOKHHUCTY (pa3y Ta KOMIIAKTHI PO3ETKOBL YTBOPEHHS PO3Mi-
poM y = 5 MKM 3 XBUJISICTOIO IIOBEPXHEI0 Yy BUTJIAMI TOHKUX 3aTOCTPEHUX
3y0IIliB, a cTOoI, 0OpOoOIeHniI mojgeM, — KOMIIAKTHI YTBOPEeHHS 3 (op-
MO0, 01m3bK0I0 M0 chepuunoi. Ile, Biporimmo, moB’sa3ame 3 gieio moJis
Ha (hopMyBaHHA CTPYKTYPH A€HAPUTIB Ha OCHOBI 3aJida. IIpoBeseHi g0-
CIiIyKEeHHSA CTOCOBHO €BTEKTOIJHOT'0 IIEPETBOPEHHS MiJl i€ CHUJILHOTO
mar"eTHoro moJs (y 12 Ta) ma Kpwuii, mokasaiu, III0 BOHO ITiABUIIYE
TeMIepaTypy IILOTO IIepeTBopeHH i 36imbIirye BMmicT Kapbomy [29].

Takum umHOM, OCKinbKu KapOoH 3acTOCOBYEThCSA OJiA BILIUBY Ha
BKpAaIlJIeHHA Ha OocHOBI 3aiiza B cucteMmi Cu—Fe, To € MOXKXIMBICTE BUKO-
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pucTaHHA B AKOCTI JpKepeJia 3aJisa e JellleBIIUX 3a HbOr'0 KPUIlh, 30-
KpeMa pagoBux Mapok. Ha manmii uac BemeThCs IIOMIYK e(peKTHBHOTO
iHCTPpYMeHTY moApiOHeHHA Ta 3MiHM (OPMU AEeHIPUTIB 3ajiza 3a HU3b-
KOl IIMBUIKOCTH OXOJIOAKEHHS, IIPUTAMaHHOI 3BHUYAHUM CIIOoco0am
anTTa. HoBiTHIM HanmpAMOM MOJIIIIIIIeHHA BJIACTUBOCTEI CTOMIB cUCTe-
mu Cu—Fe € hopMyBaHHA CIEIisAIbHOI CTPYKTYPH €MYJIbCiHHUX BKpAII-
JIeHb Ha OCHOBI 3airiza. CTOCOBHO AeHAPUTHUX BKpAaIlJiIeHb OCHOBHA yBa-
ra JOCJiZHUKIB IPpUAiIAEThCA IXHBOMY ITOAPiIOHEHHIO ¥ 00y IApmaaItii
Ta 3HAUHO MEHIIIe — CTPYKTYpi. € okpeMi maHi, 1110 3a IeBHUX PEKUMiB
il mocTrifiHoro MarusetHoro moJjd Ha cronu Cu—Fe BoHO MoOsKe iCTOTHO
BILIMBATU HA CTPYKTYPY Ta GopMy AeHIPUTIB 3aji3a, i e morpedye 1mo-
JAJBINNX JOCHiTKeHb.

MeTor0 pob0oTH O0YJIO JOCTHiAKeHHS 3MiHN ()OPMU Ta CTPYKTYPU AEH[-
putis 3axisa B cromi Cu—20% Fe (me mobaBkoro 3anisa € Kpuiisg 3IC 3
0,2% C), 110 3aaMBaBCA, OXOJIOAMKYBABCA Ta TBEPAHYB 3i IIIBUIKOCTS-
MU, XapaKTePHUMHU JIs 3BUYAMHUX CIIOCODOiB JIMTTS IIiJl BIJIMBOM IIOC-
TiAHOTO MarHeTHOT'O OJI .

2. EKCIIEPUMEHTAJBHA METOJUKA

st mpuroryBams posTony macom B 1,0 kr 3 20% Fe 0yau Bukopucra-
Hi Mige Bucokoi uuctotu (99,99% ) i kpuma 3uc (Fe 98,78%, C 0,20%,
pemra — pomimkm). Buromaenua cromy BigOyBasoca B iHAYKIIAHI
TUTJILOBiM meui Bucokoi uactoru (44 kI'm). [lnsa samobiraHHsa HEKOHTPO-
JbOBAaHOMY HacHueHHIO 3aJiza KapOomoMm i eposii Turias sacTocoBamo
AJIyHIOBUU TUT'eJb, AKUHN OyB pO3TaIlloBaHUIl BcepeauHi rpadiToBoro.
OckinbKHU cTON MaB BuCOKUI BMicT Pepymy i mporiec sMinryBaHHA pif-
KOl Mizi 3 3a/1i30M XapaKkTepua3yeEThCSA €HIOTEPMIUYHUM TeIIJIOBUM e(eK-
TOM, TOILJIEHHSI PO3IIOYMHAJJM 3 PO3TOILIEHHS BCiel KiJIbKOCTU 3aJisa 3
TIOCJiTOBHUM AOJaBaHHAM MaJIMNX IOPIil TBepAol Mimi Aasa 3amobiranus
icToTHOMY OXOJIOAKEHHIO poaTony. TeMmmepaTypa po3TOIly KOHTPOJIIO-
BaJiacsd 34 JOIIOMOTOIO0 TEPMOIIAPU Ta MiIiBOJIBLTMETpPAa 3 IU(PPOBUM Tab-
Jgo. Ilicasa mpuroryBaHHS PO3TONY aJyHIOBUI THUI'€JIb 3 PO3TOIOM BHIi-
MaBcd 3 meui. Pigkuii crom 3 Temmneparypooo y 1723 K 3anuBaBca y Jiu-
BapHi (hopMU 3 KPHUIli 3 BHYTPIIIHIM AigMeTpoM y 35 MM, 30BHIITHIM —
y 43 MM, B AKUX (hopMyBaJauca BUIUBKY BucOTO0 ¥ 40 MM 6e3 (KOHTPO-
JbHi 3pasKm) Ta 3a Mii rOpu30HTAIBHOTO HOCTiHHOTO MArHETHOTO IIOJIS
JauToro Mmaraety (puc. 1).

IIBuaKicTh CTPYMEHA PO3TOITY HiJl Yac 3aJMBAaHHA (DOPMHU, €HEPTiio
Ta MOTYKHICTh IepeMiIllyBaHHA MeTajJy BU3HAUaJld 3a BUPasaMu JKe-
pena [30]. Oxonomkenusa po3Tomy y opMi B 30Hi, mpueriit 1o ii cTiH-
Ku (mepudepiiiHiii), omiHIOBaJIOCA 3a €MOIPUYHUM PiBHAHHAM POOOTHU
[11], BcTaHOBJIEHUM MOJis CTOIy AHAJOTIUHOTO CKJAAY, a AJIA PEeIITH
00’emy posTomy (IIeHTpalbHOI 30HM) — 3TiAHO 3 METOAMKOI0 POOOTH
[31]. YMOBU ofep:KaHHSI BUJIUBKIB XapaKTePU3yBAINUCI UNCIAMU ITOTi-
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Puc. 1. BasuBaHHA PO3TOIY y IUBapHi (hopMuU: po3TaIyBaHHsa o0JagHAHHA (a),
3asqmBaHHA posTomy (0): I — iHAyKIifiHA TUIJIbOBA miu, 2 — TUTEJHb 3 PO3TO-
moMm, 3 — JauBapHi hopmu, 4 — DOCTiliHUY MarHeT, 5 — CTPYMiHb PO3TOMY.

Fig. 1. Pouring melt into casting moulds: location of equipment (a), pouring
melt (6): 1 is induction crucible furnace, 2 is crucible with melt, 3 is casting
melds, 4 is permanent magnet, 5 is melt stream.

6nocTu 3a Peitnonbacom (Re), 'aprmanom (Ha) [32], Piuapacornom (Ri)
[33], I'pacrodom (Gr) i 6esposmipaum uncaom k [34]. CuiBBigHOIIeHEA
OPHUPOIHLOI KOHBEKI[II uepe3 OXOJIOMKEHHS IIOTOKY PO3TOIy 3 IIPUMY-
COBOIO, IIT0 OyJia 3yMOBJIEHA CTPYMEHEM PO3TOIly, AJA KOHTPOJILHUX BHU-
JIMBKiB oIiHIOBaoCcA unciaoM Ri=Gr/Re?. [logaTKOBUI BILINB MarHeT-
HOI'0 IO0JIs BHU3HadaBcA uuciaoM k= (Ha?Re)/Gr. 3 pyXxoM eJIeKTPOIpPO-
BiHOI piAnMHM B3MOBK TBEPAOl MOBEPXHi HaABiThH y cjaabKoOMYy IIomeped-
HOMY MAarHeTHOMY MOJIi 3MiHIOEThCA PEKMM TeILIoBigmaui. € ymoBH,
KOJIY TelioBimmaua 36inbiryernes [34].

I3 sanmoBHeHHAM (HOPMU CTPYMiHb PO3TONY IIic/isA TOPKAHHA JHa PO3-
TiKaBcA y pafidabHOMY HAIIPAMKY, AOCATaB CTiHKY (popMu, ImigifimaBcsa
B3IOBJK Hei, po3BepTaBCs Ta CTiKaB Ha IIOTIiK, IO PyXaBCs IO CTiHKU.
TakuM YMHOM BUHUKAB BUXPOBUH, MOAIOHMI TOPY MUPKYIAIMINHAN PYyX
poaTomy.

HaxnmamganHs MarHeTHOT'O IOJIA Ha PO3TOH, 0COOJIMBO B 00JIACTi BeJu-
Kux umucel Ha i Re, IpUBOIUTE OO CKJIAJHOIO IIEPETBOPEHHS XapaKTepy
pyxy o6’eMmiB enexTpompoBimzHoi pigmHuM. B motori, mo pyxaeThca B
00’eMi, IPUJIETJIOMY OO0 CTiHOK, BUHMKAE IIiJ Ai€l0 MOCTifiHOrO MarHeT-
HOT'O II0JISI TaPTMAaHiBCLKHUY (MarHeToTiApoAnHaMiuHmii) 1ap, B AKOMY
moJjie 30iJBIITye IMIBUAKICTL IMOTOKY 0ijid cTiHOK. XapaKTepHUil po3Mip
MAaTHeTOTiIPOANHAMIYHOTO IPUMEIKOBOTO IIapy, 10 BUHUKAaB 0iJIsa cTi-
HK1 (GopMHU 3 KPUIIi ITiJ Yac 3aJIMBaHHSI PO3TONY B pasi HaKJaZaHHS I'O-
PHUB30HTAJIBHOTO MATHETHOTO IIOJIA, OI[iHIOBAJM 3a TOBIIUHOIO TapTMa-
HiBCBKOTO ITapy 3a BupasoM 3 podortu [32]. aa ymosu Ha >> [ ToBIIINHA
rapTMaHiBCBKOTIO IIIapy po3paxoByBajsach AK 0 = [/Ha, ne [ [M] — xapa-
KTepHUM po3Mip, N0 BUBHAUEHUN 3 ypaxyBaHHAM CTPYKTYpPHU BUXpa B
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poaromi[35].

s mosicHeHHs 0COOJIMBOCTEH ITOBEAiHKY BKpAIlJIeHb Ha OCHOBI 3aJTi-
3a IIiJ1 yac aHaJIisy pe3yJbTaTiB 3 GOpMyBaHHA JIUTOI CTPYKTYPHU CTOIIiB
Cu 3 Fe bararoma mocaifHMKaAMK TPUBAJIUKN UAC 3aCTOCOBYETHCA e(PeKT
Mapamurowni, 110 cmpuunHsAe MikpoTeuii 6i/1s moBepxHi BKpamieHb yepes
HEeOTHOPiAHiCTh KOHIIEHTPAIIil Ta TeMIepaTypH, aje 6e3 BpaxyBaHHA gil
MarHeTHOTo mojsd [8, 36]. Bearnunau ¢isuuHmX XapaKTEePUCTUK CTOIY
LI PO3PaxXyHKiB 0yJIo B3sATO 3 mxepen [37, 38].

Ilicna oxoyiomKeHHs KOKeH BUJIMBOK PO3pisaBcs B3IOBIK BEPTUKA-
JbHOI oci. [Iya 3pasKiB, olep:KaHUX ¥ MAarHETHOMY IIOJIi IIJIOIIMHA PO3-
pisy mpoxoauia mnapajieJbHO HAIPAMKY CUJIOBUX JIiHi#f MAarHEeTHOTO 110-
asa. Merajgorpadgiuni 1ocaigKeHHs IIPOBOAMIINCS MEeTOAaM1 ONTUYHOI i
€JIEKTPOHHOI MiKPOCKOIIil, Po3Mip i IIiIBHICTE PO3IOAiTYy BKpaIllJieHb
BU3HAUAJINCA 34 CTAHZAPTHUMHN METOIWMKAMM Ha ILiIidax, IMaBIeHUX
peaktuBamu Ne 1 — 10% -po3umHOM aMisAKy y AUCTUJILOBAHIN BOZAL Ta
Ne 2 — BOAAHMM PO3UMHOM, 110 MicTuB 110 13% xaopHOro epymy i co-
aaaoi Kucaotu. Bmict Kynpymy Ta @epymy y pasax cTomy BU3HAUYaABCA
MiKpPOPEHTTeHOCIeKTPaIbHOIO aHAJIi3010.

3. PESYJIBTATH TA IX OBTOBOPEHHSA

IIBuaKicTh CTPYMEHS PO3TOITY IIiJ Yac 3aJMBaHHA Y (DOPMY 3MiHIOBaJIA-
cA Big mouaTKy 0 KiHIA mporecy B miamasoHi 1,72-1,42 m/c. 3amos-
HeHHsA (opMU PO3TOIOM BifmOyBasocs 3a 4 ¢ y TypOYJI€eHTHOMY PeyKMMi:
3HAUEeHHA uncJja Re Big mouaTKy 0 KiHIA 3aIMBAHHA 3MiHIOBAJIOCS Bif
1,7-10* (uepion posTikaHHA 1O AHY ()OPMHU OO BUHUKHEHHS IUPKYJIA-
miiiHoi Teuii) mo 4,0-10* (posBunyTa MUPKYyJaAlis). Yucao Ri B eKcIie-
puMeHTax ckJjaazaygo 6,0-107° i BukoryBanmace ymosa Ri< 16, srizso 3
SAKOIO PiBeHb IPUPOSHBLOI KOHBEKIIil OYB BeJIbMI HEe3HAUHUM i Maiiyke He
BILIMBAaB Ha PyX poarormy [33].

IIig uac 3amoBHeHHs (OPMHU IUTOMA €HEpPris ImepeMilryBaHHs OyJia
Ha piBHi 4,4 [[)X/Kr, a mUTOMAa MOTYKHICTH IIEPEeMiIlTyBaHHA TOPiBHIO-
Basa 1,1 Br/xr. [lig MarHeTHOTO II0JIS Ha YTBOPEeHHA MArHETOTiAPOIN-
HaAMiYHOT'O ITPUMEKOBOTO ITapy poa3Tomny 0ils cTiHKM ¢opMu xapaxTe-
pusyBanaca uuciaoMm Ha =13,2. Bernunna uuciaa k 6yna 72,9 >> 3, 110
BKa3yBaJIO Ha 301IbIIIeHHA TEILIOBiAmaui Big pos3Tomy mo cTimku dhopMu
[34]. Bmacaigox BupaskeHoro I'aprmanoBoro edexrty (Ha>>1 [32])
YTBOPEHHS KOPUHKM 3aTBEPAijoro cromy 6iyna crinku ¢opmu Ta 30iab-
HIeHHS 0T0 TOBIIUHU CYIIPOBO/IKYBaJIOCA HAABHICTIO rapTMaHiBChbKOT'0O
IIapy TOBITMHOIO MOPAAKY 260 MKM Ha IOoBepXHi 1miei kopurKu. BogHo-
pas, rapTMaHiBCBKHI ITap CYIPOBOIKYBaB (PPOHT KpHCTaIisallii Kopu-
HKH IIiJg 9ac ii IOTOBIIeHHS.

Amnajiza CTPYKTypHu BUJIMNBKIB, ofep:KaHUX 6e3 Ta 3a Aii mOCTiiHOTO
MAaTHETHOTO II0JIsI, IT0KasaJja, I110 BOHU CKJIANAJNCS 3 MiTHOI OCHOBU Ta
IeHIpUTiB 3ajriza. BuivBKY Majiu ABiI XapaKTepHi 30HU — Iepudepiii-
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HY, IPUJETJIy OO0 CTiHKK ()OPMU, Ta MEHTPAJbHY, AKi BiApi3HAINCST PO-
3MipoM i (popmoro merapuTiB. Mixk mepu(epiiiHOO Ta IEeHTPAJILHOIO 30-
HaMM BMJIMBKiB 3HaxXoAuJjacs IepexizHa o0JacTh, B MeXKax AKO0I Bimoy-
BaBCA MepexiJ BiJ CTPYKTypH oAHiel 30HM S0 iHITOI. Bys10 po3paxoBaHo,
110 B 30Hi, IPUJIETJIifi 10 CTiHKU hOPMU, KOHTPOJbHUM CTOII OXOJOIMKY-
BaBca 3i mBuaKicTio y 19,6 K/c, a B pertrti 06’eMy — 3HAYHO MOBiJIbHi-
mre 3 1,1 K/c. lllupuna nepudepifinoi 301 KOHTPOJILHOTO METaIy CTa-
HOBmIa 3,0-1072 m. B meTauri, 06pobiieHOMY MarHeTHHM II0JIeM, Iepude-
piliHa BoHa posmmpumiaaca 1o 6,0-10° M, a mMBHUAKICTL OXOJIOMKEHHS
MeTaJsy B Hi#l 36imbimuiaca mo 30,1 K/c saBaaku mii marmerorigpomau-
HaMiYHOTO IIPUMEK0BOTO I1apy.

CTPYKTYpPY KOHTPOJBHOTO METANy IPeACTABJI€HO Ha puc. 2. 3 pUCYH-
Ky 2, a BUAHO, IO B IeHTPAJbHIiN 30HI B OCHOBI cTOomy OyJM IMPHUCYTHI
IeHIPUTHU Po3Taay:KeHoi opmu, 110 maau oci 1-ro, 2-ro i 3-ro mopsan-
KiB. HacTtuna meHapuTiB Oyja BuamMMAa Ha TOBepPXHi muriis y BUrmIami
BilokpeMJieHUX (hparMeHTiB, po3TallioBaHUX B JiHito. Po3mip oceii neH-
IPUTiB, 110 OyJIM BUAUMI K I[iJicHi yTBOpeHHs, caraB mo 350 mxm (oci
1-ro mopaaky), 100 mxm (oci 2-ro mopaaky) i 15 mxm (oci 3-ro mopsan-
Ky). HYacTuHa Takux geHapuTiB ckaagana 60% Big ixubpoi 3araabHol Ki-
JbKocTHu. Permita KpucranaiB Oysa ¢pparmeHToBanoo. Posmip dpparmen-
TiB OyB y migmasoni 5—60 mxM 3 Bigmaaaio misk aumu y 0,5—4,5 MmxM. 3
IepPexo0M BiJ IIeHTPaJIbHOIL 10 nepudepiiiHol 30H1 KiJIbKicTh MigicHHX
IeHIPUTIB 3MeHIIyBajJach i, BiAIOBiAHO, hparMeHTOBAHUX 30iJIbIITyBa-
Jacs. SHUKaJIU OCi 3-T0 MOPAAKY, IOHMKYBAJIOCS UMCJIO OCeiH 2-TO IOo-
panky (puc. 2, 6, 8). B nmepudepifiniit 30HiI 1HisicHUX AeHAPUTIB OyJIO
10% ;, pemiTa BKpamjieHb HPeCTABIIANA IOLOBMKEHI 1 OKpyIJIi (pparme-
HTHU KPHUCTAJIiB 3 cepegHiM po3MipoM y 7,5 MKM i cepeIHBOIO KiIbKicTIO
Ha moBepxHi muriga y 5,9-103 mm 2 (puc. 1, 2). SIK BUAHO 3 PHUCYHKY 2,
IEeHIPUTU MaloTh OKpyTrJeHHA. Ile modAcHIOEThCA IXHBOIO PEKAaJIeCIIeHITi-
€10, IO CYIPOBOIKyBajaca mimTommeHHAM [23]. ¥V GesmocepesHbLOMY
CIIOCTEPiraHHI 3a 3pOCTAaHHAM AEHIPUTIB A0 peKaJiecleHIlii BoHu OyJiu
sarocTpeHuMu [4].

Ha nepimomy etani moHM)KEHHS TeMIepaTypu M0 IepPeruHy Ha JiHii
PeTporpagHoro COJimycy mepeBaskHO BimbyBasnaca audysia Kympymy y
3ajIidHe BKpalLieHHs. Ha gpyromy erari 3 HOZAJIBIINM OXOJIOAMKEHHIM
mepeBaskHOI0 cTaBayia qudysia Kyopymy i3 BKpaljaeHHs Y PO3TOII OCHO-
BU, i yepes3 ABUIIE PEKAJIECIeHI[il MOBEPXHEBUN IIap BKPAILJIEHHS CTa-
BaB pigkmuMm. Bina miskdasHoi moBepxHi 3 000X ii cTOpiH BUHUKAIN JIO-
KaJbHi KOHIleHTpaIlifiHi Ta TeMnepaTypHi HeoxHopiguocti [4]. Ile Bu-
KJuKaJjo epekT MapaHroni — MikpoTeuii y nmapax po3Tony, Ipujaeranx
Io Mixk@asHOI IMOBEePXHi BKpAaIJIeHHs, II[0 CIPUAJIO AecTabimisaii mism-
TOILJIEHOTO BKpAaIlJIEHHSA Ta BiJOKPEMJIEHHIO BiJl HOTO YaCTUH Y MOMEHT
BTpaTy HUM MiITHOCTH.

IIix uac 3aIMBaHHSA PO3TONY BiH, Y IEPIIy UYepTy, OXOJOIKYyBaBcd Oi-
Jd CTiHKM (popMHU 3 KpUIli, e BUHUKAaJa KOPUHKA CTOIy 3 (hpoHTOM
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Puc.2. CrpyKTypa KOHTPOJBHOTO MeTasy (I[aBJIeHOTro peakTuBoM Nel):
IeHTpaJibHa 30HA (a), mepexingHa 061acThb 3i CTOPOHY IIeHTPAJIbHOI 30HU (0), 1Ie-
pexigHa obJiacThb 3i cropoHu nepudepiiinoi souu (8), nepudepiiina soua (2): I
— POBTayKeHUH eHAPUT 3 ocamu 1-ro, 2-ro i 3-ro nopaakis, 2 — ¢pparmeHTn
IeHpUTA.

Fig. 2. Structure of the control metal (etched with reagent No. 1): central zone
(a), transitional area from the side of the central zone (6), transitional area
from the side of the peripheral zone (8), peripheral zone (2): 1 is branched den-
drite with axes of the first, second and third orders, 2 is dendrite fragments.

KpucTajisallii, B Ky yMOPOKYyBaJNCA BKPAIJICHHs Ha OCHOBIi 3aJisa.
Mixk yacTHHOIO BKpaIlJIeHHA, SKa BUCTyIIaja y IIap po3ToIy, Ta KOPUH-
KO0 BUHUKAJU eJeKTpocTpyMu (3eebeKiB edeKT), ajie BOHU He BILJIMBA-
JIV Ha TOAPiOHeHHSA BKpaIJIeHHA.
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Y 3B’A3KY 3 HiATOIJIEHHAM JeHAPUTIB, [0 3HAXOAUINCA 1034 KOPU-
HKOIO B 00’€Mi po3Tomy, BCEPeAMHI Ta HABKOJO HUX BUHUKAJIN HEOIHO-
pimHOCTI TemMmepaTypH, IO TAKOXK OYyJIM IPUYNHOIO IJIs BUHUKHEHHS
€JIEKTPOCTPYMiB.

3a mii mocTifitHOr0o MarHeTHOrO MOJIA B CTPYKTYPi IeHTPaIbHOI 30HHI
CTONY B IOPiBHAHHI 3 KOHTPOJBHUM METaJIOM BiIOyJaMncsa HACTYIIHI 3Mi-
HU: KiJIbKiCTL JeHAPUTIB, BUAMMUX AK IIicHI, ckoporuaaca no 10%,
IOBKMHA Ocell 1-ro MopAAKY 3MeHIIuIacad B 2,3 pasu, 2-ro MOPAAKY —
BTPUUi, a TPETHOT'0O He BUSABJIEHO (puc. 3, a).

HiamasoH po3MipiB (parmMeHTiB AeHIPUTIB 3BY3WBCA i CKJaB 3—
35 MKM, Biggaab MixK HUMU 3pocjia B 2—3 pasu.

B mepeximmifi obsacTi 3i CTOPOHU IEHTPAJBLHOI 30HUW MOCUJIUJIACS
(dparmeHTaIiga AEeHIPUTIB, IO HPOABUJIOCH Y BiACyTHOCTI mimicHHUX
YTBOpPEHbDb, IOABITHOMY CKOPOUEHHI po3MipiB HaMbiabIIIuX hparMeHTiB i
3MEeHINeHHI KiJTbKOCTHU ocelt 2-To mMOpAAKY Ha HUX 10 4 pasis (puc. 3, 6).
3i cTopoHu 11i€i obacTH, IPUJIETIoi 10 mepudepitinol 30HM, IPOIleC IIo-
IpioHeHHA Ta parMeHTaIii geHApUTiB mocuauBcA. Posraay:xeHi dop-
Mu OyJIM BifiICyTHi, B CTPYKTYPi ImepeBaskaau ApiOHI hparMeHTOBAaHI JIe-
HIPUTU, YACTUHU AKUX OYJIM MepeBaskHO OKPYIJIi Ta pO3TaIlloBaHi y J0-
BimbHOMY mopaaky. Crocrepiraancs mMOgOBMKeHi yTBOpPeHHA, AKi Oyaum
IPEeICTABIEHI CKOPOUEHMMU OCAMU HOEeHAPHUTIB 1-TO MOPAAKY Ta JaH-
IIOYKKaMHY 3 KOaryJIbOBaHUX YapYHKOBUX (hparMeHTiB JeHAPUTIB (puc.
3, 8). ¥ nepudepiiiuiit 30Hi BUIMBKIB yTBOPUIACSI CTPYKTYpa TUITY CY-
cIeH3ii 3 cepegHIM PO3MipoM OKPYTJINX BKpamieHs y 3,3 MKM (B 2,3 pa-
3 MeEHINIe B IIOPiBHAHHI 3 KOHTPOJBLHUM CTOIOM) i KiJbKicTiO ¥y
2,4-10* MM 2 (B 4 pasu 6inble, HidX y KOHTPOJILHOro MeTany). Ilogos-
JKeHUX BKpAaILIeHb, IO IPEeACTAaBJIAJN oci 1-To mopAIKYy KpHCTaIiB, He
CIIOCTepiraJu, a IOAOBKEeHI1 YTBOPEHH BUHNKJIM BHACIIIOK KOar'yJIAIil
(puc. 3, 2).

3MeHIIIeHHs PO3Mipy BKpalljieHb, 3POCTAHHA IXHLOI KiJIBKOCTH, IIO-
cuJeHHdA (pparmMeHTaIrii Ta 30iJbIIeHHA Bigmamai Misk ¢pparMeHTaMu IeH-
IPUTIiB B CTPYKTYPIi CTOWY IIiJ Mi€f0 MarHeTHOTO ITOJISI OB’ s3aHi 3 fIoro
B3aEMO/Ii€I0 3 MiKpPOCTPYyMaMu, iHAYKOBAHUMHU MiKPOTEUisIMHN PO3TOILY,
BUKJINKaHUMU epeKTOM MapaHIoHi, Ta MiKpOoCTpyMaMu, 3yMOBJIeHUMU
3eebexoBuM epekToM. Taka B3aeMOAisa IOPOAKYyBaIa JIOKAILHI eJIeKT-
poMarHeTHi cuJM, IO ITiACHJIIOBAJIM MiKpoTeuii mobGam3y IIOBEpXHi
BKpAIlJIeHHA Ta IIOCHJIIOBaJM IXHIiN mecTabinmisyBaJabHHII BILIMB Ha
BKpaIlJIeHHS.

3acrocyBaHHA peakTuBy Nel I BUABJIEHHS CTPYKTYPHUX CKJIALO-
BUX CTOITY, OJIEP:KAHOT0 MiJi BIJINBOM MAarHEeTHOI'O IO0JIsS, Yepes ImocJiat-
JIeHHSI B3a€MOUMHY 3 METAJOM He 3a0e3Meumsio 4iTKOro 300pasKeHHs.
ITe, Biporiguo, moB’A3aHe 3i 3MiHaMU CTPYKTYPH CKJIAIOBUX cTOIy. Mi-
KPOPEHTT'eHOCIIEKTPAJILHOI0 aHAJi3010 BUSABJIEHO, IO 34 MIBUAKOCTHU
oxosiomxenns y 1,1 K/c B geagpurax mictuaoca 15,8% Cu, 1o goope
yaromkyBasiocss 3 manumu [4]. Ilix BomaumBoM MAarHeTHOT'O MOJIA Kijb-



1196 O. B. HOI'OBIITVH, B. 0. CEPEIEHKO, I0. M. POMAHEHKO ra is.

Puc. 3. CrpyKTypa cromy, 00po6JieHOr0 ITOCTiNHNM MarHeTHUM oJeM (IlaBJie-
HOrOo peaxTwuBoM Ne2): 1meHTpaibHa 30HA (a), mepeximma o00JsacTh 31 CTOPOHU
meHTpaabHol 30HU (), ITepexigHa obsacTh 3i cTopoHu mepudepiiinoi souu (8),
nepudepiiina soHa (2).

Fig. 3. The structure of the alloy treated with a permanent magnetic field
(etched with reagent No. 2): central zone (a), transitional area from the side of
the central zone (6), transitional area from the side of the peripheral zone (8),
peripheral zone (2).

kicte Cu 3pocaa g0 17,2% . Ile, 30Kpema, MOIJIO BILIMHYTH Ha II0CJIA0-
JeHHd mii peakTuBy Nel.

Ha pucynky 4 mpeacraBieHo 300paskeHHs hparMeHTiB JeHIPUTIB.

3 pucyHkKy 4, @ BUIHO, II[0 OCHOBY JEeHAPHUTIB CKJIAJAIOTL TeMHi cy0-
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Puc. 4. Crpykrypa geuagpurie B croui Cu—20% Fe: dasu crony (a), dparmeHT
IeHJIpUTa KOHTPOJBbHOTO cTomy (0), hparMeHTH AeHAPUTa CTOIY, 00pob6JIeHOTro
MOCTiHHMM MarHeTHUM moJjieM (8): 1 — mepepis pparMeHTa AeHAPUTA Y IIOIepe-
YHOMY HAaOPAMKY PO3TAIIyBaHHS Cy03epeH 3ajisa, 110 yTBOPIOIOTH CTOBITYACTY
CTPYKTYPY, 2 — II03J0BXKHill IIepepi3 ¢parmMenTa AeHIPUTA, 3 — BHYTPIIIHi
miap o0OJIOHKHY JeHAPUTAa, 4 — 30BHIIIHIH 111ap 000JIOHKHY AEHAPUTA, 5 — TijIsd-
HKAa Ha IOBEPXHi hparMeHTa AeHAPUTA, e 000JOHKA He BisdyasisyBaJsacs.

Fig. 4. The structure of dendrites in the Cu—20% Fe alloy: alloy phases (a), a
dendrite fragment of a control alloy (6), dendrite fragments of an alloy treated
with a constant magnetic field (8): 1 is cross-section of a dendrite fragment in
the transversal direction of the location of iron subgrains forming a columnar
structure, 2 is longitudinal cross-section of a dendrite fragment, 3 is the inner
layer of the dendrite shell, 4 is the outer layer of the dendrite shell, 5 is the area
on the surface of the dendrite fragment, where the shell was not visualized.

3epHa Ha OCHOBI 3aJiza. B JeHIpuTax KOHTPOJIBHOTO cTONY 3a)iKCOBAHO
CTOBIIUACTi CTPYKTYpPHU cy03epeH 3aiza, MisK AKMMH PO3TaIllOByBaJIacs
cBiTy1a (hasa Ha MigHi# OCHOBi. ¥ JeHAPUTAX KOHTPOJIBHOIO CTOITY (pHuc.
4, 6) BUABJIEHO, 110 CBiT/Ia (a3, po3TalroBamna MiK cy03epHaAMu HOT0 OcC-
HOBU (po3Mip cy03epeH =2 MKM), IIpeAcTaBJAa MiKpPOHEOTHOPiTZHUN
PO3UYMH 3i cBiTSIMMU BKpamjeHHaMu Migi (posmipom = 200 HM) i TeMHM-
MU BKpAaILJIEHHAMM 3aJisa, SKi aauBajiuca 3 (QOHOM cyO3epeH OCHOBU
IeHIpUTa. 3 BHYTPIIIHBOI CTOPOHU MEHAPUT OTOUEHO TOHKUM TEMHUM
miapom Ha ocHoBi 3airiza (= 200 HM), a 3 30BHIIITHBOI — CBIiTJIMM IITapOM
migi (=2 300 um). Ilig BIIMBOM MarHeTHOIO IIOJA cyO3epHa 3ajiza B oc-
HOBHOMY CTaJI Po3’€IHAHUMH i He YTBOPIOBAJIU CTOBIIYACTOI CTPYKTY-
pH, a TAaKOXK TOAPiOHMIMCA 00 2 pasis.

Amnajyoriuni 3amMiHM B posmipax BifOyauch i 3 MiKpOBKpaIlJIeHHAMN
Mifi. BayTpimiHiii i soBHiNIHIA m1apyu 060JI0HKY Ha AeHIPUTI OyJIU CTO-
HIIIEHVUMU B IOPiBHAHHI 3 KOHTPOJbHUM METAJOM, i HA AEeAKUX TiJIAH-
KaXx 3a JaHoro 30iJIbIIIeHH BOHHU He igeHTu(diKkyBaancs, 110 MOrJo 0yTu
BUKJINKAHO iHTeHcHu(ikallieio Mikporeuiit 6insg miskdasuHol moBepxHi
(puc. 4, 8).

Ilnoima, 3afinsaTa cy03epHaMu 3aji3a Ha HMOBepPXHi muIicda, 3MeHIIIN-
Jacs BiTHOCHO KOHTPOJbHOTrO cTomry. Ile MoxKe OyTu 1moB’si3aHo 3i 30i-
JBIIEeHHAIM BMicTy @PepyMy B pO3UMHI Ha OCHOBiI Mifi, a TAKOXK 3MeH-
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ITeHHAM i KOMIIaKTYBaHHAM cy03epeH OCHOBU JMEHAPUTA, IO € aHAJIOTI-
YHUM CTPYKTYPHUM 3MiHaM B MeTaJi, Olep:KaHOMY METO/I0I0 PEOJIUTT
B YMOBaX IepPeMillTyBaHHS 3 HMOJAJIBIIIO HU3BKOIO IITBUAKICTIO 0X0JIO-
mxenud [39, 40]. B anamiTuunomy orasazni poboru [40] 3asmaueno, 1110
mepeMilTyBaHHS HABiTh He3HAYHOI iHTEHCHMBHOCTHM BUKJMUKAE IIOAPiO-
HEeHHA 3epeH i IPUrHidyeHHA YTBOPEHHS CTOBITYACTOl CTPYKTYPHU B CTO-
max.

CTpyKTYypHi 3MiHU BcepennHi BKpamJIeHH, 1110 BinOyamcsa BHACIIITOK
HaKJIaJlaHHA BIJIMBY MOCTiMHOTO MarHeTHOTO IT0JIA Ha IIPOABU e(PeKTiB
Mapasnroni Ta 3eebeKa mig uac mMiATOILIEHHS AeHAPUTA, BKasyBaJIu Ha
HOCHUJIEHHSA IIepeMilTyBaHHs PO3TOIY Y BKpaIlJIeHHi (pa3u Ha OCHOBI 3a-
Jisa.

fAx 3asmaueno B poborax [5, 14, 41], naa migBuUllleHHA BIACTUBOCTEMH
croniB cuctemu Cu—Fe, me ¢dasoro, 110 3MIiIHIOE CTOII, € €MyJIbCOBaHi
BKpaIlJIeHHsS Ha OCHOBL 3aJjlida, MEePCHEeKTUBHUM € 3MiITHEHHS CaMUX
BKpaIljieHb (DOPMYBAHHAM BCEPEINHI HUX MMCIIEPCHOI 3BOPOTHLOL eMy-
Jbcil.

TakuM YMHOM, HOAPiOHEHHA CTPYKTYPH BCepeanHi TeHIPUTIB € Ta-
KOK CIIPUATINBUM YMHHIKOM JJIs 3MiITHEeHHA (pa3u Ha OCHOBI 3aJisa.

PesynbraTy poboTH € MEepPCHeKTUBHUMHU IJIS 3aCTOCYBAaHHSA Y IIPOILe-
cax ()opMyBaHHS CTPYKTYPH CTOMIB, IO BiAJMBAIOThCA V (DOPMU, 30K-
peMa: MeTOOM JUTTSA rapTOBUM TBEPAHEHHAM (3aJIMBAHHSA CTOOY Y ITH-
JiHIPUUYHY MeTajieBy Gopmy 3 (opMyBaHHAM Ha ii CTiHIII ITOYaTKOBOI
KOPWHKHY TOBIIIMHOIO ¥ 5—8 MM, BUJIYYeHHAM KOPUHKH 3 PO3TONY ¥ 0X0-
JIOIKeHHSIM y TapToBili BaHHi [42]) A7 MOJINIIIeHHSA CTPYKTYPHU CTOITY;
METOAOM JINTTs OiMeTaIeBUX ILTAaCKMX 3JUBKiB cTomiB cuctemu Cu—Fe
(TIoIIapoOBUM JUTTAM Y IJIACKY (popMYy PigKoil Mizi Ha momepeaHbO 3aJH-
T IIap 3ajisa, 10 TBepaHe [43]) AadA migBUINIeHHA SKOCTH KOHTAKTY
MeTaJIeBUX ITapiB.

Ognepskani Jadi MalOTh IEPCIEKTUBY BUKOPHCTAHHS Yy IpoIlecax 6es-
ePEPBHOTO JIUTTA, HAIPUKJIAL, i Yac JIUTTSA Y BAJIKOBUI KpHcTajisa-
TOpP BJUBKiB, e KOPWHKM, IO BUHMUKAIOTL HA IIOBEPXHAX BaJKiB,
3’€THYIOTHCS Hiff TUCKOM Y MiKBaJIKOBOMY IMPOMiKKY [44], ana miaBu-
ITeHHA TOBITUHY 3aTOTiBKY 3 JUCIIEPCHOIO CTPYKTYPOIO, a TAKOXK Y KPU-
cTajidaTop KOB3aHHS IJIS OJlePKaHHd MUJIIHIPUYHNX 3arOTiBOK.

4. BUCHOBKH

Busnaueno, 1o cronu cucreMu Cu—Fe Ha ocHOBi Mifi € mepcIeKTUBHU-
MU O 0araThboxX Tajlyseldl TeXHIKM B SKOCTiI MaTepisaaiB 3 BHMCOKMMIN
CIIEIiAJIbHUMM BJIACTUBOCTAMU, 30KPEMA, IJId €JeKTPOMarHeTHOTO eK-
pauyBauus. Ile 3a0e3meuyeThbCcsa CTPYKTypaMU MiIHOI OCHOBU 3 AUCIEP-
canMu (= 10 MKM) 1100y IApM30BAaHNMY BKpameHHAMYN (asu 3ajiiza 3
migngro. Cepes cydacHMX TEeXHOJIOTiM BUPOOHUIITBA TaKMUX CTOIIIB JUBap-
Hi MaloTh IIepeBaru y po3Mipax KalliTaJIOBKJaJeHb Y OOJIafHAHHA, HU-
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3bKMMM BUTPaTaAMU Ha BUTOTOBJIEHHS Ta 3HAUHO MEHIIMHUMH OOMEIKeH-
HAMM 3a TOBIIMHOIO BUPOOiB, ajie MOTPEeOYIOTh CIEIiAJbHUX METOIiB
JUTTA AJA 3a0e3leueHHA BEJIUKUX MIBUAKOCTell oxojomxeHHA (> 300
K/c); B inmomy pasi (popMyIoThCA posraayskeHi feHapuTu (3 posmMipamMmu
mopaaky 100 MKM), 1110 3HAYHO IMOHUKYE BJIACTUBOCTI MaTepiany. Tomy
AKTyaJIbHOIO € CTpaTerifd IIOJIINIIeHHA XapaKTepPUCTUK MiTHUX CTOMIB 3
Fe B yMoBax HU3LKUX ITBUAKOCTEN oxonomukenua (o 50 K/c), soxkpema
IMCIIEPCHOCTHU 3aJIidHol hasu Ta ii 0y JoBH;.

Bceranosieno, 1m0 B ¢cTpyKTypi crony migi 3 20% Fe, 1o 6ys BuTOII-
JeHUN B iHAYyKITiHHiN TUTIHOBIM meui 3a Temaepatypuy 1723 K, mikpo-
aeropauuit 0,05% C i posauruii y nuaiagpuuHi popmMu B ymMoBax, sAKi
XapaKkTepusyBaluCsa  3HAueHHAMH umcea Re=(1,7-4,0)-10* i
Ri=6,0-10"°, muToMuMHN €Hepri€clo Ta IIOTYKHICTIO IIepPeMiIllyBaHHS
4,4 I»x/kr i 1,1 Br/xr BigmosigHo, chopmyBanucsa aABi 3oHU (mepude-
pifima Ta meHTpasbHA), AKi Bigpismammcsa posmipoMm i ¢opMoio BKpal-
JIeHb Ha OCHOBI 3aJIida B MigHili OCHOBI Ta MaJii mepexigHy 00JIacTh, Oe
BigOyJacs 3MiHaA CTPYKTypH 3 mepexonoM Mixk somamu. lllupuna nmepu-
(depiiiaoi sonu cxaazana 3 mm (17% Bim pagiroca BuiImBKa) i Maja cTpy-
KTYpY CYCIIeH3ii 3 mepeBaskHO I'JIO0YIAPU30BAHNME BKPAIJIEHHAMU PO-
3MipoMm y 7,5 MKM, II10 chopMyBaJanCs 3a IIBUIKOCTU OXOJIOMKEHHS Y
19,6 K/c. PemiTy 06’eMy BuJINBKA 3aiiMaJia IeHTpaJbHaA 30HA, [Ie IITBU]-
KicTb oxomomkennsa ckaagana 1,1 K/c 3 posranykeHUMU JeHIPUTAMU,
40% 3 axux Oyau posmiyiieHi Ha pparmMenTu, a igicHi caraau 350 MKM.

3’sacoBaHo, 1110 HaKJaJaHHA Ha PO3TOI IOCTiAHOT0 rOPU30HTATIBLHOTO
MarHeTHOrO IIOJISI BHKJIMKAJIO YTBOPEHHS MAarHETOriAPOAMHAMIUHOTO
IIPUMEKOBOTO (rapTMaHiBCLKOIO) IIapy po3Tomy 0iasa crTinkm ¢opmu,
[0 XapakTepusyBaBca umncjaoMm Ha=13,2, aKuii MaB TOBIIUHY V
260 MxM i cynpoBom:KyBaB (hPOHT KpHcTadisallii mig yac ¢GopMyBaHHSA
nepudepiifHoi 30HM, 301IBITYIOUN TEIJIOBIAAAYY Bif BUIMBKA A0 CTiHKM
dopmu (uucio k="72,9).

HagasuicTs rapTMaHiBChbKOTO IIapy Ta MificuJIeHHA MiKpoTediil pos-
Tomy 0iia MikdasHOI MoOBepXHi BKpAILIeHb 3aBAAKMN B3a€MOil MarteT-
HOT'O II0JIA 3 MiKPOCTPYyMaMM, IO BUHUKAJIN 3a PeKaJIeCIeHIlil BHACJIi-
Iox ederTiB Mapauroni Ta 3eebexa, 3abe3meunan 301MbINEHHS IITBU/I-
KOCTU OXOJIOAKeHH:A nepudepiiinoi soum go 30,1 K/c i i1 mmmpuaM mo
6 mm (34% Bim papgiroca BUIMBKA), MOAPiIOHEHHS IIOOYJISPU30BAHUX
BKpaiieHb cycmensii o 3,3 MmxM. B 1enTpanbHill 30HI BuanmBKa, AKa
TBepAHYyJIa B iHepIiiHUY mepion micad 3aKiHUeHHA 3aJMBaHHSA Ta IO-
HUKeHHs iHTeHCUBHOCTH IIepeMilllyBaHHs, IIiJl Ji€l0 ImoJd (hparMeHTa-
Iifg JeHIPUTIB IOoCcUIMIAcCAd — KiJIbKiCcTh iX, po3aijieHnx Ha (pparMeHTH,
3pocJia 10 90% , poamipu pparmMenTis ckoporuancsk y 1,7 pasu, Biggaib
MiXK HUMHM 3pocJja O0 3 pasiB, po3Mipu AeHAPUTIB CKOPOTUJINCS IO
150 MmKM.

Busnaueno, 1Mo JeHAPUTHI BKPAIJIEHHS Ha OCHOBi 3ajrida cKJaja-
IOThCS 3i CTOBIIUACTUX cyO3epeH (= 2 MKM y IIOIIepeuyHOMY Iepepisi), mi-
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KPOHeOomHOPiaHOoI (hasu 3 MiKpoo0’eMiB 3aiza Ta Mmigi mix HuMu. BKpa-
IJIeHHs OyJiu oToueHi mapamu 3aiisa (=2 200 am) i migi (= 300 um).

Jisg MarHeTHOTO IIOJIA HMpHUBeJa 0 pyhHAaIlil CTOBIYACTOI CTPYKTYPU
cy03epeH Ha OCHOBI 3aJ1i3a BcepeqUHi BKpalljieHb, IiABUIIAIA IXHIO TU-
cuepcHicTh (po3Mip = 1 MKM), yCYHYJa CYIiIbHI 000JIOHKM Ha MixKdas-
Hill TOBepXHi BKpallJieHb i CTOHIIINJIA IXHi 3aJIUNIKHA, 1110 BKa3yBaJio Ha
MIOCUJIEHHSI IIePEeMIIlTyBaHHA PO3TONY y IiATOIIEHUX AEeHIPUTaX BHA-
caimox edexTiB Mapanroni ta 3ecbeka.

3’sicoBaHoO, IO MEPCIEeKTUBA MOJANBININX AOCIiIMKEeHb IoJATae y ¢o-
PMYBaHHIi JUTOI CTPYKTYPU MiHUX CTOIIiB 3 AMCIEPCHUMHU IJI00YIIPHU-
30BaHMMU BKPAIJIEHHAMU JAeHAPUTHOTO IIOXOAKeHHA Ha OCHOBI 3aJ1isa,
IIT0 PO3IIOBCIOMKEeHAa Ha Bech 00’€M BUJINBKA 3a JIUTTA Yy (GOPMHU I Y BaJI-
KOBi KpHcTaIi3aTopu Ta KPUCTATII3aTOPU KOB3aHHA Oe3IIepepBHUM CIIO-
cobomM.
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Features of the Fabrication of High-Alloy Wear-Resistant Cast
Irons for Operation in Conditions of Hydroabrasive Wear
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The formation of the structure of the metal matrix of wear-resistant cast
irons and its effect on their mechanical properties are investigated. As found
out, it is useful to add 0.15-0.20% Ti and 0.15-0.25% of rare earth metals
at the final stage of melting (after additive) in order to improve the struc-
ture, to neutralize the influence of harmful impurities, and to enhance wear
resistance of the cast irons, which contain chromium and manganese. En-
hanced hydroabrasive wear resistance of the parts of some mechanisms of
thermal-power plants is achieved by reduced content of such alloying ele-
ments as chromium and manganese that increases the service life. It is rec-
ommended to use chromium—manganese cast irons with a manganese content
of up to 2.5-2.7% for the fabrication of cast wear-resistant parts, and to heat
treatment such cast irons with careful selection of the optimal austenitizing
temperature and isothermal holding. The effect of isothermal annealing on

Corresponding author: Maksym Yuriyovych Barabash
E-mail: mbarabash@nasu.kiev.ua

Citation: I.V.Lukianenko, M. M. Yamshinskij, Ie.G.Byba, A.I. Ustymenko,
I. V. Kovalenko, D. S. Leonov, and M. Yu. Barabash, Features of the Fabrication of
High-Alloy Wear-Resistant Cast Irons for Operation in Conditions of Hydroabrasive
Wear, Metallofiz. Noveishie Tekhnol., 46, No.12: 1205-1223 (2024).
DOI: 10.15407/mfint.46.12.1205

1205


https://doi.org/10.15407/mfint.46.12.1205
https://doi.org/10.15407/mfint.46.12.1205

1206 1. V. LUKIANENKO, M. M. YAMSHINSKIJ, Ie. G. BYBA et al.

reducing the hardness of chromium—-manganese cast iron to 39-40 HRC to
further facilitate machining of parts is presented.

Key words: alloyed cast iron, hydroabrasive wear, wear-resistant cast iron,
chromium, manganese, titanium carbides, heat treatment.

B pob6ori gocaimxeHo 3akoHOMipHOCTI (hOpMyBaHHS CTPYKTYPH METAJIEBOI Ma-
TPUIli 3HOCOCTiiKKMX UaByHIB Ta i BB Ha MexaHiuHi BiacTuBocTi. Becranos-
JIeHO, IO [Js TOJINIIeHHS CTPYKTypH, HelTpasiszamii BIJAWBY MIKiIIWBUX
JOMIIIIOK i MigBUINEHHA 3HOCOCTiKOCTHM XPOMOMAHI'aHOBUX UaBYHIB 1X JTOITi-
JBbHO IIepel BUIIYCKAHHAM i3 TONHJBHOTO arperaTty JI0JaTKOBO 00pOOISATH
0,15-0,20% Ti ta 0,15-0,25% P3M (sa npucanxoio). IligsuimeHus rizpoad-
PasuBHOI 3HOCOCTIiMKOCTH [AeTaJliB TeIJIOBUX eJeKTPOCTAHIIM JocATaeThCs
yepes3 3MEHIIIEHHS BUTPAT JIeT' yBAJIbHUX €JIEMEHTiB, TaKuX AK XpoM i Manran,
10 306iyabITye TepMiH ekciryaTrarii. PeKoOMeHI0BAaHO JJis BUTOTOBJIEHHS JIU-
THX 3HOCOCTiMKUX AeTajiB BUKOPUCTOBYBATH XPOMOMAHI'aHOBi UaBYHU 3 BMicC-
tom Maurany mo 2,5-2,7%, a Tepmiune 00po6JIeHHA TAKUX YABYHIiB IIPOBOAY-
TH 3 PETeJbHUM IIiJ00POM OITHMAJIbHOI TeMIIepaTypHu aycTeHisaIlii it isorep-
MiYHOIO BUTPUMKOIO. IIpencraBiieHo BIJIKWB i30TepMiUuHOTO BiAmasy Ha HMOHU-
JKeHHSA TBePAOCTH XPOMOMAaHT'aHOBOTO YaBYHY H0 39—40 HRC mjid mogabIlio-
T'0 IIOJIETIIIEHHA MeXaHiuYHOT0 00pO0IeHHS JeTaliB.

KarouoBi cioBa: JeroBaHuil YaByH, riipoabpasuBHE 3HOIITYBAHHA, 3HOCOCTili-
Kuii yaByH, XpoM, Mauras, kapoigu Turany, repmiute o6pobaeHHs.

(Received 17 September, 2024, in final version, 22 October, 2024 )

1. INTRODUCTION

The thermal-power industry is one of the main consumers of wear-
resistant alloys. The parts of the systems for solid pulverized fuel prepa-
ration and slag and ash removal from boiler units of thermal power
plants work under hard conditions of abrasive and hydroabrasive wear.

During the combustion of fuel in boiler units, a significant amount
of slag and ash is formed, which is removed by water flow. The mixture
of water and slag in the form of pulp enters the hydrosol-removal
(HSR) system and is transported to the ash-disposal area. The turns of
slime conveyer screws, rotors, casings and discs of dredging pumps,
elbows of sludge lines work under conditions of abrasive and hydroa-
brasive wear in the HSR systems of thermal-power stations (TPSs).
They are produced from wear-resistant Cr,sNi cast iron by casting [1].

The slag and ash are the main abrasives, which cause wear of the
parts of HSR systems. The concentration of abrasives in the pulp
reaches 25—30% . The particles of slag that enter the hydrosol removal
system have sizes from 0.04 to 100 mm. The main components of ash
slag are oxides SiO,, Al,O,;, Fe,O,;, CaO, and MgO, a small amount of
sulphates CaSO,, MgS0O,, and FeSO,, and smaller amount of phos-
phates, alkali-metal oxides K,O, Na,O, etc.[2, 3].
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Slag particles have various shapes—from needle-like to spherical.
The shape of slag particles depends on their melting point, which is de-
termined by the ratio of the content of the calcium and iron oxides to
the content of the silicon and aluminium oxides [4]:

M- [CaO] +[Fe,0,]
~ [Si0,]+[ALO,]"

The higher this ratio, the more rounded the particles are, and vice
versa—the slag takes on a needle-like shape and a more abrasive effect
at lower M that can affect the HSR system parts.

In addition to the shape and size of slag and ash particles, the rate of
wear of cast parts of HSR systems in TPSs is significantly affected by
the corrosive components of the hydroabrasive medium. Corrosion ac-
tivity of ash and slag pulp is determined by the mineral composition of
slag and ash, which, in turn, affects the acidity or alkalinity of the
aqueous suspension.

The destruction of working parts of machines and mechanisms used
at TPSs occurs mainly due to intensive abrasive and hydroabrasive
wear, i.e., due to the action of abrasive particles on the materials and
the erosive effect of water. An analysis of the operating conditions of
parts in a hydroabrasive environment [5] showed that the resistance of
metals and alloys to wear depends on their chemical composition and
previous heat treatment. Appropriate composition and heat treatment
provide optimal structure with high hardness and wear resistance[1—4].

In Ref. [6], the effect of the incidence angle of abrasive on hydroa-
brasive wear of white cast irons was studied. It was shown that white
cast irons had high wear resistance at small incidence angles (10°). At
small incidence angles, the wear resistance increased at higher carbon
content (i.e., at larger amount of the carbide phase). At larger inci-
dence angles (over 70°), the wear resistance was almost constant at any
carbon content.

Brittle materials have the lowest wear resistance at an incidence an-
gle of 90°, i.e., at right angle incidence [6]. For a material with in-
creased ductility, the incidence angle corresponding to the maximum
rate of wear decreases: it is of 50—70° for quenched steel and of 30—40°
for the same steel in as-cast state.

In addition to the abrasive hardness, the rate of wear is also affected
significantly by the size and shape of abrasive particles, and their ex-
tent of fixation [7]. The rate of wear increases with increasing size of
the particles, their acuteness (i.e., at smaller radii of their tips), and
the extent of fixation|[7, 8].

Cast irons with high wear resistance contain a significant amount of
finely dispersed carbides with high microhardness (10—16 kN/mm?)
(e.g., (Cr,Fe);C or (Cr,Fe),C;), which are formed at high chromium con-
tent and have alloyed matrix [8, 9].
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In cast irons, which contain up to 7% Cr, cementite-type Me;C car-
bides are formed; the microhardness of these carbides reaches 1100 HV
[10]. When a cast iron with 3% C contains more than 7% Cr, the
amount of cementite-type carbides decreases due to the formation of
chromium carbides with higher microhardness, and the wear re-
sistance of the cast iron increases. Cast irons with (Cr,Fe),C; carbides
have the maximum wear resistance. This effect is explained by the in-
creased microhardness of these carbides, when the chromium content
isof 11-13% [11].

Larger amount of carbides increases the wear resistance of cast
irons, provided the type of carbides does not change. In a cast iron with
13% Cr and 3.2—-3.4% C, the amount of Me,C; carbides is of =30%
[10]. A further increase in the C content and the amount of carbides
does not enhance wear resistance, since Me;C carbides appear. The
wear resistance of a cast iron reduces with increasing size of carbide
particles. Coarse carbide particles crack, deform and crush under ac-
tion of abrasive particles. Fine carbides partially transfer stresses to
the metal matrix and do not fail.

For microcutting in a hydroabrasive medium, the critical size of
carbides is of 7—8 uym. When this size is exceeded, the wear resistance
drastically drops [10. 11]. For example, an increase in the amount of
(Cr,Fe),C;-type carbides from 12% to 32% leads to an increase in the
wear resistance of a cast iron with a pearlitic matrix by only 50%,
whereas it increases by three times for a martensitic matrix [12].

Wear resistance significantly decreases, when just a small amount
(less than 10% ) of soft products of the pearlite transformation of aus-
tenite appears. The highest wear resistance of white cast iron is pro-
vided by a high-strength and hard martensitic matrix. In the condi-
tions of impact abrasive wear, the transformation of residual austenite
into martensite can increase wear rate due to tensile stresses that ap-
pear during this transformation.

As shown in Refs. [13, 14], wear resistance can be significantly in-
creased only for the alloys, which undergo phase transformations dur-
ing plastic deformation that precedes the fracture in microvolumes dur-
ing wear. Cast iron with unstable alloyed austenite after rapid cooling of
an ingot in a cold metal mould has a wear resistance 4—5 times higher
than cast iron with an excessive amount of carbides; however, the latter
does not undergo phase transformations during deformation [15].

Therefore, the wear resistance of cast irons with the same character-
istics of the carbide component is related linearly to the microhardness
of their matrix, which provides a higher wear resistance. An important
issue in choosing a wear-resistant structure is the retention of carbides
in the metal matrix even after phase transformations.

The aim of the work was the development of new wear-resistant al-
loys with high chromium content, the investigation of their properties
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depending on chemical composition, and the determination of the ef-
fect of microalloying, modification and heat treatment on operating
under severe extreme conditions.

2. MATERIALS

Wear-resistant alloys were smelted from steel scrap and recycled cast
iron. The alloys were smelted in an induction furnace ICT-0,06 with a
basic lining. Melting was carried out by remelting technique. Large
pieces of ferrochrome, steel scrap, cast iron, and small pieces of ferro-
chrome were sequentially fed into the furnace. After, the charge was
completely melted and the melt heated up to 1450-1470°C; appropri-
ate additives were added to the crucible: preheated nickel, ferrovana-
dium, ferrotitanium, ferromanganese, ferroboron or REM. The melt
was kept until the additives were completely dissolved or melted; then,
it was poured into a ladle and moulds. As a deoxidizer, aluminium was
added in calculated amounts into the ladle during its filling with liquid
metal; then, the melt was stirred with a rod.

The chosen shape of the samples (Fig. 1) made it possible to produce
ingots in the lower mould in a horizontal position, which provided their
maximum density in the zones, which were subjected to wear testing.

The moulds were filled with melt at 1380—-1410°C. After cooling and
punching out the ingots, the samples were mechanically processed in
order to provide the same dimensions and surface cleanliness.

The determination of the wear resistance of iron-based alloys is suffi-

=
—— 65 — «-i-—»
a
o=
X
100 30
b

Fig. 1. Samples for investigations of wear resistance in a hydroabrasive medi-
um (a) and hardness (b).
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ciently accurate and useful for practical calculations, only if the wear
process during testing is the same as during the operation of a real part.

The hydroabrasive wear resistance of materials is mostly carried out
at uncontrollable incidence angles of abrasive particles. The samples
are tested in a flux of abrasive liquid that affects their surfaces at var-
ying angles (from 0° to 90°). The behaviour of samples in a hydroabra-
sive medium is estimated taking into account the following require-
ments: high reproducibility of results, metal losses sufficient to assess
the wear of a sample during a relatively short test time, and the most
stable conditions of testing. Pit sand was used as an abrasive material.
Due to the irregular shape of its particles, this sand has a higher abra-
sive effect as compared to river sand. The test parameters under labor-
atory conditions were determined using 280x28x2 alloy samples. The
wear resistance of the investigated alloys was compared with that of
these samples.

3. RESULTS AND DISCUSSION

The effect of chromium on the hardness of wear-resistant cast iron in
the range of its concentrations from 4.5% to 831.6% at the C content up
to 3.0% was studied. It is known that Cr-containing cast irons without
additional alloying with austenite-stabilizing elements have low har-
denability, so the original cast iron additionally contained 4.0-5.0%
Mn [15]. This Mn content in chrome and manganese white cast irons
with Me,C; carbides provides the hardenability of ingots with an
equivalent wall thickness of up to 350 mm that is valid almost for any
ingot produced in industry.

The relative wear resistance was determined in a hydroabrasive me-
dium. The Cry,Ni, alloy samples were used for reference. The chemical
compositions and properties of cast irons are listed in Table1l and
shown in Fig. 2.

It is known that chromium contributes to intense chilling of cast
iron. This element reduces the solubility of carbon in a- and y-iron, in-
creases the stability of the solid solution and the amount of the eutectic
component. A Cr-enriched carbide phase of the cementite type is
formed in cast irons even at low chromium content [15, 16].

It is found out that an increase in Cr content from 4.5% to 21.1%
significantly enhances the operational properties of Mn-containing
cast irons. When Cr content in cast iron increases, the amount of ce-
mentite-type carbides reduces due to the formation of chromium car-
bides (Cr,Fe),C; at more than 7% Cr, and (Cr,Fe),;Cs at more than 20%
Cr, which have high microhardness [12]. The ledeburite-type eutectic
is replaced by the eutectic with various fine complex carbides
(Cr,Fe,Mn),C; (Fig. 3) that corresponds to the Charpy principle [8, 9]
(hard carbides in a softer matrix).
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TABLE 1. Chemical composition and properties of wear-resistant white cast
irons with different chromium content.

] Content, % wt. )
Meltlng P S Rela‘?lve Hardness, HRC
index | ¢ | Cr |Mn| Si wear resistance
max
101 2.91 4.5 4.2 0.65 0.05 0.05 0.85 41.0
102 2.85 8.3 4.5 0.70 0.05 0.05 1.02 43.2
103 2.82 16.2 4.1 0.72 0.05 0.05 1.18 46.6
104 2.92 21.1 4.6 0.68 0.05 0.05 1.22 48.5
105 2.94 25.2 4.2 0.65 0.05 0.05 1.12 49.4
106 2.86 31.6 4.3 0.78 0.05 0.05 0.95 50.3
1.4 52
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Fig. 2. Dependence of hardness and wear resistance of cast irons on Cr con-
tent: 1—relative wear resistance, 2—hardness, 3—Cr,3Ni, alloy (reference).

Higher amount of the ledeburite eutectic and lower volume fraction
of austenite contribute to an increase in the hardness and wear re-
sistance of the alloy. An increase in the chromium content in cast iron
above 20% leads to the appearance of coarse hypereutectic crystallites
of Cr,C; carbides, and to a higher amount of Cr-alloyed ferrite [6].
Cr,C; carbides solidify as long needle-like hexagons (Fig. 3). These car-
bides reduce the wear resistance and especially the strength of ingots,
although the hardness of the alloy increases (Fig. 2).
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Fig. 3. Effect of chromium on microstructure of high-alloyed cast iron: 4.5%
Cr(a), 21.1% Cr (b), 25.2% Cr (¢).

TABLE 2. Chemical composition and properties of wear-resistant high-
chromium cast iron with different Mn content.

‘ Content, % wt. ‘
Niﬁl(;ﬁéig C Cr | Mn | Si P S Weai{iz?s“;znce Hardness, HRC
max
107 2.89 18.6 2.1 0.64 0.05 0.05 1.38 52.0
108 3.02 18.8 4.2 0.72 0.05 0.05 1.22 48.5
109 2.91 19.2 7.8 0.79 0.05 0.05 1.05 44.0
110 2.86 19.4 10.3 0.68 0.05 0.05 0.98 42.5
111 2.79 18.9 11.9 0.70 0.05 0.05 0.95 42.0

The effect of manganese on the wear resistance and hardness of cast
iron with about 19% Cr (this chromium content provides the highest
wear resistance) and about 3.0% C was studied in the concentration
range of 2.1-11.9% Mn. The chemical composition of cast irons and
test results are shown in Table 2 and Fig. 4.

Manganese contributes to the stabilization of austenite in chromi-
um—enriched cast irons. As the manganese content in cast irons in-
creases, the hardness decreases that is explained by higher amount of
residual austenite in the matrix and its stabilization (Fig. 4). In addi-
tion, manganese increases the solubility of carbon in the y-iron that
leads to a decreased total amount of chromium carbides.

Based on the data of Refs. [8, 9, 17], one can assume that every Mn
percent in the chromium—manganese cast irons can reduce the content
of the carbide phase by 1.0—-1.4% . The wear resistance of the alloy also
decreases—at about 9% Mn, it becomes lower as compared to the
Cry,Ni, alloy. Thus, the chromium—manganese cast irons should con-
tain no more than 9.0% Mn in order to have high wear resistance
(higher than chromium—nickel cast iron Cr,3Ni,) (see Fig. 5).
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Fig. 4. Dependence of hardness and wear resistance of cast irons on Mn con-
tent: I —relative wear resistance, 2—hardness, 3—Cr,3Ni, alloy (reference).

a l b o c

Fig. 5. Effect of Mn content on microstructure of Cr-rich cast iron: 2.1% Mn
(a), 4.2% Mn (b), 11.9% Mn (c).

Taking into account the fact that manganese increases the harden-
ability of Cr-containing cast irons, and residual austenite in cast irons
can strengthen under the impact of abrasive particles at low Cr concen-
trations, a high-chromium cast iron should contain 3.0-5.0% Mn. Ac-
cording to the results of investigations of mechanical properties and
operational characteristics, a new chromium-—manganese cast iron
with 18-20% Cr and 3.5—4.5% Mn was developed. This alloy is men-
tioned below as Cr;oMn, and is taken as a reference one. Cast iron with
this chemical composition has a wear resistance 20—25% higher than
the Cry,sNi, cast iron.
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Further, the effect of titanium content up to 1.2% on the structure
and characteristics of chromium—manganese cast irons is investigat-
ed. Given the high affinity of titanium for oxygen, it was added in the
form of ferrotitanium after deoxidizing the melt with aluminium. The
deoxidation of cast iron with aluminium was carried out to increase the
integrity of test. The Cr,;;Mn, cast iron developed by the authors was
used as a reference. The chemical compositions and properties of the
cast irons depending on titanium content are listed in Table 3; the test
results and microstructures are shown in Figs. 6 and 7, respectively.

TABLE 3. Chemical composition and properties of chromium—-manganese iron
Cri;oMn, with different titanium contents.

) Content, % wt. )
Nﬁilcfézg Clcr |Mn!| Si| Ti P S weafrhre'lez?s“ggnce Hardness, HRC
max
118 2.8518.9 3.92 0.64 - 0.05 0.05 1.00 48.0
119 2.9019.1 3.80 0.60 0.11 0.05 0.05 1.05 51.0
120 2.8719.0 3.86 0.69 0.24 0.05 0.05 1.11 52.0
121 2.98 18.7 4.10 0.71 0.49 0.05 0.05 1.15 53.0
122 3.0219.4 4.05 0.69 0.87 0.05 0.05 1.04 51.0
123 2.96 19.2 4.20 0.72 1.20 0.05 0.05 1.01 47.0
1.4 56
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Fig. 6. Dependence of wear resistance and hardness of cast irons on Ti con-
tent: 1—relative wear resistance, 2—hardness, 3—Cr;,Mn, alloy (reference).
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Fig. 7. Effect of Ti content on microstructure of chromium—manganese cast
iron: no Ti (a), 0.49% Ti (b), 0.87% Ti (c).
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Fig. 8. Colonies of titanium carbides, nitrides, and carbonitrides in cast iron
with 0.87% Ti.

Titanium has a higher affinity for carbon than iron; so, it precipi-
tates, first of all, in the form of carbides or carbonitrides (at a suffi-
cient N content) during the solidification of Ti-containing iron—carbon
alloys. Titanium promotes the subcooling of molten iron, which con-
tributes to the solution of titanium carbides in the iron melt and the
precipitation of carbides during the solidification [10, 14].

The alloy with 0.5% Ti had the highest wear resistance and hardness.
At higher Ti content, titanium carbides and carbonitrides were distrib-
uted inhomogeneously in the matrix and formed colonies (Fig. 8),
which were stress concentrators and crushed under abrasive impact.

In thick ingots, due to their slow solidification and insolubility in
molten iron, titanium carbonitrides, which begin to precipitate below
1220°C [17], can accumulate in local volumes of the metal (Fig. 8) and
contribute to local embrittlement and deterioration of mechanical pro-
cessing [13, 16].

This complicates the overall technological production of high-
quality parts from these cast irons, increases the costs of mechanical
processing of cast parts and the total cost of production, and reduces
the service life of parts and equipment.
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In addition, higher Ti content in a cast iron increases the infiltration
of the melt by silicon from the lining of melting furnace (especially,
when the lining is acidic), which increases the number of non-metallic
inclusions of various morphologies (most often nitride and sulphide
phases) [14]. Therefore, it is advisable to add 0.25-0.50% Ti into the
melt before removing from a melting furnace in order to improve the
operational characteristics of chromium—manganese cast irons. This
approach increases the wear resistance of cast parts by 15—-20% under
intensive hydroabrasive wear.

The REM on the operational characteristics of chromium—manganese
cast irons was studied at concentrations up to 0.8% (by additive). The
REM was added to the melt as a master alloy MeCyFe; (48.9% Ce,
29.3% La, and 14.8% Nd) at a melt temperature of 1440-1460°C.

During the adding of REM into molten cast iron in a laboratory ladle
(up to 30 kg of melt), the modification effect was not completely ful-
filled. This was due to the rapid cooling of the melt (compared to the
cooling in industrial ladles), as well as the small height of the laborato-
ry ladle, which prevented floating of non-metallic inclusions and
transferring them into the slag. Therefore, the REMs were added to
the crucible of the furnace immediately before the removal of the melt.
The chemical compositions and test results are listed in Table 4 and
shown in Fig. 9.

It was found out that the addition of REM additives into the chro-
mium—manganese cast iron (up to 0.25%) increased the wear re-
sistance and hardness of the alloy (Fig. 9). REMs effectively bind sul-
phur and oxygen in the chrome—manganese cast irons, and change the
shape of non-metallic inclusions from angular or elongated to globular.
Therefore, these harmful inclusions less deteriorate the properties of
the alloy and easily float to the slag [10, 16].

TABLE 4. Chemical compositions and properties of chromium—manganese
cast iron Cr;,Mn, modified by REM.

%0 Content, % wt. )

wn
£ & P | s £R
=3 Relative wear resistance % &
S5 C | Cr |Mn| Si |REM s
= max e
142 2,91 18.9 4.00 0.64 - 0.05 0.05 1.00 48.0
143 2.88 18.5 4.05 0.65 0.10 0.05 0.05 1.07 51.0
144 3.00 19.8 4.10 0.74 0.20 0.05 0.05 1.20 50.0
145 2.90 19.2 4.15 0.72 0.50 0.05 0.05 1.10 52.0
146 3.05 18.7 4.22 0.76 0.60 0.05 0.05 1.09 50.0

147 2.95 19.7 4.10 0.69 0.80 0.05 0.05 1.00 49.0
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Fig. 9. Dependence of wear resistance and hardness of cast irons on REM addi-
tive: 1—relative wear resistance, 2—hardness, 3—Cr,;,Mn, alloy (reference).

The REM additives noticeably refine the microstructure of the ref-
erence chromium—-manganese cast iron (Fig. 10). Cerium, lanthanum,
and neodymium compounds act as surface-active substances (SASs) at
the boundaries of austenite dendrites and limit their growth during
solidification. This effect is similar to the effect of antimony. In addi-
tion, the eutectic y + (Cr,Fe,Mn),C; has a more fine structure in the al-
loy containing 0.1% REM [14].

Usually, the REM are good degassers, dephosphorizers and desul-
furizers of iron-based alloys, which improve the quality of the ingots,
because the REM bind oxygen, nitrogen, hydrogen, sulphur, etc. in
stable chemical compounds.

P LS E .‘ i 2 o

Fig. 10. Evolution of microstructure of Cr;;Mn, chromium—manganese cast
iron depending on REM additive: no REM (a), 0.2% REM (b), 0.5% REM (c).
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Fig. 11. Microstructure of chromium—manganese Cr;,Mn, cast iron contain-
ing titanium and REM (spots of local chemical analysis are indicated).

WD=16.5mm 20.00kV___x7 85k

Fig. 12. Microstructure of Cr;;Mn, cast iron in initial state (a), after modifica-
tion with 0.20% Tiand 0.20% REM additives (b), fine complex carbides (c, d).

Therefore, it is advisable to modify chromium—manganese cast irons
with REM additives in the range of 0.10—-0.25% in order to improve
the microstructure and increase the wear resistance and hardness.

According to local chemical analysis (Fig. 11), particle 2 is a REM
sulphide located in titanium carbonitride (point 3 in Fig. 11); however,
there are titanium and REM (La, Ce) in the sulphide and carbide.

Considering the high affinity of titanium to sulphur [14], it can be
assumed that it is a carbosulphide with a complex chemical composi-
tion. The microstructure of the etched samples was investigated using
optical and scanning microscopy. Fine particles with sizes from 1 ym
to 4 ym were observed in the austenite dendrites in the cast iron modi-
fied with titanium and REM (Fig. 12, a, b), which increased the micro-
hardness of primary austenite grains from 3.2 GPa to 4.2 GPa. The
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TABLE 5. Distribution of chemical elements in Cr;Mn, cast iron (see Fig. 12, ¢, d).

Content, % wt.

Spot - - Probable phase
Si [Mn | cr |Ti| P | s [Ce|La|Nd[Pr Fe
12,¢ 0.18 3.57 47.57 0 0.150.00 0 0 0 0 48.52 (Cr-Fe.Mn).C,
carbide
12,d 0.13 4.1733.53 0 0.110.10 0 0 0 061.96 (Cr-Fe.Mn)Cy
carbide

largest number of these inclusions was observed after adding 0.2% and
0.5% REM. It is obviously that these inclusions are fine complex
(Cr,Fe,Mn),C; carbides containing chromium and manganese (Fig. 12,
¢, d), which are not constituents of the eutectic. This is confirmed by
local chemical analysis (Table 5). It is likely that the fine carbides ob-
served in the modified alloy formed during the solidification on very
fine particles of REM or their compounds, which could act as addition-
al centres of solidification. The authors of [18] came to similar conclu-
sions, but the nature and chemical composition of these particles were
not analysed.

In the industrial ingots of cast irons even of eutectic composition, a
significant number of primary austenite dendrites are usually ob-
served near the eutectic areas as a result of varying local chemical
composition, segregation, etc. These zones have a lower microhard-
ness; so, they wear out, first of all, during the operation of parts, thus
accelerating the wear of the entire surface. Therefore, the hardening
of the primary austenite dendrites with fine hard carbides and carboni-
trides helps to increase the abrasive wear resistance of the cast parts.
The alloy modified with 0.2% Tiand 0.2% REM additives has the max-
imum wear resistance (20% higher than the reference cast iron), while
the hardness of the cast iron is of 48—50 HRC [14].

Therefore, it is useful to add 0.15-0.20% Ti and 0.15-0.25% REM
(by additive) before at the final stage of melting in order to improve the
microstructure, neutralize the effect of harmful impurities, and in-
crease the wear resistance of chromium—manganese cast irons. In most
cases, the ingots of wear-resistant cast irons are machined. The hard-
ness of as-cast chromium—manganese cast irons is of 40-55 HRC. This
makes difficult mechanical processing by traditional methods. Besides,
the surface hardness of chromium—manganese cast irons can increase
because of martensitic transformation in microvolumes of alloyed aus-
tenite as a result of high pressures, which appear during machining.

For reliable and long-term operation of cast parts and successful
mechanical processing, it is necessary to select correctly the optimal
chemical composition and heat treatment of a chromium—manganese
cast iron.
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TABLE 6. Chemical composition of the studied chromium-manganese cast
irons: “—by additive, ““—additionally contain 0.02% B and 0.1% V.

o Content, % wt. Hardness, HRC
2 P|[S| g

1 . B

- | Costironmarking| | i | 6 |Mn| T [REM 5 | After
§ max s annealing
< <

1 CryMn, 3.0 0.6 19.6 2.5 - - 0.050.0556.0 40.0
2 Cr;oMn, 3.2 0.8 19.1 3.0 - - 0.050.0553.0 48.0
3 CryMn, 3.2 0.7 19.8 3.2 - — 0.050.0551.5 47.5
4  CryMn,TiREM 2.8 1.0 20.0 4.4 0.11 0.1 0.050.0549.0 56.0

5 Cr;oMn,Ti 2.9 0.9 19.2 3.90.11 - 0.050.0550.0 50.0
6 Cr,Mn,TiREM™ 2.9 1.0 19.1 2.7 0.20 0.2 0.050.0554.0 43.0

The hardness of cast ingots varied from 40 HRC to 56 HRC (Table
6); it depended to a lesser extent on the content of carbon (2.8-3.2%),
silicon (0.6-1.0% ), chromium (19.1-20.0% ), and modifying additives
(up to 0.2% Ti and up to 0.2% REM). The main alloying element that
affects the hardness of as-cast samples is manganese, which contrib-
utes to the austenization of cast iron in the greatest extent and changes
the microstructure and hardness.

In the austenite of this cast iron alloyed with chromium and manga-
nese, a large amount of secondary carbides precipitate (austenite has a
dark colour), which increase the microhardness of austenite, and, as a
result, contribute to the increase in the hardness of the cast iron. The
hardness of the cast iron did not decrease significantly after annealing.

The only exception is the Cry,)Mn; cast iron with a hardness of
40 HRC, which meets the requirements for standard machining. The
reduction in the hardness of cast iron is explained by the decomposi-
tion of austenite into granular pearlite due to slower cooling in the
pearlite field. At the same time, the austenite in the complex alloyed
Cr;oMn;Ti REM cast iron decomposes partially.

When the Mn content increased from 2.5% to 4.4% , the hardness of
heat-treated samples increased from 39.5 HRC to 56 HRC. At 3.9%
Mn and above, the hardness of the samples did not decrease after an-
nealing; it even increased. This can be explained as follows. In the as-
cast state, the samples contained mainly primary dendrites of austen-
ite and y + (Cr,Fe,Mn),C; eutectic [18, 19]. Therefore, the difference in
the hardness of as-cast samples can be explained by the different
amount of austenite due to the different Mn content, since the latter
stabilizes the austenite and increases the solubility of carbon in the y-
iron. This somewhat reduces the amount of chromium carbides in the



FEATURES OF THE FABRICATION OF HIGH-ALLOY WEAR-RESISTANT CASTIRONS 1221

250 = Oz
) e B 7 s
9 & o s DI
—= 200 - [ ¥ N -
a 3 D4 TN 3
N\ N

o N < i\

> o LS
2150 &= BN RS
7] |
g O
£ ol
=100 - B o"’o o
g e ) - o 4
5] VI | I Q °
= S =& = =
e = B &g
T 507 2 o S}
m Om \ B

s |
[
0
40 60 80 100
20, degrees

Fig.13. Phases in wear-resistant chromium-manganese cast iron
CryMn,Ti REM and their volume fractions: Fe;C—31%, (Cr,Fe),C;—32%,
TiC—16%, y-Fe—21%.

cast iron. All these factors reduce the hardness of the cast iron.

During step annealing, the austenite in the cast irons with a mini-
mum Mn content decomposes completely into granular pearlite (rela-
tively soft) of different sizes, which leads to a decrease in the hardness
to 39—40 HRC. In the alloys with an average Mn content, the hardness
decreased by only 5—10 units. The matrix in these alloys consists of the
austenite hardened with secondary carbides, which do not decompose,
and partly from the austenite decomposition products. As a result, the
hardness of the alloy decreases insufficiently for mechanical pro-
cessing under normal conditions.

Manganese-saturated austenite in these cast irons decomposes only
partially; instead, a large amount of secondary carbides precipitate in
it that strengthens additionally the alloy and increases its hardness.
The partial decomposition of the austenite obviously begins in zones
with a minimum Mn content, which appear due to the chemical segre-
gation in the dendrites. As an example of the carbides of different
composition in the cast iron, Fig. 13 shows the microstructural con-
stituents of the chromium—-manganese cast iron (local chemical compo-
sitions in several spots are listed in Table 7).

4. CONCLUSIONS

It is found out that it is necessary to use chromium—-manganese cast
irons with a reduced Mn content (up to 2.5-2.7%) for the production
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TABLE 7. Local chemical compositions.

Chemical composition, % wt. (see Fig. 13, insert a)
spot| ¢ [ si [Mon]| o | T | P | s | Fe | =
1 295 0.25 4.11 5.12 0.00 0.18 0.08 87.31 100.00
2 3.05 0.18 4.33 51.55 0.00 0.05 0.15 40.69 100.00
3 2.20 0.07 0.00 6.36 86.91 0.02 0.01 4.43 100.00
Chemical composition, % wt. (see Fig. 13, insert b)
spot| ¢ [ si [Mon]| o | T [P | s | Fe | =
1 2.51 0.08 0.23 8.50 86.19 0.01 0.00 2.98 100.00
2 2.93 0.20 3.52 4.89 0.00 0.07 0.09 88.31 100.00
3 2.21 0.10 3.50 60.04 0.00 0.18 0.11 33.87 100.00

of cast wear-resistant parts that require mechanical processing.

In order to reduce the hardness of chromium—manganese cast irons
to about 40 HRC, they should be heat-treated as follows: heating up to
870°C, exposure for 1 hour, cooling in a furnace to 610°C, exposure for
3 hours, heating to 690°C, exposure for 2 hours, and cooling in a fur-
nace (step annealing).

The step isothermal annealing is found to be a promising heat treat-
ment of the chromium—-manganese cast irons with 18—-21% Cr, espe-
cially, at a low Mn content (2.7% and below). This reduces the hard-
ness of as-cast cast iron from 54-56 HRC to 39—-40 HRC. This heat
treatment of ingots of chromium—manganese cast irons significantly
facilitates subsequent mechanical processing.

It is found out that the step annealing is particularly effective for
the cast irons with carbon content at the lower limit. It is shown that
optimal austenization and isothermal-ageing temperatures should be
chosen (taking into account the manganese content).
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The effect of both deformation conditions and pressing pressure on the struc-
ture and properties of titanium hydride formed by various methods, such as
quasi-hydrostatic pressing in a high-pressure chamber, free upsetting and
static one-stage pressing with subsequent second compaction, is studied. As
found out, the stresses exceeding the ultimate strength of titanium hydride
appear at the contact surfaces of particles at high pressures. The consolida-
tion of the powder occurs through the mechanism of particle crushing, which
contributes to the further compaction of TiH, powder, and due to plastic de-
formation. As also found out, the deformation of titanium hydride under
conditions of free radial shear provides plastic deformation at significantly
lower pressures as compared to the uniform quasi-hydrostatic compression.
As shown, the rate of hydrogen release from sintered compacts decreases at
higher pressing pressure and the degree of deformation.
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hydrostatic compression, free upsetting, porosity, dehydrogenation rate.

HociimxeHo BIJIMB YMOB Ae(opMyBaHHSA Ta TUCKY IIPECYBAHHA HA CTPYKTYPY
Ta BaacTuBocTi rinpuay Turany, cdhopMOBAHOTO Pi3HUMU METOAAMU, TAKUMU
K KBasuTiApocTaTUUHE IIPeCyBaHHS Y KaMepi BUCOKOTO THUCKY, BiJIbHUI oca
i craTuuHe omHOCTamiliHE IIPEeCYBaHHS 3 IOJAJBIIIMM HOBTOPHUM IIPECcyBaH-
HAM. BcTaHOBIIEHO, 1110 HA KOHTAKTHUX MOBEPXHAX YACTUHOK 38 BUCOKUX THC-
KiB BUHMKAIOTh HATIPYKEHHS, 110 IIePEeBUIITYIOTh MeKy MirHocTH rigpuny Tu-
Tany. KoHcosialis mopoIKy BigOyBaeThbCcsa 3a PaXyHOK MexXaHisMy moapio-
HEHHS YaCTUHOK, II[0 CIPUAE TOJAJBIIIOMY yIiJbHeHHIO mopoiky TiH,, Ta 3a
paxyHOK ImmacTuuHOi medopmalii. Tako:k BcTaHOBIIEHO, IO Aedopmarliia rifg-
puny TuTaHy B yMOBax BiJIbHOTO PafifAJbLHOTO 3CyBYy 3abesmeuye ILJIacTUUHY
IedopMariio 3a 3HAUHO HUMKUYNX TUCKIB IOPiBHAHO 3 PIBHOMipHUM KBa3UTif-
POCTATUYHUM CTHUCHEHHAM. IloKasaHo, IO MIBUAKICTHL BUAIJIEHHA BOTHIO 3i
CHeUeHNX KOMIIAKTiB 3MEHIIYETHCA 3 IMiJBUINEHHAM THCKY IpPecyBaHHA Ta
cTyImeHsa medopMmarrii.

Karouogi cioBa: rigpun Turany, cunbHa gedopmallis, mpecyBaHHsS, KBa3UTiI-
pocTaTuuHe CTUCHEHHS, BLILHIII 0call, HOPUCTICTD, MIBUAKICTD AeriipyBaHHA.

(Received 7 October, 2024; in final version, 25 October, 2024 )

1.INTRODUCTION

The rapid development of technologies constantly requires the use of
materials with a unique combination of properties, namely high values
of strength, hardness, thermal stability and, at the same time, low spe-
cific weight. One of the most promising materials is titanium, which,
due to its properties, has become one of the most important construc-
tion materials today[1].

The use of titanium and its alloys in powder metallurgy allows solv-
ing a number of issues (high-energy consumption, high material loss-
es, that result in high cost of products, etc.), which arise when parts
are produced by traditional methods. However, the main obstacle to
the widespread application of titanium powder metallurgy techniques
into industrial production is the high price of powders and insufficient
volume of their production. The price of titanium powders is signifi-
cantly higher than the price of titanium sponge, and in some cases even
higher than the price of ingots and some semi-finished products [2].
The main direction of the development of the titanium industry today
is the expansion of the field of application of titanium and its alloys
through the development of new economic technologies that provide a
significant reduction in the cost of both the material itself and prod-
ucts from it in comparison with existing approaches [3, 4]. The use of
titanium hydride instead of traditional titanium powder is more expe-
dient both from the technical and economic point of view [5], since hy-
drogen activates the processes of consolidation of powders during sin-
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tering, which provides a relative density of 98.5-99.5%, the required
phase composition, microstructure, and chemical homogeneity with a
low content of impurities [6]. However, the disadvantage of using tita-
nium hydride in powder metallurgy technologies is its high brittleness,
which negatively affects the compaction of powder particles at the
stage of part formation. Nevertheless, it is known that the plasticity of
titanium hydride increases after severe deformation; this is associated
with increased mobility of dislocations [7, 8]. As known, the plastic
deformation of hexagonal close-packed (h.c.p.) titanium is controlled
by the sliding of screw dislocations [9].

The use of the techniques of severe deformation, including torsion
under high pressure, equal-channel angular pressing, screw extrusion,
free upsetting and forging [10-12] provides a non-trivial combination of
strength and plasticity of powder materials. This becomes especially im-
portant for the formation of the structure and properties of brittle and
low-plasticity materials, such as titanium hydride. The effect of increas-
ing strength and plasticity after severe deformation at high pressures is
known for many metallic materials, including titanium [13]; however,
this effect has practically not been studied for titanium hydride. This
determines the relevance and timeliness of researches on this issue.
Therefore, the purpose of this work was to study the influence of press-
ing pressure and conditions of severe deformation on the structure and
properties of titanium hydride formed by various methods.

2. EXPERIMENTAL TECHNIQUES

The initial titanium hydride powder was produced by hydrogenation of
titanium sponge. Titanium hydride powder had an f.c.c. lattice with a
hydrogen content of 4 wt.%. The powder was heterogeneous in the par-
ticle size in initial state. The size of the powder particles varied from
100 pm to several millimetres. Therefore, the powder was first ground
in a titanium planetary mill, in the environment of ethyl alcohol, for
5 minutes. Grinding titanium hydride in a planetary mill increased the
specific surface area of the powder, the density of structural defects in
the crystal lattice, and decreased hydrogen content to 3.8 wt.% (de-
termined by the method of reductive extraction with carbon in the flow
of He with subsequent chromatographic registration of the reduction
products); the chemical activity also increased [14]. After grinding,
the < 50 pym powder fraction was sieved for further investigations. In
order to study the deformation process and the effect of pressing pres-
sure on the properties of the TiH, powder compacts, one-stage pressing
in a steel split mold, second compaction, free upsetting between steel
plates, and quasi-hydrostatic compression in a high-pressure chamber
were carried out.

The fracture surfaces of the compacts were examined at a REM-1061
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scanning electron microscope.
The phase composition was studied by x-ray analysis at a RIGAKU

ULTIMATV diffractometer with CuK,, , (A, = 0.1541 nm)radiation.

The mechanical properties of the titanium hydride compacts were
investigated by continuous indentation at a Micron-gamma unit [15].
The method of continuous indentation is based on automatic registra-
tion of the load on the indenter, as well as the depth of its penetration.
The hardness and elastic modulus were determined by penetration
curves according to Oliver W.C., Pharr G. [16] and international
standard ISO/FDIS 14577-1:2002.

In order to study the kinetics of gas release from TiH,, the compacts
were heat treated at an ELA-6 electron-beam unit. The TiH, powder
compacts were placed in a vacuum chamber with an electron gun. They
were heated with a rate of 3—4°C/s up to 800°C with a directed and fo-
cused beam of accelerated electrons. The energy of the flow trans-
formed into thermal energy; the material was heated due to the slow-
ing-down of electrons in the material.

3. RESULTS AND DISCUSSIONS

The < 50 ym fraction of TiH, powder was examined at a high-resolution
scanner (Innovative Sintering Technologies Ltd). The average size of
the powder of this fraction was 7 uym. The particles of this fraction had
irregular shape and varied in size (SEM, Fig. 1). The residual porosity
of formed TiH, powder samples was determined (Table 1).

After one-stage pressing, the residual porosity was rather high
(20%) that was associated with the features of the formation of brittle
materials. Since titanium hydride is brittle, it has a completely differ-
ent compaction mechanism compared to plastic titanium powder. Plas-
tic titanium particles deform during pressing, forming comparatively
large pores whose size decreases with increasing pressure. In contrast
to this consolidation mechanism, brittle hydride particles crush and
crumble under pressing, that leads to the formation of fine pores
whose size practically does not depend on the applied pressure. There-
fore, pressing of titanium hydride with additional second compaction
of the compacts at a pressure of 800 MPa was investigated. The second
compaction in a split mold is an effective way to reduce the porosity of
powder materials [17]. After the second compaction, the residual po-
rosity of the compacts was almost halved to 11-12%. The decreased po-
rosity was caused by the elastic aftereffect. When the load was re-
moved, the compacts increased in size; accordingly, the particles that
were jammed during pressing split and slightly shifted, which con-
tributed to a denser arrangement of titanium hydride particles in the
compact [18]. However, taking into account the fact that the elastic
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Fig. 1. Microstructure of TiH, after grinding in a planetary mill.

TABLE 1. Porosity of titanium hydride compacts formed by various methods.

Pressing method Porosity, %
One-stage pressing (400 MPa) 19.37
Pressing with second compaction (800 MPa) 12.18
Pressing in high-pressure chamber (2.5 GPa) 2.47
Pressing in high-pressure chamber (4.2 GPa) 2.15
Pressing in high-pressure chamber (7.7 GPa) 1.91
Pressing with free upsetting (2.5 GPa) 1.22

aftereffect for low-plastic materials is rather insignificant, the shift of
titanium hydride particles is not significant, which causes high resid-
ual porosity. Therefore, it is necessary to apply significantly higher
loads that provide large deformations of 80—-90%, which can be imple-
mented in high-pressure chambers under conditions of quasi-
hydrostatic compression or with free upsetting with radial shear.
Under pressing in a high-pressure chamber, stresses exceeding the
ultimate strength appear on the contact surfaces of the particles. The
particles crush, which contributes to the further densification of the
TiH, powder and consolidation of the particles into solid compact
(Figs. 2, ¢, d, e). This reduces the porosity of the compact to 1-2%.
After one-stage pressing, the particles were densely arranged on the
fracture surface; brittle fracture on the surfaces of some particles was
observed (Fig. 2, a). After pressing with second compaction, the num-
ber of crushed brittle particles increased significantly (Fig. 2, b); fine
particles formed after crushing filled the pores between coarser parti-
cles, thereby increasing the density of the compact. After pressing in a
high-pressure chamber, the consolidation of particles was observed; at
a pressing pressure of 7.7 GPa, the particles combined into blocks. Ev-
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Fig. 2. Fracture surfaces of TiH, powder compacts formed by different methods:
one-stage pressing (a); pressing with second compaction (b); free upsetting (c);
pressing in high-pressure chamber at: 2.5 GPa (d), 4.2 GPa (e), 7.7 GPa (f).

idences of plastic deformation appeared, which was confirmed by some
broadening of the x-ray diffraction peaks.

X-ray phase analysis showed that the compacts were in a single-
phase state (titanium hydride) (Fig. 3). A comparative analysis of the

(111)
TiH,
200 (220)
7.7GPa  |(200) A (B1D292) (400)(331)
= 4.2 GPa ™~ A ~ B
®125GPa A A .
>
-+
o
g [Pressing with
8 second
E' compaction A A s
One-stage Uncompact sponge
pressing " TiH, powder
\ A
20 40 60 80 100
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Fig. 3. X-ray diffraction patterns of TiH, compacts formed under different
conditions: uncompacted sponge titanium hydride powder (a), one-stage
pressing (b), pressing with second compaction (c), pressing in high-pressure
chamber at 2.5, 4.2, and 7.7 GPa, respectively (d, e, f).
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x-ray diffraction patterns showed that the pressing of titanium hy-
dride powder does not affect the position of the diffraction peaks (i.e.,
the lattice constant), which indicates the preservation of the hydrogen
content in the material after processing with uniform compression.
Without affecting the composition, the pressing of the titanium hy-
dride powder led to a further broadening of the peaks (see Fig. 3),
which indicates the development of plastic deformation during pro-
cessing under conditions of quasi-hydrostatic compression.

An analysis of the profile of x-ray diffraction peaks of the original
powder and compressed samples showed that their physical expansion
was associated with the disturbance of lattice periodicity and microde-
formations in the titanium hydride lattice caused by randomly distrib-
uted dislocations.

Along with the compaction under hydrostatic compression, the op-
tion of deformation of titanium hydride by free upsetting with large
shear deformations was examined. Pressed compacts with an initial po-
rosity of 19-20% were placed in annealed steel shell rings with a height
of 14-15 mm (that corresponded to the height of the compacts) and an
internal diameter of about 10 mm; then, they were placed between the
steel plates of a press and compressed at a pressure of 2.5 GPa.

The degree of deformation of the compacts from titanium hydride
under free upsetting was 80%. Comparatively brittle material did not
crack or crush. Dense billets were produced with porosity not higher
than 1-2%. The steel shell ring supported the compact, which pre-
vented it from crushing during deformation. However, unlike the
hardened plates of the press tool, the annealed steel shell ring was de-
formed together with the compact with a significant shift in the radial
direction. Accordingly, the peripheral zone of the compact had signifi-
cant shear deformations, unlike the central zone. The changes in the
structural state in different zones of titanium hydride compacts after
free upsetting were investigated.

The microhardness of the upset samples decreased from the periph-
ery to the centre of the compact (3.5-5.0 and 1.8-2.0 GPa, respective-
ly) (Fig. 4). This decrease in microhardness was accompanied by a de-
crease in the elastic modulus from 68.7 to 54.7 GPa (Table 2). At the
same time, the ductility factor of titanium hydride naturally increased
from 0.812 to 0.869, which can be explained by a higher density in the
centre of the compact.

With the increase in hardness, the stresses on the periphery in-
creased from 0.407 to 0.711 (Table 2) due to a more complicated de-
formation mechanism: a combination of normal and shear defor-
mations, in contrast to the centre with only normal deformations.

The higher stresses on the periphery are also evidenced by structural
changes in the material (see the results of x-ray structural analysis in
Fig. 5).
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Fig. 4. Changes in microhardness of TiH, compact from periphery to centre after
upsetting.

TABLE 2. Mechanical properties of titanium hydride compacts after free upset-
ting.

Zone | H (Meyer), GPa | E, GPa Ductility factor | Stress, GPa

Periphery 3.51 68.7 0.812 0.711
Centre 1.86 54.7 0.869 0.407
140+ =l V-TiH, Periphery zone
1204 a Central zone
":ig 1004
<
2 804
p e
g 60
[+5}
T 404
o
20
o e
20 40 60 80 100 120
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Fig. 5. X-ray diffraction patterns of titanium hydride after upsetting in central
and peripheral zones.

The results of the x-ray phase analysis show that the (111) peak has
higher intensity on the periphery (higher deformations) compared to
the centre (lower deformations). This may be associated with the fact
that titanium hydride has an f.c.c. lattice with main slip direction
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{111}. In turn, the lattice constant in the centre of the sample was
4.4167 A, whereas on the periphery it was 4.4131 A, which indicates a
greater degree of deformation during processing, as initially it was
4.4183 A.

Thus, the process of free upsetting provides compaction of brittle
powder materials to a non-porous state. The use of steel shell rings
with a given level of plasticity provides conditions for producing bil-
lets with a gradient of properties across their cross-section. It should
be noted that the deformation of titanium hydride under conditions of
free radial shear provides plastic deformation at much lower pressures
compared to the uniform quasi-hydrostatic compression.

In order to determine the rate of gas release from TiH, compacts, the
samples pressed under different conditions were heat treated in an ELA-
6 electron beam unit. The amount of hydrogen released during dehydro-
genation decreased with the pressing pressure. This effect can be ex-
plained by Le Chatelier’s principle. According to this principle, a system
in stable equilibrium, when an external action is applied to it (change in
temperature, pressure, etc.), tends to return to the state of equilibrium.

The dehydrogenation rates of TiH, samples compacted at different
pressures are listed in Table 3.

Since the crystal lattice is deformed at high pressures, zones with
high stresses appear in it. In the TiH, system, hydrogen atoms occupy
mainly tetrahedral interstitial sites. Since the system tends to equilib-
rium and stress relaxation, some hydrogen atoms move into the octa-
hedral interstitial nodes. These sites are smaller, so it takes more ener-
gy to release hydrogen from the sample. This effect leads to a decrease
in the gas release rate at higher pressing pressures and deformations of
the compacts. Upon pressing with subsequent second compaction, the
gas release rate increases, because partial stress relaxation occurs, and
hydrogen atoms remain in the tetrahedral interstitial sites after the

TABLE 3. Gas release rates for TiH, samples compacted at different pressures.
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first pressing.

The reduction of gas release at high pressures is also associated with
almost complete closure of the pores in the compacts. The most intense
pore closure occurs under shear deformations, i.e., when a compact de-
forms in the radial direction.

4. CONCLUSIONS

The application of severe deformation to titanium hydride compacts by
means of hydrostatic compression in a high-pressure chamber or free
upsetting provides porosity reduction to 1-2%. This is caused by the
deformation of the structure and formation of stresses that exceed the
ultimate strength on the contact surfaces. According to fractographic
investigations, some particles were crushed in the compacts formed by
one-stage pressing and with second compaction, whereas at high pres-
sures, consolidation of particles was observed, and signs of plastic de-
formation appeared, which was confirmed by the broadening of x-ray
peaks.

The pressing of the titanium hydride powder did not lead to changes
in the position of the diffraction peaks, i.e., the lattice constant did not
change, which indicates the preservation of the hydrogen content in
the material after hydrostatic compression.

It is shown that free upsetting with radial shear allows producing
compact titanium hydride billets where structural components vary
depending on the deformation zone. A gradient of physical and me-
chanical properties of the compact material was observed after upset-
ting. Microhardness and elastic modulus decreased from 3.5-5.0 to
1.8-2.0 GPa, and from 68.7 to 54.7 GPa, respectively. The ductility
factor increased from 0.812 (centre) to 0.869 (periphery).

The gas release rate of sintered samples decreased from 0.102-1072
Pa/s to (0.024-0.038)-10%2 Pa/s with increasing pressure and degree of
pressing deformation. This is due to the fact that hydrogen atoms ini-
tially located in the tetrahedral interstitial sites are pushed into octa-
hedral ones at high pressures. This dependence was not observed for
pressing and subsequent second compaction that is explained by partial
stress relaxation after the first pressing.
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BKJIIOYUAJIM: aHAJIi3y XeMiUHOTO CKJIaly, JOCTIiI:KeHHS MaKpOo- Ta MiKPOCTPYK-
TypU BUKOBKiB MeTasorpadiuHuM i eJeKTPOHHO-MiKPOCKOIIUHUM MeTOLaMu,
BUOPOOyBaHHA Ha CTiliKicTb 10 MiskKpucramdiTHoi koposii (MKK), Busnauenus
MeXaHiuHUX BJIacTHUBOCTel. BcTanoBieHo, 1110 BigzopakoBaHi 3a Y3K BUKOBKH,
Ha BigMiHy Bij IpHUAATHUX, XapaKTepPU3YIOThCA: HAABHICTIO AiNIAHOK JIiKBa-
IifiHOI Ta CTPYKTYpPHOI HEOAHOpiAHOCTEel KpHIli, MiABUIIEHUM BMiCTOM O-
depury, aHOMaJIbHOIO PiZHO3EPHUCTOI0 MiKPOCTPYKTYPOIO 3 PO3MipoM 3epeH
Bimx Ne 8 (15 mgm) mo Ne 2 (700 mx™m), HaABHicTIO KapbixiB XpoMmy Ha MeKax
3epeH, JIOKaJIbHOI0 cxuabHicTIO 10 MKK. ¥V cTpyKTypi MeTany npugaTHOTO 3a
Y3K BUKOBKY BCTAaHOBJIEHO HiABUIIEHUH BMicT (> 65%) crieniAapbHNX HUSHKO-
eHepreTUYHMNX MeK 3epeH 2.3 y Teopil rparHunp npucraiinux Bysiais (M3 2.3
I'TIB), 1o CBifYUTH PO [IOBHE 3aBepIIeHHs peKpucTaxisaiii 3a 06pobiIeHHs
IedopMoBaHOI KPUIIi IIifi YaC OCTATOYHOTO TepMiuHOTO 00pobIeHHsS. P03po6-
JIeHO Ta HaJaHO MeTaJyprifiHoMy HiAIIpHMEeMCTBY pPeKOMeHAIlil 11040 BAOCKO-
HaJIEHHS TEXHOJIOTii BUTOTOBJIEHHA Ta MOJIMINEHHA CTPYKTYPHO-AKICHUX Xa-
PaKTepUCTUK BUKOBKIB 3 ayCTEeHITHUX KOPO3iMHOCTIMKUX KPUIb IPOMUCIIO-
BOTO BUPOOHUIITBA.

Karouosi cmoBa: Heip:kaBiiina aycTeHiTHA KPUIA, KYBaHHA, BUKOBKH, XeMid-
HUil CKJIa, MaKPOCTPYKTYPa, MiKPOCTPYKTYpa, cremisibai mexxi seper I'TIB,
YIABTPa3BYKOBUN KOHTPOJb, MisKKPHUCTAJIITHA KOPO3isd, MexaHiuHi BJIaCTUBOC-
Ti.

The goal of the work is to establish the reasons for the unsatisfactory results
of ultrasonic control (USC) of forgings made of austenitic stainless steel
08X18H10T (321) of responsible purpose and to provide the scientifically
based recommendations for improving their quality. Comprehensive studies
are conducted, which included analysis of chemical composition, study of
macro- and microstructure of forgings by metallographic and electron-
microscopy methods, testing for resistance to intergranular corrosion (IGC),
determination of mechanical properties. As established, the forgings rejected
by USC, in contrast to the suitable ones, are characterized by: the presence of
areas of liquation and structural heterogeneity of the steel, increased content
of 3-ferrite, anomalous different-grain microstructure with a grain size from
No. 8 (15 um) to No. 2 (700 um), the presence of chromium carbides on the
grain boundaries, local susceptibility to IGC. In the structure of the forging
turned out to be suitable during ultrasonic testing, there is an increased con-
tent (> 65%) of special low-energy grain boundaries 2.3 in the theory of coin-
cident-site lattices (GB 23 CSL) that indicates the complete completion of
recrystallization of the deformed steel during the final heat treatment. Rec-
ommendations are developed and provided to the metallurgical enterprise on
improving both the manufacturing technology and the structural and quali-
tative characteristics of forgings made of austenitic corrosion-resistant
steels of industrial production.

Key words: stainless austenitic steel, forging, forged pieces, chemical com-
position, macrostructure, microstructure, special grain boundaries CSL, ul-
trasonic control, intergranular corrosion, mechanical properties.

(Ompumano 6 wosemus 2024 p.; ocmamouH. eapiaum — 14 aucmonada 2024 p.)



IIIOMIO HIIBUIITEHHS SIKOCTH IIOKOBOK I3 HEIPYKA BIFIHOI AYCTEHITHOI KPHITI1239

1. BCTYII

ITokoBKM 3 Heip:KaBifinux aycreHiTHUX Cr—Ni-KpHIlh IITUPOKO BUKOPIU-
CTOBYIOTBCS yV IIPIOPUTETHUX Tally3aX IIPOMHCJIOBOCTU (TemJOBiii Ta
aTOMHIiN eHepreTuili, xeMiuHil, HadTOmEepepoOHiii, MaIIMHOOYAiBHiH,
AepPOKOCMIiUHIN TOIO) K TOBapHAa IPOAYKIIiA i K 3arOTiBKYU IJIS BUTO-
TOBJIEHHSA MeTaJONPOAYKIIii BigmoBimambHOro mpusHadenusa [1-5]. Bin
AKOCTH BHKOBKIB 3HAUHOIO MipOI0 3aJIEKUTh AKiCTh BHUT'OTOBJIEHUX 3
HUX BUPOOiB, OCKIIBKY IPUCYTHI Yy HUX AeeKTH MOXKYTh YHACJIigyBa-
THCS B TOBapHil npoaykirii. Tomy g0 aKicHIX XapaKTePUCTUK BUKOBKIB
npen’ ABJIAIOTh BUCOKI BUMOTH: 34 XeMiUHMM CKJIaJ0M, MAKpPO- Ta MiK-
POCTPYKTYPOIO, 3a cTifikicTio o MikKpucTamiTHOI Koposii (MKEK), za
MeXaHiUHUMM BJACTUBOCTAMU, a TaKOXK 3a medeKTaMu, AKi BUABIA-
I0ThCA i yac yabTpasByKoBoro KoHTpouio (Y3K) [2, 5-8]. Ocranniit
3aCTOCOBYETHCA AK ONEPATUBHUN HANUOIJBII 3pydyHUHA Ta iHGOPMAaATUB-
HUU eKcIIpec-MeTOo/I, IO pearye Ha HasgBHICTDb Ae()eKTiB, AKi BIIJINBAIOTH
Ha TeXHOJIOTiYHi BJIACTUBOCTI Ta HU3KY AKICHUX XapPaKTEPUCTUK BUKO-
BKiB. 3rigmo 3 mgirounMu HOPMATUBHO-TEXHIUHUMEU JOKyMeHTaMu, ¥ 3K
€ TAKOK OJHUM i3 O00OB’SIBKOBUX 3aBAJbHO-IIPUMNMAJTbHUX BUIIPOOY-
BaHb BUKOBKiB 3 BUCOKOJIETOBaHUX KPUIlh. IlicTaBoIO AJIA IIPOBEeNeHHS
Iamoi poboTu OyJIO ofep:KaHHA Ha MeTaJypriiHOMYy IiAIIpHMEMCTBi He-
3aJIOBIILHUX Pe3yJIbTATiB YJIbTPAa3BYKOBOTO KOHTPOJIO BUKOBKIB i3
kpuri 08X18H10T.

MeToro po6oTu GyJi0O BCTAHOBJIEHHA MPUYUH HE3aJOBLILHUX PE3YJIb-
raTiB Y3K BuUKOBKiB i3 Heip:kaBiiinoi aycreniTaoi kpuii 08X18H10T
(321) i mamamHA HaYKOBO OOI'PYHTOBAHMUX PEKOMEHIAIlill ITOAO0 ITigBHU-
IIIeHHA IXHBOI AKOCTHU.

2. AHAJII3A JIITEPATYPU

Ha meTanyprifinux mignpueMcTBax BUJIVMBKY i3 HeipskaBifiHUX aycTeHi-
THUX KPUIb MiAAAI0Th TrapAvYOMY BaJbI[IOBAHHIO a00 KYBaHHIO JJIA IIO-
JINIIeHHS CTPYKTYpPH Ta IMiJBUINEHHS IJIACTUYHUX BJIACTUBOCTEN
[2, 6—9]. SasBuuail BUKOBKM BUTOTOBJISIOTh METO0I0 OaraTocTagiiHOTo
KyBaHHS BUJIMBKIB Ha MoJioTax y miamasoHi Temmepartyp 1220-900°C
(remmepaTrypa HarpiBy mig KyBaHHA craHoBuTh 1200-1240°C) [7, 8] 3
MIPOMiKHMMU HarpiBamMu Ta TEPMiUYHUM OOPOOJEHHAM Ha TOTOBOMY PO-
3mipi. BepxHio TeMniepaTypy KyBaHHSA 00MeKeHO HeoOXimHiCcTIO 3am00i-
raHHA HaJMipHOMY 3POCTAHHIO BEJINUNHU 3€PHA i1 YTBOPEHHIO HECITPU -
TJIUBOI BUCOKOTeMIeparypHoi dasu o-hepury [5, 10], a HuKHIO — He-
00ximuicTIO 3amobiraHHsA YTBOPEHHIO 3 O-(QEepUuTy IIKiAJInBOI BUCOKOX-
pomucToi iHTepMerasigHoi o-hasu [5,9,11,12], a Takox KapbimiB
Xpomy Ha MeKax aycTeHiTHuUX 3epeH [5, 10]. OcranHe TPUBOAUTH OO
30ifHEHHA XPOMOM HPUMEKOBUX AiJISHOK TBEPAOTO PO3UYNHY Ta IOABU
cxuabHOCTH Kpuiti 1o MKK [5]. Kpim Toro, 3aBepIiieHHA KyBaHHA 3a
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MMOHMKEHUX TEeMIIePaTyp CIPUAE YTBOPEHHIO KPUTUYHUX MEXaHIUHUX
HaIpPy:XKeHb Y IOBEPXHEBUX IIapaX METaJy BUKOBKY, a IiJ yac HACTYII-
HOT'O BHCOKOTEMIIEPATYPHOTO HArpiBy — aHOMAaJbHOI Pi3HO3E€PHUCTOI
MiKpocTpyKTypu Kpuili. ITogi6Hy MiKpoCTpyKTYypy cmocTepiraim y Ko-
BaHil TpyOHii sarorisi i kpumi 03X18H11 (304L), BinbpaxoBaHiii Ha
MeTanyprifimomy miampuemctsi nig wac Y3K [13], v mpoxkati i3 kpuiri
304L micina xomomuoi 5%-medopmalrii Ta HACTYIIHOTO TPHUBAJIOTO Bifma-
ay 3a remnepatypu y 1050°C (po3mipu 3epen BapitoBaauesa Big 6 mo 360
MEM) [14] 1 B xonmogHOKaTaHuX TpyOax i3 Kpuii 08X18H10T (321), minx-
maHux gedopmaiii 3i crynmeneMm y 3—7% 3 HaCTYIIHUM BHCOKOTeMIIepa-
TypHUM Bigmasiom [4, 10].

3rigmo 3 [8, 9], BukoBku i3 Kpuri 08X18H10T (321) ckinueHHUX po-
3MipiB migmaTL TepMiuHOMY 00pPOOJIEHHIO — BiATIaIy 3a TeMIlepaTypu
y 1000-1050°C (sa geakumu gauumu — 1020-1100°C).

SIk mokasye MOCBij, IIif yac aHAi3W XeMiUHOTO CKJAany Heip:KaBii-
HUX ayCTEeHiITHMX KPUIb HEOOXi/THO 3BepTaTu yBary Ha HadgBHICTb Y HUX
MOMIIIIOK HeperyJiaMeHTOBAaHUX CTAaHJAAPTaMM TIKKOTOMKUX (hepUTOyT-
BOpPIOBaJIbHUX ejieMeHTiB Mo, V i W, aki BxomaTh y (popmMyJly BU3HA-
yeHHA XpomoBoro eksiBaseHTy (Cr., =Cr+2Si+1,5Mo+5V +5,5Al+
+1,75Nb+1,56Ti+0,75W), 1110 XapaxTepusye BILINB XeMiUHUX ejeMe-
HTiB Ha YTBOPEeHHA O-hePUTY B ayCTEHITHUX BUCOKOJIETOBAHUX KPUITAX
[7]. Ak B:xe Bimsmauasocsa, d-hepuT € He0AKAHOIO CTPYKTYPHOIO CKJIa-
moBoio aycreHiTHUX Cr—Ni- i Cr—Ni—-Mo-Kpuilb, OCKiJIbKU 3a IIEeBHUX
TeMIepaTypHUX i TeMIlepaTypHO-IedopManiiiHuX yMOB BiH MOJKe IIepe-
TBOPIOBATUCA Y MIKIAJUBY iHTEpMeTaNiHY G-(hasy Ta CIPUATUA HOHU-
JKeHHIO IJIACTUYHOCTH Ta KOPO3ifiHoi crifikoctu xpuii [9,11,12]. ¥
po6ori [10] mokaszaHo HeraTUBHUM BIJIUB BMicTy 4% O-GepUTy B CTPYK-
Typi Kpuii 316L (03X17N14M3) Ha PO3BUTOK BTOMHOI TPillIUHY TicJIa
MIPUIIBUAIIEHOTO CTapiHHA 3a Temneparypu y 750°C BHacTiIOK BUIi-
JeHHa KapbimiB Xpomy Cr,;Cq HA MixK(pasHUX Mexax (pepuT—ayCcTeHiT.
Agropu [12] mosicHIOIOTE TOHMKEHY cTitfikicTh 1o MKK kpuri 316L Bu-
IiseHHAM 3 0-QepuTy iHTepMeTatigHol o-hasu.

IlepcreKTUBHUM eJIEMEeHTOM, ITI0 cTabiizye aycTeHiTHY CTPYKTYPY, €
Hirporesn [5, 15, 16], AKnii MicTUThCA Y IPOMUCIOBUX HU3bKOBYTJIEIIE-
BUX Heip:KaBifiHMX ayCcTeHiTHUX KpUIAX y Kimbkocti Bim 0,04% mo
0,18% [5]. AAx moxasanu mociim:kenusa [5, 15], Hitporen 3a BmicTy 10
0,2% He yTBOPIOE BUCOKOXPOMUCTI HiTPUAM Ha MeKaX 3epeH HU3bKOBY-
rierieBux HecrabinizoBaHux aycreHiTHux Cr—Ni- i Cr—Ni—Mo-kpus i
He BUKJINKAae cxumibHocTu iX 1o MKK.

OnTumMaabHOIO AJIs1 BUKOBKIB i3 Heip:KaBiiHUX ayCTEeHITHUX KPUILH €
IIOBHICTIO peKPUCTAJi30BaHA CTPYKTYpPa 3 PIBHOBICHUMU ayCTEeHITHUMU
3epHaMU Ta BiICYTHICTIO Ha IXHiX MeyKax HaIJIUIIIKOBUX (a3, a TAKOXK 3
00MerKeHOI0 KiJbKicTIO HeMeTaJleBUX BKJIIOUEHBb i O-Gepury. CTymiub
pexkpucraiisarii gepopMoBaHOl KPUIli MOKHA BUSHAUNUTYU HATIiAHO Me-
TOIOI0 ITPOCBITIIOBAJILHOI €JIEKTPOHHOI MiKpOCKOIIii Ta MiKpogudpak-
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il esekTpoHiIB Bix odopanHoi Mikpominauku. Ilig yac mocaimKeHHA MiK-
POCTPYKTYPH HEip:KaBilHMX ayCTeHIiTHUX KPUIL MeTaJjJorpadiuvHum
METOIOM IIPO MOBHOTY PEKPHCTAJIi3aIlii MOKHA CYAUTH 3a HAABHICTIO I
KiZbKiCTIO CHEMiANbHNX HU3bKOCHEPreTHUYHNX MEXX 3epeH Tuiy 23"y
rTeopil rpaTEMns npucTaiinux Bysais (M3 23" rHB) [5, 10, 14, 15, 18].
Hait6iabn HU3LKOEHEPTeTUYHNMH 3 HUX € IPAMOJIIHifHI KorepeHTHI
OBiHMKOBI Mexxi (ABifiHMKY Bigmaiy) 2.3 ITIB [15, 18, 19]. 3a ganumu
[20] muTOMa MOBepXHEBa €HEPTis TAKUX MEK B ayCTEHITHIN XPOMOHIK-
neBi#i kpuni gopisaioe 1,9 epr/cm? (19:107° [l /M%), a eHepria Mex 3a-
ranpHOrO Ty — 835 epr/cm® (8351072 Ilxx/m?). IligBuinenuit BMicT
M3 I'TIB y pexpucraisoBaHiii CTpyKTypi KpHIIi CIpUsAE MigBUIIEHHIO 11
MJaCTUYHOCTH, a TAKOK CTIMKOCTH OO MiKKPMCTAJITHOI KOpo3ii Ta mo
iHIMUX JIOKAJIbHUX BUAIB Koposii [5, 10, 15, 18]. Koxxen 3 HaBegeHUX
BUIIle YMHHUKIB MOXKe y Ti#l um iHIIi# Mipi BriimBaTy Ha AKicHI xapak-
TEPUCTUKN BUKOBKiB, V TOMY UHCJi HAa Pe3yJbTATH YJILTPa3BYKOBOTO
KOHTPOJIIO.

3. MATEPIAJIN TA METOIU JOCJIIIJKEHD

Marepianaom gocaig:xeHHsa Oy BUKOBKY i3 Kputli mapxu 08X18H10T
(3a ASTM — 321; 3a EN — 1,4541), BuroToBJeHi maaxom 6aratTocra-
IiflHOrO KyBaHHSA BUJIMBKIB Ha IIPOMICJIOBOMY KOBAJbChLKOMY 0O6JIa-
HaHHI 3a YMHHOIO Ha MeTaJyprifiHoMy mianpueMcTBi TexHoJorieto. I'o-
TOBi BUKOBKY IIPOXOANJIN 3[aBaJbHi BUIIPOOYBaHHS i1, Y MEPIITY Yepry,
YABTPa3BYKOBUH KOHTPOJIb.

Big pisHuX miTAHOK JBOX BUKOBKIiB (TaKoro, III0 IOKAa3aB 3aJ0BiJIbHi
pesyJbTaTH 3a yJITPa3ByKOBOTO KOHTPOJIIO, Ta 3a6pakoBaHoro 3a ¥ 3K),
BUTOTOBJIEHUX i3 KPUI[i OAHOTO TOIJIEHHA, BiAOMpaau 3pasKu Ta Iigna-
BaJIM 1X KOMILJIEKCHUM JOCJIiIKEHHAM.

XeMiuHy aHaJNi3y 3pa3KiB IIPOBOAMJIN Ha BHUCOKOUYTJIUBOMY CIIEKT-
pomeTpi «Spectromax» dipmu «Spectro» (Himeuuwmna). ocuaimkeHnsa
MaKpo- Ta MiKPOCTPYKTYp 3[ilficHIOBAJIM MeTOJaMHU CBIiTJIOBOI I eJIeKT-
POHHUX IIPOCBIT/IIOBAJILHOI Ta pacTPOBOI MiKPOCKOIIi#l 3 MiKpoOpeHTI'e-
HOCIIEKTPAJbHOIO aHAJi30I0 Bij o0paHuX AinaHOK. Metasorpadiuni i
€JIEKTPOHHO-MiKPOCKOITIiUHI JOCTiIKeHHA BKJIIOUAJN: OIIHKY MaKpoO-
Ta MiKPOCTPYKTYP KpHUIli, aHaaidy nedeKTiB MeTanypriiinoro ta gedop-
MaIlifHOTO IMMOXOKEeHH A, TAaKUX AK JiKBalliliHa Ta CTPYKTYypPHA HEOIHO-
pimHOCTi, HasgBHOCTU O-(hepuTy, HAAIUIIKOBUX (as Ha MeKax i B Tii
3epHAa, aHAJiIdy HEeMeTaJiuHUX BKJIOUEHb TOIO. 3arajbHy Ta 3€PeHHY
CTPYKTYPU KPHUILi OIiHIOBAJIHU ITiCJA €JEeKTPOJiTUYHOIO IIaBJIeHHA Me-
rajgorpadiuaux nunrigie  y  10%-posumHi  1m1aBJIE€BOI  KHCJIOTHU
(H,C,0,.2H,0) i B 4%-po3uuni aszotnoi Kucaotu (HNO;) y ernimoBomy
cuupti. Posmip 3epHa, HeMeTadiuHi BKJIIOUEHHA Ta BMiCT d-hepuTy oIri-
HIOBaJIY CTAHJAPTHUMU METOAAMMU.

BunpobyBauusa Ha crifikicts 10 MKK mpoBoguau 3a metromoio B, ISO
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3651-2, maaxoM KU’ ATiHHA migmanmx Bigmycky 3a 650°C spaskis
YIIPOIOBIK 8 TOOUH y PO3UMHI cipuaHOl KMCJIOTH Ta MiTHOTO KYIIOPOCY 3
IomaBaHHAM MeTaJIeBOl Mimi ¥ OI[iHKM pes3yJbTaTiB 3a HAasBHICTIO abo
BiJICYTHICTIO XapaKTEPHUX MisKKPHUCTAJITHUX TPIIMH Ha IOBEPXHAX Z-
MMOAi6HOTO BUTMHY 3pa3Ka, BUAMMUX 31 30iabmennam 8—127.

MexaHiuHi BJIACTUBOCTI BUKOBKiB BU3HAUAJN BUIIPOOYBAHHAMU 3pa-
3KiB Ha PO3TAT Ta HA YAAapHUN BUTHUH 3a KiMHaTHOI TeMIlepaTypu.

4. PESYJIBTATH JOCJIJKEHD TA IX OBTOBOPEHHS

Coocrepe)keHHA 3a IPOIECOM KYBaHHSA B YMOBaX IIPOMUCJIOBOTO BUPOO-
HUIITBA TOKA3aJIo, IIT0 Yac MOYaTKOBOT'O Ta IIPOMiKHOr0 HAarpiBaHHS (Bi-
[IaJIy) BUKOBKY MOK€e 3MiHIOBATUCS B JOCTATHRO IITMPOKUX MEKaX, Bi-
JIIOBiTHO 0 MOMKJMBOCTEH BUPOOHUYOIrO ITPOIECY, 30KpeMa 3aBaHTA-
JKeHHA HarpiBaJibHOI Ieui I KyBaJbHOI MaNINHU, Ta BiAXUJIATHCA Bif
TEeXHOJIOTiUHOTO perjaMeHnTy. 3 Iiel IpUUYMHNM KyBaHHSA BUJIUBKIB i BU-
KOBKiB Ha IIPOMiKHUX i YMCTOBOMY po3Mipax iHOJi ITPOXOIMJIO 3a TEM-
mmepaTyp, BUIUX a00 HUIKUYUX 34 THUX, II[0 BUMAaraloTbCA PerjaaMeHTOM.
Taki o6cTaBUHYU TPU3BOAATH 0 MIOHUIKEHHA CTa0iJIbHOCTH IIPOIIECY KY-
BaHHA i, AK HACJIJIOK, MOKYTb CIPUATU ONEP’KAaHHIO He3aJOBLILHUX
pesyabTaTiB I yac 3maBaIbHO-TPUHAMAIbHIX BUITPOOYBAaHb.

KourponbHa xeMmiuHa aHajisda mokasajya (Tabi. 1), 110 BUKOBKU 3a
BMiCTOM OCHOBHUX JIeI'yBaJbHUX eJeMeHTiB (Xpomy, Hikmato, Turamy),
TexHoJoriunux nobaBok (Maurany, Cuiimiro) Ta periaiaMeHTOBAHUX IO-
mimoxr (Kap6ony, Cipku, ®@ochopy) BiAmOBifa I BUMOraM CTaHIaPTiB
Ha Kpuiro 08X18H10T Ta Bupobu 3 Hei. Pazom 3 TuM, 3BepTae Ha cebe
yBary HafBHICTL Y KPUIli JOMIIIIOK, HeperJaMeHTOBAHUX CTAHAAPTAMU
TAKKOTOIIKUX (PepUTOYTBOPIOBAJLHUX ejeMeHTiB Bamagmito (0,06%) i
Boasdpamy (0,09%), BOIUB AKMX HA MiKPOCTPYKTYPY Ta BJIACTUBOCTI
kpuii 08X18H10T BuBUueHO HeJOCTATHLO.

ITix uac gocaimKeHHs CTPYKTYPU BUKOBKY, 3a0paxkoBaHoro 3a ¥Y3K, Oy-
JIO BUSIBJIEHO Y Hill XapaKTepHi MaKkpo- Ta MiKpoaedeKT! pisHOI Ipupoau.
Ilepmii 3 HuX MaoTh (GopMy IIOOAUMHOKUX (IOKEHIB ab0 MTOPOKHUH

TABJMUIIA 1. PesyasraTtu xemiunoi aHanisu BuKoBKiB i3 Kpumi 08X18H10T
(Ne 1) i Bumoru cranmapty (Ne 2).

TABLE 1. Results of the control chemical analysis of the 08X18H10T steel
forgings (No. 1) and requirements of standard (No. 2).

BwmicT etemenrtis, Bar.%
el ¢ |si|m|Ni| s | P [c |cw|m|[v]|w
1 0,073 0,28 1,68 9,87 0,008 0,038 17,31 0,27 0,50 0,06 0,09
2 <0,08 <0,8 <2,0 9-11 <0,02 <0,040 17-19 <0,3 5C-0,7 — —
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(puc. 1).
Hpyruit Tun nedexTiB OyB IpeAcTaBIeHUI AiIAHKAMU cerperaiii Ta

CTPYKTYpPHOI HeomHOpimHOCTM Kpuili (puc. 2,a). Meramorpadiuni ta
MiKPOpPEHTT'€HOCIEKTPAaJbHI MOCHiIKeHHA MiKPOCTPYKTYPU ITUX MiJId-
HOK BUSBUJIU HAaABHICTh HAIUITKOBUX (Da3 Ha MeKaxX 3epeH ayCTeHIiTy
(puc. 2, 0) 3 migBuIIeHNUM BMicTOM y HUX Xpomy i Kapbony Ta moHM:Ke-
HuM BmicTom Hikumro (Taba. 2), 1Mo 3arajgoMm BiAImoBizae ckaamny Kapoigis
Xpomy.

HasapricTs ix ma me:xax sepeH xpuii 08X18H10T mo:ke cBimumTu

Puc. 1. MakpozgedexTu Tuny hJIOKEHIB i MOPOKHUH ¥ 3a0paKoBaHOMY IIiJl yac
V3K BukoBKy i3 kpuiti 08 X18H10T.

Fig. 1. Macrodefects such as flocks and voids in forgings made of 08 X18N10T
steel (321) rejected because of results of ultrasonic testing.

Puc. 2. O6macTts JgikBarifiznoi (a) Ta cTpyKTYpHOI (6) HeomHOpigZHOCTEH ¥ 3abpa-
KoBanomy 3a Y3K BUKOBKY.

Fig. 2. The area of the liquation (a) and structural heterogeneities (6) in a
forging rejected during ultrasonic control.



1244 JI. M. IEMHEKO, T. Il. CYXOMJIUH, T. O. JEPTAY ra in.

TABJINIIA 2. IuTepuperaliia cmeKkTporpamMu Big ¢asy Ha MeKax 3epeH Ha
puc. 2, 6.

TABLE 2. Interpretation of the spectrogram from the phase at grain bounda-
ries in Fig. 2, 6.

EnemeHT Bar.% AT1.%
CK 1,89 8,06
SiK 0,20 0,37
Ti K 0,24 0,26
CrK 27,02 26,65
FeK 66,35 60,91
NiK 4,29 3,75

PO 3aBePINeHHI KyBaHHA 3JIMBKA 3a MOHMKeHuX Temuepatyp (< 800°C)
[3, 10], a Tako:K PO IMOHMKEHY TemMHOepaTypy Ta (abo) IMIBUIKICTL 0XO-
JIOI:KeHHs, 30KpeMa cepeUuHHNX ITapiB MeTaJly, 3a OCTATOYHOTO TePMi-
YHOTO 00POOJIeHHS BUKOBKY.

Ilixg uac geTaabHOTO MOCIiAMKEHHS ITiJ CBIiTJIOBUM MiKPOCKOIIOM MiK-
POCTPYKTYP 3pasKiB, BimiOpaHuX Bif pisHUX AiISHOK 3a0paxoBaHOTO 3a
KOHTPOJIIO YILTPA3BYKOBOIO METOA0I0 BUKOBKY (Bif IiIAHOK, OJTM3bKUX
Io pebep i BepmuH (puc.3,a,0) i 3 cepenuHHUX Iapis (puc. 3, 8)),
BCTAHOBJIEHO HASBHICTL ABOX IIPUHIIUIIOBO PiSHMX THIIIB 3epeHHOol
CTPYKTYpH Kpuiii (puc. 3).

Ilepimit 3 HUX XapaKTepu3yBaBCsI 3HAYHOIO Pi3HO3EPHUCTICTIO 3 II0-
€IHAHHAM aHOMAJbHO BEJMKHUX HEPIBHOBICHMX 3epeH poaMipamMu y
350-700 mrm (Ne 2—0) i3 HagAPiOHMMY TOJIITOHATBPHUMHU 3€PHAMU PO3-
mipamu y 15-22 mgm (Ne 8) (pumc. 3, a, 6). Taxka cTpyKTypa € XapakTep-

Puc. 3. 3epernHa CTPYKTypa XapaKTePHUX MiJAHOK JOCIiIKyBaHUX BHUKOBKIB,
sabpakoBanux nig yac Y3K: tun I (a, 6), Tun II (8).

Fig. 3. Grain structure of characteristic areas of investigated forgings reject-
ed by means of USC: type I (a, 6), type II (8).
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HOIO IJIs Biamasewnoi micaa xputuuHoi gedopmarrii (e = 3—10%) meip:xa-
BifiHOi aycreniTHOI Kpuri [4, 5, 14]. 3BepTae Ha cebe yBary HasaBHIiCTD
OPAMOJIiHIMHUX KOTePEeHTHUX CHEeIliAJIbHNX HU3bKOEHEPTeTUUHNX MeXK
>3 I'TIB (gBifiHUKiB Bigmasny) BcepequHi KPYIHHUX 3epeH (KjacTepis)
(puc. 3, a, 6), XxapakTepHUX IJs CTATUYHO PEKPUCTATIi30BAHUX 3a Bil-
[aJIy MaTepisaiB 3 TpaHEeHTPOBAHOIO KYOiuHOIO I'paTHHUIE0. YIMOBip-
HO, aHOMAaJIbHY Pi3HO3EPHUCTY CTPYKTYPY V HOCHiJHMX BHKOBKAaX i3
kpumi O08X18H10T 3ymoBieHo HecTabiJbHicTIO TeMIIepaTypHO-
gJepopMaIliiHNX IMapaMeTPiB KYBaHHS BUJIMBKA i3 MOT0 3aBepIIeHHAM
3a MMIOHUKEHUX TEMIIEPATYDP i 3 KpUTUYHOIO AepopMalriero.

Hpyruii Tun cTpykTypu (puc. 3, 8) XxapaKTepusyBaBCcsa AK BiZHOCHO
IPiOHMMEU PEeKPUCTANiZ0BAHMMU ayCTEHiITHUMU 3€pHAMHU po3MipaMu y
11-15 MM (Ne 9-10), Tax i HepeKpUCTATIB0OBAaHUMY 3€PHAMU 3 IIiJBU-
IIEeHOIO I'YCTUHOIO AMCJIOKAITil.

OcTaHHE HTiATBEPAKEHO METOAOI0 IIPOCBITIIOBAJLHOI €JeKTPOHHOIL
MiKpoCKo1ii 3 MiKpogudpakKItiero Bif BifmoBifHNX 00paHUX MiKpPOIiIs-
HOK 3pasKa (puc. 4).

MMmoBipHO, 6sM3bKi 0 peGep i BepIIMH IiIAHKY BUKOBKIB IIiJ Uac Ky-
BaHHA 3a3HABaJI HepPiBHOMipHOI medopMalrii Ta IIPUITBUIIIIEHOTO 0X0JIO-
mxeHuda (puc. 3, a, 06), a medopMaIlisai KyBaHHAM 1 MIBUAKICTL 0XOJIOMKEH-
Hf CepeIUHHUX ITapiB MeTaly BUKOBKY (puc. 3, 8) Oy.JIu IIOHMKEeHIMU.

3pas3Ku, BUPidaHi 3 BUKOBKIB i3 aHOMaJIbHOIO PiBHO3EPHUCTOIO CTPY-
KTYpOIO, XapaKTepHU3yBaJINCA JOKAJIbHOIO CXUJILHICTIO IO MisKKpUCTAa-
Jiuroi Koposii mig uac BunmpoOyBaHHsS 3a MeTomoio B, ISO 3651-2. Ha
MMOBEPXHAX Z-TOAIOHOTr0 BUTHHY IBOX i3 IMTiCTHOX 3pasKiB ITicjid BUIIPO-
OyBaHb CIIOCTepiraJu MiKKPHCTAJITHI TPiliuHM, BUANMI 3a 30iIbIIIeH-

Puc. 4. ITonirounizoBana cTpykrypa II Tumy y HepeKpucTasisoBaHili MiKpomi-
JSHIIL 3paska Ha puc. 3, 6 (a, x15000) i mikpogudpariiina kapTuHa Big minsa-
HKH a (0).

Fig. 4. Polygonal structure of type II in the unrecrystallized volume of the
sample metal in Fig. 3, 6 (a, x15000) and a microdiffraction pattern from sec-
tion a (6).
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Puc. 5. Meranorpagiune (a, 6) i eIeKTpPOHHO-MiKpocKomiuHe (8) 306pakeHHS
crpykrypu tuny IIl y npugaraomy 3a Y3K BUKOBKY: IaBjieHHS HuIida mis
BUABJEHHH fificHOro sepHa (x200) (@) Ta mia Buasaerrs M3 I'TIB (x300) (6).

Fig. 5. Metallographic (a, 6) and electron microscope (8) images of the type-III
structure in a forging suitable, when ultrasonic testing: etching to reveal the
actual grain (x200) (a) and to detect the GB CSL (x300) (6).

HA 8-12,

Ha pucynky 5 mnpexacraBiaeno wMeTajorpadiume i eJIeKTPOHHO-
MiKpOCKoOIIiuHe 300pakeHHsA CTPYKTYPU TPEThOTO TUITY, AKY OyJIO BU-
SIBJIEHO Ha NMPUJATHOMY 34 BUIIPOOYBaHHA YJIbTPAa3BYKOBUM KOHTPOJIEM
BUKOBKY. BusHO, 1110 CTPYKTYpa KPHUIli € BiTHOCHO APiOHO3EPHUCTOIO Ta
XapaKTepusyeThCcA PiBHOBICHUMU DPEeKPUCTAJIi30BAaHUMU 3epHAMU pOS3-
mipamu y 22—-31 MM (Ne 7-8) (puc. 5, a, 6) 3 Bucokum BmicToMm (= 66%
Ha puc. 5, 6) CHEIiAIbHNX HU3bKOCHEePreTHUYHNX MEX 3epeH .3 ITIB,
10 XapaKkTepHO I no0pe BigmaaeHoil AedopMOBaHOI ayCTEeHITHOI XPo-
MOHiKJeBoi kputli [5, 10, 15]. Kapbigu Xpomy Ha MeKax 3epeH BimcyT-
Hi; TUII CTPYKTYPU IIiCJA €JIeKTPOJITUYHOIO IlaBJIeHHA MeTajsorpadiu-
Hux maigis y 10%-C,H,0,-2H,0 3a ryctunu crpymy y 1:10* A/m? —

=
2]
%
d

Puc. 6. Enekrponue 300pakeHHs 6-eputy (CIeKTpu 5 i 7 mokasaHo cTpijkamm).

Fig. 6. Electronic image of d-ferrite (spectrum 5 and 7 shown by arrows).
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TABJINIIA 3. IuTepnperaliisd clieKTporpaM Bif AiJIsSSHOK CTPYKTYpHU, 3as3Haue-
HUX Ha puc. 6.

TABLE 3. Interpretation of spectrograms from the plots shown in Fig. 6.

Necmextpy| C | N | 8i | Ti | € | Pe | Ni [ Mo | W
Crexrep 2 13,57 70,06 2,14 4,92 0,59 2,10 6,61
Crextep 3 14,32 73,39 1,52 1,76 2,58 6,43
Crexrep4 6,33 10,89 80,80 0,58 1,40

Crexrep5 2,16 26,50 66,50 4,84

Crextep 6 2,13 0,25 0,25 19,24 69,30 8,83

Crexrep7 1,89 0,20 0,24 27,02 66,35 4,29

«cximuactuii» [18] (puc. b, 0, 8). Taka cTpyKTypa 3yMOBJIIOE BUCOKY
critixicts Kpuni 7o MKK [5, 10, 15, 18], m1o OyJio migTBEpAKEHO 3a10-
BLIBHMMU pe3yJIbTaTaMH BiAIOBiZHMX BHMOPOOYBAaHb 3pasKiB I[LOTO BU-
KOBKY.

BigbopakoBani 3a Y3K BUKOBKM TAKOXK XapaKTepHU3yBaJMUCS IIiJIBU-
mrenuM (go 7%) BmicToM O-(hepUTy IOPiBHAHO 3 IPUIATHUMHU BUKOBKA-
mu. Voro HagBHICTH HmiATBEPI KEHO PEHTI'eHOCIIEKTPATIbHOI aHAIi30I0
OiJIAHOK 3i cKymueHHAM (das, mogioHux o o-pepury (#a puc. 6 ix BKa-
3aHO cTpimkamu, a y Tada. 3 iM BiAmoBigaroTh BugijeHi cuexktpu 51 7),
AKiI XxapaKTepusyIOThCA HiABUINEHNM BMicTOM XPOMY Ta HMOHUMKEHUM
Hikio mopiBHAHO 3 cepegHIM BMIiCTOM iX y KPHIIi.

VYV nmomepenHix mocaimxeHHSX 0yJio TOKAa3aHO, IO HiABUINEHUH BMiCT
O-epury (mo 15%) y Kosawiii TpyOHiit saroriBmi J180 MM is xpwuii

0
a
) . é i L H,/'U//A
£20¢ >0
g 10F 2
i &
g o1 | 1 !
5 1100 1150 1200 1250
. Temmepatypa, °C
a 0

Puc. 7. IligBuinennii BMicT 0-¢epuTy B MIKPOCTPYKTYpi TPYyOHOI 3aroTiBKu
2180 MM i3 xpuri 03X18H11 (a, x500) i pesynrbTaTy IOPiBHAJIBHUX BUIIPOOY-
BaHb ii 3pa3KiB Ha rapsue ckpyuyBaHHA (0).

Fig. 7. Increased content of &-ferrite in the microstructure of a pipe billet
180 mm made of steel 03X18H11 (a, x500) and the results of comparative
tests of its samples for hot twisting (6).
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03X18H11 (304L) (pmc. 7, a) cupusaB MOHUKEHHIO ii TeXHOJOTiYHOI
IJIACTUYHOCTHY B rapsSuoMy CTaHi (3a BUIIPOOyBaHHA Ha rapsue CKpydy-
BaHH#A) IIOPiBHAHO i3 3aroTiBKOI0 3 IOHMIKEHUM BMicTOM JO-(epuTry
(puc. 7, 0, xpuBi 21 I BigmoBigHO).

Tapsaue npecyBanusa 3 Hel TPyO HPUBEJIO A0 IIEePETBOPEHHS O-(PEePUTY B
inTepMeranigny o-dasy (puc. 8, a), 10 CTPYKTYpPHO BuOipKOBOI KOPo3ii 3a
BUITPOOYBaHHA 3pas3KiB Ha cTitikicTh 10 MKK (puc. 8, 6) i migBuiienoi y
3-5 pasiB MBUAKOCTH KOPO3ii MOPiBHAHO 3 BUMOTaMU CTaHIAPTiB.

3’scoBaHO, IO 3MEHINIEHHA BMIiCTy 0-(pepuTy B CTPYKTYPi aycTeHiTHOL
Cr—Ni-xkpuriii MoKHa JOCATTH TPUBAJINM HATPiBaHHAM ii B MeKax pairio-
HaJbHOI BUTPUMKH B iHTepBaii remuepatyp 1150-1200°C (puc. 9).

Puc. 8. Crpyxrypa rapsuenpecoBanoi Tpyou i3 kpuii 03X18H11, Burorosie-
HOI 3 TpyOHOI 3aroTiBKU 3 migBUINeHUM BMicToM O-peputy: o-dasa (x500) (a),
CTPYKTYPHO BubOipKOBa Kopo3sia mo o-¢pasi (x800) (6).

Fig. 8. The structure of a hot-pressed pipe made of 03X18H11 steel fabricated

from a billet with a high content of &-ferrite: oc-phase (x500) (a), structural-
selective corrosion in the c-phase (x800) (6).

Puc. 9. EBostortia 5-peputy B aycrenitHiit Cr—Ni-kpuili mig uac TpuBaJjoro Bu-
coxoreMmieparypHoro Bigmany (x300): Buxigua crpykrypa (a); 1150°C, 6 rox
(6); 1200°C, 6 rox (8); 1200°C, 10 rog (2).

Fig. 9. Evolution of d-ferrite in austenitic Cr—Ni steel during long-term high-
temperature annealing (x300): initial structure (a); 1150°C, 6 h (6); 1200°C,
6 h (8); 1200°C, 10 h (2).
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TABJINIIA 4. Mexaniuni Bractrusocti npugataoro (Ne 1) i sabpakoBaHoro aa
Y3K (Ne 2) BUKOBKiB.

TABLE 4. Mechanical properties of good (No. 1) and rejected by ultrasonic
testing (No. 2) forgings made of steel 08 X18H10T.

Ne BUKOBKY Go.2» MIla o,, MIla 35, %o o, % KCU, IO /cm?
1 216-223 514-533 45-48 65-69 233-242
2 196-232 503-540 42-47 61-66 212-225
Bumoru >180 > 480 >35 — —
CTaHJApTiB

PiBenns MexaHIUHMX BJIACTHUBOCTEH IMPUAATHOTO I 3a0paKkoOBAaHOIO 34
YIBLTPA3BYKOBOTO KOHTPOJIIO BUKOBKiB OyB IIpUOJIM3HO OJHAKOBUM i Bi-
IIIOBigaB BUMoOTraM cTaHaapTis (Tadi. 4).

Ha ocnoBi amamnisu ozep:kaHUX pPe3yJabTATiB KOMIJIEKCHUX IOCJIi-
IKeHb HaJaHO HayKOBO OOT'PYHTOBAHI peKOMeHIAIlili MeTamypriiHOMY
OiAIPUEMCTBY IIOA0 KOPUI'YBAHHS T€XHOJIOTiI BUTOTOBJIEHHS BUKOBKIiB
BifIIOBiZAMIBLHOTO MPU3HAUEHHA 3 BHCOKOJIETOBAHUX AayCTEeHITHUX
KpHUIlb, AKi IOJIATAIOTh Y HACTYITHOMY :
® 32CTOCYBAHHSA TOIJIEHD «CEJIeKT» 3 MOHUKEHUM BMiCTOM JOMIiIITKOBUX
($hepUTOYyTBOPIOBATILHIX €JIeMeHTiB, 30KpemMa Mo, V, W, 3 migBuinenum
(mo 0,1%) BmicTom Hitporeny Ta, BizmosigHo, monum:xeuuM (go 3%) Bmi-
cToM d-Pepury;

o 30inmbirenua (o 10 roguu) yacy roMoreHis3aIiifHOTO BigmaJsy 3a TeM-
nepatypuy 1150-1160°C Buxigumnx BUINBKiB;

® 3aBepIIIeHHA KYBaHHS IIePePOOHUX i TOTOBUX BUKOBKIB 3a TeMIepary-
pu He HmxKUYe 900°C 3agaa 3amobiraHHA YTBOPEHHIO KPUTHUYHOI gedop-
MaIrii Ta KpUTUIYHOMY 3POCTaHHIO 3€PHA;

® KOPUI'YBAHHA PEKUMY OCTATOYHOTO TEPMiUHOTO OOpOOJIEHHS BUKOB-
KiB: peKoOMeHIOBAHO 3AiMiCHIOBATH Bimman 3a Temmepatrypu y 1020-
1050°C 3 BUTPUMKOIO IIil uac HATPiBY He MeHIIe 4 TOAWH 3 HACTYIHUM
rapTyBaHHAM y XOJIOAHi# BoAi (i3 Temmeparyporo < 40°C), 110 3abesme-
YUTHh TOMOTE€Hi3aIlilo XeMiuHOT0 CKJAJAy Ta MOBHY peKpHucTalisalliio i
cTabirizaIfito CTPYKTYypHU KPHUIli, 30iJbIIIeHHA KiTbKOCTH CHEIiSIbHUX
HIBBbKOEHEPreTHUHNX MesK 3epeH 2.3 [ TIB, siKi MaoTh miIBUINEHY KOPO-
3ilimy cTifiKicTh, BicyTHiCTL BUALJIEHh HA MeyKaxX 3epeH KapoOimis Xpo-
MYy Ta, BiATIOBiZHO, BICOKY I'apaHTOBAHY CTiHKiCTh BUKOBKIiB IPOTH Mi-
JKKPUCTAJITHOI KOPO3ii.

5. BUCHOBREH

KoMmiekcHUME OOCHII:KeHHAMN IPUAATHUX i 3a0paxoBaHux 3a Y3K
BuKOBKiB i3 Kpu1i 08 X18H10T (321) BcTaHOBIEHO HACTYIIHE.
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1. XemiuHnii cKJIaJ BUKOBKiB BifilIOBiJae BUMOTraM CTaHIAPTiB.

2. IligBuienuit BmicT epuTHOI O-hasu y 3abparkosanux 3a ¥ 3K Buko-
BKaX CBifumMTh IIpo OiJBINY JiKBaIliliHy HEOAHOPiAHIiCTL Y HUX 3a BMic-
TOM (DEPUTO- 1 ayCTEHITOYTBOPIOBAIbHUX €JIEMEHTIiB.

3. 3abpakosaunuii 3a Y3K BUKOBOK, Ha BiIMiHy Bif mpugaTHOrO, Xapak-
TepU3yETLCA HAABHICTIO MAKPO- Ta MiKpoae(eKTiB CTPYKTYypPU, aHOMA-
JIBHOIO Pi3HO3ePHUCTOIO0 MiKPOCTPYKTYPOIO, HAIBHICTIO Kap0OiziB Xpomy
Ha Me’KaX 3epPeH, JIOKAJbHOIO CXUJIBHICTIO 0 MiKKPHUCTAJITHOL KOPO3ii.
4. ITpugatunii 3a Y3K BUKOBOK XapaKTepU3yEThCA OiJbIIT OJHOPiAHOIO
Ta BiJHOCHO JAPiOHO3€pPHUCTOI0 PiBHOBICHOIO MiKPOCTPYKTYPOIO 3 IIif-
BUIIEHNM BMICTOM CIEIiAJbHUX HU3bKOCHEPTETUUHNX MEXK 3epeH 2.3
T'TIB, 110 CBiYHUTH PO IOBHE 3aBepIIeHH:A PeKpHucTarisanii 00posIeH-
HaM 7eOpMOBAHOI KPUIIi 38 OCTATOUYHOTO TEPMiUHOTO 00PO0IeHHA.

5. CYKYIHICTb ofep:KaHuX Pe3yJIbTATiB YMOMKJINBIIOE 3POOUTH BUCHO-
BOK, II0 OCHOBHOIO IIPUYMHOIO 3a0pakoByBaHHA HU3KN BUKOBKIiB i3
kpuii 08X18H10T sa Y3K e cerperaiiiina (xemMiuHa Ta CTPYKTypHA)
HeOMHOPiAHicTh, BUXiZHMX 3JMBKIiB i HecTabiJbHicThL TeMIlepaTypHO-
Iedopmaniiinux nmapaMeTpiB KyBaHHSA, 30KpeMa 3aBepIIeHHA IPOMiK-
HUX i KiHIIeBOTO KyBaJbHOrO 00p00IeHH A (Iepes HaCTYyIIHIM BHUCOKOTe-
MIepaTypHUM HaArpiBoM) B YMOBaX IOHUKEHUX TEeMIIEpaTyp i KpuUTuu-
HUX nedopmarii.

6. IToxkazaHo pe3epBHI MOMKJIMBOCTI IiIBUIIIeHHA SKiCHUX XapaKTepuc-
TUK BUKOBKIB 3 ayCTEeHITHUX XPOMOHiKJEeBUX KPUIlh BiATIOBiJaJIbHOTO
Ipu3HAYeHHS.

7. Hamamo HaykoBO OOI'PYHTOBaHI peKOMeHIallii MeTaaypriiiHomy mism-
MIPUEMCTBY IIIOJ0 KOPUTI'YBAaHHS XeMiUHOTO CKJAAY Ta CTPYKTYPHOTO
CTaHy BUXIiTHUX BUJUBKIB i TexHoJOrii KyBaHHA iX miJ yac BUIOTOB-
JeHHSA BUKOBKiB.
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