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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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TeXHOJIOTi#l MeTaJsiB, CTOIIB i CIONYK 3 MeTaJiYHUMHU BJIIACTUBOCTSAMU; pelleHsil Ha MoHorpadii; indop-
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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. )
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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
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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,
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1258 O.C.CYXAHEBUY,I. B. OJIbXOBHK, A. B. KOTKO, M. B. IOPYKEHKO Ta iH.

ITpencraBieno pe3yabTaTH AOCiIKEeHHA CTPYKTYPHY HAHOUYACTUHOK cpibJia, 1110
YTBOPIOIOTHCA BHACIIIOK OMPOMiHEHHS BHCOKOEHEPIeTUUYHUMU eJIeKTPOHAMU
posumHy HiTpaTy ApreHTyMy B CYMIiIli noJIiBiHiJIOBOTO CIMPTY Ta IOJIieTUIIEH-
rJIiko10. MeTomoio peHTI'€eHOCTPYKTYPHOI aHaIi3H i ATBEPAKEeHO BiTHOBIEHH A
HiTpaTy Ag 0 MeTaseBOro cpibJyia BHACIIIOK ompoMiHeHHs. MeTomor0 nuHaMi-
YHOTO PO3CiIOBAHHSA CBiTJIa BCTAHOBJIEHO, 1[0 Y OMIPOMiHEHUX PiAKUX PO3UMHAX,
1o mictunu AgNOs, po3Moaia YacTUHOK 3a po3Mipamu € 6imomanbHUM. MeTo-
JIOI0 TIPOCBIiTIIOBAJIBHOI €JIEKTPOHHOI MiKPOCKOMii BCTaHOBJIEHO HASBHICTDL Ha-
HOYACTHMHOK cpibiia mepeBakHO chepuuHOi hopMU Ta HAaHOUACTHHOK Ag20.

KarouoBi ciioBa: HaHOUACTUHKY cpibia, Tigporesb, OMPOMiHIOBAHHA BHUCOKOE-
HepI‘eTI/I‘{HI/IMI/I e.TIeRTpOHaMI/I.

The article is concerned with the study of the structure of silver nanoparti-
cles formed in a hydrogel as a result of irradiation of a solution of silver ni-
trate in a mixture of polyvinyl alcohol and polyethylene glycol by high-
energy electrons. The reduction of Ag nitrate to metallic silver as a result of
irradiation is confirmed by x-ray diffraction analysis. The dynamic light-
scattering method confirms that, in irradiated liquid solutions of AgNOs, the
nanoparticles’ size distribution is bimodal. The presence of predominantly
spherical silver nanoparticles and Ag20 ones is revealed by transmission elec-
tron-microscopy method.

Key words: silver nanoparticles, hydrogel, high-energy electron irradiation.

(Ompumano 18 6epesnsa 2025 p.; ocmamoun. eapiaum — 15 sacoemmusa 2025 p.)

1. BCTYII

3acTocyBaHHSA «BUCOKOe(EKTUBHUX» 3aCO0iB yparkeHH IiJ Yac BOEH-
HUX Oifi B YKpaiHi CIPpUUMHNJIIO 3POCTAIOUNI MOIUT Ha 3acobu 00pos-
JeHHA Ta JiKyBaHHA HMIKiPHUX HDOMIKOM:KeHb. ['igporeiieBi moB’ 3K Ta
rizpobinTu € cyuacHuMu edeKTHBHUMU 3acobaMu JiKyBaHHS i 3aro-
€HHSA OIMiKOBUX Ta iHIMUX paH, IO BUKOPUCTOBYIOTHCA B MeIUYHUX 3a-
KJaJlaxX, IMOJIbOBUX rocHiTaldX i HaBiTh y gomaIiHix ymoBax. IlomimepHi
rigporesi, CTBOpPeHi MIJIAXOM PaAisgI[iiHOTO 3MIMBAHHA IIOJIiBiHiJIOBOTO
cuuprty (IIBC) i momierunenraikoiio (IIET) i3 KoHCHCTEHITi€E 0, CXOMKOIO
Ha TOPY:KHI Aparii, MoxyTh Mmictutu mo 95% mac. Bogu y 3D-citmi,
CKJIaNEeHil 3 MoJiMepHIX JaHITIOTiB, CIIOJIYUYeHIX MisK cO00I0 KOBaJICHT-
Humu 3B’ as3kamvu [1]. Ha :xanb, JikapcbKi peuoBUHU, IKUMU 00POOJIs-
€ThCS TiIPOT'eJIb, PYRHYIOTLCS IIiJ Ti€I0 OIIPOMiHEHHSA BICOKOEHEePTeTH-
YHUMUN eJeKTpoHaMu. ToMy HaNUIMEepPCHeKTHUBHIIIUM aHTUCEIITUYHUM
3aco00M, CTiAiKMM [0 BILIMBY TaKHX €JeKTPOHIiB, € HAHOCPiOJIO, edeK-
TuBHe npoTu 650 BuaiB 6akTepiii i 6araTrox MiKpob6iB [2].

ABtopamu pobotu [1] Oyao migTBepA:KeHO AHTUOAKTEPiAILHY Hif0
CTBOPEHUX IIOB’SI30K i MOKJIMBICTD (POPMYBaHHA i3 HiTpaTy APreurymy
HaHo4YacTUHOK cpibaa y xommosuti IIBC-IIET', onpomizeHOMY BHCOKO-
€HEepreTUYHUMH eJIEKTPOHAMM: 3a JOIIOMOT'0I0 CKaHiBHOI eJIEKTPOHHOI
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MiKPOCKOIIil y JOCHiIKyBaHUX 3pasKax 0yJI0O BUABIEHO HAHOUYACTUHKM
cpibsa posmipamu y 40—70 M i, fiMoBipHO, ixXHi arperatu pos3mipammu
OOPAOKY IeKiJTbKOX COTeHbh HAHOMETPIiB; ONTHUYHA CIIEKTPOCKOIIisd ITOKAa-
3ajia HaABHICTb IIiKY IIJJa3MOHHOT'O Pe30HAHCY Ha JIOBMKWHI XBUJI B Jid-
nasoui 402—417 uM, 110 € XapaKTepHUM AJisd cpibaa. ITpoTe meTaabHOTrO
IOCJiIKEeHHSA CTPYKTYPHU OLEPKaHNX HAHOYACTHHOK i HifTBEpPIKeHHS
KOHBepcii HiTpaTy ApreHTyMy Y BaJeHTHe cpibj0o HaBeseHo He 6yJI0.

Metoro maHoi poboTu OYJIO HOCAIMKEHHS CTPYKTYPU HAHOUACTUHOK
cpib6uia B rigporemeBux kommosutax IIBC-IIET.

2. METOJIOJIOTIS

g mpuroryBaHHA PO3UYUHY TiJIPOT'e/Il0 BUKOPUCTOBYBABCA IIOJiMep
IIBC mapxm 17-99, IIET mapxku 6000, gucTuinoBaHa BOAA Ta HiTparT
Aprearymy mapku YJIIA. ¥V pobori gocaigsKyBanu rizporeaesBi HaHOKO-
MIO3UTH 3 MAacOBMMHU uyacTKaMu KoMmmoHeHTiB: IIBC — 12%, IIEI" —
1,5%, "mitpary Aprearymy mapku YIJA — 0,01%, 0,1% i1 1,0%, guctu-
JboBaHoi Bogu — 86,49%, 86,4% i1 85,5% s3anexuo Big Bmicty AgNO;sy
cymimti. EJeKTpoHHO-MiKPOCKOIIIUHI JOCHIMKeHHA BUKOHYBAJIXU Ha Pi-
IKUX PO3UMHAX, ITI0 MiCTHUJIN HAHOUYACTUHKHY cpibia.

[ mpuUroTyBaHHA I'iIPOresieBOr0 KOMIIO3UTY Y PO3UMH COJIi ApreH-
TYyMYy B JUCTHUJLOBAHIN BOJi HJomaBaBCs MOJIIBIHIJIOBUN COUPT i moJIieTn-
JIEHTJIiKOJIb, MiCJIs YOT0 CyMilll HarpiBaJjacs Ha naposiii 6aHi (puc. 1) mo
90°C 3a mocTiitHOrO MOMIiIlTyBaHHS MeXaHiUHOI0 MiIllaJKo¥o, 1110 obepra-
€ThCA IBUTYHOM i3 KyTOBOIO mBuAKicTIO y 20,5 06/ceK.

Ilicia po3unmHeHHd IIOJiMepiB moCcyAnHA, B AKifl roTyBaBcAd pPO3UUH,
HaKpUBaJacsa KPUIITKOIO IJIsI 3MEHITIeHH BTPAT Ha BUIIAPOBYBAHHS BO-
Iu Ta 3amobisKeHHa (oToKaTadiTuuHii mii cBitia Ha AgNOQOs. Cymiin
oxosomkyBamaca go =50°C masa sasepiieHHsA rigparaiiii moJimepis,
micass voro posumH (acyBaBeda mo 50 mu y mosieruieHosi zip-lock-
naxetu po3mipom 10x12 cm. 3pasku Hama i IOMIITaanCA B XOJOINIb-
HUK Mi’X JBOMA CKJIAHNUMI IOBEPXHAMU OJIs 3a0e3lMeUeHHs PiBHOMIp-
HOTO ITapy TiAPOTreJio TOBITUHOO ¥ 3 MM B3[IOBK ILJIOIIMHY HaKeTy. 3a-
3HAUYKMMO, III0 CHHTEe30BaHi moB’sa3Ku (3pasku y zip-lock-maxerax) smi-
HIOBAJIM KOJIip 3aJIe;KHO BiJ BMicTy HiTpaTy ApreaTymy B HuX (puc. 2).

JJisa mpuroTyBaHHA PiIKUX 3pas3KiB BUKOPUCTOBYBaJlacsAd MUCTUJIBO-
BaHa Bogma, IIBC mapxu 17-99 i mitpar Apreurymy. IIporec BUroros-
JIeHHs PiAVH Ha maposBiii 6aHi — aHaJOTiuHMII BUTOTOBJIEHHIO Tigpore-
JeBux 3paskiB. Ilicasa oxosomKeHHA 3pasKu (pacyBajaucsa y MiKpPOIIPO-
Oipxu 3 KPUIIKOIO TUNY «Enmemmopd» sarampauM o6’emoMm y 1,5 M i
3b6epiramamncsa 3a KiMHATHOI TeMIIepaTypu y TeMHOMY MicIli AJia 3amo0i-
JKeHHs (poToKkaTaIiTUUHIN Aii cBiT/Ia Ha HiTpaT ApreuTymy.

Tigporenesi moB’aA3KM Ta PiAKi po3umHM OYJIO OIPOMiHEHO BHMCOKOeE-
HePreTUYHUMH eJIeKTpoHaMu 3 go3aMu y 33—198 xI'p 3aaexHO Big BMic-
Ty coyii Ag B HUX (Ie fleTaJabHO onrcaHo B pobori [3]). Oxonox:xeHi B xo-
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TepmomeTp "
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Puc. 1. Cxema yCcTaHOBKM [IJId IPUTOTYBAHHSA TiIPOIeIeBOr0 PO3YMHY Ta Pif-
KHUX 3pasKiB.

Fig. 1. Scheme of the setup for preparing hydrogel solution and liquid sam-
ples.

JOAUJBHUKY 3alaKOBaHi TigporesyeBi 3pasKy IOMIiIaJucs y IIJTaCKUK
MeTaJeBU KapKac, 110 3a0e3Ieuye OiATPUMKY V THYYKOMY IIOJIieTHrIe-
HoBOMY Zip-lock-mmakeri piBHOMipHOrO IIapy rigporero TOBIIMHOW y 3
MM. [1momuHa moB’ A3K M OyJjia MepIeHIUKYIAPHA J0 IIOTOKY eJIeKTPOHIB,
10 T'eHepYIoTheA JiHIAHMM IIPUITBUAITIYBaUYeM eJIeKTPOHIB «KieKTpo-
Hixka JIIIE-4» B iMmoyabcHOMY pesKuMi 3 HOMiHaJIbHOIO eHeprieo y 4 MeB.

CTpyKTYypy 3pasKiB MOCIimKyBaJIu METOHOI0 MIMPOKOKYTHBLOT'O PO3-
ciroBanusa PeutrenoBux mpomeHiB Ha gudparTomerpi XRD-7000 (Shi-
madzu, dmoHisA), PEHTIeHOONTUYHY CXeMY SKOr0 BUKOHYBAJU IILIAXOM
MIPONYCKAHHA IEePBUHHOTO ITyYKa uYepe3 3pas3oK, 3 BUKOPUCTAHHIM
CuK,-punpominernssa (AL =1,54 A) i rpadiToBoro MmoHOXpOMAaTOpa 3a Te-
mnepatypu T = 20+2°C. AHajisa CTPpYKTypH PiIKUX 3pas3KiB BUKOHYBA-
Jacd MeTOJ0I0 IPOCBiT/IIOBAJIbHOI eJIEKTPOHHOI MiKPOCKOMii 3 BUKOpUC-
raHHAM Mikpockona JEM-100CX (Jeol, Amownisa). O0pobiaenusa 3o6pa-
JKeHb BUKOHYBAJOCA 3a [JOIIOMOTOI0 IIpOrpaMHOTO 3abe3meueHHs
Imaged. Posmipu yacTUHOK Yy PiIKMX 3pasKaxX BCTAHOBJIOBAJIMUCA METO-
OI0 AWHAMIYHOTO PO3CiAHHA CBiTJIa i3 BUKOPUCTAHHAM NOPUJIALY
LiteSizer 500 BupobuumnTBa Komnauii Anton Paar (ABcTpis).
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. ]. .
Puc. 2. CurTesoBaHi rizporenesi cymimri 3 macoBuMu yacTKamMu HiTpaty Ap-
rearymy: a) 0,01%, 6) 0,1%, g) 1,0%.

Fig. 2. Synthesized hydrogel mixtures with mass fractions of silver nitrate:
a) 0.01%, b) 0.1%, c) 1.0%.

3. PEHTTEHOCTPYKTYPHI JOCJIIJZKEHHS

ByJio nmpoBegeHO PEeHTI'€HOCTPYKTYPHY aHAJIi3y CHUHTE30BaHUX KOMIIO-
BUTIB 3 HiTpaTOM APreHTyMy Ta METAJiYHNMH HAHOUYACTUHKAMU cpibJia
y 3pasKax IicJjisg ix ompomiHeHHs. ByJjo BcTaHOBJIEHO, IO HOJiMepHI
marepianu IIBC i ITET xapaxTepusyoThCA HAIiBKPUCTAIIYHOIO CTPYK-
Typoio (puc. 3).
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Puc. 3. IlopiBHanua audpaxTorpamM IIiBoK Ha ocuoBi: a) IIEI, 6) IIBC,
g) ITET+IIBC.

Fig. 3. Comparison of diffraction patterns of films based on: a) PEG,
b) PVA, ¢) PEG+PVA.
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Amajiza peHTTr'eHiBCBKMX Au(dpaxTorpaM 3pasKiB TOCIiIKYyBaHUX
moJIiMepiB moKasaJia, 1o Beegenud 12,5% ITET-6000 mo ckaany IIBC me
BIiuBae Ha cTpykTypy IIBC; BogHouac, BiicyTHsS 3MiHA KyTOBOTO IIO-
JIOJKeHHA Ta BiIHONIeHHS iHTeHCUBHOCTEe! AU(PPaAKIiiHIX MaKCUMyMiB
Ha gudpaxrorpami [IBC-IIET (puc. 3). 3okpema, 3apeecTpoBaHoO IpaK-
TUYHO OJHAKOBUM BigHOCHUII piBeHb Kpuctagiunoctu IIBC i i#ioro cy-
mimnri 3 ITET" — 46% i 47% BigmoBigHo; a cTynins Kpuctaaiuaoctu ITET
cTaHOBUTH 88%.

Amnaiiza peurreniBecbkux mudpaxrtorpam spaska IIBC-IIEI' mo Ta
micad ONMpPOMiHEHHS BUCOKOEHEPreTUUYHUMM eJeKTpPOHaMM II0OKasaJa,
1170 Y 3pasKa, ompoMiHeHoro m10300 y 33 KI'p, cmocTepiraeThes iHTeHCH-
BHuM aupparmitiamii mik (101)ner Ha KyTi 23,4°, Ha Bigmimy Bim me-
omrpoMiHeHoro 3paska. Ile BKasye Ha 30iJIbITeHHA KPUCTAJTIYHOCTHU 3pa-
3ka [IBC-IIET nmicsia onpominenss (puc. 4).

Ha mudparTorpami HeompoMiHeHOI IJIiBKM, HAIIOBHEHOI HiTpaTOM
ApreuTymy He CIIOCTEPIraloThCA iKMW, XapaKTePHi AJ1s BAJIEHTHOTO CPi-
oia. Ile cBiguuTH PO TeE, IO IIPOIEC CUHTE3U TiApOresieBoi cyMimri Ha
ImapoBiii 0aHi He BIJIMBa€ Ha BiTHOBJIEHHS YACTUHOK cpibia id comi Ag
(puc. 5). ITpore, Ha Mux gudparKTOorpaMax CIocCTepiraeThcsd miK Ha KYTi
v 9,2°, akuii BinmoBizae miky (100)AgNOs, 3a60poHEeHOMY i3 MipKyBaHb
Kpucragorpadiunoi cumerpii. AHagoriuuamii pe3yabTaT 6ya0 ogep:KaHo
y pobori [4], me mpunmycKaeThCs, M0 e MK MoKe BUHUKATH BHACIITOK
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Puc. 4. ITopiBaauna nudppaxrorpam miriBku IIBC—IIET 6e3 nogaBamasa HiTpaTy
Apreutymy: a) ompomineHoi 1030t y 33 kI'p, 0) HeomrpomiHeHOI.

Fig. 4. Comparison of diffraction patterns of PVA-PEG film without the addi-
tion of silver nitrate: a) irradiated with a dose of 33 kGy, b) and unirradiated.
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Puc. 5. IlopiBusuHA AudpaxkTorpaM MmIiBOK 3 AoJaBaHHAM HiTpaTy ApPreHty-
My, ompoMiHeHUX mo3amu y: a) 132 kI'p, 6) 66 kI'p, 8) 33 xI'p, 2) 0 KI'p.

Fig. 5. Comparison of diffraction patterns of films with the addition of silver
nitrate irradiated with doses of: a) 132 kGy, b) 66 kGy, c) 33 kGy, d) 0kGy.

PoO3ciloBaHHA HAa aTOMHHUX ILIOIIMHAX AEAKUX IIOJIiMep-KPUCTAJiUYHUIX
romimnekcis IIBC-Ag*, i miaTBepmxyeTbcA BiACYTHICTIO TaKHX IIiKiB
JIJIA OIIPOMiHEHUX 3pas3KiB.

He 6yJs10 BusABIeHO HiKiB, XapaKTepHUX AJIs MeTaJiuHoro cpidia, i Ha
IudparkTorpaMax 3paskKiB, AKi micTuaum Ag B po3paxyHKY Ha MACOBY
yacTKy HiTpary Apreuarymy y 0,01% i 0,1%, iimoBipHO, uepes HUBBLKY
KOHIIEHTPAIIiI0 BAJIeHTHOTO cpibJiia, BiTHOBIEHOTO 3 HiTpaTy ApPreuTymy.

Ha mudpaxTorpami miIiBKu, HaIlOBHEHOI HiTpaToM ApPreHTyMy 3 Ma-
coBoI0 yacTKoo y 1,0% Ta ompominenoi moszono y 33 KI'p, MosxkHaA moba-
YuTH OAWH AUGPaKIiiHui MakcUMyM Opu KyTi y 38,2° 3 imgexcamu
(111), xapaxrepuuit gaa Ag® (puc. 5). 3i 306iIbIIeHHAM H0O3M OIPOMI-
HeHHS BABiUi 3’ ABUBCSA APYyruil MaKCUMYM IIpU KyTi y 44,3° 3 iHgexkcaMu
(200), axuit TakOK XapaKkTepus3ye CTPYKTYpPY MeTasiuHoro cpibmaa. Ile
CBiTUMUTL IIPO YTBOPEHHS OijbITOol KiJBKOCTH BaJIEHTHOTO cpibia, ITO
BiZHOBHMJIOCA 3 COJIi. 3a MAaKCHMAJIbHOI 3aCTOCOBAHOI B JOCIiMKeHH] 10-
3U OIPOMiHeHHs BimHoBHMJaca Haibinbima KigbkicTs Ag® 3 AgNOs,
OCKiJMBKM 001ABa MiKM npu KyTax y 38,2°1 44,3° craau 6iJabII iHTeHCH-
BHUMH.

4. JOCHIIZREHHA PITKUX PO3YNHIB METO4010 JUHAMIY-
HOT'0O PO3CIIOBAHHA CBITJIA

MeTom010 TMHAMIYHOT'O PO3CiIOBaHHS CBiTJIA OHEepP:KaHO PO3MOLiJI HAHO-
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Puc. 6. Posmosis po3mipiB HaHOYACTHMHOK 34 iHTEHCUBHICTIO.

Fig. 6. Nanoparticles’ size distribution by intensity.

YaCTUHOK 3a PO3MipaMu y OITPOMiHEHUX PIAKUX PO3UMHAX.

Posmomin wacTuHOK 3a iHTeHcHBHicTIO (puc.6) xapakTepU3yeTbCSa
IBoMma mikamu 3 mMakcumyMmamy npu 15 umM—20 am i 140 aM—240 HM,
3aJIe’KHO BifJ 103U onpoMiHeHHsa. MoKHa IPpUIYCTUTH, M0 IEPIIUH TiK
BiiITIOBimae MOOAMHOKMM HAHOUYACTHHKAM cpibia, Apyruii — IixXHIM
arperaram. OcTaHHe TPUIIYINEHHS ITiATBEPIKYETHCA TUM, IO TIOJIO-
JKeHHSA IPYroro IIiKy Ma€ iCTOTHUI PO3KUI, Ha IO iCTOTHO BILJINBAIOTH
mapaMeTpy IIPUTOTYBAHHSA PO3UYMHIB (Yac 3MiIllyBaHHSA, YaC BUTPUMKU
mnepes MipAHHAMHY TOIIO).

5. CTPYRTYPHI JOCJHIIKEHHA PIJEKNX POSYNHIB

AToMOBUII CKJIAM, CTPYKTYPA Ta PO3Mipu YTBOPEHUX B MPOIIECi OIIPOMI-
HeHHS YaCTUHOK (JIJIA CIiBCTABJIEHHA i3 BUMipAHUMU METOHOI0 JUHAMI-
YHOTO PO3CiIOBAHHSA CBiTJIA) MOCTIMMKYBaJINCA METOIOI0 ITPOCBiTJIIOBA-
JBbHOI eJIEKTPOHHOI MiKPOCKOIIil B PiIKMNX 3pa3Kax, OIPOMiHEeHUX 103a-
mMuy 33 kI'pi 198 kI'p.

Ha pucyury 7, a mokasaHo oKpeMy c(hepHUHy YaCTUHKY YV PO3UMHI,
ommpoMineHoMy 03010 y 33 KI'p. [liamMeTep HaCcTMHKYU CTAaHOBUTH 83 HM,
110 JIEKUTH B MEXKaxX PO3IMOMiNy, Ofep:KaHOr0 MEeTOAaAMM MTNHAMIUHOTO
poacitoBanHaA cBiTia. Ha emekTpomorpami ma puc. 7,0 Big 4acTUHKU
CIIOCTEpPiraloThCA KOHIIEHTPUYHI KiJIbIA Big ByIrJyeleBol ILIiBKY, a ped-
JeKCH, PO3TaIllOBaHi Ha mapaJjeIbHUX NPIMUX, BiIIOBiZalOTh OCi 30HHU
(111) TIIK-cTpyxTYypHu Ha puc. 7, 8. [lapamerpu rpatauti d = 2,29-2,43
A, obpaxoBani 3a BigmanmamMm Mix cycimHiMMm MakcHMyMaMu, CHUMETDH-
YHMMMU BiJHOCHO ITeHTpa AU(PpPaKIifiHol KapTuHU, B MeKax 3% BigmoBi-
IaIoTh IapaMeTpy I'paTHHUI cpibaa dii1 = 2,36 A.

Ha pucyury 8, a moKasaHO arJioMepar i3 JBOX YaCTHHOK B O0OJIOHIII,
YTBOPEHUI y po3umnHi 3a ompoMineHHsa 103010 y 198 kI'p. Ha enexTpono-
rpaMmi Big ariomMmepary Ha puc. 8, 6 cIlocTepiraeTnoca cructeMa pedeKciB
Bim Ag:0 Ta I1BOX UaCTMHOK cpibJia, moduauenux Ak Agl i Agll Ha puc.
8, 6. BuzHaueHi 3HaUeHHa MiKILIOIIMHHOL Biamai Aisa ABOX HaHOGiabIII
inTeHCHBHUX pedeKciB BiamoBigaoTh di11 = 2,72 (+3%) A y okcuni Ap-
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Puc. 7. Chepuuna uacTuHKa cpibsa y po3unHi, onpomineHoMy 103010 ¥ 33 KI'p:
a) cBiTJOminbHE 300pakeHHsA, 0) eJIeKTPOHOTPaMa, 8) iHTepIIpeTallia eJeKTpo-
HOI'PaAMMU.

Fig. 7. A spherical particle in a solution irradiated with a dose of 33 kGy: a)
bright-field image, b) electron-diffraction pattern, c) interpretation of the
electron-diffraction pattern.

rearymy. llle oguna, MeHIT iHTeHCUBHUI ped)ieKC B MeXKaX IMOXUOKU Y
3% BigmoBinae dsoo = 2,1 A y BasmerTHOMY Cpibiai. OTsKe, ZOCTiqKyBaHMIT
arjiomepar — Iie KJIacTep, AKUHI CKJIAZAaEThC 31 c(hpepruyuHOI Ta eincoin-
HOI YaCTHMHKU cPibJia B OKCUIHiiT 000JIOHIII.

3HaueHHA MiKILJIOIIMHHOL BiAgmai aad meKiJIbKOX YacTHHOK B 000-
JoHIi (puc. 9) y po3uuHi, ompoMineHoMy 103010 y 33 KI'p, B Mekax Io-
xubku Mikpogudpaxnii (8%) Bizmosizae d=3,35+0,03:3,85=3,45A
nida(110) okcuny ApreHTymy.

HoB:xuHa yTBOPEHOT0O KJacTepa CTaAaHOBUTHL 54 HM, a mupuHa — 29

Puc. 8. Arsmomepar y posunHi, ompomirenomy o300 y 198 kI'p: a) cBitsonins-
He 300pakeHHA, 0) eJIEeKTPOHOTPAMA, 8) iHTepIIpeTaIlia eJIeKTPOHOTPaAMMU.

Fig. 8. Agglomerate in a solution irradiated with a dose of 198 kGy: a) bright-
field image, b) electron-diffraction pattern, c¢) interpretation of the electron-
diffraction pattern.
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Puc. 9. HYactuaKu y 000JIOHIII B PO3UMHi, ompoMineHoMy 103010 v 33 KI'p: a)
cBiTJsIOmiNIbHE 300paKeHH A, 0) eJIeKTPOHOTpaMa, 8) iHTepIpeTalis eJIeKTPOHO-
rpamu.

Fig. 9. Particles within the shell in a solution irradiated with a dose of 33 kGy:
a) bright-field image, b) electron diffraction pattern, c¢) interpretation of the
electron diffraction pattern.

HM. Posmipu BKIOUueHb Ag20 cTaHoBaATL 27 EMXx9,6 uM i 17 HM*6,4 HM
BigmoBigHo. Omep:KaHi 3HaUEHHA Y3TOIKYIOTHCA i3 pesyabTaTaMu, BU-
3HAUEHNMM MEeTOZaMU JNHAMIYHOI'O PO3CiIOBAHHS CBiTJIA.

HoB:xuHa Ta IIUpPUHA TEHTATOH-IOdeKaeIpPUUYHOTO KJactepa (puc.
10), yTBOpeHOT0 B PO3UMHi, OITpoMiHeHOMY 403010 Y 33 KI'p, cTaHOBIATH
78,2HM i 75,5 HM BigmosimHo. 3HAUeHHSA MIXKILIOIMUHHUX BimgaJeii
JexaTh y Mexkax 3,25—3,45 umM; ToMy BigmoBizaoTs 3HaUeHHIO d = 3,35
naa (110) okcungy Aprearymy. Haiitbinbin Temua 061acTh, IMOBipHO, €
cpibsom posmipamu 22,6 HMx18,6 HM.

.(2(]2} .-\gl()
(022) Ag 0 ,/(1 10) Ag0
s ]
f
(101) AgO ] (101) Agp
(]
A110) Ag0
6 B /(irzu) AgD

Puc. 10. ITenTaron-gonekaeIpuYHUH KJIACTEP Y PO3UUHI, OTPOMiHEHOMY 03010
y 33 kI'p: a) cBiTaoninbHe 300parkeHHsI, 0) eJIEKTPOHOTPaMa, 8) iHTepIperalisa
€JIEKTPOHOTPaMU.

Fig.10. Agglomerate in a solution irradiated with a dose of 198 kGy:
a) bright-field image, b) electron-diffraction pattern, ¢) interpretation of the
electron-diffraction pattern.
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Y nmocaimskyBaHMX ONPOMIHEHMX PIAKMX PO3UMHAX CIOCTEpiraeThcA
IBa TUIIN YaCTUHOK — IIOOMHOKI, IIepeBakHO chepruUHi HAHOYACTUHK U
cpibJia Ta YaCTUHKU B OKCUAHIiN 000J10HIII pisHOI opmu. OKcumHa 060-
JIOHKA OeAKUX i3 HUX € HabaraTo OiJbIITOI0 3a PO3MipH HAHOYACTUHKU
cpibJia, HaBKOJIO AKO1 000JI0HKA OyJia yTBOPEHA.

Caim saszHaumTH, 110 OKcuA ApPreHTyMy He Mir OyTm yTBOpeHUi B
IIpoIeci MpUTroTyBaHHS PO3UMHY HaABiTh I miero cBiTsa abo mig yac Ha-
rpiBanHa. B peakiii, 1o BizOyBaeThCA BOIHOUAC, YTBOPIOETHCSI MOJIE-
Kynapauit Oxcuren:

2AgNO; —> 2Ag +0; + 2NOs. 1)

Ag JeTKO OKUCHIOETHCSA aTOMapHUM abo iomizoBammM OKCHUI'€HOM,
ajie He MOJIEKYJIapHUM [5]. ¥V mocaimsxenHi [6] mokasamo, 1110 OKMCHEHHS
cpibisia Mmoske OyTHu iHimifioBano fomizoBanumM OKCUI'€HOM, AUCOIIifioBAa-
HUM OIIPOMiHEHHAM eJIEKTPOHHUM IPOMeHeM, a B po0oTi [7] mokazanu
000pOTHE OKMCHEHHS TA BiIHOBJIEHHS, AKUM MOMKHA KepyBaTU, 3MiHIO-
I0UY IOTYKHICTh JO3U €JIEKTPOHHOTO IIYUKA.

Xoua okcuZ APreETyMy TaKOMK IIPOSABJISE aHTUOAKTEPiAIbHY aKTHUB-
HicTh [8, 9], ogHAK HaHOYACTUHKHU cpibia 6inbin akTuBHi [10, 11]. Tomy
KPUTHUUYHO BAKJINBO BUOPATH OIITUMAJILHY O3y OIPOMiHEHHS, IO 3 Of-
HOro 0OKYy MiHiMi3zye KiIbKicTh HaHOUuacTHHOK Ag:0, a 3 APyroro € mo-
CTATHBLO BUCOKOIO, IIT00 ITPOIleC YTBOPEHHA aTOMAapHOTO0 ApPreHTyMy OyB
OIBUIKWM.

6. BHCHOBRKH

MeTomamMu PeHTI'€HOCTPYKTYPHOI aHaJIi3UW Ta IIPOCBiT/IIOBAJIBHOIL €JIEKT-
pouHOI MiKpOCKOITii 0yJI0O BCTAHOBJIEHO, IO ONPOMiHEeHHS 3pasKiB myu-
KOM BHCOKOEHEPTeTUYHHNX eJIEKTPOHIiB COPUUYMHAE BifHOBJIEHHSI Ag i3
tioro cosi AgNOs. MeTomoro fMHAMiIYHOTO PO3CiIOBaHHSA CBiTJIA Y OHPO-
MiHeHUX PigKmMx posumHax, axki mictuau AgNOQOs, migTBepa:KeHO HaAB-
HicTh HaHOUYACTHMHOK cpibisa posmipamu Bim 15 mo 240 mm. Bommouac
PO3mOisI YaCTHHOK 3a po3MipaMu € OiMomgaJabHMUM, IO BKa3ye HA YTBO-
PeHHA arjJoMepaTiB YaCTUHOK. MeTo010 MPOCBIiTII0OBAaIbHOI €JIEKTPOH-
HOI MiKPOCKOMil BCTaHOBJIEHO HAABHICTD ¥ PIIKMUX OIIPOMiHEHUX PO3YU-
HaX HAHOYACTUHOK cpibja mepeBaskHO chepruuHoi hopMU i OKMCHEHUX
yacTUHOK Apreatymy — Ag:0. Xoua HaABHICTH OKcuUAY ApPreHTyMy
0e31ocepeIHBO B TiApOresiAX He JOCTiAsKyBajacsa, pe3yJbTaTu ofepsKa-
Hi I8 PO3UMHIB BKA3yIOTh HA HEOOXIAHICTE miZb0py ONITHMAIBLHOI 03U
ONPOMiHEHHS, KA MiHiMizye KimbKicTh mamouacTuHOK AgO0:, i BogHO-
Yac € JOCTaTHbO BHUCOKOIO, I00 ITPOIleC YTBOPEHHA aToOMapHOTro ApreH-
TyMy OyB AKOMOTA OiJILITT TOBHUM.

PoboTy yacTKOBO BUKOHAHO B paMKax mpoekTy HamiomamnbHoro ¢oH-
Iy TOCHiI:KeHb YKpaiuu « Po3poOKa O6iomoriMepHX HAHOKOMIIO3UTHIX
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MaTepiasiB OJd CTUMYJIAINIl pereHepariii *KUBUX TKaHUH 1 3aroeHHdA
pam» (peecrpartiiiauii Homep mpoekTy 2023.05/0009).
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Oco06auBOCTi Opi€eHTYBAaHHSA 3aPOAKOBUX KPHUCTAJIB 34 IMJIa3MOBO-
IHIYKIiTHOTO BUPOILyBaAHHA NPO(iTh0BAHUX MOHOKPHCTAJIB
MOJIi0meHy

B. O. IllamoBaJjios, B. B. Axyma, 0. O. Hukureuko, O. M. I'rmisano,
€. B. Mipomanuenko, FO. A. Xoxmosa

Incmumym enexmposeapreannsin. €. 0. [Iamona HAH Ykpainu,
sya. Kasumupa Manesuua, 11,
03150 Ruis, Ykpaina

Y poboTi mpeacTaBIeHO PE3YIbTATU AOCIiIKEeHHS OpieHTAIlil 3apPOIKOBUX MO-
HOKPUCTAJiB MOJiOAeHY AJIA MOAAJbIIIOT0 BUKOPUCTAHHA HUX il Yac Iaa3Mo-
BO-iHAYKIiTHOTO BUpPOUTyBaHHA IPO(hiTF0BAHNX MOHOKPUCTATIYHIX 3JIUBKIB.
3anpormoHOBaHO METOAMKY BU3HAUEHHA KpucTamorpadiumoi opieuTarii 3apo-
IKOBUX KPUCTAJIB Ha OCHOBIi aHAJIi3W XapaKkTepy TPIMMuH, 110 (QOPMYIOTHLCA Ha
iXHill TTOBepXHi Mic/as eJIeKTPOepO3ilHOr0 pisaHHS, y MOETHAHHI 3 JaHUMU
IMUPOKOKYTHBLOI peHTr'eHiBehbKOl nudpakitii. [Iokasamo, 1110 xapakTep yTBOpe-
HUX TPIIUH KopeJroe 3 opierTrarieio miomus tury {100} B 06 eMHOIIEHTPOBA-
Hitt Ky6iuminn (OLIK) rpatHumi momiomeny, mo mae 3mory imentudikyBatu
mromuan {111}, {112} #1 {110} 6es sacrocyBanus merony Jlaye. Beranosieno,
IIT0 BUPOIMYBAaHHA MOHOKPHUCTAJIUHUX IIJACTUH i3 3apOAKOBUX KPUCTAJIB,
opienroBanmx y muaomuui {111}, sabesmeuye dopmyBaHHA TPOMiIHLOBAHUX
MOHOKPUCTATIB i3 6Giunumu rpanamvu tumny {110} i miomuHO0 HAPOIyBaHHS
{112}. Ogmep:xani pesyJbTaATH MiATBEPIKEHO PEHTTEHOCTPYKTYPHOI AaHAJI-
3010, sTKA 3aCBiuMa BUCOKY TOUHICTH OpieHTaIlil Bupomienux 3paskis. IIpak-
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TUYHE 3HAUYEHHs POOOTH II0JIATAE Y CHPOIIEHH] Ta IiIBUIeHHI TOYHOCTH Opie-
HTYBaHHS 3aPOJKOBUX MOHOKPUCTAJIIB IIifl Yac ILJIa3MOBO-iHIYKIIIHTHOTO BU-
poIyBaHHA MPOdiTbOBAHNX MOHOKPUCTAJIB MOJIiIOAEHY, IO € BAXKJIUBUM JJI
CTBOPEHHS €JIEMEHTIB CUJIOBOI JIa3€PHOI Ta JiIATHOCTUYHOI O TUKH.

KarouoBi cioBa: MOHOKpPHCTAJ MOJiIOAEHY, IIJIa3MOBO-iHIYKIIiliHE BUPOIIY-
BaHHSA, OPi€HTYBaHHS 3apPOAKOBOTO KPUCTANY, €JIEKTPOepOo3iliHe pisaHHA,
PeHTTeHiBcbKa qudpakKilia, kpucrajgorpadivHa opieHTais.

This work presents the results of studying the orientation of seed molyb-
denum single crystals for subsequent use of them in plasma-induction growth
of profiled single-crystal ingots. A methodology is proposed for determining
the crystallographic orientation of seed crystals based on the analysis of
crack patterns formed on their surface after electrical-discharge machining
combined with wide-angle x-ray diffraction data. As shown, the configura-
tion of the cracks correlates with the orientation of {100}-type planes within
the body-centred cubic (b.c.c.) lattice of molybdenum, enabling the identifi-
cation of the {111}, {112}, and {110} planes without applying the Laue meth-
od. As established, the growth of single-crystal plates from seed crystals ori-
ented in the {111} plane ensures the formation of profiled single crystals with
{110}-type side facets and the {112} growth plane. The obtained results are
confirmed by x-ray diffraction analysis, which demonstrates the high accu-
racy of the orientation of the grown samples. The practical significance of
this work lies in simplifying and improving the accuracy of seed-crystal ori-
entation during plasma-induction growth of profiled molybdenum single
crystals that is essential for the development of high-power laser and diag-
nostic optical components.

Key words: molybdenum single crystal, plasma-induction growth, seed-
crystal orientation, electroerosion cutting, x-ray diffraction, crystallograph-
ic orientation.

(Ompumano 24 nucmonada 2025 p.; ocmamoun. 6apisnm — 25 aucmonada 2025p.)

1. BCTYII

Cepen 3HAUHOI KiJIBKOCTH BiOMMX TAKKOTOIIKMX METAJIIB HaHOiabII
IITUPOKO 3aJYUYEHUMH IO IPOMUCJIOBOTO Ta KOMEPIiNHOTO BUPOOHUIITBA
€ BoJIb(pam, TaHTaJ, Hi00i# i MosiGaen [1]. 3aBaAAKM MOeTHAHHIO YHi-
KaJbHUX (Pi3MKO-XEeMIiUHMX BJIACTUBOCTEHM IIi MeTaJM HaJeXKaThb OO
CTpaTeriyHO BaKJIMBUX MATEPifaiB, a MOCTiIKeHHs, CIPAMOBAHI Ha
YIOCKOHAJIEHHA TeXHOJIOTiH oflep:KaHHA HUX 1 po3IIupeHHA cdep 3acTo-
CYBaHHS, BaJIMINAIOTHCA HAA3BUUANHO aKTYAJbHUMM. IX MOMKHA POBT-
aamatyu K 0e3aJbTepHATUBHI KOHCTPYKITIMHI MaTepisiau IJis BHUCOKO-
TeMIlepaTypPHOI TEXHIKMH.

Bupobu 3 TAKKOTOIIKUX METAJIB IITUPOKO 3aCTOCOBYIOTh Y SNEPHilt i
TepPMOSAEePHIiA eHepreTuIli, KOCMiUHiN TexHili, CHJIOBil JadepHill Om-
TUIll, PEHTI'€HiBChKill amaparypi ¥ y iHIIUX BUCOKOTEXHOJIOTiUYHUX Ta-
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aysax [2—7]. Tpagumiiizo aja iIXHBOT'O TOILJIEHHA BUKOPUCTOBYIOTH BHU-
COKOKOHIIEHTPOBAHI JKepesia TeIJIOTH — eJeKTPUUHY IYyTy, eJIeKTPOH-
HUH TpoMiHb ab0 HH3LKOTeMHOepaTypHy miaasmy. OcramHiMu poxamu
iHTEHCUBHO PO3BUBAIOTHCS TEeXHOJOTiI amuTuBHOrO (3D) IPYKY 3 BUKO-
PUCTaHHAM Ja3epHUX JAKepes eHeprii, AKi BiIKpuBaOTh HOBI MOKJIN-
BOCTI /151 (hOpMyBaHHA CKJIATHIX BUPOOiB i3 TAKKOTOIIKMX METAJIiB.

3rigmo 3 aHamiTuuHUM orasanoMm [8], y 2021-2022 pp. cnocTepirascs
OiK myOJaiKamiiiHol akTUBHOCTU ¥ cdepi 3D-IPYKY TARKKOTOIKIX MeTa-
JiB Ta ixHix cromiB. Oguak y:xe y 2024 p. KiJbKicTh HaAYyKOBUX POOIT 3
Imiel TeMaTHKM 3MEHINNIACS Maliyke yABiui, 110 0B A3aHe, mepenycim,
i3 HU3BKOIO AKicTIO chopMOBaHUX BHUPOOIB — HAABHICTIO TPilMH, MO-
PHUCTOCTH Ta CTPYKTYPHOI HEOHOPIAHOCTH.

IInasmoBO-iHAYKITifiHA TEXHOJIOTisAA BUPOIYBaHHA NPO(iIbOBaHUX
MOHOKPHCTAJIB TAKKOTOOKMX METAJiB, peajli3oBaHa 3a IPUHIUIIOM
aIuTUBHOTO HAPOITYBaHHS, Ja€ 3MOTy YCYHYTH 3a3HaueHi HeTOJiKHU.
I1a TexmoJioris 3abe3meuye hOpMyBaHHSA OPi€HTOBAHUX MOHOKPHMCTAJT-
YHUX 3JUBKiB BOJIb(pPaAMy Ta MOJIiOAEHY y BUTIALL IIJTACTUH PO3MipoM
160x170x20 mm 6e3 TpimmuH i rpy6oi mopuctoctu [9]. MoHOKpHUCTaTiU-
Ha CTPYKTypa MaTepiany gae 3MOT'y MOZATKOBO BUKOPHCTOBYBATU aHi-
30TPOIIiI0 H10ro (PiBMUYHMX BJIACTHUBOCTEI, 30KpeMa eMiCiliHOl 34aTHOCTH
(m1s obosioHOK TepMmoeMiciiimmx meperBopioBauiB) [10] Ta BigbmBHOI
3IaTHOCTH (IJIA eJIEMEHTiB CUJIOBOI Ta AiArHOocTHMYHOI oniTukw;) [11, 12].

3a pesyabTaTamMu pociimkensb [10] 3acTocyBanHs BoabhpamMy 3 opie-
Hrarieo (110) aya BUTOTOBJIEHHS eMiTepHUX 000JIOHOK MAJMBHUX eJie-
MEHTIiB AJepHUX PeaKTOPiB Ja€ 3MOTry IIiABUIIUTH KoedimieHT KopucHOI
il 36ipru 10 19%.

Ak i pna 6iabirocTy pizKodasHUX MeTO/[iB BUPOIITYBaHHSI MOHOKPIIC-
TaJIiB, OJHUM i3 KJIOYOBUX €JIEMEHTIiB IIJIa3MOBO-iHAYKITIITHOI TeXHOJIO-
rii € HaABHICTDH 3aPOJKOBOr0 KPUCTAY, BiZ 6iuHOi mOBepxHi AKOTO iHi-
I[II0ETHCA TOIMApPOBe HAPOIIyBaHHSA MOHOKpUHCTAJiuHOTO 3JamBKa [13].
3azBuuail K 3aPOJKYN BUKOPUCTOBYIOTH MOHOKPUCTAJIIUHI IPYTKY His-
meTpoMm y 15—20 MM, omep:KaHi MeTO0I0 OE3TUIJIHLBOTO EJIEKTPOHHO-
IPOMEHEBOT'0 30HHOTO TOoMJIeHHA. IlepBUHHNN KOHTPOJb 1XHBOI MOHOK-
pHCTATiYHOCTH BUKOHYIOTH METOIOI0 €JeKTPOXEeMiuHOTO IIaBJIeHHS
[14]. IIpoiiaBiaena MOBEePXHA TAKUX IMIPYTKIiB XapaKkTepU3yeEThCI UYepry-
BaHHAM MATOBUX i OJIMCKYUYMX MO3MOBKHIX CMYT, IIPOCTOPOBE PO3TAIITY -
BaHHS AKUX KOPEJIoE 3i crepeorpadiunoio opieHTaIriero Kpucraaxy. Ha
pucyury 1 HaBemeHo crepeorpadiuni mpoekiii oceit cumerpii OILK-
KpucTajJiB 3 TphboMa 0OasoBuMm moJjocamMu. OCKiIbKM B IIJIa3MOBO-
IHAYKIITHOMY IIPOIleci 3apOAKOBUHI KPHCTAJ PO3TAIIIOBYETLCI I'OPU30-
HTAJILHO, OPi€HTYBAaHHA OiUYHMX I'paHel BUPOIIYBAHOTO MOHOKPUCTAIY
3IiMCHIOIOTE IIJISAXOM O0epTaHHsS 3apOoAKa HABKOJO HOTr0 II03J0BKHBLOI
oci Ha 3amaHU KYT BiAIIOBiAHO 1100 cTepeorpadiuHiii IpoeKITii.

[ BUsHaueHHA opieHTAaIli]l 3apPOIKOBUX KPUCTAJIiB 3a3BHUYall 3aCTO-
coByOTh MeToh Jlaye. OgqHaK Ha IPAKTHUIIL IIiJ Yac BCTAHOBJICHHS 30pie-
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Puc. 1. Crepeorpadiuni nmpoekiii oceit cumerpii B OIIK-rkpucranax: moiroc
[001] (@), momtoc [011] (6), moatoc [111] (8).

Fig. 1. Stereographic low-indices’ projections of in b.c.c. crystals: [001] orien-
tation (a), [011] orientation (6), [111] orientation (8).

HTOBAHOTO KPHCTAJNy y TONHJLHIA KaMepi BUHMKAIOTH TEeXHOJIOTiUHi
TPYZHOII, IIOB' A3aHi i3 cyMiIleHHAM ofep:KaHnX PeHTr'eHorpaM 3 pea-
JIbHOIO 0iUHOIO ITOBEPXHEI0 KPUCTAIY.

3aBIAKM aHi30TPOIil IPYKHIX BJIACTHUBOCTEN MOHOKPHCTAJIB KpPUC-
rajgorpadiuHy opieHTaIio iIXHL0I BHYTPilTHBOI OYA0BM Ha MaKpPOPiBHI
MOJKHA OI[iHIOBATH 3a 0OCOOJMBOCTAME Ae()OPMOBAHOTO IIOBEPXHEBOTO
niapy, copMOBaHOTO IiJ Jli€l0 TepMOMEXaHIUHMX HaBaHTaKeHb, IO
CIPUUYNHSIIOTL KPUXKe PYHHYBaHHI. 30KpeMa, Iicjsa eJIeKTPoepo3iiiHo-
ro 00po0JIEHHS MOHOKPUCTAJIB TSKKOTOIIKMX MeTaJIiB Ha MMOBEPXHi ¢o-
pMyeThea medopMOBaHUU IIAp i3 XapaKTepHOIO ciTKoio TpimmH [15].
Haa kpucramniB 3 OLIK-rpaTuueo Kpuxke pyiHyBaHHSA IIepeBaskHO Bi-
noyBaeTbesa mo mromuuax tumy {100}. YTBOpeHa ciTka TpimmuH Bimo-
Opaskae BUXIiJ IIJIOIIMH BiZKOJY Ha IIOBEPXHIO Ta Ma€ iHAWBiAyaJIbHUMI
XapakTep, AKUU KOPeJIIoe 3 KprucTajJorpadgivHOO OpieHTAIlieI0.

Bpaxosyouu 3asHaueHe, MeTOIO JaHOI POOOTU € PO3POOJIeHHA i eKe-
mepuMeHTaJbHe OOT'PYHTYBaHHS METOOUKM OPi€HTYBAaHHSA 3apPOSKOBUX
KpHUCTaJJiB MiJ] yac MJIadMOBO-iHAYKIIIAHOTO BUPOINyBaHHA NPOdhiabo-
BAaHMX MOHOKPMCTAJIIB MOJIIOJeHY Ha OCHOBi IoeTHAHHS Pe3yJbTaTiB
IMIMPOKOKYTHBOI PEHTI'eHiBChKOI Aum(ppaxiii 3 aHaJIi300 XapaxkTepy
TPiluH, 110 OPMYIOThCA Ha IXHill MOBEPXHI ITic/Isa eTeKTPoepo3iiHOro
pisaHHA.

2. MATEPIAJIN, OBJJATHAHHSA TA METOOUERN JOCJHIIKEHHS

BuporryBanHsa MOHOKPHUCTAJNIB MOJiOAeHY 3HiMCHIOBAIM Yy TOMUJIBLHIM
neui Tuny YII-122M i3 koMOiHOBAaHUM MJIa3MOBO-iHAYKIIIHHMM Harpi-
BAaHHAM i BUKOPHMCTAHHAM 3aPOSKOBOT0 KPHUCTAIY AisMeTpoM y 23 MM.
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TABJINIA 1. Xemiunuii ckiazg IpyTKiB moJrioaeny, mac. % .
TABLE 1. Chemical composition of molybdenum rods, wt.%.

OcHoBHUI .
Fe Ni Al
MeTaJl

Mo 0,00420,001 0,0003 0,001 0,001 0,0001 0,002 0,0001 0,0010,002

Si | Ca | Mg | N P C (0

Ar BuximHMil mMarepian mjsa GopMyBaHHS IIJIACKMX MOHOKPHCTAJIIB
3aCTOCOBYBAJIM MipHI IPYTKU MOJiOAeHY TeXHIUHOI YMCTOTH AiAMeTpPOM
y 6 MM i moB:KuHOIO v 780—790 MM. 3rizfHo 3 TeXHIiYHMMN yMOBaMHI Ha
BUTOTOBJIEHHSA iX, MacoBa 4acTKa MOJIiOAeHY CTAaHOBUJIA He MeHIIe, HiK
99,95 % (Tabu. 1).

KoHTposb XeMiUuHOTO CKJIAAY HPOBOAUJIN i3 3aCTOCYBAHHAM TAKUX
AaHAJITUYHUX [IPUJIALiB: PEHTIeHO(MIIOOPECIIEHTHOrO aHaJisaTopa
X’Unique II (Philips, Higepnaunu), amamxisatropa Kap6ony HORIBA
EMIA-Pro (fmomisa), amamnisatopa Oxcureny ta Hirtporemy TC-436
(LECO, CIIIA).

SK mIa3MOyTBOPIOBAJIbLHE CEPEIOBUIIE BUKOPHUCTOBYBAJIM CYMIiIIT iHep-
THAX r'a3iB aprouy Ta reiiro 3 06 eMHOI0 yacTKoIo mepiroro y 30% , a ipy-
roro — 70% . IIusa 1i npuroTyBaHHs 3aCTOCOBYBAJIM aPI'OH BUII[OI'O COPTY
(06'emua yactka — He meHiIrre 99,993% ; TOCT 10157-79) i reniit Mmapku
Helium 5.0 (06'emua uactka — He meniie 99,999% ; Linde Gaz Magyar-
orszag ZRt). 3aranbHa BuTpaTa ra3oBoi cymimnri cramoBuia 15 1/XB.

IloTyHicTh ILJIA3MOBO-IYTOBOIO [IsKepeJia HarpiBaHHA IIiATPUMYyBa-
Ju Ha piBHi 15 KBT, BUKOPUCTOBYIOUM MIJIA3MOTPOH IpamMoi aii. dKus-
JeHHsA iHAYKIifiHOro MOAyJasd 3abe3meuyBaB CepPiiHWIT BHCOKOUYACTOT-
HU# JammnoBuii reaeparop BUI'3-160/0,66 3 TupucTOpHUM pPer'yI0OBaH-
HAM aHOJHOI HAIIPYTH Ta pobouoio uacToToro y 66 kI'nm. MakcumaabHy
MIOTY K HIiCTh iHAYKITIfTHOTO HArpiBaHHA IiATPUMYBaJIH Ha piBHI 75 KBT.

Y nmouaTKOBOMY IIOJIOKEHHI 3aPOAKOBUH KPHCTAJ BCTAHOBJIIOBAJIN HA
PiBHi BepXHBOT'O BUTKA iHAYKTOPA, 3aJUIIAI0YN II0 IEPUMETPY HEBEJIU-
KUl IPOMisKOK Bif cekiifinoi crinku. Kpucras momepeauno posirpisa-
JIX V BICOKOUYACTOTHOMY IOJIi iHAYKTOpA, MicJig uoro 30ya:KyBaan ILIa-
3MOBY Ayry Ta (opMyBaJii BaHHY pigkoro merany. Ilicada yTBopeHHA
cTabibHOI BAHHY B OMHOMY 3 KPaWHiX II0OJOMKEHb Y 30HY TOILJIEHHS II0-
laBaJii MipHUU IPYTOK.

IIix yac mepeMilieHHS MJIa3MOTPOHA B3LOBXK IMIPYTKA BimOyBaJocs io-
ro po3TomjeHHsA. KpamelbHe mepeHeceHH MeTaay 3abes3meuyBajo 6es-
nepepBHe IiIKUBJIEHHA PyXOMOl MeTajieBol BaHHU. J[locATHYBIIN IIPO-
THUJIEKHOTO KPalo MOHOKPUCTATY, MJIa3MOTPOH KOPOTKOUYACHO 3YIUHSI-
JI¥, a B 30HY TOILJIEHHS 3 IIPOTUJIEKHOT0 00Ky BBOAUWJIN HACTYIIHUN IPY-
TOK. IloTiM myIasMoTpOH IepeMillyBaau y 3BOPOTHBOMY HAIIPAMKY, I10-
BTOPIOIOYM IMUKJI TOIJIeHHs. Ilicsa 3aBepIieHHsa KOMKHOIO IIUKJIY 3ilic-
HIOBAJIM JUCKPETHE ONYCKAHHSI MOHOKPHCTAJIUYHOTO 3JIUBKA Ha TI'JIn0OM-



1274 B. 0. IITATIOBAJIOB, B. B. AKYIIIA, I0. O. HUKUTEHKO Ta in.

HY, III0 JOPiBHIOE BMCOTi HATOILJIEHOTO IIApy, 30epiramouu mOJOKEHHS
BEPXHbLOI'0 3Pi3y MOHOKPHCTAJY Ha CTAJIOMY PiBHi.

EnexTpoeposiiite pizaHHA 3pas3KiB MOHOKPHCTATIIB MOJIiOAEeHY BUKO-
HyBaJI1 Ha Bigpismomy Bepcrari DK7732 i3 unciaoBuM mporpaMHUM Ke-
PYBaHHAM, BUKOPUCTOBYIOUM MOJiOZeHOBUH ApPiT miamerpom y 0,2 MM
AK pobounii iHCTpyMeHT. 3pasku po3MipoMm 15x15x2 MM Bupiszaau ma-
pasiesbHO OiYHKMM IpaHsaM MOHOKPHCTAJIB.

Kpucramorpadiuny cTpyKTypy 3pasKiB, ofep:KaHUX Biff 3apOLKOBOTO
KpucTraay Ta 0iYHMX rpaHell BUPOINEHUX TPo(iIboBaHUX MOHOKPHUCTA-
JIiB, DOCJIIKYBaJX METOHOIO IMNPOKOKYTHLOI PEHTI'€HiBChbKOl qu(dppaK-
il ga gudppaxromerpi XRD-7000 (Shimadzu, Amouis). Perrrenoonru-
YHYy cXeMy 0yJIO peajii3oBaHO 3a cXeMOIO BiIOMBaHHA IEePBUHHOTO ITyUKa
BiJ 3paska 3 BUKopucTaHHAM Bumpominensa CuK, (A=1,54 A) i rpadi-
TOBOT'O MOHOXpoMAaTopa 3a remueparypuy 20 + 2°C.

EnexkTposaiTuuHe 11aBJIeHHA MOBEPXHi 3apPOJKOBOT'O KPHUCTAJTY IIPOBO-
JUJIN B allaparTi AJd HaHeCeHHd rajbBaHiunuxX noKkpuTrtis AI'-3 y 10% -
BoguoMy posumHi NaOH z3a mamnpyru U=2B i rycturu ctpymy J =
=0,02 A/cm2.

XapakTep PO3IOAiJly TPilllMH Ha IOBEPXHi 3pasKiB IIiciid eleKTpoe-
posiiizoro o6pobJeHHs cIocTepiraam 3a JOIOMOT'0I0 CTEPEOCKOIIiYHOTO
mikpockomna SIGETA MS-220.

3.PE3YJIbTATHU TA IX OBTOBOPEHHS
3.1. BuzHaueHH opicHTaIIii 3apPOTKOBOT0 KPUCTATLY

Ha minroroBuomy erarri, 1110 IepelyBaB BUPOIITYBaHHI0O MOHOKpPHUCTAJiY-
HUX ILJIACTUHU 3 MOJiOZeHy, OyJ0 IIPOBeJeHO XapaKTepus3allilo 3apoj-
KOBOT'0 KpucCTady. 3rifHo 3 JiTeparypuumu gauumu [11, 12], maiBunry
BiIOMBHY 3MATHICTE i CTIHKiCTD II[O0 BUIIPOMiHEeHHA 3a0€3IIeUyI0Th MO-
HOKPHUCTAJJIIUHi 3epKaJIbHi IIOBEPXHi, Opi€eHTOBaHI y MJIONIMHAX TUITY
{110}. Boguouac Bubip cTepeorpadiunoi opieHTarii oceit cumerpii Bif-
HOCHO TPHOX 0a30BHX IIOJIIOCIB He € MPUHIIMIOBUM IJA 3a0e3meueHHsT
dopMyBaHHSI MOHOKPHCTAJIIUHOI IJIACTUHY 3 OIYHMMM I'paHAMU, OPicH-
TOBAHMMMY B3JOBX ILIoInuH Tuny {110}.

EnexTposiTuuHe MIaBJIeHHS ITUJIIHIPUYHOI IIOBEPXHiI 3apOgKOBOIO
KpHCTaJy BUSIBUJO UEPTYBAHHS IMiCTHOX OJMCKYUYMX i MAaTOBUX CMYT.
Taxwuii po3MOAiJI CBiIUNTE IIPO Te, IO AisgMeTpaJbHAa IJIOIUHA IIepepisy
3apOJIKOBOT'O KPUCTAJy BifllloBifae KpucrajgorpadgiuHiil miaommHi Tumy
{111} a6o {112}.

JJia aHa i3y KapTUH TPIlIIMH Ha ITOBEPXHI MOHOKpPHUCTAJiIB, chOPMO-
BAaHUX Yy IIpolieci ejeKTpoeposifimoro pisamHs, 3a gomoMorow 3D-
Bigyasizalrii 0yJio BUBHAUEHO IIPOCTOPOBI KYTH MisK CaigaMu BUXOIY
mwiaomuH Tuny {100} BizHOCHO pebep igeanbHOro Kyda 3 OPTOrOHAJLHMU-
vu maomnuuamvu {111}, {112} i1 {110} (puc. 2, a). ¥ muomuuax {111} i
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Puc. 2. 3D-gisyanisania suxony miomud {100} Ha rpaxi Ky6a 3 IIOIIMHAMUA
{111}, {112}, {110} (@) Ta KapTUHU TPII[NH HA IOBEPXHi 3aPOJKOBOI'0 KPUCTAIY
IMicJIa eeKTPOePO3iHOro pisaHHA: y AiAMeTpaJIbHiN maoniuHi (6), y OpTOTOHA-
JBbHUX IIJIOIUHAX, 30Pi€HTOBAHUX BiTHOCHO KOPOTKOI Ta MOBroi AiATOHAJI po-
m0iB BigmosigHo (8, 2).

Fig. 2. 3D visualization of the intersection of {100} planes with the faces of a
cube with orthogonal {111}, {112}, {110} planes (a) and patterns of cracks on
the surface of the seed crystal after electric-discharge cutting: on the diamet-
rical plane (6), on orthogonal planes oriented relative to the short and long
diagonals of the rhombuses, respectively (s, 2).

{112} ninii Buxomy mromus {100} 3 ypaxyBaHHAM TPAHCIAIIAHOI 100Y-
moBu (hopMyIOTH poMOiuHi Qirypu 3 KyraMu Opu BepIIuHAX oi1; =60° i
B111=120° Ta o112="78,46° i B112=101,54° BignoBimHO, TOAI AK y ILJIO-
muHax {110} BoHM MaTL BUIIAA MNOXWJINX JiHIA ©mig KyTom
Y110 = 54,74° 1o ropusoHTAITi.

Kapruua TpimuH y gigMeTpaabHiN ILIOIINHI 3aPOSKOBOT0 KPUCTATY
IicJIs eJeKTpoeposiiHoro pisanHs (puc. 2, 6) ABIAE o000 MePioTUIHY
CTPYKTYPY pomObiuHOi hopMu 3 KyTamMu 0111 =97°+1°1 B111=123°£1°.
IlopiBHAHHA BU3HAYEHUX KYTiB i3 podpaxoBaHUMU IJIA YACTKOBOT'O BU-
MagKy BiAXmJy IJIOIIMHKA HA KyT O Bixg rpani {111} y HanpAMKYy 30i1b-
ITeHHA MOBroi miaromaJi pom6iB (Tabi. 2) mokasye, IO AOCJiAMKyBaHa
IJIOIIMHA 3apPOJKOBOI0 KPMCTAJNy Ma€ BiaxmJi Bix Kpucrtajgorpadiunoi
maomuuy tuity {111} me 6inbire 2—3°. Takum ynHOM, ABi iHIIi OpTOrO-
HaJIbHI ILJIOIIMHY B MeXKaX BigAXujay OyAyTh BiIIOBiZaTH ILIOIIMHAM TH-
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TABJIUIISA 2. PospaxyHKOBI KyTH Mis caimamu Buxoxmy miomiue Tuiry {100}
BigHOCHO pebep KyOa 3 oproronanbauMu mwiomuuaamvu {111}, {112}, {110} B 3a-
JIEKHOCTI BiJl BeTMUWHY BiAXUIY O.

TABLE 2. Calculated angles between the exit traces of planes of {100} type
relative to the edges of a cube with orthogonal {111}, {112}, {110} planes de-
pending on the value of the deviation d.

o | o111, I'paz | B111, I'pan | o112, I'paz | B112, I'pan | Y110, T'PAJ,
1 58,84 121,16 79,27 100,73 55,74
2 57,66 122,34 80,05 99,95 56,74
3 56,48 123,52 80,80 99,20 57,74
4 55,28 124,72 81,53 98,47 58,74
5 54,07 125,93 82,24 97,76 59,74
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Puc. 3. [ludpaxrorpama 3 giamMmeTpasbHOI MOBEPXHI 3apOIKOBOTO KPUCTATY.

Fig. 3. Diffraction pattern from the diametrical surface of the seed crystal.

oy {112} it {110}, npuyomy miomunau {112} € mapajgesbHUMU KOPOTKil
nisironasi pom6iB, a {110} — gosriii (puc. 2, 8, 2).

HdudpakTorpama, ojiep:kaHa Bil AiAMeTpasibHOI ITOBEPXHi 3apOAKO-
BOro Kpucraay (puc.3), IOKasye UYiTKMH MOiK iHTEeHCUBHOCTH IWIPHU
20 =116,25°, mo BU3HAYAE MisKILIOIMMHAY Bigmans d =0,9071 A i Bix-
nosigae mmomuui {111} gpyroro mopanky Bimbmsamma ({222}, JCPDS
card #00-042-1120).

3.2. BusHaueHHA OpicHTAIlil MOHOKPHUCTANIYHUX ILJIACTHH

Ha izenTudikoBaHOMY 3apOAKOBOMY KpPHCTAJi OyJIO BUPOIIEHO ABi MO-
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Puc. 4. Ilnacki MOHOKpuCTAJIM MOJiIOAEHY ILIa3MOBO-iHAYKIIINTHOIO 30HHOI'O
TOILJIEHHS.

Fig. 4. Flat molybdenum single crystals of plasma-induction zone melting.

HOKPUCTANIUHI IJIACTUHYU 3 MOJiOAeHy TexHiuHoi uncToTu (puc. 4). 3a-
POIKOBUM KPHCTAJ Y POCTOBOMY BY3JIi PO3MIITyBaJy TaKHUM YHWHOM,
1100 30HA HapoIyBaHHA (GopMyBalacsa mapajeabHO Kpucrajgorpadiu-
Hiit mromumui Tuny {112}. Ile 3a0e3meuyBaso BUPOIYBAHHS ILIACKUX
MOHOKPHCTAJNIB i3 BeJUMKMMHU OiUHMMHN TpaHAMU, OPI€HTOBAHUMU
B3IOBJK IIomuH triry {110}.

Koutpoab opieHTarii rpameii BUPOIIeHNX MOHOKPUCTAJIB IPOBOI-
Ju 3a gomomororo audpaxtomerpa XRD-7000, arasoriuno mo momepe/-
HiX BUMipioBaHb. 3pa3sKy BUPizaiy 3 BePXHbOI YACTUHY MOHOKPUCTAJIIB
mmapaJjieJibHO BeJIMKUM OiUHMM IpaHAM i rpami HapomyBauud. Judpax-
TOrpaMu 3pasKiB, BiIiOpaHMUX i3 I[eHTpaJIbHOI Ta mepudepiiinoi 30H, Ma-
JU IIeHTUYHUHA XapaxkTep.

Ha nudparxrorpami (puc. 5), omep:kaHiil Big mIOMMHY BeJIUKOI 6iuHOL
rpadi, CIIOCTepPiraloThbCA JBAa UiTKMX IIIKM IiHTEHCUBHOCTH IIPH
20 =40,8° i 87,8°, mo matotb d =2,2099 A it 1,1109 A i BigmoBinaroTs
miaomuuam tumy {110} mepimoro Ta APYyroro mOpPSAKY BigOMBaHHS
(JCPDS card #00-042-1120). IudpaxTorpama Bijg IJIOIIMUHN HAPOIILY-
BaHHA JIEeMOHCTPYE eamHuii miKk mnpu 20 =74,2°, AKWi BU3HAUAE
d=1,277 A i Bigmosizae mromuHi TuIy {112} (puc. 6).

4. BUICHOBRKH

Po3po06ieHO0 MEeTOAMKY OPieHTYBAHHS 3aPOSKOBUX MOHOKPMCTAJIB MO-
Ji0meHy Ha OCHOBI aHaJisu medeKTHOTrO INapy, copMOBAHOTO BHACJI-
IOK eJIEKTPOepPO3ifHOTro pisaHHA, Ta JaHUX IMIMPOKOKYTHBOI PEHTI'€HiB-
cproi audpakmii. Ii 3acTocyBanHa mix wac BupommyBaHHA IpodiTsoBa-
HUX MOHOKPHCTAJIIB 3a IIJIa3MOBO-iHAYKIIIMHOIO TEXHOJIOTIE€I0 30HHOTO
TOILIeHHSA 3a0e3meuye hopMyBaHHA 3pasKiB i3 Hamepe 3aIaHOI0 KPUC-
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Puc. 5. [fudpakrorpama 3 BeaIuKoi 6iuHOI rpaHi MJIacKOTO0 MOHOKPUCTAILY MO-
aibmeny.

Fig. 5. Diffraction pattern from a large lateral face of a flat molybdenum sin-
gle crystal.
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Fig. 6. Diffraction pattern from the growth plane of a flat molybdenum single
crystal.

rajgorpadiuHoio opieHTaIieio 6iUYHMX rpaHei.

IIpakTuuHe 3HAUEHHA OJleP:KAHUX PE3yJbTaTiB IIOJATAaE B ONITUMIi3a-
il Ipollecy OpieHTyBaHHA Ta TOUHOT'O BCTAHOBJIEHHSA 3apPOJKOBUX KPU-
CTaJIiB ¥ pOCTOBOMY OOJIaTHAHHI, IIT0 € BasKJIMBOIO YMOBOIO, HAIIPUKJIAT,
IIPY CTBOPEHHI eJIeMEeHTiB CUJIOBOI JJa3ePHOI ONITHUKY 3 BUCOKUMHU Bim0Ou-
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BHUMHU XapaKTEPUCTHUKaMU.

Pob6oTry BuKoHaHO 3a nigTpuMiku HamiomaasrHoro GoHAY SOCTiIKeHb
Yrpainu (mpoexTt Ne 2023.04/0030).
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Elasticity at Martensitic Inelastic Behaviour
for Industrial NiTi, CuAlMn and Novel High-Entropy
TiZrHfCoNiCu Shape-Memory Alloys
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and G. S. Firstov
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Elastic properties of shape-memory alloys are of great importance because,
among other factors, they determine movement of dislocations and thermoe-
lastic phase-equilibrium phenomenon. This paper is concerned with the con-
sideration of the elastic-modulus evolution at temperature-induced marten-
sitic transformation compared with such at the shape-memory temperature
cycle for NiTi, CuAlMn and TiZrHfCoNiCu shape-memory alloys.

Key words: martensitic transformation, elastic modulus, shape memory, in-
ternal friction, shape-memory alloys.
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1. INTRODUCTION

NiTi and Cu-based shape-memory alloys are those that belong to the
group of industrial shape-memory alloys. They undergo thermoelastic
martensitic transformation and because of that exhibit quite good
characteristics of shape memory and related phenomena [1]. Novel
high-entropy TiZrHfCoNiCu shape-memory alloys [2—4] were devel-
oped because of the need to overcome difficulties with industrial ones
(narrow temperature interval, functional fatigue). The application of
the high-entropy concept using NiTi as a prototype resulted in a first
successful attempt in the TiZrHfCoNiCu alloy system with a martensit-
ic transformation accompanied by a shape-memory effect in a wide
temperature range with the suppression of all the fatigue effects due to
the two-fold increase in yield strength ensured by the multi-component
design. The aim of the present paper is to compare elastic modulus be-
haviour for alloys mentioned above and to show differences that are
quite important for thermoelastic phase equilibrium and dislocations
movement. The latter causes irreversibility, when full dislocations are
involved and catastrophic for shape-memory plastic deformation ac-
companies reversible martensitic deformation. On the other hand, with
respect to thermoelastic phase equilibrium phenomenon, twinning and
martensitic transformation are known to propagate with the help of
partial dislocations or so-called twinning dislocation and transfor-
mation dislocation. The concepts of twinning and transformation dislo-
cation were developed quite some time ago (see traces of that in the
work of Seeger [5] or Van Bueren monograph [6], etc.) and are still used
(for transformation dislocation with respect to martensite one might
look into [7], for example). One way or another, elastic modulus tem-
perature evolution in comparison with shape memory and internal fric-
tion might give additional information on reversible and irreversible
processes at external stress-free temperature induced martensitic
transformation and how external stress influences them with respect to
the movement of transformational and twinning dislocations.

2. EXPERIMENTAL

Ni—50 at.% Ti alloy and Ti—-16.67 at.% Zr—16.67 at.% Hf-10 at.%.
Co—20 at.% Ni—20 at.% Cu alloy were arc-melted and remelted 6 times
in a pre-gettered argon atmosphere. Cu—25 at.% Al—-4.4 at.% Mn alloy
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was induction melted and cast into room temperature ceramic mould.
After casting, Cu—-25 at.% Al-4.4 at.% Mn alloy was annealed at
1173 K for 30 minutes and quenched into water. These three alloys
compositions were chosen because of the similar martensitic transfor-
mation temperature interval. Shape-memory behaviour and internal
friction changes together with elastic modulus temperature dependen-
cies in 110440 K temperature interval were obtained in 3-point bend-
ing on 22x2x(0.4—-0.5) mm plate like specimens (setup with 20 mm dis-
tance between nodes; oscillating frequency 5 Hz; heating-cooling rate
5 K/min) using Netzsch 242C Dynamic Mechanical Analyzer (DMA)
and Proteus software. In the present case of 3 point bending the de-
formation was calculated according to the following formula
e=[4h(dL)/(I? + (dL)?)]x100, where h is plate thickness, [ is distance
between nodes (all in mm) and dL is deflection (um). To measure shape-
memory behaviour with the help of DMA, the experiment was set to
apply static load well above the temperature range of the martensitic
transformation (loaded after heating up to 440 K). Then loaded sam-
ples under the bending stress (static 40 MPa for NiTi and CuAlMn,
100 MPa dynamic and 300 MPa static for TiZrHfCoNiCu) were cooled
down to 110 K and subsequently heated up back to 440 K and the de-
flection in 3-point bending versus temperature was observed for them.
To determine elastic modulus and internal friction (loss factor) the dy-
namic load of oscillating force was applied. In the case of major static
load, the dynamic oscillating one was applied too with a value of about
10% of the static to ensure proper oscillations under the static load.
Proteus software calculates elastic modulus as | E| =E’ +iE"”, where E'
is storage modulus and E" is loss modulus. Storage modulus E’ repre-
sents the elastic, recoverable energy stored in the material, while loss
modulus E” represents the viscous, energy-dissipating portion. Loss
factor, therefore, is obtained as tgd=E'/E'~ Q' =AW /(2rW), where
AW is the energy (generally converted into heat) absorbed after loading
and unloading and W is the applied energy during loading.

3. RESULTS AND DISCUSSION

First, let us consider the functional and elastic behaviour for NiTi
shape-memory alloy. Figure 1 represents comparison of shape memory
and corresponding internal friction upon first cooling-heating cycle.
According to Figure 1, the NiTi sample accumulated 0.5% of marten-
sitic strain under the constant stress of 40 MPa in the temperature in-
terval of the forward martensitic transformation (Ms=340K,
M{f=260K). In this interval a broad peak (full width at half maximum
(FWHM) is 25 K) of the loss factor arises reaching almost 0.08 value.
After cooling to 215 K subsequent heating takes place. Upon heating,
almost complete shape recovery (Ksue=96% ) takes place in the reverse
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Fig. 1. Deflection in 3-point bending (dL is solid line) and corresponding loss
factor tgd (dashed line) vs. temperature measured in Netzsch 242C DMA un-
der constant static stress of 40 MPa for NiTi. Deflection of —410 um corre-
sponds to 0.5% of accumulated martensitic strain.

martensitic-transformation temperature  interval (As=330K,
Af=410K). In this interval (same in width to the forward one—80 K)
internal friction peak arises with the same height of almost 0.08, but
with twice narrower FWHM =13 K. Comparing with classic data on in-
ternal friction for NiTi external stress-free temperature induced mar-
tensitic transformation [8—11], which is around the value of 0.03-0.05
at peaks at 1 Hz, it can be concluded that loss factor shows just peaks
that contain two contributions, namely, ‘transient’ and ‘non-transient’;
the former exists only during cooling or heating (T = 0 K), depends up-
on the transformation kinetics and proportional to the volume fraction,
which is transformed, while the latter is related to phase transformation
mechanism, independent of the transformation rate, such as the move-
ment of parent/martensite or martensite/martensite interfaces accord-
ing to [11]. Actually, movement of the parent/martensite interface is
ensured by the movement of the transformational dislocation, while in-
ternal martensite twinning known as lattice invariant shear is related to
the movement of the twinning dislocation.

At the same time, the ‘intrinsic’ loss factor contribution (again ac-
cording to [11]), that exists in both parent B2 and B19' martensitic
phases and strongly depends upon microstructural properties, is very
small in B2 austenite (temperature interval 400-440 K, Fig. 1) and is
only slightly higher in martensite state (215-260 K, Fig. 1) indicating
that formation under external stress of the oriented martensite crys-
tals that resulted in shape memory and internal friction shown in Fig.
1 lead to the stationary martensite microstructure without any signs
of intervariant martensite boundaries mobility. Results of Refs. [8, 9]
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clearly show high internal friction in NiTi martensite state for exter-
nal stress-free experiments indicating that in this case intervariant
martensite boundaries are mobile. It should be also noted that broader
loss factor peak for forward transformation compared to reverse
(FWHM twice wider) indicates more intensive parent/martensite and
martensite/martensite interfaces movement at the formation of B19’
martensitic crystals, while their disappearance on reverse transfor-
mation is characterized by twice weaker movement of the interfaces in
NiTi shape-memory alloy.

Figure 2 shows storage modulus vs. temperature against the back-
ground of shape-memory thermal cycle. Qualitatively, the results of
Refs. [8, 9] show the elastic modulus behaviour similar to the one in
Fig. 2. Ms temperature (340 K) corresponds to the change of slope for
storage modulus temperature dependence on cooling. The same can be
observed for Mf temperature (260 K) on cooling and for Af tempera-
ture (410 K) on heating. As temperature cannot be deduced from stor-
age modulus behaviour as there is no change of its slope in the vicinity
of As from deflection temperature dependence. Storage modulus min-
ima correspond well to the peaks of the loss factor from Fig. 1. It
should be also noted that the minimum in the middle of the forward
martensitic transformation on cooling is deeper compared with the
minimum in the middle of reverse martensitic transformation on sub-
sequent heating (Fig. 2) implying that lattice softening during for-
ward martensitic transformation is more significant for NiTi.

Results shown in Figure 3 from the work [12] represent the temper-
ature dependencies of elastic constants measured by resonant ultra-
sound spectroscopy upon cooling and subsequent heating through the
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Fig. 2. Deflection in 3-point bending (dL is solid line) and storage modulus E’
(dashed line) vs. temperature measured in Netzsch 242C DMA under constant
static stress of 40 MPa for NiTi. Deflection of —410 um corresponds to 0.5%
accumulated martensitic strain.
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Fig. 3. Deflection in 3-point bending (dL is solid line) and corresponding loss
factor tgd (dashed line) vs. temperature measured in Netzsch 242C DMA un-
der constant static stress of 40 MPa for CuAlMn. Deflection of —-500 pm corre-
sponds to 1% of accumulated martensitic strain.

martensitic transformation in NiTi single crystalline specimen. Cy4
temperature behaviour (Fig. 3, b[12]) is qualitatively the same as stor-
age modulus behaviour (Fig. 2 of this work) implying that it is domi-
nated by the C44 contribution and in the present polycrystalline B2 Ni-
Ti Cy4 principal shear modulus is at play corresponding to shear on a
{001} plane, independent of the direction of shear within that plane.

Now, let us consider how the functional and elastic behaviour vs.
temperature will look like for Cu—Al-Mn shape-memory alloy, where
L2, austenite undergoes martensitic transformation into the y; ortho-
rhombic martensite. Figure 3 shows comparison of shape memory and
corresponding internal friction upon first cooling-heating cycle in-
volving L2; <> y; thermally induced martensitic transformation with
external static load equivalent to the stress of 40 MPa.

According to Figure 3, the CuAlMn sample accumulated 1% of mar-
tensitic strain under the constant stress of 40 MPa in the temperature
interval of the forward martensitic transformation (Ms=290K,
Mf=230K). In this interval a peak of the loss factor rises, reaching
0.12 value. After cooling to 115 K subsequent heating takes place. Up-
on heating, almost complete shape recovery (Ksur = 97% ) takes place in
the reverse martensitic transformation temperature interval
(As=300 K, Af =360 K). In this interval, internal-friction peak arises
with the height of 0.23. Comparing with the data on internal friction
for CuAlMn external stress-free temperature induced martensitic
transformation [8—11], which is around the value of 0.09-0.1 at peaks
at 1 Hz, it can be concluded that loss factor shows just peaks that con-
tain two contributions, similarly to NiTi (Fig. 1), ‘transient’ and ‘non-
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transient’. At the same time, the ‘intrinsic’ loss factor contribution
that exists in both parent L2; and y; martensitic phases is small (0.02—
0.03, Fig. 3) indicating that formation under external stress of the ori-
ented martensite crystals that resulted in shape memory and internal
friction shown in Fig. 3 lead to the stationary martensite microstruc-
ture without any signs of intervariant martensite boundaries mobility
similarly again to the case of NiTi shown in Fig. 1. Results of [13, 14]
for CuAlMns alloy show high internal friction in martensite state for
external stress-free experiments indicating that in this case intervari-
ant martensite boundaries are mobile. In particular [14], high internal
friction in martensite has been detected only for small grain size, while
martensite in big grains does not show any signs of the intervariant
mobility having the same small internal friction value as in austenite
state similarly to the results in Fig. 3. It should be also noted that
higher loss factor peak for reverse transformation compared to for-
ward indicates contrary to the case of NiTi that more intensive par-
ent/martensite and martensite/martensite interfaces movement takes
place at the disappearance of y; martensitic crystals, while on forward
transformation there is weaker movement of the interfaces in CuAlMn
shape-memory alloy. Comparison of the internal friction between NiTi
(Fig. 1) and CuAlMn (Fig. 3) shows that in a latter case it is much
stronger with an emphasis on the reverse martensitic transformation.
Figure 4 shows storage modulus vs. temperature against the back-
ground of shape-memory thermal cycle in CuAIMn. Qualitatively, the
results of [13, 14] show the elastic modulus behaviour similar to the
one in Fig. 4 although there are some differences as well. In particular,
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Fig. 4. Deflection in 3-point bending (dL is solid line) and storage modulus E’
(dashed line) vs. temperature measured in Netzsch 242C DMA under constant
static stress of 40 MPa for CuAlMn. Deflection of -500 pum corresponds to 1%
accumulated martensitic strain.
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M s temperature (290 K) does not correspond to the change of slope for
storage modulus temperature dependence on cooling. At 290 K on cool-
ing storage, modulus tends to grow a bit until it sharply decreases at
275 K. Other characteristic temperatures of martensitic transfor-
mation fit for change in deflection and storage modulus (Fig. 4). Stor-
age modulus minima correspond well to the peaks of the loss factor
from Fig. 3. It should be also noted that, similarly to the results of
[14], the minimum in the middle of the reverse martensitic transfor-
mation on cooling is deeper compared with the minimum in the middle
of forward martensitic transformation on subsequent heating (Fig. 4)
implying that lattice softening during reverse martensitic transfor-
mation is more significant contrary to NiTi (Fig. 2).

Results shown in Figure 1 from the work [13] represent the temper-
ature dependences of elastic modulus measured by DMA upon cooling
and subsequent heating through the martensitic transformation in
CuAlMn polycrystalline wire. Elastic modulus behaviour (Fig. 1 [13])
is qualitatively the same as storage modulus behaviour (Fig. 4 of this
work) in the sense that it represents two temperature dependencies
with minima implying that similarly to NiTi it is dominated by the Cy4
contribution. Still, the short temperature interval between 275 K and
290 K on cooling (Fig. 4) represents weak growth and, therefore, a pos-
sibility of the dominant C’' shear modulus (it is derived from a different
type of volume preserving shear strain) at this earlier stage of the for-
ward L2; — y; transformation under constant external stress. Still,
after the cooling below 275 K and upon subsequent heating in the pre-
sent polycrystalline CuAIMn C44 principal shear modulus is at play cor-
responding to shear on a {001} plane, independent of the direction of
shear within that plane.

Eventually, we arrived at the consideration of the functional and
elastic behaviour for the novel TiZrHfCoNiCu high-entropy shape-
memory alloy that, as was mentioned above, has been designed using
NiTi as a prototype. One might expect some general similarity with
NiTi behaviours. Let us check whether it is true for stress-free
B2 <> B19' type martensitic transformation in this multicomponent
intermetallic, although both B2 and B19' phases are triclinically dis-
torted, which is the origin for outstanding double increase in yield
strength, for instance.

Figure 5 shows that for (TiZrHf)50Co10NizeCuzo multicomponent B2
distorted intermetallic compound that undergoes martensitic transfor-
mation with B19’ distorted phase as a product. As the deflection in this
case is not influenced by external stress, the deflection hysteresis loop in
Fig. 5 represents the volume change, which is negative and is of 0.17%.
Loss factor peaks correspond well with deflection slope changes that
correspond to characteristic temperatures of martensitic transfor-
mation (Ms=290K, Mf=190K, As=220K, Af=360 K). It can be also
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Fig. 5. Deflection in 3-point bending (dL is solid line) and corresponding loss
factor tgd (dashed line) under dynamic stress of 100 MPa vs. temperature
measured in Netzsch 242C DMA for (TiZrHf)s50Co10NizoCuz. Deflection of
—280 um corresponds to 0.17% of volume change.

seen that internal friction is relatively high in martensite, implying that
intervariant martensite boundaries are mobile enough. Loss factor peak
upon reverse transformation is almost twice as high as for the forward
one. It means that contrary to the case of NiTi the more intensive par-
ent/martensite and martensite/martensite interfaces movement takes
place at the disappearance of B19' martensitic crystals, while on for-
ward transformation there is weaker movement of the interfaces in
(TiZrHf)50Co10Ni20Cuz multicomponent intermetallic compound.

Figure 6 represents corresponding elastic behaviour against the back-
ground of the volume change hysteresis loop in (TiZrHf);0C010NizoCuzo.

Figure 6 shows storage modulus vs. temperature against the back-
ground of stress-free volume change hysteresis loop in
(TiZrHf£)50Co10NizoCuz. On cooling storage, modulus decreases slightly
in pre-martensitic temperature interval, while, at M's temperature, it
decreases sharply and passes through a minimum in the temperature
interval of the forward transformation. Then, it significantly growing
up to a value of 76 GPa at 115 K after passing a minimum without visi-
ble critical point that might correspond to Mf. The same happens upon
subsequent heating when it is difficult to define As from storage modu-
lus. Af temperature fits the one of deflection in Fig. 6. Analogously to
NiTi, it might then be supposed that in the case of distorted cubic B2
structure C44 contribution still dominates elastic modulus temperature
dependencies and its being a one of the principal shear moduli for cubic
structure still corresponding to shear on a {001} plane, independent of
the direction of shear within that plane.

Now, let us consider how external stress will influence functional
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Fig. 6. Deflection in 3-point bending (dL is solid line) and storage modulus E’
(dashed line) under dynamic stress of 100 MPa vs. temperature measured in
Netzsch 242C DMA for (TiZrHf)s50Co10Niz0Cuz. Deflection of —280 um corre-
sponds to 0.17% of volume change.

and elastic behaviour vs. temperature for (TiZrHf)s;0C010NizCuz mul-
ticomponent intermetallic compound.

Figure 7 shows that the (TiZrHf)50Co10NizoCuz sample accumulated
0.8% of martensitic strain under the constant stress of 300 MPa in the
temperature interval of the forward martensitic transformation
(Ms=280K, Mf=170K). In this interval, a peak of the loss factor
arises reaching value 0.08. After cooling to 115 K subsequent heating
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Fig. 7. Deflection in 3-point bending (dL is solid line) and corresponding loss
factor tgd (dashed line) vs. temperature measured in Netzsch 242C DMA un-
der constant static stress of 300 MPa for (TiZrHf)50Co10NizoCuszo. Deflection of
—1056 um corresponds to 0.8% of accumulated martensitic strain.
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takes place. Upon heating, almost complete shape recovery
(Ksue=98%) takes place in the reverse martensitic transformation
temperature interval (As=250 K, Af=350 K). In this interval, inter-
nal friction peak arises with the height of 0.11. Comparing with the
data on internal friction for (TiZrHf)50Co010NizoCugo external stress-free
temperature induced martensitic transformation (Fig. 5), which is
around the value of 0.03-0.45 at peaks, it can be concluded that loss
factor shows peaks that contain two contributions, similarly to NiTi
(Fig. 1), ‘transient’ and ‘non-transient’. At the same time, the ‘intrin-
sic’ loss factor contribution that exists in parent B2 phase is relatively
small but in martensitic state it is high (0.05-0.07, Fig. 7) indicating
that formation under external stress of the oriented martensite crys-
tals that resulted in shape memory and internal friction shown in Fig.
7 lead to the martensite microstructure with definite signs of intervar-
iant martensite boundaries mobility. It should be also noted that high-
er loss factor peak for reverse transformation compared to forward in-
dicates contrary to the case of NiTi that more intensive par-
ent/martensite and martensite/martensite interfaces movement takes
place at the disappearance of B19' martensitic crystals, while on for-
ward transformation there is weaker movement of the interfaces in
(TiZrHf)50Co10NizoCuzo shape-memory alloy.

Figure 8 shows storage modulus vs. temperature against the back-
ground of shape-memory thermal cycle. It can be seen that upon cool-
ing at the earlier stage of the forward transformation storage modulus
seemed to start a decrease in 250—290 K temperature interval. Yet, af-
ter reaching 250 K on cooling situation changed drastically as storage
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Fig. 8. Deflection in 3-point bending (dL is solid line) and storage modulus E’
(dashed line) vs. temperature measured in Netzsch 242C DMA under constant
static stress of 300 MPa for (TiZrHf)s50C010Niz0Cuz. Deflection of —1056 um
corresponds to 0.8% of accumulated martensitic strain.
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modulus started to increase and reached 350 GPa at 115 K. Subsequent
heating exhibited eventual decrease in storage modulus with the tem-
perature hysteresis similar with shape-memory hysteresis loop. Slight
minimum in storage modulus prior to Af takes place with hysteresis in
respect to small minimum on cooling. Taking into account the results
of [12] obtained on single crystalline NiTi, it can thus be supposed that
small minimum appeared on cooling at first due to C44 principal shear
modulus contribution, while after that C’ contribution completely
dominated storage modulus behaviour corresponding to shear in the
(110) plane and the[110 ] direction.

4. SUMMARY

In stress free conditions elastic modulus minimum for NiTi is deeper at
forward martensitic transformation and is accompanied by corre-
sponding more significant internal friction compared with reverse one
implying that lattice softening is more pronounced at martensite for-
mation and the movement of the transformation dislocations is easier
in this case. CuAIMn shows behaviour opposite to NiTi; reverse mar-
tensitic transformation exhibits deeper elastic modulus minimum and
stronger corresponded internal friction implying that lattice softening
is more pronounced and transformation dislocations glide easier at
martensite disappearance. TiZrHfCoNiCu exhibits elastic modulus be-
haviour similar to NiTi, while internal friction is similar to CuAlMn
meaning that the lattice softening (deeper modulus minimum) is more
significant for the martensite formation, while the internal friction
associated with transformation dislocations movement is much
stronger for the martensite crystals disappearance.

As supposed, while comparing the elastic behaviour under external
stress with respect to functional properties changes for NiTi, CuAlMn
and TiZrHfCoNiCu polycrystalline shape-memory alloys, that C4 con-
tribution dominates elastic modulus behaviour for NiTi and CuAlMn
upon shape memory and internal friction and corresponds to shear on a
{001} plane, independent of the direction of shear within that plane.

As for TiZrHfCoNiCu, it was supposed that its elastic modulus behav-
iour upon shape memory and internal friction is dominated by C’ contri-
bution that corresponds to shear in the (110) plane and the[110 ] direc-
tion. Detailed analysis of the directional dependence of elastic stiffness
and shear moduli that helped us to put shear constants in correspond-
ence with two principal shear systems might be found in[15] and [16].

There is a competition between two principal shear systems at for-
ward martensitic transformation under external stress for CuAlMn
and TiZrHfCoNiCu shape-memory alloys. In CuAlMn, (110) plane and
the [110] principal shear lead at first to stiffening, while at some
point {001} plane shear system takes over. On a contrary, in
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TiZrHfCoNiCu at the initial stage there is some softening associated
with {001} plane shear system, while later on (110) plane and the[110 ]
direction shear system takes over. Consequences of such competition
need to be studied in more detail.

It is possible that supposed change in principal shear at transition
from industrial NiTi and CuAlMn to highly distorted TiZrHfCoNiCu
high-entropy shape-memory alloys might be the reason for the ad-
vanced functional properties of the novel multicomponent materials.
It also might indicate that thermoelastic behaviour can be different for
TiZrHfCoNiCu high-entropy shape-memory alloys comparing with Ni-
Ti and CuAlMn due to the noticed differences in elastic modulus and
internal friction correspondence upon forward and reverse martensitic
transformation. The more detailed pursuit of these differences will be
the subject of our future investigations.

Authors of this work are grateful for the support from the National
Academy of Sciences of Ukraine through the grant 0123U101764.
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T'0 CTaHy MeTaJly CTUKOBUX 3’€JHAHb 3aBTOBIIKK y 6 MM, BUKOHAHUX 3a JOIIO-
MOTOIO JYTOBOTO 3BapIOBAHHA TOIIKOIO €JIeKTPOmoio y 3axmcHoMy rasi (MAG)
Ta 1miaasmMoBoro 3BapioBaHHA (PAW). MeromamMu eneKTPOHHOI MiKpockomii,
CHEeKTPaJIbHOI aHANIi3M, PEHTIeHiBChKOI mudparTomerpii, MiKpomopomerpii
BU3HauUeHO (haKTWUHi (asoBuil i xeMmiuHmMi CKJIagM MeTajJy 3BapHUX IIBiB;
BCTAHOBJIEHO, 1110 mix yac MAG-3BapioBauua kpuiii MARS 600 B merasi miBa
GopMy€eETHCSA ayCTeHITHO-MAaPTEHCUTHA CTPYKTYypa 3 TBEPAICTIO, IITOHANMEHIIIe
B 1,7 pasiB HMIKYOIO 3aJ TBEPIiCTb OCHOBHOTO MeTany, a mig uac PAW-
3BapIOBAaHHA — CTPYKTypa PeHKOBOTO MapTEHCUTY 3 TBepAicTio 10 = 1,1 pasy
0i7IBIIIOI0 32 TBEPICTH OCHOBHOI'O MeTaNly. 3 ypaxyBaHHAM (ha30BUX IE€PETBO-
PeHb mif yac HATPiBaHHSA U OXOJOMKEHHSA ITPOBEIeHO TOPiBHANBHY CKiHUEHHO-
€JIeMEHTHY AaHaJIi3y PiBHSA KOMIIOHEHT B3aJIUIIKOBOTO HANPYKEHOT'O0 CTaHY
3’eIHAHD 3 BUKOHAHHAM 3BapHUX IIBiB Ha npoxing (MAG i PAW1) i gBoma gi-
JASHKaMU Bif cepeauuu 0 TopiiiB (PAW2). BeraHoBieHO, M0 IJIsT TEXHOJIOT-
yHOol cxemm 3BapooBaHHI PAWI1 zaBaaxku epeKTy HUBBKOTEMIEPATYPHOTO
TIePETBOPEHHS ayCTEeHITY MeTaJI I11Ba Ta He0e3IMeUYHUX MiJIAHOK 30HY TePMiuHO-
I'0 BIJIUBY 3a3HA€E [il HAIPYKeHb CTUCKY y IO3JOBKHBOMY Ta HE3HAYHUX 34
BEJIMUMHOIO HAIIPY)KEHDb PO3TATY B IOIEPEUYHOMY HanpaMKax. IlokasaHo, 1110
3BapIOBAHHA 32 TEXHOJIOTiUuHOI0 cxeMoi0o PAW2 e HeOe3meuHUM 3 TOUKU 30Dy
TPillIUHOYTBOPEHHA BHACTITOK (POpMYyBaHHA KOHIIEHTPATOpa HANPY:KeHb B
00J1aCTi CTUKY ABOX HiJISAHOK ITIBA.

KarouoBi ciioBa: 3ajuINTKOBI HaNpy:KeHHsA, IePEeTBOPEHHS ayCTeHITy, MiKpo-
CTPYKTYypa, MiKPOTBEPIiCTh, AyrOBe 3BAPIOBAHHS B 3aXMCHOMY rasi, ImrasmMmoBe
3BapIOBaHHSA, OPOHHOBA KPUIIA.

The results of a comprehensive study of the influence of structural and phase
transformations in the metal of welds of MARS 600 ultra-high-hardness ar-
mour steel on the formation of components of the residual-stress state of the
metal of6 mm-thick butt joints, performed using arc welding with a consum-
able electrode in a protective gas (MAG) and plasma welding (PAW), are pre-
sented. The actual phase and chemical compositions of the weld metal is de-
termined by electron microscopy, spectral analysis, x-ray diffractometry,
and microdurometry; it is established that, during MAG welding of MARS
600 steel, an austenitic-martensitic structure with a hardness at least 1.7
times lower than the hardness of the base metal is formed in the weld metal,
and during PAW welding, a rack martensite structure with a hardness up to
~1.1 times greater than the hardness of the base metal is formed. Taking into
account phase transformations during heating and cooling, a comparative
finite-element analysis of the component level of the residual-stress state of
the joints is carried out, with the execution of welds in the penetration (MAG
and PAW1) and in two sections from the middle to the ends (PAW2). As es-
tablished for the PAW1 welding scheme, due to the effect of low-temperature
austenite transformation, the weld metal and dangerous sections of the HAZ
are subjected to compressive stresses in the longitudinal and insignificant
tensile stresses in the transverse directions. As shown, welding according to
the PAW2 technological scheme is dangerous from the point of view of crack
formation due to the formation of a stress concentrator in the area of the
junction of two sections of the weld.

Key words: residual stresses, austenite transformation, microstructure, mi-
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crohardness, arc welding in a protective gas, plasma welding, armour steel.

(Ompumano 12 rucmonada 2025 p.; ocmamoun. 6apisnm — 12 aucmonada 2025p.)

1. BCTY1II

Karaui 6poHBOBi KPHUIli HAJBUCOKOI TBEPAOCTH, IO 3aJ0BOJLHAIOTEL BU-
moram MIL-DTL-32332 [1] 3a0e3neuytoTh 6iJIbIIT BUCOKUI PiBeHB HaJric-
TUYHOT'O 3aXMUCTy Y MOPiBHAHHI 3 OPOHLOBUMU KPUIIAMU BHUCOKOI TBEP-
noctu 3a MIL-DTL-46100 [2] Ta € mepclIeKTUBHUMU MaTepiamamMu Is
3aCTOCYBAHHS y 3BapOBAJILHOMY BUPOOHUIITBI BificbKOBOI JIerkobOpo-
HbOoBaHOI TexHiKu. {1 omep:kaHHA HEOOXimHUX Cay:KO0BUX XapaKTe-
PUCTUK JUCTOBUH IIPOKAT 3 OPOHBLOBUX KPUIh HAIBUCOKOI TBEPAOCTHU
migasarae rapTyBaHHIO 3 HU3bKOTEMIIEPATYPHUM BimmyckoM i HaOyBae
tBeppoctu HBW 5,7-6,5 I'lla. IlixBumenuit Bmict Kap6ony (y cepen-
upomy 0,40-0,44 Bar.%) icToTHO 00MeEKY€E TEXHOJIOTIUHY 3IaTHICTDL IO
3BapOBaHHA I[UX MaTepPidAjiB uepe3 3arpody KPUXKUX PYHHYBaHb Mif
BILIMBOM BaJIUIITKOBUX 3BAPIOBAJLHUX HAIPYKEHb — XOJIOOZHUX TPi-
muH. OCHOBHOIO IIPUYMHOIO YTBOPEHHS OCTaHHIX € (hopMyBaHHS MaJio-
MJIACTUYHOI CTPYKTYPU HEBiAMYIIEHOT0O MAPTEHCUTY B MeTaJIi 3BapioBa-
JbHOI 30HM TepMmiuHoro BBy (3TB) i BUCOKMI piBeHB 3aJIMIITKOBUX
HaIpy:KeHb po3TaAry [3]. BpaxoByooun BHCOKY UYTJIUBIiCTL OPOHBOBUX
KPHIIL IO IepPerpiBy, 3yMOBJIEHY 3HEMiITHEHHAM TepPMOOOPOOJIEeHOT0 Ha
MaKCHUMAaJIbHY TBePAiCTh OCHOBHOTO MeTaJy [4], IIT0 B CBOIO Uepry yVHe-
MOKJIMBJIIOE IIOIIePeqHE MifirpiBaHHsa 3BapIOBAaHUX JETaJIiB, €ITMHUM Ha
CHOTOIHIITHIN TeHb METOAOM IIONEePEeIKeHHI X0JMOJHIX TPIIUH ITi g Yac
3BapIOBaHHA OPOHLOBUX KPHUILh € 3aCTOCYBAHHS BHCOKOJIETOBAaHUX 3Ba-
PIOBaAIbHUX MaTepiAliB aycTeHiTHOTO KJjaacy [5]. ¥V pasi ¢hopmyBanua y
MeTaJli 3BapHOro IITBa ayCTeHITHOI CTPYKTYPH, IO He 3a3Hae moJiMopd-
HUX IIePeTBOPEHbD IIiJl Yac MOoro OXOJIOAKEeHHA, XapakTep HaIpyKeHoro
CTaHy B HaBKOJIOIIIOBHIi¥M 30HI CIpHsAE 3CYBY IIOYAaTKy MapTEHCHUTHOTO
IIePEeTBOPEHHA B 00JIaCTDh OiJIBLIIT BUCOKUX TEMIIEPATypP, BHACIIZOK YOTO
BOHO BimOyBaeThCcA 3 caMOBifImycKoMm. B cBoio uepry, CTPyKTYpPHI Ha-
MIPY:KeHHA, CIPUUYNHEHI MapTeHCUTHUM IIePEeTBOPEHHAM MeTaJy Ha-
BKOJIOIIIOBHOI 30HM, MOKYTh OyTH peJIakCOBAaHI IIJIacTUUYHOIO JedopmMa-
IIi€I0 ayCTEeHiTHOIO MeTaJly 3BapHOI'O IIIBA.

Henonikom s3acTocyBaHHA ayCTEHITHMX 3BapIOBAJbHUX MAaTEPiAIiB
IJis 3’€THAHHS BHUCOKOMIITHIX TapTiBHUX KPUIh € HEMOKJIUBICTEL Ofe-
PKaHHS B 3BapHOMY IIIBi €eKBiBaJIEHTHOT'O 3 OCHOBHMM METAJIOM PiBHS
TBEPIOCTH Ta MIITHOCTU. 30KpeMa, y BUIIQIKy 3BaplOBaHHA OPOHBOBUX
KPUIb Ile BUMAarae CIelnidJbHOT0 KOHCTPYKTUBHOIO BUKOHAHHA 3Bap-
HUX BY3JiB a00 HATOILJIEHHS Ha IIOBEPXHIO 3BAPHOIO IIIBa KYJECTiHAKOro
apy BUCOKOI TBepHocTu [6].

IlepcneKTUBHUM HaAOpPAMOM PO3BUTKY TEXHOJIOTiHM 3BaplOBaHHA BU-
COKOMIITHMX TapTiBHUX KPHUIIb € PO3PO0JEHHSA 3BapIOBAJILHUX MaTepi-
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AJIiB, IO peajliBoByBaTUMYTh e(peKT HU3BbKOTEMIIEPATYPHOT'O IIEPETBO-
peuusa aycrexity (low-temperature transformation—LTT) B meraui
mBa [7—11]. Ile — HU3LKOBYTJIEIIEBi BUCOKOJIEI'OBAaHiI 3BapiOBaJIbHI Ma-
repigau cucremu Cr—Ni ta Cr—Ni—Mn, 1o 3a6e3neuyioTh 3aTPUMKY
posmany aycrenity mo remmepatrypu y 200°C i Humxkde. Y [bOMY BUIIAIKY
MapTeHcuTHe nmepeTBopeHHA B 3TB 3BaproBanoi kpuili Big0yBaTuMeThCS
3a TAKUX caMUX TepmoaedopMaIliiHNX YMOB, IIT0 i IIiJ yac 3BapiOBaHHSA
ayCTEHITHNMHN MaTepisjiaMM, i TOMy 3BapiOBaHHS JOIYCKAEThCS 3iliC-
HIoBaTu 0e3 mimirpiBamusa. B cBoio uepry, moBHe ab0 YaCTKOBE MapTeH-
CUTHE IIePEeTBOPEHHA B METAJIi IIIBa JAa€ 3MOT'Yy iCTOTHO IIiABUIIUTU OO
MiITHICTB i TBEPAICTE I MOAEKY AU OAEePKYyBaTH MOT0 MeXaHiUHi BJaCTH-
BocTi Ha piBHi ocHoBHOrO Metany [10]. IIpore, ocHOBHUI OUiKyBaHUI
BiJ 3acTOoCcyBaHHSA 3BapoBaJbHUX MaTepisaiaiB 3 LTT-epexTom pesyabrar
ImoJiArae B MiHiMisalii 3aIuIIKOBUX HAIIPYKEHb PO3TATY a00 CTBOPEHHI
BUCOKMX HaNpyKeHb CTHUCKY uUepe3d MOAaBaHHA 0 3BapiOBaJbHUX Ha-
MIPY:KeHb CTPYKTYPHUX HANPYKEHb CTUCKY IIiJl Yac HU3bKOTEMIIEPATY-
PHOTO MapTEeHCUTHOTO IIEPETBOPEHHHA, AKe BigOyBAa€ThbCA 3 JIOKAJIBHUM
36imbieHHAM 06’emy [8]. BHaAcaiZoOK IIBOT0 BAAETHCA HiBEJIIOBATU I'OJIO-
BHUU YMHHUK YTBOPEHHA XOJOJHUX TPIIIMH — BUCOKI 3aJIMNIIKOBI Ha-
MIPY:KEeHHA PO3TATY 3 OJHOYACHUM ITiABUINEHHAM MIiITHOCTH METaJy
IIIBA.

Cainx sasmaunTH, 10 Hapasi BigcyTHi omy0O ikoBaHi JaHi 111040 BUKO-
pucramua OJas 3’€IHAHHS OPOHBLOBUX KPUIh BHCOKOI Ta HAJIBMUCOKOIL
TBeproctu Mmarepianis 3 LTT-edpexToM, a HaBefeHi B HAIBHUX ITyOJIiKa-
MiAgX pesyJabTaTH IepPeBa’KHO CTOCYIOTHCA JYrOBOT'O 3BapIOBAHHA Y 3a-
XMCHOMY rasi KpuIilb 3 rpanurnero minaaoctu y 690-960 MIla mocurin-
HUMHU 3pasKaMu 3BaplOBaJbHUX APOTiB [9—11]. ¥V 3B’A3KYy 3 1M IOIIi-
JBHO AOCTIINTU MOMKJIUBICTD Oflep:KaHHA HU3bKOTEMIIepaTyPHOr'O Map-
TEHCUTHOT'O IIEPETBOPEHHSA B MeTaJji 3BapHOTO IIBa IJIAXOM PEryJiro-
BaHHA YaCTKU HATOIIJIEHOTO MeTaJly I OCHOBHOTO MeTajJy B HbOMY, BU-
KOPUCTOBYIOUM INITATHUI, PEKOMEHIOBAHUU IJIs 3BapIOBAHHA OPOHBLO-
BUX KPHUIb APIiT aycTeHiTHOrO KJjacy. [lJd nJyroBoro spapioBaHHA y 3a-
XMCHOMY r'asi TOIIKOIO0 eJeKTPO0I0 Ile He IIPeACTaBIAAETHCA MOMKINBUM,
OCKIJIbBKM IIBUAKICTH IOAABaHHA €JIEKTPOAHOTO JIPOTY KOPCTKO
IPUB’SI3aHO IO BEJIUUYNHU 3BAPIOBAJILHOTO CTPYMY, HEOOXIMHOI A HO-
CATHEHHSA MEeBHOT'O MPOTOILJIEHHA. ¥ IIbOMY BUNAAKY HOCATTU 3MEHIIIEH-
HA KOHIIeHTpAaIlil eJleMeHTiB-ayCcTeHiTU3aTOPiB B 3BapHOMY IIIBi MOYKHA,
JuIe 30iJbITYI0UN iX BUTOPAHHS Uepes3 3POCTAHHSA KOHIIeHTPAaIlil akTH-
BHOTO rasdy B CKJajmi 3axucHoOI cywmitri. Cmocobu 3BapioBaHHSA 3 Hesae-
’KHOIO BiJTHOCHO €HEPreTUYHMNX MapaMeTpiB Ji;Kepejia HarpiBaHHA IITBU-
JIKicTIO moJlaBaHHA NPUCATHOTO MaTepidANy, HaIpUKJIaj] IIJa3MOBe 3Ba-
PIOBaHHA, YMOKJIUBIIOIOTE OiJBIITOI0 Mipoi0 BIIMHYTH HA CTPYKTYPHO-
(a3oBUil CKJIAL METAJy IIIBA.

3araJabHOBiTOMOIO 0COOJIMBiCTIO BCiX cIOCcOOiB 3BapiOBaHHA KOHIIEHT-
POBaHUMM [KepesiaMU TeIJIOBOI eHeprii, B TOMY YHCJi ¥ I1J1Ta3MOBOIO
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IpPoIlecy, € IIiABUIITEeHI BUMOTH A0 CKJaJaHHA JeTaJIiB IIiJ 3BapIOBaHHS,
30KpeMa 3abe3meueHHs IIOCTINHOTO 3a30Py MiK 3’ € qHYBAHUMU KpariKa-
MU YIIPOJIOBIK YCHhOT'O Yacy BUKOHAHHS 3BapHOTO IITBa. ¥ I[bOMY BUIIAAKY
MiHiMiBallig mepeMillieHb 3 IIJOIIMHU Ta IOIEPEeYHMX II0 BiAHOIIIEHHIO
IO OCi IIIBa IepeMiIleHb JOCATAETLCA JKOPCTKNM 3aKPillJIeHHSIM 3BapIo-
BaHUX JeTatiB y QpiKcyBambHOMY ocHaleHHi [12], 3acTocyBanHAM Bin-
HOBiJHUX TEXHOJIOTIYHMX CXeM BUKOHAHHSA 3BapHMX IIBiB, 30KpeMa
KOPOTKUMM JiJIAHKAMM BiJl cepeIuHN OO0 KPaiB CKJIaJaJIbHOI OSUHUII,
obepHeHO-cTyIIiHYacTM cirocobom Torro [13].

TaxuM YMHOM, 3aBIAHHAM JaHOI poboTH € MiHiMisamia piBHS 3aJu-
IITKOBUX HANPYKEHb PO3TATY 3BapHUX 3’€THaHb OPOHLOBOI KPUILi HAJI-
BUCOKOI TBepJIOCTH, NLIAXOM PeryJioBaHHA ()a30BOT0 CKJAAY MeTaJy
3BapHUX INBiB i BuOOPY palioHAIBLHOI TEeXHOJIOTIUHOI IIOCJiJTOBHOCTU
3BapPIOBaHHS HOPSM 3 IIIABUIITEHHAM PiBHA TBEPAOCTH Ta MiI[HOCTHU 3Ba-
PHUX IIIBiB.

2. METOOUKA TA MATEPIAJIN JOCJIIIJKEHD

Hocmim:xeno cTukoBi 3BapHi 3’emHamua maacTu i3 Kpuii MARS 600
poamipamu 300x250x6 MM AyroBHUM 3BapIOBAHHAM TOIIKOIO €JIeKTPOI0I0
y daxucHomy rasi (MAG) ra mirasmoBuM 3BapioBaHHaM (PAW) 3 mpuca-
IHUM apoToM. B 060X BuUIagKax 3aCTOCOBYBABCS 3BapPIOBAJBHUM APIT
aycrernitHoro kJjgacy ESABOK Autrod 16.95 (188 Mn 3a EN ISO
14343) mgismerpom y 1,2 mMm. XeMiuHUII CKJIaJ OCHOBHOTO MeETaJy Ta
3BapOBaJBLHOTO APOTY HaBegeHo y Tabi. 1. Ilapamerpu pexXuUMiB 3Ba-
pOBaHHA oOMpaJHnCcsa 3 METO 3a0e3IleUeHHS IIOBHOTO IITPOTOILJICHHS
3’eIHAHDL 3a OAUWH MPOXiJ 3 OHOUYACHOIO MiHiMizaIlieio TeIIoBKJIaAeHH
B OCHOBHUU MeTaJ (TabJ. 2).

Y sunagxy MAG-3BaproBaHHA uepes3 Temaodi3uuHi 0co0IMBOCTI ee-
KTPUYHOI IYyTM TONKOI eJIEKTPOAU AKicHe (hopMyBaHHA MeTaJay OIHOI-
POXigHOrO 3BapPHOTO IIIBA OYJI0 OJeP:KaHo TiJIbKM 3a YMOBHU CKOCY Kpaii-
Ku oxmiel 3i 3’emmyBaHux miaacTuH. PAW-3BapioBaHHA OJd 0oO0paHoi
TOBIIUHY OCHOBHOTO METAaJIy 3aBOAKMN OiJBIII BMCOKill KOHIIEHTpAaIrii
TEIJIOBOI MOTYKHOCTH 3a0e3IeuyBaJjo (GopMyBaHHS IIIBA 3 HACKPiZHUM
IIPOTOILICHHAM 6€3 POBKPUTTSA KPANOK.

IIim yac 3BaproBaHHA I OXOJIOAKEHHSA 3’€IHYBaHi ILTacTMHUN OyJu
JKOPCTKO 3adiKcoBaHi B3OBMK HAIPIMKY 3BapIOBAHHS 3a JOIIOMOTOIO
KPUIEBUX OOMiJHEHMX IPUTHUCKHUX IIJIACTHUH, BiAgaJb MiK SKUMU
ckaagasa 60 MmM. 3BapOBaHHSA BUKOHYBAJOCA HA MigHi# migkmagmHIli
poamipamu 600x380x40 MM 3 (dpes3epoBaHOI0 KAHABKOIO PamilOCOM y
3 MM 111 POpMYBaHHA 00epPHEHOT0 O0OKY 3BapHOTO IIIBa 3a TPhOMAa TeX-
HoJIoTiuHMMU cxeMaMu: cxema PAW1-3BaproBaHHsS CTUKOBOTO IIIBA Ha-
npoxin; cxema PAW2-3BapoBaHHA CTHKOBOIO IIIBAa ABOMA AiIAHKAMU
Big cepenuHu 3’€THaHHS M0 TOPIiB (mapamerpu pesxkumiB aiada PAWL i
PAW2 — igentuumni); cxema MAG-3BapioBaHHS CTUKOBOTO IITBa HAIIPO-
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TABJINIIA 1. Xemiunuii cKaaJ OCHOBHOTO METANy, 3BapPIOBAJIBLHOTO IPOTY Ta
MeTaJly 3BapHUX IIBiB [Bar.%)].

TABLE 1. Chemical composition of base metal, welding wire, and weld metal

[wt.%].
Enement| OcHOBHUI MeTas | 3BaprOBaJIbHUH APIT Meran msa, | Merax msa,
MAG PAW
C 0,43 0,06 0,262 0,419
Si 0,82 0,8 0,72 0,66
Mn 0,499 6,7 3,23 1,58
P 0,0054 0,02 0,02 0,02
S 0,0006 0,01 0,0067 0,02
Cr 0,15 18,2 10,13 3,85
Ni 1,881 8,1 5,47 3,09
Mo 0,33 0,1 0,29 0,26
Cu 0,03 0,2 — —
Al 0,035 — — —
B 0,0028 — — —
Fe OcHoBa

TABJINIA 2. TTlapameTpu pe:XuMiB 3BapIOBaHHS.
TABLE 2. Welding mode parameters.

~
s o i = g
= = o ) E g U;E
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SlE 8= B s S g S 8 = o
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& |8E|83| 8= ES 58 & B SEE| ¢
28 E Bl 32 |=s 22 553 i
0 QD > > us] M K = /M us]
e |PEEE SE AR = X iS22 | &8
3 = g ol A g S a Q o3 S [
o Hlm M o = 8, SENG = cms S o
= % E = 9 5 E A
&} R 2 s _‘éﬂ <
= = & 5
MAG 2,0 235 27,4 7,2 5,25 —/Ar+20%CO:; 0,8 0,98
PAW 0,8 201 27,0 1,2 3,3 Ar/Ar+18%CO: 0,5 0,82

Xigm.

Ilig yac 3BaproOBaHHSA 3MiACHIOBAJINCSA BUMiPIOBAHHA TEPMIUYHUX ITUK-
JIiB 3a IOIIOMOTI'0I0 X POMeJIb-aJIIOMeJIeBIX TEPMOIIap B TOUKAaX Ha BigmaJri
y 75 MM BiJ TOYATKY KOHTPOJbHUX 3BAPHUX IIBiB Y MO3A0BKHBOMY Ha-
OPAMKY i v 25 MM y IIOIepeuHOMY HAIPAMKY IO OCi 3BapHUX CTHUKIB
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Puc. 1. Cxema mIpoBeiecHHST €KCIIEPUMEHTAIbHUX OOCIiTKeHb TePMiYHUX ITUK-
JIiB 3BapIOBaHHA (a), JIOPOMETPUYHOI, PEHTI'€HOCTPYKTYPHOI Ta XeMiuHOoil aHa-
ais (6): 1 — npurtuckHi nuacturamn, 2 — 3’€qHYyBaHi geTani, 3 — HAIPAMOK BU-
MiproBaHHA MiKpOTBEpPAOCTH, 4 — 00JIACTH PEHTTEHIBCHKOTO AU(MPAKTOMETPHU-
YHOT'O OIIPOMiHIOBaHHSA, 5 —— 00JIaCTh MiKPOCTPYKTYPHUX IOCHiMKEeHD i xemiy-
HoOI aHasiswy.

Fig. 1. Scheme of experimental studies of thermal cycles of welding (a), du-
rometric, x-ray structural and chemical analyses (6): I—pressure plates, 2—
connected parts, 3—direction of microhardness measurement, 4—area of x-
ray diffractometric irradiation, 5—area of microstructural studies and chem-
ical analysis.

(puc. 1, a). 3atoTu TepMoIap po3MilTyBauCh i3 3araubaeHHam 6iaa 0,5
MM BiJ IMITbOBOI TOBEPXHi 3BapHUX 3pa3KiB.

3i 3BapHUX 3’€¢IHAHDL €JIEKTPOEPO3iNHOI0 METONO00 V IePIeHINKY Id-
PHOMY IO OCi 3BapHOTO IIIBa HANPAMKY BHpPi3ajucs 3pas3Ku IJsa TIOPO-
METPUUYHUX i CTPYKTYPHO-(PA30BUX AOCTiIKEHb.

JopomeTpuuHa aHajliza mpoBoAmJacda MeTOonol0 3a Bikkepcom Ha
mikporBepaomipi «LHVS-1000Z» 3 maBanTakeuaam y 2,94 H (300r) 3
MEeTOIO IIOPiBHAHHSA PO3IOLiIY MiKpPOTBEPAOCTH Ha Biggaaiy 1,5 MM Bif
JUIILOBOI CTOPOHM 3BapHUX 3pasKiB, BuKoHaHux MAG- i PAW-
cmocobamu (puc. 1, 6).

PenrrenonnppakToMeTPUYHOIO aHAJIIB0I0 3a MOIOMOT0I0 AU(MPAKTO-
metpa ‘Rigaku Ultima IV’ BuszHauaBca pazoBuii cKaa ] METANy 3BaPHUX
IIBiB, a TAKOYK 3aJUINTKOBI HANIPYKeHH 1-r0 PoAy 3a METOAMKOIO sin?y
[15].

DaKTUUYHUN BMiCT JieT'yBaJIbHUX €JIEMEHTiB 1 JOMIIITOK B MeTaJIi 3Ba-
puux mBiB (Tada. 1) BUBHAUEHO METOAOI0 eHeprogucIiepciiinoi peHTre-
HiBCBKOI cmeKTpocKoIii Ha erekTponHoMy Mikpockomi «TESCAN VE-
GA 3» Ta MeTOAOM CHaJIIOBAaHHS y IIOTOIII KMCHIO 3a JOIIOMOT'OI0 ra3oa-
HajmizaTopa «EMIA PRO».
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Tepmogedopmaliiiiini mpolecu i yac 3BaploBaHHA MOJEJIIOBAJIA Me-
TOAOI0 CKiHUEHHUMX eJIEMEHTIiB 3 BUKOPUCTAHHAM IIPOrPaMHOIO KOM-
mirekcy «Simufact Welding».

3. POSPAXYHKOBA CXEMA I BTACTUBOCTI MATEPIAJIIB

CrinueHHO-eJIeMEHTHUU MOJenb (puc. 2, a) 3BapHOTO 3’e¢qHaHHS (3Ba-
proBani miaactuuu «Platel» i «Plate2» Ta moB « Weld») 3 ocuartenasam
(migxnaguuka «Back-plate-mm» i mpuruckHi maactuam «Clampl-mm»
i «Clamp2-mm») cTBOPEHO 3a SOIIOMOI'0I0 TBEPAOTIIHLHOI'O MOAEIIOBaH-
HA i cKaagaeTbed 3 29328 mpusmatuunux eiaeMeHTiB. CiTKa cKinueH-
HUX eJIEeMEHTiB 3BaPHOTO 3 €JHAHHA — HeperyJsdpHa, 3i 30iIbIIeHHAM
Po3MipiB CKiHUEHHUX eJIeMEeHTiB 3a MeXaM1 BUCOKOHArpiToi 30HM, AJIA
OnTHMi3aIlii BUTpaT yacy Ha pO3paxXyHKH.

Kpaiiosi ymoBH, 1110 BU3HAUAIOTEL TEILJIOOOMiH MiK IIOBEpXHEIO TiJja Ta
HaABKOJIUIIHIM CcepemoBUINEeM, 3agaHo 2D-ejleMeHTaM1 Y BUTJIAIL ITOBe-
PXHi TemjoBigmadi, AKa MOAEJII0O€ KOHBEKI[iI0 Ta IPOMEHUCTUN TEIlJI00-
OMiH mim uac 3BapioBamHsa. TpaeKTopilo 3BapHOTO IIBa 3amaHo 1D-
ereMeHTaMi. TexHoJOriuHe 3aKpillJIeHHsS 3BAPHOTO 3’€THAHHA y IIPO-
meci 3BapOBaHHS I OXOJIOMKEHHS MOIEJIOBAaJIM, IIPU3HAYUBIINU IIPO-
T'PAMHO JKOPCTKE IPUTUCHEHH MJIACTUH OCHACTKHU.

ITouaToK mpaBoi IPAMOKYTHLOI crucTeMu KoopauHaT X YZ CKiHUYeHHO-
€JIEMEHTHOTO MOJIEJII0 3BaPHOTO CTUKOBOTO 3’€IHAHHS PO3MIiIlleHO Ha
HUKHIN IUIOMIMHI INIACTUH Y IIeHTPaJbHOMY BY3JIi; Bich Z CIPAMOBAHO

a 6 B

Puc. 2. TBepaoTinpHUN CKiHUEHHO-€JIEMEHTUH MOJeJbh CTUKOBOTO 3BApPHOTO
3’eIHAHHA B OCHAINEHHI (@), MOAeb 3BAPIOBAJILHOTO JXKepesa Temuaa (0) Ta ii
reoMeTpUYHi mapameTpu (6): ar, @t — SOBXKWHU XBOCTOBOI Ta (hpoHTATHHOI Yac-
TWH BaHHU, b, d — ii mupuHa Ta rmuduHa BiIIoOBigHO.

Fig. 2. Solid-state finite-element model of a butt weld joint in the fixture (a),
model of the welding heat source (6), and its geometric parameters (8): a., a:—
lengths of the tail and frontal parts of the bath, b, d—its width and depth,
respectively.
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B3/IOBYK 3BapHOTO IBa, Bicb X — yIIOIlepeK 3BapHOTO IIBa, Bich Y —
Bropy OO0 JHUIIbOBOI IIOBEPXHi ILTacTUHU. llJacTMHU TPOTOILIIOBAIUN
B3/IOBJK OCi Z Ha BCIO TOBIIUHY 3a OJAUH IIPOXis.

MogenaoBaHHA TepMoae(pOPMAliiHNX HPOIECiB IIil Yac 3BapPIOBaHHS
1 OXOJIOMKEeHHA BUKOHYBAJIM 3 YPaXyBaHHAM XE€MiUHOTO CKJIay OCHOB-
HOTO MeTajJy ¥ eKCIlepUMeHTaJbHO BHU3HAUEHOTO BMIiCTYy €JIEMEHTIB y
3Bapuux mBax a1asa MAG- i PAW-3BaproBauus (Tabi. 1), a Takox 3 ypa-
XYBaHHAM 3aJiedKHOCTeM Temao(hi3MUHUX 1 MexaHiYHMX BJIaCTUBOCTEMN
MaTepisiB Big Temieparypu. BpaxoByiouu Toi (paKT, IO 3aCTOCOBaHI
marepianu Oyyau BifgcyTHi B 6as3i qarux Simufact Welding, ixHi 3amexHi
Bil TeMIlepaTypu 3HAUYEHHS TENJIONPOBiTHOCTM, MOAYJIS IIPYsKHOCTH,
ouToMOi TerioMicTkocTtu, IlyaccoHoBa KoedilieHnTa, rycTuHI Ta Koe-
dimieHTa TEIJIOBOr0 PO3MINPEHHA OYJI0 PO3PaXOBAHO Yy IIPOTPAMHOMY
sabesmneuenHi JMatPro[16, 17] Ta iMmImopToBaHO AK MOZEJIL MaTEPiAIy B
Simufact Welding. B npormeci mogentoBaunusa ¢hasoBUil CKJIaL MaTePiaIy
BU3HAUYaBCA OMOCEPENIKOBAHO IMJIAXOM PO3PaxyHKY (as3oBUX CHiBBif-
HOINIeHb, BUSHAUYEHHS BJIACTUBOCTEH IJISI TEOPETHUUHO UuucTuX a3 i Bu-
KOPHCTaHHSA JiHIAHOro IrpasmJja sMmintamHasa. BogHouac (pasoBi coiBBizg-
HOINIEHHS I Yac OXOJIOAKEHHS PO3PaxoBYBaJUCA IJSI TeMIIepaTypu
aycrenizarii y 1300°C 3a gomoMoromo 4mceabHO MOOYAOBAHUX AiArpam
i30TepMiUHOIrO mMEePEeTBOPEHHS ayCTEeHITY, BUKOPUCTAHHA IKUX OJIA Hei-
30TEPMiYHOT'0 IEePETBOPEHHS 34iMCHIOBAJIOCA MIJIAXOM AeKOMIIO3UIIil Ha
MOCJiTOBHI i30TepMiUuHi IepeTBOpPeHHA.

Po3B’a30K 3amaui TepMONPYKHBOIMJIACTUYHOCTH BUKOHAHO IILJIIXOM
OIHOYACHOTO PO3B’A3yBaHHA PiBHAHDL TEIJIOBOTO GaJlaHCy Ta MeXaHiKU
TBepAoro nedopMiBHOIO Tija 3 ypaxyBaHHAM KpalioOBUX YMOB IPYT'Oro
(ryCTHUHY TEIJIOBOTO MOTOKY TEIJIOIIPOBIAHOCTH 3a/JaBaJIi 3a JOIIOMOTOIO
MO/IeJTt0 00’ eMHOTO MeKepesia Tema 3a J. Goldak [18]), TpeTrhoro (ymMoBH
KOHBEKTHBHOT'O TEILJIOOOMiHY MiK IOBEePXHEIO 3’¢ THAHHA TAa HABKOJIU-
IIHIM cepeloBUINEM 3aaHO BiAIoBigHO m0 3akoHy HbnioToHa—Pixmana
[19]) i ueTBepTOTO pOoAy (KOHTAKTHHI TEMJIOOOMiH MiK 3’€THaHHAM,
MiIKJIaTUHKOIO Ta IPUTHUCKAYaAMU PeaIidoBaHO uepes 3aBIaHHSA Koedi-
IieHTa TemJjonepeaaui Ta TeMIlepaTypy KOHTAKTy MilK NHOBEPXHAMU
kouTaxkty [19]). Momenp 06’emHOro msxepena temia 3a J. Goldak mae
MaKCHUMAaJbHO HAOJIMIKEHY MO 3BapIOBAJIbHOI BaHHU (DOPMY IIOABIHTHOTO
emxincoiga (puc. 2, 6), 3 BiIMOBIiZHMMM TeOMETPUUYHUMU HapaMeTpaMu
(puc. 2, 8, Taba. 3), AKi IpuU3HAUAINCS HA IIiICTaBl aHAJi3M MAaKPOIILITi-
¢iB 3BapHUX IIBiB 3’€¢qHAHb, BUKOHAHUX 3a PEKMMaMU, BKa3aHUMU Yy
Tabia. 2.

XapaKTepHOIO 0COOJMBICTIO MOJIEJIIO € T€, II0 PO3IMOAiJa 00’ €MHOI T'yc-
TUHYU IIOTYKHOCTHU JsKepeiia 3a8aeThCA He3aJ eKHO I GPOHTAIBLHOL Ta
XBOCTOBOI YaCTHH eJrircoimza. BifgmoBigHO BCTAaHOBJIIOBAJIMCSA HACTYIIHI
KoeditienTu f: i f;, 1110 BU3HAYAIOTH CHiBBiJHOIIIEHHS AJId TEILIa, BHece-
HOT0 Y (DpOHTATLHY Ta XBOCTOBY YaCTUHY.

Baxgimamiio ckiHUeHHO-eJIEeMEHTHUX MOJEJIiB BUKOHAHO Uepe3 IIOPiB-
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HAHHA eKCIIePUMEHTAJbHUX 1 PO3PaXyHKOBUX IapaMeTpPiB, oJep:KaHuX
B Pe3yJIbTaTi YMCJIOBOTO PO3B’ A3aHHS 3aIadi TeIJIOIIPOBiJHOCTH : TeoMe-
TPUYHUX IIapaMeTPiB 3BapIOBaJILHOI BAHHM Ta TEPMIUHMX IUKJIIB Mif
yac 3BapOBaHHA CTHUKOBOro ImBa HzHampoxim MAG- ta PAW-

3BapioBaHHAM (puc. 3, TabJ. 4).
Ax BugHO 3 puc. 3 i Tabi. 4, reoOMeTPUUHI MapaMeTPH MOJAEJIIB 3 J0C-

TABJINIIA 3. Ilapamerpu wmogmeniB mxepen Temsna miad PAW- i MAG-
3BAPIOBAHHSA.

TABLE 3. Parameters of heat source models for PAW and MAG welding.

Cmoci0 3BapOBaHHSA | af, MM | Qr, MM | b, MM | d, MM | fe | fr
PAW 8 15 5 7 0,69 1,31
MAG 9 16 5,5 6,5 0,72 1,28

Temmnepartypa, °C

Temueparypa, °C

1452.30 1471.03
1309,07 1325,93
1165,81 1180,82
1022,61 1035,72

890,62
743,51
600,41
455,31
310,21
165,10
20,00

max: 1471.03

879,38
736,15
392,92
449,69
306,16
163.23
20,00

max: 1452,30
min: 20,00

mins: 20,00 6

Puc. 3. 3icraBnenus mapamMeTpiB 3BapioBaJIbHOI BAHHU [JI MOJEJIBLHOTO i eKC-
IepUMEHTAJIBHOTO 3pas3KiB: y momepeunomy mnepepisi gima MAG- (a) i PAW- (6)
3’enHanb; BUrIAL 3Bepxy mist MAG- (8) i PAW- (2) 3’enuaHb.

Fig. 3. Comparison of weld pool parameters for model and experimental sam-
ples: in cross-section for MAG (a) and PAW (6) joints; in top view for MAG (8)

and PAW (2) joints.
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TATHLOIO AJIS IPAKTUUHNX I[iJel TOUHICTIO 30irafoThCsA 3 aHAJOTiYHNMU
mapaMeTpaMHu eKCIepUMEHTAJbHIUX 3BapHUX 3pasKiB; moxubOka He Ie-
peBuiye 10%.

IlopiBHAHHA pPO3PaXyHKOBUX Ta EKCIEPUMMEHTAJbHUX TEPMidYHUX
muKJIiB B Toukax MAG- i PAW-3Bapuux 3’enHanb (IuB. puc. 1, a) moka-
3aHO Ha puc. 4. Bunmo, 1110 3HaUeHHSI MaKCUMAaJbLHUX TeMIIEpaTyp Tep-
MIiUYHHX ITUKJIiB 3MOAEJIbOBAHUX ITPOIlECiB 3BapIOBAHHSA TPAaKTUUHO 30i-
raioThCA 3i 3HAUYEHHAMU, OJEPKaHUMHU IIiJl Yac eKcIepuMeHTy (BigMiH-
HicTb He mepeBuinye 6,4% naa MAG i 2,6% naa PAW). B o6ox Buman-
KaxX MAaeMO BHMCOKHM 30ir pe3yJabTaTiB MOAeJTIOBAHHA I eKCIepPUMEHTY
IJISI BUCXiTHMX T'iJIOK TePMiUYHUX ITUKJIiB.

JJ1sa Hu3XiJHUX TiJIOK CIOCcTepiraeThcd MeBHA BiAMiHHICTD y BeJIUYU-
Hi PO3PaXyYHKOBUX i eKCIIepIMeHTAIbLHIX 3HAUeHb TeMIIepaTyp. VIMOBi-
PHO, Iie OB’ A3aHe 3 BiJICYTHICTIO JAHUX CTOCOBHO TeIJI0(hisMUHMIX BJacC-
TUBOCTEH KPUIEBUX OOMiZHEHMX MPUTUCKHUX ILJIACTHH i 3aMiHOIO ix-
HBOT'O MAaTEPiAJYy B PO3PaXyHKOBUX MOJAeJAX HA YMCTY Miab. B cBoro
yepry, pos30isKHIiCTb TiJoK oxojsomskenusa aad MAG-cmocoOy mero 0i-

TABJINIA 4. 'eomeTpuuHi mapamMeTpu MOAEJIBHOI i eKCIIEPMEHTAJIBLHOI 3Ba-
proBanbHUX BaHH yia PAW- ra MAG-3BapHuUX 3pasKis.

TABLE 4. Geometric parameters of model and experimental weld pools for
PAW and MAG welded specimens.

JoB:xmHA BAaHHN, MM X IIMuprra BanEM, MM X
] ]
Cmoci6 G 3
3BaprOBaHHA | Mozmens Excnepument Mogens [ExcrnepumenT =
) )
= =
MAG 27,6 25,2 9,52 9,5 10,2 6,8
PAW 26,0 23,8 9,24 9,23 9,1 1,43
300, &) 300,——

. ‘e
5 - .. ¥ !
50 '-....".

Temneparypa, °C
—
ot
o

0010 80 120 160 200 210 00 40 80 120 160 200 210
Yac, ¢ Tace, ¢
a 6

Puc. 4. Tepmiuni nmurau B Toukax MAG (a) i PAW (6) 3BapHuUX 3’e¢mHanb: 1 —
PO3paxyHKOBI faHi, 2 — eKCIIepuMeHTaJIbHI JaHi.

Fig. 4. Thermal cycles at the MAG (a) and PAW (6) points of welded joints: 1—
calculated data, 2—experimental data.
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Jblra, HixK 13 PAW-cnoco0y uepes MeHIIle 3HAUEHHS ITOTOHHOI eHeprii
(muB. Tabs. 2) i 6iIBIIT BUCOKY CKOHIIEHTPOBAHICTDH TEILJIOBOI IIOTYKHOC-
TH B ILISIMi HarpiBaHHSA AJIA IIJIa3MOBOI'O IPOIlECYy V IIOPiBHSIHHI 3 AyTO-
BUM.

4. PE3YJBTATH JOCJJIIKEHD TA IX OBTOBOPEHHS

PesynbTatu MikpommopomeTpuuHoi amaswisu (puc.5) B Mme:xkax 3TB
3’eIHAHL JOCTiM)KeHUX 3BapHUX 3PasKiB MOKAa3yIOTh THUIIOBY MIJIA 3Ba-
PIOBaHHSA 3arapTOBAHO-BiAIIYIIIeHNX KPUIlb, 30KpeMa i OpOHbOBUX, Kap-
TUHY 3MiHU TBEPIOCTH II0 Mipi BigmaseHnHsa Bix 3Bapuoro mBa [20, 21].
Hinaaku 3TB, m1o mig yac HarpiBaHHS 3a3HaBaJIU IOBHOI aycTeHisalrii,
IicJIsI OXOJIOAKEHHS BiJ MaKCHMAaJbHOI TeMIlepaTypyu HarpiBaHHA Ma-
IOTh TapTiBHY CTPYKTYPY 3 TBEPAICTIO, AKA Imepebiibllrye TBepAiCTh OC-
HOBHOTO MeTany (MiHiMaJbHY TBEpPZiCTh OCHOBHOT'O METAJIy AJIA KPHUIL
MARS 600 y TepmM0o0o6po0IeHOMY CTAHI ITO3HAUEHO HA PHC. D TYHKTUP-
HoIO JiHiero). [liMaHKYM HelloOBHOI mepeKpucTaiisalii Ta BizmycKy xapa-
KTepU3YIOTHCSA MOHMMKEHHAM TBEPIOCTH HMKUYe BiJ PiBHA OCHOBHOTO
MeTaJly BHACJITOK 3HEeMiITHeHHA, 3yMOBJIEHOTO BIJIMBOM 3BapIOBAJIbLHO-
T'O TerLia.

OuikyBamo, B3acTOCYBaHHS BHCOKOKOHIIEHTPOBAHOTO IIJIa3MOBOT'O
IsKepeJsa TeIlJa 3yMOBJIOE 3BY:KeHHs AK yciei 3TB, Tak i ii okpemux
ninaHok y nmopiBuanHi 3 MAG-3BapioBanaaM. [IpuHnunoBa BimMinHiCcTh

HV
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Puc. 5. Posnofis MiKpoTBEpOCTH B MOTIEPEUYHOMY Tepepidi 3BapHUX 3’€THAHD
kpuni MARS 600, sukonanux MAG- (1) i PAW- (2) cnocobamu.

Fig. 5. Microhardness distribution in the cross-section of welded joints of
MARS 600 steel made by MAG (1) and PAW (2) methods.
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Puc. 6. CxanyBasibHa eJIeKTPOHHA MiKPOCKOIIiA 3BapHUX IIIBiB, OJep:KaHUX
PAW- (a) i MAG- (6) 3BaproBauaam: M — mapreHcur, A — ayCcTeHiT.

Fig. 6. Scanning electron microscopy of welds obtained by PAW (a) and MAG
(0) welding: M—martensite, A—austenite.

nokasHUKiB TBepgocTu MAG- i PAW-3paskiB crocTepiraerbes AJsd Me-
TaJgy 3BapHUX MIBiB (Bix’eMui Bigmami Bim simii cromimenmsa Ha puc. 5).
3Bapuuii moB PAW-3’eqHaHHa Mae BUITY TBEPAiCTDb Bil OCHOBHOT'O Me-
TaJay Ha MPOTUBATY icTOTHO MeHIIi# TBepaocTu MAG-1m1Ba.

3a pesyabTaTaMM MiKPOCTPYKTYPHUX TOCJiI:KeHb MOKHA OauunTH,
110 MeTaJ 3BapHoro 1mBa PAW-3’engHanusa Mae Ipi6HOroI4acTy MapTeH-
CUTHY CTPYKTYpPy (puc.6,a), B Toil uac Ak y cTpyKTypi mBa MAG-
3’eIHAHHS CIOCTEPiraroThCA JIUIE ITIOOAMHOKI BKpAILJIEeHHA MAPTEHCUTY
(puc. 6, 0).

PesyabTaTu pos3B’sA3Ky METOJ0I0 CKiHUEHHMX eJEeMEHTIB 3B’ a3aHOi
3a7avi TepMOIPYKHBOIIJIACTUYHOCTHA OJIA TPHOX TEXHOJOTIUHUX CXeM
sBapioBanasa PAW1, PAW2 i MAG npexncraBieHno Ha puc. 7—11.

Amnajiza moJiB MO3MOBKHIX HAIPy:KeHb MOKasaJja, IIo IIiJ Jac 3Ba-
proBanHsa 3a cxemoio PAW1 (puc. 7, a) y npumoBepxHeBiii o06JiacTi Ha oci
3BapHOTO IIIBAa YTBOPIOIOTHCA HANpy:KeHHA cTUCKY mo —890 MIla, axi
IepexonaTh Y HAIIPYKEeHHA PO3TATY 3 MiKOBUMU 3HadeHHaMHU m0 1075
MIIa B mesxax 3TB, 3 moganabimM 3sMeHIIIeHHAM g0 = —15 MIIa Ha Kpasax
3’eqHaHHsa. PopMyBaHHS HANPYyKEeHb CTHUCKY Ha OCi 3BapHOTO IIBa IIO-
SACHIOETHCA HASBHICTIO MapPTEHCUTHOI CTPYKTYPH B METaJi 3BapHOTO
IIIBa, YTBOPEHHS SKOI CYIIPOBOMKYETHCS 301IBIIIEHHAM 00’eMy MeTaJIy
[8], 110 i cupuuYMHSIE CTUCK BHACIITOK HEMOMKJINBOCTHU BiJIbHOTO PO3IIIH-
PeHHs MeTaJy IrBa. ¥ NPUKiHIIeBUX 006JIaCTIX 3BAPHOTO IIIBA ITO3I0BIK-
Hi HaIpy:KeHHA cTuCKY cKJanu — (28 MIlai —528 MIla BigmosigHo.

I BapiAgHTY 3BapioBaHHsA 3a cxeMoio PAW?2 (puc. 7, 6) B 3aJIUIITKO-
BOMY CTaHi Ha AinaHKax 1 i 2 y mpumoBepxHeBiil 00JaCTi YyTBOPIOIOTHCS
TMO3MOBKHI HAIIPYKeHHA cTucKy Ao —838 MIla i —756 MIla. ¥V npukin-
IeBUX 00JIaCTAX 3BApHOTO 3’€THAHHSA HAIPY/KEHHSA JOCATIN BEeJIUUYNH
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Puc. 7. Ilons 3aJMIIKOBMX TO3MOBYKHIX HANPY/KEeHb Oz [JIA TEXHOJIOTIUHUX
cxem 3BapoBauaa PAW1 (a), PAW2 (6) i MAG (8) Ta posmomina ixX y cepeaHbo-
MY IIOIIepeuHoOMY IIepepisi (2).

Fig. 7. Fields of residual longitudinal stresses oz for technological welding
schemes PAW1 (a), PAW2 (6) and MAG (8), and their distribution in the av-
erage cross-section (2).

—198 MIla i —215 MIIa gaa 1-i i 2-i ginanox Bigmosimuo. Kpim Toro,
ImicJis 3BapioBaHHA 2-1 JiASHKYN HA MOYATKY HOBKUHMN 1-1 ginmaukwu (3a-
BOOBKKM Yy =50 MM Bim Micisa cTUKY miIAHOK) (GopMyeThcsa 00JIacThb
3HAUHUX HAMpPY:KeHb cTucKky y = —2100 MIla, 1o csarawoTs pospaxoBa-
HOTO B JMatPro 3a xemiuHMM cKJIaZOM MeTaJy IIIBa 3HAUEHHS HOro rpa-
HUI[I MiITHOCTH ¥ € KPUTUYHUM IIOKA3HUKOM JIJIS MOYKJHNBOI'O PO3BUTKY
TPillIUH y I1iii o6JacTi 3’ eTHaHHS.

Hna MAG-3BapioBaHHsa (puc. 7, 8) y IpUIOBEepXHeBiil obaacTi 1rBa
YTBOPIOIOTHCA HAMPY:KEHHSA po3Tary BeamuwmHoio mo 160 MIla. Kpim
TOTO, Ha BigmaJi Bifg oci mBa y =11 MM BelnumnHA IO3LOBXKHIX HaIpPy-
JKeHb po3Tary carae sHaueHnb y 1082 MIla. 3a merxaMu IJIaCTUYHOI 30-
HU Yy CepeIHbOMY IIOIIEPEeYHOMY IIEPEPisi Aif0Th MO3M0BKHI HATIPYKEeHHA
CTHUCKY Beanmunuoio go —25 MIla, a y npukiHiieBux o0JacTsax Ha moUaT-
Ky i B KiHIII 3BapHOro IIIBa HAIIPY:KEHHA CTUCKY 3MiHIOIOThCA Ha Ha-
IPYKeHHA PO3TATY; iXHsa BeauunHa gopisuioe 225 MIla i 180 MIla Bif-
HOBigHO.

JJisa meTasbHOI OIiHKY KOMIIOHEHT 3aJIMIITKOBOTO HAIIPYsKEHOT'O CTa-
HY IOJZATKOBO POBTJISHYTO PO3MOAiJI IIO3AOBXKHIX HANpY:KeHb B cepel-
HBOMY IIOTIEpeYHOMY Iepepisi (puc. 7, 2). I'padiku mobymoBamo Ha OCHO-
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Puc. 8. Ilona 3ajnImKOBUX IOIEPEUHUX HANPYKEHb Ox [JIA TEXHOJOTIUYHUX
cxem 3BaproBanHsa PAW1 (a), PAW2 (6) i MAG (8) Ta ix po3nozis B3JOBXK oceit
3BapHUX MIBIB (2).

Fig. 8. Fields of residual transverse stresses ox for technological welding
schemes PAW1 (a), PAW2 (6) and MAG (8) and their distribution along the
axes of the welds (2).

Bi ycepemHeHHsa 3HaUeHb HAIPY:KeHb, BU3HAUEHUX OJSI JUIILOBOI Ta
00epHEeHOI MOBEePXOHb 3BaPHUX 3’ €IHAHD.

g cxemu PAW1 B Mesxkax 3BapHOTO IIIBa, MIMPUHA AKOTO CKJIaIajaa
=~ 9 mm (Taba. 4), giroThL HANPY:KeHHA cTUCKY Big —860 mo —1000 MIla.
Ha minasIii cTomieHHsa 3HAUYEHHS HANPYKEHb CTUCKY 3MEHIIYIOThCS 0
~—-450 MIla. «Po3BaHTa:KeHHs» MeTaJy 3BapHOTO 3 €JHAHHA 31 3HA-
YeHHSAM PO3PAXyYHKOBUX MO3MOBKHIX B3alHINKOBUX HAOPY:KeHb
~(0 MIlIa cmocTepiraeThcsa Ha Bigmami y = 7,5 MM Bixg oci 1miBa, 1110 BifgIio-
Bimae minaHIi MakcuMaJdbHOrO 3HeMinmHeHHsa B Me:xkax 3TB (puc. b).
MakcuManabHI HanpyKeHHa po3Tary mo 826 MIla yTBopoooThCSa Ha Bif-
mami y =11,5 MM Bif oci 1m1Ba B MeTaJIi JiJIAHKY HU3LKOTEMIIEPATYPHOTO
Bizmycry 3TB, MexaHiuHi BJIaCTHBOCTI AKOr0 MaJIO Bipi3HAIOTHCA Bif
BJIACTHUBOCTEII OCHOBHOI'O METAJIY.

s cxemu PAW2 B Merkax 30HU ILJIACTUYHUX TedopMalliil BeauumrHa
HaIpy:KeHb poa3rary He mnepeBulrye 50 MIla, ommak Ha oci 3BapHOTrO
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Puc. 9. Ilona 3anumkoBuX eKBiBaJIeHTHUX HANIPYKEHb Gexs AJIA TEXHOJIOTIUHUX
cxem 3BapoBauaa PAW1 (a), PAW2 (6) i MAG (8) Ta posmomina ixX y cepeaHbo-
MYy IIOIIepeuYHOMY ITepepisi (2).

Fig. 9. Fields of residual equivalent stresses cex: for technological welding
schemes PAW1 (a), PAW2 (6) and MAG (8), and their distribution in the av-
erage cross-section (2).

miBa, AK i gaa cxemu PAW1, yTBOpIOIOThCA 3HAUHI ITO30BKHI HAIPY-
sKeHHda cTucky g0 —890 MIla.

ITiciga MAG-3BaproBaHHS Ha OCi 3BapHOTO IIBa, MINPUHA AKOTO CKJIA-
mana =10 mMm (Taba. 4) popmyioThea HesHauHi 1o 81 MIla Hampy:KeHHA
po3TATY 3 mepexoaoM YV HAIPYsKeHHs CTHUCKY g0 —454 MIla ma mimxswii
cTOIJIEeHHA (= 5 MM Bif oci mBa). Bernunaa MakcUMaJIbHUX HAIIPYKEHb
poarary carae 486 MIIa B ocuoBHOMY MeTaJti 3a Mmexxamu 3TB.

XapakTepHi BiIMiHHOCTi y PO3IOAiji MO3A0BXKHIX HAIIPYKEHb B Me-
JKaxX MJIACTUYHOI 30HU IJIS DOCIiIMKyBaHUX cxeM (puc. 7, 2) 3yMOBJIEHO
ocobuBOCTAMEU Hepebiry (asoBUX HepeTBOPeHDb y IIBax i meperpitTux
minauxkax 3TB, a TakoK TeXHIK0I0 BUKOHAHHSA 3BapHOTO ITBa (HAITPOXis
abo mBOMAa IiISHKAMM Bif IIEHTPY MO TOPIiB). 30KpeMa, BU3HAUEHU
I TexHoJoriunoi cxemu PAW1 posmofis mo3goB:KHIX 3aIUITKOBUX
HaAIIpy:KeHb B Iepepisi 3BapHOro 3’¢IHAHHA 3a CBOIMU XapaKTEpPUCTH-
KaM¥ € aHaJIOTiYHUM A0 HaBeleHUX y [8] pe3yabTaTiB mocaim:KeHb Ha-
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Puc. 10. Posnozin 3anuirkoBuX MepeMiIlieHs 3 MJIOMIVHY Y CEPeJHbOMY IIOIe-
pevHOMY Iepepisi CTUKOBOTO 3’€THAHHA JJISI PiBHUX TeXHOJOTIUHUX CXeM 3Ba-
pIOBaHHA.

Fig. 10. Distribution of residual displacements from the plane in the average
cross-section of the butt joint for different welding technological schemes.
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Puc. 11. Posnogin 3a1uImkoBUX IIepeMiIieHsb 3 IJIOMIMHY B3IOBXK OCi 3BAPHOTO
IITBa CTUKOBOTO 3’ €THAHHS IJIA PiBHUX TEXHOJIOTIUYHUX CXeM 3BapIOBAHHA.

Fig. 11. Distribution of residual displacements from the plane along the axis
of the weld of the butt joint for different welding technological schemes.

MIPY:KEHOT0 CTaHy 3BapHUX 3 €JHAHL TapTiBHUX KPUIb, BUKOHAHUX
3BapOBaJbHUMI MaTepiamaMu, 1o 3abe3neuyoTs LTT-edexT.

BusnaueHo, 1110 114 BCiX TPhOX TEXHOJIOTIUHUX CXeM B MerKax ILjac-
TUYHOI 30HU Yy IPUIIOBEPXHEBiH 001acTi (hOopMYIOTECA 3aJIUIMKOBI ITOIIE-
peuHi Hampy:KeHHSa po3TAry (puc. 8) HesHauHOl BesmuuHU (MeHITe 300
MIlIa). ¥V npukiHIeBuX 006JIaCTAX Ha IIOYATKY Ta B KiHITi 3BAPHOTO IIIBA
YTBOPIOIOTHCA IIOIEPEeUHi HANPY:KeHHSA cTucky (momexyam mo = —400
MIIa).
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Kpim Toro, gyisa 3BaproBamusa 3a cxemoio PAW?2 (puc. 8, 6) Ha TOBXKU-
Hi y 228 MM Big mouaTky 3aBapeHOl HiJIaHKYN 1 micsasa 3aBeplleHHA 3Ba-
proBaHHA TiAdHKH 2 QPOPMYETHCA 00JIACTD IONEPEUHNX HANPYKEHb IO
—-1060 MIla, symoBiIeHa HEMOKJIMBICTIO PO3IIHUPEHHS MeTaJly y IIoIe-
pevYHOMY HaOpPAMKY BiKe OXOJIOAKEHOI HiaauKy 1 i yTBOpeHHAM KOHIIe-
HTpaTopa HAIIPY:KeHb — CTUKY IBOX IiJAHOK.

3 HaBemeHOTO Ha puc.8,z pO3MOIiJy IOHEePEeUYHUX HaANPYyKeHb
B3JOBJK OCell 3BaApHUX IIIBiB BUAHO, IO Ajda cxemu PAW1 ta MAG Binm
Mae piBHOMipHUIT xapaKTep 0e3 IOKAJIbHUX eKCTPEMYMiB. 3a BUHATKOM
IIPUTOPIIEBUX 0bJIacTel, B3HoB:K oci 1mrBa PAW1 dopMyoThCca HesHAUHI
Hampy:KeHHA cTUCKY 10 —88 MIla, B3goB:x oci MAG-11Ba — HaIpyKeH-
Ha posTary He Buirie 130 MIla. ¥V npuTopiieBux 06JacTsaX IIBiB HAIIPY-
JKeHHs 3MiHIOIOTL 3HaK; BogHOUac, aJd cxeMu PAW1 dopmyroTsesa 1mi-
KOBi 3HaueHHs MONEePeUHMX HAMOPYy:KeHb poatary go 600 MIla, maa
MAG-3’emHaHHS HATIPYKEHHA CTUCKY He mepebinabmryoTs —87 MIla.

Hina cxemu PAW2 BenuumnHa HaAIpy:KeHb y CepemHiii yacTuHi 060X
IinaHoK 1Ba € meHIoo 3a 60 MIla; mpuTopiiesi o6JiacTi miBa, aHaJIOri-
yHO A0 cxemu PAW1, 3a3Ha0TL BIJIMBY HAOPY:KeHBb Po3Tary y =550
MIIa. Boguouac, Ha JOBXKUHI Yy = 28 MM BiJ mouaTKy 3aBapeHoi JiIAHKHT
1 micas 3aBepIlleHHsA 3BAPIOBAHHS JiIAHKY 2 (GOPMYETHCA 00JIACTh CTH-
CKAJLHUX MOMNEePeUHMX HAIpPYKeHb cTucKy mo —1063 MIla, maaBHicTE
AKOI 3yMOBJIEHO HEMOMKJIMBICTIO PO3IIMPEHHA MeTaJy Yy IOIepeuyHOMY
HAIPAMKY BiKe OXOJIOM:KeHol Tiagauku 1 i popMyBaHHAM KOHIIEHTPATO-
pa HATIpPyKeHb — CTUKY IBOX IiJITHOK.

3 oryIAAy Ha Te, II0 B POOOTi JOCTiAKyeThCA (POPMYBAHHSI KOMIIOHEHT
HaIpyKeHo-I1e()OPMOBAHOTO CTAHY JIMCTOBOI KOHCTPYKIIil, — CUMeTpPHu-
YHOTO CTUKOBOT'O 3BapHOTO 3’€IHAHHS HeBeJUKOoi ToBmuHT (710 10 MM),
— BU3HAYEHHSIM PO3MOAiNy HAIPYKEHb II0 TOBIINHI Gy MOKHA HEXTY-
BaTH uepe3 IXHIO HE3HAUHY POJIb Y MOMKJIMBOMY TPIiIIMHOYTBOPEHHI.
Opmak, 3BasKamOuM Ha Te, ITT0 HeOe3MeUHUIl CTaH MaTepifaay 3aIeKUTh
He BiJl BeIMYNHYU OKPEMUX KOMIIOHEHT TEH30pa HAIIPY KEHbB, a BiJl iIXHBOI
KomOimaIii, AJIs OIiHKY HACTAHHSA 'PAHUYHOIO CTAHY HEeOOXiJHO BUKO-
PUCTOBYBaTHU eKBiBaJIeHTHI Hanpy:KeHHs 3a MisecoM, po3paxyHOK AKUX
I'PYHTYEThCA Ha OIIHII KiJBKOCTM NUTOMOI MHOTEHIiAJIBHOI eHepril
dopmosMinu, HakommueHoi 3medopmoBaHuM 00’ekToM [22]. Amasiza
POBIOAiNy IOJIiB eKBiBaJIeHTHUX HAIPYKeHb Y IPUIIOBEPXHEBiH obJac-
Ti 3’eIHAHD IMOKAa3aJja, Io MicJIg 3BapioBaHH 3a cxemoo PAW1 (puc. 9,
a) MaKCUMaJIbHI HaIpyKeHHs YTBOPIOIOTHCA Ha oci mBa go =915 MlIla,
1o ckJaagae =0,43 Bif po3paxyHKOBOI I'PaHUII MiITHOCTH MeETAJy IIIBa
nporo 3’emmanaa (2108 MIla). B mexax miIacTUUHOI 30HM BeJIHUYMHA
HAIIPY KeHb MIBUIKO 3MEHIITYETHCA 1 Ha MeKaX ILJIACTUYHOI 30HU CTaHO-
BuTh =180 MIla; y BsakpimieHux I uYac 3BapOBaHHA 00JaCTAX
3’eIHAHHS €KBiBaJIeHTHI 3aJIMIITKOBI HaOpyKeHHA MiHiMaJdbHI i He mme-
peBuiyioth 30 MIIa. ¥V obaacTax Ha IOYATKY Ta B KiHI[i 3BapHOTrO IIIBa
BeJINUNHA 3aJUINTKOBUX €KBiBaJeHTHUX HAIPY:KeHb ckjaajaa 450 MIla i
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427 MIlIa BinmmoBinHo.

s BapiauTy 3BapoBaHHA 3a cxemoio PAW2 (puc. 9, 6) BeauumHa
eKBiBaJIEHTHUX HAIPY:KeHb Y IPUIIOBepPXHEBi#l ob6jacTi Ha oci miBa cs-
rae 2890 MIla. Ha me:xax miaacTUYHOI 30HU MiIOTH HANIPY KEHHA Ha PiB-
Hi 2560 MIIa. Kpim Toro, Ha mouaTKy 1-i 3aBapeHoi HiaIAHKY Ha Biggaii
y 212 MM Bixg cturkyBamuda 1-1 i 2-1 ginaHoK opmyeTbea o0sacTh mif-
BUIMeHUX Hanpy:keHb 10 1480 MIla 3 mikoBumMu 3HaveHHaAMHu m1o0 1894
MIIa, aki cranoBaaTrsk =0,90 Bixg po3spaxyHKOBOI rpaHUITL MIiITHOCTH Me-
raay 3BapHoro mBa (2108 MIla). ¥V npukinmeBux obgacTax JijdaHOK 1 i
2 Hampy:KeHHd cTaHOBIATEh 240 MIla i 293 MIla BigmosigHo.

CrukoBe 3’emHamHA Hanpoxif 3a gzomomoroo MAG-3BapoBaHHs (puc.
9, 8) mpuBOAUTE N0 GOPMYBaHHS y IPUIIOBEPXHEBiH 00J1aCTi eKBiBaIeH-
THUX 3aJUNTIKOBUX HAIPYKeHb Beanunuoo y 123 MIla. Ha mouaTtky i B
KiHIIi 3BapHOTO IIIBa BeJMUYMHA €KBiBaJIEHTHUX HAIPY:KeHb cArae 237
MIIa i 336 MIla Bigmosiguo. Kpim Toro, ajs miei Texuogoriunoi cxemu
cIocTepiraeTbca piske 30iabmieHHa o 1098 MIla exBiBaJleHTHUX Ha-
Ipy:KeHb Ha Bigmanaax y = 7,8 MM JiBopyY i mpaBopy4 Bifg oci 3BapHOTO
IIIBAa.

3 Po3moAiNy 3aJUINTKOBUX €KBiBaJeHTHUX HAMPY:KeHb II0 MINPUHI
3TB B cepenunHil ginAHII 3BapHUX 3’€THaHb (puc. 9, 2) MoKHa 6aunTH,
IIT0 3BapIOBAHHSA 3a TEXHOJOTiuHOI0 cxeMol0 PAW?2 cynmpoBomKyeThCs
HAHWBUINOIO KOHIIEHTPAIIi€l0 HAIPY:KeHb, AKa 00MeKyeThCA BUKJIIOUHO
MeTaJIOM 3BapHOTrO IIBa. BelnumHa 3aJUITKOBUX €KBiBaJIeHTHUX Ha-
IpYysKeHb B3OBK oci mBa ckJana 1126 MIla uu to 0,53 Big pospaxyH-
KOBOI I'paHMUIIi MiITHOCTHY MeTaJy miel ginauku 3’exuanna (2108 MIla), 3
IBOMA JIOKAJIbHUMK Maxcumymammu go 1227 MIla ma Bigmami y =3 Mm
BifZ oci mIBa j1iBopyd i mpaBopyu, 1o cArae 0,58 po3paxyHKOBOI IrpaHUIli
MiITHOCTU MeTaJIy IIIBa.

s Trexmomoriunoi cxemu PAW1 B Meskax 3BapHOTO IITBa PiBeHb 3a-
JUIMTKOBUX eKBiBaJIeHTHUX HaOpy:KeHb 3MiHweTbea Big 975 MIla
B3MIOB:K Iioro oci 10 1141 MIla B mepudepiiinux giJdHKAaX ImBa abo Bix
0,46 mo 0,54 fioro po3paxyHKOBOI rpaumuili MimHocTu. TaKoX MaioTh
Miciie 2 JIOKAJIbHIX MiHIMYyMHM 3aJIHUINKOBUX eKBiBaJIeHTHUX HAIIPYKeHb
y 852 MIla ma Biggaaax y 4,5 MM 1mo oouaBa 60KU Bif oci mrBa. Bigmo-
BiHO IO pes3yJbTaTiB MiKpomiopoMeTpii (puc. 5) 3a3HaueHUM BigmaasaMm
Bizmosimae mginguka cromienua 3TB. IloBTopHe 30iMbIIeHHS 3aIUIIKO-
BUX HAIIPYKEHb YTBOPIOE IIe IBa JOKaJbHUX Makcumymu (1057 MIla)
Ha Bigmanax y=11,5 MM Bix oci 111Ba B MeTaJi JiIAHKY HU3LKOTEMIIEpa-
TypHoro Bigmycky 3TB (puc. 5), MmexaHiuHi BJIaCTUBOCTi AKOTO He3HAU-
HO BiIPi3HSAIOTHCS BiJl BJJaCTHUBOCTE OCHOBHOT'O METAJIY.

Y ctukoBomy 3’emHaHHi, BukoHaHoMy MAG-3BapioBaHHAM, PiBeHb
3aJIUIITKOBUX €KBiBaJIEHTHUX HAIPYsKeHb B MeKaX 3BapHOTO IIBA € Mi-
HiMmansrHUM i He tepeBuIntye 200 MIla a6o 0,18 Bix MmakcuMaabHOI PO3-
PaxXyHKOBOI T'pPaHHIII MIITHOCTH MeTaJly IIBa AJISA I[i€l TeXHOJIOTiuHOI
cxemu (1090 MIIa). IIpote, B mexxkax 3TB Ha Bigmanax =8 MM Bim oci
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IIIBa YTBOPIOIOTHCA JIOKAJLHI MaKCcUMyMu HampysKeHb y 1099 MIla.
BigmoBigHO 10 po3momisiy MiKpOTBEPAOCTH, Ie — OiIAHKA MaKCHUMaJlb-
HOTO 3HEMiITHeHHS, 3YMOBJIEHOTO BHCOKOTEMIIEPDATYPHUM BiIIoycKOM
BUXIiTHOI CTPYKTYypU 3’€IHYBAaHOTO MeTasy. Po3paxyHKOBe 3HaUEHHS
rpaHUIll MimHOCTH MeTanxy Iiel mimamkm ckiaamae 1275 MIla; Taxum
YUHOM, KOHIIEHTPAIlisd eKBiBaJeHTHUX 3aJUINKOBUX HAIPY:KeHb B Me-
rTaJi miei obaacTu 3BapHOro 3’e¢qHAaHHA MoXKe caratu g0 0,86 iioro pos-
PaxyHKOBOI rpanulli MminmHocTu. IIpoTe B KpUIAX 3 HE3HAUHOIO KiJbKic-
TIO eJIeMeHTiB-KapOimoyTBoprooBauiB, Takux ax MARS 600, miaacTudy-
HiCTh MeTaJly 3a3HaYeHOI JiJIAHKY JOCTaTHLO BICOKA.

BpaxoByoouu BCTaHOBJIEHY AJs 3’€THaHHA 3a cxeMoio PAW2 mebes-
HeYHy KOHIEHTPAIlil0 3aJNINKOBUX HAIIPYsKEeHb B METAaJIi IIepIIol mJiis-
HKU mBa (puc. 7,0, 8,0, 2, 9, 0) DOIiTLHO TAKOK TOPiBHATH PO3MOIiJ
3aJUINTKOBUX TMepeMillleHb y IO30BXKHIiX 1 IOIepeyHUX Mepepisax B
MerKaX IJIaCTUYHOI 30HU 3BapHUX 3’ €THAHD.

XapakTep PO3IOAiIy mepeMilleHsb 3 IJIOIINHY II0 IMUPHUHI 3’ ¢ THAHHS
(puc. 10) cBiguuTs, 10 g yac 3BaprOBAaHHA 3a JOCIiIKYyBAaHUMU CXe-
MaM¥ YTBOPIOIOTHLCS HYJIbOBI IIepeMillieHHs 3 ILIOIWHY AJiA obJacTeit,
e MisJIo OCHAINEeHH:, a HAauOiabImi mepeMinmenasa GopMyIOThLCSI Ha OCi
s3BapHoro 1mBa: 10 0,4 MM — aia cxemu PAW2, 10 0,16 MM — a7 cxe-
mu PAW1inmo 0,06 Mmm — gaa MAG-3BapioBaHHs.

Hatowmicth, 3 puc. 11 BugHO, II[0 MaKCHMAJbHUN BUTHUH 3BAPHOTO
mBa (20,6 MM) YTBOPIOETLCS IIifT yac 3BapioBaHHS 3a cxemoio PAW?2
mo0JM3y CTOILJIEHHS 3BapIOBAHUX MiJIgHOK 1Ba. 3a MAG-3BapioBaHHS
BUTHWH 3 IJIOIMUHYU 3’¢THAHHA € MiHimaabHuUM (20,06 MM) i He 3MiHIO-
€ThCA Ha BCill moB:KUMHI 11Ba. 3BapoBaHHA 3a cxeMmoio PAW1, xou i mpu-
BOAUTH 10 QOPMYBaHHS HEPiBHOMipPHOTO BUTHHY 3 ILJIOIITNHU O JOBXKI-
Hi 11IBa, IpoTe Horo MakcuMaJbHe 3HAUeHHS He nepebiabirnye 0,23 M.

IlopiBHAHHA PO3PaXyYHKOBUX Pe3yJbTaTiB CKiHUeHHO-eJIeMEeHTHOI'O
MOJEJIIOBAHHS Ta PeHTI'eHOAM(PpPaKTOMETPUYHOI aHaxism (as3oBOTro
CKJAJy Ta HaAIPYKEeHOTo CTaHy 3BapHUX IIBiB, yTBopeHumx PAW- i
MAG-3BapioBauHaM, HaBeJeHO y TabJ. 5.

3a momoMoroo peHTTreHo(ha30BOi aHaizu BCTAaHOBJIEHO, ITIO Y 3Bap-
HUX IIIBaX YTBOPIOIOTHCS OAHOPiMHI TBepAi PO3UMHU 3 IPaHEIeHTPOBa-
HOIO0 KybGiuHoio r'paTHUIIEIo (aycTeHiT) y Bunaaky MAG-3BapioBaHHS Ta
00’eMHOIIEHTPOBaHOI0 Ky0OiuHOI0 r'paTHHIeio 3a PAW-3BapioBaunusa. B
OCTAaHHLOMY BUIIaJKYy, BPaxOBYIOUM pe3yJbTaTHd AaHAJI3WM XEeMiuHOTO
cKJamy meraiy mrBa (tabi. 1), mikporBepmocTu (puc. 5) i MiKpPOCTPYK-
Typu (puc. 6, @), MOKHA OCTATOYHO CTBEPAKYBATU IIPO CTPYKTYPY peii-
KOBOT0, 3a KJacudikarieio [23], maprercury. HagBuicTs gpyroi dpasu B
CTPYKTYPi 000X HIBiB AUPPAaKTOMETPUUYHUMU JOCTiIKeHHAMN He MiaT-
BepKeHo. VIMOBipHO, Ile TOB’ A3aHe 3 HEOJHAKOBOIO IIOBHOTOO (Pa30BUX
IIepeTBOPEeHb Y PisHUX 00JaCTAX 3BAPHUX IBiB, afisKe IIig yac audpax-
TOMETPUUYHUX [TOCTiIKeHb PEHTIeHiBCLKOMY OIIPOMIiHIOBAHHIO ITiIJIs-
raJiu JIMIe TOBePXHeBi IMapu ix 3 IuIboBOro 60Ky 3’eqHaHb (puc. 1, 6).
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TABJINIIA 5. ITapamerpu $asoBOro CKJALy Ta 3aJIUIIKOBOTO HAIIPYKEHOI'O
CTaHy 3pas3KiB 3BapHUX MIBiB, ofgep:kaHux PAW-t1a MAG-3BapioBaHHAM.

TABLE 5. Parameters of phase composition and residual-stress state of weld
samples obtained by PAW and MAG welding.
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= ] H Qi M ==
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PAW kyGiuma  2,8756 83 MapTeHcuT: 93, 93
aycreHit: 7
MAG xyGiuma  3,5926 147 maprencur: 21, 132

aycreHiT: 79

B cBo10 uepry, 1e gajo 3MOr'y VHUKHYTHU JOJYUYEHHS A0 CKaHOBAHOI IIO-
BepxHi 3paskiB vactTunu 3TB (1110 6yJs10 6 HEMOKINBUM y pasi audpax-
TOMETPii momepevHoro nmepepisy 3’eTHAHD).

Pazowm i3 mum, BusHaUYeHi 3a MeTOL00 sin?y 3aIuNIKOBI (B HAIPAMKY
OITPOMiHIOBAHHSA) HANIPY:KEHHSA B 3BapPHUX IIIBaX M00pe Y3TOMKYIOTHCS
3a MIOPiBHAHHS iX 3 PO3PAXyYHKOBUMU 3HAUCHHAMU HANPYKEHb IO TOB-
IIMHI Gy Y TOYKaX CKiHUYeHHO-eJIEMEHTHUX MOJEJiB, KOOPANHATU IKNX
BiAMIOBiZaOTh PO3TAITyBaHHIO 3Pas3KiB, BUPi3aHUX OJA CTPYKTYPHO-
dasoBux mocJimxeHs (TabJ. 5).

3a manumu [7, 9] HaAHIOiABINM TO3UTUBHII BILJIMB Ha 3aJIMITKOBUI Ha-
NpysKeHUM cTaH Ta eKCIIyaTallifiHi BJacTUBOCTi, 30KpeMa BTOMHY Mill-
HiCTh, CTUKOBUX 3’€IHAHL BHCOKOMIITHMX KPHIb MAIOTh 3BApIOBAJIbLHI
marepianu 3 LTT-eperTom, 1110 3a6e3MeUYIOTL TEeMIIEPATYPY IOYATKY
MapTeHCUTHOTO IIePEeTBOPEHHS B MeTaJi 3BapHoro 1rBa 6ima 190—200°C.
3acTocyBaHHS IapaMeTPUYHOrO PiBHAHHA [24] 11 po3paxXyHKY TeMIIe-
paTypu IOYaTKy MAapTEHCUTHOTO IepeTBopeHHA Msg, °C: Mg=561 —
474C - 33Mn — 21Mo — 17Ni - 17Cr, ge C, Mn, Mo, Ni, Cr — BMmicT Bif-
MOBiTHUX eJeMeHTiB [Bar.%], nJd xeMiuHOTO CKJIaAy MeTajly IIIBa 3a
PAW-3BapioBaHHS I oCHOBHOrO Merany (Tabis. 1) mae HacTymHuUii pe-
syabTaT: Mg (1mmBa) = 187°C; Ms (ocHOBHOTO MeTaiy) = 299°C.

IToxasaHo, 1110 BUCOKi 3aJMIIIKOBI HANIPYsKEeHHA CTUCKY Y 3BapHOMY
mBi Ta mpuaeraux giaaHkax 3TB 3’egmann, omep:KaHUX ILJIa3MOBUM
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3BapPIOBAaHHAM, B3YMOBJEHO HHIBKOTEMIIEPATYPHUM II€PETBOPEHHAM
ayCTEeHITy B MeTaJIi 3BAPHOIO IIIBA, CIPUUYMHEHUM BHCOKOIO YaCTKOIO
OCHOBHOT'O METAJIy B HHOMY .

5. BUCHOBRH

1. Busunaueno, 1o sacrocyBanusa cymimii Ar + 20% CO: maa MAG-
3BapoBaHHA 0poHBOBOI Kpuri MARS 600 3BapoBaJIbHUM APOTOM THUITY
G 18 8 Mn Mo:Ke CIPUYMHATHA YaCTKOBE IIEPETBOPEHHSA ayCTEeHITy B Me-
TaJi ITBa 3 BUHUKHEHHAM ITOOIMHOKHNX BKpAILJIeHb MapTeHCUTHOI hasu.
TeBepaicTh MeTasy IIBa BOAHOUYAC IOHAKMeHIe B 1,7 pa3iB MeHIIA Bif
TBEPIOCTH OCHOBHOT'O MeTaJy.

2. Beranosieno, 1o 3a PAW-3BapoBanada kpuni MARS 600 araJoriu-
HOI TOBIIMHU 3aBAAKU 3MEHIIIEHHIO BUTPAT 3BaPIOBAJIILHOTO APOTY B =4
pasu YacTKa OCHOBHOT'O MeTaJIy ¥ MeTaJIi IIIBa 3pOCTa€, BHACIILOK YOT'O
IITOB HAOyBAa€ CTPYKTYPU APiOHOr0JIacTOr0 PEMKOBOTO MApPTEHCUTY 3
TBepAicTIO, 10 = 1,1 pasu 6iJIBIIIOIO Bil TBEPAOCTH OCHOBHOT'O METAaJy.

3. IlokasaHo, IT1T0, HE3BasKAOUM Ha MAPTEHCUTHY CTPYKTYPY METaJy
mBa, PAW-3BapoBaHHA Ha BU3HAUEHMX PAI[IOHAJILHUX IapaMeTpax
pe:xxumy B3abesmeuye sAKicHe (GOPMYBaHHA CTHUKOBOTO 3BapHOTO
3’eqHaHHs 0e3 YTBOPEHHSA XOJOTHUX TPIiIINH 3aBAAKU OCOOJIMBOMY Xa-
paxTepy HOT0 3aJIMIITKOBOTO HAIPYsKEHOTO CTaHy, 3yMOBJIEHOMY HU3b-
KOTeMIIEPATYPHIM II€PEeTBOPEHHIM ayCTeHiTy. 30KpeMa, 3a TeXHOJIOTi-
yHOI0 cxemMoio PAW1 B Mexax 3BApHOIO IIIBA, a TAKOK MiJSHOK CTOII-
Jeuusa ta neperpisy 3TB, aAKi B 3BapHUX 3’¢JHAHHAX IapTiBHUX KPUIH
3a3BUYAl BUCTYIIAIOThL OCepPeIKaMM XOJOTHUX TPIIUH, CTBOPIOIOTHCS
MO30BKHI HAIIPYKEeHHS CTHUCKY. B CBOIO uepry, mo3a0B:KHI HAIIPYKEeH-
HA PO3TATY HiIOTh y BigmameHux Big mBa minguxkax 3TB, merana akmx
BHACJIIIOK BiIyCKY BBA’KA€ThCS CTINKUM [0 YIIOBiILHEHOTO KPUXKOTO
pyliHYBaHHA.

4. TlopiBHAHHA POSMOAIJIY €KBiBAJEHTHUX HAIPYKEHb Y CEPEeIHBOMY
IIOIIEPeYHOMY IIepepisi 3BapHUX 3’€¢THAHD IIOKAa3ye, IO MJIA TeXHOJIOT-
yaux cxeM PAW1 i PAW2 maiiBuini Hanpy:xeHHsS (POPMYIOThCA Y 3Bap-
HUX IIBax 3 JOKAJIbHUMHI MaKkcuMymamu He O0iabire 0,53 i 0,58 Big pos-
paxyHKOBOI rpaHuIli MilTHOCTM MeTaJy ImmiBa Bigmosimmo. laga MAG-
3’e¢IHAHHS PiBeHb BAJMINTKOBUX €KBiBaJIEHTHUX HANPY:KEHb y MeKax
3BapHOTrO IIIBAa HE3HAUHN M, IPOTE B 00JIACTi IJISHKY BICOKOTO BiIIyCKY
3TB ixwuiii piBers Moske caratu o 0,86 po3paxyHKOBOI I'PaHUIIL MiI[HO-
CTU MeTaJy Iiei JiIaHKY, 3alac IJIACTUYHOCTH SKOT'0 BOTJHOUAC BBasKa-
€ThCA TOCTATHBO BUCOKMM.

5. 3BapioBaHHS 3a TeXHOJOTiuHOIO cxemMo0o PAW?2 (mBoma mingaHKaMu
Big cepenmuu 3’eIHAHHSA OO TOPIIiB) MPUBOAUTL 10 (GOPMYBAHHAM KOH-
IeHTpaTopa HAIpPy:KeHb — CTUKY ABOX IIJISHOK i, AK HACJIiZOK, IO
YTBOPEHHS B OChOBill UYaCTHHI 3BapPHOTO IIIBA 00JaCTH BEJIUKUNX 3aJIMIII-
KOBUX HAIIPY/KEHb CTUCKY K y IIO3TOBKHLOMY, TaK i B OIIEPEYHOMY
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HAIIPSAMKY, BeJINUYMHA AKWX MOKEe CATaTH T'PAHUIII MiITHOCTH METaay
miBa. K HacJIigOK, BUTHH 3 IJIOIIMHU MeTaJay Iiei objacTu 1msa B 4 pa-
3u GiBINIMIH y TOPiBHAHHI 3i 3BAPIOBAHHAM 3 iIeHTUUYHUMHU IIapaMeTpa-
MU PeKUMY 3a TeXHoJIoTiuHOoI0 cxeMoo PAW1. Takum unHOM, 3aCTOCY-
BaHHA cxeMu PAW?2 3 meroro minimisarmii popmosminm 3BapHUX KOHC-
TPYKIIiNl y BUPOOHUYNX YMOBaX € HEOE3IEeUHUM 3 TOUKHU 30Py TPilllMHO-
YTBOpPEHH.

6. YaockoHasena texHoJsoria PAW-3BaproBanua kpuni MARS 600, y
nopiBuaAHHI 3 MAG-cmmocoboM, Mae ImepeBaru o0 OAeP:KaHHA CTUKO-
BUX 3’€IHAHDb 3 BY3bKUM 3a30POM: 3MEHIIIEHHA MeTaJIOMiCTKOCTH CKJIa-
JaJIbHUX POOIT, MOHMKEHHS TEIIOBKJIANEHHS Y 3BapIOBaHN MaTepis,
3201 KeHHs 3BaplOBaJbHOTO JIPOTY, 3aBAAKU e(peKTy HUIbKOTEeMIIe-
pPaTypHOTO IIePeTBOPEHHA ayCTeHITY 3yMOBIIIOE Oe3edeKTHe YTBOPEHHS
MapTEeHCUTHOI CTPYKTYPU B MeTaJIi IIBa 3 BUCOKUM PiBHEM TBePJOCTHU Ta
MinmzocTH. B cBOIO Uepry, BUTPUBAJIICTh IOAIOHOI CTPYKTYPHU IIiJ BILIM-
BOM BHICOKOIIIBUAKICHUX yIapHMUX HaBaHTAKEeHb, 3 IMOTJIAAY Ha JOCTAaT-
HbO BucOKUii BMicT KapOoHy B MeTaJIi 1mBa, moTpedye JOZATKOBUX IOC-
JigiKeHb.
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Oco6auBOCTI MEXaHI3MYy CTPYKTY POYTBOPEHHS B IIOBEPXHEBUX
mapax jgatyHi JIC59-1 3a yasTpa3ByK0oBOro yaIapHOTO 00PO0JIeHHS

II1. ¥O. BoaoceBuu, 6. M. Mopzaiok

Inemumym memanogisuxu im. I'. B. Kypodiomosea HAH Ykpainu,
oyave. Akademixa Bepnadcvrozo, 36,
03142 Ruis, Ykpaina

Meromoio TpamcMicifiHOI eTeKTPOHHOI MiKPOCKOIIil ZOCIiIKeHO 0COBJIUBOCTI
dopmyBanHa medopMaIliiHUX CTPYKTYpP i asoBoro craHy 3paskiB JjaTymi
JIC59-1 micas yabTpasByKoBOTO yaapHoro oopobsenusa (Y3VYO0) sa pisHux Te-
mIepaTyp (B aproti Ta pigkomy asori) i crynenis medopmartii. [IpogemorcTpo-
BaHO, IO HaA TJIi HEPiBHOMiIpPHOTO €KCTPEMAJbHOTO MOAPiIOHEHHS BUXiTHUX
3epeH i (opMyBaHHA CYOCTPYKTYPHUX e€JeMeHTiB 30imbineHHA dacy Y3YO
CYIIPOBOIKYETHCS IPUTHIYEHHAM MeXaHizMy medopmariiiHOTo MiKpogBiiHU-
KyBaHHA, AKe aKTUBHO po3BuBaeThca B I'IIK-a-(dasi Ha mouaTkoBuUX cramiax
00pobsennua. [ledopmarnisa B-dasu 3 OIIK-rpaTHumero Ha nux cragiax Bigdysa-
eThca 0e3 yuacTu MiKpOABIHMKYBAaHHA 34 aKTUBHOTO 3POCTAHHS TYyCTUHU
IVCJIOKAIIill i 30iMbINTeHHA KiTbKOCTH MOAPIOHEeHUX BUAiJIeHDb OJIUBA, II0 30Ce-
PEMKYIOThCA HA MUCIOKAIINHUX CKymueHHAX. OOGroBopeHo 0COOJIMBOCTI pO3-
TMOMiNy KOHITEHTPATOPIiB HANIPY KEeHb i COPUATINBI YMOBHU IJis aKTUBAIlil Me-
xaHiBMiB pesakcarii, y Tomy uwmcii MikponaBitHmKyBaHHA. IlinTBepmixeHO
daxT BigcyrHOCTHU -(hasu 3a ymoB 3HaUHUX AedhopMaIliii, IKi BexyTh 10 IOApi-
OHEHHS YCiX CTPYKTYPHUX €JIeMeHTiB, 110 MOXKe OyTH OB’ A3aHe i3 migBuIeH-
HAM IMIBUAKOCTHU Iepediry qudysiiHux mporeciB, CIIPOMOYKHUX IIPUIIIBUAIITY -
BaTu ii meperBopenHs Ha cyMmim o-dasu (I'LIK) Ta y-pasu 3 'TIK-rparaunero.
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1320 I1.10. BOJIOCEBUY, B. M. MOPIIOK

Karouosi cioBa: Cu—Zn-n1aTyHb, MiKpPOCTPYKTypa, MexaHismu medopwmariii,
IBiMHUKYBAHHSA, VIbTPAa3ByKOBe yAapHE 00OPOOIeHHA.

The transmission electron microscopy is used to study the features of the
formation of deformation structures and the phase state of Cu39Zn1Pb brass
samples during ultrasonic impact treatment (UIT) at different temperatures
(in the argon gas and liquid nitrogen) and strain extents. As shown, on the
background of uneven extreme grain refinement and substructure for-
mation, an increase in the UIT duration is accompanied by the suppression of
the deformation microtwinning mechanism, which actively develops in the
f.c.c. a-phase at the initial stages of treatment. At these stages, the defor-
mation of the B-phase with a b.c.c. lattice occurs without the participation of
microtwinning with an active increase in the dislocation density, and an in-
crease in the number of the refined precipitates of lead concentrated on the
dislocation tangles/bundles. The features of the stress-concentrators’ distri-
bution and favourable conditions for activation of relaxation mechanisms,
including microtwinning, are discussed. The fact of the absence of the B-
phase under conditions of significant deformations, which results in the
crushing of all structural elements, is confirmed, that may be associated with
an increase in the rate of diffusion processes capable of accelerating its trans-
formation into a mixture of the a-phase (f.c.c.) and the y-phase with the f.c.c.
lattice.

Key words: Cu—Zn brass, microstructure, deformation mechanisms, twin-
ning, ultrasonic impact treatment.

(Ompumano 21 cepnna 2025 p.; ocmamoyn. apianm — 1 eepecns 2025 p.)

1. BCTYII

OpnHieo 3 OCHOBHUX BUMOT IO CYYACHUX KOHCTPYKI[IMHUX MaTepPisdiB €
onTHMMAaJibHEe MOETHAHHA IXHIX MiImHOCTH Ta miaacTuuHocTu. IloKasaHo,
IIT0 TaKe IIOEIHAHHS YacTO IpHUTaMaHHe MeTaJiaM i cTomaM i3 yJIbTpamu-
cuepcHUMU a00 HAHOPO3MiPHUMU eJIeMeHTaAMU CTPYKTYPHU Ta, SIK HACJIi-
IOK, IIiIBUINEHOIO MiITHICTIO i1 3a/I0B1JIbHOIO IIJIACTUYHICTIO IIOPiBHIHO 3
MOJIiKPUCTATIUYHNMY aHaJIOTaMU 3 MiKPOHHUM i HaBiTHL CyOMiKDPOHHUM
(0,1-1,0 mgm) posmipom 3epHa [1—4].

IligBumieEMMY MeXaHIYHMMM BJIACTUBOCTSIMM TaKOXK XapaKTepusy-
IOThCA MeTaJieBi MaTepidAau 3 MOBePXHEBUMHU ITapaMu, AKi MaioTh I'pa-
Ii€HTHY CTPYKTYPY, IO MiCTUTh CTPYKTYPHIi eleMeHTH, AKi 3MiHIOIOTh-
cd 3 BigmaJieHHAM Bif MOBepXHi Bi HAHO- 0 CYyOMiKpO- Ta MiKpPOpPO3Mi-
pHUX. 3MiITHEHHA MeTajJeBUX BHPOOIB BHAETLCSA JOCATTU 3a PAaXYHOK
dopMyBaHHA y iIXHiX TOBEePXHEBUX ITapax I'PaJliEeHTHUX CTPYKTYP ILIIA-
XOM 3aCTOCYBAHHS PisHUX MeTon AedopMalliiiHoro o6pobdieHHA IIoBep-
xHi [5], cepen axux — mporoctpymunHe [6], mickocTpymunHe [7], Ja-
3epHe ynapue o0pobisenHa [8] Ta inmmi. Bee mupiiie BUKOPUCTOBYIOTHCS
YIABTPa3BYKOBi MeToau MmonudikyBanua mosepxHi [9, 10], B Tomy uncri
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YIBTPa3BYKOBe yaapHe 06pobsennsa (Y3Y0)[11-14].

OcTaHHiM YacoM, i3 Po3BUTKOM BHCOKouYacTOTHOI ¥Y3VYO 3’aBuincsa
Po06OTH, III0 CTOCYIOThCA BILJINBY 10T0 Ha (popMyBaHHA AedopMalliiiHmx
CTPYKTYP i (pa30BOT0 CKJIAAYy Ta 3yMOBJIEHI HUMU 3MiHM TBEPAOCTHU II0-
BepxHeBUX InapiB Jatyueii cucteMu Cu—Zn [13—-20]. AnmamisyBanucs
3MiHM 00’¢MHOI YacTKM (pas3 i BeIMUNMHN 30H KOIePEHTHOT'0 PO3CiTHHS
[15-20], a Tako:xk fiMOBipHicTE medopmariiinoro ABitHMKyBaHHA [13,
16, 19, 20].

Migui crommu, 3okpeMma JaTyHi cucremu Cu—Zn, 3HAWILIN IINPOKE
IIPOMUCJIOBE BUKOPUCTAHHSA 3aBIAKY BUCOKMM MeXaHiYHUM BJIACTHUBOC-
TSAM i KOPO3iliHil cTitikocTi. ¥ pAai pobiT moKasaHo, IO 3aCTOCYBAHHAM
nedopmallii 3a pisHUX IIBUJIKOCTEHN i TeMIlepaTyp MoKHa chopMyBaTu
3aJaHH CTPYKTYPHO-(Pa30BUMA CTAH JIATYHEH, a TaKOMK MOCATTU OIITH-
MaJibHe TOeTHAHHA iXHiX MimHOcTM Ta maactTuuHoctu [1-4, 21-23].
IToxasaHo TaKo0K, IIJ0 CTPYKTYPHO-(a30Bi 3Minu y JaTyHi cuctremu Cu—
7Zn MOXKYTh BimOyBaTuCh i3 3aIyUeHHAM pisHUX AedopMaliiiumx Mexa-
HisMiB, mmepebir AKMX 3aJeKUTh AK BiJ XeMiuHOro CKJany, I0 3yMOB-
JII0€ BeIMUUHy eHeprii mederkrtiB maxkyBauua (EIII) [4, 22], Tak i 30B-
HIiITHiX YMHHUKIB, a caMe: IIBUAKOCTU medopwmaliii ¢ Ta/abo TeMmiepa-
rypu T [3, 4, 23]. 3gaTHicTh K0 IBIiNHMKYBaHHS Ta IiJIbHICTL ABifHM-
KiB 3pocratoTh i3 moumkeHuaM EJIII (spocranuam roHmeHTparnii I{uH-
Ky) Ta TeMIlepaTypHu, IIiIBUINEHHAM IIBUAKOCTH medopmarrlii, a Takox
3aJIesKaTh BiJl po3MipiB 3epeH i TOBIIMHY ABIHHUKIB [3, 4].

3o0Kpema, jJatyHb JIC59-1, dKa JOCTATHLO ITMPOKO BUKOPHCTOBYETh-
cs B IIPAKTHILl, MiCTUTh TPU CTPYKTYPHUX CKJIAJOBUX, MEyKa MiITHOCTH
SIKUX 34 PO3TATY 3aJIEKUTh Bil BUAY ITOIIepeHBOT'0 00POOIeHHS i CTaHy
CTPYKTYpH Ta 3MiHIOeThCA Bix 335 1o 610 MIla [24] 3a BumoB:KeHHA Bix
50 mo 4% sigmosiguo. PasoBuii cKkaan JaryHeil cucremu Cu—Zn modpe
BHMBUYEHO Y 3aJIe}KHOCTI Bix BMicTy Zn (puc. 1) [25].

Y BigmosimHOCTI A0 HiArpaMmu cTaHiB, 3a KiMHATHOI TeMIepaTypu
3pOoCTaHHA KIiJIBKOCTU Zn Bejle A0 3MiHM ()a30BOT0O CKJIAAy B HACTYIHIiM
TIOCJIi OBHOCTI (B Iy*KKax BKasaHOo KoHIeHTpaIio [{uuky) [25]:

o (< 28%) —> 00+ P (S 4T%) — B’ (£51%) — P’ + 7 (< 59%) — 7 (> 59%).

3riguo 3 [24], B- i p'-dhasu maroTh ogHaKOBUI XeMiuHMM cKaaxs (CuZn)
i BimpisuaoTLCa jaulle mpoctopoBuMu rpynamu (Im3m i Pm3m) Ta
cTpyKTypHUMU TUnamu (A2 i B2) cBoix rpaTHuIb Bigmosigao. B pobori
[18] 6yso 3asdHaueHo, 110 y 3B A3KY i3 MaJioo IMIBUAKicTIO mudysii 3a
€BTEKTUYHOI TeMIIepaTypu IIEPEeTBOPEHHA BUCOKOTEMIIEpaTypPHOL [3-
daszu (f — B + p' — o +y) BizOyBaeThCA 32 OXOJOAKEHHA AYKE TTOBiIb-
HO, 3aBIAKY YoMy [}’ He OyJI0 BUBHAUEHO Yy HOIEPENHIX MOCTiAKEeHHIX
[24]. Iami dasu maors TIK (a-dasa) it OIIK (B-dasa) rparanmi. Ixmi
napamerpu 0,36327-0,36898 um i 0,29498-0,29522 um 3amexkaTh Bif
BMicTy Zn B imTepBaJjax 11,41-33,56 ar.% i 48,23-49,30 at.% Bigmo-
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Puc. 1. ®asoBa giarpama cucremu Cu—7n [25].

Fig. 1. Phase diagram of Cu—Zn system [25].

BigHO [24]. 3a nanumu [26] y-dasa mae crexiomerpito CusZns i3 cKas-
HOI0 Ky0iuHOIO BIIOPSIAKOBAHOIO I'PaTHUIIEIO, a e-(asa (CuZns), 110 Mic-
TUTB IIepeBakaJIbHy KilbKicTh Zn (> 79 aT.%), — I'lIIII-cTpyKTYDY.

3asHauvaeThCA TAKOK, 1110 hopmosmina B-maryHi (39-60 aT.% LluHKY)
3a IIeBHUX TEeMIepPaTypHUX YMOB i BMicTy Zn moske OyTu OB’ sa3aHa 3
¢das3oBUMU IIEPETBOPEHHAMUN MapTeHcuTHOro [24, 26] a6o GeiiHiTHOTO
(B« Pp)I[27, 28] Tunry. Pazom 3 Tum, Mmexauizmu medopmarii okpemMux
dazoBux craamoBux JartyHi JIC59-1 moTpedyroTsL ZOZATKOBUX OCJIi-
IKeHb, OCKiJIbKH IIOBEJiHKA MaTepiday IiJ yac MeXaHiuyHUX 00po0JIeHb
i HacTYHnHOI eKcIJIyaTanii 3ajJIe;KUTh BiJl CTPYKTYPOYTBOPEHHS Ta 3MiIl-
HeHHA (Da30BUX CKJIATOBUX.

MeTo10 maHOl POOOTH € HOCIiAKeHHA 0co0anBOCTEN Hed)opMaIliiiHOro
CTPYKTypoyTBopenusa jJatyHi JIC59-1 za ymoB ¥Y3¥YO, 3o0xpema BuU3HA-
YeHHS 0cO0JIMBOCTEel ABIMHMKYBAHHS y (a30BUX CKJIAJOBUX, MEeXaHi3-
MY 3MeHITeHHA KiabKocTu 3-hasu Ta moBeqinku Pb.

2. METOOUKA EKCIIEPUMEHTY

HocmimxeHnHsa mpoBemeHOo Ha 3paskax Jaryri JIC59-1, axa micTuThb
Muuk, IlnfoMOyM i He3HAYHI YACTKM iHIMHX JeI'yBAJLHUX €JIEMEeHTIiB,
HaBegeHi y Taoi. 1.

VY BigmoBigHOCTI 3 pasoBoio Aiarpamoro JaTyub JIC59-1 mae Tpudas-
Hui craH (puc. 1). Ha giarpami 1BomMa BepTUKAJIbHUMHU JIiHiAMY TO3HA-
YeHO XeMiuHi CKJIaay HalOiJbII IOIIMUPEHNX 3 TOUKHU 30PY IPOMUCIOBO-
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TABJINIIA 1. Xemiuamit ckaan aaryai JIC59-1 (Bar.%).

TABLE 1. Chemical composition of Cu39Zn1Pb brass (wt.%).

MacoBa uactka enxemenTty, %

Cu Zn Pb Si Fe Mn Ni Sn

58,9 39,6 1,05 0,43 0,05 0,03 0,03 0,01

o 3aCTOCYBaHHA JaTyHeH Ifiei cucTeMu, a caMe, KapTPUIKHOL (4epBo-
uoil) maryHi (Cu—30 Bar.% Zn) i Tax 3BaHoi 3esiexoi gatyui (Muntz metal
— Cu—40 Bar.% Zn) [25]. HocuimKyBaHMI CTON B3HAXOAUTHCA Ha
Jigrpami Ha MexXi MixK ogHO(a3HOI0 00JaCTIO icHyBaHHS a-(pasu i 0bJ1a-
crell icHyBaHHA cymiment dpas o+ ' i a +y. KigbpricTs y- Ta -dhas y Bu-
XiZHOMY CTaHi JOCJiAKyBaHOI JaTyHi 3a pe3yJibTaTaMUu PEeHTI'€HOCTPY-
KTypHOI aHaJisu ckaagae 54,1% ta 45,3% [15].

Y3VO amificHOBaJIOCA 3a OJHAKOBUX PEKMMIB i3 BUKOPHCTAHHAM
IBOX CXeM HaBaHTaKeHHd, mepina 3 Axkux (Y3VY0-1) nepegbavasia pos-
TalryBaHHA 3pasKa y 3arauOJieHHi KoBaaia (puc. 2, a) [15—18]. Ocki-
JbKV HaBAaHTA)KEHHSA 34 I[i€I0 CXeMOI0 Bim0yBaJOoCh YV KBa3Wi30CTATUU-
HOMY Pe:KHMi, TO 3pa30oK 3a3HaBaB MeHINUX AedopMalriit (po3mupeHHs
3paskKa B PafifdJbHUX HaOpPIAMKax O0yJao oOMe)KeHe CTiHKaMM 3arjauo-
JeHHs). 3a 00pobJieHHA 3a Apyroio cxemom (Y3YO0-2) 3pa3ok posTariio-
ByBaBCcA Ha ILTacKkoMy KoBamiai (puc. 2, 0) [29, 30], 110 yMOXKINBIIOE
omep:;KyBaTHu mig yac oOpobJsieHHs (Ha MOBiTpi, B 3axucHiit aTMocdepi 3
apromy Ta 3a OXOJIOM:KEHHS B PiIKOMY a30Ti) 3pa3Ku 3HAYHO OiIbIMTUX
PO3MipiB, IO iCTOTHO IIOJIIIIIIYE HE TiJIbKM YMOBHU IIPOBEIEHHS eKCIIe-
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Puc. 2. Cxemun ¥Y3VYO y kBasmizocratmunomy (Y3VYO-1) (a) i HOpMasbHOMY
(Y3YO0-2) (0) pe:xumax.

Fig. 2. Schemes for UIT in quasi-isostatic (a) and normal (6) regimes.
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PUMEHTiB, a ¥ HiABHUINYE HASINHICTh OepP:KaHUX PEe3yJbTaTiB, POSIIN-
PIOIOUM MOJKJIMBOCTI BUKOPUCTAHHA 3HAYHO OiJbINOI KiJTbKOCTH HOCIIiI-
HUNLKIX METOLiB, Y TOMY UMCJIi i MeXaHiuHNX BUIPOOyBaHb. BoguHouac
yacTora ¥ 3-xoausausb (f = 21,6 xI'r) 6yaa mocriliHoio, yacToTa yaapHUX
iMmoyabciB ckaagama 0,6—1,2 kI'tg [29, 30], ammaityga A = 20 MKM i gac
o06pobaenns cramoBus t =20, 501100 c.

CTPYKTYpPHI HOCIIimKeHHA ITPOBOAUINCH i3 BUKOPUCTAHHAM CBiTJIO-
BOI Ta TpaHCMIiCifiHOI eJIeKTPOHHOI MiKPOCKOIii. 3pa3Ku y BUTJISALL TO-
HKUX (oJIiil AJid eJJIeKTPOHHO-MiKPOCKOIII YHUX AOCIiI3KeHb II0JipyBaan
eJeKTPOXeMiUYHOI0O METOA0I0 y CTPyMeHi eeKkTpoiiTy ckiaanmy HsPO4 (65
mi) + HaSO4 (15 ma) + Crz0s (6 1) + H20 (14 M) 3a BormamoBoo MmeTo-
nmoio (mmaTuHoBa (a00 0B’ AHA) KaToAa Ta MicIle AJid 3pasKiB y TpuMaui
3 (¢rTopoImacTy) 3a Hampyru mocriiimoro ctpymy mo 80B Ta crpymy
1=0,8-1A. VY mporieci moipyBaHHS €JEKTPOJIT 0XOJOLKYBABCSA IPO-
TOYHOIO BOJIOIO TEMIIEPaTypoio B Mexkax 12—15°C.

3. PEBYJIBTATHU TA IX OBTOBOPEHHS

PesynbTraTn gOCIIigKeHDb y CBiTJIOBOMY OITHYHOMY MiKPOCKOIIL 3pasKiB
BuximHoro crany jJatyhi JIC59-1 naBemgeno ma puc. 3. AHamiza HUX CBi-
OUYUTH OPO Te, IO iXHIiM (Da3oBUM CKJIaJ BiAIIOBimae JiTepaTypHUM Oa-
HUM 1 IpeficTaBJIeHNN ¥ BUTJIALL ABOX Y- i B-(ha3 3a HAABHOCTY BUAIJIEHD
onuBa 3 'lIK-rparaumeio (¢ = 0,49505 am). MikpocTpyKTypa MicTUTH
maTpuuny (cBiTay) v-asy Ta remHy [(abo B')-hasy, a TaKoX 100y aapHi
BUIiJIeHHA ouBa pos3mipamu Big 0,2 1o 10 MKM, pO3TOAia AKX HA IIO-
BepxHi mrida € npakTuuno piBHOMipHUM. CTpiukm B-asu i3 HesHaU-
HUMU TJIO0YJIAPHUMHY IIOTOBITEHHAMY, PO3TAIIIOBAHI B3JOBK MEK 3epeH
y-basu, maroTh TeMHUI KOHTpacT, ocKinbku OILK-B-dasza sasnae min-

Puc. 3. OnTruHO-MiKpPOCKOIIiuHE 300paskeHHA CTPYKTYPM IIOBEPXHi JaTyHi
JIC59-1 y Buxinmomy craHsi.

Fig. 3. Light-optical microscopy image of the Cu39ZnlPb brass surface
structure in initial state.
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BUIIIEHOT'0 XeMiUHOTO IITaBJIeHHA.

HaasuicTb 03HaYeHUX CKJAMOBUX Y BUXiJHOMY CTaHi JaTyHi miaTBe-
PIKYEThCS PpPe3yJbTaTaMH AaHaJJi3W TPAHCMICIHHUX eJeKTPOHHO-
MiKPOCKOIIIYHIX TOCJIIIKeHb CTPYKTYPH TOHKHUX (PoJIiii, a TaKkoXK ofe-
piKaHUX eJeKTPOHOrpaM i3 BU3HAUEHHAM ILJIOINUH BimagsepKalieHHA Ta
pediekciB Bix xoxuoi 3 a3z (puc. 4). 3a3HAUYNMO, III0 I'YCTHUHA PO3TAa-
IITyBaHHS AMCJIOKAIIil BTijleHHA B 000X (hasdax BUXiTHOTO CTaHY JIEKUTD
y meskax 5-10°cm 2 3a mesHaunol npucytHoctu B I'IIK-y-dasi Tonkux
IBiHUKIB, OUeBUIHO, JedopMallifHOTO MMOXOI:KeHHsa (puc. 4, a). IIpo
OPUHAJEKHICTh JUCJIOKAIiN 10 THIY Je()eKTiB BTiJIEHHS CBiAYNTh Had-
BHicTBh 0ing HuUX medopMalliiiHOro KOHTPACTy, 3aBAAKU SKOMY BOHU
BU3HAYAIOTHCS Ha €JIEKTPOHHO-MIKPOCKOTIUHINX 300pareHHax. I1oaio-
Hi 0cOBGJIMBOCTI He IPpUTaMaHHi JedeKTaM TUITY BUJIYUYEHHs, AKi Ha PiBHI
BaKaHCiHi i AMCIOKAaIliili IPaKTUUYHO HE CIOCTEPiramoThbcA y HOMiOHMX
Iocim:KeHHAX . Bimomo, 1110 uIlle HaABHICTD Ae(peKTiB TUNIY BTiJIEHHA Y
BUTIJIAAL BaKaHCiH i quciokalliii Mmoxxe i 3a0esmeuye BigmosigHe medop-
MallilfiHe 3MiITHEHHS 3a Pi3HUX BUAIB IIacTHUHUX nedopmarrii [31, 32].

Caix BigsHaumTH, 1110 Y BUXiJHOMY CTaHI PLMKHUITA MiMK OUCIOKAIIi-
HUMU CTPYKTypamu V- i B-das (3a ymoB, 1mo B-asa He BcTUrae posmac-
THCA Ha O- i y-ha3u) IpaKTUYHO He BUABJIAETHCA (OKPiM MiKpoOABiiTHM-
KyBaHHdA, AKe 3pifgKa 3ycTpiuaersed B y-dasi BuxigHoro crany). Hamii-
HO po3pisHUTHU a3y y BUXITHOMY CTaHi y JOCIiIKeHHAX 3a JOIIOMOT' 00
TpaHCMiciliHOl eJJeKTPOHHOI MiKPOCKOIMil MOKJINBO TiJIBKHU 3a €JeKTPO-

Puc. 4. TEM-zo6paskenns mikpocTpykrypu I'lIK-o-hasu y miomuui BaabIrio-
BaHHA y ¢ouii Jaryni JICH59-1 y BuximHomy craHi (a) Ta erekTpororpama (6) 3
HaBegeHoi Ha (@) TiIAHKA.

Fig. 4. TEM image of the microstructure of f.c.c. a-phase in the rolling plane
in Cu39Zn1PDb brass foil in the initial state (a) and the SAED pattern regis-
tered from the area shown in (a).
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HOTpaMaMHM, XOua HaABHICTH, JgeopMaIlilHMX JABIAHMKIB, dAKi
3’ ABNAIOThLCA mig yac ¥Y3VYO (mesasieskKHO Bij oro BUAIB i peKuMiB), Ha
IMOYATKOBUX CTaAiAX 0OpOOJIEHHA JUIe Y CTPYKTYPi 3epeH y-dasu 1o-
moMarae mpoiiecy ii BusHaueHHs. Ha pucynkax 5, 6 HaBeIeHO CTPYKTY-
pu spaskiB garyni JIC59-1 micaa ii ¥Y3YO B atmocdepi aproHy BIIpo-
mos:x 20 ta 50 c.

3azHavYmMo, II10 TOAi0HI CTPYKTYPHI 3MiHM B JIaTyHi cmocTepiranaues i
3a ymoB ¥3¥YO0 3a cxemoio 1 [15] yupomos:k 50 ¢ 3a 00po0IeHHA AK Ha
IOBiTPi, TaK i 3a OXOJIOMKEeHHS y piZKomy asori. BomHouac akTuBHe
Iedopmariiine ABiTHUKYBaHHA Y-(as3u CIIOCTEPiraeThCcAa Ha ITOUYaTKOBUX
cramiax obpobaennsa (micaa 20 ¢ Y3VO0). Ilepebir aBiiHMKyBaHHA Bif-
OyBaeTbcda Ha TJi ogHOuacHoro hopmyBaHHA B 'T[K-y-hasi komipuacTux
CTPYKTYP i3 posmipamu Komipok y 0,02—-1,5 MKM, asuMyTaJabHA Ae30Pi-
€HTAIlis MisK CyCiZHIMU eJleMeHTaMH AKX B MeKaX MOHOKPUCTAI YHIX
3epeH He mepeBUIye +2,5°, 110 MiATBEePAKYETHCA aHATi30I0 eJIeKTPOHO-
rpaM TeEMHOIILJIBLHUX i CBiT/IONiIBHUX 300pasKkeHb (puc. 5).

Ogmep:xaHi pe3yabTaTH 3arajioM 36iraioTbcs i3 BUCHOBKaMu pobit [3,
5] mpo Te, 10 aKTUBHE medopMalliiiHe IBiNHUKYBaHHS JaTyHel MoOKe
CIIPUATU IiABUNIEHHIO IXHBOI IJIACTUUYHOCTH, AKEe TaKOXK CIocTepira-
JIoCch i 3a ymoB gedopmartii mig wac Y3VO [13].

Mo omep:kaHUX pes3yJbTaTiB CJif momaTu i Te, 110, Ha BiAMiHy Bifx y-
dazu, B OLIK-B-dasi gredopmariiiine MikpogBiiHUKYBaHHA HE CIIOCTEPi-
raeThesa. HesasexHo Bim cepemoBuila o0po0IeHHSA, I'YCTUHA PO3TAIIy-
BaHHA AeeKTiB BTiieHHA y 3epHax [-dasu 3i 30iIbIITeHHAM TPUBAJIOCTHA
V3VO0 nigsuiyernes go 101! em 2. IlepebymoBa guciaokariii y Komipua-
CTi CTPYKTYypU B 3epHax B-dasu y mopiBHAHHI i3 y-(hasoro BixbyBaeTbcs

Puc. 5. TEM-306paskenusa mikpocrpykrypu I'IIK-y Ta OLIK-B-das y miomusi
BasnbIoBaHHA (Qourii naryri JIC59-1 micaa ¥Y3VO (20 c) B atmocdepi aprony
3a cxemoio 1 (a) Ta emekTpororpama (6) 3 HaBeneHOl Ha (a) TiTAHKU.

Fig. 5. TEM image of the microstructure of f.c.c. y- and b.c.c. B-phases in
the rolling plane of the Cu39Zn1Pb brass foil after UIT-1 for 20 s in the
argon-gas atmosphere (a) and the SAED pattern registered from the area
shown in (a).
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Puc. 6. Caitisonisnsae TEM-300paskeHHsa MiKpocTpyKTypu i3 medopmariisnu-
mu Mmikpoasititamkamu I'IIK-y-hasu y momumui BanbmioBaHHS (Qouril jgaTyHi
JIC59-1 micaa ¥Y3YO (50 c) B atmoctepi aprouy s3a cxemoio 1 (a), eIeKTpo-
Horpama (6) 3 HaBefeHOl Ha (a) HIAHKYU Ta TEMHOIIJBHI 300paskeHHA (8, 2),
onmepsKaHi y BigmsepKaJeHHAX Bix ABIAHWMKIB 1 MaTpuili, mo3HaueHUX Ha
eneKTpoHorpami mudpamu I ta 2 BigmoBigHO.

Fig. 6. TEM bright-field image of the microstructure of f.c.c. y-phase with
deformation microtwins in the rolling plane of the Cu39Zn1Pb brass foil
after UIT-1 in the gas argon atmosphere for 50 s (a), SAED pattern (b)
registered from the area shown in (a), and dark-field images (8, 2) obtained
in reflexes of twins (1) and matrix (2) indicated in (6), respectively.

3HauHo cyabire (puc. 5, 7).

PesynpraTtu mociaigskeHb cTPpYKTypH (-hasu y TeMHOMY moJi B ped-
JeKcax oamBa (puc. 7, 6—0) cBiguaTh mpo Te, 1o 3a ¥Y3¥YO maryHi, B TO-
My YHCJi H 3a TeMmepaTryp, HaOIm:KeHHX OO0 pimrkoro asory, B OILK-
I'paTHUII BigOyBaeThcsa aKTHBHE IMOAPiOHEHHS BUXiTHUX T'JIOOYJISAPHUX
YAaCTUHOK OJIMBA 3a OJHOYACHOTO YTBOPEHHSA Ha AUCJOKAIIiAX 3HAYHO
IpibHimux Bumisenb poamipom y 2—20 um. IIi obcraBuHM, OUeBUIHO,
CIIPUAIOTH TaJIbMYBAHHIO IIPOIECiB YTBOPEHHS H00pe chopMOBAHUX KO-
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Puc. 7. TEM-306paskenusa mikpoctpyktypu OLIK-B-hasu y maomnusi BasgbIfio-
BaHHA ¢ouii aaryui JIC59-1 micaa ¥Y3VO y pizkomy asori 3a cxemoro 1 (50 i
100 ¢) (a, 8), BigmoBigHi enekTpoHOrpamMu (0, 2) Ta TEMHOIIiJIbHE 300paKeHH S
(0), omepeKkane y BiigsepKaIeHH] 0JMBa, IIO3HAYEHOMY Ha (2) CTPiIKOIO.

Fig. 7. TEM image of the microstructure of b.c.c. B-phase in the rolling plane
of the Cu39Zn1Pb brass foil after UIT-1 in liquid nitrogen for 50 and 100 s (a,
8), respective SAED patterns (6, 2), and dark-field image (9) obtained in reflex
of lead indicated by arrow in (2).

MipyacTux CTPYKTYp y P-dasi, osHaK 3MeHIIIeHHA KiJIbKOCTHU AKOI 3a
yMoB Y3V O 3a MeHIIT IOTyKHOIO cxeMoio 1 ympomos:xk 50 ¢ He crmocTepi-
rajiocs.

Buropucramua Y3VYO0 za cxemorio 2, axa 3a0e3meuye BUINN CTYHiHb
medopwmarrii, icTroTHO 3MiHIOE 0COGIMBOCTI (POPMYBAHHS CTPYKTYP JaTy-
Hi (puc. 8). ¥V mepiry uepry, CJig 3a3HAUYNTHU 3HAUHE IIOAPiOHEHHS MO-
HOKPHUCTAJIUHNX 3ePeH BUXiTHOTO CTaHy BiJ cepelHbOT'0 PO3Mipy B Me-
kKax 30 MKM MO0 MOHOKPHCTAJIUHUX eJeMeHTiB 3 posmipamu y 2—3,5
MKM, BHYTPiIlIHI CTPYKTYPU SKMX HPEACTaBJIEHO KOMipKaMHU 3 PO3Mi-
pamu 0,2—-0,6 MxM, a IXHA asuMyTaJIbHA Ae30PicHTaIlid B MeXKaX MOHO-
KpHCTAJiYHOTO yTBOPeHHs B Kouil (puc. 8, a) He mepeBuinye +2,5°
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Puc. 8. Csitsnoninere TEM-300pa:xenna wixkpoctpykrypu I'I[K-y-hasu y
IJIOIIWHI BaJbITIoBaHHA (ourii paryHi micaa Y3VYO0 y pigxomy asori (50 c) 3a
cxemoio 2 (a), exexrpoHorpamu (6, 8, 2), omeps:KaHi Bim obsacreii, mo3HaUe-
HUX Ha (a) mudpamu 1, 21i 3.

Fig. 8. TEM bright-field image of the microstructure of f.c.c. y-phase in
the rolling plane of the brass foil after UIT-2 in liquid nitrogen for 50 s
(a), the SAED patterns (6, 8, 2) obtained from the circle areas indicated in
(a) by numbers 1, 2, and 3, respectively.

(puc. 8, 0).

Y MOHOKPHCTATIYHNX eJIEeMEHTAaX 3 Po3MipaMu, MEHIITIMHU 34 2 MKM, i
BHYTpPillTHIiMu KoMipkamu meHinmumu 3a 0,3 MxM (Koo 2 Ha puc. 8, a)
eJleKTpoHOTrpaMa HabyBae BUTJIAAY (puc. 8, 8), AKUM CBiAYUTH PO a3u-
MyTaJbHY He30picHTAIlil0 KOMipoK, aka carae +3,5—4°. 3azHaunMo, II10
Ha puc. 8, @ pucyTHi Micia (K00 3) i3 CTPYKTYPHUMH YIPYIIOBAaHHAMU
i3 posmipamu y 0,14-0,2 mxM. BoHU Bu3HAYAIOTHLCS GBI YiTKUM YOP-
HO-OimuM medopMalifiHUM KoHTpacToM. EjeKTpoHOrpaMmu Bim Takmx
IinaHOK HaOyBalOTh BUTJIALY, IIOKa3aHOTO Ha puc. 8, 2, AKUHA CBiIUYNTDH
PO pisKe 3MeHIITEeHHA eJeMeHTiB cTPYKTypu. KpaTHe 30iableHHA Ki-
JBbKOCTH Bii3epKajieHb, PO3TAIIOBAHUX Yy IIEPITIOMY KOJIi, CBIiIUNTD, IO
IIi eJileMeHTH 3a CBOIMH KpucTajJorpaiuHnMy o3HaKaMM BiAIOBiZaOTh
MOHOKPHUCTAJIUHUM JPiOHMM yrpyIoOBaHHAM i MICTATh BCcepemguHi
6imbm mpidui Komipku. Ile 3abeaneuye He JuIlle a3UMyTaJbHe, a i pami-
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SIIbHE PO3MUTTS OKPEMUX BimazepKajieHb BiJi 03HAUYeHNX MOHOKPHUCTA-
JIYHUX eJIEMEeHTiB CTPYKTYPH.

Onucanmii KOMILIEKC CTPYKTYPHUX SABUIN CIPUAE YTBOPEHHIO HAa
eJIEKTPOHOTPaMax MalKe CYIIJIbHUX HepPIIuX KiJ, KOKHe 3 SKuX c(o-
pPMOBaHe 3arajbHOI0 KiJIbKiCTIO pO3TaIllOBaHUX B3JOBXK HUX BimasepKa-
JIeHb BiJl yCiX eJeMeHTiB CTPYKTYpH, AKi 3HAXOAATHCA Y MeXKax II0JId
(KoJa) orasamy, oOMeKeHOTO MPOEKITiHOI0 AiAdparMoio eJIeKTPOHHOTO
MiKpockoma. BogHopas, pagisiibHe po3MUTTs pedJaeKciB MoKe cBimgum-
TH, 30KpeMa, i PO SHAUYHUI HANPYKEHUI CTaH MOAiIOHUX CTPYKTYP,
AKUN OUiKyBaHO Mae IIiABHUITyBATHCA 3a YyMOB ¥3YO 3a KpioreHHHX
TemiepaTtyp. KpiMm Toro, 3a ycix momiOHmMX BHOAAKiB eJIeKTPOHOTPAMU
MaTh Kpuctajgorpadiuni osuaku, npuramani Tiabku I'IIK-r'paTamIri
3a MPaKTUYHO MMOBHOI BificyTHOCTH Bixnseprasens Bix OLIK-B-dasu. Ile
MOsKe OyTH IIOB’sA3aHe 31 3HAUHMMM CTYIEeHAMHU ILJIaCTUYHOI medopMa-
ii, AKi cOpUAIOTE Ae3iHTerpailii rimo0yJaapHUX YaCTHHOK OJIMBA 3 OJHO-
YACHUM YTBOPEHHSIM BEJMKOI KiJIbKOCTH HOBUX OLJBII APiOHMX YACTU-
HOK OJIMBA, PO3TAINOBAHUX Ha AUCJIOKAI[isAX, IIT0 MOKe OyTH CBigueH-
HAM ITiABUINEHHS IMBUAKOCTH AUQPY3ilHUX mporieciB. 3a BUCHOBKAMMU
pobiT [24, 25] 6pak mBuakocTu nudysii 3MeHIITye BiporigHicTh po3many
B-dasu Ha o+y-hasu y TO# Uac, AK BHAUHE ITiJBUINEHHA IITBUIKOCTH IU-
dysiitaux mporecis 3a ymMmoB Y3YO MosKe cupuaTu ii posmany, 3abesme-
yyoun noaBy o-¢asu 3 ['TIIK-rparauneo. 3pocTaHHSI yacy o0pobaeHHa
1o 100 ¢ y pisHuX cepemoBuIax (Ha IOBiTPi, B apr'oHi i1 y pizxomMy a30Ti)
CIIPUYMHAEC 3HAYHI BeJIMUMHMN AedopMaliiii 3paskiB, 10 IIPUTHIUYE me-
dopmarnitine nBittHukyBanHA ['L[K-y-dasu. Oxpewmi i#ioro sajnumku B
He3HAaUYHUX 3a posMipaMu miJAHKaxX CTPYKTYP (Zo 3 MKM) 3pigka cioc-
TepiraroThcA Ha TJIi 3HAYHOTO HOAPiOHEeHHA IK MOHOKPUCTAJIIUHUX eJje-
MEHTIiB BUXiZHOI CTPYKTypu (3epeH), TaKk i KOMipoK y ixHi#l cepemuHi
(puc. 8). VimoBipHo, mo micaa Y3YO TpusaiicTio > 50 ¢, He3aIesKHO Bif
3aCTOCOBAHOI cXeMHU HaBaHTAMKEHHs, OLiJBINI iCTOTHY pPoOJb y mepediry
pejaxcaliiHIX OpoIeciB Bigirpae Bakauciiiuuii mexauiam. IIpo e cBi-
OJYaTh He TiJIbKU 3MiHU AedopMaIiiHOro KOHTPACTy, a M HaA3BUUYAMHO
BHCOKA I[LJIbHICTh CKYITUYeHb TOUKOBUX Ae(eKTiB THUITY BTiJIeHHS.

3a3HaYMMO, IO BCTAHOBJIEHA IIOCJiTOBHICTE CTPYKTYPHUX IepedyIoB
He CYIepeuYnuTh 3araJbHUM IPUHITUIIAM YYaCTH Ta MOCJIiJOBHOCTH POOO-
T MeXaHi3MiB ILIACTUYHUX i KPUXKOI pejlakcalliii Big ymMoB medopma-
1ii, 3oxpeMa Bif ii mIBUAKOCTH, AKa Y BUTJIALL IapabOJIiuHIX 3aJI€KHO-
cTell MOCIiTOBHO perjaMeHTye OisaabHIiCTS (TeHepallito BiZmoBigHuX me-
dekTiB) ycix MmexaHidMiB pesakcarlii y moJi giAabHOCTH BaKaHCITHOTO
MmexaHizmy [33—38]. BogHouac, ocKinbKu mporiec medopMaIiiHoro Mi-
KPOABiMHMKYBaHHA MOXKe OYTH BiHeceHUI M0 AUCJIOKAIIMHOTO MeXa-
HisMy, 1OT0 IPUTHIiUEeHHS 34 HAA3BMUYANMHOTO IOAPiOHEHHS MOHOKPIC-
TAJTIYHUX CKJIAJOBUX IIOJNIKPUCTATIYHUX CTPYKTYP BUIJIALAE Biporin-
HUM, TUM OiJIBII, IO ITe MAa€ BigOyBaTHCA 3a IPUINHEHHSI POOOTH JTIC-
JOKaIifHOTO MexXaHi3My KOB3aHHA Ta Iepefaudi mpoBigHOI poJii 3a yci
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penakcalifini aBuIilna BaKaHCifiHoMy MexaHismy. OsHaueHe, 3TiZHO
[38], BimOyBaeThCca 3a 3HAUHOTO 30iJBbINTEHHA KiJILKOCTH HOBUX, c(hop-
MoBaHUX 3a ¥Y3Y0O KOHIEHTPATOPIB HAIPY:KeHb, Biamami MixK BepImu-
HaMU AKUX MiHIiMi3yIOThCS, 34 PAXYHOK HOAPiOHEHHS eJIeMEeHTiB CTPYK-
TypUu Ta 3MEHIIeHH JiI0UYnX HaIPY:KeHb Y KOKHiM i3 BepiuH. Ile mae
CIIPUATH IIPUTHIYEHHIO 1mporecy gedopMAaI[iiHOrO0 MiKpoaBiiiHI-
KYBaHHS, 3aPOJKeHHA AKOTO OB’ A3YETHC i3 AUCIOKAIIMHNM MeXaHi-
3MOM, 3JATHOTO CHOPUATH pejakcaiii OiJbIl maJeKOUMHHUX HaIpPy-
JKeHb, AKi BUHUKAIOTH JIUIIEe Y KPYIHO3EPHUCTUX CTPYKTYpax.

4. BUICHOBRKH

Bmepiite mpogeMoHCTPOBaHO, 1110 3a yMoB ¥Y3VYO 3paskis natyri JICH59-1
Ha (OHi HepiBHOMipHOI'O iHTEHCUBHOIO MOAPiOHEHHS BUXITHUX 3epeH i
copMOBaHMX BIOPOAOBXK medopmarlii cyOCTPYKTYPHHUX eJIEMEHTiB y
ixHiT cepexunui 30imbitenHda uyacy Y3YO mo 100 c cympoBoOm:KyeThCS
NPUTHIYeHHAM mpoliecy AedopMalliiHOro MiKpoABIiMHUKYBaHHA, dKe
Ha MOYaTKOBUX CTamiaxXx o0pobseHHs (7o 40 ¢) aKTUBHO PO3BUBAETHLCS B
y-asi.

Hedopmaria BucokoremnepatypHoi B-hasu HA MUX cTaxidx BigdyBa-
eThbcA 0e3 y4acTd MiKPOABIMHMKYBaHHS 3a aKTMBHOIO 3POCTaHHS T'yC-
TUHU AUCJOKAaIlili, moApiOHeHHA Ta 30iJbINIeHHS KiJIbKOCTH BUIiIJICHL
0JINBA, AKi 30cepeKeHi Ha UCJIOKAI[INHNX CKYITUYeHHIX.

IligTBEepmEeHO, IIIO 3a YMOB 3HAUHMUX Aedopmailiiii, AKi BegyTh 0
dopMyBaHHA AEe30Pi€eHTOBAHUX HAHOPO3MipHUX CTPYKTYPHUX eJIeMeH-
TiB, B CTPYKTYPi KocaimkeHoi JaTyHi BigcyTHa B-dasa, 1110 Moxe 0yTH
moB’sI3aHe i3 MiABUINEHHAM IIBUAKOCTH IUPY3iHMX IpoIlleciB, CIIpo-
MOXKHUX IPUIIBUANTYBATH i1 po3naz Ha o- Ta y-hasy i3 'K rparanma-
MU.
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Pob6oTry BuKoHaHO 3a cupuanud HamiomaabHol akageMii HayK YKpaiuu
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IlinBUIEeHHSI BTOMHOI JOBrOBiYHOCTH CTOILY aJIIOMiHi0
16T BucoxkouacroTHUM yagapHUM MogudiKyBaHHAM IIOBEPXHi

B. M. Mopzrok ™™, O. C. T'anteaxo”, T. B. Typuak”, O. I. Backosa”,
0. C. Kymuapnosa™
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ITigBumenssa pecypcy BiATOBiZaJIbHUX KOMIIOHEHTIB i3 anOMiHifIOBUX CTOIiB
3a IMUKJIYHUX HaBAaHTAXKEHb 3a JOIIOMOI0I0 MOAU(DIKyBaHHSA IIOBEPXHI € BaXK-
JINBOIO 3aadvero. ¥ il poboTi JOCIIiMKEeHO eBOJIOiI0 MiKPOCTPYKTYPHU Ta Me-
xaHiuHi BaacTuBOCTi amioMmiuiioBoro cromy /16T 3a mukgiuHOrO HaBaHTAa-
JKeHHS Ta BUCOKOYACTOTHOrO yamapHoro oopobaenusa (BUYO) mosepxui. Ak
OyJI0O BUABJIEHO 3a JOIOMOIOI PEHTIeHiBChKOI amdpaxiii, ckanyBaabHOL
(CEM) i tpaucwmiciiinoi (TEM) eneKTpOHHMX MiKPOCKOIil, MiKPOCTPYKTypa
3pasKiB cKJaazasacAa 3 MATPUII aJTIOMiHiIO Ta BUAiJeHb 3Mil[HIOBAJIBHOI (hasu
pisuoi gucmepcuHocTH (= 2,5 06.%). BecranoBieno, 1o iHTeHCUBHA ILIACTHUYHA
medopmartia mix vac BUYO-moaudikyBaHHA TOBEPXHI Belie 10 3POCTAHHSA Mi-
kporBeproctu HV100 nosepxHi Ha 46% (1,46 I'lla) Ta omopy BTOMi Ha 75%

Corresponding author: Bohdan Mykolayovych Mordyuk
E-mail: mordyuk@imp.kiev.ua

*G. V. Kurdyumov Institute for Metal Physics, N.A.S. of Ukraine,
36 Academician Vernadsky Blvd., UA-03142 Kyiv, Ukraine
**E. O. Paton Electric Welding Institute, NAS of Ukraine,

11 Kazymyr Malevych Str.,UA-03150 Kyiv, Ukraine

Citation: B.M.Mordyuk, O.S.Gatsenko, T.V.Turchak, O.I.Baskova, and
0. S. Kushnarova, Enhancement of the Fatigue Durability of D16T Aluminium Alloy
by High-Frequency Mechanical-Impact Surface Modification, Metallofiz. Noveishie
Tekhnol., 47, No. 12: 1335—-1354 (2025) (in Ukrainian). DOI: 10.15407/mfint.47.12.1235

© Publisher PH “Akademperiodyka” of the NAS of Ukraine, 2025. This is an open access
article under the CC BY-ND license (https://creativecommons.org/licenses/by-nd/4.0)

1335


https://doi.org/10.15407/mfint.47.12.1335
https://creativecommons.org/licenses/by-nd/4.0
https://doi.org/10.15407/mfint.47.12.1335

1336 B.M. MOPIIOK, O. C.TAITEHKO, T. B. TYPYAR Ta in.

(9,2 103 nurIiB 3a Omax = 440 MIIa) 3paskis crony 16T y nopiBaaHHI i3 Bu-
XiIHUM CTaHOM, II[O HOB A3aHe i3 (POPMYyBAHHSAM YJILTPAAUCIIEPCHUX 3€PeH i
HaIpy:XKeHb CTUCHEHHA y NoBepxHeBoMmy Iapi. EBomionmiro medopmamiiiHux
IedeKTiB i MiKPOCTPYKTYpHM aHaidyBaiM Ha KiJbKOX MacHITaOHUX PiBHIX
IndpakmifHTMy Ta MiKPOCKOIIYHMME METOZAaMM, a TaKOK MOJEJTIOBAHHIM
MeTomo0 MoeKyasapHoi nuaamMiku (M]l). CKynueHHA AUCIOKAITIN i TOUKOBUX
IedeKTiB HaBKOJIO COepUIHOTO BKJIIOUEHHS, BiATIIapyBaHHA MaTPUIlL B3JOBXK
Mik(dasHUX MeX i3 yacTuHKaMu APyroi hasu Ta cMyru KOB3aHHA PiBHUX CHUC-
TeM, BUSBJEHI B I'PaTHUII ajfoMiHito mig vac M]l-MomemtoBaHHS ILIACTAYHOL
medopmailrii, 3HAUIIIN CBOI eKCIIEPUMEHTAJNbHI MiATBEPI:KEeHHSI Ha iHITOMY
macirrabromMy piBHi 3a mpsamoro TEM-cnoctepeskeHHA MiKPOCTPYKTYPH BUXi-
raHUX i MmogudikoBanux BUYO 3paskiB miciida muKaivHOro HaBaHTAKEHHA. 3a
IJaHUMU €KCIIEPUMEHTAJBHOI aHaIi3u MiKPOCTPYKTYPU Ta pe3yabTaTaMU MO-
IEeTI0OBAHHA MOJYKJIMBUMM MeXaHi3MaMV YTBOPEHHA 3apOAKOBUX TPIITUH €
CKYHUEeHHHA AWCJIOKAIiN i TouKoBUX NedeKTiB HABKOJIO YACTHMHOK APyTrol asu
3 MOJAJIBIINM BifiapyBaHHAM B3IOBXK MiK(asHUX MeX i YTBOPEHHS CMYT
KOB3aHHSA, IKi MOXXYTb BUXOAWUTHU Ha IIOBEPXHIO BIIPOJOBIK ITUKJIIUHOIO HaBAa-
HTa’KeHHd, a POPMyBaHHA HAIPYKEHb CTUCHEHHA B YJIbTPAANCIEPCHOMY II0-
BEPXHEBOMY IIapi € TMMMW YMHHUKAMU, M0 3aI00iraroTb PO3IOBCIOAMKEHHIO
TpimuH i nepexuacHoMy pyiHyBaHHIO. Omep:KaHi pesyJsibTaTy CBig4yaTh, IO
BUYO-monudikyBaHHA IOBEPXHI 3a LOMOMOIO0 YJIBTPA3BYKOBOT'O 00JIa HAH-
HA MOXXe 0yTu e()eKTUBHO 3aCTOCOBAHE IJIA IMiBUINEHHSA OIOPY BTOMi CTOIY
16T B ymoBax MaJIOIMKJIOBOI BTOMH i3 MaKCUMAJbHUMU IMUKJIIUHUMU Ha-
MPYXKEeHHAMHU, OJU3LKUMHU 0 MEXKi IIJIMHHOCTH.

KarouoBi ciioBa: anoMiHifioBi cTonm, MaJOIMKJIOBA BTOMA, TBEPAiCTh, JUCIE-
pcitie 3MilTHEeHHA, JiHIHHI Ta TOUKOBi JedeKTH, IIacTuvHa qedopMalliss, Mo-
JeKyJIsIpHa IUHaAMiKa.

Increasing the service life of critical components of aluminium alloys under
cyclic loading by surface modification is an important task. In this work, the
evolutions of the microstructure and mechanical properties of the aluminium
alloy D16T under cyclic loading and high-frequency mechanical impact
(HFMI) modification of the surface are investigated. As revealed by x-ray
diffraction, scanning electron microscopy (SEM), and transmission electron
microscopy (TEM), the microstructure of the samples consisted of an alumin-
ium matrix and precipitates of strengthening phases with different disper-
sion levels (2.5vol.%). As established, severe plastic deformation during
HFMI surface modification leads to a 46% increase in surface microhardness
HV100 (1.46 GPa) and a 75% increase in fatigue resistance (9.2 103 cycles at
Omax = 440 MPa) of the D16T-alloy samples compared to the initial state that
is associated with the formation of ultrafine grains and compressive stresses
in the surface layer. The evolutions of deformation defects and microstruc-
ture are analysed at several scale levels using diffraction and microscopic
methods, as well as molecular dynamics (MD) modelling. Clusters of disloca-
tions and point defects around spherical inclusions followed by the matrix
delamination along the second-phase particles’ interfacial boundaries and
slip bands of different systems detected in the aluminium lattice during MD
modelling of plastic deformation found their experimental confirmation at
another scale level by direct TEM observation of the microstructure of the
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original and HFMI-modified samples after cyclic loading. According to the
experimental microstructure analysis and modelling results, possible mecha-
nisms for the formation of nucleated cracks are the accumulation of disloca-
tions and point defects around the particles of the second phase with subse-
quent delamination along the interphase boundaries and the formation of slip
bands, which can reach the surface during cyclic loading, and the formation
of compressive stresses in the ultra-dispersed surface layer are the factors,
which prevent crack propagation and premature failure. The results obtained
indicate that HFMI modification of the surface using ultrasonic equipment
can effectively enhance the fatigue resistance of the D16T alloy under low-
cycle fatigue conditions, with maximum cyclic stresses approaching the yield
point.

Key words: aluminium alloys, low-cycle fatigue, hardness, dispersion
strengthening, linear and point defects, plastic deformation, molecular dy-
namics.

(Ompumano 26 rucmonada 2025 p.; ocmamoun. 6apisnm — 28 aucmonada 2025p.)

1. BCTYII

AnoMiHiTIOBI cTOmM INMMPOKO BUKOPHCTOBYIOTHCA B aepOKOCMiuHii,
TPAHCIIOPTHIN Ta iHMINX rajgys3ax 3aBASKHN CBOIM HM3LKIiHM Basi Ta mpu-
WHATHIZA nurToMiii mimuocti # ymapuiii B'askocti [1-5]. Cromu cepii
2xxx (cucrema Al-Cu-Mg), 6xxx (Al-Mg-Si), Txxx (Al-Zn-Mg—Cu) €
TePMOOOPOOTIOBAHMMMU 3aJIA AUCIEPCiiHOT0 3MiITHeHHA Ta MalOTh BU-
COKY MimHicTh i miaactTuuHicTsh. BomHouac omip BToMi asoMiHifToBMX
CTOIiB € XapaKTepUCTHUKOIO, II[0 IMOTPeOye MOJIIIIIeHHA 3a4ad YHUK-
HeHHS PaHHBOTO BUHUKHEHHS IOBEepXHeBUX He(eKTiB i samobiranHs
3apOJKEHHIO BTOMHUX TPiluH Ha moBepxHi [6—11]. Takum unHOM, aK-
TYyaJbHUM € IIOIIYK METO/IiB IIOBEPXHEBOT'0 3MIiITHEHHS aJIIOMiHiIOBOTO
cromry 2024 ([16).

Hapasi 6araTo MeTo/[iB IIOBEPXHEBOI0 3MiITHeHHSA HaHECeHHIM 3aXU-
cHuX TMOKpuTTiB [12, 13] ab60 3 BUKOPUCTAHHAM iHTEHCHUBHOI IIJTaCTHY-
HOI medopMarrii, TaKUX AK IIPOTOCTPYMUHHEe 3MinuenHsa [14-16], 1aze-
pHe ymapHe sminueHHsd [14], yabTpasByKoBe MoaudiKyBaHHS IIOBEPXHi
[16] Ta yabpTpasByKoBe yaapHe o6pobuenHs (Y3YO0) [9, 17-19], Takox
BifoMe K BUCOKOYACTOTHE MexaHiuHe mpokoByBauHsa (BMII) [20], mm-
POKO BHKOPHCTOBYIOTBHCSA B rajiysi MoamdikyBaHHS IIOBepPXHiI MeTae-
BUX MAaTepisaigiB. 3asBuuail 11i MeTonu 3abes3mneuyioTh Momu(iKyBaHHS
TIOBepPXHi, iHAYKOBaHe medopMalli€io, Ta MigBUIIYIOTh BJIACTUBOCTI 00-
po6JieHOTr0 MAaTepisaay 3aBOAKU CUHEPreTUYHOMY BILINBY 3MEHIIEHHS
MIePCTKOCTiI MOBEepPXHi, 3MEeHINIEHHA PO3Mipy 3epHa /10 HAHOPO3MIipiB i
3aJUIMKOBUX HaNpPysKeHb CTHUCHEHHSA Yy IIOBEPXHEBUX Ilapax
[9, 10, 14, 16, 20-24].

3araJbHOIPUNHATO, IO, KPiM 3MEHIIEHHS IIEePCTKOCTH IOBEPXHI,
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IO CIIPHUsIE YCYHEHHIO ITIOBEPXHEBUX KOHIIEHTPATOPiB HANPY:KEeHb i 3a-
mobirae 3apomiKeHHIO TPiuH, Ta (OPMYBAHHSA BaJIUIIKOBUX HAMIPY-
JKeHb CTHCHEHHS, II0 raJbMYIOTh PO3IOBCIOMMKEHHS TPIIMUH, MOLM()i-
KYBaHHS MiKPOCTPYKTYPHU TaKOK € OJHUM i3 KJIIOUOBUX YMHHUKIB IIij-
BUIIEHHS 0IMopy BToMi [25-29].

JJisg 3MiHM MiKPOCTPYKTYPU ITOBEPXHI BUKOPUCTOBYIOTH BUITIE3Tala-
Hi MeToau MoBEPXHEBOI gedopmarrii.

Hanpukiaan, gocaigkeHHA BILJINBY Ja3ePHOT0 3MiIlHEHHA Ha BTOMHI
BJIACTUBOCTI MMOKAasaJjiu, 110 CIIPUATJINBA €BOJIIOIiA MiKPOCTPYKTYpPHU Ta
BaJIUIMKOBI CTHUCKAJNbHI HANPY:KEeHHA € OCHOBHUMHN YMHHUKAMU, IO
CIIPUAIOTH MOJIIIIIIEHHI0O BTOMHIX BJAaCTUBOCTEeHN adioMiHifioBOTO cTOITY
2024-T351[30].

306imbIienHa BToMHEOI moBrosiunoctu mo 20 pasiB mopiBHSAHO 3 He00-
pobseHUM 3paskoM 3a paxyHOK ¥ 3YO mosepxHi crony 7075-T651 6yo
IToCcATHYTO B [31], a MOKJINBICTL YCYHEHHS 3aJIUIITKOBOI IOPYBAaTOCTH 34
yMmoB Y3V O morasamo B [32], 1110 € KOPUCHUM IJIsI BUPOOiB aAUTUBHOT'O
BUPOOHUIITBA. ¥YJILTPA3BYKOBe MOAU(DIKYBAHHS IIOBEPXHi OyJIO 3aCTO-
COBAHO OJIA IiABUINEHHS BTOMHIX XapaKTEePUCTUK aJIOMiHIiIOBOTO CTO-
my 7075-T651 micoa mepebyBamua B KOoposiitHOMY cepemoBuiili [33].

Mo:kHa ouiKyBaTH, ITII0 3HAUHY IepeBary MaTUMYTh MaTepisaau 3 Oi-
MOJIaJIbHOIO MiKPOCTPYKTYPOIO, AKAa MOJIATaTME B HAABHOCTI TBEPAOIO
IIOBEPXHEBOTO ITIapy 3 YAbTPAAPiOHO3EePHUCTOIO 36 PHOBOIO CTPYKTYPOIO,
110 3abe3revyBaTHMe ITi IBUINIEHUH OIIip OaraToUKJIOBiil BTOMi, Ta cep-
[IEBUHN 3 OCHOBHOI'0O MATEPifAIy 3 BUCOKOI B SI3KICTIO, IO CIIPUATHME
ITiABUIEHi i1 CTiKOCTI 11010 MaJIOIIMKJI0BO1 BTOMH [ 34, 35].

MeTo10 mamoi poOOTH € aHaJJi3a 0coOJIMBOCTEM eBOMIOIiT Jedopmalriii-
HUX JedeKTiB i MiKpOCTPYKTypHu Ha pi3HUX MacIITaOHUX PiBHAX i BTO-
MHOI TOBTOBiUYHOCTHU ajoMiHifioBoro cTomy 116 3a yMOB IMUKJIIYHUX HAa-
BaHTaskeHb i BUYO pisaoi TpuBamsocTu. OGroBOpeHO MiKpPOCTPYKTYPHI
YNHHUKY 3MIiITHEHHS Ta MiBUINEHHSI OIIOPY BTOMI.

2. METOJUKA ERKCIIEPUMEHTY

XeMiuHMIA CKJIAM JOCTiM:KyBaHUX 3paskis 3i crony [[16T mpomucioBoro
BUPOOHUITBA (TapAYe BAJBLITIOBAHHS, TapPTYBaHHA Ta IPUPOIHE CTapiH-
H{ 3a KIMHATHOI TeMIIepaTypH) pa3oM i3 OCHOBHMMM MeXaHiUHNMH BJia-
CTUBOCTSIMHU HaBeJeHo y Tao. 1.

3amJia 3MiITHEeHH TOBEPXHEBOTO Iapy 3pasKiB ixHa poboua ywacTuHaA
piBHOMipHO 00pO6Jisgaacsa 3a JOIOMOIOI0 BMCOKOYACTOTHOTO YIapPHOTO
00pobisenua (BUYO) is Bukopucranuam npuigany USTREAT-4.0 msa-
XOM TOCTYHOBOTO B3MiIl[eHHA IJIACKOr0 MNUJIIHAPWUYHOTO YIapHUKA
B3IOBK oci 3paska. erambuo onuc metony BUYO maBemeno y [17, 24].
B mawmiit poborti 06pano HacTynHi mapamerpu BUYO: ammiiTyga Ta dac-
TOTa KOJWBAHL TOPIISI YJILTPA3BYKOBOTO KoOHIeHTpaTtopa— 20 MKM i
21,6 xI'n BigmoBigHO, TpuUBaIicThL 06pobIeHHA — 30-60 ¢, uacToTa yua-
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TABJINIIA 1. Xemiunnii ckaazn i mexaHiuHi BiractuBocti cromy I[16T (Bar.%).

TABLE 1. Chemical composition and mechanical properties of D16T alloy
(wt.%).

| si | Fe [Cu| Mn [Mg| Cr | 2Zn | T [2zr| Al
Min. - - 3,8 0,30 1,2 - - - —  permiTa
Maxe. 0,50 0,50 4,9 0,90 1,8 0,10 025 015 -
HV (TTa) |02 (MIIa) |E (Ta)|os (MITa)[owo,» (MIIa)| §(%) |Kic(MIa-n?)
1,06 325-345 72 470 460 10,0 1355

Go,2 — MeMKa IIUHHOCTU, F — moznysb FOHTa, 65 — Merka MiITHOCTH, Go,2 — MeKa K-
JIiYHOI INIMHHOCTH, 8 — BUIOBKEHHs, K c— B'A3KiCTb pyiiHyBaHHS.

piB —=0,5 xI'i; [36, 37].

[MurriyHe (BTOMHE) HaBAaHTAXKEHHA 3Pa3KiB y PEKUMi MaJIOIUKJIOBO1
BTOMU IIPOBOAMJIU Ha cTaHmapTHi# ycranoBii «INSTRON-8802» B pe-
JKUMI «IIUKJIIYHOTO PO3TATY—CTUCHEHHA» 3 yacToToio y 15 I'm i acumer-
piero mumxay R=0,1 3a MaKCcHUMaJbHUX IHUKJIUHUX HAIPYy:KeHb
Omax = 440 MIla, aki 6igble MesKi IMIMHHOCTH BUXiJHOrO MaTepisany,
ajie MeHIITi MesKi muKJaiuaol mauHHOoCcTH (Tabda. 1). Posmipu pob6ouoi uac-
TUHY IJIACKUX 3Pa3KiB IJIA BTOMHUX BUIIPOOYBAHDL TOBITWUHOIO ¥ 3 MM
craanamu 20x10 mm2.

MipAaHHA MiKpPOTBEPJOCTHU IIiCJIA BTOMHMX TECTiB BUKOHYBaJOCA Ha
npunaxni IIMT-3M za maBauTaxkeuusy 100 r.

MopgenoBanHA pAedopMaiiHNX HOPOIECiB 3a IUKJIIYHOTO PO3Ts-
I'y—CTHUCHEHHs, a caMe, (JopMyBaHHA JIHIAHMX 1 TOUKOBUX HedeKTiB
CTPYKTYpH HaBKOJO (asoBux BKJIOUeHL y [TIK-TBepmomy posumhi
(I'paTHUII] aIOMiHiI0), IPOBEIEHO METOMOI0 MOJEKYJAPHOI AUHAMIKMU
(M) i3 BuropucTanuam nporpamuoro 3abesneuerna LAMMPS, a Bisy-
ajrizarfiio i1 oOpoOJIeHHA Ofep:KaHMX HaHUX IPOBEIEHO 3a JOIIOMOI'0I0
naxetry OVITO.

Ha ocuHoBi amaimisu jiTeparypu o0paHO HaNOiJBII IIePCHIeKTHBHI
EAM- ra MEAM-noTeHItisgaau MizkaTomMoBoi B3aemomii [38—41].

MikpocTpyKTypa Ta PO3IOAiJ (PasdoBUX CKJAJOBUX aHAJi3yBaju B
pactpoBomy enekTpoHHOMY MikpocKomi TESCAN Mira 3 LMU is B6ymo-
BaHUM eHeproguciuepciiinum wmikpoanamizaropom OXFORD X-MAX
80 Mmm2. 3MiHM MIKPOCTPYKTYpH B IIOBEPXHEBOMY IIapi 3paskip micsa
BYYO Ta BTOMHOro HaBaHTAKEHHS MOCIiMKYBall PEHTI'eHiBChKOIO
CTPYKTYPHO-()a30BOI0 aHAaJi30I0 i3 BUKOPUCTAHHAM JAu@paKToOMeTpa
Rigaku Ultima IV (sunpominenus CuK,, peecrpailisa gudpaxiiiiHux
KapTuH B iHTepBayi KyTiB 20 = 25°-105° i3 xpokom y 0,02° Ta wacom Bu-
TpuMKHN y 2 ¢). OcobanBocTi cTPpyKTypHO-(ha30BUX HepeGyaoB y 06 emi
3paskiB mob0JaM3y 00JIacTHM PYHMHYBAHHS aHaJIi3yBalud 3a JOIOMOTOIO
TpaHCMicifiHOTO eleKTPOoHHOTO MiKpockomna JEOL JEM-200CX.
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3.PE3YJBTATHU 1 OFTOBOPEHHSA
3.1. CTpykTypHO-(ha30BUI CTaH y BUXiTHOMY CTaHi

PesynbraTu amanaisu MikpocTpyKTypu cromy 16 y BuXigHomy craHi
HaBezeHo Ha puc. 1. 3rinmo 3 PEM-3o6pakennam (puc. 1, a) Ta peHTTe-
HiBCBKUMU aupakmiiHuMu KaptuHamu (puc. 1, 6), BiH MmicTuTh o-
TBePAUII PO3YMH HA OCHOBi aJIIOMiHiIO 3 cepegHIM PO3MipoM 3epeH y
3—-5 MKM, a TaKOoX pAJL AucHepcHux ¢as pisHOro ckiaanmy ta opmu. Ha
pucyHKy 1, a no6pe BUAHO YacTUHKU S-(hasu (Al;CuMg) posmipom y
2-5 mKM). Ixma o6'emHa uacTka criaamzae =2,5% (muB. ricTorpamm
puc. 1, 8). Ctonm Tako:k MicTHUTH cTpu:KHemonioui mucmepcoigu T-dasu
(AlgFeMn) poamipom y 200-500 um Ta uacturku 0-gasu (Al:Cu) posmi-
pom < 100 um (puc. 1, a), posmipu Ta ¢hopmy AKux BusHauaau 3a TEM-

< z|| ¢
. = g
3| ©-AlCu = g
5| s-ALcuMg
a| T-AlFe, Mn)
Q
E
5 s
ol e e § 55 0 %5 & s
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Puc. 1. PEM-300pa:xenna (a), (pparMeHT PeHTIeHiBCbKOro IudpakKIiiiHOTO
cuekTpy (0) MiKpoCTPYKTypu BuxigHoro 3paska cromy I[16T i ricrorpama pos-
MipiB Ta 06’ € MHOI YaCTKM 3MiI[HIOBAJIbHUX YACTHUHOK (8).

Fig. 1. SEM images (a), fragment of x-ray diffraction pattern (6) of the micro-
structure of D16T alloy and histogram (8) of the size and volume fraction of
strengthening particles.



TIIBUIIEHHS BTOMHOI JOBIOBIYTHOCTY CTOITY AJITFOMIHIIO 1341

Puc. 2. TEM-306pasxkenua mikpoctpyKTypu cromy 16T Ta ii KoHTpacTyBaHHA
3a/JIA CTATUCTUYHOI aHaIidu po3MipiB i opmu (hazoBUX CKIAZOBUX 3a HOIO-
mororo ImagePro.

Fig. 2. TEM image of the microstructure of the D16T alloy sample and its con-
trasting for statistical analysis of the size and shape of phase constituents us-
ing ImagePro software.

300parkeHHAMY MiKPOCTPYKTYPH 3pasKiB (puc. 2, a) i3 3acTocyBaHHAM
MeTOJy KOHTPACTYBaHHS Ta CTATHCTUYHOI aHAJI3MW y IIPOrpaMHOMY IIa-
Keti ImagePro (puc. 2, 6).

3o00parkeHHsa MiKpPOCTPYKTypu 3paskiB cromy [[16T, omep:xaHi B pac-
TPOBOMY €JIEKTPOHHOMY MiKpocKomi (puc. 1, a), yMOXKIUBUIN BUABUTHU
IIOHAMMeHIe JBa BUAM JUCIEPCHUX BUIiJIEHb, a caMe, MiKpo-
(6-12mMKM) i cyOmixpomerpoBux (<200 HM) posamipiB. PparmeHT
pPeHTTeHiBCchbKOI fu(dpakIiinol kapTuuu (puc. 1, 6) TaKOXK IiATBEPIKYE
el pe3yJbTaT, OCKLJIbKY iHTEHCHUBHICTD IIiKiB BiJl 3MiIHIOBaILHUX (has
® (Al;Cu), S (Al,CuMg), T (Al¢(Fe, Mn)) moBosi HM3LKA Ta MailyKe Of-
HakoBa. IIpAMe cIriocTepe:KeHHS MiKPOCTPYKTYPH MOCJiIKyBaHOIO
crorry [I16T y TpancmiciiiHOMY eJIeKTPOHHOMY MiKPOCKOIIL TaK0K CBif-
YUTh IIPO HAABHICTh YAaCTHHOK ONMMCAHMWX BHUIIE (Da3 Pi3HOro po3Mipy Ta
mMopdoJIorii, AKi MaOTh KOTePeHTHI MeXi 3 MAaTPUUYHUM TBEPAUM PO3-
YMHOM Ha OCHOBI ayrrominiio (puc. 2, a).

3.2. MexaHiuHi BJIaCTUBOCTI

Ha pucynky 3 moxkasaHO eKCIepHUMeHTaJJbHI 3aJeKHOCTI BTOMHOI JOB-
roBiuunocTH (N) Ta MikporBepmocTu moBepxHi (HV) 3paskis crony 16T
Bix TpuBasoctu BUYO mepen BTOMHMMU BUIIPOOYBaHHAMU. BugHo, 1110
MoaudiKyBaHHS MOBEePXHi 3paskiB 3a momomoroio BUYO UnHUTE 1031-
TUBHUY BIJINB HA IXHIO JOBroBiuHicTh. Pa3oM 3 TM, 32 YyMOB 3POCTaHHS
TpuBasioct BUYO Bumie 30 ¢ mpupicT KiJTbKOCTH ITUKJIIB OO0 PYHHYBaH-
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Puc. 3. 3ame:xuocti BromHoi foBrosiunoctu (N) ta mikporepgoctu (HV) 3pa-
3KiB cromy [[16T Big TpuBasmoctu BUYO nepex BroMHEUMY BUIPOOYBaHHAMU.

Fig. 3. Dependences of fatigue life (N, cycles) and microhardness (HV) of the
D16T alloy samples on prior HFMI treatment duration.

HA N [Ielo CIOBiJIbHIOETHCA, a POSKUL JAHUX 3POCTAE. 3aJEKHICTD Mi-
KPOTBEPAOCTHU IIOBEPXHi 3pa3KiB 100113y BTOMHOTO PYHHYBaHHSI Kope-
JIIOE 3 OleP:KaHNMU JaHMMU IIOA0 IXHBOI JOBrOBiYHOCTH, iCTOTHO 3pOC-
ratoun micaa BUYO sBmpoxmor:x 30c (y 1,5 pasu) i sanuimaroumch Ha
IpubJIM3HO TOMY K PiBHI 3i 3pocTanHaM TpuBasoctu BUYO. Takum un-
HOM, iCTOTHe 3MiIHeHHA MoBepXxHeBuUX IapiB cromy [[16T, ake HeomgHo-
pasoBo crmocTepirajgoch i BUCBiTIIOBasOCh y Jiteparypi [8—10, 18], mo-
JKe OyTH i€eBUM UMHHUKOM IIiIBUIIeHHSA BTOMHOI JOBTOBiUHOCTH B 00-
JacTi MaJIOIIMKJIOBOI BTOMM, TOOTO 34 MAaKCHMAJbHUX MUKJIIYHUX Ha-
NpysKeHb, MOPIiBHAHHUX i3 MexKelo IJIuHHOCTU cTolry. Ileit pesyibrar
POBIIINPIOE paHillle ofepsKaHi faHi I0A0 IIiABUIEeHHA BTOMHUX Xapak-
repuctuk cromy 2024, axkuit € agamorom cromy 16T Tiei :x cucremu
nerysanuda (Al-Cu-Mg)[13, 19].

BaxxjauBuM YMHHHUKOM, AKWUA BIJIMBA€ HA BTOMHI XapaKTEePUCTHUKH
MeTaJeBUX MaTepiAJiB, € TaKOK 3aJUNTKOBI HAIIPYKEeHHA y ITOBEPXHe-
BUX IIIapax. Bimomo, 1110 HAIPY:KeHHA PO3TATY € 3arajoM HeraTUBHUM
YUHHUKOM, OCKiJIbKM BOHU MOKYTh CIPUITH PO3IMOBCIOMKEHHIO 3aPO-
KOBUX TPIIIUH i IPU3BOAUTHU IO IEPeIUacHOTO0 BTOMHOIO PYHMHYBaHHS
[25]. [Ina dhopMyBaHHA COPUATINBUX HAIPYKEHb CTUCHEHHS, 1110 3aII0-
0iraTMMyTh POSIOBCIOMMKEHHIO TPilluH y medopMalliiino moaudikoBa-
HOMY IOBEPXHEBOMY IITapi, YacTO 3aCTOCOBYIOTH MOBEPXHEBi medopma-
1iHi MmeTonM, B ToMy uncyai BUYO 3a momomoroo yJbTpa3sByKOBUX iH-
ctpyMmeHTiB [19-22]. Hanpy:keHHA y OOCHiIKyBaHUX B maHiil pobOOTi
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3pasKkax BUHUKAIOTh BHACIIIOK AK MOBepXxHeBoro o6pobaennsa (BUYO),
Tak i 3aBAAKY MUKJIIYHUM HaBAaHTAKEHHAM ITii YaC BTOMHHUX BUIPOOY-
BaHb. ] pYHTYIOUNCH HA JaHUX PeHTI'eHiBChKOI Audpakiiiiinoi aHamisu,
a caMe, CIIMPAOYNCh HA 3apPEECTPOBAHI 3CYBH PEHTI€HiBCHKUX MAKCH-
MYMiB, OyJIO OI[iHEHO BeJIMUYNHI 3AJUINKOBUX HANPY/KEHb IIiCJII BTOM-
HUX HaBaHTaKeHb 0 PYHHYBaHHSA 3pasKiB 0e3 ImomepeqHbOTO MOBEPX-
HeBoro Moau@ikyBaHHA MOBepXHi podouoi vactTuuu (= 190 MIla) Ta mic-
asg BUYO (=275 MIla). Ot:xe, chopmoBani BUYO manpyKeHHs CTHUC-
HeHHSI BUKOHYIOTH 3aXUCHY POJb ITTOJO0 PO3MOBCIOMKEHHA TPIIuH, He-
3BaYKAIOUM Ha MOKJIMBY iX peJlaKCaIlil0 BIIPOAOBXK ITMKJIIYHOT'O HaBaH-
rayxeHHA. 1le 3yMOBJIEHO €BOJIIOI[I€I0 MiKPOCTPYKTYPU IiJl Yac BTOMHUX
BUITPOOYBaHb.

MikpocTpyKTypHi 3MiHM B JaHi# poOOTi BUBYAIU AK eKCIepUMeHTa-
JBbHO JTUMPaKIifHUM i MiKPOCKOIIUHMMY MeTOoJaMU, TaK i 3a JoIOMO-
rOI0 MOJIEJIIOBAHHSA MeTOH0I0 MoJeKyaapHoi aunamiku (MII), 1o maso
3MOT'Y AOCTIIUTH MeXaHi3MU Ta AUHaAMiKy YTBOPeHHA NedeKTHUX CTPY-
KTyp y mpormeci miactuunoi medopmarnii I'IlK-spaskiB amtominiio 3a
YMOB IIUKJIIYHOT'O PO3TATY—CTUCHEHHS.

3.3. MomexroBaHHSA €BOJIIONT Te(heKTHOI CTPYKTYPH

IIpoBemeno moneryaapuo-guaamiune (M) MomenoBaHHSA ITUKJIIUHOTO
HaBaHTAKEeHHS CTOCOBHO PO3BUTKY Ta MMOBiIpHOCTH JIOKaJIisarrii mede-
KTHOI CyOCTPYKTYPH HaABKOJIO 3MiITHIOBAJILHOI YacTMHKU (chepuuHOro
BKJIIOUEHHS) B MOHOKPHUCTAJI adtoMiHio. [IJIa yCIrinrHoro MogeTioBaHH S
METOLO0I0 MOJIEKYJISAPHOI AUHaAMiKM OyJI0O IPOBEAEHO aHANI3y HaABHUX
MMOTEHITi AJiB Mi2KaTOMOBOI B3aeMOIii i 00paHO MEePCIeKTUBHUMA ITOTEH-
Iisa 3a MeTomoM 3aHypeHoro aroma — M3A-morenmian (EAM). Crso-
pPeHo MomeJb 3 YypaxXyBaHHAM Opi€HTamili I'paTHHUIII aJIOMiHiIO
<011>{011}, obpamo BixmoBixzHi nepioguuni KpaiioBi ymoBu. Mogesto-
BaHHA 3[iHICHIOBAJIOCSA BIPOIOBIK OJHOTO ITMKJY HAaBAHTAKEHHS 3a cXe-
MOIO «PO3TAT—CTUCHEHHS». ¥ Pe3yJabTaTi IPOBEEHNX PO3PAXYHKIB Oy-
JIO BUSIBJIEHO, IO B OKOJIi 3MiITHIOBaJILHOI YACTUHKY BUHNKAE 30HA IIif-
BUIMEHOI KOHIIEHTpAIlil Hampy:KeHb (puc.4), sKa CIPUAE PO3BUTKY
IJIaCTUYHUX AedopMalliii Ta YTBOPEHHIO BeJMKOI KiJIbKoCTU HedeKTiB
KpHUCTaAJTIUHOl I'DATHUIL, I10 IIOHUMKYE MIITHICTh MaTepiAly Ta 3a YMOBU
mojajbInol JoKaJisaimii gedeKTiB cnpuATUME YTBOPEHHIO MiKpOTpi-
II[AH.

Buamo, 110 BOPOAOBIK IIUKJY «pPO3TATY—CTHCHEHHS» B 3pasKax i3
opienrarmiero <011>{011} cmocrepirarorbca 3MiHM HANPYKEeHb y BCix
KpucrajgorpadiuHmnx HaopAMKax, IO MAalOTh HEMOHOTOHHUI XapaKTep.
3 caMoro MmoYaTKy KOMII IOT€PHOT0 €KCIIEPMMEHTY BIIPOJOBIK HAIIiBIIH-
KJIY PO3TATY HAIPYKEHHS B HAIIPAMKY PO3TATY (Cyy) CTPIMKO MOHMIKY -
IOThCA 3@ PaxyHOK iHTEHCUBHOTO (pOpMyBaHHA TOUKOBUX AedeKTiB i
MAaIOTh Bifi' €MHY BeJIMUMHy. 3MiHM HAIPYKEHb B IBOX IHIINX HAIPAM-
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Puc. 4. 3ayexHicTh HAIPYKEHHA y I'PATHUILL MOgeJabHOro 3paska Al 3i chepu-
YHUM BKJIOUEHHSM Bif cTymens medopmarii (Yacy KOMII I0TEPHOTO €KCIIepH-
MeHTY) nJs opienranii 3paska <011>{011}.

Fig. 4. Dependence of lattice stress in the model sample of Al with spherical
inclusion on strain extent (time of computer experiment) for sample orienta-
tion <011>{011}.

Kax (Oxx, Ozz) BIPOJOBK IUKJY HaBaHTA’KEHHA B 3 pasyW MEHII, HiK
3MiHM y HampaAMKY po3Tary. Crocrepe:kyBaHi 3MiHM KOPEJOIOTH i3
YTBOPEHHAM i IIepepos3noiijom JiHiAHUX JedeKTiB 3a NTpUKJIaAeHHA Ta
BHATTA HaBaHTaKeHHA (3MiHM HaBaHTaKeHHS 3 PO3TATY Ha CTUCHEH-
H).

3milicHeHO OKpeMy Bisyasisallito eBOJIIOIil pO3Momiay JJiHiAHMX
(puc. 5) i TourkoBux medexTiB (puc. 6) B OKOJIi cheprUIHOT0 BKIIOUESHHST
BIIPOZIOBK OJHOTO IIEPioAy HaBaHTaKeHHS (pPO3TATy—CTHUCHEHH:A). Jac
KOMII IOTEpPHOI'0 eKCIIePUMEHTY BifmoBinac crymenio medopmarrii spas-
kKa: 2mc—0,67%, b1c—1,67%, 8 ic—0,67%, 11 nc— 0,33% Bixmo-
BimHo. B mporieci gocaigskeHHs 0yJI0 3aCTOCOBAHO KijJbKa METOLIiB Bizy-
aJjisamii i amamism gepeKTHUX CTPYKTYP, BKJIOUAIOUN METOLU BipTya-
JILHOI PEeKOHCTPYKIII IIOBEpXOHL Ta 00 €MiB, IO YMOMKIMBUJIO OlJIBII
IeTaJlbHO BUBYUTU IIPOCTOPOBY OpraHisallilo i1 eBOJIOIiI0 HedeKTiB.
IIpoBenena AkricHa Ta KiJIbKiCHA aHAJIida YTBOPEHHS JIHIMHUX i TOUKO-
BUX Je(deKTiB HABKOJIO BKJIIOUEHHS I eBOJIOIil JedeKTHIX CyOCTPYK-
TYp da€e 3MOr'y OIiHUTH iXHill BOJIMB Ha MexaHiuHi BiaacTuBocTi. Bera-
HOBJIEHO, III0 3a oOpaHoi opienrtamnii rparuumi amominiro <011>{011}
HaBaHTaKeHHS CIIPUsE YTBOPEHHIO IK JIIHINHUX medeKTiB, a came, AuC-
JIOKAIIi#l i CMyT KOB3aHHSA, TaK i TOUKOBUX He(heKTiB.

BaxxauBuM pe3yJLTATOM € Te, IO BiKe MiCJIsS IEePIIoro ITOBHOTO ITUK-
JIY PO3TATY—CTUCHEHHSA BUABJIEHO O3HAKY JIOKaJi3aIlil JiHiiHUX gedek-
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Puc. 5. Bizyasisanisa (popMyBaHHs JiHIAHNX qe(eKTiB 38 YyMOB KOMII I0TE€PHOT'O
excrnepuMeHnTy (M]l-MomentoBaHHA) 3 MUKJIIYHOTO PO3TATY (@, 6) i CTUCHEHHS
(8, 2) spaskis Al 3i chepuunum BKIOUeHHSM (He IIOKasaHe) A opieHTarii
<011>{011}; wac Komm roTepHOro eKcrnepumenty — 2 mc (a), 5 mc (6), 8 mc (8),
11 uc (2).

Fig. 5. Visualization of the formation of linear defects during a computer ex-
periment performed by MD simulation on cyclic tension (a, 6) and compres-
sion (8, 2) of an Al samples with a spherical inclusion (not shown) for the sam-
ple orientation <011>{011}; computer-experiment times are as follow: 2 ps
(a), 5 ps (0), 8 ps(8), and 11 ps (2).

TiB KPHUCTAJiIUYHOI OYIOBM B OKOJII BKJIIOUEHHS JJIA PO3TJISAHYTOI OpieH-
rarii rpaTHuni (3epHa) amominio <011>{011} (puc. 5, 2), a oT:Ke, 3poc-
Tae UMOBipPHIiCTh 3apO*KEeHHA MiKPOTPiIIHUA.

Ileit pesynbTaT y3roIsKyeTbCA 3 IUCIOKAIIMHMM MOIeJeM 3apo-
IKEeHHs Ta POCTY MOp (BigmrapyBaHb) HA MisK(pasHUX MeKaX MaTepiamy
3 TUCIIEPCHUMHU YaCTUHKAMU, 3aIIporoHoBaHuM Bpoexom [42]. 3rigmo 3
UM MOJeJeM TIIOPKM YTBOPIOIOTHLCA Ha MeXKi TMOHIIYy <«YacTHH-
Ka—MAaTPUIA» 32 PaXYHOK (popMyBaHHSA OiJIg YACTHHOK JUCIOKAIIIMHUX
CKyNOYeHb. Y TBOPeHHs mop ¥ [42] onucaHo 6araTocTagiiHUM IIPOIIECOM,
a caMe: 3a He3HAUYHUX CTyNeHiB AepopMallil HaBKOJO YaCTUHKHU (popMy-
IOThCA JUCJJOKAIiMHI meTJi; OiMBIIiCTh 3 X HeTeJlhb BiJIIITOBXYIOTHCS
Bil YaCTMHKM, KPiM HeTJi, HaNOJMKUe PO3TAIIOBaHOI M0 MisK(asuoi
MeJKi; maJri mpoiiec IIPOgOBMKYEThCS Ta Ha MisK(pasHill MeXXi HaKonmuy-
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Puc. 6. Bizyasizania popMyBaHHS TOUKOBUX Ae()EKTiB 32 YMOB KOMII IOTEPHO-
ro exkcriepuMenTy (M]-MozmesfoBaHHSA) 3 MUKJIIYHOTO PO3TATY (@, 6) i cTHCHEH-
H (8, 2) 3paska Al 3i cheprunum BKIIOUEHHSM (He IIOKasaHe) AJs opiemTaii
<011>{011}; yac xomm OTepHOTO eKcnepumenTy — 2 mc (a), b mc (6), 8 uc (8),
11 uc (2).

Fig. 6. Visualization of the formation of point defects during a computer ex-
periment performed by MD simulation on cyclic tension (a, 6) and compres-
sion (8, 2) of Al sample with a spherical inclusion (not shown) for the sample
orientation <011>{011}; computer-experiment times are as follow: 2 ps (a),
5 ps (0), 8 ps (8), and 11 ps (2).

IOThCS AWCJIOKAIIii, IIT0 BeZle 10 3POCTAHHS JIOKAJILHUX HAIPY/KEHb MO
KPUTHUYHOI BEJIMUNHU, KA 3TaTHA 3a0€3IeUYnTH YTBOPEHH mopu (Mik-
porpimuun) Ha MimkbasHiA Mexi; AK HacIiJOK yTBOPEHHS BiJIBLHOI IT0-
BepxXHi BimOymeThcA pejakcallisa HAIPYKeHb i MOAaNBITNN BUXiJ BeJIu-
KOl KiJIbKOCTH JMCJIOKAI[ill Ha I[I0 IIOBEPXHIO.

BaxauBuMu ymoBaMu pocTy mopHu (MiKpOTPiuHMT) B IBOMY MOJEJI €
HaABHICTh AK BUCOKUX HAIIPYKeHb, TAK 1 BUCOKUX AedopMalliil y JIOKa-
JLHOMY 00 €Mi HAaBKOJIO YACTHMHKHN, AKI MOMKYyTh OyTH 3abesleueHi 3a
PaxyHOK MHOXXMHHOrO ()OpMyBaHHA CKYITUeHb MUCJIOKAIiN y KiJIbKOX
ILJIOITMHAX KOB3aHHS.

Kpim Toro, BmpomoB:K IIMKJy HaBaHTA’KeHHS B I'PaTHUILL (3epHi)
aJoMiHifO Imiei K opieHTamii (GopMyOTHCA TOYKOBLI medeKTu, cepen
AKUX € BaKaHCii Ta 3mimeni 3i 3BUUHUX I0JIOXKeHL aToMu (puc. 6). 3a
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Puc. 7. Bisyanizania ¢popmyBanua aedopMaliiHuX CMyr KOB3aHHS 3a yMOB
KOMII 10TepHOro excmepumenTy (MIl-MOmeIIOBAHHA) 3 CTATUYHOTO PO3TATY
spaskis Al gus opienrarii <011>{011}; yac KOMII I0OTEPHOT'0 EKCIIEPUMEHTY —
4 1ic (a), 6 mmc (6), 8 mc (8), 10 mc (2).

Fig. 7. Visualization of the formation of deformation slip bands under the
conditions of a computer experiment (MD simulation) during static tension of
Al samples with the <011>{011} orientation; computer-experiment times:

4 ps (a), 6 ps (0), 8 ps (8), 10 ps (2).

PaxXyHOK JOJy4YeHHA BaKaHCifi Mo BiKe c(opMOBaHOI MiKpOTpillIMHU
MosKe BigOyBaTuch ii pict. ToOTo 3i 30ibIlIIeHHAM UMCJa IUKJIIB HaBaH-
Ta’KeHHA IPUPICT BaKaHCili cmpuATuMe 36iJILIIIEHHI0O PO3MipiB Tpimiu-
HU, IOKUW BOHA He JOCATHE KPUTUUYHOT'O PO3Mipy, JOCTATHBOTO IJIA IIO-
IaJbIIOro i 6iJIBIIT IITBUAKOTO POCTY, Ta B KiHI[I KiHI[iB He CIPUYNHUTD
BTOMHe PyHHYBaHHSA MaTepiday.

3a yMOB ITUKJIYHOTO HAaBAHTAKEHHS 3epPeH IIeBHUX OPi€eHTAIlill y HUX
MOCTYIIOBO (DOPMYIOTHCS CMYT'M KOB3aHHS, AKi € BijoMuM 3 JiTepaTypu
YUHHUKOM (OpMyBaHHA IOBEPXHEBOTO peabedy Ha IUKJIIYHO HaBaH-
Ta’KeHUX 3pasKax, a TAK0K MOKYTh OyTH HIPUUYMHOIO 3aPOKeHHA BTO-
MHUX TPillTWH i TOJaJbIoro pyiHyBaHHsa [27, 28].

Ha pucynky 7 HaBemeHo BizyaJgisaiiio opMyBaHHSA eopMaIlifiHNX
CMyI' KOB3aHHA 3a YMOB KOMII IOTEPHOTO eKcmepumenty (MII-
MOJIeJTIOBAaHHS) 31 CTATUYHOTO PO3TATY 3Pa3KiB alfoMiHiio AJid opieHTa-
mii <011>{011}.
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3.4. EkcriepuMeHTaJIbHA AHAJIi3a MiKPOCTPYKTYPH

HomaTKoBO yTBOpPEeHHSA CKYIIUeHb JiHiHUX medeKTiB (guciiokarii),
CTiiKMX CMYT KOB3aHHA i 3apPOAKOBUX TPIlIIMH B OKOJi YaCTUHOK APYyTroil
dasu, IMOBipHO, 3a PaXYHOK 3aJIydYeHHsS TOUKOBUX HedeKTiB (BakaH-
ciit), miATBEePIKEeHO MPSIMUM CIIOCTEPEKeHHAM MiKPOCTPYKTYPHU 3pas-
KiB micasa BTOMHUX BHUIIPOOYBAaHb ITO0JM3Y 00JIacTH (DOPMYBaHHS BTOM-
HOI TpinuaM 3a fomomoro TEM (puc. 8).

Ha pucynky 8, a mpogeMOoHCTPOBAHO OCOOJNBOCTI CKYITUeHb Ae()eKTiB
HABKOJIO YaCTHUHOK APYyroi ¢asu y 3paskax cromy 16T, aki npuBogATs
IO YaCTKOBOT'O BiAIIapyBaHHA MaTPUUYHOI'O CTOITY, MMOBipHO, uepes KO-
aryJAIio BaKaHCiH i mogaabInnii BUXi AVCJIOKAIIINA Ha BiJIbHY IIOBEPX-

Puc. 8. TEM-300pakeHHs MiKPOCTPYKTYPH B 00 €Mi 3paskis cromy 16T micia
BTOMHUX BUIIPOOYBaHb MOOJIM3Yy MOBEPXHi pyiHyBaHHS (@, 6) Ta MiKPOCTPYK-
TypH (8) 3 KapTUHOIO eJIeKTPOHHOI nmdpakiii (2) moBepxueBoro mapy BUYO-
monupikoBanoro spaska. Ctpinku Ha (a, 6) BKasylOTh Ha Misk(asHe Bigimapy-
BaHHA MaTPUIIi.

Fig. 8. TEM observations of the bulk microstructure of the 2024 alloy speci-
men after fatigue test near the fracture surface (a,6) and microstructure (8)
with the electron diffraction pattern (¢) from the surface layer of HFMI-
modified specimen. Arrows in (a, 6) indicate interfacial matrix delamina-
tions.
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HIO (BKasaHO CTpiikaMm Ha puc. 8, a). MiKpocTpyKTypy 3 O3HAKaMU
dopMyBaHHS CMYT KOB3aHHS i3 BiAMiHHOIO BiJ HaBKOJUIIIHIX ob0JiacTei
KimbkicTio medeKTiB KpucramgiuHoi OygoBu mmokasaHo Ha puc. 8, 6. lasa
MOPiBHAHHSA Ha PHUC. 8, 8 TOKA3aHO APiOHOAUCIIEPCHY MiKPOCTPYKTYPY
moBepxHeBoro mapy BUYO-moaupikoBanoro spaska, KapTUHA €JIEKT-
pounoi mudpakxiii Axkoi (puc. 8, 2) MicTHUTDH iCTOTHO PO3CisgHi B aduMyTa-
JBHOMY HanpAMKY pedJeKcu aJoMiHiio, 110 CBiTYUTH PO iCTOTHY Je3-
opieHTaIio copMoBaHUX 3epeH/cyb3epeH cyOMiKpO- Ta HaHOMACIITA-
OHOTO pPO3Mipy.

TakuM YMHOM, cepel MOMKJINBUX MIKPOCTPYKTYPHHX CTaHIB, AKi
MOKYTH COPUATHA (POPMYBAHHIO BTOMHUX TPIIWH, MOYKHA Bil3HAUNTHU
BiZiIIIapyBaHHA MaTPUYHOTO CTONY Ha MisK(pasHUX MeKaX HaBKOJIO dac-
TUHOK Apyroi ¢asu (puc. 8, a) Ta GopMyBaHHSI CMYTOIOAiOHUX CTPYK-
Typ (puc. 8, 6) y pasi BUX0Ay OKpeMUX CMYT KOB3aHHS Ha MOBEPXHIO 3
HOJAJBIINM 3apOIKeHHAM TpimuH. Pazom 3 TuM, c()OpMOBAHUM ITif
yac BUYO aminmuennit moBepxHeBUH IIAP i3 YIBTPAAUCIEPCHOIO Je30Pi-
€HTOBAHOIO CTPYKTYPOIO MOXKE CJIYI'yBaTH 3aIl00iKHMKOM BUXOAY Ha
IIOBEPXHIO YTBOPEHUX B 00 €Mi CMyT KOB3aHHS, II[0 YMOYKJINBJIIOE BifTe-
pMminyBaTu 3apomkenHda TpimmuH. Chopmoani mig vac BUYO sanuiiko-
Bi Hampy:KeHHS CTUCHEHHS, B CBOIO Uepry, MOXKYThb 3amo0iraTu posIio-
BCIOJ»KEHHIO TPiIllUH, AKIIO BOHU Bce K yTBoprOThcA. Ile miaBumiye
OIlip BTOMHOMY PYHHYBaHHIO CTOILY.

IIpo dhopmMyBaHHS HAHOPO3MIPHUX CTPYKTYP V MOBEPXHEBUX IIapax
AJIIOMiHiITOBUX CTOMiB moBimoMJieHO y paxi podit. Ilokasano, 110 3a pa-
XYHOK 0araTopasoBOro Ta BHUCOKOYACTOTHOTO YIAPHOTO HaBaHTAaKEHHS
¥ iHTeHCUBHOI maacTUUHOI JedopMallii mosepxHi BimOyBaeThCsa icTOTHe
MoApPiOHEeHHA CTPYKTYPHUX €JIEMEHTiB IIOBEPXHEBOTO MIapy, AKe Bele M0
ioro sminuennsa. Tak, aBropu [21] mOBiZOMISAIOTE, ITIO 38 YMOB yJIBLTPA-
3BYKOBOTO yaapHoro o6pobsenusa (Y3YO0) crony 2024 MiKpocTpyKTypa
0ro IMMOBEPXHEBOTO IIAPy TOBIMUHOIO ¥y = 10 MKM MicTUTEL 3epHA PO3Mi-
pom y = 8-10 umM, BUIOB:XKEHI MiKpocMyru mupuHo y =10-15uM, a
TaKoK ABIHHMUKOBI cTpyKTypHu (puc. 7, a). Yci mepesiueHi cTpyKTypHi
eJeMeHTU MiCTATh 3HAUHOI rycTuHU aucjokariii. Ili gani KopesooTs 3
pesyabpratramu TEM-cmocTepeskeHHA MIKPOCTPYKTYPU IIOBEPXHEBUX
mapiB cromry 16 micaa ¥Y3YO (puc. 6, 6) [43]. B miit pobori Takoxk 3a-
dixkcoBaHo hopMyBaHHA (hparMeHTOBAHOI CTPYKTYPU 3 MyKe BHUCOKOIO
cepegHbOIO I'YCTUHOIO TMCJIOKAI[il.

Ba)XIMBUM € TaKO0K BHCHOBOK IIOLO Mailske CTaaol 00 €MHOI YacTKH
YaCTUHOK APyroi a3y 3a yMOB IIUKJIIUHOTO HaBaHTaxKeHHA. I[poro Bu-
CHOBKY MOKHa JIiliTy, BpaXOBYIOUM PEe3yJIbTaTU CTATHUCTUYHOI aHaJIi3u
TEM-300pakeHb MiKPOCTPYKTYP 3Pa3KiB micasa BTOMHUX BUIIPOOYBAHbD
y Buxigaomy craui 6e3 BUYO moBepxHi Ta micia momepegaboro BUYO
(puc. 9). [ly1a KOKHOTO 3pa3Ka aHAJIi3yBaINCA 300parKeHHA NBANIATHOX
moJiB saranpHo0 miommeo y =200 mpm2. Ofepoxani Kpusi posmominay
YaCcTUHOK 3a poaMipamu (puc. 9, a) Ta 3a ¢opmoio (puc. 9, 6) cBiguaTh
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Puc. 9. Posnozgin yacturoK apyroi ¢asu 3a podmipamu (1omreio) (a) Ta 3a ¢o-
p™momo (eKcreHTpHCHUTET) (6) Y MiKPOCTPYKTYPi 3pasKiB micjasa BTOMHUX BUIIPO-
oyBaub 6e3 BUYO i 3 monepenuim BUYO-monzudikyBaHHAM IXHBOI TOBEPXHI.

Fig. 9. Distributions of the second phase particles by size (area) (a) and by
shape (eccentricity) (6) in the microstructure of the D16T alloy specimens af-
ter fatigue test without HFMI and after HFMI surface modification.

mpo HeicTorHi ixHi sminm mix giero BUYO. Ha pucyury 9, 6 3 ypaxyBan-
HAM (OopMU YACTHUHOK OI[iHEHO dYacTKM dyacTuHOK S-pasu (CuAl:Mg),
dopMa AKMX BBasKaJyiacs HaOJIMmKeHoOi0 mo chepuunoi (a/b=1-1,5) Ta
vyacTUHOK O-¢asu (AlyCu), AKi MaOTL mepeBaskHO BUIOBKEHY (OPMY
(a/b>1,5-1,75). IIpoBeneHa craTUCTUYHA aHaJida CBiIUUTD, ITIO0 OOMI-
Ba IIapaMeTpu He 3a3HAIOThL iCTOTHMX 3MiH Hi 3a ymoB BUYO, ani mig uac
[UKJIIYHOroO HaBaHTAKEeHHs, TOOTO He € OCHOBHUM YNHHUKOM, AKUI Mir
0u BIJIMBATH Ha 3MiHYy BTOMHUX XapPaKTEPUCTUK.

OnepsxaHuil pe3yJbTaT JOOPe KOPeJaIoe 3i cmocTepeKeHHAMU MiKpo-
cTtpyktypu cromy 16T i fioro amamora 2024T, ob6pobaenux BUYO
(Y3YO0) Tta BunpoOyBaHUX HA BTOMY, III0 IIOBiZOMJISAJNMCS B JiTepaTypi
[43]. Pasom 3 TuM, y cTOIIaX aJOMiHiIO iHITUX CHCTEM YIPOAOBIK iHTEH-
CHUBHOI mJjacTHUUHOI medopmalrii 0yao 3apeecTpoBaHO PO3UMHEHHS UaC-
TUHOK Apyroi dasu [44].

PentreniBcbki au@pakimiiini cnekTpu 3pasKiB y BUXiZHOMY CTaHi
(6e3 monepenunoro BUYO) ra micas BTOMHUX BUOPOOYBaHb (BiAIOBiAHO
cuextpu 1, 2 Ha puc. 10) cBiguars, 1110 CIIiBBiAHOINIEHHS iHTEHCUBHOCTH
OCHOBHUX JIUPPaKIiHHUX pedJekciB BiapisHsaeTbcA Big TabIMUHMX
3HAYeHb JJId i30TPONHOro cTarny. TooTo miaacTuuna medopmMallis 3a yMOB
BaJIBI[IOBAaHHA Bejlle 10 (popMyBaHHA TeKcTypu. I[ad cueKTpiB, ogepsKa-
HuUX micaa momepenuboro BUYO (mampuxian, cuexrtep 3 Ha puc. 10),
XapaKTepHa 3MiHa CHiBBiJHOINEHHS iHTEHCHBHOCTH PEHTI'€HiBCBKHNX
IudpaKIifHuX MaKCUMYyMiB, IO CBiIUYUTH PO IIepeopieHTaIlil 3epeH ¥
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Puc. 10. ®parvenTu peHTr'eHiBCbKUX AudpakTorpaMm Buximaux (1), BunpoOy-
BaHux Ha Bromy 0e3 BUYO (2) i micasa (3) monmepemaboro BUYO 3paskiB cromy
O16T.

Fig. 10. Fragments of x-ray diffraction patterns of the initial (1), fatigue-
tested without HFMI (2) and with (3) prior HFMI of the D16T alloy specimens.

IOBEPXHEBOMY IIIapi 3a PaXyHOK iHTEHCHBHOI ILIACTUYHOI medopMarii
oig vac BHYO, —11e cIIiBBiJHOIIIEHHA CTA€ Y3TOAKeHNM 13 TAOJTUUHIM.

TakuM 4UYMHOM, BPaxXOBYIOUM 3pocTaioue (pisuuHe PpOIMIMPEHHS
peHTr'eHiBCLKUX MaKcuMyMiB miciisgs BUYO, a rako:x gaui TEM, moxua
BBasKaTHu, IO chopmMoBaHa micasa sacrocoBanoro BUYO MmikpocTpyKTy-
pa 3 HaHOPO3MipHUMHU CcyO03epHAMHU/3ePHAMU iCTOTHO 3MiITHIOE TOHKUI
moBepxHeBui map. 3minueruit BUYO noBepxHeBUi IIIap MoKe 3a1o0i-
raTu yTBOPEHHIO eKCTPY3i#i Ta iHTpy3i#i Ha mMOBepXHi 3pa3Ka 3a yMOB
MUKJIYHOTO HAaBaHTaKeHHA 3a PaXYHOK BUXOJly Ha MOBEPXHIO CTIHKUX
CMYT KOB3aHHJ, AKi € XapaKTepPHOI0 0COOJIUBICTIO CTPYKTYPOYTBOPEHHST
y MeTaJjiax 3a YMOB ITUKJIIYHOTO HaBaHTaKeHH4.

B nmamomy nociiiskeHHiI KigbKa cHUCTeM IlapaJjieIbHUX eKCTPy3iit Ta
iHTpYyS3iit pisHoi BUCOTH/TINOMHM, AKi MepPeTUHATINCS Il MIeBHUMU K-
TaMH, CIIOCTEPiraJucd JHUIle Ha TOBEPXHI BUXiTHNX 3pasKiB, AKi He 3a-
sHaBaau nonepeguaboro BUYO, Toai AK BoHM OyJin BificyTHI Ha MOBEepXHi
micas BTOMHUX TecTiB BToMHUX BUVYO-momudirkoBanux 3paskiB. Ile
BaYKJIMBUM eKCIIePUMEeHTaJbHUMN pesyabTaT, OCKiJIbKU (hopMyBaHHA He-
piBHOMipHOTO MiKpopenbedy Uuepe3 YTBOPEHHA eKCTPy3ilt/iHTpysiil pi-
BHOIIiHHE 3DOCTaHHIO IIIEePCTKOCTU, AKa YaCTO € OHi€I0 3 IPUUYUH 3aP0-
IJKeHHA BTOMHUX TPIIlUH 3a COPUAHHSA KOHIIEHTPAIlil Halpy:KeHb Ha
3amaguHU peabedy i mepemuacHoro pyhmyBamaa [10-12, 25-29, 45,
46].
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4. BUICHOBRKH

IIpoBeneni i3 3acTocyBaHHAM MiKPOCKOIIIUYHNX , AU(PPAKIINHIX METOLiB
i MOJIEKYJIAPHO-ZUHAMIYHOIO MO/IEJIOBAHHSA TOCTiAKEeHHS BIJIUBY ITH-
KJIIYHOTO HABaHTAYKEHHS Ta BHCOKOUYACTOTHOTO yIapHOTO MOAUMIKY-
BaHHA IIOBEPXHi 3a JOIOMOIOI0 YJIbTPAa3BYKOBOTO O0JagHAHHS Ha €BO-
JIIOI[II0 MiKPOCTPYKTYPHM Ta MeXaHiuHi BJIACTMBOCTI aJIIOMiHiIOBOTO
cromry JI16T matoTs 3MOTy 3po0OUTH HACTYIHI BUCHOBKH.

1. BcraHnoBieHo, 10 iHTeHCHBHA IJIACTUUYHA JedopMallid IIijg uac BHCO-
KOYaCTOTHOT'O yaapHOTro MOoAMG(piKyBaHHA MOBEPXHi Beme IO 3pOCTaHHS
mikporBepaoctu HV100 mosepxHi Ha 46% (1,46 I'Tla) Ta omopy BTOMi Ha
75% (9,2-10% mukais) spaskis cromy 16T y mopiBHAHHI i3 BUXigHNM
CTaHOM, IIIO IIOB s3aHe i3 GOPMYBaHHAM YILTPASUCIEPCHUX 3epeH 1 Ha-
MIpy:KeHb CTHUCHEHHS B IIOBEPXHEBOMY IIapi, BUSABJICHUX 3a MTaHUMU
aHaAJI3M POBIIHPEHHS Ta 3MIIIeHHA PeHTIeHiBCbKUX Iu(MpPaKIiiHMX
MaKCHUMYMiB.

2. MopmenoBaHHSA METOAOI0 MOJEKYJIAPHOI JTUHAMIKYN YMOKJINBUJIO BHU-
SIBUTH OCOOJIMBOCTI 3apOAKEHHS Ta IIePepo3mOAiay TOUKOBUX Ae()eKTiB
(Bakamciit a00 aToM-BaKaHCIHHUX KOMILIEKCiB), IUCJIOKAIil i cMyT Ko-
B3aHHSA 3a IIUKJIIYHOT'O PO3TATY—CTUCHEHHS HAHOKPUCTAJIY aJIOMiHiIO 3
I'TIK-cTpyKTypoOIO 3i chepuuHIM BKJIOUEHHAM. BusBiieHa JoKkaJrisalisa
IUCJOKaIliil i TouKoBUX AedeKTiB HaBKOJO BKJIIOUEHHA ApPyroi ¢asu
MOKe OyTH IPUYNHOI ()OPMYBAHHS 3apPOIKOBMX BTOMHUX TPIITUH Ha
MiskdasHill Mexi, I110 Y3roIKyEThCA 3 TEOPETUUHUM BpoeKoBUM MoOjie-
JeM.

3. CKynueHHsa OUCJIOKAIliil i TOUKOBUX AeeKTiB HaBKOJIO chepuuHOTrO
BKJIIOUEHHS, BilIlTapyBaHHA MaTPUIIl B3JOBK MiK(pasHUX MeX i3 yac-
TUHKaMH1 ApPyroi asu Ta CMyTr'u KOB3aHHSA PiBHUX CHUCTEeM, BUABJIEHI B
r'paTHUI andoMminiro mig yac MJ-mometoBaHHA MJacTUYHOL medopma-
Imii, 3HaXO04ATh CBOI eKCIIepUMEHTAJNbHI HiITBEePAKeHHA Ha iHIITOMY Ma-
crrtabuomy piBHiI 3a mpamoro TEM-cmocTepe:keHHA MiKPOCTPYKTypPHU
BuxigHux i mogupikoBanmx BUYO spaskiB micas MuUKJIiYHOTO HaBaH-
TaKeHHd.

4. 3a 1aHUMU eKCIIePUMEHTAJIbHOI aHAJi3M MiKPOCTPYKTYPHU Ta Pe3yJib-
TaTaM¥W MOJEJIOBAHHA MOKJIMBUMU MeXaHi3MaMU YTBOPEHHS 3apOIKO-
BUX TPIIIIMH € CKYIMYEeHHA AUCJOKAIli#l 1 TOUKOBUX NMedeKTiB HaBKOJO
YaCTHUHOK APYyTroi (pasu 3 MOAAJbIINM BiANIapyBaHHAM B3J0BXK Mixk(as-
HUX MEK 1 yTBOPeHHS CMYT KOB3aHHS, IKi MOKYTH BUXOIUTHU Ha IIOBEP-
XHIO BIIPOOBIK ITNKJIIUHOTO HABAHTAYKEHH, a GopMyBaHHS HAIIPY KEeHb
CTUCHEHHSA B yJBTPAANCIIEPCHOMY IIOBEePXHEBOMY IIapi € TMMU YMHHU-
KaMu, IO 3aImmobiraioTh PO3MOBCIOMKEHHIO TPIIMUH i mepemyacHOMY
pyiHYBaHHIO.

5. Ogep:xaHi pe3yJabTAaTH CBifUaTh, III0 BUCOKOUYACTOTHE yAapHEe MOIU-
dikyBaHHS IIOBEPXHi 3a JOIOMOT0I0 YJILTPA3BYKOBOT'O O0JIafHAHHA MO-
JKe O0yTu eheKTHBHO 3aCTOCOBAHE IJIS HiBUINEHHSA OIIOPY BTOMi CTOMIY
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16T B ymMmoBax MaJIOIIMKJIOBOI BTOMHU i3 MaKCUMAJbHUMHU ITUKJIiYHIMHA
HaAIPYKeHHAMHU, OJU3LKIMU J0 MEeXKi IIJINHHOCTH.

Pob6ory Bukonamo 3a migrTpumru HAH Yrpaimu (Ne mep:x. peectparrii
remu 0123U102368).
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Study of the Stress State in a Wire During Deformation Using
a New Combined Technology

A. V. Volokitin, E. A. Panin, and D. N. Lawrynyuk

Karaganda Industrial University,
30 Republic Ave.,
KZ-101400 Temirtau, Kazakhstan

In this article, the influence of a new combined-processing technology of cop-
per wire on the stress state is investigated. This technology consists in de-
forming the wire in a rotating equal-channel step matrix and subsequent
drawing. Deformation modelling is carried out at ambient temperature. To
assess the effect of the workpiece twisting degree on the value of average hy-
drostatic pressure, the matrix-rotation speed is varied within 6, 18, and 30
rpm; the distance between the two deforming tools also is varied within 100,
200, and 300 mm. The simulation results reveal an inverse dependence of the
intensity of compressive stresses on the matrix-rotation speed and a direct
dependence on the gap magnitude between the deforming tools. Thus, with an
increase in the matrix-rotation speed, the level of compressive stresses in all
models is decreased by 1.5-2 times, depending on the gap length between the
tools. With an increase in the distance between the two deforming tools from
100 to 300 mm, the level of compressive stresses in all models increases by
1.5-2 times, depending on the matrix-rotation speed.

Key words: copper, wire, twisting, drawing, stress state, modelling.

¥ 1i#t craTTi KOCTiMKy€eTHCSA BIJIMB HOBOI KOMOiHOBAHOI TEXHOJIOTI1 00p00IeH-
HA MiJHOTO APOTY Ha HANpPyKeHUH cTaH. [JlaHa TexHoJOria mondArae B medop-
MyBaHHi IPOTy B PiBHOKAHAJBHIN CTyIIiHYACTi#T MaTpuIli, 1110 00epTaeThCs, Ta
momasbIIoMy BoJiouinui. MomemioBanuA medopMarliii IPOBOAMIOCSA 3a TeMIIe-
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paTypu HaBKOJIUIITHBOTO cepenoBumia. {14 OmiHKM BIJIMBY CTYIEHS CKPYyYy-
BaHH 3aTOTiBKY HA BeJIMYUHY CEPETHBOTO TiIPOCTATUYHOIO TUCKY IIIBUAKICTD
obepTaHHS MaTPUIli 3MiHIOBajacsa B Mexxkax 6, 18 i 30 00/xB, Bigmanp Mixk
nBoMa nehOpMyBaJIbHUMU iHCTPYMEHTAMM TaKOXK 3MiHIOoBajsacsa B mexxax 100,
200 i 300 mm. PesynbpraTy MOeII0BaHHSA IIOKA3aJI O0EPHEHY 3aJIEXKHICTh iH-
TEHCUBHOCTY CTUCKAJbHUX HANIPY KEHb BiJl IIBUIKOCTU O0EPTAHHA MaTPUILL Ta
IPAMY SaJIEKHICTD BiJf BEIMUMHY 3a30Py MiK gedopMyBaIbHUMY iHCTPYMEH-
ramu. Tak, 31 30ibIIeHHAM IIBUAKOCTH O0€PTAHHSA MATPUIL PiBeHb CTUCKA-
JbHUX HAIPYKEHb Y BCiX MOJeJaaxX MOHMKYBaBcsa B 1,5—2 pasu, 3a1eKHO Bin
JOBXKMHU 3a30PYy MisK iHCTpyMeHTaMu. ¥ pasi 30iJabIeHHA Bigmanai misk gBoMa
medopmyBanbauMEu iHcTpyMeHTaMu 3i 100 1o 300 MM piBeHBL CTHCKAJIBHUX
HANPyKeHb y BCixX mMomenax 3poctae B 1,5-2 pasu, 3ajie;KHO Bim MIBUIKOCTH
00epTaHHA MAaTPUIIi.

KarouoBi cioBa: minb, ApiT, CKpy4YyBaHHs, BOJIOUiHHS, HANPYysKeHUH CTaH,
MOJeJIIOBAHHSA.

(Received 2 April, 2024, in final version, 6 May, 2024 )

1. INTRODUCTION

The modern market economy imposes fundamentally new require-
ments on product quality. Now, the survival of any enterprise and the
stable position of its goods and services in the market are determined
by the level of competitiveness. Competitiveness is related to two indi-
cators: price and product quality. The competitiveness of a product is
understood as a set of qualitative and cost characteristics of a product
that meet the specific needs of the buyer at a given time and compare
favourably with similar products produced by competitors.

The main way to increase the competitiveness of wire is to introduce
innovative developments and technologies into existing production,
which will allow producing higher-quality wire at lower costs [1-5].
Therefore, the current steadily growing demand for high-quality wire
requires wire manufacturers to take a new approach to further devel-
opment and improvement of drawing technology.

The need to develop and introduce into production innovative tech-
nologies for the manufacture of wire with high strength and plastic
properties determines the relevance of this study.

A good option may be the principle of deformation combination,
when, as a result of combining two processes, it becomes possible to in-
crease the plastic characteristics of the metal [6-10]. It is known from
the practice of metal forming that the application of the alternating
strains makes it possible to increase the plastic resource of metals due
to the grain reorientation, the appearance of new sliding planes and a
decrease in energy along grain boundaries. This mechanism is because
the dislocation structure formed under a certain deformation pattern
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is disrupted when the deformation pattern changes. Such deformation
treatment does not reduce the dislocation density in the metal, but by
redistributing them, it changes the dislocation structure. The in-
volvement of additional sliding planes shifts the moment of complete
embrittlement to the area of increased total compression. As a result,
the yield strength decreases and the wire ductility increases. This is
because plasticity and deformability are largely determined by the
density and distribution of crystalline structural defects (mainly dis-
locations) in the metal volume, which accumulate during progressive
deformation. Therefore, it is necessary to create such deformation
conditions so that local peak stresses are always removed, even before
the crack originates.

Nanostructuring processes are one of the most progressive ways to
improve the complex of mechanical properties of structural materials,
allowing significant modification of the properties of alloys without
changing the chemical composition [11-17]. However, the unique
combination of particularly high strength and at the same time suffi-
cient plasticity of ultrafine-grained materials requires a unique devel-
opment of methods for their production. Therefore, many scientists
have been trying for a long time to combine traditional drawing with
methods of severe plastic deformation, which make it possible to ob-
tain an ultrafine-grained and nanostructure [18-22].

One of these combined technologies is a technology that combines
ECAP and traditional drawing (ECAP-drawing) [23-25]. The defor-
mation technology being developed in this article represents a further
development of the combined ‘ECAP-drawing’ process. In this tech-
nology, the key feature is the rotating ECA matrix. Due to this, the
workpiece, in addition to deformation at the stages of ECAP and draw-
ing, receives a certain increase in deformation due to twisting in the
gap between two deforming tools.

The practical significance of the study lies in the possibility of in-
troducing improved technology into existing drawing mills by simply
adding one node, without significant changes in the mill design or de-
formation technology.

2. EXPERIMENTAL

The possibility of implementing combined loading using traditional
drawing was studied using computer modelling. The study was con-
ducted using the DEFORM-3D software package, which takes into ac-
count sufficient resources to solve the tasks and a user-friendly inter-
face that allows you to output data in the form of graphs and images
with high computational accuracy.

Consideration of the stress state is important in the study of any de-
formation technology. From the point of view of the processed materi-
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al, the study of the stress state allows to assess the resulting stress dis-
tribution over the entire workpiece volume and make the necessary ad-
justments to obtain the most optimal distribution picture (for exam-
ple, to reduce the level of tensile stresses and increase the proportion of
compression stresses). From the perspective of a deforming tool, the
study of the stress state allows to assess the overall stress level that
occurs and identify the possibility of equipment failure due to viola-
tion of strength conditions.

In addition, in this case, it is necessary to take into account the non-
cumulative nature of all stress state parameters. Unlike the strain
state, stress parameters tend to reset after the load is removed. There-
fore, the most appropriate way to study the stress state is to consider
the workpiece at the time of simultaneous deformation in both tools.
This will allow examining in detail the patterns of stress distribution
both in the deformation zones and in the gap between the tools. In this
case, the most advantageous position is the longitudinal section of the
workpiece, which allows to consider the stresses that arise both in the
transverse direction (in height) of the workpiece and in the longitudi-
nal direction (in length).

The deformation speed v; applied to the front end of the workpiece
and equal to 500 mm/s was taken as the initial parameter. In the fibre,
the initial diameter of 7 mm is reduced to 6 mm. In accordance with the
law of constancy of second volumes, the velocity vo-; will be equal to
367 mm/s. The velocity vo applied to the rear end of the workpiece is
280 mm/s. At the same time, it was decided to vary the value of the an-
gular velocity of rotation of the matrix in order to assess the effect of
the workpiece twisting level on the stress state. The following values of
the matrix-rotation speed were set: 6, 18, 30 rpm. A geometric param-
eter the distance between two deforming tools was also varied. This
variation was designed to evaluate the distribution of workpiece twist-
ing intensity in the interval between tools with unchanged kinematic
parameters. The following values of the distance between the matrix
and the drawing die were set: 100, 200, 300 mm.

3. RESULTS AND DISCUSSION

Figure 1 shows the patterns of stress distribution in the workpiece sec-
tion with a distance between the matrix and the drawing die of 100 mm
at different matrix-rotation speeds.

Comparing the obtained results, it can be noted that the stress dis-
tribution is quite identical both in the deformation zones and in the
gap between the instruments. At all matrix-rotation speeds, an abso-
lutely identical pattern is formed in the ECAP deformation zone, both
in terms of the nature of the stress distribution and their values. This
is because the influence of the matrix-rotation speed in this defor-
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Fig. 1. Stress distribution in the workpiece section with a distance between
the matrix and the drawing die of 100 mm at different matrix-rotation
speeds: 6 rpm (a), 18 rpm (b), 30 rpm (c).

mation zone is practically absent due to the free rear end of the work-
piece, which rotates with the matrix.

Due to the presence of tension in the matrix, only small areas of con-
tact between the workpiece and the tool occur, compressive stresses in
the range of —230—250 MPa occur in these zones. Zones of tensile
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stresses in the range of 80-100 MPa are created in opposite sections.

In the interval between the tools, the stress values are also approxi-
mately the same, namely, in the stretching zones, the stress level is of
60—-80 MPa, and in the compression zones, the stress level is of —20—
—50 MPa. The main difference here is the nature of the distribution of
tensile and compressive stresses, which is the result of the influence of
the matrix-rotation speed. Comparing all three pictures in Fig. 1, it
can be noted that, with an increase in the matrix-rotation speed in the
considered interval between the tools, a stress distribution along a hel-
ical line is observed, whereas at a speed of 6 rpm this distribution is
almost linear in length.

The first serious differences in the models are observed in the draw-
ing deformation zone, which is associated with a change in the matrix-
rotation speed, which, in turn, has a direct effect on the workpiece
twisting intensity in the interval between tools. With an insignificant
rotation speed of the ECA matrix of 6 rpm, the drawing deformation
focus differs little from the classical focus, when compressive stresses
prevail in the contact zone of the workpiece and the drawing (under
these conditions, their level is approximately of —140—-150 MPa).
With an increase in the rotation speed of the ECA matrix, the level of
twisting of the workpiece increases, as a result of which the level of
compressive stresses decreases. This phenomenon is a well-known fact,
when the torsion factor reduces energy costs during drawing [4]. As a
result, at a matrix-rotation speed of 18 rpm, the level of compressive
stresses in the drawing deformation zone is approximately of —100—
-120 MPa, and at a matrix-rotation speed of 30 rpm, the level of com-
pressive stresses is approximately of -60——70 MPa.

Figure 2 shows the patterns of stress distribution in the workpiece
section with a distance between the matrix and the drawing die of
200 mm at different matrix-rotation speeds.

An increase in the gap between deforming tools has practically no
effect on the parameters of the stress state in the ECAP deformation
zone and in the gap between the tools. For all values of the matrix fu-
sion rates, patterns similar to the previously considered models in
Fig. 1 are observed in these zones. Significant differences are observed
only in the drawing deformation zone. Here, the inverse dependence of
the intensity of compressive stresses on the matrix-rotation speed is
preserved. However, a comparison of two groups of models with dif-
ferent values of the gaps between the tools revealed a direct relation-
ship of this parameter with the intensity of compressive stresses—in
all three models, the level of compressive stresses in the drawing area
had increased of 25-35%. Despite the fact that increasing the matrix-
rotation speed reduces stresses, the overall increase is associated with
an increase in the total working of the metal along the section, i.e., with
its hardening due to longer workpiece twisting.
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Fig. 2. Stress distribution in the workpiece section with a distance between
the matrix and the drawing die of 200 mm at different matrix-rotation
speeds: 6 rpm (a), 18 rpm (b), 30 rpm (c).

c

Figure 3 shows the patterns of stress distribution in the workpiece
section with a distance between the matrix and the drawing die of
300 mm at different matrix-rotation speeds.

A further increase in the gap between the instruments from 200 to
300 mm preserves the previously identified dependences. There is still
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Fig. 3. Stress distribution in the workpiece section with a distance between
the matrix and the drawing die of 300 mm at different matrix-rotation
speeds: 6 rpm (a), 18 rpm (b), 30 rpm (c).

an inverse dependence of the intensity of compressive stresses on the
matrix-rotation speed and a direct dependence of the intensity of com-
pressive stresses on the magnitude of the gap values.

Since the differences in all the considered models were revealed only
at the drawing stage, for this zone, all the stress values obtained were
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TABLE 1. Stresses in the drawing area, MPa.

Parameter 6 rpm 18 rpm 30 rpm
100 mm -140—-150 -100—-120 -60—-70
200 mm -160—-170 -120—-140 -90—-110
300 mm -220—-240 -160—-180 -140—-160

summarized in Table 1.

4. CONCLUSION

In this article, the stress state is considered during the implementation
of a new combined technology for copper wire processing. The key fea-
ture of the new technology is the wire deformation in a rotating equal-
channel step matrix and subsequent drawing. The analysis results of
the average hydrostatic pressure revealed an inverse dependence of the
compressive stresses intensity on the matrix-rotation speed and a di-
rect dependence on the gap magnitude between the deforming tools.
Thus, with an increase in the matrix-rotation speed, the level of com-
pressive stresses in all models decreased by 1.5-2 times, depending on
the gap length between the tools. With an increase in the distance be-
tween the two deforming tools from 100 to 300 mm, the level of com-
pressive stresses in all models increases by 1.5-2 times, depending on
the matrix-rotation speed.

This research is funded by the Science Committee of the Ministry of
Science and Higher Education of the Republic of Kazakhstan (Grant
No. AP19676903).
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