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crtaBy cucremu Cu-Cr-Zr, npoaedopmMoBaHUX 10
3pyiiHyBaHHs OJITHOBICHUM PO3TAT'YBaHHAM B
iHTepBaJii Temneparyp 25-350 °C
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3HauHy KiJbKiCTH JIOCIiKeHb y rajgy3i ¢izuku MinHOCTI Ta IJIACTUYHOCTI, a
TAKOXK MEXAHIKU CYILJIBHOIO CEPeIOBUINA 30CEPEXKEHO Ha, MPOIECi YTBOPEHHS
MIAHOK TIiJ 9ac MIACTUYIHOI medopMariil MeTa B, IpoTe JOKAIi30BAHEe YTBOPEHHS
mMUHOK 3piiKa MOXKHA 9iTKO BULJIATU €KCIEPUMEHTAJIHHO Yepe3 OOMeKeHi MO-
JKJIUBOCTI BUMipIOBAJIBLHOTO OOJIATHAHHSA Ta 3BUYAWHUX METOIIB BUMipIOBAHHSI.
3abe3medeHHss BUCOKOI MIIHOCTI Ta TJIACTUIHOCTI BAsKJIMBE JJIsT TOTEHITIHHOTO
3acTOCyBaHHS MaTepianaiB y MixKHAPOIHOMY €KCIePUMEHTATHLHOMY TEPMOSIEP-
nomy peakropi (ITER), 3okpema /ij1si BArOTOBJIEHHSI KOMIIOHEHTIB 3 BUCOKUM T€-
IJIOBUM IIOTOKOM, TAKHX $IK Iepiia crinka ta puseprop. [lap nporo marepiasy
Oyme pPO3MIIEeHni MiXK TIIa3MOBOIO OPOHEI0 Ta OCHOBHOK KOHCTPYKIN€w. Kpim
BHCOKOI TEIJIONMPOBIIHOCTI, Teil 1map i #oro 3’¢IHaHHA 3 MPUJIETJIMM MaTepia-
JIOM TaKOXK MOBUHHI OyTH MEXaHi9HO MIIHUMHU, 1100 BUTPUMYBATH TEPMIidHI Ta
MeXaHiuHI HAmpy»KeHHs. EKCIIepUMEHTATbHO BUBYEHO SBUIIE yTBOPEHHS IIUii-
KU B X0l mnacTudHol gedopmarii 3pas3kis ciiasy cucremu Cu-Cr-Zr, mo Oyim
npomedOPMOBAHI 10 3pYHHYBAHHS B PEXKWMi AKTUBHOTO HABAHTAYKEHHST OTHOBI-
CHUM PO3TArOoM B arMocdepi moBiTpst B TemmeparyproMy iaTepsasi 25-350 °C.
Y poboTi 3aCTOCOBYETHCA METO OTPpUMAaHHS MIMPOBUX 300paKeHb IIiT 9ac Je-
dopwmarii 171 BUBYEHHs 3MiHH IIOIMIEPETHOTrO Mepepis3y MUIIHIAPUIHOTO 3pa3Ka Ta
PO3paxyHKYy peajbHOrO HampyxkeHHs. JLOCiKyeThCs 3MiHA KPUBU3HU TeOMe-
TPil 3pa3ka 3aJIe2KHO Bij Temueparypu. dac modarky MuiAKOyTBOPEHHS, BU3HA-
qeHuil 3a JOMOMOroK Bimeodikcarii ekcrnepuMenTy, Oy/I0 3iCTABIEHO 3 YaCOM,
AKAN BIOBITAE MAKCHMAJILHOMY HANPYXKEHHIO Ha gedopMariiiaiit kpusiit, 3
MOJATBIIMUM PO3PAXYHKOM ILTIOII TOMEPEYHOr0 Mepepisy, Je JOKAJII30BaHO Jie-
dopwmariiro.

Ka10408t €A08G: MEXaHIYHE HANPYYKEHHS, YTBOPEHHS IIWIKHN, PYHHYBAHHS,
onHoBicHa medopwmaris, Bimeodikcaris, cmaas cucremu Cu-Cr-Zr.
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1. Bceryno

Jlokamizamnis medopmarii — e mporec, 3a Axoro maedopMallis MaTepiary 30CepemKy-
€ThCs B MEBHUX JUISHKAX 3Pa3Ka, [0 MOXKe MPU3BECTH 10 BUHUKHEHHS CHeru(idHuX
CTPYKTYPHHX 3MiH, TAKHX K YTBOPEHHs IuHKH abo rpimmuu. Bume moxasmizamii me-
dopwmariii mmpoko mormnpere B iHKEeHEPHUX Marepianax, Takux sk Merai [1,2]. OcHop-
HAa 0COOJIUBICTH IIBOTO SIBUINA TIOJISITAE Y TIBUIAKIN 3MiHI oI medopmarii Big omHOPI IHOT
JI0 PO3PHUBHOI, 3 TIOAAJIBINAM yTPUMaHHAM JedOopMaliii B Mekax 00MeKeHOT YaCTUHU €JIe-
MeHTa [3] micsis mocarHeHHst HAHOLIBIIONO 3a BeIHIHHOIO HanpyskenHs. [ToBeinka micis
MaKCHMAJIbHOIO HAIIPYKEHH, 10 XapaKTepUu3y€eThCs JOKAI3aIieo aedopMariii, Bigirpae
KJIIOUOBY POJIb B OITHIT TPOTPECYBAHHS PDYHHYBAHHS KOHCTPYKIILi Ta iHXKEHEPHUX 3aCTO-
CyBaHb 0AaraThbOX MaTepiasiB, BPAXOBYIOUM ILJIACTUYIHI METAJIH.

Y MIaCTHIHUX METAJIaX CHOCTEPITal0ThCS TPHW TUMHA MaKPOCKOIMIYHWX HEOTHOPITHO-
creit mwiactuunol gedopmanii: (1) cmyru Jlogepca [4], aki BUHUKAIOTH y KOHKPETHUX
marepianax (HaUpUKal, M’sKiil crasi) nig 4ac no4arkoBol crafii [IacTUYHOIO PeKu-
my; (2) emyru Ioprerena — Jle Ilaresne [5], SKi € BaXKIAWBAMN TIPUKJIIQIAMW TIACTHIHOL
HeCcTabLILHOCTI, III0 BUHUKAE i Jac (Ga3u 3MIITHEHHsT 6araThoxX CIIJIABIB 3a BiAMOBIIHMX
yMoB; i (3) mmiika [6-9], sika € HaGiaBIT BiZOMUM TposiBOM JIoKauti3anii gedopmarii Ha
MaKPOCKOITIYHOMY PiBHi, BHHUKAIOYH TICJIS JTOCATHEHHST MAKCUMAJIbHOTO HAIPYKEHHS.

VY sireparypi IMUPOKO [TOKYMEHTOBAHO $BUIIE MIUHKUA 3 TEOPETUIHUMHU TA HGHUCEIIb-
HUMU EKCIIEPpUMEHTAJIbHUMU ,H,OCJIi/I}KeHHHMI/I, CIIpDAMOBAQHUMUW Ha OTPUMAHHA CHpaB)KHiX
KPUBUX HAIMPYKeHHs-IedopMarii MIaCTUIHUX METAJIB TiJ] OJHOBICHUM HAMPYKEHHSIM.
15 bOTO BUKOPUCTOBYIOTH BA METOIM: NMPAMUIl i HEMPAMUIi.

Y upsamomy meroai medopmallisi Ta MUTTEBHUI PO3MIP MOMEPEYHOrO Imepepisy ist
BUMIPIOBaHHS CIIPABXKHBOI'O HAIPYKEHHs 0e3110CepeHb0 BUMIPIOIOTHCS 3a JIOIOMOIO0
rexHiK, Takux gk inrepdepomerpis Myapy [10], ronorpadia [11], esexrponna cueksi-
inrepdepomerpis (ESPI) [12,13], uudposa kopesnsiis 306paxkens (DIC) [14,15] Ta mu-
dbpora 06’emua xopessnis (DVC) 3 BukopucTaHHsAM peHTreHiBCbKOI ToMorpadii [16] abo
KOMIT'IoTepHOi saminorpadil 3 cuaxporpontuM Bunpominosanuam [17]. Ilpsamuii merox
norpedye TOYHMX BHMIPIOBAHDb ILIOII IMOMEPEYHOTO Iepepidy pobOodol dacTHHH 3pa3Ka.
DIC ocobsiuBo TouHuMit Merox BuMmipoBanHs gedopMaliil 3aBAgKyd MOBHOMY BHMipIOBAH-
HIO T€OMETPUTHUX PO3MIpiB 3pa3Ka.

VY HaykoBuX mpangx [15,18-20] BUKOPHCTOBYBAIM TEXHIKY TPHBUMIDHOI 1M POBOI KO-
pesanil 306pazkens (3D-DIC) aya mocnimzkenns jokanizanii gedopmMariii mij gac BUIPO-
OyBaHb HA PO3TSAT CTAJEBUX 3Pa3KiB i orpumasiu ix cipasxkui kpusi medopmarii. . C. Xo
ra inwi [21] Bumipsuiu inxenepuy nedopmaniio 20% ra 8% craseBux marepiasis S275 i
S690 Biamosinmno 3a momomoroio DIC. Tocmimrukamu Mywnpyi JIi Ta immi [14] Gesnocepe-
JIHBO TIOOYIYBAHO CIPABXKHIO KPUBY HampyKeHHs-aedopmaril gsodazosoi cragi DP780
3a JIOTMIOMOTOI0 CIEIiaJIbHOI OaraToKaMepHOi U@ POBOI CUCTEMU KOPEJIIil 300paKeHb.

Hpyruii meron — ue menpsimuii Meros, [22], sKkuil 10€Hy€ eKClepuMeHTaIbHl BUMIpIO-
BaHHs 3 TEOPETUYHUM aHaJi3oM abo anasizom kinuesux esementis (FEA) mis orpuman-
HSl CTIPaBXKHIX KPWBUX Hampy»keHHs-Aedopmanii. Y mpargx [23-27] BUKOPHCTOBYIOTH
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DIC y noennanni 3 FEA nisa BusnadeHHst CIpaB:KHIX KPUBUX HANPYKEHHs-IedopMAaIii
cTaJieBUX 3pa3KiB.

VY mift cTarTi MOJAHO MBUAKUANR METO/ /I MPSAMOrO BU3HAYEHHS CIPABXKHBOI KPUBOI
Hanpyxeuus-nedopMallis y BCcboMy iHTepBasi medopmariiit mia dac BUMPOOYBAHHS HA
OJTHOBICHUI PO3TAT i3 BUKOpUCTaHHAM UG POBOI KOpesrii 300paxkenb. s BuMiproBan-
Hsl CIIPABYKHBOI TIJIOII TOTIEPEIHOTO MEPEPI3Y PaA30M i3 CIPABXKHBOIO 1eOPMAIIEI0 BCHO-
ro 3pa3Ka 3aCTOCOBYIOTH CIEMiAJIbHY CHCTEMY KOpeJisiil mudpoBoro 300parKeHHsa. 30Ha
MIUAKY BU3HAYAETHCH IIJIAXOM CIIOCTEPEXKEHHs 338 MIHIMAJIbHOIO CIPABXKHBOIO ILJIOMIEI0
MOTIEPEYHOTO TEPepi3y 3paska MUIHAPUIHOT (GOPMU, & CIPABKHE HANPYKEHHS 00Yn-
CJTIOETHCS 38 BUMIDIHUM HANPYKEHHIM i MUTTEBOIO CITPABIKHBOIO TIJIOMIEIO MOTIEPETHOTO
mepepizy. OTke, CpaBxKHI HANpYyKeHHsS Ta Aedopmarii B 30HI MUHKH TAKOK MOXKYTh
OyTH OTpUMaHi 6e3MOCEePEIHBO 33 JOMOMOTOIO IHOTO i IXOTY.

2. Meroanka eKCIIEpUMEHTY

Bynu nposeneni ekcnepumenTtu 3 medbOpMyBaHHS 3pa3KiB 3i CILIABY CHUCTEMU Migh-
xpoM-tupkoniii (Cu-Cr-Zr) npu 0MHOBICHOMY PO3TArYBaHHI 3 IOCTIHOIO MIBUIKICTIO, AKa
cranosuia 0,15 mm/xB, 3a crangaprom ASTM E8/E8M-21 [28]. TemueparypHuii inrep-
BaJsl gocijizkenb cranoBuB 25—-350 °C y remiosiit kamepi B armocdepi nositpst. 3pa3ku
crmaBy cucremu Cu-Cr-Zr Burororseni y dhopmi MUIIHAPIB i3 pi3b0OIeHHAM MMiI 3aXBa-
Ti. 3arajbHa JOBXKUHA 3pPA3Ka CTAHOBUTH 24 MM, JOBXKWHA pOOOYOI dacTuHU — 12 MM,
Jiamerp poboUol dacTuHu — 2 MM. 3arajbHuil BUTJIS 3pa3Ka 300pakeHo Ha puc. 1.

Ckuan crutaBy 6ys rakuii: Cu (6azosuit), Cr 0,8%, Zr 0,1%. Cuwias CuCrZr nigzasanu
roMmorenizyodomy Bignany 3a rtemneparypu 970 °C mporsrom 20 XBUIIMH, MICJIS 90r0
3arapTOBYBAJIN Y BOII, [IJTsT 3A0€3MEeUeHHs TBEPIOPO3YNHHOIO CTAHY JIETYIOUNX €JIEMEHTIB
micys Bigmasy. Ilorim marepian minmasamu crapiuuio 3a 475 °C nporsrom 2 rom, 3 MeTo
JOCATHEHHsI TUCITEPCHOTO BUILICHHS 3MinH004unX ¢da3 Ha ocHosi Cr Ta Zr i BiamoBi HOTO
MABUINIEHHS TBEPJIOCTI Ta MIITHOCTI MaTepiay.
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a b
Puc. 1. 3D surnsan (a) i xpecaenus (b) nuningpuunoro 3paska Cu-Cr-Zr

Fig. 1. 3D view (a) and drawing of cylindrical sample (b) Cu-Cr-Zr

s mpoBeieHHsT MEXaHIYHUX BUIPOOYBAHb y PEXKHUMi HOCTIHHOIO HABAHTAXKEHHS
(vsht = const), ne Vspy — WBUAKICTH PyXy TATHYYOrO LITOKA, BUKOPUCTOBYETHCH Jia-
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OoparopHa MallliHa i po3TATyBaHHsS. [Ipmcrpiii medopmariii OXOmIi0e Taki OCHOBHI
KOMITOHEHTHU: CHUJIOBH PEyKTOPHUHN E€JIeKTPOABUTYH 3MIHHOTO CTPYMY, CHCTEMA EepeIa-
4i 3ycusuis Ha 06’ekt, WO gedopmyerbes, rensomerpuyanuii micr (Load Cell Zemic) 3
gyrmmsictio 1072 H 6ys migxmodennii 10 Moxyas yaromkenns curramy NI SCC-SG24
(2 xaHasm, MOBHUI MICT), MmiC/s IBOMO CHTHAJ TOJABABCA Ha BXiJ mjaru 300py JaHUX
DAQ NI PCI-6221. Ten3omerpudHuii MiCT pO3TAIIOBAHO 1038 30HOI0 AKTUBHOTO HATPIBY,
IO JIA€ 3MOTY 6€3 3MEHIIEeHHs TOTHOCTI BUMIPIOBATH CHTY HABITH 32 BUCOKOTEMIIEPATY]-
nux Bunpodbysanusax. Obuannannsm NI (National Instruments) kepyBasiu 3a J0LOMOIOK0O
nporpamuoro maxera LabVIEW. Jlami Bumipioanm 3 po3mimeHO0 3maTHicTio 1072 C.
Hedopmariiine BinHomenus (€) obuncnoBanu 3a HOPMYION: € = Ugpt - t/lo, 1€ Lo —
[OYATKOBA JOBXKHHA pOOOUOl dacTuHu. [HyKeHepHEe HANPYKEHHS (Tepg) OOTHCIIOBATIN 32
dbopmyomo: eng = P-(1+4€)/S , ae S — moIaTKOBA IIIONTA HOIEPETHOrO Mepepidy 3paska
(S =7-d?/4, ne d — aiamerp pobouoi wacTunu 3paska). CHpaBKHE HAIPYIKEHHA (Ttrye)
obumcmoBanu 3a GopMynow oy = P - (14 €)/S(t), ne S(t) — nnoma nonepeanoro
nepepisy 3paska, aKky obumcmosaiu 3a dopuymoio (S = - d%(t)/4, ne, d(t) — niamerp
poboU0l YacTUHM 3pa3Ka, AKWi 3HAXOAUIN 3 KAJPIB BiAEOPSIy OTPUMAHOIO B IMPOIECi
sitoMku sedpopMyBaHHs 3pa3ka). BunpobyBanHs 3pa3kiB IPOBOAUIIU Y TEMIIEPATYPHOMY
inrepBai — Bix 22 °C 1o 350 °C 3 BUKOPUCTAHHAM TEPMOCTATA Ta HATPIBATHLHOIO €JIEMEH-
ra. AKTUBHUIT KOHTPOJIb TeMieparypu 3a gonomoroo repmoperyisropa TENSE (DT-48)
3abe3nedye miaTPpUMAHHS 33JaH0T TEMIIEPATYPH 3pa3Ka MPOTITOM YCHOTO BUITPOOYBAHHS.
TemniepaTypy BUMIPIOBAJIHN 3a JOMOMOroi0 Tepmonapu tumy Cr-Al, miaKk/ioueHol 10 miaru
360py manux DAQ NI PCI-6221. IToxubka BUMIpIOBaHHS TeMIEpaTypyu CTAHOBUTDH MTPHU-
o6nuzmo 1 K. Tlicns mocsaruenHs 3a1aHO0I TEMIIEpATyPH CHCTEMA BUTPUMYETHCS IPOTATOM
20-30 xBuJIMH /Ul yCYHEHHS MOXKJIMBHX TeMmieparypuux rpasgientis. [louarkosi reome-
TPUYHI TApAMETPH Ta KiHIEBE TIOJOBYKEHHS KOKHOTO 3PAa3Ka BU3HAUAJN 33 ITOMOMOTOK0
rOpU30HTAIBHOrO KoMmapaTopa OMS-6 i3 TounicTio mxamu 1076 m.

163,33 px = 1,34 mm
niameTp 3paska 085
nig yac AecopmyBaHHsA

243,56 px =2mm
AiameTp 3paska
nepen AedopmyBaHHAM

[ 50 100 150 200 250 300 380 T.C

a

Puc. 2. Cxema BumipoBanus mgiamerpa 3paska criaBy cucremn Cu-Cr-Zr B mporeci me-
dopmysanus (a, b) Ta moxubka, OTpUMaHA 33 PE3YAbTATAMA BUMIDIOBAHHD I'ATH JliaMe-
TPiB JyIst KOXKHOI TeMmeparypu (¢)

Fig. 2. Measurement scheme for the diameter of a Cu-Cr-Zr alloy sample during
deformation (@, b) and measurement error determined from five diameter measurements
at each temperature (c)

Bineositomky ekcniepumenTiB gedopmariii 3pa3KiB BUKOHYBAJIHM 3 TAKUMU ITapaMerpa-
mu: ISO 100, Burpumka 1/100 cexynau ta yacrora 30 kaapis/cekynuy. s nporo Buko-
pucroByBasu kamepy Canon 600D 3 makpoo6’ekrusom Canon Macro Lens 100mm £/2.8.

Bineozamnucu excriepumentis 00po0iistiiu Ta PO3KIIAIAINA HA KAJPU 3 IHTEPBAJIOM Bis 5
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110 10 cekyH, 3a/1€2KHO Bij TPUBAJIOCTI BUNPOOYBAHHS B PAMKAX OKPEMOTO eKCIIEPUMEHTY.
Posknananns Bigeo3amucy Ha KaJapyu BUKOHyBaJsu 3a aonomororo nporpamu Adobe After
Effects.

Ilicis mporo 3a momomoroo uporpamuoro kominekcy Adobe Photoshop imcrpymen-
tom “Jlimifika” BumipoBanu HaliMeHIU{ mlaMerp MUNKU 3pa3Ka 3 MOJAJIBIIUM PO3Pa-
XYHKOM ILJIOIIl TOIEPEYHOrO MEPETUHY Ta MmoOymoBOI0 rpadikiB 3a1eKHOCTI IO MMO-
MEPEeYHOr0 TEPETHHY 3pa3Ka Bim udacy sumpoOyBanus y mporpami OriginPro. ITpukian
BUMIDIOBaHHS JiaMeTpa 3pa3ka 300paskerno Ha puc. 2. ['padikn inxkenepHoro ta mificHo-
0 HAMpyKeHHs TakoXK Oymysanu B mporpami OriginPro, mpuuomy rpadikm mificHoro
HAIIPYKEHHS CTBOPIOBAJIA HA OCHOBI JAHWUX, OTPUMAHUX i/l 4aC BUMIPIOBAHHS ILJIOIII
[IOIIEPEYHOro MePEeTUHY 3pa3KiB 3a JOMOMOIOI0 BiIe03MOMKH.

[lix vac mpoBeeHHST BUMIPIOBAHD PE3Y/IHTATH ABTOMATUIHO 3AHOCUINCS B 0a3y TAHUX
KypHaJsy BuMipioBanb nporpamu Adobe Photoshop. ITiciist mporo 3 :KypHajy BUMipIOBaHb
OyB cdopmoBanuii daitn i3 pesyiabraramMmu 0OPOOKU KAJIPiB €KCIIEPUMEHTY B ILIOMY. 34
JIOITIOMOTOIO TIHOT0 (haitmy Oy/ia OTpUMaHA 3aJEKHICTD JiaMeTpy IMHAKY 3pa3Ka Bij dacy.
Ilicns obumncIeHHS IO TIOMEPEYHOrO MEPETUHY 3PA3KIB y 30HI HANMEHIIOro JiaMerpa
Oys1a BU3HAYEHA 3aJI€2KHICTH TLJIOII] MOMEPETHOTO MEPETHHY 3PA3KIB Bij, 9aCy TPUBAJIOCTI
€KCIIEPUMEHTY.

Acumerpia muiiku 6yia BpaxoBaHa Ha OCHOBI JOCTIIYKEHHS 06JACTI 3/1aMy 3pa3KiB
micas py#HYBaHHS, OTPUMAHUX 33 JOITOMOrOK Kommaparopa. Ha puc. 2, ¢ 300pazkeHo
rpadik 3a/1eKHOCTI AiaMeTpa, BUSHAYEHOTO 33, CEKYH/IY [0 3JIaMy 3pa3Ka IILISXOM aHAIi3y
Bizmeosammucy, Bim TeMmepaTrypH, a TaKOXK ITOJAHO OIHOYHY IMOXHOKY, PO3PAXOBAHY HA
OCHOBi PO30iKHOCTEH MiK pe3y/IbTaTaMi BAUMIPIOBAHb Y PI3HUX €KCIIEPUMEHTAX.

a

Puc. 3. BumiproBanugd KpWBU3HU MIUWKHW 3a JIOMTOMOTOIO KiJBIIA BMHUCAHOTO KOJA: G —
MOYATOK (DOPMYBAHHS THHKW; b — MOMEHT 4YiTKO BHpasKeHOI chOPMOBAHOI TUHKM; ¢ —
NIOYATOK PyHHyBaHHA 3PA3Ka

Fig. 3. Measurement of the curvature of the neck using a ring of an inscribed circle
tangent to the neck: a — the beginning of the formation of the neck; b — the moment of
a clearly formed neck; ¢ — the beginning of the destruction of the sample

|

b c

[Monepeunwnit mepepi3z masB hopmy, OIU3BKY T0 OBAIBLHOI, OMHAK PI3HUIS MiXK JTOBKU-
HAMU BEJIMKOI Ta MaJiol oceil OyJia HE3HATHOIO.
VY noganbiiomy, mpu 06poOii pe3ysibrariB BUMIPIOBaHb, OyJIO 3aIPOIIOHOBAHO BUMIi-
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proBaTH KPUBU3HY IMUHKK 3pa3Ka mia dac medpopmariii 3a JOIMOMOTO0 KilbIisd.

IIporsrom osHOro ekcnepuMeHTy iaMeTp KOJja BUMipioBaam H5—7 pas3isB depe3 piBHi
HPOMIKKHU 4acy juisi Beix Temuneparyp 3a gonomoroio mporpamu CorelDRAW. [liamerp
KiJIBIS Tiadupasn Tak, mod BOHO MOBHICTIO TIOBTOPIOBAJIO KOHTYD MIWHKY 3pa3ka. Bumi-
pIOBaHe KijibIle BIIMCAHOIO KOJIa 300parkeHo Ha puc. 3.

3. PGByJII)Ta.TI/I Ta O6I‘OBOpeHHS[
PesynbraTtr ekcrmepuMeHTiB MOJAHO y BULVIsIAL rpadikiB 3a/1e;KHOCTEH 1HKEHEPHOrO

Ta CIPABXKHBOIO HANPYKEHHS ¢ BiJ| MO0BkKeHH 3pa3ka € ciaBy cucremu Cu-Cr-Zr 3a
pisaux temmeparyp. i rpadiku nokaszano na puc. 4.

—o25C

—25C

G, MNa
G, MMa

Puc. 4. padiku 3ajexxuocTeil IHKEHEPHOr0 HAIPYKEHHs (@) Ta CIPABXKHBOIO HAIPY-
skenHs (b) Bix momosrkenHs 3pa3kiB cmay cucremu Cu-Cr-Zr

Fig. 4. Graphs of dependence of engineering (a) and real (b) load of Cu-Cr-Zr alloy
system samples on elongation
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Puc. 5. I'padik 3a/1€KHOCTI MAaKCHMAJIBHOIO HAMPYKEHHS Opqp Y 3PA3KAX CILIABY CH-
cremu Cu-Cr-Zr Big Temneparypu

Fig. 5. Graph of dependence of maximum load 0,4, of Cu-Cr-Zr alloy system samples
on temperature
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TmxenepHe HAPYKEHHST PO3PAXOBYETHCS Yy MPHUITYIIEHH], 110 IIJIOIIA TIOMEPEIHOrO TIe-
peTuHy mia 9ac IpoBeIeHHSA OJHOBICHOI medopMariii po3TIroM 3aTUINTAEThCS MTOCTIHHOIO,
TOZl SK CIIPABXKHE HAINPYKEHHS BU3HAYAETHCH IIOIEPEYHUM II€PETHHOM, ILJIOIIA SKOI'O
3MIHIOETHCS, a caMe 3MEHITYEThCsT 3 YacoM. AHai3 mux rpadikis maTBepIKye, M0 TpH
PO3PaXyHKY CIIPaBKHBOTO HANPYXKEHHS 3pa3KiB TOYKA MAKCUMAJJIHLHOTO HATIPYKEHHS TIe-
peMimtyerhes 70 OLIbIUX 3HAYEHB, a TOYKA IMEPErnHy KPUBUX 3CYBAETHCA A0 OLIbIIMX
motoBxkeHb 3pa3kiB. Ui pesymbpraru 300paxkeni na puc. 5.

3 rpadika Ha puc. 5 MOKHA 3pOOUTH TaKi HPUILYIIEHHs. 3PAa3Ku, BpDAXOBYIOYHU CIIPAB-
JKHil OTNepevHnil TIepepis, Je JIOKAIi30BaHO AedOopMalliio, 31aTHI BUTPUMYBATH 38 TEM-
neparypu 25 °C Hampy»KeHHsI, sike B 1,5 pa3a mepeBuINye po3paxOBaHe iHXKEHEPHE Ha-
npyxenns. s pisauig 3MeHnIyeTbes 31 301IbIIIEHHSIM TEMIIEPATYPHU Ta 33 TEMIIEPATYPU
350 °C cranoBrh 1,2 pasa. Ile Moxke cBimuuTH mpo Te, MO 3 IiIBUIEHHIM TEMIEPATY-
P¥ ILUIACTUYHICTD 3Pa3KiB 3MEHIIYEThC i, IMOBIPHO, OYMHAIOTH JIIATH 1HIINL MeXaHi3Mu
JedhopMyBaHHS MiCIT TTOYATKY TMHITKOY TBOPEHHS.

Ha puc. 6 maBeneno rpadiku, Ha SIKHAX MOPIBHSAHO CIPABYKHI Ta IHKEHEPHI HAIIPYXKe-
uus 33 Temmeparyp 25 °C i 350 °C 1 OIHOBICHOTO PO3TATY 3pa3KiB.

550 300
Crpasmticrpoe
500 1 | Crpasxiit crpec CNpaBXHE HANPYXEHHs!

450 |-

400 |-

300

O, MNa
G, MMa

Puc. 6. I'pacdiku 3aexknocTeil cripaBKHbOIO Ta iHKEHEPHOI'O HAIIPY2KEHb 0 Bi/l CTyIIeHs
nedopwMarii € 3pa3kiB craBy cucremu Cu-Cr-Zr j1s OTHOBICHOTO PO3TSATY TIPU TEMIIE-
parypax: a — 25 °C; b — 350 °C

Fig. 6. Graphs of dependencies of real and engineering stresses ¢ on the degree of
deformation e of Cu-Cr-Zr system alloy samples for uniaxial tension at temperatures:
a—25°C; b—350 °C

s remmeparypu BunpobyBanus 25 °C iHkeHepHe HAIPYKEHHs MCIsd JOCATHEHHS
MeXKi MJIMHHOCTI He3HAYHO 3POCTAa€ 0 MAKCUMAJbHOTO 3HAYEHHS, & MOTIM TOCTYTOBO
3MEHIIYEThCs 0 MOMEHTY pyiHyBaHHs 3pa3ka. CIpaBKHE HAPYKEHHS 3POCTAE TIiJT 9ac
nmedopmanii Ha 21% i smnre moriM Pi3KO Crasae; nei mepesioM TAKOXK CIIOCTEPIraEThCs
HA KPUBiil iHKEHEPHOro HANpy2KeHHs. 3a Temueparypu ButipodyBanus 350 °C curyaris
3MirioeThes. 1licms MexXi MIMHHOCTI CTIPaBXKHE HAMPYKEHHS CITOYATKY 3MEHTITYEThCS, aJle
3 TIOMOBXKEHHAM Bix 8% moumHae moBiabHO 3poctarnm a0 npubmmsao 15%, micms goro
CITOCTEPITAETHCS TIEPEerwH KPUBOI 1 pi3ke 3MeHIIeHHsa o. [HXKeHepHe HAIPYKEeHHs Biapasy
Micasi MeXKi IJIMHHOCTI CTPIMKO 3MEHIITY€EThCS, 1110, UMOBIPHO, CBIYATH PO 3MEHIITEHHS
IUIACTUYHOCTI MaTepiajly 3a TaKol TeMIIEpATypPHU, a TaKOXK, AK 1 CIIPaBKHE HAIIPYKEHHS,
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Puc. 7. I'padik 3are:KHOCTI TiaMeTpa KpUBU3HN KOHTYPY MIUHKHY BiT cTymens aedopmarrii
3pas3ka cmiaBy cucremu Cu-Cr-Zr 3a pi3aux Temmeparyp BunpoOyBaHHs 3pas3kis: 25 °C,
200 °C, 350 °C

Fig. 7. Graph of the contour curvature diameter of the neck versus deformation of the
Cu-Cr-Zr alloy system sample at different temperatures: 25 °C, 200 °C, 350 °C

LIBUJIKO CHAJAE LiC/Id JOCATHEeHHd nogoszxennd 17%.

Taxkoxk Oys10 3adikcoBaHO Te, MO reOMeTPUIHI (POPMHU IHAKN 3MIHIOIOTHCS 33 PI3HUX
Temmneparyp. KpuBusny 3axkpyriaeHus Mtk 3pa3ka BUMipIOBaIN 34 JJOMTOMOTOIO TTPOTpa-
vu CorelDRAW, posrariyBasiiny JOTHYHE KOJIO HA KOHTYPI MIWHKY T4 TAi0paBITi HOro
JiaMeTp Tak, MO0 Jyra KoJia TOYHO Bi/MOBimaja KOHTYpPY Iuilku. BumipoBanHs Kpu-
BU3HHU IMTUAKU TPOBOIUIIN MiCJIs JOCATHEHHST MAKCAMAJILHOTO HAIPY?KEHHS 1 10 TIOBHOTO
pyiinyBanHs 3pa3ka Jjid BCiX TeMreparyp BunpoOysanb. Ha puc. 7 momano rpadiku 3a-
JIE2KHOCTI JiaMeTpa JOTUIHOro KoJia d Bix crymens gedopmariii 3paska. HaBegerno kpusi
JUIsT TPhOX XapakTepuux Temmeparyp 25 °C, 200 °C ra 350 °C.

4k 3a3Ha9eHO paHime, MUHKOYTBOPEHHS BiIOYBAETHCS ITi/T 9aC T IiHHS HATPYKEHHS
HA eKCIIepUMeHTa IbHIN Aedopmariiiaiit kpusiit. OTke, BUMIpIOBaHHS ITiaMeTpa KOHTYDY
IUAKY MOYKJIUBE JIUIIE BiJl TO9aTKy 11 yTBOpPEHHS.

fx mokazaHO HA PUC. 7, MTOYATOK BUMIDIOBAHHS 3aJI€2KHOCTI 3MiHW KPUBU3HU ITHUKHT
MIEPEXOINTD y 30HY MEHIuX AedopMaliiii 3 miasuiienaaM temmeparypu. Ha 3miny mexa-
HIYHAX BJIACTUBOCTE BIJIMBAE MMAJiHHA HANPYKEHHS 31 3PDOCTAHHAM TEMIIEPATYPH, STKE
BIpOTIiIHO 3yMOBJIEHO 3MEHTITEHHAM JAeMeKTIB y CTPYKTYPi JOCTiIKYyBaHIX 00’€KTIiB.

Bucuoskn

1. IlpoanamnizoBaHO BILINB TEMIIEPATYpPH Ta CTyMmeHsa aedopMariii Ha TeOMETPUUIHY
dopmy MKy, MO yTBOPIOETHCS BHACTIIOK JoKati3amii gedopmarii mig gac medpopmy-
BaHHs 3pa3kiB craBy cucremu Cu-Cr-Zr 10 3pyiiHyBaHHS PO3TSATOM i3 MTOCTIHHOO TITBU/I-
kictio 0,15 Mm/xB B armocdepi nositpst 3a Temmeparyp 25 °C, 200 °C, 250 °C, 300 °C
ta 350 °C.

2. 3’acoBaHo, 0 3 MiABUIIEHHAM TEMIEPATypHu BUMPOOYBAHHS 3PA3KiB CILIABY CHU-
cremu Cu-Cr-Zr nosxuna obnacti, B fKkiit Bi0yBaeThcs JoKami3ais nedgopmariii, 36116
IIYETHCs, PO IO CBiTYIUTDH 30ibIIeHHS TiaMeTpa KPUBU3HH ITHHKH.

3. Aupo6osano meTos nudpoBOi KOpessIlii 300paxKeHb, KUl BUKOPUCTAHUIN JIJIsl BA-
3HAYEHHS PO3MipiB 30HHU JoKadi3amnii gedopmariil micas yTBOPEHHS B 3pa3Ky CILIABY CH-
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cremu Cu-Cr-Zr muiiku, i po3paxyHKy CIPaBXKHBOTO HAIPYKEHHs, IO i€ Ha 3Pa30K
Ha pi3HUX eTanax H#oro IJIACTUYHOIO ILJIMHY BHACJIJIOK 3MiHM ILIONIL flOT0 HMOIEepevYHOro

epepizy
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Experimental study of neck formation during the
plastic deformation of Cu-Cr-Zr alloy samples
deformed to failure under uniaxial tension in the
temperature range of 25-350 °C

M. Lebedieval, A. Linkova?

1 V. N. Karazin Kharkiv National University,
4 Svobody Sq., 61022 Kharkiv, Ukraine
e-mail: maria.lebedieva@karazin.ua
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12, Ac. Proskura St., Kharkiv, 61085, Ukraine,

A significant amount of research in the field of strength and plasticity, as well as
solid mechanics, focuses on the necking process during the plastic deformation
of metals. However, localized neck formation can rarely be clearly distingui-
shed experimentally due to the limited capabilities of measuring equipment
and conventional measurement methods. Ensuring high strength and plasti-
city is crucial for the potential application of materials in the International
Thermonuclear Experimental Reactor (ITER), particularly for manufacturing
components with high thermal flux, such as the first wall and divertor. This
layer of material will be placed between the plasma-facing armor and the main
structure within the cooling system, which consists of tungsten—copper—Cu-Cr-
Zr monoblocks. The operating conditions of such monoblocks in the ITER
reactor involve intense thermal loads that can exceed 10 MW /m?. Periodic
heat pulses from the plasma induce significant temperature gradients within the
material structure, leading to thermal fatigue, deformation, and the accumulati-
on of residual stresses. In addition to high thermal conductivity, this layer and its
connections with the adjacent material must also be mechanically strong enough
to withstand thermal and mechanical stresses. In this paper, the phenomenon
of neck formation during the plastic deformation of Cu-Cr-Zr alloy system
samples, which were deformed to failure under uniaxial tensile stress in air
at temperatures ranging from 25°C to 350°C, is experimentally studied. The
method of digital image acquisition during deformation is used to investigate
the change in the cross-sectional area of the cylindrical sample and to calculate
the true stress. The change in the curvature of the sample’s geometry is exami-
ned as a function of temperature. The onset time of necking, obtained through
video recording of the experiment, is compared with the characteristic strength
limit on the deformation curve, which coincided, indicating a minimal error in
the application of this experimental method.

Key words: mechanical stress, necking, mechanical failure, uniaxial deformati-
on, video recording, Cu-Cr-Zr alloy system.



