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OIIIPHICTh BTOMHOMY PYHHYBAHHIO 3A YHCTOI'O 3T UHY
TA TBEPAICTb TOHKOJIMCTOBOI'O MATEPIAJIY 31 CIIVIABY ZR-1%NB
HICJIA MOAUPIKYBAHHSA ITPUITOBEPXHEBOT'O IIAPY
JOMIIIKAMMU ITPOHUKHEHHSA

Ocobauge Micye 8 si0epHill eHepzemuyi 3aiimMaroms KOHCMpYKYiliHI mMamepiaau 0451 akmu@Hoi 30HU si0epHUX
peakmopis. /Jo makux mamepianaie Hasexcamv, Hacamneped, YyupkoHiesi cnaasu. B npoyeci ekcnayamayii yupkouiesi
8UPOOU 303HAIOMb BMOMHO20 HABAHMANCEHHS. SHAYHULl 8N/1UB HA 8MOMHY 008208iYHICMb 30iTICHIOE cCMpyKmMypHo-¢azosutl
cmaH npunogepxvegoz2o wapy. Tomy Ximiko-mepmiuHa 06poOKa € XopowuMm iHCmpyMeHmoMm 045 J0CA2HEHHS 6axcaHo20
cmaHy npunogepxmegozo wapy. Y pobomi HasedeHO eKcnepuMeHmMa/AbHi pe3ysbmamu 06pO6KU MOHKOAIUCMOB020
Mmamepiany (~1 mm) 3 yupkoHiegozo cnaagy Zr-1%Nb 3 kucHesmicHozo cepedosuwja ma sakyymy. IlokasaHo 8iomiHHOcmI
meepdocmi npunogepxHegoz2o0 wapy nicas 06po60oK y pi3HUX 2a308ux cepedosuujax (8akyyM, KuceHbv). BuseseHo, wo
06po6Ka 8 KUCHe8MICHOMY 2a3080My cepedosuwji npuzeodums do nidsuweHHss meepdocmi nogepxHi. BcmaHoseHo, wo
06po6Kka y KUCHE8MICHOMY 2a3080My cepedosuwyi npuzeodums 00 (POpMyeaHHs y npunosepxHesomy wapi epadieHmy
meepdocmi. HagedeHo po3nodin KUCHIO y npunosepxHegomy wapi nicass 06po6ok. PozzaasaHymo ensnue modudikysanHs
npunogepxHego20 wapy KUCHeM 3 2a308020 cepedosuwa Ha 8MOMHY 008208I4HICMb 3a CUMEMPUYHO20 YUCMO20 32UHY
moHkoaucmogozo mamepiany (~1mm) 3 yupkoHniegozo cnaagy Zr-1%Nb. ExkcnepumeHmaabHo nidmeepoxiceHo, wo
Hasi8HICMb 3MIYHEH020 NPUNOBepPXHE8020 Wapy KUCHeM npuzeodums 0o nidsuweHHs Kiabkocmi Yyukaie 0o pyUHy8aHHS.
IlokaszaHo, wo emomHa 008208iYHIcMb JoCAidxHCYy8aHO20 mMamepiay, 36a2a4eH020 KUCHEM, yymausa 00 pieHs amnaimyodu
dedpopmayii. BcmaHosseHo, wo 3i 3MeHweHHIM amnaimyodu dedopmayii (+& =0,9%...0,7%) 3a cumempu4Ho20 YUCMO20
32UHY KiAbKicmb yukaie 0o pyliHy8aHHs 3pocmae no 8idHowleHHIo 0o 06po6.1eH020 y 8aKyyMy 3a MUX jce memnepamypHo-
yacosux napamempis. 3anponoHosaHa 06pobka Mae HU3KYy nepesaz neped [Hwumu cnocobamu. HacuueHHs KucHem 3
KOHMPO/b08AHO20 2308020 cepedoguuja 3abe3nevye o6pobky demasell ckaadHoi KoHizypayii ma eidmeopiosaHicme
pesysemamie 06po6ok. Pesyabmamu, ompumaHi 8 Xx00i 0ocaidxceHHs,  003804510mb 3po6UMU BUCHOBOK NpoO
nepcnekmueHicmb 8UKOPUCMAHHST Makoi 06po6Ku 8edeHHs1 8 MEXHO/102iYHUll npoyec ocmamoyvyHoi mepmiuHoi 06po6ku
MOHK01UCMO08020 YUPKOHIEBO20 Mamepiay.

Kmiouoei cio8a: yupkoriesutl cnaas, 2azose cepedosuuye, npunosepxHesull wap, KUCeHb, 8MOMHA 008208i4HICMb,
yucmut 32uH.
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RESISTANCE TO FATIGUE FRACTURE AT A PURE BENDING AND HARDNESS
OF THIN-SHEET MATERIAL FROM THE ZR-1% NB ALLOY AFTER MODIFICATION
OF THE SURFACE LAYER BY ELEMENTS INTERSTITIAL

A special place in nuclear energy is occupied by structural materials for the core of nuclear reactors. Such materials include, first
of all, zirconium alloys. During operation, zirconium products experience fatigue loads. A significant effect on the fatigue life has a
structural-phase state of the surface layer. Therefore, chemical-thermal treatment is a good tool to achieve the desired state of the surface
layer. The experimental results of processing sheet material (~ 1 mm) from zirconium alloy Zr-1% Nb from an oxygen-containing medium
and vacuum are presented. The differences in the hardness of the surface layer after treatments of various gaseous media (vacuum, oxygen)
are shown. It was found that treatment in an oxygen-containing gas medium leads to an increase in surface hardness. It was revealed that
treatment in an oxygen-containing gas medium leads to the formation of a hardness gradient in the surface layer. The distribution of oxygen
in the surface layer after treatments is given. The effect of surface layer modification by oxygen from a gaseous medium on fatigue life under
symmetric pure bending of a sheet material (~ 1 mm) made of zirconium alloy Zr-1% Nb is considered. It was experimentally confirmed that
the presence of a strengthened surface layer with oxygen leads to an increase in the number of cycles to failure. It was shown that the fatigue
life of the studied material enriched with oxygen is sensitive to the level of strain amplitude. It has been established that by decreasing the
strain amplitude (#& = 0.9% ... 0.7%) with symmetric clean bending, the number of cycles to failure increases with respect to the machined in
vacuum at the same temperature and time parameters. The proposed treatment has several advantages over other methods. Saturation with
oxygen from a controlled gas environment provides the processing of parts of complex configuration and reproducibility of the treatment
results. The results obtained during the study allow us to conclude that it is promising to use such a lead treatment in the process of final
heat treatment of zirconium sheet material.

Key words: zirconium alloy, gaseous medium, surface layer, oxygen, fatigue life, pure bending.

Beryn

I{upkoHi€Bi CTUIaBH HIMPOKO 3aCTOCOBYIOTHCS SIK KOHCTPYKIIIHHWUH MaTepiaid y aTOMHIH MPOMHUCIOBOCTI
JUTSI BATOTOBJICHHST 000JIOHOK TAJIMBHUX €JIeMEHTIB — TBeiB [ 1, 2]. ExcruryaTamiitna HaaidHICTh IIUX KOHCTPYKIIH —
BOXIUBHUI €IEMEHT HAIiifHOCTI yChOTO TAJMBHOTO IWKIY, BPAaxXxOBYIOUM, IO KOHCTPYKII MpAIlOIOTh 3a
MiABUIICHUX TeMmIeparyp. Ha BTOMHY MIIHICTh METalliB CyTTEBO BIUIMBAIOTH Taki (DaKTOpH, SK IIOPCTKICThH
MOBEPXHI, IOBEPXHEBI HANpPYXEHHs (PO3TATryBabHI YM CTUCKAJIBbHI), ()a30BO-CTPYKTYPHHUI CTaH NPUIIOBEPXHEBOTO
mapy (KiIbKICTh Ta JUCHEPCHICTH (a3, TycTHHA AMCIIoKanii Ta iX po3mnosin, Tomo). Brme nepmmx nBox ¢akropis
Ha BTOMHY MIIHICTh JOCHTH J00Ope BUBUeHHMH. Poib Tperboro ¢akropy, (¢Ha3oBO-CTPYKTYPHOTO CTaHY
MPUITIOBEPXHEBOTO LIAPY, MEHII SICHA Yepe3 HOoro CKIaAHICTh Ta PI3HOMaHITHICTh, 0COOJIMBO B IIMPKOHIEBHX CIIJIaBaX
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[3-6]. OmauM i3 OUIAXIB HUIECTIPSIMOBAHOTO (OopMyBaHHS (Da30BO-CTPYKTYPHO CTaHY HPUIIOBEPXHEBOTO INAPY
MeTaly € XiMiKo-TepMiuHa 00poOKa.

Oco0nuBe TpakTUYHE 3HAYEHHS MAa€ PO3YMHHICTH IOMIIIOK NMPOHHKHEHHS (KHCHIO, a30Ty, BOJHIO) Yy
IUPKOHII. 3TiTHO 3 IiarpamMorio CTaHiB HaHOUIBITY pO3YWHHICTD B O-IIMPKOHIT Mae KuceHb — 28% art., a3ot — 22% ar.
1 HaliMeHITy BofieHb — 7% at. [7-9]. Bucoka po3unHHICTE KHCHIO B IIUPKOHIi POOHUTH CIUTaBU cUCTEMH «Zr-O» myxe
MEPCICKTHBHAMU 3 TOYKM 30py TPAKTHYHOTO BHUKOPHUCTAHHS JIETYBAaHHS KHCHEM, SK METOAY YIIPaBIiHHA
CTPYKTYpPOIO ¥ BIIACTUBOCTSMH ITUPKOHIIO Ta WOTO CIUIaBiB. 3 €JIEMEHTIB BTIJICHHS B ITUPKOHII TiIBKU KUCECHb
PO3TIAAAETHCS HE TUTBKY SIK IIKIUIMBA JIOMIIIKA, ajie i K JeTyBaJbHUN eIEMEHT.

[ocTraHoBKa 3aBAaHHA. BCTAHOBUTH BIUIMB IOBEPXHEBOTO MIApy MOJU(IKOBAHOTO KHUCHEM 3 Ta30BOTO
CepeIOBUIIE HA OMIPHICTh BTOMHOMY PYHHYBAaHHIO 3a YHCTOI'O 3THHY Ta TBEPAICTh TOHKOJMCTOBOTO MaTrepiany 3
craBy Zr-1%Nb.

Bukax 0CHOBHOr0 MaTepiaiay
3pazok ais BTOMHHX BHIPOOYBaHB Oylo BHpi3aHO 3 TOHKOJHCTOBOTO (~1 MM) Mmarepiamy Zr-1%Nb

(puc. 1).
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Puc. 1. 3pa3ok 1 BTOMHUX BHIPOOYBaHb

JIns HacHMYCHHS KMCHEM MPUIIOBEPXHEBOIO ITMPKOHIEBOrO cIuiaBy Zr-1Nb BUKOPUCTAHO YCTAHOBKY IS
BiJlaJly B BaKyyMi Ta KOHTPOJIbOBAaHUX Ta30BHX cepepoBuinax. OOpoOKy y ra3oBOMy CEpEIOBHIII MPOBOIMIH 32
nBoMa pexnMami: y Bakyymi (7=580°C, =3 rox., P=1,33-10 [la) — pexum Rl Ta y KHCHEBMiCHOMY
razoBomy cepenosumii (7 =580°C, t=0,5ron., P=1,33 [Ta+ T=580°C,t = 2,5ron., P= 1,33-10'2 ITa) — pexxum
R2. Pexxum 00poOKM BUOMpanu 3 MIpKyBaHb CyMILIEHHsI HOTO 3 IITaTHUM (iHIIIHUM PEKUMOM OOpPOOKH, SIKUM
BHUKOPUCTOBYETHCS JIJIsI IIUPKOHIEBOTO CIUIaBY. PO3MOJiN MIKPOTBEpJOCTI MO TEPETHHY 3pa3KiB BH3HAYAM Ha
npwiani [IMT-3M 3a naBanraxenns 0,49 H.

3rigHO 3 OTPUMAHMMH Pe3yIbTaTaMH JOCHIIKEHb (pHC. 2a) TBEPAICTh MOBEPXHI MICHSA PI3HUX PEKHMIB
00poOok 3MmiHIOETBCA. [licnms pexxumy R1 TBepricTh moBepxHi cTaHOBUTHE HV(49=290+25, a miciast oOpoOku y
kucHeBMIicHIN cymimi HV(4=540+40, a po3Mip 3MiIHEHOro mIapy CTaHOBUTh 15 MM i1 35 MKM BiAmoOBigHO.
Teepaicte cepreBunn matepiany HV(19=220+30. 3rimHo 3 pesymbTaTaMH PEHTTEHIBCHKOTO (ha30BOTO aHAI3y
TTOBEPXHi 3pa3kiB 00poOKa 3a Pi3HUX PEKUMIB MPHU3BOAUTH JIMIIE IO 3MIHM IHTEHCHUBHOCTI peduiekciB (puc. 20).
Haii0inpury iHTEHCHBHICTH peduiekciB micias oOpoOKHM y BHCOKOMY BakyyMi (pexwum R1) MOXHa MOSCHUTH
HACTYMHHUM 4HrHOM. JaHa 00poOka R1 3abe3meuye 3HATTS TEKCTYPH MPOKATKHU Ta PO3YUHCHHS OKCHTHOT TUTIBKH.
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Puc. 2. TBepaicTs mpunoBepxHeBoro mapy (a) Ta audpaxrorpamu (0), 3HATI 3 noBepxHi ci1aBy Zr1%Nb nicias 06podok 3a pisHuMH
pexumamu: 1 — pexum R1, 2 — peskum R2

BpaxoByioun, Te mo o00poOKy uMpkoHieBoro crulaBy Zr-1%Nb mnpoBogmiau y KOHTPOJIbOBAHOMY
KHCHEBMICHOMY CEpEJIOBHII, ITUIKOM CIIPaBEJIMBO OYiKyBaTH, IO y NPHUIOBEPXHEBUH map AudyHAye TNEeBHA
KUTBKICTh KHCHIO. [HTErpanbHOIO XapaKTepHUCTHUKOIO, IO BKa3ye Ha HASBHICTh KHUCHIO Yy NPHIIOBEPXHEBOMY IIapi
3pa3ka € TBepHicTh (puc.2). PesympTatH eneKTpOHHO-MIKPOCKONIYHHX [OCTIKEHb TaKOX ITiATBEPKYIOTH
301IBIICHHS J0Ji KUCHIO Y TIPUITOBEPXHEBOMY IIIapi 3paska, o0pobieHoro 3a pexxumoMm R2 (puc. 3), y Toit yac sk
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Uil 3paska, oOpoOseHoro 3a pexumoM R1, posmofinl KMCHEBOI KOMIOHEHTH Yy IPHIIOBEPXHEBOMY IIapi €
pIBHOMIpHHM.
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Puc. 3. Po3noain eneMeHTiB N0 nepepisy y XapakTepucTHYHOMY BUNIPOMiHIOBaHHI 3pa3KiB LupkoHieBoro cniiasy Zr-1%Nb nicas
00podku 3a pexkumamu R1 (a) Ta R2 ()

Bromua nosrosiunicte cruiaBy Zrl%Nb € 4yTinMBOIO XapaKTEpUCTHUKOIO 10 IapaMeTpiB 3MIIHEHHX
NPUITOBEPXHEBHX IIapiB. 3riHO 3 pe3yibTaTaMH BHIIPOOyBaHb 00poOKa 3a pexumoM P2 (koMOiHAIist B OJHOMY
pesKiMi 06pOBKH IBOX CTyIeHiB pospimkenns: P = 1,33 ITa mpotsirom 7= 0,5 rox. Ta P = 1,33-107 Ila npotsirom
7=2,5T01.) y TOPIiBHIHHI 3 00pOOKOI0 y BUCOKOMY BaKkyyMi 3a pe:kuMoM P1 MO3WTHUBHO BIUTMHYJIA HA BTOMHY
JIOBrOBIUHICTH TOHKOJIMCTOBOTO Matepiany (~ 1 Mm) 3i ciaBy Zr1%Nb 3a uncToro 3ruHy B Aiana3oHi aMIUIITYAd
nedopmanii e, = 0,8...1,0% (puc. 4).
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Puc. 4. Bromna 10BroBiunicTs 3paskiB nupkoniesoro ciiiasy Zr-1%Nb
3a pisHol ammiTyau aepopmanii miciast 06podku 3a pexxumamu R1 (1) Ta R2 (6)

[TimBuIeHHsT OMIPHOCTI PyWHYBaHHIO MMics 00poOKH R2 CIPUYWHEHO THUM, IO Y MPUITOBEPXHEBOMY IIapi
c(hOpMOBAHO CIPUATIMBUIN IPafi€HT TBEPAOCTI (IIPUPICT TBEPAOCTI noBepxHi cranoBUTh AHV 49 = 320, a rmubuna
3MIIIHEHOTO mapy ~35 MKM), a BiITaK i COPUATINBUHN IPAJi€HT CTUCKAIBHAX HAIPY>KEHb.

BucHoBkn

HaBeneno excriepuMeHTabHI pe3ysbTaTH TBEPAOCTI MOBEPXHI Ta PO3MOJAULY TBEPIOCTI IO mepepizy
3pa3kiB [uUpKoHieBoro cmiuaBy Zr-1%Nb micnms 00poOok y BakyymMi Ta KHCHEBMICHOMY Ta30BOMY
cepenoumi(7 = 580°C, t=3ron.). HaBemeHo BB 0OpOoOOK Ha BTOMHY JOBTOBIYHICTH 3a YHCTOTO 3THHY
JIOCJIIIKYBAHOTO CILIaBY.

1. BcTaHoBi€HO, IO TBEpJIiCTh IOBEpXHI Micias OOpOOKHM y BaKyyMHOMY CEpENOBHINI CTaHOBUTH
HV(49=290£25, a micnsa o0poOku y KUCHEBMICHil ra3oBiit cymimi HV4=540+40, a po3Mip 3MIIHEHOTO IIapy
CTAaHOBUTH ~15 MKM 1 ~35 MKM BiIIOBITHO.

2. EnexTpoHHO-MIKPOCKOTIIYHUMH ~ JOCHTI/DKEHHSAMH  BHUSBICHO  30UIBIIEHHS  JIOJI  KHCHIO Y
MPUIIOBEPXHEBOMY Imapi 3pa3ka, oOpoOJeHOTO y KHCHEBMICHOMY CEpeloBHINI, y TOH dHac sK Ui  3paska,
00pOOICHOTO Y BaKyyMi, pO3IIOIiT KUCHEBOI KOMIIOHEHTH Y TIPUIIOBEPXHEBOMY IIapi € PIBHOMIPHHUM.

3. BcraHoBneHO, IO BTOMHA IOBrOBiYHICTH ciuiaBy Zrl%Nb 3a WmcToro 3ruHy 3paskiB B Aiana3oHi
amrntityau aepopmanii +e, = 0,8...1,0% 31 3MIIHEHUM TTOBEpXHEBUM LIapoM, 110 chopMOBaHMH Micis 0OpoOKH y
KHCHEBMiICHOMY Ta30BOMY CEPEIOBHIII, € OiTbIIA MO BiTHOMICHHIO /0 3pa3KiB, 00POOJICHUX Y BaKyyMi.
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