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Inemumym s0epHux docnioxcenv HAH Yxpainu

3MIHA XAPAKTEPUCTHUK MIITHOCTI KOPITY CHOI CTAJII ITPU
JOBI'OTPUBAJIOMY OITPOMIHEHHI

Pestome. [lpoananizoeano pesyremamu unpoby8anv HA po3Mse 3pPA3KIG-CEIOKI6, ONPOMIHEHUX Y
NPOMUCTIOBOMY Deakmopi npomscom 24-x nanueHux KAMNAHill Y paMKax Hnpocpamu 3paskig-ceiokis. bByno
BU3HAYEHO 3MIHY MEXaHiyHux xapakmepucmux memany kopnyca peakmopa BBEP-1000, onpominenoco 00
3HaUHUX @hrioeHcie 8 ymogax 0dogzompusaioi excniyamayii. Buseneno, wo roegiyicnm Oepopmayiiinozo
3MIYHEHHST Memany NOMIMHO 3HUMICYEMbCS 3 HAKONUYeHHAM ¢hnioency. [Iposedeno NopieHsHHSL GIOHOULEHHS
R, /R, Ona kopnycnux cmaneu nicisi NPUCKOPEHO20 ONPOMIHEHHS Y OOCHIOHUYbKUX peakmopax ma
00820MpuUBANO20 ONPOMIHEHHA 8 YMO08AX eKChiyamayii npomucnogux peaxmopis. Pesynemamu ybo2o
NOPIGHANHA c8I0Yamb NPO NPAKMUYHO OOHAKOBY 3MIHY XAPAKMepUCMuUK MiyHoOCmi Memany KOpnyca peakmopda 6
060X UNAOKAX.

Knrwuoei cnoea: «kopnyc peakmopa, 3pasku-cioKu, HeUMpOHHe ONPOMIHEHHs, KoeiyicHm
depopmayiiinoeo 3miyHeHHs.

V. Revka, O. Trygubenko, Yu. Chaikovskiy, L.. Chyrko

THE CHANGE OF STRENGTH PROPERTIES OF THE REACTOR
PRESSURE VESSEL STEEL AFTER LONG-TERM IRRADIATION

Summary. The results of uniaxial tensile testing of the round surveillance-specimens are analyzed in the
paper. The specimens were withdrawn from the reactor after neutron exposure of 24 fuel cycles. Maximum fast
neutron (E > 0.5 MeV) fluence is up to 55,6 - 10° n/m’ for the base metal and 73 - 10” n/m’ for the weld metal.
High fluence accumulated by the specimens gave an opportunity to determine the change of mechanical
properties of WWER-1000 reactor pressure vessel metal under the long-term neutron irradiation. In the frame of
this study the base metal and the weld metal specimens were tested. The testing temperatures are 20°C and
350°C.

It was found that a strain hardening exponent of the metal changes is directly proportional to the neutron
exposure. This dependency is more pronounced of the weld metal test data. The exponent m on R,y /R, ratio
linear dependency was also revealed using the experimental data of both the base and the weld metals; it makes
us to conclude that Ry, /R, ratio characterizes indirectly the change of strain hardening exponent.

Using these data it is possible to compare the hardening rate induced by accelerated irradiation in the
research reactors and by long-term irradiation in the power reactors. The results of this comparison
demonstrate almost the same difference in metal strength characteristics based on changing the R,o»/R,,
relation. Thus we can predict that a neutron flux at the irradiation temperature of about 300°C doesn’t influence
the value of strengthening. These experiments allow us to clarify some mechanisms of material hardening and
embrittlement and broaden our understanding about the behavior of the reactor pressure vessel steel under
irradiation.

Key words: reactor pressure vessel, surveillance specimens, neutron irradiation, strain hardening rate.

Beryn. Sk BiioMO, OCHOBHUM €JIEMEHTOM, KU 00MeXKy€e pecypc sJIEpHOTO peakTopa 3
BOJIOIO ITiJT THCKOM, € HOro KOpITyc, a OCHOBHOKO HEOE3IEeKO0 JIIS IUTICHOCTI MeTally KopIyca
peakropa (KP) € BIuIMB HEHTPOHHOTO ONPOMiIHEHHS, SIKE MPU3BOAUTH JI0 3MiHM (Pi3UUHUX i
MEXaHIYHUX BJIACTHUBOCTEH CTalll 1, K HACTIZOK, /IO ii OKpUXYeHHS. BenwumHa 3MiHM IHX
BIIACTHBOCTEH 3aleKUTh BiA OaraThox (PakToOpiB: TemrmepaTypH OMpPOMiHEHHS, (DIIOSHCY,
IIUTBHOCTI TIOTOKY HEHTPOHIB, XIMIYHOTO CKJamy cram Ta iH. J[sg po3yMiHHS BIUIMBY
KOXHOTO 3 (JaKTOpiB BUKOHAHO 0arato JOCHiKeHb [ 1, 2], mpoTe He Ha BCi MUTAHHS 3HANHCHO
BiamoBiai. Hampukian, me HeMOXKHa 3 YIEBHEHICTIO CKa3aTH TPO BIUIMB IPUCKOPEHOTO
ONPOMIHEHHS PU BU3HAYCHHI CTYTICHSI MOIIKOKEHHS KOPITYCHOT CTali.
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Jlns Toro, mo0 3po3yMiTH MeXaHI3MH pajiallifHOTO TOIIKO/KEHHS Ta 3MIiHU
MEXaHIYHUX BJIACTUBOCTEH KOPITYCHUX CTajiel, OCTaHHIM dYacoM Bce OLIbINe yBaru
MPUIUTSIETHCS BILTUBY ONPOMiHEHHsI Ha 3MiI[HeHHs Martepiaiy [3].

B 3arampHOMY MOHA CKa3aTH, 110 BUTbHI TOYKOBI JlehekTr ado iX KacTepH, 3aIHIIeHi
B MeTalli KacKaJaMH 3MIIeHUX YHACTIJOK HEHTPOHHOTO OMPOMIHEHHS aTOMIB, MOXKYTh OYTH
PYXOMHUMH 1 B3a€MOJISATH 3 aTOMaMH TBEpPAOro po34MHy Ta JoMimkamu. lle sBuime
MPHU3BOUTH JI0 YTBOPEHHS Ae(eKTiB 3MIITHEHHS Y MeTalli, IPOTe eKCIIEPUMEHTAIBHO IyXKe
Ba)KKO BUSBHTH, K caMe MOOIIbHICTh TOYKOBHUX JE€(PEKTIB MPU3BOAUTH JI0 3MII[HEHHS CTalll
[4]. OkpiM Toro, NMedeKTH, 3apOoJKeHI BHACIIIOK OIMPOMIHEHHS, CTBOPIOIOTH IEPEITKOIN
KOB3aHHIO JUCJIOKAIii 1 TakuM YWHOM NPHU3BOMAATH JO 3MIIHEHHS CTajli Kopiryca
peakropa [5].

IlepexymoBa nmociaimxenn. [lutanHs MmexanizmiB 3minHeHHs ctani KP  yHacmigok
ONPOMIHEHHS € aKTyaJlbHUM YyXKe KiJbKa JecaTwiiTe. ¥ poboti [.B.Topuuina Ta iH. [6]
BUKJIAJIEHI pe3ysbTaTd JOCITIKEHb JESIKNX MeXaHIYHUX BiacTuBocTeit crami 15X2MOA y
BHUXIJTHOMY CTaHi Ta IiCJIiI HEHTPOHHOTO ONpOMiHEHHs mpu Temieparypi 260 — 280°C mo
(dmroeHcy ~10% HeI71Tp/M2 (Tabm. 1).

Taoaunsa 1
Mexaniuni BiaactuBocTi ctaiai 15X2MOA [6]
Crtan metany Rpo0.2, MlIla R, Mlla Rp02/Rm
Heonpominenwmit
(rapTyBaHHS 3 BUCOKUM 520 690 0,75
BIJIITyCKOM)
OnpomineHuit 760 910 0,83

[lincymKoM IbOTo JOCHTIKEHHS OyJI0 Te, 10 pajianiiHe HOUIKOKEHHS HE CIIPUUMHSIE
MTOMITHOTO BIUTMBY Ha 3JaTHICTH CTali JI0 Ae(opMaIiifHOro 3MIITHEHHS, TaK SIK PiBHOMIpHE
BUJIOBXKEHHSI 1 BIJHOIIEHHS TpaHMIl TEKY4OCTi A0 TIpaHumi MinHocTi (R,o/R,) micis
OIPOMiHEHHS 30€piraroThCs Maike Ha ITOYaTKOBOMY PiBHI.

Crnix 3a3HauuTH, IO 3aJaHui (uroeHC OYyB JOCSATHYTHH HUISIXOM MPUCKOPEHOTO
OIPOMIHEHHS Y JOCIITHUIIBKOMY peakTopi 3i HIUIbHICTIO MOTOKYy He#tponiB (ILIITH) Bix
3-10" 1o 10" HeI71Tp/M2/c, o nepesuinye [IITH y npomucnosux peakropax BBEP-1000 na
2 — 3 nopsiaku. OCKUTbKY BIUTMB MIPUCKOPEHOTO OMPOMIHEHHS Ha BJIACTUBOCTI MaTepialliB mpu
IIIIH O6impme HIDX 10'6 HeﬁTp/MZ/C [[Ie HE NOBHICTIO BHUBYEHUI, TO 3AIEKHICTH
nedopmMarifHoro 3MIIHEHHS BiX (IIOEHCY IIBUAKUX HEHTPOHIB M CTajel KOpIyciB
peaktopis BBEP-1000 moxxe BinpizasaTucs s pizaux HIITH.

B octanHi poku 3’sBUIIacsS MOXKJIMBICTD ITPOAHANi3yBaTH CTYIiHb 3MIIIHEHHS! KOPITyCHOL
CTali B yMOBaxX JOBIOTPHUBAJIOTO HEUTPOHHOTO OMPOMIHEHHS IIISIXOM BHITPOOYBAHHS
3pa3kiB-cBiJKiB (3C), BUBAaHTAKEHHUX 3 PEAKTOpA, IO HAKOMUYUIM (pIroeHc, OJIM3bKHMA 110
MPOEKTHOTO. 3pa3KU-CBIAKHA OIPOMIHIOIOTECS B YMOBax, MOJMIOHUX JIO YMOB OINPOMiHEHHS
BHYTpimHbOI cTinku KP (¢uroenc, mBuakicts Habopy ditoeHcy, remneparypa). Tomy gani ix
BUNPOOYBaHL OyIyTh HAWTOUHINIE XapakTepw3yBaTH MINHICTE MeTtary KP  micns
OIPOMiHCHHS.

Mertor naHoi po6oTH € BU3HAUCHHS BIUIMBY ONPOMIHEHHS Ha 3MIiIIHEHHS KOPIYCHOL
CTalli, TOOTO OTPUMaHHS EKCIEPHUMEHTAILHOI 3alleXKHOCTI KoedirieHTa aedopMariifHOro
sminHeHHs (KJI3) Bin ¢uroeHCy MIBUAKUX HEUTPOHIB NMpH JOBFOTPUBAIOMY OINPOMiHEHHI
MeTaly B yMOBaX EKCIUIyaTallii NMPOMHCIOBOIO pEaKTopa, a TaKOXX IOPIBHSHHS JaHUX
3MIIIHEHHSI KOPIYCHOI cTaji, OTpUMaHMX Ha 3pa3KaxX-CBiJKaX, 3 BIJIOMHMMH B JiTepaTypi
eKCIIEpPUMEHTAIBHIMH JTaHIUMH, OTPIMAaHIMHU B YMOBaX IPHICKOPEHOTO OIPOMiHEHHSI.
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Marepianu ta Meroan. Y pamkax gaHoi pobotu gociimkyBaiuck 3C OCHOBHOTO
Metany (ctamb 15X2HM®A-A) ta Meramy 3BapHoro mBa (Ce-12X2H2MAA) oxnoro 3
KOPITyCiB PeaKkTopiB, IO €KCIUTYaTYIOThCS B YKpaiHi. XiMIUHUH cKiiaJ MaTepialliB HaBeJIeHO
y Tabu. 21 3.

Ta6auns 2
XiMiuHUM CKJIaJl OCHOBHOTO MeTaity (% Bar)

C Mn Si S P Ni Mo Cu \Y% Nb

0,13 | 0,39 | 0,25 | 0,009 | 0,008 | 1,27 | 0,54 | 0,04 | 0,09 | 0,001
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Taboamusa 3
XiMIgHUH CKJIa]l MeTaly 3BapHOTro IBa (% Bar)

C% |(Mn% | Si% | S% P% | Ni% |[Mo% | Cu% | V%

0,04 | 0,71 | 0,24 | 0,009 | 0,005 | 1,62 | 0,54 | 0,06 | 0,006

JIiss OTprMaHHSI XapaKTepUCTHK MIITHOCTI MPOBOJWIIM BHIPOOYBAaHHS HAa OIHOOCHU
PO3TAT MIJIIHAPHYHUX 3pa3KiB JiaMeTpoM 3 MM Ta pO3paxyHKOBOIO dacTHHH 30 MM. 3pa3ku
nepeOyBanm B peakTopi mpu Temmepatypi ~ 300°C B ymMoBax OINPOMIHEHHS IMIJIBHICTIO
IOTOKy HeifTpoHiB ~ 10'° Heiitp/mM*/c mpoTsrom 24-X MalMBHEX KaMIIaHii. 3a el mepiof
MaKCUMAaJIbHUM HAKONWYCHUH OCHOBHUM METAJIOM (IFOCHC IIBHJAKUX HEHTpoHIB (£ >
0,5 MeB) cranoBuB 55,6-10* Heiftp/M°, IS MeTay 3BapHOTO mBa — 73+ 10% Helttp/m°.

BumnpoOyBanHs Ha po3Tsr nmpoBoaAwiM 3rifiHo 31 crangaptoM ASTM E8M npu 20°C Tta
350°C Ha enmekTpoMexaHidyHiii cuctemi Instron 8862 3 mNpUKIATHEM TPOrPaMHUM
3abe3neueHHsM. [IIBUAKICTE pyXy akTUBHOTO 3axBary cTanoBuia 0,4 MM/XB, IO BiJIOBigae
MIBUKOCTI HaBaHTAXXCHHSI 3pa3Ka Ha JHINHIN IUISHIN aiarpaMu po3tary onmseko 7 Mlla/c.
KoegimienTt aedopmariitHoro 3MiliHeHHS /7 BU3HAYAIH 32 (OPMYIIOI0

R=K-¢", (1)
Je R — HarpykeHHs IpH po3Tary; K — KoedilieHT MIITHOCTI; € — tedopMaltis 3pa3ka.

Pesyabratn npocaimkennsi. Ha puc. la 1 16 mpencraBieni 3amexsnocti K3 Big
(¢mroeHcy mBUAKUX HeHWTpoHiB M1t OM mpu Temmepatypax BunpoOyBanb 20°C ta 350°C.
Jlns metay 3111 i % 3a1eXKHOCTI IpeicTaBlIeH] Ha puc. 2a 1 26.

Sk 6aunMoO 3 PUCYHKIB, 3 HAKOMUYECHHSM (DIIFOCHCY I OCHOBHOTO METaly Ta METaly
3BapHOTO IIBa 3HAYEHHS m CHaaae, TOOTO JiJSHKA JiarpaMH pO3TATY, IO BiJIOBimae
PIBHOMIPHOMY BUJOBXKEHHIO 3pa3Ka, CTAa€ MOJOTIIIOK0, 1 BEJIMYMHA TPAHUII TEKYydOCTi R,
HAOJIMKAETHCS JI0 3HAUCHHS T'PAHUIl MIIHOCTI Ry, IO € pe3yJbTaTOM 3MIITHEHHS CTaJli ITiJT
YILTABOM OIPOMiHEHHs. MOXHa TaKOX CTBepJUKyBaTH, 110 it Metany 3111 nana TeHneHiis
HOCHTH OUTBIN BHPKEHUN XapakTep 1 PO3KW] 3HA4YeHb € MeHImui, Hik it OM. ®opmy
3aIeXKHOCTI m BiJl (DIIFOSHCY HEUTPOHIB MOXKHA Oyje YTOYHUTH 3a HAsSBHOCTI pe3yJIbTaTiB
BUIpoOyBaHb 3C HACTYITHUX BHBAHTAXKCHb.
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m 20°C m 350 °C
0,18 x A
A A
e A A 02 A
» é A A A A
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Pucynok 1. 3anexxHocTi koedilieHTa m Bif (GaroeHCy IBUAKAX HEWTpoHiB mis OM npu TemmnepaTypi
purnpoOyBauHs 20°C (a) ta 350°C (6)

Figure 1. Dependence of the coefficient m on the fast neutrons fluence for OM at the testing temperature 20°C
(a) and 350°C (b)
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PucyHok 2. 3anexxHocTi koedillieHTa m BiJ GpraroeHCcy IBUAKAX HEWTPOHiB s Metany 311 npu temnepatypi
pumnpoOyBauHs 20°C (a) ta 350°C (6)

Figure 2. Dependence of the coefficient m on the fast neutrons fluence for the weld metal 3111 at testing
temperature 20°C (a) and 350°C (b)

Kopesnsniiiai 3anesxHocTi koedillieHTa m BiJ BIAHOWEHHS R,/R, IpeicTaBlIeH] Ha
puc. 3 i 4 qusg OM Ta metay 311 BigmosigHo. 3 rpadikiB 6aunmo, 1mo kopensii Mixxk KJI3 Ta
BITHOIIEHHAM R /R, HOCATh OMM3bKY 10 JiHiMHOI Gopmy sk amst OM, rtak 1 mis 3111
OCKIUTBKH CIIOCTEPIraeThCsl Taka 3ajJeKHICTh, TO MOYKHA CKa3aTH, IO CITiBBITHOINCHHS

Rp0,2/R,, HETIPSIMO XapakTepu3ye 3MiHy KoedilieHTa aehopMaliifHOro 3MillHEHHS.
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016 080 ' o0
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’ R,q,/R ‘ R...R
p0.2' " \m 0,2/ ¥m
0,85 0,86 0,87 0,88 078 0,80 0,82 0,84 0,86 0,88
a 3]

Pucynoxk 3. Kopenauiiini 3anexxHocTi koedilieHTa m Bif BigHOWEHHS R, »/R,, 111 OCHOBHOTO METaly NPy
temnepartypi sunpoOysanus 20°C (a) Ta 350°C (6)

Figure 3. Correlation of dependencies of coefficient m on the relation R, »/R,, for the base metal at testing
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Pucynok 4. Kopensuiiini 3anexHocTi koedilieHTa m BiJ BifHOWEHHS R, /R,, 111 MeTaly 3BapHOro 1IBa NpH
temnepartypi BunpobysanHs 20°C (a) Ta 350°C (6)

Figure 4. Correlation dependencies of coefficient m on the relation R, »/R,, for the weld metal at the testing
temperature 20°C (a) and 350°C (b)

Sxmo mpoaHanizyBaTd 3MiHY BiJIHOIICHHS TPaHUI TEKYYOCTI O TpaHUIll MIITHOCTI
MaTepialliB B HEOIMPOMIHEHOMY CTaHi Ta OIMPOMIHEHHX JI0 MAaKCUMAJIBHOTO (DITIOCHCY, TO IS
pizuus cranosutume Bix 0,03 1o 0,08 (3ayexHO BiA TemmepaTypu BUIIPOOYBaHHS 3pa3KiB)
it OM Ta 0,06 + 0,11 mrs 3. 30inbIIeHHs BEIMYWHU JTAHOTO BiIHOIICHHS, JOCATHYTE
HUIIXOM NPUCKOPEHOTo onpoMiHeHHs, nae pizumoo 0,08 (nuB. tabdn. 1). Tobro 6aunmo, 1o
MOPIBHSAHHS CTYICHIB 3MIIIHEHHS CTaJli BHACHIJOK MPHCKOPEHOTO ONPOMIHEHHS Y
JOCTTITHUIIBKUX peakTopax Ta JOBFOTPUBAJIOIO ONPOMIHEHHS B YMOBaX eKcCILTyaTamii
MIPOMUCIIOBHX PEaKTOPiB CBIITUUTH MPO HE3HAUHY Ta MPAKTHYHO OJHAKOBY 3MiHY BiTHOIICHHS
Ry0/R,, B 000x Bumazakax. [Ipote ciin 3ayBakuTd, IO ISl 3MiHA € IIOMITHOIO, OCKUIBKH
criocTepiraeTbesi CTilike 3pocTaHHsS R0 /R, Ta mafgiHHs KoedilieHTa m 3 HaKONMUYEHHAM
(roency.

BucnoBkn. IlpoanamizoBaHo 3ajeXHOCTI Big (IroeHCY HEHUTPOHIB — JIE@SKUX
XapaKTepUCTHK MIIHOCTI MeTany Kopmyca peakropa BBEP-1000, mo Oymm orpumani B
paMKax TmporpaMu 3pa3KiB-CBiaKkiB. Pe3ynapTaTm aHamizy cBiguaTh, MmO KoeimieHT
nedopMaIiiHoro 3MIITHEHHS. M METally TIOMITHO 3MEHIINYETHhCS 3 HAKOMUYCHHSIM (DITFOCHCY.
Jlns MeTany 3BapHOTO INIBA JlaHA TEHJEHIliSI HOCUTH OLIbIN BHUpPAXEHUH XapakTep, HDK JUIs
OCHOBHOTO MeTainy. Takox OyJ0 BHSBIICHO JIHIAHY KOPEIAIII0 BEIWYHMHH /M BiJ
CHIBBIIHOMIEHHS R,02/R,. OTpuManuil pe3yiabTaT Ja€ IPHUBLL TOBOPUTH, W10 JaHE
CIIBBIIHOIIICHHS HENPSIMO XapaKTepHU3ye 3MiHY KoedillieHTa JedopMaIiiiHoro 3MirHeHHS.

KpiMm TOro, mopiBHSHHS CTYyNEHIB 3MIIIHEHHS CTali BHACIIJOK IPHCKOPEHOTO
OTPOMIHEHHS y JOCTIAHHUIIPKUX peakTopax Ta JOBTOTPUBAJIOrO OMPOMIHEHHS B yMOBax
eKCIUTyaTallii TMPOMHUCIOBUX pPEaKTOPIiB CBIAUYUTH MPO TMPAKTHYHO OJHAKOBY 3MiHY
BigHOmEHHA Rpoo/Ry B 000x Bumankax. IIpote cmim 3ayBakuTH, IO ISl 3MiHA € JIOCHTh
MOMITHOIO, OCKIIBKH CIIOCTEpiraeThesi CTilike 3pocTaHHs Rpo2/Rm Ta BiANOBiAHO 3HMKEHHS
KoedilieHTa m 3 HaKONMWYeHHsM ¢umoeHcy. Pesynpratm naHoi pob6oTH MOXYTh OyTH
BHKOPHUCTaHI B TOJAIBIIOMY JUIS aHATi3y Ta TJIUOIIOTO PO3YMIHHS MEXaHi3MIB 3MIITHCHHS
ctaii KP yHacniziok HEeHTpOHHOTO OMPOMiHEHHSI.

Conclusions. In the paper the dependencies of some strength properties on neutron
fluence obtained in the frame of a surveillance program have been considered for the WWER-
1000 reactor pressure vessel materials. The results of analysis testify that the strain hardening
coefficient m decreases noticeably, when the neutron fluence increases. This tendency is more
pronounced for the weld metal in comparison to the base metal. Furthermore, a linear
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correlation for the m value and the R, »/R,, ratio has been found. This result testifies that the
above mentioned ratio describes indirectly the change of strain hardening coefficient.

In addition the comparison of the hardening rate for RPV steels irradiated in the test

reactor and under the long-term irradiation condition in the power reactor testifies almost the
same change in the R, /R, ratio in both cases. However, it should be noted that this change is
noticeable as a steady increase of R, /R, ratio and respectively the decrease of the m value,
which are observed when the neutron fluence increases. Further the results of this study may
be applied to the analysis and the comprehensive understanding of the hardening mechanisms
for the RPV steels because of neutron irradiation.
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