Neutron diagnostics

of nuclear reactor surveillance specimens

Control of the condition of the metal of the re-
actor pressure vessel (RPV) during its service life and
ensuring the RPV integrity under normal operating
conditions, as well as in any design accidents, is one
of the vital problems of modern nuclear power en-
gineering. This is a prerequisite for the safe opera-
tion of shell-type nuclear reactors. During operation
of the reactor, RPVs are exposed to intense neutron
irradiation, which results in the deterioration of re-
actor vessel steel and severe changes in its physical
and mechanical properties manifested mainly in in-
creased brittleness (Fig. 1). Therefore, to control the
condition of the RPV metal, reference surveillance

specimens are used, which are installed in a special
container next to RPV and are made of the same
material. At certain intervals, surveillance speci-
mens are removed from the reactor shaft and sub-
jected to mechanical Charpy impact tests to assess
the actual state (brittle or ductile) of the RPV metal.

However, containers usually contain a limited
number of surveillance specimens. Therefore, in-
stead of disposing of the tested material, the sur-
veillance specimens are recovered using various
welding techniques and returned to the reactor for
further irradiation. This makes it possible to increase
the number of irradiated RPV steel samples to ob-

Fig. 1. a) Fuel loading at power unit N3 of the Rostov NPP. Source: https://sdelanounas.ru/blogs/55098/. b) Surveillance
specimens installed in the reactor of power unit N°4 of the Rostov NPP. Source: http://www.atominfo.ru/newsp/
w0801.htm. ¢) Opened container with surveillance specimens for VVER-1000 reactor (NPP Temelin, Czech Repub-
lic). Source: https://repository.lib.ncsu.edu/bitstream/handle/1840.20/27086/D02-5.pdf?sequence=1&isAllowed=y

Puc. 1. a) 3arpyska Tonnuea Ha sHepro6noke Ne3 Poctosckon ASC. MctouHuk: https://sdelanounas.ru/blogs/55098/.
b) O6pasLbl-cBMAETENN, YCTAHOBNIEHHbIE B PeakTop NycKOBOro sHeprobnoka N4 Poctosckoi ASC. UICTOUHMK:
http://www.atominfo.ru/newsp/w0801.htm. c) OTKpbITbIN KOHTeHep C 06pa3Lamu-CBUAETENAMY ANA peakTopa
BB3P-1000 (A3C TemenuH, Yexua). MictouHuk: https://repository.lib.ncsu.edu/bitstream/handle/1840.20/27086/

D02-5.pdf?sequence=1&isAllowed=y

HenTpoHHaa anarHocTuKa

obpasuoB-cBUaeTENIeN AAEePHbIX PeaKTOpPOB

OpHoOIM U3 akTyasbHbIX NPo6iem CoOBpeMeH-
HOWM aTOMHOW SHEPreTUKN ABAAETCA KOHTPOJIb CO-
CTOAHUA MeTala Koprnyca AAePHOro peakTopa B
TeueHe BCEro CpoKa cny»0bl 1 obecneyeHre ero
LIefIOCTHOCTU B HOPMaJibHbIX YCNOBUAX IKCMIyaTa-
LM, a TakxKe npu nobbIX NPOEKTHbIX aBapuaX. ITo
Heobxoaumoe ycnoBue 6e30MacHoON sKcnyaTaumm
AlepPHO SHEPreTUUYECKON YCTaHOBKM C PEaKTOPOM
KopnycHoro Tuna. Bo Bpema paboTbl Kopnyc peak-
TOopa nofBepraeTca UHTEHCUBHOMY HEUTPOHHOMY
ob6nyyeHuto, YTO NPUBOANT K Aerpagaunm Kopnyc-
HOW CTann 1 Cepbe3HbIM N3MEHEHNAM ee GU3NKO-
MeXaHNYeCKNX CBONCTB, NPOABNALUMCS, FNIaBHbIM
06pasom, B NoBblleHHON xpynkoctu (Puc 1). Mo-
3TOMY AJ19 MOHUTOPUWHIa COCTOAHMA MeTaa Kop-
nyca peakTopa UCMNONb3YyTCA KOHTPOMbHble 06-

pasubl-CBUAETENN, KOTOpble YCTaHaBIMBAKOTCA B
cneuranbHOM KOHTelHepe pAagom C KOprycom pe-
aKTOpa 1 U3roToBJIEHbI N3 TOTFO e MaTepuana, u4To
n Kopnyc peaktopa. C onpegeneHHON Nepuoamny-
HOCTbI0 06pa3Lbl-CBUAETENN N3BMIEKAIOTCA U3 LLaX-
Tbl peakTopa 1 NOABEPraTCcA MEXaHNYECKUM UCTbl-
TaHWAM Ha YOapHYIo BA3KOCTb no metody Lapnu
[NA OLeHKM peanbHOro COCTOAHUA (XPYNKOro uiu
NAacTUYHOIrO) MeTaslsla Kopryca peakTopa.
OfHaKo KOoHTeliHepbl 06bIYHO CoaepP»KaT orpa-
HUYEeHHOe KoNnyecTBo obpasLoB-ceuaeteneii. Mo-
3TOMY, BMECTO TOr0, YTOObl YTUIM3UPOBATb MCMbl-
TaHHble MaTepuarnbl, 06pa3LUbl-CBUAETENN BOCCTa-
HaBMMBAKOT C MOMOLLbIO PA3/INYHbIX METOAOB
CBapKM 1 BO3BPALLAIOT B peakTop AnA fafbHen-
Wwero 065yyYeHns. 3T0 NO3BONAET YBENNYNTb KOMN-

[1] Bokuchava G. D., et al. J. Surf. Invest. 10 (2016). DOI: 10.1134/51027451016050463

tain representative and reliable data that are used
to assess the radiation embrittlement of the RPV
material to confirm or extend its service life.

In order to maintain the representativeness of
the data, the reconstitution procedure by welding
should not significantly modify the structure and
mechanical properties of the material of the surveil-
lance specimens. Nevertheless, each thermal cycle
of the welding process leads to the formation of
residual stresses due to the fact that almost all weld-
ing methods are based on the use of highly local-
ized energy sources to melt the material in the weld.
As a result, significant residual stresses arise in the
material, the level of which is determined by the pa-
rameters of the welding process and which can sig-
nificantly affect the results of mechanical tests.

Therefore, it is necessary to control the level of resid-
ual stresses after welding in the reconstituted sur-
veillance specimens.

A team of researchers from the Institute of
Electronics of the BAN (Sofia, Bulgaria) and FLNP
JINR performed experiments on the study of resid-
ual stresses and microstrains using neutron diffrac-
tion in non-irradiated surveillance specimens recon-
stituted using various welding methods (electron
beam, laser and arc welding) (Fig. 2) [1]. Due to the
high penetrating power of neutrons, estimates of
residual stresses, microstrains, dislocation density,
and crystallite sizes were obtained, which change
greatly in the region of welds compared to the orig-
inal material, which has a significant effect on the
change in the yield strength of the material [2].

Fig. 2. a) Layout of the experiment on the study of residual stresses in a bulk object using neutron diffraction.
b) Investigated surveillance specimens reconstituted using various welding techniques. c) Dislocation density
distributions in the investigated surveillance specimens when scanning across the welds.
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Puc. 2. a) Cxema aKCNeprMEHTa MO UCCef0BaHNI0 OCTAaTOUHbIX HAaMPSAXEHWI B MAaCCYIBHOM OObEKTE C MOMOLLbIO
Andpakumm HeNTpoHoB. b) MiccnefoBaHHble 06pa3LUbl-CBUAETENN, BOCCTAHOBIEHHbBIE C MOMOLLbIO Pa3NUHbIX
METOAOB CBapKW. €) PacnpeneneHnsa NAOTHOCTU ANCIOKALMIA B NCCNIeAOBaHHbIX 06pa3uax-CBUAETENAX Npu

CKaHMpoBaHMK nonepek CBapHbIX WBOB.

yecTBO 06MyUYeHHbIX 06Pa3LOB CTanu Kopryca pe-
aKTopa A4nA NoslyyeHnA penpeseHTaTUBHbIX U Ha-
JEXHbIX JaHHbIX, KOTOPbIe UCMOMNb3YTCA 415 OLEeH-
KW paivaLlOHHOIo OXPYNUYMBaHWA MaTeprana Kop-
nyca peaktopa AnA NOATBEPXKAEHUA AW NpoAsie-
HUA CPOKa ero sKcnyaTaymm.

Y106bl COXpaHWTb penpe3eHTaTUBHOCTb AaH-
HbIX, NpoLeaypa BOCCTAHOBIEHNA METOAOM CBAPKN
He JO/MKHa CyLLeCTBEHHO U3MEHATb CTPYKTYPY 1 Me-
XaHMyecKne CBOMCTBA MaTepuasa obpa3sLoB-cBuae-
Tenen. TeM He MeHee, KaXkabli TEMAOBOM LUK Npo-
Liecca CBapKu NpmMBOANUT K 06pa3oBaHmMIo OCTaTou-
HbIX HaMPSXEHU 13-3a TOrO, UTO NPaAKTUYECKM BCe
MeToAbl CBapKM OCHOBAHbl Ha WCMNONb30BaHUN
CUJIbHO NOKANN30BaHHbIX UCTOYHVKOB HEPrv ana
pacnnaBneHna MaTepurana B CBapHoOM LiBe. Bcnep-
CTBME 3TOr0 B MaTepurasne BO3HUKAOT 3HAUYnUTENb-
Hble OCTAaTOYHblEe HaNpPAXKEHWUSA, YPOBEHb KOTOPbIX
onpepenaeTca napameTpamm CBapoYHOro npotec-
Ca 1 KOTopble MOTyT CyLeCTBEHHO BAUATb Ha pe-

3yNbTaThl MEXaHUYeCKKX TecToB. [o3ToMy Heobxo-
AVIMO KOHTPONMPOBAaTb YPOBEHb OCTaTOYHbIX Ha-
NPAXeHWI Nocne CBapKy B PEKOHCTPYMPOBAHHbIX
obpasLax-cugerensx.

lpynna nccnegosatenen us IHctntyTa snek-
TpoHukn BAH (Codusa, bonrapusa) n JIHO OUNAU
npoBena 3KCNepUMEHTbI MO U3YUYEHMI0 OCTAaTOYHbIX
HanpAKeHNn N MUKpoaebopMaLnii C MOMOLLbIO AM-
bpakuM HeNTPOHOB B HEObYUYeHHbIX 0bpa3Lax-
CBUAETENAX, BOCCTAaHOBJIEHHbIX C MOMOLLbIO pa3-
JINYHBIX METOA0B CBapKM (3NEKTPOHHOYY€EBOWN, Na-
3epHow 1 gyrosoi) (Puc. 2) [1]. Bharogaps BbICOKOM
NPOHMKatoLLeln CNOCOOHOCTU HENTPOHOB MOyYeHbI
OL€HKW BeNINYMHbI OCTAaTOYHbIX HAMPAXKEHN, MUK-
ponedopmaumii, NIOTHOCTY ANCNOKaLMIA U pa3me-
POB KPUCTANINTOB, KOTOPbIE CUIbHO M3MEHAITCA
B 0611aCTV CBapHbIX LLIBOB MO CPAaBHEHMIO C UCXOA-
HbIM MaTepranoM, YTO OKa3blBaeT 3HAUUTENIbHOE
BNAUAHME Ha U3MEHEHMe npefena TekyyecT MaTe-
puvana [2].
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