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OIIHKA EBOJIIOIIII ITOP V o-3AJI3I I HEUTPOHHUM
OITPOMIHEHHAM

Pesynomamu  moolentosanns KiHemuku Kiacmepié MmMOUYKo8Ux oOeghekmis memooom
K1ACmMepHOi OUHAMIKU BUKOPUCTOBYIOMbCSL Ol OYIHKU e80I0Yil nop Y 3431 ni0 HelmpOHHUM
ONpOMIiHeHHAM. B pamkax mooleni Midc3epeHHO020 PYUHYBAHHA OYIHEHO 6NaU8 3MiHU
menepamypu Ha MeXxaHiuHy cmabilbHOCMb 3aAli3a, sIKe ONPOMIHEHO 8 HAYKOBO-00CIIOHOMY
peaxmopi bBP-2.

Kuro4oBi c10Ba: HEUTPOHHE OMPOMIHEHHSI, €BOJIIOLISI TIOp, KJIacTEpHA AWHAMIKa, 3MiHa
TEeMIIepaTypH, o -3ai30.

1. Beryn

3MiHa MEXaHIYHUX BJIACTUBOCTEH KOPIYCY pEeakTopa aTOMHMX CTaHIi BiIOyBaeTbCs
BHACHIIOK HU3KHU (PI3UYHUX MPOIECIB HA HAHO-, MIKPO-, M€30- Ta MaKpPOPIBHSAX SIK y Yaci, TakK 1
npocropi. Meron monekynsipHoOi auHamiku, meton MonTe-Kapio Ta KBaHTOBOMEXaHIUHHIA
merox (ab-initio MeTom) 3acTOCyBarOThCSA Ui JOCHIDKCHHS KacKaaHOi CTaiii B3aeMomil
ONPOMiHEHHs (€IEeKTPOHIB, HEUTPOHIB Ta 10HIB) 3 peaKTOPHUMHU MaTepialaMu, sika TPUBAE BiJl
10" 1o 10'? cexynn B 06macti posmipom 10 10 HM. MeTo/ KacTepHOT JMHAMIKH JI03BOIISE
BHUBYATH JIOBIOTPUBAIY KIHETUKY KJIACTEpiB TOUKOBUX Ae(EKTiB (BakaHCIH Ta MDKBY3Jei), a
TaKOX KJIacTepiB Ta MPEIUIITATIB, 0 CKJIAQy SKiX BXOJATh TOYKOBI JEPEKTH Ta JEeryroui
€JIEMEHTH PEaKTOPHHUX CIIIaBiB. 3a TAKMMHU pe3yJIbTaTaMH pPO3PaxyHKIB KJIACTEPHOI JUHAMIKU
K KOHIIEHTpALlis, CepelHii po3Mip Ta YHUCeIbHA MIUIBHICTH KJIAcTEpiB Ta MPELUIIITATIB
MOJKJIMBO PO3paxyBaTH 3MiHY MeXi TEKy4OCTi, 3yMOBJIEHY ONpPOMIHEHHSIM. AJie JOTernep
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aKTYaJIbHOIO 33/1a4€I0 PEaKTOPHOTO MaTepialo3HaBITBA € BPaXyBaHHs BIUIMBY ONpPOMiHEHHS
Ha (i3WYHMNA MeXaHi3M iX IutacTuaHoi nedopmanii ta pyinyBanus. IIpencraBiena crarts
MPUCBAYCHA OJTHOMY 3 aCMEKTiB pyWHYBAaHHS ONPOMIHEHHUX MaTepiaiiB, sIKUil 0a3yeThCs Ha
BpaxyBaHHI BUHUKHEHHS Ta €BOJIIOLIT Op MPH HaBAaHTAXKEHHI.

2. OuiHka eBoJIONLil MOP

VY [1] 3anpomonoBaHa (i3MKO-MeXaHIYHA MOJENb MIK3EpEHHOTO PYWHYBaHHS, SIKE
CIPUYMHEHO EBOJIIOLIEI0 TIOp, Ul OIIHKH MEXaHIYHOI CTaOLIBHOCTI PEaKTOPHUX CTaJeH.
Kpurepiii MikporuiacTiuHoro kosutanca (KpuTepiii MiK3epeHHOro pyiHyBanHsa) y [1]
3aIUCY€THCS Y BUTIISIL

dF, do, ds
. :(1_82) : ~ Oy . J (l)
dk, dk, 7 dk,

ne R, — inTencusHicTh Hanpyrn F,, = ,/gSijSij , Sy =F;—F,0, F,=F/3,S; - BinnocHa

IJI01Ia [Op, TOOTO IIONIA TIOP, BIIHECEHA JI0 OJMHMILI IUIOIII 1e(pOPMOBAHOI IPaHi 3€pHa, T,
F

— IHTCHCHBHICTb C(EKTHBHHX HAlpPYXCHb O, = 2, k,— IHTEHCHBHiCTH HpHPOCTY

1-s, °

nnacTuyHoi nepopmanii K, = Id Eq, deg =def /3.

Benuunna BiTHOCHOT IUIOIK Sy 1OpP 3HAXOMUTHCA 3 PIBHAHHA (2):

S d? S
Sy = 3 . gz 23 = . 23 :CSSgb’ (2)
(dg +Vg,d?) Ve
d

g
JIe TUTOIIIA TTOP Ta 00 €M Ha OJMHHUITIO TUTOITI (Sgb Ta Vgh) BU3HavaroThes popmynamu (3) Ta (4),
BIJIIIOBIIHO:

s®=n§]R¥fpj )
Vy, =5 7 ) X (R, )

Tyr RY

;' — pajiyc mopu j-ro Tumy, TOOTO MOpH, KA 3aPOJAMIIACA HA J-MY YacOBOMY

inTepani HapaHTaxeHHs, d, — po3Mip 3epHa MONKpHCTaa, E¥eq — WBHAKICTH HEMPYKHOT
nedopmartii; Py = O (ésreq)jAtj — KIJIBKICTh ITOP HA OJMHHUIIIO IUIOIIH, II[0 HAPOAMUIKCH HA |
- My eTami HaBaHTaxkeHHs 3a 4ac Atj; h(y)=(1/(1+cosy)—0,5cosy)siny, ¥ — KyT Mik
JIOTUYHOT JIO TIOBEPXHi MOPH Ta IUIONIMHOK IPaHMILI 3€pHA, Ha AKiH po3MilleHa mopa; oy —

IIBUKICTh HAPOHKEHHS MOP IPU HEUTPOHHOMY OMPOMIHEHHI, SIKa BU3HAYAETHCS 32 PIBHAHHAM

(5):

ay =y ((0,+A0) /o, )m : (5)

e« IIBUJIKICTh HApOJUKEHHS TOp B BIJCYTHOCTI HEWTPOHHOIO OIPOMIHEHHH,

int
o, =200MIla — Mexa TeKy4ocTi JUIi KOMEPLIHHO YMCTOro o-3amisza [2], M — KOHCTaHTa
MaTepiasa, Ac- 3MiHa MeXI1 TEKy4OCTI, 1110 3yMOBJICHO HEUTPOHHUM OIPOMIHIOBAaHHSIM.
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YacoBa 3aexHICTb AG U pexKUMY OIpoMiHeHHs [3,4] B HAYKOBO-AOCIIITHOMY peakTopi
BP-2 (M. Mo, benpris) Bu3Havyanach 3 pe3ysibTaTiB KIACTEPHOI TUHAMIKU MO0 €BOJOIT
CEpeHBOT0 PO3MIPY Ta YHCEIHHOI MIIIBHOCTI KiIacTepiB y [5] Ta miaxomy [6] s mocTidHOT
temneparypu 300°C xopmycy peakropa Ta ii 3menmenns Big 300°C mo 123°C (Puc.l).
EBourortist po3mipa opu R po3paxoByeTbest 3 piBHSHHS (6):
A
<R it R ) o ®

eq
]

Tyr M >1, R} =R,

Ay o VL LAY (A 3 r
fl(g,qmj—h(w){zl( Rj f[ - 4}0,3(%) exp(1,5qm)} (7)
f(%{mm/\{ R Hl_g( R ﬂj ;A=(DAGJ b, 9D,
R R (R+A) [ 4\R+A) ) 4] £ KT,

Tyt A— mapamerp mudy3iiHOro NUIAXY, M0 BU3HAYAE PO3MIP 30HH, 3POCTAHHS SKOI
o0ymoBiieHo qudy3iero BakaHciit [7], € — atomuuii 00'em, S, — mudysiiiHa TOBIIMHA TPAHHII

3epHa, D, — koediuieHT 3epHOrpaHndHOi qudy3ii, T, —abcoaroTHa TemuepaTypa.

EBoumroniist BITHOCHOT MJIOMIMHU MOP Y @-3aJ1131 1] HABAHTAXXEHHSIM 1 OIPOMIHEHHSIM B
HayKOBO-J0CTiAHOMY peakTopi bP-2 3a pexxumowm [3,4] mpu 3MeHIIIEHHI HOTO TeMITepaTypH BifT
300°C mo 123°C y mopiBHSHHI 3 MOCTiHHOT Temiiepatypu peaktopa (T=300°C) mis 3Ha4eHb
mapametpis: Dyv=7,36x102° m?/c; dg = 2,5%10% m; | €2 =Cre pec = 1,779%x10% M3, gm=1; 6 =
2x10"Ma; &b = 2,5%<10° m; aine = 10°Cc Mm% &or = 107 = 90% RYj = Ro= 5x107"0m; m = 2
HaBeJIeHa Ha pucC. 2.

10e4+09 -
—— OnpomiHeHHS 3a pekuMoM [3,4];

- LOE+08 - temmeparypa 300°C
E
o)
i
‘Eﬁ M
= i
5 1,0E+07
(]
=
%
D]
=
g 1,0E+06 ! ‘ ‘ ‘
:23 0 10 20 30 40

Yac HaBaHTa)KeHHS, t/TonuHN

Puc. 1. PozpaxoBaHa MeTOI0M KJIaCTEpHOI TMHAMIKM 3MiHA MEXi TEKY4YOCTI a-3aji3a,
1110 3yMOBJIEHA OIIPOMIHIOBAaHHSIM HEUTPOHAMHU y 3aJIeKHOCTI BiJ 4acy, KOJIM TeMIleparypa
HayKOBO-ZlocIifHOro peakropa bP-2 6yna 3menmena Bix 300°C o 123°C 3a pexumom y
HOPIBHSAHHI 3 BUIMIAJAKOM HocTiiHOT Temmepatypu 300°C.

Fig. 1. Calculated by the method of cluster dynamics change in yield strength of

a - iron, which is caused by neutron irradiation, depending on the time when the
temperature of the research reactor BR-2 was reduced from 300°C to 123°C in comparison

with the case of a constant temperature of 300°C.
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Puc.2. EBomronis y yaci BiJHOCHOI IIIONII 1Op, Sy y G-3aJ1i31 il HABAHTAKEHHSM, 1110

OTIPOMIHEHO 3a peKUMOM [3,4] B HayKoBO-JocaiAHOMY peaktopi BP-2 mpu temneparypi
300°C ta mpu 3menmeHHi remmnepatypu Bix 300 go 123°C.
Fig.2. Evolution in time of relative pore area, S, in iron under load, irradiated under

the regime [3,4] in the research reactor BR-2 at a temperature of
300°C and at a temperature decrease from 300 to 123°C.

OTo3 BITHOCHA TUIOIIA TIOP Y 3a1i31 Ipu BHYTpiIHbOMY THCKY 20 MIla, sike mae Micue
B aTOMHHUX PEaKTOpax BOJ0-BOASIHOT'O THITLY, Ta OPOMiHEHHI 3 HeUTpoHHUM ¢utakcoM 1,39x10°
" dpa/c (9x10% u/m?/c, E > 1MeB) [3,4] 3poctae 3a aBi 1o6u 10 0,0004 Ta 0,14 mpu mocTiitHii
temmepatypi peakropa 300°C Ta mpu 3menmenHi remmeparypi Bix 300 go 123°C, BiamosigHo.
Otox Marepiaid peakTopa MPH 3MEHIICHHI HWOTO TEeMIEpaTypu CTae OUIbIl MEXaHIYHO
HeCTaOUIbHUM HIXK y BUIAAKY MOCTIMHOI TEMIIEpaTypy peakTopa.

3. BuchHoBkm
3MeHIIIeHHsI TeMIIepaTypu KOpIyca HayKOBO-IOCHimIHOTro peakropa bP-2 (M. Mo,
Bensris) Big 300 g0 123°C npu onpominenHi 3 HeifrporHnM dakcom 1,39x107 dpa/c (9x10Y7
H/M?/c, E > 1MeB) npu3BOIMTH O 3pOCTAHHS BiHOCHOI IUIOmA TOp y o-3aii3i (BTpaTH
MEXaHIYHOT CTaOUTBHOCTI) y MOPIBHSIHHI 3 BUIAJKOM €KCIUIyaTallii BKa3aHOTO peakTopa Mpu
nocTiiiHii Temneparypi 300°C.
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ESTIMATION OF THE EVOLUTION OF PORES IN a - IRON UNDER
NEUTRON IRRADIATION

Summary. Changes in the mechanical properties of the reactor body of nuclear power
plants are due to a number of physical processes at nano-, micro-, meso- and macro-levels both
in time and space. The molecular dynamics method, the Monte Carlo method and the quantum
mechanical method (ab-initio method) are used to study the cascade stage of interaction of
irradiation (electrons, neutrons and ions) with reactor materials, which lasts from 10-15 to 10-
12 seconds in the size range up to 10 nm. The cluster dynamics method allows to study the long-
term kinetics of point defect clusters (vacancies and internodes), as well as clusters and
precipitates, which include point defects and alloying elements of reactor alloys. Based on the
results of cluster dynamics such as concentration, average size, and numerical density of
clusters and precipitates, it is possible to calculate the change in yield stress caused by
irradiation. But so far, the urgent task of reactor materials science is to take into account the
effects of irradiation on the physical mechanism of their plastic deformation and destruction.
This article is devoted to one of the aspects of destruction of irradiated materials, which is
based on taking into account the origin and evolution of pores during loading. A physical and
mechanical model of intergranular fracture, which is caused by the evolution of pores, is
proposed to evaluate the mechanical stability of reactor steels. The time dependence of the
increase of the yield strength for the irradiation regime in the BR-2 research reactor (Mol,
Belgium) was determined from the results of cluster dynamics for the evolution of the average
size and numerical density of clusters for a constant temperature of 300 °C of the reactor vessel
and its decrease from 300 °C to 123 °C. The evolution of the pore size and the magnitude of the
relative plane of pores are calculated from the kinetic equations.

Keywords: neutron irradiation, pore evolution, cluster dynamics, temperature change, o.-
iron.
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