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OIITHKA EBOJIIOIII IIOP Y 0-3AJII3I I HEUTPOHHUM
OITPOMIHEHHAM

Pesynomamu moodenosanns Kinemuku Kiacmepié mouyKo8ux oegexmise Mmemooom
KIACmMepHOi OUHAMIKU BUKOPUCTNOBYIOMbCA 015 OYIHKU e80II0YIT nop Y 3ai3i ni0 HeumpOHHUM
ONpoMiHeHHAM. B pamxax mooeni mixczepennoco pyuHy8aHHs OYIHEHO 6NIUE 3MIHU
menepamypu Ha MeXaHiuHy cmabilbHOCMb 3ai3d, Ke ONPOMIHEHO 8 HAYKOB80-00CIIOHOMY
peaxkmopi bP-2.

KurouoBi ciioBa: HeliTpoHHE OIIPOMiIHEHHS, €BOJIIOLIS [1Op, KJIacTepHa AMHAMIKA, 3MiHA
TEeMIIepaTypH, o -3ai30.

1. Beryn

3MiHa MEXaHIYHUX BJIACTHBOCTEH KOPIIyCY peakTopa aTOMHHUX CTaHLIN B1JOYyBa€ThCs
BHACJII0K HU3KHU (I3UYHUX MIPOLIECIB HA HAHO-, MIKPO-, ME30- Ta MAaKpPOPIBHSAX SIK y Yaci, Tak 1
npoctopi. Meton momnekymnsipHoi nuHamiku, Metoa MoHnte-Kapino Ta KBaHTOBOMEXaHIUYHUN
MeTof (ab-initio METOMa) 3aCTOCYBAIOTHCS ISl JTOCHI/DKCHHS KAcKaIHOl CTaail B3aeMOJIii
ONPOMIHEHHS (E€JIEKTPOHIB, HEUTPOHIB Ta 10HIB) 3 PEAKTOPHUMH MaTepiajaMH, sKa TPUBAE B1Jl
107 10 1072 cexynn B ob6macti posmipom 10 10 HM. MeTos KIacTepHOT AMHAMIKH J03BOJISAE
BHUBYATHU JIOBIOTPUBAILY KIHETHKY KJIACTEPIB TOUYKOBUX Je(eKTiB (BakaHCIM Ta MDLKBY3Jiel), a
TaKOX KJIacTepiB Ta MPELUMITATIB, A0 CKJIaay SKIX BXOASATh TOYKOBI JAe(eKTH Ta Jeryrodi
€JIEMEHTHU PEaKTOPHUX CIUIaBIB. 3a TAKUMU Pe3yJbTaTaMU pPO3PaxXyHKIB KJIACTEPHOI JUHAMIKU
SIK KOHIIEHTpAIlisl, CepeaHid pOo3MIp Ta YMCENbHA NIUIHHICTh KJIACTEPIB Ta MPEIUIIITATIB
MOXJIMBO pPO3paxyBaTH 3MIHY MEXI TEKy4OCTi, 3yMOBJIEHY ONpPOMIHEHHSIM. AJjie aoTenep
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aKTyaJIbHOIO 33J[a4€l0 PEaKTOPHOTO0 MATeplalo3HABLITBA € BPaxXyBaHHsI BILIUBY OMPOMIHEHHS
Ha (I3MYHUNA MexaHi3M iX miIacTu4Hoi Aedopmanii Ta pyiiHyBanHA. [IpencraBiena crarrts
MIPUCBSYEHA OJIHOMY 3 aCHEeKTIB pyMHYBaHHS ONPOMIHEHHUX MaTepialiB, KU 0a3yeTbcs Ha
BpaxyBaHHI BUHUKHEHHS Ta €BOJIIOLIT [TOp IPU HaBaHTAXEHHI.

2. OuiHka eBoJIOwLii MOp

VY [1] 3anponoHoBaHa (i3UKO-MeXaHIYHA MOJEIb MIK3EPEHHOTO PYHHYBaHHS, SIKE
CIPUYMHEHO EBOJIOLIEI0 MOp, VIS OLIHKM MEXaHIYHOi CTaOUIbHOCTI PEaKTOPHHUX CTajei.
KpuTtepiii MikpomjacTiuHoro kosuiarnca (KpuTepii MIDK3EpeHHOro pyiHyBaHHA) y [1]
3aMMCYETHCS Y BUTIIAIIL:
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Tyt R;” — pajiyc MopH j-ro TUIy, TOOTO MOpPH, sIKa 3apOAMIIACS HA j-My YaCOBOMY
IHTepBasli HABaHTAXKEHHs, d, — PO3MIP 3epHa NOJIKpUCTaa, E¥eq — WBHIKICTH HENPYKHOL

pedopmarii; p;

- My eTani HaBaHTaxeHHs 3a 4ac Afj; h(y)=(1/(1+cosy)—0,5cosy)siny , ¥ — KyT MK

= o (E¥eq)jAlj — KiTbKiCTh 1IOP HA OJMHKILIO TUIONIH, 110 HAPOTUIHCE HA j

JIOTHYHOI JI0 IIOBEPXHI MOPH Ta IUIOLIMHOK IPAaHKIIl 3epHA, Ha sIKiii pO3MILICHA TI0pa; O —

LIBUJKICTh HAPOHKEHHSI IOP IPU HEUTPOHHOMY OIIPOMIHEHHI, SIKa BU3HAYAETHCS 32 PIBHSAHHSIM

(%):
oy :aim((ao+Aa)/ao)m, (5)

ne Q. ,— UBUAKICTh HApOKEHHA TIOp B BIJACYTHOCTI HEWTPOHHOIO ONPOMIHEHHS,

int
o, =200MIla — mexa TEKy4ocTi [UIi KOMEPLIMHO YHMCTOrO a-3ami3a [2], m — KOHCTaHTa
Marepiana, Ac- 3MiHa MeXI1 TEKY4OCTI, 1110 3yMOBJIEHO HEUTPOHHUM ONPOMIHIOBAHHSIM.
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YacoBa 3aexxHICTh AG ISl p&KUMY OTpoMiHEHHs [ 3,4 ] B HAYKOBO-AOCIITHOMY PEaKTopi
BbP-2 (M. Mon, benbris) BuzHavyanack 3 pe3yibTaTiB KJIACTEPHOI JTMHAMIKH IOAO €BOJIOLIL
CEPEeHBOT0 PO3MIpPY Ta YHCEIBHOI MIUIFHOCTI KiacTepiB y [5] Ta miaxomy [6] mist mocTiiiHOT
temmeparypu 300°C xopmycy peaxtopa Ta ii 3meHuenHs Bin 300°C mo 123°C (Puc.l).
EBomronis po3mipa nopu R po3paxoBYyeThCsl 3 pIBHIHHS (6):
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R = ) o ©
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Tyt A— mapamerp mudy3iiiHOro NUIIXY, 10 BH3HAYAE PO3MIP 30HH, 3pOCTaHHS SIKOT
00ymoBieHO qudysiero BakaHcii [7], € — aromuuii 00'eM, 0, — qudysiiiHa TOBIIMHA FPAaHMLI
3epHa, D, — koedinieHT 3epHOrpaHn4HoOi qudysii, 7, — abCOIOTHA TEMIIEpaTypa.

EBouroniist BiTHOCHOI IJIOUIMHU MOP Y 0-3aJ1131 1] HABAHTAXEHHSIM 1 OIPOMIHEHHSIM B
HayKOBO-J0CHIAHOMY peakTopi bP-2 3a pexxumowm [3,4] mpu 3MEHIIIEHH] HOTO TEMIIEPaTyPH Bij
300°C nmo 123°C y nopiBHsIHHI 3 OCTIHHOI Temneparypu peakropa (7=300°C) nis 3HaueHb
napametpis: Dv=7,36x102" m?/c; dg = 2,5%10% m; 5 £2=Cc vec = 1,779x10% M%; gm=1; 0 =
2x10"Ta; O = 2,5%10° m; aine = 10° ¢ Mm% Eer = 1075 = 90% R'j= Ro= 5x10"m; m = 2
HaBeJICHA Ha puc. 2.
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Puc. 1. PozpaxoBana MeTO0M KJIaCTEPHOI IMHAMIKK 3MiHA MEX1 TEKy4OCTI a-3ai3a,
10 3yMOBJIEHA OIIPOMIHIOBAHHSM HEUTPOHAMHU Y 3aJIEKHOCTI B1J 4acy, KOJIM TeMIepaTypa
HayKOBO-I0CHIAHOTO peakTopa bP-2 6yna smenmena Big 300°C o 123°C 3a pexxumom y
MOPIBHSHHI 3 BUIAIKOM MOCTIHHOT TemmnepaTtypu 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 gaci BiTHOCHOI IO 1IOP, Sy y G-3alIi31 il HABAHTAKEHHAM, 1110

OIPOMIHEHO 32 pe:kuMoM [3,4] B HaykoBo-1ochigHOMY peakTopi bP-2 mpu tremmneparypi
300°C Ta npu 3menmieHH1 TemmnepaTtypu Big 300 qo 123°C.
Fig.2. Evolution in time of relative pore area, Sy 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.

OTo BIJHOCHA IUIOIIA NOP Y 3ai1i31 Ipu BHYTpimiHboMY THCKY 20 MIla, sike Mae micie
B @TOMHHUX PeaKTOpax BOJI0-BOASIHOI'O THILY, Ta OPOMiHEHH1 3 HeUTpoHHUM (iakcoMm 1,39%10°
7 dpa/c (9x10'7" u/m*/c, E > 1MeB) [3,4] 3poctae 3a a8i 106u 10 0,0004 Ta 0,14 npu nocTiitziii
temieparypi peakropa 300°C ta npu 3MeHuIeHHi Temieparypi Big 300 no 123°C, BianosiHoO.
Otoxx Marepian peakTopa MpU 3MEHIICHHI HWOTro TeMIepaTypd CTae OLIbIl MEXaHIYHO
HeCTaOUIbHUM HDK Y BUIIQJKY ITOCTIHHOI TEMIIEpaTypu peakTopa.

3. BucHoBkm
3MEHILEHHs TeMIepaTypu Kopllyca HayKoBO-IociigHoro peakropa bP-2 (M. Mo,
Benbris) Bix 300 1o 123°C npu onpominenHi 3 HeifrponanM dnakcom 1,39x107 dpa/c (9x1017
u/M?/c, E > 1MeB) mnpu3BoauTh 10 3pOCTAaHHS BiJHOCHOI IUIONIA MOP y 0-3aii3i (BTpaTH
MEXaHIYHOI CTaOUIBPHOCTI) y MOPIBHSIHHI 3 BUMAJAKOM €KCILTyaTarlii BKa3aHOrO peakTopa mpu
nocTiiHii 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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