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STUDY OF THE ANNEALING EFFECT ON THE DEFECT STRUCTURE OF
NEUTRON IRRADIATED PURE IRON BY THE CLUSTER DYNAMICS
METHOD

For WWER-1000 reactors, which are the basis of Ukraine's nuclear energy, to date, the
possibility of restoring irradiated vessel steel has not been fully studied, in particular,
temperature-time annealing regimes have not been developed. This article is devoted to this
problem. The effect of annealing on the evolution of defect clusters formed in commercially
pure iron C <30 ppm), which was irradiated in a Belgian reactor BR2 at 300 ° C with
neutrons with a flux of 1.39 x 107" dpa /s (9x10*" n/m%*c, E > 1 MeB) to a dose of 0,026
dpa (1,7 x10*° n/m? E > IMeB), has been studied by cluster dynamics method. The
temperature and annealing time varied in the range (300 °C-500 °C) and (2 hours -1 day),
respectively. The cluster dynamics master equation was written as a system of ordinary
differential equations with respect to the numerical density of isolated vacancies (V) and
interstitials (SIA) and their clusters (VC) and (SIAC), assuming that only V and SIA are
mobile. Formation energies, migration energies, pre-exponential coefficients for V and SIA,
vacancy and interstitial dimers binding energies, V-SIA recombination radius were
preliminarily determined from the best coincidence between computer simulation data and
experimental data. A conclusion was made about the optimal temperature and duration of
annealing to restore the defect structure of neutron irradiated pure iron.

Keywords: cluster dynamics, neutron irradiation, annealing, pure iron, self-interstitial
atom clusters, vacancy clusters
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1. Introduction

In accordance with regulatory documents operating power units of Ukrainian NPPs
have a service life of 30 years. World experience testifies about the possibility of continuing
operation of similar power units up to 50...60 years. Taking into account the commissioning
time of power units currently operating in Ukraine, the life of the blocks will not be extended,
it is necessary close all power units, except for the 6th unit of ZNPP and newly built blocks:
Khmelnitskaya-2 and Rivne-4. The possibility of renewing the design life of VVVER reactors
is associated before only with the solution of problems of justification of reliable operation of
buildings at doses exceeding design, and, if necessary, restoring their properties. It is known
that, based on the results of many years of studies by many authors a method for restoring
mechanical properties of VVER-440 reactor pressure vessels by roasting them at a
temperature of 450 ... 460°C [1]. The annealing treatment is recognized by international
supervision authorities and has been successfully used for the restoration of the properties of
more than a dozen buildings VVER-440 reactors. However, for reactors VVER-1000, which
form the basis of nuclear power energetics in Ukraine, the possibility of restoration of
irradiated vessel steel to date has not been studied. In particular, temperature-time modes have
not been developed. The experience of annealing WWER vessels, the results of laboratory
studies of Western-type vessel materials irradiated in research reactors, as well as materials
obtained from the programs of witness samples of commercial NPPs are consistent and
indicate that the annealing temperature should be at least 150°C higher irradiation
temperature, and exposure time from 100 to 168 hours in order to obtain a significant result.
To study the effect of annealing temperature on the degree of restoration of the properties of
VVER vessel materials, comprehensive studies were carried out on samples irradiated in NPP
reactors at the locations of the Armed Forces [2].

Meanwhile, there is a lack of modeling for the annealing of irradiated steels in order to
find the optimal combination of temperature and duration of the annealing procedure.
Submitted manuscript dedicated to just this problem. The effect of annealing on the
defect structure of commercial pure iron (<30 ppm C) after neutron irradiation at the
Callisto (IPS2) facility at the Callisto drilling rig (IPS2) in the Belgian reactor (BR2) is
studied by cluster dynamics (CD) method [3]

2. Cluster dynamics simulation of the irradiated pure iron

Commercially pure Fe (<30 ppm C, average grain size 250um, dislocation density 7 x
1013m—2) was neutron-irradiated at the Callisto rig (IPS2) in the Belgian reactor (BR2). An
irradiation temperature of 300 °C and a neutron flux of about 9 x 1017 n/m2s and neutron
fluence (E > 1 MeV) were maintained. The mentioned flux and fluence correspond to a dose
rate of 139 ndpa/s and the neutron exposure of 0.026 dpa, respectively. An experimental study
of vacancy clusters (VC) and self-interstitial atoms clusters (SIAC) in this irradiated pure iron
by transmission electron microscopy, small-angle neutron scattering, and positron
annihilation spectroscopy is given in [4]. Comparison of CD simulation data with
experimental data [4] provided the possibility of estimating a set of characteristics of point
defect clusters, determined with insufficient accuracy from both experiment and theory. They
are vacancy formation energy, Evr, the binding energy of vacancy dimmer, Eny, vacancy
migration energy, Evm, vacancy pre-exponential, Dvo, self-interstitial formation energy, Eit, the
binding energy of self-interstitial dimmer, Epiv, self-interstitial atom migration energy, Eim,
self-interstitial atom pre-exponential, Dio, recombination radius, rrc; capture efficiency for a
vacancy (self-interstitial atom) by the dislocation net, zv(i).
The master equation of CD for the case of annealing is written as the system of ordinary
differential equations in terms of the number density of VCs and SIACs, Cnv(i), Equations
(1)—(3), assuming that only vacancies and self-interstitial atoms (SIAs) are mobiles [5]:
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Here, Q2re is the atomic volume of bcc iron, Ce 1) is the thermal equilibrium concentration of
vacancies (SIACs), Zyv= 1 and Zi= 1.2 are the capture efficiencies of the vacancy and SIA,
respectively, by dislocation net, Dv(i) is the diffusion coefficient of the vacancy (SIA)
calculated according to Equation (4):

Emu(i
Dy(iy = Dy(yoexp (— ZLT;)) 4)

pv(i) are the attachment coefficients of the point defects by the planar SIAC calculated in
accordance with [5] from Equation (5):

U(l) (27T rm v(i) ClU(L) /QFe) ZU(l) (5)

where Zv(i) ni is the capture efficiency of vacancy (SI1A) by the SIAC calculated from
Equation (6):

, b 0.5
Zni) = Zyp + [(@) 0 —Zu(o] /38 (6)
Here a is the lattice parameter of bcc pure iron, b is the Burgers vector and zg,,;, = 35 (42) for

vacancy (SIA).

‘,)S) are the attachment coefficients of the point defects by the spherical VC calculated

according to the assumption of a diffusion-limited regime from Equation (7):

U(l) (47TRnUDU(l) CIU(I.) /QFe) (7)
a;,, are the emission coefficients of one vacancy (SIA) from the VC (SIAC) calculated in

accordance with the detailed balance principle via the AG(n) in the case of VCs and via the
Ebni In the case of SIACs:
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AG, (n)-AG, (n—-1)

a;)w = :B(Un—l)u T exp kpT (8)
al; = Pl ex (— %) (9)
ni Y P\~ %t
Here Euni is calculated in accordance with [5,6] from Equation (10):
AG,(n) = —nAu, + 4mR2,y (10)

The solver LSODA has been used to integrate directly the master equation for the study of the
point defect system containing free vacancies, spherical VC with sizes from 2 up to 1000
vacancies, free SIA, and planar SIAC with sizes from 2 up to 4000 SIA. The input material
parameters of pure iron are given in Table 1.

Table 1.

Material parameters of pure iron
Tabmuus 1

MarepianpHi mapaMeTpu 4YUCTOTO 3aii3a

Parameter Value
Vacancy formation energy, Es 1.60 eV
Binding energy of vacancy dimmer, Ep2y 0.60 eV
Vacancy migration energy, Emv 0.65 eV
Vacancy pre-exponential, Dvo 2.1x10°®8 m%s
Interstitial formation energy, Ei 3.0eV
Binding energy of interstitial dimmer, Epai 0.8 eV
Interstitial migration energy, Emi 0.30eV
Interstitial pre-exponential, Dio 4.0%x108m?s
Recombination radius, rrec 0.65 nm
Capture efficiency for vacancy by dislocation net, zy 1.0
Capture efficiency for interstitial by dislocation net, z; 1.2
Burgers vector of the loop assumed to be prismatic, b 0.2 nm
Dislocation density, pq 0.7x10%m™
Average grain size, d 2.5x10™m

The total number density of SIAC and VC, Nsiac and Nvc, average number of SIA in SIAC,

Nsiac, and an average number of vacancies in VC, Nvc, were calculated for the temperature
and duration of annealing varying within (300-500)°C and (2-24) hours, respectively.

To estimate the effect of annealing on the restoring of ductile properties, to consider the
irradiated induced increase in yield strength Ac. For the formula (11) for Ac was used
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according to the model [8] based on periodic arrays of obstacles and ignoring dislocation
self-stress:

Ao = aMGbry(SC) (12)

where M is the Taylor factor, G is the shear modulus; « is the obstacle strength of VC (SIAC)
that have no dependence of defect clutsers characteristics as discussed in [9]; ro is the radius
of one SIA (vacancy), SC is the strength coefficient depends on the average number of
monomers in cluster and number density of clusters:

L 0.5
SCsracwe) = <NSIAC(VC) 'n;mc(vc)> (12)

3. Results

The calculated dependences of the total number density of SIAC (VC) on the annealing
temperature at a fixed time of annealing were shown in Figures (1,2), the average number of
SIAs (vacancies) — in Figures (3,4) and the strength coefficient — in Figures (5,6).

5 16422 . —
!
@ 1E+20
G
o
>
= 1E+18 —e—t=2h
- t=6h
S t=12h
o) O
D £ 1m6 st
o < —e—t=24h
£ 1E+14
>
==
s 1E+12
= 300 325 350 375 400 425 450 475 500

Temperature of annealing, t°C

Fig. 1. Calculated dependences of the total concentration of SIAC, Nsiac, on the annealing
temperature at a fixed annealing time, green circle indicates Nsiac before annealing
(after neutron irradiation with an exposure of 0.026 dpa).

Puc. 1. Po3paxoBaHi 3aj1€5KHOCTI CyMapHO1 KOHIIEHTpaIliil Ki1acTepiB MikBYy3iel, Nsiac, Bl
TeMIlepaTypH Bianaty AJis (IKCOBAHOTO Yacy BiAnaiy, 3eJeHe Kojo Bka3zye Ha Nsjac mepen
BiZinasoM (Ticist HEUTPOHHOTO ONpOMiHEHHS 3 ekcrio3utieto 0,026 dpa).
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Fig. 2. Calculated dependences of the total concentration of VC, Nvc, on the annealing
temperature at a fixed annealing time, green circle indicates Nvc before annealing
(after neutron irradiation with an exposure of 0.026 dpa).

Puc. 2. Po3paxoBaHni 3aJI€:KHOCTI CyMapHOi KOHIIEHTpallii kiactepiB BakaHcii, Nvc, Bl
TEMIIepaTypu Bifmany s pikCOBaHOTO yacy Biamaiy, 3ejeHe Koo Bkazye Ha Nvc nepen
B1JIITaJIoM (ITiCJIsI HEUTPOHHOTO ONpOMiHeHHs 3 excro3utiero 0,026 dpa).
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Fig. 3. Calculated dependences of the average number of SIA in SIAC, nsiac, on the
annealing
temperature at a fixed annealing time, green circle indicates nsiac before annealing
(after neutron irradiation with an exposure of 0.026 dpa).
Puc. 3. Po3paxoBaHi 3aJ1€5KHOCTI cepe/IHbOT KIJIbKOCTI MIDKBY3JIEH Y KlacTepax MIXKBY3Jeil,
Nsiac, BiJ TeMIepaTypu Bianany uis (JiKCOBAaHOTO yacy BiAMaiy, 3eJIeHE KOJIO BKa3ye Ha Nsiac
nepen BianauaoMm (Iicias HBUTPOHHOTO ONpoMiHEeHHs 3 ekcrio3uuiero 0,026 dpa).
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Fig. 4. Calculated dependences of the average number of VC in VC, nyc, on the annealing
temperature at a fixed annealing time, green circle indicates nvc before annealing
(after neutron irradiation with an exposure of 0.026 dpa).

Puc. 4. Po3paxoBaHi 3a1€5KHOCTI cepe/IHbO1 KIJTbKOCTI BaKaHCi# y KilacTepax BakaHCii, Nvc,
BiJl TEMIIEpaTypH Binnairy i (JiKCOBAaHOTO Yacy Bimairy, 3eJIeHe KOJIO BKa3ye Ha Nyc mepen
B1JIITaJIoM (ITiCJIsI HBUTPOHHOTO ONpOMiHeHHs 3 excrio3utiero 0,026 dpa).
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Fig. 5. Calculated dependences of the strength coefficient of SIAC, SCsiac, on the annealing
temperature at a fixed annealing time, green circle indicates SCsiac, before annealing
(after neutron irradiation with an exposure of 0.026 dpa).

Puc. 5. Po3zpaxoBani 3aexHOCTI Koe(illieHTa MIITHOCTI KJIacTepiB MixkBY3iel, SCsiac, Bij
TEeMIIEPaTypH Binany s (iKCOBAHOTO Yacy BijIaiy, 3eJeHe Koo Bkaszye Ha SCsiac miepe
BiZinanoM (Ticist HEHTPOHHOTO ONpoMiHeHHs 3 ekcrio3utieto 0,026 dpa).
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Fig. 6. Calculated dependences of the strength coefficient of VC, SCvc, on the annealing
temperature at a fixed annealing time, green circle indicates SCvc, before annealing
(after neutron irradiation with an exposure of 0.026 dpa).

Puc. 6. Po3paxoBaHi 3ayie:kHOCTI KoedirieHTa MIITHOCTI KjacTepiB BakaHcii, SCvc, Bil
TeMIepaTypHu Bignany it pikCOBaHOTO yacy Bijamaiy, 3ejeHe Koo Bkazye Ha SCyvc mepen
B1JIITaJIOM (ITiCJIsI HEUTPOHHOTO ONpoMiHeHHs 3 ekcno3utiero 0,026 dpa).

A substantial effect of annealing on the total number density of both SIAC, Nsiac and
VC, Nvc, was observed for temperatures above 400°C and times longer than 2 hours. A
nonmonotonic dependence of Nsiac decrease on annealing duration was revealed. For the
maximum used annealing temperature of 500°C, the largest decrease in Nsiac was found to be
1.8x10° m™ at an annealing time of 18 hours, Nvc - 2.1x108 m™ at an annealing time of 24
hours (Figs 1,2).

Annealing also has little effect on the average number of SIA and VC, Nsia and Nyc, for
temperatures less than 400°C. With an increase of annealing temperature above 450°C, Nsia

and Nvc grow sharply. A simultaneous decrease in the total number density of clusters and an
increase in the average number of monomers in the cluster (Figs. 3,4) indicates that due to
annealing at temperatures above 450°C and an annealing time of more than 2 hours, both
SIAC and VC reach the Ostwald’ stage.

The maximum effect of annealing was expected at the maximum annealing
temperature (500°C) and the maximum annealing time (24 hours). This has been found to be
only partially true. According to our simulation, annealing has been found to be most
effective to decrease the irradiated induced increase in yield strength Ao, at an annealing
temperature of 500°C and an annealing time of not 24 but 18 hours: the impact of SIAC and
VC decreases by 1160 and 2800 times, respectively (Figs. 5,6).

4. Conclusions
1. A substantial effect of annealing on the total number density of both SIAC and VC
was observed for temperatures above 400°C and times longer than 2 hours. With an
increase of annealing temperature above 450°C, the average number of SIA and VC in
clusters grows sharply.
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2. Due to annealing at temperatures above 450°C and an annealing time of more than 2
hours, both SIAC and VC reach the Ostwald stage.

3. According to our simulation, annealing has been found to be most effective to
decrease the irradiated induced increase in yield strength, at an annealing temperature
of 500°C and an annealing time of not 24 but 18 hours: impact of SIAC and VC
decreases by 1160 and 2800 times, respectively.
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Cepis «Di3zuko-MaTeMaTH9HI HayKn», 2021

JOCIIJPKEHHA METOJ0M KJIACTEPHOI TMUHAMIKH BILJIUBY
BIAIAJY HA ITE@EKTHY CTPYKTYPY UACTOI'O 3AJII3A, AKE
OINMPOMIHEHO HEUTPOHAMMUA

Mooicnusicme npo006ICeHHsI NPOEKMHO20 MEPMIHY eKCNyamayii amoMHUX peaKxmopis
6000-800an020 muny (BBEP) nog'azana, nepwi 3a 6ce, 3 8UpiuleHHAM 3a0ay OOTPYHMYBAHHS
HAOIUHOCMI eKChIyamayisi KOpnycié peakmopis npu 003ax ONPOMIHEeHHs, W0 Nepesuuyyoms
NPOEKMHUI, ma, y pasi HeoOXiOHOCMI, 8i0HOGNIeHHs IX eracmusocmel. Bioomi pesyrbmamu
bazamopiunux 00CnioNceHb 6a2amvoX a8mopis o000 cnocody BiOHOBNEHH MEXAHIYHUX
enacmueocmeti Kopnycié peaxkmopié BBEP-440 ni0 muckom wiisaxom eunany ix npu
memnepamypi 450 ... 460°C. Oouak, onra peaxmopie BBEP-1000, axi cmanosnsims 0CHO8Y
amoMmHOI enepeemuKu Yxkpainu, MONICIUBICIMb BIOHOBIEHHS ONPOMIHEHHOI KOPNYCHOI cmaii Ha
CbO2OOHIWHIL OeHb He BUBUEHA ) NOBHOMY 00CA3l, 30KpeMa, He po3pobiieHi memnepamypHo-
yacogi pexcumu gionany. Tak, ompumMaHo HU3KY eKCNepUMEHMANbHUX OAHUX 3 00CHIONHCEeHb
3paskie-ceiokie. I[Ipome, Opaxye Komn tomepHo20 MOOeN08AHHSA GIONANY ONPOMIHEHHUX
cmaneti w000 BU3HAYEHHS ONMUMANbHO20 MNOEOHAHHA mMemMnepamypu i mpueaiocmi
npoyedypu gionany. [ana cmamms npuceauena came yiu npooaemi. Memoodom kiacmepHoi
OUHAMIKU BUBYAEMBCA 6NIIUB GIONANLY HA e8ONIOYII0 0eheKMHUX KIacmepis, Wo YMEOPULUCh Y
komepyitno yucmomy 3anizi C < 30 ppm), saxe 6yno onpomineno Y benbeilicbkomMy peakmopi
BR2 npu memnepamypi 300°C netimponamu 3i gpnaxcom 1,39x10°" ona/c (9x10" u/m?/c, E >
1 MeB) 00 0o3u 0,026 ona (1,7 <10 Su/m?, E > IMeB).

Maiicmep-piguanns xknacmepnoi OuHamiku OJs IONANY 3ANUCYEMbCA AK cucmemd
36UYAUHUX OUGhepeHYialbHUX PiBHAHb 8IOHOCHO YUCENbHOI WIIbHOCMI I301b06AHUX 6AKAHCIU
(V) ma miocamomnux eyznie (SIA) ma ix knacmepie (VC) ma (SIAC), y nabaudscenni, wo
mobinbnumu € nuwe V ma SlA.

Enepeii popmyeanus, euepeii miepayii, npeo-ekcnonenyianvhi koegiyicnmu oughysii
onss NV ma SlIA, enepeis 36's3xky Oummepa 6axancili ma MIJNCAMOMHUX 8Y37i8, paodiyc
pexombinayii napu V' - SIA nonepeonvo eusmnauanuce 3 ymosu Haukpawozo 30icy Oawux
KOMN TOMEPHO20  MOOEN08AHH ~MA  eKCHEPUMEHMANbHUX — OAHUX Ol ONPOMHEHHS
Heumponamu. Temnepamypa ma uac gionany eapirosanucsa y dianazoni (300°C-500°C) ma (2
2o0unu -1 0oba), sionosiono. Bupiwysau LSODA 6ys suxopucmanuii ons 6e3nocepednvboco
IHMe2pyBanHs 3a3HAUEHOI CUCTNeMU 38UYALIHUX OUPePEeHYIaIbHUX DIBHSAHD.

Icmomnuii énnus gionany Ha sazanvhy yucenvry winvHicms sk SIAC, Nsiac, max i VC,
Nvc, cnocmepicasca npu memnepamypax euwe 400°C i yacax Oinvwe 2 eooun. Busieneno
HEMOHOMOHHY 3anedcHicmeb 3meHuenHs Nsiac 6i0 mpusanocmi eionany. /[na makcumaivHoi
suxopucmogyeanoi memnepamypu gionany 500°C 6yno eusaenero, wo Haubiibule 3HUIHCEHHS
Nsiac cnocmepicacmucs npu uaci gionany 18 200uH.

Bionan mano ennusae na cepeonro xinoxicmes SIA i VC y knacmepax, Nsia i Nve, 075
memnepamyp nuxcue 400°C. Ipu niosuwenni memnepamypu sionany euuje 450°C Nsia i Nvc
pizko 3pocmaroms. OOHOUACHE 3MEHULEHHS 3a2aNbHOI WIIbHOCMI mMa 30i1bULeHHS CepeOHbOol
KLIbKOCMI  MOHOMEPI8 y Klacmepax ceiouums npo me, Wo 6HACIIO0K BIOnamy npu
memnepamypax euwe 450°C ma uaci eionany dineue 2 200un SIAC i VC docsaearoms cmaoii
Ocmeanvoa.

32i0n0 3 Hawum MOOen08aHHAM, GiOnan 0ye HaueheKmueHiuuUM O 3MEeHULeHHS
IHOYKOBAHO20 ONPOMIHEHHAM 30LIbUEHH MedCi MeKyyocmi npu memnepamypi 6ionany
500°C i uaci sionany npomszom e 24, sk ouixysanocs, a 18 2o0un.

KuouoBi cjoBa: kimactepHa JauHaMiKa, OMPOMIHEHHS HEHUTpPOHAMH, BiJIajl, YHUCTE
3aJ1i30, KJIACTepH MIDXKBY3JIEH, KJIACTEPH BaKaHCIH.

Ooepoicarno peoaxyiero 14.07.2021
Iputinamo oo opyxy 19.08.2021
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