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Cluster dynamics (CD) simulation is used to study the effect of the temperature 7' change of reactor
pressure vessel (RPV) on the evolution of vacancy clusters (VC) and self-interstitial atom clusters (SIAC) in
neutron irradiation pure iron in material test reactor (MTR) BR-2 (Mol, Belgium). During operation time of
BR-2, T increases from 300 K to 573 K in the first 19 hours, does not change in the next 370 hours and de-
creases then to 373 K in the last 7 hours. The time evolution of concentrations of single vacancies, Ciy, sin-
gle self-interstitial atoms, Cii, of VC, Cy, and SIAC, Chi, in pure iron under neutron irradiation in the MTR
BR-2 for neutron flux of 1.39 x 10-7 dpa/s in the range fluence from 0.026 to 0.19 dpa are determined by
CD simulation for approach on the constant 7" as well as with taking into account 7 change of RPV. Then
the dose dependences of number density and mean size of SIAC are calculated. The new calibration of de-
fect structure model has been performed from the comparison of experimental transmission electron mi-
croscopy (TEM) data and CD simulation results. It was found the migration energy of a vacancy in iron
which provides the best coincidence of experimental data and CD results. The difference between predic-
tions of CD model on dose dependences of the number density and mean size with the constant tempera-
ture and model with taking into account the change temperature at the beginning and at the end of opera-
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tion time of MTR BR-2 has been analyzed.
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1. INTRODUCTION

In the last several decades, the actual issue of reac-
tor material science is to monitor mechanical properties
and to increase the life-time of the reactor pressure
vessel (RPV) to 60-80 years. There are several ap-
proaches. They are investigation of the RPV after it’s
decommissioning [1, 2]; use of the ion model irradiation
[3, 4]; study of the surveillance samples that are in-
stalled in the set of places of the material test reactors
(MTR) [5-8]. The effect of difference in fluxes for the
commercial nuclear reactor and MTR on the reliability
of the long-term behavior forecast of commercial reac-
tor is discussed in [9-12]. The cluster dynamics (CD)
model has been used to simulate the evolution of point
defect clusters in irradiated pure iron [13-15]. The ex-
perimental data for commercial pure iron (C < 30 ppm)
neutron irradiated in MTR BR-2 (Mol, Belgium) with
fluence in the range from 0.026 to 0.2 dpa and flux of
1.39 x 10~ 7 dpa/s are used to calibrate the CD model
[15]. The assumption on the constant temperature
(T'=573 K) of RPV is used in [15]. However, in fact T
increases from 300 K to 573 K during about 19 hours,
does not change up to time of 370 hours and then de-
creases to about 373 K during about 7 hours in MTR
BR-2 (Fig. 1). The aim of our present study is to clarify
the calibration of CD model [15] by taking into account
the discussed change of temperature.

PACS numbers: 61.80.Hg, 61.80.Az, 61.72.Ji, 61.82.Bg
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Fig. 1 — The change of temperature of reactor pressure vessel
of MTR BR-2 during irradiation

2. CD SIMULATION AND DISCUSSION

CD master equation is valid for the case of non-
spatially correlated and low concentrated cluster sys-
tems. Usually, these assumptions are realized for point
defect clusters in irradiated materials [16, 17]. In our
study, CD master equation for pure iron has been tak-
en from [15] as a system of ordinary differential equa-
tions related to the concentration of single vacancies,
Civ, single self-interstitial atoms, Ci;, vacancy clusters
(VC) with n vacancies, Cny, and self-interstitial clusters
(SIAC) with n self-interstitial atoms, Chi:
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Here 7 is efficiency coefficient: 7= 0.3, fua (fict) is the
fraction of vacancies (SIAs) formed by clusters at the
cascade stage: fue=0.07 and fia =0.2; Gnui) is the pro-
duction rate of VC(SIAC) with size n at the cascade
stage: Gav = GGvavchdpa/S Gw=0 (n * 26),
Gai = Gui = 1ffociGapal6, Gri =0 (n # 2.4); Qre is the atomic
volume of bee iron, pa is the dislocation density, d is the
mean grain size, rwc is the recombination radius for

Frenkel’ pair, Cfm) is the thermal equilibrium concen-

tration of vacancies (SIA), Z, and Z; are the capture
efficiency of vacancy and SIA, respectively, by disloca-
tion net, Dy is the diffusion coefficient of the vacancy
(SIA) calculated according to the Eq. (4):
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Do is the pre-factor, kB is the Boltzmann constant,
Enui) is the migration energy of vacancy (SIA); ﬂ”(l) are

the attachment coefficients of the point defects by the
planar SIAC calculated from the Eq. (5); attachment
coefficients of the point defects by the spherical VC are
calculated from the Eq. (7).

B’ =@a1,D,,Cro /) 2, ®)

ni*~v()

where ZZL@ is the capture efficiency of vacancy (SIA) by
SIAC calculated from the Eq. (6):
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Here a is the lattice parameter of bce pure iron, b is the
Burgers vector and zp) = 35 (42) for vacancy (SIA).
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from the VC (SIAC) calculated in accordance with the
detailed balance principle via AGy(n), in the case of VC

a are the emission coefficients of vacancy (SIA)

and via the Epni, in the case of SIAC:
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where AGu(n) is the difference in the free energy of the
spherical VC of size n and the system of n free vacan-
cies; Auv is the difference in the chemical potential of
the vacancy in the VC and in the ambient space; R is
the radius of VC of size n, y is the specific energy of VC
in iron. Epn; is calculated from the Eq. (11):
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It was found that decrease of Eum from 1.3eV
(Table 1) to 0.62 eV provides the best fit of CD results for
model with the change of temperature (Fig.1) to the
experimental transmission electron microscopy (TEM)
data [17] on mean size and number density of SIAC:
5nm and 0.95 x 1021 m -3, 7 nm and 1.30 x 102! m~3, and
10 nm and 4.0 x 1021 m-3 for 0.051, 0.10 and 0.19 dpa,
respectively. The found value of Eun of 0.62 eV in the
present CD simulations corresponds better to the purity
of iron in [12, 17] (C < 30 ppm) than the value of 1.3 eV
found in previous CD simulation [15].

The dose dependences of mean size, Dsiac, and
number density, Nsiac, calculated by CD simulations as
well as the TEM data [17] are presented in Fig. 2 and
Fig. 3. CD simulations for model with assumption of
the constant temperature of RPV of MTR BR-2 result
in underestimation of Dsiac and Nsiac values in com-
parison with both TEM data and CD simulations with
temperature change according to Fig. 1.
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Fig. 2 — Dose dependence of mean size of SIAC, Dsiac, calculated according to the assumption of the constant temperature and
with taking into account the temperature change according to Fig. 1 in comparison with TEM data
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Table 1 — Material parameters of pure iron in CD model [15]
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Parameter Value References
Vacancy formation energy, Ep 1.60 eV [8, 9]
Binding energy of vacancy dimmer, Ep2v 0.608 eV [9]
Vacancy migration energy, Env 1.30 eV [8, 9]
Vacancy pre-exponential, Dy, 2.0 x 10-8 m?/s [8, 9]
Interstitial formation energy, Ej 3.05 eV [9]
Binding energy of interstitial dimmer, Ep2i 0.8 eV [8, 9]
Interstitial migration energy, Emi 0.30 eV [8, 9]
Interstitial pre-exponential, Do 4.0 x 10-8 m?/s [8, 9]
Recombination radius, rrec 0.65 nm [8, 9]
Capture efficiency for vacancy by dislocation net, zv 1.0 [8, 9]
Capture efficiency for interstitial by dislocation net, z; 1.2 [8, 9]
Burgers vector of the loop assumed to be prismatic, b 0.2 nm [8, 9]
Dislocation density, pa 0.7 x 1014 m~-2 [9]
Average grain size, d 25x10-4m [9]
Lattice parameter of iron, a 0.2866 nm [8, 9]
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Fig. 3 — Dose dependence of number density of SIAC, Nsiac, calculated according to the assumption of the constant temperature
and with taking into account the temperature change according to Fig. 1 in comparison with TEM data

3. CONCLUSIONS

It is proved that the study of the temperature change
at the beginning and at the end of exploitation on the
defect structure of reactor pressure vessel (RPV) of mate-
rial test reactor (MTR) BR-2 is the actual issue of materi-
al science. In particular, it was found that the cluster
dynamics (CD) simulation for the model, which takes into
account the above-mentioned change of temperature,
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Bruiue 3MiHu TeMmepaTypHu HAYKOBO-TOCJIITHOTO peaKTopa Ha KAJIi0OpyBaHHA KJIACTEPHOIL
OUHAMIKH 9MCTOrO 3aJ1i3a, IKe OMPOMiHEHO HEHTPOHAMHU

O.P. T'oxman, M.C. Kounpsa

ITig0enHoyKpainCOKUIL HAUIOHAIbHUL nedazo2iunuil yHisepcumem im. K. J[. Yiuunckroezo,
eys. Cmaponopmogppanriscora 26, 65020 Odeca, Yrpaina

MonemoBanns kiaacrepuoi muHamiku (KJI) BUKopuCTOBYeThCS [1Jis1 BUBYEHHS BILJIMBY 3MIHU TeMIlepa-
Typu T KopIlycy peakTopa Ha eBoJroIiio kjiaacrepiB Bakauciii (BK) Ta kiacrepiB MiskBy3eJIbHHX aTOMIB
(KMA) B yncToMy 3aJtisi Ipy HEHTPOHHOMY OIIPOMIHEHHI y HayKOBO-HocaimHoMy peaktopi BR-2 (Moui, Besb-
ris). [1ig gac poboru peaxropy BR-2 T s6ismbiryersesa Big 300 K mo 573 K B mepiri 19 roguH, He 3MIHIOETHCS
y "HacrymHi 370 roguH 1 amenmnryerbes 1o 373 K 3a ocranui 7 roguH ekcruryarartii. YacoBa eBOJIIOISA KOHILE-
HTpAIii T00IUHOKUX BakaHcii, Ciy, MOOTUHOKUX MisKBy3eabHuX atomis, Cii, BK, Cu Ta KMA, Ci, y uucro-
My 3aJiIi3l Ipu OMPOMIHEHH1 HeHTPOHAMH y HAyKOBO-ToCTaimHOMY peakrtopi BR-2 mis morory HeHTpoHIB
1.39 x 10-7 dpa/s y miamasoni dutoencis Big 0.026 mo 0.19 dpa BusHayaoThCsa nUIIXOM MomeoBaHus K|
IS TMAXOMyY Moo HeaMiHHOI 7, a Takok 3 ypaxyBaHHaM 3Mminu 1 Kopmycy peakropa. [loTiM po3paxoByeTh-
CS1 I030BA 3AJIEYKHICTD YMCEJIBHOI IIIBHOCTI Ta cepearboro poamipy KMA. Bukonano HoBe rasibpyBaHHS
MozesTl 1edeKTHOI CTPYKTYPHX 3 IIOPIBHSHHSIM JAaHUX €KCIIepUMeHTAaIbHOI IIPOCBIUYI0U0l eJIEKTPOHHOI MIKpO-
ckormil Ta peadyJsbTaTie MojaentoBanHsa meromom KJI. Beramosiieno emeprio mirpaiiili BakaHcii B 3aiisi, aka
3abeaneuye HaWkpaiie 30ir ekcnepruMeHTaNbHUX naHux 1 peayabraris KJI. [IpoanamizoBano pisHuUIro mix
nporuosamu KJI momo 1030801 3asesHOCTI IIIBHOCTI unce 1 cepeauboro poamipy KMA mis mozesni 3 mmoc-
TIf{HOI TEMIIepaTypoI0 Ta MOJEJ 3 ypaxXyBaHHSM 3MIHM TEMIIEpATypH Ha IIOYATKY 1 B KIHIN eKCIIyaTarril
HAYKOBO-JI0CJITHOTO peakTtopa BP-2.

Kmiouosi cnosa: Knacrepua qunamika, Yucere 3ammizo, 3mina temmeparypu, Kitacrepu Baxamciit, Kiacrepu
MIKBY3€JIbHUX aTOMIB.
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