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Cluster dynamics (CD) simulation is used to study the effect of the temperature T 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, C1v, sin-

gle self-interstitial atoms, C1i, of VC, Cnv, and SIAC, Cni, in pure iron under neutron irradiation in the MTR 

BR-2 for neutron flux of 1.39  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 T as well as with taking into account T 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-

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  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. 

 
 

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, 

C1v, single self-interstitial atoms, C1i, vacancy clusters 

(VC) with n vacancies, Cnv, and self-interstitial clusters 

(SIAC) with n self-interstitial atoms, Cni: 
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Here  is efficiency coefficient:   0.3, fvcl (ficl) is the 

fraction of vacancies (SIAs) formed by clusters at the 

cascade stage: fvcl  0.07 and ficl = 0.2; Gnv(i) is the pro-

duction rate of VC(SIAC) with size n at the cascade 

stage: G2v = G6vfvclGdpa/8 Gnv  0 (n ≠ 2.6); 

G2i  G4i  fvclGdpa/6, Gni  0 (n ≠ 2.4); ΩFe is the atomic 

volume of bcc iron, d is the dislocation density, d is the 

mean grain size, rrec is the recombination radius for 

Frenkel’ pair, 1 ( )
e
v iC  is the thermal equilibrium concen-

tration of vacancies (SIA), Zv and Zi are the capture 

efficiency of vacancy and SIA, respectively, by disloca-

tion net, Dv(i) is the diffusion coefficient of the vacancy 

(SIA) calculated according to the Eq. (4): 
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Dv(i)0 is the pre-factor, kB is the Boltzmann constant, 

Emv(i) is the migration energy of vacancy (SIA); ( )v i
ni  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). 
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where ( )v i
niZ  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 bcc pure iron, b is the 

Burgers vector and zfv(i)  35 (42) for vacancy (SIA). 
 

 ( )
( ) 1 ( )(4 / )v i

nv nv v i v i FeR D C   , (7) 

 

( )
( )

v i
ni i  are the emission coefficients of vacancy (SIA) 

from the VC (SIAC) calculated in accordance with the 

detailed balance principle via Gv(n), in the case of VC 

and via the Ebni, in the case of SIAC: 
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Here 
 

 2( ) 4v v nvG n n R       , (10) 

 

where ∆Gv(n) is the difference in the free energy of the 

spherical VC of size n and the system of n free vacan-

cies; ∆v is the difference in the chemical potential of 

the vacancy in the VC and in the ambient space; Rnv is 

the radius of VC of size n, γ is the specific energy of VC 

in iron. Ebni is calculated from the Eq. (11): 
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It was found that decrease of Evm from 1.3 eV  

(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: 

5 nm and 0.95  1021 m – 3, 7 nm and 1.30  1021 m – 3, and 

10 nm and 4.0  1021 m – 3 for 0.051, 0.10 and 0.19 dpa, 

respectively. The found value of Evm 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. 

 

 
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] 
 

 

 

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, 

results in the best fit of CD results to the experimental 

transmission electron microscopy (TEM) data if the mi-

gration energy of vacancy, Emv, is about 0.62 eV. The lat-

ter value corresponds better to the purity of investigated 

iron (C  30 ppm) than Emv of about 1.3 eV, which pro-

vides the best fit of CD results to the experimental TEM 

data for the model, which takes the assumption on the 

constant temperature of RPV of MTR BR-2. 
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Vacancy formation energy, Efv 1.60 eV       [8, 9]  
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Binding energy of interstitial dimmer, Eb2i 0.8 eV       [8, 9] 

Interstitial migration energy, Emi 0.30 eV       [8, 9] 

Interstitial pre-exponential, Dio 4.0  10 – 8 m2/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, zi 1.2       [8, 9] 

Burgers vector of the loop assumed to be prismatic, b 0.2 nm       [8, 9] 

Dislocation density, ρd 0.7  1014 m – 2       [9] 

Average grain size, d 2.5  10 – 4 m       [9] 

Lattice parameter of iron, a 0.2866 nm       [8, 9] 
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Вплив зміни температури науково-дослідного реактора на калібрування кластерної  

динаміки чистого заліза, яке опромінено нейтронами 
 

О.Р. Гохман, М.С. Кондря 
 

Південноукраїнський національний педагогічний університет ім. К.Д. Ушинского,  

вул. Старопортофранківська 26, 65020 Одеса, Україна 

 
Моделювання кластерної динаміки (КД) використовується для вивчення впливу зміни темпера-

тури T корпусу реактора на еволюцію кластерів вакансій (ВК) та кластерів міжвузельних атомів 

(КМА) в чистому залізі при нейтронному опроміненні у науково-дослідному реакторі BR-2 (Moл, Бель-

гія). Під час роботи реактору BR-2 T збільшується від 300 K до 573 K в перші 19 годин, не змінюється 

у наступні 370 годин і зменшується до 373 K за останні 7 годин експлуатації. Часова еволюція конце-

нтрацій поодиноких вакансій, C1v, поодиноких міжвузельних атомів, C1i, ВК, Cnv та КМА, Cni, у чисто-

му залізі при опроміненні нейтронами у науково-дослідному реакторі BR-2 для потоку нейтронів 

1.39  10 – 7 dpa/s у діапазоні флюенсів від 0.026 до 0.19 dpa визначаються шляхом моделювання КД 

для підходу щодо незмінної T, а також з урахуванням зміни T корпусу реактора. Потім розраховуєть-

ся дозова залежність чисельної щільності та середнього розміру КМА. Виконано нове калібрування 

моделі дефектної структури з порівнянням даних експериментальної просвічуючої електронної мікро-

скопії та результатів моделювання методом КД. Встановлено енергію міграції вакансії в залізі, яка 

забезпечує найкраще збіг експериментальних даних і результатів КД. Проаналізовано різницю між 

прогнозами КД щодо дозової залежності щільності чисел і середнього розміру КМА для моделі з пос-

тійною температурою та моделі з урахуванням зміни температури на початку і в кінці експлуатації 

науково-дослідного реактора БР-2. 
 

Ключові слова: Кластерна динаміка, Чисте залізо, Зміна температури, Кластери вакансій, Кластери 

міжвузельних атомів. 


