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Abstract. The coupling between copper rich precipitates (CRP) and point defects in neutron
irradiated iron alloys and VVER steels was investigated by means of cluster dynamics (CD)
simulations. The consideration of the strain energy effect on CRP kinetics as well as the application
of the regular solution model for the case of different fixed copper contents of CRP provides a good
agreement between the simulation results and experimental data for complex iron based alloys with
small (0.015 wt%) and high (0.42 wt%) copper content. It was found that the CD simulation is
applicable to irradiated VVER steel with 0.07 wt% of copper.

Introduction

Neutron irradiation results in essential changes with time of the microstructure of reactor materials.
The distance between irradiated features (precipitates, clusters and atmospheres) exceeds
significantly the size of them in neutron irradiated reactor pressure vessel, RPV, steels [1-8].
Therefore, the cluster dynamics (CD) approach originally suggested in [9] for small clusters and
applicable to any ideal gas of clusters or spatially averaged system of clusters is found effective to
investigate the long-term behavior of the neutron-stimulated microstructural changes of RPV steels
[4, 10-13].

On the assumption that the motion of clusters consisting of two or more monomers is
negligible, the evolution of the cluster population follows a master equation (Eq. 1):

ddC; = Cn_l n=1,n + Cn+1ai’l+l,n - Cn (ﬁn,rﬁ—l + an,n—l) for n> 2 ,
(1
dc, & 2
dtl :Zanc” N Z'Bﬂcn - 2181C1 + azcz.
n=2 n=2

Here C, is the spatially averaged concentration of clusters of size n; f,,+1 is the absorption
coefficient, i.e. the probability density for the attachment per unit of time of one monomer to the
cluster of size n; «,,.1 is the emission coefficient, i.e. the probability density for the emission per
unit of time of one monomer from the cluster of size n. The equation for copper monomers can also
be derived on the basis of the conservation law for the number of monomers.

Copper diffusion, which is based on a vacancy mechanism, is enhanced due to the irradiation-
induced increase of the vacancy concentration. Therefore, the copper diffusivity is given by Eq. (2):

Here D! and C% are the thermal Cu diffusivity and the vacancy concentration at equilibrium;

D}” and C,, are the copper diffusivity and vacancy concentration under irradiation.
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So far, our main focus of CD simulation has been the evolution of vacancies, interstitials and
copper rich precipitates (CRP) for iron-based model alloys with composition closed to that of RPV
steels under typical reactor conditions. The objective of the present paper is to consider the coupling
of the copper-vacancy system by means of CD simulation for iron based model alloys as well as for
irradiated VVER steels.

Coupled copper-vacancy model

In our paper the coupled copper-vacancy model is based on the following prerequisites:

e there is an influence of the copper subsystem on the vacancy subsystem due to the consideration
of the CRPs as additional sinks (in addition to the dislocation network) for vacancy monomers;

e the content of the CRPs after the cascade stage does not change under subsequent neutron
irradiation;

¢ the shape of the vacancy clusters and CRPs is assumed to be spherical;

e the diffusion-limited regime for Cu atoms, vacancies and interstitials is valid;

e the elastic interaction between CRPs and iron matrix is taken into account on the basis of
continuum mechanics [14, 15].

e the ideal and regular solution models of the Cu-Fe system are applied.

The coefficients £, ,+1 are determined for copper-vacancy clusters by:

B, =41R, D,C, /R, +41R

nv v vl

ncuDgz:CCul /QCu . (3)
where €2,,., (X, are the atomic volume of vacancy (iron) and copper, respectively; R, /€2, =
(3nvac/7c)1/3/a1:ez; R.c/c, = (3nCu/n)1/3/aCu2; Nyae = (1-Xqcy)n and ne, = Xqc,n are the number of
vacancies and copper atoms, respectively, in cluster with the given copper content (x,c,); ar. and
acy are the lattice parameters of iron and copper. The coefficients ¢, ,.; are determined by applying
the detailed balance principle in terms of the change of the Gibbs free energy, AG(n), due to cluster
formation [12]:

AG(n) — AG(n —1)

a = - ex 4
n, n+l ﬂn—l,n kBT ( )
The change of the Gibbs free energy, AG(n), due to cluster formation is given by:

AG(”) =- n[(l - xaCu )A/unv + xaCu A/’lnCu] + 4nR57/Cu7vac + Wel (n) . (5)

Here y.,_... 1s the surface tension of the boundary between iron matrix and cluster. y, .. depends

on both x,c, and dose but does not depend on cluster size (capillary approximation for binary
system). Ay, is the difference in the chemical potential between vacancy (copper) monomer
attached to a cluster with n, (n¢,) monomers and in the matrix. Az is given by [16]:

A =Apy +@[(1-Cy)* = (1-C,) ], ©)

xeq
where Ay, 1s the change of the chemical potential on the assumption of an ideal solution,

2yQ

Ap, =k,T-In(C, /Cy,) and C, = Croy exp(kBTR

) (7)

n
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Here kp is the Boltzmann’s constant, 7 is the absolute temperature and w is the demixing energy.
The elastic interaction between iron matrix and CRP containing n monomers can be described by
the strain energy that is produced by misfit in lattice parameters and elastic properties of cluster and
iron matrix. To simplify the problem only the misfit in lattice parameters has been considered. In
addition, the assumption on isotropy of elastic properties of iron matrix and CRP has been taken.
CRP of radius less than 3 nm (maximum size of CRP observed in neutron irradiated steels) are
coherent to the iron matrix and hence have the same bcc structure as iron [17]. For this case the
strain elastic energy per 1 m’ is given by Eshelby’s formula [14, 15].
The long-term behavior of the quantities C,; and C;; is determined by equations (8-11):

dC

7‘}1 = Gv - 4nrrec (Dv + Di )Cvlcil /Qvac - DVCVIS\T ° (8)
dCil T
7 = Gi - 4nrrec (Dv + Di)CVICil /Qvac - DvCilSi .

©)

Here G, = Gapuni(1- frt) and G; = Ggpanj(1- fic ) are the production rates of vacancies and
interstitials, respectively, due to irradiation with neutron dose rate Gg,.; 77 1s the efficiency
coefficient; f,.; (f,; ) 1s the fraction of vacancies (interstitials) that form clusters already in the
cascade stage; S,” (S;) is the sink strength for vacancies (interstitials). The main sink for vacancies
and interstitials is the dislocation net [4]:

S'=zp and S] =z,p, (10)

where p is the dislocation density and z,=1; z; =1.2 [4]. The copper-vacancy clusters are considered
as additional sinks with the sink strength, S/ in our model:

Cu/vac

SVT = va + Sgu—vac' ‘ (1 1)
On the assumption of diffusion-limited regime for the kinetics of transport of free vacancies to the
copper-vacancy clusters, the quantity S,’ changes with irradiation time according to:

ST=zp + 4nR

v

N,, (12)

mean
where N, and R,.., are the number density and mean radius of copper-vacancy clusters,

respectively. They are found by means of an averaging procedure based on the size distribution
determined from Eq. 1.

Computations

The master equation (Eq. 1) is a stiff system of ordinary differential equations. The Isoda code [18,
19] was checked to be a suitable solver. The data on energy of formation and energy of migration,

pre-exponential factor, capture efficiency by dislocation net for vacancies and interstitials are taken

from [4]. Other parameters, 5, pand D! , are considered as fitting parameters due the wide range

of their experimental values.
CD simulation for x,¢, = 0. For this case only the vacancy subsystem without coupling with

the copper subsystem is considered and the values of %, and p are determined in CD investigations
of the low-copper alloy 4 (0.015 wt% of copper) under VVER-reactor type conditions [12, 20]. The
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ideal solution model of vacancy-iron system is taken according to [4]. The distribution of vacancy
clusters, VC, after the cascade stage is taken from Fig. 8 of [13] with accounting for a difference of
the Gy, values in [12] and [13]. The time dependence of the vacancy concentration in iron has been
taken from [12, 20]. It was found that the calculated mean radius and volume content of VC depend
on the values of p and 4, respectively, and the best fit to the data from SANS for irradiation
conditions A2 [12, 20, 21] is obtained for p=1.84 -10"* m? and » = 1.8779 J/m’.

CD simulation for x,c, = 1. In CD simulations the values of Dtchu and y¢, are determined

from the condition of the best fit to the R,.., and C, for irradiation condition B/, B2 of the high-
copper content alloy B (0.42 wt % copper) under VVER-reactor type conditions [12, 20, 21]. For

the regular solution model with accounting for the strain energy, the best fit is obtained for D! =

1.2218 -10*°m?/s and yc, = 0.2706 J/m’.

CD simulation for x,¢, determined from SANS measurements of irradiated alloy B. To
estimate the value of x,, in clusters of irradiated alloy B the ratio of scattered intensities,
I=d2/dQ, perpendicular and parallel to the magnetic field direction at SANS measurements is
considered. This so-called A-ratio is found to be 5.0 and 5.3 for irradiation conditions B/ and B2,
respectively [20, 21], and the corresponding x,, = 0.835 and 0.850 in assumption of copper-
vacancy model of CRP. The best fit to SANS data [20, 21] is obtained for y,__. = 0.3150 J/m’

(condition BI) and 0.3154 J/m? (condition B2) and D! =5.5560 :10*°m?/s for both conditions. The
obtained values of y__ . can be interpreted as the linear combination with coefficients 0.972 and

0.028 of the surface tension values determined before for pure copper cluster in iron (., = 0.2706
J/m?) and pure vacancy cluster in iron (3 = 1.8779 J/m?), respectively. It supports the approach on
the shell structure of copper - vacancy cluster in neutron irradiated steel, where the boundary
between cluster and iron matrix contains preferentially copper atoms.

CD simulations for irradiated VVER steels. The composition, irradiation conditions and
SANS results of investigated VVER-1000 steels (codes D, R16 and R17) are presented in Table 1 in
accordance with [22-24]. Because of the small Cu-content in the CD simulation for steel D the
assumption on the vacancy nature of irradiation-induced clusters (case x,. = 0) has been used. It
was found that the experimental value of the volume content for irradiation conditions D/ and D2
can be fitted by CD simulations using the values y= 0.7 J/m?, p=7.00 -10"* m™ (DI) and p=3.56
.10 m™ (D2). But for given values of y and p, the calculated mean radius was found to be 0.24
nm smaller than the experimental one for both irradiation conditions. Moreover, for the unirradiated
condition of the considered VVER steels the experimental value of p is about 3-10" m? [24].
Hence the assumption on the presence of pure VC in the irradiated steel D is not justified at least for
irradiated condition D1.

For steels R16 and RI7 the presence of CRP has been assumed. For irradiated steel R/6 the
experimental volume content and mean radius have been obtained in CD simulations for

p=310"m?, D" =15875-10" m%s and y__ . = 0.1650 J/m”. These fitting parameters also

reproduce the experimental value of the mean radius for irradiated steel R/7 but the calculated
value of volume content was found to be less than the experimental one of 0.02%.
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Table 1 Composition, irradiation conditions and SANS results for investigated VVER steels

Composition Dose Dose rate Irradiation Mean radius Volume
[wt %] [dpa] [107 dpa/s] | temperature [K] [nm] content [%]

0.03Cu-1.2Ni
-0.59Mn-0.26Si | 0.029 (D1) 0.295 563 0.90 0.02
-2.2Cr-0.63Mo(D)

0.03Cu-1.2Ni
-0.59Mn-0.26Si | 0.097 (D2) 0.340 563 0.90 0.12
-2.2Cr-0.63Mo(D)

0.07Cu-1.INi
-0.48Mn-0.318i 0.046 0.028 528 1.00 0.06
-2.2Cr-0.57Mo(R16)

0.13Cu-1.3Ni
-0.47Mn-0.27Si 0.073 0.044 528 1.00 0.12
-2.1Cr-0.57Mo(R17)

Summary

The coupling between CRP and point defects in neutron irradiated iron based alloys has been
investigated by CD simulations using the LSODA code as a solver of the stiff system of ordinary
differential equations. The approach was found to be successful for the special case of pure vacancy
clusters applied to the low-copper alloy 4 under irradiation condition 42. Using reasonable values
of thermal copper diffusivity in iron and surface tension provides noticeable agreement between
calculations and SANS data for the Cu-enriched alloy B under irradiation conditions B/ and B2 as
well as for irradiated steel R/6. The additional consideration of the strain energy effect on CRP
kinetics and application of the regular solution model for the case of different fixed copper contents
of CRP improves quantitatively the results of the model calculations. For the case of irradiated
steels D and R/7 the suggested approach requires further developments.
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