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Abstract

We consider below kinetics of copper precipitate clustering in model FeCu alloys under cascade-damage irradiation.
The investigation is carried out for rather high copper content compared with the solubility limit. The nucleation and
growth stage preceding the coarsening kinetics is analysed. It is assumed that atomic collision cascades create embryos that
are the growing centers during supersaturation decay. The time dependencies of copper precipitates characteristics are
obtained as a solution of the Fokker—Planck equation for clusters in the space of their sizes. The results are in a qualitative
agreement with some experimental data on copper clustering under neutron irradiation.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

For the past decades of nuclear power reactors
practical operation had enriched the experience in
estimates and forecasts of long-term structural
changes and properties degradation in metals and
alloys under irradiation. The great amount of accu-
mulated experimental data became a base of con-
temporary mostly qualitative understanding of the
observed complexity and variety in the microstruc-
ture evolution nature and origin. The two groups
of phenomena are superimposing and closely influ-
encing the final result of irradiation: (i) the primary
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peculiarities of radiation damage creation and (ii)
the diffusion controlled quasi-chemical reaction-like
kinetics of micro-processes between matrix, impuri-
ties, alloying elements, point and extended defects,
nuclides, etc. The group of effects (ii) is very sensi-
tive to temperature conditions. Mechanical loading
may introduce additional complicated features to
behavior of nuclear materials in irradiation environ-
ment. The primary radiation processes (i) are asso-
ciated with spectral effects resulting in different
spatial and instant clustering characteristics of
atomic collision cascades for various irradiation
sources.

All we said above is equitable with respect to pro-
cesses in reactor pressure vessel steels (RPVS). The
structural compositions of RPVS are complicated
and contain different elements. The development
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of experimental technique (creation of the tomo-
graphic atom probe) gave a possibility to reproduce
in the real space a three-dimensional distribution of
atoms in an irradiated material. This method of
analysis was applied in [1] to investigation of RPVS’
specimens (steel CHOOZ) after irradiation at
260 °C to a fluence of 1.6 x 10** n/m? which corre-
sponds to a dose close to 0.2 dpa. According to
results of these studies, under neutron irradiation
complicated agglomerates containing atoms of Si,
Ni, Mn, and Cu in the material are formed. The nat-
ure of these clusters (composition, cluster/matrix
interface) significantly differs from almost pure cop-
per particles (containing 95% Cu) that form during
the aging of model alloys. While irradiation dose is
increasing, the size and composition of these clusters
do not change but the concentration is increasing.
The investigators supposed that the observed clus-
ters might be attributed to vacancies, micro-voids
or dislocation loops.

Clusters containing Cu, P, Ni, Mn and Si were
detected by the same method in the irradiated steel
with high amount of copper (0.24%) to doses
6.6 x 10% and 3.47 x 10** n/m? [2]. In the steel with
low concentration of copper (0.02%) irradiated to
dose 1.5x 10 n/m? only clusters of phosphorus
atoms were observed. The average composition of
copper clusters and the level of enrichment by indi-
vidual elements (i.e. the ratio of an element concen-
tration in clusters to a concentration in the matrix)
vary with fluence.

It is recognized that copper atoms may have a
crucial role in the precipitate cluster formation in
a number of RPVS in which the copper content
is about or above 0.06%. Consequently, experi-
ments with model FeCu alloys may reproduce
and clarify some features of the clustering kinetics
in copper rich steels. The peculiarities of structural
changes under collision cascade-producing irradia-
tion in the model alloys are of special interest.
From this point of view, the comparison of
experimental data for electron irradiation and neu-
tron or heavy ion irradiation is very important
(3,4].

We give below an analytical consideration, which
is modeling the complex processes displaying in the
pressure vessel steels interior. In Section 2, we
develop a description of structural changes in FeCu
alloys under neutron irradiation producing collision
cascades. In Section 3, we discuss the results and
make a comparison with experimental data. Section
4 includes concluding remarks.

2. A model of precipitate clustering in alloys
on the basis of a-Fe under neutron or heavy
ion irradiation conditions

Odette and Wirth distinguished the cases of low
Cu (<0.1%) and high Cu (>0.1%) contents in steels
[5]. As they showed in their analysis, well-formed
copper-rich precipitates are the dominant clusters
in high Cu steels according to numerous experimen-
tal measurements. Therefore, the FeCu alloys may
represent basic features of structural transforma-
tions in real conditions. The initial phase of such
transformations is a supersaturated solid solution
of substituted copper atoms in a matrix of a-iron.
Let us suppose below that the secondary phase con-
sists of copper clusters. These agglomerates may
grow by absorption of migrating surplus copper
atoms.

We introduce the following notations: Qcu_cu
and Qr._r. are, accordingly, the binding (cohesive)
energies per atom of copper or iron in their bcc
lattices; Ncy is the initial number of copper atoms
in the matrix, containing N atomic places. The final
phase consists of N, spherical clusters that include g
copper atoms up to a maximum size G. Qc,_re 18 the
binding energy of an isolated copper atom in the lat-
tice of a-Fe, ¢ is the FeCu interface energy, Q is the
atomic volume, Q = ¢’/2, a is the lattice constant.
The critical size of a copper cluster is determined
by the actual supersaturation and takes the follow-
ing form (see Appendix A):

Y :2052
e (0

Here k is the Boltzmann constant, 7 is the absolute
temperature, C(f) = Nc /N is the atomic concentra-
tion of copper atoms in the supersaturated solution,
C; is the thermodynamic equilibrium concentration
of copper atoms at the given temperature.

With these definitions, further consideration may
be based on the nucleation theory. The correspond-
ing equation for a distribution function of clusters
in their size space [6], flg, ), takes the form:

of(g,1)
ot
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Here the hydrodynamic velocity in the space of
sizes, V(g,t), corresponds to the deterministic
growth of a new phase cluster, which is consisting
of g particles at a moment ¢. The diffusion coefficient
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in the space of sizes, D(g,?), is determined by statis-
tical properties of stochastic process of embryos
evolution. The consideration of statistical legitima-
cies in point defects absorption by a spherical clus-
ter demonstrates, that [7]

D(g’t):Ds""DC? (3)

where the term D° corresponds to concentration
fluctuations of point defects near to a cluster sur-
face, which are caused by random walks processes,
while the probabilistic nature of atomic collisions
is accounted by the second term

Dc — nRiKL<N§h> TCR,'ZKI' <N§1>
 k,QNy, ki QN g;

4)

The following notations are introduced here: R; is
the capture radius by a sink of point defects of a
kind j (j = v,i); kf is the full strength of sinks; K; is
the effective rate of generation for defects of a kind
J; Ng; is the average number of free point defects
which are generated in one collision cascade. It is
supposed also, that the mean concentration of sur-
viving freely migrating defects in solution, C;, is
determined by the following equations of balance:

Ki — D1C1k12 == 0,

K, —D,C.k: = 0. ©)
D; is the diffusion coefficient for defects of the kind j
with the concentration C; This approximation
means that the subsystem of freely migrating point
defects (the rapid subsystem) is in a quasi-steady
state at time scales of structural transformations
[7]. We consider below the clustering kinetics of cop-
per atoms as such a transformation. So time depen-
dencies of point defects sinks may be ignored and ka.
may be estimated as constant values.

For consequent consideration of processes in
structural evolution of model binary alloys
Fe—x at.%Cu it is necessary to take into account
miscellaneous capabilities for spatial migration of
components. We describe diffusion processes in the
alloy following the approach [8]. Let us enter such
characteristics of diffusion process by vacancy and
interstitial mechanisms, which are independent of
point defect concentrations, namely the partial dif-
fusion coefficients dre, dcuy and dge;, dey,;. Then
the diffusion coefficients for the components of the
solid solution may be expressed via these terms [8].

The equations of balance presented above do not
contain the term corresponding to recombination of
vacancies and interstitials. Such approximation may

be justified for atomic cascade-producing irradia-
tion [7]: concentrations of freely migrating point
defects, which had avoided intracascade processes
of recombination and clustering, are noticeably
below those calculated according to the NRT stan-
dard model [9].

The diffusion coefficient in the space of sizes is
defined by the contribution of stochastic fluctua-
tions, which are associated with migrations of
atoms, to the nucleation of copper clusters. At the
analysis of copper clustering kinetics in model alloys
FeCu, the corresponding term takes the form:

3g1/3DCuC
Di(g) = 2=
(¢) g
~ 3g1/3CK (1 — 81)) dCu‘v (1 — 8,*) dCu,i
o 2’% k% ch.v k12 ch,i .

(6)

We denote C= Cc, and take into account that
C < 1, and accept the following notations:

&, ¢ are the vacancy and interstitial clustering
fractions in the cascade volume.

K;=(1 —¢)K, K is the effective generation rate
of freely migrating point defects.

K <K, K, is the calculated generation rate
(NRT standard).

kf. = Z;k; + k2, k3 is the dislocation sink strength.
kf corresponds to other possible sinks.

Z; are the bias factors.

ro is determined as ry = (/32

4m°

The diffusion coefficient in the size space of cop-
per clusters, which describes nucleation of clusters
as a result of redistribution of impurity atoms by
cascade fluctuations, can be written as

3g**N
Dc(g) = g4 d (kdeuAvcz: + kidCu,[C[)
7o
_ 3g2/3NdK (1 - Sv) dCu,v (1 - 8[) dCuti
N 47‘0 kv dFe,v ki dFe,i )

(7)

The hydrodynamic velocity in the size space is given
by the known expression [10,11]:

3Dc¢y
V(ga t) = azc gl/s[cfce(g)]
3D s 1 1
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Here C.(g) = Csexp (ﬁ?) is the concentration of
monomers near the clustér of size g.

We guess above, that irradiation by fast neutrons
creates embryos of copper clusters in the cascade
volumes. To take into account this circumstance,
the source of embryos generated in collision cas-
cades is entered into Eq. (2): the value Kg(g,1)
AVAt/Q is equal numerically to a quantity of
embryos of clusters with g copper atoms, created
by collision cascade in a volume AV at a time Az.
According to this definition, the quantity

/mw@ﬁ@EdO, 9)

&min

where g, 1s the least number of atoms in an em-
bryo and G, is the maximum number of atoms in
a primary cluster, is equal to a mean fraction of
number of copper atoms in embryos relatively to
one displacement.

Thus, the generation rate of embryos, K, for
irradiation with a generation rate of defects K, can
be presented as

Ke(C) = Ky. (10)

Let us use the following parameters: Vi,s is the
mean volume of cascade event; then KQ/V_ . is
the average rate of cascades generation; let m be
an average number of embryos of copper clusters
in calculation per one cascade; then mKQ/V .. is
the average rate of embryos generation for copper
clusters; if C is the atomic concentration of copper
in the solution, CV,,/Q is the number of copper
atoms in a cascade volume; let us designate as 5 a
fraction of a total number of copper atoms in the
cascade volume, which have formed embryos with
an average size go during a relaxation of a cascade.
Then

_ nCVC'dSC
g0€2 '

(11)

Here the parameters m and 5 are some functions of
the concentration of copper atoms in the solution.
Consequently, one may write that the rate of em-
bryo generation is

C(t)> <m(C)Q)
K,(t) = — )K= (———|K. 12
1( ) <'7 go Vcasc ( )
Let us take into account, that the value
Gm
f(g.t)dg = N(1) (13)

&min

is the atomic concentration of clusters. We take the
norm of the distribution function in a form that ac-
counts for the boundary condition of embryos gen-
eration under cascade-producing irradiation. As it
follows from the presented above equation, such
relation must take place:

. dN() Gm
lim == =1ImK [ q(g1)dg. (14)

&min

Let us suppose that the embryos of the mean size g
will be created in a cascade of atomic collisions. The
rate of embryos generation may be written as

K%@wzﬁf%@—&» (15)

Then the boundary condition on rate of clusters
generation becomes

lim dN(r) _ nC(t :2 O)K'
t—0 dt gO

(16)

Here C(z = 0) is the initial concentration of copper
atoms. Let us enter the dimensionless time

Kcl
T= t, 17
280 (17)
where

/

4Karo [(1 — &) dews (1 —&) deus] ™ (8)
3KN4g ky  dpey ki dpes|

and the dimensionless flux 7 in the space of sizes as

4 r {(l—sv) dewsy  (1—4) dcl,,,}l

I —- .
3 KNd ku dFe,v ki dFe,i

i

(19)

Let us suppose further for estimates, that
k, =~ k; = ko. We designate also

(1—4) dCu,i:| -

u 4Dc,C,or |:(1 - Sv) deuy

KN4 ky dFe,v k; dFe«,i
4Cu
o8 20
(koro)N4 (20)
Accordingly, the kinetic equation becomes
of(g,7) 0 1 1
ot :—@ ug'’ F_gl—” f(g:7)
0 1 0 .
- =——1 21
ag[g f(g,7)] % (21)
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This equation should be solved in view of fulfillment
of an equation of balance for the number of copper
atoms in solution and clusters:

/ f(g.t)gdg

=C() )&(2)- (22)

Here g is the mean size of copper clusters.

We shall follow the approach of the paper [12] to
a solution of the kinetic equation in the space of
cluster sizes.

Static solution, fy(g), corresponding to the zero
value of the flux in the space of sizes, i =0, can be

given as
4 3 (g 1/3
folg) = Sz expisu| 5 — 22" ) ¢, (23)
g2 27\ 17
A is a constant of integrating.

By consideration of evolution in the ensemble of
clusters it is natural to assume, that the distribution
function responds to the locally equilibrium
solution, restricted by position of the distribution
frontier at a considered instant. The formal locally
equilibrium distribution function f{g), for a

pseudo-steady flux 7/ in the space of sizes, can be
given as

4
o 3 (x5

x/ exp{—i,u(éﬁ_le/s)}dx. (24)
g

The estimate of parameters demonstrates, that
under conditions, representing practical concern,
A< n<< 1. With allowance for it, we make out
the approximated solution:

i (égeff _g)a g
fi(g) _g27' 22/3
S8 g, g = 8ur > 8o

(25)

We search a non-steady distribution of clusters as it
follows:

f(g7) = fi(g)¥(g,), (26)

where the function ¥(g,t), according to its sense,
describes motion of a distribution frontier in the
space of sizes. Large enough clusters introduce the
main contribution to the process of evolution in
the ensemble of clusters; it is possible to write a

following approximate equation for the function
¥(g,1):

0% (g,7) 4g’*  2g'3 o(g,7) _,
ot Sear—2¢ 30| ¢ ’
g<geff;
0¥ (g,7) 2g'3 0¥(g,t
(8,7) ( )207 &> 8ot (27)

Ot 3¢ gf/f3 g

The corresponding solution may be written as

1, x>0;
0, x<0.
(28)

¥(g,1)= O(G(x) — g) = Oz~ T(2)), @(x>={

Thus, at an instant moment 7, the equilibrium distri-
bution is established locally for the left-side posi-
tions below the distribution frontier G(t). The
point set (go, G(7)) is filled, the point set (G(t),o0)
is empty.

We find the rate-fixing constant i from the
boundary condition:

d . ~ of (g, d
L=t [P s g SO0

dr

t—0 dr

t=0 —0

(29)

The substitution of the solution suggested above
gives the following value:

1

The function G(7) looks like

3
1/3 1/3
(g() +geff é) } Tgreffa 15 43

Tef = 1 8efr -

G(r)=

o )32
8eft (31:“ §) y T 2 Teff,
(31)

The time dependence of concentration for copper
clusters looks like

K Sge
-, Neff<_,[>:glt7 1<ty =538, _/115 o3
= e = &efr -
4 ©¢
eff(l +,ﬁ> t = fer,

(32)

It may be useful to point out that, according to the
presented model, a measurement of concentration
for copper clusters at times, which are not superior
the effective time, allows to estimate the generation
rate of embryos in cascades.
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In the explicit form
USRI Na(koro)*
O K[ -mi (-]
(33)

t

The mean number of copper atoms in clusters is
described by the expression:

3
l(L)
_ &efr 2\terr) 7
g(t):(2>- Byl s 2\ t
3 14
_5+f<3tm_§> :|/(1+E)7 f>terr~

(34)

t< Lefr,

The consideration conducted above assumes fulfill-
ment of a condition

D¢ g(])/3Ndk0ro
Y= 1. 35
V=T T (35)

Selected values of parameters are listed in Table 1.

It may be seen that this condition is valid for real
cascade-irradiation conditions. In the consideration
presented above the most indefinite parameter is the
quantity m that determines the amount of copper
embryos in the cascade volume. In the following
section some reasonable estimates are given.

3. Discussion

Results of calculations within the model devel-
oped above, for copper contents in experiments
with different steels [13,2,14,15], are presented in
Figs. 1-3. The corresponding data sets are given
in the legends to Figs. 1 and 2. First, the curve for
copper concentration in the solution was fitted to
the last available experimental point. The basic
parameter that plays a role of a fitting value is the
sink strength k; that is not cited in the data
[13,2,14,15]. The curves are very sensitive to ké.
The curve for the number density of clusters was
simultaneously varied by value of the parameter m

Table 1

Material parameters used in calculations

Parameter Value Units
Partial diffusion coefficient of copper atoms via vacancies, dcy, 0.5 x 107 exp(—0.61 eV/kT)? m?/s
Partial diffusion coefficient of copper atoms via interstitials, dcy ; Neglected for a diluted alloy of Cu in Fe®

Partial diffusion coefficient of iron atoms via vacancies, de, 10 %exp(—0.68 eV/kT)° m?/s
Partial diffusion coefficient of iron atoms via interstitials, dp.; 107 exp(—0.30 eV/kT)d m?/s
Binding energy, Ocu cu 343°¢ eV/atom
Binding energy, Opc re 4.28° eV/atom
Binding energy, Ocu re 3.83 eV/atom
Surface tension energy, o 0.3¢ J/m?
Binding energy of two copper atoms, E>c,° 0.129¢ eV
Atomic volume, Q 10.00 1073 m?
Intracascade interstitial clustering fraction, ¢, 04f

Intracascade vacancy clustering fraction, ¢, 0.3

Minimum size of copper cluster, gy 2

Average number of point defects per cascade, Ny 45"

Volume of the cascade molten zone, Vi, 100009 m?
Irradiation temperature, 7 563 K
Equilibrium copper concentration, C 0.00026 €

Defect production rate, K, 107, 1.5x 101" NRT dpa/s
Effective defect production rate, K 0.2K, dpa/s

% J. Marian, B.D. Wirth, G.R. Odette, J.M. Perlado, Comput. Mater. Sci. 31 (2004) 347-367.

® C. Domain, C.S. Becquart, Phys. Rev. B 65 (2001) 024103. The strong Cu-vacancy binding energy combined with the lower Cu
migration energy is consistent with a Cu transport mechanism through vacancies. See also results of MD simulations for mixed Fe—Cu
interstitial migration in Fe—Cu alloys. J. Marian, B.D. Wirth, J.M. Perlado, G.R. Odette, T. Diaz de la Rubia, Phys. Rev. B 64 (2001)

094303.
¢ R.A. Johnson, Phys. Rev. 134 (1964) A1329-A1336.
4 F.W. Young, Jr., J. Nucl. Mater. 69-70 (1978) 310-330.
¢ G.R. Odette, B.D.Wirth, J. Nucl. Mater. 251 (1997) 157-171.

' D.J. Bacon, F. Gao, Yu.N. Osetsky, J. Nucl. Mater. 276 (2000) 1-12.
€ See Appendix A. This value is close to the data of Jackson et al. (see discussion in Ref. [3]).
b For Fe-0.14 at.%Cu and Fe-0.08 at.%Cu alloys correspondingly (see the text).
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Nucleation of copper clusters under cascade-damage irradiation
k,?=0.66x 1014 m2, m=1.8 primary clusters per cascade, T=290C

Concentration 014 s 740
of copper ) I M S Y
in solution, 0.12 F S 3
at.% g & 430
o010t + / 325 Number
o N ] densit
0.08 | / - >0 y
r / N ] of clusters,
0.06 | 315 x10%21m3
0.04 [ ~. 310
0.02 F Jos
0 0.01 0.02 0.03 0.04 0.05 0.06
Irradiation dose, NRT dpa
Steel  Fluence (n/mz) Matrix Cu, at.% Data marker Density, 10% 1/m? Data marker
KRB-A 8.4x10*! 0.13 + 0.2 -
KRB-A 2.7x10% 0.1110.01 + 0.3 -
WELD 6.6x10% 0.1310.04 + 1.0 N
KRB-A 8.5x10% 0.0940.01 + -
WELD 3.5%10% 0.0540.01 + 3.0 A

Fig. 1. Estimates for experimental data at initial copper content 0.14 at.%. References are given in the text.

to approach the experimental meaning at the same
dose. This value of m gives an estimate for the aver-
age number of embryos of copper clusters in a cas-
cade volume.

Experimental points in Figs are given by transla-
tion of fast neutron dose data to NRT dpa with
relation 10*° n/m? = 1.5 dpa [3,16]. The resulting
values for the sink strength that give the last exper-
imental point for C(¢) at the dose of 0.053 dpa for
Co=0.14at.% and the dose of 0.18dpa for
Co = 0.08 at.%, as well as the corresponding values
of m are shown in the legends.

The experimental data are better defined for the
higher value of copper, i.e. Cy=0.14at.%. For
Co = 0.08 at.%, errors in actual values of concentra-
tion at measured doses are larger. No error limits
were cited for the measured cluster density values.
With such uncertainties, the agreement between cal-
culated results within the proposed model and the
experimental data points look quite reasonable
and outlines the crucial role of cluster embryos
formation in cascade relaxation volume and their
subsequent growth by copper atoms migration
mechanisms via surviving point defects.’

! The important role of freely migrating defects in copper
clustering measured by electrical resistivity during electron and
ion irradiations in FeCu alloys was outlined in the paper [4].

For less pronounced cascades, as may be seen
according to the results presented above, the process
of copper clustering develops weaker. Finally, for
irradiation by electrons or slow neutrons one has
Ng =1, and the inequality (35) may be no longer
valid for an initial copper content above the solubil-
ity limit.

The kinetics of copper clustering under irradia-
tion by electrons have quite different quasi-thermo-
dynamic nature from those under aging conditions
[17] (see also the experimental data [3]).

The approach given above does not consider the
processes of asymptotic evolution of distribution
function of clusters. Further coarsening of overcrit-
ical clusters in expenses of subcritical ones [18,19] is
beyond the present consideration.

4. Conclusions

(1) The quasi-homogeneous decay of supersatu-
rated solid solution of copper in FeCu alloys
initiated by collision cascades is considered.
The condition corresponds to a situation of
irradiation by fast neutrons or heavy ions.
On the basis of the model calculations, the
temporary time-scale, the dose dependencies
for number density and average dimensions
of copper clusters as functions of irradiation
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ko?=2.0x1015 m2,

Nucleation of copper clusters under cascade-damage irradiation
=1.1primary clusters per cascade, T=290 C

Concentration 0-09 [ ] 12
f r X i
of coppe 0.08 r — 110
in solution, 0.07 - < ]
at. % ! / ]
0_06 L _ﬁ_ 8
L . 1 Number
0.05—_«»» A 1 density of
0.04 - +, 1 clusters,
r 1 10 3
0.03 [ — & 14 X107 1m
r [ ] ]
0.02 + ]
3 42
0.01 + ]
0 0.05 0.1 0.15 0.2 0.25
Irradiation dose, NRT dpa
Steel Fluence (n/m? Matrix Cu,at.% Data marker Density, 102 1/m*®  Data marker
CHOOZ 4.7x10% 0.05+0.01 + -
CHOOZ 2.5x10% 0.0420.01 + 33 =
CHOOZ 6.6x10% 0.0310.04 + 57 =
CHOOZ 1.2x10% 0.04:0.01 + 8.9 []
CHOOZ 1.6X10% - 1 =

Fig. 2. Estimates for experimental data at initial copper content 0.08 at.%. References are given in the text.

2
r T=290 °C
Solubility limit
Cs=0.026 at.%.
I Initial concentration
1,5 of copper in solution
F 0.14 at.%,
------- 0.08 at.%
1 o~
0.5 L e B .
0.01 0.1 1

Irradiation dose, NRT dpa

Fig. 3. Estimates for the average diameter dose dependency for
cited experimental data.

conditions and cascade characteristics are
defined. The considered structural transforma-
tions precede the stage of coarsening kinetics
for copper clusters.

(2) The numerical estimates of these data were

compared with experimental results for the
process at the RPVS at operating temperature
of 290 °C. The indicated theoretical outcomes
agree with available experimental data and
confirm the point of view that at temperatures
of pressure vessel exploitation the process of
copper cluster formation has the irradiation-
stimulated nature with the crucial role of col-
lision cascades in nucleation of clusters.

(3)

(4)

(5)

Under cascade-damage irradiation the time
dependence of concentration for copper clus-
ters has the quasi-linear dependence (as given
by Eq. (32)) with the kink point Ny that is
determined by characteristics of the kinetics
in cascade volumes. The quasi-linear trend of
cluster concentration with irradiation dose
agrees with experimental observations.

The time-dependence of average dimensions of
copper clusters given by Eq. (34), as it is pre-
dicted by the considered model, is more com-
plicated and may vary from about 7> to ~r?
if the initial supersaturation is large enough.
The model approach presented above is not
completely self-consistent because the number
of copper embryos per cascade, m, is treated as
a free parameter. From general point of view,
the homogeneous nucleation kinetics may be
applied as a qualitative rather than quantita-
tive consideration of the complicated
processes. Results of MD modeling of the cas-
cade events in FeCu alloys do not yet show
noticeable copper clustering [20,21]. However,
there are some additional physical consider-
ations [22,23] that demonstrate some possibil-
ity for copper atoms redistribution in ao-Fe.

It was shown in Ref. [22] that copper atoms may
migrate towards the center of the thermal spike.
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Such redistribution displays itself during the cas-
cade relaxation. The process takes place as a result
of temporal difference in the actual supersaturations
of copper atoms in the locally overheated cascade
volume and the ambient space. The corresponding
investigation, which combines both approaches, is
not yet finished.

In Ref. [23] the vacancy—Cu clusters in a-Fe were
studied. The MD and MC calculations demonstrate
that the clusters may consist of a central vacancy
cluster decorated, or coated by Cu atoms. The for-
mation energy of such combined clusters is a func-
tion of the number of vacancies and Cu atoms.

These examples show that the problem of cluster
nucleation remains to be the key issue for modeling
of the clustering kinetics. A number of intrinsic
parameters, which are describing details of interac-
tions for species involved in the transformations,
should be well defined.

Appendix A

Before formation of a solid solution the thermo-
dynamic potential (free energy) of the system of n
copper atoms and (N — n) atoms of iron takes the
form [24,25]:

Py = (N — n)py + nigy. (A1)

Here pq is the chemical potential for atoms of iron
and g is the chemical potential of copper atoms be-
fore formation of a solution. In a diluted solid solu-
tion the thermodynamic potential may be written as

&, = N{(1 = C)uy + Cyy + kTC[In C — 1]} (A.2)
and, correspondingly,

"y = lpl — My + lel'l C. (A3)

Here C is the atomic concentration of n copper
atoms in the matrix, containing N atomic sites, k
is the Boltzmann constant, 7'is the absolute temper-
ature, Y/ is an energy change caused by inserting of
one copper atom into the lattice. In the thermody-
namic equilibrium the solid solution is saturated.
The corresponding condition, at a given tempera-
ture and a pressure, takes the form:

@)= (@), a4

the consequence of which means that

The last expression is the definition of solubility
[26], i.e. of the saturation concentration C; for cop-
per atoms in the solid solution at a given tempera-
ture. With this notation expression for ¢; may be
rewritten as

N

@:¢ﬁw&%@§—0. (A.6)

The chemical potential of copper atoms in the solu-
tion takes the form:

m=%+ﬂm§ (A7)
Let us suppose below that the secondary phase
consists of spherical copper clusters. The latter
may grow due to absorption of migrating surplus
copper atoms.

The final phase consists of N, spherical clusters
that include g copper atoms up to a maximum size
G. The change of thermodynamic potential of the
secondary phase takes the form [25]:

G
, o2
D, =P + E [‘/fzg + 378’2/3} Ny, (A8)
g=2

where @] is the thermodynamic potential with
concentration
o=t oo TNy
N N

Here ¢ is the Fe—Cu interface energy in the lattice of
a-Fe, Q is the atomic volume, Q = a*/2 = 4n'r(3)/3, a
is the lattice constant, i, is the energy per atom in
the secondary phase.

Finally, the critical size of copper clusters takes
the following form:

(A.9)

Y :209
& (t) lnw, = kTa

(A.10)

According to the definition of solubility, Eq. (A.5),
and assuming that energies per copper atom are,
correspondingly, ¥ = Ocyre and py = Ocycy, the
following expression takes place:

_ QCuFe - QCuCu> ) (Al 1)

Cs = exp ( T

Values of binding (cohesive) energies per atom of
copper or iron in their bee lattices Qcucy and Opere
are presented in [5]. The value Qc,re may be esti-
mated as being equal to (Qcucu- QFeFe)l/z. Such
estimate agrees well with a general conclusion,
which corresponds to the necessary condition of
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clustering for substitute atoms in a binary system,
namely, with the inequality: 2Qcure < Qcucu +
Orere [19,27].
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