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Abstract Cluster dynamics (CD) is used to study the evolution of the size
distributions of vacancy clusters (VC), self-interstitial atom (SIA) clusters (SIAC)
and Cr precipitates in neutron irradiated Fe-9at.%Cr and Fe-12.5at.%Cr alloys at
T = 573 K with irradiation doses up to 1.5 dpa and a flux of 140 ndpa/s. Transmis-
sion electron microscopy (TEM) and small angle neutron scattering (SANS) data on
the defect structure of this material irradiated at doses of 0.6 and 1.5 dpa are used to
calibrate the model. For both alloys a saturation behavior has been found by CD for
the free vacancy and free SIA concentrations as well as for the number density of
the STAC for the doses above 0.006 dpa. The CD simulations also indicate the
presence of VC with radii less than 0.5 nm and a strong SIAC peak with a mean
diameter of about 0.5 nm, both invisible in SANS and TEM experiments. CD
modeling of Cr precipitates has been made taking into account the deviation of
this system from the ideal cluster gas. A specific surface tension of about 0.17 J/m?
between the o matrix and the Cr-rich o precipitate and the rate at which Cr
monomers are absorbed about 7.94 m~' have been found as best fit values for
reproducing the long-term Cr evolution in the irradiated Fe-12.5%Cr alloys
observed by SANS. The change of the composition of Fe-Cr precipitates due to
irradiation has been found.
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30.1 Introduction

Evaluation models for the process and accident analysis are being developed and
validated to provide the safety monitoring of materials and components of nuclear
power plants. The pressure vessel of a nuclear reactor (RPV) is of utmost impor-
tance for safety. The RPV steels are subject to operational loads, including those
resulting from the radiation field generated by nuclear fission. Neutron irradiation
leads to detrimental changes in macroscopic mechanical properties i.e. to the
increase in yield strength and the reduction in fracture toughness. There are intense
worldwide efforts to detect irradiation damage early to understand the underlying
phenomena, to develop appropriate numerical models and to evaluate the implica-
tions for the RPV integrity. The present work has been extended to structural
candidate materials for reactors of the 4th generation. The main focus is on the
elucidation of the formation mechanisms of radiation defects on the nanometer
scale. For that purpose the CD has been developed, which is validated by using
SANS and TEM. Ferritic-martensitic chromium steels are candidate structural
materials for the future generation nuclear reactors such as fusion or advanced
high temperature reactors (Gen IV) or spallation sources because of their remarkable
resistance to swelling and of their adequate mechanical properties. The investigation
of neutron-irradiated binary Fe-Cr alloys by TEM [1] and SANS data [2—4] will
significantly contribute to the understanding of the behavior of more complex alloys.
For the purpose of predicting irradiation hardening it is necessary to know in detail
the size distributions of vacancy clusters (VC), self-interstitial atom clusters (SIAC)
and Cr precipitates formed under irradiation at any neutron dose. The latter can
be obtained by means of CD. Solubility limit of Cr in Fe-Cr system is about 8.8at.%
at T = 573 K. Hence, deviation of the Cr precipitates ensemble from the ideal
cluster gas [5] has been taken into account in CD modeling of Fe-9at.%Cr alloy and
Fe-12.5at.%Cr alloy.

30.2 Irradiation Conditions and Experimental Data

The irradiation conditions and experimental results [1—4] are summarized below
for the purpose of comparison with the CD simulations performed in this study.
Both the industrial purity Fe-9at.%Cr alloy and Fe-12.5at.%Cr alloy (average
grain size 1 pum, pre-existing dislocation density 5.5 x 10'* m~?) were neutron-
irradiated in the Callisto rig (IPS2) in the Belgian reactor (BR2). The irradiation
temperature 7 of 573 K and the neutron flux of about 9 x 10" n/m’s (E > 1 MeV)
were maintained. This flux corresponds to the dose rate of about 140 ndpa/s.
The neutron exposure covered the range from 0.6 to 1.5 dpa.

TEM investigations of the Fe-12.5at.%Cr alloy [1] reveal the presence of
dislocation loops of size 6 nm (in diameter) and a total loop density of about
1.73 x 10*! m3 for both irradiation conditions, 0.6 and 1.5 dpa. No voids were
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observed by TEM under these irradiation conditions. Irradiation-induced features
with diameter of about 2 nm and volume fraction of (4.3 & 0.4) % for both
irradiation conditions and A-ratios (ratio of total and nuclear SANS intensity) of
2.07 £ 0.05 and 2.05 &£ 0.05 for the dose of 0.6 and 1.5 dpa, respectively, have
been found by SANS. These features were related to pure Cr precipitates in o-Fe as
well as to o particles dispersed in the a-Fe matrix. A decrease [2] in the scattering
cross-section of SANS with the decreasing scattering vector, Q, has been found as
typical for the interference effects in concentrated alloys. According to the approach
[6], the interference factor S(Q) has been determined for this Q-range [7]. Then, the
mono-disperse hard-sphere model [8], taking into account the correlation between
all hard spheres (depletion zones), has been applied to interpret the obtained
interference factor. The volume fraction of the hard spheres has been found at
14.4% and 13.3% and the average distance between them at 2.38 and 1.97 nm for
the irradiation doses of 0.6 and 1.5 dpa, respectively. The size distribution of the o
particles® has been obtained by the indirect transformation method applied to the
fitted measured nuclear scattering cross sections. The range of the Q-values has been
restricted to the values greater than 1 nm ™! in the fit, where interference effect can be
excluded.

According to TEM study [1], the population of dislocation loops decorated by Cr
atoms with the diameter of about 7 and 13 nm and a total loop density of about
1.9 x 10> m™? and 1.7 x 10*' m~? in the Fe-9at.%Cr alloy are formed due to
irradiation with the dose of 0.6 and 1.5 dpa, respectively. SANS experiments [3] for
both irradiation conditions indicate the two populations of irradiation-induced
features with the radius, R, in the ranges, R < 2.4 nm and 2.4 nm < R < 7 nm,
respectively. The A-ratio of these features is higher than of those expected for
nanovoids and o '- particles, but smaller than of those expected for well-developed
Cr-carbides. According to SANS the total volume fraction of irradiation-induced
features slightly increases with neutron influence.

30.3 CD Master Equation

Defect structure of neutron irradiated Fe-Cr alloys consists of free vacancies, SIA,
vacancy clusters, pure dislocation loops, dislocation loops decorated by Cr atoms
and vacancy — Cr complexes as well as Cr precipitates and depends on the irradia-
tion regime [9]. The CD model used in our study is close to the CD-P-VIC model
[10], where the CD simulations are first performed for the free vacancies, SIA and
point defect clusters and then, for the precipitates, taking into account the actual
time dependence of the free point defect concentrations obtained in the first step.
In addition [10], we take into account the Cr-effect on the SIA diffusivity according
to the DFT calculations [11].

The assumptions used to study the evolution of the Cr precipitates need special
attention. Two different mechanisms [9] have been suggested for the irradiation
induced or enhanced formation of o precipitates in Fe-Cr alloys. The first mecha-
nism suggested for the migration of Cr to the voids is the exchange of chromium
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atoms with vacancies. This statement is in line with DFT calculations that predict a
relatively low barrier for chromium atom exchange with a vacancy in iron [12]. The
second proposed mechanism relies on the strong interaction between chromium
atoms and SIA, leading to the transport of Cr atoms to SIA loops. According to
TEM data [1], the first and the second mechanisms are observed in the irradiated
Fe-12.5at.%Cr alloy and Fe-9at.%Cr alloy, respectively.

Another important thing here to be taken into account is the overlapping
diffusion field effect and the frustrations effect in the considered materials that
are typical for concentrated alloys [13—15]. Correction of the attachment coefficient
of Cr to Cr precipitates is needed because a relatively high chromium concentration
will be used in our study according to the method discussed in [13]. The frustration
effect [14, 15] will be taken into account empirically by the use of the thermody-
namic free energy expression from CALPHAD [16] with the correction suggested
by Bonny et al. [17].

30.3.1 Matrix Defect System

The public domain library solver LSODA [18] has been used to integrate directly the
master equation [19] for the study of the matrix defect subsystem containing free
vacancies, spherical VC with sizes up to 1,000 vacancies, free SIA and planar SIAC
with sizes up to 4,000 SIA. The attachment coefficients for the master equation [19]
are determined in the diffusion limited regime and following the approach [20] for
spherical VC and planar SIAC, respectively. The emission coefficients [19] are fixed
using the detailed balance principle for both VC and SIAC. The values for the pre-
existing dislocation density, po, and the average grain size, d, are taken from the
experiment [1]. Other material parameters are found by fitting the results of the CD
simulation to the condition of the best reproduction of the experimental data [1].
The only substantial change in the material parameters [19] is the SIA diffusivity. The
values of the pre-factor for SIA diffusion, D;y, that amounts to 2.0 X 1078 m?/s 4.8
x 1078 m2/s), and migration energy of the SIA, E,,;, that amounts to 0.25 eV (0.24 eV)
for Fe-9at.%Cr (Fe-12.5at.%Cr) are taken according to the data [11] of SIA diffusivity
dependence on the Cr content in Fe-Cr alloys.

30.3.2 CR Precipitates System

The number density of the Cr precipitates, C,, is determined from the master
equation (30.1):

dc, n—1\" n—1\"?
?:ﬁn<( n ) Cnl_<1+( n ) Wy 'Cn+Wn+1'Cn+l .

(30.1)
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Here, n is the size of the Cr precipitate, 2 < n < N, and C, is set to zero
for n > Npax, as is the case for all C,, at t = 0. f§, is the absorption rate of an
n-atomic cluster as obtained to account for the resulting overlapping diffusion
field effects [13]:

313Q¢, Cicr 1/3 1+ kred

=4 D¢ — <™ 30.2
B, =4n a Pog " Tk —r) r< e (30.2a)
3Q¢ ., Cicr
B, = 4my 4; D énm(l + k), T >, (30.2b)

where Qp. and Qc¢, are the atomic volumes of bcc iron and bee chromium; Coc; is
the concentration of the remaining solute chromium atoms in the matrix; r**'is the
mean one half distance between Cr precipitate that has been taken about 1 nm
according to the analysis of interference factor S(Q) [7]; k is the rate at which
Cr monomers are absorbed.

The chromium concentration Ci¢; is determined via:

Nmax
Cicr = Cocr — Y nCy, (30.3)
n=2

with Coc, being the initial concentration of the chromium atoms.
D¢} is the irradiation enhanced diffusion coefficient of chromium in iron
according to:

) Cirr
irr __ nyth “lv
DCr - DCr Ceq ’

v

(30.4)

where Dg‘r is the thermal diffusion coefficient of chromium in iron, calculated
according to the Arrhenius law with the experimental parameters Dy =
1.29 x 107* m%/s and E,, = 2.39 eV for Fe-12%Cr alloy [21]. C{? and C are
the vacancy concentrations for the non-irradiated and irradiated state of the mate-
rial, respectively, with C{! being evaluated as in [19].

We focus on the vacancy exchange mechanism for the chromium mobility in the
Fe-Cr system, which is the dominant mechanism in the Fe-12.5%Cr alloy
investigated here.

The emission parameter, w,, is calculated, taking into account the contribution
of matrix frustration to the free energy of cluster distributions in binary alloys
[14, 15]. This effect is typical for concentrated alloys, when the Frenkel’s model of
ideal cluster gas [5] is not valid and it is necessary to consider the interaction
between the clusters [15] by means of the so-called exclusion volume, Vi ,, i.e. the
number of forbidden atomic sites (or volume normalized by the atomic volume) to a
k-mer by an n-mer. In our paper it is suggested to take into account the frustration
effect empirically by the use of the thermodynamic free energy expression from
CALPHAD [16] with the correction suggested by Bonny et al. [17].
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The emission parameter, wy, is finally calculated by Eq. 30.5:

A,u 47Wcl.m (RZ _ R271)
= e n n—z. 30.5
w exp ( P T) exp kT ( )
where 7™ is the specific surface tension of the interface between the Cr cluster (cl)

and the matrix (m); R,, is the radius of a Cr cluster of size n; kg is the Boltzmann
constant, and Ay is determined via

A= (& (Crer) = 1g) -3¢ + (e (Crer) — HE) - X (30.6)

Here ug, (1&) and g, (1) are the chemical potentials of chromium and iron,
respectively, in the precipitate cluster (matrix), and xCClr(Fe> is the mole fraction of
chromium (iron) in the Cr precipitate, which is set to 0.95 £ 0.05 according to the
assumption of the equality of precipitate and matrix composition at the binodal
miscibility curve. The chemical potential of chromium (iron) in both subsystems,

matrix and precipitate, is taken from Eq. 30.7:

0 G
— 9 A tne+np) ) 30.7
Her(re) 8nCr(Fe) ((l’lc + ng )NA> ( )

where nc,(np.) is the number of chromium (iron) atoms in the respective Fe-Cr
subsystem; N, is the Avogadro number, and G is the total molar Gibbs free energy
as obtained from the expression used by CALPHAD [16]:

G = x:GX° 4 xpe G + kgNaT (xcr In Xcr + Xpe In xpe) + G2 4+ GR. (30.8)

Here xc;(xr.) is the chromium (iron) mole fraction — or equivalently, the con-
centration measured in atoms per site — in the respective Fe-Cr subsystem. G‘é‘f X
(GE©) is the molar free energy of pure bee Cr(Fe) as reported [22], and GRe° is the
magnetic contribution to the molar excess free energy [23], G*° is non-magnetic
molar excess free energy according to the regular solution model [16] for the Fe-Cr
system. This expression has been modified by G. Bonny [17] in order to account
for the recently proposed modification of the Fe-rich phase boundary [24] for the
temperature well below 800 K. We have found that the Redlich-Kister polynomial
[17] could equally well be written in the following factorized form:

G:;C(C = XCr(l — xCr)

T \? T
- 120500 — 9.68 - T + L(xc;) - (1 _W> 0(1 _Tooﬂ J/mol,

(30.9)
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where

L(xc;) = 8615.407399 + 431.3047159(2xc; — 1) — 31452.7845(2x¢, — 1)*+
48134.04065 (2xcr — 1) — 23569.11288(2x¢; — 1)* — 5625.73983 (2x¢, — 1)°
(30.10)

and 0(x) is the Heavyside function being one for x > 0 and zero else. All coefficients
in Egs. 30.9 and 30.10 are given in SI units (i.e., in J/mol and K).

Again the library solver LSODA has been used to integrate the master equations
(30.1, 30.2a, 30.2b, 30.3, 30.4, 30.5, 30.6, 30.7, 30.8, 30.9, and 30.10) in order to
find the precipitate cluster concentrations C,, for all n up to N,., = 9000.

30.4 Cluster Dynamics Modeling

The results from the CD modelling for the dose dependence of the free vacancy and
SIA concentrations, C%” and CY7, the mean radius of the VC and mean diameter of
the STAC, (Ry)mean and (2R;)mean, the total number density of SIAC, N;, the volume
fraction of the Cr precipitates, C ¢, and the mean radius of the Cr precipitates,
(Rcr)mean» for Fe-12.5at.%Cr alloy are shown in the Figs. 30.1, 30.2, 30.3, and 30.4.
A saturation behavior under neutron irradiation is observed for both, Cy; and N;, at
doses higher than about 0.006 dpa (Fig. 30.1).

The loop diameters (2R;)mean found in the simulations increase slowly with
neutron irradiation and reach 5.74 and 6.25 nm for the neutron doses of 0.6 and
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Fig. 30.1 Dose dependence of the free vacancy (SIA) concentrations, Ci" (C¥), and the total
number density of SIAC, Ni, for the irradiated Fe-12.5at.%Cr alloy according to the TEM
experiment [2] and the CD simulations



332 A. Gokhman and F. Bergner
04 b BEIALUL BB AL LA, RS L. B R ALL, BB AL 9
e | ] E
< o3} S o e ?
: | @8 46 ¢
E R\i’ mean /././ " E_
x 0.2 —n o o) N
G p—=u / O TEM| - .
g i © —43 .g
]
c 0.4 .,/’ 1 =
% B ./ (2R|)mean - " o 8
e =
0.0 R BRI MR TTIT M TTTT MW RTTTT MW ETTTT MrarerT iy |

19° 16~ 10° 10~ 10° 1w 19" “10'

Neutron exposure / dpa
Fig. 30.2 Dose dependence of the mean radius of the VC and the mean diameter of the SIAC,

(Rv)mean and (2Ri)mean, for the irradiated Fe-12.5 at.%Cr alloy according to the TEM experi-
ment [2] and the CD simulations

Fig. 30.3 Size distributions 1.2 — 7
of self interstitial atom cluster ¢y —— 0.06 dpa
in Fe-12.5%Cr for different < - ---06dpa T

) o cpa
irradiation conditions as -—w I 4y . 1.5dpa
obtained from the CD S, e 0.8H -
simulations 52

2 o L

a) had

T ~

5 © 04K

o

€ I

Z

0.0l el
0 3 6 9 12

Diameter of SIAC, (2R)/ nm

1.5 dpa, respectively Fig. 30.2, instead of about 6 nm for both doses as observed
experimentally [1]. A value of about 1.73 x 10*' m ™ is found in the CD simula-
tion for the number density of the SIAC at the experimental neutron doses of 0.6
and 1.5 dpa. The same value was observed by TEM [1].

The strong peak in the SIAC distribution at diameters of about 0.5 nm (see
Fig. 30.3) is observed for all neutron exposures.

The value of (R,)mnean increases quite slowly up to an irradiation dose of about
6 x 10~ dpa. Then it increases faster but does never exceed 0.5 nm (Fig. 30.2),
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Fig. 30.4 Dose dependence of the volume fraction and mean radius of the Cr precipitates, Cv,Cr
and (R¢;) mean, for the irradiated Fe-12.5%Cer alloy according to the TEM experiment [2] and the
CD simulations

which is the experimental resolution limit for both SANS and TEM techniques.
Thus, our finding is in line with the fact, that no VC has been detected in the
experimental studies [1, 2].

The Cr precipitates evolution has been found as rather sensitive to the specific
surface tension ™ of the interface between the precipitate cluster and the o matrix
as well as to the rate k at which Cr monomers are absorbed. The values for y<'™ of
about 0.17 J/m* and k of about 7.94 m ™" are necessary to approximate reproduction
of the SANS data [2] for the dose dependence of the volume fraction C, ¢, and the
mean radius (Rcr)mean Of the Cr-rich o precipitates by the CD simulations
(Fig. 30.4). The saturation of the simulated C, ¢, values at about 4.0 vol% as well
as the saturation of the N; values are observed for the same neutron exposes.

It has been found that CD modeling according [19] to the taken into account
chromium effect on the SIA diffusivity [11] provides the reproduction of experi-
mental TEM data [1] on N; and (2R;)nean Very roughly for Fe-9at.%Cr alloy.

30.5 Discussion

In accordance with the compared kinetic Monte Carlo simulations and CD [25], the
deviation of the cluster system from the ideal gas cluster model [5] must be taken
into account in CD scheme, when the solute concentration exceeds the order of 1%
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atomic in AlZr alloys. Because of the complexity of calculations [25], the subject of
interest is to estimate a-priori the frustration effect in the binary alloys. It has been
revealed [26] that the applicability of the concept of the uniform supersaturation
ignoring the exclusion volume in the cluster system depends not on the absolute
value of solute concentration but on the value of dimensionless parameter a and is
defined as:

CO - Ceq
a= o, (30.11)
where Cy, Cq and C,, are the initial concentration, solubility limit and concentra-
tion of solute atoms in the cluster (precipitate), respectively.

The small value of parameter a (a < <1) corresponds to the thin layer of the
depletion zone surrounding a cluster, i.e. a small value of exclusion volume. This
parameter is about 0.002 for Fe-9at.%Cr alloy. Hence, it can be expected that no
frustration effect for Fe-9at.%Cr alloy is observed and it is possible to consider
this alloy as dilute Fe-Cr alloy. This statement is confirmed by the absence of the
interference effect in SANS study [3]. Parameter a is about 0.039 for Fe-12.5a%
Cr alloy, for which the interference effect is observed by SANS. Hence, this alloy
has been considered as the concentrated Fe-Cr alloy. On the other hand, the values
of parameter a as well as of the upper limits of constant exclusion volume
estimated from SANS [7] are not so high for irradiated Fe-12.5a%Cr alloy. That
is why taking into account the frustration effect empirically by the use of the
thermodynamic free energy expression [17] is found successful in CD modeling
of Cr precipitates in this alloy. The complimentary consideration of the diffusion
field effects [13] provides the best fit to SANS data for value of the specific
surface tension y°™ of about 0.17 J/m? (instead of 0.028 J/m? in [7], where these
effects are ignored). It should be emphasized that the obtained result is in a good
agreement with the data of y°™ obtained [27] by the Cluster Expansion method:
0.218, 0.155, and 0.048 J/m? for the coherent interfaces [100], [111] and [110],
respectively.

The unsuccessful application of the CD scheme in our study to the irradiated
Fe-9at.%Cr alloy, which includes the dislocation loops decorated by Cr atoms,
shows the necessity to consider the formation and migration of Fe-Cr interstitial as
an additional link between the CD master equations for the self-defects and the
CD master equations for the Cr precipitates in this alloy.

The assumption of the constant composition of Fe-Cr clusters under neutron
irradiation needs further examination too. In fact, x“clr re) Changes under neutron
irradiation from the thermal equilibrium value of about 0.085 for T = 573 K to its
value of about 0.95 + 0.05 for the expose with the dose less than 0.6 dpa. Hence,
the population of Fe-Cr clusters has been described by the distribution function not
only on size but also on composition, f{C¢,_ ., 1), or two-component distribution
function, f(nc,, n), on the number of chromium atoms in cluster (n¢c,) and the total
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number of atoms in cluster (n). The corresponding master equation is presented by
formulas (30.12-30.15):

M(HTC;,H) =- (51,2(”&%) + ocl,z(nc,.,n)) - fner, n)+

a(ne, + 1, n+ 1) -flne, + 1, n+ 1) + a(ne,, n+ 1) - f(ney, n+ 1)+
pne, — L,n=1)-f(ne, — 1, n—1) + B(ngr, n — 1) - f(ngr, n — 1)
(30.12)

Here f(nc, — 1, n— 1) and B(n¢,, n — 1) describe the attachment of one atom
of chromium and one iron atom, respectively, by the cluster containing nc, chro-
mium atoms and (n—nc,) iron atoms; B ,(nc,, n) and oy 2(nc,, n )are determined
following the probabilistic interpretation of the attachment and emission coeffi-
cients. In the case of a single component system At - f[(n) = (n+ 1)] there is a
probability in the time interval At that a single monomer is added to the cluster of
size (n). In the case of a two-component system A7 - (n¢,, n) there is a probability
in the time interval At that any single monomer of the first or second component is
added to the cluster (n¢;, n) excluding the event when both monomers are added
simultaneously to this cluster.

Bia = Bi(ner,n) + Bo(ne, 4+ 1,n) = 2B (ne,, n)fy(ncr + 1, n)At. (30.13)
Here At can be estimated by the Eq. 30.14:

b2
At=——, (30.14)
D1,2

where b is the thickness of the boundary between a cluster and a matrix and

D}, =~ Df, = D} ,. The latter is supported by the experimental ratio between the diffu-

sivity of iron and chromium in the iron matrix for the diffusion limited regime [21].
Coefficients o (ncy, n )are determined in the same way from Eq. 30.15:

OCl_z(ncr, n) = ocl(nc” I’l) + O(z(l’lc,~ + 1,11) — 20(1(I’lcr, n)OQ(nc,- + 1,71)Al. (30.15)

Here, the emission coefficients o (n¢,, n)and o (nc, + 1.1n) are determined from
the coefficients f8(n¢,,n) and f,(ne, + 1, n) according to the detailed balance
principle.

The size dependence of nc,/n on the size of Fe-Cr precipitates in Fe-1.5at.%Cr
alloy calculated according to the master equations (30.12, 30.13, 30.14, and 30.15)
for the irradiation times of 6 x 107° and 6 x 10~* is presented in Fig. 30.5.
A difference in the composition of Fe-Cr precipitates with the size less than 30
monomers has been found for these times. The following study of the considered
effect needs a significant increase in computer calculations.
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Fig. 30.5 The size dependence of nc/n on size of Fe-Cr precipitates in Fe-1.5at.%Cr alloy
calculated according to master equations (30.12, 30.13, 30.14, and 30.15) for the different
irradiation times

30.6 Conclusion

Cluster dynamic (CD) simulations [19], including the effect of the chromium
concentration on the SIA diffusivity [11], are able to reproduce the experimental
TEM data [1] for Fe-12.5at.%Cr on the SIAC size distribution. The saturation
behavior of the total number density of SIAC in neutron irradiated Fe-12.5at.%Cr
model alloys for the neutron expose greater than 0.006 dpa has been predicted.
The CD simulations also indicate the presence of VC with radii less than 0.5 nm and
a strong SIAC peak with a mean diameter of about 0.5 nm, both invisible in SANS
and TEM experiments because of the resolution limits of these techniques. The ratio
of the exceeding solute concentration to the concentration of solute atoms in a cluster
(precipitate) as well as SANS study can be used to estimate a-priory the effect of the
exclusion volume in CD simulations of Cr precipitates in Fe-Cr alloys.

Taking into account the frustration effect empirically by the use of the thermo-
dynamic free energy expression [17] is sufficient for CD modeling of Cr precipi-
tates in the irradiated Fe-12.5at.%Cr alloy. By adjusting the specific surface tension
between the o matrix and the o precipitates and the rate at which Cr monomers are
absorbed, it is possible to reproduce the SANS data [2] for this alloy. The resulting
specific interface energy of 0.17 J/m? is in a good agreement with calculations
according to the Cluster Expansion method [27]. Taking into account the formation
and migration of Fe-Cr interstitial as an additional link between the CD master
equations for self-defects and the CD master equations for Cr precipitates, can
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improve CD results for irradiated Fe-9at.%Cr alloy. The change of the composition
of Fe-Cr precipitates due to irradiation has to be taken into account in the following
CD modeling.
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