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Abstract

Atom probe field ion microscopic investigations of irradiated VVER 440-type reactor pressure vessel steels suggest
the appearance of multi-component clusters. The effect is unexpected considering the phase diagrams of the concerning
alloys. Numerical calculations of the negative minimum of the thermodynamic driving forces for a multi-component
system are carried out considering a quasi-quaternary system consisting of Fe, Mn, Si and vacancies. A relative min-
imum was only found for a composite model of the multi-component clusters composed of an Fe containing core and a
vacancies-rich shell. The ratio of their sizes is estimated from the condition that such structures agree with the small-

angle neutron scattering (SANS) curves measured.
© 2004 Elsevier B.V. All rights reserved.

1. Introduction

Mechanism and sequence of the microstructural
damage processes in the ferritic reactor pressure vessel
steels due to neutron irradiation are complex, diverse
and multi-graded. Two types of features have prima-
rily been taken into account: copper-rich precipitates
(CRP) and small point defect clusters (PDC) of not
identified nature, also named matrix defects [1-7].
The first feature is radiation-enhanced and appears
in steels with higher contents of copper and already
after low fluences whereas the second type dominates
in low-copper steel and after high neutron fluence
and arises from irradiation-induced effects. Surpris-
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ingly, both features exhibit the same or a very similar
size distribution with a clearly pronounced peak near
a radius of approximately 1 nm. Related to the
small-angle neutron scattering (SANS) effects, there
is only a difference in the ratio between the total
and the nuclear scattering section ( the so-called A-ra-
tio) [8]. This ratio is high for steels with high Cu con-
tent and low for Cu-poor steels.

However, the results from field emission gun scan-
ning transmission electron microscopy (FEGSTEM)
[9-11] and, above all, atom probe field ion microscopy
(APFIM) [12-18] are not or not sufficiently consistent
with this approach. Here, especially in RPV steels with
low Cu content, the defects are identified as local solute
enrichments of silicon, manganese, nickel and copper or
even phosphorus within the ferrite solid solution. There
is no clear interface between the matrix and defects, and
the composition varies strongly. Cu is characterized by a
high enrichment compared with the matrix content but
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does not often exceed some percent on the absolute
scale. The features are rather cloud-like. Unfortunately,
the content of vacancies cannot be measured by AP-
FIM. Similar results were obtained on VVER-type
RPV weld and base metal [19,20].

The evolution of such multicomponent -clusters
(MCC) is rather unexpected from the thermodynamic
point of view. Under temperature controlled conditions
such precipitates do not occur and the content of Ni, Mn
or Si lies far within the solubility limit for the tempera-
ture concerned. Odette [4] gives a thermodynamic expla-
nation for Ni alloyed RPV steels considering the
significant contribution of the composition-dependent
interface energy to the total molar Gibbs energy in the
case of very fine, nanoscaled radiation defects. However,
the basis remains the Cu precipitation as initiating
process.

The paper presents thermodynamic considera-
tions on the formation of MCC in VVER-type
RPV steels. The small angle neutron scattering effects
resulting from the thermodynamic estimation of
MCCs are calculated and compared with experimental
results.

2. Thermodynamics of the MCC in steel

From the thermodynamic point of view, the forma-

tion of inhomogeneities in the steel after the cascade
stage is ruled by changing of the Gibbs energy (AG),
and can be described in accordance with [21-23] by
Eq. (1)
AG = nkgTf (x1,x2, .. . X3 /x|, Xy, ..., x}) + Ao, (1)
n is the total number of atoms in MCC; f is so-called
thermodynamic driving force (TDF); (x1, x5, . . .,xx) and
(x},x5,...,x;) are the fractions of the 1,2,...k kinds
of atoms in the solution (matrix) and MCC, respec-
tively; kg is the Boltzmann constant and 7 is the temper-
ature in K; A is the surface area and ¢ is the surface
tension.

A phase separation may occur in the system if the
TDF is negative at least for certain of the variables of
Xp, X, Moreover, in [23] it is found that for small super-
saturations the classical Gibbs approach is fulfilled, i.e.
the composition of the critical cluster has values near
the binodal curve and with an increase of the initial con-
centration of the solute, the highest driving force for the
transformation are located at values of solute concentra-
tion which are larger than the value for the evolving
macrophase.

As a result of the generalization of the formula for
TDF for binary alloy in [23] on the case of multicompo-
nent alloys, Eq. (2) is deduced

S, X0, X /X, Xy )
=X [In(} /x1) + (w12 /kpT) (" = x3) + -

+ (Wi /ksT) (6 = xp)] + x5 [In(xy /x)

+ (Wi /kpT) (6 = x7) + -+ (was /kT) (x5 — x})]

+ o2 /x) + (Wi [k T) (3 — 1) + -+

+ (W) /keT) (0 — X)) (2)
Here w;; is the interchange energy (or mixing energy
with inverse sign) for atoms of the i- and j-kinds and

is connected with the transition temperature 7.(i,j) of
the first-order transformation:

It is easy to prove that Eq. (2) corresponds to a spe-
cial case of the Eq. (2.23) in [24] when the binary
approximation is considered, i.e. the total energy inter-
action is presented as a sum of the interaction between
different pairs of atoms only and consequently the ter-
nary and other impacts of the multiparticle interaction
are not considered.

MCC formation only occurs for those fixed composi-
tions of the elements in the matrix and MCCs that pro-
vide the negative minimum of the TDF function. This
problem is simple from the calculation point of view
but values of w;; for a set of components in the matrix
and MCCs are not well-known for irradiated condition.
Therefore, in the present paper one fitting parameter 7
is used as rough estimation of T(,j) for all pairs in Eq.
(2). This means that instead of the real multiparticle
interaction, the binary interaction model with one effec-
tive parameter 7.(w) is considered. This fitting parame-
ter was assumed to be constant and was estimated
from the long-time annealing temperature at which the
radiation defects disappear [8].

Using the Visual-Fortran programmer the course of
the TDF function was calculated and the position of rel-
ative minima was determined. The elements proven by
APFIM were varied for the calculation. In addition
vacancies were taken as potential component in the
MCC as vacancies cannot be detected by APFIM. The
contents of Fe, Mn and Si in the matrix (x;,x,,X3) are
taken from APFIM as the fixed ones. The contents of
these elements in MCC (x|, x},x}) are varied. Further-
more, the vacancy content in the matrix (x4) and in
MCC (x}) are also varied. On this way the sum of the
contents of the components has equal 100% in matrix
as well as in MCC. Thus the minimum of the TDF is
found at the space of the variables (x4, X}, x5, X}).

The calculations show that a relative minimum is
only found when

(a) vacancies are not neglected,

(b) a shell model is considered consisting of vacancies-
containing MCC core and a highly vacancies-rich
(ca. 90%) shell surrounding the core.
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As an example in Fig. 1, the cross-sections of the
function f (Fe, Mn, Si, vacancy in MCC, vacancy in
shell) in the Mn-Si-2d space are plotted for some sets
of fixed values of Fe, vacancies in MCC and vacancies
in the shell. A relative minimum occurs in all cases.
However, the minimum is more pronounced and clearly
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Fig. 1. Cross-sections of the thermodynamics driving force
f(vacancies, Fe, Mn, Si) in the Mn-Si two-dimensional space
for some fixed content of iron and vacancies in MCC and shell.
(a): Fe in core: 54 at.%, vacancies in shell: 85 at.%, (b): Fe in
core: 83 at.%, vacancies in shell: 83 at.%, (c): Fe in core: 86
at.%, vacancies in shell: 50 at.%.

deeper for the lower Fe content in the MCC core and the
higher vacancies content in the shell. Summarizing, the
global minimum is found if the content of vacancies is
about 37% in the MCC core and is about 91% in the
shell. Apart from the vacancies, the core contains Fe,
Si and Mn atoms (about 48%, 7% and 8%, respectively).
In general, the mean composition of the MCCs corre-
sponds relatively (e.g. without consideration of the
vacancies) to the APFIM results [19,20]. The considera-
tion of the surface term in (1) will provide the more
accurate determination of the MCC content. However,
essential differences in the results are not expected be-
cause the composition dependence of the surface tension
is low in comparison with the composition dependence
of the TDF. For example, the values of ¢ are 2.0-2.9
J/m? for the iron-vacancy binary system and about
0.4-0.5 J/m? for the iron-copper binary system under
surveillance temperature regimes [25,26]. Therefore one
can assume that ¢ of MCC only change by one order
with the composition.

3. Small-angle neutron scattering from MCCs

SANS can be used to exact the shell model of MCC,
i.e. to estimate the ratio of the size of the core to the
shell.

In the following, the magnetic SANS contribution is
only investigated. In the case investigated the MCC rep-
resents a composite from homogeneous core with a
number density of iron atoms ng, = 0.5ngE. (ngF. = nuM-
ber density of iron atoms in the matrix) and a vacancy
enriched shell. The same problem was considered by
[27,28] but without complete consideration of the inter-
ference between SANS from core and shell. A more
accurate procedure has to use the formalism of the pair
distribution function [29].

In accordance with Porod’s result [29], the scatter-
ing factor S (=normalized scattering intensity of a sin-
gle particle) in case of an arbitrary structure of the
inhomogeneity can be calculated using the pair
distribution

S(L,h) = /0 () - [(sin(Lhx) /(Lix)] d. @)

Here / is the length of the scattering vector; p(x) is the
density of probability to find pairs of atoms in the scat-
tering object on the given distance d = xL; L = 2R, if the
scattering object is a sphere with radius R.

Because the integral of p(x) (=probability P(x)) is
more suitable for the numerical calculation, Eq. (4)
has been transformed by partial integration to Eq. (5)

S(L,h) = sin(Lhx)/Lhx] — [1/(Lh)]
X /1 P(x) - {[Lhx cos(Lhx) — sin(Lhx)]} /x* dx.
(5)
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The pair distribution function P(x) was numerically
calculated using a programme on VISUAL FORTRAN
in accordance to its definition as ratio of number of pair
elements in the sphere volume with distance less or equal
to the given d = xL. The numerical calculation was exe-
cuted with steps of x = 0.00005 on the range (0; 1) for
different sets of the ratio RJ/R (R, is the radius of the
core) and ng./nor. and compared with P(x) for homoge-
neous spheres (P(x) = 8x° — 9x* + 2x° [29]). The scatter-
ing factor S(L,h) was calculated with P(x) obtained by
the same programme.

Fig. 2 shows the pair distribution function for some of
these sets. In the case of R/R = 0.7 and ng/ngg. = 0.5 the
pair distribution curve is almost identical with the curve
for a homogeneous sphere with ng, = 0 (magnetic hollow
sphere). The resulting course of the magnetic scattering
effect for a system of monodisperse spheres also depends
on the sphere radius. For the mentioned case there are
differences in the scattering curve only for spheres > 3
nm and at scattering vectors 4> 2 nm~' in comparison
with the magnetic hollow sphere.

Finally, the effect of the composite MCC model on the
SANS effects which are experimentally expected was esti-
mated. To demonstrate this, in Fig. 3 the reconstructed
magnetic scattering curves are shown for different models
and compared with the original experimental scattering
curve. The example uses the SANS curve measured with
a specimen from 10KGNMAA (Russian designation)
VVER 1000-type weld material [8]. The material was
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Fig. 2. Pair-distribution function P(x) for the core-shell model
and comparison the homogeneous sphere model, (a): R. = 0.7R,
(b): R.=0.5R.
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Fig. 3. Comparison between the experimental SANS curve and
the SANS curve reconstructed from different particle models.

irradiated up to a fluence of 46.5x 10'%/cm? [E> 1
MeV] at 255 °C and shows a clear SANS effect after irra-
diation in the VVER prototype reactor in Rheinsberg
(Germany). The size distribution D(R) was calculated
using the indirect transformation method according to
Glatter [30] and assuming homogeneous, nonferromag-
netic, spherical scattering features. The size distribution
curve exhibits a sharp peak near a radius of 1 nm and
a low, widely extended maximum between 10 and 16
nm. The ratio of the total SANS intensity to the nuclear
SANS contribution (so-called A-ratio) does not depend
on the scattering vector and is about of 2.2. Therefore,
the presence of the PDC with an A-ratio of 1.4 and
CRP with an A-ratio about of 7 is not revealed in the de-
fect nanostructure of the investigated material. Recalcu-
lation of the magnetic scattering intensity in Eq. (6)

In(h) = (e 52" [ D(R) - SCR. )R, (6)

where bF, is the magnetic scattering length for iron, pro-
vides a curve which corresponds to the experimental
curve up to the scattering vector / of about 2 nm .
The scattering intensity in the range of /> 2 nm mainly
reflects the scattering contribution of very small features
(R < 0.8 nm). Here is the limit of the resolution of the
methods. The calculated magnetic scattering curves in
Fig. 3 are also depicted for the core-shell sphere model
assuming different values of R/R and ng/ngg., respec-
tively, but the same size distribution function. A ratio
RJ/R=0.7 and ng/nore = 0.5 has the same scattering
curve like the homogeneous sphere model without iron.
However, relatively low deviations of the ratio of the
radii or the Fe content in the core produce clearly differ-
ent scattering curves. The reason of the strong difference
on Fig. 3 in spite of the small differences in probabilities
in Fig. 2 is the very fast changing of the function
[(sin(LAx)/(Lhx)] in Eq. (4).

The approach suggested can be generalized in the
interpretation of the nuclear SANS. Here, no additional
effect is expected. Mn and Si have approximately a nu-
clear scattering length of the same amount but with
the opposite sign (—3.73 fm for Mn, 4.15 fm for Si).
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Thus, the nuclear SANS of the MCC only results from
the number density difference between MCC and matrix
and is similar to the magnetic SANS characteristics. This
conclusion is additionally supported by experimental re-
sults [8], which show the same /-dependence for mag-
netic and nuclear SANS.

4. Discussion and conclusion

Radiation raises the lattice defect concentration and,
hence, changes the Gibbs energy of the system. This can
be connected with the shift of the phase fields or even
with the appearance of new phases. Numerical calcula-
tions of the negative minimum of the thermodynamic
driving forces for a multi-component system, based on
the generalization of the approach in Ulbricht et al.
[22] for binary alloys, provide stable MCCs composed
of a core with about 50% Fe and a very vacancies-rich
shell. The calculation used a chemical composition typ-
ical for VVER RPYV steels and welds and does not con-
tradict the APFIM results on the same material types.
Considering that APFIM does not detect vacancies the
correspondence with APFIM is rather excellent. Never-
theless, the estimation is only rough as there is a lack of
data for the interchange or mixing energies of the dis-
tinct components. The used approximation (uniform
interchange energy derived from the annealing tempera-
tures of the radiation defects) cannot be really satisfac-
tory. Moreover the consideration of the weak surface
tension dependence on the MCC composition can also
exact the MCC content.

Depending on the medium Fe content in the core and
the size of the shell, the SANS effects of the composite
MCC:s can agree with the SANS effects of homogeneous,
Fe-free clusters of similar size distribution as proven
here only for the magnetic scattering contribution. Espe-
cially with the result of the thermodynamic estimation,
the agreement is very good. However, using conven-
tional SANS experiments, it is not possible to decide
whether the scattering defects are homogeneous or com-
posite. More clarification could arise from SANS exper-
iments with polarized neutrons [31].
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