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ARTICLE INFO ABSTRACT

PACS: Copper and nickel impurities in nuclear reactor pressure vessel (RPV) steel can form nano-clusters, which
28.41.0b have a strong impact on the ductile-brittle transition temperature of the material. Thus, for control pur-
é?gggw poses and simulation of long irradiation times, surveillance samples are submitted to enhanced neutron

irradiation. In this work, surveillance samples from a Swiss nuclear power plant were investigated by

extended X-ray absorption fine structure spectroscopy (EXAFS). The density of Cu and Ni atoms deter-
mined in the first and second shells around the absorber is affected by the irradiation and temperature.
The comparison of the EXAFS data at Cu and Ni K-edges shows that these elements reside in arrange-
ments similar to bcc Fe. However, the EXAFS analysis reveals local irradiation damage in the form of
vacancy fractions, which can be determined with a precision of ~5%. There are indications that the for-
mation of Cu and Ni clusters differs significantly.

© 2008 Published by Elsevier B.V.

1. Introduction

The reactor pressure vessel (RPV) is one of the most important
barriers between the core and the environment of a nuclear reac-
tor; its integrity must be guaranteed at all times. The degradation
of the RPV is an important issue as it can lead to plant lifetime
limitations.

RPV steels are iron alloys and the degradation of the mechanical
properties is due to a shift of the ductile to brittle transition
temperature. The key embrittlement mechanisms is related to
the formation of a high number density (>10%*> m~3) of ultra-fine
precipitates resulting from the irradiation and diffusion processes
in the damaged matrix lattice [1-5]. The contribution of the vari-
ous alloying elements and impurities (e.g. Cu, Ni, Mn, P, Si etc.)
to irradiation hardening and embrittlement have been studied
intensively [6-8]. Besides neutron irradiation also thermal influ-
ences affect the embrittlement of the vessel steel [5].

Copper plays a major role for the embrittlement process and
consequently it has been studied extensively [9,10]. Copper is al-
most insoluble in iron even at high temperatures, and therefore
small amounts of copper are enough to produce small precipitates.

Most of the XAFS studies were performed on binary [10], ter-
nary or quaternary [11,12] alloys composed mostly by Fe, Cu, Ni
and Mn. Important studies were also performed using atom probe
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tomography (APT) on a binary alloy [9,13], ternary alloy [14] and
RPV steel [5,15,16]. In the literature two main aspects were dis-
cussed for iron alloys with low copper content smaller than about
0.2 at.%. First of all, Cu precipitates were only found if the radiation
is able to produce a vacancy density which is large enough to facil-
itate the migration of atoms [9], and second, the profile of the pre-
cipitates shows that the element with the highest concentration in
the clusters is Cu [5]. This effect is very pronounced mainly due to
the very low solubility of Cu in the iron matrix which is below
0.1 at.% at ~775K [17,18].

Extended X-ray absorption fine structure spectroscopy (EXAFS)
has been used here as analyzing tool because it is an element specific
and non-destructive method. EXAFS explores the modulations of the
X-ray absorption coefficient above the absorption edge of an ele-
ment of interest and is caused by the scattering of the ejected pho-
toelectrons from neighbouring atoms. EXAFS can provide structural
information up to ~6 A around the absorber atom at room temper-
ature, and even further at low temperatures. The 1st and 2nd nearest
neighbour numbers, the elements that compose these shells and the
interatomic distances can be investigated with a high accuracy.

The main goal of this paper is to study the atomic environment
of Cu and Ni in RPV steel. It has been previously shown that Cu is
the main element in the nano-clusters [9]. Nickel may also be pres-
ent in the clusters but its role is not completely clear. It is still
important to understand how the number and the type of atoms
in the first and second shell around copper and nickel changes with
neutron irradiation, and how their environment, especially vacan-
cies, is modified by the irradiation and temperature influences.
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Finally it has to be pointed out that this is the first EXAFS study
with RPV steel provided by a power plant after irradiation.

2. Theory

The theory of EXAFS has been discussed in several studies
[19,20]. RPV steels include several elements, here denominated
M;, M,,... M,, dissolved in the matrix of My. A heat treatment
and neutron irradiation can affect significantly the atomic environ-
ment of each element in the matrix and these changes can be
investigated in detail by an element specific technique as EXAFS.
Because of the low degree of solubility of some elements, such as
Cu and Ni, in the matrix the sample alloy cannot be considered
as homogeneous solution.

2.1. Solid solution

The model applied in our EXAFS data analysis describes a sim-
plified system. The matrix utilized for the model is considered to
be composed by only two elements My and M;. These two ele-
ments are weighted with two parameters: x and y where x repre-
sents the fraction of My in the first shell and y in the second.
Consequently (1—x) and (1-y) represents the fraction of M; in
the first and second shells, respectively. Therefore it follows:

8 6
8 6
M, = N| 531 =)+ 751 -], 1)

where N is the experimental sum of the next neighbours number in
the two first shells in the bcc lattice. The only boundary conditions
are:

0 <Ny < 14 and 0 < Ny, < 14 2)

x and y expected to be 0 < x <1 and 0 <y < 1. However, the first
and the second shells convolute in the first main peak of the Fourier
Transform (FT) of the EXAFS signal and thus, they can not be consid-
ered separately. The high correlation of the two shells implies a high
correlation of all the variables that refer to these shells.

Some theoretical limitations prevent EXAFS spectroscopy to
recognize elements belonging to the environment with a difference
of atomic number smaller than two (e.g. Cu and Ni); these ele-
ments behave as almost equivalent backscatters. In this case it is
not possible to separate them, identifying finally individual contri-
bution to the EXAFS signal. This is true only if the Cu and Ni atoms
behave in the same way. Therefore the notation Ny, v, will be used
to identify the numbers of atoms M; plus the number of M, in the
1st and 2nd shells.

3. Experimental
3.1. Samples

The material investigated is an iron based ferritic steel desig-
nated here as KKG. The chemical composition of the material is gi-
ven in Table 1. The samples were provided by the nuclear power
plant of Gosgen (Ddniken, Switzerland).

An unirradiated reference sample, here denominated REF, and
three differently irradiated samples have been obtained. All these
samples had been submitted to the same pre-treatments (e.g.
~10h at ~880 K). For irradiation, the surveillance samples were
positioned close to the reactor core. The samples, inside capsules,
were placed at 2 m from the axial core centre and roughly 25 cm
below the mid core level. Because of the shorter distance to the
core, the fluence is enhanced by a certain factor, reducing time
for obtaining representative irradiation damage. Consequently,
the fluence recorded on these surveillance samples was about 12
times larger than the fluence recorded on the actual reactor pres-
sure vessel. The samples were exposed to the same temperature
as that of the reactor water, i.e. ~575K. The three surveillance
samples were irradiated for 1, 3 and 4 years; they are denominated
HI1, HI3 and HI4, respectively (see Table 2).

3.2. XAFS analysis

3.2.1. Experimental

The XAFS analysis was performed at the micro-XAS beamline of
the Swiss light source (SLS) synchrotron radiation facility [21]. The
electron current in the storage ring was around 400 mA. The beam-
line uses a double crystal monochromator to select the required
energy with a pair of Si (111) crystals. The incident X-ray intensity
was measured by means of an ultra-thin silicon based diode. A 32-
elements Ge solid state fluorescence detector was applied to record
the XAFS spectra in fluorescence mode. Cu and Ni K-edges were
investigated here. The specimens were held at room temperature.
As it was not required to use micro-focussed beam spots, experi-
ments were conducted with a spot size of 250 x 250 um?. The
detector was placed perpendicular to the beam in the storage ring
orbit plane. Several spectra (>4) were collected for each K-edge and
for each sample to obtain better photon counting statistics.

Additionally, the REF sample was also analyzed at the XAS
beamline at ANKA at the Forschungszentrum Karlsruhe (FZK)
[22]. The average current in the storage ring was around 140 mA.
This analysis was performed in a cryostat at 15 K. A five element
Ge solid state fluorescence detector was applied to record spectral
data. The detector, beam and sample holder have the same geo-
metrical configuration compared to that at the microXAS beamline.

3.2.2. Data analysis software

The data analysis was performed with the HORAE package, an
EXAFS software including ATHENA, ARTEMIS [23-25]. In the data
analysis the theoretical model, is adapted to the FT of the EXAFS
spectra [19,20] extracted by the experimental data.

4. Results and discussion
4.1. Theoretical model hypothesis

The theoretical spectrum is calculated with feff.inp, an input file
based on crystallographic assumptions. Firstly it was assumed that
the steel matrix has the same crystallographic structure as pure
iron which is ~97 at.% of the steel. This assumption was confirmed
to be correct from the shape of the absorption edge (Figs. 1 and 2).
Two different environments were used, Fe-Cu and Fe-Ni. For both,
the same results were obtained and finally the environment Fe-Cu
was chosen with which all the data were analyzed. As previously

Table 1

Elemental composition of the KKG steel material. Indicated in bold are the absorber elements investigated in this study. The iron fraction is the balance.

Element C Al Si P S \% Cr Mn Ni Cu Mo
Fraction (at.%) 0.78 0.04 0.26 0.01 0.013 0.01 043 0.84 0.89 0.08 0.20
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Neutron fluences and temperature of the samples. The actual reactor pressure vessel
was submitted to an average neutron flux of 6.75 x 10'® cm™2a~! (E > 0.821 MeV);
the surveillance samples were submitted to a neutron flux 12 times larger.

KKG samples Irradiation, n fluence ¢ (cm~?) Thermal conditions
T (K) t(a)
REF 0 ~300 10
HI1 4.75 x 108 575 1
HI3 1.09 x 10"° 575 3
Hi4 2.60 x 10'° 575 4

noted it is not possible to differentiate between Cu and Ni. Conse-
quently Ncy ;i is the sum of Cu and Ni atoms in the two first shells.

4.2. EXAFS: Cu K-edge

Experimental EXAFS spectra, their FT and the results obtained
from the detailed analysis at the Cu K-edge are shown in Figs. 3
and 4 and Table 3. The analysis of the reference sample was (inde-
pendently) performed on the two sets of experimental data col-
lected at 15K (measured at ANKA) and at room temperature
(measured at SLS). Only data collected under the same experimen-
tal conditions can be directly compared because of the thermal
expansion of the lattice and the temperature dependence of the
lattice vibrations. Unfortunately, it was not possible to investigate
the irradiated samples at 15 K, which would have been favourable
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Fig. 1. The spectra of Fe bulk (shifted at the Cu absorption energy), of REF, HI1, HI3
and HI4 at the Cu K-edge.
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Fig. 2. The spectra of Fe bulk (shifted at the Ni absorption energy), of REF, HI1, HI3
and HI4 at the Ni K-edge.
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Fig. 3. The EXAFS spectra y(k) of the sample REF, HI1, HI3 and HI4 at the Cu K-edge.
%(k)«k® is used to increase the contribution at large k.

because the EXAFS oscillations are more pronounced due to the re-
duced amplitude of the lattice vibrations at low temperatures.

As major results, however, the experiments at cryogenic tem-
perature and at room temperature reveal the same amount of Cu
and Ni atoms in the first and second shells. Consequently the RT
reference analysis was performed setting the x, y values to those
values which were obtained at 15 K. The data analysis was per-
formed on the Fourier Transform of the EXAFS signal (Figs. 3 and
4). The EXAFS spectra were firstly increased by a factor k> to point
out the contribution at high k and then filtered by a Hanning win-
dow W(k) with 4 A-1<k<11 A", dk=0.5 A" (Figs. 3 and 4).

As can be seen in Fig. 4, the overall shape of the FT data is un-
changed but reduced in amplitude after irradiation of the RPV
steels. Due to the limited data quality, investigations of the 3rd
shell and beyond were not performed here because the results
would be affected by large uncertainties. However, the results
determined by a detailed analysis of the two first shells have rea-
sonable error limits. In Table 3, the most important parameters ob-
tained from the detailed data analysis are compiled. Ar is the
difference in the atomic distances for the 1st and 2nd shell atoms,
determined by the fit and the model structure which was the basis
for the ab-initio calculation of the EXAFS by FEFF. The Debye Wal-
ler factor e~27* is a function of the mean square relative displace-
ment ¢2, the measure of the variation around the equilibrium
position due to thermal and static disorders. ¢ for the first shell
is lower than the ¢ for the second shell. This change is due to
interstitials, and to the complex composition of the samples

— REF KKG

30

~
o .
[

3
R(A)

Fig. 4. The FT of REF, HI1, HI3 and HI4 at the Cu K-edge. Conditions: W(k) is the
Hanning function 4 A~' <k<11A~!, dk=05A"".
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Comparison of the distance shift (Ar), the mean square relative displacement (¢%), number of atoms in the first and second shell (N) and number of Cu and Ni atoms in the two
first shells at the Cu K-edge (Nc, i) as determined by a fit of the measured EXAFS. The distance shift Ar is compared to the theoretical model (first shell distance: 2.482 +0.001 A;
second shell distance: 2.867 + 0.001 A for bcc Fe).

Cu K-edge Shell

REF (15 K)

REF (RT)

HI1

HI3

Hi4

Ar (A) 1st
2

Ar (A) 2nd

0_2

N 1st and 2nd

—0.030 £ 0.005
0.006 +0.001
—0.063 £ 0.002
0.002 +0.001
14.0+0.1

—0.008 + 0.002
0.003 +0.001
—0.019 +£0.009
0.010 + 0.002
14.0+0.1
11

—0.019 £ 0.004
0.004 +0.001
—0.025 £ 0.008
0.007 £+ 0.001
14.0+0.5
0+3

—0.019 £ 0.007
0.004 +0.001
—0.02 £0.01
0.012 +0.002

13.9+0.4
1+£3

—0.01 £0.01
0.004 +0.001
—0.05£0.01
0.011 +0.002
13.5+04
5£3

Neuni 1+1

compared to the theoretical model applied. It has to be pointed out
that o2 for the 1st shell is correlated to 2 for the 2nd shell, so the
recorded disorder is common to both shells. Moreover, the com-
parison between the REF samples, measured at 15 K and at room
temperature, has to take into account the high correlation between
the first and second shell atoms. This high correlation makes any
consideration on a single shell difficult without considering the
other one. For instance, the ¢ for the first shell of the REF sample
at 15 K is larger than all the other first shell 6> measured at room
temperature; this can be understood only considering the second
shell o2 value. Considering the average between the first and sec-
ond shell 62 an increase of the noise is observed as expected.

4.3. Ni K-edge

The EXAFS spectra experimentally determined by the X-ray
absorption experiments at the Ni K-edge are shown in Fig. 5 and
their FT in Fig. 6. The fit results are compiled in Table 4. These data
were collected only at room temperature. Compared to the exper-
iments at the Cu K-edge, those at the Ni K-edge are significantly
facilitated by the higher Ni content of the RPV steel (i.e. 0.89 at.%
Ni compared to only 0.08 at.% Cu), leading to higher count rates
in the fluorescence detector and better counting statistics accord-
ingly. Consequently the N and Nc,n; incertitude estimated by the
evaluation software at Ni K-edge are smaller compared to those
determined at the Cu K-edge (with the only exception of sample
REF because N and Nc, n; incertitude is the same as REF measured
at 15 K).

4.4. Discussion: effect of irradiation at 575 K
Four RPV surveillance samples have been analyzed in detail by

EXAFS investigations, three irradiated in the reactor and one unir-
radiated as reference. Considering the total number of atoms in the
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Fig. 5. The EXAFS spectra y(k) of the sample REF, HI1, HI3 and HI4 at the Ni K-edge.
%(k)+k® is used to increase the contribution at large k.
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Fig. 6. The FT of REF, HI1, HI3, and HI4 at the Cu K-edge. Conditions: W(k) is the
Hanning function 4A~'<k<11A~", dk=05A"".

first and second shell N, it is important to note that at the Cu K-
edge N does not change significantly for the samples HI1 and HI3
(14.0£0.5 and 13.9+04, respectively) with respect to REF
(14.0 £ 0.1). A significant difference was found for the sample HI4
(13.5 £ 0.4). Similar results have been obtained at the Ni K-edge
with 13.9+0.3 and 13.7 + 0.4 atoms in the first and second shell
around the absorber for HI1 and HI3, whereas HI4 has 13.6 +0.3
atoms. The decrease of the number of atoms in the first and second
shell around the absorber is due to the neutron irradiation: the
production of point defects is faster than the recombination of
vacancies and interstitials even at the elevated irradiation temper-
ature of 575 K. Within the accuracy of the experiments, the gained
results suggest that the vacancies are similarly distributed around
both the absorbers Cu and Ni as can be more clearly seen in Figs. 7.
Such a result is expected because the original bcc-lattice structure
of the steel is maintained after the irradiation, and both Cu- and Ni-
atoms are supposed to be mainly located on regular bcc-lattice
sites. Thus, the average number of point defects created in the
vicinity of each atom should be similar and only depending on
the applied irradiation fluence.

Considering the number of Cu and Ni atoms N¢,n; around the
copper and nickel absorbers, the gained results suggest that both
species do not behave in the same way (see Fig. 8). Although af-
fected by a large error, it was found that Cu and Ni are enriched
in the vicinity of the Cu atoms, while the composition of the first
and second shell around Ni seems to be independent from the ap-
plied neutron irradiation. On a first glance, these findings seem to
be contradicting. However, it is important here to remember that
Cu and Ni atoms are not distinguishable when they both belong
to the environment; their backscattering amplitudes are very sim-
ilar. Assuming that copper and nickel are randomly distributed in
the first and second coordination shells of both copper and nickel,
the EXAFS analysis should show the similar behaviour, e.g. a
decrease or an increase of Nc,n; for both edges investigated.
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Table 4

Comparison of distance shift (Ar), the mean square relative displacement (¢2), the number of atoms in the first and second shells (N) and numbers of Cu and Ni atoms in the two
first shells at the Ni K-edge (Nc,ni). The distance shift Ar is compared to the theoretical model (first shell distance: 2.482 + 0.001 A; second shell distance: 2.867 + 0.001 A).

Ni K-edge Shell REF (RT) HI1 HI3 HI4

Ar (A) 1st —0.025 + 0.004 —0.029 +0.003 —0.026 + 0.002 —0.004 + 0.003
a2 (A?) 0.007 +0.001 0.005 # 0.001 0.005 + 0.001 0.005 + 0.001
Ar (A) 2nd —0.034 +0.003 —0.034 + 0.004 —0.041 + 0.006 —0.018 + 0.004
o? (A?) 0.004 +0.001 0.005 + 0.001 0.006 + 0.001 0.005 +0.001
N 1st and 2nd 14.0+0.1 13.9+03 13.7+0.4 13.6+0.3
Neuni 1£2 242 142 142

Therefore, these observations have to be interpreted in terms of an
accumulation of Cu in the atomic environment of Cu-atoms, i.e. a
formation of small Cu-clusters despite its lower concentration in
the RPV-steel. Thus, most of the N, n; around Cu seems to be Cu,
while the opposite is true for Ni, i.e. the local environment of Ni
is mainly formed by Ni and not by Cu. This is consistent with the
more or less constant value of N¢,n; determined from the experi-
ments at the Ni K-edge. This is a quite surprising result since the
concentration of Ni in the RPV-steel matrix is about 11 times high-
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14.1 l
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O = N (Ni K edge) 1
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N number of atoms
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Fig. 7. Number of atoms in the first and second shell of the absorbers at the Cu and
Ni K-edge. Note that the years of irradiation are slightly shifted to avoid annoying
overlap.
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Fig. 8. Number of the atoms of Cu and Ni in the first and second shell around the
absorber at the Cu and Ni K-edge. Note that the years of irradiation are slightly
shifted to avoid annoying overlap.

er compared to Cu. The Cu atoms seem to exhibit an extremely
high mobility in the steel lattice, and in parallel, they seem to
pin each other, leading to nano-sized precipitates even during
the early stages of neutron irradiation. This underlines the promi-
nent role of copper observed in the embrittlement of RPV steels
[9,10].

5. Conclusions

Three RPV surveillance samples, irradiated in the nuclear power
plant of Gosgen (Switzerland), as well as unirradiated reference
material have been analyzed by EXAFS at the Cu and Ni K-edges.
Although RPV steels have a complex composition, it could be
shown that EXAFS can be applied to investigate Cu clusters provid-
ing quantitative data within the first and the second shells. Both Cu
and Ni atoms reside in a bcc environment, similar to the Fe matrix.
Neutron irradiation in the reactor at 575 K did not induce any ma-
jor lattice type changes under the given conditions. However, neu-
tron irradiation in reactor leads to small changes of the local
atomic environment around the investigated Cu and Ni atoms,
since a slight reduction of the number of next neighbours in the
bce-structure around Cu and Ni in the steel matrix was observed.
This reduction is likely to be proportional to the number of years
of irradiation in reactor, and thus, most of the local structural
changes are obtained for the sample with the longest irradiation
time. It can be expected that the elevated temperature of the reac-
tor partially helps the refilling of the irradiation induced vacancies
by a kind of annealing processes. The detailed EXAFS analysis has
demonstrated that the number of Cu atoms in the local vicinity
of copper is enriched during irradiation at elevated temperature,
while the local atomic environment around nickel seems to be
more or less unaffected. This different behaviour between Cu and
Ni absorbers has never been observed earlier.
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